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ABSTRACT 

Separa t ion  of components  has been measured  in b ina ry  mol ten  sal t  m ix -  
tures, AgNO3-KNO3, subjec ted  to electrolysis  be tween  s i lver  electrodes.  The 
analysis  of th in  slices of frozen mix tu re  contained in silica frits gives qua l i t a -  
t ive ly  the  composi t ion changes be tween  anode and cathode and shows the ex -  
pec ted  enr ichment  of potass ium ions at the  cathode. Changes in  concentra t ion 
a t  the  electrodes are  measured  e lec t rochemica l ly  in free e lect rolytes  and in 
e lec t ro ly tes  contained in frits. The t ime dependence  of concentra t ion at the 
e lectrodes is obta ined both dur ing  electrolysis  and dur ing  r e l axa t ion  fol low- 
ing electrolyses  of different  durat ions.  The exper imen ta l  resul ts  confirm the 
predic t ions  f rom a mass t r anspor t  model  proposed  p rev ious ly  for  systems 
analogous to mixed  mol ten  sal t  ba t te r ies  opera ted  at  h igh  cur ren t  densities.  

Elec t ro ly te  composi t ion grad ien ts  in aqueous fuel  
cells and e lect rolyzers  have been observed (2, 3) and 
exp la ined  in t e rms  of e lec t rode  reactions,  diffusion, 
and migra t ion  (4-6). Prev ious ly  der ived  equations for 
(one d imensional )  diffusion and migra t ion  in mol ten  

sal t  b ina ry  mix tures  dur ing  cur ren t  flow predic ted  
the  es tab l i shment  of concentra t ion gradients  in the  
e lec t ro ly tes  of mol ten  sal t  ba t te r ies  and fuel  cells (7). 
Such grad ien ts  have  been repor ted,  but  not analyzed,  
in an A1/NaC1-KC1-A1C13/C12 ba t t e ry  (8) and in the 
electrolysis  of L i B r - K B r  mix tures  for  isotope sepa ra -  
t ion (9). [Isotope separa t ion  by electrolysis  of "pure"  
mol ten  sal t  6LiCI-?LiCt is i tself  an example  of the 
deve lopment  of composit ion gradients  by  virt~,e of 
difference of mobi l i ty  (of 6Li+, ~Li+)]  (10). These 
gradients ,  a l though po ten t ia l ly  of significant magni tude  
and consequence in ac tual  ba t ter ies  (or fuel  cells) ,  
a r e  difficult to observe.  Rapid  back-di f fus ion dur ing  
cooling imposes severe constraints  on the sampl ing  
of such gradients  for chemical  analysis.  In  mol ten  
sal t  ba t te r ies  (11, 12), var ia t ions  of the potent ia l  be -  
tween  LiA1 and FeSz electrodes for reasons o ther  than 
changes of the  L i / K  rat io  of the LiC1-KC1 e lec t ro ly te  
tend  to obscure in situ potent iomet r ic  measuremen t  
of the  composit ion changes. Consequently,  there  is a 
need for sui table  analog exper iments  to test  the va l id i ty  
of the predict ions.  

This p a p e r  presents  the  resul ts  of an expe r imen ta l  
test  of the predic t ions  of the p rev ious ly  der ived  one 
d imensional  equat ion for a system in which the elec-  
t rode reaction, ion flows, and conditions of opera t ion  
a re  analogous to those in a mol ten  'salt ba t tery ,  but  
which is more  amenable  to quant i t a t ive  analysis.  We 
descr ibe  measurements  of the  composit ion changes in 
mol ten  AgNO~-KNO~ mix tures  subjec ted  to e lectrolysis  
be tween  two s i lver  electrodes.  Since silver,  one of 
the two l i ke -cha rged  ions in the b ina ry  mixture ,  
reacts  a t  both  electrodes,  the  ion flows are  analogous 
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to those in the LiCI-KCI e lec t ro ly te  of a L i / S  ba t te ry ,  
in which Li + ion enters  the  e lec t ro ly te  at  the anode 
and leaves at  the  cathode (11, 12). Exper imen t s  were  
done both wi th  free e lec t ro ly te  and with  e lec t ro ly te  
contained in a coarse sil ica frit,  the  l a t t e r  configura-  
t ion resembl ing  the conta inment  of the  e lec t ro ly te  in 
a mol ten  salt  ba t te ry .  Two kinds of measurements  
were  made  of composi t ion changes: first, chemical  
analysis,  fol lowing electrolyses  for  differing lengths  
of t ime and at  differing cur ren t  densit ies,  in sections 
of r ap id ly  cooled fri ts;  second, in situ poten t iomet r ic  
analysis  in cells wi th  free and wi th  f r i t - con ta ined  
electrolytes .  The resul ts  of both  kinds  of expe r imen t  
and both kinds of analysis  demons t ra te  the deple t ion  
of s i lver  ions at the cathode, and confirm the pred ic -  
tions of our model  under  the condit ions studied. 

Ion Flows in AgNO3-KN03 
The ion flows considered in our  previous  analysis  

(7) of mass t r anspor t  in e lec t ro lyzed mol ten  sal t  
mix tures  were:  (i) the fa rada ic  flow across the elec-  
t rode-e lec t ro ly te  in terface  ar is ing f rom the e lec t rode  
react ions;  (ii) the  e lec t romigra t iona l  flow of ions 
ca r ry ing  the cur ren t  th rough  the e lect rolyte ;  and 
(iii) the diffusional flow dr iven  by  the concentra t ion 
changes produced by  the two preceding  flows. In a 
constant  volume system the d i f fus ion-migra t ion  equa-  
t ion der ived  for the  ion not  reac t ing  at  the  e lect rodes  
(cation K +) was shown to be, neglect ing convection 

O C K O [ D O C K ~  I dtK N~ oCK 
[1] 

o~- o5 \ F acK oz 

CK is the ionic concentra t ion of K + in eq cm -a,  x 
is the dis tance f rom the anode (5 ----- d at  ca thode) ,  I 
is the cur ren t  density,  D is the b ina ry  diffusion coef- 
ficient in the AgNOa-KNOa mixture ,  and tK N~ is the 
t ransference  number  of the cat ion K + re la t ive  to the 
n i t ra te  anion; the bounda ry  condit ions at  both elec-  
t rodes (x = 0, x = d) a r e  
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aCK IrK N~ 
[2] 

a= FD 
Although convection terms and fr i t  porosi ty may  a l ter  
the predictions, and are being t rea ted  currently,  our  
exper imenta l  results indicate that  these effects a r e  
probably  not large under  the conditions studied here. 

Equat ion [1] together  wi th  Eq. [2] can be nu-  
mer ica l ly  solved (13) for the cases where  D and (or) 
tKNO~ are composit ion dependent.  The computat ion 
gives the ent ire  composition profile be tween  the two 
electrodes at any t ime and the t ime dependences of 
concentrat ion at both electrodes. F igure  1 shows the 
analogy of the three  ion flows considered in the model  
in a L i / S  ba t te ry  on charge or on discharge and in 
t h e  KNO3-AgNOs mix tu re  during electrolysis w i th  
s i lver  electrodes. Only the two l ike-charged  cations 
are indicated, since the common anions (C1- or NO8- )  
are taken as reference  frame. 
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BATTERY 

ANODE GATHODE 

DISCHARGE: ELi 2L +2e 2e+ELI  ++ 

ELECTROLYSIS 
OF KNOs-AgNO 3 

ANODE .... ( ~  :ATHODE 
i 

A9 Ag I~KNO~-AgNOs 

S ~ L i E S  Ag--~Ag + + e Ag++ ~ A g  
CHARGE: LiES ~ 2L i++  S + Ee ELi++ 2 e ~  2Li 

0 Li*OR Ag + 

�9 K + 

DIFFUSIVE FLOW > FARADAIC FLOW 

> MIGRATIONAL FLOW (ULiORUAg>UK) 

Fig. 1. Ion flow analogies in battery and in electrolysis cell 

Experimental 
Chemicals.--The si lver ni t ra te  was crystal  certified 

A.C.S. f rom Fisher  Scientific Company. The potassium 
nitrate  was analyt ical  reagent  crystal  f rom Mal-  
linckrodt,  Incorporated.  I t  was dried in an oven at 
300~ prior  to weighing. The solutions were  prepared  
by weighing the appropr ia te  amounts  of both com- 
ponents. 

Electrolysis cells.--A typical silica cell for e lectrol-  
ysis of free e lect rolyte  and electrochemical  measure -  
ment  of the concentrat ion changes at both electrodes 
is shown in Fig. 2. The si lver electrodes 1 and 2 are 
mounted  in two pieces of Macor 1 (or of Teflon in 
exper iments  at t empera tu re  below 250~ A and B 
in order  to provide geometr ical ly  wel l -def ined areas. 
The holders A and B are placed in the silica tube C, 
whose bore is machined to provide  a t ight  fit to the 
bot tom electrode support  A. Two apertures,  E and F, 
in the tube C, permi t  filling of alI the space be tween  
the two electrodes wi th  the mol ten salt when the 
tube C (mainta ined at the t empera tu re  of the melt)  
is inserted in the large tube D containing the binary 
ni t ra te  melt. The s i lver  electrode 3, dipping in the 
outer  tube, is used as a reference electrode re la t ive  
to the electrodes 1 and 2. The electrode separations 
were  of the order  of 1-2 cm and the electrode areas 
were  of the order of 0.5 cm 2. The height  of the mel t  
in tube D was of the order  of 4-5 cm. Uni formi ty  of 
the t empera tu re  in the mel t  was obtained by insert ing 
the assembly in an a luminum block G. A Leeds and 
Nor thrup  Elec t romax Control ler  was used to main-  
ta in the furnace to within +__O.I~ of the desired 
temperature. 1 Machinable Glass-Ceramic f rom Corning. 

Fig. 2. Electrolysis cell with free electrolyte: A, B, Motor insula- 
tors; C, inner silica tubing; D, outer silica tubing; E, F, aper- 
tures in the internal silica tubing; G, aluminum block; 1, 2, silver 
electrodes for electrolysis; 3, silver reference electrode. 

Figure  3 shows an electrolysis cell wi th  the mol ten  
electrolyte  contained in a coarse silica fr i t  B. Silica 
frits 0.25-0.4 cm thick are sealed at one end of the 
silica tube A. Two planar  s i lver  electrodes 1 and 2, 
of 0.5 cm 2 area are placed against  opposite faces of 
the frit. Electrode 2, in t roduced into tube A, has a 
known area in contact wi th  the mel t  which impreg-  
nates the frit. Electrode 2 is used as anode or as 
cathode. The electrolyses are done be tween  the elec-  
trodes I and 2. S i lve r  electrode 3, dipping in the 
mel t  contained in the outer  tube B, is used as a re f -  
erence electrode. The level  of the mol ten  mix tu re  i n  
tube C is adjusted to touch the bot tom of the upper  
electrode 2. This cell also is contained in an a luminum 
block for uni formi ty  of the temperature .  

Composition Changes 
Measurements  were  made of the composition changes 

at the electrode surfaces and across the electrolyte  
be tween  anode and cathode (concentrat ion profiles) 
induced by electrolyses at 0.15 A - c m  -~ of 1-2 rain 
duration. Both kinds of measurements  showed the 
t rend towards separat ion of the mix ture  components 
predicted by the mass t ransfer  analysis. The  concen- 
t ra t ion profiles, which we discuss first, show this effect 
quali tat ively,  and higher  analyt ical  precision'  is needed 
for a more  quant i ta t ive  test of the model.  The c o n -  
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Table I. Weight losses (mg) of flit slices during extraction by hat 
0.01N HNO~ so(utlon 

W a s h i n g  / 
Na. 
N O ~ s H c  e 

No,  1 2 3 4 

1 60.4 30.8 45.5 58.2 
2 0.1 0.6 0.7 - O.1 
3 - -  0.1 0.1 

Fig. 3. Electrolysis cel! with the Mectrotyte contam~cl m a silica 
flit. A, Inner silica tubing; B, coarse silica frit sealed at the 
end of A; C, outer silica tubing; D, aluminum block; 1, 2, silver 
electrodes for electrolysis; 3, silver reference electrode. 

c e n t r a t i o n s  a t  t h e  e l e c t r o d e  s u r f a c e s  a n d  t h e i r  c h a n g e  
w i t h  t ime ,  h o w e v e r ,  a r e  v e r y  w e l l  e x p l a i n e d  b y  t h e  
p r e d i c t i o n s  of t h e  m a s s  t r a n s p o r t  mode l .  

Experimental procedure.--A d i r e c t  d e t e r m i n a t i o n  of 
t h e  c o m p o s i t i o n  c h a n g e s  ac ross  t h e  e l e c t r o l y t e  w as  
a t t e m p t e d  a f t e r  e l e c t r o l y z i n g  t h e  A g N O a - K N Q  m i x -  
t u r e ,  c o n t a i n e d  in  t h e  p o r o u s  m a t r i x  i n  t h e  cel l  s h o w n  
i n  Fig. 3, a t  c o n s t a n t  c u r r e n t  fo r  d i f f e r i n g  t imes .  As  
s o o n  as  t h e  c u r r e n t  is cu t  off, t h e  t u b e  A (Fig.  3) since 
is r e m o v e d  f r o m  t h e  m e l t  a n d  r a p i d l y  cooled  i n  a No. 
cold  h e l i u m  flow. T h e  fr i t ,  B, is t h e n  s e c t i o n e d  i n to  
s l ices  15-20 t h o u s a n d t h s  of a n  i n c h  t h i c k  u s i n g  a 1 
B u e h l e r  l ow  s p e e d  s a w  e q u i p p e d  w i t h  a d i a m o n d -  2 

3 f a c e d  b l a d e  15 t h o u s a n d t h s  of a n  i n c h  th ick .  A s i l i cone  4 
c u t t i n g  oi l  is u s e d  to i n c r e a s e  t h e  c u t t i n g  speed.  T h e  5 
s l ices  a r e  w a s h e d  w i t h  co ld  b e n z e n e  to r e m o v e  t h e  
s i l i cone  c u t t i n g  oil. T h e  n i t r a t e  m i x t u r e  is e x t r a c t e d  
f r o m  t h e  f r i t  s l ices  b y  a h o t  (90~ 0.01N HNO~ so lu -  
t ion.  T h e  h o t  s o l u t i o n  is d r o p p e d  on to  t h e  s l ice  in  a 
B u c h n e r  f u n n e l  as v a c u u m  is a p p l i e d  to t h e  c o l l e c t i n g  
flask. T h e  f r i t  sl ices,  d r i e d  i n  a n  oven ,  w e r e  w e i g h e d ,  Slice 
a n d  t h e n  r e w e i g h e d  a f t e r  e a c h  w a s h i n g .  T a b l e  I g ives  No. 
t y p i c a l  w e i g h t  losses  ( i n  r ag )  o b s e r v e d  fo r  f o u r  sl ices.  
U s u a l l y  t h r e e  w a s h i n g s  a r e  s u ~ c i e n t  to r e a c h  a s t e a d y  1 
we igh t .  T h e  t o t a l  w e i g h t  loss of  t he  s~ice is i den t i f i ed  2 3 
w i t h  t h e  t o t a l  w e i g h t  of  A g N O 3 - K N O 8  m i x t u r e  c o n -  4 

t a i n e d  in  t h e  slice. T h e  w a t e r  so lu t ions ,  w h i c h  t y p i c a l l y  
c o n t a i n e d  1 • 10 -3g  of  s a l t  p e r  c m  ~, a r e  a n a l y z e d  
b o t h  fo r  p o t a s s i u m  a n d  fo r  s i lver .  T h e  p o t a s s i u m  
a n a l y s i s  is d o n e  b y  f l ame  spec t roscopy ,  s i l v e r  b y  s p a r k  
s o u r c e  spec t roscopy .  T h e  a c c u r a c y  of t h e s e  m e t h o d s  
is u s u a l l y  e s t i m a t e d  to b e  --+5%. I n  o r d e r  to  t e s t  t h e  
a n a l y t i c a l  r e s u l t s  a n d  t h e  e x t r a c t i o n  p r o c e d u r e  f r o m  
t h e  f r i t ,  s t a n d a r d  s a m p l e s  w e r e  p r e p a r e d  fo r  a n a l y s i s  
b y  d i l u t i n g  i n  0.01N HNO~ s o l u t i o n  e i t h e r  a p r e v i o u s l y  
m o l t e n  m i x t u r e  of k n o w n  c o m p o s i t i o n  o r  t h e  m i x t u r e  
e x t r a c t e d  f r o m  a q u a r t z  f r i t  i m p r e g n a t e d  w i t h  a m o l t e n  
m i x t u r e  of  k n o w n  co mp o s i t i o n .  I n  m o s t  of  t h e  cases,  
b o t h  A g  a n d  K a n a l y s e s  i n d i c a t e  a l o w e r  c o n c e n t r a t i o n  
of  p o t a s s i u m .  T h e  r e s u l t s  f r o m  s i l v e r  a n a l y s i s  a r e  
f o u n d  to b e  w i t h i n  6% of  t h e  k n o w n  compos i t i ons .  
R e s u l t s  f r o m  p o t a s s i u m  a n a l y s i s  a r e  w i t h i n  10% of  
t h e  k n o w n  compos i t ions .  T h e  e x t r a c t i o n  of  t h e  sa l t  
f r o m  t h e  f r i t  does  n o t  i n c r e a s e  s i g n i f i c a n t l y  t h e  d i s -  
c r e p a n c y  b e t w e e n  t h e  r e s u l t s  of  t h e  a n a l y s i s  a n d  
t h e  k n o w n  c o m p o s i t i o n  of t h e  me l t .  

Composition profiles in AgNO3-KNO3.--A 0.2 
AgNOs-0 .8  KNOB m i x t u r e  a t  310~ w a s  e l e c t r o l y z e d  
a t  0.15 A - c m  -2  d u r i n g  40 sec. T h e  u p p e r  p a r t  of  
T a b l e  II  g ives  t h e  r e s u l t s  of t h e  a n a l y s i s  of t h e  s a l t  
i n  f ive s l ices  of  t h e  0.5 c m - t h i c k  f r i t .  S l ice  1 w a s  
a d j a c e n t  to t h e  a n o d e  a n d  s l ice  5 w as  c loses t  to t h e  
ca thode .  T h e  t h i c k n e s s  of  f r i t  los t  f r o m  e a c h  cu t  h a s  
b e e n  e s t i m a t e d  to b e  a b o u t  0.05 cm, a n d  t h e  s u b s e q u e n t  
pos i t i ons  ( r e l a t i v e  to t h e  a n o d e )  of  t h e  m i d p o i n t s  
o f  t h e  s l ices  a r e  r e p o r t e d  in  t h e  t h i r d  co l u mn .  T h e  
l o w e r  p a r t  of  T a b l e  II  g ives  t h e  r e s u l t s  of  t h e  a n a l y s i s  
of  p o t a s s i u m  a n d  of  s i l v e r  in  f o u r  s l ices  of  a 0.378 
c m - t h i c k  f r i t  i n  w h i c h  a 0.5 KNO~-0.5 AgNO3 m i x t u r e  
has  b e e n  e l e c t r o l y z e d  f o r  90 sec  a t  0.I5 A - c m  -2. T h e  
r e s u l t s  i n  T a b l e  I I  fo r  b o t h  i n i t i a l  c o m p o s i t i o n s  s h o w  
a c l e a r  t r e n d  of i n c r e a s i n g  A g / K  r a t i o  f r o m  c a t h o d e  to 
anode .  Th i s  is s t r e n g t h e n e d  b y  a c o m p a r i s o n  of  s t a n -  
d a r d  d e v i a t i o n s  of fit c a l c u l a t e d  fo r  t w o  m o d e l s :  ( a )  
no  effect  of  e l ec t ro lys i s ,  i.e., t h e  a n a l y t i c a l  r e s u l t s  f o r  

Table II. Composition from analysis of potassium and of silver in 
slices of electrolyzed frits 

~ = 0.6; time of electrolysis = 40 see, current density ~ 0.15 
A-cm-~; thickness of the frit = 0.5 cm 

Distance of XK 
Thick- midpoint 

ness from anode From K From Ag 
(cm) (cm) analysis analysis 

0.065 0.0325 0.75 0.81 
0,079 0.154 0.77 0.82 
0.053 0.270 0.81 0.85 
0.061 0.377 0.84 0.88 
0.040 0.478 0.87 0.91 

~K = 0.5; time of electrolysis = 90 sec, current density = 0.15 
A-cm-~; thickness of the frit = 0.376 c m  

Distance of X• 
Thick- midpoint 

hess from anode From K From Ag 
(cm) (cm) analysis analysis 

0.066 0.033 0.48 0.45 
0.034 0.133 0.513 0.43 
0.058 0.229 0.539 0.49 
0.054 0.335 0.527 0.53 
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sections at differing positions are randomly  distr ibuted 
about the mean  value, and (b) a systematic change 
of  composition with position; for this, a least squares 
fit with a l inear  dependence on distance was assumed, 
al though the solution of the diffusion-migration equa-  
t ion is not linear, since uncertaint ies  in the data did 
not  warran t  a more complex function. Table I I l  sum- 
marizes the s tandard deviation, CN-~, about the mean  
composition <XK> of the different sections, and the 
s tandard deviation of fit, r based on the l inear  
least squares fit. Table HI also lists the difference, 
aXK, between the values of XK at the cathode and 
at the anode as calculated from the l inear  regression. 
In  all  the cases the s tandard deviation of fit of a 
l inear  dependence on distance are smaller  than  the 
s tandard deviat ion about an assumed constant  value. 
For 0.8 KNO3-0.2 AgNOs, r is sixfold smaller  for 
the silver analysis and twentyfold smaller  for the 
potassium analysis than  ~N-1. For 0.5 KNO3-0.5 AgNO~, 
~N-2 is about half  ~N-1. Figure 4 shows the least 
squares fits to both K and Ag analyses in the two 
melts together with the exper imental  results reported 
for the midpoint  of each slice. (The middle l ines are 
the fits to the average of the data from both analyses.) 
The differences in  composition at the cathode and 
at the anode calculated from the l inear  regression 
are larger than  twice the s tandard deviations of fit 
(~N-2), the electrolyte near  the cathode being richer 
in KNO3. 

The results thus show that  the direction and mag-  
n i tude  of the composition changes at the two electrodes 
are consistent with those predicted (7) from solution 
of the diffusion migrat ion equation in a b inary  melt  
with electrode reactions involving one of the l ike- 
charged ions. A more accurate measurement  of the 
composition profile, requir ing both better  resolution 
of the distance and improved analyt ical  accuracy, is 
under  way. 

Concentration changes at electrode surfaces.--The 
most s tr iking evidence for the predicted gradients is 
obtained from measurements  of the composition 
changes at the electrodes dur ing electrolysis, and of 
their rates of decay after electrolysis. 

In  this second kind of experiment,  the concentra-  
tions at the electrode surfaces and their  t ime depen- 
dence were measured potentiometrically.  The com- 
position (XAg) at the silver cathode (or anode) of 
the concentrat ion cell with t ransference containing 
molten AgNO~-KNO~ mixtures,  Ag/AgNO~-KNO3 
(X~ AgNO3-KNO3(XAg)/Ag, is related to the 
open-circui t  potential  difference between the cathode 
(or anode) and a reference electrode dipped in a 
mix ture  of known composition (X~ by (14) 

1 ~'xA, tKNOs d~AgNO3 
dX'Ag [3] 

F "~X~ 1 -- X'Ag dX'Ag 

where X'Ag is the mole fraction of AgNO3 in the melt  
and gAgno3 the chemical potential  of AgNO3. The 
needed in terna l  t ransference n u m b e r  may be calcu- 
lated from the external  mobilities of the Ag +, K +, 
and NO3- ions which have been determined by Duke 
and Owens (15) at 350~ They report that  the 
external  mobil i ty  of ni t rate  ion is composi t ion-inde-  
pendent,  with absolute value 1.55 X 10 -4 cm2 see-1 
V -~, and that the mobilities of all the three ions are 

Table HI. Standard deviation about the average value <XK>, 
and of the linear regression 

XK-from Ag analysis XK from K analysis 

(a) (b) (a) (b) 

0.8 0.0416 0 .007  0 . 0 1 4  0 .0492  0 .0026  0.0052 0.13 
0.5 0.0465 0 .024  0 . 0 4 8  0.0255 0.017 0.034 0.091 
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t empera ture - independent  (15). A least squares fit 
of a second-order polynomial  that represents the 
absolute values of the K + and Ag + mobilities, in  
cm ~ sec-1 V -1, was reported (16) as 

UK -- (4.83 XK 2 -- 6.86 XK + 4.49) X 10 -4 [4a] 

UAg ~- (--3.87 XK 2 + 2.73 XK -t- 3.71) X 10 -4 

The transference number  of the potassium cation rela-  
tive to ni t ra te  ions is 

Cz(uz + U~os) 
tKNO. = [4b] 

CK(UK ~- UNO3) ~- CAg(UAg JC UNO3) 

Figure  5 shows, in  curve 1, the t ransference number  
tK NO~ calculated from Eq. [4]. These values are con- 
firmed by more recent  measurements  (17) of concen- 
t rat ion cells with transference. The transference n u m -  
ber of potassium relat ive to ni t rate  anions differs 
slightly from the KNO3 mole fraction, ~20% at XK 
= 0.5, and ,--10% at XK -- 0.7. Its composition depen- 
dence is well represented in  the composition range 
0 < XK < 0.55 by a second degree polynomial  

tK NO8 - -  0.6 XK -~ 0.4 XK 2 [5] 

or by the assumption of a constant  mobil i ty  ratio (18) 
UAg/UK = 1.5, as shown in curve 2 of Fig. 5. 

The activity coefficients of KNOa and AgNO3 have 
been found (19) to be larger than 0.8 at all concen- 
trations. They are v i r tua l ly  un i ty  around XK ---- 0.8, 
the composition studied here. Therefore, in our cal- 
culations of the emf of the concentration cells (with 
X~ ---- 0,2) we may assume with very little error 
that the mixture is ideal The emf of the concentration 
cell with transference becomes 
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RT XAg RT 
E' = In + 0.4 (X~ -- XAg) [6] 

F X~ F 

Note that  the second t e rm on the RHS results f rom 
the difference of the t ransference number  f rom the 
mole  fraction. 

Time dependence of concentration in free electro- 
ly te . - -A 0.8 K N Q - 0 . 2  AgNO3 mix tu re  was electrolyzed 
at constant currents  of 0.2 and 0.4A in the cell shown 
in Fig. 2. Dur ing  electrolysis, the cur ren t  was in te r -  
rupted  periodical ly  for short  periods of t ime in order  
to record the open-c i rcui t  potent ial  of cathode and 
anode (electrodes 1 and 2) re la t ive  to the reference  
electrode, 3, in the mel t  of ini t ial  composition. The 
separat ion be tween the electrodes was 1.5 cm and 
the t empera tu re  200~ Figure  6 shows concentrations 
of potassium calculated with  Eq. [6] f rom the mea-  
sured potentials. As the electrolysis progresses, the 
concentrat ion of potassium increases at the cathode 
and decreases at the anode. The dashed curves are 
the concentrat ions predicted by the model  assuming 
an interdiffusion coefficient of 5 X 10 -5 cm 2 se c-1 
and the t ransference number  tg No~ given in Eq. [4]. 
The exper imenta l  points fall  on the predicted curves 
initially, but  for t imes longer  than 3 min  the concen- 
t ra t ion at the anode is closer to the init ial  concentra-  
t ion than the predicted values. This may  arise par t ly  
f rom cumula t ive  errors introduced by the successive 
cur ren t  interrupt ions,  but  is in the direct ion expected 
for convect ive mixing in the free electrolyte. F igure  7 
is a recording of the potentials  of the anode and of 
the cathode during the current  interrupt ions shown 
in the upper  par t  of the figure. Af te r  current  in te r rup-  
tion, the potent ial  decreases rapidls; wi th  time, hence 
there  is a ve ry  fast concentrat ion change at the elec-  
trodes. At the end of a current  in ter rupt ion  step the 
concentrat ion profile be tween  the two electrodes, con- 
sequently,  is different f rom that  at the beginning of 
the interrupt ion,  and leads to a different concentrat ion 
at the electrodes at the t ime of the next  current  
interrupt ion.  Few exper imenta l  points were  obtained 
at the cathode because of si lver dendri te  formation. 
The init ial  port ion of the curves yields a high value 
of the apparent  interdiffusion coefficient (5 X 10 -5 
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( - - )  cathode ( - - )  during interruptions of electrolysis with constant 
current in 0.2 AgNO~-0.8 KNO3 at 310~ 

cm 2 sec-1) ,  which is in the direction expected for 
errors resul t ing f rom convection in the melt. Results 
f rom analogous exper iments  using silica frits (Fig. 3) 
to reduce convection yield a more reasonable, 2 lower, 
interdiffusion coefficient, 1.5-2 X 10 -5 cm 2 sec -1. 

Relaxation of the polarization emf in frits.--Since 
successive current  interrupt ions disturb the develop-  
ment  of concentrat ion gradients in the electrolyte,  
another,  re la ted exper iment  was performed.  The mel t  
confined in a fr.it is electrolyzed at constant current  
for a known period of time, the current  is cut off, 

2 A t  300~ the interdiffusion coefficient i n  AgNOs-NaNO3 mix -  
t u r e s  h a s  been  reported  as Z x 10 -~ cm~ sec  -1 (20) .  
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and the relaxat ion to the uni form init ial  composition 
is followed by measur ing the potentials of cathode 
and of anode (relative to a reference electrode in  
the melt  of ini t ial  composition) as they decay back 
towards zero. The recording on a X-Y recorder starts 
a few seconds after the cutoff, al lowing complete 
discharge of the double layer. Extrapolat ion of the 
recorded curves to zero time of relaxation, and the 
use of Eq. [6], gives the composition at both electrodes 
at the end of each electrolysis. Typical relaxations, 
at 320~ are indicated by the emf measurements ,  
shown as points in  Fig. 8, of anode and cathode after 
1 min  of electrolysis of a 0.2 AgNO~-0.8 KNO3 melt  
at 0.15 A-cm -2. The lines in Fig. 8 are the calculated 
diffusional relaxations (Fick's second law) from the 
concentrat ion profiles at the end of electrolysis. These 
t ransient  concentrat ion profiles dur ing electrolysis were 
calculated by numerica l  solution of Eq. [1] and [2], 
with Eq. [3] for the emf at the end of electrolysis 
and dur ing the relaxation. A square root of t ime scale 
is used in order to separate the points in  the fast 
ini t ial  port ion of the re laxat ion curve. The solid line 
curves are predicted potentials, with Eq. [5] for the 
transference number ,  the dashed curves are the pre-  
dictions with the assumption of a t ransference n u m -  
ber  equal to the mole fraction, which provides a 
simpler but  sl ightly less accurate computation. In all 
the computations the interdiffusion coefficient is taken 
to be 1.5 X I0 -5 cm 2 sac - t .  In  the three experiments,  
shown in Fig. 8, the thickness of the fri t  was about  
0.5 cm. Extrapolat ion of the exper imental  curves to 
zero re laxat ion t ime leads to a composition of XAg 
-- 0.30 at the anode and of XAg ---- 0.08 at the cathode 
at the end of electrolysis. The exper imental  curves 
have the general  shape of the predicted curves and 
the t ime scale of the predicted curves agrees with 
the t ime scale of the exper imenta l  curves. Neglecting 
the deviations of the t ransference number  from the 
mole fraction (dashed line curves) gives predicted 
composition changes slightly larger than  those ob- 
served. At  short times of relaxation, the measured 
emf values at the cathode differ more from the pre-  
dictions than those at the anode. The measured curves 
correspond to less negative potentials, i.e., the corn- 
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Fig. 8. Relaxation of polarization emf following electrolysis in 
0.2 AgN08-0.8 I(NO,~ at 0.15 A-cm -2  for 1 min. Effect of the 
transference number on the predicted curves: ~ with emf 
calculated from Eq. [6] ;  - - -  with emf calculated assuming 
IKNO8 : XK. Frit thickness: 0.5 cm. 

position change at the cathode seems to be smaller  
than predicted. Possible causes of the deviation may 
include convection, dendri te  formation at the cathode 
reducing the real current  density, formation of a 
saturated solution, or the onset of a mixed electrode 
reaction. At 320~ the l iquidus composition is XAg -- 
0.08 (21), corresponding to an emf of --44 inV. The 
extrapolated emf at zero t ime from the two sets of 
exper imental  points is close to the emf corresponding 
to saturation. In  order to el iminate the possibility of 
saturation, similar experiments  were carried out a t  
a higher temperature,  350~ 

The exper imental  results obtained at  350~ after 
5, 10, and 20 sac of electrolysis are presented in Fig. 9, 
together with the corresponding predicted emf curves 
calculated as above, with Eq. [5] for the t ransference 
n u m b e r  and D = 2 X 10 -5 cm 2 sac -1. The composi- 
tions corresponding to the emf's are shown on the 
r igh t -hand  ordinate. After  20 sac of electrolysis at 
0.15 A-cm -2 with a 0.4 cm electrode separation, the 
measured silver ni t ra te  concentrat ion has increased 
by 60% at the anode and decreased by 42% at the 
cathode. Table IV compares the predicted compositions 
at anode and cathode at the end of electrolysis with 
the exper imental  compositions, the lat ter  obtained by  
extrapolat ion to zero relaxat ion times. Exper imental  
and predicted composition agree wi thin  4-15%. As 
with the 320 ~ results, the predicted anotyte composi- 
t ion changes at 350~ are smaller  than those observed 
while the predicted catholyte changes are larger. This 
t rend appears to increase with increasing electrolysis 
time, and cannot be a t t r ibuted to saturat ion at the 
cathode (at 350~ nor to convection or uncer ta in ty  
in D, which would affect predicted cathode and anode 
composition changes in the same direction. The dif- 
ference between predicted and observed composition 
changes is in a direction that  could correspond to a 
higher current  density at the anode than at the cathode, 
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Table IV. Measured and predicted compositions at the anode and 
at the cathode from electrochemical measurement after electrolyses 

at 0.15 A-crn -2  of a 0.2 AgNO~-0.8 KNO~ mixture at 350~ * 

Composit ion at Composit ion a t  
the anode, (XA~) the c~Lhooe (XA~) 

Time  of 
elect ro ly-  Mea- Pre-  Mea- Pre-  
sis  (sec)  sured dicted ~* sured dic ted** 

0 0.200 0.200 
5 - -  - -  0.16 0.154 

10 0.27 0.257 0.14 0.135 
20 0.30 0.279 0.123 0.107 

�9 These  exper iments  were  made  with  frits  of t h i c k n e s s  be- 
t w e e n  0.35 and 0.5 cm. 

�9 * Ca lcu la ted  w i t h  D = 2 x 10-~ cm~ sec-1 and  t h e  g e o m e t r i c  
e lectrode  area .  

which could result from dendrites at the cathode. 
Experiments are under way to determine the effects 
of frit  porosity (i.e., tortuosity, part ial  blocking of 
the electrode, etc.) and longer electrolysis times on 
the validi ty of the model predictions, in a system for 
which the interdiffusion coefficient (as well as the 
transference number) is better known. 

Conclusions 
Electrolysis of AgNO~-KNO3 mixtures between 

silver electrodes, under conditions similar to those 
in a molten sal{ bat tery (e.g., Li (A1)/LiC1-KC1/FeSx), 
demonstrates the development of significant current-  
induced composition gradients, as predicted from a 
consideration of the migrational, diffusional, and fara-  
daic processes in binary molten salt mixtures. Chem- 
ical analysis of sections of salt quenched after electrol- 
ysis shows composition changes of direction and mag- 
nitude predicted, but with insufficient resolution for 
a rigorous test of the one dimensional model. Poten- 
tiometric analysis of compositions at the electrode 
surfaces after electrolysis and during diffusional re-  
laxation are more precise than the chemical analysis; 
for short electrolysis times, they confirm strikingly 
the predicted end points of the composition profiles, 
but they cannot test the predicted shape of the profile 
in the bulk electrolyte. For longer electrolysis times, 
deviations occur between the predicted relaxations 
and the measurements, although the genera1 features 
of the predicted gradients are observed. The deviations 
at long times are not at t r ibutable to convection alone, 
but probably also entail contributions from fl i t  por-  
osity, dendrite formation, and other effects. Work is 
in progress to resolve these contributions to the ob- 
served composition gradients and to incorporate them 
into the model, as well as to improve the analytical 
precision. The experimental  demonstration of electro- 
chemical composition charJges in binary molten salt 
mixtures and the test of the model for predicting 
their extent are of importance because composition 
changes of the magnitude observed here may affect 
significantly the performance of fuel cells or batteries 
(8, 22). 
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The Kinetics and Mass Transfer of Zinc Electrode 
in Acidic Zinc-Chloride Solution 

Jung Taek Kim *'I and Jacob Jorn6* 
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ABSTRACT 

The kinetics, mass transfer, and surface roughness of zinc electrode in  
acidic zinc chloride solutions have been investigated in  order  to unders tand  
and optimize its performance in the zinc-chlorine hydrate  battery.  Polarization 
and l imit ing currents  were measured using a rotat ing hemispherical  zinc 
electrode. Exchange current  densities and Tafel slopes are reported and the 
cathodic zinc deposition is confirmed to be first order. A cathodic mechanism 
of two consecutive one-electron t ransfer  steps are postulated where t h e  first 
step is the ra te -de te rmin ing  step. A diffusion coefficient of zinc ion in  0,05M 
ZnC12 + 1.0M KC1, Dzn2+ ---- 0.89 X 10-~ cm2/sec, is obtained from the ki-  
netics-diffusion mixed behavior. The surface roughness dur ing the deposition 
depends strongly on the zinc-chloride concentration, the fraction of the l imit-  
ing current  i/is, and the deposition time. Two regions are observed: (i) at 
appreciable fraction of the l imiting current  where the roughness is determined 
by the hydrodynamic conditions, and (ii) at well below the l imit ing current  
where the roughness is governed by the microthrowing power of the ~ zinc 
deposit. The growth of zinc dendrites at the edges of a rotat ing disk elec- 
trode was investigated potentiostatically. After  an ini t iat ion period the current  
increased sharply and dendrites were detected. The growth direction of the 
dendri tes is explained in terms of the hydrodynamic flow and the level of zinc 
ion concentration. 

The zinc-chlorine hydrate  ba t te ry  is cur rent ly  under  
development  for ut i l i ty  peak-shav{ng and electric 
vehicle applications (1, 2). It is a flowing aqueous zinc 
chloride electrolyte bat tery  which utilizes porous 
graphite f low-through chlorine electrode and dense 
graphite zinc-electrode substrate, The interelectrode 
gap is typically 2-4 mm and no separator is employed. 

The individual  overpotentials of the zinc and chlo- 
rine electrodes in the ba t te ry  have been measured (3). 
The electrode kinetics and mass t ransfer  effects have 
to be investigated in order to unders tand  the source 
of the voltaic and coulombic inefficiencies in the ba t -  
tery. The kinetics of the chlorine electrode has been 
investigated in  a previous paper by Kim and Jorn6 
(4). The convective diffusion of the dissolved chlorine 
to the zinc surface which is responsible for the cou- 
lombic inefficiency has been investigated by Kim and 
Jorn~ (5), and by Kermani ,  Jorn6, and Kodali  (6). 
In  this paper the kinetics, mass transfer, and the sur-  
face roughness of the zinc electrode are reported. 
Polarizat ion measurements ,  l imit ing currents,  cou- 
lombic efficiencies, and surface roughness effects were 
measured and the kinetics, t ransport  parameters,  and 
the reaction mechanism are discussed. 

Although the deposition of zinc in aqueous solution 
has been extensively studied, most of the work dealt 
with its kinetics and postulated mechanisms. No gen- 
eral agreement  has been reached per ta in ing to the ki-  
netics, roughness of the deposition, and dendrite for- 
mation. 

The kinetics of zinc deposition in acidic solution 
has been reported by a number  of authors. Gaiser and 
Heusler (7) showed that zinc deposition is first order. 
Eriksurd (8) investigated the effect of halides and 
alkali  cations on the Z n ( H g ) / Z n ( I I )  electrode re- 
action. Hulen and Eriksurd (9) studied the kinetics 
of the Z n ( H g ) / Z n ( I I )  electrode in acidic chloride 
solution. Sierra Alcazar and Harr ison (10) suggested 
a cathodic reaction scheme in ZnC12 and KC1 solution 
(pH _-- 3.0) of two consecutive one-electron transfer  

* Electrochemical Society Active Member. 
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07974. 
Key words: zinc-chlorine battery, battery, rotating hemisphere, 

roughness, diffusion, faradaie efficiency, dendrite. 

steps where the first one is the ra te -de te rmin ing  step, 
Weber and Tomassi (11) investigated the mechanism 
of zinc electrodeposition from its sulfate and chloride 
solutions. In  chloride so l u t i ons  the proposed mech- 
anism involves various zinc chloride complexes: 
ZnC13-, ZnCI~ 2-, (ZnC12)ads, and H + a d s  . Epelboin and 
his co-workers (12-16) suggested a more complex 
scheme in which adsorbed H atoms catalyze the zinc 
reduction, The model involves an autocatalytic step 
in which Zn+ads is being generated. The adsorption 
at the interface involves three species, hydrogen, an 
anion, and Zn + cation which may be complexed. Mul-  
tiple steady states are predicted and verified based on 
an "S" shaped current -potent ia l  curve. Moreover, the 
presence of an autocatalytic step at the interface plays 
an important  role in the appearance of spongy, com- 
pact or dendrit ic deposits which are successively ob- 
tained when the current  dens i ty  is increased. The 
spatial configuration of the deposit is explained in 
terms of a coupling between the interracial  reactions 
and the surface diffusion of the adsorbed Zn + species 
(13, 15, 16). Regular  spatial s tructures are claimed 
to be observed and explained in terms of dissipative 
structures. The detailed mechanism of the electro- 
deposition process is ra ther  complicated. 

The qual i ty of metal  deposition general ly  depends on 
the in termediate  reactions and on several process var i -  
ables, such as cur ren t  density, concentration,  fluid 
velocity, temperature,  additives, and hydrogen reaction. 

Experimental 
Cell ar rangement ,  rotator, preparat ion of zinc hemi-  

spherical electrode, and graphite disk electrode were 
reported previously (4, 5). A constant  current  supply 
(Electronic Measurement  Model 620) and a potentio- 

stat (PAR Model 173) were used in the galvanostatic 
and the potentiostatic experiments,  respectively. The 
potential  and the current  were measured with a n  

electrometer (PAR Model 136). 
Faradaic efficiency tests were performed galvan-  

ostatically in 37% ZnC12 solution. A rotat ing zinc 
hemispherical electrode (99.999% New Jersey Zinc) 
was used. The surface of the electrode was polished 
with waterproof A1203 paper (Grid No. 600) and de- 
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greased with spectroscopic grade pentane.  The zinc 
electrode was weighed on a Mett ler  balance (H80) 
and t ransferred into the cell. After  the experiment,  
the deposited (or dissolved) zinc electrode was r insed 
with double distilled water, washed with spectroscopic 
grade pentane,  and weighed. 

The measurements  of the kinetic parameters  were 
performed potentiostat ical ly in various zinc chloride 
solutions. A universal  p rogrammer  (PAR Model 175) 
was used in  conjunct ion with the potentiostat  in order 
to sweep the potent ial  of the zinc hemispherical  elec- 
trode anodically or cathodically. The sweep rate was 
10 mV/sec. The poten t ia l -cur ren t  data was recorded 
on a recorder (HP Model 7046A). 

The experiments  of zinc deposition on a zinc hemi-  
spherical electrode and the dendrit ic growth on non-  
porous graphite disk electrode (Union Carbide AT J) 
were performed in  various zinc chloride concentra-  
tions galvanostat ical ly and potentiostatically, respec- 
tively. The cu r ren t - t ime  data were recorded on Honey-  
well  recorder (Electronik 194). 

Solutions were prepared by direct reaction of dis- 
solved chlorine and pure zinc rods (99.999%, New 
Jersey Zinc) in t r ip ly  distil led water. The desired con- 
centrat ions were achieved by dilution. All experiments  
were performed in deaerated solutions. The electro- 
lyte was deaerated by bubbl ing  N2 gas prior to the 
experiments.  The pH of the solution was measured 
with Orion pH meter  (Model 701A). Pure  zinc rod 
(99.999% New Jersey Zinc) was used as a counterelec- 
trode for all experiments.  Conductivit ies of the solu- 
tions were measured at 25~ using an a-c bridge, 
Generator  Detector, Model 861A, Electro Scientific In-  
dustries, Port land,  Oregon. The cell resistance and 
capacitance were balanced with an Impedance Bridge, 
Model 290B, and var iable  Decade Capacitors, Model 
DC57, Electro Scientific Industries,  Port land,  Oregon. 
A "U" type conductance cell was used. It contained two 
paral lel  p la t inum disk electrodes and all electrical 
wires were shielded. The cell was filled with solution 
and then t ransferred into a constant tempera ture  
bath. The viscosity of the solution was measured with 
Ostward Viscometer in  a constant tempera ture  bath. 

Results and Discussion 
Faradaic efficiency o~ Zn electrode.--The faradaic 

efficiency and the number  of electrons t ransferred 
were obtained galvanostat ical ly by weight measure-  
ments.  Faraday 's  law is given by  

a W  It 
= [1] 

M n F  

~W is the weight  gained (or lost) by the electrode. M 
is the molecular  weight  of zinc, I is the current ,  t is 
the time, n is the number  of electrons, and F is Fa ra -  
day's constant. 

The over-al l  cathodic reaction of the zinc ion is 
Zn +2 -}- 2e --> Zn ~ In  order to ver i fy the number  of 
electrons t ransferred for the anodic dissolution or 
the cathodic deposition of zinc, weight  loss or gain 
measurements  were performed in  37% ZnC12 (pH = 
1.0) solution. All  var iable  factors, such as current,  ro- 
tat ional  speeds, time, concentrat ion of solution, and 
pH were kept constant. 

The n u m b e r  of electrons t ransferred was calculated 
from Eq. [1]. The obtained average values of the 
n u m b e r  of electrons t ransfer red  dur ing  the anodic 
and cathodic reactions are na ---- 1.98 and nc ----- 2.13, 
respectively. These values represent  an average of six 
experiments.  The cathodic n u m b e r  of electrons t rans-  
ferred is sl ightly higher than the anodic n u m b e r  due 
to hydrogen evolution, a l though hydrogen overpoten-  
tial is high on pure zinc surface. Sorensen, Davidson, 
and Kl inberg  (17) obtained the n u m b e r  of electrons 
for anodic zinc in  various solutions at 3O~ The ob- 
tained values were na = 1.77 in  2.5M NaC1 and 0.2M 

NaNO3 solution, na -- 2.02 in  2.5M NaC1 and 0.2M 
KC103 solution. It  was also observed that  the n u m b e r  
of electrons t ransferred decreased as the tempera ture  
increased and on addit ion of an oxidizing agent  (e.g., 
ni t ra te  ion) :  in 0.2M NaNOs solution, •a -- 1.90 at 
T ---- 30~ and na = 1.40 at T ---- 80~ (17); na -- 2.0 
in  5M NaC1 and in the absence of n i t ra te  ion; na -- 
1.72 in 5M NaNO3 and in the absence of the chloride 
ion; and na ---- 1.62 in  2.5M NaC1 and 2.5M NaNO3 at 
T = 30~ The lower value of na in the 2.5M NaC1 and 
2.5M NaNO~ solugon was a t t r ibuted  by Sorensen et aL 
(17) to the oxidation of uniposit ive zinc ion by ni t ra te  
ion which is catalyzed by chloride ion. Libby (18) 
proposed a catalytic effect based on the formation of a 
complex ion containing chloride ion, and Taube et al. 
(19-21) proposed a bridge transfer  mechanism wherein  
the added chloride ion is coordinated between oxi- 
dant  and reductant  to form a bridge which serves as 
a path for the electrons. 

The present  value na ---- 1.98 in 37% ZnC12 in the 
absence of an oxidant  at T ---- 22~ is in  general  agree-  
ment  with the results of Sorensen et al. (17). It  might  
indicate that uniposit ive zinc ion is formed dur ing  
anodic dissolution. The uniposit ive zinc ion (Zn +) thus 
postulated is very reactive and readi ly forms the bi-  
positive zinc ion (Zn +2) in the absence of an oxidant. 

The kinetics of Zn electrode.--The polarization mea-  
surements  of zinc metal  in zinc chloride solution were 
performed on a rotat ing hemispherical  zinc electrode. 
In order to el iminate the concentrat ion overpotential ,  
the rotat ional  speed of the electrode was sufficiently 
high, ~ ---- 3000 rpm. The results are plotted according 
to the Tafel equat ion and are shown in  Fig. 1. The 
data was corrected for the ohmic drop using New- 
man's  method (22) for the case where the reference 
electrode is located far  away (3.50 cm) 

1 
R = 4 ~ r  [2] 

10 

O.$M �9 
1,0M �9 
2.0M �9 

- o.1 o.o o.1 
"1 (v)  

Fig. 1. Anodic and cathodic Tafel polarizations of zinc electrode 
in various ZnCI2 and 1M KCI solutions. Electrode area: 0.752 cm 2. 
Rotational speed: 3000 rpm. 
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R is the resistance (~2), ~ is the conductivi ty (Q-1 
cm -1) of the solution, and r is the radius of the elec- 
trode (cm). The conductivities of the various solu- 
tions are 0.0820, 0.0943, and 0.0980 ~ -1  cm-1 for 0.5, 
1.0, and 2.0M ZnC12 solutions, respectively. The ob- 
ta ined exchange cur ren t  densities and anodic and cath-  
odic Tafel slopes are summarized in  Table I. The theo- 
retical cathodic Tafel slope is bc ---- -- 2.3RT/(1 -- ~)nF. 
If a symmetric  t ransfer  coefficient ~ = 0.5 and one- 
electron t ransfer  n ~ -- 1.0, are assumed, then the Tafel 
slope is bc = --120 inV. The obtained experimental  
cathodic Tafel slopes (see Table I) are in agreement  
with the theoretical value. Sierra Alcazar and Harr i -  
son (10) measured Tafel slope of 120 mV using an 
a-c impedance technique. 

The exchange cur ren t  density (io) was calculated 
from the intercepts of the anodic and the cathodic 
branches in  Fig. 1, and the obtained data are also 
summarized in Table I. An exchange current  density 
of Z n ( H g ) / Z n  +2 in KC1 is reported by  Sierra Alcazar 
and Harr ison (10): io -- 2.0 m A / c m  2 for 0.1M ZnSO4 
+ 1.0M KC1 (pH -- 3.0). However, the exchange cur-  
rent  also varies with the pH; in 3 X 10-SM ZnSO4 io _-- 
2.4 • 10 -2 m A / c m  2 for pH = 3.5 and ~o = 1.8 X 10 -2 
m A / c m  u for pH = 2.5. 

In  general,  the exchange current  density depends 
on the concentrat ion of reactants and products and 
can be wr i t ten  as (23) 

io = nFkc (1-~) ka ~ ~Ci (Zi+BSl) [3] 

Si is the stoichiometric coefficient: Si > 0 for anodic 
reaction and Si < 0 for cathodic reaction. Clearly, the 
exchange current  density increases if ei ther the re-  
actant 's  or product 's  concentrat ion is increased. Fig-  
ure  2 shows the log-log plot of the exchange cur ren t  
density vs. the zinc ion concentration. From the slope 
of the plot, the fractional power of the concentrat ion 
in Eq. [3] is obtained, Z + /~S = 0.459. If the reaction 
order Z ---- 1.0 and the stoichiometric coefficient Szn2+ 
---- 1.0 are assumed, then the symmetric  t ransfer  co- 
efficient ~ is 0.541 which is in  agreement  with the pre-  
vious assumption ;~ -- 0.5 in  the theoretical Tafel slope. 

The reaction order of the zinc deposition process is 
obtained by 

Z = [  0(Iogic) ] 
O (log [Zn + + ] ) [4] 

Figure 3 shows the cathodic cur ren t  density vs. the 
zinc concentrat ion at various fixed potentials (E = 
--1.065, --1.040, and --1.015V vs. SCE). The obtained 
reaction order is Z -- 0.75. As shown previously, the 
reaction order is Z -- 1.0 for /~ -- 0.5. Thus, the zinc 
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Fig. 2. The exchange current density vs. the molar concentration 
of zinc ion. 

Table I. The kinetic Tafel parameters of zinc in zinc chloride 
solution (pH ---- 2.0) 

ZnC12 io ba - bc 
(M) (mA/cm -~) (mV) (mV) 

0,5 1.36 108.5 139.5 
1.0 1.75 94.4 131.3 
2.0 2.65 90.6 113.7 

cathodic reaction order is believed to be first order. 
The obtained kinetic parameters  suggest the follow- 

ing kinetic mechanism of zinc deposition 

1 
Zn + + -t- e --> Zn+ [5] 

( ra te -de te rmin ing  step) 

2 
Zn + + e ~ Zn [6] 

--2 

If Eq. [5] is the rate-determining step, the rate ex- 
pression for the above reaction is 

Equation [7] yields a Tafel slope bc = --120 mV (for 
fl = 0.5) and a reaction order with respect to the con- 
centration of the zinc ion Z -- 1.0. 

If Eq. [6] is the rate-determining step, the rate 
expression is 

ir -- nFk2o exp [ - (I - /DFE ] [8] 

d--t- = k~(l -- o)[Zn+ +] exp RT 

--k-loexp[ ~FE--RT]- k20exp[--(I--~)FE~_~ ] [9] 

8 is the fractional coverage of Zn + ion. At steady state 
and under the assumption of k-1 >> k2, Eq. [9] re- 
duces to 

1 -- e = [Zn+ ] exp \ ~  [I0] 

~ 1 o  ~g 

, , i s ! , ] . i 
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Fig. 3. The cathodic current density vs. the molar concentration 
of zinc ion at different fixed potentials. 
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0 is assumed to be very small  (1 -- s) --~ 1 and substi-  
tu t ing  Eq. [10] into Eq. [8], results 

( k t k ~  exp [ -- (1 --  ~)FE 
i~ [Zn++] . "R-T" ] [ii] 

Equat ion [11] yields a Tafel slope bc = --40 mV (for 
p = 0.5) and a reaction order Z = 1.0. If the fractional  
coverage is assumed to approach unity,  then Eq. [8] 
yields a Tafel slope be -- --120 mV and a react ion 
order  Z = 0. 

Thus, if Eq. [6] is the ra te -de te rmin ing  step, the 
theoretical kinetic parameters  contradict  the experi -  
menta l  results. The present  exper imental  results con- 
firm that Eq. [5] is the ra te -de te rmin ing  step. 

The difIusion coefficient of zinc ion.--Cathodic polar-  
ization of zinc electrode in  0.05M ZnC12 and 1M KC1 
solution is shown in Fig. 4. Accurate zinc deposition 
l imi t ing currents  cannot  be observed. The polarization 
shows a mixed k ine t ics  behavior: par t ly  controlled by 
m a s s  trans fer  a n d  par t ly  controlled by kinetics. The 
steep rise in  the current  which appears at about  
- - 1 . 8 5 V  vs. SCE is due to hydrogen evolution. A simi- 
lar  result  was reported by  Jus t in i janovic  and Despid 
(24) in  0.5M alkal ine  zincate solution. The zinc reac- 
t ion is diffusion controlled and hydrogen evolves 
simultaneously,  therefore, the effective l imit ing cur-  
ren t  for zinc deposition alone is lower than the ex-  
per imenta l  value. 

Figure  5 shows the plot of the current  vs. the square 
root of the rotat ional  speed under  a fixed potent ia l  
(E = --1.654V vs. SCE). At  low rotat ional  speeds, the 
react ion is diffusion controlled and the current  is 
proport ional  to the square root of the rotat ional  speed, 
in  agreement  with the convective diffusion equation 
for a rotat ing hemispherical  electrode 

il = 0.451 nFD2/~v-1/eCb~ 1/2 [12] 

At  high rotat ional  speeds, the reaction is kinetics con- 
trolled and the current  becomes independent  of the 
rotat ional  speed 

i k -- nFkCb z [13] 

From Fig. 5 the true l imit ing current  of zinc deposi- 
t ion is obtained from which the diffusion coefficient of 
zinc ion is calculated 

Dzn+ + = 0.89 X 10 --~ cm2/sec 

The kinematic  viscosity is v ---- 0.935 • 10 -2 stokes. 
Diffusion coefficients of Zn(Hg)  and Zn 2+ were re-  
ported previously (8) using chronopotentiometric 
measurements :  1.5 X 10 -5 and 0.7 X 10 -5 cm2/sec, 
respectively, in general  agreement  with the present  
value. 

Surface roughness during zinc electrodeposition.--It 
has been suggested that  the surface roughness dur ing 
metal  electrodeposition is determined by the fraction 
of the l imit ing cur ren t  at which the electrodeposition 
is performed, Landau  (25). 
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Fig. 4. Cathodic polarization of zinc hemispherical electrode 
in O.05M ZnCI2 + 1.0M KCl solution at various rotational speeds. 
Electrode diameter: 0.736 cm. 
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Fig. 5. Determination of the diffusion coefficient of zinc ion: the 
current vs. the square root of the rotational speed. Fixed potential 
E - -  - - 1 . 6 5 4 V  vs. SCE. O.05M ZnCI2 + 1.0M KCI. Electrode diam- 
eter: 0.736 cm. 

In  the present  invest igat ion the appearance of rough-  
ness dur ing zinc electrodeposition in  ZnCl2 solution 
is invest igated and correlated to factors such as the 
fraction of the l imit ing current  I/Iz, the zinc ion con- 
centration, and the deposition time. In  order to invest i -  
gate these effects, the current  was fixed at various re-  
gions: above the l imi t ing current,  near  the l imit ing 
current,  and below the l imit ing current.  F igure  6 shows 
zinc deposits on rotat ing hemispherical  zinc electrodes 
at various rotat ional  speeds in 0.5M ZnC12 and IM KC1 
solution. The fixed current  was 200 mA and the deposi- 
t ion time was 30 rain for each electrode. The l imit ing 
current  of zinc deposition in 0.5M ZnC12 solution can 
be estimated from the obtained l imit ing current  in  
0.05M ZnCl2 (Fig. 5). The estimated l imit ing currents  
in  0.5M ZnCl2 are 360, 620, and 800 mA for rotat ional  
speeds, ~ = I000, 3000, and 5000 rpm, respectively. 
The fraction of the l imit ing cur ren t  (I/Ii) is 0.55 for 
I000 rpm, 0.32 for 3000 rpm, and 0.25 for 5000 rpm. 
Clearly, at higher rotat ional  speeds (or at small  frac- 
tions of the l imit ing cur rent ) ,  the surface of the 
deposit is smoother than at lower rotat ional  speeds. 

The roughness of the zinc deposit is influenced also 
by the deposition time as shown in Fig. 7. The fraction 
of the l imit ing current  was I/Ii = 0.44 and the t ime 
varied from 3.44 to 45 min. Obviously, more roughness 
developed over the longer period of time. In  Fig. 8, 
the current  was fixed at the l imit ing current  region 
(I ---- 62 mA) and at 50% of l imi t ing current  (I ---- 31 

mA).  As the fraction of the l imit ing current  approaches 
unity, the surface becomes rougher. Also, above the 
l imit ing current  region (I/I1 -- 1.53), the zinc surface 
was rougher than under  the l imit ing current  (I/I1 = 
0.65) as shown in  Fig. 9, al though the applied cur ren t  
was identical  in  both cases. 

The mechanism of roughness formation can be sep- 
arated into two regions: near  the l imit ing current,  and 
at well  below the l imit ing current .  The roughness is 
determined by the local current  distribution. At well  
below the l imit ing current  the current  dis t r ibut ion is 
governed pr imar i ly  by electrical, electrochemical, and 
crystallographical factors ra ther  than by mass t ransfer  
processes. However, at the l imit ing current ,  the sur-  
face concentrat ion is zero, and the current  density is 
s imply proport ional  to the mass t ransfer  coefficient. 
The local current  density depends on the ini t ial  sur-  
face profile. At peaks, the mass t ransfer  coefficient is 
high and the local current  density is high too. On 
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Fig. 6. Zinc deposition at different fractions of the limiting current. 0.5M ZnCI2 + 1.0M KCI solution 

A B C 

1/11 0.55 0.32 0.25 
I (mA) 200 200 200 
I1 (mA) ,-,360 ,-~620 ,.,,800 
Diameter (cm) 0.76 0.76 0.76 

(rpm) 1000 3000 5000 
t (min) 30 30 30 

Fig. 7. Zinc deposition at different deposition times. 0.5M ZnCI2 
+ 1.0M KCI solution. 

A B 

Fig. 8. Zinc deposition at and below the limiting current. 0.05M 
ZnCI2 + 1.0M KCI solution. 

1/11 
1/11 0,44 0.44 I (mA) 
I (mA) 200 200 I1 (mA) 
I1 (mA) ~450 ,~450 Diameter (cm) 
Diameter (cm) 0,79 0.79 ~ (ram) 

(rpm) 1500 1500 t (min) 
t (min) 3.44 45.0 

the contrary, since the mass transfer coefficient at re-  
cesses is smaller than at the peak, the deposition rate 
is slow. Thus, if a current  is applied near  the l imit ing 
current,  roughness can be amplified due to varying  
local mass t ransfer  rates. 

The interest ing phenomenon of spiral formation at 
a rotat ing disk and a rotat ing hemisphere has been 
observed elsewhere during the process of metal  dis- 
solution or deposition (5, 26-28, 30-31). Figure 10 
shows zinc deposits on a rotat ing zinc hemisphere 
electrode in 0.05M ZnC12 and 1M KC1 solution. The 
current  was fixed well  below the l imit ing current  
(I/I1 = 0.16) and the deposition process was examined 
at different times: t ---- 20 rain and t -~ 110 rain. After 
a short time of 20 min, a smooth deposit which con- 
tained many  traces of hydrogen bubbles was observed. 
After a long period of 110 min, spiral tracings can 
be observed. At a higher current  (I ---- 20 mA),  less 
bubble  tracing was observed. Since the rate of hydro-  

A B 

1.0 0.5 
62 31 
62 62 
0.72 0.72 

3000 3000 
20 20 

gen evolution is higher at high currents, the residence 
t ime of the hydrogen bubbles on the surface is short. 
Kadija and Nakic (29) confirmed that the space between 
the bubbles on the surface decreases by increasing the 
current.  The dark lines show probably trajectories of 
hydrogen bubbles and zinc deposition is not observed 
at these lines, because of the shielding effect of the 
bubbles and the low rate of deposition under  the 
bubbles. The appearance of these spiral markings  is 
discussed by Rogers and Taylor (30) and results from 
the appearance of t iny protrusions on the rotat ing 
electrode. These may be, for example, hydrogen bub-  
bles or rough deposits at the electrode surface. Spiral  
markings  are observed f requent ly  at the t ransi t ional  
flow region, and it is quite possible that  the bubbles  
follow the secondary flow and are carried outward in 
logarithmic spiral trajectories. Jaksic and Tobias (31) 
observed striated profiles dur ing zinc electrodeposition 
from its chloride or bromide solutions. The grooves fol- 
low the direction of flow and on rotat ing disk elec-  
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I:ig. 9. Zinc deposition below and above the limiting current. 0.05M 
ZnCI~ + 1.0M KCI solution. 

A B 

I / l l  0.65 1.53 
I (mA) 40 40 
I1 (mA) 62 26 
Diameter (cm) 0.675 0.74 

(rpm) 3000 500 
t (min) 41.7 50 

Fig. 10. Zinc deposition: the evolution of spiral markings. 0.05M 
ZnCI2 + 1.0M KCI solution. 

A B 

I / I ]  0.16 0.16 
I (mA) 10 10 
I1 (mA) 62 62 
Diameter (cm) 0.75 0.75 

(rpm) 3000 3000 
t (min) 20 110 

trodes this resul ted in  spiral patterns.  This phenomenon 
is explained by a secondary flow which results in 
a l te rnat ing  regions of higher and lower interfacial  con- 
centrat ions (31). 

Dendritic growth.--Deposition and dendri t ic  growth 
on a rotat ing graphite disk electrode were permrmed 
potentiostat ical ly in zinc chloride solution. Figure  11 
shows the cur ren t - t ime  behavior  of the zinc deposition 
on a rotat ing graphite disk electrode. Dur ing  the 
first 10-15 min  the cur ren t  did not change with time. 
Dur ing  this period the process involved zinc deposi- 
t ion far below the l imit ing cur ren t  and the ini t ia t ion 
of dendri tes at the disk edges. After  this ini t ia t ion 
period the cur ren t  increased with t ime and dendri t ic  
growth was observed s imul taneously  at the disk edges. 
The current  increased faster in 0.4M ZnC12 than  in 
4.3M ZnC12 solution as shown in  Fig. 11. 

If the react ion is par t ie l ly  l imited by  mass t rans-  
port, the surface concentrat ion (Co) is related to the 
bulk  concentra t ion (Cb) by 

( ,) C o = C b  1 - -  ~,-~- 

where i is the applied cur ren t  densi ty and il is the 

200 

, - ,  1 5 0  

100  

50 

I I I 

�9 0 .4M Z n C I z  

�9 4 .3 M Z n C l  z 

I 

A 

: i I J I 
20 40 60 

t (rain) 

Fig. 11. The initiation and propagation of zinc dendrites at the 
edge of a rotating disk electrode under potentlostatic conditions. 
�9 0.4M ZnCI2, E = --2.0V vs. SCE. �9 4.3M ZnCI2, E - -  --1.4V 
vs. SCE. ,., - -  4000 rpm, area - -  0.71 cm 2. 

l imit ing current  density. The l imit ing current  was esti- 
mated from the plot of I vs. ~1/2 in Fig. 5. In  0.4 and 
4.3M ZnC12 solutions the total currents  dur ing  the ini-  
t iat ion periods were 100 and 80 mA, respectively, and 
the est imated l imit ing currents  at ~ = 4000 rpm are 
0.42 and 4.5A, respectively (Fig. 5). The average frac-  
tions of the l imit ing cur ren t  are I/I1 = 0.24 and 0.018 
and the surface concentrat ions dur ing  the in i t ia t ion 
period are roughly 0.34 and 4.22M for the 0.4 and 4.4M 
ZnC12 solutions, respectively. 

In  both cases the currents  were well  below the 
l imit ing currents  dur ing the in i t ia t ion period and as 
a result  the ini t ia l  cur rent  distr ibutions were highly 
nonuniform.  The local cur ren t  densities at the edge of 
the disk electrode were much higher than in the 
center and dendrites ini t ia ted at the edges. The zinc 
deposition rate at the tips of the dendri tes is very  
high and l imited by mass t ransfer  (spherical diffu- 
sion). Consequently, the surface concentrat ion at the 
tip of the dendri te  approaches zero. Since the deposi- 
tion process is now diffusion l imited the hydrodynamic 
condition becomes an impor tant  factor. 

The effects of the hydrodynamic  conditions and the 
concentrat ion on the direction of the dendrit ic growth 
at the edge can be seen in  Fig. 12 and 13. In  the 
high zinc chloride concentrat ion (4.3M) the dendrites 
grew in a vertical  direction to the disk surface (Fig. 
12). When the zinc chloride concentrat ion was re-  
duced by an order of magni tude  (0.4M) the direct ion 
of dendrit ic growth changed drastically and the den-  
drites grew paral lel  to the Teflon disk and followed 
the flow direction (Fig. 13). The direction of the 
dendrit ic growth is an exact cont inuat ion of the spiral 
markings which have been observed before and can 
be seen also in Fig. 12 at the central region of the 
disk electrode. 

The qualitative explanation to the change in direc- 
tion of the dendri t ic  growth is as follows: Initially, 
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Fig. 12. Zinc dendrites on rotating disk graphite electrode ~,note 
vertical direction of growth). 4.3M ZnCI2. E ~ --1.4V vs. SCE. 

~ 4000 rpm. Area ~- 0.71 crn~. 

Fig. 13. Zinc dendrites on rotating di~k graphite electrode (note 
horizontal direction of growth). 0.4M ZnCI2. E ~ - -2.0V vs. SCE. 

- -  4000 rpm. Area ~ 0.71 cm 2. 

zinc deposition is higher at the edge of the rotat ing 
disk electrode because of nonuni form current  distri-  
bution. The zinc deposition reaction is fast and ex- 
hibits relat ively high exchange current  density which 
results in highly nonuni form current  distr ibution be-  
low the l imit ing current.  As a result, roughness devel-  
ops at the edge and dendrites are ini t iated subsequently.  
The growth of the dendrites is mass t ransfer  l imited 
and the dendrites tend to grow toward a region of 
high zinc ion concentration. The dendrites also serve 
as large protrusions which interfere with the flow 
near the disk. The flow interact ion reaches its full 
extent  when the dendrites are about equal or slightly 
exceed the thickness of the hydrodynamic boundary  
layer. This effect results from flow separation at the 
tips of the dendrites and produces local eddies which 
transport  small  volumes of bulk  l iquid to the vicini ty 
of the solid surface. Consequently, a nar row region 

behind the dendrites near  the insulator  surface of 
the disk has a higher concentrat ion of zinc ions which 
is quite close to the bulk  concentration. Similar  ob- 
servations and explanat ion are given by Jaksic and 
Tobias (31). In the case of the low ZnCI2 concentra-  
tion (0.4M) the dendrites grew in  the direction of the 
wakes behind the dendrites because the zinc concen- 
t rat ion there was significantly higher than elsewhere 
on the disk surface. However, when  the zinc bulk  
concentrat ion was ten-fold higher, the effect became 
negligible and the dendrites grew vert ical ly toward 
the bulk  solution. 

Summary 
The kinetics of a zinc electrode in acidic zinc chlo- 

ride solution was investigated. The postulated mech- 
anism for the cathodic reaction indicates two con- 
secutive one-electron t ransfer  steps where the first 
one is the ra te -de te rmin ing  step. The reaction is quite 
fast as indicated from its high exchange current  den-  
sities. The morphology of the zinc deposit depends on 
the current  density, the deposition time, and the hy-  
drodynamic conditions ( through the fraction of the 
l imit ing current) .  At low zinc ion concentrat ion the 
deposit is general ly smoother. At well below the 
l imit ing current  the surface roughness depends on 
the microthrowing power. At appreciable fraction of 
the l imit ing current,  the roughness is proportional to 
the fraction of the l imit ing current,  and the surface 
becomes very rough at or above the l imit ing current.  
Zinc dendrites init iate at the edges of a rotat ing disk 
where the local current  density is high. The dendrit ic 
growth is diffusion l imited and is influenced by the 
flow especially at lower concentrations. The dendrites 
interact  with the flow because they serve as p ro t ru -  
sions and generate wakes behind them. 

Manuscript  submit ted March 23, 1979; revised m a n u -  
script received June  19, 1979. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submit ted by Aug. 1, 1980. 
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Influence of Accelerated Weathering on the Corrosion 
of Low-Alloy Steels 

H. Schwitter and H. B~hni 
Swiss Federal Institute of Technology, Institute o~ Materials Chemistry and Corrosion, 8093 Zifrich, Switzerland 

ABSTRACT 

In  low-al loy steels under  accelerated atmospheric corrosion conditions the  
type of weathering,  par t icular ly  the ratio of the t ime of wetness to the drying 
time, has a greater  influence on the corrosion behavior  than does the com- 
position of the alloys. Electrochemical measurements  show that  the rust  pro- 
tection is not only due to the formation of compact macroscopic protective 
layers, but  also to passivation effects. Passivat ion occurs for a prolonged 
period only at favorable accelerated weather ing  conditions. We propose a 
model for the in terpre ta t ion  o~ the corrosion behavior of low-al loy steels. 

Weather ing steels exposed to the atmosphere form, 
as is well  known,  compact and wel l -adher ing  protec- 
tive layers which inhibi t  a fur ther  attack by corrosion. 
Depending on the composition of the alloy a more or 
less decreasing corrosion rate can be observed. Numer -  
ous papers have been published which support  this ob-  
servation (1-3). 

Al though these steels have been used throughout  
the world for a long period of time, the corrosion pro- 
tective properties of the formed rust  layers are not well  
enough understood. Most of the atmospheric corrosion 
tests performed unt i l  today do not allow any  conclu- 
sions in  this direction, because the different parameters,  
which are impor tan t  for the corrosion behavior, have 
not  been varied systematical ly in these tests. 

The practical experiences with this mater ia l  as well 
as the results of long- t ime tests obtained by Larrabee 
and Coburn (4) in  the USA and Eduards (5) in  En-  
gland show, however, that  considerable differences can 
occur be tween the different test sites. In  England com- 
parable  steels corroded 5-10 times faster than  in the 
USA, suggesting that the type of weather ing is at least 
as impor tant  as the alloy composition. 

It was therefore the aim of this study to examine 
the influence of weather ing as well as the importance 
of the al loying elements on the corrosion behavior  of 
low-al loy steels by means of appropriate accelerated 
weather ing tests. Additionally,  na tura l  exposure tests, 
l ight and  electron-optical  studies, x - r ay  diffraction, and 
electrochemical measurements  were carried out. 

Experimental 
Materials.--Materials examined were pla in  carbon 

steel and low-al loy steels with variable  composition. 
Table I shows the analysis of these steels. 

All low-al loy steels tested have the same basic com- 
position. In  three different groups, however, the alloy- 

Key words: accelerated weathering tests, weathering steel, at- 
mospheric corrosion, wet/dry cycles, rust layers. 

ing elements copper, chromium, and phosphorus w e r e  
systematical ly varied. 

Before exposure the steels were sandblasted and  de- 
greased in benzene. 

Weathering.--The samples were exposed to three dif- 
ferent  types of accelerated weather ing tests. Figure 1 
gives a schematic survey of these weather ing condi- 
tions. In  the first weather ing (3x) the samples were 
wetted and dried three times wi thin  12 hr. In  one week 
the samples were exposed 12 times to these 3x cycles 
and twice in  12 h~" to a SO~-containing atmosphere. In  
the weathering type 2x the specimens were exposed to 
two d ry /we t  cycles wi thin  12 hr, in  weather ing type 
lx  they were wetted and dried only  once in  the same 
time. The average total t ime of wetness increased from 
46% in the 3x cycle to 77% in the lx  cycle. 

The specimens were wetted by means of aerosol 
spraying and sprinkling,  dried at 42~ and at a relat ive 
humidi ty  of 55%. During the SO2-exposure the SO2- 
concentrat ion was 20 ppm and the relat ive humidi ty  
85%. Before each SO2-exposure the samples were also 
dried. For the na tu ra l  exposure test in  a suburban  area 
near  Zurich the samples were or iented towards the 
south at an angle of 45 ~ 

ElectrochemicM experiments.--The electrochemical 
experiments  were carried out in  an air  saturated 0.1M 
Na2SO4 solution. The current -potent ia l  curves were 
obtained potentiostat ical ly by the usual  electronic de- 
vices (potentiostat, funct ion generator,  potent ia l -  
meter) .  The sweep rate was 15 mV/min .  As reference 
electrode a saturated calomel electrode was used. The 
surface of the sample examined was 4 cm 2. 

Results 
Weight losses.--Figure 2 gives a survey of the results 

obtained by the accelerated weather ing tests. The cop- 
per as well as the chromium series clearly show the 
influence of weathering. The samples weathered with 
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Table I. Chemical analysis of the steels used 

S t e e l  C S Si Mn Cr P CR Ni 

Plain carbon 
steel  

Low alloy 

S 0.02 0.011 0.005 0.29 0.015 0.042 0.018 0.04 

E 0,09 0.009 0.36 0.50 0.56 0,061 ~ 0.27 
P 0.10 0.008 0.37 0.42 0.50 0.074 ~ 0.28 
M 0.11 0.010 0.34 0.49 0.54 0,081 0.30 

H 0.10 0.006 0.34 0.42 ~ 0.079 0.34 0.29 
F 0.11 0.010 0.34 0.49 l ~ 8  ] 0.067 0.34 0.30 
K 0.11 0,007 0.42 0.50 0.075 0.45 0.31 

J 0.10 0.007 0.36 0.45 0.54 ~ 0.44 0.31 
Q 0,11 0.011 0.39 0.50 0.51 1~01~4 I 0.41 0.30 
N 0.11 0.012 0.38 0.50 0.51 0.47 0.30 

the 3x cycle have smaller  weight losses than  those with 
2x and lx  cycle. The difference in  the 2x and lx  type 
weathering, however, is not very pronounced. In  the 
weathering 3x the influence of the alloying elements is 
weak. In  addition, the unal loyed steel S shows only a 
very small  corrosion rate after 9 weeks. The influence 
of the alloying elements in  the weather ing types 2x and 
lx  is sl ightly greater. In  Fig. 2 the results of the most 
highly alloyed steels are at the lower limit, the ones 
of the less alloyed steels at the upper  l imit  of the value 
band. 

Figure  3 shows addi t ional ly the weight loss of the S 
and M-type steels as a funct ion of total t ime-of -wet -  
ness t* instead of exposure time. The results indicate 
that  the lower weight  losses of the 3x-type weather ing 
are not only due to the shorter t ime-of-wetness  dur ing  
these weather ing conditions bu t  also due to the more 
protective properties of the rust  layer. 

From these results the following s tatement  can be 
made: Frequent  d ry ing /we t t ing  changes in  the 3x 
weather ing have a favorable influence on the corrosion 
behavior. After  a large corrosion rate at the beginning  
of the exposure the samples corrode only slightly. This 
behavior  is almost independent  of the concentrat ion of 

the al loying elements. For  the unal loyed steel S the 
corrosion rate decreases significantly also. 

W hen the samples are weathered with longer wett ing 
periods (2x, lx ) ,  the corrosion rate does not decrease 
so much. Moreover, the total metal  loss is two to three 
times as high compared to weather ing 3x. During t h e s e  
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Fig. 4. Results of the natural weathering in suburban area 

weather ing conditions a beneficial influence of the al= 
loying elements is observed. 

Figure 4 shows the results of the na tu ra l  exposure 
tests. In  spite of the large scatter a similar  influence of 
the al loying elements is obtained as in  the case of the 
accelerated weather ing  lx  and 2x. Generally,  the most 
alloyed steels have the lowest and the unal loyed car- 
bon steels have the highest weight losses. Moreover, 
after  two years exposure none of the steels tested 
formed the completely protective rust  layers observed 
dur ing  3x-type accelerated weathering.  

Metallographic tests.--For the description of the 
fur ther  tests only the results of the carbon steel S and 
the copper containing steel M are used. Also, the 2x 
weather ing is not ment ioned any  more because the re-  
sults are s imilar  to those in  lx  weathering.  

Examined macroscopically, the samples of the 3x- 
type weather ing have a re la t ively dark, homogeneous- 
looking surface. No real rust  blisters are visible. On the 
other hand, the rust  layers formed on the Ix - type  
samples have a l ighter  color. Moreover the surface is 
covered with numerous  big blisters. 
Scanning electron microscopy (SEM).--Figure 5 shows 
the surface of the samples M3x and S3x taken with 
SEM. Here the rust  layer  is very homogeneous and 
compact. The single blisters are very small  and of 
about the same size. The surface of the M3x sample 
has no visible cracks and on the S3x sample only  few 
thin cracks can be seen. 

On the other hand, the pictures of the Mlx  and S lx  
samples show a rather  inhomogeneous rust  surface, as 
may be seen in  Fig. 6. Beside numerous  small  rust  
blisters there are also big ones covered with relat ively 
large cracks. 

Light microscope tests.--Microscopic observations show 
the s t ructure  o~ the rust  layer. Yigure 7 i l lustrates the 
metallographic micrographs of samples M3x and S3x. 
Figure 7a is taken by means of a l ight microscope, Fig. 
7b under  polarized light and crossed nicols. The rust  
layer of the M3x sample consists of two layers: the 
dark one covering the metal  surface and the light one 
above it. The optical behavior of the dark layer  is iso- 
tropic. The other layer  shows an anisotropic behavior  
caused by double refraction and is br ight  orange-  
colored in the microscope. Electron probe microanalysis  
showed that  in  the dark layer  the alloying elements 
and sulfur  are accumulated. X - r a y  diffraction analysis 
indicated that a large amount  of rust  has an x - r ay  
amorphous structure. From these results can be coa- 

Fig. 5. Rust surface, weather- 
ing type 3x, scanning electron 
microscope. 

Fig. 6. Rust surface, weather- 
ing type lx, scanning electron 
microscope. 
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Fig. 7. Cross sections of the rust layers, weathering type 3x: a) light microscope; b) polarized light and crossed nicols 

cluded tha t  the da rk  par t s  in the cross sections consist 
of the  amorphous  FeOx(OH)3-2x as was a l r eady  de-  
scr ibed by  Misawa (6). 

The surface of the M3x sample  is covered at 80-90% 
with  the dark,  amorphous  layer .  The cross section 
th rough  the rus t  l aye r  of sample  S3x shows a s l ight ly  
less o rdered  structure.  The l ight  anisotropic  l ayer  is a 
l i t t le  th icker  compared  with  the  da rk  layer .  Yet, the  
meta l  surface is l a rge ly  covered wi th  the g ray  rust  
phase.  

F igure  8 shows cross sections of the  rus t  l aye r  of the  
samples  M l x  and Slx.  In  the  case of l x - t y p e  wea the r -  
ing, the rus t  l aye r  does not  have the same o rde red  
s t ruc ture  as wi th  the 3x- type  weather ing.  The l ight  
rus t  phases also appea r  d i rec t ly  on the me ta l  surface.  
The da rk  rust  l aye r  covers here  only 50-60% of the 
whole  meta l  surface. Fur the rmore ,  the  thickness of the 
rus t  l aye r  is not  uniform. The rust  l aye r  beside the  big 
bl is ters  is usua l ly  ve ry  thin and consists ma in ly  of the 
l igh t -co lored  anisotropic  rus t  phase.  Addi t iona l ly ,  sul -  

Fig. 8. Cross sections of the rust layers, weathering type lx: a) light microscope; b) polarized tight and crossed nicols 
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fate  pockets  a re  formed as can be seen in Fig. 8 ( S l x )  
r igh t  undernea th  the  big rus t  blister.  

When  p repa r ing  the meta l lograph ic  cross sections, 
the  l ight  phases p roved  to be ve ry  br i t t l e  and tended  
to b reak  out easily.  The da rk  layers  on the o ther  hand  
are  ve ry  compact  a n d  can eas i ly  be handled.  This di f -  
ference in  the mechanica l  p roper t ies  is ve ry  evident  
and  points  to the  pro tec t ive  effect of the  g r ay  isotropic  
layer .  

Electrochemical measurements.--Potential decay 
during immersion.--The dry  samples  were  immersed  
in the e lec t ro ly te  and the poten t ia l  was cont inuously  
recorded.  

F igure  9 shows the po ten t i a l - t ime  curves of  the di f -  
f e ren t ly  wea the red  a l loyed and una l loyed  samples  a f te r  
immersion.  The potent ia ls  of the  l x - t y p e  wea the red  
samples  decrease  in both cases wi th in  a few minutes  by  
300-400 mV and quickly  reach  a constant  value.  In  the 
w e l l - w e a t h e r e d  samples  this value  is reached only  
af te r  severa l  hours. The constant  potent ia l  value  is 
never theless  app rox ima te ly  the same in al l  the exper i -  
ments. A r ap id  potent ia l  decay  is also achieved by  
scra tching the surface  of the w e l l - w e a t h e r e d  sample  
(3x) wi th  a needle  (do t ted  l ine in Fig. 9). 

Fu r the rmore ,  the  l ow-a l loy  steel  M as wel l  as the  
una l loyed  steel  S exposed to na tu ra l  wea the r ing  con- 
di t ions show qui te  s imi la r  po ten t i a l - t ime  curves as 
the l x  wea the red  samples  (curves MA and SA in Fig. 
9). This confirms the resul ts  a l r e ady  obta ined  by  
we igh t  loss measurements  where  the  na tu ra l  exposure  
tests were  also comparab le  wi th  the  l x  and 2x- type  
acce le ra ted  weather ing.  

Anodic polarization.--After having  been  immersed  in  
the  e lec t ro ly te  for  20 min, the samples  were  anodica l ly  
polar ized.  

F igure  10 shows such polar iza t ion  curves which  a re  
s imi lar  to cu r ren t -po ten t i a l  curves of passive metals .  
I t  can be demons t ra ted  tha t  the more  the potent ia l  de-  
creases dur ing  immersion,  the  l a rge r  is the va lue  of the 
peak  cu r r en t  in the anodic polar iza t ion  curve. Poor ly  
wea the red  samples  a lways  show accordingly  high p e a k -  
current  densities,  whereas  in  w e l l - w e a t h e r e d  samples  
they  a re  ex t r eme ly  smal l  or  do n o t  exis t  a t  all.  

F igure  11 shows the anodic polar iza t ion  curve of the 
sample  M3x which was scra tched dur ing  immersion.  
The peak  cur ren t  dens i ty  for  the  pass iva t ion  of the 
samples  is r e m a r k a b l y  h igher  than  in the sample  
which was only immersed.  The pass ivat ion  poten t ia l  ep 
however  has the  same value. 

The reduct ion  curves, s ta r t ing  in the  passive state,  
also show an ac t iva t ion  process in the same poten t ia l  
range,  as is shown in Fig. 12. As is expected  f rom the  
anodic polar iza t ion  curves, this phenomenon appears  
more  c lear ly  in poor ly  wea the red  samples  than  in  
w e l l - w e a t h e r e d  ones. 
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Discussion 
From the resul ts  of the  e lec t rochemical  exper iments  

one can conclude tha t  the  wea the red  samples  are  in a 
t rue  passive s tate  a t  the  beginning  of the  immers ion  
period.  But wi th  t ime the potent ia l  decreases  to lower  
values  and reac t iva t ion  of the  passive surface  occurs. 
In o rde r  to main ta in  passivi ty,  an eas i ly  reducib le  
oxidizing agent  has to be presen t  in the  rus t  of the  
wea the red  samples.  This oxidizing agent  keeps the  
potent ia l  of the sys tem in the  pass ive  range  unt i l  i t  is 
used up. Nothing can be said f rom this expe r imen t  
concerning the quan t i ty  and the type  of this oxidizing 
agent. As the  different  a l loying e lements  do not  influ- 
ence the pass ivat ion  wi th in  the different  types  of 
weather ing ,  i t  m a y  be concluded tha t  an  eas i ly  r educ i -  
ble  par t  of the  o rd ina ry  rus t  is responsible  for ma in -  
ta ining passivi ty.  In  this exper imen t  such a rus t  phase  
could be de te rmined  ne i ther  by  cathodic reduct ion  
curves nor by  x - r a y  diffract ion analysis.  This indicates  
that  the  amount  is e i ther  ve ry  smal l  a n d / o r  tha t  the 
s t ruc ture  of the  oxidizing agent  is not much different  
f rom the s t ruc ture  of the o rd ina ry  rust.  

The test  wi th  scra tched samples  showed tha t  by  in -  
creasing the act ive surface the anodic cur ren t  increases 
as well.  Therefore  i t  can be supposed tha t  the  act ive 
surface of the  poor ly  wea the red  samples  l x  is much 
l a rge r  compared  to the  w e l l - w e a t h e r e d  ones. This fact  
expla ins  also why  the potent ia l  of the  samples  l x  de-  
cayed so much fas te r  to lower  values.  Pass iv i ty  is 
ma in ta ined  here  on ly  unt i l  the  oxidizing agent  is used 
up. 

Moreover  the meta l lograph ic  examinat ions  show tha t  
the  rus t  l aye r  of the  l x  wea the red  s a m p l e s  is covered 
by  numerous  cracks, in con t ra ry  to the rus t  obta ined  
by  3x- type  wea the r ing  which  is a lmost  free f rom 
cracks. In  this case the me ta l  surface is most ly  covered 
wi th  the d a r k  compact  rus t  phase.  The cracks in the  
rust  l aye r  are  supposed to be the sites of act ive corro-  
sion on the meta l  surface. The be t t e r  the  steel  is 
weathered ,  the  more  i t  is covered wi th  the  pro tec t iv  e 
layer ,  i.e., the longer  the oxidizing agent  lasts to main-  
ta in  passivi ty.  Thus the  poten t ia l  decreases slower.  
Dur ing  the d ry ing  per iods  reduced  rust  is reoxid ized  
again  by  the a tmospher ic  oxygen,  so tha t  the  samples  
a re  passive again. 

Wi th  the  resul ts  obta ined  so far  the fol lowing model  
for the  fo rmat ion  of corrosion pro tec t ive  layers  on 
low-a l loy  steels can be proposed:  When the meta l  
surface is exposed to f requen t  d r y / w e t  cycles, the  

whole  surface  corrodes r a t h e r  evenly.  In  case of shor t  
wet  periods no large  sul fa te  pockets  are formed. Due 
to prec ip i ta t ion  of insoluble  corrosion products  and  
aging the meta l  surface is g radua l ly  covered by  a 
r a the r  compact  and ma in ly  amorphous  rus t  l aye r  
which protects  most os the surface  f rom fur the r  at tack.  

ina l ly  the reduct ion  cur ren t  ma in ta ined  by  reducib le  
rust  components  is sufficiently la rge  to pass ivate  the  
res idual  act ive areas  dur ing  the wet  periods. The  
g rowth  of la rge  rus t  bl is ters  is the re fore  inhib i ted  
and the ove r - a l l  corrosion ra te  decreases continuously.  
This process occurs not  only  on low-a l loy  but  also on 
una l loyed  steels. 

~vhen the me ta l  surface  is exposed to long wet  pe -  
riods, the  corrosion ra te  increases  and  la rge  sulfa te  
pockets  a re  formed.  The sur face  is only  pa r t i a l l y  cov- 
e red  by the corrosion inhibi t ing  amorphous  rus t  layer .  
In  this  case the  res idual  active surface areas  a re  con- 
s ide rab ly  l a rge r  and  can be pass iva ted  in the  long 
wet  per iod only for a short  per iod  of time. In  this w a y  
localized corrosion processes a re  s t imula ted  and due to 
the format ion  of voluminous corrosion products  large  
cracks are  formed. F ina l ly  the whole  rus t  l aye r  is 
peeled off. The  corrosion inhib i t ing  effect of these 
layers  is therefore  small .  

Manuscr ip t  submi t t ed  Nov. 15, 1978; rev ised  m a n u -  
scr ipt  received May 18, 1979. 

A n y  discussion of this pape r  wi l l  appea r  in  a Dis-  
cussion Section to be publ i shed  in the  December  1980 
JOURNAL. Al l  discussions for  the  December  1980 Dis-  
cussion Sect ion should be submi t ted  by  Aug. 1, 1980. 

Publication costs of this article were assisted by the 
Swiss Federal Institute of Technology. 
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Reaction of Copper and Copper Oxide with 
S. P. $harma ~ 

Bell Laboratories, Columbus, Ohio 43213 

ABSTRACT 

The lack of sulfidation of copper in indoor atmospheric corrosion has been 
attributed to the 1ormation of copper oxide on copper, i.e., the oxide which 
forms on the copper surface initiany inhiDits the growth of corrosion (sulfide 
films) on the surface. A permeation tuDe apparatus has been constructed with 
a quartz crystal microbalance (sensitivity ,~10-sg) to elucidate the react ion of 
copper and copper oxide with H2S. The film composition was measured with 
ESCA and Auger  spectroscopy and the film thickness was measured with the 
quartz crystal  microbalance to avoid the ambigui ty  of thickness est imation 
from sput ter  rate measurements  in  depth pronling. Results indicate  that  
copper oxides grown in  air (several hundred  A thick) provide good protec- 
t ion against  h2S at low relat ive humidities,  but  l i t t le protection at high 
relat ive humidities.  Oxides grown in pure oxygen provide more protection, 
bu t  still ta rnish  rapidly  at l~igner relat ive l~umim~ies. 

The atmospheric corrosion of copper is of significant 
interest  to the electronic industry.  Copper and its al-  
loys are used as substrate  materials  for gold plated 
contacts. Porosity and wear processes may expose 
base metal,  and  in  addition, diffusion of copper to the 
gold surs may take place. The tarnishing of the 
exposed copper may  cause contact resistance increase 
and device failure. 

Vernon  ~1, 2) has shown that  a th in  oxide film on 
Cu protects the metal  from fur ther  attack by H2S in  
air  at room tempera ture  but  a sulfide film ~)ffers no 
protection. Baker  (3) has studied the migra t ion of 
corrosion products (sometimes referred to as creep) 
over the gold surface when  copper and gold are in 
lateral  contact and showed that  the rate of migrat ion 
increases with relat ive humidity.  Tierney (4) showed 
recent ly  that  high relat ive humidi ty  lessens the pro- 
tective effect of oxide films towards sulfidation in  the 
flowers of sulfur  test. F r anken tha l  (5) has studied the 
ta rn ishing of copper in  air  wi th  sulfur  vapors at var i -  
ous humidit ies  using Auger  electron spectroscopy. I t  
has been shown that  in  dry atmospheres the oxide films 
on copper protect the copper from sulfidation in flowers 
of sulfur  envi ronments  (5). However, at higher re la-  
t ive humidit ies  (>70%),  the oxide films break  down 
and the sulfide films keep on growing over the oxide. 

The concentrat ion of sulfur  in  the a tmosphere  gener-  
ated from flowers of sulfur  is much higher than that 
observed in  the field. Also, gaseous pol lutants  in air 
normal ly  include more H2S and SO2 than free sulfur. 
In  order to unders tand  the behavior  of copper oxide 
films when exposed to gaseous pollutants,  a s tudy was 
conducted to determine the composition and the thick- 
ness of the tarnish  films developed in  an H2S envi ron-  
men t  at ~5  ppm level. The effect of relat ive humidi ty  
and H2S was observed on the tarnishing of Cu metal  
and Cu Covered wi th  oxides of various thicknesses 
and prepared by two different modes (air and oxygen 
env i ronment ) .  The exposure of mater ial  systems was 
done in a permeat ion  tube apparatus. The film analy-  
ses were made by electron spectroscopy for chemical 
analysis  (ESCA) and Auger electron spectroscopy 
(AES) in  conjunct ion with argon ion sputtering. The 
film thicknesses were measured by quartz crystal 
oscillators (6) and by sput te r -back  profiling in AES 
and  ESCA. Results indicate that  copper oxides grown 
in air  (several hundred  A thick) provide a good pro- 
tection against  H2S at low relat ive humidit ies  bu t  
provide l i t t le protection against  H2S at high relat ive 
humidities.  Oxides grown in  pure oxygen envi ronments  
provide more protection than air grown oxides. 

* Electrochemical Society Active Member. 
Key words: corrosion, growth, surfaces. 

Experimental 
Coupons 15 mm square were cut  from a 2.5 m m  thick 

OFHC copper sheet. The coupons were degreased, 
finished to 600 grit  and ul t rasonical ly cleaned in  dis- 
t i l led water  and dried in  air. In  addition, 5 MHz AT-cu t  
quartz crystals were coated with an electron beam 
evaporated Cu 1 ~m thick, and were also used as sam- 
ples. Some coupons and Cu-evaporated quartz crys- 
tals were preoxidized in  air  at 125~ for 18 hr to give 
an oxide film of ,~250A in  thickness. At this oxide 
thickness, SEM analysis shows that the original  surface 
features are closely reproduced, i.e., the morphology 
of the films is s imilar  (7). There may, however, be 
some difference in the s t ructure  and composition. An-  
other set of coupons and quartz crystal samples were 
preoxidized in  oxygen for one hour  at  150~ to give an  
oxide film ~300A in  thickness. A third set of coupons 
and quartz crystal samples were not preoxidized. All  
samples were exposed to air containing H2S at various 
relat ive humidities.  

The exposure was done in  a permeat ion tube ap- 
paratus schematically shown in Fig. 1. An FEP (fluo- 
r inated ethylene propylene) Teflon tube is filled with 
H2S in the l iquid state and sealed. After  an ini t ia l  in -  
duction period, permeat ion of the chemical through the 
tube proceeds at a very constant  ra te  (8). Dry air  con- 
ta in ing low levels of impuri t ies  is obtained from a com- 
mercial  supplier. All traces of grease, water, and sulfur  
compounds are removed by filtering the air  through 
activated charcoal and phosphorous pentoxide. The 
pressure in the incoming air  l ine is main ta ined  at --,5 
psig. A double pressure regulator  minimizes the pres- 
sure fluctuations in the incoming air  line. Par t  of the 
dry air flows over a permeat ion tube which is ma in -  
tained at a constant  tempera ture  of 30~ A measured 
amount  of this air  containing H2S enters the reaction 
chamber. Another  par t  of the air  from the incoming 
air l ine flows through a bubbler  and  is mixed wi th  dry 
air in  a mixing chamber. The amount  of the wet air  
is measured with an  electronic mass flowmeter and 
also enters the reaction chamber. The relat ive humidi ty  
in  the react ion chamber  can be var ied by a l ter ing the 
humidi ty  and the flow rate of wet air. The system flow 
rates were adjusted so that  the H2S concentrat ion in  
the chamber  was ~5  ppm and the relat ive humidi ty  
was zero or 80%. All  measurements  were made at 
room tempera ture  and the flow rate was main ta ined  
at 75 ml /min .  

The sample coupons were mounted  in  a rack sus- 
pended from the top of the reaction chamber. Quartz 
crystals 5 MHz, AT-cut,  were also suspended from the 
top. The f requency was measured wi th  an I-IP-5325A 
frequency counter. The decrease in  the f requency of 
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Fig. I. Schematic diagram of 
the experimental apparatus. 
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the quartz crystal is related to the weight gain due to 
copper corrosion. Weight gain for a given frequency 
shift is obtained from the crystal constant (6) (1.77 • 
10-Sg cm -2 Hz-1) .  This technique provides a sensi t iv-  
i ty of ,~10-8 g/cm~. 

The corrosion films were analyzed for the elements 
present  on a Physical Electronics scanning Auger  sys- 
tem (AES) and ESCA system. ESCA measurements  
were made using Mg K~ radiat ion at 400W input  
power as described earlier (9). In  order to correct for 
ins t rumenta l  drift  and to obtain an accurate energy 
calibration, data were referenced to the Au 4f7/2 l i n e  
at 84.0 eV using a gold standard. Normal operating 
conditions for Auger  analysis were 3 kV electron gun 
voltage, 1200V electron mul t ip l ier  voltage, 1 eV/sec 
sweep rate, 0.3 sec t ime constant  on the lock- in  ampli -  
fier, 3 eV modulat ion ampli tude and 1.6 mA emission 
current.  For sputtering, the argon pressure was 5 • 
10 -5 Tort.  F i lm thickness can also be determined by 
knowing the sputter  rate and the t ime to sputter  
through the film. Since the sputter  rates of various 
oxides and sulfides of copper are not known  accurately, 
this process does not yield unambiguous  absolute thick- 
ness. Thicknesses measured by the quartz crystal oscil- 
lator method were therefore employed in  this study. 
The sputter  rates were calculated by knowing mea-  
sured thicknesses (by the quartz crystal microbalance)  
and sputter  times. Some films on quartz crystals were 
sputtered back and their  f requency change was con- 
t inuously monitored to fur ther  check the sputter  rates. 
In  addit ion,- the films on the copper coupons exposed 
for the same amount  of time as the quartz crystals 
were sputtered back. These films on the coupons took 
the same t ime to sput ter  completely at the equivalent  
settings on the ion gun  as the films on the quartz crys- 
tals, fur ther  support ing the conclusion that  the film 
thicknesses on the coupons and the crystals are the 
same. 

Results 
The specimens that  were not preoxidized had a 

measured oxide film <6OA thick. This is the film which 
rapidly grows on copper at room tempera ture  and is 
always present  on copper surfaces. The rate of fur -  
ther  growth of copper oxide (Cu20) at room tem-  
pera ture  is very slow and dur ing the t ime of our ex- 
per iment  very li t t le film growth beyond this value 

will  take place. Preoxidized copper samples in  air  at 
125~C for 18 hr  were measured to have ~250/k thick 
film, while Cu20 films grown on copper in  a flowing 
oxygen env i ronment  at 150~ for one hour were mea-  
sured to have ~300-400A thick film. The preoxidized 
or unoxidized copper samples when exposed to sul fur-  
free air at various RH showed no fur ther  film growth. 
Preoxidized samples exposed to air  containing 5 ppm 
H2S at 0% RH also showed no fur ther  film growth 
and AES and ESCA analysis showed that  the sulfur  is 
present  only as an adsorbed species. Figure 2 shows 
the Auger depth profile of a film on an air oxidized 
sample exposed to 5 ppm H2S at 0% RH for 24 hr. By 
quant i ta t ive Auger  analysis, it can be shown that  
most of the film is Cu20. It  is also seen from this figure 
that the sulfur  is present  only as an adsorbed surface 

Sputter Thickness in ~, 
6.0 75 150 225.. 300 375 

5.0- 

(/) 

~ ,~ 4,0- 

Q. 2.0- 

1.0" 
S x l  

Sputter Time in Mins 

Fig. 2. Auger depth profile of the sulfided sample preoxidlzed in 
oir and then exposed for 24 hr to H2S at 0% P,H ,~5 ppm. 
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species. A s imi lar  k ind  of dep th  profile is ob ta ined  
f rom O2-0xidized sample.  The s i tuat ion is qui te  differ-  
ent  on an  unoxid ized  sample.  F igure  3 shows the depth  
profile of a film grown on an unoxid ized  copper  sample  
exposed  to ~ 5  p p m  H2S, 0% RH for 8 hr. I t  is obvious 
tha t  the  sulfide film grows on copper  and no inhib i t ion  
of t a rn i sh  films occurs in this case. 

F igure  4 shows the Auger  dep th  profile obta ined  
f rom an a i r -ox id ized  sample  exposed  to ~ 5  p p m  H2S 
at  80% RH for  20 hr. As seen f rom this figure, the  sul-  
fide film grows over  the  oxide f i lm. Ini t ia l ly ,  the sur -  
face film is a mix tu re  of oxide  and sulfide, for example ,  
a t  3 hr  exposure  (not shown) the e lementa l  composi-  
t ion of the  surface film is Cu0.08Oo.12So.25. As the ex-  
posure  increases  (>8  h r ) ,  the film becomes a l aye red  
s t ructure ,  the top film being the sulfide film. The corn- 
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Fig. 3. Auger depth profile from the unoxidized Cu sample ex~ 
posed for 8 hr to 5 ppm H2S at 0% RH. 
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posi t ion of the surface film is Cu0.65S0.zs. The surface 
composi t ion does not  change wi th  the  exposure  time. 
This kind of l aye red  s t ruc ture  wi th  oxide sandwiched  
be tween a mixed  sulfide l aye r  and the meCal is seen 
at a lmost  al l  exposures  (>8  hr ) .  In te res t ing ly  enough, 
apa r t  f rom the sulfide l aye r  growth,  the sandwiched  
oxide  l aye r  also increases in thickness  wi th  the  ex-  
posure time. The composi t ional  analysis  of the  sand-  
wiched oxide layer  reveals  tha t  this  film becomes r icher  
in Cu, i.e., this composi t ion no longer  corresponds to 
Cu20, ins tead  i t  becomes Cuo.s2Oo.ls. This suggests tha t  
the Cu20 at h igher  re la t ive  humidi t ies  is no longer  
comple te ly  pro tec t ive  when exposed to H2S. 

F igure  5 shows a typical  depth  profile of a film 
which grew on a copper sample  tha t  has not been p re -  
oxidized (exposure  t ime to H2S--50 hr, 5 ppm, 80% 
RH).  If this film is compared  to the film which  grows 
on a i r -ox id ized  copper  in the  same t ime per iod  (not  
shown) ,  the  film which grows on bare  Cu is th icker  
than  the film on a i r -ox id ized  samples.  

Another  set of samples  tha t  were  preoxid ized  in an 
oxygen  env i ronment  (150~ 1 h r ) ,  were  also exposed 
to 5 ppm H2S for 8 h r  at  80% RH. These samples  show 
less sulfiding than a i r -ox id ized  or  unoxid ized  copper  
(Fig. 6). The composi t ion of the sulfide film is 
CU0.66S0.34  and the sandwiched  oxide composi t ion r e -  
mains  at  Cu0.6800.32 (Cu20) .  This suggests tha t  the 
oxide film grown in oxygen  is more  pro tec t iv  e to H2S 
exposure  than  a i r -ox id ized  copper  samples .  

The kinet ic  film g rowth  ra te  da ta  f rom the quar tz  
crys ta l  microba lance  have been p lo t ted  in  Fig. 7. The 
x - ax i s  shows the  t ime of exposure  in hours and the  
y -ax i s  is the f requency  shif t  in Hz. The f requency  shif t  
can be conver ted  to the to ta l  weight  of the corrosion 
produc t  by  knowing the crys ta l  constant.  The thickness 
of the  sulfide film can be ca lcu la ted  by  knowing  the  
dens i ty  of Cu2S (f rom the CRC Handbook) ,  the  a rea  
of the exposed ma te r i a l  on the  quar tz  crystal ,  and  the 
to ta l  weight  gain. We can also ca lcula te  the ra te  of film 
growth  for  var ious  samples  at  different  re la t ive  
humidi t ies .  I t  is seen tha t  a t  0% RH, the sulfide film 
growth  on copper  fol lows a l inear  law, whi le  a i r - o x i -  
dized samples  show ve ry  l i t t le  corrosion ( the l inear  
law m a y  change as the film th ickens) .  At  80% RH, the  
g rowth  ra te  is in i t ia l ly  l inear  but  becomes parabol ic  as 
the thickness increases for  both  k ind  of samples,  ox i -  
dized and unoxidized.  This figure can also be ut i l ized 
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Fig. 6. Auger depth profile from the O2-oxidized sample exposed 
far 8 hr to 5 ppm H2S at 80% RH. 

as a quant i t a t ive  measure  of amount  of pro tec t ion  o f -  
f e r e d  agains t  sulfidation by  var ious  oxidized samples  
( the dens i ty  difference be tween  CueS and Cu20 is not  
apprec iab le  and the dens i ty  of the  film can be assumed 
in be tween  Cu2S and Cu20).  F igu re  7 shows as a n  
inset  the film growth  rates  in the  l inear  region for v a r i -  
ous samples. In  the  l inear  range  the film growth  on 
bare  copper  at  80% RH, is four  t imes the  r a t e  of 
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Fig. 7. Kinetic growth rate data obtained from quartz crystal 
microbalance is shown for various samples. 

growth  at  0% RH. The O2-oxidized samples  offer more  
protec t ion  agains t  sulf idat ion than  a i r -ox id ized  sam-  
ples. Thus, in the l inear  region at  80% RH, the  film 
thickness on a i r -ox id ized  copper  is 75% of the film 
on bare  copper, whi le  the  film thickness on O2-oxidized 
copper  is 47% of the  film on copper.  The film thickness  
de te rmined  f rom depth  p r o f l i n g  wil l  be the  total  film 
which has g rown on the sample  (oxide and sulfide) 
and can be compared  to thicknesses f rom Fig. 7. 

In teres t ingly ,  the  sulfur  Auge r  peak  on ba re  C u  
samples  shows a fine s t ruc ture  (a t  0% and 80% RH) .  
There  are  three  dis t inct  peaks  in the  sul fur  spec t rum 
at 146, 151, and 156 eV as shown in Fig. 8. The a i r - o x i -  
dized Cu shows the same sul fur  peak  s t ruc ture  at  
80% RH but  the 146 eV peak is much  less pronounced  
at  0% RH. Oxygen-ox id ized  Cu shows the sul fur  peak  
at  146 but  i t  is not ve ry  pronounced  at  e i ther  re la t ive  
humidi ty .  F ina l ly ,  Fig. 9 shows an ESCA spect ra  f rom 
a typica l  sulfided Cu sample  at  80% RH wi th  insets 
showing the Cu and S peak  s tructure.  The b inding  
energy peak  for Cu occurs at  932.5 eV and the sul fur  
peak  s t ruc ture  has been deconvoluted  to y ie ld  two 
peaks,  one at  161.7 eV and the o ther  a t  162.5 eV. 
ESCA spect ra  showed no difference in the sulfur  peak  
s t ruc ture  on a i r -ox id ized  or bare  copper  samples  at  
80% RH. The ESCA analysis  confirms the composi t ion 
to be p r i m a r i l y  Cu2S (Cu at  932.5 eV and S at  161.7 
eV).  The peak  at  162.5 eV in ESCA spec t rum suggests  

146 y 
151 
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Electron EnerQv eV 

Fig. 8. A typical Auger spectra obtmned tram bore copper is 
shown. The three peak structure in the sulfur spectra is clearly 
visible. 
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Fig. 9. ESCA spectra from a typical suifided Cu sample is shown 
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the presence of free sulfur. At 0% RH, the 161.7 eV 
peak is not very pronounced on oxidized (air and 02) 
samples. 

Discussion 
Low relative humidity.--In the absence of high rela-  

tive humidity,  the HeS reaction with bare  copper pro- 
ceeds at a slower r a t e  and the rate is observed to be 
linear.  On preoxidized samples, no significant growth 
of tarnish films occurs at low RH. This can be explained 
as follows. Since the oxide thickness on preoxidized 
samples is considerably greater  than  the thickness 
(--60A) of the oxide present  at room tempera ture  
(10, 11), and CueO is thermodynamica l ly  more stable 
than CueS or CuS [standard free energy of formation 
at room tempera ture  for CueO, CueS, and CuS are 
--34.98, --20.6, and --11.7 kcal /mole  respectively (12)], 
oxide films are protective against  fur ther  at tack at low 
relat ive humidities.  

Bare copper reacts with dry  HeS (0% RH) as well 
as with HeS at a high relat ive humidity.  The reaction 
rate  of HeS with bare copper at 0% RH is smaller  
(Fig. 7) than at high RH. Other investigators have 
observed this before (13, 14). Cu can react with H2S 
according to one of the following schemes 

(aG ~ Est imated 
(15), cal /mole)  

a) 2Cu + H2S ---- Cues + He --10,900 -- 1.72T 

(298~176 [1] 

b) Cu + HeS ---- CuS -{- H2 --5400 + 5.35T 

(298~176 [2] 

c) Cu2S + HeS = 2CuS + H2 150 + 12.43T 

(298~176 [3] 

The first react ion has a lower s tandard  free energy 
of reaction and is thermodynamica l ly  more favorable. 
In  actual experiments,  the sulfide on copper is found 
to be Cu2S with some free sulfur  (16). The activation 
energy of sulfidation (for CueS) has been measured to 
be between 17.6 kcal /mole  (13) to 21.3 kcal /mole  (17). 
Our exper iment  and the experiments  of others (13, 
17) (at higher temperatures)  revealed that the rate of 
tarnishing follows a l inear  rate law. Earl ier  authors 
(13, 17) have also observed that  the sulfidation 
rate (or more specifically, the l inear  rate constant) 
increases with increasing concentrat ion of H2S. From 
this it can be argued that on bare copper, the rate-  
de termining  process is most l ikely to involve a phase 
boundary  reaction at the gas/film interface (18). At 
this interface, the following reaction is most probable 
(13, 17) 

adsorption of H2S on the sulfide film 

H2S (g) --> H2S (ads) [4] 

1) 

and 

2) dissociation of adsorbed H2S 

H2S (ads) -> H2 -}- S 2- ~- 2 G [5] 

where G represents a positive hole in the sulfide. This 
dissociative adsorption reaction has been observed on 
nickel, tungsten,  and iron at low temperatures  (19). 
The act ivat ion energy of H2S adsorption is very low 
for these materials  (<1 kcal /mole) .  On other metals 
such as Ag and Pb, adsorpt.ion of H2S also occurs but  
is reversible and nondissociative. This may explain 
why silver does not react with dry H2S while Cu and 
Ni do. Since the process of dissociation is more diffi- 
cult than adsorption, step 2 is l ikely to be ra te-deter -  
mining. Format ion  of S 2- ion at the gas/sulfide in ter -  
face results in the depletion of cuprous ions. The usual  
defect equi l ibr ium for Cu2S at the gas/sulfide in te r -  
face can be wr i t ten  as 

S ~ CueS + 2Cu [3' + 2 O [6] 

The cation vacancies (CUE]') and positive holes �9 
will diffuse inward to the metal/sulfide interface 
where they will be annihilated as 

Cu+Cu[3'+@~Cu ++e [7] 

forming cuprous ion Cu + and electron (e) which will 
diffuse outward to the gas/sulfide interface. 

The copper sulfide which grows on copper is much 
more porous than Cu20. This is related to the fact that 
the volume quotient (that is, the ratio of the volume 
of the sulfide divided by the volume of the equivalent 
quantity of metal), which should always be larger 
than unity, assumes a very high value of 1.95 (18). 
This leads to high stresses at the metal/sulfide bound- 
ary resulting in cracks and fractures in the sulfide 
layer. Through the appearance of porous layers, the 
free sulfur may also migrate into the sulfide and come 
in direct contact with the metal. The three peak struc- 
ture of sulfur on bare Cu observed in Auger spectra 
can be interpreted in the light of the above discussion. 
The most probable explanation is that the peak at 146 
eV is due to Cu2S while the peaks at 151 and 156 
eV are due to adsorbed or free sulfur (20). More ki- 
netic energy will be lost for sulfur in a bound chemical 
state and therefore a chemical shift towards lower 
kinetic energy might occur for Cu2S resulting in a 
peak at 146 eV. The peaks at 151 and 156 eV arise from 
Auger transitions involving electrons in surface mo- 
lecular orbitals formed by chemisorption of sulfur or 
free sulfur not strongly bound to copper (21). The 
above explanation is only suggestive and needs to be 
confirmed by further experimentation. In the case of 
oxidized copper exposed to H2S at low relative hu- 
midity, the peak at 146 eV is not pronounced, confirm- 
ing the depth profile analysis that sulfur does not 
react with CueO. ESCA analysis in conjunction with 
ion sputtering also confirms that free sulfur is present 
in the entire Cu2S film on bare copper. The peak at 
161.7 eV is due to CueS and at 162.5 eV is due to free 
sulfur. 

Cu20 does not react with H2S at low RH because 
Cu20 is thermodynamical ly  more stable than Cu2S as 
explained earlier and because the oxide thickness 
hinders the cation migration. In  addit ion the rate of 
dissociative adsorption of H2S on Cu20 may be very 
small. 

High relative humidity.--At high relat ive humidit ies 
Cu20 reacts with HeS. The rate of reaction with bare 
Cu is also much greater. The kinetic growth law 
starts as a l inear  law but  becomes parabolic as the 
film thickness increases. This suggests that a different 
kind of reaction involving HeS and Cu occurs at high 
relat ive humidities,  i.e., a reaction involving the aque-  
ous solution at the gas/sulfide interface is impor tant  
in unders tanding  the kinetics in  this case. I t  is known 
that I-I2S easily dissolves in water. The HeS therefore 
goes into aqueous phase in  adsorbed water  layers on 
Cu and CueO. From measurements  of water  adsorption 
by the author (22), it was found that  several mono-  
layers of water  are adsorbed on Cu and Cu20 at 80% 
RH. For a given relat ive humidi ty  the amount  of 
[H20] adsorbed is greater  on CueO than  on Cu (22). 
The oxidation of H2S to sulfur  in  aqueous solution 
takes place with dissolved oxygen according to the 
following reaction 

[H2S]aq 2c [O2]aq -> S -~ H20 [8] 

as suggested by Lilienfield and White (23), Campbell 
and Thomas (14), and Sneed et al. (24). 

The composition of the sulfide film at the surface in 
all exposed samples is Cu0.65S0.35 (after an exposure 
of 8 hr). For air-oxidized Cu, it is also seen that the 
sandwiched oxide layer increases in thickness with 
the exposure time and the composition of the oxide 
film becomes Cuo.seOo.zs instead of Cu20. A model of 
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fim g rowth  can be proposed  to account for these ob-  
servations.  The g rowth  occurs at  the sul f ide/oxide  
in ter face  but  not  at  the o x i d e / m e t a l  interface.  Copper  
ions migra te  f rom the m e t a l / o x i d e  in ter face  th rough  
the  oxide and this accounts for  increasing the rat io  
of Cu to 02 in the oxide layer .  This m a y  also account 
for  the increase in the thickness of the oxide layer ,  i.e., 
some migra t ing  Cu ions m a y  i n t e r a c t  wi th  02 ions 
and increase  the thickness of oxide  l aye r  whi le  in-  
creasing the rat io  of Cu to 02. Su l fur  ions migra te  in-  
wards  to the sul f ide/oxide  interface  and i t  appears  
that  the  react ion occurs at  the sul f ide/oxide  boundary .  

The copper  which  has been preoxid ized  in oxygen 
offers s l ight ly  more  pro tec t ion  agains t  sulfidation than  
a i r -ox id ized  copper (Fig. 7). This m a y  pa r t ly  be due 
to the fact  tha t  the  oxide thickness of the  O2-oxidized 
sample  is g rea te r  than  an a i r -ox id ized  sample.  In  add i -  
tion, the  oxide  grown in the  oxygen  envi ronment  is 
expected to be more  compact,  i.e., s t ruc tu ra l ly  less 
porous. Cation migra t ion  th rough  this oxide m a y  be 
h indered  and the ra te  of sulf idat ion wil l  therefore  be 
less. The above a rgumen t  is s t reng thened  by  the fact  
that  most of the sandwiched  oxide  l aye r  a f te r  sulf ida- 
t ion in this case corresponds to Cu~O, i.e., the ra te  of 
oxide b r eakdown  is less. 

Conclusions 
An expe r imen ta l  pe rmea t ion  tube appara tus  has 

been constructed.  By ut i l iz ing the quar tz  crys ta l  micro-  
ba lance  wi th  a sens i t iv i ty  of 10 - s  g/cm2/Hz,  ESCA 
and Auger  spectroscopy, the  react ion of copper and its 
oxides wi th  H2S, has been inves t iga ted  at  var ious  r e l a -  
t ive humidi t ies .  The kinet ic  g rowth  ra te  laws have been 
der ived  f rom the thickness measurements .  I t  is con- 
c luded tha t  cuprous oxide  protects  copper  against  fu r -  
ther  ox ida t ion  or  sulfidation in H2S envi ronment  in 
d ry  air. Dry  H2S at tacks  copper  and the ra te  of react ion 
is l inear.  The film composit ion in this case is CusS. At  
h igher  re la t ive  humidi t ies  the  ra te  of react ion wi th  
bare  copper  s tar ts  as l inear  but  becomes parabol ic  as 
the film thickness increases.  In  the  l inear  range,  the  
ra te  of react ion wi th  bare  copper  at  80% RH is four  
t imes the ra te  of 0% RH. At  h igher  RH, the  oxide film 
breaks  down and is a t tacked  by  H2S. The  films grown 
in oxygen  Offer s l ight ly  more  pro tec t ion  than  those 
grown in air. Thus in the l inear  region at  high RH, the  
a i r -g rown  and o x y g e n - g r o w n  films have 75% and 
47% of the  film tarnish  rates  of bare  copper. This dif-  
ference  may  pa r t l y  be due to th icker  oxide on the oxy-  
gen -g rown  sample  but  is most  p robab ly  due to the  
fact  tha t  these films are  s t ruc tu ra l ly  less porous. In  
general ,  a l aye red  ta rn ish  film s t ruc ture  wi th  an ox-  
ide  film sandwiched  be tween  the meta l  and the sulfide 
film (Cu2S) grows on preoxid ized  coupons. 
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ABSTRACT 

The electrochemical formation of e lemental  sul fur  at stainless steel elec- 
trodes has been studied in aqueous H2S solutions at temperatures  between 
298 ~ and 373~ and a total pressure (with H2S) of 1.4 MPa. A deposit of 
sulfur  was found only in solutions containing a low concentrat ion of soluble 
i ron ( <~ 10 -6 mole dm -s)  ; at higher i ron concentrations, pyri te  and marcasi te  
formation occurred. All  three deposits formed from a common polysulfide 
intermediate,  the na ture  of the deposit depending on the relat ive concentra-  
tions of soluble iron and polysulfide at the surface of the stainless steel. 

In  a previous paper  (1), formation of i ron disul-  
fides, pyrite, and marcasite, on stainless steel surfaces 
from aqueous I--I2S solutions at a total pressure of 
1.4 MPa, was shown to occur via an electrocrystall iza- 
l ion mechanism. Oxidation of HeS to polysulfide species 
occurred as an anodic reaction at the stainless steel, 
followed by deposition of ferrous ion (as FeS2) t rans-  
ported from a corroding carbon steel surface. Mar-  
casite was formed only when the concentrat ion of 
$2 ~- was increased by applying an anodic current  
to the stainless steel. From these results, it was con- 
cluded that  marcasite can form when the concentrat ion 
of Se e-  is high relat ive to the concentrat ion of Fe"+. 

This mechanism offers an explanat ion for the ob- 
se rva t ion  of pyri te  and marcasite deposits on stain-  
less steel surfaces at temperatures  > 353~ in heavy 
water  (D20) production plants uti l izing the Girdler  
sulfide process (2, 3). However, small  quanti t ies  of 
e lemental  sulfur  can also form on the stainless steel 
sieve trays in  the Girdler  sulfide process and the 
purpose of this communicat ion is to show that a s im- 
i lar  mechanism to that  previously described (1) could 
be, at least in  part, responsible for these sulfur  deposits. 

Experimental 
Experiments  were performed in a thermostat ted 

t i t an ium autoclave containing aqueous solution pres- 
surized with H2S. The details have been discussed 
previously (1). To prevent  charging and poor resolu- 
t ion dur ing scanning electron microscopic examination,  
the sulfur  deposits were coated with a thin gold film. 
Unless otherwise stated, all experiments  were carried 
out for 160-170 hr  at a total pressure (with HH2S) of 
1.4 MPa. A tempera ture  of 373~ or lower was used 
to avoid significant thermal  cracking of the HoS on 
the autoclave walls in the vapor space above the 
aqueous solution. 

Results 
The potential  of the stainless steel electrode varied 

wi th  the Fe ~+ concentrat ion as shown in  Fig. 1. The 
da tum for the in termediate  soluble i ron concentrat ion 
(open circle in  Fig. 1) was obtained using a small  
carbon steel electrode (5 cm'-') to supply soluble iron; 
data at higher i ron concentrat ions (solid circles in  
Fig. 1) were obtained using a larger electrode (32 
cm2). The most anodic point (x in Fig. 1) was mea-  
sured in an "iron-free" system. In this exper iment  
no carbon steel electrode was included in the auto- 
clave. The residual  i ron in solution resulted from 
dissolution from the autoclave walls of traces of i ron 
disulfides deposited dur ing  previous experiments.  The 

Key words: hydrogen s u l f i d e ,  s t a i n l e s s  s t e e l ,  sulfur. 

vertical dashed line in Fig. 1 represents the equi l ibr ium 
potential  for the reaction 

H2S ~- S~ 4- 2H+ 4- 2e [1] 

under  the conditions used. This value was taken from 
the calculations of MacDonald and Hyne (4). 

In Fig. 2, the potential  of the stainless steel electrode 
in "iron-free" solution is plotted as a funct ion of 
applied anodic current  and compared to the data 
previously recorded for pyri te  and marcasi te  deposi- 
tion (1). The dashed lines in Fig. 2 represent  the 
equi l ibr ium potentials for reaction [1] and for the 
fur ther  oxidation of sulfur  to sulfate via reaction [2] 

Sa 4- 4H20 ~ SO~ ~- 4- 8H + 4- 6e [2] 

Table I summarizes the na ture  and location of the 
deposits found in the autoclave. At 373~ and with 
zero applied current  (exper iment  1), no sulfur  w a s  

detected in  the autoclave. At an anodic current  of 

E 
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10-6 - X.--I 
\ 

I I I 
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Fig. 1. Potential of stainless steel electrode as a function of the 
concentration of Fe 2+ in the autoclave at 373~ and 1.4 MPa 
total pressure (with H2S). Dashed line represents the equilibrium 
potential, Eel, for reaction [1] (see text);, e--previously published 
data from Rcf. (1); O--recorded in the presence of a small carbon 
steel electrode (area = 5 cm2); X--recorded in "iron-free" solu- 
tion (see text). 
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Table I. Summary of data on sulfur deposition* from H2S aqueous solutions 
(1.4 MPa total pressure) 

Sul fur  deposi t  locat ion  

Exper i .  Sta in l e s s  s t ee l  
m e n t  No. I (~A) T (~  e l e c t r o d e  T i t a n i u m  a u t o c l a v e  

E 
(mY vs. SCE) 

1 0 373 ND ND 
2 100 373 T r a c e  U p p e r  r i m  
3t  100 373 ND ND 
4 250 373 ND ND 
5 50 L a r g e  d e p o s i t  ND 

0 323 ND ND 
6 100 298 L a r g e  d e p o s i t  L a r g e  deposi t  on 

al l  s u r f a c e s  

- 3 3 5  +--- 15 
- 2 7 5  + 25 
- 2 7 5  ~ 20 
-205 ----- 20 
-3 f i0  - -  12 
-570 ----- 8 

+2.0V 

* Iden t i f i ed  by x-ray  p o w d e r  di f fract ion a n d / o r  x-ray  e n e r g y  dis pers ive  spectroscopy .  
t A u t o c i a v e  p e r i o d m a U y  v e n t e d  and  r e c h a r g e d  w i t h  H ~ .  
~ N o t h i n g  detected .  

100 ~A (exper iment  2), a deposit of sulfur  1 was ob- 
tained around the upper  r im of the autoclave. A trace 
deposit of what  was probably sulfur  also formed on 
the stainless steel electrode. When the 100 #A experi-  
men t  was repeated and the autoclave periodically 
vented and recharged with H~S (exper iment  3), no 
sulfur  deposit was obtained. This indicated that  the 
deposit on the upper  r im of the autoclave in experi -  
men t  2 was formed from sulfur  in  the H2S vapor 
when the autoclave was cooled prior to opening. The 
periodic vent ing in  exper iment  3 removed this sulfur  
vapor and consequently no deposit was formed. Its 
formation by reaction of H2S with 02 can be ruled 
out since 02 was carefully excluded from the auto- 
clave (1). When the current  was increased to 250 ~A, 
no sulfur  deposit was obtained (exper iment  4). 

When both the current  and the temperature  were 
reduced (exper iment  5), a large deposit of e lemental  

Only  S~, t h e  low t e m p e r a t u r e ,  o r t h o r h o m b i c  f o r m ,  was  ob- 
served.  A n y  s u l f u r  d e p o s i t e d  a t  ~ 96~ w o u l d  p r o b a b l y  be mono-  
cl inic ,  b u t  un l e s s  v e r y  c a r e f u l  a n n e a l i n g  or  rapid q u e n c h i n g  is 
p e r f o r m e d ,  t h i s  t r a n s f o r m s  r a p i d l y  to  a-Ss. 
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Fig. 2. Potential of stalnIess steel electrode as a function of 
applied current at 373~ and 1.4 MPa total pressure (with H2S); 
~ X ~  data recorded in "iron-free" solutions; - - @ - -  previously 
published data from Ref. (1); . . . .  equilibrium potentials for 
reaction [1] (Eel)and reaction [2] (Ee2). 

sulfur  was obtained on the stainless steel electrode. 
The morphology of this deposit is shown in  Fig. 3. 
X- ray  spectroscopy showed that both the upper  layer  
chain- l ike deposit [Fig. 3 (b ) ]  and the nodular  base 
layer  [Fig. 3(c)]  were sulfur. No deposit was ob- 
ta ined on the autoclave walls at this temperature.  An 
unpolarized stainless steel electrode si tuated close to 
the anodically polarized electrode in the autoclave 
showed only faint  traces of a sulfur  deposit. A fur ther  
reduct ion in temperature  to ~298~ (exper iment  6, 
Table I) resulted in  the formation of substant ia l  
deposits of sulfur  on all surfaces throughout  the auto-  
clave, including those above the surface of the liquid. 
In  this case the potential  of the stainless steel electrode 
rose to greater  than 2.0V and became erratic. Figure 
4 shows a photomicrograph of the stainless steel 
surface. The x - r ay  energy spectrum of the surface 
indicated that the deposit was essentially all  sulfur. 

Discussion 
The data of Fig. 1 show that  as the soluble Fe 2+ 

concentrat ion was decreased the potential  of the 
unpolarized stainless steel shifted to more anodic 
values. This is as expected from the potent ia l -pH 
diagram for the Fe-H2S-HuO system (1, 4) if the 
potential  of the stainless steel is governed by the 
react ion 

Fe 2+ + 2H2S ~-FeS2 + 2H + -t- 2e [3] 

as previously demonstrated (1). For  potentials greater 
than  the equi l ibr ium potential  for reaction [1], the 
formation of e lemental  sulfur  becomes thermodynamic-  
ally possible. This condit ion was achieved in the 
"iron-free" solution (point x in Fig. 1). The fact 
that  no elemental  sulfur, or at the most only traces, 
were found (experimental ,  Table I) showed that the 
reaction was very slow at 373~ in  the absence of 
an applied current.  

The application of an anodic current  (c]. experi-  
ments  1 and 2 in Table I) accelerated the formation 
of sulfur. However at 373~ transfer  of sulfur  from 
the l iquid to the vapor phase occurred, sulfur  being 
deposited on the autoclave walls. The mechanism of 
this t ransfer  has not been studied but  one possibility 
is that  the sulfur  deposit on the electrode [or a 
polysulfide in termediate  (1)] dissolved to give aqueous 
polysulfide species and, subsequently,  gas phase sul-  
fanes (H2Sx). En t ra inment  o f ' s u l f u r  in  H2S gas 
streams has been shown to occur for temperatures  
above the mel t ing point  of sulfur  (5, 6), but  not at 
the temperatures  used in the present  work. However 
there will be a finite concentrat ion of polysulfide in 
solution [ ~ 1 0 - s  mole dm -3 under  the conditions used 
(7) ] and the sulfane H2S2 has a ' h igh  vapor pressure, 
boiling at 343~ at normal  pressure (8). Consequently 
the proposed pathway for the t ransfer  of sulfur  from 
liquid to vapor is not unreasonable.  The fact that  
the t ransfer  occurred suggested that the rate of such 
a process was significant at 373~ 
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Fig. 3. Scanning electron photomicrographs of the elemental sul- 
fur deposit on the stainless steel electrode after experiment 5 of 
Table I; (a) general surface, (b) upper layer deposit, (c) base layer 
deposit. 

Dissolution and t ransfer  of sulfur  to the vapor 
was negligible at 323~ as shown by exper iment  5 
in  Table I. The deposit remained localized on the 
stainless steel surface. The reason for the variations 
in  morphology of the sulfur  deposit is not known. One 
possibility was that the upper  layer deposit [Fig. 3 (b)]  
resulted from a precipitat ion reaction due to the finite 
solubil i ty of the sulfur  under  these conditions. 

Fig. 4. Scanning electron photomicrograph of the elemental sulfur 
deposit on the stainless steel electrode after experiment 6 of Table 
I. 

If the cur ren t  was increased to 250 ~A at 373~ 
(experiment  4, Table I) no elemental  sulfur  was 
formed in the autoclave. Under  these conditions the 
potential  at the stainless steel electrode was more 
positive than  the equi l ibr ium potential  for reaction 
[2] (Fig. 2) and it is l ikely that fur ther  oxidation 
of the sulfur  to sulfate (or some intermediate  oxi- 
dized state) occurred. 

No at tempt  was made, in the present  work, to 
characterize the na ture  of the corrosion film occurr ing 
on the stainless steel. However the cur ren t -po ten t ia l  
data of Fig. 2 suggest that  for the major  part, the 
electrode potential  was set by reactions 1 or 3. The 
one obvious exception is exper iment  6 (Table I) where  
the potential  of the stainless steel was ~2.0V and 
all surfaces in the autoclave were covered with ele- 
menta l  sulfur. In this case the stainless steel was 
passivated either by the deposit of spherical sulfur  
particles (Fig. 4) or by an under ly ing  film of i ron 
and chromium oxides or sulfides. The potential  of 
the stainless steel was sufficiently positive to cause 
the decomposition of water  to 02, which leads to 
the oxidation of H2S via the reaction 

2H2S -t- 02 ~ 2S ~ 2H20 [4] 

both in solution and in  the gas phase (9, 10). The 
elemental  sulfur  so formed settled on any convenient  
surface. The i l l-formed, larger  particles shown in  
Fig. 4 were probably sulfur  particles formed in  
aqueous solution, via reaction 4, which subsequent ly  
settled on the stainless steel surface. 

The formation of e lemental  sulfur  on anodically 
polarized metal  surfaces in  sulfide solutions has been 
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observed in a number  of situations. Thus sulfur  can 
be deposi ted on p la t inum from aqueous sulfide solu-  
tions (11, 12) and f rom polysulfide solutions in potas-  
s ium thiocyanate  melts  (13). It has also been deposi ted 
on vi t reous  carbon and pyroly t ic  graphi te  electrodes 
from polysulf ide melts  (14). Li t t le  informat ion is 
ava i lab le  on the mechanism of format ion  of e lementa l  
sulfur.  The nodular  na ture  of the base layer  deposit  
[Fig. 3 (c ) ]  suggested the nucleat ion and growth  of 
ind iv idua l  centers. A mechanism consistent wi th  the 
present  observations,  and with  the  previous ly  ob-  
served format ion oE iron disulfides in the presence 
of soluble iron, involves a polysulfide in te rmedia te  (1) 

H2Sads-* SHads + H+ + e [5] 

SHads -}- H2Sads "-> H2S2ads -~- H + -~ e [8] 

The fu r the r  oxidat ion  of this in te rmedia te  would lead 
to the  format ion  of sulfur  

4HeS2ads--> Ss -~ 8H + --}- 8e [7] 

As shown in the  previous  paper  (1) the  presence of 
soluble i ron leads to the format ion  of pyr i te  and 
marcas i te  and the prevent ion  of fur ther  oxidat ion  
via  react ion [7]. The a l t e rna te  processes can be sum-  
mar ized  in the fol lowing react ion scheme 

Fe 2+ --> Pyrite (FeS2) {[Fe 2+] > [S~2-]} 

- -2e  /Fe 2+ 
2S s - '  ~ $2 2-  ) Marcas i te  (FeS2) {[Fe 2+ ] ~ [$22-]} 

~reaction -~ Ss {[Fe 2+ ] --> 0 } 
[7] 

Protons have not been included in this reaction scheme 
although they are probably involved. Their produc- 
tion during the anodic reactions [5] to [7] will not 
lead to pH variations since an equivalent number will 
be consumed in the cathodic reaction. 
Thus in the absence of soluble iron, the formation 

of elemental sulfur could occur via an electrochemical 
mechanism in heavy water production plants using 
the Girdler sulfide process. However at 373~ the 
r'ate of sulfur production would be very slow. Finally 

both disulfide and e lementa l  sulfur  format ion  appear  
to proceed th rough  the same polysulf ide in termedia te .  

Manuscr ip t  submi t ted  Aug. 8, 1978; revised m a n u -  
scr ipt  received Sept. 20, 1979. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the December  1980 
JOURNAL. Al l  discussions for the December  1980 Dis- 
cussion Sect ion should be submi t ted  by  Aug. 1, 1980. 

Publication costs o] this article were assisted by 
Atomic Energy o] Canada Limited. 
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Stress Corrosion Cracking and Electrochemical 
Behavior of AISI 304 Stainless Steel in 
Chloride-Containing Sulfate Solutions 
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ABSTRACT 

The slow s t ra in  rate testing technique was used to s tudy the stress cor- 
rosion cracking (SCC) susceptibil i ty of AISI 304 stainless steel in  chloride- 
containing 35% (NH4)2SO4 solutions at 104~ The SCC susceptibil i ty was 
evaluated from exper imenta l ly  obtained quant i ta t ive  expressions for the de- 
creases of ul t imate  tensile s trength and reduct ion of area in  these solutions 
compared to iner t  conditions. The inhibi t ing  effect of ni trates  was also studied. 
Electrochemistry of the a l loy-env i ronment  system is presented, and correla- 
t ion between SCC susceptibil i ty and the electrochemical parameters  was estab- 
lished. Results are summarized as follows: (i) SCC of 304 SS may occur in 
the chlor ide-containing sulfate solutions at I04~ (ii) the critical chloride 
concentrat ion is 2000 ppm or less, above which SCC will occur, (iii) the 
threshold ni t ra te  concentrat ion is 1000 ppm or less, above which SCC can be 
inhibited,  and (iv) the results are consistent with the view that SCC and 
pi t t ing ini t ia te  in the same way. 

The austenit ic stainless steels are extensively used 
in  chemical p lant  construction because of their general  
resistance to m a n y  common corrodents. They are used 
in  the area of vessels, piping, valves, heat exchangers, 
and support ing hardware.  Type 304 has been exten-  
sively used because of its economy and relat ive ease of 
fabrication, taking proper precautions to minimize the 
deleterious precipi ta t ion of carbides in the heat affected 
zone. A cont inuing problem with the use of the aus- 
tenific alloys has been the danger  of stress corrosion 
cracking (SCC) in  certain envi ronments  and stress 
situations. One of the we l l -known and probably  most 
widely encountered form of SCC is that  caused by the 
presence of chloride ion (1-5). Consequently many  
studies have been performed to de termine  mechanisms 
(6, 7), and to obtain data in  specific systems on concen- 
t rat ion and tempera ture  (8, 9) bounds below which 
these alloys could be confidently applied. Considerable 
efforts have also been expended to determine the in -  
hibi t ing effect of anions on the SCC of stainless steels 
in  the chlor ide-containing media. For example, Uhlig 
and Cook (I0) have shown that  the addit ion of small  
amounts  of nitrate,  acetate, iodide, and benzoate in -  
hibi t  SCC in MgC12 at 130~ Okada (11) also reported 
that SCC propagat ion in  the MgC12 solution may be 
halted by the presence of sodium nitrate.  

The present  paper presents data on a specific system 
which has been known to exhibit  SCC in  an operating 
chemical plant. The inhib i t ing  effect of n i t ra te  was 
also studied. Several  observations were made which 
support  empirical  knowledge obtained in  large scale 
use and the electrochemical characteristics of the sys- 
tem was examined.  

Experimental Procedure 
The test alloy was prepared in  a form of 0.635 cm 

(1/4 in.) diam rods. The rods were quench annealed. 
Chemical analysis [weight percent  (w/o) ]  of the steel 
was Ni-8.9, Cr-18.3, C-0.04, Si-0.02, Mo-0.2, and Cu-0.4. 
Specimens were pickled in  10% oxalic acid and cleaned 
with acetone and deionized water  prior to testing. 
Round specimens with a reduced testing gauge of ap-  
proximately  3 mm diam were used to facilitate un i form 
deformation and allow complete immersion,  which 
negates problems associated with the l iquid-vapor  

Key words: stress corroaion, strain rate, fractography, inhibi- 
tors, pitting. 

interface and cell seals, The test solution was 35% w/o 
(NH4)2SO4 with various chloride and ni t ra te  concen- 
trations, to which chloride was added as NaC1 a n d  
ni t ra te  was added as NI-t4NOs. 

The constant  s t ra in rate tensile testing technique 
was used in  this test and the assembly is shown in  Fig. 
1, which is s imilar  to that  used elsewhere (12). The 
specimen is threaded at both ends to connect both 
support ing rods. The lower support ing rod is fixed to 
the lower plate of the metal  frame by two stainless 
nuts  to provide firm support  dur ing the specimen 

g 

Fig. 1. Schematic assembly for SCC test: (a) specimen, (b) slow 
strain rate test machine, (c) heating rod, (d) thermocouple, (e) 
calomel electrode, (f) saturated KCI solution, (g) test solution, (h) 
potentiostat, and (i) heat control system. 
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straining experiment.  A Teflon corrosion cell of 500 
ml  capacity is used with the specimen sealed at t h e  

point  of entry  into the cell by passing it through a 
Teflon fitting. The top of the cell was sealed by a re-  
movable Teflon cover with a loosely fitted Teflon fitting 
through which the specimen emerged from the cell. A 
salt bridge capil lary was located near  the surface of 
the test specimen, leading to a saturated calomel elec- 
trode. A heating rod and a thermocouple were inserted 
into the cell to heat the solution and monitor  the tem- 
pera ture  of the solution, respectively. Air at about  
7.0 • 104 Pa (10 psi) was bubbled  through the solu- 
t ion dur ing the test. 

After  the specimen was mounted  inside the t e s t  

cell, the test cell was heated to the desired tempera-  
ture, i.e., 104~ The specimens were not s trained unt i l  
a stable equi l ibr ium testing tempera ture  was reached. 
I t  was gradual ly  pul led unt i l  the load cell on the strain 
ing machine registered a slight load, indicat ing the ab-  
sence of slack between the pul l  rod, universa l  joint,  
and the specimen. St ra in ing was then continued at a 
crosshead speed of 7.00 • 10 -5 min  -1. The load, elon- 
gation, and open-circui t  potent ial  (OCP) being moni-  
tored continuously un t i l  f racture occurred. The reduc-  
t ion of area (ROA) of the f ractured specimen was 
then measured, and the fracture morphology was 
studied by means of scanning electron microscopy 
(SEM). 

Anodic polarization was also studied on each a l loy/  
env i ronment  system at a scan rate of 6 mV/min .  The 
solution was saturated with air. The anodic polariza- 
tion curves were obtained s tar t ing from the corrosion 
potential.  Potentials  were measured against  a saturated 
calomel electrode, as were all potentials in  this in -  
vestigation. The ASTM recommended (13, 14) practice 
was taken into account in  making the electrochemical 
measurements .  

Results 
Stress-elongation curves.mStress-elongation c u r v e s  

obtained in  various environments  at a s t ra in  rate of 
7.00 • 10 -5 min  -1 are shown in Fig. 2. The constant 
s t ra in  rate tensile test was ini t ia ted when the tem- 
perature  reached a constant  value, i.e., 104 ~ • 1~ A 
li t t le var iat ion was observed at the ini t ia l  stage because 
of the sliding resistance of the pull  rod. From the re-  
sults, it can be seen that  there was re la t ively li t t le 
difference between stress-elongation curves in con- 
trolled 35% (NI-~)2SO4 solution (no chloride) and 
those in  the solution containing 1000 ppm chloride. 
However, re lat ively severe decreases in  elongation 
were observed in  the solutions containing 2000 ppm 
C1- and above. 

The crack velocity was estimated from the measured 
crack depth and the t ime to failure. Cracking was as- 
sumed to have ini t ia ted when  the load exceeded the 
yield s t rength of the material.  It is interest ing to note 
that the crack velocity increases slightly with increas-  
ing chloride concentrat ion (for example, see Table I). 

It  is known that  the SCC severi ty can be evaluated 
from the decrease in  the u l t imate  tensile s t rength 
(UTS) and the decrease in  the reduct ion of area 
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Fig. 2. Engineering stress-apparent elongation curves obtained 
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Fig. 3.  Effect of C [ -  concentration on reduction of area (R,OA) 
and ultimate tensile strength (UTS) in 35% (NH4)2SO4 solutions 
at ]04~ 

(ROA) in  these solutions compared to %he controlled 
conditions. The effect of chloride concentrat ion on 
UTS and ROA is shown in  Fig. 3. Results indicated 
that significant decreases in  UTS and ROA occur in  
the solutions containing 2000 ppm C1- or above, which 
suggests that SCC may occur in those solutions. Visual 
examinat ion  of specimen surfaces confirmed the pres-  
ence of rapid stress corrosion cracking at 2000 ppm 
C1- and the absence of cracking in  the controlled con- 
dition. Cracks are clearly visible in  the specimen side 
faces exposed to the sulfate solution containing 2000 
ppm C1- (Fig. 4). 

Scanning electron microscopic (SEM) studies have 
been carried out to examine the fracture morphology 
after each test, and the results are consistent with the 
slow strain rate test results. A typical t r ansgranu la r  

Table I. Some typical mechanical results for AISI 304 stainless steel In 35% (NH4)2SO4 solutions at 104~ 

T o t a l  t i m e  Time for crack Average crack 
S o l u t i o n  t o  f a i l u r e  (hr) propagation (hr) velocity (cm/sec) Remarks 

35% (NH4) ~SO~ 
35% (NH~).-~SO4 + 1O00 ppm C]- 
35% (NH4)=SO~ + 2000 ppm C1- 
35% (NHD2SO4 + 3000 ppm C1- 
35% (NH02SO4 + 5~00 ppm C1- 
35% (NHD2SO~ + 3000 ppm C1- 

+ i00 pPm NOa- 
35% (NHD2SO4 + 3000 ppm CI- 

+ 1000 ppm iqOa- 
35% (NH~)2SO4 + 3000 ppm CI- 

+ 8000 p p m  NOra- 

86.4 42.4  4,1 • 10 -7 D u c t i l e  
57.1 27.0  6.8 • 10 -7 D u c t i l e  
37.0 13.3 1.7 • 10 -o T G S C C  
36.2  14.8 1.9 • 10 -o T G S C C  
28.5 8.7 3.4 x i 0  -a TGSCC 

32.1 15.4 1.3 x 10-~ T G S C C  

63.8 33.7 2.3 x 10 -7 Ductile 

65.1 37.2 1.8 x 10 -7 Ductile 
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Fig. 4. Photomacragraphs of 
specimens after slow strain rate 
experiment: (a) ductile failure in 
35% (NH4)2SO4 solution, and (b) 
SCC in 35% (NH4)2SO4 -I- 3000 
ppm C I -  (original diam 2.54 
I11M). 

cleavage-l ike fracture surface was observed in  the 
specimens tested in  the solution containing 2000 ppm 
C1- or above (see Fig. 5c-5e), while only dimple- l ike  
f racture  s t ructure  was evident  throughout  the fracture 
surfaces in  those solutions containing lower chloride 
concentrat ions (see Fig. 5a and 5b). In  the case of 
the t r ansgranu la r - type  morphology mul t ip le  cracks 
were commonly observed. Figure 6 shows the typical  
mul t ip le  branching  associated with SCC. Combining 
the above results suggests that SCC in  this alloy/en..  
v i ronment  system will  occur in the solution contain-  
ing C1- somewhere in  the range of 1000-2000 ppm. 

Since it  has been reported (10) that  the presence 
of n i t ra te  may have a beneficial effect on the resistance 
to SCC, ni t ra te  was added to the 35% ammonium sul-  
fate solution containing 3000 ppm C1- in  order to 
determine the approximate threshold ni t ra te  concen- 
t ra t ion above which SCC can be inhibi ted at  104~ In  
the absence of nitrate,  this environment ,  as indicated 
above, had caused the onset of SCC in  the alloy tested. 
Figure 7 shows the stress-elongation curves in  the 
solutions with various ni t ra te  concentrations. The addi-  
tion of n i t ra te  caused an increase in elongation, as ex-  
pected, and the UTS and ROA increased significantly 
above 1000 ppm ni t ra te  (see Fig. 8). ROA increased 
significantly even at 100 ppm nitrate.  SEM studies 
showed that  the presence of 1000 ppm ni t ra te  or above 
inhibi ted SCC (see Fig. 9). In  the case where 100 ppm 
ni t ra te  was added to the solution, the crack mode w a s  

predominant ly  ductile (see Fig. 9a). However, at 
higher magnification, a t r ansgranu la r  and cleavage-l ike 
fracture morphology was evident  in  some l imited re-  
gions, see Fig. 10. The crack velocity was found to de-  
crease with increased ni t ra te  concentrat ion (see Table 
I) .  

Anodic polarization curves.--It is accepted that  the 
SCC of a meta l  is governed, at least to some extent,  by 
electrochemical reactions. Therefore, the electrochem- 

Fig. 5. SEM fractographs of specimens after a slow stra|n rate 
experiment in 35% (NH4)2SO4 solution containing (a) 0 ppm C I - ,  
(b) 1000 ppm CI - ,  (e) 2000 ppm CI - ,  (d) 3000.ppm CI - ,  and (e) 
5000 ppm C I -  at 104~C. 

Fig. 6. SEM picture of a side view of the specimen after a slow 
strain rate experiment in 35% (NH4)~SO4 solution containing 
3000 ppm C I -  at 104~ 
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Fig. 8. Effect of NO3- concentration on reduction of area (ROA) 
and ultimate tensile strength (UTS) in 35% (NH4)2SO4 + 3000 
ppm CI -  solution at 104~ 

larization curves were de termined on unstressed speci- 
mens in each solu*Aon at  104~ and the results are i l-  
lustrated in  Fig. 11. These figures i l lustrate  the effect of 
chloride concentrat ion in  the sulfate solut ion on the 
electrochemical behavior  of the metal.  Some electro- 
chemical parameters  such as open-circui t  potential  
(OCP), active-passive t rans i t ion  potent ial  (Epp), pi t-  
t ing ini t ia t ion potent ial  (Eb), are of great interest.  

The current  responses in  Fig. 11 are typical for 
polarization runs in  the various C1- solutions. In  the 
solutions containing 0 ppm C1- and 1000 ppm CI- ,  an  
anodic current  maximum, was observed at ~ + 700 
mV, which is probably due to the compositional change 
of the oxide film on the specimen's surface. A t rans-  
passive potential  was obtained at even more noble 
region. Results indicate that  the potent ial  differences 
between the metastable  OCP and Eb, above which 
pit t ing corrosion is init iated, decreases with increasing 
C1- content  of the solution. Most significantly, a 
dramatic decrease of the potential  difference occurs 
in  the solution containing 2000 ppm C1- or above. 
These electrochemical results are consistent with the 
results obtained above that SCC will  occur in  the solu- 
t ion containing approximately  2000 ppm C1- or above. 
Fur thermore,  the results are consistent with the view 
(1) that  pi t t ing may be responsible for the ini t ia t ion 
of SCC in  this a l loy /env i ronment  system. 

The effect of n i t ra te  in  the chlor ide-containing sul-  
fate solutions was also investigated, and  the results 
are shown in  Fig. 12. The anodic polarization curves 
were determined in  the solution containing 3000 ppm 

Fig. 9. SEM fractographs of specimens after a slow stra;n rate 
experiment in 35% (NH4)2SO4 -b 3000 ppm CI -  solution contain- 
ing (a) 100 ppm NO3-, (b) 1000 ppm NO3-, and (c) 8000 ppm 
NOn- at I04~ 

is try of the system has been studied to determine if 
any correlation can be established between SCC sus- 
ceptibili ty and its electrochemical characteristics. P o -  

i I I I 

3 5 %  (NH4)zSO4 
C o n t a i n i n g  

E 1 ~  

c o  . 6  

u J  

-~ .2 

~_ �9 1000 pprn 01- 

- .2  * 2000 pprn CI- 
�9 3000 ppm CI- 

5000 ppm CI- 

1'0 1~) z 1()' 1if' 10s 
Current Density, i (#A/cm z) 

Fig. 11. The anodic polarization behavior of Type 304 stainless 
steel in 35% (NH4)2SO4 solution containing different C I -  concen- 
tration at 104~ 
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Fig. 12. The anodic polarization behavior of Type 304 stainless 
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different NO3 concentration at 104~ 
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with different NO~- concentration as a function of immersing time. 
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chloride with various ni t ra te  concentrations. From the 
results, i t  is obvious that n i t ra te  has a beneficial effect 
on the noble shift of pi t t ing potentials in  the chloride- 
containing sulfate solution. Significantly, the addit ion 
of 1000 ppm ni t ra te  or above results in  a dramatic  in -  
crease in  the potential  difference. This result  correlates 
well with the constant  s t ra in  rate results that the 
presence of approximately 1000 ppm ni t ra te  or above 
may inhib i t  SCC. 

Open-circuit potential-time curves.--The open- 
circuit  potent ial  (OCP) of the alloy was moni tored as 
a funct ion of immersion t ime at 104~ and the resul t -  
ing curves are i l lustrated in  Fig. 13. The curves were 
obtained from tests in  35% (NHD2SO4 solutions con- 
ta in ing various chloride concentrations. Note that, in  
general, OCP of the specimen shifts to a more noble 
direction as a funct ion of immers ion time. Comparing 
the results with the anodic polarization curves, Fig. 11, 
indicates that, in  the solution containing 3000 ppm 
chloride or above, relat ively long t ime immersion of 
the specimen results in  a noble shift of OCP, which is 
eventual ly  close to or more noble than  the Eb, and  
pits formed subsequently.  

Figure 14 shows the effect of ni t ra te  in  the sulfate 
solutions containing approximately 300'0 ppm chloride. 
I t  can be seen ~rom the figure that  in  the solution con- 
ta ining 1000 ppm NO~- or above, the OCP after 48 hr 
immers ion is still  much  more active than  the Eb (see 
Fig. 12). 

Discussion 
The results given above clearly demonstrate  that  

Type 304 stainless steel may  experience SCC in an 
ammon ium sulfate solution containing chloride ion at 
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35% (NH4)2SO 4 Containing (1) 0 ppm Cl- 
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(3) 2000 ppm CI- 
(4) 3000 ppm 01- 
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immersing Time (h) 

24 

Fig. 13. The change in open-circuit potential (OCP) of Type 304 
stainless steel in 35% (NH~)2SO4 solution with different C I -  con- 
centration as a function of immersing time. 

104~ Evidently,  the electrochemistry of the a l loy/  
env i ronment  plays an impor tant  role in  de termining  
the SCC behavior. 

Anodic polarizat ion curves suggest that  the metal  is 
essentially passive in  all the solutions tested, and the 
OCP shifts ~to a more noble direction with increasing 
chloride concentration. An interest ing point  with re-  
spect to SCC is that, as was shown in  the anodic po- 
larizat ion curves, the potential  difference be tween OCP 
and Eb decreases substant ia l ly  in  the solution contain-  
ing 2000 ppm chloride or more. Monitoring the OCP 
against  the immers ion t ime fur ther  indicated that  in  
the solution containing 2000 ppm chloride or more, the 
OCP after 48 hr immers ion became close to or more 
noble than Eb. This result  is consistent with the sug- 
gestion that  the pi t t ing is responsible for the in i t ia t ion 
of SCC, where the effect of chloride is to destroy the 
protectiveness of the surface film through the forma-  
t ion of active pits, which subsequent ly  act as ini t ia t ion 
sites of SCC. 

Several authors have suggested that  the critical fac- 
tor in SCC is the rate at which a metal  surface repas-  
sivates after  the original passive film has been rup tu red  
by slip-step emergence, etc., and therefore metals in  
the potential  regions near  the active-passive (17) and 
passive-transpassive transi t ions (17, 18), where the 
surface is still filmed but  the impetus for passive film 
renewal  is somewhat  slow, should be more susceptible 
to SCC. The present  results from fractographic and 
anodic polarization studies may represent  another  in -  
stance where SCC occurs near  the passive-transpassive 
t ransi t ion regions. This will, however, reemphasize the 
importance of the passive film and repenet ra t ion  proc- 
ess SCC. 

It has been reported that the SCC morphology in  
s trongly acidic solutions is dependent  on the SO4=/C1 - 
ratio (19); the higher ratios favoring in te rgranu la r  
cracking and the lower ratios producing a mixture  of 
t r ansgranu la r  and in te rg ranu la r  cracking. In  the 
weakly acidic solutions of the present  study, however,  
the fractures were always t ransgranular .  The mecha-  
nism of the SCC propagat ion is not  understood nor is 
such invest igat ion the in ten t  of this study. However, 
based on the fractographic observation that  the r iver  
patterns, which are often thought  to be associated 
with cleavage, were commonly seen on the fracture 
surfaces, it  can be suggested that the SCC propagat ion 
is mechanical  in  nature.  

The inhibi t ing  effect of ni t ra te  was clearly demon-  
strated by the slow s t ra in  rate testing and anodic 
polarization results. Similar  results have been reported 
by Uhlig a n d ' C o o k  (10) in  boil ing MgC12 solution. 
They suggested that  the addit ion of n i t ra te  shifted the 
critical potential,  above which cracking occurs, in  a 
noble direction, and when the shift exceeds the corro- 
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sion potent ia l  for  the a l loy  in  the  same solution, 
cracking is appa ren t ly  inhibi ted.  The presen t  resul ts  
ind ica ted  that  the  addi t ion  of n i t ra te  essent ia l ly  shif ted 
the  Eb value  in a noble direction,  and consequent ly  
widened  the potent ia l  difference be tween  OCP and 
ED. In o ther  words, the n i t ra te  p lays  a role to p reven t  
p i t t ing  ini t ia t ion of the  a l loy in  the solution. These 
results  are  consistent  wi th  the view that  p i t t ing  may  
be responsible  for the  in i t ia t ion  of SCC. However ,  since 
no corre la t ion be tween  the cr i t ica l  SCC potent ia l  and 
other  e lect rochemical  parameters ,  such as p i t t ing  po-  
tential ,  were  made,  fu r ther  exper imen t s  a re  essential  
to pursue  this goal. 

Another  significant fea ture  of this s tudy  is tha t  a 
good corre la t ion be tween  SCC suscept ib i l i ty  and the 
e lectrochemical  behavior  of the  a l l oy / env i ronmen t  sys-  
tem has been developed f rom which a be t te r  unde r -  
s tanding of the mechanism of  SCC can be obtained.  
S imi la r  exper iments  a re  in progress  (20) in our  l ab-  
o ra to ry  for  Type  316 stainless steel. However ,  i t  
should be emphasized tha t  the  theory  der ived  f rom 
our  presen t  observat ions  has on ly  been explored  for  
the  ammonium sulfa te  system, as i t  exists in our p ro -  
duct ion opera t ion  at  104~ and the appl icab i l i ty  
of the  conclusions f rom this s tudy  to o ther  systems 
remains  to be demonstra ted .  

Conclusions 
The test  resul ts  p resen ted  above m a y  be summar ized  

as follows: 
1. AISI  304 stainless steel  is suscept ible  to SCC at  

104~ in the 35% (NH4)2SO4 solut ion wi th  the  cri t ical  
chlor ide  concen t ra t ion  of app rox ima te ly  2000 ppm or  
above. 

2. A d d i t i o n  of 1000 ppm n i t r a t e  or above to the  35% 
(NH4)2SO4 -53000 p p m  C1- solut ion inhib i ted  SCC of 
the test s teel  at  104~ 

3. Resul ts  a re  consistent  wi th  the  v iew that  p i t t ing  
may  be responsible  for  the in i t ia t ion  of SCC. 
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Infrared and Raman Spectroscopy of Aqueous 
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ABSTRACT 

The use of Raman  and infrared spectroscopy to analyze surface films on 
metals is described. Surface films formed on lead by reaction with aqueous 
buffer solutions were examined. The composition of each film was determined 
by Raman  spectroscopy while the sample was in the solution. Multiple reflec- 
t ion infrared spectra of dry samples confirmed the Raman  results. The Pour-  
baix diagram for lead in  water  was calculated, and potentiostatic exposures 
were conducted to see if the compounds corresponded to those predicted in  
the diagram. TetragonaI PbO was found to occur over a much greater  range of 
potentials than thermodynamic  stabil i ty would indicate. 

Passive films play an impor tant  role in corrosion 
and other electrochemical phenomena.  Passive film 
studies f requent ly  emphasize either the kinetics of 
f i l m  growth, breakdown, and repair  or else they 
emphasize the s t ructure  and composition of the film. 
A number  of techniques have been developed for 
both purposes. 

This invest igat ion was aimed at demonstra t ing the 
use of i n f r a r e d  (IR) and Raman spectroscopy for 
s tudying passive films formed on lead. The advantages 
of these techniques for passivation film studies are 
also discussed. 

Surface analysis techniques.--A number  of tech- 
niques are available for the s tudy of passive film 
composition and structure. Recent reviews by Vermil-  
yea (1) and Leidheiser (2) discuss most of the im-  
por tant  surface analysis techniques available for use 
in s tudying passive films. Table I summarizes the 
techniques used in  corrosion studies. 

The ideal surface analysis technique would be able 
to provide s t ructural  information,  in situ, on a variety 
of substrates. It  should require no vacuum, work on 
amorphous as well as crystal l ine films, and be con- 
firmable by other techniques. It  should cover the 
entire atomic spectrum and not be limited, as is the 
case with MSssbauer spectroscopy, to certain elements 
(3-4). It is clear that  Raman spectroscopy, with its 

* Elec t rochemica l  Society Active Member.  
1 P resen t  address :  Betz Labora tor ies ,  Trevose,  Pennsy lvania  

19047. 
P re sen t  address :  Neptune  Oii Company,  Tel Aviv, Israel. 

Key words:  lead, corrosion,  spectroscopy,  Pourba ix  diagrams.  

capabil i ty for in situ analysis of passive films as they 
form in  aqueous media, has several impor tant  advan-  
tages over other surface analysis techniques. The 
combinat ion of infrared and Raman spectroscopy offers 
s t ructural  analysis possibilities which cannot  be met  
by other surface analysis techniques with the possible 
exception of differential reflectometry (5). 

Vibrational Spectroscopy 
Infrared and Raman spectroscopy.--Infrared and 

Raman spectroscopy are two similar  s t ructural  anal- 
ysis techniques. They are complementary  in  that one 
technique will often be highly sensitive to certain 
structures at the same time that the other technique 
will provide little, or no, information.  For this reason 
they are usual ly  used together, and the term vibra-  
t ional spectroscopy is used to cover both techniques. 

The optical schematic of a typical infrared spectrom- 
eter used for surface studies is shown in Fig. 1. In-  
s t ruments  of this type for use in  corrosion studies 
were first described by Hannah  (6), and subsequent ly  
have been used by Poling (7, 8), Mertens (9, 10), 
and others. Light from a single infrared source is 
split and directed along two parallel  light paths. The 
sample(s)  of interest  are inserted into one light path 
(m3 in  Fig. 1), and the combinat ion infrared reflection- 
absorption spectrum obtained from the sample is com- 
pared with the spectrum obtained in the reference 
beam, which is identical to the sample path in all 
aspects except the ident i ty  of the sample mirror.  
Comparison of the sample and reference beams el im- 
inates source and light path artifacts from the spec- 

Table I. Characteristics of surface analytical techniques 

Analyt ica l  me thod  

Typical  
b a c k g r o u n d  Analysis  in Min. film 

pressure  aqueous  th ickness  
(Tor t )  solution observed (A) In format ion  obtained 

Raman  spec t roscopy 
I n f r a r e d  spect roscopy 
X-ray diffract ion 
El l ipsometry  (2) 
Low e n e r g y  e lec t ron  diffract ion (2) (LEED) 
A u g e r  e lec t ron  spec t roscopy (2) (AES) 
Secondary  ion mass s p ec t r o me t r y  (2) (SIMS) 
Elec t ron  microprobe  analyzer  (2) 
Scanning  e lect ron microscope (2) (SEM) 
Elec t ron  spec t roscopy  for  chemical  analysis (2) (ESCA) 

Differential  re f lec tometry  (5) 

760 Yes 50 (19) 
760 No 10 (5) 
760 No 500 
769 Yes 10 
10 -lo No Monolayer  
10-9-10 -lo No Monolayer  
i0 -~o No Monolayer  
10-~-10 -I0 NO 200 
10-~-10 -9 NO 50 
10-~-lO -lo NO 5 

760 Yes 5 

37 

Compound identif ication 
Compound identification 
Compound identif ication 
Film th ickness  
Compound identification 
Elemental  composi t ion 
Elementa l  composit ion 
Elementa l  composi t ion 
Surface  t o p o g r a p h y  
Elementa l  composit ion,  

e lectronic s ta tes  
Compound identification 
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t rum (11). It  is beyond the purposes of this paper  
to discuss the ref lect ion-absorpt ion nature  of the in-  
frared spectra obtained using this technique. Detai led 
discussions of this are avai lable  (12-15). 

Infrared spectra of liquids and solids are due to 
transitions be tween vibrat ional  energy levels of the 
compound under  investigation. Absorpt ion bands are 
associated with  the resonant  energies of the chemical  
bonds in the mater ia l  (11). 

The optical schematic of a modern  Raman spectrom- 
eter  is shown in Fig. 2. The spectrometer  consists of 
a laser, a sample compartment ,  an optical monochrom-  
afar, and a detection system. The laser acts as a 
source of monochromat ic  l ight which strikes the 
sample. Most of the incident l ight is reflected f rom 
the sample surface and undergoes no change in wave-  
length. However ,  some of the incident l ight interacts 
wi th  the surface, loses some of its energy, and 
causes scat ter ing of l ight at wavelengths  different 
than the incident radiation. It is this scat tered l ight 
which is measured in Raman spectroscopy. 

The transitions responsible for Raman scattering 
are shown in Fig. 3. Consider a molecule  in the ground 
(v -~ 0) v ibra t ional  state. The incident radiat ion in 
the visible range ( e . g . ,  vo = 20,000 cm -~) excites the 
molecule  to a pseudoenergy level  by inducing a tem-  
porary  dipole in the molecule. In a short t ime period 
(~10 -14 sec) the molecule  emits a photon at the same 

f requency  (Rayleigh scattering) and returns  to the 
ground state, or it emits a photon at a lower  f requency 
and returns  to a higher  vibrat ional  level, e .g . ,  v ----- 1. 
In the la t ter  case, the energy of the photon will  cor-  
respond to a f requency vo -- vi; this type of t ransi t ion 
is re fer red  to as Stokes Raman scattering. 

There  is a Bol tzmann distr ibution of molecules at 
all  possible vibrat ional  energy levels. Thus, even at 
room tempera ture  there  are molecules in the v ---- 1 
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Fig. 3. Energy level diagram for a typical vibrational Raman 
transition and the Raman spectrum resulting from such a transition. 

level. These can also be excited by the incident radia-  
t ion to a pseudolevel.  These molecules can then re tu rn  
to the same level  and emit  a photon of vo, or they 
can re turn  to v -- 0 and emit  a photon of vo + vi .  

These la t ter  transitions are also Raman, and are 
re fer red  to as ant i -Stokes Raman scattering. 

A typical Raman spectrum of a diatomic molecule  
is shown in the bot tom of Fig. 3. The intensi ty of the 
ant i -Stokes  Raman bands depends upon the magni -  
tude of vi, i .e . ,  the grea ter  vi, the smal ler  the number  
of molecules in the level  (Boltzmann distr ibution) 
and the smaller  the intensi ty of the transition. Thus, 
in conventional  Raman spectroscopy only the Stokes 
transitions are measured, and only the left  half  of 
the spectrum is used. Fur thermore ,  i t  is conventional  
to plot the f requency difference, i .e . ,  vo - -  (vo - -  ~i) ---- 
vi, or the f requency corresponding to the differences 
be tween vibrat ional  levels. For  polyatomic molecules, 
Raman transitions to some or all of the possible v i -  
brat ional  levels can take place. 

For  a Raman transi t ion to occur, the geometry  of 
the molecule  in the excited state must  be such that  
a change in polar izabi l i ty  has taken place, i .e . ,  the 
electron density about the molecule  must  be distorted 
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Fig. 2. Schematic drawing of a laser Raman spectrometer. Mirrors are labelled M, gratings, G, and slits, $ 
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by the transition. For an absorption of inf rared 
radiat ion to occur, the geometry of the molecule in  
the excited state must  be such that a change in the 
dipole moment  has taken place. Thus, both Raman  
and infrared absorption spectra provide data on vi-  
bra t ional  t ransi t ions which in t u rn  provide in forma-  
t ion on the bonding and the s t ructure  of the molecule. 
However, the two processes are ent i re ly  different, 
and one may  occur wi thout  the other. General ly  they 
provide complementary  information,  and both spectra 
are needed to completely unders tand  the vibrat ional  
properties of the chemical species in the material .  

Every  molecule has its own characteristic infrared 
and Raman  spectrum which can be used to ident ify 
the molecule (exceptions are homonuclear  diatomic 
molecules which do not absorb infrared radiat ion) .  
The p r imary  use of these techniques has been in  
identification. The spectrum of an u n k n o w n  chemical 
can be identified by comparing its infrared or Raman 
spectral "fingerprint" to those of known chemicals. 
It  is this method that  we have used to identify the 
composition of films on the surface of metals, i.e., 
we compare spectra from surface films with spectra 
of known chemicals. 

Pourbaix diagrams.--Potential-pH diagrams (Pour-  
baix diagrams) are available for a wide variety of 
metals  (16), and they have found wide application 
in  corrosion research (17, 18). The Pourbaix  diagram 
of lead (16) was used as a basis for choosing exposure 
conditions for forming passive films on lead surfaces 
which were subsequent ly  analyzed by Raman  and 
infrared spectroscopy in  this study. The lead diagram 
also contains a n u m b e r  of different insoluble species 
and is s imilar  in  many  respects to the diagram for 
iron, the most impor tan t  s t ructural  metal  (16). 

Experimental 
Raman  spectra were recorded with a Spex Industr ies  

Model 1401 double monochromator  using a photon 
count ing detection system. A simplified optical sche- 
matic of a spectrometer of this type is shown ia Fig. 
2. A Coherent Radiat ion Laboratories Model CR-3 
argon ion laser is located beneath the monochromator,  
and the laser beam is directed by a mir ror  to the 
bottom of the sample cell. Some of the light scattered 
by the sample is collected by the lens (L), positioned 
90 ~ from the vertical  laser beam, and is focused onto 
the entrance slits of the monochromator.  Light passing 
through the slits is collimated by a mir ror  and dis- 
persed by the first grating. The light, spread out 
according to frequency, is then directed by a second 
coll imating mir ror  and a plane mir ror  to the in ter -  
mediate  slits. The nar row frequency band of light 
which has passed through the first monochromator  
then passes through a second identical  monochromator,  
to maximize reject ion of stray light, and reaches the 
detector, a photomult ipl ier  tube. Each photon reaching 
the photomult ipl ier  is converted to an electrical pulse 
which is amplified and counted. The number  of counts 
(number  of photons) per selected t ime interval  is 
converted to an analog signal which drives the pen 
on a strip chart  recorder. A frequency range is scanned 
by tu rn ing  the two gratings in the monochromator  
s imul taneously  so the f requency of light reaching the 
detector is changed. The Raman spectrum recorded 
is thus a plot of light intensi ty  vs. frequency difference 
from the excitation frequency. 

The electrochemical cell shown in Fig. 4 is used 
in  the sample compar tment  of the spectrometer to 
allow Raman spectra to be recorded while the sample 
is undergoing oxidation in an aqueous solution. The 
cell is designed for potenUostatic exposures o[ fairly 
large samples. The working electrode is a flat 2.8 • 5.7 
cm rectangular  sample held in a Teflon sample holder. 
The auxi l ia ry  electrode is p la t inum mesh, and the 
potential  is main ta ined  relat ive to a saturated calomel 
electrode by a potentiostat.  The sample is held close 
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Fig. 4. Drawing of the electrochemical cell used for in situ Roman 
spectroscopy. 

to the bottom and side of the cylindrical  glass cell 
and at an angle of 20 ~ from vertical  so that  it  is in  
the opt imum position for observation ol Raman spectra. 
The angles between the sample surface and the in-  
cident beam, and between the surface and the axis 
of the collection optics are impor tan t  in optimizing 
the efficiency of collecting Raman scattered light 
(19). The angles are chosen so that the electric vector 
of the incident  beam may interact  most strongly with 
the film and produce the m a x i m u m  Raman  scattering. 

The sample size (2.8 • 5.7 cm) was selected so that 
the sample, after in situ examinat ion  by Raman spec- 
troscopy, can be placed in the holder of a Wilks 
Scientific Corporation Model 9 mult iple  specular re-  
flection a t tachment  for inf rared reflection-absorption 
analysis. An optical schematic of the reflection at tach-  
ments in  the Pe rk in -E lmer  Model 521 infrared spectro- 
photometer is shown in Fig. i. Two mul t ip le  reflection 
at tachments  are used in  the spectrophotometer, one 
in the sample beam holding the oxidized metal  sample 
and one in  the reference beam holding an a l u m i n u m  
mirror.  

Each time the inf rared beam reflects off of the 
sample surface some radia t ion is absorbed by the 
surface film at frequencies of inf rared absorption 
bands. Some light is also lost at all frequencies with 
each reflection so the mirrors  are adjusted to provide 
the opt imum angle of incidence (65~ depending 
on film thickness) and the opt imum number  of reflec- 
tions (1-3) for recording the spectrum of a film on 
a lead substrate. After  the sample and reference 
beams are combined in  the monochromator  portion 
of the ins t rument ,  the light must  pass through a 
polarizer which transmits  only that  light with its 
electric vector in the plane parallel  to the plane of 
incidence with the sample surface. Only the paral lel  
polarized light will  interact  with a th in  film (13) so 
the extra l ight not in  this plane, and containing no 
information,  is filtered out to increase the sensi t ivi ty 
of the ins t rument .  

Lead foil (Alfa Products, Incorporated, Danvers,  
Massachusetts),  1 m m  thick and 99.9995% pure, was 
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Table II. Electrolyte solutions used in this investigation 

Composi t ion p H  

2.3M HBr  

0.063M KH~PO~, 0.037M NaOH 7.0 

0.041M NaHCO~, 0.018M NaOH 10.0 

cleaned by immersion in  warm, concentrated am-  
monium acetate solution for 5 rain and r insed with 
distilled water  before being placed in solution in  the 
electrochemical cell. The solution was purged of 
reactive dissolved gases by bubbl ing  dry ni t rogen 
through it for an hour before and throughout  the 
period of sample exposure. For a few exposures, the 
lead sample was not connected to the potentiostat  
bu t  was allowed to react at its equi l ibr ium potential.  
For other exposures, the potentiostat  was turned on 
immediate ly  after placing the sample in solution, 
and it main ta ined  the potential  at a constant value 
throughout  periods of exposure ranging from 6 min  
to 24 hr. 

Some exposures were conducted on lead films which 
were vapor deposited onto gold substrates on glass 
microscope slides. These samples, s imilar  to those 
used by Poling in his inf rared studies of high tem- 
pera ture  oxidation of i ron and copper (7), allowed 
the lead to be completely oxidized leaving a nonreacted 
gold mirror  substrate. 

Table II lists the electrolytes used in this invest iga-  
tion. They are similar  to those used by Pourbaix,  
Verink, and co-workers at the Univers i ty  of Florida 
(20) and have been used in other electrochemical 
studies in these laboratories (21). The exposures 
performed in this invest igat ion are summarized in 
Table III. 

Results and Discussion 

Spectra.--A lead sample was immersed in 2.3m 
hydrobromic acid and allowed to corrode freely (no 
connection to the potentiostat) .  After 8 days the 
in situ Raman spectrum of the surface shown in Fig. 
5a was recorded. The spectrum of the gray surface 
layer clearly indicates that it consists of PbBr2. The 
six strongest bands in the spectrum of pure PbBr2 
(Fig. 5c) are present  in the spectrum of the film. 
Furthermore,  the band shapes and frequencies in 
the spectra of the film and the powder are identical. 

b 

I I I 
150 I 0 0  50  

F R E Q U E N C Y ,  CM - I  

Fig. 5. Raman spectra of (a) the surface of lead foil immersed in 
deaerated 2.3M HBr solution for 8 days, (b) PbBr2 powder from 
crystals formed on lead in 2.3M HBr after 34 days, (c) reagent 
grade PbBr2 powder. 

The sample was allowed to continue reacting un -  
dis turbed in the solution and white needle- l ike crys- 

Table Ill .  Controlled potential-pH exposures of lead in aqueous solutions 

Dura t ion  of C u r r e n t  
Solution Po ten t ia l  exposu re  densi ty ,  

pH V v s .  NHE (h r )  /LA/cm'Z(a) 

Sur face  species 

Predicted E x p e r .  o b s e r v e d  

7 --0.62 17 
7 --0.62 19 
7 -0.16 20 
7 -0.12 18 
7 + 0.00 2.8 
7 + 0.48 21 
7 + 0.58 3 
7 + 0.67 2 
7 + 0.74 23.5 
7 + 1.08 1.5 
7 + 1.08 18 

I0 -0.80 20.5 
10 -- 0.42 18 
J.O -- 0.28 4 

10 - -026  21 
10 -- 0.03 17 
10 + 0.02 23 
10 + 0.24 17 
10 + 0.34 2 
10 + 0.46 2.5 
10 + 0.75 0.75 
i0 + 0.75 18 
i0 + 0 84 1.5 
lO + 0.94 6 rain 
10 + 0.94 17.5 
i0 + 1.24 17 

1.7(~) 
1.2(b) 
6.3 

61 
112 

310 
397 
310 
294 
139(b) 
24 

14.3 
46 

54 
455 
210 

115 
175 
91 

1200 

Pb  
Pb 
Pb  
PbO 
PbO 
PbO 
PbO 
Pb~O~ 
Pb2Os 
PbO~ 
PbOa 
Pb  
Pb  
P b  

PbO 
PbO 
PbO 
PbO 
PbO 
PbsO~ 
PbO~ 
PbOa 
PbO~ 
PbO~ 
PbO~ 
PbO~ 

None 
None 
None 
Tetragonal PbO 
Tetragonal PbO 
Tetragonal PbO 
Tetragonal PbO 
Tetragonal PbO 
Tetragonal PbO 
Tetragonal PbO 
Tetragonal PbO 
None 
(PbCO~)2 �9 P b ( O H ) a  
T e t r a g o n a l  PbO a n d  

(PbCO~)~ - Pb (OH)~  
T e t r a g o n a l  PbO 
T e t r a g o n a l  PbO 
T e t r a g o n a l  PbO 
T e t r a g o n a l  PbO 
T e t r a g o n a l  PbO 
T e t r a g e n a l  PbO 
T e t r a g o n a l  PbO 
T e t r a g o n a l  PbO 
T e t r a g o n a l  PbO 
T e t r a g o n a l  PbO 
T e t r a g e n a l  PbO 
T e t r a g o n a l  PbO 

(a) Final or steady current. 
<b) Current flow in reducing direction. 
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tals formed on the surface. After  immers ion for 34 
days, the sample was removed and dried. The white 
crystals were scraped off and ground into powder. 
The Raman spectrum of the resul t ing powder was 
identical  to that of the surface film. It is clear that 
the Raman  spectrum of a thick film is identical  to 
that  of a bulk sample. Possibly a spectrum of an 
extremely thin film might  differ due to changes in 
the bonds because the surface compound is bound to 
the under ly ing  metal, but  for relat ively thick films 
(hundreds or thousands of angstroms) the spectra 
are the same as that of a powder. 

At this point it should also be pointed out that the 
films analyzed in this investigation were surface 
reaction products. No at tempt  was made to separate 
precipitated deposits, such as those discussed above, 
from adherent  conversion products which may have 
acted as passive films and altered meta l -env i ronment  
reaction kinetics. 

Analysis of surface films by infrared spectroscopy 
gives somewhat different results. While the entire 
range of vibrat ional  bands, from lattice modes at 
20 cm-Z to overtones beyond 6000 cm -1, are easily 
observed with a Raman  spectrometer, normal ly  two 
different ins t ruments  are required to scan that range 
in  the infrared. For this study, infrared spectra were 
obtained in the region 1500-250 cm -1. The low fre- 
quency bands of a compound like lead bromide could 
not be observed. Nearly all infrared spectra found 
in  the l i terature  are t ransmission spectra, observations 
of the amount  of l ight passing through a part ial ly 
absorbing sample. By  combining absorption with re- 
flection at the surface f i lm-metal  interface, the resul t -  
ing absorption spectrum from the mult iple  reflections 
has a different appearance from a pure absorption 
spectrum. An infrared reflection-absorption spectrum 
results from changes in the extinction coefficient and 
the index of refraction, both of which can change 
radically in the vicini ty of an absorption frequency, 
whereas a t ransmission spectrum is due to changes 
in  extinction coemcient alone (11, 15). The result, 
as demonstrated in Fig. 6, is that a reflection-absorp- 
t ion spectrum usual ly  has b~nds of slightly different 

t I I [ I t I I I I I I I I I 
1500 1000 500 

FREQUENCY, CM" 
Fig. 6. (a) Infrared reflectlon-absorptlon spectrum of a lead 

sample after exposure in pH 10 solution at - -0 .42V vs. NHE for 
24 hr, (b) transmission infrared spectrum of (PbC03)~" Pb(OH)2 
in a KBr pellet. 

R A MA N  SPECTROSCOPY 41 

shape and frequency from a t ransmission spectrum 
(13, 14). The magni tude  of the differences depends 
on such variables as angle of incidence of the infrared 
beam, film thickness, and number  of reflections used. 
Since the spectra are sensitive to ins t rumenta l  con- 
dition~, identification of compounds with inf rared 
reflection-absorption alone is sometimes difficult. In -  
frared reflection-absorption, combined with Raman 
spectroscopy, permits  much more accurate identifica- 
tion of the species present. 

Some compounds have vibrat ional  transit ions which 
are much stronger in the infrared than in Raman, 
and some have vibrat ions which a r e  much stronger 
in Raman spectra. Such is the case for the conditions 
in Fig. 6. The basic lead carbonate, (PbCOs)2.Pb(OH)2,  
on the lead surface that produced the strong infrared 
spectrum of Fig. 6 produced only a weak Raman 
band at J050 cm -z to indicate the presence of car-  
bonate. Although (PbCO~)2.Pb(OH)2 can give the 
Raman spectrum shown in Fig. 7, it was necessary 
to use the complementary technique, infrared absorp- 
tion, to specify which carbonate compound was present. 

Water  is a strong infrared absorber  so samples must  
be dried before a spectrum can be observed. This is 
not the case with Raman spectroscopy; water  poses 
li t t le problem in obtaining a Raman spectrum. For 
potentiostat ically exposed samples, Raman spectra 
were recorded with the sample in the solution with 
a potential  applied. After obta ining a spectrum the 
sample was removed from the electrochemical cell, 
washed with distilled water, and dried at room tem- 
perature. The dry sample was then re turned to the 
spectrometer sample compartment  and another  Raman 
spectrum recorded. This was done to identify any 
changes that might  occur in the surface film upon 
drying. In the present  invest igat ion no significant 
differences between in situ and dry sample Raman  
spectra were found. Spectra obtained under  both con- 
ditions are very similar as demonstrated in  Fig. 8. 
Both spectra contain the three strongest bands of 
tetragonal  PbO, enough to conclusively identify the 
compound as the surface species present. After  re-  
moval from the cell and drying  of the sample, the 
spectrum is sl ightly stronger. In  this invest igat ion 
the in tensi ty  of the Raman spectra recorded with 
samples in solution in the electrochemical cell was 
approximately  half  the spectral in tens i ty  of dry  
samples. The reasons for the decrease in in tensi ty  
are scattering and reflection from the solution and 
sides of the cell and the difficulty of focusing light 
scattered in the cell onto the monochromator  entrance. 

Figure 9 shows the Raman spectrum of orthorhombic 
PbO (12). The thickness of the film that  produced 
the spectrum was measured at 1600A using a Tayl-  
step-1 stylus ins t rument .  From the PbO spectra ob- 
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Fig. 7. Raman spectrum of reagent (PbC03)2 �9 Pb(OH)2 in a KBr 
pellet. 
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Fig. 8. Raman spectra of a lead surface in pH 7 solution at 
+0.06V vs. NHE after 2 hr 50 min exposure and of the same sample 
after washing with distilled water and drying. 
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Fig. 9. Raman spectrum of a 1600• thick film of orthorhombic 
PbO made from a vacuum deposited lead sample. Grating ghost 
marked with an asterisk. 

ra ined in this  inves t iga t ion  for  vapor -depos i t ed  sam-  
ples, i t  is es t imated  tha t  a m in imum film thickness 
of app rox ima te ly  200A is necessary  to obta in  usable  
spect ra  using the in f ra red  and Raman  ins t ruments  
employed.  Other  oxides should have different  min imum 
detec table  thicknesses.  Other  researchers  have re -  
por ted  in f ra red  spectra  f rom th inner  films formed 
on nonlead subst ra tes  (6-10). 

Single  spec t rometer  scans were  used to record  the 
spect ra  recorded in this investigation.  Signal  averaging  
of mul t ip le  scans should increase  the  s ignal  to noise 
rat io  and reduce the min imum detec table  thicknesses 
(22). 

The lead-water Pourbaix diagram.--Most avai lab le  
po t en t i a l -pH (Pourba ix )  d iagrams  are based on the 
same type  of the rmodynamic  calculat ions employed  
by  Pourba ix  in compil ing his or iginal  at las (16). 
Severa l  expe r imen ta l  Pourba ix  d iagrams have ap-  
peared  (17, 18, 20-26), and these are  normal ly  based 
on e lec t rochemical  polar iza t ion  techniques which em-  
phasize e lect rode kinetics.  

Vibra t iona l  spectroscopy seems especial ly  sui ted to 
analyze,  in situ, films formed on meta ls  under  pass i -  
va t ing  conditions as p red ic ted  by  Pourba ix  diagrams.  
In this manner ,  expe r imen ta l  de te rmina t ions  of the 
composit ion of films formed in the passive region 
of a Pourba ix  d iag ram should be possible. 

The Pourba ix  d i ag ram of lead  was chosen to tes t  
this  hypothesis.  Lead  was chosen because its h igh 
atomic weight  means  tha t  lead  compounds should 
be re la t ive ly  s t rong Raman  scat terers  (27). The lead  
d iag ram also contains a number  of different  insoluble  
species and is s imi lar  in m a n y  respects  to iron, the 
most impor t an t  s t ruc tura l  meta l  (16). A repor t  of 
s imi lar  a t tempts  to ver i fy  some por t ions  of the lead  
Pourba ix  d iag ram using Raman spectroscopy was 
publ ished dur ing  the course of this invest igat ion (23). 
Hendra  and co-workers  used ch lor ide-conta in ing  elec-  
t ro ly tes  in the i r  invest igat ion.  Thus, a comparison 
wi th  their  resul ts  is beyond the scope of this paper .  
Studies  of the effects of anions on the corrosion films 
formed on lead  have  been conducted (12, 29) and wil l  
be summar ized  in subsequent  papers  (30). 

The l e a d - w a t e r  equ i l ib r ium d iag ram publ i shed  by  
Pourba ix  is shown in Fig. I0. Ini t ia l  a t tempts  to 
ver i fy  this d i ag ram using in f ra red  and Raman  spec-  
t roscopy led to a number  of discrepancies be tween  
pred ic ted  and expe r imen ta l ly  de te rmined  passive 
species. Recalcula t ion of the  Pb-I-I20 equi l ib r ia  using 
the most recent  the rmodynamic  da ta  from the Nat ional  
Bureau  of S tandards  (31) resul ted  in the d iagram of 
Fig. 11. I t  was hoped that  fewer  differences be tween  
pred ic ted  and observed species would  be noted when  
this new da ta  was used. The free energies of format ion  
for the species in questio n in Fig. 10 and 11 are  l is ted 
in Table IV. F igure  11 was used, in conjunct ion with  
potent iodynamic  polar iza t ion  curves run  in the solu-  
t ions of interest ,  to ident i fy  po ten t i a l -pH combinat ions  
to be used to form passive films for  spectroscopic 
invest igat ion.  

The resul ts  of the immun i ty  ( low potent ia l )  region 
of the Pourba ix  d iag ram agree  wi th  the t he rmody-  
namic  predict ions  summar ized  in Fig. 11 except  for 
the  appearance  of basic l ead  carbonate  for  some po-  
tent ia ls  at  pH 10. Spect ra  of t e t ragona l  PbO were  
observed in regions where  PbO, Pb.~O4, Pb20~, and 
PbO2 were  predic ted  by thermodynamics .  At  lower  
potent ia ls  the sample  surfaces r ema ined  shiny, ox ida -  
t ion was re la t ive ly  slow, and the oxide films were  
appa ren t ly  thin. At  h igher  potent ia ls  the meta l l ic  
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Fig. 10. Pb-H20 Pourbaix diagram, Ref. (16) 
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Fig. 11. Calculated Pb-H20 Pourbaix diagram using the most 

recent NBS data (31). Experimental results, 0 ~ tetragonal PbO, 
i - -  a p p a r e n t  immunity, no spectrum observed, C -- basic lead 
carbonate. 

surface quickly became black. The black lead oxide 
has been previously described as PbO with a thin 
outer surface film of elemental lead (32). At the 
slower rates of oxidation occurring at lower potentials, 
the film did not become black. 

The formation of tetragonal PbO under conditions 
where other oxides are predicted to be stable cannot 
be adequately explained. It must be noted, however, 
that, if PbO2 were formed, it could probably not be 
detected using infrared and Raman spectroscopy. 
Lead dioxide has been reported to have no infrared 
absorption bands in the region 1500-250 cm-1 (33), 
and no Raman spectra were observed from bulk 
samples of reagent grade PbO2 (29). 

Spectra have been obtained for orthorhombic PbO 
and PbaO4 and are reported elsewhere (30, 32-35). 
The lack of observation of these species during the 
electrochemical exposures of the investigation may 
be due to errors in the theoretical Pourbaix diagram 
(Fig. 10 and 11). Another possibility is the presence 
of insufficient amounts of these compounds to be 
detectable by the instrumentation used. The possibility 
of a multilayered film with an outer layer, which is 
detectable spectroscopically, masking an inner film 
must also be considered (12). 

Conclusions 
Infrared and Raman spectroscopy can be used to 

identify surface films formed on electrodes in corrosive 
environments. Raman spectra can be obtained in situ 
in aqueous environments. There are only slight dif- 
ferences in intensity between in situ Raman spectra 
and those recorded on dry samples. Multiple reflection 
infrared spectroscopy complements in situ Raman 
spectroscopy. 

Surface films identified on lead samples using in- 
frared and Raman spectroscopy differed from those 
predicted by thermodynamics. Differences may be due 

Table IV. Free energy data used to calculate the Pb-H20 
Pourbaix diagram 
AG~" (cal/mole) 

NBS (31) P o u r b a i x  (16) 

P b  §247 -- 5,830 - 5,910 
P b O  ( o r t h o r h o m b i c  ) -- 44,910 -- 45,050 
P b O  ( t e t r a g o n a I )  --45,160 --45,250 
PbO2 ( o r t h o r h o m b i c )  --51,950 --52,340 
Pb~O~ - 143,700 - 147,600 
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to experimental limitations or may indicate deficiencies 
in thermodynamic prediction techniques such as anion 
effects which are not considered in the calculations 
for Fig. 10 and 11. 
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Effects of Target Materials on the Structural 
Properties of Sputtered SiC Films 

Takao Tohda, Kiyotaka Wasa, and Shigeru Hayakawa 
Materials Research Laboratory, Matsushita Electric Industrial Company, Limited, Kadoma, Osaka 571, Japan 

ABSTRACT 

SiC films were prepared either by direct sput ter ing of a SiC target  in  Ar  
or by reactive sput ter ing of a Si target in a mixture  of Ar  and hydrocarbon. 
Their  chemical composition and s t ructural  properties were examined by Auger 
electron spectroscopy, infrared transmission, and reflection electron diffrac- 
tion. It is seen that  the chemical composition of the films sputtered from the Si 
target  is s trongly dependent  on the deposition rate and the par t ia l  pressure 
of hydrocarbon. The sputtered films from the SiC target  crystallize at  lower 
deposition temperature  than  those from the Si target .  

Silicon carbide, SiC, films have very promising elec- 
trical and chemical properties in  high ambient  tem- 
perature.  For example, SiC thin films are found to 
be useful  for making high temperature  sensors (1). 
Reactive deposition of Si in hydrocarbon or direct 
sput ter ing of SiC is widely used for preparing SiC 
films. Learn  and Haq prepared epitaxial  ~-SiC films 
by reactive evaporat ion of Si at 1100~ in  a reactive 
gas of C2H2�9 They found that  the ratio of the arr ival  
rate of C2H2 to the arr ival  rate of Si at substrates 
should be more than  30 (2). Haq has studied reactive 
sput ter ing of Si in a mix ture  of Ar  and C2H2 at a 
substrate tempera ture  of 1150~ and suggests that  
there exists an opt imum range in  the part ial  pressure 
of the reactive C2H2 gas (3). Murayama and Takao 
have proposed an r f - ion plat ing method in C2I-I2 at 
1000~ and concluded that  the C2H2 pressure should 
be lower than 1.3 X 10 -2 Pa and the deposition rate 
of Si should be higher than 200 A min  -1 (4). Wasa, 
Nagai, and Hayakawa prepared polycrystal l ine SiC 
films by r f -sput te r ing  of SiC in Ar and investigated 
the s t ructural  and mechanical  properties (5). Nishino, 
Matsunami,  Odaka, and Tanaka  prepared epitaxial  
E-SiC films by r f -sput te r ing  of E-SiC at 1200~ (6). 

Recently we have studied the s t ructural  properties 
of r f -sput tered SiC films and found that  the target  
materials  used strongly affected the s t ructural  prop- 
erties of the resul tant  SiC films. This paper describes 
the chemical composition and crystal l ine s tructure of 
r f -sput tered SiC films prepared from two different 
sput ter ing targets, SiC and Si. 

Film Preparation 
A conventional  rf diode sput ter ing system was em- 

ployed for the film deposition. Two different materials  
were used as a target: one was sintered 6H-SiC 
(diameter  100 mm, thickness 5 mm, pur i ty  99.5%) 
and the other was single crystal Si (diameter  50 
mm, thickness 0.25 ram, pur i ty  99.9999%). Silicon (111) 
wafers were used for substrates. The substrates were 
etched in HF prior to sputtering deposition, The 
distance from the target to the substrates was 25 mm. 

Key words; chemical composition, AES~ SiC target, Si target. 

The substrate t e m p e r a t u r e  w a s  c o n t r o l l e d  b e t w e e n  
200~176 dur ing film deposition. 

For the SiC target, sput ter ing was done in  Ar at a 
pressure of 2.7 Pa. A typical deposition rate was 0.3 
~m/hr  with an rf power density of 2 W/cm 2. In  this 
case the deposition rate increased l inear ly  with the rf 
power. The substrate tempera ture  had little effect on 
the deposition rate. 

For the Si target, sput ter ing was done in  a mix ture  
of Ar and hydrocarbon (CH4 or C2H2) at a pressure 
of 2.7 Pa.  The part ial  pressure of CH~ and C2I-I~ was 
varied from 4.1 X 10 -2 to 1.3 Pa and from 9.2 X 10 - s  
to 5.9 X 10 -2 Pa, respectively. In  these cases the 
deposition rate varied with the part ial  pressure even 
at a constant rf power. A typical result  for CH4 at  
an rf power density of 3 W/cm 2 is shown in Fig. 1. 
At low CH4 part ial  pressures, the deposition rate is 
independent  of the part ial  pressure. At part ial  pres- 
sures above a critical pressure, 1.5 X 10 -1 Pa, the 
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Fig. 1. Effect of CH~ partial pressure on deposition rate at an 
rf power density of 3 W/crn2. 
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r a t e  d e c r e a s e s  w i t h  i n c r e a s i n g  p a r t i a l  p r e s s u r e .  T h e  
d e p o s i t i o n  r a t e  fo r  c 2 g  2 s h o w e d  a s i m i l a r  v a r i a t i o n  
to t h a t  fo r  CH4, a l t h o u g h  t h e  c r i t i c a l  p r e s s u r e  w a s  
m u c h  l o w e r  t h a n  fo r  CH4 b e i n g  1.6 • 10 - 2  Pa .  

Results and Discussion 
Auger electron spectroscopy (AES) . - -AES m e a -  

s u r e m e n t s  w e r e  u s e d  to e x a m i n e  t h e  c h e m i c a l  c o m -  
p o s i t i o n  of  t he  r e s u l t a n t  films. A SiC b u l k  s ing le  c r y s -  
t a l  a n d  t h e  f i lms s p u t t e r e d  f r o m  t h e  S iC a n d  Si t a r g e t s  
w e r e  u s e d  fo r  s a m p l e s  in  t h e  m e a s u r e m e n t s .  T h e  
r a t i o  of  t h e  272 eV C l i ne  i n t e n s i t y  to t h e  92 eV Si  
l i n e  i n t e n s i t y  of  t h e  s amp le s ,  Ic/Isi, was  m e a s u r e d  fo r  
a l l  t h e  s a m p l e s  a f t e r  r e m o v a l  of  s u r f a c e  l a y e r s  of  t h e  
s a m p l e s  b y  m e a n s  of  ion  s p u t t e r - e t c h i n g .  T h e  c h e m i -  
cal  c o m p o s i t i o n  r a t i o  C / S i  w a s  e s t i m a t e d  f r o m  Ic/Isi 
a s s u m i n g  t h a t  C / S i  is p r o p o r t i o n a l  to Ic/Isi a n d  C / S i  
is e q u a l  to u n i t y  fo r  t h e  b u l k  s ing le  c rys ta l .  Ic/Isi a n d  
C / S i  a r e  l i s t e d  in  T a b l e  I fo r  f i lms t o g e t h e r  w i t h  
t h e i r  g r o w t h  c o n d i t i o n s  a n d  fo r  t h e  b u l k  s ing le  c r y s -  
tal .  I t  is s e e n  t h a t  t h e  r a t i o  C / S i  of t h e  f i lms s p u t t e r e d  
f r o m  t h e  S iC t a r g e t  ( s a m p l e s  1-3)  is n o t  s i g n i f i c a n t l y  
a f f ec t ed  e i t h e r  b y  t h e  d e p o s i t i o n  r a t e  or  b y  t h e  s u b -  
s t r a t e  t e m p e r a t u r e  a n d  is s l i g h t l y  l a r g e r  t h a n  u n i t y .  

T h e  r a t i o  C / S i  of  t h e  f i lms s p u t t e r e d  f r o m  the  Si  
t a r g e t  v a r i e s  w i t h  t h e  h y d r o c a r b o n  p a r t i a l  p r e s s u r e  P 
a n d  t h e  d e p o s i t i o n  r a t e  R. To e x a m i n e  t h e  v a r i a t i o n  of  
C / S i  w i t h  .P a n d  R, C / S i  is p l o t t e d  a g a i n s t  P r ,  w h i c h  
is de f ined  b y  t h e  r e l a t i o n  

P r  ~_ P X Ro/R 
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Fig. 3. Infrared transmission spectra of SiC films sputtered from 
a SiC target at 740~ (2) and at 200~ (3). Numbers in the figure 
indicate the sample number in Table I. 

w h e r e  R0 is a n o r m a l i z a t i o n  f a c t o r  f o r  t h e  d e p o s i t i o n  
ra t e .  ~-igure 2 s h o w s  t y p i c a l  p lo t s  of  C / S i  vs. P r  fo r  
R0 of  0.5 ~ m / h r .  I t  is f o u n d  f r o m  t h e  f igure  t h a t  s t o i -  
c h i o m e t r i c  SiC f i lms a r e  o b t a i n e d  a t  8.0 • 10 -2  P a  
fo r  C2H2 a n d  7.3 • 10 -1 P a  fo r  CH4 w h e n  t h e  f i lms 
a r e  p r e p a r e d  a t  a d e p o s i t i o n  r a t e  of  0.5 ~ m / h r .  T h e  
s t r a i g h t  l ines  w i t h  s lope  of u n i t y  i m p l y  t h a t  t h e  r a t i o  
of t h e  a r r i v a l  r a t e  of  h y d r o c a r b o n  m o l e c u l e s  (co p )  to  
t h e  a r r i v a l  r a t e  of Si a t o m s  (co R)  a t  t h e  s u b s t r a t e  is 
p r o p o r t i o n a l  to C/S i .  T h e  f ac t  t h a t  t h e  CH4 p a r t i a l  
p r e s s u r e  to o b t a i n  s t o i c h i o m e t r i c  S iC f i lms is h i g h e r  
t h a n  t h e  C2H2 p a r t i a l  p r e s s u r e  s u g g e s t s  t h a t  C2H2 h a s  
h i g h e r  c h e m i c a l  r e a c t i v i t y  w i t h  Si t h a n  does  CH4. 

Infrared transmission spectra.--Infrared t r a n s m i s -  
s ion  m e a s u r e m e n t s  w e r e  u s e d  to e x a m i n e  t h e  f o r m a -  
t i o n  of  SiC. T h e  f i lms  l i s t e d  i n  T a b l e  I w e r e  u s e d  fo r  
t he  s a m p l e s  i n  t h e  m e a s u r e m e n t s .  T h e  s p e c t r a  of  t h e  

Table I. Chemical composition and deposition conditions of sputtered SiC films 

Deposi- R f  p o w e r  Thick- 
Sample Target Reactive gas tion rate d e n s i t y  S u b s t r a t e  hess 

No. Gas material pressure (Pa) (//.m/hr) (W/era ~) temp. (~ (tLm) Ic/Is, C / S i  

1 Ar SiC - -  0.10 0.8 620 0.4 0.44 1,1 
2 Ar SiC ~ 0.30 2.0 740 1.5 0.45 1.2 
3 A r  SiC - -  0.16 1.1 200 0.8 0.44 1.1 

4 A r  + CH4 Si  4.1 • 10 -z 0.52 3.0 600 1.6 0.014 0.036 
5 A r  + CH4 S i  1.7 x 10 -1 0,53 3.0 600 1.0 0,068 0.17 
6 A r  + CH~ S i  S 5 • 10 -~ 0.43 3.1 690 1.4 0.21 0.54 
7 Ar + CH~ Si  3.5 • 10 -1 0.19 1.4 600 L0 0.50 1.3 
8 Ar + CH4 S i  1.3 0.67 9.0 600 2.0 0.54 1.4 

9 A r  + C2H2 S i  9.2 • 10 -~ 0.57 3.0 600 1.7 0.017 0.044 
10 Ar + C2H2 Si 2.0 • 10 -~ 0.41 3.0 600 1.3 0.1O 0.26 
11 Ar + C:H~ Si 3.6 • 10-'-' 0 27 3.0 600 0.8 0.27 0.69 
12 A r  + C~H2 S i  5.9 • 10~" 0.28 4.0 600 0.9 0.60 1,5 

13 Bulk s i n g l e  c r y s t a l  SiC 0,39 1.0 
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Fig. 4. Infrared transmission spectra of SiC films ~puttered from o 
Si target at various partial pressures of CH4 and C2H2. Numbers in 
the figure indicate the sample number in Table I. 

films sputtered from the SiC target  (samples 2 and 
3) at different deposition temperature  are shown in 
Fig. 3. A large absorption band at about 800 cm -1 is 
due to the fundamenta l  lattice v ibra t ion of SiC (7). 
The absorption band  of sample 3 is broader than that 
of sample 2 and is shifted to lower frequency, i.e., 
about 770 cm -1. This is due to the amorphous na ture  
of the films prepared at low temperature  (8). 

The spectra of the films sputtered from the Si target  
in various part ial  pressures of CH4 (samples 4, 5, 7, 
8) and CfH2 (samples 9-12) are shown in Fig. 4. 
The position and the strength of the absorption band  
vary  with the hydrocarbon par t ia l  pressure. The 
position shifts to higher f requency with increase of 
the ratio, C/St. This may be caused by the difference 
in  specific gravi ty between C-rich films and St-r ich 
films. The s trength of the absorption band  increases 
with the number  of Si-C bonds. The largest absorption 
band at the same frequency as sample 2 is obtained 
in  samples 7 and 11 for CH4 and CfHf, respectively. 
This fact agrees with the results obtained from the 
AES measurements ,  i.e., these samples are most stoi- 
chiometric among the samples listed in Table I. 

Scanning electron microscopy (SEM) and re]Zection 
electron rill]faction (RED).--SEM images and RED 
pat terns of films of 0.6 ~m thickness sputtered from 
the SiC target  at a deposition rate of 0.3 ~m/hr  for 
various substrate temperatures  are shown in Fig. 5. 
Epitaxial  ~-SiC films on Si (111) substrates were 

Fig. 5. SEM images and RED patterns of SiC films of 0.3 ~m thick- 
ness on Si (111) substrates. The films were sputtered from o SiC 
target at a deposition rate of 0.3 ~m/hr for substrate temperatures: 
(a) 740~ (b) 600~ (c) 200~ 

obtained at a substrate tempera ture  of 740~ as shown 
in  Fig. 5(a) .  The epitaxial  relat ion is S i C ( l l l ) / /  
Si(111). Polycrystal l ine E-SiC films wi th  the (220) 
plane parallel  to the substrate surface were obtained 
for substrate temperatures  higher than 550~ A typi-  
cal result  is shown in Fig. 5(b) .  Amorphous SiC films 
with a specular surface were obtained below 500~ as 
shown in  Fig. 5 (c). 

When SiC films were prepared by reactive sput ter-  
ing from the Si target, the films showed halo RED 
patterns and specular surfaces even at a high sub-  
strate temperature  of 650~ These results indicate 
that the SiC films sputtered from the SiC target crys- 
tallize more easily than those sputtered from the Si 
target. 

In  sput ter ing processes, sputtered species are ejected 
from targets as atomic particles. The SiC films may 
be synthesized according to the following reactions 

Direct sput ter ing of SiC: Si -~- C -* SiC 

Reactive sput ter ing of St: 

Si -~ CH4 (~/2 CfHf) -~ SiC ~- 2H2 (1/2 H~) 

The Si atoms react with the C atoms or the hydrocar-  
bon molecules pr imar i ly  on the substrate surface, 
since collisions between Si atoms and C atoms or hy-  
drocarbon molecules in  the space between target  and 
substrate is less probable. Siliccn atoms may react 
more easily with C atoms than hydrocarbon molecules 
because the C atoms sputtered from the SiC target 
have higher chemical activity and kinetic energy in 
comparison with the hydrocarbon molecules. In  re-  
active sputtering, "the higher chemical activity of CfH2 
compared with CH4 may not be inconsistent with the 
fact that CH4 is more stable than CfH2 since CI4_4 
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shows a negative Gibbs free energy (--51 kJ  mole -1) 
and C2H2 shows a positive one (209 kJ  m o l e - l ) .  

Conclusions 
Stoichiometric SiC films are obtained by reactive 

sput ter ing of a Si target  under  a sui table choice of 
hydrocarbon pressure and deposition rate, because the 
chemical composition ratio C/Si is proport ional  to the 
ratio of hydrocarbon pressure to deposition rate (P/R).  

Although the chemical composition ratio C/Si  is 
sl ightly larger  than  un i ty  in  the films sputtered from 
the SiC target, i t  is l i t t le affected either by deposition 
rate or by substrate  temperature.  

The crystal l ization tempera ture  dur ing  film deposi- 
t ion differs for the target  materials  used. The SiC 
target  gives lower crystall ization tempera ture  than 
the Si target: 550~ for the SiC target  and above 
650~ for the Si target. 
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Electrode Kinetics of Copper Deposition 
from Copper Cyanide Solution 

R. E. Sinitski, V. Srinivasan, 1 and R. Haynes* 
Western Electric, Princeton, New Jersey 08540 

ABSTRACT 

Distinct l imit ing current  densities can be observed in  dilute acid copper 
cyanide solutions on both p la t inum and copper electrodes. The Levich equa-  
t ion is obeyed. Diffusion coefficients range (calculated from plots of l imit ing 
current  densities vs. concentrat ion and disk rotat ional  speed) from 0.79 to 
0.85 X 10 -6 cm2/sec. These apparent  diffusion coefficients are considered 
the lower l imit  due to an uncorrected concentrat ion term. Tafel slopes range 
from 0.130 to 0.165V with a mean  value of 0.144 ___ 0.016V and ~ _-- 0.40 __ 0.03. 
The exchange cur ren t  density is 8 +_ 1 • 10 -5 A /cm 2. The copper deposition 
reaction is first order with respect to the copper-containing species. The de- 
composition of the copper-containing species responsible for the l imit ing 
current  density is first order with a rate constant equal  to 3.35 _+ 0.03 X 10 -6 
s e e -  1. 

Fundamen ta l  electrokinetic studies of copper deposi- 
t ion from electrolytes containing cyanide are few in 
numbers  (1-3). There  is difficulty in  ident i fying the 
discharging species among m a n y  possible complexes, 
such as Cu (CN)2- ,  Cu (CN)8 -2, and assuring a un ique  
separat ion between the hydrogen evolution reaction 
and copper deposition. No measurement  of the diffu- 
sion coefficients of any of the copper cyanide complexes 
exists to date. Such a lack of emphasis is surpris ing 
since the copper cyanide plat ing system is of industr ia l  
importance and the copper cyanide complex may be 
significant in the electroless plat ing systems. The pur -  
pose of this s tudy was to invest igate electrode kinetics 
of copper deposition and to determine decomposition 
rates of the copper complex in acid copper cyanide 
solutions. Potent iodynamic sweeps were obtained using 
a Beckman Electroscan 30. An E.S.B. Model XLR-3A 
rotat ing assembly was used with a p la t inum rotat ing 
disk electrode. An electrolytic cell with a circular 
p la t inum mesh anode 3 cm in  diam was used. The area 
of the p la t inum cathode was 0.3 cm 2. 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member. 
1 P r e s e n t  a d d r e s s :  A m p ,  I n c o r p o r a t e d ,  Colon ia l  P a r k ,  Pennsy l -  

v a n i a  17109. 
K e y  w o r d s :  c o p p e r  p l a t i n g ,  c o p p e r  c y a n i d e ,  electrode kinetics,  

copper cyanide decomposition. 

The stock solution was made of the following com- 
ponents  at 160~ 

CuCN 82.17 g / l i te r  
NaCN 101,1 g / l i te r  
KOH 32.8 g / l i t e r  

All test solutions were made by di lut ing wi th  water, 
adding 7.8 g/ l i ter  of KC1 and adjust ing the pH by 
adding di lute nitr ic acid. pH valves were de termined 
wi th in  +_ 0.05 pH units. 

The p la t inum rotat ing disk electrode was prepared 
by immersion in  concentrated ni tr ic  acid for 5 min  
after each exper iment  to remove the deposited copper 
and activate the plat inum. 

The i-V curves were de termined at a sweep rate of 
50 mV/sec start ing at the most anodic currents  and 
sweeping cathodically. 

Results and Discussion 
Steady-sta te  distinct l imit ing cur ren t  densities are 

not observed in alkal ine copper cyanide solutions. Fig-  
ure 1 shows the effects on the current  potent ial  curves 
when the pH is changed from alkal ine to acid. Chang-  
ing the pH from 11.35 to 9.05 causes the cur ren t -  
voltage curve to shift un i formly  to more anodic poten-  
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tials. On decreasing the pH fur ther  the lower  current  
densities begin to increase rapidly at a g iven potential.  
At the higher  current  densities the curve is shifted to 
more cathodic potentials.  By decreasing the pH to 
4.95 a distinct l imit ing current  density is observed. The 
initial decrease in pH f rom 11.35 to 9.05 causes the 
free cyanide ion concentrat ion to decrease f rom ap- 
p roximate ly  98% to 30% through an increase in the ion 
pair  format ion producing hydrocyanic  acid (4). Fu r -  
ther  decreases in pH t o  7.05 cause the f ract ion of ion 
pairs to approach 99%. Decreasing the cyanide ion 
concentrat ion causes the concentrat ion of the species 
Cu(CN)3 -2 to increase at the expense of Cu(CN)4 -s.  
The equi l ibr ium potent ial  for Cu(CN)4 -8 is --0.75V 
and Cu(Cl'~)3 -2 is --0.40V (NHE).  Decreasing the 
pH to 4.95 shifts both the concentrat ion of copper 
to a higher  fract ion of Cu(CN)3 -~ and the equi-  
l ib r ium potential  closer to --0.402. At  this lower  
pH the deposition can occur at a h igher  rate f rom the 
Cu(CN)3 -2 species and thus be separable f rom the 
hydrogen evolut ion reaction. At pH s less than about 
3.0 CuCN begins to precipitate.  F igure  2 shows cur ren t -  
voltage curve where  a distinct l imit ing current  density 
is observed. The residual  cur ren t -vo l tage  curve for 
the support ing e lect rolyte  is also included in Fig. 2. 
Potent iodynamic sweeps start ing at +0.250 and stop- 
ping at --1.350 were  repeated on the same electrode 
three times. The results are shown in Fig. 3. The mag-  
ni tude of the l imit ing current  density is equal  for the 
three repet i t ive  sweeps. The peak at --0.560V that 
appears on the second sweep and whose ampli tude in-  
creases on the third sweep is due to reduct ion of the 
copper oxide formed at potentials anodic to --0.150. 
The l imit ing current  density is diffusion-l imited with  
respect to diffusion of ions to the electrodes f rom the 
solution. The l imit ing current  occurs on platinum, 
copper, and copper electrodes par t ia l ly  covered wi th  
copper oxides. Figures 4-7 give data showing adher-  
ence to the Levich equation where either the concen- 
tration of the discharging species is varied or the 
rotational speed of the electrode is changed. 

The plot of limiting current density vs. concentration 
of discharging species is linear up to 6 X 10 -3 M/liter 
(see Fig. 7). The limiting current density plateau 
above this concentration at this rotational speed be- 
comes of questionable usage for analytical purposes. 
The plot of limiting current density vs. the square root 
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of the rotat ional  speed, given in Fig. 5 is val id up to 
20 rps which is the l imit  of this study. Apparent  dif- 
fusion coefficients calculated f rom the plots iL VS. con- 
centrat ion are 0.85 +_ 0.09 X 10 -6 cm2/s ec (95% con- 
fidence l imits) .  Apparent  diffusion coefficients f rom 
plots of  iL VS. W 1/2 are 0.79 ___ 0.08 X 10 -6 cm2/se c 
(95% confidence l imits) .  The  discharging species in 
these systems (1) is usual ly  considered to be 
Cu(CN)2- .  Diffusion coefficients for A u ( C N ) 2 -  in 
s imilar  systems (5) range f rom 1.63 X 10 -5 cm2/sec 
to 1.68 X 10 -5 cm2/sec. These diffusion coefficients are 
calculated on the basis of the total copper metal  con- 
tent  and are to be considered a lower  limit. To calcu- 
late Tafel  slopes cur ren t -vo l tage  curves have been  
obtained over  a wide range of concentrations of cop- 
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per  cyanide with  addit ional  f ree  cyanide yielding a 
cGnstant ratio of copper cyanide to free cyanide and 
several  diffusion layer  thicknesses. F igure  8 shows a 
Tafel  plot  corrected for the effects of mass t ransfer  
for several  different diffusion layer  thicknesses cor-  
responding to rotat ional  speeds vary ing  f rom 2.5 to 20 
rps. F igure  9 gives data for Tafel  plots corrected for 
effects of mass t ransfer  for several  concentrat ions of 
copper cyanide with  added free cyanide. The ratio 
of copper cyanide to free cyanide is kept  constant. 
Tafel  slopes calculated from data in Fig. 8 and 9 yield 
an average  value  of the Tafel  slope equal  to 0.144V 
wi th  a sample s tandard deviat ion of 0.016V. The t rans-  
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fer  coefficient is equal  to 0.40 __+ 0.03 for 95% confidence 
limits. This value of the t ransfer  coefficient is essen- 
t ia l ly  equal  to that  repor ted  in the l i t e ra ture  = -- 0.38 
• 0.04 (1). 

An approximate  exchange current  densi ty can be 
obtained f rom the l inear  polar izat ion curve. For  a 
concentrat ion of copper cyanide equal to 8 • 10 -3 
M/ l i t e r  (with CuCN/CN ~- 2.5) io ~ 8 ~_ 1 • 10 -5 
A / c m  2. The equi l ibr ium potent ia l  measured  for the 
solution of copper cyanide concentrat ion equal  to 8 • 
10 -3 m / l i t e r  (with CuCN/CN ~ 2.5) at pH ---- 4.75 is 
equal  to --0.430V (SCE). The order  of the deposition 
react ion with  respect  to the copper-conta ining species 
is obtained (6) f rom the t ransfer  coefficient and the 
slope of the log-log plot of the cur ren t -copper  concen- 
t rat ion at a constant potential.  The order  of the deposi-  
tion react ion with respect  to copper is 1.12 -+- 0.05. 
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Dilute solutions of copper cyanide at pH equal to 
4.75 decompose on standing. Figure l0 shows the cur-  
rent -potent ia l  curves of a solution containing 8 • 10 -6 
M/l i ter  (with CuCN/CN -- 2.5). The decomposition of 
the copper cyanide complex follows first order kinetics 
wi th  a rate constant  equal  to 3.35 ~ 0.03 • 10 -6 sec -1. 
During the period that  decomposition takes place an 
increase in  the turb id i ty  takes place with an increase 
in  hydrocyanic acid above the solution. 

Conclusions 
1. A distinct l imit ing current  density can be ob-  

served in  dilute acid copper cyanide solutions on both 
p la t inum and copper electrodes. The Levich equat ion 
is obeyed for copper deposition from dilute acid cop- 
per cyanide solutions. The l imit ing cur ren t  density is 
proport ional  to the concentrat ion and to the square 
root of the rotat ional  speed of the disk electrode. 

2. Electrode kinetic parameters  have been deter-  
mined for copper deposition from dilute acid copper 
cyanide solutions. Apparent  diffusion coefficients con- 
sidered to be a lower l imit  range from 0.79 X 10 -8 
cm2/sec to 0.85 X 10 -6 cm2/sec. Tafel slopes range 
from 0.130 to 0.I65V with a mean  value of 0.144 • 
0.016V and a = 0.40 • 0.03. The copper deposition re-  
action is first order  with respect to the copper-con- 
ta ining species. The exchange current  density deter-  
mined for one concentrat ion is 8 ~- 1 • 10 -~ A/cm~ 
and the equi l ibr ium potential  for this condit ion is 
--0.430 (SCE). 

3. The decomposition of the copper-containing 
species responsible for the l imit ing current  density is 
first order with a rate constant of k -= 3.35 • 0.03 X 
10-~ sec -1. 
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Any discussion of this paper will  appear in  a Dis- 
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Kinetics of Electroless Copper Plating 
III. Mass Transport Effects 

Francis M. Donahue* 
Department of Chemical Engineering, The University o~ Michigan, Ann Arbor, Michigan 48109 

ABSTRACT 

Gas bubble  formation and evolution at the plat ing surface for electroless 
copper produces a microconvection condition which influences the mass 
t ransfer  rate. The interracial  concentrat ions of the reactant  species in  the ab-  
sence of forced convection are computed from this model and are found to 
be dependent  on the plat ing rate and the bulk concentrations, diffusivities, 
and reaction stoichiometry. Analyses of published rate studies show that  
the interracial  concentrat ions of cupric ions were less than the bulk values 
and that  the apparent  reaction order based on the interracial  concentrat ion 
was approximately  constant. Two different correlations for superposed micro 
and macroconvection were found to be indis t inguishable and consistent wi th  
the microconvection model when  applied to published plat ing rate data at 
rota t ing cylinders. 

Dumesic, Koutsky, and Chapman (1) have shown 
that  the apparen t  reaction order of cupric ion in elec- 
troless copper plat ing solutions is dependent  upon the 
rate of mass t ransport  to rotat ing copper-plated 
cylinders. Since most technical practice and research 
studies operate at vertical  surfaces in the vi r tual  ab-  
sence of forced convection, it is p ruden t  to ascertain 
the na tu re  of the t ransport  process and to obtain a 
mathemat ical  description of the mass t ransfer  coeffi- 
cient under  these conditions. Further ,  the mechanism 
of the electroless copper plat ing reaction is accessible 
only if the interracial  concentrat ions of the species 
involved can be estimated. 

This paper  will discuss the na tu re  of the t ranspor t  
process in  the absence of forced convection and pre-  
sent the mathemat ical  expressions describing the re-  
lationships among exper imental  conditions and mass 
t ransfer  coefficients and interfacial  concentrations. 
These results will  be used to analyze the data from 
published kinetic studies. Finally,  the effects of forced 
convection superimposed on the microconvection proc- 
ess will  be analyzed. 

General Remarks: Mass Transport 
The flux of a t ranspor t ing species, "j", in the absence 

of migrat ion and bulk flow (conditions which prevail  
for the reactants  in  electroless copper plat ing) is 

Nj = (10 -3 Djm/~) (Csj -- Cbj) [ la]  
o r  

Nj = 10 -3 kcj (csj -- Cbj) [ lb]  

where Nj is the flux of the t ranspor t ing species "j" 
(mole /cm ~ sec), Djm is the diffusivity of the species in 
the solution mix ture  (cm2/sec), 5 is the mass t ransfer  
boundary  layer  thickness (cm) and csj and cbj are the 
interfacial  and bulk  concentrat ions of the t ranspor t ing 

* Electrochemical Society Active Member.  
Key words: electroless copper plating, gas evolution, kinetics, 

macroconvection, mass  t ranspor t ,  microconvection.  

species, respectively, (M) and kcj is the mass t ransfer  
coefficient of the species ( =  Djm/5) (cm/sec).  The 
diffusivity is a property of the t ranspor t ing species- 
~olution system and can be estimated (2-4) or mea-  
sured. Mass t ransfer  coefficients can be estimated from 
mass t ransfer  correlations for par t icular  system geom- 
etries and flow regimes (5-12). Similarly,  boundary  
layer thicknesses for some system geometries and flow 
regimes are available (8, 10, 12). 

If the flux of the t ranspor t ing species is known 
along with its mass t ransfer  coefficient or its diffusiv- 
ity and boundary  layer  thickness, the interfacial  con- 
centrat ion can be computed from 

Csj ---~ Cbj --~ 103NjS/Djm [2a] 
o r  

Csj - -  Cbj -~- lO~Nj/kcj ,[2b] 

General Remarks: Kinetics of Electroless 
Copper Plating 

The over-a l l  chemical reaction for the process is 

Cu ~ + q- 2H2CO ~ 4 O H -  --> Cu 

2HCO2- -t- 2I-I20 q- H2 [3] 

The relationships among the fluxes of the t ranspor t ing 
reactant  species and the measured plat ing rate based 
on this equat ion are 

NH2CO N O H -  
Ncu2+ . . . . .  3.9 X i 0  - 9  r~ [4 ]  

2 4 

where r .  is the plat ing rate (~m/hr) .  Therefore, the 
fluxes of the reactant  species can be computed from 
the measured plat ing ra te(s)  and used in Eq. [2aJ or 
[2b] to estimate the interfacial  concentrations. 

Mass Transport in the Absence of Forced Convection 
The evolution of hydrogen gas at the reaction sur-  

face (see Eq. [3]) provides a un ique  mass t ransfer  
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condition in  the absence of forced convection. Mass 
t ransfer  coefficients and boundary  layer  thicknesses 
have been shown to be dependent  on the volumetr ic  
flux of evolved gas (13-21). Although the bu lk  of 
the data presented in these publications is in  the range 
of gas volumetric  fluxes (current  densities) of interest  
in  industr ia l  electrolytic cells (i.e., one or more orders 
of magni tude  greater than  those for electroless copper 
plat ing),  the lower end of the data of Ibl  and Venczel 
(14, 16) is in  the region of electroless copper plating. 
Therefore, a correlation obtained from their  data for 
the diffusion boundary  layer  thickness will  be used in 
this analysis, i.e. 

: 1.6 • 10-~ v -0.~ [5] 

where v is the volumetr ic  flux of hydrogen gas (cma/ 
cm e min) .  From Eq. [3] the gas volumetr ic  flux is re-  
lated to the plat ing rate by 

v : 5.2 X 10-arp [6] 

Inser t ing Eq. [6] in  [5] 

: 2.6 • 10 -2 rp -~ [7] 

The interracial  concentrat ions of the respective re -  
actant  species can be estimated by inser t ing Eq. [7] 
and [4] in  [2a] using estimates of the species dif-  
fusivities (i.e., Cu ~+ : 9.3 • 10 -8 cm2/sec, O H -  -- 
6.8 X 10 -5 cm2/sec and HsCO : 10 -5 cm2/sec) 

[Cu2+]s = [Cu2+]b -- 1.1 X 10-2rp ~ [8] 

[OH-] s  = [OH-]b  -- 5.8 X 10 -8 r~ ~ [9] 

[H~CO]s = [H~CO]b -- 2.0 X 10-~ rp 0.4~ [10] 

where the terms in  brackets represent  the concentra-  
tions of the species. 

Plots of the absolute values of the differences be-  
tween interracial  and bulk  concentrat ions of the re-  
spective species wi th  respect to the plat ing rate ac- 
cording to Eq. [8]-[10] are shown in  Fig. 1. In  addi-  
tion, the plat ing rate range for published electroless 
copper plat ing rate studies (22-30) is shown. Inspec- 
t ion of Fig. 1 and the plat ing rates and  compositions 
of plat ing baths found in  the l i tera ture  reveal  that  the 
concentrat ion differences for formaldehyde and hy-  
droxyl ion are less than ten percent  of the bulk  con- 
centrations. Therefore, mass t ranspor t  of these species 
cannot  be expected to play a significant role in the 
control of the over-al l  process, as observed by Dumesic 
(1). On the other hand, the data indicate that  for 

10 -i 

Z 

Z 10_2 

S 

10 -3 

PLATING RATE RANGE 
I I 

H2CO / ~ /  Cu2+ 

0H- 

I I I 
0.i 1.0 i0 

PLATING RATE (zm/hr) 

Fig. 1. Differences between bulk and interfacial concentrations 
for reactant species as functions of the electroless copper plating 
rate under microconvection conditions. The range of plating rates 
reported in the literature is shown. 

baths which are dilute in  cupric ion (i.e., [Cu~+]b < 
10-2M) with low plat ing rates (rates less than  0.5 ~m/  
hr are characteristic of these copper-poor baths) t h e  
role of mass t ranspor t  is decisive. Even in the more 
concentrated baths (0.01M < [Cu2+]b < 0.2M) the in-  
terracial concentrations are be tween twenty  and eighty 
percent  of the bulk  va lues - -a  region which is in ter -  
mediate be tween mass t ransport  and chemical or elec- 
trochemical control of the process. 

Figure 2 shows plots of the plat ing rates as a func-  
t ion of bulk  and interracial  cupric ion concentrations 
for five extensive rate studies (1, 22, 25, 27, 28). The 
lines through the data points (with the exception of 
the curved port ion for the bu lk  concentrat ion data 
of Molenaar  (27)) are least squares fit of the respec- 
tive data. Where data points are not shown for in te r -  
facial concentrations (open symbols) ,  the estimated 
concentrat ion differences were negative, zero, or 
smaller  than  the estimates of the bu lk  concentrations.1 

1With  the exceptions of Ref. (25) and (28), the data had to be 
estimated from published graphs. 
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Fig. 2. Electroless copper plating rates as functions of cupric 
ion concentration. Filled symbols are for bulk concentrations; open 
symbols, interfaclal concentrations. (a) Rochelle salt as complexing 
agent: diamonds, Ref. (22); triangles Ref. (25/. (b) EDTA as com- 
plexing agent: inverted triangles, Ref. (1); circles, Ref. (27); 
squares, Ref. (28). 
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Table I. Apparent reaction orders of cupric ion in electroless 
copper plating solutions 

Basis concentration 
Reference 

No. Bulk Interracial 

(22)* 0.36 0.28 
(23) 0.6 
(25) 0.47 0"~7 
(26) 0.37 
(1)** 1.0 0,43 

(27) 0.78 0,37 
(28) 0.43 0.27 

�9 P a r t i a l  analysis  of Goldie ' s  da ta  fo r  " s t r o n g "  so lu t ions  by  the 
author.  

�9 * " F i n a l "  depos i t ion  r a t e  at  0 r p m .  

Table I shows the apparent  react ion orders for cupric 
ion in electroless copper plat ing solutions. When the 
bulk  concentrat ion is used as the basis for the reaction 
order computation, the reaction orders exhibit  a range 
from 0.36 to 1.0. On the other hand, when  the in ter -  
facial concentrat ion is used, the range is substant ia l ly  
diminished and, considering that  the interracial  con- 
centrat ions are only estimates and the data are from 
four different laboratories, the agreement  is good. This 
agreement  for the cupric ion reaction order, after al-  
lowing for mass t ransport  effects, s t rongly suggests a 
mechanist ic role for cupric ion which is independent  
of the complexing agent. 

One can in tu i t  the effect of mass t ransport  on the 
empirical  rate law (25) by noting that  the higher the 
"bulk" reaction order, the greater is the "correction" 
when  mass t ransport  is taken into account  (see Table 
I).  Thus, the data of Dumesic (1) and Molenaar (27) 
were taken under  conditions which were substant ia l ly  
influenced by mass t ranspor t  while Goldie (22) and 
EI-Raghy (26) evident ly  were operating in a region 
where mass t ransfer  effects were minimal .  

According to the mixed potential  theory of electro- 
less copper plat ing (31), the l imit ing value 2 of the 
apparent  reaction order for cupric ion is 0.26. Three 
of the "interracial" reaction orders given in Table I 
are approximately equal to this value. 

Tradit ionally,  when forced convection is absent  from 
a system, it is p ruden t  to evaluate the possible role 
of na tu ra l  convection as the mode of mass t ransport  
(9). To this end, mass t ransfer  coefficients for cupric 
ion due to na tura l  convection vcere estimated for the 
data of Wang and Bhalla (28). In  all cases, the mass 
t ransfer  coefficients were smaller  than those estimated 
for gas evolution (see below). Therefore, it can be 
concluded that  the mode of mass t ransport  in electro- 
less copper plat ing baths at vertical  surfaces is that  
due to microconvection (gas bubble  formation and 
evolut ion) .  

Mass Transport in the Presence of Forced Convection 
Vogt (20) has proposed a method of est imating the 

mass t ransfer  coefficient in the presence of superposed 
microconvection (gas bubble  formation and evolution 
at low gassing rates) and macroconvection (forced 
convection or convection induced by high gassing 
rates).  His correlat ion can be wr i t ten  

kc -- (keg 2 -~- kcf2) 0'5 [11] 

where  kc is the "net" mass t ransfer  coefficient, keg 
is the microconvection coefficient, and kcr is the macro- 
convection coefficient. Beck (13) has suggested a l inear  
combination,  i.e. 

kc ---- keg + kcr [12] 

f o r  t h e  same situation. 

S T h i s  v a l u e  is  b a s e d  on P aunov i c ' s  v a l u e s  of  T a f e l  slopes (32) 
c o r r e c t e d  for temperature ,  a reaction o r d e r  of  o n e  for  cupr ic  ion 
in t h e  ca thod ic  part ia l  p r o c e s s  and  no  i n t e r a c t i o n  by cupric ion 
in  t h e  anod ic  part ia l  process .  

Since electroless copper plat ing operates at rela-  
t ively low gassing rates, it can be assumed that  the 
conditions discussed above represent  microconvection. 
Therefore, the microconvection mass t ransfer  coeffi- 
cient can be computed by subst i tut ing (in tu rn)  Eq. 
[4], [8], [9], and [10] in  [ lb]  and rear ranging  to ob- 
tain equations of the form 

k~j = Aj rp ~ [13] 

where kc~j is the microconvection coefficient for spe- 
cies "j" and Aj is a constant  for each "j". Figure 3 
shows the dependence of microconvection mass t rans-  
fer coefficients on plat ing rate for the reactant  species. 

The experiments  of Dumesic (1) should provide a 
means of evaluat ing the relat ive merits  of the correla- 
tions of Beck (13) and Vogt (20) since their experi-  
menta l  conditions with rotat ing cylinders represent  a 
superposition of hydrodynamic  flows. Unfor tunately ,  
their estimated mass t ransfer  coefficients are too large 
due to an error in calculating the values of the Reyn-  
olds number .  The Reynolds n u m b e r  should have been 
defined (10, 33) 

Re : 12d2/2v : 0.052 ~d2/v [14] 

where 12 is the cyl inder angular  velocity (rad/sec) ,  
d is the cyl inder diameter  (cm), v is the kinematic  
viscosity (cm2/sec), and ~ is the cyl inder  rotat ion rate 
( rpm).  Using their values of physicochemicaI prop- 
erties and the correct form of the Reynolds number ,  
the computed values of the macroconvection mass 
t ransfer  coefficients for cupric ion, kcf, were 6.2 X 
10-4 cm/sec at 150 rpm, 1.6 • 10 -3 cm/sec at 600 rpm, 
and 2.5 X 10 -~ cm/sec at 1100 rpm. Table II shows 
the computed "net" mass t ransfer  coefficients for cupric 
ion, kc, based on the respective correlations. For Vogt's 
correlation (20), the coupling of the flows produces a 
moderate enhancement  of the mass t ransfer  rate at the 
lowest rotat ion speed while at the other rotat ion speeds 
macroconvection predominates.  The correlation of Beck 
(13), on the other hand, predicts enhancement  due to 
the superposed flows for all exper imental  conditions. 

The interracial  concentrations of cupric ion can be 
computed from (insert ing Eq. [4] in [2b]) 

[Cu2+]s : [Cu2+]b -- 3.9 X lO-6rp/kc [16] 

Figure  4 represents the computed cupric ion interracial  
concentrations for all of the data given in  Dumesic's 
Fig. 8. The data for zero rpm were computed from 
Eq. [8] while the rotat ing cylinder data were com- 
puted from Eq. [15] using the "net" mass t ransfer  co- 
efficients from Table II. If the reaction mechanism 
does not change with rotat ion speed and cupric ion 

10 -2 
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lO-3 

i0 -4 

OH- 
Cu 2+ 

I I I 
0.i 1.0 i0 

PLATING RATE (~m/hr) 

Fig. 3. Mass transfer coefficients for reactant species as func- 
tions of electraless copper pTatlng rate under microconvection con- 
ditions. 
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Table II. Computed values of "net" mass transfer coefficients 
using data of Dumesic and Co-workers (1) 

Rota- 
tion [Cu~+lb rp 

speed x l O  ~ (/zm/ /cos X 10 ~* kc x 10 ~** lr x 10 ~*** 
(rpmJ (M) h r )  ( c m / ~ e c )  ( e m / s e c )  (cm/-~ec) 

150 0.25 0.27 1.8 6.5 8,0 
150 O.fi 0.4/ 2A 6.6 8.S 
150 1.0 0.81 3.2 7.0 9.4 
150 2.0 1.2 3.9 7.3 10.1 
150 3.0 1.6 4.6 7.7 10,8 
600 0.25 0.47 2,4 16 18,4 
600 0.5 0.57 2.6 16 18,6 
600 1.O 0.87 3.2 16 19.Z 
600 2.0 1.34 4.1 17 20.1 
600 3.0 1.75 4.8 17 20.8 

1100 0.25 0.74 3.0 25 28.0 
1100 0.5 0.94 3.4 25 28.4 
1100 1.0 1.08 3.7 25 28.7 
1100 2.0 1.41 4,2 25 29.2 

" Computed from Eq. [13] (F ig .  8) .  
�9 " Computed from Eq.  [ i i ] .  

�9 *" Computed from Eq. [12]. 

concentration, the data should fall on a single line. 
The "filled" symbols represent computations based on 
Beck's correlation (13) while the "open" symbols are 
for the correlation of Vogt (20). The least squares 
lines for both correlations are virtually indistinguish- 
able with identical correlation coefficients. Therefore, 
although the correlations give different values of "net" 
mass transfer coefficients (see Table II), one cannot 
discriminate between the two on the basis of inter- 
facial concentration computations for this study. 

Conclusions 

In the absence of forced convection, the mode of 
mass transport of reactant species in electroless copper 
plating is microconvection induced by gas bubble for- 
mation and evolution from the reaction surface. Equa- 
tions describing the interfacial concentrations of the 
reacting species and the microconvection mass trans- 
fer coefficients have been developed and have been 
shown to depend on the plating rate, reaction stoi- 
chiometry, and species diffusivity. 

The dependence of the plating rate on the interfacial 
concentration of cupric ion, i.e., the apparent cupric 

10 

D �9 

o.1 i ~ I 
Io-3 io-2 io-i 

INTERFACIAL CUPRIC ION CONCENTRATION (M) 

Fig. 4. Electroless copper plating rates at cylindrical electrodes 
as a function of interfacial concentration computed from Eq. [15] 
using mass transfer coefficients from Fig. 3 (0 rpm) and Table II 
for rotating experiments. Circles, 0 rpm; squares, 150 rpm; trl- 
angles, 600 rpm; diamonds, i100 rpm. Open symbols, Vogt correla- 
tion (20); filled symbo(s, Beck correlation (13). 

ion reaction order, has been found to be approxi- 
mately constant for five electroless plating systems. 

The interfacial concentration of cupric ion has 
been found to be smaller than the bulk concentration 
for all published electroless plating rate studies where 
sufficient information has been provided to effect an 
analysis. At low cupric ion concentrations and low 
plating rates (in the absence of forced convection) 
the effect of this concentration difference approaches 
mass transport control of the process. 

No significant difference could be found between 
two correlations for mass transfer coefficients in su- 
perposed micro and macroconvection flows when data 
for electroless copper plating in a well-defined forced 
convection system were analyzed. Both correlations 
gave results which were consistent with the microcon- 
vective analysis presented here. 
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LIST OF SYMBOLS 
Aj coefficient for species "j" (cm/sec (~m/hr)0.~3) 
CDj bulk coefficient of species "j" (M) 
csj interracial concentration of species "j" (M) 
Dim diffusivity of species "j" in the solution (cm2/ 

see) 
d cylinder diameter (cm) 
kc "net" mass transfer coefficient (cm/sec) 
kcf macroconvection mass transfer coefficient (cm/ 

see) 
keg ml~roconvection mass transfer coefficient (cm/ 

see) 
kcg l microconvection mass transfer coefficient for spe- 

cies ")" (cm/sec) 
kc.1 mass transfer coefficient for species "j" (cm/sec) 
Nj molar flux of species "j" (mole/cm%ec) 
Re Reynolds number (=  ~%d2/2v) (dimensionless) 
~r plating rate (;~m/hr) 

volumetric flux of gas (cmVcm2min) 
8 mass transfer boundary layer thickness (cm) 
v kinematic viscosity of solution (cm2/sec) 

cylinder angular velocity (rad/sec) 
cylinder rotation rate (rpm) 

[ ] concentration (M) 
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Investigation of Two- and Three-Phase Fields 
in the Ga-As-Sb System 
Michel F. Gratton z and John C. Woolley 

Physics Department, University of Ottawa, Ottawa, Ontario, Canada KIN 6N5 

ABSTRACT 

The technique of anneal ing  samples  at  a t e m p e r a t u r e  at  which  both l iquid 
and solid phases occur, fo l lowed by  quenching to f reeze- in  the solid phase,  
has been used to inves t iga te  equ i l ib r ium condit ions off the pseudob ina ry  sec- 
tion. I t  has been found tha t  large  th ree -phase  l iqu id-so l id -so l id  fields occur 
cor responding  to the two-phase  sol id-sol id  field of the pseudob inary  section. 
The t ie - l ines  of the var ious  two-phase  l iqu id-so l id  fields have  been de te r -  
mined  toge ther  wi th  the boundar ies  of the t h ree -phase  fields at  var ious  tom-  
iperatures in the  range  600~176 The locus of the cusp in the l iquidus  sheet  
cor responding to the l iquidus  point  of the  th ree -phase  field has also been 
found. F ina l ly ,  the two solid phases of the th ree -phase  fields give the  ranges  
of immisc ib i l i ty  in the pseudob inary  sect ion GaAs~Sbl-.~, and hence the va r i -  
a t ion of the misc ib i l i ty  gap wi th  t empera tu re  has been de termined.  This gap is 
found to be ve ry  asymmet r i c  even at  t empera tu re s  a l i t t le  be low the per i tec t ic  
horizontal ,  the  so lubi l i ty  l imits  a t  700~ being y _-- 0.30 and 0.95. The resul ts  
a r e  compared  wi th  the predic t ions  of the  s imple solut ion model  which  give 
reasonable  ag reemen t  wi th  the l iquidus  da ta  but  poor  agreement  wi th  the 
misc ib i l i ty  gap values.  

The  increased  in te res t  in  t e r n a r y  I I I - V  al loys for  
var ious  technological  appl ica t ions  has resul ted  in 
cons iderable  work  being done on the form of the 
genera l  t e r n a r y  d iagrams  which contain these al loys 
in a pseudob ina ry  section. Thus, expe r imen ta l  m e a -  
surements  have  been made  and calculat ions car r ied  
out  to de te rmine  such quant i t ies  as l iquidus  and 
solidus i so therms and solidus isoconcentra t ion l ines 
[see, for  example ,  Ref  (1)] .  The t e r n a r y  sys tem 
G a - A s - S b  is more  compl ica ted  than  some of the 
others  because a misc ib i l i ty  gap occurs in the  solid 
solut ion region of the  section G a A s - G a S b  and hence 
there  mus t  be three-phase ,  l iquid-sol id-sol id ,  fields in 
the  genera l  d iagram.  Al though some data  a re  ava i lab le  
concerning the l iquidus  sheet  (2-7),  l i t t le  informat ion  
has been obta ined  concerning the behavior  of solid 
phases  in the var ious  i so thermal  sections (4, 7). 

Here,  expe r imen ta l  measurements  have been made  
to de te rmine  as a funct ion of t empe ra tu r e  the bound-  
ar ies  of these th ree -phase  fields, the posi t ion of t ie-  
l ines in the  ad jacen t  two-phase ,  l iquid-sol id ,  fields, 

~Present address: Bell Northern Research Company, Ottawa, 
Ontario, Canada. 

Key words: ternary phase diagram, GaAs~Sbl-# alloys, miscibil- 
ity gap. 

and the posi t ion of the cusp in the l iquidus  sheet  
corresponding to the l iquid ve r t ex  of the  th ree -phase  
field. These resul ts  give immed ia t e ly  the var ia t ion  
with  t empera tu re  of the  sol id-sol id  misc ib i l i ty  gap 
in the  G a A s - G a S b  pseudobinary  section. These ex -  
pe r imenta l  da ta  have  then been compared  wi th  the 
predic t ions  of the s imple solut ion model  (1). 

Experimental Method and Results 
The presence of per i tec t ic  form in the  pseudobinary  

section GaAsySb~-u (4, 7) indicates  tha t  at  t empera -  
tures  be low the per i tec t ic  horizontal ,  t h r ee -phase  
( l iqu id-so l id-so l id)  fields must  occur in the genera l  
t e r n a r y  d iagram in addi t ion  to the two-phase  ( l iquid-  
solid) fields which t e rmina te  on the s ing le-phase  
solid solut ion fields in the pseudob inary  section. In  
o rder  to inves t iga te  the boundar ies  of these fields 
and the t ie - l ines  of the  two-phase  fields, i t  is necessary 
to inves t iga te  samples  at  var ious  composit ions wel l  
away  from the pseudobinary  section. 

The samples  used in the work  were  p repa red  f rom 
the requ i red  weights  of GaAs,  GaSb,  and  an t imony  
or ~ ga l l ium as appropr ia te ;  this  method being con- 
venient  and avoiding the necessi ty of deal ing wi th  
e lementa l  arsenic.  The sample  t r ea tmen t  was as de -  
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scr ibed prev ious ly  (8) using the annea l  and  quench 
technique.  Thus each sample  was weighed,  sea led in 
a quar tz  ampul  under  reduced argon pressure,  and 
held  for 1-2 hr  a t  1250~ whi le  being agi ta ted  to 
give good mix ing  of the components.  The sample  was 
then cooled to the requ i red  anneal ing  t empera tu re  
where  i t  was a l lowed to a t ta in  equi l ibr ium. I t  was 
found that, for the range of composit ion used in the 
work, anneal ing  t imes of 3 days  were  quite sufficient 
for  the sample  to reach an equi l ib r ium condition. 
Tests showed that  anneal ing  t imes of up to 60 days 
did  not  change the condit ions a t ta ined  af te r  3 days. 
The samples  were  then quenched in o rder  to f reeze- in  
the  equ i l ib r ium solid phase. This technique is wel l  
sui ted to the  presen t  work  since, provided the com- 
posi t ion of the  samples  is app rop r i a t e ly  chosen, an 
apprec iab le  pa r t  of the  mix tu re  is l iquid dur ing  the 
annealing,  thus a l lowing a reasonable  speed of diffu- 
sion. However ,  dur ing  the quench, the diffusion ra te  
in the  solid is ve ry  low and hence the  solid phase 
(or phases)  at  the anneal ing  t empera tu re  is re ta ined  

unchanged.  This phase (or phases)  can be identif ied 
f rom an x - r a y  powder  photograph  using the known 
lat t ice p a r a m e t e r  vs. composit ion re la t ion  (4) for 
the GaAsvSb l -y  section. In  the  presen t  work,  the 
homogenei ty  of the requi red  solid phase was c lear ly  
demons t ra ted  by  the sharpness  of the high angle  
x - r a y  lines. 

Condit ions for equ i l ib r ium were  inves t iga ted  at  
var ious  t empera tu res  and the choice of s ta r t ing  com- 
posit ions was guided by  a p re l imina ry  theoret ica l  
es t imate  of the boundar ies  of the th ree -phase  fields 
as descr ibed be low plus the r equ i rement  that  sufficient 
l iquid phase be present  dur ing  anneal ing  to al low 
equi l ib r ium to be a t ta ined  rapidly .  Firs t ly ,  the  GaSb-  
r ich side of the d iag ram was invest igated,  specimen 
composit ions being chosen so tha t  they  would cover 
both the two-phase  field and the th ree -phase  field at  
the pa r t i cu la r  t empera tu re  of anneal.  Fo r  convenience, 
two series of composit ions were  chosen, each wi th  a 
fixed va lue  of ga l l ium concentra t ion (i.e., NGa ---- 0.65 
and NGa ---- 0.40) and the composit ions inves t iga ted  

at  700~ are  shown in Fig. 1. Thus, for example  wi th  
the  NGa --~ 0.65 series, three  samples  gave t ie - l ines  in 
the two-phase  field and four  samples  were  in the  
th ree -phase  field and, wi th in  the l imits  of expe r imen ta l  
error,  gave ident ica l  phases. For  samples  in both 
fields, the l iquid phase on quenching gave a lmost  pure  
GaSb plus some ga l l ium-r i ch  phase  and the l ines due 
to these phases could be eas i ly  observed in the x - r a y  
photograph  and discarded.  The two-phase  samples  
gave the requ i red  equ i l ib r ium solid whi le  in the  
th ree -phase  field two equi l ib r ium solids, one GaSb-  
r ich and one GaAs-r ich ,  occurred.  Wi th  the  above 
choice of compositions,  the GaSb- r i ch  solid could be 
eas i ly  de te rmined  bu t  the  amount  of the GaAs- r i ch  
phase  was sufficiently smal l  tha t  only  weak  l ines 
were  obta ined and these were  not used in this section 
of the work. S imi la r  resul ts  were  obta ined for the  
series wi th  NGa ~-- 0.40. The da ta  obta ined  f rom these 
measurements  plus those obta ined  s imi la r ly  at  o ther  
t empera tu res  are  given in Table  I. 

In  o rde r  to de te rmine  the boundar ies  of the  th ree -  
phase  fields for any  given tempera ture ,  graphs  were  
p lo t ted  of the composit ion y of the  equ i l ib r ium solid 
(de te rmined  from la t t ice  pa rame te r )  agains t  the  a r -  
senic content  NAs of the annea led  samples. The resul ts  
for the  cases of 700 ~ and 6750C are  shown in Fig. 2. 
For  each tempera ture ,  the  samples  occurr ing  in e i ther  
t h r ee -phase  field should a l l  have  the  same value  of y 
and a mean  hor izonta l  l ine has been d rawn  th rough  
these. I t  can be seen tha t  in the  two-phase  field the  
var ia t ion  of y wi th  NAs can, wi th in  the l imits  of 
exper imen ta l  error,  be t aken  as a s t ra ight  line, separa te  
lines being d r a w n  for the two sets of samples  wi th  
different  NGa. These lines wil l  pass th rough  the origin 
for  t empera tu res  be low the mel t ing  point  of GaSb.  
The point  of in tersect ion of each of these lines wi th  
the l ine f rom the th ree -phase  field gives the pa rame te r s  
de te rmin ing  the th ree -phase  boundary ,  i.e., the  y 
value  gives a point  on the pseudobinary  section and 
the NAs value  together  wi th  the  appropr ia te  NGa 
value  gives a second point  on the  boundary .  Lines 
showing the boundar ies  in the 700~ case are  shown 

Fig. 1. 700~ isothermal sec- 
tion of Go-As-Sb diagram, e ,  
initial composition of annealed 
sample; A ,  composition of equi- 
librium solid in anneoled sample; 
O ,  700~ liquidus points in Ga- 

As binary diagram (9); - - ,  

calculated 700~ liquidus iso- 
therm (This work); - - - ,  experi- 
mentally determined tie-line; 
. . . .  , experimentally deter- 
mined boundary of three-phase 
field. 
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Table I. Composition of samples annealed at temperature T and 
lattice parameter and composition of resulting equilibrium 

solid phases 

Initial composition Solid 
eomposi- 

T (*C) No= ,ZVA. NSb a ( n m )  t ion (y)  

600 0.400 0.010 0.590 0.6084 0.026 
0.400 0.020 0.580 0.6076 0.045 
0.400 0.030 0.570 0.6066 0.068 
0.400 0.040 0.560 0,6063 0.073 
0.400 0.050 0.550 0.6048 0.108 
0.400 0.060 0.540 0.6047 0.110 
0.400 0.120 0.480 0,6000 0.215 
0.600 0,010 0.390 0.6084 0,026 
0.600 0.020 0,380 0.6072 0.052 
0.600 0.030 0.370 0.6058 0.084 
0.600 0.040 0.360 0.6048 0.108 
0.600 0.050 0.350 0.6058 0.084 
0.600 0,060 0.340 0.6033 0.140 
0.600 0.100 0.300 0.5991 0.235 

625 0.400 0.010 0.690 0.6084 0.026 
0.400 0.625 0.575 0.6071 0.055 
0.400 0.040 0.560 0.6064 0.070 
0.400 0.055 0.545 0.6052 0.098 
0.400 0.070 0.530 0.6032 0.144 
0.400 0.150 0.450 0.5985 0.249 
0.600 0,010 0.390 0.6083 0.028 
0.600 0.020 0.380 0.6070 0.058 
0.600 0.030 0.370 0.6065 0.069 
0.600 0.040 0.360 0.6048 0.108 
0.60,0 0.080 0.320 0.6013 0.188 

645 0,400 0.020 0.580 0,6075 0,048 
0.400 0,040 0.560 0.6053 0.095 
0.400 0.060 0.540 0.6634 0.138 
0.400 0.0"/5 0,525 0,6028 0,152 
0.400 0.090 0.510 0.6022 0.166 
0.400 0.150 0.450 0.5983 0.256 
0.650 0.Ol0 0.340 0.6079 0,036 
0.650 0.025 0.325 0.6057 0.086 
0.650 0.035 0.315 0.6041 0,123 
0.650 0.045 0.305 0.6028 0,152 
0.650 0.055 0.2~5 0.6013 0,107 
0.650 0.100 0.250 0.5976 0.265 

675 0.400 0.020 0,580 0.6070 0,056 
0.400 0.040 0.560 0.6049 0.105 
0.400 0.060 0.540 0.6031 0.146 
0.400 0.080 0.520 0.6011 0.190 
0.400 0.100 0.500 0.5975 0.272 
0.400 0.170 0.430 0.5972 0.279 
0.650 0.OlO 0.340 0.6079 0.036 
0.650 0.025 0.325 0.6047 0.110 
0.650 0.040 0.310 0.6023 0.164 
0.650 0.050 0.300 0.6001 0 214 
0.650 0.085 0.265 0.5964 0.298 

700 0.400 0.020 0.580 0.6056 0.090 
0.400 0 040 0.560 0.6026 0.159 
0.400 0.060 0.540 0.6001 0.214 
0.400 0.080 0.520 0.5976 O 270 
0.400 0.100 0.500 0.5970 0.283 
0.400 0.170 0.430 0.5970 0.283 
0.650 0.015 0.335 0 6052 0 098 
0.650 0.030 0.320 0.6025 0.160 
0 650 0.050 0.300 0.5985 0.250 
0,650 0.070 O 280 0 5957 0,312 
0.650 0 080 0.270 0.5958 0.315 
0.650 0.090 0.260 0.5956 0.308 
0.650 O.IlO 0.240 0.5957 0.312 

in Fig. 1 and t ie- l ines for the two-phase  fields are 
also shown. Simi lar  results have been obtained for 
various tempera tures  in the range 600~176 

While the pseudobinary section clearly defnes  one 
end of this three-phase  boundary, the ]iquidus point 
is still undetermined.  (These l iquidus points will  form 
a cusp across the l iquidus sheet and so the point will, 
for convenience, be refer red  to as the cusp point.) 
It  was hoped to determine  the boundary on the GaAs 
side of the three-phase  field by the same method, so 
that  the two lines, together  wi th  the pseudobinary 
section, would complete ly  define the three-phase  t r i -  
angle. However ,  it was found that  a construction 
l ike that  used in Fig. 2 was not possible in this case, 
since the range of solid solution of GaSb in GaAs was 
found to be very  small  for tempera tures  below 720~ 
Thus the value of y for the equi l ibr ium solid phase 
was in the range 0.95-1.00 for all annealed samples. 
Hence, a l though a figure could be obtained for the 
l imit ing y value, no NAs value could be found to give 
a second point on the l imit ing t ie-l ine.  
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Fig. 2. Variation of composition y of equilibrum phase with arsenic 
concentration NAs of annealed sample, e ,  Nc, a ~ 0.40 and O ,  
Noa = 0.65. 

The cusp point has therefore  been determined as 
the point of intersect ion of the GaSb-r ich  three-phase  
boundary and the appropriate  l iquidus isothermal  
curve. As was shown previously  (1, 8), the simple 
solution model  gives good agreement  with exper iment  
when used to calculate l iquidus isotherms in these 
te rnary  systems. Thus, this model  has been used here  
to calculate the appropriate  l iquidus isotherms, as is 
discussed fur ther  below. Figure  1 shows the calculated 
isotherm for 700-C, and it is seen that  it lies very  
close to the Ga-Sb boundary of the diagram. For  
lower  temperatures,  the isotherms will  be even closer 
to the boundary and, since the t empera tu re  gradient  
is re la t ive ly  large in this range, l i t t le  error  should 
occur in the compositions of the points determined 
f rom these curves. However ,  problems occur for sam- 
ples with Nca less than 0.5 at t empera tures  below 
about 650~ In these cases, the cusp point is found 
to be close to the Sb apex of the main diagram. In 
this range, the calculated isotherms are not satisfac- 
tory as they do not indicate the position of the 
eutectic val ley which must  run out f rom the Ga-Sb  
eutectic [at NGa ---- 0.12 (9)] probably towards the 
min imum in the As-Sb l iquidus curve [at NAs ---- 
0.25 (10)]. Thus, the cusp point of the three-phase  
tr iangle has not been determined in this range. 

As indicated above, the GaAs-r ich  sides of the 
three-phase  tr iangles could not be de termined  by 
the same method as the GaSh-r ich  sides. However ,  
anneal ing of samples in the GaAs-r ich  region of the 
three-phase  fields gave the GaAs-r ich  equi l ibr ium 
solid phase, and again, x - r ay  powder  photographs gave 
the corresponding point of the pseudobinary section, 
thus complet ing the informat ion needed to specify 
the three-phase  fields. F igure  3 shows the three-phase  
fields for three different temperatures ,  730% 700 ~ and 
600~ It is seen that  the position of the cusp point 
moves appreciably with  tempera ture  in the range 
600~176 and Fig. 4 shows the variat ion of the values 
of Nca at the cusp point as a function of temperature .  
The N~s values at the cusp point were  very  much 
smaller, except  in the Sb-r ich region, as discussed 
above, and so could not be de termined  with  any 
accuracy. 

The other  important  informat ion which is obtained 
immedia te ly  from the three-phase  field data is the 
var ia t ion with tempera ture  of the range of solid 
solution in the pseudobinary section. The exper imenta l  
values are shown in Fig. 5. In the init ial  work on this 
question, samples with compositions on the pseudo- 
binary section were  annealed to equi l ibr ium in the 
solid-solid two-phase  field (7). The main difficulty 
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Fig. 3. Boundaries of three- 
phase fields at various tempera- 
tures. (a) 730~ (b) 700~ (c) 
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Fig. 4. Variation of position of cusp point as a function of temperature T: 

e ,  experimental points, ~ NGa values 
�9 �9 , calculated curve 
- - - ,  calculated curve NAs values 

i.O 

with  this  method  is tha t  the  diffusion ra tes  a re  so 
s low tha t  ve ry  long anneal ing  t imes are  required.  
F igure  5 shows resul ts  obta ined  in this w a y  for 
samples  annea led  for  th ree  months  or  longer.  These 
resul ts  confirm the da ta  obta ined  f rom the th ree -phase  
field work,  giving good agreement  at  both  ends of 
the  misc ib i l i ty  gap. I t  is wor th  not ing tha t  samples  in 
the  th ree -phase  fields needed less than  three  days  
annea l ing  to a t ta in  equ i l ib r ium whi le  samples  in the  

sol id-sol id  two-phase  field requ i red  at  least  three  
months.  

T h e o r e t i c a l  Ana lys is  and Discussion 
Lit t le  work  has been publ i shed  on calculat ions for  

this system. Panish  and I legems (1) and St r ingfe l low 
(11) have  ca lcula ted  the l iquidus  and solidus curves 
of the pseudob inary  section, and Antypas  and James  
(3) have used Darken ' s  quadra t ic  fo rmal i sm for a 
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t e rna ry  l iquid and assumed a regular  solid solution 
to calculate l iquidus data for compositions with NGa 
> 0.5. More recently, Nahory et al. (5) have made an 
analysis based on the simple solution model, but  
t reat ing the aAs-Sb interact ion parameter  as composition 
dependent  ra ther  than making  the usual  assumption 
of l inear  temperature  dependence. Here, the simple 
solution model has been used to predict  values for 
comparison with the various data determined ex-  
per imental ly .  

The theory used for the simple solution model Was 
summarized in  a previous w o r k  on the G a - I n - S b  
diagram (8) and the final equations necessary for the 
calculations are repeated here. 

7A7C NANc A S F A c  
In "YAC : In 7ASlTcS----- ~ + In 4 x -]- y (TFAc -- T) 

[ la]  
"7B7C NBNc ASFBc 

In 7BC : In 7Bs17CS--------- ~ -~- In 4 l--x -~ ~ (TFBc -- T) 

[ lb]  

R T  in  7AC ---- ~AC-BC (1 -- X) 2 [2a] 

R T  In 7BC = ~AC-BCX 2 [2b] 

\ 
k 

\ 
\ 
\ 
\ 

R T  In 7A : aABNB 2 --~ C~AcNc 2 "~ (r "~- aAC -- ~xBC) NnNc 
[3a] 

R T  In 7B : a A B N A  2 + ~  2 + ( a A B  + a B C  - -  a A c ) N A N c  

[3b] 

R T  In 7c = aAcNA 2 W ~BcNB 2 + (~AC + aBC -- aAB)NANB 
[3C] 

where the 7's are activity coefficients, the ds  in ter -  
action parameters,  NA, NB, and Nc concentrat ions of 
the three elements, x the mole fraction of AC in  the 
solid phase, and zxSI'~j and TFj the entropy of fusion 
and mel t ing tempera ture  of the compound j. 

Vieland's  equat ion [12] giving the relat ion for the 
l iquidus curve of a b inary  system A-C with a l ine 
compound AC is 

R T  
I l n  4c(1 -- c) 

aAc .-- 2 (0.5--  c) 2 
~SrAc ] 

+ R-----T--- (TFAc -- T) [4] 

where c is the atomic fraction of C. 

Fig. 5. Pseudobinary section 
GaSb-GaAs. A (24) and �9 (25), 
experimental liquldus points; •  
solidus point from sample an- 
nealed in two-phase liquid-solid 
field; + I, limits of miscibility 
gap from samples annealed in 
two-phase solid-solid field: O ,  
limits of miscibility gap from 
samples annealed in three-phase 
field; , experimental peri- 
tectic horizontal; - - - ,  diagram 
calculated from simple solution 
model (This work). 

I I I 
0.7 0.8 0.9 GaAs 
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The b inary  phase diagram data for the Ga-Sb  sys- 

tem of various workers (9, 12-15) have been used 
in  Vieland's equation [16] (Eq. [4]) to give values 
of C~Ga.Sb, the mel t ing point and entropy of fusion of 
GaSb being taken as 712~ and 66.1 J tool -1 K -1, 
respectively (17). The values were fitted to a l inear  
temperature  dependence and the resul t ing parameters  
are given in Table IL A similar least squares fit to 
the Ga-As data gave an expression for aGa-As slightly 
different from that of Thurmond  (18) and the value 
of O'Ga-As used here is also given in Table II. Jordan 
and Weiner (19) have questioned the val idi ty of 
Vieland's  method, bu t  their improved formulat ion re-  
duces to that  of Vieland when a l inear  dependence 
on tempera ture  is  obtained, as in this case. 

The other interact ion parameters  required for the 
analysis are ~As-sb and ~GaAs-GaSb. AS in the case of 
the G a - I n - S b  diagram (8), values of these parameters  
have been determined here as a function of tempera-  
ture by s imultaneous solution of the exper imental  
values for points on the l iquidus and solidus curves 
of the pseudobinary section. Again, these ~ values were 
least squares fitted to a l inear  tempera ture  var iat ion 
and the resul t ing forms for aAs.Sb and O:GaAs.GaSb are 
shown in Table II. 

Equations [1]-[3] were then solved s imultaneously 
for T and y for various combinations of NG~, NAs, 
and Ns~, covering the complete t e rnary  diagram, and 
liquidus isotherms were determined by appropriate 
interpolat ion of the data. These isotherms are shown 
in Fig. 6, together with the values predicted previously 
by Antypas and James (3), and the pseudobinary 
exper imental  values. The present  results differ some- 
what  from those of this earlier work, but  give a 
bet ter  fit to the known values on the pseudobinary 
section, as is to be expected from the method of 
O:GnAs.GaSb determination.  

The isotherms at temperatures  below 800~ are 
crowded, together at low arsenic concentrations and 
these are shown separately in Fig. 7 using an orthog- 

Table II. Interaction parameters for the ternary system Ga-As-Sb 

~ o ~ - ~ ,  19828-36.61T J t o o l  -I  
~G,-Sb 23f124-32.38T J m o l  -~ 
~A,-Sb 14.14T-18715 J t o o l  -~ 
aGaAJ-GaSb 17154 J m o l  -~ 
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Fig. 6. Calculated liquidus iso- 
therms for Ga-As-Sb diagram. 
Calculated curves, ~ (This 
work); - - - ,  (3); experimental 
points, [ ]  (24), 0 (13), A (12), 
+ (9), v (26). 
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Fig. 7. Calculated liquldus 
isotherms for T < 900~ 
. , , (This work); - - - ,  (5); 
e ,  experimental points (5). 
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onal plot ra ther  than the conventional  cne. The cal- 
culated isotherms of Nahory et aL (5) are also shown 
in  Fig. 7 together wi th  the exper imental  values ob- 
tained from l iquid phase epitaxy work. In  the cal- 
culations of Nahory et al, aAs-Sl, was treated as l inear ly  
dependent  on Nsb, and C~GaAs-GaSb was adjusted to give 
the best fit to the exper imental  data. The present 
curves show reasonable agreement  with those oE Na- 
hory et al. Here, a bet ter  fit to the exper imental  points 
in  the range NGa > 0.50 could be obtained by changing 
the constants in the expression for ~As-Sb while still 
re ta ining a l inear  tempera ture  variation. However, 
such an expression for ~As-Sb gave a considerably 
poorer fit to the pseudobinary data. 
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From the calculated l iquidus curves, the position 
of the cusp associated with the three-phase field can 
be predicted. Figure 8 shows the var iat ion of the 
l iquidus tempera ture  T as a funct ion of NAs for con- 
stant  values of NGa (with NGa < 0.5), the calculated 
cusp point  being given by the cross. These results 
are compared with the exper imental  data in Fig. 4 
where the calculated values of T vs. NGa and those 
of T vs. NAs are shown. For the range 0.3 < NGa < 
1.0, there is good agreement  between the calculated 
and exper imental  values for T vs. NGa. As indicated 
above, in the range 0 < Nca < 0.3, the problem is 
complicated by the presence of a eutectic val ley and 
exper imental  points have not been obtained. 
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Other results obtained from the simple solution 
analysis are the form of the pseudobinary section 
shown in Fig. 8. As is to be expected from the method 
of de termining the a parameters,  the fit to the l iquidus 
and solidus curves is good, al though the predicted 
peritectic tempera ture  is 732~ as compared with the 
exper imental  value of 745~ (7). However, the case 
of the boundary  of the two-phase solid-solid field 
is very different. The agreement  between exper iment  
and predicted value is very  good for the GaSb-r ich  
side of the miscibil i ty gap, bu t  is very poor for the 
GaAs-r ich alloys. Some disagreement in this range 
is to be expected since it can easily be shown that 
any solid-solid miscibil i ty gap predicted by the simple 
solution model using ~'s, which are l inear  functions 
of T, will be symmetrical  about y _-- 0.5. Since the 
exper imental  values show appreciable asYmmetry, the 
simple solution model is bound to give poor agree- 
ment  in this case. 

The parameter  of importance in the two-phase solid- 
solid field is ~GaAs-GaSb. It is clear that to obtain an 
asymmetr ical  form for the miscibil i ty gap, ~G~A~-OaS~ 
must  vary  with y. It is of interest  to check what  form 
o~ expression is required  for ~aAs-CaSb ~O give the 
present  exper imental  results. For two compounds, M 
and N, in equil ibrium, the chemical  potentials ~ are 
given by 

,~M = ~ M  ~ "~- RT in  ~ ' M Y  

# N  = /~N ~ - ~  RTln 7N(1 - -  Y) 

where ~~ is the chemical potential  of the pure com- 
pound, 7 the activity coefficient, and y the mole frac- 
t ion of M. If the limits of solid solution occur at 
compositions y~ and Y2, then 

StM1 ~ ]~M2 and ~tN1 = /~N2 

giving 
I n  7 M l Y ~  ~ -  i n  7 M U Y 2  

l n T m ( 1  -- Yl) ---- InTN2(1 -- Y~) 

The relat ion b e t w e e n  the  act ivi ty coefficients and the  
in teract ion parameters  is 

RTlnTM---- ~ ( 1 - -  y ) 2  

RT in  "m : ~y2 

Hence, if ~1 and a2 are the  values of a at Yl a n d  y~ 
it can be shown t h a t  

(1 Y2) ~'~2~lnyJyl -- (1 -- y2)S In ) RT 
(1 - -  Yl) 

a2~ 

(Y2 -- Yz) (Y2 + Yz - -  2yly2) 

RT~y121ny2 /y l - -  ( 1 - - y l ) 2 1 n  (1(1--_ Y2)yl) } 

(y2 - -  Yl) (Y2 + Yl - -  2yIy2) 

In  the present  case, for each value of T, ~i and ~2 
have been determined from the exper imental  values 
of yl and Y2, and the resul t ing var iat ion of aGaAs-GaSb 
is shown in  Fig. 9. The values of al and ~2 obtained 
are sensitive to the values of Yl and Y2 used, and 
since the U2 values are uncer ta in  to a few percent, 
the resul t ing values of aaaAs-aaSb are approximate only. 
In  an at tempt  to fit these values to a relat ively 
simple form, the relat ion ~aaAs-C, aSb ---- 17,200 + 9000 y4 
3"mo1-1 has been used, giving the curve shown in  
Fig. 9. This expression for aaaAs-GaSb will, Os course, 
give a good prediction of the solid miscibil i ty gap but  
is inconsistent with that  given in Table I[ from the 
pseudobinary l iquidus-solidus data. It is clear that  no 
simple form for ~G~A~-a~sl, will allow the simple solution 
model to fit all of the exper imental  results. 

Modifications to the simple solution model to include 
the effects of association of atoms in the liquid phase  
have been proposed by Jordan (20) and by Osamura 
and Murakami  (21). As will  be shown elsewhere, 
various possibilities of association in the l iquid phase 
have been considered and none make any appreciable 
difference to the predicted values of the solid phase 
miscibil i ty gap in this system. In no case can agree- 
ment  with the exper imental  values be obtained with-  
out a rb i t rar i ly  including an ~a~A~-aaSb variat ion of the  
form given above. 

Conclusions 
The work described here, together with that in a 

previous paper (7), indicates clearly that  the pseudo- 
b inary  section GaAsySb1-y of the Ga-As-Sb  system 
shows peritectic behavior, and that no equi l ibr ium 
solid phase occurs in the pseudobinary section in the 
range 0.38 < y < 0.68. This explains the problems 
that various workers (5, 22) have encountered in  
a t tempting growth of the alloys by liquid phase 
epitaxy. Samples in the above range have been pro- 
duced by molecular  beam epitaxy (6, 23) and, as 
indicated previously (7), it is suggested that  t h e s e  
must represent  a metastable condition. 

x lo 3 
26 

i 
3 24 
.E 

22 
.Q 
ffl 

~ 20 

0 18 

N ~ 
16 

i 1 i t J 

�9 �9 ~ e �9 

I I I I 
0 0 . 2  0 . 4  0 . 6  0 . 8  1.0 

Y 

Fig. 9. Variation of interaction parameter c~GaAs-OaSb with com- 
position y. e ,  values determined from limits of pseudobinary mis- 
cibility gap; - -  aGahs-C, aSb ~-- 17,200 @ 9000 y4 J.mole-1.  
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The problems  of l iquid  phase ep i t axy  are  fu r the r  
i l lus t ra ted  b y  the d iagrams  in Fig. 3 and 5. For  the  
composi t ion range  0.67 < y < 1.00, the  t empera tu re  
range  in which cer ta in  al loys can be grown is ve ry  
small,  e.g., for y = 0.80 growth  is possible only in 
the  t empera tu re  range  735~176 As is also indica ted  
in Fig. 3, the possible composit ion range  of l iquid 
solut ion f rom which al loys can be grown is ve ry  
l imi ted  since composit ions in the th ree -phase  fields 
cannot  be used for this purpose.  
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Differential Infrared (DIR) Studies of CVD 
Borosilicate Films 

Joe Wong 
General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

Room t empera tu re  in f ra red  t ransmiss ion spec t ra  in the range  4000-250 
cm -1 of b ina ry  borosi l icate  glass (BSG) films vapor -depos i t ed  by  react ing 
n i t rogen-d i lu ted  B2H6-SiH4-O2 mixtures  on hea ted  Si subs t ra tes  at 350~ 
have  been obta ined across the whole  composit ion range.  A different ia l  in f ra -  
red  (DIR) technique has been used to ident i fy  a new B-O-S i  s t re tching mode 
at  ~1130 cm -1. The in tens i ty  var ia t ion  of this mode wi th  composit ion is ve ry  
s imi lar  to the we l l - cha rac te r i zed  B-O-S i  mode at  930 cm -1, and lends fu r the r  
suppor t  to the  s t ruc tura l  model  proposed ear l ie r  for the B203-SIO2 glass sys-  
tem in which the boron and sil icon are  th ree - fo ld  and four - fo ld  coordinated  
wi th  oxygen,  respect ively,  and each oxygen is br idging  a pa i r  of B a n d / o r  Si 
a toms to fo rm a 3-dimensional  r andom network.  The effect of the rmal  h is tory  
on the s t ruc ture  of CVD glasses deposi ted above the glass t rans i t ion  t empera -  
ture,  Tg, as in the case of BeOs is contras ted wi th  tha t  of CVD SiO2 deposi t ion 
at  t empera tu res  fa r  be low the Tg of the bu lk  mater ia l .  Fur the rmore ,  i t  is 
shown by anneal ing  exper iments  tha t  the B-O-S i  mode at  930 cm -1 is a ve ry  
sensi t ive probe for s t ruc tura l  changes in the  borosi l icate  system. 

Glassy solids a re  commonly  formed by  continuous 
cooling f rom the l iquid state. The procedure  consists of 
quenching a normal  l iquid  into the supercooled l iquid 
range at  such a ra te  so as to bypass  its equ i l ib r ium 
crys ta l l iza t ion point. F inal ly ,  at  Tg, the  glass t rans i t ion  
tempera ture ,  the  sys tem falls  out of its in te rna l  equi-  
l ibr ium.  The supercooled l iquid  now t ransforms to a 
glass, ca r ry ing  wi th  it the s t ruc tu ra l  configurat ion at  

Key words; infrared, CVD, films. 

Tg. However,  the essential  r equ i r emen t  for glass for -  
mat ion  is that  the  the rmal  energy of an ensemble  of 
part icles,  whe the r  molecules,  ions, atoms, etc., can be  
removed  at a ra te  which for kinetic  reasons prec ludes  
the organizat ion of these par t ic les  into a crys ta l  l a t -  
tice. For  this purpose  an  in i t ia l ly  l iquid state of the  
glassy sys tem is by  no means  necessary.  In  fact  a 
more efficient p rocedure  for removing  the  molecu la r  
the rmal  energy  is to deposi t  the  molecules  sequen-  
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t ial ly from a vapor onto a cold substrate  (cold with 
respect to Tg of the deposited mater ia l ) .  

Thus, the vapor-phase route provides not only an-  
other way of ar r iv ing at the glassy state of matter,  
bu t  oftentimes allows prepara t ion  of novel amorphous 
materials  una t ta inab le  by convent ional  techniques of 
quenching the l iquid state. Binary  B20~-SiO~ glasses 
of composition not readi ly  obtained by me l t -quench-  
ing can be prepared by chemical vapor deposition 
(CVD) techniques (1) from one end component  to 
the other (2). In  the CVD technique, a preset mix ture  
of the desired gases and vapors containing const i tu-  
ents of the desired mater ia l  is passed over and 
allowed to react at a heated substrate,  thereby pro- 
ducing a solid-phase reaction product in  the form of 
a th in  film (3). These CVD materials  in  the form of 
th in  film are ideal for t ransmission spectroscopy in  the 
f requency region where the materials  exhibit  high 
absorption coefficient, e.g., ~104 cm -~ in the inf rared 
(4). Technologically, these b inary  glass films have 
wide applications as diffusion sources in  the p lanar  
technology of microelectronic fabricat ion (2, 5) and, 
more recently, as cladding materials  for low-loss 
SiO2-core fibers in  optical waveguides (6, 7). 

In  this paper  the inf rared t ransmission spectra of 
b inary  borosilicate glass films vapor-deposited at low 
temperatures  (350~176 from N2-diluted reactive 
mixtures  of B2H6, Sill4, and 02 are studied in some 
detail as a funct ion of thermal  history and composition. 
The spectra and s t ructure  of CVD B203 deposited 
above its Tg (~260~ are contrasted with those of 
CVD SiO2 deposited far below its Tg (Nl159~ In  
addition, taking advantage of the ease of control of film 
thickness dur ing deposition, a differential technique 
has been used to elucidate some of the complex spec- 
t ral  features in  the vibrat ional  spectra of the b inary  
glasses. The analysis and unders tand ing  of the inf rared 
spectra of this simple b inary  borosilicate glass system 
form a basis of in terpre ta t ion  of the vibrat ion spectra 
of other complex borosilicate glasses. 

Exper imenta l  

The glass films studied were deposited on chemically 
polished 10 ~ - c m  n- type  (100)-oriented silicon wafers, 
2.5 cm in  diam and 0.05 cm thick. The technique of 
chemical vapor deposition was used for the pyrolytic 
oxidation of n i t rogen-d i lu ted  mixtures  of silane, di-  
borane, and oxygen in  the presence of excess oxygen 
such that  the molar  ratio of 02 to total hydride in the 
reaction mix ture  was always greater  than 10: 1. The 
gas flow system and reactor used were identical  to 
those employed by Brown and Kennicot t  (2) from this 
laboratory. The substrate  tempera ture  varied from 
350 ~ to 600~ For example, with flow rates of 3800 cm 8 
min  -1 N2, 20 cm 3 min  -1 O2; 320 cm 3 min  -1 S i I~  (1% 
in Ar ) ;  and 80 cm z min  -1 B2H6 (1% in Ar) ,  a 25 mole 
percent  (m/o)  B203 glass film can be deposited at a 
rate of 700 A ra in-1  at a substrate tempera ture  of 350~ 

Since the refractive indexes of vitreous SiO2 and 
B203 are very  s imilar  (~1.46) (9), one can use the 
color-thickness of Pl isken and Conrad (10) for ther-  
mal  SiO2 to moni tor  film thickness of the borosilicate 
films dur ing  deposition. Fi lm thicknesses used in  the 
present  s tudy vary  from 4000 to 6000A _ 200A. 

Fi lms containing more than 20 m/o  B208 are hy-  
groscopic and are prevented from atmospheric mois- 
ture  degradat ion dur ing  infrared measurement  with a 
covering layer  of pure SiO2 (~400A thick) deposited 
sequent ia l ly  from a preset  SiH4-O2 mixture.  The cover- 
ing layer  of SiO2 is compensated quant i ta t ive ly  in  a 
Pe rk in -E lmer  double-beam spectrophotometer (Model 
457) with an identical  SiO2 layer deposited on a refer-  
ence Si substrate. F i lm compositions were determined 
from the in tens i ty  ratio of the bands at ~1300 cm -1 
and ~1000 cm -1 using a composition cal ibrat ion curve 
of Tenney  (9). 

A differential inf rared  (DIR) technique applicable 
to t ransmission measurement  of thin films has been de- 
scribed in  some detail elsewhere (11). For clari ty the 
essential steps will be out l ined in  the section on DIR 
data. 

Films were heat - t rea ted  in  the deposition reactor to 
a ma x i mum tempera ture  of 700~ for 10 min. Under  
this condition the f ree-carr ier  absorption arising from 
the diffusion of boron into the silicon substrate is negli-  
gible so that  the inf rared spectra below 1000 cm -1 
are not obscured. 

Results and  Discussion 
In  this section the inf rared data of as-deposited and 

heat - t rea ted pure B203 and SiO2 is first presented and 
discussed. This is followed by DIR data on the b inary  
B203-SIO2 films using B203 and SiO2 separately as a 
reference. Finally,  the effects of annea l ing  at 700~ 
on the b inary  glass spectra will  be discussed. 

Pure components.--CVD B20~.--The room tempera-  
ture infrared t ransmission spectrum of pure B203 
deposited at 350~ is shown in  Fig. 1. Two prominent  
absorption bands at 1265 cm -1 and 715 cm - I  are evi-  
dent. Using the relat ionship A = at where A is the 
absorbance, ~ the absorption coefficient, and t film 
thickness, the absorption coefficients at these two fre-  
quencies are found to be (2.1 • 0.1) • 104 cm -1 and 
(0.32 ~_ 0.02) • 104 cm -1, respectively. With isotopic 
subst i tut ion of 10B for n B  the 1265 cm -~ band  exhibits 
a 21 cm -~ upshift  (12) and is associated wi th  B-O 
bond stretching modes in  the glassy lattice, while the 
lower frequency band exhibits only  a 6 cm -1 upshift  
and is associated with bond bending modes. 

When deposited above its equi l ibr ium melt ing point  
in the range 450~176 (so that  B2C)3 is now de- 
posited as l iquid films) the resul tant  inf rared spectra 
remain  invar ian t  and are directly superimposed onto 
that  of the film of the same thickness deposited at 350~ 
shown in  Fig. 1. However, when the as-deposited films 
are subsequent ly  heat - t rea ted  at 700~ for 10 min  in  
N2, a large change in  the shape of the B-O band at 1265 
cm -1 is observed, as indicated by the dotted scan in  
Fig. 1. The absorbance at band  ma x i mum decreases 
from 0.90 to 0.66 while the bandwid th  at half  height 
increases from 65 cm -1 to 120 cm -1. The integrated 
in tensi ty  (area under  the band)  remains constant  indi -  
cating that  the total number  of oscillators responsible 
for this absorption remain  unchanged after hea t - t rea t -  
ment. The increase in bandwidth  after anneal ing  at 
700~C is indicative of a quench ing- in  of high tempera-  
ture l iquid configurations which, in  general,  have a 
broader  distribution. 

CVD Si02.--The above observat ion in  B203 is con- 
trasted with that of CVD SiO2 films deposited at tern- 
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Fig. 1. Room temperature infrared transmission spectra of B203 
vapor-deposited on Si. The solid curve denotes that of the as- 
deposited film deposited at 350~ while the dashed curve is that 
of the same film heat-treated at 700~ The fiTm was 4000A thick 
and was covered with a 400A. thin layer of Si02 which was com- 
pensated in the reference beam with an identical Si02 film de- 
posited on a bare Si wafer. 
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peratures  much below its Tg (1159~ (13). When 
heat - t rea ted to 800~ and above, the inf rared spectrum 
of SiO2 deposited at 450~ from SiH4-O2 mixtures  ex-  
hibits a progressive bandwidth  nar rowing  (14) accom- 
panied by an increase in  both the absorbance and fre-  
quency at band maxima (Fig. 2) (15). 

According to the dynamical  calculation of Bell et al. 
(16) using a physically realistic random network 
model for vitreous SiO~, the observed bands at ,--1060, 
800, and 450 cm -~ shown in  Fig. 2 can be assigned to 
the Si-O bond stretching, O-Si-O bond bending,  and 
St-O-St  bond rocking modes in  the glass structure. 
The integrated in tensi ty  of each band upon anneal ing  
remains invar ian t  as in  the case of the B-O absorption. 
The infrared data are correlated with a decrease in  the 
root mean  squared deviations of atomic distances in  
the radial  d is t r ibut ion funct ion (14). Together with 
the changes in  other physical properties such as den-  
sity, refractive index, etch rate, etc. (5) the combined 
vibrat ional  and s t ructural  variat ions are indicati~ve of 
a densification process brought  about in  as-deposited 
SiO2 as a result  of thermal  annea l ing  above its deposi- 
t ion temperature.  Angu la r  reor ienta t ion of the Si-O-Si  
centers (17) and /or  fur ther  condensation of hydrogen-  
te rminat ing  Si-O chains (18) are possibilities of these 
s t ructural  changes. 

Binary glasses.--The room tempera ture  inf rared 
spectra of as-deposited borosilicate glasses (BSG) 
have been studied systematically as a funct ion of com- 
position across the whole b inary  system (8). A distinct 
absorption at  980 cm -1 not  present  in  ei ther of the 
pure  component  spectra appears in  the spectra of the 
b inary  gasses, and is associated with a v ibra t ion of 
the B-O-St  l inkages in the borosilicate s tructure ( t9).  
The composition var iat ion of the intensi ty  of this band  
has been used quant i ta t ive ly  to construct a s t ructural  
model of random networks of BO3 triangles and SiO4 
te t rahedra bridged by oxygens. Above 1000 cm-% 
the absorptions are more complex and will  be studied 
here with a DIR technique that has been proven use- 
ful in unravel ing  the vibrat ional  spectra of CVD P205- 
SiO2 glasses (11). 

Di f fe ren t i a l  In f ra red  Spectra  
The vibrat ional  spectra of impuri t ies  in  a solid can 

often be masked and overshadowed by  that  of the host 
material.  This is more so in  the case of glassy solids 
which have broad absorption spectra of their  own 
arising from structural  disorder. The normal  infrared 
spectra of b inary  and mul t icomponent  glasses are usu-  
ally more diffuse and sometimes featureless. Meaning-  
ful interpretat ions of these spectra are difficult if not 
impossible (20). Recently, a DIR technique has been 
applied by Smith (21) to s tudy the vibrat ional  modes 
arising from impuri t ies  such as C, B, Na, and Ti doped 
in  bulk  vitreous silica. The technique consists simply 
of measur ing the t ransmission spectrum of a sample 
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Fig. 2. Room temperature infrared transmission spectra of CVD 
SiO2 film, 5200A thick: (a) as-deposited at 450~ and (b) the 
same film heat-treated at 800~ far 15 min. 

vs. that of a host "pure" sample having the same effec- 
tive absorption thickness placed in  the reference beam 
of a double-beam spectrophotometer. Provided that  
both the sample and pure reference are sufficiently 
thin so that total absorption does not occur in  the fre-  
quency range scanned, differential v ibrat ional  absorp- 
tions characteristic of the impuri t ies  can be isolated 
from the host spectrum. The DIR method has fre-  
quent ly  been employed to el iminate  solvent in ter fer -  
ence in organic systems (22). 

The thickness of vapor-deposited films can easily be 
controlled dur ing the CVD process by simply moni tor-  
ing the t ime of deposition so that zero t ransmission in 
the absorption region 1600-250 cm - i  is avoided. The 
results for an as-deposited BSG film containing 24 m/o  
B203 are shown in  Fig. 3. The curve labeled "BSG" is 
the normal  inf rared spectrum taken vs. an identical  
covering layer  of SlOB (~400A thick) deposited on a 
bare Si in  the reference beam. The curve labeled 
"SIO2" corresponds to the normal  infrared spectrum 
(compensated by the same reference) of a pure SiO2 
film deposited under  the same conditions of tempera-  
ture, time, and flow rate of SiI-I4, O2, and N2 carrier 
gas as the BSG film. The curve labeled "DIR" was ob- 
tained by rescanning the BSG spectrum but  now using 
the SiO2 film in  the reference beam. From the DIR 
spectrum, in addit ion to the B-O-St  mode at 930 cm - i ,  
a band at 1125 cm -1 can clearly be differentiated from 
the broad absorption at 1100 cm - i  in  the BSG spec- 
trum. The position and ha l f -width  (110 cm - t  ~_ 5 
cm - i )  of this differential band  remain  constant  wi th  
composition across the b inary  system, as shown in  
Fig. 4. The in tensi ty  of this band, measured as peak 
absorbance with respect to point  X in the DIR spec- 
trum, shown in  Fig. 3, and normalized to a 1 micron 
film absorption exhibits a ma x i mum in the vicinity of 
40 m/o  B203 as shown in  Fig. 5. This var iat ion is very 
similar to the behavior  of the well-defined Si-O-B 
vibrat ion at 930 cm - i  studied previously (8). The 
constancy in  frequency and bandwidth  suggests that  
this mode is intr insic of the borosilicate s tructure and 
its in tensi ty  var iat ion with composition in analog to 
that of the 930 cm - i  band s trongly indicates that it is 
a bond-s t re tching vibra t ion of the Si-O-B linkages in  
the borosilicate lattice. In addition, the broad absorp- 
t ion at 450 cm - i  in  the BSG spectrum in  Fig. 3 can be 
seen to consist of overlapping contributions of the 
St-O-St  and B-O-B bending modes in  the b inary  
mixtures. 

Similarly,  DIR spectra have been recorded vs. pure 
B203. The results for the same 24 m/o  B203 film dis- 
cussed above is shown in Fig. 6. The curve labeled 
"B20~" is that for a pure B~O3 film deposited under  
identical  conditions of tempera ture  and time flow 
rates of B2H6, 02, and N2 to those of the BSG film. The 
DIR spectrum in this case consists simply of a differ- 
ential  band at ,-,1360 c m - L  The DIR spectra vs. pure 
B203 as a funct ion of B203 content  in the film are 
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Fig. 3. DIR spectrum of an as-deposlted borosilicate film contain- 
ing 24 m/o B203 vs. a corresponding SiO2 film deposited under 
identical conditions of temperature and flow rates of SIH~, 02, and 
N2. The curves labeled "BSG" and "SIO2" are the normal infrared 
spectra taken vs. an identical covering layer of 400A SiO2 deposited 
on a bare Si wafer in the reference beam. 
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Fig. 4. DIR spectra of a series of as-deposited IISG films contain- 
ing 15-65 m/o B203; each spectrum was taken vs. the corresponding 
$iO~ film and covering layer. 
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Fig. 6. DIR spectrum of an as-deposlted borosilicate film contain- 
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O2, and N2. The curves labeled "BSG" and "B203" are the normal 
infrared spectra taken vs. an identical layer of 400A SiO2 de- 
posited on a bare Si wafer in the reference beam. 
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shown in  Fig. 7. With increased B2Oa concentration, 
there is a gradual  increase in  both the halfwidth  and 
intensi ty  of the differential band  at ~1300 cm - I ,  ex-  
hibi t ing in both cases a ma x i mum around 40 m/o B203. 
The frequency of ma x i mum absorption, however, de- 
crease continuously from 1380 cm - I  at 85 m/o  B203 to 
1260 cm - I  for pure B208. This mode is clearly associ- 
ated with the stretching vibra t ion of the B-O sublatt ice 
and is per turbed by the presence of the less polarizing 
Si 4+ cation subst i tut ing for an equal ly polarizing B 3+ 
cation as the next -neares t  neighbor;  thus effectively 
increasing the force constant  of the B-O bond in  the 
mixture.  The spectral variat ions of this differential 
B-O mode lend fur ther  support to the existence of 
the B-O-Si  l inkage in  CVD B203-SIO2 films and its 
distr ibution as a funct ion of film composition deduced 
earl ier  in  a described analysis of the 930 cm - I  band  
in  the normal  inf rared spectrum (8). 

Effects of  Annea l ing  a t  7 0 0 ~  on Binary Films 
Because of the metastable na ture  of materials  in  the 

glassy state, their properties are very much dependent  
on the mode of preparat ion as well as on thermal  his- 
tory. This is more so in  the case of glass films that  
can be made by a variety of methods and at various 
deposition temperatures.  In  fact, the deviat ion from 
the most stable equi l ibr ium state, i.e., the crystal l ine 
state, can be much greater in  vapor deposition than in  
mel t -quenching  processes. Technologically, CVD films 
are often heat - t rea ted at temperatures  above their  
deposition tempera ture  dur ing processing (2). The 
effects of anneal ing on the s t ructure  and hence prop- 
erties of these films are therefore of fundamenta l  in -  
terest. In  the case of pure  CVD B203 discussed above, 
anneal ing at 700~ for 10 min  in  N2 brought  about 
-~100% increase in the ha l f -width  of the B-O band  at 
1260 cm -1 in the inf rared spectrum. We proceeded to 
s tudy the effect of s imilar  anneal ing  on the b inary  
films. 

In  Fig. 8 the normal  infrared spectra of a 24 m/o  
B2Oa film before and after anneal ing  at 7O0~ for 10 
min  in  N2 are given. Changes in bandwidth  A~l/2 and /  
or absorbance at band m a x i m u m  A are observed at 

' I ' I ' t  , 1 ~ 1 , 1  

1600 1400 1200 I000 800 600 400 
CM-I 

Fig. 7. DIR spectra of a series of as-deposited BSG films contain- 
ing 15-80 m/o B203; each spectrum was taken vs. the correspond- 
ing B203 film and covering SiO2 layer. 
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Fig. 8. Room temperature infrared spectra of a BSG film contain- 
ing 24 m/o B2Os before and after being heat-treated at 700~ 
for 10 rain in N2. Measurements of band absorbance A and hand- 
width Avl/2 of the B-O band at --,1300 cm - z  for the heat-treated 
film (dotted trace) are illustrated. 

~1300 cm -z,  1100 cm -1, 930 cm -1, and to a lesser  
ex ten t  a t  450 c m - L  These spect ra l  var ia t ions  were  
s tudied as a funct ion of film composit ion and are  sum-  
mar ized  as follows. 

Upon anneal ing  at  700~ the  B-O band at  ~1300 
cm -1 in al l  films containing up to 48 m/o  8203 shows 
an increase  in  Ar~/2 accompanied  by  a corresponding 
decrease  in A so that,  wi th in  an expe r imen ta l  ac-  
curacy  of -m-_5%, there  is no change in ( in tegra ted)  
band  in tens i ty  due to hea t - t r ea tmen t ,  (Table  I ) .  The  
increase  in ,~,,1/~ is indicat ive  of a "quenching- in"  of 
high t e m p e r a t u r e  B-O configurations having  a b roade r  
dis t r ibut ion.  

As shown in the  section of DIR spectra,  the  absorp-  
t ion in the region 1100 cm -1 is complex  and consists at  
leas t  of two types  of oscil lators:  Si-O and B-O-Si .  
With  annea l ing  the  wid th  of this band  remains  essen- 
t ia l ly  constant  for  al l  composit ions studied.  However ,  
the  absorbance  at  band m a x i m u m  and, hence, the in te -  
g ra ted  intensi ty,  increases. The rat io  of band in ten-  
s i ty  of h e a t - t r e a t e d  to tha t  of the  as -depos i ted  film is 
g iven in Table  I as a funct ion of B2Oa content.  

On the o the r  hand, the absorbance  of the  B - O - S i  
band at  930 cm - I  decreases at  constant  bandwid th  
upon annealing.  The rat io of the  band in tens i ty  of 
hea t - t r e a t ed  to tha t  of the  as -depos i ted  decreases w i t h  
increased B2Oa content  in the film. Since the in tens i ty  
decreases  at  constant  bandwidth ,  this impl ies  tha t  
there  is an appa ren t  decrease  in the  number  of B-O-S i  
osci l lators  upon annealing,  which  in tu rn  m a y  be 
b rought  about  by  phase separat ion,  resu l t ing  in a 
change of the  d is t r ibut ion  of the B-O-B,  S i -O-Si ,  and 
B-O-S i  l inkages  f rom the ideal  d i s t r ibu t ion  (8). This 
qua l i t a t ive ly  corre la tes  wi th  the increase  of band  in-  
tens i ty  of the Si -O band  at  1100 cm -z.  Thus, the  
B - O - S i  band at  930 cm -1 is a ve ry  sensi t ive probe  to 
s t ruc tura l  changes in the  borosi l icate  system. 

Final ly ,  a t w o - l a y e r  th in-f i lm s t ruc ture  consist ing 
of a 400A CVD film of pure SiO~ on a 4000A film of 

Table I. Effect of annealing on band intensities expressed as ratio 
of integrated intensities (a),(b) of heat-treated and as-deposited 

film 

Fi lm B-O band  Si-O band  B-O-Si band 
composition at ~1300 a t  ~1100 a t  930 
( m / o  B=O,,) cm -z cm -z cm -z 

lfi 0.95 1.69 1.13 
24 0.97 1.19 0.84 
32 1.04 1.26 0.77 
39 0.94 1.15 0.65 
48 1.06 1.11 1.03 

(a) I n t e g r a t e d  in tensi t ies  a re  a p p r o x i m a t e d  by  the  p rod u c t  ,3pl/2 
x A w h e r e  A~/2 is the  hal f -width  and  A is abso rbance  of band  
m a x i m u m .  (Cf. Fig. 8.) 

~b) E s t i m a t ed  a c c u r a c y  of in tens i ty  ra t io  •  

pure  BsOa vapor -depos i t ed  sequent ia l ly  at  350~ in 
a single crys ta l  Si subs t ra te  was annea led  in situ in 
the CVD reac tor  a t  700~ At  this t e m p e r a t u r e  the 
expans iv i ty  of B208 is l a rge  enough to cause ma te r i a l  
e ject ion th rough  pinholes  in the  SiO2 l aye r  which  is 
r ig id  and has a lmost  zero expansivi ty ,  thus resul t ing  
in the  "exploded"  flow pa t t e rn  shown in Fig. 9. This is 
a color mic rograph  taken  wi th  reflected whi t~  l ight.  
The da rk  fr inges in the middle  of the  pinhole  indicate  
a "punch- th rough"  of the glass layers  exposing the  
surface of the Si substrate.  The band  of j agged  c i rcular  
color fr inges indicates  a r ad ia l  thickness  g rad ien t  of the 
B208 layer  about  the center  of the  pinhole.  The green  
and ye l low regions in the rad ia l  pa t t e rn  correspond 
to r idges and val leys  respec t ive ly  of the e jec ted  8203. 
This mu l t i l aye r  of configurat ion const i tutes  a novel  
method of p inhole  detec t ion  in thin films and is appl ic -  
able to a va r i e ty  of th in  films, whe the r  metal l ic ,  d i -  
electric,  or semiconduct ing wi th  thickness  ranging  
f rom 100A to 1 ~m or  more. 

Concluding Remarks 
The in f ra red  t ransmiss ion spect ra  of thin borosi l icate  

glass films vapor -depos i t ed  on Si f rom B2H6-SiH4-O2 
source at  low t empera tu re s  have been s tudied sys-  
t emat ica l ly  across the whole composit ion of the  b ina ry  
system. The effect of t he rma l  h is tory  on the s t ruc ture  

Fig. 9. Reflected light mierograph of an "exploded" flaw pattern 
of liquid B203 through a pinhole defect in a coverng layer of SiO2. 
See text for descripton of the thin film structure. 
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Fig. 10. Infrared spectra of Corning Pyrex films (23) illustrating 
the similarity and usefulness of the binary borosilicate spectra in 
understanding more complex borosilicate system. (A) Sedimented 
powder; (B) annealing (A) at 450~ (C) fusing (A). 
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of CVD glasses deposi ted  above  Tg as in the  case of 
B203 is cont ras ted  wi th  tha t  of CVD SiO2 deposi ted  at  
t empera tu re s  fa r  be low the Tg of the  bu lk  mater ia l .  In  
the  former  case, where  configurat ional  r e l axa t ion  is 
possible  at  deposi t ion tempera tures ,  the  in f ra red  spec-  
t rum and hence the s t ruc ture  of as -depos i ted  B208 is 
not  dependent  on deposi t ion t e m p e r a t u r e  even when  
deposi ted as a l iquid film at  600~ Hea t - t r ea t i ng  the 
as -depos i ted  film fu r the r  to 700~ however ,  resul ts  in 
an increase  in the  bandwid th  of the B-O band at  1265 
cm -1, suggest ive of a quenching- in  of high t empera -  
ture  l iquid  configurations which in genera l  exhib i t  a 
b roader  dis t r ibut ion.  In  the l a t t e r  case, the  in f ra red  
spec t rum of as -depos i t ed  CVD SiO2 exhibi ts  b roader  
absorpt ion  bands  which  progress ive ly  na r row with  
increas ing h e a t - t r e a t m e n t  t e m p e r a t u r e  and f inal ly ap-  
p roach  the bu lk  values a f te r  hea t - t r ea t i ng  at  I000~ 
The spec t ra l  observa t ion  is associated wi th  a densifi- 
cat ion process in glass films deposi ted far  be low its Tg 
and is subs tan t ia ted  by  o ther  physical  p rope r ty  changes 
such as increases  in density,  re f rac t ive  index,  etch rate,  
etc. 

Different ial  in f ra red  da ta  on the b ina ry  glasses lead  
to the resolut ion  of a band at  "`1130 cm -1 assigned to a 
bond-s t re tch ing  v ibra t ion  of the S i -O-B  l inkages  in 
the  glass s t ructure.  The in tens i ty  var ia t ion  of this band  
wi th  composi t ion lends fu r the r  suppor t  to the s t ruc-  
tu ra l  model  proposed  ea r l i e r  for  the  B203-SIO2 glass 
sys tem in which  the boron and sil icon are  th ree- fo ld  
and  four - fo ld  coordinated  wi th  oxygen,  respect ively,  
and  each oxygen  is b r idg ing  a pa i r  of B a n d / o r  Si 
a toms to fo rm a th ree -d imens iona l  r andom network .  
Devia t ion  f rom this ideal  d i s t r ibu t ion  was observed for  
glasses containing 15-48 m/o  B203 upon anneal ing  at  
700~ as a resul t  (possibly)  of phase separat ion.  I t  is 
also concluded that  the B-O-S t  at  930 cm -1 is a ve ry  
sensi t ive probe  to s t ruc tu ra l  changes in the  borosi l icate  
system. 

Final ly ,  the  analysis  of the  in f ra red  spec t ra  of the 
b ina ry  B203-SIO2 sys tem m a y  serve  as a basis of in-  
t e rp re t ing  and under s t and ing  the v ib ra t iona l  spect ra  
of more  complex  borosi l icate  glasses such as those 
s tudied  by  Pl i sk in  (23) shown in Fig. 10. I t  is c lear  
f rom the presen t  DIR data  tha t  in  Fig. 10 the  absorp-  
t ion at  1100 cm -~ has in addi t ion  to the  Si -O stretch, a 
B-O-S t  band  a t  ,,1125 cm -1 (cf. Fig. 3-5 and discus-  
sion thereof) .  S imi lar ly ,  in the absorpt ion  at  ,~450 
cm -* in the  complex  borosi l icate  glass shown in Fig. 
10 has a O-B-O deformat ion  mode at  500 cm -1 super -  
imposed on the O-S i -O  band (cf. Fig. 3). 

Manuscr ip t  submi t t ed  Feb. 20, 1979; revised manu-  
scr ip t  rece ived  Ju ly  22, 1979. 

A n y  discussion of this pape r  wil l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the December  1980 

JOURNAL. Al l  discussions for the  December  1980 Dis-  
cussion Sect ion should be submi t t ed  by  Aug. 1, 1980. 

Publication costs of this article were assisted by 
General Electric Company. 
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Anodic Oxidation of GaP in N-methylacetamide for 
Electrical Profiling of Ion-Implanted GaP 

Taroh Inada* and Yasuhide Ohnuki 
CoZZege of Engineering, Hosei University, Koganei, Tokyo I84, Japan 

ABSTRACT 

The anodie oxidation of gallium phosphide in properly pH-adjusted NMA 
solutions was carried out under constant current conditions. Uniform oxides 
have been reproducibly grown in NMA with 10% H20. The plI was adjusted 
to 12 using NH4OH and readjusted to 8,5-10 using citric acid. The oxide thick- 
ness-forming voltage relationship is l inear,  with a slope of approximately  
11 A .  V -1, independent  of current  density from 0.125-4.0 m A .  cm -2. The 
thickness of GaP consumed during the oxide growth (xc)-forming voltage 
(Vf) relationship is also linear, bu t  its slope varies with current  density 
(J, mA - cm -2) and is described empirical ly as dxJdVf  = 5 �9 j-0.12 (A �9 V - i ) .  
Electrical carr ier-concentra t ion and mobil i ty  profiles in  Zn- implan ted  GaP 
were obtained by differential Hall-effect and sheet-resist ivi ty measurements  
combined with an oxide growth-s t r ipping process, where anodization is per-  
formed under  opt imumly defined conditions. 

Invest igat ion of electrical properties of ion- implan ted  
semiconductors (1-3) is an impor tan t  r equ i rement  for 
device application. This is due to the m a n y  crystal de- 
fects introduced by ion implan ta t ion  into s t ructure-  
sensitive semiconductors. Measurements  of both carrier  
concentrat ion and mobi l i ty  profiles in  ion- implan ted  
semiconductors are needed. Many researchers have 
dealt  with electrical profile measurements  as functions 
of implanta t ion  parameters  such as ion species, dose, 
implant  energy and temperature,  and anneal ing condi- 
tions (4-6). 

Electrical profiling was performed by Hall-effect 
and sheet-resist ivi ty measurements  followed by a 
layer removal  technique. In  layer removal,  a very  th in  
layer (100A or less) must  be stripped reproducibly at 
every step. Two different semiconductor- layer  removal  
techniques have been employed. One is a chemical etch 
(7) and the other is anodic oxidation str ipping (8). 
The chemical etch rate  varies over a wide range de- 
pending on temperature,  and changes in  composition 
of the etchant due to volatile components such as HF, 
H202, and H20. The effect of crystal l ini ty  of semicon- 
ductor to be removed on the etch rate is not  small  
(9), and can affect the layer  str ipping of ion- implan ted  
samples, where concentrations of impuri t ies  and  d e -  
fects  are not uniform in  the thickness direction. 

An  anodic oxidation may provide a un i form thick- 
ness oxide layer and thickness control can be achieved 
electrically if a proper electrolyte is used. Much data 
has been published on the anodization of GaAs (8, 10- 
13), and layer  str ipping has been employed in  electrical 
profiling of ion- implanted  GaAs (2, 3). Lorenzo et al. 
(14) reported on the use of anodic oxidation as a means 
of layer s tr ipping in profiling electrical carrier con- 
centrat ion of ion- implan ted  InP. Few publications re-  
port  on the anodization of GaP (15-17) and none report  
on electrical profiles in  ion- implan ted  GaP. In  this 
paper we will report  the anodization conditions of 
GaP and the properties of the anodically oxidized 
layers. Opt imum conditions or the anodization of GaP 
are proposed for the oxide growth-s t r ipping cycle. 

Experimental 
The anodic oxidation of GaP was carried out in  a 

Teflon beaker, which had a 4 mm diam opening in  the 
bottom. A rubber  gasket was placed between the 
beaker  bottom and the GaP wafer to prevent  leakage 
of electrolyte. The GaP wafer was placed on a copper 

* Electrochemical Society Active Member. 
Key woras: galhum phosphide, anod~zatmn, composition profile, 

ion implantation, electrical profile. 

contact plate. The GaP wafers used in  this exper iment  
were either undoped or sul fur-doped n~type (111)- 
oriented single crystals with net  carrier  concentrat ions 
of 0.5-1.2 • 1016 or 1.6-2.8 • 1017 cm -8, respectively. 
Anodizat ion was also done on p- type  GaP layers formed 
by Zn implanta t ion  and anneal ing in  these n - type  sub-  
strates. 

Prior  to anodization chemical-mechanical ly  polished 
GaP wafers were cleaned ul t rasonical ly in  TCE and 
methanol,  dipped in  dilute I-I~PO4, r insed in deionized 
water, and dried in N2 gas flow. All anodic oxidations 
were done by a constant  current  method at current  
densities from 0.125 to 4.0 mA-cm -2. Voltage applied 
between the copper contact plate and a p la t inum 
cathode (cell voltage) was monitored on a high im-  
pedance (1O00 M~) recorder. 

Electrolyte solutions were N-methylacetamide 
(NMA) containing 10 weight  percent  (w/o) H20 ad- 

justed to a pH between 6.8 and 14 by adding NH4OH 
and citric acid. A conventional  pH meter  with a glass  
electrode was used for the pH measurement .  Electrical 
conductivi ty of the electrolyte was measured by an 
a-c method using separated p la t inum electrode plates 
(1 cm2). After  anodization, half the grown oxide area 
was removed from the sample by  masking and e t ch ing  
in dilute H~PO4. The thickness of the oxide layer  w a s  
determined as a depth difference between the unetched 
oxide surface and the GaP surface using an in te r -  
ferometer. To get high resolution, the sample surface 
was coated with a vacuum-deposi ted A1 l a y e r  prior 
to the interferometr ic  measurement .  

The thickness of GaP layer  consumed dur ing the 
oxide growth was measured as a depth difference be- 
tween the original  GaP surface (nonoxidized area) 
and the GaP surface exposed after the oxidation and 
oxide stripping. If the anodization was terminated  at 
a low predetermined voltage of 10V, the GaP thick- 
ness consumed during the oxide growth was too th in  to 
measure by interferometr ic  technique. Therefore the 
oxidation and the oxide layer removal  process was 
repeated unt i l  the total forming voltage reached 200V. 

Concentrat ion profiles of Ga, P, and O in  grown ox- 
ide layers were measured by Auger  electron spectros- 
copy (AES) combined with an Ar ion-sput te r  etching. 
The AES depth profiling was carried out using a 
Physical Electronics Industries cylindrical  mi r ro r - ana -  
lyzer (Model 10-234G). The pr imary  electron current  
and energy were 5 ~A and 3 keV, respectively. After  
pumping  to a pressure of 5 • 10 - s  Tort, high pur i ty  
argon (99.9995%) was introduced into the AES cham- 
ber unt i l  the pressure reached 5 • 10 -5 Torr. The Ar 
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ion energy used for sput te r - layer  s tr ipping was 0.5 
keV. 

Carr ier -concent ra t ion  and mobil i ty  profiles of Zn-  
implanted GaP layers were measured by a differential 
Hall-effect and sheet-resis t ivi ty method. The implan-  
ta t ion was carried out into the sul fur-doped n - type  
GaP with mass-separated Zn ions at an energy of 100 
keV and at room temperature.  After  implantat ion,  
samples were annealed at 900~ in flowing N2. Both 
front  and rear  surfaces were coated with sput te r -de-  
posited 15O0A thick SiO2 films to prevent  the thermal  
dissociation of the GaP surface layers during annea l -  
ing. The van  der Pauw configuration (18) for the Hall  
measurements  was made by a s tandard photoresist 
technique with hot aqua regia (,-~55~ etchant. Ohmic 
contacts were made by vacuum evaporat ion of Au 
metal  (19). These contacts were used as anode con- 
tact dur ing the anodic oxidation of Zn- implan ted  
layers. 

Results and Discussion 
Anodic oxidation oJ GaP.--The anodic oxidation of 

GaP was carried out in  NMA solutions having a pH 
of 6.8-14. Since pure NMA has a mel t ing point  of 
a round 27~ 10 w/o of H~O was introduced into the 
pure NMA to lower the mel t ing point  before pH adjust-  
ment.  The pH of NMA varied from 7.0 to 6.8 on adding 
H20, indicat ing that  the NMA solution became acid. 

Cell voltage vs. anodization t ime obtained from oxi- 
dations in  different pH NMA solutions at a constant  
cur ren t  density of 1.0 m A . c m  -2 are shown in  Fig. 1. 
The numbers  in parentheses show the pH used. The 
pH ad jus tment  was achieved through two different 
procedures. The pH of Type A solutions was obtained 
by adding NH4OH and that  of Type B solutions was 
obtained by adding NH4OH and citric acid. Type B 
solutions can be considered as "buffered solutions". A 
l inear  relat ionship between cell voltage and anodiza- 
t ion t ime was obtained when the anodization was done 
in  a solution with a pH between 8.0 and 10. However, 
as seen in  Fig. 1, m a n y  spikes appeared on the cell 
vol tage- t ime curves for solutions of pH between 6.8 
and 7.5, independent  of electrolyte type. 

Surface morphology of oxide layers grown in  solu- 
tions of different pH were examined in  an optical 
microscope. A distinct relat ionship was found between 
the creations of spikes on cell vol tage- t ime curves and 
of surface pits on oxide layers. A very  smooth surface, 

and l inear  cell-voltage t ime curves, were obtained by 
anodization in  solutions of pH between 8.5 and 10. 
Typical smooth surface of an oxide grown in  Type A 
solution with a pH of 9.0 is given in Fig. 2 (a).  How- 
ever a number  of surface pits were observed on oxide 
layers grown both in  Type A and B solutions with pH 
below 7.5 as shown in  Fig. 2(b) .  Many spikes were 
observed on the cell vol tage- t ime curve for this growth 
(see Fig. 1). When surface pits were formed in  oxide 
layers, deep pits were also produced on the surface of 
the GaP substrate. 

Electrical resistance of NMA solution was measured 
as a funct ion of pH. Figure  3 shows the decrease in  
the electrical resistance observed on increasing the pH 
from 7.2 to 8.3 (Type A solution).  Electrical resistance 
tended to be relat ively insensi t ive to pH above 8.5 and 
homogeneous or pi t-free oxide layers could be grown. 
Reduction in electrical resistance with increasing pH 
of NMA has also been reported by Muller  et al. (8). 

In  prepar ing Type B solution, NI-~OH was added to 
the NMA solution to a pH of 12 and then citric acid 
was added. As the pH of the solution was decreased 
by citric acid, the electrical resistance decreased as 
i l lustrated in Fig. 3. The electrical resistance of Type 
B solution (pH : 7.5) v~as ,~ 30 times less Type A 
solution (pH = 7.2). Anodizat ion of GaP in  this solu- 
t ion (Type B, pH = 7.5), gave a nonhomogeneous oxide 
layer, indicat ing that  pH is a more critical factor than 
electrical resistance of the solution. A 20% reduct ion 

120 v J / 
' / A(8.0-12) / / 

3 ( 6 . 8 ) /  
o B(7.5) 

J 4o 

[ 1 I I 
0 1 2 3 4 

A N O D I Z A T I O N  TIME (rain) 

Fig. 1. Cell voltage vs .  anodizatlon time in N M A  solutions 
with pH varied with NH4OH, A, and NH4OH and citric acid, B, and 
water, pH - -  6.8. 

Fig. 2. Surface morphologies of oxidized G~P anodized at 1.0 
mA �9 cm - ~  in Type A solution, pH - -  9.0 (a), and in Type B solu- 
tion, pH - -  7.5 (b). 
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Fig. 3. Electrical resistance of NMA solutions vs. pH for Types A 
and B solutions measured with 1 cm 3 electrode configuration 
sketched in the figure. 

in  the pH of Type A solutions wi th in  several hours 
after these solutions were p r e p a r e d  was a t t r ibuted  to 
evaporat ion of volatile NH4OH from the electrolyte. 
Thus, exper imental  data for Type A solutions shown 
in  Fig. 1 and 3 were obtained by using freshly prepared 
solutions. No detectable change in  the pH of Type B 
solutions was observed for at least two months. 

It  was concluded that  the use of Type B solution 
with a pH between 8.5 and 10 was essential to achieve 
reproducible anodization of GaP with a homogeneous 
oxide layer. All  exper imental  data given in  the fol- 
lowing section were obtained from the anodization in  
Type B solution with a pH of 9.0. 

If anodic oxidation is carried out at constant current  
density, measured cell voltage can be divided into the 
following two components, i.e., a forming voltage (VD 
and another  voltage drop (Vi). The Vf is a voltage 
drop due to oxide growth and increases with thickness 
of the oxide. The Vi depends on such external  pa ram-  
eters as contact resistance originat ing from the in te r -  
face between electrolyte and GaP surface, resistance 
of electrolyte, contact resistance be tween the rear  sur-  
face of GaP and the copper contact plate, and bulk  
resistance of GaP substrate. Therefore, Vi is independ-  
ent  of anodization t ime or thickness of the oxide layer  
and can be estimated as an ini t ial  voltage appearing at 
anodization t ime ---- 0 on a cell vol tage- t ime character-  
istic curve. 

Figure  4 shows measured ini t ia l  voltages as a func-  
t ion of current  density. The effect of i l lumina t ion  on 
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Fig. 4. Initial voltage vs. anodization current density for anocliza- 
tion in Type B solution pH - -  9.0 under dark ( G ) ,  and illuminated 
conditions; Z~: light intensity of 3.3 • 1016 quanta �9 cm - 2  �9 sec -1 ,  
and [ ] :  light intensity of 1.7 • 1017 quanta �9 cm - 2  �9 sec -1.  

the ini t ial  voltage was also examined using white light 
(2854~ from tungsten  lamps having different wat t -  
ages. The light was focused to a 5 rnm spot by a con- 
densing lens and passed through the 4 m m  diam open- 
ing in  the bottom of the anodization cell. The light in -  
tensi ty was measured by replacing the GaP wafer 
with a s tandard GaP p - n  junct ion  photodetector whose 
absolute quan tum efficiency had been calibrated as a 
funct ion of wavelength.  The ini t ia l  voltage was re-  
duced from 13.2 to 0.SV by i l luminat ing  the GaP sur-  
face at a l ight in tensi ty  of 1.7 • 1027 quanta-era  -2.  
sec -1, where the anodization was done on n- type  GaP 
at a current  density of 1.0 rnA.cm-~.  Note that the 
photon flux density gives in tens i ty  of l ight with energy 
above the bandgap of GaP. The results in  Fig. 4 indi -  
cate that  the major  par t  of the ini t ia l  voltage occurs 
at the GaP sur face-e lec t ro l~e  interface, since it is a 
highly photosensit ive parameter .  

The forming voltage (VD is plotted in  Fig. 5 as a 
funct ion of anodization time, and at cur ren t  densities 
ranging from 0.125 to 4.0 m A . c m  -2. The Vf was ob- 
tained by substract ing the ini t ia l  voltages from mea-  
sured cell voltages. The forming voltage increased 
l inear ly  with anodization t ime for the current  densi-  
ties studied. The rate of increase with t ime (dVt/dt)  
was approximately proport ional  to current  density. 

Oxide thickness and GaP consumed dur ing the oxide 
growth at a current  density of 1.0 m A . c m - 2  are shown 
in  Fig. 6 as a funct ion of Vf. Growth rate of the oxide 
layer  was defined as dxo/dVf, where xo is the thickness 
of the oxide layer. From the slope shown in  Fig. 6, the 
growth rate was found to be 11 A.V~ -~. The ratio of 
the thickness of oxide to thickness of GaP consumed 
was 2.2 at this current  density over the forming volt-  
age range studied. 

As shown in  Fig. 7, the oxide layer  growth rate was 
independent  of anodization current  density from 0.125 
to 4.0 mA.cm -2 and no Tafel slope (20) could be cal- 
culated. However, the amount  of GaP consumed dur ing 
the oxide growth wi th in  an  increase of un i t  forming 
voltage (dxc/dVD slightly increased with increasing 
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anodizat ion  cur ren t  dens i ty  and was  descr ibed empi r i -  
ca l ly  as fol lows 
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Fig. 7. Oxide growth rate (dxo/dVf) and amount of GaP consumed 
per unit forming voltage (dxc/dVf) vs. anodization current density 
for anodization in Type B solution, pH - -  9.0. 

d ~  
= 5 .  j -o . ,2  ( A .  V-*)  

dVt 
where  J is an anodizat ion cur ren t  dens i ty  in m A . c m - %  

When anodic oxida t ion  is used to th in  GaP for d i f -  
fe rent ia l  e lect r ica l  profiling, i t  is e x t r e m e l y  impor t an t  
to know exac t ly  the  thickness of GaP removed  at  each 
s t r ipping  step. In  general ,  the thickness of the GaP  
l aye r  r emoved  is ca lcula ted  f rom the  increase  in Vt if 
the  anodic oxida t ion  is ca r r ied  out  at  constant  current .  
The resul ts  shown in Fig. 7 indicate  tha t  the  l aye r  
s t r ipp ing  of GaP  has to be car r ied  out  at  a given cu r -  
ren t  dens i ty  th roughout  the  i n - d e p t h  electr ical  profile 
measurements  when  forming  vol tage  is used to ca lcu-  
la te  the  thickness of GaP  removed.  

AES measurements on anodically oxidized GaP 
layers.wAtomic concentra t ion  profiles in anodica l ly  
grown oxide layers  on GaP wafers  were  examined  
using Auge r  e lec t ron  spectroscopy (AES)  wi th  an Ar  
ion-spu t t e r  s t r ipping.  The concentrat ions of oxygen,  
gal l ium, and phosphorus  were  measured  by  p e a k - t o -  
peak  height  of Auger  signals  or ig ina ted  f rom O K L L -  
t rans i t ion  at  505 eV, the  Ga LMM-t rans i t ion  at  1068 eV, 
and the P LMM-t rans i t ion  a t  117 eV, respect ively .  The 
Auger  s ignal  due to the P K L L - t r a n s i t i o n  at  1858 eV 
was also measured.  

F igure  8 (a) d isp lays  typical  dep th  profiles for  500A 
thick oxide  layers  g rown at  a cu r ren t  densi ty  of 2.0 
m A - c m  -2. The  O concentra t ion  decreases  wi th  dep th  
whi le  the  Ga concentra t ion (LMM) and P concent ra -  
t ion (KLL)  are  a lmost  constant  th roughout  the oxide 
layer .  However ,  P LMM level  increases  gradual ly ,  cor-  
responding to the decrease of O level,  and becomes 
constant  in  the  GaP bu lk  region. Previous  w o r k  has 
shown that  the var ia t ion  of P LMM level  wi th  dep th  
can be a t t r ibu ted  to the chemical  shif t  in the  P LMM 
(21). Thus oxidized P atoms decrease  along wi th  de-  
crease of the O concentra t ion  whi le  nonoxidized P 
atoms increase  in the  oxide. The atomic rat io  of P / G a  
is un i fo rm throughout  the oxide  layer .  Concentra t ions  
observed  by  AES af te r  the oxide  l aye r  was removed  
by  dipping in a di lute  H3PO4 solut ion are  shown in 
Fig. 8 (b) .  The t race  O signal  is be l ieved  to be a na t ive  
oxide  grown dur ing  sample  handling.  

A u g e r  dep th  profiles f rom a 500A th ick  oxide  l aye r  
grown on n - t y p e  GaAs (n : -  1 • 10 is cm -s ,  S i -doped)  
using the same e lec t ro ly te  (Type B, pH ---- 9.0) a re  
shown in Fig. 9. The signals of Ga, As, and O were  
constant  th rough  the oxide  l aye r  wi th  no decrease  in 
O K L L  level  wi th 'dep th .  

Depth  profiles of oxide layers  fo rmed  on GaP  a t  a 
cur ren t  dens i ty  of 0.25 m.A.cm -~ are  i l lus t ra ted  in  Fig. 
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Fig. 8. Auger depth profiles 
for GaP anodically oxidized in 
Type B solution, pH = 9.0, J = 
2.0 mA" cm-2:  (a) as-grown, 
(h) after dipping in dilute H~PO4. 
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Fig. 9. Auger depth profiles for GaAs onodically oxidized in 
Type B solution, pH "- 9.0, J ~ 0.5 mA - cm -2 .  

I0. A decrease of O with depth was also observed in  
this sample. However the Ga profiles differ from those 
in oxide layers grown at higher current  density. The 
Ga LMM levels near  the surface are approximately 
two times higher than that in GaP bulk region, indi-  
cating an accumulat ion of Ga near  the surface, after 
which the Ga and O KLL levels decreased in a similar  
way to oxide grown at a current  density of 2.0 
m A ' c m  -2. The reduction in  P KLL level, which origi- 
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Fig. 10. Auger depth profiles for GaP anodically oxidized in Type 
B solution, pH = 9.0, J = 0.25 mA.cm-2.  

nares from total P atoms, was observed in  this sample. 
This reduction was greater  near  the oxide surface, 
par t icular ly  at low anodization current  density. These 
results suggest that  the relat ive increase of Ga is 
related with preferent ial  dissolution of the P oxide 
dur ing anodization, and is consistent with the observa-  
t ion that  oxide thickness is indeperldent of anodization 
current  while the thickness of GaP consumed increases 
at low current  density. 
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Aging e~ect of anodicaIly oxidized GaP.InTo use 
anodically oxidized layers for surface passivation, a 
stable oxide is desired. Examina t ion  of surfaces of 
anodic oxide layers on GaP showed deteriorat ion of 
oxide layers, which was a t t r ibuted  to a localized in-  
crease of the oxide thickness after  storage in  a labora-  
tory atmosphere. 

Anodic oxide layers on GaP of l l00A thickness were 
prepared at six different current  densities in  the range 
from 0.125 to 4.0 m A . c m  -2. As-grown oxide surfaces 
were un i form and showed an in terference color of 
blue. Typical surface morphologies of an oxide grown 
at 2.0 m A . c m - ~  are shown in  Fig. 11. The as-grown 
surface is shown in  (a) with the appearance of mesas 
after  one day (b),  which increased after two weeks 
(c), and 6 months (d). Almost all of the original  oxide 
surface was covered with addit ional  oxide after six 
months. Max imum thickness of the oxide layer  was 
around 1400A, in agreement  with a change of color 
from blue to golden yellow. 

Format ion of mesa on anodically oxidized GaP 
layers s trongly depended on the anodization current  
density used. Oxides grown at 0.25 mA.cm -2 had no 
mesas after two weeks storage, al though mesas were 
observed after  one month  which grew as the storage 
t ime was prolonged [see Fig. 11(e)].  Results obtained 
from a series of surface observations for oxide films 

grown at different current  densities are summarized 
in Fig. 12. 

To obtain more stable oxides, anodic oxidation of 
GaP in  NMA should be done using a low current  
density. However, the amount  of oxide dissolved dur -  
ing the oxidation increases at low current  density. To 
employ anodic oxidation thin layer  removal  for dif- 
ferent ial  Hall-effect measurements  on GaP, a knowl-  
edge of the exact thickness of the GaP removed vs. 
forming voltage and suppressed oxide dissolution are 
desired. 

Electrica~ profiling of Zn-implanted GaP.--Carrier- 
concentrat ion and mobi l i ty  profiles in  Zn- implan ted  
GaP layers were obtained from successive Hall-effect 
and sheet-resist ivi ty measurements  following anodized 
layer  stripping. The Zn- implan ted  GaP layers were 
anodized in  Type B solution, pH -- 9.0, at 1.O mA.cm -2. 
The thickness of the GaP layer stripped at each re-  
moval step was 50A, obtained at a forming voltage of 
10V. No difference in  the ratio Xo/Xc was observed be-  
tween S-doped n- type  and Zn- implan ted  p- type layers. 
The ini t ial  voltage for the anodization of p- type  GaP 
was small  (0.6V at J = 1.0 m A ' c m  -2) even if the 
anodization was done under  a dark condition. The 
i l lumina t ion  effect of reducing the ini t ia l  voltage could 
not be observed in  p- type  GaP. 

Fig. 11. Photographs showing changes of surface morphology of GaP anodlcalfy oxidized in Type B soTutlon, pH = 9.0, after storage: 
(a) as-grown surface, (b) after one day, (c) after two weeks, (d) and (e) after six months. The sample shown in (a)-(d) was anodized at J 
= 2.0 mA �9 cm - 2  and (e) was anodized at J - -  0.25 mA �9 cm -2 .  
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Typical carrier-concentration and mobili ty profiles 
for samples implanted at a Zn ion dose of 2.0 • 1014 
cm -2 are shown in Fig. 13. From the carrier-concen- 
tration profile, the p-n junction depth can be estimated 
to be around 0.35 #m which agreed with that measured 
by angle-lap (~ _ 1.5 ~ and staining. The measured 
carrier-concentration profile differed from the profile 
predicted by the LSS range-energy theory (22, 23). 
Apparently, diffusion of Zn during annealing deter-  
mines the final carrier-concentration profile as previ-  
ously reported for GaP (24), GaAs (25), and GaAsP 
(26). Mobility in the Zn-implanted layer agreed with 
mobility in bulk GaP for hole concentrations equal to 
the measured carrier  concentrations (27). Electrical 
profiles and electrical characteristics of Zn-implanted 
p-n  junction diodes will be separately reported. 

Summary 
Conditions for anodic oxidation of GaP in electro- 

lytes consisting of NMA, water, NH4OH, and citric acid 
were defined for reproducible differential electrical 
profiling of GaP. The best conditions were: (i) NMA 
with 10% H20 adjusted to pH ---- 12 with NH4OH and 
readjusted to 8.5-10 with citric acid, (ii) 0.5-1.0 mA. 
cm -2 anodic current density, (ii~) 10-100V forming 
voltage, consuming 50-500A GaP at J = 1.0 mA.cm-2,  
(iv) oxide growth rate l l A  per unit forming voltage, 
and (v) i l luminated sample to reduce the initial volt- 
age. Since the amount of GaP consumed depends on 
current density a constant current density is required. 
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Fig. 13. Electrical carrler-concentration and mobility profiles in 
GaP Zn-implanted at 2.0 X 1014 ions �9 cm-2 and annealed 30 min 
at 900~ Anodization for layer stripping ~as done in Type B solu- 
tion, J --- 1.0 mA �9 cm -2 .  

Surface deterioration of the grown oxide occur red  
during storage and was worse for oxides grown at a 
higher current density. This limits the use of grown 
oxide for passivation and diffusion masks but does not 
affect electrical profiling as was shown in this work. 
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ABSTRACT 

When  pieces of Z i rca loy  are  hea ted  above 600~ in sealed si l ica capsules,  
si l icon is deposi ted on the Zi rca loy  surface as z i rconium sil icides and z i rconium 
is deposi ted on the silica in two forms: as an oxide  l aye r  in the  high t empera -  
ture  region and as a meta l l ic  m i r ro r  on lo%ver t e m p e r a t u r e  surfaces. Samples  of 
Zi rca loy  were  hea ted  in  sil ica capsules unde r  var ious  condit ions and  ana lyzed  
b y  scanning e lec t ron microscopy.  The resul ts  indicate  tha t  the  deposi ts  r e -  
su l ted  f rom vapor  t r anspor t  processes involv ing  volat i le  z i rconium and sil icon 
fluorides. Res idual  f luoride on Zi rca loy  surfaces, r ema in ing  f rom acid p ickl ing  
t rea tments ,  was observed  by  Auge r  e lec t ron spectroscopy and mass spect ros-  
copy in amounts  sufficient to cause the t ranspor t .  The the rmodynamics  of the  
vapor  t r anspor t  react ions are  in accord wi th  the fluoride mechanism.  

H e a t - t r e a t m e n t  of smal l  pieces of z i rconium or  its 
a l loys is of ten pe r fo rmed  in sealed sil ica capsules;  
however ,  tha t  p rocedure  resul ts  in significant changes. 
In  par t icu la r ,  the  me ta l  surfaces become con tam-  
ina ted  wi th  silicon. Demant  and W a n k l y n  (1) ob-  
served  tha t  Z i r c a l o y  samples  become contamina ted  
dur ing  h e a t - t r e a t m e n t  in si l ica capsules and this leads  
to an  increase  in  the  in i t ia l  ox ida t ion  ra te  of the  
meta l .  Cox (2) ascr ibed  this con tamina t ion  to a de-  
posi t  of Si t r anspor t ed  by  gaseous SiO dur ing  the 
hea t - t r ea tmen t .  

In  add i t ion  to sil icon deposi t ion on the Zircaloy,  
z i rcon ium-conta in ing  compounds form on the silica. 
Feuer s t e in  (3) found tha t  when  Zi rca loy  was hea ted  
to 600~ and h igher  in evacua ted  sil ica tubes a whi te -  
g r a y  deposi t  fo rmed on the sil ica wal l  a round  the 
capsule.  Neu t ron  ac t iva t ion  analysis  showed the de-  
posi t  contained Zr  and traces of Sn (3). Feuers te in  
(3) also found that  when open Zi rca loy  capsules con- 
ta in ing ZrI4 were  hea ted  to 800~ in evacua ted  sil ica 
tubes, a m i r r o r - l i k e  metal l ic  deposi t  fo rmed on the 
sil ica a round  the open capsule. The deposi t  also 
fo rmed  on surfaces of ZrO~ and A1203. Analys i s  showed 
the m i r r o r  deposi t  to be Zr  wi th  a few percent  Sn 
(3).  Dur ing  the  process, the  Zi rca loy  capsule  tu rned  
g ray  and the surface became roughened.  Feuer s t e in  
associated the  t r anspor t  of z i rconium wi th  smal l  
amounts  of advent i t ious  iodine remain ing  in the system. 

These examples  show tha t  when Zi rca loy  is hea ted  
in  sil ica there  is t ransfe r  of Z i rca loy  to the  sil ica 
surface  and si l icon to the  metal .  As Cox (2) has 
noted, the  si l icon on the Zi rca loy  surface p robab ly  
h a s  a significant influence on corrosion rates.  Si l icon on 
the  Zi rca loy  surfaces m a y  have  influenced corrosion 
resul ts  obta ined  on samples  h e a t - t r e a t e d  in silica. 

We have  inves t iga ted  react ions  that  occur dur ing  
h e a t - t r e a t m e n t  of z i rconium al loys in silica. Our  re -  
sults indicate  tha t  silicon and z i rconium are  vapo r -  
t r anspor t ed  by  vola t i le  fluorides of these e lements  
under  the  condit ions of our  exper iments .  Residual  
f luoride is found on the surfaces of z i rconium al loys 
af te r  b r i g h t - d i p p i n g  or  p ick l ing  t rea tments .  [Under  
o ther  expe r imen ta l  conditions, especia l ly  in the  ab-  
sence of fluoride, vapor  t r anspor t  b y  SiO m a y  be im-  
por tant ,  as sugges ted  by  Cox (2).] 

were  c leaned in  acetone, methanol ,  and  w a t e r  in  an 
ul t rasonic  cleaner.  They were  then tested:  (i)  as re -  
ceived and af ter  the fol lowing t rea tments :  (ii) heat ing  
in a dynamic  vacuum at  900~ to remove  vola t i le  su r -  
face species, (iii) argon ion etching for  2 hr, which 
removed  a surface l aye r  of about  2 ~m, and (iv) chemi-  
cal e tching in HF-HNOs-H202 p ickl ing  solution. Each 
sample  was inser ted  into a si l ica capsule  (1.5 cm in 
diam, 14 cm long) ,  which was evacua ted  and sealed. 
The end of the capsule containing the Zi rca loy  foil 
was then hea ted  to 900~ and the o ther  end hea ted  
to 650~ A pho tograph  of a typica l  capsule and a 
d iag ram of the t empe ra tu r e  g rad ien t  is shown in Fig. 
1. In  o ther  exper imen t s  the  whole  capsule was hea ted  
at  a un i form t empera tu r e  of 900~ Transpor t  of 
z i rconium and si l icon was also observed when  capsules  
were  ma in ta ined  at  700~ Samples  were  hea ted  for 
t imes va ry ing  f rom 2 min  to 50 hr. Shor te r  t ime ex -  
per iments  showed less pronounced  effects. 

Phys ica l  and chemical  character is t ics  of the  samples  
were  s tudied in a scanning e lec t ron microscope (SEM).  
A Cambr idge  Research L a b o r a t o r y  ins t rument  was 
used in which x - r a y  fluorescence analyses  were  pe r -  
formed wi th  a wave leng th  d ispers ive  de tec tor  (Micro-  
scope Corporat ion,  Sunnyvale ,  Cal i forn ia) ,  and  an  
energy  dispers ive  ana lyzer  (Kevex  Corporat ion,  Bur -  
l ingame, Cal i fornia) .  Wi th  tha t  sys tem we could de tec t  
oxygen,  carbon, ni trogen,  and heavie r  elements.  I t  
was not  possible to detect  fluorine, since its peaks  
were  masked  by those of zirconium. 

Exper imenta l  

Pieces of Zi rca loy-4  sheets 1 • 3 • 0.08 cm ob-  
ta ined  f rom Teledyne  Wah  Chang A l b a n y  (ba tch  
number  Ht. 393533Q Zr-4)  were  used. The samples  

* Electrochemical Society Active Member. 
Key words: evaporations mass transport, ceramics, metals. 

Fig. 1. Photograph of a sealed silica tube containing Zircaloy foll 
which had been heated in a temperature gradient for 5 hr. The 
Zircaloy foil is difficult to discern but is inside the white region at 
the right end. The metallic mirror deposit extends over about 4 cm 
at the left end. The tube had an inside diameter of 1.5 cm and is 
14 cm long. 
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Surface analyses for fluorine were performed with 
an Auger  electron spectrometer (Varian Cylindrical  
Mirror Analyzer) .  To investigate the volatile species a 
surface layer  was machined from the inner  surface 
of a Zirealoy-4 tube (Sandvik Special Metals Corpora- 
tion) and those turnings  were heated in  a molyb-  
denum effusion cell in  a direct-inlet ,  high tempera-  
ture mass spectrometer. The mass spectrometer system 
is described elsewhere (4). 

Results 
The effects of heating as-received Zircaloy (6 hr 

at 900~ in an evacuated silica capsule are i l lus- 
trated in  Fig. 1. There were three distinct regions on 
the inner  wall  of the capsule: (i) a white (some- 
times gray) deposit around the Zircaloy foil in 
the 900~ region, which was heaviest on the side of 
the foil closest to the silica, (ii) a region in which 
there was no deposit, in  the 800~176 tempera ture  
zone, and (iii) a meta l -mi r ro r  deposit, heaviest in the 
750~176 region and becoming th inner  towards the 
cooler end of the capsule. No metall ic deposit was ob- 
served when the cooler end of the capsule was main-  
tained at 400~ 

SEM analyses showed the presence of Zr on the 
silica in  both the white deposit and the meta l -mi r ro r  
deposit regions and the presence of Si on the Zircaloy 
foil. The ratio of the peak height in SEM of Zr to 
Si was ~-,4 in the white deposit region and 3-4 in  the 
meta l -mi r ror  deposit region. No other elements be- 
sides Zr and Si (and oxygen) were observed on the 
silica. Figure 2 shows the s t ructure  of the white de- 
posit. X- ray  diffraction of that deposit showed it was 
pr imar i ly  monoclinic ZrO2. In  a one hour exper iment  
the white deposit was found by SEM to be about  0.3 
~m thick from which we estimate that  about 1.5 • 
10-Sg of Zr had been deposited. The meta l -mi r ro r  
deposit was th inner  and less dense than the white 
deposit. In  the same one hour exper iment  the metallic 
deposit was found to be about 0.1 t~m thick and con- 
tained about 0.5 • 10-3g of Zr (assuming the me-  
tallic deposit was ZrSi and had a density of 4 g/cmS). 
The electrical resistance of the mir ror  deposit, as 
determined by a simple two-probe test, was low in  

keeping with its metall ic appearance. The x - r ay  dif- 
fraction pat tern  of the metal  mir ror  deposit could not 
be identified with the ASTM patterns. 

The Zircaloy surface of the sample exposed in the 
same one hour  experiment,  was found in SEM to have 
a coating which was about  1 t~m thick and had a Zr 
to Si ratio of about 1.5. Figure 3 shows the surface 
of a Zircaloy sample heated under  similar conditions 
for 50 hr. The surface had a honeycomb structure and 
had a silicon to zirconium ratio of about  one. It was 
found to be from i0 to 15 ~m thick. The x - r ay  dif- 
fraction pat tern  of the surface showed the presence 
of small amounts  of Zr2Si but  the more intense peaks 
could not be identified with the ASTM (5) patterns. 
We believe they were due to zirconium silicides whose 
diffraction pat terns have not been reported (6). No 
oxygen was detected on the surface of the foil (how- 
ever oxygen transported could have diffused into the 
bulk and not  been detected).  

When a silica capsule containing a Zircaloy sheet 
was heated in a constant tempera ture  zone, no metal-  
lic deposit was found. A large amount  of a white de- 
posit of ZrO2, compared with the tempera ture  gradi-  
ent experiments  described above, formed on the silica 
wall. In a 12 hr experiment,  SEM observation of the 
metal  surface showed that  it was covered with a layer 
of mater ia l  having a columnar  s tructure 3-5 ~m thick. 
X- ray  diffraction analysis showed that Zr2Si was the 
major  species present. 

The surface of a Zircaloy sample heated in a silica 
capsule at a uniform temperature  of 900~ for 15 min  
is shown in Fig. 4. We analyzed the ridges which ap- 
parent ly  decorated grain boundaries  and found they 
contained only Zr and Si. The surface regions between 
the ridges also had silicon. 

Some Zircaloy foils were heated in silica capsules 
that were not sealed but  were kept under  dynamic 
vacuum for 6 hr at 900~ SEM examinat ion showed 
no zirconium deposited on the silica walls and no sili- 
con on the Zircaloy. One of these capsules was sub- 
sequently sealed under  vacuum and heated an addi-  
t ional 6 hr at 900~ SEM examinat ion  showed a little 
t ransfer  of zirconium to the silica and some silicon on 
the Zircaloy. This suggested that  only a small  fraction 
of the t ransport ing species remained after the heat-  
t rea tment  in the dynamic vacuum. 

Fig. 2. SEM photograph of the fractured edge of white deposff on 
the silica in the 900~ temperature range. The silica capsule had 
been heated in the temperature gradient described in Fig. 1 for 
50 hr. Analysis of the layer in the middle of the photograph showed 
mainly Zr with some Si and x-ray diffraction showed it to be 
Zr02. The layer is very porous so that volatile species could readily 
permeate it. The layer near the bottom of the photo was silica. 

Fig. 3. SEM photograph of the surface of a Zircaloy-4 sample 
that had been treated in the temperature gradient described in 
Fig. 1 for 50 hr. Analysis of the surface showed Zr and Si in a ratio 
of ,-~1. Width of photograph ~ 0.1 mm. 
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Fig. 4. SEM photograph of the surface of a Zircaioy-4 sample 
that had been heated at uniform temperature of 900r for 15 min 
in a silica capsule. Analysis of the surface showed Si and Zr in 
both the ridges and valleys at a ratio of about 0.7. Width of the 
photograph = 0.1 ram. 

To learn  whether  the species causing the t ranspor t  
was in i t ia l ly  on the Zircaloy surface, we removed a 
2 ~m surface layer  from a sample by Argon ion- 
etching for 2 hr. That  t rea tment  was presumably  
enough to remove the fluoride since others have shown 
that  residual  fluoride occurs only in  the first 0.5 ;~m 
of a surface (7, 8). The sample was sealed in a silica 
tube  and heated at 900~ for 6 hr. No t ransport  of 
silicon to the Zircaloy or zirconium to the silica was 
observed. 

Another  sample was chemically etched with HF-  
HNO~-H202 solution. Transpor t  s imilar  to that  de- 
scribed for the as-received Zircaloy foil was observed 
after  a 6 hr test. These results suggest that  the species 
that  causes the t ranspor t  is on the Zircaloy surface. 
It  is removed by hea t - t rea tment  in a dynamic vacuum, 
bu t  remained after chemical etching. Thus we sus- 
pected that  the t ranspor t  was due to residual  fluoride 
in the Zircaloy surface. 

Zircaloy surfaces were examined by Auger  electron 
spectroscopy (AES) for surface impurities.  F luor ine  
(as well  as O, C, Sn, and Zr) was found by AES on 
the surfaces of both the as-received and the chemi- 
cally etched samples at about the same concentrat ion 
and equivalent  to about 2% of the surface atoms. The 
surfaces were ion etched in the AES apparatus to 
examine subsurface layers. Fluor ide was detectable 
un t i l  about  0.1 ;~m of the surface had been removed. 
A rough estimate of the surface concentrat ion of fluo- 
ride, based on these AES results, indicates there was 
about  0.2 ~g/cm 2 of F on the Zircaloy surface. This 
compares well with Mackintosh (7) and Golicheff 
et al. (8). On the sample that had been heated in a 
dynamic vacuum, the AES study showed that about 
0.1% of the surface atoms were F, which indicates that  
the dynamic vacuum hea t - t r ea tment  removed most of 
the surface fluorine. We calculate that  all the fluoride 
(0.2 ~g/cm 2 of metal  surface) in one of our typical 
exper iments  would produce a total pressure of about 
1.3 X 10 -~ atm of volatile metal  tetrafluoride in the 
capsule. 

Mass spectrometry was used to ident ify the volatile 
species. A surface layer  was machined (without  cut t ing 
oils) from the inside surface of a 50 cm length of 1 
cm diam Zircaloy-4 tubing. The cuttings were placed 
in  a mo lybdenum effusion cell and heated slowly in 

a d i rect - in le t  mass spectrometer.  When  the tempera-  
ture  of the cell reached 37'0~ ion peaks corresponding 
to ZrF4 were observed. The major  ion peak observed 
was Zr90F3+. Relative isotope intensi t ies  were in  ac- 
cord with na tu ra l  isotopic abundances.  No other vapor 
species were observed. The sample was heated at 
900~ and ZrF8 + disappeared in about  one hour. 

We then tried to establish whether  there was a 
volatile species containing both zirconium and silicon 
which could have caused the t ransport  of zirconium 
because the vapor pressure of zirconium itself was 
too small  to account for the transport .  A sample of 
Zircaloy was heated in  a sealed silica capsule for 50 
hr. A Zr-Si  coating was found on the surface by SEM. 
That  sample was then heated at 900~ for 50 hr in  a 
silica tube open to a dynamic  vacuum (10 -5 Torr) .  A 
th in  mir ror - l ike  deposit was formed on the cool walls 
of the tube; SEM examinat ion  showed that  deposit 
contained no zirconium but  was rich in  chromium. 
Apparen t ly  the chromium component  of the Zircaloy 
had evaporated. However, no zirconium had been 
transported. The par t ia l  pressures of any zirconium- 
bear ing species mus t  have been quite small, we esti- 
mate less than 10 -18 arm. Therefore the t ranspor t ing 
gas species was not a Zr-Si  molecule. 

Discussion 
The experiments  described showed that  zirconium 

and silicon were both t ransported in sealed capsules 
but  were not  t ransported in  capsules open to the 
vacuum system. That result  and the un i formi ty  of the 
deposits over a wide area indicate that  vapor t ransport  
was the pr imary  mechanism. In the tempera ture  gradi-  
ent experiments  two kinds of deposits contained 
zirconium (a ceramic deposit near  the Zircaloy and 
a metallic Zr-Si  deposit at the cooler end of the cap- 
sule),  p resumably  formed by different mechanisms. 
The mass spectrometer study showed that  ZrF4 was 
the principal  volatile species formed when Zircaloy 
was heated. Auger  surface analyses showed that  fluo- 
ride was present  on surfaces of as-received Zircaloy, 
and that  samples that  had been treated to remove the 
original  surface fluoride (ion mil l ing or heat ing in 
dynamic vacuum) did not show Zr /Si  transport.  From 
those results, we conclude that  the observed t ransfer  
of zirconium and silicon occurs by vapor transport,  
with gaseous fluorides acting as t ranspor t ing species 
under  the conditions of these experiments.  

In  the chemistry of the Z r - S i - F - O  system, there are 
several gaseous species known: ZrF4, ZrFs, SiF4, SiFt, 
SiO, and that  the divalent  and monovalent  fluorides of 
Zr and Si that are not impor tant  here. There are also 
several potential  solid phases: ZrO2, SiO2, and several 
b inary  Zr-Si  compounds. The following two-step cycle 
could cause vapor t ranspor t  of zirconium and silicon 
and not consume the small  amounts  of fluoride avai l -  
able 

ZrF4(g) + SiO2(s) ---- ZrO2(s) -5 SiF4(g) [1] 

SiF4(g) W 3Zr(s) ---- Zr2Si(s) + ZrF4(g) [2] 

When the capsule is first heated, the surface fluoride 
evaporates as ZrF4. In  this scheme, reactions [1] and 
[2], the surface coating formed on the Zircaloy is 
Zr2Si (observed by x - r ay  diffraction of foil heated in 
constant  tempera ture  zone of 900~ For other ex-  
per imental  conditions (higher tempera ture  or t em-  
pera ture  gradients described in Fig. 1) compounds 
richer in Si are formed (SEM showed Zr /Si  _~ 1.5 
to 1). Reaction [2] should be rewr i t ten  for these si tu-  
ations, but  the same principles apply. 

The free energy changes for these reactions can be 
evaluated from available data (JANAF (9), Kuba -  
schewski e ta l .  (10), and our estimate of the absolute 
entropy of Zr2Si at 298~ to be 30 cal /mole deg) with 
the resul t  

AG ~ (reaction [1],cal)  = --30,600 -5 6.6T 

~G ~ (reaction [2], cad -- --64,000 - 10.9T 
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At  1200~ the free energy  changes are  --23 and --77 
kcal,  respect ively.  Thus both react ions have favorable  
free energies,  and the net  resul t  wil l  be format ion  of 
a ZrO2 deposi t  on the  silica wal ls  and a Zr2Si deposi t  
on the Zircaloy. Those react ions can occur only if the 
capsule is sealed so tha t  the volat i le  fluorides .(ZrF4 
and SiF4) are  not  removed.  The t empe ra tu r e  coeffi- 
cients of the free energies are  small  and, t he rmody-  
namical ly ,  the  process should occur at any  reasonable  
tempera ture .  We observed that  t r anspor t  was slow 
below 600~ 

The second type  of coating containing zirconium was 
observed on the sil ica wal l  at  the  cooler end of the 
capsule, for t empera tu res  below 800~ when the foil 
end was 900~ That  t ranspor t  must  have occurred by  
a different  chemical  mechanism, because the deposi t  
was metal l ic  and formed only at  lower  temperatures .  
( X - r a y  diffraction pa t te rns  showed tha t  i t  was not a 
z i rconium oxide and SEM showed Z r / S i  ~ 1). To de-  
posit  a metal l ic  film, the t r anspor t ing  vapor  species 
mus t  be a species lower  va lent  than  te t raf luor ide  to 
a l low dispropor t ionat ion  to occur. ZrF~ and SiF8 are  
the  most  l ike ly  candidates  since the d iva len t  and 
monovalen t  species would occur only at  much lower  
pressures  than  the trifluorides. If the species is ZrFs, 
then the deposi t ion react ion (in the cool end, 800~ 
or lower)  would  be 

8ZrF j (g )  ~ SiF4(g)  :-- Z rS i ( s )  + 7ZrF~(g) [3] 

and regenera t ion  of t r i f luoride would  occur at  the 
hot  end (9O0~ by 

3ZrF4(g) + Zr ( s )  --- 4ZrF~(g) [4] 

The equi l ib r ium constants for these two react ions can 
be combined to give the fol lowing condit ion 

P (ZrF4) 
- -  K3 (at  800~ • K42 (at 900~ 

P (SiF4) 

which can be eva lua ted  f rom the rmodynamic  da ta  
( J A N A F  (9) and es t imate  of 20 ca l /mole  deg for the 
en t ropy  of ZrSi) ,  so that  when P ( Z r F 4 ) / P ( S i F 4 )  ---- 
1016.6, deposi t ion of ZrSi  can occur (hot  end 9O0~ 
cool end 800~ If the coo] end t empe ra tu r e  is above 
800~ for that  pressure  ratio, no deposi t ion can occur. 

If  the lower  va lent  fluoride is SiFt,  a comparab le  set 
of t ranspor t  react ions can be derived.  For  e i ther  case, 
i t  is possible to unders tand  f rom the the rmodynamic  
da ta  why  the mi r ro r  deposi t  forms only be low a 
cer ta in  tempera ture ,  not th roughout  the tube. At  the 
presen t  s tate of our knowledge,  we have  no way  of 
knowing whe the r  the p redominan t  vapor  species in 
the capsules is ZrF4 or SiF4 (and whe the r  ZrFs or 

SiF3 accounts for the mi r ro r ) .  The re la t ive  ra tes  of 
reactions [1] and [2] would  de te rmine  which species 
dominated.  That  species might  be different  for differ-  
ent capsule conditions or  geometries.  

Cox (2) suggested tha t  SiO(g)  may  be impor tan t  
in t ranspor t ing  Si to the z i rconium surface. Our re -  
sults suggest  that  t r anspor t  of Si via  S iO(g)  is smal l  
compared  to the fluoride mechanism because t ranspor t  
was g rea t ly  reduced  when  the res idual  fluoride was 
removed  by  heat ing in a dynamic  vacuum or by  ion 
etching. Under  conditions for which SiO t ranspor t  
was dominant  there  would be no mechanism for z i r -  
conium t ranspor t  because the volat i l i t ies  of the z i r -  
conium oxides are  ve ry  small .  
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ABSTRACT 

The performance of scaled-up (100 cm ~) fueI cells with cross flow of 
fuel and oxidant  has been modeled using the polarization characteristics of 
small-scale (3 cm 2) fuel cells. The model also yields the two-dimensional  
(superficial) cur rent  distribution. The performance predicted by the model 
approximates to wi th in  4% the exper imental  data if a sui table average value 
is assigned to the effective cell impedance. The 1Btter depends on the inle t  
gas composition but  does not vary  much with the current ;  its value may be 
estimated from small-scale celt data. Carbon monoxide conversion contr ibutes 
appreciably to the performance of low Btu cells; it tends to make the current  
d is t r ibut ion less uniform. The presence of methane  must  be considered in  
pressurized cells, bu t  it does not appear to be formed to a significant extent. 
The relat ive contr ibut ion of mass t ransfer  and kinetic resistance to the cell 
impedance are discussed in l ight of recent  exper imenta l  results. 

Mathematical  model ing of cell performance has two 
distinct obj ectives: 

1. To ident ify the ra te - l imi t ing  factors in  cell per-  
formance. 

2. To predict  the performance of scaled-up cells 
from small-scale  cell data. 

The present  work concerns the lat ter  type of model-  
ing; the specific objective is to predict the current  dis- 
t r ibut ion in, and the performance of, 100 cm 2 mol ten-  
carbonate fuel cells in which the fuel gas and the oxi- 
dant  gas (Table I) flow at r ight  angles to each other 
and in  which the fuel conversion is 75%. The ohmic 
resistance of such cells may be measured using con- 
vent ional  cu r ren t - in t e r rup t ion  techniques. Polariza-  
tion, however, is not  usual ly  measured in  scaled-up 
cells because reference electrodes are not easy to bui ld  
into these cells. Also, polarization, as well  as current  
density, varies over the electrode surface as a funct ion 
of conversion, therefore, a single polarization measure-  
ment  yields only l imited information.  

However, polarization data are available for small-  
scale (3 cm 2) cells equipped with reference electrodes 
(1, 2) which operate at differential conversion. These 
data are specific for the input  gas composition and may  

* Electrochemical  Soc ie ty  Act ive  Member.  
Key words:  mol ten  carbonate fuel cells, modeling, cell  per- 

formance ,  current  distribution.  

Table I. Compositions (in mole fractions) of fuel gas and oxidant 
used in modeling cell performance at 1 atm and 650~ Gases have 
been saturated with H20 at room temperature and equilibrated at 

650~ Outlet conditions refer to 75% conversion based on 
CO and H2 

Reformed natural  gas Low Btu coal gasification 
Fuel Inlet  Outlet  Inlet  Outlet 

Hm 0.600 0.099 0.186 0.038 
CO2 0.074 0.400 0.114 0.355 
CO 0.100 0.044 0.140 0.039 

0.23 0.457 0.078 0.176 
N~ - -  - -  0.482 0.392 

Oxidant  Standard oxidant  
Inlet  Outlet 

O~ 0.145 0.094 
CO~ 0.291 0.186 
I~O 0.030 0.038 
NJ 0.534 0.682 

be used as input  for the cross-flow cell p e r f o r m a n c e  
model. 

Small-Scale Cell  Polarization 
Figure 1 i l lustrates the /R-free  overpotential  at a 

porous nickel anode and at a porous nickel  cathode in  
a 3 cm~ ceil, for 7.5% conversion of 80% H2-20% CO2 
fuel gas with s tandard  oxidant  (70% air-30% COs) (1). 
Typically, these polarization curves are approximately  
linear. Quasi- l inear  polarization behavior  of a porous 
electrode in mol ten carbonate was observed at IGT as 
early as 1967 by Argano et al. (3) using a nickel anode 
of appreciably larger  pore size and smaller  in te rna l  area 
than the electrodes of Fig. 1. An example is shown in  
Fig. 2. 

Because the overpotent ial  is well  above RT/2F ( 4 0  
mV at 650~ this l inear  polarization behavior  can- 
not be explained exclusively by kinetic rate limitations. 
Also, it  is only approximate;  the l inear  fit is usual ly  less 
than satisfactory near  the origin, and for some gas com- 
positions the cathode polarization is bet ter  represented 
by two straight lines, with a t ransi t ion in  the range of 
150-200 m A / c m  2, than by a single line. These features 
suggest that the porous electrodes operate under  com- 
bined control of kinetics and mass transfer,  while ohmic 
potent ia l  drop in the pores may  also be significant. 
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Fig. 1. Polarization (lit free) in a 3 cm~ fuel cell [from Ref. (1)] 
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Fig. 2. Anode polarization (IR free) in a 3 cm 2 fuel cell [from 
Rd. (3)]. 
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A porous electrode model may  be used to in te rpre t  
the rate processes in  the electrodes. Porous electrode 
models applied to fuel cells have been reviewed by 
Bockris and Sr in ivasan (4) and by Aust in  (5). Al-  
though such models have been fair ly successful in  
correlating or predict ing the performance of room- 
tempera ture  fuel cells, there have been few publica-  
tions concerning mol ten-carbonate  fuel cell modeling 
(6 -9 ) .  

Wasan et aI. (6) and Sood (7) modeled the oxida- 
tion of hydrogen in  a porous anode, using a thin-f i lm 
model of the electrode pores. In  Fig. 2, the solid l ine 
indicates the polarization predicted by the model of 
Wasan. The flooded-pore model was rejected because 
it predicted a l imit ing current  of hydrogen oxidation, 
which was not observed. 

Recent calculations (10, 11) suggest that  a l imit ing 
current  would probably  not be observed in  a flooded 
pore because of factors such as hydrogen t ransport  in  
the metal  (nickel) and the relat ively impor tant  ohmic 
drop in  the electrolyte film. Thus, a more appropriate 
physical representat ion may. be a composite of flooded 
and filmed pores (agglomerate model).  However, there 
is no rel iable informat ion about the na ture  and extent  
of the active surface in each of the porous electrodes. 
Thus, the film model remains  the most acceptable 
simple representat ion of the electrode operation. 

Although the film model is re la t ively simple, sev- 
eral of its input  parameters  are not known  and need 
to be estimated. At least three dimensionless param-  
eters are to be adjusted in  fitting the experimental  
curve to the film model in  addit ion to But ler -Volmer  
transfer  coefficients and stoichiometric coefficients of 
the electrode reaction (11). This leaves one a consider- 
able lat i tude in  the assignment  of parameter  values or 
reaction mechanisms, without  any guarantee  of physi-  
cal realism. 

Therefore, the present  work aims to predict cell per-  
formance and current  dis t r ibut ion without  resort to a 
microscopic model. Whereas at least three adjustable  
parameters  are used in most porous electrode models, 
Fig. i and 2 show that, as a first approximation,  a l inear  
polarization expression adequately represents the data 
for the purpose of cell performance modeling. This 
conclusion was also reached by Dharia  (8) who utilized 
an "effective cell resistance" to model the performance 
of a cell in  which fuel  and oxidant  gas flow c o - c u r -  

rent ly  (co-flow). In  the present  work, the l inear -  
polar izat ion assumption is combined with mass bal-  
ances for a cross-flow configuration of fuel and oxidant  
gases, as employed current ly  in  scaled-up cells. 

B a s i c  M o d e l  

Figure 3 is a schematic diagram of the gas f lows  to  
the cell. It  also shows how the cell is divided into sec- 
tions 1"or computat ion purposes. 

Mass balances on the anode and the cathode result  
in one equation each for local hydrogen and CO2 con- 
version. The two equations are coupled by the local 
current  density. In  the ini t ia l  modeling, only hydrogen 
was assumed to react. The water-gas  shift reaction was 
not considered, and CO was not assumed to be electro- 
chemically active. In  this case, mass balance equations 
at the anode are obtained as follows 

- - -  = - - -  [I] 
H2: RT Lc/n ax 2F 2F 

P 0 --~AXcA = - - = - -  [21 
CO2: RT Lc/n 8x n 2F 2F 

H=0: Xw = -- = -- [3] 
RT Lc/n ax 2F 2F 

,(,A ) 
CO: R T L c / n  Ox ~ X c o  - "  O [4] 

The corresponding cathode mass balances are 

C02: 
) '~ , 

X c c  = - - =  [5] 
RT LA/m OY 2F 2F 

) '~ P 8 X o  = ~ = - -  
02: RT LA/m 8Y 4F 4F 

[6] 

N2: RT LA/rr~ aY 

OXIDANT,~, c 

-e- 
_/ 
bJ--,~ 

U_ 

C) ._ F-"G 

o o ~  
r v 

m SECTIONS 

(x direct ion ) 

~B A = FUEL FLOW RATE 

@c = OXIDANT FLOW RATE 

), = ANODE GAS CONVERSION 

# = CATHODE GAS CONVERSION 

Fig. 3. Schematic diagram of the fuel and oxidant flows to the 
cell. 
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By defining conversion of hydrogen, ~, as 

moles of H~ consumed CA~ ~ -- CAXH 
: : [8] 

moles o~ ki~ in  CA~ ~ 

where  the ~ superscript  refers to the inle t  conditions; 
and conversion of CO2, at the oxygen electrode ~, as 

moles of CO~ consumed r176 ~ --  r 
: : [9] 

moles os C02 in  r176 ~ 

the mass balances (1-4) can be combined in  one equa-  
t ion 

P m  Ok 

RTLcLA CA~176 --84 = --2F [I0] 

and the cathodic-side mass balances (5-7) in  a sec- 
ond equat ion 

Pn 0,~ i 
r 1 7 6  = -- [11] 

RTLALc O~d 2F 

Here 4 and  ~d are dimensionless distances in  the x 
and y direction, respectively, as defined by  

x y 
4 = - -  ~a -- - -  [12] 

LA/m Lc/n  

where the equi l ibr ium potentials at  the electrodes are 

RT ( XwXcA ) [19] 
VAN = VA ~ + - ~ - i n  XH 

and 
RT 

VCN ---- Vc ~ "t- ~ In  (Xol/2Xcc) [20] 

Here the CO8 = activity gradient  through the cell is 
considered to be zero. VA and Vc are the s tandard  
anode and cathode potentials. Assuming a l inear  cur-  
rent -overpotent ia l  relat ionship 

~lA -- iAZA -" iZA [21] 

~c -- icZc = --iZc [22] 

where ZA and  Zc are effective electrode resistances 
(~-cm2). The dependence of overpotent ial  and ohmic 
potential  drop on the current  density may now be 
represented by an effective resistance 

~lan "qcath 
Z = Rohra "~ [23] 

i i 

Using the definition of conversions ~ and ~ from Eq. 
[8] and [9], Eq. [18] can be wr i t ten  as 

V -b VA ~ -- Vc ~ 

RT/2F 
In 

XccO (XoO)l/SXa ~ 

Xw~ ~ ] 

X o  / 

--In ( 1  XH~ X H ~  

Xw ~ 

JZA 

RT/2F 
[24] 

LA/m is the length  of one section in  the x direction and  
Lc/n  is the length of one section in  the y direction 
(Fig, 3). 

For the purpose of computation,  Eq. [10] and [11] 
were fa r the r  simplified by defining a dimensionless 
current  densi ty 

i i 
J = -- -- . . . . .  [13] 

A s 
where  

2FPCA ~176 
A = [14] 

RTLcLA 

and /max is the current  densi ty that  would resul t  if 
100% conversion of the anode gas took place and the 
resul t ing current  were un i formly  dis t r ibuted over the 
ent i re  cell. 

Then, the mass-balance  equations reduce to 

= J [ 1 5 ]  
04 

a n d  
0~ i J 

o~d ' = S A "  = S-  [16] 

where S denotes the stoichiometric rat io of COs flow 
in  the cathode to H2 flow in the anode 

Zcc~ @c~ 
S = [17] 

The local current  density, i, is also dependent  on the 
conversion via the celI potential  balance;  at each point  
in  the cell the sum of the local equi l ibr ium potentials, 
overpotentials,  and ohmic potential  drop must  equal the 
cell t e rmina l  potential. The la t ter  is considered un i -  
form in  the x and y directions. The cell potential  is 
thus given by 

V = ( V c N  - -  VAN) - -  iZohm ~- ~C - -  ~A [18] 

The first te rm on the r igh t -hand  side is the "Nernst  
loss" compared to inle t  conditions. The second term is 
the overpotential  and ohmic loss. 

Equations [15], [16], and [24] are solved s imul ta-  
neously to give k, ~, and the current  density. The com- 
puta t ion starts at 4 ---- 0, ~d = 0 (fuel and oxidant  inlet)  
and marches down the fuel flow and oxidant  flow di-  
rections simultaneously,  The fuel conversion, k, is ad-  
justed following each step in  the 4 direction; so is the 
CO2 conversion, ~, following each step in  the ~d direc- 
tion. Computations were carried out for a 10 • 18 
cm fuel cell (100 cm 2 electrode area) using 10 sections 
in  each direction. No significant differences were found 
when the number  of sections was increased to 20 each; 
thus a 10 • 10 grid appeared to yield sufficient ac- 
curacy. 

Experimental 
The equations were solved s imultaneously  using a 

Harris System 120 computer. 
The predicted current  distr ibutions were compared 

with exper imental  data generated on 100 cm 2 fuel 
cells (94 cm 2 electrode area).  Here the anode con- 
sists of porous nickel, having a thickness of 30 mils and 
a mean  pore size of around 5 ~m. The cathode also ini-  
t ially consists of porous nickel which, under  operat ing 
potential  (to which it is subjected),  oxidizes to NiO. 
This electrode has a 15 mil  thickness and a mean  
pore size of be tween 12 and 14 ~m, The electrolyte 
tile typical ly consists of a eutectic mix ture  of 62% 
Li2CO~-38% K2CO3 supported on a LiA102 matrix.  

Results and Discussion 
In  the computations reported here, Z was assigned 

an average value for the entire cell. Initially, this 
value was based on polarization measurements  at 
small-scale  fuel cells, as in  Fig. 1, using reformed 
na tura l  gas. Fair ly  good agreement  was obtained be-  
tween prediction and exper imental  data for this gas 
(Fig. 4). However, the fuel  conversion predicted by 
the model exceeded 75% at  most current  densities; 
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Fig. 4. Predicted polarization curves for reformed natural gas 
compared with experimental data. The effective resistance, Z, was 
assigned the value of 1.00 D,-cm 2. 

thus it appeared that  the impedance was underes t i -  
mated by the value based on the feed gas composition. 
This point  was therefore investigated in  more detail 
(see "Effective cell resistance" below).  

Water-gas shi# reaction.--In the case of low-Btu 
feed gas, the model 's prediction was quite unsatisfac- 
tory. Here, conversion of CO to hydrogen 

CO + HzO ~ CO2 + H2 [25] 

may be presumed to occur as H20 product is formed in  
the cell. Therefore, local equi l ibr ium conversion was 
assumed and included in  the model. The results, using 
the same resistance value as before, 1 show that  the 
effect of CO conversion is negligible in  the case of re-  
formed na tu ra l  gas, but  impor tant  for low Btu gas 
(Fig. 5) and other CO-rich feed gases. Here too, it be-  
came evident  that resistance values based on polariza- 
t ion measurements  with reformed na tura l  gas yield 
unsatisfactory predictions for CO-rich, H2-1ean feed 
gases; fuel conversion is overestimated. 

Effective cell resistance.--To investigate the depen-  
dence of the effective cell resistance on current  density 
and gas composition, the performance of the fuel cell 
was s imulated for three different gas compositions 
(see Table II) ,  at 75% conversion with respect to H2 

1Except for an adjustment of the  ohmic component  using ex- 
perimental  data. 

Table II. Estimated and measured cell resistance values 

Gas composi t ion (in mole  percent)  averaged between  inlet  
and outlet, at 75% conversion 

Fuel  e lectrode Oxygen 
electrode 

Low 
RNG Btu S t anda rd  

Estimated res i s tance  
Za or  Zc 
Z= + Zc 
Rohmie 
Ztotal 

Measured resistance 

H= 35.0 11.2 02 11.9 
CO= 23.7 23,5 CO= 23.9 
CO 7.2 9.0 N= 60.8 
H=O 34.1 12.7 I-IzO 3.4 

Z=: 0.315 0.455 Ze: 0.428 
0.743 0.883 
0.400 0.446 
1.14 1.33 

a t  200 m A / e m  2 (computed from exp. data) 
1.05 1.49 

and CO. The value of Z was adjusted at each cell po- 
tential  unt i l  75% conversion resulted. 

The current  densities thus obtained agree to wi th in  
4% with exper imental  results. Figure 6 i l lustrates 
this for reformed na tura l  gas and low Btu coal gas. 
Apparently,  the assumption that  CO is completely con- 
verted to hydrogen is justified. Figure  7 shows that  
the CO conversion makes a major  contr ibut ion to the 
current  in  the case of low Btu gas. 

For a part icular  feed gas, the effective cell resistance 
(Z) values at 75% conversion do not change by more 
than 10% as the total cell current  is increased (Fig. 8). 
This finding gives support  to the assumption that cell 
performance may be modeled satisfactorily by using 
an average Z value, ra ther  than adjust ing Z from point  
to point to account for local fuel oxidant  gas composi- 
tions. In  Table II, the effective resistance values found 
by fitting exper imental  curves are compared with 
estimates obtained by using small-cel l  polarization 
data. From the latter, the electrode impedances cor- 
responding to the average gas compositions in  the fuel 
and oxidant  electrodes are calculated. Although small-  
cell data are not available for the full range of fuel 
and oxidant  gas compositions, p re l iminary  estimates 
can be made based on the fraction hydrogen in  the fuel 
gas and oxygen in the oxidant  (2). Ohmic resistances 
are added as determined in situ for the crossflow cell. 
Table II shows that in this manner ,  adequate predic-  
tions ( •  of the effective cell resistance of scaled- 
up cells may be made, solely on the basis of small-  
scale cell polarization data and in situ ohmic resistance 
measurements  (see Fig. 8). As more data become 
available for the polarization of small  cells and  the de- 
pendence of the anode polarization on the CO, CO2, 
and H20 concentrations is accounted for, one may ex- 
pect that the estimates will  become more accurate, 
especially for low Btu gases. 

Fig. 5. Predicted polarization 
curves for low Btu coal gas com- 
pared with experimental data. 
The effective resistance, Z, was 
assigned the value of 1.046 Q- 
cm 2. 
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Current distribution.--The current distribution as 
expected shows a m a x i m u m  at the inlet  of both fuel  
and oxidant, and a m i n i m u m  at the outlet  of the fuel, 

M O L T E N  C A R B O N A T E  FUEL CELLS 
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Fig. 6. Comparison of predicted and experimental polarization 
curves. The effective resistance, Z, has been adjusted for 75% 
conversion. 
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though not necessari ly  at ;he outlet  of the oxidant. 
Figure 9 i l lustrates this for reformed natural gas at 
160 m A / c m  2 (0.8V cell  potential) .  As the value  of Z 
increases, the current distribution for the same conver-  
sion becomes  more  uniform. Thus, for l ow Btu gas it is 
more  uniform than for reformed natural gas. 

Pressurized operation.JIncreasing the operating 
pressure of the fuel  cell  results in increased emf, be-  
cause of the increase in partial pressure of the reac- 
tants. Higher pressures may  also be expected  to pro- 
duce increases in gas solubilit ies and, hence, additional 
improvements  in cell  performance.  However ,  pressure 
also favors methane formation 

CO + 3 I ~  ~ CI-L. + HsO [26] 

and carbon deposition 

2CO ~ C 4- CO~ [27] 

The latter is prevented by humidifying the gas follow- 
ing compression, before it enters the cell. So far, there 
is not sufficient evidence to establish whether or not 
equilibrium [26] is actually attained, either after com- 
pression or inside the fuel cell. 

In the model calculations, the gas composition at 
the fuel cell entrance was at first assumed at equilib- 
rium with respect to Eq. [26]. Table II illustrates this 

840 

800 

> 
E 
_J" z6o 

I-- 
Z 
W 

(~ 720 
J 
J 
I,iJ (J 

680 

640 
40 

I I I I ~ I [ i 
60 80 I00 120 140 160 180 200 220 

CURRENT DENSITY, mA/cm 2 

Fig. 7. Comparison of the ex- 
perimental current density with 
computed current densities (fuel: 
low Btu coal gas). The Z value 
has been adjusted for 75% con- 
version (1.40-1.55 ~-cm~).  

1.8 

1.6 

% 

~ 1.4 

1.2 

u~ 
Ld n-" 
-J 1.0 
J 
LU 
0 
hl 

p o.e 
uJ 

ul 

O.e 

0.4 
660 

O 0 U u - - 0  

~ ; z  (LOW_Btu~ E STIMATE D 

~ (RNG) ~ )  

0 LOW-BtU COAL GAS 

A REFORMED NATURAL GAS 

I I I 
680 700 720 

I I I 
740 760 780 

CELL POTENTIAL, mV 

I I I I 
800 820 840 860 880 

Fig. 8. Effective resistance as 
a function of current load in 
cell operation. 



84 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  January 1980 

OXIDANT 

280~ Ii 
FUEL 

260 

240 

220 200 180 ~60 ~40 120 

REFORMED NATURAL GAS 

OXIDANT 

FUEL I 
220 / 

200 ~80 160 140 

LOW-BIu GAS 

120 
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for s t e am- re fo rmed  naphtha.  Since H20 is p roduced  
by  anodic oxida t ion  of hydrogen,  some s t e a m - r e f o r m -  
ing of CI-I4 m a y  take  place. Therefore ,  equ i l ib r ium 26 
has been inc luded  in  the  model  for pressur ized  cell  
operat ion.  

The  pred ic ted  average  cu r ren t  dens i ty  (or  conver -  
sion) was compared  wi th  expe r imen ta l  da ta  (11) ob-  
ta ined  for  a pressur ized cross-flow cell  a t  constant  flow 
ra te  ( ra the r  than  at  constant  75% conversion, as in 
the cells opera ted  at  a tmospher ic  pressure) .  The cell 
resistance,  Z, was va r ied  unt i l  good agreement  was 
obta ined  at  an a r b i t r a r y  cell  potent ia l ,  e.g., 0.830V, 
and the same Z value  was then  used to genera te  a com- 
p le te  per formance  curve. 

Fo r  a flow ra te  ident ica l  to tha t  used in  the cell, an 
average  cur ren t  dens i ty  of 120 m A / c m  2 was the m a x i -  
m u m  that  could be genera ted  b y  the ceil  at  0.830V, 
even for ve ry  low values of Z. Thus, i t  appears  tha t  
equi l ib r ium [26] is far  from complete  at  the ent rance  
to the cell; the  compressed gas contains more  hydrogen  
than  equi l ib r ium [26] would  pred ic t  (31 m/o )  and this 
excess is, at  leas t  ini t ia l ly ,  responsible  for  the  be t t e r  
than  pred ic ted  per formance  of the cell. 

This is also evident  f rom the resu l t  ob ta ined  when  
one uses the  composi t ion equ i l ib ra ted  only  wi th  respect  
to the wa te r -gas  shift  reaction,  as input  to the pres -  
sur ized opera t ion  model.  The cur ren t  dens i ty  then  
agrees wi th  the expe r imen ta l  va lue  (160 m A / c m  2 at  
0.83V) for  a cell resis tance not  ve ry  different  f rom that  
a t  a tmospher ic  pressure  (see Table  I I I  and  Fig. 10). 

The cur ren t  d i s t r ibu t ion  is not s ignif icant ly a l t e red  
by  increas ing the pressure .  The rat io  of highest  to 
lowest  cur ren t  densi ty  is 2.11 at  1 a tm and 1.94 at  10 
a tm for r e fo rmed  naphtha.  

Conclusion 
A l inea r -po la r i za t ion  model  has been used success- 

fu l ly  to compute  pe r fo rmance  and cur ren t  d i s t r ibu t ion  

Table III. Gas composition (in mole fractions) and cell performance 
of steam-reformed naphtha at 650~ (constant flow rate) 

Mole fraction 1 atm* 10 atm** 10 atm* 

Ha 0.497 0.310 0.497 
COs 0.107 0.111 0.107 
CO 0.096 0.041 0.096 
H20 0.295 0.434 0.285 
CHi 0.015 0.104 0.015 

1 a t m  1 a tm* 10 a t m  10 atra* 
F l o w  r a t e s  (em~/see)  Exp.  Model  Exp .  Mode l  

Fuel  12,5 12.6 1.26 1.26 
Oxidant 39.9 39.9 3.99 3.99 

Current densi ty  (mA/ 
cm s) 160 162.8 160 159.8 

Cell voltage (V) 0.785 0.785 0.830 0.830 
Effective resistance 

( ~.cm s ) 1.088 1.14 

�9 Equilibrated with respect to water-gas shift reaction. 
�9 * Equilibrated with respect to water-gas shift and methane  for- 

mat ion reactions.  
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Fig. 10. Experimental and predicted current density in pressurized 
operation using steam-reformed naphtha at constant flow velocity. 
Prediction is based on inlet gas in equilibrium with respect to water- 
gas shift, but not methanafion. Resistance Z was assigned a con- 
stant value of 1.14 42-cm 2. 

of a sca led-up  fuel  cell  as a funct ion of gas composi-  
tions, flow rates,  and  opera t ing  pressure .  The effec- 
t ive cell resis tance used in the  l inea r -po la r i za t ion  
model  m a y  be es t imated  wi th  sa t i s fac tory  accuracy  
f rom smal l - sca le  cell  polar iza t ion  da ta  and ohmic 
resis tance measurements  in situ. In  pressur ized opera -  
tion, the fo rmat ion  of CI-I4 m a y  be accounted for, as 
wel l  as CH4 s team re fo rming  in the fuel  cell, but, a t  
least  for  s t e a m - r e f o r m e d  naphtha,  the  composi t ion of 
the  compressed gas at  the fuel  cell  in le t  appears  not  to 
be in equ i l ib r ium wi th  respec t  to CH4 formation.  The 
highest  local cur ren t  dens i ty  in a fuel  cell  is app rox i -  
ma te ly  two t imes the lowest  local cur ren t  densi ty,  both  
in a tmospher ic  and  in  pressur ized  operat ion.  

LIST OF SYMBOLS 
A dimensionless  cur ren t  density,  Eq. [14] 
F Fa raday ' s  constant ,  96,501 C/equiv.  
iA anodic cur ren t  dens i ty  ( > 0 ) ,  mA/cm2 
ic cathodic cu r ren t  dens i ty  ( < 0 )  m A / c m  z 
i cur ren t  dens i ty  (i = iA = I/C[), mA/cm~ 
J dimensionless  cur ren t  density,  Eq. [13] 
LA tota l  length  of the fuel  gas channel,  cm 
Lc to ta l  length  of the  ox idan t  gas channel,  cm 
m number  of sections in the anode flow di rec t ion  
n number  of sections in the  cathode flow direct ion 
P pressure ,  a tm 
R gas constant,  82.06 a t m - c m 3 / g - m o l e - ~  
Rohra ohmic cell  resistance,  42 
T tempera ture ,  ~ 
V cell  t e rmina l  potent ia l ,  V 
Vc~ equi l ib r ium (Nernst)  potent ia l  a t  the cathode, V 
VAn equi l ib r ium (Nernst )  po ten t ia l  a t  the anode, V 
VA ~ s t andard  anode potent ial ,  V 
Vc ~ s t andard  cathode potent ial ,  V 
Xk mole  f rac t ion of the  gas component  k 
x dis tance in  the  fuel  flow direction,  cm 
y dis tance in the ox idant  flow direction,  cm 
Z effective cell  resistance,  42-cm ~ 
ZA effective anode resistance,  42-cm ~ 
Zc effective cathode resis tance,  ~-cm~ 
Greek 8ymbol~ 
~1c cathodic overpoten t ia l  ( < 0 ) ,  V 
HA anodic overpo ten t ia l  ( > 0 ) ,  V 
CA total  fuel  flow rate,  cms/Sec 
r  total  ox idan t  flo w rate,  cm3/sec 
Subscript 
A anode  
C cathode 
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H hydrogen  
CA CO2 in anode gas 
C C  C02 in cathode g a s  
W wate r  
CO carbon monoxide  
O oxygen  
N n i t rogen  
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Capacitance Study of Thermally Grown 
Oxide Films on Iron 

K. S. Yun,* S. M. Wilhelm,* S. Kapusta,** and N. Hackerman ~ 
Department ol Chemistry, Rice University, Houston, Texas 77001 

ABSTRACT 

The die lect r ic  p roper t ies  of t he rma l ly  g rown oxide films on i r o n  w e r e  
de te rmined  by measur ing  the f requency  and the t empe ra tu r e  dependence  of 
the  capaci tance in aqueous e lec t ro ly te  solutions. The oxide films behave  s imi -  
l a r ly  to n - t y p e  semiconductors .  The ionizat ion energy  of donor states in t h e  
oxide  was ob ta ined  f rom calculat ion of the conduct iv i ty  profile (0.64 eV) 
and f rom Mot t -Scho t tky  plots (0.69 eV).  

Recent ly  the cu r ren t -po ten t i a l  character is t ics  and  
t h e  photoresponse  of t he rma l ly  g rown i ron  oxide  were  
s tud ied  in this l abo ra to ry  (1, 2). Thermal  i ron  oxide 
e lect rodes  were  shown to be po ten t ia l ly  useful  as 
photoanodes  in photoass is ted  electrolysis  of wa te r  be-  
cause of the i r  r e l a t ive ly  low bandgap  (2.1 eV) and 
good corrosion s tabi l i ty .  

The phys ica l  p roper t i e s  and the c rys ta l  s t ruc ture  of 
t h e r m a l l y  fo rmed  i ron oxide have  been  r epor t ed  in de -  
tai l  by  a number  of authors  (3-8).  Up to about  570~ 
the high t e m p e r a t u r e  ox ida t ion  of i ron  leads to fo rma-  
t ion of a t w o - l a y e r  scale of Fe~O4 and Fe203. A th ree -  
l aye r  scale of FeO, Fe~O4, and a-Fe203 is fo rmed at 
h igher  tempera tures .  The l a t t e r  oxide  film consists 
ma in ly  of FeO and Fe304, the outer  l aye r  of a-Fe2Oa 
account ing for  only  1-5% of the  total  thickness.  The 
two inner  layers  have  a me t a l - l i ke  conduct iv i ty  (9) so 
that  the  semiconduct ing proper t ies  of the i ron oxide 
a re  due only to the nons to ich iometry  of the a-Fe203 
layer .  The oxide film is s t ruc tu ra l ly  h igh ly  d isordered  
and m a y  be descr ibed  as glassy wi th  short  range  crys-  
t a l l ine  order .  The mean  d iamete r  of the  crys ta l  grains  
is  app rox ima te ly  1-2 rim. 

A capaci tance inves t iga t ion  is useful  for obta in ing 
in format ion  on the electronic s t ruc ture  of semicon-  
duct ing oxide films in contact  wi th  an electrolyte .  Re-  
cently,  Kennedy  and Frese  (10) r epor t ed  on a capaci -  
tance s tudy  of high pu r i t y  po lycrys ta l l ine  a - F e 2 Q  and 
discussed the f la tband potent ia ls  and the donor densi -  
ties. F rom the change in slope of the Mot t -Scho t tky  
plots  they  suggested a deep donor level.  A s imi la r  

* Electrochemical  Society Act ive  Member, 
* * Electrochemical  Society Student Member. 

* ~ Electrochemical  Society Honorary Member.  
Key words: dlrIcrent~al capacitance, iron oxide films, donor 

levels.  

effect was observed for  t he rma l ly  g rown oxide  films 
(2). 

The change in slope of the  Mot t -Scho t tky  plot  also 
can be observed  for th in  film covered meta l  e lectrodes 
wi thout  any  deep donor  levels and there fore  the ca-  
paci tance change alone is not a sufficient c r i te r ion  for  
a second donor level.  In  o rder  to c la r i fy  the  semicon-  
duct ing behavior  and  deep donor levels  of t he rma l ly  
g rown i ron oxide, films of the  oxides have  been  s tudied  
here  via the f requency  and t empe ra tu r e  dependence  of 
the capacitance.  

Experimental 
The p rocedure  for growing the oxide  films on i r o n  

has been repor ted  (1, 2). Elect rodes  were  made  f rom 
zone-ref ined iron. Impur i t i es  h igher  than  5 ppm w e r e  
Cu (10 ppm)  and Ca (5 p p m ) .  A n  ox ide -covered  i ron  
rod (d iamete r  0.7 cm, length  1 cm) was embedded  in 
a Teflon cy l inder  which  was p rehea ted  (120~ in an 
oven. Af te r  cooling, the  edge was coated wi th  sil icon 
adhesive (Dow Corning)  so tha t  a c i rcular  a rea  (ap-  
p rox ima te ly  0.3 cm 2) was exposed. Elec t r ica l  contact  
was made  by  an i ron  rod  inser ted  th rough  a glass tube 
into the Teflon holder.  The same e lec t rode  Was used f o r  
each exper iment .  

The e lec t ro ly te  was a 0.1M H3BOa + NaOH buffer  
solut ion wi th  1M NaNO~ suppor t ing  e lec t ro ly te  (pH -- 
8.4). Al l  chemicals  were  reagen t  grade  and the wa te r  
was t r ip ly  dist i l led.  A sa tu ra t ed  calomel  e lec t rode  
(SCE) was used as a re ference  e lect rode and al l  po-  
tent ia ls  are  r e fe r red  to SCE. For  the  t empe ra tu r e  
studies the  cell was p laced  in a constant  t empe ra tu r e  
wa te r  ba th  (~_ 0.~~ 

Capaci tance  measurements  were  made  wi th  a Gen -  
era l  Radio Type 1603-A Z-Y Bridge,  wi th  a Type  1323-P 
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Preamp and a Type 1232-A Tuned  Amp and Null  De- 
tector. A Model 505B Exact Waveform Generator  w a s  
used as an oscillator and the ampli tude was adjusted 
to 10 mV with an HP Model 350B At tenuator  Set. Most 
capacitance measurements  were carried out under  po- 
tentiostatic conditions at 1 kHz. The bias voltage was 
supplied by a Princeton Applied Research Model 373 
Potentiostat. To prevent  oscillation of the potentiostat  
a variable f requency filter was placed between the 
counter and the reference electrode outputs of the 
potentiostat. The time constant  of the filter (0.5 sec) 
was such that  the open-circui t  condit ion could be dupl i -  
cated in the frequency range of 500 Hz-10 kHz. The 
series capacitance (Cs) and resistance (Rs) could be 
measured directly by balancing the working electrode 
against  the in te rna l  components of the bridge. 

To measure the capacitance a potential  pulse tech- 
nique was used. The electrode potential  was changed in  
a 1 ~sec risetime to the potential  of measurement ,  the 
bridge balanced ( <  5 sec), and the potential  re turned  
to ini t ial  condition (usually 0.0V). The pulse was al-  
ternate ly  anodic and cathodic, with the same amplitude. 
The measured differential capacitance of a par t icular  
electrode could be reproduced wi th in  1% after 24 hr 
immersion in the electrolyte solution. During the ini t ia l  
24 hr period, the capacitance values varied randomly 
within  5% of their  init ial  values. 

Results and Discussion 
Film thickness.--The exper imenta l ly  accessible total 

capacitance, C, consists of the space charge capacitance, 
Csc, and the Helmholtz capacitance, CH, in  series 

1/C = 1/Csc + I/CH [1] 

C can be equated with Csc as long as CH is much larger 
than C. The si tuat ion is then analogous to a paral lel  
plate condenser between metal  and electrolyte with a 
semiconducting film as a dielectric. All capacitance 
values were corrected by Eq. [1] by assuming a con- 
stant  Helmholtz capacitance of 20 ~f cm -~ (11-13). 

At sufficiently positive electrode potentials, low donor 
densities, and with thin surface films, the charge nec- 
essary to change the electrode potential  is predomi-  
nan t ly  stored in  the metal. The differential capacitance 
is then independent  of the electrode potential  and is a 
measure of effective film thickness, d. It  can be ex- 
pressed as 

1/Csc :- d/~eoA [2] 

where e and eo are the dielectric constants of the oxide 
and of vacuum and A is electrode area. 

The dependence of reciprocal capacitance on film 
growing time is shown in  Fig. !. Capacitance values 
were taken at an electrode potential  of -t-0.5V and a 
f requency of 1 kHz. The growing rate of the oxide films 
is a parabolic function with t ime (4, 7-9). This is sub-  
s tant iated by the l inear  dependence between Csc -1 
and t 1/2. The proport ional i ty factor (6.94 nm/sec  1/2) 
was found by using e -= 80. 

The value �9 = 80 was estimated from the capacitance 
value by assuming a thickness (10.3 nm) based on a 
golden brown oxide interference color (14). For thicker 
gray films, however, e assumed values up to 120. This 
discrepancy is due to the fact that th icker  films con- 
tain a lower percentage of oxygen in  the film. The 
m i n i m u m  value was taken as the dielectric constant and 
is in  good agreement  with the value given in Ref. (10). 
It  should be noted that  the dielectric constant  of 
a-Fe203 has also been measured as 8 at 1 kHz (15) and 
120 at 1 MHz (16). 

Frequency dependence.--Randomly oriented micro- 
crystal l ine oxides such as anodic and thermal ly  pro- 
duced oxide films are asymmetric.  The concentrat ion of 
oxygen vacancies (or metal  excess) as compared with 
a strict stoichiometry is greater near  the metal  than 
near  the surface. This asymmetric  consti tution results 
in  rectification, photoeffects, and other semiconducting 
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Fig. 1. Reciprocal space charge capacitance, Csc -1,  vs. square 
root of time, T = 25~ f -~ 1 kHz, pH = 8.4. 

c~  

properties. The impedance of an asymmetric  oxide 
layer  is approximated by a resistance Rs and a ca-  
pac i tance  Cs in series and can be directly measured 
with an a-c bridge as a funct ion of f requency (17). 

y o u n g  (17) derived the f requency dependence of 
R~(~) and Cs(~) under  the assumption that the oxide 
film consists of an infinite number  of parallel  RC units  
in series. Within  certain f requency limits (f _-- 50 Hz- 
8 kHz) and at room temperature  the following rela-  
tionships were found to hold for an anodically formed 
niobfum oxide film 

R~ = Ro + a/1 [3] 

l / C s  = l i ce ,  + b log f [4] 

b / a  = 9.2 [ 5 ]  

where Ro, Ca, a, and b are constants. 
The compliance of the thermal iron oxide with these 

relationships is demonstrated in Fig. 2 and 3. The ratio, 
b/a, is 9.8 which is in good agreement with Youngs 
theoretical value. A relationship equivalent to Eq. [3], 
[4], and [5] was derived independently by Winkel and 
de Groot (18) by assuming relaxat ion of the dielectric 
under  the influence of an external  field 

d (Cs - 1 ) / d  In f = 4 R , f  [6] 
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Fig. 2. Series resistance vs. reciprocal frequency, T = 25~ 
pH = 8.4, open circuit. 



VoI. 127, No. I C A P A C I T A N C E  S T U D Y  O F  O X I D E  F I L M S  87 

. 60  

~ E  
u ,55 

rij. 

. 50  

. / . 5  

o 

, , , , r i l l  f i , r i i , I  

2 3 

l o g  f 

Fig. 3. Reciprocal capacitance vs. logarithm of frequency, T = 
25~ pH - -  8.4, open circuit. 

As Winke l  and de Groot  suggested,  the  equ iva lency  of 
the  two der iva t ions  is r e la ted  to the  exponent ia l  r e l a -  
t ionship of  the  conduct iv i ty  defined by  

= O'o e x p  (d/do) [7] 

which was Young's  theore t ica l  basic concept 1 and of 
the  r e l axa t ion  t ime,  T, of po lar izab le  par t ic les  in the 
d ie lec t r ic  defined by  

= To exp (q/kT)  [ 8 ]  

where  ~o, do, and  To are  constants  and  q is the  dep th  
of the  poten t ia l  val ley.  There  is a l inea r  corre la t ion  
be tween  a and ~ (19). Recent ly  Van Mei rhaeghe  et al. 
(20) also r epor t ed  tha t  the  equ iva lency  should be  a 
consequence of the  va l id i ty  of Eq. [4]. 

Ro can be ob ta ined  by  ex t rapo la t ion  of Rs to f -1  _> 0 
in  Fig. 2. At  sufficiently high frequencies,  Rs corre-  
sponds to the  ohmic res is tance  of the  e lec t ro ly te .  Ro 
was found to be 17~2 f rom Fig. 2. 

Equat ion  [7] can be r ewr i t t en  wi th  d/do = Co/C via  
Eq. [2] as 

= ~o exp (Co/C) [9] 

According  to S m y t h  et al. (21) the  conduct iv i ty  is d i -  
r ec t ly  p ropor t iona l  to the  f requency  of measu remen t  

,, = 2~1~o [IO] 

Using Eq. [9] and  [10] ~ can be ca lcula ted  as a func-  
t ion of posi t ion in the  d ie lec t r ic  film. The f requency  
therefore  de te rmines  the  conduct iv i ty  and the capaci -  
tance de te rmines  the posi t ion in the oxide. In  o rder  to 
de t e rmine  this posi t ion i t  is necessary  to have  the ab -  
solute  va lue  of Co. Co can be obta ined  at  h igh f re-  
quency,  where  the die lect r ic  behaves  l ike an ideal  
pa ra l l e l  p la te  condenser.  I t  was not  possible,  however ,  
to measu re  the  capaci tance  at  f requencies  above  10 
kHz. However ,  i t  was possible  to obta in  Co f rom the 
t e m p e r a t u r e  dependence  of the  capacitance.  

Temperature dependence.--In Fig. 4 the t empe ra tu r e  
dependence  of capaci tance is shown. The capaci tance is 
correc ted  for  the Helmhol tz  capaci tance (assuming 
20/~F cm -2)  using Eq. [1]. The capaci tance is d i rec t ly  
p ropor t iona l  to the  t e m p e r a t u r e  

Csc = Co + B ( T - -  To) [11] 

where  B is a p ropor t iona l i ty  factor  and To is defined 
as a cr i t ical  t empe ra tu r e  at  which  Csc approaches  Co. 
The accessible t e m p e r a t u r e  is not sufficient to observe 
Co and ex t rapo la t ion  of Csc to T --> To (Fig. 4) is not 
possible  because To is undetermined .  

Co and To can be obta ined  by  va ry ing  the p ropor t ion-  
a l i ty  fac tor  B. I t  was found expe r imen ta l l y  tha t  B de-  
pends on the e lec t rode  potent ia l .  The resul ts  are  shown 
in Fig. 5. The ex t rapo la t ion  of Csc for  different  e lec-  
t rode  potent ia ls  to low t empera tu re s  in tersec t  the  same 
poin t  (Co ---- 1.5 /~]F cm -2  and To = --26~ S m y t h  

T h e  o r i g i n a l  e q u a t i o n  w a s  e x p r e s s e d  i n  t e r m s  o f  r e s i s t i v i t y .  
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Fig. 4. Space charge capacitance vs. temperature, f - -  1 kHz, 
pH = 8.4.  
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Fig. 5. Capacitance vs. temperature for different electrode po- 
tentials, f = 1 kHz, pH - -  8.8. 

et al. (21) also found the va lue  of To to be a round  
--30~ for he a t - t r e a t e d  anodic t an t a lum oxide  films. 

The dependence  of B on e lect rode poten t ia l  could 
be exp la ined  by  local  dissociat ion equi l ib r ia  of the  
donors 

Ov ~=~ Ov + Jr e -  [12] 

whe re  Ov is an oxygen vacancy  (or Fe  ~+) and Ov + 
is a s ingly  ionized donor. At  negat ive  e lec t rode  po ten-  
t ials the  local dissociat ion equ i l ib r ium is shif ted to the  
left  resul t ing  in a h igher  t e m p e r a t u r e  sensit ivi ty.  A t  
s t rong anodic potent ia ls  the donors a re  more  dissociated 
and the total  amount  of the  charge in oxide  is less a f -  
fected by  tempera ture .  The capaci tance is then  con- 
s tant  and the  effective thickness d approaches  the  ac -  
tual  thickness do. 

The ab rup t  slope increase  at  a round  20~ suggests 
tha t  the  po lycrys ta l l ine  i ron  oxide  has two donor levels,  
i.e., shal low and deep donor levels  as suggested by  
Kennedy  and Frese  (10) f rom thei r  Mot t -Scho t tky  
plots. The deep donors affect the to ta l  amount  of charge  
at  this t empera ture .  Mot t -Scho t tky  plots also show an  
ab rup t  change in slope at  this t e m p e r a t u r e  (see nex t  
sect ion) .  The ex t rapo la t ion  of the h igher  slopes in Fig. 
5 also in tersect  at  Co = 1.5/~F cm -~. Thus Co is inde -  
penden t  of the deep donor concentra t ion as expected,  
since Co represents  the  ac tua l  thickness of the  oxide 
film. Hav ing  de t e rmined  Co, do can be ca lcu la ted  f rom 
Eq. [2] (do ---- 67 nm) .  

Using Eq. [9] i t  is possible to calculate  the  conduc-  
t ivi ty,  ~, at  the  reduced  posi t ion Co/Cso The resul ts  
a re  shown in Fig. 6. The ca lcu la ted  values  of a a t  f ro-  
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Fig. 6. Conductivity profile for different temperature, pH - -  8.4 

quencies lower than 200 Hz are not shown, because in  
this range r does not follow Eq. [9]. The uni formi ty  in  
slope suggests that  the oxide is homogeneous for at 
least 30% of the total film thickness. The ionization 
energy, E~, of donors does not  depend on oxide posi- 
tion, ionized donor concentration, ND +, or the electron 
concentrat ion in  the conduction band. 

The electron concentration, n, of an n - type  impur i ty  
semiconductor can be expressed as 

n : (NDNc) 1/2 exp (--ED/2kT) [13] 

where Nc is the effective density of states in  the con- 
duction band. Hence the conductivi ty is 

-- r exp (--ED/2kT) [14] 

A plot of In r vs. T -1 gives a straight line, where the 
slope corresponds to the half of the ionization energy 
(Fig. 7). The value of r was taken at the point  Co/Csc 
-- 0.8 (from Fig. 6). The slope gives ED -- 0.64 eV. 
This value is in  good agreement  with the value ED ---~ 
0.69 eV obtained from the Mott-Schottky plots (see 
nex t  section) and with reported values (10, 22, 23). 

Mott-Schottky plots.--The simplified Mott-Schottky 
re la t ion (24) is 

Csc-2 : (2kTle2eeoND) (--  y -- r + In r) [15] 

where y is the reduced potent ial  drop in  the space 
charge layer  (Vsc) expressed as 

y : eVsc/kT -= (V -- Vf)elkT [16] 

and r is the degree of dissociation of donors expressed 
as 

r . : ,  ND+/ND [17] 

Vf is the flatband potential. 
A plot of Csc -2 vs. Vsc, if linear, yields the donor 

density, ND, from the slope and a characteristic poten- 
tial Vo at Csc -2 --> 0. In Fig. 8 and 9 the effects of fre- 
quency and temperature on Mott-Schottky plots are 
shown. The characteristic potential, Vo, as well as the 
slopes are a function of temperature and frequency. 
The potential at which the slope changes has been de- 
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Fig. 7. Temperature dependence of conductivity at Co/C - -  0.8, 
pH - -  8.4. 
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Fig. 8. Mott-Schottky plots for different frequencies, T - -  25~ 
pH - -  8.4. 

scribed by Kennedy  and Frese as a "critical potential" 
for ionization of deep donors. However, it  should be 
noted that  in  this case the film thickness is also a factor. 

For Csc -2 --> O, Eq. [15] can be rewr i t ten  as 

Vo -- V~ = (-- r + In T) kT/e [18] 

If r = I, i.e., the donors are completely dissociated, 
the potential difference, Vo -- Vf, has its minimum 
value (kT/e) so that Vo is approximately equal to the 
fiatband potential, Vf. If r << i, as would be expected 
for deep donors, Vo is cathodic with respect Vf, i.e., a 
one-order decrease in r corresponds to 60 mV cathodic 
shift of Vo at room temperature. The frequency de- 
pendence of Vo is linear with logarithm of ] (Fig. i0) 
and the slope dVo/d log ] is --63 mY. From the theory 
and the exper imental  results there should be a corre- 
lat ion between r and J in  a manne r  consistent with 
r o: ]-Z.This is not unusua l  for impur i ty  semiconduc- 
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Fig. 10. Characteristic potential vs. frequency ( � 9  symbol) from 
Fig. 8 and vs. reciprocal temperature ( A  symbol) from Fig. 9. 

The measurement of Vf from Mott-Schottky plots is 
somewhat uncertain, especially for a highly doped im- 
purity semiconductor electrode. For the exact deter- 
mination of Vf several methods have been reported (2, 
29-31). In this paper the flatband potential is defined 
as the potential where the photocurrent vanishes. This 
potential corresponds to Vo, when measured at 1 kHz 
at any pH. This will be discussed in detail in a future 
paper. 

The temperature dependence of Vo shows that Vo is 
directly proportional to T -z (Fig. 10). According to 
Eq. [13] and [17] the degree of dissociation, r, can be 
reexpressed as 

r "- (Nc/ND)1/2 exp (--ED/2kT) [19] 

under the assumption that ED >> 2kT and n _-- ND +. 
For r << 1 and from Eq. [18] and [19] the potential 
difference (Vo -- Vf) is directly proportional to T -I 
and expressed as 

(Vo -- Vf)e/kT = 1/3 In (Nc/ND) -- ED/2kT [20] 

The plot Vo vs. T -I yields a straight line and ED can 
be calculated from the slope. The slope in Fig. 10 yields 
ED :- 0.69 eV at T ---- 300~ This value is in good 
agreement with the value obtained from the conduc- 
tivity. This method, however, has several advantages. 
The experimental technique and the theoretical treat- 
ment are simpler. Also the experiment can be carried 
out at fixed frequency so that the frequency depend- 
ence of adsorbed species or dipoles is eliminated. 

The frequency and the temperature dependences of 
the donor density, ND, are shown in Fig. II. The ap- 
parent break around T -- 20~ is similar to the already 
observed potential dependence of the capacitance 
(Fig. 5). This reinforces the previous assumption that 
the deep donors begin to affect the total amount of the 
space charge at this temperature. On the other hand, 
the frequency dependence of ND shows a linear rela- 
tionship to log S. However, it cannot be fully ruled 
out that the slope change of Mott-Schottky plot is 
mainly due to the frequency response of the dielectric 
constant. This can be assured only if Vo is not frequency 
dependent. 
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tors, because the local ionization equilibrium of donors 
is influenced by the measurement frequency. The ex- 
perimental result (dVo/d log ] = --63 mV) is not gen- 
eral, since it can be dependent on pH, the frequency 
dependence of the dielectric constant, the Helmholtz 
layer capacitance, the contact potential at the metal- 
semiconductor interface, etc. 

Bockris and Uosaki (25) have observed for p-SiC 
that Vo depends differently on frequency in acidic and 
alkaline solutions. Their results show that in 1N NaOH, 
Vo is shifted to anodic potentials with increasing fre- 
quency and in 1N H2SO4, Vo is not affected by fre- 
quency. No explanation was given for this observation. 
As would be expected, however, the pH value can 
change the shape of band bending. In strong acidic so- 
lution the band bending is large enough that the donors 
can be completely dissociated. In this case Vo is not 
affected by frequency. On the other hand, in strong 
alkaline solution, the band bending is small or even 
inverted. Vo is then shifted to anodic potential with 
increasing frequency. For n-type semiconductors the 
situation is reversed. Observations on anodic niobium 
oxide films by Stiitzle and Heusler (26) substantiate 
this suggestion. Vo can also be independent of fre- 
quency (27, 28) without regard to pH, if r = 1. 
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A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1980 
JOURNAL. All  discussions for  the December  1980 Dis- 
cussion Sect ion should be submi t ted  by  Aug. 1, 1980. 
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Effect of Ruthenium Ions on Grain Boundaries 
in Gallium Arsenide Thin Film Photovoltaic Devices 

W. D. Johnston, Jr.* 
Bell Laboratories, Holmdel, New Jersey 07733 

and H. J. Leamy, B. A. Parkinson, *,1 A. Heller,* and B. Miller* 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Chemisorpt ion  of ru then ium ions decreases both the r a t e  of ca r r i e r  r e -  
combinat ion  at gra in  boundar ies  and the surface recombina t ion  veloci ty  on 
thin film, po lycrys ta l l ine  n -GaAs  grown by chemical  vapor  deposition. Charge  
collection scanning e lect ron microscopy reveals  a pronounced improvemen t  
in charge collection at gold n -GaAs  Schot tky  bar r ie rs  fol lowing ru then ium 
t rea tment .  Af te r  chemisorpt ion  of ru then ium ions, a solar  to e lect r ica l  conver-  
sion efficiency of 4.8% was reached in the  n-GaAs/0 .SM K2Se-0.1M K2Se2-1M 
K O H / C  l iquid  junc t ion  cell  wi th  semiconductor  grains of 3-7 /,m diameter .  
The ru then ium effect here  is much more  d ramat ic  than  that  shown in single 
c rys ta l  substrates,  increasing the power  conversion efficiency by  up to a factor  
of four  over  e tched specimens.  

I t  is pa r t i cu l a r ly  advantageous  to fabr ica te  solar  
cells based on polycrys ta l l ine ,  d i rec t  gap semiconduc-  
tors wi th  a l iquid, r a the r  than  sol id-state ,  junct ion as 
the act ive element.  The format ion  of a rec t i fy ing junc-  
t ion by  immers ion  of the semiconductor  into an elec-  
t ro ly te  solut ion is a lmost  t r iv ia l ly  simple. The complex 
requ i rements  for forming matched  expansion,  or 
matched  lattice,  so l id-s ta te  p -n  or  Schot tky  ba r r i e r  
junct ions on the po lycrys ta l l ine  ma te r i a l  are  thus b y -  
passed. Schot tky  ba r r i e r  solar  cells fo rmed on micron 
crys ta l l ine  sized GaAs films at  present  have repor ted  
solar  to e lect r ica l  conversion efficiencies such as 1.3 
(1), 2.8 (2), 5 (3), and 6.3% (4). These values  a re  

* Electrochemical Society Active Member. 
~Present address: Ames Laboratory, Iowa State University, 

Ames, Iowa 50011. 
Key words: semiconductor, solar, energy conversion. 

all  low wi th  respect  to the 17% range  (5) achieved 
with  single crys ta l  or large  crys ta l l i te  devices. On the 
o ther  hand, efficiencies of 5.1%, or  70% re la t ive  to 
single crys ta l  values,  have been obta ined  for hot-  
pressed po lycrys ta l l ine  CdSe in a semiconductor - l iqu id  
junct ion (SCLJ)  cell (6). The fa i lure  to obta in  effi- 
ciencies in po lycrys ta l l ine  GaAs so l id-s ta te  cells closer 
to those in single crys ta l  cells has var ious ly  been 
ascr ibed to excessive surface recombina t ion  velocities, 
recombinat ion  at  gra in  boundaries ,  a n d / o r  shunt ing 
from heavi ly  doped gra in  boundaries .  

Recent  results  f rom this l abo ra to ry  demons t ra ted  a 
12% solar  to e lect r ica l  conversion efficiency for a sin- 
gle crysta l  semiconductor  n-GaAs/Se=-Sex=-OH-/C 
cell wi th  a hi l locked surface topography  achieved 
th rough  appropr ia t e  etching and wi th  modification of 
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the interfacial  chemistry by Ru( I I I )  chemisorption (7, 
8). These efforts encouraged us to evaluate  some poly- 
crystal l ine th in  film materials  as photoanodes. This 
paper  is concerned with chemically vapor deposited 
films from (CHs)~Ga-AsHs reactions which form an 
n - type  layer  on graphite substrates, the characteristics 
of electrodes so formed in  selenide-polyselenide re-  
generat ive electrolytes, and the effect of Ru (III)  t reat -  
men t  on the electrode properties. Besides observing 
t h e  consequences of Ru chemisorption by vol tammetry  
of the redox electrolyte-GaAs junc t ion  cells, we stud-  
ied, by charge collection scanning electron microscopy 
(CCSEM), the effect of the Ru t rea tment  prior to Au 
deposition on these films to form Au-GaAs  Schottky 
barriers.  

In  CCSEM an energetic, focused electron beam is 
scanned over the th in  bar r ie r  metal l izat ion and pene-  
trates the semiconductor to produce carr ier  pairs. 
These are collected by the bar r ie r  field and the re-  
su l tant  cur ren t  is employed as the video signal of a 
synchronously scanned CRT display (9). In  this way, 
an image of local charge collection is formed and the 
influence of the Ru t rea tment  on this process can be 
examined.  

Experimental 
The GaAs films were grown on substrates of high 

densi ty  graphi te  f rom Carbone-Lorra ine  (Type 5890- 
PT) after  evaporat ive deposition of 500A of ger-  
m~'nium which ensured an  ohmic contact. In  one case 
(sample 70) a smooth molybdenum substrate,  also 
precoated with 500A of Ge, was employed. The GaAs 
layer  is formed by the pyrolytic reaction (10) 

Ga (CI-I~)s ~- A s H s ~  GaAs -{- 3CH4 

T h e  Ga(CHs)s was Al fa -Vent ron  Electronic grade, 
99.9995%, with detected impuri t ies  of Si and A1, 2 
ppm each, and Cu and Mg not  detected. AsHs was 
Matheson Electronic grade, 99.995%, supplied as a 2% 
di lut ion in  u l t rahigh pur i ty  H2 (99.999%, total hydro-  
carbon < 0.5 ppm).  The substrate  was held at 700~ 
on a Mo or graphite susceptor with rf  induct ion heat-  
ing. 

A flow of 5-20 cmS/min of pal ladium-diffused hydro= 
gen was passed through the t r imethyl  gal l ium bubbler ,  
held at - - l l ~  The mole fractions of t r imethyl  gal-  
l ium and arsine were approximate ly  10 -4 and 10 -s, 
respectively. These conditions resulted in a growth rate 
of 10-12 #m/hr .  The total flow rate of H2 was 4 
l i ters /min.  

Photoelectrodes were constructed with GaAs films 
1.0-30 /~m thick by at taching a copper wire with con- 
ductive silver epoxy to the back of the graphite sub- 
strate and masking all nonsemiconductor  surfaces with 
epoxy. The electrodes were etched in either 1:1 
H~SO4-30%H202, or in  the same e tchant  di luted 1:4 
with distilled water. The electronics, l ight  measure-  
men t  systems, and cell geometries were similar  to 
those described previously (11). The ru then ium treat-  
men t  solution was 0.01M RuC1s-0.1M HNO~. The prep-  
arat ion of the 1M KOH-1M K2Se electrolyte and ad-  
jus tmen t  of polyselenide content  have been described 
elsewhere (12). 

Surfaces of polycrystal l ine GaAs subjected to the 
various t reatments  described below were evaluated 
by  charge collection scanning microscopy after vac- 
u u m  deposition of 200-500A of Au to form a Schottky 
barrier .  Prior  to the deposition the specimens were 
s imply washed and air  dried. Nonblocking contacts to 
the graphite substrates were made with silver paint.  

Results and Discussion 
Table  I summarizes some of the physical properties 

of the polycrystal l ine GaAs prepared by organic py-  
rolysis. The surface topography of the materials  that  
exhibited the best solar conversion efficiencies was 
dominated by columnar  grains of 3-7 /~m dimensions, 

Table I. 

Avg. 
Thick- Mobility Dopant crystallite 

Speci- ness (cm ~ V -I conc. grain size 
men (/~m) sec -z) (cm -3) (#m) Misc. 

37 15 -- ~ -- 50OA Ge 
49 i0 3400 1 x I~) 17 1-3 Some O= 

53 12 1460 4 x 10 ~ 3-5 O= 

63 24 2900 4 x 101~ 3-5 No Oz 
70 12 --  2 x 102 1-3 MO, no pinholes 
93 23 2900 4 x 10 ~6 3-5 Pinholes 

105 30 4000 4 x 10 TM 3-7 Cracks, little O= 

as measured from SEM photographs. The thickness of 
the films was kept  at 10-30 /~m, both to examine  the 
efficiency of thin films and to minimize the n u m b e r  
of grain boundaries  perpendicular  to the carr ier  drift  
field. Mobilities and dopant concentrat ions were esti- 
mated from I-tall measurements  made on single crystal 
substrate films grown in  the same run  as the poly- 
crystal l ine samples. 

The film (sample 70) grown on a mo lybdenum sur-  
face exhibited a uniform, pinhole-f ree  s t ructure  in  
SEM photographs, with re la t ively small, par t ly  col- 
umna r  grains 1-3 #m in  size. This specimen was grown 
to evaluate the combined effects of fe.wer leaks (via 
pinholes) to the substrate and a more electrochemi- 
cally passive substrate  material .  

Oxygen contaminat ion may pose a problem dur ing  
the growth of the films due to the tendency of oxygen 
to form deep donors in GaAs (13). The extent  of the 
contaminat ion  is small  and difficult to characterize 
accurately. For present  purposes, it was qual i ta t ively 
estimated from the perfection of the single crystal 
epitaxy. 

The current -vol tage  curves for an i l lumina ted  anode 
(sample 63) in  a selenide-polyselenide l iquid junc -  
tion cell are shown in Fig. 1, as a funct ion of surface 
treatment .  This set of curves is representat ive of the 
vol tammetr ic  behavior  of all the films relat ive to sur-  
face treatment ,  independent  of their  relat ive effective- 
ness for l ight to electrical energy conversion. Curve 1 
shows the response of a film immersed in the cell 
wi thout  prior t reatment .  Curve 2 indicates the im-  
proved behavior  shown after a short exposure (1-5 
sec) to sulfuric acid-hydrogen peroxide etchants. 
[Neither the exact composition of the e tchant  nor  the 
t ime the electrode is etched have any  effect on this 
curve so long as the etch is not prolonged ( >  10 sec) 
or overly repeated.] Substant ia l  improvement  in the 
characteristics following etching is seen in  all  the semi- 
conductor samples. 

Curve 3 results after the electrode of curve 2 is 
removed from the selenide electrolyte, washed, dipped 
for 30-60 sec in  the 0.01M Ru(I I I ) -0 .1M HNO3 solu- 
tion, washed again, and re tu rned  to the cell. Dramatic  
improvements  are found in  the short-circuit  current,  
open-circui t  voltage, and fill factor, beyond those 
reached by etching alone. The relat ive improvements  
(curve 3 v s .  curve 2) are even more substant ia l  than 

those seen with ru then ium- t rea t ed  single crystal GaAs 
electrodes in  the same system. Ru then ium enhance-  
ment  of the single crystal performance is manifest  as 
an increased operating voltage and fill factor of the 
cell. In  that  case, no increase (or decrease) in short-  
circuit cur rent  was observed, as the voltage bias on 
most single crystal electrodes at short circuit is suffi- 
cient to collect the photogenerated carriers at high 
quan tum efficiency (a l ight- l imi ted current  region is 
reached).  For the par t icular  example in Fig. 1 the 
power output  was increased by a factor of four after 
the ru then ium treatment .  Substant ia l  improvements  
using the ru then ium t rea tment  were observed in all 
the polycrystal l ine materials  examined in this study, 
with the exact level a funct ion of both substrr-te and 
exper imenta l  conditions. The fill factor and power 
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Fig. 1. Current-voltage curves for sample 63 n-GaAs electrode in 
the 0.SM K2Se-0.1M K~Se2-1M KOH electrolyte as o function of 
prior surface treatment. Illumination level fixed. Photocurrent is 
normalized to maximum value. Curve 1, Electrode as received; 
curve 2, two second etch in 1:1 H2SO4-30%H202; curve 3, dip in 
0.01M RuCIs-0.1M HNO8 for 30 sec after curve 2 tracing. 
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Fig. 2. Effect of varying intensity on current-voltage curves of 
untreated sample 105 electrode in cell of Fig. 1. Curve 1 corre- 
sponds to focused 100W tungsten-lamp. Successive curves refer to 
nominal absorbance of neutral density filter in beam. Curve 2, 
0.2; curve 3, 0.4; curve 4, 0.6; curve 5, 1.0; curve 6, oc (dark 
behavior). 

conversion efficiency, as determined from Fig. 1 for 
which l imit ing current  is not attained, ought to be 
sensitive to current  ( i l luminat ion)  level. The relat ive 
performances of unt rea ted  and Ru- t rea ted  specimens 
under  varying intensi ty  are shown in  Fig. 2 and 3, re-  
spectively, for the same set of normalized light in-  
tensities, all other factors being kept  constant. The 
105 electrode was used unt rea ted  and then the same 
set of data was repeated after it was ru then ium treated. 
Although this sample does not show as large an over-  
all  increase in  power output  from ru then ium chemi- 
sorption as sample 63, the fill factor is clearly ma in -  
tained at high intensit ies much bet ter  in the electrode 
after it has been treated with ru thenium.  The maxi-  
m u m  power outputs from these curves are plotted v s .  

intensi ty  in  Fig. 4. These plots show more clearly that  
the ru then ium- t rea ted  electrode has a bet ter  relat ive 
efficiency than the un t rea ted  one under  the higher 
kinetic stress of increased i l luminat ion  level. 

Table II contains a summary  of open-circui t  voltages 
(OCV), fill factors (if), and qual i tat ive rank ing  (poor 
to very good) of short-circuit  cur rent  (ISC) for the 
specimens physically characterized in Table I. Tung-  
s ten-halogen i l luminat ion  of approximately one-sun  
equivalent  intensi ty  was used for these measurements.  
Comments on the dark  currents  refer to the cathodic 
(forward diode) current  observed in the un i l l umin -  
ated cell at potentials of the semiconductor that are 
negative with respect to that of the selenide-poly-  
selenide couple at carbon. High dark currents  mean 
more metal l ic- l ike behavior  of the electrode (forward 
conduction at potentials more positive than that  of 
the expected flatband level) and are related both to 

film properties and the activity of pores which may 
reach through to the substrate. 

The solar efficiency values quoted in Table II were 
measured using na tura l  sunl ight  for the samples (63, 
93, and 105) which had the bet ter  laboratory charac- 
teristics. The current-vol tage  curve obtained for the 
best specimen (sample 63) at an insolat ion of 96 m W /  
cm 2 is shown in Fig. 5. The power conversion efficiency 
is 4.8% as compared to 12% for single crystal n -GaAs 
electrodes that  were handled and measured similarly. 

Under  tungsten-halogen laboratory i l luminat ion  pro- 
ducing a similar power output  as the solar runs, the 
efficiency decreased by about 15% after  11,000 C/cm~ 
of charge passage. Doubling the l ight in tensi ty  at that 
t ime increased the rate of decline which was associ- 
ated with the appearance of gas evolution. Fai lure  ap- 
pears to be associated with attack at pores. Cross- 
sectional examinat ion  showed a much reduced rate of 
over-al l  mater ia l  loss than the approximately 25 ~m 
annual  rate estimated earl ier  for single crystal  elec- 
trodes not treated with ruthenium.  Fur the r  work would 
be required to refine photocorrosion rates this low in  
magni tude  and suggest or estimate the long term sta- 
bility. 

For the CCSEM experiment,  the 63 photoanode de- 
scribed above was removed from the l iquid junct ion 
cell, metallized with gold, and examined along with 
a parallel  metallized sample not otherwise exposed. 
Figure 6 compares results obtained from ru then ium-  
treated and unt rea ted  material.  In  both cases the light, 
rod-l ike feature is that  of the silver contact to the top 
layer. The darker  the image of the barr ier  area, the 
higher the local collection efficiency. The improved 
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Fig. 3. Experiment and notations of Fig. 2 except that sample 
105 electrode was given full ruthenium treatment. 
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Fig. 4. Maximum power outputs from curves of Fig. 2 ( A )  and 
Fig. 3 (O )  plotted vs. normalized intensity (I = no filter). 

Table II. 

Solar 
effl- 

Speei- e iency 
m e n  OCV SSC* ff (%) Comments  

37 0.52 p 0.43 
49 0.45 g 0.43 ~ High dark current  

wi th  H= 
53 0.4 s 0.35 - -  A s  49 
63 0.575-0.625 vg  0,42 4.8 
70 0.3 p 0.4 - -  
93 0.6 g 0.39 3.5 Low dark current  

105 0.55 vg  0.42 3.8 High dark current  

* SSC: qualitative comparison,  p = poor,  s = s g = good,  vg  
= very good. 

collection efficiency of the ru then ium- t rea t ed  bar r ie r  
is readi ly apparent .  

The contrast be tween the un t rea ted  bar r ie r  (a) and 
the background region (i.e., the silver contact) is 
near ly  zero, indicat ing a low collection effciency. In  
comparison, the ru then ium- t r ea t ed  mater ia l  (b) ex- 
hibits substant ia l  collection over the entire device 
area. The Schottky barr iers  in  both cases exhibit  un i -  
form contrast  except in the regions of cracks in  the 
GaAs films and contaminants  on the surface of the Au 
Schottky barr ier  metallization. These macroscopic de- 
fects are observed in  secondary electron micrographs 
as regions of reduced emission, and their  contrast  in  
the charge collection micrographs is at least par t ia l ly  
accounted for by the variat ions in  absorbed energy 
that  accompany the topographical features of the d e -  
f e c t s .  

A higher magnification comparison of the samples 
shown in Fig. 6 is presented in  Fig. 7. In this figure, 
the improvement  in collection e~c iency  of the ru -  
then ium- t rea ted  device is observed to be associated 
with an increase in  both the number  of individual  
crystalli tes that  are active and a decrease in  the pro- 
pensi ty of the intercrystal l i te  boundaries  to act as 
recombinat ion sites. Although collection effciency is 
reduced at the grain boundaries  ir~ both devices, the 
decrease is smaller  in the ru then ium- t rea ted  chemical. 

The improved quan tum efficiency that  is qual i ta-  
t ively apparent  in Fig. 6 and 7 was invest igated more 
quant i ta t ive ly  by measurement  of the local charge 
collection currents.  For this exper iment  a freshly pre-  
pared GaAs film was sequent ia l ly  etched and exposed 
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Fig. S. Current-voltage curve under solar irradianee of 96 mW/  
cm 2 for n-GaAs/0.8M K2Se-0.1M K2S:2-1M KOH/C cell with 
sample 63 polycrystalline thin film electrode given ruthenium treat- 
ment. Power conversion efficiency is 4.8%. 
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Fig. 6. CCSEM micrographs of gold metallized sample 63 elec- 
trodes with GaAs surface given (a) no prior treatment and (b) 
ruthenium treatment. 

to the selenide and Ru( I I I )  solutions, each operation 
being performed on a successively smaller  port ion of 
the sample. In  this way, the final sample contained ex- 
posed areas of untreated,  etched, etched and selenide- 
treated, and finally etched, selenide- and R u ( I I I ) -  
t reated material.  A single Schottky bar r ie r  was fabri-  
cated over the entire sample and the charge collection 
was determined in each region by recording the cur-  
ren t  collected dur ing a single l inear  scan of the elec- 
t ron beam over a 1 mm portion of each region. 

As seen in Fig. 7, the current  collected dur ing each 
scan varied from max imum values at the grain in -  
teriors to lower levels at the grain boundaries.  The 
average value of the current  was taken for the de- 
te rminat ion  of collection efficiency. 

The results, normalized to the electron beam cur-  
rent,  2 are plotted vs. electron beam energy in  Fig. 8. 
This plot shows that the average collected current  is 
markedly  affected by the various surface treatments.  
The untrea ted  surface is essentially inactive while the 
Ru dipped mater ia l  exhibits the largest collection effi- 

~ T h e  m e a s u r e m e n t  of collect ion c u r r e n t  was  conduc ted  w i t h  
b e a m  c u r r e n t s  in the  10-~oA r a n g e  to insu re  low in jec t ion  level  
conditions.  

Fig. 7. Higher magnification micrograph of Fig. 6 specimens 

3000 
AU- POLYCRYSTALLINE GQ As 

/ ~ 

2000 ~ j ~  

"o 0 7 
1ooo /_/ o// / ~ /  

o o J--.~/---4 -- �9 -- �9 --o -- �9 
! I I I 
t0 20 30 40 

E b (W) 

Fig. 8. Average scan current, le, normalized by electron beam 
current, Ib, plotted vs.  electron beam energy as a function of GaAs 
treatment prior to gold metalllzation, e ,  Untreated; [~, etched; A,  
etched and selenide dipped; O ,  etched, selenide dipped, and 
ruthenium dipped. 
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ciency at  al l  acce le ra t ing  voltages.  Fur the rmore ,  whi le  
etching the surface improves  the collection efficiency 
of the  device, a subsequent  se lenide dip alone does not  
cause fu r the r  improvement ,  in  agreement  wi th  our  
exper ience  wi th  the  l iquid  junct ion  cells. We note, 
however ,  tha t  ru then ium is not  effect ively adsorbed  
wi thou t  the preceding  selenide step. 

Charge  collection in  al l  instances declines to zero at  
e lec t ron  beam acce le ra t ing  vol tages be low 10 kV. This 
is a t t r i bu tab le  to absorpt ion  of the beam electrons by  
the 500A. Au  metal l izat ion.  At  h igher  voltages,  the  
l inear  r i s e  in collected cu r ren t  indicates  a constant  
charge  collect ion efficiency tha t  is independen t  of the 
dep th  d i s t r ibu t ion  of in jec t ion  up to ,--5 /n'n.3 This 
suggests  tha t  charge  collect ion is not diffusion length  
l imi ted  in this exper iment .  Al though  al l  of the t r ea ted  
areas  a re  s imi la r  in  this regard ,  the improvemen t  im-  
pa r t ed  by  the RU(I I I )  step amounts  to an app rox i -  
m a t e l y  100% increase  in collected cur ren t  re la t ive  to 
the  f resh ly  etched surface on which  no ions were  i n -  
t en t iona l ly  chemisorbed.  I f  the  s t anda rd  va lue  for  pa i r  
genera t ion  energy,  4.8 eV, is employed,  an app rox i -  
ma te ly  50% increase  in quan tum efficiency (from 20 to 
33%) m a y  be ob ta ined  f rom the da ta  of Fig. 8.4 

Summary and Conclusions 
The solar  efficiencies and cell  pa r ame te r s  under  l ab-  

o ra to ry  i l luminat ion,  when re la ted  to o ther  da ta  of 
Table  I and II, a l low cer ta in  conclusions about  film 
proper t ies .  For  example ,  oxygen  contaminat ion  ap -  
pears  deleter ious.  Porosi ty,  whi le  i t  in t roduces  me ta l -  
l ica l ly  behav ing  shunts,  is c lear ly  not  the  only  source 
of reduced  vol tage  and fill factor.  The sample  grown 
on the smoother  Mo substrate ,  which should have 
negl ig ib le  l eakage  due to pores, behaved  poorly.  Gra in  
size d i s t r ibu t ion  plus the  level  of recombina t ion  at, or  
cu r ren t  shunt ing  through,  the boundar ies  appears  to 
be impor t an t  as well.  

The effect of r u then ium in enhancing the cu r ren t -  
vol tage  behav ior  of the  cells is much more  p rominen t  
than  i t  is in the  single c rys ta l  ma te r i a l  descr ibed p re -  
viously,  consis tent  wi th  the CCSEM da ta  on the A u -  
GaAs Scho t tky  ba r r i e r  a f te r  the var ious  stages of 
chemical  t rea tment .  Tha t  the effect is due to chemi-  
sorbed Ru and not  to the  remova l  of dele ter ious  im-  
pur i t ies  was shown (14) by  di rec t  detect ion wi th  
Ru the r fo rd  backscat ter ing.  The chemisorpt ion  of ru -  
then ium raises the  cur ren t  collection efficiency of 
the  device. The m a x i m u m  observed solar  conversion 
efficiency of 4.8% is 40% of tha t  which we have re -  
por ted  for  cells wi th  single c rys ta l  photoanodes.  W e  
feel  tha t  be t t e r  film qual i ty  for  this appl ica t ion  should 
be  possible and this goal  shr be pursued.  The re-  
sults also suggest  that  the chemisorpt ion  of ru then ium 
migh t  improve  the cur ren t  collection and over -a l l  
convers ion efficiency of n - G a A s  based Schot tky  junc-  
t ion (meta l l ized)  solar  cells. 

a The electron range, R, in GaAs is given by R = 0.027Eb 1.4o ~m 
with Eb in kV. 

These figures were computed following correction for absorp- 
tion within the gold metallization. 

Ru then ium t r ea tmen t  appears  to fu r the r  reduce the  
a l r eady  low level  of photocorrosion in the  GaAs-  
se lenide sys tem bu t  extens ive  measurement s  of the  
s tab i l i ty  of the more  efficient film anodes must  be 
made  before  conclusions on the v iab i l i ty  of these ma-  
ter ia ls  can be drawn.  The fa i lure  mode of the film 
electrodes is r e la ted  to the  pore  s t ruc tu re  and the 
po lycrys ta l l ine  cells~consequently exhib i t  g rea te r  va r i -  
ab i l i ty  in output  than  the single c rys ta l  cells. 

The model  p rev ious ly  out l ined for the reduct ion  by  
ru then ium chemisorpt ion  of ca r r i e r  t raps  or of ou tput  
reducing  shunts as the  or igin of the  beneficial  effects 
is consistent  wi th  the independen t  CCSEM data. Re-  
cent observat ions  by  luminescence methods  (14) of a 
reduc t ion  in surface recombina t ion  veloci ty  at  single 
c rys ta l  G a A s - a i r  interfaces wi th  the  ru then ium t r ea t -  
ment  fu r the r  s t rengthens  the  case for such i n t e r p r e t a -  
tion. 

Manuscr ip t  submi t ted  May 17, 1979; rev ised  m a n u -  
scr ipt  received June  25, 1979. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1980 
JOURNAL. Al l  discussions for  the December  1980 Dis-  
cussion Section should be submi t t ed  by  Aug. 1, 1980. 

Publication costs oS this article were assisted by 
Bell Laboratories. 
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on TiO  Electrodes 
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ABSTRACT 

In this s tudy a technique to sensitize TiO2 electrodes with rhodamine B 
bonded to the surface is presented. To study both the a t tachment  process 
and the mechanisms of spectral sensitization the system TiO2/dye/electro-  
ly t e /P t  was investigated. The photocurrent  produced by visible l ight i l lumi-  
nat ion was studied as a function of electrolyte pH, i l luminat ion  time, wave- 
length, and doping density. The observed photoresponse increased wi th  doping 
density by a factor of 8 over the range investigated. Dye states were not re-  
moved from the surface dur ing the course of i l luminat ion.  The oxidized dye 
states were observed to be re-reduced after biasing at sufficiently negative 
voltage. The observation that the amount  of dye deposited on the TiO2 sur-  
face is affected by the doping density of the samples used is discussed in terms 
of the na ture  of the bonding between dye and surface. The photocurrent  
quan tum efficiency per absorbed photon was calculated to be about  0.01. 

There has been much interest  in photochemical work 
on sensitized semiconductor electrodes with dyes in 
solution (1-3). Also of interest  are dye-modified semi- 
conductor electrodes because of their response to vis- 
ible light quanta. Excited dye molecules sitting at 
the surface are able to t ransfer  an electron to the 
conduction band of the semiconductor if both energy 
levels are in the same range. In order to l ink those 
molecules at the surface different types of bonding 
are described in the l i tera ture  up to now: monolayer  
assemblies generated by the Langmuir-Blodget t  tech- 
nique (3-7) and covalently bonded dye molecules on 
semiconductor electrodes (8, 9). Even in the case of 
dyes in  solution, most of the photocurrent  is due to 
an adsorbed layer of dye on the surface of the elec- 
trode, at least for dyes with short excited-state life- 
times (10, 11). Photoresponses in the visible light 
range have been reported for all of these. 

In  this work we present a new technique to fix 
rhodamine B on the surface of TiO2 electrodes. A 
correlation of the amount  of dye deposited on the 
semiconductor surface and the doping density of the 
samples was observed. The electrodes were charac- 
terized by electrochemical and /or  optical measure-  
ments. The a t tachment  process of the dye on the 
surface is discussed in terms of (i) an influence of 
the electric field strength, (it) adsorption sites, and 
(iii) the presence of negat ively charged species, at 
the surface of TiOf. 

When the dye-coated electrode is i l luminated  with 
l ight that  is absorbed by RhB a photocurrent  is ob- 
served. The current  decreases in t ime as the RhB 
becomes oxidized. The dye can be reduced by applying 
a negative bias so that the ini t ial  cur rent  level is 
regained. This indicates that the a t tachment  is stable. 

Experimental and Sample Preparation 
Materials and measuring setups.--Two different 

types of rhodamine B (RhB) coated TiO2 samples 
were used in this work: single crystals and polycrystal-  
l ine mater ia l  deposited on fused silica substrates. 
The rut i le  single crystal slabs about 1 mm thick were 
sliced from a boule obtained from NL Industries.  The 
(001) faces of these samples were coated with RhB 
after polishing, cleaning, and reduction as have been 
described previously (12). 

The polycrystal l ine samples were prepared by using 
the chemical vapor deposition (CVD) technique. Fused 
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silica disks 4 mm thick were used as substrates. Thin 
films in the range of 500-1000A were deposited via 
the hydrolysis reaction of TIC14 in  the presence of 
water vapor at approximately 500~ In order to br ing 
these samples to a uni form start ing condition they 
were oxidized in a dry oxygen stream for 30 min  at 
900~ Various doping densities ND were made by re-  
duction in a dry hydrogen-s t ream for 30 min  but  at 
different temperatures.  

The exper imental  setup for characterizing the photo- 
response of the RhB-coated single crystals in the 
visible range was the same as previously described 
(13, 14). Second order light quanta  >3  eV(<400 nm)  
were el iminated from the grat ing monochromator  
output  by using an appropriate filter (Corning CS3- 
74). All electrochemical" measurements  were carried 
out in  0.5M Na2SO4 aqueous solution in which the pH 
was adjus ted  by adding sulfuric acid or sodium hy-  
droxide. The exposed sample area (0.125 cm 2) re-  
mained constant  as the crystal was pressed against  a 
gasketed opening in the side of the cell. 

Absorption measurements  of dye molecules coated 
on polycrystal l ine samples were carr.ied out in a 
Pe rk in -E lmer  Spectrophotometer Model 575. An un -  
treated fused silica disk was used as reference. The 
reported absorbance data were obtained by comparison 
of spectra recorded before and after RhB coating. 
Absorption measurements  in aqueous RhB solutions 
were carried out using RhB solution of 10-4M/liter.  
Different pH values were adjusted as described above. 

The rhodamine B was obtained commercially. The 
electrolytes were prepared using distilled water and 
reagent grade chemicals. 

Coating technique.--The coatings of TiO2 single crys- 
tal samples as well as the polycrystal l ine samples 
were achieved by simple immersion in  an about 0.02 
M/l i ter  RhB/CH3OH solution. A typical reaction t ime 
was 5 min. Thereafter  the samples were immersed in 
distilled water  for 5 sec to remove the excess dye 
molecules from the surface, followed by a short rinse 
under  flowing distilled water. F ina l ly  the specimens 
were dried in a slight air stream. 

Reproducible results for both kinds of TiO2 mate-  
rials were obtained only with freshly reduced samples. 
Prior to each coating process the samples were cleaned 
in hot conc sulfuric acid (50~ for 5 min. 

Results 
Typical photocurrent  vs. wavelength behavior  ob- 

tained from the difference between data recorded be- 
fore and after RhB coating is shown in Fig. 1. For 
this measurement  the RhB coated single crystal used 
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Fig. I. Comparison of initial photocurrent spectrum obtained 
from coated single crystal ( - -@--)  and absorbance spectrum ob- 
tained from coated polycrystalline ( - - * - - )  Ti02 samples. 

was main ta ined  at a bias of 0.5V (SCE) with an 
0.5M Na2SO4 electrolyte of pH 1. The doping density 
of the sample was ND ---- 5 X 1019 cm -3 as determined 
from capacitance-voltage measurements .  As seen from 
the graph the ini t ia l  anodic photocurrent  of a freshly 
prepared sample shows a single peak with its maxi -  
m u m  value around 565 nm but  with a shoulder at 
about 520 nm. The absorbance of a dye-coated poly- 
crystal l ine sample is also included in this figure. The 
data were obtained using a specimen which was 
reduced at 615~ (see below). As can be seen, the 
m a x i m u m  intensi ty  of photocurrent  and absorbance 
are observed at identical wavelengths.  Similar  results 
were reported for covalently (8, 9) bonded RhB on 
SnO2 as well as for simply adsorbed (11, 15) dye 
molecules on ZnO surfaces. 

Except for the shoulder in the photocurrent  response 
curve the present  results do not clearly indicate the 
presence of a distinct dimer peak at 520 nm as reported 
by others (8, 11). The Coating technique used in the 
present  work, however, differs from those used in  
this earl ier  work. 

The influence of the hydrogen ion concentrat ion on 
the photoprocess on dye-sensit ized TiO2 single Crystals 
was investigated. The results can be seen in Fig. 2 
along with the pH dependence of the absorbance in 
an aqueous RhB solution. All points are taken from 
measurements  at k -- 560 nm. 

The distinct s t ructure  of the absorbance character-  
istic for pH < 2 shown on the graph was explained 
by Ramette  and Sandell  (16) as being due to different 
molecular  a r rangements  in strong acid solutions. The 
sl ightly decreasing absorbance for pH > 2 has been 
explained by the same authors as di lut ion effect. 

] I [ I I 1 

<3 = -3 ~ 

LU 

o z 

" - I  I o 
I I l  

0 I I I I l = = l  o 
0 2 4 6 8 I0 12 14 

pH 

Fig. 2. Dependence of initial photocurrent and absorbance data 
on pH. The currents w e r e  taken from measurements of a dye- 
sensitized single crystal sample (*) and the absorbance in aqueous 
10 -4M RhB solution (@). 

Unlike the absorbance results described above, the 
behavior  of the electrochemically observed photocur-  
rent  shows little change in  the range pH 0.6-8. No 
sharp decrease of the photocurrent  in tensi ty  for pH 
< 2 was observed. Apparent ly,  the a t tachment  Of an 
addit ional  proton which blocks the r ing resonance 
and which causes the drop in absorbance at low pH 
is impeded if the dye is attached to the surface. For 
pH values > 10 the photocurrent  fell below the sensi- 
t ivi ty range of the exper imental  setup. 

This fall off in photocurrent  at high pH can be 
explained using Fig. 3. This graph shows the energy 
si tuat ion of TiO2 and RhB in terms of a Pourba ix- l ike  
diagram. The data shown, taken from the l i terature  
(17), are valid when  semiconductor surface and dye 
are not in contact. As shown by the diagram the energy 
level for rhodamine B in its excited state, RhB*, lies 
above the TiO2 conduction bandedge as long as the pH 
is smaller  than 12. In this region electron t ransfer  
from excited dye molecules to the conduction band is 
possible. This a rgument  to explain the pH dependence 
of dye-sensit ized semiconductors has been used fre- 
quent ly  (11, 15). The coating process apparent ly  does 
not affect the band si tuat ion at the TiO2 surface be- 
cause a shift in the flatband potential  could not be 
measured. 

According to the theory of photoprocesses on dye- 
sensitized semiconductor electrodes, i l luminat ion  leads 
to a decrease of photocurrent  intensi ty  as the surface 
dyes become oxidized (1, 2). At a bias of 0.5V (SCE) 
the course of this bleaching process with t ime is 
shown in Fig. 4 using a sensitized TiO2 single crystal 
sample with ND = 1019 cm -s. The time dependence 
of a freshly prepared sample is characterized by the 
symbol ( e ) ;  the decay rates depicted as (*, <>) were 
observed after biasing for 60 sec at --0.SV (SCE) and 
then re turn ing  to +0.SV (SCE) for measur ing the 
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Fig. 3. Electron energy levels for rhodamine B in the ground and 
the excited store. The energy level of the TiO2 conduction band- 
edge is also shown. 
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Fig. 4. Time dependence of the photoresponse under illumination 
at 560 nm in pH 1 electrolyte. The points describe the decay at a 
potential of 0.5V (SCE). The initial decoy of a freshly prepared 
sample is characterized by the symbol ( e ) ;  for the same sample 
points (*, Q) were obtained subsequently after reduction at --0.SV 
(SCE). 
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photocurrent.  As can be seen from the figure all 
three plots follow similar  decay laws. Fur thermore  
it  is worth not ing that after applying a negative po- 
tent ia l  of --0.5V (SCE) the photocurrent  re turned  
to its init ial  value of 1.5 nA [point ( � 9  on the ordi-  
nate].  From these observations it can be deduced that  
no dye molecules were lost from the surface when 
i l luminated,  but  the oxidized surface dye was re-  
duced by operation of the electro'de at --0.5V (SCE). 

Variable  photocurrents  were observed when TiO2 
single crystals of different doping densities ND coated 
with RhB were used. The results for samples with ND 
ranging from 5 • 1017-5 • 1022 2 cm-3  are shown in 
Fig. 5. In  this range the photocurrent  changes by 
about a factor of 8. The points are obtained from the 
difference in measurements  in  acid solution of pH -- 1 
and at ~ ---- 560 nm taken before and after RhB coating. 
Furthermore,  at the applied voltage of 0.5V (SCE) 
for the samples investigated the ini t ial  photocurrent  
was found to be independent  of potential.  

In  order to clarify this observation, absorption mea-  
surements  were made to quant i fy  the amount  of sur-  
face coverage as a funct ion of doping density. For 
this purpose fused silica disks coated with thin films 
of TiO2 as described above were used. Prior  to coating 
with dye the doping density of those quartz TiOa 
samples was changed by hydrogen t rea tment  at dif- 
ferent  temperatures.  The quant i ta t ive  determinat ion 
of the doping density for such th in  films is difficult 
because the film thickness may not exceed that  of 
the space charge region. A typical visible absorption 
spectrum for the sample reduced at 615~C has already 
been shown in Fig. 1. 

The data taken from the max imum intensi ty  of 
the absorbance spectra at 560 nm are listed in Table I 
along with the surface layer  thickness of RhB cal- 
culated in fractions of a monolayer  coverage. The 
calculations were made by using the molar  absorption 
coefficient of 1.05 • 10 ~ for a nea r -neu t r a l  aqueous 
RhB solution (18) and a dye molecule area of 100A 2 
as reported by Spitler and Calvin (11). The reduction 
temperatures  of the specimens range from 475~176 
A sample sensitized just  after the course of oxidation 
at 900~ yielded an absorbance of 2 • 10 -8 bu t  not 
listed in the table. 

To check whether  thermal  etching dur ing  the course 
of reduction affected the results reported in Table I 
the samples marked (*) were reoxidized and again 
coated with dye. The absorbance for both samples 
after  reoxidation was 2 • 10 -s. Thus, a change in 
effective surface area cannot be used to explain the 
observations in Table I. 

Discussion 
As was shown in the exper imental  section the doping 

density ND of the semiconductor samples affects the 
amount  of dye deposited on its surface. The density 
of the dye Iayer  was determined by  absorption men-  

The unreal is t ical ly high doping density of ND = 5 • 10 ~ c m  - s  

obtained from capacitance-voltage measurements  is most l ikely 
d u e  to surface roughness caused by etching. 

i t ! 
0 . ~  ~ , , t  . . . .  I . . . .  I ~ , , ~ I  , , , , I  , , , , I  

i017 IO ts i019 1020 iO 2t tO 22 1023 

Fig. 5. Dependence of the photoresponse on the TiO2 doping 
density HD. The data were obtained in ,oH 1 electrolyte and for an 
illumination wavelength of 560 rim. 

Table I. Absorbance and dye layer thickness for sensitized 
polycrystaliine TiO2 material prepared after reduction at different 

temperatures 

Reduction temper- 
a ture  (~ 475 510 560" 590 615" 

Absorbance (10 -a) 2 4 5.2 7.2 11.2 
Dye layer thickness 

(monolayer) 0.12 0.23 0.30 0.42 0.64 

surements  on polycrystal l ine material .  Although the 
amount  of dye deposited on single crystals was not  
measured optically, the results shown in  Table I 
suggest that  the coverage would increase with doping 
density since the doping density is known to increase 
with tempera ture  dur ing  reduction. This increased 
d y e  coverage readi ly explains the increased photo- 
current  seen in Fig. 5. 

As can be seen from Fig. 4, the photocurrent  de- 
creases with t ime to some lower value, i t  is ins t ruct ive  
to calculate the surface density of RhB that  is repre-  
sented by the decaying port ion of the current .  For  
the data in  Fig. 4 this is approximately  6 • 10 TM cm -2 
assuming one electron per RhB molecule. For  com- 
parison, the absorbance value in  Table I for 510~ 
gives a RhB surface density of 2.3 • 10 '5 cm -2 if 
the solution molar  ext inct ion coefficient of 1.05 • 105 is 
used (18). This suggests that  only a fraction of the 
RhB on the surface is part icipat ing in  the rapid decay 
and that the remainder  has a much lower probabi l i ty  
of electron t ransfer  and is responsible for the photo- 
current  remain ing  after 5 rain. 

Of course, the surface densi ty of RhB on the elec- 
trode is only inferred from measurements  on the TiO2 
films. Without  some method to determine the densi ty 
of RhB on the surface of the electrode itself it is not 
possible to be more quant i ta t ive  in discussing the 
current  decay. In  this p re l iminary  report, the point 
that should be emphasized in  Fig. 4 is the abi l i ty  to 
r e tu rn  to the ini t ial  current  by applying a negative 
voltage. This i l lustrates the stable na ture  of the RhB 
attachment.  Based on the data in  Table I the cal- 
culated over-al l  qua n t um efficiency per absorbed 
photon is less than 0.01. 

Now the question arises on the na ture  of the l inkage 
between dye molecules and the semiconductor surface 
and how it is affected by the doping density. The 
reactivi ty of highly doped TiO2 samples was the sub-  
ject of a n u m b e r  of investigations in recent  years 
(19-27). The affinity of those samples to interact  with 
chemicals is a we l l -known phenomenon.  It was shown 
(24, 26, 27) that small  molecules such as O2, NOs, 
and NaO undergo a reaction upon exposure to activated 
TiO., surfaces. For example, the reaction with air  or 
oxygen leads to the formation of O2-. Such reaction 
products were identified by ESR spectroscopy. 

As our results have shown, rhodamine B does not 
lose its dye character when  coated on reduced TiOs 
surfaces. This observation excludes a chemical reaction 
with the dye center of the molecule as the a t tachment  
process. On the other hand  a negatively charged ion, 
such as the O,2- described above could at tract  the 
positive ring system of the dye molecules, thus giving 
rise to an ionic bond. This ionic bonding would not  
be expected to change the character of the dye. This 
mechanism can explain the influence of reduct ion 
tempera ture  on the density of RhB since the genera-  
t ion of the negative surface species depends on the 
reduct ion of the TiO2 (27). 

On the other hand it  is known that  the doping 
density affects the electric field strength, Es, at the 
semiconductor surface. The value of E~ is proport ional  
to the one-half  power of the doping density ND. Thus 
an increase of the amount  of dye molecules deposited 
on the surface caused by an increase in field s t rength 
seems possible. 

It  is also possible that  an increase of active adsorp- 
t ion sites accompanies an  increase in  ND. Making the 
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reasonable  assumpt ion  tha t  al l  sites wi th in  20A of the 
surface are  able  to in te rac t  wi th  the a t tached  surface 
states, a dens i ty  of sites can be es t imated  to be 1013 
sites/cm~ for a sample  wi th  ND ---- 5 X 1019 cm -3. 
Thus, the  p red ic ted  dens i ty  of surface sites due to 
donors is about  one - t en th  of a mono]ayer  at  this 
doping dens i ty  ye t  this is app rox ima te ly  the  doping 
dens i ty  at  which  monolayer  coverage by  RhB occurs. 
On the other  hand, due to the app rox ima te  na ture  
of this comparison,  the in t roduct ion of surface ad-  
sorpt ion sites by  donors cannot  be exc luded  as an 
exp lana t ion  for the RhB a t t achment  process. 

Conclusion 
Two resul ts  of the present  work  are  considered to 

be the  ma in  features :  the dependence  of the  a t tach-  
men t  process on the semiconductor  doping dens i ty  
a n d  the  complete  reduct ion  of oxidized dye  states 
a f t e r  a cathodic sweep. 

As a l r e a d y  a rgued  in the discussion a final answer  
on the na tu re  of the  bonding be tween dye molecules  
and TiO2 tha t  is based on exper imen ta l  results  cannot  
be given. The bonding is most  l ike ly  due to severa l  
contr ibut ions.  F u r t h e r  exper iments  using different  
solvents, dyes, and e lect rode mate r ia l s  would provide  
addi t iona l  in format ion  about  this process. 

I t  is supposed tha t  the reduct ion  of oxidized dye  
s t a t e s  occurs via conduct ion band electrons which r e -  
t u rn  the  RhB to i ts in i t ia l  condition. This i l lus t ra tes  
the  s tab i l i ty  of the bond be tween  the dye and the 
surface.  
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Surface States Formation due to Impregnated 
Hydrogen at p-Type Gallium Phosphide 

Electrodes with Metal Adatoms 
Hiroyuki Uchida, Hiroshi Yoneyama,* and Hideo Tamura 

Department o f  Applied Chemistry, Faculty of Engineering, Osaka University, Yamadakami, Suita, Osaka, Japan 

ABSTRACT 

p - T y p e  GaP  elect rodes  wi th  and wi thout  meta l  ada toms showed not iceable  
photoresponse at  wavelengths  longer  than  the intr insic  absorpt ion  threshold,  if  
surface s tates  were  formed by  hydrogen  impregnat ion.  The fo rmat ion  mecha-  
nism of the  surface states was ana lyzed  and the role of me ta l  ada toms was 
evaluated.  The energy  levels  of the surface states formed are  de t e rmined  by  
analys is  of the cathodic cur ren t  in the  dark .  

In  a recent  pape r  (1) we repor ted  that  the spect ra l  
response of p - t y p e  GaP electrodes was successful ly ex-  
tended to longer  wavelengths  by  deposi t ing a mono-  

* Electrochemical Society Active Member. 
Key words: semicoaductor, photocathode, spectra, catalysis. 

l aye r  of any  of severa l  k inds  of meta l  such as gold, 
silver,  pal ladium,  or copper  onto the e lec t rode  surface 
and then ca thodica l ly  polar iz ing  the e lec t rode  under  
i l luminat ion.  Impregna t ed  hyd rogen  seemed to be  
responsible  for  the  enhanced pho tocur ren t  spectra.  
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However, a detailed mechanism of the hydrogen im-  
pregnat ion  and the na ture  of surface states formed has 
remained ambiguous. In  order to develop more infor-  
mat ion  on these points, the present  s tudy has been 
conducted. 

Experimental 
The same p- type GaP (NA = 4 X 1017/cm ~) as r e -  

p o r t e d  previously (1) was used as the electrode mate-  
rial. The surface p re t rea tment  of GaP and  metal  depo- 
sition on it were also the same as in  the previous study, 
except for the deposition of Pb. The deposition poten-  
tial of Pb was set at 0.25V vs. SCE in  the present  study, 
which was found to be more sui table than  the poten-  
tial selected in the previous study, al though no ap- 
preciable difference was observed in  results obtained. 

A 500W xenon lamp was used as a l ight  source, 
and a monochromator  wi th  a 600 l i ne s /mm grat ing 
(JASCO, Model CT-25) was employed to obta in  mono-  
chromatic light. The second-order  diffraction was 
el iminated by  employing suitable colored glass filters, 
and the slit width chosen was 2 mm, by which the r e s o -  
l u t i o n  of monochromatic l ight was • 6 nm. The in t en -  
sity of l ight was measured by  using a calibrated 
thermopile (The Eppley Laboratory,  Incorporated).  The 
n u m b e r  of photons incident  on the electrode surface 
was determined by correcting the absorption in  the 
electrolyte. For this purpose, absorption in  a quartz cell 
of 1 cm path length was measured,  and the inc ident  
photons were estimated by taking into account t h e  
distance be tween a quartz window and the electrode 
surface. 

Measurements  of photocurrent  in the order of nA 
was made by employing the lock-in  amplifier tech- 
nique. A lock-in  amplifier (N. F. Circuit  Design Block 
Company, Model LI-572B) was tuned to a light chop- 
per of 30 Hz for this purpose, and a photocurrent  signal 
~ | [ ~  ~ r , n ! f n r ~ r l ~ ' l ~  , ~ n  n ~ r ,  i l l n s  n n r ~  ( T ~ r ~ . t ~ u _  M n r t e l  [ 1 5 6 )  

The m i n i m u m  photocurrent  detected was 10 Pa. 
All the measurements  were carried out in  the dark 

r o o m  at  r o o m  t e m p e r a t u r e .  P r i o r  to measurements ,  
purified ni t rogen was bubbled into electrolytes for  
more than 30 min. 

Cathodic polarization to cause hydrogen evolution 
was essential to obtain enhanced photocurrent  spectra 
at p- type  GaP electrodes covered with the monolayer  
amount  of deposited metal  (M(0 = 1)/p~-GaP). This 
t rea tment  was termed here as "act ivat ion t rea tment"  
as in  the previous s tudy for the purpose of convenience. 
The activation t rea tment  was made in 0.5M H2SO4. 
After the activation treatment ,  the electrode was re-  
peatedly subjected to potential  sweep polarization at 
1 V/ra in  in  the dark in a potential  range between 
--1.0V vs. SCE and the potential  at which the cathodic 
current  commenced, unt i l  stable current -potent ia l  
curves were obtained. The electrode was then subjected 
to a var ie ty  of measurements.  Where the na ture  of 
electrolytes for measurements  was different from 0.5M 
H2SO4, the electrode was short ly immersed in distilled 
water  and then inserted in the electrolyte of interest. 

The other details were a l ready reported (1). 

Results and Discussion 
Quantum yield of p-type GaP . - - In  our previous 

paper (1), we did not discuss the quan tum yield of 
activated electrodes, because of poor pur i ty  of the 
monochromatic light. Figure 1 shows spectra of quan-  
tum yield of saturated cathodic photocurrent  giving the 
hydrogen evolution reaction (HER) at p- type  GaP 
electrodes with and without the monolayer  of deposited 
gold, which were obtained in  0.5M H2SO4 at --0.5V 
vs. SCE. As already described previously (1), the de- 
veloped photoresponse covered wavelengths between 
500 and 1200 rim. The max imum quan tum yield in  the 
developed spectra, which was observed be tween 600 
and 850 nm, was about 1%. 

The shape of spectra of the quan tum yield in  the 
intr insic absorption region was in  good agreement  wi th  
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Fig. 1. Spectra of quantum yield of saturated cathodic photo- 

current at p-type GaP electrodes in 0.SM H2S04 at --0.50V vs. SCE. 
( ~ @ ~ )  nonactivated p-type GaP, ( - - A - - )  nonactivated 
Au(0 ~ I)/p-GaP, ( ~ O ~ )  1 hr activated Au(8 ~ 1)/p-GaP. 

vious results (3). Since the absolute value of the maxi -  
mum quan tum yield obtained at the present  electrode 
(NA = 4 • 101~/cm 3) agreed very  well  with that  of  
Ref. (3), the inaccordance of the previous spectrum is 
a t t r ibutable  to the difference of pur i ty  of light. 

It  is seen in Fig. I that  GaP shows weak photore- 
sponse up to about 800 nm (1.55 eV) even if no activa- 
t ion t rea tment  was made. Referr ing to the bandgap of 
GaP (4, 5), the result  is not unders tandable  f r o m  
ba nd - ba nd  transitions. Therefore, the phenomenon 
seemed to be caused by band-or ig ina l  surface states 
transition. The results in this figure indicate that the 
concentrat ion of surface states is enhanced by the ac- 
t ivat ion t rea tment  with almost the same energetic dis- 
tribution. 

As already described, the magni tude  of photore- 
sponse of activated M(0 = 1 ) / p - G a P  electrodes de- 
pends on the kind of the deposited metal  (Au, Ag, Pd 
> Cu > >  Pb, none) .  In  order to elucidate the na ture  
of this phenomenon,  it  will  be useful t o  obtain in -  
formation on (i) the energy levels of the deposited 
metals and (ii) the role of the deposited metal  on the 
activation t reatment .  

Surface states ]ormed by metal adatoms.~Kolb, 
Przasnyski,  and Gerischer (6) showed that  the en-  
ergetic position of metal  adatoms on n - type  semicon- 
ductors can be determined by measur ing photocur- 
rent  c a u s e d b y  excitat ion from the adatoms into the 
conduction band  under  anodic bias. If the s i tuat ion for  
n- type  semiconductors is similar to that  for p- type  
semiconductors, it may be possible to observe cath- 
odic current  caused by excitat ion either from the 
valence band into the metal  adatoms, or from the 
metal  adatoms into the conduction band. Attempts to 
measure photocurrent  of this na ture  were made in  
10-3M K3Fe (CN) 6/3M NaOH for nonact ivated 
~r (0 = 1 ) / p - G a P  at the potential  at which preferent ia l  
reduct ion of Fe(CN)63-  occurs, i.e., at --0.35V vs. 
Hg/HgO (7). Since the cathodic cur ren t  via the va-  
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lence band,  which  is observed in the dark,  was la rge  
in this  e lec t ro ly te  (7), the lock- in  amplif ier  technique 
was employed  to detect  the  cathodic pho tocur ren t  of 
interest .  The resul ts  ob ta ined  are  shown in Fig. 2, 
for  the  deposi t ion of Ag  and Au. In  this figure, photo-  
cu r r en t  is g iven in  a r e l a t ive  scale in such a m a n n e r  
tha t  i t  was un i ty  when a pho tocur ren t  of 1 nA/cm~ 
was measu red  for  photon  incidence of 1 • 101S/cm2 �9 
sec. According  to this figure, the shapes of photocur -  
ren t  spec t ra  of Au(o  = 1 ) / p - G a P  and Ag(0  = 1 ) /  
p - G a P  are  qui te  s imi lar  to the e lec t rode  wi th  no meta l  
adatoms,  and hence no de te rmina t ion  of energet ic  
posit ions of meta l  ada toms is possible f rom the resul ts  
obtained.  I t  is ev ident  tha t  or ig ina l  surface s tates  p l ay  
a more  significant role  in  appearance  of the observed 
photoresponse  than  meta l  adatoms.  

Activation process of eZectrodes and role of deposited 
metals . - -As a l r e a d y  ~lescribed, both  ac t iva ted  and non-  
ac t iva ted  electrodes show photoresponse to l ight  of 
wave leng th  longer  than  the in t r ins ic  absorpt ion  th resh-  
old, but  the  in tens i ty  of the  response is different  be -  
tween  these, which mus t  be the  resul t  of concentra t ion 
differences in surface states. Therefore,  if  the  nonac-  
t iva ted  electrodes a re  ca thodica l ly  polar ized  at  a con- 
s tant  potent ia l  under  i l lumina t ion  wi th  monochromat ic  
l ight  of wave leng th  longer  than  the in t r ins ic  threshold,  
then  the concentra t ion  of surface states sensi t ive to 
this  l ight  mus t  be increased ~vith polar iza t ion  time. 

F igure  3 shows increas ing t rends  of pho tocur ren t  
wi th  polar iza t ion  t ime under  i l lumina t ion  wi th  mono-  
chromat ic  l ight  of 620 nm for a va r i e ty  of nonac t iva ted  
M(0 = 1 ) / p - G a P  electrodes,  which were  obta ined  by  
the lock- in  technique.  The cathodic po lar iza t ion  w a s  

made  at  --0.5V vs. SCE in 0.5M H2SO4. The resul ts  
show tha t  i l lumina t ion  wi th  620 nm l ight  p roduced  
surface  states sensi t ive to this light.  If  one r ea r ranges  
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Fig. 2. Relative photocurrent spectra of nonactlvated GaP having 
the monolayer amount of various metals in 10-3M KaFe(CN)6/3M 
NoaH at - -0.35V vs. Hg/HgO. ( - - O - - )  Ag, ( - - A - - )  Au, 
( - - - I - - - )  none. 
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Fig. 3. Increases in photocurrent with polarization time under 
illumination with 620 nm light for a variety of nonactivated 
M(0 = 1)/p-GaP electrodes. Curve 1, Pd; curve 2, Au; curve 3, Ag; 
curve 4, Cu; curve 5, none; curve 6, Pb. Solution = 0 .5M H2SO~ 
E = --0.50V vs. SCE. 

the resul ts  in this figure in  the  form of pho tocur ren t  
a t  any  t ime vs. the charge consumed up to this  time, 
then l inear  re la t ions  are  found to be es tabl ished be-  
tween  the two. Typical  examples  a re  given in Fig. 4 
for the cases of p - G a P  and Au(0  = 1 ) / p - G a P .  This re -  
sult  impl ies  tha t  the pho tocur ren t  at  620 nm is p ro -  
por t ional  to the charge  consumed, Q, which leads to 
discharge of wate r  into hydrogen.  

Consider ing tha t  the pho tocur ren t  a t  ~ = 620 nm is 
p ropor t iona l  to the surface  s tates  concentrat ion,  N, and  
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Fig. 4. Dependency of photocurrent on the amount of charge 
consumed during the activotlon treatment. ( - - G - - )  Au(0 = 1)/ 
p-GaP, ( - - e - - )  p-type GaP. Solution = 0.SM H2SO4, s = 
--0.50V, X = 620 rim. 
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that  the magni tude  of the photocurrent  was propor-  
t ional to the charge consumed dur ing the cathodic 
polarization, then one is led to believe that the dis- 
charged species are impregnated into the electrode to 
form effective surface states; impregnat ion  of atomic 
hydrogen is the most l ikely source of these surface 
states. Since the amount  of charge to cover the mono-  
layer of GaP is 0.38 mC/cm 2, the charge consumed 
up to the polarization t ime of 120 min  corresponds 
to about  two and ten monolayers for p -GaP and 
Au(0 -- 1 ) /p-GaP,  respectively. Judging from I- t  
traces in Fig. 3, the activation has not been completed 
wi th in  120 min, a l though in the case of i r radiat ion of 
full  l ight from the xenon lamp, the polarization for 1 
hr was sufficient. 

The impregnat ion of hydrogen must  proceed via a 
diffusion process, according to Eq. [1] 

idiff oc (AD1/2zFCs~-I/2) �9 t- l /2 [1] 

where idiff is the diffusion current,  D the diffusion 
coefficient, Cs the surface concentration, A the surface 
area, and t is the polarization time. Since Q almost cor- 
responds to diffusion current  times t, the following 
relat ion should hold 

N cc idiff �9 t = (kCs D1/2) �9 t 1/2 [2] 

If an assumption is made that  photocurrent  at ~ = 
620 nm is proport ional  to N, then one can expect that  
the photocurrent  at ~ = 620 n m  is proport ional  to the 
square root of the polarization time with the gradient  
of kCs~/D. Figure  5 shows that  such a relat ion holds 
for the present results except for ini t ial  stages. In  the 
ini t ial  stage, at least some portion of photocurrent  
must  be consumed in  the adsorption process of hydro-  
gen to cover the electrode. The degree of the steady- 
state coverage must  be dependent  on the kind of metal  
adatoms (8). Table I shows the charge consumed in  
the ini t ia l  stages in  which the deviation from a photo- 
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Fig. S. Plots of photocurrent against squore root of the polariza- 
tion time for M(0 _--- 1)/p-GaP electrodes. ( m l l w )  Pd, ( - - ~ - - )  
Au, ( - - l - l m )  Ag, ( - -Z~m)  Cu, ( ~ Q - - )  none, ( - - O r e )  Pb. Solu- 
tion = 0.SM H2SO4, E = - -0.50Y, ~ = 620 nm. 

Table I. The charge consumed in the initial stages in which the 
deviation from a iphoto vs. ~/t-relatian was observed 

M(0 = 1)/p-GaP Charge (~C/cm 2) 

Pd 111 
Au 15 
Ag 69 
Cu 8 
None  9 
Pb 8 

current  vs. ~ relat ion was observed. If the adsorption 
of hydrogen preferent ia l ly  occurs in the ini t ial  stage, 
the photocurrent  should be invariant ,  which was differ- 
ent  from the observed results. Therefore, both im-  
pregnat ion and adsorption of atomic hydrogen must  
compete with each other in this stage. 

It is seen in this figure that  the gradient  of the l inear  
relations is different from one another. This implies 
that kCs~/D is different depending on the kind of 
deposited metal. Since the diffusion coefficient of hy-  
drogen atoms in GaP, D, must  be the same indepen-  
dent ly  of the kind of metal, the difference in  the 
gradient  must  reflect differences in  the surface concen- 
t ra t ion of atomic hydrogen among the deposited 
metals. 

It is well known that  the rate of the HER at metal  
electrodes is dependent  upon the k ind of substrate. If 
one plots kCs~/D against  log i0 (9). of deposited metal  
for the HER, a fairly good relat ion is found to hold 
(Fig. 6). Although the magni tude  of log i0 for the HER 
is not necessarily related to the surface concentrat ion 
of atomic hydrogen which is formed as a reaction 
in termediate  (8), the results in  Fig. 6 indicate that  
Cs at metal  adatoms of M (0 = 1 ) /p -GaP  is empirical ly 
related to log i0. 

Energy levels o~ the surface states due to impreg- 
nated hydrogen.--For charge transfer  via surface 
states, two models can be imagined (Fig. 7). In  one of 
the models, "model 1," which was discussed previously 
(1), electrons are photoexcited to the surface states 
from the valence band, and then are t ransferred to the 
electrolyte. In  the other model, "model 2," electrons a r e  
photoexcited to the conduction band from the occupied 
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Fig. 6. Relation between log (kCs~/D) and log io for hydrogen 
evolution reaction of deposited metals. 
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Fig. 7. Schematic diagrams of the charge transfer via the surface 
states for p-type GaP electrodes. 

surface states and then are t ransferred to the electro- 
lyte. The spectral response obtained is very  broad, and 
hence, it  seems difficult to definitely determine the 
fixed energetic positions of the surface states. There-  
fore, we assume that  the energy levels of the surface 
states are dis t r ibuted according to the spectral  response 
obtained. Thus, for "model 1," surface states are dis- 
t r ibuted  from just  below the conduction band  (2.3 eV 
above the valence bandedge)  to the middle  of the 
forbidden band  (1.2 eV above the valence bandedge) .  
For  "model 2," the states are dis t r ibuted between the 
top of the valence bandedge and the middle of the 
forbidden band. In  order to draw a definite answer to 
which model is more appropriate,  the following ex- 
per iments  were conducted. 

Figure  8 shows the cathodic polarization curves in  
the dark for p- type  GaP and Ag(o --- 1 ) / p - G a P  in  
10-SM K3Fe(CN)6/3M NaOH. For  this measurement ,  
the electrodes were polarized at --0.4V vs. Hg/HgO and 
after 2 min, the potent ial  sweep was started towards 
the negatSve potent ial  region. The sweep rate was 20 
mV/sec and the first cathodic sweep is shown in  this 
figure. One can de termine  from the results the poten-  
tials Et at which appreciable cathodic current  com- 
menced to flow, and these are given in Table II together 
with flatband potentials Efb Of the electrodes. In  this 
table, potent ia l  drop in  the space charge layer  at Et, 
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Fig. 8. Current-potentlal curves for p-type GaP (a) and 
Ag(# ~ D/p-GaP (b) in the clark in 10-~M K3Fe(CN)6/3M 
NaOH. ( - - - - - - - )  nonactivated, ( - - - - )  activated. 

Table II. Flatband potential E~ in 3M NaOH and onset potential 
of cathodic current in the dark Et in 10-aM KaFe(CN}6/3M 

NaOH at p-GaP and Ag (0 = 1)/p-GaP electrodes 

E~b Et 
(V vs. (V vs. A~,~ 

Hg/HgO) Hg/HgO) (V) 

p-GaP Nonacttvated - 0.03 - 1.90 1.87 
Activated - 0.20 - 1.60 1.40 

Ag(0 = 1/ Nonactivated 0.10 --1.50 1.60 
p-GaP Activated 0.00 - 1.20 1.20 

~r is also given. Although the Fe(CN)6 s -  solution 
was used as the electrolyte, the hydrogen evolution 
seemed to take par t  in  the cathodic cur ren t  flow, be-  
cause the cur ren t -po ten t ia l  characteristics of the non-  
activated electrodes became near  to that  of the acti- 
vated electrodes by repeat ing the sweeps. 

It  is noticed from Fig. 8 and Table II that  Et w a s  
shifted towards anodic potentials by the act ivat ion 
treatment ,  in  spite of the fact that  Efb became negat ive  
by the act ivat ion [1]. As a result, the cathodic cur ren t  
at the activated electrodes commenced to flow wi th  
small  bandbending  compared to that  of the nonact i -  
vated electrodes. Considering that  the activation t reat -  
ment  enhances the concentrat ion of surface states alone 
without changing energetic dis t r ibut ion profiles, a con- 
clusion is d rawn that  the cathodic behavior  of the 
electrodes was greatly affected by the surface-state 
density. 

By analyzing the na ture  of the cathodic current  on 
the basis of this knowledge, we can determine which 
model of the surface states, "model 1" or "model 2," is 
more reasonable. If the cathodic current  is due to con- 
duction band electrons, which is very scarce, Et will 
not be influenced by enhancement  of the surface-state 
concentration. To date, many  studies have suggested 
part icipation of surface states in  electrode reactions at 
semiconductors, but  none has shown that such a small  
current  as several ~ / c m  2 is influenced by the surface- 
state concentration. The bandbending  can assist elec- 
trons in  reaching the surface from the bulk, and so the 
depth of surface states is not  p r imar i ly  impor tan t  at 
least at a very small  current .  

On the other hand, if the cathodic current  is due to 
the valence band mechanism, growth of the surface 
states into the inter ior  of the electrode is feasible for 
valence band electrons to be t ransferred into the elec- 
trolyte. An  electronic interact ion between the valence 
band and surface states becomes large with an increase 
in  the depth of impregnated  hydrogen when the band  
is bent  downwards. One can have a clear image on this 
point  by i l lus t ra t ing bandbend ing  profiles at the po- 
tent ial  of Et. Examples are given in  Fig. 9 for the acti-  
vated and nonact ivated Ag(e ---- 1 ) /p -GaP .  The figure 
was obtained by using Eq. [3] (10) and [4] (11) 

Xo -- ( 2eeOAesc/eoN A) l/~ [3] 

eb -- r ---- [e0 (ND -- NA)/2~e0] (X -- 0:0) 2 [4] 

where NA and ND are acceptor and donor concentra-  
tion of the electrode, respectively, x0 is the thickness 
of the space charge layer, x is the distance from the 
electrode surface, and  ~b is the bu lk  potent ial  of the 
electrode. 

Thus, the cathodic current  in  the dark is l ikely to be 
brought  about by electron t ransfer  from the valence 
band into the electrolyte via the surface states probably  
with "electron tunnel ing"  mechanism (12). From dis- 
cussion described here, "model 2" is more reasonable 
for the energy level of surface states than  "model 1." 
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Electrogenerated Chemiluminescence 
XXXVI. The Production of Steady Direct Current ECI. in Thin layer and 

Flow Cells 

George H. Brilmyer* and Allen J. Bard** 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

Studies  of the  ECL of rubrene  in thin l aye r  cells containing two gold 
electrodes separa ted  by  20-500 #m and v iewed pa ra l l e l  to the  e lect rode surface 
are  repor ted.  The ag reemen t  be tween  ca lcula ted  and expe r imen ta l  cur ren ts  
and  intensi t ies  was good and opera t ing  l i fet imes of 30 min  to 4 hr  were  ob-  
served. F low cells in which  solut ion is rec i rcu la ted  th rough  two mesh elec-  
t rodes into a mix ing  chamber  where  e lec t ron t ransfer  and emission occurs a re  
also described.  Higher  l ight  intensi t ies  were  obta inable  wi th  the  flow cells, 
which appea r  to be a more  favorable  configurat ion for  appl ica t ion  to ECL 
devices. 

E lec t rogenera ted  chemiluminescence (ECL),  in 
which an e lect ron t ransfe r  reac t ion  of e lec t rogenera ted  
species produces  an e lec t ronica l ly  exci ted s ta te  (1-2), 
has been proposed for severa l  types of e lec t rochemical  
devices, inc luding displays  (3), lasers  (4-7),  and up-  
conversion devices (8-9). The prac t ica l  appl icat ions of 
ECL to such devices have been l a rge ly  h indered  by  
l i fe t ime problems.  For  d i rec t ly  pumped  ECL lasers, 
which have been discussed but  never  reduced  to p rac -  
tice, two o ther  p roblems  exist.  For  most ECL cells the 
react ion zone thickness,  which is governed by  the dis-  

* E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  M e m b e r .  
** E l e e t r o c h e m m a l  Soc i e ty  Ac t ive  M e m b e r .  
K e y  w o r d s :  e l e c t r o c h e m : i u m i n e s c e n c e ,  r u b r e n e ,  t h in  l a y e r  elec- 

trochemistry,  e lectroehemiluminescent  devices. 

tance the reac tants  can interdiffuse before  reaction,  
is too na r row  to ut i l ize because of opt ical  constraints  
in laser  design. Moreover  the cur ren t  densi t ies  achieved 
wi th  ECL cells have been judged  insufficient to gen-  
e ra te  the needed level  of exci ted states, even with  
fa i r ly  efficient ECL systems (5). 

One possible configurat ion of an ECL laser  device 
involves a thin l aye r  cell  in which the solut ion is con- 
fined be tween  closely spaced genera t ing  electrodes.  
A previous  s tudy  of this cell  configurat ion ut i l iz ing 
t r ansparen t  t in oxide electrodes spaced a fixed dis-  
tance (50 #m) (3) apart ,  wi th  the ECL observed  
th rough  the electrode,  demons t ra ted  the feas ib i l i ty  of 
this type  of cell. To uti l ize such a cell  for  a laser  in  a 
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waveguide mode, interelectrode spacings of 500-1000 
n m  are required. We report  here exper iments  with a 
thin layer  cell employing solid electrodes and an ad- 
justable gap, with ECL viewed end-on  (i.e., paral lel  
to the electrode surfaces) and an invest igat ion of the 
effect of interelectrode spacing on ECL intensity,  rise- 
time, and lifetime. 

/ka approach to obtaining a wider  ECL zone and the 
required  higher current  densities (i.e., reactant  
fluxes) for a laser involves the use of a flow cell ar -  
rangement  in  which the precurser  species are brought  
to the electrodes by convection (as well as diffusion) 
and the reactants  flow together to cause ECL. The 
construct ion of flow ECL flow cells is difficult, because 
the high pur i ty  requi rements  of the solutions and the 
necessary p re t rea tment  procedures preclude the use 
of large solution volumes and many  solution pumping  
arrangements .  To date the only flow cells reported 
have been those uti l izing the rotat ing r ing-disk  elec- 
trode (10); this configuration is not useful  for the de- 
sired applications. We report  here the construction of 
an all-glass recirculat ing flow cell in  which the solu- 
t ion containing the electroactive species is circulated 
through oppositely polarized Pt  mesh electrodes where 
the reactant  radical ions are generated. The solution 
streams are then mixed in  the area just  beyond the 
electrodes and the resul t ing emission in tens i ty  studied 
as a funct ion of interelectrode voltage and solution 
flow velocity. The operation, current  densities, and 
l i fet ime of such a cell is described. 

Experimental 
Chemicals.mRubrene, obtained from Aldrich Chem- 

ical Company, was recrystall ized from hot xylene 
(under  subdued red light) with cold methanol.  The 
orange-red  crystals obtained were dried under  vacuum 
at 10 -5 Torr  for 24 hr. T e t r a - n - b u t y l a m m o n i u m  per-  
chlorate (TBAP) (polarographic grade, obtained from 
Southwestern  Analyt ical  Chemical Company) was 
recrystal l ized from ethanol and dried under  vacuum 
at 100~ The solvent  system used for all thin layer  
exper iments  was benzonitr i le  (BZN) and benzene 
(BZ). BZN (reagent  grade, purchased from Eastman 
Organic Chemicals) was purified by a previously re-  
ported procedure (1I) and then distilled from calcium 
hydride under  vacuum. BZ (spectrograde, obtained 
from Mall inckrodt  Chemical Company) was purified 
as previously reported (12) and then vacuum distilled 
on to a sodium mirror,  permit ted to stand for 2 hr, 
and then distilled into a flask containing Woelm Alu-  
mina  (Research Organic / Inorganic  Chemical Com- 
pany, Sun  Valley, California).  Both BZN and BZ 
were then  stored in a Vacuum Atmospheres Corpora- 
t ion (Hawthorne,  California) glove box. 1,2-Dimeth- 
oxyethane (DME) (Eastman Chemical Company) was 
vacuum distilled several times from l i th ium a l u m i n u m  
hydride and then into a clean flask. AN was purified 
as previously reported (8). Both the AN and DME 
were stored on a vacuum l ine and distil led direct ly 
into the electrochemical cell. 

Apoparatus.mThe electrochemical cells used are 
shown in  Fig. 1 and 2. The adjustable  th in  layer  cell 
contained two gold disk electrodes and a p la t inum 
quasi-reference electrode. The disk electrodes were 
constructed by silver soldering a 4 mm diameter, 1 
m m  thick gold disk to the head of a 2 mm brass bolt. 
The disk was then machined into a conical shape with 
the face of the cone perpendicular  to the bolt. The 
electrode could be wrapped with Teflon tape and pres-  
sure fit into a Teflon holder. The adjustable  holder em- 
ployed a modified Teflon needle valve (Fischer-Por ter  
Company) .  The arms of the cell were al igned to en-  
sure that  the electrodes were paral lel  when in  posi- 
tion. The electrode separat ion was determined by mea-  
sur ing the distance be tween the external  electrode 
contacts with a 4-5 in. micrometer  (J. T. Slocomb 
Company)  and normalizing this to the distance mea-  
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Fig. 1. Thin layer cell. (A) Cell body, (B) stationary disk elec- 
trode, (C) adjustable disk electrode, (D) platinum quasi-reference 
electrode, (E) Teflon O-ring, (F) 18-9 female socket, (G) gold disk 
(4 ram) soldered onto brass bolt, machined to fit Teflon holder. 
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Fig. 2. Pump cell. (A) Cell body with pump, (B) reaction chamber, 
(C) platinum gauze electrodes with all platinum leads, (D) side 
arm, and (E) pump with stirring disk. 
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sured when the separation was zero. All wire and disk 
electrodes were mechanical ly polished prior to use 
with a 0.3 ~m polishing a lumina  (Precision Scientific 
Company).  A Bausch and Lomb dissecting microscope 
was used to observe the position of the reaction zone 
and the emission between the electrodes. The flow cell 
was designed to permit  the use of vacuum techniques 
for solution preparat ion as well as continuous circu- 
lat ion of the solution. An integral  part  of the cell is 
the pump which was made by sealing a Teflon st ir-  
r ing disk (Markson Science Incorporated, Del Mar, 
California) into a glass cylinder whose dimensions 
permit ted constrained rotat ion of the stirrer. The 
solution enters the pump normal  to the plane of rota-  
t ion of the s t i r rer  and exits off-axis and parallel  to 
this plane. The solution is then electrolyzed by two 
p la t inum mesh electrodes which are separated by a 
coarse frit. These two separate streams containing the 
radical ions then mix efficiently to produce the emis- 
sion in  a confined area (Fig. 3). 

All  electrochemical experiments  were conducted 
with a combinat ion of a PAR Model 175 universal  pro- 
grammer  and a PAR Model 173 potentiostat  (Princeton 
Applied Research Corporation, Princeton, New Jersey).  
Photometric measurements  were conducted with the 
cell inside of a dark box, using an EG & G Radiometer /  
Photometer  (Model 550-1). The cell current  and light 
in tensi ty  were monitored s imultaneously  on a Moseley 
Model 7100B dual  pen recorder. The rotat ion rate of 
the magnetic  s t i rr ing bar  was measured with a Type 
K53K-AB Strobotac (General  Radio Corporation, Con- 
cord, Massachusetts).  

Procedure 
A solution consisting of 4 mM rubrene  (R), 0.05M 

TBAP in  a 1:1 mixture  of BZN/BZ was used for all 
thin layer  experiments.  Although the thin layer  cell 
was air tight, it  could not be placed under  high vac-  
uum. Thus the solution was prepared in a separate 
vessel, f reeze-pump-thawed several times and re-  
tu rned  to the dry box. The cell was then filled, re-  
moved from the dry box and reproducibly positioned 

above the radiometer  inside the dark box. The thin 
layer exper iment  consisted of first using cyclic vol tam- 
metry  to characterize the solution and insure system 
purity. ECL was generated in  the two electrode mode 
by applying a potential, hE, between the electrodes 

+ 

[hE ~ Epa (R " /R)  -- Epc (RU/R) ~- iRs] (where Epa 
and Epc are the cyclic vol tammetr ic  peak potentials 
for the anodic and cathodic waves, i is the current,  
and Rs is the cell resistance).  The equal areas of the 
electrodes yields equal current  densities at anode and 
cathode and the chosen hE value prevents  formation 
of the very reactive dication or dianion species. Be- 
cause the process involved is diffusion controlled, the 
cell current,  ECL intensi ty  and diffusion time can 
be studied as a function of the distance separating the 
electrodes. These experiments  were carried out and 
results compared to the theoretically expected values. 

Flow cell experiments  were conducted using 4 mM 
rubrene  and 0.1M TBAP in  AN/BZ solutions. The flow 
cell was equipped with a side arm where the solution 
was prepared, f reeze-pump-thawed and then gravi ty 
t ransferred to the cell itself. The solution could then 
be circulated through the cell and the potential  dif- 
ference (hE) applied to the two electrodes. 

Results and Discussion 
Thin layer cell.--Typical results of thin layer cell 

experiments  are shown in Fig. 4-9. When the voltage 
step hE is applied, cur rent  flow begins and quickly 
at tains a steady-state value;  the emission commences 
when  the diffusing reactant  streams merge after a 
time controlled by the interelectrode separation (Fig. 
4). Exper imenta l  values obtained for the steady-state 
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Fig. 3. Flow cell in operation. (A) Reaction chamber, (B) entirQ 
pump cell. 

Fig. 4. Typical thin layer experiment. (A) Potential program, (B) 
current response, (C) resulting ECL intensity. 4 mM rubrene 0.05M 
TBAP in 1:1 mixture of BZN:BZ, electrode separation ~ 0.02 cm. 
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current ,  iss, compared to those calculated as a func-  
t ion of electrode separation by Eq. [1] are shown in  
Fig. 5 

iss - -  nFAD (AC/AX) [1] 

where n is the n u m b e r  of electrons consumed per 
molecule in  the electrode reaction; F is the Faraday  
(96,487 C/equiv . ) ;  A, the average electrode area (0.141 
cm~); D, the diffusion coefficient of rubrene;  AC/hX,  
the concentrat ion gradient  of radical  species at steady 
state. D for rubrene  was determined by chronoamper-  
omet ry  (14) to be 3.1 • 10 -6 cm2/sec; this value 
agrees with that  previously found for rubrene  in BZN 
(15) and was used in  all  theoretical calculations. The 
iss values were calculated by assuming that  a complete 
annih i la t ion  reaction occurs at the center  of the cell 
so that  the rubrene  concentrat ion there is equal  to 
its ini t ia l  value, C (4 mM), while the concentrat ion at 
each electrode was essential ly zero. Thus AC = C 
for AX = d/2 or 

iss ---- 2nFAD C/d [2] 

The exper imenta l  results obtained are in good agree-  
men t  wi th  those calculated from [2] at electrode 
separations above 200 #m. At smaller  separations the 
deviat ion from the theoretical behavior  can be ra -  
t ionalized by uncer ta int ies  in  the determinat ion of the 
interelectrode distance, d. 

The d-c emission that  appeared was less intense 
than  that  found with 1 Hz a l te rna t ing  pulses in the 
same solutions but  was easily visible. As expected 
the in tens i ty  and time for the appearance of the ECL 
resul t ing from d-c electrolysis was a funct ion of the 
electrode separation. The ECL in tens i ty  ca n be related 
to cell cur rent  by Eq. [3] (16) 

Iss " - -  ~ b E C L  iss/nF [3] 

w h e r e  ~ECL is the ECL efficiency and Iss the total 
emission from the cell at steady state. Iss can be 
calculated f rom the measured ECL intens i ty  by using 
a detector of known area and then making  the appro-  
priate geometric corrections (for the amount  of emis- 
sion which does not str ike the detector).  

In  this exper iment  the geometric corrections are 
based on the fact that  the emission is formed in  a 
very  th in  disk-shaped react ion zone sandwiched be-  
tween two zones of highly absorbing radical  ions 
which are in  t u rn  bounded by the gold disk electrodes. 
The presence of such high concentrat ions of radical  
ions on either side of the react ion zone has several  
effects on the geometry of the system. First, no cor- 
rections need be made for electrode reflectivity effects. 
Second, a correction must  be made for the fraction of 

the ECL absorbed by the radical  ions. This was esti- 
mated to be 97% based on the dimensions of the area 
between the electrodes. Final ly,  one must  realize that  
the emission which is not absorbed leaves the reaction 
zone at a very  restricted, sl ightly diverging, angle. 
Therefore, the photodiode (area -- 1 cm 2, diam 1.13 
cm) was placed 3.6 cm below the cell to insure  that  
the width of the emission was smal ler  than  that  of the 
diode. For this reason the projected image was taken 
as a r ing (radius = 3.6 cm, width -- 1.13 cm) and a 
surface area correction (25.6 cm 2 : 1 cm~) could be 
made. No corrections were made for solution absorb-  
ance or inner  filter effects because the fluorescence effi- 
ciency was taken as un i ty  (15) and the photodetector 
was wavelength independent .  The resul t ing ECL in-  
tensi ty (~W/cm2) was converted to n u m b e r  of photons 
using Eq. [4] (17) 

(total watts)  (6.24 X 10 TM) 
I (photons/sec) = [4] 

1239.8/~ (nm) 

and plotted vs. electrode separat ion in  Fig. 6. A plot of 
iss vs. Iss for different values of electrode separation 
is shown in  Fig. 7. Al though the data are very  scat- 
tered the slope of the l ine (least squares) corresponds 
to ~bECL = 0.013, which is wi th in  the accepted range of 
reported values for the rubrene  system. 

The t ime required [after the application of the 
voltage (hE) to the cell] for the reactants  to diffuse 
together and for ECL to appear can be approximated 
by Eq. [5] (3) 
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Fig. 6. Plot of ECL intensity vs. electrode separation. - - - ,  
Theory (r = 0,025); e ,  experimental; , theory (~.CL = 
0.005). Solution the same as in Fig. 4. 
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Fig. 7. Plot of steady-state current (iss) vs. steady state ECL 
intensity for various values of electrode separation. Solution same 
as in Fig. 4. 
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d2 (cm) 
t(sec) = -  [5] 

1 6 D  

From this equation and the previously calculated dif- 
fusion coefficient, a comparison can be made between 
the calculated time needed for ECL to appear and 
the experimental results at different values of d. The 
results given in Fig. 8 show quite good agreement with 
the approximate equation. When the thin layer gap 
was observed under  8•  magnification with a simple 
dissecting microscope, we found that  the ECL did not 
occur in the exact center  of the spacing between the 
electrodes. The reaction zone was clearly closer to 
the cathode with BZN/BZ as solvent and closer to the 
anode with DME. This can be explained by the slight 
instabi l i ty  of the anion or cation in  the various sol- 
vents. 

The operating l ifetime of a single thin layer  experi-  
menta l  cell was studied because of the great interest  
in  application of the technique for displays or for use 
as a laser. The solutions were first subjected to cyclic 
vo l tammet ry  and fluorescence measurements  before 
the exper iment  was actual ly begun. An  ini t ial  cyclic 
vol tammogram is shown in Fig. 9. The experiments  
were then conducted as described. The cell was per-  
mitted to remain  on unt i l  the light in tensi ty  reached 
its s teady-state  value (200 sec). The cell was then 
turned off, and the ECL intens i ty  decayed to zero. The 
results were very  reproducible (within 5%) for repet i-  
tive experiments  (ca. 30) over a period of 4 hr. When 
the cell was kept tu rned  on and the exper iment  was 
permit ted to continue well  beyond 200 sec, the l ight 
in tens i ty  would remain  re la t ively constant  for 30 min. 
After  this t ime the light would decrease at a constant  
rate unt i l  it finally dropped below a detectable level 
(,~5 hr) .  When another  exper iment  was a t tempted 
immediately,  no light was detected. If the electrodes 
were separated, the solution stirred, and the elec- 
trodes repositioned with fresh solution from the reser-  
voir in the gap, ECL was obtained but  the in tensi ty  
was about an order of magni tude  smaller  than the 
original  experiment.  Cyclic vol tammetry  revealed a 
reducible impur i ty  with this solution, and fluorescence 
measurements  showed a small  amount  of product that  
emits a 420 nm. If these experiments  are continued, 
eventua l ly  all the electroactive species is consumed. 
Note also that  successful long dura t ion electrolysis in 
a solution containing 0.05M TBAP was accomplished 
here, while in  a previous s tudy (3) lifetimes of only 
3-5 min  were found. 

Flow celL--The results of the flow cell experiments  
showed this technique to be capable of producing 
stronger and longer lasting emission. In  this mass 
t ransfer  controlled system, the cell cur rent  and ECL 
intens i ty  at tained their  l imit ing values very  quickly 
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Fig. 8. Effect of electrode seporotlon on time of ECL oppeoronce. 
. . . .  ~ Theoretical; 0 ,  experimentol. Solution some as in Fig. 4. 
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Fig. 9. Cyclic voltammograms of 4 mM rubrene/O.ObM TBAP/ 
BZN/BZ solution; (A) before thin layer experiment, (B) after 4 hr 
of thin layer experiments. Scan rate (v) = 100 mV/sec. Solution 
same os in Fig. 4. 

after application of the d-c voltage (Fig. 10). Both 
of these quanti t ies oscillated slightly because of fluc- 
tuations in  the flow rate of the solution. This effect is 
also seen in  Fig. 11 and 12 which show the dependence 
of the cell current  and ECL intens i ty  on the st i rr ing 
rate and cell potential.  The operat ing lifetime of this 
system greatly exceeded that  of the thin layer  cells. 
This can be at t r ibuted to the larger flux of radical 
ions and shorter l ifetime required for the radical ions 
before the electron t ransfer  reaction. In  a typical ex- 
per iment  the ECL ini t ia l ly  occurred solely in the mix-  
ing chamber. The emission produced was continuous 
and could be controlled by the flow rate of the solu- 
tion. During electrolysis, if the flow rate was stopped 
for 30 sec and then restarted, light pulses an order of 
magni tude  more intense than the continuous level 
were obtained. At  this point  in the exper iment  the 
radical ions were very  stable. In  fact, dur ing a stop 
flow experiment,  the electrolysis could be stopped for 
several minutes  before the pump was restarted and 
the light pulse obtained was relat ively unchanged.  
After  about 2 hr when the ECL began to fail, the 
emission was observed to s t ream from one of the elec- 
trodes. This can be a t t r ibuted to a difference in the 
radical  ion stabilities, as observed also in the thin cell 
experiments.  In  this case, an instabi l i ty  of one of the 
species causes an excess of the opposite species after 
the mixing process. This excess is circulated through-  
out the whole solution volume, and results in emission 
at the electrode where the less stable radical ion is 
formed as the more stable radical  ion reaches it. 
This was verified, by producing an excess of the less 
stable species (using a 3 electrode system).  By pur -  
poseful generat ion at an excess of one species the 
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Fig. 10. Typical flow experiment. (A) Potential program, (B) cur- 
rent response, (C) resulting ECL intensity. Stirring rate ~- 500 rpm, 
4 mM rubrene/O.1M TBAP/ACN/BZ. 
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Fig. 11. Flow rate dependence of ECL. No geometric corrections 
made. Solution same as in Fig. 10. 

s t reaming effect could not only be el iminated but  it 
could be forced to occur at the opposite electrode. 
Such an ion degradat ion process tends to cascade and 
eventua l ly  all of the emission appeared at o:.e elec- 
trode and not in the mixing  chamber. F ina l ly  after 
about  30 hr the ECL ceased. 

Fluorescence analysis showed only a trace amount  
of rubrene  remained while reveal ing a large amount  
of product  emit t ing at 420 nm. Fur the r  extraction 
shows two crystal l ine products (yellow and brown) 
with fluorescent maxima  corresponding to 400 and 
425 rim. Mass spectroscopic data showed that  the prod-  
ucts were isomers of dihydrorubrene.  This finding is 
in agreement  with that  described by Moreu et aL (18) 
in  the synthesis of d ihydrorubrene.  

18 

15 

12 

? 
9 

5 ~  
r4  

E 

4 =  
) -  
I -  

Z 
3 m I . -  

Z 
m 

. J  
o 

2 m  

1 2 3 4 5 6 
POTENTIAL( V } 

Fig. 12. Potential dependence of ECL. No geometric correction 
mode. Stirring rote ~-~ 600 rpm. Solution same as in Fig. 10. 

Conclusions 
In this paper the feasibil i ty of the development  

of an ECL device has been studied. Parameters  af-  
fecting the electrically induced emission have been 
examined in  both diffusion and convective modes, The 
results show that flow techniques do indeed have 
advantages over thin layer  techniques for the produc- 
tion of continuous ECL. The th in  layer  mode of ECL 
formation is seen to be an impractical  source of emis- 
sion for an ECL device. The emission from this diffu- 
sion-controlled process is weak and is confined to a 
very nar row area, sandwiched between two zones of 
the highly colored radical ions. The lifetime of this 
d-c emission (5 hr) proved to be much greater  than  
that  previously published (3), but  still unsat isfactory 
for any practical application. A major  problem with 
this configuration appears to be the very  small  volume 
of solution confined between the electrodes. This vol-  
ume is very  susceptible to impuri t ies  which are either 
in i t ia l ly  introduced or electrochemically generated. 
Detr imenta l  side reactions which occur under  these 
conditions, cause depletion of the electroactive species 
or formation of species which can effectively quench 
the ECL. These findings, along with the reaction zone 
geometry problem, suggest that  the th in  layer  cell 
will not be useful for laser applications. 

A bet ter  approach to this problem would be to 
utilize a flow system for the production of ECL. This 
method produces stronger emission due to the larger  
radical ion flux and the shorter radical l ifetimes nec- 
essary for anion-cat ion annihi lat ion.  Bui ldup of im-  
purit ies is minimized, and they are dis t r ibuted through 
a much larger volume of solution. By making physical 
improvements  on cell design (e.g., larger electrodes, 
faster mixing)  one could perhaps increase the ECL 
intens i ty  an order of magni tude  but  probably not 
much more than this. 

These experiments  were performed using one of the 
bet ter  chemical systems known  for the production of 
ECL. Even this system eventua l ly  failed. The mech-  
anism for this fai lure is still not well understood, 
but  at least par t ia l ly  occurs because of degradat ion 
of the parent  molecule. 
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The Warburg Impedance in the Presence of 
Convective Flow 

Daniel A. Scherson and John Newman* 
Department of Chemical Engineering, University of California, Berkeley, California 94720 

ABSTRACT 

The Warburg impedance of a rotating disk electrode is analyzed by means 
of an inverse Laplace transformation of the governing differential equation. 
This new formula t ion  reduces the p rob lem to a pa r t i a l  dif ferent ia l  equat ion 
for which  approx ima te  solutions are  known. The results  obta ined  agree  wi th  
exact  numer ica l  values  for a wide range  of low and high frequencies.  

The impedance  associated wi th  changes in concen- 
t ra t ion  induced by  s inusoidal ly  va ry ing  bounda ry  
condit ions at  the  e lect rode surface was first ana lyzed  
by  Warbu rg  (1) and Kruge r  (2). La te r  Rosebrugh and 
Lash-Mi l l e r  (3) ex tended  these studies to account 
for  a diffusion l aye r  of finite thickness.  Based on this 
model,  Schuhmann (4) der ived  an analy t ic  express ion 
for the  impedance  which predicts  more real is t ic  values  
in the  low f requency regime. Recent ly  Leva r t  and 
Schuhmann  (5) proposed a genera l  method  for  eva lu -  
a t ing  the concentrat ion impedance  of a un i fo rmly  
accessible ro ta t ing  disk electrode. By defining a f re -  
quency re la ted  complex var iable ,  these authors  ob-  
ta ined  an asymptot ic  solution val id  for high frequencies 
and any  finite value  of the Schmidt  number  found 
in e lect rochemist ry .  Homsy and Newman  (6) ana lyzed  
this specific p rob lem by  a r egu la r  pe r tu rba t ion  expan -  
sion showing tha t  the s tagnant  Nernst  diffusion l aye r  
concept is val id  only for ve ry  high frequencies.  A com- 
par ison of these solutions (7) concluded that  the ex -  
pression der ived  by  Levar t  and Schuhmann  best  
represents  the behavior  of the system for a wide 
range  of f requency  values.  

This contr ibut ion consti tutes a new approach,  es- 
tabl ish ing an in teres t ing  connection be tween  t rans ien t  
convective diffusion and the Warbu rg  impedance  of 
a ro ta t ing  disk electrode.  

Radia l  diffusion and convection, as wel l  as migra t ion  
effects, wi l l  be neglected.  Fur the rmore ,  i t  wil l  be 

* Electrochemical  Society  Act ive  Member.  
Key words:  rotat ing disk,  convect ive  diffusion, alternating cur- 

rent.  

assumed that the Schmidt number is large, and that 
dilute-soluUon theory, with constant transport and 
t he rmodynamic  propert ies ,  is applicable.  

Mathematical Formulation 
According to Homsy and Newman  (6) the t ime 

vary ing  concentrat ion,  c, for an a l t e rna t ing  cur ren t  
of f requency ~, can be expressed as 

c --  a0 exp ( jKt*)  [1] 
whe re  

K = ~v . - ~ v -  l iD 

and 

t* = t a d  - ~  v 

are  the dimensionless  f requency  and t ime respect ively.  
By subst i tu t ing Eq. [1] into the  convective diffusion 

equat ion [Eq. [1], Ref. (6)]  these authors  a r r ived  at  
the fol lowing complex equat ion 

9" + 3~20 ' - -  jKo : 0 [2] 

subject  to the  bounda ry  condit ions 

0 = l  a t  ~ : 0 ,  o ~ 0  as ~-> oo [3] 

where  ~ = Yh/a/~ (av/3D) 1/3 is a dimensionless  dis-  
tance f rom the disk. A genera l iza t ion  of Eq. [2] can 
be obta ined  by  defining a complex  pa ramete r ,  p ---- 



VoL 127, No. 1 WARBURG IMPEDANCE 

-t- jK, where the real  part, ~, can be understood as 
arising from some simple homogeneous reaction at the 
surface 

o" § 3~20' = p~ [4] 

It  can be shown that a formal inverse Laplace 
transformation of Eq. [4] yields the following part ial  
differential equation 

O; 
= ~ [53 

and bounda ry  condi t ions g iven by  

~ 0  as ~-->oo 

"~--1 at  ~ - - 0 ,  ~ > 0  

~ ' - - 0  at  ~ 0 ,  T _ 0  

[e3 

If  the real  variables 0 and ~ are regarded as a 
dimensionless concentration and time respectively, it  
becomes clear that  Eq. [5] describes transient convec- 
tive diffusion to a rotating disk. Moreover the boundary 
conditions specified in Eq. [6] refer to a buildup case 
after a step increase in the concentration at the surface. 

The problem, so stated, has been analyzed inde- 
pendently by Krylov and Babak (8) and Selman (9) 
yielding results val id for short times in terms of 
parabolic cylinder functions. Nisancioglu and Newman 
(10) have derived a long-t ime series by solving nu- 
merical ly for the eigenvalues and eigenfunctions of 
a Sturm-Liouvil le  system. Excellent agreement with 
the short time series cited above was found for a 
wide interval  of time. 

I t  is interesting to note that  the function that  pre-  
scribes the Warburg impedance for this part icular  
system [Eq. [6], Ref. (6)] is precisely the Laplace 
transform of the flux at the surface. Therefore, an 
expression valid for high frequencies, 0 H F ' ( 0 ) ,  c a n  
be obtained from the short- t ime series (8, 9) 

3 9 
-- pl/~ + ~p -l- ---~ p-S/2 -l- O(p-4) [7] 

and correspondingly the long-time series (10) deter- 
mines a relation applicable in the low frequencies 
regime, SLF' (0) 

~0  B. - - + P  = P + ~ n  [8] 
1 

r (4/3) 

where  Bn and ~n are the coefficients and eigenvalues 
of the Sturm-Liouvil le  system respectively. 

In the absence of mechanistic complications (~ _-- 
0), the frequency dependent par t  of the Warburg 
impedance will be simply given by replacing the value 
of p in Eq. [8] and Eq. [9] by jK where K is the 
original dimensionless frequency 

3j 9 
--OHF~'(O) = ~/jK -- 4---K-- ~- " ~  ( jK)-S/2 [9] 

~=~ 

I 

o o R  

o 
b= 

1 Bn 
~0~.F'(0) --  ~ + jK [10] 

r (4 /3 )  = jK-{- ~n 

The result obtained in Eq. [9] is identical to that 
reported by Homsy and Newman (6) [Eq. [12], Ref. 

,_z_, 
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(6)] .  However ,  these authors  a r r i ved  at  an erroneous 
express ion for  the  rea l  and imag ina ry  par t  of 
(--0HF' (0))  - L  The correct  components  a re  given by  

{ ' } ~ 
R e  

0HF' ( 0 )  ~2 .~ b 2'  

- i m  eHr'(0) a 2 + b2 [11] 

w h e r e  

[12] o =  , 

D3] 
V2 / 9 ~ s 

b : - - / K  1/2 + - - K  -5/2  
2 x 32 ) 4 K  

Simi lar ly ,  f rom Eq. [10] 

Re 
1 

0LF'(0) 
t r 

- -  "- ; 2  ..}_ r 2 '  

{ ' }  , --Im : [14] 
OLF' (0) S 2 "~- r 2 

r  

1 ~ Bn 
r : ~ + K 2 [15] 

r ( 4 / 3 )  ,~=o ~.a2 + K2 

where  

Bn)m 
s --  K [16] 

Numer ica l  values  ob ta ined  f rom Eq. [11], [12], and 
[13] a re  l is ted in  Table  I. As i t  can be c lear ly  seen, 
the  analy t ic  resul ts  der ived  f rom the high f requency 
series a re  in excel lent  agreement  wi th  the exact  solu-  
t ion and do not differ significantly f rom those repor ted  
b y  Levar t  and Schuhmann  (7). 

The first ten eigenvalues,  kn, and the re la ted  co- 
efficients, B, ,  of the eigenfunctions [Table I, Ref. (10)] 
were  used to calculate  the corresponding components  
for the  low f requency spec t rum from Eq. [14], [15], 
and [16]. These are  given in Table  I where  the  few 
avai lab le  exact  resul ts  a re  also shown for comparison.  

In  addit ion,  Table  I and Table  II  contain values  
for  ( - -e ' (O))  -1 obta ined f rom an analysis  based on 
a s tagnant  Nernst  diffusion l aye r  (4, 6) i.e. 

- -  = r [ 1 7 ]  
0N'(0) Y 

where  the  Nerns t  diffusion l aye r  thickness,  ~, is given 
b y  

= r -~ Z--Z-~- [18] 

4 

. 5  

. 2  

. t  

�9 E , ~ ,  solotLo, . . . . . . . . . . . . . . . . . . . .  

/ ~ ' /  \\'t. 
/ 

. . . .  :s  '6 ' 's  ~' .I .2_ . 5  . 4  . 7 , . 9  1 ,0  

Fig. 1. Representation af the function ( - - 0 ' ( 0 ) )  - 1  in the cam- 
plex plane. 

A graphica l  r ep resen ta t ion  of ( - - e ' ( 0 ) )  -1  in the  
complex  p lane  is depicted in Fig. 1, where  solid l ines 
connect equal  values  of the dimensionless  p a r a m e t e r  
K. I t  is in teres t ing  to note tha t  a l though in the  rea l  
space the  shor t - t ime  (8, 9) and the long- t ime  series 
(10) over lap  wi th in  a few tenths  of a percen t  in  a 
wide in te rva l  of t ime, tha t  behavior  is not  r eproduced  
in the complex p lane  af te r  a Laplace  t ransformat ion.  
This p rob lem is p re sen t ly  under  inves t igat ion in  this 
labora tory .  

Summary 
Laplace  t rans form techniques have  been ut i l ized in 

o rder  to de te rmine  the W a r b u r g  impedance  of a ro ta t -  
ing disk. The solut ion obta ined  for high frequencies  
has been shown to reproduce  wi th in  one percen t  exact  
numer ica l  resul ts  ~or values  of K grea te r  than  7.5. 
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LIST OF SYMBOLS 
0.51023 

a see Eq. [12] 
A ampl i tude  of t i m e - v a r y i n g  concentrat ion,  

mo le / cm 8 
b see Eq. [13] 
Bn coefficients of S tu rm-L iouv i l l e  sys tem [see 

Ref. (10)] 

c t i m e - v a r y i n g  concentra t ion of reactant ,  mo le /  
c m  3 

Table I1. Solutions far the real and imaginary parts af --I/SLF'(O) 

K 

Low frequency so lut ion  Exact solution Nernst layer solution 

Re(o-U  } } } } Re( "0'(0) J 
0 0.80298 0.0900 0.69298 0.0000 
0.05 0.69278 0.01134 0.89279 0.01166 
0.1 0.89219 0.02266 0.69222 0.02371 
0.2 0.88985 0.04616 0.63996 0.04727 
0.5 0.67397 0.11010 0.67453 0.11570 
0.7 0.85679 0.14988 0.85768 0.15817 
1.0 0.62333 0.20229 0.82442 0.21523 
1.5 0.75542 0.26748 0.72406 0.30195 0.75500 0.28926 
2.0 0.68409 0.30641 0.64160 0.33934 0.67925 0.33682 
3.5 0.51238 0.32695 0.45610 0.34736 0.48538 0.37104 
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D 

J 
K 
P 

S 
t 
t* 
Y 
r ( 4 / 3 )  
5 

o~ 

diffusion coefficient cm2/sec 
~J-1 
~ ( 3 D / a v )  2/3/~D, dimensionless  f requency  
genera l ized  complex p a r a m e t e r  
see Eq. [15] 
see Eq. [16] 
time, sec 
tl2D (av/3D) 2)3/v, dimensionless  t ime 
normal  dis tance f rom the disk, cm 
0.89298, gamma funct ion of 4/3 
r (4/3) x[v/~ (3D/av) 1/3, Nernst  diffusion l aye r  
thickness  
y~/~/v(av/3D) l/a, dimensionless  dis tance no r -  
mal  to the  disk 
rea l  pa r t  of p 
complex,  dimensionless,  t i m e - v a r y i n g  concen-  
t r a t ion  

inverse  Laplace  t r ans fo rm of o 
e igenvalues  of S t u r m - L i o u v i l l e  sys tem [see 
Ref. (10) ] 
inverse  Laplace  t r ans fo rm of p 
f requency  of a l t e rna t ing  current ,  r ad / sec  
ro ta t ion  speed of disk, r ad / seo  

Subscripts 
H F  high f requency  approx ima t ion  
L F  low f requency  approx ima t ion  
N Nerns t  fo rmal i sm 
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Polarization Phenomena Associated with 
Reduction of a Doped Ceria Electrolyte 

Da Yu Wang* and A. S. Nowick* 
Henry Krumb School of Mines, Columbia University, New York, New York 10027 

ABSTRACT 

The s t eady-s t a t e  and t rans ien t  polar iza t ion  behavior  of doped cer ia  solid 
e lec t ro ly te  cells a t  700~176 was s tudied in the  cur ren t  range  above  the 
cathodic  l imi t ing  current ,  where  e lec t ro ly te  reduct ion sets in. The  cur ren t  
i n t e r rup t ion  method  was used together  wi th  a reference  electrode,  to measure  
sepa ra t e ly  the anodic and cathodic overpoten t ia l s  (~a and "~c) and the ohmic 
po la r iza t ion  for  var ious  oxygen  pressures ,  types  of electrodes,  and  dopant  
levels.  The  cathodic s t eady- s t a t e  curves  (In I vs. ~c) show a l inear  region of 
s lope e/kT which is i n t e rp re t ed  in te rms of the  Wagner  polar iza t ion  cell 
theory,  and  i t  is shown tha t  this theory  is appl icable  to the  cathodic po la r iza -  
t ion even when  ionic blocking is incomplete .  Values of the  electronic t r ans fe r -  
ence number  are  obta ined  for var ious  e lec t ro ly te  composit ions and t empera -  
tures  which  agree  wel l  wi th  values  ob ta ined  by  o ther  methods.  The observed  
anodic s t eady- s t a t e  overpo ten t i a l  is r e la ted  to a res idua l  ionic current .  The 
t rans ient  anodic curves fol lowing cur ren t  in te r rup t ion  show behavior  in which 
~ ( t ) ,  s ta r t ing  posit ive,  changes sign and even tua l ly  joins the cathodic curve;  
subsequent ly  both decay to zero. At  h igher  in i t ia l  overpotent ia ls ,  a ve ry  
s low decay occurs in which  both decay  curves  show anomalous  humps af te r  
long t ime periods.  These phenomena  have been in t e rp re t ed  in terms of s imple  
models  which  involve  p r i m a r y  diffusion of electrons (from cathode to anode) ,  
secondary  diffusion (into the region of the  reference  e lec t rode) ,  and oxygen  
up take  f rom all  of the electrodes.  

The presen t  s tudy  was car r ied  out to obta in  a fu l le r  
unde r s t and ing  of polar iza t ion  phenomena  occurr ing in 
systems that  use solid electrolytes .  In  previous  papers  
(1, 2), we made  use of the cur ren t  in te r rup t ion  method  
in combinat ion  wi th  a reference  electrode,  to s tudy  the 
na ture  of e lec t rode  phenomena  at  r e l a t ive ly  low over -  
potent ia ls  occurr ing at  p l a t inum paste  electrodes on a 
doped CeO2 electrolyte .  This method  makes  i t  possible  
to de te rmine  sepa ra t e ly  the anodic and cathodic over -  
potent ia ls  as wel l  as the ohmic polar iza t ion  of the  elec-  
t rolyte .  I t  was shown that,  at  high oxygen  pa r t i a l  p res -  
sures (Po2), da ta  for the  s t eady-s t a t e  cur ren t  (I)  vs. 
overpo ten t ia l  (~) o b e y  the Bu t l e r -Vo lmer  equat ion 
both for anodic and cathodic polarizat ions.  This be -  
hav ior  was i n t e rp re t ed  as control led  by  a charge  t r ans -  

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member. 
K e y  w o r d s :  e l ec t rode  polar iza t ion ,  solid electrolytes,  c e r i u m  

d ioxide ,  e l ec t ron ic  diffusion.  

fer  (or act ivat ion)  mechanism,  and the na tu re  of the  
r a t e -de t e rmin ing  step of this process was studied.  At  
r e l a t ive ly  low Po2, on the o ther  hand, the  cathodic 
polar iza t ion  showed l imi t ing -cu r ren t  behavior ,  charac-  
ter is t ic  of concentra t ion polarizat ion.  I t  is be l ieved tha t  
the l imit ing process is the  ra te  at  which oxygen  adatoms 
can be suppl ied  at the cathode. 

As repor ted  in the previous  papers ,  when ~l is made  
sufficiently cathodic, I rises above the l imi t ing  cur ren t  
I1, and the IR drop in the e lec t ro ly te  is no longer  ohmic. 
Previous  workers  (3-5) have shown tha t  reduct ion  of 
the e lec t ro ly te  sets in at  such high cathodic potent ials .  
The present  work  was car r ied  out to exp lore  this be -  
havior  more  quant i ta t ive ly .  In  so doing, we have  ap-  
p l ied  Wagner ' s  t r ea tmen t  (6) of cu r ren t -vo l t age  be-  
havior,  for  a polar iza t ion  cell  in  which ionic cu r ren t  
is blocked. This t r ea tmen t  was, in fact, der ived  for the  
ideal ized case in which  one e lec t rode  is to ta l ly  b lock-  
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ing to ions while the other is an electronic conductor 
which is completely reversible to ionic flow, and at 
which no overpotential  is developed. Nevertheless, it  is 
shown that  the present  exper imenta l  method, which 
permits  the separate de terminat ion  of the two electrode 
overpotentials and the IR  drop in  the electrolyte, makes 
it possible to apply the Wagner  t rea tment  even under  
less ideal conditions. 

In addit ion to s teady-state  (1 vs. 0) behavior, we 
have also studied the t rans ient  overpotent ial  following 
in te r rup t ion  of the current.  While several unusual  as- 
pects were observed, it was found that  they could all 
be explained in terms of the reduction of the electro- 
lyte, the diffusion of electrons, and the uptake of oxy- 
gen from the electrodes. 

Ceria doped with calcia or y t t r ia  was chosen for the 
present  work, because its high oxygen- ion conductivi ty 
above 600~ make it  sui table for many  electrochemical 
applications, and because its electrical properties have 
been well studied, par t icular ly  its ionic and electronic 
conductivi ty as a funct ion of tempera ture  and Pos. 

Theory 
We present  a modification of the Wagner  t rea tment  

(6) suited to the type of cell used in  these experiments.  
By employing an electrode which is blocking to ionic 
flow (the cathode, in  the present  case), ionic conduc- 
tion is suppressed under  steady-state conditions and 
conduction takes place only because of the migrat ion 
of electronic carriers. Wagner  assumes that  the elec- 
tronic carriers are dilute enough to obey ideal so lu t ion  
laws and to have a mobil i ty  that  is constant. He then 
obtains, for the electronic conductivi ty at any position 
x in an oxide electrolyte 

~e -- ~e ~ exp[ (~o20 -- ~o2) /4kT]  [1] 

where ~o2 is the chemical potential  of oxygen and super 
0 refers to values at a reference position which is in 
equi l ibr ium with the ambient  gas. Wagner  fur ther  
shows that the electronic current  density across an 
electrolyte of thickness L is 

1 f~O2 ~ 
Je : o'ed~o2 [2] 

4eL V,o2~ 

w h e r e / ~ o 2  a and ~02 c are values at the anode and cath- 
ode, respectively. Subst i tut ing Eq. [1] into [2] and 
in tegrat ing gives 

Je ~- (kT~e~  {exp [ (;~o2 ~ -- ~o2 c)/4kT ] 

-- exp [ (~o2 ~ -- ~cm ~)/4tr } [3] 

The Nernst  equation gives for the cathodic and anodic 
overpotentials,  respectively (both defined as positive 
quanti t ies)  

4e~]c = #020 -- ~o2~; 4e~a = ~o2 a -- ~o~ o [4] 

which combined with Eq. [3] gives 

Je .-~ J e ~  -- e x p ( - - e ~ a / k T )  ] [5] 
where 

Je 0 = kTr [6] 

Wagner  considered the idealized case in which the non-  
blocking electrode (here, the anode) is reversible to 
the conducting ions, so that ~]a ~- 0, and any IR  drop 
in  the current  leads and contacts is negligible. In that 
case 

~ = E [7] 

where E is the total potential across the cell, and Eq. 
[5] becomes 

de ~- Je ~ [ e x p ( e E / k T )  -- 1] [8] 

(The val idi ty of Eq. [8] also requires that E never  
exceed the decomposition potential  of the electrolyte.) 
However, it is clear that  even if ~]a # 0, Eq. [5] takes 

on the useful asymptotic form when a sufficiently large 
cathodic potential  is applied 

In Je = In Je 0 --}- ( e / k T ) ~ c  [9] 

i.e., a plot of in Je vs. ~]c should give a straight l ine 
with slope e / k T  and intercept  determined by Eq. [6]. 
The advantage of a direct measurement  of ~]c by the 
current  in te r rupt ion  method is that ~lc can be obtained 
separately from ~]a and the IR  drop in  the current  leads 
so that Eq. [9] can be utilized even when ~]a and IR  
are not zero. For the case where the normal  conductiv-  
i ty is pr imar i ly  ionic so that  the equi l ibr ium electronic 
t ransference number ,  te ~ < <  1, we can insert  ~e 0 ----- 
te~ 0 (qi 0 being the ionic conductivi ty)  into Eq. [6] to 
obta in  

Je 0 ---- (kT /eL)r  o [10] 

Thus, the intercept  of Eq. [9] can be used to determine 
te ~ tmder the conditions where this equation is valid. 

In  considering the type of polarization cell with 
which we will be dealing, it is advantageous to be able 
to relax the requi rement  of complete blocking of ions. 
Brook et al. (3) have considered the case in  which 
ionic blocking is incomplete, but  nevertheless,  large, 
so that a residual  ionic current  density Jir is present. 
They show that Wagner's Eq. [8] then becomes 

where Ji is the ionic current  in  the absence of polariza- 
tion. If we assume that Jir is invar ian t  over a large 
range of E, while J~ _-- E / R i S ,  S being the electrode area 
and Ri the corresponding resistance, we obtain for 
large E 

In Je = [ln Je 0 -- eJ irRiS /kT]  + e E / k T  [12] 

i.e., the correction term goes into the intercept.  How- 
ever, if the current  in te r rup t ion  method is used, the 
addit ional  term enters only in the IR  drop, which is 
separately measured, so that  a relat ion of the type of 
Eq. [9], involving the cathodic overpotential,  is un -  
affected. At the same time, if ~]a ~ O because of the 
ionic flow, Eq. [9] will be unchanged,  i t  may be con- 
cluded that  Eq. [9] should be valid even with only 
part ial  blocking of the ionic current.  The val idi ty of 
this equation can be verified exper imenta l ly  in  several 
ways: (i) from the e / k T  slope; (ii) from the correct 
de terminat ion of te 0 from the value of the intercept  
combined with Eq. [10]; (iii) by the shift in the In Je 
vs. ~]r plots for two samples of the same electrode but  
different electrolyte thicknesses, L1 and/-,2, given by 

m]c ---- ~]c2 -- ~]c~ = ( k T / e )  In (L2/L1) [13] 

and (iv), by the shift in  the same plots with a change 
in  the ambient  Po2 

m ] c =  ( k T / 4 e )  In (po2C2)/Po2 (1)) [14] 

This last equation comes from the pressure dependence 
of ~e 0 for doped ceria (as well as stabilized zirconia) 
which has been shown (7, 8) to obey 

~eo cc Po2-I/4 i"15] 
Experimental Methods 

Doped ceria electrolytes and p la t inum paste elec- 
trodes were prepared as described previously (1). 
Three electrodes were applied to the samples in  the 
geometrical a r rangement  shown schematically in Fig. 
1. The a r rangement  for the current  in te r rup t ion  method 
is also described in  Ref. (1). Most of the t ransient  
studies were carried out with the aid of a storage oscil- 
loscope (Tektronix 564). For those cases in which the 
decay t ime was longer than 5 sec, however, a Hewlet t -  
Packard 7128A two-pen strip chart  recorder was used. 
The two pens were connected to the outputs of Keithley 
640 and Keithley 150A voltmeters, the first vol tmeter  
connected between the electrode under  investigation 
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Fig. 1. Schematic diagram of the electrode arrangement 

and the reference electrode with input  impedance > 
10121%, and the second one connected be tween the anode 
and  cathode wi th  an inpu t  impedance 109F~. The re-  
sponse t ime of the recorder is 8/4 sec. 

In  addit ion to Pt  paste electrbdes, two new types of 
electrodes were used in this study: gold paste (Engel-  
hard A-2123) and p la t inum foil (120 #m thickness).  
Gold paste was brushed onto the surface of the elec- 
trolyte, then fired at 800~ for 4 hr. For  the p la t inum 
foil electrode, an  unfluxed Pt paste (Engelhard 6926) 
was first applied, the p la t inum foil was pressed on 
under  an a lumina  disk weighing 23g, and this com- 
binat ion was fired at 1400~ in an argon atmosphere for 
8 hr. 

The gases and the gas t reatments  are as described 
previously ( i ) ,  except that in  this s tudy we added 
one stopcock jus t  before the gas enters the sample 
chamber.  By control l ing this valve, we can rapidly  
change the ambient  gas composition dur ing  an ex- 
periment.  Argon-oxygen  gas mixtures  were used in  
this study, covering the range of Po2 from 10 -.5 to 10 -2 
atm, as well  as CO/CO2 mixtures  whose Po2 was mea-  
sured with the aid of a cell uti l izing a calcia-stabilized 
zirconia electrolyte. 

The absence of polarization of the reference elec- 
trode was demonstrated by varying the input  imped-  
ance of the oscilloscope and observing that  the vol t-  
age readings are unchanged [see Ref. (1)].  

Steady-State Behavior 
The "instantaneous" potent ial  drop, which occurs in  

a t ime < 10 -7 sec after  current  interrupt ion,  is t aken  
as the IR drop, while the ini t ia l  value after this drop 
is taken as the s teady-state  overpotential,  ~], at the 
electrode under  investigation. This overpotential,  mea-  
sured as a funct ion of the current ,  I, that  flowed prior 
to interrupt ion,  constitutes the steady-state  data. 

Figure 2 shows typical examples of plots of log I 
vs. nc (cathodic overpotential)  at low Po2, showing the 
l imi t ing-cur ren t  region and the cur ren t  increase at 
higher cathodic values. Data are presented for electro- 
lytes of two thicknesses at temperatures  of 700 ~ and 
800~ In each case a s traight  l ine region of slope e/2.3 
kT (represented by the solid l ine) is obtained at high 
~lr The dashed lines in the lower ~]c region are fitted 
curves based on the assumption that  concentrat ion 
polarization dominates this region. [Detailed analysis 
c~n be found in  Ref. (1)].  Figure 2 shows that the 
position of the s t ra ight- l ine  region depends on the 

,oo, , , , , " �9 '/ I 
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I I- CeOz : 15% Co0 / F 
p~ = ] 2 •  / i l  / e 
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Fig. 2. Plots of steady-state cathodic overpotential as a function 
of log I for two different temperatures and sample thicknesses, 
showing the increase in current above the limlting-current range 
and the fit to straight lines of slope e/2.3 kT (solid lines). 

thickness of the electrolyte, for samples having  the 
same electrode area. The observed overpotent ial  differ- 
ence of the two samples with electrolyte thickness 0.6 
and 1.74 mm is 95 mV at 800~ and 90 mV at 700~ 
these results compare favorably with the values 98.5 
mV for 800~ and 89.4 mV for 700~ calculated from 
Eq. [13]. This electrolyte thickness dependence is also 
observed with other electrolyte samples containing 
different dopants and dopant concentrations, and Eq. 
[13] always fits the data well. 

In  the region of the e/2.3 kT slope, the electrolyte 
resistance is no longer constant. An example is shown 
in  Fig. 3, where the depar ture  from ohmic behavior  
(represented by the 45 ~ line) at high currents is ap- 
parent, indicating that the electrolyte is being reduced. 
As further evidence that reduction of the electrolyte is 
indeed taking place in this range, we showed that the 
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Fig. 3. A log-log plot of cathodic IR drop vs. I. The 45 ~ line 
represents a constant resistance, R. 
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total  resistance of the cell ( ~  4-6~) in  this range is 
main ly  that  of the Pt  leads. 

Since reduction occurs at the cathode, it is a mat ter  
of concern as to whether  the reference electrode is also 
reduced. As verification that  it is not, we note that the 
steady-state curves were independent  of separat ion of 
the reference from the adjacent  electrode (for separa-  
t ion greater  than 5 ram),  and also independent  of 
whether  the reference is on the same side of the sample 
as the cathode or as the anode. 

To block ionic flow at the cathode more effectively 
than is obtained with the porous P t  paste electrode, a 
similar  exper iment  was carried out using a Pt  foil 
electrode at  the cathode and Pt  paste at the an�9 
both with the same nominal  area. The result, shown 
in  Fig. 4 at Po2 = 1.2 • 10 -5 atm, shows that  the 
cathodic overpotential  can be fitted with the Wagner  
Eq. [8] over a much more extended region than  for the 
case where  the cathode is Pt  paste. (The comparison 
shown in Fig. 4 was made simply by reversing the 
polar i ty  of the same sample.) However, the more im-  
por tant  result  is that the l inear  regions for the two 
cases closely overlap each other. (The observed 10 
mV difference between them is probably  not significant 
when  we consider the possible error in  a t tempt ing to 
match the actual  electrode areas of the two electrodes.) 
This resul t  shows that  the behavior  at  high ~c is inde-  
pendent  of whether  only part ial  ionic blocking or 
more-or- less  complete blocking takes place. 

Figure 4 also shows that  the l inear  region can be 
shifted by changing Po2. The observed shift of cathodic 
overpotent ial  is 250 mV between Po~. values of 2.3 • 
10 -z0 and 1.2 • 10 -5 atm. Comparison with the cal- 
culated value 251.3 mV based on Eq. [14], shows that  
there is Very good agreement.  

By changing the electrode mater ia l  from Pt paste to 
Au paste, it  was demonstrated that the reduct ion 
phenomenon is unre la ted  to the type of metal  used 
for the cathode. We first prepared a sample with both 
sides having P t  paste electrodes, and then in  turn,  re-  
placed each electrode with Au paste, measur ing the 
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Fig. 4. Comparison of cathodic overpotential curves for Pt paste 
and Pt foil cathodes at two different oxygen partial pressures. The 
reference electrode is always Pt paste. Solid lines are the fit to the 
Wagner equation. 

cathodic I-n curve in each case. The results are shown 
in Fig. 5, which demonstrates tha t  Pt  paste and Au 
paste give the same cathodic curve in  the l inear  region. 
(The deviat ion from l inear i ty  at the upper  current  l imit  
will  be discussed later.) On the other hand, Fig. 5 
shows that  the anodic overpotential  is very dependent  
on the type of metal  electrode. Figure  6 shows that  
i t  also depends s t rongly on the s t ructure  of the elec- 
trode and on the Po2 of the ambient  gas. The corre- 
sponding cathodic curves, however, consistently show 
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Fig. 5. Anodic and cathodic I vs. ~ curves for different combina- 
tions of Pt paste and Au paste electrodes. (For clarity of the figure, 
cathodic data at lower overpotentials are omitted.) 
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the  l inear  reg ion  wi th  slope e/2.3 kT and in te rcep t  
de t e rmined  by  Eq. [13] and [14]. 

As a final test  of the  app l icab i l i ty  of the Wagne r  
model  to cathodic behavior  in the  reduct ion  range,  we  
employed  Eq. [10] to ca lcula te  values  of te 0 f rom the 
intercepts ,  In Je O, of the l inear  plots, a f te r  obta in ing  
a i  0 ei ther  f rom d-c  fou r -p robe  measurements  or  f rom 
the  IR drop in regions where  the Bu t l e r -Vo lmer  equa-  
t ion is obeyed  (1). In  this way,  te 0 was obta ined  over  
the  t e m p e r a t u r e  range  500~176 wi th  calcia concen- 
t ra t ion  in the  e lec t ro ly te  ranging  f rom 1 to 15%. These 
te 0 values  a re  collected in Fig. 7 and compared  wi th  
values  f rom o the r  sources (7, 9), obta ined  by  using 
Eq. [15] and the fact  tha t  r o is independen t  of Po~. In  
genera l ,  good ag reemen t  is obtained.  

In  these exper iments ,  the  use of the  reference  elec-  
t rode  was ve ry  impor t an t  for  the  correct  de t e rmina t ion  
of te 0. In  fact, if  the  ca thode - to -anode  potent ia ls  were  
used  to de te rmine  te 0, va lues  at  leas t  th ree  t imes  
smal le r  would  have  been obtained,  and  much of the  
good agreement  in Fig. 7 would  be lost. I t  would  the re -  
fore appea r  tha t  the  fa i lure  of Brook et  al. (10, 11) to 
ob ta in  sa t i s fac tory  values  of te ~ re la tes  to the i r  appl i -  
cat ion of the  theo ry  wi th  the ful l  anode- to -ca thode  
potent ia l ,  E. 

In  view of the  fact tha t  al l  four  tests suggested a t  

the  end of the Theory  sect ion have given the p red ic ted  
results,  we conclude tha t  i t  is val id  to app ly  the modi-  
fied Wagner  theory  (Eq. [9] and  [10], or  [8] wi th  
~lc subs t i tu ted  for  E) to the p resen t  exper iments ,  even 
though blocking is not  complete  and ~a ~ 0. 
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Fig. 8. Cathodic I vs. ~ curves for a Ce02:1% CaO electrolyte at 
two temperatures, showing early departure from the straight lines 
of slope e/2.3 kT (the solid lines). 

If we consider  the  s t r a igh t - l ine  region wi th  slope 
e/2.3 kT as the  first increase  of cu r ren t  beyond the 
cathodic l imi t ing -cu r ren t  region, then, as a l r eady  noted 
in Fig. 5, a second increase  of cu r ren t  (to values  above 
the  s t ra ight  l ine) occurs at  s t i l l  h igher  overpotent ia ls .  
This phenomenon manifests  i tself  more  s t r ik ing ly  the  
lower  the dopant  concentra t ion in the e lectrolyte .  For  
example ,  Fig. 8 shows the cathodic resul ts  for  a 1% 
ca lc ia -doped  ceria sample  at  700 ~ and 900~ compared  
agains t  s t ra ight  l ines of slope e/2.3 kT ( the solid l ines) .  
Clearly,  the  depar tu re  f rom l inea r i ty  occurs sooner in  
this case than  for  the  e lect rolytes  wi th  h igher  CaO 
content.  Table  I fu r the r  demons t ra tes  tha t  the  point  
of depa r tu re  f rom Eq. [9] occurs ea r l i e r  the lower  the 
CaO dopant  concentra t ion  in the  electrolyte ,  and  tha t  
this depa r tu re  is cor re la ted  wi th  the ionic conduct ivi ty.  
The reason for this second increase  of cur ren t  is st i l l  
somewhat  obscure, a l though it  may  be re la ted  e i ther  to 
a nonconstant  chemical  potent ia l  of oxygen  ions (12) 
or  to electrons no longer  obeying idea l  solut ion theory  
(13). 

I t  is des i rab le  nex t  to discuss the subs tant ia l  anodic 
polar iza t ion  tha t  i s  observed in these exper iments .  
Undoubtedly ,  such polar iza t ion  must  be t raced  to the 
presence of a res idual  ionic current ,  for  i t  has been 
shown (1) tha t  the charge t ransfe r  process gives r ise to 
an anodic overpoten t ia l  obeying  a Tafel  equation. 
Rela t ing  the  anodic overpoten t ia l  to a res idual  ionic 
cur ren t  is also consistent  wi th  the  observat ion  that  the 
anodic overpoten t ia l  is l a rge r  wi th  Au  paste  or  P t  foil 
at  the anode than  wi th  Pt  paste  (see Fig. 5 and 6). 
According to a separa te  s tudy  of polarizatiol~ phenom-  
ena at  lower  overpotent ia ls  wi th  Au  paste  and Pt  foil  
e lectrodes (14), both  of these electrodes y ie ld  anodic 

Table I. Effect of CaO content on the value of ~1c at which 
departure from the Wagner equation occurs, and comparison with 

ionic conductivity (r (All results obtained at 700~ and 
Po2 = 10 - 5  atm.) 

% C a O  ~e r T 
in CeO~ (mV) (f~-cm)-I K 

1 475 4.8 
4 575 14 

15 650 27 
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currents  considerably lower than that  obtained with P t  
paste electrodes for a given anodic overpotential,  be-  
cause the electrode reaction is l imited by lateral  diffu- 
sion along the interface ra ther  than by the charge 
t ransfer  reaction. 

Trans ient  Behavior 
Moderate time-scale ef]ects.--The anodic and cath- 

odic decay curves, ~ (t), following current  in te r rupt ion  
behave quite differently in  the reduct ion range than  
they do in  the concentrat ion-polar izat ion range (2). 
Most strikingly, while the decay occurs in  periods less 
than 10 -2 sec for the lower overpotentials,  in the re-  
duction range the cathodic overpotential  remains  close 
to its init ial  value after current  in te r rup t ion  for periods 
as long as 100-102 sec, depending on the degree of 
polarization, the ambient  gas, and the temperature.  
Typical cathodic recovery curves for the reduct ion 
range are shown as solid circles in  Fig. 9 on a log t ime 
scale and in  Fig. 10 on a l inear  t ime scale. The time for 
complete recovery, TR, is dependent  on the thickness of 
the electrolyte, and, in  fact, increases approximately 
in  proport ion to the thickness. Thus, in  Fig. 10, ~R 

is 60 and 200 see for lines A (thickness 0.60 mm) and B 
(thickness 1.74 ram),  respectively. 

In  the same polarization range, the anodic overpo- 
tential  decay curve behaves abnormally,  relat ive to its 
behavior  at lower overpotentials (2). Star t ing from a 
positive overpotential,  i t  decays across the zero l ine and 
then becomes negative. After  reaching a ma x imum 
negative value, it then recovers to the zero line, as 
shown by the open circles in  Fig. 9. Usually, we observe 
that the ma x i mum negative value reached by the anode 
is close to the corresponding cathodic value at the 
same time, and that  the subsequent  course of recovery 
is almost the same for both electrodes. Correspond- 
ingly, the decay curve from anode to cathode (which 
we call the "total decay curve") stays at or close to 
zero dur ing this recovery period. 

The re tu rn  of the anodic overpotential  to zero follow- 
ing in ter rupt ion  of the current  is a t t r ibuted to the dis- 
charge of the double layer  associated with the anodic 
polarization (2). The subsequent  crossing of the zero 
line, with the anodic overpotential  going substant ia l ly  
negative before decaying back to zero, suggests that  
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the oxygen activity at the anode falls below the ther-  
mal  equi l ibr ium value. 

At steady state, the region of the electrolyte adjacent  
to the cathode is reduced, and, after the in te r rup t ion  
of the current ,  the concentrat ion of oxygen must  re-  
t u r n  to its original  thermal  equi l ibr ium value. The re-  
sults of Fig. 9 suggest that, on a short t ime scale, the 
uptake of oxygen from the gas phase proceeds very 
slowly, i.e., the cathode is effectively baffled from the 
oxygen gas. Therefore, in the meantime,  oxygen dif-  
fuses across from the anode (which also has essen- 
t ial ly no uptake of oxygen on this t ime scale). Thus, 
the concentrat ion of oxygen at the anode will  first be 
depleted unt i l  it reaches approximately the same value 
as that  of the cathode, at which point  diffusion wil l  
cease. This explains qual i ta t ively why the anodic decay 
curve crosses over the zero l ine and goes negative to 
the point  where it  joins the cathodic curve. In  a t tempt-  
ing to develop this concept more quant i ta t ively,  we 
employ a model similar  to that  of Weiss (15), except 
that  the boundary  conditions involved are different. 

There are two types of charge carriers inside the re-  
duced electrolyte: oxygen vacancies and electrons, and 
these must  diffuse together to ma in ta in  charge balance 
(ambipolar  diffusion). Since the concentrat ion of elec- 
trons is much smaller  than  that  of the oxygen vacancies 
(when the current  is not too great) ,  the redis t r ibut ion 
of oxygen activity is controlled by  the diffusion of the 
electrons (16). Considering the s t ruc tura l  a r rangement  
of the electrodes (Fig. 1), we ini t ia l ly  use the one-  
dimensional  diffusion equation. Assuming y(x, t) is the 
electron concentrat ion at position x and time, t, Fick's 
equat ion is then given as 

Of(x,t) /Ot = DeO2f(x,$)Ox 2 [16] 

De being the diffusion coefficient of the electrons. 
For complete blocking at the electrodes, the bound-  

ary conditions at the anode (x = L) and cathode 
(x = 0) are 

Of (O,t)/Ox = Of (L,t) /Ox -" 0 [17] 

In  order for the diffusion flux to be constant  across 
the sample, the ini t ia l  dis t r ibut ion of electron con- 
centrat ion must  be l inear  along the sample and given 
by 

f(x,0) = ](0,0) ~- [ fo- - f (O,O)]x /L  [18] 

where  f0 is the thermal  equ i l ib r ium concentrat ion of 
electrons at the anode. With these conditions, Eq. [16] 
can be easily solved to obtain, for x = L and x = 0, the 
respective solutions 

0' = [f0 -]- f(O,O)]/2 § (4/~z 2) [f0 -- f(0,0)]  

~ ( 1 / n  2) exp (--Den2:tet/L 2) [19] 

Now, using the Nernst  law together with Eq. [15] we 
find that  the anodic and cathodic t rans ient  overpoten-  
tials (relative to a reference electrode in  equi l ibr ium) 
are given, respectively, by 

~a(t) = ( k T / e ) l n f o / f ( L , t )  [20] 

me(t) = ( k T / e )  ln f (O, t ) / fo  [21] 

Inser t ing  Eq. [19] into Eq. [20] and  [21] gives the 
desired expressions for the decay curves. For n ume r i -  
cal computation, the ratio J (0,0)/fo is determined from 
the value of the ini t ial  cathodic overpotent ia l  following 
interrupt ion.  This leaves only the diffusion coefficient 
De as an adjustable  parameter .  The fitted curves to 
the data of Fig. 9, both for the anode and cathode, are 
presented by  the solid lines. This fitting was obtained 
with the value De = 10 -4 cm2/sec, which, for 800~ 
is consistent with the results of a previous study (17). 
We see that  the calculated cathodic overpotent ia l  re-  

mains almost constant, decaying only  slightly, while 
the anodic overpotential  changes rapidly unt i l  it finally 
joins the cathodic curve. The data of Fig. 9 also show 
that  for two different electrolyte thicknesses, L1 = 0.06 
cm and L~ = 0.174 cm, the two anodic curves are 
shifted in their t ime scales by an  amount  proport ional  
to (L2/L1) 2, as required for a diffusion process. 

Figure 9 shows fair  agreement  between the calculated 
curve and the ini t ia l  negat ive anodic data. At the 
tail end of the region of fitting, however, the result  is 
poor, showing that  the total n u m b e r  of electrons re-  
maining  at the end of this stage is lower than calcu- 
lated. Possible reasons for such a depar ture  are related 
to electrolyte reoxidation as well as to the occurrence 
of secondary diffusion out of the region of the electrodes 
(as will be discussed later) .  On the other hand, because 
of the porous s tructure of the electrodes, some lateral  
diffusion must  be required, so that  t r ea tment  in  terms 
of one-dimensional  diffusion must  inevi tably  be too 
idealized. 

Thus far, we have at tempted to in terpret  only  the 
first stage of decay curves such as those of Fig. 9. The 
recovery that  takes place after the anodic curve has 
joined the cathodic is considered to be the second 
stage. As found in  Fig. 10, the total time, TR, needed 
for recovery in  this stage is approximately  proport ional  
to the thickness of the electrolyte. The simplest as- 
sumption we can make for this stage is that  the rate of 
uptake  of oxygen from the electrodes is a constant. 
(Clearly, this condit ion mus t  b reak  down at some 
point  before the electrolyte is completely reoxidized.) 
Since, dur ing the first stage, the concentrat ion gradient  
between anode and cathode levels out, we can describe 
the recovery stage in terms of an average electron con- 
centration, say c( t ) ,  instead of ](x , t ) .  Thus, the equa-  
tion for c (t) can be given as 

SLdc ( t ) / d t  = - -2KS [22] 

the solution for which is 

c (t) = c (0) -- (2Kt /L)  [23] 

where S is the surface area Of the electrode and K is 
the constant rate of uptake oxygen atoms per uni t  area 
of either electrode. The quant i ty  c(0) is the ini t ia l  
value of c( t ) ,  which is obtained from Eq. [19], sett ing 
t -> ~ .  Thus, the predicted recovery curve is 

~(t)  = - - ( k T / e )  ln f (c(O) -- ( 2 K t / L ) )  [24] 

As soon as c(t)  = f0 the recovery process must  stop. 
Therefore the t ime to complete recovery, Ta, is given by  

TR = (L/2K) [c(0) -- f0] "" (L /2K)c(O)  [25] 

where the last inequal i ty  holds because c(0) > >  fo. 
At t = ~a, n (t) must  abrupt ly  become zero. 

The data of Fig. 10 have been fitted to Eq. [24] wi th  
the ini t ial  value and TR as the only parameters.  The 
results of this fitting are shown by the solid lines. Con- 
sidering the simplicity of the assumptions made, the 
fit is quite good, and the data indeed show a discon- 
t inui ty  in d~/dt at t = TR. The K values obtained for 
curves A and B differ slightly from each other, K for 
curve B being 15% smaller  than  that for curve A. 

In  order to obtain a numerica l  value for K, an esti- 
mate of f0 is required. Using De -- 10 -4 cm2/sec and  
the values of te ~ and ~i 0 determined for this sample, 
allows a rough calculation of f0. The corresponding 
value of K, expressed as a current  density, is ,-~4 m A /  
cm 2 which is s imilar  in  magni tude  to the l imit ing cur-  
rent,  I1. This is not surprising, since both quanti t ies  
are manifestat ions of the l imit ing rate at which the 
electrodes can furnish oxygen. 

In all cases of t rans ient  behavior  reported thus far, 
we have made every effort to keep both anode and 
cathode alike in  both s t ructure  and  geometry. If, how- 
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Fig. 11. Decay curves for anodic (A and A'), cathodic (C and C') 
and total (T and T') overpotential for a CeO2: 8% CaO electro- 
lyte at 900~ and Po2 = 0.94 X 10 -~  arm. Polarization current 
had been 30 mA. Two electrodes are used: Pt paste and a composite 
(Pt paste/Pt foil): (a) case where anode is the composite electrode; 
(b) cathode is the composite. 

ever, one of the e lectrodes is baffled to the ambien t  
oxygen  gas, its r ecovery  proceeds more  s lowly than  
tha t  of the o ther  one. For  example ,  for the da ta  of 
Fig. l l a ,  the  anode was composed of two layers :  p l a t i -  
num pas t e /p ! a t i num foil, whi le  the cathode was the  
usual  p l a t inum paste. As shown in this figure, the  sec- 
ond-s tage  recovery  of l ine A (anodic)  was much  
s lower  than tha t  of l ine C (cathodic) .  Therefore,  the 
to ta l  decay  curve (l ine T) now crossed the zero l ine 
and became negative.  Wi th  reversed  polar i ty ,  the  resul t  
is shown in Fig. l l b ;  the  cathodic overpoten t ia l  ( l ine 
C') now decayed more  s lowly than  the anodic (l ine 
A ' ) ,  while  the total  decay  curve (l ine T') showed a 
hump and did not cross the  zero line. (In both cases, 
l ines A and A'  s t a r t ed  f rom a posi t ive potent ial ,  bu t  
the in i t ia l  decay was so rap id  that  only  the par t  of 
decay  curve af te r  the s ign reversa l  can be seen.) Such 
resul ts  indicate  tha t  the  up take  of oxygen  is a p rop -  
e r ty  of the  electrode,  which  funct ions as a catalyst .  A t  
this point  we cannot  say wha t  is the r a t e - d e t e r m i n i n g  
step for this process, but  the  s imi la r i ty  be tween  K and 
11, suggests tha t  it  m a y  be re la ted  to adsorbed  oxygen  
on the P t  surface. 

Resul ts  such as these, especia l ly  the  poss ib i l i ty  for 
the total  decay curve to become negat ive  are  of i n t e r -  
est because such observat ions  are  occasional ly  r epor ted  
(18) and quest ioned (19). 

Long time-scale e]Iects.lIf  we polar ized  the  e lec t ro-  
ly te  at  h igher  currents ,  but  st i l l  in the  s t ra igh t  l ine 
(e /kT slope) region, the  decay  curve for  both anode 
and cathode could pers is t  beyond 10~ sec. Also, as 
shown in Fig. 12, the pa t t e rn  of the curves changed 
d rama t i ca l ly  in the  ta i l  of the  decay, viz., ~ (t)  rose to 
produce  a hump. Both anode and cathode gave the 
same type  of decay  curve, except  tha t  the hump did 
not appear  at  exac t ly  the  same t ime for the  two elec-  
trodes. Thus, the  total  decay curve, a f te r  r emain ing  at  
zero for  some time, rose to give a hump owing to this 
asymmetry .  

Because the  decay proceeded  over  such a long t ime, 
i t  became possible to use a smal l  a -c  signal  to s tudy  the 
conduct iv i ty  of the e lec t ro ly te  a t  var ious  stages. Four  
different  regions (as m a r k e d  in  Fig. 12) were  studied. 
The resul ts  a re  in Table II, where  the pa ra l l e l  res i s t -  
ance measured  at  10 Hz is listed. As shown, this res is t -  
ance, R, increased s tead i ly  to region IV. This cont inu-  
ous increase  in R suggests that  r eox ida t ion  of the 
reduced  e lec t ro ly te  is t ak ing  place  over  the  t ime per iod  
of the hump. 

Fig. 12. Anodic decay curve 
for 0.174 cm thick electrolyte 
originally polarized to ! = 44 
mA, ~1 ---- 100 mV. Points are the 
data for Po2 = 1.2 • 10 - 5  
arm after crossover to negative 
overpotentials. The regions I- IV 
refer to this data. Solid curves 
show the behavior observed when 
gases of higher Pox are intro- 
duced after 10= sec. 
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Because of the long decay time, it  was also possible to 
s tudy the  effect of a change in  the part ial  pressure of 
oxygen, by in t roducing new gas into the sample cham- 
ber dur ing the course of the decay. As shown in  Fig. 
12, the hump could be shifted, such that the higher the 
Po2, the earl ier  it appeared. Also, the size of the hump 
was smaller, the higher the Po2 of  the introduced gas. 
In  addition, the response of the decay to the changed 
gas was very much dependent  on the flow rate of the 
gas, a greater flow rate giving the same effect as a 
higher Po2. 

In  our in te rpre ta t ion  of the first stage of the decay 
curves as electronic diffusion and the  second stage, or 
recovery, as the uptake of oxygen from the electrodes, 
we neglected to consider secondary diffusion, by which 
electrons migrate  out, of the region be tween the two 
working electrodes, causing part ial  reduct ion of the 
area adjacent  to the reference electrode. This process 
clearly involves a longer t ime constant  than the pr i -  
mary  (cathode-to-anode)  diffusion because the elec- 
trode separat ion is larger (--,6-10 mm as against  1 m m  
from cathode to anode).  It is this process that we be-  
lieve is responsible for the long time decay in  samples 
carried to higher overpotentials,  as in Fig. 12. 

In  order to see why secondary diffusion enters in 
this case and not in those for lower overpotentials,  we 
make  a comparison of various re levant  t ime constants. 
For  p r imary  diffusion a t ime constant  ~D may be de- 
fined by 

TD • L 2 / D e ~  2 [26] 

based on Eq. [19], where L is the cathode-to-anode 
distance. A smilar  quan t i ty  TD', for secondary diffusion 
may be defined by the same expression, except that L', 
the distance from reference to working electrode, re- 
places L, Final ly,  for the recovery process we have 
defined the time, TR, to complete recovery by Eq. [25]. 
In  Table  III, these three t ime constants are compared 
for three cases: A and B are the corresponding two 
runs  in  Fig. 10, while C is the run  represented by open 
circles in  Fig. 12. In  the la t ter  case, the calculation of 
TR is made using the same K value as for A and B; how- 
ever, since Po2 is substant ia l ly  lower in this case, K 
should actual ly be lower, and therefore ~R larger than 
the value calculated. For Cases A and B, Table III  
shows that ~D < <  ~R, and that  ~'D is large enough that 
appreciable secondary diffusion is not expected before 
recovery is complete. This result  vindicates our pre-  

Table II. Values of a-c parallel resistance measured at 10 Hz in 
the four regions shown on Fig. 12 

(a) f rom anode to  cathode 

Region R (~) * 

I 11.3 
IV 102.1 

(b) from reference electrode to anode 

Region  R (.q) ' 

I I  138 
I I I  175 
IV 413 

* Not  corrected  for  the resistance of  the Pt  leads.  

Table III. Calculated time constants for primary diffusion ( 'CD) , 
secondary diffusion (~D'), and recovery ( '~)  for three cases of a 
CEO2:15% CaO electrolyte at 800~ (In each case, L' is taken 

to be 8 ram, and De = 10 -4  em2/sec.) 

7(0) L po 2 rD VD' r~ 
(mV)  ( r am)  ( a t m )  (sec)  (sec)  (sec)  

A 310 0.60 10 -~ 3.6 650 60 
B Sl0 1.74 10 -4 31 650 200 
C 480 1.74 10 -5 31 650 > 1255 

vious neglect of t he  secondary diffusion process. In  
case C, however, ~R is SO large [because ~(0),  and 
therefore c(0) is large], that  there is sufficient t ime 
for secondary diffusion to occur prior to the recovery 
process. In  fact, the value of ~D' is consistent with the 
observed decay time in  Fig. 12. Accordingly, we in te r -  
pret  the decay process prior to the hump in  Fig. 12 
as due to secondary diffusion. 

It then remains  to explain the hump. The fact that  
the t ime of occurrence of the hump depends on Po2 
(Fig. 12) and on the rate of gas flow, all  suggest that  
the hump is related to the uptake of oxygen from the 
electrodes. The results of the a-c s tudy (Table II) ,  
showing that  the resistance continues to increase 
throughout  the range of the hump, is also consistent 
with the idea that  reoxidat ion of the electrolyte is 
taking place. 

In in terpre t ing  the hump, we propose that  uptake  of 
oxygen occurs at the reference as well  as the working 
electrodes. Since secondary diffusion is incomplete, 
the chemical potential  of oxygen at the reference elec- 
trode is closer to that of the ambient  gas than that of 
ei ther the cathode or anode. Thus, the reference starts 
at a lower value of c(0) and will  reach equi l ibr ium 
before the working electrodes. The resul t  is that l~]l 
increases as long as the reference is being reoxidized; 
once it reaches equi l ibr ium, however, the decay proc- 
ess continues in  the usual  way. Therefore, a hump is 
produced. A more quant i ta t ive  examinat ion  of this 
model gives a good fit to the data of Fig. 12 for the 
time period >103 sec. 

Summary 
The results for the s teady-state  behavior  show that  

the Wagner  polarization cell t r ea tment  describes well 
the cathodic data (~r vs. I) even though blocking of the 
ionic flow is incomplete. From these data, rel iable 
values of the electronic t ransference n u m b e r  have 
been obtained. 

The t ransient  behavior following current  in te r rup-  
tion can be interpreted according to the following 
concepts :  

1. P r imary  diffusion of electrons from cathode to 
anode constitutes the first stage o~ the decay curves, in  
which the anodic overpotential  crosses the zero l ine 
and goes negative to join the cathodic overpotential.  

2. Secondary diffusion of electrons out of the region 
of the working electrodes causes reduct ion in  the re-  
gion near  the reference electrode. This stage only oc- 
curs if ,1(0) is sufficiently high that  ~D' > rR. 

3. Recovery of both working electrodes takes place 
by means of a constant  rate of uptake of oxygen 
through the electrodes. This stage can be a monotonic 
decrease in  I~11, or it  can give rise to a hump if par-  
tial reduction of the region near  the reference electrode 
had occurred. 
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The Electrochemical Behavior of Aluminum in the 
Low Temperature Molten Salt System 

n Butyl Pyridinium Chloride: Aluminum Chloride and 
Mixtures of This Molten Salt with Benzene 

J. Robinson I and R. A. Osteryoung *~ 

Department of Chemistry, Colorado State University, Fort CoIlin% Colorado 80523 

ABSTRACT 

The aluminum deposition and stripping processes at tungsten, platinum, 
and glassy carbon electrodes in the low temperature molten salt system, 
n butyl pyridinium chloride:aluminum chloride, and the 50 volume percent 
(v/o) mixture of this molten salt with benzene have been investigated, using a 
var ie ty  of electrochemical techniques. At all three electrodes, and in both sol- 
vent systems, the deposition reaction in slightly acidic melts, the reduction of 
A12C17- ions, was found to involve a nucleation process while at the tungsten 
and platinum electrodes underpotential  deposition was also observed. Reduc- 
tion of the n butyl pyridinium cation was found to occur at --1.1V vs. A l ( 2 : l  
melt) which is positive of the reduction potential of A1C14- ions and therefore 
aluminum deposition in basic melts was not observable. Studies of the stripping 
of aluminum from inert substrates showed that aluminum is very slowly 
corroded in acidic melts, and melt-benzene mixtures, by traces of oxidizing 
impurities while in basic systems aluminum reduces the n butyl pyridinium 
cation. Potentiome~ric t i tration of the 50 v/o melt-benzene mixture showed 
t h a t  the acid-base properties of this system are defined, as in the pure melt, 
by the equilibrium 

2A1C14-'~---AlsC17- + C1- 

with an equilibrium constant of 2.2 X 10 -18 at 30~ 

Chloroaluminate melts (alkali  metal chloride-AIC18 
mixtures) ,  in view of their interesting acid-base prop- 
erties, have recently received considerable attention 
from molten salt chemists, and a number of reports of 
electrochemical and spectroscopic studies of both or- 
ganic, and inorganic, species in these media have ap- 
peared in the literature. One of the most thoroughly 
investigated areas has been the electrochemistry of 
aluminum, both at aluminum electrodes (1-5) and 
also at foreign substrates (6). Initial reports of the 
anodic dissolution of aluminum in molten NaCI:A1C13 
(7, 8) indicated that at low current densities the ob- 

served current efficiencies, as determined by weighing 
the electrode, were significantly greater than required 

* Electrochemical Society Active Member. 
1Present  address: Department of Chemistry, University of 

Southampton, Southampton, SO9 5NH, England. 
2 Present address: Department of Chemistry, State University of 

New York at Buffalo, Buffalo, New York 14214. 
Key words: anode, voltammetry,  metals. 

for the three electron oxidation described by Eq. [1] 

AI(O) -- 3e-  ~ AI( I I I )  [1] 

This behavior was attr ibuted to the formation of uni- 
valent aluminum which was in some way stabilized 
by the melt. A subsequent study (5) has however 
shown that the dissolution current efficiencies in ex- 
cess of 100% were in fact caused by corrosion of the 
aluminum electrode by impurities in the melt, and 
that by careful melt purification procedures current 
efficiencies very close to 100% can be achieved for 
both the aluminum deposition and the anodic strip- 
ping process. 

It is well known (9) that as the alkali metal chlo- 
ride:AICl~ ratip in a chloroaluminate melt is varied 
the nature of the aluminum containing ion changes; in 
basic melts (excess alkali metal halide) mainly A1C]4- 
ions are present whereas in acid melts the A12C17- ion 
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becomes predominant .  Let isse  and Tremi l lon  (1) have 
proposed  tha t  a luminum deposi t ion is possible  f rom 
e i ther  of these ions. In  acidic mel ts  the  reac t ion  is 

4AIzCIT- ~- 3 e -  ~__ AI$ ~- 7AICI4- [2] 

whereas  in basic mel ts  i t  becomes 

A1C14- + 3 e -  ~ AI$ + 4C1- [3] 

Rol land  and  Maman tov  (6) have  observed  both  these  
deposi t ion react ions  at  glassy carbon, p la t inum,  and 
tungs ten  e lect rodes  and have made  a thorough s tudy  
of the reduct ion  of A12C17- ions in s l ight ly  acidic melts .  
They  have  shown tha t  nuclea t ion  processes a re  im-  
po r t an t  a t  a l l  th ree  e lect rodes  and also tha t  a l loy  fo r -  
ma t ion  occurs on the  p l a t i n u m  electrode.  

In  this  l abo ra to ry  we have  recen t ly  been pa r t i cu -  
l a r l y  in te res ted  in  the  deve lopment  of low t e m p e r a -  
ture  nonprotonic  mol ten  sal t  systems analogous to 
the  a lka l i  me ta l  chloroaluminates .  This work  has 
shown tha t  su i tab le  solvents  can be made  f rom m i x -  
tures  Of  a lky l  p y r i d i n i u m  hal ides  and a luminum 
halides.  The first such sys tem s tud ied  was the 2:1 A1C13: 
e thyl  py r id in ium bromide  mixture ,  which  was mol ten  
a t  room tempera tu re ,  and  i t  was demons t ra t ed  tha t  this  
solvent,  and  its mix tures  wi th  benzene, could be suc-  
cessful ly  used for  organic  and  organometa l l i c  e lec t ro-  
chemis t ry  (10-12), as wel l  as for  photochemical  in-  
vest igat ions  (13). Unfo r tuna te ly  as the  A1Cls:ethyl  
p y r i d i n i u m  bromide  ra t io  was va r ied  f rom 2:1 the  
mel t ing  poin t  of this  sys tem increased  sharply,  the  
m ix tu r e  being mol ten  at  room t e m p e r a t u r e  only for 
the  2:1 system. I t  has r ecen t ly  been shown (14) tha t  
mix tu res  of n b u t y l  py r id in ium chlor ide  (BuPyC1) 
and A1C13 a re  mol ten  at, or  near,  room t e m p e r a t u r e  
for  the  ent i re  composit ion range  f rom 2:1 to 0.75:1 
(A1Cls:BuPyC1).  This sys tem should  therefore  be 
ve ry  useful  for  s tudy ing  the Lewis  ac id i ty  dependen t  
chemis t ry  and e lec t rochemis t ry  of a va r i e ty  of inor -  
ganic species and of organic species which are  too 
vola t i le  to be s tudied in the  a lka l i  me ta l  ch loroa lu-  
minates.  As wi th  these l a t t e r  melts,  var ia t ions  in the  
composi t ion of the low t empera tu r e  mol ten  sal t  sys-  
tem cause changes in the a luminum-con ta in ing  species 
in the  melt .  This behav io r  has been  inves t iga ted  b y  
R a m a n  spectroscopy (15) and poten t iomet r ic  tech-  
niques (16) and i t  has been  shown tha t  the acid-  
base proper t ies  of the  mel t  a re  fu l ly  descr ibed by  
the equ i l ib r ium in Eq. [4] (16) 

2A1C14- ~ AI~CI~- ~- C I -  [4] 

for  which  the equ i l ib r ium constant ,  K, was shown to 
be less than  3.83 • 10 - l z  a t  30~ The exact  de t e r -  
mina t ion  of K f rom po ten t iomet ry  wi th  an A1 elec-  
t rode  is p rec luded  as A1 reduces  the  b u t y l p y r i d i n i u m  
cat ion in  basic  mel ts ;  however  use of an  NiCI~ e lec-  
t rode  (17) to measure  the C I -  ion concentra t ion in 
basic mel ts  suggests  tha t  the  t rue  va lue  of K lies 
close to the  above  va lue  (18). This ve ry  low value  
for K implies  that  in the  1:1 mel t  nea r ly  all  the a lu -  
m i n u m  is p resen t  as A1C14- ions wi th  only v e r y  smal l  
concentra t ions  of C1- and AI2C17- ions being present ;  
any  A1C13 added  to a 1:1 mel t  complexes wi th  A1C14- 
ions, according to Eq. [4] to form A12CI~- ions such 
tha t  in the  2:1 sys tem the A1 is present  a lmost  en t i re ly  
as A12C17-. A n y  BuPyC1 added  to a 1:1 mel t  resul ts  
in an increase  in the free C1- ion concentrat ion.  This 
is in cont ras t  to  the  behav ior  observed  in a lka l i  me ta l  
ch loroa luminates  where  large  concentrat ions  of free 
A12C16 molecules  a re  also present  in acid mel ts  (9). 

Low t e m p e r a t u r e  baths  for the  e lec t ro ly t ic  deposi t ion 
of a luminum have  long been of in te res t  and Hur ley  
and Weir  (19) have shown that  b r igh t  a luminum de-  
posits, severa l  tenths  of a mi l l ime te r  thick, can be 
formed by  electrolysis  of a 2"1 mix tu re  of A1Clz and 
e thyl  py r id in ium bromide  to which  e i ther  benzene or 
to luene has been  added  unt i l  a two-phase  sys tem 

s tar ts  to form. By careful  engineer ing  and the use of 
addi t ion  agents  the deposi t ion of even th icker  l ayers  
is possible  (20). Recent  work  in this l a bo ra to ry  (21) 
has shown tha t  the  addi t ion  of  benzene  to AICI~: 
BuPyC1 melts  resul ts  in an increase  in the  conduct iv-  
i ty  of the med ium due to a sharp  reduct ion  in the vis-  
cosity, bu t  IH and laC NMR studies (21) indicate  tha t  
the benzene does not  complex  wi th  any  species in the  
melt .  This p resen t  pape r  is concerned wi th  an in-  
ves t iga t ion  of the e lec t rochemical  behav ior  of A1 in 
the A1Cls:BuPyC1 and the 50 v /o  benzene-A1Cl~: 
BuPyC1 systems. A va r i e ty  of e lec t rochemical  tech-  
niques have  been used inc luding cyclic and pulse 
vo l tammet ry ,  po ten t iomet ry ,  and  coulometr ic  tech-  
niques at  th ree  different  electrodes,  tungsten,  glassy 
carbon, and pla t inum.  The resul ts  ob ta ined  are  com- 
pa red  to those observed  in  the a lka l i  me ta l  chloro-  
a luminates .  

Experimental 
The p rocedure  for the p repa ra t ion  of n bu ty l  p y r i -  

d in ium chlor ide  f rom n bu ty l  chlor ide  and py r id ine  
(F isher  ACS)  has been given in a previous  pub l i ca -  
t ion (14) and consists essent ia l ly  of ref luxing the two 
reac tan ts  toge ther  and pur i fy ing  the resul t ing  product  
by  recrys ta l l i za t ion  f rom ace ton i t r i l e -e thy l  acetate  
mixtures .  The AiC13:BuPyCl mel ts  are  then p repa red  
by  adding  carefu l ly  sub l imed  AICl8 ( F l u k a  A.G. i ron-  
f ree)  to the  BuPyCl.  This mixing  is h igh ly  exothermic  
and care mus t  be t aken  to ensure tha t  the  t empe ra tu r e  
does not r ise  above 100~ or decomposi t ion m a y  occur. 
The mel t -benzene  mix tures  were  dr i l l ed  to pe rmi t  the 
in t roduct ion  of the reference  and secondary  e lect rode 
compar tments  which  were  isola ted f rom the bu lk  of 
the mel t  by  fine poros i ty  glass f l i ts .  Holes were  also 
dr i l l ed  in the  cap for the work ing  e lec t rode  and the 
thermocouple  well.  Unless o therwise  s ta ted  the  r e fe r -  
ence e lec t rode  was an A1 wi re  (5N Al fa  inorganics)  
immersed  in  a 2:1 AICls:BuPyC1 melt ,  and  al l  po-  
tent ia ls  a re  quoted wi th  respect  to this electrode.  The 
secondary  e lec t rode  was also a coiled A1 wire.  The 
essential  detai ls  of the expe r imen ta l  techniques,  e lec-  
t rochemical  ins t rumenta t ion ,  const ruct ion of e lec-  
trodes, and  opera t ion  of the d ry  box (Vacuum A t m o -  
spheres  Company) ,  in  which  al l  exper imen t s  were  
car r ied  out  have been presen ted  in an ea r l i e r  pub l i ca -  
t ion (22). 

In  o rde r  to achieve reproduc ib le  e lec t rochemical  
results,  g rea t  care had to be t aken  in p repa r ing  the 
e lec t rode  surfaces. Al l  the  e lect rodes  were  pol ished to 
a m i r r o r - l i k e  finish using a lumina  (Type  B F i she r ) ,  
washed and dried,  and  then t r ans fe r red  into the  d ry  
box where  they  were  again  pol ished on a lumina  to 
remove  any  surface oxide  films. The p l a t i num and 
glassy carbon electrodes were  then  in t roduced  into 
the  mel t  and held  at  1.5V vs. Al for  about  20 rain 
p r io r  to commencing exper iments .  To obta in  r e p r o -  
ducible  resul ts  on the tungsten electrode,  the e lect rode 
potent ia l  was cycled into a luminum deposi t ion severa l  
t imes before  vo l t ammograms  were  recorded.  

Previous  studies (15, 16) indicate  tha t  any  A1C18 
added  to a 1:1 mel t  wi l l  complex wi th  t e t rach lo roa lu -  
mina te  ions to form Ai2Cl~-. Melts  of known  AI2C17- 
concentra t ion were  therefore  p r e p a r e d  b y  adding  
volumes of a 2:1 mel t  (al l  a luminum presen t  as 
A12C17-) to a 1:1 mel t  or  a 1:1 mel t  to which 50% by  
volume of benzene had  been added.  

The t i t ra t ion  of C1- ions in a 50 v /o  benzene -me l t  
mix tu re  wi th  A12C17- ions was ca r r i ed  out  in the  fo l -  
lowing manner .  A 46:54 A1CI~:BuPyC1 mel t  was p re -  
pa red  and benzene was added  to give a 50 v /o  m i x -  
ture  (a t tempts  to make  50 v /o  benzene mix tures  wi th  
melts  more  basic than  this resul ted  in the  p rec ip i t a -  
t ion of BuPyC1). An  A1 indica tor  e lect rode was then  
in t roduced  into the  me l t  and the potent ia l  be tween  
this and an A1 reference  e lec t rode  in a 50 v /o  benzene-  
2:1 me l t  was measured  using a high impedance  
vol tameter .  Weighed  amounts  of 50 v /o  b e n z e n e - 2 : l  
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melt  were then added and the potential  difference 
between the indicator and reference electrodes was re-  
corded after each addition. From this data the po- 
tent iometr ic  t i t ra t ion curve was constructed. 

Results and Discussion 
Potentiometric titration of the benzene-containing 

melt.--The t i t ra t ion of CI -  with A12CI~- in chloro- 
aluminates  has proved a useful  technique for deter-  
min ing  the equil ibria  that  govern the acid-base prop- 
erties of these melts (9, 16). I t  was decided therefore 
that this would be a useful approach for invest igat ing 
the properties of A1C13:BuPyC1 melt  di luted to 50 v/o  
with benzene. Figure 1 shows such a potentiometric 
t i t ra t ion which was performed in  such a way as to 
main ta in  the volume percentage of benzene constant. 
The circles represent  the exper imental  points and the 
solid l ine is the 'best fit' theoretical curve, vide in]ra. 

The equi l ibr ium potential  of an A1 wire in an acid 
melt  is determined by  the equi l ibr ium in Eq. [2] and 
the potential  difference between two A1 wires in melts 
of different composition is given by Eq. [5] 

4 RT [A12C17-]1 7 RT [AIC14-]2 
~ E  - -  - -  In ~- - -  In 

3 F [AI~CI~- ]2  3 F [A1C14-] 1 

[5] 

while a similar  expression exists for A1 wires in basic 
melts. If it is assumed that the benzene only dilutes 
the melt  and does not complex with any  of the species 
present  it is possible, from the exper imental  data of 
Fig. 1 and Eq. [5], to calculate a value for the equi-  
l ib r ium constant, K, for the equi l ibr ium described by 
Eq. [5]. The value of K determined in this way was 
2.2 • 10 -13, which is very similar  to the value de- 
termined for the pure A1C13:BuPyC1 melt  (16). The 
solid l ine in Fig. 1 is the potentiometric curve calcu- 
lated using the above value for K; the agreement  is 
excellent in the acid region and fairly good for basic 
melts. The exper imental  potential  values for the basic 
melts were found to be ra ther  unstable  since, as in 
the pure melt  the A1 wire indicator  electrode reduces 
the melt. The reduction potential  of the melt  is - 1 . 1 V  
vs. A1 and therefore all exper imental  potentials greater  
than this (the first five points of Fig. 1) represent  
mixed potentials;  thus, as with the pure melt  the 
calculated value for K is only an  upper  limit. [The 
mechanism of the melt  reduction process will be the 
subject of a fu ture  publicat ion (23).] 

That  the potentiometric data can be fitted success- 
ful ly using the single equi l ibr ium in  Eq. [4] provides 
proof that  the assumption that  the benzene is not  in-  
volved in any complexation equi l ibr ia  with any of the 
a luminum-con ta in ing  ions or C1-  is justified. Fur ther  
support  for this assumption comes from the potential  
difference be tween A1 wires in  a 2:1 mel t  and a 50 v/o  

benzene-2:1 melt  mixture  which is 12 __ 1 mV; as- 
suming that the liquid junct ion  potential  is negligible 
(using the redox potential  of the fer rocene-fer rocinium 
couple as a reference it  appears that this assumption 
is justified) the exper imental  potential  difference 
agrees very well  with the value of 13 mV calculated 
for the potential  difference between an A1 wire in  a 
2:1 melt  and an A1 wire in a melt  in which the con- 
centrat ions of A12CI~-, A1C14- and C1- ions are half  
their  values in the 2:1 system. On the basis of this 
evidence it  can be concluded that  any  A1C18 added to 
a 50 v/o benzene- l :  1 melt  will complex with A1C14- 
to form A12C17- ions as in  the p u r e m e l t .  

The aluminum deposition reaction.--The deposition 
behavior observed in  the pure melt  and the melt  -5 
benzene was qual i ta t ively the same and therefore the 
two solvents will be discussed simultaneously.  Figure 
2 shows a typical cyclic vol tammogram for the depo- 
sition of a luminum at a tungsten  electrode in a slightly 
acidic melt. The large peak observed at --O.43V(I) can 
be a t t r ibuted to the reduct ion of AI2CI~- ions. Table 
I shows the dependence of the peak current  and peak 
potential  (at a sweep rate of 1O0 mV sec -1) of this 
peak on the concentrat ion of A12CI~- ions. It  can be 
seen that the peak current  is proport ional  to the con- 
centrat ion of this species while, as predicted for the 
formation of an insoluble product, the peak potential  
varies l inear ly  with log[A12C1T-]. The peak labelled II 
corresponds to the anodic str ipping of the A1 deposit. 
This behavior  is essentially the same as was observed 
by Rolland and Mamantov (6) in the NaCI-A1CIz sys- 
tem except that  in  the present  case there is also a 
small  peak, III, positive of the main  deposition proc- 
ess and a corresponding str ipping wave IV. The na ture  
of these peaks is more readi ly investigated when  the 
potential  sweep is restricted to the potent ial  region 
of peaks III  and IV and is not permit ted to go into 
bulk  A1 deposition; Fig. 3 shows such vol tammograms 
at various sweep rates. It can be seen that  the peak 
heights are directly proport ional  to the sweep rate and 
it was also observed that provided the melt  remained 
acidic the peak height, at a fixed sweep rate, was inde-  
pendent  of the concentrat ion of A12C17-. When the 
melt  was made basic the peaks III and IV disappeared. 
From this behavior it can be concluded that  these 
peaks correspond to the formation and str ipping of a 
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Fig. I .  The potentlometric titration of AI2CI7- with C I -  in the 
50 v/o benzene-AICI3:BuPyCI system at 30~ 
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Fig. 2. Cyclic voltammogram at o tungsten electrode of 2.32 X 
1 0 - ; M  AI2CI7- in the AICI3:BuPyCI melt at 60~ Sweep rate = 
0.1 V sec -1 .  
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Table I. The concentration dependence of the cyclic voltammetry 
peak current and peak potential for the deposition of AI from 

AI2CI7- on a tungsten electrode in a AICIs:BuPyCI melt at 60~ 
The sweep rate was 100 mV sec -1  

[AhCh-]/ 
M x 10 2 ip/mA cm -'2 Ev/V 

0.60 0 . 2 5  - -  0 . 5 7 5  

3 . 0 8  1 . 3 4  - -  0 . 5 1 5  

5 . 2 9  2 . 4 8  - -  0 . 4 8 0  

7 .49  3 . 5 0  - -  0 . 4 5 5  

11.16 5.22 -- 0.435 
1 5 . 9  7 . 1 3  - -  0.425 
3 2 . 0  14 .20  - 0 . 5 9 5  

surface layer. Since the activity of the a l u m i n u m  metal  
is not fixed at the start  of the reduct ion process it is 
possible that  underpotent ia l  deposition, i.e., deposition 
at potentials  positive of the bu lk  deposition, can occur. 
The charge, Qm, under  either of the peaks III or IV is 
approximate ly  2.4 X 10 -4 C cm -2, which if it  is as- 
sumed that  peak III  corresponds to the underpotent ia l  
deposition of A1 accounts for about 1/3 of a monolayer  
(this value was calculated assuming the electrode to 
be perfectly smooth, i.e., to have its geometric area. 
Any roughness would reduce the calculated degree of 
coverage). It therefore appears that  a surface phase 
is formed which consists ei ther  of a 1/3 of a monolayer  
of A1 or a l te rna t ive ly  a greater  degree of surface 
coverage occurs bu t  only part ial  charge t ransfer  takes 
place. 

A similar  type of behavior  is observed at p la t inum 
electrodes, Fig. 4, except that  now the underpotent ia l  
deposition process appears as a slowly rising current  
prior to bu lk  deposition ra ther  than a distinct peak. 
The behavior  at p la t inum electrodes is also different 
in the respect that  the underpotent ia l  deposition cor- 
responds to several  monolayers  of a l u m i n u m  and if 
the potent ial  is held at a value corresponding to the 
underpotent ia l  deposition region for long periods of 
t ime the n u m b e r  of monolayers deposited can be in-  
creased somewhat. It is probable that  this process at 
p la t inum electrodes corresponds therefore to alloy 
formation. A similar  conclusion was reached concern-  
ing the deposition of A1 from A1C18:NaCl melts at 
p la t inum electrodes (6). No underpotent ia l  deposition 
processes were observed at glassy carbon electrodes. 

I I i I 
+1.0 +0.5 0 -0.5 

Fig. 3. Cyclic voltammograms at a tungsten electrode of 2.32 X 
10-1M AI2CI7- in the AICI3:BuPyCI melt at 60~ Sweep rates 
(a) 0.05 V see- l ;  (b) 0.2 V see-l ;  (c) 1 V sec -1.  

5 mA crff Z 

I I I 
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Fig. 4. Cyclic voltammogram at a platinum electrode of 1.72 X 
10-1M AI2CIT- in the AICI3:BuPyCI melt at 60~ Sweep rate = 
0.1 V sec -1.  

Analysis of the vol tammograms at all  three elec- 
trodes and in both solvent systems shows that  the peak 
currents  for bulk  A1 deposition were proport ional  to 
the concentrat ion of A12C17- ions and the value of the 
peak potential  became more negative as the sweep 
rate increased. As shown in Table II the value of the 
funct ion ip/,'/2 was a constant  at slow sweep rates (less 
than 1 V sec -D but  decreased with increasing sweep 
rate. This type of behavior  is identical  to that  ob- 
served by Rolland and Mamantov (6) in NaA1C14 
and was a t t r ibuted  to the presence of nucleat ion proc- 
esses in the deposition reaction. That  this is t rue can 
readily be shown by chronoamperometry,  vide inhra, 
and also by the potential  difference between an A1 
wire in the melt  and the potential  at  which the cyclic 
vo l tammetry  current  increases rapidly due to bulk  A1 
deposition. The values of this voltage difference, the 
nucleat ion overpotential,  are 40 mV for tungsten  and 
about 80 mV for p la t inum and glassy carbon in the 
pure mel t  at a tempera ture  of 60~ and are between 
40 and 70 mV higher in the melt  + benzene. These 
overpotentials are significantly greater  than those ob- 
served in A1C13:NaC1 melts at 175~ (6). From the 
peak currents  at low sweep rates (<500 mV sec-1) ,  
assuming that the deposition reaction proceeds accord- 
ing to Eq. [2], it is possible to calculate the value of 
the diffusion coefficient, D, of A12Clv-. This calculation 
was made assuming that  the peak corresponds to the 
reversible formation of an insoluble product  and that  
the electrodes had their geometric areas. The values 

Table II. The sweep rate dependence of the function ip/P 112 for 
the deposition of AI at tungsten, platinum, and glassy carbon 

electrodes from a AICis:BuPyCI melt at 60~ containing 
1.56 X 10-1M AI2CI7- 

ip/v1/S/n.lA c m  - s  V - 1 / 2  s e e 1 / 2  

~/V sec -I Tungsten Platinum Carbon 

0,01 20.9 25.4 ~17.9 
0.02 21.1 25.5 17.9 
0.05 21.0 25.8 18.2 
0.1 21.1 25.0 18.2 
0.2 21.0 25.7 18.2 
0.5 20.9 25.1 18.1 
1.0 21.0 25.2 17.9 
2.0 19.8 23.6 16.6 
5.0 17.7 21.7 15.4 

10.0 16.1 20.3 14.~ 
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of D calculated from the data obtained at the three 
different electrodes in the melt, and in the mel t -  
benzene mixture,  are given in Table III. I t  can im-  
mediately be seen that  there is a lack of agreement  
between the values obtained at the three electrodes 
for both solvents. Similar  behavior  was observed for 
the D values calculated for A12C17- ions in NaA1C14 
at 175~ (6) and was a t t r ibuted to the presence of 
the nucleat ion process. The difference in the D values 
calculated for the melt  and the melt  + benzene is very 
similar to the difference found for the diffusion coeffi- 
cient of ferroeene in pure 2:1 A1C13: ethyl pyr id in ium 
bromide and the 50 v/o  benzene-mel t  mix ture  (11). 
Higher values are observed in  the benzene mixtures  
due to the much lower viscosity of this medium com- 
pared to the pure melt  (21). 

It  can be seen in Table III  that  no v a l u e  of D was 
determined when using glassy carbon electrodes in the 
mel t -benzene  mixtures.  This is because reproducible 
cyclic vol tammograms could not be recorded. This was 
also true of the pure melt  at 40~ with the glassy 
carbon electrodes, bu t  increasing the temperature  to 
60~ appeared to overcome this problem and there-  
fore all experiments  in  the pure melt  were carried 
out at this temperature.  A lower tempera ture  had to 
be used for the mel t -benzene  mixtures  to minimize 
the benzene evaporat ion losses. It was also observed 
that  the glassy carbon electrode had to be main ta ined  
at a potential  of about 1.5V for at least 15 min  be-  
tween vol tammograms if reproducible results were to 
be obtained. This presumably  allows the electrode 
surface to r e tu rn  to its ini t ial  state, a process which 
was accelerated by increasing the temperature.  The 
tungsten  and p la t inum electrodes did not require such 
prolonged t rea tment  between experiments,  about a 
minute  sufficing. 

As was stated earlier, chronoamperometry  provides 
an excellent means of observing nucleat ion processes. 
At all three electrodes, rising transients were ob- 
served in both the melt  and the melt  + benzene when 
the electrode potential ly was pulsed cathodically from 
a value of 1.0V to a value corresponding to A1 deposi- 
tion, indicating that  the A1 deposition at all the elec- 
trodes involves a nucleat ion step. Figure 5 shows such 
transients  in A1C13:BuPyC1 melt  at the three elec- 
trodes for the same overpotential  while Fig. 6 
shows the result  of analyzing the rising portions of 
some of these transients at a tungsten  electrode in a 
sl ightly acidic mel t -benzene  mixture.  It  can be seen 
that the current  varies l inear ly  with t'/2 which indi-  
cates that  instantaneous three-dimensional  nucleat ion 
is occurring followed by hemispherical  diffusion con- 
trolled growth of the nuclei (24). Similar  behavior 
was observed in the pure melt  and with the other two 
electrodes. From Fig. 5 it  can be seen that  the t ime 
between the application of the pulse and the current  
maximum, tmax, was greatest for the glassy carbon 
electrode and least for the tungsten;  the ~max values 
observed in the benzene-mel t  mixture  were about 
twice those observed in  the pure melt  at the same 
overpotential.  

At  times greater than tmax the current  shows the 
usual  i proport ional  to t-'/2 behavior and from a series 
of such chronoamperograms at a tungsten  electrode it 
is possible to construct pulse vol tammograms as is 
shown in Fig. 7 for the pure melt. (The larger nuclea-  
tion effects observed at p la t inum and carbon electrodes 

Table III. Diffusion coefficient values, D, for the AI2CI7- ion 
calculated from cyclic voltammetry 
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Fig. 5. Chronoamperograms for kl deposition from AICIg:BuPyCI 
at 60~ The electrode materials were: (a) tungsten (0.00785 cm2), 
(b) platinum (0.0612 cm2), and (c) glassy carbon (0.0707 cm2). 
The current axis for the tungsten electrode has been expanded by 
a factor of I0. The AI2CI7- concentration was 3.6 X 10-1M. The 
potential step was from -F1.0V to an overpotential of - -85 inV. 
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Fig. 6. i vs. t 1/2 plots for chronoamperometric data obtained at a 
tungsten electrode in the 50 v/o benzene-AICIg:BuPyCI system at 
30~ The AI2CIT- concentration was 1.13 • I 0 - 1 M  and the 
overpotenfials were (a) 80 mV; (b) 100 mV; and (c) 120 inV. 
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Fig. 7. Reconstructed pulse voltammogram at a tungsten electrode 
in a solution of 1.17 • 10-1M AI2CIT- in the AICIg:BuPyCI melt 
at 60~ The pulse length was 17.5 sec. 
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E l e c t r o d e  D • 1 0 ~ / c m  '-'. s e e  -1 D • 1 0 ' 6 / c m  -" s e c  -~ 

Tungsten 4.26 1.09 
Glassy carbon 3.67 
Pla t inum 5.19 1.17 

and in  the mel t -benzene  mix ture  precluded the con- 
struct ion of vol tammograms for these conditions.) The 
shape of this curve is as would be predicted for the 
deposition of an insoluble product  and a plot of  
log (id -- i) vs. E (where i is the current  at the poten-  
tial E and id is the l imit ing plateau current )  is l inear  
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with a slope of 144 _ 2 mV. At 60~ R T / F  has a value 
of 66 mV therefore the observed slope corresponds to 
an an~ value of 0.46. In  the A1C13:NaC1 melt  a t  175~ 
the deposition reaction was, on the basis of the pulse 
vol tammetr ic  data, found to be perfect ly reversible;  
the quasi revers ibi l i ty  found in the A1C18:BuPyC1 sys- 
tem is probably  in  par t  due to the lower tempera ture  
of the solvent. At  potentials corresponding to the 
plateau current  the cur ren t  at the three electrodes 
shows a l inear  dependence on t -~/~, for pulse t imes 
greater  than  about  1 sec and less than about  20 sec, 
indicat ing that  the process is diffusion controlled (the 
high viscosity of these mol ten salts permits  diffusion 
control to be main ta ined  for much longer times than 
in  more convent ional  solvents before convection effects 
are observed).  From these straight l ine plots it is possi- 
ble to calculate the value of D for A12C17- ions. The 
values calculated for the three electrodes in both sol- 
vents  are given in Table IV. As observed in  the cyclic 
vol tammetr ic  results, there are differences in the values 
calculated for the three electrodes, and also between 
the values calculated from the chronoamperometry  
and cyclic vo l tammet ry  for the same electrode. The 
values of D calculated from diffusion controlled i -- f 
t ransients  (those showing l inear  i vs, t-'/2 behavior)  
should not  be affected by nucleat ion effects. The rea-  
son for the poor agreement  between the values ob- 
ta ined with the different electrodes is not known. 

I t  will  have been observed from the above discus- 
sion that  the behavior  at glassy carbon electrodes is 
ra ther  i r reproducible  at temperatures  below 60~ 
whereas this was not t rue of the other electrode mate-  
rials studied. In  previous studies (14) where both the 
reactant  and product  were soluble in the melt  this 
problem was not, however, observed. Even at tem- 
peratures above 60~ it was required to hold the glassy 
carbon electrode at 1.0V for long periods to achieve 
reproducible  behavior. This pre t rea tment  presumably  
removed any  oxide films, adsorbed oxygen, or pre-  
viously deposited A1 from the electrode surface. The 
lack of reproducible behavior  at the lower tempera-  
tures is probably  due to incomplete removal  of these 
layers. In  view of this evidence it is perhaps better  to 
use tungsten  and p la t inum electrodes when studying 
deposition processes in these media. 

The a luminum stripping reaction.--While s tudying 
the NaCI:A1C13 system Gale and Osteryoung (5) em- 
ployed a total ly electrochemical method for invest igat-  
ing the anodic s tr ipping efficiencies of A1. A known  
amount  of A1 was deposited on an iner t  electrode and 
this was then stripped off at known current  densities. 
The str ipping time was determined by monitor ing the 
electrode potent ial  on a y- t  recorder. While the A1 was 
being stripped the electrode potential  changed very 
li t t le but  when this process was complete, the potential  
rose rapidly to that  of C12 evolution. The t ransi t ion 
time, T, was determined from the potent ia l - t ime curves 
by  extrapolat ion of the m a x i m u m  gradient  value at 
the completion of the stripping. This same technique 
was used in  the present  work to investigate the A1 
str ipping in the AIC13:BuPyC1 system. A l u m i n u m  was 
plated on the tungsten  electrode at 10 ~A for 100 sec 
and then it was immedia te ly  stripped off at anodic cur-  
rents of 50, 20, 10. 5, 2, and 1 ~A. The apparent  s tr ip-  
ping efficiencies determined in this way are given in 
Table V, as percentages of the deposition charge, both 
for the pure 2:1 A1C13:BuPyC1 melt  and the 50 v/o 

Table IV. Diffusion co~fflcient values, D, for the AI2CI7- ion 
calculated from chronoamperometry 

Melt (60~ Melt + benzene  (30~ 
Electrode D x 107/cm -~. sec -1 D • 10e/cm -~ sec -z 

Tungsten  5.10 1.10 
Glassy carbon 8.00 1.72 
Flatinum 8.00 1.65 

Table V. Variation of aluminum anodic stripping efficlencies, 
as percentage of the cathodic deposition charge,* with stripping 

current density at tungsten electrodes 

Stripping current Melt  (60~ Melt + benzene 
denslty/mA cm -e r/% (30~ r/% 

6.37 99.1 99.5 
2.54 99.0 99.5 
1.27 98.6 99.0 
0.637 98.0 97.7 
0.254 95.0 96.5 
0.127 93.7 95.0 

* 0.127 C cm -2 (1.27 mA �9 cm -2 plate for  100 sec ) .  

2:1 melt  mixture.  At high s t r ipping current  densities 
the str ipping charge as a percentage of the deposition 
charge is close to 100% but  on reducing the s tr ipping 
current  the percentage drops. A similar  reduction in 
this percentage was observed in the NaCl: A1C13 system 
(5) and was a t t r ibuted to corrosion processes (the 
lower str ipping currents  require longer times and 
hence more corrosion can occur). It was readi ly shown 
that s imilar  corrosion was occurring in  the low tem- 
pera ture  systems. A l u m i n u m  was deposited on the 
tungsten  electrode at 10 #A for 100 sec and the elec- 
trode was then left on open circuit  for periods of 500, 
1000, and 2000 sec before str ipping at  an anodic current  
of 10 ~A. The str ipping charges as percentages of the 
deposition charge were 95.7, 93.7, and 89.5, respectively, 
for the pure melt  and 97.5, 96.5, and 94.5 for the melt  
+ benzene. The above results imply that  when left 
for long periods of t ime impuri t ies  in  the melt  will  
corrode A1, the corrosion rate in the 2:1 A1C13:BuPyC1 
melt  being 2.1 • 10 -11 moles cm -2 sec -1 and for the 
melt  + benzene 1.1 • 10 -11 moles cm -2 sec -1. That  
the corrosion rate in  the melt  + benzene is approxi-  
mately  one half the value obtained for the pure melt  
suggests that the benzene does not introduce any cor- 
roding impurities.  

All the above corrosion results refer to the tungsten  
electrode and very similar  results were also obtained 
with p la t inum but ra ther  lower str ipping percentages 
were obtained with the glassy carbon electrodes. Simi- 
lar  behavior  in  the NaCI:A1C13 system was a t t r ibuted 
to there b e i n g  higher impur i ty  levels in the glassy 
carbon than  in the tungsten  resul t ing in  an increased 
corrosion rate (5). A more probable explanat ion is 
that, as was observed earl ier  in the cyclic vo l tammetry  
experiments,  there are some slow kinetic steps involved 
in the A1 str ipping process at glassy carbon resul t ing 
in low T values being determined from the potent ia l -  
time curves. It was observed that the 'end points '  of the 
curves for carbon were considerably less sharp than 
for tungsten and plat inum. The corrosion rates ob- 
served in this work are very similar  to those observed 
in  the preelectrotyzed NaChAtCts system (5); the 
A1Cls:BuPyC1 melts have, however, not been pre-  
electrolyzed and it is therefore possible that  such 
t rea tment  could reduce the corrosion rate significantly. 

All the above str ipping data was obtained using 
either the 2:1 AlCls:BuPyC1 melt  or the 50 v/o  mix-  
ture of this melt  with benzene. Similar  results were 
found with other acidic melts but  if the concentra-  
tion of A12C17- was below that  required to main ta in  
the applied plat ing cur ren t  density low apparent  s tr ip-  
ping percentages were observed. This is because the 
efficiency of the plat ing process is reduced. In  the high 
temperature  alkali  metal  chloroaluminate  deposition 
is also possible from the A1C14- ions and therefore if 
the A12C17- concentrat ion drops below that  required 
for the applied current  density then deposition from 
A1C14- will  also occur. 100% plat ing efficiencies are 
therefore observed for all  melt  compositions (5). In  
the A1C18:BuPyC1 system the next  most readi ly  re- 
duced species after the A12C17- ions is the bu ty l  
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pyr id in ium cation. Therefore  if the A12CI~- ion con- 
cent ra t ion  drops below tha t  requ i red  to sustain the 
appl ied  cur ren t  density,  reduct ion  of the bu ty l  p y r i -  
d in ium cation occurs and the p la t ing efficiency drops 
be low 100% hence resul t ing  in the appa ren t ly  low 
s t r ipping percentages.  

In  conclusion it can be said that,  as ant ic ipated,  the 
a luminum deposi t ion and s t r ipping  react ions in the 
low t empera tu r e  A1C18:BuPyC1 melts  and mix tures  of 
the mel t  wi th  benzene are  very  s imi lar  to those ob-  
served in the A1C13:NaC1 system. As was suggested 
many  years  ago by  Hur ley  and Weir  (19), these low 
temPera tu re  aprot ic  systems, pa r t i cu l a r ly  the benzene 
mixtures ,  are  wor thy  of inves t iga t ion  as potent ia l  A1 
pla t ing baths.  
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ABSTRACT 

A new two s%ep HCl oxidation has been developed as a method of forming 
thin and highly rel iable gate oxides used in  MOS LSI's. It  consists of ini t ia l  
HC1 oxidation at low tempera ture  with low HC1 concentrat ion and following 
HC1 t rea tment  at high tempera ture  in  a mixture  of N2, O2, and HC1 gases. This 
report  main ly  covers oxide defect reduct ion effect and passivation effect of 
oxides formed by the two step HC1 oxidation. The oxide defect density de- 
pends on the condition of the ini t ial  oxidation and following heat - t rea tment .  
Concretely, it is effective, for defect reduction, to use HCI oxide as the ini t ia l  
oxide and give it high tempera ture  t rea tment  for over 20 min. The passivation 
effect depends on the HC1 concentrat ion and the t rea tment  time at the HC1 
treatment .  It became evident  that over 90 min  t rea tment  is necessary for passi- 
vat ion at 1150~ with 3% HCI. According to SIMS analysis, the mechanism 
of this passivation is fundamenta l ly  similar to that of a usual  HC1 oxidation. 
Many applications may be expected for this two step HC1 oxidation. 

Recent remarkable  improvements  in electron beam 
li thographic techniques, in addit ion to other develop- 
ments  such as ion implanta t ion  and dry etching tech- 
niques, will ensure that  far smaller  dimensions in 
silicon semiconductor device fabricat ion than  those 
made today are achieved. Therefore, at tempts to de- 
velop very large integrated circuits are now being 
advanced in  the field of MOS technology. According 
to the scaling method (1), which is an effective p r in -  
ciple to realize smaller  devices, gate oxide needs to 
be far thinner.  For this reason, techniques to form 
th in  and highly rel iable oxides are required. The oxides 
must  have good uni formi ty  and reproducibil i ty in  
thickness, high dielectric breakdown voltage, small  
defect density such as pinholes, small surface charge 
and interface state density, and large passivation 
ability. 

In  recent  years, oxidation of Si in a mix ture  of O2 
and HC1 gases has at tracted special interest. It has 
been made clear that this so-called HC1 oxidation 
has many  benefits: a reduct ion of instabili t ies due 
to the presence of mobile ions in the oxide (2), a 
reduct ion in  oxide defects, an improvement  in dielec- 
tric b reakdown characteristics of the oxide (3), a 
reduct ion in surface charge density in  the oxide, a 
reduction in  interface state density at the oxide-silicon 
interface (4), an increase in minor i ty  carrier  l ifetime 
in the under ly ing  silicon (5), and a reduction in 
stacking fault  density in the under ly ing  silicon (6). 

Therefore, it was at tempted to form thin and highly 
rel iable oxides by use of HC1 oxidation. After  some 
investigation, however, it became evident  that usual  
ItC1 oxidation methods were not suitable for forming 
th in  and highly rel iable oxides. This problem was 

Key words; MOS, silicon dioxide, reliability, chlorine oxidation. 

solved by two step HC1 oxidation and highly rel iable 
thin oxides were obtained. First, an oxide of consider-  
able thickness was formed, using usual  HC1 oxidation 
at relat ively low temperatures  and containing rela-  
t ively low HC1 concentrat ions in the atmosphere. The 
oxide formed under  this condition has good uni formi ty  
and reproducibil i ty in  thickness, and small  defect 
density (3). Then, passivation abil i ty was furnished 
to the oxide and, simultaneously,  desired thickness 
oxide was obtained by hea t - t rea tment  in a mixture  
of N2, 02, and HC1 gases at relat ively high tempera-  
ture. This paper reports why the two step HC1 oxida- 
t ion was proposed and characteristics of the oxides 
formed by the two step HC1 oxidation. 

Problems in HCI Oxidation for Thinner Oxides 
The preceding section gave some benefits of HC1 

oxidation. However, all those benefits are not obtained 
under  the same oxidizing conditions. For instance, 
the oxide defect density obtained from the dielectric 
breakdown voltages of MOS capacitors becomes smaller 
as oxidation tempera ture  becomes lower. Conversely, 
it becomes as large as that  of dry 02 oxides in a 
temperature  range of over l l00~ (3). On the other 
hand, only oxides grown at over that  tempera ture  
have passivation effects (7). So, it is necessary to 
choose the most Suitable method according to each 
purpose when forming a thin oxide. 

Self-al igned gate structures are a l ready indispens-  
able for smaller  devices in the MOS LSI fabricat ion 
technology. For their gate electrode materials,  poly-  
silicon and refractory metals (Mo, W, etc.) are used 
today. When polysilicon is used, it is ma in ly  required 
for the gate oxide to have small  defect density, be-  
cause electrical stabilization of MOS structures is 
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achieved by use of passivation abil i ty of P or As 
contained in  polysilicon as an impuri ty.  On the other 
hand, when  one of the refractory metals is used, pas-  
sivation abil i ty is also required for the gate oxide 
because the gate electrode mater ial  has no passivation 
ability. 

In  spite of the demeri t  ment ioned above, refractory 
metals may be still favorable for achieving higher 
speed and higher density MOS LSrs  because of their  
lower resistivity and better  manufac tur ing  precision 
than  polysilicon. Experiments  were made concerning 
forming thin and highly reliable gate oxides keeping 
refractory metal, Mo, in mind  as a gate electrode. 
(100), 8-12 ~Z-cm, p- type  Si slices were used in  most 
of the investigations described below. 

As indicated in  Fig. 1, the oxidation rate of silicon 
is increased in  the presence of HCI over 900~ So, 
it  is difficult to control the thicknesses of th in  oxides 
growing at over the l l00~ necessary for passivation 
effects, because of too short an oxidation time. Two 
methods are considered fundamenta l ly  to solve this  
problem: (i) To decrease the oxidation rate by di lut-  
ing a given HC1/O2 mixture  by N2; and (ii) to give 
the HC1 t rea tment  in the HC1/N2 mixture  at a high 
temperature  for achieving passivation abi l i ty  for ox- 
ides prepared beforehand. 

The passivation effects of the oxides grown by the 
two methods ment ioned above were examined. How- 
ever, it became evident  that the oxide grown by 
method (i) appeared "grainy" when the HC1 concen- 
t rat ion was large enough to get a passivation ability, 
and that  method (ii) was not applicable as the sub-  
strafe silicon was etched by the chlorine species passed 
through the oxide pinholes and reached the substrate 
surface dur ing  HC1 treatment .  

It  is obvious from the abrade examinat ion that the 
problems occurring when forming thin oxides by HC1 
oxidation are main ly  due to the very strong reaction 
between silicon and chlorine at over ll00~ There-  
fore, the following method is proposed to solve these 
problems and form thin Oxides. First, a uniform oxide 
of which the thickness is under  the desired thickness 
and near  it, is formed using another  method. Then 
a passivation abil i ty is given to the oxide using t he  
HC1 t rea tment  at over l l00~ and making the chlorine 
species diffuse into the oxide. In  this case, etching 
of substrate silicon is prevented by making  the at-  
mosphere a little oxidizing. The desired oxide thick- 
ness is obtained s imultaneously by doing so. It is 
considered that  highly reliable oxides can be obtained 
by employing this method, because the reaction be-  
tween substrate silicon and chlorine can be made more 
indirect  and the oxides can be stabilized electrically, 
while re ta ining their  uniform thickness. 

In practice, it was possible to obtain thin and highly 
reliable oxides using HC1 oxides, as ini t ial  oxides, 
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Fig. I .  Oxide thickness vs .  oxidation time in dry 02 and O2/HCl 
mixture at various temperatures. 

grown at low tempera ture  (under  1000~ and with 
low HC1 concentrat ion (a few percent)  which are 
known to have small  oxide defect densities, and using 
HC1 t reatments  as following treatments,  which are 
the t reatments  in  the mix ture  of N2, HC1, and 02 
gases where mixing  a little O2 gas is necessary to 
protect the silicon substrates from etching. Hereafter,  
we call this method "Two Step HC1 Oxidation." In-  
vestigation results for the characteristics of the two 
step HC1 oxidation are reported in  the following. 

Character is t ics  of  Two Step HCl  Oxidat ion  
Thickness vs. time ~or two step HCl oxidation.--The 

two step HC1 oxidation consists of two processes and 
oxide thickness increases at the HCI t rea tment  as 
well  as the ini t ial  oxidation. Therefore the relat ion 
between thickness and t ime must  be known, not only  
for ini t ial  oxidation but  also for HC1 treatment.  This 
HC1 t rea tment  is a kind of oxidation in very low 
oxygen part ial  pressures. The oxidation ldnetics of 
silicon in  an O2/Ns mixture  have been studied (8) 
and it is said that  the Deal-Grove relat ionship (9) 
cannot be applied under  an oxygen part ial  pressure 
range of 10 -2 atm. However, no detailed s tudy about 
the growth kinetics of SiO2 films while adding HC1 
gas to the above atmosphere, as in the present  work, 
is found. Probably, the mechanism will become more 
complicated. Moreover, the thickness we need to know 
is that  of the oxide increased by HC1 t rea tment  after 
ini t ial  oxidation by another  method. So it is difficult 
to analyze the mechanism systematically. 

In  this study, the following simple power law w a s  
assumed to first approximat ion 

X : ktn [1] 

where X -- oxide thickness, t -- v i r tual  HC1 treat-  
men t  time which means the summat ion of the time 
necessary to form the same thickness as the init ial  
oxide, assuming the use of HC1 t rea tment  and the 
t ime of the practical following HC1 treatment .  Both 
k and n are complex functions of temperature,  mixing 
ratio of gases, and oxide thickness. The HC1 oxides 
grown at 1000~ with 3% HC1 were used as init ial  
oxides. Two kinds of oxides, ~350 and ,-~500A thick, 
were prepared, referr ing to Fig. 1. Then, HC1 treat-  
ments  under  several conditions were given to these 
oxides for 60 or 120 min and the final thicknesses 
were measured. In this study, an ell ipsometer w a s  
used to determine oxide thickness, k and t were deter-  
mined to give the nearest  values to the measured 
thicknesses for HC1 t rea tment  conditions. Examples 
of the results are shown in Fig. 2. 

As seen from this figure, the values obtained from 
the exper imental  equations agreed with the measured 
values within •  errors in this exper imental  range. 
Using one of these equations for the desired HC1 
t rea tment  condition, and deciding the final oxide 
thickness and the HC1 t rea tment  time~ one can obtain 
the init ial  oxide thickness and the oxidation time 
from Fig. 2 and Fig. 1, respectively. 

1000 o< 
CO X= 1 4 . 5 t  o.63 X= I 1.8t o.s~' 

~-~ Z r ~ LLJ 500 700 S ' ~ X =  pO. 6 t0.63 

�9 -r" 4 O0 c l = Iooo/m/o 
~ f f  �9 : N~O2 /HCI  = 1 0 0 0 / 1 5 / 3  

LLI a 300 ~ : N~Oz/HCI = 1000/6112 
- -  r r i 
x 
0 I00 200 300 400 500 700 I000 

V IRTUAL  HCI TREATMENT TIME ( ra in )  

Fig. 2. Oxide thickness v s .  virtual HCI treatment time at 1150~ 
in various N2/O~HCI mixtures. 
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Here,  i t  is ve ry  in teres t ing  that  n is constant  for  
a l l  t r e a tmen t  a tmospheres  and only  k increases  a s  
HC1 concentra t ion  increases  wi th in  the  expe r imen ta l  
range  shown in Fig. 2. However ,  i t  is considered that  
n m a y  change when oxide  thickness  becomes much 
thinner .  Therefore ,  i t  is necessary  to accumula te  more  
da ta  to exp la in  the oxida t ion  kinet ics  in detai l .  

Reduction o~ oxide de~ect density.--According to 
da ta  r epor t ed  by  Osburn  (3), oxide defect  dens i ty  
is r educed  by  HC1 oxida t ion  at  low t empera tu re s  wi th  
low HC1 concentrat ion,  in compar ison wi th  that. of 
d r y  02 oxides.  

In  this  r epor t  oxide  defects  were  de tec ted  b y  the 
copper  decora t ion  method,  using methanol  as the ba th  
med ium (10). This method  has a mer i t  to detect  n o t  
only  pinholes  in insula tor  films but  also defects o ther  
than  so-ca l led  "pinholes," since the  defect  dens i ty  
changes depending  on the appl ied  electr ic  field. I t  
was confirmed expe r imen ta l l y  that  the copper  decora-  
t ion dens i ty  a t  1 M V / c m  app l ied  e lec t r ic  field and  
above rough ly  corresponds respec t ive ly  to the oxide  
pinhole  dens i ty  and to the  o ther  defect  density.  

F igure  3 shows the copper  decora t ion  dens i ty  de-  
pendence  on the appl ied  electr ic  field for  d ry  O2 
oxide, HC1 oxide, and two step HC1 oxide. F rom this 
figure, i t  was confirmed that  the defect  densi ty  of a 
HC1 oxide  grown a t  low t empera tu re s  wi th  low HCI 
concentra t ion  is less than  that  of a d ry  O2 oxide and 
t h a t ' t h e  defect  dens i ty  of a two step HC1 oxide is 
st i l l  more  reduced  by  a high t empe ra tu r e  HC1 t r ea t -  
ment.  

Since oxide  defect  dens i ty  cons iderab ly  depends 
on the surface condit ion of the p repa red  wafer ,  the  
eva lua t ion  of the  defect  dens i ty  in this r epor t  was 
pe r fo rmed  b y  compar ison among wafers  cut f rom 
the same ingot  so as to reduce the influence of ini t ia l  
wafer  condition. The wafers  were  p repa red  and cleaned 
s imul taneous ly  and only  oxidat ion  condit ions were  
changed.  

The expe r imen t  to v a r y  the  a tmosphere  of the high 
t e m p e r a t u r e  t r ea tmen t  was car r ied  out to invest igate  
the  cause of this  newly  discovered effect of the  two 
step HC1 oxida t ion  to reduce oxide defect  density.  
The resul ts  are  shown in Fig. 4. 

This figure shows that  eve ry  oxide which received 
the high t e m p e r a t u r e  t r ea tmen t  had a smal le r  defect  
dens i ty  than  the a s -g rown  oxide. In  addit ion,  the 
h igher  the  HC1 concentra t ion in the t r ea tmen t  a t -  
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Fig. 4. Ambient effect on oxide defect density during following 
heat-treatment at 1150~ for 30 min. 

mosphere  becomes, the smal le r  the oxide defect  dens i ty  
becomes. 

In  this case, however ,  differences in in i t ia l  oxide  
thickness  among these oxides m a y  affect these results,  
because the ini t ia l  oxide thickness was contro l led  to 
make  the final thickness of eve ry  oxide 500A. There-  
fore, defect  densi ty  dependence  was inves t iga ted  for 
HC1 oxides grown at  low t empera tu re s  wi th  low HC1 
concentra t ion on the oxide  thickness.  As indica ted  in 
Fig. 5, l i t t le  dependence  was found wi th in  the  th ick-  
ness range  f rom 250 to 500A. Therefore,  the  resul ts  
in Fig. 4 depend only on the a tmosphere  of the high 
t empe ra tu r e  t rea tment .  

As the  above  cor robora t ion  was obtained,  the  oxide  
defect  dens i ty  dependence  was inves t iga ted  for  HC1 
t r ea tmen t  t ime under  the same condit ion as to make  
the final oxide thickness  500A. The a tmosphere  is 
that  in which the smal les t  oxide defect  densi ty  was 
got ten  in Fig. 4. F igure  6 indicates  resul ts  where  
r ap id  effect appears  at  a t r ea tmen t  t ime of be tween  
10 and 20 min  above 2 M V / c m  app l ied  field, and tha t  
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Fig. 6. Treatment time effect on oxide defect density during 

following HCI treatment at i150~ in N2/O2/HCI = 1000/6/12 
mixture. 

more effect appears as the t rea tment  t ime becomes 
longer at 4 MV/cm. From this, it  became evident  
that  the HC1 treatment ,  at least over 20 min, is prac-  
t ically necessary to obtain an oxide with small  defect 
density by two step HC1 oxidation. 

According to the results of the above investigation, 
the following two factors are assumed as the cause 
of this oxide defect density reduct ion effect by high 
tempera ture  t reatment .  (i) Since the t rea tment  is a 
very slow oxidation at high temperature,  the oxida- 
t ion of the parts proceeds where sufficient oxidation 
has not been accomplished at the ini t ial  oxidation for 
some u n k n o w n  reasons. (ii) The composition of the 
parts which have been weak electrically, for some 
reasons other than  the thickness nonuni formi ty  changes 
being strong due to the high tempera ture  t reatment .  

To separate these two factors, the size of the defect 
densities was compared between the oxide receiving 
the high tempera ture  t rea tment  in N2 gas which is 
not an oxidizing atmosphere and the as-grown oxide. 
Both oxides were formed by HC1 oxidation at low 
tempera ture  with low HC1 concentration. If factor 
(i) is dominant ,  the oxide defect density must  not  
reduce by the high tempera ture  t rea tment  in N2 gas, 
because oxidation cannot proceed. 

It  is obvious, from Fig. 7, that  the defect density 
of the oxide receiving the high tempera ture  t rea tment  
is smaller  than  that of the as-grown oxide. Therefore, 
it  may be said that the change in oxide composition 
by high tempera ture  t rea tment  is dominant  as the 
cause of the oxide defect reduction effect. The fact 
that  a certain reduction effect exists for the t rea tment  
in pure N2 gas suggests that HC1 gas contained in 
high temperature  t rea tment  atmosphere has a ra ther  
secondary effect and the composition of the ini t ial  
oxide has an essential effect. 

As is shown in Fig. 8, the result  was also obtained 
that  oxide defect density detected b y  copper decora- 
t ion method decreases as the oxidation tempera ture  
increases wi thin  the temperature  range from 800 ~ to 
ll00~ There is much probabil i ty  that  this phenome- 
non is due to the same cause as above. 

These tendencies are contrary to that of the defect 
density which Osburn obtained from the measure-  
men t  of the init ial  dielectric breakdown voltage dis- 
tributions,  and rather  agree with his results obtained 
for the wear-out  characteristics (3). This improved 
wear-out  rel iabil i ty was a t t r ibuted to the presence of 
hydrogen ra ther  than halogens. 
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defect density. 
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It  is necessary, for analyzing completely the oxide 
defect density reduction effect of the high tempera-  
ture  t rea tment  ment ioned in this report, to determine 
details about defects detected by copper decoration 
method. For the first step, an invest igat ion was made 
to clarify which at tr ibutes to this reduction effect, 
hydrogen or chlorine. The results of the invest igat ion 
performed so far are indicated in the following. 

First, dry 02 oxides were prepared which contain 
nei ther  hydrogen nor chlorine wi thin  themselves, and 
then gave high temperature  N2 t reatments  for some 
of them and high tempera ture  HC1 treatments  for 
others. The size of the defect densities was compared 
between oxides receiving these heat-treatments and 
as-grown oxides. The results are shown in Fig. 9 and 
Fig. I0. For both cases, the defect density increases 
by heat-treatment for 30 min. A report was published 
that the oxide breakdown field is degraded by N2 
annea l  at high temperature  (11), and the above 
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phenomenon  may  be caused by the same reason as 
in the report. The result  shown in Fig. 10 especially 
supports the previously ment ioned assumption that 
tIC1 gas contained in high tempera ture  t rea tment  
atmosphere has only a secondary effect. The defect 
density, however, decreases when  the HC1 t rea tment  
t ime extends to 2 hr. This proper ty  is not that  of 
dry  O2 oxide, but  that  of the oxide grown in the term 
of the HC1 treatment .  

Next, an invest igat ion was made on wet 02 (95~ 
H20) oxide and steam (H2 burn ing)  oxide containing 
hydrogen but  no chlorine. As in the case of the wet 
O2 oxide, the defect density of the as-grown oxide 
is very large, bu t  decreases by N2 anneal  at high 
temperature,  as is shown in Fig. 11. On the other 
hand, Fig. 12 indicates that  the defect density of the 
steam oxide is relat ively small  and still  decreases 
by high tempera ture  N2 treatment .  

APPLIED F IELD ( M V / c m )  
Fig. 11. High temperature N2 treatment effect on wet (95~ 02 

oxide defect density. 
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Fig. 12. High temperature N2 treatment effect on steam (H2 
burning) oxide defect density. 

Finally,  a comparison is made on the size of the 
defect densi ty between the as-grown C12 oxide and 
that  with a following high tempera ture  N2 anneal,  
where CI~ oxide means the oxide grown in a mix ture  
of 02 and C12 gases. Not hydrogen but  chlorine is 
contained wi th in  C12 oxide. As is shown in Fig. 13, 
the defect density of the CI2 oxide is considerably 
small  and fur ther  decreases by N2 anneal  at high 
temperature.  Therefore, the defect density reduct ion 
effect of high tempera ture  t rea tment  is proved to  not 
be l imited to one oxidation method or the behavior  
of a certain element. 

The results of the above invest igat ion are sum-  
marized as follows. (i) The defect densities of HC1 
oxide, steam oxide, and C12 oxide are smaller  than 
that of dry O2 oxide. In  addition, the oxide defect 
density decreases as the oxidation tempera ture  in -  
creases wi thin  the 800~176 range. (ii) The defect 
densities of ItCI" oxide, wet 02 oxide, steam oxide, 
and C12 oxide decrease by high tempera ture  t rea t -  
men t  on the order of ll50~ 
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It  is difficult to explain these phenomena system- 
atically by only one factor. It is necessary to consider 
at least two factors. The phenomenon described in 
(i) is a problem dur ing oxidation. Since defect density 
decreases by oxidation mixing of very corrosive gases 
such as HC1 or C12, it is assumed that certain im-  
purit ies that have strong resistance against  oxidation, 
such as heavy metals, exist at the surface or inside 
of the substrate silicon, which act as nuclei  of oxide 
defects at oxidation and are gettered by existence of 
the corrosive gases. On the other hand, the phenome- 
non described in (ii) is a problem after oxidation, 
and cannot be explained without  the concept of the 
change in the oxide composition caused by hea t - t rea t -  
ment.  Unfortunately,  it is not yet possible to clarify 
the mechanism. 

Passivation ef/ect.--Recently, purification of work 
envi ronment  in the semiconductor technology has been 
developed, and contaminat ion at a gate oxidation 
process in  the MOS fabrication process almost need 
not be taken into consideration. Therefore, there only 
remains the photoli thography processes of gate elec- 
trodes pa t te rn ing  and later  processes as possible proc- 
esses for incorporat ing contaminat ions into MOS struc- 
tures. Especially, as in the case of a self-aligned gate 
structure, contaminations can easily diffuse into a 
gate oxide dur ing the hea t - t rea tment  to form source 
and drain regions after the photolithography. So it is 
desirable that the gate oxide has a passivation abi l i ty  
prepared for an unexpected si tuation when using 
an Mo gate electrode for which no stabilization effect 
is expected from a diffusion source. Many investiga- 
tions on passivation effect of HC1 oxidation have been 
performed by several persons, but  it cannot be asserted 
that  passivation effects have been sufficiently studied 
for th inner  oxides and for contaminat ions incorporated 
into oxides dur ing hea t - t rea tment  accompanying a 
self-al igned gate process. The passivation effect was 
investigated using two step HC1 oxidation. 

To fabricate the evaluat ion MOS diodes, Mo evap- 
orated from an E-gun  heated source was used as 
gate electrodes, 500 ~m [] electrodes were formed by 
photoli thography and annealed for 15 min  in N2 at 
1000~ assuming the anneal ing  process activates the 
source and d r a i n - i m p l a n t e d - i m p u r i t y  layers, where 
the quanti t ies of contaminat ion on the wafers were 
controlled by omit t ing a step in the washing process, 
usual ly  carried out after the photoli thography process, 
in order to clarify the passivation effect. 

500A thick dry O2 oxide was prepared as the s tan-  
dard reference oxide, and "passivation efficiency," P, 

was defined as 
ANFBD -- ANFBH p = [9.] 

ANFBD 

where ~NFBD and ~NFBH are, respectively, mobile ion 
density in the dry 02 oxide and that in the two step 
HCI oxide after positive BT stress. Both oxides were 
manufactured in the same lot after the Mo evaporation 
process. 

Figure 14 shows the HCI concentration effect on 
passivation efficiency in oxides grown at 1000~ with 
3% HCl to 350A thick and received HCl treatments 
for 2 hr. It is seen that the passivation effect takes 
place rather suddenly between N2/O2/HCl ---- 1000/ 
6/18 and NJO2/HCI = 1000/6/24. This HCl concen- 
tration is less than 3% to the carrier gas, and smaller 
than about 4% necessary for a usual HCI oxide to 
gain a passivation effect (12). However, there are 
only a few studies about O2-adding HCI treatment. 
Especially, no investigation has been reported about 
the oxides receiving as long as 2 hr HCl treatment 
and receiving heat-treatment after forming elec- 
trodes. There is sufficient possibility that these factors 
exert some influence on passivation effect, that a 
more detailed investigation will be needed. 

Next, an investigation was made on treatment time 
dependence of passivation effects of oxides grown 
under the same initial condition as the above oxides 
and which received HCI treatment at I150~ in the 
mixture of NJO2/HCl = 1000/6/24. As indicated in 
Fig. 15, the passivation effect-appears suddenly at 
between 60 and 90 min treatment time. As in the case 
of usual HCI oxidation, 20-30 rain are needed for an 
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oxide  to obta in  a sufficient pass iva t ion  effect (12). 
I t  is considered tha t  this difference is due to the 
r e l a t i ve ly  low HC1 concentra t ion  of the above HC1 
t rea tment .  

An  a t t empt  was made  to measure  C1 d is t r ibut ion  
in two step HC1 oxides  by  use of secondary  ion mass 
spect roscopy (SIMS) to inves t iga te  the pass ivat ion  
mechan i sm of those oxides.  The resul ts  show tha t  C1 
piles up in SiO2 cIose to the  Si in ter face  and the size 
of the  peak  he ight  corresponds wel l  to the  pass ivat ion  
effect as shown in Fig. 15. These phenomena  are  ve ry  
s imi la r  to tha t  of usual  HC1 oxides.  Also, the  fo l low-  
ing resul ts  were  ob ta ined  by  SIMS analysis .  No p i l e -up  
of C1 in the  oxides exists  a f te r  in i t ia l  ox ida t ion  at  
1000~ wi th in  the  HC1 concentra t ion range  f rom 0 to 
6%. These p i l e -up  phenomena  depend comple te ly  on 
fol lowing HC1 t r ea tmen t  a t  1150~ Therefore,  i t  is 
only  necessary  to consider  the  fo l lowing HC1 t r e a t -  
ment  condi t ion in regard  to passivation.  

As there  a re  m a n y  pa rame te r s  in the two step 
HC1 oxidat ion,  such as HC1 concentrat ion,  02 concen- 
t ra t ion,  and  t r ea tmen t  t ime at  the  tIC1 t rea tment ,  
m a n y  var ia t ions  are  expec ted  in the  method  of fo rm-  
ing an oxide  having  a pass iva t ion  effect. 

Summary 
A method  has been  repor ted ,  cal led two s tep HCI 

oxidat ion,  to form a t h i n  and h igh ly  re l iab le  gate 
oxide  used in the  MOS LSI  fabr ica t ion  process. Firs t ,  
an oxide  of considerable  thickness  is fo rmed using 
usual  HC1 oxida t ion  at  r e l a t i ve ly  low t empera tu r e  
wi th  r e l a t i ve ly  low HC1 concentrat ion.  Then, the  oxide 
is g iven an HC1 t r ea tmen t  in a mix tu re  of N2, O2, and 
HC1 gases at  r e l a t ive ly  high t empera tu re .  Fo rming  
an  oxide  l ike  this, oxide  surface roughness,  which is 
a d r awback  of the  HCI oxida t ion  wi th  h igh  HC1 con- 
centrat ion,  does not  arise. Oxide defect  dens i ty  de -  
creases and e lec t r ica l ly  s tabi l ized oxide is obtained.  

I t  was clarif ied tha t  HC1 oxide as in i t ia l  oxide, 
fo l lowed by  high t e m p e r a t u r e  t r ea tmen t  for  over  20 
a-nin, is necessary  to reduce  oxide defect  density.  I t  
also became clear  tha t  pass ivat ion  effect is sufficiently 
ob ta inab le  for an oxide  by  HC1 t r ea tmen t  wi th  about  
3% HC1 concentra t ion  for over  90 min. However ,  
clarif icat ion of the  de ta i led  oxida t ion  kinet ics  and the 

mechanisms of the  above  ment ioned  effects a r e  r e -  
t a i n e d  as the  subject  for a fu ture  s tudy.  

This two step HC1 oxida t ion  is considered to be 
wide ly  appl icab le  by  choosing a p roper  oxidizing con- 
di t ion according to ind iv idua l  requirements ,  because 
of its many  changeable  parameters .  
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Silver Halide-Chalcogenide Glass 
Inorganic Resists for X-Ray Lithography 
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ABSTRACT 

Si lver  ha l ide -cha lcogen ide  glass composite th in  film s t ructures  a re  eva lu -  
a ted  as inorganic  x - r a y  resists  at  A1 Ks  line. The sens i t iv i ty  is shown to be a 
fac tor  of 2 be t t e r  than  the PMMA 2041 for a 300 nm thick resis t  layer .  A com- 
pa rab le  cont ras t  is indicated.  A high resolut ion  capabi l i ty  is expected  because 
of the  amorphous  na tu re  Of the  composite.  A possible  mechan i sm of this  in-  
organic  res is t  ac t ion is discussed. 

Cur ren t  in t eg ra ted  c i rcui t  technology restr ic ts  i tsel f  
to the use of organic  po lymer  resists  (OPR) in rout ine  
photo l i thographic  processes. Success wi th  these ma te -  
r ia ls  has p rec luded  the considera t ion  of a l t e rna t ives  
to OPR by the so l id -s ta te  electronics indus t ry  on the 
grounds  tha t  OPR could be modified to meet  al l  r e -  

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member. 
1 P r e s e n t  a d d r e s s :  Bell  L a b o r a t o r i e s ,  A l l e n t o w n ,  P e n n s y l v a n i a  

18103. 
2 P r e s e n t  a d d r e s s :  H e w l e t t  Packard Laboratories, Pa lo  Al to ,  Cali- 

f o r n i a  94304. 
K e y  wordS: inorganic resists, x-ray lithography, negative x - r a y  

resists. 

quirements .  The new submicron technologies such a s  
elect ron and ion beam processing and x - r a y  or  syn-  
chrot ron rad ia t ion  sources a re  res is t  dependent .  Or-  
ganic mate r ia l s  tend to have low Z numbers  and low 
s topping cross sections for e lectrons and x - rays .  In-  
organic  mate r ia l s  a re  far  more  flexible and a re  used 
ex tens ive ly  as sensit izers in OPR. Fo r  x - r a y  l i thog-  
r aphy  (1), cu r ren t  ac t iv i ty  on resis t  technology 
(2-8) is concent ra ted  on incorpora t ing  heavy  atoms 

into exis t ing resists  to achieve h igher  sensi t ivi ty.  P o l y -  
me thy l  me thac ry l a t e  (PMMA) has the  highest  reso lu-  
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t ion of all existing resists and has a very high con- 
trast. Its sensitivity, however, is low. Other new x - ray  
resists such as Bell Laboratories '  DCPA (5) and 
Texas Ins t rument ' s  XR79 (6) have a much higher 
sensit ivi ty but  their  resolution is poor, l imited to 0.5 
~n .  In  this paper, we report  a novel inorganic thin film 
composite s tructure that  shows promise as an x - r ay  re-  
sist with high sensi t ivi ty as well  as high resolution 
and contrast. 

Inorganic resists (9-13) have received some a t ten-  
tion in  the past  for metall ic and oxide pa~tern del inea-  
t ion for direct device fabrication. Recently, chalco- 
genide glasses (14, 15) have been employed as inor-  
ganic resists, but  poor sensit ivi ty limits these materials  
in  practical applications. By photodoping with silver, 
chalcogenide glasses are made insoluble in  alkal ine so- 
lutions (16) which makes them at t ract ive for l i tho- 
graphic applications (17), and a high contrast  electron 
beam resist has  been reported (18). Most recently, the 
compatibil i ty of inorganic resists with plasma etching 
for pat tern  development  has been demonstrated (19). 
The uti l ization of this dry processing technique for 
microstructure fabrication is very attractive. 

In  this work, a silver halide-chalcogenide glass com- 
posite thin film structure  is considered, and an  inor-  
ganic x - ray  resist is described, for the first time. Silver 
halides are chosen for the following reasons: they can 
be vacuum deposited; they do not decompose dur ing 
evaporation; they dissociate into metall ic silver and 
halogen gases upon irradiation,  providing a source of 
silver for the photodoping effect; and they readi ly dis- 
solve in solutions of sodium thiosulfate, well  known to 
the photographic indus t ry  as a fixing agent  (20). Pure  
silver films are not used because autodoping (21) into 
the chalcogenides prior to i r radiat ion has been noticed, 
apparent ly  due to the procedure of vacuum deposition. 
Very recently, silver halide emulsions have been re-  
ported independent ly  as highly sensitive resists but  de- 
fects remain  as serious l imitat ions (22). 

Experimental 
Exposure systems.--The x- ray  exposures were car- 

ried out using a converted electron beam evaporator  
with an a luminum anode, giving the resul t ing emission 
of the A1 Ks line at 8.34A. The electron beam power 
used to excite x - r ay  emission was 4 kV at 25 mA, and 
the target to substrate distance was 6 cm. A 2.5 ~m 
thick A1 filter was placed be tween the anode and the 
target to reduce infrared heat ing and the Bremsstrah-  
len. The mask used was a 6.25 ~m thick Mylar  mem-  
brane  stretched over a quartz r ing with a 0.5 ~m thick 
gold absorber pat terned by photolithography. The opti- 
m u m  x- ray  exposure t ime for PMMA 2041 was deter-  
mined to be 5 hr (corresponding to approximately 4 
J / cm 2 energy) as a reference. 

The light source used for the photolithographic char-  
acterization was a Kasper Model 17A mask al igner  
equipped with a 200W high pressure Hg lamp. The in-  
tensi ty at the sample plane was 90 mW/cm% 

Thin film preparation.--Thin films of As2S3 chalco- 
genide glass were evaporated using a hot wall  deposi- 
tion system. Glassy chunks of Servofrax| were melted 
in  a molybdenum boat in  a vacuum system at pressures 
of 1 >< 10-~ Torr  or less. Deposition rates were typi-  
cally 10-20 A/sec. Ini t ia l  As2S8 film thicknesses were 
all 800 nm. Substrates were cleaned borosilicate slides 
for photol i thography and freshly oxidized silicon 
wafers for x - r ay  lithography. On top of the As2S3 film, 
an overlayer  of AgC1 20 nm thick was then evaporated 
to form the composite. Thereafter,  the composite s truc-  
ture was stored in darkness or handled in a red safe- 
light. After  exposure, the remaining  AgC1 was removed 
in  a s tandard  solution of Kodak rapid fixer solution A 
mixed with water  at a ratio of 1:3 for 10 rain, and the 
undoped hs2S3 was then etched in  a 0.03N NaOH solu- 
tion. The l i thographic process is shown schematically in 
Fig. 1. 

Etch rate and thickness determination.--An optical 
in situ monitor ing technique (23) was used to deter-  
mine the etch rate. In  the 0.03N NaOH solution at room 
temperature,  an etch rate of 41 A/sec for the unexposed 
As2S3 film and 23 A/sec for the exposure-sa tura ted 
As2S3 film without  any AgC1 overlayer has been ob- 
tained. Si lver-doped As2S3 has essentially zero etch 
rate in  the ~aOH solution. The remain ing  film thick- 
ness of the delineated image was measured with a 
Sloan Angstronmeter .  

Results and Discussions 
The AgCl-As2S8 composite is evaluated first as a 

photoresist. It  was found to possess the negat ive resist 
property that  the exposed region remains  after de- 
velopment. The characteristic curve of percent  remain-  
ing film thickness as a funct ion of the exposure energy 
is shown in  Fig. 2; a threshold for the onset of insolu-  
bilization was observed. The resist sensit ivi ty is defined 
as the m i n i m u m  exposure to obta in  100% film thick- 
ness remaining.  For the composite the sensit ivi ty was 
3 J / c m  2, which is a factor of 5 less sensitive than  the 
common Kodak negative polymer  photoresist KPR 
(24). 

The simple As2S3 layer  is also photosensitive, as 
shown in  Fig. 2. Its etch rate decreased when exposed 
to light and reached a saturated but  nonzero value 
when ful ly exposed. Since the exposed and unexposed 
portions of the film etch concurrently,  a ma x i mum of 
38% of the ini t ial  30 nm film thickness remains  after 
etching when the unexposed layer  has just  been re-  
moved by a 75 sec etch in  0.03N NaOH at room tem- 
perature.  The etch rate characteristics of As2S3 have 
been studied in  detail  elsewhere (23). If the corre- 
sponding exposure is taken as the reciprocal sensitivity, 
an improvement  in  sensit ivi ty by a factor of 10 is ob- 
ta ined by going to the AgC1-As2S8 composite structure. 
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Fig. 1. Schematic relief pattern generation in AgCI-As2S~ com- 
posite inorganic resist. 
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Fig. 2. Percent remaining thickness as a f-nction of the log ex- 
posure energy for AgCI-As2$8 ( 0 )  and As2S8 ( O ) .  The light source 
power density was 90 mW/cm 2. The saturation energy for the 
AgCI-As2S3 corresponds to a 30 sec exposure. The larger saturation 
exposure in the simple As2S8 system reduces the etch rate to 38% 
of the rate without exposure. 

Encouraged by this observation, we at tempted to 
evaluate  the composite as an x - r ay  resist. The charac- 
teristic curve of remaining  film thickness as a func-  
t ion of the exposure t ime with Our x - r ay  system is 
shown in Fig. 3 A. similar  curve for the we l l -known 
PMMA 2041 x - r ay  resist was also obtained under  the 
same exposure conditions followed by development  in  
a h 3  solution (1) of methyl  isobutyl  ketone (MIBK) 
and isopropyl alcohol (IPA) for 1 min. With a remain-  
ing film thickness of 300 nm as a criterion, a 5 hr  x - r ay  
exposure t ime was required  for PMMA. Compared to 
the 2.5 hr  required for the AgCl-As2S8 composite, we 
have an improvement  in sensit ivi ty of a factor of two. 
The slopes of the two curves are approximately 
the same, indicat ing equal ly high resist contrast  obta in-  
able in  this inorganic resist. Figure 4 shows a pa t te rn  
del ineated by x - r ay  l i thography in  this inorganic re- 
sist. The l inewidth  is about 6 ~m. From the published 
data (1), an exposure of about 4 J / c m  2 is required to 
give a PNIMA dissolution rate of 300 nm/min .  Assum- 
ing l inear  t ime dependence of delivered x - r ay  energy 
for our l i thographic system, we obtain an opt imum ex- 
posure of 2 J / cm 2 for the composite resist. 

Using available data (25) for the x - r ay  cross sections 
of arsenic and sulfur, it is est imated that  30% of the 
x - r ay  energy is absorbed by an As2S~ film 300 nm thick, 
the thickness being a rb i t ra r i ly  chosen for this study. 
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Fig. 3. X-ray resist characteristics for AgCI-As2S3 composite in- 
organic resist ( O )  and for PMMA 2041 (O)  as a function of 
exposure time. The 5 hr exposure time corresponds to an x-ray 
energy of approximately 4 J/cm 2. 

Fig. 4. A scanning electron micrograph of a pattern generated by 
x-ray lithography in AgCI-As2S3. The remaining film thickness is 
100 nm and the linewidth is 6 /~m. The material remaining be- 
tween the lines is an artifact due to the x-ray lithography system 
(i.e., penumbral blurring and vibration) and is not related to the 
resist properties. 

Optimization of film thickness along wi th  other ex- 
posure parameters  (e.g., wavelength,  etc.) could re-  
sult  in improved performance. The comparison with 
PMMA in MIBK: IPA ~ 1.3 developed is also a rb i t ra r -  
ily chosen. One is a positive resist, while the other is a 
negative resist. Nevertheless, the x - r ay  inorganic re-  
sist property is clearly demonstrated,  and a different 
concept to achieve more sensitive x - r a y  resists is es- 
tablished. 

The mechanism that  permits  the AgC1-As2S3 com- 
posite to form relief s tructures is tenta t ively  a t t r ibuted 
to the silver doping effect (16, 21). The process can be 
represented by two equations 

hv 
AgCl-~ Ag + V2 Cl2(gas) 

hv 
Ag + As2S3-~ (Ag-As2Sa) 

The silver halide decomposes into metall ic silver and 
halogen gas upon absorption of irradiation,  and thus 
provides the source for silver doping. The si lver-doped 
As2S3 is insoluble in  the NaOH solution thereby gen-  
erat ing a pattern.  The l inear  relationship between the 
doping depth and the square root of exposure t ime has 
been established (16), typical of a diffusion-controlled 
process. An x - ray  photon absorbed by the inorganic re-  
sist produces a shower of secondary electrons which 
will  carry most of the energy of the incident  photon 
and is responsible for the silver doping process. 

To obtain informat ion about  the doping depth re-  
quired for resist application, the following exper iment  
was performed. A layer of metall ic Ag 20 nm thick was 
sandwiched between the 300 n m  As2S3 and the glass 
substrate  as shown by the inser t  in  Fig. 5. Several  
samples were exposed to the mask al igner  l ight source 
for different exposure times. Then, all the samples 
were etched at the same time in a 0.03N NaOH solution 
for 2 min, which is a l i t t le more than  enough time to 
remove the 300 nm of exposure saturated hs2Ss. The 
thickness of the resul t ing insoluble Ag-doped layer  
formed in the exposed area was measured. Figure 5 
shows the doping depth as a funct ion of exposure time. 
It is seen that  with a l imited source of silver (i.e., 20 
nm) ,  the doping depth consists of only a fraction of 
the bulk, even for long exposure times. This depth is 
reached in a relat ively short exposure, and fur ther  
exposures do not  drive the silver fur ther  into the bulk. 
This observation lends credence to the idea that  the 
x - r ay  resist action of AgC1-As2S3 is due to the forma- 
t ion of a th in  layer  of As2Sa into which silver has pene-  
trated and changed its chemical solubility. The re-  
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Fig. 5. Establishment of doping depth with a limited siber source 
of 20 nm thickness. The inserts show the procedure for establishing 
the doping depth. The exposure source is the mask aligner with a 
power density of 90 mW/cm% 

sul t ing thin  "cap" about  80 run th ick or  less protects  
the  under ly ing  undoped As2Ss film f rom being etched. 
The pa t t e rn  of this th in  cap gives the  pa t t e rn  of the  
final image. I t  is an t ic ipa ted  tha t  a th inner  cap would  
suffice for the  pro tec t ive  action. In  an isotropic etching 
envi ronment  this would  be a p rob lem in fine line 
l i thography,  but  i t  is not insurmountab le  as As2S3 has 
been shown (19) to be sui table  for p lasma  etching. 
The m i n i m u m  cap thickness is ye t  to be de termined.  

Since both  the  s i lver  ha l ide  and chalcogenide glass 
are  amorphous,  the resolut ion  capabi l i ty  of this com- 
posite inorganic  res is t  is expected  to be ex t r eme ly  
high. We are  at  p resen t  l imi ted  by  our mask  making  
capabi l i ty  to 6 ~m l inewid th  as shown in Fig. 4. Since 
the pa t t e rn - fo rming  l aye r  is thin (50 nm or  less) ,  in 
an anisotropic  etching med ium the  u l t ima te  resolut ion  
should be very  good for a reasonable  h e i g h t - t o - w i d t h  
aspect  ratio. Recently,  a m in imum l inewid th  of 100 
nm has been de l inea ted  th rough  the holographic  ex-  
posure  technique in this l abo ra to ry  (26, 27). A s imi lar  
high resolut ion capabi l i ty  is expected  th rough  the 
x - r a y  rep l ica t ion  process. The resolu t ion  l imi t  m a y  fa l l  
in the 10 nm range,  which  is the diffusion length  of the  
exci ted  car r ie rs  (17). 

Conclusion 
The composite  th in  film s t ruc ture  AgC1-As2S3 has 

been charac ter ized  as a photores is t  and an x - r a y  re -  
sist. As a photoresis t ,  i t  is found to be about  5 t imes 
less sensi t ive than  organic  resists  in popula r  use, whi le  
as an x - r a y  resist, i t  is shown to be about  twice as sen-  
s i t ive as PMMA. In  both cases, the sens i t iv i ty  cannot  at  
this point  f avorab ly  compete wi th  the  sensi t ivi t ies  of 
organic resists  now being used in pract ice,  but  sensi-  
t izat ion techniques for  s i lver  hal ides  known by  the  
photographic  indus t ry  and opt imizat ion  of res is t  th ick-  
ness pa rame te r s  p rovide  room for improvement .  The 
resis t  act ion is shown to be essent ia l ly  due to the  
rad ia t ion  enhanced reac t ion  at  the  in ter face  of the 
AgC1-As2S8 thin  films, w i th  the subsequent  p a t t e rn  
defining l aye r  being of the o rde r  of tens of nanometers .  
This fact  coupled wi th  the  compat ib i l i ty  of the  As2S~ 
to p lasma  etching and the amorphous  na tu re  of the  
resis t  mate r ia l s  would  mean  a high resolut ion  capa-  
b i l i ty  for  pa t t e rn  generation. 
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Electrical Breakdown 
I. During the Anodic Growth of Tantalum Pentoxide 
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ABSTRACT 

Observations are presented on breakdown events during the anodic growth 
of tantalum pentoxide in characteristics which plot the rate of breakdown as 
function of oxide thickness at constant field, F. The characteristics shift to 
lower thicknesses for an increase in ~eld, or a decrease in temperature. The 
breakdown process is interpreted by the stochastic succession of avalanche 
breakdown model. An approximate relation was derived for the rate of break- 
down as function of insulator thickness. This relation could be well fitted to 
experimental data at various fields. The fitting procedure permits the evalu- 
ation of the coefficient of impact ionization a, finding for a set of anodizations 

---- 4.4 X 108 exp (--21.5/F)/cm with F in MV/cm, in the range of fields 
6.1-6.7 MV/cm. There is an uncertainty of roughly ___10% in ~, due to shallow 
minima in fitting procedures, to fluctuations in the rate of breakdown, and to 
some uncertainty in the magnitude of F. 

Since the extensive studies of Giintherschulze and 
Betz (1), electrical b reakdown dur ing  the anodization 
of "valve metals" has been the subject of many  in-  
vestigations. Recent r e v i e w s  found difficulties both 
in  the definition of b reakdown and in the in terpre ta-  
t ion of the processes (2-4). Several  mechanisms were 
proposed to explain breakdown, such as fissure forma- 
t ion in  the oxide (5), or local crystal l ization in the 
amorphous insulator.  Evidence was not found, how- 
ever, in  support  of these mechanisms and it was shown 
that  crystal l ization does not  precede breakdown, but  
is a side effect caused by local heat ing (6). 

Already Gfintherschulze and Betz (1) suggested 
that  b reakdown dur ing  anodization is connected with 
electronic impact  ionization and avalanching.  This 
view was shared by other investigators (3, 7), and 
recent ly  an avalanche breakdown theory was devel-  
oped by Ikonopisov (8). The feasibili ty of the ava-  
lanche breakdown mechanism is supported by observa- 
tions on electroluminescence and anodic growth. Van 
Geel et al. (9) observed in a luminum oxide that  the 
in tens i ty  of electroluminescence accompanying ano- 
dization increases as some exponent ial  funct ion of 
oxide thickness. The na ture  of this increase was in te r -  
preted with the assumption of electronic avalanche 
formation. Fritzsche (10) investigated the rate of oxide 
growth and current  t ransients  dur ing  the anodic growth 
of silicon dioxide, also in terpre t ing  observations with 
avalanche formation. 

It  has been more difficult to obtain exper imental  
evidence for avalanche mechanisms from breakdown 
observations. This may in par t  be due to the fact that  
even the definition of breakdown is subject  to dis- 
cussion (3, 4). Since the electric field is constant  dur ing  
anodization, breakdown has been defined by some 
voltage value. As such, various voltages were proposed: 
the voltage at which sparking starts, the ma x i mum 
voltage which can be reached on anodization, or the 
voltage at which a deflection from l inear i ty  arises 
in  the voltage vs. t ime curve. 

These voltages cer ta inly describe, more (or l e s s )  
impor tant  aspects related to breakdown dur ing  anodic 
growth. They do not account, however, for individual  
observations of numerous  breakdown events. To pro- 
vide this information,  new approaches were proposed 
for the description of breakdown properties dur ing 
anodization. These are based on the measurement  of 
the total number  of breakdowns as a funct ion of 
anodization voltage in the work of Or]or et al. (11) 
and Albella et aI. (12), and on the de terminat ion  of 

z Present address: Israel Aircraft Industries, Yahud, Israel. 

the rate of b reakdown as a funct ion of thickness by 
Kadary  and Kle in  (13). 

This paper  applies the lat ter  approach, plott ing the 
rate of breakdown vs. voltage, or thickness in break-  
down characteristics. Detailed exper imenta l  data are 
presented on the characteristics as a funct ion of ano-  
dization field. Results are examined for in terpre ta t ion  
by thermal  or by electronic impact ionization mecha-  
nisms. Examinat ion  shows that, applying the stochastic 
succession of avalanche breakdown theory (14), good 
agreement  is found between calculations and experi-  
menta l  data. Agreement  is found also for b reakdown 
dur ing  the anodization of a luminum and will  be 
described in  Par t  II (15), the companion paper. 

Samples and the Experimental System 
Anodizations were carried out on 5000A thick, sput-  

tered, l ightly ni trogen-doped,  ~ t an ta lum layers, sup- 
plied by  courtesy of the Bell Telephone Laboratories, 
Allentown, Pennsylvania .  The layers were deposited 
on borosilicate glass covered with about  150A thick 
t an ta lum pentoxide for bet ter  adherence. 

Samples were needed for the observations in  which 
breakdown and l ight  emission were not enhanced at 
the edges of the t an ta lum layer, and which could be 
placed horizontal ly in the electrolytic bath  for ease 
of light measurement .  This was achieved with the 
samples shown in Fig. 1: These had photoli thograph- 
ically delineated t an ta lum areas which were 9 m m  in 

'~ =- 

I J 

T 0 5 9  CORNING 

~ M E N S I O N S T O S C A L E  

Fig. 1. Tantalum sample for anodization 
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diameter  and contained a contact strip. The lat ter  
was contacted by a Cr-Au land, to which a Teflon- 
coated wire was soldered. For insula t ion from the 
electrolyte, the contact strip and land were covered 
by a 5 #m thick vapor-deposited silicon oxide layer 
and by a thick epoxy coat. The tan ta lum area exposed 
to anodization was 0.68 cm 2. 

The electrolytic bath was contained in a Pyrex 
dish 37 mm deep and 74 mm diam. The sample was 
held at the bottom center of the dish with silicone 
grease. A t an ta lum r ing 15 mm wide and 0.1 mm 
thick served as cathode. The electrolytic bath was an 
aqueous solution of citric acid with a range of con- 
centrations from 2.5 • 10 -3 to 1.8 weight percent  
(w/o) ,  the corresponding resistivities at 1 kHz varying 
from 21,000 to 260 12-cm. All the anodizations were 
carried out at constant  current  densities ranging from 
0.5 to 10 mA/cm2; tempera ture  ]:ises were reduced 
by magnetic  stirring. 

The exper imental  setup for the measurement  of 
breakdown events and light emission is i l lustrated 
in Fig. 2. The events, as discussed later, are detected 
by a current  pulse in the external  circuit and often 
also by a spark at the breakdown spot. For the de- 
tection of the current  pulses in the system a parallel  
capacitor Cp of a few ~F capacitance and a series 
resistor Rs ---- 10 kQ were added to the anodization 
circuit. On breakdown, discharge of Cp through the 
breakdown filament produced a current  pulse, which 
was monitored on the series resistor J%. 

The source of anodization was a constant  current  
Elscint HVS power supply for the current  range 
10-4-10-ZA. A low-pass filter reduced current  ripples 
from the supply to about 0.01% of the anodization 
current.  This prevented the transmission of external  
current  pulses to the CpRs detecting circuit, except 
in  the case of extremely large breakdown events, 
which usual ly  occurred beyond the range of useful 
observations. 

The light emitted from the sample was measured 
with an RCA Type 1P28 photomult ipl ier  which was 
coupled to the sample with a 100 mm long, 10 mm 
diam quartz l ight guide. The collecting face of the 
l ight guide was concentric with and 10 mm above 
the sample. This distance was a compromise of the 
opposing requirements  of uni form anodization and 
max imum light collection. The sensit ivity of the photo- 
mul t ip l ier  extended over the spectral range 2200- 
6200A, with a max imum close to 3300A. The photo- 
mul t ip l ier  had potted leads and was cooled with .~olid 
CO2. The electrolytic bath, the l ight guide, and the 
photomult ipl ier  were enclosed in  an a l u m i n u m  box, 
impervious to external  light. 

To register the anodization voltage, the voltage 
across the parallel  capacitor Cp was measured with a 

Keithley 610B vol tmeter  and the voltage across the 
oxide layer  was obtained by subtract ing voltage 
drops in  the electrolyte and the series resistor Rs. 

Four  quanti t ies were recorded during each anodiza- 
tion run:  the oxide voltage, cur rent  pulses associated 
with breakdown, the in tensi ty  of electroluminescence, 
and sparks. The electroluminescence (not discussed 
in this paper) was recorded against t ime of anodiza- 
tion on a pen- type  Moseley 7100 BM, Hewlett  Packard 
s t r ip-char t  recorder. The current  pulses, sparks, and 
voltage vs. t ime of anodization were recorded on a 
Honeywell  906T visicorder oscillograph equipped with 
Heiland M8000 p lug- in  galvanometers.  The response 
of the galvanometers  was flat wi th in  5% in  the 
f requency range from 0 to 4800 Hz. Chart  speeds 
varied from 5 to 100 mm/sec.  A typical anodization 
r un  to 350-400V as function of t ime was recorded on 
roughly 6m length of chart  paper. 

Records of Breakdown Events 
Gfintherschulze and Betz (1) established that  an 

individual  breakdown event  dur ing anodization is due 
to temporary current  runaway  through a filament 
in  the oxide. Such breakdown events can be studied 
with oscillograms of the current  pulse arising in the 
series resistor Rs and the pulse due to a spark as 
funct ion of time. This is i l lustrated by the oscillogram 
of Fig. 3, showing two events, one of which was 
accompanied by a spark. 

Records of the sequence of breakdown events vs. 
t ime dur ing anodization were obtained with the visi-  
corder and are i l lustrated by three typical  sections 
of a chart  record in Fig. 4. In this chart  spikes pro t rud-  
ing from the noise on the upper  trace denote current  
pulses on a compressed time scale. The slowly rising 
l ine is the trace of the anodization voltage, while the 
noisy bottom trace is due to the photomult ipl ier  out-  
put  current.  On the lat ter  trace, spikes are of interest,  
denoting sparks. The anodization recorded in  Fig. 4 
was car r ied  out in an electrolyte of 2.3 k~ - c m resis- 
tivity, at a current  density of 1 mA / c m 2. The three 
chart  sections represent  the voltage ranges (a) 
35-48V, (b) 245-247V, and (c) 305-305.5V. In  these 
sections, the time scales change. The typical anodic 
growth represented by Fig. 4 produced no current  
pulses below 30V, and the few current  pulses between 
30 and 100V were not accompanied by light pulses 
as indicated by the chart  of Fig. 4(a) .  Figure 4(b) 
characterizes the voltage range in which the rate of 
current  pulses begins to rise rapidly with voltage, in 
this case above 220V. In  this chart, l ight pulses coin- 
cident with current  pulses are observed in part  of 
the events. Occasionally l ight pulses without coincident 
current  pulses are found. Visual observation of the 
breakdown sparks suggests that  events occur at r an -  
dom places, and the traces of Fig. 4(b) indicate inde-  

L ._~ ,  oc 
AMPLIFIE R 

hCTIVE FIf~TE R 

SAMFf.E ELECTROLYTE 
(ANODE) 

cc 
COUPLED 

AMPLIRER 

Fig. Z. Experimental setup for breakdown and light emission 
measurements. 

Fig. 3. Oscillogram of two current pulses (lower trace), and one 
of light pulse (upper trace) during anodization. Horizontal scale 
time, 2 msec/div; vertical scale, pulse amplitudes in relative units. 
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To evaluate  the informat ion of the chart  records, 
the cur ren t  pulses were counted in  small  t ime intervals  
in  which the effect of voltage changes could be con- 
sidered small. With these data the rate of current  
pulses as funct ion of anodizat ion voltage, or insula t ion 
thickness, was calculated and the relat ionship plotted 
in  a current  pulse characteristic. Since any  point  of 
the characteristic was determined from a l imited 
n u m b e r  of events, the s tandard deviat ion of the pulse 
rate was added, denoted by  bars on the character-  
istics where feasible. When the t ime intervals  for 
the counting of current  pulses were very  small, con- 
siderable fluctuations were found in the characteristics. 
This wil l  be i l lustrated for the anodic growth of 
a l u m i n u m  oxide in  Fig. 1 of the companion paper 
(15). The rate of sparks was de te rmined  in  the same 
m a n n e r  as the rate of cur ren t  pulses. 

The characteristics were usual ly  based on the count  
of current  pulses of all sizes. Occasionally counts were 
classified according to the ampli tude range of the 
current  pulses and classified characteristics were ob- 
tained, as shown in Fig. 5. In  this case the anodization 
was carried out with a cur ren t  density j _-- 1 m A / c m  2 
in an electrolytic bath  of 2.3 k~%-cm resistivity. The 
pulse rate is plotted vs. anodization voltage for five 
groups of cur ren t  pulses indicat ing an increase in 
mean  pulse size with increasing voltage. 

Current Pulses due to Fi lamentary Current Runaway 
Breakdown events revealed by sparks are clearly 

the consequence of f i lamentary cur ren t  runaway.  
Examina t ion  of spark-affected breakdown spots shows 
s t ructural  changes with a pit in the tanta lum,  one 
to a few micrometers in  diameter. This pit seems to 
indicate the final size of the breakdown filament. The 
event  appears to be a destructive breakdown, followed 
by some anodic regrowth of the damaged spot (1). 

The question that  arises immedia te ly  relates to the 
na tu re  of the events unaccompanied by a spark. In  
such a case is the current  pulse also due to local 
current  r una w a y  or due to a different process? 

A direct answer  is not available since for sparkless 
events s t ructural  changes were not detected in the 
qxide. Examinat ion  of b reakdown charts as presented 
in  Fig. 4b and comparison of cur ren t  pulse charac- 

Fig. 4. Three visicorder charts vs. time during anodlzation. Upper 
traces, current pulses, 3.3 ~A/large vertical division. Slowly rising 
traces voltage, 30 V/large vertical division; bottom traces, sparks 
and a-c component of electroluminescent light. Voltage range of 
charts: (a) 35-48V, (b) 245-247V, and (c) 305-305.5V. Chart 
speeds: (a) 5 mm/sec; (b) 35 mm/sec; (c) I00 mm/sec. 

pendent  events of vary ing  magni tudes  occurr ing at 
r andom times. 

Roughly above 300V prolonged events begin to 
appear, i l lustrated by the current  pulse traces in  the 
chart  of Fig. 4(c).  Oscillograms show that  subsequent  
pulses are not  independent ,  but  overlap. Visual ob- 
servations reveal persistent  sparking, involving large 
areas. Breakdowns are propagat ing in this upper  volt-  
age range, events  follow each other at adjacent  places 
and are often the consequence of changes produced 
in  the properties of the oxide by the prior breakdown.  
Since we were interested in the causes of the ini t ia t ion 
of breakdown, determined by the original  properties 
of the oxide, we made use of observations in the two 
lower voltage ranges only, where  events appear to 
be random and independent .  
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teristics as shown in Fig. 5 wi th  spark characterist ics 
indicated in all cases that: (i) sparkless and spark-  
accompanied events are in te rmixed  in a random man-  
ner; (ii) the l ikelihood of the occurrence of a spark 
increased with current  pulse size, and (iii) the frac-  
tion of spark-accompanied events gradual ly  increased 
with voltage to near  unity, as the average cu r r en t  
pulse ampl i tude  increased. 

These observations can be explained with the as- 
sumption that  sparkless and spark-accompanied events 
have the same origin but  differ in their  development.  
This implies that  not only events accompanied by a 
spark, but  also sparkless events start  with f i lamentary 
current  runaway.  Very  large drops are expected, 
therefore,  in the resist ivi ty px of filaments during 
current  pulses; to examine  the val idi ty  of this assump- 
t ion drops in pr were  calculated with the help of 
exper imenta l  results. Data were  needed for this pur-  
pose on the magni tude  of the fi lament radius, rx, but 
were  not available. Bounds were  assessed instead on 
the magni tude  of rx. A lower  bound was indicated by 
the oxide thickness during breakdown observations, 
roughly 5000A, and this assessment is confirmed by 
the breakdown model  developed later. An upper bound 
for rr was indicated by the size of breakdown pits 
on spark accompanied events. The calculations w e r e  
extended, therefore,  over  the range 0.5 < rx < 5 sm. 

For  the calculation of px the sample and the exper i -  
menta l  setup were  represented by the simplified equ iv-  
alent  circuit  of Fig. 6. In this figure, Ci and Ri are 
insulator  capacitance and resistance, respectively, and 
Re is the electrolyte  s e r i e s  resistance. Rr is the re-  
sistance of a breakdown filament, Rer is the electrolyte  
resistance in series with the filament, and R~ is the 
resistance of the ionic charge layer  at the oxide in ter -  
face for cylindrical  current  flow into the filament. The 
resist&nce, Re, is calculated with 

w 
R e - - - -  In rc [1] 

2~eoe~V rr 

where  r~ is the sample radius, w the oxide thickness, 
the ionic mobility, eo the permi t t iv i ty  of empty  

space, e the re la t ive  permi t t iv i ty  of the oxide, and 
V the voltage across the oxide. The resistance Rex 
is calculated as a hemispherical  spreading resistance 
and 

Rex ---- pe/2nrf [2] 

with Pe the resist ivi ty of the electrolyte.  A local b reak-  
down is represented by a temporary  closure of the 
switch. On breakdown the capacitors CD and Ci dis- 
charge through the filament. 

R~ was 10 k~  and R~ in ohms was numerical ly  about 
equal  to Pe in ~ - c m  in the experiments .  Drops in the 
values of pf on the occurrence of current  pulses are 
i l lustrated by calculations with V _-- 300V as a rep-  
resentat ive voItage and j _-- 1 m A / c m  2 as current  
density of anodization. For these values of V and j, 
w ~ 4.8 X 10 - s  cm, Ci = 3.1 • 10-SF with e = 25 
and the oxide resist ivi ty pi ---- 6.3 X 10 -9 ~-cm. The 
sample radius rc -- 0.45 cm; assuming for the ionic 
mobi l i ty  in the electrolyte  ~ ~-- 3 X 10 -4 cm2/Vsec, 
the resistances R: and R~ were  evaluated with Eq. 

Rs 

I 

Re =1 Ref 
II Rc 

Cp~ --, T " ~ ' ~  v̂v,, 
R ?C i Rf 

0 

Fig. 6. Equivalent circuit for the interpretation of a breakdown 
event. 

[1] and [2]. The calculations were  carr ied out for 
four  l imit ing cases, when 2rr ~- 1 and 10 ~m and pe 
= 260 and 21,000 Q-cm, respectively.  Results a r e  
presented in Table I showing that  both Rc and Ref 
are much larger  than Re or Rs. 

Since Cp > >  Ci, the vol tage drops on the capacitors 
were  in most current  pulse observations small  and pr 
was calculated neglect ing these voltage drops. The 
smallest  current  pulses which could be discerned above 
the noise of the measurements  were 5 X 10-~A. Cal-  
culation of pf for 5 X 10-TA pulses with the switch 
closed in the circuit  of Fig. 6 resulted in the values 
presented in the last line of Table I. 

Comparison of these px values with the oxide r e -  
s i s t i v i t y  of 6.3 X 109 Q-cm shows that  the resist ivi ty 
in a fi lament drops by several  orders of magni tude  
even for the smallest  cur ren t  pulse and largest  fila- 
ment  size. The resis t ivi ty drops increase as the fi lament 
size decreases and as the current  pulse size increases. 
Therefore,  it appears clearly that current  pulses 
represent  temporary  current  runaway  processes. For  
smaller  current  pulses events are la rge ly  sparkless 
and such events can be considered as nondestruct ive 
breakdowns. Since for the unders tanding of the ini-  
t iation of breakdown all  current  runaway  processes 
are of interest, i r respect ive of whether  the event  is 
destruct ive or nondestruct ive,  the invest igat ion is 
based on the study of current  pulse breakdown counts 
and characterist ics 

The values calculated for the electrolyte  r e s i s t a n c e s  
Re and Rer are in the 10s~ range (Table I), showing 
that  breakdown filaments are protected by l a r g e  
series resistances during anodic growth. This is in 
marked  contrast  to conditions in samples flanked by 
solid electrodes. In such samples a small  resistance 
is in series wi th  filaments, a few ohms when  a luminum 
electrodes are 1000A thick (16). 

Rel iable  counting of the insulator  current  pulses 
depends on the parameters  of the detecting circuit. 
The circuit  of Fig. 6 indicates that  for this purpose a 
capacitance Cp is needed, which is much larger  than 
that  of the sample C~. This was found also exper i -  
mental ly,  shown by the current  pulse characterist ics 
in Fig. 7a. The current  pulse rate  increases wi th  in-  
creasing C~ and saturates for Cp > 10-6F. Usual ly  a 
2 • 10-6F capacitor was selected for Cp. 

It  is interest ing to note from curve c of Fig. 7a 
that  some current  pulses on Rs were  observed even 
in the absence of a paral le l  capacitor. In this c a s e  
only the most powerfu l  breakdown events were  ob- 
served with unusual ly  large vol tage drops of more  
than 10V on Ci. It was found that  in the case of l a r g e s t  
voltage drops small  current  pulses penet ra ted  the 
low-pass filter f rom the power  supply and were  de- 
tected on Rs. 

Figure  7b presents the spark rates measured at the 
same t ime as the current  pulses of Fig. 7a. Relat ive 
to the current  Du]se characterist ics the spark charac-  
teristics are shifted to higher  voltages. It  appears that  
the magni tude  of the externa l  capacitor affects but 
l i t t le the spark pulse characterist ics snd the occurrence 
of a spark depends mainly  on the local development  
of the breakdown event.  

Experimental  Results 
Exper imenta l  observations were  made  main ly  at 

anodization current  densities j _-- 0.5, 1, 5, and 10 

Table I. Filament resistivity 

Filament diameter~ 
2rt, ~m 1 1 10 10 

Electrolyte resistiv- 
ity, pc, ~-crn 260 21,000 260 21,000 

Resistance R~, ~ 3.5 x l0 s 3.5 x l0 s 2.6 x l0 s 2.6 • l0 s 
Resistance R~, s 8.3 x 107 6.7 x 109 8.3 x 106 6.7 x 10 s 
Resistivity, p~, ~-cm 9.7 • 104 6.1 • 10 ~ 9.9 x 10 ~ 9 x l0 s 



Vol. 127, No. 1 E L E C T R I C A L  B R E A K D O W N  143 

a 
z 
o 
,,o, l0 

r~  

UA 

Z 
W 
rr" 
er" 

(.~ 

/ 
Parallel Capacitor in pF 

a IO r 
b IO 4 / 

O 0 ~ 

i O 

5.0 o. 

D ~ 20 
Q. 

-r ~ ~ 
~_ 0 J- I 
- 200 500 

ANODIZATION VOLTAGE IN VOLTS 

Fig. 7. Current and light pulse v s .  anodization voltage with 
parallel capacitor size as parameter, j = 1 mA/cm 2, pe = 7000 o 
,O,-cm. 

The effect of the uncer ta in ty  in field values on the 
evaluat ion of exper imental  results are discussed later. 

The observations that  are presented are character-  
istics giving Rr the rate of the total number  of current  
pulses. Typical current  pulse characteristics as func-  
t ion of voltage are presented in Fig. 8a with the 
current  density of anodization as parameter.  Since for 
the discussion on the breakdown mechanism the thick- 
ness dependence of the characteristics are of pr ime 
interest  the data of Fig. 8a are replotted vs. thickness 
in  Fig. 8b. The figures show that  with increasing 
current  density the characteristics shift to lower 
voltages and thicknesses and the current  pulse rates 
increase rapidly. At the upper  end of the character-  
istics, the slope of the curves tends to decrease. This 
may  be unexpected, the slope decrease is however 

j io -- ,o / / 
IOO 200 
ANODIZATION VOLTAGE IN VOLTS 

[,i 

I I_J 

/ o.~xl 

3OO 

Fig. 8a. Current pulse rate vs. anodization voltage with current 

m A / c m  2. The magni tude  of mean  oxide fields, F, which 
produce these current  densities is not known  accu- 
rately. For  the anodization of sputtered ~ t an ta lum 
films at a tempera ture  T = 298~ and j = 1 m A / c m  2 
Mills et al. (17) found F -- 6.45 • 10 e V/cm, bu t  
Simmons et at. (18) arr ived at 6.0 • 106 V/cm. Nitro-  
gen doping of the t a n t a l u m  by 2 atomic percent  (a/o)  
N was observed to increase the field by about  1% (18). 

For present  purposes a relat ionship giving j as 
function of F and T is needed. Such a relat ionship was 4 o  

obtained by Young (19) for the anodization of bu lk  
t an ta lum giving j in A /cm 2 as funct ion of both F 
and T in  V/cm and ~ respectively, and 

1.16 X 10 4 
j = 1.74 X 108 exp T (--2.185 z ~ 

O 

30 
1 

-t- 3.497 X 10-TF 1.675 X 10-14F 2) | [3] r~  

- -  uJ  
.I a -  

b J  

Since with this relat ion F _ 6.17 • 10s V/cm is o b -  <~ 

rained for j = 1 m A / c m  2 at T - -  298~ and since the Q: 
slopes of the j - F  characteristics d ( l n  j ) / dF  differ 
l i t t le for the anodizations of bu lk  and sputtered fl o_ 20 
t an ta lum (17), Eq. [3] was used for the calculation 

z of the fields in the experiments.  Results for the tem- ,,, 
r r  

perature  of anodizations of 292~ are presented in 
Table II. At breakdown voltages 4~176 tempera ture  o 
rises were found at current  densities of 5 and 1O m A /  
cm 2 and for these conditions corrected field values 
were calculated shown in the third l ine of Table II. 
While there is some uncer ta in ty  in the absolute field Io 
values of Table II, the relat ive magni tudes  of fields 
for vary ing  current  densities agree well  with the 
exper imenta l  results for sputtered ~ t an ta lum (17). 

density as parameter. Experimental data are connected by full 
lines. Electrolyte resistivity 7000 ~-cm. 

I 
I 

Table II. Anodization fields 

Current density,  mA/cm~ 0.5 1 5 10 
Mean e lec t r ic  field, M V / c m  6.14 6.26 6.56 6.70 
Fields corrected  for  temperature  

rise in the breakdown range,  
M V / c m  6.14 6.26 6.50 6.63 

000 4000 5000 
OXIDE TH]CKNESS IN ANGSTROM 

Fig. 8b. The experimental data of Fig. 8a vs.  insulator thickness, 
plotted as dots with bars. Full lines represent calculated results. 
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consistently observed, when propagating breakdowns 
do not interfere in the measurements.  The charac- 
teristics were found to be reproducible wi thin  a few 
percent  on the thickness scale. The rate of breakdown 
could not  be determined for Rr > 30/sec for the 
characteristic of j = 10 m A / c m  2, because breakdowns 
were propagating. 

The rate of breakdown was measured not only at  
constant  field and growing insulator  thickness, bu t  
also at practically constant  thickness and varying  
field conditions. To obtain such results, the anodic 
growth was stopped at some voltage and the rate 
of current  pulses measured at decreasing voltages 
with the sample remaining  in the electrolyte. This i s  
i l lustrated by the exper iment  of Fig. 9 for a 5700A 
thick oxide, anodized with 0.5 mA/cm 2 current  density 
to 350V. The rate of current  pulses was found to de- 
crease with increasing inverse field exponential ly.  
Such a behavior  was observed also in  t an ta lum pen t -  
oxide films flanked by solid electrodes (16). 

A series of experiments  were carried out to study 
the influence of electrolyte concentrat ion on the break-  
down characteristic. The measurements  extended over 
a range of resistivities from 260 to 2.1 • 10~ 12-cm, 
with a max imum citric acid concentrat ion of 1.8 w/o. 
The breakdown characteristics as a rule  were not 
much influenced by variat ions in pc, although often 
inconsistent  behavior  was observed. On the whole a 
small t endency  for shifts of the characteristics to 
lower voltages appeared with decreasing pc. Earl ier  
workers found larger decreases of the sparking voltage 
with decreasing Pe and increasing concentrat ion (1, 3, 
20, 21). These differences may in  part  be due to the 
larger  range of concentrations in earl ier  work and 
also to the possible inclusion of sparks at weak spots, 
when the sparking voltage was determined. 

A few experiments  were carried out at electrolytic 
bath temperatures  varying from 3 ~ to 50~ and cha- 
racteristics for a given current  density were found to 
shift to higher voltages with increasing temperature.  
Since the anodization field decreases with increasing 
temperature,  the field decrease appears to be the 
dominant  factor determining the shift in the charac- 
teristic. 

The characteristics of Fig. 5 and 7 show small flat 
peaks for the rate of breakdowns at relat ively low 
voltages, below the rising range of the characteristics. 
An unusua l ly  large peak of this kind was obtained 
for an anodization with j __ 1 mA/cm 2 in an electrolyte 
of 2340 ~-cm resistivity, i l lustrated by Fig. 10. 

On many  anodizations such low voltage peaks were 
not observed. They seem, however, to occur more 
f requent ly  on anodizations in a low resistivity elec- 
trolyte and the magni tude of the peak and its voltage 
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Fig. 9. Current pulse rate vs. inverse field below the anodization 
field for o 571~N thick oxide sample. Full line, measurements; 
broken line, calculated results. 
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Fig. 10. Breakdown characteristics for a sample with a large 
current pulse rate peak at low voltages, j = 1 mA/cm 2 and pe = 
2340 C~-cm. 

range were found to vary  widely. The low voltage 
peak events thus do not exhibit  regularity,  in  con- 
trast  to the events observed in the rising part  of the 
characteristics. It is possible that  the events in the low 
voltage peaks of the characteristics are breakdown 
pulses at defects, indicat ing that  breakdown charac- 
teristics could provide information for qual i ty control. 

Breakdown Mechanism 
Identification of the breakdown mechanism is usu-  

ally a complex problem. Difficulties arise for experi-  
menta l  and also for theoretical reasons. Exper imental  
problems are connected with weak spots, fluctuations, 
and shorting breakdowns, al though shorting does not 
disturb observations dur ing  anodic growth. Theoret i-  
cally a good unders tanding  of the high field conduction 
properties, of the energy band  structure of the insu-  
lator, and of the relevant  breakdown mechanisms is 
needed but  is often only incompletely available. Such 
difficulties are found also in the discussion of break-  
down in t an ta lum pentoxide. 

The bandgap of t an ta lum pentoxide was found to 
be 4.6 eV from measurements  of photoconduction (22), 
and the Fermi  level of the parent  t an ta lum metal  
was located 1.1 eV below the conduction bandedge 
of very thin oxides (23). In  samples flanked by metal -  
lic electrodes, high field conduction in the range 0.5- 
3 MV/cm proved to be bulk  l imited and interpreted 
at room temperature  by the Poole-Frenkel  mechanism 
(24). Electrons were believed to be the dominant  
charge carriers. The Poole-Frenkel  conduction mech- 
anism was connected with coulombic t rapping centers 
of 3 • 10ZS/cm 8 density, located 1.0 eV below the 
conduction bandedge (25, 26). The Fermi  level of 
the oxide was estimated to be 1.4 eV below the con- 
duction bandedge (26). No informat ion seems to be 
available on conduction by holes and on their  t rapping 
properties in the insulator.  

Conduction processes are very complex dur ing an-  
odic growth since in principle two ionic and two 
electronic species t ransport  the current  (27). In t an -  
ta lum pentoxide the oxide field for a given current  
density remains constant dur ing anodic growth and 
the ionic current  component  is two to three orders 
of magni tude  larger than  the electronic component 
(2). Models for the ionic current  mechanism were 
therefore developed independent ly  of the electronic 
current  flow. No satisfactory model was established 
however (2), and it is as yet unclear  whether  the 
ionic current  is bulk  or interface limited, and whether  
space charges influence the ionic current  flow. The 
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na tu re  of the electron inject ion process from the 
electrolyte into the insula tor  has not been clarified 
either. 

Diverse mechanisms were proposed for the explana-  
t ion of b reakdown events (28). Some of them like 
the electromechanical,  the high tempera ture  ionic, 
and the mechanism connected with asperities do not 
seem to be appropriate to the present  case. Theories 
were not elaborated for mechanisms based on low 
tempera ture  ionic, bond-breaking,  and double injec-  
t ion processes and their  relevance for t an ta lum pent-  
oxide cannot be assessed. The mechanisms examined 
here are the thermal,  because some tempera ture  rises 
were observed in  the oxide in  the breakdown range 
of voltages, and that due to impact ionization, which 
was proposed by several earlier investigators (l, 3, 
7, 8, 12). 

T h e r m a l  b r e a k d o w n . - - T h e  slope of the voltage vs.  
t ime curves was found to decrease roughly 1% at 
voltages close to the breakdown range, when  anodiza- 
tions were carried out at 5 and 10 m A / c m  2 current  
densities. The decrease in  the slope was in terpre ted 
as a field decrease, the consequence of temperature  
rise by Joule heat (29). The tempera ture  rise was 
calculated for a field decrease of 1% with Eq. [3]. 
A tempera ture  rise of 4~176 was found, raising the 
question whether  thermal  ins tabi l i ty  was the cause 
of b reakdown events dur ing anodic growth at higher  
cur ren t  densities. 

Equat ion [3] shows that for anodic growth at a 
constant  field, the conductivi ty of the oxide r can 
be expressed in  the form ~ _~ N e x p ( - - M / T ) ,  M and 
N being constants. For  this conductivi ty relat ion ther-  
mal  ins tabi l i ty  arises at a tempera ture  Tin, calculated 
with (30) 

M 
T m =  -~- [1 -- ~/1 -- 4To/M]  [4] 

Here To is the ambient  tempera ture  and for a selected 
field M is determined with Eq. [3]. Calculations result  
in Tm -- To ---- 11.7~ for a field F ---- 6.1 MV/cm and 
Tm -- To -- 13.5~ at F ---- 6.7 MV/cm. These results 
remain  practically unal te red  in more accurate con- 
s tant  current  calculations which account for the small  
field decreases, when  the tempera ture  rises to Tin. 
Since the calculated values of Tm -- To are much 
larger than  observed in the experiments,  thermal  
ins tabi l i ty  cannot  be the cause of the breakdown events 
at j --~ 10 m A / c m  2. This finding is reinforced by the 
circumstance that  current  runaway  can only be local- 
ized and f i lamentary because the total cur rent  is 
constant  and thermal  f i lamentary current  r una w a y  
occurs usual ly  at temperatures  larger than Tm (30). 

D e t e r m i n i s t i c  m o d e l s  of b r e a k d o w n  b y  i m p a c t  i on -  
i z a t i o n . - - A  n u m b e r  of mechanisms were proposed to 
expla in  breakdown by impact ionization (16, 28). 
Ear ly  theories of "intrinsic" breakdown ascribed it 
to the onset of impact ionization; For lani  and Minnaja  
(31) ascribed it to the destructive effect of large 
current  flow. Newer theories based on O'Dwyers '  
(32) model in terpre t  breakdown as an ins tabi l i ty  
process causing current  runaway.  

Intr insic  theories cannot in terpret  the observations 
dur ing  anodic growth, because theories postulate that 
breakdown is independent  of thickness. Ikonopisov 
(8) applied recent ly  Forlani  and Minnaja ' s  model to 
in terpre t  b reakdown dur ing  anodization. This model 
assumes that carriers injected from the electrolyte 
into the oxide mul t ip ly  by avalanching and break-  
down arises, when the current  densi ty becomes high 
enough to cause destruction. Simple relations were 
derived which give the breakdown voltage VD and 
the oxide thickness at b reakdown and explain the 
dependence of Vb on current  density, j. The theory 
was not developed fur ther  to account quant i ta t ive ly  
for the spread in Vb values with thickness and for 

the localization of breakdown events and the theory 
could not be verified by comparison with experiments.  

This model does not account for current  instabi l i ty  
effects, which arise far below the tempera ture  rise 
required for destruction. In  case that the current  
increases with temperature,  thermal  instabi l i ty  and 
current  r una w a y  arise at a few tens of degrees tem- 
perature rise of the insulator  (16). When the current  
r una w a y  is connected with near ly  immobile  holes 
left by avalanches (32), the ini t ial  temperature  rise 
can be insignificant. 

Thus some form of instabi l i ty  is expected to tr igger 
breakdown at a lower field than found with Ikonop- 
isov's theory st ipulat ing tempera ture  rise to destruc- 
t ion (8). Since thermal  instabi l i ty,  was discounted, 
breakdown observations are examined with models 
based on instabi l i ty  by  electronic impact ionization. 
To make the t rea tment  tractable, we assume that  the 
low mobil i ty  ionic current  components do not  in -  
fluence the rapid breakdown events, except by deter-  
min ing  the average field. 

Theories of b reakdown due to ins tabi l i ty  by elec- 
tronic impact ionization are based on O'Dwyers (32) 
positive feedback model. The model assumes that  
electrons injected into an insulator  mul t ip ly  by  impact  
ionization leaving trapped holes behind. The holes 
increase the cathode field increasing electron in jec-  
t ion and carrier  multiplication.  This regenerat ive proc- 
ess is successfully opposed below the critical cur rent  
runaway  field, Fr, by hole-electron recombinat ion a n d /  
or by hole drift  to the cathode. For fields larger than 
Fr breakdown arises after a t ime tr, decreasing rapidly 
with increasing field. On anodization at constant  field 
breakdown occurs only above a critical thickness, w~. 

This positive feedback process was elaborated for 
three models: (i) The IR model, applicable when  
the effect of ionization is opposed by  recombinat ion 
(33, 34). (i i)  The small  ionization ID model, when  
hole drift  opposes ionization and the product of the 
ionization coefficient , and insulator  thickness w, 
~,w < 1 (32, 35). ( i i i )  The large ionization ID model; 
as described under  (ii), but  with ~w > 1. 

Relations were derived for Fr, Wr, and t~ (34, 35) 
assuming that  electron inject ion into the insulator  
is by Fowler-Nordheim tunne l ing  and the electron 
current  density, je 

Je = A F  2 e x p ( - - B / F )  [5] 

with A and B constants. For the ionization coefficient 
the expression 

a --  ~o e x p ( - - H / F )  [6] 

was used with ao and H constants. 
For the IR and the small  ionization ID model the 

relat ion for the t ime to runaway  tr was found to be 
approximately (34) 

2,o, ( B + H ) [7] 
tr '-.- ABao--'---~ exp Fr 

The relat ion is applicable above the critical thickness 
Wr, predict ing that the rate of breakdown R~, the in -  
verse of tr, is proport ional  to w. Examining  the experi-  
menta l  results of Fig. 8b, we assume that  Wr, the 
critical thickness for current  runaway,  is found where 
the Rr vs. w curve starts to rise. The rise of the curve 
above Wr is seen to be much steeper than predicted 
by Eq. [7] and this model does not fit the experimenta:  
results. 

For the large ionization ID model (35) with w > Wr 

2,o, exp [ ( B / F )  --  ~w] 
tr _ [8] AB 

To test this model the data of Fig. 8 were replotted 
on a semilogarithmic scale in Fig. Ii. The curves 
do not fit an exponential relationship between Rr 
and w well, except at a current density of 5 mA/cm 2. 
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Fig. 11. Semilogarithmic plot of the experimental results of }'ig. 
8b vs. thickness. 

We calcula ted  ~ f rom the s t ra ight  l ine sections of 
the curves for 0.5, 1, and 5 m A / c m  2, but  as an average  
va lue  for the curve at  10 m A / c m  2. a was found to 
increase f rom 3.5 to 5.5 • 105/cm for a field increase 
f rom 6.14 to 6.63 MV/cm.  The aw products  a t  the 
upper  ends of the s t ra ight  l ine sections were  close 
to 20 imply ing  ava lanche  sizes of exp 20 _~ 5-109. 
Such ava lanche  sizes are  imposs ib ly  large.  Owing to 
the effect of posi t ive charges opposing the develop-  
ment  of avalanches,  the i r  sizes are  res t r ic ted  to mag-  
nitudes, smal le r  by  about  six orders  of magni tude  
(36, 14). The a values  der ived  f rom Fig. 11 are  the re -  
fore unreal i s t ic  and the oxide observat ions cannot  be 
in te rp re ted  wi th  the model  of Eq. [8]. 

The re la t ions  presented  in this  section were  der ived  
b y  a cont inuum t r ea tmen t  of the  b r eakdown  models.  
The equations for Fr, wr, and t,. are  determinis t ic ,  
not  accounting for the effects of the finite proper t ies  
of the  electronic charge and of fluctuations. These 
effects can have significant influence on b r eakdown  
events:  They can cause local izat ion and randomness  
of b r eakdown  events, b r eakdown  fields lower,  and  
t imes to b r eakdown  shor ter  than  given by  the de te r -  
minis t ic  re la t ions (14). Since the de terminis t ic  models  
did  not  exp la in  observat ions  a stochastic b r e a k d o w n  
model  is examined  in the continuation.  

The stochastic succession of avalanche breakdown 
model .~Account  is taken  of the  finite proper t ies  of 
the electronic charge in the succession of ava lanche  
model  (14). This is a stochastic large  ionizat ion ID 
model  also based on O'Dwyers '  (32) ins tab i l i ty  mecha-  
nism by one ca r r i e r  impact  ionization. We recount  
here  the essential  fea tures  of the model  and modi fy  
i t  for the purposes  of this  work.  

In  the succession of ava lanche  model, p r ima ry  elec-  
t rons in jected produce avalanches  by  impact  ioniza-  
t ion leaving very  low mobi l i ty  holes in the insulator .  
The posi t ive charges are  centered in avalanche  clusters 
spaced apart ,  and the hole densi ty  is grossly nonuni -  
form. This is i l lus t ra ted  in the cross-sect ional  sketch 
of an insula tor  in Fig. 12a. The vast  ma jo r i t y  of the  
hole clusters dr i f t  out  of the insula tor  wi thout  fu r the r  
effect. There  is, however ,  a chance that  a second elec-  
t ron  is in jec ted  into a hole c luster  before  i t  leaves  
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Fig. 12. (a) Cross-sectional sketch of an insulator with positive 
avalanche clusters spaced apart; (b) Schematic picture of positive 
charges produced in an avalanche (neglecting large fluctuations). 

the  insulator .  A second ava lanche  arises, which local ly  
enhances the  cathode field, g rea t ly  increas ing the 
chance for the in ject ion of a th i rd  electron,  etc. The 
regenera t ive  effect of successive avalanches  leads to 
cur ren t  r u n a w a y  and local breakdown,  when an add i -  
t ional  e lec t ron is a lways  in jec ted  before  the hole 
c luster  leaves the insulator .  

The average  n u m b e r  of electrons,  n, in an avalanche  
produced by  an e lect ron in jec ted  at the cathode is 

n = e x p ( ~ o W ~ d w  ' )  [9] 

Al te rna t ive ly ,  considering ind iv idua l  ionizations 

n - -  2 L [ 9 a ]  

i being the average  n u m b e r  of ionizing collisions. 
There  is an upper  l imi t  to the  ava lanche  size, since 
the  posi t ive charges produced and left  behind keep  
decreas ing the field at  the progress ing f ront  of the 
avalanche,  unt i l  impact  ionizat ion stops (36, 14). 
Since the ava lanche  size is an exponent ia l  funct ion of i, 
the effect of the posi t ive charges becomes significant 
for the  last  few ionizing steps only. This is i l lus t ra ted  
in Fig. 12b by  the schemat ic  p ic ture  of the  posi t ive 
charges of an  ava lanche  produced  b y  a p r i m a r y  elec-  
tron. When  the effect of holes is negl igible  the mean  
avalanche  size p roduced  by  a p r i m a r y  e lect ron 

n ---- =w [9b] 

The larges t  possible ava lanche  contains NI carr iers ,  
has a length  wl and a cross sect ion Av at  the front.  
A p p r o x i m a t e  re la t ions  der ived  for At1, wl, and Av are  
(14) 

NI "- 4neo~KilelpVi/3q : 2h [1O] 

Wl : ~ilVi/F . [11] 

Av -- 4~illpVl/3F [12] 

Here  ~ < 1 is a form factor  accounting for the  localized 
effect of the opposing field of the posi t ive charge;  
accounts for the  average  increase  of the mean  free 
pa th  of impact  ionizat ion toward  the anode (see Fig. 
12b); il is the number  of impact  ionizations b y  the 
in jected e lect ron producing  the ava lanche  of size N1; 
lp is the  mean  free pa th  for  e lec t ron-opt ica l  phonon 
collisions, and Vi is the mean  vol tage  drop for an 
impact  ionizat ion in the  v ic in i ty  of the  cathode. 

A re la t ion for N1 as funct ion of field wil l  be needed 
below. This is obta ined  by  replac ing  Vi --  F I n  2/a 
and il ---- In Nl/ln 2 in Eq. [10] resul t ing  in 

N1/ln N1 = 4n,o~dpF/3q~ [1Oa] 

Relat ions were  der ived  (14) for the ra te  of b r e a k -  
down, when  fluctuations in  the  size of the  ava lanche  
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N --~ N1 produced by a p r imary  electron are disre- 
garded We denote in this case the rate of b reakdown 
by RrN, in  dist inction from Rr, which will apply when  
account is taken of fluctuations in the avalanche size 
N. For the case of electron inject ion by Fowler -Nord-  
helm tunne l ing  (Eq. [5] ) 

RrN ---- K exp ( - -LfB/F)  [13] 

was obtained. Relatve to the exponent ial  factor, K 
depends weakly on F in this relat ion and will be as- 
sumed constant  here. Lf is larger than uni ty  and in-  
creases with the number  of successive avalanches re-  
quired for current  runaway.  The number  of successive 
avalanches is the larger, the smaller  the cathode field 
enhancement  by  the individual  avalanches. The slope 
of the In RrN VS: 1/F plot is Lr times larger than that  
of the In Je (Eq. [5]) plot and Lf is denoted the slope 
enhancement  factor. 

Lf is a complex function of the pr imary  avalanche 
size N (14) and will  for present  purposes be roughly 
approximated by 

Lf -- 1 + 7/N [14] 

with 7 a constant. Replacing in Eq. [13] 

[ ,)] R r N - - K e x p  --~--  1 + - ~  [13a] 

A form bet ter  suited for calculations is used below 

Rrn ---- C e x p  ( - -B/F)  exp (bFN) [13b] 

with C and b constants. These two equations show a 
rapid increase in  RrN with increase in N, the size of 
the p r imary  avalanches. 

The increase in RrN is l imited by the max imum value 
of the avalanche size NI. We denote RrN by Rrl and L~ 
by Lfi, for the case, when  N -- N1 and obtain wi th  Eq. 
[13] and [13a] 

Rrl - -  g exp -- -~ 1 + 7 1  ---- K exp ( - -  Lr~B/F) 

[15] 

For thicknesses w > w1 the avalanche size remains  
N1 and Rrl is constant. 

We show in  the Appendix that  calculations with 
Eq. [13a] can be well  fitted to the exper imental  data 
of Fig. 8b. The fitting procedure, however, results 
in  insignificant magni tudes  for 7/NI represent ing the 
effect of field enhancement  on the breakdown process 
for N1 size avalanches. The value of 7/N1 has to be 
at  least 10 times larger according to the succession 
of the avalanche breakdown model and Eq. [13a] 
is not applicable to the observations. 

We will show in  the cont inuat ion that  the succession 
of avalanche model becomes applicable, if account 
is taken of the effect of fluctuations in  the avalanche 
size N and a modified relat ion will be derived for Rr 
as funct ion of F and w. The t rea tment  is based on 
approximations,  because a rigorous derivat ion seems 
to be prohibi t ively complex. 

The el~ect of fluctuations in the avalanche size on 
the rate of breakdown equation.--Fluctuations in  ava-  
lanche size around a mean  avalanche size n at a 
thickness w were invest igated by Wijsman (37). The 
probabi l i ty  densi ty p(N,  w) for the production of 
an avalanche of N electrons by an electron injected 
at the cathode into a w thick insulator  is given by 

1 
p (N, w) ,-- - -  exp ( - - N / n )  [16] 

n 

The relat ion is valid for n > >  1, which is usual ly  
the case and in the thickness range in which the field 
distortion by positive charges is unimpor tant .  An ana-  
lytical  relat ion is not  available for thicknesses in  
which the effect of positive charges is significant. At 

thicknesses larger than  wl fluctuations in N are ex- 
pected to be small  and avalanches tend to grow to 
the size N1. 

In  the thickness range in which Eq. [16] is valid 
p(N, w) has a broad exponent ial  dis t r ibut ion and 
fluctuations in  avalanche size are considerable. Break-  
down events can therefore be ini t iated at a given 
thickness w by p r imary  avalanche sizes N varying  
from the smallest size to N1 and the rate of break-  
down Rr is obtained by  summing the breakdown con- 
t r ibutions at all p r imary  avalanche sizes. A first 
approach in finding the breakdown contr ibut ion dRr 
at a thickness w and at p r imary  avalanches be tween  
the sizes N and N + dN is to equate dRr with 
p(N,  w ) d N  • Rrs, with the product of the differential 
fraction of N size avalanches and of the rate of b reak-  
down by N size avalanches at the thickness WN. Such 
an assumption, however, overestimates the contr ibu-  
tion dRr at a thickness w < WN, since the avalanches 
succeeding the N size p r imary  avalanche at w are 
smaller  than  at WN. The contr ibut ion dRr is therefore 
smaller  at w than at w• and to account for this, the 
product  for dRr is mult ipl ied by a function c (n) and 

dRr - -  c (n) RrNP (N, w)  dN [17] 

c (n)  increases with w and hence with the mean  ava-  
lanche size. The relationship c(n) is not known and 
the simplest assumption is that  

c(n) = ~n [18] 
with ~] a constant. 

Replacing for the factors of Eq. [17] from Eq. [13b], 
[16], and [18] and integrat ing over all p r imary  ava-  
lanche sizes from N _~ 0 to N ---- N1 we obtain 

~]C exp (--B/F) 
Rr ---- [exp (bFNI) exp (--N#n) -- i] 

bF -- l l n  
[19] 

In  this expression the product C exp ( - - B / F ) e x p  (bFN1) 
-- R~I, the value of RrN for N ---- Nl (see Eq. [13b]). 
Numerical  results obtained from exper imental  data 
show that  at thicknesses in which breakdown events 
are registered 1/n can be neglected in the denominator  
and uni ty  in the square brackets. Equat ion [19] ob- 
tains then the  simple form 

Rr~ ~l_ Rrlexp(--N1/n) [19a] 
bF 

Since the field changes little ~lbF is approximate ly  
constant and 

~ /bF  = ~ [20] 

Replacing for n in  Eq. [19a] from Eq. [9b] the 
relat ion for the rate of breakdown is obtained for 
thicknesses in  which Rr is not affected significantly 
by positive charges 

Rr ~- kRrl exp[--N1 exp ( - -aw)  ] [21] 

Al ternat ively  replacing for Rrl from Eq. [15] 

Rr ---- k K e x p  F Nlexp ( - -aw)  [21a] 

These two relations are based on the approximations 
contained in  Eq. [13b], [16], [18], and [20]. Compari-  
son of Eq. [21a] with Eq. [5] shows that  Rr increases 
strongly with the rate of electron inject ion into the 
insulator.  

Since the probabi l i ty  densi ty p (N, w) is not known 
at thicknesses with significant positive charges, a 
relat ion for Rr is not available in this thickness range. 
We may extend, however, the val idi ty of Eq. [19a] 
for this range in  rough approximat ion by replacing 
for n from Eq. [9], obtaining 
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Rr ~_ kRrl exp [--N1/exp l fo'n adzo' l ] [22] 

The dependence  of Rr on thickness expressed  by  
Eq. [22] is schemat ica l ly  i l lus t ra ted  in Fig. 13 by  a 
solid l ine curve. The lower  pa r t  of the curve r is ing 
at  increas ing slopes corresponds to the range  of va l id i ty  1.5 
of Eq. [21]. Beyond the range  of i ts va l id i ty  Eq. [21] 
is r epresen ted  by  the b roken  l ine  curve. When  the 
effect of posi t ive charges becomes significant the 
slope of the solid l ine curve decreases wi th  increas ing 
thickness  and the ra te  of b r eakdown  sa tura tes  a t  
Rr "- kRrl/e for N = NI. 

Comparison of the succession of avalanche break- 
L 

1.0 

down theory with experiments.--Breakdown charac te r -  ~- 
istics, i l lus t ra ted  by Fig. 8a, were  found to have slopes _~ 
increasing with  thickness,  except  at  la rges t  Rr values. _~ 
Exper imen ta l  da ta  were  compared  therefore  wi th  Eq. 
[21] and [21a], examining  the fit of the funct ional  
re la t ionship  and eva lua t ing  the b reakdown  coefficients 
=, N1, and  kRrl. The field dependence  of a and kRrl 0.5 
was de te rmined  too and compared  wi th  the funct ional  
re la t ionships  of Eq. [6] and [15]. 

Examinat ions  s ta r ted  wi th  a modified form of Eq. 
[21] obta ined by  tak ing  logar i thms twice 

In [ln (kRrl/Rr)] - "  l n N  - -  aw [21b] 
0.o 

Equat ion [21b] predic ts  a l inear  re la t ionship  be tween  
In [In (kRrl/Rr)] and w. This re la t ionship  was found 
t o  be reasonably  wel l  observed.  We i l lus t ra te  this  3 0 0 0  

with  the  expe r imen ta l  data  of Fig. 8b, which are  
replo t ted  in Fig. 14, using ~, kRrz, and Nl values  
eva lua ted  below. The bars  of s t andard  devia t ions  were  
omi t ted  in Fig. 14 for clari ty.  Good l inea r i ty  was 
found for the da ta  of anodizat ions especial ly  at  0.5, Looo 
1, and 10 m A / c m  2. The l inear  range o f t h e  da ta  is 
connected by  solid lines, but  by  broken  l ine curves 
at  ex t r eme  values of Rr, where  deviat ions f rom l in -  
ea r i ty  a re  observed.  The devia t ions  at  the upper  ends 
of the  character is t ics  indicate  that  Eq. [21] is not r 
appl icable  for ve ry  smal l  values of Rr. These deviat ions 
may, however,  be due also to ve ry  rare  b reakdown  ,., 
events at defects. Deviat ions at  the la rges t  w values  r 
a re  expected f rom theory  and wil l  be shown to resul t  m 
from the effect of posi t ive charges. 

Using double  logar i thmic  plots and Eqr [21b] best  
fit s t ra ight  lines to exper imen ta l  da ta  were  computed 
by  the least  squares method. The coefficients ~, N1, | Ioo 
and kRrl were  de te rmined  with the s t ra ight  l ines and ,., 

b- the fol lowing resul ts  were  obta ined  f rom a la rge  < 

series of anodizat ions of t an ta lum layers  p roduced  
in different  sput te r ing  runs:  z 

1. kRrl was found to increase wi th  I/F as shown in o ~ 
Fig. 15, bars  indica t ing  a spread in Rrl values.  This "~ 
spread  may  be pa r t l y  due to var ia t ions  in e lect ron 
inject ion proper t ies  f rom the e lec t ro ly te  into the 

/ 
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Fig. 13. Schematic representation of rate of break,down vs. thick- 
ness according to Eq. [22].  
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Fig. 14. Double-logarithmlc plot of the experimental results of 
Fig. 8b vs. thickness as dots. Straight lines are calculated. 
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Fig. 15. The coefficient kRr! vs. the inverse field 

oxide. The funct ional  re la t ionship  of the plot  in Fig. 
15 agrees  fa i r ly  wel l  wi th  tha t  p red ic ted  by  Eq. [15] 
and the slope of the s t ra igh t  l ine par t  of the plot  
gives LflB ~ 290 MV/cm.  

2. The coefficient of impact  ionizat ion was de te r -  
mined f rom the slope of the  s t ra igh t  lines. A set of 
ten  anodizat ions of r a n d o m l y  selected t an ta lum layers  
resul ted  in = --  (1.58 _+ 0,21) • 105/cm at a field of 



Vol. I27, No. I E L E C T R I C A L  B R E A K D O W N  149 

6.26 MV/cm. Values of a found for other fields dif-  
fered li t t le and since the variance os the ~ values 
was large, the field dependence of a could not be 
established with anodic growths on randomly  selected 
t an ta lum layers. 

3. A large uncer ta in ty  was experienced in the deter-  
mina t ion  of Ni with the double logari thmic plots, 
values varying  between 1500 and 3500 for anodizations 
at 6.26 MV/cm. 

Variat ions found in  the values of the coefficients 
were in  par t  due to exper imenta t ion  with t an ta lum 
layers from differing sput ter ing runs. An impor tant  
par t  os the variat ions was, however, due to shallow 
min ima  in  the best fit procedures and to fluctuations 
in  the rate of breakdown, which diminish the accuracy 
of the best fit procedure. The shallow min ima  mani -  
fested themselves in  fair ly reasonable fits of calculated 
curves and exper imenta l  data for a range of var ia-  
t ion in  a by roughly __.10%. Such changes in  ~ re- 
sulted in slightly larger changes of opposite sign in 
Rrl and in much larger changes in N1. The na ture  of 
these changes are i l lustrated numer ica l ly  with the 
example of the characteristics of Fig. 8b in Table III. 

To find the field dependence of the coefficient of 
impact  ionization a, the coefficients were determined 
with anodizations carried out at increasing fields on 
t an ta lum layers from the same sput ter ing run. Results 
of such anodizations are presented by the data of 
Fig. 8b. In the calculations best fit procedures were 
applied only to the de terminat ion  of the coefficients 
for anodization at one field. These coefficients were 
used for the calculation of the coefficients at other 
fields providing an addit ional  test for the val idi ty of 
the theory. The calculations are i l lustrated with the 
data of Fig. 8b. 

The best fit procedure was applied to the 6.26 MV/cm 
characteristic in Fig. 8b resul t ing in ~ _-- 1.4 • 105/cm, 
kRrl = 48.9/sec, and Ni = 2082. With these data the 
curve marked  j -- 1 m A / c m  2 was obtained in Fig. 8b, 
agreeing well  with observations, except at the upper  
Rr values. To calculate the coefficients at other fields 
changes of the thickness w with field F at a constant  
rate of b reakdown were investigated. 

Equat ion [21a] s h o w s  that  when Rr is constant, 
the exponent  in  the expression 

L fiB 
- -  + N l e x p ( - - a w )  -- C [23] 

F 

is a constant, C. C is determined from data at a given 
field and thickness and for calculations of ~ and N1 
at other fields and thicknesses Eq. [23] gives 

1 N1 
a -- - -  in  [24] 

w C -- Lf lB/F 

A second relat ion for the calculation of ~ and hrl, 
is presented by Eq. [10a], which shows that N1/ln Ni 
is proport ional  to Fla. A third relat ion for the evalua-  
t ion of kRrl is presented by Eq. [21]. 

Using the three relations the coefficients were de- 
te rmined by numerica l  methods. As an example we 

Table III. Variations in the coefficients for the characteristic of 
j = 1 mA/cm '2 in Fig. 8b 

The un- 
c e r t a i n t y  

a x 1 0 ~ / c m  1.26 1.4 1.54 -+-10% 
N, 1130 2082 3850 + 85 

--46 

kRrl/sec 56.8 40.9 43 - 12 
+ 16 

H, M V / c m  21.1 21.5 21.9 + 1.9 
- 2 . 1  

ao x 10-6/cm 3.7 4.4 5.1 + 16 
- 1 7  

tD, A 3.7 6.9 13 

quote figures calculated with data for Rr -- 6/sec 
in  the observations of Fig. 8b: For j -- 1 m A / c m  2 
Rr = 6/sec is found at a thickness w -- 4910A. Using 
the previously determined values a -- 1.4 • 105/cm, 
N1 ---- 2082, and Lfl = 290 MV/cm, C -- 48.5 is ob- 
ta ined with Eq. [23]. With this value of C the coef- 
ficients were evaluated for j = 0.5, 5, and 10 m A / c m  2 
anodization current  densities and the results are t abu-  
lated in  Table 1V. Changes in  the value selected for 
Rr did not alter the results significantly. 

The breakdown characteristics calculated with the 
values derived for the coefficients are plotted as solid 
l ine curves in  Fig. 8b. Except at the upper  ends of 
the curves, good agreement  is found with experi -  
menta l  results at 0.5 and 10 m A / c m  2, bu t  the agree- 
men t  is not  as good for 5 m A / c m  2 current  density. 
The straight lines of Fig. 14 were also obtained with 
the ~ and Rrl values of Table IV, al though for bet ter  
fit the Nl values were altered by a few percent. 

The values presented for ~ in  Table IV fit reason- 
ably well  the relat ionship of Eq. [6] for the coefficient 
of impact ionization, whic h can be expressed by 
a ---- 4.4 • 106 e x p ( - - 2 1 . 5 / F ) / c m  with  F in  MV/cm. 
Comparison of the magnitudel of H ---- 21.5 MV/cm with 
the fields of anodization indi!cates a "high field range 
of ionization," in  which ~ increases relat ively slowly 
with field. 

To examine the reason for the deviations of ex-  
per imenta l  results from Eq. [21] at the upper  end of 
the breakdown characteristics, avalanche sizes, nm, 
unaffected by positive charges were calculated. With 
Eq. [9b] nm ----- exp(~wm), Wm being the largest oxide 
thickness at which Rr was observed. The magni tudes  
of nm were compared with N1 and the ratios nm/N1 
are presented in  Table IV. The ratios show clearly 
that  positive charges affect the breakdown rate at 
the upper  ends of the characteristics, that  avalanche 
sizes are smaller  than nm and should be calculated 
with Eq. [9]. It  follows from Eq. [22] that  a decrease 
in the slope of the characteristics is expected at the 
upper  ends, as indeed demonstrated by the experi-  
menta l  data of Fig. 8b. 

In the case of the 5 m A / c m  2 characteristic even a 
decrease was found in Rr at wm and this may be a 
fluctuational effect. Propagat ing breakdowns prevented 
observations in t an ta lum pentoxide at thickness larger 
t h a n  win. It  will be shown in  Par t  II (15) that observa-  
tions could be extended to larger thicknesses dur ing 
the anodic growth of a luminum oxide. The results 
show a saturat ion in  the rate of breakdown with in-  
creasing w, as predicted by Eq. [22]. 

The coefficients of the characteristics of Fig. 8b 
could be determined with good accuracy basing cal- 
culations on the value ~ ---- 1.4 • 105/cm at 6.26 MV/ 
cm. This value of ~ was, however, found by best fit 
procedure, involving an uncer ta in ty  in its magnitude.  
To study the effect of this uncer ta in ty  we recalculated 
the parameters  kRrl, NI, So, and H for Fig. 8b assum- 
ing an uncer ta in ty  of -+-10% in the value of ~ at 
6.26 MV/cm. Results of the calculations presented in  
Table III show that the constant  H is little affected, 
the effect on Rrl and So is somewhat larger  than on a, 
and that the value of N, is subject  to a considerable 
uncertainty.  

The magni tude  of the field, known to a few percent  
accuracy only (see section on Exper imenta l  Results) 
is another  source of uncertainty.  A change in the 
field value assumed produces an inversely  propor-  
t ional change in  the oxide thickness calculated from 

Table IV. Parameters derived from data of Fig. 8b 

F, MV/cm 6.14 6.26 6.5 6.63 
c~ • 10 -~ cm 1.31 1.40 1.37 1.70 
N, 2195 2082 1909 1788 

~Rr |/see 20.9 48.9 288 683 
nr~/Nl 0.78 I.I 0.56 0.41 
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voltage observations. The effect of the thickness change 
is e l iminated in Eq. [21a] by a change in  ~ proport ional  
to the change in  field and the uncer ta in ty  in the 
field produces an uncer ta in ty  of the same magni tude  
in ~. 

The uncer ta in ty  in  the value of the parameters  is 
largely removed, when one constant  is well known at 
a given field. While such a value is not  avai lable for 
Ta205 some independent  indication of bounds for 
and Nl is obtained by calculating the mean  free path 
for phonon collision, lp, with Eq. [10a]. We replace 
for this purpose the a and N1 values found in  Table 
III  and the approximate values r ---- 0.85 and K _-- 1.8 
(14) in Eq. [10a] and evaluate data presented in  the 
last line of Table III  for lp. 

Informat ion does not seem to be available on Ip in 
Ta205 for comparison. A value of about 6A was found 
for Ip in  amorphous a l u m i n u m  oxide films at high 
fields (38, 39) and 1.TA was derived for lp in thermal ly  
grown silicon dioxide films at breakdown fields (33). 
It is l ikely that  a few angstroms is the length of Ip 
also in  amorphous t an ta lum pentoxide and Table III  
indicates that  the calculations from breakdown ob- 
servations resulted in  reasonable values for Ip. 

It  is of interest  to consider fur ther  avalanche prop- 
erties. An  individual  avalanche of size N1 produces a 
tempera ture  pulse o at the breakdown spot. Assuming 
that  0 is due to the ins tantaneous heat ing effect of 
electrons, 0 can be evaluated with the relat ion e ,-~ 
~oeF2/4c (14), with c the specific heat of the oxide, 
0.8 W/cm~~ For a field of 6.26 MV/cm 0 _~ 23~ 
is found. Such a tempera ture  pulse cannot result  in  
breakdown, because the pulse dissipates wi thin  nano-  
seconds (14) and calculations show that  thermal  in-  
stabil i ty cannot  arise wi thin  this short t ime in terval  
(30). 

The stochastic properties of the succession of ava-  
lanche model were shown to be connected with the 
wide spacing between positive charge avalanche cones 
drif t ing toward the cathode (Fig. 12a). A fraction f 
of the oxide volume only is assumed to be occupied 
by avalanche cones. St ipulat ing a max imum value in  f 
for the val idi ty  of the model, a lower bound can be 
estimated for the hole mobility, ~p with the equations 

]-~ jeAvtt/q and tt : W/~pF [25] 

where Je is the electron current  density injected from 
the electrolyte, Av is the largest avalanche cross sec- 
tion, and tt is the transi t  time for holes through the 
oxides. Assuming that  Je is one thousandth of the 
ionic current  density, 10-6 A /cm 2, )~ _-- O.1, w ---- 
5 X 10 -5 cm, F ~_ 6.26 MV/cm, and Av ~- 2.8 X 
10 -11 cm 2 from Eq. [12] using data of Tables III  and 
IV, a hole mobil i ty of 1.4 X 10 - s  cm2/Vsec is obtained 
with Eq. [25]. This value of ~p indicates deep t rapping 
of holes. 

We examined also whether  t rapping of electrons 
influences the development  of avalanches. The electron 
t rapping levels are 1 eV below the conduction band-  
edge (24), and calculation of the trap occupancy 
at room tempera ture  (40) shows that ~ is 50% at 
3.1 mV/cm. The trap occupancy drops rapidly with 
increasing field and electron t rapping appears to have 
no significance in the range of the breakdown experi-  
ments  dur ing anodic growth. 

The breakdown observations of Fig. 9 at constant  
thickness and at fields varying below fields for anodic 
growth were also examined with Eq. [21]. For the 
calculation of the field dependence of Rr, w ----- 5700A, 
LflB ---- 290 MV/cm, N1 ----2082, and ~ : 4.4 X 106 
exp(--21.5/F)/cm (F in  MV/cm) were replaced in 
Eq. [21a]. The results are plotted by a broken line 
curve in Fig. 9. This curve agrees with the experi-  
menta l  data at highest values for Rr only, but  drops 
off rapidly below exper imenta l  data at lower fields. 
It appears that  Eq. [21a] is not applicable at lower 

fields, when  the rate of breakdown becomes very small. 
Figures 8b and 14 show that  Eq. [21b] is not  applic- 
able at anodization fields either, when Rr is very small. 
The field dependence of the rate of breakdown is 
not known  in  this range of Rr. 

It should be noted that  as the field drops, the mean  
avalanche size and probably the hole mobil i ty drop 
rapidly. The law governing electron inject ion into 
the oxide may alter  too and these effects may change 
the mode of the breakdown mechanism. This may be 
i l lustrated by breakdown observations on 2300A thick 
t an ta lum pentoxide films flanked by metall ic electrodes 
at fields as low as 4.5 MV/cm (14). Avalanches are 
hardly  expected to arise at such low fields, but  main ly  
single ionizations by collision. The IR or the small  
ionization ID model may explain breakdown events 
in this case. 

Summary 
Breakdown observations made dur ing the anodic 

growth of t an ta lum pentoxide were presented in 
characteristics, which plot the rate of breakdown as 
a funct ion of oxide thickness at constant field. The 
breakdown events could not be interpreted by thermal  
ins tabi l i ty  or by mechanisms based on impact ioniza- 
t ion at low rates, but  by the stochastic succession of 
avalanche breakdown model. 

An  approximate relat ion derived for this model, 
giving the rate of breakdown, Rr, as function of in-  
sulator thickness, shows that  Rr depends strongly on 
the electron current  injected from the electrolyte and 
on electron mult ipl icat ion in the oxide. The relat ion 
explains the observed shifts of the breakdown charac- 
teristics to lower thicknesses, with increasing field, 
or with decreasing temperature.  

Characteristics calculated with the relat ion for Rr 
could be well fitted to exper imental  observations at 
various fields. Theory predicts a decrease in the slope 
of breakdown characteristics at larger Rr values, when  
the effect of the positive charges os the avalanches 
becomes significant. This has been consistently ob- 
served. The relat ion for Rr is not applicable at very 
low rates of breakdown, observed at relat ively small  
insulator  thicknesses, or at fields lower than those 
for anodic growth. 

The coefficients in the relat ion for Rr were evalu-  
ated by best fit methods and  with data on the var ia-  
t ion of oxide thickness with field at a constant  rate 
of breakdown. We found for the set of samu]es of 
Fig. 8b the mean values ~ ---- 1.4 X 105/cm and N1 -- 
2082 at a field of 6.26 MV/cm, and for the coefficient 
of impact ionization the relat ion ~ _-- 4.4 X 106 exp 
(--21.5/F)/cm, with F in  MV/cm for the range of 
fields 6.1-6.7 MV/cm. 

These results are subject  to uncer ta int ies  owing 
to shallow min ima  in  the best fit procedures, to 
fluctuations in  Rr, and to some uncer ta in ty  in  the 
value of the electric field. Assessing the uncer ta in ty  
in the magni tude  of the coefficient of impact  ioniza- 
t ion to __.10%, a somewhat  larger uncer ta in ty  is found 
for the saturat ion value of Rr ---- kRrl/e, but  a large 
uncer ta in ty  in N1, the largest avalanche size. The un -  
cer ta inty in  the magni tude  of the parameters  could 
be largely removed, if one coefficient was known at 
one field. 
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APPENDIX  

The Magnitude of the Slope Enhancement Factor in Eq. [13a] 
Equat ion  [13a] does not account  for the effect of 

f luctuations in ava lanche  size. Replac ing  for N ~- n 
f rom Eq. [9b] into Eq. [13a] 

f B B ] . . . .  ~ exp ( - a w )  [13e] RrN = K exp F F 

is obtained.  This equat ion has the same formal  de-  
pendence  on F and w as Eq. ~21b], which  accounts 
for  the  effect of" fluctuations in N. Equat ion [13c] can 
there fore  be fitted to the  expe r imen ta l  da ta  of l~'ig. 8b 
jus t  as wel l  as Eq. [21b] and the numer ica l  resul ts  
of the sect ion Compar ison of the Succession of A v a -  
lanche  Breakdown  Theory  wi th  Exper iments  can be 
appl ied  to the coeificients of Eq. [13c]. 

B and B#/F in Eq. [13cj correspond to LflB and NI 
in Eq. [21b], respect ively .  Thus in Eq. [13c] B = 
290 M V / c m  and BT/F = 2082 for a field of 6.26 M V / c m  
(see Table  IV) ,  resu l t ing  in 7 ~ 45. The slope en-  

hancement  factor  L~ = 1 -~ 7/N (Eq. [14]) is smal les t  
for  the la rges t  ava lanche  size N1 and L~l ~ 1.045, 
assuming N t ~-~ 1000 wi th  Eq. [10] and Table  III. 

The re la t ion  der ived  for  Lf in Ref. (14) is 

Lf : 1 + (1 --  R) ( l / i l l  + 1/f12 + . . .  + l / f i n - l )  [26] 

(1  - -  R) is close to un i ty  and accounts for the  effects 
of the remova l  of posi t ive charge  by  drift.  The coef- 
ficients ~1, ~2 . . . .  , a re  the factors of field enhancement  
at  the  cathode af te r  the first, second, etc. ava lanche  
at  the  b r e a k d o w n  spot. The magni tude  of the coef-  
ficients ~ fal ls  be tween  1 and 2 and ~l < P2 < ~a . . . .  
The number  of the 1/~ te rms resul t ing  in b reakdown  
are  smal les t  when N = N1. For  this case the slope 
enhancement  t e rm (1 --  R)(1/~1 + 1/~2 -t- . . .  + 
1 / ~ - 1 )  c a n  ha rd ly  be less than  0.5 and may  reach  
2.5 (14). The upper  l imi t  0.045 found for this t e rm 
f rom expe r imen ta l  results  contradic ts  therefore,  the 
succession of ava lanche  b r eakdown  model  and Eq. 
[13a] is not  app l icab le  to the observat ions.  
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ABSTRACT 

Breakdown characteristics found dur ing the anodic growth of a l u m i n u m  
oxide start  with a range of rapid increase in  the rate of breakdown Rr. This 
is followed by a range of saturation, when  observations are not  dis turbed 
by propagat ing breakdowns.  The mean  value of Rr can be subject  to some 
variat ions in  the saturat ion range. The breakdown characteristics shift to 
lower voltages with increasing field of anodization. The observations agree 
with predictions of the succession os avalanche breal~down theory. The reason 
for variat ions of Rr in  the saturat ion range is not  clear. The coefficient of 
impact ionization at a field of 8.7 MV/cm was found to be roughly 2 • 105 mcm. 
Compared with tan ta lum pentoxide the breakctown characteristics of a lumi-  
n u m  oxide show a relat ively poor reproducibil i ty.  

Samples and Some Oxide Properties 
Investigations of Pa r t  I of this paper  (1) were ex-  

tended to electrical b reakdown dur ing the anodic 
growh of a luminum oxide. Exper imenta l  setup and 
methods applied were the same a s  in the t an ta lum 
pentoxide observations (1). The samples had the di- 
mensions and bui ldup shown in Fig. I of Par t  I (1) 
for t an t a lum samples. The samples produced in  vac- 
uum by thermal  vaporization of high pur i ty  a luminum 
were deposited on borosilicate glass substrates. The 
a luminum layers, 50O0A thick, had a mi r ror - l ike  sur-  
face. 

We were interested in  examining nonporous films, 
which are not attacked by the electrolyte (2). The pH 
of the electrolytes used was limited, therefore, to the 
range of 5.5-6.5 (3). The anodic growths were per-  
formed with an electrolyte of an aqueous solution of 
0.1M ammonium tar tara te  adjusted with tartaric acid 
to a pH of 6. Deionized water  with a resistivity of sev- 
eral M~t-cm was used. The resistivity of the electrolyte 
measured at 1 kHz was 70 ~%-cm. Electron diffraction 
showed that the oxide layers grown were amorphous. 

We review briefly data on the properties of anodic 
a luminum oxide re levant  for this work: Exper imenta l  
results published on the electric field of formation, F, 
a s  funct ion of current  density of anodization, j, vary, 
roughly wi th in  --+7% (4-6) and this spread introduces 
some uncer ta in ty  in  the evaluat ion of exper imenta l  
results. We use here the F- j  relat ion obtained by Siejka 
e t  aL (7) for room tempera ture  

j -- 1.72 X 10 -25 exp (5.76 X 10-~ [1] 

with j in  A /cm 2 and F in  V/cm. Table I presents values 
of F at the current  densities selected for the observa-  
tions. Equat ion [1] was obtained for polished sheet 
samples and we assume its applicabil i ty to the mir ror -  
like thin film samples of this work. 

Optical measurements  of Arakawa and Williams (7) 
for the determinat ion of the bandgap of anodically 
grown A1203 showed the onset of appreciable absorp- 
t ion at 6.8 eV. This was connected with excitonic t r an-  
sitions, while band to band transit ions were ascribed to 
energies above 9.4 eV. Powell (8) found band  to band  
transit ions with photoconduction experiments  in  chemi- 

z P r e s e n t  address:  Israe l  Electric Corporation, Haifa, Israel.  
=Present address:  Israe l  A i r c r a f t  Industr ies ,  Limited, Yehud, 

Israel .  

Table I. Anodization fields 

Current density, mA/em S 0.5 1 2 5 
Mean electric f ield of for-  

mat ion ,  MV/cm 8.58 8.7 8.82 8.98 

cally vapor-deposited (CVD) films with photon energies 
larger than 7.8 eV. Measurements of the barrier at the 
aluminum-CVD aluminum oxide interface resulted in 
energies of 3-3.5 eV (9-11). Conduction experiments at 
high fields in CVD films were interpreted with trap- 
ping of injected electrons roughly 1.35 eV below the 
conduction bandedge (12). Observations indicated deep 
trapping of holes, but quantitative data were not ob- 
tained (13). The electronic current component during 
anodization was found to amount to less than 2% of 
the ionic current on polished aluminum samples (6). 

Experimental Results 
Exper imental  observations are i l lustrated by the 

breakdown characteristics plotted in  Fig. 1-3. Figure 
1 presents the characteristic for an anodization at 1 
mA / c m 2 current  density at room temperature.  Dots 
with bars of s tandard deviat ion in  the figure represent  
exper imental  results and the solid l ine is calculated. 
The characteristic rises rapidly between 200 and 230V. 
This range is followed by one of saturation,  in which 
the rate of ]~reakdown Rr fluctuates around a mean  of 
about 7/sec. 
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Fig. 1. Rate of breakdown vs. anodization voltage at a current 
density of 1 mA/cm 2. Dots are experimental results and the solid 
line curve is calculated. The insert gives part of the characteristic 
counting breakdown events in 1V intervals; dots are connected 
by lines for clarity. 
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A saturat ion range for Rr could not  be observed in  
t an ta lum pentoxide owing to the prevalence of propa- 
gating breakdowns above the voltage, where the slope 
of the characteristic begins to decrease. In  contrast, 
propagat ing breakdowns were usual ly  not  numerous  in  
the saturat ion range of a l u m i n u m  oxide. In  the case of 
the exper iment  of Fig. 1, for instance, propagating 
breakdowns occurred only over 10% of growth t ime 
and the f requency of such breakdowns was roughly con- 
s tant  over the sa tura t ion  range. The great  major i ty  of 
breakdowns were individual ,  r andomly  distr ibuted 
events. The rate of b reakdown could therefore be de- 
te rmined in  good approximat ion for Fig. 1, counting 
all cur rent  pulses, inc luding those found in  the traces 
of propagat ing breakdowns.  To assess the error  due to 
this counting procedure, we determined Rr also by 
disregarding current  pulses found in  the traces of 
propagat ing breakdowns and by correcting for the 
t ime lost to observat ion by the propagat ing break-  
downs. These Rr values were a few percent  smaller  
than those plotted in  Fig. 1. 

Fluctuat ions in  /% were considerable and to i l lus-  
trate their  nature,  Rr is plotted vs. the anodization 
voltage V in  the inset of Fig. 1, counting breakdown 
events in  1V intervals.  For  clarity, successive Rr values 
are connected by solid lines. This plot indicates a 
periodic var ia t ion in  the mean  value of Rr over periods 
of 10-12V. Other kinds of variat ions in  the mean  value 
o f  R r  in the saturat ion range were observed as well, 
such as a peak in  Rr at the beginning  of the range, or 
a decrease in  Rr in  the middle  of the range. The sa tura-  
t ion range was followed by a range filled by propa-  
gating breakdowns.  Owing to prevalence of propagat ing 
breakdowns,  a sa turat ion range was not observed in  
all experiments.  This was experienced especially with 
samples in  which breakdowns started at voltages lower 
than the average star t ing voltage. 

Figure  2 presents b reakdown characteristics for 
anodizations at 1 and 5 m A / c m  2 on two samples pro-  
duced in  one product ion run. The characteristic shifts 
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to a lower voltage range and Rr increases with increase 
of field, as found also for t an t a lum pentoxide (1). The 
rate of b reakdown in  the saturat ion range for j _-- 1 
m A / c m  2 is roughly 2/sec. This is about three and one- 
half  times smaller  than  found for Rr in  the saturat ion 
range in  Fig. 1. Such a spread in  observations was fre-  
quent ly  found with anodic growth experiments  of a lu-  
m i n u m  oxide. Characteristics obtained shifted on the 
anodizat ion voltage scale around a mean  by --+15% 
for anodization current  densities of j ----- 0.5 and 1 
m A / c m  2 and --+10% for j -- 2 and 5 mA/cm 2. 

Stopping anodic growth, the 1ate of b reakdown was 
measured at fields lower than  fields of formation, with 
the sample remain ing  in  the electrolyte. Results of such 
an exper iment  are presented in  Fig. 3 for a 2700A thick 
oxide sample. 

the solid line curves are calculated. 

z 1.0 
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,, ~ 0 J  
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Fig. 3. Rate of breakdown as function of fields smaller than 
Discuss ion 

The examinat ion  of the exper imenta l  results was 
performed in  the same manne r  as for t an ta lum pent -  
oxide (1). The observations could not be interpreted 
by thermal  breakdown or with the determinisHc im-  
pact ionization breakdown theories. We examined, 
therefore, the applicabil i ty of the succession of ava-  
lanche model. For  this model the rate of breakdown 
is given by Eq. [21] of Par t  I (1), valid in the thickness 
range in which the effect of positive charge is not im-  
por tant  and 

Rr -- kRrl exp[--N1 exp (--~w) ] [2] 

The notat ion of the symbols of Eq. [2] is the same as 
in  Par t  I (1). 

Calculations with Eq. [2] based on w oc V resulted 
in  reasonably good fits to exper imenta l  data and this 
is i l lustrated in  Fig. 1 and 2 by the solid l ine curves. 
However, the fitting procedure was wi th in  limits suc- 
cessful for differing sets. of the coefficients , ,  NI, and 
kRrl; the uncer ta in ty  found in  the de terminat ion  of the 

fields of formation in an oxide approximately 2700A thick. 

coefficients for t an ta lum pentoxide was enhanced in the 
case of a luminum oxide owing to poorer exper imenta l  
reproducibi l i ty  and less accurate knowledge of the 
magni tude  of the field. 

For tunate ly  Eq. ~ [12a] of Par t  I (1) for the size of 
the largest avalanche NI could also be applied to the 
determinat ion of ~, Nb and Rrb since exper imental  data 
are available on I m the mean  free path of electron- 
optical phonon scattering in  a luminum oxide. Equa-  
tion [12a] has the form 

aNl 4Xeo 
- -  - -  - -  eFalp,c [3] 
In NI 3q 

The notat ion of the symbols is given in Par t  I (1). The 
coefficients ~, N], and kRrl can, in principle, be accur- 
ately calculated with Eq. [2] and [3] and the experi-  
menta l  results. The magni tude  of the factors or, I m and 

of Eq. [3] is, however,  not well  known and only 

A I mA/cm 2 l 

150 200 250 
ANODIZATION VOLTAGE IN VOLTS 

Fig. 2. Rate of breakdown vs. anodization voltage at current 
densities of 1 and 5 mA/cm 2. Dots are experimental results and 
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bounds could be estimated for the coefficients a, N1, 
a n d  kRrl. 

The magni tude  of the factors a and ~ w a s  d i s c u s s e d  
in  Ref. (14). r < 1 is a form factor accounting for the 
localized effect of the positive charges opposing fur -  
ther  ionization by an 171 size avalanche. The magni -  
tude of �9 was estimated to vary  be tween 0.7 and 0.9. 

> 1 is a factor accounting for the average increase 
of the mean  free paths of impact  ionization toward the 
anode. The magni tude  of ~ depends strongly off the 
field dependence of the coefficient of impact  ionization 
~. ~ was estimated to vary  between 1.4 and 2. 

Several  exper imenta l  methods were applied to find 
the magni tude  of lp A n u m b e r  of investigators at-  
tempted to determine Ip from observations of hot elec- 
t ron t ransport  in very th in  a l u m i n u m  oxide films in  a 
range of fields which include fields of anodization (15- 
18). Handy (15) found near  isotropic electron-optical  
phonon scattering wi th  an energy loss of 0.12 eV and 
4A free t ravel  in  the field direction. In  reasonable 
agreement  with these results, Savoye and Anderson 
(16) found isotropic scattering with an energy loss of 
0.1 eV and a mean  free path lp = 6A. The de termina-  
tion of Ip by observations of in te rna l  photoemission 
(19) resulted in  Ip = 10A near  an a l u m i n u m - a l u m i n u m  
oxide interface. 

Accounting for the uncer ta int ies  in  the magni tudes  
of r K, and lp, breakdown characteristics were  calcu- 
lated with Eq. [2] and [3], fitting exper imental  results. 
We assumed for the product  ~Klp the bounds 6 ~ cKlp 

18 in angstroms and e = 8.5. The coefficients of the 
characteristics evaluated for the exper iments  of Fig. 1 
and 2 are presented in  Table II. The columns marked 
M contain the coefficients for the ari thmetic mean  of 
the calculated bounding a values. The bounds of the 

values differ by ___13% from the mean  value of ~. 
The mean  avalanche size nm was evaluated at win, at 

the thickness corresponding to the upper  end of the 
calculated characteristics, assuming that  n~ is not af- 
fected by positive charges and n m =  exp(awm). The 
ratios nm/N1 were formed and tabulated in Table II. 
The magni tude  rof the nm/N1 ratios indicate that  posi- 
tive charges are significant at Wm and that Eq. [2] is 
not applicable for thicknesses w > win. 

The last l ine of Table II presents Vi = F In 2/~, the 
mean  voltage drop for an impact ionization. The qVi 
values found are more than  three t imes larger  than  the 
oxide bandgap (7, 8). 

The rate of b reakdown is kRrl/e in  the saturat ion 
range according to Eq. [22] of Par t  I (1). Since the 
magni tude  of k is not known, Rr could not be calculated 
in the saturat ion range. The fluctuations in  Rr were 
examined by plot t ing in Fig. 4 the histogram of the 
number  of current  pulses which were observed in  ! 
sec growth intervals.  The observations extended over 
110 sec from the anodization voltage 233 to 273V. The 
average n u m b e r  of cur ren t  pulses was 6.88/sec in  this 
voltage range. Using this average, the Poisson distri-  
but ion of the number  of pulses in  1 sec intervals  was 
calculated and plotted as a solid l ine in Fig. 4. Com- 
parison of this curve with the histogram reveals a sur-  
plus of intervals  observed with low and large numbers  
of current  pulses, bu t  some lack in intervals  below 
the peak of the curve. 
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Fig. 4. Histogram of the number of current pulses in 1 sec 
intervals for the data of Fig. 1 in the saturation range. Solid line 
curve the Poisson distribution with an average number of current 
pulses of 6.86 in a 1 sec interval. Dots represent the corrected 
histogram. 

At first sight, the results of Fig. 4 indicate that  t h e  
breakdown events in  the sa turat ion range are not ran-  
dom and independent .  This may be par t ly  due to the 
occurrence of propagating breakdowns.  A more sig- 
nificant cause may be the periodic var iat ion of the 
mean breakdown rate (see Fig. 1) which enhances the 
histogram at  low and  large numbers  of cur ren t  pulses. 
To test the la t ter  assumption the periodic variat ions 
were subtracted from the observed Rr values, repre-  
senting the var ia t ion in  Rr by ARr : 1.2 cos [2~(t -- 

590)/30] per second, with t time in  seconds and t = 
590 sec at 233V. The correction decreased the average 
number  of current  pulses, but  by 1% o only. The histo- 
gram of the corrected Rr values is represented by dots 
in  ~ ig. 4. A chi-square test for the corrected histogram 
resulted in a P-va lue  of 0.6, indicat ing a good fit to the 
Poisson distribution. 

The reason for the periodic variat ions in  the mean  
of Rr has not been ascertained. If it is assumed that the 
periodic variations are not directly connected with 
the breakdown mechanism, the corrected histogram in-  
dicates that the breakdown events are l ikely to be 
random and independent ,  as expected with the succes- 
sion of avalanche breakdown theory. 

Avalanche properties were examined in  the manne r  
described for t an ta lum pentoxide. We found that t rap-  
ping by 1.35 eV deep traps (12) does not  affect conduc- 
t ion band electrons at fields of anodization and the 
hole mobil i ty  was estimated to be larger than 3.10-s  
cm2/Vsec. The tempera ture  pulse produced by an 
avalanche was calculated to be 15~ 

Equat ion [21a] of Par t  I (1) for the rate of b reak-  
down could not be fitted to the exper imental  results of 
Fig. 3 for a luminum oxide at fields lower than  fields 

Table II. The coefficients of the anodic growths of Fig. 1 and 2 

Fig. 1 Fig. 2 Fig. 2 

Exper iments  M M l~I 

Current density,  mA/em -~ 
The product aK~p, A 
a • 10-~/cm 
Ni  
kRr l / s ec  
e x p ( c ~ W m ) / N 1  = n m / N I  
V,, V 

1 

6 
1.60 

359 
507 

0.23 
36 

1 1 1 1 1 
10.4 18 6 10.2 18 

1.91 2.16 1.75 2.0 2.26 
590 985 338 548 919 
259 154 47 27 18 

0.27 0.31 0.3I 0.38 0.45 
32 28 34 30 27 

5 
6 
1.95 

310 
176 

0.35 
32 

5 
10.6 
2.25 

513 
102 

0.44 
25 

5 
18 
2.54 

646 
68 
0.53 

24 
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of anodizat ion.  The ra te  of b r eakdown  is ve ry  smal l  in 
such exper iments .  As wi th  t an t a lum pentoxide ,  i t  was 
found also wi th  a luminum oxide tha t  Eq. [21a] is not 
appl icable ,  when  Rr is ve ry  small .  

In  conclusion i t  is found tha t  the  succession of 
ava lanche  b r e a k d o w n  theory  agrees  wi th  observat ions  
dur ing  the anodic g rowth  of a luminum oxide, p red ic t -  
ing a r is ing range  in the  ra te  of b r e a k d o w n  fol lowed 
by  one of sa tu ra t ion  in  Rr. The reason for  the  var ia t ions  
in the  mean  va lue  of Rr in the  sa tu ra t ion  range  is not  
clear. A magn i tude  of roughly  2 • 105/cm is ob ta ined  
for  the coefficient of impac t  ionizat ion a at  a field of 8.7 
MV/cm. Compared  wi th  the b r eakdown  character is t ics  
of t an t a lum pentoxide,  the  character is t ics  of a luminum 
oxide show a r e l a t ive ly  poor reproducib i l i ty .  
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Low Resistivity CdTe-Te Films by a Combined 
Hot-Wall-Flash Evaporation Technique 

Cornelius A. Menezes 
Department oi Physics, Centro de Investigacion y de Estudios Avanzados 

del Instituto Politecnico Nacional, Apartado, Mexico 

ABSTRACT 

We have  deve loped  a new technique  ut i l iz ing a combina t ion  of h o t - w a l l  
chamber  and flash evapora t ion  for the p repa ra t ion  of low res is t iv i ty  (10-100 
~ - 1  cm-1)  p - t y p e  CdTe-Te  films. Both thin and th ick  films can be produced  
by  this technique.  The films are  charac te r ized  by  exce l len t  s tab i l i ty  dur ing  
heat ing and cooling cycles and high reproduc ib i l i ty  of res is t iv i ty  values  f rom 
batch  to batch.  Potent ia l  probe measurements  indicate  exce l len t  homogenei ty .  
An  op t imum ho t -wa l l  and subs t ra te  t e m p e r a t u r e  has been de te rmined  for ob-  
ta in ing low res is t iv i ty  specimens.  We have also s tudied  e lect r ica l  and opt ical  
character is t ics  l ike  contact  character is t ics ,  thermoelec t r ic  power,  and opt ical  
t ransmission.  The high s tab i l i ty  and low res is t iv i ty  CdTe-Te films obta ined 
by  this technique m a y  have wide ranging appl ica t ions  in so l id - s ta te  devices. 

We descr ibe  in this paper  a r a the r  novel  deposi t ion 
technique,  which we call  the  ho t -wal l - f l a sh  evapora -  
t ion technique (HWFE) ,  involving the combined use 
of high vacuum flash evapora t ion  and a ho t -wa l l  p re -  
condensat ion chamber  for p repa ra t ion  of low res is t iv-  
i ty  CdTe-Te  films. These films have the fol lowing 
e lect r ica l  and mechanical  proper t ies :  Low elec t r ica l  
res i s t iv i ty  wi th  e i ther  gold or i n d i u m - g a l l i u m  con- 
tacts. Resis t ivi t ies  a re  in the  range  102-10 -2 ~-cm.  
The  film surfaces are  meta l l ic  g ray  and specular  i n  
aspect. On we l l - c l eaned  subs t ra tes  p in -ho le  free films 
can be obtained.  F i lm adhesion on glass subs t ra tes  was 
r e m a r k a b l y  good. This was eva lua ted  by  press ing ad -  
hesive (Scotch) tape and a t t empt ing  to s t r ip  off the  
film (8). Reproduc ib i l i ty  of res is t iv i ty  values  was good. 
In measurements  made  on different  runs under  s imi-  
l a r  conditions, the r e s i s t iv i ty  values  in ~ - 1  cm-1  were  
wi th in  10% of each other.  

Elect ron microprobe  analysis  of the  lowest  res is t iv i ty  
films has revea led  the presence of 25-50% free te l lu -  
r ium in these films. No da ta  a re  ye t  ava i lab le  on 
the composit ion of h igher  res i s t iv i ty  films p repa red  
by  the HWFE technique.  

Though thin films of CdTe have been invest igated 
before,  previous  a t tempts  to evapora te  CdTe by  con- 
vent ional  h igh vacuum techniques have  produced  films 
wi th  ve ry  high res is t iv i ty  (107-10 s ~ - c m  at room 
t empera tu re )  (1-7).  Glang et al. (8) s ta te  that  " re-  
gardless  of deposi t ion t e m p e r a t u r e  all  films have re -  
sist ivit ies of 107 ~ - c m  or  higher,  even if impur i t ies  
are  added to the source mater ia l . "  Cusano's  method  
(9) which  uses a hydrogen  ambien t  cannot  be de-  

scr ibed as a high .vacuum technique for reproduc ib le  
p repara t ion  of low res is t iv i ty  high s tab i l i ty  CdTe films. 
I t  was recent ly  s h o w n  by Wald  (10) that  one of the 
ma jo r  impediments  to the wider  use of CdTe based 
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devices was the lack of techniques whereby problems 
of (i) erratic and nonreproducible  behavior of thin 
films of CdTe and (it) lack of good contacts to low 
resistivity CdTe p- type mater ial  could be solved. In  
this context there appears to be a need for an im- 
proved unders tanding  of the physical mechanism of 
CdTe deposition. The HWFE technique has the poten- 
tial to substant ia l ly  change the composition of the film 
with respect to the star t ing mater ia l  through control 
of the tempera ture  of the hot -wal l  or substrate or both 
of these. There is a possibility that the results ob- 
tained with hot-wal l  flash evaporat ion of CdTe may 
help in solving the problem of obtaining low resistiv- 
i ty CdTe, though the present  results show that a gross 
excess of Te is incorporated in the CdTe films. 

The hot-wal l  technique has been used to grow thick 
films of ZnTe by Behrndt  and Moreno (11). Though 
the actual physics of the process remains uncertain~ it 
appears that a kind of molecular beam is formed by 
exchange of energy of the Cd and Te atoms with the 
hot-wall.  Thus the beam that  impinges on the sub- 
strate has a much higher incident  energy and a higher 
pressure compared with that in a normal  evaporat ion 
process. 

The great (approximately 20%) increase in the sub- 
strate tempera ture  on ini t iat ion of the flash deposition 
through the hot-wal l  points to such an increase in the 
energy of the incident  Cd and Te atoms. This high 
energy could lead to the relocation of Cd and Te 
atoms to more favorable positions (of m in imum lattice 
energy, corresponding to greater symmetry)  after first 
impinging on the substrate. We believe that this is 
par t ly  responsible for obtaining the low resist ivity 
CdTe-Te films with highly stable characteristics. 

In our experiments  we used two brands  of high 
pur i ty  CdTe powder as the evaporant,  Balzers CdTe 
specified to be 99.999% pure and Eagle-Pi tcher  CdTe 
powder (High Pur i ty ) .  Both these powders, being un-  
doped with In, Ga or Cd, produced p- type  layers. 

Previous attempts to obtain low resist ivity CdTe 
have relied upon ion implanta t ion or high tempera-  
ture anneal ing of high resistivity p-CdTe in an atmo- 
sphere of Cd-P or Te-P  (12). There is no report on 
the stabili ty of these films with regard to thermal  
cycling. The hot-wal l  flash e-apora t ion  technique, 
however, enables the reproducible and direct prepara-  
tion of low resistivity p-CdTe-Te with conductivities 
about  two orders of magni tude  higher than those re- 
ported (12) for CdTe including those that  have been 
in tent ional ly  doped by In, Ga, A1 or subjected to high 
tempera ture  anneal ing t rea tment  in a Cd-P or Te-P  
atmosphere. 

Experimental 
The basic vacuum system used was of an unusual  

design (a Balzers Model B300). It has a cross-shaped 
work chamber with 4 ports, covered by demountable  
a luminum vacuum covers, sealed by O-r ing seals. A 
cross section of the chamber  is shown in  Fig. 1. The 
flash evaporat ion system consists of an a-c solenoid- 
powered vibrat ing feeder, 1, into which the mater ial  
to be evaporated is placed. 

The funnel  attached to the vibrat ing bowl, 2, is 
aligned above a rec tangular  chute, 3, incl ined over 
the molybdenum trough, 7, which forms the evap- 
oration source. We have used two such feeders opposite 
to each other in two parts of the vacuum chamber. 
The evaporat ion source (a molybdenum trough of rec- 
tangular  shape) is supported on electrical feed 
throughs mounted on the lower part. 

The feed chutes (Fig. 1, 3) are mounted on a stain-  
less steel disk just  above the molybdenum trough and 
are adequately baffled to prevent  spattering of the 
evaporant  material  from the trough. The hot-wall,  4, 
is a quartz tube around which is a heat ing spiral of 
0.6 mm diam tungsten wire. This spiral is electrically 
isolated from the source heating circuit  and has elec- 
trical feed throughs in  the top part. The hot-wal l  has 

a diameter  of 28 m m  and a height of 60 ram. The 
lower end of the hot -wal l  fits over a hole of 18 mm 
diameter  in the baffle surrounding the evaporat ion 
trough. Thus, a well-defined beam of vapor is obtained 
when evaporant  mater ial  impinges upon the heated 
trough and this beam then proceeds to the substrate 
axial ly through the hot-wal l  chamber. The substrate 
mounting,  6, is just  above the top end of the hot-wall  
and allows a circular area of 200 sq m m  to be de- 
posited at a time. Thermocouples of Chromel-AlumeI  
were used to monitor  the trough temperature,  the hot- 
wall  tempera ture  and the substrate temperature.  Sub-  
strate heating was accomplished by a molybdenum 
radiant  strip heater  mounted 10 cm above the plane of 
the substrate. An important  feature of the assembly is 
the provision of a pair  of polished semicircular  s tain-  
less-steel reflectors, 5, coaxial with the hot-wal l  
chamber but  si tuated at a distance of 50 mm (radial ly)  
from it. This v i r tual  radiat ion concentrator helps to 
focus the radiant  energy at the center of the hot -wal l  
chamber. The tempera ture  rise in the axial center of 
the hot-wal l  chamber was near ly  doubled by the use 
of these reflecting mirrors, besides avoiding the 
troublesome and unnecessary heating of the glass walls 
of the vacuum chamber. Typical power input  to the 
hot-wal l  heater  was 100W; the tempera ture  that could 
be at tained very easily with this input  was about 
600~ All metal  surfaces were molybdenum or stain-  
less-steel. 

Liquid ni t rogen cooled traps (both, of the Miessner 
type, and above the diffusion pump) were in use at all 
times during heating and evaporat ion cycles. The re- 
sidual air pressure in the chamber was better  than 
3 X 10 -8 Torr, Pyrex microscope slides were the pre-  
ferred substrates for deposition, though other sub- 
strates like quartz or soda glass could also be used. 

Temperatures  at all re levant  points were monitored 
during trial  runs. The hot -wal l  tempera ture  was mea-  
sured under  the same vacuum conditions at its axial 
center, and a calibration was obtained between the 
heating current  and the average hot-wal l  temperature.  
This is the temperature  referred to in the course of 
this work. The current  passing through the molyb-  
denum trough was 250A for a temperature  of 930 ~ 
950~ The preheater  current  was 22A, while the cur-  
rent  through the hot-wal l  heater was 9A. The opera- 
tion of the v ibra t ing feeder has to be done skil l-  
fully to prevent  too much charge from falling in a 
short t ime into the trough. Too rapid charging of the 
heating trough can cause unevaporated powder to im-  
pinge upon the substrate and seriously impair  the 
surface. 

Because of the mult iple  heat ing circuits and the 
possibility of in terna l  shorts between the various 
heaters, isolation t ransformers are used in all the 
heater circuits. These serve the dual  purpose of giving 
good isolation of each circuit and providing high 
currents  at low voltage for individual  heaters in  the 
system. 

Fi lm thickness of the films was measured with a 
Varian Model 980-8000 Interferometer .  Fi lms used for 
resistivity measurements  had a thickness of 0.41 ~m. 

A specific problem that is often encountered in the 
flash evaporat ion technique is the sudden increase in 
pressure in the evaporat ion chamber  when  the par t i -  
cles of CdTe impinge upon the heated molybdenum 
boat. This was suspected to be due to degassing from 
the interstices of the granular  CdTe powder, tt  was 
found that the use of an addit ional  preheater  posi- 
tioned about 8 cm above the CdTe feeder to heat the 
powder in vacuum for 10-25 min, prior to evaporation 
by flashing, e l iminated this undesirable  pressure rise. 

Figure 2 shows the plot of pressure rise in  the 
chamber before and after the use of the preheater  
above the CdTe-feeder. 

We have thus eliminated, by the use of the charge 
preheater,  an  impor tant  drawback to the flash evap-  
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Fig. 1. Cross-section drawing of cross-shaped vacuum chamber showing the vibrating feeders, I, vibrating bowl, 2, feed chutes, 3, hot- 
wall chamber, 4, substrate holder, 6, s t a i n l e s s - s t e e l  reflectors, 5, and molybdenum heater trough, 7. 

orat ion technique which has been well  recognized by 
previous workers in  this field. For instance, Chopra 
(13) states that, "Since the large amount  of rapidly 
released gas produces spat ter ing of particles from the 
evaporant  this method (flash evaporat ion) is not  easily 
controllable." 

The amount  of gas released dur ing  evaporat ion is 
inversely proport ional  to the preheat ing t ime and tem- 
perature.  By keeping a constant  heater  tempera ture  
(around 1000~ and changing the heat ing time, we 
have found that  heat ing times of 10-15 min  are ade- 
quate (for a charge of up to lg)  to reduce pressure 
rise on flashing to negligible amounts.  

Results 
The cadmium te l lu r ide- te l lu r ium films produced by 

this technique have extremely smooth and shiny sur-  
faces. Typical ly  these films are free from pinholes and 

are dense in appearance. We have studied the effect of 
hot -wal l  and substrate tempera ture  and have found 
that  both the hot-wal l  tempera ture  and the substrate  
tempera ture  have a pronounced influence on the prop- 
erties of the films produced. In  a series of experiments,  
Balzers high pur i ty  CdTe powder was evaporated 
under  as similar  conditions as possible, while the sub-  
strate tempera ture  and hot-wal l  tempera ture  were 
systematically changed. With low substrate  tempera-  
tures (100~ or lower) and hot-wal l  temperatures  be-  
low 450~ the resul t ing films had a very high resistiv- 
i ty (107 ~ - c m  or higher) .  However, when the sub-  
strate temperatures  were raised to 200~ and the hot-  
wall  tempera ture  was in  the range 500~176 we 
were consistently able to obtain films with resist ivity 
of lO-a rL-cm. 

Still higher substrate temperatures  are possible, 
but  the efficiency of deposition in  terms of thickness 
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Fig. 2. Plot of pressure rise in the vacuum chamber as a function 
of time from initiation of flash evaporation for ( i)  without (CdTe) 
charge preheater and ( i i )  with charge preheater. 

of deposit per uni t  weight of s tar t ing mater ial  used, is 
impaired. We thus feel that the opt imum temperature  
of hot-wal l  and substrate for obtaining low resistivity 
(10 -3 ~ -cm)  CdTe-Te films is 560 ~ and 200~ respec- 
tively. Table I gives a few examples_of conductivi ty 
values obtained for various substrate and hot-wal l  
temperatures.  It is clear from the data that low re-  
sistivity CdTe-Te can be obtained using a hot-wal l  
tempera ture  in the range 500~176 and substrate 
temperatures  in the range 100~176 

Control experiments  where either flash evaporat ion 
alone or hot-wal l  was used alone (with conventional  
evaporation from a heated boat) showed that the de- 
sired low resistivity films with opt imum properties 
(physical and electrical) were obtained only when 
both flash evaporat ion and the hot-wall  were used 
together. In  either of the above cases where only one 
of the two techniques (hot-wall  or flash evaporation) 
was used alone, the result  was high resist ivity (~,107 
~-cm)  CdTe. 

Stability during thermal cycling.--Since the insta-  
bi l i ty and erratic behavior of vacuum deposited CdTe 
films has often been cited as a major  drawback in 
device applications (10), we decided to study the sta- 
bil i ty behavior  of these films. 

The high stabil i ty of resistivity of these films be- 
came apparent  first during measurements  of conduc- 
t ivi ty vs. temperature.  In order to establish the high 
stabil i ty further,  a sample of 10 ~ -1  cm-1 CdTe-Te 
film (1-2 ~m thick) was placed on the lower end of a 
cold finger projecting into a high vacuum chamber. 
The specimen could thus be cycled repeatedly and 
rapidly by electrical heating and cooled by liquid 
ni t rogen to about 80~ 

In  our experiments  the specimen was cycled over 
25 times. At the end of the cycling as well  as dur ing 
it, the resistivity at 25~ was within 1% of its ini t ial  
value. The specimens were also completely stable 
against changes in the ambient  pressure or gas com- 
position. There  was no measurable change in the re-  
sistance values when rppidly evacuated to 10 -6 mm 

Table I. 

Substrate Hot-waU 
temp temp Conductivity 
(~ (~ (.q-~-cm-D 

200 560 6.5 
166 560 2.5 • 10 -1 
130 560 1.2 • 10 -z 
95 425 ~10 -7 

High conductivity 
High conductivity 
High conductivity 
Very low conductivity 

Hg from atmospheric pressure. A typical plot of re-  
sistivity values for several consecutive cycles is shown 
in Fig. 3. 

Contact characteristics.--Because of the established 
difficulty in making  ohmic contacts to p- type low 
resistivity material,  as recent ly reviewed by Wald 
(10), we have specially investigated the na ture  of 
contacts made to films produced by the hot-wal l  flash 
evaporat ion system (HWFE).  The l inear i ty  of an I-V 
characteristic in  the case of a suspected blocking con- 
tact is only a necessary bu t  not sufficient condition 
(14) for t rue ohmic behavior. It  is also necessary to 
probe the potential  dis t r ibut ion along the length of 
the film to make sure that  there is no abnormal  poten-  
tial drop at the extremities where current  contacts 
are made. 

We have measured both the I-V characteristics, 
down to mil l ivolt  levels, using a var ie ty  of contact 
metals. For the potential  probe, a special mask with 
several very thin (0.6 mm) probes was fabricated 
by photolithographic techniques. The interprobe spac- 
ing was 3 mm. The measurements  of potential  were 
done with a Keithley 610 electrometer to ensure that  
no loading of the probes occurred. The metals used 
for the contacts were indium, indium-gal l ium,  gold, 
nickel, chromium. We found that  good contacts could 
be obtained with the first three metals, b u t  only when 
the CdTe was evaporated onto the predeposited con- 
tact metals. The l inear  plots obtained with the poten- 
tial probe technique (Fig. 4) show the absence of con- 
tact barriers and also demonstrate the good electrical 
homogeneity of the specimens. 

For specimens with ind ium or gold end contacts, 
the l inear  I-V plot of Fig. 5 shows that  the contacts 
are reasonably ohmic d o w n t o  the mill ivolt  level. 

Electrical conductivity.--Electrical conductivi ty was 
measured in CdTe-Te films evaporated by the HWFE 
technique. Films were deposited on Pyrex  substrates 
through molybdenum masks which defined the re-  
sistive pa t te rn  in the form of a bar. Evaporated ind ium 
contacts were used. Measurements  were carried out in 
a low tempera ture  vacuum cryostat down to about  
90~ A feature of the measurements  was that  the 
values of resistivity at any temperature  were extremely 
reproducible (within 1%) and the specimen showed no 
drift  or hysteresis on heating and cooling. The plot 
of conductivi ty vs. reciprocal tempera ture  is shown in  
Fig. 6. 

Thermoelectric power.--Thermoelectric power mea-  
surements  were carried out in a vacuum cryostat with 
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Fig. 3. Flat of resistance of a ~HWFE) CdTe-Te thin film speci- 
men during part of continuous thermal cycling experiments. Steady 
base line indicates return to initial value after each cycle. Total 
change after all cycles was less than 1%. 
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Fig. 5. Electrical contact characteristics for CdTe-Te films 
prepared by hot-wall flash evaporation technique. 

the sample of CdTe-Te mounted  on a copper strip with 
the hot end heated by a 5W wi re -wound  resistor of 
57512. Power  to the heater  was supplied from an HP 
regulated supply. The cold end was in  contact with 
a large copper sink which could be cooled to --180~ 
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Fig. 6. Electrical conductivity of CdTe-Te film prepared by 
hot-wall-flash evaporation. 

Typical gradients were of the order of 5~162 Thermo-  
electric power measurements  showed conclusively that  
the specimens were p- type with a thermoelectric 
power of 173 ~V/~ at 223~ The tempera ture  gradi-  
ent  was constant  wi th in  0.1% dur ing  the experiments.  

Optical transmission.--Optical t ransmission data 
were obtained for typical CdTe-Te HWFE specimens 
evaporated onto Pyrex  glass slides. A typical t rans-  
mission spectrum is shown in Fig. 7 for a low re-  
sist ivity (10 -1 S%-cm) CdTe-Te film. The spectrum is 
uncorrected for reflectance effects. 

The spectrum shows considerable absorption at 
wavelengths beyond the absorption edge of CdTe and 
this can be a t t r ibuted  to the presence of excess Te 
in  the films. 

Stoichiometry and structure.--Electron microprobe 
measurements  on three specimens of the lowest re-  
sist ivity (10-8 ~ - c m)  have revealed the presence of 
from 25 to 50% free t e l lu r ium in  the CdTe-Te films. 
In  this context some of the comments on the stoichi- 
ometry  of CdTe films by previous workers may be 
pert inent .  According to Glang et al. (8) CdTe films 
deposited at temperatures  below 150~ had excess 
te l lur ium, but  these authors go on to say that  regard-  
less of deposition temperature,  all films had resist ivi-  
ties higher than 107 12-cm. Further ,  according to these 
authors (8), deviations from stoichiometry in  CdTe 
films condensed between 25 ~ and 250~ must  be con- 
s iderably smaller  than 101B cm -8. Apparent ly ,  under  
hot -wal l  conditions the equi l ibr ium between the ele- 
menta l  species, Cd and Te condensing on to the sub-  
strate shifts appreciably towards Te, resul t ing in a 
CdTe matr ix  wi th  Te in  considerable excess. The exact 
na ture  of the dis t r ibut ion of Te in the CdTe mat r ix  is 
not yet known  but  would seem to war ran t  fur ther  
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Fig. 7. Optical transmission spectrum for a CdTe-Te film (0.5) 
prepared by hot-wall-flash evaporation technique, drawn in full- 
scale corresponding to 10% transmission and to 100% trans- 
mission. The dashed curve is a calculated curve for single crystal 
CdTe using appropriate optical constants. 

study. Since very  li t t le is known about  the exact mech- 
anism of condensation of CdTe, it is hoped that  the 
fact that a considerable stoichiometri= excess of Te 
can be introduced into CdTe in a more or less con- 
trolled manner ,  would help advance the unders tanding  
of CdTe deposition. It  remains to be seen if the HWFE 
technique can be adapted or modified to provide CdTe 
films with only a slight (1017) excess of Te, sufficient 
to give a substant ia l  p conductivi ty at room tempera-  
ture. It  is interest ing to note that  even after pro- 
longed hea t - t r ea tment  under  iner t  gas conditions the 
CdTe-Te films re ta in  some of their  conductivity. Fu r -  
ther  studies are in  progress on such films, which show 
sharp x - r ay  reflections, to determine their  carrier  con- 
centration, mobi l i ty  and contact behavior. 

X- r ay  diffraction was util ized in an a t tempt  to de- 
termine the s t ructure  of the CdTe-Te films. No spec- 
t rum could be obtained for an as-deposited film on 
a glass substrata. However on hea t - t rea tment  in a 
neut ra l  atmosphere sharp reflection pat terns were ob- 
tained. Figure 8 shows an x - ray  spectrogram of a CdTe 
film. Comparison of the data with A.S.T.M. 19-193 in-  
dicates that the s tructure corresponds to that of hex-  
agonal CdTe, prepared by the subl imat ion of the cubic 
modification onto a glass substrate between 500 ~ and 
800~ in  argon. 

It  is noteworthy that no lines corresponding to Te 
appear which indicates that  Te has subl imed dur ing  the 
hea t - t rea tment  (300~ or is in an amorphous state. 
Most films showed a great increase in  the Ilia ratio 
after heat - t rea tment .  
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Fig. 8. X-ray spectrogram of a well-oriented HWFE CdTe film 
showing hexagonal structure. 

Summary 
The hot-wall-f lash evaporat ion technique is d e -  

scr ibed in  detail. It  has been applied to the preparat ion 
of CdTe-Te films which are characterized by low re-  
sistivity, ohmic contacts to common contact meta l s ,  
specular surfaces, and stabil i ty dur ing  rapid thermal  
cycling between 250 ~ and 350~ A notable  improve-  
ment  in  flash evaporat ion technique has been the in -  
corporation of a charge preheater  to e l iminate  t rouble-  
some outgassing dur ing  flash evaporation. Electron 
microprobe analysis has revealed that  up to 50% free 
te l lur ium may be present  in the films. The optical ab-  
sorption spectrum shows a shift in  absorption towards 
longer wavelengths,  consistent wi th  the microprobe 
data. X - r a y  data for heat - t rea ted  films show good 
or ientat ion of CdTe with hexagonal  structure.  
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The Intermediate Role of Gd in the Energy 

Transfer from a Sensitizer to an Activator 

(Especially Tb g+) 
J. Th. W. de Hair and W. L. Konijnendijk 

Philips Lighting Division, Eindhoven, The NetherZan~ 

ABSTRACT 

Energy  t ransfer  f rom a sensit izer to an act ivator  via  Gd 3 + ions is discussed .  
This is done for the Bi 3+ -> Dy ~+ and Sb 3+ -> Dy g+ t ransfer  in GdPO4, and  
for the Bi g+ -> Tb 3+ t ransfer  in GdB306. The phosphor Gd0.gsBio.oiTbo.01B808 
shows Tb 3+ luminescence wi th  a quan tum efficiency of 80% for exci tat ion of  
Bi 8+. Af ter  exci ta t ion of Bi 3+, energy t ransfer  takes place to Gd g+ ions. Then 
the energy may  migra te  f rom one Gd 3+ to another  unti l  energy  t ransfer  f rom 
Gd 3+ to Tb 3+ occurs. Compared to the energy t ransfer  in other  sensitized 
Tb s+ phosphors, this process has a high efficiency at re la t ive ly  low act ivator  
concentrations. The energy t ransfer  from Bi 3+ to Gd 3+ and be tween  Gd 3+ 
ions mutua l ly  has been invest igated for Gd0.99-xLaxBi0.01B306. For  x < 0.4 
energy  t ransfer  be tween  Gd 3+ ions is observed. The quan tum efficiency of the 
Gd~+ luminescence for Bi g+ exci tat ion of Gdo.59La0.4Bi0.oIB306 amounts  to 
75% and decreases for increasing Gd concentrations. 

Tr iva len t  gadol inium can act as a sensitizer in proc- 
esses of energy  transfer.  Bri l  and Wanmaker  (1) de- 
scribe the energy  t ransfer  f rom Gd g+ to Tb 3+ in 
CaNaBOs. Ozawa and Nishikawa (2) repor t  the en-  
e rgy  t ransfer  to o ther  rare  earths in (Y,Gd)2Og solid 
solutions, whereas  Reisfeld et at. (3) have invest i -  
gated the t ransfer  of energy f rom Gd 8+ to Tb 3+ in 
borate  glass. Bozhevolnov et al. (4) give evidence of 
energy  t ransfer  f rom Gd g+ to Mn 2+ in CaF2. In all 
these cases the exci tat ion spectra of the act ivator  (A) 
luminescence show up exci tat ion lines of Gd z+. The 
optical transit ions of Gd z+ occur within the 4f shell 
and are observed in the u l t ravio le t  region. These 
transit ions are par i ty  and spin forbidden and have a 
ve ry  low absorption strength. Thus, sensitization with  
Gd 3+ (Gd 3+ --> A transfer)  where  the energy must  
be absorbed by Gd g+, does not resul t  in phosphors 
w h i c h  luminesce wi th  high intensity. 

On the other  hand, sensitization of Gd a+ lumin-  
escence (S --> Gd 3+ t ransfer)  is also known. Blasse 
and Bri l  (5) have observed energy  t ransfer  f rom 
TaO48- groups to Gd 3+ in GdTaO4. Reisfeld and Morag 
(6) repor t  the energy t ransfer  f rom T1 + to Gd 3+ in 
borax  and phosphate glasses. In these cases, the in-  
tensity of the Gd g+ luminescence is enhanced, due to 
the strong absorption by T1 + or TaO4 ~- groups fol-  
lowed by energy t ransfer  to Gd g+. 

So far  the sensitization of Gd 3+ (S --> Gd 3+) and 
the energy  t ransfer  f rom Gd g+ to a sensitizer (Gd z+ 
--> A) have  been considered separately.  It seems 
wor thwhi le  to invest igate  the possibilities of the com- 
binat ion of both processes in phosphor luminescence.  
We have  studied, therefore,  the in te rmedia te  role of 
Gd g+ in the energy t ransfer  from a sensitizer to an 

Key words: luminescence, phosphor, quantum efficiency. 

activator. Recently,  we have shown (7) that  the e n -  
ergy  t ransfer  f rom Bi 8+ to Tb 3+ in GdB306 occurs al-  
most exclusively  via the Gd s+ ions. Before that, only 
indications of a possible in te rmedia te  role of Gd 3+ 
can be found in the l i terature.  Blasse and Bril  (5) 
have suggested that energy  t ransfer  f rom TaO43- 
groups to Dy 3+, Sm 3+, and Er  ~+ in GdTaO4 occurs 
via Gd 8+. Indications can also be found in a p a p e r  
by Grisafe and Fri tsch (8) on the l u m i n e s c e n c e  of 
Eu 3+ and Tb 3+ in LnNbO4 (Ln = La, Gd, Y). Re-  
cently, Blasse (9) has described how in GdNbO4:Eu 3+ 
the Gd~ + ions play an impor tant  role. 

In this paper  we discuss in more  detai l  the energy  
t ransfer  in GdB306 act ivated with  Bi 3+ and Tb ~+. 
First, we describe the Bi 3+ ~ Gd 3+ t ransfer  in 
Gdl-xLazB806 act ivated with  Bi 3+. Next,  we wil l  show 
that  thanks to the in te rmedia te  role of Gd 3+ the en-  
ergy t ransfer  to Tb s+ is complete  at re la t ive ly  low 
Tb concentrations. Low Tb concentrat ions have  a 
great  advantage for commercia l  Tb 3+ phosphors since 
the price of these phosphors is de te rmined  main ly  by 
the Tb contents. Finally, we show the in te rmedia te  
role of Gd 3+ in the energy t ransfer  f rom Bi 3+ or Sb 3+ 
to Dy 3 + in GdPO4. 

Experimental 
Powder  samples were  prepared  by the usual solid- 

state react ion techniques. Stoichiometr ic  proport ions 
of the start ing compounds were  in t imate ly  mixed  to- 
gether  and then heated twice at 1040~ The me ta -  
borates were  prepared  start ing with  an excess of 10 
mole percent  (m/o) .  The samples act ivated with 
t e rb ium were  heated in a n i t rogen atmosphere.  

Format ion  of the compounds was checked by x - r a y  
analysis wi th  a Philips diffract0meter  using CuK~ 
radiation. 
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All  optical measurements  were performed at room 
tempera ture  with equipment  described elsewhere (10). 
The spectra given in  Fig. 1-3 have been corrected for 
the characteristics of the exper imental  setup. 

Results and  Discussion 
The compound GdB306 shows very  weak Gd 3+ lu-  

minescence. This !zlminescence can be excited at the 
6Ij (,~273 nm)  or 6Dj (~250 nm)  levels of Gd 3+. Be- 
cause of the forbidden na ture  of 4f -+ 4f transit ions,  
the absorption s t rength is very  low (see Fig. l a  for 
the diffuse reflection spectrum of GdB806). 

The luminescence of Gd 3+ is more in tense  when 
GdB~O6 is activated with Bi 3+. The emission spectrum 
of Gd0.99Bi0.01B306 is shown in  Fig. lb.  The Gd s+ 
luminescence consists of the 6P~/2 --> sS7/2 t ransi t ion 
(near  312 nm)  and the 6P~/2 --> sS7/2 t ransi t ion (near  
306 nm) .  The excitat ion spectrum of the Gd s+ l u m i n -  
escence of Gdo.99Bi0.01B806 is shown in  Fig. la. This 
spectrum consists of the ss7/2 --> sIj t ransi t ions of Gd s+ 
at 273 nm and two strong and broad excitat ion bands 
which correspond to electronic transi t ions of Bi ~+. 
The band  with a m a x i m u m  at 240 n m  is due to the 
1S0 -~ 3P1 transition, whereas the one peaking near  200 
nm corresponds to the ISo -> 1P1 transit ion.  The ss7/2 
-> ~Dz excitat ion of Gd s+ near  250 n m  is h idden under  
the ~S0 --> sP~ band  of Bi ~+. The presence of Bi ~+ 
excitat ion bands in  the excitat ion spectrum of the 
Gd ~+ luminescence indicates the occurrence of energy 
t ransfer  from Bi ~+ to Gd ~t .  We did not observe any  
Bi s+ emission from BiS+-activated GdBsO6. The 
quan tum efficiency of the Gd s+ luminescence of 
Gdo.9~Bio.o~BsO6 amounts  merely  to 20%, which is due 
to concentrat ion quenching of the Gd s+ luminescence. 
On replacing a par t  of Gd by La according to the 
formula Gd0.~9-~La~Bio.o~BsO6 we find that  the 
quan tum efficiency of the Gd s+ luminescence upon 
excitat ion at the m a x i m u m  of the Bi~+ excitat ion 
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Fig. 2. Spectral energy distribution of the luminescence of 
Lao.99Bio.olB~06 for 254 nm excitation. 

band (1S0 --> ~P1) increases up to 75% when x = 0.4. 
For  higher La contents both Gd 3+ and Bi ~+ lumin -  
escence is observed. The in tensi ty  of the Gd 3+ lu-  
minescence decreases whereas that  of the Bi 3+ lu -  
minescence increases. The Bi 3+ luminescence in  the 
l an thanum- r i ch  region of Gdo.99-xLaxBi0.01B~O6 is 
given in  Fig. 2 for La0.99Bi0.01B806. In  the l ight  of cur-  
ren t  theories on nonradia t ive  energy t ransfer  (11), 
the emission band of Bi 3+ in  GdB306 must  overlap 
the energy levels of the Gd 3+ ion (6P7/2, 6P5/2, and 
0P3/2). Reisfeld and Morag (6) describe the energy 
t ransfer  from T1 + to Gd 8+ in inorganic glasses. The 
emission of T1 + in these glasses peaks between 300 
and 330 nm. Blasse and Bril (5) have found that  in  
the solid solutions series Yl-xGdxTaO4, the Gd~+ 
luminescence is sensitized by the TaO4 ~- groups. The 
emission band  of YTaO4 peaks at 335 nm. One of us 
(7) has described the energy t ransfer  from Bi 3+ to 
Gd 3+ in  YA13B4012. The Bi 8+ emission in  YAl~B4012 
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Fig. I. (a) Diffuse reflection spectrum of GdBsO6 (broken line) and excitation spectrum of the Gd 3+ luminescence of Gdo.99Bio.olB~Oe 
(solid line), qr in this and other figures denotes the relative quantum output, R gives the percentage reflectance. (b) Spectral energy dis- 
tribution of the luminescence of Gdo.99Bio.olB306 for 254 nm excitation. Cx in this and other figures denotes the radiant power per con- 
stant wavelength interval. 

I I I 
2 0 0  250  300 305 310 315 

> k ( n r n )  > k ( n m )  



VoI. 127, No. I E N E R G Y  T R A N S F E R  163 

peaks at 300 nm. Energy  t ransfer  also occurs from 
Ce 8+ to Gd 8+ in CeF~ (12) (Ce ~+ emission peaking 
near  290 nm) .  In all these examples  complete  en- 
ergy t ransfer  to Gd ~ + occurs since the sensitizer emis-  
sion shows a considerable over lap with  the 6pj energy 
levels  of  Gd ,~+. The Bi ~+ emission in LaB~O6 (Fig. 2), 
however ,  is s i tuated at too long wavelengths  to have 
a good overlap.  According to Blasse (13), the Bi ~+ 
emission is influenced by a var ia t ion in the size of the 
site occupied by Bi 8+. Van der Steen et al. (14) have 
reported on the luminescence of Bi ~ + in NaLaO2 and 
in NaGdO2. NaLaO2-Bi ~+ emits in the red, NaGdO2- 
Bi 3+ in the blue region. Possibly the v i r tua l  emission 
of Bi~ + in GdB~O6 will  be at shorter  wavelengths  than 
in LaB~O6. 

The compound with  composit ion Gdo.gsBi0.0~Tbo.o~B~O6 
shows very  i~tense, characteris t ic  Tb 8+ luminescence 
at room tempera tu re  under  254 nm exci tat ion (7). The 
quan tum efficiency of this luminescence is 80% for 
exci tat ion of Bi ~+. This value is r emarkab ly  high for 
the low Tb ~+ concentrat ion present, since direct  Bi ~+ 
--> Tb ~ + t ransfer  is ve ry  improbable.  The  v i r tua l  emis-  
sion of Bi ~+ in GdB306 does not show over lap  with  
the 4f -~ 5d band of Tb ~+ which is observed near  200 
nm in this host lattice. There  is only overlap with  the 
4f --> 4f transit ions of Tb a+. In such a case, the prob-  
abi l i ty of Bi 3+ --> Tb~+ t ransfer  is low and the t rans-  
fer  distance short. A high Tb concentrat ion would be 
requi red  for efficient, direct Bi ~+ --> Tb 8+ t ransfer  
in GdB~O6. The high t ransfer  efficiency in GdB806 at 
low Tb concentrat ions must  be accounted for with a 
different  t ransfer  process. We have proven (7) that  the 
Gd ~ + ions play an impor tant  role in the energy trans-  
fer  f rom Bi 8+ to Tb ~+. Exci tat ion of Bi ~+ wil l  be 
fol lowed main ly  by Bi ~ + ~ Gd ~ + transfer.  The  energy 
can now migra te  f rom Gd ~+ to Gd 8+ until  it reaches 
a Tb 8+ ion. 

Because of the invo lvement  of Gd 8+ in the energy 
transfer,  efficient t ransfer  in Gdo.gsBi0.oiTbo.olB806 is 
observed for re la t ive ly  low Tb concentrations. Let  us 
now compare some sensitized Tb 3+ phosphors l isted 
in Table I. In this table, we indicate the presence of 
energy  t ransfer  be tween the sensitizers (S -- S) and 
the occurrence of spectral  over lap  be tween  the sensi- 
t izer emission and the 4f -> 5d exci tat ion bands of 
Tb s+ (4f--> 5d). We also give the quan tum efficiency of 
the Tb 8+ luminescence for exci tat ion in the m a x i m u m  
of the sensi t izer-exci ta t ion band. Genera l ly  speak-  
ing, the energy  t ransfer  f rom a sensitizer to Tb ~+ is 
efficient when the sensitizer emission overlaps the 4f -> 
5d absorpt ion band of Tb 3+, as in YI-xTbxTaO~, or 
when  energy  t ransfer  be tween  the sensitizers occurs, 
as in Ce t -~TbxBQ.  In both cases, a low Tb con- 
centrat ion is sufficient to obtain an efficient energy 
transfer.  When there  is no energy t ransfer  be tween  
the sensitizers and there  is no over lap wi th  the 
4f --> 5d band, as in Ce~-~Tb~B~O6, Ce~-~TbxFz, and 
Cel_zTb~MgAll~O~0,then a high Tb concentrat ion is 
necessary to achieve efficient energy transfer.  With  
Gd ~+ as the in te rmedia te  the Ce ~+ --> Tb ~+ t rans-  

Table I. The occurrence of energy transfer between sensitizers 
(S - -  S), the overlap of sensitizer emission with 4f ~ 5d absorption 

bands of Tb 3+ (4f ~ 5d), and the quantum efficiencies (q.e.) 
for some sensitized Tb 8+ phosphors 

Composition S - S ~ 4 f  ~ 5 d  -~ q . e .  ~ R e f e r e n c e  

Y o .97TaO4  - - 0 . 0 3 T b  - + 7 0  ( 5 )  
Ceo.99BO8 - - 0  0 1 T b  + - 4 0  ( 1 5 )  
Ceo.67B~Oa - - 0 . 3 3 T b  - - -  75  ( 1 6 )  
Ceo . sF8  m 0 , 2 0 T b  - - -  50  ( 15 ) 
C e o . ~ M g A h ~ O ~ 9 - - 0 . 3 5 T b  G ~ §  - -  80  ( 1 7 )  
C e o . ~ G d o . ~ F ~  - - 0 . 0 5 T b  - -  7 0  T h i s  w o r k  
Gdo .~sBio .~B~O~ - - 0 . 0 1 T b  G d  ~+ - 80  T h i s  w o r k  

E n e r g y  t r a n s f e r  ( + ) ,  n o  e n e r g y  t r a n s f e r  ( - ) .  
-~ O v e r l a p  ( + ) ,  n o  o v e r l a p  ( - -  ) .  

q . e .  o f  T b  ~§ for excitation of the sensitizer. 

fer  in CeF3 is complete at lower  Tb concentrat ions 
(compare Ceo.sTb0.2F3 and Ce0.75Gdo.2Tbo.osF3). We 
have already ment ioned that  energy t ransfer  f rom 
Bi ,~+ to Tb 3+ in GdB~O6 is complete  for 1 
atomic percent  (a /o)  Tb (compare the Tb concen- 
t ra t ion in the isostructural  phosphor Ceo.67Tb0.88B306). 
In Gd0.gsBi0.01Tbo.01BsO6 the direct  energy t ransfer  
Bi 8+ --> Tb 3+ over  re la t ive ly  Iong distances (maxi -  
mum ~13A) cannot compete wi th  the energy t rans-  
fer f rom Bi 8+ to a Gd s+ ion as neares t  neighbor  
( ~ 4 A ) .  Af ter  the energy  t ransfer  f rom Bi 8+ to 
the 6pj levels of Gd 3+, the losses of energy at Gd 3+ 
are small. The energy- leve l  scheme of Gd 8+ shows a 
large gap of about 32 �9 108 cm -1 (the difference be-  
tween the 6P7/2 and 887/2 states of Gd8+). Radia t ion-  
less re laxat ion of Gd 8 + is very  improbable.  Mutual  en-  
ergy t ransfer  be tween Gd a+ ions may  occur by in-  
teraction be tween the 8pj levels of different Gd 3 + ions. 
Af ter  this energy t ransfer  there  remains,  however ,  an 
energy gap of 32 �9 108 c m - L  The only way  of losing 
energy is by t ransfer  from Gd s+ to "ki l ler  sites." This 
explains why  the quan tum efficiency of the Gd 3 + lu-  
minescence of Gd0.99Bi0.01BsO6 amounts  mere ly  to 20%. 
In v iew of the high quantum efficiency of the Tb ~+ 
luminescence of Gd0.9.~Tb0.01Bio.o~B~O6 (,~80%) Gd 3+ 
-> Tb 3+ t ransfer  competes successfully wi th  the 
losses of energy f rom Gd 8+ to "ki l ler  sites." On 
substi tut ing La for Gd up to the composition 
Gd0.5~La0.4Bi0.01Tb0.olBsO6 the quan tum efficiency of 
the Tb 8+ luminescence decreases sl ightly to 75% for 
exci tat ion of Bi 8+. If energy t ransfer  be tween  Gd ~+ 
ions can in fact be ignored with  this composit ion (as 
we have assumed above) ,  this means that  Gd --> Tb 
t ransfer  can take place over  near ly  13A. This resul t  
is in fair  agreement  wi th  those of Reisfeld et aI. (3). 
They found that  the efficiency of Gd ~ + --> Tb 3 + t rans-  
fer  in borate  glasses is 50% for t ransfer  over  13A. 

Evidence of the in te rmedia te  role of Gd 8+ has also 
also been obtained for energy  t ransfer  f rom Sb 8 + and 
Bi ~+ to Dy ~+ in GdPO4. In  this compound complete  
energy t ransfer  f rom Sb 3+ and Bi 3+ to Gd 3+ is ob- 
served. The excitat ion spectra of the Gd 3+ lumin-  
escence are pictured in Fig. 3a for Gdo.99Bi0.01PO4 and 
Gd.o.99Sb0.01PO4. The exci tat ion bands of the sensit izer 
(Bi 3+ or Sb 3+) are well  separated f rom the Gd 3+ 
exci tat ion lines at 273 nm. Upon coactivation wi th  
Dy 3+, the emission consists of Gd 3+ and Dy 8+ lu-  
minescence for exci tat ion of the sensitizer (see Fig. 3b 
for the emission spectrum of Gd0.gssBio.01Dyo.o05PO4 
for 254 nm excitat ion) .  The ratio of the intensit ies 
of Gd3+/Dy 3+ luminescence does not depend on 
whe ther  the sensitizer or Gd 3+ is excited. More-  
over, this ratio is the same for Gd0.gssSb0.olDy0.0osPO4 
and Gdo.gssBio.oiDyo.oosPO4 upon exci tat ion of the sensi- 
tizers. These observations demonstra te  unambiguous ly  
the in termedia te  role of Gd 3+ in the energy transfer.  
Note that  the height  of the sensi t izer-exci ta t ion band 
rela t ive  to the height  of the Gd3+-exci ta t ion lines in 
Fig. 3a depends on the nature  of the sensitizer. P rob-  
ably the nonradia t ive  losses in Bi 3+ are la rger  than 
in Sb 8 +. 

In this paper, we have  paid at tent ion only to Tb S +- 
or DyS+-act ivated phosphors. We have also found, 
however ,  that  Gd 3+ can play an in te rmedia te  role in 
energy t ransfer  to Eu 3+, Sm z+, and Mn 2+. This will  
be the subject of fur ther  investigations.  

In conclusion, we have  i l lus t ra ted the in te rmedia te  
role of Gd 8+ in energy t ransfer  f rom a sensitizer to 
an activator.  This energy  t ransfer  can occur almost  
exclus ively  via Gd 8+ and can have a high efficiency 
even for re la t ive ly  low act ivator  concentrations. In 
this way, highly efficient Tb 3+ phosphors can be ob-  
ta ined with  much lower  Tb concentrat ions than the 
hi ther to  known sensitized Tb 8+ phosphors wi th  high 
efficiency, such as Ce0.65Tb0.~sMgAlnO19 (17). The in- 
vo lvement  of Gd 3+ in the energy t ransfer  opens up 
new possibilities for the development  of phosphors. 
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Fig. 3. (a) Excitation spectrum of the 480 nm Dy 3+ luminescence of Gdo.gssBio.olDyo.oo5PO4 (solid line) and Gdo.9ssSbo.olDyo.oosPO4 

(broken line). (b) Spectral energy distribution of the luminescence of Gdo.9ssBio.olDyo.oosPO4 for 254 nm excitation. Note the break in 
the wavelength scale. 
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Heavy Metal Gettering in Silicon-Device Processing 
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ABSTRACT 

Heavy  meta l  ge t ter ing  in sil icon devices has been invest igated.  The bes t  
resul ts  have  been obta ined  with  POCI3 predepos i t ion  fol lowed by  anneal ing  at  
modera te  t empera ture .  A model, p rev ious ly  deve loped  for gold, is appl ied  to 
the  descr ip t ion  of heavy  meta l  get ter ing.  Once inser ted  into a s t anda rd  device 
process, our  ge t ter ing  step al lows us to obta in  leakage  currents  about  100 
p A / c m  2 and 1 p A / c m  for diodes and s torage t ime a round  103 sec for  capacitors.  

A whole class of LSI  devices, dynamic  RAM's, is 
based on low reverse  currents  in junct ions  and high 
s torage t imes in capacitors.  In  addit ion,  al l  o ther  LSI  

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  Member.  
K e y  w o r d s :  p h o s p h o r u s  g e t t e r i n g ,  s i l icon de fec t s ,  d iode ,  capaci -  

to r .  

devices (stat ic  RAM's,  ROM's, microprocessors)  have 
dynamic  nodes whose behav ior  depends also on l eak-  
age cur ren t  in junct ions and capacitors.  The leakage  
current  in junct ions  is also responsible  for the quiescent  
diss ipat ion of CMOS devices (essent ia l ly  p roduced  for  
thei r  low dissipat ion)  so that,  especia l ly  in MSI-CMOS 



Vol. 127, No. I H E A V Y  M E T A L  G E T T E R I N G  IN Si D E V I C E S  165 

devices, the leakage  cur ren t  must  be kep t  low enough. 
Since diss ipat ion is the  ma in  factor  which  l imits  size 

and  complex i ty  of la rge  systems (fast  computers ,  e lec-  
t ronic swi tching sys tems) ,  i t  is of g rea t  in teres t  to re -  
duce these leakages.  As diss ipat ion is an ac t iva ted  
process (ac t iva t ion  energy  ___0.5 eV),  the  most  obvious 
approach  to i ts reduct ion  is to opera te  at  low ( l iquid 
n i t rogen)  t e m p e r a t u r e  (1). In  view of the  grea t  tech-  
nological  difficulties that, this  approach  implies,  i t  is 
h igh ly  des i rab le  to reduce leakages  in MOS devices 
wi thout  lower ing  tempera ture .  In  the next  sect ion we 
show tha t  this objec t ive  can be accomplished a lmost  
comple te ly  if heavy  meta ls  a re  removed  f rom the act ive 
zones of the devices. 

Techniques to se lec t ive ly  r emove  atoms of a g iven 
class a re  k n o w n  as get ter ing,  and var ious  ge t te r ing  
procedures  for  heavy  meta ls  have  been proposed.  
Many  of them are  based on the high affinity of heavy  
meta ls  t oward  damaged  regions. The  damage  was p r o -  
duced far  f rom the act ive regions (i.e., on the wafer  
back  surface)  in many  ways:  mechanica l  damage  (2), 
ion implan ta t ion  (3), heavy  phosphorus  diffusion (4), 
and  stress by  mechanica l  mismatch  (5). Other  tech-  
niques a re  based on phosphorus  deposi t ion fol lowed by  
high t e m p e r a t u r e  anneal ing  (6:8) .  In  this work  we 
show that  a ve ry  effective ge t te r ing  effect can be ob-  
ta ined  b y  phosphorus  deposi t ion fol lowed b y  segrega-  
t ion anneal ing  at  modera t e  t empera tu re :  this process 
mus t  be pe r fo rmed  before  me ta l  deposi t ion and a l lows 
heavy  meta ls  to segregate  in the  contacts or a t  the  back 
surface.  

This paper  contains a shor t  descr ip t ion  of the pr inc i -  
pa l  causes of l eakage  current ;  descr ibes  th ree  exper i -  
ments  where  get ter ing  by  phosphorus  and by  damage  
a re  compared;  presents  a s imple descr ip t ion  of the 
ge t te r ing  theory  by  segregat ion  anneal ing;  gives the 
expe r imen ta l  detai ls  of our  ma in  tes t -vehicle ,  the d i -  
ode; considers  the  effect of our  ge t te r ing  technique on 
ano ther  device, the  capaci tor ;  and  finally, contains a 
discussion of our  p rocedure  in  comparison wi th  o ther  
known  processes. 

Leakages 
We confine ourselves  to the  n + / p  junction,  though, 

mutat is  mutandis,  the  fol lowing discussion can be ex-  
tended to the  p + / n  junc t ion  and to the  MOS capacitor .  
Leakage  cu r ren t  can be ascr ibed  to the  fol lowing 
causes: diffusion current ,  ex t ended  defects,  and  gen-  
e r a t i on / r ecombina t ion  phenomena  on Shock l ey -Read -  
Hal l  (SRH) centers.  

The diffusion cur ren t  depends  on t e m p e r a t u r e  
( th rough  the in t r ins ic  car r ie r  Concentration),  doping, 
and t rap  densi ty;  this cur ren t  can be thought  of as the 
unavoidab le  contr ibut ion  to the l eakage  current .  

Ex tended  defects (dislocations,  s tacking faults,  etc.) 
in act ive zones once decora ted  by  meta l  atoms are  re -  
sponsible  for a s t rong increase  of reverse  current ,  
soft junctions,  and  so on. Thei r  presence in a device 
is often ca tas t rophic  and may  influence both process 
y ie ld  and device performances .  Ex tended  defects  e i ther  
are  presen t  in the s ta r t ing  slice or a re  in t roduced  du r -  
ing wafer  processing. Care must  be used to avoid the  
second possibil i ty.  For  instance, h igh t e m p e r a t u r e  HC1 
t r ea tmen t  (9, 10) and argon or n i t rogen  anneal ing  be-  
fore oxida t ion  (11) have l a t e ly  been proposed  to re -  
move s tacking fau l t  nuclei.  Thermal  or  mechanica l  
stresses mus t  be avoided  so as not  to genera te  dis loca-  
tions in act ive zones. This is easi ly  ob ta ined  if  high tem-  
p e r a t u r e  ( >  1000~C) process steps are  avoided.  If  
high t e m p e r a t u r e  steps, such as ref low anneal ing  (12), 
a re  r equ i red  then one mus t  use s low push /pu l l .  

The th i rd  quant i ty ,  gene ra t ion / r ecombina t ion  on 
SRI t  centers,  can l a rge ly  be var ied  dur ing  device proc-  
essing. Chemical ly ,  SRH centers  a re  heavy  meta l  a toms 
tha t  can exchange  both electrons and holes wi th  the 
lat t ice;  the cu r ren t  they  produce  is p ropor t iona l  to the 
a tom concent ra t ion  in  the  act ive zone. 

The p rog ra m prev ious ly  out l ined can ope ra t ive ly  be 
res ta ted  as follows: to reduce heavy  meta l  concent ra -  
t ion in active zone by  a p rocedure  (ge t te r ing)  com- 
pa t ib le  wi th  the  MOS process. 

Before descr ib ing in shor t  our  ge t te r ing  procedure  
and how we a r r ived  at  it, we would  point  out  tha t  the 
p a r a m e t e r  to test  qua l i ty  of a p rocedure  was the  l eak -  
age cur ren t  in su i tab ly  p r e p a r e d  diodes. This choice 
has a c lear  opera t ive  meaning;  its phys ica l  re levance  is 
discussed la ter .  

Gettering by Damaging 
A first idea  to reduce  SRH center  concent ra t ion  

comes d i rec t ly  f rom tables  of the segregat ion  coefficient 
be tween  solid and l iquid  si l icon (Table  I) (13). A c -  
cording to this table  we a t t emp ted  to s imula te  the  
l iquid s t ruc ture  by  damage  and to ge t te r  heavy  meta l s  
by the damaged  zones. 

In i t ia l ly ,  we damaged  the back  side by  lapping.  
Leakage  currents  and  defect  dens i ty  in  wafers  wi th  
damaged  back sides were  found to be lower  than  in 
as - rece ived  wafers  (pol ished back  s ides) ,  in spite  of 
the unwan ted  front  damage  in t roduced  dur ing  the l ap-  
ping step. Residual  defect  dens i ty  was, however,  r a the r  
high, and  leakage  cur ren ts  st i l l  were  above  the diffu- 
sion current  l imit .  

Therefore,  we considered two other  ways  to c rea te  
l a rge ly  defect ive zones: (i) deposi t ion on the back side 
of a l ayer  of CVD polycrys ta l l ine  silicon, and  (ii)  
damaging  by  fo rmat ion  of SiP precipi ta tes .  

In  the  first exper iment ,  shown in Fig. 1, we p repa red  
diodes in the  "s tandard"  (see sect ion on Diode Test)  
way  and s imula ted  the l iquid sil icon s t ruc ture  by  de-  
posi t ing a 2 ~m th ick  l aye r  of poly-Si .  Po ly -S i  is ac-  
tua l ly  composed of m a n y  grains  ( ranging  in size f rom 
100 to 10,000A) in which la t t ice  o rder  is mainta ined.  
We m a y  suppose tha t  only  the atom~ in the  first 2-3 
layers  at  the surface of the crys ta l l i tes  a re  in a quas i -  
l iquid  state,  i.e., act ive for  get ter ing.  Tota l  surface  
a rea  is 

A = a V / R  

where  a is a shape fac tor  (6 for cubic and spher ic  
gra ins) ,  R a sui table  l inear  d imension of grains  (d iam-  
eter  for spheric, edge for cubic ones) ,  and V the to ta l  
volume. For  a l aye r  of thickness t the number  of act ive 
atoms is g iven by  

n -~ saNsi2/3t/R 

where  s is the n u m b e r  of l i qu id - l i ke  layers  (s ---- 2-3) 
and  Nsi the atomic dens i ty  of si l icon (Nsi = 5 • 10 ~2 
cm-3) .  Le t t ing  a --  6 and R =- 1500A, we have  for  a 
2 ~m thick p o l y - S i l a y e r  n _~ (2 --  3) • 1017 cm -2. 
Using the segregat ion  coefficient g iven above, the 
po ly -S i  l aye r  should be able to ge t te r  as much as 80% 
of gold f rom 500 #m thick wafers.  Annea l ing  t e m p e r a -  
tures, 700 ~ and 800~ and durat ion,  60 min, were  
chosen because they  are  high enough to a l low the 
migra t ion  of fast  diffusing, me ta l  impur i t i es  f rom one 
side of the  wafer  to the other. The resul t ing  ge t te r ing  
ac t iv i ty  was negl igible  (see Fig. 1) showing tha t  the 
S i -damaged  l aye r  ( formed by  chemical  vapor  deposi -  
t ion) does not succeed in s imula t ing  the l iquid  l aye r  in 
the considered t empe ra tu r e  range.  

In a second expe r imen t  the  la t t ice  damage  was p ro -  
duced by  phosphorus  predeposi t ion.  In  our  deposi t ion 
conditions e lec t r ica l ly  inact ive  phosphorus  is su re ly  
formed;  indeed V / I  af ter  predepos i t ion  is t yp ica l ly  

TaMe I. 

Segregation coefficient 
Metal (solid to liquid) 

Au 2.5 • i0 -~ 
Cr <i0 -s 
Cu 4 x I0 -~ 
Fe 8 x 10 -8 
Ta 10 -7 
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Fig. I. Structure of the first 
experiment: gettering by poly-Si 
on the back side. 
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SiO~ push/pull 

, % 1 
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Segregation annealing Segregation annealing Segregation annealing 
700~ 60 min (N2) 7DO~ 60 min (N2) BOO~ 60 min (N2) 

NO CHANGE NO CHANGE NO CHANGE 

Diode process 

Fig. 2. Structure of the second 
experiment: gettering by POCla 
predeposition and moderate tem- 
perature annealing. 

REFERENCE 

I 
Res annealing 
1100~ 10 min (N2) 

I ,,] 

300 ~ CVD poly si 
on the front 

I 
P predeposition from POC13~,,,1,~80~ 

J .... I 
Segregation annealing Segmegation annealing Segregation annealing 
7OOOC, 60 min (N2) 70ooc, 60 min (N2) 800~ 60 min (N2) 

I ..... I I 
NO CHANGE LEAKAGE IS REDUCED LEAKAGE IS REDUCED 

BY ONE ORDER BY TWO ORDERS 

5 -- 612 and decreases to about  312 after  the d r ive - in  
step. LAMEL researchers have clear ly  described how 
during phosphorus deposition f rom POC13 in oxidizing 
env i ronment  SiP or thorhombic precipitates are formed 
inside the silicon ma t r ix  (14). Because of the lat t ice 
mismatch, the SiP precipitates are  the source of a com- 
plex ne twork  of dislocations and defects of various 
kinds which can be thought  of as s imulat ing the l iquid 
structure.  The  exper iment ,  shown in Fig. 2, was car-  
r ied out with the same anneal ing conditions as the first 
exper iment ;  in spite of this, the results (Fig. 3) were  
completely  different. Since it  looked unl ikely  that  
the amount  of damage introduced by SiP precipitates 
was greater  than that  contained in poly-Si ,  we  ten ta -  
t ively admit ted  that, at  the considered temperatures ,  
get ter ing takes place preferent ia l ly  by phosphorus 
ra ther  than by damage. That  phosphorus is able to 
get ter  impuri t ies  was recognized in ear l ier  work  (6, 
15). 

To clarify if get ter ing was due to single P atoms or 
to SiP precipitates we per formed an expe r imen t  where  
get ter ing in n + regions wi thout  precipitates was com- 
pared  wi th  get ter ing in n + regions wi th  precipitates.  
As the leakage current  was low and pract ical ly  the 
same in the two cases 1 (Fig. 4), we could deduce that  
get ter ing requires  phosphorus atoms and segregat ion 
anneal ing at modera te  temperature .  

We have  a r r ived  at this s ta tement  according to the  
results of only three exper iments ;  actual ly  we per -  

However, recently, Tseng et aL (16) at the California Institute 
of Technology have clearly given evidence for gold gettering by 
dislocations in addition to gettering by single phosphorus atoms. 
In fact, they observed that after annealing at 800~ for 109 hr 
the Au profile roughly follows the P concentration except in a 
dislocaUon-rich region, where Au concentration is higher. 

formed about th i r ty  different exper iments  which c a n  
be explained, in thei r  general i ty ,  only by the p re -  
vious model. 

Fig. 3. Leakage current distributions for diodes processed during 
the second experiment. 
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I 
Diode process 

I 
n + regions from CVD-PSG 
without SiP p~ecipitates 
1000oc,130 min (At) 

Re,low annealing 
11OO~ 10 min (N2) 

I 
I 

P predeposi~ion from POCI 3 
with SiP precipitates, 92Ooc 

SegTegation annealing 
8OO~ 60 min (N2) t 
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Fig. 4. Structure of the third experlment: gettering by POCIs 

predeposition with precipitates compared with gettering by pre- 
deposition without precipitates. 

A Model for Gettering by Phosphorus Atoms 
The conclusions of the  previous  section suggest  tha t  

ge t te r ing  takes  place  p re f e r en t i a l l y  on sites associated 
wi th  phosphorus  atoms, in ag reemen t  wi th  the  theo-  
re t ica l  analys is  of Meek  and Seide l  (7). 

In  equ i l ib r ium condit ions a tomic  concentra t ion  of 
meta ls  in undoped  si l icon is g iven in Ref. (17) 2 

N = Nsi exp  ( - -E /kBT)  

where  E is a sui table  energy  factor  and ks  is the  Bol tz -  
m a n n  constant.  

If  phosphorus  produces  ge t te r  sites, meta l  dissolut ion 
in  phosphorus -doped  si l icon is descr ibed by  

N' _-- Nsi exp  ( - -E /kBT)  + Np exp ( - -E . / kB T )  [1] 

where  the  n u m b e r  of ge t te r  sites is supposed to in-  
crease in p ropor t ion  to the  atomic concentra t ion of 
phosphorus  th rough  an ac t iva ted  process (act ivat ion 
energy  E.)  (17). I t  is supposed that,  once formed,  the 
ge t te r  si te is filled. F o r m u l a  [1] is the  l imi t ing  case, 
for  low phosphorus  concentra t ion  and t e m p e r a t u r e  not  
too high, of the  resul t  ob ta ined  by  Meek and Seidel  for 
copper  and gold. 

The segrega t ion  coefficient be tween  doped and in-  
t r insic  si l icon is g iven by  the ra t io  of N' to N 

K -- 1 + (Np/Nsi)  exp [ (E  --  E. ) / kBT]  [2] 

Rela t ionship  [2] suggests  tha t  ge t te r ing  by  segregat ion  
annea l ing  is feas ible  only if  E.  < E, and, in this case, 
the  uppe r  t e m p e r a t u r e  where  i t  is effective is given by 
this condit ion:  kBT < E -- E.. The lower  t empe ra tu r e  
l imi t  is d e t e r m i n e d " b y  the  anneal ing  dura t ion:  The 
t e m p e r a t u r e  mus t  be high enough to a l low a complete  
segregat ion.  

Fo r  a pa r t i cu l a r  impur i ty ,  gold, the  calcula t ion of 
E --  E,  was possible f rom k n o w n  the rmodynamic  data,  
suggest ing an annea l ing  t e m p e r a t u r e  in the  range 
700~176 3 (17). Graphs  of the segregat ion  coefficient 
vs. t e m p e r a t u r e  for var ious  phosphorus  concentra t ions  
(meta l  impur i ty :  gold)  a re  shown in Fig. 5. The con- 

Metal  a t om s  a re  supposed  to r e a c h  this concen t r a t i on  coming  
f r o m  a s o u r c e  at  uni t  act ivi ty.  

Obviously,  annea l ing  t i m e  m u s t  inc rease  as t e m p e r a t u r e  de- 
c reases  to p e r m i t  h e a v y  me ta l s  to diffuse. The  resu l t s  of the  ex- 
p e r i m e n t s  of Fig. 2 can  be exp la ined  by  obse rv ing  t h a t  annea l ing  
at 700~ for  1 hr  is a t i m e  sh or te r  than  that  r e q u i r e d  fo r  full  
segrega t ion .  
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Fig. 5. Segregation coefficient of gold in P-doped silicon vs. 

temperature for various phosphorus concentrations. 

clusion obta ined  for gold can t en ta t ive ly  be assumed 
to hold for o ther  heavy  meta ls  (7, 15). 

The Diode Test 
The ge t te r ing  procedure  p rev ious ly  descr ibed can 

be appl ied  to any  s t anda rd  n -channe l  MOS or  CMOS 
process and al lows us to obtain diodes which  at  room 
t empera tu re  cu r ren t ly  have leakages  in the range  
50-150 p A / c m  2, i r respect ive  of subs t ra te  g rowth  
method  (CZ or FZ) .  Leakage  cur ren t  is low enough to 
be close to the diffusion va lue  so tha t  some indicat ions 
on the process are  r equ i red#  

This process requi res  a boron field implan ta t ion  to 
avoid surface invers ion in high res is t iv i ty  mater ia ls .  
The var ious  steps are  r epor ted  in Table  II  (no c lean-  
ing is indica ted)  and are  t aken  f rom an n -channe l  s i l i -  
con-gate  process s implif ied by  avoiding gate  oxide 
g rowth  and po ly -S i  deposit ion.  We hope tha t  fu r ther  
publ ished reduct ions in leakages  wil l  be accompanied  
by  the associated diode process. 

As prev ious ly  stated,  diodes processed in this way  
reproduc ib ly  have at  a reverse  bias of 15V an area  l eak-  
age cur ren t  of about  100 pA/cm2; in addit ion,  the  pe -  
r ime te r  l eakage  cur ren t  is of the o rder  of 1 p A / c m  and 
typical  e lectr ic  defect  dens i ty  on good mate r ia l s  is less 
t~:an 1 de fec t / cm 2 (19). The diffusion l imits  are  roughly  
the following: a rea  leakage  cur ren t  is 35 p A / c m  2 [cal-  
cula ted  by  the equat ion J : e~/Dn/Tn ni2/NA (20), as-  
suming an e lec t ron  diffusion coefficient Dn ---- 30 cm2/ 
sec, a minor i ty  e lect ron ca r r i e r  l i fe t ime 5 Tn ---- 10 ~sec, 

~Leakage  c u r r e n t  of the  same o r d e r  has  been  r e p o r t e d  by  
B r o t h e r t o n  and  Gill in a r e c e n t  c o m m u n i c a t i o n  (18). This  p a p e r  
is also of in t e re s t  fo r  . the e s t ima te  of the  va lue  of the  diffusion 
cu r ren t .  

5 This  va lue  is typical  fo r  CZ-grown silicon slices wi th  resist iv- 
i ty in the  MOS range .  H o w e v e r ,  this  p a r a m e t e r  is con t inuous ly  
increas ing  wi th  the d e v e l o p m e n t  of the  t echno logy  of silicon pro- 
duction.  
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Table II. Diode process* 

1. In i t i a l  ox ida t ion  (HCl-s team) ,  875~ 500A 
2. Si l icon n i t r i de  deposi t ion ,  920~ 
3. Ac t ive  zone mask-n i t r ide  e tch  (p la sma)  
4. B n f iekl  imp lan ta t ion ,  lO z~ i o n s / c m  ~ 
5. F ie ld  ox ida t ion  ( s t e a m ) ,  920~ 1.1 ~m 
6. Thin  oxide e t ch  (HF) 
7. Ni t r ide  e tch  (p la sma)  
8. F r o n t  mask ,  hack  oxide etch (HF) 
9. P p r edepos i t i on  (POCI~), 920~ V / I  = 6~ 

10. P diffusion (Os)~ V / l =  3~ 
11. PSG depos i t ion  
12. Contac t  mask ,  PSG e tch  (buf fe red  solution) 
13. Reflow a n n e a l i n g  ( l l00~ 
14. P p redepos i t ion  (FOC~) ,  920~ V / I  = 6~ 
15. Segregation annealing (N~), 800~ } gettering 
16. AI/Si deposition, 1/~m 
17. Metal mask, AI/Si etch (H~PO~, plasma) 
18. A11oy (Hs) 450~ 

* Diodes p r e p a r e d  accord ing  to th i s  p rocess  c u r r e n t l y  have  a re- 
verse  c u r r e n t  in  the  r a n g e  50-150 pA/cmS at  a b ias  of 15V. Diodes  
p r e p a r e d  s i m u l t a n e o u s l y  are  d i s t r i bu t ed  v e r y  sha rp ly  a round  the 
m e a n  value,  and  on ly  a smal l  po r t ion  of the whole  popu la t ion  
( abou t  5%) has  h igh  l e a k a g e s  (1 nA/cm~ or  m o r e ) .  We ascr ibe  
th i s  por t ion  to e l ec t r i ca l ly  active defects  (19). 

an intr insic  car r ie r  concentra t ion ni ---- 1.6 • 10 z0 c m - S ,  
and an acceptor  concentra t ion NA --  2 • 10 TM cm-3;  e 
is the proton charge] ,  pe r ime te r  leakage  cur ren t  is 
5 X 10 -3 p A / c m  (calcula ted consider ing the pe r im-  
e ter  as a 90 ~ arc  of cy l indr ica l  junc t ion  wi th  radius  
equal  to the junc t ion  depth, 1.5 ~m, and assuming the 
same cur ren t  densi ty  ca lcula ted  ~or a rea) .  Incoming 
slices were  dec la red  dislocation free by  the p roducer  
and the claim was found t rue  by  incoming inspection. 

F rom the comparison we  eas i ly  re~alize tha t  the a t -  
t empt  to reduce the defect  dens i ty  and a rea  leakage  
cur ren t  have been accomplished to a grea t  extent ;  but  
the objec t ive  to reduce  the  gap for  the pe r ime te r  l eak-  
age cur ren t  has not ye t  been reached.  At  present  we 
do not know if the high pe r ime te r  leakages  must  be 
ascr ibed to the ion - implan t  damage,  to the vic ini ty  to 
the field oxide, or to the compet i t ive  ge t te r ing  action 
of the bo ron- implan ted  region (we are  indebted  to one 
referee  for this suggest ion) .  The pe r ime te r  leakage  
cur ren t  is a p a r a m e t e r  of increas ing re levance  as the  
device complex i ty  increases and the fea ture  sizes de -  
crease. 

A Review of Gettering Effects on Dynamic RAM's 
Though diodes are both conceptually and operatively 

a good vehicle for test ing a ge t te r ing  efficiency, i t  is 
a lways  possible tha t  the efficiency of a ge t te r  p ro -  
cedure is lost in a complete  (dynamic  RAM) process. 
This process is ro , ,ghly  the same as the one prev ious ly  
descr ibed for diodes, with the  addi t ion of gate  ox ida -  
t ion and anneal ing  (1100 ~ po ly -S i  deposi t ion 
(660~ and masking  be tween  steps 8 and 9. 

For  this k ind  of device, the most  impor t an t  cont r ibu-  
tions to the  ove r -a l l  l eakage  cur ren t  a re  g iven by pe-  
r ime te r  leakage  cur ren t  and recombina t ion  cur ren t  in 
MOS capacitors.  A typical  p a r a m e t e r  depending  on the 
la t te r  cur ren t  and of significance in dynamic  RAM's  is 
the s torage t ime of MOS capacitors.  In  Fig. 6 we have  
p lo t ted  this p a r a m e t e r  measured  on capaci tors  p roc-  
essed in our  faci l i ty  as test  pa t te rns  on the same 
wafers  as 4 K dynamic  RAM's. The graph  s tar ts  wi th  
the s torage t ime af te r  the in t roduct ion  of a rough  back 
side for wafers.  This const i tu ted an improvemen t  over  
the prev ious ly  used back-po l i shed  wafers  since the 
rough back side behaved  as a ge t te r  region for im-  
pur i t ies  and p reven ted  the format ion  of etch pits on 
the  wafer  front.  The nex t  increase  in s torage t ime took 
place when the P diffusion was also a l lowed to t ake  
place  on the back  side of the wafers  thus improving  the 
ge t te r  efficiency at  the back side. A th i rd  increase  in 
s torage t ime took place when au tomat ic  pul lers  were  
in t roduced for al l  h igh t empe ra tu r e  annealing.  This 
avoided wafer  warp ing  and reduced  the dens i ty  of 
crys ta l  defects induced by  processing. A decrease in 
s torage t ime took place  s imul taneous ly  wi th  the  in t ro -  
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Fig. 6. Improvement in storage time after process changes 

duct ion of spu t t e r -gun  deposi t ion of  A1/Si. Since the  
prev ious ly  used process r equ i red  the  deposi t ion of a 
thin l aye r  of po ly -S i  a t  the t e m p e r a t u r e  of 660~ be-  
fore A1 deposition, we now assume tha t  this s tep acted 
as segregat ion anneal ing.  The las t  improvemen t  shown 
took place wi th  the  in t roduct ion  of the  cool -down for 
reflow anneal ing  (19) and of the  above-ment ioned  
ge t te r ing  step. 

In  conclusion, the  resul ts  of this figure provide  s t rong 
evidence that  our  ge t te r ing  procedure ,  though set  up 
to reduce a rea  leakage  currents  in diodes, is also effi- 
cient in reducing  recombinat ion  cur ren t  in gate oxide  
capacitors.  

Discussion 
The ge t te r ing  technique we have descr ibed is based 

on phosphorus  deposi t ion fol lowed by  segregat ion  an-  
neal ing at  mode ra t e  t empera ture .  

In  the short  h is tory  of microelect ronics  severa l  o ther  
ge t te r ing  techniques have  been proposed.  Many of 
them, i r respect ive  of the mechanism proposed  to ex-  
p la in  the ge t te r ing  act ivi ty,  were  based on phosphorus  
deposi t ion fol lowed by  high t empe ra tu r e  ( > 1000~ 
anneal ing  (6-8). This does not  agree  wi th  our resul ts  
that  the  final annea l ing  should be pe r fo rmed  at mod-  
era te  (_~800~ tempera tu re .  This d iscrepancy can 
be overcome by the fol lowing argument .  

Consider ing Eq. [1], i t  is seen tha t  the solid solu-  
b i l i ty  of meta l  impur i t ies  increases qu ick ly  as t empera -  
ture  increases. Thus, if  heavy  meta ls  are  presen t  in the  
slice in the  (ca tas t rophic)  form of precipi ta tes ,  phos-  
phorus  deposi t ion fol lowed by  high t empe ra tu r e  an -  
neal ing dissolves them. This mode of ge t te r ing  (i.e., 
removing meta l  prec ip i ta tes )  is c lear ly  recognized 
even in the ea r ly  work  of Goe tzberger  and Shockley  
(6) but  is not  effective in modern  mater ia ls .  Sil icon is 
now furnished wi th  a very  low content  of heavy  me t -  
als, especia l ly  if f loat-zone grown.  Accordingly ,  no 
precip i ta tes  a re  presen t  in the  slice and dissolved 
atoms must  be segregated  far  f rom the act ive zones. 
The phenomenon to be used is select ive segregat ion  
which is effective at modera te  t empera ture .  

If  the  silicon slice contains meta l  precipi tates ,  t h e  
two processes can be car r ied  out in this order :  phos-  
phorus  deposi t ion plus  high t empe ra tu r e  anneal ing  and 
segregat ion anneal ing at  modera t e  t empera ture .  Thus, 
the objec t ive  out l ined at  the beginning of this work  
can be considered almost  reached,  wi th  t h e  r e m a r k -  
able except ion of the  pe r iphe ry  leakage current .  The 
decrease  of this quan t i t y  is the obvious, next  objective.  
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A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion bect ion to be pub l i shed  in the December  1980 
JOURNAL. Al l  discussions for  the  December  1980 Dis-  
cussion Sect ion should be submi t t ed  by  Aug. 1, 1980. 
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Study of Anodization Process on GaAs by In Situ 
Differential Reflectance 
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ABSTRACT 

The anodic  film g rowth  on GaAs dur ing  the anodizat ion process and the  
dissolut ion process of the g rown film in the open-c i rcu i t  condit ion have  been 
observed  wi th  the  in situ cii~terential reflectance technique.  The in i t ia l  phase  
of anodic  oxida t ion  process has also been inves t iga ted  in  this study.  The ex-  
pe r imen ta l  resul ts  s t rongly  suggest  tha t  the two-d imens iona l  g rowth  of the  
anodic nuclei  takes place  in the  ini t ia l  phase and tha t  the subs t ra te -d isso lu t ion  
process is control l ing the film formation.  A "less soluble region" has been ob-  
se rved  in the  dissolut ion curve. The film keeps growing in the  open-c i rcu i t  
t r ans ien t  region due to the res idual  ions wi th in  the grown film. It  is also 
shown tha t  the dissolution curve of the grown film is useful  in charac ter iza t ion  
of the film ra the r  than  the anodizat ion  curve. The obta ined  value  of p a r a m -  
e ter  t 'rom the best-i~tting to the dissolution curve is 0.2A sec -1 for the dis-  
solut ion ra te  at  pH 2.4 in ta r ta r ic  a c i d - w a t e r - p r o p y l e n e  glycol  e lec t ro ly te  and 
1.79 • 0.05 for  the re f rac t ive  index of the anodica l ly  g rown film at  6328A. 

In  recent  years  ox ida t ion  of GaAs has been s tudied 
for  p repa r t ion  of the pass iva t ion  film and ga t e - in su l a t -  
ing  film for GaAs-MOSFET.  The anodic oxida t ion  has 
been considered to be one of the  most  promis ing  tech-  
niques to form the na t ive  oxide film on GaAs and sev-  
e ra l  per formances  of the  G a A s - M O S F E T  devices wi th  
the  anodic films have been r epor t ed  (1). 

The  fundamen ta l  s tudy  of the  anodic oxida t ion  on 
GaAs, however ,  has not  been ex tens ive ly  s tudied  yet. 
In  recent  publicat ions,  Hasegawa and Har tnage l  (2) 
have  shown tha t  Anodiza t ion  of GaAs in Glycol  and 
W a t e r  (AGW process)  can provide  a s table  and re-  
producib le  process in fo rming  the anodic oxide  films on 
GaAs and the films possess low conduct iv i ty  and high 
dielectr ic  b r eakdown  f ie ld-s t rength .  Ano the r  in te res t -  
ing r epor t  on the  ini t ia l  phase  of anodic oxida t ion  on 
GaAs has been made  by  Szpak  (3). His expe r imen ta l  
observa t ion  wi th  the use of scanning e lec t ron micro-  
scope (SEM) indicates  tha t  the two-d imens iona l  
g rowth  of the oxide  film takes  place  in the  ini t ia l  phase 
of film formation.  We have  also shown in our  previous  
r epor t  (4) tha t  different  type  of film format ion  f rom 
that in the  region of passive film fomat ion  takes  place  
in the  in i t ia l  phase  of anodic oxidat ion.  

I t  is the  purpose  of this paper  to show some fu r the r  
invest igat ions  on the anodic oxida t ion  of GaAs using 

Key words: semiconductor, anode, reflectance, passivity. 

the  new technique of in situ different ia l  reflectance 
wi th  a double  beam-s ing le  detector  sys tem and double  
specimens (4). I t  wi l l  be shown in this paper  tha t  the  
present  technique is ava i lab le  to the s tudy  of anodic 
oxide film format ion  of th ick films grown on GaAs 
or on the other  semiconductors.  The in i t ia l  anodizat ion 
process and dissolution process of the g rown film wil l  
also be discussed in this paper .  

Theory 
We consider  the thickness modula t ion  with  un i fo rm-  

film growth  on a substrate .  The descr ip t ion  wi th  the 
Jones ma t r i x  represen ta t ion  for  a s t rat i f ied med ia  is 
ve ry  convenient  and gives the genera l ized  form for the 
system in quest ion (5). The in te rmedia te  l aye r  is only  
t~e anodic film as shown in Fig. 1, so tha t  t h e  basic 
vector  in the e lec t ro ly te  is r epresen ted  by  

I Erl I = I (l~-n2/nl)/2 (1--n2/nl)/2 1 
Ell (1 -- n2/nl)/2 (1 -~ n2/nl)/2 

[ exp (ikd) O 1 
X 0 exp (--ikd) 

I (l~-nJn2)/2 (1--n3/n2)/2 I i Era 1 
• (1 --  nJn2)/2 (1 ~ nJn2)/2 E18 [1] 
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where  Erj and Eli a re  the  complex  ampl i tudes  of the  
r i gh tward  and l e f twa rd  p ropaga t ing  p l ane -wave  states  
in  the  j th  layer ,  n] is the complex re f rac t ive  index  of 
the  j t h  layer ,  ( the subscr ipts  1, 2, and 3 mean  the 
electrolyte ,  the film, and the substrate ,  r espec t ive ly) ,  
k is the complex p ropaga t ion  constant  in  the  film, and  
d is the  film thickness.  The bounda ry  condi t ion is 
Era --  0 which  means  that  energy  propagates  only  
to the lef t  in the  substrate .  The complex reflectance 
ratio,  r, is defined as 

r : Erl/E11 [2] 

and the reflectance, R, for  the  sys tem follows f rom the 
definit ion 

R : Jr[ 2 : r * r  [3 ]  

The re la t ive  change in r, at~r, resul t ing  f rom the 
thickness change is expressed  by  Eq. [4], using Eq. [1] 
and [2] 

Ar r ( d )  - -  r ( 0 )  r ( d )  

r r ( 0 )  r (0 )  

(nl + no) (nl + ns) (n2 -- na)exp(ikd) + (nl -- 
- -  X 

(nl  --  no) (nl --  n2) (n2 --  no)exp (ikd) + (nl + 

It  follows tha t  the re la t ive  change of reflectance, AR/R, 
observed  expe r imen ta l l y  is given by  

~ R  R (d )  - -  R (0 )  (r  + At )  * (r  + At)  - -  r * r  

R R(0)  r * r  

= 2 Re + - -  [5]  
r 

For  a ve ry  smal l  change, or, a ve ry  thin  surface film 
in the  thickness  modulat ion,  the las t  t e rm in the r igh t -  
hand  side of Eq. [5] is negl ig ible  and the l inear  ap-  
p rox ima t ion  theory  becomes va l id  (6).  Now, AR/R in 
the thickness modula t ion  can be eva lua ted  by  Eq. [4] 
and  [5] for  r e l a t ive ly  th ick  films. 

Exper imenta l  
Zn-doped  p - G a A s  wafers  wi th  car r ie r  concentra t ion 

of 1 • 1018 cm -3 and (100) face were  used in the  pres -  
en t  exper iment .  The effect of i l lumina t ion  on the cell  
voltage,  Vc, m a y  be negl ig ible  when  p - G a A s  samples  
wi th  high ca r r i e r  concentra t ion are  used since holes 
p l ay  an impor t an t  role in  the  anodizat ion process. The 
ohmic contact  was fo rmed  by  deposi t ion of I n - A g  a l -  
loy in vacuum, fol lowed by  a br ief  anneal ing  in hyd ro -  
gen a tmosphere  at  500~ A typ ica l  size of the  sample  
surface area  was 7 X 7 m m  2. Samples  were  chemome-  
chanica l ly  pol ished and etched by  the e tchant  of 
3H~SO4: 1H202:1H20 for one minute.  Each sample  was 
subjec ted  to a series of c leaning procedures  wi th  or -  
ganic solvents  and  boi l ing in HC1 in o rde r  to get  r id  of 
the na t ive  oxide  which might  have grown dur ing  the 
sample  prepara t ion .  Al l  the measurements  we re  made  
in a weight  percen t  (w/o)  aqueous solut ion of t a r t a r i c  
acid mixed  wi th  p ropy lene  glycol  in the  volume rat io  
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Fig. 1. Schematic diagram of thickness modulation on three-phase 
model. Semi-infinite substrate is at left, transparent electrolyte at 
right. 

1: 2, buffered by  NI-I~OH to obta in  a des i red  pH-va lue ,  
if necessary  (2). The p H - v a l u e  of the  e lec t ro ly te  w i th -  
out  ad jus tmen t  was typ ica l ly  2.4. Dist i l led wa te r  was 
used to p repa re  the e lectrolyte .  The e lec t ro ly te  was not  
ag i ta ted  in the expe r imen t  since agi ta t ion  causes the  
noise in the opt ical  signal.  The exper imen ta l  se tup 
and measu remen t  techniques on the different ia l  r e -  
flectance measu remen t  a re  as follows. 

A double  beam-s ing le  de tec tor  sys tem as shown in 
Fig. 2 was in t roduced  in  o rder  to min imize  the  dr i f t  
caused by  the opt ical  components.  The l ight  beam is 
d iv ided  into the sample  and re ference  channels  by  a 
ha l f - c i r cu la r  chopper  mir ror .  A 1 mW He-Ne  laser  
wi th  the wave leng th  of 6328A was used as the l ight  
source. The polar izers  were  used only  for  the  a t t enua -  
tion of the  l ight  intensi ty ,  since the measurements  were  
made  in the normal  inc ident  configurat ion at  present .  
We put  a re ference  e lec t rode  of GaAs (GaAs-1  in 

n=) (n~ + n3)exp(-- ikd)  

n2) (ns + n3)exp (--ikd) 
- i [4] 

Fig. 2) p r e p a r e d  in the  same way  as the  sample  e lec-  
t rode  (GaAs-2 in Fig. 2) in o rder  to minimize  the  di f -  
ference in the reflected l ight  in tensi t ies  be tween  the 
two and then set i t  to zero pr ior  to the anodizat ion by  
ad jus t ing  the ga te  wid th  of the  de l a y -ga t e  switching 
circuit,  which  has been repor ted  e l sewhere  (7).  The 
wave fo rm of the s ignal  ob ta ined  f rom the photo-  
mul t ip l i e r  is also shown in the  inser t  of Fig. 2. The 
gate  wid th  was ad jus ted  such tha t  only  the  flat por t ion  
of the  s ignal  was p icked up to avoid  any  spike s ignal  
which  had  resul ted  f rom the edges of the chopper  
mir ror ,  and each gate  wid th  is ad jus tab le  independen t ly  
so that  the in i t ia l  difference in  the l ight  intensi t ies  be-  
tween  the two, if i t  exists,  can be set to zero. The ou t -  
put  s ignal  in the reference  channel  was kep t  constant  
by  a se rvo-sys tem which  controls  the  high vol tage  of 
the  photomul t ip l ie r .  The mi r ro rs  and  electrodes were  
set such tha t  the two beams were  n e a r - n o r m a l l y  in-  

POWER SUPPLY 

MIRROR I / I 
~l / / I ; , , ,  ; ,  , T O  

i /  i 2 I 2 
~ M  I RROR 

Fig. 2. Experimental setup for the double beam-slngle detector 
system using the differential reflectance technique. The polarizers 
ore used for the attenuation of the light intensity in this case. 



V o l .  127 ,  N o .  1 D I F F E R E N T I A L  REFLECTANCE 171 

cident onto the sample and reference electrodes and 
that  the reflected-light beams struck the same area of 
the photocathode of the photomultiplier .  We were 
careful to set the electrodes near  the window of the 
cell as much as possible in  order  to minimize the noise 
caused by contaminants  or bubbles in  the electrolyte 
used, and all the measurements  were made on the 
table which was made to absorb the ground vibration.  
Thus, the ~ R / R  v s .  t ime ( a R / R  - -  t ) ,  ~ R I R  v s .  cell- 
voltage ( ~ R / R  - -  Vc), cell-voltage vs .  t ime (Vc -- t) ,  
and /o r  cur ren t -dens i ty  vs .  t ime (Jd -- t) characteristics 
were s imul taneously  measured and recorded with a 
two pen recorder. The magni tude  of the drift  in  this 
system was estimated below 1% of the signal. 

Results and Discussion 
O u t l i n e  of ~ R I R  c h a r a c t e r i s t i c s . ~ I n  the first place, 

we point  out the s tabi l i ty  of the electrolyte used. The 
Vc -- t characteristics measured above the critical 
cur ren t -dens i ty  needed for the in i t ia t ion of film for- 
mat ion  in  two electrolytes of the same composition are 
shown in  Fig. 3, where F-electrolyte  is freshly pre-  
pared jus t  before the anodization and O-electrolyte 
was prepared a week before. Such fresh and old elec- 
trolytes show a difference in  the Vc -- t curves under  
the condition of constant  cur ren t  (c.c.); in  the F-elec-  
trolyte the dura t ion  t ime in  the ini t ia l  port ion of the 
Vc -- t curve with smaller  gradient  is longer than  that  
in  the O-electrolyte under  the same constant  cur ren t  
condition. The exper imenta l  data, except Fig. 3 and 
10, shown in  the following were obtained with the 
F-electrolyte.  

Typical  exper imenta l  results of the h R / R  character-  
istics under  the three impor tan t  situations for practical  
product ion of the anodic oxide film for GaAs-MOS 
devices are shown in  Fig. 4-6. Figure  4 shows the 
h R / R  - -  t (solid l ine) and Vr -- t (broken l ine) curves 
under  the condition of c.c.-to-open-circuit .  The point  
designated as "OFF" is the t ime when  the circuit was 
opened. The cur ren t -dens i ty  was 295 #A cm -2 in  this 
case. In  the ini t ia l  phase of anodizat ion both ~ R [ R  --  t 
and Vr -- t curves have slowly varying  portions wi th  
the dura t ion t ime tc followed by steeply changing por-  
tions. The observat ion of the h R / R  signal in  the ini t ia l  
phase indicates a "nonpassive" film growth (8) or the 
quas i - two-dimens ional  growth of the passive film 
which is recent ly  reported by Szpak (3). After  the 
circuit was opened, the ~ R / R  signal increased to the 
ini t ial  zero value indicat ing the dissolution of the 
anodically grown film. The film is found to be in  "less 
soluble region" for the t ime t~ and to complete the 
dissolution in the t ime tp as shown in Fig. 4. 

The A R / R  - -  t (solid l ine) and Jd -- t (broken l ine) 
curves under  the condit ion of constant  voltage (c.v.)- 
to-open-ci rcui t  are shown in  Fig. 5, where Jdf is the 
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Fig. 3. Ve - -  t characteristics under the c.c. condition in old- and 
fresh -electrolyte. 
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Fig. 5. ~ R / R  - -  t ( , ) and Jd - -  t ( - - - - - - )  characteristics 
under the condition of c.v.-to-open-circuit. Jdt is the final current -  
density. 

final current-densi ty .  The applied constant  voltage was 
l l .0V in  this case. It  is found in  Fig. 5 that  the A R / R  
signal decreases to a constant  value defined by the 
formation voltage Vf which is the difference between 
the final cell-voltage and ini t ia l  voltage drop and cor- 
responds to the grown film thickness, and then it  i n -  
creases in  the open-circui t  condition in  the same m a n -  
ner  as in  Fig. 4. The "less soluble region" also appeared 
in  this case though the ini t ia l  flat port ion is hard ly  ob- 
served in A R / R  - -  t characteristics. 

Lastly, the result  unde r the condition of c.c.-to-c.v.- 
to-open-circui t  is shown in  Fig. 6. This condit ion is 
commonly applied to the anodic oxidation for the 
practical use. It  is noted that  the film formation still 
continues after  the change f rom the c.c. condit ion to 
the c.v. condition, 

OXIDATION TIME (Sec) O~E DISSOLUTION TIME (Min) 
0 48 96 2 4 6 

0 ~ 1 0  

" . . . . . .  

~-4 >~ 

Fig. 6. ~ R / R  - -  t ( ) ,  Vc - -  t ( . . . .  ) ,  and  Jd - -  
( . . . . .  ) characteristics under the condition of c.c.-c.v.-open circuit. 
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After the complete dissolution we repeated the ex- 
periments  with the same sample and the same electro- 
lyte. Such exper imental  results under  the condition of 
c.c.- to-open-circuit  are shown in  Fig. 7, where it is 
seen that  the reproducibi l i ty  of this exper iment  is ex- 
cellent. It is also suggested that  the dissolution rate 
varies with the final thickness of the grown film; it 
increases as the grown film thickness increases. 

Initial phase ol anodization process.--A few invest i -  
gations on the ini t ial  phase of anodization of GaAs 
have been reported. Harvey and Kruger  (8) studied 
the behavior of GaAs anode and observed the active- 
passive t ransi t ion under  a certain condition. They also 
observed nonpassive film growth in the active region. 
Hasegawa and Hartnagel  (2) studied the anodic oxi- 
dation of GaAs in the AGW process and also observed 
the active-passive transition. More recent ly Szpak 
(3) studied the ini t ia l  phase of anodization of GaAs 
in the AGW process with SEM and suggested that  the 
quas i - two-dimensional  growth from nucleat ion site is 
taking place in  the ini t ial  phase. 

In  this section, we will  explain the observat ion of 
the surface coverage-vs.-t ime (o -- t) derived from 
the aR/R  -- t curves in  the init ial  phase of anodic oxi- 
dation in terms of the two-dimensional  growth assum- 
ing that cylindrical  nuclei  grow in two dimensions in  
the init ial  phase. For the growth of an anodic film at 
constant thickness, the value of ~R/R  may be deter-  
mined by an "average thickness d00", where do is the 
constant thickness of the cylindrical  nuclei  and e the 
surface coverage which is a ratio of the area covered 
with anodic film to the whole area of electrode, since 
the wavelength of light used is so long as compared 
with the dimensions of the nuclei. Thus one may be 
able to argue the surface coverage as described in the 
following. The first derivat ive of the surface coverage 
may be written by 

do JfM Jf 
- - -  - [61 

dt zFpdo qm 

where Jf is the cur ren t -dens i ty  consumed for the film 
formation, M ~the average molecular weight of the 
anodic oxide film, p the density of the film, z the n u m -  
ber of ionic charge, F the Faraday constant, and qm :-- 
zFpdo/M the charge amount  which is necessary to 
have the full surface coverage. The problem in the two- 
dimensional  growth of anodic film is what  is the slowest 
process which controls the rate of film formation. Two 
situations of interest  may exist for the two-dimensional  
growth; (A) the dissolution of the anode mater ia l  into 
the electrolyte is the slowest process, called "metal-  
dissolution-controll ing," (B) the growth of anodic film 
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Fig. 7. Reproducibility of the AR/R characteristics with the same 
sample under the condition of c.c.-to-open-circuit. The initial phase 
of anodization is reproduced well under the same current-density 
condition. Time scale after OFF for each curve refers to dissolution 
time, and has been multiplied by a constant factor 1/10. 

is the slowest process, called "f i lm-format ion-control-  
ling" (9). In  each case, the surface coverage o is given 
by Eq. [7] or [8] 

(A) metal -dissolut ion-control l ing case  

0 = l - - e x p  ---- [7] 

(B) f i lm-format ion-control l ing case 

e =- 1 -- exp(-- at 2) [8] 

where Zd and a are constants. The metal-dissolution- 
controlling is more likely in the present experimental 
results than the film-formation-controlling since it is 
found in Fig. 8 that the film thickness, which refers to 
e below the full surface coverage, has similar time de- 
pendence o~ type (A) of Eq. [7], as written by Eq. [9] 

0 = l - - e x p  ( - - + )  [9] 

In Fig. 8, the theoretical curve (broken line) is d rawn 
assuming that  the time constant  T is 6.5 sec and the 
thickness of cylindrical  nuclei  do is 35A. Both curves 
coincide with each other though the coincidence is 
broken near the critical time from which the passive 
film starts to grow in  three dimensions. According to 
Eq. [6], J~ is given by the first derivative of ~ so that  
differentiating the exper imental  equation, Eq. [9], 
gives 

qm ( ~ )  
Jf : - - - e x p  -- -- J l ( 1 - -  e) [10] 

Equat ion [10] is l ikely to correspond to the concept of 
the metal-dissolut ion-control l ing (9), so that J1 = qm/~ 
may be considered to be the cur ren t -dens i ty  on the 
uncovered surface at t ---- 0 and near ly  equal to the 
applied cur rent -dens i ty  Jd at t -- 0, if any current- loss 
is negligible at t : 0. Value of qm is estimated as 4.8 
mC cm -2 from the t ime constant  ~ and cur rent -dens i ty  
Jd in  Fig. 8. This value corresponds to the charge 
amount  which four atomic layers of (100) face of 
GaAs have. If it is assumed that  four atomic layers 
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Fig. 8. Comparison of the experimental curve ( . ) with the- 
oretical curve ( . . . . .  ) in the initial phase of the film thickness 
vs. time characteristics under the c.c. condition. The theoretical 
curve of the two-dimensional g~wth fits well with the experimental 
curve. 
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dissolve into the electrolyte as ions of Ga s + and As 3 + 
and ~heir whole charges are consumed for the forma-  
t ion of oxide film with thickness of 35A in  this case, 
the consumption ratio was est imated to be 1.55. This 
va lue  is in  good agreement  with that  calculated using 
the previously reported data of the growth rate and  
consumption rate  (2). 

Next  we wil l  derive the velocity of radial  growth v, 
cm sec -~, assuming that  the nucleat ion of anodic film 
is taking place progressively unde r  the c.c. condition. 
The contr ibut ion of nuclei  which generated at t ime u 
to the surface coverage e a t  t ime t, with no considera- 
t ion of over lapping is given by  

.,, 
where Z is the nucleat ion rate, cm -~ sec -~, and ee= is 
the surface coverage wi th  no account taken  of over-  
lapping. In tegra t ing  Eq. [11] gives 

s: {s: }',. ,,,., e.~ = Z~{1 -- e(u)} v ( t ) d t  
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Fig. 9. Outline of the velocity of radial grewfh v as function of 
the surface coverage 0. This work; , work by Armstrong and 
Harrison; . . . .  . 

Subst i tu t ing  Eq. [9] into Eq. [12] wi th  use of Abrami ' s  
equat ion (10), e -- 1 -- exp ( - -  eel), gives, 

' S: ( " )  iS' }' - - =  Z~exp _ _ _  v(t)dt d u l l 3 ]  
.g .~ u 

7 0  
Differentiat ing Eq. [13] twice and rea r rang ing  gives 

V exp 60 

= 2 ~ Z  1 -- exp --  -~- [14] 

Solving Eq. [14] wi th  bounda ry  condition, 1/v = 0 at ~ 4C 
t ---- 0, which means that  there is almost infinite space 
for nucleat ion and radial  growth at the start  of anodi-  
zation under  the constant  current  condit ion so that  the "-- 3C r~ 
velocity of radial  growth should be substant ia l ly  large 4- 
at t = 0 (11), one may obta in  2C 

{ ( , ) ,  }-- v C t ) - -  (4m~Z)-Y, exp ---~- + ~ - - - 1  

[1~] 

or in  another  form of v as a funct ion of 0 

v(o) = (4=zsZ) -~  I n i - - o - - 0  [16] 

Figure 9 shows the plots of v(o) given by Eq. [16]. In  
Fig. 9, the work by Armstrong and  Harr ison (11) is 
also shown for reference. They assumed no cur ren t -  
loss and ins tantaneous nucleation.  On the other hand, 
Szpak (3) considered that  the velocity of radial  growth 
has a l inear  relationShip with the avai lable surface 
area and gets substant ia l ly  higher as critical t ime is 
approached. 

In  our present  case it  is found that  the fundamenta l  
Eq. [9] is valid and the derived v -- 0 curve of the 
solid l ine in Fig. 9 gives qual i tat ive unders tand ing  of 
the kinetics of the surface coverage on GaAs unt i l  the 
critical time. However, the velocity of radial  growth 
v will subs tant ia l ly  increase so as to fill the small  pores 
among the nuclei  as the critical t ime is approached. 

"Less soluble region".--The region where  the disso- 
lu t ion rate appears to be small  is found in the dissolu- 
t ion curves and we call it "less soluble region." The 
dependences of the two parameters,  td and tp, upon  the 
format ion voltage Vf are shown in Fig. 10. It is ob- 
served that tp has l inear  dependence upon Ve, while td 
has l i t t le dependence upon Vt, though td is dependent  
on the pH-va lue  of the electrolyte used and cur ren t -  
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Fig. 10. Dependences of the parameters, td and tp upon the 
formation voltage Vf. Their dependences on the electrolyte used 
are also shown. Different symbols refer to different samples. The 
same symbols refer to different runs with the same sample. The 
current-densities are denoted with the numbers on the figure in the 
dimension [~A cm-2 ] .  

density. It  is also observed that  the dissolution rate 
appears to be smaller  in the O-electrolyte than in  the 
F-electrolyte.  Figure 11 shows the dependence of ta 
upon the final cur ren t -dens i ty  Jdf which was al ready 
indicated in Fig. 5. It  seems that  td is proport ional  to 
the square root of Ja~. This resut  strongly suggests that  
the anodic film keeps growing after the circuit  is 
opened due to the residual ions wi thin  the anodically 
grown film and thus "less soluble region" appears. Fig-  
ure 12 shows the thickness and dissolution rate of the 
grown film after the open-circui t  derived from the 
best-fi t t ing to the AR/R -- t curve. The extrapolat ion 
of the l inear  port ion to the zero dissolution t ime yields 
the thickness d = 190A which is in  good agreement  
with that  calculated using the previously reported data 
of the growth rate (2). This fact also suggests the 
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passive film growth in  the open-circui t  t rans ient  
region. The dissolution rate is found to be constant, 
0.2 A sec -1, in  this sample beyond td. The growth rate 
in  the t rans ient  region would be represented as marked 
in Fig. 12 assuming that  the dissolution takes place at 
constant rate throughout  the reaction process. 

B e s t - f i t  c a l c u l a t i o n . - - T h e  dissolution curve is con- 
sidered to be little influenced by the ini t ia l  condit ion of 
anodization so that  it is available to apply a best-fit 
calculation to one of the dissolution curves apart  from 
the "less soluble region" in  order to obtain the optical 
constant  and dissolution rate. The anodization curve of 
h R / R  -- t (or --Vf) characteristics contains in  the 
ini t ial  stage the contr ibut ion of the nonpassive film, or 
the two-dimensional  growth of the passive film which 
depends on the surface treatment ,  current-densi ty ,  
and electrolyte used. On the other hand, the dissolution 
curve may result  from the clean surface of the sub-  
strate at the anodic fi lm-GaAs interface so that  it  is 
much less dependent  upon the surface treatment .  The 
best-fit calculation for the dissolution curve was made 
with inversely  considering that  the film grows on the 
clean surface of the substrate and assuming that  the 
growth rate (the dissolution rate, in  t ru th)  is constant 
dur ing the process. It is shown in  Fig. 13 that  the 
theoretical curve fits well  with the exper imental  
A R / R  --  t curve. In  Fig. 13, the circles represent  the 
exper imenta l  points and the solid l ine is the theoretical 
curve of the three-phase model, electrolyte-anodic 
film-substrate,  with use of Eq. [4] and [5] assuming 
nl ---- 1.40 (the average value of the refractive indexes 
of water and propylene glycol) and ns = 3.85 -{- 0.19i 
(12). It is found that the dissolution rate is surely con- 
s tant  from t ---- t~ to tp and its value is obtained to be 
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Fig. 13. Result of best-f itt lng to one of the a,ssomtion curves of 
the ~ R / R  - -  t characteristics. Open circles represent the experi- 
mental data, and solid line the theoretical curve. 

0.2 A sec-1 in  this sample. This value is about one order 
of magni tude  larger  than that obtained in  the AGW 
process and one order smal ler  than  that  obtained in  the 
AAS (a_nodization in a_queous solut ion without  glycol) 
process by Hasegawa and Hartnagel  (2). The value of 
the other parameter  obtained from this best fitting is 
1.79 _+ 0.05 for the refractive index of the anodic oxide 
film at 6328A. This value seems to be in  good agreement  
with the previously reported data of the refractive 
index (13-17). 

Summary and Conclusions 
We have observed the anodic oxide film growth and 

dissolution on GaAs in the in  s i tu  differential reflect- 
ance measurements  and demonstrated its avai labi l i ty  
to the invest igat ion of the anodization process. The 
main  conclusions are summarized in  the following: 

1. The ini t ia l  shoulder has been observed in  the 
anodization curve of the film thickness vs.  t ime charac- 
teristics. This ini t ial  shoulder is due to the two-d imen-  
sional growth ra ther  than due to the deposition of the 
nonpassive film which has a different refractive index. 
The time depedence of the surface coverage e(t) sug- 
gests that the substrate-dissolut ion is the ra te -de ter -  
min ing  process of the film formation in  the ini t ial  
phase of anodization on GaAs. The time dependence of 
the velocity of radial  growth has also been derived as- 
suming the progressive nucleation. 

2. The "less soluble region" has been observed in  the 
dissolution curve of ~ R / R  vs.  t ime characteristics. The 
dura t ion t ime td for which the "less soluble region" 
exists is proport ional  to the square root of the final 
cur rent -dens i ty  Jdf and has weak dependence upon the 
formation voltage Vf. These observations suggest that 
the "less soluble region" appears due to the anodic film 
formation by the residual ions wi thin  the grown film. 

3. It is clarified that the growth or dissolution rate is 
constant except in  the ini t ia l  phase or the "less soluble 
region" from the best-fi t t ing to one of the dissolution 
curves of the ~ R / R  -- t characteristics. The value of 
the parameter  obtained from the best-fi t t ing is 0.2 A 
sec -1 for the dissolution rate and 1.79 _ 0.05 for the 
refractive index of the anodic oxide film at 6328A. It is 
also shown that the dissolution curve is more suitable 
for characterization of the anodically grown film than 
the anodization curve since the former is considered to 
be produced with the clean f i lm-substrate  interface. 
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Liquid Phase Growth of HgCd'l'e Epitaxial Layers 
C. C. Wang,* S. H. Shin, M. Chu, M. Lanir, and A. H. B. Vanderwyck 

Rockwell International Science Center, Thousand Oaks, California 91360 

ABSTRACT 

Epi tax ia l  layers  of mercu ry  cadmium te l lu r ide  (Hgl-~CdzTe)  wi th  Cd 
composi t ion (x va lue)  f rom 0.17 to 1.0 have been grown in Te solut ion by a 
l iquid  phase  ep i tax ia l  (LPE)  technique.  The layers  are  g rown on CdTe 
subs t ra tes  wi th  (100), (110), ( l l l ) C d ,  and ( l l l ) T e  orientat ions.  The best  
surface  is obta ined  on the ( l l l ) C d  surface. Typica l  hole concentra t ion of 
HgCdTe layers  wi th  Cd composit ion of 0.2 is on the  o rde r  of 5 • 1016/cm 3 
wi th  a Hal l  mobi l i ty  of 400 cm2/Vsec at  77~ X - r a y  topographic  analysis  indi -  
cates tha t  these ep i layers  have as good a c rys ta l l ine  s t ruc ture  as tha t  of the 
substrates .  

A number  of c rys ta l  g rowth  techniques have  been 
developed wi th  va ry ing  degrees of success in the p rep -  
a ra t ion  of bu lk  and ep i tax ia l  HgCdTe crysta ls  (1-8).  
Because of difficulties associated wi th  the ep i tax ia l  
c rys ta l  g rowth  techniques,  the deve lopment  of HgCdTe 
device technology has been res t r ic ted  to that  of bulk  
photovol ta ic  and  photoconduct ive  detectors.  A l though  
charge-coupled  devices in bu lk  t IgCdTe (9) have re-  
cent ly  been real ized,  these devices a re  l imi ted  to a 
f ron t s ide - i l l umina ted  mode (10), unless bac k - s ide -  
th inned (11). This l imitat ion,  however ,  wi l l  be a l lev i -  
a ted  by  the deve lopment  of HgCdTe ep i t axy  on CdTe 
substrates ,  f rom which back - s ide - i l l umina t ed  he te ro-  
s t ruc ture  HgCdTe /CdTe  detectors  can be made.  This 
paper  repor ts  on resul ts  on l iquid  phase  ep i t axy  (LPE)  
of HgCdTe layers  on CdTe substrates .  

LPE is a r e l a t ive ly  low t e m p e r a t u r e  g rowth  process 
tha t  has been deve loped  ex tens ive ly  in p repa r ing  high 
qua l i ty  I I I -V  (12) and TV-VI (13) semiconductors .  
LPE growth  of I I -VI  compounds has not  been wide ly  
s tudied (14) in the  past, ma in ly  because of the high 
vapor  pressure  of column II  e lements  and the low solu- 
b i l i ty  of column VI species in column II  solutions at  
low tempera tures .  In  the  work  r epor t ed  here, a modi -  
fied LPE dipping technique  is used, f rom which  
HgCdTe layers  wi th  Cd composit ion f rom 0.17 to 0.4 
have been grown in Te solutions. Pure  CdTe ep i layers  
have  also been grown when  Hg is not  added  to the sys-  
tem. As a resul t ,  i t  was possible  to fabr ica te  the  first 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  words: l iquid phase epitaxy, epitaxial  layers, II-VI com- 

pound s e m i c o n d u c t o r s ,  h e t e r o s t r u c t u r e s .  

back - s ide - i l l umina t ed  HgCdTe /CdTe  he te ros t ruc tu re  
diodes using these  epi layers  (15). 

The high pressure  sys tem is u t i l ized to control  the  
high mercu ry  vapor  pressure  over  the mol ten  mater ia ls ,  
and the g rowth  sys tem is shown in Fig. 1. The a p p a r a -  
tus consists of an inner  quar tz  reac t ion  tube  and an 
outer  quar tz  tube that  is mounted  be tween  two stainless 
steel  flanges to keep high argon gas pressure .  The pres -  
sure  inside the tube is ma in ta ined  at  200-300 psi dur ing  
growth.  We have not  de te rmined  the Hg vapor  pressure  
dur ing  the g rowth  which is found not to be a cr i t ical  
p a r a m e t e r  in growing a 20% HgCdTe l aye r  r ep roduc-  
ib ly  under  high ex te rna l  pressure.  The outer  quar tz  
tube  is moun ted  in a ver t ica l  furnace  tha t  is cont ro l led  
to wi th in  •176 A thermocouple  is inser ted  into the  
mel t  to moni tor  the  ac tua l  mel t  t empera tures .  The in-  
ner  react ion tube is p lugged  with  high pu r i t y  quar tz  
wool to p reven t  excess m e r c u r y  evapora t ion  f rom the 
melt .  A cold zone is es tabl ished jus t  be low the quar tz  
wool in o rder  to condense me rc u ry  vapor.  

In  a typical  growth,  CdTe subs t ra tes  are  first lapped 
and chemical ly  pol ished in a Br2:HBr  solut ion (10% 
Br2 in volume)  fol lowed by a Br2: CH3OH etch (5% Br2 
in volume)  before  loading in the g rowth  chamber.  P r io r  
to growth,  app rop r i a t e  amounts  of high pur i ty  
(99.9999%) Hg and Cd are  reac ted  in the Te me l t  a t  
,~700~ for an hour. For  example ,  a typica l  ra t io  
of C d T e : H g : T e  for 20% HgCdTe g rowth  is 
0.004:0.251:0.745. Subsequent ly ,  the meIt  and  the  
or iented  subs t ra te  a re  b rough t  to the sa tura t ion  t em-  
pera ture ,  typ ica l ly  at  ~500~ The sa tu ra t ion  t empera -  



176 $. EIectrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY January I980 

Fig. I .  Schematic of the liquid phase epitaxy growth system 

ture is determined empirical ly in the growth system 
shown in Fig. 1. The epilayers grown from solutions 
ini t ia l ly are either saturated or unsa tura ted  by as much 
as ~15~ In the lat ter  case, examinat ion  of the epi- 
layers shows that the substrates are melted back by the 
solution prior to growth. Through an interact ion process 
it is possible to determine the l iquid composition by 
dipping the known weight of CdTe into the melt  of 
Hg and Te solutions at growth temperatures.  The 
growth tempera ture  normal ly  drops at a rate of from 
0.2 to l ~  with a typical value on the order of 
0.25~ In order to el iminate an Hg vapor diffused 
layer obtained dur ing the hea t -up  cycle, the substrate 
is melted back at 550~ for 15 sec in  the growth solu- 
t ion prior  to growth. A tempera ture  profile of LPE is 
shown in Fig. 2. The actual LPE growth time takes 
about an hour for a ~20 ~m epilayer on the (111) 
oriented substrates, result ing in a growth rate of N1 
~ml~ 

Table I provides a summary  of growth conditions of 
HgCdTe with a Cd composition of 0.2. The HgCdTe 
epilayers are nomina l ly  p- type  when undoped CdTe 
substrates are used. These layers exhibit  n - type  con- 
duction when  grown on In-doped CdTe presumably  as 
a result  of ind ium diffusion from the substrate. 

The IIgCdTe epilayers are grown on CdTe substrates 
with (100), ( i i 0 ) ,  ( l l l ) C d ,  and (111)Te orientations. 
Layers with thickness of from 1 to 300 ~m have been 
grown. Under  normal  growth conditions, the deposition 
rate in (100) or ientat ion is about 2 /~m/~ which is 
twice as fast as that in  (111) orientation.  

Figure 3 shows the surface of an HgCdTe epilayer 
grown on a ( l l l ) C d  oriented substrate. The surface is 
mir ror- l ike  and free of residual melt. The size of the 
wafer  is on the order of 1.5 X 1.5 cm and the layer is 
about  30 ~m thick. Notice the surface qual i ty of this 

Table I. Growth conditions and properties of as-grown HgCdTe 
epilayers 

(I) Growth conditions 
Cos = 0.004:0.25L:0.745 Melt composition 

Container pressure 200 psi 
Substrate orientations (111) A 
Growth temperature ~500~ 
Reaction temperature ~700~ 
Growth time 60 rain 
Cooling rate 0.25~ 

(II) Epilayer characteristics 
Cd composition 0.2 
Thickness 2~ ~m 
CdTe/HgCdTe transition 0.5-1 ~m 
Carrier concentration (n-type) 2 x 10~/cm ~ S In-doped 
Electron mobility 1 • 1~ cmVVsee [ Substrate 
Carrier concentration (p-type) 5 x 10~6/cm ~ f Undoped 
Hole mobility 400 em2/Vsec ~ Substrate 

layer. The inch scale of a ruler  is clearly shown. As in 
all the other LPE growth of semiconductors, the surface 
qual i ty  is dependent  on the or ientat ion of the sub-  
strate (16). It  is found that  the epilayer on ( l l l ) C d  
oriented substrate always has a bet ter  surface morphol-  
ogy than that on the (111)Te oriented surface. In  fact, 
the quali ty of ( l l l ) C d  oriented surface is also better  
than that  on (110) and (100) surfaces. 

Detailed examinat ion  of the epilayer surface qual i ty 
on the ( l l l ) C d  face reveals that  it is mir ror  smooth 
for a thickness of less than  10 ~m and shows facets and 
sometimes terrace substructures for layers thicker than 
30 ~m. The terrace surface may be due to the substrate 
being slightly off the (111) Cd or ientat ion (16) and /o r  
l iquid-solid interface instabili t ies (17) ; it becomes more 
pronounced as the thickness increases. The surface of 
a ( l l l ) T e  epilayer usual ly  exhibits voids across the 
wafer, and the density of these voids increases as the 
layer becomes thicker. Figure 4(a)  shows the surface 
morphology of a thick HgCdTe layer  grown on the 
( l l I ) C d  surface and Fig. 4(b)  is that of a layer grown 
on the ( l l l ) T e  surface. It  is not clear what  mecha-  
nisms are responsible for the voids on the ( l l l ) T e  sur-  
face. It  appears, however, that these defects may origi- 
nate from the Te metal  atoms on the (111)Te surface. 
Indeed, a similar  development  of void defects was ob- 
served on GaAs LPE layers (18), and it was hypothe-  
sized that the defects on the surface were caused by 
small particles which induce the formation of depres- 
sions and voids in the epilayers. The remainder  of this 
paper presents properties of HgCdTe epilayers grown 
on the ( l l l ) C d  face of the substrate. 

Figure 5 is the cross section of a typical HgCdTe 
single layer. Notice the p lanar i ty  of the interface. The 
etchant used for del ineat ing the interface attacks CdTe, 
not HgCdTe; and as a result, HgCdTe shows a white 
stripe while CdTe exhibits a gray color. Electron micro- 
probe analysis indicates that a major  t ransi t ion region 
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Fig. 2. Temperature profile for LPE growth 
Fig. 3. The surface of an HgCdTe epilayer grown on an (111)Cd 

oriented substrate. The number scale is 0.1 in. 



VoL 127, No. 1 

Fig. 4. (a) The surface morphology of an HgCdTe layer grown on 
the (111)Cd surface; (b) the surface morphology of an HgCdTe 
layer grown on the (111)Te surface. 

between the HgCdTe epilayer and  the substrate is on 
the order of 2 ~m for thick layers (d ~ 100 ~m), and 
is less than  0.5 ~m for th in  layers (d ~ 15 ~m). An  
electron microprobe analysis of an HgCdTe layer  with 
a Cd composition on the order of 0.2 is shown in  Fig. 6. 
A major  t ransi t ion is observed wi th in  0.5 ~m region at 
the metal lurgical  interface. The gradual  compositional 
change in  the epilayer and the substrate  may be due 
to interdiffusion dur ing  growth and has been found to 
have no direct effect on device performance,  e.g., un i -  
formity, since the ion- implan ted  junc t ion  is formed in  
less than  a micron from the surface. 

The inf rared  t ransmission at 300~ is usual ly  used 
for de termining  the layer  composition in  addit ion to 
the electron microprobe analysis. Figure  7(a)  shows 
the t ransmission edge of five typical HgCdTe epi layers  
for Cd compositions from 0.17 to 0.28. This nondes t ruc-  
tive test provides a rapid feedback to assess and im-  
prove the LPE growth parameters.  A typical  infrared 
t ransmission spectrum for a HgCdTe epilayer with a 
Cd composition of 0.3 is shown in  Fig. 7 (b). The spec- 

Fig. S. The cross section of a typical HgCdTe epiloyer 
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Fig. 6. The composition profile of an HgCdTe epilayer 

t r um exhibits a sharp cut -on  at 4.2 ~m and also oscil- 
lates beyond that  wavelength  due to inf rared  in te r -  
ference in  the HgCdTe epilayer. It  is not  clear at  this 
t ime what  causes the short wavelength  tail; i t  may  be 
due to the gradual  compositional change in  the epilayer. 
Since the epilayer has a refract ive index that  is differ- 
ent  from that  of the substrate, these oscillations are 
interference fringes produced by  the superposit ion of 
l ight t ransmit ted  through the layer  and the in te rna l  
reflection from the interface of HgCdTe and CdTe. If N 
is a positive integer, then the in terference satisfies the 
equation 2nd ~- N~., where d is the thickness of the 
epilayer and ~. is the wavelength  at which the t ransmis-  
sion m a x i m u m  occurs. From this information,  we can 
calculate the average index of refraction, n, of these 
HgCdTe epilayers. The results give a value o f  3.33 for 
HgCdTe with a Cd composition of 0.3, which is in  good 
agreement  wi th  reflectance measurements  (19). 

Typical electrical characteristics of as -grown n - type  
and p- type  HgCdTe epilayers are shown in  Table I. In  
Table I, properties of HgCdTe layers with a Cd com- 
position of 0.2 and a thickness on the order  of 20 ~m 
are given. Since the CdTe substrate  can be made semi- 
insulating,  the convent ional  Van  der Pauw-Hal l  mea-  
surement  technique provides unambiguous  results if 
HgCdTe layers are grown on these substrates. Typical 
hole concentrat ion is on the order of 5 • 1016/cm 3 with 
a Hall mobil i ty of 400 cm2/Vsec at 77~ F rom a de- 
vice point  of view, this as-grown carrier  concentrat ion 
is sui table for fabricat ing high performance photovol-  
talc detectors (15). 

X- ray  topography was used for analyzing the 
HgCdTe film crystal l ini ty and for comparing it  with the 
CdTe substrate. This k ind  of s tudy is impor tan t  since 
dislocations generated due to difference in  thermal  ex-  
pansion coefficient, lattice mismatch, or significant dif- 
ference in doping levels between the substrate and the 
epilayer have been observed by x - r ay  topography in 
a var ie ty  of crystal systems (20-22). We used an AMR 
Hart  Topographic camera with 100 • 1000 ~m source. 
The CuK~I microfocused beam take-off angle is 6 ~ 
and the divergence slit is 100 ~m. Figure  8 shows an  
x - r a y  topograph of a CdTe wafer with an HgCdTe epi- 
layer grown on a section of it. This photograph repre-  
sents a wafer of the size of 1.5 • 1.5 cm. The x - r ay  
picture shown is a (440) reflection. Other reflections 
were also examined, bu t  no addit ional  informat ion  was 
obtained. In  Fig. 8, the band  in the center is due to 
edge solidification of the melt. The bubbles  near  the 
bottom of the epi layer  (left of photograph) are due 
to residual  melts on the surface. The subst ructure  near  
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Fig. 7. (a) Infrared transmission spectra of five selected HgCdTe 
epilayers with Yarious x at room temperature; (b) an infrared 
transmission spectrum which exhibits interference fringes due to 
HgCdTe epilayer. 

the top of the CdTe substrate (right of photograph) is 
due to the gripping from the sample holder. Since the 
diffracted x - ray  comes almost entirely from a surface 
region about 5 ~m thick, the epilayer image on the left 
of photograph represents only diffraction from the 
HgCdTe. Careful examination of Fig. 8 reveals no dis- 
location pattern; the substructure of the layer can be 
seen to be very similar to that of the substrate. It may 
be concluded, therefore, that the crystalline perfection 
of the epilayer is currently l imited by the CdTe quality. 

In summary, we have demonstrated that  device 
quality HgCdTe epilayers can be grown by liquid phase 
epitaxy. The best surface is obtained with the (111)Cd 
orientation; this surface is mirror smooth to the naked 
eye and free of residual melts. The metallurgical inter-  
face between the substrate and the epilayer is planar;  
the major interdiffusion region is less than 0.5 ~m for 
thin HgCdTe epilayers (d ~ 15 ~m). Finally, the crys- 
talline quality of HgCdTe is as good as that of the CdTe 
substrate. The results presented here indicate that  the 
LPE technique offers a viable approach to preparat ion 

Fig. 8. X-ray topograph of a CdTe substrate with a HgCdTe 
epilayer grown on a section of it. 

of device grade HgCdTe epitaxial  materials and ad- 
vanced device structures (15). 

Manuscript submitted Jan. 16, 1979; revised manu- 
script received July 25, 1979. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be publisrmd in the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submitted by Aug. 1, 1980. 
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Quantitative Measurement of Stress in Silicon 
by Photoelasticity and Its Application 

H. Kotake and Shin. Takasu *,~ 

Toshiba Research and Development Center, Saiwai-ku, Kawasaki 210, Japan 

ABSTRACT 

Quant i t a t ive  eva lua t ion  method  for  stress in c rys ta l  was es tabl i shed  by  
photoelast ic i ty .  I t  consists of three  procedures :  measu remen t  by  p lane  po-  
la r ized  light,  measuremen t  by c i rcu la r ly  polar ized  light,  and  piezo-opt ica l  
coefficients calculation.  The last  method  is indispensable  for stress eva lua t ion  
in crystal .  P iezo-opt ica l  coefficients for  sil icon in the [110] ~lO] [001] and 
[112] ~10]  [ l l l J  coordinate  sys tem were  ca lcula ted  f rom the values  in the 
[100] [010] [001] coordinate  sys tem measured  by  Giardini .  Prac t ica l  ap-  
p rox ima t ion  was made  to corre la te  each isochromat ic  l ine d i rec t ly  to the  
difference be tween  two pr inc ipa l  stresses. This method  was appl ied  to the 
eva lua t ion  of the stress in silicon semiconductor  pel le t  caused in the mount ing  
and molding  process. Observat ion  of isochromatic  lines according to t empera -  
ture  was prac t ica l  for de te rmina t ion  of the zeroth  order  of re ta rda t ion .  

Photoelas t ic  measu remen t  is one of the impor t an t  
methods  used for c rys ta l  character izat ion.  However ,  
c rys ta l  an iso t ropy makes  its appl ica t ion  to quant i t a t ive  
evalua t ion  r a the r  difficult. Photoelas t ic  s tudy  of siP:con 
crysta ls  was s ta r ted  by  Bond and Andrus  (1) and 
Giard in i  (2). Appl ica t ion  of photoe las t ic i ty  to silicon 
processing was repor ted  by  L a d e r h a n d l e r  (3), Horn-  
s t ra  (4), DeNicola (5), and Takasu  (6). Except  for 
the repor ts  by  Takasu  and Edmonds (7), these were  
repor ts  on crys ta l  defects due to crys ta l  g rowth  or 
gr inding.  Quant i t a t ive  measu remen t  was made by  
L a d e r h a n d l e r  (3) for silicon. However ,  there  is no 
complete  r epor t  on p iezo-opt ica l  coefficients in various 
coordinate  systems for the purpose  of crys ta l  cha rac te r -  
ization, a l though there  are  some repor ts  on the exper i -  
menta l  de t e rmina t ion  of these values  (8). 

Quant i t a t ive  measu remen t  has been made  easy by  
p iezo-opt ica l  coefficients calculat ion in var ious  mea -  
su rement  coordinate  systems. A sl ight  approx imat ion  
was made  to corre la te  each isochromat ic  l ine d i rec t ly  
to the  difference be tween  the two pr inc ipa l  stresses 
pe rpend icu la r  to the observat ion  direction. 

This quan t i t a t ive  eva lua t ion  method  can be app l ied  
to var ious  fields of c rys ta l  character izat ion,  such as 
c rys ta l  g rowth  and its processing.  Among those, sil icon 
semiconductor  pe l le t  stress measuremen t  in the moun t -  
ing and mold ing  process is ve ry  impor t an t  f rom the de-  
vice fabr ica t ion  re l i ab i l i ty  viewpoint .  

Evaluation Procedure 
The u l t imate  photoelas t ic  measu remen t  a im is to d e -  

t e r m i n e  the pr inc ipa l  stress direct ions and magni tudes .  
Quant i t a t ive  eva lua t ion  p rocedure  of stress d i s t r ibu-  
t ion in c rys ta l  by  photoe las t ic i ty  is shown in Fig. 1. 

P r inc ipa l  stress l ine can be ob ta ined  th rough  the 
measu remen t  by  p lane  polar ized  light,  because  the  iso-  
clinic l ine ob ta ined  by  this method  corresponds to the  
region  where  pr inc ipa l  stress direct ions coincide wi th  
those of polar izer  and analyzer .  I sochromat ic  lines, 
which correspond to stress magni tude,  can be obta ined  
th rough  the measu remen t  by  c i rcu la r ly  polar ized  light.  

* Electrochemical Society Active Member. 
~Present address: VLSI Cooperative Laboratories, Takatsu-ku, 

Kawasaki 213, Japan. 
Key words: infrared equipment, birefringence, semiconductors. 

The appara tus  used in these observat ions  is sche-  
mat ica l ly  i l lus t ra ted  in Fig. 2. The qua r t e r  wave  plates  
were  used only in the observat ion  by  c i rcu lar ly  po la r -  
ized light.  Sil icon was observed by  in f ra red  rad ia t ion  
of 1.1 ~m wave leng th  wi th  0.2 ~m bandwidth ,  which  
was obta ined  by  the combinat ion  of tungsten lamp,  
sil icon filter, and P b O - P b S  vidicon. Therefore,  i t  is 
effectively monochromatic .  

P iezo-opt ica l  coefficients have to be de te rmined  to 
corre la te  each isochromat ic  l ine to a stress value.  This 
is indispensable  in c rys ta l  study,  for p iezo-opt ica l  co- 
efficients in the same sample  coordinate  sys tem have  
to be used. Calculat ions of these values  a re  shown in 
the fol lowing section. 

Another  impor t an t  point  is to de te rmine  the iso-  
chromat ic  l ine of the zeroth order  of re ta rda t ion ,  which 
becomes the s t andard  for  stress de terminat ion .  This 
must  be done according to c i rcumstances  by  assuming 
sample  stress dis t r ibut ion.  

Fo r  more  accura te  measurement ,  Ta rdy ' s  method  can 
be used to de te rmine  the suborder  of re ta rda t ion .  

Observation by Parallel Rays 1 

 aoo Polar soopol I Ci,oola, Polarlsoopol 

~socnmc L i ~  I,soc~romati~ Lines / 

I Principal Stress Lines I Determination of the , 
Z e r o t h  O r d e r  of R e t a r d a t i o D  

I 

Obs e r v a t i o n  by 
C o n v e r g i n g  Raysj 

I c ...... ~io Fi~ 

i Principal Stress 
Directions 

Piezo- Optical Coo ffic ient~ 
Calculation 

~tress Dist ribution I I Stress Distribution 

Fig. 1. Quantitative evaluation procedure of stress distribution in 
crystal by photaelasticity. 
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Fig. 2. Infrared photoelastic apparatus. (a) Microscope, I:  IR 
vidicon camera, 2: ocular, 3: Bertrand lens, 4: analyzer, 5 : 1 / 4  
wave plate, 6: obiective, 7: sample, 8: stage, 9: condenser and 
1/4 wave plate, 10: polarizer, 11: mirror, 12: Si filter, 13: light 
source, 14: monitor TV. (b) Macro apparatus, 1 : IR vidicon camera, 
2: IR polarizer, 3: lens, 4 : 1 / 4  wave plate, 5: heahng stage, 6: 
sample, 7 :1 /4  wave plate, 8: IR po!arizer, 9: condenser, 10: mirror 
box, 11: light source, 12: light source controller, 13: camera con- 
troller, 14: monitor TV, 15: heating stage controller. (c) Principal 
axes directions, PI: IR polarizer, P2: IR polarizer (analyzer), QI: 
1/4 wave plate, Q~: 1/4 wave plate, T1,T2: Sample principal 
stresses, @: angle between Ti and/'2. 

The conoscopic figure, obtained in  the observation 
by converging rays, gives three-dimensional  stress in -  
formation. It  is especially helpful  for the de te rmina-  
tion of principal  stress directions. 

Piezo-Optical Coefficients Calculation 
Piezo-optical coefficient.--There is a re la t ion be-  

tween refractive index n~ and stress Ti, where sub-  
script i means the i th  component  in  the coordinate 
system, as follows 

= ~ T j  [1] 

mj in  this formula  is called the piezo-optical coefficient 
and can be described in  the next  equation for cubic 
crystals in  the :100] [010] [001] coordinate system 

:~44 
X44 

~44 

[2] 

~11 ~12 ~12 

2~12 ~11 ~12 

~12 XI2 ~11 

These values were measured for silicon by Giardini  (2) 

=n -- =12 = --14.4 X 10 -14 cm2/dyne 
[3] 

-- --I0.0 X iC -14 cm2/dyne 

January Ig80 

In  the case that  two principal  stress directions are [100] 
and [010], and the sample is observed from [001],.Tt 
is 

Ts 

Ti= 0 
o [4] 

t~ 0 
From Eq. [1] 

~nT1 
~12T1 

:~12T1 
A = 

+ nnTz 
+ :~12T~ 
o Is] 
0 

0 

Then, the difference between refractive indexes  of 
l ight  waves vibrat ing in  [!00] and [010] directions is 

A -- A = (=11 -- =Is) (Ti -- Ts) [6] 

The same relations can be obtained in other observa- 
tions. 

Transformed values of piezo-optical coe~ctents.-- 
When coordinate axes arc t ransformed from [100], 
[010], and [001] to other directions, corresponding 
piezo-optical coefficients ~i~, stresses Ti, and refractive 
indexes ni are also transformed, Results were sum-  
marized in Table I in the case of [110] ['[10] [001] 
and [112] [1"!0] [t11] coordinate systems. The pr imed 
values are with respect to the new system of axes. In  
this table, t ransformed refractive indexes hi' were ex- 
pressed by original pie zo-optical coefficients nij and 
t ransformed stresses Ti. The value of {A(1/ni '2) -- 
• (1/nj'2~} is not always proport ional  to the difference 
between the principal  stresses (Ti' -- Tj'). It  is very 
convenient  to make a slight approximation. Coeffi- 
cient of (Ti' -- Tj') was obtained from the average of 
coefficients of Ti ~ and Tj', in  some cases, in Table !. 

Retardation.--Phase difference between two light 
waves which travel, v ibrat ing paral lel  to the two pr in-  
cipal stress directions (T k and T1), can be defined as 

d 
h -- - -  (An k -- Anl) [7] 

where h is the re tardat ion  measured in  wavelength 
uni t  2~ and d is the l ight path distance in  the crystal. On 
the other hand  

-'{ 
ank -- hnl -- T A -- A 

= A (T 1 -- Tk) [8] 
2 

where no is the refractive index in  crystal free from 
stress and value A is shown in Table I. Then, the rela-  
t ion between the difference in  principal  stresses and 
re tardat ion is 

2 hL 
T1 -- Tk = - - -  [g] 

no3A d 

The value T1 -- Tk in the case of k m 1.1 urn, h = 1, 
d --_ 10 m m  are shown in  Table II for various cases of 
observation. 

Stress Grad ien t  Direct ion 
It  is impor tant  and helpful to know the stress gradi-  

ent d i rec t ion  in a sample. Tardy's  method, which is 
used for the determinat ion of the suborder  of re tarda-  
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Table I, Calculated values of silicon piezo-optical  coefficients 

Coordinate axes  

�9 Principal 
stress 

Suffix * * Observation 
Change in refractive indexes 

(T: dyne/cm s) 

1 * [100] A - A 

g * [010] 
�9 " [001] 

(=) (5) i �9 [li0] i - a 

, .  *RlO] 
3 "" [001] 

({) (5) ! " [110] A - 

g " "  ~'10] 

�9 [001] 

(=) (5) 1 * [11.2] A - 

2 " ~10]  

3 '" [1111 

({) (5) 1 ~ [112] h - 

= * '  ~lO! 

({) (5) 1 ** [1!2] h - a 

3 * [iii] 

= (~ - ~-~)(T~ -- T.) 

= -14,4 X 10 -*~ (Ti -- T=) 

= , ,  (Tx' - T~')  

= - i 0 . 0  X 10 -l~ (T l '  -- T~') 

2 ~ 2 

- -  ~ -- --*rx2 + ~ ~- (~r~ -- , . ' ~ )  (Ti' -- T~') 

= --13.3 x 10 ~it ( T i  ~ - -  T~') 

= -ii.5 x i0-", (T,' - T~') 

= 7r~  - -  . -~ 7r~ + *r~4 T i '  - I t .  T s '  

= -10 .4  X 10-1~ (T I '  -- T s') 

= ~ ' n  -- "~fr~ + ~'44 T~' -- ~ruT~' 

1 ~ ( 1  1 56 ) ) - -  Irll - -  - - ~ r ~  + ~ + ~r,4 (T~' -- Tg) 
2 6 

= - 1 0 . 4  x 10 -t~ (T~' -- Tt') 

tion, is one w a y  to do this. However ,  before  that,  i t  is 
des i red  to consider  the  c i rcular  polar iscope first. 

L igh t  wave  e lect r ic  field vector  in c i rcular  po la r i -  
scope is shown in Fig. 3, when a qua r t e r  wave  p la te  
pa i r  is p laced  such tha t  the  x '  component  in Fig. 2(c)  
increases  by  ~/2 in phase af te r  the  first qua r t e r  wave  
p la te  (Qi) ,  and  decreases  by  ~/2 in phase  af te r  the  
second quar t e r  wave  p la te  (Q2). 

In  Tardy ' s  method,  the sample  is p laced  SO tha t  
p r inc ipa l  stress direct ions (T~, T 2 ) a t  the  point  in p rob -  
l em in the sample  co~nqide wi th  those of polar izer  (P1) 
and ana lyze r  (P2) in  Fig. 2 (c) ,  and the  angle  be tween  
T1 and  P2 is zero (r = 0). Then, ana lyzer  (P2) is rq-  
to ted clockwise or  counterc lockwise  unt i l  the  intensitY 
at  the  poin t  becomes a minimum.  The ana lyze r  ro ta t ion 
angle  corresponds to the  suborder  of re t radat ion ,  The 
shif t  d i rect ion of the da rk  isochromatic  l ine means  tha t  
of the  increase  in (T1 --  T2) or  tha t  of the decrease  in 
r e t a rda t i on  (h) when  the ana lyze r  is ro ta ted  c lock-  
wise. The resul t  becomes opposi te  i f  the  direct ions of 
the  qua r t e r  wave  p la te  pa i r  a re  changed wi th  each 
other.  

Table  !1, The principal stress difference which causes 1~ 
(~, --, ! . ! / ~ m )  retardation in ! cm light path 

Principal stress 
Observation Principal stress difference for lk 

directed directions retardation (kg/cm e) 

[001] [100] [010] 36 
[00!] [I10] [T10] 52 
~10] [110] [001] 43 
[]l-IJ Ell21 [h01 45 
fflO] [1121 f f h ]  so 
[I12] CliO] till3 5o 

It  is ve ry  convenient  to use a s t anda rd  sample  whose 
stress g rad ien t  d i rec t ion  is we l l -known,  to ~heck the 
opt~ical sys tem of the  appara tus .  A Standard sample  
example  is a beam bent  at  four  poi n b ,  as shown in Fig. 
4. In  this  cas.e, the  uppe r  ha l f  is under  compressive 
stress and  the lower  ha l f  is under  tensi le  stress. 

Application 
T h b  quant i ta t ive  eva lua t ion  method  was  appl ied  to 

stress measurements  on !C pel lets  in Dual  In!ine Pack - 
age wi th  42 pins (53 X 13 • 3.5 m m ) / A  sil icon pe l le t  
obta ined  f rom (100) wafer  had the or ienta t ion  of [110] 
[~!0] [001] and 5 • 5 X 0.5 m m  dimensions.  The pe l le t  
was mounted  on a Kova r  meta l  f rame (230 #m thick)  
by  epoxy resin at  175~ This was molded  in epoxy  
res in  by  a t ransfe r  molding  machine  a t  165~ and  
cured. 

Photoelas t ic  measurement  of si l icon pe l le t  stress a f te r  
mount ing  was made  throug h opt ica l ly  pol ished pa ra l l e l  
side surfaces [Fig. 5 ( a ) ] .  For  the  molded  pellet ,  epoxy  
resin was removed  to the  size of the  pe l le t  by  cut t ing  
and gr inding  and a pa i r  of side surfaces on the pe l le t  
were  opt ica l ly  pol ished [Fig. 5 (b ) ] .  Observa t ion  was 
made  th rough  these pa ra l l e l  side surfaces by  placing 
the sample  so that  these surfaces were  pe rpend icu la r  
to the observat ion  direction.  

I t  was ascer ta ined  by  the conoscopic figure in the  
observat ion  by  converging rays  tha t  two pr inc ipa l  
stresses were  in the p lane  pa ra l l e l  to the  opt ica l ly  
pol ished surfaces. 

Observed isochromat ic  lines by  pa ra l l e l  rays  a re  
shown in Fig. 6 for a mounted  pel le t  and in Fig. 7 for 
a molded pellet .  Eva lua t ed  stress values  are  also shown 
in these figures a l though they  are  only  app rox ima te  
ones. In these measurements ,  i sochromat ic  l ines of the 
zeroth  o rde r  of r e t a rda t i on  had  to be de termined.  This 
was done by  observing the change in i sochromat ic  l ines 
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Fig. 3. Electric field vector after each plate of circular polari- 
scope. PI: polarizer, P2: analyzer, QI: 1st 1/4 wave p(ate, Q2: 2nd 
1/4 wave plate, S: sample, T1,T2: sample principal stresses, r 
angle between P2 and T1, 8: retardation for T1 - -  T~ (8 
2~h). 

Fig. 5. Sample preparation. (a) Mounted silicon pellet and 
photoelastic measurement sample, (b) molded silicon pellet and 
photoelastic measurement sample. Optically polihed side surfaces 
are shown by hatching. 

Fig. 4. Standard sample for determination of stress gradient 
directions. 

according to the t empera tu re  (Fig. 8). Si l icon pe l le t  is 
thought  to be f ree  f rom stress at  the mount ing and 
molding t empe ra tu r e  as i t  was observed  to be d a r k  at  
these tempera tures .  Stress is induced and the number  
of isochromatic  lines increases  as the sample  is cooled 
to room tempera ture .  I t  i s ' na tu ra l  to th ink  tha t  the first 
da rk  isochromatic  l ine corresponds to the  zeroth  order  
of re tardat ion .  

The results  in Fig. 6 and 7 show tha t  the  pel le t  be -  
came upward  convex af te r  mount ing  whereas  i t  be-  
came concave af ter  molding.  I t  is clear  that  stress dis-  
t r ibu t ion  changes dras t ica l ly  dur ing the molding  proc-  
ess. This informat ion  is impor t an t  for semiconductor  
device fabr ica t ion  re l i ab i l i ty  concerned wi th  the  pel le t  
crack problem.  P rope r  s t ruc ture  design and assembl ing 
technique would reduce silidon pel le t  stress and photo-  
elastic measurement  can be appl ied  in these studies. 

In  molded IC pe l le t  observat ion,  sample  p repa ra t ion  
by  epoxy  res in  cut t ing and gr inding  is not  thought  to 

Fig. 6. Silicon pellet stress distribution after mounting. Stress 
values are approximate ones. 

change the stress d is t r ibut ion  v e r y  much, for  i t  was 
ascer ta ined  that  stress d i s t r ibu t ion  was more  dependent  
on epoxy resin thickness than  on its l a t e ra l  size. 

Discussion 
A sl ight  approx imat ion  was made  to corre la te  each 

isochromatic  l ine d i rec t ly  to the  two pr inc ipa l  stress 
differences. This approx imat ion  is pract ical ,  for  i t  
makes  stress d i s t r ibu t ion  easy to unders tand.  Calcu-  
la ted values of p iezo-opt ica l  coefficients in three  c o -  

o r d i n a t e  systems [100] [010] [001], [110] ~10] [001], 
and [112] ~10] [-111], shown in Table  I, wi l l  c o v e r  



Vol. 127, No. 1 STRESS IN SILICON 183 

Fig. 7. Silicon pellet stress distribution after molding. Stress 
values are approximate ones. 

Fig. 8. Temperature dependence of isochromatic lines in silicon 
pellet mounted on Kavar metal by epoxy resin. 

near ly  all the cases of semiconductor crystal measure-  
men t  in  the usual  device fabricat ion process al though 
those in  other coordinate systems can be calculated 
in  the same way. 

Changes in  isochromatic lines according to tempera-  
ture  were observed to determine the zeroth order of 
retardation.  Another  method for this is to observe with 
more than  two light waves wi th  different wavelengths.  
In  this case, an  isochromatic l ine of the zeroth order 
of re ta rda t ion  remains  in the same position of the 
sample, but  other isochromatic lines change their  posi- 
tions according to the wavelengths.  Nevertheless, this 
method is thought to be impract ia l  for silicon, be-  
cause it is t ransparen t  only to inf rared radiation, and 
the choice of wavelength is limited. 

From the result  in  Fig. 6 and 7, stress dis t r ibut ion in 
silicon pellet  after mount ing  or molding can be under -  
stood as bending of flat plate. In  the case of mounting,  
an exper imenta l  value can be compared with a theo- 
retical one calculated from bimetal  theory. According 
to the bimetal  theory stress r at  the point  z m m  apart  
from the interface in  mater ia l  a in  Fig. 9 is 

( C l  - -  C 2 z )  (75  - -  "ya) (T -- To) 

Ca 
where  

Ea 
[101 

~---va Eb [k~'a)/'tb~f''{- ta 
C1 = ~ 4 - } -3  

(�88 ') C~.=6 + ~  

C8--1 Ya Eb \ "~b / "[" 1-- ~-"'----'~a ~a 

t ,  4 tb + 8  C 
and ta and tu are tmckness oK mater ia l  a and b respec- 
tively, Ea and Eb are Young's modulus  of mater ia l  a 
and b respectively, ~,a and vb are Poisson's ratio of mate-  
rial a and b respectively, "Ya and ~b are thermal  expan-  
sion coefficients of mater ia l  a and b respectively, To is 
the tempera ture  at which the plate is flat and free from 
stress, and T is the tempera ture  at which stress is 
calculated. In this ease, mater ia l  a is (100) silicon pel-  
let .and mater ia l  b is Kovar, ta = 0.05 em and tb = 
0.023 em, Ea : 1.69 X 1012 dyne /cm 2 and Eb = 1.40 X 
10 TM dyne /cm 2, pa = 0.361 and Vb = 0.3, "Ya = 2.4 X 10 -6 
1/deg and "yb = 5.0 • 10 -6 1/deg, To = 175~ and 
T ---- 25~ Then  ~ = --540 + 17,500z [kg/cm2]. 

Exper imenta l  values were compared wi th  these cal- 
culated ones in Fig. 10. Calculated values were twice 
or three times larger than  the exper imenta l  ones. The 
reason for this difference may come from the neglect 
of the epoxy resin layer  be tween  silicon and Kovar  
and the tempera ture  dependency of mechanical  prop- 
erties. 

Quant i ta t ive measurement  of crystal stress dis t r ibu-  
tion by  photoelasticity can be applied to  various en-  
gineering fields. IC pellet stress measurement  done 
here is just  one application. Other applications are to 
stress dis t r ibut ion of as -grown crystals a n d c r y s t a l  
processing such as cutting, grinding,  and scribing. This 
method can also be used in the study of other crystals, 
such as GaP, GaAs, etc., using their  piezo-optical co- 
efficients. 

Conclusion 
A quant i ta t ive  measurement  procedure for stress in 

silicon by photoelasticity was established by calculat-  
ing piezo-optical coefficients in  various coordinate sys- 
tems for observation. A slight approximation was made 
in  the calculation for practical purposes. This method 
was applied to the s tudy of semiconductor pellet stress 
dis t r ibut ion in  the mount ing  and molding process, and 
impor tant  information was obtained for semiconductor 
device fabricat ion reliabili ty.  
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Power Conversion Efficiency Monitoring in 
Photoelectrochemical and Other Solar Cells 

B. Miller* 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A device is descr ibed which incorpora tes  a super imposed  a -c  vol tage signal, 
cu r r en t -vo l t age  product  generat ion,  synchronous detection, and a feedback 
loop to bias a photovol ta ic  conver ter  to its point  of m a x i m u m  power  output.  
Examples  of its opera t ion  as a continuous moni tor  of power  conversion 
efficiency are  given for p - n  junc t ion  and photoelec t rochemical  cells. App l i ca -  
tions to s tudying  the design fundamenta l s  of the l a t t e r  are  i l lust ra ted,  based 
on control  der ived  wi th  two-  and th ree -e lec t rode  configurations to evalua te  
response to efficiency de te rmin ing  pa rame te r s  such as l ight  in tens i ty  and 
mass t r anspor t  in the cell. The circuit  s tab ly  responds  with  the average  values  
of power  output  under  per iod ica l ly  in t e r rup ted  l ight  up to at  least  10 Hz. These 
character is t ics  open the way  to ex te rna l  power  conversion spectroscopy in the 
u l t rav io le t  to near  i n f r a red  range. 

The power  output  character is t ics  of photovol ta ic  de-  
vices are  eas i ly  obta ined with  two- t e rmina l  cur ren t  
(I)  or vol tage (V) scanning circuits.  F rom these 
curves one calculates  the m a x i m u m  de l iverab le  power  
(Vmlm) be tween  the zero l imits  at  open-c i rcu i t  vol t -  

age (Voc) and shor t -c i rcu i t  cur ren t  (Isc), and divides 
by  the rad ian t  input  to get  the m a x i m u m  conversion 
efficiency. Since the ex te rna l  efficiency is obviously  
crucial  to these converters ,  a scheme for its continuous 
moni tor ing  under  va ry ing  i l lumina t ion  and as a func-  
t ion of o ther  exper imen ta l  condit ions would benefit  
eva lua t ion  of basic re la t ions  and design pa ramete r s  of 
such cells. Appa ra tus  to such ends is descr ibed in this 
paper .  

Immedia t e  mot iva t ion  for  provid ing  this capabi l i ty  
rose f rom recent  active deve lopment  of an e lec t ro-  
chemical  class of photovol ta ic  converters ,  semicon-  
duc to r - l iqu id  junct ion  cells (1) (SCLJ) ,  appl ica t ion  to 
which we stress. In these systems de te rmina t ion  of 
m a x i m u m  power  output  and efficiency may  be subject  
to g rea te r  expe r imen ta l  res t ra in ts  than  tha t  of sol id-  
s tate junct ion cells because redox chemis t ry  must  occur 
at  both cell e lectrodes for cur ren t  passage. Net  local 
chemical  a l t e ra t ion  of the in ter rac ia l  region, reflected 
in V- I  curve hysteresis  or  long te rm trends, may  re-  
sult  if the system deviates  f rom the ideal  of cancel l ing 
chemical  react ions at the two electrodes or displays  

* Electrochemical Society Active Member. 
Key words: energy conversion, servo systems, synchronous de- 

tection. 

surface modification or cumula t ive  m a s s  t ran s f er  e f -  
f ec t s  such as concentra t ion overpoten t ia l s  or  va ry ing  
l ight  absorpt ion.  

Holding the e lect rode at  the m a x i m u m  power  point  
dur ing  a series of exper imen ta l  var ia t ions  reduces the  
possibi l i ty  of ex t raneous  conditions changing the com- 
para t ive  resul ts  and gives a closer p ic ture  to s teady 
state. Thus i t  p rovides  t h e  most  real is t ic  way  to evalu-  
ate design and env i ronmenta l  factors for which Eoc 
and Isc moni tor ing  are  insensi t ive and for which  the 
recording of full  cu r ren t -vo l t age  curves m a y  cause a 
pe r tu rba t ion  of the exper imen t  in l iquid junct ion sys-  
tems. Given VmIm capacity,  a fu r the r  extension would 
be direct  spectroscopic examina t ion  of wave length  re-  
sponse for this quan t i ty  of p r i m a r y  interest .  Conven-  
t ional  spectroscopies wi th  Isc (quan tum efficiency) or 
Voc (difficult to in te rp re t )  inputs  vs. wavelength  to 
analyze  the qual i ty  of the semiconductor  and the junc-  
t ion would be useful ly  supp lemented  by  this method.  
Some p re l imina ry  measurements  a re  cited in this r e -  
gard.  

A circui t  for t rack ing  the m a x i m u m  power  output ,  
and thus efficiency when s imul taneous  l ight  input  mea-  
surements  are  made,  is descr ibed here  wi th  da ta  i l lus-  
t ra t ing  its functions. Al though  the above discussion is 
or iented toward  photoelec t rochemical  cells, the method 
is obviously  appl icable  to other  photovol ta ics  and a 
p - n  silicon cell  was first used to es tabl ish  its c la imed 
performance.  A photoanode a r r angemen t  of good re-  
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producibi l i ty  involving metal]ized semiconductors was 
employed to i l lustrate  the electrochemical applications. 

Circuit Design 
A schematic of the voltage controlled circuit  is given 

in  Fig. 1, and its operation first described for two ter-  
minal  operation. In  summary,  the peak power output  
is found through superimposing a sinusoidal voltage 
of 10-20 mV at 800 Hz on the cell, synchronously de- 
tecting the VI product  of the cell at that frequency, 
and re tu rn ing  the phase sensitive d-c output  of the 
syi~chronous detector in a serVo loop minimizing the 
a-c signal, i.e., finding the operat ing point at which 
d ( V I ) / d V  --> 0 or VI is a maximum. Some of these 
quanti t ies are shown schematically in the Fig. 1 inset. 
(800 Hz provides a sufficient cell ampl i tude response 
at a f requency significantly above both those gen- 
erated in rotat ing disk electrodes by geometric asym- 
metries and by the l ight  chopping experiments.  No 
fur ther  optimization of this value was sought.) 

Amplifier 1 applies the a-c and feedback d-c voltages 
to the positive output  te rminal  of the solar cell. The 
negat ive electrode (the n - type  semiconductor photo- 
anode in the l iquid junct ion cell example)  is held at 
vi r tual  ground by the current  measur ing  amplifier 2. 
Product  VI from the mul t ip l ier  X is recorded and also 
fed to the signal input  of the synchronous detector 
(PAR 128). VmIm t racking is ini t iated from a zero or 
bias condit ion (bias inpu t  not indicated on schematic) 
by applying the small  a-c signal of 10-20 mV at 800 
Hz from an in te rna l  oscillator to amplifier 1 while using 
the same source for the lock-in  reference channel. 

The feedback from the lock-in output  to amplifier 1 
is adjustable  with the var iable  resistor to provide gain 
of 1-100. With no feedback (V < Vm), the phase is 
adjusted for max imum negative lock-in output. Clos- 
ing the loop at the lowest gain setting then moves V 
toward Vm. The gain, for a suitable lock-in  sensit ivi ty 
and t ime constant, is increased to a level  at which VI 
is acceptably unchanging,  say wi th in  1%, or VI ~-- 
0.99VmI~. Excessive over-al l  ~ain leads to oscillation. 

, r -1-C~E 
/ 

OUT~~ 

I INPUT POWER I = 

REF 

hu 

(p) 
CELL 

I 

I L_I_P~ ( n ) 

Fig. 1. Schematic of maximum power detection circuitry. CE 
counterelectrode, PE ~ photoelectrode, Ref ~ reference elec- 
trode, p and n refer to contacts to respective Si cell regions. 
Multiplier X = Burr-Brown 4204, Divider. ~ Burr-Brown 4291, 
Synchronous Detector ~ PAR 128, Input Power Meter ~ Metro- 
logic 60-530 Radiometer, Amplifi=rs I and 2 ~ Burr-Brown 3440, 
Amplifier f ~ Burr-Brown 3420. Inset shows schematic relation 
of VI and synchronous detector output, with 800 Hz signal on 
voltage axis. 

With phase and gain adjusted, the circuit  will t rack 
VmIm over a wide range of input  radiat ion or other 
output  modifying variable. A lock- in  t ime constant of 
0.3 sec and capacitive damping for amplifiers 1 and 2, 
--~ 0.1 msec, provide stable operation and speed of 
response adequate to most solar cell operat ing needS. 

If the l ight in tens i ty  is s imul taneously  monitored, 
the quotient  of output  to input  power, Po/Pi, can be 
obtained from the analog divider a r rangement  shown. 
Since the mul t ip l ier  output  is u  an unshown pre-  
ceding V follower with selectable gain (usual ly  10) 
is inserted to compensate. Ini t ia l  amplifier 2 load is set 
so that the ma x i mum anticipated cur ren t  will  provide 
several volts to maximize the range over which the 
circuit  will respond to the above limits. 

Isolation from counterelectrode effiects in electro- 
lytic cells is normal ly  done by three electrode opera-  
t ion with a reference electrode added. The reference 
electrode in these cases is convenient ly  the dark elec- 
trode mater ia l  in  a geometric position to sense the 
mi n i mum feasible fraction of the cell electrolyte IR 
drop. The reference level is thus very close to the 
redox potential  corresponding to the common point  
of an idealized cell at short circuit with no electrolyte 
resistance or counterelectrode losses. Three electrode 
operation gives the ma x i mum power output  possible 
with the photovoltaic electrode without  counterelec- 
trode or almost all cell IR drop. Power  loss sources 
may be analyzed both by comparing two and three 
electrode operation and by examining  the three elec- 
trode configuration, al ter ing photovoltaie electrode 
conditions such as l ight in tensi ty  and stirring. Thus 
the ma x i mum power moni tor ing circuitry was made 
adaptable to two working electrode or working elec- 
t rode-reference electrode potential  differences as a 
voltage signal, s imply by switching the input  to the 
mul t ip l ier  from the reference electrode follower in -  
stead of the counterelectrode lead from amplifier 1, 
as shown in Fig. i. 

Exper imenta l  
The practical version of the schematic c i rcui t ry  of 

Fig. 1 was constructed with addit ional  switching to 
provide direct reading of Voc and Isc as well as Vmlm 
so as to obtain fill factors or monitor  these other pa-  
rameters  as a function of exper imental  variables. The 
apparatus also contains a convent ional  analog ramp 
generator  with input  to amplifier 1 to run  conven-  
t ional  scanned voltage I -V curves (with s imultaneous 
VI mult ipl ier  output)  to compare the accuracy of Vm/m 
found by the servo loop procedure. 

Input  i r radiance for these exper iments  was obtained 
from a 10 mW He-Ne laser (Hughes Indust r ia l  Prod-  
ucts) combined with a three Glan Laser prism polar-  
izer based optical a t tenuator  (Karl  Lambrecht  Corpo- 
ration) containing a rotatable e lement  dr iven by an 
added 1 rpm motor for in tensi ty  scanning exper iments  
(2). A quartz plate in the beam directed about 4% of 
the l ight to a Metrologic Corporation silicon power de- 
tector whose analog output, proport ional  to the actual 
Pi incident  on the cell, was used for the analog di- 
vider denominator  in efficiency moni tor ing experi-  
ments. Since the experiments  here were only used for 
relat ive efficiency comparisons, cal ibrat ion was not 
performed and the input  called Pi is the reflected par t  
of the beam in the figures. 

The silicon p - n  cell was s tandard and its area was 
only par t ia l ly  i l luminated  by the laser beam, diffused 
to about 0.5 cm diam in  these experiments.  

The electrolytic cell util ized as photoanode a gold 
plated n-GaAs electrode whose preparat ion and prop- 
erties are elsewhere described (2). The redox elec- 
trolyte was 0.2M K4Fe(CN)6-0.05M K3Fe(CN)6 in  a 
pH 5 acetate buffer (0.5M). These hybr id  electrodes 
(3, 4) have the metal -semiconductor  Schottky junct ion 
isolated from the electrolyte to inhibi t  photocorrosion 
but  otherwise are l ight-control led and are sensitive 
to cell resistance, surface kinetics, and t ranspor t  just  
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a s  electrolyte-exposed semiconductor cells. These elec- 
trodes were used for the demonstrat ion experiments  
here because of their  stable vol tammetr ic  behavior. 
Exposed semiconductor electrodes have been used with 
the system equally well. These electrodes, however, 
often show time dependent  features. Al though the cir- 
cui t ry  is designed to study such characteristics, to give 
confidence in its performance for that  work it was de- 
cided to use systems here in which VmIm measured 
from repeated V-I  scans and from the steady-state  
servo scheme data ought normal ly  to be identical  and 
could be more rigorously compared. 

The electrode was mounted as a rotat ing disk in a 
cell with an optical flat bottom into which the l ight 
beam was reflected by a mirror. Counter  and reference 
electrodes were spectroscopic grade carbon rods. Air  
was not excluded from the cell which was at  ambient  
temperature.  

Results and  Discussion 
Voltage scans plott ing I-V and VI-V for four nor-  

malized light irradiances (as read from the calibrated 
at tenuator)  are shown for the p -n  Si cell in Fig. 2. 
Superimposed on the curves are noted the recorder 
pen points for the correspondingly determined Im-Vm 
and ImVm-Vm points for the same light settings found 
separately by the servo loop circuitry. The t racking of 
max imum product was ini t ia ted as described above 
with phase and gain adjus tment  only at the Pi = I 
point. The correspondence between the scan ImVm 
maxima and the servo maxima is within chart reading 
error for the decade range of power input  and confirms 
the circuit function. The uni ty  normalized value of 
average Pi here is about 10 mW/cm 2. The power with 
the small  beam size is not spatial ly uniform, but  not 
dis turbing to this test. 

A similar  exper iment  but  with motorized in tensi ty  
scanning and direct recording o2 both Po and the con- 
version efficiency Po/Pi vs. Pi for the p -n  Si cell is 
shown in Fig. 3. The efficiency follows input  in ten-  
sity in  this range, as is known (5). This exper iment  
corresponds to the use of the circuit to monitor  cell 
efficiency continuously under  fluctuating light, such as 
sunlight. The circuit easily handles a decade change 
in Pi or Po without  any I range resistor change and is, 
in fact, stable down to zero current.  

The current -vol tage  characteristics of the Au~n-  
GaAs/Fe  (CN) 6-4-Fe (CN) 6-8/C cell with an addit ional 
220~ resistance in the counterelectrode lead are shown 
in Fig. 4 from a single voltage scan (a frit ted disk sep- 
arat ing the counterelectrode already contributes about 
130~; the series external  resistor emphasizes the IR 
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Fig. 3. Normalized maximum power efficiency (Po/Pi) and power 
output (Po) vs. normalized light input power (Pi) for silicon p-n 
cell. o3j 
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Fig. 2. Current, voltage, and power recorded under voltage scan 
for silicon p-n cell at four different relative light power levels 
(Pi), as indicated for each pair of curves. Points are Vm, Ira, and 
Vm Im found by maximum power circuitry for same conditions. 800 
Hz signal is 17 mV pk-pk. 

Fig. 4. Current vs. cell voltage (Vc) and reference electrode- 
photoelectrode potential difference (VR) with Vc scan control in 
Au on n-GaAs/Fe(CN)6-4.Fe(CN)6-8/C cell with C reference 
electrode, laser illumination. External 220~ resistor drop included 
in Vc. Photoelectrode rotated at 900 rpm. 

loss effect). Both cell voltage, Vc, including external  
resistor drop, and the difference of reference and pho- 
toanode potentials, VR, were recorded vs. cell current.  

Approximately  100 mV difference exists between 
these two voltages at the short-circuit  condition of the 
two cur ren t  passing electrode leads (Vc ---- 0) and the 
max imum power represented by the VR curve is 30% 
greater  than that  of the Vc curve. This translates to a 
near ly  30% higher fill factor since Voc, as measured in  
both cases, is identical and Isc at Vr ---- 0 will only be 
slightly greater (,~2%) than at Vc ---- 0. The Vor and 
Isr parameters  are thus not different, or only slightly 
so, in  a case with simulated large in te rna l  losses and 
their  monitor ing may be poorly indicative of cell 
performance. 

With the same gold plated n -GaAs  electrode, cell 
configuration, and ini t ia l  in tens i ty  level, a fur ther  
comparison of two- and three-electrode cell (VcI and 
V~I) behavior was made in  Fig. 5. This plot is anal -  



VoI. 127, No. 1 P O W E R  C O N V E R S I O N  E F F I C I E N C Y  187 

E3 
U.I 
N 
,_1 

r,,,- 
0 
Z 

" 0.~ 
(9,- 

2 

I 
0.5 

Pi ' NORMALIZED 

- 0 .08  

P0 

2_ O.O6 

E 
-- 0,04 " 

2 

/Pi 
~ 3  

,,.,.... ,p 

- 0.02 

I 0 

Fig. 5. Plot as in Fig. 3 for cell and conditions of Fig. 4. Pi = 1 
is illumination level of Fig. 4. Curves marked 2 and 3 have maximum 
power controlled from Vc and VR, respectively. 800 Hz signal is 
20 mV pk-pk. 

ogous to tha t  of the  so l id -s ta te  junct ion  expe r imen t  
in Fig. 3, bu t  he re  wi th  the two different  SCLJ  cell  
max imiza t ion  a r rangement s  selected : b y  switch S in 
Fig. 1. The rat io  of the ini t ia l  (Pi ---- 1) values  of VaIm 
and VcIm f rom Fig. 5 is 1.31, wi th in  expe r imen t a l  e r ror  
of the va lue  ca lcula ted  (1.30) f rom the V- I  plots  in 
Fig. 4, again  confirming the c i rcui t  accuracy.  

The l imi t ing  efficiency of the photoanode expressed  
by  the m a x i m u m V R I  produc t  increases  monotonica l ly  
wi th  in tens i ty  and only levels  off at  the  highest  Pi. 
Cur ren t  densi t ies  a t  this poin t  (5 m A / c m  2) correspond 
closely to those a gold p la ted  e lec t rode  generates  in 
a pp rox ima te ly  AM2 (75 m W / c m  2) sunl ight  (6). Be- 
cause of the combined e lec t ro ly te  and ex te rna l  res is tor  
losses, the two c u r r e n t - c a r r y i n g  t e rmina l  VcI m a x i -  
mum efficiency peaks  at about  Pi ---- 0.4. The two effi- 
ciencies approach  most  closely when the IR drops be -  
come min ima l  and  overpo ten t i a l  ascr ibable  to the  
la rge  countere lec t rode  is nil. 

Appl ica t ion  of such cell  design analysis  da ta  to s tudy 
of the mass t r anspor t  p a r a m e t e r  is shown in Fig. 6. 
The Po/Pi rat io,  under  the VRI maximiza t ion  condi t ion 
to be essent ia l ly  free of IR or countere lec t rode  effects, 
is d i sp layed  vs. t ime as a funct ion of ro ta t ion  speed, 
s ta r t ing  at  900 rpm. An  increase  to 1600 r p m  raises 
Po less than  1%. A decrease to 400 r p m  from 1600 
rpm (factor  of two for a mass  t r anspor t  l imi ted  cur-  
ren t )  produces  a 1% decline. At  100 r p m  t h e  power  is 
3% less than  the ini t ia l  900 rpm value,  but  when ro ta -  
t ion is s topped efficiency drops s teadi ly,  reaching  about  
an addi t iona l  18% loss a f te r  only  B0 sec when  the  900 
r p m  speed was resumed.  The ou tput  then r e tu rned  to 
wi th in  1% of its in i t ia l  900 r p m  level.  

Even wi th  a 0.2M solut ion of fe r rocyan ide  reducing 
agent,  the  4 m A / c m  2 cu r ren t  dens i ty  causes subs tan t ia l  
concentra t ion  grad ien t  effects at  the e lec t rode  surface 
when convect ive diffusion assistance (s t i r r ing)  is ab-  
sent. Such effects become more  impor t an t  as cells 
achieve h igher  efficiencies, even when  redox e lec t ro-  
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Fig. 6. Normalized maximum power efficiency for Fig. 4 cell and 
illumination level as a function of photoelectrode rotation speed, as 
marked, with time. Circuitry conditions of Fig. 5. 

ly tes  a re  quite concentrated.  The  12% n - G a A s / S e  = -  
S e 2 = - O H - / C  cell  wi th  a 1M to ta l  se lenium concentra- 
tion has a fill factor  de tec tab ly  sensi t ive to s t i r r ing  at 
high solar  i r r ad iance  (7). Exper imen t s  such as shown 
here  wi l l  be useful  to ana lyze  opera t ing  p a r a m e t e r  
influences on mass t r anspor t  at  the photoanodes,  both  
alone and combined wi th  eountere lee t rode  effects. 

The  c i rcu i t ry  shown is capable  of measur ing  ave r -  
age m a x i m u m  cell  power  in two-  or t h ree -e l ec t rode  
configurations for prac t ica l  a l t e rna t ing  l ight  in tens i ty  
frequencies.  An  expe r imen t  s imi lar  to tha t  of Fig. 5 
was pe r fo rmed  along wi th  one in which the same 
scanned in tens i ty  laser  beam was modula ted  by  square  
wave  chopping wi th  a two sector  whee l  d r iven  at  10 
Hz by  a PAR 192 var iab le  speed chopper.  The lock- in  
t ime constant  was increased to 1 sec to enhance the 
averaging  process. I n ' b o t h  cases here  the mul t ip l i e r  
(Po) and l ight  power  de tec tor  (PD outputs  were  
heav i ly  f i l tered to produce  d-c  ave raged  outputs  and  
a s teady  Po/Pi  read ing  even in the chopped l ight  case. 
The two (d-c  and 10 Hz) efficiency vs. average  Pi scans 
are  shown in Fig. 7. 

The 10 Hz chopped l ight  t race  s tar ts  at  Pi = 0.5 
because of the 50% du ty  factor. Otherwise  the curves  
are  essent ia l ly  super imposable .  P rope r  processing of 
the chopped signals ( p r e f e r a b l y  or ig ina l ly  s inusoidal)  
by  bandpass  filters wi th  gain  p r io r  to analog division, 
then rectification, would  pe rmi t  power  conversion effi- 
c iency spectroscopy to be done d i rec t ly  wi th  a scanned 
monochromat ic  beam as l ight  source. Al though  this 
process does not e l imina te  d-c  effects on the  mul t ip l i e r  
output ,  ex t raneous  l ight  can be expe r imen ta l l y  re -  
duced. Of course where  chopping offers l i t t le  advan-  
tage the d -c  response spect roscopy could be obtained.  

The advantages  of d i rec t  Po/Pi  record ing  vs. w a v e -  
length,  as opposed to tha t  of Isc or Voc, a re  consider-  
able  for the analysis  of photoe lec t rode  character is t ics  
since Po/Pi is the deciding factor  in the i r  ove r -a l l  pe r -  
formance  possibil i t ies and thus in diagnost ic  examina -  
tion. The resul ts  of Fig. 7 are  sufficient to show tha t  
the method  is feasible.  At  40 Hz the c i rcui t  remains  
s table  wi th  only the sacrifice of a f ract ion of the re -  
sponse which m a y  not affect the  re la t ive  shape of a 
Spectrum. 

S u m m a r y  and Conclus ions 
A circui t  for moni tor ing  the m a x i m u m  power  of a 

photovol ta ic  device has been const ructed and demon-  
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Fig. 7. Normalized maximum power efficiency (Po/Pi) vs. nor- 
malized light input power (Pi) with 10 Hz chopped |nput (dashed 
line) and d-c illumination (solid line). Other conditions as With 
VR multiplier input of Fig. 5. 

strated to serve this function under a val"iety of con- 
ditions. In semiconductor-liquid junction configurati0ns 
its use with both current-carrying terminals and with 
semiconductor plus reference terminal as voltage in- 
put allows analysis of efficiency loss mechanisms in 
the cell. Mass transport, light intensity, and internal 
resistance effects were viewed clearly in a well-con- 
trolled system by the maximum power tracking circuit. 
When combined with analog division by the input 
power, the quotient of conversion efficiency is directly 

monitored. The latter will be useful for continuous 
solar measurements, light concentrator experiments, 
and for long-term stability Studies. The frequency re- 
spdnse of the circuitry combined with proper averaging 
permits light chopping and Shows stability even with 
square wave light intensity transitions. Application of 
either the d-c or chopped light methods with the 
maximum power circuitry to an external power con- 
version efficiency vs. Wavelength spedtroscopy has in- 
teresting advantages for photovoltaic studieS. 
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High-Efficiency GaAs Photoanodes 
Rommel Noufi* and Dennis Tench** 

Rockweff  International Science Center, Thousand Oaks, CaZifornia 91360 

ABSTRACT 

The photoresponse of large-grained polyerystalline and single crystal 
n/n + -GaAs in aqueous selenide/polyselenide solution is compared with that of 
single crystal n-GaAs. Use of the n/n+-structure is shown to significantly 
improve performance, and the power conversion efficiency for the large-grained 
n/n+-material  is found to approach that for n/n+-single crystals. For single 
crystal n/n§ the measured conversion efficiencies for white light from 
a xenon lamp were I4% (uncorrected) and 19% (corrected for absorption in 
the solution). 

Considerable attention has been focused r~ecently on 
n-GaAs as a candidate photoanode for use in electro- 
chemical solar cells (1-3). This material has an ideal 
bandgap for utilization of the solar spectrum (1.4 eV), 
but like other common narrow-bandgap semiconduc- 
tors is prone to photodissolution in ionizing solutions. 
Although significant progress has been made in stabil- 
izing GaAs against photodecomposition (1, 2), only 
single crystal electrodes have been considered. Poly- 
crystalline materials, however, will almost certainly 

* E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  Member.  
** E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key w o r d s :  n /nT-GaAs ,  p o l y c r y s t a l l i n e ,  photoe lectroehemica l  

cel l ,  efficiency. 

be required for any practical solar conversion device 
not involving concentrators. 

Since the photosensitive junction in electrochemical 
solar cells is extremely abrupt compared to a p-n 
junction and one side is practically transparent to the 
solar spectrum, more of the incident light is ab- 
sorbed within the region Of high electric field at the 
interface where charge carriers are more efficiently 
separated and collected. Thus, in electrochemical cells, 
the efficiencies of polycrystalline films can more closely 
approach those of single crystals (4, 5). For the semi- 
conductors studied to date, however, this promise has 
only been realized to a limited extent, e.g., 5% solar 
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conversion efficiencies for  po lyc rys ta l l ine  CdSe (5) 
compared  to 7.2% for single crysta ls  (6), and cons ider -  
ab le  i m p r o v e m e n t  is needed. The presen t  work  was ~ 100 
u n d e r t a k e n  to provide  a compar ison  be tween  l a rge -  
g ra ined  po lycrys ta l ! ine  and single c rys ta l  GaAs photo-  
anodes, and to de te rmine  the ex ten t  to which  in te rna l  x 
losses in the  e lect rodes  can be mi t iga ted  by  ut i l iz ing 
l aye r ed  n / n + - m a t e r i a L  ~. 10 

I -  
Z 

Exper imenta l  Deta i ls  < 

Elect rode  mate r i a l s  inves t iga ted  were  l a rge -g ra ined  e r  

polycrys ta l l ine  and single c rys ta l  n / n + - G a A s  and 1.0 
single c rys ta l  n -GaAs.  The des ignat ion n /n+  denotes 
a l aye red  s t ruc ture  of a l igh t ly  doped film deposi ted  
on a more  heav i ly  doped subs t ra te  of the same m a t e -  
rial.  One advan tage  of this a r r a n g e m e n t  is tha t  the  
film can be doped at  the level  that  provides  op t imum 
separa t ion  and collection of pho togenera ted  charge  
car r ie rs  a t  the  in ter face  ( ~  1016 car r ie rs /cma for  
GaAs)  wi thout  pay ing  the pena l ty  of a high res is t ive  
loss in the  bu lk  of the electrode.  Also, since the  F e r m i  
level  of the  n + - m a t e r i a l  is s l ight ly  higher,  a back  
surface  field (BSF)  is c rea ted  at  the n / n + - j u n c t i o n  
which  opposes diffusion of holes f rom the n - l a y e r  to 
the  n + - b u l k ,  whi le  favor ing  t r anspor t  of e lect rons  (7). 
Thus, the BSF enhances charge  ca r r i e r  separa t ion  and 
tends to confine holes to the surface n - r eg ion  a w a y  
f rom the ohmic back  contact  (where  the  r ecombina -  
t ion ra te  is infini te) .  The  net  resu l t  is an improvemen t  E 
in the  conversion efficiency for the  n / n + - m a t e r i a l  
compared  to n- type .  Detai ls  of the  effect of a BSF on 
the shor t -c i rcu i t  cu r ren t  and  open-c i rcu i t  vol tage  are  
given in Ref. (7). 

To p r epa re  the po lycrys ta l l ine  and single c rys ta l  
n / n + - G a A s ,  Sn -doped  n - l aye r s  were  grown ep i t ax i -  c~ 
a l ly  on 0.5 m m  th ick  po lycrys ta l l ine  or s ingle c rys ta l  
substrates ,  respect ively ,  doped wi th  Si (,~10 ts ca r -  c~ 
r ie rs /cm3) .  The po lycrys ta l l ine  epi layer ,  which  had a 
g ra in  size of 100-100O ~m, was grown by  molecu la r  c~ 
beam ep i t axy  and was 2.5 #m thick wi th  ,~101T car -  
r i e r s / c m  3 having  a mobi l i ty  of ~3100 cm2V-lsee  -1. m 
The single crys ta l  ep i layer  was grown by l iquid  
phase  ep i t axy  and was 3 ~m th ick  wi th  ~10 TM car-  
r i e r s / c m  ,3 having  a mobi l i ty  of ,~6000 cm 2 V -1 sec -1. 
The n - G a A s  single crystal ,  which  was inves t iga ted  for 
comparison,  was S i -doped  to 3 • 10 TM ca r r i e r s / cm 3. 
Ohmic contacts  were  made  using i n d i u m / g o l d  a l loy  
and the GaAs electrodes were  sealed in epoxy  resin. 
In  each case, the  a rea  of e lec t rode  exposed  to the  
solut ion was 0.3 cm% 

Elec t rochemical  measurements  were  made  in n i t ro-  
gen - sa tu ra t ed  se len ide /po lyse len ide  solut ion (1M K2Se 
-F 0.1M Se H- 1M KOH) which  has been shown to be 
effective in suppress ing photodecomposi t ion of GaAs 
(1). The counter  and reference  electrodes were  p l a t i -  
num (10 cm 2) and sa tu ra t ed  calomel  (SCE),  respec-  
t ively.  The cell was sealed and had  a fiat quar tz  
window to admi t  the l ight  from a 1000W xenon lamp, 
the  spec t rum of which is shown in Fig. 1. The l ight  in-  
tens i ty  fa l l ing  on the cell  was measured  by  a Hewle t t -  
Packa rd  rad ian t  flux mete r  to be 115 m W / c m  2 (unless 
o therwise  noted) .  Absorp t ion  losses by a 5 m m  laye r  
of the polyse lenide  solut ion reduced  the in tens i ty  at  
the  e lec t rode  surface to 85 m W / c m  2. The n -GaAs  
e lec t rode  was etched in a 1:1 sulfuric  ac id -hydrogen  
perox ide  mix tu re  (3), whereas  the n / n + - m a t e r i a l s  
were  used as grown.  

Results and  Discussion 
The pho tocur ren t  response in se len ide /po lyse len ide  

solut ion for po lycrys ta l l ine  and single c rys ta l  n / n  +-  
GaAs and single c rys ta l  n -GaAs  is shown as a funct ion 
of the  e lect rode potent ia l  in Fig. 2. I t  is evident  f rom 
the h igher  cur rents  at the same elect rode potent ia l  
( a p p r o x i m a t e l y  the  same degree  of band bending)  tha t  
the  separa t ion  and subsequent  collection of photogen-  
e ra ted  charge  car r ie rs  is more  efficient for the n / n  +- 
mater ia ls .  Fu r the rmore ,  the  convers ion efficiency for 
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Fig. I. Spectral output of a 1000W xenon lamp as measured with 
a Hewlett-Packard radiant flux meter. 
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Fig. 2. Photocurrent vs. electrode potential for GaAs photoanodes 
illuminated with white light of 115 mW/cm 2 (uncorrected for solu- 
tion absorption) in aqueous selenide/polyselenide solution. 

the po lycrys ta l l ine  n / n + - e l e c t r o d e  approaches  tha t  for 
the  n / n + - s i n g l e  crystal .  As discussed above, the effi- 
ciency enhancement  for the n / n + - e l e c t r o d e  is a t t r i b u t -  
able to the effect of the BSF in enhancing charge 
car r ie r  separa t ion  and h inder ing  the diffusion of the 
holes to the  ohmic back contact.  

F igure  3 shows the re la t ionship  be tween  the cur ren t  
dens i ty  and the cell  vol tage for cells based  on po ly -  
c rys ta l l ine  and single c rys ta l  n / n + - G a A s .  The po ly -  
c rys ta l l ine  ma te r i a l  compares  f avorab ly  wi th  the single 
crystal ,  y ie ld ing  p rac t i ca l ly  the same shor t -c i rcu i t  cur -  
rent  (29 m A / c m  2) and an only s l ight ly  smal le r  open-  
circui t  vol tage (0.68V). The fill factor  for the po ly -  
c rys ta l l ine  e lect rode is also somewhat  smal le r  (0.67) 
than tha t  for the  single c rys ta l  (0.80), p r e sumab ly  
because of the lower  pa ra l l e l  resis tance due to l eak -  
age along gra in  boundar ies  (7). 

Character is t ics  of the two cells are  summar ized  in 
Table  I. The 19% value  is 45% of tha t  theore t ica l ly  
a t t a inab le  for this sys tem under  xenon lamp i l l umina -  
t ion f rom 250 to 885 nm (42%).  These efficiency values  
have not been corrected for Carnot  l imi ta t ions  ar is ing 
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Fig. 3. Current density vs. cell voltage for n/n+-GaAs photo- 
anodes under illumination with white light of 115 mW/cm 2 (un- 
corrected for solution absorption). Curves are the average of 
forward and reverse scans at 100 mV/sec. 

f rom the t empera tu re  difference be tween  the source 
and the conver ter  (8). The  conversion efficiencies for 
the n / n + - p o l y c r y s t a l l i n e  ma te r i a l  are  only  s l ight ly  
less (2-3%),  as might  be expected  when the gra in  size 
is la rge  (100-1O00 ~m) compared  to the thickness of 
the space charge  layer  (,,,0.1 ~m). 

Conclusions 
The resul ts  repor ted  here  demons t ra te  tha t  the  con- 

vers ion efficiency for l a rge -g r a ined  po lycrys ta l l ine  
GaAs in photoelec t rochemical  cells approaches  that  for 
single crystals.  In  e i ther  case, the use of a l aye red  
n / n + - s t r u c t u r e  significantly improves  the per formance  
which  approaches  that  theore t ica l ly  a t ta inable .  The 
chal lenge in a t ta in ing  a prac t ica l  solar  conversion de-  

Table I. Characteristics of photoelectrochemical cells based on 
n/n + -GaAs in selenide/polyselenide solutions under illumination 

with white light (115 mW/cm 2) from a xenon lamp 

Poly- Single 
Parameter  crystal l ine crystal 

Open-circuit voltage 0.68V 0.7V 
Short-circuit current 29 mA/cm~ 29 mA/cm~ 
Fill  factor 0.67 0.80 
Maximum power  output 14 roW/era 2 lS mW/cm ~ 
P o w e r  convers ion  efficiency 

Uncorrec ted  12% 14% 
Corrected for  solut ion ab- 

sorpt ion 10% 19% 

vice is to dupl ica te  such resul ts  for mate r ia l s  f ab r i -  
ca ted economical ly  on a la rge  scale. 
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ABSTRACT 

The avalanche injection of hot electrons at the silicon to silicon dioxide 
interface causes an anomalous N-shaped shift of fiatband voltage in accordance 
with the injected charge density and generates an interface state with widely 
distributed time constants. To explain the N-shaped behavior, we propose 
a model which assumes electron trapping in the silicon dioxide and the gen- 
eration of the donor-type interface state. It is also observed that the orientation 
of silicon substrate strongly affects the generated interface-state density. The 
generated interface-state density of a (100) capacitor has a value approxi- 
mately half that of a (iii) capacitor. The energy level of the generated inter- 
face state is distributed near the middle of the energy gap of silicon. The 
dominant electron capture cross sections are approximately 1 X 10 -Is cm 2 
for both (100) and (Iii) capacitors. 

With the development  of short channel  MOS de- 
vices, significant ins tabi l i ty  due to the emission of 
electrons from the silicon into the silicon dioxide has 
become an impor tan t  problem. Subsequent  t rapping 
of the hot electrons in  the silicon dioxide causes in-  
stabilities in the form of threshold voltage shift and 
t ransconductance degradation (1-4). A large amount  
of work has been done on hot electron instabi l i ty  in  
MOS s t ruc ture  (5-11). It  has been shown that  some 
of the injected electrons are t rapped in  the silicon di- 
oxide and that  the flatband voltage increases in pro- 
port ion to the n u m b e r  of injected electrons. The flat- 
band  voltage has a tendency to saturate in relat ion to 
the filling of the electron traps in the silicon dioxide. 
But a reversal  of the fiatband voltage shift for a larger 
n u m b e r  of injected electrons is reported by Gdula  (6) 
and is explained l ikely due to fast surface-state gen- 
eration. There  are few reports about  the interface 
state densi ty generated by the hot electron injection 
( 7 ) .  

In the present  study, hot electrons are injected by 
the avalanche inject ion technique (8) in order to 
examine the interface charge densi ty at the silicon to 
silicon dioxide interface. 

The results confirm the reversal  of the f latband volt-  
age shift (6). Fur thermore ,  we observe that  the flat- 
band  voltage appears to increase again after a large 
number  of electrons have passed through the silicon 
to silicon dioxide interface. I t  is also observed that  
the inject ion of hot electrons generates interface states 
with widely dis tr ibuted t ime constants. The interface-  
state density is strongly affected by the or ientat ion 
of the silicon substrate in the same manne r  as the fixed 
charge density at the thermal ly  oxidized silicon sur-  
face (12). The purpose of this paper  is to clarify the 
changes of flatband voltage which occur with the 
avalanche inject ion of hot electrons at the silicon to 
silicon dioxide interface. 

Experiments 
Sample preparation.--MOS capacitors are fabricated 

using p- type  silicon wafers with an approximate ly  0.3 
~ - c m  (100) plane, and 2 ~ - c m  (100) and (111) planes. 
The thickness of the silicon dioxide film is about 800A 
for the 0.3 ~ - c m  capacitor, 850A for the 2 ~ - c m  (100) 
capacitor, and 1000A for the 2 ~ - c m  (111) capacitor. 
The oxidation is performed in an a l l -quar tz  system at 
1000~ in dry oxygen. All oxide growth is followed by 
30 rain of annea l ing  in  dry ni t rogen at growth tern- 

perature.  A l u m i n u m  electrodes are evaporated from 
an electron gun source, followed by postmetall izat ion 
at 450~ for 30 min  in dry  nitrogen. 

Measurement technique and condition.--Starting 
with a previously unused capacitor, the complete 
capacitance-voltage (C-V) characteristic is measured 
at various frequencies (1 MHz-17 Hz) with low ampl i -  
tude signals. Hot electrons are injected into the silicon 
dioxide by  the avalanche inject ion technique. The 
avalanching field is provided by a 100 kHz constant-  
voltage square wave generator. The square waves are 
in te r rupted  periodically to automatical ly  measure the 
flatband voltage at 1 MHz as a means for moni tor ing  
the interface charge density at the silicon to silicon 
dioxide interface. The capacitor is then reconnected to 
the C-V measur ing apparatus and complete C-V data 
at various frequencies is determined.  The avalanche 
inject ion current  density is in the range from 10 -5 
to 10 -4 A /cm 2. As the var iat ion of pulse width for the 
avalanche inject ion at 100 kHz shows lit t le effect on 
the injected current  density, most of the injected 
electrons will be hot electrons. The generated in te r -  
face-state density is obtained from the C-V data be-  
fore and after the capacitor is avalanched for specified 
injected electronic charges. The estimated fiatband 
voltage shift due to the generated interface state, VFBI, 
is obtained from 

VFBI ---- Nss/Cox 

where Nss is the generated interface-state density 
and Cox is the oxide capacitance of the MOS capaci- 
tor. An electron capture cross section is obtained 
from the flatband voltage data as a function of the 
injected charge density (13). 

Results 
The characteristic shown in Fig. 1 is a typical  result  

of the var iat ion of the flatband voltage as a function 
of the injected charge density for the 0.3 a - c m  (100) 
capacitor with a pulse bias of 37V. The fiatband volt-  
age typically increases for some ini t ia l  range of injected 
charge and then gradual iy  decreases as injected charge 
increases. However, the flatband voltage appears to 
increase again when large number  of electrons are in-  
jected. This is called "N-shaped" behavior. Figure 2 
shows a typical set of complete C-V characteristics at 
various injected charge levels with the signal fre-  
quency as a parameter.  Figure 2 [A]- [D]  are results 
for injected charge levels of 0, 0.75 • 101S/cm 2, 4.5 • 
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Fig. 1. Fiatband voltage as a function of injected charge density 
for the 0.3,0,-cm (100) capacitor. 
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Fig. 2. Typical set of C-V characteristics at various injected 
charge levels with signal frequency as a parameter. [A]  = 0; 
[B] --- 0.75 X 10tS/cm2; [C]  = 4.5 X 1018/cm2; [D] 
10.8 X 10tS/cm 2. 

1018/cm 2, and 10.8 X 101S/cm 2, respectively. We can 
see large increases in interface-state  density with 
widely distr ibuted t ime constants as the injected charge 
density increases. But a smaller  increase is noted in 
Fig. 2 [D] in comparison with [C]. 

Similar  experiments  are also carried out for the 2 
&2-cm (100) and (111) capacitors with a pulse bias of 
95V. The characteristic of the flatband voltage vs. the 
injected charge density of the (100) and (111) ca- 
pacitors is s imilar  to Fig. 1. However, for the (100) 
capacitor, the max imum is approached more slowly 
than for the (111) capacitor. The dominant  electron 
capture cross sections obtained from the data are 1.3 
X t0-1a/cm 2 for the (100) capacitor, and 1.0 X 10-18/ 
cm 2 for the (111) capacitor. The generated interface-  
state density obtained from the C-V characteristics is 
shown in Fig. 3 for the (100) and (111) capacitors 
with the injected charge density as a parameter.  It 
is seen that the (100) capacitor has approximately 
half the generated interface-state  density of the (111) 
capacitor at equivalent  injected charge densities. 
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Fig. 3. The generated interface-state density as a function of the 
injected charge density for 2 ~ - c m  (100) and (111) capacitors. 
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Fig. 4. Energy distribution of generated interface state for the 
(100) capacitor at injected charge density of 3 X 10tS/cm2; at 
signal frequency ranges: (a) = i kHz-1 MHz,  (b) = 17 Hz- I  kHz, 
and (c) - -  17 Hz-1 MHz. 

Figure 4 shows the energy dis tr ibut ion of the gen- 
erated interface states for the 2 ~ - c m  (100) capacitor 
at the injected charge density of 3 X 101S/cm 2. The 
results given in Fig. 4 ( a ) - ( c )  are obtained from the 
C-V characteristics in response to the frequency range 
of (a) 1 kHz-1 MHz, (b) 17 Hz-1 kHz, and (c) 17 
Hz-1 iVIHz, respectively, where (a) + (b) -- (c). 
The energy level of the interface state for (c) is dis- 
t r ibuted near  the middle of the energy gap of silicon; 
however the energy level of the interface state for (a), 
wi th  the shorter t ime constant, is dis tr ibuted on the 
valence band  side; while (b) with the longer t ime 
constant  is on the conduction band side. Similar  char-  
acteristics of the energy dis tr ibut ion are obtained for 
the different injected charge levels as predicted from 
Fig. 2. And approximately the same distr ibutions are 
obtained for the (111) capacitor, except for the den-  
sity distribution. 

Discussion 
As seen in Fig. 1, the flatband voltage exhibits N- 

shaped behavior in  proport ion to the avalanche in-  
jection of hot electrons. This N-shaped behavior can-  
not be explained by detrapping because hot electrons 
are injected at a constant applied voltage. It is observed 
that the interface states with widely dis tr ibuted t ime 
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Fig. 5. Resultant N-shaped behavior with flatband voltage shift 
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constants  a re  genera ted  b y  hot  e lec t ron  in jec t ion  at  
the  sil icon to silicon dioxide  in ter face  and tha t  dens i ty  
increases  wi th  increas ing in jec ted  electronic charge 
(Fig. 2). 

The N-shaped  behav ior  can be exp laned  by  the fol-  
lowing model.  As some of the  in jec ted  electrons are  
t r apped  in the sil icon dioxide,  the  f la tband vol tage  
increases  in  p ropor t ion  to the  number  of in jec ted  elec-  
t rons (denoted  as "A" in Fig. 5). If  the  genera ted  in t e r -  
face is assumed to be the  donor type  of in terface  
state,  the shif t ing d i rec t ion  of the f la tband vol tage  is 
opposi te  to the d i rec t ion  resul t ing  f rom the e lect ron 
t r app ing  in the  si l icon dioxide  ("B" in Fig. 5) ; t he reby  
decreas ing the f la tband voltage.  Thus, the  anomalous  
N - s h a p e d  phenomenon  shown in Fig. 1 can be ex-  
p la ined  b y  consider ing the  above two factors;  i.e., by  
summing  the shif t  of the f la tband vol tage  due to elec-  
t ron t r app ing  in the  sil icon d ioxide  wi th  that  due to 
the  genera t ion  of a donor - type  in ter face  s tate  a t  the 
sil icon to sil icon d ioxide  interface.  These two factors 
a re  i l lus t ra ted  in Fig. 5 by  "A" and "B" along wi th  the 
N-shaped  resu l t an t  var ia t ion.  

I t  is also observed in Fig. 3 tha t  the  genera ted  in-  
t e r face - s ta te  dens i ty  wi th  wide ly  d i s t r ibu ted  t ime 
constants  is s t rongly  affected by  the  or ien ta t ion  of the  
sil icon substrate .  The in te r face - s ta te  dens i ty  values of 
the  (100) capaci tor  a re  about  ha l f  the  values  for  the  
(111) capacitor .  Since the in ter face  s tate  is considered 
a resul t  of a b roken  or  s t ra ined  bond in the  v ic in i ty  
of the  si l icon to sil icon dioxide  interface,  the  genera ted  
in t e r face - s t a t e  dens i ty  can be expec ted  to have a 
s t rong dependence  on the or ienta t ion  of the sil icon sub-  
strate,  in a s imi lar  w a y  to the fixed charge  dens i ty  at  
the  t h e r m a l l y  oxidized sil icon surface (12). Thus i t  
m a y  be said tha t  the re l i ab i l i ty  of shor t  channel  V-  
MOS devices which  are  composed on the (111) p lane  
mus t  be in fe r io r  to (100) p lane  devices,  assuming tha t  
the  same amount  of hot  e lectrons are  injected.  

To de te rmine  the t rue  (correc ted)  e lec t ron capture  
cross section, i t  mus t  be obta ined  f rom curve "A" in 
Fig. 5 which  shows the f la tband vol tage  shift  only  due 
to e lect ron t r app ing  in the silicon dioxide.  The e lec t ron 
capture  cross section obta ined  f rom the N-shaped  
character is t ic  is not  true, because  it includes the shift  
of the  f la tband vol tage  due to the  genera ted  in ter face  
state. The dominan t  e lect ron cap ture  cross section ob-  
ta ined  f rom the N-shaped  var ia t ion  (uncorrec ted)  is 
about  1.5 t imes l a rge r  than  the correc ted  capture  cross 
sect ion ob ta ined  f rom curve "A" in Fig. 5. The cor-  
rec ted  and uncorrec ted  e lec t ron capture  cross sections 
for  (100) and (111) capaci tors  a re  given in Table  I 
for the  dominan t  e lec t ron  traps.  As an e -gun  is used 
for a luminum evaporat ion,  there  wi l l  be neu t ra l  t raps  
having a cap ture  cross sect ion of about  10-14-10 -15 
cm 2 as poin ted  out  by  Ai tken  et al. (14). But the  
neu t ra l  t rap  dens i ty  of the capaci tor  used is much 
smal l e r  (less than  5 X 101~ 2) than  the dens i ty  of 
dominant  t rap  (about  2.5 • 1012/cm2). Then the neu-  

Table I. Corrected and uncorrected electron capture cross sections 
of dominant electron traps for (100) and (111) capacitors 

(11o) (111) 
( e r a  2) ( c m ~ )  

C o r r e c t e d  8.6 • 10-~9 6.7 x 10 - ~  
U n c o r r e c t e d  1.3 % 10 -~s 1.0 x 10 -is 

t ra l  t r ap  wi l l  affect the  f la tband vol tage  shif t  and the 
cap ture  cross section. 

The physical  cause of the genera ted  in ter face  s tate  
wi th  wide ly  d i s t r ibu ted  t ime constants  has not  been  
determined,  and the corre la t ion  be tween  e -gun  a lu -  
minum and in te r face - s ta te  genera t ion  by  in jec ted  
e lec t ron cur ren t  is not  c lear  yet. More de ta i led  s tudies  
are  war ran ted .  

Summary 
The ava lanche  inject ion of hot  e lectrons at  the s i l i -  

con to sil icon dioxide  ~nterface causes an anomalous  
N-shaped  shift  of f la tband voltage.  

In ter face  s tates  wi th  wide ly  d i s t r ibu ted  t ime con- 
stants a re  genera ted  by  the ava lanche  in jec t ion  of hot  
electrons.  

The N-shaped  shift  of the f la tband vol tage  is ex -  
p la ined  by  a model  assuming a combinat ion  of e lec-  
t ron  t r app ing  and the genera t ion  of a donor - type  in-  
terface state.  

The or ienta t ion  of the sil icon subs t ra te  s t rong ly  af-  
fects the genera ted  in te r face -s ta te  density.  

The genera ted  in te r face - s ta te  dens i ty  of the  (100) 
capaci tor  has a va lue  a pp rox ima te ly  half  that  of the  
(111) capacitor.  Shor t  channel  V-MOS devices which  
are  composed on the (111) p lane  are  less re l iab le  than  
(1O0) p lane  devices, assuming the same amount  of 
hot electrons are  injected.  

The energy  level  of the in ter face  s ta te  is d i s t r ibu ted  
near  the middle  of the energy  gap of silicon. The en-  
e rgy  level  of the in ter face  s ta te  wi th  the  shor te r  t ime 
constant  is d i s t r ibu ted  on the valence band  side and 
that  wi th  the  longer  t ime constant  is on the  conduc-  
t ion band  side. 

The dominant  e lect ron capture  cross sections a r e  ap -  
p r o x i m a t e l y  1 X 10-1s cm ~ for both  (100) and (111) 
capacitors.  
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The Nucleation of CVD Silicon on 
SiO  and Substrates 

I. The SiHjHCI-H System at High Temperatures 

W. A. P. Claassen and J. Bloem* 
Ph~lips Research Laboratories, Eindhoven, The Netherlands 

ABSTRACT 

The grain size in polycrystal l ine silicon layers is subject  to various ex-  
ternal conditions among which the ini t ia l  nucleat ion of silicon on the sub- 
strate may play a decisive role. This art icle describes exper iments  with 
silicon on SiO2 and SisN4 substrates in  the SiH4-HCl-H2 system for tempera-  
tures between 925 ~ and 1200~ The saturat ion cluster densities are deter-  
mined  as a funct ion of gas phase composition and tempera ture  and could be 
varied between 194-1011 em -2. The exper imenta l  results are compared with 
predictions of existing nucleat ion theories using analysis of the monomer  
silicon adatom concentration, i n  this way the nucleat ion can be described 
satisfactorily and approximate  values for the size of the critical cluster  can 
be derived. 

Polycrystal l ine silicon layers, which are grown by  
pyrolysis of silane, are widely used in  the electronic 
industry,  e.g., in  the fabricat ion of NIOS (metal -oxide-  
silicon) field effect transistors and integrated circuits. 
The electrical properties of these layers closely depend 
on the size of the polysilicon grains in  the layers (1). 
It is not very well  known how the grain size depends 
on the total number  of nuclei and whether  nucleat ion 
of new grains continues in the course of fur ther  growth. 

Nucleation exper iments  with silicon on amorphous, 
polycrystalline, and monocrystal l ine  substrates have 
been reported (2-15), but  at tempts to make a more 
systematic s tudy and quant i ta t ive  evaluat ion of the 
results are re la t ively scarce. Joyce and Bradley (3) 
(pyrolysis of silane in vacuum) and Brooker and 
Unvala  (4) (vacuum-evapora t ion)  observed three-  
dimensional  nuclei  in  the deposition of silicon on a 
monocrystal l ine silicon substrate.  However, in a more 
recent article Joyce e t a I .  (5) in collaboration with 
Charig and Skinner  (6) showed that the ini t ial  growth 
becomes two dimensional  if surface contaminants  such 
as C and O are removed by hea t - t r ea tmen t  up to 
13O0~ in UHV. Nishizawa and co-workers (7) formed 
perfect {111} facets on near ly  {111} oriented silicon 
substrates. By hydrogen reduct ion of SIC14 at 1200~ 
nuclei  in the form of pyramids are formed on the 
perfect {111} facet, with a density depending on growth 
tempera ture  and SiCI~ concentration. Since these 
pyramids are dis tr ibuted homogeneously on the facet 
and have a uni form size, the conclusion was drawn 
that they correspond to growth nuclei  without  lattice 
defects. Abrahams e t a l .  (8), Blank and Russell (9), 
Mercier (10), Bicknell  et al. (11), and Cullen et al. 
(12) investigated nucleat ion processes of silicon on 
monocrystal l ine  A1203 substrates. They observed th ree -  
dimensional  islands. However, at temperatures  higher 
than 800~ the A120~ surface reacts with the deposited 
silicon. High temperatures  and relat ively low silane 
pressures, or a silicon compound containing chlorine, 
favor this etching reaction. Brown e t a l .  (13) have 
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reported a s imilar  etching reaction for low silane in-  
put  concentrat ion on a monocrystal l ine  quartz sub- 
strate. On amorphous and polycrystal l ine substrates, 
such as given by  Si3N4 and SiO2, three-dimensional  
nuclei are observed as shown by Alexandrov  e t a I .  
(14) (pyrolysis of silane on Si3N4 and SiO2 substrates 
in vacuum) and Kamins  and Cass (15) (pyrolysis of 
silane in an H2 atmosphere on SiO2 substrates) .  It 
has been shown that  nucleat ion of silicon on a foreign 
substrate  like SiO2 or Si3N4 needs a higher super-  
saturat ion than nucleat ion on a clean silicon surface. 
This prompted studies on selective epitaxial  growth of 
silicon on silicon slices par t ly  coated with an oxide or 
ni t r ide layer. Selective epitaxial  growth of Si has been 
studied by Ogawa et al. (16) on windows in SigN4 
layers (SiC14-H2 system),  by Ray-Choudhury  and 
Schroder (17) on windows in  SiO2 layers (SiC14-H2 
and SiH4-H2 systems), by  Druminski  and Gessner 
(18) on windows in  SiO2 and SigN4 layers (SiH4-HC1- 
H2 system),  and by Sirt l  and Setter (19) on windows 
in SiO2 layers (SiC14-Br2-H2 system).  Ogawa e t a l .  
determined a critical SIC14 pressure for the nucleation 
on Si3N~ substrates as a function of growth tempera-  
ture. In the SiH4-H2 system it was necessary to use a 
relat ively high deposition tempera ture  (>1200~ in 
order to prevent  growth on the SiO2 mask. In  the 
SiC14-H2 system the SiO2 was ent i re ly  removed for 
high SIC14 concentrat ions (>1200~ while the Si3N4 
film was not deteriorated at all  for any  growth con- 
dition. Sirtl  and Setter used Br2 instead of HC1 because 
the pur i ty  of Br2 is much higher than that  of HC1. 
The bromine  added to the SiH4-H2 mixture  is con- 
ver ted to HBr by the hydrogen, while the rmodynami-  
cally HBr acts as HC1. 

In  order to obta in  a more coherent picture of the 
nucleat ion of silicon as a funct ion of gas phase com- 
position and tempera ture  a systematic exper imental  
s tudy was started to study nucleat ion and growth of 
silicon on SiO2 and Si3N4 substrates. It  was found that 
the total number  of nuclei  could be varied between 
104-1011 cm -2 by var ia t ion of temperature,  input  con- 
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centra t ion of silane, and by the addit ion of small  
quanti t ies  of HC1 to the carr ier  gas. 

Experimental 
Most of the nucleat ion experiments  were performed 

in a horizontal epitaxial  rf heated reactor, consisting of 
a rec tangular  water-cooled fused silica tube, provided 
with a pyrographite-coated ca.rbon susceptor covered 
with a th in  layer  of silicon. Nucleat ion of silicon was 
performed on silicon slices (2 in. wafers) covered with 
amorphous, 1500A thick LP-CVD SiO2 and SigN4 
layers. The effective cross section of the reac tor  w a s  
about  13 cm 2. The gas system was provided with AFC 
550 automatic flow controllers for the H2 carr ier  gas  
and the Sill4 source (5% Sill4 in  H2). The flow rate of  
pure undi lu ted  HC1 was determined by a conven-  
t ional Brooks flowmeter. Some exper iments  were per-  
formed in  a horizontal  air-cooled rf  heated reactor. 
The system was also equipped with a mass flow con- 
trol ler  for HCI. The equipment  is shown schematically 
in  Fig. 1. The carrier  gas was purified of H20 (<1 
ppm) and 02 (<1 ppm) with a A.S.M. gas purifier. 
Before each exper iment  the slices were cleaned by 
etching with 0.2 volume percent  (v/o)  HC1 in H2 at 
about  1000~ for 5 min. After  this the reactor was 
flushed with a s tream of H2, while the substrate was 
brought  to the desired nucleat ion temperature.  During 
the nucleat ion exper iment  hydrogen loaded with 
S i I~  and HC1 was passed over the slices. To ensure 
stable gas flow conditions a room tempera ture  gas 
velocity of about  50 cm/sec was chosen. Because of the 
rapid nucleat ion only short pulses of specific SiH4-HC1 
mixtures  were often sufficient. It  was found that  re- 
producible results could be obtained with a constant 
HC1 flow and a short addit ional  pulse of Sill4 gas. This 
procedure was followed throughout,  including the ex- 
per iments  in  which longer deposition times were used. 
The tempera ture  of the slices was measured with an 
optical pyrometer  focused on the surface of an un-  
coated silicon slice; the readings were corrected for 
the emissivity of silicon and the absorption and re- 
flection of the system. SEM and TEM photomicro- 
graphs were made from each slice i n  order  to deter-  
mine  the morphology of the layer  dur ing  the initia] 
stage of deposition. These photomicrographs provided 
an easy means of measur ing the density of observed 
silicon islands. 

E x p e r i m e n t a l  Resul ts  
To study the ini t ia l  stages of deposition of poly- 

crystal l ine silicon on SiO~ and SigN4 substrates, we 
carried out a series of short depositions at different 
temperatures  and different combinations of Sill4 
and HCI concentrations. For a constant  substrate 
tempera ture  and fixed Sill4 and HC1 concentrat ions 
the densi ty  of nuclei  was measured as a funct ion of 
the t ime of growth. After  an incubat ion period the 
density of Si clusters very  quickly reached a saturat ion 
value with respect to exposure t ime where the ex-  
posure t ime is defined as the durat ion of the Sill4 pulse 
in  the mass flow controller. After  this hard ly  any 
new clusters were formed. The existing clusters 
showed a very nar row size distr ibution.  The init ial  
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Fig. 2. The nucleus density as a function of the exposure time., 
for PsiH4 - -  8.8 ' 10 - 4  bar and pHcl = 4.4 �9 10 - 8  bar at 1000~ 
on an SiO~ substrate. 

nucleat ion took place in a short time, after which the 
clusters merely  increased in size unt i l  coalescence 
occurred. Figure 2 gives a typical example for a con- 
stant  ratio of SiI-I4 and HC1 at 1000~ and a SiO2 
substrate, where the nucleus density is plotted as a 
funct ion of growth time. A corresponding SEM pho- 
tomicrograph is shown in Fig. 3. Up to 3 sec no 
clusters were observed on SEM (Fig. 2) or TEN]: 
photomicrographs. In  the case of TEM the detection 
l imit  is 150A. A constant  nucleus density is present  
between 6 and 25 sec in which time the mean  radius 
of the nuclei increases from 0.1 to 0.25 #m (Fig. 3), 
after which coalescence occurs. It could be observed 
that  the existing clusters show a nar row size distr i-  
but ion which supports the a rgument  that  the ini t ial  
nucleat ion takes place in a very short period of time. 
It was also observed that  the t ime needed to reach 
the saturat ion density is shorter  for a SigN4 substrate  
than for a SiOa substrate, also these periods are longer 
for high HC1 concentrations and low Sill4 concentra-  
tions. Fur ther  these periods decrease with increasing 
temperature.  It  is found that, for the SiH4-tIC1-H2 
system in the tempera ture  range of 925~176 this 
incubat ion time is of the order of 1-60 sec. 

If we assume that the clusters are hemispherical,  
we can calculate the number  of deposited atoms. 
From the experiments  it  can be concluded that the 
total deposited volume is small  un t i l  coalescence is 
reached. After this t h e  deposited volume increases 
l inear ly  with t ime with the same slope as obtained on 
silicon substrates. In  the la t ter  case no incubat ion 
t ime is observed. This behavior is an addit ional  indi -  
cation of the inco_mplete condensat ion in the early 

R.F. coil 
substrates / 

~0 0 0 0 0 0 0 

I \-- 

ica tube 
susceptor (air or water cooled) 

HCL SiH~ Ft2 

Fig. 1. Schematic view of the equ;pment 

exhaust 
P 

Fig. 3. SEM pictures of the nucleus density for PSiH4 ~ ~ ~  " 

10 - ~  bar and PHCl = 4.4 �9 10 - ~  bar at 1000~ on an Si02 sub- 
strate after an exposure time of 10 sec. 
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Table I. Saturation nucleus density (cm-2) for the SiH4-HCI-H2 system on Si02 and SigN4 
substrates between 1200 ~ and 925~ (water-cooled rf reactor): x means coalescence takes place and 

0 means no nucleation is observed. ~ is the exposure time. 

1 2 0 0 ~  l l O 0 ~  I O 0 0 ~  9 2 5 ~  

p H e ~  p s l ~  t t t t 
( b a r )  ( b a r )  ( s e e )  S i O ~  S i ~ N ~  ( s e e )  S i O ~  S i a N 4  ( s e e )  S i O ~  S i a N 4  ( s e e )  S i O ~  S i ~ N ~  
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7 . 3  �9 1 0  -4  5 4 . 7  �9 l 0  s 2 . 2  ' l 0  ~ 5 1 . 4 '  109 3 . 9  �9 109 5 6 �9 109 1 0  ~~ 5 8 �9 1 0  ~ 2 �9 101~ 

1 .8  �9 10  "~ 3 . 7  �9 10  -~  5 3 . 3  �9 106 - -  1 0  1 .3  �9 1 0  T 6 . 8  �9 1 0  s 1 5  1 . 2  ' 10  s 109 3 0  3 . 2 "  10  s 1 . 0  �9 1 0  s 

1 . 8  �9 10  -3  7 . 3  ' 10  -4 5 2 , 2  �9 10  r 2 . 5  ' 16  s 5 ~ 6 . 0  �9 1 0  z 1 . 4  �9 10~ 5 3 . 9  �9 10  s 2 . 2  ' 1 0  ~ 5 1 .5  �9 1 0  ~ 3 . 5  �9 1 0  ~ 

1 . 8  �9 1 0  -~  2 . 6  �9 1 0  - a  3 6 . 7  �9 10  ~ 3 . 1  �9 lO s 3 2 . 8  �9 IO s 7 - I 0  ~ 5 8 . 5  �9 lO  s x 1 0  x x 

3 . 6  �9 10  - a  2 . 8  �9 1 0  -~  2 0  6 ' 10  ~ 1 . 0  �9 l 0  s 3{) 1 . 6  �9 104 1 . 0  �9 1 0  r 6 0  0 0 1 2 0  3 �9 10  a 

3 . 6  �9 10  - a  7 . 3  . 10  -4 5 3 �9 10  ~ 5 . 4  �9 10  r 5 9 �9 l O  ~ 5 . 3  �9 10  s 5 7 �9 10  ~ 1 .3  �9 10  ~ 15  7 . 2  �9 10  s 1 . 8  �9 10  ~ 
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3 . 6  ' 1 0  -~  2 . 6  �9 1 0  -~  3 3 . 1  ' 10  ~ 1 .1  ' l 0  s 5 6 . 5  ' 10  ~ x 8 6 . 1  �9 l 0  s - -  1 3  1 . 9  �9 10  ~ x 

5 , 5 . 1 O  -~  7 , 3  �9 l 0  -~  5 8 �9 104 2 , 3  - 1O~ 3 0  2 . 1 0  ~ l 0  s 3 0  3 . 0  �9 10~ 6 . 0  - l 0  s 3 0  2 . 5  �9 l 0  s 5 �9 l 0  s 
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stages of nucleat ion and growth on the foreign sub-  
strates. 

Nucleation on a SiOz substrate . - -The exper imenta l ly  
observed saturat ion densities of Si clusters are col- 
lected in  Tables I and IL Figure 4 presents SEM pho- 
tomicrographs for different i npu t  concentrations of 
SiH~ and HC1 and a SiO2 substrate at 1000~ In  Fig. 
5 the saturat ion density of Si clusters is plotted as a 
funct ion of tempera ture  for different input  concentra-  
tions of Sill4 and HC1 on a SiO2 substrate. It is ap- 
parent  that the introduct ion of HC1 reduces the number  
of nuclei  and increases the tempera ture  dependence 
of the formation process. It is also observed, but  not 
shown here, that the nucleus density decreases at 
temperatures  below 925~ In a later publicat ion this 
feature will be discussed. Fur ther  it was measured that 
at 1200~ the SiO2 surface par t ly  deteriorates when 
relat ively low input  concentrations of SiH~ and long 
exposure times are used. It will be shown in the dis- 
cussion that between 925 ~ and 1200~ the exper imental  
data on the saturat ion density of nuclei  (Ns) as a 
function of temperature  and gas phase compositions 
can be described by 

Ns = A BOpsiH4 a exp - -  [1] 
C~ 1 kT  

where C ~ : 6.106 when PSiH4 and PHr are expressed 
in bars. The exponent  a and the activation energy E 
still depend on gas phase composition. In  Fig. 6 the 
saturat ion density of clusters at 1000~ is plotted as a 
function of PsiH4/(6.106 p2HCl+l). For Sill4 the equi-  
l ibr ium vapor pressure (above which decomposition of 
SiH~ can be expected) is ~-,10-~ bar (20). This value 
is near ly  independent  of temperature  in the range of 
interest  and in  good agreement  with the results given 

Table ft. Saturation nucleus densities (cm -2 )  for the SiH~-HCI-H2 
system (air-cooled rf reactor) on SiO2 and Si3N4 substrates at 

1000~ t is the exposure time and x means 
that coalescence occurs (7). 

S u b s t r a t e  
~IICI ~$1H& 

( b a r )  ( b a r )  t ( s e c )  S i O 2  S i s N 4  

- -  1 �9 10  - s  3 7 0  2 . 7  �9 109 
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1 .3  �9 1 0  -3  8 . 8  �9 1 0 - "  5 8 . 0  . lO s 7 . 1  �9 109 

2 . 2  - 1 0  "~ 8 . 8  - 1 0 - "  5 3 . 8  �9 I O  s 5 . 0  ' 1 0  '~ 

4 . 4 '  10  - a  8 . 8  �9 1 0  -~ 1 0  8 . 0  �9 10~ 1 .1  �9 109 

6 . 6 "  1 0  -a  8 . 8  �9 1 0  -~  3 0  9 �9 I ~  4 . 0  �9 1 0  ~ 

in  Fig. 6. From experiments  as given in Fig. 5 (log Ns 
vs. l / T )  for temperatures  above 925~ an apparent  
activation energy can be obtained from the Arrhenius  
plot. The exper imental  values of E are given in ]~'ig. 
7 as a function of the gas phase composition, the lat ter  
expressed as PSiH4/(6'106 PZHCI+ 1). It  is observed that 
at high supersaturat ions the act ivat ion energy comes 
to a l imit ing value of 1.9 eV. At lower supersatura-  
tions the activation energy increases, this behavior  is 
accompanied by a strong decrease in the number  of 
nuclei. 

Nucleation on a SisN4 substrate: dif]erence compared 
wi th  a SiOz substrate.--Tables I and II also present  
exper imental  data for the saturat ion densities of stable 
clusters in  the SiH4-HC1-H2 system for Si3N4 sub- 
strates. From the tables it can be observed that the 
saturat ion density of Si clusters is always larger for a 
Si3N4 substrate than for a SiO2 substrate (other things 
being equal) .  This means that coalescence takes place 
much earlier on a S%N4 substrate than on a SiO2 
substrate. In spite of the rapid nucleat ion and co- 
alescence we were able to observe the saturat ion 
cluster density by choosing an appropriate exposure 
time. Figure 8 gives a plot of the saturat ion nucleus 
density for two different mixtures  of Sill4 and HC1 
as a function of temperature for both substrates. In the 
case of the Si3N4 substrate, too, the addition of HCI 
reduces the number of clusters and increases the tem- 
perature dependence of the saturation density, though 
to a smaller degree than for the SiO2 substrate. The 
experimentally found expression for the saturation 
nucleus density (Eq. [i]) as a function of gas phase 
composition for the SiO2 substrate can also be used 
for a SigN4 substrate between 1200~176 as will be 
shown in the discussion. The nucleus density as a 
function of PSiH4/(6"I08 P2HC~*O for a SigN4 substrate 
at 1000~ is plotted in Fig. 6. For temperatures above 
925~ an apparent activation energy can be obtained 
from the Arrhenius plot (log Ns vs. I/T). The experi- 
mental values of E for SigN4 substrates are included in 
Fig. 7 which also gives E values for SiO2 substrates. 
It is observed that with inereasing supersaturation 
the activation energy decreases and this decrease is 
stronger for the SiO2 substrate than for the Si3N4 
substrate. 

Discussion 
Nucleation theory . - -The  growth of thin films on a 

substrate starts with the formation of small cap-shaped 
clusters if the cohesive forces between the atoms in the 
cluster are greater  than the adhesive forces between 
adsorbed atoms (adatoms) and the substrate. The for- 
mat ion of the small clusters begins with the arr ival  of 
atoms or molecules from the vapor. After  adsorption, 
and perhaps chemical reaction, adatoms are formed on 
the surface. These adatoms diffuse across the surface 
where, through statistical fluctuations in  local con- 
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Fig. 4. SEM pictures of the nucleus densities for PsiI~4 ~- 8.8. 10 -4 bar and PHCI ~ X'pSIH~ (where X _~ 0, 2.5, 5.0, and 7.5) 
at 1000~ on an SiO.~ substrate, t is the exposure time. 

c e n t r a t i o n ,  t h e y  f o r m  s m a l l  c l u s t e r s  of  a t o m s  w h i c h  
g r o w  a n d  d e c a y  b y  a d d i t i o n  or  loss of  s i n g l e  a toms .  
If  t h e  c l u s t e r  e x c e e d s  a c r i t i ca l  s ize ( s u p e r c r i t i c a l  
c l u s t e r )  f u r t h e r  g r o w t h  b e c o m e s  e n e r g e t i c a l l y  f a v o r -  
ab le .  C l u s t e r s  t h a t  a r e  s m a l l e r  t h a n  t h e  c r i t i c a l  s ize 
( s u b c r i t i c a l )  c a n  decay .  

I n  t h e  c h e m i c a l  t h e r m o d y n a m i c  a p p r o a c h  w e  c a n  
w r i t e  fo r  t h e  r a d i u s  r* of t h e  c r i t i ca l  c l u s t e r  

25v 
r* _ [2] 

kT i n  P/Pe 

w h e r e  5 is t h e  s u r f a c e  f r e e  e n e r g y  w h i c h  is t a k e n  
i so t rop ic ,  v is t h e  a t o m i c  v o l u m e ,  a n d  k T l n p / p e  is  
t h e  s u p e r s a t u r a t i o n  f u n c t i o n  g i v i n g  t h e  g a i n  i n  f r ee  

1(3 ~ 
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Fig. 5. The saturation nucleus density as a function of the 
reciprocal temperature for different mixtures of Sill4 and HCI on 
SiO2 substrates. 

e n e r g y  o n  c r y s t a l l i z a t i o n .  U s i n g  t h e  e x p e r i m e n t a l  r e -  
su l t s  w e  c a n  g ive  a n  e s t i m a t i o n  of  r*.  I n  Fig.  6 t h e  
s a t u r a t i o n  d e n s i t y  of Si c l u s t e r s  is p l o t t e d  as a f u n c -  
t i o n  of t h e  gas  p h a s e  co mp o s i t i o n .  T h i s  g ives  us  t h e  
o p p o r t u n i t y  to c a l c u l a t e  t h e  s u p e r s a t u r a t i o n  P/Pe, 
w h e r e  Pe " 10 -6  b a r  is t h e  e q u i l i b r i u m  v a p o r  p r e s s u r e  
of Sill4.  U s i n g  Eq. [2] w i t h  v --  2 �9 10 -21 c m  3 a n d  8 - -  
10 -4  J / c m  2 (2,1) g ives  r ---- 1.5 n m  fo r  P/Pe ----- 5 a n d  
r ---- 0.4 n m  for  P/Pe ~ 103. Th i s  m e a n s  t h a t  for  h i g h  
s u p e r s a t u r a t i o n  t h e  r a d i u s  of  t h e  c r i t i c a l  c l u s t e r  a p -  
p r o a c h e s  m o l e c u l a r  d i m e n s i o n s ,  b u t  i n  t h a t  case  t h e  
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Fig. 6. The saturation nucleus density of Si clusters on an SiO2 
and SigN4 substrate at 1000~ for different input concentrations 
of SiH~ and HCI (4-,  ~ only Sill4; O , O  mixture of SiH~ and 
HCI). 
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Fig. 7. The relation between the activation energy for cluster 
formation and the input concentrations of Sill4 and HCI for Si02 
and Si3N~ substrates. 
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strates (A, A: PSiH4 ~ 7.3 �9 10 -4 bar and pHCl -- 1.8 �9 I0 -3 

bar. [], m: PSiH4 -- 1.4 �9 10 -3 bar and PHCl ~ 7.2 �9 10 -8 bar). 

thermodynamic  in terpre ta t ion  of surface energies is 
no longer justified. These difficulties are avoided when 
the nucleat ion process is t reated by wr i t ing  the par t i -  
tion function and potential  energies for the adatoms 
and clusters as is done in  the atomistic nucleat ion 
theory. Walton (22), in an approximate t reatment ,  
considered the potential  energy difference Ei between 
i adatoms and a cluster of i atoms. For the reaction on 
the surface 

in i  ~ ni 

he found for the density of critical clusters ni if no 
stable clusters are present  and n i  > ni 

nA:c,  ]'exp 
no no / kT  

where ni  is the concentrat ion of adatoms, no is the 
number  of surface sites, Ci is a statistical weighting 
factor, and Ei is the heat of formation of the cluster 
consisting of i atoms. Equat ion [3] is general ly used in  
the atomistic nucleat ion theories to find a general  ex- 
pression for the saturat ion densi ty of stable clusters. 

The rate of formation of adatoms as a funct ion of 
exposure t ime t and the incoming flux J1 can be given 
by 

dnl ~I ~i ~I 
= Ji [4] 

d t  "c6v ~ r  ~g  

where Tev is the mean  residence time before evap- 
oration, Tr is the �9 value if adatoms are removed by 
chemical reaction, and ~g is the z value for the cap- 
ture of adatoms by stable clusters. In  the case of com- 
plete condensation the ~ev and Tr values are supposed 
to be so great that  no desorption or etching of adatoms 
occurs. The adatom concentrat ion increases with t ime 
unt i l  the diffusional flux has grown sufficiently to sub-  
s tant ial ly  reduce the value of hi. Evaporat ion or reac- 
t ion comes into play for incomplete condensation and 
the smallest ~ values in the series determines the 
value of ~s and therefore the value of ni  giving 

nl -- JiTs for t >> ~s [5] 

The surface concentration nl is attained before nu- 
cleation starts. As nucleation proceeds zs will decrease 
because adatoms also disappear by incorporation in 
stable clusters. Between the clusters the value of n, 
eventually drops below the initial steady-state con- 
centration, whereupon the production of new nuclei 
ceases. The maximum duster density is one of the 
easily measurable quantities when the nucleation rate 
is too high to be measured. Following Venables (23) 
we can write for the formation rate of stable clusters 

dnx 
: U i - -  U e - - U ~  [6]  

dt  

where nx is the density of stable clusters at the time t. 
Ui is the nucleat ion rate and Uc and Um are the rates 
at which stable clusters are lost due to coalescence and 
cluster mobility, respectively. In  the SiH4-HC1-H2 sys- 
tem at temperatures  between 925 ~ and 1200~ nx 
reaches a saturat ion value Ns long before coalescence 
occurs (see Fig. 2), hence Uc < <  Urn. Stowell 's anal -  
ysis of data on the nucleat ion of Au and Ag on alkali 
halide substrates shows that  cluster mobil i ty  becomes 
impor tant  at temperatures  above 400~ (24). Lewis 
(25) assumes that  the detachment  of per ipheral  atoms 

of hemispherical  clusters determines the activation 
energy of the mobil i ty  process, In  that case the 
activation energy for cluster diffusion is independent 
of cluster size, while the actual cluster mobility 
strongly depends on the size, viz., via a preexponen- 
tial entropy term. 

Masson et at. (26) measured relatively large diffu- 
sion coefficients, which are probably caused by non- 
epitaxial orientation of the clusters. According to 
Behrndt (27) liquid nuclei, with consequently a rela- 
tively high surface mobility, are also possible at tem- 
peratures which are much lower than the melting 
point  of the condensate. For  the case where all stable 
clusters are mobile, at least ini t ia l ly  unt i l  nx satu-  
rates, Venables gives an expression describing the 
ma x i mum cluster density Ns for incomplete conden-  
sation 

Ns (n_~) (i+i)'2 (i+l)Ea+Ei+Em--Ed 
- -  ~ exp 
no 2kT 

[7] 

where Ea is the activation energy of desorption, Ex the 
activation energy for surface diffusion of mobile clus- 
ters, E d  the activation energy for surface diffusion of 
adatoms, no the number  of surface sites, and v the ad- 
atom vibrat ion frequency; the other parameters  have 
already been defined (Eq. [3] and [5]). In  the SiH4- 
HCI-tt2 system there is an incubat ion period for the 
formation of a significant number  of stable clusters 
and a nonl inear  increase of the deposited volume in 
the early state of growth (see above) which supports 
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the arguments  for incomplete condensation. The re-  
lat ion deduced by Venables (Eq. [7]) can be compared 
with the exper imenta l ly  found relat ionship between 
the saturat ion cluster density and the supersaturat ion 
with the help of Eq. [5] and the calculated adatom con- 
centrat ion (nl)  as given in  Eq. [A-16] of the Ap-  
pendix. 

Adatom concentration and surface coverages.--To 
arr ive at an expression de te rmin ing  the adatom con- 
centrat ions of Si on the substrate the main  processes 
responsible for formation and removal  are summarized 
in the Appendix.  I t  is concluded that  the following 
steps may be important :  (a) diffusion of silane to- 
ward the surface; (b) adsorption of silane, diffusion 
across the surface, and chemical reaction (formation 
of adatoms);  .(c) etching reactions of HC1, H2, and 
SiO2 with silicon adatoms; (d) desorption of reaction 
products; and (e) diffusion of reaction products away 
from the surface. Since the value of the diffusion co- 
efficient in  the gas phase is ra ther  insensi t ive to tem- 
pera ture  (ideal gas D c c  T8/2) the processes (a) and 
(e) will  have a low activation energy. 

In order to obtain realistic informat ion about the 
concentrat ion of adatoms and free surface sites some 
addit ional  informat ion may be helpful:  

( i )  From nucleat ion experiments  in the SiH2C12- 
H2-N2 system at temperatures  between 900 ~ and 1100~ 
on SiO2 and SisN4 substrates (28) it  is found that 
hydrogen s trongly influences nucleat ion on SiO2 sub-  
strates. In  the case of SisN4 substrates there is hardly  
any  difference in  sa turat ion density between the results 
in H2 or N2 ambient .  

(ii) The saturat ion cluster density in the SiH2C12-N2 
system is equal for both substrates at temperatures  
between 925 ~ and 1100~ 

(iii) From nucleat ion experiments  in the SiH4-H~ 
system at temperatures  between 900 ~ and 600~ (28) 
we know that for SiO2 substrates the saturat ion den-  
sity decreases with decreasing temperature,  whereas 
SigN4 substrates show the opposite behavior. 

The observations ment ioned above suggest that the 
adsorption of hydrogen has a great influence on the 
nucleat ion kinetics, especially for the SiO2 substrates. 
Under  normal  operat ing conditions (925~176 PH2 
__--___ 1 bar)  it is thus l ikely that hydrogen adsorption 
will occur, but  it  is only below 900~ that  hydrogen 
adsorption will influence nucleat ion on SiO2 substrates 
by l imit ing the number  of surface sites where Sill4 ad- 
sorption may occur. 

For the silicon adatom concentrat ion on a SiO~ 
substrate  Eq. [A-16] can be used. If hydrogen adsorp- 
t ion does not l imit  the number  of surface sites and 
with no > >  [SiH~*], [CI*] one obtains 

nl Klk2PsiH4 
[8] 

no (k-2p2H2 -5 k6p2Hcl -5 ks) 

For nucleat ion on SisN4 substrates also, Eq. [A-16] 
can be used. In  that  case k9 can be disregarded on 
thermodynamic  grounds as reaction of Si with Si3N4 
will  be slow, also hydrogen adsorption is not rate l imi t -  
ing. It is observed, moreover, that the n u m b e r  of 
stable clusters saturates at h i g h  concentrat ions and 
[SiI-I~*] cannot be neglected. Therefore nl  can be 
given as 

nl Klk2PSiH4 
= [ 9 ]  

no (k-2p2H2 -5 k6p2HCl) (I -5 KlPSZH4) 

For PHCl ~--- 0 and Kzps~H4 < 1 the tempera ture  depen-  
dence of nl  is de termined by K1K2 which, in the tem- 
pera ture  region of interest,  is near ly  independent  of 
temperature.  According to the JANAF Tables (20), 
d ( l n  Kp) /d  (1/T)  _~ 0 around 1000~ 

Interpretation of resul ts . - - In  this section we com- 
pare the expression obtained by Venables (Eq. [7]) 
wi th  the results of the nucleat ion exper iments  in  the 

SiH4-HC1-H2 system on SiO2 and SisN4 substrates in 
the tempera ture  region of 925~176 Equat ion [7] 
can be modified by int roducing nl  ---- J1Ts, where nl  
is given by Eq. [8] or [9] and ~s is defined as Ts -- 
v -1 exp Ea/tCT, Ea being the enthalpy of desorption 
and v the adatom vibrat ion frequency. The modified 
expression (Eq. [7]) then reads for SiO2 substrates 

Ns { Klk2PSiH4 t (i+ 1)/2 

~'~ (k-2p2H2 + k6p2Hcl -5 k9) 

Ei-5 Era--Ed 
exp [10] 

2kT 

It should be realized that the expression between 
curly brackets already presents a simplified version 
of a more complex expression. A possible act ivation 
energy from this relat ion has to be added to the expo- 
nent ia l  term. This, however, depends on which of the 
terms in the denominator  prevails and whether  HC1 is 
present  or not. In  order to put  Eq. [10] into a form 
that permits evaluat ion of the exper imenta l  data we 
can wri te  

Ns = A exp 
Cp2~cl + 1 2kT 

[113 
in which A is a constant (equal to no) 

Klk2 -- Er,1 
B -- -- B ~ exp - -  [12] 

(k-2p2H2 -5 k9) kT 

k6 -- Er,2 
C -- ---- C ~ exp ~ [13] 

(k-2p2H2 -5 kg) kT  

The values of i, B, and C thus depend on tempera ture  
and gas phase composition and will be different for 
nucleat ion on different substrates. For the SiO2 sub-. 
strate the constants A, B ~ and C ~ can be calculated as 
follows. From Fig. 6 we know that, for pure SiH~, Ns 
is proportional to PSIH4. This means that  (i -5 1)/2 _-- 1 
for PSiH4 ranging from 9 �9 10 -5 to 1.7 �9 10 -8 bar. Making 
use of the corresponding values of E (Fig. 7) we find 
AB o = 2 �9 10 ~. The mix ture  PSiH4 : 2.6 �9 10 -8 bar  and 
PHCl = 1.8. 10 -8 bar  gives a cluster density higher 
than the corresponding one for the lowest pure S i I~  
concentration. This leads to the conclusion that  
(i -5 1)/2 _-- 1 for this SiH4-HC1 mixture  as well. In -  
serting A B  o : 2 �9 105 , (i -5 1)/2 _-- 1, and E -- 1.9 eV 
(the activation energy for this special SiH4-HC1 mix-  
ture) in Eq. [11] we obta in  C ~ = 6"106 . The l inear  
relationship [ ( i - 5  1)/2 _ 1] between Ns and PSiH4 
for silane pressures between 9 . 1 0  -5 and 1 .7 .10  - s  
bar  leads to a critical cluster size of i _-- 1. In  that  
case (PHc1 -- 0) the exper imenta l ly  found activation 
energy for cluster formation (E) becomes 

E ___ z/2 (Ei -5 Em -- Ed -- 2Er.1) ---- 1.9 eV [14] 

As to the value of Ei, a cluster can be called stable 
when half of the possible bonds are formed between 
atoms in the cluster and between cluster and substrate  
(29). For silicon, therefore, two bonds have to be re-  
alized per silicon atom. In  order to arr ive at a rela-  
tion between the binding energy Ei of a cluster of i 
atoms on SiO2 and the Si-Si  bond energy (Eb) a t r i -  
angular  lattice of oxygen atoms on the substrate is 
shown schematically in Fig. 9. For amorphous SiO2 a 
t r iangular  lattice is acceptable because shor t - range 
order (regions of crystal l ini ty  10-100A in size) may 
exist (30). Amorphous SiO2 forms a random three-  
dimensional  ne twork  where each silicon atom is te t ra-  
hedral ly  surrounded by four oxygen atoms and each 
oxygen atom is bonded to two silicon atoms with an 
average Si-O distance of 1.62A, an average O-O dis- 
tance of 2.65A, and an average Si-Si distance of 3.00A 
(31). At the surface, however, a silicon atom can be 
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Fig. 9. Binding energies of atoms and clusters on a nearest 
neighbor bond model of nucleation on a triangular oxygen lattice: 
(a) single banded, (b) double banded, (c) triple bonded, (d) critical 
cluster size, i : 1, (e) critical cluster size i ----- 2, (f) critical 
cluster size i - -  3. 

bonded in three  different ways to the oxygen lattice. 
In the first place a Si atom can have a single bond to 
an oxygen atom (Si -adatom).  Fur the r  a double and 
a tr iple bonding of a Si atom with  the oxygen latt ice 
is possible. The tr iple bonding, which is the most 
stable one, can be seen in Fig. 9(c) .  In this simple 
model  a Si-Si  bond is formed only when a Si atom 
[(a)  in Fig. 9] on the surface forms a bond wi th  the 
t r ip le-bonded Si atom [giving (d) in Fig. 9], In this 
case the critical cluster consists of one atom only (the 
t r ip le-bonded Si atom belongs to the SiO2 lat t ice).  
This model  can be extended to clusters containing more 
than two Si atoms [(e)  and (f) in Fig. 9 for i -- 2 
and i = 3], so that  for the crit ical  cluster it leads to 
an energy gain over  the binding energy of one Si-Si  
bond 

Ei ~ iEsi-si [15] 

For i = 1 and Esi,si = 2 eV (32) Eq. [14] leads to 

Em -- Ed -- 2Er,1 : 1.8 eV [16] 

If we compare the results for the SisN4 substrate and 
the S i Q  substrate in the t empera tu re  region 925 ~ 
1200~ we see that  the composition of the gas phase 
where  nucleat ion is no longer observed (Fig. 6) is 
almost the same for both substrates. This justifies the 
use of Eq. [11] for the saturat ion density on Si3N~ also. 
F rom Fig. 7 we know that  E is near ly  constant at silane 
pressu~res be tween  5 �9 10 -5 and 10 -3 bar. This means 
that  the cluster size is constant in this region. From 
Fig. 6 (log Ns vs. PsiH4eff) it can be observed that  in 
this par t icular  region the tangent  changes from 1 to 1/2. 
At  high supersaturat ion Ns probably  saturates be-  
cause the concentrat ion of free surface sites is a func-  
tion of the Sill4 pressure (Eq. [9]). Thus, at silane 
pressures be tween  5 �9 10 -5 and 10 -3 bar we have i _-- 
1, and in that  case E becomes 

E = 1/2 (El + Em -- Ed -- 2Er,1) = 1.2 eV [17] 

With Esi-si = 2 eV (32) this gives 

Em -- Ed -- 2Er,1 : 0.4 eV [18] 

Int roducing Er.t ~'~ 0 eV for SisN4 (as discussed above) 
into Eq. [18] gives Em -- Ed = 0.4 eV. Lewis expects 
Em ~ 2Ea (25), which then should give. Em ~ 0.8 eV 
and Ed ~ 0.4 eV as m a x i m u m  values. 

Coming back to the nucleation on SiO2 substrates, we 
note that  Eq. [16] wi th  Er~ -- Ed ---- 0.4 eV, as obtained 
above, leads to Er,1 ---: --0.7 eV. The  difference be tween  
Er,1 for SiO2 (--0.7 eV) and Er,1 for Si3N4 (ErA ~- 0 
eV) can be explained as being due to reactions wi th  
the substrate and the formation of SiO (ks in Eq. [8]),  
but  for SisN4 substrates this react ion is absent. This 
means that  k9 has an act ivat ion energy of 0.7 eV, and 
the formation of SiO is promoted by the presence of 
hydrogen. The react ion be tween  a silicon adatom and 
the SiO2 substrate can be described as 

ks 
Si -~- Osubstrate "~- H2 "-> SiO~' ~- 2Had [19] 

In this way the coverage of the substrate wi th  the first 
silicon layer  is impeded, the more so the higher  the 
temperature ,  as found exper imenta l ly  for SiOs sub- 
strates in hydrogen, where  at 1200~ the SiO2 surface 
par t ly  deteriorates.  

If  6 �9 108 PHC12 ~ 1, the act ivat ion energy for cluster 
formation becomes 

E = 1/2[Ei + E m  -- Ed -- (i + 1) (Er,1 -- Er,2) ] [20] 

In the exper iment  on SiO2 with PSiH4 : 2.6" 10 -8 
bar and PHCl : 1.8 �9 10 -3 bar, where  i = 1 as discussed 
before, the act ivat ion energy equals that  of pure silane 
(Fig. 7). From this it can be expected that  Er,2 is small  
and can be disregarded in the first approximation.  For  
low supersaturat ions the act ivat ion energy increases 
because of the increasing value of i and El. 

The highest  value  found for Ei of 6.2 eV, wi th  Em -- 
E d ~ 0.4 eV, Er,2 ~ 0, and Er,1 ~ --0.7 eV and using 
Eq. [15], gives a crit ical  cluster w i t h . /  = 4. 

For  SisN4 the highest E value is E ~ 2 eV and a 
s imilar  approach then leads to a crit ical  cluster of 
i = 2 .  

C o n c l u s i o n s  
In an a t tempt  to unders tand and be able to monitor  

the crystal l i te  size in polycrystal l ine silicon layers 
we have studied the nucleation of silicon on various 
substrates. Exper iments  on the nucleat ion of Si on 
SiO2 and Si3N4 substrates are repor ted  for the SiH4- 
HC1-H2 system in the tempera ture  range of" 925 ~ 
1200~ 

The differences and conformities be tween  the two 
substrates are discussed. It is observed that  the satu-  
ration nucleus density increases with decreasing t em-  
pera ture  for both substrates. This effect, which is 
s tronger for the SiO2 than for the SisN4 substrate,  is 
at t r ibuted to the size and the format ion energy of the 
initial critical cluster  and to the react ion with  the 
substrate, especially in the case of SiO2 in which the 
H2 ambient  plays an impor tant  role. The introduction 
of HC1 strongly reduces the nucleus density, result ing 
in an increased grain size in the polycrystal l ine mate-  
rial. The exper imenta l  results can be explained by 
the application of an expression as obtained by 
Venables, together  with an analysis of the silicon ad- 
a tom concentrat ion on the substrate as a function of 
gas phase composition. I t  is found that  the number  of 
silicon atoms in the critical cluster varies be tween 1 
and approximate ly  4 in the exper imenta l  range under  
discussion. It wil l  be obvious that  the values of the 
act ivation energies are open to criticism, because 
sl ightly different assumptions could change the pic- 
ture. However,  the impression remains that  nucleat ion 
of silicon on SiO2 and SizN4 substrates at tempera tures  
higher  than 900~ can be explained semiquant i ta t ive ly  
on the basis of exist ing statistical nucleat ion theory 
supplemented by arguments  of a chemical  and kinetics 
nature.  
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APPENDIX 

Calculation of Adatom Concentrations 
The ma in  process responsible  for  nuclea t ion  and 

g rowth  of sil icon on a monocrys ta l l ine  si l icon sub-  
s t ra te  in the  SiH4-HC1-H2 sys tem is descr ibed by 
Bloem and Gil ing (33). Nucleat ion of sil icon on a SiO2 
subs t ra te  wil l  differ f rom tha t  on a monocrys ta l l ine  
sil icon substrate ,  but  the processes which  take  place  
a re  app rox ima te ly  of the  same nature .  

(a)  Supp ly  of Sill4 by  means  of gas phase  diffusion 

ka 
SiH4(b)  ---* SiH4(g)  [A-1] 

where  SiI-I4(b) is the concentra t ion of Sill4 in  the  
bu lk  of the gas phase  and SiH4(g) the concentra t ion  
of Sill4 near  the surface.  

(b) Adsorp t ion  of Sill4 on a free site on the surface 
(denoted by  an  as ter isk)  

kl  
* -5 SiH4(g)  ~ Sill4* [A-2] 

k - 1  

(c) The reac t ion  of Sil l4 at  the surface 

k2 
Sill4* ~ Si* -5 2H2 [A-3] 

k - 2  

(d) Adsorp t ion  of hydrogen,  chlorine, and SIC12 

k3 
YzH2 + * ~- H* [A-4] 

k-8 

k4 
HCI -5 * .~ CI* + Y2H2 [A-5] 

k-4 

k5 
SiC12(g) -5 * ~ SIC12* [A-6] 

k - 5  

(e) Etching of ada toms  by  chlor ine  

ks 
Si* -5 2HC1 --- SiC121" -5 H2 -5 * [A-7] 

($) Growth  of sil icon by  diffusion of Si ada toms on 
the surface and incorpora t ion  into a s table  cluster  

k7 
Si* --~ Si (s) -5 * [A-8] 

(g) Evapora t ion  of sil icon adatoms 

ks 
Si* ~ Si (g) -5 * [A-9] 

(h) React ion of Si ada toms wi th  the  subs t ra te  

k9 
Si* -5 SiO2 ---- 2SiO1" -5 * [A-10] 

(i) React ion of SiI-I4 in the gas phase  

kl0 
SiH4(g)  ~ S i ( g )  + 2H2 [A-11] 

Fo rma t ion  of s i l icon-conta in ing  compounds other  
than  SICI2, such as SiH2C12, SiHCI3, and SIC14, can be 
d i s regarded  on the grounds  of the rmochemica l  da ta  
ava i lab le  in l i t e r a tu re  (34, 35). 

In  a s t eady- s t a t e  s i tuat ion the Si* and Sill4* con- 
centra t ions  are  constant,  given by  

kl[SiH4*] 
nl  = [Si*] = 

k-2p2H2 -5 ksP2HCl -5 k7 -5 ks -5 k9 
[A-12] 

klPsiH4 (g) [*] -5 k-2nlP2H2 
[Sill4* ] = [A-13] 

k~ -j k - i  

In [A-13] the second te rm in the numera to r  can be 
expected  to be smal l  compared  wi th  the  first term, in 
which case 

kik2 [*] PSiH4(g} 
nl = 

(k2 -5 k - l )  (k-2p2H2 -5 k6p2Hcl T k7 -5 ks -5 kg) 
[A-14] 

For  nucleat ion of Si on an SiO2 subs t ra te  in the  SiH4- 
HC1-H2 system, severa l  approx imat ions  can  be made.  
We have seen that,  a f te r  an incubat ion  period, the  
nucleus dens i ty  ve ry  quickly  reached  a sa tura t ion  
value.  On the basis of these exper iments  i t  wi l l  be as-  
sumed that  the t ime t aken  to a t t a in  the popula t ion  of 
ada toms is short, so tha t  nl  reaches  a constant  va lue  
before  nucleat ion occurs. Then k7 can be omi t ted  unt i l  
nucleat ion takes  place. The exis tence of an incubat ion 
per iod  fu r the r  means  tha t  the  reac t ion  is sur face-  
control led  and the g rea te r  pa r t  of the si lane wil l  de-  
sorb before  reac t ing  (k -1  > k2). Because of the sur -  
face-cont ro l led  reaction,  and prov ided  gas phase  nu-  
cleat ion can be lef t  out of account, we can put  PsiHa(g) 
= PsiH4(b) dur ing  the induct ion per iod  (kl  < ka). The 
presence of a ca r r i e r  gas p reven ts  evapora t ion  (ks 
k-2p2H2). The desorpt ion  of SIC12 in the  ini t ia l  s tage 
before  nucleat ion is not  expected  to be ra te  l imit ing,  
and therefore  the surface coverage of SIC12 wil l  be 
low and can be disregarded.  In  that  case we can wr i t e  
for  the  concentra t ion  of free surface  sites 

[*] - - n o -  [SiI-h*] --  [H*] --  [CI*] - - n ,  

where  no is the total  number  of sites at  the surface.  
In  adsorpt ion  equi l ib r ium for every  species an expres -  
sion can be found as for  [H*], where  Eq. [A-4] leads  
to 

[I-I*] = K~pl/2H2 [*]; K3 = k3/k-3 

For nl  << no this gives 
no 

[*] = [A-15] 
1 -5 KlPsiH4 -5 Kapl/2He -5 K4PHcl/PV2H2 

With the above approx ima t ion  the  s t eady-s t a t e  Si 
ada tom concentra t ion becomes 

nl Klk2PsiH4 

no (k-2P2H2 -5 k6P2HCl -5 kg) 

1 
[A-16] 

K4=DHC1 ) 
1 -5 KlpSiH4 -5 KzP'/~H~ -5 P'/~H-----~ 

In this equat ion the fo rmat ion  of silicon adatoms is 
governed by  the equ i l ib r ium adsorpt ion  of Sill4 (K1), 
the  ra te  of react ion of Sill4 (k2), and the total  amount  
of free surface sites (as given by  Eq. [A-15]) ,  d i -  
v ided by  the ways  in which adatoms are  removed  
from the surface in the in i t ia l  stages before  the  
ac tua l  nucleat ion starts,  i.e., etching by  HC1 and H2 
and reac t ion  wi th  the  SiO~ subs t ra te  (ks) .  
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AZ13SOJ as a Deep-U.V. Mask Material 

B. J. Lin 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

The convent ional  near -u .v . -and-v is ib le (310-430 nm)  resis t  AZ1350J is 
found to be useful  as a mask  opaque ma te r i a l  for deep-u.v.(200-260 nm) 
l i t hography  because of increased opt ical  absorpt ion  at  wavelengths  below 
300 nm. Only 0.2 ~m is requ i red  to obta in  a cont ras t  of 100 using a Xe-Hg 
arc l amp and po lymethy l  m e t h a c r y l a t e ( P M M A )  as the photoresist .  The AZ 
mask does not  de te r io ra te  when  exposed to l ight  if  kep t  in a vacuum below 
10-" Torr.  Otherwise,  about  300 passes can be expected.  Exper imen ta l  p r in t -  
ing resul ts  show 1 ~m images in 1.5 ~m of PMMA. Specia l  appl icat ions  in 
pro jec t ion  print ing,  contact  pr int ing,  and the por tab le  conformable  mask  
technique are  discussed. 

As the  min imum fea ture  size of in tegra ted  c i rcui t  
pa t t e rns  approaches  the one mic romete r  range  the 
near-u .v ,  and vis ible  spectra l  region 310-430 nm used 
in convent ional  u.v. l i thography  becomes inadequate .  
The deep-u.v,  wavelengths  200-260 nm make  i t  pos-  
sible to p r in t  0.5 ~m fea tures  spaced 0.25 ~m apar t  
in 1.8 ~m of resis t  (1). Po lyme thy l  me thac ry la t e  
(PMMA) and many  other  E -beam resists  a re  used 
as deep-u.v,  resists  ins tead  of AZ1350J. Convent ional  
Hg sources and the more  efficient deu te r ium l amp  
supply  the  deep-u.v,  exposing light.  Quartz  and sap-  
phi re  are  good t r anspa ren t  mate r ia l s  for the mask  
substrate.  Convent ional  mask  opaque mate r ia l s  such 
as chromium and i ron oxide are  also sa t i s fac tory  for  
deep u.v. 

In  this paper ,  the use of the near-u .v ,  photores is t  
AZ1350J as a deep-u.v,  mask  opaque mate r i a l  is 
repor ted.  The photores is t  can be easi ly  spun onto the  
subs t ra te  for  p inho le - f ree  coverage and can be s tr ipped,  
pe rmi t t ing  reuse  of subs t ra te  wi thout  repolish. The 
developed image is r ead i ly  used, thus e l iminat ing  the 
ex t ra  etching step and the rough edges caused by  it. 
Being t r anspa ren t  in the visible region, the AZ mask  
faci l i ta tes  a l ignment  just  as the dichroic i ron oxide 
mask  (2). However ,  because of less resis tance to a b r a -  
sion, it  is most  sui ted for pro jec t ion  pr in t ing  and 
specific appl icat ions  in contact  pr int ing.  

Key words: photoresists, mask material, deep u.v. lithography, 
lithography, IC fabrication. 

Spectral Transmission Characteristics 
The spectra l  t ransmiss ion of 0.2 ~m of AZ1350J 

spun on a 0.25 m m  quar tz  subs t ra te  was eva lua ted  
wi th  a Beckman GT spec t rophotometer  in the region 
200-460 nm. Considering tha t  i t  is a photores is t  and 
would  be affected by  exposure  to light, measurements  
were  taken  at  different  exposure  levels. The exposing 
l ight  source was a 1 kW Xe-Hg arc  l amp  with  a 0.07 
NA condenser  consist ing of quar tz  and  l i th ium fluoride 
elements.  The power  level  is es t imated  to be of the 
o rde r  of 20 m W / c m  2 in near-u .v ,  and  1 m W / c m  2 in  
deep-u.v.  An  exposure  of 0.5 sec adequa te ly  exposes 
the 0.2 #m of AZ1350J for  a 1 min deve lopment  in a 
1:1 mix tu re  of AZ developer  and deionized water .  
An  exposure  t ime of 7 min  is r equ i red  to expose 1 ~m ~ 
of PMMA for a 1 min deve lopment  in me thy l  i sobuty l  
ketone (MIBK).  

The measurements  were  taken  at  0, 0.5, and 1 sec, 
then 1, 10, 40, and 100 min, and 3.7, 5.7, 9.7, 16.7. 33.3, 
53.5, and 60 hr  of near-u .v ,  and  deep-u.v,  exposure  
of the  AZ resis t  to s imulate  the rad ia t ion  effects on 
the mask  dur ing  its l ifet ime. The 0, 1 sec, 10 min, 5.7, 
33.3, and 60 hr  curves are  shown in Fig. 1. F rom an 
unexposed resis t  to that  of 1 sec exposure,  the t rans-  
mission increases in the regions 310-460 nm and 245- 
295 nm. The former  is due to b]eaching of the photo-  
active compound in the near-u .v ,  region and the l a t t e r  
accounts for the deep-u.v,  sens i t iv i ty  of AZ1350J ob-  
served  by  Nakane  and Mifune (3). With  fu r the r  u.v. 
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Table I. System parameters for wavelengths between 205 and 255 nm 

Wavelength  (nm) 205 215 225 235 245 255 

Xe-Hg arc lamp (relat ive)  2 8 13 22 30 29 

Deuter ium lamp (relat ive)  0.363 0.431 0.407 0.440 0.386 0.363 

Photosensit ivity of PMMA (em~/ 
W-min) 255 131 62.5 15.6 3.22 0.214 

Transmission of quartz 0.880 0.891 0.898 0.902 0.910 0.913 

Transmission of unexposed AZ 0 0 0 0.015 0.18 0.285 

AZ after 5.7 hr 0 0.002 0.007 0.015 0.020 0.039 

AZ after 60 hr 0.06 0.062 0.07 0.09 0.11 0.14 

AZ after 51 hr  in vacuum 0 0 0 0 0.007 0.016 

exposure, the t ransmission decreases to a m i n i m u m  
after  5.7 hr then increases indefinitely. This lat ter  
bleaching effect is probably  due to oxidation dur ing 
exposure, because it  is e l iminated and the absorption 
becomes even higher for another  wafer exposed 51 
hr in 10-2 Torr of vacuum. 

Figure 2 shows the change of transmission as a 
function of exposure time at 220, 258, 280, and 340 nm. 
From 230 nm and below, AZI350J is not photosensitive 
as indicated by the absence of the first bleaching and 
it is also very opaque making it suitable to mask off 
deep-u.v, light. After 5.7 hr, it starts to bleach out 
if left exposed in the atmosphere, implying that the 
masking property would be lost if the mask is not 
used in a vacuum environment. The 258 and 280 nm 
lines are respectively the local maximum and mini- 
mum transmission points in the spectrum. The 340 nm 
line represents a typical line in the near-u.v, region 
and was chosen for convenience. 

System Spectral Response 

Because PMMA is not sensitive above 260 nm, any  
contr ibut ion to part ial  exposure through the AZ mask 
is in  the region 200-260 nm. The local t ransmission 
peak at 258 nm may  reduce contrast, especially when  
the 254 nm Hg line is present. For tunate ly  the photo- 
sensi t ivi ty of PMMA at 250 nm is two orders of mag-  
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Fig. 1. The transmission spectrum of 0.2 p.m of AZt350J in 
different aging conditions. 

ni tude  lower than  that  at 220 nm (I) ,  thus, offsetting 
the strong 254 nm emission. To gain a bet ter  insight, 
the total system response which includes the radiat ion 
spectrum of the l ight source, the t ransmission spectrum 
of the 0.2 ~m AZ mask, and that  of a 0.25 mm quartz 
substrate, and the spectral photosensit ivity of PMMA, 
is evaluated quanti tat ively.  

The spectra used are shown in Table I in increments  
of 10 rim. The spect ra  of the Xe-Hg and deuter ium 
lamps are taken from manufac turer ' s  manuals.  The 
photosensit ivity of PMMA is taken from Ref. (1). 
For the t ransmission spectrum of AZ1350J, the un -  
exposed case and those exposed 5.7 and 60 hr as well  
as that  aged 51 hr in vacuum are chosen. 

The spectral response with the opaque part  of the 
mask is obtained by mul t ip ly ing  the respective com- 
ponents at each wavelength interval.  The transmission 
of quartz is not included since it has been already 
taken into account in  the t ransmission measurements .  
For the t ransparen t  par t  of the mask, the t ransmission 
of AZ is replaced by that  of quartz. Then, a summa-  
t ion in  wavelength  is taken for each response. Taking 
the ratio of the sum for the t ransparent  part  to the 
sum of the opaque part  results in the contrast  that  
can be achieved with the AZ mask. It is shown in 
Table II. A discussion of implications of Table II and 
pr in t ing  results is given in the following section. 

Printing Results 

The C-bar  magnet ic  bubble  propagat ion circuit  
pa t te rn  is used for our pr in t ing  experiment.  The 
C-bars have 1 #m arms spaced 1 ~m apart. The 
original mask was delineated by E-beam in chromium 
on quartz substrate. AZ copies, with 0.2 and 1 ~m of 
AZ1350J were made with near-u.v,  l ight by con- 
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Fig. 2. Optical transmission of 0.2 ~m of AZI:~50J as a function 
of exposure time. 
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Table II. The contrast obtained with the AZ mask under different 
aging conditions and different light sources. The spectral 
characteristics of the sources, the mask, and the deep-u.v. 

resist are included 

Unexposed After After 51 hr in 
AZ 5.7 hr 60 hr vacuum 

Mercury lamp 104 160 13 3,244 

Deuterium tamp 474 363 14 16,600 

January 1980 

formable print ing.  A layer  of 1.5 #m of PMMA 2041 
w a s  spun on Si wafers with 0.6 #m of SiO2. Then, 
deep-u.v, conformable pr in t ing  (4) was done with 
the original chromium mask and the two AZ masks, 
using an exposure of 8.3 min  and a development  of 
1 rain in MIBK. This exposure-development  level is 
chosen so that  the exposed resist is just  completely 
developed. 

The image delineated by the chromium mask is 
seen in Fig. 3a and 3b, at angles of 45 ~ and 90 ~ re-  
spectively. The side view Fig. 3b shows the l ine 
between the C's. The 0.1 ~m a luminum evaporated 
for SEM purpose is also seen above the oxide layer. 
These are typical PMMA images that are rout inely  
obtained by deep-u.v, conformable printing.  The 
opened lines are slightly larger  than the spacing 
exactly like those on the mask. Figures 3c and 3d 
show the image obtained with the 0.2 ~m AZ mask 
aged by exposing for 0.5 sec. Though the calculated 
contrast  is in the order of 100, the resist covered by 
AZ is still sl ightly exposed and appears as faint ghost  
lines along the edge of the pat terns and pinholes in  
the corners. This exposure penetrates only 0.1 ~m into 
PMMA as seen in the little indenta t ion  at the top 
of the 1 ~m line between the arms of the C's in Fig. 
3d. Therefore, inspite of the less appealing appearance, 
the image is usable. The image obtained with the 
1 ~m AZ mask is shown in  Fig. 3e and 3s Now, be- 
cause of higher contrast  in the mask, the ghost lines 
and pinholes are eliminated. However, the opened 
lines are much smaller  when compared to that of the 
original mask, because the resist image in AZ has a 
na tura l  overcut profile (5). When the pat tern  at the 
top of the AZ resist is controlled to resemble that  
of the original  mask, the pa t te rn  at  the bottom of 
the AZ resist is much smaller. This effect is useful for 
the AZ mask technique, because it offers a means 
to change the width-space ratio when copying from 
an existing mask. The method is easy to control as 
the resist thickness can be precisely varied by chang-  
ing the spin speed. The range of control well  exceeds 
the usual  method of exposure-development  manipu la -  
tion. 

When absolutely no ghost lines are allowed, a 
deuter ium lamp can be used instead of the mercury  
lamp. From Table II, a 4.6 time increase in contrast 
is obtained. This is sufficient to el iminate the low 
contrast ghost lines as seen in Fig. 4 where 0.8 ~m 
lines spaced 0.8 ~m apart  are delineated in 1.5 #m 
of PMMA. With a 200W deuter ium lamp, an exposure 
time of 30 min  is required for a 57 mm wafer to 
develop in a minute.  

For convent ional  mask applications where the mask 
is prepared independent]y  of the wafer, the contrast 
can be improved by aging the mask with a b lanket  
exposure longer than 1 min. As seen in Fig. 2, the 
t ransmission max imum at 258 nm is e l iminated to 
improve the contrast. It can be dramatical ly  improved, 
if the mask is aged in a vacuum. In  fact, if the mask 
is used in  the atmosphere, the service life is l imited 
to less than 300 passes because of the decrease in 
contrast due to bleaching. If the mask ]s used always 
in vacuum, its contrast  ratio continues to increase. 

Fig. 3. (a) top ]eft, 1 ~m C-bar images in 1.5 ~m of PMMA 
made with deep-u.v, conformable printing using a regulor chromium 
mask and a Xe-Hg arc lamp; (b) top right, side view of 3 (a); (c) 
middle left, same pattern obtained with a 0.2 ~m AZ mask; (d) 
middle right, side view of 3 (c); (e) bottom left, same pattern ob- 
tained with a 1 ~m AZ mask; (f) bottom right, side view of 3(e). 

A p p l i c a t i o n s  

Projection printing.--In a projection system, the 
mask does not come in contact with the wafer, there-  
fore, it can be soft. The AZ mask is potential ly very 
suitable for a Pe rk in -E lmer - type  (6) all mir ror  sys- 
tem using deep-u.v, l ight to expose. The surface of 
the mask would be f~ooded with ni trogen or a simple 
vacuum fixture would be used to protect the mask from 
deterioration. If an optical window is used, the imag-  
ing optics has to be corrected for the extra window 
introduced. In  this type of 1:1 system, an identical 
window can be placed at the wafer side to be sym- 
metrical  to that at the mask side. 

The projection pr in ter  can also be used to make 
near-u.v,  working master  masks from a master  AZ 
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Fig. 4. 0.8 ~m lines spaced 0.8 ~m apart delineated in 1.5/~m of 
PMMA with a deuterium lamp. 

mask directly fabricated with a photorepeater  or an 
E-beam machine. Copying in deep-u.v, ensures ade- 
quate resolution on the working masks for near-u.v.  
applications. Using noncontact  mask replication el im- 
inates defects generated by the usual  contact replica- 
tion method. 

Proximity printing.--With a mask- to -wafer  gap of 
over 10 ~m and flushing of ni t rogen in  between, AZ 
mask can be used for mass production in proximity  
print ing.  However, it  is not feasible to use AZ mask 
when physical contact between the mask and wafer 
is inevitable.  Then it can only serve as an in te rmi t ten t  
mask to change the polarity, create a mirror  image, 
or fine tune  the width- to-space ratio of an existing 
mask. 

Portable conformable masks. The AZ layer  can be 
directly spun on PMMA. After exposing in near-u.v.  
light, the AZ layer  is developed to become an in t i -  
mate ly  contacted mask on PMMA for b lanket  exposure. 

An amplification of aspect ratio by a factor of 10 can 
easily be obtained. Exist ing near-u.v,  machines can 
expose faster, with bet ter  resolution, and produce 
width- to-height  aspect ratios only a t ta inable  with 
deep-u.v, l i thography. A detailed report  was publ ished 
elsewhere (7). 

Conclusion 
The conventional  mask opaque materials  such as 

chromium and iron oxide cannot be completely sub-  
sti tuted with AZ1350J, due to differences in durabil i ty.  
However, the advantages associated with the AZ mask 
are very  desirable. It  el iminates the etching of chro- 
mium and iron oxide which has long been t rouble-  
some. Evaporat ion or sput ter ing which requires a 
vacuum system and extreme cleanliness to prevent  
pinhole defects is no longer necessary. Substrate  re-  
cycling is done by simply s tr ipping the photoresist 
instead of an addit ional  etching and expensive re-  
polishing. Al ignment  becomes easier because of the 
dichroic property. Therefore, it is preferred whenever  
softness is not disadvantageous. 
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ABSTRACT 

The main  mechanism of anomalous tail generat ion in arsenic ion im-  
planted layers is examined using silicon gate MOS capacitance flatband 
voltage and MOSFET threshold voltage measurements .  Pr imari ly,  this ap- 
proach measures the quant i ty  of arsenic ions incorporated in  silicon sub-  
strates as functions of polycrystal l ine silicon grain size. This method can 
measure  ion amounts  as low as 1011 cm -~ in  the substrate. Only samples 
with large grains which extend across the polycrystal l ine silicon layer  show 
flatband and threshold voltage shifts. Therefore, the mechanism of anoma-  
lous tail generat ion is a t t r ibuted to arsenic ion channel ing through single 
crystal silicon. Variations in the implan t  angle, as well  as formation of a 
surface amorphous layer, are not sufficient to prevent  channeling.  

High dose arsenic ion implanta t ion technology has 
attracted at tent ion recent ly for the fabrication of high 
packing density MOS LSI source and drain regions 
(1, 2), due to its precise control and flexible applica- 
tion. Nevertheless, designers continue to ask for 
higher packing density LSI's. Therefore, it is neces- 
sary to fabricate even bet ter-control led source and 
drain  regions than ever. 

In  order to control precisely the arsenic profile 
in  these regions, it is imperat ive to control the init ial  
arsenic profile, as well as diffusion conditions such as 
temperature,  time, and ambient.  However, arsenic ion 
implanta t ion  into single crystal silicon has been re- 
ported to generate an anomalous tail in deep sub- 
strate regions which exceeds the main  peak profile 
(3, 4). This phenomenon has been observed using 
the neut ron  activation analysis. The possible causes 
were a t t r ibuted to channel ing (3), and to anomalous 
diffusion (4) through single crystal silicon. The con- 
centrat ion of the anomalous tail was reported to be 
less than 1017 cm -8, which is almost too low a con- 
centrat ion to be detected by conventional  analyses 
other than neut ron  activation analysis. Therefore, in 
order fully to investigate and identify this phenomenon,  
it  was necessary to develop a new method which en-  
ables the determinat ion of anomalous profiles in 
impur i ty  implanted silicon layers. 

This paper describes a highly sophisticated, yet 
simple method to determine the cause of anomalous 
arsenic profile in silicon. This new method utilizes 
conventional  silicon gate MOS LSI technology (5), 
combined with controlled polycrystal l ine silicon grain 
growth phenomenon (6). 

Fundamental Concept 
In  order to determine whether  the arsenic incor-  

poration mechanism is anomalous diffusion or chan-  
neling, polycrystal l ine silicon (poly-Si) gate MOS 
capacitor (MOS C) was used. The crystall ine state 
of poly-Si  can be controlled by impur i ty  doping and 
anneal ing  (6). Therefore, arsenic ions can be im-  
planted through a gate, with the crystall ine state 
between small  grain poly- and single crystal. A sche- 
matic representat ion of the MOS C is shown in Fig. 1. 
If ion channel ing takes place in the poly-Si layer  with 
large crystals which extend across the thickness, some 
fractions of the implanted ions would reach the sub-  
strate and change the flatband voltage (VFB) of 
the MOS C. On the other hand, VFB would not shift, 
regardless of the implanta t ion conditions, if the main  
cause of the anomalous profile in arsenic ion im-  
planted layers is diffusion through single crystal 
silicon. This is because the gate oxide layer under -  

* Electrochemical  Society  Act ive  Member.  
Key words: poly-Si grain growth, ion implantation, channeling, 

MOS LSI. 

neath the poly-Si  layer  prevents the arsenic ions 
from diffusing into the silicon substrate. 

Experimental Procedures 
MOS capacitor fabrication and capacitance-voltage 

measurements.--An MOS C was fabricated on a p-type,  
(100) oriented, 10 [z-cm silicon wafer. The gate oxide 
thickness was 50 nm, and the poly-Si  gate was 0.4 
#m thick. Phosphorus (P) ions were implanted at a 
50 keV acceleration energy to doses of between 0-4 
• 1016 cm -2. The dose rate was less than 3 ~A/cm 2, 

keeping the substrate temperature  dur ing ion implan t -  
ation less than 150~ (7). Therefore, anomalous 
effects due to substrate heat ing do not occur. The 
samples were then annealed at 1000~ for 20 min. 

A 1 mm square poly-Si  gate was delineated by con- 
vent ional  photolithographic technology. Then, arsenic 
(As) ions were implanted between 50-180 keV, to 
a dose of between 1 • 10zL3 X 10 TM cm -2. The dose 
rate was also less than 3 ~A/cm 2. Therefore, the sub-  
strate temperature  rise during ion implanta t ion was 
less than 150~ (7). The implanta t ion  angle was 
varied from 0 to 15 degrees in order to examine the 
channel ing effect. Annealing,  at 1000~ for 20 rain 
in dry  nitrogen, was performed to activate the im-  
planted As ions. Low tempera ture  anneal ing  in a 
hydrogen atmosphere was carried out to el iminate 
unnecessary surface states almost completely. 

The As ions in the anomalous tail distr ibute wi thin  
less than 5 times as deep as the projected range (Rp) 
of the Gaussian distr ibution (3, 4). In  this experiment,  
R~, was less than 0.1 ~m (9). Therefore, considering 
the sample dimensions shown in Fig. 1, As ions should 

As ion implantation 

1 

silicon wafer 

P (100) lOn.cm 

po[y Si gate (P 
( 0.4)Jm ) 

/ / ,4 gate 
(SC 

Fig. 1. Schematic representation of poly-Si gate MOS C utilized 
in this experiment: poly-Si thickness, 0.4 Fm; gate oxide thickness, 
50 rim. 
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dis t r ibu te  wi th in  0.1 #m from the  gate oxide-s i l icon  
subs t ra te  interface.  In  addit ion,  As ions have a diffu- 
sion coefficient as low as 3 >< 10-3 #m/hrl/2 at  1000~ 
(8);  these expe r imen ta l  condit ions do not cause As 
ions to diffuse into si l icon substrate .  Therefore,  the 
imp lan ted  ions can be measured  in terms of surface 
s tates  (Qss). Fur the rmore ,  these t he rma l  t r ea tments  
a f te r  ion implan ta t ion  a lmost  comple te ly  e l imina ted  
the  paras i t ic  effects tha t  might  affect the f la tband 
vol tage  shifts. 

High f requency  capac i tance-vo l tage  (C-V) measure -  
ments  were  car r ied  out  to eva lua te  f la tband vol tage  
shif t  (aVFB) of the  MOS C thus fabr icated.  The  
amount  of ions incorpora ted  into the subs t ra te  (Ni) 
is de r ived  f rom the fol lowing equat ion (11) 

Ni -" AVFBCox/qA [I] 

where, Cox and A are oxide capacitance and the area 
of the MOS C, respectively. 

MOSFET ]abrication.--MOSFET's were  fabr ica ted  
using convent ional  si l icon gate  technology (5). The 
gate  oxide  thickness  was 50 nm, and the po ly -S i  gate 
was 0.4 #m thick. The po ly -S i  gate was doped wi th  
var ious  concentra t ions  of phosphorus,  and annea led  in 
d r y  n i t rogen  in o rder  to control  the gra in  size. As ions 
were  implan ted  at  150 keV acce lera t ion  energy  to a 
dose of 1 • 1016 cm -2. Then the samples  were  an-  
nea led  at  1000~ for 20 rain in d r y  ni trogen.  Af t e r  
meta l l iz ing  wi th  a luminum,  the samples  were  annea led  
in hydrogen  to minimize  the  surface  states. 

The  e lect r ica l  character is t ics  of MOSFET's  thus fab-  
r ica ted  were  then  measured.  These character is t ics ,  
such as th reshold  vol tage  and ta i l ing  current ,  were  
measured  under  the  condit ions l is ted in Table  I. 

Results and Disscussion 
Phosphorus doping concentration dependence of 

grain growth.--The crys ta l l ine  state of heav i ly  phos-  
phorus -doped  po ly -S i  is briefly rev iewed  first to p ro -  
vide  a common reference  point.  Typical  t ransmiss ion 
e lec t ron micrographs  (Hi tachi  HU 12A type)  are  
shown in Fig. 2. These resul ts  indicate  that,  in the case 
of less than  2.5 X 102o cm -3 phosphorus  doping, the  
film consists of 0.1 #m mean  gra in  d iamete r  poly-Si .  
Therefore,  there  a re  four  separa te  grains  s tacked ve r -  
t ica l ly  in 0.4 ~m thick films. On the o ther  hand, the  
po ly -S i  l aye r  contains large  crysta ls  which ex tend  
throughout  the thickness wi th  more than  a 5 X 1020 
cm -8 doping. Al though  the mean  gra in  d iamete r  of the  
grains  is app rox ima te ly  0.8 ~m, the  po ly -S i  films are  
equiva len t  to s ingle c rys ta l  sil icon wi th  r ega rd  to the 
masking  effect agains t  imp lan ted  ions. 

Therefore,  i t  is possible to examine  the behavior  
of the arsenic  ions implan ted  into var ious  crys ta l l ine  
states f rom po ly -  to single crystal .  The main  o r ien ta -  
t ion of the grown grains  measured  by  e lect ron dif -  
f ract ion was (110). The surface roughness  of the 
po ly -S i  film remained  a lmost  the same as in as-  
deposi ted samples  even af ter  the rmal  annea l ing  at  
l l00~ for  30 hr. A typica l  cross-sect ional  scanning 
e lec t ron mic rograph  is shown in Fig. 3. Therefore,  
imp lan ted  ion leakage  th rough  the th inner  pa r t  of 
the gate need not  be taken  into considerat ion.  

Flatband voltage shift.--Phosphorus doping concen- 
t ra t ion  dependence  of f la tband vol tage  shift  (VFB 
shift)  was measured  for po ly -S i  gate samples  wi th  
var ious  gra in  sizes. Arsenic  ions (As ions) were  im-  
p lan ted  at  a 150 keV accelera t ion  energy  where  the 
p ro jec ted  range  and devia t ion  are  0.0845 and 0.0292 

Fig. 2. Transmission electron micragraph showing phosphorus 
doping concentration dependence of grain growth: poly-Si thickness, 
0.4 #m, annealed at 1000~ for 20 min. 

Fig. 3. Scanning electron micrograph of poly-Si cross section 
annealed at 1100~ for 3 hr. 

Table I. Typical measuring conditions of MOSFET's 

D r a i n  v o l t a g e  (VDD) 8V 
S u b s t r a t e  b i a s  (VBB) -- 2V 
T h r e s h o l d  v o l t a g e  (VT~I) IDS = 10 I I ~  
Measuring temperature 25~ 

~m, respect ively,  in sil icon (9). The ca lcula ted  profile 
was located wel l  wi th in  the poy-S i  layer ,  as shown 
in Fig. 4. 

Typica l  resul ts  a re  shown in Fig. 5, in which  the 
phosphorus  doping concentra t ion dependence  of po ly -  
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Si gra in  g rowth  is also depicted.  The resul ts  c lear ly  
indicate  that  there  is a correspondence be tween  VFB 
shif t  and po ly -S i  gra in  diameter .  The samples  wi th  
po ly -S i  grains  ex tending  across the gates show a VFB 
shift  of about  1.5V. The As + ion dose incorpora ted  
in the  si l icon subs t ra te  was app rox ima te ly  1012 cm -2, 
which is 10 -4 of the total  As dose. 

These resul ts  indicate  that  anomalous  diffusion in 
the la rge  gra in  po ly -S i  l aye r  does not  t ake  place. One 
possible reason for  this phenomenon is As ion channel -  
ing th rough  the large  crys ta l  po ly -S i  gate. However ,  
some other  mechanisms,  which  could cont r ibu te  to the 
phenomenon,  are  considered in the fol lowing sections. 

VFB shift mechanism identification.--Possible reasons 
for  the  VFB shift, or  donor incorpora t ion  into sub-  
strate,  are  as follows: 

(i) As + ion pene t ra t ion  th rough  po ly -S i  region 
wi th  single crysta ls  ex tending  across the  thickness 
(channe l ing) ;  (ii) Knock-on  of P atoms into the si l i -  
con subs t ra te  by  the implan ted  As + ions; (iii) En- 
hanced diffusion of donor ions through the gate o~ide. 

The fol lowing exper iments  were  conducted  to c lar i fy  
the phenomenon and make  identif icat ion of the mech-  

anism possible:  (i) Ge + or  As + ion implanta t ion,  
wi th  the same profiles, in silicon; (ii) As + ion im-  
p lan ta t ion  at  lower  implan ta t ion  energies.  

The ca lcula ted  As and Ge profiles are  shown in Fig. 
3. They show that  nea r ly  al l  the implan ted  ions in 
the profile a re  located wel l  wi th in  the po ly -S i  layer .  
Therefore,  if only  the high energy  As + ion implan ted  
sample  shows VFB shifts, the cause of the VFB shif t  
is As + ion pene t ra t ion  th rough  the large  crys ta l  po ly-  
Si gate. If  As and Ge implan ted  samples  both show 
a VFB shift, the main  mechanism is P knock-on  by  the 
implan ted  ions. If al l  As + implan ted  samples  show a 
VF~ shift, the cause must  be anomalous  diffusion 
th rough  the gate oxide. 

The exper imen ta l  resul ts  revea led  tha t  only  high 
energy As ion implan ted  samples  exhib i ted  VFB shifts. 
Typical  resul ts  for  the accelera t ion energy  dependence  
of VFB shif t  a re  shown in Fig. 6. As + ions pene t ra te  
into the subs t ra te  when implan ted  at  more than 140 
keV. These exper imen ta l  resul ts  indicate  tha t  the  
main  mechanism of this phenomenon is As channel ing 
th rough  the large  crys ta l  po ly -S i  gates. 

Location of arsenic ion penetrat ion.--The TEM mi-  
crographs  shown in Fig. 1 tend to indicate  tha t  some 
fract ion of As + ions would channel  through the gra in  
boundar ies  and  change the f ia tband voltage. There-  
fo re ,  in o rder  to define the  locat ion of As ion p e n e t r a -  
tion, the ta i l ing  cur ren t  of MOSFET's  was measured.  

The ta i l ing cur ren t  of a MOSFET ( I t )  is expressed  
as (15) 

l o g  I t  - "  a u g  [2]  

Where,  V~ is the  gate vol tage and a is the  ta i l ing fac-  
tor, given by  the fol lowing equat ion 

a : k .T /q . log (1  + ks$ox/koxWd) [3] 

where,  the notat ions are  l is ted in Table  II. 
The tai l ing cu r ren t  was then compared  wi th  conven-  

t ional  channel  doping technology (10). If  As ion pene-  
t ra t ion  occurred un i fo rmly  over  the po ly -S i  gate, 
these two resul ts  should coincide. On the other  hand, 
if the  As ions pene t ra te  along specified paths,  such 
as gra in  boundaries ,  then these two resul ts  should 
differ. This is because the  effective channel  width,  
Wd in Eq. [3], differs be tween  these samples. There-  
fore, the gradient  of the log It  - -  Vg re la t ionship  (~) 
should be different.  
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Fig. 6. Arsenic acc'eteration energy dependence of flatband 
voltage shift: poly-Si thickness, 0.4 ~m; gate oxide thickness, 50 
nm; arsenic ion dose, I X 10 ~6 cm -2. 
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Table II. Symbols in Eq. [3] 

/r Bo l t zmann  constant 
T temperature 
q elementary charge 
k. dielectric constant 

of silicon 11.7 
Ir dielectric constant 

of oxide 3.9 
to~ oxide thickness 50 nm 
Wd channel width 15/~m 

1.38 x i 0  - ~  J K  -z 

298~ 
1.60 x i 0  -z9 C 

Typica l  resul ts  a re  shown in Fig. 7. They c lear ly  
revea l  tha t  the ta i l ing  cur ren t  of the As - incorpora t ed  
MOSFET's ,  shown by  solid lines, is a lmost  the  same as 
tha t  of the  dep le t ion-mode  MOSFET's ,  ca lcula ted  us-  
ing Eq. [2], shown by  the b roken  line. The l a rge r  
the  As incorpora t ion  amount  becomes, the  smal le r  
becomes the  g rad ien t  of the  line. This is due to the  
res idua l  cu r ren t  effect in heav i ly  doped MOSFET's  
(15). 

These resul ts  show tha t  the  As pene t ra t ion  occurs 
un i fo rmly  in the  channel  region.  Therefore ,  the  As 
incorpora t ion  into the  sil icon subs t ra te  is caused by  
As channel ing  th rough  la rge  po ly -S i  grains  ex tend ing  
across the po ly -S i  gate. 

Arsenic ion channeling through single crystal sili- 
cer t . - -The As ions incorpora ted  by  channel ing  into the  
subs t ra te  amount  to as much as 10 -1 of the  to ta l  dose 
(3). In  this exper iment ,  the As ions in the  subs t ra te  
come to about  10 -4  of the to ta l  dose. Therefore,  the 
channel ing  phenomenon  repor ted  here  should differ 
f rom tha t  of previous  reports .  

The cr i t ical  angle  for As channel ing is less than  8 ~ 
(4), which  is as low as tha t  of P (13, 14).  The im-  
p lan ta t ion  angle  dependence  of VFB shif t  was mea-  
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sured  and the resul ts  are  shown in Fig. 8. They  depict  
that  VFB shif t  does not  depend  on an implan ta t ion  
angle  of less than  15 ~ S imi la r  resul ts  were  also re -  
ported,  where  the  implan ta t ion  angle  was va r i ed  f rom 
0 to 50 ~ (4). Such off-angle  channel ing also takes  
place  in the  case of P or  B ion implan ta t ion  (12). 
This off-angle channel ing should cause nonuni form 
sheet  res i s t iv i ty  in ion imp la n t e d -a nne a l e d  samples,  
and can be a t t r i bu ted  to p l ana r  channel ing in  the  
si l icon crys ta ls  (16). 

In  addi t ion  to these phenomena,  dose dependence  of 
VFB shift  was observed  in this exper iment .  As e x -  
pressed in the  previous  section, the  subs t ra te  hea t ing  
was less than  150~ Therefore ,  an  amorphous  l a y e r  
was formed under  these heavy  ion implan ta t ion  con- 
ditions. Typical  resul ts  a re  shown in Fig. 9, w h i c h  
indicate  tha t  the surface amorphous  layer ,  genera ted  
by  more  than  a 1014 cm -2 As + ion dose (3), does 
not  p reven t  imp lan ted  ion channeling.  The gene ra l ly  
r epor ted  channel ing  phenomena  are  impeded  b y  the  
surface amorphous  layers ,  such as a si l icon d ioxide  
films or  imp lan t ed -amorph i zed  layers  (3).  

These resul ts  c lea r ly  show tha t  the  measu rmen t  
method  r epor t ed  here  is h ighly  sensi t ive for  measu r -  
ing ion channel ing  th rough  single c rys ta l  silicon. Wi th  
la rge  grains ex tend ing  across the  po lycrys ta l l ine  s i l i -  
con layer ,  a k ind  of p l ana r  channel ing  could t ake  
place  (16). 

As shown in Fig. 6, the  po ly -S i  gate, composed of 
single crystals ,  reduces  the apparen t  s topping power  
for implan ted  ions. The reduct ion  was a pp rox ima te ly  
30% in the case of samples  wi th  a 0.4 ~m th ick  po ly -  
Si gate and 50 nm thick gate  oxide. Therefore,  eve ry  
precaut ion  is necessary to p reven t  implan ted  ions f rom 
channeling,  or being incorpora ted  into the substrate .  
This might  l imi t  the prac t ica l  appl ica t ion  of ion 
implan ta t ion  technology for source and dra in  region 
format ion  in silicon gate  MOS LSI  fabricat ion.  

Conclusion 
The anomalous  profile of As + ion implan ted  layers  

was inves t iga ted  by  silicon gate MOS LSI  technology, 
combined wi th  the effect of the po ly-S i  gra in  g rowth  
phenomenon.  The ma in  mechanism of the  anomalous  
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As profile w a s  f o u n d  to originate from As + ion chan- 
neling. 

This channeling phenomenon at the 10 -4 level is 
beyond the scope of channeling generally investigated. 
The surface amorphous layer generated by heavy As 
ion implantation, as well as by larger implantation 
angles, could not prevent this channeling phenomenon. 
Therefore, every care is necessary to control the As 
profile in single crystal silicon, such as source and 
drain regions of MOS LSI's and bipolar LSI emitters. 

In addition, this phenomenon might limit the prac- 
tical application of ion implantation technology when 
employing the self-aligned gate structure�9 This is 
because of the reduction of the singly crystallized 
poly-Si gate stopping power against the implanted As 
ions. 
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The Liquid Phase Epitaxial Growth of High Purity 
Ga,-AIAs 

Amitabh Chandra and Lester F. Eastman 
Schoo~ of Electrical Engineering, Come/ , /Univers i ty ,  Ithaca, Dew York  1 4 3 5 3  

ABSTRACT 

We r epo r t  the  ob ta inment  of h igh  pu r i t y  in the  LPE growth  of n 
G aI-=AI=As (0 -'~ x ~ 0.3) at  700~176 Car r i e r  concentrat ions  at  or  
be low 1 • 10 t5 cm -3 have been consis tent ly  obtained,  the  lowest  value  
achieved being under  3 • 1014 cm -3 at  x --  0.15. I t  has been shown tha t  
these lo,w ca r r i e r  concentra t ions  do not  resul t  f rom a high compensat ion  
rat io.  In  fact, (]VD -}- NA) has been  measured  to l ie in the  range  1-2 • 1015 
for  a l l  bu t  one of the  ten  samples  examined.  The Hal l  mobil i t ies  of these 
samples  drop g radua l ly  f rom ~--100,000 cm 2 Vsec for  x = 0 to 24,009 for 
x --  0.18 at  77~ and f rom 8600 for x = 0 _ 295~ to 5100 for  x ---- 0.18 at  
We bel ieve  that  a dominant  shal low donor impur i t y  ( thought  to be sul fur)  
is in t roduced  into the  mel t  wi th  the a luminum.  We find tha t  the  second epi -  
g rowth  f rom a mel t  is s ignif icant ly pure r  than  the first, p r e sumab ly  due to 
the  ex t r a  baking. 

Ga l l i um A l u m i n u m  Arsen ide  [Gal-.~AI~As, or  
(Ga,A1)As]  was first p r epa red  in the  la te  sixt ies by  
both a vapor  t r anspor t  technique (1) and l iquid phase 
ep i t axy  (2), and its usefulness in e lec t ro luminescent  
devices was demons t ra t ed  (2, 3). I ts impor tance  as an 
electronic ma te r i a l  was es tabl i shed  in 1969-1970 wi th  
t h e  deve lopment  of the he te ros t ruc tu re  laser  (4-6),  
and later ,  the  G a A s - ( G a , A 1 ) A s  solar  cell (7). Fo r  
these applicat ions,  the  (Ga,A1)As is requ i red  to be 
heav i ly  doped, so tha t  the  background  pu r i t y  is not  
crit ical .  Most repor t s  of background  ne t  doping in 
(Ga ,AI )As  range  f rom mid-10 I~ to mid-10 I6 cm -3  
(8-12). In  contrast ,  GaAs has been grown, wi th  
(ND ~- •A) ,~ 1014 cm -3  (13-15). 

High pur i ty  and h igh  qua l i ty  (Ga,A1)As is des i rable  
for fundamen ta l  s tudies such as a l loy sca t ter ing  and 
n - n  he te ro junc t ion  cur ren t  rect i f icat ion (16). Also, new 
device concepts such as the  he te ro junc t ion  FET (17) 
have  ar isen tha t  requi re  (Ga,A1)As of h igher  pur i ty .  

In  this p a p e r  the  growth  of high pu r i t y  G a l - z A l z A s  
by  LPE is repor ted.  We use the t e rm high pur i ty  to 
denote  ma te r i a l  wi th  (ND -- NA) <-- 1015 cm -3, that  is 
not  heav i ly  compensated.  Our  approach  to obta in ing 
p u r i t y  has been  to (i)  s t a r t  wi th  a c lean growth  en-  
v i ronment ,  (ii) grow at a r e l a t ive ly  low t empera tu r e  
(700~ and (~ii) s tudy  the effect, on the l aye r  pur i ty ,  
of the  amount  of a luminum in the melt ,  and of bak ing  
the melt .  

LPE Procedures 
The hor izonta l  s l iding boa t  LPE  g rowth  sys tem 

used in these exper iments  is s imi lar  to the one de-  
scr ibed  by  Morkoc and Eas tman  (15, 18), wi th  a con- 
t inuous ly  flushed n i t rogen glove box  added  for sub-  
s t ra te  and  mel t  loading. Dur ing  the loading and un load-  
ing operat ions ,  the boat  and melts  a re  hence exposed 
on ly  to t race amounts  of oxygen.  Subs t ra tes  and  me l t  
components  a re  t r ans fe r red  across the glove box wal ls  
th rough  a 11/2 in. d iam hole tha t  is no rma l ly  kep t  
sealed. Dur ing  the t rans fe r  operat ion,  a h igh  lq2 flow 
ra te  (50-100 f t~/hr)  minimizes  the in t roduc t ion  of 
a i r  into the  glove box. 

S t a n d a r d  procedures  (15,18) for pur i fy ing  the 
growth  env i ronment  were  followed. The qua r t zware  
was c leaned in  e lectronic  g rade  organic  solvents and 
deionized water ,  and  then  soaked in aqua regia  before  
a final r inse in deionized wa te r  and  d ry ing  in a l a mina r  
flow hood. Af te r  assembly,  the  furnace  tube  and the  
pushrods  were  b a k e d  under  flowing hyd rogen  at  950~ 

Key words: AI~Gal-~As, high purity, LPE, III-V alloy semi- 
conductor. 

2 1 1  

for 4 hr  and at  900~ overnight .  The graph i te  boat  w a s  
Rf baked  to 1200~ in a 10 -7 Torr  vacuum (fol lowed b y  
backfi l l ing the vacuum chamber  wi th  u l t r ah igh  pur i ty  
n i t rogen) .  The boat,  loaded  wi th  gal l ium, was then  
hydrogen  baked  in  the  assembled  tube  a t  850~ for 24 
hr. The boat  was used for severa l  LPE exper imen t s  
wi th  severa l  melts  before  conduct ing the  exper iments  
r epor ted  here.  

Two series of (Ga, A1)As epi layers  were  grown. In 
the f i rs t (ser ies  F) ,  t en  layers  of G a l -xA lz A s  were  
grown on semiinsula t ing GaAs:  Cr subs t ra tes  f rom five 
melts ,  w i th  x ranging  f rom 0.02 to 0.18. Each  me l t  was  
used for growing two layers  before  being discarded.  
The first l aye r  grown from each mel t  is ca l led  a 
' t ype -A '  layer ,  the  second is cal led a ' t ype -B '  layer .  

The second series of layers  (series H) were  grown 
at x ~ 0.3, and wil l  be discussed la ter .  

Prac t ica l  t he rmodynamic  ca lcula ted  da ta  for  the  
G a - A I - A s  sys tem was obta ined  f rom the techniques 
descr ibed  in  Ref. (19) and (20). F igu re  1 shows the  
equi l ib r ium value  of x as a funct ion of the amount  of 
A[ added  to a 10g ga l l ium mel t  at  700~ Shown also 
is the mass of GaAs requ i red  to sa tu ra te  the  Ga-A1 
melt .  

0.0I in. MARZ grade  AI wire  suppl ied  by  Mater ia l s  
Research Corpora t ion  was used. The thin wi re  a l lowed 
the weight  to be carefuuly  se lected by  measur ing  the 
length  (1.33 m g / c m ) .  Crys ta l  Special i t ies  undoped  

4O 
Go-AI-As System in 

.50 ~ ' x  Equilibrium ef 700~ ~ [2030 

Ioo 

9() 
mg (GoAs) needed 2C x: Mole frcction / ~ m9 ttioAe) neeoe~ 

AlAs in solid / ~ to soturofe IO gm 

,o/ 
60 

0 2,0 4.0 6.0 8.0 [0,0 
mg(AI}/10 gm (Go) me[t 

Fig. I. Solidus isotherms for the Go-ALAs system at 700~C, 
[from Ref. (19) and (20)]. 
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GaAs (with ~800 -- 5500 cm2/Vsec) was used as the 
source of arsenic. About 95% of the amount  of GaAs 
.required for saturat ion was added to the melt. 

Growth melts were prepared as follows. The amounts  
of A1 and GaAs required were first weighed out. Two 
pieces of a luminum,  each of the required mass, were 
taken. The GaAs source mater ial  was s tandard cleaned, 
etched, and loaded into the growth well of the boat 
with a 10g ingot of six nines gal l ium (supplied by 
Alusuisse).  The Ga -t- GaAs melt  was baked for 36 hr 
at 700~ before adding the a luminum.  Both pieces of 
a luminum were ul t rasonical ly cleaned in organic 
solvents, and then etched in HF: methanol  (1: 1) in  a 
plastic beaker  at room tempera ture  for 3 min. After  the 
etching step, the A1 oxidation was minimized by r ins-  
ing in methanol,  and t ransferr ing unde r  methanol  
into the ni t rogen atmosphere of the glove box, where 
one of the pieces was dried in a flowing stream of dry 
nitrogen and added to the melt. The second piece of 
aluminum was weighed to estimate the weight loss of 
the loaded piece due to etching. 

Types A and B epilayers were grown from the melts 
according to the following steps: (i) Load first set of 
source-seed substrate (s-s, undoped GaAs) and main 
substrate (m-s, nonconverting S.I. GaAs) in the boat at 
the same time the A1 is added to the melt. (if) After 
purging reactor with H2 for 75 min  (flow rate = 
750 m l / m i n ) ,  bake at 700~ for 23 hr. (iii) Bring s-s 
under  melt  to saturate melt  for 1 hr. (iv) Start  ramp 
cooling (at 12~ (v) After 15 min  of growth on the 
s-s, ini t iate growth on m-s. (vi) Grow on m-s for 135 
rain, then end growth and cool reactor. (vii) Unload 
m-s and s-s. Load new m-s  and s-s for 2nd run  (type 
B) from melt. (viii) Repeat steps 2 through 6. (ix) 
Unload m-s  and s-s. Discard melt. Prepare  next  melt. 

It was not established whether  or not it was neces- 
sary to reduce the air exposure of the etched a lumi-  
num. Dawson (21) and others (22) have emphasized the 
need to prevent  any a luminum oxide being formed in  
the melt  if good qual i ty epitaxial  layers are desired. 
They accomplish this by using techniques described in 
Ref. (21) and (22) and obtain shiny oxide-free melts. 
In our experience, a thin l ight b rown oxide scum was 
observed on the Ga-A1-As melts, al though it did not 
interfere  with the growth of epilayers, which always 
had excellent  surface morphologies (Fig. 2). However, 
the s-s's usually attained poor surface morphologies 
showing incomplete wetting (Fig. 3). We believe that 
the s-s was instrumental in wiping clean any oxide 
slag present at the bottom of the melt, thus providing 
a clean melt interface to the m-s. , 

As expected, the slag increased-with each run. One 
melt (not of the F-series) was used for four growth 

Fig. 2. Photomicrograph of the typical surface morphology of 
grown Gal-xAIxAs layers. 

Fig. 3. Photomicrograph of the sourcepseed after a growth run, 
showing incomplete wetting presumably caused by oxide under the 
melt. 

runs. Only in the fourth run  were any major  morphol-  
ogy problems observed, a n d t h a t  over less than half the 
substrate  area. 

Composition Determination 
Layer compositions were obtained from 5~ photo- 

luminesrcence (PL) measurements.  Radiative eft- 
ciencies were found to be significantly lower than nor-  
mally observed for Gal-xAlxAs. A l ikely cause was 
the postgrowth immersion in concentrated HC1 to dis- 
solve small melt  droplets. It  was suspected that HC1 af- 
fected surface stoichiometry to greatly enhance the 
nonradiat ive recombinat ion processes. 

Values of x measured by PL correspond to the layer 
surface. We studied the uni formi ty  of x with depth 
for sample F-18, using secondary ion mass spectros- 
copy (SIMS). The A1 response was found to increase 
almost l inear ly  by ~12% from the layer surface to the 
substrate interface, over a thickness of 9.2 microns. 

Results of composition measurements  are compared 
in Table  I with values predicted theoretically from 
Fig, 1. For simplicity, layer  compositions were assumed 
constant and equal to the surface values measured by 
PL. The theoretical compositions for type A layers cor- 
respond to the weight of A1 added to the melt. For 
type B layers, the lowering of the a luminum content 
of the melt  was estimated from the composition and 
thickness of the corresponding type A layer. Good 
agreement  between theory and exper iment  supports 
the val idi ty of the thermodynamic  calculations of Ref. 
(19) and (20). 

Carrier Density and Mobility Determination 
Van der Pauw Hall samples were made from each 

Gal-xAl~As epilayer with x below 0.2, and t in dots 
were alloyed in a hydrogen atmosphere using a strip 
heater. Good ohmic contacts were easily obtained. 
However, this technique did not work for the series of 
x ~ 0.3 samples, with a nat ive oxide on the surface 
prevent ing  the t in  from alloying with the semiconduc- 
tor. 

The results of  room tempera ture  and 77~ electron 
concentrations and mobilities determined by Hall mea-  
surements  at B ----- 2000G are presented in Table II, 
which also lists t h e  n295 determined by C-V profiling 
using Au Schottky barriers. "Uncorrected" Hall car- 
r ier  densities were obtained by assuming the electrical 
thickness of the epilayers to be equal to their meta l -  
]urgical thickness. Fair ly  large discrepancies were ob- 
served between the uncorrected nHall and nc-v. How- 
ever, by accounting for the depletion of free carriers 
near  the surface and the substrate interface of the epi- 
layers (23), so that the electrical thickness was lower 
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Table I. Composition data on Gal-xAlxAs layers grown at 700~ 

x from 
wt of A1 Wt of A1 Photolum photolumi-  

Melt Sample  in 10g Thickness  Xtheory depleted (5~ peak nescence? 
No. No. Ga (rag) (microns) (%) (mg) energy (eV) (%) 

A F-10 0.25 11.1 2.1 1.545 2.0 
I 0.03* 

B F-11 0.22* 11.1 1.75 1.541 1.75 
A F-12 0.56 12.0 5.1 1.581 4.6 

II 0.06 ~ 
B F-13 0.48* 13.9 4.3 1.577 4.2 
A F-14 1.O 11.4 8.8 1.632 6.2 

III 0.13" 1.625 
(uncer- 

B F-15 0.67" 13.0 7.7 tain) 7.8 
A F-16 1.5 i l l  12.6 1.682 11.6 

IV 0.186" 
B F-17 1.31" 10.3 11.3 1.670 11.0 
A F-18 2.13 9.3 17.1 1.744 17.7 

V 0.21" 
B F-19 1.92" 9.5 15.6 1.726 15.4 

~ Estimated 
Best est imated va lue  

Table II. Carrier density measurements on Gal-xAIxAs samples 

n H a l l  r l H a l  1 
Run x% ~7~ ~5 Uncorrected nc-v Corrected 

Melt Type No. (approx) ( cm~/Vsec )  (cm~/Vsec) ( x 1014 cm -~) ( x 10 I~ cm -~) ( • 10~ cm--") 

A F10 2.0 74,200 8,060 3.2 6.2 4.6 
I 

B FII  1.75 80,950 8,070 4.5 7.2 6.0 
A F12 4.6 57,560 7,225 5.9 7.8 7.4 

II 
B FI3 4.2 70,450 7,770 4.3 7.6 5.3 
A F14 8.2 43,000 6,500 5.7 7.4 7.2 

III 
B F15 7.6 66,600 7,190 4.7 5.9 6.0 
A F16 11.3 32,200 5,840 7.6 8.4 9.0 

IV 
B F17 i1.0 45,650 6,655 3.5 6.6 4.6 
A F18 17.7 23,650 5,130 8.0 9.8 9.6 

V 
B F19 15.4 30,650 5,680 1.7 2.7 2.6 

than  the metal lurgical  thickness, this discrepancy was 
reduced significantly. 

Carrier  freezeout in  these samples, on cooling from 
295 ~ to 77~ was well  wi thin  exper imenta l  error, and 
was therefore not considered to be significant. This in -  
dicated that  the donors in  the Gal-xAlzAs epilayers 
were predominant ly  shallow, thereby ru l ing  out the 
possibility that  the main  donor species was oxygen. 

The electron mobil i ty  of Gal-~AlxAs was found to 
drop rapidly with x. Figures 4 and 5 show the #Tz and 
~295 of the F series layers plotted against  x. At both 
temperatures,  the exper imenta l  points fall  along two 
distinct curves, one for the type A samples, and the 
other for the type B samples. For each A-B pair grown 
from the same melt, the type B sample has a signifi- 
cantly higher mobil i ty  than the type A sample, at both 
temperatures.  The decrease in  x can account for only 
a small  fract ion of the increase in  ~, as is clearly seen 
in  Fig. 4 and 5. It is therefore reasonable to infer  that  
the type B samples are significantly purer  than the 
type A samples. 

The large reduct ion of ~zz with x cannot be ac- 
counted for by the relat ively small  increase in the 
electronic effective mass m* in  the range 0 < x < 0.2 
(24). Hence the decrease in  mobil i ty  must  be largely 
caused by increased electron scattering. Upper val ley 
t ransport  and in terval ley  scattering at low fields are 
negligible for x < 0,2 at 77~ (9), while phonon scat- 
ter ing is expected to remain  approximately  constant 
as x increases. That  leaves ionized impur i ty  scattering 
and alloy (25) space-charge (26) scattering. 

To determine the cause of the increase in scattering 
with x in our samples, we under took a study of the 
intravalley scattering mechanisms in Gal-zAlxAs. The 
details of this investigation will be described else- 
where (27). Use was made of the different temperature 
dependence of alloy scattering and ionized impurity 
scattering. Hall data was taken on the Gal-zAlxAs 

samples at 25~176 at B = 2OOOG. Figure  6(a)  a n d  
(b) show the plots of ftH ~,~. tempera ture  measured.  
By fitting this data to our theoretical model, we were 
able to obtain estimates of NA and ND, as well  as in -  
formation on alloy scattering for each sample. 

The alloy and space charge scattering mechanisms 
were grouped together because two scattering cross 
sections have the same energy and tempera ture  de- 
pendence (28). Kaneko et al. (28) and Stringfellow 
(29) have found space charge scattering to dominate 
over alloy scattering in  their  samples. The same em- 
pirical z -dependen t  space charge scattering factor 

NsQ = 5 • 103 -}- 6.3 • 1O ~x (cm -1) [1] 

is used by both authors to obtain good agreement  be-  
tween theory and experiment.  In our layers, however, 
the extent  of a l loy/space-charge scattering was only 
a fraction (7-15%) of that suggested by Eq. [1], and  
could be accounted for by alloy scattering alone. We 
could therefore conclude that  our (Ga,A1)As samples 
were high qual i ty  with a min imal  density if any of 
the space-charge scatterers described in  Ref. (26). 

The increase of phonon and alloy scattering and the 
decrease of ionized impur i ty  scattering with increas-  
ing temperature  causes the ~ vs. T curves to peak at a 
tempera ture  Tmax, which is lower for purer  samples. 
The curves in Fig. 6 show Tmax to be in the range 50 ~ 
60~ indicating that (i) these samples are pure, 
ra ther  than heavily compensated, and (it) the type B 
samples are purer  than their  type A counterparts.  

Values of NA and ND obtained from this analysis are 
plotted in Fig. 7. The heavy lines connect values of 
type A samples, while thin lines connect type A points 
to corresponding (same melt)  type B points. The 
following observations are clear: (i) For type A sam- 
ples, ND increases with x, while NA remains  approxi-  
mately  constant, (it) For each A-B pair, both NA and 
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Fig. 4. 77~ Hall mobility data (at 2 KG) of Gal-xAl=As layers, 
plotted against x. 

ND are lower for the type B sample. However, the de- 
crease in ND is larger, result ing in  a lower net  car-  
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Fig. 5. Room temperature Hall mobility data (at 2 KG) of 
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rier concentration, and ( i i i )  The  compensation ratio 
(ND -}- N A ) / ( N D  - -  NA) is ~ 2 for most samples, and 
< 4 for all samples, as is typical ly observed i n  u n -  
doped GaAs. 
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Fig. 7. Donor and acceptor densities vs. x for type A and type B 
Gaz-xAIxAs layers. 

Discussion 
An explanat ion  of these exper imenta l  results is that 

a donor species is int roduced into the melt  with the 
a luminum.  Examining  the supplier 's  mater ia l  analysis 
(30) reveals that the major  impuri t ies  present  in the 
a l u m i n u m  are 0(30  ppm) ,  C(20 ppm) ,  N(5 ppm) ,  
S(5 ppm),  H(3 ppm) ,  Ca(0.3 ppm),  and Mg(0.26 ppm).  
All other impuri t ies  have quoted concentrations below 
0.1 ppm. Segregation coefficients of Sn and Si in  GaAs 
are too low to account for the increase in  the donor 
densities. The group VI donors, however,  namely  S, Se, 
and Te, have estimated segregation coefficients (K) of 
~45, 14, and 4.5 (31, 32) respectively at 700~ We 
have already ruled out oxygen as a possibility. Thus 
the donor introduced with the a l u m i n u m  is most l ikely 
to be sulfur. 

A simple calculat ion for sample F-14 (for example)  
shows that  there is approximately  one atom of A1 
present  in the melt  for every 8870 atoms of Ga, and 
5 ppm S in  A1 corresponds to one atom of sulfur  for 
every 7.8 >< l0 s atoms of gallium. Using K ---- 45 gives 
a donor incorporat ion of about 1.3 >< 10 i~ cm-~, which 
is the correct order of magnitude.  (The close agreement  
of this n u m b e r  with the exper imenta l  value of ND for 
F-14 is, of course a coincidence.) Thus our content ion 
that the donor is sulfur  is quite plausible. 

The donor densi ty in  the melt  drops quite signifi- 
cant ly  for the second (type B )  epigrowth. Donor in -  
corporation into the type A epilayer  can account for 
only a 1% reduct ion of the donor concentrat ion in  the 
melt. Some other mechanism of donor loss from the 
mel t  must  therefore exist. 

Fu r the r  exper iments  (H-series) were conducted in 
an  effort to obtain pur i ty  in Gai-xAlxAs at z ---- 0.3. 
With a total bake t ime of 40 hr at 70O~ after the addi-  
t ion of a luminum,  the carrier  concentrat ion obtained 

in  the first epilayer (type A) was 2.5 X 1025 cm-3  
(--4-_ 25%). For a second melt, a total bake t ime of 92 
hr at 700~ after adding a luminum gave a first epilayer 
wi th  n ---- 1.4 X 10 i5 cm -8. A third melt  was baked 
after adding a luminum at 900~ for 13 hr followed 
by 92 hr at 700~ before growing the first epilayer. 
The carrier  concentrat ion obtained was 1.1 >< 10 i5 
cm -8. In  each of the three cases, the substrates were 
loaded and baked along wi th  the melt  for 22 hr prior 
to growth. 

In their  s tudy of Cr doping of high pur i ty  n GaAs 
epilayers grown at 700~ Woodard and Eastman 
(32) have used the technique of baking the Ga-As-Cr  
melt  at 900~ for 15 hr  to remove a volatile donor 
impur i ty  that  is in t roduced wi th  the chromium. This, 
however, increases the silicon contaminat ion of the 
melt, which must  then be baked at 700~ to lower the 
silicon concentration. They have shown that  about 96 
hr  of baking at 700~ brings the total  Si incorporat ion 
to ~< 2 X 10 i4 cm -8. Our observations on growth from 
Ga-A1-As melts show the positive effect of such baking 
techniques on layer purity,  bu t  also indicate that  the 
purification process is slower than in  the Ga-As-Cr  
case. This is probably because the oxide on the melt  
prevents  the sulfur  from escaping, except through 
cracks. 

We suspect that the oxide slag itself is responsible 
for gettering the impuri t ies  from the melt. We specu- 
late that  each time the boat is taken out of the fur -  
nace tube into the glove box, trace amounts  of oxygen 
are trapped between the surfaces of the boat. On bak-  
ing, some oxygen diffuses to the melt  forming a lumi-  
num oxide which collects at the melt 's  surfaces. The 
extent  of impur i ty  get tering by the slag is l imited by 
the amount  (of slag) produced;- hence the correlation 
between the number  of previous epi - runs  from a melt  
and the layer  purity.  

In  conclusion, we have obtained the highest pur i ty  
in Gai-xAlxAs (x < 0.3) reported so far to our knowl-  
edge by growing at 700~ in  a clean environment ,  and 
by following baking procedures after adding a luminum 
to the melt. These layers were grown in  a reactor which 
gives a ~TT of only 100,O00 cm2/Vsec for undoped GaAs, 
compared with 150,000-170,000 cm2/Vsec obtained in 
the best systems in our laboratory,  indicat ing room 
for furher  improvement.  Also, the possibility exists 
of using Woodard's (33) 900 ~ -5 700~ baking tech- 
nique to obtain even higher purity,  provided oxide 
slag formation can be prevented by using Dawson's 
methods (21). 
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Bird's Beak Configuration and Elimination of 
Gate Oxide Thinning Produced during 

Selective Oxidation 
T. A. Shankoff, T. T. Sheng, S. E. Haszko, R. B. Marcus, and T. E. Smith 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

In the selective oxida t ion  scheme for processing Si MOS devices, SisN4 
is used to mask gate oxide areas  against  the isolat ion oxidat ion.  Af te r  r e -  
moving the Si3N4, gate oxide is grown. This scheme produces  th ree  topo-  
graphica l  fea tures  which have  ramificat ions in subsequent  processing and 
m device proper t ies :  a notch in the isolat ion oxide, pene t ra t ion  of the isola-  
t ion oxide under  the masking  Si3N~, and thinning of the gate  oxide at  the 
isolat ion oxide edge; the first two features  form the bi rd ' s  beak  configura-  
tion. The t ransmission electron microscope was appl ied  to thin film (<1  ~ n )  
cross sections th rough  the b i rd ' s  beak  in o rder  to obta in  an accurate  de-  
scr ipt ion of these features.  The bi rd ' s  beak  ex tended  typ ica l ly  1.5 and 0.8 
~m in the  n-  and  p -channe l  s t ructures ,  respect ively,  leading  to a cor re-  
sponding decrease  in the act ive device length  of 3.8 and 2.3 ~m for the 1.4 
#m thick isolat ion oxide. Gate  oxide  at the edge of the  b i rd ' s  beak  was 
th inned 35-100% in the n -channe l  samples  and 20-50% in the p -channe l  
samples. I t  was found that  oxidat ion  subsequent  to the isolat ion oxida t ion  
and Si3N4 remova l  dest roys  the oxidat ion  ba r r i e r  (wet  oxida t ion  seemingly  
more  effective than d ry  and more  convenient) .  Thus, a method which in-  
corporates  an  addi t ional ,  short, sacrificial we t  oxida t ion  step be tween isola-  
t ion and gate oxidations,  in o rder  to overcome the th inning phenomenon,  
is described.  

One of the Si IC device processing schemes designed 
to minimize  surface t ex tu re  is the select ive oxida t ion  
process. According to this method the  ini t ia l  isolat ion 
oxide is fo rmed by  select ive the rmal  oxidat ion using 
a Si.3N4 mask  over  regions of the chip tha t  wil l  la te r  
become act ive device areas. In  this manner ,  the SiO2 
step at the surface is reduced  by  ~ 50% compared  
with  the s tep height  in convent ional  processing. 

I t  has been observed tha t  this processing scheme 
produces a bird 's  beak  configurat ion (1-4) at  the  edge 
of the isolat ion oxide, and that  subsequent  gate ox ida -  
t ion (af ter  removal  of masking  Si3N4) often resul ts  in 
a th inning of the gate oxide next  to the isolat ion ox-  
ide. The th inning of the gate oxide has been a t t r ibu ted  
to the  presence of a thin l ayer  of a Si n i t r ide  (or oxy-  
n i t r ide)  on the Si which serves as a ba r r i e r  to ox ida-  
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tion; the ni t r ide  is be l ieved  to occur as a resul t  of 
N I ~  generat ion f rom the  masking Si3N4 dur ing isola-  
t ion oxidat ion fol lowed by in teract ion of the NHa wi th  
the Si substrate  (2). One processing procedure  that  
has been in t roduced in an a t t empt  to minimize  the 
f requency  of occurrence or  magni tude  of this anoma-  
lous th inning is the use of an addit ional  Si3N4 etch 
(4). Af te r  the isolat ion oxide is grown, the masking 
oxide or oxyni t r ide  over  the Si3N4, the Si3N4, and the 
under ly ing oxide layer  (called the "pad oxide")  are 
r emoved  by BHF, hot  HePO4, and BHF, respectively.  
An  addit ional  hot I-I3PO4 t r ea tmen t  is used to dissolve 
any Si ni t r ide that  might  exist  on the Si surface. How-  
ever, oxide thinning is sometimes observed even af ter  
the addit ional  Si~N~ etch is used and is sometimes not 
observed wi thout  the second etch. Gate oxide thinning 
has an impor tan t  influence on the propert ies  of the 
t ransistor  subsequent ly  buil t  in that  region, and the 
fact  that  the magni tude  of  the oxide thinning is va r i -  
able only emphasizes the serious na ture  of the problem. 

This s tudy was ini t ia l ly  in tended to describe in some 
detail  the configuration at the bird 's  beak  region which 
results f rom select ive oxidat ion processing, wi th  par -  
t icular  a t tent ion directed to gate  oxide thinning, z Dur -  
ing this work, sufficient unders tanding of the thinning 
phenomenon  was genera ted  so as to result  in the de- 
ve lopment  of  a convenient  method  for its el imination.  
We will  address this topic af ter  an init ial  discussion of 
the typical  select ive oxidat ion structure.  

Experimental  
Samples  were  examined  at  various stages of selec-  

t ive  oxidat ion processing by making  thin film cross 
sections through the bird's  beak using a technique  de- 
scribed ear l ie r  (6) and per forming  the examinat ion  
wi th  the transmission electron microscope. Some 
studies were  also made  by scanning electron micro-  
scopy. Seven  p-channe l  (111) wafers  were  studied. 
These wafers  were  processed through the in te rmedia te  
dielectr ic  stage; they  were  then  sectioned and examined  
in the TEM. Six samples f rom three  (100) wafers  re -  
ceiving n-channe l  processing also were  examined;  
these samples represented  five stages in processing. The 
processing sequence is out l ined in Table I; a list of 
samples is shown in Table II. 

The samples studied wi th  the transmission electron 
microscope were  sections th rough the bird's beak along 
a plane or thogonal  to both the sample surface and the 
edge of the isolation oxide on the device surface. The 
samples were  prepared  by (i) c leaving small  pieces 
f rom the wafer,  (ii) mount ing  6-8 pieces on their  sides, 
embedding  in epoxy, (iii) lapping the composite to a 
thickness of 100-150 ~m, and (iv) ion mil l  th inning to 
a final thickness of < 1 #m. Studies were  per formed 
on a JEM200A transmission microscope at 200 keV. In  
some cases the device surfaces of samples were  coated 
wi th  ,~ 0.5 ~m polysil icon before thinning to protect  
the surfaces dur ing handling.  

Some samples were  also examined  wi th  a Cambridge  
Stereoscan scanning electron microscope at 20 keV. 

Table I. Processing* 

Clean wafers 
1100~ dry oxide, 300.1O00A 
12uOA CVD ShN, (masking ni tr ide)  
I~00A CVD SiO~ (masking oxide) or w e t  oxidat ion to  form oxy- 

nitride mask 
Isolation oxide P-L; BHF etch: resist strip and c lean  
H3PO, etch 
BHF, 1 rain (if 1000A CVD SiO~ used) 
I~}00~ wet, 460 rain (isolation oxidation) 
BHF, 1 rain (oxynitride removed) 
H~PO~ etch (masking SigN4 removed) 
This is the point in processing where additlonal oxidation to 
eliminate the thinning phenomenon is inserted 

BHF, 2 rain (or less) 
H~PO, etch [second ShN4 etch** (an option)] 
Clean wafers 
I000~ 30 min dry O~ (gate oxidation) 
Polysilicon gate level processing 
Intermediate oxide deposition, processing 
Metallization 

* This is the typical process ing  s c h e m e  u s e d  for  all samples; 
some processing steps used such as chanstop  implant  are omitted 
for the sake of brevity. 

* * This step was omitted in the processing of  s a m p l e s  I and K. 

Table II. Samples used in study 

Sample removed 
Sample Process after step Wafer 

A p-channel isolation oxidation .1 
B p-channel gate oxidation 2 
C p-channel intermediate oxide 3 

deposition 
D p-channel intermediate oxide 3 

deposition 
E p-channel intermediate oxide 3 

deposition 
F n-channel isolation oxidation 4 
G n-channel Si~N~ etch 4 
H n-channel gate oxidation 4 
I n-channel gate oxidation 5* 
J n-channel gate oxidation 4 
K n-channel intermediate oxide 6* 

deposition 
L n-channel gate oxidation 7 

* Did not receive second ShN~ etch.  

thinning of the gate oxide is seen (T) at  the typical  
location, jus t  outside the bird's  beak (B). 

Higher  magnification electron micrographs of the  
bird's  beak region in three  samples (C, D, E) f rom a 
p-channel  wafer  are shown in Fig. 2. The length  of 
the bird's  beak (measured  f rom the lowest  point  of the 
notch) is shown for the three  samples, and the average  
value  is ~ 0.8 /~m. Gate oxide thinning produces a dip 
only in the upper  surface of the gate oxide (at the 

Results and Discussion 

Structura~ study.--The main  features  of the isolation 
and gate oxides formed dur ing both n-  and p-channe l  
processing are shown in the low magnification 
electron micrographs of samples A and B in Fig. 1. F ig -  
ure  1 (a) shows the 1.5/~m isolation oxide at the sides, 
and 1000A SiO2 under  the 1200A Si3N4 at the center.  
The isolation oxidat ion lef t  notches in the oxide at the 
edges of  the Si3N4 (N).  Af te r  remova l  of the Si3N4 and 
the under ly ing  oxide, the notch features  are made  
softer  [Fig. l ( b ) ]  and af ter  gate  oxidation, some 

A similar study of a gate oxide thinning was just concluded 
f or  the  case  of conventional processing, where it was shown that 
thinning results from the slower oxidation rate at the instep at 
the  ~i-~solation oxide interface, in turn controlled by the steepness 
of  the field oxide wall and the angle of the instep (5). 

Fig. 1. TEM of cross section of p-channel samples (a) after iso- 
lation oxidation (sample A) and (b) after gate oxidation (sample B). 
The notch left in the isolation oxide following oxidation (N) and 
the site of gate oxide thinning (T) are shown. The region commonly 
referred to as the bird's beak is outlined (B). 
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Fig. 3. TEM of cross sections of n-channel samples at bird's 
beak. Figures 3(a)-(c) show samples F, G, H taken from wafer 4 at 
different stages of processing; Fig. 3(d) shows sample I. The length 
of the bird's beak in 3(b) is 1.5 ~m, and ,~100% and ,-~35% gate 
oxide thinning are seen in Fig. 3(c) and (d), respectively. 

Fig. 2. TEM of cross section of p-channel samples at bird's beak. 
Figures 2(a), (b), and (e) show samples C, D, E, respectively. The 
bird's beak length is 0.7-0.9 ~m and the percent gate oxide thin- 
ning at the sites T are shown. 

gate oxide-poly-Si  interface) on all the p-channel  
samples examined. The percentage th inn ing  is indicated 
for these samples, and the average value is ,~ 30%. 
This value is only approximate since the samples were 
ti l ted to varying  degrees while being photographed 
making it difficult to take accurate measurements .  

Cross sections of n -channe l  structures are shown in  
Fig. 3 ( a ) - ( d )  (samples F-I,  respectively).  Figure 
3 ( a ) -  (c) show parts of the same wafer after the wafer 
has undergone successive processing treatments.  The 
distance from the point  of the bird's beak to the notch 
[Fig. 3 (b)]  is 1.5 ~m. It is noteworthy that near ly  100% 
gate oxide th inn ing  was found on sample H [Fig. 3 (c) ] 
which had received the second Si3N4 etch, while sam- 
ple I which did not get the second Si3N4 etch showed 
only ,-, 35% gate oxide th inn ing  [Fig. 3(d) ] .  It  should 
be pointed out that the th inn ing  seen on the n -channe l  
samples is symmetrical ,  e.g., both surfaces of the gate 
oxide move together, as would be expected if a bar r ie r  

caused slower oxidation at that  site. This is contrary 
to the case observed with the p -channe l  samples 
(Fig. 2) where th inn ing  was one-sided. 

Another  sample from wafer No. 4 is shown at higher 
magnification in  Fig. 4. Superimposed on the micro- 
graph is an outl ine of the bird 's  beak obtained from 
Fig. 3(d) .  It  is clear that  the 0.38 ~m oxide th inned 
region (,~ 90% th inning)  begins near  the tip of the 
beak of the isolation oxide. Some fur ther  oxidation at 
the isolation oxide edge of the beak clearly has occur- 
red during gate oxidation, and it would therefore seem 
that the barr ier  to gate oxidation extended only over 
a distance of ~ 0.38 ~m on the Si surface and was not 
present  over most of the bird 's  beak region. The lack 
of coincidence of the superposition at the notch is at-  
t r ibuted to the undula t ing  character of the notch as one 
moves along the surface, shown in the scanning electron 
micrographs of Fig. 5. A top view of wafer K is shown 
in  5(a) and two parallel  lines corresponding to the 
notch (N) and oxide th inn ing  (T) are visible even 
through the 1 ~m thick P-glass and through the 6000A 
polysilicon. SEM photographs of a cross section of 
sample L and a top view of the same sample are shown 
in Fig. 5(b) and 5(c),  respectively; the undu la t ing  
na ture  of the notch is due to the shape of the masking 
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Fig. 4. TEM of cross section of sample J showing ~ 9 0 %  gate 
oxide thinning and superpositioning of bird's beak profile prior to 
gate oxidation [obtained from Fig. 3(b)]. 

SigN4 edge which  in tu rn  is a resul t  of photo l i tho-  
graphic  processing. 

The b i rd ' s  beak  can be defined as the  hor izonta l  
d is tance be tween  the si te where  the  isolat ion oxide  
begins to th icken and the pro jec t ion  of the  notch min i -  
mum. This value  is 1.5 /~m (Fig. 3 (c ) ,  3 (d ) ,  4). The 

Fig. 5. SEM of samples K (a) and L (b), (c). The isolation oxide 
notch (N) and gate oxide thinning (T) are indicated. The undulat- 
ing shape of the notch is partially responsible for the lack of co- 
incidence of the notch in Fig. 4 with the superimposed profile of 
Fig. 3(b). 

source and dra in  region wil l  be shor te r  than  the mea -  
sured  length  of the  mask ing  SisN4 before  isolat ion 
oxida t ion  by  1.5 ~m • r ad ia l  factor. Fo r  samples  used 
in the presen t  s tudy  wi th  1.4 ~m isolat ion oxide, the  
shor tening is 1.9 and 1.2/~m per  edge for  the  n-  and  p -  
channel  samples,  respect ively .  

The b i rd ' s  beak  length  in the  p - channe l  samples  is 
0.8 ~m (Fig. 2) and the pad  oxide  thickness under  the  
1200A SisN4 was 730A. In  a pub l i shed  s tudy  on geo-  
met r ica l  fea tures  at  the b i rd ' s  beak  in a select ive ox i -  
dat ion processing scheme (1), a direct  cor re la t ion  w a s  
found be tween  beak  length  and thickness  of u n d e r l y -  
ing pad  oxide;  for a Si3N4 thickness of 500A and isola-  
t ion oxide thickness of 0.65/~m, the b i rd ' s  beak  length  
changed f rom 0.55 to 0.75 ~m as the  under ly ing  oxide  
thickness va r ied  f rom 100 to 500A. The da ta  in Ref. (1) 
do not  pe rmi t  an easy ex t rapo la t ion  to the  thicknesses 
of isolat ion ox ide  and Si3N4 used in the present  s tudy,  
and work  is in progress  to de te rmine  the re la t ionship  
be tween  SisN4 thickness,  pad  oxide  thickness,  and  beak  
length.  

I t  is obvious tha t  a ba r r i e r  to oxida t ion  is p resen t  
of a type  descr ibed by  Kooi et al. (2). The mecha-  
nism proposed for fo rmat ion  of the  b a r r i e r  involves 
react ion of s team and the mask ing  SisN4 in the fo rma-  
tion of SiO2 and NHs (or NHs- l ike  species) fo l lowed 
by  NH~ diffusion th rough  the oxide  pad  benea th  the 
Si3N4 to the Si subs t ra te  at  the  bounda ry  of the th ick  
and thin oxide regions;  subsequent  reac t ion  produces  
some form of Si n i t r ide  or oxyni t r ide .  The presen t  
s tudy  shows tha t  in the processed n -channe l  select ive 
oxidat ion  s t ruc ture  the  b a r r i e r  forms a band  which  
begins near  the t ip of the b i rd ' s  beak  and extends  less 
than  one micron a w a y  f rom the tip. Addi t iona l  ox ida -  
t ion occurs at  the  isolat ion oxide  edge dur ing  gate  oxi -  
dation, and the ba r r i e r  does not  ex tend  in a di rect ion 
into the beak. Sample  H [Fig. 3 (c ) ]  was f rom a wafer  
which  received a second SigN4 etch which  was added  
to dissolve the  ox ida t ion  ba r r i e r  which  is p resumed  
to be a Si n i t r ide  or  an oxyni t r ide .  Sample  H shows 
more  gate oxide  th inning than  sample  I [Fig. 3 ( d ) ]  
which did not  receive the second etch. I t  is c lear  tha t  
the  gate oxide  th inning phenomenon is va r iab le  and 
not  predic table ,  at  leas t  for the  samples  s tudied  here. 

A solution of the thinning problem.--Tentatively 
making  the assumpt ion  that  NI-t~, or  a closely r e l a t ed  
species, is responsible  for  fo rmat ion  of the  oxida t ion  
bar r ie r ,  (100) Si wafers  were  exposed to var ious  NH3 
ambients ,  and the subsequent  ox ida t ion  behav ior  was 
noted (7). In  tha t  s tudy  i t  was shown tha t  oxidat ion,  
though impeded,  would  commence once the  ba r r i e r  was 
overcome. In par t icu lar ,  s team oxida t ion  was found to 
be more  effective than  d ry  oxida t ion  in b reak ing  down 
the NH~ induced bar r ie r .  I t  was also shown that,  once 
the ba r r i e r  l aye r  is consumed by oxidat ion,  a normal  
wet  or  d ry  oxide  g rowth  curve is obtained.  Exper imen t s  
were  cont inued on pa t t e rned  wafers  processed accord~ 
ing to a typical  select ive oxida t ion  schedule.  

Af te r  a 1050~ wet  isolat ion oxidat ion  masked  by a 
composite  1200A. Si~N4/1000A pad oxide layer ,  a 3 in. 
B-doped  ~ 1 0 0 ~  wafer  was t rea ted  in 160~ H3PO~ for 
60 min and BHF for 90 sec to expose the Si subs t ra te  
in the  gate regions. Af te r  d ry  oxida t ion  at  1000~ to a 
1000A thickness ( typica l  gate oxide) ,  the  wafe r  was 
eva lua ted  to de te rmine  the degree  of oxide  thinning.  
The photograph  in Fig. 6 (a) is a TEM profile of this 
wafe r  a f te r  this first gate oxidat ion,  whi le  Fig. 6 (b)  
shows a TEM micrograph  of the same wafer  a f te r  a 
second 90 sec BHF t r ea tmen t  and d ry  reoxida t ion  to 
1000A. It  is c lear  tha t  the  in i t i a l ly  presen t  th inning 
is comple te ly  e l imina ted  by  the reox ida t ion  process. In  
addition, the profile has approached  p l ana r i t y  because 
of the addi t ional  e tchback step, but  some thick oxide  
has been lost. 

Having found that  a cer ta in  amount  of oxida t ion  
e i ther  removes the ba r r i e r  or renders  i t  ineffective as 
an oxida t ion  inhibi tor ,  we endeavored  to iden t i fy  t h e  
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Fig. 6. TEM profiles of the isolation oxide edge as seen on a 
test wafer. In (a) the initial 1000A. oxide pad was removed in BHF 
in a 90 sec etch just after the masking Si3N4 etch, and a 1000A 
dry gate oxide was grown. The thinned region in the gate oxide is 
clearly seen. In (b) the initial gate oxide was removed by etching 
for another 90 sec in BHF, and a second 1000A. dry gate oxide was 
grown. Absence of a thinned region is obvious on this sample. 

various processing conditions required to minimize or 
e l iminate  the th inn ing  phenomenon.  The parameters  
and processing procedures studied included ini t ial  pad 
oxide thickness, type and degree of oxidation to b e  
used between the isolation and gate oxidations, possible 
etching al ternatives to the in termediate  oxidation, and 
viable etchback schedules. 

Because of the tedious na ture  of the TEM method of 
study (see exper imental  section), another  means was 
used to evaluate each exper imental  sample. It  was 
found that  the Talystep surface profilometer with a 
1000A stylus could trace the Si wafer surface at the 
bird's beak and graphically detail the surface features 
defined by a TEM photograph. The only ambigui ty  
which arose was definition of oxide th inning  for cases 
where pad oxide etchback was used. In  the etchback 
step, some isolation oxide is removed, and a dip is pro- 
duced at the edge of the isolation oxide. After sub-  
sequent  gate oxidation, it is impossible to resolve the 
oxide th inn ing  because of the overpowering Si dip. 
For this reason the bulk of our work dealt with samples 
which did not receive an etchback of the ini t ial  pad 
oxide in  procesing. 

Two different ini t ial  pad dry oxidation thicknesses 
and two types of thermal  oxidation were selected for 
study. Both wet (950~ and dry oxidations (1000~ 
respectively were used for pad oxide thicknesses of 
300 and 1000A. After isolation oxidation (1.2 ~m 
wet at 1050~ the Si~N~ oxidation mask was stripped 
in  BHF (1 min, removes oxynitr ide surface) and 160~ 
HzPO~ (45 min ) ;  the under ly ing  ini t ial  pad oxide was 
left in  place. The wafers were cleaned and reoxidized 
in  500A steps and were evaluated using the Talystep 
surface profilometer to determine the degree of oxide 
th inn ing  in each case. 

The control oxidation curves shown in  Fig. 7 and 
8 were determined from the wafers being measured, by 
thickness measurement  of large thin oxide regions. 
The curves in each figure for oxidation over the bar r ie r  
were obtained from Talystep data assuming equal 
oxide growth both above and below the silicon surface. 
Thus, where the control data shows that  an addit ional  
500A of oxide was grown, a Talystep depression of 
150A would be taken as only 200A growth in the barr ier  
region (500A less 2 X 150A). Examples of the detail_ 
of the Talystep trace in this application may be seen in 
Fig. 9. From the data it can readi ly be seen that the 
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Fig. 7. Wet oxidation curves for wafers having initial pad oxide 
thicknesses of 300 and 1000A. Since the pad oxides were in place 
at the onset of the additional wet oxidation, the curves begin at the 
respective pad oxide thicknesses. Additional oxidation with time is 
readily noted in the figure. Control data are from Si regions out- 
side the oxidation barrier regions, while the lower curves in each 
pad oxide set are within the barrier regions. 

wet oxidation is more effective than the dry oxidation, 
and the presence of the thin ini t ial  oxide pad makes 
removal  of the barr ier  easier than  with the thicker  
pad oxide. Thus, even an addit ional  300A wet oxidation 
of a 300A pad oxide sample brings the oxidation curve 
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Fig. 8. Dry oxidation curves for wafers having initial pad oxide 
thicknesses of 300 and 1000A. 
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Fig. 9. Typical Talystep traces used to obtain oxidation curves in 
Fig. 9 and 10. Noted "Dips" must be multiplied by 2 to determine 
total oxidation inhibition since thinning is symmetrical above and 
below the Si surface for these samples. 

paral lel  to the control curve, where near ly  2000A addi-  
t ional dry oxidation is required for a thick 1000A 
pad oxide wafer. In  three of the four pad oxide thick-  
ness-oxidat ion type curve sets, the onset of normal  
sample oxidat ion in  the bar r ie r  region is indicated by 
a growth curve which becomes paral lel  to the control 
curve, while in  the dry oxidation of a 300A pad oxide, 
the bar r ie r  oxidation appears to "catch up" to the con- 
trol. 

Since the thin pad oxide seemed to be so much more 
effective in facil i tat ing subsequent  removal  of the oxi- 
dat ion barrier ,  the quest ion arose as to whether  the 
th in  oxide appeared to be more effective simply be- 
cause the gaseous oxidation species could reach the 
bar r ie r  layer  in  the silicon in  much higher concentra-  
t ion than in  the thicker pad oxide samples. It seemed 
possible that for the same degree of barrier ,  the thick 
oxide simply acted as a much more effective oxidation 
block. In order to answer  this, a thick pad sample was 
th inned from 10'00 to 300A in  BHF just  after ni t r ide 
removal  and was halved for wet and dry  oxidation 
treatments.  In  both the wet  and dry  oxidations, the 
sample.s gave oxidation curves in the bar r ie r  region ex- 
actly the same as for a thick pad oxide wafer. We are 
forced to conclude that  a thick oxide pad results in an 
oxidation bar r ie r  which is more severe than for th inner  
pad oxides. Other experiments  with samples having 
no oxide pads which were shown to have no oxidation 
bar r ie r  at all are consistent with this result. Unfor tu-  
nately, processing without  a pad oxide (a stress buffer) 
general ly  results in  dislocation growth at feature edges 
due to high Si3N4 stress. 

As ment ioned earlier the under ly ing  oxide pad was 
not removed in  order to facilitate the use of the Taly-  
step as a diagnostic tool. An even more impor tant  
point  is that  etching of the pad oxide, no mat te r  how 
min imal  the overetch, wil l  always expose the Si bar r ie r  
region to chemical attack and thus confuse the data. 
This had perhaps been noted in our earl ier  diagnostic 

work as evidenced by the var iabi l i ty  in  the percent  
th inn ing  of samples oxidized after the pad was removed 
in  BHF. As wil l  be ment ioned  later, extended BHF 
t rea tment  can minimize the th inn ing  effect. However, 
exper iments  with the pad oxide left in  place become 
complicated by the possibility of an addit ional  oxida- 
t ion barr ier  which might  form in  the pad oxide itself, 
making the thicker pad appear anomalously  worse than  
the th in  one. The last described exper iments  in which 
the 1000A pad, th inned to 300A, behaved exactly l ike 
the thick pad on reoxidation, tends to discount this 
possibility because the etchback step in  BI-IF should 
certainly etchback an in -pad  barr ie r  layer  along wi th  
the oxide in  the uppermost  700A layer. 

As a result  of these experiments,  the recommended 
selective oxidation processing sequence includes a th in  
pad oxide (200-400A) wi th  a wet  reoxidat ion step af ter  
ni t r ide removal. This is most easily achieved by leav-  
ing the thin ini t ia l  dry oxide pad in place for the wet 
oxidation step. An ini t ial  pad oxide thick enough to 
survive early cleaning steps is recommended as well  
as wet reoxidation of a m i n i m u m  of 1000A to insure  
statistical success of the procedure. A 90 sec BHF etch- 
back prior to gate oxidation is the only  addit ional  re-  
quirement.  This removes all oxide in the gate region 
but  does not overly consume the isolation oxide. 

A final note must  be made regarding the a l ternat ive  
method of barr ier  etching from the substrate  after ini-  
tial etchback of the selective oxidation SisN4 and pad 
oxide layers. We have tried several  times to evaluate 
the method using a second 160 ~ or 180~ I4_~PO~ etch to 
remove the barrier.  What  was found is that  the Si sub-  
strate is etched at a rate varying  from 3-10 A/min .  The 
var iabi l i ty  depends on temperature,  the par t icular  Si 
wafer, and the H3PO4 used. Talystep data show much 
less etching at the oxidation bar r ie r  position (sup- 
posedly a type of Si ni t r ide)  than  on the remainder  of 
the exposed Si surface. This indicates either that  the 
barr ier  is not at tacked by H3PO4 or is attached more 
slowly than is the Si surface. We have found, however, 
that  a correlation exists between amount  of exposure 
of the Si substrate in  the gate regions to BHF and sub-  
sequent  oxide thinning.  Exposure of the Si to BHF 
beyond the t ime required to strip the pad (1-2 addi-  
t ional rain) general ly reduces the potent ial  for th in-  
ning. Since the second etch procedure incorporates 
exposure of the Si surface to BHF prior to I-I~PO4 
treatment ,  it is possible that  the combinat ion of the 
two etchants proves effective. At any rate, excessive 
exposure to BHF loses isolation oxide, and our pro- 
posed procedure, which involves only 90 sec BHF t reat -  
ment,  results in  loss of only 1500A isolation oxide. 

Conclus ions 
TEM and SEM studies of n -channe l  and p-channe l  

selective oxidation processed wafers show a bird's beak 
shape of the edge of the isolation oxide, with a notch 
at the top at the site of the edge of the masking Si3N4, 
and bird's beak lengths of 1.5 and 0.8 #m on n -channe l  
and p-channe l  samples respect ively .  The bird 's  beak 
length is defined as the distance between the site where 
the isolation oxide begins to thicken and the horizontal 
projection of the minimum in the isolation oxide 
notch. The active device length is decreased due to 
the presence of two beaks bordering the active region. 
For a given isolation oxide thickness, this decrease is 
greater for n-channel samples than for p-channel sam- 
ples by about 50% (here 3.8 ~m compared to 2.3 ~m). 

There is a barrier on the Si surface to gate oxidation 
This barrier forms a band beginning near the tip of the 
bird's beak and extending a short distance (<i #m) 
away from the tip on the n-channel samples. Gate oxide 
thinning of 20-50% was found on processed p-channet 
selective oxidation wafers, and 35-100% oxide thinning 
was found on processed n -channe l  wafers. 

A convenient  means for e l iminat ion of the th inn ing  
phenomenon is presented. Since it was found that wet 
oxidation subsequent  to the isolation oxidation and 
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Si3N4 removal  rapidly destroys the oxidation barrier,  a 
method which incorporates an additional,  short wet 
oxidation step between isolation and gate oxidations is 
described and recommended for selective oxidation 
processing. 
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Applications of Electrochemical Methods for 
Semiconductor Characterization 

I. Highly Reproducible Carrier Concentration Profiling of 
VPE "Hi-Lo" n-GaAs 

Thomas Ambridge, John L. Stevenson, ~ and R. Martin Re&tall 
Post O~ce  Research Centre, Martlesham Heath, Ipswich, IP5 7RE, Great Britain 

ABSTRACT 

Factors which influence the accuracy and reproducibility of semiconductor 
carrier  concentrat ion profiling via capacitance-voltage measurements  and dis- 
solution at an electrolytic Schottky barr ier  are critically examined. At tent ion 
is centered upon the capacitance contributions from the edge regions of the 
electrolyte contact area. It is shown that several properties of the electrolyte, 
and the measurement  frequency, as well as the physical means of electrolyte 
confinement have an impor tant  influence. In particular,  a suitable combina-  
t ion of electrolyte conductivity, wetting, and dissolution behavior  can be met 
by 0.1M Tiron, for the profiling of GaAs using the "Post Office Profile Plotter." 
Examples are given which demonstrate  the high degree of reproducibil i ty,  both 
short-  and long-term, a t ta inable  for the profiling of "hi-lo" structures. Opti- 
mizat ion of the approach for other semiconductor materials,  for Which an 
"ideal" electrolyte may not be available, is also discussed. 

The Post Office Profile Plotter 2 (1, 2) has been shown 
to provide an uncomplicated and convenient  method for 
measurements  of carrier concentrat ion in  GaAs and 
some other I I I -V compound semiconductor materials.  
It employs the semiconductor specimen as one elec- 
trode in  an electrochemical cell, under  controlled con- 
ditions where the differential capacitance of the 
Schottky barr ier  formed at the semiconductor/elec-  
trolyte interface is measured to give carrier concen- 
tration, and where, simultaneously,  anodic dissolution 
is arranged,  yielding a continuous depth profile of this 
parameter.  Uniform i l luminat ion  of the interface is 
required, to promote the dissolution reaction for n - type  
material.  The sample wafer needs no pre t rea tment  
whatsoever, and the profile is obtained in one cont inu-  
ous, automatic sequence. These are notable advantages 
compared with most conventional  "measure and strip" 
practices including capacitance-voltage profiling using 
metal /e lect rolyte  Schottky barriers,  where individual  
steps are l imited by reverse-bias breakdown. 

In  principle, the electrochemical technique can be 
applied over wide ranges of carrier concentrat ion and 
depth, and should be par t icular ly  advantageous for 
"hi-lo" profiling (1, 3), where the conventional  ap- 
proach would be especially tedious, due to the early 

1 Present address: Intelsat, Washington, D. C. 20024. 
Key words: capacitance, SchottKy, wetting, frequency, Tiron. 
~The Post Office Profile Plotter is manufactured by Polaron 

Limited, Watford WD1 8XG, Herts, England. 

onset of breakdown in "hi"-doped material .  Special 
care is needed, however, in  relat ion to the area of 
electrolyte contact with the semiconductor specimen. 
A molded plastic sealing r ing is used to define the area 
of contact and i l luminat ion.  In  practice the limits of the 
wetted area may extend somewhat beyond those of the 
i l luminated  area. The difference is termed "excess 
area," and needs to be taken into account for accurate 
profiling, since, whereas dissolution is restricted to the 
i l luminated  zone, the whole of the wetted area may 
contr ibute  to the capacitance measurement .  

In  this paper, after a brief  reminder  of details of the 
profiling technique, we shall first describe experiments  
aimed at defining, precisely, the actual  area(s)  of elec- 
t rolyte/semiconductor  contact. Following this, the 
specific roles of electrolyte conductivi ty and measure-  
ment  frequency are examined. Some detailed profiles 
obtained from "hi-lo" VPE n-GaAs (modified Read 
IMPATT material)  are also presented. Emphasis is 
placed on the very high levels of reproducibi l i ty  re-  
quired from the profiling technique in  this area of ap- 
plication (4, 5). 

Experimental Technique 
The principles of the profile measurement  technique, 

and the prototype automatic in s t rumen t  have al ready 
been described in  detail (1, 2). For convenience, how- 
ever, some of the essential informat ion is briefly re-  
peated here, and recent  refinements highlighted. Ini-  
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tially, we restate the profiling equations, and related 
ins t rumenta l  parameters  

I. Net donor concentrat ion 

2e~o 6V 
ND -- NA -- 

q 6(WD 2) 

where eo = permi t t iv i ty  of free space, e = relat ive 
permi t t iv i ty  of the semiconductor,  5V ---- modula t ion  
component  of potent ia l  (100 mV rms, 30 Hz). 

II. Deplet ion width  

,eoA 
WD ---- 

C 

where A ---- bar r ie r  area, C ---- capacitance (test signal: 
50 mV rms, 3 kHz).  

III. Width removed 

M S Idt  WR- NFD-------A 

where M = molecular weight, D ---- density of the 
semiconductor, N ---- the number of charge carriers 
transferred per molecule dissolved (---- 6 for GaAs, this 
work), F ---- the Faraday, I : instantaneous dissolution 
current. 

IV. Plotted depth 

x = WD + Wa 

The electrochemical cell used in this work was the 
commercial ly  supplied unit,  which incorporated sev- 
eral  changes from that earl ier  described. Several  of the 
essential features, inc luding the vertical  specimen 
mount ing  a r rangements  are depicted in Fig. 1. Also 
incorporated, but  not  shown, are a saturated calomel 
electrode (SCE), as a reference, a carbon d-c working 
cathode, a p la t inum wire secondary cathode (for a-c 
measurements)  close to the specimen, and a nozzle 
device for the ini t ia l  clearance of bubbles.  The electro- 
lyte is stationary, in  this design, bu t  is refreshed for 
each profile measurement .  

As before, the i l lumina t ion  provided for hole genera-  
t ion in  n - type  mater ia l  is restricted to short wave-  
lengths (below about 550 rim) corresponding to strong 
absorption, wi th in  a region of the semiconductor much 
nar rower  than  the depletion width, in all but  the most 
highly doped specimens ( > 10 Is cm-3) .  This ensures 
that, in most epitaxial  material ,  the avai labi l i ty  of 
holes at the surface, for the dissolution reaction, is 
independent  of lateral  variat ions in  carrier concen- 
t ra t ion (and diffusion length) ;  thus at a well-chosen 

.... ~ ~o 

Fig. 1. Part of the electrochemical cell unit, showing specimen 
mounting. (Polaron Limited). 

anodic potential  microscopically smooth dissolution is  
usual ly  obtained (1, 2). 

Over-a l l  un i formi ty  of i l lumina t ion  has been sub-  
s tant ia l ly  improved through the use of an optical lens 
system, and aper ture  arrangement ,  giving a slightly 
convergent  (4 ~ beam. With proper al ignment,  a nea r -  
ideal etched well is obtained, as depicted in the "Taly-  
surf ''3 profile of Fig. 2, which indicates a m a x i m u m  
var ia t ion of ___3%. The final in tensi ty  of i l luminat ion  
typical ly used is about 6.0 mW cm -e, yielding a dissolu- 
t ion rate of approximately  3.0 #m hr -1. 

The electronic ins t rumenta t ion  of the Post Office 
Profile Plot ter  has remained much as described earlier. 
However, an impor tant  recent  ref inement  has been the 
incorporat ion of an automatical ly  controlled electronic 
shutter.  This provides an operational  mode whereby  
dissolution under  i l luminat ion  is interrupted,  at fre-  
quent  intervals,  by short periods of darkness dur ing 
which the capacitance analysis, and point  plott ing of 
carrier concentration, is automatical ly  performed. (The 
profile remains  essential ly continuous, comprising up 
to 300 points.) 

In  the present  work, dur ing profiling, both measure-  
ment  and dissolution were performed, under  potent io-  
static control, at a common potent ial  of about  0.3V 
anodic ("reverse biased") wi th  respect to the dark 
rest value, regardless of the electrolyte employed. This 
choice of potent ial  was based on criteria, aimed at 
avoiding defect-sensit ive dissolution modes, and de-  
partures  from ideal bar r ie r  characteristics, as dis- 
cussed in previous publications (1, 2). Briefly, the ma in  
practical requi rements  are that  the dissolution cur ren t  
should be negligible in the dark, and that  dI/dV (both 
under  i l luminat ion,  and in  the dark) should be min i -  
mal, whenever  possible. For separate, f requency-de-  
pendent  electrochemical C-V measurements ,  confined 
to high qual i ty epitaxial  material ,  a potential  range 
from rest to about 1.5V anodic was spanned;  s tandard  
phase-sensit ive techniques were used for capacitance 
determination.  

Contac ted  Area  Def in i t ion 
Physical area determination.--The accuracies of all 

carrier concentrat ion profiles obtained from measure-  
ments  of Mott-Schottky capacitance characteristics are 
critically dependent  on the area of semiconductor 
contact and its edge definition (6). Where the conduct-  
ing medium is a liquid, the problem is par t icular ly  
severe (7). 

Direct observation of the contact outl ine at the elec- 
t rolyte /semiconductor  interface has been aided by the 

, use of samples upon which a un i fo rm anodic nat ive 
oxide has been formed (8) specially for this purpose. In  
the worst cases the area of electrolyte contact com- 
prises several zones, as shown in Fig. 3(a) .  Here the 
n-GaAs test sample oxide was subjected, after loading 
onto the sealing ring, to open-circui t  dissolution in  an 
electrolyte of 2M KOH in aqueous solution. This was 
followed by anodic dissolution, under  i l luminat ion,  of  
0.5 ~m of GaAs. 

The innermost  boundary  which appears on the photo- 
graph is that  of Ac, the "central"  area, which received 
i l luminat ion  and thus was the only region wi th in  which 

8 The "Talysurf" moving stylus surface mea.~uring instrument 
is manufactured by Rank Taylor Habson, Leicester LE2 0SP, 
England. 

I 1ram I 

Fig. 2. '~Talysurf" trace over an area, electrochemically stripped 
to an average depth of 10 #m. 
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Fig. 3. The electrolyte/sample contact: (a) Contact zones ob- 
served for 2M KOH/n-GaAs, (b) physical model, and (c) electrical 
model. 

GaAs dissolved. AE is that  excess wetted area which 
arises from simple shadowing of the i l luminat ion,  due 
to slight rounding of the edge profile of the sealing 
ring. The existence of this has long been recognized 
(2), and the facili ty to compensate for the excess ca- 
pacitance contr ibut ion (assumed to remain  constant  
dur ing  dissolution profiling) is incorporated wi th in  the 
Profile Plotter. The sum of the areas, Ac + AB, has 
been designated A1, and is approximately  0.1 cm 2 in  
the present  work. 

The existence of an outer  excess wetted area A2, 
also revealed by the dissolution of oxide, requires an 
extension of our earl ier  model for the contact. Figure 
3 ( b )  shows the probable model for the formation of 
the addit ional  zone A2; this "meniscus contact" is 
par t icular ly  invidious, being potent ial ly highly var i -  
able both in radial  and circumferent ial  extent. In  the 
depicted circumstances its formation may be envisaged 
as a result  of seepage across the flattened r im of the 
sealing ring, although, clearly, individual  imperfec-  
tions in  the r im could provide a direct path. 

Frequency-dependent "excess capacitance" model.-- 
The electrical "interface circuit" model of Fig. 3(c) 
was adopted in order to investigate the part icipat ion of 
the specimen area A2 in  capacitance measurements .  The 
resistive e lement  R is proposed to represent  a thin film 
of electrolyte present  at the sealing rim, and as a result  
should have a conductance dependent  on the d imen-  
sions of the peripheral  capillary, and the electrolyte 
conductivity. In  contrast, the capacitance Ca depends 
upon the specimen doping only. An immediate  conse- 
quence of a contact such as shown in  Fig. 3 is that  the 
apparent  carrier  concentrat ion will show a var iat ion 
with the measurement  frequency, depending upon the 
relat ive impedances of R and Ca. 

Exper imental  confirmation was obtained by mak ing  
electrochemical C-V measurements  on uni formly  
doped specimens (with ND - -  NA ~ 3 X 1015 cm -~) 

at both 3 kHz (as used in the Profile Plotter)  and 100 
kHz, which revealed marked  f requency dependence, 
especially for the lowest doped specimens. No fre-  
quency dependence was detected, over the range 80 
Hz-1 MHz for the same specimens subjected to C-V 
measurements  via conventional  metal  Schottky bar -  
riers; fair ly close agreement  with the higher frequency 
electrochemical measurements  was obtained. 

By assuming that 100 kHz electrochemical measure-  
ments  gave a "correct" value for ND -- NA, for a speci- 
men  doped at about 1017 cm -3, a value for R was esti- 
mated (at about 25 k12) by comparing the addit ional  
capacitance measured at 3 kHz with that calculated di- 
rectly on the basis of the measured value of area A2. A 
calculation was then made of the percentage error in 
carrier concentration, over a wide range due to the 
effective excess capacitance (l imited by R) at the two 
frequencies. The result  is shown in Fig. 4. Note that the 
error becomes small  (less than 5%) at 100 kHz for 
carrier  concentrat ion values greater than about 3 • 
10 I~ cm -8 in un i formly  doped material.  For measure-  
ments  at 3 kHz the model predicts much larger errors 
than those shown, for mater ial  in  the "1o" region of a 
typical "hi-lo" s t ructure  (e.g., as demonstrated later  
and depicted in Fig. 5). However the corresponding 
errors should be negligible at 100 kHz, since the con- 
dit ion R --~ ~C~ -1, at which the absolute value of effec- 
tive excess capacitance is at a maximum,  occurs at a 
very low value of carrier concentration. 

It  is worth reemphasizing here that  we have mod- 
elled f requency-dependent  capacitance-voltage be-  
havior ent i rely on the basis of peripheral  contact phe- 
nomena in the electrochemical system. Certain other 
possible sources of f requency dependence, such as the 
presence of deep states, which may be invoked (9) are 
ruled out in the present  invest igat ion by the "solid- 
state" measurements .  Thus, clearly, al though other 
sources may dominate in other reported studies of 
capacitance behavior  at the semiconductor/electrolyte  
interface (10-12), a f requency-dependent  contr ibut ion 
related to that of the present  model should not be over-  
looked ent i re ly  in such cases, even though the precise 
details of area definition may differ. 

I 
~C2 >>R 

" 5 0 -  

% e~'ror 
in ND-N A 

O- 

1 
~C2 <<R 
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I I I l I l I 

10 ~2 10 3 10 L 10 5 10 6 ( 1 0 0  k H z )  
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Fig. 4. The calculated dependence of error in carrier concentra- 
tion upon absolute values, at measurement frequencies of 3 and 
100 kHz, for the contact system of Fig. 1. 
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ND"-NA, 
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~ ~ ~ 1'o 
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Fig. 5. "Hi-lo" profiles obtained from the same VPE n-GaAs 
specimen, using (a) 2M KOH and (b) 0.1M Tiron electrolyte. 
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Choice of Electrolyte 
It  is apparent  f rom the model tha t  two principal  op- 

tions exist for reducing the measurement  errors of Fig. 
4: (i) a decrease in  electrolyte conductance, and (it) 
an increase in  measurement  frequency. For GaAs it 
has proved to be sufficient s imply to pursue (i) 
alone while re ta in ing the s tandard  Profile Plot ter  
f requency of 3 kHz (which is most suited to measure-  
ments  of the absolute values of capacitance encoun-  
tered) ; i t  is not yet  clear that  this approach would be 
successful for other mater ia ls  however  (see Discus- 
sion).  

Some ini t ia l  a t tempts  were made to increase R by  
employing KOH electrolyte of reduced concentration, 
or a l te rnat ive  alkal ine solutions. These at tempts were 
unsuccessful, due to the accumulat ion at the interface 
of insoluble (and only slowly soluble) hydrated oxides 
dur ing  anodic etching (8), causing a loss of Mott- 
Schottky capacitance characteristics. However, com- 
p lexant  electrolytes, in  which the GaAs is reacted 
electrochemically to produce soluble chelated com- 
pounds, have proved to be suitable alternatives,  even 
in  quite dilute form. We have made specific use of 
Ti ron (1,2 dihydroxybenzene-3,5 disulfonic acid, di- 
sodium salt) (13), which in  0.1M solution has a con- 
ductance approximately  4% of that  of 2.0M KOH solu- 
tion as used earlier. Assuming that  R is proport ional  to 
the electrolyte resistivity, the subst i tu t ion of 0.1M 
Tiron for 2.0M KOH should produce a change in im-  
pedance ratio (~C2-1: R),  and hence in  the over-al l  
carr ier  concentrat ion measurement  error, approaching 
that  obtained from the f requency increase as previ-  
ously explored, as depicted in  Fig. 4. 

The effect of changing the electrolyte is shown by  
the two profiles of Fig. 5; each was recorded for an 
adjacent  area on a "hi-lo" VPE n-GaAs structure.  
Tt~e discrepancy between the two measurements  of 
ND -- NA for the "hi" avalanche region is 33% in  this 
case, whereas the data of Fig. 4 would predict  an error 
approaching 38% (for 2.0M KOH at 3 kHz).  Thus, in  
this region at least, it appears that  the use of Tiron has 
v i r tua l ly  e l iminated the effective capacitance contri-  
but ion  from any  outer excess area, A2. Clearly the in -  
fluence on the "1o" region is even more marked, al-  
though a more rigorous exper imental  approach is 
required (see the following section) to allow quan-  
t i tat ive assessment. The val idi ty  of the electrical isola- 
t ion model has been fur ther  reinforced by measure-  
ments  in the presence of gross leakage of electrolyte 
(promoted by temporar i ly  reducing the loading pres-  
sure of the specimen onto the sealing r ing) ;  even here 
re la t ively small, a l though somewhat variable,  effects 
were noted when using 0.1M Tiron, compared with ex- 
t reme changes when  using 2M KOH. 

Subsequent  investigations,  employing oxide dissolu- 
tion tests, have shown that, under  suitable loading 
conditions, over-al l  per ipheral  seepage can apparent ly  
be avoided when  Tiron is used as the electrolyte. The 
remain ing  mechanism for outer excess area formation 
is then via small  indiv idual  perfections in the sealing 
r ing edge. As shown in  Fig. 6, the extent  of the excess 
area may be quite restricted in  this case. Although 
electrical isolation is apparent ly  still fair ly effective 
in this situation, the dist inction between AE and A2 in  
the model is less clear. Thus, for the high accuracY 
measurements  described in  the following section, em- 
ploying Tiron electrolyte, only selected sealing rings, 
having  no imperfections detectable by  oxide dissolu- 
t ion tests, were utilized. Nevertheless it  must  be em- 
phasized that for less demanding  tasks (e.g., rout ine 
profiling of fair ly un i formly  doped mater ia l  with bet ter  
than 10% reproducibi l i ty) ,  the use of Tiron provides a 
considerable degree of immun i ty  from minor  imper-  
fections in the seal, due to its reduced electrical con- 
ductivity. 

It  should be pointed out that the increased series 
path resistance wi th in  the electrochemical cell, when 

Fig. 6. Modified electrolyte/sample contact, for 0.1M Tiron/n- 
GaAs, under conditions where the outer contact zone is related 
to an individual imperfection in the seal. 

using 0.1M Tiron, should not normal ly  introduce sig- 
nificant error (i.e., more than  5%) into the measured 
carrier concentration,  for values below about 3 • 
10 is cm -3 (at the measurement  f requency of 3 kHz). 
This assumes that the semiconductor bar r ie r  impedance 
is p redominant ly  capacitative, which is general ly  t rue 
for high quali ty VPE layers. Under  certain c i rcum- 
stances however, abnormal ly  high paral lel  leakage 
conductance wi th in  the semiconductor depletion region 
can introduce complications, which will be discussed 
in a later  contr ibut ion (14). 

Application to High Accuracy Measurements 
Surface uniformity mapping.--Lateral uni formi ty  is 

an impor tant  requi rement  in mater ia l  grown for de- 
vice fabrication, and where comparat ive measurements  
are made on different areas of a given slice, for assess- 
ment  of measurement  techniques (as in Fig. 5). The 
Post Office Profile Plot ter  can be used to assess the 
lateral  uni formi ty  of doping, by de terminat ion  of car- 
rier concentrat ion under  conditions of negligible dis- 
solution. Two uni formi ty  maps made in this way 
(again for the "avalanche" layer  of Read IMPATT 
mater ia l ) ,  are shown in  Fig. 7. The two slices used 
here were produced in successive growth experiments,  
but  at different vertical  locations in  the VPE horizontal  
furnace tube, and receiving different pat terns of gas 
flow dur ing epitaxy. The marked  improvement  in geo- 
graphical un i formi ty  in slice B corresponded with its 
having been centra l ly  placed in  the furnace tube. 

This form of measurement  provides the simplest use-  
ful  test s i tuat ion in  which the electrochemical contact 
can be assessed. For reproducible measurements ,  the 
physical contact area must  be kept  constant  over the 
durat ion of the experiment.  By repeated remapping  of 
slice B, it was established that  the dis t r ibut ion of car- 
rier concentrat ion could indeed be reproduced closely. 
This implies that  shor t - te rm area redefinition is signifi- 
cantly bet ter  than 2%, and is probably  comparable 
with that typical of the mercury  probe contact system 
(also used for Schottky bar r ie r  capacitance measure-  
ment ) ,  which was claimed ini t ia l ly  by Hammer  to be 

|  @ 
| 1 7 4  @ 

A B 

Fig. 7. Surface carrier concentration uniformity maps (using 0.1M 
Tiron electrolyte) for VPE n-GaAs specimens grown under different 
conditions. The figures represent percentage deviations from the 
mean values of 6.9 and 9.7 X 10 TM cm -3  for A and B respec- 
tively. 
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about  1% of the total area (7). We note that  the indi -  
cated total var ia t ion in  carrier  concentrat ion is about 
0.5 • 10 TM cm -s  for the avalanche region of slice B. 
This is a substant ia l  improvement  over work reported 
by Niehaus and Schwartz (5) where m i n i m u m  non-  
uniformit ies  amount ing  to a total var ia t ion of 1 X 10 TM 
cm-S were reported on Read IMPATT mater ia l  of 
similar specification. 

"Hi-Lo" profiles.--Two profiles, obtained from neigh-  
boring areas of an IMPATT slice, are shown in  Fig. 8. 
The inset shows the ND -- -NA measurements  made ' i n i -  
t ial ly at the surface. One full profile, as shown (desig- 
nated "a") was taken of the complete "hi-lo" struc-  
ture  (and was v i r tua l ly  indis t inguishable  from one 
taken to a depth of 5/~m at position "c"). The second 
shown profile ( labelled "b") was recorded after re-  
moval of 1 ~m of epitaxial  mater ia l  from the whole 
surface area of the slice, using an electrochemical 
t r imming procedure previously termed replication 
etching (13). The two values of ND -- NA obtained for 
the drift  region are in good agreement,  the ma x i mum 
difference between the plots being 5% at  the point  
where the profile "b" was initiated. These results 
clearly demonstrate  the e l iminat ion of any significant 
contr ibut ion to the measurement  from an outer area 
As. The same conclusion has been arr ived at from 
comparisons with results from mercury  probe measure 
and  strip procedures applied to "hi-lo" structures.  

In  the absence of significant errors due to "outer 
excess area" the major  remain ing  influence on ac- 
curacy is the reproducibi l i ty  of the central  area Ac, 
and the " inner  excess area" AE. The errors in ND -- NA 
in  the "hi" and "1o" sections of a profile, due to differ- 
ences between the assumed and actual  values of Ac 
and AE can easily be shown to be given by 

( N D - - N A ) H I a c t u a l  [ Alassumed ] 2 
_ [i] 

(ND - -  NA) HI plotted A1 actual 

and 

(ND - -  NA)LO actual : 
[ ( AE assumed AE actual  ) L ( N D -  NA)V=Lo plotted "~- \ A +, -- ,a+t 

(ND--NA) V=HIplotted ]2 [ ncassumed ] 2 [2] 

(At~A1 assumed) Ac actual 

The derivat ion assumes that the measured capacitance 
is machine-corrected for the contr ibut ion of that  pro- 
portion of the ini t ial  capacitance corresponding to the 
area AE assumed. Also, second order effects (such as 
carr ier  concentrat ion dependent  band  bending)  are 
neglected. 

The expression [2] for (ND -- NA)LO can be s impli-  
fied by taking typical values (ND - -  NA)HI/(ND - -  NA)LO 

ND-N  A ,  

ld: 
Q 

Dept h, ym 
�89 ~ 6 8 II0 

Fig. 8. (a) A full "hi-lo" profile and (b) the profile for an ad- 
jacent area of the same n-GaAs specimen after independent re- 
moval of 1 /~m of material. The inset shows the locations, and ini- 
tial surface carrier concentration measurements over the slice, in 
units of 1016 cm -~.  0.1M Tiran was used as the electrolyte. 

= 25 and Ac = 0.1 cm 2, to give the approximat ion 

(ND - -  NA) L0 actual 
[I + 100 (AE assumed 

(ND -- NA) LO pl,otted 

__AEactual)] [ Acassumed ] s 
Ac a etum [3] 

Thus, for example, an error of 5% in (ND -- NA)LO 
could arise from an error of 2.5% in Ac, or 10% in As 
(having an actual value of 0.005 cm2), or a combination 
of errors in both. Successive measurements, using the 
oxide dissolution procedure, have shown that while 
area variations can be much less than this in the short 
term (as confirmed by profile reproducibility), these 
values can be exceeded in the longer term (periods ex- 
ceeding a few days), depending on the exact conditions 
of instrumental use. In practice we have been able to 
maintain a profiling reproducibility of this order, on 
"hi-lo" structures over a period of many months by 
regular daily monitoring of areas, using oxide-coated 
specimens, and if necessary applying corrections to 
plotted data, on the basis of the above formulas. 

It is useful  to note that electrochemical profiles 
showing geographically systematic variat ions of less 
than 0.25 • 1015 cm -3 have been obtained in the "1o" 
region (ND - -  NA = 5.5 X 1015 cm-3)  of samples 
similar  to slice B (Fig. 7), with data taken at six loca- 
tions covering a total area of 2 cm 2. This compares 
favorably with the work of Niehaus and Schwartz (5) 
who reported that a target  value of (ND -- NA)LO -- 
(2.0 -+- 0.24) • 1015 cm -3 could not be met  over a com- 
plete grown wafer. We also note earl ier  work by 
Wisseman et al. (4) who reported on the a t t a inment  of 
abrupt  t ransi t ions be tween (ND - -  NA)HI  and (ND - -  
NA)LO. Profiles taken using a mercury  probe system 
showed that  the total level change required (from 
1 X 1017 cm -3 to 5 • 1015 cm -3) could be achieved 
wi th in  0.3 #m, bu t  only by performing the epitaxy in  a 
complicated furnace, with two deposition zones, and 
involving the mechanical  resit ing of the substrate 
in each zone dur ing  growth. Although such a technique 
was not used dur ing the production of the layers ex-  
amined here, equal ly  sharp transi t ions have been ob- 
ta ined according to the electrochemical profiles [see, 
for example, profile a in Fig. 8, and also the work of 
Bass (3)].  

Discussion 
Successful profiling, with a negligible influence from 

an "outer excess area" capacitance has been demon-  
strated for GaAs, through an optimization of electrolyte 
characteristics. Unfor tuna te ly  it cannot be foreseen 
that a similar  combinat ion of electrical conductivity, 
wetting, and dissolution behavior  will  be a t ta inable  
in electrolytes applicable to other semiconductor mate-  
rials. For example, Tiron is unsui table  for profiling 

i 

either InP  or GaP, due to the accumulat ion of phos- 
phorus at the semiconductor surface. 

A viable approach is much needed here, due to im-  
por tant  applications which include profiling of the 
qua te rnary  GaInAsP, as well  as InP,~in double hetero- 
s t ructure  laser material ,  and also because a l ternat ive  
measurement  techniques are l imited;  considerable dif-  
ficulty is encountered in  the fabricat ion of simple 
metal  Schottky barr iers  sui table for carr ier  concen- 
t rat ion measurement  on InP  (15). It  must  be antici-  
pated that  it  may be necessary to resort to fair ly con- 
centrated (high conductivi ty)  electrolytes for satis- 
factory dissolution. 

The possible use of a higher measurement  f requency 
(e.g., 100 kHz),  in order to exclude the capacitance 
contr ibut ion from A2, has a l ready been introduced. 
However, for the present ly  employed bar r ie r  area, the 
sample impedance at high carrier concentrat ions (ND 
- -  NA ~ 10 TM c m  - 8 )  would approach the same order 
as the simple "ohmic" contact impedances, leading to 
significant errors. Nevertheless, for much smaller  areas, 
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h igher  f requency  opera t ion  would  be more  appropr i a t e  
to the sample  impedances  encountered.  This would  
also be compa t ib le  wi th  a r equ i remen t  to reduce the 
a rea  in o rder  to minimize  ma te r i a l  consumption,  such 
as has been appl ied  to the  profi l ing of L r E  G a A s /  
GaA1As heteros t ructures ,  wi th  Ac ~ 0.01 cm2 (16). 
Unfor tunate ly ,  the  re la t ive  size of AE tends to increase  
as Ac is reduced,  so tha t  the reproduc ib i l i ty  of "hi- lo"  
profi l ing must  suffer. 

Elec t ro ly t ic  contact  a rea  definit ion has also been  ob- 
ta ined  by  masking  using evapora ted  wax  films (10), 
or photores is t  (17). However ,  for accura te  measure -  
ments  a t  low car r i e r  concentra t ion levels the  mask  
would  need to be qui te  th ick (e.g., 100 ;~m) in com- 
par i son  wi th  the m a x i m u m  deple t ion  width  (e.g., ~ 1 
~m for ND -- /VA ~--- 10 t5 c m - 3 ) ;  o therwise  an "excess" 
capaci tance  would  be measured  th rough  the mask.  The 
thickness  r equ i r emen t  could lead  to difficulty in  
achieving sharp  edge definit ion of the  masking  m a t e -  
r ial ;  in addi t ion  undercu t t ing  of the mask  dur ing  disso- 
lu t ion profi l ing would be a p rob lem unless the mask  
could be made  opaque.  The mask ing  ma te r i a l  would  
of course need to be impervious  to the e lec t ro ly te  em-  
ployed.  The approach  would  a lways  suffer the  d i sad-  
vantage  of the  addi t ional  amount  of p repa ra t ion  re -  
quired,  compared  wi th  the  inheren t  s impl ic i ty  of the  
seal ing r ing  method.  

Taking  into account  the var ious  factors discussed 
above, perhaps  the  best  approach  to e l iminat ion  of 
outer  excess a rea  contr ibut ions  for o ther  semicon-  
ductors,  and to improved  reproduc ib i l i ty  of absolute  
area,  l ies in the  opt imizat ion  of the geometry,  su r -  
face finish, and  ma te r i a l  composi t ion of the  seal ing 
ring. In  conjunct ion  wi th  this, given, tha t  it  m a y  not 
be  prac t icab le  to ta i lor  the e lect r ica l  conduct iv i ty  
of the  e lectrolyte ,  considerat ion should be given at 
least  to the wet t ing  character is t ics ,  wi th  the  objec-  
t ive of avoiding seepage, as was appa ren t l y  achieved 
for  Tiron under  "ideal" conditions. Rel iable  resul ts  
would  then depend  upon the p rese rva t ion  of the  
seal ing edge, to be confirmed by  regu la r  monitoring,  
in the manne r  a l r eady  descr ibed in detail .  

The influence of i l lumina t ion  on accurate  profil ing 
deserves  some comment.  As poin ted  out, the  presen t  
sys tem al lows the ca r r i e r  concentra t ion measure -  
men t  da ta  to be obta ined in the dark.  In  practice,  the  
computed  ca r r i e r  concentra t ion has usua l ly  been found 
to have  negl igible  dependence  upon i l lumina t ion  (at  
the  "s tandard"  leve l ) ,  for  h igh qua l i ty  ep i tax ia l  ma te -  
rial,  as in this  work.  However  in cer ta in  classes of 
" imperfec t"  mater ia l ,  depar tu res  f rom ideal  ba r r i e r  
behavior ,  under  i l luminat ion,  have  provided  useful  
qua l i ta t ive  information,  as wil l  be discussed in a for th-  
coming paper  (14). In  principle,  depth  scale in forma-  
tion does not  depend upon the  precise  level  of i l lumi -  
nation, or  i n -dep th  var ia t ions  in corresponding dis-  
solut ion photocurrent ,  since the depth  removed  is de-  
t e rmined  e lec t ronica l ly  f rom the dissolution ra te  in-  
tegral .  La t e r a l  var ia t ions  in dissolut ion ra te  will ,  how-  
ever,  in t roduce  a loss of resolution,  especia l ly  at  the 
deepest  interfaces.  The precaut ions  taken  to minimize  
this  p rob lem have a l r eady  been mentioned,  and the 
expe r imen ta l  evidence suggests tha t  i t  is insignificant 
in the  presen t  work.  Nevertheless ,  this is an aspect  of 
the  technique where  vigi lance is needed. In  par t icu la r ,  
except ional  s i tuat ions can arise, for example  when 
profi l ing damaged  mater ia l ,  where  significant i n -dep th  
var ia t ions  in pho tocur ren t  do occur, and could com- 
pound the effects of any  l a te ra l  nonun i fo rmi ty  in i l -  
lumina t ion  (14). 

We have  so far  not r e fe r red  to any possible long-  
t e rm var i ab i l i ty  of resul ts  due to dr i f t  in the analogue 
electronics of the  Profile Plot ter .  In  pract ice  the com- 
merc ia l  ins t rument  is eas i ly  ma in ta ined  in precise 
ca l ibra t ion  on a d a y - t o - d a y  basis using read i ly  ac-  
cessible f ront  panel  t r immers ;  ove r -a l l  r ep roduc ib i l i t y  
of the  combined analogue functions can be spot-  

checked over  a wide car r ie r  concentra t ion  range,  us-  
ing a specimen s imula tor  (compris ing so l id -s ta te  
varac tors )  and genera l ly  confirmed to be eve rywhere  
wi th in  about  2%. Thus contact  a rea  definit ion remains  
the  ma jo r  potent ia l  source of i r reproduc ib i l i ty .  

Note tha t  th roughout  the presen t  work,  we have  
l imi ted  the considerat ion of measurement  accuracy  
and reproduc ib i l i ty  to technological  aspects  of the  
e lec t rochemical  system. Other  aspects genera l ly  ap -  
p l icable  to capac i tance-vol tage  based profi l ing tech-  
niques, e.g., concerning the possible influence of deep 
levels,  and  Debye spreading  l imi ta t ions  on the reso-  
lut ion of interfaces,  have  been considered at  length  
e lsewhere  (9, 18-20). 

Conclusion 
With the widening  rea l iza t ion  tha t  successful fab-  

r icat ion of many  advanced  devices in GaAs, and  o ther  
semiconductor  mater ia ls ,  wil l  r equ i re  an exact  and  
consistent  knowledge  of car r ie r  concentra t ion profiles, 
we have demons t ra ted  here  tha t  the e lec t rochemical  
technique can be en t rus ted  wi th  the de te rmina t ion  of 
accurate  and h ighly  reproduc ib le  data. The necessary  
a t ten t ion  to choice of e lectrolyte ,  contact  a rea  defini- 
tion, and s imple  wel l -def ined  rout ine  checks have  
been ful ly  discussed. 

In  for thcoming papers  we shal l  descr ibe  fu r the r  
extensions of the e lec t rochemical  technique appl icab le  
to: (i)  "damage"  profil ing in r e l a t ive ly  imperfec t  
mater ia l ,  including,  specifically, i on - imp lan ted  layers ;  
(ii) composit ional ,  as wel l  as car r ie r  concentra t ion 
(both n-  and p - t y p e ) ,  profi l ing of he te roep i t ax ia l  ma-  
terial ,  including LPE double he te ros t ruc tures  g rown 
for laser  fabr icat ion;  and (iii) Hall  mobil i ty ,  and car -  
r ie r  concentra t ion profiling, in MBE, VPE, and ion-  
implan ted  layers,  inc luding those produced  for micro-  
wave  FET fabricat ion.  
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Observation and Analysis of Surface 
States on TiO  Electrodes in Aqueous Electrolytes 

R. H. Wilson* 
General Electric Company, Research and Development Center, Schenectady, New York 12301 

ABSTRACT 

When a TiO2 electrode in an aqueous electrolyte  is biased enough posit ive 
of its flatband potent ial  and then pt~otoexcited wi th  l ight of wave leng th  shorter  
than 400 nm, photocurrent  is observed. If the electrode is subsequent ly  swept 
to more negat ive  voltages in the dark a negat ive current  is observed which is 
in excess of the normal  dark current  observed on a subsequent  sweep wi th  no 
photoexci ta t ion be tween sweeps. The excess current  is observed to have  a 
m a x i m u m  at a voltage posit ive of the flatband potential.  In this paper, the 
growth and decay of this reduct ion peak are  invest igated exper imenta l ly .  
The peak is analyzed as a reduct ion by conduction band electrons of  surface 
states that  were  oxidized by valence band holes during the photoexcitation. 
The observations favor  the in terpre ta t ion  that  these states are in termediates  
of the reaction leading to 02 evolution. This interpretat ion,  however ,  its not 
unequivocal ly  established. It  is clear  that  the conduct ion-band electron re-  
duction of a state that  was previously oxidized by a va lence-band  hole is in 
effect an e lec t ron-hole  recombination.  This recombinat ion controls the '  onset 
of photocurrent  with voltage. There  are 1013-1014 of these states p e r  em 2 and 
the cross section for e lectron interact ion wi th  this surface state is est imated 
to be 10-~6-10 - ~  cm 2 based on the analysis used to describe the peak.: The 
usefulness of this analysis in invest igat ing these states and surface states due 
to surface coatings is discussed. 

Since the first report  (1) of stable, photoelectro-  
chemical  oxygen evolut ion on TiO2, a substantial  effort 
has been made to improve on those ear ly  results. This 
work  has been the subject  of several  recent  reviews 
(2-5). The work  repor ted  here is par t  of a continuing 
effort to unders tand the processes that  occur on TiO2 
during O2 evolut ion as a guide to the use of na r rower  
bandgap semiconductors for that  purpose. 

In a previous repor t  (6) observation of a reduct ion 
current  peak produced by photoexci tat ion of a TiO2 
electrode was discussed briefly. In this paper  the ex-  
per imenta l  measurement  of this peak is reported in 
more detail  and a model  to describe the effect is 
developed. Data are presented to support  the v iew 
that  this reduct ion current  is due to an electron t rans-  
fer to a re la t ive ly  stable surface species that  was 
produced by a react ion with  a hole in the valence 
band of the TiO2 during i l lumination. A model  for 
this process is presented. The possibility that  this 
stable surface species is an in termedia te  of the series 
of reactions leading to oxygen evolut ion is discussed. 
It is fur ther  argued that  this reduct ion by a conduc- 
tion band electron is a reversa l  of a previous oxidation 
by a valence band hole. The net  results of these two 
processes is an electron hole recombinat ion and this 
recombinat ion is the control l ing factor in the onset 
of photocurrent  with increasing posit ive voltage ap- 
plied to the n- type  TiO2 electrodes. 

Experimental Procedures 
All measurements  were  made using a cell wi th  a 

4 mm diam opening to which a lar~er single crystal  
TiO2 electrode was pressed using a thin silicone gasket 
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as a seal. A saturated calomel electrode (SCE) con- 
nected by a Luggin capi l lary was used as a reference 
electrode. The counterelectrode was a plat inized plat-  
inum electrode. Light  to the TiO2 electrode entered 
the ceil through a v~treous silica window and passed 
through 1 cm of e lectrolyte  before fal l ing on the 
electrode. The l ight source was a 150W xenon lamp 
with a Bausch and Lomb grat ing monochromator .  The 
measurements  were  made using a PAR Model 173 
potentiostat  and a Model 175 universal  programmer.  
The cur ren t -vo l tage  curves were  recorded on an X-Y 
recorder.  The TiO2 electrodes were  prepared using 
methods previously described (7). The electrolytes 
were  prepared  using distil led water  and reagent  grade 
chemicals. 

Observations 
The nature  of the observations to be described is 

i l lustrated in Fig. 1 where  the cur ren t -vo l tage  charac-  
teristics of a TiO2 electrode are shown when the 
voltage is swept f rom zero volts (SCE) at --200 
mV/sec  in 1M KOH under  the fol lowing conditions: 
(i) in the dark with  no i l luminat ion subsequent  to 
the previous negat ive  voltage sweep; (it) i l luminated 
with  350 nm light;  (iii) in the dark af ter  30 sec 
i l luminat ion with  350 nm light at 0 volts (SCE). As 
can be seen in curve 3 of Fig. 1, addit ional cathodic 
current  occurs as a result  of the short period of i l lu-  
minat ion at 0 volts. The principal  features of this 
reduct ion peak are observed to be independent  of 
the crystal  face of the TiO2 (they are also observed 
on SrTiO.~) and the doping density of the TiO2. Factors 
that  do affect the reduct ion peak wil l  be discussed here. 

The growth  of the reduct ion peak as a funct ion of 
i l luminat ion t ime is i l lustrated in Fig. 2(a) .  In each 
case there  is a 5 sec delay be tween the l ight-off  and 



Vol. I27, No. 1 A Q U E O U S  ELECTROLYTES 229 

- 4 0  

/f 
VSCE 

1 I 
-0.4 -0.2 
(VOLTS) 

I (Fa) 

- 20 

-10 

Fig. 1. Current-voltage curves of a TiO2 electrode in 1.0M KOH 
with - - 2 0 0  mV/sec scan from 0 volts (SCE). Curve 1, in dark; 
curve 2, with 350 nm light on; curve 3, in dark after 30 sec illu- 
mination with 350 nm light at 0 volts (SCE). 
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Fig. 2. Current-voltage curves of a TiO2 electrode in 0.SM H2SO4 
with a - - 200  mV/sec scan from ~ 0 . 8 V  (SCE) in dark (a) after 
exposure to 350 nm light for curve 1, 0 sec; curve 2, 0.1 sec; curve 3, 
1.0 sec; curve 4, 5 sec; curve 5, 30 sec; curve 6, 180 sec with 5 
sec delay before initiating voltage sweep; and (b) after exposure to 
350 nm light far 30 sec and curve 1, 5 sec; curve 2, 30 sec; curve 3, 
120 sec; curve 4, 6000 sec delay before initiating voltage sweep. 

the beginning  of the sweep. As can be seen, t h e r e  
is a rapid ini t ia l  growth with a subsequent  saturation.  
The growth can be approximated by 

N = No(1 -- e -t/y) [1] 

where t is the t ime of exposure to light, N is the area 
under  the peak (to be expressed as the n u m b e r  of 
electrons per un i t  electrode area) ,  No is its sa turat ion 
value and ~ is a t ime constant  which is inversely 
proport ional  to the photocurrent  density dur ing  i l lu-  
mination.  An approximate empirical  relationship is 

= 2 X 10 -4 , j [2] 
cm 2 

where j is the current  density dur ing  i l luminat ion.  
Greater  precision in  this measurement  is not considered 
to be justified at this time. The value of No was ob- 
served to be independent  of light intensi ty  and current  
density. 

The decay of the peak for different delay times 
before the sweep is ini t iated is shown in Fig. 2(b) .  

In  each case the electrode was i l luminated  for 30 sec 
before the beginning of the delay period. No funct ional  
relationship was found to describe the remain ing  peak 
size as a funct ion of time. It  is readi ly seen from 
the figure that  the rate of decay decreases with t ime 
and a substant ia l  fraction of the peak is left after 
100 min. The decay rate was the same at +0.8 or 
+0.6V dur ing  the delay period. 

The rates of growth and decay of the peak were 
independent  of the electrolyte, s t i r r ing of the electro- 
lyte, and the presence or absence of dissolved O2 in  
the electrolyte. As will be discussed, some features of 
the current  dur ing  the sweep do depend on the elec- 
trolyte and stirring. 

Figure  3 shows the effect of scan rate  on the reduc-  
t ion peak. The solid curves were made at --500 m V /  
sec and the dashed curves were made at --50 mV/sec 
both in  0.5M H2SO4. Note that  the current  scale differs 
by  a factor of ten for the two sets of curves. Curves 1 
were after i l luminat ion  with 350 n m  light at +0.8V 
for 30 sec and then a 30 sec delay before ini t ia t ing 
the voltage sweep. Curves 2 were subsequent  sweeps 
in the dark with no i l lumina t ion  at -F0.8V. It  is 
obvious that  the area under  the peaks is approximately  
proport ional  to the scan rate, i.e., the amount  of charge 
t ransferred is independent  of scan rate. The shift in  
peak position is noteworthy and will  be discussed 
in  the next  section. 

All  of the following observations of the reduct ion 
peak were made using a --200 mV/sec sweep rate, 
30 sec i l luminat ion  with 350 nm light at 0 volts in  
1M KOH or +0.8V in  0.5M H2SO4 with a 5 sec delay 
be tween light-off and the beginning  of the voltage 
sweep. 

Figure 4 shows a series of measurements  made on 
a TiO2 electrode. Figure 4(a)  shows measurements  
made in 1M KOH. The solid curves were ini t ial  mea-  
surements  and the dashed curves after 0.1C of charge 
was passed by i l luminat ing  the electrode with 350 
n m  light at 0 volts (SCE) (current  about  18 ~A). 
Curves 1 were made after 30 sec i l luminat ion  at 0 volts 
after a previous sweep to --1.2V. Curves 2 were made 
after curve 1 with no in te rvening  i l luminat ion.  Several  
features can be noted in  these curves. One is the 
development  of a second peak at --0.95V after 0.1C. 
This peak continues to grow with fur ther  passage 
of photocurrent.  Its rate of growth is nonl inear  with 
current  density growing more per un i t  of charge 
passed at higher current  density. While this extra 
reduction peak is interesting, it will not be discussed 
in detail  in  this report. As wil l  be seen, it slowly dis- 
appears in 0.5M H2SO4. 

Another  feature is a shift of the init ial  peak at 
--0.85V to a slightly more positive voltage. This shift 
is probably  due to a change in the fiatband potential  
dur ing  the 0.1C charge transfer, since a corresponding 
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Fig. 3. Current-voltage curves of a TiO2 electrode in 0.5M H2SO4 
in dark after curves 1, 30 sec exposure to 350 nm light with 30 sec 
delay before initiating voltage sweep at: solid curve 500 mV/sec; 
dashed curve 50 mV/sec; curve 2, no exposure before sweep. 
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Fig. 4. Current-voltage curves of o Tie2 electrode in dark with a 
- -200 mV/sec scan from extreme positive voltage shown with either 
30 sec exposure or no exposure to 350 nm light with 5 sec delay 
before scan. All measurements on the same electrode with a series 
of uses between measurements: (a) in 1M KOH, curve 1, 30 sec 
exposure; curve 2, no exposure; solid curves--initial; dashed 
curves-after 0.1C photocurrent passed; (h) (note scale change) in 
0.$M H2SO4 after extensive use in KOH since (a). Curve 1, 30 sec 
exposure; curve 2, 30 sec exposure with electrolyte in vicinity of the 
electrode stirred in the 5 sec delay period; curve 3, no exposure; 
(c) in 0.5M H2SO4 after sitting 60 hr in that electrolyte since (b), 
carve 1, initial; curve 2, 30 sec exposure after 0.016C photocurrent 
passed; curve 3, 30 sec exposure after another 0.034C phetocurrent 
passed; curve 4, after 3 but no exposure. Shaded areas in (a) and 
(c) correspond to 6.7 • 1013 and 1.9 • 1013 electronsJcm 2 of 
Ties respectively. 

shift occurs in  the capacitance-voltage curve. The 
shift is reversible in the dark. This can be seen in  
the position of curve 4 in  Fig. 2 (b). Again, this shift, 
while interesting,  will not be discussed fur ther  here. 
In  addition, it should be noted that  this shift and the 
associated capacitance change come after long periods 
of photocurrent.  There is no change in  capacitance at 
0 volts as a result  of the 30 sec i l luminat ion  responsible 
for the reduct ion peak. 

The existence, location, and size oE the ini t ial  peak 
are the features of interest  here. These features will 
be considered fur ther  in the discussion section. 

After  more use in  KOH during which the extra peak 
grew further,  the electrode of Fig. 4(a)  was mea-  
sured in 0.5M H2SOa. The results are shown in Fig. 
4(b)  and 4(c).  The observations in Fig. 4(b) were 
made shortly after the removal  of KOH and the 
addit ion of H2SO4. Note that a less sensitive current  
scale is used in 4(b) .  Curve 1 is after 30 sec i l lumina-  
t ion with 350 nm light at +0.8V with no s t i r r ing of 
the electrolyte. Curve 2 is for the same conditions 
but  with the electrolyte st irred in the vicinity of 
the electrode dur ing  the 5 sec delay between i l lumina-  
t ion and voltage sweep. Curve 3 was with no i l lumina-  
t ion before the sweep. The current  increase at more 
negative voltages in curve 3 is a funct ion of the amount  
of dissolved oxygen in the electrolyte. Oxygen is 
unavoidable  since it is produced dur ing the period of 
i l luminat ion.  Figure 4(b) is in tended to i l lustrate 
the effect of s t i r r ing and the addit ional  s t ructure  at 
--0.3V and to point out *.hat these features are not 
those under  consideration here. In addition, some of 
the extra peak that grew in KOH can still be seen 
at +0.05V. 

Figure  4(c) shows the behavior of the same elec- 
trode after si t t ing over a weekend in 0.5M H2SO4. 
Curve 1 is an ini t ial  measurement .  Curve 2 is after 
0.018C passed through the electrode using 350 nm 
i l luminat ion  at +0.8V, a subsequent  sweep to --0.4V, 
and then the usual  30 sec i l luminat ion  at +0.8V 

before the sweep. C u r v e  3 is after  another  0.034C with 
the same procedure. Curve 4 is a sweep with no 
i l luminat ion  after curve 3. 

Again, several  features can be noted in Fig. 4(c).  
One is the absence of the second peak that developed 
in Fig. 4(a)  and was still evident  in 4(b) .  The states 
responsible for the peak are apparent ly  removed by 
0.5M H2SO4. 

A second feature is the shift in peak position to 
more positive potentials s imilar  to that seen in Fig. 
4(a) .  It  also is accompanied by a corresponding shift 
in  the capacitance-voltage curve and is probably due 
to a change in flatband voltage. 

A third feature is the variable background current  
from which the peak at +0.2V rises. This current  is 
apparent ly  the tail  of some of the effects seen in Fig. 
4 (b) at more negative voltages. 

The features of interest  in  this report are the size 
and location of the peak itself. These will  be dealt 
with quant i ta t ive ly  in  the discussion section. There is 
an obvious difference in  the size of this peak in H2SO4 
and KOH. When the 0.SM H2SO4 was removed after 
curve 3 of Fig. 4(c) and was replaced by 1M KOH, 
the peak was very similar to the ini t ial  peak shown 
in Fig. 4 (a). 

The behavior  of the reduction peak described in 
this section has been reproduced on many  Tie2 elec- 
trodes with different preparat ion and different doping 
densities. The peak, however, is not always as clean 
and sharp as i l lustrated thus far. This is seen in  
Fig. 5 where init ial  measurements  on a Tie2 electrode 
which had sat in the laboratory several weeks be-  
tween the t ime it was prepared and the t ime it was 
first measured are shown in  the solid curves. No 
cleaning procedure was used prior to the measurement .  

The dashed curves are measurements  on the same 
electrode after fur ther  use in 1M KOH, subsequent  
measurement  in 0.5M H2SO4, and then measurement  
in 1M KOH. Sharpening of the reduction peak (curves 
3) is obvious. This sharpening developed gradual ly  
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Fig. 5. Current-voltage curves of a TiO2 electrode in 1.0M KOH 
with --200 mV/sec scan from 0 volts (SCE), curve 1, in dark, no 
light exposure; curve 2, with 350 nm light on; curve 3, in dark 
after 30 sec illumination with 350 nm light and 5 sec delay before 
voltage scan: solid curves--initial measurement on electrode with 
no cleaning before use; dashed curves--after 0.02C photocurrent in 
KOH and 0.01C photocurrent in H2SO4. 

as more photocurrent  was passed in both 1M KOH 
and 0.5M H2SO4. The photocurrent-vol tage curves 
(curves 2) shown in Fig. 5 show corresponding changes 

as do the background dark current  curves (curves 1) 
on which the reduct ion peak rides. Similar  changes 
were produced by cleaning the electrode in concen- 
t ra ted H2SO4 at temperatures  above 50~ No at tempt 
was made to analyze the surface to establish the 
cause of this behavior. It  is described here to empha-  
size the importance of surface cleaning and to point  
out the correspondence between the reduct ion peak 
and  the photocurrent-vol tage  curves. 

Discussion 
Peak size and position.--Few quant i ta t ive  t reatments  

h a v e  been published of charge t ransfer  processes be-  
tween  electrolyte species and the bands of semicon- 
ductors when the electrolyte energy levels are in the 
range of the bandgap of the semiconductor. A tunne l -  
ing analysis (8) has been applied to explore the 
dis t r ibut ion of electrolyte energy levels. The strong 
doping density dependence of the tunne l ing  analysis 
precludes that  as an explanat ion of the observations 
presented here. The brief, small  polaron t rea tment  
published (9) does not seem to apply to the present 
case. 

A n u m b e r  of investigators have used localized states 
at the interface in a qual i tat ive way to explain this 
charge t ransfer  process. Quant i ta t ive t reatments  using 
an in teract ion cross section between semiconductor 
carriers and interface/electrolyte  states have been 
made for major i ty  carriers (10, 11) and photoexcited 
minor i ty  carriers (12) and the applicabil i ty of this 
approach to a variety of interface states has been 
suggested (6). It  wil l  be applied to the observations 
reported here. 

Assume a surface densi ty of empty electron states, 
N, at the surface of an n-semiconductor  with a bulk 
electron density, rib. The density of electrons at the 
surface of the semiconductor,  ns, is given by 

•s "- -  W'b exp [--  q (V - -  V f b ) / k T ]  [3] 

w h e r e  V is the  v o l t a g e  applied to the semiconductor 
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relat ive to some reference in the electrolyte and Vfb 
is the flatband potential  of the semiconductor relat ive 
to the same reference, q is the magni tude  of the 
electron charge, T is absolute temperature,  and Ir is 
Boltzmann's  constant. The discussion will  be restricted 
to V > Vfb where the value of Vfb will be considered 
independent  of V. The current  density, j, of electrons 
reacting with the surface states is given by 

j = qnsN~v [4] 

where v is the thermal  velocity of the electrons (about 
107 cm/sec) and r is the cross section for in teract ion 
between the electrons and the surface states. If it is 
fur ther  assumed that each state that  is filled by this 
electron current  is not reemptied then 

dN dN dV j 
- -  _ [ 5 ]  

dt = dV dt q 
If the ini t ial  voltage is large enough so that  ns is 
very small  and the voltage is swept negative at a 
constant  dV/dt, Eq. [3], [4], and [5] can be combined 
and approximately integrated as 

q ( V - - V t b )  

_ e kT d V  [6] 
i N dV 

dt 
to get 

N=Niexp{  v~nbkTexp[--q(V--Vfb)/kT]/q d-~t } 

[7] 

Combining Eq. [3], [4], and [7] an expression for 
j (V) can be determined. 

The voltage, Vp, for the ma x i mum in the j (V)  
expression can readily be obtained as 

kT ( nb~vkT ) 
Vp -- Vfb = --In [8] 

q qdV/dt 
Using Eq. [8], the current density can be written as 
a function of (V -- Vp). 

q(V--Vp) q(V--Vp) 

[ ] = e exp -- e __ .  7cT I~T 

[ 9 ]  

Thus, the shape of the reduction peak is fixed and its 
size determined by Ni and the voltage sweep rate. 
Equat ion [8] can be rearranged to give 

dV q [ q(Vp-- Vfb) ] 
-- - -  exp [i0] 

dt kTnbV kT 

from which the cross section for electron capture can 
be calculated from Vp if Vfb and nb can be determined. 

In  Fig. 6 calculated j (V  -- Vp) curves are compared 
with exper imental  results taken from the shaded areas 
of Fig. 4(a) and 4(c).  For the calculations the values 
of Ni were determined from the areas under  the 
exper imental  curves. These were 6.7 X 1013 and 1.9 
• 10 z3 per cm 2 respectively. The position of the peak 
in  the calculated curve was matched to the experi-  
menta l  peak. As can be seen the exper imental  c u r v e s  
are broader  than the calculated curves. This does not  
necessarily indicate that  the model used to describe 
the charge t ransfer  process is not appropriate. The 
calculations assume a single value for ~, a un i form 
doping density, and a uniform flatband voltage across 
the surface of the electrode. A spread in the value 
for any of these could explain the width of the ex- 
per imental  peaks: The very  broad peak in Fig. 5 is 
probably due to a spread in flatband voltage due to 
surface contamination.  Since this effect can be e l im- 
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Fig. 6. Comparison of experimental reduction peaks (solid curves) 
corresponding to the shaded areas of (o) Fig. 4(a); and (b) Fig. 
4(c) with curves calculated (dashed curves) from Eq. [9] using 
Ni = 6.7 • 1013 cm - 2  and 1.9 • 1013 cm - 2  respectively and 
matching the peak position to the experimental curve. 

inated by proper surface preparat ion it will  not be 
considered fur ther  here. 

The model correctly describes the effect of voltage 
sweep rate i l lustrated in  Fig. 3. Equation [9] shows 
the current  proport ional  to the sweep  rate. Equat ion 
[8] shows the peak position decreasing 0.06V for a 
factor of 10 increase in sweep rate. Both of these effects 
are readi ly seen in Fig. 3. The background current  
on which the peak rides also increases with scan rate 
as expected since it is capacitive current  due to a 
changing voltage across the depletion region of the 
semiconductor. 

Frequency dependent  capacitance and nonuni form 
doping density prevent  preci~ef la tband voltage deter-  
mination.  The capacitance vs .  voltage measurements  at 
1000 Hz that  were made in Conjunction with the ex-  
per imental  reduction peak measurements  in Fig. 6 
show nonuni form doping density with depth. Using 
capacitance-voltage measurements  it is possible, how- 
ever, to determine a difference in flatband potential  
of more than 1V for the electrode in 1M KOH and 
0.5M H2SO4 corresponding to the two measurements  
in Fig. 6. This differs from the 0.8V difference expected 
from the 0.059V/pH shift us~ually a t t r ibuted to TiOe. 
This discrepancy could be due to surface effects de- 
termined by the sequence of measurements.  It could 
affect the relative values for ~ but  does not affect the 
principal  conclusions of this report. Using Vfb : 
--0.3V and Vp = ~0.21V in 0.5M H2SO4 and ~r = 
--1.3V and "Vp m --0.85V in 1M KOH the values of 
a = 3.6 • 10-16 cm 2 and 3.6 • 10 -17 cm 2 respectively 
are obtained. [A value of n b :  Nd = 7 X 1017 cm -3 
was used. It  can be shown that  for nonuni form doping 
with depth the appropriate value for nb in  Eq. [3] 
is its value at the edge of the depletion region. This 
value for •b can be determined from the slope of 
A 2 / C  2 vs .  V at the voltage corresponding to the peak 
(13) . ]  

No at tempt  has been made to determine values of 
with greater  precision to see if there are sample to 
sample and electrolyte to electrolyte variat ions or 
if ~ is approximately the same under  all conditions. 
A better  unders tand ing  of the origin of the states 
responsible for the peak will provide the driving force 
for more precise measurements.  The values for 
determined here are smaller than the geometric cross 
section of a state localized on a single atom. This 
suggests that the state is not positively charged (the 

coulombic at tract ion could make the cross section 
much larger than geometric).  A cross section smaller  
than geometric could be due to poor electronic or pho- 
non coupling between the state and the semiconductor. 
The model developed here could be used to study 
factors that  affect this coupling in  the exper imental  
s i tuat ion described here or in  other exper imental  
circumstances involving charge transfer  between sur-  
face coatings and semiconductors. 

G r o w t h  o f  p e a k . - - T w o  possible circumstances will  
be analyzed to describe the observed growth of the 
reduction peak. One of these assumes a fixed density, 
Ns, of electron s ta tes  on the surface of the electrode. 
After a negative voltage sweep and before i l luminat ion  
these states are assumed to be filled with electrons. 
When the i l luminat ion  is started the density of holes 
at the surface increases by Ps. These holes' move with 
a thermal  velocity, v (assuming the  same effective 
mass as electrons gives v = 107 cm/sec for  both holes 
and electrons),  and interact  with the filled states with 
a cross section, qh. The density of empty states, N, 
grows according to 

d N  
= p s ( N s  - -  N ) ~ h v  - -  n s N a v  - -  N r  [11] 

d t  

where r is the spontaneous hole emission constant, i .e. ,  
N r  is the capture rate of electrons from the valence 
band (ns and ~ were defined at Eq. [3] and [4]). 
Neglecting hole emission and operat ing at a voltage 
well positive of the flatband voltage (in the saturat ion 
region of curve 2, Fig. 1) so that ns can be neglected 

N = Ns[1 -- exp (--Ps~hVt) ] [12] 

is readily obtained if Ps is assumed constant and t is 
the t ime the electrode is i l luminated.  I f  the light is 
stopped at time t and a negative voltage sweep is 
started the N of Eq. [12] becomes the :Ni of Eq. [9] 
if spontaneous decay of N dur ing t h e  ini t ial  period 
of the sweep is neglected. Neglecting hole emission 
and assuming Ps constant  in t ime are probably not 
precisely justified but  are acceptable in this semiquan-  
t i tative t rea tment  in tended to contrast  different ap- 
proaches to describe the processes involved. It  will  
be noted that  Eq. [12] and Eq. [1] are of the same 
form. Furthermore,  Ps is proportional to light in tensi ty  
(12) and consequently to j in the saturat ion region 
of the photocurrent  for the current  densities used here. 
This is consistent with Eq. [2]. 

Another  approach to describe the origin of the 
reduction peak is to treat  it as due to an intermediate  
of the water  spli t t ing reaction 

2H20 + 4h + -~ 02 + 4 H  + [13] 

where h+ is a hole in the valence band of the semi- 
conductor. If $I is a rate constant  for the ra te - l imi t ing  
step of a series of reactions in which a hole produces 
an in termediate  with surface density, N, and % is the 
cross section for a hole to react with this in termediate  
as a next  step in 02 evolution the rate equation for 
this process is 

d N  
= p s S I  - -  p s N ~ p v  - -  n s N ~ v  - -  N r  [14] 

d t  

where the other terms are as before. Using the same 
assumptions as for Eq. [12], (r = 0; ns = 0) 

$1 
N = [1 -- exp (--ps~pvt) ] [15] 

CrpV 

is obtained. All the caveats applied to Eq. [12] should 
be used for Eq. [15] also. The interest ing comparison 
is that the saturat ion value of N in Eq. [15] comes 
na tura l ly  as a result  of the relative rates of a first 
and second oxidation by photoexcited holes. The larger 
value for the reduction peak in KOH compared to 
H~SO~ is readily explained as an increase in $1 due 
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to some difference, e.g., the Helmholtz layer, between 
KOH and H2SO4. Ns in Eq. [12] is pure ly  ad hoc. 

In  most other respects the two approaches give 
similar  results. Both predict sa turat ion values of N 
independent  of l ight in tensi ty  bu t  growth rates de- 
pendent  on light intensity.  

The fact that  the observed capacitance is independent  
of the states being filled or empty, however, suggests 
tha t  the states are neu t ra l  in  both cases. This favors 
the reac t ion- in termedia te  model in  which a chemical 
process such as H + leaving the surface after hole 
capture or O H -  leaving the surface after electron 
capture could main ta in  this neutral i ty .  

More precise analysis of the processes and /o r  new 
exper imenta l  observations are necessary to dist inguish 
be tween the two approaches analyzed here. 

Decay of peak.--The process by which the reduction 
peak decreases dur ing  the delay period between t u r n -  
ing the l ight  off and ini t ia t ing the voltage sweep is 
probably hole emission to the valence band. Some 
al ternat ive  explanations can be eliminated, others 
seem too arbi t rary.  

Electron capture from the conduction band  can be 
el iminated by not ing that  the decay rate is the same 
at ~0.6V and -{-0.8V in 0.JM H2SO4 as noted in the 
observation section. The electron densi ty at the surface 
changes by more than  three orders of magni tude  for 
tha t  voltage change. 

Electron capture from an impur i ty  can be e l imin-  
ated since the decay rate is independent  of s t i r r ing 
dur ing  the delay. Other electrolyte levels are not 
able to donate an electron. Fur thermore,  the decay 
rate is approximate ly  the same in 1M KOH and 0.5M 
H2SO4. 

Electron capture from H20 in the electrolyte is a 
possible explanat ion if a thermal  activation to surface 
states dis tr ibuted in  energy is assumed to explain 
the long t e rm stabil i ty of some of the states. The 
subsequent  chemistry implied by this water  oxidation 
step makes this process seem untenable.  

A s t ra ightforward explanat ion is contained in the 
last term of both Eq. [11] and [14]. With the light 
off and at high voltages both Ps and ns are negligible 
and the equat ion can be integrated to 

N(E)  = No(E)e - r t  [16] 

where  a d is t r ibut ion in  energy is emphasized. Since 
hole emission from a surface state of energy, E, above 
the valence band is an endoenergetic process, thermal  
act ivat ion is required and r can be wr i t ten  in the form 

?" "-- Vo'e~v e - E / k w  [17] 

where ~ ---- 1019 cm -3 is the estimated effective density 
of states in  the valence band and Ce is the cross section 
for a valence band electron to react with the surface 
state. Using a decay constant  �9 ---- 100 sec and ~e : 
10 -16 cm ~ a value of E _-- 0.7 eV is obtained. As can 
be seen from Fig. 2(b) about 30% of the peak area is 
lost in  120 sec. Under  the above assumptions 70% 
of the states would be more than 0.7 eV above the 
valence band. The numbers  used for ~e and ~, are 
only estimates, however, the logari thmic dependence 
makes the value of E weakly dependent  on these 
parameters.  This explanat ion is plausible and if the 
states involved are intermediates  of 02 evolution it 
suggests that  they are 2-2.5 eV below the hydrogen 
potential.  

Summary and Conclusions 
In  thi~ report  exper imental  results have been pre-  

sented which indicate that oxidized states are pro- 
duced on the surface of TiO2 electrodes in aqueous 
electrolytes when the TiO2 is i l luminated  under  con- 
ditions which produce a photocurrent  in the cell. Most 
of these states are still there after several minutes.  
They decrease at a rate consistent with thermal ly  
activated hole emission from states several tenths  

of an eV above the valence band with at least a tenth  
of a volt dis t r ibut ion in  energy. Measurements  on 
other stable electrodes with valence bands higher in  
energy could test this hypothesis. 

The observed reduct ion peak produced by these 
states dur ing  a negative voltage sweep has been ana-  
lyzed as a reaction with electrons in the conduction 
band  at the surface of the semiconductor. They in te r -  
act wi th  a cross section which can be determined by 
the position of the reduct ion peak. P re l imina ry  mea-  
surements  indicate that the cross section is about 
10 -16 cm 2, i.e., smaller  than the geometric cross sec- 
tion. This model describes all of the observed behavior  
and can be used to analyze other surface state in ter -  
actions with semiconductor electrons, e.g., attached 
surface layers. A correlation be tween electron-capture  
cross section and a t tachment  process of the layer  could 
be very useful. 

The saturated density of these oxidized states was 
explained as an intr insic  density of surface states 
or as the result  of the relat ive rate of production and 
consumption of in termediate  states of the O2 evolution 
process. Kinetic considerations in  the growth in densi ty 
of these oxidized states were discussed but  a detailed 
analysis was not developed. 

Evidence support ing the view that  the surface state 
is an in termediate  in  the O2 evolution process was 
discussed. The a rgument  in favor of this view is not  
conclusive at  this point. Measurements  in  other sol- 
vents such as acetonitri le might be useful  in  resolving 
this question. 

What is clear is that  the surface state produced by 
oxidation by a hole from the valence band can also 
be reduced by an electron from the conduction band. 
The net  effect is an electron hole recombination. It  is 
this recombinat ion that  controls the onset of photo- 
current  with voltage in  a m a n n e r  previously de- 
scribed (12). If the state is an in termediate  of the 02 
evolution process it represents an inheren t  l imita t ion 
in  at tempts to use nar rower  bandgap semiconductors 
if its cross sections and energy levels are the same 
for other semiconductors. 
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End Point Detection in Plasma Etching 
by Optical Emission Spectroscopy 

Kadou Hirobe and Takashi Tsuchimoto* 
Computer Development Laboratories Limited, Kodaira, Tokyo 187, Japan 

Optical  emission spectroscopy has been appl ied  to 
precise  end poin t  de tec t ion  in p l a sma  etching (1-4) 
a n d  the method  has many  advantages  super ior  to the 
others  such as mass spectroscopy (5), visual  observa-  
t ion of change in in te r fe rence  colors, and e l l ipsomet ry  
(6). The purpose  of this paper  is to in t roduce  a mea -  
sure for the  end point  detect ion method  using an opt i -  
cal emission and to eva lua te  the lower  l imi t  of detec-  
t ion for etching po lycrys ta l l ine  sil icon (poly-Si )  and 
sil icon n i t r ide  (Si3N4). 

F igure  1 shows a block d iag ram of etching appara tus  
and opt ical  emission observat ion  sys tem which  has 
been used in the exper iment .  P lasma  etching was car-  
r ied out  in a volume loading, ba r re l  type  appara tus  
(Model 2005-1813 SC from In te rna t iona l  P lasma  Cor-  
pora t ion) .  Wafers  were  p laced in a quar tz  wafer  boat  
inside a quartz  chamber.  CF4 + 02 (4%) was used as 
an etching gas. Typical  e tching condit ion was 100W 
rf  power  and 0.5 Torr  (66.5 Pa ) .  Po ly -S i  and SisN4 
films were  p repa red  using the react ion of chemical  
vapor  deposi t ion on the rma l ly  oxidized si l icon sub-  
strates.  The opt ical  emission observat ion  system was 
composed of a spec t romete r  (Model 139 f rom Hitachi ,  
L imi ted) ,  a photomul t ip l ie r ,  an amplifier,  and a re -  
corder.  The resolut ion  of the sys tem was 0.5 nm. The 
emission was v iewed through  the th ick quar tz  window 
at  one end of the  chamber.  No opt ical  lens was used. 
In  the exper imenta l  measurement ,  the  wavelengths  of 
674 and 777 nm were  selected for those spect ra  which  
were  most useful  for Si3N4 and po ly -S i  etching, respec-  
t ively.  I t  is considered that  the  674 nm l ine  is f rom N2 
molecule  and  the 777 nm is from SiF  molecule,  and  N2 

* Electrochemical Society Active Member. 
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Fig. 1. Block dlagram of the etcMng apparatus and optical 
emission observation system. 

and SiF  come from the react ion products  of Si3N4 a n d  
po ly -S i  wi th  CF4 in the  plasma,  respect ively .  

F igure  2 shows a typica l  change in emission in tens i ty  
of the 674 nm line dur ing  etching SigN4 films. The 
emission in tens i ty  increased g radua l ly  wi th  increas ing 
t empe ra tu r e  of the chamber  and of wafers  which were  
wa rmed  up by  rf  discharge,  and then decreased rap id ly  
as the surface a rea  of the  remain ing  Si3N4 film de-  
creased, and finally leveled off a f te r  etching was com- 
pleted.  The end point  was c lear ly  detected at  the point  
where  the curve sudden ly  drops off in the  figure. 
S imi l a r  charac ter i s t ic  changes in the  in tens i ty  of the  
777 nm line emission were  obta ined  for etching po ly -S i  
film. 

A new measure  is in t roduced  for express ing the 
lower  l imi t  of detect ion of the end point. The measure  
is defined as the rat io  of the change in emission in-  
tensi ty  at the end point  (B) to the m a x i m u m  emis-  
sion in tens i ty  (A) ,  name ly  B/A. In o rder  to evalua te  
the  lower  l imi t  of detect ion of the  method  for po ly -S i  
and SigN4, the  re la t ions  be tween  B/A  and the area  
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Fig. 2. Typical emission intensity of 674 nm .qs a function of 
time. 
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of the sample  were  examined.  The expe r imen ta l  r e -  
sults a re  p resen ted  in Fig. 3. The in tens i ty  ra t io  B/A  
was dependent  on mate r ia l s  to be etched. The B/A  
for SigN4 was much grea te r  than  tha t  for  poly-Si .  The 
end point  was prec ise ly  detected on the redorder  char t  
when B / A  was l a rge r  than  1%. Therefore,  the  end 
poin t  could be prec ise ly  detected when  the surface area  
of the samples  was l a rge r  than  0.3 cm 2 for Si3N4 and 
2 cm 2 for poly-Si .  

In  o rde r  to exp la in  the  differences in the  lower  l imi t  
of de tec t ion  be tween  po ly -S i  and SigN4, the  re la t ions  
be tween  photons emi t ted  f rom the p lasma  and the 
surface  a rea  of samples  were  inves t iga ted  using the 
fol lowing assumptions.  (i) The number  of photons 
emi t ted  f rom SiF  or N2 is p ropor t iona l  to the volume 
of e tched area,  (ii) the  volume is p ropor t iona l  to the 
surface area, (iii) the  number  of photons detected is 
p ropor t iona l  to in t eg ra ted  emission intensi ty,  (iv) the  
in t eg ra ted  in tens i ty  is p ropor t iona l  to the  area  shown 
as the shaded a rea  in Fig. 2. F rom these assumptions,  
the  in tegra ted  in tens i ty  can be expressed  by  the equa-  
t ion 

f le t  = K " S n [1] 

where  I is the  emission in tens i ty  (photons sec-1) ,  t is 
the  e tching t ime (sec) ,  K is a constant  (photons cm -9-) 
and  S is the  surface a rea  of sample  (cm2). Expe r i -  
men ta l  re la t ions  are  shown in Fig. 4. The in t eg ra ted  
in tens i ty  of 674 nm spec t rum was l inear  wi th  the a rea  
of sample  and the va lue  of n was nea r ly  unity,  whi le  
for 777 nm the in t eg ra ted  in tens i ty  was not p ropor -  
t ional  to the surface a rea  and n was 1.71. The  devia t ion  
of n from uni ty  in case of moni tor ing  po ly -S i  e tch-  
ing by  777 nm spec t rum wil l  be exp la ined  as the SiF  
molecule  also comes f rom the react ion be tween  the 
quar tz  chamber  and the  CF4 plasma.  On the other  
hand,  for  Si3N4 etching N2 molecules  a re  formed only  
by  the react ion of SisN4 wi th  the  plasma. Therefore,  
the change in the 674 nm emission in tens i ty  is thought  
to be p ropor t iona l  to the change of amoun t  of N2. 

Expe r imen ta l  resul ts  ob ta ined  in this  s tudy  have 
shown tha t  opt ical  emission spectroscopy is able  to 
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detect  the  end point  in etching smal l  surface areas  of 
po ly -S i  and SigN4 films precise ly  and the method  has 
wide appl icat ions  in the control  of p lasma etching. 

Manuscr ip t  submi t ted  Nov. 16, 1978; rev ised  m a n u -  
scr ipt  received May 30, 1979. 

A n y  discussion of this paper  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1980 
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cussion Section should be submi t t ed  by  Aug. 1, 1980. 
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The Effects of Different Environments on the 

Thermal Stability of Powdered Samples of LiAIO  

F. A. Finn* 

Argonne National Laboratory, Argonne, Illinois 60439 

The second generat ion fuel cell presentIy being de- 
veloped by the Depar tment  of Energy is the mol ten 
carbonate fuel cell (1). The system, which will be 
coal-fueled, is anticipated to be a high-efficiency elec- 
tric generator. Li th ium a luminate  is used in mol ten-  
carbonate fuel cells as the matr ix  support  mater ia l  
for the carbonate electrolyte (1-3). Powdered mix-  
tures of LiA102 and alkali  carbonate are blended and 
then hot-pressed into a thin electrolyte s t ructure  (tile) 
which is sandwiched between the two electrodes. 
Changes in the physical form of LiAIO2 at the cell 
operating temperature  (925~ will  alter both the 
strength and the e lectrolyte-retent ion properties of 
the tile. 

The three allotropic forms of LiA1Oe (~-, ~-, and 7-) 
belong to the following crystal groups, hexagonal (4), 
orthorhombic (5), and tetragonal  (6). and have den-  
sities of 3400 (4), 2610 (7), and 2615 (6) k g / m  3, re-  
spectively. Lehmann  and Hesselbarth (8) and Lejus 
(9) f o u n d  that in air in the absence of carbonate, 
7-LiA102 was the stable allotrope at temperatures  
1173~ In the presence of l i th ium carbonate in air, 
the temperature  at which a-LiA102 transforms to 7- 
LiA102 is lowered to ~-- 973~ (10, 11). Fischer noted 
that the t ransformat ion of ~- to ~-LiA10~ occurred at 
1173~ (7) (no details were given);  however, the 
effect of l i th ium carbonate on the phase t ransformat ion 
of ~- to 7-LiA102 was not reported. Studies on the 
crystal growth of LiA102 as a funct ion of time, tem- 
perature,  or gas env i ronment  were not  found in the 
l i terature.  To increase our knowledge of the LiA102 
system, the thermal  stabil i ty of ~-, ~-, and 7-LiA102 
to both allotropic t ransformat ion and crystal growth 
has been studied as a function of time, temperature,  
and environment .  

Experimental 
To obtain informat ion useful to fuel-cell  opera- 

tion, we have heated powdered samples in gold cruci- 
bles for  24-1000 hr at 875~176 in three gas en-  
v i r o n m e n t s - a i r ,  CO2, and 80% H~-20% CO~ saturated 
with H20 at 295~ All samples containing alkali  car- 
bonate consisted of 45 weight percent  (w/o)  LiA102 
and 55 w/o Li2CO3-K2COs [(62-38 mole percent  
(m/o) ] ,  the electrolyte composition present ly  being 
used in mol ten-carbonate  fuel cells. The three allo- 
tropic forms of LiA10~ were prepared in this labora-  
tory (see Table I) .  Clump-shaped particles of a-LiA102 
were prepared by heating a mixture  of Degussa 
7-A12Q and reagent  grade Li2CO.~ (1:1.5 mole ratio) 
at 873~ for 24 hr in air enriched in CO2. To produce 
fl-LiA102, an aqueous s lurry  of 7-A12Os-LiOH-KOH 
in the mole ratio of 1.0:4.1:1.2 was evaporated to dry-  
ness. The residue was ground before exposure to air 
enriched in CO2 for 6 hr at 295~ and then 4 hr at 
873~ (12). The 7-LiA102 was obtained by heat ing 
a-LiA102 in the presence of Li2CO~ at 973~ for 17 hr 
in air. Carbonate was removed from samples by 
washing with a 50:50 volume mixture of glacial acetic 
acid and acetic anhydride, followed by a methanol 
wash. Samples were characterized by x-ray diffrac- 
tion, scanning electron microscopy, and BET surface 
areas. 

* E lec t rochemica l  Society Ac t ive  Member.  
Key words :  mo l t en  ca rbona te ,  fue l  cell, a l lotropic t r a n s f o r m a t i o n ,  
crystal  g row t h ,  LiA10~. 
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Experimental Results 
A summary  of the test results for the all0tropic 

t ransformat ion of ~- or ~-LiA10~ to 7-LiA102 a r e  
presented in Table II. Ini t ia l  tests were conducted in 
the absence of carbonate to verify the temperatures  at 
which the t ransformat ion of either ~- or ~- to 7-LiA102 
occurred. A sample of ~-LiA1Oe that  was heated at 
l l l 0 ~  for 64 hr remained ~-LiA102. Another  sample 
that was heated at 1210~ for 40 hr t ransformed to 
7-LiA102; a minor  amount  of LiAI~Os (a decomposi- 
tion product formed by the loss of Li20) was also pres-  
ent. The mater ia l  after  t ransformat ion  to 7-LiA102 
consisted of small b ipyramidal -shaped particles with a 
surface area of 15 m2/g. Our results are consistent with 
Hesselbarth (8) and Lejus (9) who found that  
~-LiAIO2 transformed to 7-LiA102 at ,~1173~ A sam- 
ple of ~-LiA102 that was heated at 1030~ for 23 hr 
remained /~-LiA1Oz. Another  sample of ;3-LiA102 that  
was heated at l l l 0 ~  for 24 hr t ransformed to 
7-LiA1Oz,, and a minor  amount  of ~-LiAIO~ remained. 
The particles, after t ransformat ion to 7-LiA102, re-  
tained the rod configuration. The t ransformat ion of 
;3- to 7-LiA102 thus occurs in air in <24 hr at tempera-  
tures <1110~ but  >1030~ Our results complement  
those of Fischer (2) which were obtained at 1173~ 
In air in the absence of carbonates, ~-LiA1Oz t rans-  
formed to 7-LiA102 at a tempera ture  lower than that  
at which ~-LiA102 transforms to 7-LiA102. This re-  
sult  would indicate that ;~-LiA102 is less stable to allo- 
tropic t ransformat ion than  ~-LiA102. 

Table I. Physical characteristics of untreated LiAI02 

Allo t ropo  

Sur face  
area 

(m2/g)  Par t i c le  shape 

Par t i c l e  
dimension 

(tLm) 

a-LiA1Os 

;9-LiA10~ 
7-LiAIO~ 

60 Clumps of smal l  
par t ic les  

12 Rods 
3 Bipyramids  

< 0.25 
l x 0 , 2  

0.5 

Table II. The stability of c~- and ~-LiAI02 to allotropic 
transformation to 7-LiAI02 

Allo- T e m p  T i m e  
t rope  E n v i r o n m e n t  (~ (h r )  P ro d uc t  

Air  1110 64 
c~ Air  1210 40 "y 
c~ Air ,  L i / K  1 875 24 7 ( m a )  s, c~(me) ~ 

HCH~, L i / K  875 160 a ( m a ) ,  7 (mi )~  
a CO2, L i /K  975 442 
c~ COe, L i /K  975 1062 7 

;9 Ai r  1030 23 
;9 Air  1110 24 7, f l (mi)  
;9 Air,  L i /K  945 352 7 

ITCH, L i / K  945 787 
;9 HCH, L i / K  975 107 7 
fl COe, L i / K  975 991 7 

1 L i / K  = 62 m / o  Li2C03 -- 38 m / o  I~COa (55 w / o ) .  
m a  - m a j o r  

z me = medium 

4 HCH = 80% He-20% COe s a t u r a t e d  wi th  H~O at  295~ 
mi  = minor 
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In  fur ther  thermal  tests, powdered samples contain-  
ing LiA102 and 55 w/o carbonate were heated for 24 
hr to ,,~1000 hr at temperatures  of 875~176 in three 
gas env i ronments - -a i r ,  COrn and 80% H2-20% CO2 
saturated with water  at 295~ The test results are 
summarized in Table II. A sample of a-LiA102 that  
was held for 24 hr at 875~ in  air, t ransformed to 
7-LiA10~, a medium amount  of a-LiA10~ remained. 
The sample after hea t - t rea tment  consisted of small  
b ipyramidal -shaped  particles with a surface area of 
<5 m2/g. At 925 ~ and 975~ only very  minor  amounts  
of a-LiA102 remained after ,-,24 hr, and the shape of 
the particles, small  bipyramids,  was similar  to that  
observed at 875~ Thus, in  the presence of carbonates, 
a sample of a-LiA102 with high surface area (60 m2/g) 
was unstable  when  heat - t rea ted  in air above 875~ 
In  an env i ronment  consisting of 80% H2-20% CO2 
saturated with water  at 295~ a sample of a-LiA102 
contained a minor  amount  of 7-LiA102 after ei ther 
160 hr  at 875~ or 24 hr at 925~ However ,  after 121 
hr  at 975~ significant amounts  of both ~- and -y- 
LiA10~ were present. The samples after hea t - t rea t -  
ment  at 875% 925 ~ or 975~ consisted of small  bi-  
pyramidal -shaped particles with surface areas of ,.-5 
m2/g. These results indicate that, in  the presence of 
carbonates, a-LiA102 is uns table  when  heat - t rea ted  
in a 80% H2-20% CO2-H20 environment .  A sample 
of a-LiA102 held in CO2 for 140 hr at 875~ remained 
~-LiA102. A second sample held 442 hr at 975~ did 
not t ransform to 7-LiA102; but  after 1062 hr at 975~ 
~-LiA102 was the major  species present. Bipyramidal -  
shaped particles were produced with surface areas 
of <5 m2/g. Evidently,  a long period is required in 
the presence of CO2 to accomplish the t ransformat ion 
of a- to ~-LiA102. The samples held in CO2 exhibited 
crystal  growth, bu t  the rate of growth was slower in 
COs than  in air  or 80% H2-20% CO,,-H20. In  the pres-  
ence of carbonate, pure CO2 slows both the t ransfor-  
mat ion  of a- to 7-LiA102 and the rate of loss of sur-  
face area of the samples. 

In  air, ~-LiA102 in the presence of 55 w/o carbon-  
ate was stable for 2400 hr  at 925~ to allotropic t rans-  
formation;  crystal growth was minimal.  At 945~ 
~-LiA102 was still present  after 112 hr  bu t  7-LiA102 
was the only species present  after 352 hr. At 975~ 
more than 100 hr was required to t ransform com- 
pletely ~- to 7-LiA102. The ~-LiA102 consisted of 
b ipyramidal -shaped  particles with a surface area of 
<2 m2/g. In  the 80% H2-20% CO2-H20 environment ,  
fl-LiA102 was stable for 2400 hr at 925~ and for 787 
hr at 945~ but  after 107 hr at 975~ only 7-LiA102 
was present. Thus, as the tempera ture  is increased, 
7-LiA102 becomes the only stable allotrope in 80% 
It2-20%CO2-H20. In  CO2, ~-LiA102 was present  after 
212 hr  at 925~ After 991 hr at 975~ only -y-LiA102 
was present;  a minor  amount  of 7-LiA102 was de- 
tected after 211 hr  at 975~ The 7-LiA102 product 
consisted of b ipyramidal -shaped particles. From these 
results, i t  appears that  p-LiA102 transforms to ~/- 
LiA102 at a lower tempera ture  in the presence of 
carbonates than  in their  absence. In  all the envi ron-  
ments  studied, ~-LiA102 t ransformed to 7-LiA102 when 
held at temperatures  of 945~ or greater  for periods 
of --~ 1000 hr. 

No t ransformations of 7-LiA102 in  the presence of 
carbonates to ei ther a- or ~-LiA102 were detected 
under  the conditions studied (i.e., powders held at 
875 ~ 925 ~ , and 975~ for times of 24-1000 hr in the 
three gas envi ronments ) .  Because the 7-LiA102 sam- 
ple had a low ini t ia l  surface area, 3 m2/g. crystal 
growth was detectable only at 975~ in all three gas 
environments .  The growth rate  was highest in  air 
and lowest in  CO2. 

Discussion 
A solubil i ty of LiA10~ (form unspecified) of 3 • 

10-4M at 975~ in  the t e rna ry  carbonate (Li2CO3- 
Na~CO~-K~CO~) has been reported (3). At this con- 

centration,  an appreciable amount  of LiA102 is in  
solution in the form of Li + and A102-. The mobil i ty  
of these dissolved species would play an impor tant  
role in the growth mechanism of LiA102 particles. 
Therefore, a solut ion-deposit ion mechanism is quite 
feasible in the LiA102-carbonate system. The carbon-  
ates themselves are subject to both thermal  decom- 
position and reaction with water. The dissociation con- 
s tant  of Li~CO8 at 925~ is ~ 9 • 10 -8 (13) 

Li2CO3 ---- 2Li + q- O 2- + CO2 [1] 

The hydrolysis constant  of Li~CO3 at 925~ is ___ 4 • 
10 -4 (14) 

Li2CO8 + HzO = 2Li + + 2 O H -  + CO2 [2] 

The constants for K2CO3 are two orders of magni tude  
smaller. High concentrat ions of CO2 would suppress 
both these reactions. However, in  an air environment ,  
the low part ial  pressure of CO2 and high part ial  pres-  
sure of H.I20 would favor the production of significant 
amounts  of Li + and 0 2 -  in  reaction [1] and Li + and 
O H -  in reaction [2]. P re l imina ry  experiments  in  this 
laboratory indicate that, in  the presence of large 
amounts  of LiOH and KOH, in an air atmosphere, the 
t ransformat ion of a- and ~-LiA102 to 7-LiA102 at 
925~ proceeds rapidly. Crystal  growth is extensive 
in less than 5 hr, producing 7-LiAlO2 with surface 
areas <5 m~/g. These data suggest that  LiA102 is more 
soluble in hydroxide-conta in ing melts than in pure 
carbonate melts. The presence of hydroxide species 
in the carbonate melts facilitates both crystal growth 
and the t ransformat ion of ei ther ~- or fl- to -y-LiA102. 

Conclusions 
The exper imental  data on the behavior  of the three 

forms of LiA102 in the presence of mol ten carbonate 
suggest the following conclusions. First, the t ransfor-  
mations of both a- and ~-LiA102 to 7-LiA102 occur 
at lower temperatures  in  the presence of carbonate 
than in its absence, i.e., 873~ vs. 1173~ for ~- and 
945~ vs. 1110~ for ~-. Thus, in  the presence of 
carbonate at fuel cell operat ing temperatures,  the 
E-form is stabilized relat ive to the a-form at tem- 
peratures --~ 945~ Second, in the presence of car- 
bonate, both a- and ~-LiA1Q transform to ~-LiA102, 
the rate being greatest in air and lowest in CO2. This 
suggests that  CO2 slows the t ransformations of ~- and 
8- to 7-LiA102 by suppressing the hydrolysis of Li2CO3 
and /or  K2CO3, thus l imit ing the formation of Li + and 
OH- .  Third, crystal growth occurs with all three 
allotropes and proceeds at a much higher rate in the 
presence of the carbonate melt, thereby suggesting a 
solution-deposit ion mechanism. The rate of crystal 
growth for all three allotropes of LiA102 is highest in 
air and lowest in CO2. Therefore, by suppressing O H -  
formation, CO2 decreases the solubil i ty of LiA102 in 
the carbonate melt  and reduces both crystal growth 
and the transformation of ~- and ~- to 7-LiAIO2. On 
the other hand, a large partial pressure of I-I~O would 
increase the solubility of LiAIO2 in the carbonate melt 
increasing crystal growth and the rate of transforma- 
tion of ~- and ~- to 7-LiA102. 
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The Use of Etching Techniques in the 
Characterization of Degraded GaAs-GaAIAs Lasers 

T. van Dongen, R. P. Ti jburg,  and J. Bakker 

Philips Research Laboratories, Eindhoven, The Netherlands 

The appearance of nonluminescent  areas in stripe 
geometry GaAs-GaA1As double heterostructure (DH) 
lasers has previously been identified by Deloach and 
co-workers as related to a major  degradation mecha- 
n ism (1). The correlation between the dark lines 
and dislocations in  the active layer itself or the ad- 
jacent  GaA1As layers has been demonstrated by means 
of t ransmission electron microscopy (TEM) (2) and 
subsequent  use of a dislocation etchant and a selec- 
tive etchant  (3). The authors of the lat ter  reference 
used bars of DH material  in which dark line pat terns 
were generated by optical pumping with a krypton 
laser. With etching, they only found textured pat terns 
correlated with the degradat ion-related dark features 
in  the GaA1As layer close to the interface with the 
active layer. 

In  the s tudy of degraded lasers it may be useful to 
detect in which layer degradat ion-rela ted phenomena 
are present  and what  may be their start ing point. 
With a combinat ion of selective etching and photo- 
etching, we are able to reveal the presence of degrada- 
t ion-rela ted phenomena in several layers of a DH 
laser including the active layer. 

Selective etching of the various compounds present 
in DH material  has already been described in Ref. 
(4) and (5). For the selective etching of the GaAs 
capping layer we used a rough copy of the pH-7 etch- 
ant  consisting of 25 ml H202, 25 ml HeO, and 8 drops 
NH~OH. The p- type GaA1As layer was removed selec- 
t ively with a solution of 50 mg Ce(SO4)2"4H20, 50 mg 
Ce(NO3)8.6H20, and 500 mg Fe2(SO4)8.H20 in 50 ml 
H20. The Fe2(SO4)s was added to keep the pH of 
the solution lower than or equal to two. 

Selective photoetching has been shown to be a 
sensitive technique for the determinat ion of crystal 
imperfections in GaAs. Recently, Kuypers  and van 
Gils of this laboratory (7) showed a one- to-one cor- 
relat ion between nonluminescent  spots in epitaxial  
(100) GaP and features revealed by selective photo- 
etching. Their  etchant, consisting of 20 ml H2SO4 
(96%), 20 ml H3PO4 (85%), and 0.2 ml H202 (30%), 
was used for our experiments.  

The time needed to reveal defects depends on the 
incident  light intensity;  30 sec to 1 min  is general ly  
sufficient to reveal the desired features at room tem- 
perature,  using a tungsten 45W microscope lamp, 
focused to a spot of 1 cm 2. 

The degraded lasers studied were cleaved from a 
s tandard double heteroslice composed of four epilayers 

Key words; diodes, lasers, etching. 

grown by liquid phase epitaxy on a (1O0) substrate. 
The lasing area was restricted by a proton bombard-  
ment  or a pyrolytic silicon dioxide layer  on top of 
the capping layer. In most cases, the dimensions of 
the stripes were 10 • 300 ~m '~. 

After life test a laser was desoldered from the 
mounts. The ind ium solder had been removed from 
the surface with concentrated HC1. The chromium- 
p la t inum contact on the capping layer had been re-  
moved also in the etchant since the chromium dis- 
solves readily when it is in contact with plat inum. 
Next, each subsequent  layer  was treated with the 
photoetchant in order to reveal any defect present. 
After photoetching, the appropriate selective etchant 
was used to remove the whole layer. In the diodes 
studied, we found with photoetching the same degra- 
dat ion-related pat tern  as was present in the spon- 
taneous emission as viewed through the substrate 
and as revealed by EBIC. Mostly, the textured pat tern 
became visible only in the active layer. Only crystal 
defects generated dur ing the growth could be revealed 
in the matching GaA1As layers. Figure la  shows the 
EBIC pat tern of a degraded oxide stripe laser diode. 
Figure lb  shows the same diode with a similar pat tern  
revealed by photoetching of the active layer. 

Figure 2a shows a dark l ine pat tern  in the spon- 
taneous emission viewed through a window in the 
substrate contact. The same pat te rn  revealed by etch- 

Fig. la. Electron beam induced current topograph ot a degraded 
oxide stripe double heterojunction laser diode. 
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Fig. lb. The dark lines of la revealed by photoetching of the 
active layer. The etch rate of the dark lines is lower than that of 
the undisturbed material. 

ing of the  act ive l aye r  under  i l lumina t ion  is shown 
in Fig. 2b. Since this figure gives a v iew of the surface 
opposi te  to tha t  of the  spontaneous emission, the 
di rect ion of the e tched pa t t e rn  is opposed to tha t  of 
the  da rk  lines. 

Fig. 2a. Dark lines in the spontaneous emission of a laser diode 
viewed through a window in the suhstrate contact. 

Fig. 2b. The dark lines of Fig. 2a revealed by photoetching of 
the active ~ayer. This figure gives a view of the surface opposite 
to that of the spontaneous emission. The direction of the etched 
pattern is opposed to that of the dark lines. The crystal imper- 
fections, a, show a higher etch rate than the dark lines, b. 

Fig. 3. This dark line structure revealed by photoetching is 
typical for a clark line initiated at a mirror of a GaAs-AIGaAs 
double heterojunction laser. 

In the  t ex tu red  pa t t e rn  of Fig. 2h obta ined  with  
photoetching,  w e  see a dilYerence be tween  the da rk  
l ines and the crys ta l  imperfect ions.  The da rk  l ines 
show a lower  etch ra te  than the ad jacen t  und i s tu rbed  
mater ia l .  The crys ta l  imperfect ions,  however ,  show 
a higher  etch ra te  than the ad jacen t  und i s tu rbed  
mater ia l .  This l a t t e r  behavior  is in accordance wi th  
the resul ts  observed  by  K u h n - K u h n e n f e l d  on dis-  
locations in p - t y p e  GaAs [Ref. (6)] .  As yet, the lower  
etch ra te  of the da rk  l ines remains  unexpla ined .  

If we s tudy the etched samples  wi th  secondary  
emission in a scanning e lect ron microscope, the re -  
solving power  is m a n y  t imes be t t e r  than  tha t  of p ic-  
tures  obta ined f rom the spontaneous emission th rough  
the substrate .  Since detai ls  of micron size are  c lear ly  
observable ,  the resolut ion is also be t te r  than  that  of 
EBIC pictures.  As is a l r eady  known, the  da rk  fea tures  
in i t i a ted  at  the mi r ro r  and  associated wi th  ca tas t rophic  
fa i lure  are  a t t r i bu ted  to c rys ta l lographic  damaged  
regions (8). Wi th  photoetching of the act ive layer ,  
i t  can be made  vis ible  tha t  these defects  are  of d i f -  
fe rent  s t ruc ture  than  the da rk  lines which ar ise  
e lsewhere  in the active l aye r  (see Fig. 3). 
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Electrochromism at Niobium Pentoxide Electrodes 
in Aqueous and Acetonitrile Solutions 

Benjamin Reichman* and Allen J. Bard* 
Department of Chemistry, The University o] Texas at Austin, Austin, Texas 78712 

Display devices based on electrochromic 
effects on metal oxides are current ly being 
investigated in tens ive ly .  For example a num- 
ber of studies on the electroreduction of WO 3 
to form the blue hydrogen tungsten bronze, 
HxWO 3, which can be revers ib ly  bleached upon 

oxidat ion have been reported ( I -4 ) .  However 
the slow dissolut ion of WO 3 in the aqueous 

su l fu r ic  acid solutions used as the electro- 
lytes in most cel ls  has prevented appl icat ion 
of th is  system to pract ical  devices. Systems 
with WO 3 based on nonaqueous solvents, such 

as glycerol and ace ton i t r i l e ,  with formation 
of H- or Li-bronzes have also been described 
(5-8), but these also have problems (dissolu- 
t ion,  i r revers ib le  color ing, or slow re- 
sponse). We report here prel iminary experi-  
ments demonstrating electrochromic behavior 
of Nb205 in both aqueous and ace ton i t r i l e  

(AN) solut ions. This oxide, which is insolu- 
ble in many media, shows reasonableresponse 
times and reversible coloring and bleaching, 
and so appears to be a promising system for 
electrochromic devices. Moreover the excel- 
lent s t a b i l i t y  of Nb towards corrosion in 
mineral acids because of the protect ive Nb205 

layer (9) suggests that th is  material should 
form stable systems. 

The Nb205 electrodes were prepared by 

heating a niobium metal disk (12.7 mm d ia . ,  
cut from a rod of 99.8% Nb obtained from Alfa 
Ventron) in a i r  to ~500 ~ C for about I0 min 
which produced a white layer of Nb205 about 

15 ~m thick.  Electr ical  contact was made to 
the Nb metal by scraping o f f  par t of the 
oxide and connecting a Cu wire to the Nb with 
s i l ve r  epoxy cement. A typical  current- 
potential curve recorded with th is  electrode 
in 1M H2SO 4 with a Pt wire as a counter 

electrode and vs. a Hg/Hg2S04/I M H2SO 4 

*Electrochemical Society Active Member. Key 
words: semiconductors, displays, voltam- 
metry. 

reference electrode, is shown in Fig. I .  
The cathodic current which started at tO V 
vs. NHE is associated with colorat ion of the 
Nb205 layer and the anodic currens which 

appeared af ter  reversal of the potential  
scan d i rec t ion,  is associated with the bleach- 
ing process. Upon reducing th is  electrode in 
the aqueous 1MH2SO 4 with a potential  step 

to -0.6 V vs. NHE, a dark blue color appeared 
on the electrode surface. The blue color 
disappeared upon oxidat ion by a step to + 1 
V vs. NHE. The electrochromic process was 
reversible with a response time of less than 
1 sec. 

Electrochemical reduction and colorat ion 
of the Nb205 electrode could also be carried 

out in AN solut ion containing 0.8 M LiCIO 4. 

All solutions were prepared in an iner t  at-  
mosphere glove-box by dissolving the LiCIO 4 

(dried by heating under vacuum at I I 0  ~ C for 
three days), in AN ( d i s t i l l e d  before use by 
a previously described procedure ( I0 ) ) .  The 
electrochemical cell containing a Pt counter 
electrode and bleached Nb205 quasi-reference 

electrode was f i l l e d  in the glove box, then 
sealed with vacuum grease and removed for the 
electrochemical experiments. A current- 
potential  curve of the Nb205 electrode in the 

AN/LiCIO 4 solut ion is shown in Fig. 2. The 

cathodic current which started at about 0 V 
vs. the Nb205 reference electrode is associa- 

ted with colorat ion of the f i lm.  The elec- 
trode surface was bleached during passage of 
the anodic current which appeared fol lowing 
potential scan reversal. Upon stepping the 
electrode potential between -0.8 V and +1.5 
V in these solut ions,  the electrode could be 
colored and bleached revers ib ly  with a re- 
sponse time of 1 to 2 sec. Continuous color- 
ing and bleaching (I sec steps) was carried 
out three days with no apparent changes in 
behavior. 

The Nb205 appeared to be stable in the 

aqueous-sulfuric acid and the AN solutions 
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under cycl ing and at open c i r c u i t ,  although 
in the case of the aqueous solut ions some 
hydrogen evolution appeared during the colora- 
t ion process. 

While we have not yet invest igated the 
mechanism of th is  reaction in any de ta i l ,  as 
a working hypothesis we propose that the color-  
ing process in aqueous and AN solut ions occurs 
e i ther  by niobium bronze formation (by analogy 
to the tungsten bronzes) or by reduction of 
niobium(V) (9): 

xH + + xe- + Nb205 § § HxNb205 

(aq. H2SO 4) [ I ]  

xLi + + xe- + Nb205 § § LixNb205 

(LiCIO4/AN) [2] 

Acknowledgment.--The support of th is  
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acknowledged. 
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Fig. I .  Current-potent ia l  curve recorded with 
Nb205 electrode in aqueous 1M H2SO 4 so lut ion;  
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The Advantages of RHEED over LEED for 
Surface Studies of Emersed Electrodes 

D. M. Kolb and G. Lehmpfuhl 
Fritz-Haber-Institut der Max-Planck-Gesellscha~t, D-IO00 Berlin 33, Gerlnany 

Investigations on the structural properties 
of bare and adsorbate covered electrode sur- 
faces by electron diffraction are among those 
which cannot be performed directly in situ. 
The most obvious approach to this problem 
which has been chosen in the past by several 
groups (]-5) is the removal of the electrode 
from the electrochemical environment and sub- 
sequent transfer into a vacuum chamber where 
highly structure-sensitive electron diffrac- 
tion methods can be employed. The obvious 
choice at first thought for structural in- 
vestigations in vacuo is LEED (low energy 
electron diffraction) and this technique has 
been used nearly exclusively for the study of 
the structure of removed electrode surfaces. 
The results obtained so far show definite pro- 
mise, although they differ somewhat from group 
to group. We have chosen an alternative ap- 
proach. In two recent publications we reported 
first results on structural investigations of 
electrode surfaces and adsorbates using RHEED 
(reflected high energy electron diffraction) 
(6,7). In the present communication we reem- 
phasize those advantages of RHEED over LEED 
which are of crucial importance to these com- 
bined electrochemical and vacuum studies to 
effect genuine information transfer. 

In diffraction experiments we observe a sec- 
tion through the reciprocal lattice. In case 
of a surface lattice due to a two-dimensional 
array of atoms the reciprocal lattice consists 
of reciprocal lattice rods. In LEED we observe 
the vertical section through these rods, while 
in RHEED only a nearly tangential (or horizon- 
tal) section by the Ewald sphere through a re- 
duced number of rods is observed. 

LEED requires ultra high vacuum (UHV) condi- 
tions while RHEED does not. Usually a LEED 
pattern is not observed from a newly inserted 
sample unless it is annealed or/and ion bom- 
barded. This is well documented in many sur- 

Key words: electrode emersion, surfaces, RHEED. 

face science articles. Such a pretreatment, 
however, inevitably destroys the "electro- 
chemical" information of the surface, i.e., 
with LEED we no longer view that surface which 
experienced electrochemical manipulation. E.g. 
in ref. (5) it is stated that no LEED pattern 
is obtained by observation directly after re- 
moval of the Pt electrode and transfer into 
the UHV chamber. Therefore a 500 eV Ar bom- 
bardment was employed until reasonably sharp 
diffraction spots appeared. It was assumed 
that this procedure removed the adsorbed im- 
purities only (mainly C and 0 containing spe- 
cies) leaving the underlying Pt surface un- 
changed. This is a highly disputable assump- 
tion which we question, since a 250-500 eV ion 
bombardment is standard procedure not only to 
clean but also to renew surfaces by removing 
several substrate surface layers. It seems 
therefore that after such a treatment the sur- 
face is no longer the same as that which was 
in the electrolyte. 

RHEED, on the other hand, is not bound to UHV 
conditions since impurity layers are easily 
penetrated by the high energy electrons and 
are not observed as long as they are arranged 
randomly. The latter, however, is the usual 
case. If it were not, it would be interesting 
information in itself. The grazing angles of 
incidence yield an information depth of about 
five atomic substrate layers for perfectly 
flat surfaces, which makes RHEED comparable 
with LEED in surface sensitivity. While in- 
formation on the surface structure and on fa- 
cetts can be gained about equally well with 
LEED and RHEED, the latter technique can yield 
additional information on the bulk properties 
of the sample and on the smoothness of the sur- 
face, which is not accessible by LEED (8). Be- 
sides, the efficiency of ordinary high vacuum 
RHEED in terms of time and expenditure is also 
a significant advantage over LEED. 

In the following some examples are given which 
demonstrate the power of RHEED for surface 
analyses of emersed electrodes. We have stated 
in a recent publication (7) that the pronoun- 
ced desorption peak at -0.14 V (SCE) in the 
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current-potential curve for Pt in I N H2SO 4 
is due to hydrogen on Ft(110), while H on 
Pt(111) yields a rather unstructured desorp- 
tion spectrum. Furthermore, we found that se- 
veral potential excursions into the oxide re- 
gion with an initially perfect Pt(111) surface 
gives rise to the peak at -0.14 V, character- 
istic for the (110) face (see e.g. Fig. 4 in 
ref. (7) and compare with Fig. 11 in ref. (5)). 
Obviously a surface change occurs and our 
RHEED data support this view. The shape of the 
diffraction spots which contains information 
on the size and surface orientation of the co- 
herent scattering areas, indicates facetting 
of the (111) surface during these potential 
excursions, with (110) facets being the most 
likely ones, in agreement with the electro- 
chemical finding. 

Drastic surface distortions on the Pt(111) 
surface by repetitive potential cycling into 
the oxide region, have also been observed with 
LEED, however, only as an increase in the an- 
gular width of the LEED spots and their gra- 
dual disappearance (5). More subtle changes 
on electrode surfaces, such as superstructures 
from bare reconstructed or adsorbate covered 
surfaces, will certainly not be found in LEED 
after the ion bombardment. Using RHEED we have 
observed such reconstructions on Au and Ag 
single crystal surfaces due to adsorption or 
surface reactions (e.g. Cu adsorption on 
Au(111) (6) or AgCI formation on Ag(111) (9)). 
Such reconstructions proved to be very deli- 
cate. Some of the superstructure features dis- 
appeared slowly during observation because of 
the electron bombardment. It is clear that 
weakly bound states would not withstand the 
ion bombardment pretreatment which is required 
for observation of LEED patterns. 

~n the very interesting and beneficial combi- 
nation of electrochemical and surface physics 
techniques the transfer of the electrode from 
the electrochemical cell into the vacuum cham- 
ber is a crucial and delicate step. To be sure 
that the surface is changed as little as pos- 
sible after electrochemical manipulation the 
choice of a diffraction technique is important 
which accepts the electrode surface as it is 
and does not demand further preparation cycles. 
This seems to be the case with RHEED rather 
more than with LEED. 
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Synthesis of Diamond 
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It was attempted to produce fine 
particles of diamond by means of 
chemical explosion. A mechanical 
mixture of carbon monofluoride and 
copper in their powdered states was 
submitted to a shock-wave compres- 
sion in a closed vessel of steel. 
The ratio of both materials was 1:9 
by weight. The maximum pressure of 
this shock-wave compression amount- 
ed to about 0.6 mega-bars, whose 
duration was about one pico-sec. 
The technique and the apparatus for 
generating this shock-wave and for 
transmitting it to the steel vessel 
should be referred to the report 
published (1). Th~ reaction vessel 
reached over lO00 C in temperature 
during the shock-wave compression 
concerned. In fact, one discerned 
the surface of the steel vessel sin- 
tered. The reaction products found 
in the vessel were immersed in conc. 
nitric acid containing potassium 
chlorate for several hours in order 
to dissolve carbon~ copper and cop- 
per fluoride. The yellowy residue 
obtained after this chemical treat- 
ment has been scrutinized in terms 
of electron diffraction. The dif- 
fraction pattern observed is repro- 
duced in Fig.1. Fig.2 is a double 
exposure, in which Fig.1 is super- 
imposed onto the reference pattern 
of gold in order to measure the in- 
terplanar spacings of the sample in 
question. The spacings and the Mill- 
er indices determined for the re- 
flections on Fig.1 coincide with 
those of diamond crystal registered 
(2). Garbon fluoride was converted 

*Electrochemical Society Active Mem- 
ber. Key words: diamond, carbon 
monofluoride~ explosion. 

Fig. 1. Electron diffraction 
pattern from the diamond crystal- 
lites produced by exploding a 
powdered mixture composed of car- 
bon fluoride an~ copper. Wave- 
length: 0.0349 ~. Camera dis- 
tance: 50 cm. Positive enlarged 
2.3 times. 

Fig. 2. Double exposure, in 
which Fig. 1 is superimposed onto 
the reference pattern of gold far 
measuring the interplanar spacings 
of the sample. 
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into diamond by about twenty percent 
by weight. The mean particle size of 
the diamond crystallites here synthe- 
sized is estimated to be about lO0 
from the half-width value of the re- 
flections in Fig.1. The powder sample 
corresponding to Fig.1 was able to 
scratch the surface of sapphire when 
used as an abrasive. This also demon- 
strated that the sample contained di- 
amond. 

The chemical reaction that allowed 
to produce diamond under the condi- 
tions laid down can be expressed by 
the equation 

(CF)n + nCu = nCuF § nC /1/ 

Here the copper powder acted on car- 
bon fluoride not only as a defluori- 
nator, but also as a thermal medium 
for quenching the diamond powder 
formed to the purpose. Carbon atoms 
in the (CF) n crystal are character- 
ized by the same sp9-bond as in dia- 
mond (3). This implies that carbon 
in a nascent state as produced by the 
reaction/l/ can readily be converted 
into diamond circumstances permit- 
ting. Thus the result obtained in 
this work suggests another way for 
preparing diamond. Carbon tetrachlo- 
ride and the Na-K alloy should be em- 
ployed instead of (CF)n and Cu, re- 
spectively. It is known that the liq- 
uid alloy is formed easily at room 
temperature when sodium and potassium 
are brought into contact with one an- 
other, and that this alloy wetted 
with carbon tetrachloride explodes 
violently when shocked mechanicallz. 
It is therefore plausible that a mlx- 
ture of both reagents which is en- 
closed in a firm vessel gives rise to 
diamond as the product of an internal 
explosion when triggered by means of 
shock-wave. The present experiment 
corresponds to a preliminary to the 
diamond preparation by the explosion 
method. 

There are the reports regarding the 
procedures of preparing diamond with 
carbon halogenides and metals at high 
temperature and under high static 
pressure (4). They differ from the 
present method, however, insofar as 
the latter employs the instantaneous 
dynamic compression. 
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Electrostatic Binding of Metal Complexes to 
Electrode Surfaces Coated with Highly Charged 

Polymeric Films 
Noboru Oyama* and Fred C. Anson* 
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Previous reports in which metal com- 
plexes have been attached to electrode 
surfaces coated with polymeric mole- 
cules have depended upon the formation 
of covalent or coordination bonds in 
the attachment procedure (1-4). Such 
schemes can be quite successful but 
depending, as they do, on rather spec- 
ific surface chemistry, they are not 
applicable to as wide a variety of 
metal complexes as might be desirable. 
We have observed that coating graphite 
electrodes with polymers bearing 
charged ionic groups produces surfaces 
which strongly bind multiply-charged 
metal complexes bearing charges oppo- 
site to that on the attached ionic 
polymer~ By exploiting this observa- 
tion it is entirely possible that 
virtually any desired metal ion can be 
attached in large quantities to elec- 
trode surfaces by coordinating the 
metal ion with ligands that produce a 
multiply-charged complex ion. 

EXPERIMENTAL 

The source and mounting of the pyro- 
lytic graphite electrodes and proce- 
dures for coating them with adherent 
films of poly (4-vinylpyridine) (M.W. = 
7.4 x 105 ) have been previously de- 
scribed (.1,4) along with the electro- 
chemical measuring techniques employed. 
Potentials are quoted vs. a sodium 
chloride saturated calomel electrode. 

RESULTS AND DISCUSSION 

The effective pK values of polyelectro- 
lytes such as poly (4-vinylpyridine) 
(PVP) depend somewhat upon molecular 
weight. However, it is likely that 

*Electrochemical Society Active Member 
Key Words: Electrode coatings, poly- 
electrolyte films, ion incorporation 

PVP is largely protonated at pH values 
below ca. 3 and essentially neutral at 

Figure i: A - Cyclic voltammograms of 
5 mM Fe(CN)63" at a pyrolytic graphite 
electrode (0.17 cm 2) coated with 4.6 x 
10-7 moles cm -2 of pyridine as PVP. 
Supporting electrolyte: 0.2 M CF3COONa 
at pH 3.8. The potential was cycled 
continuously at 200 mV s -I between +0.8 
and -0.7 volt. The voltammogram reac~ 
ed a steady state after 20 minutes of 
cycling. B - Cyclic voltammogram 
resulting after the electrode used in 
A was washed with water and replaced 
in 0.2 M CF3COONa at pH 2.9. 
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pH values above ca. 8 (5). To prepare 
a highly positively charged electrode 
surface a graphite electrode was coated 
with PVP and exposed to supporting 
electrolyte at pH 3.8. The resulting 
electrode was used to record the series 
of cyclic voltammograms for Fe(CN)63- 
shown in Figure IA. 

The peak current obtained immediately 
after the electrode was introduced into 
the solution is somewhat smaller tha~ 
the current at uncoated electrodes be~ 
cause the polymer film retards the 
Fe(CN)~3-/4-electrode reaction somewhat 
(4). VHowever, in sharp contrast with 
uncoated electrodes, the voltammetric 
currents increase as the potential is 
cycled continuously and they reach 
extraordinarily large values. (The 
currents also increase, although some- 
what less rapidly, if the electrode 
potential is not cycled.) If the 
electrode is removed from the solution, 
rinsed and transferred to an acidic 
solution containing only supporting 
electrolyte the voltammogram shown in 
Figure IB is obtained and it s magnitude 
is virtually unaffected by repeated 
cycling for periods up to one hour. The 
voltammogram in Figure IB disappears if 
the electrode is removed, washed with 
electrolyte at pH i0 a~d ~ replaced in 
the supporting electrolyte. These ob- 
servations seem clearly to demonstrate 
that the protonated PVp film on the 
electrode surface preferentially incor- 
porates the multiply-charged ferri- 
cyanide as the counter ion, even 
though much larger concentrations of 
singly-charged trifluoroacetate anions 
are present in the supporting electro- 
lyte. The behavior is quite analogous 
to that of polyelectrolytes in homo- 
geneous solutions under conditions where 
the polyion is highly charged C6). The 
fact that multiply-charged counter ions 
incorporated into PVP films are not re- 
placed rapidly by ion exchange upon 
exposure to simple univalent electro- 
lytes containing none of the multiply- 
charged ion indicates that a signi~cant 
activation barrier impedes the break-up 
of the electrostatic binding within 
the polyionic film. 

Figure 2 emphasizes this point for the 
case in which the dinegative anion, 
IrC162- , is held electrostatically 
withln a protonated PVP film. Initially 
after transfer of the coated electrode 

from the solution of IrC162- to a 
solution containing only supporting 
electrolyte at pH 2.8 there is a fairl$ 
rapid loss of a fraction of the IrCl6 ~- 
from the surface - presumably from the 
portion of the polymer most accessible 
to the electrolyte. However, after a 
few minutes of repetitive scanning the 
voltammogram settles down to the one 
shown in Figure 2 which undergoes no 
further change during several additional 
minutes of scanning. If the pH of the 
supporting electrolyte is raised to 4.5 
the release of IrC162- from the surface 
resumes as revealed by a steadily 
diminishing voltammetric response. 

The extent of the electrostatic attach- 
ment is not rela~ed simply to the 
charge carried by the counter ion being 
attached. For example, exposing a PVP 
coated electrode to a solution contain- 
ing both 5 mM Fe(CN)63- and 5 mM 
IrC162- leads to greater binding ~the 
less highly charged anion. Thus, 
chemical differences among the 
incorporated ions appear to modulate 
purely electrostatic factors in con- 
trolling the extent of incorporation. 

I 0 . 2  m A  

OJ v 

Figure 2: Steady-state cyclic volt- 
ammogram for an electrode coated with 
4.6 x 10-7 moles cm -2 of PVP, soaked 
in a 5mM solution of (NH~)~IrC!6 at 
pH 2.8 (CF3COOH) for 60 ~e~onds, 
rinsed with water and transferred to 
supporting electrolyte solution 
(0 2 M CF~COONa at pH 2.6). Scan rate: 
200 mVs-l~ Potential range: +1.3 to 
-0.i volt. 
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Under pressing conditions (high concen- 
trationsof incorporated ion, low con- 
centration of supporting electrolyte, 
long exposure times) it is possible to 
incorporate greater quantities of ferri- 
cyanide into protonated PVP films than 
would correspond to electrostatic neu- 
tralization of all of the positive 
charge present on the fully protonated 
pyridine groups. For example, a PVP 
film containing 4.6 x 10 -7 moles cm -2 
of pyridine incorporated as much as 2 x 
10-7 moles cm "2 of ferricyanide. We 
presume that under these conditions the 
Fe(CN)63- is incorporated in the form 
of an Ion pair with a cation of the 
supporting electrolyte. With IrCl62- 
the maximum quantity incorporated into 
films never exceeded ca. 30% of the 
total possible cationic charge in the 
polyionic film. 

Multiply-charged cationic complexes 
can also be incorporated electrostat- 
ically into polyanionic films. For 
example, Figure 3 shows voltammograms 

for an electrode that was coated with 
polyacrylic acid, soaked in a 1 mM 
solution of Ru(NH3)63+ at pH 6.1 (where 
the polymer is converted to a polyanion) 
and transferred to pure supporting 
electrolyte solution. Large quantities 
of the tripositive cation are clearly 
incorporated into the polyanionic film 
(ca. 10 -8 moles cm -2 of Ru(NH3)63+) but 
repetitive cycling of the potential 
leads to continuous departure of the 
Ru(NH3)63+ from the film. The loss of 
Ru(NH3)63+ occurs whether or not the 
potential is cycled but the rate of 
loss is greater during cycling when the 
charge on the incorporated cation is 
diminished bK one unit during each 
half-cycle. The less permanent binding 
of Ru(NH3)63+ by the polycarboxylate 
coating may be associated with the more 
hydrophilic nature of this film com- 
pared with PVP: The latter polymer is 
insoluble in aqueous acid while poly- 
sodium acrylate is water soluble (al- 
though films deposited on pyrolytic 
graphite resist dissolution). The 
activation barriers for entry or de- 
parture of cationic reactants from the 
polycarboxylate layer are apparently 
considerably smaller than for PVP. 

Figure 3: Cyclic voltammograms for 
Ru(NH3)63+/2+ attached to a pyrolytic 
graphite electrode coated with ca. 4 x 
10-Y moles cm-2 of carboxylic acid as 
polyacrylic acid (M.W.=2.2 x 105). The 
coated electrode was soaked for 5 min. 
in 1 mM Ru(NH3)63+ at pH 6.1, washed 
for 10-20 s. with water, transferred to 
supporting electrolyte (0.2 M CF3COONa 
+ 5 mM Na2B4OT; pH 8.1) and the poten- 
tial cycled continuously between +0.3 
and -I.0 volt at 200 mV s-l. The time 
elapsed between the first and last 
scans was ca. 7 min. 

The attractive simplicity of the elec- 
trostatic binding procedure for hold- 
ing large quantities of metal complexes 
on electrode surfaces is complemented 
by the variety of ionic polymers that 
are available to serve as anchoring 
matrices. In addition, the procedure 
allows complexes to be introduced on 
electrode surfaces withoutchange in 
their primary coordination sphere, a 
factor that could be of considerable 
importance with catalytically active 
complexes. These attributes have 
encouraged us to explore more broadly 
the combinations of charged complexes 
and ionic polymers that may be 
exploited to produce electrode surfaces 
laden with desired ionic reactants. 
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ABSTRACT 

A new solid electrolyte, with a very nar row solid solution range, 
NH4Cu4C13(Ie-xClx), 0.09 -~ x --~ 0.13, isostructural  with RbAg415 and 
RbCu4C1312 is reported. The corresponding lattice constant  range is 9.985-9.982 
• 0.003A. The new solid electrolyte is thermodynamica l ly  stable be tween 130 ~ 
a n d  170~ Certain formulat ions which are not phase pure appear to have 
improved stabil i ty below 130~C. Room temperature  conductivities as high as 
0.21 (~l-cm)-~ have been attained. At 150=C, conductivities as high as 0.73 
(~-cm)  -~ have been attained. 

Recently, Takahashi  et al. (1) have reported a new 
solid electrolyte Rb4Cu16C11317 with a high electrolytic 
conductivity.  We have reported (2) the crystal  s truc-  
ture  and conductivi ty of RbCu4C1312 and our continued 
invest igat ion has shown that  there is a solid solution 
range RbCu4C18(I2-xClx) with 0.0 --~ x ~ 0.4 (3). This 
range includes the composition reported by Takahashi  
et al. which should be wr i t ten  RbCu4C13 (It.75C10.25). 

We write the general  formula RbCu4C13(I2-xClx), 
because there is clear evidence 2 that  the twelvefold 
sites are filled with chloride ions exclusively, and when 
excess chloride ions are present,  they replace iodide 
ions in the eightfold sites. That  is to say, in the solid 
solutions, none of the iodide ions appear to be in  the 
twelvefold sites. Crystals of these substances are iso- 
s t ructural  with RbAg415 for which s t ructural  details 
are given in  several papers (2, 4-6). 

The highest solid electrolyte conductivities in  the 
moderate range  of tempera ture  70~176 have been 
reported by us (2) for RbCu4CI~I2; at room tempera ture  
the value is at  least 0.47 (12-cm)-1. The analogous 
value reported for RbCu4C18(I1.7~C10.25) by Takahashi  
et al. (1) is 0.34 (12-cm) -z. 

In  this paper  we report  a new highly conducting solid 
electrolyte. For simplicity, we give the formula as 
NI~Cu~CI~(I1.gC10.D in  the title of the paper, even 
though a nar row solid solution range exists close to 
this formula. This solid electrolyte is closely related to 
the mater ia ls  discussed above. 

Preparation of the Materials 
Prepara t ion  and purification of CuI and CuC1 have 

been given in Ref. (2). NH4I was used without  fur ther  
purification, but  was carefully dried, after which it was 
stored over P205 in  a desiccator. 

The materials  studied in this invest igat ion were pre-  
pared by first met t ing appropriate  amounts  of reactants  
in an evacuated, then sealed Pyrex tube, quenching, 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Me m b e r .  
1 P r e s e n t  address :  Union Carbide Corporat ion,  P a r m a  Research  

Center ,  P a r m a ,  Ohio 44130. 
Key  words :  e lec t ro ly te ,  t h e r m o d y n a m i c s ,  conduct ion.  
2This  c o m e s  f r o m  an e x p e r i m e n t  carried out  d u r i n g  invest iga-  

t ion of the  RbCu4C13(I.~-~CI~) sys t em (3) w h i c h  indicates  that  a 
c o n t e n t  of m o r e  t han  t w o  iodides  p e r  f o r m u l a  unit  is una t t a inab le ,  
at l eas t  u n d e r  the  condit ions  of  preparat ion  descr ibed  in the  t ex t .  

grinding the sample in a ni trogen-fi l led giove box, 
pelletizing, heat ing at some tempera ture  below the 
mel t ing point, and cont inuing by  solid-state react ion 
(i.e., fur ther  regrinding, repelletizing, reheat ing when  
found necessary as judged from x - r a y  powder dif- 
fraction photographs).  Alternat ively,  the mix ture  of 
reactants was not premelted;  that is, all steps were 
carried out in the solid state. It was found that  an opti- 
mum reaction tempera ture  is 150~ 

Numerous at tempts to prepare stoichiometric 
NH~Cu4C1312 were unsuccessful. Furthermore,  unl ike  
the case for the RbCu4C13(I2-xCI~) system, the range 
of composition we were able to a t ta in  was very narrow;  
the measured range of lattice constant  is 9.982-9.985A. 
In  the next  section, we show how the estimate of com- 
position was made. 

Determination of the Composition 
Because it did not seem possible to prepare the stoi- 

chiometric compound NH4Cu4C1312, and because it  is 
not a simple mat ter  to ascertain the phase pur i ty  of 
these materials from powder diffraction data, we re-  
sorted to the following method of est imating the com- 
position. 

The values of the lattice constants of RbAg415 (4, 7) 
and of NH4Ag4I~ (7) have been reported: 11.24 a n d  
11.19A, respectively. However, these were not suffi- 
ciently precise for the purpose. New samples of these 
materials .were prepared;  powder photographs were 
taken with CrK radiation. The lattice constants ob- 
tained are 11.244 and 11.204A, respectively, giving a 
difference of 0.040A. The lattice constant  of RbCu4CI~I2 
is 10.032A (2). If a l inear  dependence on the ionic size 
is assumed, then we might  expect a lattice constant  of 
9.992A for stoichiometric NH4Cu4C1312. In  the 
RbCu4C18 (I2-xClx) system, we have found (3) that the 
subst i tut ion of 0.1 C1- for 0.1 I -  produces a decrease of 
0.0075A in lattice constant. Our measured lattice con- 
stants have a range of 9.982-9.985 _ 0.003A. If we take 
9.992A as the lattice constant  of the stoichiometric 
compound, these measured values give a "most prob-  
able" solid solution range: NI~Cu4C13II.sTC10.13 to 
NH4Cu4C13 (I1.91C10.09). 

This approach has been corroborated as follows. An 
unsuccessful a t tempt  was made to produce the mater ia l  
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with formula [Rb0.~(NH~)0.~]Cu~CI~Ie; unreacted CuI 
was present  even after five regrindings and a total of 
80 hr of heating at 150~ The lattice constant  of the 
solid electrolyte mater ia l  was 10.008A. If it is assumed 
that the ratio of Rb + to NH~ + is 1 and a t t r ibute  the 
low lattice constant  (it should be 10.012A) to dissolved 
CI- ,  the formula should be [Rbo.~(NH~)0.~]Cu~CI~- 
(I1.9~C10.0~). Such a specimen was prepared;  it appears 
to be single phase and it still has the lattice constant  
10.008A. This, therefore, implies a lattice constant of 
9.992A for a hypothetical  NH~Cu~C1312, equal to the 
predicted value. It should be ment ioned that  in  the 
RbCu~CI3(I2-zClx) system (3), the lattice constant  
is l inear  in  x. 

Crystal Structure Analysis 
A very small  crystal (largest dimension 0.10 mm;  

smallest dimension, 0.06 mm) was obtained by heating 
a specimen of nominal  composition NH~Cu~CI~ (Ii.~C10.~) 
which was clearly not single phase, at 150~ for 14 
days. The solid electrolyte in this mater ia l  has a 
lattice constant of 9.982A implying the composition 
NH~Cu~Cl~(I~.s~C10a~) as discussed earlier. Photo- 
graphs taken with a Buerger precession camera con- 
firmed that the crystal is isostructural  with aRbAg~I~ 
(4) (space group, P4~32 or P4~32). 

The intensi ty  data were collected with an automated 
Buerger -Supper  single crystal diffractometer; Zr-  
filtered, MoK,  radiat ion was used, with 0.5~ scan- 
ning rate and scan width (1.5 -{- 0.5 Lp),  where L i s  
the Lorentz and p the polarization factor. No correc- 
tions were made for absorption. Calculations were 
made with computer  programs and with atomic scat- 
ter ing factors for which references are given in Ref. 
(2). 

Only highlights of the results need be given here. 
Tables of parameters,  of interionic distances and of 
calculated and observed structure ampli tudes are given 
in Tables I, II, and III. The agreement  factor %AF/%Fobs, 
where AF. ~ IIFobsl -- IFcalclt, for 125 observed in-  
tensities is 5.3%. The low total number  of observed 
reflections results from the very small  size of the 
crystal. However, the data were of sufficient number  
to give convergence of parameters.  

Over-all ,  there is real ly no statistically significant 
difference of positional and occupancy parameters  be- 
tween N~Cu~C13(I~.sTC10.1~) and RbCu4CI~I2 and the 
same is true essentially of the interionic distances. One 
should expect, of course some difference between the 
(NH4) +-C1- and Rb+-C1 - distances in NH~Cu~CI~- 
(Ii.sTC10.~s) and RbCu~CI3I~. The results, 3.368 (~ ---- 
0.005) and 3.381 (~ = 0.003)A are in  the r ight  direc- 
tion, even though the difference does not have statis- 
tical significance. [It should be recalled (2) that  in 

both compounds, only chloride ions surround the large 
cations.] 

For completeness, the following results should be 
mentioned. At one point in this investigation, we 
thought that the crystal had the stoichiometric 
formula NH4Cu4CI312, and the structure was refined on 
this basis. The agreement factor was only slightly 
higher, 5.6%, and the parameters and interionic dis- 
tances were almost identical with those of the afore- 
mentioned analysis. It is somewhat disappointing that 
the data and method of calculation could not make a 
better distinction in this case. 

Stability of NH4Cu4CI3(ILsTCIo.ls) 
The compound NH4Cu4C13 (Ii.s~Ci0.13) is not thermo-  

dynamical ly  stable except at temperatures  above 130~ 
and below its melt ing point of approximately 170~ 
indeed a nar row stabil i ty range. The compound could 
not be made by solid-state reaction below 130~ Sev- 
eral other experiments  also showed that al though the 
compound could be quenched to room temperature  
where it would remain  for considerable t ime (>1  
month) ,  it was not thermodynamical ly  stable. For 
example, a mater ial  made to have nominal  composition 
NH4Cu4CI3(I1.67C10.33), containing the solid electrolyte 
NH4Cu4C13(II.s6C10.14), that  is, not phase pure but  not 
containing excess CuI, when quenched from 120~ 
showed the presence of CuI in  the powder photograph. 

A powder photograph taken of mater ia l  with nomi-  
nal  composition NH4Cu4C13(I1.67C10.38) at a tempera-  
ture of 100~ (8 hr exposure) showed complete decom- 
position of the material .  

The conductivi ty measurements  also showed that  the 
material  is not thermodynamical ly  stable at tempera-  
tures below 130~ However, the presence of excess 
CuC1 and other unidentified phases, not readi ly seen in 
the powder photographs, did seem to increase the sta- 
bil i ty and, in  one case, substantially.  

Conductivity 
This mater ial  is unusua l  in  several respects. I t  is 

not unique, however, in the respect that  only a solid 
solution is attainable.  [See for example Ref. (8, 9).] 
I t  is possible that under  conditions we have not tried, 
the stoichiometric compound is at tainable;  it does not  
seem to be quenchable to room tempera ture  in  any  
case. (Needless to say, we have tried such experi-  
ments.) We have not been able to make conductivity 
measurements  on the mater ia l  with the formula given. 

Our approach is as follows: We prepare a pellet of 
dimensions approximately 0.64 cm diam by 0.44 cm 
long with copper electrodes. The copper powder is 
freshly prepared and compressed onto the ends of 

Table I. Positional and thermal parameters of NH4Cu4CI3(II.s7CIo.I~) 

( I o d i d e ,  
I o n  A m m o n i u m  c h l o r i d e  ) Chloride 

position 4a 8c 12d 24e 

Copper (cuprous) 

24e 8c 

M u l t i p l i e r  1/6  1/3  1/2  0.306 0.326 
a 0.028 0.031 
x 3/8 0.0109 3/8 0.5196 0.0010 

( x )  0.0002 0.b020 0.0020 
y 3 /8  = x - 0 . 1 4 9 7  0.2906 0.8354 
r ( y )  0,0008 0,0031 0.0025 
z 3 /8  = x = ( 3 / 4  - y )  0.7994 0.2150 

(z )  0.0020 0.0024 
flll 0.0124 0.0079 0.0111 0.0111 0.0093 

(fl11) 0.0002 0.0017 02026 0.0025 
t2~ = fll~ = fl~ 0.0087 0,0305 0.0325 

(fl~=) 0.0009 0.0055 0.0060 
flal = /3zl = ~11 = ~ 0.0101 0.0187 

(ts~) 0.0026 0.0040 
ill, 0 0.00Ol - 0.0007 0.0059 0.0001 
o" (tim) 0.0002 0.0008 0.0031 0.0025 
tz= 0 = fl'~ = tz= --0.0615 0.0017 

( t l~)  0.0019 0.0022 
fl~ 0 = fl~ 0.0011 0.0013 --0.0014 

(f l=)  0.0011 0.0026 0.0035 

0.031 
0.006 
0.161 

0.8111 

= f in 

-0.0011 

=Bu 
= f lu 

Note: Parameters given without standard errors were h e l d  c o n s t a n t  t h r o u g h o u t  the calculation, 



VoL 127, No. 2 SOLID ELECTROLYTE 253 

Table II. Interionic distances and standard errors 

A t o m  t y p e s  No. of 
and symmetry distances Distance (A) 

Table Ill. Observed vs. calculated structure amplitudes 

(I,C1)-I 3 4.200 (3) 
(I ,Cl)-I  3 3.955 (10) 
(I ,Cl)-I  3 4.124 (1) 
(I,C1)-I 3 4.275 (11) 
CI- (I,CI) 2 3.955 (10) 
CI- (I,CI) 2 4.124 (1) 
CI- (I,CI) 2 4.215 (11) 
CI-CI 4 3.716 (7) 
CI-CI 2 5.5~9 (20) 

Chloride octahedron about NH,+ 
NH~--CI 6 3.368 (5) 
CI-CI 6 3.716 (7) 
CI-CI 3 5.5Oa (20) 
CI-CI 3 5.738 (11) 

Tetrahedron about Cu + (c) 
Cu- (I,CI) 1 2.59 
Cu-Cl 3 2.41 
(I,CI)-CI 3 4.275 (11) 
CI-CI 3 3.716 (7) 

T e t r a h e d r o n  a b o u t  Cu+ (e)  
(0.520, 0.291, 0.799) I I  

Cu-(I,C1) 1 2.74 (3) 
Cu-CI I 2.33 (2) 
Cu- (I,C1) 1 2.66 (2) 
Cu-C1 1 2.42 (3) 
(I,CI)-(I,CI) 1 4.200 (3) 
CI-CI 1 3.716 (7) 
CI-(I,CI) 3 4.275 (11) 
CI-(I,CI) 1 4.125 (i) 

T e t r a h e d r o n  a b o u t  Cu+ (e)  
(0.00L0.835, 0.215) HI  

Cu-C1 1 2 .52(3)  
Cu-(LCI) 1 2.69 (3) 
Cu-(~CI)  1 2.53 (2) 
Cu-C1 1 2 .29(2)  
(I,CI)-(I,CI) 1 4.200 (3) 
CI-(I,C1) 1 3.955 (10) 
CI-(I,C1) 2 4.124 (1) 
CI-CI 1 3.715 (7) 
CI-(I,CI) 1 4.275 (Ii) 

N e a r e s t  ne ighbor  Cu+ t e t r a h e d r a l  s i t e s  
Cu ( c ) -Cu ( II  ) 3 1.55 
Cu ( 11 ) -Cu ( c ) 1 1.55 
Cu (II)-Cu (III) 1 1.52 (3) 
Cu (il)-Cu (llI) i 1.44 (3) 
Cu(ll)-Cu(II) 1 1.72 (5) 
Cu (I l I ) -Cu (II)  1 1.52 (3) 
Cu (lll)-Cu (II) 1 1.44 (3) 

solid electrolyte. That is to say, first the copper powder 
is put into the die and smoothed, then the solid elec- 
trolyte, and then the copper powder. The composite 
is then compressed at 500 bars. The resulting pellet is 
then placed between the electrodes o2 the measuring 
device and heated uniformly to 150~ We have found 
that this results in improved contact of the electrodes 
and in densification of the solid electrolyte. 

In the case of samples made up with nominal com- 
position NH4Cu4CI3(I1.67CI0.33) (but we emphasize, 
not single phase), we first obtain a conductivity of 
approximately 0.21 (~-cm)-i  at room temperature. As 
the sample is heated we notice a substantial decrease 
in the conductivity, undoubtedly a result of decom- 
position. On heating to above 130~ there is a large 
increase in the conductivity. On further heating to 
150~ the conductivity increases as shown in Fig. 1 (a). 
On decreasing the temperature, the conductivity de- 
creases normally until 130~ is reached, and then sub- 
stantially as shown in Fig. l(a). Powder photographs 
taken of the material after such experiments show, as 
expected, a decomposition of the solid electrolyte that 
was present. Between 130 ~ and 150~ the solid electro- 
lyte is surely present. 

With a sample of the composition which we have 
deduced for the solid electrolyte and which we be- 
lieve to be single phase, the above procedure fails. At 
room temperature, we obtained an initial value of 0.13 
(12-cm)-i, but as the sample was heated the conduc- 
tivity decreased markedly and did not increase again 
even above 130~ Powder photographs showed that 
the solid electrolyte had decomposed considerably. 
This experiment was repeated with Ag electrodes with 
similar results. 

On the other hand, with a sample made up with 
nominal composition NH4Cu4C13(II.sC10.~) which ob- 

H K', FO FC H K FO FC H K FO FC 

, . , . .  .... 

- -  L = 0 - -  7 7 32 39 9 7 28 36 
8 2 42 44 11 3 39 32 

2 2 200 203 8 5 27 26 11 5 26 26 
4 0 263 272 8 7 26 22 
4 2 45 46 9 1 60 54 - -  L = 4 - -  
4 3 97 94 9 2 40 45 
4 4 302 307 9 3 61 61 4 4 97 97 
5 1 130 126 9 4 43 36 5 5 71 77 
5 2 22 23 9 5 51 53 6 6 96 97 
5 3 41 44 9 7 33 27 7 4 37 36 
5 4 42 42 9 9 28 30 7 6 30 30 
5 5 66 62 10 2 31 35 7 7 33 43 
6 1 49 52 10 4 27 26 8 4 67 87 
6 2 145 135 11 1 51 46 6 5 44 36 
6 3 21 17 11 3 32 32 8 8 39 36 
6 6 108 108 11 5 28 27 10 6 40 33 
7 2 20 19 
7 3 66 64 - -  L = 2 ~ - -  L = 5 - -  
7 5 32 36 
7 6 23 32 2 2 116 117 5 5 96 94 
7 7 26 30 3 3 44 35 6 5 38 42 
8 0 167 163 4 2 253 251 7 5 41 44 
8 1 55 60 4 3 69 67 7 6 28 28 
8 4 73 69 5 3 45 48 7 7 41 39 
8 7 29 22 6 2 74 68 9 5 35 38 
8 8 46 51 6 4 123 127 9 7 36 31 
9 3 25 21 6 5 52 54 
9 5 52 52 7 2 26 23 - -  L = 6 - -  

10 2 52 55 7 4 35 27 
10 6 54 55 7 5 32 28 6 6 31 30 
i i  1 37 34 8 2 144 137 
11 7 29 25 8 3 49 60 - -  L = 7 - -  
12 0 42 40 8 6 60 74 
12 4 31 30 9 3 44 48 7 7 47 44 
12 5 36 28 9 7 35 33 

10 4 51 54 
-- L = 1 -- 12 2 41 44 

2 2 59 61 - -  L = 3 - -  
3 1 269 264 
3 3 138 140 3 3 265 268 
4 1 21 21 4 3 79 80 
4 2 38 44 5 3 126 130 
4 4 72 72 5 5 lu0 101 
5 1 221 Z15 6 3 22 20 
5 2 67 67 6 4 30 31 
5 3 63 65 7 3 114 110 
5 5 107 112 7 4 34 27 
6 1 26 28 7 5 45 45 
6 2 33 33 7 7 51 53 
6 4 23 23 8 3 29 26 
6 5 23 25 6 4 52 52 
6 6 73 74 6 6 33 32 
7 1 80 87 9 3 30 33 
7 3 112 109 9 4 36 23 
7 4 41 48 9 5 35 36 
7 5 86 90 9 6 33 28 

viously (as seen in  powder photographs) contains a 
marked excess of CuC1 (and therefore other phases, 
not readi ly identifiable),  the si tuat ion is considerably 
different. Again the specimen first shows a high ini t ial  
room tempera ture  conductivity of 0.23 ( ~ - c m ) - l .  On 
heating, there does not  appear  to be the strong indi -  
cation of decomposition observed in  the two other 
cases. On cooling, there appears to be a t ransi t ion at 
130~ [see Fig. l ( b ) ] ,  bu t  it is much unl ike  the other  
two cases and substant ia l  conductivities are observed 
down to 10~ A sudden decrease in  conductivi ty oc- 
curs on cooling to 5~ On reheat ing to room tempera-  
ture from 5~ there is still a substant ia l  conductivity,  
0.13 (g-cm)  -1, bu t  marked ly  lower than  obtained 
either before or after heating. A powder photograph 
showed the presence of CuI. 

Other experiments  show that excess CuC1 by itself 
does not stabilize the mater ial  as does preparat ion of 
solid solutions as though they real ly did exist. We em- 
phasize that the solid electrolyte has a very nar row 
composition range and that  materials  wi th  composi- 
tions containing more C1- ion are not single phase. 

The conductivities were measured with the vector 
impedance meter  3 used to make the measurements  on 
RbCu4CI~I2 (2). In  Fig. l ( a ) ,  below 130 ~ experiments  
were run  at two different cooling rates. The lower 
curve is for the slower cooling rate;  it is seen that  
under  the slower cooling rate, the decomposition is 
greater as would be expected. Above 130 ~ the slope 

o Th e  f r e q u e n c y  r a n g e  h a s  b e e n  e x p a n d e d  f r o m  10 -1 Hz to 650 
RHz. 
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Fig. 1. (a) Specific conductivity multipli2d by absolute tempera- 
ture vs. reciprocal temperature for the nominal composition 
NH4Cu4CI3(I~.67CIo.s3) (not single phase). Also shown are the 
absolute temperature and specific conductivity. The upper and 
lower curves are the results for faster and slower cooling, respec- 
tively. Note that the curves meet at T ---- 400~ where the solld 
electrolyte phase is thermodynamically stable. (b) Specific con- 
ductivity multiplied by absolute temperature vs. reciprocal tempera- 
ture for the nominal composition NH4Cu~CI3(I1.sCIo.5) (not single 
phase). Instability appears at 280~ 

of log (~T) vs. 1000/T yields 0.15 eV for the enthalpy 
of activation of motion. 

Figure 1 (b) shows a small anomaly at 130~ indi-  
cating perhaps an onset of decomposition of the solid 
electrolyte present, but  this is not confirmed by x - r ay  
powder photography. The slope of log (~T) vs. 1000/T 
gives 0.13 eV for the enthalpy of activation of motion. 

Additional Discussion 
The instabil i ty of the new solid electrolyte prevents 

an exact determination of its electrical transport  
properties. One should expect  the conductivity to be- 
have similarly to that of the analogous rubidium mate-  
rials. In any case, there is no doubt that the solid elec- 
trolyte Nt-~Cu4Clz(I1.s~C10n3) has high conductivity, 
and that from a practical viewpoint it has been proved 
that the solid electrolyte can be stabilized at least down 
to 5~ Further  experiments toward stabilizing this 
solid electrolyte are in progress. Needless to say, such 
experiments are worthwhile from an economic point of 
view because NH4I is much less expensive than RbI 
and CuI and CuC1 are much less expensive than AgL 
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Selective Dissolution of Cd-Mg Alloys 
I. Static Samples 

J. I. Gardiazdbal z and J. R. Galvele* 
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ABSTRACT 

The susceptibil i ty to select ive dissolution of Cd-Mg alloys in d e a e r a t e d  
0.5M NaC104 solutions, at room tempera ture  to 75~ was studied. T h e  r a n g e  
of compositions studied was Cd-11 a/o Mg (Cd-2.6 w /o  iVlg) to Cd-50 a /o  iVlg 
(Cd-18 w/o  Mg).  Between --0.9 and --0.5V(NHE>, select ive dissolution of mag-  
nesium was found. Cadmium was accumulated on the surfaces as a soft, crystal-  
line, metal l ic  film, most probably  as a porous layer. The selective dissolution 
ra te  was ~our orders o~ magmtude  faster than that  repor ted  in l i te ra ture  
for s imilar  compositions of Cu-Zn brass in NaC] solution. The select ive dis- 
solution became faster as the tempera ture  and the magnes ium content  of the 
al loy increased. 

One impor tant  type of corrosion of alloys is the 
select ive dissolution or dealloying. By this process 
the more active component  is leached away from the 
alloy. The nobler  meta l  remains on the corroded alloy 
surface, usual ly as a sponge-l ike product. Al though ex-  
tensive work  has been done on the subject, there  is 
still considerable d isagreement  about  the mechanism 
of select ive dissolution. While some authors have sug- 
gested that  both metals  dissolve, and the nobler  of the 
two is redeposi ted (1, 2), others have  suggested that  
only the less noble of them is dissolved. In the la t te r  
case, the nobler  meta l  is rea r ranged  on the alloy sur-  
face, e i ther  by volume diffusion (3, 4) or by some type 
of surface diffusion (5). Arguments  against  the volume 
diffusion stem f rom the fact that  at room tempera tu re  
deal loying is observed in high mel t ing  point  alloys. The 
diffusion coefficients at room temperature ,  if ex t rapo-  
lated f rom high tempera tu re  measurements ,  seem to be 
too low to account ior  the dealloying process by volume 
diffusion. 

In the present  work, a low mel t ing  point alloy was 
selected for the invest igat ion in the expectancy that  fast 
deal loying processes would be observed. To avoid the 
difficulties int roduced by the format ion of in te rmeta l -  
lies, an alloy with  a complete  solid solubil i ty range was 
selected. The system chosen was cadmium-magnesiurn.  
This alloy shows complete  solubil i ty at all the com- 
positions (6). F rom the deal loying point of view, the 
alloy seemed to be promising because of the difference 
of almost 2V in the s tandard equi l ibr ium potentials of 
the two components. On the other  hand, since hydrogen 
evolut ion on cadmium shows a high overvoltage,  no 
strong in ter ference  was expected by this cathodic re-  
action. This was confirmed in Par t  II, where  cal ibrat ion 
measurements  were  made with  Cd-disk, Cu-r ing  rota t -  
ing electrodes. The collection factor, N, showed a differ- 
ence of less than 1%, compared to the theoret ical  value. 
This showing that  if there  was a cathodic react ion of 
hydrogen evolution, its contribution to the current 
density was a minor one. 

This work is divided into two parts. The first one 
shows that a dealloying process takes place in this sys- 
tem. In the second part, ring-disk rotating electrodes 
are used. This part attempts to determine if a process 
of simultaneous dissolution of Cd and Mg, with the re- 
deposition of cadmium, is operating. 

Experimental 
The samples were  prepared  by mel t ing 99.99% cad- 

mium and 99.99% magnes ium in an i ron crucible, as 
described in (7). The mel t ing was done under  an argon 
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atmosphere,  and the mel t  was made  homogeneous by 
mechanical  stirring. Eight  mm diameter  ingots of sam- 
ples were  cast in graphi te  crucibles, which were  p re -  
viously dried for 24 hr at l l0~ The as-cast  ingots 
were  etched in a 5% HNO3 solution and sealed in 
quartz tubes, wi th  a 400 mm Hg argon pressure. To 
make the ingots homogeneous, they were  annealed for 
40 hr  at the tempera tures  indicated in Table  I, fol lowed 
by water  quenching. Finally,  the ingots were  machined 
down to 6 mm diameter  rods, and stored in a desiccator. 
Yive different compositions were  used, wi th  the nominal  
values of Cd-50Mg; Cd-31Mg; Cd-26Mg; Cd-23Mg; a n d  
Cd- l lMg ,  in atomic percentage (a /o ) .  The analyt ical  
compositions are shown in Table I. 

Polarizat ion samples were  prepared  f rom the 6 m m  
diameter  rods cut into pieces 10 mm long. A copper 
electric lead was fastened to one end of the rod. The 
electric lead and the rod surface were  covered wi th  
an epoxy resin (ARALDIT "D" CY 230 plus HY 951), 
leaving one end of the rod exposed. The exposed f a c e  
was abraded with 600 silicon carbide paper  immedi -  
ately before exposing the sample to the test solution. 

Polarizat ion measurements  were  made in a double-  
wal led  Pyrex  glass cell, wi th  a p la t inum countere lec-  
trode. The t empera tu re  of the cell was control led wi th  
a Haake FS thermostat .  A saturated calomel e lectrode 
was used as reference. All  the potentials are repor ted  
in the normal  hydrogen electrode scale (NHE).  The 
potent ial  was control led by means of a LYP-E lec -  
tronica potentiostat,  and the cur ren t  recorded wi th  a 
Honeywel l  Electronik 19 recorder.  

The e lect rolyte  used was 0.5M NaC104, pH 5.5, m a d e  
up from a HCIO4 solution, and wi th  the p H a d j u s t e d  
with an NaOH solution. This e lectrolyte  was chosen to 
minimize the format ion of Cd complexes in the solu- 
tion. For  the same reason, no buffers were  used in the 
present  work. 

Results 
Polarization curves.--Anodic polar izat ion curves 

were  drawn for Cd-50Mg and Cd-26Mg alloys in 0.5M 
NaC104 solution at 25 ~ 50 ~ and 75~ The m e a s u r e -  

Table I. Chemical composition and annealing temperatures of the 
Cd-Mg alloys 

Magnesium content 

Alloy w/o a/o 

Annealing 
temper- 

ature (~ 

Cd-llMg 2.6 11.0 270 
Cd-23Mg 6.1 23.1 290 
Cd-26Mg 7.0 25.8 310 
Cd-31Mg 8.9 31.1 320 
Cd-50 Mg 17.7 50.1 380 

2 5 5  
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merits were performed in  steps of 50 mV, wai t ing 5 min  
at each potential. Figure 1 shows the results for Cd- 
50Mg alloy, similar results were obtained with the 
Cd-26Mg alloy. Above the corrosion potential  the cur-  
rent  increased to a potential  around --0.9 to --0.8V. 
Above this potent ial  there was a region where the cur- 
rent  was potent ia l - independent .  Around --0.4V, a new 
current  increase was found. As confirmed by separate 
experiments which are described below, up to about 
--0.5V selective dissolution of magnes ium was taking 
place. Above --0.5V, the current  increase was followed 
by the simultaneous dissolution of magnes ium and 
cadmium. The exact potential  at which cadmium be- 
gins to dissolve s imul taneously  was measured in the 
second part  of this work by using r ing-disk  rotat ing 
electrodes. An increase in the temperature  increased 
the rate of selective dissolution of the alloy at poten-  
tials lower than --0.5V. After  the polarization experi-  
ments, a thick, poorly adherent  film was covering the 
samples. 

The curves in  Fig. 1 are similar  in  shape to those 
reported by Pickering and Byrne (8) for the selective 
dissolution of Cu-Zn brass. However, the dissolution 
rates in Cd-Mg are considerably higher. The Cd-Mg 
system seems to dealloy at a rate about four orders of 
magni tude higher than Cu-Zn. Pickering and Byrne 
reported for gamma-brass  (Cu 65 a/o Zn) a potent ial-  
independent  dissolution rate of the order of 10 -6 A /cm 2. 
On the other hand, Cd-50Mg showed a p0tent ia l - inde-  
pendent  dissolution rate of the order of 10 -2 A / c m  2. 

From the anodic polarization curves three potentials 
(--0.51, --0.71, and --0.91V) were chosen for the s tudy 
of the dealloying process. These were the potentials 
used in most of the remain ing  experiments.  

Sur]ace film composition.--Samples of the Cd-Mg 
alloys were exposed to the NaC104 solution at 25~ for 
3 hr at constant potentials. The potentials used were 
the three reported above. The corroded samples were 
mounted  for metal lographic cross sectioning. The cross- 
sectioned samples were polished down to Y4 ~m dia- 
mond powder, observed under  the optical microscope, 
and analyzed with a CAMECA M.S. 46 Microprobe 
Analyzer.  

Figure 2 shows the cross-section micrograph of a 
sample of Cd-31Mg exposed for 3 hr at --0.51V and 
25~ in the 0.5M NaC104 solution. Figure 3 shows the 
microprobe analysis of the same sample. The identifi- 
cation of the various regions is as follows: R, mount ing  
resin; F, surface tim; A, alloy. The cps n u m b e r  shows 

A 50~ 

[ ]  75~ 

I 

10-2 104 10 o 
current dens i ty-  A / c m  2 

the full-scale range of the meter, in  counts per second. 
The number  of counts per second is proportional to 
the concentrat ion of the analyzed element  in the sam- 
ple. The cadmium analysis (top of Fig. 3), shows that 
the cadmium content  in the film was higher than that  
in the alloy. The magnes ium content  in the film, on 
the other hand, was very low. There was no concen- 
trat ion gradient  of magnes ium in  the film. 

Since the number  of counts per second is propor-  
tional to the concentrat ion of the analyzed element, an 
estimate can be made of the composition of the film. 
From the count- reading for cadmium in the alloy and 
that in the film, a semi-quant i ta t ive  estimate of the 
cadmium content  in  the film was made (Table tI) .  No 
similar estimate of the Mg content could be made, be- 
cause the Mg readings in the film were in  the range of 
the background noise of the equipment.  In  all the 
cases, the Mg content  in the film was smaller  than 1 
weight percent  (w/o) .  As shown in  Table II, the sur-  
face film was mainly  composed of cadmium. The film 
could either be Cd metal, or some Cd oxide or hy-  
droxide. 

The na ture  of the film was determined by means of a 
Debye-Scherrer  x - r ay  diagram. A sample of Cd-50Mg 
exposed for 3 hr at --0.71V in the NaC104 solution at 

Fig. 2. Cross-section micrograph of corroded Cd-31Mg ahoy 
after 3 hr dissolution in 0.SM NoCIO~ solution, at --0.51V and 
25~ 
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Table III. Spacing data obtained with a Debye-Scherrer diagram 
for the film produced in Cd-SOMg at --0.71V and 25~ Spacings 

were compared with the values reported in (9) 

dcd (A) hkl d.~mple ,(A) 

2.345 lOl 2.340 
1.316 112 1.317 
1.290 200 1.284 
1.258 201 1.262 
1.062 203 1.053 
1.030 105 1.041 
1.022 114 1.013 
0.975 210 1.005 
0.950 204 0.953 

0.956 

t ime was 20 hr. At  the end of each exposure,  the pH 
of the solution was measured.  It  was found that  the 
pH of the solution changed considerably during the 
experiment ,  reaching values close to pH 10. The anodic 
react ion product  was Mg + +, while  on the countere lec-  
trode hydrogen evolut ion was taking place. These re-  
actions lead to the format ion of Mg(OH)2  in the bulk 
solution. This process explains the observed pH in-  
crease. The high pH values produced incipient  p re -  
cipitation of magnes ium corrosion products on the 
samples. This magnes ium precipi ta t ion expla ined the 
presence of regions rich in magnes ium observed in Fig. 
5. The effect of pH changes on the deal loying process is 
cur ren t ly  being studied (10). 

Fig. 3. Cd and Mg concentration profiles on the sample in Fig. 2. 
R, mounting resin; F, surface film; A, cadmium-magnesium alloy; 
cps, counts per second from the Electron Microprobe Analyzer. 

25~ was used for this purpose. The surface film w a s  
careful ly  peeled off and ground to powder. A Debye-  
Scher re r  d iagram was obtained after  a 4 hr  exposure  
wi th  a cobalt x - r a y  tube and an i ron filter. The cal-  
culated spacings are repor ted  in Table III, and com- 
pared with  those for metal l ic  Cd (9). The d iagram 
showed that  the film was crystalline, and that  i t  was 
composed of metal l ic  Cd. The possibili ty of an oxide or 
some other  Cd compound was ruled out. 

Effect of temperature on the dealloying.--Constant 
potent ia l  measurements  were  per formed at the three 
ment ioned potentials at 50 ~ and 75~ for Cd- l lMg ,  
Cd-26Mg, and Cd-31Mg. Figure  4 shows the cross-sec- 
tion micrograph of a Cd-26Mg sample exposed for 3 
hr  at --0.71V and 75~ Figure  5 is the concentrat ion 
profile for cadmium and magnes ium for the same Sam- 
ple. In general,  i t  was observed that  at h igher  t empera -  
tures the deal loyed region was thicker.  At  the same 
time, numerous  cracks were  found in the film, which 
Were filled by magnes ium corrosion products. No cad- 
mium was found inside those cracks. 

Current-time curves.--Duplicate cur ren t - t ime  mea-  
surements  were  made for  eve ry  one of the alloys and 
at each of the three chosen potentials.  The exposure 

Table II. Surface film composition of Cd-Mg alloys exposed at 
25~ for 3 hr to 0.5M NaCIO4 solution, pH 5.5, at constant 

potentials. The composition, in weight percent, was estimated •  

Alloy Surface film 

Compo- Potential 
Number sition - O.51V -0.71V -0.91V 

Cd-50Mg 82.3% Cd 100% Cd 100% Cd 100% Cd 
Cd-31Mg 91.1% Cd 10O -- 99 
Cd-26Mg 93.0% Cd 99 100 1O0 
Cd-23Mg 93.9% Cd 99 99 100 
Cd-llMg 97.45'0 Cd ~ 99 

Fig. 4. Cross-section mlcrograph of corroded Cd-26Mg alloy 
after 3 hr dissolution in 0.5M NaCIO4 solution, at --0.71V and 
75~ 

Fig. 5. Cd and Mg concentration profiles on the sample in Fig. 4. 
R, mounting resin; F, surface film; A, cadmium-magnesium alloy; 
cps, counts per second from the Electron Microprobe Analyzer. 
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Fig. 6. Current-time curves for Cd-Mg alloys in 0.SM NaCl04 
solution at --0.7|V and 25~ 

Figure 6 shows typical current- t ime curves observed 
with the different alloys. A current decay is observed, 
although the current decreases at a much lower 
rate than that predicted by the Pickering and Wagner 
mechanism (3). Fluctuations in the current during the 
run were observed. These were at tr ibuted to the crack- 
ing of the surface film. In general, the lower the con- 
tent of magnesium, the lower the dealloying rate. The 
potential had no noticeable effect on the dealloying 
rate at the potentials tested. 

According to the dealloying mechanism by Picketing 
and Wagner, a linear relation should be found between 
the current density and I/R/t. But, in Fig. 6 almost sta-  
t ionary currents are observed. However, as it  was 
pointed out by Pchelnikov et at. (11) that relation 
should be found only at the very early stages of deal-  
loying, or in very dilute solid solutions. Deviations of 
the linear behavior will be due to crystal lattice pa- 
rameter  changes, or to the formation of new phases. In 
the part icular  case of the Cd-Mg alloys used in the 
present work, considerable changes in volume should 
take place. After the dissolution of magnesium, the re-  
maining cadmium should undergo volume shrinkage of 
the order of 20-50%. If the criterion introduced by Pil l-  
ing and Bedworth (12) is used in the present case, 
the corrosion product will  be found to have a Pilling 
and Bedworth relation considerably lower than one. 
This would indicate that no protective film should be 
formed by the cadmium on the surface. 

Conclusions 
It was found that  Mg-Cd alloys show selective mag- 

nesium dissolution in NaC104 solutions. The rate of 
selective dissolution increases with the increase of 
magnesium content in the alloy, as well as with the in- 
crease of the temperature in the solution. A soft porous 
layer of cadmium is formed on the dealloyed alloy. 
X-ray  analysis shows that the film is crystalline. This 
film has been identified as metallic cadmium. 

Due to the important  volume shrinkage of the cor-  
rosion product, no protective film is formed on the de~ 
alloyed alloy for composition between Cd-50Mg and 
Cd-11Mg. Cd-Mg alloys seem to be a very promising 
system for the study of the mechanism of dealloying 
of metals. The high mobility of cadmium atoms at room 
temperature could account for the high dealloying rate  
found in these alloys. 
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Selective Dissolution of Cd-Mg Alloys 
II. Rotating Ring Disk Electrode 
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ABSTRACT 

Selec t ive  dissolut ion was found for Cd-Mg alloys in 0.SM NaC104 solu-  
tions, pH 5.5. Below --0.51V (NHE) the anodic dissolut ion of the al loys led to the  
format ion  of Mg 2+ ions. No evidence of fo rmat ion  of Cd 2+ ions, under  the  
same condtiions, was found. The  anodic cur ren t  densit ies were  high, showing a 
fast  dea l loying  process. In  addit ion,  t hey  became h igher  at  h igher  t e m p e r a -  
tures, and wi th  a h igher  magnes ium content  of the  alloy. The resul ts  a re  
discussed in view of the publ i shed  mechanisms of select ive dissolution. A 
Selective dissolution process is assumed, where  a collapse in the  cadmium film 
leads to a nonprotec t ive  surface layer .  The anodic cur ren t  dens i ty  d ropped  to 
zero for al loys in the  range  of Cd-7.4 (+--1.7) a /o  Mg. This indicates  that  for  
lower  magnes ium contents a continuous protec t ive  film of meta l l ic  cadmium 
is formed on the al loy surface. 

The ro ta t ing  r ing d isk  e lect rode is a power fu l  r e -  
search technique.  I t  has been f requen t ly  used in the 
s tudy  of select ive dissolut ion of alloys.  Wi th  this tech-  
nique, i t  is possible to detect  and collect  on the  iner t  
r ing  e lect rode the dissolut ion products  f rom the  a l loy 
disk electrode.  An approx ima te  solut ion to the theory  
of t ransfe r  of the  ro ta t ing  r ing disk e lec t rode  is due to 
Ivanov and Levich (1). The exact  solut ion was de-  
r ived  la te r  by  A l b e r y  (2). A fundamen ta l  p a r a m e t e r  
in this technique is N, the collection efficiency. N is 
defined as the propor t ion  of ma te r i a l  e lec t rochemica l ly  
p roduced  on the disk electrode,  which  reaches  the r ing  
e lec t rode  

N = r ing  c u r r e n t / d i s k  cu r ren t  --  - -  iR/iD 

The nega t ive  sign is inc luded  because  iR and iD have  
opposi te  signs. Tables  for  N, for  different  r ing disk 
rad ius  ra t ios  have  been publ i shed  by  A lbe ry  and 
Bruckens te in  (3).  

The ro ta t ing  r ing  disk e lec t rode  has been used in 
the  s tudy  of select ive dissolut ion of al loys by  the fol -  
lowing authors :  P icker ing  and Wagne r  (4) for Cu-Au 
and Cu-Zn;  Fe l l e r  (5) for  Cu-Zn;  Mi l le r  (6) for Cu- 
Zn; Tay lo r  (7) for  Cu-Zn;  and Marshakov,  Bolychev,  
and Po tapova  (8) for  Cu-Zn, Ag-Zn,  and A g - C d  alloys. 

As shown by P icker ing  and Byrne  for Cu-Zn alloys 
(9), and  for  A u - C u  al loys (10), two different  regions 
are  observed in the anodic polar iza t ion  curves of al loys 
dur ing  the dea l loy ing  process:  one, at  low potent ials ,  
where  only the  act ive me ta l  dissolves; the  other, at  
h igher  potent ials ,  where  both meta ls  dissolve. Most 
ro ta t ing  r ing  disk s tudies  of dea l loy ing  were  done wi th  
ga lvanos ta t ic  control  (4, 5, 7). In  this way, since the 
potent ia l  was not  fixed, i t  was not  evident  in wha t  
reg ion  of potent ia ls  the disk was dissolving. For  this 
reason, in the  presen t  work  i t  was decided to use 
s imul taneous  potent ia l  control  of the r ing  and disk. 

Fol lowing  the s tudy  of dea l loy ing  of Cd-Mg al loys 
wi th  s ta t ionary  e lect rodes  by  the authors  (11), the  
select ive dissolut ion was s tudied  wi th  the ro ta t ing  r ing 
disk electrode.  The resul ts  show no evidence of s imul -  
taneous dissolut ion of cadmium and magnesium,  d u r -  
ing deal loying,  be low --0.51V. Only  magnes ium was 
dissolving, leaving  a film of meta l l ic  cadmium on the 
a l loy surface. The ac t iva t ion  energy  values  for de-  
a l loy ing  are  in the  range of those expec ted  for volume 
diffusion in the metal .  I t  was also observed tha t  the 
anodic dissolut ion cur ren t  d ropped  to zero for  mag-  
nes ium contents be low 7.4 atomic percen t  ( a /o ) .  This 

* Elec t rochemica l  Society Active Member.  
Presen t  address :  Univers idad Cat61ica de Valparaiso,  Casilla 

4059, Valparaiso,  Chile. 
Key words:  alioyj anode,  corrosion,  dissolution. 

change is assumed to be re la ted  to a change in the 
nature  of the meta l l ic  cadmium surface film. 

Experimental  
Severa l  designs of ro ta t ing  r ing disk e lect rodes  were  

tested. Those based on meta l  plus Teflon had  to be dis-  
carded,  because crevices could not  be  avoided be tween  
meta l  and Teflon. Those crevices gave collection effi- 
ciency factors, N, different  f rom the theore t ica l  N va l -  
ues. The best  resul ts  were  ob ta ined  wi th  ro ta t ing  r ing  
disk electrodes based on a m e t a l - e p o x y  resin design. 
F igure  1 shows schemat ica l ly  the e lect rodes  used in  the  

Fig. 1. Cross section of the rotating ring disk electrode, sche- 
matic, not in scale: a, Epoxy-resin support; b, acrylic-resin iso- 
lator; c, copper-ring electrode; d, alloy-disk electrode. 
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Table I. Electrode dimensions and collection efficiency values, N, for the various rotating 
ring disk electrodes used 

Disk  
Elec trode  eompo$.  

No. ( a / o )  Rd (era)  RT l, ( cm)  Rr  e ( cm)  As ( c m  ~) Ar  (e ra  s) N* 

0 C a d m i u m  0.1047 0.1163 0.1531 0.033 0.031 0.4017 
1 Cd-llMg 0.1043 0.1134 0.1250 0.034 0.0087 0.2263 
2 C d - l l M g  0.1044 0.1163 0.1519 0.034 0.030 0.4044 
3 Cd-23Mg 0.105,0 0.1153 0.1463 0.035 0.026 0.3757 
4 Cd-26Mg 0.1037 0.1130 0.1225 0.034 0.007 0.2050 
5 Cd-26Mg O. 1031 0.1175 0.1513 0.033 0.029 0.3783 
6 Cd-31Mg 0.1050 0.1137 0.1524 0.035 0.032 0.4224 
7 Cd-50Mg 0.1020 0.1100 0.1202 0.033 0.0072 0.2158 
8 Cd-5OMg 0.1075 0.1150 0.1525 0.036 0.032 0.4200 
9 Copper 0.1034 0.1183 0.1533 0.034 0.030 0.3543 

Rd, radius  of  the disk;  Rr t, in terna l  radius  of the  ring;  Rr '~, e x t e r n a l  radius  of the  r ing;  Ad, area  of  the  disk; At,  area  of  the  ring.  
* Values from Albery and Bruckenstein (3). 

present  work. With these electrodes, the difference be- 
tween the theoretical and the exper imental  N values 
was found to be less than 1%. Table I shows the d imen-  
sions of some of the electrodes used in the present  
work. Electrodes with lower N values were ini t ia l ly 
prepared, but  the final measurements  were done with 
the electrodes described in Table I. The same electrode 
was used several times, after abrading the corroded 
surface with 600 silicon carbide paper. 

The r ing metal  was copper. The disk metal  was 
composed of some of the alloys reported in  Part  I 
(11), with the following nominal  compositions, in a/o: 
Cd- l lMg;  Cd-23Mg; Cd-26Mg; Cd-31Mg; and Cd-50Mg. 
Rotating ring disk electrodes with copper and cadmium 
disks were also used for cal ibrat ion purposes. 

The measurements  Were made in a double-wal led 
Pyrex glass cell. The temperature  in  the cell was 
regulated by circulation of water  through a Haake FS 
thermostat. The Luggin capil lary was positioned close 
and normal  to the disk electrode (12). The cell con- 
tained approximately 360 ml of solution. The Luggin 
capillary was connected, through a salt bridge, to a 
saturated calomel reference electrode. All the poten- 
tials are reported in  the normal  hydrogen electrode 
scale (NHE). 

The potentials of r ing and disk were independent ly  
controlled by, using a double potentiostat  based on the 
circuits published by Napp et al. (12). The electrolyte 
used was 0.5M NaC104, pH 5.5, made up from HC104 
solution, and with the pH adjusted with NaOH solu- 
tion. No buffers were used in the present  work. Pr ior  
to the measurements,  the solutions were deaerated by 
bubbl ing  prepurified ni t rogen for 7 hr (13). Dur ing  
the measurements  a s t ream of purified ni t rogen w a s  
mainta ined above the solution. The potential  of the 
disk was scanned with a LYP-Electronica potential  
scanner, with a scanning range from 1 X 10 -4 to 1 X 
l0 s V/sec. The currents  on the ring and disk were 
s imultaneously recorded with a 2 FAM X-Y Hewlet t -  
Packard Recorder. The rotat ion speed of the electrodes 
was regulated with a LYP-Electronica electronic con- 
troller. 

The exper imental  parameters  were determined with 
a rotating cadmium-disk  copper-r ing electrode, in  a 
deaerated 0.5M NaC104 solution, with pH values rang-  
ing from 3.0 to 7.0. A pH dependent  cathodic reaction 
interference was found on the r ing and disk electrodes 
at low pH values. This interference was at t r ibuted to 
H202 produced by the p la t inum counterelectrode (14). 
The interference was found to be negligible for pH 
values above 5.0. 

At potentials above --0.49V, the cadmium-disk  dis- 
solved actively, with a Tafel slope of about 0.050V. 
However, at pH values above 6 the active anodic dis- 
solution was replaced by an active-passive transition. 
Since the effect of such an active-passive t ransi t ion on 
the dealloying process was unknown,  it was decided 
to work at pH 5.5. 

Cathodic deposition experiments  were performed 
with a rotat ing copper-disk electrode, in  a deaerated 
0.5M NaCIO4 solution, pH 5.5, containing 0.001M Cd § + 
ions. The electrode potential  was changed at a scanning 
rate of 6 mV/see and various rotation speeds were used. 
The results are shown in  Fig. 2. A l imit ing cathodic 
current  was found for cadmium deposition. The l inear  
relat ion between this l imit ing current  and the square 
root of the rotat ion speed showed it  to be a pure  dif- 
fusion process (15). From all these measurements,  a 
potential  of --0.76V was chosen for the deposition of 
cadmium on the ring electrode in all the rotat ing r ing 
disk electrode experiments  with the Cd-Mg alloys. 

Results 
Polarization curves,~Figures 3-7 show ring disk 

electrode measurements  for Cd-50Mg, Cd-31Mg, Cd- 
26Mg, Cd-23Mg, and C d - l l M g  alloys in deaerated, pH 
5.5, 0.5M NaC104 solution at various temperatures.  The 
initial  potential  of the disk alloy electrode was --1.56V, 
and it was increased with a scanning rate of 0.001 V/sec, 
while the potential  of the copper r ing electrode was 
kept at --0.76V. The electrode was rotated at a speed 
of 314 radians/sec. 

The alloys showed a corrosion potential  be low which 
the cathodic reaction of hydrogen evolution was pre-  
dominant.  Above the corrosion potential, the anodic 
currents observed were the result  of alloy dissolution. 
The corrosion potential  was not clearly affected by the 
temperature,  but  it was a funct ion of the cadmium 
content of the alloy. The higher the content of cad- 
mium, the higher the corrosion potential. It  went  from 
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Fig. 2. Cathodic electrodeposition of cadmium on a rotating 
copper disk electrode, at various rotation speeds. Deaerated 0.5M 
NaCIO4 solution, pH 5.5, containing 0.001M Cd§ + ions. 
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Fig. 4. Potentioklnetlc polarization curves of Cd-31Mg disk 

Fig. 3. Potentiokinetic polarization curves of Cd-50Mg disk elec- 
trode alloy in deaerated 0.5M NaCIO4 solution, pH 5.5, at various 
temperatures, id, disk electrode current; it, ring electrode current; 
rotation speed of the electrode, 314 radians/sec; potential scanning 
rate of the disk, 0.001 V/see; potential of the ring, --0.76V; elec- 
trode No. 8. 

--1.36V for the Cd-5OMg alloy, to --0.91V for the 
C d - l l M g  alloy. 

Above the corrosion potential  the measured anodic 
current  increased, showing a max imum somewhere be- 
tween --0.92 and --0.84V. In  the C d - l l M g  alloy (Fig. 
7), on the other hand, if such a m a x i m u m  existed it 
was obscured by the cathodic reaction. This m a x i m u m  
current  was a funct ion of the tempera ture  of the solu- 
t ion and the composition of the alloy. From the tem- 
perature  effect, an estimate of the activation energy of 
the process could be made. Table II shows the activa- 
t ion energy values found for the various alloys. These 
values are in the range of those expected for volume 
diffusion in metals. For example, the activation energy 
reported for diffusion of cadmium in  disordered Mg3Cd 
alloy is 12.8 kcal /mole  (16). 

The anodic cur ren t  densi ty was equal to that  found 
on static samples (1l) ,  and was not affected by the 
speed of the rota t ing electrode. This cur ren t  was a 

electrode alloy in deaerated 0.5M NaCIO4 solution, pH 5.5, at 
various temperatures: id, disk electrode current; it, ring electrode 
current; rotation speed of the electrode, 314 radians/sec; potential 
scanning rate of the disk, 0.001 V/see; potential of the ring: 
--0.76V, electrode No. 6. 

funct ion of the composition of the alloy: the higher  the 
content of cadmium, the lower the anodic cur ren t  den-  
sity. An empirical relat ion was found between the 
current  density and the alloy composition. A l inear  
relat ion between the square root of the current  densi ty 
and the alloy composition was observed (Fig. 8). This 
l inear  relat ion was found at all  the temperatures  tested, 
and was checked for --0.61, --0.71, and --0.81V. By 
extrapolation, an alloy composition was found, for 
which the current  densi ty should be zero. This would 
indicate that  ei ther no selective dissolution occurs for 
lower magnes ium contents, or that  there is a change 
in the mechanism of selective dissolution. Table III  
shows the extrapolated values, and a good coincidence 
was found between them, for all the temperatures  and 
potentials tested. Potentiostatic values, from the cad- 
mium stripping experiments  described below, were 
also included. The mean  value of the extrapolated 
composition was Cd-7.4 (2 1.7) a/o Mg. 

If the potential was increased (Fig. 3-7), the cur- 
rent, after reaching a maximum, showed little change 
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Fig. 5. Potentiokinetic polarization curves of Cd-26Mg disk 
electrode alloy in &aerated 0.5M NaCIO4 solution, pH 5.5, at 
various temperatures: id, disk electrode current; it, ring electrode 
current; rotation speed of the electrode, 314 radians/sec; potential 
scanning rate of the disk, 0.001 V/sec; potential of the ring: 
--0.76V, electrode No. 5. 

with the potential  up to about  --0.42V. At this poten-  
tial, for all the alloys tested and for all the tempera-  
tures used, a sharp increase in the current  was found, 
leading to severe corrosion of the disk. 

If the r ing is kept  at a potent ial  of --0.76V, the 
presence of dissolved cadmium in the solution should 
be detected as a cathodic current  on the ring. For disk 
electrode potentials between --1.56 and --0.51V a po- 
tential  independent  background current  was observed 
on the ring. As shown in experiments  described below, 
no cadmium was found on the r ing for this range of 
potentials. It  was concluded, then, that between --1.56 
and --0.51V no soluble cadmium was produced dur ing  
the anodic dissolution of the Cd-Mg alloy. At and 
above --0.51V the cathodic current  on the r ing showed 
a sharp increase, and deposition of cadmium was de- 
tected on the ring. This shows that  between --1.56 a n d  
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Fig. 6. Potentiokinetic polarizatlon curves of Cd-23Mg disk 
electrode alloy in dea,orated 0.SM NaCIO4 solution, pH 5.5, at 
various temperatures, id, disk electrode current; it, ring electrode 
current; rotation speed of the electrode, 314 radians/sec; potential 
scanning rate of the disk, 0.001 V/sec; potential of the ring, 
--0.76V; electrode No. 3. 

--0.51V the anodic current  on the disk was solely due 
to the dissolution of magnesium. At --0.51V and above, 
on the other hand, the anodie current  on the disk w a s  
the result  of the s imultaneous anodic dissolution of 
magnesium and cadmium. Below --1.56V, dissolution 
of magnes ium was, most probably, to be found too, but  
it was obscured by the cathodic reaction of hydrogen 
evolution. The potent ial  at which dissolution of cad- 
mium from the disk began, --O.51V, was not affected 
either by the composition of the alloy or by  the tem-  
perature.  The independence of the potential  with re-  
spect to the composition of the alloy was due to the fact 
that the cadmium ions were produced by the dissolu- 
tion of the dealloyed film, the composition of which 
should be the same for all  the alloys tested. 
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Cadmium deposition on the ring eIectrode.--Electron 
microprobe analysis was used to conArm the observa- 
tions made in  the electrochemical measurements .  The 
presence of cadmium, electrodeposited on the ring elec- 
trode, was investigated with the electron microprobe. 
The ring disk electrode was introduced in the electron 
microprobe analyzer through a specially designed sam- 
ple holder. In one set of experiments, samples of all 
the alloys were exposed to the deaerated 0.5M NaCIO4 
solution, for 3 hr at --0.51V for the disk electrode, and 
--0.76V for the ring electrode. After the 3 hr exposure, 
the ring disk electrode was retrieved from the cell and 
taken to the electron microprobe analyzer. The analy- 
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Fig. 8. Effect of the alloy composition on the anodic current 
density of Cd-Mg alloys in deaerated 0.5M NaCIO4, pH 5.5, at 
--0.71V, and various temperatures. Potentiokinetic measurements: 
@, 60~ A, 40~ and I I ,  25~ Potentiostatic measurements: 
O ,  25~ 

sis showed the presence of cadmium on the r ing  e l e c -  

t r o d e .  Similar  results were obtained wi th  all the other 
alloys. 

The deposition of cadmium on the r ing at lower disk 
potentials was also investigated. To prevent  a i r - formed 
films from being chemically dissolved in  the solution 
and redeposited on the ring, a double set of experi-  
ments  was made. In  all these experiments  the poten-  
tial of the al loy-disk was kept at --0.71V. In  a first 
set of experiments,  the potential  of the ring was first 
main ta ined  at --0.76V for 2 hr  and then at --0.26V 
for another  2 hr. In  this way, any cadmium deposited 

Table II. Activation energy values calculated for the dissolution 
rate of Cd-Mg alloys in deaerated 0.5M NaCIO4, pH 5.5, at 

- -  0.88V 

A c t i v a t i o n  
e n e r g y  

A l l o y  ( k c a l / m o l e )  

Cd-50Mg 12.3 
Cd-31Mg 12.8 
Cd-26Mg 19.2 
Cd-23Mg 14.1 

Table Ill. Extrapolated values of magnesium content for which the 
anodie dissolution current density is zero 

t e n t i a l  

( ' C )  

25 
40 
60 
25* 

M a g n e s i u m  ( a / o )  

- -  0.61V -- 0.71V -- 0.81V 

7.7 8.8 9.3 
5.2 7.5 9.5 
6.2 4.6 8.2 
- -  7 . 4 *  - -  

* P o t e n t i o s t a t i c  m e a s u r e m e n t s .  
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during the first two hours was anodically stripped at 
the higher potential. The ini t ial  2 hr exposure was 
chosen to allow the system to reach a s tat ionary state. 
After  this t reatment ,  the electrodes were taken to the 
electron microprobe and analyzed for cadmium on 
the ring. In  this way, the background current  for cad- 
mium analysis on the r ing was found. In  a second set 
of experiments,  after exposing ~he r ing at --0.76V for 
2 hr and then at --0.26V for 2 hr, the r ing  electrode was 
exposed for another 2 hr at --0.76V. After  it, the r ing-  
disk electrodes were taken to the electron microprobe 
and an analysis was made for cadmium deposited on 
the ring. No difference was found for any of the alloys 
between the cadmium-deposi ted and the cadmium 
stripped r ing electrodes. In  both cases only the back- 
ground current  on the r ing was observed with no dis- 
cernible difference between the two treatments.  It was 
concluded that no cadmium ions were l iberated to 
the solution when the disk was anodically corroding 
at --0.71V. Confirming the electrochemical results re-  
ported above, and those described in  Par t  I of this 
paper (11), selective dissolution of magnes ium was 
found to take place dur ing the anodic polarization of 
Cd-Mg alloys. Up to --0.51V the only anodic reaction 
product was dissolved magnesium, while at and above 
--0.51V, s imultaneous dissolution of cadmium and 
magnes ium was found. 

Discussion and Conclusions 
From the results in Par t  I (11) and those reported 

in  the present  work, it is concluded that Cd-Mg alloys 
are susceptible to selective dissolution in NaC104 solu- 
tions. Between the corrosion potential  and --0.51V, 
magnesium leaches away from the alloy, leaving a 
surface film of pure  metallic cadmium. No soluble 
cadmium ions are produced dur ing this dealloying 
process. Cadmium ions are produced only when the 
potential  of the alloy is --0.51V or higher. The deal- 
loying process r a t e  is accelerated by an increase in the 
temperature.  And an estimation of the activation en-  
ergy for the process gives values close to those found 
for volume diffusion in  similar alloys. This dealloying 
rate is a function of the alloy composition. The higher 
the magnesium content, the higher the dissolution rate, 
at a fixed potential. A l inear relat ion was found be- 
tween the square root of the current  density and the 
magnes ium content of the alloy. By extrapolation, this 
current  density would be zero for an alloy of Cd-7.4 
Mg. 

Several mechanisms have been proposed for the 
dealloying process (4, 5, 17-21). These mechanisms are 
usual ly divided into three groups: (i) dissolution of the 
entire alloy, followed by redeposition of one of the 
components (20); (it) selective dissolution of one of 
the species, leaving the nobler  species on the alloy 
surface (4, 5, 18, 21) ; and (iii) a combination of (i) 
plus (ii), where both mechanisms are active at differ- 
ent  potentials (17, 19). Mechanism (it) requires a re- 
dis t r ibut ion of the noble metal  on the alloy surface. 
Various possibilities have been suggested. According 
to Pickering and Wagner (4), the noble metal  remains 
as a continuous film on the alloy surface, and selective 
dissolution proceeds by volume diffusion of the active 
metal  through the noble metal  layer. Feller  (5), on 
the other hand, suggested that the redis tr ibut ion of the 
noble metal atoms takes place through surface diffusion 
and clustering. For low noble metal  contents, this 
surface diffusion will lead, according to Swan (18), to 
tunnel ing.  Pchelnikov et al. (21) showed experi-  
menta l  evidence support ing the Pickering and Wagner  
mechanism, while Fort  and Verink (17), raised doubts 
about such a mechanism. 

As for the results of the present  work, we will con- 
centrate on the measurements  below --0.51V where 
dealloying is found. The r ing-disk measurements  
showed that  in this range of potentials no soluble cad- 
mium ions are formed. Otherwise, they should be 

detectable on the ring electrode. This means that  a 
mechanism of dissolution and redeposition is not op- 
erative at a macroscopic level. It  could be argued that  
it takes place at a microscopic level, not detectable by 
the r ing disk electrode experiments.  But in  that case, 
it would not be discernible from mechanism (it). 

As pointed out by Pchelnikov et aI., a mechanism of 
selective dissolution by volume diffusion through a 
solid film is easily detectable. This mechanism should 
give a l inear  relat ion between the dealloying current  
density and I /k / t .  But, as these authors pointed out, 
such a relat ion is only found either in solid solutions 
with a very low content  of the negative component,  or 
in the very early stages of dealloying. Otherwise, too 
high stresses would be created in  the dealloyed surface 
film, and it will  therefore not remain  continuous. 

For the Cd-Mg alloys studied in the present  work, 
the dealloying current  density does not decay l inear ly  
with I /~/~ (11), but  almost remains constant with time. 
A criterion, similar to that introduced by Pi l l ing and 
Bedworth (22) tot  oxidation of metals, can be applied 
to the surface dealloyed film. According to this cri- 
terion, a corrosion product film will  be continuous and 
protective only when it has at least the same volume 
as the metal  consumed. If the relative volume of the 
product  film is lower, the film will not be protective. 
For the case of Cd-Mg alloys, the Pi l l ing and Bedworth 
relat ion would be 

W . d  

w . D  

where w is the weight of the alloy containing one 
atom gram of cadmium, W is the atomic weight of cad- 
mium, D-the film density, and d the alloy density. The 
film, as shown in Part  I, is pure cadmium. The values 
of alloy density were taken from (23). According to 
Pil l ing and Bedworth, K values lower than one will  
give nonprotect ive films. The calculated values were: 
Cd-15 Mg, K = 0.86; Cd-10 Mg, K ---- 0.91; and Cd-5 
Mg, K _-- 0.95. If allowance is made for some redis-  
t r ibut ion of stresses in the film, for values close to one, 
it is concluded that no continuous film should be ex- 
pected for alloys with magnes ium contents above 10 
a/o. 

From the results of the present  work, it is concluded 
that Cd-Mg alloys show selective dissolution, most 
probably by a volume diffusion mechanism. Due to 
differences in the relative volume between the alloy 
and the corrosion product, the cadmium film formed 
on the surface becomes discontinuous and nonprotec-  
tire. This film becomes protective when formed on high 
cadmium alloys, thus explaining the current  zero found 
for the Cd-7.4 Mg alloy. Fur ther  studies are being 
made to detect the init ial  dealloying stages, where the 
l inear  relat ion with I /~/ ' t  should be found. The mor-  
phology of the nonprotect ive film is also being studied. 
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Contamination of Electronic Equipment 
after an Extended Urban Exposure 

G. B. Munier, L. A. Psota, B. T. Reagor,* B. Russiello, and J. D. Sinclair* 
BeL~ Laboratories, Holmdel, New Jersey 07733 

ABSTRACT 

Water  soluble contaminants  on electromechanical  telephone switching 
equipment  exposed for up to 40 years to the New York City env i ronment  have 
been chemically analyzed by a combinat ion of methods, and their moisture 
pickup characteristics have been monitored by ins t rumenta l  gravimetr ic  tech- 
niques. Samples were collected from structural  surfaces by extraction with 
filter paper squares moistened with distilled water. Elements with atomic 
numbers  greater than 11 were identified by energy dispersive x - ray  analysis. 
Selected anions were identified by microchemical tests and infrared spectros- 
copy. Nitrate and sulfate concentrations of 46 samples from one location were 
measured using ni t ra te  and lead ion selective electrodes (the lat ter  for t i t ra-  
t ion of sulfate).  Several  hundred  samples from this and four other locations 
were analyzed using a chloride ion selective electrode. On zinc surfaces, chlo- 
ride concentrations averaged 27 ~g/cm 2 for typical locations, while sulfate and 
ni t ra te  concentrations averaged 48 and 6 /~g/cm 2, respectively. On a luminum 
surfaces, chloride concentrations averaged <2 ~g/cm 2, while sulfate and ni t ra te  
concentrations averaged 25 and 3 ~g/cm 2, respectively. Moisture pickup by 
contaminants  on zinc and a luminum surfaces was found to occur above 26 and 
46% RH, respectively. 

The cumulat ive  contaminat ion of electronic devices 
and equipment  dur ing long term exposure to u rban  
atmospheres is a cont inuing concern for the electronics 
industry.  In  some cases, the contaminat ion consists of 
dusts that  have collected on surfaces and that may 
have reacted chemically with the surfaces. In  other 
situations, the contaminat ion consists of the products 
of at tack by pol lu tant  gases, such as SO2, NOx, H2S, 
mercaptans,  organic sulfides and disulfides, ozone, and 
chlor ine-conta ining species. Gases generated by the 
equipment  itself can also contaminate  and produce 
corrosion. These gases may be volatile components of 
plastics or other insulat ing or packaging materials  
that  evolve after equipment  instal la t ion for periods 
ranging from a few hours to many  years, or they may 
be volatile degradation products from oxidation or 
from photochemical processes. Genera l ly  a combinat ion 
of dusts and complex films containing oxides, sulfides, 
sulfates, oxyanions of nitrogen, chlorides, oxyanions 
of chloride, and other substances is found. Passive 
oxide films are usual ly  not appropriately classified as 
contaminants .  

The composition of the dusts will be determined by 
contributions from outdoor aerosols and aerosols 

* Electrochemical  Society Active Member. 
Key w o r d s :  condensa t ion ,  c o n t a m i n a t i o n ,  pol lut ion,  water.  

generated wi thin  the equipment  room by h u m a n  ac- 
tivity, equipment  operation (wear products) ,  and de- 
terioration of equipment  and bui lding surfaces due to a 
variety of aging processes, including oxidation and 
thermal  or photochemical degradation. The composi- 
tion of the outdoor component will be modulated by 
the air handl ing and filtration system for the equip- 
ment  room. Modern high efficiency filters (85% NBS 
dust spot rating) remove most particles with diameters 
greater than 1 ~m (1), in  which case the contr ibut ion 
from the typical outdoor component in the New York 
metropoli tan area will be pr imar i ly  anthropogenic in 
origin (except along the seacoast) and rich in ammo-  
n ium and sulfate ions (2-4). At seacoast locations, the 
submicron aerosols can have sodium and chloride ion 
concentrations (3, 4) that  approach those of the am-  
monium and sulfate ions. Many buildings, however, 
are equipped with air filtration systems of much lower 
efficiency, in which case dusts of mineralogical  origin 
will become prevalent.  Equipment  that has been in 
operation for 40 years has general ly experienced ex- 
posures to unfil tered air dur ing its first 10-20 years of 
operation. Most of the equipment  studied in  this work 
falls in this category. Even in recent years the equip-  
ment  has general ly not had the benefits of air purified 
by high efficiency filters. Thus, particles in  the one to 



266 J. E lec t rochem.  Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY F e b r u a r y  1980 

ten micron range will be common, and a high percent-  
age of these will have originated na tura l ly  from local 
crustal materials.  

In te rna l ly  generated dust will have a high carbon 
content  from human  activity. Weschler (5) has found 
that the dust generated in the Bell Laboratories facil- 
ity at Holmdel, New Jersey, which is equipped with 
high efficiency filters, contains 40% carbon by weight. 
There may also be incidents of high sodium chloride 
influx when winter  salt ing activity is prevalent  (2). 
Particles generated by the equipment  will  often in -  
clude phenolic plastics, ABS, calcium carbonate 
(which is used as a filler in many  types of insulat ion 
and plastics), glass fibers (from reinforced plastics 
and insulat ion) ,  and textile materials  (from wire in-  
sulation, carpeting, etc.). 

The water  soluble components of contaminat ion 
are of par t icular  concern to the electronics indus t ry  
because they may form electrolyte solutions in  the 
presence of moisture, as occurred in  Los Angeles when 
airborne nitrates, which tend to be hygroscopic at 
relative humidi ty  (RH) levels above 50%, caused elec- 
trolytic stress corrosion cracking of nickel brass (6). 
Similarly, the corrosion rates of exposed substrate 
mater ial  in  gold-plated connector contacts in the pres-  
ence of various pollutants have been related to RH 
(7-10). In  other situations, degradation may be caused 
by electrical leakage through the electrolyte (11-15). 
The leakage itself may be the cause of circuit failure, 
or coincidental  corrosion of the circuit member  serving 
as the anode in  a leakage pa thway may disrupt cur-  
rent  flow. Metallic dendri te  growth will  often occur in 
this situation. 

Electrical leakage is enhanced at high relative hu-  
midity, par t icular ly  if a hygroscopic contaminant  is 
present. Vernon (16) first called at tent ion to the im-  
portance of the concept of critical relat ive humidi ty  
(CRH) in assessing the corrosion hazards associated 
with contamination.  In many  cases a CRH can be iden-  
tified, either throug h knowledge of the composition of 
the contaminant  or through exper imental  measure-  
ment, as with ins t rumenta l  gravimetric methods (17). 
Exposure of contaminated devices to an envi ronment  
in which the CRH of the contaminant  is exceeded may 
lead to moisture acquisition, followed by electrical 
leakage, disrupt ion of cur ren t  flow, and eventual  de- 
vice failure. 

Convenient  procedures for analyzing water-soluble  
contaminants  and measur ing their moisture pickup 
characteristics are valuable in assessing the causes of 
equipment  failure and in determining procedures for 
dealing with the failure mechanism.  For large equip- 
ment  installations, correlations between contaminant  
distributions and equipment  problems can often be 
found. In some cases it is possible to specify humidi ty  
ranges or improved air filtration equipment  that can 
be expected to alleviate the problem. In other cases 
device modification may be necessary. 

This paper presents the methods that  were used to 
analyze problems occurring in etectromeehanical 
switching equipment  that  has been exposed for up to 
40 years to the New York City (Manhat tan)  envi ron-  
ment  at five locations. Contaminat ion data for equip- 
ment  in one location (hereafter designated as Location 
I), which developed switching problems during and 
after a high humidi ty  event, are discussed in some de- 
tail. 

The most difficult aspect of analyzing equipment  sur-  
faces is the selection of a sampling procedure, be- 
cause the equipment  must  usual ly be sampled while it 
is operating. Since the water-soluble  contaminants  are 
of principle concern, surfaces must  be water extracted 
in a way that will permit  complete removal  of the 
soluble species from a fixed surface area, without  
allowing moisture to come in contact with active 
equipment  components. St ructural  or otherwise inac- 
tive surfaces that can be expected to provide the 

necessary chemical informat ion to appraise contami-  
nan t  effects on active surfaces must  therefore be se- 
lected. In  this study, s t ructural  surfaces that  were zinc 
plated and surfaces of a luminum equipment  covers 
were chosen. A sampling procedure suited to the re-  
quirements  of this work has been investigated by 
Hermance et al. (6). In their  work, ni t ra te  salts were 
extracted I~om equipment  surfaces with small sec- 
tions of filter paper that  had been moistened with dis- 
tilled water, laid on the surfaces, and allowed to dry. 
The soluble components of the contaminat ion remain  in  
the paper after the water  evaporates and can be 
readily transported to the laboratory for analysis. In  
this work, chemical identification was accomplished by 
x - ray  techniques, s tandard microchemical tests, and 
infrared spectroscopy. For the u rban  envi ronment  of 
this study, chloride, nitrate,  and sulfate were the an-  
ions of part icular  concern. These were determined 
quant i ta t ive ly  using ion selective electrodes (18). 
Clyster and Adams (19) and Ross and Fran t  (20) have 
described procedures for the analysis for sulfate. 
Baucke (21) has discussed chloride selective elec- 
trodes. Nitrate selective electrodes are described in a 
compilation of selected analyt ical  methods by Gal lay 
et al. (22). i n  the studies by Weschler (2, 5), chloride, 
nitrate, and sulfate extracted from indoor dust par-  
ticles were determined by these methods. 

In Combination with the chemical analysis, knowl-  
edge of the CRH and the moisture pickup character-  
istics of the water-soluble  contaminants  can provide 
a basis for assessing the cause of equipment  problems 
and for devising methods to deal with these problems. 
One of the authors has developed ins t rumenta l  gravi-  
metric procedures for de termining the CRH and total 
moisture pickup characteristics of dusts, contaminants,  
and corrosion products (17). These methods have been 
applied to several types of samples from Location I. 

Experimental 
Surface extractions were accomplished with square 

sections (one-half  in. on a side) of Whatman  3MM 
filter paper. The papers were moistened with tr iply 
distilled water (18 m ~  resistivity) that had been 
equil ibrated with atmospheric carbon dioxide. The 
papers were briefly drained to el iminate  excess water  
that otherwise would significantly increase the effec- 
tive area of the sampled surface. The volume of water  
in each paper was determined to be approximately 
0.06 ml. The papers were placed on flat surfaces in 
either a horizontal or vertical plane and were removed 
from the surfaces after drying. The sampling in terval  
was approximately 30 min  but  was somewhat depen- 
dent  on the relative humidity.  The procedure was 
carried out three times on each sampled area to insure 
complete removal of water-soluble  contaminants.  

The sample papers were then stored in separate 
containers and transported to the laboratory. Ten ml  
portions of distilled water were used to extract  the 
contaminants  from the papers in the laboratory. In  most 
cases, the three papers from each sampled area were 
extracted together, but  in a few cases each paper was 
extracted separately. The samples were divided into 
several groups for several types of quant i ta t ive  and 
quali tat ive analysis. The residue remaining after evap- 
oration of several of the extracts was analyzed by 
SEM/x- ray  techniques using an AMR-1000 scanning 
electron microscope in conjunct ion with a Pr inceton 
Gamma Tech Si(Li)  energy dispersive x - ray  analyzer 
and a Tracor Nor thern  NS-880 mul t ichannel  analyzer. 
The technique is capable of ident i fying elements hav-  
ing atomic numbers  greater than 11. Samples were 
analyzed for mul t ie lement  anions by s tandard micro- 
chemical tests (ni trate  and chlorate by the n i t ron  test, 
sulfate by bar ium chloride precipitation, carbonate and 
bicarbonate by hydrochloric acid in  glycerine) and 
by infrared spectroscopy (on silver chloride crystals).  
Quant i ta t ive analyses for chloride, nitrate,  and sulfate 
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were carried out with Orion ion selective electrodes. 
A 90-02 double junct ion  electrode, using the Orion 
proprie tary solution for the inner  chamber  and 10% 
KNO3 in  the outer chamber, was employed as the ref- 
erence electrode (except the outer solution for n i t ra te  
analysis was 0.1M KF) .  The 10 ml  extract  from the 
papers was directly analyzed for chloride with a 
90-17 solid-state chloride electrode. The extract  was 
then split  into two 5 ml  portions. Nitrate analysis was 
accomplished on one port ion with a 90-07 ni t ra te  elec- 
trode after a 5 ml port ion of 0.2M KF solution was 
mixed with it to provide a constant  ionic strength. 
Phenylmercur ic  acetate was included as a preservative. 
Sulfate analysis was carried out on the other 5 ml  por- 
t ion by t i t ra t ion with 0.001M Pb(C104)2 after adding 
5 ml of methanol.  A 94-82 solid-state lead specific elec- 
trode was used to monitor  the end point. 

Paper  blanks were analyzed for chloride, nitrate,  and 
sulfate. The average quanti t ies  of these anions per 
paper were 2, 4, and 2 ~g, respectively. The hydrogen 
ion concentrations of the distil led water  extracts from 
blank paper squares and from moistened squares that  
had been placed in  contact with equipment  surfaces for 
brief periods were measured with Tridicator pH paper. 

Moisture pickup characteristics of the residues of 
some of the paper extracts from a luminum and zinc 
plated surfaces and of a green corrosion product con- 
taminat ing  electrical contact surfaces (collected by 
brushing)  were measured by gravimetr ic  methods us- 
ing a du Pont  951 Thermogravimetr ic  Analyzer  coupled 
to a 990 Thermal  Analyzer.  Samples were equi l ibrated 
for several days or weeks with the laboratory atmo- 
sphere (RH approximately 40 ~_10%) before they were 
analyzed in the microbalance. 

Continuous pickup rates for the various materials  
were determined by passing a stream of air (main-  
tained at approximately  23~ which had been humidi -  
fied by bubbl ing  it through distilled water  main ta ined  
at 23~ through the microbalance sample tube (2.5 
cm diam by 12 cm long).  The relat ive humidi ty  of the 
airs t ream was close to 100%. Weight was recorded 
graphically as a funct ion of time, and each run  was 
allowed to proceed unt i l  the rate of weight gain ap- 
proached zero or reached an extended steady state. 

CRH measurements  were made using the same bal-  
ance with a modified airs t ream apparatus. A mi n i mum 
RI-t in the balance housing (mainta ined at 23~ of 
22% was achieved by passing a stream of dry air 
through a dispersion fri t  submerged in distilled water  
cooled to 0~ The water  was warmed from 0~ to 
near ly  23~C at a rate of 0.25~ thereby increas- 
ing the RH from 22 to near ly  100%. A recording of 
weight  vs. t ime was t ranslated to weight vs. RH. 
The relative humidi ty  at which an onset in weight 
gain occurred was taken to be the CRH. Fur ther  de- 
tails on these methods for measur ing moisture pickup 
characteristics are given elsewhere (17). 

Results and Discussion 
Microchemical tests on several dust samples from 

Location I and on residues remain ing  after extract ion 
of several papers with distilled water  established the 
presence of significant amounts  of ni t ra te  ion and sul- 
fate ion. Carbonate was detected in  the dust samples 
bu t  not in the extract  residues. Chlorate ion was not  
detected. Other mul t ie lement  anions such as sulfite and 
ni tr i te  were presumed to be present  only at very low 
levels, which would not contr ibute significantly to 
equipment  problems. Inf rared  spectroscopy confirmed 
the presence of ni t ra te  and sulfate. SEM/x- r ay  analysis 
of the extracts from zinc surfaces established the pres- 
ence of large amounts  of sulfur, chlorine, calcium, and 
zinc, a small  amount  of potassium, and traces of iron. 
Similar  analyses of the extracts from a luminum sur-  
faces showed that  sulfur  and calcium were present  in 
large amounts,  chlorine and potassium in small 
amounts,  and iron, copper, and zinc in trace amounts. 

SEM/x- r ay  analysis of the residue remain ing  after 
extract ion of several papers with distilled water  and 
evaporat ion of the resul t ing solution to dryness indi-  
cated that  the paper contained low but  significant 
levels of sulfur, chlorine, calcium, potassium, copper, 
and iron. 

The approximate pH of the solution associated with 
the filter paper squares during sampling was deter-  
mined with pH paper. The pH paper was placed over 
moist filter paper squares that  had been laid on the 
appropriate surfaces. Distilled water  that  had been 
equil ibrated with the a~mosphere (pH approximately 
5.7) was used for all  procedures. The approximate pH's 
observed for zinc and a luminum surfaces were 6.0-6.5 
and 5.0-5.5, respectively. These pH's are a result  of the 
combined effects of the atmosphere equi l ibrated dis- 
tilled water  and the sampled surface. Separate mea-  
surements  with pH paper  in the absence of filter paper  
squares indicated the filter paper had no detectable 
effect on the pH. The somewhat less acidic pH of the 
zinc surface is consistent wi th  the solubil i ty products 
of the hydroxides of zinc and a luminum,  which are 
10 -16 and 2 X 10 -32, respectively, and with our ex- 
per imental  observation that solutions created by ex- 
posing distilled water (with dissolved carbon dioxide 
el iminated) to excess zinc oxide are somewhat  alkaline. 
The oxide film on zinc surfaces is a weak buffer, which 
will tend to drive the surface solution towards the 
alkal ine pH range, whereas the oxide film on a l u m i n u m  
surfaces will have a negligible effect compared to the 
atmospheric influence of carbon dioxide with moisture 
on the surface. 

Based on the chemical analyses, the extracted species 
of greatest concern in  terms of potential  for equipment  
degradation were the anions chloride, ni trate,  and sul-  
fate. Since these appeared to be the major  anions 
present,  it was felt the quant i ta t ive  measurements  of 
surface concentrations of these species could be used 
to estimate cation concentrat ions from charge and 
mass balance requirements.  Proportions for the cations 
present  could be approximated from quali tat ive results 
determined in this work, coupled with data on New 
York City air qual i ty  that were available in the l i t -  
erature  (2-6, 23, 24) and from the Envi ronmenta l  Pro-  
tection Agency (25). 

For ty-s ix  samples (each consisting of three papers) 
from Location I were selected for chloride, nitrate,  
and sulfate analysis from the more than  75 samPles 
that  were collected. Several  hundred  samples from 
four other locations in  Manhat tan  (hereafter  desig- 
nated Locations II-V) were analyzed for chloride. Ex- 
per imenta t ion indicated that  extract ion of water -  
soluble contaminants  was general ly  80-90% complete 
after two extractions. On this basis, three samplings 
of each area were considered to provide complete ex- 
traction of the surface. 

Table I summarizes the types of surfaces extracted, 
the year of their  manufac ture  (vintage) ,  and the mea-  
sured chloride, sulfate, and ni t ra te  concentrat ion levels 
for the 46 samples from Location I. For samples 1 to 5, 
the three papers used to extract  the surface were stored 
and measured separately to verify that near ly  complete 
extraction of the surface was achieved with three 
papers. For all other samples, the three papers were 
combined for storage and measurement .  In  the cases 
of ni t rate  and chloride, this procedure reaffirmed that  
three papers provide essentially complete surface ex- 
traction, but  in the case of sulfate another  problem was 
found. The usual  procedure for end-poin t  de te rmina-  
t ion when t i t ra t ing with Pb (C104)s is to plot electrode 
potential  vs. quant i ty  of t i t ran t  added, the end point  
being taken as the point  of greatest inflection. Ross 
and Fran t  (20), using dioxane rather  than  methanol  
to sharpen end points ( through decreased PbSO4 solu- 
bil i ty) ,  found the mi n i mum t i t ratable  sulfate concen- 
trat ion for s tandard solutions was about  10-6M. How- 
ever, the t ime required to reach equi l ibr ium after each 
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Table I. Concentrations of surface contaminants at Location I 

Y e a r  of  
manufac -  Chloride Sulfa te  Ni t ra te  

Sam- Sur- t u r e  of concert- concen- coucen-  
pie  f a c e  sampled  t r a t ion  t r a t ion  t ra t ion  
No. m e t a l  s u r f a c e  (~g/cm~) ( ~ g / c m  ~) (/~g/cm~) 

1 Zn 47 39 127 (65)* <31 
2 Zn 47 28 136 (56) <31 
3 Zn 47 27 102 (38) <31 
4 Zn 47 22 94 (47) <31 
5 Zn 47 49 131 (64) <31 
6 Zn  47 34 <31 
7 Zn 47 29 <31 
8 Zn 47 41 41 <31 
9 Zn 47 22 <:31 

10 Zn 64 7 33 <:31 
11 Zn 64 6 40 <31 
12 Zn 64 8 39 <31 
13 Zn 64 6 34 <31 
14 Zn 47 42 6~ <31 
15 Zn 47 30 58 <31 
16 Zn 47 27 28 <31 
17 Zn 47 21 46 <31 
18 Zn 47 35 58 <31 
19 Zn 47 21 57 <31 
20 Zn 47 52 50 15 
21 Zn 47 37 63 18 
22 A1 47 4 27 5 
23 A1 56 <2  26 2 
24 A1 56 7 39 7 
25 A1 57 <:2 28 3 
26 Zn 47 45 64 8 
27 Zn 47 42 50 3 
28 A1 47 <2  29 2 
29 ~kl 47 < 2  29 2 
30 AI 56 <:2 26 0 
31 AI 56 <2  15 8 
32 Zn 47 41 51 6 
33 Zn 47 58 99 15 
34 A1 56 <2 16 0 
35 A1 56 <:2 ~4 0 
36 Zn 57 5 27 2 
37 Zn 57 11 40 4 
38 Zn 57 I0 39 0 
39 Zn 57 14 27 4 
40 Zn 56 5 39 0 
41 Zn 56 10 52 1 
42 Zn 56 12 27 0 
43 Zn 56 I0 51 4 
44 Zn 47 48 51 7 
45 Zn 47 27 39 4 
46 Zn 47 45 51 8 

* Values  in p a r e n t h e s e s  are  the  concen t ra t ions  e x t r a c t ed  by the  
first paper.  

addition of t i t ran t  was considered impract ical ly long 
for sulfate concentrations less than 5 • 10-5M. Their  
data on the effect of interferences indicate that NaC1, 
which is a significant contaminant  in the samples 
studied in  this work, can obscure the end point. For  
the range of concentrat ions found in  this study (7 • 
4 • 10-SM), the point  of greatest inflection was not  
always readily apparent  or, in  some cases, was am-  
biguous. Exper imenta t ion  wi th  s tandard solutions in -  
dicated that  if the end point  was selected to be --200 
mV, satisfactory agreement  between known and mea-  
sured concentrations was obtained. An error of 25-50% 
for the lowest concentrat ions of sulfate was considered 
acceptable for this work. The total sulfate levels from 
the three papers for samples 1-5 were, however, very 
high relat ive to other 1947 vintage surfaces. In  the 
case of chloride, the concentrations of samples 1-5 
were not extraordinary.  This suggests that  an in ter -  
fering effect, caused by a species other than  sulfate 
(possibly sodium chloride), increased the apparent  
concentrations to unreal is t ical ly  high levels. The effect 
appeared to have a similar magni tude  for each t i t ra-  
tion, whether  the three papers were run  s imultaneously 
or separately. The sulfate concentrations indicated for 
samples 6-46 thus include this effect only one time, 
while samples 1-5 include it three times, once for each 
paper. A correction factor for the effect was not readily 
derivable, and thus it was decided that  the sulfate 
concentrations for samples 1-5 should be based on the 
extract  from the first paper only. These values are 
given in parentheses in Table I. Concentrat ions for 
samples 6-46 are high by perhaps 7-15 #g/cm 2. Con- 
centrat ions for samples 1-5 may or may not be high, 
bu t  they are certainly lower than  they would have 

been had all three papers been analyzed s imul tane-  
ously. 

Nitrate concentrat ions were found to be very  low, 
approaching the sensit ivity l imit  of the method. Sam- 
ples 1-19 were analyzed and found to have concentra-  
tions below the region of l inear i ty  in  the potent ial-  
concentrat ion electrode calibration plots from which 
concentrations were determined. It  was original ly an-  
ticipated that  most of the samples would have concen- 
trat ions in  the l inear  regime, bu t  i t  was apparen t  after 
completing these 19 analyses that  this would probably 
not be the case. For the remain ing  samples, concen- 
trations were determined by extrapolat ion into the 
nonl inear  regime. The data were t reated very con- 
servatively, based on results for s tandard solutions, so 
the concentrations listed are lower limits for nitrate.  
Unfortunately,  only an upper  l imit  can be set for sam- 
ples 1-19 because the solutions were discarded before 
the extrapolat ion procedure was initiated. In  retro-  
spect, it appears that  in  situations in  which ni t ra te  
surface concentrations are l ikely to be less than 30 
~g/cm 2, the spectroscopic procedure with chromotropic 
acid described by West (26) would be a preferable  
method of analysis. The ni t ra te  selective electrode is 
somewhat  more convenient  and faster bu t  is a t  least 
one order of magni tude  less sensitive and tends to 
drift. 

Average concentrations of chloride, sulfate, and 
ni t ra te  on 1947 vintage equipment  are shown in Table 
II, along with average contaminat ion rates for the 30 
year exposure period. Indiscr iminate  application of 
these contaminat ion rates to locations outside the New 
York City area is not advised, but  for environments  
comparable to that of New York City, the contamina-  
tion rates are probably reasonable guides for locations 
that  have not, except for perhaps a brief  period, been 
equipped with high efficiency air  filtration systems. It  
also should be kept in mind that  the implicit  assump- 
tion that contaminat ion rates are constant  is probably 
not strictly valid. Some surfaces wil l  tend to passi- 
vate as corrosion processes occur or dust layers collect, 
while others will be activated. Fine dust particles (less 
than 1 ~m diam) tend to be mobile and may se rve  as 
a cont inuing source of a contaminant  unt i l  the accumu- 
lat ion of less mobile particles restricts their interac-  
tion with the surface. Furthermore,  pollut ion levels 
have varied substant ia l ly  over the past 30 years. Evi-  
dence of these complicating factors is provided in  
Table III, which shows chloride and sulfate contamina-  
tion rates on zinc surfaces for 1947, 1956-1957, and 1964 

Table II. Contamination data for 1947 vintage equipment at 
location I 

Chloride Sulfa te  Ni t ra te  

Zinc surfaces :  
Concen t ra t ion  ( # g / c m  2) 36 54 10 
Contamina t ion  r a t e  (/~g/ 

cm 2 yr)  1.2 1.8 0.33 
A l u m i n u m  sur faces :  

Concen t ra t ion  ( ~ g / c m  ~) <2* 28 3 
Contamina t ion  ra te  (/~g/ 

cm e yr) <0.07 0.93 0.1 

* This  n u m b e r  is based  on all va lues  <2  ~ g / c m  2 be ing  0; if all 
values  less than  2 are  a s sumed  to be 1, the  av e r ag e  is 2. 

Table III. Contamination rates on zinc surfaces of various 
equipment vintages from the vintage year through 1977 

( ~ g / c m  2 yr )  

Vin tage  y e a r  

1947 1956-1957 1967 

Sulfa te  1.8 1.9 2.6 
Chloride 1. 9. 0.5 0.5 
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vintage equ ipment  based on concentrat ion averages 
for each vintage group. Only four samples were avail-  
able for the calculation of 1964 rates, and thus the 
averages are very approximate.  The results suggest, 
however, that sulfate contaminat ion rates have in-  
creased over the past 30 years, while chloride con- 
taminat ion  rates have decreased. Keeping these com- 
plicating factors in  mind, the contaminat ion rates 
provide estimations of contaminant  concentrat ions.  

Concentrat ions of chloride, sulfate, and ni trate  in  
a i rborne part iculates taken from the data of Hermanee 
(6), The National  Air Sampling Network (NASN) 
(24), The NationaI Air Survei l lance Network Sum-  
mary  (NASNS) (25), Pat terson and Wagman (P + W) 
(3), and Leaderer  (4) are compared in Table IV with 
the average concentrat ions found on the zinc and alu-  
m i n u m  surfaces (computed for all samples neglecting 
vintage effects). The similarit ies are striking. Except 
for comparisons involving chloride on zinc surfaces, 
the relat ive proportions of these anionic species are 
roughly the same in the airborne part iculates and on 
the surfaces tested. The scavenging abil i ty of zinc for 
chlor ine-conta ining species obviously plays a dramatic 
role in  the contaminat ion of zinc surfaces. The data 
also suggest that  the surface texture and moisture con- 
tent  of surfaces may be impor tant  factors affecting the 
collection and re tent ion of dust particles. The higher 
sulfate and n i t ra te  concentrations on zinc as compared 
to a luminum surfaces are consistent with the unpol-  
ished na ture  and higher surface area of the zinc sur -  
faces relative to those of a Iuminum and with the lower 
CRH associated with the zinc surfaces (to be discussed 
Iater) .  The differences are probably not related to 
surface configuration, because approximately  the same 
number  of horizontal and vertical  surfaces were sam- 
pied for both zinc and a luminum,  and the concentra-  
tions on horizontal and vertical  surfaces of the same 
metal  were quite similar. 

In order to determine if the total anion concentrat ion 
can be accounted for by the combinat ion of the aver-  
age chloride, nitrate,  and sulfate concentrations found 
on the surfaces, it is necessary to select an approximate 
composition for the associated cations and to obtain an 
average extract  weight per sample. The lat ter  was ac- 
complished with another  set of samples, also from Lo- 
cation I, with very similar vintage distributions. Con- 
taminat ion  levels for this group of samples were as- 
sumed to be similar to the levels of the group used 
for chloride, nitrate,  and sulfate determinations.  
Twenty-s ix  paper  extract  samples that had been col- 
lected from zinc surfaces were combined and extracted 
with 10 ml of distilled water. The extract  was filtered 
and then evaporated to dryness and weighed. An iden-  
tical procedure was followed for 12 samples from alu-  
m i n u m  surfaces. From these weighings, it was deter-  
mined that the average weight of mater ial  extracted 
from a single sampling location on zinc surfaces (after 
subtract ing an exper imenta l ly  determined value of 21 
~g/cm 2 for the solids extracted from three paper 

Table IV. Concentration comparisons 

A i r b o r n e  pa r t i cu la te :  Chloride Sulfate  Ni t ra te  

H e r m a n c e  (1959) 2.5 ( /zg/m z) 18.3 ( /zg/m 3) 2.6 ( # g / m  ~) 
NASN (1958) 22.8 2.4 
NASN (1963-1964) 32.2 2.5- 
NASNS (1971-1974) 15.9 0.9 
P + W (1970) 9.3-1.9 2-21 0.8-9.7 
L e a d e r e r  (1976) 0.1-0.5 2-41 0-4 

Water  ex trac tab ie  con- 
taminants :  
Zinc sur faces  27 ( ~ g / c m  -~) 48 ( ~ g / c m  z) 6 ( /zg/cm ~) 
A l u m i n u m  sur faces  <2"  25 3 

* This  n u m b e r  is based  on all va lues  <:2 ~ g / c m  z be ing  0; if all 
va lues  ms~ Ll~a~ 2 a re  a ~ u m e a  to De i ,  the  a v e r a g e  *s 2. 
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blanks)  was 117 ~g/cm 2, while the average for a lu-  
m i num surfaces was 61 ~g/cm 2. 

SEM/x- ray  analysis was also carried out on  t h e s e  
extracts and makes possible, in conjunct ion with in -  
formation available in the l i terature  and reasonable 
assumptions about l ikely surface chemistry, an e s t i -  
m a t e  of the predominant  cations associated with chlo- 
ride, nitrate,  and sulfate on zinc surfaces and on a lu-  
m i n u m  surfaces. 

The SEM/x- ray  results on extracts from zinc surfaces 
established the presence of large amounts  of sulfur  a n d  
chlorine, consistent with the presence of sulfate a n d  
chloride, in addition to large amounts  of calcium a n d  
zinc. Potassium and iron were identified as minor  com- 
ponents. As discussed above, zinc is an  excellent  
scavenger for chlor ine-containing species and thus 
chlorine was presumed to be present  exclusively as 
zinc chloride. While some of the chlorine may have 
originated from the mar ine  influence on this seacoast 
location and thus would have sodium associated with 
it, the very low chloride levels found on a luminum 
surfaces suggest the sea salt influence is small. (It  
should be noted that the lack of appreciable chloride 
on a luminum surfaces in spite of the seacoast influence 
may be due in par t  to the submicron size of sea sa l t  
aerosol. Such particles will  tend to be mobile and  
could serve as a cont inuing source of chloride on re-  
active zinc surfaces but  would have little effect on l e s s  
reactive a luminum surfaces. This potential  effect was 
assumed to be un impor tan t  in  this work, bu t  fur ther  
study is needed on this point, par t icular ly  on the re-  
action mechanism and the fate of the sodium. Sulfate 
is a major  water soluble component  of the outdoor 
aerosols at this u rban  location, as are ammonium,  cal- 
cium, and sodium ions.) Morrow and Brief (23), using 
emission spectrography, found ambient  concentrations 
of calcium and sodium in the New York metropol i tan 
area in 1969-1970 of 1.17 and 1.08 ~g/m 8, respectively. 
Hermance et al. (6) reported ambient  concentrations 
2or ammonium, calcium, and sodium ions of 4.9, 1.9, 
and 2.7 ~g/ma for samples collected in New York City 
in 1959. Pat terson and Wagman (3) found ammonium 
ion concentrations ranging from 1.8 to 11.4 ~g/m 3, 
while the survey compiled by Leaderer  et al. (4) re -  
ports a range of <0.11-11.5 ~g/mL The National  Air  
Surveil lance Network S umma r y  for. 1971 through 
1974 (25) reported an average ambient  concentrat ion 
of 0.9 ~g/m 3 for ammonium ion. 

While the available data show a range of concentra-  
tions for the various cations, as a rough approximation 
it seems reasonable to describe the "composite" cation 
associated with sulfate on zinc surfaces as 

1/4(NH4+)2 q- 1 /4(Na+)2 q- 1/4 Ca +2 q- 1 /4Zn  +2 

Zinc is included because it is the surface metal, a n d  i t  
was found in high concentrat ion in the surface ex-  
tract. The proportions of some of the cations may be 
in error, but examinat ion of the cation formula weights 
that  would react with one formula  weight of SO4 -2 
indicates that substant ia l  deviations will  not have a 
major  effect on the composite cation formula weight. 
If the cation formula weights, which are 36.0, 46.0, 40.0, 
and 65.4, respectively, are each weighted by 1/4, as 
above, the composite equivalent  weight is 46.8. If, i n -  
s tead,  the proportions of the cations were 2/6, 1/4, 
1/4, and 1/6, respectively, the composite cation equiv-  
alent  weight would be 44.4. Using similar reasoning 
for the cations associated with ni t ra te  on zinc surfaces ,  
the composite cation can be approximated as 

1/4 (NH~+) + 1/4 (Ha + ) + 1/4(Ca+2)1/2 + 1/4(Zn+2)1/2 

Average CI- ,  NO3 - ,  and SO4 -2 concentrations were 
used for comparing the exper imental  weight measure-  
ments with the weights calculated from the c o n c e n -  
t ra t ions  of anions and cations, since the vintage dis- 
t r ibutions of the two sample sets were comparable. 
Using the surface concentrat ions of C1% NO~-, a n d  
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SO4 -~ given in  Table IV, the average extract  from 
zinc surfaces was calculated to weigh 128 ~g/cm 2, which 
is judged not to be significantly different from the 117 
~g/cm 2 value measured exper imenta l ly  for a different 
set of samples collected from the same location. 
Alternat ively,  if the extreme case is considered in 
which no mixing  of cations and anions occurs on the 
surface, it is reasonable to associate Zn +2 exclusively 
with C l - ,  NH4 + with SO4 -2, and Na + with NOa-. If 
the role of Ca+~ is ignored, the average extract  from 
zinc surfaces is calculated to weigh 126 /~g/cm 2. The 
fact that a consistent number  is obtained even if Ca +2 
is ignored is impor tant  because of solubil i ty l imitat ions 
for Ca +2 in the presence of SO4 ~2. Based on the solu- 
bil i ty product  of CaSe4 (1.2 • 10-6), Ca +2 cannot be 
a 25% contr ibutor  to the composite cation except for 
the lower range of SO4 -2 concentrations. 

The reasonably close agreement  between measured 
extract  weights ~ and those calculated from a range of 
models is evidence that  the water-ext rac table  mat ter  
can be accounted for as chloride, sulfate, and ni t ra te  
salts. Perhaps more important ly,  the fact that  close 
agreement  is attained, almost regardless of how the 
cations are apportioned or distributed, serves to em- 
phasize that  quant i fy ing the anions will  usual ly pro- 
vide sufficient informat ion to quant i fy  total contami-  
nat ion levels for water  soluble species. 

The SEM/x- ray  analyses of extracts from a luminum 
surfaces indicated that  the major  element  present  hav-  
ing atomic numbers  greater  than 11 were sulfur  and 
calcium. The presence of sulfur is consistent with the 
sulfate analysis. The a luminum oxide surface on alu-  
m i n u m  metal  is relat ively nonreact ive and tends to 
protect the under ly ing  metal  from chemical attack. 
On the basis of the SEM/x- ray  data, the l i terature  data 
cited above on the ambient  aerosol composition in 
New York City, and the nonreact ive na ture  of a lu-  
m i n u m  surfaces, the composite cation associated with 
CI-  and NO3- as presumed to be 

1/3(NH4 +) ~ 1/3 Na + -}- 1/3(Ca+2)~/~ 

while the composite cation for SO4-2 was approximated 
as 

1/3(NH4+)2 ~ 1/3(Na+)2 -t- 1/3 Ca +2 

On this basis, the weight of extract  contr ibuted by all 
the salts is calculated to be 42 #g/cm 2. The total ex- 
tract weight of 61 ~g/cm 2 measured exper imenta l ly  
indicates that most of the extractable mater ial  can 
be accounted for as chloride, sulfate, and ni t ra te  salts. 
It is not certain whether  the 30% difference in these 
numbers  represents unaccounted for species, inap-  
propriate assumptions in the calculations, exper imen-  
tal error, or a combinat ion of these, although, in view 
of some of the exper imental  difficulties and the fair ly  
crude na ture  of the approximations,  the first seems 
unlikely.  Other inorganic anions would very  l ikely 

have been detected if they and their  associated c a t i o n s  
were present  in  sufficient quant i ty  to account for 30% 
of the total weight. 

Several  other locations in  the same u r ba n  envi ron-  
ment  as Location I, which have equipment  with simi- 
lar  vintage distributions, were sampled and analyzed 
for chloriae ion concentrations on surfaces. The results 
for zinc surfaces, based on the average concentrations, 
are as follows: Location If -- 34 ~g/cmS;Location III  
-- 23 ~g/cmS; Location IV -- 27 ~g/cm2; and Location 
V -- 24 ~g/cm 2. The value for Location I (27 ~g/cm~) 
is identical to the average from the other locations 
(27 ~g/cm2), indicat ing that the chloride contamina-  
tion in  Location I is typical for this u r ba n  envi ron-  
ment. 

Knowledge of the composition of a surface contami-  
nan t  is impor tant  not only for unders tanding  and 
predicting tt~e reaction chemistry of a surface but  a l s o  
for evaluat ing the tendency of the contaminated sur-  
face to pick up moisture. A number  of compilations of 
the CRH of common salts exist, the most extensive of 
which is a l isting of 140 pure substances by Balarev 
et al. (27). Contaminants  that  are rich in a salt with 
a low CRH will have moisture pickup characteristics 
that are dominated by the influence of the salt. In  
many  cases, however, a complex mixture  of cations 
and anions exists, and it is not possible to predict with 
certainty which, if any, of the possible salts will domi- 
nate. Furthermore,  a mixture  often will not exhibit  the 
reversible behavior typical of a pure salt. In any event, 
even if the CRH can be estimated, the rate of moisture 
pickup will be unknown.  To deal with complex mix-  
tures it is necessary to measure the CRH and moisture 
pickup rates experimental ly.  Ins t rumenta l  gravimetric  
techniques (17) have been used for these measure-  
ments  in this work. 

The moisture pickup characteristics of a green cor- 
rosion product  that contaminated the springs and con- 
tacts of switching equipment  and of the residues from 
the moistened paper extracts from zinc surfaces and 
a luminum surfaces at Location I are summarized in 
Table V, along with similar data for some per t inent  
pure salts. A detailed explanat ion of the parameters  
used to characterize hygroscopicity and an expanded 
listing containing 41 different substances and mate-  
rials appear elsewhere (17). 

The CRH was determined experimental ly,  except 
where indicated in Table V. Measurements were made 
by passing an air s tream over the sample at a suffi- 
ciently rapid flow rate (1500 m l / m i n )  to cause rapid 
weight gain as the RH in the flow chamber was raised 
above the CRH of the sample. In  a separate experiment,  
the sample was exposed to a water -sa tura ted  atmo- 
sphere flowing at a rate of 10 m l / m i n  over the sample. 
Weight gain was monitored as a funct ion of time from 
which the moisture pickup rate parameters  indicated 
in columns 3-5 in  the table could be calculated. The 

Table V. Moisture pickup characteristics of various samples 

Sample  

Initial rate of Rate of moisture Average weight 
m o i s t u r e  pickup pickup at termi- gain rate at 

Critical RH at 100% t~l-I nation at 100% 100% RH 
(%) (%/rain) (%/min) (%/min) 

Total weight 
gain (%) 

Sample 
weight 
(mg) 

Green corrosion product  80 
Nickel  sulfate 917 0.001 
Extract  f rom zinc surfaces  26 0.49 0.048 0.060 
Zinc chloride <10 0.28 0.19 0.256 
Extract  f rom a luminum surfaces  46 0.79 0.02 0.075 

(35) 
Calcium sulfate 0.17 0.07 0.123 
Calcium chloride 31 ~ 0.34 0.34 0.338 
Sodium chloride 76 $ 0.03 0.04 0.035 
Dust  t~o~a~on I) 27 0.1O 0.01 0.012 

0.144 
153 

8.7 
84 

4.9 
8.1 
3.3 

36.0 

5.1 
34 
1.9 

107 
53 
87 
20 

* A minor  component  was  responsible  for  a sl ight moisture  p ickup at this RH. 
? From Ref. (26). 

"Handbook of Chemistry  and Physics ," 50th ed. (1975). 



VoL 127, No. 2 ELECTRONIC E Q U I P M E N T  271 

exper iment  was cont inued unt i l  the moisture pickup 
rate stabilized at a constant value. Genera l ly  speak- 
ing, the average weight  gain rate throughout  the ex- 
per iment  is an indicat ion of the relat ive hygroscopicity 
of the sample. In  some situations it may be more im-  
por tant  to know the rate of moisture pickup in  the 
first few minutes  of exposure to elevated RH, in  
which case the ini t ial  rate of moisture pickup may be 
a more appropria te  index of relat ive hygroscopicity. 

The major  problem that the switching equipment  in 
Location I experienced was caused by the green corro- 
sion product, which was found on the surfaces of the 
noble metal  contacts. From the contaminat ion data 
on the zinc and a luminum surfaces, sulfate or possibly 
chloride salts are l ikely causes of the corrosion prod- 
ucts. SEM/x- r ay  analysis indicated that  the green 
substance was rich in  nickel  and sulfur. This result  was 
consistent with the observation that  the corrosion prod- 
uct was always observed in the vicini ty of the nickel 
base on which the electrical contacts were mounted. 
The effective CRH of the green corrosion product  was 
approximately 82%. The CRH of a pure sample of 
nickel sulfate was measured to be 91%, which is rea-  
sonably consistent with the chemical analysis. This 
ra ther  high CRH indicates that the nickel sulfate 
corrosion product will  not  pose a moisture hazard in 
normal  bui lding environments .  Consideration of the 
t empera tu re -humid i ty  conditions that existed dur ing 
a series of equipment  malfunct ions in  a high humidi ty  
period indicates, however, that the 91% RH level was 
exceeded at equipment  surfaces. The acquired moisture 
resulted in the creepage of the corrosion product  onto 
the electrical contact surfaces and also provided low 
resistance leakage paths that  led to equipment  prob- 
lems. insu la t ing  films resulted as the moisture evapo- 
rated when normal  humidi ty  levels were restored. Un-  
fortunately,  an insufficient amount  of the green corro- 
sion product  was available to measure the rate of 
moisture pickup at 100% RH. 

The water-soluble  contaminants  extracted from zinc 
surfaces exhibited a low critical RH and a moderate 
rate of moisture pickup at 100% RH. The moisture 
pickup of zinc chloride, a major  contaminant  on these 
surfaces, has also been measured and is shown in 
Table V. The CRH for zinc chloride is known to be 
<10%, though it  has not been measured precisely. 
Unfor tunately ,  the apparatus used for CRH measure-  
ments  in this work is cur rent ly  l imited to RH levels 
above 22%. Nevertheless, the low upper  l imit  that has 
been reported for the CRH and the rapid and large 
moisture pickup observed at high RH in this work 
readi ly account for the moderate tendency of the ex- 
tract from zinc surfaces to acquire moisture. 

The water extract  from a luminum surfaces, which 
was found to be a mixture  of several salts, as discussed 
above, is moderately hygroscopic. The measured CRH 
is lower than that  for several of the salts that could 
be present  and for which data are available (17, 27), 
including ammonium sulfate (80%), ammon ium chlo- 
ride (77%), sodium sulfate (approximately 90%), 
sodium chloride (75%), sodium ni t ra te  (74%), and 
calcium sulfate (65%). Calcium chloride, which is also 
l ikely to be present, has a CRH of approximately  31% 
and may be the major  contr ibut ing factor to the low 
CRH of the extract. Hydrat ion to form the various 
hydrates of calcium sulfate occurs at low RH but  the 
formation of hydrates usual ly  does not produce a sud- 
den surge in  weight gain as the RH is increased. Data 
are lacking on calcium and ammonium nitrate,  but  the 
ni t rate  salts for which informat ion  is available gen- 
erally have CRH's well  above 50%. 

A dust sample that  was brushed from equipment  
surfaces at Location I was analyzed for comparison to 
the extracts from the zinc and a luminum equipment  
surfaces. The dust included fibers, hairs, and organic 
substances that are not water-soluble.  Consequently, 
the average weight gain rate (0.01Z%/min) was sub-  

s tant ia l ly  lower than those of the zinc and a luminum 
extracts (0.060 and 0.075%/min, respectively) .  The 
low CRH is a t t r ibutable  to adsorption l~rocesses on the 
dust with its large surface area ra ther  than the salt 
dissolution event normal ly  associated with CRH. 

Summary and Conclusions 
Water-soluble  contaminants  existing on zinc and 

a luminum switching equipment  surfaces that  have 
been exposed for up to 40 years to typical New York 
City indoor envi ronments  have been identified and to 
some extent  quantified. The major  water-soluble  con- 
taminants  on zinc surfaces include Zn +2, Ca +2, Na +, 
NH4*, CI- ,  and SO4 -2, with somewhat lesser amounts  
of N Q - .  The most prevalent  water-soluble  contami-  
nants  on a luminum surfaces include Ca +2, Na +, NH4 +, 
and SO4 -2, with lesser amounts  of C1- and NO3-. In  
the case of a luminum,  only roughly 70% of the total  
amount  of extractable mater ia l  could be accounted for 
by CI- ,  N Q - ,  and SO4 -2 and an approximated com- 
l~osite cation. The discrepancy may be caused by a 
combination of exper imental  errors and inappropriate  
assumptions, or it may indicate that there is another  
anion that is a significant component.  

The anions Cl - ,  N Q - ,  and SO4 -2 are often associ- 
ated with corrosion susceptibility, which can lead to 
electrical leakage in many  types of devices and can 
cause open circuits, par t icular ly  with th in  film con- 
ductors. The device hazard associated with their pres- 
ence is often a result  of moisture acquisition. The 
CRH's determined in  this work for the extracts f rom 
the zinc and a luminum surfaces were sufficiently low 
(26 and 46%, respectively) and the moisture pickup 
rates were-sufficiently high to war ran t  concern about  
the potential  for equipment  degradation at the higher 
humidi ty  levels (55-65%) that are encountered for 
indoor environments  with typical air handl ing equip-  
ment. During the high humidi ty  incident  that occurred 
at Location I, the RH at equipment  surfaces rose to 
near ly  100% for a brief period. In  this situation, the 
CRH of nickel sulfate (91%), which is a "normal"  
contaminant  on nickel surfaces in New York City and 
ordinar i ly  does not pose a serious equipment  hazard, 
was exceeded, leading to dissolution and redis t r ibut ion 
of nickel sulfate at critical equipment  surfaces, such 
as relay contacts. 

This s tudy has shown that a thorough analysis of 
contaminant  concentrations on operat ing electrical 
equipment  can be accomplished using paper sampling 
methods and rout ine analyt ical  procedures. By com- 
bining analytical  results with knowledge of the CRH, 
which can be readily determined by ins t rumenta l  
gravimetr ic  methods or found in one of several com- 
pilations, and the~ moisture pickup rates, which can 
also be exper imental ly  determined, useful conclusions 
about the envi ronmenta l ly  induced causes of equip- 
ment  malfunct ion and recommendations about en-  
v i ronmenta l  parameters  that  will reduce equipment  
degradation can be made. 
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The Anodic Rhodium Oxide Film: A Two-Color 
Electrochromic System 

S. Gottesfeld *'I 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The oxide film grown on a rhod ium meta l  subs t ra te  in a lka l ine  solutions by  
potent ia l  mul t ipu ls ing  behaves  as a fast two-color  e lec t rochromic  system. Re-  
vers ib le  yel low ~--- da rk  green or ye l low ~ b r o w n - p u r p l e  colorat ion changes 
are  ob ta ined  in e i ther  1M or 5M KOH solutions. The films suffer ve ry  smal l  
charge  losses af ter  105 cycles in e i ther  1M or 5M KOH electrolytes.  The re-  
sponse is faster,  but  the open-c i rcu i t  memory  is shor ter  in the more  concen- 
t ra ted  a lka l ine  solution. The response t ime of the Rh oxide  film in a lka l ine  
solutions is comparab le  to that  of the Ir  oxide electro chromic in acid solutions, 
but  the  open-c i rcu i t  memory  is longer  in the la t te r  system. A loss of e lec t ro-  
chromic ac t iv i ty  was found to be caused in both rhodium and i r id ium oxide  
films by excessive cathodic pulse potent ials .  

The e lec t rochromic  proper t ies  of anodic i r id ium ox-  
ide films grown on i r id ium subst ra tes  by potent ia l  
mul t icyc l ing  in acid e lect rolytes  were  descr ibed in 
severa l  recent  publ icat ions  (1-4). These oxide films 
were  shown to exhib i t  fast  colorat ion and bleaching 
(~ _-- 50-80 msec) ,  excel lent  open-c i rcui t  memory  
and very  sa t i s fac tory  s tab i l i ty  when subjec ted  to color-  
a t ion-b leaching  mult icycles  in sodium sulfate  e lec t ro-  
lytes. In a recent  paper  Burke  and O 'Sul l ivan  repor ted  
the growth  of oxide layers  on rhod ium electrodes in 
a lka l ine  solutions by  a s imi lar  potent ia l  mul t icyc l ing  
procedure  (5). The last  authors  also repor ted  a color 
change which  could be observed dur ing  film growth,  
f rom ye l low at  the  cathodic end of the  potent ia l  range  

�9 E lec t rochemica l  Society Act ive  Member .  
U~ *eave f r o m  the  D e p a r t m e n t  of Chemis t ry ,  Un ive r s i ty  of 

Tel-Aviv,  Tel-Aviv,  Israel .  
l~ey woras :  emctrocL~romic oxides,  i r id ium oxide, display. 

scanned to green at  the anodic end. Such colorat ion 
changes were  repor ted  to be de tec table  only for th in  
films while  th icker  films were  r epor t ed  to ma in ta in  a 
da rk  green color dur ing  potent ia l  cycling (5). 

In this communicat ion  some measurements  of the 
e lec t rochromic  proper t ies  of anodic rhod ium oxide films 
wil l  be described.  The resul ts  show tha t  rhod ium oxide 
films grown and pulsed in a lka l ine  solutions can exhib i t  
a revers ib le  colorat ion change with  response t imes 
s imi lar  to those repor ted  for  the anodic i r id ium oxide 
films. 

Experimental 
Measurements  of e lec t rochemical  character is t ics  and  

reflectance changes were  pe r fo rmed  wi th  the  spec t ro-  
e lect rochemical  appara tus  used prev ious ly  (1, 2):  The 
Rh sample  was mounted  f rom the top and along the 
axis of a Teflon cyl indr ica l  cell equipped  wi th  two 
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quartz windows for l ight incidence and reflection at 
45 ~ A stabilized monochromated light source and a 
photomult ipl ier  served to moni tor  the reflectance var i -  
ations. Electrolytes were prepared from reagent  grade 
KOH and conductivi ty water. The rhodium disk elec- 
trode employed had an area of 0.45 cm 2. It  was cut 
from a 0.015 in. thick Rh foil (Engelhard, >99.9%) 
mechanical ly polished to a mir ror  finish and spot 
welded to a Rh wire lead. Potentials  were measured 
relat ive to a Hg/HgO electrode in the same KOH solu- 
tion, separated by a Teflon stopcock from the main  
cell compartment .  All potentials are reported relat ive 
to the reversible hydrogen electrode (RHE). [In KOH 
solutions EHg/HgO : 4.0.926V vs. RHE) (6).] A P t  foil 
served as a counterelectrode. To dissolve the oxide film 
grown in a previous experiment,  the Rh disk electrode 
was immersed for 3 hr in 5M H2SO4 at 80~ Following 
such a t rea tment  the large cur ren t  peaks due to the 
reversible conversion of the oxide layer  disappeared 
completely. 

Results and Discussion 
The nature of the electrochromic process.--A rho-  

dium electrode completely free of oxide exhibits a very 
small  charge capacity in  the anodic potential  region 
prior to 02 evolution. On continuously pulsing the po- 
tent ial  of the Rh electrode immersed in 1M KOH at a 
f requency of 0.5 Hz between 0.03 and 1.58V an oxide 
layer developed, in accordance with the results of 
Burke and O'Sul l ivan (5). It  could be recognized by 
the large current  peaks which developed in the cyclic 
vol tammogram between ca. 0.9V and the onset of oxy- 
gen evolution at ca. 1.55V. Figure 1 shows vol tammo- 
grams for a "bare" Rh electrode in 1M KOH and for 
the same electrode following a l ternat ing growth pulses 
of 1 sec width applied between 0.03 and 1.58V. Voltam- 
mograms of the shape shown in Fig. 1 were obtained 
immedia te ly  following oxide growth, but  were modi-  
fied later  to show a well-resolved and more reversible 
early anodic process [similar to that observed in the 
vol tammogram of Ir oxide (1, 2)],  as demonstrated in 
Fig. 2. This type of modification could be usual ly  de- 
tected after leaving the oxide-covered Rh electrode in 
the KOH solution for 24 hr at open circuit, and could 
be accelerated by a l te rnat ing  coloration pulses in 
which the applied cathodic potential  was less negative 
than dur ing film growth, e.g., 1.58 ~ 0.5V (see dis- 
cussion of these effects below).  The pseudocapacitive 
currents  which increase with oxide growth on Rh are 
the result  of a redox process wi th in  the oxide layer, 
of the na ture  previously described for anodic Ir oxide 
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Fig. 2. Changes in the form of the voltammogram following a long 
immersion in the electrolyte at open circuit. Dashed curve, as- 
grown. Solid curve, following 24 hr at open circuit. 

films (1, 2). Burke and O'Sul l ivan suggested that  the 
over-al l  electrocoloration process probably proceeds 
by a double ejection and inject ion of protons and elec- 
trons according to 

1/2 (Rh203 �9 5H20) ~ RhO2 �9 2H20 4. H + 4. e [1] 
yellow dark-green  

An equivalent  equation for the same over-al l  process, 
which takes into account that water  molecules have 
to be the proton donors at this pH level and that the 
exact water content  of the film is unknown,  may be 
wr i t ten  as 

i/2 Rh203 (hydrous) 4- OH- 

~e~-RhO2(hydrous) 4. I/2H20 4. e [2] 

The water molecules required for the cathodic process 
may be a part of the structure of the oxide film, in the 
form of water of hydration in excess of the stoichio- 
metric formulas as well as "free" water molecules 
which reside in pores within the oxide layer (2). In 
both Eq. [I] and [2] a single electron process is as- 
sumed, while the voltammogram in Fig. 2 shows 
clearly an additional limited redox process at less posi- 
tive potentials, which results in a shoulder during the 
cathodic half-cycle and in a relatively sharp peak 
during the anodic half-cycle at 1.0V. The charge under 
this early peak is smaller than that associated with the 
major reversible process, as found also in the volt- 
ammograms of iridium oxide. It is possible that it is 
due to a further lowering of the oxidation state (e.g., 
from 4.3 to 4.2) in some specific regions (e.g., grain 
boundaries) under stronger cathodic polarizations, 
which cannot advance further because of a severe low- 
ering of the electronic conductivity in the reduced 
form of the oxide. The suggestion (5) that Eq. [i] 
describes the over-all process was based on colors of 
known hydrous bulk Rh oxides: The color of the bulk 
sesquioxide Rh203 �9 5H20 is reported to be light yel- 
low, while hydrous rhodic oxide RhO2 �9 2H20 is dark 
green (7). These particular colors were observed dur- 
ing this work at some oxide thicknesses, while at other 
film thicknesses the changes observed were yellow 
brown or yellow e~- purple. In IM KOH the color of 
the anodic form changed periodically during film 
growth from green to brown-purple and back to green, 
while the cathodic form was always yellow-gold. Such 
periodic changes of color with film thickness suggest 
that the observed colors may be caused in this case by 
both absorption in the film and interference effects 
(8). It is doubtful, therefore, if identification of the 
cathodic and anodie forms as known stoichiometric 
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bulk  hydrous oxides can be made on the basis of the 
observed colors alone. The yellow ~ dark green c o l o r a -  
t i o n  change seemed, however, to be the more pleasant  
to the eye and could be always obtained by growing 
the oxide in 1M KOH up to a stage where the per-  
ceived contrast viewed at normal  incidence (with s c a t -  
t e r e d  light i l luminat ion)  has reached a satisfactory 
level, while these par t icular  colors were observed. 
Following the te rminat ion  of film growth the observed 
colors of the oxide were not modified even after 105 
cycles between the cathodic and anodic forms. 

Color modulation at 100% charge efficiency in alka- 
line solutions.--Just as in the case of oxide growth on 
Ir (2) there are both anodic and cathodic potential  
thresho]ds for the growth of Rh oxide on Rh by al ter-  
na t ing  potential mult ipulsing.  These growth character-  
istics are described in detail in Ref. (5). As a result  
o f  this behavior, an oxide-covered Rh electrode im-  
mersed in 1M KOH solutions can be cycled so as to in -  
duce coloration changes without  fur ther  film growth, 
provided the potential  limits are properly selected. 
In the selection of these limits the following factors  
had to be considered in  the case of the Rh oxide film: 
(i) Since the potential  of the color forming redox 
reaction lies in this case close to the anodic l imit  o f  
the water stabil i ty range, the highest anodic coloration 
potential  which can be applied without significant co- 
evolution of oxygen has to be used to obtain good con- 
trast. (it) Although the available overpotential  for the 
cathodic coloration is very large, the cathodic applied 
potential  should not be more negative than 0.2V to 
avoid fur ther  film growth (5). An even less negative 
cathodic voltage is advisable to prevent  the deactiva- 
tion of the electroehromic film (see below). Consider- 
ing these factors the pulsing potentials selected in 
both 1M and 5M KOH were 0.43 ~ 1.48V (--0.50 
§ vs. Hg/HgO).  Figures 3 and 4 show the elec- 
trochemical and optical characteristics recorded for an 
oxide-covered Rh electrode immersed in 1M and 5M 
KOH, respectively, in the l imited potential  region em- 
ployed for the a l ternat ing coloration cycles. The re-  
flectance of the oxide-covered rhodium electrode at the 
cathodic end of the region was designated as Ro, and 
is close to that of the metal  substrate. The film thick- 
ness was selected so as to obtain the well  perceived 
yelIow ~- dark green coloration change, as explained 
above. The closed form of the charge vs. potential  
curves demonstrates that coloration cycles could be 
run  at a 100% charge efficiency. The charge inject ion 
level required to produce a reflectance a t tenuat ion o f  
70% at 546 nm (viewed at 45 ~ ) was of the order o f  
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reflectance at 546 nm, 45 ~ (dashed-dotted) for the oxide-covered 
Rh electrode in IM KOH duiing a triangular modulation of the 
potential in the range employed for the coloration cycles. 
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Fig. 4. Variations of the current (solid) charge dashed) and 
reflectance at 546 nm, 45 ~ (dashed-dotted) for the oxide-covered 
Rh electrode in 5M KOH during a triangular modulation of the 
potential in the range employed for the coloration cycles. 

20 mC cm -2, i.e., comparable to that  required to 
color the Ir oxide film (1, 2). Assuming a density o f  
5g cm -3 for the hydrous oxide and a molecular  weight 
o f  344 (Rh20~- 5HeO), this level of charge inject ion 
amounts to a uniform one-electron process throughout  
a film 1400A thick. Since the Rh oxide film is a two- 
color electrochromic system, the reflectance a t tenua-  
tion (or contrast ratio) may not be a very satisfactory 
figure of merit  for its evaluation. The strong reversible 
reflectance variations associated with the coloration 
change demonstrate, however, that there is also a 
large decrease in brightness going from the cathodic 
(yellow) to the anodic (dark green) form, which en-  
hances the perceived contrast. (Similar  reflectance 
changes were recorded at other wavelengths through- 
out the visible region.) The R vs. V curves show some 
hysteresis at the cathodic end of the cycle associated 
with a similar hysteresis in the Q vs. V curve. A simi- 
lar behavior is found in .the case of the Ir  oxide film 
in acid solutions. In both cases the last stage of the 
cathodic process is the slowest step in the complete 
cycle when ohmic drops in solution are eliminated. 
Comparison of Fig. 3 and 4 reveals that the main  
process seems to be more reversible in  5M KOH and 
the major  anodic peak is bet ter  developed prior to the 
onset of O2 evolution. This is due in par t  to the smaller  
iR drop in 5M KOH, but  may be also associated with 
a cathodic shift of the potential  of the electrochromic 
reaction vs. RHE, as found for Ir in  alkal ine solutions 
(2), 

Response, stability, and memo~y.--Figure 5 (a) dem- 
onstrates the response of the Rh oxide electrochromic 
in  1M KOH to a l ternat ing coloration pulses of 1 s e c  
width. In this case the response of the system to the 
anodic pulse can be seen to be relat ively slow. This is 
due to a combinat ion of a small  effective coloration 
overvoltage and l imited conductivi ty in solution. The 
cathodic process occurs re la t ively more rapidly (ex- 
cept for the slower tail) thanks to the larger a l l o w e d  
overvoltage. As shown in Fig. 5(b) both the anodic 
and cathodic steps were significantly enhanced in 1M 
KOH by compensating the iR drop in solution using 
the positive feedback circuit of the PAR potentiostat. 
Such an enhancement  means that a solution of a higher  
conductivity (or an improved cell geometry) should 
allow a better  response in  this case. This was i n d e e d  
verified by t ransferr ing the oxide grown in  IM to a 
5M KOH solution. The response in  51V[ KOH without  iR 
compensation is demonstrated in  Fig. 6(a) and 6(b) 
on two different time scales. It is clear from Fig. 6 
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Fig. 5. Variations of the reflectance at 546 nm (45 ~ with time 
during alternating potential pulses 0.43 ~ 1.48V of 1 sec width, 
applied to an oxide-covered Rh electrode in 1M KOH: (a) without 
iR compensation; (b) with iR compensation. 

that  the inheren t  response of the Rh electrochromic 
oxide is as fast as that  found for I r  oxide. 

Mult ipuls ing experiments  which lasted 30 hr  each 
showed that  the increased concentrat ion of KOH did not 
cause any increase in  the rate of charge loss: Follow- 
ing ca. 105 coloration cycles at  0.5 Hz between 0.42 

1.47V the observed contrast  and the monitored re-  
flectance variations were pract ical ly unchanged in  both 
1M and 5M KOH, while the charge losses ranged in  
both electrolytes between 0-3%. The good stabi l i ty  
found for Rh oxide film in these mul t ipuls ing  experi-  
ments  in spite of the relat ively high anodic coloration 
potentials which have to be applied is in  accordance 
with the reported difficulty in  removing this film by 
anodizing it at  high potentiaIs (5). [The electrochromic 
Ir oxide film tends to dissolve under  high anodic po- 
tentials (9).] 

The rate of color loss at  open circuit ("open-circui t  
memory")  is demonstrated for the Rh oxide electro- 
chromic in Fig. 7. The decay curves given in Fig. 7 
should be compared with a loss of only 10% in l ight  
absorption after 5 hr at open circuit  as measured for 
the Ir oxide electrochromic film in acid solutions (1). 
Thus, while the memory  of the Rh oxide electrochro- 
mic may be satisfactory for some purposes (especially 
when immersed in  1M KOH),  it is shorter than  that  
found for Ir  oxide. The shorter memory is a direct 
result  of the high redox potential  of the electrochromic 
reaction: The anodic form of the oxide [most probably 
Rh(IV)  and perhaps par t ia l ly  R h ( V I ) ( 5 ) ]  is formed 
at a very anodic potential  and is expected thermody-  
namical ly  to react with water. Fur thermore,  since 
the Rh( IV)  ~-- Rh( I I I )  conversion is quite reversible  
(see the major  peaks in the vol tammograms)  the de- 
cay of anodic coloration may indeed proceed at open 
circuit by the reaction of the higher oxide with the 
aqueous solution to yield the lower oxide and molec- 
ular  oxygen. This reaction can be wr i t ten  as a sum of 
two electrochemical half-processes 

2 OH- -+ i/~ 02 -I- H~O § 2e 1:3] 

Fig. 6. Variation of the reflectance at 546 nm (45 ~ with time 
during alternating potential pulses 0.43 ~ 1.48V of 1 sec width, 
applied to an oxide-covered Rh electrode in 5M KOH (without iR 
compensation): (a) complete cycle shown (2 sec full scale); (b) the 
onsets of anodic and cathodic reflectance variations are shown on 
an expanded time scale (200 msec full scale). 
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Fig. 7. The open-circuit decay of light absorption in the Rh oxide 
film immersed in 1M and 5M KOH electrolytes, following the 
application of a potential pulse of 1.48V. (Measured at 546 nml 
45~). The behavior of Ir oxide in 0.5M H2S04 is given for compari- 
son by the dashed curve. 
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2RhO2(hydrous) + H20 + 2e 

Rh20~(hydrous) + 2 O H -  [4] 

with the net result  being 

2RhO2(hydrous) --* Rh203(hydrous) -F 1/2 O2 [6] 

When the rate is determined, as expected, by half-  
process [3], the open-circui t  decay will  be enhanced 
by a higher concentrat ion of O H -  ions, as found ex- 
per imenta l ly  (Fig. 7). Comparison of the open-circui t  
memories reported for the It, Rh, and W electrochro- 
mic oxides in  aqueous solutions demonstrates the im-  
portance of the location of the electrochromic redox 
reaction on the potential  scale: In  the case of Ir  oxide 
the potential  range of the electrochromic reaction is 
located close to the middle of the water  stabil i ty range. 
Thus, no component  of a pure aqueous sulfate solu- 
tion, even when open to the atmosphere, is expected 
to react with the colored form of Ir oxide. On the other 
hand, in the case of Rh oxide, where anodic coloration 
is obtained at a potential  close to that  of 02 evolution, 
as well as in  the case of WO3 where coloration is 
obtained close to the onset of H2 evolution, the colored 
forms are reactive in  contact with water  or dissolved 
oxygen, respectively, thus leading to shorter open-ci r -  
cuit memories. 

The cathodic deactivation of the eIectrochromic Rh 
oxide f i lm.~The Rh oxide films were found to lose 
their electrochromic act ivi ty following a short appli-  
cation of excessive cathodic pulse potentials. This be- 
havior is demonstrated in Fig. 8 for a film pulsed in  a 
5M KOH electrolyte: Following the extension of the 
cathodic pulse potential  down to 0.08V for only 2 min  
(60 cycles), while keeping the anodic pulse potential  
unchanged, the response dur ing the cathodic half-cycle 
became very sluggish. Under  such conditions the color 
of the film remained dark-green  (or da rk-brown)  

dur ing a l te rnat ing  pulsing, as described by Burke and  
O'Sul l ivan for the thicker Rh oxide films which they 
observed during growth. Figure 9 shows the associated 
effects recorded in the vol tammogram and in the 
charging curve: The early anodic peak seems to have 
disappeared completely at this scan rate, while the 
charging curve exhibits a stronger hysteresis. Follow- 
ing such a short deactivating treatment ,  the changes in  
the electrochromic response and in the form of the 
vol tammogram could be reversed by the reapplication 
of the regular  pulses between 0.43 ~ 1.48V, i.e., by 
employing less negative cathodic pulse voltages. In 
other experiments  it  was found that a similar " re juve-  
nation" of cathodically deactivated Rh oxide films 
could be achieved by immers ing the oxide-covered Rh 
electrode in  a hot (75~ KOH solution for ca. 15 rain. 
It is clear from the charging curves in  Fig. 9, as well  
as from the successful a t tempt  to reverse the deactivat-  
ing effect by immersion in hot KOH, that the cathodic 
deactivation is not associated with a pe rmanen t  loss of 
charge but  ra ther  with some change in the s tructure of 
the film. [The term "deactivation" in the sense used 
here should be thus clearly dist inguished from the 
terms "activation" and "deactivation" of Ir electrodes 
which were used before in the l i terature  to describe 
the growth and the complete loss of the oxide layer  
(10).] It thus seems that the applied cathodic over-  
voltages have to be l imited to prevent  a loss of elec- 
trochromic activity. Fortunately,  the cathodic process 
proceeds rapidly even at the lower overvoltages which 
were regular ly  employed (see Fig. 6), and the higher 
cathodic overpotentials associated with deactivation 
can be avoided without  loss of speed. In  fact no rate 
enhancement  is recorded for an active Rh oxide film 
when the cathodic pulse potential  is temporar i ly  ex- 
tended, because the cathodic process seems to reach a 
l imit ing rate which is probably  controlled by diffu- 
sion in the film. This behavior  is demonstrated in Fig. 
10. 

Very similar  effects to those described in  Fig. 8-10 
were observed for the i r id ium oxide electrochromic 
film as well, in H2SO4 solutions, and will  be described 
in more detail elsewhere. It  should be stressed, how- 
ever, that no loss of activity was encountered if t h e  
cathodic pulse potentials previously  prescribed (I, 2) 

Fig. 8. The effect of an excessive cathodic pulse potential ap- 
piled for 2 rain (60 coloratlan cycles) on the response of the elec- 
trochromic Rh oxide film in 5M KOH. (a) Regular response at 633 
nm (45 ~ ) recorded during pulsing between 1.48 and 0.43V. (b) 
Recorded during pulsing between 1.48 and O.08V 2 min after 
the cathodic overvoltage had been extended. 
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Fig. 9. The effects of cathodic deactivation on the voltammogram 
and the charging curve. Solid curves recorded for the active form. 
Dashed curves, recorded for the cathodically deactivated film. 
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Fig. 10. The limiting rate of cathodic, coloration in the Rh oxide 
film. The figures shows two superimposed reflectance time curves 
recorded at 440 nm (45 ~ during two cycles with different cathodic 
pulse potentials: +1.48 ~ +0.53V and 1.48 ~ +0.23V. 
(Pulse width, 1 sec). 

were  not exceeded.  Res tora t ion  of the ac t iv i ty  by  low-  
er ing the cathodic overvol~age (while  increasing t em-  
po ra r i l y  the anodic appl ied  vol tage)  was effective in 
the case of the Ir  oxide films as well.  Beni and Shay  
have descr ibed before  a h e a t - t r e a t m e n t  ( immers ion  
in hot e lec t ro ly te)  ~or anodic i r id ium oxide films, 
which  was r epor t ed  to improve  thei r  e lec t rochromic  
response (3). The resul ts  p resented  here  indicate  tha t  
a d i rec t  cause of deac t iva t ion  in Ir  oxide as wel l  as 
Rh oxide e lec t rochromic  films is the use of excessive 
cathodic pulse potent ials .  If the cathodic potent ia l  is 
p rope r ly  contro l led  no deac t iva t ion  should occur. 
Fur the rmore ,  reac t iva t ion  by  immers ion  in a hot solu-  
t ion wil l  not solve the p rob lem if  excessive cathodic 
potent ia ls  a re  fu r the r  applied,  because deac t iva t ion  
wil l  occur again in exac t ly  the same way, as found 
in this work  for hea t - t r e a t ed  Rh oxide films. The elec- 
t rochromic  response recorded  fol lowing sufficiently 
long per iods  of mul t icyc l ing  wil l  be thus de te rmined  
by the e lec t rochemical  pa rame te r s  of the d isp lay  cell 
for both  h e a t - t r e a t e d  and non t rea ted  electrodes.  In  
par t icu lar ,  since the g rowth  of these films does requi re  
the appl ica t ion  of potent ia ls  close to 0V vs. RHE, the 
a s -g rown  films m a y  be, in principle,  somewhat  less 
act ive (a l though the h igher  anodic potent ia ls  which 
are  used dur ing  growth  tend  to cont inuously  reac t i -  
va te  the fi lm).  However ,  wi th  film thicknesses nor -  
ma l ly  employed  in this work,  as wel l  as before  (1, 2), 
the s table  r ap id  response was found to be es tabl ished 

dur ing  the first few a l t e rna t ing  coloration cycles. Ex-  
amina t ion  of the  vo l t ammograms  presented  b y  Burke  
and O 'Sul l ivan  (5) reveals  t ha t  the ea r ly  anodic peak  
is ve ry  smal l  compared  wi th  the one obta ined  for act ive 
Rh oxide films as p resen ted  in Fig. 3. Continuous cy-  
cling wi th  the  cathodic potent ia l  ex tended  down to the 
onset of H2 evolut ion (5) m a y  have resul ted  in the i r  
case in a pa r t i a l l y  deac t iva ted  film, causing the decay 
of the revers ib le  colorat ion changes. 

One possible reason for  the  deac t iva t ion  by  excessive 
cathodic pulse potent ia ls  could be an i r revers ib le  low-  
er ing of the electronic conduct iv i ty  in the film. P r e -  
l iminary  measurements  of the e lect r ica l  p roper t ies  
of these e lec t rochromic  oxide films suggest  tha t  this is 
indeed the case. Detai ls  of such measurements  wi l l  be 
descr ibed in a for thcoming report .  
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ABSTRACT 

Cadmium selenide and lead selenide films have been deposi ted by  a solut ion 
g rowth  tecnnique on single crys ta l  ge rman ium and silicon, glass, mica, and 
copper  substrates.  The effect of Oath pa ramete r s  (pH, tempera ture ,  and re la t ive  
concentra t ion of reactants)  and the na tu re  of the subs t ra te  on the ra te  of 
deposi t ion and t e rmina l  thickness has been established.  The s t ruc ture  of the 
films has also been studied.  Based on the exper imen ta l  results,  a g rowth  model  
has been proposed.  

Metal  chalcogenides (sulfides, selenides, and te l lu-  
r ides)  are  impor t an t  ma te r i a l s  for such appl icat ions  
as photoconduct ing cells, photovol ta ic  cells, and  other  
e lect roopt ical  devices. These mate r ia l s  can be obta ined 

Key words: chemical deposition, semiconductor films, metal- 
selenlde films, growth kineucs. 

in thin film form by evaporat ion,  sput ter ing,  pyrolysis ,  
and chemical  deposi t ion techniques (1). Of al l  these 
techniques, chemical  solut ion g rowth  is r e l a t ive ly  
inexpensive,  simple, and convenient  for large  a rea  
deposition of II-VI and IV-VI compounds. By this 
technique, films can be deposited on a variety of sub- 
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strates (insulators, semiconductors, and metals)  by 
allowing them to remain  in an aqueous solution of 
the appropriate chemicals for a predetermined time. 
For example, films can be obtained by the reaction of 
a metal  salt solution with an aqueous solution of a 
compound capable of giving chalcogenide ions under  
suitable conditions. Thiourea and selenourea are the 
commonly used compounds which furnish  sulfur  and 
selenium ions by hydrolysis in alkal ine solution (2-5). 
Selenourea solution is very unstable  and has to be 
stabilized using antioxidants  like sodium sulfite. In  
addition, the compound cannot be synthesized easily. 
Another  compound which can generate selenium ions 
is sodium selenosulfate. It can be synthesized easily by 
dissolving selenium in a sodium sulfite solution; the 
result ing solution is fair ly stable. As the hydrolysis 
constants of selenourea and selenosulfate are different, 
the conditions under  which film formation takes place 
are different in the two cases. To optimize conditions for 
deposition of selenide films using selenosulfate solution, 
a detailed study of film formation under  different 
conditions is necessary. Second, al though the tech- 
nique has been used by some workers for prepar ing 
selenide films of cadmium (6) and lead (7), the growth 
mechanism is not understood c lear ly .  With this in  
mind, we have studied the rate of growth of cadmium 
and lead selenide films on different substrates under  
different conditions. 

Exper imental  Detai ls  
Cadmium and lead selenide films have been pre-  

pared by using the following over-al l  reaction 

M ( A ) 2  + + SeSOa2- + 2 O H -  

--> MSe 4- nA 4- SO~ 2-  4- H20 
where M is a metal  (Cd or Pb) and A is a compiexing 
agent [NH3, OH- ,  or C6H50~-] .  

The experimental  setup to deposit the films was the 
same as described by Kaur  et al. (8). The reaction 
mixture  was prepared from 0.5M cadmium acetate, 
7M ammonia  solution, 5M potassium hydroxide, and 
0.125M sodium selenosulfate solution in the case of 
cadmium selenide films and 0.5M lead acetate, 0.820M 
tr isodium citrate, 5M potassium hydroxide, and 0.125M 
sodium selenosulfate solution in  the case of lead sele- 
nide films. Appropriate volumes of salt solution, am- 
monia or t r isodium citrate and distilled water were 
mixed at room temperature  and stirred continuously. 
Substrates were immersed vert ical ly in  the solution 
which was then heated to the required temperature  of 
deposition. Potassium hydroxide was added to adjust  
the pH of the solution in the case of lead selenide films. 
For cadmium selenide film deposition, in one case po- 
tassium hydroxide was added to adjust  the pH, while 
in the other case the pH was determined by the am- 
monia concentration. Appropriate volume of sodium 
selenosulfate solution was then added. The final con- 
centrations of the reagents in the solution used to coat 
the substrate have been ment ioned in the figure cap- 
tions. Substrates were taken out at different times and 
the films washed with distilled water and dried. The 
substrates used in our study were (i) glass slides boiled 
in chromic acid and distilled water and cleaned u l t ra -  
sonically before use, (if) freshly cleaved mica, (iii) 
polished slices of silicon and germanium, and (iv) 
freshly cleaned copper foils or vapor-deposited thin 
films of copper on glass substrates. Mirror- l ike  films 
of metal  s e l en ide  are obtained on both sides of the 
substrate. 

The film thickness was measured by Taylor  Hobson 
Talystep ins t rument .  For electron microscopy studies, 
the films were floated off the substrate in  dilute nitric 
acid and lifted onto copper grids. The films were then 
transferred to the electron microscope specimen holder 
and examined in AET-EM 802 electron microscope. 
The electron diffraction pat terns were analyzed using 
conventional  methods. 

Results 
Figures 1 and 2 show typical curves for film thick- 

ness as a funct ion of dip time, for different pH values 
of the bath in the case of PbSe and for different am- 
monia concentrations in  the case of CdSe films, re-  
spectively. In  the ini t ial  stages of growth, the thickness 
increases at a fast rate. Subsequent ly  the rate de- 
creases resul t ing in  a terminal  thickness. To get larger 
thicknesses, the films, after cleaning in  distilled water  
(to remove any precipitate adhering to the film), are 
immersed again in a fresh bath. The film thickness as a 
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Fig. I. PbSe film thickness as a function of time for a reaction 
mixture at 28~ and of composition: 7 X I 0 - 2 M  Pb(CH3COO)2, 
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funct ion of t ime shows a s imi la r  behav io r  in  subsequent  
dips. The ra te  of deposit ion,  obta ined  f rom the in i t ia l  
pa r t  of the curves,  and the t e rmina l  thickness depend  
sens i t ive ly  on the pH of the  bath,  concentra t ion of the  
reactants ,  t e m p e r a t u r e  of deposit ion,  and  the na tu re  
of the substrate .  The effect of var ious  pa rame te r s  on 
the ra te  of deposi t ion and t e rmina l  thickness of the  
films is discussed in de ta i l  in the following.  

EfJect of pH.--As is c lear  f rom Fig. 1, the  ra te  of 
deposi t ion decreases whi le  the  t e rmina l  thickness in-  
creases wi th  increase  in p H  value.  F igure  3 shows the 
ra te  of deposi t ion as a funct ion of pH for films de-  
posi ted  at  28 ~ and 60~ A t  28~ good qua l i ty  (uni-  
form, adherent ,  and  specu la r ly  reflect ing) films are  
ob ta ined  ~or p H  be tween  9.0 and  11.4. Below p H  9.0, 
nonuni form and nonadheren t  films are  obtained.  
Above  pH 11.4 no reac t ion  is observed  to take  place. 
Be tween  pH 9.0 and 11.4, the amount  of p rec ip i ta te  ac-  
cumula ted  in the solut ion decreases  wi th  increas ing pH 
value.  The t e rmina l  thickness of the films increases  
wi th  increase  in pH value  as shown in Fig. 4. 

In  the  case of CdSe films, when  potass ium hyd rox ide  
is added  to ad jus t  the pH of the bath,  the  solut ion has 
a suspension of Cd(OH)2.  F r o m  this solut ion thin  
( t e rmina l  thickness  ~800A) films of CdSe are  ob-  

tained.  The t e rmina l  thickness decreases whi le  the ra te  
of deposi t ion increases  wi th  increase  in the  pH value.  
Above a cer ta in  pH value, where  prec ip i ta t ion  domi~ 
hates, fitm ~ormation does not  take  place. 

When  potass ium hyd rox ide  is not  added  to the  so- 
lution, the  solut ion is c lear  and has to be hea ted  to high 
t empera tu re s  ( > 45~ to obta in  CdSe films. The ra te  
of deposi t ion decreases whi le  the  t e rmina l  thickness 
increases wi th  increase  in ammonia  concentrat ion.  The 
ra te  of deposi t ion and t e rmina l  thickness as a func-  
t ion of ammonia  concentra t ion  are  p lot ted  in Fig. 5. 

Effect of temperature.~In Fig. 3, the  ra te  of deposi-  
t ion of the PbSe  films is p lo t ted  as a funct ion of pH for 
two different  tempera tures .  For  a pa r t i cu la r  pH value,  
the ra te  of deposi t ion increases  on increas ing the t em-  
pe ra tu re  of the  bath.  At  60 ~ the lower  l imi t  of pH to 
get  good qua l i ty  films is increased to 9.6 whi le  the  
uppe r  l imi t  changes to 12.0. S imi la r ly ,  a t  5~ the  
l imi t ing  pH values  are  8.7 and 9.9. For  CdSe films also, 
the ra te  of deposi t ion increases  wi th  increase in t em-  
pe ra tu re  of deposi t ion (Fig. 6). 

F igure  4 shows the t e rmina l  thickness  of PbSe  films 
as a funct ion of the pH for two different  t empera tu re s  

S O L U T I O N  G R O W T H  OF CdSe  A N D  P b S e  F I L M S  
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Fig. 3. Rate of deposition of PbSe films as a function of pH value 
for a reaction mixture of composition: 7 X | 0 - a M  Pb(CH3COO)2, 
1.2 X ] 0 - 1 M  NaaC6H,~OT, 5 X ] 0 - 2 M  Na2SeSO3 (glass sub- 
strate), 

279 

' 1 

.---43"- 

/ 60~C / 
/ 

 ooc / 

w OC z ~ . 
"1- 

< 200 z 
~E 
r,,,. 
LO 
I...- 

0 t I J I 
9.0 10.0 11.0 11.5 

I)H 
Fig. 4. Terminal thickness of PbSe films as a function of pH value 

for a reaction mixture of composition: 7 X 10-2M Pb(CH3COO)2, 
1.2 X 10-1M Na3C6HsOT, 5 X 10-2M Na2SeSO3 (glass sub- 
strate). 

e- 

o<f 

Z 
_o 

fl_ 

s 

O 

I.u 

/ 200 I ' I [ ' -~4ooo 
/ '  o ~, 

. / "  r -  

1 0 0 -  . - 3000 
X 
Z 
r r l  
U3 
U3 

- / ~ 
�9 ] : > o  

o/ - 
/ -2ooo 
I , I I I I 

1-4 2-2 3.0 

Fig. 5. Rate of deposition and terminal thickness of CdSe film as 
a function of NH~ concentration for a reaction mixture of composi- 
tion: 4.8 X 10-2M Cd(CH3COO)2 and 5.3 X 10-2M Na2SeSO3 
at 77~ (glass substrate). 

of deposit ion.  The t e rmina l  thickness  increases  wi th  in -  
crease in t empera tu re  of deposi t ion at  high pH values,  
whereas  at  low p H  values,  the  t e rmina l  thickness de-  
creases wi th  increase in the t empe ra tu r e  of deposit ion.  
For  example,  t e rmina l  th ickness  of the film deposi ted  
at  60~ is h igher  at  pH 10.7 and lower  at  pH 10.0 as 
compared  to the  t e rmina l  thickness of the film de-  
posi ted at 28~ In  the region of less precipi ta t ion,  for 
CdSe films the t e rmina l  thickness  also increases wi th  
increase in t empe ra tu r e  of deposi t ion (Fig. 6). 

Ef]ect of sodium selenosulfate concentration.--The 
effect of sodium selenosulfate  concentra t ion on the 
ra te  of deposi t ion and t e rmina l  thickness is shown in 
Fig. 7 for CdSe films. The ra te  of deposi t ion increases  
wi th  increase  in se lenosulfa te  concentrat ion.  The t e r -  
minal  thickness first increases,  passes th rough  a m a x i -  
mum, and then decreases wi th  increas ing concent ra-  
t ion of selenosulfate.  S imi la r  resul ts  a re  obta ined  for  
PbSe  films. 



280 

c 

E 

Z 
0 

(n 
o 
n 
uJ 
r~ 

kl. 
0 

200 

i 

i 

1o01 

J. EIectrochem. Soc.: ELECTROCHE MI C A L SCIENCE AND TECHNOLOGY 

[~000 
4000 

E- 

"-4 
]000 _2: o< 3000 

Z 

03 

> o  .Y: 2000 

2000 

I ' I_ 

/ . /  

65 75 85 

TEMPERATURE (~ 

Fig. 6. Rate of deposition and terminal thickness of CdSe films 
as a function of temperature of deposition for a reaction mixture of 
composition: 4.8 X 10-2M Cd(CH~COO)2, 5.3 X 10-2M 
Na2SeSO3, and 2.1M NH3 (glass substrate). 

200 

c 

Z 
Q 

100 
Q. 
Lu 
0 

LL 
0 
Lu 

I ' i ' I 'I 

- +ooo 

)000 

:;O 

Z 

.--4 
_x 
c) 
2< 
Z 
m 
U% 
O3 

I I t , I , 
�9 07 .06 .10 

Fig. 7. Rate of deposition and terminal thickness of CdSe films as 
a function of Na2SeSO~ concentration for a reaction mixture of 
composition: 4.8 X 10-2M Cd(CH3COO)2 and 2.1M NH3 concen- 
tration at 77~ (glass substrate). 

Effect of substrate .--The effect of different substrates 
on the kinetics of growth of PbSe films deposited on 
glass, copper, polished slices of single crystal silicon, 
and ge rmanium at 28~ and pH 10.4 is shown in  Fig. 8. 
The rate of deposition and te rminal  thickness are maxi-  
mum for single crystal ge rmanium followed by silicon, 
copper, and glass. Similar  results are obtained for CdSe 
also. The results are similar  to that  observed for PbS 
and Pbl-~HgxS films deposited by the same technique 
(9). 

Structure . - -The lead selenide films deposited are 
polycrystal l ine (grain size depending on the deposition 
conditions) and have fcc (NaCl-type) s tructure with 
lattice parameter  a ---- 6.08A which agrees well with 
the ASTM value of a _ 6.124A. The grain size increases 
with increase in tempera ture  of deposition and pH 
value of the b a t h .  

Cadmium selenide films, when  deposited from a bath  
having a suspension of Cd(OH)2, have mixed hexag- 
onal and cubic phases. Films obtained from clear so- 
lut ion have cubic (sphalerite) s t ructure with lattice 
parameter  a ----- 6.063A. The hexagonal phase has lattice 
parameters,  a ---- 4.20A, c = 7.01A. 

in 

Discussion 

Sodium selenosulfate (Na_~SeSO~) hydrolyzes 
alkal ine solution to give Se 2- ions according to 
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Fig. 8. PbSe film thickness as a function of time for a reaction 
mixture at 28~ and pH 10.4 of composition: 7 • 10-2M 
Pb(CH~COO)2, 1.2 • 10-1M Na3C6H5OT, and 5 • 10-2M 
Na2SeSO3 on different substrates. 

Na2SeSO3 + O H -  ~- Na2SO4 + H S e -  

H S e -  + O H -  ~- H20 -I- S e2- [1] 

In  the presence of metal  ions (M ~+) in  the solution, 
metal  selenide (MSe) wil l  be formed if the ionic prod-  
uct of M 2+ and Se 2- exceeds the solubil i ty product  
of MSe 

M 2+ -}- Se 2- -+ MSe [9.] 

To control the number  of ions and hence rate of re- 
action, the metal  ions are taken in the form of a fair ly 
stable complex M( A ) n  2+. The complex dissociates to 
give controlled number  of M 2+ ions which then com- 
bine with Se ~- ions to form MSe. In the present  study, 
the systems Cd salt (acetate)-NHs-Na2SeSO3-KOH 
and Pb salt (acetate)-Na3C6H507-KOH-Na2SeSO3 
have been taken for the deposition of CdSe and PbSe 
films, respectively. 

CdSe film growth . - -Ammonia  hydrolyzes in  water  to 
give O H -  according to the equation 

NH3 + H20 ~-NH4 + + O H -  [S] 

with hydrolysis constant Khyd. -- 1.8 X 10 -5. 
When ammonia solution is added to Cd-salt  solution, 

Cd(OH) 2 starts precipitat ing when solubil i ty product 
(SP) of Cd(OH)2 is exceeded, i.e. 

Cd 2+ + 2 0 H - ~  Cd(OH)2 
with 

SP ---- [Cd2+][OH-]  2 = 2.2 • 10 -14 (pgP = 13.66) [4] 

The Cd(OH)~ precipitate dissolves in excess ammonia  
solution to form the complex cadmium te t r a -ammine  
ion [ Cd (NH3) 42 + ] 

Cd 2+ -~ 4NHs ~-~-~ Cd(NH3)42+ [5] 

The stabili ty constant of Cd(NH3)42+, pK = 7.12, i.e. 

[Cd 2+ ] [NH3] 4 
_ 7.56 X I0 -s [5a] 

[Cd (NH3)42+ ] 

Conversion to logarithmic concentrations and elimina- 
tion of p[Cd 2+ ] from Eq. [4] and [5] leads to 

pII ~- 10.73 + i~ p [Cd(NH3)42+] _ 2p [NH3] 

If excess ammonia is added to dissolve the Cd(OH)2 
precipitate, p[Cd(NH3)42+] can be approximated by 
PCsalt. Hence 

pH -~ Ii0.73 -? 1/2 pCsalt - -  2p  [NH.~] 
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In  the present  case, PCsalt = -- log (4.8 • 10 -~) ~ 1.3. 
Therefore 

pH --  11.38 -- 2p [NI~] [6] 

Equat ion [6] when  plotted is a s t raight  l ine A as 
shown in Fig. 9. Points lying on the l ine and in  region 
I represent  a homogeneous system consisting of stable 
Cd(NHs)42+ complex in  equi l ibr ium with Cd 2+ ions. 
In  region II, which can be reached by the addit ion of 
an alkali  to the solution, conditions for the spontaneous 
formation Cd(OH)2 exist so that  the points ly ing in 
region lI  represent  a heterogeneous system consisting 
of the complex Cd(NH3)42+ and a solid phase of 
Cd(OH)2 s imul taneously  in equi l ibr ium with Cd 2+ 
ions. 

CdSe films have been obtained in  region II and for 
conditions corresponding to the points on the l ine A. In  
the heterogeneous system of Cd(OH)2 and Cd(NH3)42+, 
the region enclosed by the two dotted lines B and C 
represents conditions for obtaining films of measurable  
thickness. The film formation in this region is explained 
on the basis of heterogeneous nucleation. Cd(OH)2 
present  in the solution and that formed on the substrate 
act as nuclei  for the formation of CdSe. More of CdSe 
is formed in  the bulk  of the solution and on the sub-  
strate surface by the addit ion of more Cd 2+ and Se 2- 
ions from the solution to the in i t ia l ly  formed CdSe 
and consequently with t ime a precipitate of CdSe is 
formed in  the bulk  and a film on the substrate. As the 
pH of the solution is fur ther  increased most of the 
Cd 2+ and O H -  ions spontaneously react to form 
Cd(OH)2 in  the bulk  of the solution and hence on addi-  
tion of sodium selenosulfate most of the CdSe is pre-  
cipitated result ing in  lower te rmina l  thicknesses at 
high pH values of the bath. 

From clear solutions (i.e., homogeneous system) at 
room tempera ture  (,,- 28~ no film or precipitate is 
formed even when the solution is kept for a very long 
time. This is due to the fact that as most of Cd 2+ ions 
are in  the bound complex form Cd(NI~)42+, ionic 
product  of Cd 2+ and Se 2- does not exceed the solu- 
bil i ty product  of CdSe. To get higher concentrat ions of 
Cd 2 +, the solution has to be heated. The heating results 
in dissociation of the complex and selenosulfate and, 
therefore, higher concentrat ions of Cd 2+ and Se 2- are 
available for reaction. Also the increased kinetic energy 
of the ions with increasing tempera ture  results in more 
f requent  collisions so that  the probabi l i ty  of CdSe 
formation increases. Thus from clear solutions con- 
ta in ing 2.1M ammonia,  CdSe films can be obtained 
only at temperatures  above 45~ The mechanism of 
film growth from clear solution is discussed in the fol- 
lowing section. 
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Fig. 9. Plot of Eq. [6]  

Growth  of PbSe  f i /ms.--For PbSe film growth, the 
Pb 2+ ions are complexed with C6H50~-  ions to give 
Pb(OH)C6H507 ~- which dissociates to give Pb ~+ ac- 
cording to the reaction 

Pb(OH)C6HhOr2~ ~-Pb ~+ q- OH- q- C6H5073- [7] 

The complex has stability constant K -- 1.4 • 10 -19 
so that 

[Pb 2+ ] [OH-] [C6H50~- ] 
= 1.4 • 10 - 1 9  [8 ]  

[Pb (OH) C6H~O72- ] 

The Pb e+ ions formed according to Eq. [7] react with 
Se '~-" ions formed in  Eq. [1] to give PbSe. 

The concentrat ion and the rate of generat ion of 
Pb ~*, Cd 2+, and Se 2- ions is determined by reactions 
[7], [5], and [1], respectively. Metal selenide is formed 
(according to reaction [2]) when the ionic product  
(IP) of M + and Se 2- exceeds the solubil i ty (SP) of 
MSe. The ratio I P / S P  ---- S defines the supersatura t ion 
of the ions over the MSe and can be varied by choosing 
the appropriate ini t ial  concentrations of the reactants. 
When S > 1, the ions combine on the substrate and in  
the solution to form MSe nuclei  which grow with t ime 
to give film and precipitate, respectively. Once MSe is 
formed it acts as catalyst for fur ther  deposition of 
fresh portions of MSe preferential ly.  The rate of depo- 
sition and terminal  thickness is dependent  on the re-  
action mix ture  since the lat ter  determines the rate 
of formation and growth of nuclei. As the catalytic 
MSe surface develops both on the surface and in  the 
volume of the solution, the proport ion of MSe formed 
on substrate is determined by the ratio of nuclei  
formed on the substrate and in  the over-al l  solution. 

In  their studies on the growth of PbSe films using 
selenourea in  place of sodium selenosulfate, Lund in  
et al. have found that  the ini t ial  induct ion period re-  
quired to form PbSe nuclei  from the ini t ia l ly  homo- 
geneous system on the substrate surface is not observed 
in the kinetic curves if the substrates are covered with 
a seeding layer of Sn(OH)2 (5). As our thickness vs. 
time plots (J~ig. 1 and 2) also do not  show the ini t ia l  
induct ion period, we assume that the surface which is 
in contact with the solution has suitable impuri t ies  or 
foreign particles which init iate nucleat ion and growth 
of the MSe. Although the exact na ture  of these impur i -  
t ies/particles is not known, the assumption is supported 
by the known fact that in  any precipi tat ion system 
there are many  particles of different nucleat ing effi- 
ciencies (10, 11). At low supersaturations,  the most 
efficient group of particles will act as nuclei  for MSe 
formation, which then grow to larger sizes. The ex- 
per imenta l  observation of large gra in  sizes at high pH 
values, where Pb 2+ concentrat ion is small  and hence 
supersaturat ion low, suggests the existence of foreign 
particles on the nucleat ing surface. The nuclei  grow 
and coalesce to form a continuous film. The nucleat ion 
and growth mechanism of formation of MSe films is 
supported by the electron microscopic investigations 
as seen in a series of electron micrographs in  Fig. 10. 

The above model of nucleat ion and growth of th in  
films is supported by our earl ier  observation that  alloys 
of PbS and HgS can be prepared over a wide composi- 
tion range (Pbl-xHgxS, 0 --~ x ----- 0.33) and the films 
can be grown epitaxial ly on a suitable substrate under  
controlled conditions (9). The observation that  
Pbl-xHgxS films containing ~ phase or ~ phase of HgS 
and CdS films with cubic, hexagonal, or mixed s t ruc-  
ture can be obtained by simply changing the deposition 
conditions also supports the mechanism of film forma- 
tion by combinat ion of ions on the substrate  (8, 9). 
Note that the process of ion by ion deposition on the 
substrate is analogous to the atom by atom condensa- 
tion process dur ing vapor deposition. 

Our observations can be understood on the basis of 
this mechanism of film growth as discussed in  the fol- 
lowing. The rate of deposition is high in  the ini t ia l  
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Fig. 10. Electron micrographs showing growth of PbSe films after 
(a) 3 min, (b) 6 min, and (c) 12 min. ( •  

stages of growth because the concentrat ion of M s + 'and 
Se ~- ions is high. As more and more of MSe is formed, 
the solution becomes depleted of ions, result ing in a 
lower rate of deposition. The rate of deposition be- 
comes zero, result ing in  a terminal  t~ckness ,  when 

the concentrat ion of M 2 + and Se ~-  ions decr.ease to a 
value such that  S < 1. 

Effect of pH.- -The  reaction rate and the rate of 
deposition depend on the supersatura t ion S. The lower 
the supersaturat ion,  the slower is the formation of 
MSe. From Eq. [8], if the concentrat ion of O H -  is 
more in the solution, the Pb 2+ concentrat ion is small  
result ing in low S and slow rate of reaction. With in -  
crease in pH as the Pb 2§ concentrat ion decreases, the 
rate of formation of PbSe is reduced. Above a certain 
pH, depending on the bath temperature  (11.4 at 28~ 
the concentrat ion of pb2+ decreases to a level such 
that the ionic product  of Pb 2+ and Se 2- becomes less 
than the solubil i ty product  of PbSe (S ~ 1). Above 
this pH value, PbSe is not  formed. Thus the decrease 
in the rate of deposition with increase in  pH value 
and no reaction above a certain pH value is explained. 
Similarly, in the case of CdSe film deposition, where 
Cd 2§ concentrat ion decreases with increase in  NH8 
concentration, the rate of deposition decreases on in-  
creasing the NH3 concentration. 

In the clear solution, the formation of MSe takes 
place by homogeneous nucleat ion which takes place 
at relat ively higher supersaturat ions than  that for 
heterogeneous nucleation. With increase in  p H / a m -  
monia concentration, for the case of PbSe/CdSe,  as the 
supersaturat ion decreases, the precipitat ion is de- 
creased resul t ing in  more MSe on the substrate and 
hence higher te rmina l  thickness. 

E#ect of temperature.--The dissociation of the com- 
plex and selenosulfate depends on the tempera ture  of 
the bath. At higher temperatures,  the dissociation is 
greater  and gives higher concentrat ion of M 2§ and 
Se 2~ ions. This results in  higher rates of deposition. 
Due to thermal  dissociation being higher at higher 
temperatures,  the pH value above which ionic product 
of Pb 2+ and Se a-  decreases to a value below the solu- 
bi l i ty product of PbSe is more, resul t ing in  an increase 
in the l imit ing pH value for PbSe formation from 11.4 
at 28~ to 12.0 at 60~ The increased kinetic energy of 
the ions and hence the increased interact ion between 
them at high temperatures  are also responsible for the 
increase in  the rate of deposition. 

The terminal  thickness decreases or increases with 
increase in  the bath  tempera ture  depending on the 
conditions under  which films are prepared. At low pH 
values supersaturat ion is high even at low tempera-  
tures. Fur ther  increase in the temperature  increases 
the supersaturat ion resul t ing in  precipitat ion of most 
of the PbSe and consequently lower te rminal  thickness. 
At high pH values where supersaturat ion is low, pre-  
cipitation is limited, and most of the PbSe is formed 
on the substrate surface. Further,  the thermal  dissocia- 
tion of complex and selenosulfate is increased at higher 
temperatures  so that more Pb 2+ and Se 2- ions are 
available for PbSe formation and thus higher terminal  
thicknesses are obtained. 

Figure 6 shows results for CdSe films deposited at  
different temperatures  for 2.1M ammonia  concentration. 
At this concentration, the supersaturat ion being low 
the precipitat ion is small  and hence the te rminal  thick- 
ness increases with increase in  tempera ture  of deposi- 
tion in agreement  with the above argument .  

Effect of zelenosulfate concentration.--The increase 
in  the selenosulfate concentrat ion leads to an increase 
in  Se 2- ion concentration. As the rate of any chemical 
reaction is proportional to the concentrat ion of the 
reacting species, the rate of deposition increases with 
increasing selenosulfate concentration. The ma x imum 
in terminal  thickness is obtained because of lower 
selenosulfate concentrations, the number  of Se 2- ions 
being insufficient to combine with all the available 
M ~+ ions. As setenosulfate concentrat ion increases, 
more Se 2- ions become available to form MSe leading 
to larger thicknesses. Above a certain concentration, 
when rate of reaction becomes high, precipi tat ion also 
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becomes impor t an t  leading  to a lesser  amount  of  MSe 
on the subs t ra te  and  hence lower  t e rmina l  thicknesses.  

Effect of substrate.--Film fo rmat ion  can take  place  
only under  cer ta in  conditions, that  is, e i ther  under  
op t imum condit ions for MSe format ion  or when the 
subs t ra te  has special  p roper t ies  faci l i ta t ing the fo rma-  
t ion of single c rys ta l  films. The second condi t ion favors 
film format ion  because when  the la t t ice  of the de-  
posi ted mate r ia l s  matches  wel l  wi th  tha t  of the sub-  
strate,  the f ree  energy  change of nuclea t ion  is smal le r  
t he reby  fac i l i ta t ing  nucleat ion.  As Si and Ge have the 
same la t t ice  (cubic)  as CdSe and PbSe,  the  nucleat ion 
on these subs t ra tes  is fac i l i ta ted  leading  to h igher  rates  
of deposi t ion and l a rge r  t e rmina l  thicknesses.  

Conclusions 
1. Uniform, adherent ,  and specu la r ly  reflecting PbSe  

and CdSe films can be deposi ted on an insulat ing,  
metal l ic ,  and semiconduct ing subst ra tes  by  a s imple 
chemical  g rowth  technique.  

2. The film format ion  ' t akes  place by  the r ecombina -  
t ion of the ions on the subs t ra te  surface via a nuclea-  
t ion and growth  process. 

3. The ra te  of deposi t ion of the  films and the t e rmi -  
na l  thickness depend  sens i t ive ly  on pH, composition, 
and t empe ra tu r e  of the  ba th  and the na tu re  of the  
substrate .  

Manuscr ip t  submi t t ed  Apr i l  27, 1979; rev ised  m a n u -  
scr ip t  received Ju ly  27, 1979. 

Any  discussion of this paper  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1980 
JOURNAL. Al l  discussions for the December  1980 Dis-  
cussion Section should be submi t t ed  by  Aug. 1, 1980. 
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The Influence of Solution p H on Microstructure 
of Electrodeposited Cobalt 

S. Nakahara* and S. Mahajan* 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

In  this s tudy  we have a t t emp ted  to e lucidate  the influence of pH on micro-  
s t ructures  of e iec t rodeposi ted  cobalt  using t ransmission e lect ron microscopy.  
I t  is observed  tha t  at  low pH (,-,1.6), the micros t ruc ture  most ly  consists of 
h igh ly  faul ted  fcc regions, and e lect ron diffraction pa t te rns  are  ve ry  complex. 
On the other  hand, at  high pH (~5.7) hcp phase is observed,  and the densi ty  of 
faul ts  is g rea t ly  reduced.  F rom these observat ions  together  wi th  resul ts  of 
chemical  analysis,  i t  is proposed that  at  low pH, the format ion  of fcc cobalt, 
p robab ly  in the ~orm of metas tab le  cobalt  hydr ide ,  is g rea t ly  faci l i ta ted by  
the adsorpt ion  and subsequent  incorpora t ion  of atomic hydrogen  into the elec-  
trodeposits .  However ,  la te r  on these hydrogen  atoms rap id ly  diffuse out of the  
film, the reby  the resul t ing "fcc cobalt"  (cobalt  hydr ide )  becomes unstable  at  
room t empera tu r e  and t ransforms mar tens i t i ca l ly  into hcp cobalt.  

I t  has long been known  tha t  the high t empe ra tu r e  
(~417~ phase  of cobal t  (fcc) can be ob ta ined  by  
e lec t rodeposi t ion at  ambien t  t empera tu re .  Po luka rov  
(1) and  Godda rd  and Wr igh t  (2) have repor ted  tha t  
the pH of an e lec t ro ly te  has a marked  influence on the 
fo rmat ion  of the fcc phase. Elect rodeposi t ion f rom so- 
lut ions wi th  pH < 2.4 resul ts  in fcc cobalt,  whereas  
f rom solutions wi th  pH > 2.9, hcp cobal t  is p roduced  
(2). However ,  i t  r emained  unreso lved  as to how fcc 
cobalt  can be produced  at  room tempera ture .  

Recently,  Wr igh t  (3) and Gaigher  and van  der  Berg 
(4) have repor ted  on the influence of pH on the fcc 
hcp phase t rans i t ion  dur ing  the ea r ly  stages of cobal t  
e lectrodeposi t ion.  Wr igh t  (3) has suggested that  fcc 
cobalt  grows ep i t ax ia l ly  onto fcc meta l  substrates ,  and, 
in addit ion,  the incorpora t ion  of  hydrogen  into the fcc 
la t t ice  dur ing  the deposi t ion at  low pH m a y  make  the 
fcc --> hcp phase t ransi t ion,  based on energy  considera-  
tions, unl ikely.  This conclusion s t rongly  implies  that  

~ Electrochemical Society Active Member. 
Key worc~s: p~, electrodeposltion, electron. 

the format ion  of fcc cobalt  is charac ter ized  as t h e  
hydrogen-ass i s t ed  s ta te  of ex tended  pseudomorphism,  
which is s imi lar  in  pr inc ip le  to tha t  observed in vapo r -  
deposi ted coba l t / copper  b imeta l l ic  films (5). These 
suggestions, however,  do not  seem to be consistent  
wi th  the fact that  ve ry  th ick fcc cobalt  films, which 
are not affected by  ep i tax ia l  growth,  can be produced 
at  low pH (2). With  respect  to the occurrence of the 
hcp cobalt  at  high pH, Gaigher  and van der  Berg (4) 
have suggested an associat ion wi th  the presence of col- 
loidal  hydroxides  at  the cathode surface dur ing  the 
deposit ion.  

In this study, we have inves t iga ted  the influence of 
pH on the micros t ruc tures  of e lec t rodeposi ted  cobalt  
films by  t ransmiss ion e lect ron microscopy,  and these 
results  const i tute the present  paper .  A plaus ib le  ex-  
p lana t ion  for  the fo rmat ion  of fcc cobal t  a t  low pH 
has been developed.  

Experimental 
Cobal t  films were  e lec t rodeposi ted  on a sheet  of 

annea led  OFHC copper. The composit ion of the p l a t -  
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ing solution was 300 g/ l i ter  COSO4, 3 g/ l i ter  NaC1, and 
6 g / l i te r  boric acid (2). The pH was lowered and 
raised by the addition of H2SO4 and NaOH, respec- 
tively. Plat ing was conducted without  any mechanical  
agitation at the current  density of 10 mA/cm 2 and 
at room temperature  (20~ 

Cobalt films were prepared from two solutions with 
pH ~ 1.6 and 5.7. This choice of pH values is based 
Upon the previous investigation (2). For the purpose 
of conven ien t  terminology, cobalt films o b t a i n e d  in  
the~e low and high pH solutions will be called, here- 
after, low pH cobalt (LP-Co) and high pH cobalt 
(HP-Co) films, respectively. After masking the front  
surface of the plated films, the f i lm-substrate composite 
was prepared for TEM examinat ion by electropolishing 
from the substrate side using the conventional  window 
technique. In  this way, viewing can be done on the 
region in which the effect of the substrate on the 
microstructure of deposits would be minimal.  Fu r -  
thermore, as the thickness of all the films was well  
in excess of 50 ~m, the role of substrate in inducing 
epitaxial growth should be negligible. 

All TEM micrographs were obtained using a JEM 200 
microscope operated at an accelerating voltage of 200 
kV. Images of small  inclusions in the deposits were 
taken using the defocus contrast  technique, which has 
been described previously (6). 

Results 

The plat ing characteristics in  the low and high pH 
solutions were quite different. In the low pH solution, 
plat ing was accompanied by the evolution of a large 
amount  of hydrogen gas and, consequently, the cur-  
rent  efficiency for the metal  deposition was extremely 
low. It was apparent  that both cobalt and hydrogen 
are depositing s imultaneously  at the cathode. In the 
high pH solution, on the other hand, only a small 
amount  of hydrogen gas was seen to evolve at the 
cathode and the current  efficiency for the metal  deposi- 
tion was near ly  100%. 

Transmission electron microscopy studies have re-  
vealed that the microstructures of LP-Co films were 
markedly  different from those of HP-Co films. In  par-  
ticular, the most dramatic s t ructural  difference was 
observed in their electron diffraction patterns. Figures 
l ( a )  and (b) show electron diffraction pat terns for 
LP-Co and HP-Co films, respectively. It is noted that  
the diffraction pa t te rn  for the LP-Co film is extremely 
complicated as compared to that of the HP-Co film. The 
observed streaking in the diffraction pattern,  in fact, 
was found to originate from extensive faul t ing with-  
in individual  grains. An example of the extensively 
faulted grains in the LP-Co film is shown in Fig. 2; 
trace of the fault  plane is delineated by the dotted 
line AA'. From the analysis of electron diffraction 
patterns, it was found that the LP-Co film pr imar i ly  
contains faulted fcc cobalt with a small  amount  of 
hcp phase, whereas the HP-Co film consists ent i rely 
of the hcp phase. A summary  of the diffraction analysis 
is shown in Table I. The present  results confirm the 
earlier observations that  fcc cobalt can be produced 
during electrodeposition from the low pH solution. 
Typical microstructures of the LP-Co film are further 
illustrated in Fig. 3. In most of the grains, faulting is 
observed only on one variant, but some grains, such as 
the one marked with a symbol, FCC, contain faults 
lying on two variants. In view of the fact that in fcc 
structure, faulting can occur on four ~IIi} planes, the 
observed faulting on two planes within one grain ap- 
pears to be consistent with the above electron diffrac- 
tion results. 

Figure 4 shows the structure of HP-Co film. The 
noticeable difference from the LP-Co films is that al- 
most all grains are of hcp cobalt without any appreci- 
able faulting, but contain a high density (~1.4 • 1017/ 
cm 3) of small (,~IOA) inclusions. Very few faults are 
present. The three fine arrows point out three typical 

Fig. 1. Electron diffraction patterns from electrodeposited cobalt 
films obtained in a solution with (a) pH ~ 1.6 and (b) 5.7. 

inclusions which are made visible using the defocus 
contrast technique (6). The fact that  these inclusions 
are seen as white dots surrounded by black rings in  
the underfocused condition suggests that  the inclusions 
have smaller  mean inner  potential  than does the sur-  
rounding cobalt matrix.  I t  is fur ther  noted that these 
inclusions are incorporated systematical ly along the 
(0001) basal plane of each grain. Figure 5 shows some 
zigzag steps due to slight misorientat ion in the film 
plane, in which lines of incorporated inclusions also 
follow systematically along the basal planes as indi-  
cated with a symbol, TT'. This crystallographic al ign-  
ment  of inclusions strongly suggests that  they must  
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Fig. 2. Microstructure of electrodeposited cobalt film (LP-Co) 
obtained in a solution with pH ~-- 1.5. A high density of faults is 
seen and the trace is indicated with symbols, AA'. 

have been incorporated dur ing the deposition on the 
(0001) basal plane which is also the growth plane for 
the cobalt metal.  

In  order to determine the amount  of probable im-  
pur i ty  content  in the deposits, the LP-Co and I-IP-Co 
films were analyzed using vacuum fusion technique 
and mass spectrometry. 1 The LP-Co film was found to 
contain 33 p p m  Ha and 35 ppm 02. On the other hand, 
the HP-Co film contained 230 ppm H2 and 890 ppm 
02. The higher content  of both hydrogen and oxygen 
in  the HP-Co film suggests that  these gases may have 
originated from cobalt hydroxides. 

Discussion 
It has been shown that  fcc cobalt can be obtained 

during the electrodeposition from the low pH solution. 
It should be noted, however, that  these cobalt grains 
observed in the LP-Co film are highly faulted. It  is 
well known  that  the fcc -> hcp s t ructural  t ransforma-  
tion can be accomplished by faul t ing on a l ternate  

This  a n a l y s i s  w a s  m a d e  b y  Gol lob A n a l y t i c a l  Serv ice  C o r p o r a -  
t ion ,  B e r k e l e y  H e i g h t s ,  N e w  J e r s e y  07922. 

Table I. Analysis of electron diffraction patterns 

E l e c t r o n  d i f f r a c t i o n  f r o m  LP-Co film 

Iden t i f i ca t ion*  

dob, (A)  d (A)  HKL 

2.000 2.0467 l l l~ec 
2.158 2.165 10~'0hcp 
1.918 1.910 101tee 
1.755 1.7723 200 f c c 
1.501 1.48 10~h~p 
,1.262 1.252 1 1 2 0 ~  
1.158 1.149 10i31~p 
1.065 1.083 2020hcl, 

E l e c t r o n  d i f f r ac t i on  f r o m  HP-Co f i lm 

Iden t i f i ca t ion*  

do~s (A) d (A) H K L  

2.109 2.165 101"0 
2.053 2.023 0092 
1.472 1.48 10]-2 
1.266 1.252 11"2"0 
1.176 1.149 10~3 
1.085 1.083 2030 

* F o r  h c p  coba l t ,  d a t a  f r o m  ASTM Di f f r ac t i on  Fi le  5-0727 a n d  
for fcc cobalt, data f r o m  ASTM Di f f r ac t ion  F i le  15-806. 

Fig. 3. Structure of an electrodeposited cobalt film (LP-Co) ob- 
tained in a solution with pH ~ 1.6. The film contains primarily 
fcc grains as indicated with a symbol, FCC, in which two faulting 
systems (see two arrows) are activated, indicative of fcc structure. 

Fig. 4. Microstructure of an electrodeposited cobalt film (HP-Co) 
obtained in a solution with pH ~- 5.7, Three arrows indicate the 
presence of inclusions (seen as white dot surrounded by a black 
ring), trapped in the (0001) basal plane of hcp cobalt grains. The 
micrograph is slightly underfocused to reveal the image of inclu- 
sions using the defocus contrast technique. 

{iii} planes (7). The microstructure of the LP-Co 
film, therefore, suggests that the fce structure was 
originally formed during the deposition, but due to its 
instability at room temperature transformed into the 
more stable hcp phase via {lll}fec faulting. A question, 
then, can be raised as to how fcc cobalt is produced in 
the low" pH solution, but not in the high pH. 

In order to understand the basic mechanism of fcc 
cobalt formation, it is important to understand the 
electrochemical aspects of cobalt electrodeposition. A 
number of investigations (8-10) have discussed the 
peculiarities in the electrochemical behavior generally 
common to the iron group metals, i.e., Fe, Co, and Ni. 
The electrolytic reduction of the iron group metal ions 
from aqueous solutions is accompanied by substantial 
overvoltage, and markedly varies with the pH of the 
solution. This high overvoltage is generally attributed 
to the high adsorption of foreign substances (hydrogen, 
hydroxide) on the electrode surface, whieh~ in turn, 
influences the reduction rate of metal ions. In particu- 
lar, when the deposition is made at low temperature 
(20~ both the cathode potential  and cur ren t  efii- 
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Fig. 5. Microstructure of an electrodeposited cobalt film (HP-Co) 
prepared in a solution with pH = 5.7. A dotted line, traced with 
symbols, TT', follows the systematic directional change in the line 
of inclusions. It is seen that these hcp cobalt grains are slightly 
misoriented to each other, forming a fanshaped morphology. 

ciency for the metal  deposition sharply decrease with 
decreasing pH. This phenomenon  can also be explained 
by the increasingly high adsorption and subsequent  
codeposition of hydrogen atoms with decreasing solu- 
tion pH. At high temperature  (150~ however, the 
i rreversible adsorption of hydrogen or hydroxide is 
drastically decreased, and hence the inhibi t ing action 
of these foreign substances and the overvoltage for the 
metal  reduct ion are also decreased. From these in-  
vestigations, the following observations emerge. At 
low pH (~2.0 ~ 2.2) and low temperature,  the current  
is used up chiefly for the reduction of hydrogen ions. 
At high pH (~3.0),  the current  is main ly  consumed 
for the reduction of metal  ions, bu t  some retardat ion 
of the reduction of metal  ions is due to the adsorption 
of hydroxide. 

From the above electrochemical results, it is now 
clear that the effect of solution pH on the microstruc-  
tures of cobalt electrodeposits can be closely related 
to the incorporation of foreign substances (hydrogen, 
hydroxide) .  In  our experiment,  hydrogen is l ikely to 
be incorporated in the LP-Co film, whereas hydroxide 
may be codeposited into the HP-Co film. Our micro- 
s t ructural  results then can be convenient ly  discussed 
in terms of the codeposition of hydrogen and hydrox-  
ide. 

The cobalt film prepared from the low pH solution 
is expected to contain an appreciable amount  of hy-  
drogen at least wi th in  a short period of t ime immedi-  
ately after the film is formed. It is then conceivable 
that the film could have been cobalt hydride prior to 
the outdiffusion of hydrogen. Although cobalt hydrides 
or their complexes are reported to be prepared in  the 
form of Coil  (11) and Coil2 (12) during chemical re- 
actions involving cobalt salt under  hydrogen, cobalt 
hydrides are predicted (13) to be nonexis tent  or, if 
any, very unstable.  Thus, if cobalt hydrides can be 
produced, they will  be extremely unstable. The as- 
sumption that  metastable cobalt hydride may be pro-  
duced dur ing the cobalt electrodeposition is consistent 
with the fact that nickel, one of the iron group metals, 
is converted into metastable  nickel hydride by cathodic 
charging with hydrogen (14). The cathodic charging 
of nickel with hydrogen produced nonstoichiometric 
nickel hydride NiHn (n = 0.7 ~ 1.0) which has the same 
Bravais- type lattice as that  of nickel, but  has the lat-  
tice spacing by about 6% larger (15). This nickel 
hydride was apparent ly  unstable  under  ambient  con- 
ditions, but  was stable enough to permit  x - ray  diffrac- 
t ion studies (14, 16). The cobalt electrodeposition mode 

at low pH resembles effectively the cathodic charging 
of nickel with hydrogen, as most of the current  is used 
up for the reduct ion of hydrogen ions. In  analogy to 
the nickel hydride, cobalt hydride can be assumed to 
have a fcc structure.  

The stabi l i ty  of hydrogen in  coba l t  or a l ternat ively  
cobalt hydride can be argued from the point  of hy-  
drogen solubil i ty and diffusivity in cobalt. The solu- 
bi l i ty of hydrogen at room temperature  is known  to 
be extremely small  (17). According to Vagramyan and 
Petrova (18), the hydrogen solubil i ty in cobalt at 20~ 
is ~ 0 . 0 5  cmo/g ( ~ 4 . ~ 6  ppm).  The data obtained by 
Stafford and McLellan (19) show that  the solubil i ty 
of hydrogen in cobalt at 300~ is about 0.63 ppm. If 
we extrapolate their  solubil i ty curve to room tempera-  
ture  (20~C), it amounts  to 0.041 ppm, consistent with 
the Vagramyan and Petrova data. Furthermore,  in 
case nonequi l ib r ium hydrogen is incorporated into 
cobalt dur ing the deposition, it  could escape out of the 
film very rapidly as it has a high diffusivity at room 
temperature.  From the data obtained by Caskey et at. 
(20), the diffusivity of hydrogen in cobalt, extrapolated 
to room tempera ture  (20~ is 1.71 • 10 -11 cm2/sec 
for fcc cobalt. These diffusivities are extremely high, 
and, for example, a simple calculation based upon the 
random walk theory indicates that  hydrogen included 
in cobalt films, 50 ~m thick (our film thickness is about  
75 ~m), can diffuse out of the film between 51 hr and 
18 days at room temperature  after the film prepara-  
tion. The fact that  the gas analysis in the cobalt elec- 
trodeposits has been made 5 months after the film 
preparat ion suggests that dissolved atomic hydrogen 
has diffused out of the film, and, therefore, the origin 
of appreciable amount  of hydrogen obtained in the 
analysis should be different. The amount  of hydrogen 
found in  this exper iment  probably  originates from the 
decomposition of cobalt hydroxide. 

It appears that  the observed hydrogen content  in 
both the LP-Co and HP-Co films originates from the de- 
composition of some form of cobalt hydroxide and not 
from dissolved atomic hydrogen. The observed ratio of 
H2/O2 (33/35) for the LP-Co film is consistent with 
the preceding suggestion. However, to rationalize the 
result  for the HP-Co film, the existence of oxygen-rich 
cobalt hydroxide has to be invoked. The pH depen-  
dence of both hydrogen and hydroxide occlusion in co- 
balt  electrodeposits obtained in cobalt chloride solution 
has been studied by Vagramyan and Petrova (20). 
Their results are shown together with our results in 
Fig. 6. Curves A and B represent  hydrogen gas and gas 
arising from the decompostition of cobalt hydroxide, 
respectively, and a black dot with an arrow denotes 
our data. It is seen that our data follow the t rend of 
curve B, suggesting that our gas content comes pr i -  
mar i ly  from the decomposition of cobalt hydroxide. It  
is interest ing to note that  the amount  of dissolved 
hydrogen at pH = 1.6 is very large, but  it is negligibly 
small at pH = 5.7. Their  results again confirm the 
electrochemical observation that a large amount  of 
hydrogen is codeposited at low pH. 

Inclusions observed in the HP-Co film are probably 
particles of cobalt hydroxide. From an electron diffrac- 
tion analysis, however, we could not find any diffraction 
lines corresponding to crystall ine cobalt hydroxide. 
These noncrystal l ine inclusions are probably in a 
colloidal form, as they are seen to have a much smaller  
mean inner  potential  than the cobalt matrix. That  these 
inclusions are crystal lographically aligned closely re-  
sembles the morphology of O-phenanthro l ine  mole- 
cules incorporated into copper electrodeposits (21). It 
was found (21) that organic additives are general ly  
first adsorbed at growth steps and subsequent ly  in-  
corporated into a deposit. The manner  in which these 
molecules are incorporated, therefore, follows the 
geometry of growth steps. The crystallographic ar-  
rangement  of cobalt hydroxide inclusions on the (0001) 
growth plane of hcp cobalt (see Fig. 7 for a schematic 
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Fig. 6. The relation between the pH of the ele~ctrolyte and the 
amount of hydrogen present in cobalt eleetrodeposits. Curves A and 
B represent the amount of hydrogen and the amount of gas arising 
from the decomposition of hydroxides in cobalt electrodeposits 
obtained from 1N COCI2 at 25~ and a current density of 20 mA/ 
cm 2 (due to Vagramyan and Petrova, 1962). The amount of hydro- 
gen in cobalt electrodeposits in this eyperiment is indicated with 
black circles with fine arrows and is seen to follow closely with 
curve g. 

Table II. TEM analysis of inclusions in cobalt electro&posits 

Population 
density of Volume 

Speci- inclusions density Calculated 
men (em -~) (%) Co(OH), 

LP-Co 2.3 x 10 ~ 0.01 0.04 
HP-Co 1.4 x 10 ~T 0.48 --  1.88 2 , -  8 

fu r the r  suppor t  to the  idea tha t  the inclusions a r e  c o -  
b a l t  hydrox ide  part icles .  The ca lcula ted  amount  of 
Co(OH)~ from the v /o  of the inclusions is somewhat  
smal le r  than  tha t  de te rmined  by  the gas analysis.  This 
difference is p robab ly  due to sma l l e r  inclusions which 
a re  not  de tec table  by  TEM. 

Conclusions 
I t  has been shown tha t  a t  low pH (,,~1.6), the mic ro-  

s t ruc tures  of cobal t  e lectrodeposi ts  consist  of h igh ly  
faul ted  fcc regions wi th  some hcp regions. At  high pH 
(,~5.7), on the o ther  hand, the densi ty  of faul ts  is 
g rea t ly  reduced and the micros t ruc tures  consist en-  
t i r e ly  of hcp phase. Fur the rmore ,  a high densi ty  of in-  
clusions, p robab ly  cobal t  hydroxide ,  was observed in 
the high pH deposits. F r o m  these observat ions  toge ther  
wi th  a chemical  analysis,  i t  is suggested that  dur ing  
the cobal t  e lect rodeposi t ion at  low pH, the  format ion  
of apparen t  fcc phase,  ac tua l ly  metas tab le  cobalt  hy -  
d r ide  (fcc),  is g rea t ly  p romoted  by  the codeposit ion 
of atomic hydrogen,  but  dur ing  and af te r  the deposi -  
tion, the  rap id  diffusion of atomic hydrogen  c a u s e s  
the fcc hydr ide  phase  to decompose and pa r t i a l l y  
t ransform to hcp cobalt.  This t rans format ion  involves 
the format ion  of faul ts  on (111} planes.  
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Fig. 7. Growth model illustrating the structure of hop cobalt 
obtained at pH ---- 5.7. The'incorporation of spherical cobalt hy- 
droxides in the (0001) basal planes is also shown. 

view)  thus suggests tha t  they  behave  v e r y  much l ike 
an organic  addit ive.  I t  should be poin ted  out  tha t  
con t ra ry  to the  previous  conclusion (4), these col loidal  
inclusions do not  cont r ibu te  to the s tab i l i ty  of hcp 
phase, but  s imply  act as an addi t ion  agent,  which  gen-  
e ra l ly  inhibi ts  a l a t e ra l  g rowth  and may  promote  a 
ver t ica l  g rowth  by  be ing  adsorbed  at  advancing  
growth  steps. 

For  the sake of comparison wi th  the gas analysis,  we 
l is ted the popula t ion  dens i ty  and volume percen t  
(v /o)  of inclusions which  are  de te rmined  f rom the 
TEM micrographs .  These data, together  wi th  the es t i -  
ma ted  amount  of cobal t  hydroxide ,  Co (OH)2, a re  sum-  
mar ized  in  Table II. It  is noted tha t  the t r end  of the 
amount  also follows that  of curve B in Fig. 6, lending  
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Primary Potential and Current Distribution 

Around a Bubble on an Electrode 

Paul J. Sides* and Charles W. Tobias** 
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and Department of Chemical Engineering, University of California, Berkeley, CaIi]ornia 94720 

ABSTRACT 

An analytical  solution for the p r imary  potential  and current  dis t r ibut ion 
around a spherical bubble  in contact with a plane electrode is presented. Zero 
a t  the contact point, the current  density reaches only 1% of its undis turbed  
value at 30% of the radius from that point  and goes through a shallow maxi -  
m u m  two radii away. The solution obtained for spherical bubbles is shown 
to apply for bubbles having contact angles smaller  than 17.5 ~ . The incrementa l  
resistance caused by dilute arrays of bubbles is evaluated. 

The evaluat ion of effective thermal  or electrical 
conductance of heterogenous systems from the con- 
ductivities of the individual  phases is a commonly oc- 
curr ing problem in  science and technology. For sus- 
pensions of gas bubbles generated by discharge proc- 
esses at electrodes, the problem is t ractable because the 
discontinuous phase consists of spherical, nonconduct-  
ing particles. As early as 1892 Maxwell  (1) presented 
an analyt ical  solution for the effective conductivi ty 
of a dilute random suspension of spherical particles. 
Rayleigh (2) developed an exact solution for a cubic 
ar ray  of spheres. Using an ingenious approximate 
t rea tment  by Bruggeman (3), Tobias and co-workers 
(4, 5) proposed useful approximations for t reat ing con- 
centrated, random suspensions of spheres and applied 
these results in the evaluat ion of the effect of gas 
bubbles on the resistance and current  dis t r ibut ion in  
electrolytic gas generators (6). Hine and co-workers 
(7) differentiated between a relat ively concentrated 
dispersion of gases near  the electrodes and the more 
dilute suspension in the bulk electrolyte. These semi- 
empirical models, however, do not consider the effect 
of bubbles attached to the electrode surface. The effect 
of this layer  of bubbles, present  dur ing electrolysis, 
differs from that  of bubbles dispersed in the bu lk  elec- 
trolyte because the envi ronment  of a bubble  sit t ing on 
the surface is asymmetric;  the electrode, an equipo- 
tential  surface, is in contact with a p lanar  array of 
bubbles, while the electrolyte extends to a large dis- 
tance on the opposite side of this array. 

In  the following, an analytical  solution is presented 
which describes the potential  field around a spherical 
bubble  in point contact with a p lanar  equipotential  
surface when the field far from the sphere is linear. 
The current  dis t r ibut ion on the electrode plane and the 
incrementa l  resistance caused by a dilute a r ray  of 
bubbles are also evaluated. 

Theoretical 
We use tangent  sphere coordinates to solve La-  

place's equation for the potential  field and current  dis- 
t r ibut ion on the p lanar  electrode around the insulat ing 
sphere. The coordinate planes are spheres tangent  to a 

�9 E l e c t r o c h e m i c a l  Soc ie ty  S t u d e n t  Member.  
�9 * E l e c t r o c n ~ m i c a i  ~oc ie ty  Act ive  M e m b e r .  
Key  wo~.ds: p o t e n t i a l  f ield,  c u r r e n t  a l s~r ibu t ion ,  e l e c t r o l y t i c  g a s  

evo lu t ion .  

plane and toroids without  center  openings; they a r e  
related to Cartesian coordinates by 

v 
z - -  v 2 + ~  ~, x =  ~ + ~  [1] 

The coordinates and their  relations to the geometry 
appear in Fig. 1. v corresponds to the inverse of 
radial distance from the contact point  while ~ is analo-  
gous to an angular  coordinate. Infini ty of both coordi- 
nates specifies the contact point. Moon and Spencer 
(8) present  a ra ther  complete discussion of various co- 
ordinate systems, including the one above, in  their  
"Field Theory Handbook." 

The variables, defined in dimensionless form, are 
as follows 

z* = z/2a 

x* : x/2a 

v* = 2av 

~ * ---- 2a~ 

r = r162 

i* = ilKr [2] 

The distance variables are normalized to the bubble  
diameter;  therefore, x* = 1 defines a plane parallel  to 
the y'z* plane and located one bubble  diameter  from 
the axis passing through the center of the bubble  and 
the contact point. 

We write the potential  as the sum of a disturbance 
and a l inear  te rm 

r = ~d* + z* [3] 

The second term already satisfies Laplace's equat ion 
and all boundary  conditions except the one on the 
bubble  surface; therefore 

V2~bd * - -  0 [ 4 ]  

The disturbance must  vanish both on the electrode 
and far away; the potential  must  be symmetric  about  
an axis passing through the center of the bubble  and 
the contact point; finally, no current  passes through the 
bubble. In  tangent  sphere coordinates Eq. [4] and 
these boundary  conditions a r e  



Vol. 127, No. 2 P R I M A R Y  F O T E N T I A L  AND CURRENT D I S T R I B U T I O N  289 

0 
I! 

! 

x* 
Fig. 1. Tangent sphere coordinates in two dimensions 
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[5] 

[6] 

[7] 

[8] 

Moon and Spencer (8) give the separation criteria, 
the separated equations, and their general solutions. 
After  applying conditions [6] and [7], we obtain 

~a* = A sinh (q//*) Jo(q;**) (;**2 +//.2)1/2 [9] 

Because the domain is infinite, the solution must  in- 
clude all values of q; therefore, [9] passes to an integral 

f0o ~a* : (;**2 +// .2)1/2 A sinh (q//*)Jo(q;**)dq [10] 

The insulation condition [8] determines A as a func-  
tion of q. Upon differentiating the complete potential 
~*, evaluating this expression at//* : 1, and equating 
it to zero, we obtain 

0 : A sinh qJo(q~*) dq 
(;**2 _~_ 1)112 

s + (;**2 + i.)i/2 Aq  cosh qJo(q;**)dq 

(;**~- 1) 
+ -(;*.2 + 1)2 [11] 

Following Witze, Schrock, and Chambrd (9), we use 
the differential equation satisfied by Jo and integrate 
twice by parts to obtain 

(;**2 + 1)~/2 : , ) o  qHJo(q;**)dq [12] 

where 

H(q )  : - - ~ q  q ~ q  ( A c o s h q )  

-t- A (q cosh q -F sinh q) ~ [13] 
J 

After  invert ing the t ransform with the help of the 
Erdelyi Tables (10) and rearranging the equations, we 
obtain 

dA 1 -- q + e -2q C 
= ~- [14] 

dq 2 cosh 2 q 2q cosh 2 q 

C must  be zero for the derivative to remain  finite at 
q = 0  

y ~  l -- q-F e-2~ 
A : dq [15] 

2 cosh 2 q 

The potential is now given by  

s ~* = (//*~ + ,~*~) 1/~. AJo (q~*) 

/;e 
sinh (qv*) dq + [16] (;**2 + / / . ~ )  

and the pr imary  current  distribution is 

~176 Z i* -- ; * . 2 ~  -- I z*3  qAJo(q;**)dq + i 
a//* v*=0 

[17] 

Equations [16] and [17] were numerical ly  evaluated 
by routines that  calculated the Bessel functions and 
integrated their products with the  hyperbolic func-  
tions over the appropriate  domains. 

D i s c u s s i o n  
The potential map appears in Fig. 2 (a) and (b). The 

potential is normalized so that  equipotentials far f rom 
the bubble coincide with distance f rom the electrode 
(see Eq. [3]). As required by the insulation condition, 
Eq. [8], the equipotentials meet  the bubble at r ight  
angles; they approach their undisturbed values far  
away. One can see f rom Fig. 2(a) that  the displace- 
ment of equipotentials caused by the insulating sphere 
becomes negligibly small beyond one and a half diam- 
eters from its contact point along the electrode and 
three diameters perpendicular  to the electrode. 

The current  distribution as a function of dimension- 
less distance appears in Fig. 3(a)  and (b). The cur-  
rent  density is normalized to be 1.0 at a great  distance 
from the sphere; we call this the "undisturbed" value. 
The value 0.5 on the abscissa of Fig. 3 marks the outer-  
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Fig. 2(a). Potential around an insulating sphere tangent to 
on electrode. 
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Fig. 3 (a ) .  Current  distr ibut ion near  a spherical  insulator  tangent  
to a surface.  

most  circle on the electrode shadowed by the bubble;  
here, the current  density is 80% of its undis turbed 
value. The cur ren t  density far ther  f rom the bubble 
exceeds 1.0 because the upper  half  of the sphere de- 
flects the flux and thereby creates a m a x i m u m  current  
density 2% grea ter  than the undis turbed value  at one 
diameter  f rom the contact point. We conclude that  
fields around spheres separated by more than  three 
diameters  affect each other  negligibly. 

A detail  of the current  distr ibut ion near  the contact 
point appears in Fig. 3 (b).  Zero at the axis, the current  
density reaches only 1% of its undis turbed value at 
30% of the radius from the contact point; therefore,  we 
can insulate the area inside this distance with  a surface 
which coincides wi th  a surface of flow. Thus the effect 
of a tangent  insulating sphere on the current  dis tr ibu-  
tion approximates  that  of a bubble having a near ly  
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Fig. 3 (b) .  Deta i l  of  current  distr ibut ion near  the contact  point  

spherical  shape and a contact area less than 0.09 ~a 2. 
Calculat ing the contact angle for this base area ac- 
cording to the geometry  in Fig. 4 

0 ---- 90 ~ - -  c o s  - I  ( b / a )  - -  17.5 ~ [ 1 8 ]  

we conclude that the effect of a sphere on a plane ap- 
proximates that of a nearly spherical bubble having a 
contact angle less than 17.5 ~ . 

The bubble increases the resistance by deforming 
the otherwise straight lines of current. We evaluate 
the effect by integrating the potential disturbance over 
a plane far from the electrode and parallel to it 

f AS -- 4a 2 2~x*ca*l dx* = Ac~a2 [191 
z*--~ r 

where  

L 
Oll 

Ao = 8 qAdq 

= 0 . 9 0 1 5  [ 2 0 ]  

AS does not depend on distance from the electrode; it 
is the net disturbance of potential integrated with 
area. "n" bubbles per unit area, distributed such that 
their contributions are independent, cause a net po- 
tential disturbance 

AS* -- nAsa2 [21] 

/ 

m m m  m m  u 

I 
I 
I 

Fig. 4.  Geometry  for  ca lcu la t ion  of contac t  angle  0 
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One cannot  deduce a conduct iv i ty  analogous to Max-  
wel l ' s  because the  l aye r  of bubbles  is two dimensional ;  
the  effect must  be charac te r ized  as a polar iza t ion  at  the  
e lect rode surface. The inc remen t  of res is tance caused 
by  the bubbles  on an e lec t rode  of a rea  S is the ne t  
po ten t ia l  d is turbance,  [21], d iv ided  by  the to ta l  cu r -  
ren t  to the  electrode,  K~oS 

A~ * 2Aon~a 3 
AR = ~ = [22] 

KS~o aS 

AR is a resis tance inc rement  re la ted  only  to the d i s tur -  
bance caused b y  the  bubbles.  Its sum wi th  the  cell 's  
res is tance in the absence of gas gives the  net  cell  r e -  
sistance. 

Bubbles  whose contact  points  a re  th ree  d iameters  
apa r t  in a p l ana r  hexagona l  a r r a y  give a number  
dens i ty  0.0321/a 2. If the bubble  d iamete r  is a t en th  of 
the  in te re lec t rode  gap in a pa ra l l e l  p lane  cell geom- 
etry,  Eq. [22] predic ts  a res is tance increase  of only  
1%. This means  tha t  the  res is tance caused by  a sparse  
collection of smal l  bubbles  is negligible.  When  closer 
than  th ree  d iameters ,  the bubbles  in te rac t  s ignif icantly 
and the reby  d is turb  the potent ia l  more  than  pred ic ted  
by  Eq. [22]; nevertheless ,  this equat ion establ ishes 
that  when  the d iameters  a re  a t en th  of the in te re lec-  
t rode  spacing, the min imum added  resis tance caused by  
a c lose -packed  a r r a y  of bubbles  on a surface  is a t  least  
8% of t he -ce l l  resistance.  In  real i ty ,  because of the  
severe  pinching of the field be tween  bubbles,  the effect 
mus t  be subs tan t ia l ly  l a rge r  than  this, perhaps  by  a 
fac tor  of two to three.  Exper iments  and  addi t ional  
theory  are  in progress  which  wil l  de te rmine  the effect 
of dense single and mul t ip le  surface layers  of bubbles  
on the res is tance a t  electrodes.  
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LIST OF SYMBOLS 

a bubble  radius,  cm 
Ao 0.9015, dimensionless  
A Four ie r  constant,  d imensionless  
b radius  of bubble  base, cm 
C constant  of in tegra t ion  
i cu r ren t  density,  A / c m  2 
n number  dens i ty  of bubbles,  c m - 2  
q separa t ion  pa ramete r ,  d imensionless  
~R net  resistance increase  caused by  the l aye r  of 

bubbles,  
S area  of electrode,  cm ~ 
x dis tance pa ra l l e l  to electrode,  cm 
z dis tance pe rpend icu la r  to electrode,  cm 
~# potential ,  V 
r slope of l inear  potent ia l  field far  f rom the bubble ,  

V / c m  
~r net  potent ia l  d is turbance  far  f rom the e lec t rode  

in tegra ted  wi th  area, V.cm 2 
v tangent  sphere  coordinate,  cm -1 

tangent  sphere  coordinate,  cm -1 
conduct ivi ty,  ( ~ . c m ) - 1  

.e contact  angle, degrees 

Subscripts and superscripts 
d d is turbance  
�9 dimensionless  quan t i t y  
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Bubble Effects on the Solution IR Drop in a 
Vertical Electrolyzer Under Free and 

Forced Convection 
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ABSTRACT 

Effects of electrolytic bubbles on the IR drop of caustic soda solution in  a 
vertical cell of one meter  height were studied under  both free and forced con- 
vection. Three pairs of Luggin-Haber  probes were positioned near the anode 
and the cathode to determine the solution IR drop dur ing electrolysis. A sec- 
tioned electrode having 10 segments was employed to obtain the current  dis- 
t r ibut ion from the bottom to the top of cell. The superficial resistivity of the 
solution containing gas bubbles agreed well  with the Bruggemann equation. 
The solution IR drop decreased significantly when adequate conditions or cell 
geometry for solution circulation were provided. The anode-to-cathode gap was 
found to be the most impor tant  parameter  for reduction of the solution IR drop 
in  a vertical  cell. 

An impor tant  i tem in the voltage balance of an 
industr ia l  electrolytic cell is the IR drop in the electro- 
lyte across the gap between the electrodes. When the 
electrode reaction evolves gas, the presence of gas 
bubbles dispersed in  the electrolyte may greatly in-  
crease the IR drop. This is par t icular ly  true if the 
electrode is not perforated, in which case all the 
evolved gas must  pass through the electrolysis gap. 

There are several ways of minimizing the unwanted  
"bubble  effects." 

1. Use of perforated electrodes, which permit  some, 
if not all, of the evolved gas, to be removed from the 
electrolysis gap. 

Thus, in amalgam-type  chlorine cells equipped with 
horizontal block anodes of graphite, these blocks may 
be machined and perforated in various ways to min i -  
mize accumulat ion of chlorine gas bubbles on the 
underside of these blocks (1-4). Also, modern amalgam 
cells equipped with "spaghett i"- type metal  anodes 
almost el iminate the bubble  effect. 

In modern d iaphragm-type  chlorine cells equipped 
with vertical dimensional ly  stable anodes (DSA), 
which are usual ly  perforated, a major  par t  of the 
evolved chlorine is removed from the electrolysis gap 
by passing through the perforations. This also permits 
closer spacing between anode and diaphragm. Thus the 
IR drop can be minimized. 

2. Recirculat ion of electrolyte decreases the gas void 
fraction in the electrolysis zone, and thus improves the 
conductivity of the two phase mixture  of electrolyte 
and gas in the gap. 

Thus, in older d iaphragm-type  chlorine cells, equip- 
ped with solid graphite blade anodes, a re tu rn  path is 
provided which allows the anolyte br ine  to recirculate 
freely. The recirculat ion is dr iven by the gas lift effect 
in  the anode-diaphragm gap (5, 6). 

In  newer  d iaphragm-type  chlorine cells, equipped 
with box-type DSA's, the inside of the DSA can be 
utilized as a downcomer for recirculat ing the anolyte. 

Box-type electrodes Can also be used in cells for 
water  electrolysis, to improve the circulation of caustic 
potash electrolyte, thus decreasing the void fraction 
of hydrogen on one side of the diaphragm, and of oxy- 
gen on the other (7, 8). 

3. Miscellaneous, such as electrolysis under  high 
pressure, which decreases the volume of the gas bub-  
bles, and improves conductivi ty (7, 9). 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 P r e s e n t  a d d r e s s :  R e s e a r c h  Laboratory ,  T h e  J a p a n  Car l i t  Com- 

p a n y ,  S i b u k a w a ,  J a p a n .  
K e y  w o r d s :  gas ,  cell ,  r e s i s t iv i ty ,  c o n v e c t i o n ,  

This paper is concerned with I tem 2, the effect of 
electrolyte circulation on the performance of gas- 
evolving cells, par t icular ly  with reference to current  
dis t r ibut ion and voltage drop in the electrolysis gap. 
The experiments  were designed to reveal fundamenta l  
relationships, and thus to be useful in the design of 
industr ia l  electrochemical cells. 

In  the previous report, an empirical  equation for the 
conductivity of the gas-solution mixture  as a funct ion 
of the current  density and the solution velocity in a 
nar row channel  was presented (10). In  addition to the 
articles quoted in Ref. (10), useful papers with respect 
to the bubble  effects on the current  distr ibution and 
the voltage balance in  electrolytic cells can be found 
(11-13). Funk  and Thorpe studied the void fraction 
and the current  distr ibution in a water electrolysis cell 
(11). They concluded that the slip ratio, UjUl, in this 
case was nearly unity, which was of great importance 
in defining the void fraction and in the analysis of 
hydrodynamics or pressure drop in  electrolytic cell. 

Although there is no doubt that the IR drop and the 
overvoltage near  the electrode are affected by bubbles, 
enhancement  of mass and heat t ransfer  is also of im-  
portance to electrolytic gas evolution. The thickness 
of the hydrodynamic film or the boundary  layer along 
the electrode is reduced, and hence the heat t ransfer  
coefficient in  the cell is increased by circulation of the 
electrolytic solution (14-22). MacMullin et al. studied 
the enhancement  of heat t ransfer  in an electrolyzer, 
where hydrogen evolution took place at the cathode 
(17). The gas evolution promotes rapid circulation of 
the electrolyte resul t ing in a significant increase of 
the fluid film heat t ransfer  coefficient, by a factor of 
2 to3 .  

Flow of the gas-electrolyte mix ture  along the ver t i -  
cal electrode during cell operation is a "two-phase flow" 
or a "backmix flow" depending on the l iquid flow 
velocity and the void fraction of bubbles (23-25). In  
some cases, gas bubbles grow in size, and cover the 
electrode surface; thus the overvoltage becomes high. 
On the other hand, some gas bubbles leaving the elec- 
trode disperse in  the solution, and the IR drop between 
two electrodes increases. That  is, the "bubble effects" 
are classified into (i) the surface reduction of the work-  
ing electrode, and (it) increase in  the resistivity of 
the electrolytic solution. 

Tobias and his collaborators published a series of 
excellent papers on the effect of bubbles on the cur-  
rent  distr ibution and the ohmic resistance (26-28). 
They propose Bruggemann 's  equat ion 
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p/po = (1 - e)-3/2 [1] 

to correlate the resist ivi ty vs. gas void fraction in  
electrolytic cells. The gas void fraction is closely re-  
lated to the bubble  size, i.e., the larger the bubble  size 
the smaller  is the void fraction in general. Bubbles 

i n  water  grow in  size, but  coalescence of electrolytic 
bubbles is very limited, and is affected greatly by the 
solution composition (29,30), for reasons that  are un -  
clear at present. 

The experiments  described in this paper were con- 
ducted in a vertical  cell, one meter  high, to determine 
the bubble  effects on the operat ing conditions and the 
cell geometry. Solution circulation by gas lift action 
and forced flow is also discussed. 

Experimental Procedure 
A vertical  Lucite cell one meter  high, as shown in 

Fig. 1, was fabricated. The anode and the cathode, 
each 89 cm long and 3 cm wide, were made of 304 
stainless steel (SS) plate 3 mm thick. Heavy copper 
bus bars were employed to minimize the IR drop 
in the SS electrodes. The anode-to-cathode gap was 
adjusted by the lead- in  shafts with PTFE spacers of 
different lengths in the range 0.5-3 cm. A PVC back- 
plate was positioned to provide a space of an adequate 
size for the electrolyte. For exper iments  under  forced 
circulation, a shield plate was provided at the cell 
bottom as shown in  Fig. lB. The electrolytic solution 
was pumped up from the inle t  to the Cell top through 
the interelectrode gap, and sent back to the reservoir. 

Three pairs of the Luggin-Haber  probes made of 
PTFE were positioned at tile cell bottom, the center, 
and at the top to obtain the solution IR drops at these 
respective points. The potential  was referred to the 
Hg/HgO electrode. The Luggin probes were inserted 
into the electrode plate from the back side so as to 
avoid dis turbance to solution flow. Because the outer 
diameter  of the Luggin tip was thick (6 ram),  an 
equation proposed by Barnar t t  was used to calibrate 
the potential  deviat ion (31). 

A sectioned electrode with 10 segments, also made 
of SS, was used to determine the current  distribution. 
The distance of the segments from a flat plate counter-  
electrode was adjusted carefully Lo equalize the elec- 
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Fig. 1. A vertical cell. Drawing B shows a shield plate for ex- 
periments under forced circulation. 

trode gaps prior to the experiment.  This procedure 
was impor tant  for obtaining reproducible results. 

Each electrode segment  had a shunt  in  series, and 
was connected to a common copper bus bar. The volt-  
age drop in  a shunt  was measured to obtain the current  
passing. The gas void fraction and the solution re- 
sistance increase with the level from the bottom to the 
top of the cell. Therefore, the current  dis t r ibut ion along 
the vertical electrode is demonstrated by the var iat ion 
of the currents  carried by the different electrode seg- 
ments. 

Electrolytic solution, mostly 2N NaOH at 40~ was 
circulated between the thermostated reservoir and the 
space behind both electrodes to keep the tempera ture  
constant, even in the case of blocked convection. 

Oxygen and hydrogen were l iberated at the anode 
and the cathode respectively, during electrolysis, and 
were mixed because there was no separator in  the cell. 
Thus, for one Faraday passed, 1/4 mole 02 plus 1/2 mole 
H2 were evolved. 

The polarization curves on a small  SS electrode were 
obtained in a separate cell containing NaOH solution. 
The potential  vs. current  density was found to be a 
straight line over a wide range of current  density 
above 2 A / d m  2. The sum of the slopes of both anodic 
and cathodic polarization curves was 0.340 ~ - c m  2 in  
2N NaOH at 40~ 

Results and Discussion 
Solution resistivity vs. gas void fraction.--F~gure 2 

i l lustrates three types of flow pat te rn  in  a vertical  cell: 
blocked convection (mode 1), na tu ra l  circulation 
(mode 2), and forced circulation (mode 3). In  mode 1, 
the gas-l iquid mixture  rises to the cell top, and the 
solution treed of gas bubbles comes down through a 
part  of the electrode gap, thus complicating the flow 
pattern. In  mode 2, the gas-solution mixture  rises 
through the electrode gap by gas lift action and the 
solution flows down through the downcomer when  the 
circulation path is provided. Separat ion of gas bubbles 
from the solution is s t imulated by rapid flow, and 
hence the gas void fraction decreases in this case. On 
the other hand, when the solution containing gas bub-  
bles is forced into the reservoir  from the cell top by 
pump, the gas void fraction may be still fur ther  re-  
duced, as in mode 3. 

In  Fig. 2, H represents the level of electrolyte before 
the current  is tu rned  on. With current  on, the level in -  
creases by AH, due to hold-up of gas bubbles in  the 
electrolyte. 

For mode 1, b ---- 0, and the average gas void frac- 
t ion ea is 

ea = AH/[H + AH], approximately  [2] 

For mode 2 
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Fig. 2. Flow pattern in vertical cells 
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a § b ~H I . e  
ea  = - -  - - ,  approximate ly  [3] 

a H - t - A H  

In  this case, the solution in the downcomer is assumed 
to be bubble-free.  

Suppose that  the gas void fract ion at the center  
level is e a. The current  density at the center Luggin 1.6 
was confirmed to be almost average. Figure 3 shows >. 
the reduced resist ivity p/po at the center Luggin as a v- 
funct ion os ea calculated by Eq. [2] (open points for >__. 
mode 1). 

The gas void fraction wi th  a cell in  mode 3 was 
also obtained. The solution level comes down by AH =u 1.4 
from the outlet when the polarizing cur ren t  and the o 
pump are turned off, thus, ~a can be obtained by a '" 

O 
similar  manner .  Although the exper imental  results =) r 
fluctuated more in comparison wi th  mode 2, the solu- ,., 
t ion resistivity vs. average gas void fraction fitted 
roughly with Eq. [1] and was independent  of the flow 
rate of solution. Therefore, Bruggemann 's  equat ion is 1.2 
valid for all  cases. 

In  a previous work (10), we reported that  the 
Bruggemann relat ion may not work well, especially 
under  forced convection. That  result  differed from 
the present  conclusion, probably due to different meth-  
ods of experimentat ion.  The solution IR  drop was ob-  
tained from the voltage drop between the anode Luggin 
and the cathode Luggin in the present  study, whereas 
the potential  difference between the working elec- 
trode and the Luggin probe located on the front  of 
the counterelectrode was measured in  the previous 
work. The overvoltage of the working electrode was 
calibrated by the current  in te r rup t ion  technique in this 
case, but  the IR  drop through a thin layer in the vi-  
cinity of the working electrode was, of course, in -  
volved. A solution layer near  the electrode might  be 
crowded with electrolytic gas bubbles just  leaving the 
electrode surface, and the condition in  this region 
differs from the bulk  of solution. This may be the 
major  reason for the different conclusions in the 
two papers. 

Current  d i s t r ibu t ion . - -Figure  4 shows examples of 
the current  dis t r ibut ion obtained with the sectioned 
electrode. At small  current,  the current  dis t r ibut ion 
is quite uniform, and solution circulation is not re-  
quired because the gas void fraction is small. On the 
other hand, the local current  density varies with 
height at high currents.  Variation of the current  den-  
sity without  solution circulation is very large com- 
pared to that  with circulation. Also, this figure shows 
that  the average current  density is achieved at about 
40-50% of the electrode height from the bottom end, 
and is independent  of the total current  and solution 
circulation. 

Tobias obtained a theoretical equation for the local 
current  density ix (26). With his equation, we have 

iz/ia - -  8(K -t- 2 )2 / (K -t- 4) ( K X  -t- 2) 3 [4] 
1.0 

where K is the gas effect parameter,  and X is the di-  
mensionless vertical  height, x / h .  We confirm that this 
equation can be fitted to our data, if we make suitable o.s 
corrections for the humid volume of the gas bubbles x 
at local est imated pressures. Equat ion [4] is also valid o.e 
for cells of different height as shown in Fig. 5, that is, 
the iz/ia vs. x / h  is almost independent  of the electrode > 
height. The thick l ine shows the empirical equation =, o.4 
obtained by the method of least squares with the data 
plotted. The th in  l ine is the curve calculated by Eq. 0.2 
[4] with K --~ 0.6. However, in the experiments de- 
scribed, K varied in the range 0.2-0.7 depending on 
the electrode gap: the larger the electrode gap the o 
smaller  was the value of K. 

Natural  c irculat ion . - - In  most of these experiments,  
the flow pat te rn  was clearly a dispersion of gas bubbles 
in  flowing electrolyte. However, at high current  den-  
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Fig. 3. Relationship between the reduced resistivity and the gas 
void fraction under blocked convection and forced circulation. 

sity in  nar row channels (0.5 cm gap), slug flow could 
be observed. 

It is evident  that the reduced resist ivity is related 
to the current  density and the flow velocity of the 
electrolyte. The open points in  Fig. 6 show the ex- 
per imental  results obtained in  the cell with forced 
circulation. The closed points are the results obtained 
with na tura l  circulation, mode 2. The flow velocity by 
gas lift action increases when the gas void fraction in-  
creases at high current  densities. From Fig. 6, flow 
velocity under  na tura l  circulation, mode 2, can be 
estimated to be about 14 cm/sec at 15 A / d m  2 and 20 
cm/sec at 37 A / d m  2, for example. These estimates are 
valid because the p/po vs. c curve is independent  of the 
solution flow as shown in Fig. 3. Figure 7 i l lustrates 
the estimated velocity of solution circulation as a func-  
tion of the current  density and the gap, which is ob- 
tained by the method described above. The velocity 
increases with decrease of the electrode gap, but  is 
l imited in nar row channels, less than 1 cm gap. In  this 
discussion, and in  Fig. 6-9, flow velocity is defined a s  

the velocity of the gas-free electrolyte as it enters the 
gap; that is, it is the flow in  cm3/sec divided by t h e  

area of the gap in  cm 2. 

NATURAL 
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Fig. 4. Cur ren t  distr ibut ion curves under  na tu ra l  c i rcu la t ion  end  
b locked convection condit ions.  E lectrode gap  = 1.90 cm. 
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The solut ion flow veloci ty  ul is r epresen ted  by  

Ul : V~/ac (1 - ~) [5]  

Since the  volumet r ic  flow ra te  of solution, V1, remains  
constant,  u, is only a funct ion of ~. 

Now, the cur ren t  dens i ty  i is a funct ion o f ,  

~ E  ~ E  
_ -- . . . .  (I - ,)31s [6] 

pa poa 

The vol tage  drop in the e lectrolyte ,  hE, is 
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Fig. 6. Reduced resistivity vs. current density curves as functions 
of the flow velocity with forced circulation. The dotted line is a 
curve abtained under natural circulation conditions. Electrode 
gap : 0~97 cm. 
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Fig. 7. Circulation velocity as o function of the current density 
and the electrode gap in a cell, mode 2. 

~ E = E T - - E o - - ~  [7] 

where  ET is the t e rmina l  voltage,  Eo the d e c o m p o s i t i o n  
voltage,  and Z~ is the sum of the overvol tage  at  a n o d e  
and cathode. Suppose tha t  ET remains  cons tant  f rom 
the top to the bot tom of the cell because heavy  c o p p e r  
bus bars  are  employed  in both anode and c a t h o d e  
sides, and  Eo is, of course, constant.  On the other  hand,  
zn and ~E are  functions of the cur ren t  density.  In  
prac t ica l  cells, however,  ET is sometimes shown b y  a 
s imple  equat ion 

E T =  A - ~ B ~ n  [8] 

where  A is the superficial  decomposi t ion voltage,  B a n d  
n are  coefficients depending on the overvol tage  cha r -  
acteristics,  the  solution conduct ivi ty,  and the cell  geom- 
etry.  Al though  n is un i ty  in many  cases, somet imes we 
see values  of n ranging  f rom 1.0 to 2.0 in e lec t ro ly t ic  
cells where  gas evolut ion takes place. Genera l ly ,  the  
overvol tage  and its inc rement  wi th  the cur ren t  den-  
s i ty are  re la t ive ly  smal l  compared  to the IR drops in 
the solut ion containing gas bubbles,  as was shown in 
Fig. 3 in the previous  paper  (10). Thus, we e s t i m a t e  
tha t  Eo + Z~] in Eq. [7] is rough ly  equal  to A in Eq. 
[8], and hence, AE ~ B i n. Subs t i tu t ing  i t  and Eq. [6] 
into Eq. [5], we have  

u = C im [9]  
where  

V 1 ( B ~2/3 2('l%--1) 
C --- -- ~-~oa/ and ~ = 

ac 3 

Figure 8 shows the log-log plots of the flow velocity 
vs. average current density in a cell, mode. 2, with dif- 
ferent gaps. Straight lines with a slope of about 0.5 

were obtained, and hence, u~ cc k/f Also, n ~ 1.75. 
The flow velocity reaches a maximum at an electrode 

gap of 0.75 cm as shown in Fig. 9. The figure also 
shows the effect of solution flow on the reduction of 
the IR drop or the reduced resistivity of the solution 
(center). 
The terminal voltage was a minimum electrode gap 

of 5-7 ram. In a narrow channel, less than 5 ram, the 
flow pattern becomes slug, and p/po is large. On the 
other hand, p/po is almost independent of the electrode 
gap when the gap is larger than 10 ram. Consequently, 
the solution IR drop and the terminal voltage at con- 
stant current density increases with the increase of 
the electrode gap (top figure). 

The reduced resistivity in a cell without circulation, 
mode I, is shown by the closed points. Since convection 
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occurs  only in  the space be tween two electrodes, the 0 I ~ ~ , 
larger the electrode gap the smaller  is the resistivity. 
Also the p/po is affected greatly by the current  density, 
which indicates difficulty of separation of gas bubbles 
f rom the electrolytic solution. 

In  this connection, the size of the downcomer seems 
to be an impor tant  factor for na tu ra l  circulation. Ac- 
cording to experiments,  the gap of 12-15 mm was suffi- 
cient for solution circulation. 

A more exact mathematical  approach to the problem 
of a priori calculation of the gas void fraction in  the 
electrolysis gap, as a funct ion of the various indepen-  
dent  variables, would no doubt be desirable. However, 
this would depend on the abi l i ty  to predict  the gas 
rise velocity relat ive to the local l iquid velocity, for 
swarms of bubbles  of varying size, as generated at the 
electrodes. The problem is indeed complicated, and for 
its proper solution, addit ional exper imental  techniques 
must  be developed. In  the meant ime,  the present sim- 
plified approach has revealed interest ing relationships 
in cells with gas-evolving electrodes. 

The experiments  described in  this paper  were con- 
ducted with solid electrodes, and hence the electrolysis 
zone was crowded with evolved gases. This was the 
case for the old style d iaphragm-type  chlorine cells 
using graphite blade anodes. In  the new type cells 
using DSA's, the anodes are perforated, so that the 
evolved chlorine passes through the electrodes to the 
outer space, and hence, the gas void fract ion in the 
electrode gap is reduced considerably, resul t ing in low 
voltage drops. This, of course, is of great interest  to us, 
and will be invest igated in  the future. 

Conclusion 
Effect of the electrolytic gas bubbles on the solu- 

tion IR drop and the terminal  voltage of a vertical  cell, 
one meter  high, was studied. Exper iments  were con- 
ducted under  blocked convection, na tura l  circulation, 
and forced circulation conditions. The anode- to-cath-  
ode gap, the space of the downcomer, and the electrode 
height were varied. The superficial resistivity of elec- 
trolytic solution containing gas bubbles was confirmed 
to be a funct ion of the gas void fraction, and agreed 
well with the Bruggemann equation. 

The average gas void fraction in the gap is a mea- 
sure of the gas hold-up in the gap, and depends 
strongly on the volumetric liquid flow rate in the gap. 

I 2 
ELECTRODE GAP (CM) 

Fig. 9. Terminal voltage, reduced resistivity, and circulation 
velocity as functions of the electrode gap and the current. Average 
current density: 37.2 A/dm2 at 100A, 22.7 A/dm 2 at 60A, and 
7.5 A/dm 2 at 20A. Closed points ~ blocked convection (mode 1). 

Other factors include the rate of rise of bubble  swarms 
relat ive to the l iquid rate, current  density, overvoltage, 
etc. 

The gas lift effect may be utilized to promote na tura l  
circulation of liquid through the gap, and thus to im- 
prove conductivity in the gap. The optimum area of 
downcomer used for recirculation should be about 
twice the area of the electrode gap. 

The anode-to-cathode gap is, of course, a major 
component of the terminal cell voltage. The gas void 
fraction in a narrow channel is large and it causes a 
large increase in the solution IR drop. On the other 
hand, the solution IR drop increases with increase of 
the electrode gap. An optimum gap between anode 
and cathode is about 5-7 mm depending on the operat- 
ing conditions such as current  density and solution 
composition. 

The local current  density varies from the bottom to 
the top of cell due to the change of the gas void frac-  
t ion along the electrode. But  the cur ren t  d is t r ibut ion 
is impl-oved significantly by solution circulation. The 
current  density near  the center of electrode then takes 
the average value. 

In  conclusion, design of the cell configuration and 
choice of the operating conditions to yield sufficient 
flow of solution between the two electrodes are useful 
for reducing the gas void fraction, and thus the cell 
voltage. 
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LIST OF SYMBOLS 
a anode-to-cathode gap (m) 
b electrode-to-bacl(plate (size of downcomer) 

(m) 
c e• width (m) 
h electrode height (m) 
i current density (A/m 2) 
m number of charge transfer (--)  
m and n coefficients in Eq. [8] and [9], respectively 
u flow velocity (m/sec)  
u,t flow velocity in electrode gap (see Fig. 2) 

(m/sec) 
UB flow velocity in downcomer (see Fig. 2) (m/ 

sec) 
x level from the bottom end of electrode (m) 
A and B coefficients in Eq. [8] 
C coefficient in Eq. [9] 
Eo decomposition voltage (V) 
ET terminal voltage (V) 
~E voltage drop in electrolyte (V) 
F Faraday (96,500 C/g-equiv.) 
H height of bubble-free solution (m) 
AH increment of height due to dispersion of gas 

bubbles (m) 
K parameter in Eq. [4] [=  hix (~ -~ pxa)/ 

mFPpouga 2 ] 
P pressure of gas (Pa) 
V volumetric flow rate (m3/sec) 
X reduced height [_-- x/h] (--)  
#S slope of polarization curve (12-m ~) 
�9 gas void fraction (--)  
p resistivity of gas-solution mixture (12-m) 
po resistivity of bubble-free solution (12-m) 
�9 ~ sum of overvoltage at anode and cathode (V) 

Subscripts 
a average 
x local 
g gas 
1 liquid 
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ABSTRACT 

The purpose of this investigation was to find an effective means of removing 
gas bubbles from the interelectrode space of a new chlor-alkali membrane cell. 
Gas evolution increases the ohmic resistance of the electrolyte and the cur- 
rent distribution becomes nonuniform in the vertical direction. It was ob- 
served that by using a gas-diverting electrode the gas bubbles were diverted to 
the back of the vertical electrode. Various expanded steel cathodes were very 
effective in diverting the H2 gas, which resulted in a significant drop of the 
cell potential. The effectiveness was tested as a function of the spacing between 
the cathode and the membrane, the current density, the temperature, and the 
geometry of the expanded metal electrodes. An increase in current efficiency 
is reported as well, due to the induced turbulence at the surface of the mem- 
brane facing the cathode. In addition, the gas-diverting electrode removes the 
restriction on the cell's height and can result in capital investment savings. 
Membrane over-potentials are reported as well. 

This invest igat ion was aimed at evaluat ing new 
electrode geometries (expanded steel cathodes) as an 
effective means of removing the evolving hydrogen 
gas and reducing the te rminal  voltage of a new chlor- 
alkali  membrane  cell. 

The overpotential  and current  dis t r ibut ion on ver t i -  
cal gas-evolving electrodes (chlorine and hydrogen) 
are affected by the bubbles, the hydrodynamics  and 
the geometry of the cell. It  is well accepted that  gas 
evolution enhances mass t ransfer  of reactants and 
products to and from the electrode's surface. However, 
an addit ional  factor is the nonuni form increase of the 
resistivity of the electrolytic solution in the in te r -  
electrode space with the undesired consequence of in -  
creased ohmic drop and nonuni form current  dis t r ibu-  
t ion in the vertical  direction. 

The theoretical effects of gas evolution on the ohmic 
resistance and current  dis t r ibut ion are discussed by 
Tobias (1), Nagy (2), Hine et al. (3), and De La Rue 
and Tobias (4); exper imental  results are reported as 
well (5-11) concerning mass t ransfer  and bubble  ef- 
fects. Tobias (1) presents a theoretical t rea tment  for 
s tagnant  electrolyte and obtains analyt ical  solutions of 
the void fraction, current  distribution, and ohmic loss 
under  restricted and simplified conditions. A general  
and quali tat ive unders tanding  of the problem is there-  
by obtained. Nagy (2) extends the analysis for more 
realistic conditions by including l inear  kinetic polari-  
zation for an electrode buil t  of vertical  blades. 

The studies ment ioned above, utilized s tandard flat 
electrode configurations which did not divert  the gas 
bubbles to the back of the vertical electrode. These 
results implied, however, that if it  were possible to 
remove the gas from the interelectrode space, the result  
could be a substant ia l  decrease in the te rminal  voltage. 
Taking the simple case of a flat sheet electrode, and 
following the approaches of Tobias (1) and Nagy (2), 
the effective solution resistance is given by  

2RTpIT 1 
Reff --~ [1] 

hW~PmFS ]av.(1 -- ]av.) (2 -- fav.) 2 

where IT is the total constant  current,  lay. is the aver-  
age void fraction, o is the resist ivity of a gas free elec- 

* Electrochemical Society Active Member,  
Key woras: gas evolution, chlor-ancali cell, bubbles, membrane, 

Nation, chlorine, hydrogen, caustic. 

trolyte, h is the electrode height, W is the electrode 
width, P is the pressure, m is the n u m b e r  of electrons, 
S is the bubble  rise veloci ty .  

Min imum resistance is obtained at  

~av. = 0.36 [2] 

The interelectrode spacing corresponding to lay. "- 
0.36 is given by 

RT iav. h 
5rain : 1.69 [3] 

P m F  S 

This impor tant  result  deserves some i l lustrat ive cal- 
culations: If we consider an exper imental  cell of height 
h = 10 cm operating under  current  density iav. : 200 
mA/cm~ and assume the bubble  rise velocity S = 1 
cm/sec (following Stokes' law),  then 

5min : 0.4 c m  

For a realistic industr ia l  cell of height h = 100 cm 
and current  density of lay. -- 290 m A / c m  2 the optimal 
spacing is 

5rain = 4.0 eI~ 

To i l lustrate  the advantage of close proximity  let 
us take an example where the distance between the 
membrane  and the two electrodes is 0.4 cm. The ap- 
proximate resistivities of NaC1 and NaOH are 2 and 
1 ~-cm, respectively. The ohmic resistance of this 
geometry is approximately 

R : (PNaC1 + pJaOH) 5 ~- (2 -4- 1) 0.4 .~-- 1.2 ,.q-cm 2 

If we operate under  a typical cur rent  density of 200 
m A / c m  2 then the total ohmic drop is 0.24V. If by in t ro-  
ducing gas-removing electrodes we can reduce the 
spacing to 0.1 cm then the ohmic drop is 0.06V, and 
a substant ial  decrease in the cell's te rminal  voltage 
can be achieved. 

The t reatments  of Tobias (1) and Nagy (2) are pre-  
sented under  restrictive assumptions, nevertheless the 
above examples demonstrate  the desirabil i ty of finding 
a more efficient way to remove the gases from the in -  
terelectrode spaces. 

Gas-diverting electrode.--As a possible solution to 
the adverse effect of the gas void volume on the re-  
sistance of the interelectrode spacing, it was proposed 
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to investigate several electrode geometries which c a n  
divert  the  evolving gases (C12 and H2) to behind the 
electrodes. Inspecting commercial ly available unflat-  
tened expanded carbon steels it was expected that  
screens of special three-d imensional  s t ructure  might  
promote the removal  of the evolving gas. This would 
allow designing the cell in such a way that the elec- 
trodes could be placed in  a very close proximity  to 
the membrane  and the ohmic drop would be reduced 
substantial ly.  Promising geometries are the Standard  
Diamond, S tandard  Louver, S tandard  Honeycomb, and 
the Ramona Grid (see catalogs of Niles Expanded 
Metals, Chandler  Expanded Metals Corporation, and 
Keen Penmeta l  Products) .  

The principle is i l lustrated in  Fig. 1 where a sche- 
matic representat ion of an unflat tened expanded metal  
electrode is presented. 

It is general ly  accepted in  the ehlor-alkal i  indus t ry  
that any  saving over 50 mV is significant and wor th  
looking into. The general  approach was to test cathode 
geometries that divert  the gas to the rear  of the elec- 
trode, and decrease the interelectrode spacing and the 
resu l tan t  ohmic loss. 

Due to the fact that expanded steel screens are com- 
mercial ly available, the exper imental  invest igat ion 
concentrated only on the geometry of the cathode. 
However, it is believed that the same consideration can 
be applied to the chlorine anode in the form of an ex- 
panded ruthenized t i tan ium anode. 

Exper imental  
Various expanded metal  geometries were tested. In  

general  the unflat tened expanded metals were pre-  
ferred because it seemed that  the three-dimensional  
s t ructure  diverts the evolving gas to the rear. 

A Plexiglas cell was used throughout  the invest iga-  
tion. The cell consisted of two identical compartments  
attached together with stainless steel bolts and clamps. 
A Nation membrane  (du Pont  Type 031) was placed 
between the two compartments  and the cell was sealed 
with 1/2 in. Gore-Tex type gasket material.  The cell is 
shown schematically in Fig. 2. In the bottom of the cell 
grooves were located in order  to place the electrodes 
at a fixed distance from the membrane.  Six spacings 
were used on each side; the cathodic spacings were: 
0.33, 0.85, 1.32, 1.85, 2.42, and 2.98 cm; the anodic spac- 
ings were: 0.30, 0.86, 1.37, 1.88, 2.42, and 2.98 cm. The 
electrodes were 7.6 cm wide and 10.2 or 15.2 cm high. 

The electrodes were held and electrically connected 
from the top by a movable piece of Plexiglas. The area 
of the membrane  was 155 cm 2. Each cell compar tment  
was 10 cm wide, 20 cm high, and 5 cm deep. The gases 
(H2 and C12) were released to the hood through 1/2 in. 
holes at the top of the cell. The top of the anode com- 
par tment  was flushed cont inuously with an air s tream 
to remove the chlorine gas. The cell was heated by an  

Fig. 1. Gas-diverting electrode 
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Fig. 2. The experimental cell with a diverting gas cathode 
(schematic). 

electrical heater located in the anolyte, and the tem- 
perature was measured by a Weston thermometer  No. 
104 located in the catholyte. 

The 5.5M NaC1 and 3.5M NaOH solutions were pre-  
pared by dilution. The concentrations were measured 
gravi tat ional ly and by titration. The pH of the solu- 
tions was measured at the beginning and end of the 
experiment.  The pH in the anolyte varied between 3 
and 3.5. The solutions were fed into the cell through 
two funnels  connected to the two compartments.  Dur-  
ing the experiments  the solutions were replaced every 
hour in order to minimize concentrat ion and pH 
changes. There was no flow-through of NaOH or NaC1 
through the cathode and anode compartments  dur ing 
the runs. Two standard calomel electrodes (Corning 
No. 104) were used and placed in syringe compart-  
ments connected by small Teflon capillaries (AWG No. 
24, Penn tube  Plastics Company, Clifton Heights, Penn -  
sylvania) to the catholyte and the anolyte solutions. 
The tips of the Luggin capillaries were located firmly 
in the middle of the electrodes facing the membrane.  
The tips were cut at an angle facing up to avoid ac- 
cumulat ion of gas bubbles. 

Constant current  was supplied by 6261B d-c power 
supply, 0-20V, 0-50A (Hewlett  Packard) .  The current  
was measured by a shunt  and digital mul t imeter  Fluke  
Model 8000A (Fluke, Seattle, Washington) .  The cell 
potential  and the various potentials be tween the work-  
ing electrodes and the two reference electrodes were 
measured by Electrometer Model 1455 (Data Precision 
Corporation, Wakefield, Massachusetts).  Ohmic drops 
were measured using the current  in te r rup te r  technique 
where the current  is in terupted and the potential  drop 
is followed on a fast oscilloscope. Current  i n t e r r u p t e r  
Model 101 (Electrolytic Research Division, BASF Wy- 
andotte) was used, and the pulse was applied by Uni-  
versal Programmer  Model 175, (PAR, Princeton,  New 
Jersey) (pulse width 100 V/sec, 1 msec). The potential  
drop was followed on a Nicolet 1090 AR Explorer 
Digital Oscilloscope (1 ~ec /po in t ,  4V range) ,  and the 
oscilloscope traces were copied directly to an  XY re-  
corder, Ohmigraphic 2000 Recorder (Houston Ins t ru -  
ment) .  In all cases the potential  drop was read directly 
from the digital oscilloscope. 

Procedure.--The steel electrodes were degreased and 
cleaned in concentrated HC1. The cell was assembled 
with the electrodes under  consideration and was placed 
in the hood. Electrical connectors were attached and 
the reference electrode compartments  were filled with 
the corresponding solutions and pumped through the 
capillaries. The cell was filled with NaC1 and NaOH 
solutions and different constant  currents  were applied 
at various cathode and anode positions. The electrodes 
were moved from one groove to the next  and the mea-  
surements  were repeated. Potentials  were measured 
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between the various electrodes and across the mem-  
brane, and ohmic losses were estimated from the cur-  
rent  in te r rup te r  measurements .  The catholyte a n d  
anolyte solutions were replenished every hour so the 
changes in concentrations were kept  below _0.5M for 
NaOH and NaC1, respectively. 

At the end of the day, the cell was drained, w a s h e d  
thoroughly, and the membrane  was left overnight  in 
distilled water. The membrane  was always left in  dis- 
tilled water  prior to the experiment,  and in  this way 
it remained stretched throughout  the experiments.  In  
all the experiments  the same piece of membrane  w a s  
used. 

In  some experiments  the cell over-al l  i m p e d a n c e  
was measured by an impedance meter, Model 251 
(Electro Scientific Industries, Portland,  Oregon).  The  
resistance measurements  were conducted in the LR 
mode because of the range l imi ta t ion of the ins t rument .  
The leads of the impedance meter  were attached to 
noncur ren t -ca r ry ing  connectors. The frequency of 
measurements  was held constant  at 1 kHz. 

The expanded metals are characterized by the fol- 
lowing dimensions: SWD--nomina l  short way of de- 
sign, LWD--nomina l  long way of design, SWO--shor t  
way of opening (actual) ,  LWO-- long  way of opening 
(actual) .  

The following flattened and unflat tened steel cath- 
odes were tested: 

1. The conventional  flattened steel cathode. Design 
size: 0.25 in. SWD, 0.5 in. LWD. Opening size: 1/s in. 
SWO, 5/16 in. LWO. 

2. 1/4 in. No. 18 std. Ca., unflattened, Niles Expanded 
Metals. 114 lb / f t  2. Design size: 0.25 in. SWD, 1.00 in. 
LWD. Opening size: 0.!1 in. SWO, 0.718 in. LWO. 

3. 3/16 in. No. 22, No. 104 louver (large s t ructure)  
Niles Expanded Metals. Design size: 3/16 in. SWD, 
7/16 in. LWD. Opening size: 3/16 in. SWO, % in. 
LWO. 

4. 1/s in. No. 24, No. 104 louver (fine s t ructure)  Niles 
Expanded Metals. Design size: 1/8 in. SWD, 5/16 in. 
LWD. Opening size: Ys in. SWO, 1/4 in. LWO. 

5. Ramona Grid, Keen Penmeta l  Products, Parkers-  
burg, West Virginia 26101. Design size: % in. SWD, 1.0 
in. LWD. Opening size: 1/16 in. SWO, % in. LWO. 

In  all experiments  the anode was made of flattened 
ruthenized t i tanium anode (coated on both sides). 

The following parameters  were investigated: (i) 
The effectiveness of expanded metal  cathodes in mov- 
ing the gas to the rear  (visual observations).  (ii) The 
effect of the spacing between the membrane  and the 
cathode on the ohmic resistance of the cell. (iii) Effect 
of current  density. (iv) Ohmic drop across the mem-  
brane. (v) Effect of temperature.  (vi) Over-al l  cell ter-  
minal  voltage and its dependence on the cathode 
structure, cathode spacing, current  density, and tem- 
perature.  

Results and Discussion 
Visual observations.--All the new cathode geometries 

showed the abil i ty to release the evolving gas to the 
rear. With Ramona Grid, Niles 1/4 in. No. 18 std. Ca., 
Niles louver 1/s in. and 3/16 in., even when placed far 
away from the membrane  (3 cm spacing) the gas evo- 
lut ion was almost ent i re ly  at the back. The gas 
evolved smoothly through the incl ined planes and there 
was no evidence of accumulat ion of gas in  the in ter -  
electrode spacing. 

The separation of the gas bubbles was quite slow in 
the catholyte compartment.  Very fine H2 bubbles were 
formed and the catholyte turned very quickly into a 
finely dispersed opaque suspension. It is quite possible 
that  this behavior  is due to the relat ively large volume 
of the compartments  and the back mixing of the gas 
in  the volume behind the electrode. The gas-l iquid 
separation was easier at the anolyte where the C12 gas 
separated smoothly from the brine. 

Figure  3 shows the cell potential  as a funct ion of the 
ca thode-membrane  spacing for the various expanded 

- - =  4 
uJ" 

3 J P I I I I 
0 1 2 3 

CATHODE SPACING ( c m )  

Fig. 3. Cell potential vs. cathode spacing for various cathodes. 
i ----- 215 mA/cm 2 T ~ 35~ Q ,  Flattened conventional cathode; 
A ,  Niles std. Ca. I / 4  in. cathode; [ ] ,  std. Louver 3/16 in. cathode; 
�9  std. Louver 1/8 in. cathode; @, Ramona grid cathode. The 
anode spacing is 0.30 cm. 

steel cathodes as well as for the flattened conventional  
cathode. The lines are extrapolated to zero spacing, 
and the cell potential  at zero cathode spacing is taken 
as a measure of the cathode's abil i ty to divert  gas to 
the rear. The cell potential  at zero cathode spacing is 
summarized in Table I. The anode spacing was kept  
constant at da ---- 0.30 cm. Comparing the results at 35~ 
indicates that all the new geometries show a significant 
drop in the cell potential  of about 100-200 mV. The 
saving is less significant at higher temperature  because 
the conductivi ty is higher and the saving is smaller. 
The crossing of lines in Fig. 3 indicates the changing 
abilities of the various electrodes to divert  gas at var i -  
ous cathode spacings. 

Good results were obtained in  part icular  with Ra- 
mona Grid and the std. louver 1/s in. (fine structure)  
cathodes, however, the Niles 1/4 in. std. Diamond also 
gave improved results and should be considered equal. 

The electrode geometry is even more important  in 
the design of the anode since the resistance of the solu- 
tion is higher in the anolyte (NaCI solution). Therefore, 
it is expected that higher saving can be achieved by 
testing anodes of similar geometries. Since the conduc- 
tivity of the caustic (catholyte) increases by a factor 
of about 2 by going from 35 ~ to 80~ the voltage sav- 
ing on the anode side is expected to be of the order of 
50-i00 mV at 80~ The conductivity of the brine 
(NaCl) is about half that of NaOH; therefore, the 
saving in voltage on the anode side by replacing the 
anode with a new geometry is expected to be of the 
order of 100-200 inV. These estimations are quite 
qualitative and based on the concept that the new 
geometries ean be located very close to the membrane 
while the gas evolves from the rear. However, the dis- 
persion and the void fraction of the chlorine bubbles 
are quite different from those of hydrogen. 

Ohmic resistance of cell.--The cell resistance was 
measured using a cu r ren t - in t e r rup t ion  technique. Fig-  

Table I. Cell potentials at zero cathode spacing 

Temper- Ece I I 
Cathode ature (~ (de = 0) 

Flattened conventional 35 4.26 
Ramona grid 35 3.95 

37 4.05 
80 3.65 

Std. Louver 1/8 in. 25 4.02 
35 3,96 
75 3.45 

Std. Louver 3/16 in. 35 4.10 
Niles 1/4 in. std. Diamond 35 4.02 
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Fig. 4. Current interrupter measurements: Cell ohmic resista,ce 
vs. apparent current density. Electrode area, 77.4 cm2; cathode 
spacing, 0.33 cm; anode spacing, 0.30 cm. O ,  Flattened conven- 
tional cathode; z~, Niles std. Ca. 1/4 in. cathode; [] ,  std. Louver 
3/16 in. cathode; �9 std. Louver 1/8 in. cathode. 
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Fig. 5. Current |nterruptor measurements: Ce|| ohmic drop vs. 
cathode spacing at various temperatures. Electrode area, 77.4 cm2; 
total current, 16.7A. O ,  Flattened conventional cathode 35~ 
A,  Niles std. Ca. ! /4  in. cathode 35~ El, std. Louver 1/8 in. 
cathode 35 ~ and 75~ + ,  std. Louver 3/16 in. cathode 35~ ~ ,  
Ramona grid cathode 250 and 75~ area, 18 in. 2. The anode 
spacing is 0.30 cm. 

ure 4 shows the dependence of the cell's ohmic resist-  
ance on the current .  The ohmic resistance is indepen-  
dent  of the current  over a wide range for all the gas 
diver t ing electrodes. The lack of increase of ohmic re-  
sistance at high cur ren t  indicates the effectiveness of 
the new cathode geometries in  diver t ing the gas from 
the e lec t rode-membrane  space. The ohmic resistance 
increases, however,  for the conventional  flattened cath- 
ode at 35~ indicat ing a bui ldup of void fraction in 
front  of the cathode. At low cur ren t  densities the 
ohmic resistance increases wi th  a decrease in the cur-  
rent  density. This unexpected eftect occurs at apparent  
cur ren t  densities below ~30 mA/cm ~. It is speculated 
that  the hydrogen bubbles at low current  density are 
very small  and their r i s i n g  velocity ,is low. Conse- 
quent ly  the electrolyte is cloudy due to insufficient 
coalescence of the bubbles and the void fraction is 
higher than  expected. Hine and Sugimoto (11) showed 
that the hydrogen void fraction deviates from the 
straight  l ine passing through the origin at low current  
density probably  due to the small  bubble  and in-  
sufficient coalescence. 

Figure 5 shows the ohmic voltage drop (IR) of a 77.5 
cm ~ cell with various cathodes as a funct ion of the 
cathode spacing. Linear  dependence is observed for all  
the gas-diver t ing electrodes, which indicates that  the 
gas evolution is from the rear  and the ohmic resist-  
ance of the catholyte is not  changing with the cathode- 
membrane  spacing. The paral lel  lines indicate that the 
ohmic resistance is due mostly to the electrolytic re-  
sistance and not to bui ldup of void fraction. An ex- 
ceptional case is that  of the flattened conventional  
cathode at 35~ where a m i n i m u m  can be observed at 
1.02 cm spacing and the ohmic loss increases at smaller  
spacing, probably  due to gas evolution and high void 
fraction in  front of the cathode. For the same elec- 
trode the resistance of the cell increases with the cur-  
rent  (see Fig. 4), indicat ing again that  a flattened elec- 
trode is inefficient in divert ing the hydrogen gas to the 
rear. In  all other unflat tened geometries the cell re- 
sistance drops l inear ly  with the cathode spacing, which 
indicates an  effectiveness in diver t ing the gas to the 
rear  of the cathode. The best location of the electrode 
is in a very close proximity  to the membrane.  The cell's 
ohmic resistance for the Ramona Grid 116 cm 2 cell is 
l inear  with cathode spacing and increases the confi- 

dence in our current  in te r rup t ing  technique. The l inear  
dependence indicates that  the gas evolves at the rear  
and does not  contr ibute significantly to the ohmic loss 
of the cell. Figure 5 shows again that the cell resistance 
increases monotonical ly wi th  the cathodic spacing, 
again due to the effectiveness of the Ramona Grid 
cathode in moving the gas to the rear  of the electrode. 

Similar  results were obtained for the louver- type  
cathodes, al though a slight increase in  resistance can 
be observed at small  spacing, a possible indication of 
some gas evolution in  the ca thode-membrane  space. 

The Niles 1/4 in. std. Ca. Diamond cathode shows 
similar behavior:  however,  the cell resistance de- 
creases slightly with current  at 35~ (Fig. 4). 

Cathode polarization.--The indiv idual  cathodic po- 
larizations were measured using a Luggin capil lary 
reference electrode located in the center of the cath- 
ode. The surface overpotential,  free of ohmic drop, at 
215 m A / c m  2 and 80~ is about 300-400 inV. The polar-  
izations of std. louver 3/16 in. and 1/8 in. and the Ra- 
mona Grid cathodes are quite s imilar  to that  of the 
flattened cathode. 

In  general  all the cathodes show similar  polariza- 
t ion curves and the cathodic overpotent ial  is of the 
order of 300-400 inV. As expected, a rise in  the tem-  
perature  does not change the surface overpotent ial  
much, and the difference is due main ly  to ohmic drop. 

Impedance measurements.--Typical impedance mea-  
surements  are shown in  Fig. 6 for std. Louver  3/16 in. 
cathode and  DSA anode. The potential ,  resistance, and  
inductance of the cell are plotted vs. the apparent  cur-  
rent  density. Similar  behavior  was observed for cells 
with different cathodes. The increase in  the resistance 
of the cell at low currents  can be explained by the 
higher charge- t ransfer  resistance at lower overpoten-  
tials. The cell potential  increases wi th  the cur ren t  and 
the larger slope at low currents  corresponds to the 
higher resistance at this range. The inductance in -  
creases monotonical ly  wi th  the applied current  al-  
though in some measurements  a small  m i n i m u m  could 
be observed at a low current  density of around 25 
mA/cm% General ly  as the resistance decreases with 
increasing current,  the inductance increases. N o  ex-  
planat ion is available present ly  for these phenomena.  
The agreement  be tween the resistances obtained by  
the a-c impedance measurements  and the d-c in te r -  
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Fig. 6. A-C impedance measurements: cell potential, resistance, 
and inductance vs. apparent current density. Electrode area, 77.4 
cm2; temperature, 40~ cathode spacing, 0.33 cm; anode spacing, 
0.30 cm; cathode, std. Louver 3/16 in. 

rupt ion measurements  is qual i ta t ively reasonable: The 
resistance in  Fig. 6 falls in  the same range as the re-  
sistances in  Fig. 4 which were obtained by d-c in ter -  
ruption. The quali tat ive agreement  indicates that  most 
of the cell resistance is ohmic in nature.  

Membrane potential and resistance.--The potential  
across the membrane  was measured using two calomel 
reference electrodes. It is impor tant  to realize that the 
potential  difference Err includes some ohmic drop of the 
br ine  and the caustic solutions. However, these ohmic 
contributions are relat ively small  due to the close 
proximity  of the Luggin capil lary tips to the mem-  
brane. 

The membrane  potential  Err shows general ly l inear  
dependence with the current  at the practical range 
(see Fig. 7) al though some kind of Tafel behavior  can 
be observed at lower currents, probably  due to the 
membrane  activation potential  and l iquid junct ion  con- 
tributions.  The measurements  were quite difficult due 
to the capture of the gas bubbles in  the liquid junction,  
and the capillaries had to be flushed periodically. 

In  order to estimate the membrane  resistance, free 
of the adjacent  solution resistance, the potent ial  be-  
tween the two reference electrodes was measured at 
various cathode spacings (the cathodic reference elec- 
trode moved with the cathode). A l inear  dependence 
of Err on the cathodic spacing was obtained. The in-  
crease in  Err is due to the increase in the catholyte 
resistance associated with the larger spacing. The po- 
tential  Err can be extrapolated to zero spacing and the 
ohmic drop of the catholyte can be eliminated. Simi-  
lar ly  the ohmic drop of the anolyte was estimated from 
the dependence of the cell's potent ial  on the anolyte 
spacing and substracted from Err in  order to obtain 
the true potential  difference across the membrane.  

u J  

February 1980 

i i [ 

o 

0.5 O 

0 I i i 

0 0.0 5 0.1 0 0.1 5 

i (A/cm 2 ) 
Fig. 7. Potential across Nation membrane vs. apparent current 

density. Area, 77.4 cm2; cathode spacing, 0.33 cm; anode spacing, 
0.30 cm; membrane, Nation 031, effective area = 116 cm2; cath- 
ode, A flattened conventional cathode, 75~ ~ std. Louver 1/8 in., 
35 ~ and 75~ O std. Louver 3/16 in., 35~ 

The membrane  potent ial  drop is roughly 300 mV 
at a current  density of about 215 m A / c m  2 at 75~ At 
35~ the membrane  potential  is about  600 mV. 

The average extrapolated value for zero spacings is 
0.43V at 35~ so t h e / R - f r e e  potential  difference across 
the membrane  at 35~ is approximately  0.43V. The 
effective exposed area of the membrane  is 116 em 2. 
The resistance per 1 cm 2 membrane  is therefore 

0.43V 
pmembrane, 35~ = (116 cm 2) - -  2.0 ~cm 2 

25A 

Similar  est imation at 75~ show that  the specific re-  
sistance of the membrane  (per 1 cm 2) is roughly 

0.27V 
/ } m e m b r a n e ,  7 5 ~  - -  - -  (116 cm 2) = 1.3 ~cm 2 

25A 

It is not clear from the present  measurements  
whether  the resistance of the membrane  is mostly 
ohmic or contains act ivation overpotential.  Current -  
in te r rupt ion  measurements  were not succesful in de- 
termining the na ture  of the membrane  potential. 

A practical conclusion, however, can be made: The 
Naion 031 membrane  behaves like an ohmic resistance 
under  industr ia l  conditions, and the potential  drop 
across the membrane  can be estimated from the spe- 
cific resistance obtained in the present  report. 

Current epficiency.--Additional advantage of using 
gas-divert ing cathodes is reported by Creamer, K r u m -  
pelt, and Jorne (12). High current  efficiency can be ob- 
tained by inducing turbulence in  the catholyte by 
utilizing a gas-diver t ing cathode in close proximity  to 
the membrane.  An increase in  the average current  effi- 
ciency from 77 to 82% is reported by replacing the 
flattened cathode by an expanded-meta l  cathode which 
directed the gas away from the membrane.  The cell 
was operated with Nation membrane  Type 313, under  
current  density of 200 mA / c m 2, tempera ture  of 82 ~ 
85~ and the pH in the anolyte varied from 3 to 3.5. The 
increase in  current  efficiency is due to the induced tur -  
bulence at the membrane  surface and the resul t ing de- 
crease in the hydroxide concentrat ion at the surface 
of the membrane.  The current  efficiency of Nation 
membranes  is a strong funct ion of the hydroxide con- 
centration. 

Conclusions 
The three-dimensional  s t ructure  and the incl ined 

surfaces of the gas-diver t ing electrode enable the 
diversion of the gas to the rear  of the electrode. This 
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resul ts  in ohmic drop saving  because the e lec t rode  can 
be p laced  in a ve ry  close p rox imi ty  to the membrane .  
In  addit ion,  an  increase  in  the  cu r r en t  efficiency is 
repor ted  due to the  induced tu rbu lence  at  the surface 
of the  membrane  facing the cathode. The gas -d ive r t ing  
e lec t rode  can e l imina te  l imi ta t ions  on the e lec t rode  
height  wi th  resu l t an t  capi ta l  inves tment  savings. 
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ABSTRACT 

Development  of m e m b r a n e  ch lo r -a lka l i  cells dur ing  this past  decade r ep re -  
sents a m a j o r  advancement  for commercia l  e lect rochemical  technology. Chemi-  
cal engineer ing appl icat ions  of separa t ion  processes such as this involve diffu- 
sional mass t ransfe r  tha t  can be t r ea ted  as a ra te  process. The ch lo r -a lka l i  
app l ica t ion  includes  sodium, chloride,  and hyd roxy l  ions plus wa te r  as mobi le  
species in caustic soda and br ine  solutions and also be tween  immisc ib le  mem-  
brane  and solution phases. These immiscible  phases are brought  into contact  
to a l low select ive t ransfer  of sodium and wa te r  from br ine  to the caustic solu-  
tions. Previous  da ta  repor ted  on NaOH diffusion th rough  Nation| membranes ,  
DNaOH,  a r e  difficult to in te rp re t  because not only do they  involve hydrox ide  and 
sodium ion fluxes to give average diffusion coefficients, but  also unknown 
gradients  of e lec t ro ly te  and wa te r  concentra t ion are  present  in the membrane  
phase. This p resen t  work  grea t ly  simplifies these problems  encountered  by  
isolat ing and measur ing  the precise sodium ion self-diffusion coefficient, D N a  + ,  
with  r ad io - t r ace r  techniques in various du Pont  Nation@ and EDA modified 
membranes .  I t  then  re la tes  the D~'a + to equiva len t  weight,  surface t rea tment ,  
and fabric  backing in these membranes .  These data  for D N a  + a r e  very  impor tan t  
in ch lo r -a lka l i  cells because the sodium ion is the ma jo r  cur ren t  carr ier ;  the re -  
fore, its value  can be re la ted  to the re la t ive  ac t iva t ion  energy and vol tage 
drop among s imi lar  membranes .  

The  deve lopment  of ch lo r -a lka l i  cells which employ 
permse lec t ive  ion exchange membranes  as separa tors  
represents  a ma jo r  advancement  in e lect rochemical  
technology.  Nation| 1 perfluorosulfonic acid ion ex-  
change membranes  have the necessary chemical  s ta-  
b i l i ty  and ionic t ranspor t  p roper t ies  which are needed 
for this appl ica t ion  as wel l  as for fuel cells of var ious  
designs. In  o rde r  to br ing  these technologies to full  
commercial izat ion,  i t  is impor tan t  to develop a 
thorough under s t and ing  of the physical  and chemical  
p roper t ies  of the membrane  for solut ion envi ronments  
in which i t  is to be used. Recently,  severa l  studies of 
Nation have been repor ted  which re la te  to funda-  

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
K e y  w o r d s :  t r a n s p o r t ,  p o l y m e r ,  ch lor -a lka l i .  
1 R e g i s t e r e d  t r a d e m a r k  of E. I. d u  P o n t  de  N e m o u r s  a n d  Com- 

p a n y .  

menta l  p roper t ies  ( I - i 0 )  and its appl ica t ion  to chlor-  
a lkal i  (11-16) or fuel  cell systems (17-20). The 
centra l  morphological  fea ture  of Nation is the aggrega-  
t ion of exchange sites and counterions into clusters, 
wi th  a Bragg spacing of about  50A ( l ,  13). Gierke  
discusses the ion cluster ing phenomenon wi th  regard  
to ion t ranspor t  and hydrox ide  re ject ion in chlor-  
a lka l i  cells (13). The t ranspor t  proper t ies  of Nation 
have been found to va ry  cons iderab ly  wi th  ex te rna l  
solut ion concentrat ion (12, 16-18), p r e sumab ly  due to 
changes in m e m b r a n e  wa te r  and e lec t ro ly te  content.  

Membranes  which are  produced  by  du Pont  for 
ch lo r -a lka l i  appl icat ions  are  genera l ly  composites of 
two equiva len t  weights  of po lymer  or  of one equiva lent  
weight  where  one surface has been chemical ly  modified 
to change the na tu re  of the ion exchange grouping 
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(12,  14-16). These modifications alter the membrane ' s  
dynamic propert ies;  it has been found for exper iments  
in which NaC1 and NaOH solutions are separated by 
such membranes  that  the propert ies  of the membrane  
side which is in contact with NaOH solution dominate 
the over -a l l  membrane  performance  (16). Apparent  
membrane  diffusion coefficients of NaOH have been 
measured for such systems (12, 16). Diffusion in- 
creases wi th  lower  equiva len t  weights and increasing 
NaOH concentration. Surface modification to produce 
sulfonamide exchange sites lowers diffusion rates by 
a factor of fifty while  doubling the act ivation energy 
of diffusion (16). 

A difficulty in the in terpre ta t ion of these apparent  
NaOH diffusion coefficients is that  not only are hydrox-  
ide and sodium ion fluxes coupled to produce an aver -  
aged diffusion coefficient, but unknown gradients of 
e lectrolyte  and water  concentrat ion exist in the m e m -  
brane phase. In order  to remove these problems, we 
have measured the self-diffusion coefficient of Na + in 
various Nation samples using a t racer  method under  
equi l ibr ium conditions. We wish to determine  the influ- 
ence of equivalent  weight,  surface t reatment ,  and 
fabric backing on the membrane  diffusion of Na +, 
which is the major  cur ren t -ca r ry ing  species in the 
chlor-a lkal i  membrane  cell. Membrane  water  and 
NaOH concentrations have been determined also as a 
function of t empera tu re  and solution con2entration. 
Finally, the membrane  voltages of two Nation mater ia ls  
which are produced for chlor-a lkal i  applications have 
been measured in an operat ing cell. 

Experimental 
The propert ies  of Nation membranes  which were  

studied are presented in Table I. Nation 214 and 295 are 
manufac tured  for commercial  chlor-alkal i  use and 
have one surface conver ted to sulfonamide exchange 
sites (14). This is accomplished by t reat ing one sur-  
face of the po lymer  w i t h  e thylenediamine  (EDA) 
while in the sulfonyl fluoride form. Open weave  
Teflon fabrics are used with these membranes  to im- 
prove strength. The T-900 fabric, used in No. 295, pro-  
vides a large open area because rayon threads present  
in the fabric can be chemical ly removed after  lamina-  
tion to the membrane.  In practice the sulfonamide side 
of the membrane  is exposed to NaOH solution in a 
chlor-alkal i  cell. 

Membranes  were  pre t rea ted  by equi l ibrat ion of the 
mater ia l  for several  hours in NaOH solution of given 
concentrat ion and tempera ture  to be used in the ex-  
periment.  Equi l ibra t ion t imes were  8 hr or longer. 
Since Nation's propert ies  are not completely revers ible  
wi th  tempera ture  cycling (6, 18), data were  taken 
using membrane  samples which had not been heated to 
tempera tures  above that of the experiment .  Water  
sorption measurements  were  made by a we igh t -d ry ing  
method. Samples were  dried at 150~ in vacuum before 
weighing, and completeness of drying was checked by 
measur ing the infrared spectra of the dried materials.  
Corrections for sorbed electrolyte  were  applied to 
weight  changes. 

Table I. Properties of Nation membranes 

EDA Thick- Fabric 
Membrane Equiv. conver- hess, ( % open 

designation wt. sion mm area ) 

Membrane  Na + concentrat ions were  determined 
using a radiotracer  method. Membrane  samples were  
equi l ibra ted with  a NaOtt  solution which had been 
doped with  22Na+. The membrane  was then removed, 
careful ly blotted, and counted using a wel l -counte r  
wi th  associated electronics. The radiotracer  was ob- 
tained as a ca r r i e r - f ree  aqueous solution from commer-  
cial sources, and was used as received. For  membranes  
wi thout  fabric backing, dimensional  changes wi th  
tempera ture  and concentrat ion were  measured and 
used to calculate membrane  Na + molarities.  A wide 
flange micrometer  (L. S. S ta r re t t  Company, Athol, 
Massachusetts) was used to measure  the thickness of 
membrane  samples, wi th  a repeatabi l i ty  of about 0.01 
mm. Fabric backed membranes  showed minimal  di- 
mensional  changes ( < 3 % ) .  

Sodium .ion self-diffusion coefficients were  also de- 
te rmined using 22Na+ radiotracer. In this procedure, 
the membrane separates NaOH solutions of identical 
composition, and the radiotracer is added to one solu- 
tion to initiate the experiment. At periodic intervals, 
1 ml samples are withdrawn from the second solution. 
Steady-state conditions prevail as long as a small frac- 
tion of the total amount of tracer has been transferred 
(<2%). A diagram of the diffusion cell is shown in 
Fig. I. The cell is constructed of borosilicate glass, 
with Teflon stirring paddles in each I00 ml compart- 
ment. Constant speed motors are used to drive the 
stirrers at 500 rpm. Silicone rubber gaskets hold the 
membrane in place; the exposed membrane area is 
I0 cm 2. Cold water condensers are mounted on the 
ports to prevent evaporation, Asearite-filled drying 
tubes are used to prevent CO2 uptake from the at- 
mosphere, and the cell is thermostatted to ___0.1~ us- 
ing a glass water  jacket.  

The s teady-sta te  flux of Na + is given by 

J -  ---DC--/d(1 + 2DCS/DCd) [1] 

where  J is the flux in mole cm -2 sec -1, D is the diffu- 
sion coefficient, C is molar  concentration, d is m e m -  
brane thickness, 8 is the thickness of the unst i r red 
l iquid film at each membrane  surface, and barred  
quantit ies refer  to values wi thin  the membrane  phase 
(21). With reasonable s t i r r ing and the high solution 
concentrations used here, the second term in the de- 
nominator  is much less than unity and the expression 
simplifies to 

J --__ --DC/d [2] 

A few exper iments  were  per formed in dilute solution. 
In these cases, 5 was est imated f rom values which have 
been de termined  in the same cell under  similar solu- 

tion conditions (3, 5). The change in D from that  
neglecting film diffusion was about 20% in the most 
extreme case. 

The voltage drop across Nation 214 and 295 under 
conditions which duplicate an operating chlor-alkali 
cell was measured using a Teflon la0oratory-scale cell. 
A steel cathode and a TiO2-RuO2 coated titanium anode 
were the working electrodes. Membrane area was 60 
cm 2, the NaCl solution concentration was fixed at 4.8M, 
and the cell temperature was controlled at 85~ The 
membrane voltage drop was measured using two probe 
electrodes and Luggin capillaries which extended to 

1150 EW 1150 --  0.25 -- 
1200 EW 1200 - -  0.25 --  
1150 (EDA) 1150 --0.04 mm 0.18 --  
EDA 1150 total 0.18 - -  

No. 214 1150 ~0.04 mm 0.18 "T-24" 
(32%) 

No. 295 1150 ~0.04 mm 0.18 "T-900" 
(70%) 

MOTOR ~ j  

WATER JACKET GASKETS TEFLON STIRRER MAGNET 

TEELON MEMBRANE GLASS STIRRER 
STIR OAR SUPPORT 

Fig. 1. Cell for membrane diffusion studies 
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each m e m b r a n e  surface. Curren t  density was set at 
2 k A m - 2 .  

Results and Discussion 
Membrane  wa te r  sorption and Na + concentrat ion at 

severa l  t empera tures  and NaOH solution concentra-  
t ions are g iven in Tables II and III. The h igher  ex-  
change capacity of 1150 equiva len t  weight  (EW) 
produces h igher  sorption compared to 1200 EW, as 
expected.  A comparison of results for the two backed 
membranes  reveals  the influence of the fabric. The 
much la rger  Na + and wate r  concentrat ions for No. 295 
probably  resul t  f rom void spaces wi th in  the membrane  
which are produced when  rayon strands are chemical ly 
dissolved. I t  is also seen that  membrane  water  contents 
a re  ve ry  sensit ive to ex te rna l  solution concentration. 
The Na + membrane  concentrations are  essentially 
constant;  this may  be because the increasing tendency 
for  NaOH sorption is balanced by lowered water  con- 
tents as solution concentrat ion increases. 

Plots of typical  t racer  flux data are  shown in Fig. 
2 for the No. 214 membrane.  At  lower  temperatures ,  
t ranspor t  is of ten ex t r eme ly  slow and only upper  
l imits  to Na + membrane  diffusion coefficients can be 
made  in some cases. Self-diffusion coefficients of Na + 
in all membrane  samples are given in Table IV. Very  
s imilar  t rends can be seen for these diffusion coeffi- 
cients as compared to membrane  wate r  concentrations, 
wi th  higher  wa te r  sorption producing enhanced diffu- 
sion. Self-diffusion coefficients for the two fabric 
backed membranes  must  be compared to those of the 
unbacked mater ia ls  wi th  caution, however .  The 
measured area and thickness of No. 214 and No. 295 
are not the effective values for a diffusing sodium ion. 
Errors  in C and J which are caused by area measure-  

ments  cancel in Eq. [2], but  the er ror  in d, and in 
which employs d, wil l  multiply.  The presence of fabric 
approx imate ly  doubles the measured thickness; there-  
fore we est imate that  the actual  Na + self-diffusion 
coefficients for these fabric backed membranes  are 
about  a factor of four smal ler  than the values listed in 
Table  IV. This means that  Na + diffusion in the fabric 

Table II. Water sorption, g H20/g dry membrane 

M e m b r a n e  

T e m p e r a t u r e  
Concen-  
t r a t i o n  60~ 70~ 80~ 9 o~ 

1200 E W  9.5M 0.072 0.097 0.082 0.069 
1150 E W  9,5M 0.080 0,111 0.098 0.091 
1150 (EDA)  9.5M 0.079 0.096 0.087 0.081 
No. 295 9.5M 0.151 0.200 0.175 0.161 

ll .OM 0.101 0.113 0.108 0.157 
12.5M 0.070 0.075 0.081 0.087 

25~ 4O~ 55~ 70~ 85~ 
No. 214 5.9M 0.075 0.074 0.031 0.085 0.091 

9.4M 0.032 0.U31 0.041 0.055 0.065 
l l .0M 0.023 0.024 0.026 0.030 0.046 
12.5M 0.024 0.u28 0.027 0.025 0.034 
15.1M 0.020 0.020 0.018 0.024 0.025 
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Fig. 2. Na + tracer flux in Nafion 214, 9.4M NaOH external 
solution. 25~ O;  40~ /k; 55~ V;  70~ [] ;  85~ O. 

backed membranes  is more restr ic ted than in their  un-  
backed analogs, 1150 EW or 1150 (EDA).  

If ionic diffusion in Nation can be t reated as a simple 
kinetic process wi th  a characteris t ic  act ivat ion energy, 
then 

D N a +  ~ e x p  ( - - E A c T / R T )  [ 3 ]  

and a plot  of log D vs. 1/T should be linear.  This is 
found to be t rue for the unbacked membranes  be tween  
60 ~ and 90~ as shown in Fig. 3. Act ivat ion  energies of 
diffusion were  calculated f rom the slopes of these lines 
and are given in Table V. Values of 3-5 kcal mole -1 
are typical of ionic act ivat ion energies in aqueous 
solution, and therefore  Na + diffusion may  be solution- 
like in 1150 and 1200 EW. Conversion of some sulfonate 
exchange sites to weak ly  acidic sulfonamide groupings 
approximate ly  doubles the act ivat ion energy. This is 
probably  due not only to the reduced water  content  
wi th  1150 (EDA) but more impor tan t ly  to the enhanced 
at t ract ion of sulfonamide sites to counterions. This 
might  be expected because of the much s t ronger  basic 
propert ies  exhibi ted by ion ized  sulfonamides re la t ive  
to sulfonates in aqueous solution. Ful l  conversion to 
the sulfonamide form wi th  the (EDA) membrane  

Table III. Membrane Na + concentration, male liter -1  Table IV. Self-diffusion coefficient of Ha +, cm 2 sec -1 ( •  10 s) 

M e m b r a n e  

T e m p e r a t u r e  
Concentra t ion  

of  NaOH 60~ 70~ 80 ~ 90~ M e m b r a n e  

Concen-  T e m p e r a t u r e  
t r a t i o n  
of N a O H  60~ 70~ 80~ 90~ 

1200 E W  9.5M 2.54 2.29 2.32 2.48 
1150 E W  9.5M 2.95 2.83 2.61 2.56 
1150 (EDA)  9.5M 2.61 2.62 2,57 2.35 
EDA 9,5M 1,64 1.64 1.50 1.49 
No. 295 9.5M 2.99 3.04 2.80 2.72 

l l .0M 2 2 0  2.52 2.70 2.83 
12.5M 2.81 3.31 3.01 2.82 

25~ 4~~ 55~ 70~ 85~ 
No. 214 5.9M 1.48 1.61 1.77 1.76 1.71 

9.4M 1.98 1.~6 2.03 2.02 1.91 
l l .0M 2.02 2.26 2.37 2.41 2.25 
12,5M 2,26 2.63 2.33 2.20 2.13 
15.1M 2.75 2,99 2.80 2.37 2.38 

1200 EW 9.5M 19.1 26.3 30.9 34.5 
1150 EW 9.5M 29.6 31.5 35.2 39.8 
1150 (EDA) 9.5M 17.2 24.7 30.6 40.8 
EDA 9.5M 4.4 7.6 12.5 19.9 
No. 295 9.5M 28.6 42.7 59.5 83.0 

ll.OM 18.5 30.7 38.3 46.0 
12.5M 6.2 �9 9.9 13.5 18.5 

25oC 40oc 55oc 70oc 85oc 

No. 214 5.9M 11.8 23.1 54.4 102 154 
9.4M 0.1 4.7 10.8 21.9 44.9 

l l .0M <0.06  1.12 5.7 10.5 19.2 
12.5M <0,03 <0.03 1.70 5.1 1O.0 
15.1M <0,06  <0.06  0.1 0.45 0,53 
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yields great ly reduced diffusion coefficients and a very 
high energy of activation. 

Arrhenius  plots for Nation 214 and 295 are shown 
in  Fig. 4 and 5. Linear  relationships are again seen 
above 60~ Results which were obtained for No. 214 at 
lower temperatures  indicate that  the activation energy 
of diffusion increases abruptly,  especially at higher 
NaOH solution concentrations. This suggests that the 
mechanism of diffusion changes below a given tempera-  
ture and solution concentration. This is similar to the 
results of ionic self-diffusion measurements  in dilute 
solutions for Nation 120 EW using water  and other 
swelling solvents (5). Activation energies of diffusion 
for Na + were 7 and 4 kcal mole -1 for water  and 
methanol  systems, respectively. However for Na + in 
acetonitri le or Cs + in all three solvent systems, activa- 
t ion energies were 15-20 kcal mole -1. These much 
higher values were a t t r ibuted to the inabi l i ty  of 
counterions to t ransport  between ion clusters. This may 
explain the changes in  slopes for the lines in Fig. 4 as 
we l l .  

Activat ion energies calculated from the higher tem- 
pera ture  data for No. 213 and No. 295 are larger than 
that of the analogous membrane  without fabric back- 
ing, 1150 (EDA). Also, the two fabrics yield different 
increments  to the activation energy. This suggests that 
the polymer morphology may be altered in the fabric 
laminat ion  step of manufac tur ing  such membranes,  
for in  the absence of such changes the activation energy 

Table V. Activation energy of Na + diffusion in Nation, kcal 
mole- 1 

N a O H  
e o n c .  Temperature 

M e m b r a n e  (M) range (~ E.~cT 

1150 EW 9.5 60-90 2.5 
1200 EW 9.5 60-90 4.7 
1150 (EDA) 9.5 60-90 6.9 
EDA 9.5 60-90 12.1 
No. 295 9.5 60-90 8,5 

ll.O 60-90 7.2 
12.5 60-90 8.7 

NO. 214 5.9 25-70 9.7 
9.4 40-85 10.9 

ll.O 55-85 9,1 
12.~ 70-85 10.2 
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Fig. 5. Arrhenius plots for Na + diffusion in Nation 295, NaOH 
external solution. O ,  9.5M; D ,  11.0M; A ,  12.5M. 

of diffusion should remain  constant. The lowering of 
EACT near  I IM NaOH solution concentrat ion for both 
membranes  is interesting. These values were remea-  
sured with the same result. This suggests that an 
opt imum NaOH concentrat ion may be found with 
regard to the t ransport  properties of Nation membranes  
in chlor-alkal i  cells. 

The dependence of the Na + self-diffusion coefficient 
on solution pH for Nation 295 is shown in  Fig. 6. Also 
plotted here is the change in the molari ty  of water  in  
NaOH solution as a function of NaOH concentration, 
using s tandard  chemical handbook data. The pro- 
nounced decrease of the diffusion coefficient in con- 
centrated solution for No. 295 can be a t t r ibuted to the 
dehydrat ing effect of the drop in solution water  con- 
tent, as i l lustrated in  Fig. 6. At in termediate  solution 
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concentrat ions,  m e m b r a n e  wa te r  contents increase  and 
the diffusion of Na + rises by  a factor  of about  50. The 
reduct ion  in diffusion coefficient in more  di lute  solu-  
tions is a t t r i bu tab le  to the su l fonamide  exchange site 
l aye r  in the membrane .  These sites a re  weak ly  acidic, 
and if  the  in te rna l  m e m b r a n e  pH is not sufficiently 
high, the sites wil l  p ro tona te  to remove the ion ex-  
change capabi l i ty  of this l aye r  of membrane .  This 
would  g rea t ly  reduce Na + diffusion. This resul t  has 
re levance  to the  ch lo r -a lka l i  cell. The pH grad ien t  
across the  m e m b r a n e  separa to r  wil l  be affected by  the 
ad jus t ab le  b r ine  acidi ty;  the  resul ts  in Fig. 6 suggest  
tha t  b r ine  pH m a y  have a pronounced  effect on m e m -  
b rane  t r anspor t  proper t ies .  We conclude tha t  the op-  
e ra t ing  proper t ies  of membranes  such as Nation 214 
and 295 m a y  be ve ry  sensi t ive to gradients  in m e m -  
b rane  pH and w a t e r  content.  

Membrane  vol tage  drops for these membranes  in a 
l abo ra to ry  scale ch lo r -a lka l i  cell  are  shown in Fig. 7. 
I t  is seen tha t  the m e m b r a n e  vol tage  for No. 214 is 
about  double  that  of No. 295, as would  have been p re -  
dicted f rom the i r  respect ive  Na + diffusion coefficients. 

1.4 

1.2 

1.0 

= 0.8 

0.6 
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S e v e r a l  o ther  factors would  need to be considered for 
more  de ta i led  comparisons  of cell  m e m b r a n e  voltages, 
however .  These include the respect ive  m e m b r a n e  Na + 
and O H -  concentrat ions,  cu r ren t  efficiencies, and 
elec t ro-osmot ic  wa te r  t ranspor t .  Ano the r  fea ture  of the  
opera t ing  proper t ies  of these membranes  is shown in 
Fig. 7, where  the m e m b r a n e  vol tage  of No. 295 has 
d ropped  by  0.15V af te r  severa l  weeks  of operat ion.  
However  this is accompanied by  a decrease  in cur ren t  
efficiency f rom 87 to 73%. Po lyme r  degradat ion ,  long 
te rm morphologica l  changes, or the slow accumulat ion  
of br ine  impur i t i es  a re  seen as possible cont r ibut ing  
factors. Fu tu re  work  wil l  examine  the effect of g rad i -  
ents in membrane  pH and wa te r  content,  and  imposed 
e lec t r ica l  cur ren t  on the t r anspor t  p roper t ies  of these 
membranes .  
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ABSTRACT 

The reductive decomposition of cadmium stannate  th in  film s e m i c o n d u c t o r  
electrodes in sulfuric acid electrolytes results in  extensive depletion of cad- 
mium from the electrodes. This was established from composition vs. depth 
profiles of Cd2SnO4 films obtained using Auger electron spectroscopy combined 
with sput ter-e tching of the Cd2SnO4 films at a controlled rate. The reduction 
process occurs at potentials positive of the estimated flatband potential  of 
Cd2SnO4. When CdO is present  in the Cd2SnO4 films, reduction is greatly a c -  
c e l e r a t e d .  The effect is similar to that  caused by increasing the acid concentra-  
tion of the electrolyte. Scanning electron micrographs show that  the films a r e  
preferent ia l ly  attacked at grain boundaries,  where CdO is believed to be con- 
centrated. 

Recently, the use of cadmium stannate  thin film 
electrodes in i ron- th ionine  photogalvanic cells was de- 
scribed (1). The power output  of cells with Cd2SnO4 
cathodes declined slowly with use. This was a t t r ibuted 
to reductive decomposition of the Cd2SnO4 cathodes in 
their operating potential  range, which was evident  
from current  vs. potential  curves of Cd2SnO4 in the 
support ing electrolyte. In  this p re l iminary  invest iga-  
tion of the electrochemical properties of Cd2SnO4, the 
fiatband potential  was estimated from Schottky-Mott  
plots of capacitance data, and the potentials of anodic 
and cathodic l imit ing processes were established. 
Cadmium stannate  was found to reduce at potentials 
several tenths of a volt positive of the l imit ing cathodic 
process; the extent  of reduction was dependent  on acid 
concentrat ion in  the electrolyte. 

The electrochemical behavior  of other highly con- 
ductive oxide semiconductors has also received re- 
cent attention. Stannic  oxide is the best characterized 
of these, having been used for many years as a work-  
ing electrode in photoelectrochemical studies. Lai t inen 
and co-workers (2) investigated the behavior of S n Q  
in  strong acid solutions and provided evidence for 
surface electrolysis of SnO2 at potentials positive of the 
cathodic limit, where SnO2 is reduced to metallic tin. 
The surface reduct ion of SnO2 was enhanced by in-  
creasing the acid concentrat ion in the electrolyte, and 
also by the presence of specifically adsorbed anions 
such as chloride. A calculation was presented to show 
that the charge involved in the reduction process was 
considerably greater than that available from the first 
atomic layer of the electrode surface. The authors 
speculated that the surface roughness factor was 
greater than one and /or  more than a monolayer  of t in 
atoms was reduced. 

Addit ional  informat ion on thin film semiconductor 
electrochemistry can be obtained by using ins t rumenta l  
techniques suitable for analysis of thin film composition 
and surface structure. Recently, Armstrong et al. (3) 
investigated the behavior of t in oxide and indium tin 
oxide thin films in acid electrolytes. Using Auger 
electron spectroscopy and ESCA, direct evidence of 
electrochemically induced changes in electrode stoi- 
chiometry was obtained. By depth-profil ing SnO2 
electrodes which had been subjected to controlled- 
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potential  electrolysis, it was shown that the ratio of 
oxygen to t in  in SnO2 decreased as the electrolysis 
potential  was made more negative. The O/Sn ratio was 
lowered in a region extending quite deeply into the 
film, supporting the observation by Lai t inen and co- 
workers that several atomic layers of the electrode 
surface are probably involved in  the electrochemistry 
of Sn02. 

In the present  paper, the reduct ion of Cd2Sn04 in 
sulfuric acid electrolytes is described. It is shown that 
reduction of Cd2Sn04 causes compositional changes in 
the film which extend to great depths below the film 
surface. A mechanism for this effect is suggested, 
based on s tructural  and compositional analyses of 
electrochemically etched films. 

Experimental 
Cadmium stannate thin films, with and without sig- 

nificant amounts of CdO, were sputter-deposited on 
low-alkal i  glass substrates and characterized by G. 
Haacke of American Cyanamid Company. The sputter 
deposition and characterization procedures have been 
discussed recently in detail by Haacke and co-workers 
(4). All Cd2SnO4 films had been annealed at 650~ 

after deposition and had sheet resistances between 2.5 
and 3 ~/[E. A Cd2SnO4 film containing ~10% CdO w a s  
annealed at 670~ its sheet resistance was 3.6 ~/[~. 
This film was noticeably yellower than  the others, 
which typically have a pale gray-green  cast. [The 
adsorption-edge shift caused by the presence of CdO 
in  Cd2SnO4 films has been reported by Haacke (5).] 
Each thin film was cut down to make electrodes ap-  
proximately 0.3 cm 2 in  area. Electrical contact was 
made to one edge of each electrode using ind ium metal  
or silver paint. The contact and connecting wires were 
then coated with silicone rubber  sealant. Electrochemi- 
cal measurements  were made at 23~ in a cell contain-  
ing a SCE reference and a p la t inum foil counterelec- 
trode. The H2SO4 and Na2SO4 electrolyte solutions 
were made from reagent  grade chemicals, using dis- 
tilled water. Potent ia l -cycl ing experiments  were per-  
formed using a Princeton Applied Research 173 po- 
tentiostat  and 175 universal  programmer.  The negative 
l imit  of potential  cycles was not allowed to reach the 
cathodic l imit ing process, in order to study the reduc-  
rive decomposition of Cd2SnO4 at more positive poten-  
tials which was reported in  an earlier paper (1). 
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Auger  electron spectroscopy (AES) was performed 
using a Physical  Electronics Model 545 Scanning Auger 
Microprobe under  a vacuum of 10 - s  Torr. A 5 keV 
electron beam was rastered over an area of roughly 
4 • 10-~ mm 2. To establish the composition of the film 
a s  a funct ion of distance from its surface, a 2 kV argon 
ion beam was used to sput ter-e tch the film at a con- 
trolled rate. This rate was calibrated by an independent  
thickness measurement  obtained by scanning electron 
microscopy. As described below, some Cd2SnO4 elec- 
trodes were visibly damaged by exposure to H2SO4 
electrolytes and potent ia l -cycl ing experiments,  with 
the result  that  their  composition changed. The sput ter-  
ing rates of these electrodes were, by necessity, as- 
sumed to be equal to those of new Cd2SnO4 films. 
Spectra were recorded at preselected intervals  dur ing 
sputtering, unt i l  a strong silicon signal indicated com- 
plete removal  of the film. Ini t ial  analyses of e lemental  
composition used Cd, Sn, and O sensit ivi ty factors 
obtained from other oxide materials,  but  these were 

S U L F U E I C  ACID ELECTROLYTES 
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Fig. I .  Composition vs. depth profile of a Cd2Sn04 thin film (as- 
received). 

found to be unsatisfactory. Accordingly, sensitivities 
were renormalized from data obtained midway through 
the depth-profile of a new Cd2SnO4 film, where the 
composition was near ly  constant. In  the AES results 
reported below, Cd + Sn § O + final Si analyses were 
used as the basis for normalizat ion;  carbon and small  
amounts  of other surface impuri t ies  such as chlorine 
were subtracted from the raw data. A three-point  
smoothing t rea tment  was used on the resul t ing nor-  
malized data. None of the major  features of the depth 
profiles were significantly al tered by this t reatment ,  
al though minor  ripples in compositional analysis were 
reduced. 

Dur ing  the AES invest igat ion of Cd2SnO4 and 
Cd2SnO4/CdO films, it  was discovered that the p r imary  
electron beam caused the Sn /Cd  ratio to increase 
slightly with t ime (6). It was not determined whether  
this was caused by migrat ion of Sn to the beam spot, 
or by Cd migrat ion away from it. An investigation of 
this effect indicated that, dur ing the t ime required for 

E 
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::t 
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Fig. 2. Cd2SnO~ electrode in O.01M H2S04. Potential sweep rate 
each depth profile to be made, this change in the Sn/Cd 
ratio was not large enough to interfere with the fea- 
tures of the depth-profile plots or the conclusions 
drawn from them. 

The surface topographies of Cd2SnO4 films were 
examined with a Cambridge Stereoscan 180M scanning 
electron microscope. A 26 keV pr imary  beam energy 
was used with 30k magnification. Lower magnifications 
were also used to examine prominent surface features. 
The elemental compositions of selected sites on 
Cd2SnO4 and Cd2SnO4/CdO electrodes were obtained 
by energy-dispersive x-ray spectrometry (EDS). 

Results 

CdzSn04 thin films in sulfuric acid electrolytes. The 
AES depth profile of a new Cd2SnO4 thin film is shown 
in Fig. 1. The expected analysis of stoichiometric 
Cd2SnO4 is 55 weight percent  (w/o) Cd, 29 w/o Sn, 
and 16 w/o O. SEM photomicrographs showed that the 
Cd2SnO4 surface had a uniform structure  consisting of 
~0.2 ~m diam knobs. The large surface defects on the 
SnO2 films examined by Armst rong et al. (3) were 
not evident  on Cd2SnO4, reflecting differences in film 
preparat ion methods. 

The ini t ial  cyclic potential  sweeps of Cd2SnO4 in 
0.01M H2SO4 showed no distinctive features between 
1.0 and 0.4 V/SCE. However, successive sweeps often 
showed a small  but  noticeable reduction wave at ~0.4 
V/SCE. The reduction wave, shown in Fig. 2 (solid 
l ine) ,  persisted in potential  sweeps recorded at short 
intervals  dur ing a period of a few hours, but  the re- 
duction current  gradual ly  declined unt i l  a distinct 
wave was no longer observed (Fig. 2, dotted l ine).  
Between potential  sweeps, the rest potential  drifted 
slowly to ~0.4 V/SCE, indicat ing spontaneous decom- 

5 mV sec -1.  Solid line: 4th cycle, 35 min after insertion of 
electrode into cell. Dotted line: after 148 min of exposure to elec- 
trolyte. 

position of the film. Current-potential curves similar 
to the dotted-line curve of Fig. 2 were also obtained in 
0.2M Na2SO4. 

To determine more accurately the onset potential  for 
Cd2SnO4 reduction, cyclic potential  sweeps were per-  
formed with regular  increases of the negative switch- 
ing potential  (Esp,c) unt i l  no faradaic current  could be 
detected on the positive sweep, thus indicat ing that  no 
reduction had occurred on the previous negative 
sweep. It was necessary to obtain these measurements  
at slow sweep rates (5-10 mV sec -1) because of the 
slowness of the faradaic process (1). Initially, no oxi- 
dation current  was observed for Esp,c greater than ap- 
proximately 0.4 V/SCE. After continued cycling, oxi- 
dation currents  were observed for Esp,~ as positive as 
~1.0 V/SCE (Fig. 3), indicat ing that Cd2SnO4 reduc- 
tion occurs over a much wider potential  range than 
previously reported (1). The rest potential  of the 
Cd2SnO4 electrode showed a similar shift. The observed 
reduction of Cd2SnO4 at potentials as positive as 1.0 
V/SCE shows that Cd2SnO4 is apparent ly  reduced at 
potentials positive of the fiatband potential  (1). Arm-  
strong et al. (3) reported similar behavior  for SnO2 
thin film electrodes. 

When the Cd2Sn04 electrode was removed from the 
electrolyte, the film had a uniform reddish-green color 
at the electrode center, gradual ly  changing to the 
original color of the Cd2SnO4 film at the edges, where 
the electrode had been part ial ly shielded by the sili- 
cone resin. SEM photomicrographs showed that  the 
electrode surface s t ructure  was essentially unchanged. 

/ 
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Fig. 3. Cd2SnO4 electrode in 0.01M H2SO4. Same electrode as in 
Fig. 2, after 192 min of exposure to electrolyte. Potential sweep 
rate = 10 mV sec -1.  

Thus, it appeared that fair ly uniform surface electroly- 
sis had taken place. The AES depth profile of the 
electrode (Fig. 4) showed a small  decrease in film 
thickness, as well as extensive removal of Cd from the 
top 1000A of the film. The drop in Cd content  in the 
film surface region was apparent ly  responsible for the 
lower reduction currents  observed on the last cyclic 
potential  sweeps, as shown in Fig. 2. 

Reduction waves were established rapidly when  
potential  sweeps were performed in 0.1M H2SO4, as 
shown in Fig. 5. These waves were similar to those re-  
ported previously when 0.05M H2SO4 was used [Fig. 2 
of Ref. (1)],  but  were much sharper and at more posi- 
tive potentials in the stronger acid. Lai t inen et al. (2) 
also found that peak curent  definition at SnO2 elec- 
trodes increased with increasing acid concentration. 
Using lattice constants for CdeSnO4 from Haacke et al. 
(4), it was determined that the charge passed on the 
cathodic sweep from Fig. 5 (solid l ine) would be suffi- 
cient to reduce completely the cadmium content of ,-~2 
molecular  layers of Cd2SnO4, assuming a surface 
roughness factor of one. This supports the above- 
ment ioned observation of Lai t inen et al. (2) that the 
electrochemical reduction of oxide semiconductors 
may well involve more than one molecular  layer at the 
electrode surface concurrently.  The abrupt  t runcat ion 
of reduction waves, and the erratic currents  encoun-  
tered with continued cycling, may be caused by the 
decreased accessibility of cadmium in succeeding layers 
of the electrode. The corresponding oxidation process 
was observed as a broad wave at ,--0.6 V/SCE. A 
strong oxidation wave was also associated with the 
l imit ing cathodic process (Fig. 5, dotted l ine) .  With 
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Fig. 4. Composit;on vs. depth profile of a Cd2SnO4 thin film after 
potential cycling in 0.01M H~SO4. 
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Fig. 5. Cd2Sn04 electrode in O.IOM H2S04. Solid line: potential 
sweep rate = 10 mV sec -1.  Dotted line: potential sweep rate 
5 mV sec -1.  

continued cycling, the reduction waves became less 
well-defined and currents were erratic. 

Examinat ion  of the electrodes following potential  
sweeps in 0.1M H2SO4 showed that the Cd2SnO4 films 
were uneven ly  colored and contained many  highly 
etched areas. The AES depth profile (Fig. 6) showed 
extensive Cd depletion in the top 2500A of the film. 
Near the film surface, the composition was near ly  that 
of SnO2 (79 w/o Sn, 21 w/o O). The AES depth profile 
of a Cd2SnO4 film exposed to 0.1M H2SO4 for the same 
length of t ime without  potential  cycling was similar to 
Fig. 6, indicat ing that acid-induced decomposition of 
Cd2SnO4 was much more rapid than in 0.01M H2SO4. 

The above results, taken with those from Ref. (1), 
describe the reduction and current  vs. potential  behav-  
ior of Cd2SnO4 in 0.01-0.25M H2SO4. Distinct cathodic 
waves are either absent  or very  small  in 0.01M H2SO4, 
and the Cd2SnO4 surface is reduced uniformly.  Consid- 
erable cadmium is removed from the film surface re-  
gion, although this process occurs slowly. Similar  cur-  
rent -potent ia l  curves are obtained in 0.2M Na2SO4. In 
the absence of potential  cycling, open-circui t  reduction 
occurs at a rate which is appreciable, but  slower than 
that result ing from applying more negative potentials 
which do not reach the cathodic l imit ing process. 
Higher acid concentrations great ly accelerate the re-  
duction of Cd2SnO4. In  0.05M H2SO4, two distinct 
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Fig. 6. Composition vs. depth profile of a Cd2Sn04 thin film after 
potential cycling in 0.10M H2S04. 
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cathodic waves appear, and shift to more positive po- 
tentials  as the H2SO4 concentrat ion is raised to 0.1M. 
The Cd2SnO4 films are visibly etched, indicat ing more 
aggressive decomposition occurring preferent ia l ly  a~ 
certain sites on the films. Reduction is also rapid at 
open circuit. In  both cases, AES depth profiling shows 
deep Cd removal  and the electrode composition ap- 
proaches SnO2. In  0.25M H2SO4, reduction waves are 
similar  to those observed in 0.1M H2SO4, bu t  are 
larger; the electrode film is rapidly destroyed. 

The complexity of the depth profiles of reduced 
Cd2SnO4 films makes it  difficult to draw conclusions 
regarding the reduction products (which could include 
CdSnO~, for example) .  However, a reasonable in te r -  
pre ta t ion of the above data is that  Cd2SnO4 is con- 
verted u l t imate ly  to SnO2. The t ime-dependent  com- 
position of the electrode surface region also makes it  
difficult to assign a par t icular  electrode process to the 
anodic and cathodic current  peaks observed in  cyclic 
potential  sweeps, as in Fig. 5. Lai t inen et al. (2) 
ascribed similar  peaks at SnO2 electrodes to the slow 
reduct ion and oxidation of surface t in  species. How- 
ever, while the current  peaks observed in the present  
work are at approximately  the same potentials, they 
a r e  larger than similar  peaks observed by Lai t inen at 
pure  SnO2, and occur in much weaker  acid. In addition, 
cathodic cur ren t  peak truncation,  and the reduction of 
peak currents  with continued potential  cycling, both 
suggest depletion of electroactive mater ia l  while the 
Sr~O2 content  of the Cd_~SnO4 film surface is increasing. 
(This cur ren t -po ten t ia l  behavior  might also be caused 
by mechanical  breakdown of the film.) Thus, al though 
the cur ren t  vs. potential  curves at SnO2 and Cd2SnO4 
thin film electrodes in the two studies have similarities, 
it is doubtful  whether  their current  peaks in strong 
acids can be a t t r ibuted to the same processes. 

CdzSnOjCdO thin films in sulfuric acid electrolytes. 
- - T h e  AES depth profile of a Cd_~SnO4 film containing 
CdO is shown in Fig. 7. The elemental  composition of 
the film is similar  to that  found in Fig. 1 for Cd2SnO4, 
with a slightly higher percentage of Cd in the 
Cd2SnO4/CdO film. 

When potent ial  sweeps were imposed on Cd2SnO4/ 
CdO thin films in 0.01M H2804, two distinct reduct ion 
waves at 0.4 and 0.3 V/SCE were obtained immediately,  
as shown in Fig. 8 (solid l ine) .  A corresponding, well-  
defined oxidation wave was present  at 0.6 V/SCE. Re- 
peated potential  cycling caused the reduction waves to 
shift to more negative potentials, merging to form a 
single, sharp peak (Fig. 8, dotted l ine).  The oxidation 
wave became less distinct. At the conclusion of po- 
tent ial  sweep experiments,  the Cd2SnO4/CdO films 
were visibly etched, in the same manne r  as Cd2SnO4 
films in 0.1M H2SO4. Scanning electron microscopy 
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Fig. 7. Composition ys. depth profile of a Cd2SnO4/CdO thin 
film (as-received). 
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Fig. 8. Cd2SnO4/CdO thin film electrode in O.01M H2S04. Po- 
tential sweep rate ~ 5 mV sec -1 .  Solid line: 3rd cycle. Dotted 
line: after repeated cycling. 

revealed that the entire film surface was covered with 
deep crevices, separating the film into angular  plates 
approximately 2-3 ~m across [Fig. 9 (A)] .  In  addition, 
larger eruptions of the film were observed, as shown in  
Fig. 9(B). An elemental  analysis was performed by 
EDS at each of the numbered  sites. In the crevice (site 
1), a strong silicon signal together with the absence of 
any Sn or Cd signal indicated total loss of the film. At 
site 2, silicon and t in were both detected; the Cd signal 
was very weak. The major i ty  of the film surface, rep- 
resented by site 3, showed a strong t in signal and a 
very weak Cd ~ignal. 

The composition change of Cd2SnO4/CdO is much 
more extensive than for any similar  reductive decom- 
position of thin film semiconductor electrodes reported 
to date. A typical AES depth profile of Cd2SnOjCdO 
after potential  cycling as described above is shown in 
Fig. 10. The decreased film thickness shows that a 
substant ial  amount  of mater ial  was removed by the 
reduction process. More striking, however, is the near ly  
complete removal of Cd from the film. At depths of 
1500-3500A, the composition of the etched film is near ly  
that  of SnO2. 

The behavior of Cd2SnO4/CdO thin film electrodes 
is probably  due to film structure. Evidence has been 
obtained which suggests that the CdO phase is con- 
centrated at Cd2SnO4 grain boundaries  (7). The CdO 
phase is attacked more vigorously than the Cd2SnO4, 
resul t ing in the segmented appearance of electrochemi- 
cally etched Cd2SnO4/CdO films [Fig. 9 (A)] .  Subse- 
quent  electrolyte penetra t ion into tne in te rgranu la r  
crevices results in removal of Cd from the Cd2SnO4 
phase to a greater extent  than in Cd2SnO4 films not 
containing CdO, which are attacked mainly  at the sur-  
face. The EDS analyses given above, for example, show 
that Cd depletion is most extensive near  the large 
crevice in Fig. 9(B),  where electrolyte penetra t ion 
occurs most readily. The quant i ty  of Cd depleted from 
Cd2SnO4/CdO films, as seen from AES depth profiling, 
indicates that Cd2SnO4 wi th in  the film bulk  is indeed 
reduced, for the amount  of Cd removed is obviously 
much greater than  that  contained in ~the amounts  of 
CdO present. The effect of CdO, therefore, is to provide 
sites at the grain boundaries  which are more readily 
attacked at low acid concentrations. Equivalent  results 
are obtained by exposing Cd2SnO4 films (without CdO) 
to higher acid concentrations. 

During the course of this study and an earl ier  one 
(1), erratic current -potent ia l  curves with higher than 
normal  reduction peaks were sometimes obtained at 
Cd2SnO4 electrodes in 0.01M H~SO4. Those curves were 
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Fig. 9. Scanning electron micrographs of electrochemically 
etched Cd2SnO4/CdO thin film electrodes. (A) Network of crevices 
covering most of electrode surface, 7500X. (B) Large eruption of 
Cd2SnO4/CdO film, showing areas where EDS analyses were made, 
1000• 

similar to ones obtained in the present work with elec- 
trodes known to contain CdO. Because of the difficulty 
in prepar ing t ruly  single-phase films (4, 8), it is there-  
fore l ikely that  Cd2SnO4 electrodes displaying unusu-  
ally vigorous reductior~ contained undetected quant i -  
ties of CdO sufficient to promote ~ntergranular  attack. 

Discussion 
Changes in  metal  oxide electrode stoichiometry 

affect the semiconductor properties of the electrode 
surface region by changing its charge carrier density, 
conductivity,  and even the oxide compounds present, 
as suggested in the present  work. Both the composition 
of the oxide surface and the thickness of the oxide re- 
gion are important.  Armstrong et al. (3) have demon- 
strated t h e  importance o f  composition changes at 
optically t ransparent  thin film electrodes. Recent work, 
notably by Sr in ivasan and co-workers (9) has also 
emphasized the importance of obtaining an adequate 
description of the surface oxide layer  at electrodes 
used for oxygen evolution and reduction. 
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Fig. 10. Composition vs. depth profile of Cd2SnO4/CdO thin film 
after potential cycling in O.01M HsS04. 

An important  difference between t in oxide and 
cadmium s tannate  is that  electrode processes at 
Cd2SnO4 which occur positive of the cathodic l imit  are 
not confined to charging and discharging of surface 
species. When the process is slow enough (as in weak 
acid electrolytes), the conversion of relat ively unstable 
Cd2SnO4 to the more stable SnO2 can be monitored, 
making it possible to observe stoichiometry changes to 
great depths. At higher acid concentrations, or when 
CdO is present  at grain boundaries,  the reduction 
process is accelerated, providing a physical picture of 
the electrode reduction. The g ra in -boundary  corrosion 
of the thin film oxide semiconductor can be clearly 
seen. 

The use of surface analysis techniques such as Auger 
electron spectroscopy, combined with sput ter-etching 
to determine depth profiles of electrodes, involves cer- 
tain assumptions. Following earlier practice (3), an 
equal sput ter ing rate was assumed for all elements in 
Cd2SnO4 thin films. An addit ional assumption was also 
made: thin films reduced to the point of having struc- 
ture defects and l a rge  compositional differences were 
assumed to have the sput ter ing characteristics of un -  
etched films. It is doubtful  that t ruly  quant i ta t ive  data 
can be obtained under  such circumstances. However, 
in the present  work, such a method has proved useful 
in determining the essential features of Cd2SnO4 thin 
film reduction. These assumptions, and others which 
will be made in future studies, will doubtless be in- 
vestigated in more detail as AES and other surface 
analysis techniques are used increasingly to study 
mixed metal  oxide and other electrode surfaces. 
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of InP, InAs, GaAs, and GaP in the Range $80~176 
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ABSTRACT 

The l iquid interact ion parameters  for InP,  GaAs, InAs, and GaP have been 
measured in  the 580~ range. The procedure followed to de termine  these 
parameters,  together with an account of the conditions under  which the mea-  
surements  were carried out in  order to obtain reproducibi l i ty  of the results,  
a r e  described. 

The I I I -V quaternary ,  InuGal-uPvAsl-v ,  has re-  
cently received much a t tent ion because of its impor-  
tance for optoelectronic and hot electron device appli-  
cations (1-4). The accurate determinat ion of the l iq- 
uid interact ion parameters  (5) for InP, InAs, GaAs, 
and GaP is an impor tant  step towards the de te rmina-  
t ion of the complete set of parameters  that  govern 
sol id-l iquid equi l ibr ium of InuGal-uPvAsl-v .  In  this 
work, a systematic de terminat ion  of these parameters  
is reported, together with a complete description of 
the conditions under  which the measurements  were 
carried out in order to secure the reproducibi l i ty  of 
the results. 

Publ ished data (6) is typified by high dispersion 
and least squares fits made over a large range of tem- 
peratures yield parameters  that  are inadequate  in the 
restricted range of temperatures  used in qua te rnary  
growths. Differences between exper imenta l ly  measured 
l iquidus temperatures  and those calculated using l iq-  
uid in teract ion parameters  previously reported (6, 7) 
are in  some cases quite significant. Using the param-  
eters determined in  this work, b inary  l iquidus tem- 
peratures  can be predicted to wi th in  __0.5~ between 
580 ~ and 670~ 

The Binary Liquid Interaction Parameter 
The solid-l iquid equi l ibr ium for a b inary  consisting 

of elements i and j is given in  the simple solution model 
by (5) 

ASFiJ (TF u -- 7'1) + RT1 ]n (4xilxj 1) 

- -  aij 1 [0.5 -- (Xil) 2 -- (Xjl) 2] = 0 [1] 

where ~SF ~ and TF ~ are the entropy and tempera ture  
of fusion, respectively, T1 is the l iquidus temperature,  
and xi t and xj ~ are the atomic fraction of components 
i and j in the liquid. We note that  xi 1 + xj 1 = 1. 

The l iquid interact ion parameter  s i j  1 is then given in 
terms of measurable  quanti t ies by 

A S F i J  ( T F  ij - -  T 1 )  -~- RT1 In (4xilxj 1) 
a i j  I ( T 1 )  " -  [ 2 ]  

0 . 5 -  (xil) 2 - (xj')2 

In  general  ~ij 1 is a funct ion of T, which as a first ap-  

K e y  words; semiconductor, solubility, equilibrium. 

proximat ion is taken to be of the form (8) 

a i j l ( T 1 )  - -  a - -  bT1 [ 3 ]  

This is a good approximation only if a l imited tem- 
pera ture  range is involved ( typically less than 100~ 
An example of this l imitat ion can be seen in  the d a t a  

of Ilegems et al. for GaP (9). 

Measurement Conditions 
The conditions under  which the l iquidus tempera-  

ture was measured have been carefully standardized in  
order to secure their reproducibil i ty.  All  measure-  
ments  were carried out in a pyrolytic graphite boat 
with three 8 X 8 X 10 mm wells, separated 10 m m  
from each other. A semitransparent ,  movable furnace 
with a flat tempera ture  profile over the length of the 
boat was used with a tempera ture  controller  capable 
of stabilizing the tempera ture  to wi th in  _0.01~ A 
programmer  was used to produce the desired rates of 
temperature  increase or decrease. The tempera ture  was 
accurately measured by means of a calibrated Chro- 
mel -Alumel  thermocouple with reference junct ion  in 
Di ice and water. The l iquidus temperatures  were mea-  
sured by direct visual inspection of the solutions 
(melts) through a microscope attached to the furnace. 

The abil i ty to slide the furnace was very useful in  
drastically reducing to total times the solutions were 
at elevated tempera ture  because the furnace could be 
preheated ini t ia l ly and then moved over the boat, and 
after  each r un  the boat could be cooled down very  
quickly by sliding the furnace away and directly cool- 
ing the boat with a fan. 

The solutions were prepared by weighing both of 
the components of each melt, In and InP, Ga and GaAs, 
In and InAs, and Ga and GaP for InP, GaAs, InAs, 
and GaP, respectively. The b inary  compounds were 
weighed with an accuracy of ___ 0.5%. 

The liquidus tempera ture  measurement  technique 
was standardized as follows: 

Initially,  the solution was quickly heated to ap- 
proximately  T1 + 10 ~ and periodically shaken in order 
to dissolve all the components completely in the least 
possible time. The solution was then cooled down so 
it solidified by sliding the furnace away; it was then 
reheated and stabilized at approximate ly  T1 -- 8~ 
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Fig. 1. In-P, Ga-As, In-As, and Ga-P solubility curves. Ref: q-, 
This work; F'l, M. Ilegems et al. (9); � 9  J. J. Hsleh (10); @, 
N. Sol et al. (11); A ,  J. P. McVittie (12); A,  R. N. Hall (13). 

From there the temperature was increased slowly at 
0.03~ until the last piece of solid was observed to 
dissolve completely. The temperature at which this 
occurred was the measured value of T1. The rate of 
decrease of TI with time due to P evaporation was 
found to be in good agreement with the values re- 
ported for InP in Ref. (10). The heating rate used in 
the measurements reported here, 0.03~ is slow 
enough so that there is thermodynamic equilibrium 
between the solid and liquid phases in the solution. 

Table !. Measured liquidus temperatures, T 1, for (Ga-As), (In-As), 
(Ga-P), and (In-P) solutions containing the atomic fraction of 
arsenic or phosphorous indicated in the first column. The last 

column lists the liquid interaction parameter calculated from this 
data using Eq. [2]. 

Ga-As x I ( A s )  T l ( ~  a , j  ( e a l / m o l e )  

0.001574 606.0 - 3319.57 
0.001918 613.3 - 3455.06 
0.002285 624.6 - 3507.30 
0.002959 641.9 - 3652.11 

In-As x I ( A s )  T l ( ~  a , j  ( c a l / m o l e )  

0.03801 576.0 - 4843.51 
0.04745 596.0 - 5035.67 
0.05821 616.3 - 5240.04 
0.07025 636.3 - 5446.11 
0.08353 656.5 -- 5641.85 

G a P  x z ( P )  T I ( ~  a i j  ( c a l / m o l e )  

0.0001307 625.0 - 724.1 
0.0001694 639.0 - 783.9 
0.0001962 647.0 - 825.0 
0.0002317 657.0 - 859.47 

In-P x I ( P )  T l ( ~  a , j  ( c a l / m o l e )  

0.002672 580.5 792.46 
0.003637 600.3 682.47 
0.604884 618.8 518.13 
0.006478 640.3 488.48 
0.008491 660.4 397.82 

Liquidus Temperature Data and Liquid Interaction 
Parameter Values 

The measured liquidus temperatures T, in the range 
580~176 are listed in Table I and are presented in 
Fig. 1 together with data points in this temperature 
range from other workers. The agreement of our data 
with the few previously published points (9-13) is 
seen to be very good. A linear least squares fit to the 
experimental points in Fig. 1 yields the following ex- 
pressions 

InP: x 1 (P) = 2059 exp (-- 11570/T) [4] 

GaAs: xl(As) - -  4779 exp(--  13112/T) [ 5 ]  

InAs: x l(As) -- 404 exp(--  7877/T) [6] 

GaP: xl(P) = 2700exp(-- 15123/T) [7] 

Values of the liquid interaction parameter were 
calculated at each tiquidus temperature measured us- 

Fig. 2. The liquldus Interaction 
parameters at(In-P), ~(Ga-As), 
al(In-As), and al(Ga-P). The 
crosses are data measured in this 
work and the solid lines repre- 
sent a least squares fit to a 
linear dependence on tempera- 
ture. 
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Table II. Entropies and temperatures of fusion and liquid interaction 
parameters for InP, GaAs, InAs, and GaP. 

L I Q U I D  I N T E R A C T I O N  P A R A M E T E R S  

a,~ 1 (cal/ 
AS~J (eal/mole-?K TF ~J (~ mole) 

InP 15.2 [Ref. (6) ] 1062 [Ref. (6)] 5055-5T 
GaAs 16.64 [Ref. (5) ] 1238 [Ref. (5)] 4530-8.93T 
InAs 14.52 [Ref. (7) ] 942 [Ref. (7)] 3740-10.1T 
GaP 16.4 [Ref. (9) ] 1470 [Ref. (9)] 2870-4T 

ing Eq. [2]. The ent ropms and t empera tu re s  of fusion 
(SF ij, TF ij) used in this calculat ion,  together  wi th  the  
resul t ing  least  squares  l inear  fits of aij a re  p resen ted  in 
Table II, and Fig. 2. 

While  the da ta  p resen ted  in Fig. 1 agree  wel l  wi th  
p rev ious ly  r epor t ed  results ,  the  in te rac t ion  pa rame te r s  
p resen ted  in Table  II  differ s ignif icant ly f rom p rev i -  
ously r e p o r t e d  values.  This is t rue  because  the  fit of 
a s imple  l inear  t e m p e r a t u r e  var ia t ion  for  aij can only  
be made  over  a l imi ted  t e m p e r a t u r e  range,  as has been 
done here.  

Acknowledgments 
The authors  wish to acknowledge  the exce l len t  tech-  

nical  assis tance of Mr. An thony  Colozzi, Mr. Joseph 
Walsh,  and  Mr. An thony  Santangelo .  This work  was 
sponsored by  In te rna t iona l  Telephone  and Te leg raph  
Elec t ro-Opt ica l  Products  Division. This work  was 
suppor ted  by  the  Nat ional  Science Foundat ion,  Gran t  
DMR 76-80895. 

315 

Manuscr ip t  submi t ted  March  19, 1979; rev ised  m a n u -  
scr ipt  received J u l y  24, 1979. 

Any  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1980 
JOURNAL. Al l  discussions for the December  1980 Dis-  
cussion Section should be submi t t ed  by  Aug. 1, 1980. 

Publication costs of this article were assisted by the 
Massachusetts Institute of Technology. 

REFERENCES 
1. C. J. Neuse, J. Electron. Mater., 6, 253 (1977). 
2. G. A. An typas  and R. L. Moon, This Journal, 120, 

1574 (1973). 
3. G. A. Antypas ,  ibid., 117, 1393 (1970). 
4. M. A. Li t t le john,  J. R. Jauser ,  and  T. H. Glisson, 

Solid-State Electron., 21, 107 (1978). 
5. A. S. Jo rdan  and M. I legems, J. Phys. Chem. Solids, 

36, 329 (1975). 
6. M. B. Panish,  J. Cryst. Growth, 27, 6 (1974). 
7. M. B. Panish  and M. I legems, in "Progress  in Sol id 

Sta te  Chemistry ,"  Vol. 7, H. Reiss and J. O. Mc-  
Caldin, Editors,  p. 39, Pergamon,  New York  
(1972). 

8. C. D. T. Thurmond,  J. Phys. Chem. Solids, 26, 785 
(1965). 

9. M. I legems,  M. B. Panish, and J. R. Ar thur ,  J. 
Chem. Thermodyn., 6, 157 (1974). 

10. J. J. Hsieh, Inst. Phys. Conf. Set., 33b, 74 (1976). 
11. N. Sol, J. R. Clariou, N. T. Link,  and M. Moulin,  

J. Cryst. Growth, 27, 325 (1974). 
12. J. P. McVittie,  Ph.D. Thesis,  S tanford  Univers i ty  

(1972). 
13. R. N. Hall,  This Journal, 110, 385 (1963). 

Rotating Ring Disk Electrode Study of the 
Hydrogen Peroxide Oxidation of Fe(ll) and 

Cu(I) in Hydrochloric Acid 
James F. Skinner 
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ABSTRACT 

The kinet ics  of the  oxida t ion  of e lec t rochemica l ly  genera ted  F e ( I I )  and  
Cu( I )  b y  H202 in 2.0M HC1 has  been s tud ied  wi th  a" p l a t inum ro ta t ing  r ing 
disk e lec t rode  over  a range  of concentrat ions and tempera tures .  The da ta  have 
been  analyzed  wi th  a d igi ta l  s imula t ion  technique to give values  of kl  the ra te  
constant  for the  r a t e - d e t e r m i n i n g  ini t ia l  step in the oxidat ion.  The value  in 
the  case of F e ( I I )  is (2.2 ~ 0.5) • 102M -1 sec -1 at 25~ cons iderably  l a rge r  than  
the l i t e r a tu re  values  of this reaction. Possible reasons for this d iscrepancy both  
in the  expe r imen ta l  resul ts  and in the s imula t ion  technique are  discussed. 
Fo r  the  Cu( I )  reaction,  102ki = 1.5, 2.6, and  4.0M -1 sec -1, a t  15 ~ 25 ~ and 
35~ respect ively ,  giving an act ivat ion energy  of 8.5 kcal.  These are  the first 
r epo r t ed  values  for kl  for the Cu (I) reaction. 

The ro ta t ing  r ing  disk e lec t rode  (RRDE) has been 
used in the inves t iga t ion  of d iverse  chemical  systems 
(1-6) and  a recen t  a r t i c le  (7) gave a v e r y  thorough 
rev iew of the appl ica t ions  of this e lec t rode  system. 
Our  previous  resul ts  (8-10) have  demons t ra t ed  the  
u t i l i ty  of such an e lec t rode  for the  s tudy  of the steps 
in e lec t rochemica l ly  in i t ia ted  polymerizat ions .  One of 
the most  thorough ly  inves t iga ted  (11-14) redox po ly -  
mer iza t ion  in i t ia tors  is the i ron ( I I ) - h y d r o g e n  peroxide  
sys tem (Fenton ' s  r eagen t ) ,  which  generates  the  h igh ly  
reac t ive  h y d r o x y l  radical .  

Key words: oxidation, polymerization, kinetics. 

Haber l and  and Landsberg  (15) have r epor t ed  a 
s tudy of the kinet ics  of the i r o n ( I I ) - h y d r o g e n  pe rox-  
ide react ion using a gold ro ta t ing  d isk  e lect rode (RDE),  
whi le  Opekar  and Beran  (16) have  s tudied  this r e -  
act ion on pa l lad ium,  gold, and glassy carbon RDE. 
Bard and P r a t e r  (17) have used an RRDE for a l imi ted  
s tudy of the kinet ics  of this reaction,  and they  sug-  
gested a method (18) for de te rmin ing  ra te  constants  
based on a computer  s imula t ion  of the  app rop r i a t e  hy -  
d rodynamic  and reac t ion  parameters .  Bard  and  co- 
workers  have  subsequent ly  ana lyzed  the kinet ics  of 
a va r ie ty  of react ions using t h e  RRDE and the com- 
pu te r  s imulat ion.  
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The original  purpose of the present  s tudy was to 
apply the I~RDE to redox ini t iators other  than Fenton 's  
reagent,  but our p re l iminary  efforts to duplicate Bard's  
results suggested that  a more thorough RRDE invest i -  
gation of this system was necessary. An error  in the 
numerical  analysis led to a specific rate  constant in ap- 
parent ly  bet ter  agreement  wi th  the l i t e ra ture  than was 
actual ly  the case. ~ Data are repor ted  here  for an RRDE 
study of the i r o n ( I I ) - h y d r o g e n  peroxide react ion over  
a range of concentrations and, in addition, the first 
kinetic data on the c o p p e r ( D - h y d r o g e n  peroxide re-  
action are reported over  a range of concentrat ions and 
temperatures .  The importance of cer ta in  exper imenta l  
variables is discussed and the accuracy of the com- 
puter  s imulat ion method for analysis of RRDE data 
for kinetic parameters  is reviewed.  

Experimental 
Apparatus . - -The  potentiostat  used was similar  to 

that  described by Bruckenste~n (19) and provided in- 
dependent  control of both electrodes. A Hewle t t -  
Packard 3300A function generator  was used to sweep 
the disk voltage and the currents  were  measured  on 
a Hewle t t -Packa rd  T046A X - Y / Y '  recorder.  The ro-  
tation speed, ~, was control led to wi thin  1% by a 
Carter  motor tachometer  assembly wi th  an electronic 
feedback circuit. 

The cell has been described (8) and was the rmo-  
stated to •176 The ring and disk electrodes were  
constructed of br ight  p la t inum wi th  dimensions rl  ---- 
0.30 cm, r2 : 0.33 cm, and r8 : 0.43 cm, where  r~, r2, 
and r3 are the outer  radii  of the disk, the insulat ing 
spacer, and ring, respectively.  A heavy gauge, coiled 
p la t inum wire, was the counterelectrode in a side 
chamber  isolated f rom the test solution by a porous 
glass flit .  A saturated calomel electrode (SCE) was 
used as the reference electrode, in contact with the 
test solution through a Luggin capi l lary positioned 
1 mm below the RRDE suriace. The electrode was 
precondit ioned immedia te ly  before each run, spinning 
for 5 min  with  zero potential  applied in each of the 
following: 6M HC1, 2M H2SO4 saturated with  FeSO4, 
distil led water,  and 2.0M HC1 (the solvent  used in 
the run ) .  This t rea tment  optimized the reproducibi l i ty  
of the electrode response. 

For the measurements  on the Fe ( I I I )  solutions, the 
ring was potent iostated at 1.00V (vs. SCE) while  the 
disk was swept f rom 0.7 to 0.0V. The r ing and disk 
currents were  measured when the disk voltage was 
0.20V, corrections being made for the residual  solvent  
currents.  For  the Cu(I I )  solutions, the ring was held 
at 0.50V, while the disk was swept f rom 0.50 to --0.25V, 
wi th  the currents  being measured when the disk 
voltage was --0.2. The disk vol tage was swept at ap- 
p rox imate ly  10 mV/sec,  the collection efficiency being 
essentially independent  of sweep rate  over  the range 
5-50 mV/sec  for the test solutions. Currents  were  
measured f rom the recorder  traces wi th  a precision 
of about  1%. 

Reagents.--Certif ied reagent  grade FeC13.6H20 and 
CuC12.2H20 were  used as received. The 2.0M HC1 
solvent was prepared volumet r ica l ly  f rom standard-  
ized concentrated reagent, and the 3% H202 was v igor-  
ously flushed with ni t rogen and t i t ra ted against KMnO4 
before each run. The test solution containing the meta l  
chloride was flushed with ni t rogen before the run 
and ni t rogen was passed over  the surface of the solu- 
tion in the cell during a run. Unless specifically noted 
as otherwise, currents  were  measured  as a function 
of ~ on the solution containing the metal  ion, the I-I202 
was then added with  a syringe, the solution mixed, and 
purged with nitrogen. Currents  were  then measured 
in the presence of the H202. 

Digital s imulat ion.- -The authors are indebted to 
Professor Bard for supplying a copy of the computer  

1 C o m m u n i c a t i o n  b e t w e e n  t h e  a u t h o r s  a n d  P r o f e s s o r s  B a r d  a n d  
P r a t e r  c o n f i r m  t h i s  e r r o r .  

program for the digital simulation. The details of the 
technique have been presented (17, 20) and the same 
notation will be used here. The solution below the 
electrode is subdivided vertically and radially into 
small volume elements or boxes. The disk and ring 
currents depend on the concentrations of the electro- 
active species in the volume elements immediately 
below the electrode surfaces. The simulation takes 
into account changes in concentration resulting from 
convective flow due to the rotating electrode, from 
diffusion due to concentration gradients, and from the 
reactions occurring in the solution just below the elec- 
trode. 

The relevant reactions are 

Fe + 3 + e -  --> Fe + 2 at the disk 

kl 
Fe +2 + H202 -~ Fe +~ -t- OH" + O H -  [1] 

k2 
Fe +2 + O H ' ~  Fe +3 + O H -  [2] 

Fe + 2 __> Fe + 3 + e -  at the r ing 

where  the fol lowing rate equations can be wr i t ten  for 
Eq. [1] and [2] 

--d[Fe+21 
- -  k l [Fe  +2] [H2021 ~- ks[Fe +2] [OH']  

dt 
d [Fe + 3] 

- C 3 ]  

dt 

- -  d [H202] 
- -  kl [Fe  +2] [H202] [4] 

dt 
- - d [ O H ' ]  

k2[Fe +2] [OH'] -- k l [Fe  +2] [H202] [5] 
dt 

If a s teady-sta te  approximat ion can be applied to 
[OH'],  Eq. [5] can be equated to zero, and Eq. [3] 
rewr i t t en  as 

- - d [ F e  +2] - - d [ F e  +3] 
- -  2kl [Fe +2] [H202] = [6] 

dt dt 

In Eq. [1]-[6],  Fe +z, and Fe +2 may  be replaced by 
Cu + 2 and Cu + 1, respectively.  

Defining F A ( J , K ) ,  F B ( J , K ) ,  and F C(J ,K)  as the 
fract ional  concentrat ions of Fe +3, Fe +2, and H202, re-  
spectively, in a given volume element  (J ,K),  the 
change in concentrat ion due to the react ion wi th in  that  
volume element  will  be DEL, Eq. [7], and the corrected 
concentrations will  be given by Eq. [8]-[10] 

DEL _~ X K T C * F B * F C  [7] 

FA (J,K) -~ FA (J,K) ~ DEL [8] 

F B ( J , K )  : FB.(J,K) -- DEL [9] 

F C(J ,K)  ~- F C(J ,K)  -- 0.5*DEL [10] 

where  X K T C  is a dimensionless rate  pa ramete r  given 
a s  

X K T C  = (2klCA%l/3)/(~D1/3(0.51) 2/~) [111 

CA o is the bulk concentrat ion of Fe + ~, v is the kinemat ic  
viscosity, ~ is the rotat ion speed, and D is the diffusion 
coefficient of Fe +3. The result  of the s imulat ion is the 
solid curve shown in Fig. i where  m is the bulk mo-  
lar i ty  ratio, [H202]/[Fe+31, and N, the collection effi- 
ciency, is the ratio of the r ing current  to the disk cur-  
rent  at a given w. 

To simplify comparison of the present  results wi th  
those of Bard and Pra te r  (17), their  values of 5.0 • 
10 -6 cm2/sec and 1.0 • 10 -2 cm2/sec have been used 
for D and ,, respectively,  in calculat ing kl [for both 
Fe ( I I I )  and Cu( l I )  at 25~ from the interpolated 
values of X K T C  using Eq. [111. Diffusion coefficients 
are not avai lable for Cu( I I )  and Fe ( I I I )  in 2.0M HC1. 
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Jahn  and Vielst ich repor ted  (21) a va lue  (at 25~ of 
6.5 X 10 -6 for  F e ( I I I )  in 1M HC104 using an RDE. 
Beran (16) repor ted  a value of 5.2 • 10 -6 in 0.1M HC1 
using an RDE. Kolthoff and Lingane (22) give a 
value  of 7.2 • 10 -6 for Cu( I I )  in 1M KCI, while 
Bruckens te in  (23) repor ted  a value  of 5.7 • 10 -6 for  
Cu (II) in 0.2M H2SO4. 

An a t tempt  has been made to correct  both D and 
for the Cu( I I ) r e su l t s  at 15 ~ and 35~ Delahay  (24) 
repor ted  values for D for F e ( I I I )  in 0.25M H2SO4 at 
two temperatures .  The t empera tu re  dependence rep-  
resented by these two values was used to correct  the 
25 ~ v a l u e o f 5 . 0  X 10 -6 to 3.4 X 10 -6 , and 6.6 • 10 -6 
at 15 ~ and 35~ respectively.  Kinemat ic  viscosities 
for 2.0M HC1 have been  measured  (25) which a l lowed 
correct ion of the 1.0 X 10 -2 value  at 25 ~ to 1.25 • 10 -2, 
and 0.82 • 10-2 for v at 15 ~ and 35~ respectively.  

Results and Discussion 
The detai led results for one run  are shown in Table 

I whi le  the results for runs at other  concentrations are 
shown in condensed form in Table II  for Fe ( I I I ) -H202 
and in Table  I I I  for Cu(I I ) -H202.  An average value 
for kl, wi th  an average  deviation, is given for each run  
as wel l  as values, in parentheses,  for addit ional  runs 
at  the same concentrations. F igure  2 shows cur ren t -  
vol tage sweeps for the disk and the r ing for the 2.0M 
HC1 solvent, for  the solvent  wi th  H 2 0 2 ,  and for an 
Fe ( I I I ) -H202  solution. In  this case, the H202 was 
added first and then the FeCla �9 6H20 was added to the 
same al iquot  of solvent. 

Figures  3 and 4 show the effect produced by the 
solution reactions (Eq. [1] and [2]) on the disk and 
r ing currents  for Fe ( I I ) -H202  and Cu( I I ) -H202  (only 
the one-e lec t ron  reduct ion of Cu (II) is shown).  F igure  
5 shows both the one-e lec t ron  and two-e lec t ron  Cu (II) 
disk reductions for the Cu(I I ) -HeO2 solution. The 
ring cur ren t  disappears over  the range of disk voltages 
where  the Cu (II) is complete ly  reduced and pla ted out 

Toble I. RRDE results in 2.0M HCI at 25~ 

6.48 mmole FeCh 6.40 mmole H~O~ 

(rad t~ ~o iD wo ~,P.'~ io ~ (M -1 
sec-~) (aA) (~A) ( ~ )  (~A) hu XKrC sec-~) 

9.4 85 206 25 380 0.064 5.18 191 
22 136 336 80 474 0.167 1.99 173 
36 172 423 119 543 0.215 1.34 187 
62 220 557 158 653 0.246 1.01 246 
90 258 652 216 740 0.295 0.60 210 

137 313 806 276 872 0.320 0.43 228 
182 349 902 328 978 0.344 0.28 199 
222 380 996 362 1064 0.356 0.21 185 
258 400 1054 383 1140 0.363 0.23 232 
290 418 1106 403 1216 0.350 0.25 281 
299 414 1130 407 1214 0.367 0.16 184 

Calculated from Eq. [15] 102k~ = 2.1 -- 0.3 
(102kz = 2.5 -- 0.3, 2.7 ----- 0.5, 2.3 ~- 0.3, 2.5 -- 0.5, 2.6 • 0.4) 

on the disk. The sharp rise in disk current  at --0.2V 
in Fig. 3 and --0.5V in Fig. 5 indicates the onset of 
solvent decomposition. Figure  6 gives the l inear  de-  
pendence  (without  H202) of the currents  on M/2 as 
predicted by the Levich equation. Figures 3-6 are in 
good general  agreement  wi th  what  has been previously  
reported (15-17, 19). F igure  7 shows the dependence 
of the collection efficiency on H202 concentrat ion for 
fixed Fe +s concentration. 

The kinetics of the oxidat ion of meta l  cations by 
hydrogen peroxide has received considerable attention,  
wi th  Fe ( I I )  being the most  thoroughly  invest igated.  
It is general ly  accepted that  the react ion proceeds  
through the two one-e lec t ron  t ransfer  steps g iven in 
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O.6 0 .4  
DISK V O L T A G E  (vs SCE) 

E 

i t i 

O 2  

Fig. 2. Current-voltage sweeps in 2.0M HCI at 25~ A and B 
for ring and disk, respectively, solvent only, ~ = 143 tad see-l;  
C and D for ring and disk, respectively, 6.40 mmole H2C~, ~ = 
87; E and F far ring and disk, respectively, for 6.4 mmole FECI3- 
6.4 mmole H202, w = 87. Ring at 1.00V (vs. SCE). "The sweeps 
have been shifted vertically for clarity so that the current bose 
lines do not coincide. 
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Table II. RRDE results for 2.0M HCI at 25~ 

3.30 m m o l e  F e C h  3.30 m m o l e  H202 6.45 m m o l e  F e C h  12.8 m m o l e  H~O~ 
N kl  ~ N kl  

9.5 0.125 
20 0.229 
32 0.274 
66 0.310 
80 0.327 

122 0.357 
161 0.361 
200 0,367 
233 0.363 
262 0.379 
270 0.374 

6.45 m m o l e  F e C h  
N 

205 9.5 0.0173 178 
176 22 0.077 178 
189 36 0.121 192 
210 62 0.174 212 
233 88 0.207 233 
192 134 0.254 237 
232 179 0.264 285 
237 221 0.288 273 
317 259 0.288 320 
192 289 0,301 306 
247 299 0.305 303 

102kl = 2 . 2 •  I02ki = 2 . 5 •  

1 . 2 8 m m o l e H ~ O 3  1 2 . 9 4 m m o l e  F e C h  1 . 2 8 m m o l e H ~ O s  
kl w N kz 

9.5 
22 
36 
61 
88 

134 
174 
216 
257 
300 

0.273 189 9.4 0.308 122 
0.341 137 23 0.347 132 
0.340 226 37 0.359 158 
0,364 214 62 0.367 204 
0.369 262 90 0.377 194 
0.381 236 138 0.380 245 
0.380 217 182 0.385 241 
0.386 271 219 0.386 258 
0.380 494 254 0.383 373 
0.389 306 284 0.390 239 

10~kl = 2.5 - -  0.7 192kl = 2.3 • 0.6 
(2,2 • 0.1) (1.6 +---- 0,5) 

1.31 m m o l e  FeCls 12.8 m m o l e  H2Os 
N kz 

13.7 0.0324 
25 0.069 
47 0.130 
75 0.172 

102 0,200 
149 0.236 
192 0.24-8 
232 0.261 
271 0.267 
293 0.268 
297 9.269 

Eq. [1] and [2]. At relatively high peroxide concen- 
trations, the following additional reactions may need to 
be considered 

170 
208 
224 
258 
279 
299 
342 
359 
393 
420 
420 

10~kl = 3.1 • 0.7 

HO' q- H202 ~ H O 2 '  -]- H20 

H O ~ '  -}- F e  +2  ~ H O ~ . -  -}- F e  +~ 

[ 1 2 ]  

[ 1 3 ]  
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Fig. 3. Current-voltage sweeps in 2.0M HCI at 25~ ID w~ and 
iR wo are disk and ring currents, respectively, in 6.0 mmol- ~ FeCI.~; 
iow and iR w are disk and ring currents respectively, in 6.0 mmole 
FeCI3-6.0 mmole H202. ~ = 37 rad sec -1. 
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Fig. 4. Current-voltage sweeps in 2.0M HCI at 25~ iD wo and 
IR wo ore disk and ring currents, respectively, in 6.0 mmole CuCI2; 
iD TM and iR w are disk and ring currents, respectively, in 6.0 tamale 
CUCI2-6.0 mmole H202. ~ ---- 37 rad sec -1, 
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Fig. 5. Current-voltage sweeps in 2.0M HCI at 25~ in w and 
IR TM are disk and ring currents, respectively, in 6.66 mmole CUCI2- 
6.66 mmole H202. ~ - -  47 rod sec -1 .  
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Fig. 6. Current vs. ~1/2 in 2.0M HCI at 25~ ID wo and IR w~ 
ore the disk and ring currents, respectively, in 6.4 mmole FcCI3; 
ID w and iR w are the disk and ring currents, respectively in 6.4 
mmole FECI3-12.8 mmole H202. 

H202 + HO2" -> 02 + H20 + OH" [14] 

There are numerous literature values for kl for the 
Fe(II)-H202 reaction in a wide variety of supporting 
electrolytes. For the purpose of using the present re- 
sults to test rigorously the digital simulation, a careful 
review of the literature has been made. 

Baxendale (26) reported a value of 53M -I sec -I at 
25~ in acidic perch]orate, sulfate, or chloride, Sutin 
(27, 28) reported values of 58-64 in chloride-per- 
chlorate mixtures, while Wells (29) gave values of.56, 
54, and 69 in IM NaCiO4, IM HCIO4, and IM NaCI, 
respectively. 

There have been four studies reported where Fe (II) 
was generated electrochemically from Fe (III), with the 
peroxide reaction catalytically regenerating the 
Fe (III). In a polarographic study at the dropping mer- 

o.41 . . . . . .  
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Fig. 7. Experimental collection efficiencies at 25~ for 6.45 
mmole FeCI3 in 2.0M HCh A, 1.28 mmale H202; B, 6.45 mmole 
H202; and C, 12.8 mmole H20~,. See Discussion for explanation of 
dashed carve. 

cury electrode, Delahay (24) repor ted  values  at 0.6 ~ 
and 31.4~ in 0.25M I-I2SO4 f rom which a value  of 
approximate ly  59 can be in terpola ted  for 25~ At  a 
gold rotat ing disk electrode, Haber land (15) calculated 
a value of 73 in 1M KC1 at 25~ using a graphical  
method of analysis, while Beran  (16), using a method  
of moments  developed by Bruckenste in  (30), calcu- 
lated a value of 92 at 25~ in 0.1M HC1 using a rotat ing 
pal ladium disk electrode. In the publ icat ion of their  
digital s imulat ion technique for the analysis of RRDE 
data, Bard and Pra te r  (17) reported a value of 105 
• 5M -1 sec -1 for kl at 25~ for a 6.4 mmole  FeCl3, 
3.2 mmole  H202 solution in 2M HC1. Their  calculations 
were  incorrect ly  based on the m ---- 1.0 working  curve 
(Fig. 1) ra ther  than on the m ----- 0.5 curve (see Foot-  
note 1). Recalculat ion of their  data wi th  the authors '  
form of the program (see Exper imenta l )  using an 
m ~ 0.5 working curve with  the dimensions of their  
e lectrode gave kl ---- 202__ 15, in agreement  wi th  the 
values in Tables I and II. 

The authors are not aware  of a l i te ra ture  value  for 
kl for Cu( I )  in e i ther  an aquo or chloro complex. This 
may reflect the we l l -known lack of stabil i ty of this oxi-  
dation state of copper in aqueous medium. An advan-  
tage of the present  technique is that  Cu (I) is genera ted  
immedia te ly  prior to its react ion with  H202. Anbar  
(31) reported a value of kl ---- 850M -1 sec -1 in the case 
of the b is (b ipyr idyl )  copper (I) complex ion at 25~ 
There  have been numerous  studies (14, 32-34) of the 
catalytic role played by the more stable Cu( I I )  in a 
var ie ty  of reactions, in some instances in the presence 
of Fe (II) and H202. 

Czapski (35) reported values of kl of 2.8 • 104 , 
2.7 • 102 , and 5.8M -1 sec -1 for chromium (II) ,  t i ta-  
n ium(I I I ) ,  and vanad ium (IV) in HC104 at 25~ 

To use the s imulated working curve in Fig. 1, a cor-  
rected collection efficiency is calculated f rom Eq. [15] 
at each 
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N -- 0.3994 (Nw/N w~ 

-- 0.3994 ( (iRw/iD w) / (iRw~ w~ ) [15] 
6.70 

m m o l e  where the superscripts w and wo indicate i ron or cop- 15oc Cucl~ 
per solutions with H202 and without  H 2 0 2 ,  r e s p e c t i v e l y ,  ~ N 
and 0.3994 is the value of the collection efficiency cal- 
culated from electrode dimensions. Although N wo 9.1 0.086 
should be independent  of ~,, there appeared a small  de- 22 o.182 
crease in N wo at the higher ~, f rom a value close to 36 0.235 

63 0.281 
0.3994. Equat ion [15] el iminates this dependence on ~, 90 0.304 
presumably  due to turbulence  from irregulari t ies  in  138 0.327 

182 0.344) 
the construction of the electrode. 224 0.342 

Several  points need to be made in  regard to the rate 257 0.353 
232 0.360 

constants presented in  Tables I - I lL Reaction concentra-  286 0.360 
tions have been varied from having a ten-fold excess 

kl = 154 
of cation (m -- 0.1), to concentrat ions equimolar  in 
cation and peroxide ( m = 1.0), to having a ten-fold  

6.83 
excess of peroxide (m ---- 10). Assuming that  the reac- m m o l e  
t ion is first order in  each reactant,  a one hundred-fo ld  25~ CuCl~ 
increase in reaction rate would be expected between ~ N 
the slowest and fastest cases. The computer  s imulat ion 

9.1 0.0500 gives kl values (averaged over a run)  in  general  agree-  21 0.137 
ment  over this wide range of ~oncentrations. However, 35 0.189 
the over-al l  average value of 240 + 40M -~ sec -1 for 60 0.257 

- -  86 0.275 
the Fe( I I ) -H202 reaction is three to four times the 132 0.302 
l i terature  values. On closer examinat ion  of the kl 174 0.326 

214 0.330 
values for a given run, it can be seen that  there is an 247 0.334 
increase in kz with increasing ~. 273 0.337 

285 0.336 
Figure  8 includes the Cu (I)-H202 results (m -- 1.0) 

from Table III  as well  as l i tera ture  values (26, 36) 
for the Fe( I I ) -H202  reaction. It  is in teres t ing to note 
that an activation energy of 8.5 kcal is found for the 

6.66 
Cu(I)  reaction, in  general  agreement  with the 9.6 kcal mmole 
found for the Fe( I I )  reaction (37). This satisfactory 35~ cuc~ 

N 
temperature  dependence suggests strongly that  kl 
values calculated for the  copper reaction using the di- 

9.0 0.0319 gital s imulat ion are indeed rate constants for a homo- 22 0.112 
geneous solution reaction and not for some more corn- 35 0.165 
plicated process occurring at the electrode surface. 60 0.225 87 0.247 
The fact remains, however, that the absolute value of 134 0.2~0 
kl is high, at least in the i ron case where good l i tera-  z79 0.301 

226 9.318 
ture values are available. 254 0.320 

Reasons for this discrepancy could be exper imental  280 fl.317 
in origin or could result  from some of the approxima-  287 0.329 
tions made in  deriving the computer  simulation. Both ~ = 402 
of these possibilities will now be discussed. 

There is a question as to the state of complexation 
of the F e ( I I I ) / F e ( I I )  and C u ( I I ) / C u ( I )  dur ing both 
the electrode processes and the homogeneous solution 
reactions. The formation constants of chloro complexes 
of Fe( I I I )  and Cu(I I )  in  aqueous solution (38-40) are 
in the range of 1-10, suggesting that  several complexed 
species will be present  in  the 2.0M HCI: FeC1 +2, 
FeCI~-, CuC1 +, and CuC13-. There is less informat ion 

2.5 - ~ ' o ~  C 

~ 0  

log 1.5 k, , ~ , . . ~  

I i r t 
5.2 5.5 5.4 IO00/T 5.6 

Fig. 8. Arrheni"s plot: A, Fe(H)-H202, Rd. (27); B, Fe(H)-N202, 
Ref. (37); C, Cu(I)-H202, TMs work. 

Table Ill. RRDE results in 2.0M HCI 

6.70 6.22 62.4 
m m o l e  m m o l e  m m o l e  

H~O~ 15 ~ C CuCl2 H.oO~ 
k i  w N kz 

113 9.1 0.000 
121 22 0.0U42 105 
124 36 0.0143 117 
137 63 0.040 127 
149 90 0.064 134 
162 138 0.105 139 
171 182 0.133 147 
204 224 0.154 153 
180 257 0.168 158 
167 282 0.179 159 
170 286 0.181 157 

+---20 k~ = 1 4 0 ~  15 

6.83 6.37 63.7 
mmole  m m o l e  m m o l e  

HeO~ 25~ CuCI~ HzO~ 
kl  ~ N kl  

202 9.1 0.000 -- 
203 21 0.000 
211 35 0.0045 192 
204 60 0.0153 218 
239 86 0.037 205 
270 132 0.067 216 
254 174 0.082 232 
291 214 0.098 248 
310 247 0.106 247 
328 273 0.ii0 251 
349 285 0.110 261 

kl = 230-----2.0 kl = 260-----45 
(lO'k = 2.5 + 0.4, 2.6 -- 0.4) 

6.67 6.25 58.0 
m m o l e  m m o l e  m m o l e  
1-1~O~ 35~ CuCI2 H~O~ 

kl ~ N kl 

2 9 6  9.0 0.000 
308 35 0.00099 344 
317 87 0.024 315 
330 134 0.055 317 
390 179 0.076 336 
3al 254 0.111 353 
441 287 0.121 360 
446 
486 k~ = 338 ~- 15 
557 
473 

• 

on the stabili ty of the chloro complexes of Fe( I I )  
and Cu(1). Both Sut in  (28) and Wells (29) have found 
a small  dependence of kl for the Fe( I I ) -H202  reaction 
in going from 0-1M Cl -  at  constant  ionic strength, 
but  notl~ing large enough to explain the discrepancy 
in the present  results. I t  is unclear  as to whether  
the complexation will change for the cation follow- 
ing its being reduced at  the disk but  before it  reacts 
with the H202, and if such a change would affect the 
calculated rate constants. 

Another  possible source of error, most serious for t h e  
Fe(I I ) -H202 data at low ~, comes from the fact that  in  
measur ing the disk currents  at 0.2V, conditions of 
l imit ing current  flow were not always satisfied. This 
was not a problem with the r ing currents  which did 
level out (see lHg. 2-4). (While the r ing and disk cur-  
rents are anodlc ( - - )  and cathodic ( + ) ,  respectively, 
the absolute magni tudes  are shown in  the figures). This 
is f requent ly  a problem in  polarographic investigations 
and, indeed, the current -vol tage  curves for Beran's  
RDE study (16) of the Fe ( I I ) -H202  reaction showed 
considerable slope. The digital s imulat ion is based on 
the assumption that r ing and disk currents  are mea-  
sured under  conditions o f  diffusion l imited current  
flow. In  selecting a less positive voltage, say 0.1V for 
measur ing the currents, to insure bet ter  that  a l imit-  
ing current  is being measured,  the question of direct 
reduction of H 2 0 2 ,  in the case of iron, becomes more 
serious (see below). Going to a lower voltage would 
have the greatest e~ect on iD w in Eq. [15], giving a 
slightly larger value of N and, in  turn,  a smal ler  kl. 
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The slope of the disk current  trace is greatest for low 
r and  hence this error  in  N would be greatest at  low ~, 
bu t  it  is in the range of low ~ that the N-XKTC work-  
ing curve is least sensitive to change in N. On balance, 
it is felt  that  this is probably  not a serious source of 4 0 0  
error in  kv 

The most serious question that  can be raised about  
the exper imenta l  val idi ty  of the results in  Tables I - I I I  
concerns whether  the H202, in  addi t ion to being re-  
duced by Fe (II) in solution, is par t ia l ly  or completely 
reduced directly at the disk electrode, giving a larger ~ 0 0  
disk current  than  would be found for the disk reduc-  

i 

t ion of Fe( I I )  alone. The electrochemical reduct ion of I 
both hydrogen peroxide and' oxygen has been thor-  D 
oughly studied as a funct ion of pH at  different metal  
electrodes, with par t icular  emphasis on elucidating the ( ~J a)  
role of the peroxide in  the complete reduct ion of oxy-  2 0 0 
gen. 

In  some of the earliest applications of the RRDE, 
Nekrasov and Myuller  (41) reduced 02 to H202 at the 
disk and were able to detect the H202 at the r ing elec- 
trode. The nonl inear  dependence of the ring and disk 
currents  on ~1/2 led them to postulate that the elec- 
trode reactions of 02 and H202 are slow, not diffusion ~0 0 
controlled, and general ly  irreversible.  Extensive in -  
vestigation by Bockris and Damjanovic  (42, 43) on 
the electrochemical reduct ion of O2 has confirmed these 
results in acidic and basic solution and pointed to the 
importance of the p re t rea tment  of p la t inum electrodes 
in de termining the degree of adsorption of H202. In  the 
RDE study of the Fe(I~)-H202 reaction, Beran (16) 
found such considerable reduct ion of H202 at a p la t i -  
n u m  electrode in 0.1M HC1 that satisfactory measure-  
ments  could not be made, while nei ther  Haber land 
[(15), using a gold RDE] nor Bard [(17), using a car- 
bon paste RRDE] made any reference to the problem 
for the solutions studied. Bard did report  the appear-  
ance of bubbles at the electrode for very high H202 
concentrations. 

The current -vol tage  sweep for I-I202 in HC1 in Fig. 
2 clearly shows evidence of H202 reduct ion at the disk. 
Although the magni tude  of this current,  at a fixed H202 
concentrat ion and ~ in  the absence of Fe (III),  was re-  
producible for a given solution, it did vary  for a series 
of runs under  apparent ly  identical  conditions. In  the 
acidic med ium used, there was never  a r ing  cur ren t  
s imultaneous with the increased disk current.  Figure 9 
shows that  the magni tude  of the disk current  is pro- 
portional to the H202 concentration,  but  in Fig. 9 
the maximum,  present  in  Fig. 2 at --0.1V, is not ap- 
parent.  Figure 10 shows that  the electrochemical re-  
duction of H202 is clearly quite different from the re- 
duction of Fe ( I I I ) ,  in  that  the former depends very 
marked ly  on the rate at which the disk potential  is 2 0 0  
varied, at constant  ~, while the disk current  for the 
Fe ( I I I )  reduct ion is independent  of this sweep rate. 
Different rates of electron t ransfer  and degrees of ad- I 
sorption of the electroactive species are indicated. D 

Figure 11 shows a current -vol tage  sweep of both the 
disk and r ing in  solution containing both reducible 
species, F e ( I I l )  and H202. While the m a x i m u m  in iD w [ 0  0 
at --0.1V is clearly the result  of H202 reduct ion (prob- 
a b l y i r r e v e r s i b ] e  because of the absence of any cot- ( , ~ G )  
responding increase in r ing cur rent ) ,  the authors 
suggest that  at +0.2V, the predominant  contr ibut ion 
to the disk current  is the Fe( I I I )  reduction. 

Al though the disk currents  for H202 without  Fe (III)  0 
were somewhat  variable, Fig. 12 shows the largest disk 
currents  that were obtained at 0.2V for 6.4 mmole H202. 
Two aspects of Fig. 12 are important .  The currents  are 
small  in comparison to the disk current  given in Tables 
I-III .  At 6.4 mmole FeCI~ in  2M HC1, a disk current  
of 423 ~A was obtained at 0.2V at ~ = 36 radians sec -I ,  
while for 6.4 mmole H202 under  the same conditions 
the disk current  was about  50 ~A. The second point 
is that the disk currents  in  Fig. 12 decrease with in -  
creasing ~, in  marked  contrast  to the behavior  pre-  
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Fig. 9. Current-voltage sweeps in 2.0M HCI at 25~ A, 5.95 
mmole H202; B, 11.8 mmole H202; and C, 17.6 mmole H202. ~ = 
45 rad sec -1  and ring at 0.25V. 

dictec~ for diffusion-controlled cur ren t  flow. For the 
run  shown in Table I, for example, there is no cer- 
tainty that there was a peroxide current  of this magni -  

 oo! 
A 

C 

I 1 I i I 
0 .2 0.1 0 . 0  -0.1 - 0 . 2  

D I S K  V O L T A G E  
Fig. 10. Current-voltage sweeps for 5.95 mmole H202 in 2.0M 

HCI at 25~ at different sweep rates: A, 22 mV sec-1; B, 9 mV 
sec-1; and C, 4 mV sec -1 .  ~ = 45 rad see -1  andrring at 0.25V. 
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Fig. i i .  Current-voltage sweeps 6.4 mmole H202-6.4 mmole 

FeCI3 in 2.0M HCI at 25~ ~ = 87 rad sec-L 

rude. bu t  our experience suggests that  the values given 
in  Fig. 12 represent  the largest contr ibut ion that could 
have been expected. In  all the runs  given in  Tables 
I-III,  the FeC13 or CuC12 was dissolved first, with cur-  
rents measured, and then the H202 was added and the 
resul tant  currents  measured. It was not possible to 
measure the disk current  for just  the H202 for such a 
run. The disk currents  given in Table IV are taken 
from Table I, corrected for the direct electrode reduc-  
tion of H202 of a magni tude  indicated by the data in  
Fig. 12. New values of N and kl are given in Table IV. 
The correction does decrease kl from 210 to 160, but  
this value remains  considerably larger than the values 
50-70M -1 sec -1 reported in the l i terature.  It must  be 
also emphasized that the iD H20~ values in Table IV may 
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Fig. 12. Disk currents for 6.4 mmole H202 in 2.0M HCI at 25~ 

Current measured at a disk voltage of 0.2V. 

represent  too large a correction. 
In  the case of the Cu( I ) -H20r  reaction, a much 

stronger case can be presented for arguing that in  t h e  
presence of both the Cu (IT) and  H202, only Cu (II) is 
reduced at the disk. In  Fig. 2, the onset of solvent  
decomposition (H2 evolution) at the disk becomes very  
pronounced in  the 2.0M HC1 at  a disk voltage jus t  
negative of --0.2V. In  Fig. 5, wi th  Cu (II) and H202 in  
the 2.0M HC1, the solvent  decomposition is shifted 
cathodically to about  --0.5V, with the one electron re-  
duction of Cu( I I )  occurring near  --0.2V where the 
r ing and disk currents  were measured. Again in  Fig. 
2 and 9, the contr ibut ion to the disk current  from t h e  
H202 reaches a ma x i mum at about --0.1V, bu t  in  Fig. 
5 there is no evidence of a ma x i mum in the disk cur-  
rent  which could be a t t r ibuted  to H202 reduct ion in  
the region of --0.1V. 

In  Fig. 13, the disk currents  (all measured at --0.2V) 
are given as a funct ion of ~1/2 for CuCI2 in  2.0M HC1, 
for H202 in the same solvent, and for both CuC12 and  
H202 in this solvent. The cur ren t  in the third case i s  
clearly not the sum of the currents  in  the first t w o  
cases. In the presence of HC1, H202, and Cu( I I ) ,  t h e  
only  species that  is reduced to a significant extent  at  
--0.2V on the disk is the Cu (II) .  Bruckenste in  (44) h a s  
suggested that  Cu(I )  is s trongly absorbed on a plat i -  
n u m  RRDE and this may be the cause of the e l imina-  
tion of the two other electrode reactions which clearly 
occur in  the absence of Cu( I I ) .  In  summary,  there is 
l i t t le reason to believe that  the Cu(I I ) -H202 data i n  
Table II i  need to be corrected for direct reduct ion of 
H202 at the disk electrode. 

While the authors believe that  the direct reduct ion 
of H202 at the disk is not a major  source of error, 
the direct disk reduct ion of the highly reactive hy-  
droxyl radical, .OH, produced in Eq. [1], is possible. 
An increase in the disk current  as the result  of reduc-  
t ion of .OH would probably  be offset by a decrease in  
disk current  from reduct ion of Fe( I I I )  as less of the 
lat ter  will be produced in reaction [2]. Reaction [2] is 
extremely fast so the concentrat ion of the radical will  
be low. 

Included in Fig. 7 is a hypothetical  curve calculated 
on the assumption that  m : 1.0 working curve in  Fig. 
1 is correct and that kl -- 60M -1 sec -1. The discrep- 
ancy between actual data (m : 1.0) and this calcu- 
lated curve is very great and far exceeds any reason- 
able exper imental  error. 

Having reviewed the possible sources of experi-  
menta l  uncer ta in ty  which might  explain the high k l  
values, we would now like to look closely at the digital 
s imulat ion which is used to generate the working 
curve (Fig. 1) from which kl is calculated from an  
exper imental  collection efficiency. An  uncer ta in ty  of 
+1% in each of the four currents  used in  Eq. [15] is 
realistic for the present  work, which would result  in  
a max imum uncer ta in ty  of ___4% in N. On the m -- 1.0 
curve in Fig. 1, an uncer ta in ty  of ___4% in N produces, 
on interpolat ion to the curve, values of XKTC (and kl)  
with uncertaint ies  of +--45, 18, and 5% at points A, B, 

TaMe IV. Results corrected for H202 reduction current 

kl 
W iD w iDH202 ID w -- iDH20~ N .~TH~0~ "~ klH~O| 

9.4 380 71 309 0,064 0,079 191 (6) 161 
22 474 57 417 0.167 0.189 173 (10) 143 
36 543 51 492 0.215 0.237 187 (15) 162 
62 653 45 608 0.246 0.263 246 (25) 212 
90 740 42 698 0.2~5 0.312 210 (33) 166 

137 872 38 834 0.320 0.340 228 (45) 163 
182 978 36 942 0.344 0.357 199 (52) 148 
222 1064 34 1030 0.356 0.369 185 (59) 127 
258 1140 33 1107 0.353 0.363 232 (74) 176 
290 1218 31 1187 0.350 0.359 281 (81) 226 
299 1214 31 1183 0.367 0.375 184 (74) 132 

lO~kl = 2.1 "* 0.3 1.6 • 0.~ 
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Fig. 13. Disk currents in 2.0M HCI at 35~ A, 6.25 mmole CuCI2; 

B, 63 mmole H202; and C, 6.25 mmole CuCI2-58 mmole H202. Ring 
at 0.50V. All currents measured at a disk voltage of --0.2V. 

and C, respectively. Therefore, the uncer ta in ty  in the 
kx values in  Table I - I I I  increases markedly  in going 
to higher  ~. This uncer ta inty ,  based on the use of the 
working curves, is given in Table IV in  parentheses 
for the k~ values. With in  these limits of uncer ta inty,  
kl values are re la t ively constant  over the range of 
values, a l though in  some runs  there does appear to be 
a more consistent increase in  kl wi th  increasing ~. 

To generate a curve (Fig. 1) s imulat ing the depen-  
dence of collection efficiency on the rate  of the follow- 
ing react ion in  solution, the program must  calculate 
the t ime dependence and the location dependence of 
the concentrat ions of the electroactive species in a 
m a n n e r  that  closely resembles the actual  react ion 
mechanism occurring in  the solution. Equations [1] and 
[2] give what  is general ly  assumed to be the reaction 
mechanism. I t  should be noted that  k~ is of the order 
of 10SM -1 sec -1, making Eq. [1] the ra te -de te rmin ing  
step (45, 46). The computat ion steps specific to the ki-  
netic processes are given by Eq. [8-10]. Bard (17) used 
ne i ther  the factor of 2 in  Eq. [1t] nor  the factor of 0.5 
in Eq. [10], and  made no reference to the detailed re-  
action mechanism. The authors present  what  they be-  
lieve to be a more consistent t reatment .  

Figure  1 shows both the s imulated dependence of 
collection efficiency on the rate constant  (solid curve) 
and the dependence of the observed collection effi- 
ciency (data from Table I) on rate constant  (circles), 
using the l i terature  value of 60M -z sec -~ for kl. Al-  
though there is no exper imenta l  evidence to support  
the idea, if one introduces a factor of 2 or 3 before 
the DEL terms in Eq. [8] and [9], a steeper working 
curve results, giving smaller  k~ values for a given ~. 
This a rb i t ra ry  change has the effect of increasing the 
rate of change of the concentrat ions of Fe ( I I I )  and 
Fe ( I I ) ,  relat ive to the rate of disappearance of 
[H202], in  the reaction volume beneath  the electrode. 

The digital s imulat ion (17) gives not only the de- 
pendence of N on the kinetic parameter ,  XKTC, but  
also the dependence of the l imit ing disk and r ing 
currents  on XKTC.  At a given ~, the disk cur ren t  in -  

Tab|e V. Calculation of kl from iRW/iR w~ iDW/iD w~ and N 

6.65 mmole 6.65 mmole 
CuCh H.~O~ kl 

25"C k~ (from kl (from (from 
~w/i~w~ ivwliD v:~ ) N 

9.0 173 432 202 
22 157 3~4 191 
35 165 335 202 
61 184 284 209 
89 194 3Z8 233 

134 227 373 274 
179 218 402 278 
217 137 455 228 
253 228 466 294 
280 251 572 336 
288 275 412 308 

10ski ffi 2.0 ----- 0.4 10~kl = 4.0 4- 0.6 10~/r = 2.3 --+ 0.4 

25~ 6.48 m m o l e  FeCh  6.40 m m o l e  H202 

10~kx = 1.4 +-- 0.3 10~ki = 4.0 ----- I.I 102kl = 2.1 ~ 0.3 

Literature values: 50-70 M -~ sec -z 

creases while  the r ing  current  decreases wi th  in-  
creasing XKTC.  For  a given m, say 1.0, one can gen-  
erate curves of iRw/iR w~ VS. XKTC,  and iDW/~D w~ VS. 
XKTC.  Table V shows the kl values calculated using 
jus t  the r ing currents,  just  the disk currents  and, fi- 
nally,  both currents  through Eq. [15]. A Cu(I I ) -H202 
r un  was chosen for this analysis to minimize the pos- 
sibil i ty of an error in  iD w resul t ing from reduct ion of 
H202 at the electrode. Findings very  s imilar  to those 
in Table V have been found for a recalculat ion of an 
Fe (IIl)  -H202 run. Somewhat  lower kl values are found 
when just  the r ing currents  are used, while using jus t  
the disk currents  gives much larger  values of kl, fu r -  
ther  from the l i tera ture  values in the case of Fe ( I I ) .  
These results suggest that  in  the simulation,  the de- 
pendence of the disk cur ren t  on the reaction kinetics 
may need fur ther  study, specifically the t r ea tment  of 
the volume of solution immedia te ly  below the disk 
electrode as a single "box" in  the (J,K) grid. It may  
be that  in the catalytic mechanism, the cur ren t  re-  
sult ing from the repeated reduct ion of Fe ( I I I )  or 
Cu( I I )  at the disk is not being correctly calculated. 
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ABSTRACT 

The cathodic da rk  cur ren t  at  n - t y p e  Nb-doped  TiO2 and Ha- t rea ted  SrTiOs 
electrodes in Fe (CN)63- ,  Fe  +3, or IrC162- aqueous solut ion was meast i red  as 
a funct ion of appl ied  voltage,  concentra t ion of oxidizing agent,  and  pH. Two 
dis t inct  cur ren t  regimes were  observed,  differing by  the i r  Tafel  slopes and 
by  the i r  concentra t ion dependence.  The most marked  fea ture  of the  resul ts  
was the sa tura t ion  of the cur ren t  as a function of concentra t ion in the high 
cu r r en t -dens i ty  region. The expe r imen ta l  da ta  were  in te rp re ted  on the basis 
of a model  involving electron t ransfe r  th rough  surface states. 

The s tudy of the cathodic da rk  cu r ren t -vo l t age  
behavior  at  n - t y p e  semiconductor  electrodes is im-  
por tan t  from both  the fundamenta l  and the prac t ica l  
point  of view. The fundamenta l  impor tance  lies in the 
poss ibi l i ty  of test ing the direct  e lect ron t ransfer  
model  and in the e lucidat ion of the react ion mechan-  
ism. This kind of s tudy may  lead to an extension of our  
knowledge  on e lec t rochemical  react ion mechanisms on 
semiconductor  electrodes in genera l  and m a y  hence 

Key words: semiconductor, cathode, interface, voltammetry, 
kinetics. 

also have a cer ta in  significance to photoelec t rochemical  
react ions which are  being used for solar  energy  con- 
version. A more  direct  connection be tween  the cathodic 
da rk  cur ren t  at  n - t ype  semiconductors  and the p rob-  
lem of e lectrochemical  solar  energy  conversion is that  
the cathodic current  character is t ics  m a y  enter  into the 
expression for the open-c i rcu i t  photovol tage  as a func-  
tion of l ight  in tens i ty  [see, e.g., Ref. (1)] .  

Cathodic da rk  cu r r en t -vo l t age  studies on n-ZnO in 
the presence of severa l  oxidizing agents  have revea led  
a behavior  which is essent ia l ly  in accordance wi th  the 
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simple direct electron t ransfer  model (Tafel slopes of 
near ly  0.06V, proport ional i ty  between current  density 
and oxidizing agent concentrat ion) (2-4). More com- 
plicated behavior, including higher Tafel slopes and 
fractional powers in the relationship between current 
density and concentration, has been reported for n-CdS 
and n-CdSe and has been interpreted by assuming the 
participation of surface states in the electrode reac- 
tions (5). In a recent article (6), Schmickler inter- 
preted several literature results on cathodic currents at 
oxide electrodes by assuming tunneling of electrons 
through a thin space charge layer. The present cathodic 
study pertains to n-TiO2 and n-SrTiO3 electrodes. Pre- 
liminary results on TiO2 in aqueous solution by our- 
selves and other groups (7-9) led to Tafel slopes, 
considerably higher than the 0.06V expected by simple 
theory. In Ref. (9), this phenomenon was associated 
with the presence of surface states. The existence of 
such states has been assumed in order to in terpre t  
luminescence measurements  as well in the case of 
TiO2 (9, 10) as of SrTiO3 (11) electrodes. The single 
crystal TiOe samples used in the present  work were 
made semiconducting by doping with Nb dur ing 
growth. Such samples were preferred to crystals re-  
duced in H2 with the idea of avoiding the possible 
complications of n o n u n i f o r m  doping. Since only in-  
sulat ing SrTiO3 crystals were available to us, they were 
made semiconducting by part ial  reduction in hydrogen. 

Exper imental  
Preparation 05 the electrodes.--A synthetic mono-  

crystal l ine boule of Nb-doped rut i le  (TiO2 + 0.05 
weight percent  (w/o)  Nb2Oj) and one of undoped 
S r T i Q  were purchased from National  Lead Industr ies 
(South Amboy, New Jersey).  Several  samples were cut 
perpendicular ly  to the growth direction. In  what  fol- 
lows, the TiO2 samples will be indicated as (a),  (b),  
(c), (d), the SrTiO3 samples as (v), (w),  (x), (y), and 
(z). By x - r ay  analysis, it was established that the 
faces exposed to the electrolyte were (001) for ruffle 
and (311) for S rT iQ.  The preparat ion of the electrodes 
of both substances was similar  and consisted of sand- 
papering, followed by polishing with a lumina  powder 
of decreasing grain size. The samples were etched for 
1 hr  in  mol ten NaOH and subsequent ly  rinsed in HC1 or 
HHNO3 and in distilled water. In order to make the 
SrTiO3 crystals semiconducting, they were heated be- 
tween 900 ~ and 1000~ in a I-I2 flow for several hours. 
The rear  side of each specimen was connected to a 
metall ic lead by means of In, which was melted onto 
the surface. Fur ther  details on the mount ing  of the 
samples have been given in a previous paper (12). 

Donor concentrations, determined by capacitance 
measurements  (13), were of the order of 101s-1019 
cm -3. For TiO2, this concentrat ion range is in agree- 
men t  with the value, calculated from the concentra-  
tions of Nb205 specified by the furnisher,  whereas for 
SrTiO3, it is consistent with the values deduced from 
Hall  measurements  by Perluzzo and Destry (14) under  
the same conditions of reduction in H2. From impedance 
measurements ,  carried out on specimen (d), the flat- 
band potential  Vfb at pH ---- 0 was established to be at 
--0.30V vs. SHE for Nb-doped TiO2. I t  has not  been 
established yet whether  the difference between this 
value and that  for H2-treated TiO2 [+0.15V vs. SHE 
(7)] is significant or not. F requency- independen t  ca- 
pacitance results on S r T i Q  were obtained by our 
group (13) a n d . b y  Tench and Raleigh (15), the VFB 
values at pH = 0 being --0.60 and --0.20V vs. SHE, 
respectively. Hitherto, no satisfactory explanat ion is 
available for the ra ther  large discrepancy between 
both values. For the following discussion, the mean  
value (--0.40V vs. SHE) will  be adopted. 

Apparatus.---The cell was identical to that described 
in  a previous paper  (12) and contained the electrode 

under  investigation, a Pt  counterelectrode, and a satu-  
rated mercurous sulfate reference electrode. Before 
each experiment,  the electrodes were immersed for 12 
hr in indifferent electrolyte solution of the same pH as 
the redox solution used in the cathodic experiment and 
for 3 hr in the redox solution at a voltage close to the 
region where the measurements were to be performed. 
Current measurements were carried out potentiostati- 
cally and potentiodynamically. Using a potentiostatic 
arrangement, the currents were read after a stabiliza- 
tion time which, in the case of measurements with 
varying concentration, could amount to 1 hr. 
Potentiodynamic measurements were performed with 
an apparatus allowing variable rate of potential sweep. 
In order to avoid hysteresis in the potential/current 
plot, the sweep rate was kept at a low value (--~70 
t~V" sec-1). The potentiodynamic results obtained this 
way were identical with potentiostatic measurements. 
All measurements were performed in darkness at room 
temperature while bubbling high purity nitrogen 
through the solution. 

Electrolyte solutions.--All solutions used in the pres- 
ent work were prepared with deionized water  and re-  
agent grade chemicals. They all contained 0.25M K2SO4 
as the indifferent electrolyte. The proton concentrat ion 
was fixed at pH = 9.4 or 4.6 by making solutions of 
0.1M Na2B407-10 H20 and 0.05M HAc/0.05M KAc, 
respectively; pH values in the neighborhood of 2 or 12 
were adjusted by adding H2SO4 or KOH. The concen- 
t rat ion of Fe 3+ was determined after reduction with a 
Jones reductor  by t i t ra t ion with KMnO4. The concen- 
t rat ion of the oxidizing agents will be specified in the 
results. 

Results 
The cathodic dark current  was measured for Nb-  

doped TiO2 and for H2-treated SrTiO3, in a voltage 
range corresponding to the presence of a depletion 
region, as a function of applied voltage, of the na ture  
and concentrat ion of oxidizing agents in solution, and 
of pH. 

j -V  relationship.--Without any oxidizing agents 
added, the current  density j within the voltage range 
of our experiments  was negligibly low. Hence, effects 
due to the reduction of protons, mentioned in the 
l i terature  for TiO2 (16, 17), are not to be considered 
in our case. 

In Fig. 1, typical log IJ[ vs. V plots are shown, as 
observed on samples (a), (c), and (d) for TiO2 and 
on samples (v),  (w),  (x), and (y) for SrTiO3 upon ad-  
dition of sufficiently large concentrat ions of Fe (CN)63-, 
Fe 3+, or IrC162-. At high current  densities, the rela-  
tionship appeared to be linear. The corresponding Tafel 
slopes ldV/d log IJll were found for a given simple 
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Fig. I .  Logarithm of the cathodic dark current density IJl as a 
function of electrode potential. TiO2 specimen (d): curve a pH 
12.3, curve b .oH = 4.8. 
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and e lec t ro ly te  composition, to be reproducib le  to 
wi th in  2 mV, and to have values ranging around 63 mV. 
For  the highest  cu r ren t  densi t ies  ( >  10 .4  A - c m - 2 ) ,  
dependence  on ni t rogen bubbl ing  was observed,  indi -  
c a t i n g  diffusion l imi ta t ion  in the solution; in What 
follows, only  those resul ts  wi l l  be considered which did 
not  show this effect. For  TiO2 sample  (b) and SrTiO3 
sample  (z),  h igher  and less reproducib le  Tafel  slopes 
were  found in this region (70-80 mV).  

At  low cur ren t  densities, deviat ion from Tafel  be-  
havior  was observed,  in the sense opposi te  to tha t  
which would  be expected  from the anodic cont r ibut ion  
to the total  cur ren t  (see Fig. 1). The cur ren t  range 
corresponding to this devia t ion  extends  towards  h igher  
cur ren t  densit ies when  the pH increases (compare  
curves a and b in Fig. 1). 

The log IJl vs. V behavior  at  lower  concentrat ions  of 
oxidizing agent  differs from tha t  at  h igher  concentra-  
tions in the values of IdV/d log [Jll at high cur ren t  
densities, which are  higher.  

j -c  re lat ionship. - -The re la t ionship  be tween  the cur-  
rent  dens i ty  j and the oxidizing agent  concentra t ion 
Cox appeared  to depend, a t  given pH, on the e lect rode 
potential .  Two ex t reme  types of behavior  exist. 

At  potent ia ls  which are  ra the r  posit ive wi th  respect  
to f latband potent ial ,  i.e., at sufficiently small  cur ren t  
densit ies in the low cur ren t  densi ty  region just  men-  
tioned, j at  constant  vol tage depends l inea r ly  on Cox 
(see, e.g., Fig. 2). 

In  the high cur ren t  dens i ty  region (Tafel  region) ,  
the cur ren t  densi ty  at  given vol tage saturates  as a func-  
t ion of concentra t ion (see, e.g., Fig. 3). Sa tura t ion  due 

, E , E i , , 
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i i ~ 2  i i 
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Fig. 2. Cathodic dark current density li[ as a function of concen- 
tration of oxidizing agent Cox. TiO2 specimen (d), pH ~- 9.4, V ---- 
0.150V vs. SHE, ox - -  Fe(CN)6 s - .  

to slow diffusion from the e lect rode of products  formed 
e lec t rochemical ly  can be exc luded  since the cur ren t  
dens i ty  depends  exponen t ia l ly  on appl ied  vol tage  and 
since i t  was found to be independen t  of bubbl ing  n i t ro-  
gen th rough  the solution. 

The j vs. Cox re la t ionship  can here  be represen ted  by  

~sat ~ Cox 
j = "  [1] 

A + Cox 

as appears  f rom Fig. 4, where  the da ta  of Fig. 3 have 
been rep lo t ted  as j vs. j/Cox. Indeed, from Eq. [1], i t  
follows that  

J = Jsat - -  A (j/Cox) [2] 

Values of Jsat and A have been expe r imen ta l ly  de te r -  
mined under  var ious  circumstances.  

The sa tura t ion  cur ren t  dens i ty  3sat was s tudied for 
Nb-doped  TiO2 and H2- t rea ted  SrTiO3 as a function of 
appl ied  vol tage V, of the na ture  of the oxidizing agent,  
of the  iden t i ty  of the sample, and of the pH. 

The j - V  re la t ionship  can be descr ibed  by  

aFV 
In [Jsat[ - -"  {In IJsatl}v--0 [3] 

R T  

with  ~ close to unity.  In  the  results  which follow, a 
given j - V  curve wil l  be charac ter ized  by  (In iJsatl)v=0, 
the  sa tura t ion  current  dens i ty  ex t rapo la ted  to 0V vs. 
SHE. In Fig. 5 curve  a and b. values of (In ].?satl)v=o 
are  p lot ted  for TiO2 and SrTiO3, respect ively,  as a 
function of pH for different  sampIes and oxidizing 
agents. The resul ts  show that  the sa tura t ion  cur ren t  
densi ty  is roughly  independent  of the sample  and of 
the  na tu re  of the  oxidizing agent,  but  is different  for 
TiO2 and for SrTiO3 and varies  over  one order  of mag-  
n i tude  per  pH unit.  

Addi t iona l  exper imen t s  have  been pe r fo rmed  in 
which the sa tura t ion  current ,  measured  wi th  a given 
oxidizing agent,  was observed upon addi t ion of another  
oxidizing agent;  this addi t ion  was found to cause no 
significant change in the current ,  proving  again that  
j s a t  is i ndependen t  of the  na ture  of the oxidizing agent. 

The  coefficient A in Eq. [1] and [2] was found to 
depend  on appl ied  voltage, on the sample  used, on the 
na ture  of the oxidizing agent,  and on the  pH. No a t -  
tempts  have been made  ye t  to descr ibe  this  complex  
behavior  by  ana ly t ica l  expressions.  

Discussion 
Although  at  first glance a re la t ionship  such as Eq. 

[1], which is of the Langmui r  type, might  suggest  tha t  
t h e  elect roreduct ion mechanism would involve  adsorp-  
t ion of the oxidizing agent,  severa l  a rguments  can be 
ra ised against  this hypothesis.  Fi rs t ly ,  one does not see 
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Fig. 3. Cathodic dark current density Jil as a function of con- 
centration of oxidizing agent Cox. TiO2 specimen (d), pH ---- 4.7, 
V - -  0.056V vs. SHE, ox "-  Fe(CN)63-.  
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vs. SHE, ox - -  Fe(CN)e 8 - .  
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Fig. 5. Logarithm of the cathodic dark saturation current density 
Jsat at V = 0 vs. SHE as a function of pH. 

Oxidizing agent: Fe(CN)63- [3,4,6,7,8,10,|2,14,15,17,18] 
Fe(H20)68+ [ I ]  
IrCI62- [2, 5, 9, 11, 13, ]6] 

Specimen: curve a: TiO2: (b) [10, 12, 14, 15, 17, 18] 
(d) [9, 11, 13, 16] 

curve b: SrTiO3: (v) [8]; (w) [4, 5]; 
(y) [1,2, 3, 6]; (z) [7] 

how an adsorption model would explain the fact that  
a given concentrat ion corresponds to current  sa tura-  
t ion at high current  densities and not at low cur ren t  
densities. Secondly, an adsorption model does not im- 
ply a saturat ion current  which is independent  of the 
na ture  of the reactant.  Thirdly,  in the case of TiO2. it 
has been shown by capacitance measurements  that  the 
flatband potential  is not influenced by the presence of 
the oxidizing agents used (7), indicat ing that  they are 
not significantly adsorbed. 

Tunne l ing  of electrons through the space charge 
layer  can hardly  be responsible for the observed be- 
havior, in view of the relat ively low donor densities 
involved here; moreover, such a mechanism would be 
difficult to reconciliate wi th  the val idi ty of Eq. [1] as 
well as Eq. [3]. 

In order to explain our results, it appears necessary 
to postulate a mechanism involving at least two con- 
secutive steps. Tentat ively,  we will  assume a two-step 
mechanism in which surface states act as intermediates.  
In  the first step, an empty surface state is filled by a 
conduction band electron; in the second step, this elec- 
t ron is t ransferred to an empty redox level (see Fig. 
6). We will represent  the forward and reverse rate 
constants for the first and second steps by kl, k - l ,  k2, 
and k-2, respectively. We will fur ther  represent  the 
density of surface states and their occupation factor by 
N and f, respectively. The net filling rate N d ] / d t  of 
the surface states is then given by 

N--dr = kl(1 -- f ) N n s  - -  k - l f N  
d t  

- -  k2]Ncox -~ k-2(1  -- ~f)I~TCred [4] 

ns being the conduction band  electron density at the 
surface and Cox and Cred the concentrat ion of oxidizing 
and corresponding reducing agent, respectively. 

It is assumed here that the electron level dis t r ibut ion 
in  the redox electrolyte is at equil ibrium. Since the 
experiments  are made under  s teady-state  conditions, 
N ( d ] / d t )  = 0, we have from Eq. [4] 

kl �9 ns --~ k-2  �9 Cred 
f - [5] 

k -z  ~- ks �9 Cox ~- kl �9 ns ~ k-2  �9 Cred 

The current  density j is given by 

j = - -  e N  [k2"J'Cox -- k-2.  (1 -- ]) "Cred] [6] 

conduction I 
band 

k I k I 

E surf. ~ ' ~  

forbidden 
zone 

m 

J 

k_ 2 

electro{yte 

Eo x 

Fig. 6. Charge transfer through surface states. Esurf: energy of 
surface level; Eox: energy of empty redox level in solution; EeS: 
energy of the conduction bandedge at the surface: kl, k - t ,  
k2, k-2:  rate constants of filling and emptying processes. 

with e the absolute value of the e lementary  charge. 
Subst i tu t ing Eq. [5J into Eq. [6], we obtain 

kl �9 ns �9 Cox -- (k-1  �9 k - 2 / k 2 ) C r e d  
j : - -  e N  [7] 

( k - 1  -~- k l  �9 ns  -~- k - 2  �9 Cred) /k2 "~ Cox 

The relationship between j and Cox as expressed in 
Eq. [7] reduces to the exper imental  one, expressed in 
Eq. [1], when the first term in the numera tor  of Eq. 
[7] is sufficiently large, i.e., when n~ largely exceeds 
the value corresponding to electrode equil ibrium. In  
this case, the value of jsat is given by 

jsat : -- e N  k l  ns  [8] 

Since ns varies over one order of magni tude  per 0.06 
eV band b~nding, the theoretical expression for jsat 
(Eq. [8]), is in agreement  with the exper imenta l  Eq. 
[3] describing the voltage-dependence,  as well as with 
the observed pH dependence of Jsat at a given applied 
voltage which can then be ascribed to the pH shift of 
the fiatband potential. Equat ion [8] also explains the 
exper imental  observation that  jsat is independent  of 
the na ture  of the oxidizing agent if it is assumed that  
the same surface states are involved in  the reduction of 
different oxidizing agents. It can be remarked here 
that Eq. [8] corresponds to the si tuat ion in which the 
capture of electrons by the surface states is ra te - l imi t -  
ing. Moreover, since for a given material,  Jsat was found 
to vary  very little from sample to sample, acceptance 
of the validity of Eq. [8] leads to the implication that  
N kl is constant for a given mater ia l  wi th in  the well-  
determined conditions of doping and pre t rea tment  in 
our experiments.  Numerical  values of N kl can be 
obtained from our results, basing upon Eq. [8]; e.g.,  
for SrTiO3 at pH = 0, j sa t  = 3 '10-~ A -cm-2  at 0V vs .  
SHE (see Fig. 5), i.e., at a band bending of 0.4 eV. 
Hence, a value of N kl ~ 105 cm'sec -1 is found. From 
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solid-state considerations, it follows that  

kl = v Sn [9] 

v being the mean  thermal  speed of conduction band 
electrons and Sn the electron capture cross section of 
the surface states. Accepting v : 107 cm.sec -1, we 
obtain N Sn ---- 10-2. Assuming that  the surface states 
are of the donor type, which implies Sn N 10 -12 cm 2, 
a reasonable value for the densi ty of surface states is 
found, i.e., N _-- 101~ cm -2. In  an analogous way, N kl 
- -  4.106 cm.sec -1 is obtained for TiO2 corresponding 
~o N ~- 4"1011 cm -~. It  should be remarked that these 
values may be subject to a certain error, due to the 
uncer ta in ty  in the de terminat ion  of the flatband po- 
tent ial  (see the section "Preparat ion of the electrodes") 
and of Sn. 

Stil l  under  conditions where kl'ns-Cox ~ ( k - l - k - 2 /  
k2)Cred but  at values of Cox which are below the range 
corresponding to current  saturat ion as a funct ion of 
Cox, the contr ibut ion of ns in the denominator  of Eq. [7] 
qual i ta t ively explains the observed lowering of the 
voltage dependence of j, i.e., the increase of the experi-  
menta l  Tafel slopes. The high Tafel slopes, observed 
by Dutoit  et al. (7) on H2-treated TiO2 electrodes at 
relat ively low cox, might  be a t t r ibuted to the same 
reason. 

As ment ioned in the results, the change in cur ren t -  
voltage behavior  at increasing positive voltage (low 
current  density range) cannot be in terpre ted on the 
basis of the anodie contr ibut ion to the total current,  
i.e., referr ing to Eq. [7], to the te rm (k-l'k-2/k2)Cred 
in the numerator .  

Different mechanisms may lead to such behavior. 
For  example, a small  contr ibut ion of the valence band  
to the cathodic current  (hole inject ion) ,  which is 
vol tage-independent ,  might be involved here. Another  
possibility is that  two paral lel  cur rent  paths, j and j', 
over surface states of different types participate to the 
reaction, the first one being already described by Eq. 
[7], the second one by an analogous expression in 
which the corresponding rate constants will be denoted 
by kl', k - l ' ,  k2', and k-2 '  and the density of states by 
N' (the same situation might  result  from an energetic 
distr ibution of surface states). In view of the facts that  
the current  increases over much less than one decade 
per --0.06V voltage shift and is proport ional  to Cox 
(see Fig. 2), it  can be assumed then that the term 
(kl'/k2')ns in the denominator  of the expression for 
j '  predominates.  In the l imit ing case where all other 
terms in the denominator  are negligible with respect 
to (k1'/k2')ns, i.e., at relat ively high ns, the expression 
for j '  reduces to 

j '  = -- e N' k2' cox [10] 

in agreement  with the observed concentrat ion de- 
pendence and corresponding to ra te- l imi t ing  charge 
transfer  from the surface state to the reactant. This 
current  might constitute a constant  and negligible 
contr ibut ion to the total cathodic current  in the high 
cur ren t -dens i ty  range. The influence of pH upon the 
low current -dens i ty  behavior, as demonstrated in Fig. 
1, can be ascribed to the change in the relat ive position 
of energy levels at the semiconductor surface with 
respect to those in solution, causing a change in the 
value of k2'. It may be remarked here that the hole 
injection mechanism, mentioned above, can be formally 
described by an expression similar to Eq. [10]. 

The current-vol tage  and cur rent -concent ra t ion  re-  
sults ment ioned above are not in terpre table  on the 
basis of the direct electron t ransfer  model, in which 
conduction band electrons at the surface tunne l  directly 
through the interracial  barr ier  toward empty redox 
levels. Indeed, the direct electron t ransfer  model leads 
to a current,  directly proport ional  to ns and Cox, a be-  
havior which was not observed in any current  range of 
our experiments.  Especially in acid medium, this resul t  

is somewhat  surprising, in  view of the relat ive position 
of energy levels at the interfaces involved. Indeed, 
from V~b values ment ioned in  the section "Prep-  
arat ion of the electrodes," the position of the conduction 
bandedge at the surface Ec s can be estimated to be at 
+0.5 eV for Nb-doped TiO2 and at +0.6 eV for SrTiO3 
at pH ----- 1.5, being the lower pH limit  of our experi-  
ments. Common l i terature  values for the ma x i mum of 
the empty level density curve Eox TM Of the hexacyano-  
ferrate couple are between +0.1 eV (18) and +0.4 eV 
(1). Accepting a value of about 1 eV for the rear range-  
ment  energy of the Fe3+/Fe 2+ couple (18), the corre- 
sponding Eo~ TM value may be located at about  +0.2 eV. 
Hence, at least in acid medium, a noticeable contr ibu-  
t ion of the direct t ransfer  mechanism would be ex-  
pected; in other cases, the surface state model can be 
rationalized by the fact that  Eox m is markedly  below 
Ec s. Apparent ly,  the reduction over surface states is 
fast enough so that  the direct t ransfer  mechanism is 
unable  to compete under  any circumstances of our  
experiments.  Any  discussion on this point is hampered 
by the lack of quant i ta t ive data on the parameters  in -  
volved. 
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ABSTRACT 

The surfaces of sodium tungsten bronze crystals have  been examined by 
using cyclic vo l t ammet ry  and Auger  electron spectroscopy before and af ter  
e lectrochemical  t reatments .  Compositional depth profiles of the sodium deple-  
tion layers were  obtained and the format ion of hydrogen tungsten bronze was 
observed and studied. Hydrogen tungsten bronze was found to form on the 
anodized cubic sodium tungsten bronze at two separate potentials,  correspond- 
ing to the format ion of semiconducting and metal l ic  phases of HxWOa. 

Sodium tungsten bronzes are members  of a general  
class of nonstoichiometric  compounds with  the formula  
M x W Q  where  M is a meta l  and 0 < x < 1. The com- 
pound W Q  is a semiconductor  wi th  a bandgap of 2.6 
eV (1) and a monoclinic structure.  The addit ion of 
increasing concentrat ions of different meta l  atoms, 
such as the alkali  elements,  results in a series of 
crystal  s t ructures  wi th  increasing symmet ry  and wi th  
differing electronic properties.  For  x > 0.5, N a x W Q  
has a near ly  cubic s t ructure  at room tempera tu re  (2). 
At a s l ightly e levated temperature ,  the mater ia l  under -  
goes a phase t ransi t ion to the t rue cubic pe rovsk i t e  
structure.  The crystals in this range of x -va lues  will  be 
re fe r red  to here as in the cubic phase. The unit  cell 
of the cubic bronze s t ructure  consists of a tungsten 
a tom at the cube center, oxygen atoms on the cube 
faces, and the sodium atoms at the cube corners. The 
oxygen atoms form an octahedron around the tungsten 
atom, so that  the compound is composed of corner  
bonded WOe octahedra surrounding the sodium atoms. 

Recent  invest igat ions (3-5) have shown that  anodiza- 
tion of NaxWO3 in acid solutions removes  sodium 
atoms to a depth of several  hundred  angstroms, leaving 
a semiconducting layer  of low x -va lue  NazWO3 on 
the surface. Af te r  anodization, a reversal  of the elec- 
trode polar i ty  causes the crystal  surface to change 
color f rom a l ight green to a deep blue. This color 
change has been shown to be associated with  the move-  
ment  of hydrogen into the empty  sodium sites (4-6) 
and the format ion of HxWOs. 

Hydrogen tungsten bronzes have crystal lographic 
and electr ical  propert ies  similar  to the other  bronzes 
(7). Crystals of the or thorhombic  and te t ragonal  II 
phases are semiconductors,  and crystals of the te t rag-  
onal I and cubic phases exhibi t  metal l ic  conductivities.  
The ranges of x -va lues  corresponding to each phase 
is not  wel l -known.  

Two processes studied by cyclic vo l t ammet ry  were  
the anodic dissolution of the bronze, and format ion of 
hydrogen tungsten bronzes on the surface. The cubic 
sodium tungsten bronzes have been studied for both 
of these reactions (4, 8, 9). However ,  several  questions 
still remain  concerning the hydrogen  bronze format ion 
on cubic N a z W Q  and the crystal  s t ructure  of the so- 
dium deplet ion layer  on this compound. Even though 
hydrogen bronze format ion has been studied on cubic 
NaxWQ,  the x -va lue  of the resul t ing hydrogen bronze 
(H~WQ) surface has not been determined.  Since the 
hydrogen  x -va lue  is unknown, the electronic state of 
the surface, semiconduct ing or metal l ic  as a function of 
potent ial  is also unknown. 

Experimental 
The sodium tungsten bronze crystals were  prepared  

by the electrolysis of a fused salt of sodium tung-  
state and tungsten t r ioxide as described by Shanks. 
(10). Crystal  g rowth  was ini t ia ted f rom the tip of a 
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gold wire drawn up a few mil l imeters  into the end of a 
2 mm OD quartz  tube. Single crystals, approximate ly  
2 cm or more on an edge, were  normal ly  obtained. 
Spark source mass spectroscopy showed total impur i ty  
concentrations of about 400 ppm wi th  Mo being the 
maj or impuri ty.  

For the electrochemical  studies, the crystals were  
ei ther cleaved or cut on a high speed diamond saw to 
a typical sample size of 4 • 4 X 6 mm. Cleaved crys-  
tals were  cleaned in boiling conduct ivi ty  water,  while  
the crystals cut on the diamond saw were  first cleaned 
in boiling ethyl  acetate, fol lowed by hot concentrated 
NaOH, and finally in boiling conduct ivi ty  water.  The 
cut samples were  then ei ther  polished or cleaved away 
on one end to ensure a fresh bronze surface. The crys-  
tals were  mounted  in Teflon using the method de-  
scribed by Nagy and McHardy (11). Details of t h e  
sample mount ing and electr ical  connection are i l lus-  
t rated in Fig. 1. Polishing of the cut surface consisted 
of mechanical  polishing wi th  0.05 ~m alumina powder.  
The area of each sample was de termined  f rom a photo-  
micrograph of the mounted  crystal, wi th  no corrections 
being made for surface roughness. 

The exper iments  were  conducted in a three com- 
par tment  cell constructed of quartz  and Teflon. Water  
used in the solutions was disti l led direct ly  into the test  
cell f rom an a l l -quar tz  still. Complete  technical  details 
of this equipment  can be found elsewhere  (12, 13). 
[['he only solution used in the cell for this s tudy w a s  
0.1N H2SO4 (pH 1.2) mixed  in situ f rom Apache Chem-  
icals 99.9999% pure (disti l led in Vycor)  sulfuric acid. 
The solution was not pree lec t ro lyzed for any of these 
experiments.  A pal ladium hydride electrode (14) w a s  
used as a reference electrode. The P d - H  electrode 
was repeatedly  checked against a saturated calomel 
reference electrode since its potential  tended to drif t  
for a long t ime after  recharging with  hydrogen. Thus, 
all potentials were  referenced to the normal  hydrogen 
electrode using the relat ion VNHE : ~rSCE -~- 0.242V. 

Immedia te ly  before insert ion into the test cell, all 
samples were  washed with  acetone, and then with iso- 
propyl alcohol, fol lowed by a final cleaning with  an 
isopropyl vapor  phase degreaser.  Af te r  insert ion into 
the cell, the potential  on each electrode was cycled be-  
tween 0.1V and 1.6V NHE for approximate ly  20 min  
to clean the surface further .  Only small  changes in the 
cyclic vo l t ammet ry  curves were  observed during this 
time. Unless otherwise  noted, all cyclic vo l t ammet ry  
curves shown in this paper  are s teady-s ta te  curves. A 
Kei th ley  Model 640 e lec t rometer  was used to measure  
the potentials while  a Pr ince ton  Applied Research 
Model 173/176 potent ios ta t /ga lvanosta t  was used to 
control the three electrodes. Anodizat ion of the bronze 
surfaces were  carr ied out galvanostat ically,  a g iven 
anodization t rea tment  was specified by the applied 
current  density, and the final vol tage at ta ined af ter  a 
given time. 

Chemical  composit ion of the electrode surfaces w a s  
determined  by Auger  electron spectroscopy (AES) .  
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were subjected to strong anodic and cathodic polariza- 
tions. All measurements  were made at 25 ~ ___ 2~ 

Results and Discussion 
Polished crystals of cubic NaxWOs were found to 

have little or no sodium depletion layer when Auger  
depth profiled. Anodizing the crystals, however, re-  
sulted in sodium depletion at the surface. A polished 
Na0.~WO8 crystal which was anodized at 0.5 mA/cm 2 
for 3 hr, dur ing which time the potential  slowly in-  
creased to 5.5V NHE, had a surface x -va lue  of about  
0.25 which extended for some 800A into the crystal. 
Another  crystal with an x-va lue  of 0.6 was anodized at 
1 m A / c m  2 for 9 hr  with a final potential  of 9.0V NHE. 
Sodium depletion extended to a depth of 1500A. with 
a surface x-va lue  of about 0.1. Similar  results were 
obtained on a n u m b e r  of crystals with comparable 
anodizing times. 

Considering the high potentials needed to c r e a t e  
the depletion layer, reports of depletion layers over 
100 ~m thick (15) must  be viewed with considerable 
skepticism. The ion microprobe results of Bockris and 
McHardy (3) indicated depletion layers over 1000A. 
thick on samples anodized to only 2V. In  view of the 
consistency of our measurements ,  a 1000A depletion 
layer formed by only 2V seems excessive. 

The C-V curve for an anodized Nao.9WOa crystal is 
shown in Fig. 2. The redox reaction occurring at 
+0.15V (NHE) has several features. First, the poten-  
tials at which the peak current,  ip, occur approach a 
difference of 60 mV as the sweep rate, S, approaches 
zero. Second, ip increases l inear ly  with S. All cubic 
NaxWQ, with 0.6 x 0.9, that had been anodized, ex- 
hibited C-V curves near ly  identical  to those shown in  
Fig. 2. 

These data present  a d i lemma that  was first resolved 
by Randin  and co-workers (4). The peak current  sepa- 
rat ion approaching 60 mV as S approaches zero implies 
that a diffusion-limited redox couple is occurring. But 
such a reaction should have ip proportional to the 
square root of S, whereas the data have ip proportional 

SAMPLE MOUNTING 
Fig. 1. Sample mounting and electrical connection far t~e 

tungsten bronze samples. 

The pr imary  electron beam current  for the Auger anal -  
ysis was 5 ~A at 4 keV with a spot diameter  of 40 ~m. 
Elemental  abundances were determined from the peak 
to peak AES signals after correction for the Auger 
sensit ivi ty factor for each element. The Auger analysis 
was carried out during continuous sput ter ing of the 
crystal surface by argon ions at 2.5 keV. To el iminate  
any crater edge effects, the ion beam was rastered over 
a 3 mm 2 area, and the Auger electron beam was cen- 
tered in this area. The sputtered depth was calculated 
by assuming an average sput ter ing yield of 2 for so- 
dium tungsten bronze. The Auger electron energies 
monitored were: for tungsten, 38 eV, 48 eV, and a 
doublet  of 163-179 eV; for oxygen 510 eV; and for so- 
dium, 990 eV. Compositions were obtained by compari-  
son with the observed stoichiometry of a bronze crystal 
of known composition which had been cleaned in the 
surface analysis vacuum chamber, since both electron 
beam induced desorption and preferential  sput ter ing of 
the alkali metal  can occur. In  addition to the AES mea-  
surements,  SEM photographs were used to reveal the 
surface morphology of some crystals. These studies 
were performed both before and after the electrodes 
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Fig. 2. C-V curves for an anodized cubic sodium tungsten bronze. 
The redox reaction at 0.1SV is the formation of hydrogen tungsten 
bronze in the sodium depletion layer. The reaction is reversible and 
the surface undergoes no net change. No anodic corrosion currents 
were observed at anodic potentials up to 2.0V. 
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to S. This la t ter  resul t  implies that  a surface reaction 
is occurring l imited only by the activation energy and 
the surface coverage fraction (16, 17). Randin  was able 
to reconcile these facts by assuming that  the redox 
couple represents the format ion of hydrogen bronze by 

xH + + WO3 + x e -  ~ H=W03 [1] 

This react ion was occurring on the surface of an anod-  
ized bronze with the diffusing species being the hydro-  
gen ions. The key not ion is that the hydrogen ions are 
diffusing through the empty sodium sites in the sodium 
depletion layer  of the bronze electrode, ra ther  than  
the electrolyte. 

Freshly polished crystals of cubic NazWO~ have C-V 
curves of the same form as those for anodized crystals, 
but  the peak currents  are an o rder  of magni tude  
smaller  at s imilar  sweep rates. Th~ C-V curve for such 
a crystal is shown in  Fig. 3. These curves are fur ther  
evidence that the large current  peaks, centered around 
0.15V, are due to Eq. [1], because a hydrogen bronze 
can be formed at 0.15V only if empty sodium sites are 
available for the hydrogen atoms to occupy. Some so- 
dium is probably  lost from the surface jus t  by etching 
from the acid and by the C-V exper iment  itself, when  
potentials above 1V are reached on the C-V trace. The 
amount  of sodium depleted by these processes is much 
smaller  than the amount  of sodium lost by anodizing 
the crystal at 5-10V, and the differences in  the current  
peak heights in  Fig. 2 and 3 are obvious. 

On both anodized and unanodized crystals, the cur-  
ren t  approaches zero as the potent ial  becomes more 
positive. Extended potent ial  scans out to 2.0V show 
that  no reactions occur in this potential  region, or more 
specifically, the cubic Na=WO3 surface does not  dis- 
solve at these high potentials. Also, the integrated 
current  on the positive going scan equals the integrated 
current  on the reverse scan. This equal i ty  implies that  
a totally reversible react ion is occurring, with no net  
change of the bronze surface. However, the first scans 
on all freshly polished crystals exhibited a corrosion 
current  above 1.2V, which disappeared after  several 
voltage cycles. The corrosion reaction above 1.2V is 
probably  the removal  of sodium atoms from the first 
few layers of the crystal surface. The ini t ia l  C-V traces 
on some crystals did not have well-defined peaks, but  
only broad cur ren t  maxima. One explanat ion of the 
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Fig. 3. C-V curve for a freshly polished cubic sodium tungsten 
bronze crystal. The peak currents are an order of magnitude lower 
than those on an anodized crystal because hydrogen occupies only 
the vacant sodium sites. 

broadening is s imply a di r ty  surface. On most samples, 
the peaks sharpened up after several voltage scans. 
The reason for the difference is unknown.  After  a 
strong anodization, 5V or greater, a ~ cubic sodium 
tungsten  bronze exhibi ted the curve shown in Fig. 2. 

The hydrogen bronze format ion peak (cathodic 
current  peak) in  Fig. 3 is only a shoulder on a larger 
background current ,  which introduces the question of 
the origin of this background current.  One possibili ty 
was hydrogen evolution, bu t  the high overvoltages on 
a hydrogen Tafel plot (12, 18-20) show that  this back-  
ground current  cannot be hydrogen evolution. The ex-  
tended cyclic vo l tammetry  scan in Fig. 4 also shows 
this to be the case. Hydrogen evolut ion does not  begin 
unt i l  about --0.6V, bu t  a second reaction is occurring, 
with broad peaks, near  --0.3V. The reaction at --0.3V 
could be greatly enhanced by holding the crystal  at a 
potential  below --0.3V. Figure 5 shows the C-V curves 
of a crystal after anodization to 2V, reduct ion at --0.7V 
for 3 hr, and reanodization to 6.8V. The C-V curves of 
this crystal show enhanced currents  at --0.3V com- 
pared to those of an unreduced crystal such as those 
shown in Fig. 4. The second anodization did not restore 
the crystal to its original  state, implying  that  the re-  
duction process has i r revers ibly  changed the surface 
of the electrode. 
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Fig. 4. C-V scans over an extended range of potentials. A second 
reaction is observed near --0.3V. The reaction near 0.15V is un- 
affected by the extended scan. Both reactions are shown to be due 
to hydrogen bronze formation. 
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Fig, 5. C-V curves for the reduced crystal after it was anodized to 
6.8V. The anodization process increased the peak currents at 0.15V 
as usual, but did not greatly affect the reaction at - -0 .3V.  The 
reduction process irreversibly changed the crystal surface. 
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The positive current  sections of the curves shown in  
Fig. 5 are almost identical  to the curves obtained by 
Vondrak and Balej in  their  s tudy of hydrogen absorp- 
t ion by sodium tungs ten  bronzes (9). Contrary to 
Randin  (4), they did not a t t r ibute  the current  peak at 
0.15V to hydrogen bronze formation, but  a t t r ibuted only 
the peak at --0.3V to that process. All researchers agree 
that  a strong reduct ion of a sodium tungsten  bronze 
crystal results in  a severe blistering or cracking of 
the crystal surface. Such stresses must  be associated 
with changes in the crystallographic properties of the 
crystal and are obviously irreversible.  An SEM photo- 
graph of such a surface is shown in Fig. 6. The C-V 
curves in  Fig. 4 and 5 indicate that  the stresses on the 
crystal have caused a pe rmanen t  change in the crystal  
which allows more hydrogen to enter  the crystal at 
--0.3V. 

The two reactions on the sodium tungs ten  bronze 
surface at 0.15 and --0.3V are t h o u g h t t o  be the for- 
mat ion of the semiconducting and metall ic phases of 
hydrogen tungsten  bronze. There is both exper imenta l  
and theoretical support  for this hypothesis. First, Siclet 
et al. (21) studied the reduct ion of powdered WOs on 
a mercury  electrode. By x - ray  analysis of the powders, 
they found that  orthorhombic H0.1WO~ was formed at 
potentials near  +0.340V, and that  either the tetragonal  
I or cubic phase, corresponding to 0.33 --~ x --~ 0.5, was 
formed at potentials near  --0.136V. The resolution of 
their equipment  was insufficient to give an exact x-  
value for the lat ter  compound. 

The second clue to the na ture  of the two reactions 
on the surface of NaxWQ is a simple visual observa-  
t ion made dur ing C-V scans on all the anodized cubic 
sodium tungsten  bronzes. The normal  color of this 
oxide surface is a light green. As the electrode poten-  
tial passes 0.15V on the cathodic scan, the surface turns  
dark blue and highly absorbing in appearance. When 
the potential  passes through the region of the current  
peak around --0.3V, the surface turns  orange and  
highly reflecting in  appearance. The change in the ob- 
served reflectance is indicative of a semiconductor-  

Fig. 6. $EM photograph of the cracked surface of a strongly 
reduced Nao.sWO3 crystnl. Here the cracks can be seen to be only 
in the sodium depletion layer which is flaking off the crystal. 

metal  t ransi t ion between 0.15 and --0.30V. The band- 
gap of semiconducting HxWO3 is low enough, probably 
~1 eV, to absorb all visible light, and the reflectance 
at more negative potentials  is due to metallic HxWO~. 
A sodium-depleted surface ini t ia l ly  has a high band-  
gap close to that of W Q  (3). This normal  state of the 
anodized surface can be reinstated simply by re tu rn ing  
to potentials more positive than 0.15V. The higher 
potentials drive out the hydrogen by means of the 
oxidation process described by Randin  et al. (4). That  
the electronic na ture  of HxWO3 is similar  to that of 
NaxWQ is remarkably  demonstrated by the succes- 
sion of colors seen with progressively more negative 
potentials. The hydrogen tungsten  bronze on the crys- 
tal surface proceeds through all the colors of the so- 
dium tungs ten  bronzes corresponding to sodium x-  
values of zero, to higher sodium x-values  of about 0.6 
or 0.7. The separation in  energy between the two re- 
actions at 0.15 and --0.3V is 0.45 eV, which is con- 
sistent with our estimates of the bandgaps of semi- 
conducting hydrogen tungsten bronzes. 

Format ion of the low x-va lue  or semiconducting 
HxWO8 involves electron t ransfer  to sites that are 
spatially wel l -separated but  are at similar energy 
levels. The energy required to add more hydrogen is 
therefore constant  at low x-values.  On this basis, the 
current  peaks around 0.15V would be expected to be 
rather  sharp and well-defined, which we have ob- 
served to be the case. However, after the semiconduc- 
tor -meta l  t ransi t ion has occurred, the conduction elec- 
t ron wave functions overlap. The energy required to 
increase the electron density increases cont inuously 
as more electrons are added because of the increased 
electronic repulsive energy. Therefore, the current  
peaks at --0.3V associated with the formation of meta l -  
lic HxWO3 can be expected to be very broad, as is 
observed exper imenta l ly  (see Fig. 5). 

Conclusions 
Anodized sodium tungsten  bronzes were shown by 

Auger  depth profiling to have a greatly depleted so- 
-dium content  on the crystal surface. The sodium de- 
plet ion layer  was 1500A thick samples anodized to 
9V, with a sodium x-va lue  of between 0.05 and 0.1. The 
cyclic vol tammetry  curves provide strong evidence 
that  the sodium depletion layer on NaxWO8 retains 
the crystal s tructure of the bulk. Hydrogen tungsten  
bronze is formed in the sodium depletion region of a 
sodium tungsten  bronze crystal at low potentials. The 
hydrogen bronze is formed in  two steps, one at 0.15 
and the other at --0.3V, corresponding to the formation 
of semiconducting and metall ic hydrogen tungsten 
bronze. 
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Semiconductor Electrodes 
XXV. The p-GaAs/Heptyl Viologen System. Photoelectrochemical Cells 

and Photoelectrochromic Displays 

Benjamin Reichman, Fu-Ren F. Fan, and Allen J. Bard* 
Department of Chemistry, The Universtiy of Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The photoreduction of aqueous solutions of 1,1 '-diheptyl-4,4 '-bipyridyl ( h e p -  
tyl viologen, HV 2+) bromide on p-GaAs was investigated. Under  i r radiat ion 
with l ight of wavelengths below 885 nm, the photoreduction of HV 2 + to form a 
precipitate of violet HVBr occurs on p-GaAs at a potential  of -~400 mV more 
positive than the reversible potential  of the H v 2 e / H V B r  couple on Pt. Oxi- 
dation of HVBr back to soluble HV 2+ occurs in  the dark at more negat ive 
potentials. Photoelectrochemical low capacity storage cells based on this re-  
action with Cu, Ni, or HxNb205 counterelectrodes were constructed. In  s u c h  
cells, under  i l luminat ion,  the p-GaAs electrode behaves as the cathode, a 
photovoltage develops, and current  flows in the external  circuit, while  
HVBr precipitates on the electrode surface, and the counterelectrode is oxi- 
dized. In  the dark, the current  flows in the opposite direction, the p-GaAs is the 
anode, and reduct ion occurs at the counterelectrode. Such a cell also pro-  
duces an a l ternat ing electrical output  under  periodic i l luminat ion.  Photo- 
electrochromic cells based on this reaction and util izing simultaneous address- 
ing with l ight and electrical signals are also proposed. 

A n u m b e r  of photoelectrochemical (PEC) cells 
employing semiconductor electrodes for the conversion 
of radiant  to electrical energy (liquid junct ion  photo- 
voltaic cells) have been described (1-17). Most have 
employed n - type  semiconductors and have been used 
for the instantaneous production of electricity without  
chemical storage. The possibility of a photochargeable 
PEC cell using a third storage electrode or with pro- 
duction of solub]e reactants has been discussed, how- 
ever (8, 10-I1). PEC ceils employing p- type  electrodes 
are less common (8-9, 15-17). Studies of aqueous sys- 
tems with p-GaAs and p -GaP have been reported (15- 
16, 18), bu t  the observed efficiencies of these were usu-  
al ly quite small  and in many  cases problems with elec- 
trode stabil i ty were encountered. Investigations of 
p-GaAs electrodes in acetonitri le solutions suggest 
good stabil i ty under  strict water - f ree  conditions (19). 

We report  here investigations of the p-GaAs elec- 
trode immersed in aqueous solutions containing 1.1'- 
d iheptyl-4,4 ' -bipyridyl  (heptyl viologen, i V  2+ ) bro- 
mide. The reduction of HV 2+ bromide on metal  elec- 
trodes yields a precipitate of the violet radical cation 

* Electrochemical Society Active Member. 
Key words: cell, photoelectricity. 

salt (Eq. [1]) and this has been suggested as the b a s i s  

HV 2+ + B r -  + e ~ HV + . B r -  [1] 

of electrochromic displays (20-22). The formation of 
such a precipitate by photoreduction at a p- type 
semiconductor would allow low capacity energy 
storage via a solid material,  just  "as occurs in sec- 
ondary  batteries. We will show that  such a photo- 
reduction does occur at p-GaAs at potentials ,--,400 
mV less negative than that observed at a p la t inum 
electrode and that  dark oxidation of the HVBr 
precipitate is possible. Moreover, the p-GaAs electrode 
is stable both in the dark and under  i l luminat ion  in the 
HV 2+ solution so that  PEC cells using suitable counter-  
electrodes (e.g., Cu/CuO) which show a periodic elec- 
trical output  under  chopped i l luminat ion  can be con- 
structed. 

A second aspect of these studies concerns the appli-  
cation of reaction [1] on p-GaAs for display purposes. 
Several  devices for active displays based on combining 
electrogenerated chemiluminescence and semiconduc- 
tors have been described (23). A passive photoactivated 
display based on metal  deposition on a semiconductor 
electrode was recent ly reported (24). The principles of 
a similar display based on precipitat ion of HVBr at a 
point on a semiconductor electrode s imul taneously  
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addressed by l ight  and an electr ical  signal is described 
here. 

Experimental 
The single crystal p -GaAs was obtained f rom Atom-  

ergic Chemicals (Long Island, New York) with ac- 
ceptor concentrat ion 3 X 10 is cm -8 (Zn-doped) and 
was mounted as an electrode as previously described 
(13). The surface (face 111) was first polished with 
0.5 ~m alumina powder  and then etched for 10-15 sec 
in a solution which contained H2SO4:H20:30% H202 
in concentrat ion ratio 3:1:1. In some exper iments  
single crystal  p -GaP  was also employed. The surface 
of this crystal  was etched in l l M  HC1 for 10 sec before 
u s e .  

As l ight  sources e i ther  a 450W xenon lamp or a 
He-Ne  laser (1.6 mW power)  was used. The potentio-  
static measurements  were  carried out with a Pr inceton 
Applied Research (PAR) potentiostat  Model 173, wi th  
a cell consisting of an aqueous saturated calomel ref-  
erence electrode (SCE) and a Pt  wire  as the counter-  
electrode. The electrochemical  cell was provided wi th  
Pyrex  windows for the passage of light. Ni t rogen gas 
was passed through the solution before the exper i -  
ments  and above the solution during the experiments,  
since viologen radical  cations are very  sensitive to 
oxygen. 

In the two electrode PEC cell exper iments  the vol t -  
age of the photocell  be tween the p-GaAs and the oxide 
counterelectrode was measured on an x - t  recorder  
through a voltage follower. The photocell  current  was 
measured on an x - t  recorder  through a cur ren t - to -  
voltage converter .  For short t ime measurements  of the 
cell short-circui t  current,  a Nicolet  Model 1090A digital 
oscilloscope was used. The light intensi ty at the semi-  
conductor surface was var ied by means of neutral  
density filters. 

Results 
Cyclic voltammetry.--The i-V curve at a p-GaAs 

electrode of an unst i r red solution of 0.01M HV 2+ and 
0.2M KBr at a scan rate  of 100 mV/sec  is shown in 
Fig. 1. In the dark (curve a) there  was only a small 
current in the cathodic region with a very small peak 
on scan reversal. Under illumination of the p-GaAs 
electrode surface with the full power of the 450W 
xenon lamp, a larger cathodic current beginning at 
~0.1V vs. SCE appeared (curve b). Simultaneously 
with the appearance of this cathodic current, the 
precipitation of the violet HVBr was observed on the 
electrode surface. On reversing the scan direction, a 
sharp anodic current peak occurred, either in the dark 
or under illumination. During the passage of the anodic 
current the violet precipitate on the semiconductor 
surface disappeared. Thus the overall process is that 
shown in [I], with illumination necessary for the re- 
duction process, as is usual for p-type semiconductors. 

These cyclic voltammograms could be repeated many 
(at least I00) times with only a small change in the 
peak height of the cathodic photocurrents, demonstrat- 
ing good chemical reversibility of the deposition and 
stripping process. Upon illuminating the electrode with 
the narrow beam of a He-Ne laser, violet spots ap- 
peared on the electrode surface at exactly the location 
and of the size of the laser beam spot. The response 
time of the process was investigated by potential steps 
under illumination or by irradiation with chopped light 
with the electrode held at a constant potential (Fig. 2). 
A good coloration was observed on the electrode sur- 
face within ,~0.5 sec after illumination of the electrode. 
Although the intensity ratio for HVBr deposited on 
dark p-GaAs is not very high, the deposition was easily 
discernable and this type of process can be considered 
for use as an electrochromic display controlled by both 
light and electrode potential and may also be applicable 
to photoimaging purposes (24, 25). 
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Fig. 1. Cyclic voltammograms recorded with p-GaAs at 100 mV/ 
sec with aqueous solution containing 0.01M HVBr2 and 0.2M KBr: 
(a) in the dark; (b) under illumination; (c) cyclic voltammogram 
recorded with the same solution on a Pt disk electrode (100 mV/ 
see); (d) cyclic voltammogram recorded with p-GaAs in solution 
containing only 0.2M KBr. Light source, 450W Xe lamp. 
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Fig. 2. Current-tlme transients in potential step experiments on 
p-GaAs in solution containing 0.01M HVBr~, and 0.2M KBr: [a) 
potential stepped between --0.5-~0.1V under constant illumina- 
tion; (b) the potential held at --0.35V vs. SCE under chopped 
illumination. Light source, 450W Xe lamp. 
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The cyclic vol tammograms of the solution of 0.01M 
HV 2+ dibromide and 0.2M KBr at a Pt  electrode is 
shown in Fig. lc. By comparison of this vol tammogram 
with that  obtained with p-GaAs under  i l luminat ion,  
one can see that  significant photoreduction of HV ~+ 
can occur on p-GaAs at potentials ~-400 mV less nega-  
tive than on Pt. The photocurrent  a t t r ibutable  to the 
reduct ion of protons on the p-GaAs in a KBr solution 
not containing HV 2+ was very small  (Fig. ld ) .  Photo- 
reduct ion of HV 2+ was also invest igated with a p -GaP  
photocathode. In  this case, the underpotent ia l  for the 
reduct ion process was even larger  than in the case of 
p-GaAs, but  the process was not  very reversible and 
the back oxidation occurred only at more positive po- 
tentials than on a Pt  electrode. Thus, upon scanning a 
p -GaP  electrode over roughly the same potential  re-  
gion (Fig. 3), a gradual  accumulat ion of HVBr oc- 
curred on the electrode surface and the cathodic cur-  
ren t  gradual ly  decreased. 

With the l ight in tensi ty  used in the exper iments  
described above, the photoreduction cur ren t  on p-GaAs 
was l imited by the rate of diffusion of HV 2+ to the 
electrode surface, as demonstrated by the proport ion-  
al i ty  of the cathodic photocurrent  to the square root of 
the scan rate, v (Fig. 4). Moreover, as shown in Fig. 5, 
while the potential  for photocurrent  onset and the 
cur ren t  at the foot of the wave depended upon the 
light intensity,  at more negative potentials the maxi -  
m u m  current  was almost independent  of in tensi ty  and 
was l imited by the rate of diffusion of HV 2+ to the 
electrode surface. 

PEC cells.--Since the photoreduction of HV 2+ occurs 
on p-GaAs with an underpotent ia l  of about  400 mV 
while the back-oxidat ion in the dark on p-GaAs occurs 
at the same potentials as on Pt, one can envision a sort 
of solar storage cell composed of a p-GaAs and an-  
other  chemically reversible electrode (Fig. 6). This 
counterelectrode should have a redox potential  be- 
tween the potential  for the photoreduction of HV 2+ on 
p-GaAs and the potential  for oxidation of HVBr in the 
dark (Fig. 6c). In  such a cell, when light irradiates the 
p-GaAs,  it is the cathode of the cell and HVBr precipi-  
tates (Fig. 6a). The HVBr precipitate on the p-GaAs is 
stable at open circuit, and can be oxidized in the dark 
back to the original  HV 2+, while the counterelectrode 
becomes the cathode of the cell (Fig. 6b). Three coun- 
terelectrodes with redox potentials suitable for such a 
photocell, Cu/Cu-oxide,  HxNb2OJNb2Os, and Ni /Ni-  
oxide, were used. The open-circui t  voltages, and the 
short-circui t  currents  of such cells composed of p- 
GaAs, and the three counterelectrodes under  periodic 
i l lumina t ion  are shown in Fig. 7. The relat ive polari ty 
of the p-GaAs shows the expected changes (Fig. 6) as 
the semiconductor is subjected to the chopped beam. In  

J - 0.2 - 0.4 , - 0~6 
0 potent ia l ,  V v s  SCE 

Fig. 3. Consecutive cyclic voltammograms at irradiated p-GaP 
solution containing 0.01M HVBr2 and 0.2M KBr. Scan rate, 100 mV/ 
sec. Light source, 450W Xe lamp. 
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Fig. 4. Scan rate v dependence of the peak cathodic photocurrent 
at irradiated p-GaAs in a solution containing 0.1M HVBr2 and 
0.2M KBr. Light source, 450W Xe lamp. 
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Fig. 5. Cyclic voltammograms at p-GaAs in soution of Fig. 4 with 
different relative light intensities. Light source, 450W Xe lamp. 

the photocharged condition, the HVBr remained on the 
electrode surface and the open-circui t  voltage was 
stable for at least 2 hr. The ma x i mum open-circui t  
voltages were found with the Cu counterelectrode with 
potential  excursions of up to 0.4V observed (Fig. 7A). 
The short-circuit  currents  of these cells are shown in  
Fig. 7B. In  the light, cur rent  flows in the external  cir-  
cuit dur ing which precipitat ion of the purple  HVBr on 
the surface of the p-GaAs occurs. The current  decays 
almost to zero in about 10 sec because a thick opaque 
film of HVBr builds up on the electrode surface and the 
HV 2+ concentrat ion is depleted near  the electrode 
surface. The cell can be regarded as a storage battery.  
The precipitate of HVBr can be stored on the p-GaAs, 
and then oxidized in the dark to yield a current  in  a 
direction opposite to that observed under  i l lumination.  
Obviously, the capacity of such a cell is very small; 
the ma x i mum charge in the form of HVBr which can 
precipitate on the p-GaAs before the current  drops to 
zero is about 10 mC/cm 2. Alternately,  the cell can be 
considered as a type of a-c device under  periodic i l lu-  
mination. In  this mode the p-GaAs cell performance 
was very  stable with all three cells and no deteriora-  
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Fig. 6. Schematic description of the HVBr2-based photoelectro- 
chemical cell operating: (a) under illumination (photocharge); (b) 
in the dark (discharge); (c) relative energy levels and potentials at 
the counterelectrode, and at the p-GaAs, required for operation of 
the cell shown in (a) and (b). 
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Fig. 7. (A) Open-circuit potentials and (B) short-circuit current 
under chapped illumination for the cells: (o) p-GaAs/HVBr/HVBr2, 
KBr/Cu; (b) p-GaAs/HVBr/HVBr2, KBr/Nb2Os; (c) p-GaAs/HVBr/ 
HVBr2, KBr/Ni. Light source, 450W Xe lamp. 

tion or decrease in the current  was observed after 4 
days of continuous operation with 20 sec period i l lu-  
minat ion by the 450W xenon lamp. The open-circuit  
voltage, the current,  and the amount  of charge involved 
were all reproducible and stable to wi thin  10%. The 
variat ion of the ini t ial  short-circuit  current  on light 
intensi ty under  i r radiat ion with the He-Ne laser (1.6 
mW power) was examined with all three cells (Fig. 8). 
A l inear  dependence of the short-circuit  current  on 
light intensi ty was observed at the lower intensi ty  
levels, in  the case of Cu counterelectrode, saturat ion of 
the current  occurred at ~2.5 m A / c m  2. With Ni as the 
counterelectrode, no saturat ion of the short-circui t  
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Fig. 8. Initial short-circuit photocurrents for the three cells de- 
scribed in Fig. 7 as a function of light intensity (He-Ne laser). 

current  occurred even at the highest in tensi ty  used, 
while  with Nb205 as a counterelectrode a l inear  de- 
pendence was observed only at very low light levels. 
In all  cases, the currents  obtained were the highest for 
the Cu electrode. The current  saturat ion observed in 
this case can probably be ascribed to the l imitat ion by 
diffusion of HV 2+ to the p-GaAs surface, since the 
magni tude  of the saturat ion current  density in Fig. 8a 
is similar to the l imit ing current  found in the vol tam- 
mograms, Fig. lb, with identical HV 2+ concentrations. 
With the Nb205 electrode, the short-circuit  cur ren t  
reaches saturat ion earl ier  than  in  the case of Cu and 
was clearly l imited by the oxidation reaction taking 
place on the Nb205 electrode. The max imum quan tum 
efficiencies for the photocells were calculated from the 
slopes of the l inear  portions of the curves in Fig. 8, 
yielding values of ,-.20% (Cu), ~10% (Ni), and 2% 
(Nb2Os). 

Discussion 
The behavior of the p-GaAs/solu t ion  interface and a 

rat ionalizat ion of the observed PEC cell behavior can 
be presented in terms of the surface controlled model 
for GaAs proposed elsewhere (26) (Fig. 9). In this 
model, the Fermi level of the semiconductor is p inned 
by surface states located about one- th i rd  of the way up 
in the gap (i.e., ~0.4-0.5V above the valence band-  
edge) (Fig. 9a). The max imum open-circui t  photopo- 
tential, Von, observed under  intense i l luminat ion  would 
then be ~0.4V, and the open-circui t  photovoltage 
would be the difference between Von and Vredox of the 
counterelectrode reaction (Fig. 9b). In  the dark after 
deposition of HVBr, oxidation of HVBr occurs via the 
surface states and the p-GaAs essentially behaves as 
an inert  contact to the layer (Fig. 9c). The counter-  
electrode in a two-electrode PEC cell must  have a re- 
dox potential  between Von and that of the HV 2+/HVBr 
system, so that only couples in a relat ively nar row 
range of potentials are suitable. 

Storage cells based on this type of electrode reaction 
will necessarily have small  capacities, unless films 
which deposit on the electrode surface can be found 
which are both t ransparent  to the wavelengths ab-  
sorbed by the semiconductor and are electrical con- 
ductors. Moreover, higher concentrations of the soluble 
form are required to prevent  mass t ransfer  l imitations 
to the photocurrent  even before film formation causes 
current  decay. Such cells may, however, find applica- 
tion in very low capacity batteries or as a-c devices 
under  periodic i l luminat ion.  
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Fig. 9. Schematic description of the energy levels of the HVBr2-based photoelectrochemical cells in the light at (a) short circuit, no 
HVBr film on p-GaAs initially, and (b) open circuit, no HVBr film on p-GaAs initially. In the dark at (c) short circuit, with HVBr film 
on p-GaAs, and (d) open circuit, with HVBr film on p-GaAs. Ec = conduction bandedge of p-GaAs; Ef ----- Fermic energy of p-GaAs; Ev 
- -  valence bandedge of p-GaAs; s.s. = surface state; Ev ~ = energy corresponding to the redox potential of heptyl violagen couple; Ec o 
= energy corresponding to the redox potential of the counterelectrode; Vph = open-circuit voltage in the light; Vdk = open-circuit 
voltage in the dark; Von = onset potential of photocurrent. 

The appl ica t ion  of such a sys tem to produce  a d i sp lay  
addressable  both  opt ica l ly  and e lec t r ica l ly  (a photo-  
e lec t rochromic  display~ is perhaps  of g rea te r  in teres t  
(Fig. 10). One can envision the opera t ion  of such a 
device in  which a l ight  beam produces  a ras te r  on the 
e lec t rode  surface, and the e lect rode potent ia l  is 
swi tched to (i) the deposi t ion potent ia l  (color ing) ,  (ii) 
open ci rcui t  (hold) ,  or  (iii) the s t r ipping  potent ia l  
(erase~., The advan tage  of such a display,  compared  to 
the  more  fami l i a r  e lec t rochromic  ones, is tha t  only two 
leads  need be p rov ided  to the  cell r a the r  than  the 
mul t ip le  leads  and compl ica ted  e lect r ica l  address ing  
requ i red  for  a l a rge  screen or  mu l t i - cha r ac t e r  display.  
Whi le  the  cont ras t  ra t io  for HVBr  on GaAs is not  ve ry  
good, in p r inc ip le  a wide  bandgap  semiconductor  
(e.g., > 3 eV),  which  would  appea r  whi te  and would  
be addressed  wi th  an u l t rav io le t  beam could be em-  
ployed.  For  a d i sp lay  involving rap id  scanning, a sys-  
tem wi th  a fas ter  response t ime is also required.  S im-  
i l a r  concepts involving semiconductors  and meta l  
deposi t ions for  photo imaging  have  been repor ted  
(24, 27). 
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Semiconductor Electrodes 
XXIII. The Determination of Flatband Potentials from Differential 

Stress Measurements with Attached Piezoelectric Detectors 

Lee J. Handley and Allen J. Bard* 
Department o~ Chemistry, The University o~ Texas at Austin, Austin, Texas 78712 

ABSTRACT 

A new method for the determinat ion of the flatband potential, V~b, of 
semiconductor electrodes by differential stress measurements  of a piezoelectric 
detector bonded to the semiconductor is reported. Values of Vfb for single crys- 
tal n-SrTiO3 and p-GaAs, and polycrystal l ine n-TiO2 in 1N NaOH and IN 
H2SO4 are shown to be in good agreement  with previously determined values. 
Possible application of such measurements  to the s tudy of surface changes and 
breakdown is suggested. 

The flatband potential, Vfb, of a semiconductor/elec-  
trolyte solution interface is an impor tant  parameter  
in explaining the electrochemical characteristics of the 
system in the dark and under illumination (i-3). Vfb 
is a function of both the semiconductor material and 
the solution composition, and is measured to deter- 
mine the locations of the semiconductor valence and 
conduction bandedges with respect to solution energy 
levels. Usually V~b-Values are determined by direct 
measurements of the space charge differential capacity, 
Csc, (Schottky-Mott plots) or by determinations of 
the open-circuit photopotential (or the potential for 
the onset of the photocurrent) under intense irradia- 
tion. Both of these methods often suffer from difficul- 
ties which result  in large uncertaint ies  in the Vfb- 
values estimated by them. In Csc measurements  the 
Schottky-Mott  plots are f requent ly  nonl inear  and yield 
Vfb-Values which are functions of the frequency used. 
This has been a t t r ibuted to the effect of surface states 
and other factors (4). The est imation from photo- 
potentials can also be per turbed  by the existence of 
surface states or in termediate  levels as well  as by re- 
combinat ion effects which, for an n- type  semiconduc- 
tor, will  yield onset photopotentials less negative than 
the actual ~r (5). 

Vfb can also be determined by observing the vol tam- 
metric response in the dark of couples spanning a po- 
tential  range above and below Vfb (5, 6). Such mea-  
surements  usual ly  yield a Vfb-Value with considerable 
uncer ta in ty  and may also be per turbed by electron 
transfers occurring via surface states. In this paper, we 

* E lec t rochemica l  Society Ac t ive  Member .  
Key  words :  p iezoelect r ic i ty ,  capacitance. 

propose a method for the de terminat ion  of ~Yfb , based 
on the measurement  of differential stress (with a 
piezoelectric crystal attached to the semiconductor 
electrode) as a funct ion of potential,  which is experi -  
menta l ly  simple and theoretically direct. 

There have been several previous reports of the 
application of piezoelectric materials  (which are mate-  
rials which produce a potent ial  when placed under  a 
stress) to measurements  at metal  electrodes (7-10). 

From a modified form of the L ipmann  equation that  
was used by Gokhstein (7) for metal  electrodes, the 
differential surface stress (ar is related to the 
surface charge density (q) and deformation by 

~s/OE -- --q -- Oq/08 [1] 

where 8 is the ratio of the surface area before and 
after deformation. For an  ideally polarized electrode, 
the term Oq/Oe is zero, since the charge density does 
not depend upon the deformation of the electrode sur-  
face. Even for nonpolarizable electrodes this te rm may 
be small and is equal to zero at the flatband potential, 
because at Vfb there is no charge on the electrode. 

For semiconductor electrodes, the excess charge q is 
distr ibuted in  the space charge region. At potentials 
negative of the flatband potential, the space charge 
region has an excess of electrons and the differential 
stress measurements  will be positive. At the flatband 
potential  there is no excess charge and the differential 
stress is zero. For potentials positive of the flatband 
potential  there is an accumulat ion of holes in  the space 
charge region and the differential stress will be nega-  
tive. Thus, as implied by Eq. [1], the differential stress 
tracks the space charge, and the intercept  of the dif- 
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fe ren t i a l  s t ress  as a funct ion of po ten t ia l  wi l l  be a t  the  
f la tband potent ia l .  

Experimental 
The expe r imen ta l  t echnique  used for  semiconductor  

e lectrodes is the same as the technique developed for  
me ta l  e lect rodes  (8-10). Three  e lect rodes  were  p re -  
pa red  by  bonding a ceramic  piezoelectr ic  disk  (Edo 
Western ,  Corporat ion,  Sa l t  Lake  City, Utah)  to the  
back of the  semiconductor  wi th  Devcon 5-minute  
epoxy  cement.  The piezoelectr ic  disk  was e lec t r ica l ly  
insu la ted  f rom the semiconductor  and the e lec t ro ly te  
wi th  sil icone cement  (Fig. 1). The face next  to the 
semiconductor  was main ta ined  at  g round  poten t ia l  to 
insure  tha t  a -c  potent ia ls  on the semiconductor  would 
not  affect the  poten t ia l  measured  across the  piezoelec-  
tr ic disk. 

The three  semiconductors  s tudied  were  single c rys ta l  
n - t y p e  SrTiO8 (2 m m  th ick) ,  which had  been reduced  
in hydrogen  at  800~ for  5 hr;  single c rys ta l  p - t y p e  
GaAs (1 m m  th ick) ,  which  was doped wi th  Zn; and 
po lyc rys ta l l ine  n-TiO2 (0.2 m m  th ick) ,  which  was 
p r e p a r e d  by  oxidiz ing t i t an ium foil in  an open flame. 
The e lec t ro ly tes  used were  s tock solutions of 1N NaOH 
and 1N H2SO4. 

The measu remen t  p rocedure  gene ra l ly  fol lowed tha t  
used wi th  me ta l  e lectrodes (8-10). An  a-c  modula t ing  
signal  super imposed  on a po ten t ia l  r amp  genera ted  
the  piezoelectr ic  signal  (see Fig. 2). For  this exper i -  
men t  both  the  in -phase  (~ =- 0 ~ and  quad ra tu re  (r ---- 
90 ~ piezoelectr ic  s ignals  were  recorded  s imul taneous ly  
for  each poten t ia l  scan. 

Results and Discussion 
Separation of quadrature and in-phase signals.--If 

the  semiconduc to r / e l ec t ro ly te  in terface  is r ep resen ted  
as an equiva len t  c i rcui t  composed of a res is tor  and  
capaci tor  in series (where  the resis tor  represents  the 
bu lk  res is tance of the semiconductor  and the capaci -  
tance is tha t  of the  space charge region) ,  then the a-c  
modula t ion  vol tage  wil l  p roduce  two components  of 
e lec t rode  stress. The first, a t t r i bu tab le  to the IR hea t -  
ing caused by  the a -c  cur ren t  tha t  flows th rough  the 
bu lk  of the semiconductor ,  is p ropor t iona l  to the po-  
ten t ia l  difference across the  bu lk  resistance.  I t  wi l l  be 
in -phase  and p ropor t iona l  to the modula t ing  signal  
ampl i tude .  The second is due to the surface stress 
caused by  a change in the charge dens i ty  in the  space 
charge region. This component  is p ropor t iona l  to the  
potent ia l  difference across the  space charge capaci tance 
and wil l  be 90 ~ out  of phase  with,  bu t  st i l l  p ropor t iona l  
to, the modula t ing  signal.  The assumpt ion has been 
made  tha t  ~RC > >  1, so tha t  tan  -1 (~RC) ,.~ 90 ~ . 
Al l  of the  da ta  suppor ts  this'  assumption.  This p ropor -  
t iona l i ty  of the in -phase  and quadra tu re  signals to the  
modula t ing  signal  ampl i tude  is shown in Fig. 3. Under  
these conditions,  the in -phase  s ignal  is about  an order  
of magn i tude  l a rge r  than  the quadra tu re  signal.  

The determination o~ flatband potentials.--The in -  
phase  s ignal  should a lways  have the same sign at  a l l  
e lec t rode  potent ia ls  whi le  the quadra tu re  signal  should 
change sign at  the f la tband potent ia l .  This is shown in 
Fig. 4 for  n-SrTiOs.  At  ve ry  posi t ive potent ia ls  (,~ 
+ l l V )  the quadra tu re  s ignal  aga in  changes sign, 
p r o b a b l y  because  of a b r eakdown  phenomenon  since 
this potent ia l  corresponds to the  onset  of d-c  anodic 
current .  

The quadra tu re  signals near  the f la tband potent ia ls  
for n-SrTiO8 and n-TiO2 in 1N H2SO4 and 1N NaOH are  
shown in Fig. 5 and 6. The Vfb-Values de te rmined  f rom 
such different ia l  stress measurements  a re  l is ted in 
Table I. These resul ts  agree  ve ry  wel l  wi th  values  p re -  
v iously  r epor ted  (3, 11, 12) and  have an  unce r t a in ty  of 
only  --+25 mV or less, which  is be t t e r  than  the usual  
methods  for de te rmin ing  f la tband potent ials .  The pH 
shif t  for these mate r i a l s  is near  59 m V / p H  unit,  as 
expected  (3, 11, 12). 
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Fig. I. The working electrode. A: semiconductor; B: piezoelectric 
ceramic disk (~ ~ 16 mm; thickness ~ 0.2 mm); C: lead to 
potentiostot; D: leads from piezoelectric to lock-in amplifier pre- 
amplifier; E: epoxy cement; F: Pyrex glass tube. 

Frequency dependence.--The f requency  dependence  
of the different ia l  stress measurements  is shown in 
Fig. 7 for the  quadra tu re  s ignal  a t  th ree  different  f r e -  
quencies and in  Fig. 8 for  the  in -phase  s ignal  a t  the  
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measurements for n-SrTiO3 in 1N NoaH at 0V vs. SCE with a 
modulating frequency of 1 kHz. 
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Fig. 4. In-phase (f) and quadrature (Q) differential stress signals 
for n-SrTiO3 in 1N NaOH for cyclic potential sweep from --2 to 
-i-11V vs. SCE at 20 mV/sec with a modulating signal of 50 mV at 
1 kHz. The in-phase signal scale is an order of magnitude largest 
than that for the quadrature signal. 
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same three frequencies for n-SrTiO3 in 1N H2SO4. The 
capacitive impedance of the space charge region in-  
creases with a decrease in frequency, therefore, in-  
creasing the absolute value of the quadra ture  signal 
at potentials other than the flatband potential. The 
intercepts for all three frequencies are wi th in  a range 
of 40 mV. Since the IR stress ( in-phase)  signal is an 
order of magni tude  larger than the space charge 
(quadrature)  signal, the changes in  the quadra ture  
signal have only a small  effect on the in-phase signal. 

Effects of chemical changes at the electrode surface. 
- -The  quadra ture  differential stress measurements  for 
p-GaAs are shown in  Fig. 9 and 10 for 1N H2SO4 and 
1N NaOH, respectively. The extent  of f requency de- 

Fig. S. A: Quadrature differential stress measurement for n- 
SrTiO3 in 1N H2SO4 from --1 to -I-1V vs.  SCE with a modulating 
signal of 50 mV at 1 kHz. B: Quadrature differential stress 
measurement for n-SrTiO3 in 1N NaOH from --2 to 0V vs. SCE 
with a modulating signal of 50 mV at 1 kHz. 

pendence of intercept  was similar  to that  for n-SrTiO3. 
The Vfb-Values, listed in Table I, are in reasonable 
agreement  with previous measurements  (13). An 
interest ing point to note is the dii~erence in hy-  
steresis for p-GaAs for the acidic and alkal ine electro- 
lytes when the potential  is scanned between q-1.5 and 
--0.5V vs. SCE. The data for 1N H2SO4 show almost no 
hysteresis, while there is approximately  0.1V difference 
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Fig. 6. A: Quadrature differential stress measurement for n-TiO2 
in I N  H2SO4 from --1 to -~ IV  vs. SCE with a modulating signal 
of 50 mV at 1 kHz. B: Quadrature differential stress measurement 
for n-TiO2 in 1N HaOH from - -2  to 0V vs. SCE with a modulating 
signal of 50 mV at i kHz. 
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Fig. 7. Quadrature differential stress measurements for n-SrTiO3 
in 1N H2SO4 from --1 to -I-1V vs. SCE. The modulating signal was 
50 mV at the three frequencies indicated. 
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Fig. 8. In-phase differential stress measurements under the same 
conditions as Fig. 7. 

between the forward and reverse sweeps for Vfb in  1N 
NaOH. This can probably  be a t t r ibuted  to ins tabi l i ty  
of p=GaAs in alkal ine solutions at potentials positive of 
the flatband potential.  When  the potent ial  was scanned 
from --0.4 to -F1V vs. SCE, the hysteresis was still  
present  (Fig. 11). However, for a potent ial  scan from 
--0.4 to 0V, the hysteresis near  T'~b disappeared (Fig. 
12). This suggests that  differential  stress measurements  
may also be useful  for s tudying stabil i ty and changes 
in  the surface of semiconductor electrodes. 

g~ects of illumination.---Since the space charge re-  
gion will have an excess of major i ty  carriers on one 
side of the flatband potential,  and an excess of nega-  
tive charge on the other side, the effects of i l lumina-  

Table I. Comparison of Vfb-values obtained by differential stress 
measurements to previously reported results. 

T h i s  w o r k  P r e v i o u s  m e a s u r e m e n t s  
V f b  Vfb 

Semieon-  Elec- (V v s .  (V v s .  Ref-  
d u e t o r  t ro ly t e  SCE) pH a SCE) e r e n e e  

n-SrTiO8 1N H~SO~ --0.35 0.0 -0.30 (11) 
1N NaOH - 1.15 13.3 - 1.19 (3) 

13.5 - 1 . 1 0  (11) 

n-TiO~ 1N H2SO4 - 0.05 0.0 - 0.01 ( 11, 14) 
1N N a O H  - 0.80 13.3 - 0.90 ( 3, 12 ) 

13.5 - 0 . 8 0  (11, 14) 

p - G a A s  1N H2SO~ 0.5 2.1 0.10 (13) 
1 N  N a O H  - 0 .30  9.2 - -  0 .24  ( 13 ) 

�9 A s  r e p o r t e d  o r  e s t i m a t e d  to  •  p H  u n i t .  

5 x l 0  3 h z  
7 x l 0  z 
I x l 0  4 h z  

I I i I 
- 0 . 5  0 

i 

- , ,SO 

Q / p V  

i ] I i ) 

Fig. 9. Quadrature differential stress measurements for p-GaAs in 
IN H2SO4 from --0.5 to -~1.5V vs. SCE. The modulating signal was 
50 mV at the three frequencies indicated. 

t ion should be different for potentials positive and 
negative of Vfb. For p-GaAs at potentials more posi- 
tive than Vfb, there is an accumulat ion of major i ty  
carriers in the space charge region and i l luminat ion  
should not substant ia l ly  change the differential stress 
measurements.  For potentials negative of Vfb the 
bands are bent  downwards,  and the effects of i l-  
lumina t ion  should be much larger. The differential 
stress measurements  for p=GaAs in  the dark and under  
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J:ig. 10. Quadrature differential stress measur.~ments for p-GaAs 
in IN  NaOH from --1 to - I- IV vs. SCE. The modulating signal was 
50 mV at the two frequencies indicated. 
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Fig. 11. Quadrature differential stress measurements for p-GaAs 
in 1N NaOH from --0.4 to ~ I V  vs. SCE with a modulating signal 
of 50 mV at 5 kHz. 
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Fig. 12. Quadrature differential stress measurement for p-GaAs 
in 1N NaOH from --0.4 to 0V vs. SCE with a modulating signal of 
50 mV at 5 kHz. 

i l lumina t ion  (Fig. 13) agree wi th  this predict ion.  The 
effect of i l lumina t ion  is to decrease the extent  of band 
bending, the reby  reducing the surface stress. 

Conclusions 
P r e l i m i n a r y  exper iments  have demons t ra ted  tha t  

Vfb-values of both p -  and n - t y p e  semiconductor  e lec-  
trodes, single c rys ta l  and polycrys ta l l ine ,  can be de-  
t e rmined  f rom different ia l  stress measurements  as a 

-+50 

Q/!JV 

! 
E/Volts vs SCE +1 

-5 

Fig. 13. Quadrature differential stress measurements for p-GaAs 
in 1N NaOH from -[-I to --1V vs. SCE: (A) in dark and (B) under 
illumination. The modulating signal was 50 mV at 5 kHz. 

funct ion of potent ia l .  The on ly  assumpt ion  tha t  has 
been made  is tha t  a semiconductor  e lec t rode  can be 
represen ted  as an equiva len t  c i rcui t  consist ing of a 
res is tor  and capaci tor  in series. The Vfb-Values f rom 
the different ia l  stress measurements  a re  in  excel len t  
ag reemen t  wi th  independen t  previous  measurements  
and show the expected  pH shif t  of 59 m V / p H  uni t  
for n-SrTiO3 and n-TiO2. 

In  addi t ion  to de te rmina t ion  of V~b, the sharp  change  
in the dif ferent ia l  stress observed  near  the  b r eakdown  
potent ia l  may  be of use in e luc ida t ing  the phenomena  
occurr ing in this region. As seen in  Fig. 4, the  quad ra -  
ture s ignal  has a sharp  m i n i m u m  near  the  b r e a k -  
down potent ia l ;  the re  is definite hysteresis  in  the  in-  
phase  signal  but  none for the  quadra tu re  signal.  The 
dependence  of the dif ferent ia l  stress signals on f r e -  
quency and i l lumina t ion  is in qua l i ta t ive  agreement  
wi th  the expe r imen ta l  results.  P r e l im ina ry  resul ts  
also suggest  tha t  d i f ferent ia l  stress measurements  m a y  
be useful  in s tudying  the s tab i l i ty  and changes in the  
surface of semiconductor  electrodes.  Work  is in p rog-  
ress to obta in  a be t te r  under s t and ing  for  these l a t t e r  
effects as wel l  as ex tending  Vfb measurements  to o ther  
semiconductors  and  o ther  so lven t / e l ec t ro ly te  systems. 
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Application of A-C Techniques to the Study 
of Lithium Diffusion in Tungsten Trioxide Thin Films 

C. He,* I. D. Raistrick,* and R. A. Huggins* 
Btanford University, Stanford, Cali$ornia 94305 

ABSTRACT 

The small  signal a-c impedance of the cell 

Li]LiAsF6 (0.75M) in propylene carbonatel 
Lip V~O3 thin film on t in oxide covered glass substrate 

has been measured at room tempera ture  as a funct ion of f requency from 
5 • 10 -4 Hz to 5 X l0 s Hz at various open-circui t  voltages. The diffusion 
equations have been solved for the appropriate finite boundary  conditions, and 
analysis of the impedance data by the complex plane method yields values for 
the chemical diffusion coefficient, the component  diffusion coefficient, the par-  
tial ionic conductivi ty of l i thium, and the thermodynamic  enhancement  factor 
for LiyWO3 as a funct ion of y. The films of WO3 were prepared by  vacuum 
evaporat ion and were largely amorphous to x-rays.  The chemical diffusion 
coefficient has a value of 2.4 • 10 -12 cm2/sec at y _-- 0.1, increasing to 2.8 X 
10 -11 cm2/sec at y ---- 0.26. At short times (t ~ 0.5 sec) the interracial  charge 
t ransfer  reaction is important ,  but  at longer times the rate of l i th ium inject ion 
is de termined by the diffusion kinetics. 

Considerable interest  has developed recent ly in  the 
possibility of fabricat ing display devices based on the 
electrochemical in ject ion of meta l  or hydrogen atoms 
into t ransi t ion metal  oxides, usual ly  WO3. The reac- 
t ion may be wr i t ten  

WO8 (colorless) + yM + + y e -  ~ MuWO3 (colored) 

For each atom injected an  electron enters the con- 
duction band of the host oxide and a deep blue colora- 
t ion develops. At the same time, the electronic con- 
duct ivi ty of the oxide rapidly increases. The range of 
solid solubil i ty of M in  WO3 may be quite extensive; 
typically a y value of about 0.1-0.2 is necessary for 
good optical contrast. The activity of M in M~WO3, 
and hence the electrode potential  of the electro- 
chromic oxide will vary  cont inuously wi th  y as long 
as a single phase solid solution is formed. If the reac- 
t ion proceeds rapidly and reversibly, then the metal  
atoms may be repeatedly injected and removed by 
controll ing the electrode potential  of the oxide elec- 
trode with respect to a counterelectrode which acts 
as a source and sink of M. 

Although reactions of this type have been known  
for several years, few data are available on basic 
electrochemical parameters,  such as diffusion coeffi- 
cients of M in  the oxide or exchange current  densities, 
even though the eventual  response t ime of the device 
will  be largely de termined by these parameters.  It is 
not  even clear whether  the rate of inject ion is l imited 
by diffusion or by charge t ransfer  at times of interest  
for display applications. 

* E l ec t rochem i ca l  Society Act ive  Member .  
Key  words :  diffusion, WOn, l i thium inject ion,  e lectrochromic  

films, a-c technique.  

This paper describes a s teady-state  a-c technique 
which may be used to determine the ra te - l imi t ing  
process and the impor tant  kinetic parameters  of an 
electrochromic system. It is i l lustrated by results ob- 
tained for the l i th ium- tungs ten  trioxide system. 

Although any of several t rans ient  techniques could, 
in principle, be used to study this system, an a-c 
method was chosen since it seemed l ikely that, using 
complex plane methods, data analysis could be much 
simplified, especially since semi-infini te diffusion con- 
ditions cannot be assumed for the case of thin film 
electrodes. 

Few studies of the electrochromic effect of alkali 
metals in W Q  have been reported (1-10). Green et al. 
have studied sodium and l i th ium inject ion in  WO3 
using both l iquid and solid electrolytes (2-5, 10). 
The diffusion coefficient of l i th ium was estimated to 
be 2 • 10 -12 cm2/sec (3). Mohapatra (8), however, 
has recently reported a much higher value of 5 • 
10-9 cm2/sec. Thermodynamic  data for l i th ium in 
amorphous W Q  films have recently also appeared 
(9, 10). 

Theory of the A-C Method 
Alte rna t ing-cur ren t  and voltage methods have, of 

course, been extensively used in  many  kinds of elec- 
trochemical systems, and several review articles are 
available (11-13). 

In general, either current  or voltage may be the 
controlled variable, and the phase and magni tude  of 
the dependent  variable (voltage or current,  respec- 
t ively) are determined with respect to this. If mea-  
surements  are made over a wide-enough frequency 
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system with chorge tronsfer ond diffusion of the electrouctive 
species. 

range, then different physical processes may be sepa- 
rated through their  different t ime constants. 

The problem of the a-c response of a simple elec- 
trochemical system with either charge t ransfer  or dif- 
fus ion- l imited kinetics has been considered by several 
authors. The equivalent  circuit for this s i tuat ion is 
due to Randles (14) and is shown in  Fig. 1. This cir- 
cuit will  also be valid for the diffusion of a metal  into 
an oxide electrode, if it  can be assumed that  diffusion 
is dr iven by a gradient  in  composition and not by an 
electric field. 

In  Fig. 1, R1 is the uncompensated ohmic resistance 
of the electrolyte and electrode, CDL is the double 
layer  capacitance of the electrode-electrolyte in ter -  
face, 0 is the charge transfer  resistance, and Zw* is a 
complex impedance arising from the diffusion of the 
electroactive species. 

For the case of semi-infini te diffusion 

Zw* = A~-'/g -- jAw-W [1] 

where ~ is the radial  frequency, j ~_ X/ -- 1~ and A 
is a constant which contains a concentrat ion inde-  
pendent  diffusion coefficient. Zw* is often known  as 
the Warburg  impedance (15). The explicit  form of 
A, and a more general  expression for Zw*, which is 
also valid for a finite diffusion situation, are derived 
below. 

The charge transfer  resistance 0, is related to the 
exchange current  density (Io), through a l inearizat ion 
of the But ler -Volmer  equation for small  overpoten-  
tials (SE) 

bE RT RT 
e - - - -  5E < <  -- [2] 

i nloF F 

It is assumed in the derivat ion of this equivalent  cir- 
cuit that small  signal conditions are met, since CDL, 
and A are in  general  voltage or concentrat ion depend-  
ent and lead to nonl inear  behavior. 

The frequency response of this circuit will be 
governed by the relative importance of charge t rans-  
fer and diffusion in de termining the current:  for very 
slow diffusion Zw* ~ 0, and for very slow charge 
transfer kinetics Zw* < 0. Since Zw* is a funct ion of 
frequency and e is not, then an electrode reaction rate 
may be controlled by diffusion at low frequencies 
(long times) and by charge transfer  at high fre-  
quencies (short t imes).  

Derivation of Zw* for a thin film electrode.--The 
magnitude of the Warburg impedance Zw* is deter-  
mined by the chemical diffusion coefficient of the 
neut ra l  electroactive species (A) in  the electronically 
conducting oxide electrode (B), and the explicit  form 
of Zw* can be derived by solving Fick's laws with 
suitable init ial  and boundary  conditions. The situation 
is ful ly analogous to the determinat ion of chemical 
diffusion coefficients in solid solution electrodes by a 
t ransient  galvanostatic technique discussed previously 
by Weppner and Huggins (16, 17). 

Experimental ly,  the electrode is held at a constant 
potential  E, with respect to a reference electrode of 
pure A, unt i l  equi l ibr ium is reached. The composition 
of the sample at equi l ibr ium is uni form and equal to 
A~B. The chemical potential  of A in  A~B is 

#A ----- ~A ~ q- RT In TAX A [~] 

Here XA is the mole fraction of A, and VA is its activity 
coefficient. If we choose VA ~ 1 as XA ~ 1 then ~A o is 
the chemical potential  of pure A at  the same tem- 
perature.  Thus 

RT 
E = -- ~ In vAXA [4] 

zF 

z is the charge carried by A cations, F and R are the 
gas constant  and Faraday,  respectively. 

A small a l ternat ing voltage 

6E -- vo sin ~t [~] 

is now applied between the AyB working electrode and 
the reference electrode, which drives the surface of 
the working electrode to a new time dependent  con- 
centrat ion XA + 8XA (which corresponds to a stoi- 
cniometry of Ay+6yB). Eventually,  a steady state is 
reached and we require an expression for the am- 
pli tude and phase of t h e  current  flowing through the 
cell. Since the current  density depends on the gradi-  
ent  in concentrat ion at the interface, through Fick's 
law, and the voltage depends on the chemical poten- 
tial at the interface, it is necessary to either make di- 
lute solution assumptions or else to have knowledge 
of the activity coefficient of A in  A~B. Since the solid 
solutions under  consideration here are quite concen- 
trated (XA may be as high as 0.3) dilute solution be-  
havior cannot be assumed and an a l ternat ive  ap- 
proach is adopted here which is equivalent  to a knowl-  
edge of 7A as a funct ion of y. If we can assume that  
for very small  changes in  voltage 

6E dE 
---- [ 6 ]  

8XA dXA 

We can substi tute Eq. [6] into Eq. [5] and obtain 

5XA (t) -~ (dE/dXA)xA - I .  vosinwt [7] 

This equat ion describes the change in  mole frac- 
tion of A at the electrode-electrolyte interface for a 
very small  change in applied a l te rnat ing  voltage. 
(dE/dXA)XA may be obtained by differentiation of 
the coulometric t i t ra t ion curve at the appropriate 
composition (XA), or as will be seen later, may, in 
the present  case, be obtained directly from very low 
frequency measurements .  Equat ion [7] represents a 
l inearizat ion of the dependence of concentrat ion on 
voltage. The mole fraction of A at the interface is 
therefore a sinusoidal function of t ime as long as 
(dE/dXA)xA is constant  over the range of composition 
5XA. 

For a diffusion exper iment  it  is convenient  to write 
Eq. [7] in terms of the number  of atoms per un i t  vol- 
ume (CA), and the stoichiometry (y) 

�9 �9 Vo sin ~t [8] ~C.~(t) = ~ y 

Here N is Avogadro's number  and VM is the molar  
volume of AyB, assumed constant  over the range 5y. 

We therefore seek solutions of the equation 

a [~cA (x,t) ] _ ~ 0 2 [,~cA] [o] 
Ot ax 2 

with the ini t ial  condition of uni form concentrat ion 
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6CA(x,O) - -  0 [i0] 

and the x = l bounda ry  condit ion given by  Eq. [8]. 
Here  1 is the thickness of the oxide electrode;  the  
coordinate  sys tem used is shown in Fig. 2. The second 
bounda ry  condit ion is 

O [hCA (0,t) ]lax : 0 [11] 

corresponding to an  in ter face  impermeab le  to A. 
The diffusion coefficient used here  is the chemical  
diffusion coenicient, which  is appropr ia t e  for the diffu- 
sion of a species in an ac t iv i ty  g rad ien t  (16). With  
cer ta in  assumptions,  i t  can be re la ted  to the  par t ic le  
diffusion coefficient of the components  (A ~+ ions and 
e lect rons) .  

The solut ion of Eq. [9] for  these condit ions is g iven 
by Cars law and Jaeger  (18) 

6CA(X,t) = aB sin (at  + @) [12] 
wi th  

( d E  5 -~  
: VM \"dyy / Vo [13] 

S = lil  [14] 
= arg (]) [15] 

and 

[16] 

with  

cosh kx �9 (1 -l- J) 
1 =  

cosh k~ �9 (i + j )  

k = (~/2D) ~/~ [17] 

Note that this is the steady-state solution. There is 
also a transient caused by starting the sinusoidal oscil- 
lation at t = 0. The form of this transient is given in 
Ref. (18). 

In order to determine the current density in the sys- 
tem, i t  is necessary to evalua te  (o[bCA]/OX)z=b From 
Eq. [12] it  m a y  be shown tha t  

( O[hCA] )x =~ 

where  
x : (ak/~/2d) (h 2 + s 2) '/= 

and 

with  

(h+s 
p = a r c t a n  \ ' -h-~--s  ) 

h : sinh (2kl) 

[18] 

[19] 

[2O] 

[21] 

s : sin (2kl) [22] 

d = cosh2(k/) " cos2(kl) + sinh2(k/)  �9 sin2(k/)  [23] 

Thus, the cur ren t  dens i ty  

8CA 

ELECTRONIC CONDUCTOR 

i, = - zFD (~[BCA] 
\ ax )x:~ 

N 

ELECTRO- I CHROMIC MATERIAL 

-I 
x = + l  

ELECTROLYTE 

x = O  + X  

Fig. 2. The coordinate system used far the solution of the diffu- 
sion equations. 
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id._.. ~ / a[~CA] ) zY 
ax x=L 1"~" [24] 

has an ampl i tude  

zF dE ~- '  s~)Va io-- (-~y / " vo(~3)1/" ( h2 + 2VM d 2 [25] 
and a phase of # wi th  respect  to the appl ied  voltage.  
Note that  both the phase and the ampl i tude  are  f re-  
quency dependent .  

Two excreme cases are  of interest .  Firs t ,  consider  the 

value of io for high frequencies,  smal l  D, or th ick sam-  
ples, i.e., kl > >  1. Under  these condit ions (h 2 + s 'z) l/2/d 
= Z, and so 

z F V o ( d E )  -1 - 
io --  VM ~ Y  �9 (~D) 1/, [26] 

and 
# --  a rc tan  (1) ---- ~/4 [27] 

Thus, the phase difference be tween  the cur ren t  and  the 
voltage is independen t  of f requency  and is equal  to 
45 ~ Express ing this resul t  as a complex impedance  

Iz] 
= -7-~. (1 - j )  [26] 

v -  
where  

I v~ I [ VM(dE/dy) ~-'/,I [29] 
I Z l =  i o a  = z~l/)~=~ " 

where  a ---- surface area.  
Comparison of Eq. [28] wi th  Eq. [1] shows that  for 
these conditions the p reexponen t ia l  factor  A in the 
V/arburg impedance  has the form 

VM(dE/dy) I 
A = ~ z F ~ a  [303 

The other  l imi t ing case occurs at  ve ry  low frequencies,  

for ve ry  thin samples or for large  
If 

kL << 1 (i.e., ~ << 2D/l 2) [31] 

i o -  zFvo ( dE '~- '  

p = arctan (~o) = -- [33]  
2 

Thus, under these conditions the current is 90 ~ out of 
phase with the voltage and is independent of the diffu- 
sion coefficient. 

Expressed as the imaginary (X) and real (R) parts 
of the complex impedance for these conditions 

1 
X = [Z[ s in~  = ]Z l = [VMCdE/dy)/zF~la[ = " ~ L  [34] 

R : IZl cos ;9 = [Z 1 2k212/3a [35] 

where  CL and RL are  the l imi t ing low f requency  ca- 
pacitance and resistance.  An  in teres t ing  consequence 
of Eq. [34] and [36] is that  for thin samples,  i t  is not 
necessary to obta in  a coulometr ic  t i t ra t ion  curve since 
s imul taneous  solut ion of these equations yields  values  
for both  the  diffusion coefficient and (dE/dy)u. Al te r -  
nat ively,  if this last  quan t i ty  is known independent ly ,  
then the sample  thickness m a y  be calculated.  Of course, 
no information about (dE/dy)~ or I may be obtained 
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from the high frequency data since the diffusion is 

then semi-infinite in  nature,  and only D may be d e t e r -  
m i n e d .  

At intermediate  frequencies, when nei ther  of th e  
two l imit ing cases can be applied, the frequency r e -  
s p o n s e  of the electrode must  be analyzed using the ful l  
impedance expressions 

Zw* = Rw -- jXw [37] 
with 

Xw = IZ] sin # [38] 

R w  = IZI cos # [39] 

w h e r e  p is given by Eq, [20], a n d  

IZwl = Ivo/ioal [40] 

w h e r e  io is given by Eq. [25]. 

Complex p~ane representation.--Since the form of 
Zw* is now known, the impedance of the entire cir- 
cuit of Fig. 1 can be computed as a funct ion of fre- 
quency. The most useful way of represent ing this re-  
sult is by plott ing the real (R) and imaginary  (X) 
components of the total circuit impedance vs. one 
another  in the complex plane as functions of fre- 
quency. Three such computer  generated plots are 
shown in Fig. 3. 

In  Fig. 3(a) ,  the diffusional impedance is large a n d  
a straight line of 45 ~ slope is seen over most of the 
frequency range. The kinetics of the system are l im- 
ited almost ent i re ly  by the rate of the diffusional 
process. The high frequency real axis intercept  gives 

the value of R1 and D may  be found by analysis of the 
straight l ine portion of the curve using Eq. [28] and 
[29]. 

In  Fig. 3(b)  a t ransi t ion is obtained such that  the 
kinetics pass from diffusion control at low frequencies 
to charge t ransfer  control at high frequencies. The 
semicircle at high frequencies is due to the parallel  
combinat ion of CDn and e, the values of which may in  
principle be obtained by analysis of the high frequency 
data. The extrapolated real intercept  of the straight 
l ine region lies at [11] 

Rs = Rz + e -- r [41] 
with 

r = 2Cm, A2 [42] 

where A is given by Eq. [30]. 
At very low frequencies the phase angle begins to 

increase due to the onset of finite length effects. This 
process is complete in Fig. 3(c), where R has reached 
its l imiting value given by the sum of RL (Eq. [36]) 
and (RI + 6). If the diffusion kinetics are in the 
proper range, there can be good separation between 
the charge transfer  semicircle at high frequencies, the 
45 ~ line of Zw* at intermediate  frequencies, and the 
vertical line at very low frequencies, due to the finite 

thickness effect. D may be obtained from either the 
45 ~ portion of the line or from RL, determined from the 
l imit ing resistance, and Eq. [36]. 

Exper imenta l  Procedures 
Sample preparation.--The diffusion experiments  

were carried out on thin films of tungsten trioxide 
deposited on t in oxide (700A thick) covered glass sub- 
strates. Amorphous W Q  films were prepared by ther-  
mal evaporation of the oxide at a rate of 30 A/sec. 
The substrate temperature  during evaporation was 
100~C, and the pressure was main ta ined  at 2 • 10 -4 
Tort  of air. The method of preparat ion and the char-  
acterization of these films was discussed in Ref. (19), 
where it was also demonstrated that such films are 
stable in the electrolyte/solvent  system used in  the 
present  experiments.  

-X 
Io, 

R Z R 

-X (b) 

e I 
% R;' %+0 R 

-x (c) 

/%J 
RI (RI+ 8+RL )/" R 

Fig. 3. Computer simulation of the complex impedance of the 
circuit shown in Fig. 1 for various values of the diffusion coefficient. 

The results reported below were obtained on 1500A 
thick films which had been heat - t rea ted  in pure oxy-  
gen for 6 hr at 350~ This procedure was adopted in  
order to dry the films and to ensure that the stoichiom- 
etry was in fact WO~. X - r a y  diffraction experiments  
indicated that the ini t ia l ly  amorphous films, which 
st.owed only a broad diffuse scattering centered on a d 
value of 3.6A, developed some crystal l ini ty on under -  
going this heat - t rea tment .  Several  sharp reflections 
developed, which could be indexed on the same uni t  
cell as the high tempera ture  tetragonal  modification 
of W Q  (in agreement  with the observations of Green 
[10], but  with slightly reduced lattice parameters) .  
The sharp reflections were superimposed on a dif- 
fuse background similar  to that  of the unheated, 
treated films. 

A densit ly of 5.2 g/cm 3 was used in the calculation 
of the results below, based on a comparison of the 
measured film volume (using in terferometry)  and 
chemical analysis (19). 

Electrochemical measurements.--Measurements w e r e  
made using a three electrode configuration. B o t h  
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counter  and reference electrodes were pure l i th ium 
metal, and the electrolyte was 0.75M LiAsF6 in  propyl-  
ene carbonate. The electrolyte was dried by prolonged 
agitat ion with l i th ium chips. All materials  and the 
electrochemical cell were kept in a helium-fi l led dry 
box. Measurements  were made at 300~ 

The th in  film working electrode was held at con- 
s tant  voltage (and hence composition) by a Pr inceton 
Applied Research Model 173 potentiostat. A small 
a l te rnat ing  signal from a Hewlet t  Packard HP3110B 
oscillator was then superimposed on the constant  vol t-  
age and the current  flowing in the counter -working  
electrode circuit was monitored via a s tandard re- 
sistance. The circuit is shown in  Fig. 4. The ampli tude 
of the signal applied to the sample was always less 
than  10 mV and the frequency range covered extended 
from 5 • i0 -4 Hz up to 5 kHz. 

Above 20 Hz, the ampli tude and phase of the cur-  
rent  with respect to the applied voltage were mea-  
sured directly using a PAR Model 5204 two-phase 
lock-in  analyzer. Above about 100 IIz, small  correc- 
tions were made to compensate for the a t tenuat ion 
and phase shift introduced into the signal by the po- 
tentiostat. This was achieved by comparing the a-c 
per turba t ion  of the potential  difference between the 
reference and working electrodes directly with the 
output  of the oscillator. 

Below 20 Hz, the signals corresponding to current  
and voltage were amplified using a PAR Model 113 
preamplifier and fed to the analog-to-digi ta l  con- 
verters  of a Digital Equipment  Corporation Lab 8e 
computer, where the two signals were averaged over 
several cycles and compared. 

Results 
The change in open-circui t  voltage (E) with com- 

position (y) is plotted in  Fig. 5. The order in which 
the points were taken is indicated, showing that the 
measurements  were in fact made at equil ibrium. Re- 
sults of the two other thermodynamic  studies are 
also shown for comparison (9, 10). 

The complex impedance data are summarized in  
Fig. 6 and 7. In Fig. 6, the higher frequency data are 
shown for four open-circui t  voltages. At the highest 
voltage (2.6V with respect to pure l i th ium),  a straight 
line of slope 45 ~ was obtained from about  0.Ol Hz up to 
5 kHz, corresponding to complete diffusion control 
of the electrochemical inser t ion reaction over the 
whole of the available f requency range. At lower 
open-circui t  voltages (corresponding to higher l i th-  
ium concentrat ions in  the film), the separation of a 
semicircular region is evident  at higher frequencies 
and, at the same time at lower frequencies, the 45 ~ 
line begins to give way to a vertical  line under  the 
influence of finite length effects. The 5 Hz points are 
marked on the plots, and it can be seen that at this 
f requency a gradual  t ransi t ion from diffusion-con- 
trolled to charge t ransfer-control led kinetics takes 
place as l i th ium is added to the film. 

Complex impedance data for the lowest frequencies 
are shown in  Fig. 7. In this f requency range, the rate 

OSCILLATOR ~ ~ 

I REFERENCE / DC SOURCE  NPOT PO . 
TWO'PHASE I I I ~ _ L  
ANALYZER I I r h  . . . . . . . . . .  I " 

OR I I SIGNAL I I REslSIANGE I 
INPUTS  E'AMPL' 'ERI I T ........ I 

WORKIN HEMICAL CELL 

Fig. 4. Experimental circuit usedfor the A-C impedance measure- 
ments. 
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Fig. 5. Coulometric titration curve for LiyW08. The numbers in- 
dicate the order in which the data were taken. Results of Mohapatra 
and Wagner (9) and Green (10) are shown for comparison. 
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Fig. 6. High frequency complex impedance data 

of l i th ium inject ion is always diffusion-controlled. 
The onset of finite length effects shifts to higher fre-  
quencies and the low frequency l imit ing resistance 
decreases as more l i th ium is added to the film, indi -  
cating that the diffusion coefficient is steadily increas-  

ing. Values of the chemical diffusion coefficient, I~, 
were obtained from either the 45 ~ straight line region 
or else from the low frequency l imit ing behavior. At  
high voltages, in the semi-infini te diffusion regime, 
data analysis presented no problems. Both the real 
and the imaginary  parts of the impedance are propor-  
t ional to ~-1/2. This is i l lustrated in  Fig. 8 for the high-  

est voltage case. D was calculated from such plots 

using Eq. [28] and [29]. Alternat ively,  D can be cal- 
culated from the low frequency l imit ing resistance 
(Eq. [36]). The low frequency l imit ing capacitance 
(obtained from Eq. [34]) yields values of (dE/dy)y 

which were used in  the computat ion of D. Relevant  
data are given in  Table I. 
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Fig. 7, Low frequency complex impedance data 

Use of RL for the calculat ion of D, however ,  has a 
d i sadvan tage  in the pa r t i cu la r  case of the da ta  under  
considerat ion here. RL is measured  f rom the point  at  
which  the 45 ~ s t ra igh t  l ine would  in te rcept  the rea l  
axis (see Fig. 3b),  and thus, if  %his point  is not  we l l -  
defined, due to over lap  of the diffusion- and charge  
t r ans fe r -con t ro l l ed  regions, an inaccuracy  is in t ro-  

duced into the calculat ion of /~.  The over lap  also p re -  
vents  accurate  evaluat ion  of CDL and 0. 

These difficulties could, in  pr inciple ,  be overcome 
by  fi t t ing the  low f requency  impedance  data  to the  
ful l  impedance  express ion (Eq. [38] and [39]).  How- 
ever, the complicated na tu re  of these functions makes  
this a difficult t a sk  which was not  a t t empted  here.  

Values of the diffusion coefficients ca lcula ted  for 
lower voltages (2.2 and 2.3V) are, therefore,  of lower  
accuracy than  those for  h igher  voltages. 

Discussion 
The a-c method.--The technique descr ibed in this 

paper  shows i tself  to be a useful  tool for the s tudy  
of diffusion in th in  film solid electrodes,  a l though it is 
by  no means  l imi ted  in appl ica t ion  to such systems. 
The method appears to have a number of advantages 
over alternative, transient techniques (such as voltage 

I I I 

2 .6  vol ts R 
2 0 0 0  

1500 - -X  - 

~ 1 0 0 0  

x 5po 

0 
0 I 2 3 

I/V~- ( Hz -"z) 

Fig. 8. Real and imaginary parts of the complex impedance 
plotted vs. co - 1 1 2 .  

or cur ren t  s tep exper iments ) ,  the  most  i m p o r t a n t  
being that  more  informat ion  is obta ined  th rough  re la -  
t ive ly  s imple  da ta  analysis  procedures  using the com- 
p lex  impedance  plane method.  Even in s i tuat ions 
where  there  is extens ive  over lap  of the  charge  t rans-  
fe r -  and dif fus ion-control led regions, or  where  the  
diffusion coefficient is sufficiently high to in t roduce  
finite length  effects, much impor t an t  informat ion can 
be obta ined by  inspect ion of the complex impedance  
plot. The same informat ion  is, of course, also con- 
ta ined i n  the t rans ien t  response of l inear  systems, but  
da ta  acquisi t ion (pa r t i cu la r ly  at  short  t imes)  and 
in tegra l  t r ans form analysis  so complicate  the  p ro -  
cedure  that  often only da ta  obta ined  over  a l imi ted  
t ime per iod (for example ,  when  the change in depend-  
ent var iab le  is p ropor t iona l  to ~/ t)  are  ac tua l ly  useful. 
As m a y  be seen f rom the p resen t  results,  the region in 
which the impedance  is p ropor t iona l  to ~/~ (or in  
which E would  be p ropor t iona l  to tY~ in a cur ren t  
s tep exper imen t )  m a y  be ve ry  l imi ted  or nonexistent .  
Under  these circumstances,  the complex impedance  
method at  the very  least  gives an indica t ion  of the ex-  
pe r imen ta l ly  impor t an t  phenomena  contr ibut ing  to 
the t ime response of the system. Often a ' u se fu l  l imi t -  
ing region can be identif ied (for example,  the ve ry  
low f requency  response for th in  films) which can be 
used to ex t rac t  numer ica l  values  for  kinet ic  p a r a m -  
eters. 

A fur ther  advan tage  of using a s t eady-s ta te  method 
is that  the response signal can be cr i t ica l ly  evalua ted  
at each frequency,  and fu r the r  averaging  (at  low 
frequencies)  or f i l ter ing (a t  h igh frequencies)  can be 
employed.  

L ike  the  galvanosta t ic  in t e rmi t t en t  t i t ra t ion  tech-  
nique descr ibed by  Weppne r  and Huggins (16), the 
a-c  method is capable  of ve ry  high resolut ion wi th  
respect  to composit ion and is therefore  appl icable  to 
phases wi th  r a the r  na r row ranges of s toichiometry.  

The appl ica t ion  of this method  is, of course, de -  
penden t  on the va l id i ty  of a number  of assumptions.  

TaMe I. Thermodynamic and kinetic data 

O p e n  cir~ ( d E ) * *  d In aL, 
Compos i t ion*  cu l t  v o l t a g e  ~ - -  Dk ~m 
(y in L~WOs) (vs. L~) ( c m  ~ sec -1) dy ~ d In CLi ( c m  ~ sec-D (~-1 cm-D 

0.097 2.60 
0,138 2,59 
0,170 2.40 
0,201 2.30 
0,260 2 20 

" Calculated assuming a densi ty  of  5.2 g c m  -~. 
** Calcuiated f rom Eq.  [34]. 

i 'D  calculated from Eq.  [29]. 

t t ' D  calculated from Eq,  [36]. 

2,4 • 10-~t 5.0 18.9 1.3 • 10 -73 1.04 x 10 -~ 
4.9 x lO-~t 3.6 19.4 2.5 x i0 -~ 3.0 • I0 ~9 
1.5 • lO-n#t 4.0 26.5 5.7 x 10 -13 8.1 x 10 -9 
2.6 x lO-ntt  3.8 29.8 8.7 x 10 -la 1.5 x 10 -~ 
2.8 x lO-nt l  3.6 36.5 7.7 x 10 -13 1.7 x 10 -8 
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The first of these is that  th e boundary  conditions used 
in the solution of Fick's diffusion equat ion are correct. 
The greatest difficulty will  usual ly  lie in the assump- 
t ion that  the potential  of the cell is a measure of the 
l i th ium activity at the interface be tween the electro- 
lyte and the electrode. This is only true if the elec- 
trode is a p redominant ly  electronic conductor. In  the 
present  case, there seems to be good evidence that  
this is so. The high electronic conductivi ty of tungsten  
bronze phases is wel l -establ ished (20); values are 
much higher than ionic conductivities calculated from 
previous or present  measurements  of diffusion coeffi- 
cients, al though direct measurements  of part ial  ionic 
conductivities have not been made. 

A second assumption implici t  in  the derivat ion 
given above is that  the dr iving force for diffusion is 
only a gradient  in composition, and that  the electric 
field in the electrode is negligible. This, of course, 
will be true in  view of the high electronic conductivity 
ment ioned above. 

Thirdly, in  order for the solution of the diffusion 
equations to be correct, it must  be assumed that the 
system is linear. In  other words, the diffusion coeffi- 
cient is assumed to be independent  of concentrat ion 
over the range of a l te rnat ing  voltage applied. In  prac-  
tice, the applied voltage can be made very small, so 
that the measured impedance becomes independent  of 
amplitude.  This test is very easy to carry out due to 
the s teady-state  na ture  of the experiment.  It  seems 
l ikely that  the diffusion coefficient will change ra ther  
slowly with composition, and hence voltage, except in  
very nar row phases where rapid var iat ion of the 
thermodynamic  enhancement  factor may be expected 
(16). Similar  considerations of l inear i ty  also apply 
of course at higher frequencies where the double 
layer  capacitance and charge t ransfer  resistance might  
also show voltage dependent  behavior. 

Kinetic properties of W03 thin film electrochromic 
electrodes.--The pr imary  observation concerning the 
kinetics of l i th ium incorporat ion into WO3 thin films 
is that  both diffusion and interface kinetics are im-  
portant.  At long times (low frequencies) ,  the in ter -  
face is essentially at equil ibrium, and diffusion of 
neut ra l  l i th ium in  a concentrat ion gradient  l imits the 
rate of coloration of the oxide. At times shorter than 
about 0.5 sec however, charge t ransfer  kinetics l imit  
the rate of injection. The following considerations 
are relevant.  

(i) Firstly, the thermodynamic  and kinetic prop- 
erties of WO8 thin films are very dependent  on the 
method of preparat ion (6), and in par t icular  are de- 
pendent  on the degree of crystal l ini ty of the films. 
The results given here, al though typical of films which 
show relat ively rapid coloration on l i th ium injection, 
must  not be regarded as applying to all WO3 films. A 
detailed study of the thermodynamics and kinetics of 
different kinds of films is current ly  underway  and 
the results will be published separately. 

(it) Secondly, the experiments  reported here are 
small  signal experiments.  In  a practical device much 
larger  voltages or currents  will  be applied to the 
samples with several consequences. First, the reaction 
resistance o will change with applied voltage due to 
both the change in l i th ium concentrat ion at the in ter -  
face and the inheren t  voltage dependence of the 
heterogeneous charge t ransfer  reaction. Secondly, 
large voltage differences across the interface will have 
in .por tant  effects on the rate of bleaching as discussed 
by Faughnan  et al. (21). If the potential  of the sur-  
face layer of WO3 is increased beyond about 3V with 
respect to l i thium, then the surface will  become de- 
pleted of l i th ium and, since the electronic conductivi ty 
falls as l i th ium is removed, an electric field will  de- 
velop in  the electrochromic which will tend to in -  
crease the rate of l i th ium removal. This might  happen, 
for example, when the WO3 is bleached under  con- 
s tant  current  conditions, when the diffusion process 

cannot indefinitely support  the current.  A third effect 
of higher voltages wil l  occur under  rapid coloration 
conditions where the voltage falls to such low values 
that a concentrat ion dr iven  phase change on the sur-  
face of the oxide might  be irreversible.  Mohapatra 
and Wagner (9), for example, found that  the chemi- 
cal potential  of l i th ium in amorphous LiyWO3 was 
constant  for y > 0.4 (approximately  2V vs. Li).  If 
this constant  activity corresponds to a two- or three-  
phase region, then the new phase(s)  formed may  
have~ very slow or i r revers ible  kinetics. 

In  summary,  therefore, small  signal results should 
not be taken as a definitive measure of how an elec- 
trochromic device would operate under  large signal 
conditions. 

The charge t ransfer  resistance of the interface was 
found to be 100-150 t l / cm 2. As discussed in  the Results 
section, an overlap of the diffusion response and the 
charge transfer  response prevents  an accurate evalu-  
at ion of this resistance and its voltage dependence. 
The corresponding exchange current  densi ty is 8 X 
10-~-1.3 X 10 -4 A /cm 2, a value which will  depend 
on the concentrat ion of Li + in the l iquid electrolyte 
as well as electrode mater ia l  parameters.  Mohapatra 
(8) has suggested a value as high as 2 X 10 -8 A / c m  2 
for l i th ium injection. Somewhat smaller  values (6 X 
10-6-3 X 10 -5 A /cm 2) have been found by Crandal l  
and Faughnan  (22) for the inject ion of hydrogen into 
amorphous WO8. 

Chemical diffusion coefficients for low l i th ium con- 
centrations are in good agreement  with the value of 
2 • 10 -12 cm2/sec suggested by Green (3). An in -  
crease with increasing l i th ium concentrat ion of about 
one order of magni tude  is observed, but  the values 
are still much lower than  the 5 X 10 -9 cm2/sec re-  
ported by Mohapatra (8). The thermodynamic  results 
given by Mohapatra and Wagner  in Ref. (9), however, 
were in very good agreement  with the results of the 
present  study. More recent  results by Green (10) 

show a slightly smaller  value for D of 4 X 10 -18 cm2/ 
sec on films which also have similar coulometric t i t ra-  
tion curves. Green also suggested that rapid diffusion 
along grain boundaries  is followed by much slower 
diffusion into the bulk  of the grains, with an associ- 
ated diffusion coefficient of about 6 X 10 -16 cm2/sec. 
In the present  study, no evidence for two diffusion 
processes, ei ther in  series or in paral le l  has been 
found, as the form of the results is adequately ex- 
plained by a single diffusion coefficient. 

As discussed by Weppner  and Huggins (16), the 

chemical diffusion coefficient/~ is related to the com- 
ponent  diffusion coefficient Dk by the relat ion 

d In aLI 
= D k  ~ [ 4 3 ]  

d In CLl 

for the case where the electronic transference n u m b e r  
is close to unity. In  this equation the activity and con- 
centrat ion terms refer to neut ra l  l i thium. Hence 

dE zF 

dy RT 
and since 

and 

[441 

[45] 

[46] 

Dk = kTb 

t rLi  = z2F2CLib 

where b is the general  mobil i ty and ~ the part ial  
conductivity of Li + ions 

~Li = VM \-~y--y / [47] 

Numerical  values for Dk and ~Li are given in the table. 
Like the chemical diffusion coefficient, these quant i -  
ties appear to increase with increasing l i th ium c o n -  
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tent, the most rapid rate of increase occurring around 
y ---- 0.17. 

In  summary,  a general  s teady-state  a-c method 
has been described which allows the diffusion co- 
efficient of a species in an electronically conducting 
th in  film electrode to be determined.  In  addition, 
quali tat ive informat ion about the kinetics of the  
interface charge t ransfer  reaction has been obtained, 
and it is believed that  in some situations detailed 
interfacial  kinetic data could be obtained. The method 
has a number  of advantages over t rans ient  current  or 
voltage step techniques, s temming part ly  from the 
method of analysis in  the f requency domain which 
allows a clear dist inction to be d rawn between in-  
terface and bulk  processes. 
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Development of Sulfur-Tolerant Components 
for the Molten Carbonate Fuel Cell 

A. F. Sammells,* S. B. Nicholson, and P. G. P. Ang* 
Institute of Gas Technology, Chicago, I~linois 60616 

ABSTRACT 

The sulfur  tolerance of candidate anode and anode current  collector m a t e -  
r ia l s  for the mol ten  carbonate fuel cell were evaluated in an electrochemical 
half-cell  using both steady-state and t ransient  potentiostatic techniques. Hy- 
drogen sulfide was introduced into the fuel at concentrations of 50 and 1000 
ppm. At the higher sulfur concentration using low BTU fuel, both nickel and 
cobalt were observed to undergo a negative shift in their open-circuit poten- 
tials, and high anodic and cathodic currents were observed compared with clean 
fuels. Exchange currents measured using the transient potentiostatic technique 
were not greatly affected by 50 ppm H2S introduced into the fuel. However, 
at higher sulfur concentrations, higher apparent exchange currents-were ob- 
served, indicating a probable sulfidation reaction. Of the new anode materials 
evaluated, Mg0.05La0.95CrO3 and TiC showed good stability in the anodic 
region. With the former material, exchange current densities in low BTU fuel 
were calculated to be ~-~8 mA/cm 2 at 650~ lower values than found for 
either nickel or cobalt anodes under similar conditions. Of the anode current 
collector materials evaluated, high stabilities were found for 410 and 310 stain- 
less steels. The implications and relevance of these results on fuel cell per- 
formance are discussed. 

The essential components which comprise the molten 
carbonate fuel cell are a porous nickel or cobalt anode, 
and a porous nickel oxide cathode, which are separated 
by an ionically conducting mol ten carbonate mixture  

* Electrochemical Society Active Member. 
Key words: sulfur-tolerant anode, current collectors, molten 

carbonate fuel cell. 

supported on a l i th ium aluminate  matrix.  These com- 
ponents together are commonly referred to as the tile. 
To date, these fuel cell components have shown good  
electrochemical performance and corrosion stabil i ty 
under  cell operat ing conditions over several thousand 
hours in the absence of su l fur -conta in ing  species in the  
fuel and oxidant. However, commercialization of this 
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sys tem for e lect r ic  u t i l i ty  power  p lants  wil l  d ic ta te  
tha t  the fuel  cell  mus t  opera te  on fuel  oils in the 
shor t  t e rm and on the products  of coal gasification in  
the  longer  term, a l l  of which  can be expected to con- 
ta in  sulfur.  

Two genera l  approaches  can be fol lowed towards  
solut ion of the sul fur  p rob lem in the mol ten  carbonate  
fuel  cell. The first approach  is to remove  comple te ly  
the  sul fur  contaminants  f rom the lue l  cell  before  
en t ry  into the fuel  cell  anode. The  second approach  is 
to de te rmine  the su l fur  to lerance  of cu r ren t ly  used 
cell  components.  When  degrada t ion  in cell  pe r formance  
and mate r i a l s  s tab i l i ty  becomes evident ,  the nex t  step 
is to identify,  character ize,  and develop su l fu r - to l e ran t  
components  tha t  show acceptable  l ong - t e rm elect ro-  
chemical  pe r fo rmance  under  defined sulfur  concen- 
t ra t ions  wi th in  the overa l l  system. The second of these 
two approaches  is discussed here. Previous  l i t e r a tu re  
(1) has ind ica ted  tha t  the  ca ta ly t ic  ac t iv i ty  of nickel  
m a y  be poisoned because of the H2S chemisorpt ion  at  
the  t empera tu re s  of  the mol ten  carbonate  fuel  cell 
(_~650~ This sul fur  up take  m a y  resul t  in the for-  
mat ion  of n ickel  sulfide (1) a t  the  porous nickel  anode, 
poss ib ly  resul t ing  in a loss of both  s t ruc tura l  in tegr i ty  
and e lec t roca ta ly t ic  ac t iv i ty  (2, 3). This r equ i remen t  
wi l l  in t roduce  to the cathode sulfur  or ig inat ing  f rom 
the anode inlet.  Under  the oxidiz ing conditions of the  
cathode, this  SO~ can be expected  to absorb  r ead i ly  
into the mol ten  carbonate  mix tu re  present .  

No work  has been repor ted  on the corrosion of nickel  
by  sulfide or  sul fa te  while  in the  presence of mol ten  
carbonate  under  condit ions r ep resen ta t ive  of those in 
the mol ten  carbonate  fuel  cell. Most  w o r k  repor ted  to 
da te  has focused on nickel  in contact  wi th  var ious  
su l fu r -con ta in ing  gases. Fo r  example ,  the corrosion 
ra te  of n ickel  e i ther  in pure  SO2 or  in SO2/O2 mix tures  
has shown parabol ic  g rav imet r i c  kinetics,  which can 
resu l t  in the  growth  of ex t e rna l  NiO and in te rna l  Ni3S2 
scales. A t  t empera tu res  above 645~ the eutectic sulfide 
in contact  wi th  n ickel  becomes l iquid.  Even at  603~ 
an  inner  NiaS2 l aye r  is fo rmed on nickel  (4) via diffu- 
s i o n  of SOs through  open channels  or crevices in the  
in i t ia l  NiO oxide layer .  The overa l l  ra te  of this process 
is p r o b a b l y  control led  by  diffusion of n ickel  through 
the continuous Ni3S2 phase in the nickel  oxide  matr ix .  

Chromium oxide (Cr208) was also selected for eva l -  
ua t ion  as an anode mater ia l .  Re la t ive ly  pure  Cr203 is 
an n - t y p e  semiconductor  ma te r i a l  at  t empera tu res  
above  1000~ However ,  at  t empera tu res  below this, 
the  concentra t ion  of in t r ins ic  defects wil l  be less than 
the concentra t ion of ext r ins ic  defects present  f rom 
i m p u r i t y  dopants.  By the addi t ion  of monovalen t  (5) 
or  d iva len t  (6) cationic impur i t ies  at  t empera tu re s  
be low 1000~ p - t y p e  conduct ion can be promoted.  
But  the reducing  envi ronment  presen t  a t  the  anode of 
the mol ten  carbonate  fuel  cell can be expected to 
favor  a donor dopant  such as Ti 4+ r a the r  than  an 
acceptor  such as Mg 2+. S in te red  compacts  of TiO2- 
doped Cr203 were  found suscept ible  to cracking in the 
course of this work.  

A l though  extens ive  da ta  are  avai lab le  on the free 
energy  of fo rmat ion  for meta l  sulfides (7), as are  E1- 
l i n g h a m - t y p e  plots (8), no da ta  appear  to be ava i lab le  
under  condit ions r ep resen ta t ive  of those presen t  in the 
mol ten  carbonate  fuel  cell. Consequently,  discussion of 
such the rmodynamic  da ta  in reference  to the equi l ib-  
r ium potent ia l  va lues  obta ined in this work  dur ing  
anode sulf idat ion can be considered too specula t ive  and 
is therefore  not  covered. 

Large-sca le  mol ten  carbonate  fuel  cells wil l  requi re  
the implementa t ion  of a ca ta ly t ic  bu rne r  be tween  the 
anode out le t  and the cathode in le t  for CO2 manage-  
men t  to ma in ta in  the des i red  e lec t rochemical  procesS. 
This r equ i rement  wil l  in t roduce  to the cathode sul fur  
or ig ina t ing  f rom the anode inlet.  Under  the  oxidizing 
condit ions of the cathode, this SO2 can be expected  to 
absorb r ead i ly  into the  mol ten  carbonate  mix tu re  p res -  
en t  both  at  the porous nickel  oxide cathode and wi thin  
the  t i le  by  the  equ i l ib r ium reac t ion  

M2CO~ + SO~ + I~ 02-* M2SO4 + COs 

which can be expected to favor strongly the formation 
of the alkali metal sulfate. The concentration of sulfur 
species at the anode may be influenced by electro- 
chemical transport of sulfur species (initially present 
as sulfate) from the sulfur-contaminated cathode, and 
may have an impact on-the long-term stability of the 
anode. 

This work reports on electrochemical half-cell mea- 
surements on presently used anode and anode current 
collector materials with both clean and sulfur-contain- 
ing fuels. By this means, the effect of such sulfur- 
containing species on the anode stability and electrode 
kinetics can be evaluated. The initial selection of 
candidate sulfur-tolerant components for the molten 
carbonate fuel cell included materials which had pre- 
viously shown evidence of extended stability when 
used in applications such as methanation catalysis, 
positive electrode current collector components of 
high-temperature metal/sulfur batteries, and inter- 
connect materials used in solid-oxide fuel cells. The 
l a t t e r  mater ia ls ,  which included Mg0.05Lao.9~CrOs, were  
of pa r t i cu la r  in teres t  because they  had  shown high 
s tab i l i ty  to both oxidiz ing and reduc ing  condit ions in 
the h i g h - t e m p e r a t u r e  solid oxide  fuel  cell. These m a -  
ter ia ls  were  in i t ia l ly  subjec ted  to p r e l i m i n a r y  corrosion 
test ing by  s imula t ing  those chemical  condit ions ex-  
pected in the anode env i ronment  of the  system. Mate -  
r ia ls  eva lua ted  as su l fu r - to l e ran t  anodes in  the elec-  
t rochemical  ha l f -ce l l  have  included nickel,  cobalt,  
CoMo, CoW, WC, TiC, Mg0.~sLa0.95CrO3, Cr203 (doped 
wi th  TiO2), and NbN. Mater ia ls  for the anode cur ren t  
col lector  have inc luded Hastel loys,  Kanthal ,  400 and  
300 stainless steels, and i r o n - a l u m i n u m - m a n g a n e s e  
and i r o n - a l u m i n u m - m o l y b d e n u m  alloys. The re la t ive  
s tabi l i t ies  of these mate r ia l s  at  the anode and anode 
cur ren t  collectors for  the mol ten  carbonate  fuel  cell  
and a comparison of the e lec t rocata ly t ic  behavior  of 
these candidate  anodes wil l  be discussed. 

Experimental 
The p re l imina ry  corrosion screening of selected ma-  

ter ia ls  was pe r fo rmed  by  pa r t i a l l y  submers ing  coupons 
in a l i t h ium/po ta s s ium carbonate  mix tu re  at  650~ in 
ceramic boats. These boats  were  p laced in  an a lumina  
tube th rough  which the des i red  fuel  composit ion could 
be passed. The corrosion s tab i l i ty  of  ma te r i a l s  was 
eva lua ted  wi th  the mol ten  carbonate  equ i l ib ra ted  wi th  
both clean and su l fur -conta in ing  fuels. 

Mater ia ls  for  the anode and anode cur ren t  col lectors  
were  obta ined f rom commercia l  sources (Mater ia ls  
Research Corporat ion,  Orangeburg,  New York, and  
CERAC, Incorporated,  Milwaukee,  Wisconsin) .  Elec t ro-  
chemical  pa rame te r s  were  measured  using an e lec t ro-  
chemical  half-cel l .  Working  e lect rodes  were  a t tached  
to an a lumina - shea thed  lead  wire  of 316 stainless steel. 
For  n ickel  and cobalt, however,  the lead  wires  were  
made from nickel  and cobalt,  respect ively.  A gold wire  
bubbled  wi th  33.3% 02-66.7% CO2 inside an a lumina  
tube served as a reference  electrode.  The  gold was in 
contact  wi th  the mel t  v ia  a smal l  hole (0.015 in. d iam)  
at  the bot tom of the tube. Al l  measurements  were  
pe r fo rmed  in an e lec t ro ly te  of composit ion 62 Li2CO3- 
38 mole percen t  (m/o)  K2CO3 at  650~ The counter -  
e lect rode used in this work  consisted of "Palau"  of 
nominal  composit ion 80% Au, 20% Pd, which proved  
to have a h igher  sulfur  to lerance  than  a pure  gold 
counterelect rode,  the usual  ma te r i a l  used at  IGT when 
clean fuels are  used in e lect rochemical  ha l f -ce l l  work.  
Fuels  wi th  a p rede t e rmined  high sulfur  content  or  pure  
H2S were  mixed  into the p r i m a r y  fuel  af ter  the hu-  
midificat ion step at  the ra te  requ i red  to achieve the  
des i red  sul fur  content.  Expe r imen ta l  observat ions  in 
this work  indica ted  some appa ren t  sens i t iv i ty  of the  
open-c i rcu i t  potent ia l  obta ined at both  nickel  and 
cobalt  e lectrodes to the presence of H2S in t roduced  
into the fuel gas. At  concentrat ions of 50 ppm and 
below, such var ia t ions  in the  open-c i rcu i t  potent ia l  
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were found to be somewhat  erratic and not completely 
reproducible. Apart  from some variat ions in the open- o.ss 
circuit potential, s teady-state polarization curves for 
clean fuel and fuel containing 50 ppm H2S exhibited oso 
an almost identical slope, indicat ing little evidence of 0.72 
electrode poisoning. Polarization data were performed 0.64 
in  both low BTU fuels corresponding to the respective 
compositions 21.4% H2, 17.7% CO, 9.2% CO2, 1.1% CH4, 0.56 
45% N~,, 5.6% H20, and to high BTU fuel of 68.1% H2, 0.48 
23.4% CO, 3.39% CO2, and 5.03% H20. Emphasis on 0.40 
this work was placed, however, on the low BTU fuels 
corresponding to coal gasification. ~ 0.32 

The potential  of the working electrode was con- ~ 0.24 
trolled by a Wenking Model 66TSI potentiostat. .~-o.ls 
Steady-state  currents  were recorded on a Hewlet t -  ,-" 

OD8 Packard 7046A X-Y recorder. To el iminate  errors - 
o caused by mass- t ransfer  effects, t rans ient  potentio- 

static techniques were employed using a Wenking ~.-o.o8 
ST72 potentiostat. This ins t rument  has a risetime of ~-o.16 
about  7 ~sec when a step voltage is applied. A Tacussel 
Type GSTP2B pulse-sweep generator  was used to con- ~-o.24 
trol this potentiostat  with the output  voltage being -a~2 
monitored with a Fluke Type 8020A digital voltmeter.  -oAo 
Signals from the t ransient  techniques were displayed 
and photographed on a Tektronix  Type 547 oscilloscope. -0.46 
Electrodes made with this t rans ient  potentiostatic -o.~s 
technique were performed using appropriate IR com- 

-0.64 
pensation wi thin  the potentiostat. Without  such com- 
pensation, a large t ransient  capacitive current  was usu-  -o.72 
al ly seen. Such an effect can cause some error in the -oBo 
cur ren t  extrapolated to t ime zero. In  order to achieve 
IR compensation, par t  of the voltage at the current  
recorder te rminal  of the potentiostat  was picked up 
s an external  potentiometric voltage divider (250~) 
and fed back into one of the potentiostat  control in-  
puts. The feedback voltage was then adjusted unt i l  the 
system almost started to oscillate. The positive feed- 
back resulted in an increase of the control voltage o.64 
proport ional  to the cell current.  The temperature  of 
the melt  was main ta ined  with an alumina-sheathed,  
Chromel-Alumel  thermocouple. 

Results and  Discussion 

To determine the effect of su l fur -conta in ing  fuels on 
the electrochemical performance of nickel and cobalt 
anodes, both steady-state  and potent ial-s tep type mea-  
surements  were performed in an electrochemical half-  
cell. Steady-state  techniques were used to identify the 
enhanced currents  caused by the anodic sulfidation 
reactions and changes that  may occur in  the open- 
circuit potential  as a result  of such reactions. Figures 
1 and 2 compare steady-state  polarization curves for 
nickel and cobalt anodes in low BTU fuel with and 
without  50 ppm H2S. In  both cases, introduction of 
sulfur  as H2S into the fuel was observed to per turb  
the open-circuit  potential.  

In the case of nickel (Fig. 1), the shift was 15 mV 
positive Of the init ial  --1154 mV open-circui t  potential,  
whereas in  the case of cobalt (Fig. 2), the shift was 
in the cathodic direction by only around 7 mV. Other 
than these minor  shifts in  the open-circui t  potential,  
the current  voltage characteristics are very similar  
in  each case. 

In the fuel cell, sulfur  can be expected to enter the 
cathode as SO2, result ing in the formation of sulfate. 
Sulfate may then be available for migrat ion to the 
anode, where it  could be reduced to sulfide species 
under  the reducing conditions present. Thus, sulfur  
introduced into the fuel cell by this means could re- 
sult in locally high accumulations of sulfide in the 
proximity of the anode. Consequently, H2S introduced 
at concentrations of around 50 ppm with low BTU fuel 
in  the half-cell  may not simulate the local high sulfur  
content  that  may occur in the real fuel cell. 

The observation of erratic open-circui t  potential  
readings with both nickel a n d c o b a l t  anodes may be 
caused either by a mixed potential  effect due to the 
formation of a metal  sulfide species on the anode, or 
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Fig. 1. Steady-state polarization curves for nickel using low BTU 
fuel with and without 50 ppm H2S added (Li/K electrolyte, 650~ 
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Fig. 2. Steady-state polarization curves for cobalt using low BTU 
fuel with and without 50 ppm H~S added (Li/K electrolyte, 650~ 

due to some subtle changes in the fuel composition 
from one measurement  to another.  

Introduct ion of H2S at concentrations of approxi-  
mately  1000 ppm into low BTU fuel resulted in  ex- 
tensive sulfidation of both nickel and cobalt upon 
potentiostat ing anodicaIly as shown in  Fig. 3. In  each 
case, the open-circui~ potential  was observed to be 
shifted to more negative values, possibly indicat ing 
a mixed-potent ia l  effect caused by the fuel oxidation 
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Fig. 3. Anodes from electrochemical half-cell after they had 
been potentiostated in Li/K carbonate melt in low BTU fuel con- 
taining 1000 ppm H2S at 650~ 

reaction and the presence of metal  sulfide on the anode 
surface. For nickel at ~iS0~ (in low BTU fuel) ,  the 
open-circui t  potential  was shifted from --1154 to 
--1185 mV and for cobalt the shift was --1160 to --1200 
inV. Clearly, nei ther  of these two anode materials is 
stable at such high sulfur  levels. With the electro- 
chemical conditions present  in the half-cell,  the rate 
of the overall electrochemical reaction was found to 
be dependent not only upon fuel bubbling rate, but 
also on tiae voltage sweep rate used. Such ooservations 
indicated diffusion or mixed control. To assess the 
impact 6f introducing sullur species into the electro- 
lyte from the fuel, the electrode kinetics were com- 
pared fo~ both nickel and cobalt with clean and sulfur- 
cont~:ining rums to indicate whether any electrocata- 
lytic 'poisoning effects occurred by the introduction of 
such sulfur impurities. 

Transient potentiostatic measurements (9, I0) were 
performed for the separation of kinetic data under 
the probable diffusion (or mixed) control condition 
present in the half-cell. By this technique, the time de- 
pendency of the current for a given applied potential 
will be given by 

i = i ( 0 )  �9 1 - - ~ . ~ . v u  [1] 
V~ 

for the conditions X/t" < <  1, where  

F ) 
-- 2F L CrDr k ' - ~ n  

1 ( ( l - - a ) Z F • ) ]  [2] 
+ CoDo exp R ~  

and i (0) the current  density at t ime zero given by 

(oz ) _ox,(_ 
[31 

where Co and C--~ are the equi l ibr ium concentrations of 
the oxidized and reduced species, and Do and Dr are 
the corresponding diffusion coefficients, and the other 
symbols have their usual  significance. By plott ing i vs. 
X/'~" in  Eq. [1] above, a current  density at time zero, 
i(0),  can be extrapolated from the intercept  with 
the current  axis. In practice, however, excellent agree- 
ment  was found between activation currents  extrap-  
olated from reaction [1] above and those i(0) values 
obtained from the extrapolat ion of currents  between 
0.8 and 1.2 msec to t ime zero. Consequently,  the ma-  
jor i ty  of activation currents  recorded were obtained 
using the lat ter  technique with periodic comparison 
with those values obtained from relationships [1]-[3].  
A voltage step was applied to the nickel or cobalt 
working electrode and the current  was recorded as a 
function of time. Under  such conditions of diffusion (or 
mixed) control, the assumption was made that at t ime 
zero, only activation control will be present, that is, 
sufficient supply of electroactive species will  be present  

together with min imal  reaction products, so that  any 
mass t ransfer  effects will  be minimized. Figure  4 shows 
a typical oscillogram for nickel with and without  50 
ppm H2S in  low BTU fuel, showing the decay of cur-  
rent  with time for an  applied anodic pulse of 40 mY 
for the equi l ibr ium potential  (two time scales shown).  

Here, the exchange current  density calculated from 
the i(0) value was found to be a round 25 m ~ / c m  2 in  
both cases, indicat ing that such low levels of sulfur  
(50 ppm H2S) appear to have little effect upon the 
electrode kinetics for fuel oxidation, in  essential agree- 
men t  with the steady-state data. 

A series of progressively more anodic and cathodic 
potential  steps were applied to both nickel and cobalt 
in fuel with and without 50 ppm H2S introduced into 
low BTU fuel at 650~ The respective activation polar-  
ization curves for these two anodes are shown in Fig. 
5 and 6, where they are compared wi th  such data ob- 
tained using clean fuel. As was indicated earlier, 5 0  
ppm H2S does not appear to affect drastically the elec- 
trode kinetics for either the anodic or cathodic proc- 
esses, al though some small lowering in electrode ac- 
t ivity does become apparent  at higher applied over-  
potentials. Upon introduct ion of 50 ppm H2S, the ex- 
change current  density was observed to become slightly 
lower, reducing from 26 to 25 mA/cm 2, and from 
19.5 to 18.5 mA / c m 2, respectively, for nickel and cobalt, 
al though such small  variat ions in activation data can 
be considered to be well wi thin  the exper imental  
error of this work. When potential  step techniques 
are performed on these anode materials in fuel con- 
ta in ing 1000 ppm H2S, anodic and cathodic currents  
appear to be dominated by the sulfidaton reaction as 
indicated in Fig. 7 and 8, respectively, for nickel and 
cobalt. 

When high sulfide concentrations bui ld  up in  the 
proximity of the anode, either directly from sulfur-  

Fig. 4. Transient potentlostatie measurements on nickel in 
lithium-potassium melt at 6S0~ [low BTU fuel used both (a) with 
and (b) without 50 ppm H2S introduced with fuel]. 
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containing fuel  or indirect ly  from SO~ introduced 
into the cathode, neither nickel  nor cobalt appear to 
be viable anode candidates. There is considerable in-  
centive, therefore, to identify  potential ly  sulfur-tol -  
erant anode materials for this fuel  cell system. 

Prel iminary corrosion results for selected sulfur-  
tolerant candidate anodes are shown in Table I. Ma- 
terials which showed apparent stabil ity in this corro- 
sion test were then subjected to steady-state potentio- 
static polarization evaluation in the electrochemical 
half-cel l .  These results are summarized in Table II, 
where  open-circuit  potentials and anodic currents at 
50 mV overpotential  are compared. 
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Apart from nickel  and cobalt anodes, which  have al-  
ready been discussed, highest stabilities were found 
for Mgo.05Lao.95CrO3 and TiC. Figure 9 compares 
steady-state polarization data on Mgo.05Lao.95CrO3 i n  
low BTU fuel wi th  and without  50 ppm H2S. No shift in 
the open-circuit  potential was observed, and current 
voltage characteristics were very similar in both cases, 
particularly in the anodic region. Introduction of fuel 
containing 1000 ppm of H2S did not shift the open- 
circuit potential to negative values as observed with 
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Table I. Corrosion results for candidate anode materials 

355 

Composition, % 

Total exposure Period in 
to Iow-BTU H~S (274 Total weight 
fuel, hr ppm), hr change, % C o m m e n t s  

WC--10;  CO--90 1588 1301 - 3 . 3  
TaC 1122 1122 - -  
TiB~ 432 432 
Z r C  168 n o n e  - -  
TiC 1506 1051 - 1.0 
VC 355 187 --24.7 
N b N  1506 1051 + 10.1 
Mgo.osLao.~CrOa 1506 1051 + 0.1 
TiO2 (Ta-doped) 1343 1080 +0.7 
TiOs (N'b-doped) 1343 1080 -1.1 
Mo--90;  Ti--10  1080 1080 --32.4 
Co--64.8;  Mo--35.2  1554 1554 --27.8 
Co---38.1; Mo---61.9 432 432 - 5 3 . 2  
Nicke l  1554 1554 - 0.9 
Fe- -90 .0 ;  Cr - -9 .0 ;  Mo---1.0 432 432 - 4 8 . 5  
Cr- -30.6 ;  Co--69.4  648 648 - -  
Co--49;  5 1 - - W  648 648 - -  
Co--24.3;  75 .7- -W 648 648 
Co---63.0; Cr--30.0; Mo--7.0 1122 1122 
Co---22.1; Cr--77.9 1122 1122 + 13.7 
Cobalt 1122 1122 + 0.3 
Cr~Os ( 1 mole  TiO~) 1122 1122 + 7.0 
T u n g s t e n  1122 1122 -- 44.7 
M o l y b d e n u m  1122 1122 
FeB 474 474 -- 
Ni--50 ;  Co- -50  474 474 + 3.5 
CoPS 474 474 - -  
WS~ 474 474 - -  
CoPs 474 474 
Ni - -50 ;  A1--50 474 474 +25.9 
CoAss 474 474 + 0.9 
MoS~ 474 474 -- 
CraCos 474 474 
WC 648 648 
MnS 648 648 - 2 7 . 0  

Completely corroded 
Completely corroded 
Completely corroded 

Completely corroded 
Completely corroded 
Completely corroded 
Completely corroded 

Sample broken 

Completely corroded 
Completely corroded 

Completely corroded 
Completely corroded 
Completely corroded 

Completely corroded 
Completely corroded 
Completely corroded 
Sample broken 

nickel and cobalt anodes. Examination of this material 
afterwards indicated no surface corrosion even after 
anodic potentiostating. 

Figure 10 compares activation data performed on 
this material using the potential step technique with 
that obtained for nickel. For Mg0.05La0.95CrO3 exchange 
current densities of around 8 mA/cm 2 were obtained in 
low BTU fuel. As seen in Fig. 10, exchange current 
densities for fuel oxidation on nickel are greater than 
with Mg0.05La0.95CrO~. On the basis of the kinetic data 
a n d  t h e  a p p a r e n t l y  h i g h - s u l f u r  t o l e r a n c e  o f  
M g o . o s L a o . s s C r O 3 ,  t h i s  m a t e r i a l  m a y  b e  a n  i n t e r e s t i n g  
c a n d i d a t e  a s  a n  a n o d e  m a t e r i a l  f o r  t h e  m o l t e n  c a r -  
b o n a t e  f u e l  c e l l ,  a l t h o u g h  t h e  p r e s e n t  h i g h  c o s t  o f  t h i s  
m a t e r i a l  w o u l d  n o t  f a v o r  i t s  u s e  i n  t h e  i m m e d i a t e  
f u t u r e .  

S t e a d y - s t a t e  p o l a r i z a t i o n  m e a s u r e m e n t s  h a v e  b e e n  
p e r f o r m e d  o n  T i C ,  C r 2 0 3  (1  m / o  o f  T i O 2 ) ,  W C o  ( 7 5 . 5 %  
W ,  2 4 . 3 %  C o ) ,  N i c h r o m e  ( 8 0 %  N i ,  2 0 %  C r ) ,  a n d  N i A 1  

in the lithium/potassium carbonate electrolyte at 650~ 
in low BTU fuel. Upon examination of all of these 
materials, evidence of surface corrosion became evi- 
dent. Candidate anode current collector materials were 
subjected to an initial screening corrosion test as de- 
scribed previously for the selected anodes. The mate= 
rials selected, together with the corrosion results, are 
shown in Table ill. From these results, good corrosion 
stability was found for 446 and 310 stainless steels, to- 
gether with Uniloy. More promising materials were 
subjected to steady-state potentiostatic evaluation. Fig- 
ure 11 shows the steady-state current voltage charac- 
teristics obtained with 446 stainless steel. The results of 
such potentiostatic testing for the selected anode cur- 
rent collector materials are summarized in Table IV. 
Materials were anodically potentiostated at 75 mV 
in low BTU fuel with and without H2S and the cur- 
rents recorded as a function of time. A decay in cur- 
rent with time was taken as indicative of surface oxide 

Table II. Potentiostatic evaluation of anode materials using low BTU fuel gas in 
binary carbonate melt at 650~ 

Composition, % 

Clean fuel Fuel with 50 ppm HsS 
Current i (at Current i (at 

50 mV from rest 50 mV from rest 
Open-circuit potential) Open-circuit potential) 

po t en t i a l ,  m V  m A / c m  2 p o t e n t i a l ,  m V  m A / c m  s Comments 

CroOn--99; TiOs--1  - 1032 0.122 
Nicke l - -50 ;  c o b a l t - - 5 0  -- 1138 0 383 - 1102 0.202 
T u n g s t e n  c a r b i d e  - 1368 2.918 -- 1305 1.134 

T u n g s t e n  cobalt  - 1402 2.299 

T i t a n i u m  c a r b i d e  - 1142" 0.166" - 1135 0.167 
Mgo.o~Lao.osCrO~ - 1130 0.044) - 1132 0.041 
Ni- -50;  A1--50 - 1 1 6 0  0.918 

TiO2 (Ta  d o p e d )  - 1106"* 0.157 j* 
TiO2 (N'b doped) - 1097 0 1 ] 4 - 1134' * 0.105" * 
Nicke l  - 1154 0.250 - 1141 0.193 
Nickel - 1185" * 17.51" * 

Cobalt  - 1158 0.304 - 1163 0.304 
Coba l t  . -  1201" * 8.47* * 
N i o b i u m  n i t r i d e  - 1104 0.493 

C h r o m i u m - - 7 7 . 9 ;  
coba l t - -22 .1  

CoAss 

* H i g h  BTU fuel .  
** 1050 p p m  I-IaS. 

-1290 0.0 

- 1136 0.32 

Electrode badly cracked 
Trace of current very noisy 
Indicates corrosion; not run cath- 

odically 
Electrode corroded; not run in H~S 

E l e c t r o d e  c o r r o d e d ;  n o t  r u n  in  HcS 

Very large cathodic current 

Indicates corrosion 

Indicates corrosion; not run in H~S 

No anodic current 
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formation as shown in Fig. 12 for 446 stainless steel. 
All materials were examined visual ly for evidence of 
corrosion after such potentiostating. 
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Fig. 12. Variation of current with time at an applied anodlc over- 
potential of 75 mV for 446 stainless steel (low BTU fuel used). 

Of those materials  evaluated, high stabilities were 
found for 410 and 310 stainless steels. Open-circui t  
potentials were found for the stainless steels in low- 
BTU fuel were fair ly close to those expected; never-  
theless, some of the other candidates that  readily cor- 
roded showed somewhat more cathodic potentials. 

Conclusion 
At low-sulfur  concentrations (___50 ppm) the elec- 

trode kinetics for fuel oxidation on both nickel and 
cobalt anodes do not  appear to be effected in  an  ira- 

Table III. Corrosion results for candidate anode current collector materials 

Compos i t i on ,  % 

T o t a l  e x p o s u r e  P e r i o d  in  
t o  l ow BTU H2S (274 T o t a l  w e i g h t  

fue l ,  h r  p p m ) ,  h r  c h a n g e ,  % Comments 

C---0.25; Mn--2 .0 ;  s i ~ l , 5 ;  Cr- -25.0 ;  Ni- -20;  Fe--51.25 
(SS--303) 

Cr--50.0; Ni--49.0; Ti--l.0 (Uniloy) 
Co--50.0; Cr~28.0; Fe---16.5; W--5.5 
Fe--81.8; Al--15; Mo~-3.2 (VE !!1) 
Cr--21.o; Mn--9.0; Ni--6.0; Fe--64 
Fe--70; Al--10; Mn--20 (EX--20) 
C--0.2; Cr--25.0; Ni~0.5; Fe--74.3 (SS--446) 
Cr--22.0; Co~0.5; Al~5.0; Fe--73.5 (Kanthal) 
C---0.15; Mn--2.0; Si~l.0; P--0.2; S---0.15; Cr--18.0; 

Ni--9.0;  Mo---0.6; F e - - B a l .  (SS--303)  
C--0.08; Cr- -17.0 ;  N i ~ 1 2 ;  Mo---3.0; F e - - B a l ,  (SS--316)  

1588 1301 + 0.2 
1538 1301 + 0.5 
355 187 - 2 0 . 3  
648 648 +82,9 

1588 1361 + 0.5 
648 648 + 26.7 

1588 1301 + 0.6 
258 256 

1554 1554 --5.3 
1554 1554 +2.2 

C o m p l e t e l y  corroded 
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Table IV. Potentiostatic evaluation of anode current collector materials using low BTU fuel gas 
in binary carbonate melt at 650~ 

357 

Composition, % 

Clean fuel  Fuel  with 50 ppm H2S 
Current i Current i 

Open (at 50 mV Open (at 50 mV 
circuit from rest circuit from rest 

potential  potential)  potential, potential) 
mV mA/cm 2 mV mA/cm 2 Comments  

C--0.2; Cr--25.0; Ni--0.5; Fe--74.3 (SS 446) -1182 
C--0.25; Mn--2.0; Si--1.5; Cr--25.0; Ni--20; Fe--51.25 

(SS 310) - 1186 
C--0.G8; Cr--17.0; Ni--120; Mo--3.0; Fe Bal. (SS 316) -1173 
Co--0.15; Mn--l .0;  Si--l .0; Cr--12.5 Fe--Bal.  (SS 410) -1173 
C---0.15; Mn--l .0;  Si-- l .0;  Ni---45 45; Fe--18.5; Cr--21.8; 

Co---2.5; Mo--9.0; W---0.6 (Hastel loy X) -1167  
Ni--80.0; Cr--20.0 (Nichrome) - 1257 
Cr--22.0; Co---0.5; A1--5.0; Fe--73.5 (Kanthal) -1330 
Fe--70; AI--10; Mn--2o (Ex 20) -1347  
Fe~81.8; Al--15.0; Mo--3.2 (VE 441) -1382 

por tant  way. At h igh-su l fur  concentrat ions (_~1000 
ppm) shifts in the open-circui t  potent ial  of both these 
materials  occurred together with evidence of sulfida- 
tion. 

Promising anode materials  which may show long- 
term sulfur  tolerance include Mg0.osLa0.9~CrO~ and 
TiC. However, their long- te rm performance as porous 
sintered anodes has yet to be evaluated. Anode cur-  
rent  collectors showing the greatest stabil i ty included 
410 and 310 stainless steels. 
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Mass Transport Phenomena in the 
Molten Sulfur-Sodium Polysulfide System 

J. Divisek, F. G. Bodewig,* J. Mergel, and H. Lippert 
Institute of Chemistry, Institute 4: Applied Physica~ Chemistry, 

Nuclear Research Center (KFA ) , Juelich, Germany 

and B. Kastening 
Institute of Physical Chemistry, University of Hamburg, Hamburg, Germany 

ABSTRACT 

The exchange rate for mass t ransfer  of sulfur  across the su l fur -su l fur  
saturated sodium pentasulfide interface was investigated by S-35 tracer studies 
and found to be 0.19 +_ 0.04g S/cme/hr  at 300~ The self-diffusion coefficients 
of sulfur  in  Na2S4 and Na285.2 as determined by the capil lary method using 
S-35 label ing were 2.3 +_ 1.1 X 1O-~ and 1.5 __ 0.4 X 10 -~ cm 2 sec -'1, respec- 
tively, at 800~ The diffusion coefficient of the electroactive species in Na~S4 
w a s  determined by chronopotent iometry at a rotat ing disk electrode. Its value 
is 7 • 10 -7 cm 2 sec -1 at 300~ Approximate values of the activation energy 
of diffusion and nCox in  Na2S4 are given. A first a t tempt is made, in terms of a 
mechanistic model of the mass- t ransfer  processes, to explain the different 
data obtained for D from tracer and electrochemical experiments,  respectively. 

Dur ing  the discharge of the sodium-sul fur  ba t te ry  
sulfur  is t ransferred across the sul fur-sodium poly- 
sulfide interface to the melt  and t ransported as poly-  

* Electrochemical  Society Act ive  Member. 
Key words: fused salts, battery,  diffusion, chronopotentiometry.  

sulfide through the melt  to the electrode where i t  is 
electrochemically reduced to a lower polysulfide ( I -  
3). No data for the mass t ransfer  of sulfur  be tween 
the sulfur pool and the melt  are available in  the 
l i terature,  and for its diffusion through the melt  t h e  
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data  are  conflicting (1, 4). In the  course of some work  
done on the N a / S  ba t t e ry  in this l abo ra to ry  i t  was 
therefore  deemed desi rable  to s tudy  these t r anspor t  
phenomena  and, if possible, de te rmine  whe the r  the 
diffusion or the sulfur  t ransfe r  is the r a t e - d e t e r m i n -  
ing step in the sulfur  t ranspor t  to the electrode.  

Experimental 
Chemicals.--Sulfur flower (Merck)  was purif ied 

according to the method  of Bacon and Fanel l i  (5). 
Reagent  grade  sodium meta l  (Merck)  was used as 
received af te r  having been cleaned in ethanol.  

Radioact ive  sulfur  (isotope S-35, ha l f - l i fe  87d) was 
obtained f rom A m e r s h a m  Buchler  or  p r epa red  f rom 
purif ied sul fur  by i r r ad ia t ion  in the DIDO reac tor  of 
the Nuclear  Research Center,  Juelich.  The ac t iv i ty  of 
this s tock supply  was de te rmined  as descr ibed below 
and was be tween 15 and 100 ~Ci/g at  the t ime of use. 
Al l  exper iments  were  pe r fo rmed  under  a rgon gas 
passed through a purif icat ion unit  (Oxisorb;  Messer 
Gr ieshe im) .  

Polysulfide preparation.--Sodium te t rasulf ide was 
p repared  f rom the e lements  according to the method  
of Feh6r  and Ber thold  (6) in a glove box wi th  a 
c i rcula ted and purified argon a tmosphere  (O2 ~ 10 
volume ppm; H20 < 15 volume ppm) .  Its composit ion 
was de te rmined  as descr ibed by  Feh6r  and Ber thold  
(7). The e thyl  alcohol content  remain ing  af ter  the 
product  had been dr ied under  vacuum was de te rmined  
by gas ch romatography  to be below the detect ion l imi t  
of 0.01 weight  percen t  (w /o ) .  

Su l fu r - s a tu r a t ed  sodium pentasulf ide (Na2S5.2) was 
p repa red  f rom Na2S4 by  the addi t ion  of an excess of 
sulfur  fol lowed by  mixing  the l iquid const i tuents  at  
about  300~ wi th  a v ib ra to r  (Vibro-Mixer  E1 Chemap)  
for 15 min. The excess sulfur  separa tes  overnight  
f rom the pentasulf ide mel t  and can be removed  af te r  
solidification. The composit ion of the produc t  thus 
p repa red  was de te rmined  ana ly t i ca l ly  (7) to be 
Na2S5.2 wi th in  expe r imen ta l  error.  Measurements  of 
potent ia l  wi th  respect  to a sod ium/E-a lumina  elec-  
t rode confirmed the composition. 

The active and inact ive  sulfide melts  for  the cap i l l a ry  
exper iments  were  p repa red  as follows. A charge of 
te t rasulf ide  was divided into two port ions to one of 
which rad ioac t ive  sulfur  was added. To the o ther  por -  
t ion an equiva lent  amount  of inact ive sulfur  was a d d e d  
so that  both por t ions  had the same composit ion differ-  
ing only s l ight ly  f rom tha t  of the  s ta r t ing  mate r i a l  
(1-2g of sul fur  were  added  per  100g of te t rasulf ide) .  

The labe led  pentasulf ide was p repa red  as above except  
that  the sulfur  used contained S-35. The inact ive pen ta -  
sulfide was p repa red  from the same charge of t e t r a -  
sulfide using an equivalent  amount  of inact ive  sulfur.  

Equipment and Procedures 
Sulfur transfer and self-difJusion coefficients.--The 

exchange of sulfur  across the su l fu r - su l fu r  sa tu ra ted  
pentasulf ide system was de te rmined  by  labe l ing  the 
sulfur  phase wi th  radioac t ive  sulfur  and measur ing  the 
increase of the ac t iv i ty  of the sulfide phase wi th  time. 

The exper iments  were  car r ied  out  in a P y r e x  vessel  
(d iam 3.5 cm) in a ver t ica l  tube furnace at  t empera -  
tures be tween 297 ~ and 305~ First ,  mol ten  pen tasu l -  
fide (80g) and sul fur  (50g) were  lef t  in contact  a t  
800~ for 48 hr  under  slow s t i r r ing  of both  phases to 
ensure that  equ i l ib r ium conditions had been es tab-  
lished. Radioact ive  sulfur  (40-85 ~Ci) was then a d d e d  
to the sulfur  phase and samples  of about  1-2 ml were  
taken  f rom the bu lk  of the pentasulf ide phase at  
in tervals  of usua l ly  1 hr. Sul fur  was prec ip i ta ted  f rom 
these samples and p repa red  for l iquid scint i l la t ion 
counting as descr ibed below. During the 5-6 hr, which  
each run  lasted, one or two samples were  also taken  
f rom the sulfur  phase to de te rmine  its activity.  The 
pentasulf ide and sulfur  or ig ina l ly  charged into the 
vessel and al l  samples  t aken  f rom it  were  weighed 

since the amount  of ma te r i a l  lef t  in the vessel  dur ing  
the course of the exper imen t  as wel l  as the ac t iv i ty  
removed  from i t  by  tak ing  the samples  were  needed  
for the calculations.  

The mass t ransfer  of sulfur  across the interface w a s  
a l t e rna t ive ly  de te rmined  by  measur ing  the decrease of 
the ac t iv i ty  in a cap i l l a ry  filled wi th  radioac t ive  sul-  
fur  and immersed  in mol ten  pentasulfide.  This method 
has been used f requen t ly  to de te rmine  self-diffusion 
coefficients (8). The appara tus  is shown in Fig. 1. The 
capi l lar ies  had an inside d iamete r  of 0.08 cm, a length  
of 4.0 cm, and thei r  upper  end was closed by  a flat seal. 
The cap i l l a ry  was filled by  evacuat ing the P y r e x  vessel, 
lower ing  the cap i l l a ry  into the radioac t ive  sulfur  (in 
posit ion 1), and admi t t ing  argon into the vessel. The 
capi l la ry  was then raised and the sul fur  pot  rep laced  
by the pot  wi th  the pentasulf ide prev ious ly  held in 
posi t ion 2. To s ta r t  the exper imen t  the cap i l l a ry  was 
lowered  into the pentasulf ide mel t  and the rota t ion of 
the pot  was s tar ted.  The decrease of the ac t iv i ty  was 
de te rmined  af ter  3-4 hr  and the exper iments  were  
carr ied  out at 300 ~ • 2~ The appara tus  shown in 
Fig. 1 has the advan tage  over  o ther  a r rangements  [cf., 
e.g., Ref. (9)] that  the  ma te r i a l  in the cap i l l a ry  re -  
mains  l iquid th roughout  the exper iment .  This is 
especial ly  advantageous  for sulfur  and compounds such 
as polysulfides, which form bubbles  in the cap i l l a ry  on 
remelt ing.  

The same procedure  was fol lowed for  the de te r -  
minat ion  of the self-diffusion coefficients of sul fur  in  
its mel t  and in Na2S4 and Na2S~.2, the only difference 
being that  the substances in the cap i l l a ry  again  con- 
ta ined  the labe led  mater ia l .  

Electrochemical measurements.--The chronopoten-  
t iometr ic  measurements  were  pe r fo rmed  on a t e t r a -  
sulfide mel t  wi th  a ro ta t ing disk e lect rode dr iven  by  a 
ro ta to r  wi th  speed control  (Model ASR; Pine Ins t ru -  

HEATING 
JACKET - -  

MELT A C T I V E  

ARGON,~I 

I 

I 

PYREX 

, /VESSEL 

41/// 
. . . . .  THERMO- 

/COUPLE 
z / / /A '  

z / l / /  
z / i l l ~  

...... CAPILLARY v / / / ,  j 

. . . . .  INACTIVE 
MELT 

( 7  

i i 

Fig. 1. Diffusion apparatus 

| Q 



Vol. I27, No. 2 MASS T R A N S P O R T  P H E N O M E N A  359 

ment  Company) ,  A disk electrode was constructed 
which proved to be suitable for high tempera ture  
work. Details are shown in  Fig. 2. A PAR universa l  
p rogrammer  (Model 175) served as pulse generator.  
The curves were drawn on an X-Y recorder (Model 
7046 A; Hewlett  Packard)  from the memory  of a digital  
oscilloscope (Model 1090 A with a Model 96 A P lug- In ;  
Nicolet). A graphite rod in  the melt  served as refer-  
ence electrode. It  behaves reversibly and has a stable 
potent ial  (2). 

The vol tammetr ic  curves were obtained with the ro- 
ta t ing disk electrode described above, employing a po- 
tent iostat  with a continuous and automatic IR compen-  
sation bui l t  in this laboratory (10) in  principle accord- 
ing to the method of Britz and Brocke (11). At a 
sufficiently large double- layer  time constant the ac- 
curacy of the IR compensation of this ins t rument  is 
about  1%. This condition was met here since the t ime 
constant  in this melt  system [(4),  and own measure-  
ments]  is about  a factor of 100 larger than the current  
in te r rup t ion  period of the potentiostat. 

Activity measurement.--The activity of the samples 
was determined by l iquid scintil lometry. The following 
is a short description of the procedure adopted. A 
weighed sulfide sample was dissolved in  water  f rom 
which sulfur  was precipitated by adding HC1. Although 
one sulfur  atom per molecule polysulfide escapes as 
I-I2S, this can be accounted for in the calculations since 
S-35 is dis tr ibuted proport ional ly  among the decom- 
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Fig. 2. Rotating disk electrode for high temperature studies 

position products as was shown here by checking the 
radioactivi ty balance in some experiments  [see also 
Ref. (12)]. The precipitated sulfur  was dissolved in  
toluene (CS~ could not be used due to its high degree 
of quenching) .  A mixture  of this solution with Instagel  
(Hewlett  Packard)  was counted for one minute  on a 
Corumat-2700 (INC Tracer lab) .  Since only the ratio of 
the activities of the samples in question was required 
for the calculations it was not necessary to determine 
the counting efficiency as long as the quenching due 
to sulfur itself remained constant. This was assured by 
always having the same amount  of sulfur  present  in the 
solutions counted. 

Results and Discussion 
Mass transfer of sulSur.--A total of six runs were 

performed to determine the exchange of sulfur  across 
the su l fur -su l fur  saturated pentasulfide interface. 

The amount  of sulfur  (in g) t ransferred dur ing a 
measurement  period was obtained by dividing the in -  
crease of the activity in the sulfide phase dur ing that  
period by the activity of the sulfur  phase per gram of 
sulfur  at the beginning of the period. The calculations 
are straightforward. The following approximations 
were made. The activity of the sulfur  phase was con- 
sidered constant dur ing the period and the t ransfer  of 
radioactive sulfur  in the reverse direction (viz., from 
the sulfide to the sulfur  phase) was neglected. Both 
approximations are justified since they produce errors 
of less than 3%. The overall  accuracy of the measure-  
ments  (estimated to be 15%) was considered such that  
it seemed unwar ran ted  to correct for these changes. 

The results obtained at various s t i r r ing rates are  
shown in  Fig. 3. The least squares l ine of all data 
points with its confidence in terva l  (13) was de ter -  
mined to check whether  or not the t ransfer  of S-35 
is influenced by the s t i r r ing rate. I t  is, however, a m o o t  
point  to decide this solely on the basis of these data 
al though the values at 110 and 205 rpm are somewhat  
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Fig. 3. Sulfur transferred in g/cm 2 sulfur-pentasulfide interface 
as a function of time and stirring speed (at 300~ Least squares 
line of all data points (6 runs with a total of 43 points including 
6 paints 0, 0). Dashed curve is 95% joint confidence hyperbola [Ref. 
(13)]. Number indicates multiple points. 
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higher  (0.I0 g/cm2/hr)  than those obtained from the 
least squares l ine (0.075 g/cm2/hr) ,  while those in  the 
uns t i r red  melt  are somewhat  lower (0.06 g/cm2/hr) .  
Increasing the st i rr ing rate above 200 rpm was not pos- 
sible without dis turbing the interface and obtaining an 
undefined area. It  was therefore decided to carry out 
the same measurements  wi th  the aid of capillaries 
whereby a diffusion layer of labeled pentasulfide is 
essentially prevented.  To calculate the amount  of sul-  
fur  t ransferred in  these experiments,  Fick's second law 
with the appropriate boundary  conditions 

Oc (o~t) 
D - -  = kc(o,t) ,  c(x,o) = c b, c ( ~ , t )  = c b 

8x 
has to be solved. The solution, for a cyl inder of in -  
finite length, has been given by Delahay (14) as 

X r176 [erfc( 2D,/2t,/2 ) 

- t - exp (  Qx Q2t) erfc(Qt'/2 " ) ]  
- ~  + + 2DZl2tl/2 

where 
k Q - - ,  

D1/2 

That  the equat ion is also valid for a capil lary with a 
length of 4 cm as long as the diffusion time is kept  
short (3-4 hr) is shown by the concentrat ion profile 
of S-35 in  the capil lary calculated for a diffusion 
time of 4 hr and an infinite value of k (Fig. 4, curve a). 
A finite value of k only improves the si tuation since 
the section at the end of the capillary, where the con- 
centrat ion of S-35 remains at its ini t ia l  value, becomes 
even longer (Fig. 4, curve b represent ing a typical  
run ) .  The value of the self-diffusion coefficient (D) 
of sulfur  in  its mel t  required for calculating the curve 
was determined in  other experiments  (see below).  
With the values of D and t known the value of k was 
determined in  the following manner .  The concentra-  
t ion profile at t ime t was calculated for the experi-  
menta l ly  determined amount  of t racer  at t ime t = 0 
and a l ikely value of k. Then the amount  of tracer re-  
main ing  at t ime t was obtained by numer ica l ly  in te-  
grat ing the area under  the curve and compared with 
the amount  exper imenta l ly  determined at t ime t. The 
value of k was changed unt i l  these two values agreed 
to wi th in  0.1%. The values of k de termined in  four ex-  
per iments  with D =- 5.07 • 10 -5 cm2/sec (see Table I) 
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Fig. 4. Fraction of S-35 (~,) remaining in capillary as a function 
of the distance from the mouth of the capillary. Curve a, for an 
infinite value of k, curve b, represents a typical run. 

Table I. Self-diffusion coefficients in liquid sulfur, Na2S4, and 
Na2S5.2 at about 300~ 

Temper- D x 10 ~ 
ature (~ (cm 2 sec-~) 

298 5.56 
s u l f u r  296 5.54 

298 4.12 
A v e r a g e  ( s t d  dev)  - -  5.1 ( 0 . 9 )  

296 1.57 
300 3.57 
300 1.33 

S o d i u m  t e t r a s u l f i d e  3u4 3.54 
307 1.39 
307 2.47 

A v e r a g e  ( s t d  dev)  - -  2.~ (1.1),  
297 1.18 
2v'l 1.42 
300 0.95 

S o d i u m  p e n t a s u l f i d e  3U0 1.20 
300 1.81 
300 2.12 

Average ( s t d  dev)  - -  1.4 (0.5) 

were: 2.69, 2.81, 3.18, and 4.00 • 10 -5 cm/sec at 296 ~ 
__+ 2~ The amount  of sulfur  t ransferred was calculated 
from 

dN --  kr 
qdt  

where c = 1.69g S /cm 3 and q is the area of the in ter -  
face, here taken equal to the cross section of the capil- 
lary since visual inspection wi th  a magnifying glass  
showed a practically flat interface between the two 
phases. The values thus obtained were 0.16, 0.17, 0.19, 
and 0.24 g/cme/hr  with an  average value of 0.19 • 0.04 
g/cm2/hr.  This value seems more justified than  the one 
determined above since in  those experiments  a diffu- 
sion layer  of S-35 must  have been present. 

The calculations of the mass t ransfer  of sulfur  f rom 
the capil lary experiments  depend on the condition that  
no convection disturbances occur inside the capil lary 
s i nc e  these would cause some of the l iquid to be 
dragged out (15). If the liquids in  the capil lary and 
bath are the same (which is the case if self-diffusion 
coefficients are measured) ,  the length of the region 
where the disturbances occur can be evaluated (16). 
This "ht-region" leads to a diffusion path shor te r  than  
the geometric length of the capil lary but  the experi-  
ments  can be carried out such that  M becomes negl i -  
gible compared to the length of the capil lary as will be 
shown below in  the section "Self-diffusion coeffi- 
cients." If the liquids are not  the same and  form an  
interface the disturbances in  the capillary wil l  be 
smaller, if not  all together absent, especially if the 
l ighter  l iquid is in  the capillary. I t  is, therefore, also 
justified to neglect the "A/-effect" in  the calculations 
of the mass t ransfer  of sulfur  since the same experi-  
menta l  conditions prevailed, except that  an  interface 
existed between the two liquids. 

The net  rate of sulfur  t ransfer  across the interface 
S/Na2Sx, which is zero at equi l ibr ium conditions 
(x = 5.2), wil l  be positive or negat ive according to 
whether  x > 5.2 or x < 5.2. However, the assumption 
seems to be reasonable that  the ne t  rate under  such 
conditions is always smaller  than  the exchange rate  
at x ~ 5.2 (k ---- 3 cm/sec corresponding to 0.19g 
S/cm2/hr,  see above).  A distinct t ransfer  rate has  
nevertheless been observed in  a qual i tat ive manne r  
under  conditions where the x value, in the immediate  
vicini ty of the interface, is not far from equil ibrium, 
as shown by the following experiment.  An open ended 
Pyrex  tube (diam 2 cm) was placed vert ical ly in  a 
large bath of tetrasulfide Na2S4 (350g) which effec- 
t ively served as a sulfur  sink. Some sulfur  was added 
on top of the melt  inside the tube so that  it  just  c o v -  
ered  the highest of four gold plated Pt  wires which 
were sealed into the wall  of the tube at a distance 
of about 1.5 m m  of each other along the tube's  vert ical  
axis. The rest potentials of these wire electrodes was 
measured against  a reference electrode consisting of a 
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graphite rod in the tetrasulfide bath. When steady-state 
conditions had been reached, there always existed a 
ra ther  thick diffusion layer (several mm) the composi- 
t ion of which corresponded to 5.2 > x > 5 within the 
range where the wires were placed (the error of the 
potential measurement was estimated at 5... I0 mV so 
that a more accurate determination of the composition 
was not possible). Both the transport through the diffu- 
sion layer and the limited rate of transfer across the 
interface must therefore in general be taken into con- 
sideration. 

Self-difjusion coefficients.~The self-diffusion coeffi- 
cients of sulfur  in its melt  and in tetrasulfide and 
pentasulfide melts were calculated with the simplified 
formula of McKay (17, 9) 

7.7476/2 (1 -- -t) '2 
D_-- 

n2t 

where ~ is the fraction of tracer remaining  at time t 
in a capillary of length l, closed at one end and im-  
mersed in a diffusion sink where the tracer concentra-  
tion is effectively zero at all times. The formula can be 
applied if 1 > ~ > 0.5 which was achieved in these 
experiments  by keeping the diffusion time between 3 
and 4 hr. 

The Reynolds number  given by  

R~pd 
NRe : 

60n 

w h e r e  R ( rad ius  of  r o t a t i o n )  : 0.8 cm, ~ ( angu la r  f r e -  
quency  = 2= • 33 rpm,  p (dens i t y  of  m e l t )  = 1.8-1.9g 
cm -3 [from Ref. (18)], d (ID of capillary) _-- 0.08 cm, 
and n (viscosity of melt)  ---- 0.43-0.57g cm -1 sec -1 
from Ref (18)] had a m a x i m u m  value of about  1 in  
these experiments.  This results in  a "M-region" (16) 

~l : d(1.35 • 10-~ -F 1.69 • 1O-lNae -- 1.30 

X 10-2NRe 2) ----0.014 cm(max.)  

which can be neglected here compared to the length 
of the capil lary (4 cm). The value of 7 was determined 
by taking the ratio of the exper imenta l ly  measured 
act ivi ty remain ing  in the capillary at t ime t and that  
present  ini t ia l ly at time t : 0. The results are listed 
in  Table I. 

The self-diffusion coefficient in  l i q u i d s u l f u r  has 
been determined previously by Saxton and Drickamer 
(19), also with S-35. At 300~ they reported a value of 
about 2 >< 10 -8 cm2/sec. The agreement  is poor. This 
may  be due to the method of analysis used at that  
time, viz., of counting solid samples under  a Geiger 
counter. This certainly presents problems regarding 
the counting geometry al though the authors reported 
having taken considerable care in this respect. Fu r the r -  
more, the experiments  were carried out with a f l i t  
of which the effective pathlength had to be determined 
in another  set of experiments  and this may have in t ro-  
duced another  source of error, especially since the 
la t ter  experiments  had to be carried out at a much 
lower temperature.  

The self-diffusion coefficients in polysulfide melts 
have not been determined previously. The values here 
are in the usual  range found in  other melts. 

Electrochemicals diffusion coefficients.mThe chrono- 
potentiometric measurements  for de termining the dif- 
fusion coefficient of the electroactive species in  the 
tetrasulfide melt  were carried out with a rotat ing disk 
electrode. This method has the advantage that  no 
prior knowledge of the concentrat ion of the electro- 
active species and no assumptions regarding the actual  
react ion(s)  at the electrode are required. The only 
conditions are that the mass t ransport  of the electro- 
active species must  be controlled by convective dif- 
fusion according to Levich (20) and any  equil ibria  in  
which the electroactive species may be involved with-  

in the diffusion layer must  be kinet ical ly sufficiently 
fast. The former condition is fulfilled as shown in 
Fig. 5 by the fact that  the cathodic current  at the disk 
electrode varied linearly with ~/~, while the anodic 

current was a quasi-linear (21) function of ~/~, due 
to blocking of the electrode surface by sulfur above 
certain anodic current densities (about 1 A/cm 2 in 
Fig. 7). The latter condition is met because the dif- 
fusion coefficient determined by this method at sev- 
eral rotational speeds remained constant within ex- 
perimental error (see Table If). 

At the anodic current densities used here the ro- 
tating electrode.remains free of deposit. A stationary 
electrode, on the other hand, becomes blocked in both 
the anodic and cathodic directions by sulfur and an 
insoluble polysulfide, respectively, (i, 2), and is there- 
fore less suitable for measur ing diffusion coefficients 
in this melt  system. 

The calculations were carried out according to the 
mathematical  solution derived by Hale (22) and by 
Nanis and Klein  (23) whereby the general  equation for 
convective diffusion 

ac = D- o2c. -  V Oc 
Ot ~x ~ x O--x 

is solved for the galvanostatic boundary  conditions 

C(X,O)--cb, C(o0, t ) - -C b, and ( O c ~  : c o n s t a n t  

by int roducing the dimensionless variables  

C - -  C b D t  X 
, e : - -  and z : m 

Y - -  C b - -  Co, r  ~ 2  ' 

where 5 is a normalized form of the Levich layer  
(1.62D1/3vl/%-l/2), Co,r the concentrat ion at the e l e c -  

t r o d e  surface at t ransient  time ~, and c b the t ime inde-  
pendent  bulk concentration. If a galvanostatic pulse 
is applied to the electrode the potential  changes wi th  
time. At the t ransient  t ime ~ the potential  becomes 
constant and the function @ reaches a value of 2.5 
according to the normalizat ion of Hale (22). The dif- 
fusion coefficient can then be calculated from @ ---- 
D~/6 ~ with the exper imenta l ly  determined value of T. 
In  the experiments  the current  of the pulse in both 
anodic and cathodic directions was varied between 0.8 
and 0.6 of the l imit ing current  as measured with the 
disk electrode. The temperature  was varied between 
300 ~ and 370~ In  all cases a double pulse was em- 
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~Fig. 5. Dependence of 1/i on 1/X/~" at the rotating disk elec- 
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Table II. Diffusion coefficients (cm 2 sec - I )  measured in ~a2S4 with the rotating disk electrode 
between 300 ~ and 370~ at various speeds of rotation. Values in brackets not used for 

least squares analysis. 

D x I0~ (rpm) at 
Current 

Temp. (~ direction 4000 6000 8000 

From least  squares  line: 

Limits 
D x 10 ~ Lower Upper  

300 Cathodic (2.1) 0.76 0.88 0.7 0.5 1.0 
Anodic  . . . .  

320 Cathodic 1"~4 0.77 I.I0 1.0 ~ 1.2 
Anodic 1.10 0.77 0.57 0.9 0.6 1.3 

330 Cathodic 0.96 0.88 0.96 1.2 1.0 1.4 
Anor (3.94) 1.60 0.96 1.1 0.8 1.4 

340 Cathodic 1.23 120 1.95 1.4 1.1 1.6 
Anodie 1.95 1.38 1.23 1.2 l.O 1.6 

350 Cathodic 1.74 1.23 1.68 1.6 1.3 1.9 
Anodic  (3.00) ,1.75 i . i0  1.4 l . l  1.3 

370 Cathodic 2.39 2.57 2.39 2.1 1.6 2,8 
Anodic  1.79 2.06 1.38 1.9 1.2 2.8 

ployed (24) a l though the charging of the double layer  
wi thin  the t ransient  t ime was almost  negligible.  
Typical curves are shown in Fig. 6. 

As a check the t ransient  t imes were  also measured  
when the diffusion layer  decayed after  the current  
had been shut off. The values of z thus measured were  
always equal  to those of the "bui ldup"  experiments.  

The values of D thus obtained are  listed in Table II 
where  the values given in the last column are those 
obtained f rom the least squares curve. The lower  
and upper  limits of D correspond to a 95% joint  con- 
fidence in terva l  [for details see Ref. (13)]. The corre-  
lation was 72% for the cathodic points and 48% for 
the anodic ones. The scatter of the la t ter  points is 
re la t ive ly  la rge  and may be due to the fact  that  even  
with this method of measurement  the problems as- 
sociated with  anodic deposition of sulfur  cannot al-  
ways be total ly eliminated.  

F rom the tempera ture  dependence of the diffusion 
coefficients in Na2S4 the act ivat ion energy of diffusion 
can be calculated. The least squares line gives an ap- 
proximate  value of 12 and 11 kca l /mole  for the cath-  
odic and anodic diffusion, respectively,  in the t empera -  
ture range 300~176 These values are in good agree-  
ment  wi th  those obtained f rom viscosity data (18) 
which give an act ivat ion energy of viscosity of 10.3 
kcal /mole.  

By combining the values of the cathodic l imit ing 
currents  at the rotat ing disk electrode with  the least 
squares values of D the values of nCox (number  of 
electrons • concentrat ion of reducible species) were  
found to be 6.5 (300~ 7.7 (320~ 6.5 (330~ 
8.1 (340~ and 8.6 (350~C) mole/ l i ter .  Since the anodic 
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Fig. 6. Chronopotentlometric curves at the rotating disk elec- 
trode in Na2S4 ut 350~ Curve a, at 8000 rpm, carve b, at 4000 
rpm. Shaded area indicates estimated error on ~. 

" l imi t ing"  currents  are due to blocking of the elec-  
trode surface by a deposit of sulfur they cannot be 
used to calculate values of nCred. Attempts  to deter-  
mine the degree of blocking by applying the theory 
of Landsberg and T hiele (21) were  under taken  but 
did not  lead to unambiguous results. 

Diffusion coefficients and nC values have been pre-  
viously de termined  in polysulfide melts. Ludwig [Ref. 
(1), p. 430] combined various electrochemical  mea-  
surements  reported by different authors and obtained 
a value of D : 6.3 • 10 -7 cm2/sec and nC = 18.2 
moles / l i t e r  for Na2S5 at 350~ For  Na2S4 he found 
D = 2 • 10 -7 cm2/sec at 300~ From the Nerns t -  
Einstein equat ion he est imated the lat ter  value  to be 
7-9 • 10 -7 cmZ/sec. Armstrong,  Dickinson, and Reid 
(4) found values of D ---- 9.8 • 10 -6 cm2/sec for 
Na2S3 at 350~ and of D _-- 1.4 • 10 -5 cm2/sec for 
Na2S5 at 350~C. These authors also repor t  values for 
the concentrat ion of the oxidized and reduced species. 

The values calculated by Ludwig  (1) are in ra ther  
good agreement  wi th  those found here. A direct com- 
parison of the results of Armst rong  et al. (4) with 
ours, which are in a tetrasulfide melt ,  is not possible. 
However ,  since it  seems unl ike ly  that  the values in 
Na2S3 and Na2Ss, which lie close together,  would 
dir~er much f rom those in Na2S4 it can never theless  
be said that  the results do not agree. Their  diffusion 
coefficients are an order of magni tude  larger  and the 
concentrations of the oxidized species lie be tween 1.3 
and 1.7 mole / l i t e r  (for n : 1). The discrepancy must  
be due to the assumptions on which these authors 
base their  calculations. In both Na2S~ and Na2S5 they 
postulate a revers ible  diffusion controlled react ion of 
the type voxOx + n e -  --> ~'red Red. It seems plausible 
that  the same si tuation should then also exist in the 
tetrasulfide melt.  However ,  1R compensated vo l tam-  
metr ic  curves obtained in our labora tory  with  Na2S4 
melts clearly show that  there  are two coupled redox 
systems present  (Fig. 7). Other  investigations (1) 
also point in this direction. The above assumptions 
seem, therefore,  of quest ionable va l id i ty .  IY~oreover, 
the diffusion coefficient of the electroact ive polysulfide 
species has been de termined  in fused LiC1-KC1 eutectic 
at 420~C by chronopotent iometry  to be 3.1 • 10 - e  
cm2/sec (25). F rom the Stokes-Eins te in  equat ion it  is 
hard to imagine how the diffusion coefficient of a poly-  
sulfide species in Na2S3 or Na2S5 could be an order  
of magni tude  larger  when  the viscosity is so much 
larger  (approximate ly  20-40 cp vs. 2-3 cp in LiC1- 
KC1) and the t empera tu re  70~ lower. The ratio of 
the radii  of the two diffusing ionic species would have  
to be about 35. This seems unreasonable,  even con- 
sidering the fact that  the diffusion of the ion takes 
place under  different conditions (viz.,  in a solvent  in 
one case and in its mol ten  salt in the other) .  

Conclusions 
The ra te  of sulfur  exchange under  equi l ibr ium con- 

ditions across the S/Na2Ssm interface was determined 
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f rom the cap i l l a ry  exper iments  to be about  0.19g S /cm2/  
hr. The exper iments  wi th  a la rge  8/Na2S5.2 in ter face  
exhib i t ing  lesser  t ransfe r  ra tes  of 8-35 (about  O.06g 
S /cm2/h r  at  condit ions of the rmal  convect ion and up 
to about  0.1g S / cm2/h r  at  slow s t i r r ing)  suggest  the 
format ion  of diffusion layers  on e i ther  side of the in-  
terface. Since the diffusion coefficient of S-35 in Na2S5.2 
is m a r k e d l y  lower  than  in l iquid sulfur  (Table  I ) ,  the  
effect of diffusion in the pentasulf ide mel t  on the t r ans -  
fer  ra te  wil l  be even more  pronounced  than  tha t  in 
the  sul fur  phase. 

Under  prac t ica l  condit ions in a sod ium-su l fu r  ba t -  
tery,  wi th  an ac tual  mass t ransfe r  across the  in t e r -  
face dur ing  charging or  discharging,  s t i r r ing  is absent  
and convection wil l  not  be ve ry  vigorous. The t r ans -  
por t  th rough  the convect ive diffusion layer  and the 
t rans fe r  ra te  across the in terface  wi l l  then s imul tane-  
ously l imi t  the ra te  of charge or discharge.  In  genera l  
the t ransfe r  ra te  is expected  to be lower  than the ex-  
change ra te  of 0.19g S / cm2/h r  which  would  corre-  
spond to a cur ren t  dens i ty  of 0.06A pe r  cm 2 of S/Na2Sx 
interface.  At  large  cell  currents  a sufficiently la rge  
in ter face  must,  therefore,  be provided.  

The diffusion coefficients which  govern  the mass  
t ransfe r  a t  the electrode/Na2Sx in ter face  (Table  I I )  
are  more  than  one o rde r  of magni tude  lower  than  
those governing  the sul fur  exchange  at  the  S/Na2S= 
interface.  This difference is obviously due to different  
t r anspor t  mechanisms.  A p a r t  f rom the quest ion of 
which species are  ac tua l ly  moving,  the  ma t t e r  t rans-  
por ted  in both cases is different.  Whi le  i t  is an un-  
charged sul fur  species at  the sulfur  side of the  melt ,  
i t  is some sort  of sulfide ion (and s imul taneous ly  
sodium ion) at  the e lec t rode  side of the  melt .  

A possible exp lana t ion  could be as follows. The 
t ranspor t  of sul fur  takes place by  a r ap id  exchange of 
sul fur  a toms be tween  the polysulf ide ions, or  "hop-  
ping" f rom one polysulf ide ion to ano ther  wi thout  
being s t rongly  bound  to and immed ia t e ly  incorpo-  
r a t ed  into the ionic s t ructure .  T h e s e  mechanisms do 
not  necessar i ly  lead to de tec table  amounts  of free sul-  
fur  atoms and are  not  in contradic t ion  wi th  inves t iga-  
tions by  Cleaver  and Davies (3) which  showed tha t  
no free sulfur  is p resen t  in polysulf ide melts.  On the 
other  hand, the t r anspor t  of sulfide (and sodium ions) 
requires  the movement  of complete  ions because the  
exchange of S wi th  charge does not  occur for  some 
reason. 
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Techn ca]l No es 

Possible Use of Honeycomb-Type Structures for 
High Power Batteries and Fuel Cells 

J. T. Kummer 
Ford Motor Company, Research Stall, Dearborn, Michigan 48121 

This note describes a possible method for construct-  
ing a Kapi tza- type bat tery that differs from the usual  
thin plate approach, and may be simpler to make, and 
a possible method for constructing a fuel cell that may 
offer an economic advantage over present  methods of 
construction. 

One type of honeycomb structure that has been used 
by the Ford Motor Company as a substrate for auto 
exhaust catalysts has ~47 openings per cm 2 of front 
face surface and is manufac tured  for the most part  by 
an extrusion process. The passageways which run  the 
axial length of the honeycomb have a square cross sec- 
t ion with an inside dimension of 1.1 mm, and are sepa- 
rated from one another  by walls that are 150-250 mi-  
crons thick and 35-40% porous (~10 micron pore diam) 
(1). When the porous walls are filled with electrolyte 
they can act as bat tery separators. The present  ceramic 
mater ial  is essentially corderite (2MgO �9 2A1203 �9 
5SIO2), however, other ceramic or plastic materials  
could be used for the devices described here if they 
are chemically resistant  to the electrolyte used and 
possess sufficient thermal  stability. Passageway cross 
sections other than square can be extruded, the pas- 
sageway wall  thickness can be varied, and the diam- 
eter of the pores in the passageway walls can be 
varied (1). 

If the al ternate  passageways in the honeycomb con- 
tain a positive and a negative electrode, respectively, 
the s t ructure  allows for a high interface area between 
electrodes with considerable strength. The power avail-  
able, if it  were l imited only by the electrolyte re- 
sistance in  the passageway walls, would be high. The 
resistance of the electrolyte in the porous walls (250 
microns thick) of the passageways has been measured 
for 35% 1-I2SO4 and is such that a 0.2V potential  be-  
tween al ternate  passageways of a round honeycomb 
6 in. diameter  (8500 openings total on front face) and 
6 in. tall  (weight 4.1 lb dry and 9.8 lb full of acid) 
would allow 9000A to flow between al ternate  passage- 
ways. If the electrodes were sufficiently active to allow 
the cell voltage to remain  at 2V at the high current  
density represented by the 9000A (~2A per passage- 
way or ,,320 mA per cm 2 of passageway wall  surface) 
one could obtain 18 kW from this size honeycomb. In 
order to construct a ba t te ry  of cells with an output  
voltage of 12V and to increase heat removal  during 
charge and discharge, the honeycomb could be cut into 
s i x  cells 1 in. thick, 6 in. diameter  to be connected in 
series. A plate would be required to seal the bottom 
of each section. In order to construct a high power lead 
acid battery, the passageways would have to be filled 
with a Pb -PbO mixture  (prilled powder),  acid added, 
and a top s tructure attached which pushed lead con- 
tacts into each opening. Every other lead contact would 
be connected together to complete the cell. An al ter-  

Key words: battery, electrolyte, fuel cell. 

nat ive design would have lead wires in the bottom s e a l  
plate project up into the honeycomb holes. This would 
require two metal  (Pb alloy) sheets each with either a 
wire projection or a hole ar ranged in  al ternate  se- 
quence (47 per cm2). The two sheets would be placed 
together separated by an insulator  with the wires from 
the lower sheet passing through the holes in the upper. 
The two sheets would represent  the ba t te ry  terminals.  
For honeycombs ~1  in. thick the current  in each wire 
would be ~400 mA. The use of a wire for the positive 
current  collector could present  a corrosion problem. 
Such metal  sheets would simplify the construction of 
this device. Such a cell could be charged and dis- 
charged at the power level dictated by the electrode 
activity. As a high power cell with a l imited amount  of 
electrolyte, it would not have a high energy density. 
The 6 in. • 6 honeycomb + acid + PbO + terminals  
would weigh 25-30 lb. 

Experimental 
Battery.--Two adjacent honeycomb passageways 1.1 

m m  inside size were cut out of a honeycomb and sealed 
at the bottom with black wax. A Cu wire was put in 
one passageway ( - - )  and a Pt wire in the other ( + )  
passageway. A fine PbO powder was added to both 
passageways to a depth of 1.5 cm. This required some 
patience since the powder was not free-flowing but  
ra ther  caked up. The cell was wrapped with masking 
tape, painted with waterproof cement at a small  bot-  
tom section, and placed in 35% H2SO4. It was charged 
at 1/2 mA overnight. The open-circui t  voltage w a s  
2.13V. 

When shorted with 47~ (40 mA) the voltage dropped 
from 2.13 to 1.9V and slowly dropped to 1.SV after 1.4 
min. This corresponds to 27 mA / c m length of passage- 
way at a ~V of 0.23V. The 18 kW cell required 143 m A /  
cm of passageway length. 

When shorted with 22~ (80 mA) the voltage dropped 
rapidly from 2.13 to 1.75V and then to 1.TV after 0.33 
min. This corresponds to 55 m A / c m  length of passage- 
way at an overall  voltage drop of 0.4V (IR + polariza- 
t ion).  

The short-circuit  current  with a 1.6A meter  w a s  
0.26A. At a discharge current  of 10 mA the cell voltage 
was 2V after 7 min and 1.95V after 10 min. 

It  is estimated that  the first case represents 3.5 kW 
for the 6 • 6 in. honeycomb at 1.9V and the second 
case 6.7 kW for the 6 X 6 in. honeycomb at 1.75V. These 
values would improve somewhat if the cells had been 
surrounded by counter  cells instead of only being ad- 
jacent  and if a Pb -PbO mixture  had been used (better 
positive electrode conductivity).  These tests say 
nothing about  durabi l i ty  or al lowable charging rate. 
The benefits, if any, of this way to make a high power 
cell could best be evaluated by a bat tery  company 
since the bat tery  performance is determined pr inci-  

3 6 4  
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pal ly  by the electrode material ,  an area in which they 
have considerable expertise. 

In  addit ion to its use as a possible ba t te ry  separator, 
the honeycomb structure  can also be used for the 
construction of a fuel cell. The mater ial  from which 
the honeycomb is made need not be ceramic (although 
the ceramic allows high tempera ture  processing of the 
electrode materials  on the honeycomb before use) but  
mus t  be an insulator,  resistant  to acid or base, and the 
walls must  be porous. I t  is thought  that  the use of the 
honeycomb structure  could reduce the cost of fuel cell 
construction. 

Because the pore s t ructure  of the walls is small  
(,-,10~) in size (1) the wicking action of the walls will 
cause the electrolyte to fill the pores. 

In  fuel cell use, each al ternate  passageway of the 
honeycomb would contain either fuel or oxidant. A 
plastic header attached to one end of the honeycomb is 
necessary to dis t r ibute  the fuel and oxidant  to the re-  
quired passageway. The walls of the passageway would 
have to be coated with a catalytic mater ial  to promote 
the electrode reactions. This can be done by a simple 
dip procedure such as is used in applying a catalytic 
washcoa t  to the honeycomb for auto exhaust  service. 
For  the fuel cell, a washcoat would be a conductive 
electrode catalyst. If necessary, a different washcoat 
could be applied to different channels by the use of a 
suitable plug to block off a l ternate  passageways. 

In  the case of fuel cells, however,  the particle size 
of the washcoat as compared to the honeycomb pore 
size is quite critical. If the washcoat particle size is too 
small, it will  penetra te  from one side of the passage- 
way wall  to the other through the pores. Since the 
electrode catalyst must  possess electrical conductivity, 
it  may give a part ial  short to the fuel cell. If the wash- 
coat particle size is too large, it may not adhere well. 
This problem can be alleviated by applying a coarse 
particle washcoat to the honeycomb of the honeycomb 
mater ial  and res inter ing to g ive  a passageway wall  of 
dual pore size, the outer layer having the larger pores 
to accommodate and hold a large particle size electrode 
catalyst. 

It  is necessary to make electrical contact to the wash- 
Coat by means of a small metal  wire inserted into each 

opening with every other wire connected together. If 
the electrode catalyst is poorly conducting, a highly 
conductive washcoat would have to be applied before 
applying the electrode catalyst. In  this case electrical 
connection need only to be made at one end of the 
passageway. 

Fuel cell.--Two adjacent  honeycomb cells, 1.1 mm 
inside size, of a Corning corderite honeycomb of ~47 
openings per cm2 with a 250 micron wall  thickness, and 
a length of 3.8 cm were sealed with collodion and 
coated with a s lurry  of Ni powder (Sheri t t  NF-1M- 
P240) in water, and sintered in H2 at 850~ for 1 hr. 
This gave an adherent,  porous, and very  conductive 
Ni coating to the inside of the passageways. NiO pow- 
der would be just  as effective as Ni since it reduces to 
Ni. A mixture  of NiO ~- MgO could also be used so 
that  after reduction the MgO could be leached out with 
acid to give a more porous Ni coating. The honeycomb 
s t ructure  withstands the high tempera ture  exposures 
without  any difficulty. 

A chloroplatinic acid solution (8 mg / c m ~) was added 
to the Ni containing honeycomb unt i l  the honeycomb 
walls were wet and then the honeycomb was dried at  
110~ 

H2 was passed through one passageway and air in the 
sur rounding  passageways. The electrolyte was 25% 
NaOH solution in the passageway walls. The open- 
circuit voltage was ~ I V  and the short-circuit  cur ren t  
was ~19 mA. 

Manuscript  submit ted Nov. 27, 1979; revised m a n u -  
script received Sept. 8, 1979. 

Any discussion of this paper  will  appear in  a Dis- 
cussion Section to be published in  the December 1980 
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An Electrochemical Control System 
for Electroless Copper Bath 

Milan Paunovlc* 
Kollmorgen Co~poration, PCK Technology Division, Glen Cove, New York  11542 

Electroless deposition of copper was studied from the 
chemical (1-3), electrochemical (4-7), kinetic (7, 
8-16), and mechanistic (4-7, 17-22) aspects. The sub-  
ject was reviewed in  a n u m b e r  of articles (23-23) and 
books (27, 28). The number  of chemical and electro- 
chemical publications on electroless deposition of cop- 
per is re la t ively small  (about twenty- two papers in  
the period 1948-1979) The number  of publications is 
even smaller  when au tomat ic  analysis and control of a 
production electroless copper bath is considered. 

So far, as we know, there is no published paper de- 
scribing a complete control system (an automatic 
analyzer)  for the analysis of the composition and 
performance of the production electroless copper bath. 
The published papers on this subject  describe only 
control of l imited number  of variables, the rate of 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  M e m b e r .  
Key words:  copper ,  f o r m a l d e h y d e ,  e l e c t r o l e s s  plating, chrono- 

potentiometry, s o d i u m  2 -mercaptobenzo th iazo l e  

deposition (29-31), and concentrat ion of some reacting 
components (32). However, more complete control 
systems have been described at the fall meetings of The 
Electrochemical Society, 1976 (32, 33), and 1978 (34- 
36), and a brief description of these systems is avail-  
able in the form of extended abstracts. 

The subject of this paper is the application of elec- 
trochemical methods of analysis in  s tudy and control 
of the electroless copper bath. Durat ion of an electro- 
chemical analysis is in  the range of milliseconds, or 
seconds. This short t ime of analysis makes these meth-  
ods very attractive. 

Chronopotent iometry (37, 38), vol tametry  (4, 19, 20, 
22, 38-40), and polarography (32) can be used to ana-  
lyze (manual ly  or automatical ly)  an electroless cop- 
per bath. Polarographic method has been applied suc- 
cessfully for analysis of copper, formaldehyde, and 
cyanide (32, 34). This paper describes the applications 
of chronopotent iometry and vol tametry  (developed 
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1968-1971) in the study and control of the electroless 
copper bath. The same techniques can be used to 
analyze electroless deposition of other metals. 

Experimental 
An all-glass, two (or single) compartment  cell with 

three electrodes was used. P la t inum sheets of 1.1 cm 2, 
electroplated with copper, served as cathode and an-  
ode. Plat ing was done in an acid copper solution 
(CuSO4.5H20-188 g/li ter,  H2SO4-74 g/ l i ter)  at 10 
m A / c m  2 for 5 min. A saturated calomel electrode 
(SCE), in a separate reference electrode compartment  
(at room tempera ture) ,  was employed as a reference 
electrode. A p la t inum sheet electroplated with copper 
in a single compar tment  cell can be used as a reference 
electrode. 

An EDTA (ethylenediaminetetraacet ic  acid) type 
electroless copper bath was used for these studies. This 
bath (41) contained: Na~EDTA-52 g/liter,  CuSOI .  
5H20-9-12 g/li ter,  CH20-5-10 ml (37%)/l i ter ,  NaCN- 
1-30 mg/l i ter ,  and NaOH to the desired pH. The solu- 
tions were prepared with analytical  grade reagents and 
deionized water. 

The mixed potential  was measured with a vacuum 
tube voltmeter  (ptI meter)  using the SCE as a refer-  
ence electrode. 

The vol tammograms were obtained wi th  a PAR 
(Princeton Applied Research, Princeton, New Jersey) 
Model 174A Polarographic Analyzer,  and the current -  
voltage curves recorded on a Houston Ins t ruments  
(Austin, Texas) Model RE0074 X-Y Recorder. 

The chronopotentiograms were obtained with a 
transistorized constant current  power supply, made in 
this laboratory. The potent ia l - t ime curves were re- 
corded on the Tektronix 564B storage oscilloscope. Os- 
cilloscope traces were photographed wi th  a Polaroid 
Camera C-27. 

Results and Discussion 
Chronopotentiometric determination ol cupric ions.-- 

Chronopotentiograms.--A typical chronopotentiogram 
for the reduction of cupric ions in the EDTA bath is 
shown schematically in Fig. 1. The star t ing potential  
of the chronopotentiogram is the mixed potential, 
Emp. The current  is switched on at the t ime t ~ 0. 
Reduction of cupric ions with measurable  rate starts at 
the potent ial  Et=o (defined according to Fig. 1). At the 
t ransi t ion time T the concentrat ion of cupric ions at the 
electrode equals zero and the potential  is Er. 

After  the elapse of t ime T a part  of the current  at the 
test electrode is used for charging the double layer  
unt i l  the potential  reaches the value when water  is re- 
duced. 

The characteristic potentials of a chronopotentio-  
gram at 20 m A / c m  2, 68~ pH 11.90, 9.0 g / l i ter  CuSO4 �9 

Ec 

E ~ o  

E 
mp 

I I 
p ~ ', 

I=0 I= 'C TIME 

Fig. 1. Variation of the potential of the test electrode with time 
in cathodic chranopotentiometry of the EDTA electroless copper 
bath. 

5H20, 5.5 ml / l i t e r  CH~O are: Emp ---- --0.78, Et=o : 
--1.06, and Et=r = --1.24V vs. SCE. 

Reproducibility of transition t ime m e a s u r e m e n t s . -  
Change of potential  in the vicinity of t ransi t ion time is 
fast and large. This large increase of potential  allows 
very precise determinat ion of the t ransi t ion time. The 
reproducibil i ty studies on 27 chronopotentiograms 
show that the transition time of 0.87 see can be re- 
produced with a _0.02 sec deviation from the mean 
value. 

Transition t ime as a function of cupric ion concentra- 
tion.--Dependence of the t ransi t ion t ime on the con- 
centrat ion of CuSO4 was studied at pH 11.70, 11.80, 
and 11.90. When the concentrat ion of CuSO4. 5H20 
varies from 9 to 12 g/liter,  the ' t r ans i t ion  time varies 
from 0.38 to 0.84 sec. The plot of ~1/2 vs. the concentra-  
tion is shown in Fig. 2. It is seen from Fig. 2 that 
depends considerably on pH. 

Chronopotentiometric determinatio~ of formalde- 
hyde.--Chronopotentiograms.--Anodic chronopotentio- 
gram at 4.5 mA/cm2 at a copper anode exhibits two 
steps. A typical chronopotentiogram is shown sche- 
matical ly in Fig. 3. The star t ing potential  of a chrono- 
potentiogram is the mixed potential  of the copper 
electrode, Emp. The t ransi t ion t ime ~2 is measured from 
the first t ransi t ion time, T1, to the second inflection 
point. Oxidation in the first step starts at the potential  
E1 which is about +0.13V with respect to the mixed 
potential  at the bath composition given for the cathodic 
chronopotentiograms. At the t ransi t ion t ime ~1 and x2 
the potential  is +0.21 and +0.33V with respect to the 
mixed potential, respectively. It is seen that there is 
a clear distinction between these two steps. E2 is 
+0.22V with respect to the mixed potential. 

Transition time as a function of formaldehyde concen- 
tration.--The dependence of t ransi t ion time on the 

1.00 

0.9C 

0.7( 

pH= I 1,70 

11.90 

0,60 I I I I I i 

s 9 ,o ,~ ,z ,~ c . s % . %  
~/~ 

Fig. 2. Variation of T I/2 with CuS04 �9 5H20; ; = 20.0 mA/cm ~, 
68~ 
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Fig. 3. Variation of the potential of the test electrode with time 
in anodic chronopotentiometry of the EDTA electroless copper bath. 

concentrat ion of formaldehyde in the bath is shown in 
Fig. 4. It  is seen that for constant conditions when 
only the formaldehyde is a variable, t~ 1/2 and t21/2 are  
proport ional  to the concentrat ion of formaldehyde in 
the solution. Transi t ion times t~ and r~ show differences 
in the following properties: the t ransi t ion t ime t l  de- 
pends, and vz does not, in practical limits, on the con- 
centrat ion of other components of the bath;  the rate of 
change of the t ransi t ion t ime ~ with the concentrat ion 
of formaldehyde, • (CH20) is faster than that for 
t2; T21/2 is proport ional  to the concentrat ion of formal-  
dehyde in the bath, irrespective of the concentrat ion of 
additives (in practical limits) and t l  1/2 is proport ional  
to the formaldehyde concentrat ion only if other com- 
ponents of the bath are constant. 

On the basis of the above observations, our present  
in terpre ta t ion  is that the first step in the anodic 
chronopotentiogram (tl)  is due to oxidation of ad- 
sorbed species (H,. CH20- ) ,  or s imultaneous oxidation 
of adsorbed and diffusing species (since the first step 
is sloping and not horizontal) ;  the second step (t2) is 
due to oxidation of diffusing species. If the value of tz 
depends on the amount  of adsorbed formaldehyde, or 
adsorbed and diffusing formaldehyde, it could be a 
measure of the activity of the bath. The t ransi t ion t ime 
xz reflects the status of the competitive adsorption be- 
tween additives, f ragments  of the dissociative adsorp- 

3 e c ~  

IDO 

0.90 

0,80 

0,70 

0,60 

0,50 

0.40 

o 

i 

o 

I I I -  I - L  I 
5 6 7 8 9 I0 CH20 37~ ,  ml/I 

Fig. 4. Chronopotenfiometric vl/2 function for the first and sec- 
ond transition time; i - -  4.5 mAJcm 2, 68~ 

t ion of formaldehyde (H, C H 2 0 - ) ,  OH- ,  ligand, com- 
plexed copper ions, and water. Si tuat ion at the elec- 
trode is even more complicated due to the part ial  elec- 
trode surface oxidation, Cu to Cu20, s tar t ing at --0.54V 
vs. SCE. Since E2 is about --0.45V vs. SCE, it follows 
that oxidation of formaldehyde in the time interval  
x2 occurs at the par t ia l ly  oxidized surface. 

Adsorpt ion e f fec ts . - -Absence of addi t ives . - -At  20 
mA / c m 2 and higher current  densities chronopotentio- 
grams show only one transi t ion time due to the anodic 
oxidation of formaldehyde. This t ransi t ion t ime will  
be called t. The two transi t ion times, t~ and T2, are 
recorded at current  densities lower than 20 m A / c m  2. 

Variation of t with the current  density i can be used 
to estimate the amount  of the adsorbed electroactive 
species (37). The transi t ion time z varies from 5 to 41 
msec when the current  density varies from 20 to 87 
mA/cmL The l inear  relat ionship was obtained for the 
plot of i t  vs. i / i  and i t  vs. t ~z2. Since both functions 
yield a straight line, it is not possible to make a conclu- 
sion on the mechanism of reactions, but  it is possible to 
estimate the surface concentrat ion of formaldehyde, r,  
from the intercepts (42). r, estimated from the in ter -  
cepts, as a function of pH is shown in  Fig. 5. 

Presence of additives.---Effect of additives can be 
studied by recording potential  time curves in the mil l i -  
seconds (msec) or microseconds (~sec) range. In the 
msec range the usual  chronopotentiograms exhibit  the 
t ransi t ion time, whereas in  the ~sec range the l inear  
relationship, with the slope characteristic of the double 
layer capacity, is obtained. 

Chronopotentio,grams.--The part ial  coverage of the 
electrode by the adsorbed addition agents that are 
nei ther  reduced nor oxidized at the electrode causes an  
increase in the actual current  density i due to a de- 
crease in the available surface area A (i ---- I /A ,  where 
I is the current) .  An increase in current  density causes 
a decrease in t. This change in the available surface 
area and the resul t ing change in  the t ransi t ion t ime is 
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Fig. 5. The surface concentration of formaldehyde (F) as a 
function of pH. 
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a function of the  bu lk  concentra t ion of the addi t ion 
agent.  Thus, by  de te rmin ing  the change in the t r ans i -  
t ion t ime n~ = ~~ --  ~, where  ~~ is the t rans i t ion  t ime 
in the absence, and ~ in the presence of the adsorbed 
addit ive,  one can  obta in  informat ion  on adsorpt ion  
conditions at  the  e lec t rode  and, under  cer ta in  condi-  
tions, the bu lk  concentrat ion of the addi t ion  agent  (43). 

The difference h~ caused by  30 m g / l i t e r  of NaCN, in 
the absence of o ther  addit ives,  at  pH 11.60 and 12.10 is 
51 and 9 msec, respect ively.  The difference ~T caused 
by  the adsorpt ion  of sodium 2-mercaptobenzothiazole  
as a funct ion of pH is shown in Fig. 6. 

Double layer capacity.--Galvanostatic potent ia l  t ime 
curves in the  microseconds range can be used to est i -  
mate  level  of addi t ives  in an electroless ba th  (38). The 
slope of the recorded l inear  po ten t i a l - t ime  re la t ionship  
.is re la ted  to the  e lect rode double l aye r  capacity,  Cdl = 
i ( d t / d V ) .  Double  l aye r  capaci ty  for the  EDTA elec t ro-  
less copper ba th  var ies  f rom 200 ~F/cm 2, for the ba th  
in the absence, to 100 ~F /cm 2 in  the presence of add i -  
tives. Double  l ayer  capaci ty  for the suppor t ing  e lect ro-  
ly te  and  the l igand  only, e.g., 0.01M Na2SO4, and 0.01M 
EDTA at  pH 13.0 and 70~ is 58.8 #F /cm 2. 

Polarization resistance.--The cur ren t -po ten t i a l  r e l a -  
t ionship in the range  of the mixed  potent ia l  (e.g., f rom 
/Emp/~50 to/Emp/-~50 mY) can be used for  tes t ing of 
the presence of impur i t ies  or  genera l  ac t iv i ty  of the  
bath.  In  the v ic in i ty  of the mixed  potent ial ,  the cur -  
r en t -po ten t i a l  re la t ionship  is l inear.  The slope of this 
l inear  plot  (44), the  polar iza t ion  resis tance (R~ = 
(dn/di)i=o), can be used as a character is t ic  pa r ame te r  
of a bath. An  EDTA electroless copper ba th  p la t ing  at  
the mixed  potent ia l  of --530 mV vs. SCE had the 
polar iza t ion  resis tance of 12811. The same ba th  af ter  
contaminat ion  showed the polar iza t ion  resis tance of 
420011. The potent ia l  sweep in these measurements  was 
1 mV/sec.  

Summary 
The da ta  presented  in this note show tha t  the 

chronopoten t iomet ry  and vo l t ame t ry  can be used to 
analyze and control  the opera t ion  of an electroless 
copper  bath.  

In our  p r e l im ina ry  invest igat ions the complete  
chronopotent iograms have been recorded.  However ,  in 
the  analy t ica l  appl icat ions  this is not necessary. I t  is 
sufficient to detect  the t rans i t ion  t ime only. This can 
be done au tomat ica l ly  (45) by  in t roducing a t ime 
in te rva l  counter  into the electrolysis  circuit. In  au to-  
mat ic  de te rmina t ion  of the t rans i t ion  time, the elec-  
t rolysis  and the counter  are  s ta r ted  s imul taneous ly  by 
means  of a switch. Elec t r ica l  signal  for  the  counter,  to 
t e rmina te  counting, can be the potent ia l  of the test  

15 N ~  -SNa o 

,~ 
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Fig. 6. Change of AT with the concentration of sodium 2o 
mercaptobenzothiazole (2-MBT). 

electrode at  which the t rans i t ion  t ime is measured  or  
the peak  value  of the first der iva t ive  curve at  the 
t rans i t ion  time. The reading  at  the  counter  d i rec t ly  
gives the t rans i t ion  time. The scale of the t imer  can be 
ca l ibra ted  d i rec t ly  in  concentrat ions  of the species be-  
ing de termined.  

An ins t rument  based on the above-presen ted  pr inc i -  
ples was constructed and used in the control  of the 
product ion  electroless copper  bath.  This control  system 
is appl icable  to o ther  electroless and e lec t ropla t ing  
baths.  

I t  was shown tha t  the  t ransi t ion t ime values  for a 
specific ba th  component  depend on pH and the con- 
cent ra t ion  of other  components  of the  bath.  For  this  
reason, it  is necessary to have for each component  a 
fami ly  of curves corresponding to the specific set of 
o ther  parameters .  A microprocessor,  or a computer ,  can 
select  the  correct  value  of the observed  component  and 
use this value  for the ba th  control  instructions.  
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ABSTRACT 

A thin  film e lec t rode  is p r epa red  by  evapora t ion  of ind ium- t in -ox ide .  I t  is 
covered by  a b imolecu la r  l aye r  of l ip id  doped wi th  a cyanine dye in d i rec t  
contact  to the electrode.  The assembly  is inves t iga ted  in an e lect rochemical  
cell. The b i l aye r  lowers  the vol tage dependen t  capaci tance corresponding to 
the  effect of a th in  homogeneous dielectr ic  wi th  a hole f rac t ion of about  one 
percent .  I l lumina t ion  leads to a sensit ized pho tocur ren t  which  is enhanced by 
thiourea.  The max ima l  y ie ld  at  sa tu ra t ing  potent ia l  and 3M th iourea  is 0.7. 
The e lec t ron is t r ans fe r red  at  a ra te  of about  10 TM sec -1 and a y ie ld  of 0.8. An  
in te rmedia te  is fo rmed consisting of the oxidized dye and an e lec t ron  at  the  
e lec t rode  surface. Supersens i t iza t ion  is due to the  reduct ion  of this i n t e r -  
media te  by  thiourea,  the drop of cur ren t  a t  low potent ia ls  is assigned to a re -  
duct ion by  occupied surface states.  

Pho tocur ren t  th rough  a semiconduc tor /e lec t ro ly te  
in ter face  m a y  be enhanced by  organic dyes. The 
mechanism of such photosensi t izat ion process has been 
s tudied  ex tens ive ly  because of its re levance  to the  
photoelectr ic  conversion of solar  energy  and to the 
e lec t rophotographic  process (1-4).  The  p r i m a r y  proc-  
ess of sensi t izat ion is genera l ly  assumed to be an elec-  
t ron  t ransfe r  to the e lect rode f rom an exci ted  s tate  
of the  dye wi th  a donor level  above the edge of the 
conduction band  (5, 6). 

P re requ is i t e  for e lec t ron t ransfe r  is a close contact  
of chromophore  and semiconductor  which m a y  be 
achieved by  four  methods:  (i) adsorpt ion  of the  dye 
f rom the e lec t ro ly te  (1-4),  (ii) evapora t ion  of a non-  
aqueous solut ion of the dye (7), (iii) deposi t ion of an 
insoluble  monolayer  of the dye  by  the Blodget t  tech-  
nique (8, 9), and (iv) covalent  binding of a react ive  
dye (10). Close contact  m a y  be indica ted  by  a modi -  
fication of the spec t rum of absorpt ion  or  of the  sensi-  
t ized cur ren t  i tself  as compared  to the  absorpt ion  
spec t rum of the free dye  (5, 6). The act ive state of 
the  dye involved  in t r ans fe r r ing  an e lect ron m a y  be 
the first exc i ted  s inglet  or  t r ip le t  s ta te  (11). 

Pre requis i t e  for  an  observable  sensit ized photocur -  
ren t  is, i n  the  case of an n - t y p e  semiconductor ,  anodic 
polar iza t ion  of the  e lec t rode  such tha t  the  electr ic  
field in the space charge removes  the  t r ans fe r red  elec-  
t ron  to the bu lk  of the semiconductor  (2, 12). Photo-  
cur ren t  m a y  be enhanced by  supersensi t izers  which 
induce the e lec t ron  t rans fe r  by  reducing the exci ted  
dye (2, 13). Such type  of supersensi t iza t ion is con- 
nected wi th  the  quenching of fluorescence of the dye 
(14-16). Addi t iona l  cosensi t izat ion is achieved by  
aux i l i a ry  dyes which  enhance the exci ta t ion of the  
sensi t izer  by  energy  t ransfe r  (17, 18). The photocur -  
ren t  is lowered  by  recombina t ion  med ia ted  by  surface 
s tates  of the e lect rode (19). 

Key word~: membrane, capacitance, photoconductivity. 

Pho to -ox ida t ion  of the  sensi t izer  leads  to a decay 
of sensit ized cur ren t  under  s t eady  i l lumina t ion  (7, 14, 
20). The photobleaching of the  dye is observed d i -  
rec t ly  by  fluorescence or  R a m a n  spectroscopy (18, 21). 
Bleaching m a y  be suppressed  b y  addi t ion  of a redox 
couple which regenera tes  the  oxidized dye  (7, 14, 18, 
20). 

Sensi t izat ion of pho tocur ren t  in an e lec t rochemical  
cell is in close re la t ion  to the photographic  sensi t iza-  
t ion of s i lver  hal ides  (22). Of some re levance  to the  
presen t  s tudy are  the var ious  modifications of spect ra l  
features  by  the adsorpt ion  of sensit izing dyes (23), 
the corre la t ion  of sensit izing efficiency and redox  po-  
tent ia l  of the dyes (24), and  the photographic  sensi t i -  
zation by  dye monolayers  (25, 26). 

The present  paper  is concerned wi th  the sensi t iza-  
t ion of pho tocur ren t  th rough  an in ter face  made f rom 
an i nd ium- t in -ox ide  e lect rode and a cyanine dye in-  
corpora ted  into an insoluble  b i l ayer  of l ipids deposi ted 
onto the electrode.  A schemat ical  d rawing  of the 
s t ruc ture  of the e l ec t rode /e l ec t ro ly te  in ter face  as wel l  
as of the energy  levels of the components  is given in 
Fig. 1. The reproducib le  p repa ra t ion  of immobi l ized  
sensit izer  in the b i l ayer  by  monolayer  deposi t ion a l -  
lows a ra the r  de ta i led  analysis  of sensi t izat ion by  
s imul taneous  detect ion of pho tocur ren t  and  fluores- 
cence. The e l emen ta ry  processes involved  in sensi t iza-  
t ion such as e lec t ron t ransfer ,  ac t iva t ion  by  super -  
sensitizer,  and inhibi t ion  by  surface states a re  cha r -  
acter ized and comprised in a k inet ic  scheme. The  
quan tum yields  of e lec t ron t ransfer ,  supersensi t iza-  
tion, and recombina t ion  are  eva lua ted  quant i ta t ive ly .  

An  extension of the  p resen t  inves t igat ion is the  
construct ion of an an tenna  sys tem of dye  molecules  
located at  the  b i l a y e r / w a t e r  interface,  which  has 
been presented  in a previous  paper  (18). These studies 
a re  e lements  of a more  involved  pro jec t  considering 
the coupling of electron, photon, and  pro ton  in  an  

370 
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Fig. 1. Structure and energy levels of the dye-bilaycr-semicon- 
dactor system. For the assignments of the energy levels see the 
sections on "Flatband potential" and "Photosensitization". The 
figure is drawn for pH 10 and an electrode potential V ~ 0.4VscE. 
Notations in the text. 

artificial membrane  doped with appropriate dyes and 
enzymes (27). 

After  a description of technical details, the present  
paper  continues with the characterization of the 
e lec t rode/bi layer  system by de terminat ion  of the 
edge of the conduction band, of the dis tr ibut ion of 
surface states, and of imperfections of the bilayer. 
Subsequent ly  the mechanism of sensitized photocur- 
rent  is derived on the basis of a set of qual i tat ive ob- 
servations. F ina l ly  the quan tum yields of some ele- 
menta ry  processes of the sensitization such as electron 
transfer,  recombination, and supersensit ization are 
evaluated. The main  results are stated in the sum- 
mary.  

Exper imental  
The semiconductor electrode.--Transparent polycrys- 

ta l l ine films of ind ium- t in -ox ide  are prepared by ther-  
mal  vacuum evaporat ion from pressed pellets (Merck) 
onto freshly cleaned glass slides (38 • 12 • 1 mm) us- 
ing an a lumina-coated  t an ta lum boat. The vacuum 
uni t  is equipped with a diffusion pump and l iquid ni -  
t rogen trap. Evaporat ion source current  (300A) and 
evaporat ion rate (1.5 nm/sec)  are carefully controlled 
such that  reproducible electrodes are obtained. The 
thickness of the film as checked dur ing evaporat ion 
by a quartz monitor  is about 30 nm. The films are oxi- 
dized in  air at 400~ for 15 rain. The conductivi ty is 
30-300 mho/cm, the mobil i ty  as determined by the Hall 
effect is 10-20 cm2/Vsec. Thus the density of charge 
carriers is 2-10 • 1019 cm -3. The fraction of Sn atoms 
in  the Sn / In -ox ide  is 30% as de termined by  x - r a y  
fluorescence measurements.  The donor action of most 
Sn-atoms is lost since they are bound as (SNO2)2 
groups in  the In203 (28). The bandgap of ind ium 
oxide is 3.6 eV (29) and the absorption coefficient at 
350 n m i s  7 X 104 cm -1 (29). 

Lipid bilayers.--Monomolecular films are prepared 
by spreading arachidic acid at the a i r /wate r  interface 
(pH 5.5, 5 X 10-4M CdC12) (8). Two monolayers  are 
t ransferred onto the hydrophil ic electrode at a surface 

pressure of 30 dyne /am and a speed of 25 c m / m i n  
wi th in  a few hours after preparat ion of the semicon- 
ductor electrodes. A Teflon t rough with automatic con- 
trol of surface pressure and film area and a preci-  
sion t ransferr ing lift are applied (30). The lipid bi-  
layers are doped with the monometh in - th ia -cyan ine  dye 
(dye A) (31), by mixing the dye with arachidic acid 
in  a molar ratio of 1:5 in  a 10-SM solution in  chloro- 
form before spreading. For the sensitization experi-  
ments  the first monolayer  t ransferred is doped, the 
second is undoped such that  a s t ructure  is obtained a s  

sketched in  Fig. 1. 

(dye N 104- 
I I 
ClsI-~7 CisI-~7 

Electrochemical ce// . --The electrochemical cell is a 
bor ing (diameter  9 mm, depth 15 ram) in  a block of 
black PVC. The slide with the semiconductor-bi layer  
system is fixed onto the opening of this boring filled 
with electrolyte. The electrode is mounted  in  a t rough 
under  water  in  order to avoid damage to the t rans-  
ferred bilayer (27, 30). Electrical contact is made to the 
electrode by soldering with ind ium outside of the cell. 
A saturated calomel electrode serves as a reference. 
The pH is controlled by a glass electrode fitted into the 
cell. The electrolyte may be replaced dur ing the mea-  
surements.  Usual ly 10-~M TRIS buffer of various pH is 
applied. Thiourea is used as a supersensit izer at con- 
centrations up to 3M. For measurements  of capacitance 
10-2M KC1 is applied and a mask is introduced at the 
opening of the cell to reduce the area of the electrode 
to 0.1 cm 2. 

Capacitance.--For determinat ion  of the capacitance 
of the electrode a sine wave signal (ampli tude 10 mV, 
angular  f requency ~ = 103 sea -1) is superposed onto 
the d-c-potent ia l  of the electrode by means of a 
potentiostat  (PAR).  The output  of a current-vol tage  
converter  is fed into a lock-in  amplifier set on a phase 
difference of 90 ~ between signal and reference. The 
output  of the lock-in  amplifier (being proport ional  to 
effective capacitance times frequency) is inver ted and 
squared so that C -2 may be plotted continuously vs. 
applied voltage on a X-Y recorder as the electrode po- 
tential  is scanned by a sweep generator  (sweep time 
10-100 sea). The series resistance of the semiconductor 
film (about 1 k~)  is compensated by the in te rna l  re-  
sistance mode of the potentiostat. The whole circuit is 
calibrated with a set of capacitors with parallel  and 
series resistances, with an accuracy better  than 3% in  
the frequency range 0.05-5 kHz. 

Photocurrent.--The semiconductor is i l luminated  
through its glass support  by a 150W Xe- lamp (Han-  
ovia) through a monochromator  (Bausch and Lomb, 
slit width 5 nm) dr iven by a stepping motor. The 
intensi ty  at 400 nm is about 100 ~W/cm 2. The light is 
chopped at a f requency of 2 sec -1. The photocurrent  is 
fed into a current  voltage converter  and amplified 
with a lock-in  amplifier. Curren t  spectra are recorded 
cont inuously on a X-Y recorder and corrected for con- 
stant  photon flux. 

Fluorescence and absorption.--The fluorescence 
emission from the semiconductor /bi layer  system is de- 
tected through a monochromator  (Jarrel  and Ash, slit 
width 4 nm)  with a photomult ipl ier  (EMI 9558QB) 
s imultaneously with the measurement  of photocurrent  
(18). The signal is amp]fried with a lock-in amplifier 
and recorded as a funct ion of excitat ion or emission 
wavelength. Absorption spectra of the dye/electrode 
system are measured wet and dry in a special v ibra t ing 
high sensit ivi ty photometer  without  applied voltage 
(8). 
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Semiconductor  and Bi layer  
Flatband potential. The edge of the conduction band  

Eci at the interface of the semiconductor (c]. Fig. 1) 
is derived from the flatband potential  VFB, according to 
Eq. [1]. ee is the e lementary  charge, kT is the thermal  
energy, ND is the density of donors in the n- type  semi- 
conductor, and Nc is the density of states in the con- 
duction band 

Ec i : eoVFB -- kT In Nc/ND [i] 

The condition of zero space charge is determined from 
the dependence of the capacitance CEL of the electrode 
on the potential V of the electrode: CEL is given by the 
capacitances CH and Csc of the Helmholtz layer and of 
the space charge, respectively, according to Eq. [2], 
where Csc is a function of the potential drop in the 
space charge Vsc (32) [eeo permittivity of the semicon- 
ductor, for indium oxide e = 3.6 (29)] 

1 1 1 1 ., / V s c - - k T l e o  
[2] 

CEL CH -~ CSC OH ~- eeoeolVD/2 V 

Elimination of Vsc (33) leads to Eq. [3] 

1 1 V - -  V F B  - -  kTleo 
- - - - -  ~- [3]  

E E L  2 C H  2 eeoeoND/2 

In  the l imit  of a very large capacitance CH, Vsc may 
be replaced by V -- VFB directly in Eq. [2]. 

The data of CEL -2 (V) are given in  Fig. 2 for a 
series of pH values. The flatband potential  is obtained 
from the l inear  extrapolat ion of the data to the abscissa 
considering the contr ibut ion of the Helmholtz layer 
CH -2 : 4.4 �9 10 -8 [cm2/~F] 2 and the thermal  potential  
kT/eo : 25 mV according to Eq. [3]. (The slopes of 
the interpolat ing lines correspond to a density of 
donors ND : 1 • 1020 crn -3, which is in agreement  
wi th  the density of free electrons in  the bulk as ob-  
tained from the Hall effect if a correction for surface 
roughness is not considered.) At pH 10 one extrapo-  
lates VFB : 0.02VSCE. From this value one obtains 
Eci : --0.15 eV according to Eq. [1] considering Nc ----- 
3 �9 1022 cm -3 as given by the density of In-atoms (28). 

This value of Eci is the basis of the construction of 
Fig. 1. The vacuum levels in  Fig. 1 are drawn with an 
electron affinity for In203 of 4.4 eV (34, 35), a normal  
potential  of the saturated calomel electrode of 0.25V 
(36), and a Fermi  level of the normal  hydrogen elec- 
trode referred to vacuum of 4.5 eV (37). Lowering of 
pH leads to an  increase of the flatband potential  (Fig. 
2), i.e., to a lower "at tachment"  Eci of the conduction 
band  to the interface (Eq. [1] ). This shift has to be at-  
t r ibuted to a modification of the Helmholtz potent ial  

caused by chemical reaction or adsorption at the sur-  
face of the oxide (38-40). 

Surface states.--The distr ibut ion of surface states is 
derived from the dependence of the intr insic photocur-  
rent  on the electrode potential. Neglecting the contri-  
but ion of the field-free region, the photocurrent  per 
incident  photon, isc, depends on the l ight absorption 
in  the space charge layer (asc) and on the reaction of 
the photogenerated holes which diffuse to the interface 
(41). Considering that  the fraction of charges which 
cross the electrolyte/electrode interface (rate St) in  
competition to the recombinat ion reaction with oc- 
cupied surface states (rate Sr) is St/(St + Sr) the 
photocurrent  is g iven by Eq. [4] (41) 

1 
isc = �9 asc [4] 

1 + SrlSt 

An increase in  the electrode potential  leads on one 
hand to an enhanced absorption in  the growing thick- 
ness dsc of the space charge according to Eq. [5], where 
a is the absorption coefficient of the semiconductor and 
where dsc is replaced by ,o~/Csc from Eq. [2] ne-  
glecting the slight difference of Vsc and V -- VFB 

~ V - -  V F B  - -  kTleo 
asc : ~dsc : a �9 eoND/2eeo [5] 

On the other hand, lowering the Fermi  potential  eoV 
reduces the number  of occupied surface states. Assum- 
ing an exponential  decrease of the density of surface 
states in  the bandgap from Ec i (41) with a depth es 
and considering that S~ is proportional to the number  of 
occupied states (41), i.e., approximately to the n u m b e r  
of states up to the Fermi level eoV, one obtains Sr as 
a function of V according to Eq. [6], where S, TM is the 
maximal  rate of recombination, when  all surface states 
are involved 

Sr : Srm exp ( Ect - e~ ) -  . [6 ]  
es 

Thus isc(V) depends on VFB, Ec t, es, and Sr~/St if 
Eq. [5] and [6] are inserted into Eq. [4]. The data of 
the intr insic photocurrent  for a wavelength  of ex- 
citation of 350 nm and pH 10 are shown in  Fig. 3. The 
absorption in  the space charge drawn in  the figure is 
calculated according to Eq. [5] with VFB : .  0.02VscE, 
ND = 6" 1019 cm -3, and ~ : 7 .  104 cm -1 (28). T h e  
data of current  are fitted by Eq. [4] with the two pa-  
rameters  Sr~/St : 500, and cs : 0.15 eV considering 
Ec i = -- 0.15VscE. Addit ion of thiourea enhances some- 
what  the photocurrent,  which can be fitted by Srm/St 
: 70, i.e., an enhanced St with unchanged es (Fig. 3). 
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I t  is impor t an t  to consider  tha t  the  shape of a cu r -  
r en t -vo l t age  re la t ion  as ca lcula ted  f rom Eq. [4] de-  
pends cr i t ica l ly  on the charac te r  of the d is t r ibu t ion  of 
the  surface states. A cont r ibut ion  of states of only  one 
sharp  energy  or  of a homogeneous  d i s t r ibu t ion  would  
not  even lead  to a rough  fit of the  data.  

Bilayer.~The qual i ty  of the b i l aye r  on top of the  
semiconductor  is reflected in  the effective capaci tance 
of the  covered e lec t rode  Cefr as a funct ion of the po ten-  
t ia l  applied.  The modif icat ion of Cefr -1  by  a b i l aye r  as 
r e f e r r ed  to CEL -1 is considered for two l imi t ing  cases 
(I)  a homogeneous b i l aye r  of capaci tance CBL and loss 

res is tance RBL, and ( I I )  a b i l aye r  wi th  CBL pe r fo ra t ed  
by  holes such tha t  a f rac t ion of a rea  h of the semicon-  
ductor  remains  in  contact  wi th  the electrolyte .  The 
two models  a re  descr ibed b y  the equiva len t  circuits  I 
and  II. For  model  I I  the  f rac t ion of free e lec t rode  is 
assumed to appea r  in  addi t ion  to the  geometr ica l  sur-  
face, e.g., by  roughness  

CBL eEL CBL eEL 
(I) J' 

RBL h'CEL 
Ceff -1  for  the  two cases is g iven  b y  Eq. [7] and [8], 

where  CEL is g iven by  Eq. [2], (~ is the  angu la r  f r e -  
quency of the  probing  a.c.) 

1 1 1 1 
' ' =  " ~ [7 ]  
CeffI 1-~- (WRBLCBL)--2 CB L 4 EEL 

= + [8] 
Ceff I[ 1 + h(1 + CEL/CBL) 

The da ta  of C~ft- ~ wi th  and wi thou t  b i l aye r  a re  shown 
in Fig. 4 for pH 6. The da ta  of the  uncovered  e lec t rode  
are  f i t ted according to Eq. [2] wi th  Vsc --  V --  VFB, 
using the values  CH -1 _-- 0.07 cm2/~F, V f  B = 0.28VscE, 
and ND --  1 X 1020 am -~ as ob ta ined  f rom a C-2/V 
plot. 

CBL is obta ined  f rom measurements  wi th  mul t ib i -  
l ayers  on top of the e lect rode be low f la tband poten t ia l  
as shown in Fig. 5. Ceff-* increases l inea r ly  wi th  the  
number  of the  b i layers  s ta r t ing  f rom CH -1. The capaci -  
tance pe r  b i l aye r  in the  mu l t i b i l aye r  sys tem as de r ived  
f rom the slope in  Fig. 5 is found to be CBL ---- 0.42 
# F / c m  2 in  good ag reemen t  to da ta  for  d r y  mu l t i l a ye r  
systems (42, 43). 

Ceff-* of an e lec t rode  covered b y  one idea l  mu l t i -  
l a y e r - l i k e  b i l aye r  (RBL ---- o0, h --  0) is ob ta ined  b y  
add i t ion  of CBL -1 --" 2.4 cmS/;~F to CEL - I .  As shown in 
Fig. 4 the  da ta  approach  this theore t ica l  curve  only 
at  h igh potent ia ls  whereas  a large  d iscrepancy is 
found at  low potent ials .  F i t t ing  the  da ta  by  Eq. [7] 
a t  low potent ia ls  wi th  RBL ---- 3.8 kl% (~ --  1 kHz) leads  
to a la rge  d i spa r i ty  of theory  and expe r imen t  a t  h igh 
potent ia ls  as shown in Fig. 4. A p p a r e n t l y  the  da ta  
cannot  be  fi t ted by  model  I, since Eq. [7] impl ies  a 
constant  inc rement  to Ceff -1  for  the  b i layer .  This d is -  
p a r i t y  cannot  be  due to vol tage  drop in the  b i layer .  
The d -c - res i s t ance  of the  b i l aye r  as es t imated  for  ca th -  
odic polar iza t ion  of the  e lec t rode  is in the  range  of 
10512, which  is by  two orders  of magn i tude  lower  than  
the blocking resis tance of the e lec t rode  i tself  in anodic 
polar izat ion.  

The data, however ,  m a y  be fi t ted by  model  II" The 
solid l ine in  Fig. 4 is ob ta ined  f rom Eq. [8] wi th  h : 
0.012 and CEL ca lcu la ted  f rom Eq. [2] w i th  unchanged  
values  of VFB and CH. The dot ted  l ine at  low potent ia ls  
is ob ta ined  when  the measured  C~L is inser ted  into IL . 
[8] s t i l l  w i th  h : 0,012. The  ag reemen t  be tween  theory  
and expe r imen t  is now ve ry  good over  the  whole  vol t -  
age range:  At  low potent ia ls  the  h igh  capaci tance of 
the  b lank  regions of the  e lec t rode  domina te  such tha t  
l a rge  devia t ions  occur as compared  to the  capaci tance 
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of an e lect rode covered b y  an ideal  b i layer .  A t  high 
potent ia ls  the low capaci tance of the  semiconductor  
reduces  this con t r ibu t ion  of the  holes. 

The  va lue  of the  f ract ion of holes as assigned to the  
b i l ayer  by  fit t ing the capaci tance according to Eq. [8] 
var ies  f rom 0.005 to 0.05 depending  on the p r epa ra t i on  
of the  semiconductor .  Doping of the  b i l aye r  wi th  
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cyanine dye A does not change the hole fraction sig- 
nificantly. In  any case the area of the bilayer equals 
the geometrical area at the a i r /water  interface dur ing 
coating ( transfer  ratio equals one). We at t r ibute  thus 
the free area h to roughness of the electrode. The 
rather  small value of h indicates a very smooth na ture  
of the surface. Bridging of roughness by the bi layer  
must  be negligible, since chromophores incorporated 
at the bi layer /semiconductor  interface reflect a direct 
contact of the bi layer  with the surface by their  fea- 
tures of optical absorption as discussed in  the next  
section. 

Mechan ism of Photosensit izat ion 
Doping of the bi layer  on top of the electrode by  the 

cyanine dye A leads to an enhancement  of photo- 
current  through the interface electrolyte/semiconduc-  
tor. St ructure  and energy levels of the system are 
shown in  Fig. 1. 

The oxidation potential  of the ground state So of 
the dye is EA/A+ so = 1.4VscE (44) (Table 1 and Fig. 
2 in  that  reference) .  The oxidation energies of the 
first excited singlet and tr iplet  state are constructed by  
subtract ing the spectroscopic excitation energies. With 
an energy of optical absorption of 2.9 eV (c]. Fig. 7) 
the oxidation potential  of Sz is EA/A+Sl ---- --1.SVscE. 
Considering a s ingle t - t r ip le t  spli t t ing of 0.5 eV (45, 46) 
the oxidation potential  of T1 is E A / A +  wl : - -1 .0VscE.  
The kinetic levels of electron donat ion for So, Sz, and 
T~ and of electron acceptance for the oxidized doublet  
D+ are assumed to be 0.4 eV higher and lower respec- 
t ively than the corresponding equi l ibr ium potentials 
as caused by reorganizat ion (5). 

It  is apparent  that  the donor levels of both excited 
states Ed s~ ---- --1.IVscE and EdT~ ---- --0~6VscE are well 
above the edge of the conduction band  which is Ec i -- 
--0.15VscE for ind ium- t in -ox ide  electrode at pH 10. 
The acceptor level of the oxidized state Ea D+ ----- --~ 
1.0VSCE is on one hand far above the edge of the va-  
lence band at Ev i ---- + 3.45VscE due to the large band-  
gap of 3.6 eV (29). On the other hand it  is far below 
the surface states which are main ly  distr ibuted in the 
range of 0.0VscE according to the depth of 0.15 eV of 
their  exponent ial  dis t r ibut ion below Ec i. 

The sensitization of photocurrent  by the cyanine 
dye A is characterized by seven observations as de- 
scribed below. These observations lead to a mecha- 
nism of sensit ization as depicted in  Fig. 6. 

Absorption spectrum.--The absorption spectrum of 
dye A in  the bi layer  in  contact to the i nd iu m- t i n -  
oxide, as shown in  Fig. 7, is characteristic for dye- 
monomers, with the 0-0 t ransi t ion at 430 nm and a 
0-1 vibronic t ransi t ion at 410 n m  (23). The typical 
absorption band of dimers at 410 nm, as observed 
usual ly  in  dye monolayers  in  contact to water  (8, 47), 
is suppressed, al though little contr ibut ion of dimer 
absorption to the shoulder at 410 nm cannot be ex- 
cluded. Thus the interact ion of the dye with the elec- 
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Fig. 6. Kinetic mechanism of photosensitization of indium-tin- 
oxide electrode by cyanine dye. Notations in the text. 
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trode breaks the stacking interact ion of the chromo- 
phores without shifting the electronic t ransi t ion of the 
monomers (J~ig 7). This observation indicates close  
contact of the dye molecules with the semiconductor, 
p resumably  with fiat or ientat ion of the chromophores ,  
without  any  significant modification of their  electronic 
structure. 

Photocurrent spectrum.--The photocurrent  through an 
electrode coated with a dye-doped bi layer  exhibits a 
component with a spectral ma x i mum at 430 n m  as 
shown in Fig. 7. Thus excitation of the dye m o n o m e r  
to its first excited singlet state $1 induces charge t rans-  
fer through the interface. Whether  the shoulder  at 
410 nm, which is enhanced as compared to the absorp- 
tion spectrum, has to be assigned to the action of the 
higher excited state of the monomer  or to excited 
dimers cannot be decided at the present  moment.  The 
following experiments are all concerned with the maxi -  
mum at 430 nm which can be assigned unequivocal ly  to 
the So -- $1, 0-0 t ransi t ion of the monomer.  

Chromophore variation.--Substitution of the mono-  
meth in - th iacyan ine  A by analogous dyes, a mono-  
methin-oxacyanine,  a t r imethin- th iacyanine ,  and t r i -  
metn in-carbocyanine  (31), with absorption maximas 
from 360 nm up to 560 nm does not affect the efficiency 
of photocurrent,  which is under  optimal conditions (see 
below) about 0.7 (Fig. 7). The action spectrum of 
photocurrent  of the free electrode extends up to 460 
n m  (18). Photosensitization by energy transfer  from 
excited dyes to surface states of the electrode would 
be possible only for chromophores with some overlap 
of their  emission spectrum with  this action spectrum 
of the electrode. The constant  efficiency for the homo- 
logous series of cyanine dyes up to an emission wave-  
length as long as 600 nm excludes this mechanism of 
sensitization. On the other hand the redox-potentials  
of the excited dyes are all far above the edge of the 
conduction band  (Fig. 1) (44) such that sensitization 
by electron transfer  from the excited dyes to the con- 
duction band is consistent with the observations. 

Bleaching.--Sensitization (without  addit ion of thio- 
urea)  is connected with a fast reversible bleaching of 
the dye, as has been shown by fluorescence measure-  
ments  in  a previous paper  (18). This resul t  indicates 
the formation of an oxidized dye, the radical  doublet  
D+, having transferred an  electron to the semiconduc- 
tor (c1. Fig. 6). 
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Contacting.--The binding  of the dye to the  surface 
of the  e lect rode leads  to a quenching of fluorescence 
a s  compared  to a dye incorpora ted  at  the  aqueous side 
of the  b i l aye r  [Fig. 8 ( c ) ] .  The quan tum yie ld  of the  
decay process of St as induced by  di rec t  contact  is 
0.8. (The eva lua t ion  of this y ie ld  is discussed in  the  
next  section.) The induced decay o f  St reflects the 
p r i m a r y  process of sensi t izat ion:  The  upper  l imi t  of 
the  quan tum yie ld  of photocurrent ,  as observed  at  
h igh potent ia l  and high supersensi t izat ion,  is near  0.8 
as wel l  (Fig. 9 and 10). A significant induct ion of an 
unproduc t ive  decay has not  been considered.  

This p r i m a r y  process is not  in te r sys tem crossing as 
caused by  a heavy  atom effect fol lowed by  e lect ron 
t ransfe r  (48): Contact ing dye A in the b i l aye r  to an 
evapora t ed  thin  l aye r  of l an thanumfluor ide  breaks  the 
d imers  of the  dye as in the case of i nd ium- t in -ox ide ,  
but  does not  lead  to any quenching of fluorescence. 
L a n t h a n u m  resembles  ind ium and t in wi th  respect  to 
a tomic number  and ion radius  such that  the heavy  

(a )  (b }  (c )  (d}  

voltage supersensitiz~tion separation desensitization 
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Fig. 8. Photocurrent and fluorescence as induced and emitted 
rasp. by thiacyanine dye A in contact to electrode. (a) potential: 
0.25VscE and 0.75VscE, (b) thlourea (TU): OM and 3M, (c) dye 
location: direct contact and separation by one bi[ayer (5 nm) from 
electrode, (d) energy transfer: no acceptar and acceptor E at a 
distance of 5 nm. The schemes at the top of the figure illustrate 
the mechanistic effects as assigned in the text. 
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V at pH 10 without and with 3M thiourea (TU). The data without 
thiourea are fitted according to Eq. [10]. 

1 . 0 1  ' ' 

0.8 % 

i I 
o ~  
~- o 

gl" O.6 i ,  o 

,or- 0.z, 

o 0.2 

O.0 
o i i 

concentration of TU [moltLit] 

I:ig. 10. Quantum yield q i  of sensitized photecurrent at saturating 
potential V = 0.8VscE vs. concentration of thiourea (pH I0). The 
theoretical fit for the three samples is obtained according to Eq. 
[17]. 

a tom effect of LaF~ should be comparab le  to tha t  of 
In20~ISnO2. However  e lec t ron t ransfer  f rom the  dye  
is exc luded  in the case of LaF3 due to the la rge  b a n d -  
gap of that  insula tor  (6.7 eV) (49). These observat ions  
indicate  that  the  p r i m a r y  process of sensi t izat ion is 
e lec t ron  t ransfe r  d i rec t ly  f rom $1 to the i n d i u m - t i n -  
oxide. 

Supersensitization.--Addition of th iourea  to the elec-  
t ro ly te  enhances the pho tocur ren t  [Fig. 8 ( b ) ] .  This 
enhancement  is observed f rom the ve ry  beginning of 
i l luminat ion.  I t  is not  only  a suppression of b leaching  
dur ing  i l luminat ion.  Thus the  eftect cannot  be assigned 
to regenera t ion  of the pho to-ox id ized  D + (cf. Fig. 6). 
On the other  hand  the enhancement  is not  connected 
wi th  any quenching of fluorescence [Fig. 8 ( b ) ] .  Thus 
the supersensi t iza t ion cannot  be assigned to reduc-  
t ion of St wi th  subsequent  induced e lec t ron  t ransfer .  

The observat ion  indicates the  exis tence of ano ther  
in te rmedia te  fo rmed  by  the p r i m a r y  process of elec-  
t ron  transfer .  This in te rmedia te  mus t  consist of the 
photo-oxid ized  dye and the t r ans fe r red  e lec t ron  at  
the surface of the  e lect rode as symbol ized  by  D+e  - 
in Fig. 6: Supersens i t iza t ion  is due to reduct ion  of the  
dye  in the  in termedia te ,  as induced by  thiourea,  w i th  
subsequent  r emova l  of the  e lec t ron to the bu lk  of the 
e lect rode as indica ted  in Fig. 6. This process com- 
petes  wi th  the unproduc t ive  recombina t ion  of D+e - 
back  to So. Wi thou t  supersens i t iza t ion  the  photocur -  
rent  is caused by  spontaneous separa t ion  of the  elec-  
t ron  in D + e -  to the bu lk  of the e lect rode producing  
the b leached radica l  D + (Fig. 6). 

Electrode potentiaL--Lowering the  app l ied  poten t ia l  
of the  e lec t rode  leads to a lower ing  of pho tocur ren t  
far  above f latband poten t ia l  [Fig. 8(a)  and  9]. This 
inhibi t ion as caused by  l i f t ing the  Fe rmi  potent ia l  m a y  
be due to e lec t ron donat ion f rom occupied surface  
states of the e lect rode back  to the  chromophore.  Elec-  
t ron  donat ion to St is excluded,  since no potent ia l  de -  
pendence of fluorescence is observed.  

The drop of cu r ren t  is suppressed  by  supersens i t i -  
zat ion (Fig. 9). Thus the  poten t ia l  dependent  inh ib i -  
t ion is r e la ted  to the in t e rmed ia t e  D+e - .  I t  reflects 
the ant isensi t iz ing reduct ion  of the oxidized dye by  
occupied surface states wi th  subsequent  re lease  of 
the  e lec t ron  (Fig. 6). This ass ignment  is discussed 
in deta i l  in the nex t  section. 
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Quantum Yield of Photosensitization 
The quan tum yieid of sensitized cur ren t  qi is 

the ratio iA/aA of sensitized photocurrent  iA per 
incident  light in tens i ty  and the optical absorption 
(aA) Of the dye. Considering the reaction scheme 
of Fig. 6, qi is determined by the quan tum yield qel 
of electron t ransfer  leading to the in termediate  D+e - 
and the quan tum yields of release of the electron 
qsep and qsup corresponding to the spontaneous sepa- 
ra t ion leacUng to the oxidized D + and to the super-  
sensitization as induced by tniourea,  according to Eq. 
[9] 

qi = iA/aA = (qsep + qsup) " qe~ [9] 

The present  section considers the est imation of qel and 
the evaluat ion of qsep and qsup as a funct ion oI elec- 
trode potential  and thiourea concentration, respec- 
tively. All  measurements  refer to the very beginning 
of i l luminat ion,  where bleaching of the dye by forma- 
t ion of D + has not to be considered, i.e., the absorp- 
tion aA is always the adsorption os the unper tu rbed  dye 
layer. 

Electron transfer.--Incorporation of an energy accep- 
tot  E at the interface b i layer /water  per turbs  the 
sensitizing process exclusively by the competit ion of 
energy t ransfer  with electron t ransfer  from S~. Thus 
the ratio of current  iA/iA E without  and with acceptor 
equals the ratio of quan tum yields qel/qel E without  
and with acceptor according to Eq. [Sj. q~l and qel ~ 
are detined Dy the rate constants of electron t rans ler  
kel, of fluorescence krl, of radiationless deactivation 
ko, and of energy t ransfer  ken according to Eq. [10a] 
anct [10b] 

kel 
qel -" [10a] 

kel -/- ~fl  -~- Eo 

qet E = [10b] 
~Cel "J- kf l  -[- ko -j- ken 

By straightforward algebra the ratio qel/qel E may be 
expressed in  terms of the unknown  qel and a parameter  
ken/(kfl + ko), which characterizes the energy t rans-  
fer system, according to Eq. [11] 

qel ken 
. . . . .  = i + - -  ( i  - -  qei) [ l i ]  

qel E kfl  "~- ko 

The ratio ken / (k f l+  ko) may be determined from 
fluorescence quenching in  a bi layer a r rangement  with-  
out semiconductor. If the contact of the semiconductor 
does not  affect the rate constants, qel may be deter-  
mined from Eq. [11]. This procedure has been used pre-  
viously in  the case of sensitization of silver bromide 
(25). 

With dye A as an acceptor, using an analogous oxa- 
cyanine as a sensitizer, ken is found to be two times 
faster than (kft -}- ko) (18). With the quenching of 
current  qelE/qel ---- 0.7 [Fig. 8 (d) ]  one obtains qel ---- 0.8.  
The oxacyanine, used as a sensitizer in  this experiment,  
behaves in all aspects as the original thiacyanine (18). 

A similar result  is obtained by evaluat ing the 
quenching of fluorescence as observed when the sensi- 
tizer is brought  from the aqueous side of the bi layer  to 
the semiconductor [Fig. 8(c)] .  The ratio of fluores- 
cence in tens i ty  of the dye in contact Io and of the dye at 
a distance of 5 n m  to the semiconductor Id is related 
directly to qel according to Eq. [12] as may be easily 
derived from a consideration of the rate constants 

-- ---- 1 -- qel [12] 
Id 

With Ic / Id  = 0.2 o n e  o b t a i n s  qel = 0.8. This de te rmina-  
t ion is less rel iable than the previous one since the  
optical surroundings  of the dye differ for the two 
different locations in  front  of the reflecting electrode. 

The evaluat ion of qel as considered is in  fact an  
evaluat ion of the quan tum yield of that  decay process  

of $1 which is induced by a semiconductor. Identifica- 
tion with the quan tum yield of electron transfer implies 
that no other decay channels are opened by the elec- 
trode. This assumption is justified a posteriori by the 
fact that the quan tum yield of Current under  optimal 
conditions of supersensit ization approaches also the 
value of 0.8 (Fig. 10) and that no induced formation of 
the tr iplet  state is observed, k~i may  be expressed by 
kfl: Vvith the quan tum yield of fluorescence without  
semiconductor ~fl/(kn W ko) ---- 0.2 (18) and with qel 
= 0.8 considering Eq. [10a] one obtains kel "- 20 �9 kfl. 
The radiat ive lke t ime of the cyanine dye A is 3 nsec 
(50, 51). Electron transfer  to the electrode from $1 
occurs thus with a rate constant of about kel ---- 7 X 109 
sec-1. 

Inhibition by sur]ace states.--The quan tum yield of 
current  without addit ion of thiourea, qi o, becomes sig- 
nificant only far above the flatband potential  (Fig. 9). 
Such a characteristic has been reported previously for 
polycrystai l ine electrodes of SnO2 (52). The removal 
of the t ransIerred electron from the interface by the 
field in  the space charge should lead, however, to a 
sharp increase of current  at the fiatband potential  as 
reported for single crystal l ine electrodes of ZnO (5). 
In the present  case such a characteristic is observed 
after addition of thiourea (Fig. 9). We at t r ibute  the 
depression o~ current  in  the absence of supersensit iza- 
tion to the action of occupied surface states of the semi- 
conductor, donating an electron with rate constant  kss 
to the in termediate  D+e - ,  i.e., reduct ion of D+ to So 
with subsequent  release of the electron (Fig. 6). Super-  
sensitization inhibits this deactivation process by com- 
petition. Without supersensit ization Eq. [9] becomes 
q i~  - qsep~ where qsep ~ is defined by the rate con- 
stants of separation, recombination,  and reduction by 
surface states, i.e., ksep, krec, and kss, respectively, ac- 
cording to Eq. [13] (see Fig. 6) 

~sep 
qsep ~ : [13] 

ksep -~- krec -}- kss 

The exper imental  results of Fig. 9 indicate a decrease 
of kss with increasing potential  of the electrode. With 
qel = 0.8 qsep ~ in sa turat ion (kss ---- 0) is qsep ~ -= 0.5. 
This result  means that the release of the electron to 
the butk of the semiconductor with formation of D + 
occurs with a similar rate as the recombinat ion to So. 
The value of qsep ~ varies considerably from sample to 
sample (c~. Fig. 10). 

The voltage dependence of qi o may be described in  
terms of qsep ~ qel, and the parameter  kss/ksep charac- 
terizing the reduction by surface states according to 
Eq. [14] which is obtained from Eq. [9] and [13] 

qsep ~ 
qi ~ : __ " qel [ 1 4 ]  

1 -{- qsep ~ " kss/kse p 

Assuming kss to be proport ional  "to the number  of oc- 
cupied surface states, the exper imental  data of Fig. 9 
reflect the decrease of the number  of states involved 
when the Fermi  level is lowered. The smooth decrease 
of the current  qi o excludes electron donation only from 
a nar row range of surface states of energies, e.g., near  
the acceptor energy of the dye, EaD+. This behavior is 
described, however, if one assumes that all occupied 
surface states above the acceptor level are involved 
considering the exponent ial  dis t r ibut ion of states as de- 
termined above. Integrat ing over this distr ibution up 
to the Fermi eoV and denoting the maximal  rate of do- 
nation, when all states would contr ibute to reduction, 
by kss TM one obtains kss as a function of the potential  
according to Eq. [15], which is analogous to Eq. [6] 

Ez ~ - -  eoV 
kss = kss m exp [15] 

ea 
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Best  fit of the expe r imen ta l  da ta  in Fig. 9 is obta ined  
by  Eq. 14 wi th  kss TM ~ 40 �9 ksep. The o ther  pa rame te r s  
a re  qsep ~ ~-- 0.5 and qel : 0.8 as de t e rmined  above. The 
values  of Eci _-- --0.15 eVscE and es ---- 0.15 eV are  as in 
the case of in t r ins ic  photocurrent .  

Supersensitization induced by thiourea.---qi is enhanced 
by  th iourea  as shown in Fig. 10. In  o rde r  to act  as a 
supersensi t izer  th iourea  has to cross the b i l aye r  in the  
in tac t  regions or th rough  the holes such tha t  i t  r e -  
duces the  D + in d i rec t  contact. The  p r i m a r y  photo-  
chemical  process m a y  be fol lowed by  secondary  da rk  
reactions.  Accord ing  to Eq. [9] qi depends  o n  the sum 
(q--sup "~qsep) of quan tum yie lds  in  sa tura t ion  which  

is expressed  by  the ra te  constants  according to Eq. 
[16] where  ksup is the ra te  constant  of supersensi t iza-  
t ion (Fig. 6) 

-qsep + qs.p = ksep + ks,p [16] 
krer "Jr ksep "~ ksup 

The da ta  of Fig. 10 indicate  an increase  of ksup with  
increas ing  concentra t ion  TU of thiourea,  i.e., an in-  
crease f rom (qs , ,  + qsep) ~-- q-'sep ~ for TU ---- 0 to 
(qsup + qsep) ---- 1 for  TU --> oo. Assuming a l inea r  p ro -  
por t iona l i ty  of supersensi t iza t ion wi th  the  concent ra-  
t ion of thiourea,  i.e., ksup = ksup M �9 TU where  ksup r~ is 
the ra te  constant  for  1M thiourea,  -qi is given by  Eq. 
[17], which  is ob ta ined  f rom Eq. [9] and  [16] in t ro -  
ducing qsep ~ as in the  previous  sect ion 

-qi ~sep = " qel [17] 
- -  ksup M 

1 + qsep ~ TU 
ksep 

Supersens i t iza t ion  is charac ter ized  b y  the p a r a m e t e r  
ksupM/ksep. The two summands  of Eq. [17] reflect the  
enhanced cont r ibut ion  of supersensi t iza t ion and the 
suppressed cont r ibu t ion  of spontaneous separa t ion  
when  the concent ra t ion  of th iourea  is increased.  

As shown in Fig. 10 the da ta  of qi sca t ter  for different  
samples  of the  electrode.  A fit of al l  da ta  is ob ta ined  
by  Eq. [17] wi th  qel = 0.8 us ing a single p a r a m e t e r  of 
supersens i t iza t ion  ksupM/ksep -~ 6.5M -1, if  the samples  
a re  charac ter ized  by  ind iv idua l  ql o ---- qsep~ Accord-  
ingly,  supersensi t ized inject ion wi th  3M th iourea  is 20 
t imes fas ter  than  spontaneous separat ion.  The reduc-  
t ion of D+e - induced by  th iourea  m a y  thus compete 
effect ively wi th  the reduct ion  by  surface  s tates  which  
is found to be up to 40 t imes fas ter  than  ksep. This re -  
sul t  is consistent  wi th  the  modification of the  potent ia l  
dependence  of cur ren t  as induced by  th iourea  shown 
in Fig. 9. The va r i ab i l i t y  of qi ~ (0.05 ( qi o ( 0 . 5 )  is 
due to a va r i ab i l i t y  of qsep ~ since qel is found to be 
constant.  In  the express ion qsep ~ ---- (1 ~- krec/kse,)-i 
the  va r i ab i l i t y  has to be assigned to krec. A var ia t ion  
of ksep such tha t  the  ra t io  ksupM/ksep remains  constant  
appears  to be improbable .  The recombina t ion  ra te  m a y  
depend  on sl ight  var ia t ions  of the type  and number  of 
surface  s tates  which m a y  be caused by  i r r ep roduc ib le  
s l ight  var ia t ions  of the  p r epa ra t i on  condit ions of the  
evapora ted  electrode.  

Summary 
The presen t  paper  includes the  fol lowing results.  
1. A l ip id  b i l aye r  is deposi ted onto a semiconductor  

e lec t rode  r a the r  homogeneously,  but  not wi thout  im-  
perfections,  where  e lec t rode  and e lec t ro ly te  a re  in 
d i rec t  contact. The f rac t ion of free a rea  is in the  o rde r  
of 0.01. 

2. Electrons f rom an exci ted  chromophore  in a m e m -  
b rane  s t ruc ture  a re  t r ans fe r red  to the semiconductor  
wi th  a quan tum y ie ld  of 0.8. The e lec t ron t ransfe r  
~rom the  first exci ted  s ingle t  s ta te  of the  monomer  of 

a th iacyanine  dye occurs at  a ra te  of about  1010 sec - I .  
The ra te  does not  depend on the electr ic  field in  the 
space charge. 

3. Sensi t izat ion of pho tocur ren t  is connected wi th  a 
kinet ic  in te rmedia te  consisting of the oxidized chromo-  
phore  and the t r ans fe r red  e lec t ron at  the surface of 
the electrode.  

4. Supersens i t iza t ion  by  th iourea  is not  due to reduc-  
t ion of the first exci ted  s inglet  s tate but  to reduct ion of 
the oxidized chromophore  in the  in t e rmed ia te  wi th  
subsequent  re lease  of the e lec t ron into the  bulk  of the 
semiconductor .  This process competes wi th  unproduc-  
t ive recombinat ion.  

5. The vol tage dependence  of sensi t ized cur ren t  is 
due to reduct ion of the oxidized chromophore  in  the  
in t e rmed ia te  by  occupied surface states in the elec-  
trode. Al l  occupied states above the acceptor  level  of 
the  dye, up to the Fe rmi  potent ial ,  appea r  to be 
effective. The energet ic  d i s t r ibu t ion  of the  states cor-  
responds to the d is t r ibut ion  of surface states in-  
volved in surface recombina t ion  of holes in  the  case 
of intr insic  photocurrent .  
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In Situ Measurement and Analysis of Plasma-Grown 
GaAs Oxides with Spectroscopic Ellipsometry 

J. B. Theeten, 1 R. P. H. Chang,* D. E. Aspnes, and T. E. Adams 2 
Bell  Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A versa t i le  e l l ipsometer  wi th  var iab le  energy  (1.5-5.6 eV) a n d  a n g l e  o f  in-  
cidence (60~-75 ~ has been constructed for in situ thin film diagnostics on a 
l inear  p lasma  reactor.  This ins t rument  has been used to s tudy  the p lasma  
oxida t ion  of GaAs (100) surfaces. Dur ing  oxida t ion  the e l l ipsometer  is set at  a 
f ixed wave leng th  and a fixed angle  of incidence for moni tor ing  the thickness  
of the oxide. Such informat ion  as the ra te  of oxidat ion,  t rans ien t  effects, un i -  
formity ,  and opt ical  absorpt ion  of the oxide l aye r  are  obta ined dur ing  p lasma  
processing. The oxidat ion  process can be i n t e r rup ted  at  any  moment  for ex-  
amining  the sample  as a function of energy and angle  of incidence. A mu l t i l a ye r  
analysis  is p resented  to de te rmine  (i) the  die lect r ic  funct ion and the  thickness  
of the  oxide  layer ,  and (ii) the composi t ion and the thickness of the  i n t e r f a c e  
region be tween  the oxide  and the GaAs substrate .  The effect of the ra te  of 
p lasma  oxidat ion  on the oxide proper t ies  is also discussed. 

The use of p lasma  oxidat ion  for obta in ing oxide 
films with  good e lect r ica l  p roper t ies  on a GaAs sub-  
s t ra te  has been act ively  inves t iga ted  in the past  few 
years  (1). These oxide films have been analyzed  by a 
va r i e ty  of techniques (1-4).  Of these, spectroscopic 
e l l ipsomet ry  has proved  to be sui table  not  only  for 
de te rmin ing  the na tu re  and the thickness of the oxide 
l aye r  but  also for nondes t ruc t ive ly  analyzing the in-  
terface region be tween  the oxide and the subs t ra te  
(2). 

To inves t iga te  fu r the r  the influence of p lasma proc-  
essing pa rame te r s  on the character is t ics  of the oxide 
films dur ing  p lasma exposure,  we have constructed a 
versa t i le  e l l ipsometer  for in situ thin film diagnostics 
on a l inear  p lasma  reactor.  The sys tem not only  wi l l  
improve  our knowledge  of p l a s m a - g r o w n  GaAs ox-  
ides, but  also it wi l l  be appl icable  to films of more  
complex s t ruc ture  such as those involving both me ta l -  
lic a luminum and GaAs. In this pape r  we descr ibe  the 
sys tem and var ious  applications.  The opt ical  and the 
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electronic aspects  of the sys tem are  discussed. Ki -  
netic measurements  of the oxides and the i r  i n t e r p r e t a -  
tion are  given and spectroscopic measurements  wi th  
var ia t ion  of the angle  of incidence are  i l lust ra ted.  
J o t h  the model ing  o~ our e l l ipsomet ry  da ta  and a com- 
plete  mu l t i l aye r  analysis  of two samples  oxidized at  
ve ry  different  ra tes  a re  discussed. The analysis  reveals  
m a r k e d  differences be tween  the two oxides, both  in the 
oxide l aye r  and at  the in terface  wi th  the  GaAs sub-  
strate.  

Description of the System 
A simplified schematic  d i ag ram of the exper imen ta l  

configurat ion is shown in Fig. 1. I t  consists of a spec- 
troscopic e l l ipsometer  a t tached to a l inear  p lasma re -  
actor  (5). The e l l ipsometer  is a photomet r ic  type  re -  
la ted  to Fou r i e r - t r a n s fo rm  ro t a t i ng -ana lyze r  e l l ip-  
someters  descr ibed prev ious ly  (6). The main  difference 
in the present  design is tha t  the source and detector  
are  in terchanged.  The sequence of opt ical  e lements  is 
therefore  lamp, ro ta t ing  polar izer ,  sample,  fixed ana-  
lyzer, monochromator ,  and photomul t ip l ie r .  The ad-  
van tage  of this configuration is tha t  i t  places the mono-  
chromator  be tween  the reactor  and the detector.  There -  
fore, the  l ight  genera ted  by  the reac tor  is essent ia l ly  
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ANALYZER \ //f" ~ - X  ~//~ ROTATING 

PLASMA 

Fig. 1. Schematic view of the automatic spectroscopic and 
variable-angle ellipsometer for in situ measurement of plasma- 
exposed samples. 

el iminated before reaching the detector, thus greatly 
improving the signal to noise ratio. An  added feature 
with respect to previous systems is that  the angie of 
incidence can be varied continuously.  

In oxidation measurements ,  the sample is placed in 
a vacuum chamber  such that  its surface is near iy  nor-  
mal  to the oxygen plasma column. The plasma is pro- 
duced at an 02 pressure of 10 -~ Tort  by a pair  of rf 
electrodes. A typical rf power is 300W at 27 MHz. A 
magnet ic  field up to 1 kG coniines the plasma along 
the axis of the vacuum chamber. The sample is biased 
positively at 50-100V with respect to the plasma. 
Typical currents  collected dur ing tae oxidation process 
are a few 10 m A / c m  2. 

The optical components are as follows. The light 
source is a feedback-stabil ized high brightness 500W 
Xe arc lamp s which has an essential ly l ine-free con- 
t i nuum over the accessible energy range of 1.5-5.6 eV 
that  is ideally suited for this spectroscopic method. 
A quartz Rochon prism is used as the rotat ing polarizer 
to provide combined depolarizer/polarizer  functions 
and thus greatly reduce the effects of any residual  po- 
larization in the lamp flux as well as providing ap- 
proximately  l inear ly  polarized light to i l luminate  the 
sample. The shutter  chops the incident  beam to pro- 
vide a background reference to el iminate effects of 
drift  in electronic components and to isolate the frac- 
t ion of light detected by the photomult ipl ier  that 
originates by reflection from the sample. St ra in-f ree  
fused-quartz  windows mounted  on s tandard 23/~ in. 
conflat flanges provide optical access to the plasma 
reaction chamber. To minimize oxide nonuni formi ty  
effects in  optical data, as discussed later, the i l lumi-  
nated area on the sample is restricted to 0.3 • 0.6 mm 2 
by an 0.3 mm diameter  aperture.  

A u.v. calcite Glan-Thompson prism is used as the 
fixed analyzer  to reduce over-al l  system length. Ab-  
sorption by this pr ism determined the 5.6 eV upper  
l imit  of the spectral range. Wavelength filtering is pro- 
vided by a quar te r -mete r  double grat ing monochro-  
mator  4 operated at a typical resolution of 1 nm. An 
$20 photomult ipl ier  5 is used as the detector and deter-  
mines the low energy spectral l imit  of 1.5 eV. 

The polarizer is mounted in  a hollow-shaft  d-c mo-  
tor 8 that  is feedback stabilized to operate at speeds 
typically near  25 rPS. An attached hollow-shaft  optical 
encoder 7 is used to tr igger a 14-bit analog-to-digi ta l  
converter  (ADC) giving 1024 conversions per revolu-  
tion. The entire lamp, polarizer, and shut ter  assembly 
is mounted  on Teflon-supported rails designed to 
slide on the optical table to provide any  angle of 
incidence from 60~ ~ . The angle of incidence is de- 
termined geometrically by laser a l ignment  and fur ther  

8 M a n u f a c t u r e d  by  the Oriel Company. 
Model 82-410 m a n u f a c t u r e d  by  Jarrel l  Ash. 
Model 9558 QA m a n u f a c t u r e d  by  EMI. 

e Model  1500C-50-060 m a n u f a c t u r e d  by  Magnetic Tech. 
Model 5V670 m a n u f a c t u r e d  by  Baldwin.  
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checked by ellipsometric measurements  on a reference 
SiO2-Si sample. 

The detector output  voltage has a Fourier  spectrum 
related to the optical configuration and sample proper-  
ties as follows. If the complex reflectance ratio of the 
sample is 

p = rp/rs = tan ~ et~ [1] 

where rp and rs are the complex field reflectance co- 
efficients for p- and s-polarized light, respectively, then 
the detector output  is proport ional  to the in tensi ty  in -  
cident upon it, or 

I (t) = I a v  [sin 2 P sin~ A 4- cos 2 P cos 2 A tan  2 

+ I/2 tan ~ cos ~ sin 2P sin 2A] [2] 

where Iav is the average in tensi ty  and the azimuth 
angles P and A are measured from the plane of inci-  
dence. In operation A = A0 is fixed, and P = ~t where 

is the mechanical  angular  frequency. Under  these 
conditions the harmonic spectrum of Eq. [2] can be 
wr i t ten  

I ( t )  = a cos 2P + b sin 2P Jr C [3] 

where the coefficients a, b, and c can be determined by 
Fourier  analysis of the measured intensity. It  follows 
from Eq. [2] that  

tan ~ = tan A0 ~ / _ _ c  -t- a [4] 
/ 

V 

COS ~ = b / ~ / c  2 - -  a 2 [ 5 ]  

The angle of incidence dependence enters through P. 
Fourier  analysis of the data and over-al l  control of 

both plasma and optical systems are provided by the 
data processing and control system outl ined in block 
form in Fig. 2. The system features two processors: 
(i) a fast acquisition and control interface for local 
control of peripherals, on- l ine  data accumulation,  and 
establishing the proper sequence of operations, and (ii) 
a central  processing uni t  s to reduce and analyze the 
data and to interact  with the control te rminal  and var i -  
ous inpu t /ou tpu t  and long- te rm data storage devices. 
The interface frees the main  CPU from operational  de- 
tails and with 1024 circulating locations accumulates 
on- l ine  the output  of the ADC to allow the main  CPU 
to Fourier  t ransform the previous set of data while 
the next  data are being recorded. 

A typical time sequence of operat ion is given in 
Table I. In this sequence, the plasma is tu rned  on dur-  
ing the display and storage operat ion of the CPU 
by an interface-control led bias change on a PIN-  
diode switch in the rf generator. A rea l - t ime clock ac- 
curately determines the t ime of exposure. The plasma 
is turned off dur ing data and background acquisition. 
In  this mode of operation data acquisition takes about 
1 sec, corresponding to 24 turns  of the polarizer, fol- 

s PDP 11-03 sys t em m a n u f a c t u r e d  by  DEC. 

[=:=wl 
OMA 

INTERFACE 

I CPU PDP 11/03 

Fig. 2. Block diagram of the data processing and control system, 
showing interconnections among the peripherals, interface, and 
on-line computer. 
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Table I. Typical time sequence of computer operations during a 
plasma experiment 

FAST ACQUISITION TIME SEQUENCE CPU JOB STATUS 
UNIT 

I REDUCES PREVIOUS DATA ACCUMULATES DATA 

E TRANSFER DATA 

5 REDUCES PREVIOUS BGD ACCUMULATES BDD 

4 TRANSFER ~ D  

COMPUTES PREVIOUS (&, ~)  
5 DISPLAYS AND STORES; NO ACCUMULATION 

CONTROLS THE PLASMA 
EXPOSURE TIME 

SHUTTER 

OFF OPEN 

OFF CLOSED 

OFF CLOSED 

ON OPEN 

ON OPEN 

RETURN TO STEP # 1  

lowed by 1 sec of data processing and plasma exposure. 
In  fact, chopping the plasma exposure allows the 
processing to be slowed down so that  the ell ipsometer 
can follow fast kinetic phenomena.  For slow reactions 
such chopping is not necessary and measurements  can 
be taken with un in te r rup ted  plasma exposure. It  is 
thus always possible to obtain spectroscopic ell ip- 
sometry data under  quas i -equi l ibr ium conditions. 

Kinetics 
A typical series of measurements  dur ing plasma oxi- 

dation are shown on Fig. 3. In  this case, the wave- 
length of light and the angle of incidence were kept  
constant. The plasma exposure was stopped for spec- 
troscopic measurements  at various angles of incidence 
at times 1, 2, and 3. The cos h curve oscillates between 
--1 and +1  as the thickness of the oxide increases. 
For the 3000A, 63.7 ~ conditions of Fig. 3, the period in  
the cos A oscillations corresponds to approximately 
800A of oxide. The rate of growth is thus obtained 
directly from the cos A curve. Here, it is about 100 
A/min .  We compare samples grown at 30 and 3000 
A / m i n  in  the next  section. As seen in  Fig. 3, the 
rate of growth decreases as the oxide thickness in -  
creases. The second oscillation takes about 570 sec to 
complete as to about 440 sec for the first one. This is 

--b- 

g 

1 

0 
oo 

- I  
0 3OO 6 0 0  9 0 0  

T I M E  ( s e c )  

x = 3ooo~ 
8 = 6 3 ~  

I 
12oo 

Fig. 3. Typical real-tlme kinet;c measurements. The tan �9 and 
cos A values were recorded at a fixed wavelength (3000A) and a 
fixed angle (63.7 ~ as a function of the time of plasma exposure. 
The plasma exposure was interrupted at 1, 2, and 3 for spectro- 
scopic and angular analysis. 

due to the fact that  the bias voltage of the sample is 
kept constant. The oxide growth behavior is in  agree- 
ment  with previously published kinetic curves (4). 

The tan ~ curve exhibits a series of peaks associated 
with each cos A oscillation. The interest ing fact is that  
the heights of these peaks are not constant  bu t  de- 
crease as the oxide thickness increases. As i l lustrated 
schematically in  Fig. 4, the decrease indicates that the 
oxide is optically absorbing at 3000A. If the plasma 
oxide were like the anodic oxide, which does not ab-  
sorb below 4.8 eV (7), then both tan 9 and cos A curves 
would be cyclic with a repeat thickness of about  800A 
as shown in Fig. 4a. In  particular,  the height of the 
tan ~ peaks would be constant. If one now assumes 
that the p lasma-grown oxide is equivalent  to an anodic 
oxide but  containing 2% unoxidized As, then the tan  
peak heights decrease as shown in  Fig. 4b. To obtain 
Fig. 4b, we calculated the dielectric function of a 98% 
oxide-2% amorphous As (aAs) mixture  in  the Brugge- 
ma n  effective-medium approximation (EMA) (8) 
using reported data (9) for aAs. Here, the effective 
dielectric function < , >  of the mixture  is given by 

ei - -  < e >  
z vi  _ 0 [6]  
i ~l + 2 < e >  

where ~i represents the (complex) dielectric funct ion 
of the ith consti tuent and vi the relat ive volume frac- 
tion, where 

z vi  = 1 [7]  
! 

The calculated tan  ~ curve shows a decrease in  t h e  
peak heights because the oxide layer  is absorbent, so 
the constructive interference regimes that give rise to 
the tan  ~ maxima are less and less effective as the light 
has to propagate fur ther  and fur ther  into the layer. 
A comparison between Fig. 3 and 4 indicates that 2% 
aAs incorporated into the oxide is a reasonable esti- 
mate. The dielectric function of the p lasma-grown 
oxide is discussed more extensively later. The tan 
kinetic curve can thus be used as an indication of the 
oxide layer  composition. 

Inspection shows that (cos A) does not exactly reach 
+1  in  its third oscillation in Fig. 3. This is a much 
smaller  effect than  the decrease in  the tan  ~ and is 
related to the nonuni formi ty  of the oxide layer  thick- 
ness wi thin  the area probed by the beam. It is seen 
most clearly in  the very nar row positive extrema of 
cos A and is discussed in the next  section. Kinetic 
measurements  thus can also be used to estimate the 
uni formi ty  of the deposit without  changing either the 
wavelength or the angle of incidence or the position 
of the sample. 

Another  interest ing feature in  Fig. 3 is the anom- 
alous behavior of tan  r and cos A when plasma oxi- 
dation is restarted at 1, 2, and 3. Genera l ly  speaking, 
when the plasma is restarted after a sufficiently long 
shutdown (typically 15 rain),  the oxide thickness tends 

5, 
ANODIC OXIDE 

x=~oo~ 

O 

0 2 5 0 0 ~  

OXI DE TH ] CK NESS 

o 

0 
+1 

- 1  
0 

A ooo 1 

2500A 

OXIDE THICKNESS 

Fig. 4. Simulated kinetic data for (a, left) an anodic oxide and 
(b, right) a mixture of 98% anodic oxide and 2% amorphous 
arsenic. 
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to decrease before increasing again. A more detailed 
example of this phenomenon is shown in Fig. 5. At the 
onset of the plasma, cos A decreases before increasing. 
We speculate that  when  the plasma is on, the oxide 
layer  has to charge up before a breakdown voltage is 
reached, enabl ing O -  ions to migrate  toward the 
oxide-substrate  interface (or the Ga + and As + ions 
to migrate  f rom the substrate toward the oxide-vac-  
uum interface) before oxidation will  start. Thus before 
breakdown occurs, the bombardmen t  of the oxide- 
vacuum interface by the plasma ions tends to sputter  
off some of the oxide. A detailed s tudy of this effect 
will  be reported later. 

Spectroscopy and Angular Variation 
The capabil i ty of vary ing  both angle and energy 

cont inuously is a very impor tan t  improvement  with 
respect to convent ional  ellipsometry. If the dielectric 
functions of the consti tuents of a complex mul t i layer  
s t ructure  are known  or can be measured indepen-  
dently, then the only unknowns  in  a modeling of the 
ellipsometric data for the s t ructure  are the thicknesses 
of the various layers and the composition of each 
layer. We assume here that  a mul t i layer  description is 
reasonable (that is, the boundaries  between layers are 
sharp, and in  the case of heterogeneous layers, the 
Bruggeman EMA is valid) .  By contrast  to the conven-  
tional ellipsometer, which gives only two independent  
data tan  ~ and cos A at the operat ing energy and angle, 
our  system gives a very large n u m b e r  of independent  
data. This allows a very refined model to be fitted to 
the experiment .  We have achieved fits up to 5 pa-  
rameters,  as will  be shown in  the next  section. A 
quali tat ive discussion of optimizing sensit ivi ty to in -  
terfaces or nonuniformit ies  is given below. 

In  general  at a fixed angle of incidence our spectro- 
scopic ell ipsometer yields tan  ~ and cos A curves ex- 
hibi t ing a series of resonances if the overlayers are 
t ransparent  and at least 1000A thick. A detailed s tudy 
of the na ture  of these resonances has been reported 
previously (10). In  short, for energies at tan ~ peaks, 
the s-polarized component  of the incident  l ight is 
t ransmit ted through the top layer  and into substrate 
with m a x i m u m  efficiency (min imum reflected inten-  

1.5 0 

X = 3000/~ 
e = 61~ 

"~ 1.0 C /  

o (J 

0.5 - ~ - ~ t a n  ~ 

J 
IONSET OF PLASMA 

I I - 1  
0 100 200 300 

TIME ( sec)  

Fig. $. Real-tlme data showing a typical transient regime at the 
onset of plasma oxidation. 

sity) for a given configuration. The top layer  (s) there-  
fore develop an interference condition to impedance 
match the s-polarized light from the ambient  to the 
substrate. The height of the tan  ~ peak is a measure 
of the mi n i mum of rs at the "resonance," because when 
rs --> 0, Irp/rsl = tan ~ ~ oo. Under  these conditions 
a possible thin interface layer between substrate and 
over layer(s)  can modify the mult iple  interference re-  
gime established in  the top layer(s)  and can be de- 
tected with great sensitivity. It  is clear that  the sensi- 
t ivi ty to interfaces is greatest when  the "resonance" is 
sharpest, i.e., when the height of the tan ~ peak is 
greatest. Since rs is a rapidly varying  funct ion of the 
angle of incidence, it is possible by varying this angle 
to "tune" or "detune" the s-wave antireflection con- 
dition and thus increase or decrease the sensit ivi ty to 
the interface region. The sensit ivi ty can be enhanced 
by a judicious choice of energy. For example, Fig. 6 
shows spectroscopic data for a 2100A thick plasma-  
grown oxide for various angles of incidence. The peak 
in tan  ~ near  2.7 eV increases when  the angle of in -  
cidence is decreased from 72 ~ to 61 ~ . At the same time, 
the cos A curve narrows. The other peaks near  4.1 and 
5 eV show less variat ion because the oxide here is more 
absorbent  in  these regions. Thus the mul t ip le  in te r -  
ference regime is most effective, or the sensit ivi ty to 
an interface layer  the greatest, at 2.7 eV and 61.5 ~ The 
height of the tan  ~ peaks can thus be used to monitor  
in a very sensitive way the presence and the na ture  of 
an interface layer. However, another  effect has to be 
considered which may also affect the apparent  "qual-  
i ty" of the s-wave matching. If the top layer  is not un i -  
form in thickness, resonances for beams coming from 
different areas will not occur at the same angle or 
energy, causing an apparent  broadening or lowering of 
the resonance. 

To demonstrate  this effect experimental ly ,  we have 
examined the Si-SiO2 system where the interface re-  
gion is known to be ext remely  sharp (11) and there-  
fore have el iminated any possible strong influence of 
an interface layer. An 8900A. thick SiO2 layer  thermal ly  
grown on a single crystal Si substrate was nonun i -  
formly etched wi th  CF4 in our plasma reactor to a 
thickness of about 6000A. By probing the various re- 
gions of the sample with a 0.3 m m  diameter  beam, a 
nonuni formi ty  in thickness of about  175 A / m i n  is esti- 
mated. The tan  ~ and cos a curves obtained for various 
beam diameters on the same spot are given in  Fig. 
7. If the thickness were constant  over the sample, then 
a calculation shows that  the tan  ~ peak should be about  
4.7 and the cos A cusp should reach --1 at about 2.3 
eV. For our smallest  beam diameter  of 0.3 m m  the 
i l luminated  sample area is an ellipse of 0.3 X 0.7 m m  
at 67 ~ . The thickness of the oxide therefore varies by  

3 
6t~ 

2 -  
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m 0 
o 
o 

3 4  5 
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2 3 4 5  
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2 3 4 5 
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Fig. 6. Spectroscopic data for various angles of incidence for o 
2100A plasma-grown oxide on GaAs. 
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Fig. 7. The effect of nonuniformity of oxide thickness on tan '~" 

and cos 4. The sample is a 6000A Si02 layer on a crystalline Si 
substrate. The nonuniformity is about 175 A/ram. 

about 120A, or 2%, over the beam spot. Although the 
tan  ~ peak height is close to its calculated value, 
only reaches --0.8. For a 0.6 m m  diameter  beam, 
corresponding to about 4% thickness var iat ion over 
the beam spot, tan  ~ is still acceptable while cos A 
only reaches --0.5. For a 2 mm aper ture  that includes 
about a 14% thickness variation, both tan  ~ and cos 
are affected. These measurements  show that a few 
percent  of nonuni formi ty  in  the top layer  can be de- 
tected. As also discussed in connection with Fig. 4, 
the effect of the nonuni formi ty  is more pronounced on 
cos h than on tan  ~. 

M o d e l i n g  
In  this section we treat  the analysis of raw data 

such as those shown in  Fig. 6. Everyth ing is based 
on the assumption that films can be represented as a 
superposition of distinct, uni form layers. The val idi ty 
of this assumption should be tested where possible 
by an independent  technique such as depth profile 
Auger spectroscopy. The AES studies reported earl ier  
(12) on these p lasma-grown oxides indicate that  Ga, 
As, and O concentrations are uni form to wi th in  a few 
percent  throughout  the entire oxide layer. A nar row 
interface, less than  100A wide, is general ly  detected 
be tween the oxide and the substrate. Describing this 
interface region as a single layer  of uni form composi- 
t ion is obviously an approximation,  but  if its thickness 
is much less than the wavelength the optical effect of 
the actual interface will be similar  to that  of a 
un ique  layer. Therefore, in  the subsequent  discussion 
a four-phase system consisting of air, a top layer, an 
interface layer, and a substrate is considered. We also 
show that  this simple four-phase s t ructure  fails when  
the interface region is sufficiently wide. 

The four-phase model requires for its complete defi- 
n i t ion the complex dielectric functions es (E), ez (E), 
eL(E), and ca = 1 Jr iO of the substrate,  interface, top 
layer, and (air) ambient,  respectively, the thicknesses 
d~ and dL of the interface and top layer, and the angle 
of incidence, 00. From these parameters  a complex re-  
flectance ratio 

p = p(es, eI, dI ,  eL, dL, O0,[E) [ 8 ]  

can be calculated using s tandard equations (13). At  
any given energy and angle of incidence, an experi-  
menta l  value of p can be determined to be compared 
with the calculated value. This provides two constraints 
on the eight variables in  Eq. [8] [we assume E and 0o, 
like p, are input  data]. 

Taken at face value, the parameters  in Eq. [8] are 
still highly underdetermined.  However, it is always 
possible to measure the substrate dielectric funct ion 
es independent ly,  either before film growth or by str ip-  
ping after  the oxide has been grown. [We note that  

the plasma reactor is ideally suited for this purpose.] 
Because es is usual ly much more rapidly varying in 
energy than ei and eL, it is more difficult to determine 
in a mul t i layer  system and hence more impor tant  to 
know, a priori and to be able to t reat  as data. We 
therefore assume that  es is known. 

Fur ther  constraints can be obtained from the energy 
dependence of p, using the fact that di and dL are in-  
dependent  of energy, and that  q and eL are usual ly 
slowly varying. If the film is known to be t ransparent  
in a certain region of the spectrum, then at least 
Im(eL) = 0. If also di = 0, then the only remaining  
unknowns  are dL and Re(eL) and Eq. [8] can be solved 
exactly for these quantities. Having dL, it is now 
possible under  this restriction to calculate eL at all 
energies. This approach was used in  fact with two sets 
of ellipsometric data, taken on samples with very thin 
na tura l  and very thick anodically grown oxides, which 
were reduced s imultaneously  to obtain both es and eL 
for GaP, GaAs, and GaSb (7). 

We are concerned here with interface layers, so we 
cannot assume that  dz is zero. Two possibilities now 
exist. First, we may make "educated guesses" about 
the probable composition of interface and layer, and 
then model q and eL in  the EMA. By so doing, the 
number  of free parameters  is substant ia l ly  reduced if 
the dielectric functions of all consti tuents are known 
over the available spectrum. This follows because the 
energy dependence of q and eL is now determined 
by the data for their constituents, and the model pa-  
rameters  remaining  are layer  thicknesses and con- 
s t i tuent  volume fractions, all of which are independent  
of energy. The val idi ty of the model must  be inferred 
by how well it fits the ent i re  exper imental  spectrum. 
This approach was used recent ly to investigate effec- 
t ive-medium representat ions of surface roughness on 
aSi samples grown by CVD (14). 

The second approach is to assume di = 0 and solve 
for dL and e L as if the interface did not exist. The 
question then arises as to how eL and dL will  differ 
from their correct values. Remember ing  that the effect 
of the interface is greatest at energies where tan  ~ is 
maximum, it may be expected that  e L will be fair ly 
close to its correct value away from the tan ~ peaks, 
par t icular ly  if di < <  dL, and that dL will  be too large 
by approximately di. Rapid, unphysical  variations or 
discontinuities in  q may appear near  peaks of tan  
where the interface cannot be ignored. 

To examime these points, we use the simulated 
spectra given in  Fig. 8a. Here, we plot the tan  ~ and 
cos h energy dependence calculated from the following 

2550~ OXIDE/20~ a - A s /  
GaAS SUB 8=670.0 

2 3 4 6 
E(eV) 

2550A OXIDE/GOAS SUB 
8 = 67~ 

I 
2 5 4 5 

E(eV) 

Fig. 8. Calculated tan ~- and cos ~ curves as a function of 
energy: (a, top) for a 2550A anodic GaAs oxide on a GaAs sub- 
strate with a 20A interface layer of aAs, and (b, bottom) same as 
(a) but without the aAs interface layer. The angle of incidence is 
67 ~ . 
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data: top layer, 2550A of anodic oxide on GaAs with 
~L(E) taken from Ref. (7); t ransi t ion layer, 20A of 
aAs with ei(E) taken  from Ref. (9); substrate,  cGaAs 
with ~s(E) taken from Ref. (15). The angle of inci-  
dence is 67 ~ . For comparison, the curves with no 
t ransi t ion layer, but  otherwise unchanged,  are given 
in  Fig. 8b. Note that  the presence or the absence of 
the t ransi t ion layer  can only be seen in  the height 
of the tan  @ peaks, as we have previously emphasized. 
We consider now reducing the s imulated data of Fig. 
8a, calculated in  a four-please system, by means of a 
three-phase mode1. 

Using the constraint  that  Im(eD mus t  be near ly  
zero in the long wavelength region (specifically at  1.5 
eV) gives dL -- 2540A and  the e[ spectrum as curves 1 in  
Fig. 9a. Curves 2 give the t rue values used for genera t -  
ing the data of Fig. 8a. The value of dL obtained in 
this model is not the actual one since the assumed 
absence of the t ransi t ion layer  has to be compensated 
by a modification of the top layer. Comparing curves 
1 and 2 of Fig. 9a indicates that the real part  of eL 
obtained in  this three-phase model is very close to the 
actual value. In  fact, the deficiency of this model can 
be only seen in  the oscillations of Im (eL) and its nega-  
tive value in the region where it should be zero. The 
fact that  the calculated Im(eL) becomes negative comes 
from the assumed absence of a reject ing interface 
layer. Thus, the top layer  has to "generate" light to 
compensate for this absence. 

Apart  from the small  deviations of Im (eL) the agree- 
men t  between curves 1 and 2 in  Fig. 9a is satisfactory. 
We therefore conclude that a three-phase analysis of 
the exper imental  data is a reasonable way to obtain 
the dielectric function of the top layer. 

Having determined eL, it is now tempting to try to 
de termine  e1 as well. In  this case Eq. [8] contains 4 
unknowns :  r d[, and dL. As already noted, dn as de- 
duced from the three-phase model is not valid and 
it also must  be varied for the contr ibut ion of the 
t ransi t ion layer  to be determined.  Since the interface 
region represents the t ransi t ion from an absorbing 
substrate to a dielectric it is not l ikely to be a di-  
electric and that  Im(eD might  be small  is not valid. 
To obtain e1 from Eq. [8], one must  guess the values 
of dL and dz. Unfortunately,  as i l lustrated in  Fig. 9b, 
the calculated ~i is too strongly dependent  on these 
parameters,  especially da. In Fig. 9b we have plotted 
the results of inver t ing  Eq. [8] for el with an improper  
guess of dL = 2570A and d[ -- 20A as curves 1. Curves 
2 give the proper result  for da -- 2550A and di = 20A, 
which is of course the dielectric function of aAs. The 
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Fig. 9. (a, left) Real (el) and imaginary (es) parts of the dielec- 
tric function �9 of the top layer as calculated in a three-phase model 
reduction of the calculated four-phase spectra of Fig. 8a. The re- 
sults are given as curves !. The true dielectric function of the 
anodic GaAs oxide is given as curves 2. (b, right) Real (ez) and 
imaginery (es) parts of the dielectric function ei of the interface 
layer, obtained in a four-phase data reduction of Fig. 8a but using 
the incorrect thickness. The calculated values, shown as curves 1, 
are compared to the actual dielectric function of aAs shown as 
curves 2. 

disagreement  between curves 1 and 2 indicates that  a 
minor  error in dL totally modifies the calculated ~i. 
In fact, this result  was expected by comparing Fig. 8a 
and 8b, because the interface layer  only  influences the 
resonance regions. Outside these energy regions, a 
small  error  in the top layer  parameters  requires a 
large change in the parameters  of the interface layer  
to compensate it. 

It  therefore appears very difficult to obtain ei from 
the experiment,  at least when di is small  compared 
to d~. We must  l imit  ourselves to the less general  
model discussed, making  some fur ther  assumptions on 
the na ture  of this interface and modeling its dielectric 
function appropriately. Since the various possible con- 
st i tuents of this layer  are cGaAs, aGaAs, aAs, aGa, and 
oxide, an EMA mixture  of these consti tuents is as- 
sumed. Then, only a l imited n u m b e r  of energy- inde-  
pendent  parameters  need be determined. As al ready 
mentioned,  we used a f ive-parameter  model for this 
purpose. Although this procedure is less general  than 
desired, the examples discussed in  the next  section 
show that it gives a good qual i tat ive picture of the 
na ture  of this interface layer, which allows us to in -  
vestigate films grown by different rates of oxidation. 

Results and Discussion 
The capabilities of our system for a mul t i l ayer  anal -  

ysis are now demonstrated by s tudying the effect of 
the rate of growth on the characteristics of the oxide 
layer. The tan ~ and cos A spectroscopic curves given 
in Fig. 10 represent  data from two samples of com- 
parable thickness (,~1600A) but  grown at very differ- 
ent rates. The first was oxidized in about 30 sec, while 
the second, in a lower density plasma, was oxidized in  
50 min. 

A three-phase model reduct ion of the data of Fig. 
10 yields the dielectric funct ion eL shown in Fig. l l a  
and l lb .  As already mentioned, dL is adjusted to 
minimize the imaginary  par t  of eL. For the slow grown 
oxide, Fig. l la ,  the oscillations in the Im(eL) curve are 
more pronounced, indicat ing as discussed above the in-  
adequacy of a three-phase description. If we now con- 
sider the fas t -grown oxide results of Fig. l lb ,  the oscil- 
lations are much smaller, indicat ing that the interface 
region is much thinner.  In  both cases, we note the 
str iking feature that the Ira(eL) curve is greater  than  
zero even at low energies. Since the anodic oxide film 
is totally t ransparent  below 4.8 eV (7) the long ab-  
sorption tails in Fig. 11 are a clear indication of unoxi -  
dized mater ial  in  the p lasma-grown oxide. To obtain 
a quant i ta t ive estimate of the amount  of absorbing 
material,  we use the anodic GaAs oxide as a refer-  
ence and insert  via an EMA calculation a small  frac- 
t ion of aAs. The result  for 98% anodic oxide and 2% 
aAs is also plotted in Fig. 11. Interest ingly,  the agree- 
ment  between eL and the composite dielectric functio~ 
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Fig. 10. Experimental tan ~, and cos A spectra for two plasma- 
grown oxides with very different rates of growth. The angle of in- 
cidence is 60.5 ~ 
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is satisfactory to 4.8 eV. Above 4.8 eV, deviations occur 
indicat ing that the p lasma-grown oxide and the anodic 
oxide are different materials.  To choose one as a ref- 
erence for the other is no longer justified. However, 
below 4.5 eV the description of the p lasma-grown ox- 
ide as a mix ture  of anodic oxide and aAs is a good 
approximation and can be used to estimate the amount  
of absorbing material .  

The effect of aAs in  Fig. I I  is not unique. A similar  
effect would be obtained by mixing  the anodic oxide 
with aGaAs or aGa, and the amount  of absorbing ma-  
terial  will  differ slightly from one mixture  to the 
other. On chemical grounds aGa is unlikely,  but  the 
existence of aGaAs cannot  be ruled out by our anal -  
ysis in the 1.5-4.5 eV region. Nevertheless, the use 
of aAs appears more reasonable from the greater sta- 
bil i ty of Ga203 compared to As203 (16). Furthermore,  
the presence of aAs in these oxides has recent ly been 
observed via Raman  scattering (17). 

To obtain a complete f ive-parameter  representation,  
we will therefore use as adjustable parameters  dl, dr,, 
the percentage of aAs in the top layer, the percentage 
of aAs in  the interface layer, and the angle of inci-  
dence. We use the angle of incidence because the actual 
value might  differ slightly from earl ier  a l ignment  
measurements.  

To give an estimate of the relat ive effect of the 
various parameters,  Table II gives the least s q u a r e s  
deviations between exper iment  and the four-phase 
model calculations when only the thicknesses are al-  
lowed to vary  and the compositions are changed by 
finite increments.  From Table II, it is seen that  the 
agreement  is significantly improved by incorporat ing 
aAs into the top layer and including a t ransi t ion layer. 
The fit is very sensitive to the composition of the top 
layer  and to a lesser extent  to the composition of the 
interface layer. The best fit in  Table II occurs for a 
1558A top layer of 98% anodic oxide and 2% aAs, a 
32A interface layer  of 75% anodic oxide and 25% aAs, 
and an angle of incidence of 61 ~ . The least squares 
residual is 0.67. If all  five parameters  are allowed to 
vary  independently,  the statistical analysis gives the 
following results: the angle of incidence is 60.50 ~ ___ 
0.02 ~ the top layer  thickness is 151 __ 2A with a com- 
position of anodic oxide wi th  (1.5 ___ 3.6%) aAs, the 
unbiased est imater  8 of the mean  squares deviat ion 
(18) for this fit is 8 ----. 7.06 10-2. The comparison be- 
tween this model and the data is shown in  Fig. 12. As 
expected, the curves differ above 4.5 eV, indicat ing that  
the mixture  assumption is no longer valid. 

A similar  f ive-parameter  fit to the s low-growth data 
is given in Fig. 13. In this case, the fit is less satisfac- 
tory. The unbiased estimator is now 8 = 16.5 10-2. 
The following structure is obtained: the angle of in -  
cidence is 60.45 ~ _ 0.02 ~ the top layer  thickness is 
1502 __ 210A with a composition of anodic oxide with 
(1.9 • 0.2%) aAs, the interface layer  thickness is 
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Fig. I ! .  Dielectric functions of the top layers of the samples 
measured in Fig. 10 calculated in a three-phase model. For com- 
parison, the dielectric function of an EMA mixture of 98% anodic 
oxide with 2% aAs is also given. 

Table II. Least squares analysis of the data of Fig. 10 for a 
fast-grown plasma oxide. To illustrate the relative influence of the 

various parameters, only the thicknesses are varied for this table 
while compositions (percentage of aAs) of the layers are 

incremented. The minimum deviations as well as the best thicknesses 
for each set of compositions are given. 

TOP 

LAYER \ 

NO FILM 

25% a-As 

50% a-As 

PURE ANODIC 
OXIDE 

7.19 
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5.80 

1590~/350~ 

2.80 

157o~/4oo~ 
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5.52 
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O. 95 
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15~8~/32~ 

0.73 

1566A/29~, 
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1 . 69 
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1 . 69 

1566DO~ 

1.69 

156GM0~ 

400 +__ 210A with a composition of pure aAs. The f a c t  
that the tan  ~ data are not reproduced very well  even 
below 4.5 eV, in  the energy region where the mix ture  
approximation was found reasonable for the fast-  
grown sample, indicates that  a four-phase model is 
not correct. In  fact, the thickness and the composition 
obtained for the t ransi t ion layer  indicate that  this 
region is broad and very  absorbent.  A gradual  var ia-  
t ion of its composition from the top layer  to the sub-  
strate is therefore more likely, in  which case a mul t i -  
layer  analysis is improper. Also, the top layer  itself is 
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Fig. 12. Best five-parameter fit for the fast-grown sample 
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Fig. 13. Best five-parameter fit for the slow-grown sample 

more absorbent than for the fast-grown oxide, making 
an analysis of the interface more difficult. 

Although a four-phase model is not completely 
satisfactory, the values of the parameters obtained in 
the analysis of the two samples give some insight into 
the mechanism of plasma oxidation of GaAs. What- 
ever the rate of growth, some unoxidized material is 
present in the oxide, and it tends to accumulate at 
the interface between the oxide layer and the sub- 
strate. As already mentioned, the relative instability 
of AseO3 with respect to Ga~Oa can be invoked to 
speculate that unoxidized arsenic is left in the oxide 
during the plasma oxidation. 

If the process is very fast, the dynamics tend to 
favor a stoichiometric oxide. However, if the rate of 
oxidation is slow, more As atoms will be left unoxi- 
dized. More quantitatively, the total amount of unoxi- 
dized As in the fast-grown sample is equivalent to a 
layer of 42A of aAs, while the same thickness for the 
slow-grown sample would be 410A. The fact that un- 
oxidized material is mainly located at the oxide-sub- 
strate interface is probably due to segregation. To 
obtain a good quality oxide, the above analysis stresses 
the importance of a fast rate of oxidation. 

Conclusion 
In situ analysis of plasma-grown oxides with spec- 

troscopic ellipsometry has been demonstrated. The 

present system is capable of evaluating the rate of 
oxidation during plasma processing, the uniformity of 
the oxide, as well as the composition of the oxide 
through a multilayer analysis. One of the unique fea- 
tures of our system is the ability to monitor the amount 
of unoxidized aAs in the oxide during processing. 

We have also shown that the technique for the multi- 
layer film analysis is quite powerful in assessing the 
interface structure of the oxide films. This technique 
can certainly be extended to study the oxidation mech- 
anism of layered films (e.g., A1 on GaAs). The present 
study on the oxidation of GaAs is by no means conclu- 
sive. There are still many facets (such as the transient 
effect at the onset of the oxidation) that remain to be 
understood. 

Manuscript received Feb. 26, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submitted by Aug. 1, 1980. 
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ABSTRACT 

An ellipsometric study has been made of the residues left from the develop- 
men t  and str ipping of several positive resists as a function of surface treatment ,  
development,  and str ipping variables. Residues of up to near ly  5 nm have been 
ell ipsometrically observed in the development  of AZ-1350J and AZ-111, using 
commonly employed developer solutions under  conditions which yield positive 
pr int  biases. The use of adhesion promoters HMDS, BSA, and BSTFA general ly 
appeared to increase the amount  of residue. The str ipping effectiveness of or- 
ganic solvents such as acetone was found to be extremely sensitive to post- 
baking, with temperatures  as low as 130~ causing detectable residues after  
stripping. The use of a postdevelopment exposure helps prevent  this problem. 
High tempera ture  inorganic strippers, such as sul fur ic /n i t r ic  acid mixtures,  are 
highly effective, bu t  unexpla ined  "negative residues" are observed. Also, for 
resist that  is cross-l inked by ion bombardment ,  considerable residue is ob- 
served at pat terned edges and can be removed only by a 400~ bake before 
stripping. Caro's acid, evaluated as a room temperature  inorganic stripper,, is 
fully equivalent  to the high temperature  acids. In addition, it  shows supemor 
str ipping properties for cross-l inked resists and min imal  at tack on Cu-A1-Si 
metallization. A persulfate-based stripper, s imilar  in  composition and prop- 
erties to Caro's acid but  whose makeup does not involve the handl ing of con- 
centrated hydrogen peroxide, was also evaluated. This type of str ipper appears 
best suited to commonly used process technology, from considerations of safety, 
effectiveness, and pollut ion control. 

Modern semiconductor technology makes use of 
posi t ive-type resists for the definition of pat terns that  
are subsequent ly  etched or otherwise defined into the 
substrate material.  The pat tern  definition involves the 
formation of a resist film, exposure of the film in a 
pa t te rn  by energetic radiation, and the dissolution of 
the exposed regions by a suitable "developer" liquid. 
After  defining the pat tern  in the substrate, the resist 
must  be completely removed to avoid adversely af- 
fecting subsequent  processing steps. 

The most commonly used positive resists consist of 
mixtures  of novolak resins with napthodiazoquinone 
sulfonic acid esters, general ly referred to as the photo- 
active compound (PAC). The two-component  mixture  
in  a cast film has aqueous basic solution dissolution 
rates less than those of the films of the novolak resin 
alone. Exposure to suitable radiat ion decomposes the 
diazo groups and results in a basic aqueous solution 
dissolution which is faster than for the novolak resin 
alone. It is known that, as a result  of exposure to radi-  
ation, the PAC is t ransformed into a carboxylic acid 
which contributes to increasing the dissolution rate of 
the resist film (1). After immersion in a basic aqueous 
solution (developer),  the remaining  pat terned mate-  
rial is general ly  baked to enhance its resistance to sub-  
sequent processing. It can then be used as a mask for 
performing various chemical (general ly etching) and 
physical operations on the exposed portions of the 
under ly ing  substrate material.  

A basic premise of the photolithographic process is 
that  the photoresist will be evenly and completely re- 
moved from all areas defined as open by the pat terned 
light distribution. These areas must  be fully etchable 
in a uni form manner .  Even a part ial  blockage of an 
area to be etched by resist residue would require extra 
etching time, dur ing which some feature dimensions 
could be unacceptably widened. On the other hand. if 
the etch is te rminated  on dimensional  criteria, the r an -  
dom resist residues will give rise to random residues 
of the mater ia l  being etched. This could adversely af- 
fect the contact resistance in via holes or could cause 
shorts between adjacent  metal  lines. In  the case of 
FET gates, resist residues can introduce undesirable  
surface states and charge. 

Key words: photoresist, residue, stripper, develop, ellipsometry. 

After being used to protect delineated areas of the 
substrate mater ial  from a par t icular  operation, the re-  
sist must  be removed to allow fur ther  processing. This 
is often accomplished by immersion of the working 
piece in  a "str ipping solution." [The use of oxygen 
plasma, or "ashing," is also a we l l -known means of 
removing resist but  has not been evaluated in  the 
present  work. It has, however, been adequately cov- 
ered elsewhere (2, 3).] 

Four  general  requirements  are associated with per-  
formance of resist s tr ipping solutions. First, the str ip- 
per must  be effective in completely removing all re-  
sist films of interest, including those which have been 
subjected to conditions that  dramatical ly  change their 
chemical properties. This removal  should be complete, 
down to the limits of detectability. Second, the str ip-  
ping l iquid must  not at tack anything other than the 
resist. For example, it should be iner t  to reactive met-  
allurgies. Third, preparat ion and handl ing of the str ip- 
per should be as safe as possible. It is general ly ac- 
cepted, in  this connection, that room tempera ture  is 
more desirable than elevated temperatures.  Consider- 
ation must  also be given here to the hazard potential  
of the materials  used in preparat ion of the stripper, if 
it is prepared in situ. Finally,  there is the mat ter  of 
pot-l ife and the subsequent  method of disposal re- 
quired. Clearly, the most ideal disposal technique is 
the abil i ty to flush the spent str ipper down the indus-  
trial  waste drain, if this is feasible from an ecological 
viewpoint. 

Probably  the most popular  type of str ipper for un -  
modified positive resists is also the most ecologically 
undesirable.  This is the phenol-based hot stripper. 
Strippers such as this must  general ly  be used at about 
100~ or higher. At this temperature,  their pot-life is 
short and the disposal becomes a problem. This is es- 
pecially true because "clean water" envi ronmenta l  
s tandards for phenol content  are ext remely  rigorous 
(4). The use of phenol- type strippers is rapidly be- 
coming untenable  and, consequently, this class of 
str ipper was ignor~ed in the present  work. 

The most widely used room-tempera ture  organic 
stripper is acetone, which, because of its very active 
solvent action, is quite efficient in visual ly removing 
normal  photoresist. Unfortunately,  it is quite volatile 
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and flammable,  leading  to safe ty  as wel l  as a i r  con- 
t amina t ion  problems.  Fur the r ,  as wi l l  be seen later ,  
i t  has l imi ta t ions  in i ts s t r ipping  abili t ies.  

Most inorganic  s t r ippers  are  mix tu res  of sulfuric  
acid wi th  cer ta in  o ther  ingredients .  The two most 
popu la r  mix tu res  a re  those containing some form of 
oxidized chromium and those containing ni t r ic  acid. 
The fo rmer  type  has been suspected of causing elec-  
t r ica l  defects in  circuits.  The su l fu r ic /n i t r i c  acid m i x -  
tures  now appea r  to be the most  wide ly  used inorganic  
s t r ippers .  This type  of mix tu re  is effective only at  e le-  
va ted  t empera tu re s  (e.g., 100~ and, under  these con- 
ditions, i t  is capable  of ru in ing  me ta l l u rgy  by  its se- 
ve re  chemical  a t tack.  Hot acid s t r ippers ,  then, can 
only  be used in s i tuat ions where  meta l  is absent  (e.g., 
af ter  oxidat ion,  diffusion, CVD, etc.) .  

There  exis t  ve ry  few examples  of a four th  type  of 
s t r ipper ,  the  room t e m p e r a t u r e  inorganic  solution. 
The two eva lua ted  in this work  are  "Caro's  acid," as 
defined here in  (5), and  a re la ted  s t r ipper  using K2S2Os 
in H2SO4. Aside  f rom tempera tu re ,  these systems have 
the advantages  of low meta l  a t tack  and s imple dis-  
posabi l i ty .  On the o ther  hand,  there  have been some 
object ions ra ised  r ega rd ing  the safe ty  aspects  of the i r  
formulat ion.  

In  the  presen t  work,  we  were  concerned wi th  the  
effectiveness of the develop and s t r ip  processes, in 
te rms of how wel l  the  or ig inal  surface was regener -  
ated. The charac ter iza t ion  of any  surface has am-  
biguity.  When  we ask  how wel l  a given s t r ipper  or  
deve loper  cleans a surface, we must  become involved,  
not  only  wi th  res idual  resis t  which  remains,  but  also 
wi th  changes to the  or ig inal  surface which the resis t  
appl ica t ion  a n d / o r  remova l  might  have made. This 
m a y  not be too impor t an t  if we are  wi l l ing to neglect  
eve ry th ing  below, say, the  10 nm range.  If, however ,  
we are  in te res ted  in monolayers  and submonolayers ,  
we are  forced to become involved  wi th  quest ions of 
surface state, bound water ,  etc., and  the effects of 
these on our  measuremen t  method.  

For  the  thickness range  (e.g., up to 10 nm)  indicated,  
there  a re  ac tua l ly  only  three  types  of quant i ta t ive  
measu remen t  methods  avai lable :  e l l ipsometry ,  p lasma 
chromatography ,  and high energy  spectroscopy. The 
last, consist ing main ly  of ESCA and ISS, is useful  for 
carbonaceous mate r i a l s  only  when coupled with  u l t r a -  
h igh vacuum, o i l - f ree  pumping  systems which only 
recen t ly  became ava i lab le  in commercia l  equipment .  
P l a sma  ch romatography  is an ex t r eme ly  sensi t ive 
me thod  (6) for  detect ion of vola t i le  res idues  on sur -  
faces. At  this  point,  however ,  its quant i ta t ive  capabi l -  
i t ies a re  undemons t ra ted  for appl icat ions  such as we 
have  here  and chemical  identif icat ion requires  gener -  
a t ion of a l i b r a r y  of reference  spectra.  In addit ion,  
ment ion  should be made  here  of a more  qual i ta t ive  
res idue  test, commonly  known as the  "brea th  test." 
This is h igh ly  sensi t ive to ve ry  thin  surface layers  
but  genera l ly  requi res  these layers  to be spa t ia l ly  
nonuni form in order  to form visible  b rea th  figures. 

For  the  purposes  of this s tudy,  e l l ipsometry  was 
most  heav i ly  employed,  wi th  some use being made of 
p l a sma  chromatography .  Classically,  if  an e l l ipsometr ic  
measu remen t  (e.g., of a resis t  res idue)  is to be made  
on a reflecting surface, such as Si or  A1, a knowledge  
of the  opt ical  constants  of the surface is necessary,  as 
wel l  as a knowledge  of at  least  one opt ical  constant  
of the  residue.  This is not  a lways  avai lable ,  and a 
technique involving res idue on a t r anspa ren t  surface, 
such as t h e r m a l l y  g rown SIO2, is much more  amenable  
to app rox ima t ing  the thickness of the  residue. In  this 
case, the p rocedure  is to make  a p r e l im ina ry  measure -  
men t  of the  oxide  thickness  before  resis t  is appl ied  
and r emeasure  the  apparen t  "oxide" thickness af ter  
s t r ipping.  Natura l ly ,  the  locat ion of the  measuremen t  
si te mus t  be ex t r eme ly  accurate.  The method  descr ibed 
yie lds  an "equiva lent  oxide" thickness  of the  residue. 
That  is, i t  gives the  thickness  which the res idue  l aye r  

would  have  if i t  were  the rmal  oxide. Since ca lcula-  
t ions by  So (7) have shown tha t  the  computed  th ick-  
ness is a ve ry  weak  funct ion of re f rac t ive  index,  this 
method  gives a ve ry  good approx imat ion  of the  t rue  
res idue thickness,  a l though it  admi t t ed ly  says nothing 
about  the chemical  iden t i ty  of the  res idue or its 
phys ica l /op t i ca l  character is t ics  (o ther  than  approx i -  
mate  thickness) .  

Experimental 
Severa l  resists were  inves t iga ted  in this study.  Single 

lots of each of two commerc ia l ly  avai lab le  resists, AZ-  
1350J 1 and AZ-1111, were  evaluated.  

The  photoresis ts  were  appl ied  and processed as fol -  
lows. 

AZ-1350J: (1000 rim). 4 par t s  resist :  1 pa r t  AZ 
th inner  I (by  vo lume) ;  spin 30 sec at  3600 rpm;  bake  
15 min at 85 ~ _ 5~ (hot  p la te ) .  

AZ-111 : (1250  nm) .  Neat;  spin 30 sec at  3300 rpm;  
bake  20 min at  85 o __+ 5~ (hot p la te ) .  

Exposure  t imes were  es tabl ished in p r e l i m i n a r y  tes t -  
ing to y ie ld  zero pr in t  bias  (2500 nm l ine)  in 60 sec 
(180 sec for  AZ-111) of development .  Resist  layers  
were  b lanke t -exposed  for these t imes and developed 
for var ious  per iods  of t ime in the  fol lowing developers .  

AZ-1350J: AZ developer1 (und i lu ted) ,  or  AZ de -  
ve loper  (1:1 di lut ion wi th  wa te r ) ,  or  t e t r ame thyI  am-  
monium hyd rox ide  (5% in wa te r ) .  

AZ-111 :AZ-303  developer  I (1:5 wi th  w a t e r ) .  
Al l  studies were  done using t he rma l ly  oxidized 

(nominal  80 nm SIO2) 57 m m  silicon substrates.  Where  
uti l ized,  adhesion p romote r  precoats  were  app l ied  in 
one of the fol lowing ways. 

Hexamethy ld i s i l azane  (HMDS) : 
HMDS, vapor :  Immerse  wafe r  (in car r ie r )  for 

desi red t ime in vapor  over  boil ing mix tu re  of H M D S /  
Freon  TF. 2 W i t h d r a w  slowly.  P r e l i m i n a r y  expe r imen-  
ta t ion suggested the  fol lowing op t imum pa rame te r s  
for  each of the resists  used: AZ-1350J: 4 min, 10% 
HMDS (b.v.) ;  A Z - l l l :  10 min, 4% HMDS (b.v.) .  

HMDS, puddle :  s ta t ica l ly  app ly  HMDS (nea t ) ;  
spin 15 sec at  3600 rpm; dynamica l ly  app ly  Freon  TF  
dur ing  first 10 sec of a 90-sec spin  at  3600 rpm: 

Bis -N, -O-  ( t r imethy l s i ly l )  ace tamide  (BSA) : 
BSA, puddle :  s ta t ica l ly  app ly  (0.1% in F reon  

T F ) ;  spin 30 sec at  3600 rpm;  bake  45 min  at  130~ 
(hot p la te ) .  

Bis-N,O(t r imethyls i ly l ) t r i f iuoroacetamide(BSTFA):  
BSTFA,  puddle :  s ta t ica l ly  app ly  (nea t ) ;  spin 

30 sec at  3600 or  6000 rpm;  A-1100 si lane primer,~ 0.1% 
in H20, dip; DI w a t e r  rinse, 15 sec; spin  dry.  

Four  s t r ipping processes were  charac te r ized  in this 
work.  The procedures  a re  as follows. 

Acetone:  Immerse  in u l t rason ica l ly  agi ta ted  ace-  
tone at  room t e m p e r a t u r e  for 5 min. Repea t  two ad -  
di t ional  t imes wi th  fresh acetone. Rinse in DI wa te r  
for m in imum of 5 min. Blow d ry  wi th  f i l tered N2. 

H~SO4/HNO3: Immerse  in 12% H N O J 8 8 %  H2SO4 
(b.v.) for 5 min  at  100~ Rinse in DI wa te r  (5 min) .  
Blow d r y  wi th  f i l tered N2. 

Caro's  acid:  
P repara t ion :  Measure  85 p.b.v, of 90% H~O2 into 

a Teflon 2 tank.  Add  5 p.b.v, of DI water .  Qu ick ly  add 
1900 p.b.v. H2SO4 wi th  st irr ing.  Monitor  t e m p e r a t u r e  
and keep peak  T < 50~ Af te r  cooling to room tem-  
pera ture ,  do funct ional  cot ton swab test. Cotton swab 
test:  Dip a cotton swab into the  solution, s ta r t  t imer.  
Place  cot ton swab immed ia t e ly  into a clean d ry  beaker .  
Observe t ime for cotton swab to suddenly  b lacken  
and smoke violently.  This t ime should be < 12 sec for  
sa t i s fac tory  str ipping.  

S t r ip :  Immerse  for 5 min. Without  rinsing, im-  
merse  in a second ba th  of the  same ma te r i a l  for 5 min. 

1 Product of Shipley Corporation, Newton, Massachusetts. 
Product os E. I. du Pont de  N e m o u r s  & Company, Incorporated,  

Wilmington, Delaware. 
3Product  of Ohio Valley Specialty Chemicals, Incorporated,  

Marietta, Ohio.  
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Rinse in  DI water  for 5 min. Blow dry in filtered N2. 
Potassium persulfate stripper: 

Preparat ion:  Add 700g K2S2Os to 2000 ml H2SO4. 
Stir  (magnetic st irrer) for several hours or unt i l  dis- 
solved. 

Strip: Immerse 5 rain in a first bath. Immerse 
5 min  in a second bath of the same solution. Rinse in 
DI water. Blow dry. 

Residues fro.m both development  and str ipping were 
measured using ETA, an automated ellipsometer which 
has been previously described elsewhere (8). The 
thicknesses of the nominal  80 nm oxide films were 
measured before and after the complete resist process, 
at 10 premapped 3 mm spots on each wafer. The dif- 
ferences were corrected for ins t rumenta l  drift  via a 
control wafer and were then averaged. For most of the 
work reported, each thickness measurement  was re-  
peated 5 times to reduce measurement  error. 

D e v e l o p m e n t  Residues 
AZ-1350J development.--The characterization of the 

residues from this resist covered the areas of developer 
type, concentration, exposure time, and adhesion pro- 
motion. Five exposure levels ( in addition to no ex- 
posure) were used. In  the case of opt imum exposure 
(arbi t rar i ly  chosen as that  yielding zero pr int  bias on 
a 2.5 micron line in 60 sec development  t ime),  wafers 
were run  with 2 modes of HMDS precoat, as well as 
without  precoat. For the opt imum exposure and for 
zero exposure, addit ional wafers were run  with the 
2 HMDS modes but  without  overlying resist. Two de- 
velopers were used: AZ developer and a 5% solution 
of te t ramethyl  ammonium hydroxide (TMAH). The 
AZ developer was used both neat  and in di lut ion with 
an equal volume of water  (1: 1). 

Figure 1 shows the var iat ion of residue thickness 
with development  t ime for the three developer solu- 
tions investigated. The curves shown are for the case 
of opt imum exposure with no adhesion promoter, but  
analogous curves for other conditions are similar. The 
general  t rend of residue thickness vs. development  t ime 
is predictably down. However, the slope of the curves 
is strongly influenced by the specific developer solu- 
tion, the TMAH developer showing much faster resi-  
due decay than  the AZ developer. The diluted AZ de- 
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Fig. 1. AZ-I350J development curves for no adhesion promoter. 

Exposure optimum. (A) TMAH, 5%; (B) AZ dev., neat; (C) AZ 
dev., ! :i.  

veloper shows especially tenacious residues, which re-  
main  at significant levels even after long development  
times. 

Figure 2 i l lustrates the var iat ion of residue thickness 
with exposure t ime for AZ developer and TMAH. The 
part icular  curves shown are for 45 sec development 
t ime without  an adhesion promoter, but  are typical of 
other situations. The exposure time is shown as a per-  
cent of the opt imum exposure. As with development,  
the residues are seen to decrease with exposure time, 
with the AZ developer showing significantly higher 
residues than TMAH. 

The effect of the use of adhesion promoters on the 
residues left by neat  AZ developer is shown in Fig. 3. 
The residues shown by the HMDS (vapor) case are 
significantly higher than those shown by the HMDS 
(puddle) case, which is statistically indist inguishable 
(at 90% confidence) from the no-promoter  case. The 
corresponding plot for TMAH, shown in  Fig. 4, indi-  
cates the same relat ive positions for the two HMDS 
cases but  a dis t inguishably lower residue for no pro- 
moter. 

To fur ther  s tudy the difference between puddle and 
vapor processes with AZ developer, residues for the 
two processes were measured without  applying a pho- 
toresist layer after HMDS treatment.  In  this way, the 
effect of l iquid resist solubil i ty of the HMDS would 
be eliminated. Interest ingly enough, in  this case, the 
two processes yielded substant ia l ly  equivalent  resi-  
dues, as shown in Table I. Thus, the larger residue 
shown by the resist using the vapor process cannot be 
explained by postulat ing a larger init ial  HMDS layer. 
Rather, it would appear that the HMDS layer deposited 
by the vapor process is capable of bonding the lowest 
resist layers more effectively. Such bonding is indi -  
cated by the fact that, regardless of the precoat process, 
more residue is left (after any given development  
time) by the resist-coated samples than  by samples 
coated with HMDS only. This is shown in Tables II  
and III  for the vapor and puddle processes, respec- 
tively. 
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Fig. 2. AZ-1350J exposure curves for 45 sec development and no 
adhesion promoter. (A) 5% TMAH; (B) AZ dev., neat. 
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Fig. 3. AZ-1350J development curves for optimum exposure and 
.eat AZ developer. (A) HMDS (puddle) and no promoter; (B) HMDS 
(vapor). 
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Fig. 4. AZ-1350J developer curves for optimum exposure and 5% 
TMAH. (A) No promoter; (B) HMDS (vapor); (C) HMDS (puddle). 

A f t e r  selected deve lopment  steps, the  var ious  wafers  
we re  ana lyzed  by  p la sma  ch roma tog raphy  in an  a t -  
t empt  to gain  ins ight  into the  chemical  na tu re  of the  
residues.  F igures  5 and 6 show severa l  p l a smagrams  
for  the  var ious  residues.  Sys tem blanks  are  included 
in  each figure as references .  Note, f rom Fig. 5, tha t  the  
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Table [. Comparison of HMDS (vapor) with HMDS (puddle) 
(no resist) (undiluted AZ developer) 

389 

D e v .  
t i m e  
(see) 

HMDS (vapor}  HMDS (pudd le )  Di f fe rence  

Mean ~ Mean ~ F F 
( n m  x 10) N (rim • 10) N (mean s )  ( v a t )  

30 3.1 1.4 8 4.4 1.4 8 3.1 1.0 
45 3.3 4.1 10 2.1 2.0 8 0.6 3.9 
60 2.9 4.9 10 1.9 2.3 9 0.3 4.5 
75 2.4 3.9 9 1.5 5.2 10 0.2 0.6 
90 1.3 4.7 9 0 2.2 9 0.5 4.5 

120 3.4 4.7 9 1.6 2.9 9 1.0 2.6 
180 3.0 6.5 10 --0.8 0.6 7 2.3 102.0 
3 ~  1.4 5.7 10 - 3 . 2  1.4 8 4.8 17.3 

Table II. Effect of resist application on residue with vapor HMDS 
(undiluted AZ developer) 

No res is t  AZ-1350J D i f f e r e n c e  

D e v .  
time Mean 
(see) (nm• 10) 

Mean # F F 
N (nm • I0) N (means) (vat) 

30 3.1 1.4 8 16.3 4.9 10 52.7 0.1 
45 3.3 4.1 10 12.1 1.8 7 28.5 4.9 
60 2.9 4.9 19 11.7 4.1 I0 19.0 1.4 
75 2.4 3.9 9 10.7 2.9 9 26.3 1.8 
90 1.3 4.7 9 10.1 2.7 9 23.7 3.1 

120 3.4 4.7 9 12.3 1.7 0 25.8 7.6 
180 3.0 6.5 10 10.0 3.2 10 9.2 4.0 
300 1.4 5.7 10 8.2 2.3 8 10.! 6.2 

Table III. Effect of resist application on residue with puddle 
HMDS (undiluted AZ developer) 

Dev.  
t i m e  
(sec) 

No res is t  AZ-1350J Dif fe rence  

Mean  ~ Mean  a F F 
( n m  x 10) N ( n m  x 10) N (mean s )  ( va r )  

30 4.4 1.4 8 6.5 5.4 8 4.4 0.1 
45 2.1 2.0 8 7.6 4.2 9 11.3 0.2 
60 1.0 2.3 9 8.1 3:8 9 17.2 0.4 
75 1.5 5.2 10 5.8 4.2 9 3.7 1.6 
90 0 2.2 9 4.3 4.1 9 7.5 0.3 

120 1.6 2.9 9 8.3 3.7 9 18.4 0.6 
1 ~  - 0 . 8  0.6 7 6.7 5.5 9 12.4 0 
3 ~  - 3 . 2  1.4 8 4.3 5.8 9 12.6 0.1 

p lasmagrams  for vapor  and puddle  HMDS alone (no 
resist)  a re  a lmost  ident ica l  for AZ developer.  Refer -  
ence to the  figures indicates  tha t  the HMDS, wi th  or  
wi thout  resist,  produces  a pa i r  of peaks  at  7.1 and 9.5 
msec of dr i f t  t ime. For  s i tuat ions involving resist~ ad-  
di t ional  peaks  at  6.4 and 8.6 msec are  evident.  A dis-  
t inct  difference seems to exist  be tween  residues f rom 
"HMDS only" si tuat ions and those f rom cases wi thout  
promoters ,  in  the  case of HMDS (puddle)  wi th  resist,  
the  only peaks in evidence are  the same peaks  (7.1 
and 9.5 msec) seen for HMDS alone. But, for HMDS 
(vapor)  these peaks are  accompanied by  res idual  peaks  
at  6.4 and 8.6 msec, thus indica t ing  the presence of 
res i s t - re la ted  components  in the l a rge r  res idue found 
wi th  vapor  HMDS. 

Ano the r  ma te r i a l  used for  adhesion promot ion  is 
BSTFA. F igure  7 presents  the resul ts  of examin ing  
this ma te r i a l  as a funct ion of deve lopment  t ime in 
neat  AZ developer.  Also shown for reference is the 
curve of Fig. 1, corresponding to no adhesion promoter .  
Note that,  wi th  AZ-1350J, BSTFA yields a significant 
residue,  which does not  reduce wi th  fu r the r  deve lop-  
ment.  

AZ-111 deve~opment.--This resis t  showed ra the r  in-  
te res t ing  resul ts  in te rms of the  ind iv idua l  lots of de-  
ve loper  used. F igure  8 shows da ta  for  this resist, using 
two different  lots of deve loper  des ignated  "good" and 
"bad" to reflect the res idue si tuation.  Without  the  use 
of HMDS, the  developer  lot  used has no effect. A 
single curve m a y  be d r a w n  through  the exper imen ta l  
points  for both  curves. Fo r  the cases involv ing  HMDS 
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Fig. 5. Plasmagrams. (A) Sys- 
tem blank; (B) HMDS (vapor), no 
resist, 30 sec dev.; (C) HMDS 
(puddle), no resist, 30 sec dev.; 
(D) AZ-1350J, no promoter, 30 
sec dev., opt. exp.; (E) AZ- 
1350J, no promoter, 30 sec dev. 
underexp. 

~ A  
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Fig. 6. Plasmagrams. (A) Sys- 
tem blank; (B) AZ-1350J, no 
promoter, opt. exp.; (C) AZ- 
1350J, HMDS (vapor), opt. exp.; 
(D) AZ-1350J, HMDS (puddle), 
opt. exp.; (E) AZ-1350J, no pro- 
moter, overexposed. 

_ _  
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precoating, however, a substant ial  difference exists 
between the lots of developer. Thus, it would appear 
that  residues formed by the interact ion of the HMDS 
with components of the resist are par t icular ly  sensi- 
tive to small  changes in developer. 

Str ipping Residues 
Acetone.--The behavior  of acetone in  stripping nor-  

mal ly  processed AZ-1350J resist is shown in Table IV. 
Here, several processes were used, including BSA and 
HMDS adhesion promotion as well as no adhesion pro- 
moter at all. The mean  values and s tandard deviations 
for the effective oxide thicknesses of the residues ~re 
shown along with the statistical evidence that  they are 
different from the control wafer. Note that  in many  
cases the residue was so thick that it could not  be 
measured by ETA in  the configuration utilized (i.e., 
combined thickness > 140 nm) .  

The origin of these catastrophic residues is s trongly 
suggested by our knowledge of the resist process and 
mechanism. In the above work, a postbake of 30 min  
at 130~ has been used. It is well  known that  ex-  

posure to elevated temperatures,  especially in the pres- 
ence of reactive compounds such as diazo, can cause 
polymers to cross-l ink (9). Such cross-l inking can re-  
sult in more difficult removal  of the resist after post- 
bake. Further ,  a normal  laboratory hotplate, such as 
is commonly util ized for postbakes, has a relat ively u n -  
stable temperature,  with excursions of ___ 20 ~ about 
the mean being common. 

The mechanism just  proposed for the occurrence of 
catastrophic residue failure suggests its own cure. It  
was indicated previously that  cross- l inking is favored 
by thermal  t rea tment  in  the presence of free-radical  
initiators, such as the diazo containing molecules of 
the photoactive compound. A simple approach toward 
al leviating the residue difficulty would then be to 
el iminate  the diazo groups once the pa t te rn  has been 
formed. This could be accomplished easily by  a post- 
development  exposure thorough enough to harmlessly 
convert  all diazo groups into carboxyl groupings so 
that no ini t ia t ing groups remain  to cause cross- l inking 
dur ing the postbake. It has been previously shown 
(10) that  such exposed resist does not  begin to in -  
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Fig. 7. AZ-1350J development curve for optimum exposure and 
neat AZ developer. (A) No promoter; (E) BSTFA/A-1100. 

so lub i l i ze  u n t i l  t e m p e r a t u r e s  in  excess  of  170~ a re  
r e a c h e d .  T h e r e f o r e ,  u se  of  a p o s t d e v e l o p m e n t  e x p o s u r e  
shou ld  e l i m i n a t e  t he  n e c e s s i t y  of p r ec i s e  con t ro l  a n d  
l i m i t a t i o n  of  p o s t b a k e  t e m p e r a t u r e .  

A c c o r d i n g l y ,  an  e x p e r i m e n t  w a s  ca r r i ed  ou t  in  
w h i c h  s e v e r a l  w a f e r s ,  h a v i n g  each  of  t he  t h r e e  a d h e -  
s ion p r o m o t i o n  t r e a t m e n t s  u s e d  p rev ious ly ,  w e r e  e i t h e r  
e x p o s e d  or  no t  e x p o s e d  to u.v. a f t e r  d e v e l o p m e n t .  

Table IV. Acetone stripping 

Mean G 95% 99% 
Group (nm • I0) N F confid, confid. 

HMDS, dev. 72.4 352 10 36 Diff. Diff, 
Control 0.8 4.5 l0 

NO prom., 
no dev,. 164.4 26.2 10 340 Diff. Diff. 

Control 0.8 4.5 10 

BSA, dev. THTM ~ - -  10 Obviously different 
Control 0.8 4.5 l0 

No prom., 
dev. THTM ~ 10 Obviously different 

Control 0.8 4.5 1O 

No prom., 
dev. THTM m l0 Obviously different 

No prom., 
no dev. 164.4 26.2 I0 

�9 THTM = Too high to m e a s u r e .  
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Fig. 8. Development curves for AZ-111 

A f t e r  p o s t b a k i n g ,  s t r i p p i n g  w a s  c a r r i e d  ou t  w i t h  a c e -  
t o r e ,  but ,  u n l i k e  t h e  p r e v i o u s  work ,  t h e  f i lms w e r e  
m e a s u r e d  a f t e r  t i m e  i n c r e m e n t s  of 5, 10, a n d  40 ra in  
( to ta l )  in  u l t r a s o n i c a l l y  a g i t a t e d  ace tone .  The  m e a n  

and  s t a n d a r d  d e v i a t i o n s  for  t h e  a p p a r e n t  r e s i d u e  t h i c k -  
nesses  a r e  s h o w n  in  T a b l e  V. No te  tha t ,  as  be fo re ,  in  
some  cases  t he  r e s i d u e  was  too t h i c k  to m e a s u r e .  W h e r e  
the  r e s i d u e  was  r e d u c e d  to a p p r o x i m a t e l y  zero  b y  a 
g iven  a c e t o n e  t r e a t m e n t ,  of  course ,  no f u r t h e r  p r o c -  
ess ing  was  done.  The  eff icacy of  t h e  e x p o s u r e  t r e a t m e n t  
a p p e a r s  to be a f u n c t i o n  of  t h e  a d h e s i o n  p r o m o t e r  used.  
The  m e t h o d  a p p e a r s  to g ive  b e s t  r e s u l t s  w i t h  no a d -  
h e s i o n  p r o m o t e r  a n d  w o r s t  r e s u l t s  w i t h  B S A - p r o m o t e d  
res is t .  

S ince  i t  was  s u s p e c t e d  t h a t  t h e  c a t a s t r o p h i c  r e s i -  
dues  r e p o r t e d  fo r  a c e t o n e  w e r e  cau s ed  b y  excess i 've  
t e m p e r a t u r e  e x c u r s i o n s  d u r i n g  pos tbake ,  a n  e x p e r i -  
m e n t  was  c a r r i e d  out  in  w h i c h  the  o c c u r r e n c e  of  r e s i -  
due  was  s t u d i ed  as a f u n c t i o n  of  c a r e f u l l y  c o n t r o l l e d  
( _ I ~  p o s t b a k e  t e m p e r a t u r e  f r o m  130 ~ to 138~ Al l  
130~ s a m p l e s  a p p e a r e d  c Iean  to t h e  n a k e d  eye,  as d id  
all  con t ro l  s a m p l e s  (no p r o c e s s i n g )  for  each  t e m p e r -  
a tu re .  All  e x p e r i m e n t a l  s a m p l e s  b a k e d  a t  138~ s h o w e d  
r e s i d u es  o v e r  t h e  e n t i r e  subs t r a t e .  W a f e r s  b a k e d  a t  

Table V. Effect of postdevelopmeet exposure on acetone stripping 

No 
adhesion 
promoter 

5 rain acetone 10 rain acetone 40 min a c e t o n e  

Mean ~ Mean ~r 
(nm x 10) N F (nm • 10) N F 

Mean o- 
(nm • I0) N 

Exposed 
Not exp. 
Diff. ? 

% eonfid. 

BSA 
Exposed 
Not exp. 
Diff. ? 

% confid. 

HMDS 
Exposed 
Not exp. 
Diff. ? 

% eonfid. 

-O.4 3.9 10 
THTM* - -  10 m 

Obviously di f ferent  

12.0 7.2 10 26 
29.1 7.0 10 

Diff. at 99% confid. 

--2.1 15.2 10 1.3 
8.9 1.6 10 

Not d i f f e r e n t  

9.7 3.9 10 22 
17.1 2.5 10 

Diff, at 99% confid, 

- -1 .0  5,3 8 5 
4.0 2.8 10 

Diff.  at  95% confid. 

10.6 4.2 10 
21.3 5.1 10 

Diff. at 99% confid. 

23 

* THTM -- Too high  to m e a s u r e .  
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in te rmedia te  t empera tu re s  showed va ry ing  res idue 
coverage,  depending  on the adhesion p romote r  used. 

El l ipsometr ic  measurements  confirmed these obser -  
vations. Whereve r  a vis ible  res idue  existed,  the ETA 
indica ted  res idue  thicknesses in excess of 50 nm, i.e., 
out of range  of the  normal  mode for the ins t rument .  
Spot  checks of such sites wi th  in te r fe rence  measu re -  
ments,  however ,  of ten showed res idue thickness  ranges  
of severa l  hundred  nanometers .  

The amount  of res idue  af te r  acetone s t r ipping  is 
p lo t ted  in Fig. 9 agains t  the  pos tbake  tempera ture .  I t  
is evident  tha t  res idue is a ve ry  s t rong funct ion of 
t empera ture ,  r is ing f rom ba re ly  above de tec tab le  l im-  
its a t  130~ to vis ible  thicknesses at  138~ It  wi l l  be 
noted f rom Table  VI that  the controls  in a l l  cases in-  
dicate  "residues" of less than  5 nm, indica t ing  min ima l  
ambien t  contaminat ion  to the  samples.  For  the  proc-  
essed substrates ,  s ta t i s t ica l ly  significant residues were  
found even for the 130~ postbake.  Since such res i -  
due levels might  even tua l ly  prove  to be process -com-  
pat ible ,  however ,  i t  is more  impor t an t  to consider  r e -  
sults for  the  h igher  tempera tures .  Fo r  the 138~ post -  
bake,  all  processed sample  residues were  unmeas u ra b ly  
high using ETA. Even at  135~ catas t rophic  fa i lure  
st i l l  resul ts  in cases involving e i ther  BSA or  HMDS. 
Thus, for postbakes  in the range  of 130~ acetone 
mus t  be looked upon as a marg ina l  s t r ipper ,  r equ i r ing  
ve ry  precise  control  of pos tbake  tempera ture .  

Evaluation of a High Temperature Inorganic Stripper 
As prev ious ly  mentioned,  12% I-INO3 in H2SO4 at 

100~ was chosen as represen ta t ive  of this s t r ipping 
category.  Table  VII  shows the resul ts  observed on a 
pa r t i cu la r  set  of processed wafers  using this s t r ipp ing  
technique.  Each wafer  here  is s ta t i s t ica l ly  compared  
wi th  the group control.  These resul ts  indicate  the  oc- 
currence of negat ive  "residue" for cer ta in  cases. That  
is, the measured  oxide  thickness is smal le r  a f te r  p roc-  
essing than  i t  was or iginal ly .  The origins of these "neg-  
a t ive  res idues"  can be  sought in two directions.  Firs t ,  
of course, is the poss ibi l i ty  that  the  hot  acid s t r ipper  
is act ive enough to remove surface layers  f rom the 
oxide  film, or a t  leas t  to change the surface opt ica l ly  
(e.g., Si -O-S i  to S i -OH)  in a w a y  which  would  be 

in te rp re ted  as lower  oxide thickness.  On the other  
hand, another  exp lana t ion  would  be tha t  an or iginal  
i m p u r i t y  l ayer  was measured  as the ini t ia l  oxide th ick-  
ness and tha t  this l aye r  was removed  by  the appl ica-  
t ion and spinning of the  adhesion p romote r  or resist. 

In  o rder  to test  this last  hypothesis,  a separa te  ex-  
pe r imen t  was run, in which  HMDS and BSA, respec-  
t ively,  were  appl ied  to separa te  wafers,  wi th  measu re -  

Table Vl. EIIipsometric measurements of residues (mean/~ in 
nm X 10) 

Postbake temperature (~ 

130 132 133 136 1 3 8 •  

HMDS 10.6 /2 .8  21.7/3,5 9.2/4.9 >1400 >1400 
BSA 3.4/3.5 23.2/3.8* 15t2,3 >1400 >1400 
No p r o m o t e r  14.5/1.4 28.7/2.6 19.3/3.3" 41.1/7.5" >1400 
No d e v e l o p m e n t  13 .2 /24  8.8/22.4* 18.1/2.2 42.3/7.5 ~ >1400 
Control - 0 . 6 / 1 . 8  1.2/1.5 - 1 . 2 / 1 . 5  1.4/3,7 - 4 . 7 / 0 9  

* Means and standard deviations (a) taken on measurable data 
only, 

Table VII. Acid stripping 

M e a n  9 5 %  9 9 %  o" 
i0) N F cont. conf .  Group (nm• 

HMDS, dev. - 1.2 1.0 10 18 Diff. Diff. 
Control 0.8 0.9 10 

BSA, dev. - 1.3 0.7 10 27 Diff. Diff. 
Control 0.8 0.9 10 

No promoter, 
dev. -4.1 2.4 10 33 Diff. Diff. 

Control 0.8 0.9 10 

No promoter, 
no dev, -4.2 0.7 10 168 Diff. Diff. 

Control 0.8 0.9 10 

ments  being made  before  and af te r  applicat ion.  The  
above hypothesis  suggests tha t  the "oxide" thickness 
should diminish as a resul t  of this process. However ,  
as shown by  Table VIII,  the  adhesion promoters  each 
leave  a ve ry  real  residue.  This does not, of course, 
prec lude  the poss ibi l i ty  tha t  an or ig inal  impur i ty  l aye r  
is solubil ized by  the  p romote r  l ayer  and is removed 
dur ing  subsequent  s t r ipping.  

A fu r the r  eva lua t ion  of the  hot  acid technique in-  
volved remova l  of the h igh ly  c ross - l inked  resis t  fo rmed 
when  AZ-1350J is used as a mask  for ion implan t  op-  
erations. In  typical  s i tuat ions (e.g., 50-80 kV, 7.5 X 
1015 As ions /cm 2, 1 mA) ,  a 15 rain immers ion  in the 
hot H2SO4/HNO3 s t r ipper  produced r a the r  poor s t r ip -  
ping, wi th  much of the res is t  r emain ing  intact  (see 
Fig. 10). Use of a bake  in a i r  for  I hr  at 400~ p r io r  
to s t r ipping improved  the resul ts  marked ly .  However,  
res idue sti l l  t ended to r ema in  at  the edges of resis t  
openings, where  (because of the  resis t  profile) the  full  
ion flux impinged on the  res i s t /ox ide  interface  (see 
Fig. 10b). The effect of this high t empera tu re  bake  
p robab ly  is to oxidize and crack  the  resis t  s t ructure ,  

Fig. 9. Residue thickness after 
acetone stripping as function of 
postbake t e m p e r a t u r e .  
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Table VIII. Effect of adhesion promoter application on 
"oxide thickness" 

Table IX. Thermal SiO2-AZ-13$0J-Caro's acid. Effect of multiple 
cycles (ten sites/wafer, all wafers developed). 

M e a n  r 
( n m  x 10) N 

HMDS* + 16.3 2.3 10 
l~SA* + 22.7 3.8 10 
Contro l  - 1.3 2.2 10 

* A p p l i e d  as  in  p r o c e s s i n g  resist .  S e e  E x p e r i m e n t a l .  

A d h e s i o n  N u m b e r  R e s i d u e  ( n m  x 10) 
p r o m o t e r  of  cyc les*  Mean 

H M D S  1 11.4 1.1 
2 - 3.8 2.3 

B S A  1 14.2 3.4 
2 -- 0.7 1.4 
3 - 3.1 15.5 

N o n e  1 5.0 2.2 
2 - 0.9 1.9 render ing  it more easily removable  by the acid. How- 

ever, the resist cross-l inked in  the immediate  vicini ty 
of the oxide surface apparent ly  is firmly bound and not  
removed. 

Evaluation of Caro's Acid 
"Caro's acid," a solution of peroxymonosulfur ic  acid 

in  concentrated sulfuric acid, was first seriously pro- 
posed as a resist s tr ipper  by Beck et at. (5). The s t r ip-  
ping solution is created by a mix ture  of concentrated 
H2804 with highly concentrated (85-90%) hydrogen 
peroxide. The reaction is said to proceed as follows 

H202~ tI2SO4 = H O - - ( S O 2 ) - - O - - O H  ~- H~O 

While the reaction itself is not highly exothermic, sub-  
s tant ial  heat can be developed by di lut ion of the sul-  
furic acid medium with water  contained in the perox-  
ide, as well  as that  formed by the reaction. Since the 
H2SO5 species is not  par t icular ly  heat-stable,  excessive 
amounts  of water  in the peroxide can lead to thermal  
decomposition of the H2SO5. This makes it necessary 
to use the peroxide in  highly concentrated form. Use 
of the usual  laboratory "concentrated" H202 will  lead 
to an overheated solution on mixing and little or no 
H2SO5 concentration. An addit ional  deleterious effect 
of excess water  is, of course, its potential  for shifting 
the equi l ibr ium in  the above reaction, since water  is 
a by-product .  

Caro's acid has several  major  advantages as a str ip- 
per. First, i t  is used at room temperature.  Its mode of 
action is understood to be dehydrat ion coupled with 
oxidation. In  general, organic materials  such as photo- 
resist are oxidized to CO2 and H20, thus avoiding a 
bui ldup of in termediate  products. This leads to a pot- 
life of the order of 3 weeks or more and ecologically 
acceptable disposal may be made by aspirating into 
an industr ia l  waste drain, since only sulfate remains. 

The residues left by AZ-1350J as a funct ion of im-  
mersion time in  Caro's acid are shown for several  sets 

* Each cycle consisting of 5 min dip  in to  Caro's  acid w h i c h  had  
not  b e e n  a~sturbed f o r  p r e v i o u s  5 min. 

Table X. Comparative stripping of various positive resists 
by Caro's acid 

T i m e  for  v i sua l  
Resist* cleanliness (mAn) 

AZ-1350J 5 
A Z - l l l  20 
PR 102 15 

* Applied to  obta in  a p p r o x i m a t e l y  1000 n m  t h i c k n e s s  in e a c h  
case. 

of process parameters  in Table IX. It is obvious that  
normal ly  processed resist is completely stripped by a 
total of 10 rain in  Caro's acid. 

In  addition to evaluat ion of AZ-1350J resist, some 
observations were also made on the abi l i ty  of Caro's 
acid to strip several other positive resists. Table X 
gives comparative results in  terms of s tr ipping time 
necessary to obtain visual ly clean surfaces, using AZ- 
111, and Microline PR 1024 resists. 

As in the case of hot acid stripping, the capabil i ty 
of Caro's acid with respect to highly cross-l inked re-  
sist was evaluated. Three types of cross-l inking were 
used. In the first, the resist film over thermal  oxide was 
subjected to a CF4 plasma (simulated dry etch of 
SiO2) for sufficient t ime to strip about one-hal f  the 
thickness of resist, and the remain ing  film was then  
stripped in Caro's acid. The exper iment  was repeated 
two times, inser t ing a 130~ bake once before the 
plasma, and once after the plasma. Ellipsometric r e -  

P r o d u c t  of  G A F  Corporat ion ,  N e w  York ,  N e w  York .  

Fig. 10. Micrographs of acid- 
stripped ion implant patterns. 
(A) After 15 min strip; (13) 1 hr 
at 400~ followed by 15 rain 
strip. 
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sults on this exper iment ,  given in Table XI, show 
that  no significant residue remains af ter  a 10 min strip. 

In the second cross-l inking procedure,  AZ-1350J 
with  an added the rmal - f ree  radical  ini t iator  (Lupersol  
101, 5 an organic peroxide)  was applied to a p remea-  
sured oxidized Si wafer  and then subjected to an ar-  
senic ion bombardment  (80 kV, 5 • 1012 ions/cm2). 
The results of Caro's acid str ipping of this wafer  are 
also shown in Table XI, and here  we see that  a 10 
rain immersion proved insufficient to produce a clean 
surface. Table XH presents residue data for fur ther  
immersions in Caro's acid. Extrapola t ion  of these re-  
sults suggests that  the ion implant  process forms an 
approximate ly  15 nm residual  film; which is not re-  
movable  by Caro's acid t rea tment  alone. Inclusion of 
a high t empera tu re  bake prior  to stripping, however ,  
renders the residue removable  in Caro's acid, al-  
though not wi thout  difficulty (see Table XII) .  It  was 
desired to isolate the cause of this residue and, to this 
end, two addit ional  samples (for which the actual  ion 
bombardment  was removed from the process) were  
characterized. The first sample consisted of the post-  
baked, peroxide-modif ied resist, whi le  the other  was 
postbaked (see Exper imenta l  section) but  contained 
no peroxide. The results c lear ly  indicate that  the ion 
bombardment  is necessary for format ion of the p rev i -  
ously ment ioned 15 nm residue. 

As a final a t tempt  at cross-linking, a film of AZ-  
1350J (applied by the standard process through 130~ 
postbake) was bombarded with  15 kV electrons for 
various periods of t ime in raster  pat terns by " looking" 
at it wi th  an SEM at various magnifications. Af te r  
stripping, an in terference contrast  microscope was 
used to search for residual patterns, using scribed 
marks as locating aids. The results here are necessari ly 
qual i ta t ive  since we cannot calculate wi th  any accuracy 

5 Product of Lucidol  Divis ion,  P e n n w a l t  Corporat ion,  Buffalo, 
New York. 

Table XI. Stripping residues for highly cross-linked resist 

Residue after 10 rain 
in Caro's acid 

T r e a t m e n t  (nm • 10) 
Mean 

Time in Caro's 
acid to reduce 

residue to control 
(99.5% conf.) (min) 

As ion implant 

CF~ plasma etch  
Bake before etch 
Bake after etch 

Control  

E lec tron  beam (rel- 
ative exposure) 

100 
83 
67 
50 
33 
17 

6 
3 
1 

150.3 28.3 

-0.7 1.0 
-0.7 2.2 

0.4 1.0 

Table XII. Removal of ion-implanted resist* 

<1,0 
<I0 

>87 
>87 
>87 
>87 
>87 
>87 
~87 
16 
2 

Time 
(rain) 

Residue 
(nm x i0) 

Strip treatment Mean 

ei ther  the cross-l inking efficiency or the flux density o f  
the SEM pr imary  electrons. Table XI summarizes  t h e  
results obtained in terms of re la t ive  electron exposures. 
These results indicate that  increasing electron beam 
exposure rapidly insolubilizes AZ resist so that, af ter  
some degree of exposure,  even 1.5 hr  of Caro's acid 
immersion wil l  not remove it, nor will  any other  wet  
strip process we have studied. Al though it is l ikely 
that  such exposures would never  be exper ienced by 
resist in any reasonable process, the data gives us in-  
sight into the action of Caro's acid on organic materials,  
i.e., the solubilizing action does not arise f rom simple 
oxidation alone but requires  that  the carbon atoms be 
re la t ive ly  free. 

Persulfate Stripper 
Caro's acid str ipper has as its act ive ingredient  per -  

oxymonosulfur ic  acid, H2SO5. This rendi t ion of the 
formula  is somewhat  misleading in that  it appears to 
indicate a higher  oxidat ion number  for sulfur than 
the m a x i m u m  of six al lowed by its electronic struc- 
ture. The proper  rendition, H O - - ( S O 2 ) - - O - - O H ,  indi-  
cates correct ly that  the molecule  retains the sulfur in 
its +6  state but  has incorporated an atom of oxygen 
in a peroxide configuration. Thus, the oxidizing abili ty 
of this species rests wi th  its (extra)  active oxygen. 

With this in mind, the question might  well  be asked 
as to why a molecule with a similar  configuration on 
the opposite side of the sulfur  (i.e., persulfur ic  acid, 
or H O - - O - - ( S O 2 ) - - ( S O 2 ) - - O - - O H )  would not be 
equal ly  or more effective. Al though the acid itself is 
not readi ly  available, its potassium salt, K2S2Os, is a 
commonly used analyt ical  compound. Admix tu re  of 
this salt with sulfuric acid should produce substantial  
quantit ies of the acid species. Al though it is difficult 
to predict  the change in act ivi ty  of the active oxygen 
due to the dimeric molecule  (e.g., resonances, induc-  
t ive effects), it is cer tainly reasonable to assume that  
there  will  be some s imilar i ty  in act ivi ty  of such a per -  
sulfate solution to the Caro's acid system with  which 
we have been working. 

Such a stripper, if effective, would have a ve ry  sub- 
stantial  advantage over  Caro's acid. The lat ter  can 
only be produced by use of highly concentrated hy-  
drogen peroxide. This mater ia l  is potent ial ly detonat-  
able (upon admixture  of only small  amounts of or-  
ganics) and can also present  a serious fire hazard. For  
improper ly  clothed personnel, it can present fur ther  
d a n g e r  in the form of severe  chemical  burns. 

Accordingly, the evaluat ion procedure used earl ier  
for other  str ippers was carried out wi th  a persu l fa te /  
sulfuric acid mix tu re  as stripper. Af ter  some pre l imi-  
nary  work, the composit ion and makeup described 
under  Exper imenta l  was chosen. Results of this eva lu-  
ation are shown in Table XIII. Note that  all means 
for the 5 min strip are  significantly larger  (95% con- 
fidence) than the control, whereas  the mean residues 
after  10 min are equivalent  to, or lower  than, the con- 
trol. Thus, for normal ly  processed and baked resist, 
the persulfate/H2SO4 combinat ion gives results which 
are equivalent  to those obtained previously wi th  Caro's 
acid. 

Evaluat ion with  respect  to highly cross-l inked resist 
was made compara t ive ly  using only e lec t ron-beam as 
a cross-l inking vehicle. Recall  that  previously stated 
results With Caro's acid showed that  most of the elec- 

Table XIII. Persulfate/H2SO4 stripping of normal AZ-1350J 

10 
15 
35 
75 

75 

lO 
10 

Caro's acid 150 28 
Caro's acid 142 27 
Caro~s acid 149 27 
At 400~ (air) then 20 rain Excessive (>1400) 

Caro's acid 
At 400~ (air) then 30 min 2 5 

Caro's acid 
Caro's acid, no implant 4 5 
Caro~s acid, no impla~,t, un- 2 4 

modified resist 

* 80 kV,  5 x 10 ~5 As  i o n s / c m  ~. B lanket  AZ-1350J + Luperso l  101. 

Residue (nm x 10) 

HMDS Yes 26.4 11.5 - 11.7 2.1 
BSA Yes 18.6 11.3 -- 13.4 3.0 
N o n e  Yes  25.3 9.4 -- 11.0 1.8 
N o n e  No 32.7 10.2 - lu.3 1.8 
Control -- 0 3.2 - 7.Z 3.3 

After 5 rain After 10 rain 
A d h e s i o n  
promoter Devel. Mean ~ Mean ~r 
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t ron  dosages used produced  far  g rea te r  c ross - l ink ing  
effects than  a typica l  i on - implan t  operat ion.  Thus, use 
of such e lec t ron  dosages wil l  ce r ta in ly  provide  a 
"wors t -case"  compar ison of s t r ippers .  

In  these exper iments ,  a res i s t -coa ted  sample  was ex-  
posed by  sweeping wi th  the  ras te r  of an SEM using 
a different  (but  known)  magnif icat ion for each sweep 
and keeping  the exposure  t ime constant.  The process 
was then  repea ted  (wi thout  tu rn ing  off the beam or  
b reak ing  vacuum)  wi th  a second sample  having s imi-  
l a r  res is t  thickness.  The resul t  is two samples, each 
having  an ident ica l  set of resist  patches which have 
increas ing c ross - l ink  dens i ty  th rough  the set. When  
these two pieces were  subjec ted  respec t ive ly  to Caro's  
acid and to the persulfate/H2SO4 mixture ,  areas  of 
lowest  c ross - l ink  dens i ty  were  removed  first, and 
h igher  dens i ty  patches  were  removed  as immers ion  
t ime increased.  The t ime necessary  to remove a pa tch  
of given dens i ty  is an indica t ion  of the re la t ive  ef-  
fect iveness of the  s t r ippers .  

Table  XIV shows the lowest  dens i ty  patch r ema in -  
ing for each of the  s t r ippers  as a funct ion of s t r ipping  
time. The numbers  shown are  only re la t ive  and are  
obta ined  by  squar ing the magnif icat ion factor. Two 
complete  exper imen t s  were  pe r fo rmed  and the table  
shows the resul ts  of both. I t  is impor t an t  to note that  
there  is a s teady  decrease in res idue as s t r ipping t ime 
is increased.  I t  is ev ident  from the table  tha t  for a 
g iven s t r ipping  t ime the persul fa te  s t r ipper  is effective 
agains t  only  about  half  of the  cross- l ink  dens i ty  tha t  
is s t r ipped  by  Caro's  acid. This must,  however ,  be 
v iewed agains t  the v i r tua l  ineffectiveness of most or-  
ganic s t r ippers  on this r e l a t ive ly  huge level  of cross- 
l inking.  

Conclusion 
The da ta  that  have  been presented  here  demons t ra te  

the m a r k e d  sens i t iv i ty  of commonly  used photoresis ts  
to processing, when one is concerned wi th  ex t reme  
cleanliness of pa t t e rn  exposed and s t r ipped  surfaces. 
Especia l ly  wi th  r ega rd  to development ,  the occurrence 
of res idues  appears  to be due to a very  complex  in-  
te rac t ion  of a number  of parameters .  (Consider,  for 
example ,  the differences among the var ious  resists 
s tudied and how this ranking  changes when HMDS is 
used as an adhesion p romote r ) .  

I t  is of in te res t  to note the  effect, observed in most 
instances  here, of h igher  residues wi th  adhesion p ro -  
moters.  This appears  to be especia l ly  t rue  of HMDS 
when  appl ied  f rom vapor.  The re la t ive  res idue effects 
of the  var ious  adhesion promoters  used cannot be 
s imply  tabula ted.  There  would  appear  to be specific 
in te rac t ions  wi th  the var ious  resists, leading, for ex-  
ample,  to h igher  HMDS residues on AZ-111 but  l a rge r  
BSTFA residues wi th  AZ-1350J. The choice of adhesion 
p romote r  mus t  be made  specifical ly for each specific 
resist.  

We have  also examined  the effectiveness and sui t -  
ab i l i ty  of a number  of wet  s t r ipp ing  processes to a 

Table XIV. Persulfate/H2S04 stripping of highly cross-linked 
AZ-1350J resist 

S t r i p  L o w e s t  c r o s s - l i n k  d e n s i t y  r e m a i n i n g  
E x p e r i -  t i m e  P e r s u l f a t e /  

m e n t  ( m i n )  C a r o ' s  a c i d  H2SO4 

1 5 2.5 x 10 7* 4 • 10~ 
10 2.5 x 10 TM 2.5 x 10 7* 
15 - -  2.5 • 10 TM 

2 5 4.9 • 10 7 2.5 • 10 7 
10 4.9 X 10~ 2 5 X 10 7 
15 ~ 2.5 • 10 ~ 

* Highest  density a v a i l a b l e  i n  experiment.  

va r i e ty  of s t r ipping  situations.  In  general ,  we have 
seen tha t  no rma l ly  processed AZ-1350J resist,  wi th  
p rope r  control  on bake  cycles, offers no p rob lem to 
a lmost  any  s t r ipping system. If  we consider  "harder"  
resists, we find tha t  ecological ly  acceptable  organic  
s t r ipping  modes are  essent ia l ly  nonexistent .  If  we 
app ly  the fu r the r  res t r ic t ion  tha t  we wish our  sys tem 
to be universa l  for al l  subs t ra te  layers  in  genera l  use, 
we find ourselves  l imi ted  to essent ia l ly  one class of 
s t r ippers :  tha t  compris ing Caro 's  acid and its re la ted  
variat ions.  As a d i rec t  a n d  universa l  subst i tu te  for 
convent ional  Caro's  acid, the persu l fa te  modificat ion 
cannot  be claimed to be  comple te ly  successful. Its 
a rea  of deficiency is, of course, in the  s t r ipping  of ve ry  
h ighly  cross- l inked resist. I t  must  be recal led  that  even 
Caro's  acid is incapable  of s t r ipping resis t  wi th  a high 
enough degree  of cross- l inking.  The advantages  of the 
persul fa te  sys tem in ease of p repa ra t ion  would  seem 
to more  than  make  up for wha t  m a y  wel l  be an  i r -  
r e levan t  d i sadvantage  in t e rms  of speed of s t r ipping  
h igh ly  c ross - l inked  resist. 

F inal ly ,  there  remains  the  quest ion of jus t  wha t  a 
permiss ib le  level  of res idue rea l ly  is, both  for  deve lop-  
ment  and for s tr ipping.  In  the l a t t e r  case, this would  
be de te rmined  by  considerat ions  involving the pa r -  
t icu lar  processing step which  follows removal .  How- 
ever, unless the  resis t  has been subjec ted  to an ex -  
t reme amount  of high energy  par t ic le  bombardment ,  
i t  should be possible to reduce  residues essent ia l ly  to 
zero. For  development ,  however,  if  we insist  on a level  
which cannot s ta t i s t ica l ly  be d is t inguished from zero, 
then  we cannot hope to achieve zero pr in t  bias in a l -  
most  any  of the r e s i s t / de ve lope r /p romo te r  combina-  
tions studied. A prac t ica l  process can then be achieved 
only by  re lax ing  e i ther  the  r equ i red  res idue  level  or 
the acceptable  pr in t  bias. The t rade-off  be tween  these 
two i tems must  be carefu l ly  considered,  a long with  
the possible a l t e rna t ive  of implement ing  an addi t ional  
process step (e.g., a br ief  02 p lasma exposure)  to r e -  
move t race  residues wi thout  increas ing resist  image  
openings. 
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ABSTRACT 

Dry oxygen pressure at 500 atm is used to grow SiO2 films 103 nm thick o n  
silicon at 800 ~C. The residual film stress, chemical  etch rate, ref rac t ive  index, 
and density of the pressure-oxide  films is measured  and compared wi th  mea-  
surements  of thermal  oxide films prepared at 1 arm dry oxygen pressure. The 
high pressure / low tempera tu re  films exhibi ted higher  ref rac t ive  indexes, 
s lower chemical  etch rates, and higher measured densities compared to 1 a tm 
thermal  oxides prepared  at 1000~ These results are a t t r ibuted to the lower  
oxidation t empera tu re  ra ther  than the higher  oxidation pressure of the pres-  
sure-oxide  films. It is concluded that  the formation of higher  density SiO2 films 
is a specific result  of low tempera ture  processing. The use of high pressure 
oxidation provides a convenient  technique to prepare  the low tempera tu re  
high aensi ty SiO2 films of sufficient thickness for fur ther  study. 

Recently,  Zero et al. (1, 2) reported enhanced oxida-  
tion rates for single crystal  silicon the rmal ly  oxidized 
in dry oxygen at e levated oxygen pressures up to 500 
arm. It  was shown (1) that  the silicon oxidat ion rate 
obtained by using oxygen at 140 atm (i.e., the pres-  
sure of oxygen in commercia l ly  avai lable oxygen 
tanks) and 800~ was comparable  to the rate ob- 
tained by using 1 atm oxygen at 1200~ Therefore,  
the use of e levated oxygen pressures enables a reduc-  
tion of the oxidat ion tempera ture  and /o r  t ime for an 
oxidat ion step. This t empe ra tu r e / t ime  reduct ion has 
great  technological  importance because of the need to 
maintain  sharp dopant profiles and minimize the cre- 
ation of thermal ly  induced defects in modern  small  
devices. The use of steam (3) and high pressure steam 
(4) for the thermal  oxidation of silicon also offers 
considerable kinetic enhancement,  however,  the qual i ty  
of the SiO2 and Si may be degraded based on reports  
of increased electron t rapping in SiO2 due to HeO (5) 
and increased Si defects result ing from exposure of the 
Si to s team oxidation (6). 

Whether  the MOS industry  will  accept a new proc- 
ess, such as the use of increased oxidant  pressures, 
will  depend both on the need for the lower tempera-  
ture processing and the demonstrat ion that  the SiO2 
qual i ty  is not degraded by the new process. It is clear 
from the industry t rend towards smaller  devices that 
lower  processing tempera tures  are required and there-  
fore this study is aimed toward demonstrat ing that im- 
portant  aspects of the SiO2 quali ty result ing from 
high pressure dry oxidation of silicon can be equiva-  
lent  to the SiO2 grown in the conventional  1 arm 
processes. 

As with  any new process, the dry high pressure oxi-  
dation process has problems associated with repro-  
ducibil i ty and optimization. Notwithstanding these an- 
t icipated difficulties, Zero et al. (2) reported that mo- 
bile and fixed charge levels  were acceptably low (in 
the low 1010 charges /cm 2 range) on many  samples. 
These promising results have provided the impetus 
to improve  the process through equipment  evolut ion 
and to obtain more physical propert ies data on the re-  
sulting SiO2 films. 

* Electrochemical Society Active Member. 
Key words: high pressure oxidation, silicon, silicon dioxide, 

density, film stress. 

The present  study reports  the results of several  
physical propert ies measurements  on SiO~ grown by 
the high pressure dry oxidat ion of silicon: residual 
film stress, chemical  etch rates, density, re f rac t ive  in-  
dex, and film morphology as obtained by transmission 
electron microscopy (TEM). Collectively, these mea-  
surements  show that  the films have increased density 
as compared w i t h l  a tm films prepared at convent ional  
oxidation tempera tures  of 1000~ The higher  refrac-  
t ive indexes, s lower etch rates, and higher  measured 
densities of the high pressure low tempera ture  films 
are a t t r ibutable  to the lower processing tempera tures  
ra ther  than the higher  oxygen pressures. Thus a spe- 
cific advantage of high pressure oxidation methods is 
that  these higher  density low tempera ture  SiO2 films 
can be prepared in practical  oxidation times. 

Experimental Procedures 
Sample preparation.--Four high pressure dry oxy-  

gen oxidation runs were  performed as described below 
to grow oxides about 103 nm thick on six St substrates. 
The Si slices were  nominal ly  2 ~ - c m  p-type,  2.54 cm 
diam, and 0.02 cm thick. Three each of <111> and 
<100~ orientat ions were  used and designated 111, 112, 
and 113 for the <111> samples and 012, 013, and 014 
for the <100~ samples. Control oxides were  grown at 
1 arm, 1000 ~ or 800~ in pure dry 02 on <100> silicon 
to similar  thicknesses and were  used in the film s t r e s s ,  
etch measurements ,  and refract ive index measure-  
ments to obtain meaningful  comparisons wi th  t h e h i g h  
pressure grown samples. Pr ior  to any oxidat ion all Si 
slices were thoroughly cleaned by a previously de- 
scribed procedure (7). The six samples for high pres-  
sure oxidation were  ini t ial ly oxidized at 1000~ in 1 
arm u l t radry  O2 to obtain 100 nm SiO2. This was done 
to obtain a reproducible  initial curva ture  in the Si 
substrates for the stress measurements .  

Pressure oxidation.--The apparatus used for the high 
pressure dry oxidation was described previously (1) 
with the exception that  a larger  pressure vessel was 
used to accommodate the 2.54 cm diam Si slices noted 
above. For each of the exper imenta l  oxidations, the Si 
slices were  heated to about 800~ while  a vacuum w a s  
drawn on the vessel. Then, 500 atm dry oxygen pres-  
sure was applied wi th in  several  minutes. Af ter  the de- 
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sired oxidat ion t ime the pressurized vessel was wi th -  
d rawn from the furnace and cooled by radiation. All  
samples were  oxidized at 800~ to yield about 103 nm 
SiO2. The oxidat ion rates for the <100> samples were  
about  87 and 132 n m / h r  for the <111> Si. The H20 
content  of the pressurized gas was measured as less 
than 1 ppm. 

Film stress.--The residual  room tempera tu re  stress 
was calculated f rom a measurement  of the curva ture  
of a Si wafer  before and af ter  the SiO2 film growth 
by dry pressure-oxidat ion.  The change in Si curva ture  
was measured  by an optical in terference technique. 
The apparatus,  appropr ia te  equations; and elastic con- 
stants used for the calculations as well  as the pro-  
cedures were  previously  described (8) for a s tudy of 
Si3N4 film stress. O n l y  a small  difference (less than 
10%) is anticipated in the residual  stress for <100> 
for <111> orientat ions due to the difference of elastic 
constants for the different Si orientat ions and we ig- 
nored this difference in the present  study. The pres-  
sure-oxide  samples had about 5% thickness nonuni-  
formi ty  across the sample as compared with  about 1% 
for the 1 arm SiO2 oxides. The direct implicat ion of 
this on the measured film stress has not been deter -  
mined but  it may contr ibute  to the over -a l l  scatter of 
the pressure-oxide  stress data. 

Chemical etch rates.--Chemical etch rates have been 
shown to be a ve ry  sensitive measure  of SiO2 film 
density (12). The tempera ture ,  composition, and ex-  
tent  of agitat ion of the etchant  solution can all al ter  
chemical  etch rates. In order  to preclude obscuring 
comparisons be tween  high pressure oxides, controls, 
and low tempera tu re  oxides due to exper imenta l  diffi- 
culties, samples and controls for a given comparison 
were  etched s imultaneously in the same solution. For  
the comparison of high pressures oxides with 1 atm 
1000~C standards, two samples of each were  etched 
together  in a commercia l ly  avai lable  9/1: NH4F/HF 
mix tu re  at ~22~ For  this comparison (Fig. 1) more 
scat ter  was seen for the pressure oxides. The scatter 
was due to the larger  nonuni formi ty  of the SiO2 thick-  
ness for these samples and the problem of re turn ing  
to the same spot on the sample for el l ipsometric th ick-  
ness measurements  af ter  each exposure to etchant. 
However ,  the results to be reported are outside this 
scatter. Similar ly,  the comparison of etch rates for the 
1 a tm 800 ~ and 1000~ grown SiO2 was made on sam- 
ples etched in a 9/1: NF4/HF simultaneously and to- 
ge ther  at ,-~22~ The differences in the 1000~ 1 a tm 
controls are p resumably  due to the above-ment ioned  
tempera ture ,  agitation, and etchant  batch differences. 

Density.--The SiO2 film density, p was calculated 
f rom measured  values for the mass change of the 
samples before and after  remova l  of the film by etch-  
ing and the vo lume of the film as obtained f rom the 
area of the Si wafer  and the film thickness. Only the 

film on the polished side of the Si was used and a 
correction was made for the area lost as the Si wafer  
flat. The weighing accuracy was bet ter  than 3 • 10-6g 
while  the oxide mass was about 10-~g. The average  
film thickness accuracy was est imated to be bet ter  
than about 3% based on mul t ip le  el l ipsometric  mea-  
surements  taken across the wafers  and the surface 
area was known to bet ter  than 3%. Based on these 
values, the er ror  in p, ~p, is calculated to be about 
10 -~. Therefore,  the higher  density measured  for the 
high pressure grown and the 800~ 1 atm oxides as 
compared with  1000~ 1 arm is a real  difference but 
the absolute values are somewhat  uncer ta in  to bet ter  
than several  percent.  

Film thickness and refractive indexes.--The SiO2 
thickness and refract ive  indexes were  measured by 
ell ipsometry.  A description of the ins t rument  wi th  the 
various constants used was previously published (9). 
The reported measurements  of ref rac t ive  index were  
made :near one-ha l f  of an el l ipsometric  period, i.e., at 
odd mult iples of N140 nm for the 632.8 nm l ight  and 
~120 nm for 546.1 nm light. Near  these thicknesses 
the el l ipsometric  measurement  is most sensitive to 
different ref rac t ive  indexes. The index measurements  
were  made during the course of the etching exper i -  
ments and the index values corresponding to hal f -  
period thicknesses were  tabulated.  

TEM.--Samples were  prepared for microscopy by 
removal  of the Si wi th  an HF-HNO~ etchant.  S i n c e  
the SiO2 was too thick ( ~  1 ~m) for penet ra t ion  by 
the 100 keV electrons, the etchant  was also used to 
etch away most of the SiO2 leaving about 100 nm for 
examinat ion by TEM. 

Exper imenta l  Results 
Residual stress measurements.--A comparison of the 

S i Q  film stress for the high pressure oxides, controls 
(1 a tm O2, 1000~ and l i te ra ture  values are shown in 
Table I. All  of the stresses shown in Table I both 
measured in this s tudy and f rom the l i te ra ture  are 
compressive stresses. The high pressure oxides show 
more scatter  in the stress values than the controls and 
this may be due to the greater  thickness nonuni formi ty  
found for these films (about 5% across the wafers) .  
Considering the scatter in the stress values, the film 
stress for the high pressure oxides is the same as for 
the controls. Optical microscopic examinat ion revealed 
no evidence for Si slip due to stress on any of the sub- 
strates. 

Chemical etch rates.--Figure 1 shows the combined 
etching results f rom two pressure-oxide  and two con- 
trol samples 1 arm 02, 1000~ Indiv idual ly  the etch 
rates were  50.0 and 48.2 n m / m i n  for the pressure sam- 
ples a n d  58.6 and 58.7 n m / m i n  for the controls. The 
spread in the pressure-oxide  samples was due to 
thickness nonuni formi ty  which required re turn ing  to 

14001~.. I I I I 

120~J~m 9/I BHF, RI (22~ 
1 

~..~ e..r o m O00~ 
A ~,~ ~ ' I ETCH RATES (nrn/min) 

I000 ' ' - . ~ ' -  * | PRESSURE OXIDE: 500 V -  
L ~ . $ ~  48.2 A 

800 r ~ CONTROLS: 58 6 O- 
500 atrn,800~ ~ 58.7 -I" 

4o0 

200 ~ %  

5 I0 15 20 

TIME IN ETCHANT (min) 

Fig. 1. Plot of Si02 thickness vs .  time in etchant for two pressure- 
oxide and two control samples. 

Table I. Residual film stress results for pressure-oxide SiO~, 
normal 1 atm Si02 and literature values. All stresses shown are 

compressive 

Stress 
Sample ID (dynes /em2/ .  10-9) 

Pressure oxides (500 atm, 800~ 
012 
013 
014 
111 
112 
113 

Controls (1 atm, 1000~ 
OO5 
0O6 

Literature 
Jaccodine and Schlegel (10) 

Whelan et aL (i1) 

Average:  

1.5 
4.0 
4.0 
2.3 
4.0 
2.8 
3.1 

4.1 
4.2 

2.0 for 875~ Si02 
2.7 for 1000~ SiO~ 
3.7 for 1200~ SiO~ 
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the exact  same spot on the SiO2 film for the repeated 
thickness measurements .  However ,  the difference in 
etch ra te  be tween pressure-oxides  and controls w a s  
well  outside the scatter  and is therefore  considered sig- 
nificant. Pl iskin and Lehman (12) repor ted  that  a more  
dense SiO2 can give rise to a slower etch rate in an 
HF-based  etchant. 

Index of re~raction.--Table II shows that  the high 
pressure grown samples have a significantly higher  
ref rac t ive  index than the controls. This may be caused 
by pressure oxides having a h igher  density since it  
was repor ted  that  a h igher  SiO2 film densi ty wil l  yield 
a measurably  h igher  ref rac t ive  index (12). The mea-  
surements  associated with  sample 013 are par t icular ly  
interesting, since this sample has an init ial  oxide thick-  
ness near  one-hal f  an el l ipsometric  period. The init ial  
oxide thickness is about 1000 nm, of which 100 nm is 
a 1 arm 1000~ SiO2 and the remaining SiO2 has been 
grown at 800~ with  500 arm oxygen. Since oxidation 
takes place at the Si-SiO2 interface, the 1 arm SiO2 
is always on top of the high pressure SiO2 and hence 
i t  would be removed  af ter  the first etching. However ,  
before etching the composite index is la rger  than for 
1 a tm 1000~ SiO2 but smal ler  than the high pressure 
SiO2 while  af ter  the removal  of this outer  SiO2 that  
has a lower  index, the index re turns  to the pressure 
oxide value. This is a predictable  result  based on. the 
fact  that  1 atm, 1000~ SiO2 has a lower  index than 
the 500 arm 800~ films and this result  demonstrates  
the sensi t ivi ty of the el l ipsometric  measurement .  

Film density.---Since both the etch rate  and index 
of refract ion measurements  showed the possibili ty that  
pressure-oxide  SiO2 samples have higher  density, the 
direct  measurement  of density was performed.  Table 
III  shows that  indeed the pressure-oxide  films have  
a h igher  densi ty than the 1 arm oxides. 

TEM.--Figure 2 shows an area of a pressure-oxide  
film which had an unusual ly  large amount  of par t icu-  
late. Diffraction showed the par t icula te  to be amor-  
phous and the electron contrast  appeared to be about 
the same as for the 1 a tm SIO2. The pressure vessel 
used to prepare  these samples contained a fused silica 
test tube l iner  to hold the silicon slices. We bel ieve 
that  the par t iculate  is SiO2 dust f rom the fused silica 

Table II. Refractive index results for pressure-oxide SiO2 and 
control samples for 632.8 light 

Refractive 
SiO~ thick- index (at k 

Sample ID hess (rim) = 632.8 rim) 

Pressure oxides (500 arm, 800~ 
112 947.6 1.476 

153.3 1.475 
014 983.0 L473 

941.4 ]..473 
685.7 1.475 
] 29.8 1.478 

113 960.0 1.475 
013 967.2 (No etch) ].467 

684.6 ~.477 
Average pressure-oxide = 1.475 

Controls (1 arm, 10~0~ 
OOl 959.0 1.461 
002 951.4 1.461 

1293.0 1.462 
Average control = 1.461 

Fig. 2. TEM micrograph of pressure-oxide area which has a large 
number of amphorous Si02 inclusions. 

insert  since procedures requi red  that  it be thermal ly  
cycled, physical ly handled, and mechanica l ly  v ibra ted  
in every  experiment.  Undoubtedly  this par t icula te  
would contr ibute  to various dielectr ic  fa i lure  modes, 
there fore  a second generat ion high pressure oxidat ion 
system has been designed to e l iminate  this problem. 

800~ 1 atm SiOz film.--Up to this point the proper-  
ties measurements  on the high pressure oxides taken 
col lect ively indicate that  these films have a higher  
densi ty than the 1 a tm 1000~ controls. However ,  in 
view of a recent  s tudy by Taft  (13) which shows that  
a h igher  refract ive  index results f rom lower  oxide 
growth  temperatures ,  the higher  density found for the 
high pressure oxides in this study may  be due to the 
800~ oxidat ion tempera ture  and therefore  independ-  
ent of the h igher  oxidation pressure. To check this 
possibility, measurements  of the ref rac t ive  index, etch 
rates, and density using the same techniques described 
above were  done on 800~ 1 arm oxygen-g rown  SiO2 
films. The results shown in Table IV, while not ex-  
tensive, clearly show tha t  the lower tempera tures  pro-  
duce a more  dense oxide film. When an 800~ 1 atm 
SiO2 film was heated in flowing N 2 at 1000~ for 2 hr, 
the refract ive  index re turned  to the 1000~ value. This 
suggests that  h igher  defect  concentrat ions produced 
at h igher  tempera tures  are responsible for the lower  
densities. Fur the r  work  to clarify this situation is in 
progress. 

Table III. Density results for pressure-oxide and control samples 

Sample ID Dens i ty  
(g/cm~) 

Pressure-oxides (60.0 atm, 800~ 
113 2.41 
018 2.35 

Control (1 atm, 1000~ 
005 2.26 

Table IV. Refractive index, etch rate, and film density results for 
1 atm 800~ SiO2 

Refractive index: 

Etch rate:  

F i lm densi ty:  

1.468 at 632.8 n m  l ight  
1.476 at 546.41 nm light 

800~ atm--72 nm/min 
1000~ a t m - - 8 1  n m / m i n  
Control  

T w o  s a m p l e s  2.47 g / c m  ~ 
2.42 g / era  s 
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Summary and Conclusions 
I t  was prev ious ly  demons t ra t ed  tha t  a significant ox -  

ida t ion  ra te  enhancement  is obta ined  by  using high d ry  
02 pressures  and tha t  acceptable  oxide  charge  and in-  
ter face  s ta te  levels  could also be obtained.  The presen t  
s tudy  extends  the  p r o p e r t y  measurements  to include 
film stress, chemical  etch rate,  re f rac t ive  index,  den-  
sity, and TEM morphology.  These measurements  show 
that :  (i) the re  is no significant difference in the  re -  
s idual  Si/SiO2 film stress for  h igh  pressure  and 1 a tm 
the rma l  oxides,  (ii) h i g h - p r e s s u r e / l o w - t e m p e r a t u r e  
t he rma l  oxide  SiO2 films have  a signif icantly h igher  
dens i ty  than  films p repa red  at  convent ional  oxida t ion  
t empera tu re s  such as 1000~ and (iii) 1 a tm the rmal  
oxides p repa red  at  800~ have  a h igher  dens i ty  than  
films p r e p a r e d  at  1000~ 

The fo rmat ion  of high dens i ty  SiO2 films on sil icon 
is the re fore  a specific mer i t  of reduced  oxide growth  
tempera tures .  The p r epa ra t i on  of these h igher  dens i ty  
SiO2 films is an advan tage  afforded by  high pressure  
ox ida t ion  methods  since h igher  pressures  a l low the 
oxides r equ i r ed  in IC devices to be p repa red  at  reduced  
t empera tu re s  in  p rac t ica l  oxida t ion  times. I t  remains  
to be de te rmined  whe the r  or  not  the h igher  densi ty  
ma te r i a l  has o ther  in teres t ing  proper t ies ,  such as im-  
p roved  die lect r ic  s trength.  
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The Chemical Deposition of Boron-Nitrogen Films 
A. C. Adams* and C. D. Capio 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Fi lms  conta in ing boron, ni t rogen,  and hydrogen  have been  deposi ted  a t  
reduced  pressure  by  reac t ing  d iborane  and ammonia  at  250~176 Deposi t ion 
ra tes  as high as 15 n m / m i n  (150 H / m i n )  have  been achieved wi th  thickness 
uni formi t ies  and reproducib i l i t ies  be t t e r  than  +--3%. The films have  been cha r -  
ac ter ized by  measur ing  in f ra red  spectra,  re f rac t ive  index, opt ical  absorpt ion  in 
the  u l t r av io le t  and visible, stress, chemical  inertness,  e tch ra tes  in a p lasma,  
s tep coverage,  and  adhesion. 

Boron n i t r ide  is a h igh  res i s t iv i ty  semiconductor  
wi th  a la rge  bandgap.  Severa l  papers  have been pub-  
l ished descr ib ing the p repa ra t ion  of th in  boron n i t r ide  
films, the phys ica l  and chemical  p roper t ies  of these 
films, and poten t ia l  appl ica t ions  to silicon in tegra ted  
circuits  (1-4).  The  possible appl icat ions  include using 
the  boron n i t r ide  film as a diffusion source (1-2), as 
a p ro tec t ive  coat ing (1),  as a sodium b a r r i e r  (1), and  
as a d ie lect r ic  (1). The previous  films have  been pre -  
pa red  by  reac t ing  d iborane  and ammonia  at  t e m p e r a -  
tures  of 600~176 (1, 2), by  reac t ing  these same 
gases in a p lasma  wi th  subs t ra te  t empera tu re s  of 750 ~ 
1000~ (3), by  reac t ing  boron t r ich lor ide  and ammonia  
at  600~ (4), and by  react ive  spu t te r ing  at  250 ~ 
900~ (5). In  this  pape r  we descr ibe  the  charac te r iza -  
t ion of films conta ining boron, ni trogen,  and hydrogen  
chemica l ly  deposi ted at  low t empera tu re s  (250 ~ 
6O0~ 

Experimental 
The deposi t ion equ ipment  is s imi la r  to o ther  low 

pressure  reactors  tha t  have  been recen t ly  descr ibed 
(6,7), and is shown schemat ica l ly  in Fig. 1. The re-  
act ion takes  place in a round quar tz  tube, 170 cm long, 

�9 E l e c t r o c h e m i c a l  S oc i e ty  A c t i v e  M e m b e r .  
Key worus: CV~, oiemc~rics, infrared, insulator. 

wi th  an inside d iamete r  of 11.5 cm. The tube is hea ted  
wi th  a th ree-zone  furnace  (L indberg  Model 54677 
wi th  a Model  59754-A cont ro l le r ) .  Al l  deposit ions are  

I VENT X 

5-ZONE FURNACE 

11 111111 
I I 

PRESSURE 
SENSOR 

VENT X ROOTS / \ (  
PUMP 

1 I 
N2 B2H6 NH3 

EXHAUST 

] 

Fig. 1. Schematic diagram of the low pressure deposition reactor 
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made with a flat temperature  profile, •176 over the 
central  55 cm of the furnace. The ends of the quartz 
tube are sealed by O-rings in  water-cooled flanges. 
Silicon wafers stand vertically, perpendicular  to the 
gas flow, with a 5 mm spacing between adjacent  wafers. 
The total capacity is 1t0 wafers. The samples are loaded 
and unloaded at the gas inlet  end of the tube to avoid 
contaminat ion from solid products that  deposit at the 
exhaust. Diborane, ammonia,  and ni t rogen are indi-  
v idual ly  metered through calibrated rotameters and 
introduced into the reaction tube. Separate lines are 
used for the diborane and the ammonia  to prevent  the 
formation of solid compounds in the gas lines. The 
reduced pressure is obtained with a Roots pump 
(Leybold-Heraeus,  Model WS-250) backed by a me-  
chanical pump (Sargent-Welch,  Model 1397). The ex- 
haust  gases pass through a sma l l  furnace at 600~ to 
decompose any  boron hydrides before they reach the 
mechanical  pump. The pressure is measured with a 
capacitance manometer  (MKS Baratron, Type 222) 
located at the exhaust  end of the reaction tube. Valves 
are located at the inlet  and exhaust  of the reactor so 
gas samples can be taken to measure the reactant  
concentrations. 

In  a typical deposition, samples are loaded, the re-  
actor tube sealed, and the system evacuated to 0.002 
Torr. This pressure is main ta ined  for 10 rain whi]e the 
samples reach thermal  equil ibrium. During this time, 
the gases are allowed to flow through the rotameters 
to a vent. The deposition is started at the end of the 
warm-up  cycle by switching the gases from the vent  
to the reactor. Typical pressures dur ing the deposition 
are 0.3-0.5 Torr. At the end of the deposition, the 
gases are switched from the reactor to the vent, the 
reaction tube evacuated to 0.0'02 Torr  for 5 min, and 
then backfilled to atmospheric pressure with nitrogen. 

For comparisons, some samples have been prepared 
at atmospheric pressure at 650~ ~ using a radiant ly  
heated reactor (A model AMN-715 Nitrox reactor man-  
ufactured by Applied Materials, Incorporated).  The 
substrates are 75 mm diam silicon wafers, (100) ori-  
entation, phosphorus-doped, with a resistivity of 1-10 
rL-cm. Prior  to deposition, the samples are cleaned by 
a sequence of acidic and basic hydrogen peroxide so- 
lutions (8). The gases used are 15% diborane in ni t ro-  
gen or argon, electronic grade ammonia,  both obtained 
from Matheson Gas Products, Incorporated, and ni t ro-  
gen, obtained from a l iquid ni t rogen source. 

Fi lm thickness is measured by ell ipsometry (9), 
reflectance spectroscopy (10), or prism coupling (11). 
The film refractive index is measured by ell ipsometry 
at ~ = 0.5461 ~m (9), or by prism coupling at 

= 0.6328 ~m (11). F i lm stress is measured by sub-  
strafe bending using an optically levered laser beam 
to measure the radius of curvature.  Infrared spectra 
are measured with a Pe rk in -E lmer  Model 580 spectro- 
photometer using a bare silicon substrate in the ref-  
erence beam. 

Deposition 
The films are formed by reacting diborane and am- 

monia. Attempts  at determining the stoichiometry of 
the reaction by examining the composition of the gas 
leaving the reactor have not been successful. Inf rared 
spectra of the exhaust  gas shows the presence of un -  
reacted diborane plus other species, probably higher 
boranes. These gases are not observed when the re-  
action tempera ture  is above 550~ Many chemical re-  
actions appear to be taking place, and the complete 
system is very complex. 

The deposition rate of the solid film depends on the 
square root of the diborane partial  pressure (as shown 
in Fig. 2), is independent  of the ammonia  part ial  pres- 
sure (for ammonia  part ial  pressures between 0 and 
0.1 Torr) ,  and is independent  of the total pressure (at 
constant reactant  part ial  pressures).  This behavior dif- 
fers from that  observed for depositions at atmospheric 
pressure and at higher temperatures,  where the rate 

120 I I I I [ 

I00 ~oo 

o ~176  

.E'~ 80 o o o o o 
60 

rr- 

40 
2 

0 8 

2O 

0 I I I I I 
.05 .10 .15 .20 .25 .50 

( PB2H6, torr) l/z 

Fig. 2. Deposition rate vs. the square root of the diborane partial 
pressure for films deposited at 340~ the ammonia partial pres- 
sure varies from 0.001 to 0.1 Torr; the total pressure is 0.5 Torr. 

is higher (50-1000 A / m i n ) ,  is proport ional  to the di- 
borane concentration, and decreases with increasing 
ammonia  concentrat ion (1). 

The deposition rate is shown as a funct ion of tem- 
perature in  Fig. 3. At low temperatures,  the rate in -  
creases with increasing tempera ture  and an Arrhenius  
behavior is observed. The rate reaches a ma x i mum at 
about 430~ and then decreases rapidly with addit ional  
increases in temperature.  The decreasing rate results 
from depletion of reactants  (caused by reactions on 
the hot walls at the front  of the furnace)  which also 
causes the thickness uni formi ty  across a sample to 
degrade, as shown in Fig. 3. 

An  Arrhenius  plot is given in Fig. 4 showing data 
obtained at four different diborane part ial  pressures. 
The activation energies range from 20 to 26 kcal/mole, 
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Fig. 3. Deposition rate and thickness uniformity vs. the depo- 
sition temperature. Pressures are: diborane, 0205; ammonia, 0.006; 
total, 0.5 Tort. 
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Fig. 4. Arrhenius plot; the total pressure is 0.5 Torr; the NH3/ 
B2H6 ratio is 2. 

and a concentra t ion  dependence  is suggested. Such a 
behavior  is common for heterogeneous  reactions,  but  
fu r the r  in t e rp re t a t ion  has not  been a t t empted  due to 
the  lack  of de ta i led  kinet ic  informat ion.  

Film Properties 
Infrared.--An in f ra red  spec t rum of a film deposi ted 

at  340~ is shown in Fig. 5. The assignments,  which 
a re  tenta t ive ,  a re  suggested by  comparisons wi th  spec- 
t r a  for cyclic boron-n i t rogen  compounds (12-16), in 
addi t ion  to comparisons wi th  spec t ra  for  boron n i t r ide  
(1-3, 17, 18). The in f ra red  spec t rum is insensi t ive to 
var ia t ions  in the NHJB2H6 ra t io  in the reac tan t  gas 
(for  0.5 < NH3/B2H6 < 5). This suggests  tha t  the 
film is a compound wi th  a reasonably  wel l -def ined 
s to ichiometry  r a the r  than  a codeposited mixture .  Fi lms 
deposi ted at  low t empera tu re s  (250~176 have a 
s t rong B-N absorp t ion  at  1400-1415 c m - L  This f re -  
quency is h igher  than  the range  repor ted  for boron 
n i t r ide  (1315-1380 cm -1) (1, 17,18), and is s imi lar  
to the frequencies  r epor ted  for cyclic B-N compounds 
(1405-1440 c m - 1 )  (12, 13, 16). The B-H f requency  
(2510-2520 cm -~) and the NH2 frequencies  (1540-1545 
and 3210-3240 cm - I )  a re  s imi lar  to r epor ted  values  
(13-16). Thus the in f ra red  spectra  show tha t  the  
deposi ted  film contains boron and ni trogen,  poss ibly  
bonded in a r ing s tructure,  and also contains hydrogen  
bonded to the  boron (as BH) and bonded to the n i t ro-  

IOO I I I I I 
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Fig. S. Infrared spectrum of a boron nitride film deposited at 
340~ with NH3/B2H6 ~ 1.3. 

gen (as NH2). The weak  absorpt ion  at  3400 cm - I  m a y  
be NH or  may  be an OH impur i ty .  

The in f ra red  spec t rum is sensi t ive to the deposi t ion 
t e m p e r a t u r e  (Fig. 6). As the deposi t ion t empe ra tu r e  
increases,  the absorpt ions  assigned to the NH2 groups 
(at  3220 and 1540 cm - I )  qu ick ly  decrease  in in tens i ty  
and disappear .  In  addit ion,  the  BH absorpt ion  at  2500 
cm - I  decreases in in tens i ty  and even tua l ly  d isappears ;  
the  BN absorpt ion  at  1400 cm - I  shifts to lower  f re -  
quencies; and, two wel l -def ined  absorpt ions  appea r  
a t  about  780 and 880 cm - I .  The spec t rum in Fig. 6 
for the  ma te r i a l  deposi ted at  600~ is essent ia l ly  
ident ica l  to tha t  of boron n i t r ide  deposi ted at  600~ ( I ) .  

Structure and composition.raThe films are  amorphous  
as shown by e lec t ron diffract ion and t ransmiss ion elec-  
t ron  microscopy. The m a x i m u m  gra in  size, if  grains  
exist, is es t imated  to be less than  25A. Auger  spec t ro-  
scopy indicates  a boron to n i t rogen ra t io  of six for  
films deposi ted at  340~ wi th  NHJB2H6 grea te r  than  
0.5. Quant i ta t ive  measurements  of the hydrogen  con- 
ten t  a re  not avai lable .  The films appear  to have a 
composit ion of app rox ima te ly  B6NHx, where  x is a 
s t rong funct ion of the deposi t ion t empera tu re .  

Refractive index.--The ref rac t ive  index,  as shown 
in Fig. 7 and 8, depends  on the rat io  of reac tants  and 
on the deposi t ion tempera ture .  The refractive" index  
decreases r ap id ly  f rom about  3.4 to 2.3 as the NHJB2H6 
rat io increases f rom 0 to 0.5. F u r t h e r  increases in the  
NHJB2H6 rat io produce only  smal l  changes in the 
ref rac t ive  index. This is another  indicat ion tha t  the  
film composit ion is r e l a t ive ly  constant  for NH:3/B2H6 
rat ios grea te r  than 0.5. The t empera tu re  dependence  
shown in Fig. 8 is more complex.  The ref rac t ive  index 
increases with increasing deposi t ion t empera tu re ,  goes 
th rough  a broad  m a x i m u m  at about  400~ and then 
decreases wi th  fu r the r  increases in tempera ture .  For  
comparison,  boron n i t r ide  deposi ted at  a tmospher ic  
pressure  at  600~176 has a re f rac t ive  index be tween  
1.7 and 1.8, and decreases wi th  increas ing deposi t ion 
t empe ra tu r e  (1). The high temPera ture  da ta  in Fig. 8 
agree wi th  this behavior .  Po lycrys ta l l ine  boron n i t r ide  
films dePOsited at  600~176 using boron t r ich lor ide  

4000 5000 2000 1500 I000 500 200 

WAVENUMBER, cm-I 

Fig. 6. Percent transmittance for films deposited at different 
temperatures with NH3/B2H6 - -  1.3. 
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Fig. 7. Refractive index measured at ~ = 0.5461 ~m for films 
deposited at 340~ 
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Fig. 8. Refractive index measured at ~L - -  0.546i #m for films 
deposited with NH~/BgHe "- 1.3. 

have a slightly higher refractive index, 1.9-2.0 (4), 
while cubic boron ni tr ide has an index of 2.12 (19). 

Absorption coefficient.--The optical absorption in the 
ul t raviole t -vis ible  region (190-900 rim) has been mea-  
sured for samples deposited on fused silica disks. The 
max imum absorption occurs in the ul t raviolet  with a 
long tail  extending throughout  the visible (Fig. 9). 
Absorption coefficients have been calculated for a 
wavelength of 600 nm (considered as representat ive 
of the absorption in the visible region) and are plotted 
in  Fig. 10 and 11. The absorption coefficient is high 
when the NHJB2H6 ratio is zero, is near ly  constant 
when  NHJB2H6 > 0.5, and increases with increasing 
deposition temperature.  Plots of ~,/2 vs. E or a2E 2 vs. E, 
which have been used to measure the optical bandgap 
in boron ni t r ide films (1,4), cannot be used with 
the present  films because the curves are not linear. 
The absorption coefficients in Fig. 10 and 11 appear  
to be larger than those found for boron ni tr ide de- 
posited at high temperatures  (1), but  are similar  to 
those found for sputtered boron ni tr ide films (5). 
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Fig. 9. Absorption coefficient for films deposited at 340~ with 
NHa/B2Ho - -  1.3. 
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Fig. 10. Absorption coefficient at ~L ~ 0.6 #m for films deposited 
at 340~ 

Stress.--The film stress has been measured for dif- 
ferent  reactant  ratios and is shown in Fig. 12. The 
solid points are from films deposited at 340~ at re-  
duced pressure; the open points are from films de- 
posited at 700~ at atmospheric pressure. Films from 
both depositions have a tensile stress when the 
NH~/B2H~ ratio is less than about 0.3. At higher ratios, 
the film stress is compressive. The films deposited at 
reduced pressure at 340~ have a lower stress at all 
NH3/B2H6 ratios. 

Etch rate.--The films deposited at 290~176 are 
insoluble in wet etchants. Solutions that  have been 
investigated are: concentrated hydrofluoric acid, con- 
centrated phosphoric acid (25 ~ and 155~ 5M potas- 
sium hydroxide, buffered hydrofluoric acid, boiling 
water, aqua regia, and a mixture  of nitric, hydrofluoric, 
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Fig. 11. Absorption coefficient at ~, = 0.6 #m for films deposited 
with NH3/B2H6 - -  1.3: 

and acetic acids (5:1:1).  Etching is not observed in  
any  of these solutions. The m i n i m u m  detectable etch 
rate is about 0.2 A/min .  For comparison, the etch 
rate of boron ni tr ide films is 80 A / m i n  in phosphoric 
acid at 130~ (2), and 150 A / m i n  in phosphoric acid 
at 180~ (1). Although the films are insoluble in  
etching solutions, they are easily etched in a CF4-O2 
plasma with etch rates of approximately  3000 A/min.  
This is the same rate as observed for boron ni tr ide 
films (2). 

Step coverage.---Step coverage has been evaluated 
by depositing over metal  steps and examining  with a 
scanning electron microscope. In  addition, depositions 
have been made on wafers that  have grooves 50 ~m 
deep and 5 ~m wide etched in  the silicon. In  all  cases 
the depositions are conformal, as shown in  Fig. 13, 
even in the case of the very deep grooves. Step cover- 
age has been fur ther  invest igated by depositing films 
over wafers metal l ized with a luminum or with t i tan-  
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Fig. 12. Film stress vs.  the NHJB2H6 ratio; open points: films 
deposited at atmospheric pressure at 700~ closed points: films 
deposited at 0.5 Torr at 340~ 

Fig. 13. Scanning electron micrographs showing step coverage of 
films deposited at 340~ (A) over titanium-platinum-gold; (B) 
cross section showing deposition over very deep grooves etched in 
silicon. 

ium-pla t inum-gold ,  and then subject ing the samples 
to a metal  etch (hydrofluoric acid for the a luminum,  
and aqua regia for the gold). Pinholes, cracks, or 
incomplete step coverage are revealed by attack of 
the metal. No regions of attack have been observed, 
showing that  the step coverage is complete. 

Adhesion.--Quantitative measurements  of the film 
adhesion have not been made. General ly  the adhesion 
is satisfactory; peeling or cracking is not observed 
after etching pat terns in  a plasma, after various chem- 
ical treatments,  or after s tanding in room ambient  
for several months. In  addition, cracking of the film 
has not been observed for films over a luminum metal -  
lizations even after repeated tempera ture  cycling be-  
tween 25 ~ and 450~ Films deposited over gold metal -  
lizations show no signs of cracking after heating to 
350~ For both metallizations, cracking is evaluated 
by microscopic examinat ion before and after decora- 
tion of any cracks with a metal  etching solution. 

However, there are a few exceptions to the gen- 
erally good adhesion. Four  samples (from more than 
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one hundred)  have suffered adhesion Ioss after  s tand-  
ing for 3-6 months. In  one case, crystals (probably 
of boric acid) (1) have been observed on the film 
surface. Reasons for the adhesion loss on these four 
samples have not been determined. Auger analysis 
has detected oxygen in two of these films. This sug- 
gests that the adhesion loss may have been caused 
by a small  leak in the reactor. ,Cracking and loss of 
adhesion also occur  when the films on silicon substrates 
are annealed in steam at 2 a tm pressure and 125~ 
After 7 hr, cracking has siarted along the edge of 
the wafers. This cracking proceeds inward  unt i l  the 
entire film is cracked after about 24 hr. The film 
thickness, refractive index, and infrared spectrum are 
unchanged by the steam anneal.  It  appears that  the 
steam causes a reaction at the film-silicon interface 
leading to loss of adhesion and cracking, but  the film 
itself does not react with the steam. Loss of adhesion 
is also observed after samples are annealed in vacuum 
at temperatures  above 500~ The anneal ing causes 
loss of hydrogen (determined from the decrease in 
in tensi ty  of the BH and NH2 infrared absorptions) 
and causes changes in the BN bonds (the BN absorp- 
t ion shifts from 1400 to 1340 cm-1) .  A few days after 
the anneal,  the films start  to crack. This phenomenon 
is not observed for films annealed at temperatures  
below 500~ 

Defects.--Films thicker than 0.1 ~,m are pinhole-free 
as shown by the inabi l i ty  of acids to at tack metals 
( a luminum or gold) covered wi th  the film. The major  

film defects are small  round mounds or hillocks, which 
have been reported previously for films of boron 
nitr ide (1). The hillocks appear to have the same 
composition as the film and have a spherical shape 
(Fig. 14) ranging in size up to 1 ~m in diam. The 
formation of the hillocks is independent  of the sub- 
strate, independent  of the NHs/B2H6 ratio, and inde-  
pendent  of the diborane part ial  pressure; however, 
the hillock densi ty increases as the deposition tem- 
perature decreases. The cause of these hillocks and 
the mechanism of their  formation are not understood. 

Reproducibility.--An estimate of the deposition re-  
producibil i ty has been obtained by measur ing  monitors 
from 13 consecutive depositions. The means and the 
s tandard deviations are: thickness, 0.582 and 0.014 
~m; refractive index, 2.24 and 0.03; and stress, 0.05 
• 109 and 0.38 • 109 dynes /cm 2. The reproducibil i ty 
is very good. 

Other  Mater ia ls  
During this work other materials  have also been 

prepared and par t ia l ly  characterized. Depositions using 
diborane but  no ammonia  produce films containing 
boron and hydrogen, as shown by the BH infrared 
absorption at 2560 c m - L  These films have a metallic 
appearance, have a refractive index of about 3.4, have 
a strong optical absorption near 200 nm, and have a 
high tensile stress, 3 • 109 dynes/cm 2. Addit ion of 
acetylene instead of ammonia  gives films containihg 
boron, carbon, and hydrogen. These films are not sol- 
uble in acid solutions, are easily etched in a CF4-O2 
plasma, have a refractive index of 2.7, have infrared 
absorptions at 2555 cm -1 (BH) and 1105 cm -I ,  and 
have a low tensile stress. Boron nitr ide films have 
been prepared by reacting boron trichloride and am- 
monia at reduced pressure at 700~176 The films 
have a refractive index of 1.9-2.0 and have infrared 
absorptions a t  3430, 1350, and 790 cm -1. Crystals, 
probably of boric acid (1), form on the surface of 
these films wi th in  a few days. 

Summary 
Films of a boron-ni t rogen compound with a com- 

position of approximately  B~NH~ have been deposited 
at reduced pressure by reacting diborane and am- 
monia at 250~176 The thickness uniformity  and 
reproducibil i ty are wi thin  ___3% for films deposited 

Fig. 14. Hillocks in films deposited at 340~ over aluminum 
metallization: (A) SEM of the surface; (B) SEM showing a cross 
section. 

at 340~ Infrared spectra show that  the films contain 
boron and nitrogen, possibly bonded in a r ing struc-  
ture, and hydrogen bonded as BH, NH2, and possibly 
NH. The film properties are near ly  independent  of 
the ratio of reactants (for 0.5 < NHJB2H6 < 5), but  
are affected by the deposition temperature.  The film 
refractive i n d e x  is about 2.2 for films deposited at 
340~ The films have an absorption max imum in the 
ul traviolet  with a long tail extending throughout  the 
visible region. At 600 nm, the absorption coefficient is 
about 2.5 • 105 cm -1 and increases with increasing 
deposition temperature.  The films deposited in the 
reduced pressure reactor at 340~ have a lower stress 
than comparable films deposited at atmospheric pres-  
sure at 700~ For NHJB2H6 ratios greater than 0.3, 
the films have a low compressive stress (0 to 1 • 109 
dynes/cm2). The films are in tension for lower values 
of the NHJB2H~ ratio and reach a ma x i mum stress 
of about 3 • 109 dynes /cm 2 for NHJB2H~ ---- 0. The 
films are chemically inert, being insoluble in all 
etching solutions investigated. However, the films are 
easily etched in a CF4-O2 plasma with an etch rate of 
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3000 A/rain .  The step coverage is conformal  wi th  no 
pinholes  or  cracks,  and the adhesion is sat isfactory;  
al though,  adhesion problems  develop if samples  a re  
annea led  at  t empera tu re s  grea te r  than 500~ or a re  
hea ted  in s team at 125~ for severa l  hours. The ma jo r  
defects  a re  spher ica l  hi l locks ranging  in size up to 
1 t,m in diam. The hi l lock densi ty  decreases as the 
deposi t ion t empe ra tu r e  increases.  
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Hydrogen Profiles of Anodic Aluminum Oxide Films 
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ABSTRACT 

The 15N hydrogen  profi l ing technique is used to measure  hydrogen  concen- 
t ra t ion  profiles in a va r i e ty  of A1203 films inc luding  amorphous  anodie ba r r i e r  
films g rown in different  electrolytes ,  pseudoboehmite ,  and composite oxide  
films grown by react ion wi th  boil ing wa te r  fol lowed by  anodic oxidat ion.  
Hydrogen  profiles of the composite oxide films confirm tha t  the " re laxa t ion"  
which  causes a large  loss in field s t rength  resul ts  f rom pene t ra t ion  of wa te r  
deep into the oxide  film. Compar ison of our  resul ts  wi th  those obta ined  by  SIMS 
is made  where  the SIMS da ta  a re  avai lable .  

We have  used a nuc lear  reac t ion  technique to 
measure  hydrogen  concentra t ion vs. depth  in a rep-  
resenta t ive  group of a luminum oxide films including:  
amorphous  ba r r i e r  films grown in different  e lect rolytes  
(phosphate ,  ta r t ra te ,  g lyco l -bora te ) ,  pseudoboehmi te  
films fo rmed  by react ion of A1 wi th  boil ing water ,  
and composite  oxides g rown by react ion of A1 wi th  
wa te r  fol lowed by anodic oxidat ion.  Composite oxides 
were  examined  both before and af ter  a " re laxa t ion"  
(1), which causes an order  of magni tude  loss of field 
s trength.  This " re laxa t ion"  seems to be associated 
wi th  en t ry  of wa te r  deep into the ba r r i e r  oxide. Direct  
evidence for  wa te r  wi th in  the ba r r i e r  l aye r  had not  
been ava i lab le  before  the presen t  study.  

The presence of hydrogen  in the form of protons 
or  hyd roxy l  groups has been invoked  by severa l  
inves t iga tors  to expla in  the g rowth  and proper t ies  of 
anodic a luminum oxide films. Hoar  and Mott  (2) 
suggested that  porous A1203 growth  involved t r anspor t  

* E l ec t rochem i ca l  Society Ac t ive  Member. 
1 P r e s e n t  address :  D e p a r t m e n t  of Physics,  SUNY, Albany ,  New 

York 12222. 
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07974. 
Key words: dielectrics, nuclear reactions, oxidation, water. 

of oxygen as O H -  to the meta l  in ter face  coupled wi th  
a counterflow of H + to the solution; this idea was 
la te r  expanded  upon by  Hoar  and Yahalom (3). Heine 
and P ryo r  (4) proposed that  an observed increase 
in the a-c  conduct ivi ty  of the outer  por t ion  of ba r r i e r  
A1203 films was due to O H -  in this pa r t  of the film. 
A-C res is t iv i ty  profiles of anodic A1.~O3 films were  
ex tens ive ly  measured  by  Brock and Wood (5) who 
ascr ibed all  decreases in res is t iv i ty  to the presence of 
protons or  O H - .  No a t tempts  to measure  the hydrogen  
content  had ye t  been repor ted  and all  these authors  
seemed to consider  tha t  any  hydrogen  in the oxide was 
present  at  l ow  but  unspecified concentrations.  A r ad -  
ica l ly  different  proposal  came from Dorsey (6), who 
in te rp re ted  the in f ra red  spect ra  of in situ anodic 
a lumina  films as showing that  the ba r r i e r  l aye r  was 
an a lumina  t r ihydra te .  I t  was la te r  shown that  his 
conclusion was the resul t  of incorrect  in t e rp re ta t ion  
of the  spect ra  and that  anodic a lumina  films p repa red  
in boric acid e lec t ro ly te  contained no apprec iab le  
amount  of hyd roxy l  group (7). 

The in t roduct ion of secondary  ion mass spectroscopy 
(SIMS) provided  a new tool for the s tudy of oxide 
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composition, one that  could give information on com- 
position vs. depth. Dorsey compared SIMS spectra of 
gibbsite, boehmite, and anodic a lumina  formed in 2M 
boric acid and again concluded that  the anodic oxide 
was a t r ihydrate  (8). Since it is known that this oxide 
is not a trihydrate,  it  appears that  the interpreta t ion 
of SIMS data for analysis of oxides and hydroxides 
must  be done with great caution. More recently, SIMS 
has been used to measure hydrogen profiles of anodic 
A1208 films formed in tar t rate  electrolytes (9). Hydro-  
gen was detected throughout  the film, and the con- 
centrat ion depended upon the pH of the electrolyte. 

Because of the potential  difficulty in in terpre t ing 
SIMS data, we have used the 15N resonant  nuclear  
reaction technique (10) to measure hydrogen concen- 
t rat ion profiles in the anodic oxide films of the present 
study. While this is a relat ively new technique, it has 
a l ready been used to profile hydrogen in  thin t~lm 
insulators--s i l icon ni tr ide (11), semiconductors- -amor-  
phous SiHx (12), and superconductors~Nb~Ge (13), 
as well as in a var ie ty  of hydrated glasses (14). This 
technique uses a nuclear  reaction as a probe for 
hydrogen and, as a result, is inherent ly  a more 
quant i ta t ive  technique than those such as SIMS whose 
signal may be sensitive to poorly understood atomic 
or solid-state effects. Most importantly,  in the 15N 
hydrogen pro.filing technique the region of the sample 
being analyzed for hydrogen is not exposed to the 
atmosphere of the ins t rument  chamber. Hence, the 
procedure is much less susceptible to experimental  
artifacts than is the SIMS technique (9). Because 
this method is relat ively new and may not be famil iar  
to many  of the readers, we will briefly review it below. 
More detailed discussions of the method and its 
application are available in the l i terature  (10-14). 

The purpose of this study was to see what  could 
be deduced about oxide film structure and comDosition 
from H profile measurements  by nuclear  reaction and 
to learn about the advantages and l imitations of 
the technique. The in tent  was to survey a range of 
film types ra ther  than study part icular  films in detail. 
Since the only reported H profiles are for films formed 
at several pH values in tar t rate  electrolyte (8), we 
put  some emphasis on the analysis of similar films. 

Exper imental  
Sample  preparation.--99.99% A1 foil was cut into 

20 cm 2 coupons and chemically polished in a mixture  
of 15 parts 70% HNO8 4- 85 parts 85% H~PO4 for 2 
min  at 85~ The foil specimen was then immersed in 
st irred 1M NaOH for 10 min  at room temperature  
to remove the polishing film. 

Anodic oxide films were formed on these foils in 
the following ways: 

1. At 1 m A / c m  2, 95~ in  1.4 g/ l i ter  NHtH.2PO4 to 
150V. 

2. At 1 m A / c m  ~, 25~ in ethylene glycol containing 
17% ammonium pentaborate  to 150V. 

3. At 1 m A / c m  2, 25~ in 30 g/ l i ter  ammonium tar -  
irate. Two sets of specimens were prepared.' The first 
set was anodized to 60V at pH 4.26, 6.73, 9.08 and the 
second was anodized to 150V at pH 3.98, 6.27, 9.21. 

4. By immersion of the specimen in boiling distilled 
water for 5 min  to form a hydrous oxide film, followed 
by anodization ("formation") in 100 g/ l i ter  boric 
acid 4- 0.9 ml / l i t e r  30% NI-I4OH at  95~ The formation 
was first at 1 mA/cm 2 to 220V and then at constant 
voltage unt i l  the current  decayed to 25 ~A/cm 2. 

Procedure 4 gives a composite oxide film in which 
a largely crystal l ine bar r ie r  oxide layer forms between 
the A1 substrate and the outer hydrous oxide (15). 
While there had been no direct evidence for water  
in these films, the barr ier  oxide layer contains voids 
and it has been suggested that  these can become filled 
with water  on open circuit in a nonaggressive electro- 
lyte resul t ing in "relaxation" (1). To verify this, a 
composite oxide specimen was examined for hydrogen 

both before and after a relaxat ion in ,~0.2M Na2CO3 
at ~35~ for 10 min. 

A second anodization (reformation) after a re laxa-  
t ion appears to fill the barr ier  layer voids with oxide 
(15). A foil which had been formed and relaxed was 
stabilized by a "reformation" at 25 ~A/cm 2 to 220V 
in  the boric acid electrolyte. This foil was also ex- 
amined for hydrogen content,  

Measurement  05 H conten t . - -The  I~N hydrogen pro- 
filing technique (10) makes use of a nar row isolated 
resonance in the nuclear  reaction 15N 4- 1H ~ 12C 
4- 4He 4- 4.43 MeV gamma ray. The method is shown 
schematically in  Fig. 1. Because this is a resonance 
reaction, there is a large probabi l i ty  for this reaction 
to take place only when  the relative energy of the 
I~N and 1H is at the resonance energy. To use this 
reaction as a probe for hydrogen, the sample to be 
analyzed is bombarded with 15N and the yield of the 
characteristic 4.43 MeV gamma rays is measured. If 
the 15N is at the resonance energy, the yield of 
characteristic gamma rays is proport ional  to hydrogen 
on the surface of the sample. If the energy of the I~N 
is raised above the resonance energy, there are essen- 
t ial ly no reactions with hydrogen on the surface of 
the sample because the energy is too high. However, 
as the I~N ions penetrate  the sample, they lose energy 
and reach the resonance energy at some depth. Now 
the yield of gamma rays is proportional to hydrogen 
at this depth. Hence, by measur ing the yield of 4.43 
MeV gamma rays vs. ~N energy, the hydrogen con- 
centrat ion vs. depth is determined. See Fig. 1. Fur ther  
discussions of this technique and its application are 
available in the l i terature (10-14). 

The sensit ivity of the ~N hydrogen profiling tech- 
nique is determined by the amount  of ~SN beam 
incident  on the sample. In  the present  study, each 
data point  required on the order of t00 sec of beam 
which resulted in a sensit ivity l imit  of 1 X 1020 atoms 
cm -8. The beam spot on the specimen was typically 
a few mm in diameter. The depth resolution near 
the surface of the sample is determined by the ratio 
of the width of the resonance over the rate of energy 
loss of the I~N beam (dE /dx ) .  For A1208 this depth 
resolution is 3 nm. However, as discussed below, the 
practical depth resolution for several of the films used 
in the present  s tudy is l imited by the ra ther  non -  
uniform outer layer  of hydrous a luminum oxide. 

The chamber used to measure the hydrogen profiles 
is shown schematically in Fig. 2. The samples to be 
analyzed were mounted on a "sample wheel" which 
could be remotely positioned and rotated to change 
samples. The 15N beam is incident  from the right and 
the gamma rays are detected by a sodium iodide de- 
tector placed directly behind the samples. No oil 
pumps are used in order to minimize hydrocarbon 
surface contaminations.  Instead, the vacuum system is 
pumped only by ion pumps and l iquid ni t rogen cold 

E _> EF~ E 

15 N 

BEAM 

SAMPLE 

Fig. 1. A schematic representation of the 15N hydrogen profiling 
method. Because of the narrow resonance at 6385 keV, the 
measured gamma ray yield is proportional to hydrogen content at 
a specific depth into the sample. 
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Table II. H concentrations in phosphate and glycol-borate 150V 
films 

C~ (10 ~~ a toms  em -s) 
Dep th  ( n m )  Phosphate  Glycol-borate 

[ I I ~ ]  17 4.3 4.5 
37 2.6 <1 
56 2.8 1.4 

Variable 75 < i  < 1  
Apertures 

Fig. 2. A schematic representation of the experimental chamber 
used to measure hydrogen profiles. 

traps. The vacuum is typical ly 10 -8 Tort.  The amount  
of 15N beam incident  on the samples is monitored 
by measur ing the electrical current  deposited on the 
target  by the ZSN beam. 

Determination ol H profile.--The depth at which the 
ZSN reaches the resonance energy is given by 

depth ---- (E -- Eres) / (dE/dx) 

where Eres is the resonance energy, 6.385 MeV, and 
dE/dx is the gradient  of energy loss of the 15N ions. 
The la t ter  quant i ty  was calculated (16) from the 
Northcliffe and Schill ing stopping powers corrected 
for "Z2 oscillations." The stopping powers were 7.31 
M e V . m g - l . c m  2 for A120.~ and 8.34 MeV.mg-~ .cm 2 for 
pseudoboehmite (A1OOH.1/2 H.~O). Table l ( a )  shows 
the energy loss rates in units  of MeV ;~m -1 for the 
films used in this work. Each of the amorphous barr ier  
films was assumed to have the same density as that 
found for glycol-borate films (17). 

The hydrogen concentrat ion (CH) is given by 

CH = (constant)  (gamma ray yield/~C) (dE/dx) 

where the constant  depends only on the resonant  
cross section and detector efficiency. For our system 

CH(atoms cm -a)  ---- (3.8 X 1019) 

(counts per 0.4 ~C) (dE/dx) 

This cal ibrat ion had been previously established and 
is accurate to bet ter  than 10% (10, 18). 

Total film thickness was estimated from reported 
values for films formed under  similar  conditions. These 
values are listed in Table I (b).  

Results and Discussion 
Amorphous barrier layers.--Phosphate and glycol- 

borate ]ilms.--Hydrogen concentrat ions at several 
depths are shown in Table II; for comparison consider 
that  the oxide consists of ~2  X 1022 A120~ units  cm -3. 
Both films have a surface region that is enriched in  

Table I. Film properties 

dE/dx  
p (g  (MeV 

a. Densi ty  and e n e r g y  loss cm -~) Ref. p,m -J) 

A m o r p h o u s  b a r r i e r  AI~O~ 3.17 (17) 2.32 
Crysta l l ine  b a r r i e r  Al,~Oa 3.65 (15) 2.67 
Crysta l l ine  b a r r i e r  AlcOa 

( a f t e r  r e f o r m a t i o n )  3.82 (15) 2.79 
P s e u d o b o e h m i t e  2.44 (19) 2,03 

b. Tota l  fi lm th ickness  Thick- 
F i lm ness  (rim) Ref. 

150V phospha te  210 (20) 
150V glycol-borate  170 (17) 
60V t a r t r a t e  70 (5) 

150V t a r t r a t e  175 (5) 
Z20V compos i te  ba r r i e~  220 ( t5)  

hydrogen and, to a depth of about 60 rim, the phosphate 
film contains more hydrogen than the G-B film. The 
highest H concentrat ion in both films is about one 
H atom for every fifty A12Oa units. These films were 
not examined for hydrogen at depths greater than  
75 nm but  from the results obtained it seems l ikely 
that  the remainder  of the films contained less than  
1 X 102o H atoms cm -3. To offer another  frame of 
reference, this concentrat ion is equiva lent  to 0.04 
weight percent  (w/o) H20 if the H were present  as 
H20. Quite clearly, hydrogen is a trace const i tuent  
in  these films. 

Randall  and Bernard (21) have measured the phos- 
phorous content  of anodic A1203 films formed in phos- 
phate electrolytes. In  the outer .-75% of the film 
there was a uni form concentrat ion that  depended only 
slightly on part icular  anodizing conditions and was 
independent  of total film thickness. From their  data 
for anodizations in 10-2M NaH2PO4 at 98~ we 
calculated a phosphorus concentrat ion in the outer 
layer of 1.2 X 1021 atoms cm-~. This is more than four  
times the hydrogen concentrat ion we have observed 
in a similar  film, so it is l ikely that  the incorporat ion 
of hydrogen and phosphorus are independent  proc- 
esses and not  the result  of HPO42- or H2PO4- in -  
corporation. 

Tartrate films.--These films formed at less than 100% 
current  efficiency at all pH. Brock and Wood (5) 
estimated the current  efficiency of film formation in 
3% ammonium tar t rate  from dV/dt  measurements.  
We made similar  estimates, based on dV/dt  for the 
G-B anodization which is 100% efficient. Their  results 
at 0.1 and 10 mA / c m 2 compare in this way with our 
results at 1.0 mA/cm2: 

Current efficiency (%) 

p i t  0.1 1,0 10 

60V ]50V 

4-5 24 74 68 83 
6-7 29 72 72 99 
9 19 22 75 76 

These figures are the percent  of the total charge used 
for barr ier  oxide deposition. There was no significant 
gas evolution from the A1 dur ing anodization, so the 
balance of the charge presumably  was used for A1 
dissolution. 

Specimen capacitance was independent  of pH. The 
60V films had a capacitance in the range 2.16-2.22 ~F 
and the 150V films were in  the range 0.888-0.901 ~F. 
From this we infer  that  the barr ier  layer thickness 
was independent  of pH. 

The hydrogen concentrations found in these films 
are summarized in Table IIl. The 150V pH 4 film was 
similar to the phosphate film. The high hydrogen 
concentrat ion at a depth of 9 nm may not be a t rue 
measure of the concentrat ion at that depth, bu t  could 
be an artis of surface contaminat ion and surface 
roughness. Compared with the 150V pH 4 film, the 
60V pH 4 and pH 7 films had 3-4 times higher hydro-  
gen content  throughout  their  thickness of about  70 
rim. We do not know if the lower hydrogen content  
in the interior  of the 150V pH 4 film as compared 
with the 60V pH 4 film is a t rue effect of film growth 
or mere ly  due to specimen variation. 
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Table III. H concentrations in tartrate films 

a. 60V films CH (10 ~o atoms cm -~) 
Depth  (nm) pH 4.3 pH 7.1 pH 9.1 

17 7.1 4.2 115-132 
37 - -  - -  36-100 
56 9.9 6.7 28 
75 < 1  1.0 10 
94 <1 <i 3.0 

114 -- -- 2.5 

b. 150V films" C~ (10 s~ atoms cm -8) 
Depth  (nm) pH 4.0 pH 6.3 pH 9.2 

9 42 407-670 250-460 
17 5.9 202-282 84-247 
26 2.0 45-121 6-17 
39 2.7 1.7-15.6 <I 
83 2.4 3.8 1.7 

�9 See Fig. 8. 

T h e  60V pH 9 film had a surface layer  great ly  
enr iched in hydrogen. Repeated measurements  at the 
same point in the film showed an apparent  decrease 
of H with  t ime indicating the ion beam was causing 
some of the hydrogen to be lost f rom the film. This 
behavior  may  be indicat ive of very  weak ly  bound 
hydrogen, e.g., as molecular  water,  which can be 
lost to the vacuum system. At  greater  beam penet ra-  
tion the H con ten t  fell  to flow values typical of the 
other  amorphous barr ie r  films; but  this occurred at 
apparent  film depths of 94-114 nm. Since the barr ier  
layer  thickness appears to be about 70 nm for all 
the 60V films (based on capac i tance) ,  it seems l ikely 
that  the pH 9 film had a nonbarr ie r  deposit  on top of 
the barr ie r  film. 

Because o f  the ease wi th  which hydrogen appeared 
to be lost f rom this surface, the 150V films were  ana-  
lyzed several  t imes at each I~N beam energy and 
reposit ioned for each increase in beam energy to 
expose a fresh area. The outer  par t  of the pH 9 film 
had a ve ry  high H content  that  var ied  during the 
analysis in the same way as the 60V pH 9 film. The 
15OV pH 6 film exhibi ted the same behavior  and it  
seems that  both films can be described as having 
H-r ich  nonbarr ier  deposits on their  outer  surface. 
All the 15OV film analyses are shown in Fig. 3. 

The 150V films were  stripped from the metal  sub= 
strate and examined by transmission electron micros= 
copy. The pH 9 film showed dark patches ar ranged 
in a l inear  pa t te rn  [Fig. 4 (a ) ] ,  and at high mag-  
nification a high density of fine pores was seen [Fig. 
4 (b) ] .  The pH 6 film had about the same density of 
l inear  patches but  no porosity was evident. The pH 4 
film had dark patches on some areas but  much of 
the film was f ree  of this feature.  The patches may  be 
AI (OH)~ precipi ta ted from solution onto barr ie r  oxide. 
The patches and porous oxide are cer ta inly not char= 
acteristic of bar r ie r  oxide and it seems l ikely that  
they are the H-r ich  outer  regions. Other surface re= 
gions may also be H-r ich  but free of dist inctive struc= 
tural  features. 

~ i 'E I ~dJ p H = 6 , 2 7  p H = 3 , 9 8  I pH=9,21 

I I 

~-..~ 
c 0 - - 5 0 0  = I000 % ) 500 DO0 ~ 0 5O0 

D E P T H  ( n m )  

Fig. 3. Hydrogen profiles of 150V anodic Al203 films formed in 
tartrate electrolytes at different pH. The cross-hatched area indi- 
cates the range over which the hydrogen content decreased during 
the analysis at a given depth. See text. 

Fig. 4. Transmission electron mlcrographs of 150V pH 9 tartrate 
film at (a) 8,000X and (b) 75,000X magnification. 

SIMS analysis of 60V tar t ra te  films (8) also in-  
dicated an increase in film thickness at alkaline pH, 
but the profile of H-conta in ing species was re la t ive ly  
flat across the layer  formed at pH 9.9. Only at pH 
10.6 was the outer film enriched in hydrogen, but the 
difference be tween surface and barr ier  oxide concen- 
trations was no more than fivefold, far  less than the 
hundredfold  difference determined f rom nuclear  res- 
onance. 

It is difficult to make a critical comparison of the 
two analyt ical  techniques from these data because 
films formed in ta r t ra te  tend to be complex and per -  
haps difficult to reproduce. For example,  Brock and 
Wood (5) observed ~109 pores cm -2 in films formed 
at  pH 5, w h e r e a s  we saw no pores in films formed 
at pH 4 or pH 6. Brock and Wood observed a decreased 
a-c  resist ivi ty in the surface region of films formed 
at pH 7, 10 mA/cm~, but Richardson, Wood, and Breen 
(22) saw no unusual  resis t ivi ty change with films 
formed and measured at presumably  identical  condi- 
tions. Finally,  in this present work we have the 
example  of a 60V pH 7 barr ier  film growing at 22% 
current  efficiency whereas a 150V film grew at 75% 
efficiency. A suitable comparison of the two techniques 
could only be done by making  the measurements  on 
the same specimens. 
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Hydrous oo~ide fi~ms.--The reaction of a luminum with 
boil ing water  produces a film of pseudoboehmite, a 
poorly crystallized form of boehmite (7-A1OOH) con- 
ta in ing excess water. The film typical ly has a com- 
position of A1203.2.1 H~O, a specific density of 2.44 g 
cm -3 (19), and a duplex s t ructure  consisting of a 
dense inner  layer  and a porous fibrillar outer layer  
(23). 

A1 foil specimens were reacted with boil ing water  
for either 5 or 30 min  and, from the weight gain and 
previous thickness measurements  on similar  films (23), 
we est imated the s t ructure  to be the following: 

Reaction A v g  
t ime film wt. 

(min )  ( /eg/cm -~ ) 

Th ickness  (nm) 

I n n e r  Ou te r  

5 64.8 100 2'00-300 
30 ,107.2 220 300 

The H-profiles of these samples are shown in Fig. 
5 and 6. 

Before examining  the profiles it will  be helpful 
to first consider the effect of the film structure on 
the results. As the ZSN beam passes through the 
porous layer  it loses energy only when  in  the solid 
phase, so it will  always reach the resonance energy 
wi th in  the solid, and  the correct value of dE/dx for 
calculat ing CH is the local energy loss, which i s  the 
value shown for pseudoboehmite in Table I. Thus, 
the CH values calculated for the porous layer  Will 
be specific concentrat ions for the solid phase in  that 
layer  and not bulk  concentrations. Based on these 
same considerations, it can be seen that this profiling 
technique does not give the t rue thickness of the 
porous layer  but  will  give a thickness equivalent  to 
the weight and the specific density of pseudoboehmite. 
In  other words, this technique does not dist inguish 
be tween a porous s t ructure  and a dense s t ructure  if 
the solid phase in the two structures has the same 
composition and density. 

i i i i 
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Fig. 5. The distribution of hydrogen in the surface film formed on 
AI during a 5 min reaction with boiling water. Results with two 
specimens are showm 
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Fig. 6. The distribution of hydrogen in the surface film formed 
on AI during a 30 rain reaction with bailing water. 

Figures 5 and 6 show that  the hydrogen content  
of the pseudoboehmite films was 4-5 X 10 ~2 atoms 
cm-~. This is in  excellent agreement  with the figure 
of 4.5 X 1022 calculated from the average film com- 
position and a specific density of 2.44 g cm -3 (19). 

The H-profiles show a gradual  decrease towards 
the metal  surface whereas micrographs of film cross 
sections show this interface to be quite sharp (23). 
We th ink this tail is due to the effect of the rough, 
uneven  texture  of the outer film surface. Surfaces of 
constant  15N beam energy will approximately follow 
the contour of the outer surface. As the beam energy 
is increased so that  the resonance reaction occurs 
deeper in the film, a point  is reached where for par t  
of the specimen surface the resonance energy level 
is wi thin  the metal  ra ther  than the film. This marks  
the beginning of the tail, and fur ther  increase in  beam 
energy increases the fraction of metal  at the resonance 
energy. 

The half -height  of the tail  gives an estimate of 
the position of the oxide-metal  interface. Since the 
corresponding film thickness is for a layer free of 
porosity, we can compare the weight of pseudoboeh- 
mite calculated from this thickness wi th  the actual  
film weight. For  the 5 min  boil films the average 
apparent  thickness is 226 rim, and for the 30 min  
film it is 358 nm. The corresponding film weights are 
55 and 87 ~g/cm 2, which are 15-20% lower than  the 
measured values given earlier. 

Thus, the rough porous na ture  of the outer film 
does not hinder  an accurate measure of the H con- 
centrat ion of the film material,  but  it does effectively 
degrade the depth resolution for measurements  inside 
the sample. 

Composite oxide layers.--The H-profiles of 220V 
composite oxide films, before and after a relaxation, 
are shown in Fig. 7. The abscissa is presented as 
beam energy rather  than a calculated depth. 

For  these films the pseudoboehmite tail extends 
into the barr ier  oxide and from the beam energy at 
half-height  an apparent  thickness of 167 nm was 
calculated for the hydrous oxide. This is about  60 n m  
less than the ini t ial  thickness because some of the 
hydrous oxide loses water  and is converted to bar r ie r  
A1203 (23, 24). From data reported for a 5 min  boil 
-}- 175V composite oxide (24), it was calculated that  
70 nm of pseudoboehmite was transformed, in  reason- 
able agreement  with these results. 

No informat ion can be obtained about  H content  
in  the barr ier  oxide close to the hydrous oxide. At 
greater depths CH drops to a steady value in the 
range 2-3.5 X 1020 atoms cm -8 for the specimen that  
was not relaxed. This is the same concentrat ion as 
in  the amorphous barr ier  oxides Tables II and III) ;  

i 
�9 d=167nm d=320 nrn d=382nm 

\ . . . .  ; 7 \  

! 

E15N j M e V  

Fig. 7. The distribution of hydrogen in the composite films formed 
by 5 rain reaction with boiling water and then anodizing to 220V. 
The hydrogen profiles are given both before ( l l )  and after ( e )  
inducing the "relaxation." 



410 J. E[ectrochem. Soc.: S O L I D - S T A T E  SCIE N CE  A N D  T E C H N O L O G Y  February 1980 

al though the composite ba r r i e r  l ayer  is c rys ta l l ine  
~'-A12Oz. 

Af te r  a r e laxa t ion  there  was a wel l -def ined peak  
centered  at 153 nm f rom the h y d r o u s / b a r r i e r  interface.  
(This depth  was calcula ted using the dE/dx for  c rys-  
ta l l ine  ba r r i e r  oxide shown in Table  I and the ha l f -  
height  beam energy  of 6.74 MeV as the reference  
plane.)  The peak  region is shown more  c lear ly  in 
Fig. 8. The peak  wid th  is b roadened  because of the 
spat ia l  d is t r ibut ion  of beam energy  caused by  outer  
surface roughness.  The in t eg ra ted  area  under  the 
peak  (which is not affected by  the  surface roughness)  
corresponds to ~2.7 • 10 TM atoms cm-2.  A re format ion  
removed the peak  but  lef t  a res idual  hydrogen  con- 
tent  s l ight ly  h igher  than  in the film af te r  formation.  
See Fig. 8. 

The H-profi le  did  not define the ba r r i e r  ox ide /me ta l  
in ter face  because  hydrogen  was sti l l  de tec ted  at 
depths that  must  have been well  wi th in  the metal .  
Fo r  example ,  e l l ipsometr ic  measurements  have  shown 
this ba r r i e r  l ayer  thickness to be 215 nm (15) and 
this was used in Fig. 7 to del ineate  the ox ide /me ta l  
interface.  Wi th  the r e fo rmed  specimen, Cn of 4.1 and 
3.7 • 1020 atoms cm -8 were  measured  at  beam energies 
of 7.43 and 7.65 MeV, and f rom the scale in Fig. 7 
i t  can be seen tha t  the resonance energy must  have 
been wi th in  the  metal .  This s i tuat ion did not arise 
wi th  the amorphous  ba r r i e r  films where  at  beam pen-  
e t ra t ions g rea te r  than  the oxide thickness the gamma 
ray  yie ld  dropped  to the background  level.  This 
phenomenon may  be due to p re fe ren t ia l  hydra t ion  
along gra in  boundar ies  and at  impur i t y  sites dur ing  
the boi l ing wa te r  reaction.  

These resul ts  are  in excel len t  ag reement  wi th  a 
proposed model  of A lwi t t  and Dyer  (1) that  explains  
the electr ical  ins tabi l i ty  that  accompanies  r e l axa t ion  
as the resul t  of pene t ra t ion  of wa te r  into voids deep 
wi th in  the  ba r r i e r  oxide, while  re format ion  subse-  
quent ly  fills the voids wi th  anodic oxide and consumes 
the water .  The H-profi les  presented  here  are  the first 
di rect  evidence for wa te r  pene t ra t ion  and accumula-  
t ion in the ba r r i e r  layer .  

The area  under  the  H peak  corresponds to 0.4 ~g 
cm -2 H20 in the film, which compares  wi th  0.6-1.5 
;~g cm -2 ca lcula ted  from re format ion  charge w i t h  
the assumpt ion that  the  void volume occupied by  the 
re format ion  oxide had been comple te ly  filled wi th  
water .  Most of the reformat ion  charge is consumed 
at low voltage,  so i t  was in fe r red  that  the wa te r  
accumula ted  near  to the  meta l  interface,  in the lower  
,-,30% of the ba r r i e r  l aye r  (1). This locat ion of the 
voids is suppor ted  by  the presen t  results.  

Summary 
The 15N nuclear  resonance react ion can be used to 

measure  H in A1208 at  levels as low as 1 X 102~ a tom 
cm -z.  The method eas i ly  gives quant i ta t ive  resul ts  
accura te  to 10% and, because i t  measures  H inside 
solids wi thout  the remova l  of the surface, it  is free 
of ambien t  contaminat ion  effects. 

? 
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l I I - ' - m  

1 0 0  1 5 0  2 0 0  

DEPTH BELOW BARRIER/HYDROUS INTERFACE Inrn), 

Fig. 8. Same specimen as in Fig. 7 but showing details of H- 
content in peak region; as formed (11), after inducing "relaxation" 
(0) ,  and after reanodization (A). 

Ord ina ry  amorphous  anodic oxides, such as films 
formed in phosphate  or  g lyco l -bora te  electrolytes ,  
contain only t race amounts  of hydrogen.  The G-B  
film h a d  the lowest  H content,  but  addi t ional  measure -  
ments  would  have to be made to test the significance 
of the connection be tween  H content  of the film and 
wa te r  content  of the anodizat ion electrolyte .  

F i lms  formed in t a r t r a t e  e lect rolytes  tended to have 
H- r i ch  surface deposits,  p re sumab ly  containing p re -  
c ipi ta ted AI(OH)8.  The deposits  had no effect on the 
ba r r i e r  l ayer  and were  not  detected by  e lect r ica l  
measurements .  These solutions have been used by  
different  invest igators  to produce anodic oxides whose 
proper t ies  a re  then s tudied and presented  as perhaps  
being typical  of the genera l  class of anodic A1203 
layers.  The tendency to prec ip i ta t ion  f rom solut ion 
and incipient  poros i ty  suggests tha t  caution should 
be exercised in using these films, as only  layers  
formed at  100% cur ren t  efficiency can be free of 
these effects. 

There  is a p rob lem wi th  depth  measuremen t  in 
films that  are  not  compact  and of un i form thickness.  
This was i l lus t ra ted  by  the pseudoboehmite  film, 
where  the rough outer  l aye r  in t roduced an energy 
dispers ion that  was present  th roughout  the specimen 
thickness.  Even so, i t  was possible to l ea rn  that  there  
is only  a smal l  var ia t ion  in composit ion throughout  
the film. 

The H-profi les  of the composite oxides gave deta i led  
informat ion  on the composit ion of a ve ry  complex 
s t ruc ture  and prov ided  the first di rect  expe r imen ta l  
evidence ver i fy ing  previous  ideas about  the cause 
of field s t rength  ins tab i l i ty  of the ba r r i e r  layer .  
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Nonsimultaneous Place Exchange: A Microscopic 
High Field Transport Mechanism in Solids 

A. T. Fromhold, Jr.* 
Department ol Physics, Auburn University, Auburn, A~abama 36830 

ABSTRACT 

A nonsimul taneous  place-exchange mechanism is postulated whereby  ionic 
motion takes place by means of e lemental  excitations labeled "hopons." A hopon 
i s  defined to be the thermal ly  activated electric field-modified motion of a 
localized place exchange between oppositely charged ionic consti tuents in  a 
compound. The vi r tual  defect associated with hopon motion is considered to be 
a highly localized disturbance which jumps statistically wi th  t ime from 
place to place in  the medium, al though in certain cases it  may be a somewhat  
mor~, extended wavelike dis turbance which propagates with a finite velocity 
thrffu~gh the medium. These two possibilities are referred to respectively as  
"noncollective" and "collective" hopon t ranspor t  mechanisms. Some of t h e  
ramifications of hopons for the formation of anodic oxides on metals are 
examined, including consideration of where the new oxide layers are formed, 
the relat ive t ranspor t  numbers  for anions and cations through the oxide, t h e  
preservat ion of microscopic order in the anion and the cation sublattices in  
the oxide, and the energies and the kinetics for anodic oxide growth. 

The classic mechanisms which have been proposed 
for ionic t ransport  through insulators involve the con- 
cepts of lattice vacancies or ion interst i t ials  (1-6). For 
metal  oxides and similar  compounds such as the alkali  
halides, the lattice vacancies or interst i t ials  may in-  
volve either the cation species or the anion species, 
or both, depending on the system. As one example, in 
the superionic conductor ~-AgI it has been concluded 
that  ionic t ransport  occurs pr imar i ly  by the motion of 
silver ions in an essentially perfect anion lattice (7). 

Other types of point defect motion have also been 
postulated in the l i terature.  For example, Seitz (8) 
envisioned t ransport  in metals by a lattice imperfec-  
tion motion termed an interst i t ialcy that is the inverse 
counterpar t  of a lattice vacancy. Such motion occurs 
when an interst i t ial  atom jumps into a normal  lattice 
site while s imul taneously  forcing the atom which is 
there into a neighboring interst i t ial  site. The activa- 
t ion energy for this type of motion was estimated to 
be less than that  required for the simple hopping of 
interst i t ials  between neighboring interst i t ial  sites. 
Weber and Fr iauf  (9) have interpreted their radioac- 
t ive tracer data on the diffusion of Ag in single crys- 
tals of AgC1 in terms of the interst i t ialcy motion of 
Ag. 

Zener (10) also put forth a novel idea for diffusion 
in metals, namely,  the s imultaneous rotat ion of several 
metal atoms. This has been termed the "ring" mech- 
anism. 

For independent  thermal ly  activated motion of ca- 
tion or anion species by any of the above mechanisms, 
a small  difference in activation energies between pos- 
sible mechanisms leads to the prediction of large dif- 
ferences in the mobilities. This leads to the conclusion 
that  the relat ive t ransport  numbers  for cations and 

* Electrochemical Society Active Member. 
Key words: transport, mobility, diffusion, anodization, oxidation. 

anions should be near ly  0 and 1, or else 1 and 0, as  t h e  
case may be. (For example, activation energies of 1.0 
and 1.1 eV lead to Boltzmann probabi l i ty  factors of 
1.58 X 10 -17 and 3.30 • 10 -19 at a tempera ture  of 
300~ so the corresponding diffusion coefficients will 
differ by a factor of 48.) 

Although the independent  motion of point d e f e c t  
species is, without  doubt, a viable concept, there is 
exper imental  evidence that for par t icular  systems some 
other mechanism may be more important.  For example, 
t ransport  numbers  for cations and anions are some- 
times found to be of the same order of magnitude,  
despite the high improbabi l i ty  that  the vast ly different 
sized and chemically unl ike  components would have 
essentially the same activation energy for motion 
through the medium. One example is the anodic growth 
of Ta205 on parent  t an ta lum metal, for which Pringle  
(11) finds by means of marker  experiments  uti l izing 
radioactive noble gases that  the t ransport  numbers  of 
the cation species and the anion species are 024 and 
0.76, respectively. One is forced by such exper imental  
results to search for some mechanism involving a cor- 
related motion of cations and anions through the lattice. 

One concept of a correlated motion of cations and 
anions has been proposed by Sato and Cohen (12) to 
explain their  exper imental  observations of logarithmic 
growth of anodic oxide films on iron. The Sato-Cohen 
mechanism is based on the earl ier  place-exchange 
concept of Lanyon and Trapnel l  (13) for a permuta t ion  
of cation and anion positions in a dipolar surface layer  
as i l lustrated in Fig. 1. Sato and Cohen visualized 
simultaneous place exchanges of this type along an 
entire line of atoms extending through a th ree -d imen-  
sional layer. Their  development  involves the relative 
probabi l i ty  for the s imultaneous flipping of all elec- 
tric dipoles extending through the layer. The activa- 
tion energy for individual  place-exchange events  d e -  
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f:ig. i .  Place exchange representing a p.~rmutation of cation and 
anion positions in a dipolar surface layer. (a) Before place ex- 
change. (b) Configuration after place exchange. 
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duced by comparison of this model with the experi-  
menta l  data was about  3.5 kcal/mole,  or equivalently,  
0.15 eV. Brusid (14) has pointed out that  this is prob-  
ably too low by  about an order of magnitude.  

I t  recent ly occurred to me (15) that  there is an al-  
ternat ive  to the simultaneous place-exchange mecha-  
n ism of Sato and Cohen which leads to a more realistic 
value for the activation energy. This a l ternat ive  is 
a nonsimul taneous place-exchange (or hopon) mech- 
anism, in which individual  place-exchange events oc- 
cur sequential ly  in  t ime (see Fig. 2) along a chain of 
dipoles extending through the medium (16). 

To i l lustrate the mechanism we chose the specific 
system of an oxide overlayer  on a metal  (17, 18) and 
follow individual  oxygen atoms from their  ini t ial  
chemisorbed state on the oxide surface unt i l  they be-  
come incorporated as par t  of the growing oxide layer  
and subsequent ly  as the oxide continues to grow 
thicker on the metal. Alternatively,  we could th ink 
of affixing appropriate ion exchange electrodes at the 
interfaces of a static ionic conducting layer  and ap- 
plying a voltage (19, 20). In  fact, the present ly  con- 
sidered mechanism will be most l ikely to occur in the 
case of applied voltages leading to very  large electric 
fields, as for example, in the case of anodic oxidation 
(21-25) where fields in  the 105-10 ~ V/cm range are 
common. 

One-Hopon Mechanism 
The physicat modeL--Let us examine our problem by 

carrying out a gedankenexper iment  in which we fol- 
low the t ime evolution of a sequence of correlated 
(but  nonsimul taneous)  place-exchange events in an 
oxide layer. Consider first of all a single place ex- 
change to occur at the surface of a stoichiometric oxide 
covered with some adsorbed oxygen species at the ox- 
ide-oxygen (or oxide-solution) interface. That  is, a 
cation exchanges position with an adsorbed oxygen 
thereby changing the physical picture from (a) to 
(b) in Fig. 2. It can be noted from (b) that, as a con- 
sequence of this place exchange, at least two negative 
charges are side-by-side.  ( In one dimension, there are 
two, but  in three dimensions, the number  will  be 
greater.) This constitutes an increase in the Coulomb 
energy of the configuration of the order of e2/4~edo, 
with do being the atom spacing. 1 A more accurate es- 
t imate would involve a consideration of the change in 
the Coulomb energies of interact ion with all other ions 
in the solid, which for a crystall ine lattice would in -  
volve a type of Madelung sum (26). The static di- 
electric constant  e in the Coulomb energy expression 

1 The magnitude of the e lectronic  charge is denoted by e; the 
charge on the e lectron is then  --e.  The  ionic charge  is denoted 
by Ze, where Z inc ludes  the sign of the  ionic charge,  

o G Q G Q o 
Fig. 2. Sequential nonsimultaneous place-exchange events which 

constitute hopon transport. (a) Before place exchange. (b) Con- 
figuration after the first place-exchange event. (c) Configuration 
after the second place exchange. (d) After the third place ex- 
change. 

for nearest  neighbor ions is not  real ly appropriate be-  
cause the side-by-side charges are not  separated by a 
macroscopic region of oxide which can polarize and 
thus provide the necessary electrostatic screening. In  
addition, the increase in the energy of the system re- 
quired for the place exchange will actual ly be differ- 
ent from this Coulomb value, because there will be a 
modified chemical bonding of the pair  of oxygen and 
metal  ions with the surrounding atoms in both the 
oxide and the adsorbed oxygen in  the new configura- 
t ion (3). The amount  of this modification will depend 
to a large extent  on the energy of formation and the 
degree of covalency of the oxide, but  the value and 
even the sign of the contr ibut ion are difficult to ascer- 
ta in  because there are contr ibut ions of the opposite 
sign which are of the same order of magnitude.  The 
amorphous state of some insulator  compounds consti- 
tutes a fur ther  uncer ta in ty  in the defect energies. For 
a discussion of some of the various factors involved 
in  the semiquant i ta t ive  calculation of defect energies, 
see KrSger (27, 28). Actual ly  a d i f c u l t  q u a n t u m - m e -  
chanical calculation would be required to carry out 
this part  of the problem properly. 

In  lieu of a quan tum-mechan ica l  calculation involv-  
ing atomic and molecular  wave functions and taking 
into account the disorder wi th in  the region, let us 
simply use the Coulomb energy expression given above 
as some reasonable estimate of the free energy increase 
UH required for this init ial  place-exchange event. That  
is, UH is the formation energy of a single place-ex-  
changed pair  (referred to as a hopon) in  the oxide. 
A reasonable order -of -magni tude  average value for the 
static dielectric constant  ~ is 10co, where Co is the per-  
mi t t iv i ty  of free space. For , _~ 10co, the Coulomb 
energy expression leads to an estimate of the order 
of 0.35 eV for UH in a one-dimensional  system; the 
values for two- and three-dimensional  systems a r e  
larger because of the greater  n u m b e r  of nearest  n e i g h -  
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bor ions. An activation energy WH will also be in -  
volved due to lateral  interactions,  bu t  first of all let 
us consider the equi l ib r ium n u m b e r  of such place- 
exchanged pairs per uni t  area of the oxide surface. 
Considering a submonolayer  coverage of the oxide 
surface denoted by  the fraction ~, then for ncations per 
un i t  surface area of the oxide we can expect the 
n u m b e r  npairs (~ o f  place-exchanged oxygens to be 

npairs (~ "- 87~cations exp ( -- UH/kBT) [1] 

For ncations -- 6 X 101~/cm 2, # -- 0.5, UH ___ 0.35 eV, 
and T -- 300~ we find that  npairs (~ ,'~ 4 X 10S/cm 2. 
Since npairs(~ __.~ 7 X 10 - s ,  at least in this 
estimate, the mutua l  interact ion between the place- 
exchanged pairs in the surface layer  can be neglected 
in  a first-order calculation. 

At this point  in our  gedankenexper iment ,  let us con- 
sider a second place-exchange event which takes place 
wi thin  the oxide below one of the first place-exchanged 
pairs [see (c) in Fig. 2]. It is interest ing to note that 
this second event  involves nei ther  member  of the 
first pair. Although an activation energy WH will be 
required for this second event, in the lowest order 
there will  be no free energy change of the system. 
This is due to tim fact that the Coulomb energy of 
the s ide-by-s ide  (or nearest  neighbor)  charges of the 
same sign after the second flip (i.e., place-exchange 
event)  is the same as that  of the corresponding con- 
figuration of charges of the same sign before the 
second flip, and likewise the modified bonding energy 
of the medium is essential ly the same, though the 
position of the modified chemical bonds has been dis- 
placed in  the medium (In higher  order there will be 
some differences in  the Madelung energy which may 
be neglected in view of the major  uncertaint ies  a l ready 
discussed.) 

Let us consider more closely the physical si tuation 
at this point  in our gedankenexper iment .  On balance, 
we have replaced one cation in the lattice by one anion, 
so we have a local nonstoichiometry,  a local deviat ion 
from charge neutral i ty ,  and a localized density devia- 
tion. Any one of these three would constitute a "defect" 
in the amorphous (or crystall ine) medium. Because 
the motion of this defect is not associated with any 
par t icular  anion or cation, bu t  instead, involves many  
such cations and anions in sequence along a path in 
the medium, such a defect is a "vir tual  defect" in 
the medium. We refer to this par t icular  type of 
v i r tual  defect as the "hopon." (The we l l -known lattice 
vacancy is likewise a v i r tual  defect, since its motion 
similar ly is unassociated with any  par t icular  ion, bu t  
instead, involves many  different ions in sequence in 
its path through the medium.) The net charge devia- 
t ion associated with the hopon is, at minimum,  the 
charge on the anion; it can also be argued that the 
accompanying absence of a cation leads to an addi-  
t ional contr ibut ion to the effective charge having the 
same sign as that of the anion charge and having the 
magni tude  of the cation charge. Let us denote the 
effective charge of this v i r tual  defect by q~i. With an 
external ly  applied forward electric field E, there is 
an electric force qtlE which acts on the vir tual  defect. 
The electric force tries to drive the vi r tual  defect 
toward the metal  interface. 

From another  viewpoint, the second place-exchange 
event  described above leads to the movement  of one 
cation through one atom distance do in the direction 
of the field, and s imul taneously  the event leads to 
the movement  of one anion through one atom distance 
do in the opposite direction to that of the field. The 
change in electric potential  energy A~p associated with 
the second place-exchange event  is thus 

A~p - -  ZceEdo + ZaeE(--do) = (Zc -- Za)eEdo [2] 

where  Zee is the charge of the cation and Zae is the 
charge of the anion. Recognizing that  this energy must  

be the same as that denoted by qHEdo, we again reach 
the conclusion that the charge magni tude  of the hopon 
is the sum of the magni tudes  of the charges Zce and 
Zae, namely  

qH = ( Z c -  Za)e = (LZcl + IZ.~l)e [3] 

The equal i ty  involving the magni tudes  in Eq. [3] 
follows because the anion and the cation species are 
of opposite sign. If, on the other hand, one considered 
the possibility of an interchange of ions of the same 
type, as, for example, in  the r ing diffusion mechanism 
of Zener (10) for e lemental  metals, the charges of 
the two ions would be identical so that  qlt would be 
zero. This clarifies the point that  hopon motion in an 
ionic compound will be s trongly promoted by  an 
applied electric field even though there is no analogous 
effect of a field on the diffusion rate of cations in an 
e lemental  metal  (6). 

The conclusion reached by means of the above 
arguments  leading to Eq. [3] is that the free energy is 
lowered by an amount  qHEdo by the second place- 
exchange event. The activation energy WH is l ikewise 
lowered. For example, if the max imum in the activa- 
t ion bar r ie r  is presumed to occur when the exchange 
is half completed, as for example in  the case of ex-  
change by means of a simple 180 ~ rotat ion of a dipolar  
molecule, then to first order the exchange bar r ie r  maxi -  
m u m  is reached when each member  of the pair  has 
moved a distance a ---- 1/2 do. Considering the distance 
do to be paral lel  to the direction of the field, the activa- 
tion energy barr ie r  ma x i mum WH is lowered by an  
amount  • ---- q,Ea in  the forward direction by the 
electric field. Thus the net  bar r ie r  for forward motion 
of the vi r tual  defect is 

W (f) -- WH --  qnEa [4] 

If the exchanged pair  is at angle e with respect to 
the field, as might  be the case for a three-dimensional  
oxide, then from e lementary  physics it  is easily seen 
that this energy takes the form 

W (f~ -- WH -- qnEa cos 0 = WH -- qHE-- "~ [5] 

Motion in the reverse direction would be quite ana-  
logous, except the displacement would be --do instead 
of do with respect to the field direction. To first order 
the activation barr ier  for reverse motion of the vi r tual  
defect wil l  be raised by  the amount  qHEa COS 0; the 
net  barr ier  for reverse motion of the v i r tua l  defect 
is thus 

= WH + q. .a E6] 

Formal similarity to the hopping model.--One cannot 
help bu t  note the str iking formal s imilar i ty  be tween 
the activation energy expressions given by Eq. [5] 
and [6] which have been deduced for the present ly  
considered nonsimul taneous  place-exchange event  and 
the activation energy expression for the movement  of 
a vacancy or an interst i t ial  in the hopping model 
(17, 18, 21, 29). The present  activation energy expres-  
sion deduced for nonsimul taneous  place exchange is, 
in  contrast, markedly  different from the activation 
energy for the s imultaneous place-exchange model of 
Sato and Cohen (12). This difference can be shown 
to be par t icular ly  significant insofar as it leads to a 
different funct ional  dependence on oxide thickness 
with an a t tendant  markedly  different kinetics for 
growth of the layer. 

Although the motion of the hopon, as we have de-  
veloped above, is main ly  due to the electric field force, 
a gradient  of hopons leads also to a net  motion of 
hopons along the gradient. Thus the formal s imilar i ty  
between nonsimul taneous  place exchange and the de- 
fect hopping picture can be carried quite far. In  fact, 
the role of concentrat ion gradients (17, 29), space- 
charge effects (18, 30), stress effects (31, 32), and 
electric field effects (17, 18) carry over in toto, as 
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indica ted  in Appendexes  A through  D. The concepts 
of in ter fac ia l  equ i l ib r ium and t r anspor t - l imi t ed  rates  
a re  also apropos under  the p roper  conditions. The 
shape of the kinet ic  curves wil l  therefore  be s imi lar  
to that  deduced (15, 18) on the basis of the hopping 
model. Nevertheless ,  there  remain  two areas  where  
grea t  differences exis t  be tween  the nonsimul taneous  
p lace-exchange  and the hopping models. The first is 
tha t  of the microscopic energies  involved in the fo rma-  
tion and movement  of the defects:  P lace -exchange  
energies  wil l  be different  f rom the corresponding 
energies  for vacancies and interst i t ia ls ,  though a quan-  
tum calcula t ion tak ing  into full  account the mech-  
anist ic differences would  be quite involved f rom a 
ca lcula t ional  s tandpoint .  Second, the microscopic re -  
o rder ing  of ind iv idua l  t racer  cations and anions in the 
a l r eady  f o r m e d  oxide dur ing  growth  of new oxide is 
quite different  for the two models. 

Hopon chains.--It has a l r e ady  been pointed out  that  
ne i ther  m e m b e r  of the  pa i r  of ions involved in the  
ini t ia l  p l ace -exchange  event  is involved in the second 
p lace -exchange  event.  Whereas  a rad ioac t ive  (or s im-  
i l a r ly  tagged)  oxygen  ion moving a dis tance of two 
la t t ice  spacings by  in ters t i t ia l  motion in a direct ion 
pe rpend icu la r  to the ox ide -oxygen  interface  would  be 
found a depth  of 2do be low this interface,  the motion 
of the  hopon th rough  a distance 2do, when it  in i t ia tes  
wi th  a rad ioac t ive  oxygen  ion at  the oxide interface,  
would  resul t  in the  d isp lacement  of the rad ioac t ive  
ion to a depth  of only  do be low the interface.  

Cont inuing now wi th  our  gedankenexpe r imen t  de-  
scr ibed previously,  a th i rd  p lace -exchange  event  oc- 
cur r ing  in l ine with, and immedia t e ly  below, the first 
two p lace-exchanged  pairs  would involve essent ia l ly  
the  same act ivat ion energy  as the second pair,  bu t  
i t  would lead to no fu r the r  d i sp lacement  of the tagged 
oxygen ion [see (c) and (d) in F i g  2], even though 
the total  d is tance of t r anspor t  of the  hopon in a 
direct ion pe rpend icu la r  to the surface would  then be 
g rea te r  by  do. 

In  the presen t  model  of nonsimul taneous  place ex-  
change, each such p lace -exchange  event  is cor re la ted  
in t ime and posit ion with  the  preceding and succeeding 
p lace -exchange  events;  however ,  the p lace-exchange  
events  do not occur s imul taneous ly  as they do in the 
case of the s imul taneous  p lace-exchange  mechanism 
descr ibed by  Sato and Cohen (12). Nevertheless ,  s imul-  
taneous and nonsimul taneous  place exchanges both  
lead to the same microscopic a r r angemen t  of ind iv idua l  
ions in the  layer .  

Cont inuing the above gedankenexper imen t  involving 
successive p lace -exchange  events, one can visual ize 
successive exchanges which fol low a one-d imens ional  
pa th  of cations ex tend ing  th rough  the oxide to the 
meta l  interface.  This leads us to the conclusion that  
the  radioac t ive  t racer  oxygen ion would  sti l l  have 
moved only a distance of do, even though the hopon 
would have  moved al l  of the way  through  the oxide. 

One resul t  of this sequence of p lace-exchange  events 
a long a pa th  of ions ex tending  f rom the oxygen in te r -  
face to the meta l  in ter face  is the  t ranspor t  of one 
oxygen anion from the oxygen interface  through the 
oxide  to the meta l  interface,  which anion can react  
wi th  the meta l  to form more  oxide. The sequence of 
events  involving the creat ion of the hopon, the sub-  
sequent  movement  of the hopon through  the medium,  
and the annih i la t ion  of the hopon at  the end of its 
journey,  wi l l  be r e fe r r ed  to as a "hopon chain," or 
s imply  a "chain." This sequence of events  ( the chain)  
is depic ted  in Fig. 3. The last  step, namely,  the chemical  
react ion with the metal ,  can l ikewise  be viewed as a 
p lace-exchange  event,  wi th  the oxygen  anion exchang-  
ing places wi th  a meta l  cation in the meta l  surface. 
This l a t t e r  event  differs from the very  first p lace-  
exchange event  in tha t  some free energy due to 
Coulomb forces is now l ibe ra ted  instead of absorbed.  
In ter fac ia l  equ i l ib r ium at the meta l  in terface  should 
therefore  be a ve ry  good approx imat ion  even dur ing  
rap id  growth  of the layer .  In  the in teres t  of charac-  
ter iz ing the last  s tep quant i ta t ive ly ,  we can designate  
the  energy re leased as ETA, the  subscr ip t  A indica t ing  
annih i la t ion  of the  hopon which was crea ted  at the 
ox ide -oxygen  interface.  The difference U A - -  U H is a 
quan t i ty  re la ted  to the free energy Uoxide l ibera ted  in 
the format ion  of the oxide. 

In  the case of ex te rna l ly  appl ied  voltages, the 
question of charge balance  dur ing  hopon motion is 
easi ly  resolved, since charge  can then be t ranspor ted  
by electrons th rough  the ex te rna l  c ircui t  employed  
to set up the electr ic  field in the oxide. This is, wha t -  
ever  charge is t ranspor ted  through the oxide due 
to mot ion of hopons can be equiva len t ly  t ranspor ted  
through the ex te rna l  circuit  by  electrons to main ta in  
a uni form s teady-s ta te  loop current  in the closed 
e lect r ica l  circuit.  Since any net  mass cur ren t  due to 
the  motion of hopons is accompanied by  an a t t endan t  
charge  current ,  hopon t r anspor t  wil l  in genera l  r e -  
quire  e i ther  such ex te rna l ly  appl ied  voltages, or else 
will  requi re  a corresponding electronic cur ren t  through 
the oxide i tself  equiva lent  to tha t  given by  the coupled 
currents  condit ion (17) in the rmal  oxidat ion.  

Fig .  3 .  C h a i n  o f  s e q u e n t i a l  
p l a c e - e x c h a n g e  e v e n t s  l a b e l e d  
1 ,  2 .  3 . . . . .  N 1  w h i c h  i n i t i a t e s  
a t  t h e  o x y g e n  i n t e r f a c e  a n d  
e v e n t u a l l y  l e a d s  to  t r a n s p o r t  o f  
o n e  a n i o n  d o w n  a g iven  row  o f  
ions in t h e  ~ o m p o u n d  e x t e n d i n g  
f r o m  t h e  o x y g e n  i n t e r f a c e  to  t h e  

m e t a l  i n t e r f a c e .  ( T h i s  is a n - o n  
t r a n s p o r t . )  
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Energies involved in bulk-limited place exchange.-- 
To review the energies which have been introduced, 
there is first of all  the formation energy U~ of the 
hopon, then there are the activation energies W(f) 
and W (~) for forward and reverse place exchange lead- 
ing to forward and reverse motion of the hopon through 
the amorphous or crystal l ine medium, and last there 
is the annihi la t ion  energy UA of the hopon. To the 
free energies UH and UA might  be added the electro- 
static potential  energies qHEod' and qHENd" due to 
the applied electric field, where d' and d" represent  
in the present  si tuation the atomic distances at the 
metal-oxide and the oxide-oxygen interfaces and the 
quanti t ies  Eo and EN represent, respectively, the elec- 
tric fields at these interfaces. [Although d' and d" may 
be the same as do, the lattice constant  wi thin  the oxide, 
we allow for the possibility that  these lattice pa ram-  
eters at the interfaces can be different because of the 
different number  of chemical bonds at the interfaces. 
This has been treated by Young and Dignam (33).] 
However, such electric-field modifications in the in te r -  
facial free energies represent  a higher order effect 
which f requent ly  can be neglected. The above energies 
represent  the ones of p r imary  interest  for a nons imul-  
taneous place-exchange t ransport  mechanism which 
is rate l imited wi thin  the bulk three-dimensional  
oxide, with near  equi l ibr ium conditions prevai l ing 
at the two interfaces. 

Possibility of rate limitation by p~ace exchange at 
the interfaces.--Let us consider, on the other hand, 
the possibility that  the bu lk  oxide is near  equi l ibr ium, 
with the interfaces represent ing the ra te- l imi t ing  step 
for transport.  Then the electrostatic free energy dif- 
ferences A ~ p  = qHEdo within  the oxide (instead of 
the activation energy and the field modifications of 
such) become important .  In addition, in this case the 
interfacial  act ivation energy barr iers  and the field 
modifications qnEoa' and qHENa" of such (instead of 
the free energies of place exchange at the interfaces) 
become quite important .  The parameters  a' and a" 
are related to the hopping distances d' and d" at the 
interfaces; to first order, ao' ~ V2 d' and ao" : V2 d". 

Microscopic order in the cation and anion arrays.-  
Let us now continue our earlier gedankenexper iment  
and ask what  happens when a new series of place- 
exchange events takes place along the same path which 
the first v i r tual  defect followed to the metal  interface. 
To recall the physical si tuation at the end of the first 
chain, refer to the event  labeled N1 in Fig. 3. The 
ini t ia t ion step in  the second chain is depicted by the 
event  labeled 1 in the center of Fig. 4. The next  step 
in  the second chain is the second place-exchange event 
depicted in chain 2 in Fig. 4, and the third and fourth 
place-exchange events in the second chain are l ike- 
wise depicted in Fig. 4. It is interest ing to note that 
a tagged tracer oxygen ion would have now moved a 
distance 2do, which thereafter  remains unchanged 
throughout  the course of the second chain. Analogously, 
a tagged tracer  metal  ion in the metal  surface par -  
t icipating in the two chains considered above would 
move a distance do in the direction of the oxide-oxygen 
interface at the end of the first chain, and would move 
an addit ional  distance do in the same direction near  
the end of the second chain. (This can be deduced by 
s tudying the sequence of events depicted in Fig. 5.) 
A different tracer oxygen which adsorbs on the oxide 
at the site of origination of the second chain would 
move one uni t  (namely, do) toward the metal  in ter -  
face if it becomes involved in the ini t iat ion of the 
second chain (see Fig. 4). A second tagged metal  
cation in the metal  surface directly undernea th  the 
first tracer metal  cation involved in  the first chain 
will  part icipate in  the second chain, moving one uni t  
in  the direction of the oxide-oxygen interface at the 
end of the second chain (see Fig. 5). 
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Fig. 4. Initiation of a series of sequential hopon chains ( labeled 
1, 2, 3) at  the oxygen interface which lead to anion transport down 
a given row of ions in a compound, with the initiation of each 
chain leading to formation of new oxide at  the oxygen interface. 

Comparison of microscopic order for chains initiating 
at the gas interface with predictions o5 the hopping 
modeL--Of very great interest  is the order-preserving 
property of the nonsimul taneous  place-exchange t rans-  
port mechanism presently under  consideration. Each 
successive chain ini t ia t ing at the oxygen interface 
effectively marches each involved anion th rough  one 
uni t  distance along the path toward the metal-oxide 
interface, and s imultaneously marches each involved 
cation along the path through one uni t  distance toward 
the oxide-oxygen interface. 

In contrast, consider the t ransport  of other types 
of defect ini t ia t ing at the oxygen interface in the 
hopping model. Each anion interst i t ial  t ransported 
along a hopping path involves no individual  movement  
of the ions in the already formed oxide; the new oxide 
formed as a consequence of t ransport  to the metal  
interface is located at the metal  interface, so it 
gradual ly  shifts the layer  of already formed oxide 
away from the metal  interface. Each cation vacancy 
transported along a hopping path results in the shift 
of each cation on the path a distance of one uni t  
toward the oxygen interface; the new oxide formed 
as a consequence of t ransport  of the cation vacancy 
to the metal  interface is formed at the oxygen inter-  
face. Thus, anion interst i t ial  t ransport  preserves the 
microscopic ar rangements  of both cations and anions 
wi thin  the already formed oxide, whereas cation va-  
cancy transport  preserves the microscopic ar range-  
ment  of anions wi th in  the already formed oxide but  
shifts each cation along tile path one uni t  nearer  to 
the oxide-oxygen interface. 

Initiation of chains at the metal interface and com- 
parison of microscopic order with predictions o] the 
hopping modeL--Let us consider the al ternate  possi- 
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At Metal-Oxide Interface 
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Fig. 5. Termination at the m~tal interface of the series of se- 
quential hopon chains (labeled I ,  2, 3) which initiated on a given 
row of ions in the compound at the oxygen interface (Fig. 3), with 
each termination of a chain leading to formation of new oxide at 
the metal interface. 

bilities of the movement  of hopons and other point 
defect species originat ing at the parent  metal interface 
and subsequent ly  moving in the direction of the oxygen 
interface. An init ial  place-exchange event  at the parent  
metal  interface is depicted by event  1 in Fig. 6. The 
second, third, and other successive events in the chain 
are likewise depicted in Fig. 6. 

It  is interest ing to note that the excess charge in 
the oxide is positive for the present  case. This is 

opposite in sign to the excess charge produced in the 
oxide when a chain initiates at the oxygen interface. 
That  is, when the chain init iates at the oxygen in te r -  
face, a cation is thrust  out of the oxide s imultaneously 
while an adsorbed oxygen is thrust  into the oxide as 
an excess anion, giving rise to an excess of negative 
charge wi thin  the oxide. However, when the chain 
init iates at the metal  interface, a cation is thrust  into 
the oxide s imultaneously  while an oxygen is thrust  
out of the oxide into the surface layer  of metal  ions, 
giving rise to an excess of positive charge within the 
oxide. The directions of motion of the two types of 
hopon are likewise opposite, since the hopon ini t ia t ing 
at the oxygen interface moves toward the metal  while 
the hopon ini t ia t ing at the metal  interface moves 
toward the oxygen. Because of the signs of the effec- 
tive charges and the directions of motion, a hopon 
ini t ia t ing at the oxygen interface will be referred to 
as an "an-on,"  in  analogy wi th  an excess anion, and 
a hopon ini t ia t ing at the metal  interface will be re-  
ferred to as a "cat-on," in analogy with an excess 
cation. 

The last event  in the present ly  considered chain 
ini t ia t ing at the metal  interface is depicted as event  
N1 in  Fig. 6; this is the place-exchange event  occurring 
at the oxide-oxygen interface. Thus a hopon chain 
originat ing at the metal  interface (viz., a cat-on) is 
merely  the t ime-reversed version of a hopon chain 
originat ing at the oxygen interface (viz., an an-on) .  
(Compare, for example, Fig. 3 and Fig. 6.) In  both 
situations, each cation in the path is marched one uni t  
toward the oxide-oxygen interface, and each anion 
in  the path is marched one uni t  toward the metal-oxide 
interface. One therefore cannot  deduce the source 
interface for place exchange by an examinat ion of 
the order wi thin  the ion arrays of the formed oxide. 
In  other words, hopon chains ini t ia t ing at either in ter-  
face will lead to final results which are indis t inguish-  
able, namely, the formation of comparable amounts  
of new oxide at the two interfaces. 

In  the hopping model, on the other hand, each 
cation interst i t ial  t ransported along a hopping path 
involves no individual  movement  of the ions in the 
already formed oxide; the new oxide which is formed 
at the oxide-oxygen interface as a consequence of 
t ransport  of interst i t ial  cations to that interface covers 
the layer  of already formed oxide. Each anion vacancy 
transported along a hopping path results in the shift 
of each anion on the path a distance of one un i t  away 
from the oxide-oxygen interface; the new oxide is 
formed at the metal  interface. Thus, cation interst i t ia |  

Fig. 6. Chain of sequential 
place-exchange events labeled 
I ,  2, 3 . . . . .  N1 which initiates 
at the metal interface and 
eventually leads to transport of 
one cation down a given row of 
ions in the compound extending 
from the metal interface to the 
oxygen interface. (This is cat-on 
transport.) 
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t r a n s p o r t  preserves the microscopic a r rangements  of 
both cations and anions wi th in  the a l ready formed 
oxide, whereas anion vacancy t ransport  preserves the 
microscopic a r rangement  of cations within the already 
formed oxide but  shifts each anion along the path 
o n e  uni t  away from the oxide-oxygen interface. 

Our conclusion is that  hopon chains can init iate at 
either interface. The oxygen interface may be favored 
because the free surface allows the strain energy to 
be minimized. The ini t ia t ion of hopons at opposite 
interfaces will  be independent  because of the relat ively 
large separat ion distance of the interfaces. 

Distinguishing between various possibilities by means 
of marker and tracer experiments.--To summarize the 
over-al l  picture, the s imultaneous motion of the cation 
and anion arrays in opposite directions is character-  
istic of the place-exchange mechanism, the independent  
motion of the cation array toward the oxygen in ter -  
face is characteristic of the cation vacancy t ransport  
mechalfism, the independent  motion of the anion 
a r ray  away from the oxygen interface is characteristic 
of the anion vacancy mechanism, and the preservat ion 
of both cation and anion arrays in the already formed 
oxide is characteristic of the interst i t ial  t ransport  
mechanism. In  the lat ter  s i tuat ion of t ransport  by 
interstit ials,  the new oxide forms at the oxygen in te r -  
face for cation motion, but  it forms at the metal  in te r -  
face for anion motion. These predictions are sum-  
marized in Table I along with the effective charges 
of the various defects. 

Exper imental ly ,  then, it should be possible to dis- 
t inguish between the place-exchange model and the 
hopping model by s tudying the changes in micro- 
scopic ordering of the cations and anions in the already 
formed oxide taking place dur ing new oxide growth. 
Exper iments  involving tracers (34-44) and markers  
(11, 45, 46) should be especially helpful. Markers 
indicate the relat ive amounts  of new oxide formed on 
each side of a given position in the oxide film follow- 
ing marker  placement.  The positions of tracers of 
oxygen and the metal  forming new oxide after incor-  
porat ion into the oxide are characteristic of the t rans-  
port mechanisms producing oxide growth. A given 
radioactive decay is a s ingular  event  for each excited 
nucleus, so that a given ion is not tagged by its radio-  
activity in the same way as if it cou]d be Dainted 
red or yellow and thus located over and over again. 
That  is, each radioactive atom cannot be viewed as 
measurable  more than once. Sophisticated techniques 
are now used for the actual experiments,  as for exam- 
ple, the use of O TM as tracer atoms and their  subsequent  
act ivation by proton bombardment  to enable the de- 
te rminat ion  of their  average location in the oxide 
films. In this way the over-al l  order of the ions can 
be deduced and the t ime evolution of such followed 
by measur ing the dis tr ibut ion of radioactivi ty within 
the ensemble. The predictions listed in Table I for 

the hopon t ransport  mechanism are in quali tat ive 
accord with the exper imental  tracer results of Pr ingle  
(34, 35), Amsel and Samuel  (41), and also others 
(42). The quant i ta t ive  agreement  is discussed later 
in conjunct ion with relat ive ionic t ransport  numbers  
predicted by the hopon model and the corresponding 
exper imental  results deduced by marker  experiments  
(11). 

Volume-preserving condition during oxide growth.m 
Another  impor tant  aspect of the microscopic differences 
between the hopping and place-exchange models is j 
the manner  in which the new oxide volume-preserv ing  
condition is satisfied. A given chain in the place- 
exchange mechanism results in a cation being placed 
at the oxide-oxygen interface and an anion becoming 
bur ied wi thin  the first layer  of metal  at the meta l -  
oxide interface. (See, for example, Fig. 4 and 5.) 
The associated chemical reaction of oxidation causes 
equal amounts  of new oxide to be formed at both 
interfaces, assuming that  the cations and anions have 
the same magni tude  valence. This conclusion is inde-  
pendent  of the source interface where the ini t ial  
place-exchange event  in the chain occurs. Already 
formed oxide thus becomes sandwiched between layers 
of new oxide which form subsequent ly  by means of 
the place-exchange transport  mechanism. There a r e  
some local strains at the metal  interface as the new 
layer  forms there, but  these strains are gradual ly  
relieved as the monolayer  of new oxide is completed. 
For equal magni tude  valences, if the oxide molecular  
volume is greater than twice the volume of metal  
required for its formation, then the entire oxide layer  
will gradual ly  be shifted sufficiently into the free 
region (containing only gaseous oxygen, or else the 
passivating or anodizing solution) to accommodate 
this extra volume; if the oxide molecular  volume is 
less than twice the volume of metal  required for i t s  
formation, then the entire oxide layer  will gradual ly  
be shifted sufficiently toward the metal  to accommo- 
date this volume difference. 

On the other hand, the volume-preserving condition 
is somewhat different in the case of vacancy or in te r -  
stitial transport.  For  cation inters t i t ia l  transport ,  t h e  

new oxide is formed at the oxygen interface. There 
need arise no large strains at that interface when  t h e  
chemical reaction of new oxide formation occurs 
there, because it is a free (i.e., an unconst ra ined)  
interface. However, the voids left behind at the metal  
interface by cation interst i t ial  motion away from this 
interface must  somehow be eradicated if the metal  
is to remain  in physical contact with the oxide. The 
microscopic voids may s imply diffuse into the metal  
and be annihi la ted at the dislocations. At the other 
extreme, the microscopic voids may coalesce unt i l  t h e  

oxide finally separates from the metal. Vermilyea (47) 
has addressed this question. He concluded that there 
is no problem with void formation if the cations from 

Table I. Ordering characteristics of oxide layers formed by different transport mechanisms 

D i s t a n c e t  Distance~" 
Charge  q of  W h e r e  are  n e w  W h e r e  are  n e w  t r a v e l e d  t r a v e l e d  
the  defec t*  I n t e r f a c e  M + ions incor- O- ions incor- by each  b y  each  
e f fec t ive  for  w h e r e  n e w  porated  as porated  as M + ion in- O- ion in- 

Transpor t  the  e lec tr ic  ox ide  layers  m o l e c u l e s  in m o l e c u l e s  in vo lved  in vo lved  in 
m e c h a n i s m  f o r c e  are  f o r m e d  the  oxide? the  oxide? one  chain one  chain 

Cation interst i t ia l  Ze ~e O x y g e n  in t e r fac e  O x y g e n  in t er fa ce  O x y g e n  in ter face  L 0 
Cation vacancy  Zeve O x y g e n  in t e r fac e  Meta l  in ter face  O x y g e n  in t er fa ce  do 0 
Anion  inters t i t ia l  Z~le Metal  in ter face  Meta l  in t er fa ce  Meta l  in t er fa ce  0 L 
An io n  vacancy  Zave Metal  in t e r fac e  Meta l  in t er fa ce  Oxygen  in ter face  0 do 
Hopon  (IZ~[ + IZcl)e Both in ter faces  Meta l  in t er fa ce  O x y g e n  in t er fa ce  do do 

* The charge  is that  wh ic h  is acted  on by the electric field E to produce  the  e lec tr ic  force F = qE. The Z va lues  are  der ived  f r o m  
the  va lences ,  w i t h  subscr ipts  c and a denot ing  s o m e  cat ion or s o m e  anion spec ies ,  r e s p e c t i v e l y ;  subscr ipts  i and v d e n o t e  specif ical ly  that  
the  d e f e c t  spec ie s  is os the  interst i t ia l  or  va cancy  type  respect ive ly .  

"i T he  ox ide  t h i cknes s  is L, and ao is the  o x i d e  lat t ice  p a r a m e t e r .  
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the metal  enter  the oxide at kinks in a lattice step 
on the metal  surface, since the step can move con- 
t inuously across the metal  surface unt i l  a complete 
layer of atoms has been removed. 

For anion interst i t ial  transport,  the local strains 
created in accommodating the new oxide formed at 
the metal  interface are vast ly  larger than for the 
place-exchange mechanism, since there is no s imul-  
taneous removal of a cation. The Pi l l ing-Bedworth  
ratio is re levant  here: If the oxide molecular  volume 
is greater than the volume of metal  required for its 
formation (the Pi l l ing-Bedworth  ratio being the ratio 
of the two),  then the entire oxide layer  will gradual ly 
be shifted sufficiently into the free region (containing 
the gaseous oxygen or the solution) to accommodate 
this extra volume; if the oxide molecular  volume is 
less than the volume'  of metal  required for its forma- 
tion, then the entire oxide layer  will  gradual ly  be 
shifted sufficiently toward the metal  to accommodate 
this volume difference. 

For cation vacancy transport,  the new oxide forms 
at the oxygen interface; the vacancy is annihi la ted at 
the metal  interface, and the void so created in the 
metal  must  be somehow el iminated if adherence of the 
oxide to the metal  is to be maintained.  Surface diffu- 
sion within the metal  to a dislocation or to a surface 
step is a l ikely mechanism since the corresponding 
activation energy is favorably low. 

For anion vacancy transport,  the new oxide forms 
at the metal  interface; the vacancy is annihi la ted  at 
the oxygen interface without  difficulty. However, large 
local strains will be created wi thin  the oxide at the 
metal  interface if the Pi l l ing-Bedworth  ratio exceeds 
unity,  since the new oxide must  somehow be accom- 
modated unt i l  gradual ly  a monolayer  is formed and 
the entire oxide has shifted sufficiently into the free 
region to el iminate the volume difference. 

Fo r  cases of hopon t ransport  in  which the valences 
of the anion and cation involved in the simple ex- 
change process are unequal,  there will be unequal  
volumes of oxide formed at the two interfaces. The 
relative amounts  are deduced quant i ta t ively  in one of 
the following subsections (viz., Ionic t ransport  n u m -  
bers).  Consider ALa to be the volume of oxide formed 
at the metal  interface due to oxygen anion interst i t ial  
or vacancy transport,  and consider ~Lc to be the 
volume of oxide formed at the oxygen interface due 
to metal  cation interst i t ial  or vacancy transport.  Then 
it follows that whenever  the ratio of oxide molecular  
volume to the corresponding volume of metal  contain-  
ing the same number  of metal  atoms exceeds (~L~ 
-~ ~Lc)/~L~, then the entire oxide layer  will  be 
shifted outwardly  from the metal  into the free oxygen 
region by a sufficient amount  to accommodate this 
extra  volume. On the other hand, whenever  the ratio 
of oxide molecular  volume to the correspondin~ volume 
of metal  containing the same number  of metal  atoms 
is less than (ALa ~ ~Lc)/~L~, then the entire oxide 
layer will be shifted inward ly  toward the metal  by 
a sufficient amount  to accommodate the volume dif- 
ference. It is shown in the subsection entit led "Ionic 
t ransport  numbers"  that the ratio ~La/(ALa ~ hLc) 
can be identified as the relat ive anion transport  n u m -  
ber ta for the ionic port ion of the electrical conductiv-  
ity. Thus the critical ratio referred to above is the 
reciprocal of ta. 

Hopon recombination.--The question arises as to 
whether  or not there can be a correlation (or a 
coupling) of hopon chains ini t ia t ing at opposite in ter -  
faces, and whether  or not hopons moving in opposite 
directions (viz. an-ons  and cat-ons) can recombine 
s imilar ly  to the way electrons and electron holes 
recombine in a solid. First  of all it is intui t ive that 
chains originat ing at opposite interfaces of the oxide 
will ini t iate independent ly  because the separation dis- 
tance between the two hopons is ini t ia l ly  the entire 

thickness of the oxide layer. The intui t ion is based 
on the fact that the molecular  forces are simply not 
long range forces. Furthermore,  it is in tui t ive  that 
there will be no correlated motion (over long dis- 
tances) of cat-ons and an-ons  because the directions of 
motion are opposite. (This is to be carefully dist in-  
guished from the two-hopon t ransport  process dis- 
cussed in the section on Two-hopon processes.) On the 
other hand, if two hopons init iate independent ly  at 
opposite interfaces but  happen to travel  down the 
same cat ion-anion line, then it is possible for them 
to annihi la te  at some intermediate  point  within the 
oxide. This is somewhat  analogous to the way that 
an interst i t ial  cation proceeding in one direction can 
annihi la te  a cation vacancy moving in the opposite 
direction. Thus cat-ons and an-ons  can recombine 
within the oxide, quite analogous to the recombinat ion 
of electrons and electron holes. The annihi la t ion of 
two hopons can be visualized by considering the events 
depicted in Fig. 3 and 6 to occur s imultaneously along 
the same line unt i l  the hopons meet at some point 
within the oxide layer. The hopon recombinat ion proc- 
ess involves both a recombinat ion of the vir tual  charges 
of opposite sign of the two hopons, as well as the 
uniform inversion of the cat ion-anion pairs along a 
continuous line through the oxide medium. The net  
result  is a charge t ransport  and a mass t ransport  
through the medium which is identical to that pro- 
duced by single hopons of either type. The new oxide 
layers are located in the same places and have the 
same thicknesses as they would have for t ransport  
due to a single hopon process. 

Ionic transport numbers.--Relative t ransport  n u m -  
bers for oppositely charged ionic species can be de- 
duced in marker  experiments  such as those of Pringle 
(11). The relat ive quanti t ies of new oxide formed at 
the two interfaces during a given time in terval  is 
measured; that oxide ALa formed at the metal  in ter -  
face is a t t r ibuted to anion transport  (either in ter -  
stitials or vacancies) and that oxide ~Lc formed at 
the oxygen interface is a t t r ibuted to cation t ranspor t  
(either interstit ials or vacancies).  Transport  numbers  
t radi t ional ly  provide a measure of relative charge 
transport,  as opposed to relative mass t ransport  or 
relat ive oxide volume formed at the two interfaces. 
However, in the usual  si tuation in which the charge 
of a point defect dur ing its motion through the oxide 
is the same as the product of its valence in the new 
oxide and the electronic charge magnitude,  the quan-  
tities of oxide formed at the interfaces can be con- 
verted l inearly to units related to the amounts  Qc 
and Q,, of the charge of the cations contained within 
each of the two respective quanti t ies of new oxide 
~Lc and ~L~ formed at the two interfaces (i.e., Q~ cc 
~L~ and Qa cc hLa). The ionic t ransport  numbers  tc 
and ta are then given by 

ta -~ Qa/(Qc + Qa) = ~La/(~Lc ~- ALa) [7a] 

tc : Qr ( Qc § Qa) -- ~Lc/ (~Lc ~- ~La) [7b] 

The equations deduced in this section presume that the 
charges of the cation and anion dur ing hopon transport  
are the same as their respective valences in the new 
oxide being formed. The al ternate  equations required 
whenever  the charge of an ion dur ing motion is dif- 
ferent  from that in the stoichiometric oxide are de- 
duced in Appendix E. 

The question which we now address is the following: 
What do we expect to obtain exper imenta l ly  for tc 
and t~ whenever  t ransport  occurs by hopons? First  
of all let us consider the simplest si tuation as depicted 
in Fig. 3 or Fig. 6, namely,  individual  place exchange 
events which involve a single anion and a single 
cation. (This is referred to as a "diatomic" hopon.) 
At the conclusion of a hopon chain originating at 
either interface, effectively one cation has been t rans-  
ported to the oxide-oxygen interface and one anion 



VoL I27, No. 2 N O N S I M U L T A N E O U S  PLACE E X C H A N G E  4 1 9  

has  been transported to the metal-oxide interface. 
If Zc represents the valence of the cation species and 
Za represents the valence of the anion species, the 
charge neut ra l  oxide molecule composed of metal  M 
and oxygen O can be characterized by the chemical 
formula MIz~lOlzcl . Thus one metal  ion M is sufficient 
to form (on the average) a fraction 1/[Za] of a mol-  
ecule of new oxide, and one oxygen ion O is sufficient 
(on the average) to form a fraction 1/[Zc[ of a mol-  
ecule of new oxide. Therefore, considering that  each 
t ransported oxygen ion is responsible for forming 
the new oxide at the metal  interface and each t rans-  
ported metal  ion is responsible for forming the new 
oxide at the oxygen interface, then in oxide growth 
resul t ing from place-exchange events involving single 
anion and cation pairs (viz., the diatomic case), the 
relat ive amount  of oxide formed at the metal  interface 
to that  formed at the oxygen interface will be in 
the ratio 

1 [ Za I 
IZct IZa---~- = "E'c K8] 

The ratio of the oxide formed at the metal  interface 
to the total oxide formed will be given by 

~La 1/l/c[ lZal 

~Lc + hLa (1/IZa[) + (1/]Zc]) IZc[ + ]z~l [9a] 

and the ratio of the oxide formed at the oxygen in ter -  
face to the total oxide formed will be given by 

~b~ 1/IZ.I lZoI 
[9b] 

ALc -~ A L a  - -  ( 1 / [ Z a l )  -~ (l/[gel) [ge l  + IZ. [  

The t ranspor t  numbers  exper imenta l ly  determined by 
measurements  of the relat ive quanti t ies of oxide 
formed at the two interfaces are given by comparison 
of Eq. [9a] and [9bJ with Eq. [Ta] and [Tb] 

ALa IZa] 
ta = - -  [10a] 

~Lc + ~La IZ~l + IZ.I 

~Lc IZcl 
tc -- [10b] 

aZc + aLa IZcl + ]z~l 

These predictions are summarized in Table II. As an 
example, consider Ta2Os, for which Zc = +5  and Z~ 

: --2. The preceding expressions yield ta : 2/7 and 
tc : 5/7, as compared to the exper imental  values 
ta -- 0.76 and tc : 0.24 of Pr ingle  (11). Assuming 
the correctness of the exper imental  values, the dis- 
crepancy may be due to the existence of a more com- 
plex type of hopon t ransport  mechanism (as described 
in the following sections), or else the  difference may 
reflect addit ional  contr ibutions to t ransport  by in -  
dividual  anion interst i t ials  or vacancies. 

Next, let us consider more complicated situations 
in  which individual  place-exchange events involve 
more than two ions. If the stoichiometric oxide is 
represented by the chemical formula Miz~iOizcl, then 
an equivalent  representat ion insofar as relative n u m -  
bers of metal  atoms and oxygen atoms is MOp,,, where 
Po is the rat ional  number  defined by Po - IZJZa]. 
If rotat ion of the stoichiometric un i t  MOp~ by place 
exchange consti tuted the mode of hopon transport,  
then equal volumes of oxide would be formed at the 
two interfaces. This follows from the fact that  at the 
completion of each chain, one stoichiometric rotat ional  
uni t  of oxide would have been formed at each in ter -  
face. (A special case of this is an oxide composed 
of neut ra l  diatomic molecules.) Suppose, on the other 
hand, that the individual  place-exchange events each 
involve a group having composition MOp, where p is 
a rat ional  number  but  in  general  p ~ po. (For example, 
if a place-exchange event involves one cation and 
two anions, then p : 2; if a place-exchange event  
involves two cations and one anion, then p = V2.) 
If p is less than Po, then for each molecule of stoichio- 
metric oxide formed by the t ransport  of one cation 
to the oxygen interface by a hopon chain, a lesser 
amount  (namely, P/Po of a molecule, on the average) 
would be formed by place exchange of oxygen with 
atoms of the parent  metal  at the metal interface. If 
p exceeds Po, then for each molecule of stoichiometric 
oxide formed by the t ransport  of one cation to the 
oxygen interface by a hopon chain, a greater  amount  
(namely, P/Po molecules, on the average) would be 
formed by place exchange of oxygen with atoms of 
the parent  metal  at the metal  interface. Hopon motion 
would then lead to stoichiometric oxide layers having 
thicknesses in the ratio of 1 to p/po to be formed at 
the oxygen and metal  interfaces, respectively. The 
ratio P/Po for the amount  of oxide formed at the 
metal interface to that  formed at the oxygen interface 
in tu rn  leads to the exper imental  t ransport  numbers  

Table II. Prediction of experimental ionic transport numbers and the minimum ratio for 
(oxide volume)/(corresponding volume of metal) which can give compressive stresses at the metal 

interface due to volume conservation* 

Relat ive  ionic  t ransport  n u m b e r s  

T y p e  of  de fec t  tc ta 

M i n i m u m  ra t io  of  
ox ide  v o l u m e  to 

m e t a l  vo lume  for  
compress ive  s tresses  

ZeJJ~J ] 
Cat ion  I n t e r s t i t i a l  j ~  | 

[ ZcvJcv [ 
Vacancy  [ Jlool- ' --- '~ [ 

- -  [ Z"J" I 
Anion  I n t e r s t i t i a l  l ~ , J I o , J  ~ -  I 

I Z"J"  I 
Vacancy - -  I dl'--'J-l~--~l, I 

IZol IZal 
Simple  h o p o n  Genera l  d ia tomie  case 

lZol + IZ, I lZol + lZ.I 
Diatomic  case for  IZcZ = IZ~[ V2 1/2 

IZol IZalp 
Complex  hopon  Genera l  mu l t i - a tom case  

IZ~l + IZ.lp IZ.lp + IZd 
Mult i -a tom case w i t h  c h a r g e  

n e u t r a l  ro t a t iona l  un i t  ~/a Va 

1 

1 

IZ~l + IZol 
z~ 

2 
IZ, lp + IZol 

IZ~lp 

2 

* Nota t ion  is as fo l lows:  ci deno te s  ca t ion  i n t e r s t iUa l ;  cv denote s  cat ion  vacancy;  ai  denDtes  an ion  interst i t ia l ;  av  denote s  an ion  va- 
cancy;  Jion~c is the  to t a l  ionic cha rge  c u r r e n t  m un i t s  of electrons-m-~-sec-~; p is the  rat io  of 0 to  M ions in the  p lace  e x c h a n g e  un i t  
(e.g., IUO~)j w*th p = 1 for  the  s imple  p lace  e x c h a n g e  of an M w i t h  an  O. 
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P/Po P P 

t c  - -  

(P/Po) 4,1 P4"Po 

1 Po 

p 4- IZc/Z4 

IZalP 
IZdp 4- IZ4 
IZJZ4 

[11a] 

(P/Po) 4- 1 Po + P IZc/Zal + P 

IZd 
- -  [ l l b ]  

IZcl + IZaJp 
For  the simple place-exchange mechanism involving 

a single anion and a single cation, p = 1 and the above 
formulas reduce to the results [10a] and [10b] already 
derived. For p = 2, however, these formulas yield 
for Ta205 the values tc = 5/9 and ta = 4/9. For p 
= 1/2, on the other hand, these formulas yield for 
Ta205 the values to = 5/6 and ta = 1/6. From another  
viewpoint,  if we assume tc = 1/4 for Ta20.~, in accord- 
ance with Pringle 's  results (11), then we have the 
relat ion 

1 5 
-- = [12] 
4 5++2p 

which gives p _ 71~. This would correspond (rightly 
or wrongly)  to rotat ion of a group Ta20.s in each 
individual  place exchange. In  some respects this type 
of a rotat ion would be similar to the r ing mechanism 
for-diffusion in metals postulated by Zener (10), but  
as previously discussed, the hopon mechanism is pro- 
moted strongly by the electric field, whereas the ring 
mechanism is not influenced by the field. 

Consider now the l imit ing case in which the value 
of p is the same as Po -= I Z c / Z a ]  �9 Then the basic rota-  
t ional uni t  is a neutra l  ent i ty  having the same com- 
position as the stoichiometric oxide, and Eq. [11a] 
and [ l l b ]  yield s t ra ightaway ta : 1/2 and tc = ~ .  
This result  is in agreement  with the above conclu- 
sions for this situation. 

In  A1208 and Nb205, the exper imental  t ransport  
numbers  for the cations have been reported to have 
the values tc ~-- 0.37 and 0.25, respectively (48). The 
value 0.37 for a luminum is within the range 0.33 to 
0.41 (49, 50) obtained in  the electrolyte aqueous am- 
monium dihydrogen citrate, but  it is outside of the 
range 0.54-0.63 given for the electrolyte sodium tetra-  
borate in  e thylene glycol. The value of 0.25 for 
n iobium is wi thin  the range of values 0.22-0.33 given 
by other experiments  (49) using 0.1 molar  aqueous 
Na2SO4 as the electrolyte. It is evident  that the un i t  
of rotation for Nb in Nb205 cannot be the neut ra l  
molecule, since the relative t ransport  numbers  do 
not have the value 0.5. It is quite interest ing that tc 

1/4 in both Ta2Os and Nb205, even though the chem- 
ical bonding of Ta and Nb is probably sufficiently 
different to yield significantly different values for the 
activation energy for cation motion.  This lends cre- 
dence to the place-exchange hypothesis that  a molecu- 
lar  group is involved in some fundamenta l  way in 
the t ransport  mechanism. Since crystal s t ructure is 
not such an impor tant  factor in amorphous oxides, 
one might  expect an impor tant  factor to be the ratio 
of anions to cations in the neutra l  oxide molecule. 

Applying the above formulas to A1208, uti l izing tc 
= 1/3 together with Zc = 4-3 and Za = --2, leads 
to the result  p = 3. This would correspond to the rota-  
tion of the molecular  group A1Q in each place-ex-  
change event, which indeed differs from the results 
for Ta20~ and Nb2Os. (Using tc = 2/5 leads to the 
result  p = 2.25 for the a luminum oxide case, corres- 
ponding to the molecular  group A1409.) 

It is to be recognized that  the specific numbers  
deduced in  this way depend on the exper imental  
measurements  available at the present time. The results 
are  nevertheless quite suggestive of the idea that  

t ransport  under  the present ly  considered conditions 
of high external ly  applied electric fields involves some 
type of cooperative motion between the cations and 
anions in the medium, in  addition, it has been verified 
exper imenta l ly  that  the order of the oxygen ions is 
conserved (34, 39). [The oxygen atoms are fixed ac- 
cording to their  order of arr ival  dur ing  the formation 
of amorphous compact layers on a luminum or tantalum, 
according to Cherki and Siejka (39), such that the  
oxygen atoms belonging to a new layer are located 
at the oxide-solut ion interface.] Likewise, in  the case 
of Ta205 it has been found that the order of the  
t an ta lum ions is conserved (35, 42). For these reasons, 
the present ly  described hopon mechanism seems to 
provide the basis for a viable model of anodic oxida- 
tion. 

Two-Hopon Processes for Transport in 
Three-Dimensional Systems 

The Coulomb energy for hopon transport  in a three-  
dimensional  system (see Fig. 7 and 8) would increase 
continuously with successive place-exchange events 
because of the interact ion between charges in the 
lateral  directions. This undesirable  feature can be  
essentially el iminated if a second hopon follows the  
first in a closely correlated manne r  down a single 
chain. (Possibly a mechanism involving la teral ly  ad- 
jacent  chains could also be envisioned.) 

Consider, for example, the two-hopon process de- 
picted in Fig. 9, and let us compare the Coulomb 
energy of this process with that of a one-hopon process 
for a three-dimensional  system. It can be noted from 
Fig. 7 and 8 that the sequential  reversal in the electric 
dipole or ientat ion which can be accomplished without  
any  addit ional energy input  in a one-dimensional  
system (see Fig. 2) would require a l inear  increase 
in the energy due to lateral  Coulomb interactions in 
the three-dimensional  system, as mentioned above. This 
would quickly become prohibitive, so energetical ly it 
is favorable for the first place exchange to be closely 
followed spatial ly and temporal ly  by a second place 
exchange which reinverts  the orientat ion of the l ine 
of electric dipoles. The correlated motion of these two 
place exchanges through the oxide layer, as i l lustrated 
in Fig. 9, then requires no continuous input  of energy, 
so i n t h i s  respect the si tuation reverts energetically to 
that  of the single place exchange moving down a l ine 
of atoms which is shown in Fig. 2. 

Collective Hopon Transport 
There are two closely related possibilities for the 

nonsimul taneous place exchange mechanism. First  of 
all there is the si tuat ion already described in which 
it is implicit  that each local place-exchange event  has 
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Fig. 7. Lateral Coulomb interactions produced by a one-hopon 
process down a row of ions extending through a three-dimensional 
oxide. (Left drawing: first place-exchange event; right drawing: 
second place-exchange event.) 
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Fig. 8. Continuous Coulomb energy increase resulting from one- 
hopon transport down a row of ions extending through a three- 
dimensional oxide. (Upper drawing: third place-exchange event; 
lower drawing: fourth place-exchange event.) 

been completed before the adjacent  place-exchange 
event  along the chain begins. This si tuation represents 
a t ime and spatial sequence of individual  (but  cor- 
related) place-exchange events occurring'  one at a 
t ime which eventua l ly  lead to completion of a hopon 
chain. There is a second possibility, however, in which 
each locally adjacent  place-exchange event  begins 
even before the first place-exchange event  has been 
completed. This constitutes a collective behavior  
amount ing  to extension of the place-exchange event  
over distances larger than the atomic spacing in the 
medium (see Fig. 10). Perhaps the easiest way to 
unders tand  this lat ter  proposal is to consider the 
wavelike propagation of the  dis turbance associated 
with a fall ing row of dominos tr iggered by an init ial  
push at one end of the row. Each domino begins to 
fall at a different point  in time; the sequential  t ipping 
over of the various dominos in  the row is collective 
but  not simultaneous.  In  the same way, a single place- 
exchange event  which occurs at one interface (e.g., 
at the oxygen interface in an oxide film) may con- 
sti tute the ini t ia t ion of a time sequence of correlated 
part ial  place-exchange events which propagate at a 
finite speed clown a chain. 

We refer to the above two possibilities as "noncollec- 
t i re"  and "collective" hopon t ranspor t  mechanisms, 
respectively. Noncollective hopon t ranspor t  is charac- 
terized by a thermal ly  activated electric field-modified 
motion of a highly localized place-exchange dis turb-  
ance which jumps statistically in t ime from place to 
place in the medium. Collective hopon t ransport  is 
characterized by a thermal ly  activated electric field- 
dr iven motion of an extended wavelike place-exchange 
dis turbance which propagates at a finite velocity 
through the medium. The l imit  in  which the propaga- 
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Fig. 9. Two-hopon transport process leading to temporal correla- 

tion of the transport of two anions (labeled OA and OB) through a 
compound made up of cations (labeled Xj, with j ~ 1, 2, 3 . . . .  ) 
and anions (labeled Oj, with j ~ 1, 2, 3, . . .). [The top two rows 
indicate two lateral rows of ions in a compound, with adsorbed 
oxygens OA and OB at the end of one of the rows. Each successive 
row downward from the second in the "configuration indicates the 
change in the preceding configuration produced by a single place- 
exchange event, h given row position thus indicates a given time. 
Each column indicates a given site in the lattice. At a given point 
in time (corresponding to a given row), the ion occupying any 
given column site is indicated by the nearest vertical entry upward 
in the column, beginning with the row in question. The second row 
indicates the starting configuration, and the bottom row indicates 
the final configuration. The important point to be noted is that 
the type of ion (cation or anion) occupying a given site is the same 
after completion of two-hopon transport down the row as it was 
initially. Furthermore, the Coulomb interaction energy remains con- 
stant during two-hopen transport once the two defect anions (OA 
and OB) enter the oxide.] 

tion velocity approaches infinity provides the closest 
approximation to the Sate-Cohen model (12). There 
are still some differences, namely,  different activation 
energies and the dependence of these energies on 
oxide layer  thickness. 

It is evident  that  the two-hopon process can involve 
either the collective or the noncollective mechanism. 
Perhaps the a-e response and corresponding frequency 
dependence of the dielectric loss (51) wi thin  the film 
can be employed to dist inguish be tween the various 
possibilities for any specific exper imental  system. 

Discussion 
The purpose of this paper has been to develop in 

some detail a microscopic picture for a specific high 
field t ransport  mechanism, viz./  place exchange of 
oppositely charged ions in  a solid. A quant i ta t ive  
basis is developed for deducing the t ransport  rate due 
to this mechanism, which in  t u r n  can be applied to 
deduce the kinetics of anodic film formation on metals. 
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Fig. 10. Collective one-hopon transport [diagram (b)] con- 
trasted with noncollective one-hopon transport [diagram (a)]. 
(In diagram (a), a single dipole consisting of a place-exchange pair 
is depicted in the process of flipping at some instant of time. In 
diagram (b) a group of adjacent dipoles are in various stages of 
flipping at a given instant of time. As time passes, the disturbance 
travels in one direction or the other with finite velocity. Diagrams 
(a) and (c) indicate the Coulomb interaction energy of the two 
types of disturbance with lateral rows of ions in the oxide.) 

Although the basic idea that  place exchange may give 
rise to t ransport  through a three-dimensional  layer  
dates back to the work of Sato and Cohen (12), it 
is only in the light of relat ively more recent experi-  
menta l  results (11) indicat ing t ransport  numbers  of 
the same order of magni tude  for oppositely charged 
ions that it seemed worthwhile  to the present  author  
to consider such a mechanism more seriously. 

While it is relat ively easy to compare the predictions 
of the present ly considered hopon model with the 
predictions of other microscopic t ransport  mechanisms 
(see Tables I and II, for example) ,  it is more difficult 

to compare its predictions with phenomenological 
models which are not well defined from a microscopic 
viewpoint. One such model is the "network defect 
model" of Dignam (49) which was postulated to ex- 
pla in  coupled cation and anion transport.  Transpor t  
numbers ,  for example, are considered to be meaningless 
entities in the Dignam model, whereas these quanti t ies 
are well defined in the hopon model. It  is also difficult 
or impossible to estimate activation energies and the 
field modification of such in  cases where  the micro- 
scopic t ransport  mechanism is unspecified. According 
to Dignam (49), the essence of the network defect 
model is a bond breaking and rearrangement ,  but  this 
must  indeed be characteristic of any transport  mecha-  
nism because the motion of any defect involves a 
local modification in  the chemical bonds of the sur-  
rounding atoms in  the solid. Perhaps the unique  fea- 
tures of Dignam's model are summarized in the 
following quotations: 

Within  the f ramework of the r andom-ne twork  model 
of the vitreous state as proposed by Zachariasen 
[ (52)] a defect can be imagined to form by rupture  

of one of the meta l -oxygen bonds, followed by 
separation of these "dangling bonds" through a 
succession of processes each of which may be de- 
scribed as an exchange of partners.  
Such defects may be described a l ternat ively  as re- 
gions of local nor~stoichiometry bear ing a single 
charge, positive in the case of ca t ion-network d e -  
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fects and negative in  the case of an ion-ne twork  d e -  

f e c t s ,  in  order to satisfy valency requirements.  
�9 . . as the dis turbance moves through a given region 
of the vitreous network, the atoms are displaced 
irreversibly;  no single atom, however, is displaced 
a s  far as one interatomic distance. 
�9 . . ion t ransport  by this mechanism mainta ins  t h e  

order in both the anion and cation subnetworks,  
except for a small  amount  of reordering arising 
from the random na ture  of the t ranspor t  process. 
�9 . . there can be no such thing as a unique  marker  
that  can be inserted into the vitreous film to define 
a position against  which to measure unique  t rans-  
port  numbers .  

The Dignam model does not appear to be s p e c i f i c  

in  the sense that  it postulates any  given microscopic 
t ransport  mechanism. Apart  from the fact that t h e  

hopon model is based on a specific microscopic mecha-  
nism, namely,  place exchange, there are clearly a 
number  of impor tant  differences between the Dignam 
network  model and the hopon model. Among t h e s e  

are the distances t raveled by any  given ion in  t h e  

oxide matr ix  per t ransported ion, the value of the 
defect charge, the relat ive amounts  of oxide formed 
at the two interfaces, the relevance of the concept 
of t ransport  numbers,  and the general  intui t ive picture 
of how transport  takes place. 

Pr ingle  ( l l )  has listed five possibilities for t h e  

growth of new oxide, namely, the following: (I) The 
metal  alone migrates, and the reaction to form new 
oxide occurs only at the oxide/oxygen interface. (II) 
The oxygen alone migrates, so that the new oxide 
is formed only at the metal /oxide interface. (III) 
When both metal  and oxygen migrate, these two 
mechanisms could occur together, so that new oxide 
would be formed at both interfaces. (IV) When both 
the metal and oxygen migrate, however, the new oxide 
does not have to be formed at the interfaces; it could 
be formed within  the existing oxide through the 
t ransport  of mater ial  from each side. (V) Since mech- 
anisms III and IV are not mu tua l ly  exclusive, the 
new oxide could be formed both wi thin  the existing 
oxide and at the interfaces. 

Although these possibilities in no way constitute 
microscopic t ransport  mechanisms, they do more or 
less categorize the various possibilities to be considered 
when in terpre t ing the marker  and tracer experiments 
(11, 34). It can be noted that hopon transport  leads 
to mode III in the above listing; this is also the cate- 
gory chosen by Pring]e ( I I )  as being the one most 
in accord with his radioactive noble gas marker  ex- 
periments.  P r ing le  makes the point that radioactive 
noble gas marker  experiments  can only determine 
how much of the new oxide is being formed by metal 
and /or  oxygen migrat ion;  they cannot determine how 
the individual  atoms migrate. A marker  for oxygen 
itself is required to delineate more specifically how 
the oxygen moves. The conclusion was reached on the 
basis of the tracer experiments  (34) that  the oxygen 
atoms jump a distance corresponding to not much 
more than one in teroxygen distance. This again is in 
accord with the predictions of the hopon mechanism. 
Likewise, recently reported measurements  (35) of the 
motion of the t an ta lum ion dur ing anodic oxidation 
are in accord with the hopon mechanism. 

The intui t ive picture which Pringle  (11) put  forth 
for the t ransport  mechanism through anodic oxides 
formed o n . t a n t a l u m  is perhaps best summarized by 
the following quotation: 

In this model . . . each moving atom carries a frac- 
t ion of the charge a fraction of a "lattice spacing" in 
such a way that the total effect is equivalent  to one 
charged atom jumping  one "lattice spacing." Both 
tan ta lum and oxygen take part  in this process, so 
that  the lattice loses its r igidity dur ing  the charge 
t ransfer  event. 
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To quote from the later  exper imental  paper  by Pringle  
(34) on the oxygen tracer  work: 

The na ture  of the oxygen migrat ion is thus ra ther  
obscure, but  the present  results are not inconsistent  
with the hypothesis pu t  forward in  a previous 
paper . . . that  charge is t ransferred dur ing the 
anodic oxidation of t an ta lum via the simultaneous 
movement  of a group of atoms, both t an ta lum and 
oxygen. 

It  therefore seems apparent  that Pr ingle  did not 
have any specific microscopic t ranspor t  mechanism in 
mind. It  is not specified how the t an ta lum and oxygen 
are moving as a group, and it is not specified how 
the charges are dis tr ibuted and how the net  charge 
is carried through the medium. The above statements 
could be more or less consistent with a number  of 
microscopic t ransport  mechanisms. 

Vermilyea (24) has speculated that in amorphous 
Ta20~ the local configuration of ions surrounding each 
t an ta lum ion changes with the passage of current  and 
thus depends on the conditions of formation (i.e., the 
past history) of the oxide. This idea seems to be 
closely related to the in tui t ive  picture under ly ing  the 
ne twork  defect model (49) discussed earlier. 

Young (53), in his paper on the s teady-state  kinetics 
of formation of anodic oxide films in sulfuric acid, 
pointed out  the possible importance of the glassy 
s t ructure  (54) of the anodic oxide. This represented 
an early recognit ion of the relevance of the early 
work of Zachariasen (52) on glasses which others 
(55) since that  t ime have cited as being re levant  to 
metal  oxidation. 

Amsel and Samuel  (41) discussed the possible 
t ransport  mechanisms involved in anodic oxidation 
in  the l ight of their exper imenta l  results using O is 
isotopes. Because perfect conservation of order was 
observed for the oxygen in  the oxide layer  dur ing  
growth, with the already formed oxide remain ing  at 
the metal  interface and new oxygen being incorporated 
at the solution interface, it was concluded that  the 
oxygen ions either did not move, or else that they 
move by highly correlated vacancy diffusion, the 
vacancies or iginat ing from the lattice plane in contact 
with the metal. From exper iments  using two metals 
s imul taneously  (A1 and Ta),  they concluded in addi-  
t ion that metal  ions move by creation and subsequent  
annih i la t ion  of an  atom or vacancy, with several  
possibilities discussed for this process. Cation vacancy 
diffusion coupled with exchange capture of cation 
interst i t ials  were considered quite likely, the lat ter  
evident ly  being an interst i t ia]cy mechanism (8). 

Dewald (56) treated the effects of space charge on 
the ionic current.  An extension of this single carrier 
model to include concentrat ion gradients has been 
given by Fromhold and Kruger  (57), and analyt ical  
results for the very high field l imit  have been deduced 
(58). 

Fisher, Bean, and Vermilyea (59) have examined 
the role of the surface charge field in lowering the 
barr iers  for ionic hopping at the oxide interfaces, and 
Dignam (60) has examined the effects of asymmetry  
introduced into the potential  energy barr iers  by the 
field. Dankov (61) has pointed out the role of stresses 
in  thin oxide layers. Other creative ideas on transport  
mechanisms possibly re levant  for anodic oxide forma- 
t ion have been summarized by Young (62). 

The question of the exper imental  kinetics for anodic 
film formation is still being debated in the l i terature.  
Whereas Sato and Cohen (12) found a direct loga- 
r i thmic growth law for the anodization of iron, Draper 
and Jacobs (63) found a space-charge modified growth 
law similar  to that  predicted by the work of Dewald 
(56). The lat ter  would be in bet ter  accord with the 
theoretical predictions of the present  model, which 
gives rise to the same kinetics as predicted by the 
space-charge gradient  model (57, 58) for single carrier  

transport.  Moshtev (64) found that  even in the case 
of iron, the s teady-state  growth kinetics in the passive 
region using neut ra l  solutions could be best described 
by a field-assisted single carrier  t ranspor t  equat ion 
of the same basic type as the space-charge gradient  
model. Thus the present  model of anodic film forma-  
t ion by hopon t ranspor t  is reasonably consistent with 
much of the published exper imenta l  data. 

The central  points which have been made in  the 
present  development  of hopon motion are the follow- 
ing: (a) The postulated hopon t ranspor t  is a new 
type of place exchange (nonsimul taneous)  which leads 
to a different kinetics of growth from the s imultaneous 
place-exchange mechanism of Sato and Cohen. (b) 
The s t ructural  ordering of the cation and anion lattices 
resul t ing from this specific microscopic t ransport  mech- 
anism of hopon motion has been careful ly delineated 
and compared with the ordering expected for t rans-  
port  by  cation and anion vacancies and interstit ials.  
(c) An electric field represents an impor tant  dr iving 
force for hopon transport.  

Conclusions 
The nonsimul taneous  place-exchange mechanism has 

certain features (pr imar i ly  the microscopic ordering 
of cations and anions) which are very  s imilar  to the 
collective place-exchange model of Sato and Cohen; 
nevertheless, this mechanism has other features (pri-  
mar i ly  the kinetics) which are more closely re la ted 
to the hopping model of Verwey. In  fact, the reason.  
that  the picture of nonsimul taneous  place exchange 
is so attractive is that  it incorporates the best features 
of the hopping t ransport  mechanism and the place- 
exchange t ransport  mechanism. The energetical ly most 
favorable mechanism for any  par t icular  system will  
of course prevail. In some systems, this may be a 
hopon mechanism; in others, it will be the pure hopping 
of interst i t ials  or vacancies. Since the microscopic 
order preservat ion is quite different for the various 
models, as summarized in Table I, radioactive tracer 
experiments  can aid in differentiating between the 
possibilities for a given system. 

The following interest ing conclusions have been 
reached regarding oxide growth by means of the 
above-described hopon t ransport  mechanism: 

1. The new metal  ions are incorporated at the metal  
interface and the new anions are incorporated at the 
oxygen interface;  hopons can, in  principle, ini t iate  
at either interface. 

2. The microscopic order of the cations and anions 
witt~in the line of atoms involved in a hopon chain 
are individual ly  preserved dur ing subsequent  t rans-  
port, since each cation is marched one uni t  cell dis- 
tance away from the metal  interface and each anion 
is marched one uni t  cell distance toward the metal  
interface with each successful te rminat ion  of a hopon 
chain. 

B. The transport  numbers  for the oppositely charged 
ionic species will be of the same order of magnitude.  

4. Hopons result  in the t ransport  of a net  charge 
through the medium; the rate of such t ransport  will 
be markedly  dependent  on any applied or bu i l t - in  
electric field. 

5. Space charge effects are much the same as for 
interst i t ials  or vacancies. 

6. A hopon gradient  acts as a dr iving force for 
transport.  

7. Many stress effects are quite analogous to those 
predicted for the hopping of vacancies or interstitials,  
though some of the quanti t ies (e.g., the Pi l l ing-Bed-  
worth ratio) must  be replaced by different values. 

8. The kinetics of oxide formation for hopon t rans-  
port are quite analogous to those predicted by the 
lattice interst i t ial  or vacancy hopping model. 
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APPENDIX A 

Transport due to a Gradient of Hopons 
A gradient  in the densi ty of hopons can also act 

as a driving force for transport.  In  zero electric field, 
for example, the particle current  of hopons at the 
position oI' the potential  barr ier  labeled k is 

J k = v e x p ( - - W H / k B T ) [ n k - l - - n k ]  ( k =  1,2 . . . . .  N) 

[A- l ]  

where nk is the n u m b e r  of hopons per un i t  area 
located in  the potential  m i n i m u m  following the poten- 
tial barr ier  labeled k. In  this one-dimensional  label ing 
scheme, there are N barr iers  across the oxide film, 
so that  in terms of an atomic separation distance do, 
the thickness of the oxide film is Ndo. 

APPENDIX B 

Space Charge due to Hopons 
The existence of space charge in the hopon model 

follows from the charges associated with the v i r tua l  
defects. After the init ial  place exchange between two 
ions of opposite sign, we have a si tuation in which 
an ion of one sign in the lattice is replaced by an 
ion of opposite sign. Thus the excess charge, relative 
to a stoichiometric s i tuat ion of local space charge 
neutral i ty,  has tl~e magni tude  

lqHI = (lZr + IZ~l)e [B-1] 

The discrete form of Poisson's equation [Eq. (8.1) 
in  Ref. (17)j then leads to a posi t ion-dependent  elec- 
tric held, which in 51 units  is 

k 
El: -- Eo -}- (qH/e) ~ .  ?~j-1 (k  = 1, 2 . . . . .  N)  [B-2] 

j = l  

where Ec is the electric field at the source interface, 
Ek is the electric field at the potential  barr ier  labeled 
k, and nj is the number  of hopons per uni t  area located 
in  the potential  m in imum following the potential  
barr ier  labeled k. 

APPENDIX C 

5tress Effects due to an Electrochemical Potential Gradient of 
Hopons 

An electrochemical potential  difference for hopons 
can produce a stress somewhat analogous to the manne r  
in which such a gradient  for other types of point  
defects leads to such stresses (32). The general  rela-  
t ion that  the force is given by the gradient  of the 

electrochemical potential  u leads to 

Y = -- -- [C-l] 
dr 

for the force acting on each defect at position x in  
the oxide. For a bulk concentrat ion C of hopons, a 
good approximation to the electrochemical potential  

u is given by 

u = kBT In C + qHV [C-2] 

where V is the electrostatic potential  determined in  

the usual way by a spatial integral  of the electric 
field in accordance with Poisson's equation [see Sec. 4, 
Chap. 3 in Ref. (17)]. 

APPENDIX D 

Fundamental Kinetics Equation for Oxide Growth by Hopon 
Transport 

The kinetics of oxide formation are determined 
from the diKerential  expression (17) 

dL 
d t  = RJo [ D - 1 ]  

where L is the oxide thickness, t is the time, Jo is 
the steady-state current  of hopons, and R is the 
volume of oxide formed per hopon which traverses 
the oxide film from x = O to x = L. The local s teady- 
state particle current  Jk at the potential  barr ier  labeled 
k is determined by the hopon gradient  and the elec- 
trical force qitE in accordance with the hopping ex- 
pression 

Jk = ~ exp (--WH/kBT) [nk-1 exp (qHak(t)EiJkBT) 

- -nkexp(qHak(r )Ek /kBT)]  ( k =  1,2,3 . . . . .  N) [D-2] 

where ak (f) is the forward  hopping distance at barr ier  
k, ak (r) is the reverse hopping distance at barr ier  k, 
v is an at tempt  frequency for place exchange, and 
all other parameters  have been previously defined. 
The forward and reverse hopping distance ak (f) and 
ak (r) can differ because of the asymmetry  introduced 
by superimposing the asymmetr ical  electrical potential  
energy on an otherwise symmetric potential  energy 
barr ier  (29, 60). The integrat ion of the above series 
of coupled difference equations can be carried out 
analyt ical ly  or numerical ly  in the l imit  of the steady 
state to obtain the hopon current  density Jo required 
above for the kinetics. The results are the same as 
those obtained specifically for the case of one-species 
transport  in the presence of space charge of the mobile 
species and a concentrat ion gradient  (57, 58). 

APPENDIX E 

Case of Transport by Ionic Defects Having a Variable Valence 
Consider the si tuat ion in which new oxide having 

the stoichiometric composition MOpo is being formed, 
with the metal  ion valence Zc and the oxygen ion  
valence Za, with Po =- IZc/Z~l. Consider s imultaneously 
the basic rotat ional  uni t  to have a composition de- 
scribed by MOp, with the metal  ion charge dur ing 
t ranspor t  being Zc'e, and the oxygen ion charge dur ing 
t ransport  being Za'e. The transport  numbers  based 
on relative charge t ransport  would then be given by 

pLza'L 
ta' = [E- l ]  

p!Z~'I + I/r 

Zc t 
to' = [E-2] 

plZ~'l + IZ~'l 

whereas the t ransport  numbers  computed from the 
relat ive amounts  of oxide formed at the two interfaces 
would be given by 

P/Po P 
t a  ~--- 

(P/Po) + 1 P + Po 

1 Po 
t c ~ , - -  _ _  

1 -F (p/po) P + Po 

P 

p + IZJZal 
p[z~l 

_ [E-3 ]  
plZ~l + Iz~I 

lzJz~l 

p + IZJZ~l 

IZol 
--- [E-41 

plZa] + IZcL 

It is to be noted by comparing Eq. [E-1] with Eq. 
[E-3], and also comparing Eq. [E-2] with Eq. [E-4], 
that  the exper imental  values for the t ransport  n u m -  
bers deduced on the basis of relat ive amounts  of ox- 
ide formed at the two interfaces are not in  accord 
with the true t ransport  numbers  as d e t e r m i n e d  o n  
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the basis of charge  t ranspor t .  Al though it  might  seem 
un l ike ly  tha t  Zc' and Za' would  differ f rom Zc and Za 
in hopon t ranspor t ,  never theless  one should keep an 
open mind  as to var ious  possibil i t ies.  

I t  is in te res t ing  that  even in the case of t r anspor t  by  
a single type  of in te rs t i t i a l  (or single type  of vacancy)  
wi th  some a t t endan t  e lec t ron t ranspor t ,  the  ionic and 
electronic t r anspor t  numbers  obta ined by  a comparison 
of mass  and charge  t r anspor t  wi l l  only  be correct  if 
the  ac tual  charge  of the  ionic defect  dur ing  t r anspor t  
can be ascertained.  Otherwise,  the correct  t r anspor t  
numbers  a re  obta ined  only if the defect  charge dur ing  
t r anspor t  is the  same as tha t  de te rmined  f rom the 
valence  in the oxide being formed: As a specific ex-  
ample,  consider  the t r anspor t  of cat ion in ters t i t ia ls  and 
electrons.  The me te r  cur ren t  and  the oxide  growth  
ra te  wil l  be given by  

/meter ---- Zci'eJci -[- [ ( - - e ) J e l  [E-5] 

dL 
'dr  ---- Rci Jci [E-6] 

where  Rr is the  volume of new oxide formed per  
cat ion in te rs t i t i a l  t r anspor ted  th rough  the oxide film. 
The above const i tute  two equat ions and two unknowns.  
If  Zci'e is assumed to be equal  to Zcie, then knowing 
the l e f t -hand  sides h 'om measurements  of the me te r  
cur ren t  and the  oxide  growth  rate,  together  wi th  the 
constant Rci computed  f rom the oxide density,  then  
we can solve the  two equations s imul taneous ly  to ob-  
ta in  the  values of Jci and Je. Then the t rue  t r anspor t  
numbers  are  given by  

ti' -" Zci'eJci/ (Zci'eJci -~- leJel) [E-7] 

re' "- IeJe[/ (Zci'eJci ~- [eJel) [E-8] 

Since, however ,  the de te rmina t ion  involves p resuming  
a value  for Zci', which m a y  in fact differ in cer ta in  
cases f rom Zcl, the  de te rmina t ion  of the re la t ive  charge 
t r anspor t  numbers  by  employing  the mass t ranspor t  
ra te  as ind ica ted  above can lead  to error .  
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Si02 Particulates Dispersed in a CVD Reactor 
II. Correlation with Film Characteristics 

A. Shintani,* K. Suda, and M. Maki 1 
Hitachi, Limited, Central Research Laboratory, Kokubunji, Tokyo 185, Japan 

ABSTRACT 

The concentrations of vitreous silicate part iculates dispersed in  the CVD re-  
actor measured by a laser l ight scattering technique are related to the 
characteristics of the deposited film. The larger particulates, 0.3-0.5 ~m in 
diam, decrease in  number  with increase of gas flow rate with constant reactant  
concentrations, but  smaller  particulates show no change in number .  When the 
reactants are diluted, the smaller  part iculates increase in  number  but  the large 
part iculates decrease. This confirms that  the large part iculates are formed by 
coagulation of small  particulates. The 0.3-0.5 ~m diam particulates cause p in-  
holes which can be detected by generat ion of hydrogen bubbles in an appro- 
priate electrolyte. The smaller  particulates,  0.1-0.3 #m in diam, and the film 
deposition rate do not ai~ect the pinhole formation. The pinhole density (D) 
is expressed in terms of the e• field s trength (E), where D c c  E n 
(0 < n < 1.5). The part iculate contaminat ion of the films varies with reactant  
concentrat ion but  does not correspond well to the var ia t ion of the particulates 
dispersed in  the reactor. Hillock-like pat terns on film surface are  n o t  par-  
ticulates. 

Format ion of vitreous silicate and phosphosilicate 
glass (PSG) films has f requent ly  been carried out at 
low temperatures  (450~ using chemical vapor depo- 
sition (CVD) with silane and oxygen as reactants. 
F i lm formation is the result  of a complex heteroge- 
neous free-radical  b ranching-cha in  reaction involving 
a surface reaction of SiI-I4 and 02 (1). A SiO2 fog is 
s imul taneously  produced in the gas phase. This fog 
possibly contributes to pinholes in  the film and to par-  
t iculate contamination.  

Recently, an aerosol measur ing technique was devel-  
oped which makes it possible to evaluate part iculate 
dispersion in the reactor (3, 4). In  Par t  I of this study 
(3), the size, number ,  and relat ive distr ibution of 
SiO2 particulates with submicron diameters were mea-  
sured for various conditions. 

In  Par t  II of this study, the possible correlations of 
pinholes and part iculate contaminat ion in CVD SiO2 
films with SiO2 particulates in the gas phase have 
been investigated. 

Experimental 
The CVD apparatus, laser part iculate  monitor  

(LPM), and the exper imental  setup have been de- 
scribed in detail in  Par t  I (3) and elsewhere (2). 

Methods for detecting and characterizing localized 
defects in dielectric films have been surveyed by Kern  
and Comizzoli (4), and the electrolysis method used 
in this work is similar to that described by these au-  
thors. The specimen is made the cathode in 0.1N NaC1 
aqueous solution with a p la t inum wire as anode. P in -  
holes are detected by observation of hydrogen bub-  
bles. Electrically weak points in the film cannot be 
distinguished from pinholes in this technique. 

Part iculate  contaminat ion density was estimated 
from the average value of the part iculate  flakes on 
40-50 square pat terns of area 0.25 cm 2. In addition, 
He-Ne laser light scattered by particulates was de- 
tected using a photomultiplier.  

Results and Discussion 
The size dis tr ibut ion of SiO2 particulates dispersed 

in the CVD reactor varies with reaction t ime (3). 
Larger particulates, greater than 0.3 ~m in diam, de- 
crease in number  with time, whereas smaller par t icu-  
lates gradual ly  increase. These trends can be at t r ibuted 
to part iculate coagulation in the gas phase. 

* E lec t rochemica l  Society Act ive  Member .  
1 P r e s e n t  address :  Hitachi ,  L imi ted ,  Hi tachi  Resea rch  Labora-  

tory,  Hitachi ,  Ibarak i ,  Japan.  
Key  words :  d ie lect r ic  film, pinholes, particulate con tamina t ion ,  

aubmicron particulates. 

It can be easily understood that  the part iculate col- 
lisions in a CVD reactor are l inear ly  proportional to 
gas contact time and part iculate concentration. Con- 
tact t~me is defined by the reactor volume times the 
inverse of the total gas flow rate. The contact t ime de- 
creases with the increase in the total gas flow rate 
admit ted to the constant volume reactor. According to 
Eq. [3] in Par t  I 

no  
~ m  

1 -~ (cnoVRS)t 

the contact t ime is implici t ly involved in the coagula- 
tion time defined by 1/(cno V R~). The velocity gradi-  
ent of the gas flow, V = OVx/Oy included in the co- 
agulat ion time, increases with total gas flow rate. This 
means that the decrease in  coagulation time contributes 
to the part iculate coagulation reduction trend. There-  
fore, large particulates decreased with the increase  in 
gas volume when the reactant  concentrations remained 
constant (Fig. 1). The figure shows the relat ion be-  
tween part iculate numbers  and the inverse of total gas 
flow rate, 1/V. While the number  of large particulates 
increased with 1/V, particulates smaller  than 0.3 #m 
in diam showed no large change in number .  The small-  
est measurable  particulates, 0.1-0.2 #m, decreased in 
number  with 1/V. 

Part iculate  collisions and hence coagulation is re- 
duced when the reactant  gas concentrat ion is diluted. 
As shown in Fig. 2, 0.1-0.2 ~m diam particulates in -  
creased in number  with increased dilutions but  0.2-0.3 
~m diam particulates decreased. The 0.1-0.2 ~m diam 
particulates tended to saturate in number  at di lut ion 
gas flow rates greater than 12 l i ters /min.  The small  
part iculate concentrations may indicate the nuclei or 
original part iculate behavior. 

The surfaces of deposited films show hillocks which 
increase in size with reaction time, as shown in Fig. 3. 
Hillock size and film thickness both rose l inear ly  with 
reaction time. This result  indicates that  the par t icu-  
lates do not directly contr ibute to film growth. Al-  
though the behavior of part iculates smaller  than 0.1 
sm in diam were not measured, these would be dis- 
persed in a manne r  similar  to the dis tr ibut ion of 0.1- 
0.2 ~m diam particulates. 

The particulates in the range of 0.1-0.5 ~m in diam 
were observed because of the l imitat ion of the LPM. 
On the other hand, the observed part iculate flakes were 
larger than  1 ~m in diam in both optical microscopic 
and laser light scattering technique measurements  so 
that part iculate contaminat ion could not be directly 
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Fig. 1. Total .gas flow rate dependences of individual particulate 
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compared with  variat ions of dispersed particulates.  
However ,  the behavior  of part iculates  la rger  than 0.5 
#m in diam can be es t imated from that  for part iculates  
la rger  than 0.3 #m in diam as repor ted  in Par t  I. Pa r -  
t iculates la rger  than 0.3 #m in diam tend to decrease 
in number  wi th  react ion time. Judg ing  f rom this, 
part iculates  la rger  than 1 ~m in diam should be re-  
duced in number  wi th  react ion time. The number  of 
these larger  par t iculates  would be less than that  of 
part iculates  with diameters  be tween  0.3 and 0.5 ~m. 
If the part iculates  la rger  than 1 ~m in diam contr ibute  
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Fig. 3. Time dependences of film thickness and approximately 
largest hillock-like pattern sizes. 
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Fig. 4. Dependence of particulate contamination density on f i l m  
formation time. The contamination was measured using the laser 
light technique. 

to the observed par t icula te  contaminat ion,  the contami-  
nation density should increase wi th  react ion t ime with  
a power  lower  than one. The results were  apparent ly  
consistent with this (Fig. 4). 

The addit ion of PH8 to the reactants  inhibits par -  
t iculate coagulat ion (3). The contaminat ion density 
tended to decrease monotonical ly wi th  increase in PH~ 
flow rate, as revea led  in Fig. 5. Comparing wi th  Fig. 8 
shown later, par t icula te  contaminat ion does not cor-  
respond well  to part iculates  dispersed in the reactor.  
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Fig. 5. PH8 flow rate dependence of particulate contamination. 
The contamination was measured using a microscope. 

Pinhole density measured by the electric technique 
depended on the s t rength of the electric field applied 
to the film, as shown in  Fig. 6. Al though each data 
point  had large fluctuation, the mean  pinhole density 
(D) can be exper imenta l ly  expressed by 

D o: E n  [I] 

where E is the electric field strength applied to the film, 
and n is an appropriate constant. The figure shows 
that there is some difference in n between thermal and 
CVD oxide films. 

Correlations between pinholes and fil~m formation 
conditions are shown in Fig. 7 and 8. In a Si device, 
a vitreous silicate insulator sandwiched between 
evaporated A1 layers is generally operated with an 
electric field of 106 V/cm. The densities plotted in the 
figures were obtained for films applied with electric 
fields of this magnitude. The number of 0.3-0.5 ~m 
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Fig. 6. Electric field strength dependences of pinholes in vitreous 
silicate films. 
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number, pinhole density, and film deposition rate. 
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diam particulates,  the film deposition rate, and pinhole 
densities are il lustrated. The var iat ion in pinhole den-  
sity with 02 flow rate is in an approximate agreement  
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with the variat ions of both the film formation rate 
and number  of part iculates dispersed in the gas phase 
(Fig. 7). However, the var iat ion of pinhole density 
with PH3 flow rate follows that of part iculate n u m -  
bers, not that  of film formation rate, as seen in Fig. 8. 
These results reveal that  the pinholes and weak spots 
are extr insical ly induced. If the local electrically weak 
characteristics were intr insical ly  generated dur ing 
chemical vapor deposition, the pinhole density would 
undergo a major  increase with the film deposition rate. 
When the plane formation of the film does not suf- 
ficiently develop, local i rregulari t ies  in film thickness, 
which cause the electrically weak characteristics, occur. 
This can become extreme when the film surface consists 
of many  hil lock-l ike pat terns and when the film depo- 
sition rate becomes fast. The dependence of pinhole 
density on PH3 concentrat ion is contrary to that  of film 
deposition rate (Fig. 8 ) .  

Figures 7 and 8 show that  part iculates larger than 
0.3 ~m in  diam are most l ikely to induce these defects. 
The dis t r ibut ion of part iculates smaller  than 0.3 ~m 
in diam in  the reactor contrast with those of large par-  
ticulates, as ment ioned previously [cL Fig. 4, 5, and 7 
in  Ref. (4)].  These small  part iculates are accordingly 
not considered to be a p r imary  cause of pinholes. 

F i lm formation at 415~ is controlled by reactant  
diffusion through a s tagnant  gas layer  over a sub- 
strate surface. Large part iculates embedded on the 
substrate surface can act as a sink for adsorbed atoms 
moving on the surface and can per turb  the gas phase 
boundary  layer. Local thickness i rregulari t ies  of the 
film, especially in  the vicinity of very large par t icu-  
lates, is clearly visible even by eye as in terference 
color variations. More drastic i rregulari t ies  of the 
thickness can be seen with nondoped films than with 
PSG films. The addit ion of PH3 to the reactants ef- 
fectively inhibi ts  the coagulation of small  particulates, 
as discussed in  Par t  I. The doped film surface is 
smoother than  that of nondoped films. 

Conclusions 
Particulates,  0.3-0.5 ~m in  diam, decrease in number  

with increase of total gas flow rate with the reactant  
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concentrat ion constant  but  smaller  particulates s h o w  
no change. Small  particulates increase in number  w h e n  
the reactant  concentrat ions are di luted with the ratio 
of reactants (O2/SiHD constant  but  the large par t icu-  
lates decrease in number .  This confirms that large par -  
ticulates are formed by coagulation of small  par t icu-  
lates. 

Pinholes and other electrically weak points can be 
detected by generat ion of H2 bubbles  in an appropri-  
ate electrolyte. The pinhole density (D) is expressed 
in terms of the electric field s t rength (E) applied to 
the film, where D oc E n. The value of n is a measure of 
the electrical characteristics of the film. The pinholes 
vary  in density with PH3 concentrat ion similar  to 
variations of 0.3-0.5 ~m diam particulates,  but not to 
variations of smaller  part iculates and film deposition 
rate. 

The hillock pat terns on the surface are not a t t r ibu t -  
able to particulates in  0.1-0.5 ~m diam region. The var i -  
ations of part iculate contaminat ion densities of the 
films with reactant  concentrat ions do not correlate well 
with the variat ions in the number  of part iculates dis- 
persed in the reactor. 

Manuscript  submit ted April  3, !979; revised m a n u -  
script received Sept. 20, 1979. 

Any discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submit ted by Aug. 1, 1980. 

Publication costs of this article were assisted by 
Hitachi, Limited. 
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Luminescence of Doped and Undoped 
AI (W04) , and Lu2(W04)3 

G. Blasse and M. Ouwerkerk 
Physical Laboratory, State University, 3508 TA Utrecht, The Netherlands 

ABSTRACT 

The luminescence of doped (Eu3% Cr s+) and undoped A12(WO4)~, 
Sc2(WO4)8, and Lu2 (WO4)3 has been investigated. The tungstate  luminescence 
is not very efficient for reasons closely related to the packing of the crystal 
structure, Sc2 (WO4)8 and Lu2 (WO4)~ are very hygroscopic. The Eu 3 + emission 
can be used as a tracer Ior the moisture amount  or these tungstates. At 4.2~ 
the Cr 3+ emission consists of 2E line emission (R and N lines).  In  the vibronic 
s t ructure  coupling with tungstate  v ibra t ional  modes have been observed. At 
higher temperatures  the 4T2 emission takes over. 

Vanadates, niobates, tungstates, and similar  com- 
pounds are known as potential  efficient luminescent  
materials:  Examples are Mg3(VOO2 (1), YNbO4 (2), 
and CaWO4 (3). Surpr is ingly  enough the a luminum 
analogs have never  been studied before in this respect. 
The luminescence of A1VO4 (4) and A1NbO4 (5) has 
been reported elsewhere by us. None of these mate-  
rials has a high luminescent  efficiency. This was 
ascribed to s t ruc tura l  pecularities. 

Key words: tungstate, phosphors, crystal structure. 

In this paper we report on the luminescence of doped 
and undoped Al~(WO4)s, and extended our invest iga-  
tions to Sc2(WO4)8 and Lu2(WO4)3 because the three 
tungstates are isomorphous (6, 7). In  this way we had 
available three host lattices in  which the ionic radius 
of one of the constituents varies largely (A13+ 0.535A, 
Sc 3+ 0.745A, Lu 3+ 0.861A; radii  according to Shannon  
and Prewi t t  (8) for s ix-coordinat ion) .  As dopants 
we used Eu 8+ and Cr ~+ and, superficially, Bi 3+ and 
U6+ 
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The c rys ta l  s t ruc ture  of these mate r i a l s  is r a the r  
complicated.  The tungsten coordinat ion is t e t rahedra l .  
There  are  two c rys ta l lograph ica l ly  different  tungsten 
sites: W(1)  has si te s y m m e t r y  C2 and four  equiva len t  
posit ions in the  or thorhombic  unit  cell, W(2)  has C1 
and e ight  equiva lent  positions. The t r iva l en t  meta l  ion 
is in a distorted,  oc tahedra l  coordinat ion wi th  s i t e  
s y m m e t r y  C1. 

Borchard t  (9) has r epor ted  the  luminescence of 
Sc2(WO4)s and Lu2(WO4)s at  77~ S to rk  et al. (10) 
r epor ted  the  300~ emission spec t rum of CrS+ in 
A12(MoO4)s dur ing  a s tudy  of the ca ta ly t ic  proper t ies  
of the  sys tem Mol-~-A12Os. This molybda te  is i so-  
morphous  wi th  AI2(WO4)s as is Cr2(WOD3 (6). Our  
invest igat ions  a re  cons iderab ly  b roade r  wi thout  en-  
te r ing  into eve ry  detai l .  

Experimental 
Samples  were  p r e p a r e d  by  firing in t imate  mix tures  

of the s ta r t ing  mate r i a l s  (AI(OH)s ,  Sc2Os, Lu2Os, 
Eu2Os, Cr203, and  WO~) in co rundum crucibles  a t  
800~ and, a f te r  a mi l l ing procedure,  at  1000~ for 
severa l  hours  in air.  In  a few cases samples  were  p re -  
pa red  in a comple te ly  d ry  a tmosphere  and mounted  in 
the  cryos ta t  in a d r y  box. X - r a y  powder  pa t te rns  were  
run  on a Phi l ips  d i f f rac tometer  using C u K ,  radiat ion.  
The per formance  of the opt ical  measurements  has been 
descr ibed before  (1, 5). 

Results and Discussion 
V~brational spectra.--The in f ra red  and Raman  spec-  

t r a  were  measured  for  A12(WO4)s, Sc2(WO4)s, and 
Lu2(WO4)s. F igure  1 presents  the Raman  spect ra  in 
the region of the  W-O s t re tch ing  vibrat ions.  F igure  2 
gives the in f r a red  spec t rum of AI2(WO4)s in that  

I I I I 
1200 1000 8 0 0  6 0 0  cm -1 

Fig. I. Raman spectra of AI2(W04)~, Sc2(W04)~, and Lu2(W04)3 
at room temperature in the W-O stretching region. 

AI2(WO4)3 ~ 

\ /  V 
i i L i 1200 1000 800 600 400 cm 4 

Fig. 2. Infrared spectrum of AI2(WO4)s at room temperature 
(KBr pellet). 

region. Those of Se2 (WO4)s and especia l ly  Lu2 (WO4)s 
showy less subbands  and are  less broad.  F igures  1 and 2 
show two in teres t ing  facts, viz., the  number  of l ines 
or bands is large,  and the spectra l  region which is 
covered by the W-O s t re tching  v ibra t ions  is ve ry  
large. 

This is especial ly  clear  af ter  compar ison  wi th  the 
spect ra  for a tungsta te  wi th  a s imple  crys ta l  s t ructure ,  
e.g., Na2WO4, where  the symmet r i c  s t re tching mode 
(vt) is a t  928 cm - I  and the asymmet r i c  s t re tching 
mode,(v3) at  811 cm - I  (11). The presen t  compl ica ted  
s i tuat ion arises f rom the fac t  tha t  the  uni t  cell  (wi th  
s y m m e t r y  D2h) contains four  W(1)  and e ight  W(2)  
ions, Under  the low site s y m m e t r y  of both ions the  
threefo ld  degenera te  vs spli ts  into components  which, 
pa r t ly  in the case of W(1)  and comple te ly  in the case 
of W(2) ,  have the same s y m m e t r y  representa t io  n as 
yr. As a consequence the symmet r i c  and  asymmetr ic  
modes mix  and i t  is no longer  useful  to make  a dis-  
t inct ion be tween  them. A s imi lar  s i tuat ion has been 
repor ted  for Mg2SiO4 (12). 

On the basis of the site s y m m e t r y  alone (neglect ing 
in te rac t ion  be tween  equiva len t  tungsta te  t e t r ahedra )  
we expect  e ight  a l lowed peaks  in the  Raman  as wel l  
as in the in f ra red  spectra.  We find fewer  peaks,  but  
the large  difference be tween  the Raman  and in f ra red  
spect ra  suggests tha t  the in te rac t ion  (factor  group 
analysis)  should be t aken  into account. This yields  24 
Raman  peaks  and 18 in f ra red  bands which, due to the  
exclusion principle,  should be different.  I t  is c lear  
tha t  the expe r imen ta l  resul ts  cannot  be ana lyzed  on 
this basis. Two r emarks  can be made.  (i) The in te r -  
act ion be tween  equiva len t  tungs ta te  groups is expected  
to be s t ronger  in  the  a luminum compound than  in  
the  o ther  two compounds in  view of the shor te r  W - W  
distances. In  fact  the  spec t ra  of the  a luminum com-  
pound extend over  the wides t  range, (ii) The presence 
of r e l a t ive ly  high v ibra t iona l  f requencies  ( >  1000 
cm -1) may  be re la ted  to the occurrence of r e l a t ive ly  
short  W-O distances in the crys ta l  s t ruc ture  [e.g., 
1.70A for W ( 1 ) - O ( 4 )  in Sc2(WO4)s to be compared  
wi th  the t e t r ahedra l  W-O dis tance in CaWO4 of 1.78A 
(6)] .  However ,  the more  impor t an t  reason for  r e -  
por t ing  the v ibra t iona l  spect ra  here  is tha t  they  are  
of use in the in te rp re ta t ion  of the Cr ~+ emission spec-  
t rum of A12 (WO4) s-Cr. 

Dif]use rel~ection spectra.--The reflection spec t ra  of 
the  th ree  tungsta tes  resemble  the  reflection spec t rum 
of Sc2(WO4)8 repor ted  by  Borchard t  (9). There  is an 
opt ical  bandgap  in the shor t  wave leng th  u l t rav io le t :  
at  230 nm for Lu~(WO4)s, at  235 n m  for Sc2(WO4)~, 



~k 

LUMINESCENCE 431 

and 240 n m  for A13(WO4)8. This par t  of the spectrum 
is independent  of sample history. Excitat ion into this 
region will  be called i -exci tat ion below. This is the 
same absorption as observed, for example, for the 
alkal ine ear th  tungstates MWO4 (M ~ Ca, Sr, Ba)  
where the edge is also below some 250 nm and shifts 
to shorter  wavelengths the larger the alkal ine earth 
ion (13). 

In  addition, the reflection spectra show a tail which 
extends down to some 360 nm. The shape of the tail  
depends on sample history. The tail  in  the spectra of 
our  samples has lower in tens i ty  than that  reported in 
Ref. (9). We will  call this par t  the e-par t  of the 
spectrum. 

The absorption in  these spectral regions is ascribed 
to charge- t ransfer  t ransi t ions in  the tungstate  groups. 
A more detailed ass ignment  will  be given below in  
connection with the luminescence emission spectra. 

Tungstate luminescence.--None of the undoped com- 
pounds under  consideration show luminescence at 
room temperature ;  at l iquid ni t rogen tempera ture  
they show a weak, b lue-green  emission under  u l t ra -  
violet excitation; the emission in tensi ty  increases upon 
cooling to l iquid hel ium temperature.  In  Fig. 3 we 
have given some representat ive examples of emission 
spectra for the case of A12(WO4)8. For i -exci tat ion 
the emission consists of a broad band  with a max i mum 
at about 460 nm, for e-exci tat ion the emission de- 
pends on excitat ion wavelength and peaks in  the 
range be tween 500 and 550 nm. 

Excitat ion spectra do not yield much addit ional in-  
formation because the broad emission bands cannot be 
separated. The excitat ion spectra can also be divided 
into what  we have called an i and an e region�9 These 
spectra extend down to some 360 nm. The 460 nm emis- 
sion band has a short wavelength l imit  at about 360 
n I n .  

The i - region is assumed to be the intr insic  tung-  
state absorption region corresponding with the shorter 
wavelength emission band. This compares favorably  
with the si tuat ion in  CaWO4 (3, 13). One may wonder  
what  is the reason for the re la t ively low quenching 
tempera ture  of the luminescence and the absence of a 
real ly intense emission at very  low temperatures.  I t  
cannot be excluded that  this is par t ly  due to the fact 
that the 460 nm emission band  "touches" the e-region 
excitation band, so that  energy t ransfer  may have a 
reasonable probabil i ty.  The emission spectrum for 
i-excitation, however, contains only a minor  amoun t  
of the long-wavelength  emission, so that  this cannot  
be the real explanat ion for the low quenching tem- 
pera ture  and luminescence intensity.  

The sharp decrease of luminescence in tens i ty  and 
quenching tempera ture  in  the series of scheelites 
CaWO4, SrWO4, BavVO4 has been ascribed to the in -  
crease of the ionic radius of the alkal ine earth ion 
so that the parabola offset in  the configurational co- 
ordinate  diagram will  be largest  for the Iargest ion 
resul t ing in  the lowest luminescence in tensi ty  and 
quenching tempera ture  (14). In  the scheelites the 
oxygen ion is sur rounded by one tungs ten  ion and two 
alkal ine earth ions in  a roughly  t r iangular  way. If 
the W-O distance increases upon excitation, oxygen 
ion movement  will be inhibi ted by the alkal ine earth 
ions. In  the crystal s t ructure  of the present  tungstates 
the oxygen ion is coordinated by one tungsten  ion 
and only one t r ivalent  metal  ion in  a nonl inear  a r -  
rangement.  As a consequence the t r iva lent  metal  ion 
essentially does not oppose expansion of the W-O 
distance. This runs paral lel  with the influence of the 
large divalent  ions in the ordered perovskite s t ruc-  
ture  upon the quenching tempera ture  of luminescence. 
This influence is practically nonexis tent  (15). This 
model explains why the parabola offset of the tung-  
state te trahedra in  the compounds M~(WO4)~ under  

245nm 
exc. 
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Vol. I27, No. 2 

, P "  I I | I i" I I I I I I I I " "  I I 400 500 60Onm 
Fig. 3. Spectral energy distribution of the emission of AI2(W04)3 at 4.2~ ~x gives the spectral radiant power per unit wavelength 

interval in arbitrary units. Left-hand side: i-region excitation; right-hand side: e-region excitation (see also text). 
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considerat ion is large and, consequently, the lumines-  
cence in tensi ty  and quenching tempera ture  low. The 
model has two implications. In  the first place, the 
Stokes shift of the emission should be large. This is 
in fact observed. In  the case of the efficient phosphor 
CaWO4 the tungstate  luminescence Stokes shift is 
some 16,000 cm -1 (3). In  the present  compounds it 
amounts  to at least some 20,000 cm -1 (due to the 
shor t -wavelength  l imitat ion of our apparatus it is dif- 
ficult to measure the i -exci ta t ion band  m a x i m u m  ac- 
curately) .  In  the second place, the na ture  of the tr i -  
valent  ion should not have a great influence on the 
quenching temperature.  This also was observed. 

Let us now tu rn  to the e-exci ta t ion region wi th  the 
longer wavelength  emission band. Since the charac- 
teristics of this luminescence depends on sample his- 
tory and on excitat ion wavelength,  it  is obvious to 
ascribe this luminescence to extrinsic tungstate  groups, 
i.e., groups which are located near  to imperfections 
in  the crystal lattice. It  is now well  known that  many  
tungstates (and also titanates, niobates) show an 
addit ional long wavelength  emission which is due to 
tungstate  groups near  defects (16). Energy t ransfer  
from intr insic  to extrinsic groups has also been shown 
to occur. What is different in the tungstates under  
considerat ion is the high concentrat ion of the extrinsic 
groups as appears from the diffuse reflection spectra. 
It  may be that  the complicated character of the crystal 
s t ructure favors a high concentrat ion of imperfections. 
In  addit ion it should be ment ioned that  especially 
Sc2(WO4)3 and Lu2(WO4)3 are hygroscopic. The hy-  
drated samples can be excited most  efficiently in  the 
e-region (see below).  Even samples prepared and 
handled in a completely dry atmosphere showed the 
e-region absorption, so that it  cannot be solely due 
to the presence of hydration.  It is general  experience, 
and not unexpected, that  the extrinsic groups have 
quenching temperatures  and efficiencies which are 
about  equal to and often even lower than those of the 
intr insic groups (16). This agrees with the present  
results. 

The complicated na ture  of the host lattice lumines-  
cence makes these compounds very unsui table  for a 
s tudy of energy transfer. Nevertheless w e  invest igated 
several doped samples. Only Eu ~+ and Cr 3+ activation 
seems to be worthwhile  to be reported separately. The 
activation with U 6+ yielded weak green luminescence 
with a u rany l - type  character (17), and the activation 
with Bi 3+ yielded new, broad emission bands at 
longer wavelengths upon excitation in  the e-region as 
reported before for similar  Bi3+-activated compounds 
(18). 

E u  ~ + e m i s s i o n . - - E u  3 + -act ivated tungstates M2 (WO4)3 
(M = A1, Sc, Lu) show at room temperature  a red 
luminescence of medium intensity.  At lower tempera-  
tures the tungstate emission bands are also present. 
Figure 4 shows the Eu ~+ emisison spectrum of 
A12(WO4)~:Eu upon excitat ion into the Eu 3+ ions. 
Figure 5 presents the emission spectrum of dry 
Lu~(WO4)3:Eu upon i-excitation, whereas Fig. 6 gives 
the emission spectrum of Lu2(WO2)3:Eu upon e-exci-  
tation. The la t ter  sample was prepared and handled 
in an undr ied  atmosphere. 

First  we consider the Eu 3+ emission spectrum. For-  
really the Eu 3+ ion occupies a site without  any sym- 
metry  element, so that all degeneracy should be lifted 
and every t ransi t ion allowed. Figure 4 shows that 
this is only par t ia l ly  the case. The 5D0-TF1 t ransi t ion 
is not clearly split into three components in A12 (WOD ~, 
but  in dry Lu2(WO4)3 it is not split at all (Fig. 5). 
This suggests that  the coordination of the Eu 3+ ion is 
not distorted too strongly from regular  octehedral. 
Such coordination has been reported for A1, Sc and 
Lu (6, 7). The fact that the Eu ~+ ion is much larger 
than the t r ivalent  host lattice ions does not obviously 
change this situation, al though it can be concluded 
that the distortion around Eu 3+ on A13+ sites must  be 
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Fig. 4. Spectral energy distribution of the Eu 3+ emission of 
AI1.gsEuo.o2(WO4)a at 4.2~ Excitation into the Eu 3§ ion at 395 
r i m .  

larger than on the Sc 3+ and Lu 8+ sites. This is not 
too surprising. Note also that  the Eu 3+ emission is 
s trongly concentrated in  the red 5Do-TF2 transition. 
This is another  example of the influence of hypersensi-  
t ivity on the 5Do-TF2 t ransi t ion (19-21). The small  
deviation from inversion symmetry  (regular  octa- 
hedron) is not enough to enforce the electric dipole 
transit ions (~D0-TF4) considerably, but  enforces 
strongly the hypersensi t ive 5D0-TF~ transition. 

Excitat ion into the host lattice yields emission 
spectra like those given in  Fig. 5 and 6. For EU 3+ 
concentrat ions of 1 atomic percent  (a/o)  the ratio 
of Eu 8+ to tungstate  emission is of the order one-hal f  
to one-third.  At first sight this indicates efficient t rans-  
fer from the host lattice to the activator, but  this is 
incorrect since the tungstate  emission has already 
been par t ly  quenched as argued above. There is no 
sense in  s tudying energy t ransfer  phenomena more 
quant i ta t ively  in  these systems because the extrinsic 
tungstate  groups compete with the Eu 3+ ions in  t rap-  
ping the host lattice emission and also the quenching 
tempera ture  of the tungstate  luminescence is low. 

The results for Sc2(WO4)3:Eu 8+ and Lu2(WO4)~: 
Eu 3+ depend on whether  the samples have been kept  
completely dry or not. In  Fig. 6 the emission spectrum 
of Eu 3+ in  the "wet" sample is different from that  in 
the dry sample (Fig. 5). All lines are much broader  
in  the wet sample; further,  the 5Do-TF1 t ransi t ion is 
now split and the 5DoJF0 t ransi t ion (at about  580 nm) ,  
al though weak, has a higher intensity.  Even in  the 
dry sample the "wet" Eu 8+ emission can be obtained 
by exciting selectively in the e-region, viz. ,  around 
280 nm. The explanat ion of all  this is that Sc2 (WO4)~ 
and Lu2(WO4)~ are very hygroscopic [whereas 
Al~(WO4)~ is not]. The hydrates are excited most 
efficiently at 280 nm. This is a very sensitive test for 
the humidi ty  content  of the samples. In  fact not even 
our dry samples, prepared and mounted  with great 
care, were completely water-free.  The Eu a+ coordina- 
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Fig. 5. Spectral energy distri- 
bution of the emission of 
Lut.gsEuo.o2(W04)3 at 4.2 oK 
under i-region excitation, Dry 
sample. 
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Fig. 6. Spectral energy dis- 
tribution of the emission of 
LUl.9sEuo.o2(W04)3 at 4.2~ 
under e-region excitation. Wet 
sample. 

t ion in the hydra te  is different f rom that  in the dry 
compound. 

Cr s+ emission.--The Cr ~+ ion yields deep- red  to 
inf rared  emission in the present  host lattices. The 
character  of this emission depends on the t empera -  
ture. The 4.2~ emission of Cr 3+ in A12(WO4)3 is 
shown in Fig. 7 and consists of two lines at 719 and 
723.5 nm fol lowed by some weak  vibronic s t ructure  
which has been tabula ted  in Table I. In v iew of the 
low Cr 3+ concentrat ion (0.5 a /o)  and the fact that  
there  is only one crystal lographic site for the t r iva lent  
meta l  ions, the occurrence at low tempera tu re  of two 
lines is surprising. The lines are undoubtedly  due to 
the 2E --> 4A2 transi t ion on the Cr 3 + ion. The fact that  
there  is more  than one l ine can be ascribed to Cr 3+ 
pair  emission which has been studied intensively  in 
o ther  host lattices (22). The energy  difference be-  
tween the two lines, about  90 cm - t ,  is wel l  in line 

with such an interpretation. In Table I the 719 nm 
line is called the E line and the 723.5 nm pair line 
the N line following the literature convention. Table 
I shows that the R and the N line are followed by 
similar vibronic lines. There is coupling with a low 
frequency mode which probably has mainly Me 3+-O 2- 
character, but also with tungstate vibrational modes 
and especially with those which occur with high in- 
tensity in the infrared spectra. In view of the D2h 
symmetry of the unit cell these have Ungerade sym- 
metry as requi red  for coupling to the par i ty - forb idden  
2E -> 4A2 transition. It  is interest ing that  the t ransi-  
tion on the Cr 3+ ion couples wi th  the tungstate  v ibra-  
t ional modes. 

The exci tat ion spect rum of this emission contains, in 
addit ion to the tungstate  exci tat ion bands, the wel l -  
known 4A2 -> 4T2, 4TI(F) ,  4TI(P) transitions. These 
show also some vibra t ional  s t ructure  in which the 
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Fig. 7. Spectral energy distribution of the Cr ~+ emission of 
AI1.99Cro.ol(WO4)3 at 4.2~ (left-hand side) and at 100~ (right- 
hand side) under 470 nm excitation [4A2 --> 4TI(F)]. Note the 
change in wavelength scale. In the 100~ spectrum the highest 
energy part of the 41"2 --> 4A2 emission band (peaking at about 
800 nm) is observable. 

Concluding Remarks 
The crystal s t ructure  of A12 (WO4)~ is so complicated 

that  it  obviously allows a high concentrat ion of defects 
which complicate the luminescence behavior. The 
thermal  quenching temperature  of the tungstate lumi-  
nescence is low and composition independent  which 
can be ascribed to a s t ructural  characteristic, viz., the 
oxygen coordination. 

Consequently, efficient energy t ransfer  to activators 
does not occur. The emission of Eu 3+ can easily be 
explained and is at the same time sensitive to the 
moisture content  of the samples. The Cr 8+ emission 
can be explained following we l l -known  models. The 
Cr 3+ emission couples with tungstate  vibrat ional  
modes. The 4T2(F) level is ra ther  close above the 2E 
level resul t ing in b road-band  emission and quenching 
at elevated temperatures.  
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tungsta te-vibra t ions  can be recognized, bu t  due to 
their vagueness the assignment  cannot be made with 
much certainty. 

The pair  l ine (N) is much too strong for CrZ+ to 
be dis tr ibuted at random among the a luminum lattice. 
Since our samples were made by solid-state reactions, 
we have to assume that the Cr 3+ ions occur still in 
pairs in  the lattice. This phenomena is well  known for 
Cr 8+ (23). In  fact the samples mentioned in Ref. (10) 
were made  from solution and show a higher R/N  line 
in tensi ty  ratio than ours. 

At higher temperatures  the spectrum becomes 
rapidly more complex (see Fig. 7). The R as well  as 
the N line are accompanied by a l ine at higher energy 
indicat ing the we l l -known split t ing of the 2E level 
(22). For the single ion this spli t t ing amounts  to some 
40 cm -1 which is well  in l ine wi th  results on Cr 8+ 
in  other lattices (22). In  addition, a b road-band  emis- 
sion develops peaking at roughly 800 nm. This is the 
4T2 --> 4A 2 emission from the thermal ly  occupied 4T2 
level. The total emission in tens i ty  drops strongly 
from 4.2 ~ to 300~ This agrees with models proposed 
by Fonger and Struck (24) which state that  the Cr 3+ 
emission is quenched via the 4T2 level. In  ruby  the 4T2 
level is high (2350 cm - I )  above the 2E level, but  in 
AI2 (WO4) ~ the energy difference must  be considerably 
smaller. From the position of the R line and the first 
peak in the vibrat ional  s t ructure of the 4A 2 -> 4Te(F) 
excitation band  (which is then considered to be the 
zero-phonon line) the energy difference is estimated to 
be 500 c m - L  

Table I. Vibronic side band frequencies of AI2(WO4)3:Cr at 4.2~ 

Vibron ic  s ide  Elec- V ib ra t iona l  
band  f r e q u e n c y  t ron ic  s p e c t r u m  

(~10 cm-1) b o r ig in  c C h a r a c t e r  (cm-1) b 

195 cm -1 (s)  R ~ Me~+-O -~- 
195 ( m )  N J 
450 (m) R "l Tungstate 
440 (m) N ju deforma- 

tion mode 

870 (w) R "~ Tungstate 
8 stretching 

N m o d e  , 90 ( w )  

~,980 R "~ Tungstate 
stretching 

1030 (w) N J mode 

440, IR, s 

~920, IR, s 

1050, Ra, s 

a T h e s e  v ib ron ic s  coincide  in to  a r e l a t i ve ly  b r o a d  peak .  
b s :  s t rong ,  m :  m e d i u m ,  w:  weak ,  Ra:  R a m a n ,  IR:  i n f r a r e d .  
r R , lne ( s ing le  m n  e m i s s m n ) ;  N :  N l ine (pa i r  e m i s s i o n ) .  

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in  the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submit ted by Aug. 1, 1980. 
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U.V. Absorption Band in Ge-Doped Sodalite Powders 
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ABSTRACT 

A br ight  green luminescence, with an emission bandpeak  at 5250A a n d  a n  
excitat ion bandpeak at 3465A, has been reported for germanium-doped  sodalite 
powders. This article reports the results of an  invest igat ion of the properties 
of u.v. absorption band  at 3450A that  is shown to be responsible for the lumi -  
nescence. A settled slide technique was used to prepare samples so that  
small  variat ions in  the absorption band could be detected. Exper imenta l  results 
are  presented that  show the effect of the hydrogen anneal ing  temperature,  
hydrogen anneal ing  time, and F-center  creation on the u.v. absorption band  
intensity.  The results indicate a definite relationship between the u.v. absorp- 
t ion band and the luminescence. The results of the coloration experiments  show 
that  the luminescent  centers are associated with thermal ly  erasable F-centers  
while they are independent  of photoerasable F-centers.  The u.v. band  w a s  
found to exist in  sodalite: C1, Br, and I. While the band intensit ies differ for 
those powders, the peak wavelengths are exactly the same. Possible models for 
both coloration and luminescence are discussed. 

The luminescent  properties of germanium-doped  
synthetic sodalite powders have been reported by 
Todd (1, 2). The luminescence is characterized by an 
emission bandpeak at 5250A and an excitation band-  
peak at 3465A. Todd studied the effect of the hydrogen 
anneal ing  temperature,  the hydrogen anneal ing  time, 
and F-center  creation on the luminescent  intensity.  
Informat ion  regarding the number  of luminescent  cen- 
ters was obtained indirect ly  ra ther  than by direct 
exper imenta l  observation. The in tens i ty  of the l umin -  
escence generated wi th in  the colored powders was cal- 
culated using data obtained from measurements  of ob- 
served luminescence and diffuse reflectance spectra 
(2). That  s tudy found that  F-cente r  creation by elec- 
t ron beam coloration greatly reduces the observed lu-  
minescence. This reduct ion results par t ia l ly  from the 
absorption of generated luminescence by F-centers  
while fur ther  reduct ion results from actual quench- 
ing of luminescent  centers. The quenching was shown 
to be associated with the creation of thermal ly  erasable 
F-centers  while the creation of optically erasable F-  
centers did not cause quenching. 

This article reports the observation of a u.v. ab-  
sorption band at 3450A in germanium-doped  sodalite 
powders. The purpose of this s tudy was to determine if 
this band represents the absorption due to the l umin -  
escent centers reported earlier (2). If that were the 
case, one could directly observe the behavior  of the 
luminescent  centers under  various experimental  con- 
ditions rather  than use indirect  mathemat ical  calcula- 
tions to obtain the results. A technique for detecting 
small  variat ions in the u.v. absorption spectra of soda- 
lite powders is described. This technique is used to 
determine the effect of the hydrogen anneal ing  tem- 
perature,  hydrogen annea l ing  time, and F-center  crea- 
t ion on the u.v. absorption band intensity.  The results 
of these exper iments  are compared to those reported 
by Todd (2). 

Experimental 
Material preparation and measurement techniques.- 

The materials  used in this invest igat ion were grown 
by a hydrothermal  growth technique as described pre-  
viously (2-4). The powders were annealed in a hydro-  
gen atmosphere to sensitize them to permit  both colora- 
tion and luminescence. 

Samples for absorpt ion measurements  were made 
using a modified version of a technique described by 
Chang and Onton (5). Powders were settled onto glass 
slides (1 • 1/2 • 1/16 in.) using a conventional  
powder sett l ing technique (6) ra ther  than using the 
compressed powder technique used by Chang and 

Key words: sodalite, u.v. absorption, luminescence  cathodo- 
chromism. 

Onton. The density of t h e  s e t t l e d  p o w d e r s  w a s  varied 
between 2.5-12.6 mg/cm 2. Samples were colored by 

�9 electron beam exposure in a demountable  CRT system 
using an accelerating voltage of 30 kV (7). Index 
matching l iquid was added to the powder to reduce 
light scattering in  order to permit  t ransmission mea-  
surements.  A second glass slide was placed over t h e  
powder surface to retain the index matching liquid. 

Absorption spectra were obtained with a Caryol4 
spectro-photometer.  Two glass slides were placed in  
the path of the reference beam to nul l i fy  the absorp- 
tion of the glass used for the sample holder. An index 
matching liquid with n ~- 1.484 was used for all ex- 
periments  since it provided ma x i mum light t rans-  
mission. The absorption of this l iquid is negligible in 
the wavelength region of interest  (3100-8000A). 

Results 
The u.v. absorption band reported in this investiga- 

tion is shown in Fig. 1 centered at 3450A. This spec- 
t rum was obtained using a bromine sodalite sample 
with 1 atomic percent  (a/o) germanium substi tuted 
for silicon, Na6A16(Sio.99Ge0.01)6024.2NaBr. The pow- 
der was annealed in hydrogen at 750~ for 15 min  a n d  
the sample density was 12.6 mg/cm 2. This powder 
emits a very bright  green luminescence when excited 
by long wavelength u.v. radiation. The spectrum for 
an undoped bromine sodalite sample annealed under  
the same conditions is also shown in  Fig. 1. This ma-  
terial does not luminesce under  u.v. excitation and 
does not possess the u.v. absorption band  at 3450A. 
These spectra suggest that the u.v. band at 3450A is 
then related to the luminescent  centers. 
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Fig. 1. Absorbonce of Ge-doped (o) and undope(:l (b) bromine 
sodalite. 
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EJ~ect of hydrogen annealing on the u.v. band in-  
t ens i t y . - -The  effect of the hydrogen anneal ing  tem- 
pera ture  and time on the u.v. absorption band intensi ty  
was studied using a sample containing 1 a/o ger- 
manium.  Figure 2 summarizes the results of an experi-  
men t  in which samples were annealed at various tem- 
peratures for 15 min  and their  absorption bands mea-  
sured. The absorption is negligible for anneal  tempera-  
tures less than 650~ but  increases rapidly with in -  
creasing anneal  tempera ture  up to 750~ and then de- 
creases sharply. 

Figure 3 summarizes the results of an exper iment  in 
which samples were annealed at 750~ for various an-  
neal ing times and their  absorption bands were mea-  
sured. The band intensi ty  increases almost l inear ly  
with the anneal ing  t ime between 0 and 15 min  and then 
saturates for higher anneal ing  temperatures.  

The behavior of the u.v. band intensi ty  as a function 
of hydrogen tempera ture  and time is essentially ident i -  
cal to that  reported by Todd (2) for the luminescent  
in tensi ty  as a function of the same parameters.  The 
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H= A n n e a l i n g  T e m p e r a t u r e  ( ~  

Fig. 2. Absorbance of the u.v. band as a function of H2 annealing 
temperature. 

above results clearly indicate that  the u.v. band is 
due to absorption by the luminescent  centers. 

E]Iect of F-center  creation on the u.v. band intensity.  
- - I t  has been reported (2) that  coloration of ger- 
manium-doped  sodalite powders quenches the l umin -  
escent intensity.  Therefore, an exper iment  was con- 
ducted to determine the effect of coloration on the 
u.v. band intensity.  Samples of powder with the com- 
position NasA16 (Si0.99Ge0.0D 6024 �9 2NaBr were settled 
with a density of 6.3 mg/cm 2. This densi ty produced 
the opt imum sample thickness for measur ing  small  
variat ions in the u.v. and F -band  intensities. Th inner  
samples provided only small  absorption bands while 
thicker samples could not be colored uni formly  
throughout  the sample thickness. 

The effect of photoerasable coloration on the u.v. 
band intensi ty  was investigated. A sample was colored 
by electron beam exposure and its absorption spectrum 
was measured immedia te ly  after coloration. The sam- 
ple was then optically bleached with white light for 
1 hr  and its spectrum remeasured. The result ing 
spectra, Fig. 4, show that the F - b a n d  in tens i ty  dropped 
considerably while the u.v. band intensi ty  remained 
essentially unchanged. This result  supports the earlier 
calculation (2) that  indicated that  photoerasable color 
centers were not  involved in  the quenching of lumin-  
escent centers. 

The u.v. band intensi ty  as a funct ion of the forma-  
t ion of thermal ly  erasable F-centers  was also studied. 
In  this exper iment  each colored slide was optically 
bleached before its spectrum was obtained. The ab-  
sorption spectra, with backgrounds subtracted, of a 
colored and an uncolored sample are shown in Fig. 5. 
These spectra show that  the u.v. band intensi ty  does 
decrease upon coloration. Several  samples were colored 
to different degrees of darkness and their  spectra m e a -  

1,0 (a) (a) un bleached 
d 

0.9 

O.8 

07  

0.6 

3.5 

3 , 4 -  

0.3 

0 2  

t I I I I I I ~ ' ~ " - I  
3 4 0 0  4 0 0 0  4600  5200 5800  6 4 0 0  7 0 0 0  7600 

Wavelength  (~,) 

Fig. 4. Absorbance spectra of the u.v.- and F-bands for un- 
bleached (a) and optically bleached (b) Ge-doped bromine sodalite. 
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sured. The peak absorbance for both the F-band and 
the u.v. band were obtained. The absorbance is de- 
fined as log (I/Io) where I is the sample beam intens i ty  
and Io is the reference beam intensi ty.  The u.v. band 
fractional  absorption (1 -- I/Io) is plotted as a func-  
t ion of the F - b a n d  fractional  absorption in  Fig. 6. The 
graph shows that  the u.v. band  absorption decreases 
almost l inear ly  with increasing F -band  absorption. Also 
shown in  Fig. 6 is a plot obtained by Todd (2) for the 
generated luminescent  in tens i ty  as a funct ion of the 
thermal ly  erasable F - b a n d  fractional  absorption. The 
generated luminescent  intensit ies have been normalized 
to the same scale as the u.v. band fractional  ab-  
sorbance to permit  an easier comparison. The slight 
difference in  the slopes of the two plots is probably 
due to the constants assumed by Todd (2) to calculate 
the generated luminescence. 

The results of the experiments  discussed in  this sec- 
t ion clearly indicate that  the u.v. band, and thus the 
luminescent  center, is directly related to thermal ly  
erasable F-centers  and is unaffected by the formation 
of optically erasable F-centers .  

U.V. band intensity in sodalite: Cl, Br, and / . - - L u -  
minescent  emission at 5250A has been reported for 
Ge-doped sodalite: C1, Br, and I (1). Hence the pres-  
ence of the u.v. band  in these sodalites was examined. 
The absorption bands for these three powders are 
shown in  Fig. 7. The band  in tens i ty  is most intense 
for sodalite: Ct and least for sodalite: I. The w a v e -  
length  of the absorpt ion bandpeak  is unchanged by the 
halogen ion content. 

Summary and Conclusions 
Several  experiments  were conducted to show that 

the u.v. absorption band presented in  this article is 
responsible for the luminescence reported for Ge- 
doped sodalite (2). It  was found that the u.v. band 
exists in  Ge-doped, luminescent  powders but  is not 
present  in  undoped sodalite samples that  do not lu -  
minesce. The strong s imilar i ty  in the behavior  of the 
u.v. band in tens i ty  and the generated luminescent  in -  
tensi ty (2), as a funct ion of the hydrogen annea l ing  
tempera ture  and time, indicates that  the u.v. absorp- 
tion band is directly related to the luminescent  centers 
present  in Ge-doped sodalite powders. 

By directly observing the u.v. band intensi ty  as a 
funct ion of F-cente r  creation, it is concluded that  the 
creation of thermal ly  erasable F-centers  reduces the 
n u m b e r  of luminescent  centers while the creation of 
optically erasable F-centers  does not  affect the lumin-  
escent center content. These exper imental  results sup- 
port  the mathemat ical  calculations of generated lumin-  
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Fig. 6. Fractional absorbance of the u.v. bond vs. F-bond frac- 
tional absorbonce (@) and normalized generated luminescence 
intensity vs. F-band fractional absorbance (Q).  

H 09  

o 
H 
0 

0.7 
CD 

l -  
0 

. a  

t5 0.5 r#; 

0.3 

I . I  ~ -  

0.1 

I I I I 
3100 3 3 0 0  3500 5700 

Wavelength (A) 

(a )  Soddite :CI 
( b ) Sodalite,Br 
( c ) So dalite:l 

(a)  

Vol. 127, No. 2 

I 
3 9 0 0  

Fig. 7. Absorbance spectra of chlorine (a), bromine (b), and 
iodine (c) sodalite samples. 

escence as a function of F-cente r  formation reported 
previously (2). 

The above results may provide a key to de te rmin-  
ing the difference between the optical- and thermal -  
modes of coloration present  in  sodalite. While several 
models (8-i0) have been proposed, none has ade- 
quately accounted for the two modes of coloration. It  
is general ly  accepted that both the optically and ther-  
mally erasable F-centers  are created when  electrons 
are trapped at halogen ion vacancies in the centers of 
sodalite cages (11-14). However, the origins of the 
electrons that  become trapped have not yet  been de- 
termined. It is possible that  the origin of electrons that  
form thermal ly  erasable F-centers  is different from 
that of the electrons responsible for optically erasable 
coloration. Another  possibility is that the electrons that  
are captured to form thermal ly  erasable centers may 
originate far from the halogen vacancies they occupy 
while the electrons that  are captured to form optically 
erasable centers may originate wi thin  or near  the cage 
where the optically erasable center resides. Therefore, 
since a recombinat ion site is readi ly accessible, the 
electrons of the optically erasable centers would have 
a high probabi l i ty  of recombinat ion when  optically 
pumped. 

While both the "different origin" and the "proxim- 
i ty" models may be operative in  a given material ,  the 
results reported here support  the "different origin" ex-  
planation. One implication of these results is that the 
electrons responsible for thermal ly  erasable F-centers  
are also involved with the t ransi t ion which produces 
the observed luminescence. Electron beam exposure of 
the mater ia l  may dislodge these electrons from the 
luminescent  sites and they may become captured at a 
halogen vacancy to form an F-center .  This sequence, 
ext inct ion of a luminescent  center at the expense of 
thermal ly  erasable F-cente r  formation, is consistent 
with our observations. The origin of those electrons 
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that result  in  optically erasable F-centers  would then 
be somewhere other than a luminescent  site since the 
formation of optically erasable centers does not affect 
the generated luminescence .  

The exact location of the luminescent  site is not 
known but  a strong possibility is that  the absorption 
and subsequent  luminescence may  be due to a hole 
located on a bonding oxygen atom. The hole could 
result  from the removal  of a nonbonding  electron from 
an oxygen atom dur ing the sensitizing process. This 
center is similar to the A1 center or A1 (I11) e+ center 
present  in  fused silica and quartz (15). Two of our 
observations support  this possibility. First, an in ter -  
shell t ransi t ion localized on an oxygen atom would be 
well protected from variations in  the lattice. We ob- 
serve, in  fact, that  the wavelength of the peak of the 
u.v. absorption band is absolutely insensit ive to changes 
in the halogen content  which also causes significant 
alterations of the lattice parameter.  The location of the 
emission band has also been reported to be insensit ive 
to changes in  the lattice size (1). Our second observa- 
t ion is that the efficiency of the luminescence increases 
greatly when small  amounts  of Ge are substi tuted for 
Si. Since Ge may be reduced much more easily than 
Si dur ing the hydrogen anneal ing step, it is possible 
that a larger number  of nonbonding electrons may be 
removed from oxygen atoms thus creating more lumi -  
nescent centers. It has been reported (1, 3) that lumi -  
nescence exactly like that  described above also occurs 
in sodalite samples that  contain no Ge. Therefore, 
Ge is not essential for luminescent  emission but  does 
improve the efficiency. This observation is also con- 
sistent with the above model since a hole could exist 
on the oxygen atom even in the absence of Ge. Quench-  
ing of the luminescence by F-center  formation would 
be consistent with the above model if the removal  of 
an additional electron from a luminescent  site is suffi- 
cient to cause the luminescent  t ransi t ion to become 
forbidden. Addit ional  experiments  are being conducted 
to gather more informat ion regarding the luminescent  
site and its relationship to the coloration mode. 
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Fast Decay U.V. Phosphor--YAlO :Ce 
Takeshi Takeda, Takeo Miyata, Fumio Muramatsu, and Tetsuhiko Tomiki 1 

Matsushita Research Institute Tokyo, Incorporated, Tamaku, Kawasaki 214, Japan 

ABSTRACT 
S a m p l e s  prepared to obtain u.v.-emit t ing YA1Os:Ce (YAP:Ce)  by  solid- 

state reactions up to 1600~ are never  free of v is ib le-emit t ing Y~A15012:Ce 
(YAG:Ce) .  Fur thermore,  YAG cannot easily be removed from the products. 
By adding Ba compounds, the YAG content of the product can be minimized, 
and Bahl204 and other phases formed can be el iminated by HNO3-treatment  
to yield "pure" YAP: Ce. The Ba compounds-fluxed YAP: Ce is moreover  the 
most efficient of all tr ial  samples. It  has a radiant  efficiency ~l ~ 7 % and a decay 
time T1/e ~ 30 nsec for CR excitation. 

Ce3+-activated phosphors show a very  fast lumi-  
nescence decay and are useful for flying-spot scanner 
tubes and beam- index ing  tubes (1). Many hosts acti- 
vated with Ce ~+ (2-5) have been explored, e.g., 
yt t r ium silicates and y t t r ium aluminates.  

In the pseudobinary Y203-A1203 system, three com- 
pounds, Y~A15012 [garnet:  YAG (6)], YA108 [perov- 
skite: YAP (7)],  and Y4A1209 [monoclinic: YAM (8)], 

1Present address: The Department of Physics, University of 
the Ryukus, Naha, Okinawa, Japan. 

Key words: ultraviolet, luminescence, tubes. 

are known: YAG:Nd is a we l l -known laser material .  
YAG:Ce is the commercial ly available P46 phosphor 
with emission peak ~max at 550 nm, radiant  efficiency 
n : 4%, and-decay time ~l/e : 70 nsec for CR excita- 
tion (1). YAP: Ce single crystal is reported to show a 
luminescence with )~max ~ 370 nm, ~l/e : 16 nsec, and 
efficiency near  uni ty  for u.v. excitation (9). However, 
YAP is described as metastable ('10-14), because 
crushed single crystals (11, 12) or polycrystals from the 
melt  (13, 14), both of which are single phase YAP ini-  
tially, convert to YAG and an  unidentif ied phase (11, 
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12) or to YAG and YAM (13, 14) when  subjected to 
hea t - t rea tment .  Powder  samples prepared through 
solid-state reactions below 1600~ contain YAG and 
YAM also (13, 14). 

The purpose of this work is to prepare the u.v.- 
emit t ing YAP: Ce free of other phases, especially YAG 
phase. This is because YAG: Ce emits in the yellow, 
and moreover, it is not easily removed from the prod- 
ucts. The preparat ion method is main ly  through the 
use of Ba compounds as a flux which s imultaneously  
produces an efficient YAP: Ce as the main  product, and 
second phases, main ly  BaA1204, which are mostly sol- 
uble in HNO3. 

YAP:Ce phosphors are described in  patent  docu- 
ments  (15) as having kmax ~ 370 nm, ~ : 2 ,-~ 3%, and 

< 40 nsec for CR excitation. The properties of our " ~ l / e  

phosphors are compared to these values below. 

Phosphor Preparation 
The star t ing materials  were main ly  Y208, A1203, and 

CeF3 of 4N purity.  Two kinds of at tempts were carried 
out to invest igate their  influences on the solid-state 
reaction and luminescence properties. One was to add 
alkali  or a lkal ine ear th-compounds to the stoichi- 
ometric mix ture  and the other was to add excess Y20~ 
to the stoichiometric mixture.  

A designation x - y  (Ce~ 3) -z (M) is used hereafter  to 
specify the sample, which means that the sample is 
prepared from a mix ture  of (1-0.01y)/2 moles of Y203, 
0.01g moles of CeF3, x/2  moles of A1203, and 0.01z 
g-equi~, of M; M stands for the additive as flux. The 
star t ing materials  were mixed by bal lmi l l ing for 20 
hr in ethanol. After  having been dried, the mix ture  
was fired in  a p la t inum crucible at temperatures  in a 
range from 800 ~ to 1600~ typically for 4 hr in air. 
Fi red samples were ground slightly in an a lumina  
bowl. Several  samples were treated with HNO3 solu- 
t ion (3N) and then washed with distilled water  to re-  
move the undesirable  phases. The particle size of 
ground powders was about  1-10 ~m with the max imum 
dis t r ibut ion at around 5 #m when the star t ing mixture  
contained fluorides, e.g., CeFs, BaF2, YF3. Samples pre-  
pared from the mixtures  without  fluorides were 
slightly sintered and had larger  particle sizes. 

The products were examined by powder x - ray  dif- 
fraction using CuK~ radiation to identify the synthe- 
sized phases. To make a comparison easy of the rela- 
tive amount of each phase in different samples, the 
operating parameters of the diffractometer were kept 
constant in all the measurements. The lines diffracted 
from the (121) plane of YAP, the (420) plane of YAG, 
the (221) plane of YAM, and the (222) plane of Y203 
were marked.  

Measurements 
Emission spectra and intensit ies.--Measurements 

were made by employing a demountable  CRT. The 
cathodoluminescent  output  emerging at 90 ~ to the 
electron beam through a qualified fused silica window 
was focused by concave mirrors  onto the ent rance  slit 
of a Leiss s ingle-pr ism monochromator  provided with 
a R666 photomult ipl ier  (Hamamatsu  TV Company, 
Limited) .  The correction factor for the ins t rumenta l  
response has been determined with the use of a D2 arc 
lamp (Model UV-40, the Optronic Laboratory, In -  
corporated) and a tungsten  lamp (EPI-1630, the 
Eppley Laboratory,  Incorporated) which were both 
calibrated at NBS. Phosphors were settled on A1 plates 
(7 • 13 • 1 mm ~) with an area densi ty of 8 mg/cm 2. 
The emission spectra were taken under  the i r radiat ion 
of a 10 kV beam modulated at 430 Hz (duty 1/2). The 
beam cur ren t  was set to ,--0.3 ~A/cm 2 and the spot size 
to 6 mm ~. 

The emission in tensi ty  from YAP: Ce was estimated 
by using a u.v. bandpass filter (Hoya U360), and the 
relat ive in tens i ty  in  different samples was measured 
under  the same i r radiat ion conditions by use of a 
tu rn tab le  in a demountable  CRT. 

The radiant  efficiency measurements  were made by 
use of a thermopile (Hilger Schwarz FT 3.1, 2.3 /~V/ 
~W). Phosphors were excited by a beam modulated at 
12.5 Hz. The relative radiant  efficiency ~ of YAP:Ce 
phosphor was determined by using a number  of NBS 
standard phosphors (NBS-1O20 to -1028, and -1032) 
and n-values reported by Bril (16) and Ludwig and 
Kingsley (17). 

Decay t imes . - -The cathodoluminescence decay times 
were measured by employing a sealed off 6 in. CRT 
and a pulsed 10 kV electron beam with a repet i t ion 
frequency of 1 kHz. The pulse width was usual ly set 
to 20 nsec and was enlarged up to 500 nsec in the 
estimation of the afterglow level in  the decay curve. 
The emission from the sample was detected by the 
R666 photomult ipl ier  combined with the U360 filter, 
and the decay curve was displayed on an X-Y recorder 
via a sampling oscilloscope (Sony-Tekt ronix  7S14). 
The time constant of the measur ing system has been 
estimated as about 5 nsec (i.e., pulse rise time ~ 1 
nsec, photomult ipl ier  t ransi t  t ime ~ 2 nsec, and RC- 
time constant ~ 2 nsec), and the 1/e decay time ~l/e of 
P47 phosphor (Y2SiOs:Ce) measured here was about 
4 nsec longer than the reported 30 nsec (1). 

Results and Discussion 
Solid-state reaction.--The formation profiles of var i -  

ous phases in the sample 1-1(CeF3)-0 are shown 
against  the firing tempera ture  Tf in  Fig. 1. The reaction 
is very  sluggish and the product still contains YAG 
at Tf : 1600~ By treat ing the samples wi th  ttNO3, 
Y203 and YAM can easily be removed, bu t  YAG can-  
not. Therefore, the suppression of YAG formation in 
the reaction process is important .  As shown in  Fig. 1, 
a remarkable  dip occurs on the growth curve of YAP 
at Tf : 1150~ corresponding to the growth curve 
peak of YAG. Since this unusua l  YAG growth at 
1150~ is observed also in  the sample 1-0-0 or 1- 
1 (CeO2)-0 when a part  of Y2Os or A12Q is replaced by 
YF8 or A1F3, it seems to have an in t imate  relat ion with 
the presence of fluorides in the s tar t ing mixture.  

The addition of Ba compounds accelerates the forma- 
tion of YAP and suppresses that of YAG. Figure 2 
shows an example of the formation profiles of various 
phases in  the sample 1-1 (CeF3) -1.5 (BaF2) -1.5 (BaCOs). 
Other Ba compounds, e.g., BaO, Ba(NO3)2, BaCzO4, 
affected the reaction similarly. Although the effect of 
Ba compounds on the YAP formation is less marked  
than that of KF  (c[. Fig. 3), the Ba compound-fluxed 
sample is the most efficient phosphor of all the tr ial  
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samples in this work. As is seen from Fig. 2, no YAG 
phase is detected in the samples fired at Tf ~ 1100~ 
BaA1204, BaF2, and sometimes YAM are detected in  
these samples, but  they can easily be removed by 
H N Q - t r e a t m e n t  to yield the x - ray  diffraction pa t te rn  
of "pure" YAP phase. 

The above samples are prepared from the mixtures  
containing fluorides, i.e., CeF~ and BaF2. In  the fluo- 
r ide-free mixtures  the reaction proceeds similarly, but  
the products, e.g., 1-1 (CEO2)-3 (BaCO3), are slightly 
sintered and have larger particle sizes. Moreover, the 
products are less efficient phosphors than those from 
the mixtures  with fluorides. Thus, the practical YAP: 
Ce phosphor is synthesized from the mixture  contain-  
ing both bar ium compound and fluoride. Fluorides may 
be CeF3, BaF2, YF3, or A1F3. The addit ion of Mg, Ca, 
Sr compounds hardly  affected the reaction. 

In  Fig. 3 is shown the effect of LiF, NaF, or KF on 
the YAP formation;  KF gives the most remarkable  
effect to accelerate the YAP formation and in the sam- 
ple 1 -1 (CeF3) - I (KF)  the YAP content  in the product 
shows a near ly  saturated value even at Tf = 800~ In  
these alkali  compounds-fluxed samples, the YAG phase 
is almost equal ly suppressed and thus the growth curve 
of YAG phase is shown only for the case of LiF addi-  
tion in Fig. 3. 

The suppression of the YAG phase is observed also 
when excess Y203 is added to the mixture.  According 
to Mizuno and Noguchi (13), the YAG phase is still 
detected in  the sample prepared by firing a mixture  
with Y2Os:A1208 = 0.57 : 0.43 at 1600~ This product  
is expressed as 0.754-0-0 in  our designation. Figure 
4(a) shows no YAG phase in the sample 0.78-1(CeFz)-0 
fired at Tf :~ 1300~ This difference might  be caused 
by the presence of CeF3 in  the present  mixture.  The 
sample 0.5-1(CEF8)-0 just  corresponds to the product 
from the stoichiometric mix ture  for YAM. Figure 4 (b) 
indicates that  the formation of YAM is also sluggish. 
An at tempt was made to obtain the single phase YAM 
by firing the mixture  at 1600~ this resulted in failure. 
Although a YAM:Ce phosphor is described (18) as 
having ~max at 320 nm for the 254 nm excitation, we 
could not observe this emission. Only the YAP:Ce 
emission was detected in the sample 0.5-1(CeF~)-0 
fired at 1600~ for the 254 nm or the CR excitation. 

X- ray  diffraction lines which seem to be ascribed to 
CeO2 or Ce2Y20~ are detected in the samples with y 
0.5. These lines also disappear when the samples are 
treated by HNQ.  The Ce concentrat ion was determined 
by means of a mass spectrometer and a spectrochemical 
analysis on the samples 1 - y ( C e F ~ ) - z ( B a F 2 ) - ( 3 -  z) 
(BaCOa) with y ~- 0.1, 0.5, 1, and 2. Here, 3y + 2z = 
6 and y ~ 2. The samples were fired at 1300~ for 2 
hr and treated by HNO3. The joint  use of BaF2 and 
BaCO8 is for the sake of keeping the fluorine amount  
constant in the star t ing mixture  when y is varied in 
the above formula. The detected Ce concentrat ion was 
in  good agreement  with each of y-values  [doped Ce 
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Fig. 5. Cathodoluminescence 
spectra in 1-1(CeF3)-O fired at 
900 ~ 1150 ~ 1300 ~ and 1600~ 

concentrat ion in  atom percent  (a /o) ]  for y ~ 0.5 and 
tended to a saturated value of 0.5 ~ 0.6 a/o for y ~ 1. 
The agreement  between the results obtained through 
the two methods was found to be sufficient. These re-  
sults suggest that  the solubil i ty l imit  of Ce ions in YAP 
is a round 0.5 a/o. This value is very close to the solu- 
bi l i ty l imit  of Ce ions in YAG (19). 

Luminescence properties.--The emission spectra of 
the samples 1-1 (CeF~)-0 are shown in  Fig. 5. Reflect- 
ing the unusua l  YAG growth in  the 1150~ sample (c]. 
Fig. 1), the emission of YAG: Ce is much stronger than 
that  of YAP:Ce in this sample. The emission color 
changes from yellow for T~ = 1150~ to white for 
13O0~ and fur ther  to whit ish violet for 1600~ As is 
seen from the figure, the apparent  }~max of YAP:Ce 
emission shifts to longer wavelengths as Tf increases, 
indicat ing an increase of absorption in  the shorter 
wavelength  region of the YAP: Ce emission spectrum. 

The relat ive intensi t ies  of cathodoluminescence from 
samples with fluxes, 1-1 (CeF~)-I  (M) and 1-1 (CeF~)- 
1.5(BaF2)-I .5(BaCOs),  are displayed against Tf in 
Fig. 6, where M stands for Li2CO3, NaF, KF, K2CO3, 
RbC1, CsC1, MgCO3, CaCO3, and SrCO3. The data of 
samples without  flux, 1-1(CeFs)-0,  are also included 
for comparison (a broken curve).  Since the U360 filter 
is employed here, the emission from YAP: Ce is domi- 
nan t ly  detected. The emission in tensi ty  of P47 phosphor 
[kmax = 415 n m  and ~1 = 6% (1)] measured through 
this system is taken as un i ty  in  the figure. One sees 
in  Fig. 6 that  the emission intensi ty  enhancement  is 
most p rominent  in the (BaF2 3- BaCO3)-fluxed sam- 
ples. A similar  enhancement  is observed also when the 
samples are prepared with other Ba compounds, e.g., 
BaO, Ba(NO3)2, BaC204. The l l00~ sample with Ba 
compounds is the most efficient of all the samples in 
Fig. 6 and has ~ ~ 6%. The 1300~ sample without  
flux has ~ ~ 3%; this value agrees well with the 
n-va lue  of YAP: Ce in the patent  documents (15b, 15c) 
where  it  is reported to be 0.8 ~ 0.9 t imes the radiant  
efficiency of P16 phosphor [4% (4)].  

As shown in  Fig. 6, the emission in tens i ty  of Ba 
compounds-fluxed samples shows a pronounced de- 
crease with Tf when it exceeds l l00~ the in tensi ty  of 
the  1600~ sample is about one-half  of that  of the 
ll0O~ sample. Decreases of the emission intensit ies 
are observed also in  the samples with y = 0.5 and 
y = 0.1, as shown in Fig. 7. In  the samples with y 
O.01, however, the emission in tensi ty  shows no decrease 
with increasing T~. These results wil l  be explained by 

taking into account the emission l ine shape and the 
decay t ime ment ioned below. 

The dependence on y of the YAP:Ce emission l ine 
shape is shown in  Fig. 8. The spectra are normalized 
with respect to their maxima. The apparent  kmax shifts 
to longer wavelengths as y increases; from 355 n m  
for y = 0.01 to 365 nm for y = 1 at Tf = 1300~ 
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Since Ce 8+ in  YAP has an absorption band extending 
to ,~ 350 nm (9), a self-absorption would occur in  the 
shorter wavelength region of the emission spectrum, 
and thus the increase of y would cause the apparent  
~m~x-shift to longer wavelength.  In  the samples with 
y ~ 0.1, the apparent  ~max-shift to longer wavelength 

is observed also with the increase of Tf. On the con- 
trary, it is observed in samples with y ~ 0.01 that the 
emission line shape depends nei ther  on y nor  on Tf; 
this indicates that  the self-absorption is negligibly 
small  in these samples. The progressive increase of 
absorption with Tf in samples with y :~ 0.1 will par t ly  
explain the decrease of the emission intensi ty  in  Fig. 7. 

As shown in  Fig. 8, the YAG: Ce emission becomes 
stronger with decreasing y. This means that not only 
bar ium ions, but  also cerium ions play a role in sup- 
pressing the YAG formation. 

The addit ion of Ba compounds is found not to cause 
an appreciable change in  the YAP:Ce emission line 
shape. 

The decay times are shown in Fig. 9. The data of 
the samples 1-1(CeF3)-0 are included for comparison 
(a broken curve) .  As seen from this figure, Zl/e for 
y ~ 0.1, which shows a near ly  constant  value of 27 ,~ 
28 nsec for low T~, becomes shorter wi th  Tf when it  
exceeds a certain threshold value. This value is 
--1150~ for y = 0.5 and y : 1, and is --1350~ for 
y -- 0.1. The ~l/e-values for y < 0.1 are greater  than 
the above constant  value, bu t  tends to it as Tf in-  
creases. Since the T1/e-values for  y = 1 almost agree 
with each other for the samples wi th  and without  Ba 
compounds for Tf > 1150~ it seems that the addit ion 
of Ba compounds ~ e l d s  only a small  influence in T1/e. 

The influences of LiF and  NaF on ~l/e are also 
small, but  the addit ion of KF makes ~l/e considerably 
long; for example, the sample 1-1 ( C e F a ) - I ( K F )  fired 
at 1300~ has ~l/e of about 30 nsec. 

In  the samples x - l ( C e F s ) - 0  with x < 1, a broad 
ma x i mum of the emission in tensi ty  is observed for x 
between 1 and 0.5, and ~l/e shows a gradual  increase 
with decreasing x. For example, in  the sample 0.78- 
1 (CeF3)-0 fired at 1300~ an emission intensi ty  of 8 
in uni t  of the ordinate of Fig. 6 and ~l/e of 24 nsec are 
obtained; that is, the emission in tens i ty  and Zl/e in -  
crease by 60 and 10%, respectively, in  comparison with 
those in 1-1 (CeFa)-0. 

The luminescence decay of Ce 3+ in  YAP is not ex- 
pressed with a single exponential  function and shows 
an afterglow which is usual ly  more pronounced for 
lower Tf or smaller  y. An example of the decay curve 
is shown for the sample 1-1 (CeF3)-3 (BaCOn) fired at 

Fig. 8. Dependences on y of 
the cathodoluminescence spec- 
trum in Ba compounds-fluxed 
samples, Samples are treated 
with HNOs. 
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pounds as flux. Samples with Ba compounds are treated with HNO~. 

1000~ in Fig. 10. Such decay curves have been ob- 
served in several  Ce~+-activated phosphors (20) and 
are explained in terms of energy traps which release 
their energy slowly to excite the emission center after 
the excitat ion pulse is tu rned  off. As shown in the 
figure, the decay curve can be expressed by a sum of 
three different exponents (dashed lines) in a region 
of ini t ial  several hundreds  nanoseconds. The decay 
funct ion for this sample is 

exp ( - - t /22)  + 0.1590 exp ( - - t /80)  + 0.0217 exp (-- t /500) 
D( t )  - 

(1 4- 0.1590 4- 0.0217) 

Here, t is in  nsec and the excitat ion pulse width (at)  
is 20 nsec. The full  curve calculated by use of Eq. 
[1] is seen to fit the dots represent ing the exper imenta l  
behavior. I t  will  be reasonable to consider that  the 
shortest decay constant  (~1) corresponds to the life- 
t ime of Ce~ + in  the excited 5d level and that  the longer 
ones represent  the t ime constants of the process of 
energy release from energy traps. Since the greater  
number  of energy traps are to be filled with the increase 
of ~t, the afterglow level would be more pronounced 
for longer ~t. Therefore, Eq. [1] is correct only for 
At -- 20 nsec. To see the val idi ty  of Eq. [1], several 
decay behaviors with different values of ~t were ana-  
lyzed. It  was confirmed that each decay behavior  
observed could be well  fitted only by changing the 
coefficients, i.e., 0.1590 and 0.0217 in Eq. [1], without  
varying  the t ime constants. 

Figure 11 shows the values of T1 in several samples. 
From this figure, the following can be pointed out. 
First, for y ~ 0.01, T1 depends nei ther  on y nor  on Tf 
and shows a constant value of 22 ~ 23 nsec. Second, 
for y ~ 0.1, T1 which is ini t ia l ly  equal to this constant  
value becomes shorter with increasing Tf above a cer- 
tain threshold value. These results seem to indicate 
that  the constant value corresponds to the radiat ive 
t ransi t ion probabi l i ty  of the 5d-4f Ce 3+ emission. Our 
measur ing system has a time constant  of about 5 nsec. 
So, by simply subtract ing this from the constant  value, 

I . O  I I I t I 

I -  I(CeF3)-3 (BaCO 3) I 
Tf  = I O 0 0 " C  

0.1 ~\~i, ,~ 

0.01 I \ ~ 

\ 
\ 

I ~ I \ k  I I I I 
0 I OO 200 300 400 500 600 700 

TIME t (nsec) 
Fig. 10. An example of cathodolumiaescence decay curve in I .  

I(CeF3)-3(BaCOa) fired at 1000~ 

we obtain 17 ~ 18 nsec. This is very  close to 16 n s e c  
obtained for the u.v. excitat ion (9). 

The decrease of ~1 in the samples with y ~ 0.1 a n d  
with higher Tf will  be ascribed to a nonradia t ive  t rans i -  
tion. Energy sinks might  be produced to cause a con- 
centrat ion quenching in  these samples. These energy 
sinks will  not affect ~1 of the samples with y ~ 0.01, 
as the probabi l i ty  of energy t ransfer  from Ce 3+ t o  
Ce 3+ is negligibly small  in  these samples. The non-  
radiat ive t ransi t ion causes the emission loss, and this 
as well  as the absorption increase ment ioned before 
will  explain the decrease of emission in tens i ty  shown 
in Fig. 7. 

As stated hitherto, Ce concentration, firing tem- 
perature,  and combinat ion of s tar t ing materials  are 
in terre la ted in their  effects on the emission in tensi ty  
and the decay time. A par t ia l  replacement  of Y2Os or 
A120~ by YF3 or A1F8 is also effective. By optimizing 
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Fig. 11. Values of "q in the samples 1-1(CeF3)-0 (A), 1-y(CeF3)- 

z(BaF2)-(3 - -  z)(BaCO3) with y = 0.001 (B), 0.01 (C), 0.1 (D), 1 
(E), and I - I (CeF3)- I (KF) (F). 3y "4- 2z = 6 and y ~ 2. Samples 
except (A) are treated with HNO3. 
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prepa ra t ion  conditions, the h ighest  n of 7 ,~ 7.5% is 
obta inable ;  however ,  this accompanies  a longer  zl/e of 
30 ,~ 32 nsec. 

Final ly ,  as for the de te r iora t ion  against  a continuous 
e lect ron beam bombardment ,  the present  phosphor  is 
not  serious and super ior  to P47 phosphor.  
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The Interplay of Thermodynamics and Kinetics 
in Molecular Beam Epitaxy (MBE) of 

Doped Gallium Arsenide 
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ABSTRACT 

Molecular  beam ep i t axy  (MBE) is no rma l ly  car r ied  out  w i th  a subs tant ia l  
overpoten t ia l  for growth.  The genera l ly  accepted assumption,  tha t  as a con- 
sequence the the rmodynamic  f r a m e w o r k  descr ibing chemical  equ i l ib r ium is 
i r re levant ,  has been reexamined.  The the rmodynamic  predic t ions  for the be -  
havior  of the common dopants  Si, Ge, Sn, Pb, Be, Mn, S, Se, Te, Zn, Cd, and  Mg 
in GaAs under  typical  MBE conditions have  been determined.  Good agree -  
ment  wi th  observed behavior  is found for al l  cases except  Pb. Thus i t  is shown 
tha t  when  doping is unsuccessful  i t  is because the re  is no overpoten t ia l  for  
doping, even though the overpo ten t ia l  for  g rowth  of GaAs is mainta ined.  The 
resul ts  show tha t  there  is no clear  evidence for ma jo r  kinet ic  bar r ie r s  in MBE 
of GaAs, only the poss ibi l i ty  of subt le r  effects of the  k ind  found in VPE and 
LPE. The method  should be pred ic t ive  in the appl ica t ion  of MBE to new 
systems. 

I t  is genera l ly  assumed (1-3) tha t  molecu la r  beam 
ep i t axy  (MBE) of ga l l ium arsenide  is control led  by  ki-  
netic aspects  of the crys ta l  g rowth  process. By this i t  
is meant  tha t  the k inet ic  processes control l ing the crys-  
ta l  growth  are  not  those consistent  wi th  t he rmody-  
namic equi l ib r ium being reached;  r a the r  tha t  there  a re  

K e y  w o r d s :  e q u i l i b r i u m ,  i m p u r i t y  c o n c e n t r a t i o n ,  v a p o r  pressure .  
1 T h e  a u t h o r s  w o u l d  l ike to  t h a n k  t h e  r e f e r e e  for  d r a w i n g  a 

n o t a b l e  e x c e p t i o n  to  t h e s e  r e m a r k s  to  the i r  a t t e n t i o n .  In  the i r  
r e c e n t  b o o k  (25) ( n o t  ava i l ab le  in t h e  U.K. at t h e  t i m e  of  wr i t -  
ing)  Casey  and P a n i s h  ou t l i ne  an  a p p r o a c h  b y  I l e g e m s  w h i c h  
s t a r t s  f r o m  a s imi l a r  s t a n d p o i n t  to  ours.  T h e  I l e g e m s  a p p r o a c h  
a c c o u n t s  r e a s o n a b l y  f o r  the  b e h a v i o r  of  the  l o w  vapor  p r e s s u r e  
d o p a n t s  b u t  fa i ls  q u a l i t a t i v e l y  f o r  S, Se, a n d  Te  a n d  q u a n t i t a t i v e l y  
in  t h e  c o m p a r i s o n  of  Zn  a n d  My. 

kinet ic  bar r ie rs  which  p reven t  equ i l ib r ium f rom be-  
ing reached and which p reven t  the rmodynamics  being 
used to pred ic t  sensible  approaches  to MBE. 1 As a t y p i -  
cal example  i t  is of ten quoted that  Zn cannot  be used 
to dope GaAs successful ly under  MBE condit ions be -  
cause its s t icking coefficient is too low, a fact  which  is 
r ega rded  as a kinet ic  observa t ion  tha t  could not  be 
p red ic ted  f rom thermodynamics .  

In  this convent ional  v iew MBE is to be contras ted 
s t rongly  with  a l t e rna t ive  methods  of crys ta l  growth,  
vapor  phase ep i t axy  (VPE) and l iquid  phase ep i t axy  
(LPE) ,  where  an impor tan t  i n t e rp lay  be tween  t he rmo-  
dynamic  f r a m e w o r k  and kinet ic  de ta i l  is assumed 
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Table I. Predicted and observed results of doping GaAs under MBE conditions 

Dopant  Si Ge Sn Pb Be Mg Zn Cd S Se Te  Mn 

Predict ion S S S M S M U U S S S S 
Observat ion S S S U S M U U S S S S 

W h e r e  S = successful ,  M = moderate ly  s u c c e s s f u l  U = unsuccessful .  

(4, 5). It is pointed out here that  it is layers grown by 
LPE and VPE that  have proved  suitable for semicon- 
ductor  device fabrication. If MBE layers are to have  
a s imilar  suitabili ty,  they must  approach the equi l ib-  
r ium situation to a comparable  ex ten t  and not contain 
large addit ional  nonequi l ibr ium concentrat ions of de-  
fects. In general  MBE-grown  layers of GaAs are p rov-  
ing suitable for device purposes wi th  the implicat ion 
that  the approach to equi l ibr ium is comparable  in MBE, 
VPE, and LPE. 

In this paper  we examine  closely what  the predictions 
of the thermodynamic  f r amework  should be for MBE 
of GaAs, wi th  par t icular  emphasis on doping, and com- 
pare  them wi th  the exper imenta l  results. We have con- 
sidered all the common dopants and the qual i ta t ive  
comparison is shown in Table I. 

As can be seen f rom Table I, there  is only one in-  
stance where  the thermodynamic  predict ion is in error.  
In the first part  of  the paper  we show, on a quant i ta t ive  
basis, how the qual i ta t ive  summary  in Table I is ob- 
tained. In the second part, the numer ica l  results are 
compared wi th  the exper imenta l  data and the implica-  
tions of the close fit for the kinetics of doping in MBE 
of GaAs are outlined. 

Theoretical Approach 
The genera l ly  accepted approach to describing dop- 

ing of GaAs under  equi l ibr ium conditions is i l lustrated 
by the fol lowing example  of a donor impur i ty  occupy- 
ing a site on the arsenic sublat t ice 

Dgas + V A s r  DAs AG1 [1] 

DAs~--DAs + ~- e AG2 [2] 
or overa l l  

Dgas -~ VAs ,-~ DAs + -~- e AGs [3] 

where  Dgas is a donor atom in the vapor  phase, DAs and 
DAs + represent  donor atoms and ions respect ively  
subst i tut ional  on As latt ice sites; VAs is a vacant  
arsenic lat t ice site, and e is an electron in the con- 
duction band of GaAs. AG1 etc. are the par t ia l  molal  
f ree energies of the respect ive reactions, thus 

AG1 ~- - - R T  In K1 [4] 
where  

K1 = [DAs]/PD [VAs] [5] 

and [ ] represents  concentrat ion and P pressure in 
atmospheres,  i.e., assuming act ivi ty  coefficients of 
unity. S imi la r ly  

K2 = n [DAs + ] / [DAs] [6] 

where  n ---- [el and 

K3 ~- K1K2 = n [DAs + ]/PD [VAs] [7] 

If all the carr iers  in the bulk semiconductor  or iginate  
f rom react ion [2] then 

n : [DAs +] ~- K3V2PDI/2[VAs] V2 [8] 

Analogous t rea tments  apply to donors on sites on the 
Ga sublat t ice and acceptors on both sublattices. In 
each case if we control the nat ive  defect concentration, 
i.e., [VAs] in the example  i l lus t ra ted by Eq. [8], via 
the arsenic pressure we may de termine  the carr ier  
concentrat ion in the GaAs (n in the above case) by the 
act ivi ty  of the dopant outside the GaAs (PD in the 
above case). 

The basic problem therefore  is to calculate what  
pressures of dopants are requi red  to give useful con- 
centrat ions of carriers under  normal  MBE conditions 

for growth  of GaAs, and to see how these compare 
with  the pressures needed in practice. First, if we re -  
quire  specific results we must  define our g rowth  con- 
ditions. We wil l  choose PGa : 10 -6 Torr,  PAs4 : 
2.10 -6 Torr  and Tsubstrate : 560~ (~- 833~ and cal-  
culate the dopant pressures requi red  to give carr ier  
concentrat ions of 2.2. 1019 cm -3 and 2.2. 1016 cm -3 
(or 10 -8 and 10 -6 respect ive ly  when expressed as 
fract ional  concentrat ions of the re levant  Ga or As sub- 
lattice sites). We can now consider the most effective 
way to make  the quant i ta t ive  estimates for the in-  
dividual  dopant elements.  

Be, Si, Ge, and S n . - - I t  will  be clear  that  we are con- 
cerned pr imar i ly  wi th  the in teract ion be tween  the dop- 
ant atom and the GaAs lattice, i.e., the enthalpies and 
entropies that  contr ibute  to AG3. However  this sig- 
nificant group of dopants pe rmi t  a simplification 
which means it  is sufficient to consider their  e lementa l  
vapor  pressures. Thus we note that  if we apply any 
pressure in the typical MBE range (10-6-10 -10 Torr ) ,  
these elements would condense at 560~ (6). In a non-  
growth  exper iment  we would have the condensed ele- 
ment  wi th  a surface concentrat ion in the GaAs equal  to 
the solubil i ty l imit  at 560~ To Obtain sensible doping 
levels  wi th  no surface condensation some measure  of 
~G3 would be required.  However  we have specified a 
significant growth rate and based on the the rmody-  
namic predict ion of a unit  sticking coefficient we cal-  
culate that  a pressure of 10 -9 Torr  will  give a dopant 
concentrat ion of 10 -8 (i.e., PD/PGa) and a pressure of 
10 -12 Torr w~ll give a dopant concentrat ion of 10 -6. 
It wil l  be noted that  the value of 10 -12 Torr  lies below 
the vapor  pressures of Sn and Be at 560~ technical ly  
inval idat ing the approximat ion near  this lower  limit. A 
ful ler  consideration based on LPE growth  (7) of GaAs 
shows that  even for the worse case, Sn, the correct ion 
is negligible. 

S, Se,  and T e . - - In  contrast  to the previous group, all 
these impor tant  convent ional  dopants for GaAs have 
e lementa l  vapor pressures PD o in excess of the MBE 
working range by several  orders of magni tude  at 
560~ Any MBE must  be carr ied out therefore  wi th  
dopant activities aD (~-PD/PD ~ ~ 1. A most con- 
venient  source of data for de termining  whe the r  the 
values of aD avai lable in MBE wil l  be high enough 
to provide useful doping is provided by LPE and VPE. 
Before carrying out any extrapolat ions however  it  is 
necessary to consider that  the t rea tment  given in Eq. 
[1] --> [8] does not fit the exper imenta l  data. Thus the 
nc~PD 1/2 relat ionship given in [8] is often replaced in 
practice by a l inear  relat ionship (8, 9) n~PD or n~aD, 
which is more  readi ly  applicable to g rowth  f rom solu- 
tion. 

One in terpre ta t ion  is that  the thermodynamic  t rea t -  
ment  is inapplicable. However  this seems most un-  
likely. The l inear  dependence has now been repor ted  
for group II, group IV, and group VI elements  in-  
volving substi tut ion on both sublattices and in both 
VPE and LPE (4, 5, 8, 9). It is unl ikely that  the cru-  
cial kinetics wil l  be almost  identical  in all these dis- 
s imilar  situations; r a ther  that  some overal l  the rmody-  
namic f r amework  does apply, and the model  of the 
defect chemist ry  is wrong in detail. Linear  dependence 
of [n] : [DAs + ] at room tempera tu re  can be obtained 
by a simple amendment  to the model. During growth  
we assume that  n is not dominated by the incorporated 
[D] but is fixed at some higher  value. In these c i rcum- 
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stances n is constant and 

[DAs + ] = KsPD[VAs]/T~ = ~3 'PD[VAs]  [9] 

showing the required l inear  dependence of dopant  in -  
corporation on PD. 

At least two impor tant  models for expecting n to be 
constant and >[DAs +] have already been described 
(5, 9). Casey and Panish (9) have proposed that  a 
surface space-charge layer  dominates the incorpora-  
t ion of S, Se, and Te while Hurle (5) has recent ly 
suggested that a high value of n may result  f rom the 
ionization of a nat ive  defect, l ike VAs, at the growth 
temperature.  For present  purposes we do not need to 
adopt the details of either model, s imply to adopt the 
observed l inear  dependence of [D +] on PD or aD for 
our extrapolations from VPE or LPE conditions to 
those in MBE. 

We may now consider doping with sulfur. Under  
practical VPE conditions (10) a ratio of 10 -v for 
H2S/H2 is sufficient to give [SAs +] ~ 1017 cm -3 at 
750~C. If we assume that the PH2s/[SAs + ] ratio is not 
par t icular ly  temperature  sensitive, we may calculate 
the value of Ps2 at 560~ which is in equi l ibr ium 
with PH2 = 1 atm and PH2S = 10 -7 atm from standard 
free energy data (11). We then  find that  [SAs +] = 
1017 cm -8 is equivalent  to a Ps2 value of only 6.5.10 -~1 
atm. Using Eq. [9] for the case of D = S 

[SAs +] = Ks'Ps[VAs] : Ks"Ps2W[VAs] [I0] 

we may calculate the values of Pss necessary to give 
[SAs +] of 2.2-10 Is cm -~ and 2.2.1019 cm -~ as being 
1.98.10 -20 Torr and 1.98.10 -14 Torr respectively. 
Clearly the situation degenerates to that of the first 
group of elements during growth. Then allowing for 
the diatomic nature of $2, the required pressures to 
obtain the upper and lower doping levels are 5.10 -I~ 
Torr and 5.10 -13 Torr respectively. The assumption 
about the temperature dependence of the PH2s/[SAs +] 
ratio is unlikely to be poor enough to affect this con- 
clusion. 

For completeness we should also consider that 
there is a significant change in PAs4 in transferring 
from VPE to MBE conditions. From Ashen et al (12) 
we may set the value of PAs4 in a typical VPE kit at 
1.5-10 -~ atm while we have chosen 2.6.10 -~ arm for 
our MBE system. The effect of PAs~ is conventionally 
described as follows 

i/~ As~ -~ VAs ~ 0 [Ii] 

K~l = PAs4- ,/4 [VAs] -1 [12] 

[VAs] = K~-~PAs4 -'/" [13] 

Subst i tut ing in  Eq. [10] we have 

[SAs+ ] : Ks'"Ps2'/~PAs~- ~/~ [14] 

where K~'" = Ka"K~ -~. Thus the reduct ion in  PAs4 
increases the level of [SAs +] corresponding to a given 

value of Ps~ '/~. In  the case above the increase is by a 
factor of 24.9. As a resul t  our calculated values of Ps2 
should fall  by a factor of 620, making  the prediction 
that the ratio of arr ival  rates will  dominate even more 
secure. Al ternat ive  schemes ( 5 ) ' w h e r e  VAs is ionized 
to give VAs + and a controll ing value of n would by 
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analogous treatment show a reduced dependence of 
PAs4 -~ i.e., an increase of times 5 in [SAs + ] due to 
the change of PAs4 between VPE and MBE conditions. 

The only remaining doubt about the prediction for 
sulfur doping stems from a second reaction which is 
also thermodynamically possible. Ga2S should not only 
be stable under the growth conditions but have a 
vapor pressure in excess of 10 -8 Torr at 560~ Thus 
the value of Ps2 needed in practice might  differ from 
those shown in  Table II due to a loss of both S and Ga 
due to the competing formation and reevaporat ion of 
Ga2S molecules. 

Te l lur ium is another  member  of the group where 
there is sufficient data, this t ime from LPE (13), to 
allow assessment of the l ikely position in  MBE. Casey 
et al. (13) have shown that  to obtain [TeAs + ] = 10 -6 
at 1273~ one requires [Tesoin.] = 2.85"10 -6, i.e., the 
segregation coefficient is 0.35, in  a typical LPE system. 
An estimation of the position at 833~ can be obtained 
by extrapolat ion of the data of Greene (14). T h e  

segregation coefficient is ~ 40 indicat ing that  the re- 
quired value of [Tesoln.] has fal len to 2.10 -s. T h e  

next  t a s k  is to determine the vapor pressure of tel lu-  
r ium in equi l ibr ium with the solution. We may wri te  

Tesoln. ~ I/2 Te~ [15] 

K15 = PTe2'/2/[Tesoln.] [16] 

To obta in  an over estimate of K15 we m a y  a s s u m e  

Raoult 's law, i.e., ignoring any stabilizing effect of 
Te-Ga interactions in  the solution. Then  for the l imi t -  
ing case of l iquid Te we have at 560~ 

K15 : [3.29"10-~]'/=/[1] : 5.7.10-~ attar/= 

Subst i tu t ing for K~5 and [Tesoln.] in [16] we obtain 

Pie2 V~ : 5.7"10 -~ �9 2"10 - s  and 5.7.10 - s  �9 2.10 -5 a t m V a  

for our required doping levels of 2.2.101~ cm -s  and 
2.2.1019 cm -3, respectively. The respective values of 
PTe2 are thus 9.9.10 -16 and 9.9.10 -10 Torr. For our 
assumed growth conditions the lower value will  again 
have to be increased to 5.10 -~3 Tort.  As with S doping 
there is the possibility of competing reactions giving 
Ga~Te or s imilar  volatile species, bu t  in  this case n o  

firm data appear to be available. 
Empirical  data on the doping of GaAs wi th  Se seem 

almost nonexistent.  On general  grounds its behavior  
is almost certain to be in termediate  between that  of 
S and Te. Comparison of the major  enthalpy terms in-  
volving Se (heat of dissociation and heat of solution 
on VAs) in the incorporat ion equat ion 

Sez -~ VAs ~- SeAs + + e [17] 

can be made with analogous reactions for S and Te, 

using electronegativity differences as shown later in 
the Zn/Mg comparison. These estimates show that 
there is likely to be little difference between Se and 
Te, which is a sufficient prediction for our present re- 
quirements. 

Zn, Cd, and Mg.---The final important class of dopants 
are the group II elements Zn, Cd, and Mg which nor- 
mally give p-type doping. Again, the elemental vapor 
pressures of 5, 50, and 0.4 Torr, respectively, at 560~ 

Table II. Predicted operating pressures (in Torr) of common dopants for GaAs under typical MBE 
conditions of PGa = 10 - 6  Torr, PA~ = 2 �9 10 - 6  Torr, and Tsubstrate = 833~ (560~ 

E l e m e n t  S i  G e  S n  P b  B e  M g  Z n  C d  S "  S e "  T e *  M n  

B u l k  d o p a n t  c o n c .  
2 . 2  �9 i 0  ~9 c m  -~ 10 -9 10 -9 I 0  -~ 1 .5  �9 I 0  ~ I0  -g 1 .6  �9 I0  -7 3 �9 i 0  - s  8 �9 i 0  ~ 5 �9 I 0  -~~ I 0  ~ I 0  -o IO -~ 

B u l k  d o p a n t  e o n c .  
2.2 �9 i0 ~6 cm -~ 10 -~ i0 -~ 10 -~ 1.5 - i0 -'z 10 -~ 1.6 �9 10 -1~ 3 �9 10 -~ 8 �9 10 -2 5 �9 10 -~a 5 �9 10 -~ 5 �9 10 -I~ 10 -2 

�9 Assuming diatomic molecules in the gas-phase. 
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mean  that  only activit ies much less than uni ty  can be 
used in MBE work  and the problem is to de termine  
whe the r  these activities" are high enough to give use-  
ful doping levels. 

Most informat ion  is avai lable  for Zn, both f rom LPE 
and VPE growth  of GaAs. Unfor tuna te ly  it  is not all  
in good agreement.  A s t ra igh t forward  t rea tment  of 
p - type  doping invokes the react ion 

Zngas + V c a ~  ZnGa- + h [18] 

analogous to Eq. [3] wi th  Vca represent ing  a vacancy 
on the Ga sublat t ice of GaAs and h an electron hole. 
We may  then wr i te  

p : [ZnGa--] : Kls*&PznV'[VGa]'/2 [19] 

wi th  p ---- [hi for the case where  p is control led by the 
addit ion of Zn. Fu r the r  we may  wr i te  

0 ~ VGa + VA~ [20] 
s o  

K20 -- [VGa] [VAs] [21] 

and substi tut ing for [VGa] in [19] we have  

p = KlsV2K2ol/2Pzn 1/2 [VAs]- 1/2 [ 2 2 ]  

Panish and Casey (15) have  repor ted  a hole concen- 
t ra t ion dependence on Xzn(1) '/2 where  Xzn(1) is the 
a tom fract ion of Zn in the l iquid phase. They also show 
that  

Pzn = Pzn~ [23] 

where  7z~(D is the act ivi ty  coefficient of Zn and 7zn(1) 
__~ 1 in Ga- r ich  conditions (despite the pressure ratio 
being in favor  of arsenic species, the MBE conditions 
chosen represent  a position close to the Ga- r ich  bound-  
ary of GaAs).  Thus f rom Fig. 2 of Ref. (15) we obtain 
Pzn/Pzn ~ = 10 -2 and 10 -7 for doping levels of 2 �9 10 TM 
and 2 �9 10 TM cm-S, respectively.  With Pzn ~ = 5 Torr  at 
560~ the corresponding values of Pzn are 5 �9 10 -2 and 
5 �9 10 -7 Torr  suggesting that  the lower  doping levels 
might  be obtainable.  

The above analysis assumes that  the segregat ion co- 
efficient be tween  Zn in GaAs and in the mel t  re-  
mained  constant in the t empera tu re  range 560 ~ to 
1000~ This is l ikely to be reasonable assumption as 
there  is exper imenta l  support  for the range 650~176 
f rom the work  of Kel le r  and Muench (16). However  
both this work  (16) and the latest  VPE work  (17) 
show clear ly  that  at these lower  tempera tures  the hole 
concentrat ion varies  l inear ly  wi th  Pzn. As wi th  the 
n - type  dopants the carr ier  concentrat ion at the growth 
t empera tu re  becomes independent  of the dopant con- 
centration, and 

[ZnGa-] ---- KlsK26Pzn[VAs]-l /P [24] 

analogous to Eq. [9]. Direct  ext rapola t ion of Sidorov's  
data (17) gives values of 4.8 �9 10-~ and 4.8 . 10 -2 Torr  
for the two doping limits required.  These values need 
to be corrected for the reduct ion in PA~4 on changing 
f rom VPE to MBE conditions. The dependence of 
[VAs] on PAs4 was given in Eq. [13]. For Zn incorpora-  
tion the pressures g iven above need to be increased 
by factors of 25 or possibly 5, see S doping earlier.  
These values apply str ict ly to 770~ If we assume as 
above (16) that  the segregat ion coefficient varies l i t t le  
wi th  tempera ture ,  then we must  al low for the fact 
that  a g iven value of Pzn represents  a much  higher  ac- 
t iv i ty  of zinc in the gas-phase at the lower  t empera -  
ture of 560~ As a resul t  the zinc pressure requi red  to 
give a fixed value of [ZnGa-] is reduced b y  a factor 
of 32 at the lower  tempera ture .  The final values are 
shown in Table  II confirming that  Zn is not a suitable 
dopant for GaAs using MBE. 

Cadmium is expected to be an even less suitable 
dopant. Using Sidorov's  data (17) the ext rapola ted  
values are  3.8 �9 10 -2 and 38 Torr  for our two requi red  
doping concentrations. These values need correct ing for 

the change in PAs4 as in the Zn analysis and the change 
in act ivi ty  wi th  t empera tu re  which in this instance 
gives a factor of 12. 

Magnesium represents  a more  complex case as there  
appears to be no data on its use as a dopant for GaAs 
except  in MBE experiments .  However  we may  make a 
more approximate  est imate of its behavior  by the fol-  
lowing comparison with  Zn doping .We may  assume Mg 
is incorporated onto the same sites as Zn so that  the 
only significant change in comparison wi th  Eq. [18] is 
in the enthalpy of solution to give MgGa- as compared 
wi th  ZnGa-. This difference we may  es t imate  using 
Paulings method (18) to calculate the difference be-  
tween Zn-As and Mg-As bond strengths. We have  

~H(Zn-As) -- ~H(Zn-Zn) 

/- I~AH(As-As) + 23(Xzn-XAs) ~/' 
and 

~H (Mg-As) ---- ~ H  (Mg-Mg) 

+ u + 23 ( X M g ' X A s )  '/s 

where  Xzn = 1.6, XMg ---- 1.2, and XAs = 2.10 are the 
Paul ing electronegat ivi t ies  of the elements.  Now 
~H(Zn-Zn)  _ hH(Mg-Mg)  (19) so that  the differ- 
ence in bond s t rength  depends only on the e lectro-  
negat iv i ty  term. The numer ica l  value of 12.9 kca l /mole  
for ~H(Mg-As)  -- ~H(Zn-As)  compares wel l  wi th  
that  of Naganuma and Takahashi  (2) calculated by the 
same approach. The Paul ing resul t  only applies to the 
format ion of a single bond, i.e., to the dis t r ibut ion of 
the first e lectron involved  in bonding. As both Zn end 
Mg contr ibute  two electrons to the valence band in 
GaAs we can expect  the difference due to the electro-  
negat iv i ty  difference to lie be tween  12.9 and 25.8 
kca l /mole  and a value of 20 kca l /mole  wil l  be taken  
as a sensible guide. 

Now, at fixed p and [VAs] Eq. [24] becomes 

K25 -- [ZnGa:] /Pzn [25] 

where  K25 -- KlsK2o[VAs]-I/p.  Also K25 ---- 10-6/  
3 �9 10 -5 = 3.3 �9 10 -2 Tor t  -1 under  the chosen growth  
conditions, as indicated by the values in Table IL With 
the above assumptions the analogous constant KMg = 
[MgGa-]/PMg is g iven by KMg = exp (+20,O00/RT) 
K25. 

At  833~ KMg = 1.85 �9 105. 3.3 �9 10 -2 = 6.105 �9 103 
Torr  -1 so that  for [MgGa-] = 10 -6, PMg = 1.64 �9 10 -10 
Torr  and for [MgGa-] ---- 10 -3 PMg = 1.64 �9 10 -7 Torr. 
If we consider reasonable l imit ing values of 16,000 and 
24,000 ca l /mole  for the increase in en tha lpy  of solu- 
tion for Mg we obtain values of PMg ve ry  close to one 
order  of magni tude  la rger  and one order of magni tude  
smaller,  respectively.  Thus Mg is c lear ly  a possible 
dopant. 

Mn and Pb . - -The  elements  Mn and Pb have  also 
been used as dopants for GaAs in MBE. These elements  
do not fit closely into any of the groups described so 
far  and again there is l i t t le support ing data f rom other 
experiments.  It  is possible however  to make  some esti-  
mate  of their  expected behavior.  Inspection of Paul -  
ing's equations (18) given for Zn and Mg in the pre-  
vious section shows that  the main variat ions be tween  
different substi tuents on the Ga sublat t ice der ive  f rom 
the meta l -meta l  bond energy  te rm and the e lectro-  
negat iv i ty  term. For  metals forming monatomic vapors 
we may take the e lementa l  vapor  pressure as a mea-  
sure of the bond energy term. The e lec t ronegat iv i ty  
te rm is then a measure  of the addit ional  s tabil i ty con- 
fe r red  by the requi red  incorporat ion in di lute solution 
in the GaAs lattice. We note (i) that  for [ZnGa-] ---- 
10 -3 a value of Pzn ----- 10 -2 Pzn ~ was requi red  and (if) 
that  Xzn _~ XMn ~--- Xpb .  Thus as a first est imate the 
pressures requi red  to give our upper  concentrat ion 
value should be _~1% of the e lementa l  vapor  pressures, 
i.e., 2 �9 10 -10 Torr  for Mn and 1.5 �9 10 -6 for  Pb. In prac-  
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rice therefore Mn should behave like the first group 
of elements (Si, etc.) and Pb should be less sui table 
but  possible, 

Results 
The results are collected in  Table II. In  considering 

the results the following observations need to be kept 
clearly in mind. Most of the values are based directly 
or indirect ly on results from VPE and LPE. They are 
not therefore indisputably  thermodynamic  values. In  
fact they incorporate any int rus ion of kinetic l imi-  
tations found in VPE and LPE. They are therefore the 
predictions based on the assumption that  kinetic effects 
are comparable in MBE, VPE, and LPE. Kinetic effects 
showing doping concentrat ion dependence on crystal 
growth rate and or ientat ion are well  documented (4) 
and factors ~--10 are typical ly reported--significant ,  bu t  
small  compared with the extrapolations involved in  
this work. 

A similar  perspective is required  when  considering 
the possible errors due to the detail of the extrapola-  
tions, where estimates of tempera ture  var ia t ion for sev- 
eral  quanti t ies had to be made for some elements. A 
more significant level of uncer ta in ty  is involved where 
recourse has to be made to basic data such as electro- 
negat ivi ty  coefficients. As indicated in  the text  for the 
case of Mg, a fur ther  uncer ta in ty  of about an order 
of magni tude  is possible. 

The predicted results may now be compared with 
experiment.  The results for the first group of elements,  
Si, Ge, Sn, and Be, are very much as expected. The ele- 
menta l  vapor pressures are sufficiently low (and it has 
become established that  the sticking coefficients are 
unity,  as assumed in the thermodynamic  t rea tment ) ,  
that the thermodynamic  background is obvious, and 
the doping problem degenerates to a simple ratio of 
dopant and gal l ium beam fluxes. 

The second group of elements S, Se, and Te repre-  
sents a s t r iking success for the present  approach. The 
elemental  vapor pressures are high and specific a t ten-  
tion to the chemical interact ion of dopant and GaAs 
matr ix  is required. The earlier incorporat ion of Te 
(1) and the recent report  of doping by S and Se (20) 
are seen as par t  of the predicted f ramework and not 
as intr icate kinetic exceptions. The la t ter  results (20) 
also show that  in practice the competing reaction of 
evaporat ion of Ga2S is of negligible importance. Addi-  
tionally, the successful use of a compound source (PbS) 
argues strongly for facile surface kinetics which would 
allow the thermodynamical ly  predicted si tuation to be 
reached. F ina l ly  it  should be emphasized that  because 
of the chemical interact ion (pr imari ly  Ga-S)  the 
thermodynamical ly  predicted sticking coefficient for 
these three dopants is unity.  

The third group of elements Zn, Cd, and Mg are 
equal ly successfully described by the thermodynamic  
approach even though the outcome is in  such marked 
contrast  with that for the second group. The under ly -  
ing reason is that  the chemical interaction,  e.g., Zn-As 
is much weaker  than, e.g., Ga-S. Thus Zn and Cd are 
unsui table  as dopants for GaAs under  MBE conditions 
and the thermodynamical ly  predicted sticking coeffi- 
cients are extremely low at 3.3. 10 - s  and 1.25 �9 10 -11, 
respectively. The result  for Zn is s t r ikingly close to that  
estimated by Naganuma and Takahashi  (2) using the 
same basic approach and also close to their  single 
measured value of 5 .  10 -7 . It  should be noted that 
though these authors (2) stressed the kinetics of the 
reactions, the kinetics were those consistent with the 
thermodynamic  f ramework outl ined here. Turn ing  to 
Mg, it is predicted to be usable as indeed it is. Our 
thermodynamic sticking coefficient is 6.25 �9 10 -8, signifi- 
cantly higher than the earlier calculated value (2) of 
1.8 �9 10 -5. This arises because we feel that in the bu lk  
Mg must  form more than the single bond considered for 
the surface reaction in the earl ier  work (2). Our value 
does not agree well with any of the exper imental  
values for the sticking coefficient of 10 -5 (21) or 10 -4  

(2) based on electrical act ivi ty or un i ty  (22) based on 
total chemical content. It  is almost certain that  the 
higher chemical figure (22) applies in  general  bu t  
that  most of the Mg is not  electrically active. This 
means most of it  is not incorporated by the reaction 
considered here and so the predict ion would not be 
expected to apply. One of the more l ikely competing 
reactions is the incorporat ion of Mg wi th  O, as the CO 
and CO2 pressures in  a typical  MBE system are ther-  
modynamical ly  sufficient to oxidize Mg at all  the beam 
pressures explored. 

Of the two remaining  elements Mn is unexceptional ,  
like the first group of elements, bu t  Pb is the only 
example where  the model prediction is wrong. Before 
concluding that  Pb provides a clear case of kinetic 
dominance we must  examine the grounds on which 
the prediction was made more closely. Firs t  we find 
that  the data base was almost nonexis tent  in  this case. 
A dis t r ibut ion coefficient of 10 -z was assumed based on 
the observed behavior  of Zn. However there is some 
suggestion (7) that  the t rue  value for Pb is very low 
(at least like that  for Sn) and in  the region of 10 -4. 
In  terms of our previous analysis the most l ikely term 
to have been ignored is a significant elastic t e rm due 
to the large size of Pb which would reduce the en-  
thalpy of solution of Pb in  GaAs appreciably. With the 
lower segregation coefficient of 10 .4  Table II  would be 
amended to show 1.5.10 -3 and 1.5.10 -6 Torr. I t  is 
clear however that  Wood (20) reports even less in -  
corporation of Pb than this, suggesting that  even with 
this revised thermodynamic  f ramework  there is evi- 
dence for addit ional  kinetics barr iers  possibly also 
related to the large size of Fb atoms. 

One final impor tan t  aspect remains  to be discussed. 
So far we have only considered the dis tr ibut ion of 
dopant  atoms between gas-phase and bulk semicon- 
ductor. In any detailed t rea tment  the surface must  also 
be considered. In  practical MBE this is par t icular ly  
impor tan t  as, in  the growth of th in  layers, the t r an-  
sient behavior  at the start  and finish of growth can 
determine the success or otherwise of the process. 
Thus in  the cases of doping wi th  Sn (23) and Te ( i )  
and also Pb (20) high surface concentrat ions of the 
dopant have been established. In  general  these en-  
hanced surface concentrat ions could arise from the 
thermodynamic  basis or from kinetic barr iers  to fur-  
ther  reaction. It  should be stressed, however, that  these 
complications do not inval idate  the results of the b u l k /  
gas-phase analysis  described here. On the contrary 
these results can be used together with the experi-  
menta l  data to clarify the kinetic aspects of the doping 
reactions. The approach is described in more detail  
in  the Appendix bu t  the main  conclusions are as follows. 
There  is no evidence remain ing  for any  kinetic barr iers  
at the gas/surface interface. At the sur face /bulk  in-  
terface, the only cases where the exper imenta l  evi- 
dence suggests addit ional  kinet ic  barriers may be 
impor tant  are for Pb  doping, some of the t ransients  
observed in Sn doping, and for amphoteric doping by 
Ge. 

Conclusions 
The incorporat ion of all  common dopants into GaAs 

under  typical MBE conditions has been examined. It  
is found that in  all cases except Pb the predictions 
based on the thermodynamic  and chemical equi l ibr ium 
framework fit the results observed in practice. The 
closeness of this fit indicates that  any  addit ional  ki-  
netic aspects of MBE growth are l ikely to be compar-  
able to those found in  VPE and LPE. In  the l ight of 
these results it  should be possible to obtain useful 
guidance in applying MBE to other systems by con- 
sidering first the thermodynamic  f ramework applying 
to them. 
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APPENDIX 

The Interplay of Kinetics and Thermodynamics in MBE 
In  general,  different concentrat ions of dopant  in 

the surface and the bulk  GaAs are to be expected, so 
that  occurrence of surmce enr ichment  is not neces- 
sari ly evidence for kinetic delays in  the bu lk  incor-  
porat ion step. In  fact, in  the par t icular  case of doping 
dur ing growth a complete kinetic freeze at the surface/  
bu lk  incorporat ion step would give a disordered solid 
with the dopant  buried in  the bulk. Surface enrich-  
men t  therefore like the growth of good crystal l ine 
material ,  gives evidence of considerable kinetic mo- 
bi l i ty on the surface. Thermodynamic  data for dopant  
adsorption on the surface of GaAs is almost nonexis t -  
ent, however we can learn something about tne si tua-  
t ion from the implications of the results in  Tables I 
and II. 

The main  situations that are possible are shown 
schematically in  Fig. A-1. The figure shows the free 
energies of tile dopant  in  the gas phase, on the surface, 
and in  the bulk. Obviously the free energy is a func-  
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Fig. A- I .  Dopant free energy vs. reaction coordinate diagrams 
for the important alternative possibilities in doping gallium arsenlde 
from the gas-phase. Alternative reaction paths are shown as (a), 
(b), (c), and (d). The free energies refer to a pressure of 10 - 6  Terr 
in the gas-phase, a coverage of 10 - 8  on the surface, and a bulk 
concentration of 2.2 �9 10 TM cm -3 .  

tion of concentrat ion and we i l lustrate  the position for 
concentrat ions which are accessible and desirable in  
MBE. 

Thus we have the ma x i mum convenient  gas-phase 
pressure of 10 -16 Torr, a l ikely m a x i m u m  bulk  con- 
centrat ion of 2.2.1019 cm -~, and exactly the same 
surface concentrat ion of 10 -~ expressed as a frac- 
t ional surface coverage. 

The abscissa is the reaction coordinate for doping 
from the gas-phase. 

In  the more normal  si tuat ion of doping dur ing  
growth there is direct access from the gas-phase to 
both the surface and the bulk. The kinetic routes in  
the two main  stages of reaction surface/gas in teract ion 
and sur face /bulk  interact ion are shown by  (a), (b),  
(c), and (d). Routes (a) and (c) represent  routes 
with kinetic barr iers  which dominate  the outcome of 
the process while (b) and (d) represent  facile kinetic 
routes which allow the outcome to be predicted by the 
thermodynamic framework.  Before considering spe- 
cific dopants we can consider an example of the ap- 
plication of Fig. A- l ,  e.g., case I. At 10 -6 Torr there 
is a considerabm gain in  free energy if the dopant con- 
denses on the surface to give a coverage of 10 -3 
and a fur ther  gain by incorporat ion at a bulk  concen- 
t rat ion of 2.2-1019 cm -3. If the kinetic paths are (b) 
and (d) then doping by MBE will work. In  fact, to stop 
much higher doping concentrations than required from 
being obtained, the gas pressure will have to be re-  
duced unt i l  either the free energy falls to tha t  of the 
solid or simple considerations of ar r ival  fluxes vs. the 
growth rate intervene.  The concentrat ion on the sur-  
face will  then be lower than in  the bulk. Alternat ively,  
if path (a) applied, doping to the required level will 
not occur due to a low sticking coefficient due to ki-  
netic factors. If route (b) (c) applies one is l ikely to 
get un t idy  incorporat ion of dopant, e.g., leading to 
compensation or deep traps or conceivably, by a more 
complex mechanism, some surface enrichment.  It is 
interest ing to note that in  the case (not shown) where  
free energies in  all three states are equal, one would 
expect a sticking coefficient of 10 -3 on thermodynamic  
grounds, i.e., even though paths (b) and (c) were 
followed, and even lower values due to addit ional  
kinetic factors if path (a) was followed. 

We may now consider the main  groups of dopants in  
terms of Fig. A-1. Wel l -behaved dopants such as Si or 
Be cmarly nt  case I (b) (d) very well. Case II (b) 
(c) is conceivable if (c) gives direct bur ia l  of dopant, 
thus prevent ing surface segregation, but  it must  be 
considered unlikely.  Dopants S and Se appear to be 
similar  with the facile surface kinetics implied by  
I (b) (d) being even more likely, at least in  Wood's 
experiments  (20). Ge is also l ikely to fit I (b) (d). 
It is not clear whether  the amphoteric doping by Ge is 
dominated by the thermodynamics  of the stoichiometry 
variat ions in GaAs with PAw or by the dominance of 
path (c) at some values of PAs4. Fur ther  s tudy might  
increase our unders tand ing  of these factors consider- 
ably. 

Turn ing  to the usable but  less satisfactory dopants, 
Sn and Te would appear to give a simple fit to II (b) 
(d). Possible al ternat ives are II (b) (c) or even I (b) 
(c) both of which would require  sufficient mobil i ty  
in  the surface/bulk  interact ion to prevent  bur ia l  of the 
dopant  but  insufficient to allow normal  incorporation. 
This possiblity cannot be ruled out bu t  it should be 
noted that it involves the same kind of sophisticated 
growth modell ing required to explain LPE and VPE, 
not some simpler kinetic l imita t ion peculiar  to MBE. 
In  so far as the highest doping levels cannot be ob- 
tained using Mn (24) case V or VI is suggested con- 
ver t ing to I at lower doping levels. However the 
thermodynamic  f ramework  would predict  I. The em- 
pirical results at lower doping levels suggest route 
(b) (d) but  as suggested by Ilegems et al. (24) it  is 
possible that  at the higher concentrations the Mn on 
the surface interferes with the growth of the host crys- 
tal, causing unacceptable  crystal morphology. As Mg 
incorporat ion is probably  affected by impuri t ies  it  will  
not be considered in this section. 

F ina l ly  we consider the unsuccessful dopants Zn, Cd, 
and Pb. For Zn and Cd cases V or VI are predicted 
by thermodynamics.  For Zn routes (b) and (d) are 
suggested by the single result  of modified MBE (2). 
This result  means that  one cannot  a t t r ibute  the lack 
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of success in Zn doping s imply  to the occurrence o~ 
route  (a) in any  of the  cases in Fig. A-1. There  is no 
da ta  on Cd bu t  a para l l e I  wi th  Zn is to be expected.  
Pb is more  complicated.  The revised the rmodynamic  
predic t ion  suggests cases IV or  V (the elastic t e rm 
wil l  have less effect on surface atoms) at  the h igher  
concentrations.  In  pract ice  Wood's  resul ts  favor  case 
IV (wi th  the beam on) and routes  (b) and (d) a re  
favored  by  the ve ry  completeness  of the  absence of 
Pb  f rom the bulk.  Here  i t  seems l ike ly  tha t  some ki -  
netic ba r r i e r  to incorpora t ion  also opera tes  as dis-  
cussed for  Sn. 
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Properties of Sputtered Tungsten Silicide for 
MOS Integrated Circuit Applications 

F. Mohammadi* and K. C. Saraswat** 
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ABSTRACT 

Feas ib i l i ty  of the use of WSi2 as gate e lect rode and e lect r ica l  in te rcon-  
nect ing ma te r i a l  has been invest igated.  Proper t ies  of as -depos i ted  and an-  
nea led  thin  films of WSi2 have been s tudied to de te rmine  the i r  compat ib i l i ty  
wi th  in tegra ted  circuit  fabr ica t ion  processes. Thin films of WSi2 were  de -  
posi ted by  spu t te r ing  on oxidized silicon, wi th  and wi thout  a coating of 
poly-Si .  As-depos i t ed  films were  amorphous,  wi th  a res i s t iv i ty  of 6 • 10 -4 
~-cm.  Upon anneal ing  above 900~ in N2, the films became polycrys ta l l ine .  
The  res is t iv i ty  decreased and the average  gra in  size increased as a funct ion of 
t ime and tempera ture .  A min imum res is t iv i ty  of 10 -4  ~ - c m  was obtained.  
Chemical  reagents  commonly  used for cleaning and etching, when used wi th  
WSi2, showed behavior  s imi lar  to poly-Si .  A1 contacts to WSi2 were  s table up 
to 600~ for WSi2/SiO2/Si  s t ruc ture  and up to 550~ for WSi2 /po ly -S i /S iO2/S i  
s t ructure .  These are  signif icantly h igher  than  the t empera tu re s  commonly  used 
for  sinterir~g A1 contacts  to Si. The rma l  oxida t ion  of WSi2 films in s team in the  
t e m p e r a t u r e  range of 1000~176 was pe r fo rmed  and good qual i ty  SiO~ was 
grown. F ina l l y  WSiz gate MOS devices were  fabr ica ted  and character ized.  

With  the  advances  in the in t eg ra ted  circuit  technol-  
ogy as the  device dimensions are  cont inuously de-  
creasing, severe  requ i rements  are  being imposed upon 
the mater ia ls .  In MOS in tegra ted  circuits, the requ i re -  
ments  for the ma te r i a l  used to form the gate electrodes 
and the e lect r ica l  in terconnect ions  are  low resist ivi ty,  
ab i l i ty  to wi ths tand various chemicals  and high t em-  
pera tu res  encountered  dur ing fabr ica t ion  process, and 
the capabi l i ty  to be defined into fine pat terns.  P o ly -S i  
is wide ly  used for this applicat ion,  however,  its in-  
adequa te  p roper t i e s  a re  beginning  to l imi t  the pe r -  

* Electrochemical Society Student Member. 
~ �9 Electrochemical Society Active Member. 
Key words; tungsten silicide, annealing, resistivity, oxidation. 

formance of the circuits. High res is t iv i ty  of po ly -S i  
causes degrada t ion  in the  speed of the  circuits  because 
of R-C delay  times. Al though  the gra in  size in as-  
deposi ted po ly-S i  can be ve ry  small ,  subsequent  high 
t empera tu re  processing increases i t  m a r k e d l y  (1). This 
causes a p rob lem in defining ve ry  fine lines. Refrac-  
tory  metals  such as Mo and W can meet  most of the  
above requirements ,  but  they  cannot wi ths tand  high 
t empera tu re  oxidizing ambients ,  because thei r  oxides 
are  genera l ly  volati le,  and they  cannot wi ths tand  
chemical  reagents  commonly  encountered  dur ing  fabr i -  
cat ion of in t eg ra ted  circuits.  These two requi rements  
can be met  by  the sil icides of some of the  re f rac tory  
metals ,  such as MoSi2 and WSi2. Feas ib i l i ty  of the u s e  
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of MoSi2(2) and WSi2(3) has been demonst ra ted .  In  
o rde r  to use  these mate r i a l s  rou t ine ly  to fabr ica te  
in tegra ted  circuits,  a much more  de ta i led  knowledge  
of the i r  p roper t ies  is required.  This wi l l  a l low not  
on ly  the  de te rmina t ion  of the  compat ib i l i ty  of si l icides 
wi th  fabr ica t ion  processes, bu t  also wi l l  a l low opt i -  
mizat ion of the proces s ' involVing the use of silicides. 

In  this  work  we have s tudied the proper t ies  of thin 
films of WSi2 deposi ted by  sput ter ing.  WSi2 was de-  
posi ted  on oxidized si l icon wi th  and wi thout  an in te r -  
l aye r  of poly-Si .  P roper t i e s  of as -depos i ted  films, effect 
of h igh t empe ra tu r e  annea l ing  in N2 a tmosphere  on 
res is t iv i ty  and s t ructure ,  t he rmal  oxida t ion  in steam, 
and s tab i l i ty  of A1 contacts  to these  films has been  
studied.  F ina l ly ,  MOS devices fabr ica ted  using WSi2 
as the gate ma te r i a l  have been character ized.  

Sample Preparation 
In te rmeta l l i c  r e f rac to ry  meta l  si l icides can be ob-  

ta ined  by  the deposi t ion of the  re f rac to ry  meta l  on 
si l icon and subsequent  conversion of the re f rac to ry  
m e t a l  to the  des i red  in te rmeta l l i c  by  reac t ion  of the  
r e f r ac to ry  meta l  wi th  sil icon at  e levated  t empera tu re s  
(4). Fo rma t ion  of si t icides by  chemical  vapor  deposi-  
t ion (5), coevapora t ion  of meta l  and Si (3), spu t t e r -  
ing f rom a t a rge t  made  of si l icide (2),  and laser  i r -  
r ad ia t ion  of meta l  deposi ted on Si (6) have  been in-  
vest igated.  In  this work  the deposi t ion of WSi2 was 
done by  r f  diode spu t te r ing  f rom a ho t -p ressed  ta rge t  
made  of the  silicide. 

S ingle  c rys ta l  Si  wafers  wi th  (100) and (111) or ien-  
ta t ion  were  t h e r m a l l y  oxidized in d ry  02 to grow 
1000/~. SiO2. The wafers  were  d ivided into two groups. 
On one group of wafers  4000A th ick  undoped po ly -S i  
was deposi ted by  chemical  vapor  deposit ion.  These 
wafers  were  fu r the r  spl i t  into two subgroups  by  dop ,  
ing some of the po ly -S i  films wi th  boron and phos-  
phorus.  The first set  of po ly -S i  films was implan ted  
wi th  phosphorus,  w i th  dose va ry ing  f rom 1014 to 1018 
ions /cm 2, at  an energy  of 100 keV. The samples  were  
annea led  for  one hour  at  l l00~ the first 15 min in 
d r y  O2 and 45 min  in d ry  N2 atmosphere .  The second 
set of po ly -S i  films was imp lan ted  wi th  boron, wi th  
dose va ry ing  f rom 1014 to 5 X l0 is ions/cmR, at  an 
energy  of 100 keV. The samples  were  t he rma l ly  oxi-  
dized at  900~ wet  oxygen  for 30 min to grow a thin 
l aye r  of SiO2 and then  annea led  at  1100~ for 30 min  

in d ry  N2 atmosphere .  The oxide  l aye r  was grown at  
a lower  t e m p e r a t u r e  to minimize  the  loss of boron 
b y  leaching.  The th i rd  set was doped wi th  boron by  
the rma l  diffusion, using B2H6 as the  source of impur i ty ,  
and the four th  set was doped wi th  phosphorus  using 
POCI~ as the source of impur i ty .  Both sets we re  doped 
for 30 min  at  1000~ A 4000A th ick  WSi2 film was 
deposi ted on top of al l  of the  samples,  i.e., SiO2/Si and  
po ly -S i /S iO2/S i  s t ruc tures  and single c rys ta l  Si, using 
a Pe rk in -E lmer ,  r f  diode spu t te r ing  system. The am-  
bient  was argon at  a p ressure  of 20#, the  subs t ra te  
t empe ra tu r e  was kep t  be low 300~ and the ra te  of 
deposi t ion was 360 A / m i n  wi th  a peak  vol tage  of 1.5 
keV, and an rf  power  of 280W. The  t a r g e t  was made  
of ho t -pressed  WSi2. P r io r  to the  deposi t ion the sam-  
ples were  spu t t e r - e t ched  in o rde r  to obta in  c leaner  
deposi t ion in ter face  and remove any  res idual  SiO2. 
For  al l  of the  subsequent  s tudies  the  th ree  basic s t ruc-  
tures, WSi2/Si,  WSi2 /S iOJS i ,  and  WSi2 /po ly-S i /S iO~/  
Si, were  used. 

Properties of As-Deposited Films 
Auger  e lec t ron spectroscopy and e lec t ron microprobe  

measurements  showed tha t  in the as -depos i ted  WSi2 
films the rat io  be tween  the n u m b e r  of Si a toms to the  
number  of W atoms was app rox ima te ly  2: 1. Glancing  
angle  x - r a y  diffract ion analysis  did  not show any spe-  
cific peak  of WSi2, indica t ing  tha t  the  as -depos i ted  
films are  amorphous.  F igure  1 (a) shows a t ransmiss ion 
e lect ron micrograph  (TEM) of the  films showing no 
specific g ra in  s t ructure ,  again  s t rengthening  the con- 
clusion tha t  the films are  amorphous.  An average  re -  
s is t iv i ty  of about  6 • 10 -4 ~ -cm was measured  for  
the films. 

The films were  not  a t tacked  by  chemicals  genera l ly  
used in fabr ica t ion  of IC's, e.g., H2SO4, HNO~, HC1, I-IF, 
and mix tures  of H2SO4 -t- H202, H C 1 - b  H202, and 
NH4OH + H202, the  common cleaning reagents  for  
Si. Therefore  in al l  of the  exper iments  descr ibed sub-  
sequent ly  the samples  were  cleaned using c leaning p ro -  
cedures commonly  used for  Si. 

Properties of Annealed WSi2 Films 
Since the as-depos i ted  films were  amorphous,  a 

s tudy was conducted to inves t iga te  the  effect of high 
t empe ra tu r e  annealing,  on the proper t ies  of WSi2 films. 
W S i J S i O J S i  and W S i J p o l y - S i / S i O J S i  samples  were  

Fig. I. TEM of W$i2 films (a) as-deposlted, (b) annealed at 1000~ for 120 mln. In (a) the left side of the figure is the WSiz film and the 
rilht side is air. 
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annea led  in N2, in the  t empe ra tu r e  range  of 975 ~ 
1200~ for t imes ranging  f rom 30 to 180 min. Po ly -  
Si was kep t  undoped and a f resh sample  was used for 
each anneal ing  exper iment .  F igure  2 shows the change 
in res is t iv i ty  of the  samples  annea led  for 30 min at  
t empera tu res  be tween  975~176 As the anneal ing  
t empe ra tu r e  increased the res is t iv i ty  decreased.  The 
res is t iv i ty  of the  WSi2 films deposi ted on po ly -S i  was 
s l ight ly  lower  than  the films deposi ted on SIO2. F igure  
3 shows the res is t iv i ty  of the  samples  annea led  at  
975~ for t imes ranging  f rom 30 to 180 min. Again  the  
res is t iv i ty  decreased as a funct ion of time. 

X - r a y  diffraction and TEM studies of' the  annea led  
samples  showed tha t  upon annea l ing  the films became 
polycrys ta l l ine .  F igure  l ( b )  shows the TEM of a 
WSi2 film annea led  for 120 rain at  10O0~ There  is a 
definite gra in  s t ructure ,  wi th  average  gra in  size less 
than  500),. F igure  4 shows resul ts  of x - r a y  diffract ion 
of the same samples  as used for TEM. Upon crys ta l l iza-  
t ion no specific p re fe r red  or ien ta t ion  of W S i 2  is ob-  
served.  More x - r a y  diffract ion studies showed tha t  as 
the  anneal ing  t empe ra tu r e  or  t ime was increased  the 
in tens i ty  of the diffract ion peaks  increased and the 
wid th  decreased.  This indicates  tha t  as the  t empera -  
tu re  or t ime of anneal ing  is increased the degree of 
crys ta l l iza t ion also increases. 
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Fig. 4. X-ray diffraction pattern of the WSi2 film annealed at 
1000~ for 120 min. Cu-K~I diffraction intensity is plotted as a 
function of twice the angle of incidence (20). 

Fina l ly  compat ib i l i ty  of doped po ly -S i  wi th  WSi2 
was inves t iga ted  by  s tudying  the effect of anneal ing  on 
WSi2/doped po ly -S i /S iO2/S i  s t ructures .  The po ly -S i  
layers  were  doped wi th  boron and phosphorus  as de-  
scr ibed in "Sample  Prepara t ion ."  Af t e r  deposi t ing 
WSi2 al l  samples  were  annea led  for one hour  in N2 
at  1000~ Figure  5 shows the res is t iv i ty  var ia t ion  of 
the combined WSi2  and po ly -S i  layers  as a funct ion of 
doping dens i ty  in poly-Si .  For  compar ison the re -  
s is t iv i ty  of the  po ly -S i  layers  a lone is also given. I t  
is ev ident  tha t  the  res is t iv i ty  of W S i 2  dominates  the 
to ta l  res i s t iv i ty  and the presence of the dopant  does 
not  have any  adverse  effect on the  res is t iv i ty  of WSi~. 

T h e r m a l  O x i d a t i o n  
Format ion  of an insula tor  l aye r  on top of the  gate  

e lect rode and the in terconnect ion l aye r  is necessary 
so as to isolate it  f rom subsequent ly  deposi ted con- 
duct ing layers .  Vapor -depos i t ed  SiO2 and SisN4 can 
be used for this application.  However ,  t he rma l ly  grown 
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SiO2 is genera l ly  of superior quality. Therefore ther-  
mal  growth of SiO2 on WSi2 is of extreme importance.  
The feasibil i ty of thermal  oxidation of WSi2 was dem- 
onstrated by Zir insky et aL (7) by oxidizing WSi2/ 
poly-Si /SiO2/Si  s t ructure  in steam at 1000~ Their  
effort to oxidize WSi2/SiO2/Si s t ructure  was not as 
successful. In  our  work we have oxidized WSi2 de- 
posited on top of oxidized silicon as well as single 
crystal si l icon(8).  WSi2/Si and WSi2/SiO2/Si samples 
were first annealed  at 1000~ in  N2 for 60 rain to crys- 
tallize the films. The annealed films were oxidized in 
s team with N2 as the carr ier  gas, at 1000 ~ 1100 ~ and 
1200~ for periods of 5 to 30 min. After  etching a 
step in the grown SiO2, the thickness was measured 
with a Talystep. Figure  6 shows the thickness of SiO2 
as a funct ion of t ime for the three temperatures  of 
growth. It  is seen that  growth of SiO2 is a stronger 
funct ion of tempe~:ature for WSi2 films deposited on 
Si. In  order for SiO2 to be used as an insulat ing layer 
in between conducting layers, it must  have high elec- 
tr ical  b reakdown strength.  For the oxides grown on 
WSi2 the mean  value of breakdown strength was about  
4 • 106 V/cm, which is comparable to the oxides 
grown on poly-.Si. 

Stability of Aluminum Contacts 
A l u m i n u m  is widely used as the last layer to pro- 

vide electrical interconnections for mul t i layer  s truc-  
tures. The last step in  the A1 metal l izat ion process 
general ly  is to anneal  the wafers at 400~176 This 
step improves the ohmic contact of A1 to Si, removes 
the oxide damage caused dur ing metal  evaporation, 
and reduces the density of surface states at  the oxide- 
silicon interface. It  has been reported in  the l i tera ture  
that  at these temperatures  A1 can react with other 
silicide such as PtSi, MoSi2, and CoSi2 (9). In  this 
reaction A1 displaces Si from the silicide and forms 
compounds with metals, e.g., PtAI2, MoA112, and C02A19. 
In  our  work we have demonstrated the stabil i ty of the 
A1 contacts to WSi2 films. 

After  the deposition of 4000A thick films of WSi2, 
the WSi2/SiO2/Si and WSi2/undoped poly-Si/SiO2/Si  
samples were annealed at 1000~ for two hours in N2 
to crystallize the WSi2 'films. Following the anneal,  1.5 
~m thick A1 was  deposited on top of the WSi2 layers 
using an electron beam evaporat ion system. The re-  
sul t ing A1/WSi2/SiO2/Si and A1/WSi2/poly-Si/SiO2/Si 
structures were annealed for 30 min  in  dry  No_ at 
temperatures  from 400 ~ to 700~ The qual i ty  of the 
anneal ing  samples was examined by optical and scan- 
n ing  electron microscopes and x - r a y  diffraction. 

The tempera ture  up to which the A1/WSi2 interface 
was stable was 600~ for the samples wi th  WSi2/SiO2 
interface and 550~ for the samples with WSi2/Si in -  
terface. At and below these temperatures  anneal ing  
did not  affect the chemical and electrical properties 
of Al/WSi~ layers. Average resist ivity of the films wa~ 
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Fig. 6. Oxide thickness as a function of time for steam oxidation 
of WSi2 deposited on SiOz and single crystal silicon. 
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about 3 • 10 -6 2 - c m  dominated by A1. X - r ay  dif- 
fraction on A1/WSi2/SiO2/Si samples showed that  after 
anneal ing  at temperatures  up to 600~ the in tensi ty  
of the diffraction peaks of various orientat ions of WSi2 
and A1 remained unchanged.  Above 600~ the WSi2 
peaks did not change much, but  the A1 peaks com- 
pletely vanished and new peaks of WAll2 and (111) 
Si appeared. This indicates a chemical reaction be- 
tween A1 and WSi2 above 600~ 

12A1 + WSi2-~ WAll2 + 2Si [1] 

Similar  reactions have been observed for MoSi2, CoSi2, 
and PtSi at 550 ~ 425% and 300~ respectively (9). 
An optical photograph of the surface of the sample 
annealed above 600~ is shown in  Fig. 7, clearly show- 
ing the damage to the 'surface of the sample. 

The A1/WSi2/poly-Si/SiO2/Si samples annealed  up 
to 550~ were found to be stable and the in tensi ty  of 
the x - r ay  diffraction peaks of various orientations of 
WSi2, A1, and (110) Si [this is the predominant  orien- 
tat ion of LPCVD poly-Si  deposited at 620~ (1)] re-  
mained unchanged. No surface damage could be de- 
tected by SEM and optical microscope. However, the 
samples annealed at 600~ and above showed severe 
surface damage. Although the x - ray  diffraction peaks 
of WSi2 did not change significantly except for slight 
increase in  the in tensi ty  of (101) and (002) or ienta-  
tions, the (110) Si peak reduced markedly  and A1 
peaks almost disappeared. No WAll2 peak could be 
detected. This indicates that  WSi2 itself is not re-  
sponsible for the instabi l i ty;  however, A1 and poly-Si  
react above the eutectic temperature.  It is known that  
diffusion of metals and Si can readi ly  take place 
through a layer of silicide (9, 10). Therefore it is 
probable that upon anneal ing A1 and Si diffuse through 
WSi2 and at the eutectic tempera ture  of 577~ cause 
the physical damage to the surface. The impor tant  
point to be observed here is that  both the structures 
were stable at the temperatures  commonly used for 
s inter ing A1 contacts to Si. 

WSi2 Gate MOS Devices 
Using WSi2 as the gate electrode, MOS capacitors 

of area 0.04 cm 2 were fabricated on (100)-oriented, 
n - type  Si, with 5 • 1014 cm -3 doping density. Gate 
oxide of thickness 600A was grown in  dry O2 at ll00~ 
Following the WSi2 deposition on the gate oxide, photo- 
l i thography was done to define the gate electrodes 
and WSi2 was etched in a HF-HNO3 solution. The sam- 
ples were annealed at 1000~ in  N2 for 30 min  to 
crystallize WSi2 and then annealed at 450~ in form- 
ing gas for 30 min  to minimize surface states. Capaci- 

Fig. 7. Optical photomicrograph of Al/WSi~/SiO~/$i f~lms ~ -  
nealed above 600~ 
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l a n c e  was measured  as a function of gate vol tage at  a 
f requency  of 1 MHz. F rom the C-V plot, f latband vol t -  
age, and threshold  vol tage  were  measured  to be 0 and 
--0.SV, respect ively.  F rom the C-V character is t ics  the  
work  function of WSi2 was calcula ted to be about  4:8 
eV (11). Using this va lue  of work  function the fixed 
oxide charge density,  Qss of 8 • 10 l~ cm -2 was ca lcu-  
lated. By doing bias and stress C-V measurements  
the mobi le  charge  densi ty  was found negligible.  

Summary 
Proper t ies  of WSi~ to form gate  e lec t rode  and elec-  

t r ica l  in terconnect ing mate r i a l  in silicon in tegra ted  c i r -  
cuits were  examined.  The conduct iv i ty  of WSi2 was 
found to be at  leas t  an order  of magni tude  h igher  than  
that  of poly-Si .  The higher  conduct iv i ty  can provide  
substant ia l  improvemen t  in the  res is tance of the elec-  
t r ica l  in terconnect ing l ines used in VLSI  structures.  
Af te r  long t ime anneal ing  at  high t empera tu re  the 
gra in  size of WSi2 was found to be less than 50OA. 
This wil l  fac i l i ta te  etching of submicron lines which 
is essent ial  for h igher  packing  density.  Other  physical  
and chemical  proper t ies  of WSi2 are  quite comparable  
to those of po ly -S i  f rom the point  of v iew of com- 
pa t ib i l i ty  wi th  the fabr ica t ion  technology. MOS de-  
vices fabr ica ted  with  WSi2 as the gate ma te r i a l  showed 
excel lent  characterist ics.  Therefore,  in conclusion, the 
use of WSi2 as the gate and in terconnect ing ma te r i a l  
is feasible  and should m a r k e d l y  improve  the pe r fo rm-  
ance of the in tegra ted  circuits. 
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An Investigation of Anodically Grown Films 
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ABSTRACT 

Anodic oxides  on GaAs have been examined  using x - r a y  photoelec t ron 
spectroscopy (ESCA) combined wi th  A_r-ion etching. The ESCA spect ra  were  
ana lyzed  using both analog, and in some cases d igi ta l  techniques.  Results  
showed the films to be composed of As208 and Ga203. The composit ion at  the 
surface of the films was found to be e lec t ro ly te  sensitive. At  the ox ide - semi -  
conductor  in ter face  evidence was found suggest ing a Ga203 r ich oxide region 
and a l ayer  ad jacen t  to the  semiconductor  which appeared  to contain ele-  
menta l  As. Anodiea l ly  grown oxide films on GaAs incorpora t ing  Al  were  also 
s tudied  and i t  appea red  tha t  the regions of GaAs nat ive  oxide  above and be low 
an A/203 region had differing compositions. 

The anodic oxida t ion  of GaAs ( I )  offers a ve ry  
s imple technique for producing b a r r i e r - t y p e  insulat ing 
films on this semiconductor .  Such films a re  of g rea t  
impor tance  for the fabr ica t ion  of MOS (me ta l -ox ide -  
semiconductor)  devices and success has a l r eady  been 
achieved in producing  t ransis tors  on GaAs (2, 3) using 
this technology. However ,  the oxide and in ter face  
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o Present  address: Institut fur  Hoch Frequentztechnik,  Fachbe. 
reich 18, Merckstrasse 25, Germany. 
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proper t ies  obta ined st i l l  show room for improvemen t  
and work  in our  labora tor ies  is concerned wi th  op t imi-  
zat ion of the anodizat ion conditions in o rde r  to im-  
prove device behavior.  To do this effectively, deta i led  
s t ruc tura l  informat ion is requ i red  and of the methods 
avai lab le  to obtain this da ta  Auge r  e lect ron spectros-  
copy (AES) (4) and x - r a y  photoelec t ron spectroscopy 
(ESCA) (5, 6) are p robab ly  the most  useful, when 
combined wi th  a sui table  etching technique. 

In  this paper  we present  chemical  depth  profiles of 
anodical ly  grown films on GaAs, obta ined  using ESCA 
combined  with  A r - i o n  etching. We feel that  ESCA 
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offers advantages over AES due to the chemical shift 
data which is more easily obtained and in terpre ted 
with the former (6). However, AES does have the 
advantage of speed and of being able to examine dif- 
ferent  parts of a single sample, so that  a combinat ion 
of both techniques where available offers the best solu- 
t ion (5). 

Experimental 
GaAs samples (Monsanto n- type,  carr ier  concentra-  

t ra t ion 10 ~s) were cleaned in methanol  and acetone 
and dried from acetone. A1 (9~.99~% purity,  M.R.C. 
Limited) ,  where used, was deposited by evaporat ion 
under  vacuum at about  10 -6 Torr. GaAs samples were 
etched for 1 min  in  1% HC1 solution prior to anodiza- 
tion. Electrolytes were all made up from research 
grade reagents and deionized water. Two electrolytes 
were studied. These were: (i) 3% tartaric acid solution 
mixed in  the volume ratio 1:2 with propan 1, 2 diol 
(AGW) (1) and (ii) 0.02M (NI-I4) H2PO4 solution 
mixed in  the volume ratio 1:2 with propan 1, 2 diol. 

Anodizat ion was carried out under  constant  current  
conditions using exper imental  apparatus and tech- 
niques described previously (1). After  anodization the 
samples were rinsed in acetone. Typical sample size 
was 0.6 cm • 1.2 cm. The samples were attached to 
the copper spectrometer sample holder with ELEC- 
TRODAG 915 conducing paint  (Acheson Colloids Com- 
pany)  to minimize sample charging. The sample holder 
itself was mounted  on a UHV rotatable probe to en-  
sure precise reposit ioning of the sample after rotat ion 
for  etching. 

ESCA spectra were recorded on an A.E.I .E.S.  200B 
spectrometer at typical chamber  pressures of 2 • 
10 - s  Torr, uti l izing Mg Kal Ka2 radiat ion at 1253.6 eV. 
They were recorcted at 0.1 V sec -1 (Ga and As 3d 
peaks) and 0.05 V sec -1 (A1 2p and O ls regions).  
Both analog and digital spectra were recorded s imul-  
taneously, the sampling rate for the lat ter  being 50 
times per minute.  

Ar - ion  mil l ing was carried out using an ION-TECH 
saddle field ion source fitted with a scanning facility. 
The source has a beam of height 1 cm, and this was 
scanned along the length of the sample, at a mean 
angle of 45 ~ to the sample surface. Argon was 99.996% 
pur i ty  (B.O.C.). The source was operated at either 8 
kV 3 mA or 5 kV 2 mA. Approximate  etch rates were 
25A/min in  the former and 6A/min  in  the lat ter  case. 
These etch rates were estimated from depth profiles 
obtained from oxide films of known  thickness. The 
anodic growth constants for oxidation of GaAs have 
been established previously (1). To obtain depth pro- 
files the samples were etched in a stepwise fashion, 
spectra being recorded after each period of etching. 
Some idea of the reproducibi l i ty  of the etching tech- 
nique may be obtained from Fig. 6 where etching was 
continued into the substrate. As may be seen, in this 
region where constant  composition is expected, fluc- 
tuations are less than +__5%. 

Data Processing 
Most depth profiles were obtained from the ESCA 

peak areas of the Ga and As 3d peaks, the A1 2p peak 
and the O ls peak in the analog spectra. To calculate 
these areas a t r iangular  approximat ion was assumed 
so that  

peak area -=- peak height • width at half  height 

The in tensi ty  of photoelectrons of a given energy 
observed in a homogeneous mater ia l  of path length x 
is given by (7) 

F,~Dk 
I = ~ [1 -- e x p ( - -  x~)] [1] 

O" 

if elastic scattering is neglected. I ---- in tensi ty  of pho- 
toelectrons emitted; F = x - r ay  flux; ~ -- cross section 
for photoionization in a given energy level of a given 
atom for a given x - r ay  energy; D ---- density of the 
given atom in the mater ia l ;  k = a spectrometer  con- 

stant;  ~ -- I/L, where ~.is the mean  escape depth of 
photoelectrons of given kinetic energy. 

~'or two separate core energy levels A and B in  the 
same sample measured uncter identical  conditions [1] 
may be wr i t ten  

NA DA IA ~ 
2% DB = IB ~A [2] 

where NA and NB are the n u m b e r  of atoms per uni t  
volume of A and B, if it  is assumed that  ~.A --  ~B. In  
our case this is t rue for the Ga and As ~d levels and 
the A1 2p level to wi thin  3% since ~ r162 -~/kinetic energy 
(8) and the above-ment ioned levels are of very simi- 
lar  kinetic energies. We have used Eq. [2] to give 
depth pronles that  show the re• numDers of atoms 
per unl t  volume. The results have been plotted relat ive 

to the Ga 3d intensi ty  /Ga by plot t ing IGa, IAs aOa and 
a,~8 

C~Ga 
I A L -  giving the relat ive n u m b e r  of atoms per uni t  

aAL 

volume in  a rb i t ra ry  uni ts  of hrA. IGa :for atom A. 
NGa 

The cross sections (~) were taken  from those calcu- 
lated by Scofield (9). The O ls region showed a strong 
oxide oxygen peak, the in tensi ty  of which was only 
used to obtain interface widths, so no corrections were 
applied. 

Where the Ga 3d peaks due to Ga203 and GaAs were 
not clearly resolved the position of the composite peak 
center at half -height  relative to the two extreme posi- 
tions was used to estimate the amount  of each com- 
ponent  present, i.e., percentage of peak due to Ga20~ 

BE(Ga 3d) -- BE(GaAs 3d) 
• 100% 

BE (Ga203 3d) -- BE (GaAs 3d) 

In  the presence of As203, e lemental  As was always 
observed after Ar- ion  etching. On etching through the 
oxide film to the GaAs substrate the elemental  As 
peak disappeared. A n  exper iment  using a sample of 
powdered As~O3 mounted  on double-sided sellotape 
indicated that some of the oxide was reduced to ele- 
menta l  As by the ion beam. This is i l lustrated in  Fig. 
1. A similar  exper iment  showed that  Ga203 was stable 
towards reductmn under  the same conditions. I t  was 
therefore assumed that the origin of the elemental  As 
peak in  the anodic oxide film was from reduct ion of 
As2Q. When constructing depth profiles the in tens i -  
ties of the As203 and e lemental  As 3d peaks were 
summed to give the total amount  of As or iginal ly  
present  as oxide. (Making the approximation that  the 
cross sections and escape depths are the same for the 
two materials.)  Where the elemental  As 3d peak was 
obscured by that due to As in  gal l ium arsenide its 
peak height was assumed to be one- th i rd  of that  of 
the As2Q peak for etching at 8 kV and one-quar te r  
for ion etching at 5 kV. These were the ratios ob- 
served exper imenta l ly  in  the bulk  of the oxide. Under  
these circumstances the assumed elemental  As in ten-  
sity was also subtracted from the measured As 3d in-  
tensi ty of GaAs. 

In order to assess the errors involved in  the above 
approximations an at tempt  was made to analyze one 
complete set of digital spectra by employing a non-  
l inear  least squares fitting program which uses a 
Gaussian Lorentzian product funct ion (1O). 

In  order to obtain meaningful  results i t  was neces- 
sary to fix the l inewidths of the various 3d peaks of 
Ga and As in the interface region. The fixed values 
used were obtained from fits of spectra from the oxide, 
or from the GaAs substrate. The results are i l lustrated 
in Fig. 2, which also includes the profile obtained 
from the analog spectra. (The dips in  the analog 
profiles after 13 min etching are where the sample 
was left over night in the spectrometer after having 
etched for 10 min.) 

As a fur ther  check of the val idi ty of the approxima-  
tion used to resolve the Ga 3d peaks of GabOn and 



456 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY February I980 

r r  
(D 

r -  

(1 
g. 

m�9  

==  

, , i  ; , . : .  �9 ~ : . "  
�9 . ; "  " ' .  

".~ ~ ~ �9 "....~,~. . , ~  

�9 �9 . . .  . ~ ,  - - . ~ :  

b 
( 

. ' ,... 

$ 
, ,  .a: , ;  

j : . .  
�9 ~, " ~  

I I I I ! I 

50 40 30 20 10 0 
Binding energy (eV) 

Fig. 1, ESCA spectra of the As 3d peaks for an As203 powder 
sample (a) before and (b)Ar-ion etching at 5 kV. 

GaAs in the analog spectra the values of the expres- 
sion 

,BE(Ga 3d) -- BE(GaAs 3d) 

BE (Ga203 3d) -- BE (GaAs 3d) 

were compared with values of the expression 

I (Ga2Oa) 

l(Ga2Oa) 4- I (GaAs)  

where /(GauO3) is the in tens i ty  of the Ga 3d peak 
of Ga203 obtained from the digital analysis and simi- 
lar ly I (GaAs) represents the Ga 3d intensi ty  of GaAs. 
Since both expressions represent  the fraction of the 
Ga 3d peak due to Ga20~ they should be identical. The 
values agree well (___5%) when the component peaks 
were of s imilar  intensit ies but  discrepancies appeared 
where the intensi ty  ratio of the two components was 
estimated as greater than about 5:1 from the analog 
data. i n  these cases the weaker peak appeared rela-  
t ively stronger from the digital analysis. However 
only in one case, point 14 in Fig. 2(b) ,  did the differ- 
ence exceed the __+95% confidence limits (equal to 2 
s tandard deviations) of the digital analysis. 

These differences probably arise for two main  rea-  
sons. First, the approximation used to resolve the 
analog spectra is not ent i rely valid under  the condi- 
tions where the discrepancies occur. Second, the 3d 
peak shapes are not perfectly fitted to a single peak 

0 m 
r~.! 

lO  

0 20 40 
ETCH TIME (rains)  

Fig. 2. Depth profiles of Ga and As 3d ESCA intensities from a 
1000A oxide film grown on GaAs in (NH4)H2PO4/glycol electrolyte 
at 50 ffA cm -2,  Ar ion etching at 8 kV. (a) Profiles from analogue 
spectra, (b) profiles from digital spectra, and (c) profile of 
elemental As from digital spectra. For (a) and (b), O ,  Ga in 
Ga203; $ ,  Go in GaAs; I I ,  As in As2Oa; I-I, As in GaAs. 

(they are in fact closely overlapping doublets com- 
prising the 3d 5/2 and 3d 3/2 peaks) and so the fitting 
program may obtain a bet ter  statistical fit by modify- 
ing the intensi ty of the weaker  peak present. How- 
ever the good agreement  obtained in most cases is en-  
couraging and indicates that the approximation used 
is a useful one in cases where no other method is 
available. 

The region where the accuracy of the profile be-  
comes most critical is at the interface because here 
the greatest compositional variations occur. In  par-  
t icular there is the question of whether  or not there 
is any elemental  As present  at this interface. 

In  the case of the analog spectra, e lemental  As 
could not be resolved out in the presence of gal l ium 
arsenide As (i.e., at the interface) ;  rather, a constant 
ratio of As2Os:As was assured in these cases and only 
this amount  subtracted from the overlapping peak of 
gal l ium arsenide (see above).  Any addit ional ele- 
menta l  As over and above this amount  will  still be 
included with the gal l ium arsenide As. Hence, if 
there were excess elemental  As present  we might  ex- 
pect to see a profile such as that  in  Fig. 2(a) where 
the gall ium arsenide As appears before, and is ini t ia l ly  
more intense than the Ga. (Note that wi thin  the sub- 
strate the As appears less intense than the Ga due to 
selective etching. This effect is discussed later.) 

From the digital spectra, the computer analysis 
made it possible to resolve out the As 3d peaks due 
to As203, As, and GaAs as shown in Fig. 3. The As2Oa 
and As intensities have not been summed in Fig. 2 (b) 
but  the elemental  As plotted separately in  Fig. 2(c).  
(The error bars in the la t ter  figure represent  the 95% 
confidence limits of the digital curve fitting analysis 
and do not include any other exper imental  errors.) 
As may be seen the amount  of e lemental  As appears 
to increase at the interface even though the amount  
of As203 is decreasing. This also suggests the presence 
of excess e lemental  As at the interface. However in  
the digital profile of Fig. 2(b) the gall ium arsenide 
Ga appears earlier than in  Fig. 2(a) ,  leading to some 
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Fig. 3. Expanded spectrum of the As 3d region (a) at the inter- 
face showing the digital resolution of the 3d peaks due to As203, 
As, and GaAs; (b) in the GaAs substrate. 

unce r t a in ty  as to whe the r  the fea ture  in the analog 
profile can defini tely be identif ied as being due to e le-  
menta l  As and is not  mere ly  an a r t i fac t  of the  method  
of da ta  analysis .  Two points  should  be ment ioned  in  
conjunct ion wi th  this. Firs t ,  a l though the Ga profiles 
do devia te  in the in ter face  region  the difference be-  
tween  these in Fig. 2 (a )  and  (b) only  exceeds the  
95% confidence l imits  of the digi ta l  analysis  at  poin t  
14 ( indica ted  on the f igure).  Second, the Ga profile 
of ga l l ium arsenide  is i t e ra ted  to zero a r b i t r a r i l y  
at  the poin t  shown in Fig. 2(b)  since here  none was 
observed.  However  the profile could be more  ab rup t  
than  shown. 

However  be t t e r  resolut ion  was requ i red  in o rde r  to 
c la r i fy  this issue. This was achieved for  the ESCA 
spect ra  by  going to the  na r rowes t  sli t  w id th  avai lable .  
F igu re  5 shows spect ra  at  the  in ter face  of a sample  
grown at  10 ~A cm -2 using this m a x i m u m  resolution.  
The analog profile for the  same sample  is shown in 
Fig. 6. The spec t ra  in Fig. 5 c lear ly  show tha t  s ig-  
nificant changes occur in the  As 3d spec t rum before  
s imi la r  char, ges occur in the  Ga 3d region and we be -  
l ieve tha t  this is due to the pressure  of e lementa l  As. 
Subsequen t ly  (for the profiles shown in Fig. 7 and 
8) improved  dep th  resolu t ion  was achieved by  using 
lower  A r - i o n  etch rates.  

Wi th  this improved  resolution,  and since reasonable  
overa l l  ag reemen t  was obta ined  be tween  the profiles 
ob ta ined  by  analog and d ig i ta l  analysis  of the  same 
set  of da ta  the authors  decided to re ly  exc lus ive ly  on 
the analog t r ea tmen t  of the results .  

Results 
The b inding  energies  of the var ious  3d peaks  of G a  

and As and of the  A1 2p peak  observed  in these ex -  
pe r iments  are  l is ted in Table  I and compared  wi th  
prev ious ly  r epor ted  binding energies.  The compar ison 
indicates  tha t  the  ma jo r  peaks  observed  in the anod-  
ica l ly  grown films on GaAs correspond in posi t ion wi th  
those of GaeO3, As203, and As wi th in  expe r imen ta l  
error .  In  the film incorpora t ing  a luminum the A1 2p 
peak  corresponds in posi t ion wi th  tha t  of A1203. The 
CIS peak  at  284.6 eV (which is the va lue  obta ined  in 
this l abo ra to ry  for a hydroca rbon  contaminat ion  l aye r  
based in A u  4f7/2 at  84.0 eV) was gene ra l ly  used for  

Table I. Peak positions 

Binding energy  (eV)  

Prev ious ly  
This  w o r k  reported  F.W.H.M. 
(• eV) (11, 12) d (This  work)  

GaAs 19.4, 19.5 1.6, 
Ga 3d Ga~O= 20.5�9 20.4 2.0, 

GaAs 41.2 t 41.2 1.6, 
A s  3d As=O, 44.5, 44.4 2.0, 

A s  41.8 b,e 41.8 1.8" 
A1 2p Al2Oi 74.5 b 74.5 1.9 

�9 Referred to CIS at 284.6 eV. 
b Referred to Ga 3d posit ion of Ga2Oa at 20.5 eV. 
e Obtained from the best computer  fitted spectra of the anodic 

oxide.  
u Referred to CIS at 285.0 eV. 
�9 Obtained f rom digital  spectra.  

ca l ibra t ion  if possible bu t  in m a n y  cases this did  n o t  
prove rel iable.  (This m a y  be due to the  presence of a 
carbon-conta in ing  species in the  anodic films bu t  more  
work  is requ i red  to defini tely es tabl ish  this.) Under  
these c i rcumstances  in te rna l  ca l ibra t ion  agains t  the  
Ga 3d peak  of Ga203 was used. In  all  exper imen t s  the  
in te rna l  ca l ibra t ion  was consis tent  wi th  the  above 
assignment.  Typical  ESCA spec t ra  of the  Ga and As 
3d region for an anodic oxide  and the GaAs subs t ra te  
are  i l lus t ra ted  in Fig. 4. 

In  addi t ion  to the  ESCA peaks  discussed above, sev-  
era l  o ther  weake r  peaks  were  also observed in  the 
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Fig. 4. ESCA spectra of the Ga and As 3d region with computer 
fit peaks of (a) GaAs native oxide and (b) GaAs substrata after 
removal of the native oxide by Ar-ion etching at 8 kV. 
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10-60 eV binding energy region (see Fig. 4). Two 
pairs of peaks occurred in the anodic oxide spectra 
between about 26 and 35 eV. These were assigned to 
the As LzM~M~ Auger transit ions (11), there being 
one pair associated with As20~ and another  with ele- 
menta l  As. When GaAs started appearing a third pair  
of Auger peaks were seen to slightly lower binding 
energies. Other peaks are the satellite peaks from the 
nonmonochromated x-radia t ion  used in  the spectrome- 
ter. Their  position and in tens i ty  are well known and 
are taken from x - r ay  spectroscopy results (13). A 
broad peak was identified in  the computer-analyzed 
spectra of the anodic oxide at abou~ 39 eV. A similar  
peak was seen in  the GaAs substrate at around 35 eV. 
The lat ter  peak is a plasmon loss peak associated with 
GaAs (4, 14) and the lower peak probably  has a 
s imilar  origin. Finally,  a new peak was seen at 27.5 
(4-1) eV which disappeared on etching through to 
the substrate. This is probably the oxygen 2s peak (15), 
the ass ignment  being supported by the fact that  the 
peak correlates quite well with the oxygen ls in -  
tensi ty which was moni tored in most of these experi -  
ments. 

Oxides grown in the (NH~) HzPOdglycol electrolyte. 
- - T h e  depth profiles shown in Fig. 2 were obtained 
from a 1000A thick nat ive oxide film on GaAs, grown 
in the (NH4) H2POdglycol electrolyte at 50 ~A cm -2. 
As seen in  the figure the surface of the oxide grown in  
this electrolyte is As deficient as compared to the 
bulk. For  a s imilar  sample grown at 500 #A cm -2 
the ESCA spectrum showed no As present  at the sur-  
face. The bulk oxide region is fair ly uniform and shows 
a constant As /Ga  ratio of atoms per uni t  volume of 
between 0.5 and 0.6, this value appearing to be inde-  
pendent  of growth current  density over the range 10 
~A-500 ~A cm-~. To what  extent  this ratio is affected 
by selective etching has not been established. How- 
ever it is clear from the Ga and As profiles of gal l ium 
arsenide, where the As /Ga ratio is 0.6 instead of unity,  
that  selective etching of As from the substrate defi- 
ni te ly  occurs. 

At  the oxide-semiconductor interface the As203 in-  
tensi ty general ly  starts to drop before that  of Ga2Oa. 
Indeed, in some cases the Ga2Oa intensi ty  increases 
first before dropping off. This leads to a Ga2Oa rich ox- 
ide next  to the substrate. The effect seems to be more 
pronounced at higher and lower growth cur ren t  den-  
sities than it is at 50 ~A cm -2. See for example Fig. 6 
for a sample grown at 10 ~A cm -2. Similar  behavior  
has been observed for samples grown at 500 ~A cm -2. 

From the profile in  Fig. 2(c) it can be seen that  
the amount  of elemental  As observed increases at the 
oxide-semiconductor  interface even though the As2Oa 
intensi ty  is decreasing. This suggests that there is a 
region adjacent  to the GaAs substrate where elemental  
As was present  prior to At - ion  etching. Al terna t ive ly  
it is possible that  very thin films of As2Oa may be 
more readi ly reduced, leading to a smaller  As2Oa/As 
ratio than that observed in the bulk  of the film. 
However, it has been suggested previously (4) that 
there is an As rich region adjacent  to the substrate 
in anodic films on GaAs. In  view of this it seems very 
probable that what  we are seeing here is confirmation 
of the presence of e lemental  As at the oxide/semicon-  
ductor interface. Figure  5 shows spectra obtained on 
etching through the interface of a sample grown at 10 
#A cm -~. It  can be seen that the changes in As 3d 
spectrum occur earlier than those in the Ga 3d re-  
gion. The profile from the sample is shown in Fig. 6 
and shows a similar region to Fig. 2(c) al though in 
this case the elemental  As in tensi ty  is included in the 
As profile of gal l ium arsenide as discussed earlier. 
Similar  results were also observed for samples grown 
at  500 ~A cm -2. 

Interface widths, measured from these profiles, were 
defined as the distance over which the intensi ty of 
the component being measured changed f r o m  20 to 
8 0 %  of its s teady-state  value (6). Interface widths 
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Fig. 5. ESCA spectra of As and Ga 3 d region of sample grown at 
10 ~.A cm -2  after Ar-ion etching at 8 kV for (a) 25 min, (b) 28 min, 
(c) 31 min, (d) 32 min, (e) 33 min, (f) 34 min, (g) 36 min, (h) 39 
min. 

were measured on both Ga, As, and oxygen profiles. 
It  was found that  those measured from the oxygen 
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Fig. 6. Depth profiles of Ga and As 3d ESCA intensities from 
800A oxide film grown on GaAs in (NH;)H2PO4/glycol electrolyte 
at 10#A cm -2.  Ar-ion etching at 8 kV. O ,  Ga in Ga2Oa; e ,  Ga in 
GaAs; III, As in As2Os; [ ] ,  As in GaAs. 
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profiles gave the largest  widths, as would be expected 
since they reflect the change in both As2Oa and Ga2Oa 
at the interface. The widths from the oxygen profiles 
are therefore used in discussing the interfaces. 

Significantly smaller  interface widths were observed 
when etching at 5 ra ther  than 8 kV. For example the 
interface width measured for a 1000A film grown at 
500 #A cm -2 and etched at 8 kV was 210A whereas the 
width measured for a similar film etched at 5 kV was 
about 90A. This is due to knock-on effects occurring 
dur ing ion etching which make the interface appear 
broader  than it actual ly is. The effect is greater for 
higher energy bombarding  ions. Another  effect which 
has not been investigated in  a systematic way here is 
uneven  etching. This makes the observed interface 
width depend on what  film thickness has previously 
been etched away, the broadening increasing for 
thicker films (6). Because of these effects the measured 
interface widths represent  an upper  l imit  and the 
actual widths may be expected to be significantly 
smaller  than the measured values. 

Oxides grown in the tartaric acid~glycol electrolyte. 
- - F i g u r e  7 shows the profiles obtained from a 500A 
r~ative oxide film grown on GaAs in the AGW electro- 
lyte at 200 ~A cm -e. In  contrast  to oxides grown in the 
previous electrolyte the surface region is As rich as 
compared to the bulk. (The first point  in all these 
profiles is unrepresenta t ive  due to surface contam-  
inat ion and should be ignored.) The other features of 
these profiles are very similar  to those already dis- 
cussed. The bulk  of the film is uni form with an As /Ga 
ratio of about 0.5. There is a sl ightly Ga208 rich region 
adjacent  to the substrate  and the As profile of the 
GaAs substrate indicates the probable presence of ele- 
menta l  As at the interface. The interface width ob- 
tained from the oxygen profile was 60A. (The sam- 
ple was etched at 5 kV.) 

Using the data shown in Fig. 7 an a t tempt  was made 
to estimate the amount  of elemental  As present  at the 
interface over and above that  expected due to reduc-  
t ion of As20~ by the ion beam. The gal l ium arsenide 
As peak intensit ies were all corrected for selective 
etching using the observed Ga/As ratio of the sub-  
strate, which is 0.65 instead of unity,  and assuming 
that  the effect becomes operative as soon as the sub-  
strate appears. Using the corrected values the dif-  
ference in areas beneath  the Ga and As profiles of 
the gal l ium arsenide was obtained. From the known  
etch rate and the known density of As atoms in  GaAs 
the area could be converted into a number  of atoms 
per square centimeter,  giving the value 2 • 1015 atoms 
per cm 2. It was not possible to assign a realistic value 
to the errors involved in  this estimate. 
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Fig. 7. Depth profiles of Ga and As 3d ESCA intensities from a 
500J~ oxide film grown on GaAs in tartaric acid/glycol electrolyte 
at 200 ~A cm-2. Ar-ion etching at 5 kV. Q ,  Ga in Ga203; e ,  Ga 
in GaAs; I I ,  As in As20~; I-1, As in GaAs. 

Anodic films incorporating aluminum.--Figure 8 
shows the profile obtained from an  anodic oxide 
film grown in the AGW electrolyte on a GaAs sample 
with 200A of A1 dePOsited onto its surface. ESCA 
spectra of the Ga and As 3d region taken at points A, 
B, and C in  Fig. 8 are shown in Fig. 9. The total oxide 
film thickness here is approximately 900A. As already 
noted, the A1 2p peak can be assigned to that  of AlzO3, 
(see Table I). This peak was observed all the way 
through the oxide film and significant amounts  were 
seen at the surface. 

From Fig. 8(a) it can be seen that  there are two 
GaAs nat ive oxide regions, one above and one below 
the A1203 layer. The nat ive oxide beneath  the A12Oa 
layer  is similar in all respects to that observed on 
GaAs in the absence of A1 [compare Fig. 4(a) and 
Fig. 9(c)]  and at the oxide semiconductor interface 
the probable presence of e lemental  As is indicated. 
However the nat ive oxide at the surface of the film 
[see Fig. 9 (a ) ]  shows marked differences when  com- 
pared to the normal  GaAs nat ive oxides grown wi th-  
out A1. First  the oxide is very As deficient as com- 
pared to the normal  anodic oxide. The As /Ga  ratio 
of atoms per uni t  volume here is about  0.3 ra ther  than 
0.5. Second the As203:As ratio in this region is almost 
1: 1, not the 4:1 ratio expected from reduct ion of As2Oa 
by Ar ions at 5 kV. This si tuation persists right through 
the predominant ly  A120~ region unt i l  the oxide region 
undernea th  is reached when the normal  ratio is again 
observed. This seems to suggest that there is some 
difference between the As203 in the two regions such 
that that nearer  the surface is more readi ly reduced. 
An al ternat ive possibility which cannot be ruled out 
from the data available here is that  there was origi- 
nal ly  some unoxidized t t l  present  in the film which 
reacted with As2Q dur ing Ar- ion  etching to produce 
As + A1203, since A1208 is the thermodynamical ly  
more stable oxide. 

Diseussbn 
The foregoing results indicate that anodic nat ive  

oxide films on GaAs may be divided into three regions; 

- -  40  
- I  

.-< 

c 
z 

u~ 

20  

0 
0 20O 4()0 

ETCH TIME(rnins 

Fig. 8. Depth profiles of Ga and As 3d and AI 2p ESCA intensities 
from an anodic oxide grown on GaAs + 200A AI in tartaric acid/ 
glycol electrolyte at 100 A cm -2. Ar-ion etching at 5 kV. O ,  Ga 
in Ga203; e ,  Ga in GaAs; I I ,  As in As203; D ,  As in GaAs; X,  

of AI 2p intensity in AI~03. 
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Fig. 9. ESCA spectra of the Ga and As 3d region recorded at 
points A, B, and C in Fig. 7. 

the surface, the oxide bulk, and the oxide/GaAs in te r -  
face region. In  terms of chemical composition the sur-  
face region is extensively influenced by the electrolyte 
whereas the other two regions are not. The factors 
which control the surface composition are not known 
but  the adsorption behavior of the electrolyte is prob- 
ably important .  

Due to the l imited n u m b e r  of samples studied here 
no definite conclusions have been drawn concerning 
the influence of growth current  density on film struc- 
ture. However no overall systematic changes were ob- 
served over near ly  two orders of magni tude  (10-500 
~A cm-2) .  The most obvious var iat ion seen was in 
the extent  to which there was a Ga203 rich region 
in  the oxide near  the oxide/semiconductor  interface�9 
This seemed much less pronounced for samples grown 
at 50 ~A cm -2 than for those grown at the extremes 
of the range studied. It is conceivable that the ob- 
served var iat ion was simply an exper imental  'artifact. 
However a previous report (16) of oriented fl-Ga203 
observed at this interface for samples grown at very 
high current  densities (>2  mA cm -2) may also sug- 
gest a more Ga2Oz rich oxide at the interface, since 
As2Os is a p r imary  glass former and its absence could 
lead to polycrystal l ine Ga203 being formed�9 [Wilmsen 
and Kee also reported a Ga20~ rich oxide near  the 
interface in anodic oxides grown in both tartaric acid/  
glycol and HsPO4 solutions (5).] There was also some 
evidence that  the surface depletion of As was less 
severe for samples grown at low current  densities in 
the (NH4)H2PO4 electrolyte. Similar  results have been 
reported by Croset et aL (17) for samples grown in  
a NasPO4/glycol electrolyte. 

As noted above it is possible that  the as-grown 
anodic oxide films contain elemental  As at the oxide/  
semiconductor interface. The origin of this e lemental  
As is not known, but  we have previously suggested 
(18) that the growth mechanism may be responsible. 
Whatever  the reason for this accumulation,  its presence 
must  influence the interface properties and hence de- 
vice behavior  where this technology is employed. B e -  
c a u s e  of this it  would be advantageous to be able to 
control and hopefully el iminate  this elemental  As 
buildup.  However, at present  there is no obvious way 
in  which this might  be accomplished. 

O n e  fur ther  observation of relevance in  c o n n e c t i o n  
with the oxide film growth mechanism is that in  Fig. 
8 (a) A1203 is seen throughout  the film. Its occurrence 
deep in the film, below the expected A1208 region, may 
be due to knock-on effects dur ing ion etching. How- 
ever, the spreading towards the oxide surface cannot 
be explained as an exper imental  artifact. It  may mean  
that  the previously suggested interst i t ial  mechanism 
for metal  ion drif t  (18) is an oversimplification and 
that "lattice" and "intersti t ial" ions can interchange 
wi th in  the film. Fur ther  exper imental  work is required 
here. 

Finally,  it  is impor tant  to consider the effects of ion 
etching on the sample and how this influences the 
results. We have observed in these experiments  that  
the Ar - ion  beam reduces As20~. No similar effect was 
seen with Ga203. We have also seen selective etching 
in the GaAs substrate where the observed Ga:As ratio 
was not unity. However, we have not yet  been able 
to estimate the extent  to which selective etching effects 
the observed Ga:As ratio i n  the oxide. Unti l  the ex- 
tent  of this effect is known we cannot make any rel i -  
able quant i ta t ive measurements  from results such as 
these. Also we have noted that  the measured interface 
width is significantly influenced by the etching condi- 
tions, a factor which should be taken into account 
when  using such measurements .  

Conclusions 
The results presented in this paper  i l lustrate  the 

application of ESCA to the study of anodic oxide films. 
Using this technique we have been able to obtain 
chemical depth profiles which provide considerable 
insight into the s tructure of such films. They indicate 
that the oxide/semiconductor  interface region is very 
complex with variat ions in the Ga2OJAs20~ ratio as 
well as the probable presence of e lemental  As. Some 
variat ion was noted between films grown in two differ- 
ent electrolytes. 

Results from an anodic film grown on a GaAs sub-  
strate plus 200A of a luminum also showed complex 
behavior. Two different nat ive oxide regions were 
identified, one at the film surface which was relat ively 
As203 deficient and one below the A1203, adjacent  to 
the substrate, which resembled the anodic nat ive ox- 
ides seen in the absence of A1. 

Much more work is still required, both on anodic 
native oxides of GaAs and also on mul t i layer  anodic 
films. It is hoped that progress will be assisted by 
fur ther  applications of ESCA to take advantage of the 
insight which it allows. 
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Arsenic Ion-Implanted Shallow Junction 
Yasuo Wada* and Norikazu Hashimoto 

Hitachi, Limited, Central Research Laboratory, Kokubunji,  Tokyo 185, Japan 

ABSTRACT 

Sha l low junct ion  fo rmat ion  technology by  arsenic ion implan ta t ion  is eva lu -  
a ted  f rom the v iewpoint  of prac t ica l  appl ica t ion  to the coming VLSI's .  Car r i e r  
profile, res idual  defect  profile, and e lect r ica l  character is t ics  a re  examined  as 
funct ions of acce lera t ion  energy,  dose, annea l ing  conditions,  and surface oxide 
thickness.  The ca r r i e r  profile is de te rmined  ma in ly  by  both arsenic  ion amount  
in the  subs t ra te  l aye r  and anneal ing  conditions. The res idual  defect  profile is 
de te rmined  by  implan ta t ion  energy  and surface oxide  thickness.  I t  is necessary  
to imp lan t  arsenic  ions sha l lower  than  the resul t ing  ca r r i e r  profile, to ob-  
ta in  arsenic i on - imp lan t ed  junct ions  wi th  acceptable  e lec t r ica l  character is t ics .  
A junc t ion  diode, wi th  junc t ion  depth  as shal low as 0.16 ~m is fabr ica ted  ac-  
cording to this pr inciple ,  and is ascer ta ined  to have acceptable  e lect r ica l  char -  
acterist ics.  

The increas ing demand  for h igher  packing  densi ty  
MOS LSI 's  has acce lera ted  progress  for l a rge r  and 
more  densely  in tegra ted  devices. The in tegra t ion  den-  
s i ty has a lmost  t r ip led  eve ry  two years,  along the 
t r end  curve for h igher  in tegra t ion  (1). 

This progress  has been achieved ma in ly  th rough  the 
sca le -down theory  (2), in which the physical  d imen-  
sions of the  uni t  device, MOS FET, are  reduced 1/k 
t imes that  of or iginal  values. This factor  k is cal led the 
sca le -down factor. The resul t ing circuit  speed becomes 
k t imes faster,  and the resul t ing  power  diss ipat ion of 
the circui t  also becomes 1/k 2 t imes smaller .  According 
to the  sca le -down theory,  heav i ly  doped shal low junc-  
t ion fo rmat ion  technology is indispensable  in add i -  
t ion to fine pa t t e rn  l i thographic  technology. 

In  l ine wi th  this, heavy  arsenic ion implan ta t ion  
technology has a t t rac ted  a t ten t ion  recen t ly  as a means  
of fabr ica t ing  shal low and low res is t iv i ty  MOS LSI  
source and dra in  regions (3). The main  reasons for 
this t r end  are  the precise cont ro l lab i l i ty  and high flex- 
ib i l i ty  that  ion implan ta t ion  technology provides.  The 
in-process  moni tor ing  of ion implan ta t ion  energy  and 
dose faci l i ta tes  high accuracy in fabr ica t ing  very  shal-  
low junctions.  Moreover,  ion implan ta t ion  technology 
makes  i t  possible  to reduce the  l a te ra l  spread  of im-  
pu r i t y  as compared  wi th  convent ional  the rmal  di f -  
fusion technology (3). Arsenic  ion - implan ted  emi t te rs  
of b ipolar  t r a n s i s t o r s / L S r s  also provide  acceptable  
device character is t ics  (4). 

* Electrochemical Society Active Member. 
Key words: ion implantation, leakage current, oxygen knock-on, 

p-n junction. 

There, arsenic ion implan ta t ion  technology wil l  in-  
ev i tab ly  be used for the fo rmat ion  of shal low and low 
res is t iv i ty  source and d r a i n  regions of high densi ty  
MOS L S f s  as wel l  as emit ters  of b ipolar  devices. 
However ,  there  st i l l  remains  the  p rob lem of the high 
dens i ty  res idual  defect  even af ter  pro longed annea l -  
ing at  high t empera tu re s  (5), which might  affect the  
e lect r ica l  character is t ics  of junctions.  

This paper  repor ts  the res idual  defect  pene t ra t ion  
depth  as wel l  as car r ie r  profile of shal low arsenic ion-  
implan ted  layers  as functions of implan ta t ion  energy,  
dose, anneal ing  conditions, and surface oxide th ick-  
ness. I t  also provides  informat ion  on the e lec t r ica l  
character is t ics  of the  shal low junct ion in re la t ion  to 
car r ie r  and res idual  defect  profile results.  

Experimental Procedures 
Ion implantation and annealing.--Arsenic ions were  

implan ted  th rough  oxide  layers  into p- type ,  (100) 
or iented sil icon wafers~. The oxide layers  were  the r -  
ma l ly  grown to thicknesses of be tween  0 and 50 nm. 
The accelera t ion energy  and dose were  in the range  
40-120 keV and 1 • 1025 cm-2-2  • 1016 cm -2, r e -  
spectively.  Anneal ing  in a d ry  n i t rogen a tmosphere  at  
be tween 900 ~ and l l00~ for 20-120 rain was car r ied  
out to ac t iva te  the implan ted  ions. 

Carrier and defect pro~le measurements.--Carrier 
profiles of arsenic  ion - implan ted  layers  were  measured  
by  the incrementa l  sheet  res i s t iv i ty  method  (6). Mea-  
surement  accuracy  was be t t e r  than  20% for ca r r i e r  
number ,  and be t te r  than  5% for depth.  Car r i e r  n u m -  
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ber  was der ived  using I rv in ' s  p-N re la t ionship  (7). 
Therefore,  the  c luster ing effect of heav i ly  arsenic-  
doped layers  (8) was not  t aken  into considerat ion.  1021 
Car r i e r  number  in the implan ted  l aye r  was also mea -  
sured by  Hal l  effect measurements .  

The  res idual  defect  pene t ra t ion  depth  of the  arsenic  
ion - implan ted  layers  was measured  using a combina-  
t ion of the  l aye r  r emova l  method  and thin  film t rans -  102c 
mission e lec t ron  microscope (TEM) observat ion  tech-  ~-. 
n ique (9). 'E 

Junction diode :fabrication and leakage current mea- u 

~urements.--An n + - p  junct ion  diode wi th  1 m m  ~ a rea  1019 
was fabr ica ted  by  convent ional  sil icon gate MOS LSI  c 0 
processing technologies (14). A 1 #m th ick  oxide  l aye r  ",= 
was t he rma l ly  grown on a p- type ,  (100) or ien ted  10 
a-cm sil icon wafer.  Then, the  diode region was de-  
l inea ted  by  photo l i thography,  fol lowed b y  th in  (20-50 ~ 10 is 
nm thick)  the rmal  oxide  growth  and arsenic  ion im-  c- 

o plantat ion.  A phosphosi l ica te  glass l aye r  was deposi ted (9 
by  the CVD method.  Annea l ing  in a d ry  n i t rogen a t -  
mosphere  was car r ied  out, fo l lowed by  a luminum .o_ 
meta l l iza t ion  and low t empera tu r e  hydrogen  annea l -  ~ 1017 
ing. Phosphorus  a toms in the  PSG l aye r  do not  diffuse 
into the sil icon substrate ,  because of the  th in  the rmal  
oxide  layers  undernea th  the  PSG layer .  

Leakage  cur ren t  of the diode was measured  using 
a combinat ion  of constant  vol tage source and pica-  
ammeter .  Leakage  cu r ren t  as low as 10-~SA (10 - z l  A /  
cm2) could be detected.  

101~ 

10 Is 

0 

Results and Discussion 
Dose dependence aS carrier profi le.--The carrier pro- 

files of arsenic ion-implanted annealed layers were 
measured  as functions of dose, energy,  surface oxide 
thickness,  and  anneal ing  conditions. Typical  resul ts  
of dose dependence  be tween  1 X 101~ cm -2  and  1 • 
10 ~6 cm -2 a re  shown in Fig. 1. The heav ie r  the ion 
dose, the  deeper  the  car r ie r  profile becomes. The dose 
dependence  of car r ie r  profile can be expla ined  in te rms 
of concentra t ion  dependent  arsenic diffusion coeffi- 
cient  in sil icon (14). The peak  ca r r i e r  concentra t ion 
remained  at  about  2 X 102~ cm-Z, regardless  of ion 
dose. Total  ca r r i e r  number  measured  by  Hal l  effect was 7 0 
less than  50% in the  1 • 1016 cm -2 implan ted  case, 
whereas  i t  was about  100% in the 3 • 10 ~5 cm -2 im-  
p lan ted  case. These  ca r r i e r  sa tu ra t ion  phenomena  have 
been exp la ined  in the l ight  of c lus ter ing effect in the  6 0  
heav i ly  arsenic ion implan ted  layers  (8). Therefore,  
in  o rder  to form shal low and low res is t iv i ty  junction,  , . ,  
i t  is be t t e r  to control  the peak  arsenic  concentra t ion  
at  about  2 X 102~ cm -8, so as to avoid the  unnecessary  5 0  
cluster ing phenomena.  . ~  

However ,  i t  was found tha t  there  is a prac t ica l  
l imi ta t ion  for the  shal low and low res is t iv i ty  junct ion  
formation.  The sheet  res i s t iv i ty  and junct ion  dep th  re -  .,~ 4 0  
la t ionship of the  arsenic  ion - implan ted  annea led  l aye r  :~  
was measured,  and the typ ica l  resul ts  a re  shown in .~_ 
Fig. 2. In  the  figure, the  low res is t iv i ty  and shal low 
junct ion  is on the  lower  l e f t -hand  side, and vice versa.  �9 3 0  
These  resul ts  c lear ly  show tha t  a prac t ica l  l imi ta t ion  13E 
exists  in forming  shal low and low res is t iv i ty  junc -  ~., 
tions. Tak ing  a 0.2 #m depth  junct ion  for  example ,  ~ 2 0  
the  lowest  res i s t iv i ty  achievable  by  arsenic  ion im-  e- 
p lan ta t ion  and high t empe ra tu r e  anneal ing  is a round  tf) 
35 ~/E]. These l imi ta t ions  a re  de te rmined  by  the con- 
t r ibu t ion  of t empe ra tu r e  dependen t  solid so lubi l i ty  10 
(8), as wel l  as the concentra t ion dependent  arsenic  
diffusion coefficient in silicon (14). 

The influence of ini t ia l  arsenic  profile on the resu l t -  
ing ca r r i e r  profile was est imated.  Typical  ca lcula ted  
resul ts  assuming Gauss ian  d is t r ibut ion  (12) a re  shown 
in Fig. 3, in which the accelera t ion energy  was be tween  
40 and 120 keV. Al though the ini t ia l  profile differed 
m a r k e d l y  according to the implan ta t ion  conditions, as 
shown in Fig. 4 (12), the resul t ing  ca r r i e r  profiles a f te r  
h igh t empe ra tu r e  anneal ing  are  a lmost  identical .  In  

A s  + 8 0 K v  th rough 3Onto SiO2 

a n n e a l e d  a t  950~ fo r  30min  

d o s e  o 1 x 10'Scrn "~ 
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Fig. I. Dose dependence of carrier profile measured by incre. 
mental sheet resistivity method. As + ion implantation; 80 keV 
through 30 nm thick SiO2 layer. Annealed at 950~ for 30 rain in 
dry N2. As + dose {10 z5 cm-2); O ,  1; A ,  3; ~7, 5; $ ,  7.5; X ,  10. 
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Fig. 2. Junction depth and sheet resistivity relationship measured 
for As + ion-implanted layers. 
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Fig. 4. Calculated as-implanted arsenic profile in silicon As + 
implantation; 40-120 keV through a 20 nm thick Si02 layer. 

comparison with the dose dependence of carrier  pro- 
file results shown in Fig. 1, it can be concluded that 
the arsenic ion amounts  in  the silicon substrate, as 
well  as anneal ing  conditions, almost completely de- 
te rmine  the resul t ing carrier  profile in silicon. 

Therefore, the resul t ing carrier profiles after thermal  
annea l ing  do not depend on the ini t ial  arsenic profiles 
in  silicon. It  is essential  to control the anneal ing con- 
ditions, as well as the arsenic amount  in silicon to 
obta in  a suitable carrier profile in  the arsenic- im-  
planted layers. 

Residual de~ect penetration depth.--Residual de- 
fect penetra t ion depth was measured as functions of 
acceleration energy and surface oxide thickness. Ar-  
senic ion dose was I • 1016 cm-% The samples were 
annealed in  a dry ni t rogen atmosphere at 1000~ fo r  
30 min. Residual defect differences observed by TEM ~ 
are depicted in  Fig. 5. The result  for a 40 keV i m -  
planted sample is markedly  different from the other 
TEM micrograph results. The residual  defects did not 
grow to dislocation loops, possibly due to the very  
shallow residual  defect profile. On the other hand, the 
defects grew to dislocation loops in higher implan ta -  
tion energy cases. If the dose amount  was doubled, the 
residual defect shape changed from dislocation loop 
to small  scattered dislocations. However, prolonged 
anneal ing  of up to 120 rain did not change the re-  
sidual defect structures. This phenomenon originated 
from the dislocation p inning  effect of knock-on  oxy-  
gen (3). 

Fig. 5. TEM micrograph of As + ion-implanted layers; As + im- 
plantation; 40-120 keV through 20 or 30 nm thick SiO2 layers: an- 
nealed at 1000~ for 30 rain. 
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Fig. 6. TEM micrographs show- 
ing residual defect penetration 
depth measured by layer removal 
method: acceleration energy, as 
a parameter; (a, left) 120 keV, 
(b, center) 60 keV, (c, right) 40 
keV. 

The defect penetra t ion depths for samples shown in 
Fig. 5 were measured by the layer  removal method, 
and typical TEM micrographs are shown in Fig. 6 (a), 
(b), and (c). Taking the 40 keV implanta t ion case 
for example, residual defects remained only within 
30 nm of the surface, while the residual defects in 
samples implanted with a 120 keV acceleration energy 
penetrated to a depth of around 0.11 ~m. Therefore, 
it can be concluded that  the higher the implanta t ion  
energy, the deeper the residual defect penetra t ion 
depth becomes in  the sil icon-silicon dioxide (Si-SiO2) 
system. 

Defect profile analys~s.--The acceleration energy 
dependence of residual defect penetra t ion depth is 
analyzed in terms of oxygen knock-on phenomenon 
(15). A typical knock-on oxygen profile in  silicon, 
measured by secondary ion microanalysis (SIMS) is 
shown in  Fig. 7 by open circles (11). Arsenic ions were 
implanted through a 102 nm thick surface oxide layer, 
to a 1 X 1016 cm -2 dose at a 180 keV acceleration 
energy. In  the figure, the calculated arsenic profile 
in  the sil icon-silicon dioxide system (S i -S iO2) i s  also 
depicted by a solid l ine (12). 

The distance between the Si-SiO2 interface and the 
oxygen profile, normalized by arsenic ion projected 
range (Rp) in silicon dioxide is derived as a function 
of surface oxide thickness, that  is also normalized by 
Rp. Typical results are shown in Fig. 8, in which the 
oxygen concentrations were chosen as 1019 and 1020 
cm -3. The results clearly show that  between a normal -  
ized surface oxide th ickness  of 0.5 and 3.0 (e.g., 50- 
300 nm thick),  the th inner  the oxide thickness, the 
deeper the knock-on oxygen profile becomes. If sur-  
face oxide thickness is half of Rp, the depth where 
knock-on oxygen concentrat ion is 1020 cm -3 becomes 
about  1.2 times deeper than  Rp from the Si-SiO2 in-  
terface, while the depth where the oxygen concentra-  
tion is ]019 cm -3 becomes about three times deeper. 

The acceleration energy dependence of residual de- 
fect penetra t ion depth, shown in Fig. 6, can be ana-  
lyzed on the basis of normalized knock-on oxygen 

penetra t ion depth shown in Fig. 7 and 8. Assuming 
that  the residual defect remains  in  the region where 
the knock-on oxygen concentrat ion is above 8 • 1019 
cm -3, the exper imenta l ly  obtained residual  defect pen-  
etrat ion depth and the calculated penetrat ion depth 
coincide well, as shown in Fig. 9. In  the figure, it 
is shown that the -esults for acceleration energy of 
between 40 and 120 keV fell almost on the same line. 
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The normal ized  res idual  defect  pene t ra t ion  dep th  
(Xdefect/Rp) is expressed as a funct ion of normal ized  
ox ide  thickness  (toxide/Rp) as fol lows 

Z d e f e c t / / ~ p  = - -2 /3  ( t o x i d e / n p )  J r -  2 [1] 

Therefore,  res idual  defect  pene t ra t ion  depth  can 
be p red ic ted  f rom the normal ized  knock-on  oxygen  
pene t ra t ion  dep th  and normal ized  surface oxide  th ick-  

ness re la t ionship  shown in Fig. 8. In  o ther  words, r e -  
s idual  defect  pene t ra t ion  depth  can be control led by  
the sui table  choice of implan ta t ion  energy  and sur -  
face oxide  thickness.  These resul ts  suggest  tha t  low 
energy ion implan ta t ion  th rough  thin silicon dioxide 
layers  is r ecommendab le  for shal low arsenic ion-  
implan ted  junct ion  formation,  f rom the v iewpoin t  of 
res idual  defect  pene t ra t ion  depth.  

Electrical characteristics o~ junction diode.--If re-  
s idual  defect  pene t ra t ion  dep th  exceeds the  junction,  
the  genera t ion- recombina t ion  center  concentra t ion of 
the  junct ion  would  increase marked ly .  In  o ther  words, 
if  arsenic ions were  implan ted  at  a h igh accelera t ion  
energy  and annea led  at  low tempera ture ,  so tha t  the  
car r ie r  profile would not  move, or would  not exceed 
the res idual  defect  pene t ra t ion  depth, the e lect r ica l  
character is t ics  of the  diodes would  become poor. There -  
fore, prac t ica l  l irhitat ions of shal low junct ion  fo rma-  
t ion technology were  eva lua ted  f rom the s tandpoint  
of diode leakage  cur ren t  characteris t ics .  

The junct ion leakage  current  of diodes fabr ica ted  
by  shal low arsenic ion implan ta t ion  was measured  as 
functions of res idual  defect  pene t ra t ion  depth  and car -  
r ie r  profile. The results  are  shown in Fig. 10. In  the 
figure, junct ion  depths were  measured  by  the beve l -  
etch s taining method (10), as wel l  as by  the incre-  
menta l  sheet  res is t iv i ty  method (6). The res idual  de-  
fect pene t ra t ion  dep th  was der ived  from the resul ts  
shown in Fig. 9. As long as the res idual  defect  pene-  
t ra t ion  depth  does not exceed the junct ion depth,  the  
leakage  cur ren t  level  is low enough to app ly  to p rac -  
t ical  device fabr ica t ion  (3). Junct ions  as shal low as 
0.16 ~m depth  were  shown to have acceptable  elec-  
t r ica l  characterist ics.  

Anneal ing  t empera tu re  dependent  leakage  cur ren t  
resul ts  (13) were  also analyzed  in view of this defect  
pene t ra t ion  depth  analysis.  The re la t ionship  of an-  
neal ing t e m p e r a t u r e  and calcula ted res idual  defect  
pene t ra t ion  depth, as well  as junct ion depth, a re  shown 
in Fig. 11. In  the figure, arsenic  ions were  implan ted  
at  100 keV through a 54 nm thick SiO2 l aye r  to a dose 
o f  4 • 1015 cm -2 (13). The res idual  defect  pene t r a -  
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ricated by shallow arsenic ion implantation. Residual defect pene- 
tration depth and junction depth, as parameters. 



466 J. EIectrochem. S oc.: SOLID-STAT~ SCIENCE AND TECHNOLOGY February  I980 

tion depth should be around 0.09 #m according to the 
analysis previously shown. On the other hand, the 
junction depth increases with annealing temperature. 
Corresponding leakage current results are also shown 
in  Fig. 11. Leakage current is too high for practical 
applications, when the difference between junction 
and defect depth is around 0.02 ~m. These results 
clearly indicate that junction leakage current is higher 
when the residual defects penetrate deeper or at least 
0.02 ~m shallower than the carrier profile. Therefore, 
the guiding principle, i.e., "Junction depth should be 
deeper than residual defect penetration depth by at 
least 0.02 ~m," can be derived. 

Conclusions 
The residual defect penetration depth and the carrier 

profile of arsenic ion-implanted layers after high tem- 
perature annealing were measured as functions of 
implantation conditions and arme~iling conditions. The 
results obtained in this study are summarized as fol- 
lows. 

1. Residual defect penetration depth can be predicted 
by arsenic ion implantation conditions and surface 
oxide thickness. 

2. Resulting carrier profile after high temperature 
annealing is determined mostly by arsenic ion amounts 
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Fig. !1. Annealing temperature dependence of leakage current 
(after Michel), explained by calculated residual defect penetration 
depth and junction depth relationship. 

in the substrate region as well as by annealing con- 
ditions. 

3. Guiding principle, "Junction depth should be 
deeper than the residual defect penetration depth 
by at least 0.02 ~m" can be derived from the device 
application viewpoint. 

4. Shallow arsenic ion implantation technology will 
be a key tool for the coming VLSI fabrication. 

Acknowledgments 
The authors wish to express their appreciation to 

Dr. Takashi Tsuchimoto for valuable discussions. 
Thanks are also due to Dr. Takashi Tokuyama for his 
continuous encouragement and valuable discussions. 
The authors are also grateful to Dr. Fumio Nagata for 
participating in fruitful discussions on TEM micro- 
graphs. The experimental assistance of Mr. Masami 
Ozawa and Mr. Hiroo Usui are very much appreciated. 

Manuscript submitted May 29, 1979; revised manu- 
script received Aug. 27, 1979. This was Paper 557 pre- 
sented at the Los Angeles, California, Meeting of the 
Society, Oct. 14-19, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submitted by Aug. 1, 1980. 

Publication costs of this article were assisted by 
Hitachi, Limited. 

REFERENCES 

I. G. E. Moor, Paper 1-3 presented at the IEEE In- 
ternational Electron Device Meeting, Washington, 
D.C., Dec. 1-3, 1975. 

2. R. H. Dennard, F. H. Gaensslen, H. N. Yu, V. L. 
Rideout, E. Bassons, and A. R. LeBlanc, IEEE J. 
Solid-State Circuits, sc-9, 256 (1974). 

3. Y. Wada and S. Nishimatsu, Jpn. J. Appl. Phys. 
Suppl., 18, 255 (1979). 

4. R. S. Payne, R. J. Scavuzzo, K. H. Olson, J. M. 
Nacci, and R. A. Moline, IEEE Trans. Electron 
Devices, ed-21, 273 (1974). 

5. S. Mader and F. Mishel, J. Vac. Sci. Technol., 13, 
391 (1976). 

6. R. B. Fair and J. C. C. Tsai, This Journal, 122, 1689 
(1975). 

7. J. C. Irvin, Bell Syst. Tech. J., 22, 265 (1962). 
8. R. B. Fair and G. W. Weber, J. AppI. Phys., 44, 

273 (1973). 
9. P. B. Hirsch, A. Howie, R. B. Nicholson, D. W. 

Pashley, and M. J. Whealan, "Electron Micros- 
copy of Thin Crystals," Butterworth, L o n d o n  
(1965). 

10. R. M. Burger and R. P. Donovan, Editors, "Funda- 
mentals of Silicon Integrated Device Technol- 
ogy," Prentice-Hall, Englewood Cliffs, New Jer- 
sey (1967). 

11. T. Hirao, K. Inoue, Y. Yaegashi, and S. Takayanagi, 
Jpn. J. Appl. Phys., 18, 647 (1979). 

12. J. F. Gibbons, W. S. Johnson, and S. W. Myloie, 
"Projected Range Statistics," Dowder, Hutching- 
ton and Roth, Inc., Stroudsberg, Pennsylvania 
(1975). 

13. A. E. Michel, F. F. Fang, and E. S. Pan, J. Appl. 
Phys., 4S, 299I (1974). 

14. R. K. Jain and R. J. Van Overstraeten, This Jour- 
nal, 122, 552 (1975). 

15. T. R. Cass and V. D. K. Reddi, Appl. Phys. Lett., 
23, 268 (1973). 



The Alloying of Gold and Gold Alloy Ohmic 
Contact Metallizations with Gallium Arsenide 

D. C. Miller 
Bell Laboratories, Murray Hill, New J e r s e y  07974 

ABSTRACT 

T h e  a l loy ing  of ga l l ium arsen ide  wi th  th in  films of pu re  gold a n d  t h e  gold 
12% g e r m a n i u m - s i l v e r - g o l d  ohmic contact  meta l l i za t ion  used for  a GaAs FET, 
has  been inves t iga ted  using opt ical  and scanning e lec t ron  microscopy.  The 
hea t ing  ra te  and  m a x i m u m  t e m p e r a t u r e  a t t a ined  dur ing  h e a t - t r e a t m e n t  w a s  
found to govern  the  morpho logy  of the pure  gold films, and to a lesser  ex ten t  
the ohmic contact  metal l izat ions .  The a l loying  cycle commences wi th  decom-  
posi t ion of the unde r ly ing  GaAs and diffusion of ga l l ium into the  meta l  a t  
about  260~ Mel t ing commences above about  480~ wi th  pure  gold and  360~ 
wi th  the  contact  meta l l iza t ion.  The final ga l l ium content  of the  me ta l  increases  
as the  t e m p e r a t u r e  is increased  and the solidification t e m p e r a t u r e  of both  a 
pu re  gold and mul t icomponent  contact  hea ted  to 525~ is 343 ~ • 2~ The 
G a A s - m e t a l  in ter face  is ve ry  i r r egu la r  consist ing of app rox ima te ly  r ec t angu la r  
depressions,  of ten over  1 #m deep, filled wi th  metal .  

Gold is used ex tens ive ly  in the fabr ica t ion  of ga l l ium 
arsen ide  devices, both  as a component  of an a l loy in 
ohmic contacts  and  as a final meta l  or  conductor.  In  
o rde r  to make  ohmic contacts  of low resistance,  the  
meta l l i za t ion  is fused at  t empera tu re s  often as high as 
500~ This is the  t e m p e r a t u r e  at  which GaAs i tself  be -  
gins to decompose (1). Fu r the rmore ,  gold forms low 
mel t ing  point  a l loys wi th  gal l ium, so i t  is not  surpr is ing  
tha t  cons iderable  dissolut ion of the under ly ing  GaAs 
takes  place  dur ing  the a l loying cycle. The resul t  is a 
contact  wi th  good e lect r ica l  p roper t ies  but  one which is 
morpholog ica l ly  ve ry  i r r egu la r  and difficult to r ep ro -  
duce. Even though the contact  res is tance i tself  was 
found not  to be d i rec t ly  re la ted  to the morpho]ogy,  
morpho logy  m a y  p lay  a significant role  in pe r fo rmance  
and re l iabi l i ty .  

Evidence has accumula ted  which indicates  that  de -  
composit ion of the GaAs accompanies  the  a l loy ing  
cycle (2-6).  This is confirmed here  and fu r the r  detai ls  
of the  a l loying  reac t ion  are  presented.  Some of the  
pa r ame te r s  which govern  the contact  morphology  are  
discussed for both  pure  gold and  the al loys used in 
device manufac tur ing .  Burnout  and device per formance  
are specif ical ly not  discussed in this paper .  

Experimental Details 
Trans is tors  in var ious  stages of complet ion as wel l  as 

semi- insu la t ing  subs t ra tes  coated wi th  vapor -depos i t ed  
pure  gold were  used for  the  studies r epor ted  here.  The 
manufac tu r ing  detai ls  of the  t rans is tors  have  been 
p resen ted  e l sewhere  (7),  and only  cer ta in  r e l evan t  as-  
pects  wi l l  be out l ined  below. 

The 0.4~ thick act ive layers  a re  deposi ted by  CVD on 
ch romium-doped  semi- insu la t ing  subs t ra tes  o r ien ted  
about  6 ~ off the  (100). Some samples  had  a semi - in -  
sula t ing CVD layer  under  the act ive layer ,  but  this d id  
not  affect the a l loy ing  or  morphology.  The s t anda rd  
ohmic contact  meta l l iza t ion  consists of 400 or  500A of 
Au  12 weight  percen t  (w/o)  Ge, 1000A of Ag, and 
1000A of pure  Au. It  is made  by  vacuum deposi t ion 
af te r  300A of the  GaAs is e tched away  by  an H202, 
NH4OH solut ion (8). The samples  coated wi th  jus t  pure  
gold were  not  etched before  deposition, but  this did not  
appea r  to have any  effect on the results.  Al loy ing  was 
accomplished by  heat ing the samples  on a resis tance 
hea ted  carbon p la te  in an H2 ambient .  Al loy ing  was 
also pe r fo rmed  using a hot s tage in both an opt ical  

Key words: alloy, films, diffuslon. 
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microscope and an SEM. In the opt ical  microscope 
e i ther  a vacuum or var ious  gas ambients  could be 
used. T e m p e r a t u r e  measu remen t  in a l l  cases was by  
means  of  a thermocouple  in in t imate  contact  wi th  the  
Underside of the hea t ing  s t r ip  under  the  sample,  and 
was accurate  to wi th in  _2~  except  for ve ry  fast  h e a t -  
ing rates.  Cal ibra t ion  was checked by  observing the 
mel t ing  points  of var ious  meta ls  such as lead, zinc, etc. 

Alloying of Pure Gold 
Because gold is the  ma jo r  component  of the  contact  

metal l izat ion,  i t  was decided tha t  the behavior  of pure  
gold on GaAs dur ing  hea t ing  should first be es tabl ished 
as a reference.  Consequently,  a number  of samples  of 
semi- insu la t ing  GaAs were  coated wi th  1000A of Au. A 
sample  given an a l loy cycle which can be used to make  
ohmic contacts  is shown in Fig. 1. This cycle consists of 
ra is ing the t empe ra tu r e  at  400~ to 490~ then 
shut t ing the  power  off t he reby  quenching the sample,  
which cools to below 100~ in a few seconds. This t r e a t -  

Fig. 1. Pure gold film heated to 500~ at a rate of 400~ 
135 •  
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ment  has clearly caused the metal  to "ball up" severely. 
In  an at tempt to alter this morphology a number  of 

samples were alloyed under  a range of ambients  and 
using various heat ing rates. The type of gas ambient,  
or vacuum, had no effect whatever  on either the sur-  
face or interface morphology, in agreement  with the 
work of Zee and Muni r  (9). Hence, all subsequent  ex- 
per iments  were performed under  1 atm of H2, except 
where otherwise noted. In  contrast, the heat ing se- 
quence used had a s ignif icant  effect on surface mor-  
phology. By reducing the heat ing rate to below about 
100~ a nonballed,  silver colored film of Au-Ga  
was obtained, with the gall ium content  increasing as 
the ul t imate  tempera ture  at tained was increased. This 
was determined using an  energy dispersive x - r ay  
analyzer  on the SEM calibrated using various bu lk  
Au-Ga  alloys and various thicknesses of unal loyed pure 
gold to measure the substrate contr ibut ion to the Ga 
signal. The excess As vaporized as evidenced by the 
presence of an arsenic film on the inside of the cover 
glass of the heat ing stage. Heat ing to 525~ over 10 rain 
produced a mirror- l ike,  silver colored film which could 
not be distinguished from pure Ag by the unaided eye. 
Its appearance in the SEM is shown in Fig. 2. 

During heating, a slight texture  change occurred be-  
tween 260 ~ and 280~ but  the dramatic color t ransi t ion 
from gold to silver began between 480 ~ and 515~ 
normal ly  at the edge of the sample or at an imperfec-  
tion. As the heat ing rate was increased, the tempera-  
ture required to in i t ia te  the reaction also increased. At-  
tempts were made to init iate the reaction below 480~ 
by wait ing but  they were unsuccessful due to equip- 
men t  overheat ing problems which developed after 
about  5 min. This was not  sufficient t ime to ini t ia te  the 
reaction below 480~ It was obvious in the microscope 
that  the gold to silver color t ransi t ion was accompanied 
by, and probably the result  of, the metal l izat ion mel t -  
ing. This mel t ing tempera ture  is probably  also a func-  
t ion of the thickness of the Au, since the source of Ga 
is the GaAs decomposition reaction which is tempera-  
tu re -dependent  and probably  diffusion-limited unt i l  
the first l iquid forms. Once initiated, the rate of ad- 
vance of the silver colored phase can be controlled by 
adjust ing the tempera ture  of the hot stage and started 
or stopped by adjust ing the tempera ture  above or be-  
low 343 ~ --+ 2~ respectively. This is very  near  the 

eutectic temperature  as indicated by the AuGa phase 
diagram shown in Fig. 3 (10). This phase f ront  on one 
of the specimens removed to the SEM is shown in  Fig. 
4. The unmel ted  gold is to the left and the si lver 
colored gal l ium alloy is to the right. The small voids in 
the gold were not quite visible in  the optical micro- 
scope, but  they apparent ly  occur without  mel t ing and 
are not present  in  the as-deposited gold. The in te r -  
mediate region between the two regimes puffs up like 
a souffi~ then collapses to form the morphology on the 
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Fig. 3. The gold-gallium phase diagram from Hansen (10) 

Fig. 2. Pure gold given a reduced heating rate of about 50~ 
rain. 135X.  

Fig. 4. Gold to silver colored phase boundary. The gold colored 
region is on the left and the silver colored region is on the right. 
1200 X .  
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right  as the color changes. Arsenic vapor combined 
wi th  other absorbed gases may  cause the puffing up 
because the Au-GaAs  reaction has begun without  the 
topmost layers of the gold having yet  melted. 

To explore this reaction further,  Au-Cr  thermo-  
couples were prepared by depositing 2 mm wide 
stripes 3000A. thick, first of gold then of chromium, 
orthogonally on semi- insula t ing  GaAs. A Chromel-  
Alumel  thermocouple with 0.002 in. diam. wire was 
glued to the substrate  with silver paste near  the thin 
film thermocouple. The substrate was then heated to 
400~ at 36~ in  a small  oven in an N2 ambient.  
The potentials of both thermocouples were recorded 
s imul taneously  so that  the potential  of the thin film 
thermocouple could be determined as a function of 
t empera ture  and this is shown in Fig. 5. The change in 
potential  at 260~ indicates that  at this tempera ture  
decomposition of the GaAs has begun and that  diffu- 
sion of gal l ium is very rapid at quite low tempei 'atures. 
The large dip at 340~ correlates well with the A u- G a  
eutectic at 341~ Similar  thermocouples made on SiO2 
substrates did not show these changes dur ing  similar  
heat ing sequences. Upon cooling and subsequent  re-  
heat ing the voltage v s .  t empera ture  curves of the thin 
film thermocouple were smooth and approximately 
linear,  just  lower in  voltage than  before hea t - t rea t -  
ment.  This exper iment  indicates that  as the alloying 
sequence is initiated, decomposition of the gal l ium 
arsenide and diffusion of gal l ium into the gold has al- 
ready begun  at low temperatures,  and when the first 
l iquid is nucleated significant amounts  of gall ium are 
a l ready present  in the m e t a l .  

O h m i c  C o n t a c t  M e t a l l i z a t i o n  
The sequence of events occurring dur ing heating of 

the ohmic contact metal l izat ion should differ markedly  
from the case of pure gold just  discussed. There is the 
500A layer  of AuGe of eutectic composition which 
melts at 356~ and the 1000A of Ag between the AuGe 
and final 1000A of Au. However, they behave in a re-  
markab ly  similar  fashion except that each event  oc- 
curs at a somewhat  lower tempera ture  with the mul t i -  
component  contact. The first sign of change occurs at 
240 ~ a modest grain growth resul t ing in a less yellow 
appearance. Melt ing of the AuGe layer  begins at about 
360 ~ and is accompanied by the development  of holes 
in the metal l izat ion without  the whole contact melting. 
This presumably  occurs by a diffusion and~ grain 
growth process. At 380~ the gold to silver color 
t rans i t ion  occurs indicat ing that  the top layer  of Au 
contains enough gal l ium to almost form the eutectic 
composition. This was confirmed by physically remov-  
ing the metal l izat ion and measur ing the Ga content. 

ol 

MV 

I 

I i I ] l l 
O IO0 3O0 2O0 ~140 dO0 

Fig. $. The mV output vs. temperature of on Au-Cr thin film 
thermocouple vopor-deposited on sembinsulating GoAs. 

This occurs without  the Ag layer  dissolving. At about  
480~ for reasonable heat ing times (50-400~ 
the Ag finally appears to go into solution since the 
whole contact appears to be liquid. It  was, however, 
not possible to determine reproducibly exactly when or 
at what  tempera ture  this occurs. Melt ing is clearly 
complete when bal l ing up begins, but  with the lower 
heat ing rates there is not enough apparent  s t ructural  
change when the silver dissolves to be obvious in either 
the optical microscope or SEM when employing hot 
stages. The gold-si lver color t ransi t ion need involve 
only gallium, as was indicated by the pure gold results, 
and the silver does not have to go into solution for the 
top 1000A of Au to saturate wi th  Ga and melt. The ap-  
pearance of a contact dur ing  heating is shown in Fig. 
6 (a-c).  Once the contact has melted, it  wil l  solidify and 
remelt  at 343 ~ _ 2~ almost identical to the case of 
pure  Au. Hence, the Au must  dominate the AuGeGaAg 
qua te rnary  (plus whatever  As may be present)  or 
else it is just  a coincidence that  the mel t ing points of 
the alloyed pure gold and mul t i layer  metal l izat ion are 
so similar. In  all cases the total amount  of gall ium in 
the metal, whether  Au or the contact, increases with an 
increasing final temperature  (see Fig. 7). This was cal- 
culated by subtract ing the known signal contr ibuted 
by the gal l ium in  the under ly ing  GaAs from the 
measured signal using an energy dispersive analyzer  
in  the SEM and by analyzing Au-Ga  alloys of known  
composition. 

A typical ohmic contact alloying procedure is to 
increase the tempera ture  at a rate of 400~ to 
about 500~ Contacts alloyed to temperatures  be-  
tween 480 ~ and 525~ all had adequate contact re-  
sistances of about 1 X 10-~ ~ cm 2 as measured using 
s tandard techniques (7), wi th  490~ appearing to re-  
sult in the mi n i mum resistance of about 1-2 X 10 -6 
12-cm 2. Two contacts heated to 480 ~ and 525~ are 
shown in  Fig. 8a and 8b, respectively. Contacts heated 
to 490 ~ showed considerable variat ion in morphology, 
varying between that  shown in  Fig. 8a and b, some 
times even on the same specimen, despite careful con- 
trol of the temperature.  Apparent ly ,  the conversion 
from the morphology of 8a to b is ext remely  sensitive 
to the precise temperature,  time, and film thickness 
combinat ion used. The contact resistance was, however, 
independent  of the morphology in  this tempera ture  
range. Even heating to 525~ for 40 min  or to only 
425~ in a minute  still resulted in only a factor of four 
or five higher contact resistances. 

I n t e r f a c e  M o r p h o l o g y  

During alloying, a pa t te rn  of rectangular  depressions 
forms at the interface which is filled with metal  to 
roughly the level of the GaAs surface. This is t rue for 
both pure Au and the metallization, but  the metal l iza-  
tion is both easier to remove and of greater technical 
importance so most of the work was performed on the 
contacts. An example of the interface morphology is 
shown in Fig. 8b and Fig. 9. The size of the metal  
patches increases and their density decreases as the 
max imum tempera ture  at tained is increased. The con- 
tacts shown in Fig. 9a-d were alloyed at 450 ~ 480 ~ 
525 ~ and 560~ respectively. No patches developed 
below about 350~ but  none would be expected to 
develop below 341~ the Au-Ga  eutectic temperature,  
unless there was some lower mel t ing Au-Ge-Ga  
ternary.  There was no evidence to support  this, how- 
ever. These samples were subjected to a 400~ 
alloying cycle and development  of the patches may 
simply require  more t ime in the 340~176 range. If 
this s t ructure does not form, the contact is not ohmic. 
However, even at temperatures  below 341~ the GaAs 
decomposes and gal l ium transport  into the still solid 
metall izat ion has begun. This is evidenced by  the 
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Fig. 6. A contact at room temperature alloyed on the microscope 
hot stage, just before (a), stopped in transition (b) and just after 
(c) the silver has gone into solution. (a) 2600X; (b) 700• (c) 
1600X. 

thermocouple  exper imen t  descr ibed earl ier ,  and by  the 
difference in contras t  ( secondary  emission efficiency), 
appa ren t  under  the contact  shown in Fig. 10 which was 
hea ted  to only  280~ Analys is  in the SEM revea led  
that  arsenic was deficient in the region under  the 
contacts. 

F rom the da ta  presented  i t  m a y  safely be concluded 
tha t  the pa t t e rn  of r ec tangu la r  meta l  patches  is the 
resul t  of mel t ing at  the interface.  One mechanism of 
format ion  may  be tha t  GaAs dissolves to sa tura t ion  in 
the mol ten  meta l  mass, which is un i form in composi-  
t ion down to some depth  in the GaAs. Then, upon 

freezing, two phases form; meta l  wi th  a l i t t le  As in 
solution, and GaAs wi th  a l i t t le  Au, Ge, and possibly  
Ag, in solution. Analyses  in the SEM do revea l  t race  
concentrat ions of As in the meta l  and  Au  in the  GaAs, 
but  the signals could wel l  be genera ted  f rom the sur -  
rounding  areas  due to scatter ,  etc. This view is sup-  
por ted  by  a previous  s tudy which indicates  tha t  l i t t le  
Au  is in the GaAs near  the in terface  (11), and  l i t t le  As 
could be in solution in al loys in this t empe ra tu r e  
range  (12). Significant amounts  of As also vapor ize  
and escape th rough  holes in the  l aye r  or  f rom a round  
the edges of the metal .  
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Fig. 7. Relative gallium content of alloyed device contacts vs. 

final or maximum temperature attained during alloying. This was 
calculated by subtracting the known signal contributed by the 
gallium in the underlying GaAs from the measured signal using an 
energy dispersive analyzer in the SEM. 

Another explanation for the reaction is that as 
heating commences and the GaAs decomposes the 
gallium permeates the metallization, which is very 
porous (14), by surface and grain boundary diffusion, 
and the excess arsenic simply vaporizes. Then the 
liquid phase "nucleates" in certain spots and these 
areas expand in a negative crystal growth process 
which proceeds as long as gallium is required to 
saturate the metal as the temperature increases. When 
the temperature is lowered the metal in the rectangu- 
lar depressions freezes, a n d  a very thin degenerate 
layer of GaAs grows by LPE between the metal and 
unaffected GaAs making the contact ohmic. In order 
to test this hypothesis, a sample was prepared in which 
a 500A, sputter-deposited tungsten layer was added 
between the original 500A of Au-12% Ge and the 
silver. Previous evidence suggested that the sputtered 
tungsten layer was not a gallium diffusion barr ier  
but would prevent liquid flow (13). The results are 
shown in Fig. 11. The rectangular depressions are 

Fig. 9. Contacts with metal removed alloyed to: (a) 450~ 3500• 
(b) 480~ 7200• (c) 525~ 5400X, (d) 560~ 540X inset 
5000 •  

Fig. 8. Two alloyed contacts, (a) 490~ 3000• (b) 525~ 2600 • 
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Fig. 10. A partially removed contact heated to 280~ The dark 
regions are deficient in gallium. 1040• 

c lear ly  vis ible  under  the tungs ten  and are  far  too 
la rge  to have been the resul t  of gal l ium dissolution 
in only the 500A of Au-12% Ge under  the W, which 
has adhered  to the unders ide  of the W. Fur the rmore ,  
the  SEM x - r a y  analysis  revea led  that  the ba l led  meta l  
on top of the tungsten contained as much ga l l ium as 
when no tungsten was present .  Even though this 
expe r imen t  supports  the negat ive  crys ta l  growth  hy -  
potheses, the mechanism of pa t t e rn  format ion  is st i l l  
not comple te ly  clear  because the , rectangles contain 
less than 1-2% gall ium. This was de te rmined  by ob :  
serving the color of a series of A u - G a  alloys of known 
composit ion and then match ing  the i r  color to that  
of the  rec tangu la r  patches. In  another  exper iment ,  ve ry  
l igh t ly  a l loyed contacts (400~ heat ing rate,  425~ 
final t empera tu re )  were  analyzed  in the  SEM. The 
GaAs was dissolved away  with  4H2SO4, 2tt20, 1H202, 
leaving only the contact. The G a A s - A u G e  interface  side 
of the contact  was then  ana lyzed  in the  SEM and only 
a t race  Ga signal  was observed in the pro t rud ing  

Fig. lZ. Device contact heated to 525~ over 65 min in the SEM. 
3000 X.  

metal  patches, also indica t ing  tha t  if ga l l ium is p re sen t  
in the contact  it  is near  the detect ion l imits  of the 
energy dispers ive analyzer ,  or  about  1%. An al loy 
this low in Ga has a mel t ing  point  above ?00~ Yet, 
l iquid must  have been presen t  to form the islands. 
The most l ike ly  exp lana t ion  for this pa radox  is tha t  
the second sequence out l ined above does occur and 
the concentra t ion of ga l l ium was high in the thin 
l iquid layer  p resen t  dur ing  a l loying and pa tch  fo rma-  
tion. Then, upon cooling, or even dur ing  alloying, the 
gal l ium quick ly  diffused throughout  the r ema inde r  
of the contact  t he reby  reducing  its concentrat ion at  

Fig. 11. The results of placing a sputtered 500A thick tungsten film between the Au-Ge alloy and the remainder of the contact. (a) 
1800X, (b) 4800•  
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Fig. 13. Contacts alloyed to 540~ at 350~ and 30~ (a) and (d), respectively, and with contacts etched away (b), (c), and (e), 
Fig. 13(c) is a cross section of the sample shown in 13[b). (a) 1440X, (b) 1360X, (c) 4000X, (d) 1360X, (e) 1280X. 
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the GaAs-contact  interface. Fur ther  attempts will  be 
made to detect this gallium. 

In  spite of the inconsistencies discussed above, the 
results do indicate clearly that the decomposition of 
the GaAs is controlled by the Au-Ga reaction. The 
Ge appears only to change the surface tension and 
allow the Au-Ga  reaction to progress fur ther  at lower 
temperatures  because the Au-Ge eutectic melts at 
356~ and the liquid metal  helps init iate the reaction. 
The role of Ag is to allow the alloy to melt  next  to 
the GaAs without the whole contact melting. 

Effect of Different Alloy Cycles 
In order to improve both tile surface and interface 

morphology of the contacts, a number  of different 
al loying sequences were tried. Because the slowly 
alloyed pure gold layer did not "ball ," a contact was 
alloyed to 535~ in the SEM over 65 min and is shown 
in Fig. 12. It clearly has a superior surface morphology, 
but  contact resistance was up to about 1 • 10 -4 ~2'-cm. 
The 8~ heat ing rate could not be duplicated in 
the microscope hot stage under  H2 because of over-  
heating problems. However, samples heated to 540~ 
at 350 ~ and 30~ are shown in Fig. 13a and d, 
respectively, and with the contact metal  etched away 
(13b, c, and e). Substant ia l  improvements  in surface 
morphology were achieved, but  the metal -GaAs in ter -  
face remains rough. The depths of the rectangular  
pits are 1.1 and 1.4~, respectively, though with the 
slower rate they are somewhat more uniform. Modest 
improvements  in surface and interface morphology 
were achieved with a very fast heating rate of 
,~1000~ to about 525~ shown before and after 
contact removal in Fig. 14a and b, respectively. In 
this case, the Ag layer probably  did not have t ime 
to melt. Reducing the AuGe layer  thickness from 500 
to 4O0A also helped (Fig. 15). It has not changed the 
morphology but  may have reduced slightly the amount  
of GaAs which decomposes and the penetrat ion depth. 
The deepest penetrat ion measured was 0.45~, or about 
the epi thickness (Fig. 16). This is a modest improve-  
ment,  but  the contact between metal and epi remains 
very i r regular  and the contact may still penetrate  to 

the substrate or buffer layer. As has been shown, this 
is t rue even if the contact looks smooth from the top. 
Hence, an i r regular  channel  width as well as sharp 
projections of the contact metal  into the substrate or 
buffer layer  may still result  during alloying. It is im- 
portant  to recognize fur ther  that  gall ium diffusion 
and fur ther  decomposition of the GaAs can proceed 
involving the final conductor metal  if temperatures 
approach the 250~ range dur ing final processing or 
operation. 

One fur ther  test was made. Several  samples were 
annealed in arsenic gas at about 2 arm. Conditions 
were not the same as reported earlier (15), in that 
the samples were heated to 500 ~ • 10~ over 12 min  
and some 02 contaminat ion could also have been pres- 
ent. No improvement  in contact resistance or surface 
morphology was observed. One sample previously 
alloyed in the normal  way was subsequent ly  subjected 
to the arsenic anneal  and the Ga content of the metal-  
lization reverted to near  its preal]oy value suggesting 
GaAs regrowth had occurred. 

Conclusions 
From all of the observations and results presented 

above it must  be concluded that gal l ium arsenide in 
contact with gold will decompose readily at tempera-  
tures as low as 260~ resul t ing eventual ly  in void 
formation at the GaAs-metal  interface and rapid dif- 
fusion of gall ium throughout  the metallization. This 
fact should be considered with regard to both the 
fabrication and long term operation of GaAs devices. 

The surface morphology of the alloyed metal  can 
be controlled by adjust ing the heating rate. Reducing 
the AuGe thickness, using faster heating rates, and 
alloying to lower temperatures  improves the interface 
morphology somewhat without severely increasing con- 
tact resistances. However, the rough interface morphol-  
ogy can be modified only in degree, not in its basic 
character, by changes in the heating cycle. Perhaps 
a process with better  control of the applied heat such 
as laser alloying (16) is needed to achieve a major  
improvement.  

Fig. 14. A contact heated to 525~ at a rate of about 1000~ before (a) and after (b) contact removal. (a) 1850X, (b) 360X 



Vol. 127, No. 2 A L L O Y I N G  OF G O L D  475 

Fig. 15. A contact with 400A Au-Ge physically removed, (a) and etched away, (b). (a) 3500• (b) 3300• 

also wishes to thank  J. W. Nielsen for  rev iewing  the 
manuscr ipt ,  he lpful  discussions, and support .  

Manuscr ip t  submi t t ed  May  3, 1979; rev ised  m a n u -  
script  received Aug. 28, 1979. This was Paper  315 p re -  
sented at  the  Seatt le ,  Washington,  Meet ing of the So-  
ciety, May  21-26, 1973. 

Any  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1980 
JOURNAL. Al l  discussions for the December  1980 Dis-  
cussion Sect ion should be submi t t ed  by  Aug. 1, 1980. 

Publication costs o] this article were assisted by Bell 
Laboratories. 

Fig. 16. Cross section of the sample shown in Fig. 15(b). 11,500• 

Varia t ions  in the i r r egu la r  morphology  of the GaAs-  
meta l l iza t ion  in ter face  do not appear  to affect the 
ohmic proper t ies  of the contact, but  m a y  p lay  an 
impor t an t  role in the re l i ab i l i ty  of devices using this 
contact  especial ly  in view of the fact tha t  the contact  
meta l  may  r egu la r ly  pene t ra te  to the substrate .  More 
w o r k  is requ i red  to fu l ly  unders tand  the mechanism 
of format ion  of the r ec tangu la r  meta l  patches. 
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Formation Mechanism of Porous Silicon Layer 
by Anodization in HF Solution 

Takashi Unagami 
Nippon Telegraph and Telephone Public Corporation, 

Musashino Electrical Communication Laboratory, Musashino-shi, Tokyo, 180, Japan 

ABSTRACT 

The mechanism of formation of porous silicon layer  (PSL) has been studied 
according to the following exper imental  results. PSL is formed by the local 
dissolution of silicon which occurs only at the base of the pores. The HF 
concentrat ion of the electrolyte in the pores of PSL is constant during anodiza- 
tion and the anodic reaction in  the pores proceeds uni formly  in the thickness 
direction. The dissolution of silicon in  the pores is the results of the divalent  
and the te t ravatent  reactions of silicon with HF, without  the disproportionation 
reaction. The insoluble surface porous film (SPF) exists at the surface of PSL 
and the silicic acid is formed in PSL. A model of forming PSL is proposed, with 
emphasis being placed on the anodic reaction and the local dissolution of silicon 
which is ini t ia ted by SPF and is promoted by the hindrance layers composed 
of the sJ_licic acid. 

The anodization of silicon in hydrofluoric acid solu- 
t ion has been studied by many  investigators. These 
investigations are almost always related to the electro- 
polishing of silicon to process silicon wafers for the 
electronic device fabrication. On the other hand, Uhlir  
(1) found in 1936 that  anodic film is formed on a 
silicon wafer by the anodization under  certain condi- 
tions. This anodic f i lm  is the porous silicon layer  
(PSL) which consists main ly  of silicon (2). PSL is 
oxidized very rapidly at low temperature,  so thick 
oxide layers can be formed by short t ime oxidation. 
These thick oxide layers can be applied in the 
fabrication of integrated circuits (3). 

Turner  (4), and subsequent ly  Memming and 
Schwandt  (5), investigated the formation condition 
of PSL and proposed that PSL is formed by the dis- 
proport ionat ion reaction of silicon difluoride. On the 
other hand, in an investigation of the structure of 
PSL, Arita and Sunohara  (6), and Unagami and Seki 
(7), postulated that  the anodic dissolution of silicon 
occurs at local points on atomic scale to form PSL 
from the observation that PSL has a single crystal 
structure. No detailed investigations have been re- 
ported with respect to the formation mecilanism of 
PSL, par t icular ly  with respect to the mechanism of 
the progress of the local silicon dissolution. 

In  this paper the author studied the anode potent ial-  
current  characteristics for various HF concentration, 
the HF concentrat ion of the electrolyte in PSL, the 
dissolution of silicon by the anodization, the s tructure 
Of PSL, the infrared spectra of PSL, and the electric 
resistivity of PSL. Based on these results, the forma- 
tion mechanism of PSL is discussed. 

Experimental Procedures 
Wafer preparations.--Silicon wafers were (111) p- 

type single crystals (boron-doped) made by the 
Czochralski method. Before the anodization, wafers 
were cleaned by boiling in the solution (1 NH~OH 
1 H202 § 4 H20). After that, the thin oxide layer was 
removed in dilute HF solution and the wafers were 
rinsed in deionized water. 

PSL formation.--The electrolytic cell for PSL form- 
ation by the anodization has been given in a previous 
paper (7). In  the case of high resistivity silicon wafers, 
a luminum alloy layers were formed before the ano- 
dization on the back surface of the silicon wafers in 
order to make the anodic current  distr ibution uniform. 

Key words: porous silicon layer, anodization, formation mech- 
anism. 

The silicon wafers were covered with acid-proof wax 
(Apiezon wax) to perform the anodic reaction selec- 
t ively in the wafer. Gas bubbles break out from the 
silicon wafer surface during anodizing, so the u l t ra -  
sonic oscillator was used to prevent  gas bubbles from 
sticking on the surface. A constant current  source 
was supplied as the electric power. 

The measurement of the anode potential-current 
characteristics.--The anode potential  was measured 
against a saturated calomel electrode (SCE). The 
anode poten t ia l -cur ren t  characteristics were recorded 
with a X-Y recorder. The SCE capil lary tip end was 
dipped in HF solution positioned near  the silicon 
wafer surface and the opposite electrode was con- 
nected with the anode electrode. 

The measurement of weight change.--The weight 
change was measured with an electric microbalance 
made by Mettler. After the anodization and immersion 
in HF solution, the samples were dried by blowing 
dry N2 gas on them without r insing in  water. 

Infrared spectra measurement.--Infrared t ransmis-  
sion spectra were measured with a double beam type 
infrared spectrometer (a Model IR-27G) made by 
Shimadzu Seisakusho, Limited. The wafers were 4 ,~ 
7 ~ -cm in resistivity. In  order to prevent  the influence 
of the absorption of a substrate, a wafer which has 
the same thickness and the same resistivity was pre-  
pared as the reference. The transmission spectra were 
measured in the wavelength range from 2.5 to 25 ~m. 

Experimental Results 
The anode potential-current characteristics.--The 

characteristics of the anodization in various HF con- 
centrat ion solution were measured. The results are 
shown in Fig. 1. The potentials, obtained at  the end 
of a 30 sec period of supplying the constant anodic 
current,  are plotted. In  the region of the low anodic 
current  density, the characteristics obey Tafel 's law 
and the dependence on HF concentrat ion does not 
appear. On the other hand, in the high current  density 
region, Tafel 's law is not satisfied and the character-  
istics depend strongly on HF concentration. The anode 
potential  becomes high with decreasing HF concentra-  
tion at the same anodic current  density. 

The anode potential  is shown in Fig. 2 under  the 
condition of the constant  current  density anodization. 
HF concentrat ion is 50% in weight percent  (w/o) .  
The growth rate of PSL is 8.45 ~m/min,  4.50 ~m/min,  
and 0.95 # m / m i n  at 100 mA / c m 2, 50 m A / c m  2, and l0 
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m A / c m  2 in  the anodic current  density, respectively. 
At  all anodic cur ren t  density, the anode potent ia l  shows 
no change, that is, the anode potential  is constant  
in spite of forming thick PSL. From these results, the 
HF concentrat ion of the electrolyte in PSL is pre-  
sumed to be constant  dur ing the anodization. 

Figure  3 shows the relationship between the anode 
potential  and the anodic reaction t ime under  the 
various HF concentration. The anodic current  density 
is 10 m A / c m  2. In  a highly concentrated HF solution, 
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Fig. 3. Relationship between anode potential and onodic reaction 
time under various HF concentrations. Anodic current density is 
10 mA/cm s. 

the anode potential  is constant. However, in  a low 
concentrated (5%, 10%) HF solution, some increase 
(a few mV) in the anode potential  appears after two 
minutes.  When the HF concentrat ion is low, a change 
in electrolyte concentrat ion appears to occur. 

The analysis of the electrolyte in the pores.--The 
weight and the HF concentrat ion of the electrolyte 
in  the pores were examined by the measurements  of 
the weight change and fluoride ions concentration. 
Th e weight was measured before the anodization, just  
after the anodization, and after the heat - t rea tment .  
The weight and fluoride ions concentrat ion just  after 
the anodization were measured without  removing the 
wax, in order to prevent  the electrolyte in the pores 
from coming out into a solvent ( t r ichloroethylene).  
T?ae hea t - t rea tment  was done in dried N2 gas or a 
vacuum at 100 ~ -.- 150~ for two hours. The result  
of the weight change is shown in Fig. 4. a w l  is the 
change between the weight before and that after the 
anodization. On the other hand, aW2 is the change 
between the weight before the anodization and that  
after the heat - t rea tment .  So, the weight change be-  
tween these two values, WE, is the amount  of the 
electrolyte in the pores. The electrolyte in the pores 
can be released by the heat - t rea tment .  Figure 5 shows 
this effect. The weight changes, caused by immers ing  
the heat - t rea ted PSL in 50% HF solution and by the 
hea t - t rea tment  of immersed PSL, are shown. The 
sample has the same weight after the hea t - t rea tment  
as before immersion in 50% HF solution. That  is, the 
hea t - t rea tment  can release all the solution in the 
pores. From the result  shown in Fig. 4, W~.~ is given 
in Fig. 6. WE increases l inear ly  with the anodic reac- 
tion time. W~, given in Fig. 6, is the weight correspond- 
ing to the solution with which the volume of the 
pores in PSL are filled. The total volume of the pores 
in PSL is calculated from ~W2 and the specific gravi ty 
of 50% HF solution is 1.12 g/cm '~ at the room tempera-  
ture. As shown in Fig. 6, WE corresponds to about 
57% weight of W~. That  is, about 57% of the pore 
volume in PSL seems to be filled with HF solution 
at the time of the anodization. Because of the gas 
generat ion at the t ime of the anodization, the pores 
are par t ia l ly  filled with the generated gas. 

The HF concentrat ion of the electrolyte in the pores 
was measured with a fluoride electrode. The samples 
of PSL formed in 50% HF solution were immediate ly  
immerged in 10 cm s deionized water. These experi-  
menta l  solutions were measured after PSL had soaked 
for two hours. A pH meter  was used to measure the 
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potential  of the fluoride electrode with respect to 
SCE connected to the exper imental  solution in the 
Teflon beaker. PSL was formed in a p- type silicon 
substrate (0.02 ,~ 0.035 n - c m ) .  The potential  of fluoride 
electrode as a funct ion of HF weight percent  is shown 
in Fig. 7. The HF weight percent  of the exper imental  
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solutions is determined according to the result  shown 
in Fig. 7. The results are shown in  Table I. The HF 
weight percent  of the electrolyte in the pores is Wt 
which is obtained from Wt' X 10/WE. As a result, the 
HF concentrat ion of the electrolyte in  pores is consid- 
ered to be constant and the same as that of the outer 
HF solution of the pores. This result  is consistent with 
the result  that  the anode potent ial  is constant  during 
the constant current  anodization, as shown in  Fig. 2. 
Figure 8 shows the weight of HF solution penetrated 
into the pores when the immersion time in  50% HF 
solution is changed. The pores in  PSL were emptied 
beforehand by the heat - t rea tment .  It  is obvious that 
HF solution of 50 ~ 60% of WE can penetrate  into the 
pores wi thin  a few seconds. F rom the results that HF 
concentrat ion of the electrolyte in  the pores is con- 
s tant  and HF solution can penetrate  into the pores 
rapidly, it can be thought that the reactants and the 
products of the anodic reaction can be supplied and 
released rapidly in the pores, respectively. 

Dissolution of silicon by anodization.--Uhlir (1) and 
Turne r  (2) have reported that  silicon dissolution is 

> 
E 

~J e-% 

I-- 

w 
hi 
121 

o 
3 

0 
_J 

z 
IJJ 

210 

200 

190 

180 

170 

160 

150 

140 

iO - 4  

0 

I I I 

10-3 i0 -a 

WEIGHT % OF HF 
Fig. 7. Relationship between potential of fluoride electrode and 

HF weight percent. 



Vol. 127, No. 2 POROUS SILICON LAYER 

Table I. Determination of weight percent of HF solution in PSL 

WaferNo ! AnodizafiOn(S = IC~176 z) Ex (mY) Wt I (%) WE (g) Wt (%) 

C) ,oo%~ ,mi. 18,.4 9.2~,o-' ,.s ~,o-" ~5, .-. 25 
E 

( ~  * 2rain 170.6 1,75 xl(~ 3 3.5S xlO -4 ~49 

C~ ~ 3rain 161.8 2.8 x I(3:3 S.3 x I()" ~53 I 1 " ~ 2 0  

Ex- - -  Potential of the experimental solution with f luorine electrode / 
s 

Wt'---Weight % of H F i n  the experimental solution (see F ig .7)  t 't 

WE -- Weight of HF solution in P S L  (see Fig. 6 )  15 h 
Wt ---Weight % of HF solution in PSL 

divalent  in  the condit ion of forming PSL while te t ra-  
va lent  in the condit ion of electropolishing. In  order  bLJ 10 
to study the mechanism of silicon dissolution, the 
results of the detailed invest igat ion are reported. The 
substrates of 0.02 ~ -cm in  resistivity were used. Figure .~_ 
9 shows the relationship between the anodic reaction ~_ 5 
t ime and both the PSL thickness (TD) and the amount  
of dissolved silicon (AW). The amount  of dissolved 
silicon per  un i t  area is derived from • as shown 
in  Fig. 4. PSL was formed in 50% HF solution and 
the anodic cur ren t  densi ty was 100 m A / c m  2. T~ and 0 
AW increase with increasing the anodic reaction time. 
The silicon density of PSL (p) is denoted as the 
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where po is the silicon densi ty of a bulk  silicon wafer 
(2.329 g/cm3). As the values of AW and Tp, which are 
obtained from Fig. 9, are subst i tuted into Eq. [1], p is 
constant  to be about 1.5 g /cm 3. That  is, PSL, which 
has a un i form silicon density in the thickness direc- 
tion, is formed. So, it is clear that  the dissolution of 
silicon by the anodizat ion is uni form in the thickness 
direction. 

On the other hand, the effective dissolution valence 
(Zi) is given as Zi = Ne/Nsi  where Nsi is the number  
of dissolved silicons which is obtained from AW and 
Ne is the number  of flowed e lementary  charges. That  
is, Zi corresponds to an  average n u m b e r  of e lementary  
charges which is needed for dissolving one atom of 
silicon. Figure  10 shows the relat ionship between Zi 
and the anodic current  density as the HF concentra-  
t ion is varied. Zi is charged between 2-4 according to 
the condition of the anodization. It  is clear that  Zi 
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has the value from 2 to about 2.8 under  the condition 
of forming PSL. 

Structure of P S L . - - P S L  is a single crystal according 
to the analysis of x - ray  diffraction, but  only on the 
surface of PSL, polycrystal l ine silicon can be seen 
by electron diffraction (3, 6, 7). The pores of PSL 
distr ibute at random, and the pore diameter  at the 
surface is smaller  than some 10A and that  of the 
inner  part  of PSL is some 10 ~ 300A. (3). Moreover, 
the pores are not formed straight; that is, the pores 
are formed zigzag in the thickness direction of PSL (7). 

On the other hand, an insoluble th in  porous film in  
HF solution is formed at the surface of PSL (8). This 
insoluble thin porous film is left even after PSL is 
soaked in HF solution for a month  while the major i ty  
of PSL except this insoluble thin film is active and 
has dissolved already in HF solution. This insoluble 
thin film is named as surface porous film (SPF) and 
is distinguished from the active PSL formed under  
SPF. That  is, PSL can be divided into two layers of 
SPF and the active PSL, as shown in Fig. 11. 

Figure  12 shows the thickness of both SPF (Ts) 
and PSL (Tp) vs. the anodic reaction time. Substrates 
of 0.02 a - c m  in resist ivity and 50% HF solution were 
used to form PSL. Ts is saturated wi th in  one minu te  
while T;) increases with increasing the anodic reaction 
t ime and grows to be thick (some 10 ~,m). SPF is 
formed from the beginning  when forming PSL, so 
the growth of PSL, that is, the dissolution of silicon 
in  a silicon substrate, is done through SPF. 
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The dependence of T~ and T, on substrate resistivity 
is shown in Fig. 13. The anodization was performed 
for two minutes in 50% HF solution and the anodic 
current  density was 100 mA/cm 2. The amount  of 
dissolved silicon was constant for the various resis- 
t ivi ty of substrates. T~ is strongly dependent  on sub- 
strate resistivity and the max imum of Ts appears at 
about 0.02 s  in resistivity. Ts has the same depen- 
dence on substrate resistivity as the thickness of the 
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Fig. 13. Dependence of thickness of SPF and PSL on substrate 
resistivity. 
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stain film formed in HNOa-HF solution (9). But the 
dependence of Tp on substrate resistivity differs from 
that  of Ts and that of the stain film. According to the 
observation of the PSL surface with electron beam 
diffraction, there are polycrystal l ine silicon as well as 
s ingle-crystal l ine silicon at the surface of PSL (7). 
Therefore, SPF consists of polycrystal l ine and single- 
crystal l ine silicon. That is, the crystal l ine s tructure 
of SPF agrees with that  of the stain film. Moreover, 
SPF is insoluble in HF solution but  is rapidly dis- 
solved by silicon etches. These chemical properties of 
SPF agree precisely with those of the stain film. 

Considering many  similar points between SPF and 
the stain film, SPF can be thought to be formed by 
the same anodic reaction as the stain film. As Archer 
has reported in his pauer  (9), the disproportionation 
reaction proposed by Turne r  occurs at the surface of 
a substrate. That  is 

Si  + 2HF + (2 - -  n ) e +  ~ SiF2 + 2H + + h e -  [2] 

2 SiF~-> Si ~ + SiF4 

~ 2HF [3] 

H2 SiY6 

where n < 2, e+ and e -  represent  hole and electron. 
SPF is formed by the deposition of e lementary  silicons 
(Si ~ produced by the disproport ionation reaction [3] 

on the surface of a substrate. Considering that the 
growth of SPF can occur only at first as shown in 
Fig. 12, the disproportionation reaction [3] seems to 
occur only at the early step of forming PSL and at 
the surface of PSL. So no disproport ionation reaction 
takes place after the growth of SPF is stopped. The 
reaction of forming thick PSL under  SPF can be 
thought to differ from that of forming SPF, because 
of the differences in reactivi ty to HF solution, the 
growth progress (Fig. 12) and the dependence on 
substrate resistivity (Fig. 13). 

Infrared spectra of PSL.- -The  dependence of the 
absorbance on PSL thickness was examined by infra-  
red spectroscopy. The absorption bands appear at 
4.7 ~m (vt), 9.5 #m (re), 11.1 #m (vs), 12.2 /~m (v4), 
16 #m (vs), and 21 #m (v6) (10). vl and v~ are due to 
the Si-H bond. vs is due to the Si-Si bond, re, v4, and 
v6 are due to the ant isymmetr ic  stretching, symmetric  
stretching, and bending of the Si-O bond, respectively. 
The relationship between the absorbance ( , . t )  of 
these bonds and PSL thickness is shown in Fig. 14. 

and t are the ext inct ion coefficient and PSL thick- 
ness, respectively. The anodization was done in 50% 
HF solution at a constant current  density of 100 m A /  
cm2. The absorbance increases with increasing PSL 
thickness. When PSL is etched in a Freon (CF4) gas 
plasma, ~.t decreases as the PSL thickness decreases. 
This shows that the Si-H, Si-Si, and Si-O bonds are 

e Si-Si bonds 

e 

;.t Si-H bonds (4.7pm,ll.lum) 

I.O / o = J , - -  bending 
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Fig. 14. Relationship between absorbance and thickness of PSL. 
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d i s t r ibu ted  un i fo rmly  in the thickness  di rect ion of 
PSL. 

The changes of in f ra red  absorpt ion  spect ra  caused 
by  immers ion  in 50% H F  solut ion are  shown in Fig. 
15. The absorpt ion  s t rength  of S i -O bonds decreases 
wi th  increas ing the t ime of immersion.  Af te r  i m m e r -  
sion for about  20 hr, the absorpt ion  due to S i -O bonds 
is st i l l  observable .  This resul t  means  that  the product ,  
which is observed as S i -O bonds at 9.5, 12.2, and 21 
~m has a smal l  dissolut ion ra te  into H F  solution. This 
insoluble  product  is changed by  the h e a t - t r e a t m e n t  
above  about  300~ in a vacuum as shown in Fig. 16. 
The absorp t ion  at  10.2 ~m due to SiO (11), is in-  
creased by  the hea t - t r ea tmen t .  The weight  is not  in-  
creased by  the h e a t - t r e a t m e n t ,  so oxida t ion  of PSL 
has not occurred.  The increased amount  of the absorp-  
t ion at  10.2 ~m has vanished immed ia t e ly  by  immer -  
sion in H F  solution. The insoluble  produc t  is changed 
to sil icon oxide  soluble  in H F  solution by the hea t -  
t rea tment .  As results,  i t  is c lear  tha t  the insoluble  
produc t  formed dur ing  anodizat ion has the  fol lowing 
three  character is t ics .  (i) The absorbance  (,.t),,2, 
(a't)v4, and (a.t),, 6 at v2, ~4, and ~6, respect ively ,  
a re  r anked  as (~'t)v4 > (~'t)~6 > (a't)v2 in o rder  
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Fig. 15. Change of absorption spectra of PSL by immersion in 
50% HF solution. 
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of magni tude.  This o rde r  is different  f rom tha t  of 
sil icon dioxide layers  fo rmed  by  high t empe ra tu r e  
oxida t ion  of bulk  silicon. In  the case of sil icon dioxide 
layer  of bu lk  silicon, the o rder  is (~'t)v2 > (a't)t,6 > 
(a't)v4. (ii) Inso lubi l i ty  in HF solution. (iii) The 
conversion into SiO occurs by  hea t - t r ea tmen t .  

On the o ther  hand,  SiF2 or  SiF4 is p roduced  by  the 
anodic reaction, as ment ioned la te r  in detail .  So i t  
is possible that  SiF2 and SiF4 react  wi th  H20 in HF 
solution. When  SiF2 or SiF4 reacts  wi th  H20, silicic 
acid (12) or f luorodisi loxane (13) is considered to be 
produced.  In the  in f ra red  spect ra  of f luorodisi loxane,  
the s t rong absorpt ion  due to S i - F  bonds  appears  (13). 
But no absorpt ion  due to S i - F  bonds appears  in the 
in f ra red  absorpt ion  spect ra  of PSL, so the product  ob-  
served as Si-O bonds seems to be silicic acid. 

The resistivity of PSL.--The res is t iv i ty  of PSL  in 
the thickness di rect ion was measured  by  forming an 
a luminum electrode on the surface of PSL. A l u m i n u m  
was evapora ted  in a vacuum. The vo l t age -cu r r en t  
character is t ics  were  measured  with  a curve t racer  
wi thout  any h e a t - t r e a t m e n t  a f te r  forming PSL. A 
Schot tky  junct ion  is formed on the surface of PSL. 
The i-V character is t ic  gives essent ia l ly  a s t ra igh t  l ine 
in the high cur ren t  region in the  fo rward  direction.  
The res is t iv i ty  of PSL in the thickness direct ion is 
ob ta ined  f rom the s lope of the {-V character is t ic .  
F igure  17 shows the res is t iv i ty  of PSL formed in the  
silicon subst ra tes  wi th  the var ious  resist ivi ty.  PSL was 
formed in 50% HF solut ion and the anodic cur ren t  
densi ty  was 100 m A / c m  2. I t  is c lear  that  the res is t iv i ty  
of PSL has the high res is t iv i ty  of 104 --  l0 s ~-cm,  

As shown in Fig. 2, the  anode potent ia l  is not  
increased  as PSL  thickness  increases. This means  tha t  
the  anodic cur ren t  is passed not through the res idual  
silicon l aye r  in PSL  but  th rough  the pores in PSL. 
That  is, the anodic react ion ( the dissolut ion of sil icon) 
takes  place only  at  the base of the pores in PSL. 

Discussion 
As a l r eady  ment ioned above, the  insoluble  s u r f a c e  

porous film (SPF)  exists a t  the  surface of P S L  and 
is fo rmed by  the d ispropor t ionat ion  reaction.  That  is, 
e l emen ta ry  silicons, which a re  produced  by  the dis-  
p ropor t iona t ion  reaction,  deposi t  on the surface and 
form SPF. This d ispropor t ionat ion  react ion takes  place  
only  at  the ea r ly  step of the  anodization,  because  
the  growth  of S P F  becomes saturated.  Consider ing 
tha t  S P F  is fo rmed  at  the  surface of P S L  f rom the  
beginning  of the anodizat ion and SPF  is insoluble  
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in  HF solution, it can be thought that the place of 
dissolving silicon in the substrate is restricted by SPF, 
so that local corrosion occurs. 

The anodic reaction of forming thick PSL under  
SPF differs from that  of forming SPF, as discussed 
above. Therefore, another  anodic reaction which does 
not  consist of the disproportionation reaction must  be 
considered in  the case of forming PSL under  SPF. 
As for the reaction of dissolving silicon difluoride in 
HF solution without the disproportionation reaction, 
two possibilities proposed by Memming and Schwadt 
are replaced by the disproportionation reaction as 
follows 

.SiF~ 3-. 2HF -~ SiF4 3-. H2 

L~ 2HF [4] 

H2 SiF6 
o r  

SiF2 3-. 2H20 ~ SiO2 + 2HF 3" H2 

I -I- 6HF [5] 

) H2 SiF6 3-. 2H20 

The remarkable  difference between reaction [4] and 
[5] is that SiO2 is formed and dissolved in HF solu- 
t ion in  the case of reaction [5], but  not in the case 
of reaction [4]. For the formation of PSL, the disso- 
lut ion of silicon difluoride is performed by reaction 
[4] from the following result. As shown in Fig. 10, 
the growth rate of PSL is 7.5 #m/min  at an anodic cur-  
rent  density of 100 mA/cm 2 in 50% HF solution. On 
the other hand, the dissolution rate of SiO.~ in 50% HF 
solution is 1.4 #m/min.  Therefore, in the case of 
reaction [5], the reaction rate is equal to or smaller  
than  1.4 #m/cm '~. That  is, the reaction rate of reaction 
[5] is much smaller  than the growth rate of PSL. 
Consequently, as the reaction of dissolving silicon 
difluoride in HF solution occurs, reaction [4] can 
take place. 

According to investigation about the effective dis- 
solution valence (see Fig. 10), the valence has the 
value between 2 to about 2.8 under  the condition 
of forming PSL. Silicon is thought to be dissolved 
by the anodization in the divalent  state or in the 
te t ravalent  state (1, 2, 5),  so the effective dissolution 
valence more than 2 means that the dissolution in 
the te t ravalent  state.as well as divalent  state occurs. 
From the same reason about  the reaction rate as 
the divalent  reaction, the tetrava]ent  dissolution reac- 
t ion which consists of nei ther  the formation nor 
the dissolution of SiO2 must  be considered. That is, 
the reaction between silicon and HF can occur, but  
that  between silicon and H20 cannot. The following 
anodic reaction seems to be the most probable for 
the te t ravalent  dissolution reaction of silicon 

Si -1- 4HF -t- (4 -- %)e + .--> SiF4 3-. 4H+ 3-. %e-  

~ 2HF [61 

H2 SiF6 

(where X < 4 )  

At the larger value of the effective dissolution valence, 
the te t ravalent  reaction [6] seems to increase in ratio 
between the divalent  reaction and the te t ravalent  
reaction. 

PSL is formed by the local anodization of generat ing 
pores. Dur ing  anodization, the HF concentrat ion of 
the electrolyte in  the pores is constant and the same 
as that  of the outer HF solution of the pores. HF 
solution can penetrate  into the pores rapidly. There-  
fore, it can be thought that  the reactants  and the 
products of the anodic reaction can be supplied and 
released rapidly in  the pores, respectively. On the 
other hand, dur ing  anodization, the anodic potential  
is constant  in a high concentrated HF solution as 

shown in Fig. 2. These results show that  the anodic 
reactions in the pores (reaction [2], [4], and [6]) 
proceed uni formly  in the thickness direction of PSL. 
This agrees with the result  of infrared spectra mea-  
surement  that Si-H, Si-O, and Si-Si  bonds formed by 
the anodization are distr ibuted uniformly in the thick- 
ness direction of PSL. 

The resistivity of PSL is very high. So if the anodic 
current  passes through the residual  silicon layer in 
PSL dur ing anodization, the anode potential  must  
increase significantly with increasing PSL thickness. 
From the fact that the anode potential  is constant 
dur ing  the constant  current  density anodization, it can 
be considered that the anodic reaction occurs only 
at the base of pores in PSL. 

According to infrared spectra measurement,  silicic 
acid is formed in the process of PSL formation. More- 
over, this silicic acid has a small  dissolution rate in 
concentrated HF solution. The silicic acid is thought 
to be produced by the reaction of H20 with a par t  
of Si, SiF2, or SiF4. SiF2 and SiF~ are produced by 
reaction [2], ]4[, and [6]. The silicic acid is left in  
PSL dur ing anodization and seems to act as a h indrance  
layer  to the following anodization. That is, the ano- 
dization of dissolving silicon can progress only at places 
where the si]icic acid is not formed, and not at places 
where the silicic acid is formed. It can be said that  
the local dissolution is promoted by the hindrance 
layers composed by the silicic acid. 

Proposed Formation Mechanism of PSI. 
The mechanism proposed to form PSL is required 

to init iate and sustain the local dissolution of silicon 
in a silicon substrate. At the surface of PSL, the 
insoluble surface porous film (SPF) is formed from 
the beginning of the anodization. SPF restricts the 
place of dissolving silicon, so that the local anodization 
can be initiated. The following anodic reaction takes 
place only at the base of the pores in PSL. The silicic 
acid is produced in PSL dur ing anodization. The local 
dissolution of silicon is promoted by the hindrance 
layers composed of the silicic acid. The anodic reac- 
tion in the pores is uniform in the thickness direction 
of PSL and contains no disproportionation reaction. 
From these results, the mechanism of formation of 
PSL is proposed as shown in Fig. 18. 

Conclusions 
From the result  of exper imental  investigations and 

discussions, the following are obtained. 
1. The insoluble surface porous film (SPF) exists 

at the surface of PSL and is formed by the deposition 
of e lementary  silicon. The deposition of e lementary 
silicon takes place only at the early step of the ano- 
dization. 

-o 
0 

o 

co 
F 

0 
Z 
r-- 

m 

co 
C 

-H 

m 

SUPPLY 
HF SOLUT~N 

HOLES SUPPLY 

OF Hz RELEASE 
SPF(SURFACE POROUS FILM) 

' Z I H Z H I I H  

~ ~ HINDRANCE LAYER 
" COMPOSED OF SILICIC 

X~ ACID 

~-~HF SOLUTION 

ANODIC REACTION 
Si-I- 2HF+(2-n) e t -  SiF z +2H++ne - 

[~HF 
SiF4 -+ H 2 

Si +4HF + (4-.X.)e+-- SiF4,4H§ - 

Fig. 18. Proposed formation mechanism of PSL 



VoW. I27, No. 2 P O R O U S  S I L I C O N  L A Y E R  483 

2. In the  pores  of PSL, the dissolut ion of silicon 
is the  resul t  of the  d iva len t  and  the t e t r ava len t  reac-  
tions wi thou t  the  d ispropor t iona t ion  reaction.  The 
d iva len t  anodic react ion is given as 

Si ~ 2HF ~- (2 --  n)e + --> SiF2 ~ 2H + ~- n e -  

SiF2 ~ 2HF--> SiF4 -~ H2 

[_~ 2HF 

H2 SiFe 

(n < 2, e + and e -  are hole  and electron,  r espec t ive ly ) .  
The t e t r ava l en t  anodic react ion is given as 

Si + 4HF + (4 --  ~)e+ --> SiF4 + 4H+ -~ k e -  

~_~ 2HF 

H2 SiF6 

(k < 4) 

3. The e lec t ro ly te  in the  pores of PSL has the con- 
s tant  H F  concentra t ion  dur ing  anodizat ion in con- 
cen t ra ted  HF solution. 

4. The anodic react ion in  the  pores proceeds un i -  
fo rmly  in the  thickness di rect ion and takes  place  
on ly  at  the base of the  pores. 

5. PSL  is fo rmed by the local dissolution of silicon. 
The local dissolut ion of sil icon is in i t ia ted  by  S P F  
and is p romoted  by  the h indrance  layers  composed 
of the  silicic acid. 
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ABSTRACT 

Implan ta t ion  of As and P into p reannea led  n - t y p e  CdTe crysta ls  p roduced  
conversion f rom n-  to p - t y p e  for the whole  range of Cd pressures  used for  
pos t implan ta t ion  anneal ing.  Since A r - i m p l a n t e d  samples  showed type  con- 
vers ion only  for  the lower  Cd pressures,  i t  is concluded tha t  As and P cause 
chemical  doping in CdTe. Defect  equ i l ib r ium behavior  and diffusion in the 
imp lan ted  samples  as a funct ion of the  pos t implan ta t ion  Cd pressure  used for 
anneal ing  were  inves t iga ted  by chemical  s t r ipping  of the imp lan ted  surface. 
The defect  equ i l ib r ium behavior  is consis tent  wi th  a model  proposed  by  Sel im 
and KrSger  on the basis of thei r  inves t igat ion of P impur i t y  in CdTe, in which  
the shal low acceptors  in t roduced by  implan ta t ion  are  compensated  by  in t e r -  
s t i t ia l  Cd for  h igher  pos t implan ta t ion  anneal ing  Cd pressures,  and by  As or P 
at Cd sites a t  lower  Cd pressures.  Two fast  diffusion mechanisms were  ob-  
served in A s - i m p l a n t e d  samples,  but  only  one of these in  P - i m p l a n t e d  samples.  

Only  a few implan ta t ion  invest igat ions  have  been 
car r ied  out  wi th  CdTe. Kachur in  et al. (1) first in-  
ves t iga ted  the implan ta t ion  of Ag and Ga in CdTe 
thin  films, bu t  the doping effects were  unclear .  Don-  
ne l ly  (2) imp lan ted  As + ions into n - t y p e  CdTe crys-  
tals  and r epor t ed  convers ion to p - t y p e  af te r  pos t im-  
p lan ta t ion  anneal ing;  s imi lar  resul ts  were  r epor ted  
by  Agr in skaya  et at. (3), who compared  the resul ts  
of implan t ing  Ne and As ions in CdTe and concluded 

Key words: implantation, p-n junctions, defects, diffusion. 

that  As chemical ly  dopes the CdTe. Doping efficiency 
has been increased by  co implanta t ion  of As + and Cd +, 
as wel l  as P+ and Cd +, to produce p - t y p e  CdTe (4).  

Get t ings  and Stephens  (5) r epor ted  conversion of a 
p - t y p e  CdTe subs t ra te  to n - t y p e  under  implan ta t ion  
of n - t y p e  dopants  such as Bi and  In. An  implan ta t ion  
efficiency of 30% was measu red  for  a dose of 1014 
cm -2 In ions. Al though more  ac t iv i ty  was genera ted  
by Bi ions, Te and Ar  ions p roduced  no measu rab le  
e lect r ica l  changes. A n  observed increase  in  la t t ice  



484 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY February 1980 

disorder and sample resistivities for anneal ing tem- 
peratures above 400~ was a t t r ibuted to thermal ly  
generated active detects and to loss of the implanted 
ion species. 

More recently Bean et al. (6) have investigated im-  
planta t ion of As, Kr, and Cs in  CdTe and suggested 
that doping due to As implanta t ion  appeared to be 
caused by implan ta t ion- induced  defects whereas dop- 
ing due to Cs implanta t ion  appeared to be actual  
chemical doping. The present  authors have previously 
reported successful production of CdTe p -n  photo- 
voltaic junct ions by As implanta t ion  followed by Cd- 
pressure controlled post implantat ion anneal ing (7). 

Although efforts have been made to improve the 
doping efficiency in CdTe, the unders tanding  of im-  
planta t ion effects in  this mater ia l  is still quite limited. 
The factor of defect' equi l ibr ium chemistry has been 
largely neglected dur ing the post implantat ion anneal -  
ing. Figure  1 summarizes the defect equi l ibr ium be- 
havior of CdTe doped with Cu, In, Au, or P, as re-  
ported by de Nobel (8) and by Selim and KrUger 
(9). The conductivi ty type and the carrier concentra-  
tion of CdTe are strongly affected by the Cd pressure 
used in annealing.  It is therefore to be expected that  
the post implantat ion anneal ing Cd pressure can play 
an impor tant  role in controll ing the implanta t ion  effi- 
ciency. 

In the research described in this paper, CdTe single 
crystal samples were implanted  with As, P, or At. 
After post implantat ion anneal ing  with controlled Cd 
pressures, these samples were chemically stripped and 
the exper imental  results are compared with those of 
Selim and KrSger (9). 

Experimental  Procedure 
CdTe single crystals without  in tent ional  doping were 

grown by the unidirect ional  solidification method 1 
in Cd and 0.5 atomic percent  excess Te solution. 
The crystal growth conditions and the details of sam- 

1 Crystals  w e r e  g r o w n  by  R. R a y m a k e r s  and Dr. R. S. Feigelson 
in the  Crysta l  Growth  L a b o r a t o r y  of the  Center  for  Mater ia ls  Re- 
search  at Stanford  Univers i ty .  
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Fig. 1. Carrier concentration of CdTe samples doped with Cu, In, 
Au, or P as a function of the annealing Cd pressure after the 
samples were quenched from an annealing temperature of 700~ 
P data from Selim and KrSger (9), all other data from de Nobel (8). 

ple preparat ion procedure have been previously re- 
ported (7). The samples used here had dimensions of 
5 X 5 X 1 mm 3. 

Preimplantation annealing.--The as-grown CdTe 
crystals were p- type with a hole concentration of 
1013 cm -3 and a hole mobi l i ty  of 80 cm2/Vsec, as 
expected due to the generat ion of Cd vacancies and /or  
Te interst i t ials  by the growth in excess Te. To ob- 
tain n- type  substrates for implantat ion,  these crystals 
were converted to n- type  by anneal ing  in  a two-zone 
furnace under  Cd pressure for 36 hr in evacuated 
clean quartz tubes containing Cd. The first zone was 
used to control the substrate temperature  at either 
500 ~ or 600~C, and the second zone was used to control 
the Cd temperature,  which determines the Cd pres- 
sure in the tube, between 320 ~ and 600~ After an-  
nealing, samples were quickly cooled by quenching 
the ampul  in water. 

Implantation.--After pre implanta t ion  annealing,  
samples were etched with b romine-methanol  to re-  
move Cd precipitates from the surface. After  etching, 
As, P, or Ar ions were implanted into CdTe substrates 
held at either 25 ~ or 300~ 

Postimplantation annealing.--The procedure for 
post implantat ion anneal ing was similar  to that  for 
pre implanta t ion  anneal ing except that the anneal ing 
t ime was just  1 hr. The purpose of this anneal ing was 
to decrease the crystal damage caused by the im-  
plantat ion and to make the dopant electrically active. 

As Implanta t ion  
Table I summarizes the seven series of experiments  

that were carried out in the present  invest igat ion ot 
As implanta t ion  in n- type  CdTe. 

Preliminary investigation and reproducibility 
(series As-1 and control).--Series As-1 was implanted 
with As for the investigation of type conversion, an-  
neal ing effects as a funct ion of Cd pressure, and re- 
producibil i ty of the results. The control samples were 
processed through all the same procedures as As- l ,  
except that they were not implanted.  

After preanneal ing,  all  the samples in these two 
series were n- type  with a mobil i ty  of 670 cm2/Vsec 
and an electron density as shown in Fig. 2. For high 
Cd pressures, the electron density varied as the 0.36 
power of the Cd pressure; this value is close to 0.33 
which corresponds to determinat ion of the n- type  
conductivity by doubly ionized native defects, either 
doubly ionized interst i t ial  Cd or Te vacancies (10-13). 

After heating in the implanta t ion  system at 300~ 
with or without As implantat ion,  the surface of all 
samples converted to p-type, probably associated with 
Cd vacancies formed by out-diffusion of Cd, which 
have a shallow acceptor level with ionization energy 
of 0.05 eV. 

After  post implantat ion annealing,  the control sam- 
ples were again n - type  with identical  electrical prop- 
erties as before processing in the implanta t ion system, 
provided that the 300~ heating in the implanter  was 
not longer than 1 hr. This indicates that  the 500~ 
postanneal ing under  Cd pressure annihi la ted  the Cd 
vacancies formed by the 300~ heat ing in the im-  
planter,  unless the 300~ heat ing was long enough to 
generate vacancy clusters. 

The As- implanted  samples, however, showed quite 
different properties after post implantat ion annealing.  
The substrates of these samples were indeed n- type  
with the same electrical properties as the control 
samples, but  the As- implanted  surfaces were p- type 
with the sheet hole concentrat ions shown in Fig. 3 
as a function of Cd pressure. Reproducibil i ty for these 
samples was excellent. 

These pre l iminary  experiments  confirm that  type 
conversion upon As implanta t ion  is due to the As im- 
planta t ion itself, and not to any extraneous processing 
effects. 
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Table I. Summary of samples and treatments 

Implantation Ion 
S a m p l e  Pre implanta t ion  temperature, Dopant and energy, Pos t implanta t ion  
s e r i e s  annealing ~ dose, cm -2 keV annealing 

As-1 500~ pcd var ied  300 As,  10 ~5 60 Same as preimplanta- 
tion annealing 

Control  500~ pcd var ied  300 None None Same as preimplanta- 
tion annealing 

A r  500~ m a x  pod 300 Ar ,  10 ~5 60 500 ~ or 600~ 
As-2 500~ m a x  ped 30'0 As ,  10~ 100 500 ~ or  600~ 
As-3 5O0~ max pea 25 As, i0 ~ I00 600 ~ 
As-4 600~ max pcd 25 AS, 10 ~ 100 500 ~ or 600~ 
As-5 600~ m a x  pCd 25 AS, 5 x 101~ 100 6O'0~ 
P-2 5O0~ m a x  pod 300 P, 101~ 100 500 = or 600~ 
P-3 500~ m a x  pca 25 P, 101~ 100 500=C 
P-4 600~ max pca 25 P, 1015 100 500 ~ or 600~ 

Implantation damage (At  series). �9 T w e l v e  s a m p l e s  
c o m p r i s e  t h e  A r  se r ies ;  t h e s e  w e r e  p r e a n n e a l e d ,  i m -  
p l a n t e d  w i t h  Ar ,  a n d  p o s t a n n e a l e d  as d e s c r i b e d  i n  
T a b l e  I. A f t e r  i m p l a n t a t i o n  h a l f  t h e  s a m p l e s  w e r e  a n -  
n e a l e d  a t  600~ u n d e r  d i f f e r e n t  Cd p r e s s u r e s ,  a n d  h a l f  
t h e  s a m p l e s  w e r e  a n n e a l e d  a t  500~C u n d e r  d i f f e r e n t  
Cd p r e s s u r e s .  

F o r  a w h o l e  r a n g e  of Cd p r e s s u r e s  f r o m  10 -3  to 10 -1 
a t m  a t  600~ a n d  ~or a l l  Cd p r e s s u r e s  g r e a t e r  t h a n  2.5 
X 10 -3  a t m  a t  500~C, no  c o n d u c t i v i t y  t y p e  c o n v e r s i o n  
is c a u s e d  b y  A r  i m p l a n t a t i o n .  O n l y  for  Cd p r e s s u r e s  
less  t h a n  2.5 X 10 -3  a r m  a n d  for  a n n e a l i n g  a t  500~ 
is c o n v e r s i o n  to p - t y p e  o b s e r v e d ,  as i n d i c a t e d  on  Fig. 4. 
Th i s  p - t y p e  b e h a v i o r  c a n  be  a s s o c i a t e d  w i t h  i m p l a n t a -  
t i on  d a m a g e  (Cd  vacanc ies ,  Te  i n t e r s t i t i a ] s ,  or  d e f e c t  
c l u s t e r s )  w h i c h  is a n n e a l e d  a w a y  fo r  a l l  Cd p r e s s u r e s  
a t  600~ a n d  fo r  a l l  b u t  t he  l o w e s t  Cd p r e s s u r e s  a t  
500"C. T h e s e  r e s u l t s  s h o w  t h a t  t h e  Cd p r e s s u r e  is a n  
i m p o r t a n t  p a r a m e t e r  i n  a n n e a l i n g  t h e  i m p l a n t a t i o n  
d a m a g e ,  as w e l l  as t h e  a n n e a l i n g  t e m p e r a t u r e .  

As implantation and electrical properties (series 
As-2, As-3, As-4, and As-5).--Four se r i e s  of e x p e r i -  
m e n t s  w e r e  c a r r i e d  o u t  to i n v e s t i g a t e  t h e  effects  of i m -  
p l a n t a t i o n  s u b s t r a t e  t e m p e r a t u r e ,  p r e a n n e a l i n g  t e m -  
p e r a t u r e ,  a n d  p o s t a n n e a l i n g  t e m p e r a t u r e  o n  t h e  e l ec -  
t r i c a l  p r o p e r t i e s  of A s - i m p l a n t e d  samples .  

T w e l v e  As -2  s a m p l e s  w e r e  t r e a t e d  s i m i l a r l y  to t h e  
A r  s amp le s ,  e x c e p t  t h a t  t h e y  w e r e  i m p l a n t e d  w i t h  100 
k e V  As ions.  T h e  i m p l a n t e d  s u r f a c e s  of a l l  s a m p l e s  
w e r e  c o n v e r t e d  to p - t y p e ,  w h i l e  t h e  s u b s t r a t e  r e m a i n e d  
n - t y p e .  T h e  v a r i a t i o n  of s h e e t  ho le  c o n c e n t r a t i o n  m e a -  

I 0 'e 1 ' I ' I ' t ' 

n/cm 3 

1 0  '5 ~176 

T~ = 500~ 
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gig. 2. Electron concentration as a function of annealing Cd 
pressure for CdTe series As-1 and control in a preimplantation an- 
neal to convert as-grown p-type undoped CdTe to n-type substrates 
for implantation. 

s u r e d  on  t h e  i m p l a n t e d  s u r f a c e  as  a f u n c t i o n  of  p o s t -  
a n n e a l i n g  Cd p r e s s u r e  a n d  a n n e a l i n g  t e m p e r a t u r e  is 
g i v e n  i n  Fig. 4. T h e  ho le  m o b i l i t i e s  r a n g e  f r o m  30 to 60 
c m 2 / V s e e  fo r  t h e  w h o l e  r a n g e  of p r e s s u r e s  a n d  t e m -  
p e r a t u r e s  used.  Al l  of t h e s e  s a m p l e s  w e r e  r e m e a s u r e d  
two  m o n t h s  a f t e r  t he  i n i t i a l  p r e p a r a t i o n  to c h e c k  t h e i r  
s t a b i d t y .  Only t h e  s a m p l e s  a n n e a l e d  u n d e r  m a x i m u m  
Cd p r e s s u r e  s h o w e d  a n y  c h a n g e s ;  fo r  t h e m  t h e  s h e e t  
ho le  c o n c e n t r a t i o n  h a d  d e c r e a s e d  to h a l f  of  i t s  i n i t iM 
va lue .  

S ix  As -3  s a m p l e s  w e r e  t r e a t e d  s i m i l a r l y  to t h e  A s - 2  
samples ,  e x c e p t  t h a t  t h e y  w e r e  i m p l a n t e d  a t  25~ a n d  
w e r e  p o s t i m p l a n t a t i o n  a n n e a l e d  a t  600~ only ,  to  t e s t  
t h e  ef fec t  of i m p l a n t a t i o n  s u b s t r a t e  t e m p e r a t u r e .  C o n -  
d u c t i v i t y  t y p e  c o n v e r s i o n  w a s  o b s e r v e d  on  a l l  t h e s e  
s a m p l e s  w i t h  t h e  s h e e t  ho le  c o n c e n t r a t i o n  r e s u l t s  
s h o w n  i n  Fig. 5. T h e  m o b i l i t i e s  of t h e s e  s a m p l e s  d e -  
c r e a s e d  f r o m  50 c m 2 / V s e c  a t  l ow  Cd p r e s s u r e  to  10 
cm2 /Vsec  a t  m a x i m u m  Cd p r e s s u r e .  A r k a d ' e v a  et al. 
(4) d id  2 5 c C - i m p l a n t a t i o n ,  a n n e a l e d  t h e i r  s a m p l e s  

u n d e r  m a x i m u m  Cd p r e s s u r e ,  a n d  r e p o r t e d  ho l e  m o -  
b i l i t i e s  b e t w e e n  9 a n d  30 cm2/Vsec .  R e m e a s u r i n g  t h e s e  
s a m p l e s  a f t e r  two  m o n t h s  a g a i n  s h o w e d  no c h a n g e s  e x -  
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tion annealing at 500~ and implantation at 300~C), and for Ar 
samples postimplantation annealed at 500~ Ar-implanted samples 
postimplantation annealed at 600~ did not show conductivity type 
conversion. 

cept for the samples annealed under  maxirr.. .m Cd 
pressure,  for which the sheet hole concentrat ion had 
decreased to half  of its ini t ial  value. 

Ten As-4 samples were  used to check the effects of 
changing the preanneal ing  t empera tu re  f rom 500 ~ to 
600~ The sheet hole concentrations are shown in 
Fig. 5. Hole mobili t ies were  s imilar  to those found for 
As-3 samples. 

Four  As-5 samples were  used to check the effects of 
dose on implanta t ion  results. The sheet hole concen- 
trations are also shown in Fig. 5. A decrease in dose 
by a factor of 20 was accompanied by an increase in 
the m a x i m u m  implanta t ion efficiency f rom 1 to 3%. 

DifJusion and deSect equilibrium behavior.--Shee~ 
concentrat ions cannot be used for direct analysis of 
the detai led doping process because the sheet concen- 
trations are the product  of two variables:  (i) the hole 
concentrat ion per uni t  volume, and (ii) the diffusion 
distance of As atoms af ter  annealing. These two var i -  
ables were  separated by chemical s t r ipping exper i -  
ments. 

An etching solution was used to etch away  a thin 
layer  of the implanted  samples. By measur ing the sheet 
hole concentrations before and af ter  etching, and divid-  
ing the difference be tween these two concentrat ions by 
the thickness of the etched layer,  the hole concentra-  
t ion per unit  volume of that  layer  can be calculated. 
By a series of such experiments ,  the profile of the hole 
density can be obtained for  each sample. We used a 
0.01% by volume bromine in methanol  etchant, which  
has an etching rate of 2 A/sec.  The profiles of hole den-  
sity in our samples were  calculated by assuming a con- 
stant mobi l i ty  as measured  on the surface.2 

The hole density profiles for As-2 600~ post im- 
plantat ion annealed samples are shown in Fig. 6. The 
theoret ical  ion distr ibut ion in As- implan ted  samples is 
also shown in this figure, which was approximated  by 
the fol lowing Gaussian distr ibut ion (14) 

The difference of the  sheet  hole  concentrat ion be tween  two 
consecutwe measurements was less than 5% of the total shee t  
hole concentration. Since a 5% error was observed during Hall 
e~ect measurements, we did not make Hall measurements after 
each stripping, but instead assumed an essentially constant mobil- 
ity and restricted ourse lves  to conduct iv i ty  measurement  only. 
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NI N ( x )  -- exp {-- ( x  -- Rp)212(ARp) 2} [1] 
(2~) 2/~ (ARp) 

where Rp is the projected range, ARp is the s tandard 
deviation, x is the perpendicular  distance into the sub-  
strate, and Ni iS the ion dose. For 100 keV As in  CdTe, 
Rp : 439A and ARp : 258A (15).The hole density pro- 
files of the As-2 500~ samples and the As-4 
600oC-annealed samples have also been measured, 
bu t  are not presented here in  the interest  of brevi ty  
(16). 

The curves of Fig: 6 show the dependence of hole 
density and the effective diffusion distance on annea l -  
ing Cd pressure. The hole density profiles of most 
samples, except for two As-2 samples annealed  under  
m a x i m u m  Cd pressure, were very  fiat and extended 
into the samples, indicat ing that  the diffusion of As- 
associated acceptors was very fast. 

The hole densities of these samples (except for 
those annealed  under  m a x i m u m  Cd pressure) are 
given in  Fig. 7 as a funct ion of Cd pressure. There is 
a close similari ty between these curves and those given 
by Selim and Krhger (9) in  Fig. 1. 

By using the approximat ion 

L ~-~ (4Defftd) '/2 [2] 

the effective diffusion coefficients of the samples can be 
estimated and are plotted in  Fig. 8. In  Eq. [2], L is the 
effective diffusion distance, Deff is the electrically ac- 
tive dopant diffusion coefficient, and ta is the diffusion 
time (i hr for our samples). 

Shal low acceptor level associated w i th  As  impIanta-  
t i on . - -Low t empera ture  Van der Pauw measurements  
(a four-point  probe measurement)  were made on As- 
implanted  samples to determine the energy level of the 
shallow acceptor levels generated by As implantat ion.  
An energy level ly ing 0.08 eV above the valence band 
is indicated, which may be associated with As sub-  
s t i tuted for Te. 
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P I m p l a n t a t i o n  
The behavior  of P in  CdTe has been invest igated to 

a certain extent, providing addit ional  guides for our 
in terpre ta t ion  of implanta t ion  effects. Doping and com- 
pensat ion phenomena of P in  CdTe were reported by 
Lorenz and Segall (17), Morehead and Mandel  (18), 
and Arkad 'eva  et al. (19). Diffusion of P in  CdTe at 
900 ~ and 950~ has been invest igated by Hall  and 
Woodbury (20). We have already ment ioned the de- 
fect equi l ibr ium chemistry invest igat ion of P-doped 
CdTe by Selim and Krhger (9). 

The procedures used for implan t ing  P in  CdTe were 
similar to those used for implan t ing  As. Three series 
of experiments  were carried out to invest igate the 
effects of implan ta t ion  substrate temperature,  pre-  
implanta t ion  conditions, and post implanta t ion annea l -  
ing conditions. The samples are summarized in  Table L 

Electrical properties (series P-2, P-3, and P -4 ) . - -The  
implanted  surfaces of all  twelve P-2 samples were 
converted to p- type  while the substrates remained 
n - type  after implan ta t ion  and post implanta t ion an -  
neanng.  Figure 9 shows the sheet hole concentrat ions of 
these samples as a funct ion of post implanta t ion an-  
neal ing Cd pressure, inc luding also the Ar implanta t ion  
data for comparison. Although differences in  detail  
are evident, the general  behavior  after P implan ta t ion  
is quite similar  to that  after As implantat ion.  Chemi-  
cal doping by implanted  P impuri t ies  seems to have 
occurred. 

The hole mobilit ies in  these samples were also 
measured. An average mobil i ty  of 45 cm2/Vsec was 
found for samples annealed  at 500~ independent  of 
Cd pressure. The mobilit ies for samples annealed  at 
600"C decrease from 70 to 33 cm2/Vsec wi th  increasing 
Cd pressure. 

Four P-3 samples were treated similar  to P-2 samples. 
except that  the implan ta t ion  was at 25~ All  im-  
planted surfaces were converted to p-type,  but  van  der 
Pauw measurements  in  conjunct ion with chemical 
s tr ipping exper iments  showed these samples to be 
inhomogeneous. 
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Eight P-4 samples were preannealed  at 600~ under  
max imum Cd pressure. All  samples showed conver-  
sion to p- type  on the implanted surface. Those post- 
implanta t ion  annealed at 500~ were again inhomo- 
geneous. The electrical properties of samples annealed  
at 600~ were measured;  the sheet hole concentrations 
were considerably smaller  than  those of P-2 samples, 
while the hole mobilit ies were comparable to those 
found for P-2 samples. 

DifJusion and defect equilibrium behavior.--Stripping 
experiments,  as described previously for As- implanted  
samples, were carried out for P-2 samples post implan-  
tat ion annealed at 500 ~ and 600~ and for P-4 samples 
annealed  at 600~ The results for 600~ 
P-2 samples are given in Fig. 10, which show that  the 
diffusion coefficient and hole concentrat ions are a func-  
t ion of the anneal ing Cd pressure. Figure  10 also in-  
cludes the theoretical P dis tr ibut ion after implan ta -  
t ion calculated using Eq. [1] where Rp ---- 875A and 5Rp 
---- 571A for a P ion energy of 100 keV (15). The hole 
concentrat ions as a funct ion of Cd pressure for the P-2 
samples are given in  Fig. 11, which includes Selim and 
Krhger 's  (9) results for their 600 ~ and 900~ an-  
nealed P-doped samples. In  their  work the P was in-  
corporated dur ing crystal growth and the P concentra-  
tion was 5 • 1019 cm -3. Higher hole concentrations 
are apparent ly  achievable by ion implantat ion.  

Str ipping experiments  also show that  P does not 
have appreciable diffusion in 500 ~ C-annealed P-2 sam- 
ples or in 600~ P-4 samples. 

Estimates of the diffusion coefficients involved for 
the 600~ P-2 samples, according to Eq. [2], 
are given in  Fig. 12. 

Shallow acceptor level associated with P implanta- 
tion.--Low tempera ture  Hall effect measurements  were 
made on P-2 samples to determine the properties of the 
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Fig. 9. Sheet hole concentration as a function of postimplantation 
annealing Cd pressure for P-2 samples compared to Ar samples. 
P-2 samples were preimplantation annealed at 500~ and im- 
planted at 300~ postimplantation annealing was carried out at 
500~ and at 600~ yielding the two curves shown. 

shallow acceptor level caused by P implantat ion.  An 
ionization energy of 0.037 eV was found that  is in 
agreement  with the published data (9). 

Ohmic contacts.--The preparat ion of ohmic contacts 
to p- type CdTe is a difficult one. No metal  exists with 
workfunct ion larger than  that  of p- type CdTe. Al-  
though ohmic contacts to p- type CdTe have been re- 
ported (21), the contact resistivities have not been re- 
ported. By evaporat ion of Au on slightly bromine-  
methanol  etched P- implan ted  p- type CdTe (e.g., a 
sample of P-2 with post implantat ion substrate tem- 
perature  of 600~ and Cd temperature  of 370~ ohmic 
contacts were achieved with a contact resistivity of 
0.2 t l -cm 2. 

Discussion: As Implantation 
Limitations on quantitative analysis.--Detailed quan-  

ti tative analysis of our results is l imited by two major  
problems: (i) the effects of implanted As on chemical 
diffusion in CdTe are unknown,  and (if) the As-re-  
lated species formed by implanta t ion  is unknown.  

Since the pre implanta t ion  and post implantat ion an-  
neal ing conditions of most samples are not the same 
(except for the As-1 samples) because of practical 
l imitations on the number  of samples to be invest i-  
gated, there was chemical diffusion in CdTe even 
without  implanted As. This chemical diffusion process 
has been studied by Zanio (22), Rud'  and Sanin  (23), 
and Whelan and Shaw (11). Zanio's experiments  
covered the temperature  range from 500~ 800~ and 
he found th&t the chemical diffusion coefficient could 
be wr i t ten  as 

DCGTe : 4 exp (--1.15 eV/kT)  cm 2 sec -~ [3] 

and was independent  of the anneal ing  Cd pressure. 
This result  was explained by Chern and Krhger (24) 
by a t t r ibut ing the chemical diffusio-n to a combination 
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of diffusions of different nat ive defects. In  our  experi-  
ments  it  is not  clear how many  diffusion mechanisms 
the As atoms will have in  CdTe, and the interact ion 
between the chemical diffusion of nat ive point  defects 
in  CdTe and As is unknown.  

In  Lidow and Gibbons'  work on ion implanta t ion  
in GaAs (25) they found that  SeAs-VGa complexes 
formed dur ing implanta t ion  above 150~ Although 
measurements  of photoluminescence that  we performed 
on our samples indicate different photoluminescence 
responses associated with different As-related species, 
it is not clear whether  these species were formed dur -  
ing implanta t ion  or dur ing  post implanta t ion annealing.  

In spite of these difficulties, some conclusions can be 
tenta t ively  d rawn from the exper imental  results de- 
scribed above. 

Defect equilibrium chemistry.--Figure 7 is the de- 
fect equi l ibr ium diagram for the As- implanted  CdTe 
samples, which is quite similar  to the results reported 
by Selim and KrSger (9) for P-doped CdTe as shown 
in Fig. 1. Our low tempera ture  Hall measurements  in-  
dicated only a single acceptor associated with As im-  
plantat ion,  which we assigned to As on Te sites. The 
observed decrease of the hole concentrat ion from the 
max imum concentrat ion as a funct ion of Cd pressure 
is apparent ly  caused by compensation; l ikely defects 
for such compensat ion are interst i t ial  Cd at higher Cd 
pressures, and As on Cd sites at lower Cd pressures. 
According to Selim and KrSger (9), P can occupy Cd 
sites and behave as a triple donor dur ing  anneal ing 
under  low Cd pressure; it might  be expected that  the 
concentrat ion of AScd, a triple donor, would be even 
higher than  that  of POd unde r  the same conditions 
because the size and electronegativi ty of As are closer 
to those of Cd than  are those of P. Comparison of Fig. 
7 with Fig. 11 does indicate that  compensation in As- 
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implanted CdTe is s tronger than in  l~-implanted CdTe 
for low Cd pressures, in agreement  with this argument .  

Differences indicated in  Fig. 7 be tween the hole con- 
centrat ions of 600~ As-2 and As-4 samples 
might  be interpreted as follows. The As-4 samples 
had a higher density of Te vacancies after higher 
temperature  pre impianta t ion  annealing,  and since 
there was no supply of Te atoms dur ing post implanta-  
tion annealing,  the probabi l i ty  of As going to Te sites 
and behaving as acceptors was enhanced for the P-4 
samples. 

Di#usion.--Detailed analysis of the self-diffusion of 
defects has been carried out by Chern and KrSger 
(24) who expressed the tracer diffusion coefficients as 

D* ---- Do*Pcd b exp ( - - H * / k T )  cm 2 sec -1 [4] 

where b is a number ,  Do* is a constant, and H* is the 
activation energy for diffusion. The factor b describes 
the pressure dependence of the diffusion coefficients 
for defects and has a different sign for different types 
of detects; b is positive in CdTe for Dcdi..* and for 
Dvwe..*, but  b is negative for Dvce,*, Dvcd"*, and 
DTeiX *. 

~igure 8 shows that  the diffusion coefficients of 
As-2 samples have a negative b, which indicates that  
As diffusion is through a mechanism involving Cd va-  
cancy and/or  Cd inters t i t ia l  sites. That  As diffusion 
in  Cd interst i t ial  sites should have a negative b follows 
from the fact that Dcdi..* is positive, but  an increase in  
the Cdi concentrat ion means a decrease in  the diffusion 
rate through interst i t ial  sites. 

Figure 8 also suggests that  the diffusion coefficients 
of As-4 samples have components wi th  both positive 
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and negat ive  b. Since these samples  were  p r e imp la n t a -  
t ion annea led  at  a h igher  t e m p e r a t u r e  than  the As-2 
samples,  under  m a x i m u m  Cd pressure ,  they  wil l  have 
h igher  concentrat ions  of Cdi and VT+ and lower  con- 
centra t ions  of Vcd than  the As-2 samples.  The ex-  
pected resul t  is tha t  the diffusion mechanism wi th  
negat ive  b wil l  be suppressed,  whi le  that  wi th  posi t ive 
b wi l l  be enhanced.  This is consis tent  wi th  the t rend  
of the  observat ions.  

Our  measurements  on the photoluminescence response 
of these samples  suppor t  these suggestions. As-2 and 
As-4 samples  wi th  different  diffusion character is t ics  
had  different  photoluminescence responses. In  As-2 
samples  at  least  one As-associa ted  species is indica ted  
wi th  a photoluminescence peak  at  0.77 eV; in As-4 
samples,  a t  leas t  three  As-associa ted  species are  ind i -  
cated wi th  peaks at  0.77, 0.90, and 1.10 eV, a l though 
the in tens i ty  of the 0.77 eV peak  is much less than  tha t  
of the o ther  two. Since the p re implan ta t ion  anneal ing  
and implan ta t ion  condit ions for  As-2 samples  caused 
many  Cd vacancies and a low concentra t ion of Cd 
interst i t ia ls ,  an identif icat ion is reasonable  be tween  
the  0.77 eV peak  and ei ther  single As or As complexes,  
wi th  As at  e i ther  Cd sites or Cd in te rs t i t i a l  sites. The 
p re implan ta t ion  anneal ing  of As-4 samples  indicates  
tha t  the concentra t ion of Te vacancies should be 
g rea te r  than  in  the  As-2 samples,  and  tha t  the con- 
cen t ra t ion  of Te in ters t i t ia ls  should be less than  in 
As-2 samples. Hence, we might  a t t r ibu te  peaks at  0.90 
and 1.10 eV to As at Te subst i tu t ional  or  in te rs t i t i a l  
sites. Al though  cer ta in ly  not  a t ight  argument ,  these 
assignments  a re  at  least  consistent  wi th  the diffusion 
data. 

Discussion: P Implantation 
Defect equilibrium chemistry.--Most of the resul ts  

of P implan ta t ion  are  quite s imilar  to those of As im-  
p lan ta t ion  and can be in te rp re ted  wi th in  the f r ame-  
work  of the  in te rp re ta t ion  of Se l im and Kr5ger  (9). 
Under  h igher  Cd pressures  (Fig. 11) the compensat ion 
of PTe acceptors  is by  in te rs t i t i a l  Cd, whi le  a t  lower  Cd 
pressures,  the  compensat ion  of P ie  is by Pcd, a t r ip le  
donor. The observat ion  that  the hole concentrat ions re-  
por ted  by  Sel im and KrSger  for 600~ anneal ing  are  
about  ten t imes smal le r  than  those p roduced  by  P 

implan ta t ion  in spite  of the  h igh  P concentra t ion  (5 • 
10 TM cm -8) in thei r  samples,  cannot  be expla lued  
wi thout  fu r the r  invest igat ion.  

Di~usion.--The effective diffusion eoefficienSs for  
P-2 samples  shown in Fig. 12 a re  smal le r  than  those 
of As in As-2 samples  t rea ted  in a s imi la r  way. Only 
a nega t ive  b factor  in Eq. [4] is ind ica ted  by  the re -  
sults, indica t ing  tha t  e lec t r ica l ly  act ive P in  these 
samples  diffuses th rough  a mechanism involv ing  P 
at  Cd subst i tu t ional  or in te rs t i t i a l  sites. 

The 600~ annea led  P-4  samples  showed no a p p r e -  
ciable diffusion. This resu l t  indicates  tha t  (i) diffusion 
through the mechanism involving a negat ive  b factor  
is suppressed,  and (it) P does not  diffuse th rough  a 
mechanism wi th  a posi t ive b factor.  

The inhomogenei ty  of the 500~ samples  
can be a t t r ibu ted  to the  low P diffusion coefficients. 

Summary 
A Cd-pressure  control led  pos t implan ta t ion  anneal ing  

was shown to be a useful  method  for control l ing im-  
pu r i ty  doping and impur i t y  diffusion. This annea l ing  
method is expected  to be useful  for  the  studies of 
ion implan ta t ion  in a va r i e ty  of compounds,  inc lud-  
ing I I -VI ,  I I I -V,  and ternar ies .  

The fact  tha t  conduc t iv i ty - type  conversion f rom n-  
to p - t y p e  was obta ined  for the whole  range  of pos t im-  
p lan ta t ion  anneal ing  Cd pressures  af ter  As or  P im-  
plantat ion,  but  only  at  low anneal ing  t empera tu res  and 
low Cd pressures  a f te r  A r  implanta t ion ,  leads to the 
in te rp re ta t ion  that  As and P cause chemical  doping 
in CdTe. 

Detect  equ i l ib r ium behavior  is s imi lar  in both As-  
and P - i m p l a n t e d  CdTe and can be descr ibed in te rms 
of a model  proposed by  Sel im and KrSger  (9) on the 
basis of thei r  inves t iga t ion  of P impur i t y  in CdTe. 
Under  h igher  pos t implan ta t ion  anneal ing  Cd pres-  
sures, the shal low acceptors,  (p robab ly  ASTe or  Pwe) 
are compensated  by Cdi, whereas  at  lower  Cd pressures  
the shal low acceptors  are  compensated  by  Asca or 
Pod. The shal low acceptors in A s - i m p l a n t e d  CdTe have 
an energy  level  0.08 eV above the valence band, and  
the shal low acceptors in P - i m p l a n t e d  CdTe have an 
energy  level  0.037 eV above the valence band. 

Two fast  diffusion mechanisms were  observed  in As-  
implan ted  samples  wi th  different  dependence  on the 
anneal ing  Cd pressure:  the first is t en ta t ive ly  de-  
scr ibed in terms of As a t  Cd or Cdi sites, and the 
second in terms of As at  Te or  Tei sites. In  P - i m -  
p lan ted  samples, only  one fast diffusion mechanism 
was observed,  tenta t ive ly ,  assigned to P at  Cd or  Cdi 
sites. 

Ohmic contacts wi th  low res is t iv i ty  of 0.2 ~q-cm 2 
were  made  on As-  and P - i m p l a n t e d  CdTe samples.  
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Additives That Improve Positive Resist Durability for 
Plasma Etching 

Katsuhiro Harada 
Nippon Telegraph and Telephone Public Corporation, 

Ibarak~ Electrical Communication Laboratory, Tokai, Ibaraki, 319-II, Japan 

ABSTRACT 

Additive effects on plasma etching durabil i ty for positive resist have b e e n  
studied. The radical scavenger and plastics antioxidant increase the plasma 
etching durabi l i ty  of positive resists by reducing thickness loss and pat tern de- 
formation after plasma etching (thickness loss decreases about 2 times for 10% 
addit ive).  The sensitivity, contrast, and development of additive-containing 
resists, showing slight difference from original resists, are investigated by elec- 
tron beam exposure. 

Dry etching, which has been foreseen as a tech- 
nique enabling the LSI and other devices manufacture 
having fine pattern and high accuracy, is performed by 
the process using active species such as accelerated 
ion, reactive ion, and radical, which are called sputter 
etching, reactive ion etching, and plasma etching (1), 
respectively. 

A resist used for the dry etching process requires a 
dry etching durabil i ty in order to achieve the highly 
accurate process addition to high sensitivity and high 
resolution which are required mainly by a resist for 
conventional chemical etching process. The dry etch- 
ing durabi l i ty  for a resist is defined practically as a 
minimum of thickness loss and pattern deformation, 
which are induced by resist decomposition and de- 
naturation as a result of the etching process. However, 
the resist decomposition and denaturation, under a dry 
etching atmosphere, have rarely been studied in detail. 

The difference between positive and negative resist 
is apparently an approach to designing high dry etch- 
ing durabihty having high sensitivity. Chlorometh- 
ylated polystyrene (CMS) (2), as a negative resist, 
makes it possible to have these functions in a homo- 
polymer, owing to designing a polymer which has a 
benzene-ring as a dry etching durable group and 
chloromethyl groups as a cross-linking highly sensitive 
functional group. However, it is not possible to possess 
these two functions in positive resist, because the 
main chain decomposition must accelerate for high 
sensitivity, but it  must be inhibited for dry etching 

Key words: resist additive, positive resist durability, plasma 
etching. 

durability. Therefore, positive resist has been a con- 
flicting property between dry etching durabil i ty and 
high sensitivity, e.g., polystyrene sulfone has excellent 
durabil i ty for ion milling, but it has a low sensitivity 
of 1 • 10 -5 C/cm 2, compared with polyolefin sul- 
lone, which has a high sensitivity of 1 ,-, 3 • 1O -~6 
C/cm 2 and low dry etching durabil i ty (3, 4). AZ-1350, 
as a positive photoresist, has high dry etching dura-  
bil i ty but a low sensitivity of 1.5 • 10 -4 C/cm 2 (4). 

Additives, which are expected to have selective re-  
action with active species and to inhibit positive resist 
decomposition and denaturation under dry etching 
atmosphere, have been studied using the plasma etch- 
ing process in order to avoid this conflicting property 
on the positive resist. 

Experimental 
Sample preparation.--Positive resists used in current 

work are polymethylmethacrylate (PMMA, Elvacite 
2041, du Pont),  polyhexafluorobutylmethacrylate 
(FBM, Daikin Kogyo) (5), and polydimethyltetrafluor- 
opropylmethacrylate (FPM) (6)~ The additives used 
were commercially available 1,1-diphenyl-2-picrylhy- 
drazyl (DPPH), galvinoxyl (GAL), 2,2-methylene his 
(4-methyl-6-ter t -butylphenol)  (MBP), 2,4,6-tritert- 
butylphenol (TBP), and 2-mercaptobenzothiazole 
(MBT). 

The about 1 ~m thick resist film samples were pre-  
pared on a surface-oxidized silicon wafer using the 
standard spin-coating technique from the solution 
which dissolved resist or resist and additive. They 
were baked in air  for 30 rain before plasma etching 
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or electron beam exposure. The baking temperature,  
considering the glass t ransi t ion tempera ture  of the re-  
sist and the mel t ing point  of the additive, was 140~ 
for original FBM, addi t ive-conta ining FBM and DPPH, 
MBP and TBP-conta in ing  resist, and 170~ for other 
resists and addi t ive-containing resists. 

Plasma etching.--Plasma etching durabi l i ty  of resists 
and addi t ive-conta ining resists were evaluated by 
thickness loss and pa t te rn  deformation after the etch- 
ing process. Thickness loss is represented with normal -  
ized plasma etching selectivity ratio S, defined by 

S -- ds/dR 

where ds is the etching depth for the SiO2 substrate 
and dR is the thickness loss of the resist after plasma 
etching. The determination of S is illustrated in Fig. I. 
Step heights (a, b, and c) were measured by Talystep 
(Taylor-Hobson). 
The pattern deformation was observed by a scanning 

electron microscope (SEM). 
Plasma etching process was performed by commer-  

cially available apparatus (IPC-2005, In terna t ional  
Plasma Corporation).  Etching gas was tetrafluorometh- 
ane, involving 4.2% oxygen. Gas flow rate was 100 cmS/ 
min  and gas pressure was 0.8 ~ 1.1 Torr. Impressed 
rf power was 200W. All etching processes in the cur-  
rent  work were carried out over a 28 min  period using 
an  etching tunnel ,  in which the substrate (SiO2) was 
finally etched about 5000A in depth. The etching atmo- 
sphere temperature,  measured by a mercury  thermom- 
eter inserted into the etching chamber, was elevated 
from room tempera ture  (18 ~ ~ 20~ to below 100~ 

Electron beam exposure and development.--Thick- 
ness-dose curves and pa t te rn  del ineat ion for resists and 
addi t ive-containing resists were obtained by electron 
beam exposure (accelerating voltage, 20 kV). 

The developer used was a solvent mixture  consist- 
ing of methyl isobutylketone (MiBK) and isopropylal-  
cohol ( IPA).  The mixing ratio was MiBK/ IPA = 1/1 
for original  and addi t ive-containing PMMA, MiBK/  
IPA = 19/81 for original  and addi t ive-containing FPM, 
and MiBK/IPA = 1/150 for original and addi t ive-con-  
ta ining FBM. The development  tempera ture  was con- 
trolled at 22.5~ and the development  t ime was 2 min  
for all  resists and addi t ive-conta ining resists. 

Radiation G-value determination and plasma decom- 
position analysis.--Radiation G-value  for resists and 

film elimi nation by shaving 

a Ib/ x-xXXXXX" res i st film 
SU b s t Fate 
(Si02) 

plasma etchi ng process 

film elimination by shaving / 
',X\\\\X] 

S = ds/dlR = C a-b) 

Fig. 1. Determination of plasma etching selectivity ratio S 

CH~ (9) 
J 

~.,~CH2--C 
] 

,C=O 

addi t ive-containing resists were determined from the 
inverse number -ave rage  molecular weight  1/Mn vs. 
7-radiat ion dosage (7). The film samples were i r radi -  
ated with v- rays  (Co 6~ in  air at room temperature  for 
40 days at dosages ranging from 1.5 to 7.1 megarad. 
The film samples were prepared at first to remove the 
solvent which dissolved resist or resist and additive, 
then baked in air for 30 min  at 170~ for original and 
addi t ive-containing PMMA, and at 170~ for original 
and addi t ive-containing FBM before ,y-irradiation. 

Mn for radiat ion G-va lue  and the resist molecular  
weight var ia t ion by plasma etching were measured by 
gel permeat ion chromatography ((3PC) (HLC-802UR, 
Toyo Soda Kogyo). The samples for the lat ter  was 
prepared by dissolving the film on the wafer after 
plasma etching, which was performed under  s tandard 
conditions described above. 

Results and Discussion 
Additive effects on plasma etching durability.--Table 

I shows plasma etching selectivity ratio S for each 
resist containing the same amount  of additives under  
the same etching condition. It  was recognized that S- 
value increased by two kinds of additives. One of them 
was a radical scavenger or free radical, such as DPPH 
and GAL. The other was a plastics ant ioxidant  such 
as MBP, TBP, and MBT. S-value  also increasea ac- 
cording to increasing the additive concentration, as 
shown in  tqg. 2. This behavior  was s imilar ly observed 
in other additives in Table i and addi t ive-conta ining 
FPM's and FBM's. 

Both radical scavenger and plastics ant ioxidant  have 
abilities to deactivate an active radical and to decom- 
pose a peroxide. Many t ransient  intermediates,  such 
as polymer radical and polymer peroxide, which gen- 
erate dur ing the polymer decomposition process, are 
well known in per t inent  l i te ra ture  (8). The polymer 
radicals, indicated as follows, have been proposed for 
PMMA photolysis (9) and radiolysis (10) as the t ran-  
sient intermediates  before ma in  chain scission occurs 

CH~ (9) 
I 

, ~CH2--C ~ , 

CI-I3 (i0) 
I . 

I 
COOCH2 

Hence, it is considered that the decomposition of the 
positive resist under  plasma etching atmosphere is in -  
hibited by the reaction of the active resist in termediate  
with the radical scavenger or plastics antioxidant.  

Figure 3 shows molecular  weight variations resul t-  
ing from plasma etching. Original PMIVIA (Mn ---- 2.5 
• 102) was highly decomposed and became Mn ---- 1.2 
X 105, compared with addi t ive-conta ining PMMA 
(Mn -- 2.0 ,~ 1.5 X 10s). These results indicate the 

Table I. Plasma etching selectivity ratio S. Substrate (SiO2) etching 
depth, about 5000A; additive concentration, 9.1 weight percent. 

Resist PMMA FPM FBM 

Additive ~ _ ~  

None 1.4 2.2 i.i 

DPPH 2.5 3.6 2.2 

GAL 2.2 3.3 2.5 

MBP 2.9 4.0 2.2 

TBP 2.6 4.0 1.9 

2.0 MBT 
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Fig. 3. Variations in PMMA molecular weight distribution by 
plasma etching. Plasma etching conditions: gas, CF4 + 4.2% Oi.2; 
gas flow rate, 100 cm3/min; rf power, 200W; etching time, 28 rain. 
Curve a, original PMMA; curve b, plasma etching PMMA; curve c, 
plasma etching 9.1% DPPH-containing PMMA; curve d, plasma 
etching 9.1% MBP-containing PMMA. 

effect inhibiting the polymer decomposition by the ad- 
ditive. Two inhibition mechanisms are considered, one 
of them is a reaction of the additive with the polymer 
radical described above, the other is a reaction of the 
additive with active species, such as CF3, CF2, F, etc. 
being induced by CF4 plasma and invading into resist 
layers. 

On the other hand, the additive also inhibited ther-  
mal decomposition of the resist, tqgure 4 shows a TGA 
thermogram for original and additive-containing 
PMMA. The decomposition temperature was height- 
ened about 50 ~ ,~ 60~ by the addition. Therefore, 
this is considered as one of the effects to increase 
plasma etching durability. I t  has been proposed that  

I I I 
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Fig. 4. PMMA TGA thermograms. Atmosphere, N2; heating rate, 
5 ~ Curve a, original PMMA; curve h, 9.1% DPPH-containing 
PMMA; curve c, 9.1% MBP-containing PMMA. 
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opment conditions: MiBIQ'IPA = 1/1, 22.5~ 2 rain. 

the plasma gas temperature is estimated at several 
hundred degrees centigrade (11), and resist decom- 
position is possible in such temperature.  

Thickness-dose curve and development of an addi- 
tive-containing resist.--It is presumed that radical 
scavenger or plastics antioxidant addition to positive 
resist causes a change in reactivity for high energy 
rays and physical properties which influence the resist 
properties. Therefore, several properties of addit ive-  
containing resists have been studied. 

Table II. Radiation G-value for DPPH concentrations 

DPPH Conc. 
Resist G-value 

(wt %) 

PMMA 

FBM 

0 

4.8 

9.1 

0 

4.8 

9.1 

1.09 

0.38 

0.27 

1.00 

0.35 

0.35 
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Fundamenta l  impor tant  parameters,  which influence 
the propert ies of posit ive resists, are radiat ion G-va lue  
and solubil i ty behavior  to the developer.  

Table II shows radiat ion G-va lue  for PMMA and 
FBM with  respect  to several  D P P H  concentrations. 
G-va lue  decreased marked ly  by DPPH addit ion and 
concentrat ion effect was observed on DPPH-conta in ing  
PMMA. 

The representa t ive  resist propert ies  are sensit ivi ty 
and contrast, which are evaluated f rom the thickness- 
dose curve. Two behaviors  on sensi t ivi ty were  ob- 
served f rom the thickness-dose curve, wi th  respect  to 
addi t ive addition. One of them was the sensit ivi ty de- 

$ 
u 
_c 

, m  

N 

L 
O 
E 

1.0 ~'-...--"~-. ~ - _  ' J I 

" ~ .  "-, additive wt ~ . 
"%,'*,, --Jn" 0 

06  GAL 91 
'~ ~"-MBP 9.1 

0.4 \ '~----DPPH 9.1 

Q2 FPM i \~ 

0 i i il ; i 
10-6 10-s 10"-4 

dose ( c/cm 2 ) 
Fig. 9. Sensitivity curves for additive-containing FPM. Develop- 

ment conditions: MiBK/IPA - -  19/81, 22.5~ 2 rain. 

U 

..c 
- i - - ,  

E 

g 
N 

E 
2 

10 

08 

0.6 

| 

additive wt ~ 
ni l  0 

MBP 
DPPH 

0.4 

0.2 FBM 

0 I 
10-7 

' /  " 

t 
I 

9.1 
9.1 

I 
lO-  

dose ( c / c m  ~) 

i I 
18 

Fig. 10. Sensitivity curves for additive-containing FBM. Develop- 
ment conditions: MiBK/IPA ~ 1/150, 22.5~ 2 rain. 

crease, as shown in Fig. 5. The other  was the behavior  
in which the sensi t ivi ty did not change or increased, 
as shown in Fig. 6. Those behaviors  depend on the kind 
of additive. DPPH and GAL belong to the former  and 
MBP and TBP belong to the latter.  

Figure  7 shows the sensi t ivi ty ratio wi th  respect  to 
addit ive concentrations. A similar  tendency was ob- 
served on sensit ivi ty ratio for D P P H  and MBP a d d i -  
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J~ig. 1i. PMMA patterns after development. Development conditions: MiBK/IPA -" 1/1, 22.5~ 2 min, (a) original PMMA, dosage - -  1.2 • 
10 - 4  C/cm2; (b) 16.7% DPPH-containing PMMA, dosage "- 1.4 • 10 -4  C/cm 2. 

tion. Sensi t ivi ty-decreasing magni tudes  for DPPH ad- 
di t ion are different from resists, in order of PMMA, 
FPM, and FBM. These results suggest that the most 
dominant  factor for positive resist sensi t ivi ty is not 
radia t ion G-value.  I t  is considered that  one reason 
for sensi t ivi ty decreasing depends on the DPPH solu- 
bi l i ty  to the developer, because DPPH is soluble in 
MiBK but  scarcely in IPA. The MiBK volume percents 
in the developer are 50, 19, and 0.7 for PMMA, FPM, 
and FBM, respectively. MBP-conta in ing  resist sensi- 
t ivi ty did not change, or increase. The reason is also 
considered to be the MBP solubil i ty to the developer, 
because MBP is l iable to dissolve in  both MiBK and 
IPA. 

Figures 8, 9, and 10 show thickness-dose curves for 
original  resists and the same amount  of addi t ive-  
containing resists in  order to compare the contrast. 
The contrasts of addi t ive-conta ining resists were 
scarcely changed, compared wi th  that  of original re-  
sist. However, the contrast  of DPPH-conta in ing  PMMA 
decreased somewhat. Figure 11 shows resist pat terns  
for 16.7% DPPH-conta in ing  PMMA, compared with 
original  PMMA, after electron beam exposure and 
development.  No difference in pa t te rn  accuracy and 

surface condition could be detected. This was same 
as for other addi t ive-conta ining PMMA's and addi-  
t ive-conta ining FPM's. On the whole, it is recognized 
that  the contrast  of addi t ive-conta ining positive re-  
sists is hardly  different from that  of original resist in  
the region of additive concentration,  studied in the 
current  work. These facts indicate that  an additive 
in the unexposed resist scarcely effuses to the devel-  
oper. The reason is considered as being that  the ad-  
ditives have a very bulky structure,  compared with 
the side chain of the resist. Therefore, an additive 
cannot shift among the main  chain to effuse. 

FBM pat te rn  is obtained under  very  strict develop- 
ment  conditions (5) because FBM solubil i ty changes 
markedly  by little deviation in  development  condi-  
tions. No FBM pat tern  deformation, containing more 
than 4.8% additive, was observed. However, FBM's, 
containing over 9.1% additive, were required to reduce 
the development  time in order to obtain the nonde-  
formed pattern,  as shown in Fig. 12. 

Resist pattern deformation after plasma etching.-- 
Figure 13 shows sectional views of resist and substrate  
after plasma etching, with respect to additives and 
its concentrations. The pa t te rn  deformation, uneven  

Fig. 12. FBM patterns after development. Development conditions: MIBK/IPA ~ 1/150, 22.5~ (a) original FBM, dosage ~ 2.3 • 10 - e  
C/cm 2, development time, 2 min; (b) 9.1% MBP-containing FBM, dosage ~ 2.5 X 10 -6  C/cm 2, development t/me, 30 sec. 
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Fig. 13. Sectional views of PMMA pattern and substrata after plasma etching. Plasma etching conditions: gas, CF4 ~ 4.2% O~; gas flow 
rate, 100 cmS/min; rf-power, 200W; etching time, 28 rain, substrate (SiO2) etching depth, about S000A, initial resist thickness, 8000A., 
(a) original PMMA, (b) 9.1% MBP-containing PMMA, (c) 16.7% MBP-containing PMMA, (d) 9.1% DPPH-containing PMMA. 

surface, and thickness loss for  the res is t  a re  observed 
for  or ig inal  PMMA. But, lYIBP-containing PMMA in-  
dicates the sharp  resis t  pa t t e rn  and less thickness loss. 
DPPH-con ta in ing  PMMA also shows less thickness loss 
but  resis t  pa t t e rn  edge rounded slightly.  I t  is revea led  
tha t  both MBP and DPPH-con ta in ing  PMMA showed 
almost  the same p lasma decomposi t ion behavior  (Fig. 
3), the same TGA the rmograph  (Fig. 4), and  s imi lar  
curves for different ia l  scanning ca lor imete r  (DSC).  
The reason for the difference be tween  p lasma etched 
MBP and DPPH-con ta in ing  PMMA pat tern ,  in spite 
of those results,  has not been de te rmined  expe r imen-  
tally.  

FBM has r e l a t ive ly  low p lasma etching durabi l i ty .  
Remarkab le  pa t t e rn  deformat ion  and thickness loss 
were  observed on or ig inal  FBM and even on add i t ive -  
containing FBM, as shown in Fig. 14(a) and (b) .  How-  
ever,  when p lasma  etching was per formed  at  low 
a tmosphere  tempera ture ,  the pa t t e rn  deformat ion  de-  
creased and addi t ive  effect appeared,  as shown in Fig. 
14(c) and (d) .  

Conclusions 
I t  is found that  the p lasma etching du rab i l i t y  of 

posi t ive resists is increased by  addi t ion of addi t ives  
such as radical  scavenger  and plast ics ant ioxidant .  
This effect contr ibutes  to the decrease in thickness loss 
and pa t t e rn  deformat ion  af ter  p lasma etching. 

These addi t ives  also decrease the rad ia t ion  G-va lue  
of the resist. However ,  i t  should be rea l ized  tha t  the  
sens i t iv i ty  of add i t ive -con ta in ing  resists  is r e m a r k a b l y  
affected by  the so lubi l i ty  of the addi t ive  into the de-  
veloper,  r a the r  than  the rad ia t ion  G-value .  Conse-  
quently,  MBP and TBP which do not  cause a decrease  
in sens i t iv i ty  a re  obtained.  The cont ras t  for add i t ive -  
containing resists  scarcely  changes and no pa t t e rn  de-  
format ion  occurred af te r  development .  

Addit ives,  espec ia l ly  MBP-con ta in ing  posi t ive r e -  
sists, show excel len t  p lasma  etching durabi l i ty .  These 
addi t ive  effects for  p lasma  e tching a re  to be expected  
for o ther  d ry  etching, such as spu t te r  e tching and re -  
act ive ion etching. 
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Fig. 14. Sectional views of FBM pattern and substrate after plasma etching. Plasma etching conditions: gas, CF4 "-l- 4.2% 02; gas flow 
rate, 100 cmS/min; rf-power, 200W, substrate (SIO2) etching depth, about 5000A; initial resist thickness, 10,000/~; (a) original FBM, etch- 
ing atm. temp, below 100~ (b) 9.1% MBP-containing FBM, etching arm. temp, below 100~ (c) original FBM, etching arm. temp, below 
50~ (d) 4.8% GAl.-containing FBM, etching atm. temp, below 50~ 
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ABSTRACT 

The mechanism of the anodic reaction in  cryolite melt  is studied in  presence 
and in  absence of a layer  of a luminum metal  in the cell. These two experi-  
menta l  conditions give rise to large differences which are in terpre ted on the 
basis of changes in the interracial  properties at the electrode. The chronopoten-  
tiometric technique is used to obtain a bet ter  insight into these surface var ia-  
tions and on the gas evolution on the graphite anode. The dissolved metal  re-  
acts with the graphite to form at its surface a luminum or sodium carbides and 
gives a bet ter  contact between the electrolyte and the electrode. The analysis 
presented here is i l lustrated by the generat ion of three types of anode effects: 
By depletion of dissolved metal  near the electrode which very much changes the 
wett ing properties; by decrease of the pressure in the cell which, in absence of 
l iquid metal, increases the dimension of retained gas bubbles;  and by rapid 
repeti t ion of the galvanostatic pulses which indicates that  the gas evolut ion 
is a slow process. These observations have the same origin, i.e., the gas cover- 
ing of the electrode which markedly  depends on the presence of dissolved 
metal, 

The industr ia l  preparat ion of a luminum by elec- 
trolysis of a lumina  dissolved in fused cryolite involves 
complex electrochemical reactions, especially on the 
anodic side. In  order to improve the working condi- 
tions of the electrolytic cells, much research is devoted 
to the s tudy of these reactions (1); the na ture  of the 
ionic associations present  in the bath has been stud-  
ied (2), the diffusion coefficients (3), and the t rans-  
port  numbers  of the const i tuent  elements are known  
(4). F rom these data different hypotheses have been 
buil t  up to obtain a bet ter  insight into the mechanism 
of the electrolysis. 

However, it has been recent ly (5, 6) shown that an 
impor tant  part  of the observed overvoltage arises from 
the gas formation on the graphite anode. The kinetic 
parameters  of the electrochemical reaction depend on 
the pressure in the cell, and the properties of the elec- 
t rolyte-graphi te  interface (wett ing angle ~ and in te r -  
facial tension 7) have a considerable influence on the 
electrode process. 

We plan to give here the results of the chronopo- 
tentiometric study of these phenomena.  Special a t ten-  
t ion will be paid to the presence of dissolved a luminum 
in the bath (7) for it has been observed that, when 
molten cryolite is in contact with l iquid a luminum 
metal, a very large change of the surface tension oc- 
curs (8). As a consequence, the results of chronopo- 
tent iometry  are quite different to those obtained in 
pure ionic melts. 

In industr ia l  cells the electrolyte is in contact with 
a layer of l iquid a luminum;  a part  of the faradaic loss 
can be a t t r ibuted to the oxidation of the dissolved 
metal  (9). Our research indicates also that  this pres-  
ence induces a large change in  the interracial  tension 
at the electrode and influences the gas coverage of the 
electrode surface. 

Exper imental  
The experiments with l iquid a luminum in the bath 

are carried out in the cell represented in Fig. 1. The 
graphite crucible is coated with a boron ni t r ide shield; 
indeed the carbon is unstable  in the presence of 
cryolite saturated with a luminum.  The electrical contact 
between the liquid metal  which acts as cathode and 
the crucible is realized through a disk of t i t an ium 

* Electrochemical Society Active Member. 
Key words: adsorption, diffusion, gas, carbon, aluminum. 

4 9 8  

boride. The densities of l iquid a luminum and mol ten 
cryolite are quite close; to avoid any  dis turbance we 

Fig. 1. Electrolytic cell. A, staiMess steel vessel; B, titanium 
boride disk; C, liquid aluminum; D, cryolite bath; E, stainless steel 
tube; F, graphite crucible; G, boron nitride shield; H, introduction 
tube; i, reference electrode; J, working electrodes; K, boron nitride 
disk; L, Pyrex cover; M, alumina. 
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have used a l iquid alloy 40% A1-60% Cu, the act ivi ty 
of which is known  (10). 

Some exper iments  were carried out in  the absence 
of l iquid a luminum.  In  this case the bath was directly 
introduced into a vitreous carbon crucible (11). 

Graphite  rods (6 mm diam) with a conical ex t remi ty  
(angle: 30 ~ ) cons t i tu te  the working electrodes; the 
area in  contact with the electrolyte (about  1 cm 2) is 
determined from the immersed length. In  some ex-  
peniments the area is de termined by  shielding the elec- 
trode in  boron nitride. In  general  no significant differ- 
ence appears; however our  procedure is more reliable, 
as it  has been observed that  when  the shield got old 
penet ra t ion  of cryolite occurs which leads to random 
results (12). Different types of graphite  supplied by 
the company "Le Carbone Lorraine" have been used. 
A reference electrode is formed by electrodeposition 
of a th in  layer  of a l u m i n u m  on a rod of t i t an ium 
boride (3 m m  diam).  

The crucible is covered by  a disk of boron ni t r ide  
which also guides the electrode. This assembly is placed 
in  a stainless steel (QA2) container  on the top of which 
is placed a Pyrex  cover with torion joints for the 
electrical conductors. The assembly is vacuum tight, 
and so a very  pure argon atmosphere may be used at 
different pressures vary ing  from 0.1 to 1 atm. 

The melt  is prepared from na tura l  cryolite. Definite 
amounts  of a lumina  are introduced through the tube 
to s tudy t h e  influence of the a lumina  content. The 
na tu re  of the a lumina  is an impor tan t  factor in  the 
chronopotentiometric response. Normal ly  a a lumina  
(Pat inal  Merck) is used; however different tests were 
also performed with ~ alumina.  

Procedure for the Galvanostatic Method 
Convent ional  c i rcui t ry  was used for the chronopo- 

tent iometric  measurements  with pulses delivered by 
a power galvanostat  (Imax -" 60A; rise t ime 10 ~sec) 
bui l t  in  the laboratory by 5. Chevalet. The potent ial  
response is recorded on a digital waveform recorder 
(Biomation, Model 805) and the curve V ( t )  is d rawn 
on an  X-Y plotter. This curve is characterized by a 
sudden change of potential  after a t ime ~; this effect 
corresponds to the complete depletion of the electro- 
active species at the surface of the electrode. When the 
t ranspor t  process is diffusion-controlled, the following 
expression has been established by Sand (13) : i T'/~ c-1 
-- 0.5 nF(~D)~/2 where i is the cur ren t  density, c the 
concentration, and D the diffusion coefficient o f  the 
electroactive species. 

As pointed out by Dewing (14) the heterogeneous 
na ture  of the graphite creates some difficulties in ob- 
ta in ing  reproducible responses. In  general  the first 
pulses on a fresh electrode are abnormal ly  long; how- 
ever with repeated pulses a s tat ionary state is reached. 
Moreover it  is impor tant  to avoid the fluoride dis- 
charge which strongly per turbs  the surface properties 
of the anode; a special electronic device is used to 
switch off the cur ren t  when the potential  reaches a 
predetermined value. The repet i t ion in terva l  between 
the pulses has to be first determined in order that  a 
change of this t ime does not  affect the value of z. 
The influence of this in terval  depends on the in tensi ty  
of the current.  For short pulses less than 0.1 msec 
(high current  density) a very  rapid repeti t ion (5 sec) 
does not al ter  ~. In our working conditions we have 
used repeti t ion intervals  ranging from 1 to 3 min  in 
order to obtain reproducible chronopotentiograms. 

The results are examined in the frame of Sand's law. 
The influence of the cur ren t  density on the product i~'/2 
is first examined and next  we try to determine the 
effect of a lumina  concentrat ion on this product. 

Influence of the Current Density 
In  general  the product iT1/2 decreases as i increases, 

but for high values of i a plateau is obtained (Fig. 2). 
In  fact, we have under t aken  two sets of determinat ions  
according to the exper imenta l  conditions. 
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Fig. 2. Plot of i ~ / 2 / c  vs. i; graphite electrode (GR 208) at 
I036~ 

1. In  the absence of a luminum metal  in  the bath  
(lower curves on Fig. 2) a continuous change of the 
quant i ty  i~/~ is observed as i is varied; this change be-  
comes impor tant  as soon as the t ransi t ion t ime is longer 
than 2 or 3 msec. This effect is a t t r ibuted to the in -  
fluence of a convection process (15). The thickness of 
the diffusion layer  corresponds in  this case to the mean  
path x/2D~ of the electroactive species which is about 
3 ~m. This result  is very different from the behavior  
normal ly  observed in fused salts where the predictions 
drawn from a diffusion-controlled mechanism are 
verified up to t ransi t ion times as long as 5 sec (16). 
The impor tant  contr ibut ion of the convection process 
near  the electrode is probably the consequence of the 
gas evolution. However, as pointed out by Ibl (17), 
this per turba t ion  depends on the interfacial  tension 
electrolyte-electrode; here, in absence of a luminum,  
the cryolite does not wet the graphite;  the gas bubbles 
are retained on the electrode surface which is par t ly  
covered and their depar ture  induces large turbulences  
near  the surface. The gas evolution seems to be a slow 
process; indeed for a rapid repet i t ion of the pulse an  
anode effect is obtained (Fig. 8) which is induced by 
the total covering of the electrode by the gas phase. A 
model has been recent ly proposed to take account of the 
considerable influence of the retained gases in  the alu-  
m i num electrolysis (12). 

2. In  the presence of a luminum metal  a strong in-  
crease of the durat ion of the t ransi t ion time is ob- 
served; this durat ion being amplified by a factor of 
about 8 as shown in Fig. 2. Using the same working 
conditions, Grjotheim et M. (18) observed the forma- 
tion of aluminum carbide at the graphite-cryolite in- 
terface. During the anodic pulse, this compound con- 
tributes to the oxidation current; on the other hand, 
in the case of a porous electrode (graphite) the re- 
moval of the material could look like a diffusion process 
(19). However, in our procedure where galvanostatic 
pulses are repeated at short time intervals, these mech- 
anisms seem to be of little importance, as confirmed 
by the following two remarks: the oxidation potential 
is not affected by dissolved metal,  and the same be-  
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Fig. 3. Chronopotentiograms on a graphite electrode (GR 208). 
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d, 10 sec; e, 5 sec; f, 2 sec. Cryolite bath without dissolved alumi- 
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havior  is also observed on a nonporous vi t reous carbon 
electrode. 

Moreover,  when a lumina is in t roduced in the melt, a 
corresponding increase of the t ransi t ion t ime is ob- 
served, which proves the rel iabi l i ty  of our method 
since we do not  observe the decrease of carbide pointed 
out by Gr jo the im et aI. (18). Final ly  our results lead 
to the evidence that  the main  effect of dissolved meta l  
is to change s t rongly the interracial  propert ies  of the 
electrode. The presence of a luminum metal  in the bath 
enhances the wet t ing propert ies  of the electrolyte  (8); 
then the adherence of the gas bubble is less important .  
As a consequence the active surface of the electrode 
becomes greater  (upper  curves on Fig. 2) and the 
thickness of the diffusion layer  increases. The two re-  
gions of the curves i = ] ( t )  are more  apparent;  the 
plateau corresponding to a constant product  iT'/2 is now 
well  defined. The in tervent ion  of the convect ive ,regime 
appears for longer  T (about 40 msec).  Moreover,  total 
coverage of the electrode by the gaseous compounds is 
not obtained, even  for ve ry  rapidly repeated  pulses. 

Influence of the Alumina Content 
Nature o~ the a lumina . - - I t  must  be emphasized that  

p re l iminary  exper iments  show a marked  effect of the 
s t ructure  of added alumina. As an example  when ,y 
a lumina (containing about 1.5% of moisture)  is in-  
t roduced in the bath it  takes a long t ime (up to 90 min)  
to reach a stable value of T. This is a t t r ibuted to the 
chemical  desorption of the gases on the electrode. A 
visual observat ion shows indeed the presence of nu-  
merous small gas bubbles on the graphite.  Probably  
these gases are mainly  carbon monoxide  and hydrogen, 
and it  is known (20) that  they are s t rongly adsorbed 
on the graphite.  Final ly  we studied the influence of 
A1208 content  obtained by successive additions of a 
a lumina (Patinal  Merck) which is anhydrous. 

Determinat ion o] the alumina concentrat ion.--Dif -  
ferent  a t tempts  have a l ready been made to determine  
electrochemical ly  the a lumina concentrat ion c in the 
electrolytic cell (21). If the anodic react ion of the oxy-  
genated species was diffusion-control led the t ransi t ion 
t ime should be proport ional  to the square of the con- 
centration. In general  this relat ion is not obeyed, ex-  
cept for low values of c, and often a saturat ion oc- 
curs for high c values. 

A similar  observat ion has been described by Dewing 
(22) when noble metals  are used as anode; the value 
of the product  iz'12 is diffusion-controlled up to 1.6% 
of A1203 on p la t inum electrode and up to 0.7% of A1203 
on gold electrode. This l imitat ion is a t t r ibuted to the 
format ion of an oxide film on the electrode. With 
graphi te  electrode an analogous phenomenon occurs, 
but  now the covering arises f rom the gases retained at 

the electrode surface. This is par t icular ly  c lear  when  
the influence of the pressure in the cell is studied (12). 

1. In the absence of a luminum in the bath a sensible 
decrease of the transi t ion t ime is observed when the 
pressure is lowered (Fig. 4). In some cases (for low, 
current  densities) a complete  p assivation of this elec-  
t rode is obtained at low pressure;  this corresponds to 
the generat ion of an anode effect by var ia t ion of pres-  
sure. 

2. In the presence of a luminum this behavior  is not  
observed;  a balance Occurs be tween  the growing of the 
gas bubbles at the electrode surface and the improve-  
ment  of the evolut ion process which is now possible 
since the adhesion energy  WA ---- ~LV(1 -t- COS 8f i )  is 
weaker,  the angle 8G being grea te r  than 90 ~ (Fig. 5). 
This observat ion may  be compared to the process in-  
dicated by Jansen at a gas-evolv ing  electrode (23). 

Even  in this favorable  case no l inear  dependence of 
i~'/2 on c is obtained. This may be first a t t r ibuted to 
the var ia t ion of D vs. c; as indicated by Desclaux and 
Rolin (24) a decrease of 25% is observed when c varies 
f rom 0 to 6%. This effect is almost  sufficient to ex-  
plain the var ia t ion of iT'12 when a medium porosity 
graphi te  (No. 208 Carbone Lorraine)  is used as anode 
in a cryoli te bath in the presence of aluminum. How-  
ever  a par t ia l  covering of the electrode surface remains 
as indicated on the curve of Fig. 6, the higher  the 

3 

E 
!-- 

x f  a 

/ 
• 

/x/x  
0 250 500 7 0 

p/mm Hg 
Fig. 4. The effect of the gas pressure on the transition time •. a, 

electrode: graphite 235, i ---- 10.8 A-cm -2 ,  4% AI20~; b, elec- 
trode: graphite 235, i ---- 19.4 A-cm -2 ,  4% AI203; c, electrode: 
graphite 208, i ~ 18.0 A-cm -2 ,  8% AI;O3. Cryolite bath without 
dissolved aluminum at 1036~ 
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Fig. 5. Gas bubble on a graphite electrode 
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Table I. Coefficient ~ : Sa/S for different experimental conditions: 
Graphite anode (quality No. 208), T = 1036~ c = 1% AI20~, 

D - -  2.42 X 10 -5  cm2/sec (24), Sa = active surface; 
S --  geometric surface of the electrode 

Bath Anode ~ = S , / S  

Presence of alu- 
m m u m  metal  

Absence of alu- 
minum metal  
(5, 12) 

Hollow, without  depression in the 
central  part 8.33 

Graphite rods with  a conical  ex.  
tremity  1.036 

Graphite rods with a conical ex- 
tremity  0.38 

Ultra-sonic vibration of the  elec- 
trode 1.18 

Hollow, without  depression in the  
central  part  0.35 

Hollow, with depression in the  
central  part 1.28 

Hollow with depression (basic 
bath) 1).7 

Table II. The effect of a small anodic current ip on the 
chronopotentiometric response iz  1/2 c -1. Vp is the tension of the 

graphite electrode (vs. AI + + +/AI  electrode). 

"i.r l l2/e 
(A �9 secZ/2 i~ 

(A �9 r % mole -z (mA �9 V~ 
cm-2) (msee)  AhO~ cm) cm-2) (mV)  

19 2.75 2 2491 0 255 
19 0.1O 2 475 33.7 lOO0 
49.3 0.80 6 1162 O 305 
49.3 0.42 6 842 16.8 390 
12.9 12.50 6 1202 16.8 390 
12.9 12 6 1178 25.2 430 
33.7 0.62 6 700 25.2 430 
33.7 0.10 6 281 33.7 630 
19 0.20 6 224 33.7 630 
12.9 0.55 6 252 33.7 630 

a lumina  concentrat ion the greater  this effect. As indi -  
cated in  a previous paper  (5) the chronopotentiometric 
response may be qual i ta t ively improved by use of an 
ul trasonic v ibra t ion of the electrode. 

Hollow-anode.--In the absence of a luminum an effi- 
cient  method of obtaining a correct chronopotentio-  
metr ic  response is to use a hollow graphite anode 
[thickness of the wall:  1 mm (11)]. When a depression 
is created in  the central  par t  of the electrode the gas 
bubbles  completely disappear. As a consequence Sand's 
law is quite well  obeyed and chronopotent iometry may 
be used to determine the variations of a lumina  concen- 
t ra t ion with good accuracy (5). However this tech- 
nique does not work when a luminum metal  is present  
in the bath. As al ready pointed out the electrolyte wets 
the graphite  and flows through the wall  of the elec- 
trode. 

Influence of dissolved metaL--It  appears that  the 
dissolved metal  plays an impor tan t  role in  the elec- 
trolysis of a lumina:  (i) it  changes the wet t ing proper-  
ties of the electrolyte. The preceding study shows 
(Table I) that  this phenomenon very much affects the 
gas covering of the electrode and the local current  
density; (ii) it has also a direct influence on the fara-  
daic yield of the cell; the metal  may be oxidized either 
by the carbon dioxide (9) or directly on the anode 
(25). This last contr ibut ion is studied hereafter.  

Influence of a Small Oxidation Current 
The galvanostatic pulses are now performed on a n  

electrode submit ted to a small  direct anodic current  
ip, the applied voltage is always less than  1V (vs. the 
A1 + ++/A1 electrode). As indicated in  Fig. 7 and Table 
II, the presence of this cur ren t  induces shorter t rans i -  
t ion times. This effect is in agreement  with the predic-  
t ion of the gas wet t ing model described above; the 
dissolved metal  has a favorable influence on the gas 
evolut ion and improves the area of the active surface 
of the electrode. Since the anodic current  ip creates a 
depletion of the metal  concentrat ion near  the elec- 

trade its influence vanishes progressively. The adhe-  
sion energy of the gas bubbles becomes greater, the 
covering of the electrode increases and thus, for a given 
galvanostatic pulse i, the t ransi t ion t ime is shorter. 
It happens that for a critical value of this small  anodic 
current  ip,c = 39 mA cm -2 the electrode becomes com- 
pletely inactive as shown on the curves of Fig. 7. This 
phenomenon corresponds to an anode effect obtained 
by var iat ion of the wett ing properties, in  agreement  
with the extensive studies of Mazza, Pedeferri,  and 
Re (26). 

As a first approximation we consider the preceding 
critical cur rent  density as being equal to the l imit ing 
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Fig. 7. The effect of the continuous galvanostatlc current ip on 
the plots i~ 1/2 c - I  vs. i. Dashed line: evolution of the plateau 
value of the preceding curves when ip is varied. Electrode: graphite 
208; cryolite bath with dissolved aluminum at 1036~ 
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diffusion cur ren t  of the dissolved metal .  According to 
Ve tyukov  and Dybl in  (27) the  a luminum solubi l i ty  
is Cs --  2.56 • 10 -4 g-equiv,  cm -3 at  1036~ the same 
order  of magni tude  is also given by  Yoshida and 
Dewing (28). The ac t iv i ty  aA1 of a luminum in the 
a luminum-coppe r  a l loy being known  [aA1 : 0.48 in the  
a l loy 40% A1-60% Cu (10)],  the concentra t ion of 
dissolved a luminum is p ropor t iona l  to aAl x (27), wi th  
1/3 < x < 2/3. The in t roduct ion  of the x exponent,  
which is equal  to x = 0.483, is due to existence of the 
react ions (27) 

A1 -t- 3Na F +~-- A1 F3 q- 3 N a  

2A1 -}- A1 F3 ~--- 3 A 1 F  

In  our  work ing  conditions, the  concentra t ion of dis-  
solved a luminum is then equal  to 

CA1: Cs �9 aAff : 6 • 10-Sg at  cm -8 

Now, for a thickness of the  diffusion l aye r  es t imated 
at  100 ;~m (29) we find for the diffusion coefficient of 
the dissolved meta l  DA, _~ 2.3 • 10 -5 cm 2 sec -1. 
This resul t  agrees  qui te  well  wi th  vo l t amperomet r i c  
measurements  of Sage t  et al. (9) who found DA~ : 
2.10 >< 10 -5 cm 2 s e c - L  These values a re  of the same 
order  of magni tude  as the diffusion coefficients of the  
other  components  of the mel t  (3);  moreover  the ob-  
served l imi t ing diffusion current  is in good agreement  
wi th  the value indica ted  by Thonstad (30). However  
la rger  values  of DA1 have been recen t ly  repor ted  by  
Vetyukov  and Dybl in  (27), DA1 ---~ 61.8 X 10 -5 cm 2 
sec -1 as well  as by Dewing and Yoshida (31), DAI : 
28 • 10 -5 cm 2 sec -1. New invest igat ions  are  st i l l  
needed for the precise de te rmina t ion  of the  content  
and diffusion constant  of dissolved meta l  in cryolite.  

Conclusion 
The s tudy of the anodic react ion of a lumina  in a 

cryol i te  ba th  indicates the considerable  influence of the 
dissolved a luminum meta l  which changes m a r k e d l y  
the in ter fac ia l  p roper t ies  of the melt.  Indeed the 
metal  may  form an a luminum carbide  (32) at  the sur-  
face of the electrode.  A deta i led  s tudy  of this react ion 
has recent ly ,  been car r ied  out by  Grjotheim,  Naeu-  
mann, and JDye (18), i t  is shown tha t  the carbide  for-  
mat ion  is h ighly  dependent  on the surface proper t ies  
of the carbon mater ia l .  

Moreover,  the graphi te  acts also as a depolar izer  for 
the sodium deposit  which forms in te rs t i t i a l  compounds 
(33). In  a cryol i te  ba th  the a luminum meta l  reduces 
the sodium ion in presence of carbon. As an i l lus t ra t ion  
of this process we have observed that  in our cell, un-  
der  a d ry  argon atmosphere,  when a luminum is in-  
t roduced in the cryol i te  ba th  d i rec t ly  p laced in a 
graphi te  (or vi t reous carbon) crucible,  drops of sodium 
meta l  r ap id ly  appear  on the cold par ts  of the cover of 
the cell. This may  be compared  to the p r i m a r y  sodium 
deposi t  on graphi te  which is observed dur ing the s t a r t -  
ing per iod of the indus t r ia l  cell (34). This surface re -  
act ion s t rongly  affects the wet t ing proper t ies  of the 
graphi te ;  in the presence of a luminum the pene t ra t ion  
of the e lec t ro ly te  in the graphi te  pores becomes impor -  
tant. The chronopotent iometr ic  measurements  i l lus t ra te  
this surface var ia t ion;  they  establ ish also a useful  con- 
nection be tween  the e lectrochemical  behavior  of the 
sys tem and the impor t an t  p rob lem of the gas re tent ion  
at  the e lectrode surface. 

Manuscr ip t  submi t ted  Apr i l  5, 1978; revised manu-  
scr ipt  received Aug. 2, 1979. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ ished in the  December  1980 
JOURNAL. Al l  discussions for the December  1980 Dis- 
cussion Sect ion should be submi t ted  by  Aug. 1, 1980. 

Publication costs oS this article were assisted by the 
Universit~ Pierre et Marie Curie. 
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p �9 2 +  Cathodoluminescence of (Zn + Mg) ( OJ .Mn 

W. Lehmann* 

Westinghouse Research and Development Center, Pittsburgh, Pennsylvania 15235 

Cathodoluminescent  z inc-magnes ium phosphate phos- 
phors activated by  Mn 2+ are we l l -known  (1-3). 
Zn~ (PO4)2:Mn2+ had been used as red phosphor com- 
ponent  in  the early days of color television and is still 
avai lable as P-27. The la t ter  is reported to show, after  
excitat ion by short electron beam pulses, near -expo-  
nent ia l  afterglow requi r ing  approximately 27 msec to 
1/10 of the original  (4). We observed a substant ia l ly  
longer  decay time, also near-exponent ia l ,  in  Mn-  
activated in termediate  z inc-magnes ium phosphate of 
the approximate composition ZnMgPO4.s. According to 
a published phase diagram (3), a chemical compound 
of this composition does not exist. A brief  invest iga-  
t ion was ini t ia ted to determine the origin of the long 
decay time. 

The phosphors were prepared by  s tandard tech- 
niques. The s tar t ing materials  (ZnO, MgO, MnCO3, and 
HsPO4-solution) were mixed in aqueous slurries which 
were then dried and pulverized in a mortar.  These 
powders were fired in open quartz containers in stag- 
nan t  air  for one to several  hours. The firing tempera-  
tures depended on the mater ia l  and were in the 900 ~ 
1150~ range. Emission spectra were measured under  
steady excitat ion by 8 kV electrons of low intensi ty  
(about 1 ~A/cm2). The spectra given in Fig. 1 are cor- 
rected for monochromator  t ransmission and photomul-  
t iplier response. Efficiencies were compared, also under  
8 kV excitat ion of low intensity,  against  NBS-1025 
which is a Zn3 (PO4) 2:Mn 2+ phosphor reported to have 
a n  efficiency of about  6% (5). Decay curves were de- 
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Fig. I .  Typical emission spectra. Zn3(PO4)2:Mn ~ 
ZnMgPO4.5:Mn - -  , (Zn l /2  + Mgl/2)3CPO4)2:Mn 

te rmined by exciting the phosphors with 1/10 s e c  
e-beam pulses and by using the photocurrent  for ver t i -  
cal deflection of the beam of an oscilloscope wi th  con- 
s tant  horizontal  sweep rate. The curves so traced were 
photographed and evaluated afterwards.  

Star t ing  from the original observation on a mater ia l  
of the mole ratio Z n : M g : P  ~ 1:1:1, a series of phos- 
phors was prepared with constant 1:1 ratio of Zn :Mg 
but  with different P205 concentrations. The emission 
colors of the resul t ing samples were reddish-orange for 
the 1: 1:1 ratio ( that  is. ZnMgPO4.5) and less P205, and 
red for 3: 3:4 ( that  is, the ortho-phosphate) and higher 
amounts  of P205. Typical spectra are shown in Fig. 1. 
Powder  diffraction x - r a y  spectra of the 1:1:1 and of 
the 3:3:4 materials  both revealed only the ortho- 
phosphate s t ructure  with no indicat ion of any  undis-  
solved ZnO or MgO. Some decay curves are shown in 
Fig. 2, and decay times (to 1/10 of the original)  and 
efficiencies in Fig. 3: There is l i t t le or no dependence 
(exceeding the unavoidable  scatter) of the added P2Os- 
concentrat ion on the decay but  there is a distinct peak 
of the efficiency close to the composition of the 
ortho-phosphate. We conclude that  the compound re-  
sponsible for the long decay is the ortho-phosphate. 

A second series of phosphors, all ortho-phosphates, 
was prepared with varied Zn :Mg ratio. Decay curves 
of these phosphors are shown in Fig. 4. X- ray  powder 
diffraction spectra indicated the sample corresponding 
to the top curve in Fig. 4 to be ~-Zn3(PO4)2. all others 
had Mg3(PO4)2-structure. It  is seen that  the long 
decay is restricted to the Mg3 (PO4)2 crystal structure.  

A third series was prepared of the 3: 3:4 composition 
ratio (ortho-phosphates) with var ied Mn-concen t ra -  
tions, the Mn 2+ subst i tu t ing for the Zn2+ ion. Some 
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Fig. 2. Decay curves of (Znl/2 + Mg~/2)~(PO4)• for 
different amounts of added P05/2. Mn substitutes for Zn. Curves 
are arbitrarily shifted vertically to provide clarity. Arrows indicate 
decay times to a 1/10 of original. 
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Fig. 4. Decay curves of N~(PO4)2:Mn(0.015). Top to bottom: N : 
Zn; N = 80% Zn Jr 20% Mg; N = 50% Zn + 50% Mg; N = 
Mg. Curves are arbitrarily shifted vertically to provide clarity. 
Arrows indicate decay times to 1/10 of original. 

decay curves are shown in Fig. 5, and decay times and 
efficiencies in Fig. 6. The decay is near -exponent ia l  at 
low Mn-concentra t ions  requir ing slightly more than 
100 msec to go to 1/10 of the original. The deviation 
from the exponent ial  at high Mn-concentrat ions  may 
be due to a Mn-Mn interact ion which also causes the 
rapidly decreasing efficiency in this range. 

While in termediate  (Zn + Mg) 8 (PO4)2:Mn 2+ phos- 
phors per se are fairly wel l -known,  it seems that  their  
peculiar  long times of near -exponent ia l  afterglow have 
not been recognized before. We cannot offer an ex-  
planat ion why these materials do show this long decay 
while the related Zn3 (PO4) 2: Mn 2 § does not. However, 

200- 

,oo:"" f 
E 50. Z~ 

" u  

10- 
0,1 'o',s . . . .  ~ ' ~ " 1 o  

Mn-concentraflon (% of Zn) 

Fig. 6. Efficiency of cathodolumlnescence and decay times (to 
1/10 of original) of (Znl/2 + Mgl/2!3(PO4)2:Mn as functions of 
the Mn-concentration. 

we suggest that orange- to- red  emit t ing (Zn + Mg)s 
(PO4)2:Mn 2+ phosphors may be valuable  for use in 
CR-tubes where long decay is desired but  where 
fluoride phosphors (P-12, P-19, P-33, P-38) cannot be 
tolerated because of their stong tendency to electron 
burn.  Although we have no quant i ta t ive  data yet on 
the b u r n  resistance of the phosphates, quali tat ive ob- 
servations in this laboratory have ~hown that  they are 
very much more stable than the fluorides. The decay 
times of the phosphates (~100-120 msec to 1/10) are 
shorter than those of the fluorides (,--200 msec in P-33) 
bu t  this appears to be compensated by the higher effi- 
ciencies of the phosphates (,.-4% so far) over the 
fluorides (,--2%). How much the phosphates can still be 
improved in long decay and efficiency is not known, bu t  
it  appears unl ikely  that the opt imum has a l ready been 
reached. 

Manuscript  submit ted May 22, 1979; revised manu-  
script received Sept. 3, 1979. 
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A Correlation Between Etch Characteristics of 
GaAs Etch Solutions Containing and 

Surface Film Characteristics 
E. Kohn 
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Severa l  au thors  have  inves t iga ted  surface contamina-  
t ion of GaAs af te r  chemical  t r ea tments  (1-5),  and sur -  
face layers  of var ious  composit ions and thicknesses 
have  been  found, as wel l  as a change in the in te r rac ia l  
s to ich iomet ry  of GaAs.  

In this note  we discuss the  influence of such surface 
layers  in respec t  to the  e tching behavior  of a number  
of commonly  used GaAs etch solutions containing 
H202 as l is ted in  Table I. Recently,  most  a t ten t ion  has 
been given to very  s lowly  etching solutions, which 
give a h igh ly  pol ished and flat surface,  ma in ly  because  
such a solut ion is needed  in many  device fabr ica t ion  
process steps. However ,  no sys temat ic  inves t iga t ion  has 
p rev ious ly  been car r ied  out  on the  influence of a 
possible  surface l aye r  on the e tching character is t ics  of 
these solutions. These layers  being present  dur ing  the 
e tching process m a y  a f t e rwards  be ve ry  d i sadvan-  
tageous when  the etching step is fol lowed by  a 
S c h o t t k y - m e t a l  evapora t ion  or ion implanta t ion .  In  
solut ions of low HeO2 content  and high H20 content,  
two types  of etching behav ior  a re  observed  apa r t  f rom 
pre fe ren t i a l  anlsotropic  e tching (9) : (i) an H202-diffu- 
sion l imi ted  type  giving enhanced  etching at  the mask  
edge, because addi t iona l  H202 is p rov ided  f rom the 
p ro tec ted  area;  and (ii) a surface reac t ion  l imi ted  
type  resu l t ing  in the des i red  flat bo t tomed profile. 

Experimental 
The etching solutions selected, together  wi th  the com- 

posi t ion ranges,  a re  l i s ted  in Table  I. Emphasis  is on 
slow etching ra tes  below 1 # m / m i n  and on solutions 
leaving  a m i r r o r - l i k e  surface on pol ished substrates .  
The etching exper iments  were  genera l ly  car r ied  out in 
uns t i r r ed  solutions at  a t e m p e r a t u r e  of 0 = 21 ~ +_ I~ 
For  the  H3PO4 solut ion (F)  the  t e m p e r a t u r e  was low-  
e red  to 15~ because  the etched surface m a y  tu rn  
rough  at  h igher  t empera tu re s  (8). 

The subst ra tes  were  (100) or ien ted  and of hor izonta l  
boa t -g rown  ma te r i a l  wi th  an n -dop ing  concentra t ion in 
the  range  of 1010-10 is cm -8. In  some cases Cr -doped  
semi- insu la t ing  m a t e r i a l  was add i t iona l ly  tes ted and 
no difference was observed in the e tching behavior  or 
surface  l aye r  character is t ics  wi th in  the typica l  spread  
of the data. For  GaAs, i t  is w e l l - k n o w n  tha t  e tching 
character is t ics  depend  s t rongly  on the surface o r ien ta -  
tion. Thus, e tching speed is dependen t  on the crys ta l  
o r ien ta t ion  and under  cer ta in  condit ions surface rough-  
ening can be expected.  However ,  the  etch solutions 
used here  al l  p roduced  smooth surfaces on the (100) 
or ien ted  samples  at  least  up to an  e tched depth  of ap -  

K e y  w o r d s :  s e m i c o n d u c t o r  t o p o g r a p h y ,  c o n t a m i n a t i o n ,  e l l ip -  
s o m e t r y .  

p r o x i m a t e l y  1 ~m, wi th  some jus t  not iceable  rough-  
ening, especia l ly  due to dislocations,  for  longer  e tching 
times. The  pro tec ted  areas  were  covered wi th  Pizein  
w a x  (Pizein 105 produced  by  the New York  H a m -  
burger  G u m m i - W a r e n  Compagnie) .  S ta r t ing  condi-  
t ion was a lways  a surface c leaned by  etching wi th  
H2SO4-solution C of 8:1:1 composi t ion at  60~ for  3 
min fol lowed by  a 3 min  t r ea tmen t  in  HC1, g iving a 
surface l aye r  of 10-15A. Af te r  etching, the  samples  
were  r insed  for  3 min  in deionized wa te r  and  then  
flushed with  hot chloroform. 

The etched profiles were  measured  wi th  a D e k t a k  
profi ler  (manufac tu red  by  the Sloan Corpora t ion) .  The 
surface l aye r  was charac te r ized  b y  e l l ipsomet ry  a t  
)~ ---- 5461A and measured  immed ia t e ly  af te r  etching. 
For  the calculat ions of film thickness and re f rac t ive  
index (which was assumed to have no imag ina ry  com- 
ponent ) ,  a GaAs reference  index  of nGaAs = 4.065 --  j 
0.304 was t aken  (5). 

Results 
The resul ts  a re  l is ted in Fig. 1-5. F igure  1 gives two 

examples  to i l lus t ra te  the surface smoothness and the 
two types of etching profiles considered here  by  a 
depth  profile trace. F igure  2a and b shows the surface 
l aye r  thickness and re f rac t ive  index  vs. ra te  a f te r  
2 rain e tching t ime for the  var ious  etching solutions. 
The etching ra te  A~ is de te rmined  f rom an etching 
depth  at  an appropr i a t e  dis tance f rom the mask  edge to 

Table I. Etching solutions used, with composition ranges. 

T y p e  E t c h i n g  s o l u t i o n  1 C o m p o s i t i o n  s R e f .  

A N a O H  + H202 + H20  2 : x : 100 9 
l < x < 1 0  

.-> 

B N H 4 0 H  + H~02 + H~0 1 :  l : x  10 
1 6 < x < 5 0  

+- 

C H2S0~ + H202 + H 2 0  x :  1 : 1  11 
1 0 < x :  < 2 0  

D H2SO4 + H202 + H 2 0  1 : 1 : x 11 
i0 < x < 250 

<-. 

E C i t r i c  a c i d  + H~O2 + H20  50 : x : 50 7 
l < x < 1 0  

--> 

F Iz~PO, + H~O~ + H20 1 : 1 : x 8 
1 8 < x < 5 0  

1H202:  30% in  H20.  N H t O H :  25% in  NI-Is. I ~ S O 4 :  96% in  H20.  
H3PO4: 85% in  H20.  

2 A r r o w s  i n d i c a t e  direction of increasing etching rate. Com- 
ponents i n  vol .  ( c m - ~ ) ,  c i t r i c  a c i d ,  a n d  iNaOH in  w e i g h t  ( g ) .  
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The etching ra te  A~ is de te rmined  f rom an etching 
depth  at  an appropr i a t e  dis tance f rom the mask  edge to 

Table I. Etching solutions used, with composition ranges. 

T y p e  E t c h i n g  s o l u t i o n  1 C o m p o s i t i o n  s R e f .  

A N a O H  + H202 + H20  2 : x : 100 9 
l < x < 1 0  

.-> 

B N H 4 0 H  + H~02 + H~0 1 :  l : x  10 
1 6 < x < 5 0  

+- 

C H2S0~ + H202 + H 2 0  x :  1 : 1  11 
1 0 < x :  < 2 0  

D H2SO4 + H202 + H 2 0  1 : 1 : x 11 
i0 < x < 250 

<-. 

E C i t r i c  a c i d  + H~O2 + H20  50 : x : 50 7 
l < x < 1 0  

--> 

F Iz~PO, + H~O~ + H20 1 : 1 : x 8 
1 8 < x < 5 0  

1H202:  30% in  H20.  N H t O H :  25% in  NI-Is. I ~ S O 4 :  96% in  H20.  
H3PO4: 85% in  H20.  

2 A r r o w s  i n d i c a t e  direction of increasing etching rate. Com- 
ponents i n  vol .  ( c m - ~ ) ,  c i t r i c  a c i d ,  a n d  iNaOH in  w e i g h t  ( g ) .  
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Fig. I .  Dektak etch profile traces for two compositions of the 
H2SO4 etch solutions, showing enhanced etching at the mask edge 
and flat-bottomed profile, respectively; (a) solution C with compo- 
sition of 10:1:1; (b) solution D with composition of 1:1:16. Etching 
time 4 rain at 20~C. 
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exclude the H202 diffusion effects from the protected 
area. For each point, at least two independent  mea-  
surements  were taken and the lowest film thickness 
listed. The spread of the data is typical ly wi th in  20% 
for rates /% > 0.1 ~m/min,  but  much higher for lower 
rates. The corresponding profile topology, i.e., the H202 
diffusion effect is characterized in  Fig. 3 by ta1=ing the 
ratio of the enhanced dep th  at the mask edge to the 
depth at an appropriate distance from the edge as indi -  
cated. Further ,  the development  of the film thickness 
with increasing etching t ime is shown in  Fig. 4. Figure 
4a summarizes the behavior  of solutions A, B, E, and 
F: Fig. 4b shows the behavior  for the H2SO4 solu- 
t ion D and the influence of an addit ional  HCl t reat -  
ment.  The etching rates are thereby correlated to the 
H202 concentrat ion as seen in  Fig. 5, all  results at 
21 ~ _ I~ 

Taking the various parameters  considered as surface 
contamination,  etching rates, etched profiles, and 
H202 concentration, it is possible to list a number  of 
general  tendencies: 

1. A th in  surface layer is connected to a pronounced 
H202 diffusion effect. 

2. No etchant with surface reaction l imited behavior 
is found with a surface layer thickness below 40A. 

3. It  takes a few minutes  t ime unt i l  the dynamic 
equi l ibr ium between etching rate and surface layer 
thickness is established. In  most cases the surface layer  
is bui l t  up slowly. 

4. In  all  solutions with low H202 and high H~O con- 
tent  the etching rate is roughly proport ional  to the 
mole percentage of H202 content  and thus determined 
by the H202-GaAs reaction. 
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. . . .  i i i , I i I . . . . . .  I I , i i , 

E 

O o L  ' I . . . . . .  I I I I I I I , I I  ' . . . .  
�9 0.1 1.0 p m l m i n  

e t c h i n g  r a t e  A o o  

. . . . . . . .  t . . . . . . . .  J 
G a A s  

A 
..~ B 

~ ----J .. ~--'--X--X-J-X- 

d x'" "" '" o e -- " ~ ' "  " "" ' ' "  """ "6 "~'~" "" 
- - q,,.i~" L-~--m; - -ram- - v m- 

/ , c 

�9 - - - - n a t i v e  o x i d e  

01  . . . . . . . . . .  I h ,  I I r I I 1 , 1  i I 

0 O1 10 iJm/min 
etching rQte AO.O 

Fig .  2.  ( a )  F i l m  t h i c k n e s s  d a n d  (b )  r e f r a c t i v e  i n d e x  n of  t h e  

surface film vs. etching rate for various etching solutions. Etching 
time: 2 rain for A > 0.1 /~m/min; 4 min for A < 0.1 #m/min. 
.Temperature: 15~ for D, 21~ for A, B, C, E, F, 

s 

2.0 T 

1.5 

1.0 

0.01 

' ' ' ' ' ' ' ' i  

C 
- L . -  u . . . .  wL . . . .  m. 

, [] o-,.o f--'o ~ Q " ' ~  

AI, E 

I I I I I I I I 01  I I I I I I I I i i  0 pmlmin' 
e t c h i n g  f e t e  A oo  

Fig. 3. Effect of enhanced etching at the mask edge vs. etching 
rr 

5. The overall  refractive index stays between that  of 
GaAs (5) and that  of nat ive  oxide (6), decreasing for 
thicker films. The high values indicate meta l - r ich  
compounds. 

The change from the diffusion-l imited case to the 
flat-bottomed profile case corresponding to the bui ld-  
up of a surface layer  can be observed with the H3PO4 
solution F. The t ransi t ion occurs at an etching rate of 
around 0.1 ~m/min,  and no reproducible etching rates 
were measured in  this region. The same tendency is 
seen for the H2SO4 solution when  changing from com- 
position C to D. In  the case of composition C, the reac- 
tion is determined by  the H2SO4 part, which is b i -  
valent, and the H202 diffusion in the solution. This gives 
a subsquare behavior in the etching rate vs. the H202 
concentrat ion relationship. Therefore, the enhanced 
etching at the mask edge is very pronounced. In  con- 
trast  to this, changing to the weak H20$ concentrat ion 
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causes the enhanced etching at the mask edge to dis- 
appear  bu t  at  the same t ime creates a surface layer. 
The etching rate is now determined by H202 concen- 
t ra t ion and diffusion in  the surface film. 

Etch solution E (citric acid) shows an  unusua l  be-  
havior: the surface film thickness increases with etch- 
ing rate, bu t  decreases with etching time. However, 
the film is very porous, and weakly bonded to the sur-  
face, and  can even be wiped off by  a cotton bud. 

It  was fur ther  found that  addit ional  t rea tment  in  hot 
HC1, which removes nat ive oxide rapidly, general ly  
does not  reduce the film thickness by more than  20% 
except for the film left by the H2SO4 etchant  D. This 
case is addi t ional ly  indicated in  Fig. 3b. 

Discussion 
In  Ref. (8) a general  model is given for the etching 

process of GaAs for mixed solutions containing H202 
and H20. The various reaction steps are listed and, for 
the case of low H20~ and high H20 contents, the H20~ 
adsorption to the active centers of the GaAs surface 
was proposed to be the ra te -de te rmin ing  factor, 

However,  this picture seems to be oversimplified. The 
etching rate is indeed roughly  proport ional  to the H202 
concentrat ion for all  solutions: But by plott ing the data 
carefully, a more or less pronounced subl inear i ty  can 
be observed [see also Ref. (4)],  cer ta inly due to the 
H20~ diffusion effect, ei ther in the etch solution or in  
the surface layer. For f iat-bottomed profiles, it  seems 
necessary to have a diffusion bar r ie r  between etch solu- 
t ion and GaAs surface. Most likely, GaAs is oxidized by  
the H~O2 to form a nat ive oxide, which is highly soluble 
in the etch solution (all solutions used can etch anodic 
oxides very  quickly) .  In  contrast, the surface layer  
found cannot  be dissolved in  HC1 or HF. Possibly this 
layer  is formed by a preferent ia l  and complex reaction 
a l s o  involving the acidic par t  of the solution. In  some 

cases, the layer  seems to be very  porous and unstable.  
Clearly, a constant  etching rate, especially for the first 
minutes,  cannot be expected for these cases, even when 
star t ing with a clean surface. This may explain the 
spread of the data in Fig. 4. 

The usefulness of such surfaces for device applica-  
tions, as for instance Schot tky-metal  deposition, seems 
main ly  to depend on the composition of this layer  and 
whether  or not it can be consumed in  an anneal ing  
process. Indeed, best Schot tky-barr ie r  characteristics 
are achieved after short forming processes. Fur ther  in -  
vestigations in  this direction are being under taken.  
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Post Field Recombination in the Pulsed Electroluminescence 
of Zinc Sulfide 

M. S. Waite* and A. E. Thomas** 

Division of Materials Science, Thames Polytechnic, London, SE18 England 

Direct current electroluminescence 

in ZnS:Mn powder panels (i.e. "Vecht-type") 

is now an established display technique(l-3). 

In contrast to the bright yellow-orange 

luminescence of the Mn doped phosphors, 
undoped zinc sulphide powder phosphors 

when prepared as electroluminescent panels 
in exactly the same way give a very weak, 

but spectrally broad, emission (Fig. I, 
spectrum a-b) (4). The bands stretch from 

ca. 33Onm, the cut-off point of the 

conducting glass substrate on which the 

powders are deposited, to ca. 7OOnm. 

During the examination ef~ the decay 

characteristics of undoped zinc sulphide, 

an additional radiative recombination 

process was observed, with characteristics 

as discussed below. 
The material used for the preparation 

of the phosphors was luminescent grade ZnS, 

from Levy West Ltd., muffle-fired to 950~ 
and washed with acetic acid before use. 

The powder was washed in cupric chloride 
solution, deposited in conducting glass 

strips, and an A1 back electrode was 

evaporated on exactly as published for 

ZnS:Mn phosphors (I). The thickness of 

the powder layer was about 200 microns and 

the phosphor was formed to iOO V de before 

examination of the response to pulsed 

excitation. The phosphor was not delib- 

erately doped, but contains chlorine and 

sub ppm traces of Mn. 

*Electrochemical Society Active Member 

**Present address: Dept. of Applied 
Physics & Electronics 

Univ. of Durham 
Durham, England 

Key Words: ZnS, Electroluminescence, 
Recombination Process, Self-activated 

emission, D-A Recombination 

Fig.2(a) illustrates the response 

of the phosphor to dc pulses of 20~t sec. 

length and 230 V peak voltage. With the 

limited resolution of the equipment, the 

decay time of the luminescence,following 

the end of the voltage pulse, could not 
be reliably estimated, but appears to be 

less than IO0 nano-seconds. There is, 

however, an additional brightness peak 

following the main pulse, with a slow 

rise and decay (peak b in Fig.2). 

The rise time, or the delay time 

between the peak maximum and the end of 

the voltage pulse is from 5 to 45)~secs., 
varying with different samples, and the 

decay time to I/IO of peak brightness is 

at least 300)~secs. The ratio of the 

height of the secondary peak to that of 

the main peak varies with specimen, 

voltage and the age of the panel. The 

longer the panel runs, the less prominent 

the secondary peak, whilst the primary 

peak increases with voltage at a greater 

rate than the secondary peak. The ratio 
of secondary to primary peak heights is 

also dependent on the length of the 

excitation pulse. It is difficult to 

assess for pulse lengths <40j_~secs., but 

rises gradually as the pulse length 

increases (Fig.3). Furthermore, the 

secondary brightness peak builds up 

slowly, when the pulsed field is first 

applied. 

By choosing a long pulse length, 

200~sec., a high duty cycle and a low 

applied voltage, 80 V, it is possible 

to obtain emission predominately from the 

secondary peak (see Fig.2(b). Thus, the 

spectral distribution of this secondary 

emission could be recorded free from 
interference by the "in-field" emission. 

It appears as a band with a maximum at 
467nm (curve C, Fig. i) and is identical 

to the CL spectrum of the original ZnS 
phosphor. This corresponds to the well- 

known S-A emission of ZnS, due to 

509 
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electron-hole recombination at a zinc 
vacancy-chlorine complex, Fig. 4(5,6). 

It seems, therefore, that the post-field 

emission from undoped zinc sulphide arises 

from the recombination of an electron with 

a hole bound to a VZ - C1 site in the 
lattice. The slow r~se in appearance of 

this emission following the end of the 

main pulse, may be due to the slow diffusion 

of electrons as the space charge created 
by the voltage pulse decays, or the thermal 

release of electrons from other traps in 

the phosphor. The secondary emission 

disappeared when the pulsed field is applied 
at 77~ and was not observed in ZnS refired 

in H2S and lacking the S-A photo or cathodo 
luminescence. We suggest, therefore, that 
the self-activated centre is ionised by 

the field in the formed layer or by coll- 

ision ionisation, leaving a hole bound to 
the V -CL complex and an electron which 

Zn 
is trapped elsewhere. The slow rise in 

appearance, over several minutes, of the 

secondary peak after the pulsed field is 

initially applied may be due to the slow 

creation of trapping centres for the 

electrons. 

By measuring the intensity of the 

emission in the secondary peak, and assum- 

ing each recombination is radiative, with 

negligible self-absorption, an approximate 

estimate of the number of i~nised centres 

can be made. For a sample operated at 

105 V with a 1402Asec. pulse width and a 
frequ@~cy of 200 Hz, a recombination rate 
of i0 TM sec -I out of phase with the field 

was estimated, or 5 x 109 recombinations 

per cycle. The thickness of the formed 

layer was determined as 3Ju~ from capacit- 

ance measurements, compared with 2 ~ found 

in ZnS / Mn panels (I). This would give 

an estimated density of ionised centres 
of ca. 5 x lO19m -3 in the formed layer 

following each voltage pulse. 
Similar explanations have been pro- 

posed for the brightness peak observed 

during square wave excitation of copper 

doped zinc sulphide phosphors as the field 

is turned off, for example Zallen et al(7). 

In that case, however, ~the spectral 
distribution of the"post-field" peak was 
the same as that of the brightness observed 

at the start of the pulse. In these un- 

doped zinc sulphide phosphors, the fast 

decay of the primary emission observed 

during the pulse and the quenching of the 

secondary emission as the field is re- 

applied (see Fig. 2b) suggests that the 

recombination process represented by the 
secondary peak does not also occur whilst 

the field is on. Thus, doubt is cast on 

models for dc electroluminescence which 
involve energy transfer to Mn 2+ from 

electron-hole recombination at defect 

centres, such as the S-A centre. In 

addition, the difference between the 

emission spectra arising from continuous 
dc excitation and the spectra of the 
recombination process is further evidence 

that the broad bands, or "avalanche spectra 

observed during dc excitation of the undop- 

ed ZnS have an intra-band or intervalley 

origin (8). 
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Silicon Dioxide as Masking Film in Alkaline Etching 

Irene Barycka and Helena Teterycz 
Instytut Technologii Elektronowej, Politechniki Wroclawskiej, Wroclaw, Poland 

Anisotropic etching of selected areas of 
silicon surfaces in alkaline solutions is often 
applied in technology of silicon semiconductor 
devices, for example for making grooves, di- 
viding structures, or in production of thin 
silicon membranes (1-5). In the two last 
examples, when a large etch depth ca. 200 ~m 
is needed, the etch resistance of the masking 
film is of special importance. The use of 
SiO 2 films mad~ by silicon wafer oxidation as 
masking material is well justified for tech- 
nical reasons. Selected areas of the surface 
are exposed to etching solution by simple pho- 
tolithography. It should be emphasized that 
the shape of hole or groove, especially in the 
case of deep etching, depends much more on the 
crystal strucutre than on the precision of 
lithography. 

The etch resistance of SiO 2 to organic 
bases is reported by Finne and Klein (6). The 
rate of this etching is as low as 3.5 - 10 -4 
~m/min. 

This communication presents the results 
of investigations on SiO 2 etch resistance to 
30 w/o NaOH. Since NaOH is much cheaper and 
easily handled, its use is fully justified as 
a substitute for organic bases. 

SiO 2 films of 0.5 and 1.3 ~m thickness 
were produced by oxidation of silicon wafers 
in wet oxygen at 1373~ It appears that 
films prepared on smooth, polished, or rough 
silicon surfaces did not differ in their mask- 
ing ability. 

The wafers under study were mounted on 
rotating disk (250 rpm) and etched in 30 w/o 
NaOH in the temperature range 350~176 
Etching rate Vs. reciprocal temperature is 
plotted in Fig. i. The calculated activation 
energy obtained in this same way for silicon 
is 62-64 kJ/mol. Another interesting result 
obtained is the ratio of etching rates for 
slowly etching <iii> and SiO 2. This is shown 
in Fig. 2. The results obtained allow one to 
choose an optimal safe thickness of masking 

film for silicon etching to the required 
depth. In the conditions reported, the 
ratio of Si <iii> to Si <i00> etching rate 
is 1:6.6. 

The examined SiO 2 films were success- 
fully used as masking material in thin silicon 
membranes production (7) and in other similar 
operations 
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Surface Etching by Laser-Generated Free Radicals 
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Abstract 

We have found that reactive neutral fragments, 
generated by multiple infrared photon dis- 
sociation of various molecules with a C02 
laser, are capable of etching sil icon oxide 
or nitr ide surfaces. The laser-generated 
radical etching process has a potential for 
major commercial impact, by eliminating ion- 
bombardment damage in the resulting semi- 
conductor device and by permitting more 
eff icient and selective etching to be 
performed. In addition, this provides an in- 
vestigative tool for learning the precise 
identity of the active species, the extent of 
their interaction with the substrate surface, 
and the rates of the key steps in the reac- 
tions resulting in net removal of si l icon. 

Introduction 

In the reactive ion etching process, which is 
in wide current u@e fpr processing of semi- 
conductor devicesk ~,2) an etch gas such as 
CF, or CHF3 is dissociated by an r f  plasma 
in a chamber containing the wafers or other 
workpieces. The result ing fragments then 
react with the exposed surface of the ma- 
te r i a l .  One problem associated with th is  
process is that the charged part ic les present 
in the plasma induce ~a~iation damage in the 
6aterial being etchedt3); eliminating th is  
damage often requires an additional annealing 
step in the manufacturing process. Also, the 
presence of a large number of species in 
the reactive plasma makes i t  d i f f i c u l t  to 
establish the mechanism of the etching re- 
actions in any deta i l " .  

We have found that etching of Si02 surfaces 
can be accomplished by dissociating a su i t -  
able etch gas with a high-power infrared 
laser, when the beam is focussed near but not 
d i rect ly  on the surface. This d i f fers from 
the usual type of laser-annealing process s, 
in which the sample surface is d i rec t ly  
heated by the laser radiation. CF3Br was 
chosen as the etch gas, since i t  is easily 
dissociated by using a C02 laser G. 

Experimental Results 

I n i t i a l  i r rad ia t ion was carried out with a 
Tachisto 215-G TEA C02 laser ( l ine-tunable, 
0.2-1.5 J/pulse, 45-nsec pulse width, 1Hz 
pulse repet i t ion rate). The surface of the 
substrate in the test chamber was positioned 

1 mm away from the focal volume of the 
lase~ beam. In a typical resul t ,  a sample 
of s i l icon dioxide (deposited on a s i l i con  
substrate by reaction of SiH, + N20 at 
900~ was etched in an atmosphere of 5.5 
Torr CF3Br. 1200 pulses of the C02 laser 
[R(28), 00~176 l ine at 9.23 um, 0.4 
J/pulse] produced an etch depth of 350 A, 
as determined by a scanning stylus-probe 
step-height technique. Sil icon n i t r ide  
samples were also tested, and other etch 
gases (CF2C12, CDF3) were employed; posit ive 
evidence of etching was obtained in most 
cases. Additional surface diagnostics on 
these samples are being carried out at the 
present time. 

Discussion 

The 1200 pulses necessary to achieve an etch 
depth of 350 A required 20 minutes i r rad ia-  
t ion time with a l-Hz laser. While in ab- 
solute terms th is  appears to be a slow etch 
rate, some analysis is required to understand 
the true signif icance of th is result .  The 
1200 x 45-nsec laser pulses correspond to 
only 54 ~sec of laser "on"-time. A more 
pertinent time scale is the exposure of the 
substr~t~ surface to the active species, CF3. 
Bensont 7) gives the bimolecular recombination 
rate for CF3 radicals as k = 1.7 x lO I~ Ziter  
mole -z sec -I at 300~ Since about I0% of 
the total CF3Br (5.5 Torr) was dissociated by 
each pulse, the mean CF~ lifetime can be 
estimated as t l /2[CF3] = I/[CF3]0 x 
krecomb = 1.5 x 10 -0 seconds; thus, the total 
exposure time is 1200 x 1.5 ~sec ~ 1.8 msec. 
Thus, the true "etch rate" is on the order of 
350~/I.8 x ~0 -3 sec = 200,000 X/sec 
12,000,000 A/min. This is spectacularly 
greater than the customary plasma etch rate, 
which at best is about 2000 A/min. 
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In practical terms, the 1200 laser pulses 
could,be delivered by a 200 Hz TEA C02 
laser~ 8) in 6 seconds, giving an overall 
etch rate of 3500 A/min. This is already 
quite comparable with current technology in 
this area, and points up the importance of 
using a high-repeti t ion-rate laser for #ur- 
ther studies of these phenomena. The reac- 
t ion volume associated with the focussed 
laser beam can be expanded by suitable op- 
t ics( z ) to permit exposure of a standard 3-4" 
wafer to the reactive species, although the 
extent to which this is feasible wi l l  be 
l imited by the threshhold fluence require- 
ments for the multiphoton dissociation. 

Further development of this laser-generated 
radical etching technique should lead to a 
new "dry" processing method which wi l l  
eliminate compromise of device performance 
resulting from radiation damage, and also 
lead to more rapid and selective etching. A 
possible l imi tat ion to this process, which 
requires further investigation, is the degree 
of etch anisotropy which can be produced by 
neutral instead charged species bombarding 
the surface of the material. Since the 
laser produces only a single reactive species 
(e.g., CF~, CF2, F, or the l i ke) ,  at a high 
concentration and also highly localized in 
time and in proximity to the surface, a de- 
ta i led mechanistic study of the surface 
reactions leading to etching can be carried 
out. 

7S.W. Benson, "Fundamentals of Chemical 
Kinetics", p. 302, McGraw-Hill Book Co., 
New York (1960). 

8The operation of such a laser in a ~4S 
enrichment module has been described by 
V.N. Bagratashvili, Yu.R. Kolomisky, 
V.S. Letokhov, E.A. Ryabov, V.Yu. Baranov, 
S.A. Kazakov, V.C. Nizjev, V.D. Pismenny, 
A.I.  Starodubtsev, and E.P. Velikhov, 
Appl. Phys. 14, 217 (1977). A similar 
("mini-TEA")~aser is also in operation 
at the M.I.T. Lincoln Laboratories. 

9C. Reiser and J . l .  Steinfeld, Opt. Eng., 
to be published. 
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A Different View of the Tafel Equation in Electrode Processes 

Akira Doi 
Department of Inorganic Materials, Nagoya Institute of Technology, Nagoya 466, Japan 

At not too low overvoltages (171 > 
RT/zF), any electrode process satisfies the 
Tafel equation (I) 

= a - b lOgl0 i [i] 

where i is the current density, a and b the 
Tafel constants, R the universal gas constant, 
z the valency, and F the Faraday's constant. 
Although a number of papers deal with Eq. [I] 
(2), many of them presuppose thermal excit- 
ation processes for charge transfer to occur. 
Even a quantum-mechanical interpretation in 
terms of electron-tunneling requires thermal 
rearrangement of solute molecules in the 
vicinity of relevant electrode (3,4). The 
purpose of the present note is to suggest an 
alternative that the Tafel equation can be 
obtained without reference to thermal 
equilibrium of the form 

0 + ze ~ R [2] 

where 0 and R are two oxidation states. For 
convenience sake, only cathodic polarization 
( ~ < 0) is considered. 

Recently, it is inferred(5) that the 
neutralization process of alkalis in alkali 
silicate glass is due to tunneling of 
electrons through the potential barrier in 
the space charge-cathode double layer, and 
that the neutralization probability c(~nes 
close to unity with increasing i, although it 
depends strongly on the work function of the 
cathode and perhaps on what the charge 
carriers are. In alkali silicate glass a 
potential drop appears in the alkali-depletion 
layer near the anode(5), whereas in liquid 
electrolyte having two mobile carriers of the 
opposite sign, large potential drops are 
developed on both electrodes and overwhelm a 

Key words: Tafel equation, charge transfer, 
tunneling. 

potential drop across the electrolyte. If 
the neutralization probability of negative 
charge carriers on the anode is unity as 
positive charge carriers on the cathode do, 
that is, if no space charges are left un- 
neutralized on both electrodes, the 
polarization potential at the cathode is 
about -V/2, so 

V 
~ --T+Ee [3] 

where V is an applied voltage, and E is the 
equilibrium electrode potential, e 
Therefore, for cathodic polarization, ~ may 
be equal to an effective potential drop near 
the cathode. Such a potential drop across 
the space charge-cathode double layer of an 
effective thickness d gives an electric 
field - ~/d which is sufficient for easy 
tunneling of electrons to occur. 

In these circumstances, since dynamic 
motion of charge carriers in liquid electro- 
lyte resembles diffusion of constituent ions 
in solid(6), a theory of ionic conduction in 
glass(7) can be employed to give the current 
density as a function of overvoltage, as 

ne~kp ~ 
i - 3 exp [ e(- -T)-T~-- ] [4] 

where 
p = ~ exp [-H/kT] [5] 

is the junloing probability of charge carriers 
over an energy barrier H, 22 the junloing 
frequency, n the carrier density, and ~ the 
average jumping distance. Rewriting Eq. [4], 
we obtain the Tafel equation 

2kTd _ he)% p 2ek_~ ~ logei l~ [6] 

The Tafel slope b is then 
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2kTd 
b = 2.30-- 

ek 

d 
(= 0.119 -~- at room temperature) [7] 

If d ~ )k , the value of b is in good 
agreement with the experimental results for 
e.g. the hydrogen electrode(2). With 
decreasing ~ , the polarization cturve 
deviates from Eq. [i] and i becomes proport- 
ional to ~ , in further coincidence with the 
theory of ionic conduction in solid. 
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Semiconductor Electrodes 
XXIX. High Efficiency Photoelectrochemical Solar Cells 

with n-WSe~ Electrodes in an Aqueous Iodide Medium 

Fu-Ren F. Fan, Henry S. White, Bob Wheeler, and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texas 78712 

A number of photoelectrochemical (PEC) 
photovol ta ic (or regenerat ive) ce l l s  based 
on semiconductor electrodes in aqueous and 
nonaqueous media have been described; see 
( I -7)  and references there in .  High solar  
energy conversion e f f i c ienc ies  in such ce l ls  
require a semiconductor band gap energy (Eg) 

which matches well wi th the solar  spectrum, 
a semiconductor f la t -band potent ia l  (Vfb) 

and solut ion redox couple potent ia l  (Vredo x) 

which maximizes the output voltage, and con- 
d i t ions  which minimize recombination pro- 
cesses in the semiconductor and so lu t ion 
and at the in ter face.  The solut ion redox 
couple and solvent are selected to s tab i l i ze  
the semiconductor from photoinduced corro- 
sion processes (8,9) .  The highest published 
power e f f i c iency  for  such ce l l s  is the 12% 
reported for  a s ingle crysta l  n-GaAs elec- 
trode in a selenide medium ( I0 ) .  We describe 
here a PEC cel l  based on s ingle crysta l  n- 
WSe 2 which shows comparable e f f i c i enc ies .  

The a p p l i c a b i l i t y  of the layer- type com- 
pounds based on molybdenum and tungsten d i -  
chalcogenides (e.g. MoS 2 and MoSe 2) as semi- 

conductor electrodes was f i r s t  described and 
invest igated by Tr ibutsch and co-workers ( I I -  
15). In more recent work ce l l s  based on p- 
WSe 2 (16,17) and the dependence of the photo- 

potent ia l  on the solut ion redox couple fo r  
n-WSe 2 has been described. These materials 

appear promising as candidates for  pract ica l  
PEC solar  ce l l s  because t he i r  exc i ta t ion  in-  
volves d-d t rans i t i ons  which may provide good 
s t a b i l i t y  (12) and because they are r e l a t i ve l y  
cheap and abundant mater ia ls.  However the 
performance of ce l l s  reported to date have 
been rather modest. We report  here an n-type 
WSe 2 wi th a high e f f i c iency .  

*Electrochemical Society Active Member. Key 
words: photovol ta ic ,  energy conversion. 

The n-WSe 2 c rys ta l s ,  grown by chemical 
vapor t ranspor t ,  were generously donated by 
Drs. Barry M i l l e r  and Frank DiSalvo of Bell 
Laborator ies. They were connected to a cop- 
per wire wi th s i l ve r  epoxy cement (A l l ied  
Products Corp., New Haven, Conn.). Before 
mounting the c rys ta l ,  a clean, new crysta l  
surface (~ c-axis or van-der-Waals surface) 
was prepared by s t i ck ing  adhesive tape on the 
surface, and then pu l l ing  i t ,  along with t h e  
surface layer of the c rys ta l ,  o f f .  The crysta l  
was mounted in 7 mm-diameter glass tubing wi th 
a l l  sides insulated wi th s i l i cone  rubber seal- 
ant (Dow Corning Corp., Midland, Mich.) leav- 
ing exposed the van-der-Waals surface with an 
area of about 0.017 cm 2. Before use, the elec- 
trode surface was etched wi th 12 M HCI for  5- 
I0 seconds fol lowed by a thorough-r ins ing wi th 
water. The electrochemical measurements f o l -  
lowed previous pract ice (7). The PEC cel l  con- 
s isted of the n-WSe 2 electrode and a Pt f o i l  

counter electrode (40 cm 2) immersed in a solu- 
t ion of 0.5 M H2SO 4, 0.5 MNa2SO 4, 1.0 M Nal 

and 0.025 M 12 . The path length from the 

Pyrex window of the ce l l  to the n-WSe 2 elec- 

trode was about 1 cm. The n-WSe 2 electrode 

was i r rad ia ted  wi th l i g h t  from a 450 W xenon 
lamp which was passed through a 590-nm cut-on 
and an in f rared (water) f i l t e r  ( i . e . ,  only 
l i g h t  of wave length longer than 590 nm i r r a -  
diated the c e l l ) .  ThR in tens i t y  at the cel l  
window was 150 mW/cm ~ (which is somewhat 
higher than the maximum t e r r e s t r i a l  solar  
i n tens i t y ) .  Under these condi t ions I -  is 
photo-oxidized to I~ at the WSe 2 and I~ is 

reduced to I -  at the Pt counter electrode 
with the passage of an external current .  The 
short  c i r c u i t  photocurrent was about 65 mA/ 
cm2 and the open-c i rcu i t  photovoltage was 
about 0 .71V.  The i-V curve for  th is  ce l l ,  
shown in Figure I ,  y ie lds  a f i l l  fac tor  of 
0.46. The maximum power conversion e f f i c iency  
under these condi t ions,  wi thout  correct ions 
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for solution absorbance and electrode and 
window ref lect iv i t ies,  is about 14%. The 
short c i rcui t  photocurrent was linear with 
l ight intensity up to at least 150 mW/cm 2 
(Figure 2). Moreover the open c i rcui t  photo- 
voltage closely approached its saturation 
va~ue of 0.7 V at l ight intensities ~ lO mW/ 
cm ~. This lat ter finding and the high f i l l  
factor suggests that recombination processes 
are relatively unimportant for this material. 
The cell was operated under roughly maximum 
power conditions for 8 hours. At this time 
the current and cell voltage were essential- 
ly the same as the in i t ia l  values and the 
electrode surface showed no apparent change 
or signs of degradation. (The total amount 
of e lectr ic i ty  passed in this 8-hour t r i a l ,  
about 32 coulombs, would represent on the 
order of l l3 mg of WSe 2 lost, assuming a 

one-electron process, i f  a photodissolution 
process occurred.) 

While the results here are of a prelimi- 
nary nature and we have found some sample-to- 
sampel var iabi l i ty with WSe 2, they appear to 

confirm the earlier predictions of Tributsch, 
et. al. on the potential usefulness of layer- 
type semiconductors in PEC cells. The nature 
of the semiconductor surface is also probably 
of major importance in the attainment of high 
efficiencies. The investigation of surface 
pretreatment effects and the application of 
oriented polycrystalline materials or epitaxial 
layers of n-WSe 2 in iodide media is currently 

under investigation. 

Acknowledgment.--This workwas supported 
in part by the Office of Naval Research and 
by the Solar Energy Research Institute (in 
a cooperative project with SumX Corporation). 
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Anodic Behavior of Lithium in Aqueous Electrolytes 
IV. Influence of Temperature 
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ABSTRACT 

The influence of temperature on the anodic behavior of lithium in LiOH 
was studied at constant electrolyte flow velocity, concentration, and contact 
pressure. It was found that the thickness of oxide film decreases significantly 
with increasing temperature and the active surface area decreases gradually 
with increase in temperature. A rate equation for the H~ e.r. at an anodically 
polarized Li surface serves to predict tne current efficiency at various tem- 
peratures. By polarizing the anode, the hydrogen evolution reaction is inhibited 
and this, coupled with a significant decrease of the surface active area with 
increasing temperature, explains the stability of the lithium electrode in aque- 
ous alkaline electrolytes. Data on the conductivity of 4.5M LiOH at tempera- 
tures f rom 17 ~ to 64~ are reported.  

The rapid dissolution of Li in alkal ine aqueous solu- 
tions can be uti l ized e lect rochemical ly  to produce very  
high ra te  batteries.  In the Li-H20 system, the ra te -  
l imit ing process is the oxidat ion of l i th ium ra ther  than 
the reduct ion of H20 at the cathode. A crit ical  ex-  
aminat ion of the corrosion processes has revea led  that  
the H2 e.r. at  the Li surface is ra te -de termining ,  not 
the Li dissolution react ion (1). Thus, unl ike conven-  
t ional ba t te ry  systems, in Li -H20 cells the current  
efficiency is governed by the ratio of two competing 
processes, namely,  the anodic dissolution react ion and 
the parasit ic self-corrosion react ion (2). The current  
efficiency increases as the electrode is polarized f rom 
its OCV, and i t  decreases at e levated tempera tures  
where  the corrosion react ion is st imulated.  One of the 
most impor tan t  features  of the system is the fact that  
the m a x i m u m  cur ren t  (or l imit ing current )  obtained 
dur ing anodic polar izat ion never  exceeds the OCV 
corrosion rate. This unusual  behavior  and the impact  
of e levated t empera tu re  on the faradaic  efficiency of 
the cell are examined in this paper. 

Experimental 
Details of the e lectrochemical  cell and support  

equ ipment  have  been given previously (1). In sum- 
mary, the test cell housed a circular  11.4-cm 2 area 
anode support  to which were  bonded l i th ium test speci- 
mens. The cathode comprised a wire  screen spotwelded 
to a r ibbed iron back plate. Anode-ca thode  contact 
pressure was control led by an air  pressure cyl inder  
l inked to the anode pushrod. El iminat ion of the hy-  
draulic  pressure component  was accomplished by a 
thrust  balance cyl inder  connected to the inlet  and out-  
let  lines of the cell. Elect rolyte  hydraul ic  pressure 
could be var ied  by a control va lve  on top of the test 
cell. A needle  point pene t romete r  was mounted  on 
the cathode compar tment  such that  on act ivat ion the 

* Electrochemical Society Active Member. 
Key words: lithium, lithium hydroxide, anodic polarization, cor- 

rosion, current efficiency, limiting current .  

pla t inum-pla ted  steel needle could pass through the 
mat r ix  and penet ra te  the anode surface. The pene t rom-  
eter  was ins t rumented wi th  an impedance mete r  and 
l inear  motion t ransducer  (2). Accuracy of the probe 
position was wi th in  •  -~ cm. 

Elect rolyte  flow through the cathode mat r ix  and 
across the anode face was pro.vided by a micropump 
and was moni tored  wi th  a rotameter .  Electrolyte  t em-  
pera ture  was control led to •176 by passing it  f rom 
a reservoir  to a constant t empera tu re  heat  exchanger,  
and into the cell: 

Real  t ime hydrogen rate  measurements  were  ob- 
tained using a wet  test me te r  which was modified 
with  an optical encoder  connected to a d ig i ta l /ana log  
converter .  

L i th ium hydroxide  solutions were  prepared  using 
reagent  grade chemical  and deionized water .  

The exper imenta l  conditions for  the sequence of 
tests repor ted  here  were:  LiOH concentrat ion:  4.5M, 
electrolyte  flow rate:  30 cm/sec,  anode-cathode contact 
pressure:  6.2 • 104 Pa, and electrolyte  tempera ture :  
18 ~ 25 ~ 35 ~ 45 ~ 55~ 

Polarizations were  per formed potentiostat ically,  us- 
ing a custom-designed 0-10A, 0-10V instrument .  Re-  
sponse t ime was 60 ~sec ( f rom no load),  input  imped-  
ance was 1.5 X 1012 ~, and vol tage stabil i ty was • 
The durat ion of each polarizat ion run  was less than 
one minute. S teady-s ta te  conditions were  actual ly  
achieved wi th in  a fract ion of a second. Runs were  re-  
peated three  times for each temperature ,  reproducibi l -  
i ty was wi th in  •  F i lm thickness measurements  
were  repeated six times by rotat ing the anode through 
60 ~ segments. 

Anode potentials were  moni tored  wi th  a cadmium 
(cadmium hydroxide)  reference  electrode (E ~ = 
--0.809V vs. !NHE). 

Electrolyte  conductivit ies were  measured  at 28 ~ 38% 
45 ~ 51 ~ 55 ~ and 64~ using a convent ional  conduc- 
t iv i ty  cell of constant 1.07 obtained by reference  to 
0.1N KC1 solution. 
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Results 
The  influence of t empe ra tu r e  on the anodic po la r i -  

zat ion of Li  in 4.5M LiOH at  a constant  anode-ca thode  
contact  pressure ,  P ---- 6.2 X 104 Pa  and e lec t ro ly te  
flow velocity,  v --  30 cm/sec  is shown in Fig. 1. The 
OCV values measured  here  at  var ious  t empera tu res  
a re  essent ia l ly  the  same (i.e., with in  5 mV) of those 
obta ined  in an ea r l i e r  inves t iga t ion  (1). The po la r i -  
zat ion curves possess two dis t inct  regions, typif ied 
by  the curve at  55~ The  in i t ia l  por t ion  of the  curve 
depic ted  as a -c  is l inear .  I t  represents  IR drop across 
an essent ia l ly  inva r i an t  pro tec t ive  oxide film layer .  
The h igh ly  polar ized  curved por t ion  c-1 has a con- 
f igurat ion which  is of ten character is t ic  of a l imi t ing  
current .  Over  the  ent i re  span, a -c - l ,  i t  is assumed tha t  
the  anodic film format ion  ra te  is ba lanced  by  the film 
dissolut ion ra te  because, as has p rev ious ly  been ob-  
se rved  (2), the film thickness is independen t  of the  
ex ten t  of polarizat ion.  Under  the expe r imen ta l  condi-  
t ions specified herein,  i t  was noted  tha t  increas ing 
t empe ra tu r e  decreased  the film's res is tance and the 
m a x i m u m  cur ren t  increased  m a r k e d l y  wi th  increas ing 
tempera ture .  

F rom the slopes of the  res is t ive polar iza t ion  sections 
of the  curves of Fig. 1, a plot  of film resis tance vs. 
t empera tu re  m a y  be obta ined  as shown in Fig. 2. Tem-  
pe ra tu re  dependence  of the  l imi t ing  cur ren t  density,  
il, der ived  f rom Fig. 1, and of the  measured  corrosion 
ra te  at  OCV, icor, are  d i sp layed  in Fig. 3. icor increases 
significantly a t  e leva ted  t empera tu re s  (i.e., > 35~ 
whi le  il main ta ins  a l inear  re la t ionship  wi th  t em-  
pe ra tu re  over  the range of this study.  

F igure  4 shows tha t  the re la t ionship  be tween  anode 
film thickness and t empe ra tu r e  is nonlinear .  The  de-  
crease of film thickness Xo wi th  increas ing t e m p e r a -  
ture  may  be associated wi th  the fact tha t  the solubi l i ty  
of LiOH, which  comprises the  ma jo r  por t ion  of the 
oxide film, increases wi th  increas ing t empe ra tu r e  (3). 
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Fig. 2. Influence of electrolyte temperature on anode film 
resistance in 4.5M LiOH. P "-  6.2 X 104 Pa, v - -  30 cm/sec. 
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Fig. 1. Anodlc polarization of Li in 4.5M LiOH at various tem- 
peratures. Anode-cot,hode contact pressure P = 6.2 X 104 Pa, 
electrolyte flow rate v = 30 cm/sec. 
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Fig. 3. Li corrosion rate at OCV icor, and anode limiting current 
density iL as function of electrolyte temperature in 4.5M LiOH. 
P - -  6.2 X 104 Pa, v = 30 cm/sec. 

It  was found tha t  the  var ia t ion  in film thickness f rom 
one 60 ~ segment  to the  n e x t  was somewhat  g rea te r  a t  
the  lower  tempera tures .  Since the  film thickness does 
not  change wi th  polar izat ion,  i t  seems reasonable  to 
assume that  the  so lubi l i ty  of LiOH at  var ious  t em-  
pe ra tu res  p lays  the p redominan t  role  in de te rmin ing  
the film thickness.  

In format ion  on the conduct iv i ty  of the  e lec t ro ly te  
as a funct ion of t e m p e r a t u r e  is requ i red  for  analysis  
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Fig. 4. Influence of electrolyte temperature on the anode film 
thickness in 4.5M LiOH. P = 6.2 • 104 Pa, v - -  30 cm/sec. 

of the  expe r imen t a l  data.  This da ta  is p resen ted  in  
Fig .  5. 

Discussion 
In  s t rong ly  a lka l ine  solution, the  dissolut ion of Li, 

even when  under  anodic polar izat ion,  consists of two 
compet ing  p roces ses - - an  e lec t ron-produc ing  e lec t ro-  
chemical  reac t ion  as descr ibed  b y  Eq. [1] 

Li  -t- O H -  ~ LiOH -b e -  [1] 

and a d i rec t  corrosion (paras i t ic )  r eac t i on  as depic ted  
b y  Eq. [2] 

Li  + H20 ~ LiOH Jr �89 Ha [2] 

S t r i c t l y  speaking,  the  overa l l  cor ios ion  reac t ion  [2] is 
a coupl ing of [1] w i th  the  cathodic reduc t ion  of H20 
a t  ad j acen t  sites on the anode  surface. 

Since the  compet ing  react ions  [1] and [2] can occur 
at  any  polar iza t ion  level  a t  anode sites, one cannot  as-  
sume tha t  t e m p e r a t u r e  has ident ica l  impact  on each. 
Indeed,  Fig. 3 c lea r ly  i l lus t ra tes  the difference. On one 
hand, a t  OCV where  there  is no ex te rna l  e lec t ron-  
p roduc ing  reaction,  the corrosion ra te  icor fol lows an 
Ar rhen ius  exponent ia l  dependence  (1).  On the  o ther  
hand,  when  the co r ros ion  react ion is suppressed  to a 
negl ig ib le  amount  by  polar iz ing  the electrode,  the  ra te  
of the e l ec t ron-produc ing  process, il, increases  l inea r ly  
wi th  increas ing t empera tu re .  Taking  a typica l  po lar iza-  
t ion curve, such as tha t  a t  55~ in Fig. 1, icor and ii 
represen t  the ra tes  of Li dissolut ion at  points  a and 1 
respect ively .  Dur ing  normal  opera t ion  of the  Li-HeO 
cell, the  Li anode  is polar ized  to a level  be tween  a-1 
and the cu r ren t  efficiency of the  anodic reac t ion  is 
a lways  somewhat  less than  100%. In  an ea r l i e r  paper ,  
a ra te  equa t ion  for  the g e n e r a l  case of paras i t ic  hy -  
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Fig. 5. Temperature dependence of conductivity for 4.5M LiOH 
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Fig. 6. Current efficiency of a Li anode at various temperatures 

drogen  evolut ion reac t ion  at  a po lar ized  e lec t rode  w a s  
der ived  

( --n~F(E-- Ec) ) 
i l l2  - -  iccr  exp RT [3] 

where  gc is the  OCV of the  Li  a t  a given t emgera tu re ;  
a, the  t ransfe r  coefficient of H2 e.r. on the L i  surface  - -  
0.14 (1), and  the o ther  terms have  the i r  usual  meaning.  
The cu r ren t  efficiency for  the  polar ized  Li  anode  is 
defined as (4) 

e ( % )  - -  . [43 
r "~" iH2 

where  i represents  the  ra te  of anodic reaction.  Using 
Eq. [3] and the da ta  of Table  I, and  Fig. 1, e (%)  at  
different  t empera tu re s  have  been ca lcula ted  and a re  
shown in Fig. 6. F igure  6 also includes expe r imen ta l  
resul ts  obta ined f rom the H2 ra te  measurements .  A l -  
though the two curves are  not  exac t ly  identical ,  the  
s imi la r i ty  in the i r  shapes seems to suppor t  the  va l id i ty  
of the model  which holds tha t  the  H2 e.r. is the  r a t e -  
de te rmin ing  step in  the  corrosion react ions  of Li. I t  

Table I. Some basic parameters of the Li-H20 system in 4.5M LiOH at P = 6.2 • 104 Pa and v = 30 cm/sec 

k i i  ~eor 
T e m p  ( ' C )  (~-1 cm-1) ( m A / e m  2) ( m A / e m  ~) Xo (era)  R (~) 1 - 0o 

18 0.332 138 251 0.080 0.290 0.07 
25 0.386 219 343, 0.061 0.223 0.06 
35 0.467 276 762 0.042 0.170 0.05 
45 0.540 434 1830 0.027 0.118 0.04 
55 0.623 591 3760 0.018 0.082 0.03 
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Fig. 7. Effect of anodic polarization on the current efficiency 
of a Li anode at various temperatures. 

should be ment ioned  tha t  the differences in the  curves  
be tween  the expe r imen ta l  and  the ca lcula ted  resul ts  
can, wi th  the except ion of the  35 ~ data,  be e l imina ted  
if the  va lue  of ~ is increased  f rom 0.14 to 0.143. In  
other  words,  the d iscrepancy is p robab ly  ascr ibable  to 
e r rors  in the calculat ion of the H2 evolut ion  ra te  using 
Eq. [3]. I t  m a y  also be  seen f rom Fig. 6 tha t  by  im-  
posing significant polar izat ion,  near  to 100% cur ren t  
efficiency is obtained.  To i l lus t ra te  the t e m p e r a t u r e  
dependence  of e (%)  at  var ious  polar iza t ion  levels,  
Fig. 7 has been constructed.  At  e leva ted  tempera tures ,  
i.e., T --~ 55~ ~(%) is genera l ly  deg raded  due to the  
very  high paras i t ic  reac t ion  rate.  Thus, in o rde r  to 
opera te  the  Li -H20 sys tem efficiently at  e leva ted  t em-  
pera tures ,  a t rade-off  has to be t aken  in the form of 
addi t iona l  polar iza t ion  of the  anode to achieve accept -  
able  fa rada ic  efficiency. 

Over  the span of the  act ive polar iza t ion  region 
(curve a-c-1 in Fig. 1), s t eady- s t a t e  condit ions are  
observed.  I t  is conceivable  tha t  in  this  reg ion  a 
quas i -equ i l ib r ium state  exists  be tween  act ive and in-  
act ive sites. A simplif ied model  of the sys tem indicates  
tha t  the f rac t ion of act ive sites, 1 - -  Oo, m a y  be r e -  
l a ted  to the  film thickness  (xo), the  average  conduc-  
t iv i ty  of the e lec t ro ly te  (k) ,  film resis tance (R) ,  and  
the pro jec ted  surface a rea  (A) by  the equat ion 

XO 
I - - 0 o - -  " '  [5] 

kAR 

where  Oo is the surface coverage b y  the  oxide  film. 
Coupl ing this equat ion  wi th  da ta  of Table  I enables  
calculat ion of (1 --  Oo) at  var ious  tempera tures .  The 
resul ts  are  l is ted in the last  column of Table  I. The 
decreas ing t r end  of (1 --  Oo) wi th  increas ing t em-  
pe ra tu re  is an in t r igu ing  observat ion,  because  ea r l i e r  
inves t igat ion on the influence of LiOH concentra t ion 
on the f ract ion of the act ive sites revea led  that  (1 --  
0o) decreases m a r k e d l y  wi th  increase in M LiOH, e.g., 

at  25~ (1 --  Oo) r anged  f rom 0.34 a t  2.96M to 0.05 
at  4.841Vf. However ,  i t  should be poin ted  out  tha t  the 
f ract ion of act ive sites ca lcu la ted  in this w a y  only 
serves to compare  changes of the act ive surface areas  
as  a funct ion  of t empera tu re .  In  the  presen t  work,  the  
tor tuos i ty  factor  has been a rb i t r a r i l y  t aken  as un i ty  
and the  bu lk  e lec t ro ly te  conduct iv i ty  has been used 
direct ly ,  the basis for  this Simplif icat ion has been 
discussed p rev ious ly  (2).  

Under  s t eady- s t a t e  condit ions,  the  so lubi l i ty  of 
LiOH governs  the dynamic  balance  be tween  oxide  
film fo rmat ion  and dissolution. There  is l i t t le  doubt  
tha t  the  r ap id  increase  in the  dissolut ion ra te  of Li  (see 
Fig. 3), and  its subsequent  c rys ta l l iza t ion  as LiOH on 
the e lect rode surface at  e leva ted  tempera tures ,  fa r  
exceeds the  ra te  of increase  of so lubi l i ty  of the  sa l t  
as the  t e m p e r a t u r e  increases  (3). This then resul ts  in 
a h igher  ra te  of film format ion  than  dissolution. A 
pa ra l l e l  effect of this imbalance  of r a t e s  is an increase  
in surface coverage at  h igher  t empera tu re ,  and this is 
reflected by  a decrease  in (1 --  oo). The impl ica t ion  of 
these observat ions  is the rea l iza t ion  that  the Li -H20 
sys tem is i n h e r e n t l y  s table  even at  e leva ted  t empera -  
tures  p rov ided  sufficient po lar iza t ion  is imposed on. 
the anode. 

C o n c l u s i o n s  
This s tudy  has shed fu r the r  l ight  on the observat ion  

tha t  polar iza t ion  of the  H2 evolut ion  reac t ion  at  the  
Li surface is the r a t e - l imi t i ng  process ra the r  than  the 
anodic dissolution reaction. The ra te  equat ion which 
has not p rev ious ly  been tes ted for  the  H2 e.r. at an 
anodica l ly  po lar ized  Li  surface serves  successful ly to 
pred ic  t the cur ren t  efficiency at  var ious  tempera tures .  
The inves t igat ion has also shown that,  despi te  the 
fact  tha t  Li reacts  r ap id ly  wi th  H20 at  e leva ted  tem-  
peratures ,  this  reac t ion  can be  cont ro l led  in an e lec t ro-  
chemical  cell  where  the H2 e.r. can be inhib i ted  suffi- 
c ient ly  at  the anode to pe rmi t  good cur ren t  efficiency 
to be obtained.  The decreasing area  of surface active 
sites wi th  increas ing t empera tu re s  reaffirms the s ta -  
b i l i ty  of the Li -H20 sys tem in aqueous a lkal ine  elec-  
t rolytes .  
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ABSTRACT 

In  o rde r  to fulfill  vo lume and cost r equ i rements  on m e t a l - a i r  batter ies  
i t  is necessary  to use b imnc t iona l  a i r  e lect rodes  which  also serve as counter -  
e lectrodes dur ing  charge. This twofold du ty  puts  a ve ry  high demand  on the 
electrode,  especia l ly  the  s t ruc ture  and catalyst .  In  the i r o n - a i r  ba t t e ry  p ro -  
g r a m  of S• a 0.6 m m  porous Ni -e lec t rode  wi th  Ag  ca ta lys t  has been  
deve loped  for  this purpose  with  a l ife of more  than  1000 cha rge /d i scha rge  
cycles. In  this paper  design, performance,  s t ruc tu ra l  changes, mode  of fa i lu re  
etc. are d iscussed .  

Seconda ry  m e t a l - a i r  ba t te r ies  a re  ve ry  a t t rac t ive  
f rom the point  of v iew of energy  dens i ty  because the  
posi t ive e lec t rochemical  reactant ,  oxygen  is suppl ied  
f rom outs ide  the  ba t te ry .  Work  on this type  of power  
source s t a r t ed  in the  midd le  1960's in  the Uni ted  States, 
Japan ,  and Europe.  In  most  cases these act ivi t ies  were  
based  on k n o w - h o w  f rom fuel  cell  development .  A 
shor t  rev iew on these act ivi t ies  is g iven in Ref. (1). 

Swedish  Nat ional  Deve lopment  Company  (SNDC) 
has been work ing  wi th  an i r o n - a i r  ba t t e ry  sys tem 
since 1968. These act ivi t ies  have  resul ted  in ful l  scale 
ba t te r ies  tes ted in vehicles.  In  1974 a second genera -  
t ion p ro to type  was tes ted in a 15 k W - h r - b a t t e r y  in 
a mine  vehicle.  Based  on exper ience  ob ta ined  dur ing  
these tests a th i rd  genera t ion  was designed and a 30 
k W - h r - b a t t e r y  bui l t  and  tes ted dur ing  1974 and 1975. 
This b a t t e r y  sys tem including aux i l i a r i es  is descr ibed 
in  Ref. (1). 

For  p r i m a r y  and mechanica l ly  rechargeab le  me ta l -  
a i r  bat ter ies ,  where  zinc dominates  the  field as nega t ive  
act ive e lect rode mater ia l ,  compara t ive ly  s imple designs 
of a i r  e lectrodes can be used since they  only work  in 
d ischarge  mode. Consequent ly  designs ,used in  fuel  
cells a re  sui table  for  these applicat ions.  For  a second-  
a r y  m e t a l - a i r  ba t t e ry  the appl ica t ion  of the  a i r  e lec -  
trode differs somewhat  f rom its use in  fuel  cells unless  
a th i rd  aux i l i a ry  e lect rode is used dur ing  charge. Since 
volume is a ve ry  cr i t ical  p a r a m e t e r  in a m e t a l - a i r  
ba t t e ry  i t  is necessary  to use rechargeab le  a i r  e lec-  
t rodes which  can be used as countere lec t rodes  dur ing  
the  charge  process. This twofold  du ty  puts  a ve ry  high 
demand  on the electrode,  especial ly  the s t ruc ture  and 
catalyst .  The a i r  e lec t rode  used in the p ro to type  ba t -  
t e ry  is of a double  l aye r  0.6 m m  th ick  wi th  n ickel  as 
the  suppor t ing  mater ia l .  In  this pape r  the  s t ructure ,  
l imi t ing  factors,  as welI  as different  possibi l i t ies  to 
improve  per fo rmance  and life wi l l  be discussed. 

Ve ry  l i t t le  has been publ i shed  on b i funct ional  air 
elect rodes  (2-4).  The e lec t rode  deve loped  b y  Siemens 
is composed of two layers ,  one of which is a hyd ro -  
phi l ic  porous nickel  sheet  ad jacen t  to the  e lectrolyte .  
The o ther  one border ing  the  gas phase  consists of a 
hydrophobic  carbon layer .  Dur ing  oxygen  reduct ion  
the carbon l aye r  p lays  the  act ive par t ,  whi le  the  n ickel  
l aye r  ca ta lyzes  the e lec t rode  process in  l ibera t ing  
oxygen.  The ac t iv i ty  of the carbon powder  is increased  
by  addi t ion  of s i lver  ( )  9.6 mg/cm2).  These elec-  
t rodes have a l ife of  s l igh t ly  more  than  100 cycles. 
Efforts to increase  l ife by  prov id ing  an addi t iona l  
hydrophob ic  l aye r  on the gas side were  not  success- 
ful. 

Design of the SNDC Air Electrode 
The SNDC bi funct ional  a i r  e lec t rode  is bui l t  up of 

a double l aye r  s in tered  nickel  s t ruc ture  where  the  
r aw  mate r i a l s  a re  INCO Ni-287-powder  and s i lver  for  

�9 Electrochemical Society Active Member. 
Key words: battery, electrode, air. 

catalyst .  In  the  product ion  of the electrode,  spacer  and  
hydrophobic  addi t ives  a re  used. The spacer  is ma in ly  
used to bui ld  up the coarse  l aye r  ( thickness  0.4 ram) 
in o rder  to obta in  a un i fo rm poros i ty  and  pore  size. 
The use of spacers  and the technology to v a r y  its form 
and gra in  size deve loped  by  SNDC (5) has p roved  to 
give advantages  r ega rd ing  the u t i l iza t ion  of both  
nickel  and s i lver  as wel l  as the  adapt ion  of s t ruc ture  
to low different ia l  pressure.  This technology is based  
on mix ing  the p repa red  spacer,  gene ra l ly  a wa te r  
soluble inorganic  salt,  wi th  a meta l  powder  and c01d 
press ing i t  to an electrode.  Af te r  s in ter ing  the elec-  
t rode  p laque  the spacer  is r emoved  by  dissolving i t  
in water ,  thus forming  a porous body.  I t  is also pos-  
sible to make  electrodes consist ing of layers  wi th  
different  porosit ies.  

F igure  1, which is a SEM mic rog raph  cross sect ion 
of an uncycled  a i r -e lec t rode ,  shows the fine and coarse 
layer .  This e lec t rode  has dur ing  severa l  years  been 
opt imized  to fulfill  the  requ i rements  r ega rd ing  cr i t ical  
pa rame te r s  for a ful l  scale m e t a l - a i r  ba t te ry .  F igure  
2 gives the a i r  e lec t rode  per fo rmance  dur ing  l ife test  
a t  40~ and  5M KOH. Each  cycle includes  2 hr  charge  
and 1 h r  discharge.  

Fig. 1. Scanning electron rnicrograph of a cross section of an 
air electrode. 
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Fig. 2. Air electrode performance during life test, 1 cycle-- 
2 hr charge and ! hr discharge at 40~ 5M KOH. Normally 
25 mA/cm '2 is used during the tests. 

For  a m e t a l - a i r  ba t te ry ,  especia l ly  when  used in  
vehicles,  the five pa r ame te r s  thickness,  d i f ferent ia l  
pressure ,  work ing  t empera tu re ,  ca ta lys t  contents,  and  
l ife of the a i r - e l ec t rode  a re  of interest .  The thickness  
is cr i t ical  since in  a m e t a l - a i r  ba t t e ry  the  number  of 
a i r -e lec t rodes  is no rma l ly  twice  tha t  of the  negat ives.  
This fact  toge ther  wi th  the fact  tha t  vo lume of the  
ba t t e ry  s tack  is more  cr i t ical  than  the weight  of the  
ba t t e ry  makes  i t  necessary  to develop v e r y  thin  elec-  
trodes. The  a i r -e lec t rodes  used in  the  p ro to type  bat-  
tery is only  0.6 m m  thick. 

I t  is also impor t an t  to have a low different ia l  p res -  
sure  in o rde r  to minimize  the  power  to pump a i r  
th rough  the sys tem as wel l  as the demand  on s t r eng th  
and s tab i l i ty  on s tack design and  electrodes.  These 
electrodes a re  opt imized  to work  a t  a ~d ~ = 0.02 bar ,  
a level  necessary to keep  a s teady  flow th rough  the 
system. 

Owing to the  hea t  evolved,  ma in ly  in  the a i r  e lec-  
trodes, i t  is necessary  to cool the  ba t te ry .  In  o rde r  to 
achieve long l ife for both  electrodes and cell  s tack  
i t  is necessary to keep  the t e m p e r a t u r e  be low 50~ 
The electrodes are  designed to work  at  40~ 

The s i lver  used as ca ta lys t  has a t endency  to leave  
its or iginal  site in the  e lec t rode  dur ing  cycling and 
go out  into the electrolyte .  This phenomenon,  which  
causes decrease in ac t iv i ty  and sometimes shor t - c i r -  
cuiting, depends  on the fact  tha t  oxygen  evolut ion 
occurs in the  corrosion region of Ag  (6). I t  is im-  
portant ,  for economical  reasons, to keep  the ca ta lys t  
content  at  a low level  and shield i t  f rom dissolving 
into the e lec t ro ly te  bulk.  

Hydrophobic Treatment 
By combining the  spacing agent  wi th  t r ea tmen t  of 

hydrophobic  agents  the act ive surface of the e lect rode 
is increased  at  the  same t ime as the  thickness  of the 
e lec t ro ly te  l aye r  wi th in  the  e lec t rode  is minimized.  
This improves  the  pe r fo rmance  of the  e lect rode con- 
s iderably .  

T rea tmen t  wi th  hydrophobic  a g e n t s  also decreases 
the  dissolut ion of s i lver  when  going f rom charge  to 
discharge and vice versa.  This depends  p robab ly  on a 
th inner  e lec t ro ly te  l aye r  which  decreases  the possi-  
b i l i ty  for  migra t ion  of s i lver  ions out  into the e lec t ro-  
ly te  bulk.  This effect is shown in Fig. 3 whe re  the  
s i lver  dissolut ion is about  10 t imes lower  a f te r  t r e a t -  
men t  wi th  hydrophobic  agents.  I t  is ev ident  tha t  h y -  
drophobic  addi t ives  have a posi t ive influence on the  
per formance  and l ife of the  b i funct ional  a i r  electrode.  
By opt imizing the s t ruc ture  and hydrophobic  t rea tments  
the  per formance  of the  e lec t rode  has g r adua l l y  been 
improved  at  the  same t ime as the number  of cycles  
has been increased and the different ia l  p ressure  has 
been  decreased.  

Cata lys t  Contents  
By placing the s i lver  in the act ive coarse l aye r  

zone of the e lec t rode  the  level  can be kep t  on 2.5 

ReL dissolution of 
Ag-catalyst 

1.0- 

O.B, 

0.6- 

0./*- 

0.2- 

0 
I'5 2'5 5'0 75 160 m'ReL, amount of 

hydrofobic ogent 

Fig. 3. Influence of hydrophobic treatment on dissolution of 
Ag-catalyst in SNDC-air electrode. 40~ 100 cycles. 
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Fig. 4. Influence of catalyst level on air electrode performance. 
Current density at --300 mV vs. Hg/HgO. 

m g / c m  2 wi thou t  negat ive  influence on l ife and  pe r -  
formance  (Fig. 4). 

In  this figure resul ts  of tests  a r e  shown where  the 
ca ta lys t  contents have been va r i ed  in the in te rva l  10- 
2.5 mg/cm~. It  is evident  tha t  a t  50~ the ac t iv i ty  of 
the  e lect rode is not  influenced by  the var ia t ions  in 
ca ta lys t  loading. At  40~ and a coarse l aye r  thickness 
of 0.4 ram, however ,  the  ac t iv i ty  decreases be low 
5 mg A g / c m  2. By decreas ing the coarse l aye r  thickness 
to 0.2 m m  the overa l l  ac t iv i ty  of the  e lect rode wil l  be 
lower  bu t  wi th  a be t t e r  u t i l iza t ion  of the catalyst .  
This shows tha t  not  only  the amount  of ca ta lys t  is of 
in teres t  but  also the  re la t ionship  N i / A g  in the coarse 
layer .  The dissolut ion of Ag into the  e lec t ro ly te  ap-  
pears  dur ing  the first 200 cycles a f te r  which  the level  
is a lmost  constant  (Fig. 5). The in i t ia l  loss of Ag is 
a ppa re n t l y  connected to the  improvemen t  in  capaci ty  
dur ing  the first 40 cycles (Fig. 6), which also has been 
observed  by  Cnobloch et  aL (4). This depends  p rob-  
ab ly  on a red i s t r ibu t ion  of the  ca ta lys t  and an increase  
in the e lec t rochemica l ly  act ive surface of the elec-  
trode. The low dissolut ion ra te  a f te r  200 cycles de-  

Ag remaining 
in electrode 

% 

100 

75 ~ 
5 0  

2 5  

0 

500 10'00 1500 m- 
Number of cycles 

Fig. 5. Dissolution of Ag as a function of cycles 
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Electrode potential at 50mA/cm ~ 

-100 [mVv, s, Hg/HgO] 

500 cycles 

-3 0 
Cycles 

ll00 200 ~, 

Fig. 6. Performance of air electrodes during cycling. Full cycle 
2 hr charge and 1 br discharge. 

pends probably on a decrease in availability of the 
catalyst partly caused by corrosion products in the 
Ni-structure. 

The relation between catalyst contents and thickness 
of the coarse layer has also been Studied. The tests 
show that the activity of the electrodes increases from 
80 m A / c m  2 at 0.1 m m  coarse layer to the level  of 140 
m A / c m  2 at 0.6 m m  coarse layer, The catalyst contents 
were constant as per m g / c m  2 projected electrode area 
which means that the highest concentrations of cata- 
lyst per volume active material in the thinner layers 
have not been compensated for the decrease of the 
specific active surface (Fig. 7). 

L i f e  L i m i t i n g  F a c t o r s  
After about 150 cycles the performance steadily 

decreases (Fig. 6). By analyzing electrodes at different 
stages it has been proved that the main reason for 
decrease in performance is plugging o f  the porous 
structure from corrosion products, mainly Ni (OH)2. 
Figure 8 shows how the contents of oxygen which is 

Activity 
( male m ~ ) 

150 . 
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50 8 mg/cm2 Ag~O ~o'c 

o'2 o:~ o;6 0'8 = 
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Tig. 7. Influence of coarse layer thickness on air electrode 
performance. Current density at --300 mV vs. Hg/HgO. 
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Fig. 8. Development of corrosion products within the air electrode 
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Fig. 9. Mean pore size distribution as a function of cycles 

equivalent to corrosion products increase almost 
linearly when cycling the electrode. This results in a 
decrease of average pore size according to Fig. 9. The 
average pore size has been obtained by bubbling air 
through the electrode. This method i s  mostly sensi- 
tive to changes in the fine pore layer. 

The pore size distribution can be determined by 
mercury porosimetry. Figure 10 gives the distribution 
for a new electrode, after 650 cycles and after the cor- 
rosion products have been dissolved by a special treat- 
ment. It is evident that the pore size distribution 
changes considerably during cycling due to corrosion. 
The performance of the electrodes at these three 
stages is given in Fig. 11. After dissolving the corro- 
sion products initial electrode performance is retained. 
This depends probably not only on the sudden in- 
crease in porosity but also on an increase in active 
catalytic surface. On continued cycling the corrosion 
process proceeds and performance decreases. 

Corrosion of Ni shall normally not occur in the 
normal working region of a bifunctional air electrode 
with 5M KOH as electrolyte (7). The corrosion proc- 
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Fig. 10. Pore size distribution of electrodes after different 
treatments. 
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Fig. 11. Polarization curves for air electrodes after different 
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ess may, however ,  be ca ta lyzed  by  traces of chlor ine 
or sul fur  which are  in t roduced  to the  e lect rode dur ing 
cycling. Chlorine m a y  emerge  f rom NaC1 which  is 
used as spacer  and K2S is sometimes added  to the 
e lec t ro ly te  to improve  the pe r fo rmance  of the i ron  
negat ive  electrode.  Also the s i lver  catalyst ,  which  is 
oxidized and reduced  dur ing  cycling, m a y  have a 
posit ive influence on the corrosion process. In  o rder  
to reduce  this l ife l imi t ing  process spacing agents not  
containing e lements  wi th  ca ta ly t ic  effect on corrosion 
of Ni have to be used. Ano the r  poss ibi l i ty  is to reac-  
t iva te  the electrodes af ter  subs tant ia l  cycling by  dis-  
solving the corrosion products .  

Summary 
The invest igat ions show tha t  dur ing  the first 40-50 

cycles of the air  e lect rode an improvemen t  in pe r -  
formance  occurs a f te r  which  the ac t iv i ty  is qui te  
s table  for about  100 cycles. This means that  the elec-  
t rodes are  giving the i r  best  pe r fo rmance  be tween  50- 
150 cycles. This depends  p robab ly  on an increase in 
active surface of the nickel  e lect rode at  the same t ime 
as the cata lys t  is red is t r ibuted .  This l a t t e r  effect 
means  tha t  the dissolut ion process is compara t ive ly  
high dur ing  this s tage of l ife for  the electrode.  On 
cont inued cycl ing the ca ta lys t  wi l l  become less ex-  
posed which  depends  on plugging of the  porous e lec-  
t rode by  corrosion of the nickel  s t ructure.  This process 
p resen t ly  l imits  the  l ife of the electrode.  The l ife of 
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the electrodes can be ex tended  by  dissolving the corro-  
sion products.  In  o rde r  to avoid this, spacer  mate r i a l s  
wil l  be tested not containing e lements  having ca ta-  
lyt ic  effect on the corrosion. 

Manuscr ip t  submi t ted  May  22, 1979; revised manu-  
scr ipt  received Sept.  28, 1979. This was Paper  31 pre-  
sented at  the Boston, Massachusetts ,  Meet ing of the 
Society, May 6-11, 1979. 

Any  discussion of this. paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1980 
JOURNAL. All  discussions for the December  1980 Dis- 
cussion Section should be submi t t ed  by Aug. 1, 1980. 

Publication costs of this article were assisted by the 
Swedish National Development Company. 
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Bromine Complexation in Zinc-Bromine 
Circulating Batteries 

Daniel J. Eustace* 
Advanced Energy Systems Laboratory, Corporate Applied Research Laboratory, 

Exxon Research and Engineering Company, Linden, New Jersey 07036 

ABSTRACT 

Upon electrolysis  of aqueous zinc bromide  solutions containing unsym-  
met r i ca l ly  subst i tuted,  cyclic qua t e rna ry  ammonium bromides,  both zinc meta l  
and a b romine - r i ch  l iquid are produced.  Data, r epor ted  for N-e thyl ,  N - m e t h y l -  
morpho l in ium (1), N-me thoxymethy l ,  N - m e t h y l p i p e r i d i n i u m  (2), and 
N-chloromethyl ,  N - m e t h y l p y r r o l i d i n i u m  (3) bromides  suggest  tha t  the b ro -  
mine - r i ch  l iquid is a fused salt  and separa tes  f rom the aqueous solut ion be-  
cause of insolubi l i ty  and dens i ty  differences. The separa t ion  process of the 
bromine  fused salt  f rom the aqueous solut ion is r epresen ted  as a par t i t ion ing  
of bromine be tween  two phases and is dependent  upon electrolysis  s t a t e -o f -  
charge, qua t e rna ry  ammonium bromide,  b romide  ion concentrat ion,  and tem-  
perature .  The bromine- fused  salts have proper t ies  dependent  on composition. 
Selected examples  of densities, specific resistances,  viscosities, and polar izat ion 
are  given. Bromine,  in the form of a dense, stable, conduct ive liquid, is useful  
in c i rculat ing z inc-bromine  bat ter ies .  

The deve lopment  of z inc-bromine  secondary  ba t -  
teries has been impeded  by  self -discharge,  associated 
wi th  high Br2 so lubi l i ty  in the aqueous electrolyte ,  
and cell shorting, f rom dendr i t ic  zinc deposition, tha t  
l imi t  t u r n - a r o u n d  efficiency and life. 

Recent  papers  (1) offer a solut ion to these phe-  
nomena by  suggest ing ci rculat ing e lec t ro ly te  bat ter ies  
and ion-select ive  separa tors  tha t  isolate the Br2-rich 
s t ream from the zinc deposit.  

An  a l t e rna t ive  approach  is to complex the Br2 in a 
form which lowers  its ac t iv i ty  in the aqueous phase. 
The presen t  pape r  discusses this l a t t e r  approach  and 
detai ls  some of the proper t ies  of bromine  complexes 
useful  in c i rculat ing Zn/Bre bat ter ies .  A model  for 

* E lec t rochemica l  Society Act ive  Member .  
Key words :  ba t t e ry ,  e lec t ro ly te ,  e n e r g y  s torage ,  Br2 complex,  

Zn/Br~ cell. 

the chemical  system where  Br2 is seques tered  as an 
e lec t rochemical ly  active and chemical ly  s table l iquid 
is presented.  

Severa l  chemical  methods  tha t  decrease the  solu-  
b i l i ty  of bromine  in Zn/Br2 aqueous solutions have 
been repor ted  in context  wi th  efforts to reduce the  
se l f -d ischarge  of Zn/Br2 cells. 

The react ion be tween  low molecu la r  weight  t e t r a -  
a lky l ammon ium hal ides and perch lora tes  wi th  b ro -  
mine-conta in ing  aqueous solutions to form spar ing ly  
soluble polyhal ides  has been used to reduce bromine  
solubi l i ty  in Zn/Br2 ba t te r ies  (2, 3). 

Schemes employing bromine  ex t rac t ion  as a second 
l iquid phase, coupled wi th  ex te rna l  s torage of the 
ca thode-ac t ive  mater ia l ,  have been  employed  in c i r -  
culat ing e lec t ro ly te  systems. Bromine ex t rac t ion  tha t  
used a miscible organic cosolvent  and  a q u a t e r n a r y  
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a m m o n i u m  bromide  was demons t ra ted  b y  Walsh  and 
co -worke r s  (4). Br2 separa ted  f rom the aqueous elec-  
t ro ly te  as a dense l iquid,  which  comprised  both the  
cosolvent  and q u a t e r n a r y  ammonium polybromide .  

We found tha t  symmet r i ca l  qua t e rna ry  ammonium 
bromides  used as s ingle b romine - sepa ra t i ng  agents,  
fo rmed  solid po lybromide  species tha t  were  insoluble  
in  aqueous ZnBr2 solutions.  These solids were  res is t ive 
and  fo rmed  l iquids  a t  h igher  Ievels of brominat ion .  
S imi l a r  resul ts  have  been  r epor t ed  (2).  

A recent  pape r  (5) discusses c i rcula t ing  e lec t ro ly te  
Zn/Br2 ba t te r ies  tha t  opera ted  a t  h igh t u r n - a r o u n d  
'efficiencie~ (,~75%) and to h igh  s t a t e s -o f -cha rge  
( > 7 0 % ) .  In  operat ion,  whi le  Zn is pla ted,  Br~ is p ro -  
duced, complexed  as a dense l iquid,  and  s tored in ex -  
t e rna l  reservoirs .  This p a p e r  discusses the  chemis t ry  
in ZnBr2 solutions of l iquid  bromine  complexa t ion  by  
unsymmet r i ca l l y  subst i tu ted,  cyclic q u a t e r n a r y  am-  
mon ium bromides  (QBr) .  

The na tu r e  of the  l iquid  b romine  complexes,  r e -  
por ted  here,  is ionic, based  on specific res is tance m e a -  
surements .  Different ia l  scanning cou lor imet ry  ind i -  
cates tha t  no dis t inct  l iqu id -so l id  t ransi t ions  a re  ob-  
served,  ye t  the  p roduc t  a t  low t e m p e r a t u r e  is a viscous 
glass. Spectroscopic  and quan t i t a t ive  analyses  revea l  
two m a j o r  components :  the  QBr  and  bromine.  Since 
i t  is wel l  known  tha t  hal ides  and halogens  r ead i ly  
combine to fo rm po lyha l ide  species, i t  is v iewed tha t  
the  l iquid  complexes  are  b romine- fused  salts.  

Experimental 
Materials.--The u n s y m m e t r i c a l l y  subs t i tu ted  (i.e., 

no axis of s y m m e t r y )  qua t e rna ry  ammonium salts 
were  synthesized by  known  synthe t ic  methods.  N-  
ethyl ,  N - m e t h y l m o r p h o l i n i u m  b romide  1, N - m e t h o x y -  
methyl ,  N - m e t h y l p i p e r i d i n i u m  bromide  2, and N-  
ch loromethyl ,  N - m e t h y l p y r r o l i d i n i u m  bromide  3 gave 
expec ted  e lementa l  and  spectroscopic (Jr, NMR) ana l -  
yses. 

+ 

CH3 ~H2CI-I3 CI-I3 CH2OCI-I3 CH3 CH2C1 

B r  - B r  - B r  - 

1 2 3 

Commerc ia l  zinc b romide  was obta ined  f rom A m e r i -  
can Hoechst  Corpora t ion  (analysis  >98.6%).  F i she r  
Certif ied ACS grade  zinc sulfate,  ammonium chloride,  
ammonium bromide,  and  potass ium chlor ide  were  
used. Solut ions were  p r e p a r e d  wi th  doubly  dis t i l led 
water .  

Methods of study.--Bromine dete rmina t ions  were  
made  by  the ind i rec t  iodometr ic  t i t r a t ion  method.  
Zinc ion concent ra t ion  was measured  by  EDTA t i t r a -  
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t ion wi th  Er iochrome Black T indicator .  Q ua t e rna ry  
ammonium sal t  charac te r iza t ion  was accomplished 
on an A-60 NMR spect rometer .  ~H NMR signal  in te -  
gra t ion  was used to quan t i fy  mix tures  containing the  
qua t e rna ry  ammonium salts. Solut ion conductances 
were  measured  on a Beckman Ins t ruments  RC-18A 
Conduct iv i ty  Br idge and viscosit ies were  measured  
wi th  Cannon-Fenske  viscosimeters .  

Elec t rochemical  s tudies  were  ca r r i ed  out  a t  cons tan t -  
cur ren t  condit ions in l a b o r a t o r y  cells conta ining P t  
foil e lectrodes for b romine  product ion  and consump-  
tion. Spectroscopic carbon rods were  the subs t ra tes  for  
zinc, and app rox ima te ly  2.0-4.0 cm 3 of e lec t ro ly te  were  
used at  23~ unless o therwise  indicated.  Constant  
cu r ren t  e lect rolys is  expe r imen t s  were  t e rmina ted  at  
definite in te rva ls  and the zinc electrodes removed  
wi th in  0.25 h r  to s tudy the character is t ics  of the  re -  
main ing  components.  

Results 
Physical properties of electrolytes.--ZnBr2 elec t ro-  

lytes  can be p repa red  over  a considerable  composi t ion 
r a n g e / s i n c e  the solubi l i ty  is ~10M (1.6 • 103 W - h r /  
l i te r )  a t  ambien t  t empera ture .  The m a x i m u m  ZnBr2 
concentra t ion is lower  in m a n y  mul t i component  solu-  
tions. Typica l  composit ions and solut ion phys ica l  p rop -  
er t ies  a re  shown in Table  L 

State-oJ-charge electTolysis studies.--The solutions 
r epor ted  in Table I were  s tudied  in constant  cur ren t  
electrolysis  cells. Passage  of cur ren t  p roduced  zinc 
meta l  and  a two-phased  e lect rolyte ,  the composi t ion 
of which was shown to be dependen t  upon the ini t ia l  
solut ion composition, s t a t e -o f -cha rge  (i.e., percent  of 
ZnBr2 e lec t ro lyzed) ,  t empera tu re ,  and  the presence 
of suppor t ing  electrolytes .  The efficiency of Br2 sepa-  
ra t ion is revea led  by  the Br2 concentra t ion  of the up -  
per,  aqueous phase.  The  effect of these var iab les  on 
the Br2 content  of the aqueous phase  is shown in 
Fig. 1-3. 

In  a s imi lar  way, Br2 can be said to be pa r t i t ioned  
be tween  the two phases as expressed  by the d is t r i -  
but ion coefficient, K 

K --  
Total  Br2 content  of Br2-rich phase 

Total  Br2 content  of aqueous phase  

This p a r a m e t e r  is descr ibed  for  the three  qua t e rna ry  
saIts in Fig. 4, 5, and 6. 

The composit ion of the Br2-rich phase varies  wi th  
the s t a te -o f -charge  of the e lectrolyte .  1H NMR in te-  
grat ion,  I and iodometr ic  t i t ra t ion  analyses  revea led  
the phase to be exc lus ive ly  Br2 and QBr and the Br2 
was grea te r  a t  h igher  s ta tes -of -charge ,  as shown in 
Fig. 7 for 1. 

The 1H NMR spectrum integration results are reliable w i t h  
~5-10% error. Thus, the results in Fig. 7 do not add up to 100% 
in each case. Also, each experiment produced two phases. 

Table 1. Compositions and specific resistances of zinc bromine solutions containing quaternary ammonium bromides and supporting electrolytes 
(23~ 

[ S u p p o r t i n g  Speci f ic  
S u p p o r t i n g  [ZnBr2] [ S o l u t e ]  e l e c t r o l y t e ]  D e n s i t y  r e s i s t a n c e  

So lu te*  e l e c t r o l y t e  (M)  (M)  (M)  ( g / c m  3) ( ~ . c m )  

1 - -  3.0 1.0 - -  1.62 22.5 
1 - -  3.5 1.2 1.67 20.9 
1 ZnSO,  3.0 1.0 ~ 1.61 21.6 
1 KC1 3.0 1.0 2.0 1.65 8.5 
1 NtLC1 3.0 1.0 3.0 1.61 8.2 
1 NH4Br 3.0 1.0 4.0 1.77 7.8 

2 - -  3.0 1.0 - -  1.59 15.5 
2 - -  4.0 1.4 - -  1.77 30.1 
Z - -  5.0 1.7 - -  1.95 59.7 

3 - -  3.0 1,0 - -  1.60 18.0 
3 - -  4.0 1.4 - -  1.79 26.7 
3 - -  5.0 1.7 - -  1.98 48.6 

" T h e  s o l u t e  r e f e r s  to  t h e  QBr  sa l t s  in t h e  t ex t .  



580 .7. EIectrochem. Sot.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY March 1980 

:~1 1.00 
0.60 

O .30 
L.--I 

O . I0 
I - -  

< O .06 r 
b-- 

.0~ O 

0 
0 

0 .Ol 

I I I 

w5.0 M ZnBr^ 1.7 M [2] 
I 4  .O "M ZnBr~ 1.4 ME2] 
03.0 ~ZnBr~ 1.0 M_[2] 

W/W/v 
--I 

i/i------ 

o ~ ~  

I I I I 

10 20 30 40 50 

ZnBr 2 ELECTROLYZED, % 

Fig. 1. Effect of N.methoxymethyl, N-methylpiperidinium bro- 
mide (2) on aqueous phase bromine concentration at 23~ 
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Fig. 3. Effect of supporting electrolytes on aqueous concentration 
of bromine for solutions containing N-ethyl, N.methylmarphollnium 
bromide (1.0M) and zinc bromide (3.0M) at 23~162 

Properties of Br$-rich phase.--Liquid mix tu res  of 
Br= and QBr p roduced  b y  electrolysis  of ZnBr2 solu-  
tions were  in the composi t ion range  of 30-80 weight  
percen t  (w /o )  (m --  weight  f rac t ion  of Br=). These 
mix tu res  a re  charac te r ized  at  23~ b y  the i r  densi t ies  
(p = 2.0x + 1.1), specific resis tances (for  example ,  
Br9 mix tu res  wi th  1 a re  r ep resen ted  in  Fig. 8), and  
viscosi ty (for example ,  for  Br2 complexes of 1, x = 0.81, 
10.9 c stokes, 25 cp.).  

Br2 l iquids of 1 and 3 a re  s table  over  the t e m p e r a -  
ture  range  f rom 0 ~ to 80~ and for  15 months,  as 
shown by  pro ton  NMR. They  r e m a i n  l iquids for  the  
same conditions when  kep t  in  contact  wi th  an aqueous 
electrolyte .  Br~ complexes  of 2 were  observed to re -  
act a t  the a -ca rbon  posi t ion to the  oxygen  on stand.  

The ox ida t ion- reduc t ion  proper t ies  of a typica l  Br~ 
complex  is shown for 1 (x  = 0.61) at  a P t  e lec t rode  in 
Fig. 9. 
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Discussion 
System model.--The fo rmat ion  of the  b romine - r i ch  

phase  upon electrolysis  of ZnBr2 solutions conta ining 
qua t e rna ry  ammonium bromides  is hypothes ized to 
be a mice l l a r - l i ke  separa t ion  process where  pseudo-  
microphases  coalesce and separa te  f rom the aqueous 
e lec t ro ly te  by  dens i ty  differences. Pa rame t r i c  studies 
indicate  tha t  the cr i t ica l  

Br2 (aq)  ~ Br~ (fused sal t )  

equ i l ib r ium is responsive to the  b romide  ion concen-  
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tration, temperature, and quaternary ammonium salt. 
This equilibrium is influenced by the multiple ionic 
equilibria for Br2 in the aqueous phase of ZnBr2 so- 
lutions, principally polyhalide anion formation; for 
example 

Br2 (aq) + B r -  (aq) ~ B r a -  (aq) 

Bra-  (aq) + Br2 (aq) ~ B r s -  (aq) 

B r s -  (aq) + Br,  (aq) ~- Br~-  (aq) 

and polyhalide ion pair formation, for example 

Q+Br-  ~- BrT- (aq) ~ Q+BrT- (aq) + B r -  (aq) 

The second phase is exclusively QBr and Br2 in a 
series of polyhalide ion pair mixtures; for example 

Q + B r a -  -t- Br~ ~ Q + B r s -  

Q + B r s -  + Br~.~- Q+Br7 - 

which is analyzed as a nonstoichiometric mix described 
simply as a bromine fused salt. 

Increasing the concentration of bromide ion is seen 
to influence the position of the aqueous phase equi-  
libria and, thus, the partitioning of bromine between 
the aqueous and fused salt phase 

Q+Brn(aq)  ~-Q+Brn-  (fused salt) n -- 3, 5, 7 

Figure 1 shows the incremental increase of the aqueous 
phase Br~ concentration found with incremental in- 
creases in the ZnBr2 concentrations for N-methoxy- 
methyl, N-methylpyrrolidinium bromide Z solutions. 
Higher solubility of bromine is shown in Fig. 3 for the 
3.0M ZnBr~ and 1.0M N-methyl, N-methylmorpholin- 
ium bromide 1 solution containing 4.0M NH4Br when 
compared to the similar ZnBr~-I solution with 
0.2M ZnSO4. Indeed, the 0.2M ZnSO4 has the effect of 
lowering the aqueous phase bromine concentration by 
approximately 10% over the similar system without 
supporting electrolyte. 

Increasing the temperature shifts the partitioning 
equilibria, allowing more bromine to be soluble in the 
aqueous phase. Although bromine loss by reaction with 
zinc metal and evaporation affect the values obtained 
at higher temperatures, 85-90% of the bromine pro- 
duced in each experiment was accounted for in the 
analyses. The loss in precision this gives does not affect 
the trend seen in Fig. 2. Indeed, it is noted that the 
energy of activation for the partitioning of bromine 
obtained from the results of the M-ethyl, N-methyl- 
morpholinium bromide system are in the range of --0.6 
to --1.4 kcal.mole -1. This activation energy is lower 
than typical activation energies of ionic diffusion (for 
example, 3.8-4.6 kcal.mole-1), suggesting a solution 
ordering effect similar to micellar systems (6). 

Differences between the bromine partitioning abili- 
ties of the three quaternary salts is obtained by com- 
paring their Br2 partition coefficients for similar com- 
position solutions. The distribution coefficients are in 
the decreasing order: 3 ,-, 2 > 1. 

System anaZogies.--Systems that are similar to the 
Br2-fused salts have been described previously in an- 
other context. Kraus and co-workers (7) studied 
quaternary and tertiary ammonium solutes in the sol- 
vent bromine. Typical physical properties for 
(CHs)aNH+Br - in bromine, shown in Table II, are 
quite similar to 1 in bromine at a similar composition. 

Br2 complexation that is used in circulating Zn/Br2 
batteries can also be compared with phase transfer 

Table II. Comparison of measured properties of a 
trimethylammonium polybromide composition with o bromine 

fused salt composition of (1) 
[Data for (CH3)3NH + Br-'nBr9 taken from P. L. Mercier and 

C. A. Kraus, Proc. Natl. Acad. Sci. U.S.A., 42, 487 (1956)] 

Br~ fused salt 
(CI~) 8NI-I+Br-.nBr~ of [1] 

Composition Br~, w/o 63.4 
Density, g/cm a 2.243 
Specific resistance Q.cm *-7 
Viscosity cp. ~11 

60.6 
2,3 

18 
25 
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Table IIh Comparison of features of Br2 complexotion for circulating batteries with phase transfer catalysis 

Br~ complexation for Phase 
circulating batteries transfer catalysis 

Agents 

Nature of process 

Distribution coefficients, K 

Effects of added salts 

Nature of second phase 

Unsymmetr.ically substituted, cyclic 
quaternary ammonium salts, QBr 

Ion pair separation of polyhalides 
into new phase 

1.10 ~ 
QBr dependent 

Enhancing salts: 10% improvement in K 
( sulfates ) 

Halide salts: 20-50% decline in K 

Stable (O~176 conductive 

Monovalent Cations, i.e., R4N+ 

Ion pair extraction into second, 
immiscible phase 

1-104 
R~N+ and second-phase dependent 

"Salting out" salts: K improved ~108 

"Salting in" salts: 20-50% decline in K 

Promote selected reactions with a turnover 
of agent 

catalysis  by  qua t e rna ry  ammonium salts (8) (Table  
I I I ) .  Both processes employ  monovalen t  cations tha t  
a re  active ion pa i r  ex t rac t ion  agents.  The ex t rac t ion  
coefficients for  Br2 separa t ion  are  typ ica l ly  1 to 102 
and dependent  on QBr. S imi la r  d i s t r ibu t ion  coefficients 
for phase  t ransfer  catalysis  a re  f rom 1 to 104 and both 
agent -  and  second-so lvent -dependent .  Added  salts have 
s imi lar  effects on the d is t r ibut ion  coefficients. The two 
systems differ in the fact  tha t  a second immiscible  phase 
is requ i red  for  the  catalysis,  and  that  the b romine-  
fused sal t  (at  leas t  for 1 and 3) is s table and conduc-  
five. Also, the  ca ta ly t ic  systems promote  specific reac-  
tions. 

System application.--The elec t ro ly t ic  proper t ies  of 
a typica l  b romine- fused  sal t  are  given in  Fig. 8 and 9 
for composit ions genera ted  f rom 3.0M ZnBr2 and 1.0M 
1. The compos i t ion-dependent  specific resis tance is 
obta ined b y  using the resul ts  shown in Fig. 7 wi th  
Fig. 8. In  the range  where  the bromine  weight  pe rcen t  
falls  be tween  32 and at  least  61, the fused sal t  specific 
resistances are  less the 100 ~%.cm. Taking one composi-  
t ion as an example ,  Fig. 9 shows tha t  the b romine -  
fused sal t  wi th  61 w/o  Br2 can be charged  and dis-  
charged wi th  l i t t le  ac t iva t ion  polar iza t ion  at  currents  
up to app rox ima te ly  50 m A . c m  -2. 

The Zn/Br2 e lect rochemical  couple can employ  the 
b romine- fused  sal t  in a flowing e lec t ro ly te  system. 
Equat ion  [1] schemat ica l ly  represents  the chemical  
processes in the c i rculat ing e lec t ro ly te  Zn/Br2 ba t -  
tery.  On ba t t e ry  charge, ZnBr2 is e lect rolyzed to Zn ~ 
and Br2 (->). The Br2 is consumed by  po lybromide  
equi l ib r ia  par t i t ion ing  i t  most ly  into a separa te  b ro-  
mine- fused  sal t  phase ( . . . . . .  -->) 

ZnBr~. (aq) Zn ~ 

+ 

QBr (aq )  

\ 
\ 

\ 

) 
~ = .  . . . . . . .  

+ 

Br2(aq)  
- Q B r  (aq) 

/ f \ 

(QBr2n+l) 
Fused  Sal t  

[13 

Zinc is oxidized and Br2, both  in the fused sal t  and 
the aqueous phase, is reduced  when the ba t t e ry  is 
d ischarged (-  - - -~ ). 

Sys tem opt imizat ion  wi th  respect  to the qua t e rna ry  
ammonium bromide  aims at  improving  the energy  
densi ty  ( increasing the s ta r t ing  ZnBr2 concentrat ion)  
wi thout  increas ing  b romine - r e l a t ed  se l f -d i scharge  for 

ba t te r ies  opera t ing  at  ambien t  t empe ra tu r e  and p rac t i -  
cal rates.  

Summary 
The chemis t ry  associated wi th  Br2 separa t ion  in 

Zn/Br2 ci rculat ing e lec t ro ly te  ba t te r ies  has been de-  
scribed. The  Br2-rich l iquid phases  no rma l ly  fo rmed  
in ba t t e ry  opera t ion  (Br2 weight  percents  are  ,~30- 
~80)  have been s tudied and charac ter ized  as a b ro -  
mine- fused  salt.  

The e lec t ro ly t ic  fo rmat ion  of the  b romine- fused  sal t  
is modeled  as a mice l l e - l ike  process, where  the  domi-  
nant  phase  separa t ion  process is contro l led  by  the 
po lyha l ide  ion ac t iv i ty  in each phase.  

This method of Br2 complexat ion  is useful  in energy  
storage,  since i t  renders  Br2 into a control lable,  con- 
densed fluid which is conduct ive and chemical ly  s table 
on standing.  
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Studies on Pollutants 
IV. Electrolytical Recovery of Lead from Battery Scrap 
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ABSTRACT 

Recovery of lead from waste ba t te ry  paste has been carried out by an 
electrolytic method employing paste suspended in sodium hydroxide as elec- 
trolyte. Effect of several  parameters,  viz., cur rent  density, temperature,  time, 
lead ion concentration, sodium hydroxide concentration, agitated bath and 
cathode mater ia l  on the cathode potential, cur rent  efficiency, and na ture  of 
deposits, has been studied and possible reasons for the observed effects have 
been discussed. A mechanism for lead deposition has been elucidated. It  is ob- 
served that  cathodic reaction takes place after the dissolution of lead or lead 
compounds in sodium hydroxide and the ion responsible for lead deposition is 
b ip lumbi te  (HPbO2-)  ion. The opt imum conditions for conducting the electrol- 
ysis are: tempera ture  60~C, current  density 7 A / d i n  2, concentrat ion of sodium 
hydroxide 600 g/li ter,  t ime 120 re.in. 

Used lead acid batteries form an impor tant  second- 
ary source of lead, especially in  countries which are 
not  otherwise rich in lead resources (1). The t reat -  
men t  of used acid batteries for recovering lead is 
impor tan t  from the point  of view of lead product ion 
as well as pollut ion aba tement  as otherwise the bat -  
tery scrap may lead to disposal problems. The lead in  
used batteries is in  the form of grid plates and pole 
bridges made up of l ead-an t imony  alloy (5-12% an-  
t imony)  and paste consisting main ly  of an t imony-f ree  
lead, lead oxide, and lead sulfate. 

In  an earl ier  communicat ion (2), a pyrometal lurgical  
method was reported for the recovery of lead from 
bat tery  scrap using carbon with calcium carbide or 
calcium carbonate as reducing agents. It  was observed 
that  the recovery was not satisfactory because lead 
sulfate, a const i tuent  of the ba t te ry  paste, required 
high tempera tures  for the reduct ion causing fume and 
slag losses. It  appeared that  the recovery of metal  
values from the ba t te ry  scrap will  be economical if 
the bat tery  plates (consisting of ant imonia l  lead) and 
ba t te ry  paste (consisting of lead compounds including 
lead sulfate) are treated separately. An electrochemi- 
cal method was conceived for the t rea tment  of bat tery  
paste in the hope of obtaining high pur i ty  lead; de- 
tai led studies of which are presented here. 

Among the reported electrolytic methods of purifica- 
t ion of lead, the convent ional  type (3-5) makes use of 
anodes made up of impure  lead with suitable leachants 
for lead as electrolytes. Waheed et at. (6) have re-  
ported two processes for recovery of lead from bat-  
tery waste employing a sodium hydroxide bath  as 
electrolyte. The work is confined to feasibili ty studies 
and  development  of process parameters  for recover- 
ing one pound of lead per hour. In  the present  work 
detai led studies have been carried out on the mecha- 
nism of lead deposition, and on the cause-effect rela-  
tionship of several  parameters  with the lead recovery, 
na ture  of deposits, and cathode potential. From the 
generated data, opt imum conditions for lead recovery 
have been worked out. 

Experimental 
The electrolytic cell was a 1000 ml  glass vessel (Fig. 

1) with a cylindrical  mild steel rod as cathode. The 
rod was 12 m m  in diameter  with an effective length of 
7 cm. It  was rotated for some experiments  by means 
of a fractional horsepower motor. To investigate the 

Present  address: Division of Water  Quality and Environment,  
Centre for Water  Resources Development and Management,  
'Sudha', Old Road, Medical College P.O., Tr ivandrum 695 011, 
India. 

Key words: mechanism, lead deposition, current efficiency. 

effect of lower temperatures  on the na ture  of deposits, 
a chilled cathode was used which was a lower -end-  
closed cylindrical  n ickel-pla ted tube, 2.7 cm diameter  
by 5 cm long. The cathode was cooled by pouring in  
ice while water  was removed from inside the cathode 
at regular  intervals  of 3 min. The anode consisted of 
two strips of stainless steel 1.2 cm wide by 12 cm long. 
To investigate the effect of cathode mater ia l  on cath- 
ode potential  and current  efficiency lead, stainless 
steel, graphite, and mild steel were used successively 
as cathodes. 

The different baths used for investigations were 
comprised of sodium hydroxide and one of the follow- 
ing: waste bat tery paste, lead sulfate, lead monoxide, 
or powdered lead. The electrolysis in each exper iment  
was conducted with 1000 ml of electrolyte, keeping 
anode to cathode distance 4.4 cm and anode to anode 
distance 10 cm. A mult ispeed st irrer  was used to en-  
sure efficient s t i rr ing near  the cathode. For heat ing the 
electrolyte to desired temperatures,  an immersion 
heater, connected to a Variac, was employed. 

The cathode and anode were connected to a rectifier 
through a voltmeter,  an ammeter,  and a rheostat (to 
obtain the desired cur ren t  in the cell).  

For measurement  of the cathode potent ial  a s tan-  
dard mercury-mercur ic  oxide (Hg-HgO) electrode was 
used as a reference electrode. The Luggin tip of the 
connecting bridge was made to touch the cathode. 
To record the potential  the reference electrode was 
connected to the positive te rmina l  and the cathode 
was connected to the negative terminal  of a high im-  
pedance vacuum tube voltmeter  (Heathldt, Model 
V-7A). 

Waste bat tery  paste was analyzed by s tandard  meth-  
ods (7). Average analysis of ba t te ry  waste active ma-  
terial  was as follows 

Lead monoxide: 27.77% 

Lead sulfate: 63.08% 

Free lead: 7.44% 

Total  lead: 75.42% 

Ant imony:  2.55 % 

All the experiments  were carried out after s t i rr ing 
the solute (lead sulfate, lead monoxide, lead waste 
bat tery  paste) in sodium hydroxide at the tempera ture  
of 70~176 for half an hour. Before each exper iment  
the cathode was cleaned thoroughly with hydrochloric 
acid and washed. 

The lead deposits obtained after each exper iment  
were washed well  wi th  water,  then  with 2% acetic 
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Fig. 1. Experimental setup tar the electrolysis studies 

acid, washed  again  wi th  water ,  and dr ied  in a vacuum 
furnace at  100~ for  1 hr. 

Results and Discussion 
The resul ts  of s tudies on the effects of var ious  p a -  

rameters ,  viz., t empera ture ,  sodium hydrox ide  concen- 
trat ion,  cur ren t  density,  cathode mater ia l ,  concen- 
t ra t ion  of lead  ions, t ime, etc., on cathode potent ia l ,  
cu r ren t  efficiency, and  na tu re  of l ead  deposits  a re  
p resen ted  in Tables I -XI .  The resul ts  of exper iments  
which  were  car r ied  out wi th  lead  sulfate,  l ead  monox-  
ide, or  lead  powder  to e luc ida te  the  mechar~sm of 
l ead  deposi t ion are  presented  in Tables  I - IV  whi le  
resul ts  of the  exper iments  car r ied  out  w i th  was te  ba t -  
t e ry  paste  a re  presented  in Tables  V-XI .  

Reaction mechanism of lead deposition.--The ca th-  
odic react ion tak ing  place  dur ing  electrolysis  m a y  in-  
volve lead  or  lead compounds in the  solid (suspended)  
state, or i t  m a y  p~oceed af ter  the dissolut ion of lead  
or le~d compounds.  

Resul ts  (Tables  I - IV)  show t h a t  the  n a t u r e  of lead 
deposits  c ha nged  w i t h  the  v a r i a t i o n  of such pa rame te r s ,  
viz., sodium hyd rox ide  concen t r a t i on  and  t empera tu re ,  
wh ich  inf luenced the  dissolut ion of lead bea r i n g  m a -  
terial .  This  indica tes  t h a t  ca thodic  reac t ions  were  t ak -  
ing place  a f t e r  the  d issolut ion of lead or  its compounds  
in  sod ium hydroxide .  The  p r o b a b l e  chemica l  reac t ions  
a r e  

PbSO4 4- 4NaOH - -  Na2SO4 + Na2PbO2 "4- 2H~O [1] 

PbO 4- 2NaOH = Na2PbO~ 4- H20 [2] 

P b  4" 2NaOH ----- Na2PbO2 4- H2 [3] 

Al l  t h r ee  reac t ions  gene ra t e  sod ium p lumbi te .  The  
ion iza t ion  of sod ium p l u m b i t e  dur ing  electrolysis  may  

11 - V , T . V . M .  
12-  RECTIFIER. 
13 -  REHOSTAT. 

14-  SWITCH BOARD,  

15- PYREX COVER. 

lead  to p lumbous  ion (Pb  s +) ,  b i p l u m b i t e  ion 
( H P b O 2 - ) ,  p l u m b i t e  ion (PbO22- ) ,  p lumbic  ion 
(Pb  ~ + ), acid m e t a p l u m b i t e  ion ( H P b O 3 - ) ,  m e t a p l u m -  

bi te  ion (PbO32- ) ,  a n d  o r t h o p l u m b i t e  ion  (PbO44-) .  
The p o t e n t i a l - p H  d i a g r a m  for  the  sys tem l e a d - w a t e r  
(8) indica tes  t h a t  u n d e r  the  h igh ly  a lka l ine  condi t ion  
of the  b a t h  ( [NaOH]  > 2M, pH ~ 14), t he  p r edomi -  
n a n t  l e ad -co n t a in in g  ion is b i p l u m b i t e  ion  ( H P b O 2 - ) ,  
the  concen t r a t ion  of o the r  lead con ta in ing  ions be ing  
insignif icant .  

The  diffusion and  h y d r o d y n a m i c  flow force the 
an ions  ( H P b O 2 - )  to move  towards  the  ca thode  w h e r e  

Table I. The effect of temperature 

Sodium hydroxide: 100 g/liter 
Current density: 5 A/din -~ 
Time: 30 min 

Temper- Cathode Current Purity N a t u r e  
ature potential efficiency of lead of 
(~ (V) (%) (%) deposits 

Material added: lead sulfate: 45 g/liter 

35 - 0.80 95.40 90.4 
60 -- 0.73 91.20 97.3 
80 -- 0.72 80.89 97.5 

lb0 - -  0.72 78.90 95.8  

Material added: lead monoxide: 33 g / l i t e r  

35 - 0.77 97.01 91.5 
60 - 0 . 7 0  86.40 94.5 
80 - 0.69 77.03 98.3 

100 - 0.67 72.30 98.3 

Material added: lead: 30 g/liter 

35 -0.75 82.23 91.9 
60 - 0.65 84.01 93.7 
80 - 0.62 79.50 96.5  

100 - 0 . 6 1  78.60 94.7  

Granular 
Powdery 
Dendritic 
Dendritic 

Granular 
Powdery 
Dendritic 
Dendritic 

Granular 
Dendritic 
Dendritic 
Dendritic 
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Table II. The effect of sodium hydroxide concentration 

C u r r e n t  d e n s i t y :  5 A / d m  ~ 
T e m p e r a t u r e :  60~ 
T i m e :  30 m i n  

S o d i u m  
h y d r o x i d e  P u r i t y  

c o n c e n -  C a t h o d e  C u r r e n t  o f  N a t u r e  
t r a t i o n  p o t e n t i a l  e f f i c i e n c y  l e a d  o f  

( g / l i t e r )  ( V )  ( % )  ( % )  d e p o s i t s  

M a t e r i a l  a d d e d :  l e a d  s u l f a t e :  45 g / l i t e r  

100 - 0.78 98.60 92.5 G r a n u l a r  
200 - 0.78 99.80 98.3 G r a n u l a r  
400 - 0 . 9 2  98.62 90.3 B l a c k  s p o n g y  
600 - 0 . 9 4  99.44 88.3 B l a c k  s p o n g y  

M a t e r i a l  a d d e d :  l e a d  m o n o x i d e :  33 g / l i t e r  

100 -- 0.70 86.40 97.3 P o w d e r y  
200 - 0.72 94.10 94.4 P o w d e r y  
400 --0.76 98.50 95.8 P o w d e r y  
600 - 0 . 7 7  99.60 97.1 P o w d e r y  

M a t e r i a l  a d d e d :  l e a d :  30 g / l i t e r  

100 -- 0.66 84.08 95.2 D e n d r i t i c  
200 -- 0.68 91.80 97.3 D e n d r i t i c  
400 - 0 . 7 4  95.10 95.7 P o w d e r y  
600 -- 0.76 96.80 96.5 P o w d e r y  

Table III. The effect of current density 

S o d i u m  h y d r o x i d e :  40% 
Ten~perature: 60 ~ C 
T i m e :  30 m i n  

C u r r e n t  C a t h o d e  C u r r e n t  P u r i t y  N a t u r e  
d e n s i t y  p o t e n t i a l  e f f i c i e n c y  of  l e a d  o f  

( A / d m  '~) ( V )  ( % ) ( % ) d e p o s i t s  

M a t e r i a l  a d d e d :  l e a d  s u l f a t e :  45 g / l i t e r  

1 - 0.76 97.20 97.5 P o w d e r y  
2.5 - 0.76 99.10 96.4 P o w d e r y  
5 - 0.77 98.90 92.5 P o w d e r y  

10 - 0.82 96.03 87.1 S p o n g y  
15 - 0 . 8 4  90.26 90.1 S p o n g y  
16 - 0.84 86.G0 92.3 S p o n g y  

M a t e r i a l  a d d e d :  l e a d  m o n o x i d e :  33 g / l i t e r  

1 -- 0.75 97.00 95.8 P o w d e r y  
2.55 - 0.75 98.70 96.3 P o w d e r y  
5 --0.76 98.50 96.9 P o w d e r y  
7 - 0.77 97.40 97.1 P o w d e r y  

l0  --0.78 95.60 95.6 P o w d e r y  
12.5 -- 0.81 93.94 92.5 G r a n u l a r  
15 - 0.82 89.33 94.0 G r a n u l a r  
16 --0,82 85.00 93.7 G r a n u l a r  

these ions are  reduced.  High percentage  recovery  
wi th  s t i r red  baths  (Table  IX) compared  to s tat ic  
baths  also indicates  the impor tance  of convect ive flow. 
The probable reaction is 

HPbO2-  + 3H + -t- 2e - -  P b  -{- 2H20 [4] 

Eo --  0.702 --  0.0886 pH + 0.0295 log [HPbO2- ]  [5] 

+1, '5 
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+ 0 ' 5  

0 

> - 0 " 5  
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Fig. 2. Proposed potent ia l .pH diagram for the lead-water  sys- 
tem, a t  298~  

Assuming activity of biplumbite ion as unity, the 
above equation has been represented in the E/pH 
diagram (Fig. 2). At pH = 14 the above reaction is 
feasible when the cathode potential value is more 
negative than --0.530. The observed cathode poten- 
tial values (--0.61 to --1.70V) distinctively show 
the likelihood of the above reaction. 

Table IV. The effect of concentration of lead-containing ions 

C u r r e n t  d e n s i t y :  5 A / d m ~  
S o d i u m  h y d r o x i d e :  60% 
T e m p e r a t u r e :  60~ 
T i m e :  30 r a i n  

Concen- 
t ra t ion 
of  l e a d  C a t h o d e  Ce l l  C u r r e n t  N a t u r e  
s u l f a t e  p o t e n t i a l  v o l t a g e  e f f i c i e n c y  o f  

( g / l i t e r  ) ( V )  ( V ) ( % ) d e p o s i t  s 

5 - 0.89 1.9 71.70 S p o n g y  
10 - 0.84 1.7 91.$0 S p o n g y  
20 - 0.81 1.4 96.8 G r a n u l a r  
30 - 0.81 1.4 98.60 G r a n u I a r  

Table  V. The ef fec t  of  current density 

W a s t e  b a t t e r y  p a s t e :  20 g / l i t e r  
(mesh s i z e  - 300 ) 

S o d i u m  h y d r o x i d e :  200 g / l i t e r  
T e m p e r a t u r e :  35 ~ 
T i m e :  60 m i n  

C u r r e n t  d e n s i t y  3 A / d m ~  7 A / d i n  2 11 A / d i n =  15 A / d m ~  25 A / d m  2 

C a t h o d e  C a t h o d e  C a t h o d e  C a t h o d e  C a t h o d e  
p o t e n t i a l  p o t e n t i a l  p o t e n t i a l  p o t e n t i a l  p o t e n t i a l  

T i m e  ( r a i n )  ( V )  ( V )  ( V )  ( V )  ( V )  

0 -- 1.24 -- 1.43 --  1.8 -- 1.46 -- 1.34 
10 -- 1.08 -- 1.42 -- 1.5 -- 1.41 -- 1,22 
20 -- 0.94 -- 1.37 -- 1.6 -- 1.38 -- 1.10 
30 --0.89 -- 1.31 -- 1.6 -- 1.30 -- 1.06 
40 - 0.87 - 1.20 -- 1.6 -- 1.12 -- 1.04 
50 -- 0.85 -- 1.20 -- 1.7 -- 1.06 - 1.00 
60 - 0.82 -- 1.20 -- 1.7 -- 1.02 -- 0.96 

N a t u r e  o f  d e p o s i t s  B l a c k  s p o n g y  B l a c k  s p o n g y  B l a c k  s p o n g y  B l a c k  s p o n g y  B l a c k  s p o n g y  

C u r r e n t  e f f i c i e n c y  
( % )  98.3 100.3 94.0 58.8 34.2 

Lead  ( % )  90.0 90.8 93.2 91.0 90.1 
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Fig. 3. The effect of sodium hydroxide concentration on the 
current efficiency. (Waste battery paste 20 g/liter; current density 
25 A/dm~; temperature 35~ time 60 rain.) 

E~ect oi various parameters on the e$ectrqlysi8 o~ 
waste battery paste.--E~ect of current den~ity.--The 
effects of current density on current efficiency, cathode 
potential, and nature of lead deposits are represented 
in Table V (Fig. 3). 

The current efficiency did not vary much in the cur- 
rent density range of 2.5-10 A/dm 2. Above 10 A/dm 2 
the current efficiency decreased rapidly with the in- 
crease in current density. With the increase in cur- 
rent density the effective metal ion concentrations in 
the vicinity of the cathode reduce and hydrogen 
evolution increases leading to reduced current effi- 
ciency. Similar influence of lead-containing ions on 
current efficiency is observed in the results shown in 
Table IV. The experiments were carried out keeping 
the waste battery paste in suspension in the sodium 
hydroxide solutions and in all likelihood, as detailed 
during discussion on the mechanism of lead deposition, 
the electrolysis was preceded by dissolution of paste. 
The decrease of current efficiency may also be due to 
the fact that the rate of dissolution of lead compounds 
and free lead in sodium hydroxide becomes the rate- 
controlling factor. 

The purity of lead obtained was about 90%. This 
low purity may be due to the presence of lead oxide 
in the deposits owing to the following reasons: 

1. Lead oxide may occur in the lead deposits because 
of decomposition of mechanically held sodium plum- 

bite (in the deposits) during drying. The likely reac- 
tion is 

NazPb02 + H20 ~=~ PbO + 2NaOH [6] 

The observed value of current efficiency higher than 
100% for current density of 7 A/dm 2 is also probably 
due to the above mentioned phenomena, i.e., mechani- 
cal inclusion. 

2. The reactivity of electrolytic powders are in gen- 
eral greater than that of powders prepared by thermal 
processes. The particles in electrolytic powder con- 
sist of clusters of very small crystals (about 0.07 #m 
in diameter) which are under strained condition (9). 
This leads to higher reactivity causing oxidation. In 
the present investigation the oxidation was minimized 
by using a vacuum furnace during drying. 

The nature of deposits was black spongy throughout 
the current density range studied. The analysis of 
deposits showed that it contained arsenic (0.056%), 
antimony (0.55%), copper (0.016%), and iron (0.001%) 
besides lead oxide. 

The e~ect o• temperature.--The effects of tempera- 
ture on cathode potential, current efficiency, nature of 
deposits, and purity of lead are represented in Table 
VI. 

With the increase in temperature the cathode po- 
tential is seen to decrease (become less negative). It is 
known that, for overpotential (~) 

As a rule with the increase in temperature, no, the 
concentration overpotential, ha, the activation overpo- 
tential, and nR, the resistance overpotential, are all 
reduced. This may be the reason for the observed 
lower cathode potential values at higher temperature 
in the present investigation. 

The current efficiency increased with the increase 
in temperature up to 60~ but beyond this tempera- 
ture it decreased. This may be due to lower hydrogen 
overvoltage and higher rate of dissolution of deposited 
lead at higher temperatures. 

At room temperature the nature of deposits was 
black spongy. In the temperature range 60~176 
the deposits were black spongy near the cathode while 
the outer portions were bright and flaky. The bright 
flaky portion may be due to lower activation polariza- 
tion and higher concentration polarization. With time 
of electrolysis the concentration of lead ions in the 
electrolyte becomes less causing an increase in concen- 
tration polarization. The activation polarization is 
lower with higher temperatures. When concentration 
polarization dominates over activation polarization, the 
flakes grow more or less perpendicularly from the 
electrode surface into the solution. 

Table VI. The effect of temperature 

W a s t e  b a t t e r y  p a s t e :  20 g / l i t e r  
S o d i u m  h y d r o x i d e :  200 g / l i t e r  
C u r r e n t  d e n s i t y :  25 A / d m ~  
T i m e :  60 rain  

T e m p e r a t u r e  35~ 6O~ 80~ 100+C 

C a t h o d e  C a t h o d e  C a t h o d e  C a t h o d e  
T i m e  ( r a i n )  p o t e n t i a l  ( V )  p o t e n t i a l  ( V )  p o t e n t i a l  ( V )  p o t e n t i a l  ( V )  

0 -- 1.34 -- 1.30 -- 1,24 - 1.21 
10 -- 1.22 --  1.20 --  1.14 -- 1.18 
20 -- 1,10 -- I . i 0  - -1 .14 -- 1,15 
30 - -  1.06 - -  1.10 - -  1,13 - -  1,15 
40 -- 1.04 -- I . I I  -- 1.12 -- 1.12 
50 -- 1.OO -- 1.10 -- 1.10 -- 0.98 
60 --0.96 - - 0 . 9 4  - -  1.08 - - 0 . 9 6  

N a t u r e  o f  d e p o s i t s  B l a c k  s p o n g y  S p o n g y ,  o u t e r  l a y e r  i s  S p o n g y ,  o u t e r  l a y e r  i s  S p o n g y ,  o u t e r  l a y e r  i s  
b r i g h t  a n d  f l a k e y  b r i g h t  a n d  f l a k e y  b r i g h t  a n d  f l a k e y  

C u r r e n t  e t B e i e n c y  
( ~ ) 84.g 46.5 45.0 42.8 

P u r i t y  o f  l e a d  ( % )  90.1 93.7 88.8 88.5 
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Table VII. The effect of sodium hydroxide concentration 

Waste ba t te ry  paste: 20 g / l i t e r  
Current  density: 25 A/dm~ 
Temperature :  35~ 
Time: 60 r a i n  

537 

S o d i u m  h y d r o x i d e  200 g / l i t e r  400 g / l i t e r  600 g / l i t e r  800 g / l i t e r  
concentrat ion 

Cathode Cathode Cathode Cathode 
Time (min) potent ial  (V) potent ial  (V) potent ial  (V) potent ial  (V) 

0 - -  1 . 3 4  - 1 .41  - -  1 .41  - 1 .46  
10  - -  1 .22  - 1 . 38  - -  1 . 44  - 1 .43  
2 0  - 1 .10  - 1 . 38  - -  1 .43  - 1 . 4 4  
30 - 1.06 -- 1.38 - 1.40 - 1.45 
40  - 1 . 0 4  - 1 . 37  - 1 .40  - -  1 . 43  
5 0  - -  1.O0 - 1 . 37  - 1 .38  - 1 .43  
60  - -  0 . 9 6  - 1 .37  - -  1 . 35  - 1.43 

Nature of d e p o s i t s  B l a c k  s p o n g y  B l a c k  s p o n g y  Black spongy Black spongy 

Current efficiency 
( % )  3 4 . 2  4 6 . 8  49 .9  5 0 . 2  

P u r i t y  o f  l e a d  ( ~ )  9 0 . 1  8 8 . 7  9 0 . 3  9 0 . 3  

The e~ect of sodium hydroxide concentration.--The 
results are presented in Table VII (Fig. 4). The change 
in sodium hydroxide concentration from 200 to 800 

log 
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Fig. 4. Variation of current efficiency with the concentration 
of sodium hydroxide for the different constituents of the battery 
paste: (a) lead sulfate (b) lead oxide (c) lead. (Current density 
5 l~Jdm2; temperature 60~ time 30 min.) 
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Fig. 5. The effect of current density on current efficiency. (Waste 
battery paste 20 g/liter; sodium hydroxide 200 g/liter; temperature 
35~ time 60 min.) 

g/liter showed an increase in current efficiency from 
34.2 to 50,2%. Black spongy deposits were obtained 
in all cases and the purity of lead was about 90%. 

The increase in current efficiency with the concen- 
tration of sodium hydroxide is possibly due to the in- 
crease in solubility of lead and its compounds. Experi-, 
ments on different constituents of the paste (Table II 
Fig. 5)reveal that the current efficiency remained 
practically constant in case of lead sulfate while it 
increased with increase in sodium hydroxide concen- 
tration when lead or lead monoxide were electro- 
lyzed. The reason for this observation is that the solu- 
bility of lead sulfate in sodium hydroxide is high even 
at low alkali concentrations and the increase in solu- 
bility with increase in alkali concentration is not sub- 
stantiaL The dissolution of lead or lead monoxide, on 
the other hand, increases markedly with the increase 
in alkali concentrations resulting in a similar trend 
for current efficiency. 

The current efficiency-sodium hydroxide concen- 
tration curves level off at, and beyond, the sodium hy- 
droxide concentration of 600 g/liter, and this value is 
taken as the optimum concentration of sodium hy- 
droxide. 

The eFect of time.--The results (Table VIII) show 
that the current efficiency remained practically con- 
stant up to 120 min and then decreased slowly up to 
210 rain. After 210 rain the current efficiency fell 
steeply, probably due to unavailability of lead-contain- 
ing ions for deposition. The cathode potential increased 
after 210 rain as concentration polarization probably 

Table VIII. The effect of time 

Waste ba t te ry  paste: 30 g / l i t e r  
( mesh size - 300) 

Sodium hydroxide: 400 g / l i t e r  
Temperature: 6O~ 
Current density 5 A/dm ~ 
Total lead content in 

the bath: 23.9g 

Time Lead Current Pur i ty  
for elec- recov- effi- Cathode Nature of 
trolysis ered ciency potential of lead 
(rain) (g) (%) (V) deposits (%) 

30 2.44 97.01 
30 2.42 96.70 
30 2.44 97.01 
30 2.44 97.01 
30  2 .40  9 5 . 4 2  
30 2.40 95 .42  
30  2 . 3 5  9 4 . 4 3  
30 2.00 8O.00 
30 2.00 80.00 
30 1.oo 40.00 
30 0,50 20.00 

Total lead recovered in 
330  rain: 

No. of A-hr p a s s e d :  
kW-hr/g:  
P e r c e n t a g e  r e c o v e r y :  

0.78 Granular 
0.73 Granular 
0.78 Granular 
0.78 Granular 
0.78 Granular 
0.79 Granular 
0.80 Granular 
0.98 Spongy 
1.00 Spongy 
1.20 Spongy 
1.59 Spongy 

23.9g 
7.15; avg cell voltage: 1.42 
0.000453 

9 3 . 7 %  

9 6 . 5  
9 4 . 2  
9 6 . 5  
9 5 . 0  
9 7 . 8  
9 0 . 1  
9 7 . 3  
88 .3  
80 .3  
90 .0  
89 .5  
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Table  IX .  The effect of static bath, agi tated bath, and Table  X l .  The effect of chilled cathode 

rotation of cathode Sodium hydroxide: 100 g/liter 
Waste battery paste: 20 g/liter 

W a s t e  b a t t e r y  paste:  20 g / l i t e r  Current  dens i ty:  5 A/dm~ 
Sodium hydrox ide:  200 g/liter Time: 30 rain 
Current  densi ty:  10 A / d i n  2 
T e m p e r a t u r e :  35~ 
Time: 80 rain Cathode 

T i m e  (rain) potential (V) 
Static Agitated Rotation 
bath  bath  of  ca thode  

0 
Cathode  Cathode  Cathode  5 

T i m e  potent ia l  po tent ia l  potent ia l  10 
(rain) (V) (V) (V) 15 

20 
25 

0 --1.43 --1.10 --2.0 30 
10 --1.39 --0.88 --2.0 Nature  0f  deposit :  
20 - 1.35 - 0.89 - 2.0 
30 - 1.29 - 0.89 - 2.0 
40 --1.29 - 0 . 8 9  - 2 . 0  Current  eff iciency: 93% 
60 - 1.27 - 0.91 - 2.0 

N a t u r e  o f  de- Black  spongy  Spongy corn- Spongy corn- Purity of lead:  90% 
pos i t s  loosely held pact and ad- pact and ad- 

on the  cath- herent herent 
ode  

Current  effi- 
c i ency  (%) 91.5 98.1 83.7 

Pur i ty  of  lead 
(%)  91.8 98.4 93.7 

arose f rom insufficient number  of l ead-conta in ing  
ions. The weight  percent  recovery  of l ead  was 91.9%. 

E~ect of static bath, agitated bath, and rotated cath- 
ode.--The resul ts  a re  shown in Table  IX. 

The  deposi t  of lead  on the s t a t ionary  cathode in the  
stat ic ba th  was nonadheren t  and  spongy. I t  r ead i ly  
peeled off even whi le  the cathode was taken  out  of the  
cell. On the o ther  hand  the l ead  deposi t  in the ag i ta ted  
ba th  and on the ro ta t ing  cathode was adherent ,  spongy, 
compact,  and could be hand led  easily.  I t  m a y  be  due 
to the fact  tha t  ro ta t ion  of cathode and s t i r r ing  of the  
ba th  reduces the thickness of the e lect r ica l  double 
layer ,  leading  to compact  and  adheren t  deposits.  

The cathode poten t ia l  in case of the ro ta ted  ca th-  
ode was less than  in the  case of the  s tat ic  cathode. 
This unexpec ted  observa t ion  m a y  be exp la ined  on the 
basis of contact  res is tance (e lect r ica l  contact  to the  
ro ta t ing  e lec t rode)  a n d / o r  imprope r  contact  of Lug-  
gin t ip (of re ference  e lec t rode)  wi th  the  ro ta t ing  
cathode, which might  have  developed.  

The cur ren t  efficiency of the stat ic bath=stat ic  ca th-  
ode sys tem (91.5%) was found to be be tween  tha t  of 
ag i ta ted  ba th - s t a t i c  cathode sys tem (98.1%) and agi-  
t a ted  bath=rota ted  cathode sys tem (83.7%). The h igher  
efficiency in  the  case of ag i ta ted  ba th - s t a t i c  cathode 
sys tem compared  to tha t  of s tat ic  ba th - s t a t i c  cathode 
sys tem is expected,  but  the  low va lue  of cur ren t  

- 1.30 
--0.92 
-- 0.83 
--0.87 
- 0 . 8 9  
- 0 . 8 3  
- 1.03 

Smal l  a m o u n t  of  f ine 
powder ,  res t  granular  

efficiency in the case of the rotating cathode was prob- 
ably due to the loss of deposited lead by dissolution 
and/or peeling off during rotation of the cathode. 

g~ect o$ cathode materiaL--The exper iments  (Table  
X) were  car r ied  out  under  s imi la r  condit ions of eIec- 
t rolysis  for  al l  the cathodes.  The va lue  of cu r ren t  
efficiency for nickel,  s tainless steel,  graphite ,  and  
mild  steel  cathodes were  close to each other, about  
99%, bu t  the  va lue  for  the lead  cathode was 85.87%. 
This low value  is l ike ly  to be due  to pass iva t ion  of the  
lead  cathode. 

Effect o] chi~led cathode.--When the cathode was 
chi l led dur ing  electrolysis  (Table  XI ) ,  the lead  de-  
posi t  consisted of fine powder  and granules.  Elec t ro-  
lyric deposi t ion is a nuclea t ion  and g rowth  process. As 
the cathode is chilled, the g rowth  of the crysta ls  at  
the cathode surface is has tened resul t ing in fine powder .  
Since the hea t  conduct iv i ty  of lead  is not  high, the  
cooling of the  deposi ted powder  is not  efficient af ter  a 
few layers  have been  deposited.  Subsequent  deposi ts  
a re  thus granular .  

The pu r i t y  of lead was 96% which was h igher  than  
the pur i ty  of spongy deposits  obta ined  in  ear l ie r  ex-  
per iments .  The g ranu la r  and p o w d e r y  deposits  were  
easier  to wash  which possibly  reduced  the fo rmat ion  
of l ead  oxide dur ing  d ry ing  and f avo rab ly  effected 
the pu r i t y  of lead. 

C o n c l u s i o n  

As discussed ea r l i e r  (2), the pyrometa l lu rg ica l  
method for the  recovery  of l ead  f rom lead  b a t t e ry  
waste  suffers f rom the d rawback  tha t  whi le  lead  oxide 
can be efficiently reduced  to meta l l ic  lead  by  carbon, 

Table  X.  The effect of cathode materials 

Waste battery paste: 20 g/IRer 
Sodium hydroxide: 200 g/liter 
Current  densi ty:  5 A/dm~ 
T e m p e r a t u r e :  35~ 
Tim e:  60 m i n  

Cathode  Sta in less  
mater ia l s  Lead Nicke l  s t e e l  Graphite Mild-steel 

Cathode Cathode Cathode Cathode Cathode 
Time potent ia l  potent ia l  potent ia l  potential potential 
(min) (V) (V) (V) (V) (V) 

0 - -  1 . 7 0  - 1 , 3 2  - -  1 . 7 0  - -  1 . 6 0  - 1 , 3 0  
1 0  - -  1 . 2 0  - 1 . 2 5  - 1 . 5 0  - 1 , 4 4  - 1 . 3 0  
2 0  - 1 . 1 1  - 1 . 0 2  - -  1 . 3 5  - 1 . 4 4  - 1 . 1 6  

- 1 . 8 8  - 1 . 0 2  - 1 . 3 3  - 1 . 4 8  - I . i 0  
4 0  - 1 . 0 6  - 1 . 1 7  - 1 . 3 1  - 1 . 5 0  - 1 . 0 8  
50 -- 1,03 -- 1.15 -- 1.38 -- 1.60 -- 1.08 
60 -- 1.03 -- 1.12 -- 1.50 -- 1.70 -- 1.08 

N a t u r e  o f  de- 
pos i t s  Black  spongy  Black spongy Black spongy Black spongy Black spongy  

Current  effi- 
c i e n c y  (%) 85.87 97.94 98.06 98.08 99.20 

Pur i ty  o f  l ead  
( % ) 90 93 95.7 88.7 91 
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the reduction of lead sulfate requires high tempera- 
ture, causing fume and slag losses and reducing the 
efficiency of lead recovery. If the battery plates, which 
contain antimonial lead and battery paste, which 
contains lead compounds including lead sulfate, can 
be treated separately, the former by pyrometallurgical 
method and the latter by electrolytic method, the com- 
bined "duplex" process may be an economical propo- 
sition. In the duplex process the waste paste on the 
grid plates would be washed thoroughly with a con- 
centrated sodium hydroxide solution, dissolving away 
all the paste. The grid plates would be then treated 
pyrometallurgically (2) to recover antimonial lead. The 
sodium hydroxide solution containing the paste would 
be electrolyzed to recover pure lead. The present 
studies prove the feasibility of the electrolytic process 
though further work is required to evaluate the eco- 
nomics of the process. 

The following important conclusions can be drawn 
from the present work: 

1. The deposition of lead takes place at the cathode 
after the dissolution of lead or lead compounds in 
sodium hydroxide and the ion responsible for lead 
deposition is the biplumbite (HPbO2-) ion. 

2. The optimum values for the various parameters 
are: current density 7 A/dm 2, concentration of sodium 
hydroxide 600 g/liter, temperature 60 ~ C, time of elec- 
trolysis 120 inin. 

3. A current efficiency of 97% is achieved when the 
electrolysis is carried out under near-optimum con- 
ditions (current density 5 A/dm 2, concentration of 

sodium hydroxide 400 g/liter, temperature 60~ t ime 
of electrolysis 120 min). 

Manuscript submitted May 19, 1978; revised manu- 
script received Sept. 14, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submitted by Aug. 1, 1980. 
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High Rate Discharge Characteristics of Li/SOCI  Cells 
K. A. Klinedinst* and M. J. Domeniconi* 

GTE Laboratories, Incorporated, Waltham, Massachusetts 02154 

ABSTRACT 

The performance characteristics of the Li/SOCle cell have been determined 
as a function of discharge rate, electrolyte composition, cathode thickness, and 
cell temperature. Cells have been discharged at rates ranging from about 3 to 
nearly 300 mA/cm 2. Cathodes with electrolyte solutions have contained either 
LiA1C14 or A1C13, with the most efficient discharge characteristics being realized 
with 1.5M LiA1C14 and 4.5M AIC13 solutions. The use of pure A1C13 dissolved 
in SOC12 as the electrolyte results in substantially higher average discharge 
voltages and discharge capacities than can be achieved with cells containing 
the conventional LiA1C14 electrolyte. With both electrolytes, however, the 
discharge capacity per unit cathode volume (the effective cathode utilization) 
decreases with increasing cathode thickness, the rate of decrease being greater 
the higher the discharge current density. Increasing cell temperature results 
in an improvement in cathode utilization and a decrease in overvoltage, again 
with both LiA1C14 and A1Cl~ electrolyte solutions. 

The performance characteristics of the lithium/ 
thionyl chloride primary battery system at relatively 
low rates of discharge (I ~< 10 mA/cm 2) have been 
frequently described (1-5). However, the characteris- 
tics of the battery at high rates of discharge (I >~ 10 
mA/cm 2) are not well known. It has thus been the 
purpose of this investigation to determine the perform- 
ance characteristics of the Li/SOC12 cell as a function 
of discharge rate, particularly with respect to current 
densities greater than about 10 mA/cme. In addition 
to the discharge rate, the experimental variables ex- 
plored have included the electrolyte composition, the 
cathode thickness, and the cell temperature. 

In the design of any high rate cell, the anode/ 
cathode interracial area should be as large as possible 

�9 Electrochemical Society Active Member. 
Key words: battery, cathode, electrolyte, polarization. 

to reduce current density and thus to minimize losses 
due to polarization or reduced electrode capacity. 
Since the total cell volume is generally fixed, this 
usually requires that the electrode thickness be reduced 
by an amount proportional to the increase in electrode 
area. For this reason, the cathodes employed in this 
work were all thinner than 1.0 mm with most being 
less than 0.1 mm in thickness. 

The conventional Li/SOC12 cell electrolyte consists of 
a solution of LiA1C14 in SOCle. This solution is com- 
monly prepared by first dissolving the required amount 
of A1C13 in purified SOC12 followed by the addition of a 
stoichiometric amount of LiCI (1). On the other hand, 
we have previously reported that, if the electrolyte 
solution contains less than the stoichiometric amount of 
LiC1 or even in the complete absence of LiC1, the 
average discharge voltage and discharge capacity (at 
a given rate of discharge) assume substantial ly  greater 
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values than  when the SOC12 contains only LiA1C14 
(6, 7). However, because the excess A1C13 will  readi ly 
remove the passivating film of LiC1 which normal ly  is 
present  on the surface of l i th ium which is in  direct 
contact with SOC12, the Li will  cont inue to be attacked 
by the SOC12 unt i l  one of the three reactants  (Li, 
SOC12, or A1CI~) is exhausted. Thus, Li/SOC12 cells 
containing excess A1C13 must  be operated as reserve 
cells in which the electrolyte is allowed to contact the 
electrodes shortly before the beginning  of discharge. 
Both LiA1C14 and A1C13 electrolyte solutions have been 
used in this work. 

Experimental 
A schematic diagram of the exper imenta l  cell is 

shown in  Fig. 1. The anode was a 0.75 m m  thick sheet 
of l i th ium pressed onto a nickel metal  cur rent  col- 
lector. The cathode was a layer  of carbon black con- 
ta ining 5-10% PTFE (polytetrafluoroethylene) also 
supported upon a nickel current  collector. The cathode 
was 1 cm 2 in area and ranged in thickness from 0.025 to 
1.0 mm. (Cathode thicknesses were measured by the 
use of a precision micrometer.)  The two electrodes 
were separated by a 0.13 m m  thick sheet of porous 
glass paper. A PTFE-coated or glass-coated metal  
weight was used to ma in ta in  good interfacial  contact 
be tween the cell components. Nickel wire current  leads 
were used, and the cell was positioned wi th in  an evacu- 
able Pyrex  glass container  with glass- to-metal  seals at 
the points where the current  leads passed through the 
container.  

The cell was assembled in  a dry room (relative 
humidi ty  <2%) ,  and the electrolyte (a solution of 
ei ther LiA1C14 or A1C18 in  SOC12) was placed wi th in  
the electrolyte reservoir. The sealed Pyrex  container 
was then t ransferred to the test s tand where it  was 
usual ly  allowed to equil ibrate  at room temperature.  In  
some cases, the glass container was placed wi th in  a 
thermostat ical ly controlled oil bath to equi l ibrate  at 
ei ther 450 or 65~ The Pyrex  container was evacuated 
for 30 min. Then, the electrolyte was allowed to enter  
the evacuated container  ( through a Teflon stopcock), 
completely submerging the electrodes. Dry air was 
added to br ing the container  to atmospheric pressure, 
and the constant  load or constant  current  discharge was 
begun after no more than a ten minu te  s tand on open 
circuit. 

A Fluke  datalogger was used to record the cell volt-  
age as a funct ion of time. The average discharge pla-  
teau voltages and currents  were determined from the 
resul t ing discharge curves, and the capacities were 
calculated by the integrat ion of each discharge curve 
to a cutoff voltage which was in every case 10% below 
the average plateau voltage. 

ELECTROLYTE _ _  
RESERVOIR 

I~1 //'Jl TEFLON 
~ STOPCOCKS 

C A T H O D E  

A N O D E - -  

~ : \ \ \ \ \ x \ ~  

- - ~ \ \ \ \ \ \ \ \ \ \ ~  

TEFLON OR G L A S ~  
- -COATEDWEIGHT 

SEPARATOR 

Fig. 1. Schematic diagram of the experimental test cell 

The carbon black used in  this work was 50% com- 
pressed Shawinigan  acetylene black, and the PTFE was 
supplied by du Pont as an aqueous dispersion (TFE- 
30). The l i th ium was supplied by Foote Mineral  Com- 
pany. The LiC1 was obtained from J. T. Baker and was 
vacuum dried for 16 hr  at 350~ prior to use. The Fluka  
A1CI~ (puriss) was obtained from Tridom Chemical 
Company, and the SOC12 from Hooker Chemical Com- 
pany. Before use, the SOC12 was twice distilled over Li. 
To prepare the electrolyte, an adduct of A1C18 and 
SOC12 was first formed. [The preparat ion of such ad- 
ducts are described in  Ref. (8) and (9)].  Distilled 
SOC12 was added to the adduct to form an A1CI~ solu- 
tion of the desired concentration. In  order to form the 
LiA1C14 electrolyte, an excess of LiC1 was added to the 
AICI8 solution. The undissolved LiCI was subsequent ly  
removed by filtration. The extent  to which the electro- 
lyte was contaminated by water  was determined by 
infrared spectroscopy (10). The electrolyte was found 
to be contaminated by less than 0.5 ppm of water, the 
l imit  of detection of the infrared spectroscopic method. 

Results 
In  the ini t ia l  experiments,  the concentrations of 

LiA1CI4 and A1C18 in  the electrolyte solutions were 
varied in order to determine the effect upon discharge 
capacity. A moderately  high discharge current  density 
of about 30 m A / c m  2 was chosen for these ini t ia l  ex-  
periments.  Two cathode thicknesses, 37 and 950 #m, 
were employed. 

The data obtained with the LiA1CI4 solutions are 
plotted in  Fig. 2. With the 37 ~m cathodes, the capacity 
maximized at a LiA1C14 concentrat ion of about  1.5M. 
However, with the 950 ~m cathodes, the capacity 
maximized at a LiA1CI4 concentrat ion of about  4.0M. 
Since most of the succeeding exper iments  were to be 
performed with cathodes which were about  as thick 
as the 37 ~m cathodes, 1.SM was chosen as the concen- 
t rat ion to be used in  most of the experiments  in  which 
LiA1CI4 electrolyte solutions were employed. 

The data obtained with the A1C18 solutions are shown 
in  Fig. 3. With the 37 ~m cathodes, the capacity maxi -  
mized at an A1C13 concentrat ion of about 4.5M. With 
the 950 ~m cathodes, on the other hand, the capacity 
maximized at an A1CI~ concentrat ion of about 3.0M. 
As before, since most of the succeeding experiments  
were to be performed with cathodes which were about 
as thick as the 37 ~m cathodes, 4.5M was chosen as the 
concentrat ion to be used in  most of the experiments  in  
which A1C13 electrolyte solutions were employed. 
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Fig. 2. Discharge capacity vs. LiAICI4 concentration 



VoL 127, No. 3 

18 

16 

&-- 
o 

x 1 4  

~ 12 

I -  

< 8 
< 

LU 

< 

TEMPERATURE ~ 25~ 

CURRENT DENSITY_~30 mA/cm 2 

�9 CATHODE THICKNESS = 37 ,urn 

O CATHODE THICKNESS = 950 pm 

2 / 
l /  

1 /  
/ /  

0 ~ "  I I I I I I 
0 1 2 3 4 5 6 

M O L A R  C O N C E N T R A T I O N  OF AICI  3 

Fig.  3 .  D i s c h a r g e  c a p a c i t y  vs. A I C I 3  c o n c e n t r a t i o n  

Typical  d ischarge  curves ob ta ined  at  a cur ren t  den-  
s i ty of 30 m A / c m  2 wi th  1.5M LiA1C14 and 4.5M A1C13 
e lec t ro ly te  solut ions are  compared  in Fig. 4. In  these 
exper iments ,  the cathodes were  55 ~m thick, and the 
Li/SOC12 cells were  d ischarged at  room tempera ture .  
The increases  in both opera t ing  vol tage  and discharge 
capac i ty  associated wi th  the use of the A1C13-contain- 
ing e lec t ro ly te  are  apparent .  

As shown in Fig. 1 and 2, the  discharge capaci ty  
(per  uni t  cathode thickness)  of the  high ra te  Li/SOC12 
cell  is a funct ion of both  e lec t ro ly te  composi t ion and 
cathode thickness.  Fur ther ,  wi th  both LiA1CI4 and 
A1C13 e lec t ro ly te  solutions, the capaci ty  pe r  uni t  ca th-  
ode volume decreases wi th  increas ing thickness.  This 
effect is c lear ly  demons t ra ted  by  the da ta  in Fig. 5 
where  the Li/SOC12 cell  d ischarge capaci ty  is p lo t ted  
as a funct ion of thickness  for  thicknesses ranging 
f rom about  20 #m to about  950 ~m. Cells were  dis-  
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Fig. 5. Discharge capacity vs. cathode thickness. 

charged with  both 1.5M LiA1CI4 and 4.5M A1Cla e lec-  
trolyte solutions. (The Li/SOC12 cells were  all dis- 
charged at about 30 m A / c m  2 current density.)  It can 
be seen that, particularly wi th  the 4.5M A1Cla solu-  
tion, the effective cathode uti l ization increases very  
significantly as the cathode thickness is decreased 
be low about 150 #m. 

The combined effects of discharge rate, cathode 
thickness,  and e lec t ro ly te  composi t ion upon the dis- 
charge capacit ies of Li/SOC12 cells a re  shown g raph i -  
ca l ly  in Fig. 6 where  the average  cu r ren t  dens i ty  is 
p lo t ted  vs. the  discharge dura t ion  per  uni t  cathode 
thickness on a log- log scale. Data  are  shown for both  
1.5M LiA1C14 and 4.5M A1C13 e lec t ro ly te  solutions and 
for cathode thicknesses of 55 and 950 ~m. As expected,  
the discharge capacit ies obta ined  wi th  the A1Cla elec-  
t ro ly te  solut ion are  un i fo rmly  la rger  than  those ob-  
ta ined  wi th  the  LiA1C14 e lec t ro ly te  over  the ent i re  
range  of discharge rates. I t  can also be seen that, at  low 
cur ren t  densities, the  capaci ty  pe r  uni t  cathode th ick-  
ness is app rox ima te ly  independen t  of thickness. How- 
ever, a t  h igher  discharge rates,  the capaci ty  pe r  uni t  
cathode thickness (the apparen t  cathode ut i l izat ion) de -  
creases wi th  increasing thickness,  the  ra te  of decrease  
being g rea te r  the h igher  the average  cur ren t  density.  

Al l  of the above resul ts  were  obta ined wi th  cells 
d ischarged at  room tempera ture .  In o rder  to de te rmine  
what  gains in per formance  might  be rea l ized at  h igher  
tempera tures ,  Li/SOC12 cells were  also d ischarged at  
45 ~ and 65~ The effects of t empe ra tu r e  var ia t ion  are  
exemplif ied by  the discharge curves shown in Fig. 7 
for  cells d ischarged at  both  room t empera tu re  and 
65~ These cells contained 50 ~m th ick  cathodes and 
1.5M LiA1C14 e lec t ro ly te  solutions and were  discharged 
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Fig. 4. Discharge curves comparing 1.5M LiAl(~l; and 4.5M 
AICla electrolyte solutions. 
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Fig. 7. Discharge curves at room temperature and 65~ 

at a current density of about 100 mA/cm 2. As the figure 
shows, an increase in temperature causes the cell to 
discharge for a longer time at a higher operating volt- 
age and with a flatter discharge curve. Thus, operating 
high rate Li/SOCI2 cells at elevated temperatures in- 
creases cathode utilization and decreases cell polariza- 
tion. 

The current-potentiaI curves (plotted on a semilog 
scale) derived from the discharge of Li/SOC12 cells 
containing 50 ~m cathodes and 1.5M LiA1CI4 in SOC12 
as the electrolyte at room temperature, 45~ and 65~ 
are compared in Fig. 8. (Each point is determined by 
the average voltage and average current-density ob- 
tained from the plateau portion of the discharge curve 
of an individual Li/SOC12 cell.) The decrease in po- 
larization with increasing temperature is apparent 
over the entire range of discharge rates. 

The discharge duration per unit cathode thickness 
is plotted as a function of current density on the log-log 
plot shown in Fig. 9. (Each point corresponds to one of 
the points in the current-potential curves shown in 
Fig. 8.) As expected, the discharge capacity increases 
with increasing temperature and with decreasing dis- 
charge rate. 

The current-potential curves obtained from the dis- 
charge of Li/SOCI~ cells containing 50 ~m cathodes with 
both 1.SM LiA1CI~ and 4.5M A1Cls electrolyte solutions 
and at both room temperature and 65~ are compared 
in Fig. 10. The corresponding discharge rate vs. dura- 
tion data are plotted in Fig. 11. With 4.5M A1CI~, as 
with the 1.5M LiA1CI4 electrolyte, the voltage charac- 
teristics improve with increasing temperature, and the 
discharge capacity increases with increasing tempera- 
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ture and with decreasing discharge rate. As expected, 
over the entire range of discharge rates and at both 
temperatures, the use of the 4.5M A1C13 electrolyte 
results in higher voltages on load and larger discharge 
capacities than are obtained with the conventional 
1.5M LiA1C14 electrolyte. 

Discussion 
Perhaps the first question to be answered is how a 

SOCI~ solution containing only A1Cls with no deliber- 
ately introduced LiC1 can function as a very good elec- 
trolyte in Li/SOClz ceils, since the room temperature 
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conductivity of a 3.0M solution of A1C18 in SOCI~ is 
only about 3 • 10 -4 ~ -1  cm-1 (11). In such a system, 
two parallel  chemical reactions will be occurring. The 
Li will  be reacting with the SOC12 in a direct oxida- 
t ion-reduction reaction, depositing a protective in-  
soluble LiC1 film on the surface of the Li; s imultane- 
ously, the A1CI~ in solution will  react with the IAC1 
film to produce soluble LiA1C14. As this LiC1 film is 
removed from the surface of the Li, more LiC1 forms 
which again reacts with the A1CI~. By the continuation 
of this process, enough LiA1CI4 is produced to make 
the solution sufficiently conductive to support the dis- 
charge of the cell. The fact that this system is stable 
to any degree is evidence that  the rate of film formation 
is much more rapid than that of its removal. However 
as previously noted, if such a cell was allowed to 
stand indefinitely on open circuit, the Li would con- 
tinue to be oxidized by the SOCI~ until  one of the 
three reactants (Li, SOC12, or A1Cls) was exhausted. 
Thus, Li/SOCI~ cells containing excess A1Cls must be 
discharged soon after the SOCI~ solution is allowed to 
contact the electrodes. 

The normal overall  discharge reaction of the L i /  
SOC12 cell can be wri t ten as (12, 13) 

4Li -k 2SOC1~-> 4LiC1 -k S + SO2 [1] 

Sulfur crystallizes from the electrolyte once its solu- 
bil i ty has been exceeded. The C1- produced by the re- 
duction of SOC12 reacts with the Li+ contained within 
the LiA1C14 electrolyte solution to form insoluble 
LiC1 which immediately precipitates within the cath- 
ode pores, leading to eventual discharge termination 
(12, 13). However, if excess A1C13 is present, the CI -  
produced during discharge reacts preferent ial ly with 
the A1Cls to produce AICI4-, and the overall  dis- 
charge reaction now becomes 

AlCh 
4Li -~ 2SOCI~ ~ 4LiAICl4 + S + SO2 [2] 

Since the AG for this reaction is greater than that 
corresponding to Eq. [l] ,  the cell voltages before and 
during discharge are greater in the presence of excess 
AICl3 than they are in its absence. (The open-circuit  
voltages of Li/SOCI2 cells containing 4.5M AiC13 and 
1.5M LiAICl4 electrolyte solutions are about 4.0V and 
about 3.6V, respectively.) Later, as the excess AiCl~ 
is consumed by reaction with the C1-, the pr imary cell 
reaction shifts from reaction [2] to reaction [l] ,  giv- 
ing rise to two distinct discharge plateaus as shown 
in Fig. 4. Because the discharge of the Li/SOC12 cell 
terminates when the cathode pores become choked 
by the precipitating LiC1, such a cell will have a 
greater discharge capacity when its electrolyte con- 
tains excess AICls than when it does not. 

Except for the two-step discharge curve character-  
istic of the presence of excess AICl~, the general per-  
formance characteristics of Li/SOCI2 cells with and 
without excess AICl~ are very similar. As shown in 
Fig. 2 and 3, in both cases the discharge capacity per 
unit cathode volume maximizes as the AICl~ or LiAICl3 
concentration is increased. The fact that the conduc- 
t ivity of the electrolyte generally increases with in- 
creasing AICl~ or LiAIC14 concentration presumably 
leads to an increase in capacity with concentration. 
The subsequent capacity decrease with a further in- 
crease in AiC13 or LiAICl~ concentration is probably 
the result of the increasing Viscosity of the SOC12 so- 
lution, making it less able to function as an efficient 
mass and charge transfer medium. 

In order to investigate these effects further, the con- 
ductivities of a number of solutions containing both 
AIC13 and LiAICl4 were measured over the tempera-  
ture range --20 ~ to ~65~ The introduction of AICl~ 
into the LiAICI4 electrolyte was usually found to in- 
crease the conductivity at higher temperatures but 
reduce the conductivity at lower temperatures. For the 
part icular  case of a LiA:IC14 concentration of 0.5M, 
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Fig. 12 shows the conductivity as a function of the 
mole ratio A1Cls/LiA1C14 in solution at four tempera-  
tures. 

The data suggest that an interaction such as 

A1CI~ ~- A1C14- ~ A12C17- [3] 

or perhaps higher complexing is occurring. At  low 
temperatures and at high A1C1JA1C14- ratios, the 
equilibrium is displaced to the right, resulting in the 
formation of the less mobile A12CI~- species. Con- 
versely, at high temperatures and low concentrations, 
the equilibrium is displaced to the left, and the con- 
ductivity of the solution is the sum of independent 
contributions from A1C13 and A1CI4-. 

As shown in Fig. 5, the capacity per unit cathode 
volume decreases with increasing cathode thickness at 
constant discharge rate. The depth of discharge in each 
increment of thickness into the cathode (proportional 
to the amount of deposited LiC1 in that increment) de- 
creases due to the limitations upon mass transport  
through the rapidly narrowing cathode pores (5). As 
shown in Fig. 6, the steepness of the cathode utiliza- 
tion v s .  thickness curve rapidly increases with increas- 
ing discharge rate. The fact that this effect is much 
more pronounced with the A1C13 solution than with 
the standard LiA1C14 electrolyte is a result  of the abili ty 
of the excess A1C13 (contained within the separator 
as well as within the cathode itself) to act as an effec- 
tive getter or sink for the LiC1 product, thus tripling 
the effective capacity of the thinnest cathodes. 

Finally, as shown by the data in Fig. 7-11, the dis- 
charge efficiency of the high rate Li/SOC12 cell can be 
greatly increased by increasing the cell temperature. 
There are a number of factors which may combine to 
result in improved cathode utilization with increasing 
temperature. The solubilities of the solid reaction prod- 
ucts and of the LiA1C14 all increase with temperature.  
Quite probably, the efficiency with which the LiCI is 
deposited within the porous cathode is also improved 
at elevated temperatures. The increasing conductiv- 
i ty of the electrolyte with increasing temperature also 
probably contributes to improved cathode utilization. 
Which factor may predominate as a function of dis- 
charge rate and temperature is, of course, still a mat-  
ter of conjecture. 

Similarly, there are a number of factors which may 
contribute to a decrease in overvoltage with increasing 
temperature. In view of the fact that it  is not known 
what physical process pr imari ly  determines the over- 
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voltage of the Li/SOC12 cell at room temperature and 
at relatively low discharge rates, to suggest what fac- 
tors may result in decreased overvoltage at elevated 
temperatures and at higher discharge rates is clearly 
not yet possible. In any case, reduced cell polarization 
is generally found to accompany an increase in operat- 
ing temperature. 

Summary and Conclusions 
The performance characteristics of the Li/SOC12 cell 

have been determined as a function of discharge rate, 
electrolyte composition, cathode thickness, and cell 
temperature. Cells have been discharged at rates 
ranging from about 3 to nearly 300 mA/cm 2. The 
SOC12 electrolyte solutions have contained either 
LiA1C14 or AICla, with the most efficient discharge 
characteristics being realized with 1.5M LiA1C14 and 
4.5M A1C13 sohitions. Cathodes with thicknesses be- 
tween 0.025 and 1.0 mm have been utilized. 

The discharge curve of a Li/SOC12 cell with an 
electrolyte containing excess A1Clz is characterized by 
two distinct voltage plateaus, resulting from the ability 
of the A1C13 to complex with the C1- produced by 
the reduction of the SOCl2. Moreover, the use of pure 
A1C13 dissolved in 8OC12 as the electrolyte results in 
substantially higher average discharge voltages and 
discharge capacities than can be achieved with cells 
containing the conventional LiA1C14 electrolyte. 

With both LiA1C14 and A1CI~ electrolyte solutions, 
the capacity per unit cathode volume (the effective 
cathode utilization) decreases with increasing cathode 
thickness, the rate of decrease being greater the higher 
the discharge current density. Finally, it has been found 
that an increase in operating temperature results in 
an increase in cathode utilization and a decrease in 
overvoltage, again with both LiAIC14 and A1CI~ elec- 
trolyte solutions. 
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Electrocatalytic Electrodes for the Polysulfide Redox System 
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ABSTRACT 

Porous electrocatalytic electrodes for the polysulfide redox system, con- 
taining one of various metallic sulfides (especially of Co, Cu, Pb) are described. 
Emphasis is placed on their use as counterelectrodes in photoelectrochemical 
cells employing polysulfide electrolytes. Their activity is measured as a function 
of electrolyte temperature and composition. The ratio of S to S 2-, and through 
it the local redox potential of the solution, is shown to be an important factor 
controlling electrode activity. The short and long term stability of the elec- 
trodes, as cathodes, is discussed, and it is shown that, when used in conjunction 
with photoanodes, Cu2S and CoS may poison the photoelectrode surface, 
thereby reducing total cell efficiency. 

Since the discovery that polysulfide electrolytes can 
stabilize various photoelectrodes against photocorro- 
sion (1-3), in particular CdS and CdSe, the need for 

* Electrochemical Society Active Member. 
Key words: electrodeposition, sulfidation, photoelectrochem. 

istry, energy  conversion. 

an efficient counterelectrode has arisen, since elec- 
trodes of carbon and platinum, usually used for this 
purpose, are not very active for the polysulfide redox 
system [Ref. (4), Fig. 1]. 

The importance of the counterelectrode in a photo- 
electrochemical cell (PEC) can be illustrated by Fig. 
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Fig. 1. Potentiostatic current-voltage curve of n-CdSe photo- 
anode together with an ideal and nonideal (polarizable) counter- 
cathode. Pmax represents the maximum power point on the illumin- 
ated CdSe I-V curve. The cathodic curves are for an ideal (no 
polarization broken line) and nonideal counterelectrode. 

1, which shows potentiostatic current-vol tage  curves 
of both the photo and counterelectrodes. For the pur -  
pose of the i l lustration, the upper  curve is that  of a 
typical CdSe electrode [prepared by electroplating (1) ] 
while  the lower plot is that  of a counterelectrode 
which is assumed to polarize 100 mV at a cathodic 
current  of 10 mA (solid l ine) or an ideal counterelec- 
trode which main ta ins  the redox potent ial  of the elec- 
t rolyte  at all cur rent  densities (dotted l ine) .  Looking 
first at the CdSe electrode against  the ideal counter-  
electrode, we see that  at max imum power the com- 
bined system delivers 7.4 mA (Ipmax) at 400 mV 
(Vpmax), i.e., 2.96 mW. If the counterelectrode is the 

polarizable one, then at /Pmax, the voltage output  of 
the cell falls to 327 mV (V'pmax), and the power de- 
l ivered is now 2.42 mW. (In fact, the max imum power 
point  wil l  shift slightly, bu t  this wil l  make only a 
small  difference, and will  be ignored here.) This repre-  
sents an 18% drop in  power, which is manifested by 
a drop in  fill factor f rom 0.41 to about  0.34 for the 
overall  cell. 

It should be noted that  this kind of loss often goes 
unnot iced or is overlooked when power output  of a 
PEC is derived from potentiostatic I -V plots. Therefore, 
any influence of the counterelectrode is neutral ized 
and too optimistic a picture of cell performance is 
obtained. 

We reported previously that  electrodes of CoS, NiS 
(4), Cu2S, and PbS (5) are active for polysulfide 
reduct ion (required for n - type  photoelectrodes; 
(poly)sulfide oxidation for p - type  photoelectrodes). 
The purpose of this work is to compare the properties 
of such electrodes especially those that  can be pre-  
pared s imply (an impor tant  consideration for possible 
practical PEC's) ,  and to find the opt imum working 
conditions for their  use, ma in ly  in terms of electrolyte 
composition. 

Exper imental  
We consider three basic types of electrodes: Cu2S, 

CoS, and PbS. 
1. Cu2S electrodes are prepared by  immersing a 

brass gauze (70% Cu, 30% Zn) in  a (poly)sulfide 
solution. The gauze gradual ly  blackens, forming Cu2S. 
This process of sulfidization can be accelerated by 
anodizing the gauze in  the (poly)sulfide solution. The 
presence of zinc in  the alloy imparts  mechanical  co- 
herence to the electrode; copper alone in  sulfide solu- 
t ion rapidly  disintegrates as Cu2S forms throughout  
the bu lk  of the copper, while sulfidization of zinc is 
re la t ively l imited to the surface, thereby holding the 
Cu2S in  a matrix,  the bu lk  of which is zinc metal. 

2. Co electrodes are prepared by first electroplating 
Co(OH)2 onto a stainless steel cathode. The electro- 
plat ing solution consists of an  aqueous solution of 
20g CoSO4/liter with a potassium biphthalate  buffer 
to ma in ta in  the pH between 3 and 6. The anodes are 
cobalt plates or rods, one on each side of the cathode 
for an even current  distribution. Electrolysis is car-  
ried out at room tempera ture  and  without  stirring. 
The current  density used varies between ,-,20-60 
mA / c m 2. (In this study, 1 cm 2 means an electrode of 
1 cm 2 geometric area. Since both sides of all electrodes 
are exploited, this is real ly  2 cm 2. However, assuming 
a counterelectrode will be, at  least, identical  in size 
to the photoelectrode in  a PEC, then both sides of the 
counterelectrode wil l  be available for reaction, unless 
the counterelectrode is also the back wall  of the cell. 
Since we wish to evaluate  a counterelectrode as it will  
be used in a practical cell, this system of measurement  
is chosen.) The optimal current  densi ty depends 
main ly  on the pH of the electrolyte, the current  den-  
sity increasing as the pH decreases. Thus at a pH of 
5, the optimal current  density is 30-40 m A / c m  2. The 
plat ing t ime varies from 3 to 6 min. If pla t ing con- 
tinues for longer, the layer  becomes dendritic, and 
mechanical ly unstable.  Under  these conditions, a black 
coating is obtained which dries to a b lue-green  color, 
and which consists main ly  of Co(OH)2. When im-  
mersed in (poly)sulfide solution, this is converted to 
cobalt sulfide, main ly  CoS. A reduct ion t rea tment  at  
,-, --1200 mV (vs. SCE) in a (poly)sulfide solution 
for several minutes  improves the electrode perform- 
ance somewhat. 

3. PbS electrodes are prepared by electroplating 
PbO2 onto a stainless steel anode using a Pt  cathode 
and an aqueous electrolyte of lead nitrate.  The con- 
ditions for plat ing (electrolyte composition, current  
density, plat ing time) were found to be noncrit ical;  
typically the plat ing was carried out from a 0.3M so- 
lut ion of lead ni t ra te  (or acetate) at a current  density 
of ,-,50 mA / c m 2 for 5 rain. This layer is then reduced 
electrolytically in  (poly)sulfide solution under  the 
same conditions as those used for CoS. This reduction 
t rea tment  is essential to obtain active electrodes. 

In  addit ion to these three types  of electrodes, several 
other electrode materials  were tested, largely for com- 
parison purposes: Plat inized p la t inum (p la t inum black 
electroplated on p la t inum meta l ) ;  high surface-area 
carbon in the form of plates ~ 1 mm thick; electro- 
plated brass on steel with a Cu :Zn  ratio of 95: 5; and 
RuS2 prepared by cathodic t rea tment  of a stainless 
steel substrate in an aqueous solution of 0.5g RuC1J 
li ter and subsequent  reduct ion in polysulfide solution 
as described above for CoS and PbS electrodes. 

Potentiostatic current-vol tage  curves were obtained 
using either an Elscint CHP-1 or Wenking LT 73 
potentiostat. The polysulfide electrolytes contained 
KOH and S (Fru tarom) ,  Na2S.9H20 (BDH), and de- 
ionized water. A water - jacketed  cell, connected to a 
thermostat  was used. Argon was cont inual ly  passed 
over the electrolyte to prevent  oxidation, but  no st ir-  
r ing was employed (unless specifically ment ioned) .  A 
saturated calomel electrode was used as reference in  
most cases, though a Pt  wire, which takes the potential  
of the solution, was used in  some experiments.  The 
counterelectrode was a 10 cm 2 Pt  gauze. 

Results and Discussion 
Electrocatalytic activity.--The electrocatalytic activ- 

ity of the electrodes studied is given directly by the 
current -potent ia l  p lo t s  in Fig. 2. Seven types of elec- 
trodes are shown here. The three ma in  electrodes 
studied, CoS, PbS, and sulfided brass (30% Zn),  are 
shown by one plot, since the activities of all three are 
almost identical, wi thin  exper imenta l  variations. From 
Fig. 2, it can be seen that  these electrodes outperform 
all others with the exception of the 95% Cu electrode, 
which however is not very stable (see under  long- 
term stabil i ty of electrodes, below).  Plat inized Pt, the 
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Fig. 2. Anodic and cathodic polarization curves of various 
electrode materials in 1M[OH],  1M[$2 - ] ,  and 1M[S] electrolyte 
at 30~ Brass (1) contains 70% Cu, 30% Zn. Brass (2) contains 
95% Cu, 5% Zn; Pt-black is platinized Pt. 

m o s t  act ive e lec t rode  s tud ied  by  Al len  and Hickl ing 
(6), is much  less active, and  carbon, even less so. 
( S m o o t h  Pt  is s imilar ,  or less active, t han  carbon.)  

The resul ts  ob ta ined  suggest  t ha t  o ther  sulfides 
which are  good e lec t r ica l  conductors,  i.e., metal l ic  or  
degenera te  semiconductors ,  m a y  be good e lec t roca ta -  
lysts  for  this system. P r e l i m i n a r y  exper iments  wi th  
RuS2 suppor t  this, as can be seen in Fig. 2. These 
electrodes are  in te rmedia te  in ac t iv i ty  be tween  p la t i -  
nized P t  and the act ive sulfides in the  cathodic d i rec-  
tion. At  present ,  we have succeeded in  making  only  
ve ry  thin layers  of RuS2 by  e lect ropla t ing,  much less 
than  the severa l  microns  usua l ly  p la ted  of the o ther  
sulfide electrodes.  F rom this, we m a y  reasonably  infer  
that  RuS~ is in t r ins ica l ly  as act ive as the other  sulfides, 
and the measured  lesser ac t iv i ty  is due only to a lower  
act ive surface area.  
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Fig. 3.(a) Polarization curves of a CoS electrode in various 
polysulfide electrolytes at 30~ The number for each curve rep- 
resent the molar concentrations of [ O H - ] ,  [$2 - ] ,  and [S], 
respectively. Except for the 2/2/2 electrolyte (broken line), the 
curves represent a variation of IS] with fixed [ O H - ]  and 
[S~-] .  (b) As Fig. 3(a), but with lower [ O H - ]  and [S 2 - ]  
(0.3M each) than in Fig. 3(a). 

Dependence of activity on electrolyte composition.-- 
The composit ion of the e lec t ro ly te  in a photoe lec t ro-  
chemical  cell is of crucial  impor tance  for cell operat ion.  
Even for a redox sys tem which  is known to be able  
to s tabi l ize a cer ta in  semiconductor ,  such as po lysu l -  
f ide/CdSe,  the absolute  concentrat ions  of the oxidized 
and reduced  forms of the  e lec t ro ly te  can affect such 
proper t ies  as s tab i l i ty  of photoe lec t rode  (7, 8), magn i -  
tude of photocur ren t  (9), l ight  absorpt ion  in e lec t ro-  
lyte,  and polar iza t ion  of the  counterelect rode.  Since 
i t  is the las t  of these proper t ies  which  interests  us 
here, we have inves t iga ted  the  effect of the  composi-  
t ion of the  polysulf ide solut ion on the e lec t roca ta ly t ic  
ac t iv i ty  of the sulfide electrodes.  

Norma l ly  we would  expec t  an increase  in concen-  
t ra t ion of the e lec t roact ive  species (for an n - t y p e  
photoelectrode,  the  e lec t roact ive  species at  the counter -  
e lect rode is the oxidized form) to decrease the po la r i -  
zat ion at  an electrode.  If we look at  Fig. 3 (a ) ,  where  
polar iza t ion  curves  a re  shown for a CoS elect rode in 
solutions of fixed [ O H - ]  and [$2-] ,  and vary ing  IS],  
we see that  indeed when  IS] ~ 1M, this is t rue  for 
the re levan t  cathodic direction.  The t r end  to l imi t ing  
cur ren t  densit ies appa ren t  a t  low IS] concentrat ions  
can be exp la ined  by  norma l  concentra t ion polar izat ion,  
where  the  cur ren t  is de te rmined  by  the ra te  of diffu- 
sion of oxidized species to the e lect rode surface. How-  
ever, when  IS] ~ IS 2 - ]  (1/1/2 and 1/1/3 in Fig. 3), 
we obta in  the unexpec ted  resul t  tha t  the ac t iv i ty  again  
decreases as IS] increases.  That  the  de te rmin ing  factor  
here  is the ra t io  be tween  IS] and [S~-] ,  r a the r  than  
the absolute  value  of IS], is c lear  f rom Fig. 3 (b) ,  
where,  for different  absolute  values  of [ O H - ]  and 

[$2-] ,  the m a x i m u m  ac t iv i ty  is again  ob ta ined  when  
I S ]  - -  [$2-] ,  and decreases when  [ S ] / [ S  2 - ]  ~ 1. 

This behavior  can be rat ional ized,  if we consider  the  
effect of e lec t ro ly te  composit ion on the redox poten-  
t ia l  (potent ia l  of zero cu r ren t  in Fig. 3). F igure  4 
shows Eredox a s  a function of IS] and the  anomalous  
behavior  for IS] ~ 1, which  means  in this case 
[ S ] / [ S  ~-]  ~ 1, is obvious. The under ly ing  reason for  
this s teep change in Eredo x c a n  be found in the r a the r  
complicated equi l ibr ia  involv ing  var ious  h igher  po ly -  
sulfides, tha t  en ter  into the  p ic ture  under  these con- 
ditions [as has been exp la ined  by  Al len  and Hickl ing 
(10) ]. 

Using Fig. 4 we can now unde r s t and  the fact  tha t  the 
anodic par t s  of the curves for  1/1/2 and 1/1/3 [Fig. 
3 ( a ) ]  and 0.3/0.3/1 [Fig. 3 ( b ) ]  a re  much f lat ter  than  
expected.  When oxidizing these su l fu r - r i ch  solutions 
more  sul fur  is fo rmed in and a round  the pores of the  
e lect rode and because of this, the redox  potent ia l  
changes to less negat ive  values,  approaching  the point  
of zero current .  This is especia l ly  obvious in the curve  
for 1/1/3, where  be tween  the vol tages  --700 and --650 
mV vs. SCE the e lect rode passes p rac t i ca l ly  no current .  
Because this effect is dependent  on the ra te  by  which  
the S formed is removed  from the electrode,  one would  
expect  such a phenomena  to be s t rongly  influenced by  
ei ther  s t i r r ing  or t empera ture .  The t empe ra tu r e  effect 
is c lear ly  i l lus t ra ted  in Fig. 5 and the effect of s t i r r ing  
is ve ry  similar .  

The same reasoning expla ins  the  cathodic pa r t  of 
the  curve. As long as the polar iza t ion  is insufficient to 
shift  the  e lec t ro ly te  potent ia l  nea r  the e lect rode out  
of the  non-Nerns t i an  region (where  IS] ~ IS 2 - ] )  into 
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Fig. 5(a). Effect of temperature on the polarization curves of 
a CoS electrode in a 0 . 3 / 0 . 3 / 0 . 1  palysulfide electrolyte. (b) As 
Fig. 5(a), but for a 1 / 1 / 3  electrolyte. (c) As Fig. 5(a), but for 
a 1/1/1 electrolyte. 

the  Nerns t ian  region (where  IS] - -  [ S e - ] ) ,  a smal l  
change in e lec t ro ly te  composit ion at  the e lec t rode  
(caused by  a smal l  cur ren t  densi ty)  can shif t  the po-  
ten t ia l  s t rong ly  in the cathodic di rect ion (i.e., a la rge  
overpo ten t ia l ) .  When  the e lec t ro ly te  composit ion near  
the  e lec t rode  approaches  [S] = [$2-] ,  i t  now shows 
norma l  Nerns t ian  behavior ,  and the shif t  in potent ia l  
wi th  increas ing [S e - ]  (i.e., increas ing cur ren t  densi ty)  
becomes less. At  the potent ia l  where  [S] ---- [S u- ]  
[--750 mV in Fig. 3 ( a ) ] ,  and 1/1/1, 1/1/2, and  1/1/3 
curves  al l  become more  or less pa ra l l e l  as is to be ex -  
pected.  This behavior  is in contras t  wi th  tha t  of a 
normal  concentra t ion overpotent ia l ,  whe re  the  change 
in overpoten t ia l  increases wi th  increas ing cur ren t  
density,  as occurs for example  in the cathodic branch  
of the 1/1/0.1 and 1/1/0.3 curves of Fig. 3 (a) .  

Galvanos ta t ic  pulse measurements  in the  S - r i ch  so- 
lut ions show tha t  the  decay  of the overpoten t ia l  af ter  
the pulse (and the bu i ldup  at  the s ta r t  of the pulse)  
can take  minutes.  However ,  this decay can be shor tened 
cons iderab ly  by  s t i r r ing  the solut ion vigorously.  Spe-  
cifically, exper iments  in a 1/1/1 e lec t ro ly te  show that  
the  ins tantaneous  pa r t  of the decay  ( represent ing  a 
m i n i m u m  value  for /R- losses)  accounts for about  one 
th i rd  of the  measured  overpotent ia l .  The g rea te r  pa r t  
of the  r ema inde r  can be e l imina ted  by  s t i r r ing  and 
therefore  any  ac t iva t ion  overpo ten t ia l  present  con- 
t r ibutes  in a minor  w a y  only  to the  to ta l  overpotent ia l .  

The diffusion (or concentra t ion)  pa r t  of the  overpo-  
tenUal, which  thus makes  the  la rges t  cont r ibut ion  to 
the whole, arises in the  same w a y  as tha t  descr ibed 
above for e lec t ro ly tes  wi th  [ S ] / [ S  2- ]  > 1. 

F igure  3 (a )  also shows the curve  ob ta ined  in a 
2/2/2 e lectrolyte .  As expected,  since the concentra t ion 
of e lect roact ive  species is higher,  ye t  [S] --  [$2- ] ,  this 
e lec t ro ly te  gives a somewha t  be t t e r  pe r fo rmance  than  
does the 1/1/1 e lectrolyte .  

Changing the hydrox ide  concentra t ion  shows n o  
m a r k e d  effect on the pe r fo rmance  of the  electrode.  Its 
ma in  effect is to shif t  Eredox to somewha t  more  nega-  
t ive values  wi th  increas ing [ O H - ] .  

Al though  the resul ts  above are  i l lus t ra ted  wi th  CoS 
electrodes,  they  hold for  Cu2S and PbS  elect rodes  a s  
well. 

Temperature depenc~ence of electrolytic activity.-- 
Since the opera t ing  t empe ra tu r e  of a photoe lec t ro-  
chemical  cell  may  va ry  over  a wide  range,  f rom nea r  
0~ to as much as 60~ the effect of t e m p e r a t u r e  on 
its opera t ion  is of pa r t i cu l a r  importance.  Here  we are  
concerned wi th  the effect of t empe ra tu r e  on the func-  
t ioning of the countere lect rode.  

F igures  5(a) ,  (b) ,  and  (c) show the effect of t em-  
pe ra tu re  on the ac t iv i ty  of a CoS e lec t rode  in th ree  
different  e lec t ro ly te  composit ions;  low concentrat ions  
of [S] and [S 2- ]  (0.3/0.3/0.1); h igh [ S ] / [ S  2 - ]  ra t io  
(1 /1/3) ,  and the s t andard  e lec t ro ly te  1/1/1. Var ia t ion  
of t empe ra tu r e  has a smal l  effect on the redox po-  
tential ,  and  for c la r i ty  of comparison,  i t  has been neg-  
lected here. Since we know f rom the resul ts  descr ibed 
above tha t  a large  pa r t  of the overpoten t ia l  is due 
genera l ly  to a di f fus ion-control led component ,  we  ex -  
pect  a subs tant ia l  increase in ac t iv i ty  due to increased  
diffusion at  h igher  tempera tures ,  and  this is indeed 
observed.  Of pa r t i cu l a r  in teres t  a re  the resul ts  ob-  
ta ined  in Fig. 5 (b) ,  where  [S] > [$2-] .  In  the  cathodic 
direction,  the polar iza t ion  in this e lec t ro ly te  drops 
f rom 45 mV at  25~ to 10 mV at  65~ for a cur ren t  den-  
s i ty  of 10 m A / c m  2. Even more  s t r ik ing  is the change in 
the anodic direction,  where,  for a cur ren t  dens i ty  of 5 
m A / c m  2, the  polar iza t ion  var ies  f rom 70 mV at  25~ 
to 8 mV at  65~ The resul ts  f rom Fig. 5 m a y  be used 
direct ly,  as shown prev ious ly  (in Fig. 1) to calculate  
the losses in a photoelec t rochemical  cell due to counte r -  
e lectrode polar iza t ion  over  a cer ta in  t empe ra tu r e  range.  
We have found the effect of s t i r r ing  on e lec t rode  ac t iv-  
i ty  to be qua l i t a t ive ly  s imi lar  to tha t  of t empera ture ,  
as expected f rom a di f fus ion-control led  overpotent ia l .  
Because of the des i rab i l i ty  of lack  of ex te rna l  s t i r -  
r ing in prac t ica l  PEC's due to ex te rna l  power  source 
and space considerations,  we have  not  given much 
a t ten t ion  to this effect. However ,  i t  m a y  be of impor -  
tance in combined cells wi th  hea t  t ransfer ,  where  t h e  
elec t ro ly te  is in mot ion  (11). 

Stability consideration of the sulfide electrodes.-- 
The most  impor t an t  single character is t ic  of a counter -  
e lect rode for use in a photoe lec t rochemical  cell is, as 
for the photoelectrode,  the l ong - t e rm s tab i l i ty  of the 
electrode. For  the  e lectrodes main ly  under  considera-  
t ion in this study, PbS, CueS, and  CoS, the s tabi l i t ies  
are  quite different. 

PbS.--PbS is b y  far  the leas t  s table  of these three, 
and therefore  i t  wi l l  be deal t  wi th  briefly. The ac t iv i ty  
of a PbS e lec t rode  drops s lowly to about  10% of its 
in i t ia l  activity,  over  a per iod  of a couple of weeks  
when used in a cell  under  no rma l  (day-n igh t )  w o r k -  
ing conditions, and remains  constant  thereaf ter .  The 
ini t ia l  ac t iv i ty  m a y  be regenera ted  by  cathodic reduc-  
tion. Presumably ,  the  deac t iva t ion  is caused by  a sur -  
face a l t e ra t ion  of the PbS, which  i tself  is p robab ly  a 
surface l aye r  on a subs t ra te  of porous PbO~. 

CueS.--The s tab i l i ty  of CueS (in the form of sulf ided 
brass)  can be separa ted  into th ree  dis t inct  parts.  F i r s t  
of these is the mechanical  s tabi l i ty ,  which we have 
ment ioned  briefly a l ready.  Pure  Cu dis in tegra tes  in 
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polysulfide solutions wi th in  a short time. By adding in-  
creasing amounts  of Zn to the Cu (as brass),  the me-  
chanical s tabil i ty improves. For a 5% Zn, 95% Cu elec- 
trode as in  Fig. 2, the electrode is stable for a period 
ranging from hours to a few days. Thus, in spite of the 
very high activity of such electrodes, they are not 
practical due to lack of stability. For a brass gauze with 
a Cu-Zn ratio of --70:30 (normal  or a-brass) the me-  
chanical disintegrat ion is slowed to such an extent  that  
we have found no visible change in form of the gauze 
after 1 year  in polysulfide solution, although black 
Cu2S powder does fall from the electrode very slowly; 
this is noticeable even after short periods of a few 
weeks as the Cu2S settles at the bottom of the cell. This 
very  slow disintegrat ion is open to fur ther  reduction by 
increasing fur ther  the Zn content of the brass (which 
will  decrease the electrochemical activity),  or possibly 
by using an alloy metal  other than Zn, which itself 
is not completely stable in these solutions. 

The second consideration is the stabil i ty of electro- 
chemical activity of the Cu2S electrode. We have found 
no change in  activity over months of use. This is not 
unexpected, since the surface of the electrode is sub- 
ject to a very slow, but  continuous, renewal  due to the 
mechanical  disintegration. 

The third, and less obvious, type of instabi l i ty  to be 
considered is the effect of the Cu2S electrode on the 
photoelectrode. We have noticed dur ing accelerated 
lifetime experiments  (high i l luminat ion  intensi ty) ,  us- 
ing CdSe single crystal photoelectrodes and Cu2S 
counterelectrodes, that  on some occasions, a bluish-  
black deposit forms on parts of the surface of the CdSe. 
Figure 6 shows a scanning electron micrograph of such 
a deposit, which takes the form of hexagonal  platelets 
of dimensions of several  microns, which tend to bunch 
together into flower petal- l ike  aggregates. Electron 
microprobe composition measurements,  as well as the 
hexagonal form of the crystallites, show the deposit to 
be CuS (covellite). Since the composition of the coun- 
terelectrode itself has been shown, by x - r ay  diffraction, 
to be Cu>~.~sS , it seems that  the CuS is formed by 

photooxidation of Cu2S at the i l luminated CdSe sur-  
face. It  is unclear  whether  the copper arrives at the 
CdSe as Cu + ions (although Cu2S has a very low solu- 
bi l i ty product, there will  be some Cu +-containing ions 

Fig. 6. SEM picture of CuS (covellite) formation on a single 
crystal n-CdSe photoanode after accelerated test using Cu2S 
as a counterelectrode in a photoelectrochernical cell. 

in solution) or as CusS particles (colloidal or larger)  
from the slow disintegrat ion of the sulfided brass. We 
have carried out some experiments  with a Cu2S and a 
gold electrode in polysulfide solution. The gold is con- 
nected to the negative terminal  of a power-supply,  to 
s imulate an n - type  photoelectrode, and the CusS to the 
positive terminal.  At a voltage between the two elec- 
trodes ~0.47V, a black deposit is clearly visible on the 
gold wi thin  24 hr of the start  of electrolysis, while 
at a voltage lower than  this, no deposit was visible after 
two days of electrolysis. This suggests that  a field as- 
sisted migration, as well  as simple diffusion, may be 
occurring. 

The presence of CuS on the surface of the CdSe can 
lead to several undesirable  effects. One is blocking of 
the light, incident  on the CdSe. Another  is a possible 
local cell action (back-react ion)  leading to reduction 
of polysulfide at the CuS, and loss of current.  This is 
not expected to be serious, as CuS, unl ike  Cu2S, is not 
a very good electrical conductor. A third effect is dif-  
fusion of Cu + into the CdSe leading to Cu-compensated 
CdSe. This could lead to a serious deactivation of the 
CdSe, since CdSe:Cu as used in photoconductors, is a 
very poor photovoltaic material .  We notice some de- 
activation; in the worst cases ~20% loss in  power out- 
put  for single crystal electrodes. Washing such deac- 
t ivated electrodes in  aqueous KCN (which dissolves 
CuS) results in  a part ial  restorat ion of the original 
activity. 

If the CuxS deposition is largely due to a field-as- 
sisted migration, then use of a Cu2 electrode with a 
p- type semiconductor electrode should not be suscepti- 
ble to this deposition, as the electric field is now in  
the opposite direction. Fur thermore,  the mechanical  
stabili ty of the Cu2S electrode may conceivably be im-  
proved, as Cu + which original ly came from the elec- 
trode may be redeposited on the Cu2S, which is nega-  
tive with respect to the photoelectrode. 

CoS.--As long as the layer of CoS is not too thick, the 
electroplated CoS electrode, does not suffer from either 
mechanical  or electrochemical instabi l i ty  over a period 
of more than four months, which is the longest period 
over which these electrodes have been tested at present. 
However, while there is no visible effect on a CdSe 
photoelectrode, the open-circui t  voltage of the cell 
drops typically from 600-650 mV ini t ial ly to 500-550 
mV wi th in  some minutes,  which translates to --15% 
loss in power conversion efficiency. The photocurrent  is 
not much affected. This suggests that, in a manner ,  ana-  
logous to that observed for Cu2S, CoS is deposited on 
the CdSe surface. Since CoS is a good conductor of 
electricity, we may expect a local cell reaction on the 
deposited CoS. Due to the shape of the photocurrent-  
voltage curve of these cells (poor near  the open-circui t  
voltage and good near  the short-circuit  current ) ,  such 
a local cell action may make a fair ly large difference to 
the open-circui t  voltage while the short-circuit  cur rent  
is much less affected, as is indeed observed. 

The approximately 100 mV loss in open-circui t  volt-  
age due to the CoS does not increase wi th  time, sug- 
gesting a l imit ing layer  on the CdSe. If the CdSe is re-  
moved from the electrolyte, and placed, without  wash- 
ing, in  a new electrolyte with a non-CoS counterelec- 
trode, the drop in  photovoltage remains. If, however, 
the CdSe is washed with water  in-between,  the original 
photovoltage is obtained, suggesting a very loose CoS 
layer  is formed on the CdSe. Fur thermore,  over a 
period of months, there is often a tendency for the 
open-circui t  voltage to increase somewhat. In  analogy 
with CuS formation on i l luminated  CdSe, this may be 
due to oxidation of CoS to a higher, less conducting 
sulfide. 

While we have found this degradation of photovolt-  
age due to the CoS electrode to be a quite general  
effect, we have noted some cases where such degrada-  
t ion did not occur, while the counterelectrode activity 
remained high. We have been unable  to reproduce 
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these conditions at will, and do not as yet understand 
the reason for this effect. However, such exceptions 
show that the photovoltage deactivation due to the CoS 
electrode can be overcome. This is an important  point 
for eventual practical use of such electrodes. Clearly, 
further  investigations, especially surface analytical 
ones, are called for to gain a full understanding of such 
processes, which, ul t imately may play an important  
role in determining the future of a practical PEC. 

Summary 
Several metal sulfides have been shown to act as good 

electrocatalysts for the polysulfide redox reactions. As 
practical electrodes, only two show sufficient stabili ty 
for possible practical use--Cu2S (as sulfided brass) and 
CoS. The former has the disadvantage that, as presently 
fabricated, the lifetime will probably be limited to a 
few years due r to mechanical instability, while the 
latter, due to deactivation of the photoelectrodes low- 
ers the power output of a photoelectrochemical cell in 
which it is used by 15-20%. Thus, for routine and rela-  
tively short- term experiments, Cu2S is the preferable 
counterelectrode while for long-term use, CoS becomes 
preferable. 

The effect of electrolyte composition and temperature 
on the activity of these electrodes has been measured, 
enabling a choice of electrolyte for polychalcogenide 
electrochemical cells to be made on the basis of the 
counterelectrode. In short, for the cathodic direction 
(which, at the present time, is the more important  one), 
the electrode activity increases as [S] increases, with 
the important  condition that [S] --~ [S2-].  Thus, since 
the maximum solubility of Na2S in water at normal 
temperatures is 2-3M, the optimum electrolyte is ~,2M 
S and 2M S 2-. The concentration of O H -  is of sec- 
ondary importance for the counterelectrode, although 
there is a slight improvement in performance with 
higher [OH-] ,  part icular ly at  low total  ionic concen- 
trations. 

At higher temperatures, the necessity for the 
[S] / [S  2-]  ratio to be <1 becomes less important. 

After seven months operation in a PEC, a CoS 
counterelectrode which did not poison the photoelec- 
trode (CdSe) remained stable, both in electrocatalytic 
activity and physically, and did not have any adverse 
effect on the CdSe during the seven months in opera- 
tion. 

Manuscript submitted April  27, 1979; revised manu- 
script received Sept. 5, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submitted by Aug. 1, 1980. 
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A Hydrogen-Bromine Cell for Energy Storage Applications 
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ABSTRACT 

An experimental  and theoretical study has been made to determine the 
feasibility of a hydrogen-bromine cell for energy storage applications. The 
laboratory data were collected for the cell performance and the membrane 
characteristics during the charge and the discharge operations. An unsteady- 
state heat balance was used to predict the temperature change and the overall  
electric-to-electric efficiency. The results indicate that the hydrogen-bromine 
system can achieve an efficiency greater than 70% when the operating cell 
current  density is less than 160 mA/cm 2. 

Electrochemically regenerative hydrogen-halogen 
cells have been recently proposed for large scale energy 
storage in weekly cycle load-leveling applications 
(1-4). The cells can also be coupled with variable and 
interruptible pr imary energy sources, such as solar 
and wind energy, because the cells can be operated at 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
z Present address: T h e  C o n t i n e n t a l  G r o u p ,  I n c o r p o r a t e d ,  E n e r g y  

S y s t e m  L a b o r a t o r y ,  C u p e r t i n o ,  C a l i f o r n i a  95014. 
K e y  words: battery, conductance, polymers, s t o i c h i o m e t r y .  

high current densities and the reactants are stored 
external to the cell. The system can be independently 
sized for various energy and power requirements. The 
operating conditions, and the cell and membrane char- 
acteristics of a hydrogen-chlorine system have been 
previously reported (4, 5). This paper is concerned with 
the use of a hydrogen-bromine cell for energy storage 
applications. The laboratory data were collected for the 
cell performance and membrane characteristics during 
the charge and discharge operations, and an unsteady- 
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Fig. I .  Schematic of the hydrogen-bromine energy storage system 

state mass and heat balance was  used to predict  the 
temperature  change and the overall  electric-to-electric 
efficiency of the system. 

The concept of the hydrogen-bromine  system is i l lus- 
t rated schematicall ly in  Fig. 1. Off-peak electric energy 
is used to electrolyze concentrated hydrobromic acid. 
Cells based on solid polymer electrolyte (SPE) tech- 
nology can be used (3, 6). The hydrogen and bromine  
produced are stored external  to the cell. Dur ing  dis- 
charge the hydrogen and bromine  are fed back to the 
cell to generate electricity. The overall  reaction is 

1 charge ,~ 1 H2(g) + ~ - B r 2 ( 1 )  [1] 
HBr (aq.) ~tischarge 2 

The hydrogen-bromine  ceil has several  advantages:  
(i) the system has a high electric-to-electric efficiency 
because of fast electrode kinetics; (ii) the same electro- 
chemical cell can be used for both charge and discharge 
operations; (iii) it  can be operated with shallow dis- 
charges, and can tolerate both over charge and over 
discharge; (iv) the use of the SPE technology allows 
the anode and the cathode to be operated at different 
pressures, thus hydrogen can be produced at a pressure 
high enough for storage as a metal  hydride or as com- 
pressed gas without fur ther  compression; (v) the cell 
has a high coulombic efficiency because of low self- 
discharge rate; (vi) there is no mass t ransfer  l imita-  
t ion in  the cell operation because of the high solu- 
bi l i ty of bromine in  the hydrobromic acid electrolyte; 
(vii) the bromine storage un i t  and the bromine elec- 
trode can be operated near  the ambient  pressure be- 
cause of the low vapor pressure of bromine;  and (viii) 
since the reactants and products are fluids, the problem 
of intercel l  imbalances does not arise. 

The General  Electric SPE cells use a perfluoro sul-  
fonic acid (Nation) membrane  as the cell separator. 
The cell usual ly  consists of a bipolar  configuration with 
electrocatalysts bonded on each side of the membrane  
as shown in  Fig. 1. The Nation membrane  possesses ex- 
cellent corrosion resistance and thermal  stability; it is 
suitable for use in  the hydrogen-bromine  cell. 

Exper imental  
Nation membranes.--Unless otherwise specified, all  

the membrane  measurements  were performed with a 
sample having an equiva lent  weight of 1200. The sam- 
ple was 0.25 mm thick and was boiled in  distilled water  
for one hour  before each experiment.  

Laboratory HBr electrolyzer.--The cell components 
are shown in  Fig. 2. A Nafion- l l5  (equivalent  weight 
of 1100 and thickness of 0.13 ram) was used as the cell 
separator. Both hydrogen and bromine electrodes were 
located next  to the membrane  so that the interelec-  
trode distance was equal to the thickness of the mem-  
brane. 

!I 
0 >" l 

3. Pt black 52Mesh Screen 
4. Nafion 115 Separator 
5. Gas Inlet 
6. Electrical Leads 

Fig. 2. Construction of a BNL experimental cell 

Membrane conductivity studies.--The conductivity 
measurements  were made using the d-c method of 
Lander  and Weaver (7) in a cell described in  an earl ier  
report  (5). Prior  to each measurement ,  the membrane  
was boiled in  H2O and then soaked in  the HBr elec- 
trotyte at 25~ for at least three days. 

Electrolyte content in membranes .~The equi l ibr ium 
electrolyte content  of the membrane  was determined 
by a method previously described (8). 

Acid concentration in membranes.--The membrane,  
being on reaching equi l ibr ium in the electrolyte, was 
removed, surface dried, and then thoroughly leached 
with water;  the extract  was t i t rated for hydrobromic 
acid. The HBr concentrat ion in the membrane  was cal- 
culated from the electrolyte content and the amount  of 
acid leached out from the membrane.  

Experimental Results 
Cell performance.--The exper imenta l  cell, shown in 

Fig. 2, was used to determine the open-circui t  cell 
voltage and the cell polarization for charge at ambient  
tempera ture  and pressure. The results for the cell 
voltage vs. charge current  densities is shown in Fig. 3. 
For comparison, the results with the General  Electric 
SPE cells and the results obtained by other invest i -  
gators (9-11) are also shown in  the figure. Figure 4 
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Fig. 3. Charge cell voltage vs. current density for various hydro- 
gen-bromine cells. 
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presents the discharge performance of various H2-Br2 
cells. It  is seen that  the General  Electric SPE cell and 
the present  cell had very low polarizations; the over-  
voltage was pr imar i ly  caused by IR drop across the cell 
membrane.  The results of various HBr concentrat ion 
and cell temperatures  can be summarized by the fol- 
lowing empirical  equations: For charge 

E = Eo -- 0.68B [2] 
For discharge 

E = Eo -- 0.589~ exp (2.19X) [3] 

where { is the charge and  discharge current  densi ty in  
A / c m  2 and X is the weight fraction of HBr in  the elec- 
trolyte. Eo is the open-circui t  cell voltage and may be 
expressed as 

Eo=• ~-- (T--298) 4.3+1.861n I--X 

10 -4  -{- 4.31 X 10-5T (ln ~H2 -{- In aBrs) ~ [4] X 
J 

where 

i 12.36X 
1.073 -- 0.0567 In 1 ~  (0.016 < X < 0.11) 

12.36X 
~# = 1.095 -- 0.1042 In  1 ------~-X (0.11 < X < 0.28) 

12.36X 
1.336 -- 0.2581 In 1 ---------X (0.28 < X < 0.58) [5] 

T = tempera ture  in  ~ 
fH2 --  fugacity of hydrogen gas 

asr2 --  activity of Br2 in  the electrolyte, equal  to 1.0 for 
bromine present  as a l iquid phase. 

Equat ion [4] was obtained for the fuel cell reaction. 
Consequently,  according to the thermodynamical  con- 
ventions, Eo wil l  have a positive value for discharge 
and a negative value for charge. These results demon-  
strate that  the General  Electric SPE cell can be oper- 
ated up to 0.3 A /cm 2 with relat ively low overvoltages. 

Characterization o] membrane.--It was found (5) 
that  the t ransport  properties of the membrane  were 
strongly related to the electrolyte content  of the mem-  
brane.  Figure 5 shows the electrolyte content  and the 
HBr concentrat ion in  Nation membrane  as a funct ion of 
HBr concentrat ion in  the electrolyte. I t  should be men-  
tioned that the membrane  was boiled in  water  for 
more than  two hours before each test. It  is seen that  the 
electrolyte content  in  the membrane  decreased with in -  
creasing HBr concentration. The relationship can be 
represented by the following empirical  equat ion 
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0.323 

W = 1 + 0.068M" [6] 
where W is the electrolyte content in the membrane 
and M is the molarity of HBr in the electrolyte. Equa- 
tion [6] is similar to the one previously reported (12), 
except that the numerical factors are different. The 
deviation was probably due to the difference in ex- 
perimental conditions. The HBr concentration in the 
membrane was less than the acid concentration outside 
the membrane; however, the difference was not large. 
When HC1 is used as the electrolyte, and the membrane 
without pretreatrnent, it has been found that the con- 
centration of HCI in the membrane is only equal to 
one-half of the acid concentration outside the mem- 
brane (13). 

Figure 6 presents the membrane conductivity as a 
function of HBr concentration. The membrane conduc= 
tivity in H20 (14) and the conductivity of HBr elec- 
trolyte (15) at 25~ are also included for the sake 
of comparison. The membrane conductivity is about 
one order of magnitude less than that of the free elec- 
trolyte. The result is similar to those obtained with 
HCI (5), ZnBr2 (16), and NaBr (16) electrolytes. The 
solid curve in Fig. 6 can be represented by the follow- 
ing semiempirical equation 

= 1.4~ex (I -- Vi) s'~ [7] 

where ~ and cex are the membrane  and the free acid 
conductivities, respectively, and Vi is the volume frac- 
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Fig. 6. Membrane and free acid conductivity as a function of 
HBr concentration. ( I )  H20, after Ref. (14); (C)) HBr, present 
study, ( - - )  free acid conductivity; ( ) calculated by Eq. [7].  

tion of the polymer matrix in the membrane. V1 can 
be calculated from the density of the polymer (2.1 
g/cm s) and the electrolyte content estimated by Eq. 
[6]. For the acid concentrations of less than 12% HBr, 
~ex = 0.49~ -1 cm -1 should be used for calculations 
because of the intrinsic conductivity of the membrane. 

Table I shows the membrane conductivity under 
different membrane pretreatments. The membrane 
conductivity increases with increasing electrolyte con- 
tent. 

Unsteady Hea t  Balance 
For energy storage applications, the operation of the 

hydrogen-bromine system is of an unsteady nature. 
Reaction [1] has a large entropy change of 4.4 kcal/ 
g-mole-HBr. This results in a cooling of the electrolyte 
during charge and an additional heating effect during 
discharge. The unsteady heat balance can be used to 
predict the changes in the electrolyte concentration and 
temperature, and the maximal electric-to-electric effi- 
ciency allowed by the thermodynamics and electro- 
kinetics of the cell reactions (4). 

A material and energy balance between the time to 
and t results in the following equations for the system 
shown in Fig. 1 

~i Eldt -t- QAcid ~ 0 o 8 ~ 0 ~  

= ~'j~z~8 {WHBr.oCp.HBr (Zo.T) -~- WBr2.oCp.Br2(1) ( T ) } t i t  

-~- AnHBrH~ Xo) 

W H B r X  
-I- 80.917 {H~ -- H~176 

$: + 98 {WHBrCP,HBr(X,T) 

+ (WBr~,o -- 79.91AnHBr) Cpm~(n 

- -  1.O08AnHBrCp,H2(g)}dT [8] 

AnHBr -~ ~3.7307 • 10 -5 Idt  [9] 

Table I. Effect of thermal history on membrane conductivity 

Treatment 

Electrolyte 
content, w / o  Conductivity 

of d ry  in 24% HBr, 
polymer s cm-i  

Standard treatment 25.9 0.098 
Untreated 17.8 0.076 
Dried in vac. at 140~ 11.4 0.035 

WHBr = WHBr, o + 80.917Anm3r [10] 

WoXo + 80.917Anm3r 
X = [ii] 

Wo -}- 80.917A~HBr 

QAcid - "  0 for Tm~- < T < Tma~ [12] 

The symbols in the foregoing equations are explained at 
the end of the text. The quantities with subscript o are 
the variables and the physical and thermodynamical 
properties at the time to; those without subscript o are 
the instantaneous values at the time t. The convention 
used here is that AnHBr has a negative value when HBr 
is consumed for electrolysis during charge and a posi- 
tive value when HBr is produced during discharge. It 
has been assumed that the temperature of electrolyte 
in the cell is the same as that in the acid storage tank. 
This condition is approximately true if the electrolyte is 
circulating at a high rate. The function of QAcid is to 
maintain the electrolyte temperature within a limit 
specified by Train and Tmax. At Train, external heat will 
be needed to maintain the electrolyte temperature, and 
the values of QAcid iS positive. At Tmax, cooling will be 
required and QAcid will have a negative value. The de- 
tails of the mathematical modeling have been illus- 
trated elsewhere (4) and will not be discussed here. 

Equations [8] and [9] together with the cell voltage 
data given by Eq. [2]-[5] have been solved numeri- 
cally on a digital computer for the concentration and 
the temperature of electrolyte as a function of time at 
various operating cell current densities. The calcu- 
lation was made for a 2 NIW energy storage module 
being operated at 10 hr charge and 10 hr discharge 
cycles. To account for the concentration and tempera- 
ture variation of the thermodynamical properties, the 
values of Cp.Br2(1), Cp.H2(g), and H~ published in 
the literature (18) were used in the computation. 
Unless otherwise noted, the concentration of HBr 
electrolyte varied from 7 to 35 weight percent (w/o), 
and the operating temperature was limited to a maxi- 
mum of 50~ and a minimum of 15~ The cell pres- 
sure was kept at 10 arm. 

Figure 7 shows the change of electrolyte concentra- 
tion during the charge and the discharge cycles. The 
change in electrolyte temperature is shown in Fig. 8 
for a range of operating current densities from 0 to 
350 mA/cm 2. It is seen that the temperature decreases 
during charge; the rate of temperature drop decreases 
with increasing current densities. During discharge, 
the temperature rises rapidly, and cooling is necessary 
to maintain the electrolyte at 50~ This phenomenon 
is similar to the hydrogen-chlorine cell; however the 
extent of temperature changes is smaller with the hy- 
drogen-bromine system. Figure 9 shows the magni- 
tude of calculated cell voltages during the charge and 
the discharge cycles. 

The overall electric-to-electric efficiency can be 
evaluated from the cell voltage changes according to 
the equation 

( ~ol~ ) discharge 

e% = -- X 100 [13] 

( 5~~ ) charge 

Figure 10 presents the overall electric-to-electric effi- 
c iency as a function of cell current densities. To ex- 
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Fig. 8. Changes in the electrolyte temperature during the charge 
and discharge cycles for various operating cell current densities. 
The carves were calculated for a range of HBr concentration vary- 
ing from 7 to 35 w/o during the operation. 

amine  the effect of electrolyte concentrat ion on the 
overall  efficiency, the uns teady heat  balance was also 
performed for the HBr electrolyte concentrat ion other 
than 7-35 w/o as shown in the figure. It  is seen that  
the overall  efficiency decreases with (i) increasing 
current  densities; and (ii) increasing electrolyte con- 
centrat ion at the onset of charge. These curves were 
calculated for a cell pressure of 10 arm and a range of 
operat ing temperatures  between a m i n i m u m  of 15~ 
and a m a x i m u m  of 50~ Results for different pres- 
sures (1 ~ 40 atm) and temperatures  (Tmax between 
30~176 indicate that  the tempera ture  and the pres- 
sure have insignificant effect on the overall  efficiency. 

Discussion 
E~ciency o~ energy conversion.--The polarization 

performance of the General  Electric SPE cell s trongly 
demonstrates the reversibi l i ty  of the hydrogen and 
bromine electrode reactions. Since the electrode ki-  

netics is fast, the voltage and coulombic efficiencies 
are largely  determined by the membrane  conductivi ty 
and the reactant  permeat ion across the membrane.  It 
has been found that  because of the formation of 
negat ively charged bromine complex ions (Br3- and 
B r s - ) ,  the coulombic loss in  the hydrogen-bromine  cell 
is less than 2% (5). This suggests that  the overall  cell 
efficiency can be simply represented by the voltage 
efficiency. In  the light of this, the improvement  in 
membrane  conductivi ty is vital  in the design of effi- 
cient cells. The membrane  conductivi ty is s trongly 
related to the electrolyte content  of the membrane  as 
well as the method of pre t rea tment  as shown in Table 
I. There is no doubt that  good conductivi ty can be 
achieved by boiling the membrane  in  water  to ful ly  
swell the polymer matr ix  prior to instal lat ion in the 
cell. However, the effect of this p re t rea tment  would 
be destroyed if the membrane  is dried, especially at 
elevated temperatures  (12). 

Figure 10 demonstrates that  the hydrogen-bromine  
system has an energy conversion efficiency comparable 
to the hydrogen chlorine system�9 However, the hydro-  
gen-bromine  cell has the advantage of a smaller  elec- 
trolyte tempera ture  var iat ion dur ing the charge and 
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discharge cycles. Consequently it can be operated at a 
lower temperature and pressure to increase the cost 
effectiveness in the system construction and operation. 
The space required for the electrolyte storage is com- 
parable to the hydrogen chlorine system because a 45 
w/o HBr can be used at the onset of charge. With this 
concentration, the General Electric SPE cell can be 
operated up to 160 mA/cm 2 and yet achieve an electric- 
to-electric efficiency greater than 70%. The large 
operating current density also makes the system feasi- 
ble for use with variable and interruptible loads, such 
as solar and wind energy generators. 

Egect of membrane hysteresis.--The operation of the 
hydrogen-bromine energy storage system is a t ime- 
dependent nonsteady-state process. The electrolyte 
concentratior~ continuously changes with time as seen 
in Fig. 7. 2~ccordingly, the electrolyte content of the 
membrane will decrease with time during discharge 
and increase during charge. Figure 11 shows the elec- 
trolyte content as a function of time. It is clear that  
the electrolyte content will not reach the equilibrium 
state. The electrolyte content in the membrane is less 
than the equilibrium value when the cell is init ially 
started with 45% HBr and then charged to 7% HBr 
in 10 hr. On the other hand, the membrane would ab- 
sorb more electrolyte than the equilibrium value if 
the cell is started with 7% HBr and discharged to 45% 
HBr in 1O hr. Furthermore, soaking the membrane in 
H20 before charge/discharge will result in additional 
electrolyte uptake, especially during the initial period 
of charge/discharge operation. Thus, there is a strong 
hysteresis effect on the cell performance because of the 
slow diffusion of the electrolyte in the membrane 
which is about one order of magnitude less than that 
in the free acid (17). There is the added effect that the 
diffusion of electrolyte in membrane decreases greatly 
with increasing electrolyte concentration (13) whereas 
the diffusion rate in free acid is rather constant (re-  
lated to the viscosity of the acid) at a given tempera-  
ture. 

The hysteresis is expected to decrease with longer 
charge/discharge times and with smaller acid concen- 
tration range and higher cell temperature. This result 
indicates that if the cell will  become idle for a rela-  
tively long period of time, the cell should be filled with 
water or dilute HBr acid. Also the cell will have a 
higher efficiency if the plant is started with the dis- 
charge rather than the charge cycle. 
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LIST OF SYMBOLS 
aBr2 activity of bromine in the electrolyte, dimen- 

sionless 
Cp,Br2(1) neat capacity of liquid bromine, kca l /kg /~  
CP,SBr heat capacity of HBr electrolyte, kca l /kg/~  
Cp,H2(g) heat capacity of hydrogen gas, kca l /kg /~  

cell voltage, V 
Eo open-circuit cell voltage, V 
fH2 fugacity of hydrogen gas, arm 
H~f,HBr heat of formation of aqueous HBr solution at 

298 ~ and 1 arm kcal /kg-mole I-IBr 
i operating cell current density, A/cm ~ 
I total charge or discharge current, A 
M molarity of HBr in the electrolyte, g-mole/  

l i ter  
AnHBr change in the amount of HBr between the time 

to and t, kg-mole 
QAcid heat input into the electrolyte storage tank, 

kcal 
t time, hr 
T temperature of electrolyte, ~ or ~ 
X weight fraction of HBr in the electrolyte, di- 

mensionless 
V~ volume fraction of polymer matr ix in mem- 

brane, dimensionless 
W electrolyte content in membrane, kg-electro- 

ly te /kg-dry-po lymer  
Wsr2 weight of liquid bromine, kg 
WHBr weight of HJSr electrolyte, kg 

Greek Letters 
e electric-to-electric efficiency, % 

conductivity of membrane ~-1  cm-1 
~ex conductivity of electrolyte, ~-1  cm-1 

a function defined in Eq. [5], V 

Subscripts 
o quantities associated with time to 
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MSssbauer Study of the Passive Oxide Film on Iron 

William E. O'Grady* 

Brookhaven National Laboratory, Department oi Energy and Environment, Upton, New York  11973 

ABSTRACT 

MSssbauer  spectroscopy has been used to s tudy  the s t ructures  of both  the  
in situ and dr ied  states  of we l l -pass iva ted  i ron surfaces. The pa rame te r s  found 
in this s tudy  corre la te  only  wi th  the pa rame te r s  found in the l i t e ra tu re  for  
i ron  in amorphous  i ron ( I l l )  oxides and in po lymer ic  chains. The same p a r a m -  
eters  de te rmined  for dr ied  passive films corre la te  only wi th  those of 7-Fe203. 
The effects of d ry ing  the film give indicat ions of the impor t an t  role p l ayed  by  
wa te r  in  the pass ivat ion  phenomenon.  

The role and impor tance  tha t  passive layers  p l ay  in 
the  pro tec t ion  and s t rengthening  of meta ls  is wel l  
documented  (1) in the recent  Proceedings  of the  
Four th  In te rna t iona l  Sympos ium on Passivi ty.  I t  is in-  
te res t ing  to note that  one of the main  points  of d is-  
cussion was the na tu re  and s t ruc ture  of the pro tec t ive  
films fo rmed  in aqueous envi ronments  on i ron  sur -  
faces. I t  appears  tha t  the  p rob lem of the s t ruc ture  of 
the passive film is one of the most  impor t an t  p roblems  
for corrosion scientists.  

In  the  pa r t i cu la r  case of the pass ivat ion  of iron, an  
extens ive  effort has been made  to work  out  the  s t ruc-  
ture  of the passive film (1, 2). In addi t ion  to the many  
appl icat ions  of e lec t rochemical  techniques (2), e l l ip-  
somet ry  (3-6) and e lec t romodula ted  reflectance spec-  
t roscopy (7, 8) have also been ut i l ized in an effort to 
de te rmine  the in situ s t ruc ture  of the passive film on 
iron. Ex situ invest igat ions  have included the use of 
e lec t ron diffract ion (9), Auger  e lec t ron spectroscopy 
(1, 10, 11), and photoe lec t ron  spectroscopy (12). De-  
spi te  these efforts, the  complete  s t ructure  of the passive 
film on i ron remains  unsolved.  

The pass iva t ing  l aye r  on i ron  is known to be of the 
o rder  of 5 nm thick (13). For  this l ayer  to make  a sig- 
nificant cont r ibu t ion  to the  MSssbauer  spectrum, the 
vo lume of the l aye r  mus t  contain a la rge  propor t ion  of 
the  total  MSssbauer  act ive i ron avai lable .  Previously ,  
th is  has been accomplished by  using ve ry  smal l  oxi -  
dized par t ic les  (14) or  by  suppor t ing  the MSssbauer  
nuclei  on high su r f ace -a rea  subs t ra tes  (15). These 
two techniques cannot be used in the  presen t  s tudy 
where  the i ron  subs t ra te  p lays  a significant role. Thick 
oxide  films on the surface of nonenr iched i ron foils 
have  been s tudied  (16) by e lec t ropla t ing  enr iched 
57Fe on the surface and comple te ly  oxidizing the 57Fe 
l a y e r  to give a M6ssbauer  s ignal  which  would  be la rge  
compared  to tha t  of the  suppor t ing  foil. Emission 
MSssbauer  has also been used to s tudy  pass iva ted  steel  
and cobal t  surfaces (17, 18), but  this me thod  is com- 
promised  by  the poss ib i l i ty  of the  occurrence of un-  

" Electrochemical  Society Active Member. 
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s table  oxidat ion  states especia l ly  in the  presence of 
wate r  (19). A p r e l i m i n a r y  repor t  of our in situ s tudy  
of pass ivated  i ron  has appeared  prev ious ly  (20). 

In  this inves t iga t ion  we have appl ied  MSssbauer  
spectroscopy to de te rmine  in situ the  s t ruc ture  of the  
passive film on iron. Three  types  of exper iments  were  
run  in this study.  Firs t ,  the pass iva ted  i ron  was ex -  
amined in situ while  the  potent ia l  was ma in ta ined  in 
the passive region. Second, hydra t ion  effects in the  film 
were  s tudied by  dehydra t ing  and aging the pass ivat ion 
film in d ry  n i t rogen for va ry ing  lengths  of time. The 
subsequent  r ehydra t ion  of these same dr ied  samples  
was also a t tempted.  Third,  the  t empe ra tu r e  depen-  
dence of the MSssbauer spec t ra  of both  wet  and  d ry  
samples  was obtained.  

Experimental Procedures 
The e lect rochemical  cell used in this work  was de-  

signed to a l low a 2 m m  thick film of solut ion to l ie in  
the -v-ray beam. The solut ion causes ve ry  l i t t le  a t -  
tenuat ion  of the beam as the half  thickness at  14 keV 
is ~ 5  m m  (13). The cell  consists of two par ts  as shown 
in Fig. 1. Both of these par t s  are  machined  f rom 
Plexiglas,  and the cell  window is 1.5 m m  Plexig las  

Reference 
Electrode 

Cell 
Window 

Mossbouer 
Drive and Source 

~ et 

~-~--~Cell Body (.Part A) 

Electrode Holder 
/ / ' ( P a r t  B -Moveable) 

Fe57 
Working 
Electrode 

( ~  Detector 

N 2 Gas Inlet 
I t I 

I Electroryte 
Inlet Qnd Outlet 

Fig. 1. Schematic diagram of the electrochemical cell used for 
in situ studies of iron passivation. 
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sheet. The thickness of the solution be tween the i ron 
working electrode and the window is adjusted to the 2 
m m  value after the electroplating and washing opera-  
tions by moving the working electrode holder (B) into 
the cell body (A) unt i l  i t  contacts the cell window. 
The radiat ion passes through the hole in  the center  of 
the electrode holder into the shielded detector. 

The MSssbauer spectra were recorded with an Elscint 
AME-30 MSssbauer spectrometer using a 25m Ci 
~TCo-Cu source (New England Nuclear Corporation).  
All  isomer shift values are reported with respect to a 
sodium nitroprusside absorber obtained from the Na- 
tional Bureau of Standards.  The zero velocity is de- 
fined to be half  the distance be tween its two quadru-  
pole split peaks (23). The in te rna l  magnetic  field was 
calibrated using a 1 mil  i ron foil obtained from New 
England Nuclear Corporation. The m i n i m u m  line width 
obtained with the spectrometer was 0.25 mm/sec  as 
determined with an electrochemically plated i ron sam- 
ple containing 2.1 X 1017 atoms of ~TFe/cm '~. The 
spectrometer was operated at constant acceleration 
and was dr iven  by a sawtooth funct ion in  a flyback 
mode such that  only one spectrum was accumulated in 
the Victoreen Pip 400A mul t ichannel  analyzer (MCA). 
A Reuter  Stokes RSG-61-M, proport ional  counter  tube 
equipped with a luminized mylar  windows was used as 
the detector to avoid any contr ibut ion to the spectrum 
arising from iron impurit ies which might be present  
in bery l l ium windows. To insure reproducible geom- 
etry, the source drive, electrochemical cell, and 
shielded detector were all centered and aligned on an 
optical bench. 

An Oxford Ins t rument ' s  continuous flow cryostat 
(CF-100) was used in  the variable tempera ture  ex- 
periments.  Temperatures  were monitored with a cali- 
brated l inear  resistance thermistor  coupled with a 
bridge. The measured temperatures  are believed to be 
accurate wi th in  __+ 1 ~ 

The MSssbauer spectra were analyzed by computer, 
fitting the exper imental  data to a theoretical curve 
composed of Lorentzian peak shapes superimposed on a 
parabolic baseline using a least squares fit. The pro- 
gram also evaluated the isomer shift, quadrupole split- 
ting, magnetic  hyperfine splitting, and the integrated 
intensit ies of the spectrum. The inverse-square- law 
intensi ty  and background corrections were determined 
by runn ing  a b lank sample for the same length of time 
(24). 

Samples were prepared by passivating a th in  layer  of 
90% enriched 57Fe such that  the passive layer composed 
10-20% of the total available ~TFe, thus giving rise to 
an easily detectable MSssbauer effect. A layer  of 57Fe 
25-30 nm thick was electrodeposited (21) onto a 25 nm 
thick vacuum-deposi ted gold film supported on 0.04 
m m  mylar.  At the completion of the electrodeposition, 
the potent ial  of the iron electrode was main ta ined  in  
the cathodic protection region at --0.740V with respect 
to the normal  hydrogen electrode (NHE), while the 
plat ing solution was drained and the electrode and cell 
washed and filled with 0.15N boric acid-sodium borate 
buffer solution (pH = 8.4) (22). The sample was then 
passivated at a potential  of 0.6V (NHE) and the in situ 
MSssbauer spectrum was taken. The potent ial  0.6V 
(NHE) was chosen because it  is well  into the passive 
region and should produce a uniform film. 

Dried samples were prepared by passivating as pre-  
viously described. The solution was then drained from 
the cell, and the cell and electrode were washed twice 
with distilled water. The wash solution was drained 
and dry-purif ied ni t rogen was circulated through the 
cell at 0.2 l i ters / ra in  for vary ing  lengths of time. After 
a prescribed amount  of time, circulat ion of the ni t rogen 
was stopped and the MSssbauer spectrum was taken. 
After  taking the spectrum, circulation of the ni t rogen 
was continued unt i l  a total of eight hours of circulation 
t ime had accumulated for  a given sample. Several  sam- 
ples were stored for six months in  a ni trogen-fi l led vac- 

Table I. M~ssbauer parameters of in sltu passive film compared 
with those of in situ frozen samples used for temperature dependent 

studies and then run at 300~ 

In Situ Passive  Fi lm 

Isomer shift  Quadrupole  splitt ing Linewidth 
(mm/sec) (mm/sec) ( m m / s e c )  

0.70 + 0.01 1.02 • -0.07 0.86 ~ 0.08 
In S i tu  Frozen Pass ive  Fi lm 

0.70 • 0.01 i.05 0.64 

uum dessicator to observe if any fur ther  changes o c -  
c u r r e d  in  the film after the ini t ial  drying treatment.  
Rehydrat ion of a series of these dried samples was at-  
tempted. After  the sample was dried for a prescribed 
period, the cell was refilled with fresh borate solution, 
the electrode potential  was held at 0.6V, and the MSss- 
bauer  spectrum was taken. 

For the cryostatic measurements  the samples were 
prepared by passivating them as described above, but  
the cell was placed in a ni t rogen purged dry box. After 
the current  in  the cell reached a value of 0.1 A /cm 2 
the iron electrode was quick frozen with liquid ni t ro-  
gen, removed from the cell, sealed in a polyethylene 
sheath, and placed in  the precooled (77~ sample 
holder of the cryostat. Three individual  samples were 
sandwiched together for each run. The polyethylene 
sheath was used to prevent  dehydrat ion of the samples. 
The tempera ture  of the cryostat could be brought  
from 200~ to room tempera ture  in  5 min  by flowing 
dry ni t rogen through the Dewar. This technique was 
used to bring the samples, which were frozen with 
electrolyte, to room tempera ture  quickly so a spectrum 
could be run  and compared to that  obtained from the 
in situ samples. The MSssbauer parameters  for these 
two types of samples are compared in Table I. On the 
basis of this data it is concluded that quick freezing the 
passive film does not  per turb  the s tructure of the film. 
Hence, the low tempera ture  spectra are characteristic 
of the in situ passive film. 

Experimental Results 
The characteristic s teady-state  current  potential  be- 

havior for bulk  iron (3, 22) is shown in  Fig. 2. Super-  
imposed on the bulk iron curves are the points deter-  
mined for the steady-state behavior  of electrodeposited 
5~Fe. As can be seen in Fig. 2, passivation of the elec- 
trodeposited 57Fe closely parallels the characteristic 
curve for the electrochemical passivation of bulk  iron. 
Also, the value of -F0.6V (NHE) at which the samples 
were passivated for this s tudy can be seen to be well  
into the passive region. 

The MSssbauer spectrum for a 25 n m  57Fe film held 
at --0.75V (NHE) in the oxide-free cathodic protection 
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Fig. 2. Current-voltage behavior of electroplated iron films com- 
pared to the behavior found in the literature for bulk iron, 
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Fig. 3. Mi~ssbaae~ spectra: A. Eleetroplated 57Fe film approxi- 
mately 50 nm in thickness; B. Standard iron foil. 

region is shown in  Fig. 3A. The spect rum shows the 
s ix- l ine  pa t t e rn  expected for iron. However, the in-  
tensity ratios of the electroplated sample lie very  near 
to 3:4:1:1:4:3 whereas the in tensi ty  ratios normal ly  
found for bulk  i ron are 3:2: 1:1:2:3 as shown in  Fig. 
3B. The relat ive intensit ies of the s ix- l ine  pa t t e rn  of 
iron are a funct ion of the angle s between the direction 
of the in te rna l  magnet ic  field and  the v - ray  beam. 
The relat ive intensi t ies  as a f(0) can be wr i t ten  
3: ~:1:1: ~:3 where  ~ is g iven by 4/(1 -k 2 cot~e) (25). 
In  the case of a bu lk  iron sample, the in te rna l  mag-  
netic field is r andomly  oriented, and an average must  
be taken  over all  values of 8 which gives rise to the 
3:2: 1:1:2:3 in tens i ty  ratio normal ly  observed. In  the 
case of th in  i ron films, the in te rna l  field is found to be 
constrained in  the plane of the film (26). Therefore 
o = n/2 and the 3:4:1:1:4:3 in tens i ty  ratio is found. 
This ordering arises in  the case of th in  films because 
the particles making  up the film are of the same order 
of size as single domains and the anisotropy constant  
for the magnet ic  vector of the particles forces the mag-  
netic vector to lie in  the plane of the film. Theoretical  
calculations (27) indicate that  this energetical ly pre-  
ferred magnetic  domain configuration for th in  films 
breaks down for thicknesses greater  than  300 nm and 
exper imenta l  results seem to verify this prediction 
(28). The isomer shift of the electroplated iron film 
was 0.00 m 0.03 mm/sec  vs. the s tandard  iron foil. The 
l inewidths,  full  width at half  m a x i m u m  ( r ) ,  for the 
outer  lines at room tempera ture  were 0.25 and 0.32 
mm/sec  for the electroplated iron film and the s tandard  
iron foil, respectively. Thus, it is concluded that  these 
electroplated iron films behave like bulk  i ron and will  
be general ly  representat ive of the behavior  of iron. 

In situ studies.---In Fig. 4 is shown a characteristic 
spectrum of a passivated i ron sample. The spectrum 
includes the s ix- l ine  pa t te rn  of i ron and two new peaks 
in  the center arising from the passive film on the sur-  
face of the iron. The center of the spectrum is expanded 
in Fig. 5 and shows only the contr ibut ion of the two 
inner  lines of the iron pa t te rn  and the two new peaks 
which appear with passivation of the iron film and are 
a t t r ibuted to the passive oxide film. The computer  fit- 
t ing of the data is shown in  Fig. 5; the contr ibutions 
from both the iron and the oxide film are shown. The 
analysis in  this case was based on the fact that  the ox- 
ide peaks are a quadrupole split pair. The MSssbauer 
parameters  determined from this analysis with their  
mean  square deviations are 0.70 • 0.01 mm/sec  for 
the isomer shift, 1.02 • 0.07 mm/sec  for the quadrupole 
splitting, and 0.86 _ 0.08 mm/sec  for the linewidths. 
These values are the result  of the examinat ion  of six 
separate samples. Efforts were also made to fit two 
quadrupole split sets of peaks to this exper imental  

5 . �9 . .  . " ' %  ." 

. . ~ -  
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V e l o c i t y  ( ram/See)  

Fig. 4. MSssbauer spectrum of 5~Fe film passlvated at 0.6V (NHE) 
showing the characteristic iron spectrum and two new peaks in the 
center of the spectrum due to the passive film. 
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Fig ,  5 .  E x p a n d e d  M S s s b a u e r  s p e c t r u m  e n c o m p a s s i n g  t h e  t w o  i n n e r  

lines of the iron spectrum and the two new lines due to the passive 
oxide film. The dots are the experimental points, the solid line is 
the computer calculated best fit to the experimental data, the short 
dashed line is the contribution of the iron substrate, and the long 
dashed line the contribution of the passive film. 

data. However, a much higher x2 value  was obtained 
for this fit, and hence the single quadrupole  split  pair  
was accepted as the best description of the data. 

Dehydration studies.--The dehydrat ion of the passive 
film gave results which can be divided into two groups. 
The samples dried for durat ions of up to five hours 
gave the values: IS, 0.66 • 0.01 mm/sec,  QS, 1.0 • 0.1 
mm/sec,  and r, 0.9 _ 0.1 mm/sec.  The second group 
of samples was dried over periods of t ime between five 
hours and six months and gave the following values: 
IS, 0.61 • 0.01 mm/sec,  QS, 0.8 _ 0.1 mm/sec,  and 
r, 0.8 -k 0.1 mm/sec.  Each group consisted of three 
separate samples. 

Efforts were made to repassivate several samples 
after they were dehydrated in  order to determine the 
reversibi l i ty of the hydra t ion-dehydra t ion  process. The 
results for repassivating the samples dried for times 
less than five hours are given in  Table II. The samples 
which were dried for longer t imes could not be suc- 
cessfully repassivated. When the samples dried for 
longer times were re immersed in  fresh electrolyte the 
entire sample would curl  up and peel off the support ing 
mylar  substrate. This curl ing suggests that  there were 
strong tensional forces in  the film. 

Table II. M~s~bauer parameters for the repassivated film 

IS QS P 
( m m /  (ram/ ( m m /  

Sample Area sec) sec) sec) 

1--in situ F i l m  0.65 0.70 0;99 0.83 
1 - -d r i ed  F i l m  1.0 0.64 1.03 1.00 
1 - - r e p a s s i v a t e d  F i l m  0.64 0.70 0,96 0.86 
2 - - i n  si tu F i l m  0.80 0,70 1.03 0.85 
2 - - d r i e d  F i l m  1.00 0.65 0.96 1.01 
2--repassivated Fi lm 0.75 0.69- 1.00 0.82 
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Low temperature s tudies .wA series of spec t ra  were 
run  at  t empera tu re s  down to 3~ in o rde r  to further 
eluc ida te  the s t ruc ture  of the passive film. Many of 
the i ron oxides show magnet ic  hyperf ine spl i t t ing re -  
sul t ing f rom the coupling of the  magnet ic  moment  of 
the nucleus wi th  an  ex te rna l  magnet ic  field usua l ly  
ar is ing f rom unpa i red  d-e lec t rons  on the  i ron  atom. 
This magnet ic  hyperf ine  sp l i t t ing  is one of  the  charac -  
ter is t ic  fea tures  descr ib ing  a pa r t i cu l a r  oxide  ma te -  
r i a l  (29). 

F igures  6A and 7A show the fol lowing spectra :  one 
for a sample  that  was dr ied  for a per iod  of g rea te r  
than  five hours (Fig. 6A) and one for  a sample  which  
was quick frozen in the  cell  (wet  sample)  and  t r ans -  
f e r r ed  into the  Dewar  a t  77~ (Fig.  7A).  Both  spect ra  
exhib i t  a hyperf ine  spl i t t ing  but  the  d r ied  sample  
shows much sha rpe r  lines than  those of the wet  sample.  
A value of ,-,470 kOe is found for the  in te rna l  mag-  
netic field of both the  samples.  

The  t empe ra tu r e  dependence  of the  hyperf ine  sp l i t -  
t ing of a dr ied  sample  is shown in Fig. 6. The 4~ 
spec t rum shows hyperf ine  sp l i t t ing  wi th  a smal l  con- 
t r ibut ion  of  unspl i t  pa ramagne t i c  species st i l l  r ema in -  
ing in the  center  of the spectrum. As the t empe ra tu r e  
is raised, the  pa ramagne t i c  cont r ibut ion  grows and 
reaches its m a x i m u m  at about  45~ 

In the  case of the  quick frozen samples  the t e m p e r a -  
ture  dependence  is much more  complex.  At  3~176 as 
seen in  Fig. 7 a magne t i ca l ly  spl i t  spec t rum is ob-  
served. The  measu red  in te rna l  field is 470 _+ 10 kOe 
and the l inewid th  ( r )  is 0.96 mm/sec .  When  the t em-  
pe ra tu re  is ra ised f rom 4 ~ to 10~ the  outer  lines 
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dried passive film. 
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broadened  to 1.8 mm/sec  (see Fig. 7B). By 15~ no 
percept ib le  s t ruc ture  is visible,  only  a b road  adsorp-  
t ion across the  ent i re  spec t rum as seen in Fig. 7C. As 
the t empe ra tu r e  is raised, no significant s t ruc tu re  ap -  
pears  in the spec t rum unt i l  a t e m p e r a t u r e  of ,,,100~ 
is reached, Fig. 8A. In the t e m p e r a t u r e  range of 100 ~ 
160~ two paramagne t i c  peaks  continue to grow unt i l  
about  70% of the to ta l  a rea  under  the curve for  the 
passive film is achieved (Fig. 8B). In the  t empe ra tu r e  
range  of 160~176 the remain ing  30% of the to ta l  
a rea  for the  passive film is obta ined under  the curve 
in Fig. 8C. 

Discussion 
Structure o~ the in situ passive film.raThe charac-  

ter is t ic  pa rame te r s  which  have been der ived  f rom the 
computer  fi t t ing of the MSssbauer  spect ra  of the in situ 
passive film are  compared  wi th  the MSssbauer p a -  
ramete rs  ava i lab le  in  the  l i t e r a tu re  for  the  we l l -  
defined i ron oxides and oxy -hyd rox ides  in Table  !IL 
Considering only the i somer  shift,  there  a re  two can- 
didates  for the passive film, a -FeOOH and 5-FeOOH. 
In the case of a -FeOOH no quadrupole  spl i t t ing  is ob-  
served  whi le  that  of the passive film is 1.02 mm/sec .  
The HFS of a-FeOOH, 515 kOe (77~ is l a rger  than  
the 470 kOe (4~ va lue  of the  passive film. Fo r  
5-FeOOH the QS is 0.01 mm/sec  and the HFS is 505 
kOe (80~ which are  also significantly different.  

There  are  no obvious correla t ions  of the MSssbauer 
pa rame te r s  de te rmined  for the in situ passive film wi th  
those values collected in Table  III. Hence, i t  is con- 
c luded on this basis that  the passive film is not any  of 
the  wel l -def ined s to ichiometr ic  c rys ta l l ine  oxides for  
oxy-hydrox ides .  

The  isomer shift  (0.70 mm/sec )  and quadrupole  
spl i t t ing (1.02 mm/sec )  found for the passive film 
tend to be h igher  than  most  of those found for the 
oxides in Table III. However ,  both  values lie wel l  
wi th in  the range  of values found for oc tahedra l  high 
spin ferr ic  i ron  (30). The HFS  va lue  (470 kOe) ,  a l -  
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Table Ill. M~issbauer parameters of the well-characterized oxides 

Isomer shift(~) Quadrupole split Internal magnetic 
Compound (mm/sec) (mm/sec) field (kOe) Reference  

Fe(OH)2 1.44 2.92 0 (51) 
FeO 1.18 0.8 0 (62) 
Fe(OH)~ 0.59 0.65 480 (5~ (53) 
a-Fe~O8 0.61 0.42 517 (300~ [36) 
Fe~Os �9 nHsO 0.64 0.62 470 (4.2~ (54) 
Fe~O~ �9 2H~O 0.62 0.64 ~ (55) 
7-Fe203 Td 0.535 0.34 488 (300~ 

Oh 0.675 0.68 499 (300~ (48) 
a-FeOOH 0.70 0 515 (77~ (56) 
~-FeOOH 0.640 • 0.006 0.700 ___ 0.006 460 (77~ (57) 
7-FeOOH 0.648 • 0.006 0.594 • 0.006 463 (72~ (57) 
6FeOOH 0.64 • 0.06 0.48 + 0.06 519 (83~K) (68) 
~FeOOH 0.76 • 0,2 0 • 0.01 Td 525 (80~ 

Oh 505 (80~ (~9) 
Fe~O~ Fe ~+ 0.61 • 0.10 0 _ 0.1 Td 500 (300~ 

Oh 482 (300~ (29) 
Fe  ~+ 0.96 • 0.10 0 • 0.1 450 (300~ 

A m o r p h o u s  
Fe(OH)B - 0.gH~O - -  460 (4~ (61) 

Amorphous iron 
(III) oxide  
( thin film) 0.7 • 0.1 0.98-1.00 460-490 (4.2~ (64) 

Amorphous iron 
(III) oxide  
( thick film) 0.6 • 0.1 1.01 470 (5~ (62) 

Pass ive  film 
(in situ) 0.7 • 0.01 1.02 • 0.07 470 (4~ 

o,) Isomer shift relative to SNP. 

t h o u g h  o n  t h e  l o w  s ide  f o r  a n  i r o n  oxide ,  a lso  i n d i c a t e s  
t h e  i r o n  in  t h e  f i lm is i n  a n  o c t a h e d r a l  h i g h  s p i n  f e r r i c  
s t a t e  (30) .  T h e  v a l u e s  of  t h e  H F S  f o r  o c t a h e d r a l  i r o n  
t e n d  to be  l o w e r  w h e n e v e r  one  or  m o r e  of  t h e  c o o r d i n a -  
t i on  s i tes  of  t h e  i r o n  is o c c u p i e d  b y  a h y d r o x y l  i on  o r  
b y  w a t e r  as s e e n  f r o m  t h e  H F S  v a l u e s  i n  T a b l e  I t I  fo r  
F e ( O H ) 8 ,  Fe~O~ �9 nH20 .  H o w e v e r ,  t h e s e  spec ies  i n  t h e  
c o o r d i n a t i o n  s p h e r e  do n o t  s e e m  to h a v e  a n y  a p p r e c i -  
a b l e  ef fec t  o n  t h e  i s o m e r  s h i f t  a n d  q u a d r u p o l e  s p l i t t i n g  
v a l u e s  f o u n d  for  t h e s e  c o m p o u n d s .  
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Fig. 8. Temperature dependence of the expanded Milssbauer 
spectra of a wet passive film. 

Considering the amorphous iron (III) oxide also 
included in Table III, an extremely good correlation of 
the IS, QS, and HFS with the values found for the 
passive oxide film is observed. The higher values of 
the IS and QS are characteristic of amorphous oxides 
and indicate that the films are composed of FeO6 
octahedra each of which has a different local bonding 
character. The number of neighboring octahedra may 
be different as well as the type of bonding to the 
neighbors, i.e., sharing of corners, edges, or faces. The 
value of the HFS is also characteristic of the amor- 
phous oxide and this will be discussed in detail later. 

Further correlations can be made with literature 
values of the isomer shift and quadrupole splitting of 
inorganic compounds of well-defined structure. An 
extremely good correlation is found with a series of 
binuclear oxo-bridged iron (III) compounds, as the 
values in Table IV show (31, 32). Of course no HFS 
is observed because these dimeric ferric compounds 
have a dimagnetic ground state, which arises from 
strong antiferromagnetic coupling. 

Also shown in Table IV are a set of values for a 
trimer of iron atoms connected by dihydroxy-bridge 
bonds (33, 60). Here again an extremely good correla- 
tion is found with the IS and QS values of the passive 
film. No HFS is seen here due to a very rapid spin- 
spin relaxation. 

Table IV. M~ssbauer parameters for blnuclear oxo-bridged, 
trimer, and dimer di-hydroxy-bridged, and polymeric 

iron compounds 

Isomer Quad- 
shift (s) rupole 
(mm/ splitting Ref- 

Compound sac) (mm/sec) erence 

(Fe saleni~Opy2 0.71 0.92 (31) 
{(Fe phensCl)2}Cl2 �9 5HsO 0.77 1.70 (31, 32) 
{ (Fe bipy2) ~O} (SO~) ~ �9 5H20 0.73 1.33 (31, 32) 
{ (Fe terpy) 20} (NOa) ~ �9 HsO 0.79 1.93 (31, 32) 
{ (FeB (H20) 20}C104 ) 4 0.81 0.62 ( 31, 32) 
(C~HIgNH~) ~FeOH (SODs (trimer) 0.75 0.89 (33) 
Iron dimer 0.77 1.57 (60) 
FePO8 (glass) 0.75 0.88 (34) 

(,) Isomer shift relative to SNP. 
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Another  comparison can be made with glassy FePO~, 
and the values for its IS and QS (34) are also included 
in Table 1V. The match up of these values with those 
of the passive film is ex t remely  good. A comparison 
of crystal l ine and glassy FePO3 gives some addit ional 
insight into the passive film structure.  The IS values 
0.77 mm/sec  for the crystal and 0.76 mm/sec  for the 
glass indicate that the local environment ,  coordination 
number ,  and type of bonding are essentially the same. 
The QS values on the other hand, 0.37 mm/sec  for 
the crystal and 0.88 mm/sec  for the glass, indicate 
that  the distortion of the sites in  the glass is consider- 
ably larger than in the crystal l ine material .  The l ine-  
widths, 0.53 mm/sec  for the crystal and 0.64 mm/sec  
for the glass, indicate that  the dis t r ibut ion of sites is 
much larger in  the glassy material .  The s t ructure  of 
the glassy phosphates is general ly  long chain polymers 
(35), and this would tend to give rise to the distortions 
at the iron as seen in  the higher QS values. 

The low temperature  behavior  of the samples frozen 
in situ gives fur ther  insight into the s t ructure  of the 
passive film. As was demonstrated earlier, this data is 
characteristic of the hydrated in situ passive film. The 
spectra between 300 ~ and 177~ are essential ly equi-  
valent. At temperatures  between 170 ~ and 160~ the 
contr ibut ion to the quadrupole split port ion of the 
spectrum decreases by about  30% without  developing 
a magnet ical ly split spectrum. Between 160 ~ and 100~ 
the remainder  of the quadrupole split contr ibut ion is 
lost still wi thout  the development  of a magnetic split 
spectrum. Only an  increase in the background area is 
observed. When the tempera ture  reaches values in the 
region of 10~176 an ext remely  broad magnetic  
hyperfine spectrum is observed which sharpens up at 
4~ Behavior of the type demonstrated by the MSss- 
bauer  spectra of the passive film at temperatures  of 
20~ and lower has been observed recent ly (61-65) 
in  the case of amorphous iron (III)  oxides and hy-  
droxides and is the result  of a new type of magnetic  
ordering called sperimagnet ism (61). This state is 
described as a magnet ical ly  ordered system at low 
temperatures  with the atomic magnetic moments  in  a 
particle randomly oriented and a total moment  which 
does not  vanish. 

Sper imagnet ism is characterized by a very low mag- 
netic ordering tempera ture  20~176 a large IS 
(0.5-0.7 mm/sec) ,  and a large QS (0.8-1.2 mm/sec)  
at room temperature  which disappears below the t r an-  
sition temperature.  The QS disappears because at low 
temperatures  it is coupled to the hyperfine field which 
for this type of sample is randomly  oriented and 
hence it is smeared out. A fur ther  consequence of this 
smearing out is the much larger l inewidths observed 
at low temperatures  as compared to those at room 
tempera ture  (64). At  4~ the passive film is mag-  
net ical ly split with the same value for the HFS as is 
shown by the amorphous oxide materials  in  Table I. 
The l inewidth  of the passive film at 4~ is r ---- 0.96 
mm/sec,  while at 300~ r ---- 0.86 mm/sec.  As the 
tempera ture  increases to 10~ r increases to 1.8 m m /  
sec, all in  agreement  with sperimagnetic character 
observed for the amorphous iron (III) oxides (61-65). 

Although the collapse of the magnetic  hyperfine 
split t ing at 15~ leads to the unblocking of the super-  
paramagnet ic  fine particles, the true magnetic order-  
ing tempera ture  is higher, about 100~ The behavior 
between 15 ~ and 100~ is undoubted ly  due to re laxa-  
tion effects. This behavior  may be accounted for by 
several explanations,  one of which is spin-lat t ice re-  
laxation. Here, the ions see the fields arising from the 
spli t t ing of the Kramer ' s  doublets, and the contr ibu-  
tions due to the magnetic  fields arising from the 
-55/2, -53/2, -51/2 spin states are unresolved. Thus, 
the spectrum appears as a continuous broad adsorp- 
tion. It has been shown (37, 38) that when one of the 
coordinating ligands is water  the spin-lat t ice re laxa-  
t ion is slower. A second explanat ion suggests that  the 

FeO8 octahedra making up the film are more and less 
strongly bonded to the neighboring octahedra leading 
to stronger and weaker magnetic interactions, respec- 
tively. The dis t r ibut ion of magnetic moments  arising 
from such an ensemble would lead to a general  broad-  
ening of the entire spectrum. This lat ter  explanat ion is 
the more likely one (64). 

Above 100~ the MSssbauer spectra show the char-  
acteristic behavior of a paramagnet ic  specie. 

The s t ructure  of the in situ passive film which 
emerges from this discussion is one which is not  highly 
s t ructured but  is amorphous and polymeric in  nature.  
It consists of FeO6 octahedrons in a chainlike struc-  
ture bonded together by di-oxy and d i -hydroxy 
bridging bonds, and these chains are fur ther  l inked 
together by water  to form a continuous film covering 
the iron surface and leading to its protection. 

Hydration and dehydration ol the in situ passive film. 
- -This  set of experiments  shows, for the first time, 
that the passive film undergoes very definite changes 
when  it  is removed from tr~e solution, and it demon-  
states the necessity to s tudy these films in situ. 

The reversibi l i ty  of the hydrat ion of the film as 
well as the amount  of water  contained in the film is 
extremely impor tant  informat ion  for fur ther  under -  
s tanding the s tructure of the in situ passive film. The 
samples which were dried for times longer than  five 
hours and which showed irreversible hydrat ion char-  
acteristics will  be discussed in the next  section. The 
samples, however, that  were dried for less than  five 
hours showed reversible hydrat ion behavior. An  esti- 
mate of the amount  of hydrat ion water  can be obtained 
by uti l izing the part ial  isomer shift concept (39). The 
contr ibut ion to the isomer shift due to water is 0.03 
mm/sec /H20 /Fe  atom (40). The isomer shift has 
changed from 0.70 to 0.64 mm/sec,  a total of 0.06 
mm/sec.  This change in the film is reversible and 
hence it  can be assumed that  it  arises only from 
changes in  the water content  of the film. This results 
in a loss of two water  molecules by each iron atom 
in the film which agrees with the value obtained from 
t r i t ium studies (41). 

The reversibi l i ty  of the hydrat ion of the film imposes 
severe restrictions on the s tructure of the film. The 
structure required to allow the water  to move in and 
out of the film must  be quite simple to avoid giving 
rise to condensation reactions or other types of reac- 
tions leading to structures prohibit ing the reversible 
exchange of water. It is proposed here that  the struc-  
ture of the passive film is bui l t  up of the fundamenta l  
units recently suggested for hydrolyzed iron sols (42). 
This fundamenta l  uni t  is composed of four octahedrally 
coordinated iron atoms bonded together by oxy-br idg-  
ing forming the s tructure shown in Fig. 9. The passive 
film would be composed of these te t ramer  units  l inked 
together by water  and d i -hydroxy bridging bonds 
forming a continuous film. The water  which shows the 
reversible behavior is the water  which links these 
units  together. Fur thermore ,  these uni ts  may edge 
bond to one another  as shown in Fig. 10 leading to a 
face-centered cubic oxygen lattice which is the basis 
of the iron oxides (35). 

The process of dehydrat ion of this s tructure would 
involve only those oxygen-conta in ing species which are 
not involved in the te t ramer  bonding. With the re-  
moval of two water  molecules from each uni t  the 
final s t ructure will be more compact than the original  
one, thus leading to the increase in  the area found 
for the dehydrated samples (area values in Table I) .  
This indicates that  in  the hydrated  sample the iron is 
behaving as though it were solubilized and hence is 
not as s trongly bonded as in  the dehydrated case. 

Other exper imental  evidence which supports this 
model is found in the recent nuclear  reaction micro- 
analysis of Agius et at. (50). The data presented in 
this paper gives a value of 1.38 oxygen atoms in  the 
film per electron required to reduce the film. None of 
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Fig. 9. Model of the basic 
building unit, the tetramer, sug- 
gested for a possible arrange- 
ment of the combination of two 

di-oxy or di-hydroxy chain 
species to form a tetramer. 
Inset shows a possible distribu- 
tion of the oxygen atoms, hy- 
droxyl groups, and water mole. 
cules around the iron atoms. 

the  theore t ica l  values  de r ived  for s toichiometr ic  oxides 
agree  wi th  this quant i ty .  However ,  us ing the t e t r a m e r  
model  sugges ted  here,  a va lue  of 1.4 is obtained.  This 
informat ion,  combined wi th  the dehydra t ion  da ta  
obta ined  in this work,  toge ther  wi th  the t e t r a m e r  
model  leads to a s to ichiometry  of Fe404. (OH)4" (H20)s.  
The dehydra t ion  of this species would  give r ise to an 
uns table  form of FeOOH as the in t e rmed ia te  state. 
The isomer  shif t  (0.66 +_ 0.01 mm/sec )  va lue  of the 
in t e rmed ia t e  s ta te  corre la tes  wel l  wi th  the values  
given in Table  I I I  for  severa l  forms of FeOOH. How-  
ever,  the  va lue  of the  quadrupo le  spl i t t ing  (1.0 +_ 0.1 
mm/sec )  and r (0.9 _+ 0.1 mm/sec )  indicate  that  the  
s t ruc ture  is h ighly  dis tor ted.  

Structure of the dried passive fi~m.--The samples  
which were  shown in Table  II  to have been dr ied  for 
per iods  of longer  than  five hours wi l l  be r e fe r red  to 
as the  d r i ed  film. The MSssbauer  parameters ,  IS, 0.62 
mm/sec ;  QS, 0.88 mm/sec ;  and HFS, 470 kOe (4~ 
match  up wi th  those of -y-Fe2Os found in Table  III, 
hence we conclude tha t  the d e h y d r a t e d  film is 7-Fe~O3. 

Simmons et al. (44) made  a s tudy  of the  dr ied  pas -  
sive film in which they  obta ined  values  of 0.62 mm/sec  
for IS and 0.88 mm/sec  for QS in good ag reemen t  wi th  
this study.  Thei r  i n t e rp re t a t ion  of the da ta  is tha t  the  
film is a hyd ra t ed  supe rpa ramagne t i c  7-Fe20~. I t  is 
not c lear  in this re ference  wha t  the evidence was for 
consider ing the sample  to be  hydra ted .  In  o rder  for the 
pass ive  film to make  the t rans i t ion  f rom the hyd ra t ed  
to the dr ied  state, two steps are  observed.  The first 

Fig. 10. Condensation of tetramers to form an FCC oxygen 
lattice. 

step is the revers ib le  dehydra t ion  of the  film which  
lowers  the IS f rom 0.7 to 0.64 mm/sec .  The second 
step is i r revers ib le  and  involves  a change in the bond-  
ing in the film. One of the p r i m a r y  steps in the growth  
of i ron oxide f rom basic solutions has been shown to be 
the de -oxa la t ion  or  d e - h y d r o x a l a t i o n  of the  d i -oxy  
or d i - h y d r o x y  br idging  bonds (43, 45). There  a r e  

severa l  mechanisms w h e r e b y  this b reak ing  of the  
br idging  bond can occur. One (45) is by  a condensa-  
t ion type  reac t ion  

OH``  
Fe I Fe ~ Fe--O--Fe q- H20 

"OH" 

with a decrease in the coordination number of the 
iron. A second (45) is the condensation of two differ- 
ent complexes 

I Fe Fe Fe,. /Fe 
2 L\OH/ • Fe,~O~,Fe + H~O 

with the iron coordination number being conserved. 
If i t  is assumed that  the film which has the revers ib le  

wa te r  removed  f rom it  undergoes  bo th  of the above 
condensat ion react ions resul t ing  in the  final d i s t r ibu-  
t ion of i ron atoms being tha t  of 7-Fe2Os, i t  is possible  
to calculate  the  final value  of the isomer shift.  In  
7 -Fe2Q,  61% of the i ron atoms occupy oc tahedra l  
sites (35). The isomer shif t  for t e t r ahed ra l  i ron  in 
7-Fe2Oa is 0.53 m m / s e c  and tha t  for oc tahedra l  i ron  
is 0.66 mm/sec  (46). Using the add i t iv i ty  concept of 
the isomer shift  and calculat ing the average  isomer 
shift, assuming 61% have a value  of 0.66 mm/sec  and 
39% have a value  of 0.53 mm/sec ,  resul ts  in a va lue  of  
0.61 mm/sec  for the IS. This is in good ag reemen t  wi th  
the value  of 0.62 mm/sec  found for the  dr ied  passive 
film. 

The mechanism proposed for the g rowth  of the  oxide  
should lead  to oxide par t ic les  having  a character is t ic  
t empera tu re  dependence.  At  4~ the s ix- l ine  magnet ic  
hyperf ine spec t rum is observed (Fig. 7). As the t em-  
pe ra tu re  is raised, the hyperf ine spec t rum is g r a d u a l l y  
rep laced  by  a pa ramagne t i c  quadrupole  spli t  doublet .  
This behavior  is quite different  f rom tha t  observed 
at the Neel point  (magnet ic  order ing  t empera tu re )  
which  is ve ry  sharp.  The  behav ior  observed  here  for  
the dr ied  passive film is character is t ic  of ve ry  finely 
d ivided par t ic les  of magnet ic  mate r i a l s  and is r e fe r red  
to as supe rpa ramagne t i sm  (47). The  s u p e r p a r a m a g -  
netic s ta te  can be represen ted  as a col lect ion of s ingle 
domain  part icles ,  each par t ic le  having a s imple un i -  
ax ia l  anisotropic  energy  given by  KV where  K is the 
aniso t ropy energy  and V is the volume of the par t ic le .  
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There is a finite probabil i ty that the net magnetization 
can change its direction due to thermal fluctuations, 
and this is proportional to exp (KV/kT).  Hence the 
net magnetization can fluctuate with a relaxation given 
by 

~-1 = j exp ( - - K V / k T )  

where f is the frequency factor and ~ is the rate at 
which the magnetic vector flips between the easy mag- 
netization directions separated by the energy barr ier  
KV. 

The particle size V can be calculated from the prior 
equation. Substituting the Larmor precession time 
2.5 • 10 -8 sec for ~ and the frequency factor given by 
Kundig (36) leads to the following equation In (2 • 
10-4K) = K V / k T ,  where K is the anisotropy constant, 
V the volume, k Boltzmann's constant, and T the tem- 
perature. The value for the anisotropy constant of 
~-Fe203 given in the l i terature (48) is 1 • 106 erg/cm 8. 

The fact that  the magnetic transition takes place 
over a wide temperature span (25~176 indicates 
that there is a distribution of particle sizes. The tem- 
perature at which both states coexist equally is 35~ 
and this is taken to be the average particle size (36). 

The particle size which results from this calculation 
is a sphere with a diameter of 3.6 ram. This lat ter  
value correlates well with the value obtained by  Se- 
well (49) in an electron microscopy study of the 
growth of oxides on iron single crystals in oxygen. 

Summary 
In this study the structure of the in situ passive film 

has been determined for the first time using MJssbauer 
spectroscopy. 

The results found here for the in situ passive film 
are not those of any of the stoichiometric, crystalline 
oxides including ~-Fe2Os, Fe~O4, and Fe2Os �9 H20. All 
of the MJssbauer parameters match those of amor- 
phous iron (III) oxides, iron containing polymers, and 
bi-nuclear  iron compounds containing di-oxy and 
di -hydroxy bridging bonds between the iron atoms. 
The low temperature studies of the in situ frozen sam- 
ples also show that the film is not highly structured 
but is amorphous and polymeric in nature. It consists 
of chains of iron atoms bonded together by di-oxy 
and di-hydroxy bridging bonds, and these chains are 
further linked together by water  to form a continuous 
film covering the iron surface and leading to its pro- 
tection. 

Furthermore, it has been shown that -y-Fe203 results 
only when extensive drying of the in situ passive film 
has caused irreversible changes. 
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Atmospheric Corrosion of Nickel 
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ABSTRACT 

Nickel  a tmospher ic  corrosion is discussed, ranging  f rom mois ture  adsorpt ion 
isotherms to measured  indoor  corrosion rates. Significant quant i t ies  of wa te r  
are  adsorbed  on nickel  surfaces wi th  a hea t  of adsorpt ion  equal  to 10.7 kca l /  
mole. Corrosion kinet ics  are  l inear  and exponent ia l ly  dependent  on re la t ive  
humidi ty .  The pa r t i a l  pressures  of SO2, C12, NO2, and NH8 signif icant ly in-  
fluence nickel  corrosion whi le  I-I2S and O~ have l i t t le  influence. Nickel  cor-  
rodes in indoor  envi ronments  at  ra tes  signif icantly less than  outdoors and fol-  
lows log norma l  stat ist ics over  the field site popula t ion  studied.  

The res is tance of nickel  to a tmospher ic  corrosion is 
of broad  in teres t  because i t  is a component  of many  
s t ruc tu ra l  mater ia ls ,  as well  as an a l loying addi t ive  
in magnet ic  mater ia ls .  Nickel  is t he rmodynamica l ly  
uns tab le  wi th  respect  to most prac t ica l  opera t ing  en-  
vironments .  Its s tab i l i ty  is therefore  control led  by  dif-  
fusion processes th rough  surface corrosion products  and 
corrosion product  dissolution kinetics.  F a r a d a y  recog-  
nized this over  a cen tury  ago, ye t  models  do not exis t  
today  that  expla in  quan t i t a t ive ly  the a tmospher ic  be-  
hav ior  of nickel  over  a broad  range  of condit ions (1). 

The mechanism of a tmospher ic  corrosion is a com- 
p lex  combinat ion  of d r y  oxida t ion  and aqueous elec-  
t rochemis t ry  tha t  depends on tempera ture ,  po l lu tan t  
concentrat ions,  r e la t ive  humidi ty ,  and the ma te r i a l  
(2, 3). In d ry  high t empe ra tu r e  oxidat ion,  the p re -  
domina te  corrosion product  is NiO formed in a mul t i -  
s tage oxida t ion  mechanism tha t  can be expla ined  by  
Wagner ' s  defect  diffusion theory  (4-10). The aqueous 
e lect rode kinet ics  of nickel  have  been ex tens ive ly  
s tudied (11-24). The dissolution of NiO to form a 
complex produc t  via a r a te -con t ro l l ing  NiOH + step 
is considered the impor tan t  mechanism of decay. 

Evans s tates  tha t  the main  control l ing factor  in 
a tmospher ic  corrosion is the mois ture  content  of the 
a i r  (25). The complex i ty  of the corrosion process on 
nickel  was demons t ra ted  by  Vernon four decades ago 
(26). He showed that  the corrosion product  on nickel  
in outdoor  indus t r ia l  a tmospheres  was not  a s imple 
nonstoichiometr ic  oxide but  a basic nickel  sulfate.  
Hudson has shown that  nickel  she l te red  from rain  

* Electrochemical  Soc ie ty  Act ive  Member.  
Key words:  atmosphere ,  corros ion,  nickel .  

corrodes more  r ap id ly  than  nonshe l te red  nickel.  He 
a t t r ibu ted  this to the hygroscopic na tu re  of the corro-  
sion products  and thei r  ab i l i ty  to accelera te  corrosion 
when lef t  on the surface (27). Campbel l  and Thomas 
showed a m a r k e d  seasonal  dependence  for nickel  
indoor  corrosion (28). 

In this p a p e r  we presen t  the resul ts  of a s tudy  de-  
signed to focus a t tent ion  on the complex process of 
nickel  a tmospher ic  corrosion f rom wate r  adsorpt ion  
to observed corrosion in indoor  business environments .  
The quant i ta t ive  impor tance  of re la t ive  humid i ty  and 
pol lu tant  concentra t ion is presented  fol lowed by  a 
discussion of the compara t ive  indoor  corrosion of 
nickel  and associated corrosion products.  A s imi lar  
s tudy  has been repor ted  for cobal t  (2). 

Experiment 
Mater ia ls  used in the s tudy  were  100 nm (1000A) 

nickel  films and 12 ~m nickel  foils. The films were  
p repa red  by electron beam evapora t ion  from a 99.99+ 
pur i ty  nickel  ingot  on AT cut quar tz  or  glass sub-  
states at 0.4 nm/sec.  The background  pressure  dur ing  
evapora t ion  was less than  10 -6 Tor t  and the subs t ra te  
t empe ra tu r e  was 200~ The nickel  foils were  99.99+ 
puri ty .  Both films and foils were  c leaned prior,  to 
use by  a sequence of hot  toluene, isopropanol ,  and DI 
wa te r  immersions.  

The cleaned surfaces as measured  by  XPS ( x - r a y  
photoelectron spectroscopy)  and Auger  e lec t ron spec-  
t roscopy consisted of significant quant i t ies  of hyd ro -  
carbon in addi t ion to nickel  and oxygen.  Traces of 
sul fur  and chlor ine were  present .  The oxide thickness 
was app rox ima te ly  0.6 nm. These observat ions  are  
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c h a r a c t e r i s t i c  of most  cleaned ai r  exposed t rans i t ion  
m e t a l  surfaces. The nonmeta l l ic  impur i t ies  were  eas i ly  
s p u t t e r e d  away,  indica t ing  they  were  surface n o t  
bu lk  contaminants .  

T h e  a t m o s p h e r i c  t e s t  envi ronments  were  synthesized 
f rom high pur i ty  di lute  gases, purif ied air, and  w a t e r  
vapor.  The reac t ion  chamber  and associated g a s -  
h a n d l i n g  sys tem was made  of P y r e x  glass to minimize  
adsorp t ive  losses. Considerable  care was requi red  to 
pu r i fy  the a i r  before  in t roducing pol lutants .  Wi thout  
this precaut ion  the levels os NO,, and O3 were  found 
to fluctuate wi th  the  ambien t  outdoor  NO2 and O,~ 
levels  character is t ic  of u rban  Cal i fornia  environments .  
T h e  purif ied a i r  had  concentrat ions of pol lu tants  equal  
to or  less than  0.1 ~g/m 3 for  NO2, 0.05 t~g/m 3 for C I - ,  
0.006 ~g/m ~ for  H2S, 0.1 ~g/m3 for NH3, 1 ~g/m3 for Os, 
and 0.9 ~g/m a for SO2. 

The influence of SO2, NO,2, O~, H2S, C12, and NH3 
concentrat ions on the corrosion ra te  of nickel  was 
s tudied in a special  plexiglass  chamber  wi th  five reac-  
t ion regions. Each react ion region was doped wi th  a 
h igher  concentra t ion of the pol lu tant  being studied, 
w h i l e  the remain ing  pol lu tants  were  he ld  at  a fixed 
reference  concentrat ion.  

The reference  env i ronmenta l  concentrat ions of the 
above pollutants ,  used as the background  for the 
ma jo r i ty  of the exper iments ,  the ra t ionale  for selec- 
tion, and the associated analy t ic  procedures  a re  given 
in Table  I. The pol lu tant  levels  in the test  a re  es t i -  
ma ted  to represen t  the upper  1% of the  cumula t ive  
d is t r ibut ion  function of indoor concentrat ions,  a severe  
condit ion for indoor  corrosion, bu t  not pa r t i cu la r ly  
severe  for outdoor  u rban  center.  NH.~ was not pa r t  
of the reference  environment ,  but  was eva lua ted  in 
t h e  kinet ic  studies because of its "basic" chemical  
behavior  and as a potent ia l  indoor  po l lu tan t  coming 
from copiers and cleaning agents. The analyt ic  equip-  
ment  was ca l ibra ted  using permeat ion  tubes pr imar i ly .  

The corrosion kinet ics  of the nickel  foils were  mea-  
sured  using a microbalance  to moni tor  weight  gain. 
These weighings were  not made  in situ because of 
the  la rge  number  of samples  tested. The procedure  
was to place enough 2.54 • 2.54 cm samples  in the  
chamber  to be equiva lent  to the number  of t es t - t ime  
in terva ls  required.  Each sample  was removed  at  its 
appropr i a t e  t ime and weighed,  but  not r e tu rned  to 
the  chamber.  

The piezoelectr ic  technique was used to measure  
the  H.,O adsorpt ion isotherms.  These isotherms were  
measured in a humidif ied pure  a i r  system on nickel  
surfaces that  had been ai r  exposed (2, 29). 

Final ly ,  n ickel  foils (2.54 • 2.54 cm) and 100 nm 
films were  p laced in eight  different indoor  envi ron-  
ments  th roughout  the  United States  and the weight  
gain and reflectivity,  respect ively,  were  measured  af ter  
6, 12, and 18 months.  Benzene soluble organic  ma te r i a l  
was removed  before  the final weight  and ref lect ivi ty 
were  measured.  The samples  were  held  in a configura-  
t ion such that  the  envi ronment  flow veloci ty  was 250 
cm/sec  across the surface. The surface composit ions 

 ,oc 'F /  :oc 
o/ , oc ! / 

10 20 30 
P (Torr) 

I 
40 

Fig. 1. Nickel thin film (100 nm) moisture adsorption results. 
Ratio of adsorbed water volume to monolayer volume (v/vm) vs. 
water partial pressure (P). 

of these r e tu rned  samples  were  measured  by  Auger  
e lec t ron spectroscopy. The resistance increase  os the 
n ickel  thin films due to corrosion in the field was 
measured  by the four -po in t  probe technique.  

Results and  Discussion 
HzO adsorption.--The a i r - fo rme d  films on both  t h e  

evapora ted  and foil  n ickel  samples  showed the pres -  
ence of hydroxide ,  oxide, and  traces of sulfate  a n d  
chlor ide  as measured  by  XPS. This is s imi lar  to cobal t  
surfaces (2) and has been repor ted  by  others  for 
n ickel  (30-32). The adsorpt ion  of H20 on these com- 
p lex  hyd roxy l a t e d  nickel  surfaces is charac ter ized  by  
the isotherms measured  at  three  t empera tu re s  shown 
in Fig. 1. These isotherms are  typical  os those s e e n  
on hyd roxy l a t e d  Fe208 par t ic les  (33) and cobal t  (2). 
F igure  2 shows the isotherms p lo t ted  vs. P/Po, t h e  
re la t ive  humidi ty .  The isotherms exh ib i ted  no hys te r -  
esis, suggest ing no chemisorpt ion dur ing  the H20 
exposures.  The surfaces had  prev ious ly  been exposed 
to enough H20, as the surface studies demonst ra ted ,  
to prec lude  any  fu r the r  chemisorpt ion dur ing  t h e  
per iod  of measurements .  The amount  of adsorbed  H20 
could be descr ibed by  the BET isotherm up to a r e l a -  
t ive humid i ty  P/Po of a pp rox ima te ly  0.80 (34). This 
is character is t ic  of gas-sol id  in teract ions  and shown 
in Fig. 3. The isotherms also show that  on nickel  many  
apparen t  monolayers  os wa te r  are  presen t  at  h igher  
RH's. i t  is not  surpr is ing  tha t  corrosion should proceed 
read i ly  via  these re la t ive ly  th ick  layers  of wa te r  on 
the h y d r o x y  surfaces. 

Table  II summarizes  the heat  of adsorpt ion (AHad), 
monolayer  volume, and  re la t ive  humid i ty  at  appa ren t  
monolayer  coverage obta ined  by  fitting the  data  to 
a BET iso therm over  the  in te rva l  P/Po = 0-0.5. The 
heat  of vapor iza t ion  (~Hv) of wa te r  was taken  a s  
10.5 kca l /mole  in these calculations.  The isoteric  h e a t  
of adsorpt ion  was s imi la r  to tha t  obta ined  f rom t h e  
BET isotherm. I t  was 10.9 kca l /mo le  at  0.5 monolayer  
coverage and 8.4 kca l /mo le  at  3 monolayers  coverage.  

Table I. Test reference environment (temperature - -  25.0~ gas 
velocity - -  10 cm/sec) 

Concentration 
Gas (~g/m 3) Rational for selection and sources Analytic method 

H20 70% RH 

SO~ 786 

NO~ 940 

O, 334 

C1= 8.6 

N-H, 

Known accelerator of galvanic corrosion and present at relatively 
large P/Po 

Major pollutant, known to attack iron, nickel, cobalt. Forms acid 
on metal surface. Fossil fuel source. 

Major pollutant, known to attack Co, Ni, and Fe. Photochemical 
source. 

Major pollutant, degrades polymers and accelerates oxidative de- 
cay of H2S, NO2, and SO2. Photochemical source. 

Stress corrosion accelerator. Fossil fuel source. 
Destabilizes otherwise passive films by lattice impregnation and 

acid dissolution. Fossil fuel and PVC incineration source. 
Forms chemically basic surface. Cleaning agent and copier source. 

Dew point on cooled Au surface 
(continuous) 

Flame photometric (continuous) 

Chemiluminescence (continuous) 

Chemiluminescence (continuous) 

Pb acetate densitometry (periodic) 
o-toluidine densitometry (periodic) 

Chemiluminescence (continuous) 
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J=ig. 2. Nickel thin film moisture adsorption isotherms. Ratio of 
adsorbed water volume to monolayer volume (V/Vm) vs. the ratio 
of water partial pressure to equilibrium saturation pressure (P/Po). 

: / v 1385 P/Po 
' Vm - (1-P/Po)(1+O.385 P/Po) 

�9 Experiment ~ '  

o BET e ~  .i/o 
I I I 

0.20 0,40 0.60 0,80 
P/Po (relative humidity) 

Fig. 3. Nickel thin film (100 nm) moisture adsorption isotherm 
comparison of experiment and theory (T ---- 25~ 

A T M O S P H E R I C  CORROSION OF N I C K E L  

o , 80% 

200 r / 

The similar i ty  between the AHad and AHv implies that 
the H20 molecule shows no great preference for the 
surface as compared to liquid water. It could just  as 
well combine with a neighboring H20 molecule to 
form a local H20 cluster. The AHad measured in the 
s tudy of Ni is sl ightly less than that reported on 
Fe208 particles (33), Cu surfaces (35), and Au sur-  
faces (36), but  in  general  agreement.  Klier  et aL have 
demonstrated that water  clusters on surfaces well 
below apparent  monolayer  coverage (37). In  fact, 
they found via infrared spectroscopy that silica sur-  
faces at monolayer  H20 coverage consisted of equiv-  

Table II. Heats of adsorption ( A H a d ) ,  relative humidity at 
monolayer coverage, monolayer volume, and C in the BET 

isotherm for H20 on air expos:d Ni surface 

AHad 
T (kcal/ RH (v/ Vm 

(~ mole) w, = 1) (cm~/cm s) C 

15 10.8 0.45 3,1 • 10 -e 1.71 
25 10.7 0.46 3.1 x 10 -e 1.39 
35 10.8 0.44 3.1 x 10 -s 1.50 

~" 15o 

._. 
g 

+~ lOO 

5O 

0 

0 ~ 50% 

50 100 150 200 
Exposure time (hours) 

Fig. 4. Weight gain vs. reference environment exposure time for 
nickel foils at various relative humidities (%).  

alent  amounts  of clustered and surface adsorbed water. 
These results suggest that  the apparent  monolayer  
coverage, as measured in  the isotherms for nickel, 
may significantly underes t imate  the local surface vol- 
ume of H20 due to clustering. 

R e l a t i v e  h u m i d i t y . - - F i g u r e  4 shows representat ive 
weight gain vs. reference envi ronment  exposure t ime 
curves for various relat ive humidities. The corrosion 
kinetics o f  nickel in  the reference test atmosphere is 
seen to be linear, exhibi t ing no tendency to passivate 
further.  Table III  summarizes the l inear  rate con- 
stants for the five relative humidit ies studied at four 
different SO2 concentrations with the other pollutants  
held at the reference test conditions. Figure 5 is a 
representat ion of this data. The rate constants were 
fit to an equation of the form r ---- A e  ~RH. The table 
summarizes the constants obtained from the fit and 
the correlation coefficient (CC). Relative humidi ty  
has a profound influence on nickel corrosion in these 
atmospheres. No evidence for a critical humidi ty  is 
seen. In  the absence of SO2 the same influence is 
observed with a slightly larger dependence of rate 
on relat ive humidity.  

Cobalt shows similar behavior  in these complex 
envi ronments  (2). Nickel in high SO2 environments  
has been reported to have a cri t ical  humidi ty  at 
approximately 68% RH determined by the H20 in 
equi l ibr ium with hydrated nickel sulfate. Above this 
relat ive humidi ty  marked  rate increases have been 
measured (38). 

Table III. Nickel corrosion rate (~g/cm2hr) vs, relative humidity 
(RH) at various SO2 concentrations (/~g/m 3) 

SO~ 

RH 0 118 786 1415 

0.30 
0.50 
0 .60 
0.70 
0.80 

A 
b 
CC 

0.911 0.016 0.05 0.045 
0 .035 0 .05 0 .14 0 .17  

- -  - -  0 .48 - -  
0 .35 0 .48 0 .76 1.16 

- -  - -  2 ,82 - -  

0.00068 0.0010 0.0037 0.0037 
8.65 8.50 7,95 8.12 
0.98 0 .98  0 .984 0 .994  
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Table IV. Nickel corrosion rate r(~g/cm2hr) for different pollutant 
concentrations c(F,g/m ~) (70% RH, 25~ 

SO~ 0.40 c 0 39 118 786 1415 
r 0.36 0.32 0.47 0.88 1.24 

NO~ 0.19 c 0 26 102 376 1316 
r 0.32 0.26 0.30 0.34 0.58 

0.03 c O 7.9 20 66 328 
r 1.20 0.88 0.87 0,91 0.97 

Os O.10 c 0 27 98 333 980 
r 0,72 0.54 0.58 0.54 0.85 

CI= 0.28 c 0 8.7 28 116 290 
r 0.9 1.04 1.40 2.01 2.83 

Ntis  --0.37 c 0 2.1 6,7 35 139 
r 0.66 0.57 0.66 0.22 0.15 

* Exponent n in rate  e x p r e s s i o n  r = APx" where Px is  pol lutant  
concentrat ion .  

Pollutants.--The atmospher ic  corrosion of nickel  is 
dependent  on the in tegra ted  effects of wa te r  vapor,  
t empera ture ,  and  pollutants .  The s imples t  form of 
this dependence  is 

corrosion ra te  : A ~ol ~0 ~ I ~ P(Cx)[Cx] n-1 

1"5I o SO 2 concentration 

~c I ~ 1415 pg/rn3 

1.01.- | 

118 ,ug/m 3 

0 ~ ~  0 ~g/m3 

.20 .40 .60 .80 
P/Po 

Fig. 5. Nickel corrosion rate vs. relative humidity (P/Po) for 
various SO2 concentrations. 

AH*t, 

P (T) e ~T p (RH) e~RHdCxdTdRH 

where  Cx is the  pol lu tan t  concentrat ion,  n and b are  
constants,  a l l**  is the ac t iva t ion  energy  associated w i t h  

the  a tmospher ic  corrosion mechanism, P ( R H ) ,  P(Cx) ,  
and  P(T)  are  the re la t ive  humidi ty ,  pol lutant ,  and  
t e m p e r a t u r e  d is t r ibut ion  functions, respect ively,  and 
RH is the  re la t ive  humidi ty .  

The  object  of this section of the  work  was to assess 
the  impor tan t  pol lu tants  f rom a nickel  corrosion point  
of v iew and eva lua te  the constant  n for  six different  
pol lu tants  at  a fixed RH equal  to 70% and at  a fixed 
t e m p e r a t u r e  equal  to 25~ Table  IV summarizes  the  
ra te  da ta  vs. concentra t ion for each pol lutant .  Recal l  
tha t  al l  o ther  pol lu tants  were  held  at  the fixed re fe r -  
ence level.  F igure  6 is a graphica l  p resen ta t ion  of the  
results.  The range  of concentrat ions is typica l  of 
u rban  environments  and considerably  lower  than  most 
repor ted  l abo ra to ry  studies. 

Four  of the pollutants ,  SO2, CI,,, NO2, and O8, in-  
creased the ra te  of nickel  corrosion wi th  increased 
concentrat ion,  one pol lutant ,  HaS, showed no marked  
influence, and NH3, signif icantly inhibi ted nickel  corro-  
sion. This is s imi lar  to the  behavior  of cobal t  r epor ted  
ear l ie r  (2) except  tha t  ammonia  did not inhibi t  co- 
bal t  corrosion. 

If  we assume that  the wa te r  adsorbed on the cor-  
roding meta l  is s imi lar  to bu lk  wa te r  we can provide  
a qual i ta t ive  f r amework  for discussing the effect of 
the various gases. We calculate  the concentrat ion of 
the species der ived  from the gases from the solubi l i ty  
(39) and ionizat ion constants and the par t ia l  pressures  
of gases in our  test a tmosphere.  Since bisulfite is the 
dominant  anion we can solve for the pH and a r r ive  
at  the concentrat ions given in Table V. Direct  mea -  
surements  of the pH of the condensate  give values 
a pp rox ima te ly  equal  to 3.5. A s imi lar  value  is cal -  
culated.  

10 dlnr/dlnP 

�9 80 2 0.40 
�9 Cl 2 0.28 
. NH 3 0.37 "-c 

= o NO 2 0.19 o �9 2 
c~ ~ � 9  ~ H2S 0.03 
E ~ �9 0 3 0.10 .~u ;A v 

"-~" ^ " /  nH2S , / "  sO2 

~l.u~ . j ~ z ~ '  mO 3 
�9 �9 �9 O 

I ..~,.. NH 3 
.111,1 , i I I I I I I l  I I I I ,1111 I I I 

10 100 1000 
Concentration (#g/M 3) 

Fig. 6. Nickel corrosion rate vs. pollutant concentration 

If  we assume a corrosion ra te  propor t iona l  to [H+],  
as has been repor ted  for s tainless steel  (40-42), we 
would predic t  tha t  the corrosion ra te  of nickel  should 
va ry  as (Pso2) 0.5 f rom 

SO2 4- H20 ~ H2SO~ ~ H + 4- H S O s -  

[H + ] ___ [HSO~- ] (charge neu t ra l i ty )  

Therefore,  the corrosion ra te  r = k [H +] = k(Pso2)0.5. 
The observed dependence is given in Table  IV 

r = A (Pso2) 0.4 

Simi lar ly ,  the effect of chlor ine on the ra te  of corro-  
sion might  be a t t r ibu ted  to 

Table V. Species in the gaseous and aqueous phases 

Gas * CO~ NI-I3 NO~ H2S SO2 O= HC1 

p atm 3 • I0 -~ 2 • i0 -s 5 • 10 -7 1O -s 3 x 10-7 10 -I 3 • I0 -9 

Product H + I-I2CO3, H C O s -  NH~OH, NH4 + HNO2, NO2- H~S, HS- H~SO~, HSO~- On CI- 

10g [ ] moles  --4 - 5 ,  -7.5 --6, --0.5 --9, --8.5 --8.8, --12 --6.4j --4.5 --0.36 1 

�9 H + e s t i m a t e  w as  f r o m  pH m e a s u r e m e n t  of  the atmosphere c h a m b e r  condensa te  as w e l l  s  t h e s e  calculat ions.  
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C12 + H20 ~ HC1 + HOC1 

He1 ~ H + + C1- 

HOC1 ~ H + + OC1- PK - -  7.5 

If  the  pH is less than  8, as p red ic ted  f rom the SO2 
pressure ,  the  HOC1 is fu l ly  ionized and we could 
p red ic t  [C1-]  - -  ~ [ H  +] ~ (Pci2) 0.2~. I f  the pH is 
g rea te r  than  8, then 

[C1-]  = [H +] o: (Pc12)o.5 

Table  IV shows tha t  the  corrosion ra te  is p ropor t iona l  
to (Pcl2) 0.2s. Nickel  corrosion has been repor ted  to 
v a r y  as [C1-]  0.2s in 0.1N HC104 (14). More de ta i led  
da ta  is r equ i red  to discuss this fur ther .  

The smal l  effect of NO2 despi te  its h igh concent ra-  
t ion can be a t t r i bu ted  to i ts low solubi l i ty  and the 
weakness  of HNO2. Ni t ra tes  a re  not  found in our  
corrosion products  f rom field exposure.  The weakness  
of H2CO3 suggests  t ha t  i t  too wil l  have ve ry  l i t t le  
effect on the  surface pH despi te  the  high concentra t ion 
and so lubi l i ty  of CO2. 

The  sulfide concentra t ion  is sufficient to p rec ip i ta te  
NiS whose so lubi l i ty  product ,  g s p ,  is 10 -24 mole  2 
l i ter  -2. The su l fur  found is in  the  form of sulfate.  
Clearly,  the  effects of oxida t ion  should be in t roduced  
into the s imple model.  

The  effect of NH3 might  be connected wi th  i ts effect 
of ra is ing the pH. We would  p red ic t  

[H + ] cr (PNH3)-0.5 

The corrosion ra te  r epor ted  in  Table  IV is 

r cc ( P N H 3 ) - - 0 2 7  

The reason for the effect on nickel  corrosion and not  
on cobal t  corrosion is unknown  (2). This s imple ob-  
serva t ion  d rama t i ca l l y  h ighl ights  the  complex i ty  of 
a tmospher ic  corrosion. Metals  as s imi la r  as n ickel  and  
cobal t  behave  so differently.  

Indoor corrosion.--The nickel  foils sent  to the in -  
door business env i ronment  test ing sites showed corro-  
sion rates  that  ranged  f rom a p p r o x i m a t e l y  0-1.18 • 
10 -2 ~g /cm 2 hr. Table  VI summar izes  the  da ta  by  
locat ion and ex te rna l  env i ronmenta l  class. The dis-  
t r ibu t ion  funct ion for  n ickel  corrosion rates  is ap -  
p r o x i m a t e l y  log no rma l  over  the  si te popula t ion  as 
shown on the log p robab i l i t y  pape r  of Fig. 7. The indoor  
corrosion of n ickel  measured  in  this s tudy  was s l ight ly  

Table Vl. Nickel corrosion rate, surface reflectivity, and resistance 
change (~R/Ro) in indoor environments 

Locat ion  

Nickel Resist- 
foil eor- Reflec- ance  

Expo- ros ion t iv i ty  change  
En- su re  r a t e  of th in  ( A R / R o  ) 

viron- t i m e  ( ~ g / c m  2 nickel  of nickel  
meri t  ( h r )  hr  • 10~)  films th in  films 

Texas  U r b a n  4,380 3.40 14 
8,760 0 65 0.01 

13,140 0 42 0.04 
Chicago U r b a n  4,380 7.08 1494 

8,760 5.82 2690 0.39 
13,140 6.01 2230 0.32 

New York  U r b a n  4,380 17.8 30 0.33 
8,760 13.7 170 0.14 

13,140 6.77 170 0.12 
Los Ange les  U r b a n  4,380 36.5 205 0.38 

8,760 23.4 1310 0.74 
13,140 32.4 2640 2.00 

South  Caro- Indus-  4,380 16.2 196 0.11 
l ina trial  8,760 5.37 325 0.16 

13,140 7.53 880 0.15 
Indiana Indus-  4,380 41.8 286 0.44 

�9 t r ia l  8,760 24.7 315 0.50 
13,140 21.8 990 0.52 

N e w  Jersey  Indus-  4,380 26.9 613 - -  
trial  13,140 28.3 2450 3.84 

13,140 29.1 2460 3.50 
N e w  Jersey  Indus-  4,380 15.1 459 - -  

trial  13,140 118.0 790 co 
13,140 115.0 850 Qo 

,~ / 
Nickel -- this study 
Nickel Campbell & Thomas ( 2 8 ) /  

r g 

~ I O  ~ ~ = ~ c 

0 ~ 

' J ' ' ' 0  m6 1"00.01 / 10 310 ' 9'0 "~ I 99.99 
Percent of measurements equal to or less than given rate 

Fig. 7. Nickel corrosion rate distribution in indoor environments 

grea te r  than  the values  measured  by  Campbel l  and 
Thomas (28). Their  da ta  is shown for compar ison  
in Fig. 7. Also, Sha rma  measured  the film thickness  
formed on nickel  in a cent ra l  office in Cleveland (43). 
This site showed compara t ive ly  low rates,  0.6 • 10 -4  
~g/cm 2 hr, and exh ib i ted  parabol ic  kinetics.  

These measured  indoor  ra tes  a re  cons iderab ly  less 
than  values measured  by  others  in outdoor  sites. Table  
VII  compares  our  measured  indoor  ra tes  wi th  ou tdoor  
industr ia l ,  sea coast, and  ru ra l  ra tes  (44). Outdoor  
indus t r ia l  envi ronments  corrode n ickel  600 t imes  
grea te r  than  indoor  u rban  environments .  This is due 
in large  pa r t  to the pol lu tan t  adsorpt ion  losses on in-  
t e rna l  surface in buildings,  coupled wi th  less e x t r eme  
humid i ty  conditions.  

Nei ther  the res is tance change nor  the  surface re -  
f lect ivi ty of the thin n ickel  films cor re la ted  wel l  wi th  
the  weight  gain measurements ,  however ,  the re  is a 
genera l  t r end  for  the more  severe  corrosion ra te  sites 
to show higher  ref lect ivi ty  changes (surface roughen-  
ing)  and resis tance increases  than  the more  pres t ine  
sites (Fig. 8). 

Final ly ,  Auge r  e lec t ron p e a k - t o - p e a k  ( P / P )  in-  
tensit ies were  measured  for  th in  films r e tu rned  f rom 
six of the eight  sites a f te r  18 months.  The ra t io  of C1, 
S, and O P / P  intensi t ies  compared  to Ni is shown in 
Fig. 8. No c lear  p ic ture  emerges  point ing to one e le-  
ment  as the most  impor t an t  indicator  of corrosion 
severi ty.  Al l  samples  had  va ry ing  amounts  of S, O, C1, 
N, Ni, and C. L imi ted  XPS  work  showed the oxygen  
to be associated wi th  hydrox ide  or more  complex  
anions. The sul fur  was p resen t  as sulfate,  and  carbon 
as hydroca rbon  not  carbonate.  Ni t rogen  was too low in 
concentra t ion to make  reasonable  XPS bonding es t i -  
mates. The samples  r e tu rned  f rom Los Angeles  showed 
traces of lead  conjec tured  to resul t  f rom t e t r ae thy l  
lead  in the u rban  Los Angeles  envi ronment .  

Summary 
The a i r - fo rmed  surfaces of exposed nickel  adsorb  

significant quant i t ies  of wa te r  tha t  can be approx i -  
ma ted  by  a BET isotherm. The corrosion ra te  of n ickel  
in a complex po l lu ted  env i ronment  is s t rong ly  de- 

Table VII. Comparison of nickel corrosion rates in indoor and 
outdoor environments 

A v e r a g e  rate 
(~g/cm~ h r )  

Indoor  u r b a n  0.0013 
Indoor  indus t r ia l  0.0038 
Outdoor r u r a l  0.0274 
Outdoor sea coast  0.0893 
Outdoor industrial  0.797~ 
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Fig. 8. Comparison of different measurement techniques for 
samples returned from indoor field locations (Table VI). 

pendent on relative humidity. Sulfur dioxide and 
chlorine both significantly increase the corrosion rate 
of nickel while ammonia inhibits it. The observed in- 
door corrosion rates of nickel follow log normal statis- 
tics over the site population in this study and are 
much less than the observed outdoor rates. 
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The Sulfidation of Iron by Carbonyl Sulfide: 
An Example of Kinetics Involving Parallel Sequences 
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Laboratoire d'Adsorption et Rdaction de Gaz sur Solides, 

Ecole Nationale Sup~rieure d'Electrochimie et d'Electromdtallurgie, 
Domaine Universitaire--BP 44--38401 Saint Martin d'H~res, France 

ABSTRACT 

The sulfidation of iron by carbonyl sulfide obeys a paralinear rate law 
in  the tempera ture  range from 300 ~ to 700~ with a l inear  influence of pres-  
sure on the l inear  rate constant. The morphology of the sulfide scale i s  
complex. Several  observations lead to the conclusion that  the equi l ibr ium is 
not  reached in the gaseous phase. The proposed mechanism accounting for 
the kinetic results involves two paral lel  processes: the decomposition of COS 
in  the gaseous phase and in  the adsorbed phase. 

The sulfidation of i ron by sulfur  vapor or by other 
su l fur -conta in ing  gases (H2S, SO2, CS2) has been ex- 
tensively studied (1-12), but  only few papers describe 
the behavior  of i ron in a COS atmosphere (13-14). 

Hayen and Stei ten (13) showed that  COS-CO-CO2 
mixtures  react with iron and give only the i ron (II) 
sulfide FeS between 750 ~ and 900~ The COS part ial  
pressure and the dura t ion of the reaction both in -  
fluence the form of the rate law: for low pressures a n d  
short times, the rate law is l inear.  According to the 
same authors, there are two l imit ing processes: the 
sorption and the decomposition of COS in the adsorbed 
phase. When the COS pressure increases, the rate law 
becomes parabolic. 

Rahmel  (14) studied the same system but  observed 
the formation of FeO and FeS, the disappearance of 
one of these products corresponding to a change in  the 
mechanism of the corrosion. 

Experimental Procedure 
All experiments  were carried out with N17 carbonyl  

sulfide from the Matheson Gas Company. The iron 
sheets (Ferholtzer  S, 2N5, from Creusot-Loire)  were 
machined into paral lelepiped samples (15 • 10 • 1 
ram).  The kinetic experiments  were performed with a 
quartz spring thermobalance in  a static COS a tmo-  
sphere. After  evacuat ing the apparatus  down to 10-5 
Torr  (1.3 �9 10 -3 Pa)  the i ron sample was heated u n d e r  
vacuum in an electric furnace up to the required tem- 
perature.  The ini t ial  time of the reaction corresponds 
to the in t roduct ion of COS in the reaction chamber.  
The weight gain of the sample was then electronically 
recorded wi th  an accuracy of about 50 ~g. After  cooling 
in the COS atmosphere, the sample was analyzed by 
x - r ay  diffraction and observed by scanning electron 
microscopy. 

Results 
Product oi the reaction.--For all  temperatures  an d  

COS ini t ia l  pressures, the x - r ay  pat terns  showed only  
FeS in  the corrosion layer. 

Influence of the temperature.--For a COS pressure 
of 100 Torr  in  the tempera ture  range 300~176 the 
rate law was para l inear  as shown in  Fig. 1 and 2. The 
l inear rate constant  obeyed the Arrhenius  law; the 
measured act ivat ion energy was 76 kJ  �9 mole -1 (Fig. 3). 

Influence of the gas pressure.--The influence of the 
COS pressure was studied only at 414~ from 5 to 250 
Torr  (Fig. 4). The l inear  rate constant  varies with 
Pcos according to a l inear  law as long as the pressure 
exceeds 10 Torr  (Fig. 5). 

�9 Electrochemical Society Active Member. 
Key words: heterogeneous kinetics, solid-gas reactions, carbonyl 

sulfide, iron. 

Morphological observations.--The cross  s e c t i o n  of  t h e  
sulfide scale was studied by  scanning electron m i -  
cros cop y .  The observed morphology was not  di f ferent  
from that of scales prepared by reaction of i ron with 
hydrogen sulfide or sul fur  vapor. On the micrographs, 
three different layers could be identified (Fig. 6a and 
b) :  (i) an outer porous layer, often foliated for low 
values of the tempera ture  or pressure, coarsely crys- 
tallized for higher values. Such an observat ion w a s  
already made in  the case of the sulfidation of copper 
by carbonyl  sulfide (15): (ii) an in termediate  layer, 
obviously porous, often reduced to scarce i ron sulfide 
bridges; and (iii) an inner  layer, finely crystal l ine 
the compactness of which is difficult to ascertain. Ac- 
cording to many  authors we assume that  at least a th in  
layer  adjacent to metal  is compact. 

Composition of the Gas Phase 
Thermochemical calculations.--The calculation of the 

equi l ibr ium part ial  pressures of the species resul t ing 

' - ~ 6 " C  

Pcos:lO0 torr 

} 

0 5 10 
t (hour) 

Fig. 1. Kinetic curves for the reaction of C05 with iron: influence 
of temperature. 
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Fig. 2. Kinetic curves for the reaction of COS with iron: influence 
of temperature. 
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Fig, 3. Arrhenius' plot for the linear rate constant 

from the decomposition of COS was carried out in our 
laboratory by minimizing the total Gibbs free energy of 
the te rnary  system C-O-S using the Direct Search 
Method developed by Hooke and Jeeves (16). In  this 
system, twenty-one  different species were considered. 
Figure 7 shows the results obtained for a COS ini t ia l  

0 
0 

I I 

5 10 
t(hour) 

Fig. 4. Influence of pressure 

pressure of 100 Torr. F rom this diagram, it  can be seen 
that: (a) Only eight gaseous species are present  in  
significant amounts  at equi l ibr ium between 500 ~ and 
1300~ (b) at equil ibrium, the COS pressure never  
exceeds one-half  of its ini t ia l  value;  (c) at high tem- 
peratures, the decomposition of this compound is ra ther  
complete. As reported in  the l i terature  it may be 
represented approximately by the equation: COS -~  
CO + ~/2 $2; and (d) at low temperatures  (T < 800~ 
the equat ion reported in the l i terature  (2 COS ~-~ CO2 
~- CS2) does not agree with our results. In  this tem- 
perature  range, the calculation shows that  solid carbon 
is formed. At 600~ for example, 45% of the ini t ial  
carbon is present  in the solid phase at equi l ibr ium. 

Kinetic observations.--In our experiments,  only a 
small  par t  of the gas is heated. Under  such conditions, 
if sulfur  vapor is present  in the hot gas phase, solid sul-  
fur  is expected to condense on the colder inner  wall  of 
the apparatus above the furnace. 

In a previous work using carbon disulfide as the 
sulfidizing agent  (11), we have shown that  the sulfur  
condensation takes place wih a significant rate for 
sulfur  pressures greater  than  about  10 -1 Torr. For 
lower values, no visible deposit was observed in  our 
apparatus even after 20 hr or more. 

In  the present  case no solid sulfur  appeared in  the 
tempera ture  range 300~176 Its part ial  pressure in  
the gas phase was therefore very  low (<10 -1 Torr)  
so that this phase could not possibly have reached an 
equi l ibr ium state. The decomposition process of COS in  
the gas phase is consequently slow and its rate must  be 
taken into account in any in terpre ta t ion  of the kinetics 
of the overall  reaction. 

Discussion of the Results 
According to Rahmel (14), a l inear  rate law highly 

dependent  on tempera ture  is an indication of a rate-  
determining reaction at the scale/gas phase boundary.  
In  this case, FeS and Fe oxides must  be formed s imul-  
taneously if sulfur  and oxygen pressures are greater  
than the Fe /FeS  and Fe /Fe  oxide equi l ibr ium pres-  
sures. 
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Fig. 5. Influence of pressure 

In  our  exper iments ,  despi te  the  fact  tha t  bo th  FeS  
and FeO (or Fe~O4 at  lower  t empera tu res )  were  t he r -  
m o d y n a m i c a l l y  stable,  we  never  observed  any i ron  
oxide. This is another  indica t ion  of the nonequi l ib r ium 
state  of the  gas phase.  

In  such conditions,  i t  is possible  to descr ibe  more  
prec ise ly  the e l e m e n t a r y  steps involved in the  gas phase  
and at  the  sca le /gas  phase  bounda ry  and to propose 
a model  which  can account  for  our  expe r imen ta l  r e -  
sults: l inear  ra te  l aw wi th  l inea r  bu t  nonpropor t iona l  
influence of pressure .  This  model  rests  on the  fo l low-  
ing observat ions:  (i) Con t r a ry  to the  sulf idat ion of 
i ron  by  carbon disulfide (11, 12), the  reac t ion  of car -  
bonyl  sulfide does not  l ibe ra te  carbon. I t  can therefore  
be assumed tha t  CS2 formed by  the rma l  decomposi t ion 
of COS does not  in te r fe re  in the reaction. (ii) As the  
reac t ion  p roduc t  is pure  i ron  sulfide, the  only  adsorbed  
species to be considered are  COS and $2. The species 
Sx(2 ~ x ~-- 8) exis t  also but,  due  to the  observed  non-  
equ i l ib r ium s ta te  of the  gas phase,  the  pa r t i a l  p ressure  
of sul fur  must  be ve ry  low, thus p romot ing  the d i -  
atomic species $2. (iii) The exis tence of two different  
sulfidizing agents  in the  gas phase  (COS and sul fur  

Fig. 6 (a and b). Cross sections of the FeS layer 

vapor)  makes  i t  necessary  to consider  two pa ra l l e l  s e -  
q u e n c e s  of e l emen ta ry  steps, both  leading  to the  for -  
mat ion  of adsorbed sulfur.  (iv) The FeS inner  l a y e r  (or  
pa r t  of i t )  is compact  so tha t  diffusion th rough  this 
l ayer  must  t ake  place. 

In agreement  wi th  these remarks ,  the successive steps 
of the  reac t ion  can be r ep resen ted  as in  Fig. 8. Ac -  
cording to this model,  the  reac t ing  species, consist ing 
of adsorbed  $2 molecules,  are  fo rmed  by  two pa ra l l e l  
sequences cal led A and B and two cases a re  to be dis-  
t inguished:  (a) At  leas t  one of the two sequences A 
and B is fast  and  consequent ly  these two sequences 
have  no influence on the ra te  of the overa l l  reaction.  
Here the l imit ing step would  be e i ther  one of the two 
in ter rac ia l  ha l f - reac t ions  or  the  diffusion in the  FeS  
layer ,  but  these processes lead  to parabol ic  or l inear  
ra te  laws wi th  a non l inear  influence of p ressure  and 
must  be discarded.  (b) The  two sequences A and B 
are slow, therefore  not  a t  equi l ibr ium.  In  this  case, the  
react ion ra te  is the  sum of the ra tes  of each sequence. 
The overa l l  react ion wil l  obey a s imple ra te  l aw if  
only  one step of each sequence is slow. If  the  two steps 
of at  least  one sequence are  slow, the  ra te  l aw  wi l l  
be complex.  

Consider ing only  s impIe ra te  taws, four  combinat ions  
of r a t e -de t e rmin ing  steps are  possible:  (i) adsorpt ion  
of COS/decomposi t ion  of COS in the  gas phase,  (ii) 
adsorpt ion  of COS/adsorp t ion  of $2, (iii) decomposi t ion 
of COS in the adsorbed  phase /decompos i t ion  of COS in 
the  gas phase,  and (iv) decomposi t ion of COS in the  
adsorbed  phase / adso rp t ion  of $2. 

The combinat ions  (ii) and (iv) imp ly  tha t  the  de-  
composit ion of COS in the  gaseous phase  reaches  i ts 
equ i l ib r ium state, which is not  suppor t ed  by  expe r i -  
ments,  so tha t  these combinat ions  m a y  also be dis-  
carded.  

F r o m  the remain ing  two combinat ions  the  first one, 
a l r eady  descr ibed in  the  case of the  sulf idat ion of cop-  
pe r  (15), leads to a p ropor t iona l i ty  be tween  the ra te  
constant  and  the COS pressure  and is also in cont rad ic-  
t ion wi th  expe r imen ta l  evidence (Fig. 5). 

There  is therefore  only one possible  combinat ion,  
( i i i)  

[ [COS]]  -5 s~----(s-- COS) (fast  s tep) 

s e q u e n c e A  2(s--COS)-*2[[CO]] 
+ (s - -  $2) + s (slow step)  

B I [ [COS] ] -* [ [CO] ] + 1/z [ [$2] ] (slow step)  
sequence 

[ [ [$2]] + s <-~-~ s - -  $2 (fast  s tep)  

s is an adsorpt ion  site at  the  surface of the  compact  
par t  of the FeS layer .  
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The next  steps involve the external  and in te rna l  
half-react ions and are supposed to be fast enough to 
reach the equil ibrium. They can be wr i t t en  

external  reaction (equi l ibrated)  : 

(S -- S2)  ~:z~ S s  "~- VFe" + 2h" + u -{- s 

internal reaction (equilibrated) : 

<Fe> + VFe" -5 2h" ~ -  FeFe 

Let kAd, kBd be the elementary rate constants of the 
slow processes for sequences A and B, respectively and 
KAs, KBs, the equilibrium constants of the equilibrated 
processes of sequences A and B. The indexes "s" or 
"d" refer to the nature of the considered reaction: ad- 
sorption or decomposition. P, 8, P2, 82 are the pressure 
and the coverage ratio of COS and $2, respectively. 

If the rate-limiting steps are very far from equi- 
librium, their rates are given by 

VAd "-- kAd N 

(decomposition of COS in the adsorbed phase) [1] 

VBd = kBdP 

(decomposition of COS in the gas phase) [2] 

GAS 

/" [[COS]] ~ DECOMPOSITION 
ADSORPTION / ~ .  in the "~OUS PHASE 
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Fe METAL 

Fig. 8. ~:hematie diogrom illustroting the whole mechunism with 
parallel sequences. 
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The coverage ratio 0 can be derived from the law of 
mass action 

0 us 
KAs -- (i -- 0 -- 82)P and KBs -" (I -- 0 -- 82)i>2 

Therefore 
KAsP 

0 = [33 
1 + KAsP + KBsP2 

The rate of the overall  reaction in  mg �9 cm -~ �9 hr  -1 
is then 

dAm/s McoskAdKAsaP 2 
- -  -- + McoskBaP [4] 

dt (1 + KAsP + KBsP2)2 

This equation may account for the observed rate law. 
As soon as the carbonyl  sulfide is int roduced into the 
reaction chamber, a slow dissociation takes place and 
the sulfur pressure P~ increases, leading to the observed 
decreasing speed. After  a few hours, a s ta t ionary value 
of P2 is reached, 1 and the rate law becomes linear. 
During this second stage of reaction the influence of 
COS pressure P on the l inear  rate constant  is repre-  
sented, according to Eq. [4], by 

aP2 
kl -- + bP 

(1 + P)~ 

where a and b are constants. The corresponding curve 
agrees with our experimental results (Fig. 5). 

Manuscript submitted March 19, 1979; revised manu- 
script received July 31, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submitted by Aug. I, 1980. 

Publication costs of this article were assisted by 
A. D. R. Grenoble. 

z This  s t a t i ona ry  va lue  is the r e su l t  of the balance between the 
slow f o r m a t i o n  of e l e m e n t a r y  su l fu r  S.~ in the  gas  phase  and its 
condensation on the cold parts of the appara tus .  
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Thin Zinc Films on Aluminum 

David Lashmore 
Chemical Stability and Corrosion Division, National Bureau o~ ~tandards, Washington, D.C. 20234 

ABSTRACT 

As part of a study of plating on aluminum, the deposition of thin zinc films 
on aluminum substrates was investigated by transmission electron microscopy 
and by electron diffraction. Zinc coatings on 99.999% aluminum were formed 
by immersion in aqueous solutions of sodium zincate. It was found that zinc 
initially forms epitaxial semicontinuous films on all aluminum principal planes. 
Subsequent zinc growth continued in the form of separate crystallites (2000A 
diam) which grew upon the initial film while continuing to maintain the epi- 
taxial relationship. Using dark field transmission electron microscopy in com- 
bination with electron diffraction, it was found that Zn: (0001) <10i0>//A1 
(I00) <010>, Zn: (OO01) <II2-0>//AI (110) <Iii>, and Zn: ('0001) <i120>// 
A1 (111) <1]-0>. 

The literature covering epitaxial deposits on alumi- 
num is rather limited presumably due to the difficulty 
in obtaining an oxide-free aluminum surface. Dorey, 
however, has reported (1) that in high vacuum (~5 • 
10 -7 Pa), nickel evaporated onto (111) aluminum held 
at 40~ forms epitaxial islands of A1Ni. As the tempera- 
ture was raised to 250~ a continuous layer of AI~Ni 
was formed with no preferred orientation. At 330~ un- 
stable elongated regions showing a (110) preferred 

Key words: films, electron, diffraction. 

orientation were observed. These regions tended to 
form spheres, presumably to minimize their surface. 
area. The aluminum substrate used by Dorey was 
formed by evaporation of the aluminum onto rock salt, 
again at high vacuum. Jona (2) has reported good auto- 
epitaxy of aluminum at room temperature. His speci- 
mens were prepared by evaporation of aluminum at 
similar vacuums onto single crystal aluminum sub- 
strates which had undergone elaborate cleaning steps. 
Substrates of (100), (110), and (111) orientations 

I~ig. 1. (a) A dark field TEM mlcrograph of a single hexagonal crystallite taken with a (002) aluminum reflection. (b) The corre- 
sponding selected area diffraction pattern of the (100) zincated aluminum (solution I). 
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Fig. 2. (a) A single hexagonal zinc crystallite on a (110) aluminum substrate, the selected area diffraction pattern is superimposed. (b) 
A dark field micrograph of a (110) zincated aluminum substrate taken with a (111) reflection (solution I). 

were considered. In  all cases epitaxy was found, and on 
the (110) surfaces Jona found that  there were indica-  
tions of (111) facets present.  

In  spite of many  studies of zinc-coated a luminum 
(3-9), there have been no reports of zinc epitaxy on 
a luminum substrates. In  an investigation of the zincate 
process, Bullough and Gardam (4 ) specu la ted  that  ad-  
hesion between zinc and a luminum might  very well 
depend on the degree of epitaxy between the deposit 

Fig. 3. A dark field micrograph of a (110) zincated specimen 
taken with a (220) reflection, illustrating the initial growth of a 
rectangular crystallite. Note the bend contours within the trans- 
parent zinc crystallites of hexagonal morphology. 

and the substrate, and they gave several examples of 
orientations of zinc which would be expected on the 
a luminum principal  planes; however, no exper imental  
evidence was presented to support  their  theory. Bailey 
(8) published an x - r ay  and electron diffraction study 
of zincated a luminum,  concluding that  the zinc film 
was covered with separated small  single crystallites of 
zinc. He also offered evidence to support  the existence 
os small  amounts  of zinc hydroxide on the surface. 
However, no informat ion  on the substrate or ientat ion 
was presented nor was the morphology described. 

The zinc immersion process is used extensively as 
the first step in electroplating on a luminum (10). Es- 
sentially, the process is s imply the immersion of a very  
clean a luminum substrate into an aqueous solution at 
23~ of sodium hydroxide and zinc oxide. The a lumi-  
num oxide is dissolved in  solution and a displacement 
reaction takes place, where ideally two a luminum 
atoms pass into solution for every three zinc atoms de- 
posited on the surface. It has been shown (11), how- 
ever, that the reaction which takes place in solutions 
containing ferric chloride and Rochelle salt (s tandard 
additions) is more complex. 

Procedure 
Specimens of 99.999% a l u m i n u m  were electropol- 

ished to electron t ransparency using a twin jet  tech- 
nique. The electrolyte used was a solution of 15% 
perchloric acid in methanol  cooled to 250~ In  most 
cases it was possible to stop the polishing before the 
specimens were perforated. After  appropriate rinsing, 
the specimens were zincated for 60 sec on one side us- 
ing either of two solutions. Solut ion I consisted of 525 
g /dm 3 sodium hydroxide and 100 g /dm 3 zinc oxide in  
distilled water. Solution II had, in addit ion to the 
above, 1.0 g /d in  3 ferric chloride and 10 g /d in  3 Rochelle 
salt. The specimens were examined in  t ransmission 
electron microscopes at 100 or 200 kV. Both micro- 
scopes used in this invest igat ion were equipped with 
ant icontaminat ion stages and double t i l t  specimen 
holders. 

Results 
A dark field micrograph of a single crystalli te of 

threefold symmetry  is shown in  Fig. l ( a )  along with 
its associated selected area diffraction pa t te rn  in 1 (b).  
This micrograph of (100) a luminum was taken with the 
(002) reflection and, as will  be discussed below, indi-  
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cates that  this  zinc c rys ta l l i t e  is ep i tax ia l  on the  (100) 
substrate .  

On subs t ra tes  of the (110) or ientat ion,  s imi la r  
resul ts  a re  observed.  A single hexagona l  c rys ta l l i t e  
wi th  i ts selected area  diffract ion pa t t e rn  super imposed  
upon it  is shown in Fig. 2 (a ) .  Note tha t  hexagona l  
crys ta l l i tes  a re  observed on both (100) and (110) sub-  
strates,  ind ica t ing  tha t  (0001) zinc can grow on e i ther  
or ientat ion.  A da rk  field mic rograph  t aken  wi th  a 
(111) reflection as shown in Fig. 2(b)  indicates  tha t  a 
n u m b e r  of crys ta l l i tes  ma in ta in  an ep i tax ia l  r e la t ion-  
ship to the  substrate .  In  Fig. S one sees another  da rk  
field mic rograph  of a (110) substrate ,  t aken  this t ime 
wi th  the  (220) reflection which i l lus t ra tes  the in i t ia l  
stages of g rowth  of a r ec t angu la r  c rys ta l l i te  as wel l  as 
the genera l  morpho logy  of the zinc on subst ra tes  of 
this or ien ta t ion  (solut ion I ) .  

Zinc films deposi ted  f rom solut ion II  show s imi la r  
ep i tax ia l  re la t ionships  to the  subs t ra te  as those formed 
f rom solut ion I. Fo r  example ,  a single hexagonal  c rys -  
ta l l i te  is shown in the b r igh t  field TEM mic rograph  
of Fig. 4(a)  wi th  i ts cor responding selected area  di f -  
f rac t ion pa t t e rn  in Fig. 4 (b ) .  A d a r k  field mic rograph  
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taken  wi th  the (220) reflection shows the same c rys ta l -  
l i te  in b r igh t  contras t  in Fig. 4 (c ) .  

On {111} grains,  the ep i t axy  be tween  the zinc and 
the a luminum manifests  i tself  in Moir~ fringes, as 
shown in the br igh t  f i e ld -da rk  field pa i r  in Fig. 5 (a )  
and (b) wi th  the corresponding selected a rea  diffrac-  
t ion pa t t e rn  in  5 (c) .  

A more  or  less continuous thin film of zinc formed 
from the g rowth  and coalescence of numerous  nuclei  is 
seen in the br igh t  field mic rograph  of Fig. 6 of deposits  
p roduced  f rom solut ion II. Note the  contras t  change 
f rom br igh t  to da rk  across the  bend contour.  The zinc 
seems to have been  nuclea ted  in discrete  a reas  and  
eventua l ly  grows into connect ing regions, many  of 
which exhib i t  th reefo ld  symmet ry .  Coatings formed 
f rom solut ion I also seem to form noncont inuous zinc 
films as shown in the  b r igh t  field TEM mic rograph  of 
Fig. 7. 

Discussion 
Zinc deposits  fo rmed  from both kinds  of solut ions 

considered here  can give rise to ep i tax ia l  films. Con- 
s ider  first the (100) a luminum plane whose atomic 
posit ions are  shown in Fig. 8 and upon which  the zinc 

Fig. 4. (a) A single hexagonal crystallite (solution II). (b) The 
corresponding selected area diffraction pattern. (c) A dark field 
micrograph of the same crystal taken with a zinc ~1010~  reflec- 
tion. 
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Fig. $. (a) A bright field micrograph of a polycrystalline alu- 
minum specimen. The (111) groins exhibit Moir6 fringes due to 
(0001) zinc epltaxy. (b) Corresponding dark field micrograph taken 
with a (220) reflection. (c) Corresponding selected area diffraction 
pattern. 

(0001) plane has been fitted in  such a way that  the 
a luminum [010] direction lines up with the [1100] 
directions in  the zinc, only one of which is shown in 
Fig. 8. The zinc misfit in  the <100> direction is given 
by the zinc spacing ,~2.308_s minus  the a luminum 
spacing ~2.024A, divided by the zinc spacing, or about 
12.3%, which is wi th in  the Royer rule of epitaxy 
(,--15%) (12). A diffraction pa t te rn  from such an 
atomic a r rangement  would be expected to show a dis- 
torted pa t te rn  in  one direction superimposed upon a 
normal  a l u m i n u m  pattern.  The (002) and (002) alu-  
m i n u m  spots should coincide approximately with the 
zinc (1-100) and (1-100) spots. One might, in  addition, 
observe extra spots due to double diffraction. The dif- 
fraction pa t te rn  seems to correspond quite well  with 
that expected with exception that  the (1010) and 
(10T0) spots are absent. This is thought to be due to a 
substrate slightly ti l ted out of the diffraction condition 
for these planes. The double diffraction spots are indi-  
cated on Fig. 1 (b).  I t  can, therefore, be concluded that 
the (0001) zinc is epitaxial  on (100) a luminum.  

Consider now (110) a luminum planes. At least three 
possibilities exist for zinc to be epitaxial  on a sub-  

strate of this orientation.  The first shown in  Fig. 9 
is a match between the zinc (01"10) plane and the alu-  
m i num so that  the [100] a luminum direction aligns 
with the zinc [0001] direction. In  this situation, for 
every a luminum atom there exactly corresponds a 
zinc atom. The misfit be tween atoms in  AI: [100] is 
about 7.5% while in the other direction, A1 [110], the 
misfit is about 18%. The symmetry  of crystalli tes grow- 
ing with this or ientat ion would, of course, be twofold. 
The second possibility for an epitaxial  a r rangement  of 
the zinc on a luminum is given by a (0110) zinc plane;  
however, this t ime consider a rotat ion of the zinc in 
such a way that the <111> a luminum direction is 
parallel  to the zinc [0001] direction. In  this case the 
misfit in  the [001] a luminum direction is essentially 
0% and in  the [110] a luminum direction about 1.5%. 
This reduction in misfit comes at the expense of two 
unpaired atoms of the zinc as shown in Fig. 9(b) .  
Lastly, consider the case of the zinc (0001) or basal 
plane oriented on the (110) a luminum in such a way 
that the [11~0] direction in  the zinc coincides with 
one of the a luminum <111> directions. In  this case, 
the misfit in  the [100] a l u m i n u m  direction is 12% and 
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Fig. 6. Bright field micrograph of initial stage of zinc growth 
from solution I. 

Fig. 8. The atomic positions in the (100) aluminum plane with 
(0001) zinc oriented such that <1010>//<100>. 
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Fig. 7. Bright field micrograph of initial stage of zinc growth from 
solution II. 

in the  [110] d i rec t ion  7.5%. Unpa i red  zinc atoms do 
exis t  as shown in Fig. 9; however ,  these unpa i red  zinc 
atoms would  l ine up wi th  very  l i t t le  misfit wi th  the  
a luminum atoms on the p lane  immed ia t e ly  be low the 
surface. In  addit ion,  e rys ta l l i tes  growing wi th  this  
o r ien ta t ion  would  have  th reefo ld  symmet ry .  The spots 
associated wi th  the  (0110) zinc or ienta t ion  have  not  
been observed;  see, for example ,  Fig. 4 (b) .  As the  zinc 
on this or ien ta t ion  has been observed  to have both  
two, three,  and  s ixfold symmet ry ,  and because the 
diffraction pa t te rns  f rom (0001) zinc would  about  
coincide wi th  tha t  of (110) a luminum,  and because  the  
zinc shows up in br igh t  contras t  in da rk  field when  one 
of the  a luminum spots is used to form the image, i t  
can be concluded tha t  i t  is the (0001) zinc orientat ion,  
as descr ibed in Fig. 9(c) ,  which  is ep i tax ia l  on the  
(110) a luminum.  

m 

Fig. 9. (a) A (110) aluminum substrate on which a (0110) zinc 
(prism) plane has been fitted so that the zinc [0001] is parallel 
to the [011] direction in aluminum. (b) A (110) aluminum sub- 
strate on which a (01T0) zinc (prism) plane has been fitted so that 
the zinc [0001] direction is parallel to the aluminum [111] di- 
rection. (c) A (111) aluminum substrate on which a (0001) zinc 
plane has been fitted so that the [1120] direction in zinc aligns 
with the [111] aluminum direction. 

The last  a luminum pr inc ipa l  p lane  to consider  is the 
(111). As shown in Fig. 10, the  (0001) zinc p lane  is 
quite a good fit. The mismatch  of 7.4% is symmetr ica l .  

Fig. 10. The atomic positions in the (!11) plane with (0001) 
zinc orientated such that <1120>//<110>. 
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Because of this symmetr ical  mismatch, the Moire 
fringes shown in  Fig. 5 are not unreasonable.  If the 
fringes are due only to a t ransla t ional  mismatch, the 
spacing between them is given by 

D (fringes spacing in A) -- - -  
did2 (2.8662).(2.665) 

did2 2.8662--2.665 

[1] 
-- 38A 

As seen in  Fig. 5, for the most part  the fringe spacing 
is ra ther  close to this n u m b e r  with the exception of 
one grain  where the spacing is 140A. Again, because of 
the symmetry  of deposits on grains of this or ientat ion 
in  combinat ion with the above arguments,  i t  seems 
reasonable that  on (111) a l u m i n u m  that  zinc (00Ol) 
is epitaxial on the a luminum,  and, moreover, zinc on 
this or ientat ion can be continuous. 

The importance of this finding of epitaxy of zinc on 
a luminum can be understood in  terms of the re la t ion-  
ship of epi taxy to adhesion of two metals. The adhesion 
between two surfaces in contact can broadly be under -  
stood in  terms of their respective surface energies, % 
and the energy of their mutua l  interface, ~i. Bonding 
between these two materials  can be characterized by 
an associated energy of adhesion, EA~. This energy of 
adhesion is that  energy necessary to take an atom 
from a distance of approximately  one lattice distance 
to infinity and can be expressed (13) in  terms of the 
surface free energy "vs for two materials  a and b as 

E A d :  "Ys,a ~- 7s,b -- 7i,ab [2] 

where ~i.ab is the interracial  energy of the two metals 
in contact. If, for example, the two metals are identical  
then 

Ead = 2'7s -- ~i [3] 

The adhesion between two materials  therefore de- 
pends on the interracial  energy. In  the case of perfect 
epitaxy, the adhesive energy reaches a ma x i mum 
value given by 

Ead = 27a [4] 

The value of 7i therefore varies with the na tu re  of 
the boundary.  The lowest values general ly  are epi- 
taxial interfaces, increasing with twins, stacking faults, 
low angle boundaries,  and grain boundaries.  

It has been shown exper imenta l ly  (14) that the 
adhesive energy Ead between two dissimilar metals 
increases with not only the degree of epi taxy but  also 
with the surface energy. This finding is consistent with 
Eq. [2]. 

Conclusions 
It has been demonstrated that  zinc deposited from 

room temperature  (300~ solutions of sodium zincate 
forms thin epitaxial  films on all the pr incipal  planes 
of a luminum.  The morphology of the zinc deposits has 
been characterized for the first t ime as a th in  semi- 
continuous film upon which larger epitaxial  crystallites 
grow in such a way that  Zn: (0001) ~1010>/ /AI :  
(100) ~010>,  Zn: (0001) ~112--0>//A1 (110) ~111>,  
and Zn: (0001) ~ l 1 2 0 ~ / / A l :  (111) ~ 1 ] 0 > .  The ad- 
hesion of zinc to a luminum is thought  to be aided by 
the low energy epitaxial  boundaries  be tween the zinc 
and the a luminum.  
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ABSTRACT 

The anodic sectioning of a metal  permits  successive atomically th in  layers 
(2.6-17 nm in  the case of Be) to be removed from the surface of macroscopic 
specimens. The procedure with Be is based on forming an amorphous anodic 
film in  an ethylene-glycol  based electrolyte containing sulfate and phosphate 
ions, followed by dissolving the film in  10% KOH. The inorganic ions replace 
par t  of the O 2- in  the anodic film, the empirical  result  of this being that  P -con-  
ta in ing ions reduce the dissolution rate dur ing  anodizing whereas S-conta in-  
ing ions increase the dissolution rate of a l ready-grown films in KOH. Thick- 
ness calibrations, based on a combinat ion of measur ing weight changes and 
analyzing depth-dis t r ibut ion curves for implanted  radioactive ions, may be 
expressed as follows 

meta l - removal  thickness ---- --0.18 -t- 0.066 • volts ~g/cm~ 

anodic-film thickness ---- --0.7 ~ 0.23 • volts ~g/cm 2 

The logic used for arr iving at the results is developed So that  it can in p r in -  
ciple be used as a guide for establishing anodic-sectioning procedures with 
still unstudied systems. Examples of depth distr ibutions of 5, 15, and 80 keV 
Kr  § in both Be and the anodic film on 

Over the past 20 years, various approaches for the 
microsectioning of solids have been developed. These 
include chemical dissolution (1-3), anodic sectioning 
(4-15), formation and dissolution of films other than  
oxides (16), v ibratory polishing (17), bombardment -  
induced solubil i ty of surface layers (18, 19), and sput-  
ter ing (20-22). These techniques have their main  ap- 
plications in  measur ing depth distr ibutions of im-  
planted ions and radiat ion damage, and in de termining 
diffusion coefficients at low temperatures  (23). 

While anodic sectioning is probably the most effective 
microsectioning technique of all, there is a severe 
problem in that  it is not universa l ly  applicable. Not 
only is it re levant  only with metals, but  for some t ime 
procedures were available only for A1 (4), W (5). Si 
(6-8), Au (9), and, to some extent, Nb and Ta (10). 
More recently, programs under taken  in  our laboratory 
(11-13) and elsewhere (14, 15) have made possible the 
anodic sectioning of Mo (11), V (12), Nb, Ta (13), Ag 
(14), and Cu (15), and have extended the accessible 
voltages with W from 75 (5) to 140V (13). It is now 
possible to microsection elements having masses rang-  
ing from 27 to 197. 

We will consider here the anodic sectioning of Be, 
which is the lowest mass target  that  can be conveni-  
ent ly  worked with in the field of atomic collisions. The 
difficulty in the anodic sectioning of Be appeared at 
first sight to lie in  establishing conditions under  which 
a barr ier- type,  stable, amorphous film could be formed. 
We showed previously (24), however, that such films 
were easily obtained by the use of electrolytes based 
on ethylene glycol which is saturated with Na2HPO4 or 
KH,zPO4 or both Na2HPO4 and Na2SO4. As will be 
seen, these films are readily soluble in KOH and thus 
permit  uniform layers 2.6-17 nm thick to be removed 
from Be. 

An  impor tant  aspect of what  follows is that  an at-  
tempt will be made to establish a "logic," in  so far as 
one exists, for anodic sectioning. We will, for example, 
show why in the par t icular  case of Be the electrolyte 
must  contain both sulfate and phosphate ions, and not 
just  one or the other. We will also emphasize that the 
electrolyte chosen for Be has a pH which corresponds 
to a passive region in the Pourbaix  diagram (25), the 
same being true for most other anodizable systems 
(26). 

* Electrochemical  Society Student Member .  
** E lec t rochemica l  Society Act ive  Member .  
1 Present  address: Department  of Energy ,  Mines, and Resources ,  

Ot tawa,  Ontar io ,  Canada.  
2 p r e s e n t  address :  IBM T h o m a s  J. Watson  Resea rch  Center ,  

Y o r k t o w n  Heights ,  Ne w York 10598. 
Key words: films, electrolyte,  anode, oxidation, 

Be are given. 

Experimental 
The Be specimens, obtained from Ventron Corpora- 

tion (Alpha Products) ,  were polycrystal l ine foils which 
were 0.25 mm thick and had a pur i ty  claimed to be 
99.5%. Most of the experiments  involved specimens 
with dimensions 25 • 12.5 mm. The surfaces were 
prepared by an init ial  polishing with SiC papers, fu r -  
ther polishing with 6 ~m diamond paste using kerosene 
as a lubricant ,  and five anodic sectionings at 50V. All  
polishings were carried out in a special fume hood re- 
served for this project owing to the toxicity of Be. 

Anodizings were carried out at room tempera ture  
(~22~ using a power supply such that l imits to both 
the current  and potential  could be preset (Hewlett-  
Packard Model 6186B). The specimens were half  sub-  
merged in the electrolytes, with the re levant  areas de- 
termined in hindsight  from the interference colors. 
The electrolytes were nei ther  st irred nor  protected 
from air, and, in view of the possibility of decomposi- 
tion, were discarded after five anodizings or one hour, 
whichever came first. For the 25 • 12.5 mm speci- 
mens, the cathode consisted of Pt  gauze in the form 
of a cylinder with an inside diameter  of 25 mm. Larger 
specimens were sandwiched between a cathode con- 
sisting of two sheets of Pt. 

The detection and profiling of impuri t ies  in the 
anodic films was carried out with a secondary-photon 
spectrometer. This consisted of a mass-separated ion 
beam (12 keV Kr +) s tr iking a target with the target 
surface viewed, via a quartz lens, by a 0.25m Jar re l l -  
Ash Model 82-410 monochromator.  A refrigerated pho- 
tomult ipl ier  tube (EMI Model 6256 QB) served to de- 
tect the photons from atoms sputtered in excited states. 
Surface oxygen was detected from the enhancement  of 
the Be signal at 235 nm [a similar  effect occurs with 
A1 (27)], and S and P were detected from the weak 
emissions at, respectively, 393 and 215 nm (28). As 
the beam profile was quite irregular,  the results must  
be regarded as somewhat approximate.  

Anodic Sectioning of Be 
Choice o~ eIectroZyte.--The main  requirements  of an 

electrolyte to be used for anodic sectioning are that  
it should lead to films which are s imultaneously  bar -  
r ier- type,  stable, and amorphous. Being bar r ie r - type  
normal ly  assures that a uniform, voltage-dependent ,  
l imit ing film thickness exists (3); s tabil i ty assures, in 
a general  sense, that the film does not dissolve exten-  
sively in the electrolyte dur ing formatiou: while 
amorphici ty often plays a role in enabl ing films to be 
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chemically stripped without  the metal  substrate being 
attacked. We showed previously (24) that  the most 
interest ing electrolytes for Be are those consisting of 
ethylene glycol saturated with Na2SO4, Na2CO~, 
Na2B407, Na2HPO4, KH2PO4, or a mixture  of Na2HPO4 
and Na2SO4, the last being designated "electrolyte A." 

They were all inferred to lead to bar r ie r - type  films, 
thence uniform, voltage-dependent ,  l imit ing film thick- 
nesses, on the basis of the V-t  and I-t  characteristics 
[Fig. 5 of Ref. (24)]. 

F i lm stabil i ty was evaluated in  two ways. Approxi-  
mate current  efficiencies were estimated by comparing 
j'Idt, i.e., the area under  the I - t  curves, with the film 
weight as determined using electrolyte A and assum- 
ing a composition BeO. The results, shown in column 4 
of Table I, are subject  to the uncertaint ies  that  the 
films were l ightly doped with S and P, and that the 
weights for electrolyte A are not necessarily fully cor- 
rect. In  spite of this, there is l i t t le doubt that  the 
phosphate-containing electrolytes yield the highest ef- 
ficiencies, thence the most stable films. 

Stabil i ty was also examined in  terms of the extent  
of Be metal  dissolution dur ing  a full anodizing cycle. 
Be specimens were implanted with 30 keV SSKr (beta-  
active) to a dose of 2 • 10 x5 ions/cm 2, and the radio-  
activity was noted before and after 2 or 4 min  anodiz- 
ings with presettings of 50V and 3.0 m A / c m  2 (column 
5 of Table I).  If the activity profile is approximated 
as exponent ial  

in tegral  concentrat ion -- e x p ( - -  [xln2]/Rm) [1] 

where the median range Rm can be taken from Fig. 7 
(to follow) as 25 nm, inferred Be losses are obtained 
as in  column 6 of Table I. Min imum losses clearly oc- 
curred with the phosphate-containing electrolytes. It 
is readily seen from Fig. 7 (to follow) that  the as- 
sumption of exponent ial  profiles underest imates  thick- 
nesses in the range 90-100% activity. Specimens which 
were sectioned to about 50% activity and which should 
be accurately exponent ial  with Rm ---- 25 nm were 
therefore used in  conjunct ion with electrolyte A and 
the Be loss was redetermined to be 2 • 0.5 nm. Even 
with this approach there is a major  uncer ta in ty  in 
that the iner t -gas  marker  would tend to be buried to 
an extent  which cannot  be determined owing to film 
being formed in  part  by the outward migrat ion of Be. 
This causes the Be losses to be underest imated and 
they are therefore indicated as being lower limits i n  
Table I. 

It  is worth  not ing that, however imperfect  is the 
informat ion in  Table I, the two approaches as em-  
bodied in  columns 4 and 6 lead to similar  conclusions. 

Table I. Approximate current efficiencies and metal losses in 
ethylene-glycol based electrolytes for 2 or 4 min anodizings of 

Be with presettings of 50V and 3 mA/cm 2 a 

E l ec t ro l y t e  Total Fraction In- 
(ethylene gly- anod- of Kr f e r r e d  
col  sa turated  izing implanted loss  of  
with indicated  t i m e  Current which is Bee 

c o m p o u n d )  pit (rain) efficiency b retained (nm) 

1. Na2SO~ 
2. Na~COs 
3. NaeB40~ �9 

10 H=O 
4. Na~IPO4 
~. KH~O, 
6. 1:1 m i x t u r e  

o f  (1) and 
(4) ("elec- 
trolyte A') 

6 4 0.18 ~- 0.03 0.73 - -  0.04 -----11 
10 4 0.23 ~ 0.03 0.88 - -  0.04 ~--5 

6 4 ~ 0.92 - -  0.04 -----3 
8.8 2 0.90 ~ 0.04 0.994 • 0.008 ~ - - 0  

2 0.89 • 0.04 0.994 -~ 0.008 

7.5 2 0.67 ~- 0.04 0.986 • 0.006 ~ 1  

a With pres e t t i ngs  of  ( for  e x a m p l e )  50V and 3 mA/cm ~, the  
anodizat ion p r o c e e d s  at 3 mA/cm 2 until 50V is r e a c h e d  and then 
w i t h  decreas ing  curren t  unti l  the process is t erminated .  

b Deduced by comparing fldt w i t h  the  film weight as determined 
us ing  e l ec t ro l y t e  A and assuming a compos i t ion  BeO: see  Eq. [3]..- 
The errors  do  not take into account  any assoc iated  w i t h  the  com- 
position of  the  anodie  film. 

c D e d u c e d  by subst i tut ing  the  va lues  of  Kr re tent ion  f r o m  pre- 
ced ing  c o l u m n  into  Eq. i l l  

This is that the ordering of the electrolytes in terms 
of the stabili ty of the films is 1-2-3-6-4/5. (Electrolytes 
4 and 5 are equivalent.)  Also, the approaches are 
amenable  to a high degree of repeatabi l i ty  and are 
rapid. 

The question of the amorphici ty  of the films was 
dealt  with previously (24). The films formed with 
electrolyte A were amorphous in  the sense that  the 
reflection electron-diffraction pa t te rn  showed halos. 

I t  is interest ing to note that  the pH's of the elec- 
trolytes in  Table I range from 6 to 10, for according 
to the Pourbaix diagram (25) reproduced in Fig. 1 such 
values all lie within the "passive" region. A similar  
correlation is also found for other anodizable systems 
(26). The following electrolytes had pH's lying outside 
of 6-10 and all showed unacceptably  high extents of 
metal  dissolution with Be, the la t ter  being given in  
the second bracket  in  nm: a CrO3-HNO~ mixture  (29, 
30) ( ~  40 nm) ,  1% HeSO4 (~-- 120 nm) ,  1% HNO3 
(--~ 50 nm) ,  1% KOH ( ~  60 nm) ,  0.5M Na2CO~ (31) 
(~- 50 nm) ,  an acetic-acid based mixture  (11, 12) (--  60 

nm) ,  a (C2H5)2SO4-H2SO4 mixture  (13) (~-- 90 nm) ,  
(C2H~)2HPO4 ( ~  90 nm) .  It is possible that  Pourbaix  
diagrams, al though normal ly  used only in  low-voltage 
work, may be an impor tant  guide to electrolyte choice 
in high-voltage applications, as here or in  Ref. (26). 

Feasibility of doping.--In cases such as Ag, Au, Cu, 
Mo, Si, V, and W, the anodic films have na tu ra l ly  a 
high chemical react ivi ty and are therefore easily dis- 
solved for the purpose of anodic Sectioning. In  other 
cases, such as Hf, Nb, Ta, and Zr, the converse is true 
and one seeks to al ter  the film chemistry by incorpo- 
rat ing ions from the electrolyte. To accomplish this 
it  is essential ei ther that  a significant par t  of the film 
form by the outward motion of cations, or that the 
dopant be mobile. 

Explicit  informat ion on the occurrence of incorpo- 
rated ions is obtained by sputter  profiling. To this end 
we have anodized Be for 2 min  in  electrolyte A and 
have then bombarded the specimens with 12 keV Kr+ 
while measur ing the secondary-photon emission from 
Be, S, and P. Results as in Fig. 2 and 3 were obtained. 
Oxygen was not detected directly but  ra ther  was in-  
ferred from the enhancement  (27) of the Be signal. 
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Fig. I .  Potentlal-pH diagram for the system beryllium-water at 
25~ in simplified form after Pourbalx (25). Line a is drawn for 
[Be 2+]  - -  IO-SM and line b for [.Be2032-] ~ 10-6M. 
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~ig. 2. ~omposition-depth profiles obtained by m~asurlng second- 
ary-photon yields for P and for Be in the anodic film. Sputtering 
was undertaken with 15 ~A/cm 2 of 12 keV Kr +, P was detected at 
~, - -  215 nm, and Be in the anodic film was inferred from the oxy- 
gen-induced enhancement of the Be signal at ~ = 235 rim. 
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Fig. 3. Like Fig. 2 but for S, which was detected at ~. = 393 nm 

I t  is clearly feasible to dope anodic BeO, with the 
films, in  fact, being chemically altered throughout  most 
of  their thickness. 

The ratio of the half- t ime,  t~/~, for S or P to that  for 
oxide, which can be deduced al though not wi th  high 
precision from Fig. 2 and 3, is 0.75 + 0.07 (total of 8 
specimens).  If we postulate that  S and P are incorpo- 
rated only at the outer surface and are subsequent ly  
immobile, it  would follow that  the cation t ransport  
number  (the fraction of the ionic current  carried by 
cations) is also 0.75 • 0.07. Given that  the cation t rans-  
port  number  for A1 is 0.33-0.72, for Nb or Ta is 0.28 • 
0.03, and for Zr or Hf is 0.05 (32, 33), Be would appear 
to have the highest value amongst  systems present ly  
studied. If the S and P were mobile [as with Ta205 
(34)], the cation t ransport  number  would be <0.75. 
We would suggest that  it is unrealist ic to t ry to obtain 
t ranspor t  numbers  from informat ion as in  the present  
work owing to the problem of whether  the supposed 
marker  is mobile. 

Stripping step.--The search for a solvent for an 
anodic film is largely empirical, though is simplified 
if the film is labelled with a radioactive tracer. Be 
specimens were accordingly implanted with 30 keV 
SSKr, anodized for 2 or 4 min  with presett ings of 50V 
and 3.0 m A / c m  2 in each of the six electrolytes of Table 
I, and exposed to a solvent. By considering the re-  
siduai activity as in Fig. 4 it was found that  10% KOH 
had an opt imum behavior provided the electrolyte 
contained Na2SO4. Results are summarized in  Table II. 
Other solvents considered were sulfuric acid, which 
at tacked the metal, and solutions of Be salts, which 
were too slow. It  had been hoped that  solutions con- 
ta in ing Be 2+ would remove the anodic film by the 
formation of complex ions (35). 

Since phosphate incorporat ion minimized the dis- 
solution losses dur ing  anodizing and sulfate incorpo- 
rat ion optimized the s tr ipping behavior  of a lready- 
grown films, it  follows that  a mix ture  might  combine 
the behavior.  The results were favorable (Tables I 
and II) .  

The dissolution "end point," e.g., as marked on Fig. 
4, was checked from the point  of view of its actual  
representat ion of complete film stripping. In  one series 
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Fig. 4. Dissolution of anodic films on Be as inferred by the loss of 
radioactivity that was introduced prior to anodization as 2 X 1015 
ions/cm 2 of 30 keV S5Kr. Films were formed for 2 or 4 min and 
with a preset current density of 3 mA/cm 2 at the voltages in- 
dicated in ethylene glycol saturated with the indicated compounds. 
Solvent: 10% KOH at ,~20~ 

of  experiments,  specimens were anodically sectioned 
in electrolyte A at 50V 10-12 times. There was no evi- 
dence for accumulated film and the V-t curves were 
fully reproducible. The second check was done by 
noting the value of the ini t ial  voltage rise in the 
anodizing cell while applying a very small  current  
density of 30 ~A/cm 2. The ini t ial  voltage rise always 
lay in the region < 1V, corresponding to roughly <2  
n m  if one assumes the approximate relation, valid for  
vir tual ly  all anodizable metals, (thickness in  nm)  
(2.0 ___ 1.0) X V. 

Summary of anodic-sectioning procedure.--In sum-  
mary,  the films formed by anodizing Be for 2 rain with 
a preset current  density of 3 mA / c m 2 in electrolyte A 
at up to 50V could be completely stripped within  2 
min  in 10% KOH solution. Electrolyte A, consisting 
of a 1:1 mix ture  of ethylene glycol saturated with 
Na2SO4 and ethylene glycol saturated with Na2HPO4, 
is chosen as leading to films having s imultaneously 

Table II. Rates of dissolution of anodic films on Be and of Be metal 
in aqueous KOH at ,-~20~ The films were formed as in Table I 

and the thicknesses are contingent on the film densities being 
3.01 g/cm e 

Electrolyte 
(ethylene gly- Rate of Rate of 
col saturated anodic-film Be metal 

with indicated dissolution dissolution 
compound) Solvent (nm/sec) (nm/sec) 

1. Na~O~ 10% KOH 2 0.05 
2. NaeCOa 10% KOH 0.1 0.05 
3. Na~HPO~ 10% KOH 0.05 0.05 
4. 1:1 mixture ( S a t .  KOH Veryrapid 2.0 

of (1) and ~ 10% KOH 1.0 0.05 
(3) ("elec- trolyte A") 1% KOtt 0.1 0.007 
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low dissolution losses dur ing anodization and opti-  
m u m  str ipping behavior  of a l ready-grown films. 

Thickness Calibrations 
Metal-removal thicknesses.--Two methods were em- 

ployed to determine meta l - removal  thicknesses. For  
larger formation voltages (25-50V), weight-loss w a s  
used directly while for smaller  voltages (10-20V) the 
depth-dis t r ibut ion method (12) served to estimate the 
ratio ( th ickness) / ( th ickness  at 50V). In  the weight-  
loss method Be specimens were weighed, anodized and 
stripped 5 to 12 times, and then reweighed. In  the 
depth-dis t r ibut ion method, specimens were bombarded 
with 30 keV SSKr to a dose of 2 X 1015 ions/cm 2 and 
the residual radioactivities were noted after repeated 
sectionings at a given low voltage. For example, t h e  
residual  activity in three specimens after 20 sectionings ~ 
at 10V was fodnd to be 0.16 -4- 0.03. According to a 30 
keV depth-dis t r ibut ion curve constructed from section- 
ings at higher voltages (Fig. 7, to follow), this activity 
corresponds to a thickness removed of 9.2 ___ 0.4 ~g/- 
cm2. The metal  removed in a single sectioning at 10V 
follows as being 0.46 +_ 0.08 ~g/cm 2. 

Overall  results, summarized in Table III  and Fig. 5, 
can be represented to wi thin  10% as follows 

meta l - removal  thickness 

-- --0.18 + 0.066 X volts #g/cm 2 

--1.0 + 0.36 • volts n m  [2] 

the nm form being contingent  on the density of Be 
being 1.85 g /cm 3. Figure 6 compares meta l - removal  
thicknesses for 8 systems permit t ing anodic sectioning. 

Anodic-film thicknesses.--Anodic-film thicknesses 
for 20-50V were determined by weight gain, using 
extra large specimens having a surface area of 20 cm 2. 
Thicknesses for 10-15V could, if desired, have been ob- 
tained with a modified depth-dis t r ibut ion method (12). 
The results, included in Table III  and Fig. 5, can be 
represented to wi thin  10% as follows 

anodic-film thickness = --0.7 + 0.23 • volts ~g/cm2 

--2.3 -t- 0.76 • volts nm [3] 

the nm form being contingent  on the density of the film 
being that  of BeO, 3.01 g/cm ~. The real density would 
be different as the films are nei ther  crystal l ine nor 
pure. 

It will  be noted that the observed film weights (solid 
l ine in Fig. 5) are greater than would be expected for 
pure BeO based on the metal  weights (dashed l ine) .  
The discrepancy is consistent with the evidence al-  
ready given in the section "Feasibil i ty of doping" 
for S and P incorporation and can be understood 
quant i ta t ive ly  if part  of the O 2- in the film is re- 
placed by (for example) SO42- or HPO4 ~- to yield 
a stoichiometry between BEO0.92(SO4, HPO4)0.0s and 
BeO0.93(SO4, HPO4)o.07. Whether  this incorporat ion 
arises by the l i teral  replacement of 02 -  to yield a 

Table III. Metal-removal and anodic-film thicknesses for Be 
anodized in electroyte A for 2 min with a preset current density of 

3 mA/cm 2 

Corre-  Cor re -  
A v e r a g e  s p e n d i n g  A v e r a g e  s p o n d i n g  

P r e s e t  m e t a l -  t h i c k n e s s  anod ic -  t h i c k n e s s  
p o t e n -  r e m o v a l  f r o m  f i lm  f r o m  

t i a l  t h i c k n e s s  Eq. [2] t h i c k n e s s  Eq.  [3] 
(V)  ( /~g/cm 2 ) (/~g/cme) ( /~g/cm -~ ) (/~g/cm~) 

i0  0.46 ----- 0.08 0.48 - -  - -  
15 0.95 "4" 0.15 0.81 - -  - -  
20 1.11 -+" 0.15 1.14 3.92 • 0.5 3.90 
25 1.42 ----- 0.15 1.47 5.06 ~ 0.5 5.05 
30 1.83 ~ 0.26 1.80 6.12 -- 0.5 6.20 
35 2.05 --+ 0.24 2.13 6.88 -- 0.5 7.35 
40 2.56 ~+ 0.35 2.46 8.14 --+ 0.5 8.50 
45 2.85 -~ 0.25 2.79 10.3 -- 0.5 9.66 
50 3.33 + 0.41 3.12 10.85 --+ 0.5 10.8 
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permitting anodic sectioning. The references are indicated after 
each symbol. The current-density presettings were as follows: AI 
(none), Be (3 mA/cm2), Mo, V, and W (2 mA/cm2), Nb and Ta 
(5 mA/cm2). Si of Ref. (6) (6 mA/cm2), Si of Ref. (7) (19-41 mA/ 
cm2). Si of Ref. (8) was very similar to that of Ref. (6). Ag(14), 
Au(9), and Cu(15) are not included as the anodic films are not pro- 
tective, so that the proper representation is rate of metal removal 
vs. current density. 

phase Be(O, SO4, HPO4), or by the physical t rapping 
of Na2SO4 or Na2HPO4, cannot be decided. For exam- 
ple, the fact that Na profiles (26) are much nearer  
the surface than S or P profiles (Fig. 2 and 3) conveys 
little information owing to the likelihood that  the Na 
could migrate outwards (36, 37). We also see no sig- 
nificance in  the result  that  the films crystallized to a 
product having the diffraction pa t te rn  of BeO alone 
(24). 

Depth Distributions in Be and the Anodic Film on Be 
In  view of the fact that, as already pointed out, Be 

is the lowest mass target that  can be convenient ly  
worked with in  the field of atomic collisions, a l im-  
ited number  of experiments  were carried out to de- 
termine the integral  depth distr ibutions of implanted 
5, 15, and 30 keV Kr + ions in Be and the anodic film 
on Be. 

With Be, sectioning was accomplished as in the sec- 
tion "Summary  of anodic-sectioning procedure," with 
an anodizing voltage of 20V for 5 keV and 50V for 30 
keV. Results based on a total of 48 exper imental  
points are shown in  Fig. 7 (solid l ines).  The repro- 
ducibil i ty was such that  the median  ranges, i.e., depths 
at 50% activity, could be specified to wi thin  about 10% 
as follows: 1.9 #g/cm 2 for 5 keV and 4.7 /~g/cm 2 for 
30 keV. 
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With the anodic film on Be the equivalent  of sec- 
t ioning was accomplished with the t ransmission tech- 
nique (38). This consisted of forming anodic films, im-  
p lant ing  85Kr ions and counting the radioactivity, 
s t r ipping the films, and then de termining  the residual 
activity in  the metal  substrate.  The results are shown 
in  Fig. 8 (solid l ines),  with median  ranges to wi thin  
10% as follows: 1.1 #g/cm ~ for 5 keV, 2.6 ~g/cm ~ for 
15 keV, and 4.1 ~g/cm 2 for 30 keV. 

Also shown in  Fig. 7 and 8 (dashed lines) are theo- 
retical distr ibutions constructed using an  Edgeworth 
expansion in integral  form (39) with the fourth mo- 
men t  ratio ~2 taken  as (40) 

5 

where fit is the th i rd -moment  ratio. This expansion is 
as follows 

1 
C int- = - - e r f c  (~/2 I/=) -- (2~)-Y= e x p ( - -  ~ /2 )  gQ) 

2 
[4] 

where ~ stands for ( x  -- < x > ) / A x  and g(~) stands for 

~1 '/~ ~1 
6 (1 -- ~2) + ~ .  (5~a _ ~5) + . . .  

The various ranges and moments  were assigned values 
appropriate to carbon (40). 

The results were in all respects as expected, with 
Be showing the usual  mixture  of random and chan- 
neled stopping and the anodic film on Be showing 
stopping in  fair agreement  with theory, thence main ly  
random. These results consti tute an independent  proof 
that  the anodic film is amorphous, the previous evi- 
dence being based on electron diffraction (24). The ex-  
cessive skewness found with the anodic film, confirmed 
also with WOs (19), is possibly due to inadequacies 
in  ei ther the Edgeworth expansion of Eq. [4] or the 
Thomas-Fermi  potential  under ly ing  the theoretical 
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Fig. 8. Integral depth-distribution curves for 5, 15, and 30 keV 
85Kr in the anodic film on Be. Dose: 4 X 1014 ions/cm 2. The 
dashed lines are the theoretical curves for amorphous BeO calcu- 
lated using Eq. [4] with ranges appropriate to carbon. 

ranges and moments.  We regard it as being unl ike ly  
that it is due to exper imental  deficiencies. 

Powers and Whaling (41) have given exper imenta l  
values for the range of Kr  in Be using the momen tum 
analysis of elastically scattered protons to accomplish 
the profiling. Their  values for inc ident  energies of 46 
to 500 keV may be extrapolated to give 4.6 __. 0.8 ~g/ 
cm 2 at 30 keV, the present  value being 4.7 _+. 0.3 ~g/cm 2. 

Summary 
Electrolytes consisting of ethylene glycol saturated 

wi th  inorganic salts and having a pH of 6-10 enable  
protective anodic films to be grown on Be at 10-50V. 
Those formed in the presence of phosphate showed the 
least dissolution dur ing  anodizing, those formed in 
the presence of sulfate showed (once grown) the 
most rapid rate of dissolution in aqueous 10% KOH, 
while those formed in the presence of both had the 
expected combined properties. 

The pH range 6-10 referred to above lies wi th in  
the "passive" region of the Pourba ix  diagram for Be 
(Fig. 1). A similar correlation is also found for other 
anodizable systems (26), suggesting that  Pourbaix  dia- 
grams may be an impor tant  guide to electrolyte choice 
in high-voltage applications. 

Sput ter  profiling combined with secondary-photon 
measurement  showed that  S and P were incorporated 
into the outer 0.75 _ 0.07 of the anodic films. The films 
were thus chemically altered throughout  most of their  
thickness, a fact which helps to explain why the com- 
position of the electrolyte referred to above affected 
the dissolution properties so strongly. 

The meta l - removal  and anodic-film thicknesses were 
shown to have values as given by Eq. [2] and [3]. The 
film "thicknesses," in real i ty  weights, were about 20- 
25% higher than expected from the meta l - removal  
thicknesses. This is unders tandable  in  view of the S 
and P incorporat ion referred to above. 
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Depth distributions in Be showed the expected mix- 
ture of random and channelled stopping, whereas those 
in the anodic film on Be were in fair agreement with 
theory, as if the stopping was mainly random. The 
lat ter  is of interest in constituting an independent proof 
that the anodic film is amorphous. 

The experiments undertaken here on the anodic sec- 
tioning of Be have been described in such a way as to 
emphasize a "logic," in so far as one exists. For exam- 
ple, a systematic effort was made to establish condi- 
tions under which an anodic film could be formed 
which was simultaneously barr ier- type,  stable, and 
amorphous. The Pourbaix diagram turned out to be a 
useful guide for choosing the pH. The possibility of 
incorporating foreign atoms into the anodic film in 
order to alter the film chemistry was confirmed by 
sputter profiling. Appropriate adjustment of the chem- 
istry then yielded the final film, namely one which 
was stable enough to be grown (due to P incorpora- 
tion in the case of Be) but still preserved a high re-  
activity towards KOH (due to S incorporation in 
the case of Be). 
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ABSTRACT 

Using 2 MeV l i th ium ions backscattering and t ransmission electron mi-  
croscopy techniques, some of the xenon atoms introduced by implanta t ion  in  
a luminum metal  under  the ini t ial  oxide layer  are shown to be t ransported by  
the moving metal -oxide  interface dur ing anodic oxidation. For specific anod-  
ization conditions (V at, T : 90~ this spli t t ing of the ini t ial  xenon dis t r ibut ion 
is in terpre ted in terms of bubble  formation and growth above a given local 
concentrat ion threshold. A schematic model for this behavior  evolution is 
proposed. This dose dependance is of practical interest  in the de terminat ion  of 
t ransport  numbers .  Although unambiguous ly  measured they may be subject  to 
significant systematic uncertaint ies  which are discussed. 

The de terminat ion  of cationic or anionic t ransport  
numbers  in the anodic oxidation of metals has widely 
used implanta t ion  of noble gases near  the surface of 
the material .  Locating the final position of the marker  
after anodization and thus extract ing t ranspor t  n u m -  
bers can be achieved either by using radio emitters 
(1, 2) or stable isotopes (3). The first case which is 
often associated with chemical sectioning has the ad-  
vantage of requir ing low implan ta t ion  doses ( typically 
1018 a toms/cm 2) while the second, which is based on 
Rutherford backscat ter ing analysis (RBS),  needs at 
least a ten  times larger  value. Neither in the previous 
work of Brown et al. (3) on a luminum,  using RBS, 
nor in  the investigations of Pr ingle  (4) on tantalum, 
using radiotracers, has "anomalous" behavior  of the 
implanted  rare  gases on anodization been reported. 
The final location of the marker  is unambiguous  what-  
ever the t ransport  n u m b e r  values may  be. Most of 
the foregoing investigations dealt  with implanta t ion 
into preformed oxide layers sufficiently thick to con- 
ta in  all  the implanted atoms. However, we have ob- 
served an anomalous behavior  when  xenon was im-  
planted into samples covered with only a thin layer  of 
oxide so that  some of the Xe atoms were located in  
the oxide and some in  the under ly ing  metal. The 
amount  of xenon implanted  was ~1015 a toms/cm 2, the 
energy was 30 keV. After  anodization of such samples 
the dis t r ibut ion of the marker  atoms was no longer 
coherent but  split into two distinct agglomerations. 
This observation was the resul t  of earl ier  invest iga-  
tions of the possible roles of the ini t ial  oxide layers in  
industr ia l  anodization processes IV constant, high cur-  
rent  density (200 m A / c m  2) at the start  of operation, 
T = 90~ (5). In these, the oxide films had been 
formed dur ing metal lurgical  elaborat ion (hardening)  
annea l ing  or polishing treatments.  All  were less than 
3-4 #g/cm 2 thick. 

We report  here on the systematic investigations of 
the parameters  responsible for such an unexpected be-  
havior. In addit ion to the RBS analysis with 2 MeV 
l i th ium ions, t ransmission electron microscopy (TEM) 
experiments  on ul t ramicrotomed sections have been 
performed for such a purpose. 

Experimental Procedure 
In  accordance with our interest  in  the possible 

effects of the ini t ia l  oxide layers on the transport,  we 

Key words: metals,  films, gas, interfaces.  

used refined a luminum (99.99%) in  a sheet form of 
90 ~m thick, the na ture  of the oxide layers being de- 
termined by the metal lurgical  t rea tment  (roll ing and 
rough cleaning) for the hardened mater ia l  or by  the 
thermal  t rea tment  for the annealed  material .  In  addi-  
tion, a chemical polishing t rea tment  identical  to the 
one described by Brown et al. (3), has been applied 
to the hardened mater ial  in  order to remove the ini-  
tial layer and to have a more defined a i r - formed one. 
In a few cases, we also performed electropolishing of 
the hardened mater ia l  and passivation in  phosphoric 
acid (30 g/ l i ter)  of the annealed  material .  A few 
samples kindly  supplied by Mackintosh [disk form, 0.5 
mm thick, see Ref (3)] were also used. 131Xe im-  
plantat ions were performed with the isotope separator 
of the Inst i tu t  de Physique Nucl~aire de Lyon at var i -  
ous energies but  most often at 30 keV and 5 keV for 
doses ranging from 1014 to 1016 a toms/am 2. Mackin-  
tosh's samples were implanted  with the isotope sepa- 
rator of Chalk River Nuclear Laboratories at 20 keV 
for 2 • 1014 and 1015 a toms/am 2. 

Following the industr ia l  procedure of the m a n u -  
facturer, the samples were anodized after implanta t ion  
in the following electrolytes: adipic ( ammonium adi-  
pate) at pH = 5.5, phosphoric (acid) pH = 2.7, boric 
( ammonium borate) pH = 4.5. The voltage was pre-  
set at 100V and the typical decrease of the cur ren t  
density was from 200 m A / c m  2 to 1 m A / c m  2 after 25 
sec, 5 min  being allowed for reaching a constant value 
of the order of 0.04 m A / c m  2. The tempera ture  was 
kept  at 90~ For comparison purposes, several  sam- 
ples were treated at a constant  current  density of 
2 mA / c m 2 in a saturated solution (,~5%) of ammonium 
pentaborate  in  water  at room temperature,  and one 
other in an adipic electrolyte solution. 

Rutherford backscattering has been performed with 
l i th ium ions instead of alpha particles because of the 
bet ter  depth resolution (about 4.5 ~g/cm 2 for a lumi-  
num in  a luminum oxide) achievable (6) at an incident  
energy of 2 MeV. Xenon relat ive displacement can 
then be followed easily over small  thicknesses ( typi-  
cally ~50 ~g/cm 2 in  the present  experiments) .  High 
yield and consequently good counting statistics can 
be achieved in  about 20 min  with the use of a spe- 
cifically designed pi le-up reject ion system (5) as- 
sociated with conventional  electronics. In  this m a n n e r  
the analyzing beam current  can be adjusted for an  
opt imum count rate. 

585 
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The small  thickness of the ini t ial  oxide layers was 
determined by measur ing the total oxygen content  of 
these layers with the ~O (d, p) nuclear  reaction at 
850 keV incident  energy (7). For  the a luminum matr ix  
the sensit ivi ty of about  0.1 #g/cm ~ far  exceeds our  re-  
qui rement  (the lowest measured concentrat ion is -~ 1 
~g/cm2). One must  of course assume an A120~ stoi- 
chiometry to determine the oxide thickness. In  view 
of the shallow depth of Xe implanta t ion  (the maxi -  
m u m  of the dis tr ibut ion is close to 100A) and the need 
to determine the respective distr ibutions in  the ini t ial  
oxide and  in  the metal, a grazing angle geometry was 
used in  RBS experiments.  Practical  considerations 
such as the roughness and flatness of the samples re- 
stricted the detection angle to 177 ~ and the angle be-  
tween the sample surface and the beam direction (tilt 
angle) to only 15 ~ . The resul t ing spectra are shown 
in  the Fig. 1 for two typical samples implanted  at  

10~ atoms/cmS. 
Using a technique similar  to those of Bethune et aL 

(8) to obtain ul t ramicrotomed sections of about 1O0OA 
thick, TEM analysis was performed with the Philips 
E.M. 300 microscope of the Centre de Recherches de 
Voreppe (P.U.K. Company) .  From these measure-  
ments  s t ructure  and l inear  thickness of the layers as 
well  as marker  agglomeration into bubbles were so 
investigated and confronted to the microanalysis re-  
sults. 

Results and Discussion 
For an annealed sample implanted  at a preset fluence 

of 10 l~ a toms/cm 2 (later  de termined to be 1.3 • 10 ~ 
a toms/cm 2) the anodization produces a spli t t ing of the 
ini t ia l  xenon distribution. This clearly appears in the 
backscattering spectra of Fig. 2 taken from an anodic 
layer about  50 #g/cm ~ thick (adipic electrolyte - -  Vct 
= 100V). Of course it cannot be stated which peak 
indicates the transport.  On the other hand, no changes 
in  thickness and stoichiometry were detectable from 
the spectra of the implanted and un implan ted  face of 
the anodized foil. The various surface impuri t ies  seen 
are characteristic of the mater ial  and their significance 
have been discussed elsewhere (9). 

The spli t t ing effect cannot be a t t r ibuted to sample 
preparat ion or to the analyzing procedure since most 
of their possible combinations lead to the same qual i -  
tative result  (Table I).  On the other hand it  must  be 
remembered  that, as i l lustrated in  Fig. 1, the xenon 
atoms are in all cases par t ly  located in the ini t ial  oxide 
and par t ly  in the metal. If the implanta t ion  is re-  
stricted to the oxide layer  (i.e., into a preformed ox- 
ide film such as at  40V ~ 20 ~g/crd~) only the peak 
located near  the middle of the oxide layer remains.  
This is in  agreement  with the results of Brown et al. 
(3). Moreover the xenon fraction introduced in the 
ini t ial  layer  depends on its thickness or, for a given 
layer, can be increased by lowering the implanta t ion  
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energy (5 keV). As shown in Table I, there is a similar 
variation of the xenon fraction found near the middle 
of the anodic oxide layer. Nevertheless the agree- 
ment is only qualitative which will be explained later 
on. 

The splitting effect is dose-dependant as evidenced 
in Fig. 3 which shows the evolution of the xenon peaks 
after anodization of the most representative samples: 
annealed and hardened polished. From 1014 to 10 TM 
atoms/cm 2 the relat ive value of the low energy peak 
increases above a given threshold up to a m a x i m u m  
and then decreases (Fig. 4). Such results point  out a 
"snowplow" effect of the xenon implanted in the metal  
beneath the ini t ial  oxide layer by the moving metal  
interface dur ing the anodization. The close dependance 
can be interpreted in terms of xenon bubbles forma- 
tion in a two-step process. For a given concentrat ion 
in  the implanta t ion  profile, the xenon atoms begin to 
form bubbles large enough to be t rapped at the oxide 
metal  interface and be t ransported by this moving 
interface through the defects of the polycrystal l ine 
material.  When the local concentrat ion increases a 
critical bubble  size is reached. The largest  bubbles 
can no longer be dragged along and are absorbed into 
the growing oxide layer (see sketches of Fig. 4). The 
fraction of xenon atoms found near  the interface then 

Table I. Xenon fraction found near the middle of the layer after 
100V anodization. Total fluence 1015 atoms/cm 2 for samples of 

different initial layer�9 Layers are obtained for Vet and T ~ 90~ 
except for (*) where I = C t and T = 25~ 

Electrolyte 
Amme. 

Samples of Implan- nium 
initial layer tation Phos- penta- 

thickness range energy Adipic phoric Boric borate 

A n n e a l e d  30 k e V  0.68-0.64 
(3.2 -* 4 4 / ~ g / c m  2) 5 keV 0.87 
Hardened 30 keV 0.34-0.52 
(2.7 -~ 3.6 #g/cm 2) 5 keY 0.54 
Annealed 
Passivated (phos- 
phoric) 30 keY 0.26 

(1.2 -+ 1.6/~g/cm s) 
Hardened electro- 
polished 30 keV 

(1.2 -~ 1.7 #g/cm 2) 
Hardened polished 30 keV 0.22 
(1 ~ 1.5 /~g/cm~) 
Polished** 20 key 0.39 

0.6I 0.77 
0.82 0.87 
0.36 0.36 
0.7 0.44 

0.27-0.24" 0.17" 

** S a m p l e s  s u p p l i e d  b y  W. D, M a c k i n t o s h ,  A.E.C. L td . ,  C h a l k  
R i v e r  N u c l e a r  L a b o r a t o r i e s ,  C h a l k  R ive r ,  Ont . ,  C a n a d a .  
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decreases. But  even at  doses as high as 1016 a toms/cm 2 
there still remains a large amount  of t ransported 
bubbles.  

Comparison of the n u m b e r  of t ransported xenon 
atoms with the n u m b e r  of implanted  atoms in the 
metal  beneath  the surface layer  should provide addi-  
t ional information.  As ment ioned earl ier  the fraction 
of xenon in  the metal  can be measured but  with an 
uncer ta in ty  governed by the oxide thickness deter-  
mina t ion  and the degree with which the interface can 
be defined. Even with these uncer ta int ies  the results 
shown in  Fig. 5 point  out some interest ing features. 
First  of all, for these two different samples, extrapo-  
lated thresholds are very close to each other (between 
1 and 1.5 • 1014 for the hardened polished and between 
1.5 and 2 • 10 ~4 for the annealed) .  Next, the increase 
above the threshold is near ly  l inear  with a slope 
close to 1 as long as the concentrat ion does not exceed 
,~ 10 ~5 atoms/cm~. Fur ther  on there is a marked de- 
viat ion for the two samples which merge again at the 
higher doses. Thus in  the first step, corresponding to 
the l inear  rise, all  the newly  incorporated atoms seem 
to contr ibute  to the growth of the a l ready formed 
bubbles more than to create new ones. When a critical 
size is reached the annealed mater ia l  seems more 
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Fig. 4. Var;ation of the implanted xenon atoms fraction found 
near the interface vs .  the total dose. Inserted are th. ~ sketches 
illustrating the two dominating effects due to the bubble growth. 

impermeable  to the t ranspor t  than the hardened pol- 
ished one. This is consistent with the former 's  lower 
defect density. 

A support for the bubble  development  and growth 
model can also be found in the evolut ion of the xenon 
peak width corresponding to the "immobile" fract ion 
(Table II) .  The ini t ia l  broadening of the peak which 
appears more clearly in the hardened polished case is 
due to part ial  drag towards the interface. When larger 
bubbles become incorporated into the oxide layer, the 
peak width decreases significantly due to the var ia t ion 
of the stopping power for the analyzing particles (for 
a given l inear  thickness the particles are slowed down 
into gaseous xenon ra ther  than  into a luminum oxide).  
This is in agreement  with the results and in te rpre ta -  
tion of Liau and Sheng (10) who observed such effects 
when progressively increasing argon doses were in -  
jected into Pt  Si. 
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Table II. Evolution of the xenon peak width (keV) corresponding to 
the "immobile" fraction, as a function of the initial total dose at 

30 keV (atoms/cm 2) 

Hardened  
Initial dose polished Annealed 

1.5 x I0  z4 53 47 

2.3 x I0  zr 51 43 

6.6 x i 0  Ir 60 50 
1 x 10 TM 58 51 

1.5 x i0  ~ 55 55 
2.8 x I0 ~ 43 
6.3 x 10 I~ 4]. 
8.3 x i0 ~ 48 43 

I x I016 46 

Such a general  evolution must  occur for all  types of 
sample preparat ion but  with some quant i ta t ive  dif- 
ferences arising from the s tructure of the metal  and 
the definition of the ini t ia l  oxide layer  (for example 
stoichiometry and s t ructure) .  This can explain some 
discrepancies among the values given in  Table I for 
samples of comparable ini t ia l  oxide layer  thickness. 
Regarding the implan ta t ion  conditions and especially 
the energy, a significant parameter  for the bubble 
formation is certainly the xenon distribution. This 
formation occurs most probably  at a given depth cor- 
responding to the m a x i m u m  of the dis tr ibut ion profile 
(max imum local concentrat ion of xenon)  and, if it  is 

so, on both side of this ma x i mum there  still remains  
dispersed xenon. Accordingly, only the fraction ag- 
glomerated into bubbles  will  be dragged. Evidence of 
such a behavior  is given in Fig. 6 (a) and (b) for im-  
p lanta t ion  at higher energy (150 and 300 keV) into 
annealed a luminum,  showing wider  distr ibutions with 
ma x i mum concentrat ions deeper in  the metal. The 
in terpre ta t ion of the peak deformation i l lustrated by 
the corresponding sketches is consistent wi th  the pre-  
vious picture: a large amount  of xenon  atoms in  the 
metal  is not  t ransported because the local concentra-  
t ion is not  sufficient for bubbles formation. 

The experiments  performed wi th  TEM on u l t ra -  
microtomed sections were in tended to visualize this 
bubble  formation and growth. The micrograph of Fig. 
7, taken from an un implan ted  face of an  annealed 
sample, clearly shows that  the oxide layer  is amor-  
phous and has a very well-defined interface. The bub -  
bles agglomeration after  implanta t ion  and anodiza- 
l ion becomes visible for a total dose of 2.8 X 1015 Xe 
a toms/cm 2, the dis t r ibut ion being split into ,., 1.8 • 
10 z5 a toms/cm 2 near  the middle of the layer  and ,~ 10 ~ 
a toms/cm 2 at the interface. From Fig. 8 the ma x imum 
bubble  size appears to be ,-, 30A in the central  pa r t  
while there is only a significant shadowing at the in -  
terface for attesting to the presence of t ransported 
material,  compared to the interface of the un implan ted  
surface. Higher implanta t ion  doses reveal  more clearly 
the bubble  growth. For 8.5 • 101~ Xe/cm 2 (split into 
7.5 X 10 ~5 and 1 X 101~), the mean  bubble  size a p p e a r s  
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Fig. 7. Ultramicrotomed section of oxide film formed at 100V 
into adipic electrolyte at 90~ from annealed aluminum (unim- 
planted face). 

Fig. 8. Ultramicrotomed section of oxide film identically formed 
as in Fig. 7 but implantation performed at 2.8 1015 atoms/cm 2. 

Fig. 9. Ultramicrotomed section of oxide film identically formed 
as in Fig. 7 but implantation performed at 1.1 10 l~ atoms/cm 2. 

to be ~ 50A and on Fig. 9 for 1.1 • 10 zo X e / c m  2 (spl i t  
into 9.8 • 1015 and 1.2 • 1015) i t  reaches about  100A. 
Near  the interface,  the xenon atom densi ty  remains  too 
low for a significant de t e rmina t ion  of  the  bubble  size, 
but  is s t i l l  sufficient for at test ing,  in a l l  cases, to the  
bubble  agglomerat ion.  As addi t iona l  in format ion  these 
micrographs  show tha t  the xenon does not  affect the  
oxidat ion  process since the thickness  and the amor -  
phous s t ruc ture  a re  ident ica l  for  both  implan ted  and 
un implan ted  side of the  foil. The visual  de te rmina t ion  
of the  t ranspor t  number  is in ve ry  good agreement  
wi th  the backsca t te r ing  resul ts  ( •  5%).  

One impor t an t  quest ion remains  concerning the con- 
fidence one can have  on the value  of the  "r ight"  t r ans -  

por t  number  tin. We have  only  done at  this t ime a 
sys temat ic  s tudy  for  a pa r t i cu l a r  e lec t ro ly te  (adipic)  
in ve ry  specific anodizat ion condit ions (Vct, T ~_ 90~ 
see detai ls  in expe r imen ta l  p rocedure ) .  In  no case 
has the m a x i m u m  devia t ion  exceeded 0.05 for  a mean  
value  of 0.49. On the o ther  hand, f rom the more  l imi ted  
exper iments  we pe r fo rmed  on p reanodized  samples  
formed at  constant  cur ren t  dens i ty  in  ammonium 
pentabora te ,  a significant difference is poin ted  out  
(tin ~--- 0:4). Such a difference has also been  recen t ly  
repor ted  by  Mackintosh  et al. (11) but  using on ly  one 
anodizing condition. Since the  b roaden ing  of the  
m a r k e r  peak  is a lways  ve ry  la rge  one cannot  exc lude  
a pa r t i a l  t r anspor t  of the  xenon  a toms supposed im-  
mobile.  The xenon pa r t  l ay ing  in the  a luminum phase  
is the  most  p robab le  suspect  (5 keV implan ta t ion  gives 
s l ight ly  lower  t r anspor t  numbers )  but  wi thout  fu r the r  
charac ter iza t ion  of the in i t ia l  oxide  layer ,  i ts  role  can-  
not be clarified. 

Conclusion 
Xenon atoms implan ted  into a luminum samples  b e -  

nea th  the i r  in i t ia l  oxide  l aye r  agg lomera te  into bub -  
bles when  a cr i t ical  concentra t ion  is reached,  leading  
to a "snowplow" effect b y  the moving ox ide -me ta l  
in ter face  dur ing anodic oxidat ion.  We found no ex-  
ceptions to this genera l  behav ior  for  fluences of about  
1015 a toms /cm 2 at  typica l  energies  of 30 keV. F r o m  
a more  specific s tudy  of two different ly  p r e p a r e d  m a t e -  
r ia ls  we have po in ted  out  a two-s tep  mechanism b y  
which  the growing of the  bubbles  l ead  them to be 
first t r anspor ted  and f inal ly re incorpora ted  into the 
anodic layer .  The first s tep process has been found to 
be not  only  dependan t  on the to ta l  number  of im-  
p lan ted  atoms into the meta l  bu t  on the  d is t r ibu t ion  
of the species, i.e., of the i r  local  concentrat ion.  

Al though  the agglomera t ion  of imp lan ted  xenon 
atoms into bubbles  has been  recognized in var ious  
mate r ia l s  l ike sil icon (12) and its meta l l ic  compounds 
(10, 13) for comparab le  fluences, such a sp l i t t ing  effect 
seems to be  character is t ic  of the anodic oxida t ion  of 
a luminum.  Such a behavior  is not  observed  for  the r -  
mal  (13) or anodic (14) ox ida t ion  of sil icon and for  
anodic oxida t ion  of t an t a lum (4). Moreover,  in the  
last  case, even  h igher  doses (10 z6 a toms /cm 2) do not  
induce this phenomenon.  

In  s u m m a r y  we note tha t  pa r t i a l  resul ts  have  been  
recent ly  r epor ted  b y  Mackintosh  et al. (11) confirm- 
ing the genera l  p ic ture  bu t  wi th  some quant i ta t ive  
differences. Our  pa r t i cu l a r  condit ions m a y  expla in  
the more  pronounced  sp l i t t ing  effect due to the  fast  
d i sp lacement  of the moving in ter face  at  the  beginning 
of the anodization.  F ina l ly  there  st i l l  remains  the  pos-  
s ibi l i ty  of pa r t i a l  t r anspor t  of the xenon  atoms which  
are  supposed to be immobi le  because  they  are  found 
incorpora ted  into the  anodic layer .  The remain ing  
discrepancies  in  the t r anspor t  numbers  de t e rmined  
f rom implan ta t ion  into p re fo rmed  and nonpre formed  
oxide  layers  deserves  more  invest igat ions  pa r t i cu l a r l y  
concerning the role of the  in i t ia l  l aye r  in  the  whole  
process. 
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Studies on Electrodeposition of Nickel-Cobalt-Tungsten Alloys 
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ABSTRACT 

Electrodeposition of n ickel -cobal t - tungs ten  alloys containing 2-51% Ni, 
18-79% Co, 5-62% W has been carried out from a citrate bath  under  different 
conditions of concentrat ion of electrolyte, current  density, pH, and tempera-  
ture. Tungs ten  content  in the deposit was found to increase with an increase 
in its content in the bath and also with an increase in  pH, temperature,  and 
current  density. Surface morphology of the deposits was examined by scanning 
electron microscopy and crystal s t ructure  by x-rays.  Microhardness of the de- 
posits increased with an increase in tungsten  content  in  the alloy. 

Electrodeposition of tungsten  from an aqueous bath 
has large commercial  potentialities. There are, how- 
ever, many  peculiarit ies observed dur ing the elec- 
trodeposition which have at tracted the a t tent ion of 
many  workers. It  would appear that  tungsten  can only 
be electrolytically deposited from an aqueous electro- 
lyte as an  alloy of metals, the al loying metals being 
preferably the iron group metals. Electrodeposition of 
b inary  alloys of tungsten  with iron group metals have 
been reported by many  workers (1-9). The chemical 
composition of the deposits, their properties, and struc-  
tures have been studied under  different conditions by 
these investigators. However, work done on the electro- 
deposition of its t e rnary  alloys with the iron group 
metals is ra ther  limited. Therefore, it was of interest  to 
study the electrodeposition in  such systems. 

P re l iminary  investigations on the electrodeposition of 
some of its t e rnary  alloys with the iron group metals 
have been reported earlier (10-12). The present  in -  
vestigation relates to the electrodeposition of t e rnary  
n icke l -cobal t - tungs ten  alloys under  varied conditions 
and to some studies on the s t ructure  and hardness of 
the deposits obtained. 

Experimental 
Exper imenta l  setup and working procedures are the 

same as in  the earl ier  communications (10, 13). C y l i n -  
drical p la t inum electrodes were employed but  for 
quali tat ive studies copper cathodes were used. Each 
exper iment  was carried out in a fresh solution without 
agitation. The deposits were dissolved in two volumes 
of fuming nitr ic acid and one volume of hydrofluoric 
acid in a polyethylene beaker and evaporated to dry-  
ness for chemical analysis. The metal  contents in  the 
deposits were de termined polarographically (14) using 
a mixture  of ammonia  and ammonium oxalate as 
support ing electrolyte. 

1 Present address: Udai Pratap Postgraduate College, Varanasi, 
India. 

Key words: electrodeposition, cathode potential, scanning elec- 
tron microscopy, x-rays, microhardness. 

Microstructure of the deposits was examined o n  
Phillips 50'0 scanning electron microscope, and hard-  
ness was measured on a microhardness tester (~MT-3). 

Results and Discussion 
The influence of different variables on composition 

of the deposit, cathode current  efficiency (CCE), s t ruc-  
ture, and appearance of the deposits is described below. 

Concentration oS electrolyte.--Variation in  composi- 
tion of the bath by changing the concentrat ion of e l e c -  
t r o l y t e s  was done as per the guidelines of Brenner  (15) 
and was carried out in  three steps. When the concen- 
t rat ion of either metal  in  the bath is increased, the 
metal  content  of the respective metal  in the deposit also 
increased []~=ig. l ( a ) ,  (b),  (c)].  Cobalt content  in  t h e  
deposit was found to increase while tungsten  content  
decreased and at tained a constant  value when citric 
acid concentrat ion was increased [Fig. l ( d ) ] .  The 
cathode current  efficiency decreased when the metal  
percentage of tungsten  in  the bath was kept constant  
or with increasing concentrat ion of citric acid in  the 
bath [Fig. l ( d ) ] ,  bu t  it  almost a t ta ined a constant  
value or increased after decreasing to some extent  in 
the case when cobalt or nickel percentage in  the bath  
was held constant [Fig. l ( a ) ,  (b),  (c)].  When the con- 
centrat ion of tungs ten  in  the bath  was increased, its 
content in the deposit was found to be higher than in 
the bath par t icular ly  at low concentrat ions [Fig. 
l ( b ) ] ,  bu t  the curve for tungsten  became horizontal  
towards the right which indicates that  tungsten content  
approaches a l imit ing value in the deposit [Fig. 1 (b)] .  
At the high tungsten  end of the series the deposits 
tended to flake off the cathode. In  most of the cases the 
deposits were bright  and uni form when nickel was 
added bu~ turned gray by cobalt additions to the bath. 
Hydrogen evolution was enhanced by increase in tung-  
sten content in the bath. The tungsten  content  in  the 
deposit which was higher than in  the bath par t icular ly  
in  the low concentrat ion range showed preferent ia l  
deposition of tungsten.  The var ia t ion  in  composition of 
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Fig. I .  Represents the effect of bath composition on CCE, and composition of the Ni-Co-W deposits when total metal content (0.2529N) 
and one of the metal percentages are held constant in the bath (CD 1.0 A/din 2, pH 5.2, temp. 35~ (a), When metal percentage of tung- 
sten (5.1%) is held constant; (b), when metal percentage of cobalt (54.3%) is held constant; (e), when metal percentage of nickel 
(40.6%) is held constant; and (d), effect of citric acid concentration on CCE and composition of the Ni-Co-W deposit under otherwise 
optimum conditions. 

the deposi t  and cathode cur ren t  efficiency wi th  e lec t ro-  
ly te  concentra t ion is in excel len t  ag reement  wi th  tha t  
of o ther  workers  (11, 16). 

The op t imum ba th  composi t ion a r r ived  at  by  the ex-  
per iments  is as fol lows: n ickel  sulfate  0.108M, cobal t  
sulfa te  0.142M, sodium tungs ta te  0.0045M, citr ic acid 
0.333M, sodium chlor ide  0.170M. 

Current density (CD).--Using a ba th  of op t imum 
composition, the  influence of cu r ren t  dens i ty  w a s  
s tudied be tween  0 . 2 - 4 . 0  A / d m  ~. In the  lower  region of 
cur ren t  densi ty  the  deposits  were  dul l  and  coarse ly  
cystal l ine,  but  wi th  an increase  in cu r ren t  dens i ty  up 
to 1.5 A / d i n  2 fine grained,  br ight ,  and adheren t  deposits  
were  obtained.  As the cur ren t  dens i ty  was increased  
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beyond 1.5 A/dm~, i t  resu l ted  in  the  fo rmat ion  of r e l a -  
t ive ly  infer ior  deposits  which  were  less bright,  cracked,  
and  nodular .  

Tungsten content  in the deposi t  in i t ia l ly  decreased 
but  increased af te r  1.5 A / d m  2. Var ia t ion  in  cobal t  con- 
tent  in the deposi t  wi th  respect  to the cur ren t  dens i ty  
is different  f rom the na ture  of the tungs ten  curve. The 
cathode cur ren t  efficiency decreased up to 2 A / d m  2 and 
became constant  a f t e rwards  [Fig. 2 (a)  ]. Such var ia t ion  

in the  composit ion of the deposi t  wi th  respect  to cur- 
rent dens i ty  has also been repor ted  by  Hol t  e t a [ .  
(11, 17). 

pH.---The pH of the ba th  solut ion was va r i ed  f rom 
pH 2-9 and studies were  made  at  op t imum cur ren t  
densi ty  (1 A/dm2) .  Unsat i s fac tory  deposits  were  ob-  
ta ined  below pH 4 but  b r igh t  and  adheren t  deposits  
were  obta ined be tween  pH 4.5 and 6. Deposits ob-  
ta ined at  lower  pH tended to be dull  and rough  and 
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Fig. 2. (a)-(d) represent, respectively, the effect of current density, bath pH, and temperature, and duration of electrolysis on CCE and 
Composition of N i -Co-W electrodeposits. Bath composition and other conditions at optimum. 
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u l t ima te ly  darkened.  Tungs ten  and nickel  content  in 
the deposi t  increased  wi th  p H  but  above  pH 6 tungsten 
content  decreased.  Cobal t  content  in the  deposi t  de-  
creased wi th  an increase  in  p H  of the  bath.  The CCE 
increased and then decreased  af te r  a t ta in ing  a m a x i -  
m u m  value  at  pH 5 [Fig. 2 (b) ]. However ,  such a m a x i -  
m u m  value  for  tungsten content  in the  deposi t  wi th  r e -  
spect  to pH is inconsis tent  wi th  o ther  findings where  a 
r egu la r  increase  in  tungsten content  has been  observed  
(10, 18, 19). 

Temperature.--The ba th  was opera ted  be tween  t em-  
p e r a t u r e  range  20~176 under  o therwise  op t imum 
conditions (a t  pH 5.2). Bright ,  fine grained,  and ad -  
heren t  deposi ts  were  ob ta ined  up to 35~ bu t  the de -  
posi t  tended to become coarse, rough, and nonuni form 
beyond this t empera ture .  Deposits  at  h i g h e r  t empera -  
tures  (>55~ were  br igh t  bu t  nodula r  and conta ined 
some dull  spots on the surface.  Tungs ten  and nickel  
content  in the deposi t  increased  whi le  cobal t  content  
decreased wi th  an increase  in the t empe ra tu r e  of the 
bath.  The cathode cu r ren t  efficiency (CCE) improved  
wi th  t empe ra tu r e  and became constant  a t  h igher  t em-  
pe ra tu res  [Fig. 2 (c ) ] .  Such var ia t ion  in tungsten con- 
tent  in the deposi t  wi th  respect  to the  t e m p e r a t u r e  has 
also been repor ted  by  o ther  worke r s  dur ing  its codep-  
osit ion wi th  the i ron  group meta ls  (4-6, 19-21). 

This increase  in tungs ten  content  in  the  deposi t  and  
fa i r  improvemen t  in  the CCE wi th  t empe ra tu r e  of the 
ba th  reflects tha t  polar iza t ion  factor  ( l a rge ly  ac t iva t ion  
type)  appears  to be predominant .  

Electrolysis  was car r ied  out  (under  op t imum condi-  
t ions and for  eve ry  t ime in a f resh  solut ion)  for 
va ry ing  dura t ions  of 10-80 min. The composi t ion of the 
deposi t  r ema ined  almost  unchanged  wi th  respect  to the 
different  dura t ions  of t ime [Fig. 2 ( d ) ]  except  in  the 
ea r ly  runs. Sound deposi ts  were  ob ta ined  up to 20 rain, 

Table I. Effect of addition agents on metal content and CCE of 
Ni-Co-W electrodeposit under optimum conditions 

Deposit composition 
(%) 

Amount CCE 
Addition agent (g/ l i ter )  Ni Co W (%) 

Tetra-n-butyl ammo- 0.250 9.3 70.4 19.8 74.0 
nium iodide (TnBAI) 

Tetraethylammonium 0.250 13.9 60.1 25.1 86.2 
iodide (TEAI) 

Tet rae thyl  ammonium 0.200 23.6 59.1 15.6 58.1 
bromide (TEABr) 

p-Chluraniline 0.300 12.8 65.1 21,6 40.0 

but  pro longed dura t ion  (>40 min)  resul ted  in dull,  
nodular ,  and h ighly  cracked deposits.  

Some addi t ion  agents l i s ted  in Table  I were  sepa-  
r a te ly  and s ingly  added  to the ba th  under  the op t imum 
conditions. Except  t e t r a e t h y l a m m o n i u m  bromide,  o ther  
agents  used improved  the deposits  in respect  to 
br ightness  and gra in  refinement.  These also he lped  in 
suppress ing the cracks and peel ing off to some ex ten t  
which are  seen at  h igher  cur ren t  densi t ies  or  dur ing 
pro longed opera t ion  of the bath.  The composit ion of the  
deposits and  CCE also va r ied  to some extent  in the i r  
presence.  

Cathode potentiaL--Current densi ty  vs. cathode po-  
tent ia l  s tudies for the meta ls  and a l loy (Fig. 3) show 
that  the curve for N i -Co-W al loy l ay  at  a more  noble 
potent ia l  than  the curve for n ickel  and  cobal t  (curves 
4, 1, 2). Curve 3 for tungsten appears  due to p r i m a r i l y  
cathodic hydrogen  discharge.  The more  noble po ten t ia l  
for the a l loy deposi t ion m a y  be  due to the decrease in  
free energy that  occurs in the fo rmat ion  of solid solu-  
tion; x - r a y  studies confirmed the format ion  of solid 
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cathode potential curves for the 
electrodeposition of Ni-Co-W 
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cobalt alone; curve 3, tungsten; 
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Fla. 4. Seannlna electron mlero~,aDh of the NI-Co-W deoosits. Plate (a), (5000X); (b), (10,000~); (c), (2500X); (d), (2500X); (e), 
(5000X); (f), (10,000X); (g), (2500X); (h), (320~'). Composition of the deposits of pTates (a), (b), (~), (f) is 13.5% Ni, 60% Co, 26% W. 
Composition of plates (c), (d), (h) is 20% Ni, 62% Co, 16.S% W. Composition of plate (a) is 26% Ni, 55% Co, 18% W. Conditions of 
deposition are given in Table II for respective composition of alloy. Original magnification shown for each plate. 
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Table II. X-ray and hardness studies of the alloy as deposited on copper substrate 

5 9 5  

Alloy composition (%) 
Sample 

No. Ni Co W Lattice 

Lattice 
parameter (A) 

a c 

Hardness 
(2Og load) 
( k g / m m  2) Conditions of deposition 

1 13.5 60.0 26.0 hcp 2.523 4.079 

2 26.0 55.0 18.0 hcp 2.616 4.076 
3 20.0 62.0 16.0 hcp 2.513 4.074 
4 18.6 70.0 10.0 hcp 2.511 4.070 

solution of tungsten with the alloying metals (Table 
II) .  

Similar behavior was observed by Golt'z and 
Kharlamov (22). The ahoy curve is nearly identical 
in nature to the curves of pure codepositing metals, Ni 
and Co. 

Tetraethylammonium iodide lowered the polarization 
of the deposition (Fig. 3, curve 5), while te t ra-n  
butylammonium iodide increased the cathodic polariza- 
tion (curve 6). 

Several attempts have been made to explain the 
mechanism and characteristics of induced codeposition 
of tungsten. The hypotheses advanced by various in- 
vestigators and their shortcomings have been discussed 
in detail  by Brenner (23). It emerges from the results 
of the present investigation that certain trends ob- 
served during the electrodeposition of the ternary 
nickel-cobalt- tungsten alloys can be explained by the 
hypothesis of transfer of polarization (23). A large 
polarization of the activation type, a discharge poten- 
tial in the vicinity of the equilibrium potential of the 
reluctant element, and abil i ty to form solid solutions 
are known to be the effective factors which are mainly 
responsible for codeposition of the reluctant  metal with 
other metals. 

In light of the above discussions, the preferential  
deposition of tungsten part icular ly from a bath having 
a low concentration of tungsten, the increases in 
tungsten content in the deposit and cathode current 
efficiency with bath temperature, and the occurrence of 
alloys as solid solutions (Table II) well  agree with the 
hypothesis of transfer of polarization. 

Structure o] the deposits.--The alloy deposits were 
generally bright and silvery to gray in appearance. The 
low tungsten content alloy deposits were bright, uni- 
form, and adherent  while those having high tungsten 
content contained a few cracks  and nometallic inclu- 
sions and were noncoherent. 

An inspection of the . deposits by scanning electron 
microscope showed that  deposition was uniform, though 
some pits and cracks on the surface were also present. 
The deposits were laminated but also possessed colum- 
nar structure with polyhedral  grains [Fig. 4 (a), (b)] .  
Polyhedral  laminated grains were also present in 
ternary nickel- iron-tungsten alloys (10), but the de- 
posits were not so adherent  and satisfactory as those of 
nickel-cobalt- tungsten alloys. Hydrogen which evolved 
during the process of electrodeposition, had a marked 
effect on the alloy deposits. Possibly it initiated the 
cracks on the surface which propagated parallel  to the 
surface. Sometimes these cracks initiated from the pits 
and sometimes terminated at the pits [Fig. 4(c),  (d)] .  
The hydrogen bubbles which might get entrapped in 
the pits or holes may enlarge them and form a cavity 
through which the gas diffuses giving rise to multiple 
minor cracks [Fig. 4(e),  (f)] .  Such diffusion of hydro-  
gen results in poor internal strength of the deposits 
leading to embrittlement. Highly cracked and poorly 
adherent deposits, shown in Fig. 4(g) obtained at high 
current densities or on prolonged operation of the bath, 
appear to be due to the adsorbed hydrogen which has 
caused stress in the deposit. The deposition appears to 
be in layer form. The alloy coating was examined after 
bending it and then bringing to the original state; i t  

185 

154 
142 
136 

10.4% W in the bath, CD 2 A/dm5 other 
conditions opt imum 

Optimum conditions, t ime 35 min 
Optimum conditions 
pH 4.0, CD 1.5 A/dm~ and other condi- 

tions opt imum 

was still adherent to the base metal but cleavage f a c e t s  
were seen in the ruptured par t  of the coating [Fig. 
4(h)] .  

X- ray  diffraction studies of the deposits (in a s - d e -  
p o s i t e d  conditions) containing up to 25% of tungsten 
showed that the alloy deposits were single phase with 
expanded lattice of cobalt only (hcp), Table II. Elec- 
trodeposited binary alloys of tungsten with the iron 
group metals (4, 18, 24) have been reported to form 
solid solutions containing up to 40% of tungsten and 
the lattice was similar to the codepositing metal  but  
with some expansion. 

Ylicrohardness of the deposit was measured at 20g 
load, the line of application of the load was perpen- 
dicular to the surface. The hardness of the deposit  was 
found to increase with tungsten content in the deposit 
(Table II).  

Conclusions 
Ternary alloys of nickel-cobalt- tungsten of wide 

composition range were electrodeposited successfully 
from a citrate bath. The alloy deposits were sound and 
satisfactory under most conditions. An explanation h a s  
been offered for the various trends observed during the 
investigation, in light of transfer  of polarization hy-  
pothesis. 
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Preparation and Properties of Bismuth Ruthenate Thin Film 
Electrodes for Chlorine Evolution 
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Central Research and Development Department, Wilmington, Delaware 19898 

ABSTRACT 

We have p repa red  thin film electrodes in a composi t ional  range  about  
Bi203 �9 2RUO2 by rf  sput te r ing  d i rec t ly  onto heated t i t an ium substrates .  Specifi-  
ca l ly  we p repa red  Bi2Ru207 wi th  the pyrochlore  s t ructure ,  Bi~Ru8Oll, and non-  
crys ta l l ine  b i smuth  ru thena te  films. The res is t iv i ty  of al l  films at  300~ w a s  
<10 -2 ~-cm.  Elect rochemical  measurements  on we l l - cha rac te r i zed  anodes of 
Bi2Ru207, and Bi3Ru3Oll show high ac t iv i ty  for chlor ine evolution. Examina t ion  
of the s tabi l i ty  of the Bi2Ru207 elect rode shows that  some Bi is lost  f rom the 
surface. 

The use of RuO2 anodes in C12 product ion is one of 
the most significant achievements  of electrocatalysis .  
The energy  savings to that  indus t ry  is es t imated  at  
several  bi l l ion k W - h r / y r  ( I ) .  Appropr ia te ly ,  a number  
of papers  (2-10) have examined  the p repa ra t ion  and 
e lect rochemical  proper t ies  of these electrodes.  There-  
fore, the invest igat ion of o ther  Ru oxides as C12 anodes 
is of grea t  prac t ica l  interest .  

In this paper ,  we descr ibe the p repa ra t ion  and elec-  
t rochemical  proper t ies  of conduct ing oxides in the 
composi t ional  range about  Bi2Oa �9 Ru02. We p repa red  
electrodes as thin film coatings on hea ted  Ti subs t ra tes  
by  rf  sput te r ing  (11). Wel l -cha rac te r i zed  electrodes 
were  tested as anodes for Cl2 evolut ion f rom brine.  
Severa l  had high e lec t roca ta ly t ic  act ivi ty.  

Experimental 
Thin films were  p r e p a r e d  by  rf  spu t te r ing  in a 

commercia l  sys tem (Mater ia ls  Research Corporation,  
Model SEM-8620). The ta rge t  was a 2 in. d iam (~l/a 
in. thick)  disk of Bi2Ru2OT, fabr ica ted  by  sol id-s ta te  
s inter ing of the const i tuent  oxides at  950~ in air  over-  
night. 

Subs t ra tes  were  ceramic A1203 (Als imag 614, 3M 
Company)  and Ti sheet  (Ti-50A obta ined  f rom Timet  
Corpora t ion) ,  degreased  and cleaned by  s tandard  vac-  
uum cleaning techniques.  These subst ra tes  could be 
hea ted  to ~lO00~ in the vacuum chamber  dur ing  
deposition. The e leva ted  t empera tu re s  were  achieved 
by  e lec t r ica l ly  heat ing a suppor t ing tungsten ribbon. 
Tempera tu res  were  measured  by  a Chrome l -Alume l  
thermocouple  c lamped to the r ibbon  underside.  These 
are  the "subst ra te  t empera tu res"  repor ted  in  this 
paper,  and no correct ion is a t t empted  for ac tua l  sub-  
s t ra te  surface t empera tu re  which  m a y  differ by  as 
much as 150~ (12). 

The sput te r ing  a tmosphere  was usua l ly  10-2 Torr  
of Ar  and 10 -8 Torr  02, es tabl ished af ter  in i t ia l  pump-  
down of the chamber  to ,~10 -e  Torr .  In  some exper i -  
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Key words: chloralkali anodes, thin film, pyrochlore, electrodes, 

electrocatalysis. 

ments  the Ar  was ge t te red  by  passing i t  o v e r  h e a t e d  
Zr and Ti meta l  filings. 

The thin films were  rou t ine ly  character ized by  x - r a y  
diffraction. Some were  also examined  b y  scanning elec-  
t ron  microscopy (SEM) and analyzed  for  re la t ive  
chemical  composit ion and valence s tate  by  x - r a y  photo-  
e lect ron spectroscopy (XPS) .  Elec t r ica l  res is t iv i ty  
measurements  were  made  by  the s t andard  four -p robe  
method.  

Elec t rochemical  measurements  were  made  in  a 
t h r e e - c o m p a r t m e n t  glass cell. The cathode (,~20 cm ~) 
was a P t  screen. The cathode compar tmen t  was s e p a -  
ra ted  from the main  anode  reservoi r  b y  a fine g lass  
f l i t  or a Nation@ perfluorosulfonic acid membrane .  The 
e lec t ro ly te  was an aqueous solut ion of 20 weight  pe r -  
cent (w/o)  F isher  reagen t  grade NaC1. The pH re -  
ma ined  in the range 3-4 dur ing  exper iments  of sev-  
e ra l  hours durat ion.  Al l  e lec t rode  potent ia ls  were  mea -  
sured vs. sa tu ra ted  calomel  (SCE),  a t  a distance of 2 
m m  from the e lect rode surface by  a fine capi l la ry  tube 
filled wi th  electrolyte .  The ent i re  cell  was hea ted  on a 
s tandard  l abo ra to ry  hot  plate.  Tempera tu re  control  was 
typ ica l ly  +_3~ de te rmined  by  measur ing  t empe ra tu r e  
before and af ter  an exper iment .  

The b i smuth  ru thena te -coa ted  Ti anodes were  con- 
tacted e lec t r ica l ly  to a brass  screw wi th  s i lver  pas te  
(Dupont  4922). A Cu wire  th readed  th rough  a glass 
sleeve was soldered to the screw and the ent i re  con- 
f iguration pot ted  wi th  a f a s t -d ry ing  epoxy  (Adhes ive  
A-36, Arms t rong  Products  Company) .  Only  the  bis-  
muth  ru thena te  surface was exposed to the electrolyte .  

Elect rochemical  measurements  were  made  wi th  a 
Pr ince ton  Appl ied  Research Model 173 Po ten t ios ta t /  
Galvanostat .  This uni t  could be p r o g r a m m e d  wi th  
t r i angu la r  or pulse waveforms  f rom a PAR Model 175 
Universa l  P rogrammer .  Cur ren t  densi t ies  quoted in this  
paper  were  obta ined  by  d iv id ing  the measured  cur ren t  
by  the geometr ic  a rea  of the Ti subs t ra te  ( typ ica l ly  ,~1 
cm 2 ). 

Results and Discussion 
Thin ~Ims.-- Table  I summarizes  p r e p a r a t i o n  c o n -  

d i t ions  and cubic cell  dimensions for  b i s m u t h  r u t h e n -  
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Fig. 1. Scanning electron micrographs of (a) Bi2Ru207, 

ate th in  films. Films sputtered onto unheated  sub-  
strates are amorphous to x-rays.  At a substrate  tem-  
pera ture  (T~) ,-,725~ the pyrochlore- type Bi2Ru207 
(13) is formed. The K S b Q - r e l a t e d  Bi3Ru3Oll (14) 
crystallizes at Ts ~525~ It could also be prepared by 
annea l ing  amorphous films on A12Oz substrates  in  air at 
,~550 '~ C. Fi lm thicknesses were 1-4 ~m. 

For  the pyrochlore- type films on Ti substrates the 
lattice parameter  ranges from 10.35 to 10.43A, or 0.5% 
to 1.0% larger  than air-fired polycrystal l ine Bi2Ru20/ 
(13), ao ---- 10.294A. Some of this difference (,--0.5%) 
may be accounted for by differential thermal  expansion 
of the Ti (a ~ 8 X 10-6~ -1) substrate  and the 
Bi2Ru207 thin films (~ ,~ 11-12 X 10-6~ put t ing  
the film in  tension. In  fact, the thin film with the smal l -  
est measured lattice was slowly cooled to 25~ over two 
hours to minimize thermal  strain. 

Another  icossible explanat ion for the large lattice 
parameter  is that  the pyrochlore- type s t ructure  (13) 
can exist over a wide range of composition and stoi- 
chiometry. If one- th i rd  of the Ru 4+ ions are subst i tuted 
by larger  Ru 3+ ions, the new lattice is calculated to be 
larger by ~1% (15), i.e., for Bi~.3+Ru24+O7, ao = 
10.30A and for Bi23+RuL834 +Ru0.673+O6.67, ao ,~ 
10.40A. This is reasonable, since the films are prepared 
in a low O2 part ial  pressure. I t  is also consistent with 
the observation that the lattice parameter  contracts 
after the film is tested electrochemically under  oxidiz- 
ing conditions as an anode for chlorine evolution. 

We characterized surface chemical composition and 
valence states of one BieRu207 electrode by XPS. The 
valence states of the metall ic elements were Bi g+ and 
Ru +4. The Ru 3p l / 2  photoelectron peak was used for 
ru then ium and the Bi 4f7/2 peak was used for bismuth. 
The charge corrected b inding energies, referenced to 
the O ls  peak, were i60.8 eV for Bi and 488.4 eV f o r  
Ru. The O/Ru ratio was 3.6, close to the ideal 3.5 f o r  
pyrochlore. We concluded, therefore, that  at the sur -  
face, the chemical composition of this thin film w a s  
close to Bi23 + l { u 2 4  + 0~. 

Table I 

Subs tra te  Gas pres sures  Lat t i c e  
t e m p e r -  ( x 10-~ Torr )  param- 

F i l m  a ture  e t e r  
No.  T~ (~  Po 2 P ~  Phase  ao (A)  

--75 725 i 10 BieRueO~ 10.36 
-- 86 525 0.5 10 Bi~Ru.~O~ 9.45 
-- 89 725 1 I0 Bi~Ru20~ 10.43 
-- 15 725 1 10 Bi~Ru~O7 10.35 
-- 17 550 0.5 I0 Bi~u30~z  9.31 

( A n n e a l e d )  
-- 87 725 i i0 Bi.~Ru207 i0,40 
-- 66 15 i i0 A m o r p h o u s  

(b) Bi3Ru~011, and (c) amorphous thin films. Scale is 1 #m 

The lattice parameter  for th in  films of BisRusOl~, 
prepared in the sput ter ing chamber, is also large, ao - -  
9.45A compared to the air-fired polycrystal l ine value, 
ao = 9.30A (14). However, when  this phase was pre-  
pared by anneal ing amorphous thin films in a i r  a t  
T = 550~176 for 15 to 30 min  the lattice p a r a m e t e r  
was 9.31A. Again, by  analogy wi th  the pyrochlore-  
related b ismuth  ru thena te  films, annea l ing  may  r e -  
l i e v e  strain or decrease an oxygen deficiency. 

In  Fig. 1 the surface morphologies of BisRusOll, 
Bi2RueOT, and amorphous th in  films are contrasted by 
SEM. The Bi2Ru207 surface has sharp, angular  crystal-  
line features resembling the octahedral  habi t  of m m -  
size crystals of Bi2Ru207 grown in  this laboratory.  
Amorphous and Bi3Ru3OlI films are less distinctive. 
BisRu8O11 films have large (>1 ~m) textured grains 
with a var ie ty  of shapes. The amorphous film has a 
"pebbled" s tructure with very fine 0.1-0.2 #m grains. 
The electrical resist ivity of all films at 300~ w a s  
<10 -2 ~-cm. 

E~ectrochemical properties.--Figures 2 and 3 show 
equi l ibr ium current  density for C12 evolut ion vs. p o -  
t e n t i a l  for Bi2RueO7 and Bi3Ru8Olt th in  film e l e c t r o d e s .  
Figure 4 shows the polarization behavior  of a Bi~Ru207 
electrode obtained by sweeping potential  at 20 mV/sec 
between 0.7 to 1.2 V/SCE. At 23~ the current  den-  
sity is 2 mA/cm2 at 1.10 V/SCE, the same for both 
electrodes. Above 80~ this current  density increases 
to near ly  100 m A / c m  2 on a Bi2Ru207 electrode. This 
corresponds to an apparent  overpotential  [measured 
from the equi l ibr ium potential  (16), Eo = 1.0285 V/  
SCE] of only 75 mV, an activity comparable to that  
for RuO2/TiO2 coated Ti anodes (2). The Bi2Ru207 and  
Bi2RuzOll thin films are excellent  electrocatalysts for 
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Fig. 2. Anodic polarization behavior of Bi2Ru207 thin film in 
20 w/o NaCI solution. 
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Fig. 3. Anodic polarization behavior of Bi3RuaO11 thin film in 
20 w/o NaCI solution. 

C12 evolution.  Of course, as for RuO2 electrodes,  the  
surface roughness of the b i smuth  ru thena te  e lectrodes 
also l ike ly  contr ibutes  to thei r  low overpotent ia l .  

F rom the l inear  por t ion  of the E / log  i polar iza t ion  
character is t ics  (be tween  10 -2  and 10 -a  A / c m  2) in Fig. 
2 and 3, we es t imate  a slope of 30 mV/decade .  This is 
different  f rom the 40 mV/decade  Tafel  slope (2, 3) 
observed for RuO2/TiO2 electrodes,  perhaps  suggest ing 
a different  r a t e -de t e rmin ing  step for chlor ine evolu-  
t ion on b i smuth  ru thena te  electrodes.  However ,  fu r -  
ther  de ta i led  inves t igat ion is needed to confirm this. 

In  addi t ion  to de te rmin ing  e lec t roca ta ly t ic  activity,  
we have examined  the corrosion resis tance of a 
Bi2Ru20~ electrode.  Our tests moni to red  the change 
in e lec t rode  poten t ia l  v s .  the t ime of CI~ evolution.  
Subsequent ly ,  we charac te r ized  the e lec t rode  by  SEM, 
XPS, and x - r a y  diffraction. 

Only a 1% change in po ten t ia l  (E ---- 1.10 V/SCE)  
occurred in 6 hr  for  a Bi~Ru207 elect rode evolving 
C12 at  90 m A / c m  2 in an aqueous NaC1 solut ion at  85~ 
(Much l a rge r  changes did occur on Bi3Ru8Oll and 
amorphous  electrodes.)  Scanning e lect ron micrographs  
in Fig. 5 cont ras t  the surface before  and af ter  C12 
evolution. The or ig inal  angular ,  c rys ta l l ine  features  
have  been replaced  by  an abraded,  less dense surface. 
Much of the change in morphology  is p robab ly  caused 

80 
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e 40 

20 

1 1 I l - r  r 

BizRuzO T (-75) 
T: 85~ 

0.7 0.8 0.9 1.0 1.1 1.2 1.3 
E (vs. S.C.E.) 

Fig. 4. Polarization characteristic of Bi2Ru207 thin film obtained 
by a potential sweep method at 20 mV/sec. 

by the f r ic t ional  forces of C12 gas evolution.  Measure-  
ment  of the  surface chemical  composi t ion by  XPS 
showed that  apprec iab le  (~50%)  Bi was lost. X - r a y  
diffraction indica ted  the  presence of some RuO2 not  
previous ly  detected.  The fact  tha t  the ac t iv i ty  was not  
affected indicates  tha t  RuO2 and Bi2Ru207 have about  
the same activi ty.  Al though  these da ta  do suggest  some 

Fig. 5. Scanning electron micrographs of BI2Ru20T electrode (a) before CI2 evolution and (b) after C12 evolution. Scale is 1 ~m 
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dissolut ion of the  Bi2Ru207 electrode,  the high ac t iv i ty  
is encouraging,  pa r t i cu l a r ly  since no a t t emp t  was made  
to opt imize mechanica l  and  chemical  character is t ics  
of the electrode,  as done by  other  inves t igators  (2). 

In  summary ,  we  have  p r e p a r e d  b i smuth  ru thena te  
e lectrodes by  rf  spu t te r ing  d i rec t ly  onto hea ted  Ti 
substrates .  These e lect rodes  showed high e lec t ro-  
ca ta ly t ic  ac t iv i ty  for  C12 evolution.  F u r t h e r  s tudies a re  
r equ i red  to de te rmine  whe the r  these electrodes could 
be improved  by  chemical  or  o ther  modifications. 
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Chlorine Saturation Levels in the Electrolyte 
Adjacent to the Anode Surface 

Relationship to the Polarization Curves 

I. V. Kadija* 
Olin Chemicals, Charleston, Tennessee 37310 

ABSTRACT 

Using a ro ta t ing  r ing  electrode,  we have s imula ted  ch lo r -a lka l i  and chlorate  
anode operat ion.  We have detected considerable  supersa tura t ion  of molecu la r  
chlor ine  in the e lec t ro ly te  ad jacen t  to the anode. We have also de tec ted  super -  
sa tura t ion  in the solut ion bulk  when  s imula t ing  a ch lo r -a lka l i  cell. Pa r t s  of 
polar iza t ion  curves for the anode can be exp la ined  in terms of concentra t ion 
polar iza t ion  under  var ious  opera t ing  conditions. 

In  our  ear l ie r  work  (1-4) wi th  H2 and O2 evolution,  
we used a ro ta t ing  r ing  e lec t rode  as the opera t ing  
electrode.  The hydrodynamics  of the  ro ta t ing  disk and 
the hydrophobic  na tu re  of Teflon (5) caused bubbles  
to appea r  at  the Teflon insu la tor  ad jacen t  to the  ou te r  
edge of the ring. Nuclea t ion  was not  observed  at  the 
r ing  surface and consequent ly  the surface h y d r o d y -  
namics were  undis turbed .  

In  a ro ta t ing  double  r ing  e lec t rode  combinat ion,  the 
outer  r ing e lec t rode  can be  used as the ana ly t ica l  
e lec t rode  for  the species presen t  in the solut ion near  
the  opera t ing  surface. We detected in our  previous  
work  (1-4) considerable  supersa tu ra t ion  levels  of gase-  
ous species ( l ike H2 and 02) in the solut ion ad jacen t  
to the opera t ing  r ing  electrode.  

The object ive  of this w o r k  was the measu remen t  of 
s t eady-s ta te  gaseous chlor ine  concentra t ions  in the  
e lec t ro ly te  ad jacen t  to the  anode in ch lo r -a lka l i  cells. 
F r o m  these measurement s  some reac t ion  character is t ics  
of ch lo r - a lka l i  cells were  deduced.  

* Electrochemical  Soc ie ty  Act ive  Member.  
Key woras: eiec~roiy~e, anode,  polarization.  

Experimental Methods 
The appara tus  is p resented  in Fig. 1. The r ing  d i -  

mensions are  shown in the  figure. The ro ta t iona l  speed 
ranged  f rom 518 to 5525 rpm, wi th  most  of our  ex-  
pe r imenta l  conducted at  2320 rpm. 

The two independent  e lectr ic  circuits  for  two r ing 
electrodes and the res t  of the appa ra tus  were  p rev i -  
ously descr ibed (2). In  addit ion,  we had  air, N2, and  
C12 cyl inders  for purg ing  the e lec t ro ly te  as required.  
Pla t in iz ing the p l a t i num r ing electrodes has been de-  
scr ibed e l sewhere  (1). Elect rolytes  were  made  wi th  
reagent  grade  NaC1 and the pH was ad jus ted  wi th  HC1 
and NaOH solutions. The opera t ing  t e m p e r a t u r e  was 
25~ 

The measu remen t  was conducted in the  fol lowing 
manner .  The the rmos ta t ed  e lec t ro ly te  was s a tu ra t ed  
wi th  one of the gases for severa l  hours  whi le  disk 
ro ta ted  at  2320 rpm. Af te r  saturat ion,  the l imi t ing  cur -  
ren t  at  the outer  r ing  was measured  by  obta in ing a 
s t eady-s t a t e  i -V curve by  ga lvanos ta t ic  method.  We 
have used the l imi t ing cu r ren t  at  the outer  r ing  at  zero 
cur ren t  of the opera t ing  r ing  as a measure  of the bu lk  
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R i ;0 5266 cm 
R2=O 6566 cm 
R3=O 66Z0 cm 
R4=O 7685 cm 

(mA) 

Fig. 1. Experimental cell. A, chlor-alkali cell simulation; B, 
chlorate cell simulation, a--inner ring, b--outer ring, c--Teflon 
disk body, d--ball bearings, e--sliding electrical contacts, f - -  
titanium shaft, g--Teflon stopper, h--graphitized asbestos sealing. 

saturat ion level with respective gas. With ni t rogen 
atmosphere only traces of C12 gave a very  small  l imi t -  
ing current .  With CI~ we obtained 22 mill imoles C12/ 
l i ter as chlorine solubil i ty in  our solution quite in  
agreement  with l i terature  (6). After  establishing the 
bu lk  solution l imit ing cur ren t  as a reference level  
for chlorine saturation,  we have proceeded with mea-  
suring the l imi t ing current  at  the outer  r ing at va r i -  
ous operat ing cur ren t  densities at the inner  ring. 

Hence, while the inner  r ing  operated with a cer ta in  
current  densi ty  G (the range was 0.24-2.76 k A / m  2) we 
have plotted the i -V curve at the outer  ring. I n - b e -  
tween each operat ing cur ren t  densi ty at  the inner  
ring, we have rechecked the level of chlorine saturat ion 
in the bulk  by repeat ing the l imit ing current  measure-  
men t  G = 0 level. In  est imating the collecting effi- 
ciency of the double r ing system we have used pre-  
viously developed mathemat ical  in terpreta t ions  (7, 8). 
For  each operating current  G we have compared the 
collecting efficiency at the outer r ing  wi th  the theo- 
retically predicted value. 

We simulated a chlor-alkal i  cell and a chlorate cell 
in  our experiments.  The chlor-alkal i  cell was s imu-  
lated by separat ing the cathode from the anode ( inne r  
r ing)  with an electrolytic bridge (Scheme A, Fig. 1). 
Thus, the whole content  of the reaction flask could be 
considered as anolyte, The chlorate cell was s imulated 
by operating the cathode and anode in  the same re-  
action flask. Hence, the electrolyte was considered to be 
chlorate cell l iquor (Scheme B, Fig. 1). 

Results 
Ch~or-a~kal~ cel~ simu~ation.--In the cell saturated 

wi th  air and wi thout  operation of the inner  r ing (curve 
G ----- 0 of Fig. 2) the detection cur ren t  obtained at the 
outer r ing was very small. As the inner  r ing started 
to operate at cer tain finite anodic currents,  the outer 
r ing l imit ing cur ren t  increased correspondingly (curves 
G ----- 0.24 to G -- 2.64 k A / m  2 of Fig. 2). 

In  the celt sa turated with chlorine from the cyl inder  
the l imit ing current  obtained with the outer r ing rep- 
resented the saturat ion of chlorine in  the bulk. This 
l imit ing current  (curve G :-  0 of Fig. 3) depended on 
the history of the cell. The G ~- 0 curve presented in 
Fig. 3 was obtained after the shutdown of the inner  
r ing operation at currents  higher than 0.2 k A / m  2. 

Figure 4 shows the l imit ing currents  plotted against  
operating currents for the inner  r ing in  both of the 
above cases. The lower curve is for the a i r -purged  cell. 
This curve followed the theoretical predict ion unt i l  

50 
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(mA) 

G~2.64 kA/m 2 -- J 

G=0.91  �9 

G=0.24 

1.0 0.8 0.6 0.4 0.2 0.( ]  0.2 
(§ ~- /  (V] 

VS. Ag/AgCI 

Fig. 2. Outer ring pelnrograms for CI2 reduction,/)H = 0.45, 300 
g/liter NaCI, 25~ Air purging through the cell-low CI2 in the 
bulk. 
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Fig. 3. Outer ring polarograms for CI2 reduction, pH = 0.5, 
300 g/liter NaCl, 25~ Cell saturated with CI2 under operating 
conditions. 

medium current  densities were reached. At  current  
densities above 1 k A / m  e there was a deviat ion from 
the theoretical predict ion and the observed l imit ing 
cur ren t  was lower by  20-25%. 

A similar  shape (upper  curve on Fig. 4) was obtained 
wi th  Ct2-saturated solution. At  currents  lower than  
0.2 k A / m  2, the detection level is considerably smaller  
than one would predict  by extrapolat ion from the 
higher current  densities. As shown in  Fig. 5 and 8, at 
lower cur ren t  densities or no cur ren t  from the inner  
r ing the steady-state  G ~ 0 level dropped considerably. 

Figure 5 shows the change in  C12 concentrat ion after  
the anode is shutdown with continued stirring. A few 
seconds after the shutdown at operat ing currents  
higher than 0.2 k A / m  a, the C12 concentrat ion level  was 
much higher and corresponded to a Cla sa turat ion of 



Vol. 127, No. 3 C H L O R I N E  S A T U R A T I O N  L E V E L S  601 

iavq / 
i im. / 

(mA) / 
/ 

/ / 

60 C12 SATURATED / ~ , ~  

N=39% / Z  
50 / -  //// 

10 

20 40 60 80 100 120 

i G (mA) 

Fig. 4. Outer ring limiting current vs. operating current G on 
inner ring. pH - -  0.45 and 0.50, 300 g/liter NaCI, 25~ 
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Fig. 6. Reduction polarograms obtained on the outer ring during 
chlorate cell slmulatlon at different current densities, pH ----- 6.5- 
7.3, 200 g/liter NaCI, 25~ Same hydrodynamic conditions and sur- 
face quality as in chlor-alkali cell simulation. 
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Fig. 5. Bulk CI2 reduction limiting current and concentration as 
a function of time after the anode shutdown. 

170-190% compared to equi l ibr ium w i t h  a pressure of  
1 a tm over the solution. The leve l  of  C12 in  the bulk  
after a f e w  hours of  stirring wi thout  current was  the 
same as that obtained by  C12 bubbl ing  at 1 atm. 

Chlorate cell simulation.--Figure 6 shows the outer 
ring polarograms obtained at different operating cur-  
rent densities at the inner ring. Four identif iable waves  
w e r e  reproducibly  obtained w i t h  the outer ring. The  
first w a v e  from the open circuit corresponds to the 
chlorine reduction reaction. We suspect that the other 
three waves  correspond to reactions invo lv ing  C 1 0 - ,  
C102 radical, or CLO2-. We are cont inuing our invest i -  
gation in order to pos i t ive ly  ident i fy  the species as 
w e l l  as the possible  interference of  p la t inum oxides 
reduction. 

In order to measure  the bulk  chlorine saturation we  
operated our cell  for 16 hr at 2.4 k A / m  2, and i m m e d i -  
ate ly  after the shutdown obtained the curve G = 0 
w i t h  the outer ring. We could not ident i fy  any chlorine 
in the bulk. The two species identif ied were  probably 
due to minute  amounts  of C 1 0 -  and some p la t inum 
oxide  reduction. 

We present the l imi t ing  current for chlorine reduc- 
tion in Fig. 7 as a funct ion of  operating current. We 
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Fig. 7. Outer ring limiting currents for C12 reduction during 
chlorate cell anode operation. Limiting currents from Fig. 6. 

also compare the col lection levels  for molecular  chlo-  
rine in two cases: chlor-alkal i  s imulat ion purged w i t h  
air, and chlorate cell  s imulation,  both at 2320 rpm. 
The numbers  beside each data point  indicate the per-  
centage of  detection in the chlorate cell  compared to 
detection at the same operating current in  the chlor-  
alkali  cell. The asymptotic  approach to the 60-70% 
detection leve l  is shown in the bottom right graph. 

Figure 8 shows the polarization curves for the same 
anode at the same rotation speed in the three solutions 
tested above: B1 : chlor-alkal i  cel l  saturated w i t h  
C12, Be ---- chlor-alkal i  cell  purged wi th  nitrogen (the 
air replaced wi th  nitrogen to avoid any  influence of  
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Fig. 8. Inner ring-anode polarization curves in chlor-alkali and 
chlorate cell simulation. Curve A, theoretical curve, assuming same 
chlorine concentration at the surface as in the bulk of the 
chlorate cell. Curve B, experimental curves with calculated actual 
CI2 pressures. 

O2 on potential  at low current  densities),  and B~ --- 
chlorate cell. 

Discussion 
Chlor-alkali celL--The dashed lines in  Fig. 4 indi-  

cate the l imit ing currents one should obtain at the 
outer r ing if the species formed on the inner  ring is 
dissolved and can be reduced or oxidized on the outer 
r ing with the same number  of electrons per molecule as 
required for its formation on the inner  ring. Since our 
exper imental  evidence agrees wi th  the theoretical ly 
predicted lines, we can assume that  most of the chlo- 
rine generated at the inner  r ing crosses the electrode- 
l iquid interface as a dissolved species. 

Some deviations are noticeable at higher current  
densities. We at t r ibute  this to the so-called "bubble  
gate" effect [see Ref. (4)]. At less than 15 mV polari-  
zation the bubbles wet t ing angle is 90~ ~ . Bubbles 
are attached to the Teflon insulator  and penetrate  
deeper into the solution bulk. As polarization increases, 
the bubbles wet t ing angle becomes smaller  and so the 
necks become shorter and bubbles bodies start  to in-  
terfere with the mass t ransfer  between the two rings. 
This results in a 20-25% decrease in  collecting effi- 
ciency at polarizations of 60-80 mV. 

The upper  curve in Fig. 4 also shows deviations from 
the predicted line at very low currents  but  only if 
the C12 is depleted in the bulk  (see Fig. 5). Otherwise, 
at higher current  densities, this curve follows the 
theoretical predictions, indicat ing that most of chlorine 
is produced as dissolved species. 

Hence, we suggest the following chlorine production 
mechanism at the anode surface, regardless of the 
electrode kinetics phenomena 

2C1- = C12 -5 2e-  (electrode surface) [1] 

C12 (electrode surface) --> C12 (diffusion layer)  [2] 

C12 (diffusion layer)  --> C12 (bulk) [3] 
or 

FCl~(Surface/liquid iaterface) ~ Fc12(bulk) [4] 

where Fc~e are the respective fluxes of molecular  
chlorine. 

One finds that  it is f requent ly  assumed that  the l iq-  
uid adjacent  to the electrode surface can be saturated 
with gaseous products up to the extent  which corre- 
sponds to 1 a tm pressure of the respective gas. This 
conclusion is usual ly  based on visual observation of 
the electrode surface. However, the evidence of exten-  
sive bubbl ing  from the electrode surface does not  nec- 
essarily indicate that  saturat ion stays close or equiva-  
lent  to 1 arm pressure regardless of the current  den-  
sity. It  was a l ready indicated in  l i terature  that  the 
saturat ion can reach far in excess to the one corre- 
sponding to 1 a tm pressure (9-12). Our findings with O3 
and H2 have confirmed that also (4). Due to the na -  
ture of operation of a r ing electrode, we have been 
able to measure the actual saturat ion levels at the 
operating surface which was not covered with bubbles.  

The following is our  calculation of the surface l iq- 
uid saturat ion level as a funct ion of cur ren t  density 
and diffusion layer thickness. For a more accurate 
saturat ion and equivalent  pressure distribution, we 
have developed the analysis shown in  the Appendix  
of this paper. 

In  the first approximat ion for surface concentrat ion 
calculation one can use the Nernst  equat ion 

~av,iavg 
Cc12(sufface) -" Ccl2(bulk) ~ - -  [~] zFDc~ 

where 6avg is diffusion layer thickness. 
For a ring type electrode 5avg is an average diffusion 

layer thickness as calculated by the Levich equation 

8avg-- l.61Dc12W3~1/%-W~ ( 1 - -  r~ ) 1/3 [6] 
?.13 

where Dc]2 ---- 1.22 • 10 -5 cm/sec 2, v = 1.75 • 10 -~ 
poises, ~ = 2320 rpm, r0 = 0.5266 cm, and rl  = 0.6398 
am. 

Introducing numer ica l  values in Eq. [5] we obtain 
the following equation that can be used to estimate 
the surface CI2 concentrat ion in mi l l imole / l i te r  as a 
function of current  density and diffusion layer  thick- 
ness 

Cci2 avg (surface) = 40 -~- 4.3 �9 " 8avg [7] 

where 5avg is in microns and iavg is in k A / m  2. 
The C12 solubil i ty at 1 atm and 25~ is 22 mil l imoles/  

l i ter atm. Hence, through Henry 's  constant, one can 
calculate the equivalent  average pressure of gas sa tura-  
tion in the solution adjacent  to the operating surface 

Pc12 <surface) = 1.82 -5 0.2 �9 {avg " 5avg [8] 

where iavg and 6avg have same units  as in  Eq. [7]. 

Chlorate ceiL--In a chlorate cell, chlorine hydrolyzes 
into hypochlorous ions which in tu rn  disproportionate 
to form chlorate 

C12 -5 H20 -~ HCIO -5 CI- -5 H+ [9] 

HCIO = CIO- -5 H + [9a] 
and 

2HCIO -5 ClO- --> CIO3- -5 2CI- -5 2H + [10] 

Hence, molecular chlorine present in the anode-surface 
electrolyte converts into chlorate at a certain overall 
rate. The rate of the reaction, [i0] and [ii], is a func- 
tion of pH. The optimum condition for the conversion 
is pH 6.5-7.5. 

During the anode operation chlorate may form elec- 
trochemically 

6C10- -5 3H20 --> 2C1Oa -5 4C1- -5 6H + -5 3/2 02 -5 6e -  

[ I i ]  

This reaction becomes diffusionally l imited if the 
C10-  concentrat ion in  the bulk  is too small. Also, re-  
action [9] causes slightly acidic conditions at the anode 
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surface; this acidity considerably reduces the rate of 
the electrochemical react ion (11). We performed our 
experiments  with a dilute hypochlorous ion concen- 
tration. Figure 6 shows the G = 0 detection curve 
which indicates only traces of hypochlorous ion or other 
intermediates  in  the solution bulk. Under  such operat-  
ing conditions, and especially at higher current  den-  
sities, one can assume that  anode chlorine product ion 
efficiency is close to 100%. 

The solution layer  adjacent  to the anode surface be-  
came more concentrated with C12 as current  increased. 
The concentrat ion should follow the current  density in  
a manne r  s imilar  to that  observed in  the chlor-alkal i  
cells. Our results in  Fig. 6 and 7 indicate that  the 
chlorine sa turat ion at the surface increases with the 
operat ing current  density�9 However, there appears to 
be an asymptotic approach to the level of 66% com- 
pared to the chlor-alkal i  cell. Ibl  et al. [Ref. (13) and 
(15)], Jak~i~ (14), and others have indicated that  the 
reaction may occur apart  from t h e  electrode surface 
but  still wi th in  the limits of the diffusion layer. Our 
exper imenta l  evidence seems to confirm this. A part  of 
the reaction must  also take place in  the t ransi t ion re-  
gion from the inner  to the outer r ing for the t ime 
necessary for t ransfer  of the species from the inner  
to tl~e outer ring. 

In  spite of these speculations, there is clear evidence 
of surface sa turat ion with chlorine. Assuming that  
t ransfer  and diffusional conditions are similar  to a 
chlor-alkal i  cell, one can write the following equa-  
t ion 

Cc12 avg(mill~mole/liter) = 66 ~avg [12] 

where iavg is in  k A / m  2 and 5avg is taken as 23 #m for 
the 2320 rpm. 

In the early 1960's T. Beck proposed the following 
equat ion to describe the chlorine concentrat ion at the 
anode surface as a funct ion of the current  density in  
chlorate cell 

�9 1,avg 

Cc12 av~ -- [13] 
2 " F ' D 2  

The rate constant  k for the reaction is proposed to be 
about 0.2 sec -1 (14). 

Instead of 23 ~m in  production, one can have dif- 
fusion layer  thicknesses of 100-120 ~m as proposed and 
measure d by Ibl  (13). With this value for 5avg our 
empirical  equat ion will  give concentrat ion levels simi- 
lar  to those predicted by Eq. [13]. 

Concentration polar izat ion. - -We have calculated the 
equivalent  average pressure (8) of molecular  chlorine 
at the anode surface at several  polarization data points. 
These are presented in the graphs in Fig. 8. 

Curve Bl . - -The  anode operat ing in  a chlorine satu-  
rated solution did not experience polarization at cur-  
ren t  densities below 0.05-0.07 k A / m  2. There was no 
polarizat ion since the surface chlorine concentrat ion 
and corresponding pressure was only slightly higher 
than  in the bulk. In  addition, the surface was cata- 
lyt ical ly active (exchange cur ren t  was higher than 
operat ing cur ren t  at low current  densities).  At higher 
current  densities, however,  both concentrat ion and 
act ivat ion polarizat ion were evident.  

Curve B2.--In ni t rogen atmosphere the major  source 
for chlorine at the surface is the C1- oxidation cur-  
rent.  Hence, as the current  increased the chlorine con- 
centrat ion at the surface increased. The dependence 
was l inear  and consequently for an order of magni tude  
of current  change we obtained 30 mV of polarization 
due to a tenfold increase in  chlorine saturat ion at the 
surface. 

At higher cur ren t  densities the activation polariza- 
t ion adds to the overall  polarization and, therefore, 
curves B1 and Bz coincide. However, one has to bear  
in  mind  that  the 30 m V / d m  concentrat ion polarization 

is present  also at higher current  densities. We mea-  
sured the chlorine saturat ion gradual  increase with 
current  density and this is shown by higher equivalent  
pressure. 

Curve B~.--The behavior  was similar  to that  observed 
in  the chlor-alkal i  cell purged with n i t rogen (B2). In  
the chlorate cell the chlorine concentrat ion in  the bu lk  
was very low. Here, C12 was consumed in  the hydrolysis 
reaction. However, the resul t ing species O C 1 -  is also 
electrochemically active at the platinized p la t inum sur-  
face. Therefore, at 10w current  densities and at open 
circuit, the polarization curve shows potentials which 
are a result  of a mixed reaction where hypochlorous 
ions were oxidized and chlorine evolved s imul tane-  
ously. 

In  the presence of low C10-  content  at moderately  
low currents  0.02 k A / m  2 or higher) the hypochlorous 
reaction became diffusion-limited. As the potentials 
increased, the current  generated chlorine under  sur-  
face conditions similar  to that  in  the ni t rogen purged 
chlor-alkal i  cell. Consequently,  the shapes of the curves 
became very similar. 

The coincidence of the three curves at higher cur-  
rent  densities indicates that  the surface electrochemi- 
cal discharge and the chlorine sa turat ion are practically 
independent  of the conditions in the bu lk  at  high re-  
action rates. 

As a hypothetical  result, we have plotted Curve A 
(Fig. ' 8) assuming no concentrat ion polarization. This 
allows the ini t ia l ly  low C12 concentrat ion in  the bulk  to 
be taken as a reference C12 concentration. The resul t -  
ing curve obviously contradicts the exper imenta l  find- 
ings. Hence, small  bu lk  concentrat ion of C12 has little 
bear ing on the polarization curves and cannot  be 
used as reference level for the polarization curve�9 

Conclusions 
1. In  chlor-alkal i  simulation, rotat ing r ing electrode 

operates with considerable supersatura t ion of molecu-  
lar  chlorine in  the adjacent  electrolyte. The super-  
sa turat ion is a l inear  funct ion of current  density. 

2. At current  densities lower than  0.03 k A / m  2 in  
chlorate cell simulation,  there is no evidence of surface 
chlorine saturation. At higher current  densities, the 
saturat ion follows the current  densi ty bu t  to a lesser 
degree than experienced in  the chlor-alkal i  cell. 

3. The bulk  solution in  a chlor-alkal i  cell can ex-  
perience chlorine concentrat ions saturated to the level 
of 170-190% under  operating conditions. 

4. Par t  of the anode polarization curve can be in ter -  
preted in  terms of concentrat ion polarization in  chlor-  
alkali  as well as in  chlorate cell operation. 

5. We believe that  the uneven  reactant  concentrat ion 
dis tr ibut ion at the r ing surface (see Appendix)  has 
li t t le bear ing on our finding. Under  our operating con- 
ditions, molecular  chlorine is pr imar i ly  produced as 
dissolved species. 

6. Altl~ough these findings could be a more general  
nature,  one cannot safely apply our empirical  equa-  
tions on other exper imenta l  apparatus without  careful 
study. 

Considering the na ture  of the steady state of gas- 
producing reactions, we believe that  one might  obtain 
similar results with plane electrodes as suggested by 
Landolt, Mueller, and Tobias (20). However, it ap-  
pears that ring electrodes are more feasible to bui ld  and 
operate. 

Manuscript  submit ted June  4, 1979; revised manu-  
script received Sept. 24, 1979. This was Paper  283 pre-  
sented at the Boston, Massachusetts, Meeting of the 
Society, May 6-11, 1979. 

Any  discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in  the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submit ted by Aug. 1, 1980. 

Publication costs of this article were  assisted by Olin 
Chemicals. 
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APPENDIX 

Current Distribution for Chloride Oxidation 
It is general ly  accepted that  a rotat ing disk electrode 

is a uni formly accessible surface. This assumption al-  
lows the investigation without  any  par t icular  con- 
siderat ion of possible uneven  dis tr ibut ion of reaction 
rate across its suriace. However, one must  bear in  
mind that the so-called uni formi ty  of the rotat ing disk 
operation applies only to l imit ing current  conditions as 
indicated by Newman (16). 

Ring electrodes are not un i formly  accessible even 
under  l imit ing cur ren t  operation. This is t rue pre-  
dominant ly  because of the flow pa t te rn  of the solution 
across the r ing surface. Solution flows from the inner  
towards the outer  edge of the ring. This pa t te rn  creates 
considerable differences between the two edges. The 
inner  edge is influenced more by  the bulk  solution 
while the outer edge operates in the solution saturated 
with electrochemical reaction products accumulated in  
the surface solution. These mechanics of operat ion re-  
quire a thorough analysis of the operating conditions 
to estimate the possible influence on the exper imenta l  
data. 

The recent  publications of Pierrini ,  Parrish,  and 
Newman (17, 18) probably best describe the present  
unders tanding  of the phenomena involved. 

The article (17) which deals with r ing electrodes 
cur ren t  d is t r ibut ion plots several  parameters  im-  
portant  for the characterization of the investigated re-  
action. We have used these parameters  to characterize 
the feasibili ty of our r ing electrode system. 

Dimensionless exchange current density (J) . - -J  is 
described by Eq. [9] of the article (17) 

iorlF 
J - -  - -  - -  5 [A- l ]  

~TK 

where (i) is the characteristic exchange current  den-  
sity assumed to be 50 mA/cm~, and conductivi ty of 
the bulk  solution K = 0.25 cm -1. J values are indications 
of the reaction reversibil i ty.  J = 1 or close are con- 
sidered medium rate reversibi l i ty  reaction and, con- 
sequently, J = 0 or close are ra ther  i r reversible  re-  
actions. J values above one are considered as fast re-  
actions and above 100 are very fast reactions. 

Dimensionless stirring rate (N).--N is described by 
Eq. [10] of the above article 

r,  1/2 / 051 
N =  i,,so--g:-,_) j R r  ~ 20 O [A-2] 

where (~) is 38.67 sec -1, 1.75 • 10 -2 poise, and Dcl -  
= 1.6. • 10 -5 cm/sec 2, N defines the influence of the 
mass t ransport  on the reaction rate. For  finite N values 
there is always a certain influence of the mass t rans-  
port  phenomena on reaction rate and concentrat ion 
dis tr ibut ion at the surface. For infinite values of N, the 
surface concentrat ion is same as in the bulk. 

Our value of 200 indicates that  at the 2320 rpm there 
was still some influence of mass t ransport  on the sur-  
face concentrat ion and operat ing conditions. With our 
RDRE system, N could be varied between 100-300. 

Ring radii ratio (ro/rl).--The ratio of the r ing radii  
is an impor tant  parameter  when defining operat ing 
conditions for the r ing electrode. The values of 0.5-0.7 
are considered to be ratios that  indicate the ring 
electrode behavior  typical for r ing type surfaces. That  
is, they do not  s imulate the disk or a plane type 
electrode. Smal ler  values indicate that  a behavior  
similar to disk electrode can be expected. Larger  values 
( thin r ing electrodes) tend to s imulate the current  and 
concentrat ion distr ibutions typical for plane electrodes 
(18). 

Our ratio is 
re 

- -  = 0.823 [ A - 3 ]  
1"1 

Hence, a typical  or close to plane electrode cur ren t  
dis t r ibut ion can be expected when  operat ing with such 
electrode. 

Operating vs. limiting currenL--By means of the 
Levich (19) equat ion for l imit ing current ,  we can esti- 

mate the l imit ing cur ren t  for chloride oxidation f rom 
the br ine  

iavgLiM:(O.62FCcl-Dcl-2/3v-1/8~I /2) /  ( 1  -- rl-.-~/r~ 1/8 

[ A - 4 ]  

iavg LIM ~-- 2.5 A / c m  2 

In  this work, we operated with current  densities 
1-200 m A / c m  2. Hence, our  operat ing current  vs. l imi t -  
ing current  ratio is 

iavg 
- -  = 4 X 10-4 -- 0.12 [A-5] 

iavg LIM 

Keeping this parameter  in  mind, we analyzed the 
informat ion presented by Newman and others (17, 18). 
It  appears that  the closest cur rent  dis t r ibut ion de-  
scription is given in  Fig. 8 of ReL (17). We do have a 
redox couple C1-/C12 wifh a re la t ively large exchange 
current.  ~ve are also operating at small  iavg/iavgLIM 
ratios. Thus, the curves for ratio = 0.2 best represent  
our current  dis t r ibut ion across the r ing electrode 
width. 

Using this information,  we plotted our current 
distr ibut ion curve (see on Fig. 9, curve a) and ob- 
tained a ra ther  uni form distr ibut ion over most of the 
r ing width. However, at the edges, we obtained values  
equal to 2 to 2.5 times greater  than/avg. 

Molecular Chlorine Concentration Distribution Across the 
Ring Electrode Width 

Our electrochemical reaction product  diffuses into 
solution. Hence, there is always a concentrat ion gradi-  
ent between the surface and the bulk. This condit ion 
requires the analysis of diffusion layer  thickness vs. the 
r ing width and it is described by Levich (19). 

Figure 9 (curve b) shows the relat ive change of 
diffusion layer  thickness against  the r ing width. At 
the inner  edge it is about  40% of the 5av~ and at the 
outer edge it is about 40 % thicker. 

By means of curves a and b one can obtain the re-  
sulting concentrat ion dis tr ibut ion across the r ing width. 
We used the numerica l  solutions for several  r values 
using Eq. [7] of this manuscr ip t  and obtained curve c, 
assuming CcI2 (bulk) - -  0.  
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Fig. 9. Distribution of: a, current, b, diffusion layer thickness, and 
c, molecular chlorine concentration across the operating ring. 
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One can see tha t  the  surface concent ra t ion  of molec-  
u la r  chlor ine  appears  qui te  un i fo rm for most  of the 
opera t ing  surface. I t  is in teres t ing,  however ,  tha t  the  
outer  edge of the r ing  e lec t rode  opera tes  wi th  concen- 
t ra t ions  2-2.5 t imes h igher  than  average.  

LIST OF SYMBOLS 
Cc12avg average  concentra t ion  of molecu la r  chlor ine 

on the opera t ing  e lec t rode  surface 
Cc~2 buLk concent ra t ion  oi molecu la r  chlor ine  in  solu-  

t ion bu lk  
D1,2 chlor ide  ion and molecu la r  chlor ine  diffusion 

coefficients, cm2/sec 
F F a r a d a y  constant  96,500 C/equiv.  
G to ta l  inne r  r ing  current ,  molecu la r  chlor ine  

genera t ing  current ,  iavg = G/su r face  (cm 2) 
i no rma l  cu r ren t  dens i ty  at  the e lec t rode  sur -  

face, AJcm~ 
iavg average  cu r ren t  dens i ty  on the  r ing  electrode,  

A / a m  2 
iavg LIM average  l imi t ing  cur ren t  dens i ty  on the r ing  

electrode,  A / c m  2 
io charac ter i s t ic  exchange  cu r ren t  density,  A/cm2 
J dimensionless  exchange  cu r r en t  dens i ty  
r r ad ia l  coordinate,  cm 
ro inner  r ing  inner  radius,  cm 
r l  inner  r ing ou te r  radius,  cm 
r2 outer  r ing  inner  rad ius  
r3 outer  r ing  outer  r ad ius  

local diffusion l aye r  th ickness  
~av~ average  diffusion l aye r  thickness  on the inner  

r ing  e l e c t r o d e  
elec t r ica l  conduct iv i ty  of the  b u l k  solution, 
~ - - I  e r a - 1  

~, k inemat ic  viscosity, c m 2 / s e c  
o~ ro ta t ion  speed, sec-1  
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An Engineering Model for Electro-Organic Synthesis in 
Continuous Flow-Through Porous Electrodes 

Richard C. Alkire* and Ronald M. Gould *'~ 
Department o~ Chemica~ Engineering, University ol Illinois, Urbana, Illinois 61801 

ABSTRACT 

Under controlled experimental conditions, 9-10 diphenylanthracene (DPA) 
was oxidized in a sectioned flow-through porous electrode in order to study the 
relation between operating conditions and product yield. The DPA solution con- 
tained 0.2/V te t rae t l~ylammonium perch lora te  in acetonitr i le .  The e lec t rode  was 
f ab r i ca ted  f rom 100-mesh p l a t i num screens. The react ion ra te  d i s t r ibu t ion  
wi th in  the  sect ioned e lec t rode  was measured  direct ly ,  and  the reac tor  effluent 
was analyzed  to obta in  the concentrat ions  of DPA and its cat ion rad ica l  
(DPA +).  Expe r imen ta l  da t a  were  compared  wi th  calculat ions based on flow- 
th rough  porous e lect rode theory  wi th  considerat ion of the  mul t ip le  reac t ion  
sequence ~EEC) under  study.  L i t e ra tu re  values,  where  avai lable ,  were  used 
wi thout  ad jus tmen t  in mak ing  theore t ica l  calculat ions wi th  use of a m a t h e -  
mat ica l  model  of the reactor  system. The model  calculat ions p red ic ted  total  c u r -  
r e n t s  which were  wi th in  4% of expe r imen ta l  data, and  gave good ag reemen t  
wi th  cur ren t  d i s t r ibu t ion  da ta  at  var ious  flow velocit ies and  app l ied  potent ials .  

Synthesis  of organic compounds by  electrolysis  can 
usua l ly  be car r ied  out  wi th  high se lec t iv i ty  p rov ided  
tha t  the potent ia l  along the e lec t rode  surface is essen-  
t i a l ly  uniform. In o rder  to achieve la rge  react ion rates  
pe r  uni t  volume, a necessary  conjunct  of l a rge-sca le  
processes, porous electrodes are  of ten used since they  
possess la rge  in t e rna l  surfaces on which  heterogeneous  

* Electrochemical Society Active Member. 
1Present  address: Mobil Research and Development Corpora- 

tion, Paulsboro, New Jersey 08066. 
Key words; electro-organic, porous electrode, flow, mathemati- 

cal model. 

cha rge - t r ans fe r  react ions may  occur. One c o n s e q u e n c e  
of using such electrodes is tha t  in te r io r  mass t rans fe r  
and ohmic resis tance effects may  lead  to a nonuni form 
potent ia l  dis tr ibut ion,  t he reby  affecting adverse ly  the 
se lec t iv i ty  which  might  o therwise  be achieved.  Defin- 
ing the op t imal  t rade-off  be tween  high se lec t iv i ty  a n d  
high react ion ra te  is c lear ly  an impor t an t  engineer ing  
design considerat ion.  

The re la t ion  be tween  design pa rame te r s  and  reac tor  
per formance  is pa r t i cu l a r ly  complex  in the  case of 
most  e lec t ro-organ ic  processes owing to  t h e  in te rac t ion  
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of mul t ip le  react ions which  i nva r i ab ly  occur. There -  
fore, i t  seems reasonable  tha t  ma themat i ca l  models  
would  find use in engineer ing design, opt imizat ion,  
and sca le -up  of high ra te  e lec t ro-organ ic  synthesis  r e -  
actors. In this invest igat ion,  the reac t ion  d is t r ibut ion  
wi th in  a f low-through porous e lec t rode  was measured  
expe r imen ta l ly  and compared  wi th  predic t ions  based 
on a ma themat i ca l  model  of the e lec t ro-organic  reac-  
t ion system. 

MacMul l in  (1) p rov ided  a classic discussion of im-  
por t an t  engineer ing considerat ions involved  in sca le -up  
of e lec t ro-organic  processes. Recent  vigorous indus-  
t r ia l  ac t iv i ty  has been descr ibed in  a sympos ium on 
e lec t ro-organic  synthesis  technology (2). An  indexed 
b ib l iography  of e lec t ro-organ ic  synthesis  l i t e ra tu re  
(3) has recen t ly  been compi led  and ut i l ized as a data 
base in the  eva lua t ion  of possible candidates  for  e lec-  
t rochemical  synthesis  of high tonnage  organic  chemi-  
cals (4). A va r i e ty  of high ra te  e lect rochemical  reac tor  
designs has been cr i t ica l ly  r ev iewed  by  Houghton and 
Kuhn  (5). In  par t icu lar ,  pas t  l i t e r a tu re  on f ixed-bed 
f low-through porous e lect rode systems has recen t ly  
been collected and discussed (6). 

Elec t rochemical  behavior  in the presence of mu l t i -  
p le  reactions has received considerable  a t tent ion  dur ing  
recent  years.  Ea r ly  e lec t roana ly t ica l  invest igat ions  
successful ly analyzed  da t a  on EC and ECE sequences 
by  assuming tha t  chemical  react ion occurred p r i m a r i l y  
in  the bu lk  of the  solut ion (7-9).  Branching mech-  
anisms in e lec t ro-organic  systems have  been  t r ea ted  
in an analogous manner  (9, 10). The foregoing analyses  
genera l ly  assumed that  the p r i m a r y  react ion occurred 
under  mass t ransfe r  control  and  tha t  the  secondary  
reac t ion  proceeded  at  a ra te  charac te r ized  b y  its ha l f -  
wave  potential .  Ana lyses  have also been presented  for 
mul t ip le  reactions in flow systems in which the pres-  
ence of a mass t ransfe r  bounda ry  l aye r  along a solid 
e lectrode was included in the  model  (8, 11-14); of 
these theore t ica l  papers,  one included expe r imen ta l  
verif icat ion (12). 

Extension of the foregoing pr inciples  to porous elec-  
t rode  appl icat ions  has t aken  place only recently.  The 
first theoret ica l  t r ea tmen t  (15) eva lua ted  severa l  types  
of react ion mechanisms,  including an e lec t ro-organic  
ECE sequence, and has been the basis for expe r imen-  
tal  invest igat ions (16), inc luding tha t  repor ted  in the  
presen t  publicat ion.  Other  recent  studies on two-s tep  
react ions eva lua ted  the in terac t ion  of convection, axia l  
diffusion, and ohmic resis tance (17). Theore t ica l  
models  have been developed for paras i t ic  react ions 
where  the secondary  react ion occurs at  a ra te  charac-  
ter ized e i ther  by  its ha l f -wave  potent ia l  (18) or  by  
a l inear  approx imat ion  to the  surface polar izat ion 
equat ion (19). The impor tance  of feeder  p la te  and 
countere lec t rode  p lacement  in minimizing cur ren t  loss 
by  secondary  react ions has also been emphasized (20). 

The purpose  of the present  inves t igat ion was to 
re la te  the synthesis  per formance  of a f low-through 
porous e lect rode reac tor  to the  design pa rame te r s  
which charac ter ized  the electrode.  The oxidat ion  of 
9-10 d iphenylanthracene ,  a react ion sequence which 
exhibi ts  two successive e lec t rochemical  steps fol lowed 
by  a homogeneous chemical  reaction, was s tudied in a 
porous e lect rode which was designed to pe rmi t  mea -  
surement  of local react ion rates  wi th in  the cell. Elec-  
t ro ly te  flow occurred  para l l e l  to the  flow of e lectr ical  
cur ren t  in the solut ion phase; the countere lec t rode  
was in the  downs t ream position. A mathemat ica l  model  
of the  porous e lec t rode  was developed for comparison 
wi th  the exper imen ta l  data. 

Experimental Apparatus and Procedures 
Specific detai ls  of cell  and e lect rode design, flow 

system, and electronic measurements  a re  avai lab le  
e l sewhere  (21). Therefore,  only  a br ie f  summary  is 
provided  here. The  cyl indr ica l  anode chamber  shown 
schemat ica l ly  in Fig. 1 was fabr ica ted  by  dr i l l ing  out  
a solid piece of Teflon. The f low-through sectioned 
anode consisted of a s tack of 100-mesh p l a t inum 

Fig. 1. Cross-sectional diagram of the assembled experimental 
cell. 

screens, 13 m m  diam. Elec t r ica l  contact  to each elec-  
t rode section was made  wi th  thin gauge P t  wire  fed 
th rough  the  side wall ;  e lec t rode  sections were  in-  
sula ted  f rom each o ther  wi th  Teflon gauze. The eoun-  
te re lec t rode  (consist ing of 80-mesh nickel  screen)  
was posi t ioned in the flow loop downs t ream f rom the 
anode. An  aqueous sa tu ra ted  calomel  re ference  elec-  
t rode (A. H. Thomas Company,  No. 4092-F15) was 
used fol lowing procedures  r ecommended  e l sewhere  
(22); contamina t ion  of the flow sys tem wi th  wa te r  
was avoided by forming the l iquid j u n c t i o n e x t e r n a l  to 
the  flow circuit.  Samples  of e lec t ro ly t ic  solut ion were  
w i t h d r a w n  through  Teflon tubing. A potent ios ta t ic  
power  supply  was used to control  anode potent ia l  
wi th  respect  to the  reference  electrode.  A mul t ichanne l  
zero- res i s tance  opera t iona l  amplif ier  c i rcui t  was used 
to measure  ind iv idua l  sect ion currents  while  ma in t a in -  
ing al l  sections at  the same potent ial .  

E lec t ro ly te  was f resh ly  p repa red  under  d ry  n i t rogen 
wi th  the  composit ion 0.0015M 9-10 d ipheny lan th racene  
(Aldr ich  Chemical  Company,  "Gold Label"  No. 
D20,500-1), 0.2N t e t r a e t h y l a m m o n i u m  perch lora te  
(G. F. Smi th  Chemical  Company,  po la rographic  grade)  
in ace toni t r i le  (Aldr ich  Chemical  Company,  "Gold 
Label"  spec t rograde  No. 15,460-1). Chemicals  were  
used wi thout  fu r the r  purif ication;  the  suppl ie r  speci-  
fications indica ted  a m a x i m u m  of 0.03% wate r  in  the  
solvent.  The re f rac t ive  index,  viscosity,  and  conduc-  
t iv i ty  of the  ace toni t r i le  solvent  were  measured  and 
found to be in agreement  wi th  l i t e r a tu re  da ta  (23). 
Because absorpt ion  of a tmospher ic  mois ture  affects 
oxida t ion  of the 9-'10 d ipheny lan th racene  cat ion rad ica l  
(24), the enclosed flow sys tem was pu rged  wi th  copious 
quanti t ies  of d ry  n i t rogen  pr io r  to in t roduct ion  of 
e lec t ro ly te  and was ma in ta ined  under  n i t rogen  a tmo-  
sphere  throughout  the course of exper imenta t ion .  

Pr io r  to conduct  of electrolysis,  a sample  of solut ion 
was w i t h d r a w n  through the ups t r eam sample  port .  
Af te r  es tabl ishing flow in the system, an  anodic po-  
ten t ia l  sweep was car r ied  out  a t  1 mV/sec  over  the 
range 0-2500 mV wi th  respect  to SCE. The background  
cur ren t  at  900 mV vs. SCE was typ ica l ly  less than  1% 
of the measured  value. The potent ia l  was then set to 
var ious  constant  values;  at each value, the  sys tem was 
a l lowed to reach s teady state, at  which t ime a 1 ml  
downs t ream (out let)  sample  of e lec t ro ly te  was wi th -  
drawn.  In  a l ike manner ,  da ta  and solut ion samples  
were  obta ined at  var ious  flow rates.  
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The solut ion samples  were  inves t iga ted  by  u.v. ab-  
sorbance spec t ropho tomet ry  to measure  concentrat ions  
of 9-10 d ipheny lan th racene  (DPA) and the cat ion 
rad ica l  (DPA + ). Each e lec t ro ly te  sample  was d i lu ted  
to 10 ml  wi th  pu re  acetoni t r i le ;  the  b lank  was pu re  
acetoni tr i le .  Absorbances  at  321 and 372.5 nm were  
recorded  and concentrat ions  were  ca lcula ted  based on 
mola r  absorpt iv i t ies  as repor ted  e l sewhere  (25). Ana l -  
ysis of in le t  samples  was accura te  to wi th in  --+1.5%. 
Analys is  of downs t r eam samples  was less cer ta in  owing 
to the h a l f - r e g e n e r a t i o n  reac t ion  of the  cat ion rad ica l  
wi th  res idual  wa te r  (24, 25). The e r ro r  inheren t  in 
de te rmina t ion  of DPA and D P A  + in the  effluent is 
_10%.  

Since ins tab i l i ty  of the dicat ion (27) p reven ted  di-  
rect  quant i t a t ive  analysis,  the  D P A  +2 concentra t ion 
was es t imated  by  a mass ba lance  about  the cell  wi th  
assumpt ion of 100% cur ren t  efficiency; the e r ror  in -  
he ren t  in this p rocedure  is the re fore  also on the order  
of  10%. 

Theoretical Model 
Since the model  deve loped  here  para l le l s  genera l  

p rocedures  tha t  have been out l ined prev ious ly  (15), 
the fol lowing pa rag raphs  are  in tended  only for the  
purpose  of b r ie f  description.  The  geomet ry  of the  
porous e lect rode is depic ted  in Fig. 2 (a ) .  Elec t ro ly te  
flow is in the  di rect ion of the  y-coord ina te ,  the elec-  
t rode  is of thickness l, and the countere lec t rode  is 
downs t r eam from the porous electrode.  Other  detai ls  
of cell  construct ion are  not  t aken  into account in de-  
ve lopment  of the  model. Elec t ro ly te  percola tes  th rough  
the porous mat r ix ,  supply ing  reac tan ts  to the in te r io r  
solid surface where  e lect rochemical  reac t ion  occurs. 
The local reac t ion  ra te  var ies  wi th  posi t ion since the  
potent ia l  and species concentra t ion  v a r y  wi th in  the  
e lec t rode  owing to ohmic and t r anspor t  l imitat ions.  
The  fol lowing model  equat ions were  used to compute  
the  react ion ra te  d i s t r ibu t ion  th roughout  the porous 
e lec t rode  and, thereby,  to predic t  the produc t  spec t rum 
in the effluent s t ream.  

S t eady - s t a t e  opera t ion  under  i so thermal  condit ions 
is t reated.  The e lec t rode  phase  is isopotent ial ,  is of 
un i fo rm porosity,  and has pore  dimensions which are  
la rge  wi th  respect  to the double  l aye r  thickness.  The 
solid surface  of the  in te r io r  reg ion  m a y  be of a r b i -  
t r a r y  configurat ion since i t  is accounted for  in the  fol -  
lowing model  b y  a specific a rea  term. Hydrodynamic  
and mass t r anspor t  processes occurr ing wi th in  the pore 
s t ruc ture  a re  i l lus t ra ted  in Fig. 2 (b) .  Convection 
th rough  the e lec t rode  is assumed to occur by  p lug  
flow. Mass t ranspor t  of r eac tan t  species f rom the cen- 

Fig. 2. Schematic diagram of porous electrode 
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t ra l  region of the pores  to the  surface is assumed to 
occur across a mass t ransfe r  diffusion l aye r  which oc- 
cupies a negl ig ible  f rac t ion of the  pore  volume. By 
this view, homogeneous chemical  react ions  would  oc- 
cur p r imar i l y  in the w e l l - m i x e d  core region. Conduc-  
tion in the  solut ion phase obeys Ohm's  l aw and mi -  
g ra t ion  effects a re  negl ig ible  owing to the  presence 
of suppor t ing  electrolyte .  The foregoing constra ints  
a l low the model  equat ions to be wr i t t en  in a one-  
d imensional  form in which the heterogeneous  e lec t ro-  
chemical  react ions appear  as pseudohomogeneous  
source terms.  

In  the e lec t ro ly te  there  a re  i react ive  solute species 
which take  pa r t  in a total  of j reactions,  which may  be 
ei ther  heterogeneous  or homogeneous.  The s to ichiom- 
e t ry  of the react ions is defined b y  

~ij ,,,1 - -  n i e -  [1] 
t 

In  addi t ion  to the  i reac t ive  solute species, the re  m a y  
be addi t ional  iner t  species which  do not  t ake  p a r t  in  
the react ions and which are  not  t aken  into account in 
the analysis.  

The s t eady-s ta te  one-d imens iona l  species conserva-  
t ion equat ions are  

4 2 4 
D i ~  [Ci(y)] --  V [c i (y ) ]  "- vij Sij [2] 

d y 2 --~y j 

A n y  pa r t i cu la r  react ion involv ing  species i wi l l  be 
e i ther  heterogeneous (e lec t rochemical )  or  homoge-  
neous (chemical) .  Heterogeneous  react ions  t ake  p l a c e  

on the in te r ior  surface and obey a ra te  equat ion 
in which the surface concentra t ion appears  

a 
Su = n - ~ i ?  [cis(u),  ~ ( y ) ]  [a] 

Homogeneous react ions  t ake  place  in  the  "core" of 
the flowing e lec t ro ly te  wi th in  the porous e lect rode and 
obey ra te  equations in which the core concentra t ions  
appea r  

S]j = ]jh [Ci(y) ] [4] 

The specific form of the  ra te  equat ions lie and  fjh wi l l  
of course depend on the pa r t i cu l a r  react ions  as is  i l -  
lus t ra ted  below. 

The local concentra t ion difference be tween  surface 
and core are  re la ted  to the heterogeneous reac t ion  
ra te  th rough  the mass t ransfe r  coefficient 

]je[cis(y),  ~b(y)] : v i j n j k i F [ c i s ( y )  - -  ci(Y)] [5] 

The one-d imens iona l  charge balance  equat ion  is 

d2 _ _ a ~  
dye" [ ~ ( y ) ]  ~ J $? le ts(y) ,  r  [61 

Equat ions [2], [5], and [6] comprise  a set of (2i 
d- 1) re la t ions  which  are  sufficient in number  to de-  
te rmine  the (2i -4- 1) unknown functions:  c i (y ) ,  c is(y) ,  
and r  Whereas  Eq. [5] is a lgebraic ,  [2] and [6] 
a re  different ia l  equat ions and there fore  requi re  bound-  
a ry  conditions. 

When  the countere lec t rode  is downs t r eam 

a t  y = 0  
e *-- Ci o 

d~ 
�9 , , ~ 0  
dy 

at y = l  
dcl 
-- = 0 [71 
dy 

r r 

The following general reaction notation will be used 
to characterize the anodic E-E-C sequence studied in 
this inves t iga t ion  
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M, -* Ms + e -  (electrochemical) [8] 

M~--> M8 + e -  (electrochemical) [9] 

M8 + M~-~ M~ (chemical) [10] 

It will  be assumed that  the two electrochemical reac- 
tions proceed wi t s  reversible But ler -Volmer  rate ex- 
pressions, while the chemical reaction is first order in 
each reactant  and is irreversible.  That  is 

f l  e = io I - -  exp 
cl ~ R T  

cas exp [11] 
c2 ~ R T  

]2 e : io2 - -  exp  (r + Cr) 
c2 o L R T  

c3s exp [ - fi2n~F (~b ~- ~br) ] } [12] 
c~o R T  

f3 h : kcC~C4 [13] 

In  these equations, r is the potential  with respect to 
the rest potential  of reaction [8], while ~r is the ther-  
modynamic rest potential  of reaction L8] with respect 
to reaction [9J. The rest potential  difference is com- 
puted by consideration of the ionic concentrat ion of 
reactants as they enter the porous electrode. Note that  
the electrochemical reaction rate depends on tne con- 
centrat ion at the surface, ci s, while the homogeneous 
reaction rate depends on the concentrations in the well-  
mixed core, ci. 

By defining the dimensionless variables 

ci Y F~ FCr 
C i : - -  Y :  r  C r :  [14] 

cio' T '  R T  ' R T  

and by following the manipula t ions  described previ -  
ously (15), the equations for this coupled system 
are found to be 

C"I -- ~IC'i : -t- xiFi 

C"2 -- ~2C'2 : + x2[F2 -- Fi] 

C% -- bC'a : - x3F~ + AiC3C4 [15] 

C"4 -- ~C'4 : A2CsC4 

C"5 -- bC% : -- A~CaC~ 

@" : ~IFi + ~2F2 
where 

C1 exp [aini@] - -  C2 exp [--~lni@] 
F1 = 

41 
1 + ~ [exp [ainlr  -{- X1 exp [--~lni@] ] 

C2exp [a~n2(@ -t- 9~)] -- C3 exp [--~2n2(r -{- @r)] 
F2 = 

~2 [exp [c~2n2(r -~ Cr)]  I +  r-~- 

vl  

~i "- Di' 

akiniF212ci o 
r i - -  

KRT 

ioial2F 

KRT 

ioial2 
X i = - - ,  

n i F D i c i  ~ 

kc12c4o 
A I - - - -  

D3 

+ [2 exp [--fi2n2(@ + Cr] ] 

kc/,2c3 o 
A.2 = 

D4 

kd~cao c4o 
A3 = 

D5c5 o 

C1 o 

C2 o 

C2 o 

C3 e 

The dimensionless boundary conditions are 

at Y=0 
C ~ = I ,  r  

at Y = I  
C'i ---- 0, 4, _-- r [16]  

The dimensionless parameters  which arise here a r e  
closely related to parameters  which arise in other elec- 
trochemical analyses and in engineering analyses of 
chemical reactors. Each of these dimensionless pa rame-  
ters indicates the relat ive importance of two effects. 
Usually, however, more than  two effects are impor tant  
in  controlling electrode behavior. However, the rela-  
tive magni tude  of the parameters  with respect to each 
other can be employed to estimate in tu i t ive ly  which 
part icular  effects would be impor tant  for any specific 
electrode system. Detailed examples of in terpreta t ion 
were given elsewhere describing flow-through porous 
electrodes with a single electrode reaction and no 
homogeneous reactions (28), as well as for mult iple 
electrode and homogeneous reactions (15). 

The model equations were first l inearized about  a 
trial  solution, then recast into finite difference form 
by employing central  difference operators. The resul t-  
ing set of t r i -d iagonal  matrices was inver ted by a 
modified Gauss-Jordan  e l iminat ion method (29) with 
the use of a CDC/CYBER-175 computer. Solution of the 
nonl inear  coupled equations was obtained by succes- 
sive approximation unt i l  a convergence of 0.01% was 
achieved. The number  of i terations required for con- 
vergence was dependent  on the system being modeled, 
but  was usual ly  less than  ten. The choice of 101 mesh 
points gave results which were accurate to wi thin  the 
l ine width used in  graphical representat ion of the re-  
sults. At the l imit ing current,  numerica l  calculations 
were found to give results which were identical to 
analyt ical  calculations. 

Results and Discussion 
In  "dry" acetonitrile, the mechanism of the oxida- 

t ion of 9-10 d iphenylanthracene  consists of two suc- 
cessive electrochemical reactions followed by a rapid, 
i rreversible reaction of the dication with a nucleophilic 
species, usual ly water  present  in  trace amounts  in  the 
electrolyte (24) 

DPA ~ DPA + + e -  

DPA + --> DPA +2 + e -  [17] 

DPA + 2 + Nu --> Product  

By comparison of sequence [17] with reactions [8]- 
[10], it  is seen that species 1 through 5 would denote 
DPA, DPA +, DPA +2, nucleophile, and final product, 
respectively. Although other reaction paths are avail-  
able to DPA + when sufficient quant i ty  of nucleophile 
(such as H20) is present  (36), the above reaction se- 
quence was used on a tentat ive basis for the analysis 
of data. The extent  of agreement  between theory and 
data then becomes in  par t  a test of correctness of 
the assumed reaction sequence. 



V o l .  127, No. 3 

Table I. Physical properties of 9-10 diphenylanthracene (DPA) 
solutions 

ELECTRO-ORGANIC SYNTHESIS 

Prop- Refer- 
erty Units  Value  ence  

(31) 

(32) 
(33) 
(34) 
(34) 

(~2-cm)-1 2.06 x 10 -s* 
/L g/(cm sec) 3.67 -- 0.05 x 10 -~* 

g/era ~ 0,790 -- 0.0005" 
equiv./mole l.O 

/)1 cm2/sec 1.B4 -- 0.12 x 10 -;* 
D~ em2/sec 1.64 x 10-st 
k cm/see (I.Ii x i0 -2) Re ~ 
~oz A/cm s 0.33 
al + 0.4 
B~ + 0.6 
Cr V 0.410 -- 0.025" 
io~ A/era  2 3.3 x 10-4t 
r + 0.40 
,8~ +0.60 

* Measured in the laboratory.  
t Est imated.  

Values of the propert ies  of the DPA system are 
l is ted in Table I. The effective electrolyte  conduc- 
t iv i ty  used in model  calculations was calculated ac- 
cording to Bruggemann  (30) 

geff "-- Ke 1"5 [18] 

Rate constants for oxidation of the cation radical in- 
termediate (DPA + ) to the dicat ion (DPA +2) were  
ne i ther  avai lable  in the l i te ra ture  nor readi ly  obtain-  
able by exper imenta l  measurement .  In order  to per -  
form the model  calculations in the absence of re l iable  
kinetic and physical  p roper ty  data, the fol lowing a s -  
s u m p t i o n s  were  made:  (i) the molecular  configura- 
t ional  and electronic  charge densi ty differences be-  
tween  DPA + and DPA +2 were  accounted for by t h e  
(exper imenta l ly  measured)  thermodynamic  rest  po-  
tent ial  be tween  the two species in solution; (ii) the 
exchange current  densities, ioi, of the two reactions 
were  direct ly  proport ional  to the respect ive inlet  con- 
centrat ions of the anodic reactants;  and (iii) the  re la -  
t ive  values of the inlet  concentrat ions of DPA, DPA +, 
and DPA +2 were  1000: 1: 1. Thus, by the first assump- 
tion, the anodic and cathodic t ransfer  coefficients of 
the second oxidat ion step are equal  to those of the 
first reaction. The third assumption, a l though un-  
realistic, was necessary to avoid computat ional  s ingu- 
larities. Finally,  the i r revers ib le  na ture  of the second 
e lect rochemical  react ion was modeled by equat ing the 
cathodic back- reac t ion  to zero. 

Electrode geometr ic  propert ies  are listed in Table 
II. The e lect rode porosi ty was found by weighing the 
electrode and measur ing  the vo lume occupied af ter  
assembly in the cell. It  was found by microscope ob- 
servat ion that  the wire  surface was not smooth, a s  
assumed in correlat ions of specific surface area (85). 
Based on auxi l ia ry  l imit ing current  data in a single 
react ion system (16, 21), i t  was concluded that  the 
va lue  obtained by Ref. (35) should be increased by 
15% to account  for surface roughness effects. With 
this procedure,  i t  was found that  (a) the adjusted 
specific surface area was essential ly identical  to those 

Table II. Electrode properties and experimental conditions: 
9,10 diphenylanthracene system 

0.95 cm 2 
5.4 m m  

30 
5 
0.731 

153 em2/cm s 
0.~8-16.7 m l / m i n  

Electrode  cross-sect ional  area 
Electrode  length* 
N u m b e r  of screens  in e lectrode  
N u m b e r  of sect ions  in e lectrode 
Electrode  poros i ty  
Specific surface  areat  
Electrolyte  flow rate  

* Inc ludes  separator  material .  
, Based on total  l ength  and Eel. (35). 
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best values found by Alki re  and Gracon (28) who 
used a different procedure  of determinat ion;  (b) cur -  
rent  dis tr ibut ion data agreed wel l  wi th  model  pre-  
dictions as i l lus t ra ted in this work  and e lsewhere  
(16); and (c) the total  current  agreed to wi th in  3% 
of model  predictions. 

Polarization data.--Figure 3 compares the theore t i -  
cal predictions based on the above parameters  to the 
polarizat ion behavior  of the f low-through porous elec-  
t rode for an electrolyte  flow rate  of 1.65 ml /min .  The 
exper imenta l  curve  has not  been corrected for the 
IR drop exter ior  to the working  electrode. Consider-  
ing the approximat ions  that  were  made for the kinetic 
parameters ,  the agreement  is reasonable.  The model  
accurately predicts the l imit ing cur ren t  but  underes t i -  
mates the kinet ical ly con t ro l l ed  current  a t t r ibutable  
to the second electrochemical  react ion by about  15%. 

Yield data.--Reactant and product  conversions de-  
fined by the relat ions 

CDPA I 
ODPA --- 1 

CDPA ~ 

CDPA+ 1 -- CDPA+ o 
0DPA + --- 

CDPA o -~- CDPA+ o 

CDPA+21 ~ CDPA+$ o 
0DPA+ 2 "- 

CDPA ~ -~ CDPA+ ~ CDPA§ ~ 

Figure 4 depicts the influence of electrolyte flow 
ra te  on the collection efficiency of the porous electrode 
at the higher  of the applied potentials employed dur ing 

I I I I I I I [ I I 

L =  0 . 5 4  c m  / /~ ' -  
E v 1 6 5  m l / r m  

Z 
W 4 

Q= 

~ / ------ THEORETICAL 

EXPERIMENTAL 

0 -w'/~ / I I I i l t i t I 

1.0 1.5 2 , 0  

@a ' POTENTIAL, volts 

Fig. 3. Comparison of experimental and predicterd I~olarlzation 
bekavior of 9-10 diphenylanthracene system. 

\ o,,,\ 
if) 
n - o . s  - -  *o= ~', ,,, , : :  
> ox 
Z 

0 \ N  

0 
I0 I00 

V, FLOW RATE , m l / m i n  

Fig. 4. Collection of efficiency vs. flow rate for 9-10 dlphenyl- 
anthracene system. 
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each run. All  reported applied potentials are vs. the 
downstream SCE and have been corrected ~or 1R drop 
external  to the porous electrode. The DPA conversion 
efficiency at the lower applied potential  value can be 
determined within  exper imental  error from the DPA 
conversion curve in  Fig. 4. At  the lower flow rates, 
the residence t ime is sufficiently long to permit  near ly  
quant i ta t ive formation of the dication. Decreasing 
the residence t ime improves the relat ive conversion to 
the radical in termediate  since the formation of the 
final product (DPA +2) is affected more adversely by 
flow rate increases than  is the conversion efficiency 
of DPA to total product. 

As ment ioned previously, the conversion efficiency 
of DPA to total product  was identical,  wi thin  experi-  
menta l  error, at  both levels of the applied potential  
employed in this study. The theoretical results for the 
conversion of DPA to DPA + at an applied potent ial  
of r ~_ Cr are indicated by the dotted curve in Fig. 4. 
The solid lines represent  the theoretical calculations 
for the higher of the two exper imenta l ly  applied po- 
tentials, Ca ---- Ca,max. A summary  of the collection ef- 
ficiencies for the three chemical species is given in 
Table III. Quali tat ive agreement  with the data is 
achieved by the model, al though the fractional conver-  
sion of DPA to DPA + has been underest imated.  The 
predicted total currents  are wi th in  3.4% of the ob- 
served current  levels. 

Although exper imental  l imitat ions prevented in -  
vestigation of electrode behavior  at flow rates in  
excess of about  20 ml /min ,  it  is apparent  from Fig. 4 
that the fractional conversion to DPA + for large Ca 
should eventual ly  reach a max imum value owing to 
the unabated  decrease in  the conversion of the s tar t ing 
mater ial  to total product as a funct ion of electrolyte 
flow rate. The anticipated max imum in the outlet  
concentrat ion of the cation radical supports the con- 
tent ion that a low, single pass conversion at high flow 
rate is required to maximize the formation of a re-  
action in termediate  (26) for large values of the ap-  
plied potential. The theoretical calculations indicate 
that the max imum should occur at 25 m l / m i n  and 
have a value of 0.53. Therefore, in order to maximize 
the production efficiency of the reaction intermediate,, 
a low applied potential  would be required for flow 
rates less than  30 ml/min .  At higher flow rates, a 
larger  applied potential  would result  in enhanced 
DPA + yields at the expense of increased ohmic loss 
within the electrode and, hence, greater  power con- 
sumption by the electrochemical reactor. 

Current distribution data.~Figures  5 through 10 
compare exper imental  cur rent  dis t r ibut ion data with 
theoretical calculations. All  reported applied poten-  
tials are vs. the downstream SCE and have been cor- 
rected for IR drop external  to the porous electrode. 
For the lower of the applied potentials, the mult iple  
reaction sequence is equivalent  to a s ingle-electron 
redox reaction. At the higher of the applied potentials, 
electrode operation is more complex since the part ial  
cur ren t  dis t r ibut ion for the second reaction depended 
on upstream production of DPA + as well as opera- 

Table III. Collection efficiency measurements: 
9-10 diphenylanthracene system 

V, Itota]~ mA* eexpt (~eale 
m l /  
rain Expt Calc D P A  D P A  § D P A  +-~ D P A  D P A  § DPA+= 

0.94 4.59 4.53 1.OO - -  1.00 1.OO - -  1.O0 
1.65 7.55 7.89 0.97 0.01 0.96 1.OO 0.02 0.98 
3.03 13.73 14.11 0.95 0.01 0.94 1.OO 0.06 0.94 
4.95 21.75 21.88 0.91 0.02 0.89 1.00 0.15 0.85 
7.25 29.90 29.81 0.88 0.11 0.77 0.99 0.26 0.73 
9.96 38.50 37.91 0.82 0.25 0.57 0.97 0.37 0.60 

16.7 50.83 52.09 0.67 0.39 0.28 0.89 0.49 0.40 

�9 Total current  efficiency is 99% + for each flow rate. 

t ional parameters,  such as flow rate and electrode 
length. 

The normalized total cur rent  distr ibutions for a 
flow rate of 1.65 m l / m i n  at the two levels of ap-  
plied potential  are shown in Fig. 5. At 1425 mV vs. 
SCE, the oxidation of DPA proceeds at the l imit ing 
current  throughout  the electrode; conversion is quan-  
t i tative wi thin  exper imental  error. The observed in-  
crease in  the local current  near  the electrode outlet 
is a consequence of fluid channel ing  along the cell 
block wall. At 1900 mV vs. SCE, reactor performance 
is also characterized by a highly nonuni form current  
dis t r ibut ion but  with quant i ta t ive  production of the 
dication and its nucleophilic addition analog. In  Fig. 
5, the combinat ion of low flow rate and a uniform 
potential  dis t r ibut ion within the electrode allows both 
reactions to proceed at their  respective mass t ransfer  
l imited rates. 

As the convective supply rate is increased, the second 
reaction becomes kinet ical ly controlled in  the upstream 
regions of the electrode and the total cur ren t  distri-  
but ion becomes more un i form as shown in  Fig. 6 and 
7. The agreement  between theory and exper iment  in-  
dicated by the figures is good. 

Figure 8 compares the exper imental  and theoretical 
cur rent  distr ibutions at two values of the applied po- 
tential  for a flow rate of 7.25 ml /min .  For a low value 
of the applied potential, ohmic resistance in  the solu- 
tion phase precludes mass t ransfer  control of the 
init ial  oxidation step in the upstream region of the 
electrode. The reaction rate dis t r ibut ion is un i form 
and the collection efficiency of the cation radical is 
approximately 87%. The larger ohmic voltage losses 

4 I~ . . , L . . . .  C E  

\ 
IJJ | V= 1.65 ml/min 

~ [  t l  L = 0.54 cm 
f ig \ 
Z ~x - - - T H E O R Y  
o \\ 

o 

0 1.0 

Y ,  D I S T A N C E  

Fig. 5. Total reaction rate distributions for the 9-10 diphenylan- 
thracene system; 1.65 ml/min. 
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Fig. 8. Total reaction rate distributions for the 9-10 diphenylan- 
throcene system; 7.25 ml/min. 

preclude oxidation of DPA + in  the ups t ream third 
of the reactor. At the higher applied potential,  the 
model indicates the DPA consumption occurs at the 
l imit ing current  in  ups t ream regions and so leads to 
the observed exponent ia l  decrease in total current .  
As the fluid approaches the counterelectrode, it  en-  
counters larger  values of the local potent ial  which 
serve to increase the rate of the second oxidation 
reaction. The total cur ren t  proceeds through a maxi -  
m u m  owing to reactant  depletion in  the downstream 
region. Collection efficiencies for DPA and DPA + 
are 88% and 11%, respectively. Compared to exper i -  
menta l  data, the predicted part ial  current  dis t r ibut ion 
for the second reaction exhibits a greater  degree of 
nonuni fo rmi ty  and is shifted toward the downst ream 
region of the reactor. 

Figure 9 shows that, for a large value of the applied 
potential ,  an  increase in  the electrolyte feed rate to 
9.96 m l / m i n  yields a more un i form total cur rent  dis- 
t r ibut ion and causes a downstream shift in  the local 
m a x i m u m  owing to the second electrochemical reaction 
in  the sequence. The model tracks the reaction rate 
d is t r ibut ion with reasonable accuracy and indicates 
that  the oxidation of DPA is kinet ical ly  l imited for 
values of the dimensionless distance less than 0.4. 

For the highest fiow rate investigated, the model 
predicts a potential  drop across the reactor of approxi-  
mate ly  1.2V. The large ohmic resistance wi thin  the 
electrolyte is responsible for the local m a x i mum 
in the par t ia l  cur ren t  dis t r ibut ion of the first oxida- 
t ion step as i l lustrated in Fig. 10. In  addition, the 
highly nonuni form potential  dis t r ibut ion has restricted 
the second reaction in" the sequence, to the down-  
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Fig. 10. Tatar reaction rate distributions for the 9-10 diphenylan- 
thracene system; 16.7 ml/min. 

stream half of the electrode. The quant i ta t ive  agree-  
ment  between theory and exper iment  at the higher 
flow rates is an indicat ion that  the EEC model can be 
used to obtain reasonably good estimates of detailed 
electrode behavior. 

Conclusions 
In  this study, exper imenta l  conditions were selected 

to insure a high level of cer ta inty  with respect to re-  
action chemistry, cell configuration, and theoretical 
principles for predict ing cell behavior.  The agree- 
ment  between exper imental  data and theoretical cal- 
culations reported in this s tudy was par t icular ly  note-  
worthy since it  was obtained with use of l i terature  
values of system parameters,  where  known. While 
still bet ter  agreement  could have been obtained by 
fur ther  ad jus tment  of parameter  values, the purpose 
of the invest igat ion was to demonstra te  the value of 
engineer ing models of cell processes in  predict ing be-  
havior, not  to provide an  improved data base. 

Over the range of conditions studied, a mathematical  
model of the DPA oxidation reaction was found to 
provide accurate predictions of cell behavior, even 
when behavior  depends on complex interact ion of 
mass transfer,  ohmic, kinetic, and thermodynamic  ef- 
fects. It seems clear that  efforts to demonstrate  tech- 
nical feasibility of other electro-organic syntheses 
might  benefit by incorporat ing mathemat ical  models 
in the assessment of cell designs. In  part icular ,  such 
models can be used to predict cell behavior  and 
thereby would guide scale-up and optimal specification 
of design trade-offs. The accuracy of any  model is 
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closely t ie4 to the  use of appropr i a t e  assumptions  and 
accurate  p a r a m e t e r  values.  

The mod~l used in this s tudy  requ i red  knowledge  
of a va r ie ty  of sys tem characteris t ics .  Inc luded among 
these were  react ion sequence, kinet ic  ra te  constants,  
ha l f -wave  potentials ,  conduct ivi ty,  mass t rans fe r  co- 
efficient, specific sukface area,  etc. Such de ta i led  
knowledge  is of ten not ava i lab le  in pract ice.  Under  
typical  indus t r ia l  constraints ,  the act of developing  a 
ma themat i ca l  model  is i tself  subjec t  to op t imal  con- 
s iderat ions since excessive uncer t a in ty  of pa r ame te r  
values  can foreshor ten  the  value  of any  model,  no 
ma t t e r  how fundamen ta l ly  sound. Consequently,  de -  
ve lopment  of models  for  specific appl icat ions  should 
be guided l a rge ly  by  the ava i l ab i l i ty  of in format ion  
about  the  process. Improved  s t ra tegies  a re  needed  for  
construct ing engineer ing models  of prac t ica l  e lec t ro-  
chemical  systems. 

Complicat ions in using ma themat i ca l  models  may  be 
ant ic ipa ted  when cell  processes are  not unders tood or  
easi ly  character ized.  Examples  which occur f re -  
quen t ly  in e lec t ro-organic  syntheses include mul t i -  
phase  flow as wi th  gaseous feedstock, gas evolut ion 
reactions,  and use of immiscible  l iquid phases.  A d d i -  
t ional  engineer ing studies a re  needed if such processes 
are  to be designed wi th  confidence on a la rge  scale. 
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LIST OF SYMBOLS 
a specific surface area, cm2/cm 3 pore  volume 
c concentrat ion,  gmoles /cm 3 
C concentration,  c~imensionless 
D axia l  dii~usion coeilicient, cm2/sec 
e symbol of electronic charge 
f intr insic  react ion rate,  A / c m  ~ 
F Fa raday ' s  constant, 96,500 C/g  equiv. 
io exchange cur ren t  density, A / c m  2 
k mass t ransfer  coefficient, cm/sec  
ke homogeneous reac t ion  ra te  constant,  l i t e r / gmole -  

s e a  
l e lectrode length, cm 
Mi symbol  for species i par t ic ipa t ing  in react ion 
n number  of electrons in a reaction,  g equiv . /gmole  
R gas constant,  8.314 J / g m o l e - d e g  
S react ion source term, moles/cm3-sec 
T tempera ture ,  ~ 
v mass average  velocity,  cm/sec  
y dis tance along electrode,  cm 
Y dis tance along electrode,  dimensionless  
zi symbol  of electronic charge of species i 
a anodic t ransfe r  coefficient 

cathodic t ransfe r  coefficient 
void fraction, cm 3 void space /cm 3 reactor  volume 

r mass t ransfer  coefficient, dimensionless  
velocity, dimensionless  
e lec t ro ly te  conductivi ty,  (~ -cm)  -1 
species concentrat ion,  dimensionless  

A heterogeneous ra te  constant,  dimensionless  
v s toichiometr ic  coefficient 

e lect rochemical  react ion ra te  constant, d imen-  
sionless 

r potential ,  V 
r potential ,  dimensionless  
~a appl ied  potent ial ,  dimensionless  
x mass t ransfe r  resis tance pa ramete r ,  d imens ion-  

less. 

Superscripts 
1 value at  reac tor  ou t le t  
o value at  reac tor  in le t  
s surface va lue  

Subscripts 
i species i 
j react ion j 
r reference  va lue  
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ABSTRACT 

Some physical properties (the bandgap energy, the electronic t ransi t ion 
mode, and the diffusion length) are determined on n - type  GaxInl -xP alloys 
with (0 --~ x ~ 1), using photoelectrochemical techniques. Studies were made 
in  acidic solution (KC1 0.5M + HCI pH ~ 1), since the photocurrent  is only 
stable at this pH. The values obtained are in very good agreement  with the 
results of electroreflectance piezotransmission and transmission measurements .  

It is well established that  the theoretical opt imum 
bandgap energy (E~) of semiconductors for photo- 
voltaic conversion of solar energy is about 1.6 eV (1) 
(Fig. 1). The collecting structure can be a Schottky 
diode, a p -n  junction,  or a photoelectrochemical cell 
(2, 3). Among the different possible materials the 
GaxInt -xP alloys are at tract ive for this purpose, be- 
cause for 0 ----- x ~ 0.64, they have a direct bandgap 
energy in the range 1.3-2.00 eV. 

Due to the direct na ture  of the electronic trar~sition 
mode, the absorption coefficient of photons with energy 
h~ ~ E~ is high compared with that for indirect  band-  
gap materials,  and the absorption length for such 
photons is typically a few microns. 

In this paper, we study a GaxInl -xP photoelectro- 
chemical cell with 0 --~ x ~ 1, and from the analysis 
of the photocurrent  behavior we deduce several op- 
tical and electrical properties of these alloys. All the 
experiments  are made without  redox systems. The 
na ture  of the photocurrent  in this case is developed 
in  this paper. In the future  it will  clearly be of interest  
to s tudy these compounds in the presence of redox 
systems with the aim of improving the quan tum yield. 

Theoretical Analysis of the Photocurrent 
This measurement  technique uses the pilotoeffect 

across an electrolyte-semiconductor junction. The pres- 
ence of an electrolyte at the surface of a semiconductor 
can create either an accumulat ion or a depletion layer 
at the surface depending on the na ture  of the charge 
distr ibution of the electrolyte-semiconductor interface. 
For  an n - type  semiconductor with a concentrat ion 
of major i ty  carriers ND -- NA ~ 1017 cm -3 and an 
electrolyte concentrat ion 0.5M, a depletion layer  is 
created at the interface. When the semiconductor is 
i l luminated,  a photocurrent  due to the generat ion of 
electron-hole pairs is produced. These pairs are sep- 
arated by the electric field produced in the space 
charge region. So, for n - type  electrodes, the holes a r e  
attracted by the counterelectrode, via the electrolyte, 
so photoelectrolysis of the water  is produced, or anodic 
dissolution of the electrode depending on the relat ive 
position of the free energy of these two reactions, but  
also, both reactions may take place simultaneously.  

If the surface of the cathode is sufficiently large, 
then the photoresponse of the cell is determined by 
the oxygen reaction or anodic photodecomposition ki -  
netics, or by the generat ion-recombinat ion-dif fus ion 

* Electrochemical Society Active Member. 
Key words: semiconductors, alloys, photoelectrochemistry, en- 

ergy convers ion.  

processes of the electron hole pairs generated in  the 
semiconductor. If the variat ion of the photocurrent  
is l inear with the light intensity, then the carrier  
generat ion is the ra te - l imi t ing  step. So, if the junc t ion  
electrolyte-semiconductor is considered to be equiv-  
alent  to a Schottky barr ier  and if the electron hole 
recombinat ion at the surface is neglected, as it is 
possible for polycrystals with large band bending, when 
there is a l inear  var iat ion of the photocurrent  vs. the 
incident  light energy, it is easy to describe the photo- 
current  by the theory of Gtirtner (4) 

J = q~,[1 -- e-aW/(1 + alp)] + qpoDp/Lp [1] 

is the optical absorption coefficient determined with 
an absorption spectrometer, q is the charge transfer  
per uni t  electrochemical reaction, ,I, the photon flux 
density, L~ the diffusion length, D L, the diffusion con- 
stant, and po the concentrat ion of holes at equil ibrium, 

r .A Co\ ~ 
25 

20 

15 

10 

I I I } # 

1.0 1.5 2.0 EG/eV 
Fig. 1. Theoretical maximum efficiency for solar batteries as a 

function of the energy gap of the semiconductor (1). 
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without  i l luminat ion.  W is the depletion layer  width 
given by the following expression 

W - -  K o ( V  - -  Vfb)  V2 [2 ]  

V is the applied voltage relat ive to the reference elec- 
trode, Vfb the flatband potential  measured relat ively 
to the same reference. Ko is a constant  which depends 
on the permitt ivi t ies of free space ~o on the dielectric 
relat ive constant  in the depletion layer of the semi- 
conductor ~r and on the n u m b e r  of major i ty  carriers 
(ND -- NA) Ko--( 2er,o )V, 

q (N~--- NA) [3] 

The term qPo Dp/Lp can be neglected as correspond- 
ing to the dark current. 

This expression of the current density is also good 
if the light is chopped with frequencies ~ < I/to, to 
being the carrier transit time through the depletion 
layer (4). So the quantum efficiency is given by 

J 
11 = = 1 -- e -aW/(1  + -Lp) [4] 

If the potential  of the electrode is near  the flatband 
potential  so that  =W < <  1, then, Eq. [4] can be 
approximated to 

n, 
n = [Lp + Ko(V -- Vfb) */'] [5] 

I + alp 

This theory was developed further by Wilson (5) 
in the case where there is a surface recombination. 

Experimental Techniques 
For photoelectric measurements,  we used a 150W 

Xenon lamp (Schoeffel) as the l ight source and a 
Job in-Yvon HRS 2 monochromator  with a 500 n m  
blazed grating. The monochromatic light i l luminates  
the electrode through a quartz window situated in  
the bottom of the electrochemical cell. In order to 
avoid the dark current  contribution, the light is modu-  
lated by a chopper (PAR 125 A) and the photocurrent  
is detected by a lock-in  amplifier (PAR Model 121), 
so that the dark current  is e l iminated at the detection. 
However for samples investigated in this work, the 
dark  currents  are negligible in  front  of the photo- 
currents.  

The electrochemical cell is inserted on a plate which 
can be rotated around three axis and displaced in  any  
of these directions. So, it is easy to position the elec- 
trodes very accurately always at the same place and 
then to compare their efficiencies. The intensi ty  of 
the l ight has been determined by a photodiode located 
behind the cell, so that  the contr ibut ion of the light 
absorption in the solution is taken into account. 

For l inear  sweep vol tammetry  (LSV) measurements,  
a classical exper imental  set is used. 

Samples and Experimental Conditions 
Samples.--The semiconductor electrodes used are 

polycrystal l ine GaxInl -xP alloys (0 --~ x - -  1). They 
were doped with sulfur  and the free electron concen- 
t rat ion is (ND -- NA) ~ 1017/cm 3 at 300~ for all the 
alloys. To collect the current,  the contact between the 
semiconductor and the metal  must  be perfectly ohmic. 
The decrease of the barr ier  of the contact is obtained 
by t in diffusion. The composition of these polycrystals 
was determined by electron microprobe analysis, and 
the surface area was measured for all samp]es by a 
photographic technique with a precision of about 5%. 
These polycrystals are mechanical ly polisimd. Before 
s tudying them the first time, they were etched for a 
few seconds in a 2% bromine solution in methanol. 
This etching was not repeated before all experiments,  
because the photocurrents observed for the composi- 
tions with high percentage of In, both in the dark and 
under  the l ight are unstable. Probably  some bromine 

remains absorbed on the electrode and can be removed 
after numerous  sweeps, because the I-V curves then 
become stable. 

Experimental Conditions and Stability of the Electrodes 
The photocurrents observed are stable only in acidic 

solutions. In  solutions of neut ra l  or basic pH, they 
slowly decrease with the time, except for x -- 0. This 
was also observed by Vervaet  et al. (6) on InP  elec- 
trodes, and by Gautron  and Lemasson (7), on ZnSe. 
On InP, this result  can be explained by the formation 
of In(OH)~ film which remains on the surface of the 
electrode in  neut ra l  or basic solutions for it is insoluble 
at this pH (8). In  the case of GaP, Ga(OH)3 is 
formed, which is soluble at all pH because the photo- 
current  remains always stable. For this reason, all 
the experiments  were done in acidic pH (pH ~ 1) in 
0.5M KC1 W HC1 electrolyte. 

The different decomposition reactions which can be 
involved are recalled here: for GaP, the anodic dis- 
solution process involves six holes (9-11) 

GaP + 6H20 4" 6P + ~ Ga(OH)3 -5 H3PO3 4" 6H + [6] 

As we have also the following reaction at the counter-  
electrode 

6H + 4" 6e -  -~ 3H2 [7] 

The total reaction is 

GaP + 6H20 ~ Ga (OH)~ q- HsPO3 4" 3H~ [8] 

The calculation of the free energy of this reaction 
gives, with the free enthalpy of dissociation of GaP: 
AGGaP = --24.4 kcal /mole  (12), E ~  GaP = --AG/nF 
= --0.29 eV/NHE at pH -- 0 (13). (n is the number  
of holes (n = 6) in  the reaction, F is the Faraday  
constant) .  As these electrodes have a Nerns t ian  be-  
havior 

E l d p  GaP --" - - 0 . 3 5  V / N I - t E  at p H -  1 

Another  reaction of dissolution should be taken 
into account; the cathodic reaction of dissolution in -  
volving hydrogen (14) 

GaP + 3/2 H2 ~ Ga 4" PH8 [9] 

that gives as redox potential  for this anodic decom- 
position of GaP E ~  = --0.40V at pH = 0 or E ~  
= --0.46V at pH = 1. 

The reactions involved are of the same type for 
InP, and the free energy of the reactions falls also 
in the middle of the bandgap. With AGInp = --11.55 
kcal (15), E~ = --0.253V/NHE at pH = 0 or 
E ~  InP = --0.31V/NHE at pH ___ 1. For the cathodic 
decomposition, E~ = --0.23V/NHE at pH = 0, or 
Edn = --0.29V/NHE at pH = 1. 

Other reactions can be involved in this electrolyte as 

GaP + 3HC1 + 3H20 ~ GaC18 + HsPO8 + 3Hz 

The free energy of this reaction is Z~ GaP - "  
--0.50V at pH = 0, or E2dp GaP --" --0.44V at pH ---- 1. 

With the InP, the reaction involved is 

InP  + 3HC1 + 3H20 ~ InCla + HsPO8 + 8H2 

and the free energies are E2dp InP -" --0.576V at pH = 0, 
Or E2d p InP --" --0.516V at pH = L 

Quantum Efficiency of This Photocell Determination 
of the Bandgap and the Transition Mode of the 

GaJnl-xP (0 -~ x ~ 1) 
The main  purpose of this work is to obtain the band-  

gap energy and the electronic t ransi t ion mode of these 
compounds by means of a photoelectrochemical tech- 
nique. With electroreflectance, cathodoluminescence, 
and transmission measurements ,  these studies were 
previously made (Fig. 2-8) (16-18) so the results 
obtained in this work can be easily compared. 
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compositions x of the alloys Gax[nz-xP vs. the incident photon 
energy. AI] the results are corrected from the surface of the sample 
and the response of the photodiode. Electrolyte, KCI 0.SM 4- HCI 
(pH ~- 1). Bias voltage V = --0.25 V/NHE. 
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Fig. 3. Variation of the bandgop width as a function of the com- 

position of the alloy (16). 

Quantum efficiency vs. the composition of the alloys 
and the polarization o$ the electrode.--Determination 
of Lp.--The electrodes are i l luminated  and positioned 
always at the same place corresponding to the maxi -  
m u m  of photocurrent.  All the intensit ies are converted 
to uni t  area, and the quan tum efficiencies are deter-  
mined and compared for several compositions. Figure 
4 shows the quan tum efficiency var ia t ion obtained 
with this compound vs. the wavelength of the incident  
light. 

The s ta t ionary LSV curves were obtained for dif- 
ferent  compositions (Fig. 5). The behavior  is different, 
depending on the composition x. This can be easily 
understood by the difference of diffusion length Lp 
(Eq. [5] ). 

After  ver i fying the l inear i ty  of the photocurrent  
vs. the intensi ty  of the incident  light so that the l imi t -  
ing rate is the creation of hole pairs, we can estimate 
the diffusion length Lp of minor i ty  carriers using the 
approximation of Eq. [5], that  is to say in the case 
where ~W < <  1. The comparison of our results to 
those obtained classically using D~, diffusion constant, 
and Zp t ime recombinat ion of minor i ty  carriers, shows 
t h a t  the theory of G~rtner  is valid for our compounds. 

In  the case of GaP, the different constants are ~p -- 
100 cm2/Vsec (mobil i ty  of minor i ty  carriers) ,  ~.p --~ 
30 nsec ( t ime recombinat ion of minor i ty  carrmrs) 
(19), e r - -  11, ND --  NA ~ 1023/m ~ and Dp ~. 2.5 cmS/ 
see. So, as 

L, = x/Dp~ [Z0] 

then  the diffusion length is Lp ~ 2.7 ~m. Studying the 
photocurrent,  as a ,~ 2.25 102 cm -1 (Fig. 6) for hv = 
2.4 eV, and as ~1 = 0.049 for the same energy (Fig. 4), 
with a polarization V = 1.65 V/NHE, with Vrb --  --I 
V/NHE (pH = 1) (Fig. 11), then the diffusion length 
obtained is L~ ~- 2.5 ~m. 

For InP  compounds, ~p ~ 100 cmS/Vsec, ~l, ~ 3 nsec, 
er -- 12.37, ND -- NA ~-- 1028/m 3, so that  Lp ~ 0.9 ~m. 
As ~1 = 0.54 for h~ = 1.35 eV and 9" -- 0.7 V/NHE 
(Fig. 4), with a ~ 104 cm -1 (Fig. 7) (20), with V~b 
= --0.2 V/NHE (pH = 1) (Fig. 11), the diffusion 
length of minor i ty  carriers obtained is Lp -- 0.9 ~m. 

The values obtained are in good agreement.  

Determination oS the bandgap width and the transi- 
tion mode.--The absorption coefficient a, directly de- 
pends on the photon energy following the expression 
(21) 

(by -- E~)~ 
a -- A [11] 

hv 

for indirect  in te rband  transitions,  a n d  

(by -- Er) 1/2 
= A [12]  

hv 

for allowed direct transition. 
The quan tum efficiency ~, in the case of ~Lp < <  1 

is proport ional  to ~, so, it is easy to determine the 
bandgap plott ing the different values of ~12 or ~'/~ vs. 
the incident  energy hp, near  the bandgap where the 
variat ion h~ is large compared with the difference 
(h~ -- Eg) (with Eg = Er  or Ex). Then, Er  and Ex 
being known, the t ransi t ion mode can be studied plot-  
t ing log (~h~) vs. (h~ -- Eg). So, if the slope is 2, the 
t ransi t ion is indirect  and if the slope is 1~, the t rans i -  
tion allowed is direct. 

On Fig. 8, the var iat ion of ~/~ deduced from Fig. 
4, for x = 0.77, x = 0.905, x = 1 is plotted vs. the 
incident energy hr. The low energy portion is charac- 
teristic of the incident  electronic transition, and its 
extrapolat ion towards ~ = 0 gives the value of the 
bandgap energy Ex. At higher energy, the dominant  
absorption comes from the direct electronic t ransi t ion 
which arises approximately when the slopes change. 
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Fig. 5. Quantum efficiency for 
different compositions x of the 
alloys Gaxlnl-xP vs. the polari- 
zation of the electrode. Incident 
light ~, = 5200A for x - -  0, 
0.36, 0.77 and k ~ 4200A for 
GaP. Speed of the sweep v 
10 mV/sec. 
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F o r  0 -~ x ~ 0.64, the t rans i t ion  mode is direct ,  
so tha t  q2 is d r a w n  vs. hv (Fig. 9). 

These results  a re  also in ve ry  good agreement  wi th  
the  resul ts  obta ined  by  electrorefiectance measu re -  
ments  (17). 

Then, d rawing  log (~hv) vs. (h~ -- Ex) or (h~ --  Er ) ,  
the opt ical  t rans i t ion  mode can be de te rmined  (Fig. 
10). The resul ts  a re  also in accordance with  the p re -  
vious works,  obta ined  b y  transmission,  electroreflec-  
tance, and  piezotransmiss ion (22). For  x = 0, 0.36, 0.44, 
the t rans i t ion  is direct,  as for x --  0.77, 0.905, 1, the 
t rans i t ion  is indirect .  
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Fig. 6. Variation of the absorption coefficient c~ for the composi- 
tions x - -  0.77 and x - -  I vs, the incident photon energy. 
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Fig. 7. Variation of the absorption coefficient ~ for the compo- 
sitions 0 ~ x "~ 0.64 vs. the incident photon energy. 

Knowing the bandgap  energy  and the Fe rmi  level  
f rom impedance  measurement  (23, 24), the posi t ion 
of the  energy levels  are  deduced in our exper imen ta l  
conditions (pH -- 1) (Fig. 11). 

The flatband potent ia l  can also be de te rmined  s tudy-  
ing the  var ia t ion  of the square root  of the photocur ren t  
vs. the e lectrode potent ial .  This s tudy was made  by  
But le r  on WO3 electrodes (25), and b y  Gau t ron  and 
Lemasson (7) on ZnSe. If  Lp < <  W, then Eq. [5] 
can be approx ima ted  by  the re la t ion  

Table I. 

C o m p o s i t i o n  Ex (eV) E r ( eV)  

G a P  (~  = 1) 2.26 2.7 
x = 0.905 2,24 2.42 
z = 0,77 2,22 

Table II. 

Composition E r ( eV)  

= 0.44 1.8 
m = 0.36 1.72 
z= I 1,3 
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V -- V~b = ~2(1 + c~L,)/aKo [13] 

The results obtained are approximately the same 
as those found from impedance measurements  (Fig. 
11). 

Conclusion 
The Ga~Inz-~P alloys (0 ~-- x ~ 1) are very in ter-  

esting compounds as for compositions 0 --~ x - -  0.64, the 
t ransi t ion is direct and the bandgap is included in  
the range 1.35-2.00 eV the theoretical m a x i m u m  ef- 
ficiency being 1.6 eV (1). 

By photoelectrochemical measurements,  it is easy to 
determine the bandgap energy, the electronic t rans i -  
tion mode, and the diffusion length for new materials,  
as shown in this work. 

But an impor tant  disadvantage remains  the anodic 
dissolution of the electrode. First  the dark current  
increases at anodic potentials for compositions with 
low x probably due to a dissolution. The potential  
where the current  begins is increasing when x in -  
creases. Second, the photocurrents  obtained for low x 
compositions are more impor tant  than the photocur-  
rents of x ~ 1. As the energy of anodic decomposition 
is greater  than the energy of O.2 formation by photo- 
electrolysis of the water (Eld~), then this photocurrent,  
in  this exper imental  condition is due to the reaction 
of decomposition with the solvent (25). This photo- 
decomposition is also more impor tant  for low x values 
(Fig. 11). We are working now on the possibility of 
blocking this dissolution with a suitable redox reaction. 
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On the Kinetics of the Thermal Oxidation of Silicon 

I. A Theoretical Perspective 

William A. Tiller 
Department oy l~ateria~s Science and Engineering, Stanford University, StanSord, California 94305 

ABSTRACT 

This paper  provides a perspective overview of the par t i t ioning of the total 
driving force for the oxidation process into the key paral lel  subprocesses and 
delineates the boundary  value problems needed to quant i ta t ive ly  connect these 
components. An over-a l l  f ramework  is given for viewing all aspects of this 
process. This constitutes a new and generalized description of oxidation with 
specific a t tent ion to the oxidation of Si. The free volume supply condition re-  
quired to sustain such a t ransformat ion is explici t ly given so that  attention is 
focused on vacancy and interst i t ial  formation in  the substrate as well as viscous 
flow in the oxide. An atomistic level model for the oxidation process is given 
which appears consistent with much of the earlier data; also five possible 
paths for influencing the rate  and character of the oxidation process are de- 
scribed. 

For the past  10-15 years a great  debate has occurred 
over whether  or not the Si oxidation process is con- 
trolled by the diffusion of charged or neut ra l  species. 
Jorgensen (1) finds that (i) an applied electric field 
enhances oxidation when the Si is made positive with 
respect to the oxide/gas interface and retards it  when  
the Si is made negative, (ii) oxidation under  a re ta rd-  
ing field ceases when the voltage across the oxide is 
equivalent  to the free energy dr iving force for the oxi- 
dat ion reaction, and (iii) the dependence of oxidation 
rate on field indicates that oxygen ions are the pre-  
dominant  diffusing species (otherwise the oxidation 
reaction could not be completely stopped). Jorgensen 
and Norton (2) find similar field effects of permeat ion 
through SiO2. On the other hand, Doremus (3) finds 
that  (i) the calculated value of the parabolic rate 
constant, B, for molecular  oxygen in  fused silica is 
wi th in  a few percent  of that  found exper imenta l ly  for 
the oxidation of silicon, (ii) the pressure dependence 
of B is l inear  with oxygen pressure in  the gas which 
also agrees with experiments  for silicon oxidation, 
and (iii) the activation energy for diffusion of molec- 
u lar  oxygen through fused silica is wi th in  5% of the 
exper imenta l ly  de termined activation energy for sili- 
con oxidation. 

Rayleigh (4) went  on to show that, when  an elec- 
tric field is applied to the oxidizing silicon in  the man-  
ner  of Jorgensen,  an electrolytic process is super im-  
posed on the normal  oxidation process. If an  external  
circuit  is provided for the flow of electrons, diffusive 
t ransport  of oxygen ions requires only ionic conduction 
through the bulk of the oxide. However, with no such 
external circuit present, polarization fields would de- 
velop to inhibit ionic transport. Collins and Nakayama 
(5) support Rayleigh's conclusions and suggest that 
the neutral oxygen species may be in thermodynamic 
equilibrium with various ionized species. They sug- 
gested several  possible anodic and cathodic reactions. 

More recently, Mills and KrSger (6) measured the 
electrical conductivi ty of SiO2 in  the temperature  range 
0~176 and proposed that  the species responsible 
for ionic conduction at elevated temperatures  is the 
doubly negative oxygen ion, O=, in  inters t i t ia l  posi- 
tions. The activation energy, derived from their  high 
tempera ture  data (673~176 for combined defect 
creation and defect motion is wi th in  a few percent  of 
that  found for neut ra l  oxygen self-diffusion in  silica. 
Thus, at this point it appears that  there is support for 
both neut ra l  and ionized species diffusion dur ing ther-  
mal  oxidation. 

Key words: thermodynamic model, atomistic model, phase trans- 
formation. 

Cabrera and Mott (7) showed that  it was possible to 
treat the diffusion of ions in oxides by using an effective 
diffusion coefficient, Deft -- 2Di, and by neglecting any  
electric field effects in  the analysis of ionic t ranspor t  
during oxidation, provided that the oxide layer  thick- 
ness was large compared to the space charge thickness. 
Deal and Grove (8) uti l ized this approach to provide a 
simple expression for the oxide layer  thickness as a 
funct ion of t ime in substant ia l  agreement  with oxida- 
tion data obtained over a wide range of temperature,  
part ial  pressure, and oxide thickness for both oxygen 
and water  oxidants. 

The thermal  oxidation of heavily doped Si substrates 
shows that  the oxidation rate is substant ia l ly  faster 
than that observed on l ight ly and moderate ly  doped 
substrates (9). In  addition, the incorporat ion of HC1 
into the oxidizing ambient  substant ia l ly  influences the 
oxidation rate (10, 11). 

The foregoing seemingly conflicting data on the 
charged na ture  of the diffusing oxygen species, plus 
the need to explain the foreign species effects on the 
oxidation rate, suggest that perhaps a more basic 
look at this par t icular  oxidation process may  be of 
value at this point in time. The purpose of this paper 
is to provide a beginning  assessment and it is devoted 
to both a perspective overview and to a model that  
qual i ta t ively seems to restore ha rmony  to what  might  
appear to be opposing views. 

Review of Unconstrained Crystal Growth 
from a Melt (12, 13) 

In  practice, we can dist inguish two unique  modes of 
crystallization, constrained and unconstrained.  In  the 
unconstra ined mode, which occurs in  isothermal cool-  
ing, crystals nucleate and grow freely in  a large bath  
of l iquid of constant  tempera ture  which is below the 
melt ing tempera ture  of the crystal. Here, the total 
driving force for the phase change, AG, is larger in the 
l iquid far from the interface than it  is in the l iquid 
right at the interface because the tempera ture  is lower 
in the far field than at the interface. In  the constrained 
mode, which occurs in normal  crystal pulling, the 
crystals are grown from a bath of l iquid held at a tem- 
pera ture  above the mel t ing tempera ture  of the crystal. 
Here, the total dr iving force for the phase change, AG, 
is smaller  in  the liquid far from the interface than 
it is in the l iquid right at the interface. 

Let us consider the unconstra ined growth of a crystal 
from a dilute b inary  alloy mel t  that  is supercooled 
an amount  AT (AG : ~SAT, where ~S is the entropy of 
fusion),  as i l lustrated in Fig. 1. Here, TL(C=) is the 
equi l ibr ium freezing tempera ture  of the bulk  l iquid 

619 
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Fig. i. (Left) A crystal growth from a supercooled binary alloy 
liquid; (right) the important temperatures in such a growth process. 
The magnitudes of the temperature differences indicate the degree 
of solute diffusion, capillarity, attachment kinetics, and heat- 
transport control. 

(the liquidus temperature) ,  and T~ is the actual tem- 
perature of the liquid far from the growing crystal. 
Due to the presence of solute atoms in the melt, a 
partitioning of solute occurs at  the moving interface 
and, because of the slow diffusion of these atoms, the 
solute concentration changes at the interface from C| 
to Ci, where Ci depends on the freezing velocity, par-  
ticle shape, and other factors. This change lowers the 
liquidus temperature of the crystal surface by ATs to 
TL (Ci). 

Since the growing crystal is curved, a pressure due to 
capillari ty is imposed on the solid. In addition, the 
growing crystal may contain nonequilibrium defects. 
These two effects lower the equilibrium melting tem- 
perature of the solid by ATs from TL(Ci) to TE(Ci). 
Further, since the crystal is growing, a certain depar-  
ture from the equilibrium temperature, ATK, must 
exist at the interface to drive the molecular transfer 
from liquid to solid so that the actual interface tem- 
perature Ti is below TB by an amount ATE. Finally, 
the crystal must be evolving latent heat as it grows 
and thus Ti must be enough above T= (by the amount 
ATH) to allow the dissipation of latent heat into the 
bath. 

The foregoing describes the subdivision of the total 
driving force, ~G, or the total supercooling, AT into 
its component parts, ATs, ATE, ATK, and ATH, in a sim- 
ple crystal growth situation wherein no electric fields 
are applied to the system. All four components are 
involved in every such growth problem; however, cer- 
tain ones dominate in different materials. In the growth 
of large crystals from a relat ively pure melt, ATH is 
approximately equal to AT, so this growth is largely 
controlled by heat flow. During the growth of an oxide 
crystal from a melt of steel, for example, ATs is ap- 
proximately equal to AT, so the. growth is largely 
mat ter- t ransport  controlled. During the growth of a 
polymer crystal from a melt, ATE may be approxi- 
mately equal to hT, and the growth is largely con- 
trolled by the kinetics of interface attachment. Finally, 
during the growth of many lamellar eutectic crystals, 
AT is divided between ATs and ATE and these two fac- 
tors largely control the growth. 

The interplay of these four factors can be simply 
illustrated by considering the growth velocity of any 
crystal as a function of time (see Fig. 2). We find that 
at small times, ~GE (or ATE -~-- AGE~AS) dominates 
the crystal growth and thus plays an overriding role in 
its morphology. At zero time, during the nucleation 
stage, aG = AGE. At large times, AGs and AGH domi- 
nate the crystal 's growth, which becomes transport  
limited, and lead to very different morphologies. At 
intermediate times, all four factors play significant 
roles in the growth velocity and shape adopted by the 
crystals. 

For these simple cases where the transformation 
occurs through the variation of one scalar parameter  
only, the total driving force for crystal growth is given 

\ 
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Fig. 2. Schematic representation of a crystal's growth velocity, V, 
vs. time, t, illustrating the regions where various mechanisms are 
dominant. 

by 

melt-solid 

AG -- ASAT ~ H~[ (T -- To)/To]; IATI/To << 1 [la] 

solution-solid 

AG = RT In (C/Co) ~ RT[(C -- Co)/Co]; 

IAC[/Co<< l lib] 

where T O and Co are the equilibrium transformation 
temperature and concentration, respectively, Hf is the 
heat of fusion, and AS is the average entropy of fusion�9 
For the more general case where several scalar param- 
eters vary at the same time, we must use the following 
relationship 

AG = A ~.~ [X~Cnj c -- XjNnj N] [2a] 
J 

where A is Avogadro's number, C and N refer to crys- 
tal and nutrient, respectively, the mole fractions Xj 
of the j constituents are related by 

~Xje = i; p = C, N [2b] 
J 

and where the electrochemical potential, ~j, is given by 

~]j -- /~jo -~ RT In aj -~- qjq~ -~- ~ En [2r 
n 

Here, ~jo is the standard state chemical potential, aj is 
the chemical activity, qj is the charge, # is the electro- 
static potential, and En is the interaction energy be- 
tween some additional field n and the species j. 

The particular partitioning of the total driving force 
AG into its component parts (AGs, AGE, AGE, and AGH) 
for the four concurrent interface processes is i l lustrated 
in Fig. 3 for a binary alloy system. Here, since we are 
going from a bulk liquid at point a (Ca, T=) to an 
interface liquid at point b (Ci, Ti), the sum of AGs 
and AGH is given by 

AGsH ---- GL(a) -- GL(b) [3a] 

in Fig. 3. The maximum available driving force for 
crystal formation from a liquid of interface concen- 
tration Ci occurs for solid of the same chemical poten- 
tial at point c of concentration Cs and, thus, the sum 
of AGE and ~GK is given by 

AGE + AGIr : Gs(c) -- G(f) [3b] 

Since AGE-is due purely to an internal energy excess 
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Fig. 3. Free energy, G, curves for solid and liquid as a function 

of composition, C, of element B for three different temperatures, 
To (melting temperature of A), Ti (interface temperature), and T~ 
(far-field temperature) needed to evaluate the component AG's in 
the crystallization process. 

of the solid, it can be s imply represented as a uni form 
shift of the Gs curve from point  c to point  d. 

A "coupling" equat ion can be wr i t ten  for the system 
in  the form 

AG _-- AGSH -}- AGE -b AGK [4a] 

It is often operationally much more useful to use a 
description relation to the subdivision of the total bath 
undercooling, AT -- AG/AS, into its four component 
parts since it is conserved during the growth process; 
i.e. 

AT ---- ATs + ATE + ATK + ~TH [4b] 

For those who grow crystals mostly from solution and 
who do not feel comfortable working with a AT-cou- 
pling equation, one can easily generate a ~C-coupling 
equation (or a AP-coupling equation for growth from 
the vapor) since concentration is conserved during the 
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growth process; e.g., for growth from solution 

aC = ACH + ACE + ACK + ACs [4c] 

Both AT-partitioning and AC-partitioning are illus- 
trated in Fig. 4, where we note that the phase dia- 
gram is being used as our standard reference state. 
In Eq. [4c], ACH can be readily obtained as ACH -- 
(Ti -- T| where r~L is the liquidus slope, ACE 
is readily obtained as AGE/mLAS, ACK comes directly 
from the applicable interface attachment kinetic law, 
and ACs comes from the solution to the transport 
equations. As can be readily understood, the only 
operational temperature and concentration measure- 
ments are Ti, T, and Ci, C~, respectively. 

If one is growing a crystal from solution containing 
minor chemical constituents, j, as well as the major 
host constituent, M, these will be partitioned at the 
interface and require Eq. [4c] to be altered to become 

AC -- AC H ~- AC E -~- AC K -~- ACsM -~ ACsm [4d] 
where 

aCs m = ~ aCsJ [4e] 
J 

In addition, it should be recognized that some of these 
j constituents may strongly interface-adsorb and may 
either poison or catalyze many of the specific interface 
sites needed for attachment of the major constituent, 
M, to the crystal surface. Thus, ACK in Eq. [4d] may 
be greatly increased or decreased by the presence of 
the Cj in the bulk solution. 

General Overview of Unconstrained Crystallization 
When considering the format ion of a new crystal 

from a nu t r i en t  phase, the most informat ion we gen-  
eral ly have available to us is the bu lk  free energy 
driving force, AG| If we are fortunate,  we know this 
funct ion in  terms of the impor tan t  state variables for 
the reaction; i.e. 

AG~ = GNu(C| To, P~, ~| -- Gc|174 T| P~, ~| [Sa] 

for the state variables of chemical constitution, tem- 
perature,  pressure, and electrostatic potential  where 
the subscripts N and C refer to nu t r i en t  and crystal, 
respectively. What  we need, to unders tand  the growth 
process in a fundamenta l  way, is the value of aGi 
operat ing at the interface between the two phases; i.e. 

AGi -~ GNi(Ci, Ti, Pi, @i) -- Gci(Ci, Ti, Pi, 4'i) [Sb] 

For this, we must obviously gain solutions to the 
boundary value problems connecting the far-field vari- 
ables with the interface variables; i.e., we need to 
evaluate Ci/C~, Ti/T~, Pi/P~, and ~i/~| Formally, we 
can express the change in free energy AGsv due to the 
state variable changes in terms of the activity changes 
at the two locations 
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Fig. 4. Phase diagram illustra- 
tions of the coupling equations 
for AT and for AC during crystal 
growth from alloy melts. Case a 
(left) is typical of solvent growth 
at low alloy concentration while 
case b (right) is typical of solute 
crystal growth. 
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AGsv = AG| -- AGI 

: RT[ln(a| -- ln(a| 

- -  i n  (a| ~ ] [6]  
for the reaction example 

Si + O~ ~- SiOs 

The driving force, AGi, available at the interface for 
the transformation, is consumed by two parallel proc- 
esses. One involves the excess free energy, AGE, gener- 
ated as a result of the transformation process and 
stored in both phases as discrete defects and/or strain 
fields. The other involves the departure from equilib- 
rium, AGK, needed for the molecular transition from 
the nutrient phase to incorporation in the crystal phase; 
i.e. 

AGi : AGK + AGE [7] 

From crystal growth theory, with V = crystall ization 
velocity and #i = a mater ia l  coefficient (i = 1 to 4), 
we find that  

V = ~IAGK [Sa] 

V = ~9.AGK 2 [8b] 
or 

V = ~3 exp (-- ~4/AGK) [8c] 

for either (i) layer edge attachment and uniform at- 
tachment l imited kinetics (Eq. [8a]), (ii) dislocation 
source l imited kinetics (Eq. [8b], or (iii) two-d imen-  
sional nucleat ion source l imited kinetics (Eq. [8c] ), re-  
spectively. At low driving forces, layer generat ion or 
layer edge a t tachment  operates while at high driving 
forces, un i form at tachment  operates. The greater is the 
difference in  b inding energy or enthalpy between the 
two phases, for constant  growth temperature,  the 
greater is the value of AGK needed to reach the uni form 
a t tachment  domain  and the smaller  are m, ;~, and ~ .  
Likewise, for constant  b inding energy difference, the 
lower is the growth temperature,  the greater must  
AGK be to reach the un i form a t tachment  domain and 
the smaller are m, m, and ~ .  

To obtain the vames of Ci, Ti, Pi, and r one must  
solve some ra ther  complex and coupled boundary  value 
problems in general, so it  is best to continue with the 
specilic example of present  interest;  i.e., the thermal  
oxidation of Si. For  this system, we can assume Ti /T ,  
= 1 and the mat ter  t ransport  constraint  yields for the 
oxidation rate 

V : ~%sio~ [Jo~ + u Jo=] [9a] 

where J is flux per square cent imeter  and ~ is the 
molecular  volume. Since 

DJCJ On j 
JJ - -  [9b] 

k T  ~x 
Eq. [ga] becomes 

V = l%SiO2 ~ -- 
t 

DJ DJ 1 (VCJ)~--[~-~CJV(AG~ 
nj i 

[gel 

where the interface field effect, AG ~ is given by 

~ [. a s ]  
AG~ : ZJe4' -~- 7 T (V~b)2 "~ ~ + A~H.M. "-}- �9 . .  

[9d] 

In  Eq. [9], the two diffusing species of greatest in ter -  
est a r e j  ---- O2 (nj = 1) and j ---- O= (nj ---- 2); DJ is 
the diffusion coefficient of the j species, ZJ is the va-  
lence, e is the permit t iv i ty  of Si and SiO~, which may 
vary somewhat with position, v is the stress dis t r ibu-  
tion, E is the modulus, A~H.M. is a chemical potential  
change relat ing to different bonding energies for solute 
and solvent species in  the interface region, and ne-  
glected contr ibutions include activity coefficient effects, 
etc. To obta in  the electrostatic potent ial  in  Eq. [9], as a 

funct ion of position, we mus t  solve Poisson's equat ion 

4~p 
V2~ _ [ lOa]  

__ __4~e ~ (~p _ he) -~" ~ (ZDiND i _ ZAINA i) 
e [ i 

-{-~ZINI+ I ~ ZoqNor } [10b] 

and 
~si(V~) si -- ,sio~(V~)sio~ : psi/sio2 [10el 

In Eq. [10], p is the total charge density, np and ne are 
the density of holes and electrons, respectively, ND and 
NA refer to the densities of donor and acceptor species 
of un- ionized or ionized variety, respectively, N1 refers 
to the density of 1-type physical defects of valence Zi 
created by mechanical  or other stress (here, 1 refers 
to charged vacancies and charged Si interstit ials,  etc.), 
and Noq refers to the density of oxygen species of 
un- ionized or ionized nature.  

The third group of equations needed to complete Eq. 
[9] and [10] involves the local pressure and s tress  
distr ibution created in  the interface region as a result  
o~ the oxidation process. For the moment,  because of 
the complexity of these equations, we shall  content  
ourselves with a simple funct ional  representat ion of the 
interface si tuation; i.e. 

Pl 
= ~ (A~,E,~,~y,V,pI,~]* . . . .  ) [11] 

P| 

Equation [11] is meant  to represent  that  the moleculaT 
size mismatch, A~, existing at the Si/SiO2 interface pro- 
duces a s train which connects to a stress ~ through the 
modulus E. When ~ exceeds the yield stress, vy, for 
the Si and SiOf, flow begins to occur in  these two 
phases which creates point  and line defects of density 
pi which may be charged. Since the degree of flow de- 
pends on the viscosity, ~t*, of the materials  and the 
time available, the process also depends on the oxida- 
tion rate, V. Eernisse (14) has clearly demonstrated 
the viabi i i ty  and importance of the viscous flow proc- 
ess during Si oxidation. We shall deal with this com- 
plex process at greater length in  Par t  II (15). Here, 
we are pr imar i ly  interested in  i l lus t ra t ing the coupled 
na ture  of the three state variables, Ci, Pi, and ~i. 

From the foregoing, we can set up an excess free 
energy balance for the system and can see that AGE 
from Eq. [7] is given by 

1 0 [~D 1 f v ~ d v  ] [12] 
AGE - V Ot + 

where ~d is the energy stored in  defects (planar,  line, 
and nonequi l ib r ium concentrations of point  defects) 
relat ive to the s tandard state s tructure of the Si and 
the SiO2 (the equi l ibr ium structures involved in  the 
thermochemical  balance under  consideration) and the 
second term in the bracket  represents the stored elastic 
s train energy in the two materials.  The final general  
constraint  equation that one wishes to delineate ful-  
fills the requi rement  that, for the satisfaction of Eq. 
[9], there must  be sufficient free volume available in 
the interface region for the various incoming oxygen 
species to occupy and react with the local silicon spe- 
cies. From Rutherford backscattering studies (16), we 
know that Si does not diffuse to the outer surface of 
the oxide but  that  the oxygen diffuses inward. How- 
ever, a type of viscous flow could occur due to interface 
stresses wherein SiO2 units  flowed out and free volume 
flowed in. In  addition, the condition might  also be satis- 
fied by vacancy influx or inters t i t ia l  egress from the 
Si phase. We call this the "free volume supply condi- 
tion" and express it  as 

V oc JvSi + JvSiO, [13a] 
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w h e r e  Jv  i is the flux of free volume from phase i to the 
interface per un i t  interfacial  area. For example, since 
the relaxed spacing be tween the Si atoms in  the SiO2 
units  is about  1.3 times the Si-Si  spacing in  the Si 
lattice, if the Si/SiO2 interface moves into Si at V cm/  
sec, the oxide must  thicken at 2.25 V cm/sec and this 
requires that  free volume flow in  at a rate of 1.25 V 
cm/sec to produce an uns t ra ined  condit ion with no Si 
inters t i t ia l  flow. 

To be more precise, if the Si/SiO2 interface moves 
into the Si phase at a velocity V, the n u m b e r  of Si 
atoms per un i t  area of interface to be oxidized per un i t  
time, N*, is equal  to the n u m b e r  of SiO2 molecules 
formed per  un i t  area per  un i t  t ime where 

V 
N* : ~ -- (Jr si -- Jv *sl) [13b] 

~si 

Here, G is the atomic volume and the bracketed term 
gives the rate of flow of the Si atoms away from the 
interface and into the Si via interstitials, I, leaving the 
interface and vacancies, V*, approaching the interface. 
This assumes that those interstitials flowing into the 
SiO2 from the interface will all become oxidized to 
SiO2, which may not be completely correct. If we 
assume that either a condition of zero strain exists in 
the SiO2 at the interface region or a stationary state 
strained layer has developed in the SiO2 at the inter- 
face, then the total free volume supply condition be- 
comes 

N* (1"~ siOs -- ~'~si) = ~'~si(JiSi __ JvSi) .~_ ~fsiosJ.~SiO$ [13c] 

Here ,  vf siOs is the average free volume e lement  size for 
the SiO2 flow process. If, instead, we assume that  an 
isotropic strain, 6', develops in  the SiOe film at  the 
interface, then the free volume supply needed at the 
interface per  un i t  area time, Ave*, is given by 

vf* -~hr*[ (12sio~ -- a si) -- (~'ksiooz ] [13d] 

where ~ is the average SiO2-SiO2 distance of equi-  
l ibrium. 

The realistic s i tuat ion to be considered is the thermal  
oxidation of Si in  the presence of impuri t ies  or in ten-  
t ional dopants. The appropriate representat ion of the 
dr iving force is then via the supersaturation,  AC, so 
that  Eq. [4d] should be used as the governing coupling 
equat ion for the SiOs as the nu t r i en t  phase. This si tu-  
at ion is represented pictorially in  Fig. 5 where that  
port ion of the dr iving force needed to ma in ta in  the 
major  const i tuent  concentrat ion at the interface, Ci M, is 
i l lustrated as a small  port ion of the total  dr iving 
force; i.e., ACsM/AC| << i. We shall see in Par t  II 
(15) that this is probably an appropriate representa- 
tion of the true state of this system. The component  

s~ 

~c~ 

AC E 

c~ 

-c~ 

J Gos 

z,c;[ 

AC 
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ACs TM may itself be quite small;  however, if the j con- 
sti tuents refer to hydrogen or carbon (17), etc., they 
may either poison or catalyze a sufficiently large frac- 
t ion of active interface sites for oxygen a t tachment  
t h a t  ACK M must  be either greatly increased or de- 
creased for the same V. We shall see in  Par t  II that  
~CE will be very  large for a state of completely co- 
herent  s t ra in applying at the interface and very small  
for the state of a completely incoherent  interface. Next, 
CR M is the equi l ibr ium concentrat ion of oxygen at the 
Si/SiO2 interface and is given in  terms of the activities 
for SiO2 and Si at the interface and the equi l ibr ium 
constant  for the reaction. Final ly,  a supersatura t ion 
ACgM is needed to ma in ta in  the bu lk  SiO2 at an  oxygen 
concentrat ion of C, M. Using the gas as our reference 
nu t r i en t  phase, the applicable coupling equat ion is 

AC~ - -  ~Cg M + aCs M + ACK M + aCs ra + ACE [4f] 

Proposed Oxidation Model for Si 
At the ini t ia l  stages of the oxidation process i l lus-  

t rated in Fig. 6, electrons are thought to t ransfer  f rom 
the Si to the SiO2 in order to equalize the electro- 
chemical potential  of the electrons, ~e, throughout  both 
phases. Since the electrons are the most mobile species 
in the system, they will  quickly equil ibrate  via tunne l -  
ing and conduction. This charge t ransfer  leads to a 
positive potential  on the Si side and a negative poten- 
tial on the SiO2 side of the interface. Electron t ransfer  
continues unt i l  equi l ibr ium is established for the elec- 
trons and a Galvani  potent ial  difference A@ is devel-  
oped across the three-phase system Si/SiO2/gas. The 
magni tude  of eA@ will  be given by AEF, the difference 
in  Fermi  levels for the Si and the SiO2 relat ive to the 
zero energy state of vacuum. The relat ive fraction of 
A@ developed across each phase requires a solution to 
Eq. [10] (Poisson's equat ion) .  

In  the SiO2 near  the gas interface, the following 
ionization reaction is expected to occur 

O2 + 4e -  ~--- 2 O :  [14] 

These O= interst i t ial  ions are formed in the presence 
of the Si/SiO2 electrostatic field which attracts them 
to the interface region. Of course, this loss of negative 
charge from the SiO2/gas interface region invites 
more electron t ransfer  from the Si so that  ~]e stays 
constant. At the Si/SiO2 interface, the O= becomes in-  
volved in the reaction 

vf + Si 4- 2 O= -k 4P + ~ SiO~ [15] 

which tends to make the Si more negative so more  
electron t ransfer  is needed from Si to SiO2 to restore 
me to a constant  value throughout  (v~ stands for free 
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Fig. 5. Schematic representation of the supersaturation coupling Fig. 6. Illustration of the electrostatic potential variation across 
equation involved in the thermal oxidation of silicon, the three-phase system, Gas/SiO2/Si, during the oxidation process. 
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volume) .  The O~ continues to decompose and to pump 
O= to the in terface  region in o rde r  to oxidize the Si. 
The  e lec t ron t ransfe r  in the reverse  di rect ion to equa-  
lize ~e completes  t h e  e lec t r ica l  c ircui t  and sustains the  
pumping  action so tha t  the  in ter face  field, V~i ~ hr 
in Fig. 6, is mainta ined.  

Wi th  this model,  one can r ead i ly  see why  Jorgensen  
(1) was able  to stop the ox ida t ion  of Si by  imposing  a 
sufficiently la rge  negat ive  potent ia l  on the Si even i f  
neu t ra l  oxygen  species were  present .  One can see that,  
even wi th  a flow of neu t ra l  oxygen t oward  the Si, if  
the electr ic  field dr ives  the O= a w a y  f rom the Si/SiO2 
interface  region, then  Eq. [14] wi l l  produce  ionizat ion 
of the incoming neu t ra l  oxygen  to main ta in  the equi l ib-  
r ium level  of O= and V~i wi l l  move i t  t o w a r d  the 
SiO2/gas interface.  Thus, a conversion of O to O= oc- 
curs in the in terface  region  and the reverse  reac t ion  
occurs in the SiO2/gas region  so tha t  no oxygen  is 
ava i lab le  at  the in terface  to reac t  w i th  the  Si to form 
SiO2. 

One can also see w h y  Doremus (3) holds to his 
viewpoint .  The  need to sa t i s fy  the  f ree  vo lume supply  
condit ion of Eq. [13] genera l ly  requires  e i ther  viscous 
flow, diffusion of oxygen  vacancies  in  the SiO2, or  
diffusion of vacancies and in ters t i t ia ls  in  the  Si. The 
l a t t e r  of these two SiO2 processes has an  ac t iva t ion  
energy  associated wi th  neu t ra l  oxygen  diffusion since 
subs t i tu t iona l  oxygen  mus t  diffuse ou tward  to the  
SiO2/gas in ter face  in  o r d e r  for  vacancies to diffuse 
inward  to the Si/SiO2 interface.  However ,  such a p roc -  
ess, a l r e ady  proposed by  Fowkes  et al. (18), does not  
seem l ike ly  to susta in  the  oxida t ion  reaction.  The 
former  SiO2 process, tha t  of viscous flow, is the more  
l ike ly  one for SiO2 and, since i t  involves the  b reak ing  
of br idging  oxygen  bonds, the ac t iva t ion  energy  for  the 
flow process should be s imi lar  to tha t  for  neu t ra l  o x y -  
gen t ranspor t  in SiO2. By inser t ing  Eq. [14] into Eq. 
[15], one can also see tha t  the  2 O= reac t ion  species is 
equiva lent  to the O2 reac t ion  species so tha t  one ex-  
pects the dr iv ing  force for ox ida t ion  to be propor t iona l  
to [02] when the sys tem stays close to equi l ibr ium;  i.e., 
to va ry  l inea r ly  wi th  oxygen  gas pressure.  This m a y  
resolve  the  Doremus object ions  to O= as an  oxidiz ing 
species. 

Specific Pathways for Influencing the Oxidation 
Velocity 

From the two preceding  sections, one should real ize  
tha t  any  expe r imen ta l  process var ia t ion  tha t  produces  
a change in the  oxidat ion  ra te  can do so only  v ia  a 
change in Eq. [4]-[15].  I t  is via sc ru t iny  of these equa-  
tions that  one may  i l lumina te  the factors control l ing 
the  oxida t ion  ra te  in general ,  and whereby  one may  
discover  the possible mechanisms whe reby  high s i l i -  
con doping levels can influence V in par t icu lar .  Let  
us now consider  some of these specific pa thways .  

1. As ment ioned  in the tex t  ad jo in ing  Eq. [11], and 
to be discussed more  fu l ly  in the P a r t  I I  (15), the  
s t ra in  genera ted  by  the molecu la r  size mismatch  at  
the oxidizing in ter face  influences the  defect  p roduc-  
t ion in the in ter face  region dur ing  oxidat ion.  This in-  
fluences V via the  AGE te rm in Eq. [7] which  controls  
the  avai lab le  hGK, for  fixed hGi, and also via  the in t e r -  
face charge states to a l t e r  Vr in Eq. [9]. 

2. At  sufficiently high doping levels,  the Si becomes 
extr insic  even at  the  oxida t ion  t e m p e r a t u r e  and the 
F e r m i  level  shifts f rom midband.  Thus, the e lec t ron 
t ransfer  f rom the Si to the SiO2 to produce  'fie equal  to a 
constant  is shifted. This a l ters  Vr and thus V via Eq. 
[9]. In  addit ion,  the  Fermi  level  shif t  increases  the 
equ i l ib r ium charged vacancy and in te rs t i t i a l  concen-  
t ra t ion  in the Si so that  Jv si in Eq. [13] m a y  be g rea t ly  
increased and thus V increased wi thout  an increase in 
AGE. This process pa th  wil l  be discussed at  length  else-  
where  (19). 

3. The dopant  red i s t r ibu t ion  at  the  in ter face  dur ing  
oxidat ion  wil l  produce  a p i leup  of phosphorus  or a 
deple t ion  of boron at the Si side of the  in ter face  be -  
cause of solute par t i t ion ing  at  the moving interface.  
This changes the act ivi t ies  of the key  species Si and 
SiO2 at  the in terface  a l te r ing  the magni tude  of hGi in 
Eq. [6] and thus a l te r ing  V via  Eq. [7] and  [8]. Cal -  
culations, to be pub l i shed  e l sewhere  (20), indicate  tha t  
the f i e ld -de te rmined  segregat ion  is much more  s ig-  
nificant than  the segregat ion  due to in terface  pa r t i -  
t ioning. 

4. The in ter face  pi leup of P or deple t ion  of B a l ters  
the s t rength  of the S i -S i  bonds at  the interface.  This 
changes the  degree  of roughness  and in ter face  va -  
cancy states on a molecu la r  scale so that  the  molecu la r  
a t t achment  coefficients ~j in Eq. [8] are  al tered.  Thus, 
the oxida t ion  ra te  wi l l  be a l t e red  v ia  this  change in 
~j. The magni tude  of this effect wi l l  be assessed at  a 
la te r  date. 

5. Fo r  completeness,  one needs to recognize that,  a t  
heavy  doping levels,  the  basic diffusion coefficients 
DJ in Eq. [9] m a y  be a l t e red  as m a y  the the rmodynamic  
ac t iv i ty  coefficients en ter ing  the complete  equation.  
These would  also influence V. 
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ABSTRACT 

A s teady-s t a t e  t r anspor t  analysis,  inc luding electric field effects, leads to 
or ien ta t ion -dependen t  l inear  and  parabol ic  ra te  constants.  A free energy  
budge t  account ing indicates  tha t  neu t ra l  oxygen  diffusion in  the SiO2 cannot  
a lone account  for  the oxida t ion  reaction.  An analysis  of the sys tem re l axa t ion  
associated wi th  the Si/SiO2 in ter face  d is reg is t ry  indicates  tha t  a ne twork  of 
ex t r a  ha l f -p lanes  forms at  the in terface  to reduce the s tored s t ra in  energy  
and  tha t  movement  of the  in ter face  requires  the influx of vacancies f rom the 
Si, egress of Si in ters t i t ia ls  f rom the in ter face  back  into the bu lk  Si, or f ree  
volume influx f rom the SiO2 to remove the ex t r a  ha l f -p l ane  segments.  This 
tends to become a dominan t  fea ture  of the kinet ics  of oxidat ion.  An analysis  of 
the  propor t ion ing  of the total  d r iv ing  force into i ts component  contr ibut ions  
and thei r  re la t ive  magni tudes  is given. The coordinat ion of a va r i e ty  of diverse 
oxidat ion  studies is indicated.  

In  P a r t  I of this series (1), both  a theore t ica l  per-  
spective and a new model  of the rmal  oxidat ion  wi th  
specific appl ica t ion  to sil icon were  presented  which 
qua l i t a t ive ly  seems to res tore  ha rmony  to wha t  might  
appea r  to be opposing views of the oxidat ion process. 
In  addit ion,  the var ious  possible process paths  ava i l -  
ab le  for changes in ox ida t ion  ra te  have been del ineated.  
In  the presen t  paper ,  theore t ica l  considera t ion is g iven 
to (i) a s t eady- s t a t e  t r anspor t  analysis  which  ex-  
p l ic i t ly  del ineates  in ter face-f ie ld  effects, (ii) an ana l -  
ysis of the sys tem re l axa t ion  associated wi th  the 
Si/SiO2 in ter face  disregis t ry ,  and (iii) an analysis  of 
the  re la t ive  magni tudes  of the var ious  pa ra l l e l  dr iv ing  
forces AGsv, aGE, and AGK in compar ison wi th  AG| 
for the oxida t ion  process (1). F rom these considera-  
tions, one finds o r i en ta t ion -dependen t  l inear  and p a r a -  
bolic ra te  constants  for the oxidat ion  process plus a 
c lear  indica t ion  that  neu t ra l  oxygen  diffusion alone 
in the SiO2 cannot  account for  the oxida t ion  reaction.  
In  addit ion,  unless the in ter face  re laxes  to become 
pa r t i a l l y  incoherent ,  la rge  amounts  of s t ra in  energy  
are  s tored in the SiO2 and this g rea t ly  re ta rds  the oxi-  
dat ion process. The re laxa t ion  process ]eaves a ne twork  
of ex t ra  ha l f -p lane  segments  on the Si side wi th  as-  
sociated dangl ing bands  at  the  interface.  Movement  of 
the  in te r face  requi res  the genera t ion  of in ters t i t ia ls  and 
the influx of vacancies to remove  these ha l f -p l ane  
segments  and this becomes a dominan t  fea ture  in the  
kinet ics  of oxidat ion.  F rom these analyses,  the coor-  
d ina t ion  of a va r i e ty  of diverse  Si oxida t ion  studies 
becomes possible and a number  of new exper iments  
a re  suggested. 

Modified Deal-Grove Transport Analysis 
Since we cannot  unambiguous ly  prove that  only 

one chemical  species is migra t ing  in the SiO.,, it  seems 
more  useful  to consider  the presence of two dif -  
fusing species, O2 and O=, in any  t r anspor t  analysis.  
Si t r anspor t  is neglected for the reasons out l ined in 
P a r t  I (1). Even though the concentra t ion rat io of 
0 = / 0 2  m a y  be qui te  small,  the  in ter face  field effect 
m a y  genera te  comparab le  fluxes of the two species so 
tha t  ne i ther  should be neglected in the oxidat ion  proc-  
ess. The analysis  to fol low is car r ied  out  in two phases. 
The first phase deals  solely wi th  charged species t rans-  
por t  and comple te ly  neglects  the neu t ra l  species diffu- 
sion so that  we can compare  the resul ts  wi th  those 
found by Deal  and Grove  (2) using the Deft approach  
(1). The second phase deals  wi th  mixed  diffusion of 
the  two species, which  is the  genera l  case. 

Key words: field effects, point defects, pseudo-dislocation array. 
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Some Deal and Grove analysis r e su l t s . - -The  s t eady-  
s ta te  flux, J2, of oxygen across an oxide film of thickness 
Xo and having  an S i O J g a s  concentra t ion of Co and an 
SiO2/Si concentra t ion of Ci is g iven by  (2) 

Deft 
J2 = ~ (Co -- CD [la] 

c, ] k* k'Xo] 
C , = I  [ 1 -t- - ~ -  + - - b ~ f  [ lb ]  

and  
Co k * Xo 
-- = I + ~ [ l c ]  
Ci Deft 

In  Eq. [1], C* is the equ i l ib r ium concentra t ion of the  
oxidant  in the oxide, k* and h* are  the ra te  constants  
for 02 t ransfe r  apply ing  at  the SiO2/Si and the SiO2/ 
gas interfaces,  respect ively,  and Deft ~ 2Di if  the t rans-  
por t  species is ionic. The solut ion for Xo is found to be 

Xo 2 + AXo = B (t  "t- T) [2a] 
where  

A - -  2Dell - ~  -I- ~ [2b] 

Defoe* 
B = 2 ~ [2c] 

N1 
and 

Xi 2 + AX,  
= [2d] 

B 

In Eq. [2], N1 is the number  of ox idan t  molecules in-  
corpora ted  into a uni t  volume of the  oxide layer ,  Xl 
is the ini t ia l  l aye r  thickness at t - -  0, B is the  parabolic 
ra te  constant  for the  oxida t ion  regime 

Xo 2 = B ( t  -}- ~) for  t + ~ > >  A2/dB [3a] 

whi le  B / A  is the l inear  ra te  constant  for  the oxidation 
regime 

B 
Xo ~ ~ (t + z) for t + ~ << A2/4B [3b] 

Modified Deal-Grove analysis for O= and a constant 
f ie ld . - -We consider  the case where  the f rac t ion ~, of 
the total  macropoten t ia l  difference, A~, developed f rom 
the gas to Si, is located across the SiO._, (see Fig. 6 of 
P a r t  I ) .  We wil l  consider  the field to have an approxi-  
mate ly  constant  va lue  aAr Then, equat ing  the  ion 
fluxes at  the  gas/SiO2 and t h e  Si/SiO2 interfaces  wi th  
J2, we find 
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Co -- Ci 
J's = Di Xo 

1 
= x--[ [Con - C~b] 

where 

a = D i  1 +  k - - - - ~  

co+,. c,)] 

Mb] 

b - - D i ( 1  ae[Ar ) [4c] 
kT 

The solution for  the film thickness, Xo is the s a m e  a s  
Eq. [2] but  with A, B, and T replaced by A', B', and ~', 
where 

where 

Do=(  ae[~] ) 
a = Do~ + --~ 1 -{- k"-'-~ [e]~176176 

[9b] 

D o ,  (1  ae,Ar ) [ P ] l - '  ( ~ - ~ )  Ci 
b -- Dos + ~ kT 

[gel 
Thus, our solution for Xo is again of the same form a s  
Eq. [2a] with altered A, B, and z by using Eq. [gb] 
and [9c] instead of Eq. [4c] in Eq. [5]. In  this general 

A'--2 =2D  i -  

 elg_i 
+ ( l - t -  kT ) ~ * ]  [Sa] 

2aC* = 2Di 1 -~- - - ,  [Sb] 
B' = N1 kT NI 

�9 ' -- (Xi s + A'Xi)/B" [5c] 

k'h* 1 B" C* -- 

A" N1 k* -t- h* 
a 

k* + h* f 

case, the modified kinetic coefficients (Eq. [6]) depend 
on both the Fermi level effect via ~ and the partial  
pressure of oxygen in the gas phase. 

The parabolic and linear rate constants are given by  

Do= B" 2D~ i + 
N1 2Do2 

1 + k'----~ [e]oSKoWCo -'/~ [10a] 

(C*/N1) (k 'h*) 

a :  f (Xi, 'si ) , ps [Sd] 
eSiOs 

1 + (Do=/2Dos)(1 aelA~I ) ( Kl yA l kT [P]i-2 \ K *  ] Cl-'/~ 

( oe, 0, ) J 1 + (Do=/2Dos) 1 + kT [e]~176176189 

Although the orientation dependence of these quan-  
tities is clearly displayed, the oxygen pressure depen- 
dence is not because we do not yet  know how a, [e]o, 

In  Eq. [5], e refers to the permittivity,  ps to the surface 
charge density, and Ni' = 2N1. The exact value of a 
is yet  to be determined and it is merely  represented 
here as the function f of the variables involved. 

Perhaps the most interesting feature to note about 
these results is that  the electric field effect, which en- 
hances the ionic transport,  enters the formal  solution a s  
modified kinetic coefficients 

k*' : Dik*/b; h*' -~ Dih*/a [6] 

a s  well as an altered parabolic rate constant. Thus, 
changing tim Si doping level, such that the Fermi en- 
ergy moves away f rom midband at the oxidizing tem- 
perature, should alter the magnitude of a and thus 
both the linear and the parabolic rate constants. In  
addition, since abe is expected to depend on the ori- 
entation of the Si substrate, both B' and B'/A" will be 
orientation dependent. 

Combined 0 = and 02 transport with constant field.-- 
We shall define the interface concentrations, Co and Ci 
a s  

Co = Coo2 + Coo= ~ Coos [7a] 

Ci --  Cio2 + Clo= "~" Cio 2 [7b] 
where we have from Eq. [14] and [15] of Par t  I (1) for 
the unconstrained case (neglecting vD 

Coo= = Ko '/2 [e]o2Coos v2 
Kill, 

C i o = -  K*V~ [P]i-2Cio2V2 

a n d  
K* = [02] [Si]/[SiO2] 

Following our s tandard procedure, we obtain 

J2 ~- (Coo2 --  Cio2) 4;- ~ (Coo= - -  Cio=) 

1 
= - -  [Con -- Cib] 

xo 

[8a] 

[8b] 

[8c] 

+ ~  
kT 

] 
( Coo_- -- Cio=) 

[9a] 

and [P]i depend on Po2. For similar reasons, we cannot 
fully evaluate the heavy doping effects (3) on enhanc-  
ing the oxide growth velocity, V, even though one ex-  
pects A~ to increase for n- type  and decrease for p- type  
dopants. 

Consequences of Interface Disregistry 
It  is relatively easy to discuss the consequences of 

atomic disregistry at an interface for two crystalline 
materials but  it is much more difficult to do so for a 
crystal l ine/amorphous combination. In the latter case, 
the prevailing opinion is that  distorted interface bonds 
do not produce much strain energy in amorphous mate-  
rial and this is a fair approximation for changes at 
constant volume. However, for oxidation processes, like 
that  of Si, where large molecular volume differences 
exist between the two phases, this approximation does 
not hold. One must  visualize extra half-planes in the 
nutrient  crystal phase (Si) terminating at a moving 
oxide interface where the product  phase (SiO2) has a 
greater specific volume. The ends of these extra half- 
planes may not have the same excess energy as they 
would have if the amorphous phase were crystalline; 
however, the basic ideas involved should be quali- 
tatively similar. Thus, let us first consider the conse- 
quences of disregistry between two crystalline mate-  
rials and then extend the ideas to the Si/SiO2 inter-  
face. 

In the crystal /crystal  disregistry case, it is well 
known that, for thick crystals, a dislocation net of 
edge-screw type forms at the interface to satisfy the co- 
herency strains (4). This leads to a predictable spac- 
ing between the dislocations with the softer crystal  
predominant ly  determining the shear stress level a t  
the interface. For one of the crystals being very  thin, 
the system may adopt a coherent ra ther  than a dis- 
located interface in order  to minimize the free energy 
of the system and, at some critical film thickness, the 
system relaxes to provide an interface dislocation net 
of lower total free energy. Thus, the transition is f rom 
a distributed strain energy throughout  the film to a 
localized defect energy at the interface. This same 
effect is observed as a result  of the constitutional 
strains developed as a result  of the diffusion of n- type  
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or p- type  dopant  into Si f rom the surface layer  (5, 6). 
At low doping levels, the s t ra in  is not  sufficient to 
cause the t ransi t ion to dislocation net  formation;  
whereas, above a predictable condit ion (6), the dis- 
location net appears. 

To i l lustrate  the interface re laxat ion process more 
fully, consider taking a single crystal which is sliced 
along a low index plane and then one-hal f  is rotated 
with respect to the other by  some angle. On the in te r -  
face, regions wil l  exist where adjacent  atoms in  the 
two pieces are wi th in  10-20% o f  a coincident position. 
Other regions will  exist where adjacent  atoms are out 
of coincidence by more than  20% of a lattice distance. 
At a tempera ture  suitable for as relaxation, those 
regions where in  only small  displacements are needed 
for coincidence become completely coherent and the 
adjacent  regions become completely incoherent.  This 
s i tuat ion is i l lustrated in Fig. 1 for the (110) plane of 
the body-centered lattice where in  a hexagonal  net -  
work of dislocations forms at the interface. 

Carrying the coincidence net  idea a l i t t le further,  
suppose one considered the (111) plane of Si as one 
surface net  of molecules and a random network  at the 
average spacing of SiO2 as the other surface net  of 
molecules. Placing these two nets in  contact would lead 
to i r regular  regions of near  coincidence separated by 
domains out of coincidence by a large amount.  Thus, 
re laxat ion at the interface should lead to i r regular ly  
shaped domains of coherence and incoherence at the 
interface. The relative proportions of these two should 
be a funct ion of the orientat ion of the interface. In  the 
incoherent  regions, loci of Si surface atoms will exist 
that  do not have a matching SiO2 molecule associated 
with them across the interface. This will lead to dan-  
gling Si bonds dis tr ibuted i r regular ly  at the interface. 
The density of these bonds will  be called No b to rep-  
resent  that it will  vary  with the Si surface or ienta-  
tion, ~. 

The importance of these bonds, besides the obvious 
surface-state connotation, is that  they represent  the 
exposed portion of extra ha l f -p lane  segments of the Si 
that  must  be removed by the influx of vacancies or by 
the egress of interst i t ials  so that  the Si/SiO2 interface 
can continue to propagate into the Si during the oxi- 
dat ion process. Thus, No b indirect ly  controls the oxi- 
dat ion rate in  that  it determines what  the vacancy and 
interst i t ial  flux must  be for a given oxidation velocity 
V or, assuming a l imited and fixed interst i t ial  and va- 
cancy flux, V is determined (see Eq. [19]). 

No one has observed a net  of dislocations at the 
Si/SiO2 interface, which is not too surprising. Even if 
the extra ha l f -p lane  segments were aligned to form a 
rec tangular  or t r iangular  grid of macroscopic extent, 
diffraction would not reveal them as a dislocation net. 
This is because diffraction contrast  is effective only 
when  dealing with small  departures from a perfect ly 
regular  lattice and, here, one side of the interface rep-  

Q'~O o" o" cP c~ o o 
)~o o" d ~ ~ <~'o "o.o.o .o.o 

o T , ~ . _ , , ,  - , ' .o -~ .o .o . ; .~ - ]  
~-~o--o ~ ~'~ o-~ ~ o. ~ji, I ~ .  ~ .~176 
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(a) (b) 

Fig. 1. Formation of a hexagonal network in the (110) plane of 
the body-centered lattice: (a) after rotation of the two nets of 
atoms and (b) after relaxation of the atoms. 

resents only small  departures from a perfectly random 
lattice. Thus, we cannot expect to find the large con- 
structive interference effects against  which a dislocation 
is delineated as a consequence of a l ine of destructive 
interference. Although the extra  ha l f -p lane  segments 
at the Si/SiO2 interface might  be thought  of as disloca- 
t ion segments, they do not  have either the normal  
strain field associated wi th  a dislocation or the same 
line energy. In  the present  case, the l ine energy of these 
pseudo-dislocations will  be much lower than  that  for 
regular  dislocations in  the Si lattice. 

Although it is possible to construct an  abrupt  t ransi-  
t ion from a regular  Si lattice to a random network of 
SiO2 by distortion of interface bonds with a relat ively 
small  calculated excess energy storage at the interface 
for distortions at constant  volume, the real distortion 
condition which involves volume changes should be 
reflected macroscopically in the modulus of elasticity 
of the SiO2. Thus, the s t ra in energy determined by the 
use of macroscopic elasticity parameters  should specify 
the excess energy of the interface region. In terms of 
s t ructural  effects in  the SIO2, one might  also expect 
that, since a regular  Si lattice is the s tar t ing point  for 
oxidation, some tendency toward a crystal l ine ordering 
related to a form of SiO2 might  appear in a nar row 
transi t ion zone at the interface. The film thickness at 
which relaxat ion occurs to the equi l ibr ium configura- 
tion of SiO2 would be of real interest.  

If we approximate the si tuat ion with the two-crystal  
analogy where one is a th in  film, the m i n i m u m  free 
energy of the system will be a compromise between 
pseudo-dislocation energy, ~ ,  and stored s t rain energy, 
~s. The total energy, ~T, of the film can be minimized 
with respect to the degree of strain, 5', existing at the 
interface. In  the ini t ial  stages of oxidation, the oxygen 
atoms are expected to force themselves between the 
silicon atoms to form SiO bonds which are highly 
strained. The ini t ial  th in  film may be coherent and 
highly s t ructured in spite of the ~30% compressive 
strain located in the film. Using E = 6.6 X 1011 dynes /  
cm 2 for SiO2 at 1200~C (7) and v -~ 0.33, this leads to 
8s ~ 10n~ dynes /cm 2 for an SiO2 film thickness of ~. 
This reduces to a value of about 60 kcal /mole  SIO2, 
which is a very significant energy storage when it  is 
recalled that the free energy of formation, AGo, for 
SiO2 from Si and oxygen (1 atm) is --154 kcal /mole  
at 1000~ (AGo = --AGo). If we compare this with an 
interface pseudo-dislocation net  of average spacing 
~3 -4  Si distances and energy ~ d  "~ 500-1000 ergs /cm 2, 
we find that @s > @d even when ~ = 1 lattice spacing 
thick. Thus, if it is possible for it to do so, a monolayer  
o5 SiO2 on Si will relax to form a pseudo-dislocation 
net at the interface. Of course, for such a two-d imen-  
sional SiO2 structure, the equi l ibr ium intermolecular  
spacing will be somewhat different than for a three-  
dimensional  structure. However, it should be clear 
that, if the system can rearrange itself to introduce 
these pseudo-dislocations, it  will  be energetical ly fa- 
vorable to do so and the excess stored energy, AGE, 
will  be reduced to small  values characteristic of the 
residual  stored s t rain energy in  the film. 

At present, good theoretical and exper imental  evi-  
dence exists for flow via dislocations in  glass (8, 9). 
Silicate glasses tend to flow in  a viscous manner ,  while 
metall ic glasses tend to be plastic, and amorphous 
polymers fall  somewhere in  between. In  the silicate 
case, the glass is an open covalently bonded ne twork  
and the passage of dislocations through it leaves broken 
bonds (free radicals) in their  wake. In addition, density 
fluctuations, as well  as dislocation loops, may  be par t  
of the debris left in  the wake of a moving dislocation 
in such a system (9). The shear modulus of amorphous 
SiO2 is less than that  of crystal l ine SiO2 by about 14% 
(10) and the elastic energy of a dislocated random 
network  is lower than that  of the dislocated crystal by 
the same factor. If the plastic deformation of a glass 
is not absolutely uniform, dislocation-like defects wi th  
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long-range stress fields separate regions that  have suf-  
fered different shears. Given suffic,ent time, the long- 
range stress field will relax by  a kinematic  process in -  
volving the uncorrela ted motion of pairs, or small  
groups, of atoms, a process not  possible in  a crystal be-  
cause its t ranslat ional  symmet ry  permits  only corre- 
lated motion. These relaxed defects have been named 
"disjunctions" and they, ra ther  than  dislocations, wil l  
be found in  wel l -annea led  glass (10). 

Disjunctions are expected to influence electrical 
and optical properties by  int roducing new electronic 
energy levels into the network. They wil l  also act as 
high diffusivity paths for mass- t ranspor t  in  ne twork  
glasses. Because they have low energy (roughly equal 
to the core energy of a dislocation) and do not  in ter -  
act strongly, it may be possible to introduce a very high 
density of dis junctmns into a glass. 

For the total energy associated with the f i lm-form- 
ing process, we must  include the nonequi l ib r ium va-  
cancy and inters t i t ia l  effects in  the silicon; i.e., we 
must  use, per un i t  area of interface 

f ET-- ~d'~- ~S~- [ ( C v - -  Cv equil.)~v 

+ (CI --  CIequ, . )~z]dx [11] 

where ~d is the pseudo-dislocation net  energy and ~s 
is the stored s t rain energy, while the equi l ibr ium con- 
centrations, Cj equiL, and the electrochemical potentials, 
~j, for the vacancies and interst i t ials  will be a function 
of the Fermi  energy, the local electrostatic potential,  
and the state of stress. For the moment,  we shall 
neglect the V and I effects and will  r e tu rn  to them 
later. Let us first consider the macroscopic flow of the 
SiO2 to determine how easily that  process can influence 
pseudo-dislocation ne twork  formation and propaga-  
t ion at the Si/SiO2 interface. 

The  v iscoelas t ic  process . - -Ern i s se  (11) has clearly 
demonstrated the viabil i ty and imPortance of the vis- 
cous flow process dur ing Si oxidation at high tempera-  
tures, so let us consider the kinetics of this flow at 
normal  oxidation temperatures.  The general  viscoelas- 
tic expression relat ing applied stress, ~, to s t ra in  rate, 
~, is 

= A [121 

where  ~y is the yield stress, A is a constant, and n -- 1 
for l inear  elasticity, 1 ~ n ~ 10 for nonl inear  elas- 
ticity, and n > 10 for ideal plasticity. Let us first con- 
sider the simple approximation that  our SiO2 film 
yields in the same fashion as the simple "Maxwell  ele- 
ment"  shown in  Fig. 2. For  this case, n ---- 1 and the 
load ~ acting on the spring leads to an  ini t ia l  s t ra in 7sp 
given by 

"]sp = 3 T / E  [13a] 

and  the dashpot begins to re lax at a s t ra in rate ;~dp 
given by 

\ \ \ \ \ \ \ \ \ \  

E 
@ = T  

T 

Fig. 2. A simple Maxwell viscoelastic element as a mechanical 
analogue to the Si09 stress relaxation. 

Solving the differential equat ion for the stress as a 
function of time, uti l izing the condition "~sp -t- ~dp -- 0, 
leads to 

(t) = T o e x p  - - ~  [141 

Thus, the stress re laxat ion rate depends on the viscosity 
of the material.  Using Eq. [14], we can ask how far 
into the oxide, m*~.o, where m* is a number  and Lo is 
the intermolecular  distance, we must  go before the 
stress has relaxed by an order of magnitude.  This dis- 
tance would give us the effective size of a nonequi l ib-  
r ium structured layer of SiO~ at the Si interface. Al-  
lowing t* : m*Lo/V,  where V is the average oxida- 
tion velocity, the width of the s t ructured layer, m*ko, is 
given by 

m % o  ~ 9~I* V / E  [15] 

Using T : 1000~ V ~ 10-9 cm/sec, E ,-, 10 TM dynes /  
cm 2, ~equiL* _--: 6.3 • 1016 poise for dry O2 (I.R. Vitreo- 
sil) (11), and ~lequ,.* -- 5.6 • 1014 poise for wet  O2 (O.G. 
Vitreosii -~ 0.4% OH) (11), we find m*ko ,-~ 5 • 10 -4 
cm and 5 • 10 -6 cm, respectively, for dry O3 and wet  
O2. This number  seems to be a factor ~10 z too large 
which suggests that the value of n to be used in Eq. 
[12J should be at least 2. Thus, al though we cannot pro- 
ceed effectively to evaluate the application of Eq. [12] 
wi ta  higher values of n because of uncertaint ies  with 
respect to A and ~y, we can see that  (i) the flow proc- 
ess does not readily generate the m i n i m u m  free energy 
condition and (ii) the flow process will  yield a non-  
equi l ibr ium structured SiO2 layer  of some thickness 
X* at the Si/SiO2 interface, X* for dry oxygen will be 
greater than X* for wet oxygen, and X* for each will  
increase as the temperature  is decreased. If we had 
used Ty ---- ~ , l / p  in  Eq. [12], where ~ and p are fitting 
parameters  for a given material,  we would have found 
for n / p  : 2/3, that  m*~o ,-- 55A for dry 02 at 1000~ 
when m*~o ~ 3.5A for wet O2 at  the same temperature.  

Investigators working in  the area of the mechanical  
properties of crystal l ine materials  (12, 13) have shown 
how many  of these properties may  be explained in  
terms of dislocation dynamical  modeling. One usual ly  
invokes the Taylor -Orowan equat ion as the basic de- 
scription for plastic flow; i.e. 

.~ --  a' pmVb [16] 

where ~; is the plastic s t ra in rate, a' is a geometrical 

constant, pm is the mobile dislocation density, ~ is the 
average dislocation velocity, and b is the Burger 's  
vector. In  addition, one uses an equation analogous to 
Eq. [12] to represent  the s t ra in  rate sensi t ivi ty n as 

d ln'~ 
~--1 = ~ [1!7] 

d ln~ 

and assumes a power law stress-velocity relat ionship 
of the form 

Y = (~/~o) '~ [18] 

where Vo and m are constants. Such a relat ionship has 
been exper imenta l ly  verified for m a n y  fcc and bCc 
metals (14-16). Recently (17) it has been shown that, 
if proper account is taken of the fraction of mobile dis- 
locations and the in te rna l  back stresses due to work 
hardening,  the dislocation dynamical  modeling which 
worked so well  for bcc metals can be extended to fcc 
metals. 

The application of this approach to the SiO2 flow 
problem at the Si/SiO2 interface is beyond the scope of 
this paper. However, it has been introduced here both 
to set the stage for fur ther  work and to reveal the im-  
portance of the dislocation velocity to the overal l  
process. The reason for in t roducing this la t ter  aspect 
is to indicate another impor tant  electrical feature that  
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wil l  en ter  the SiO2 flow considerat ions.  I t  has been 
shown (18) tha t  the  dis locat ion mobi l i ty  in the v ic in-  
i ty  of a surface is s t rong ly  dependen t  on the charged  
na tu re  of the surface. If  the  surface is at  i ts  isoelectr ic  
point  (uncharged) ,  the  dis locat ion mobi l i ty  is least.  
If  the surface is s t rong ly  charged,  e i ther  pos i t ive ly  or  
negat ively ,  the  dis locat ion mob i l i t y  is highest.  Such a 
change in basic dis locat ion mobi l i ty  for crystals ,  glasses, 
polymers ,  rocks, etc., t r ans forms  a bas ica l ly  b r i t t l e  
ma te r i a l  into a plas t ic  one as ~i increases  to l a rge  posi-  
t ive or  nega t ive  values  and vice versa  as r decreases  
t oward  a zero value.  

Interface pseudo-dislocation grid propagation.--Since 
the  fo rmat ion  of the in ter face  pseudo-dis loca t ion  grid 
lower  the free ene rgy  of the  sys tem qui te  s ignif icant ly 
and, since the flow proper t ies  of the  SiO2 do not  easi ly  
a l low the gr id  to form, the  main tenance  and p r o p a -  
gat ion of the  gr id  is l ike ly  to be a key  considera t ion 
in the  oxida t ion  process. Thus, how is i t  to p ropaga te  at  

CIequil.(X) : ~ / ~ . N e x p  f - -  [ 

Cvequil.(X) - - ~ / 2 N e x p  f - -  [ 

the  oxida t ion  ra te  V? If  the edge pseudo=dislocat ion 
forming  the a r r a y  were  ly ing  on the {111} planes  m a k -  
ing an angle  to the Si/SiO2 interface,  then  the film 
stress might  poss ib ly  cause dis locat ion gl ide in the 
p rope r  d i rec t ion  and at  the p r o p e r  ra te  to move the 
ent i re  gr id  at  veloci ty  V pe rpend icu la r  to the interface.  
A more  l ike ly  a l t e rna t ive  is tha t  the  pseudo-d is loca-  
tions could cl imb in a di rect ion toward  the Si a t  the  
necessary  ra te  to a l low the gr id  to move at  veloci ty  
V. If only  cl imb could opera te  (see Fig. 3), at  low t em-  
pe ra tu res  (no viscous flow in SiO2), the average  
spacing, D, of the p ropaga t ing  pseudo-dis loca t ion  gr id  
would  assume that  value  a l lowed by  the vacancy plus 
in te rs t i t i a l  flux in the Si and the r ema inde r  of the mo-  
lecular  mismatch  would  be re ta ined  as stress in the 
film; i.e., the oxida t ion  reac t ion  requi res  an in ter face  
f ront  veloci ty  of V but  the vacancy influx process and 
the in te rs t i t i a l  outflux process m a y  only a l low a gr id  
of spacing D > D* to p ropaga te  at  V (D* is the opt i -  
m u m  spacing for  m i n i m u m  free ene rgy) .  

To gain a deeper  perspect ive  of t h e q o w  t empera tu r e  
si tuation,  le t  us assume tha t  the  in ter face  contains a 
pe rpend i cu l a r l y  crossed gr id  of pseudo-dis locat ions ,  of 
spacing D, so tha t  the  in ter face  can only advance  by  
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Fig. 3. Represenfa t ion  of  pseudo-d ls locat ion  net  (ex t ra  ha l f -  
p lanes)  and  dang l ing  bonds a t  the  S i / S i O 2  in te r face  far  an i d e a l -  
ized ordered  SiO2.  
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pure  cl imb dr iven  by  the free volume flux f rom the Si. 
For  this case, the number  of vacant  sites needed pe r  
uni t  a rea  of in ter face  pe r  second is 2V/Dksi 2 where  ~si 
is the uni t  cell  spacing at  the  interface.  Since the  
supp ly  is jus t  j [ s i  _ jvSi, we have  the a l lowed spacing, 
D, given by  

D = 2V/~si 2 (Jr si - -  Jv si) [19] 

The vacancy and in te rs t i t i a l  d is t r ibut ions  a re  i l lus-  
t r a t ed  in Fig. 4. Since Cn and  Cvi a re  funct ions of the  
level  of strain,  8', exis t ing at  the  interface,  Eq. [19] 
is coupled to Eq. LllJ via  the film s t ra in  ] eve l  5'. Thus, 
the a l lowable  dis locat ion gr id  spacing, and thus the 
film s tored energy,  is de t e rmined  b y  the poin t  defect  
flux. Fo r  an a l loyed  sys tem where  i m p u r i t y - v a c a n c y  
and impur i t y - i n t e r s t i t i a l  complexes  mus t  be con- 
sidered,  the descr ip t ion  of the equ i l ib r ium d i s t r ibu-  
tions of var ious  species is beyond  the scope of this 
paper .  However ,  for  a r e l a t ive ly  pure  sys tem where  
such complexes  can be neglected,  we find 

(AGI+AGv)+2ZIe(~(x)--~| ] } 2 k T  [2Oa] 

(AGI-t-AGv)+2Zve(~(x)--~| ] } 2 k T  [20b] 

where  N is the number  of la t t ice  sites pe r  uni t  vo lume 
and ZI and Zv are  the valencies  of the  in ters t i t ia ls  and  
vacancies, respect ively .  

Relat ive M a g n i t u d e  of the C o m p o n e n t  Driving Forces 
A perspec t ive  can be ga ined  on the re la t ive  im-  

por tance  of the previous  sections to the oxida t ion  
process by  considering a free energy  ba lance  equat ion  
for  the overa l l  process;  i.e. 

AG : AGsv --[- AGE -[- AGK [21] 

We know that AG~ = 154 kcal/mole at 1000~ and that 

AGE ~ 60 kcal/mole (it may be higher if our chosen 
modulus value is too small). We have not yet explored 
AGK in this paper but will estimate its order of mag- 
nitude from other work. However, let us first consider 
the magnitude of AGsv. 

First, if we consider the work of Deal and Grove (2) 
and use the Deft approach, so that the electric field de- 
pendence is neglected, and also assume that we have 
primarily neutral O2 diffusion so that AGsv arises only 
from the difference between Co and Ci, then we have 

AGsv = AGs = RT In Co/Ct [22] 

This can be eva lua ted  by  equat ing the t r anspor t  flux 
th rough  the oxide, F2, wi th  the in ter face  flux at  the  
Si /SiOs interface,  F~; i.e. Deify(Co) 

= = - 1 = [ 2 3 ]  

St02  

C 

Cii 

Cvi 

Si 

~ Cveq 

0 

X - - - -  

Fig. 4. Schemat ic  i l lust ra t ion of in ters t i t ia l  and  vacancy  d ist r ibu-  
t ions an the Si side of  the  S i / S i O ~  in te r face  for  t imes t and  t + A t .  
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Using k = 3.6 • 104 ~m/hr  for dry O2 at 1O00~ (2) 
and Deft ~ 2.8 • 10 s ~m2/hr for oxygen in fused silica 
at 1000~C (19), we find that  Co/Ci ~ 1.26-13.9 for Xo 
from 0.2 to 1.0 ~m. Thus, in this range of Xo, hGs is 
0.58-6.6 kcal/mole.  These are very small  values indeed 
and the range is so small  compared to AG~ that one 
begins to question the meaning of a " t ransport  l imited" 
reaction for this case. 

Next, if we consider O= transport  as being the pr ime 
diffusing species in the process, then we have 

Co 
A G s v  ---- hGs,r -- R T l n  -- 2F(r -- r [24] 

Ci 

where F is the Faraday (96,484C). Thus, for (r -- ~bl) 
--1V, the electrostatic term would be ~46 kcal/mole,  

a much more respectable range for a process that  has  a 
t ranspor t -control l ing regime as the Si oxidation re-  
action appears to have. To more fully evaluate hGs.~, 
let us look at the l inear  rate constant  B' /A '  from Eq. 
[5] ; i.e. 

B'/A'  -- 1 -- aelAC~I/kT [25] 
k* + h* 

1 + ~ela~l /kT 

From Eq. [25], if ~e[Acl/kT < <  1, then B'/A'  equals 
B / A  from Eq. [2] and AGs,r ~ hGs ~ 7 kcal/mole.  If 
ae[ir  > >  1, then B'/A'  becomes negative and 
k* = 3.6 X 104 ~m/hr  from the Deal and Grove anal -  
ysis. If aelh~l/kT ~ 1, then to* can be larger by sev- 
eral orders of magni tude  and it can be positive or 
negative. This would increase Co~CA in  proport ion so 
that  AGs might  increase to ~20 kcal /mole  but  the 
electrostatic contr ibut ion would decrease to about 5 
kcal /mole  leading to ~Gs,, ~ 25 kcal/mole,  which 
is of respectable magnitude.  

To estimate AGK, we can slightly modify the simple 
rate theory as applied to the l iquid/crys ta l  t rans-  
formation (20). There, a molecule in the l iquid at 
the interface must  t ranscend an activation barr ier  
and join the crystal lattice at selected sites on the 
interface so that  ~1 in Eq. [Sa] of Par t  I (1) is given by 

~*~*D 
#1 - -  - -  [ 2 6 ]  

kRT 

where D is the diffusion coefficient for t ransport  across 
the interface (general ly assumed to be the same as 
diffusion in  the l iquid) ,  a* is the fraction of interface 
sites available for molecular  a t tachment  (general ly 
only those at layer  edges and sometimes only a frac- 
tion of them),  and ~* is the number  of l iquid molecular  
sites wi thin  one jump distance of an at tachment  site 
(~* ,~ 3-4). When one is dealing with a network 
liquid so that  in termolecular  bonds must  be broken 
before the interface a t tachment  jump can occur, an-  
other factor must  be included in  D to account for 
the probabi l i ty  that  the bond-breaking  event  will 
O c c u r .  

In  our case, the si tuation is not too dissimilar. We 
can th ink  of the oxygen species as diffusing in ter -  
st i t ially in  the SiO2 up to the Si/SiO.2 interface. The 
critical act ivation barr ier  at the interface involves 
both a normal  diffusion-type jump plus the breaking 
of St-St bonds. Thus, Eq. [26] should be altered to 

~* a*Do2 
~ 1  - -  e - h G * I R T  [27] 

~RT 

where hG* is the energy required to break a St-St 
bond (~42 kcal /mole when the silicon is unst ra ined) .  
Evaluat ing Eq. [27] leads to uz ~ 25 ~ 10-8 =* 
cm/sec/kcal /mole.  For a (111) interface, one would 
expect 10 -a  < a* < 10 -~ and, picking the in termediate  
value, we predict that &GK ~ 40 kcal /mole  for V ,~ 
10 -9 cm/sec. Since the value of a* will depend on 

the source of layer  edges (dislocations or two-d imen-  
sional nucleat ion) ,  it will  vary  with interface tem- 
pera ture  and interface supersaturat ion so that AGK 
will vary  accordingly. In addition, a* may be sensi- 
t ively dependent  on the presence of certain impuri t ies  
like H or C, etc. (21). 

From the foregoing, we have found that AGj~ ~ 60 
kcal/mole,  ~,Gs,r ,~ 25 kcal/mole,  and ~GK ~ 40 
kcal/mole.  Since an error of a factor of 2 could 
reasonably be ascribed to any or all of these, we 
may allow that all of the hG~ has been accounted for. 
It is interest ing to note that  the recent modeling 
of Blanc (22) focuses totally on the AGK contribution,  
that  of Svensson (23) is involved with the s t ructural  
aspects of the AGE contribution,  while that of Fowkes 
et al. (24) brings to light the importance of possible 
defect equil ibria  such as enter  the hGs,r contribution. 
It should also be noted that no real at tent ion has been 
given to the magni tude  of the dr iv ing force, ~CgM, 
needed for the t ransfer  of gaseous species across the 
gas/SiO2 interface. This is expected to be small (2) 
but, for completeness, it needs to be considered more 
carefully in  the future.  

Discussion 
From the use of Eq. [22] and [23], it is clearly seen 

that the diffusion of neut ra l  oxygen through SiO2 to 
oxidize the Si cannot be responsible for the parabolic 
rate constant represented by Eq. [2c]. This would 
indicate that the position held by Doremus (25) is 
untenable,  provided that the  data on k* generated 
from the Deal and Grove analysis (2) is correct. The 
diffusion of ionized oxygen is a more l ikely candidate 
for the oxidat ion process based on the use of Eq. 
[24] and [25]. However, it is difficult to see how it 
could become totally rate controll ing and lead to 
a diffusion-limited regime where the parabolic rate 
constant B' dominates the process because this would 
require  that aGsv approach /,G~ in  magnitude.  Such 
a si tuation would require a large value of r -- r in 
Eq. [24], which would lead to a negative value for 
k* unless the assumption that  h* > >  k* (2) is in 
error (if ACgM is not negligible in  magni tude) .  Per-  
haps it  is necessary to look elsewhere for the source 
of the diffusion-limited regime. 

One heretofore overlooked possibility is that the 
parabolic term arises as a consequence of vacancy 
and interst i t ial  t ransport  in the Si as a response to 
the free volume supply condition (see Par t  I (1), 
Eq. [13]). Certainly, from Eq. [19], the average grid 
spacing of the pseudo-dislocation net at the interface 
is determined by the flux of intersti t ials and vacancies 
in the St. From Eq. [11], AGE may be strongly deter-  
mined by the nonequi l ib r ium vacancy and interst i t ial  
concentrat ion levels needed to provide this flux of Si 
atoms away from the interface. The AGE contr ibution is 
of sufficient magni tude  to completely dominate the 
oxidation process; thus, if the pseudo-dislocation net  
forms and the residual s train stored in  the film is 
negligible, as much as --50 kcal /mole could be pumped 
into the Si vacancy-inters t i t ia l  diffusion mechanism, 
which would definitely yield a significant parabolic 
term in the thermal  oxidation process. This possibility 
certainly shifts the focus of one's a t tent ion to a new 
direction. 

From Eq. [27], the molecular  a t tachment  kinetic 
coefficient ~t will be a strong funct ion of temperature  
through aH* and the activation energy for Do2. How- 
ever, for the vacancy flux mechanism, the term exp 
( - -AH*/RT)  will be replaced by a term proport ional  
to the vacancy concentrat ion at the interface and 
this will very l ikely be a nonequi] ibr ium value. Some 
support for this possibility comes from the work of 
Ho and P lummer  (26) who have provided a quant i ta -  
tive explanat ion of the enhanced oxidation rate via 
heavy doping of Si with n - type  or p- type  solutes. 
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In  Eq. [27], ~* is a key parameter  and it may be 
reduced or increased by the presence of specific in ter -  
face impurities.  Both Revesz (21) and Gun thane r  and 
Maser j ian (27) have shown that the presence of H 
and C in an ini t ia l  surface film prior to oxidation 
reduces the oxidation rate and that these impuri t ies  
migrate  with the interface. Thus, these impuri t ies  
appear to reduce the fraction of active sites for 
oxidation, ~*, at the interface. Perhaps this is the 
reason for the ini t ia l ly  rapid oxidation rate in dry 02 
which results in  a value of Xi ,-~ 200A for Eq. [2]. 
We might  speculate that  it takes a short t ime of 
oxidation unt i l  the interface builds up to a s tat ionary 
state hydrogen concentrat ion with ~* reduced to some 
s ta t ionary state value. On the other hand, oxidation 
with wet 02 is faster than with dry O2 and Xi ~ 0 
in  this case. This would seem to require  that ei ther 
a* is increased or that  the reduced viscosity of the 
SiO2, with the H20 content, allows flow to occur in 
the film to provide the excess free volume needed 
for the interface process to proceed. To resolve these 
issues, a close look at the geometrical aspects of the 
oxidation process will  be needed. In addition, the 
value of n in Eq. [12] needs to be determined experi-  
men ta l ly  for SiO2 in both dry and wet 02 for the 
tempera ture  ranges of interest. 

Such a s t ra in rate exper iment  would apply to bu lk  
vitreous SiO2 but  might  not completely apply to the 
interfacial  SiO2 which may have some crystal l ine 
characteristics added to it and which may real ly be 
of stoichiometry SiOx. In this regard, it is of interest  
to note that  the lattice parameters  of low tempera ture  
cristobalite are a ~ 5.1A and c ~ 7.4A if extrapolated 
to ~1000~ (28). Further ,  the volume change from 
high cristobalite to low cristobalite at 218~ is a de- 
crease of 3.7% (29). Thus, the a-p lane  of low cristo- 
bali te has a size registrat ion that  is close to that of 
the Si so that  a trace of this type of ordering might  
be found in the Si/SiO2 interface layer  material.  
Such an ordering would undoubtedly  influence the 
flow properties. 

From the foregoing, one can project a var ie ty  of 
processing al terat ions that  should lead to enhanced 
oxidation rates: 

1. Apply a negative surface charge to the SiO:.,/gas 
interface to enhance the oxide electric field and thus 
V (similar to plasma anodization if just  02 used).  

2. Produce dissociation in the gas phase so that 
the surface sees O ra ther  than 02 which should lead 
to a higher populat ion of O= in the oxide if there 
is a kinetic bar r ie r  to its formation from O2. 

3. I r radiate  the growing oxide with u.v. at a photon 
energy beyond the bandgap to break Si/S] bonds at 
the interfaces and thus reduce hGK (in addition, 
Fermi energy changes occur which should be bene-  
ficial for highly doped p- type  Si).  

4. Enhance the available vacancy source strength 
in the Si by anneal ing  Si slices at very high tempera-  
tures prior to oxidation and quenching to the oxida- 
t ion temperature.  

5. Enhance the available vacancy source s t rength 
in  the Si at the oxidizing interface by the application 
of an electric field to the Si prior to oxidation so that 
excess vacancies migrate  to the appropriate side of 
the slice. 

6. Use heavy doping of the Si and anneal  at a 
high tempera ture  prior to oxidation so that excess 
vacancies will be generated due to tim Fermi level 
shift away from midband.  

7. Add network  terminators  to the oxidizing gas 
so that  the SiO2 will have a lower viscosity and less 
s t ra in energy will be stored in the SiO2 film and AGE 
will  be reduced. 

It  is very l ikely that the oxidation studies of 
Ligenza (28) uti l izing a microwave excited oxygen 
plasma is an example of 1 and 2 combined from the 
above list. The O -  ion is generated in large popula-  

tions, which will  both charge the surface and enhance 
the ion flux to the interface. The work of Oren and 
Ghandhi  (30) is an example of i tem 3 above. The 
work of Ho et al. (3) is an example of i tem 6 and C1 
additions to the gas s t ream (31) may be beneficial 
in  par t  via i tem 7 above. 

A final comment should perhaps be made concern-  
ing the accuracy of using the Cabrera and Mort (32) 
Deff procedure. In their  t reatment ,  they neglected any  
displacement current  effects associated with moving 
space charges and this is not appropriate for the type 
of moving interface si tuation we are dealing with 
here. A much more accurate procedure is to deal 
with the electric field directly, as was done in the 
section on Modified Deal-Grove Transport  Analysis. 
As one goes toward t reat ing much th inner  films, or 
when one wants  to say something about surface charge 
and volume charge which relates to detailed solute 
distributions, and when one wants  to deal with more 
subtle film properties like interface ins tabi l i ty  and 
solute redistr ibution,  one should not use the Deer 
approximation. 
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The Rotating Cylinder-Collector Electrode (RCCE) 
Michael C. H. McKubre* and Digby D. Macdonald *'~ 

BRI International, Materials Research Laboratory, Menlo Park, California 94025 

ABSTRACT 

A ro ta t ing  cy l inder -co l lec to r  e lect rode (RCCE) for  the  s tudy  of e l e c t r o -  
c h e m i c a l  processes that  involve e lec t roact ive  in te rmedia tes  a n d / o r  products  is 
described.  Cal ibra t ions  of the collector  efficiencies (N) for both  m a j o r  and  
minor  sectors have been pe r fo rmed  using the f e r r i / f e r rocyan ide  redox  couple 
over  a wide range  of ro ta t iona l  veloci ty  (225-3060 r p m ) .  "With the minor  sector  
as the collector,  a collection efficiency of ,~7.2% was observed,  and  N was found 
to be independen t  of ro ta t iona l  veloci ty  over  the  range  considered.  However ,  
the  collection efficiency increased to ,~67% when  the ma jo r  sector  was used as 
the  collector,  t he reby  indica t ing  tha t  the  RCCE is a sensi t ive device for the de -  
tect ion of dissolved e lec t roact ive  species. The u t i l i ty  of this e lec t rode  is i l lus-  
t r a t ed  by  inves t iga t ing  the anodic behav ior  of copper  and nickel  in  hydrox ide  
solut ion at  var ious  t empera tu re s  be tween  0 ~ and 80~ 

The  ro ta t ing  disk (RDE) and ro ta t ing  r i ng -d i sk  
e lect rodes  (RRDE) have proved  to be power fu l  tools 
in  the s tudy  of e lec t rochemical  process (1-5).  In  the 
l a t t e r  case, e lec t roact ive  in te rmedia tes  formed at  the 
disk e lec t rode  a re  detected at  the r ing  by  oxida t ion  or  
reduct ion  under  potent ios ta t ic  or  po ten t iodynamic  con- 
trol.  Thus, the  ra t io  of the r ing to d isk  currents  for  the  
remova l  and genera t ion  of the act ive species, respec-  
t ively,  defines the  collection efficiency (N) for  the 
electrode.  Ideal ly ,  the collection efficiency is a func-  
t ion of geomet ry  only; in pract ice,  however,  i t  is found 
to depend on the state of the collector  surface and the 
hydrodynamic  proper t ies  of the sys tem (5). Typica l ly ,  
N var ies  be tween  0.1 and 0.5 depending  on the re la t ive  
dimensions of the  disk and the r ing (5). I t  is impor t an t  
to note, however ,  tha t  the  theories deve loped  to date  
app ly  only to the case of complete  mass t rans fe r  con- 
trol.  

In  spite  of its popular i ty ,  the  ro ta t ing  disk and ro-  
ta t ing  r ing -d i sk  electrodes suffer a number  of d i sad-  
vantages  when  not  opera t ing  under  complete  mass 
t ransfe r  control  or  when  being used for  the s tudy  of 
surface contro l led  processes. Thus, in the  absence of 
complete  mass t rans fe r  control, the  cur ren t  dens i ty  is 
not  uni form across the  disk radius  due to the  ohmic 
potent ia l  drop in solution. N e w m a n  (6) and Nanis (7) 
have  e labora ted  on this p rob lem and Newman  (6) has 
shown tha t  the cur ren t  dens i ty  at  the center  can va ry  
be tween  50 and 100% of the average  cur ren t  density.  
The d is t r ibut ion  in  cu r ren t  dens i ty  under  these con- 
ditions implies  a d i s t r ibu t ion  in po ten t ia l  across the 
disk radius,  and  consequent ly  a d i s t r ibu t ion  in e lec t ro-  
chemical  state.  While  this  p r o p e r t y  does not  pose a 
l imi ta t ion  on the va l id i ty  of the  RDE or  the RRDE 
for most of the  appl ica t ion  r epor t ed  so far  (mass t r ans -  
fer  contro l led  sys tems) ,  i t  does so for  the s tudy  of 
technological ly  impor t an t  phenomena,  such as corro-  
sion, where  f requen t ly  complete  mass t ransfe r  control  
is not  observed.  

A second p rob lem wi th  both the  RDE and the RRDE 
is that  a d is t r ibut ion  in Reynolds number  

Rer : -  r2~/v [1] 
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where  v is the k inemat ic  viscosi ty  and ~ is the  r o t a -  
t ional  veloci ty  ( rad / sec)  also exists  across the  surface. 
This Re var ies  f rom zero at  the ro ta t ion  axis to a m a x i -  
mum at  the outer  edge of the  disk. Since the  shear  
stress a t  the in terface  increases wi th  the veloci ty  
g rad ien t  (and hence wi th  Re) ,  i t  is c lear  tha t  the 
mechanical  stresses to which  surface films are  subjec ted  
are  dependent  on the dis tance f rom the axis of ro ta -  
tion. I t  is expected  tha t  this p r o p e r t y  could have an 
impor t an t  effect on film g rowth  processes occurr ing at  
the  surface of RDE. 

In this paper  we descr ibe a ro ta t ing  cy l inder -co l lec-  
tor e lect rode (RCCE) tha t  exhibi ts  cer ta in  character~  
istics that  we bel ieve  are  super ior  to those for the 
RRDE. For  example ,  the roles of both  the "source" and 
"collector" a re  in te rchangeab le  which can resul t  in an 
advan tageous ly  la rge  change in the collection efficiency. 
Also, the sys tem is charac te r ized  by  a single value  for 
Re, and the d is t r ibut ion  in cur ren t  dens i ty  across the 
surface is thought  to be more  un i form than  tha t  for 
a RDE or RRDE opera t ing  be low the mass t ransfer  
l imit .  I t  is wor th  mentioning,  however ,  that  the ob-  
serva t ion  of a s t eady-s t a t e  cur ren t  c lear ly  demon-  
s t ra tes  the exis tence of a flow pa t t e rn  tha t  is not  a 
p rope r ty  of a perfect  ro ta t ing  cyl inder .  The existence 
of such a flow m a y  wel l  impose a considerable  degree 
of nonuni formi ty  under  mass t r anspor t  control led  
conditions. 

The collection efficiency for the sys tem is eva lua ted  
empi r ica l ly  and the appl ica t ion  of the RCCE to the  
s tudy  of e lec t rochemical  processes is i l lus t ra ted  by  
considering the anodic behav ior  of copper  and nickel  
in hydrox ide  solution. 

Experimental 
Construction of electrode.--The RCCE was fabr ica ted  

f rom 99.999% Cu rod machined  to produce two ap~ 
p r o x i m a t e l y  hemi -cy l ind r i ca l  sections of the des i red  
length,  and from 99.998% Ni sheet  1 m m  thick. These 
three components  plus two Myla r  insula t ing  spacers 
0.011 cm thick are  shown in Fig. 1. Machining of the  
par ts  does not p resen t  any  prac t ica l  difficulties, p ro -  
v ided these are  made  oversized and the e lec t rode  
turned,  once final assembly  is completed,  to a c i rcu la r  
cross sect ion of the  des i red  radius.  
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Fig. 1. Exploded vlew of RCC electrode components 

The e lec t rode  and suppor t ing  shaft  a re  shown in 
Fig. 2. Af te r  loose assembly  the e lect rode was screwed 
into a th readed  Delrin~ end cap prev ious ly  filled wi th  
unset  epoxy  which  ensures  tha t  there  a re  no voids 
for  e lec t ro ly te  penet ra t ion ,  and provides  mechanical  
s t reng th  upon setting. The top of the  e lec t rode  assembly  
was screwed into an in t e rna l ly  th readed  0.953 cm 
(% in.) s tainless  steel  tube  which makes  e lect r ica l  
contact  to and be tween the two hemi -cy l ind r i ca l  Cu 
e lec t rode  sections. Elec t r ica l  contract  to the Ni k e y  
was accomplished by  an insu la ted  Cu wire  soft sol-  
de red  to the  p ro t rud ing  key  shown in Fig. 1. 

E lec t ro ly te  contact  wi th  the  suppor t ing  stainless 
steel  cy l inder  was p reven ted  by  the use of hea t  sh r ink -  
ab le  F E P  tubing  (8). 

The cell  was constructed en t i re ly  of Teflon (both 
FEP  and  PTFE)  incorpora t ing  an in terna l  0.5 m m  
diam P t  wire  countere lec t rode  and having  the form of 
a circle coaxial  wi th  the RCCE assembly,  and co- 
p lana r  wi th  the midpoin t  of the  work ing  e lec t rode  and 
the t ip of the Luggin  probe  (see Fig. 3). 

Var iab le  ro ta t ion  speed was accompl ished using a 
side moun ted  d-c  motor  and  pu l l ey  assembly  wi th  a 
va r i ab le  vol tage  supply.  Convent ional  bear ings  were  
employed  and quadra tu re  mounted  ama lgamated  cop- 
pe r  brushes  were  used to make  re l iab le  e lec t r ica l  con- 
tact  wi th  the  Cu and Ni sect ion of the RCCE. 

The comple ted  e lec t rode  assembly  had  the fol lowing 
dimensions.  Overal l  e lect rode length  1.150 cm, e lec t rode  
d iamete r  0.775 cm, work ing  e lec t rode  a rea  2.800 cm ~, 
thickness of Myla r  0.011 cm, thickness  of Ni 0.095 cm, 
exposed  a rea  of Ni 0.219 cm 2, exposed  a r ea  of Cu 
2.556 cm ~. The a rea  rat io  Cu :Ni  was 11.69: 1. 

Electrode surface preparat~on.--Before expe r imen-  
ta t ion the RCCE was pol ished wi th  var ious  grades  of 

Trade name. 

Ep 

l l 
~ Cu Wire 

/8-in.-Stainless Steel 

Heat Shrinkable FEP 

mm 

I -',------9.4. mm - ~ ' ~  

m m  

Fig. 2. Mounted RCC electrode 

emery  paper ,  finishing wi th  600 gr i t  (25 micron  p a r -  
t icle size) whi le  ro ta t ing  the  assembly  in air. This 
technique was found to produce a good pol ished finish, 
and reproduc ib le  e lec t rochemical  proper t ies .  

For  some exper iments  ut i l iz ing the  copper  e lec t rode  
as a col lector  (see l a te r ) ,  the surface was prev ious ly  
ama lgama ted  to reduce cathodic compet i t ion  f rom the  
reduct ive  evolut ion of H2 gas. Such ama lgama t ion  
must  necessar i ly  be accomplished wi thout  con tamina-  
t ion of the  exposed Ni surface  wi th  Hg meta l ,  since 
the e lect rode cannot  subsequent ly  be polished.  A ve ry  
s imple p rocedure  proved to be effective. A f resh ly  
pol ished RCCE was wet  wi th  d i lu te  HC1 to remove  the 
surface copper  oxide and a ve ry  smal l  drop of m e r c u r y  
t rans fe r red  to the surface  wi th  a copper  wire .  The  
contact  angle is ve ry  smal l  and the me rc u ry  immed i -  
a te ly  we t ted  one hemi -cy l ind r i ca l  copper e lec t rode  
section, up to the insula t ing  M y l a r  spacer,  which  is not  
wet ted  by  mercury .  This process was repea ted  for  the  
remaining  copper hemi-cy l inder ,  and  a lus t rous  s i lver  
colored ama lgama ted  surface was achieved.  

Reagents.--Electrolytes were  p r e p a r e d  f rom Ana laR 
reagents  using doubly  dis t i l led  deionized water ,  wi th  
the second dis t i l la t ion under  N2 to exclude CO2. High 
pu r i t y  (99.999%) ni t rogen  was used to sparge  the  cell. 

Electronics.--Two potent ios ta t ic  circuits  wi th  com-  
mon reference  (SCE or Hg /HgO)  and countere lee-  
t rodes were  used to control  the Ni and Cu elec-  
t rodes in a va r i e ty  of exper iments .  Dur ing  in i t ia l  ex -  
per iments  a PAR Model  173 potent ios ta t  was used to 
controt  the work ing  electrode,  and a spec ia l ly  con-  
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Fig. 3. RCC electrode and cell assembly 

structed (9) fast potentiostat  with a high degree of 
electrical isolation was used to control the collector. 
In  subsequent  experiments  two PAR 173's were used; 
one connected to mains ground, and the other isolated 
at a high resistance from ground using an isolating 
transformer.  Leakage across this t ransformer  did not 
appear to result  in  spurious collector currents,  and this 
la t ter  combinat ion allowed greater  flexibility of cur-  
rent  and voltage output. 

All experiments  described in  this paper  were per-  
formed under  potentiostatic control and in  a tempera-  
ture controlled bath  thermostated to wi th in  • 0.1K. 

Results  and  Discussion 
Collection eff~ciency.--Experiments were designed to 

reproduce those of Miller (10) for the cal ibrat ion of 
a r ing  disk electrode in  0.1M I~Fe (CN)6  with 1.0M 
NaOH support ing electrolyte, at 20~ 

Collection efficiency is defined here as the percentage 
of the mobile dissolved species produced at the work-  
ing electrode, that  react electrochemically at the col- 
lector. Since there almost always exists a background 
current  on both electrodes, this definition requires 
some elucidation. 

As ment ioned in  above, unl ike  rotat ing r ing disk 
systems, the RCC sections are complementary,  and 
either may be used as the working or collector elec- 
trodes. Consequently, the electrode was calibrated in 
both configurations; first with the copper funct ioning 
as the working electrode reducing Fe(CN)68-  to 
Fe(CN)64- ,  and the nickel electrode as the collector, 

performing the converse reaction, and secondly vice 
versa. 

Before the results of these calibrations are presented, 
it is necessary to comment  on the use of a swept po- 
tent ial  for this purpose, and the separation of collection 
currents  from the observed and unobserved back-  
ground currents.  

It is cer ta inly not  necessary, here, to propound t h e  
advantages of potent iodynamic experiments,  but  for 
r ing disk, RCC, and other electrodes with collectors, it 
is possible to sweep either the working or the collector 
electrodes separately, or both simultaneously.  While 
the lat ter  course has cer ta in  theoretical advantages, 
these are complex, and the practical difficulties a r e  
extreme, and this a l ternat ive  will  not be d i s c u s s e d  
fur ther  in  this paper. 

Figure 4 shows the observed potent iodynamic re-  
sponse for the Cu and Ni sections of the s tat ionary 
RCCE separately swept at 100 mV sec -1, in the cali- 
brat ing electrolyte. Potentials  are with respect to a 
sa turated calomel electrode, and the cur ren t  density 
scales are identical  but  are displaced for clarity. 

From Fig. 4 it is clear that  peaks associated with t h e  
formation and reduction of higher nickel oxides occur 
at potentials s imilar  to those of the fer r i / fer ro-cyanide  
couple. Thus, it  is not possible to sweep the nickel 
electrode either as a working or collector electrode 
without  incur r ing  serious errors in the measured col- 
lection efficiency. For Cu however, the only significant 
potent iodynamic features between hydrogen evolut ion 
and oxygen evolution occur well cathodic of the 
fer r i / fer ro-cyanide  peaks. Thus, this electrode can be 
swept ei ther as a working or collector electrode, and 
having a stable and reproducible base current,  the 
collection efficiency can be measured accurately. 

A considerable source of error in  the calculated col- 
lection efficiency for a system having either the work-  
ing of collector electrode reactions not  completely 
under  mass t ransport  control, can be introduced by an  
apparent  coupling of the working and collector elec- 
trode currents  in  their shared IR drop. This has been 
separately treated by the present  authors (11) and will  
be invoked to explain some of the results in this work. 
However, for a swept electrode system it is usual ly  
sufficient to observe the collected current  in the pres- 
ence and absence of rotation, or as a funct ion of ro-  
tation, in order to el iminate the effects of coupled IR 
drops. Dissolved working electrode reaction products 
cannot reasonably be expected to be t ransported to 
the collector electrode in short times in a quiescent 
system. Thus, the collector current  observed (as a func-  
tion of voltage sweep) can be considered as a base 
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Fig. 4. Typical cyclic voltamagrams for Cu and Ni electrodes in 
0.1M I~Fe(CN)6/1.0M NaOH. 
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line, and be sub t rac ted  f rom the cur ren t  observed  at  
the ro ta t ing  electrode,  in o rder  to calcula te  the  elec-  
t rode  col lect ion efficiency. 

Calibration case 1: Ni colIector.--Figure 5 shows 
the influence of e lec t rode  ro ta t ion  on the work ing  (Cu) 
and col lector  (Ni) e lec t rode  currents .  The  col lector  was 
he ld  at  +500 mV vs. SCE to oxidize F e ( I I ) ,  and the 
work ing  e lec t rode  was swept  f rom --700 to +600 mV 
vs. SCE a t  100 mV sec -1. Assuming  tha t  a t  --500 mV 
(for example )  a l l  the  work ing  e lec t rode  cu r ren t  goes 
to produce  F e ( I I ) ,  and  tha t  the  col lector  ox ida t ion  
of this species m a y  be equated  wi th  the  difference 
be tween  the ro ta t ing  and quiescent  Ni  e lec t rode  cur -  
rents,  then  the  collection efficiency m a y  be ca lcula ted  
as 

(7.05 --  0.7) 
N = 100 X - -  9.20% 

69 

A be t t e r  es t imate  of the  collection efficiency can be 
ob ta ined  by  holding the work ing  and col lector  e lec-  
t rodes at  constant  potent ials ,  and  measur ing  the two 
reac t ion  currents  as a funct ion of e lec t rode  ro ta t ion  
speed, ~. 

F igure  6 shows the resul ts  of th ree  separa te  expe r i -  
ments  wi th  the work ing  e lec t rode  (Cu) poten t ios ta ted  
at  --500 mV and the collector  e lec t rode  at  +500 mV 
vs. SCE. F r o m  Fig. 6a we see tha t  the  work ing  elec-  
t rode  cu r ren t  Iw var ies  wi th  the  square  root  of ro ta -  
t ion velocity,  wi th  the regress ion  l ine  for  a l l  data  
g iven b y  

Iw : - -  13 .3  4-  2 . 9 8  ~ - � 8 9  

and having  a regress ion coefficient (12) 

r2 = 0 . 9 9 3  

Figure  6b shows values  of col lector  current ,  Ic, p lo t -  
ted agains t  Iw for al l  da ta  be tween  225 and 3060 rpm.  
These da ta  were  t r ansc r ibed  f rom X - Y  recorder  plots 
of the two currents ,  and show a clear  l inear i ty ,  the 
slope of which  being the col lect ion efficiency. The r e -  
gress ion l ine for  the  da ta  in  Fig.  6 is 

Ic = 0.763 + 0.072 Iw 

wi th  a regress ion coefficient 

r2 = 0.994 

A l inear  dependence  of Ic on Iw is thus wel l  obeyed, 
and the measured  collect ion efficiency is 7.2%. 

The uppe r  l imi t  of ro ta t ion  speed was imposed by  
the motor,  but  a t  speeds lower  than  225 rpm, significant 
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curva tu re  was observed  in  a p lo t  of Ie vs. Iw, p r e s u m -  
ab ly  due to the  increas ing influence of r ad ia l  diffusion 
wi th  decreas ing ro ta t ion  speed. 

At  this poin t  i t  is wor th  not ing tha t  whi le  a col lect ion 
efficiency of 7.2% represen ts  a r a the r  smal l  va lue  com-  
pa red  wi th  those possible for  a ro ta t ing  r i ng -d i sk  sys-  
tem, (5, 10, 13-15), the  work ing  e lec t rode  in a RCCE 
m a y  have  a r e l a t ive ly  much grea te r  a rea  for  this  p a r -  
t icu lar  configuration. The  collector  cur ren ts  m a y  thus 
be ve ry  la rge  compared  wi th  l i ke ly  r ing  currents .  
Since the cy l inder  collector  a rea  is not  s ignif icant ly 
l a rge r  than the collector  r ing in a r ing  disk assembly,  
the RCCE affords the  advan tage  of a l a rge r  collected 
cur ren t  wi thout  a subs tant ia l  increase  in col lector  
background  current .  



636 J. EZectrochem. Soc.: E L E C T R O C H E M I C A L  SCIE N CE  A N D  T E C H N O L O G Y  March  1980 

Calibration case 2: Cu coI lector .mA significant im-  
p rovemen t  in collect ion efficiency at  the  expense  of de -  
creased collector  cur ren t  and increased  background  
current ,  can be ach ieved  by  using the sma l l e r  a rea  
n ickel  e lec t rode  as the  work ing  electrode,  and  the 
l a rge r  a rea  copper  e lec t rode  as the  collector.  

Cal ibra t ion  was accompl ished prec ise ly  as descr ibed  
in the previous  section, but  wi th  the  Ni e lec t rode  po-  
tent ios ta ted  a t  --500 mV to reduce Fe  ( I I I ) ,  and  the  
Cu col lector  he ld  a t  +500 mV vs. SCE to reoxid ize  
Fe  (II)  to Fe  ( I I I ) .  

F igu re  7a shows the influence of ro ta t ion  speed on 
Iw, and  Fig. 7b is a p lo t  of Ic vs. Iw for  ro ta t ion  speeds 
up to 3140 rpm. The regress ion l ine for  Iw vs. ~-v2 is 

Iw : 0.418 + 0.228 o~-~'~ 

with  the regress ion coefficient 

r 2 "-- 0.998 
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Fig. 7. Calibration of Ni working, Cu collector, ILCC electrode in 
9.1M K3Fe(CN)6/0.1M NaOH. 

Figure  7b shows three  dis t inct  regions of col lect ion 
efficiency. For  the unca l ib ra t ed  ro ta t ion  speeds be low 
100 r p m  (the ro ta t ion  speed is not  an expl ic i t  p a r a m -  
e ter  in this p lo t ) ,  the slope of Ic vs. Iw approaches  
unity,  and thus the collect ion efficiency approaches  
100%. Between  100 and 1000 rpm, Ic vs. Iw has a we l l -  
behaved  l inear  form, wi th  regress ion l ine 

Ic = 0.623 -t- 0.670 Iw 
and 

r~ = 0.999 

indica t ing  a coUection efficiency of 67.0%. The large  
collector  background  cur ren t  of 0.623 n ~  ( :  0.243 
m A  �9 cm-~)  is due e i ther  to the dissolut ion of the  
incomple te ly  pass iva ted  Cu electrode surface, or  to 
background  oxygen  evolution.  Both processes a re  ef-  
fec t ive ly  uninfluenced by  e lec t rode  rotat ion.  

At  ro ta t ion  speeds g rea te r  than  1000 rpm, the Iw vs. 
Ic cor re la t ion  Fig. 7b shows some curvature ,  and the  
collection efficiency (dIc/dIw) declines to below 50% at  
3140 rpm. The reason for this decl ine is not immed i -  
a te ly  appa ren t  bu t  m a y  be due to the  occurrence of 
s table  hyd rodynamic  vort ices  wi th  rad ia l  components  
of convect ion (16). 

These resul ts  indicate  that ,  p rov ided  a r e l a t ive ly  h igh  
background  cur ren t  can be to lera ted,  a subs tant ia l  
ro ta t ion "window" exists for this e lec t rode  configura-  
tion, having  a constant  and  la rge  (67%) collect ion 
efficiency. 

The anodic dissolution of Cu in alkaline solut ion. - -  
Having ca l ib ra ted  the  RCCE collection frequency,  two 
fu r the r  exper iments  were  p lanned  to demons t ra te  the  
ut i l i ty  of this sys tem in each configurat ion of work ing  
and collector  electrodes.  

In  the first, an  a t t empt  was made  to reproduce  and 
extend the e legant  exper iments  of Mi l l e r  (17) in 
which  evidence f rom a spl i t  r ing disk s tudy  was used 
to infer  the  presence of Cu (I ) ,  Cu ( I I ) ,  and Cu (III)  
dissolved species. 

With  the except ion tha t  an RCCE was used wi th  Cu 
work ing  and Ni collector  electrodes,  exper imen ta l  
condit ions were  as fa r  as possible  ident ica l  wi th  those 
descr ibed by  Mil le r  (17). Briefly, exper iments  were  
pe r fo rmed  in sparged 1M NaOH the rmos ta t ed  at  three  
tempera tures ,  0 ~ 25 ~ and 50~ An  Hg/HgO reference  
e lec t rode  was used ins tead  of the SCE employed  by  
Miller .  

Exper iments  were  pe r fo rmed  in the fol lowing m a n -  
ner. P r io r  to measurement ,  the  Cu e lec t rode  was he ld  
in hydrogen  evolut ion and the sys tem sparged for  a t  
least  5 min  to ensure  a reproducib le  and ox ide - f ree  
surface. Wi th  the Ni po ten t ios ta ted  at  the des i red  
value,  the Cu e lec t rode  was subjec ted  to a single po-  
ten t iodynamic  sweep wel l  into oxygen  evolut ion and 
back into hydrogen  evolution.  Since some of the  
chosen col lector  (Ni) e lec t rode  potent ia ls  coincided 
wi th  those of n ickel  oxide g rowth  or  reduct ion,  this 
e lec t rode  was he ld  at  constant  potent ia l  p r io r  to a 
measu remen t  for a sufficient t ime such tha t  Ic in the  
quiescent  system decl ined to a s teady  value. Iw and Ic 
were  recorded  s imul taneous ly  agains t  work ing  elec-  
t rode potential ,  first wi th  the RCCE electrodes ro ta t ing  
(a t  1000 rpm) ,  then  the e xpe r ime n t  was repea ted  wi th  
a s ta t ionary  electrode.  Values of Ir p resen ted  in Fig. 9 
represen t  the  difference be tween  the ro ta t ing  and s ta -  
t ionary  collector  currents .  Iw was not  s ignif icant ly in-  
fluenced by  e lec t rode  rotat ion.  A constant  po ten t iody-  
namic sweep ra te  of 20 mV sec -1 was used. 

25~ 8 shows the resul ts  of po ten t iody-  
namic sweeps for a s t a t ionary  and ro ta t ing  Cu w o r k -  
ing electrode at 25 ~ The three  t ransi t ions  of in te res t  
a re  labe led  I, II, and I I I  and  are  associated by  Mil le r  
(17) wi th  these Cu species. 

Direct  evidence s a Cu ( I I ) / C u  (III)  t rans i t ion  is 
difficult to obta in  f rom Fig. 8. Any  oxida t ion  peak  is 
ove rwhe lmed  by  oxygen  evolut ion  and the reduct ive  



Vol. 127, No. 3 C Y L I N D E R - C O L L E C T O R  ELECTRODE 6 3 7  

60 I I I I I .J. I t I I I I I I jlI 60 I I I 1 1 1 1 1 1 1 1 1 1 I .II 
50 - / / - ) i ~ .~  0 RPM I I] 50 - / ~  Sweep Rate = 20 mV s -1 -~ 
4 0 - -  ///:, " ~ - i i  1000 RPM /~[f.~ 4 0 -  / kRotat ion Speed = 100 RPM ~._~ 

< :'41"1 l / "  ~[Sweep Rate = 20 mV s - 1 , ] / J  

, - , / " /;  " '  _--, , o  - , , , .  

o - . . l ~ . y . - - ' - r - . - , , ,  ~ - . .  , ~ ,  I o 
- lO  , I I I I I I I I I I I I I I I - lO 

-400 -200 0 200 400 600 800 1000 0 
V w / m V  AGAINST NHE _ I I I I I I I I I I I I 

Fig. 8. Single petentiodynamic sweeps of copper electrode at -0.1 t / k ~ ,  
- +1oo . . . .  ~ ~ \ ,  

25~  for stationary and rotating electrode, Collector Potential {+375 

peak is not well  defined for the s ta t ionary electrode, -0.2 
and apparent ly  absent  at a rotat ing electrode. How- - 
ever, by holding the collector electrode at appropriate 
potentials we can reduce any dissolved Cu (III) species 
and possibly oxidize or reduce dissolved Cu (I) and 
Cu (II) ,  in  order to demonstrate  the existence of 
these species. 

Figure  9a shows the results of experiments  a t  25~ 
with collector held at four different potentials.  The top 
trace shows a typical working (Cu) electrode current  
trace to define the potent ial  scale. The second trace 
shows collector currents  with the collector held at 
+100 and +375 mV against  an NHE. In  contrast  with 
the observations of Miller  (17), no oxidative collector 
processes (specifically, associated with Cu (I) -> 
Cu ( I I ) )  were observed, but  the appearance of a reduc-  
tive collector peak at 660 mV is strong evidence for 
the presence of a dissolved Cu (IlI)  species. 

The potential  at which this collector peak occurs is 
well  into the region of oxygen evolution on the work-  
ing electrode. Figure 9b shows the magni tude  of Cu 
dissolution cur ren t  required to cause the observed 
collector peak, calculated using the measured value of 
collection efficiency, and compared to the observed 
total cur ren t  from this, it is possible to deconvolve 
the measured working electrode cur ren t  into currents  
associated with oxygen evolution and Cu dissolution. 

Despite the considerable extent  of oxygen evolut ion 
on the working electrode, it is unl ike ly  that a significant 
component  of the observed collector current  can be 
ascribed to the presence of dissolved oxygen since, 
(i) a potent ial  of +375 mV is bare ly  sufficient to re-  

duce oxygen to hydroxyl  ions E e o 2 / o n  - ---- 0.40V for 
02 ---- 1 atm at 25~ in 1M NaOH), and (ii) the rate 
of oxygen evolution on the working electrode must  
increase exponent ia l ly  with anodic potential  (18). Col- 
lector reduct ion current  associated wi th  the presence 
of dissolved 02 may be expected to paral le l  this, a t -  
ta ihing a l imit ing value, but  not  passing through a 
maximum.  

The third trace in  Fig. 9a chows the current  observed 
with the collector held at + 800 mV, a potential  as- 
sumed to be sufficient to oxidize any  dissolved species. 
This is s imilar  to the comparable trace observed by 
Miller (17). However, we do not believe that this cur-  
rent  profile provides unequivocal  proof of the existence 
of dissolved Cu (I) or Cu (II) species. For  this case 
alone, the background collector cur ren t  at the sta- 
t ionary electrode showed considerable "coloration" 
with swept working electrode potential.  Figure 10 
shows the collector current  at +800 mV, vs. working 
electrode potential  for the electrode rotat ing at 1000 
rpm and stationary,  together with the collected cur-  
ren t  defined as the difference between these. The major  
features of the rotat ing and s ta t ionary current  traces 
are similar, and conform almost exactly with the shape 
of the derivat ive of the working electrode cyclic volt-  
ammogram. The current  de termined as the difference 
between these is probably  associated more with a small  
change in the reference potent ial  than a real collected 
current .  
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Fig. 9. Copper dissolution data at 25~ (a, top) Copper working 
and nickel collector electrode currents for a single potentiodynamic 
sweep at 25~ (b, bottom) Measured copper working electrode 
current for a single anodic potentiodynamic sweep, deconvolved 
into its component currents at high potentials. 

The features described above conform precisely wi th  
those predicted and observed to be associated with a 
coupling of the IR drops due to working and collector 
electrode currents  (11). 

For the bottom trace in  Fig. 9a, the collector w a s  
held at -- 600 mV. This potent ia l  is sufficient to reduce 
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Fig. 10. Collector current at 800 mV at stationary and rotating 
electrode. 

all copper ions back to metal, and oxygen to hydroxyl  
ions (17). For  this case our observations and in terpre-  
tat ion conform exactly with those of Miller (17). In  
conformation of this previous work, the processes we 
believe to be associated with the labeled features of 
the collector currents  are as follows. 

a .  Cu (III)  --> Cu ( I I )  

b. C u ( I )  - > C u ( O )  

c. Cu(II) -~Cu(O) 

d. Cu (III)-* Cu (0) 

e .  O~ -* OH- 

U s i n g  the measured collection efficiency of 7.2%, we 
calculate that  the charge associated with dissolved 
Cu (I) accounts for approximately  ~/4 of the total 
charge in peak I. The remainder  of the charge presum-  
ably goes to form a passivating Cu (I) oxide on the 
electrode. 

Interest ingly,  the features of the working electrode 
current  in peak II are reflected more strongly in  col- 
lector current  peak c, wi th  the order of peak and 
shoulder reversed. We can speculate that  these peaks 
indeed disguise two surface reactions and different dis- 
solved species. 

The shoulder labeled f, associated with the reduc-  
t ion of Cu (II) ,  was apparent ly  not  observed by  
Miller. 

0 ~ and  5 0 ~  11 shows the results of potentio-  
dynamic sweeps of the Cu electrode as a funct ion of 
temperature.  At 0~ the reduct ion of oxygen evolu-  
t ion at potentials  greater than 4-700 mV vs.  NHE, re-  
solves a peak, presumably  associated with Cu (II) --> 
Cu (III) ,  in Fig. l l a .  Figure l l b  shows the current  
collected at a potential  of +375 mV increases abrup t ly  
at a working electrode potential  coinciding with this 
observed Iw peak (approximately  +750 mV).  

The combined observation of a working electrode 
oxidation current  peak associated with a dissolved 
species reducible at +375 mV leaves little room for 
doubt  that  a Cu (III)  species is indeed involved. 

Because of the increased rate of oxygen evolution 
at 50~ and the apparent ly  negligible shift in  the 
Cu ( I I ) / C u ( I I I )  redox potential  with temperature,  
there is no direct evidence for such a t ransi t ion at 50~ 
in Fig. l la .  However, Fig. l l b  shows that an appreci- 
able dissolution of Cu (III) occurs at working elec- 
trode potentials more positive than  +700 mV vs.  NHE. 

Unlike the data at 25~ the dissolution currents  at 
0 ~ and 50~ do not display a maximum,  but  appear 
to approach a plateau; suggesting that  no surface 
Cu(I• oxide, or an imperfect ly passivating oxide 
film is formed. 

D i s s o l u t i o n  o~ N i  in  c o n c e n t r a t e d  a l k a l i . - - O v e r  a 
l imited potential  range in  highly concentrated alkali  
solutions, the thermodynamical ly  most stable nickel 
species (19, 20) is in the monovalent  ion HNiO2- or 
possibly NiO22-. To our knowledge this ion has not  
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Fig. 11. (a, top) Potentiodynamic response of copper electrode in 
1M NaOH, as a function of temperature. (b, bottom) Cu(ll l )  disso- 
lution current as a function of temperature. 

been observed directly, but  the possibility of Ni dis- 
solution products at high potentials has serious impl i -  
cations for many  industr ia l  processes, par t icular ly  
those involving Ni bat tery  electrodes. 

We have at tempted to observe this species employ-  
ing a conventional  rotat ing Pt  r ing /Ni  disk electrode 
and for a variety of reasons (20), have failed to" 
identify it unambiguously.  

By using the Ni as a working electrode and the cop- 
per (amalgamated as described in  the section Elec- 
trode surface preparat ion)  as a collector, the RCCE 
described here offers a n u m b e r  of advantages over a 
rotation r ing-disk electrode. Pa ramoun t  amongst  these 
are the advantages of a defined potential  dis t r ibut ion 
described in  the introduction,  and the very large (ap- 
proximately 70%) collection efficiencies that  can be 
attained. 

Exper iments  were performed at 40 ~ and 80~ in 
6M NaOH. With the amalgamated Cu collector held 
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at  the des i red  potential ,  the  Ni e lec t rode  was subjec ted  
to a single po ten t iodynamic  sweep at  20 mV sec -~, 
wel l  into oxygen  evolut ion and back. Iw and Ic were  
recorded  s imul taneous ly  agains t  Vw wi th  the  e lec t rode  
ro ta t ing  and in  a quiescent  system. Work ing  e lec t rode  
cur ren ts  were  insignif icant ly  influenced by  e lec t rode  
rotat ion,  and values  of Ir a re  r epor t ed  as the  difference 
be tween  the measu red  ro ta t ing  and s t a t iona ry  e lec-  
t rode  currents .  

The only fea tures  observab le  at  the col lector  appea r  
wi th  the col lector  a t  la rge  negat ive  potent ia ls  and  wi th  
the  Ni work ing  e lect rode wel l  into oxygen  evolution.  
This has two impor t an t  expe r imen t a l  consequences:  
(i) the  reduct ion  of a dissolved species at  the  collector  
occurs at  such a la rge  negat ive  potent ia l  tha t  i t  is nec-  
essary  to ama lgama te  the col lector  in o rder  to increase  
the hydrogen  evolut ion overvol tage  sufficiently to re -  
solve the collector  current ,  and  (ii) with  subs tan t ia l  
oxygen  evolut ion  at  the work ing  e lec t rode  and the 
collector a t  a po ten t ia l  sufficiently cathodic to reduce 
O~ it  is necessary  to d is t inguish  be tween  col lector  cur -  
rent  due to dissolved Ni ions, and dissolved oxygen.  

F igure  12a shows work ing  and col lector  e lec t rode  
cur ren ts  agains t  work ing  e lec t rode  potent ia l ,  for  d i f -  
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ferent  values of col lector  potent ia l .  A t  40~ the fo r -  
w a r d  sweep shows a wel l -def ined  peak  in Ic a t  collector  
potent ia ls  more  negat ive  than  --1100 mV vs. NHE. 
Beyond this peak  and on the re t race ,  the  collector  cur -  
ren t  increases again  marg ina l ly ,  and  then  re tu rns  to 
the background  at  4-1100 mV. This peak  we associate 
wi th  dissolution of nickel.  The second process, and  the 
collector  cur ren t  at  col lect ion potent ia ls  more  anodic 
than  --1100 mV, we a t t r ibu te  to the  presence of dis-  
solved oxygen.  

At  80"C the collector  cu r ren t  peak  on the  fo rwa rd  
sweep increases roughly  by  a fac tor  of two. However ,  
the  cur ren t  due to reduct ion  of oxygen  on the col lector  
increases  marked ly ,  consistent  wi th  the g rea t ly  in-  
creased work ing  e lect rode oxygen  evolut ion current .  

The col lector  cu r ren t  goes th rough  a peak  on the 
cathodic sweep. This peak  appears  over  a wide  range  
of collector potent ia ls  and  regard less  of whe the r  a 
peak  appears  on the fo rw a rd  anodic  sweep, and p r e -  
sumably  signifies that  the  near  surface O3 concentra t ion  
goes th rough  a m a x i m u m  shor t ly  a f te r  r eve r sa l  of 
potent ial .  

S u m m a r y  and Conc lus ions  
1. The RCCE is an effective device for the detec t ion  

of e lec t roact ive  dissolved in termedia tes .  This sys tem 
has the advan tage  over  the  ro ta t ing  r ing -d i sk  e lec t rode  
(RRDE) that  the  work ing  and collector  e lectrodes a r e  
complementary .  Thus, in te rchanging  the roles of the  
two electrodes affords a wide  range  of collection effi- 
ciency. Cal ibra t ion  of the RCCE using the f e r r i - f e r r o -  
cyanide redox  couple demons t ra tes  that ,  for  the  e l e c -  
t r o d e  used in  this s tudy,  col lect ion efficiencies of 7.2 
and 67% are  a t ta inable .  

2. The RCCE system has an addi t iona l  advan tage  
over  the RRDE in tha t  the cur ren t  d i s t r ibu t ion  due to 
uncompensa ted  resis tance is s ignif icant ly reduced,  a n d  
the re  is no d is t r ibu t ion  of Reynolds  n u m b e r  over  the  
work ing  e lec t rode  surface. 

3. Exper iments  on the anodizat ion  of copper  in  1M 
sodium hydrox ide  solut ion at  0 ~ 25 ~ and 50~ provides  
conf i rmatory evidence for  the fo rmat ion  of soluble  
Cu ( l I I )  species at  potent ia ls  close to oxygen  evolu-  
t ion as prev ious ly  r epor ted  by  Mil le r  (17). 

4. Using a RCCE we have  also de tec ted  the  fo rma-  
t ion of soluble species on anodizat ion  of n ickel  in  6M 
NaOH at 40~ at  potent ia ls  close to mass ive  oxygen  
evolution.  We were  unable  to de tec t  these dissolved 
species using a RDDE, p a r t l y  because of the  lower  col-  
lector  cur ren t  and collector  efficiencies. The fo rmat ion  
of soluble  species on the n ickel  anode  in  s t rong a lka l ine  
systems poss ibly  has impor t an t  impl ica t ions  for  the  
pe r fo rmance  of n i cke l -based  a lka l ine  ba t t e ry  systems.  
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Factors Affecting the Electrochemical Responses of Metal 
Complexes at Pyrolytic Graphite Electrodes Coated with Films 

of Poly(4-Vinylpyridine) 
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Arthur Amos Noyes Laboratory, Cali$ornia Institute o~ Technology, Pasadena, California 91125 

ABSTRACT 

Elec t rochemical  responses f rom the reduct ion  of Ru m (edta)  coordinated  
to films of high molecular  weight  poly  (4 -v iny lpyr id ine )  on pyro ly t ic  g raphi te  
e lectrodes were  s tudied  as functions of film thickness,  t empera tu re ,  suppor t ing  
e lec t ro ly te  composition, and solvent.  Responses at  f i lmed electrodes f rom meta l  
complexes tha t  do not coordinate  to the  films were  also examined.  With  films 
th icker  than  ca. 1000A, the cur ren t  responses are  l imi ted  by  the ra tes  of molec-  
u la r  motions wi th in  the films. Pene t ra t ion  of counterions,  segmenta l  mot ion of 
sections of the po lymer  chains, and jux tapos i t ion ing  of pairs  of a t tached  meta l  
complexes  to faci l i ta te  in te rcomplex  e lect ron t ransfe r  wi th in  the  film or  com- 
binat ions of the three  are  suggested as l ike ly  cur ren t  l imi t ing proces se s .  

There  has been  considerable  cur ren t  in teres t  in  th e  
prepa ra t ion  and proper t ies  of po lymer -coa t ed  elec-  
t rode  surfaces (1-12). Examples  of po lymer  coatings 
tha t  have been descr ibed include nonelec t roact ive  
po lymers  (1, 6), po lymers  bear ing  repea t ing  e lec t ro-  
act ive groups (2, 3, 7, 8, 11), and e lec t roinact ive  po ly -  
meric  coatings tha t  become e lec t roact ive  when  meta l  
complexes are  a t tached  to them (4, 5, 7, 9). Among the 
questions tha t  awai t  definit ive answers  for  such coat-  
ings is how elect ron t ransfe r  is accomplished be tween  
the e lect rode surface and e lec t roact ive  sites p resen t  
in the polymer ic  films. 

Kau fman  and Engler  (8) have  recen t ly  proposed  
that  electrons are  conducted  th rough  ra the r  th ick films 
of a po lymer ic  pyrazol ine  by  e lec t ron t ransfe r  be tween  
the e lect roact ive  groups wi th in  the  polymer .  They 
proposed tha t  such t ransfe r  requ i red  tha t  the  sites of 
e lec t roac t iv i ty  be mobi le  enough to achieve appropr ia t e  
jux tapos i t ions  of ne ighbor ing  sites in o rder  for  e lec t ron 
t ransfe r  to occur. In  addit ion,  the  po lymer  film must  
be porous enough to a l low pene t ra t ion  by  ions of the  
suppor t ing  e lec t ro ly te  to main ta in  e lec t roneu t ra l i ty  
wi th in  the film. 

In the presen t  r epor t  we address  this and re la ted  
issues for films of po ly (4 -v iny lpy r id ine )  (PVP)  a t -  
tached to pyro ly t ic  g raphi te  electrodes.  The versa t i l i ty  
of this po lymer ic  l igand in anchor ing t rans i t ion  meta l  
complexes to e lec t rode  surfaces ~was descr ibed re -  
cent ly  (9) and i t  seemed des i rable  to obta in  more  in-  
format ion  on the e lect ron t ransfe r  proper t ies  of these 
films which have e lect roact ive  groups (meta l  com-  
plexes)  in t roduced into them af te r  they  have been 
a t tached  to the  graphi te  surface. 

Experimental 
Pyro ly t ic  g raph i te  electrodes wi th  the graphi t ic  

basa l  p lanes  exposed to the  solutions were  p repa red  
and t rea ted  as p rev ious ly  descr ibed (9). Glassy  ca r -  
bon electrodes were  p r e p a r e d  by  cut t ing disks f rom 

~ Electrochemical Society Active Member. 
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cyl indr ica l  stock (Tokai  Elec t rode  Manufac tu r ing  Com- 
pany,  Limited,  Tokyo) .  The disks were  sealed to the  
ends of glass tubing wi th  hea t - sh r inkab l e  polyolefin 
tubing  (Alfa  Wire  Company)  to produce  an e lect rode 
area  of 0.2 cm. The glassy carbon surface was pol ished 
wi th  sil icon carb ide  pape r  of successively finer gra in  
and finally wi th  0.3# alumina.  The pol ished s u r f a c e  
was washed wi th  excess wa te r  and  methanol .  

P o l y ( 4 - v i n y l p y r i d i n e )  (Borden Incorporated,  Ph i l a -  
delphia, Pennsy lvan ia )  was recrys ta l l i zed  twice f rom 
me thano l -d i e thy l  ether.  ~ts average  molecular  weight  
was de te rmined  v iscometr ica l ly  (13) to be 7.4 X 105. 
This was the po lymer  ut i l ized in a l l  exper iments  ex-  
cept those associated wi th  Fig. 2. Aquoe thy lened i -  
amine t e t r aace t a to ru then ium (III)  was p repa red  and  
purif ied as prev ious ly  descr ibed (9). Other  chemicals  
were  reagent  g rade  and were  used as received.  Aque-  
ous solutions were  p repa red  with  t r ip ly  dis t i l led  water .  
The suppor t ing  e lec t ro ly te  for most e lect rochemical  
measurements  in aqueous media  was 0.2M CF3COONa 
ad jus ted  to the des i red  pH wi th  CF~COOH. Potent ia ls  
are  quoted with  respect  to a sodium chlor ide  sa tu-  
ra ted  calomel  reference  e lec t rode  (SSCE) .  

The e lec t rochemical  ins t rumenta t ion  and procedures  
ut i l ized have been descr ibed prev ious ly  (9). Wi th  
electrodes bear ing  heavy  coatings of PVP and RU m 
(edta)  the quan t i ty  of e lec t rochemica l ly  act ive a t -  
t a c h e d  complex could not  be de te rmined  r e l i ab ly  by  
electronic in tegra t ion  of vo l tammograms.  F igure  1 
shows an example  of a vo l t ammogram for a coated 
e lect rode and its a rea  as measured  by  electronic in te-  
gra t ion of the cur ren t  dur ing  the potent ia l  scan. Note 
tha t  the slope of the in tegra ted  cur ren t  curve does  
not drop to background  levels even at  potent ia ls  wel l  
negat ive  of the peak  potential .  Significant cont r ibu-  
tions to the cur ren t  in tegra l  continue to accumula te  
at  potent ia ls  fa r  removed  f rom the peak. Fo r  this rea -  
son the quanti t ies  of reac tants  a t t ached  to po lymer  
layers  were  eva lua ted  by  in tegra t ion  of the cur ren t  
that  passed when the e lect rode potent ia l  was s t e p p e d  
and he ld  a t  a va lue  wel l  beyond  the v o l t a m m e t r i c  
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Fig. 1. A, voltammogram for the reduction of Ru tII  (edta) at- 
tached to o coating of 2.3 X 10 -7  moles cm - 2  of pyridine as 
PVP on a pyrolytic graphite electrode. Ru I I I  (edta) attachment was 
that resulting when the PVP-coated electrode was exposed to a 5 
tamale solution of Ru m (edta) at pH 3.9 for 15 rain. Supporting 
electrolyte: 0.2M CF~COONa (pH = 2.85). Scan rate: 100 mV 
sec -z .  B, area under the voltammogram in A obtained by electronic 
integration of the current as the voltammogram was recorded. 
Background current and its integral are shown by the dashed lines. 

peak  potent ia l  unt i l  the ra te  of charge  accumula t ion  
decreased  to background  levels.  

To provide  e lec t rode  surfaces conta ining known  
quant i t ies  of a t tached  PVP, measu red  al iquots  of a 
s tock solut ion of the po lymer  in  me thano l  were  care-  
fu l ly  t r ans fe r r ed  to the  surface of a hor izonta l ly  
mounted  e lect rode wi th  a micro l i te r  syringe.  1-4 micro-  
l i ters  of the solut ion spread  un i fo rmly  on pyro ly t ic  
g raph i te  and  we l l -po l i shed  glassy  carbon surfaces 
wi thout  overflowing, to produce  a v is ib ly  un i form film 
upon  evapora t ion  of the solvent.  To in t roduce  Ru m 
(edta)  onto the  e lec t rode  surfaces the resul t ing  po ly -  
m e r - coa t ed  e lect rodes  were  immersed  in  a 5 mmole  
aqueous solut ion of Ru m (edta)  at  pH 3.9 for 15 min. 
Af t e r  a t t achment  of the complex  by  coordinat ion to 
the pendan t  py r id ine  l igands in the po lymer  coat ing 
(9),  the e lectrodes were  washed  r epea t ed ly  wi th  water ,  
dried,  and stored. This p rocedure  is not  wel l  ca lcula ted 
to ensure  a un i form d is t r ibu t ion  of coordinated  Ru In 
(edta)  th roughout  the PVP layer .  None of the e lec t ro-  
chemical  exper iments  pe r fo rmed  wi th  these coatings 
of P V P - R u ( e d t a )  gave indicat ions of h igh ly  aniso-  
t ropic film composit ions but  i t  would  not  be surpr i s -  
ing to find tha t  more  of the  a t tached  complex res ided 
nea r  the e lec t ro ly te / f i lm in ter face  than  the e lec t rode /  
fi lm interface.  

Scanning e lec t ron micrographs  were  ob ta ined  wi th  
an  ETEC Corpora t ion  Autoscan  U-1 (Hayward ,  Cal i -  
fornia)  ins t rument .  Electrodes were  coated by the 
p rocedure  jus t  described.  Cross-sect ional  views of 
coatings app l ied  to pol ished glassy  carbon electrodes 
were  ob ta ined  by  appropr i a t e  mount ing  of the elec-  
t rode  specimens in  the  microscope.  In  this  w a y  the 
thickness  of the po lymer ic  layers  could be est imated.  

Results and Discussion 
E~ects of molecular weight on the adsorption of PVP 

on graphite.--To assess the  dependence  of the m o l e c u -  
l a r  weight  of the PVP on the ex ten t  of its a t t achment  
to pyro ly t i c  graphi te ,  a set  of PVP samples  f rac t ion-  
a ted  by  successive crys ta l l iza t ion  f rom methano l  solu-  
t ions to which increas ing amounts  of d ie thyl  e ther  were  
added  was p r e p a r e d  and the average  molecu la r  weight  
of each f rac t ion was de t e rmined  v i scomet r ica l ly  (13). 
F r e sh ly  c leaved pyro ly t ic  g raph i t e  e lectrodes were  
exposed to 0.5% solutions of each f rac t ion in methanol  
for 15 min  fol lowed b y  washing  wi th  me thano l  (for  
15 rain) and exposure  of the  resul t ing  PVP coated 
electrodes to a 5 mmole  solut ion of Ru n1 (edta)  for  
15 min. The amount  of Ru In (edta)  tha t  coord ina ted  
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to the PVP coating was then  de te rmined  e l e c t r o c h e m i -  
c a l l y  in 0.2M CF~COONa (pH 2.7) suppor t ing  elec-  
t ro ly te  by  the methods  descr ibed in the  Expe r imen ta l  
section. The ex ten t  of Ru m (edta)  coordinat ion d e -  
p e n d e d  on the average  molecu la r  weight  o f  t h e  PVP 
used to coat  the  e lec t rode  as shown in Fig. 2. The  first 
two points  cor respond to  t h e  use of 4 -e thy lpy r id ine  
and 1 , 2 - b i s ( 4 - p y r i d y l ) - e t h a n e  to coat  t h e  e l e c t r o d e .  
Nei ther  p roduced  a surface wi th  measurab le  affinity 
for Ru m (ed ta ) .  Wi th  po lymers  of h igher  a v e r a g e  
molecu la r  weight  the  ex ten t  of b inding of Ru m (edta)  
is assumed to reflect an  increase  in  the  quan t i ty  o f  
PVP tha t  is p resen t  on the  g raph i te  surface. PVP 
samples  wi th  average  molecu la r  weights  in  e x c e s s  o f  
2 X 105 a re  c lear ly  the  most  potent  for  p repa r ing  e l e c -  
t r o d e  coatings tha t  a c c e p t  t h e  l a r g e s t  q u a n t i t i e s  o f  
Ru In (ed ta ) .  

F i lm  morphology.----Scanning e lect ron m i c r o g r a p h s  
of films of PVP on glassy carbon show the po lymer  to 
be d is t r ibu ted  somewhat  uneven ly  wi th  is lands o f  
po lymer  su r rounded  by  bare  or  l igh t ly  covered a r e a s .  
The uneveness appears  to increase  when  Ru IzI (edta)  
is coordinated  to the  polymer .  A cross-sect ional  v iew 
of the l aye r  p roduced  when  a methanol ic  solut ion con- 
ta ining 6 X 10 -~ moles cm -2  of monomer ic  pyr id ine  
units  was a l lowed to evapora te  on a g lassy  carbon 
surface is shown in Fig. 3. The appa ren t  thickness  o f  
the l aye r  is (8 __. 2) • 104A which  corresponds  to an  
effective densi ty  of only  ca. 0.08 g /cm-~.  Since the  
densi ty  of bulk  p o l y ( 4 - v i n y l p y r i d i n e )  is 1.1 t h i s  
could indicate  tha t  the po lypyr id ine  l aye r  is qui te  po r -  
ous. However ,  the appa ren t  film thickness  observed  in  
the SEM m a y  not  be an accura te  reflection of tha t  p r e -  
vai l ing on the electrodes used in  the e lec t rochemical  
exper iments .  For  example ,  severa l  of the exper iments  
to be descr ibed in wha t  fol lows indicate  c lea r ly  tha t  
PVP films deposi ted on graphi te  under  some conditions 
behave  e lec t rochemica l ly  as if t hey  p r e s e n t e d ' a  dense, 
impervious  domain  to reac tan ts  seeking the e lec t rode  
surface. Thus, exposure  of films deposi ted  f rom m e t h -  
anol to the low pressures  wi th in  the  SEM m a y  cause 
a la rge  expansion of the  film as res idua l  t r apped  sol-  
vent  escapes f rom the film, causing them to appea r  less 
dense. For  this reason we do not  r ega rd  the  film den-  
sities es t imated  f rom SEM measurements  as r ep resen -  
ta t ive of e lec t rode  surfaces tha t  a r e  never  exposed to 
high vacuum. 

Coatings of PVP on glassy  carbon tha t  exceed ca. 
5 • 10 - s  moles cm -2 (expressed  as monomer ic  p y -  
r id ine  units)  a re  c lear ly  visible wi thout  magnification. 
The or ig ina l ly  b lack  surface becomes g r ay  a n d  t h e  
glassy carbon loses its luster .  When  Ru m (edta)  is 
coordinated to such heavy  PVP coatings, a d is t inct  
and pers is ten t  golden color develops on the  e lec t rode  
surface when the R u ( I I I )  is r educed  to R u ( I I ) .  T h e  
elec t rode  can be cycled r e pe a t e d ly  be tween  potent ia ls  
that  cause reduct ion  and oxida t ion  of the ru then ium 
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Fig. 2. Effect of the average molecular weight of PVP on its 
attachment to graphite electrodes as reflected in the coordination 
of Ru m (edta) to the polymer coatings under standard conditions 
(see text for details). 
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Fig. $. Scanning electron microgroph of a PVP coating on a 
glassy carbon electrode. 6 X 10 - 7  moles cm -~  of pyridine as PVP 
was placed on the surface by evaporation of an aliquot of a 
methanolic solution. The calibration mark at the bottom of the 
micrograph corresponds to 10 microns. 

centers and the golden color fades and reappears cor- 
respondingly.  Similar  observations have been made 
with polypyrazoline films (8). 

Cyclic vo~tammetry and chronocouZometry.--Cyclic 
voltammograms obtained wi th  electrodes coated with 
PVP to the extent  of no more than ca. 10 -8 moles cm -~ 
(of pyridine units)  and then with Ru [H (edta),  by 
exposure to a 5 mmole solution for 15 min, exhibi t  the 
symmetr ical  shapes and l inear  dependence of peak 
currents  on scan rate expected for reactants that are 
attached to electrode surfaces (14). In  addition, the 
area under  vol tammograms for such coatings shows 
almost no dependence on scan rate. However, as shown 
in Fig. 4, increasing the quant i ty  of PVP applied to 
the electrode surface causes the shapes and peak cur-  
rents of the result ing vol tammograms to change: at 
first, increasing the quant i ty  of PVP on the electrode 
surface causes the peak current  to increase bu t  still 
heavier  coatings produce diminished peak currents. At 
the same time the shape of the vol tammograms be-  
comes less symmetric  and they come to resemble volt-  
ammograms for unat tached reactants that  diffuse to the 
electrode surface. There is a corresponding change in 
the scan ra te-dependence of the peak currents.  With 
light polymer coatings the peak currents  are propor-  
t ional to the scan rate (Fig. 5) as expected for attached 
reactants (14) but  with sufficiently heavy coatings, 
the peak currents  exhibit  the proport ional i ty  to the 
square root of scan rate typical of diffusing reactants  
(Fig. 5). The apparent  areas under  the vol tammograms 
obtained with heavy polymer  coatings show a strong 
inverse dependence on scan rate and the integral  of 
the current  that  passes in  response to a potent ial  step 
from 0.7 to --0.7V grows rapidly at first and then  con- 
t inues to increase slowly for periods as long as 30 or 40 
min. F igure  6 compares the charge consumed one m i n -  
ute after a potential  step was applied with the charge 
required to reduce all of the at tached complex. With 
sufficiently heavy coatings of PVP the charge consumed 
in  a fixed t ime in terva l  is smaller  than  with l ighter 
coatings even though the actual quant i ty  of Ru m (edta) 
coordinated to the coating continues to increase as 
heavier  PVP coatings are applied. [This assertion was 
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Fig. 4. Cyclic voltammograms for Ru zII (edta) attached to pyro- 
lytic graphite electrodes coated with increasing quantities of PVP. 
PVP coatings were prepared by evaporation of measured aliquots of 
solutions of the polymer in methanol. Ru m (edtu) attachment 
procedure as in Fig. 1. Quantity of pyridine introduced on surface 
as PVP~ moles cm-2:  A, 2.3 X 10-8;  13, 4.6 X |0-'7; C, 
2.3 X 10-~.  Quantity of Ru zII (edta) attached, moles cm-2:  A, 
2.4 • 10-9;  B, 1.5 X I 0 - 7 ;  C, ~>3 X 10 -7.  Supporting electro- 
lyte: 0.2M CF3COONa (pH - -  4.2). Scan rate: 500 mV sec -z .  
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confirmed by spectroelectrochemical measurements  us- 
ing optically t ransparent  graphite  electrodes (15, 16).] 
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Fig. 6. Charge consumed by the reduction of Ru m (edta) at- 
tached to PVP-coated electrodes. ( ~ )  Charge consumed during 
the first 60 sec following the application of a potential step from 
+0 .7  to --0.7V. ( O )  Charge required for complete reduction of 
the attached complex at --0.7V. Supporting electrolyte: 0.2M 
CF3COONa (pH = 4.2). Ru In (edta) attachment procedure as in 
Fig. 1. The charges required for complete reduction were obtained 
by continuing the current integration until the rate of increase of 
of charge matched background levels. 

Straight  lines were obtained for chronocoulometric 
plots of the charge passed in response to the potential  
step against  the square root of time. This behavior  
suggests diffusive t ranspor t  as the cur ren t - l imi t ing  
factor. In  l ine with the proposals of Kaufman  and 
Engler  (8), both the motions of the anchored metal  
complexes to achieve the proper juxtaposi t ion for in te r -  
complex electron t ransfer  as well as diffusive supply of 
counterions to the sites where the attached complex 
is to be reduced could be responsible for the observed 
behavior. Both the attached Ru m (edta) and Ru II 
(edta) complexes are l ikely to be anionic at the pH 
of the support ing electrolyte, 4.2 (17). Upon reduction, 
the negative charge on the complex doubles so that  
a cation must  be supplied to each a t tachment  site 
before the reduct ion of the attached Ru m (edta) can 

occur. The current  may  be l imited by  the rate at which 
segments of the polymer chains wi thin  the attached 
layer  can move out of the pa thway of counterions en-  
ter ing the film (18). (Note that  such motion is re- 
quired even if the polymer  layer  contains an abundance  
of support ing electrolyte because an addit ional  counter-  
ion must  still be t ransported from the bulk  of the 
solution to each site where an  addit ional  charge is 
generated.) 

Temperature dependence of the electrochemical re- 
sponse.--The diffusion of small  molecules (and ions) 
through polymeric matrices has received considerable 
study (19-21). Apparent  diffusion coefficients that  
have been measured typical ly exhibi t  an Arrhenius  
type of temperature  dependence and the correspond- 
ing activation process has been identified with seg- 
menta l  motions wi thin  the polymer (20). To evaluate 
diffusional activation energies for the reduct ion of the 
Ru m (edta) complex attached to the polymeric layer  
the temperature  dependence of cyclic vol tammetr ic  
peak currents  and chronocoulometric slopes were mea-  
sured. Figure 7B shows the cyclic vol tammograms for 
Ru m (edta) coordinated to a PVP layer on the elec- 
trode surface at 5 ~ and 45~ The tempera ture  de- 
pendence of the peak currents  is comparable to that 
observed with freely diffusing Ru m (edta).  However, 
since significant quanti t ies of the attached complex 
can remain  unreduced under  cyclic vol tammetr ic  con- 
ditions (Fig. 4), the magni tude  of the peak current  
does not provide a rel iable measure of the apparent  
diffusion coefficient. For this reason we used the slopes 
of the l inear  chronocoulometric charge-( t ime)w2 plots 
shown in Fig. 7A as measures of the product  of the 
(square root of the) apparent  diffusion coefficient and 
the concentrat ion of the diffusing species. I t  is not 
straightforward to obtain numer ica l  values of the 
apparent  diffusion coefficients from the slopes of the 
plots such as those in Fig. 5C and 7A because the 
concentrat ion of the "diffusing" species is not  known. 
The-concent ra t ion  of counterions in the bu lk  of the 
solution is not the appropriate  concentrat ion to use 
because we observed no change in the magni tude  of 
vol tammetr ic  peak currents  when  the concentrat ion 
of the support ing electrolyte was varied between 0.02 
and 2.0M at constant pH. 

Figure 8 shows the Arrhenius  plot of the slopes of 
the chronocoulometric plots in  Fig. 6A from which an 
apparent  diffusional act ivation energy of 4.6 kcal per 
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Fig. 7. Temperature dependence of (A), charge-(time) 1/~ plots and (B), cyclic" voltammograms (sca~n rate: 200 mV s~~ - t )  for Ru m 

(edta) attached to electrodes coated with 2.3 X 10 -6  moles cm -2  of pyridine as PVP. Ru m (edta) attachment procedure and supporting 
electrolyte as in Fig. 2 except pH was 3.4. 
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mole was calculated.  This is a somewhat  smal le r  va lue  
than  those r epor t ed  for the diffusion of smal l  molecules  
wi th in  solid po lymer  films (20) but  i t  is s imi lar  to 
values observed for such films in  the  presence of p las-  
t icizing agents  tha t  fac i l i ta te  segmenta l  motions of 
molecular  chains wi th in  po lymer ic  matr ices  (20). I t  
does not seem unreasonable  that  acidic, aqueous solu-  

tions could serve to "plasticize" the coatings of PVP 
on graph i te  surfaces. The  ac t iva t ion  energy  eva lua ted  
in Fig. 8 could then be r ega rded  as a measure  of the  
ba r r i e r  faced by  smal l  segments  of the PVP chains 
as they  reor ien t  to jux tapose  pairs  of anchored  
R u ( e d t a )  complexes and  to p e r m i t  counter ions to 
reach (or depar t  form) the sites where  the e lec t rode  
react ion causes an increase  (or  decrease)  in  ionic 
charge. 

E~ect  of solvent on the e~ectrochemical response.-- 
Changes in the solvent  employed  to conduct  e lec t ro-  
chemical  measurements  on Ru III (edta)  coordinated  to 
PVP coatings can produce  d ramat ic  differences in the  
responses obtained.  F igure  8 shows the responses ob -  
ta ined  f rom the same coat ing in five different  solvents. 
The Ru III (edta)  is r ende red  v i r tua l ly  e lec t ro inact ive  
in acetoni t r i le  and  d imethy l  sulfoxide.  The effect is 
not  the resul t  of r emova l  of the complex f rom the sur -  
face because t ransfer  of e lectrodes tha t  give ve ry  smal l  
responses to an aqueous e lec t ro ly te  immed ia t e ly  re -  
stores the  e lec t rochemical  ac t iv i ty  of the a t tached  com- 
plex.  

In  separa te  exper iments  wi th  opt ica l ly  t r anspa ren t  
g raph i te  e lectrodes (15) we have found tha t  essen-  
t ia l ly  al l  of the Ru m (edta)  a t tached  to PVP coatings 
is e lect roact ive  in aqueous suppor t ing  e lec t ro ly tes  wi th  
po lymer  coatings s imi lar  to those employed  in Fig. 9. 
Thus, these resul ts  show tha t  changes in solvent  can 
cause a fu l ly  e lect roact ive  film to become l a rge ly  in-  
active. 

Solvents  tha t  d iminish  the  e lec t roac t iv i ty  of com- 
plexes  a t tached to po lyme r  coatings produce s imi la r  
effects on e lect rode process involving una t t ached  re -  
actants:  Fig. 10A shows a cyclic v o l t a m m o g r a m  for 
ferrocene at  an uncoated py ro ly t e  graphi te  e lec t rode  
in acetonitr i le .  Coating the e lect rode wi th  a mode ra t e ly  
heavy  l aye r  of PVP (10 -7 to 10 -.8 moles cm -2 of 
pyr id ine )  somewhat  inhibi ts  the fer rocene wave.  I f  

ol 

.20  

Fig. 9. Solvent dependence of 
steady-state cyclic voltammo- 
grams for Ru I I I  (edta) attached 
to electrodes coated with 4.6 X 
10 - 7  moles cm - 2  of pyridine as 
PVP. Supporting electrolytes: 
H20, 0.2M CF.3COONa (pH = 
4.2); other solvents, 0.2M 
NaCIO4. Scan rate: 200 mV 
sec -1 .  Ru In  (edta) attachment 
procedure as in Fig. 2. A freshly 
coated electrode was used in 
each solvent. 
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Fig. 10. Steady-state cyclic voltammograms for 1.3 mmele ferro- 
cene at pyrolytic graphite electrodes in acetonitrile. Electrode pre- 
treatments: A, freshly cleaved; B, coated with 4.6 X 10 - 7  moles 
cm - 2  of pyridine as PVP, soaked in 5 mmole Ru n I  (edta) for 15 
rain, washed with H20 and acetonitrile. C, coated with 2.3 X 10 - 6  
moles cm - 2  of pyridine as PVP then as in B. Scan rate: 200 mV 
sec -1 .  Supporting electrolyte: 0.2M NaCIO4. 

Ru zH (edta)  is a t t ached  to the coating, inhib i ted  r e -  
sponses are  observed  for  both  the a t t ached  complex  
and fer rocene in the solut ion (Fig. 10B). Wi th  heavie r  
coatings of PVP, the  responses f rom both the a t tached 
and the dissolved reac tan t  a re  severe ly  inhib i ted  (Fig. 
10C). That  the wave  for  the dissolved ferrocene can 
be a lmost  e l imina ted  wi th  sufficiently heavy  coatings 
of PVP indicates  that  the PVP films produced  by  ex-  
posure to this solvent  are  r e l a t ive ly  f ree  of holes or 
o ther  defects that  would  a l low the fer rocene  to reach 
the  g raph i t e  surface. Since the  suppor t ing  e lec t ro ly te  
would  p r e sumab ly  also be unable  to pene t r a t e  the  film, 
i t  is not surpr i s ing  that  reac tan ts  a t tached  to such films 
should also exhib i t  l i t t le  or no e lectroact ivi ty .  S t ruc -  
tures  of po lymer ic  films tha t  are  compact  enough to 
impede  the mot ion of suppor t ing  e lec t ro ly tes  through 
them might  also l ack  adequate  f lexibi l i ty  for  the needed 
posi t ioning of the r edox  centers  to accompl ish  e lec t ron 
t ransfe r  th rough  the film. 

The swel l ing of po lymer ic  matr ices  bear ing  ionic 
groups, e.g., ion exchange resins, by  exposure  to aque-  
ous media  (22) provides  a fami l ia r  example  of the 
ab i l i ty  of solvents  to influence the dens i ty  and t ex -  
ture  of po lymer ic  mate r i a l s  (20). I t  seems l ike ly  tha t  
the  differences among the vo l t ammograms  in Fig. 9 
can be a t t r i bu ted  in la rge  measure  to var ia t ions  in the 
swel l ing  tendencies  among the solvents tes ted:  

EfJects o~ changes in supporting electrolyte.--Change 
in the  na tu re  of the aqueous suppor t ing  e lect rolytes  
in which  the e lec t rochemis t ry  of a t tached Ru m (edta)  
is observed produce  quant i ta t ive  differences in the re -  
sponses ob ta ined  r a the r  than  the qual i ta t ive  differ-  
ences ar is ing f rom changes in the solvent.  F igure  11 
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Fig. 11. Effects of supporting electrolyte on steady-state cyclic 
voltammograms fort RU n I  (edta) attached to electrodes coated 
with 2.3 X 10 - 6  moles cm - 2  of pyridine a~ PVP. A, 0.2M 
CF~COONa (pH : 4.2). B, 0.2M CF~COONa plus 0.025M 
CF3COOH (pH : 1.6). C, 0.2M NaBr (pH ~ $,.2). D, 0.2M 
(CH3)4NBr (pH ~ 4.2). Scan rate: 200 mV sec -~ .  Ru m (edta) 
attachment procedure as in Fig. 2. 

compares  cyclic vo l t ammograms  recorded  in four  d i f -  
ferent  suppor t ing  e lec t ro ly tes  wi th  iden t ica l ly  p r e -  
pa red  e lec t rode  surfaces.  The peak  cur ren t  in  the 
elec t ro ly te  at  pH 1.6 (curve  B) is about  twice as large 
as those in the o ther  e lect rolytes  indica t ing  tha t  charge  
t ransfe r  th rough  the film is fac i l i ta ted  by  pro tona t ion  
of the pyr id ine  groups. P ro tona ted  PVP chains no 
doubt  tend  to s t re tch  a p a r t  to minimize  coulombic r e -  
pulsions (23) and this would  lead to a film th rough  
which ions could move more  readi ly .  As a resul t ,  seg-  
menta l  motions wi th in  the  po lymer  l aye r  m a y  also be 
faci l i ta ted because the pene t ra t ion  of macromolecu la r  
solids b y  low molecu la r  weight  species is known  to 
produce  such effects (24). 

Curves A and C in Fig. 11 have  r a the r  s imi la r  shapes 
indicat ing tha t  changing the anion of the  suppor t ing  
e lec t ro ly te  f rom tr i f luoroacetate  to b romide  produces  
only smal l  effects. The change of suppor t ing  e lec t ro ly te  
cat ion f rom sodium to t e t r a m e t h y l a m m o n i u m  (curves  
C and D) yields a more symmet r i ca l  vo l tammogram.  
This migh t  be the resul t  of tess hydra t ion  of the l a t t e r  
cat ion with  a cor responding decrease  in  the ex ten t  of 
segmenta l  mot ion wi th in  the po lymer  r equ i red  for  i ts 
penetra t ion.  

The suggestion tha t  the cur ren t  enhancement  in 
curve B of Fig. 11 resul ts  f rom an "opening up" of 
the po lymer ic  s t ruc ture  because of repuls ive  in te rac-  
tions among pro tona ted  sites a long the po lymer  chains 
receives added  suppor t  f rom the vo l t ammograms  in 
Fig. 12. Curve A in Fig. 12 is a cyclic vo l t ammogram 
for Fe In (edta)  a t  an uncoated  electrode.  Curve B re -  
sults when  the  e lec t rode  is coated wi th  PVP and used 
in the solut ion of F e m  (edta)  a t  a pH where  the PVP 
is not  s ignif icantly p ro tona ted  (25). The po lymer  l aye r  
appa ren t ly  cannot  be pene t r a t ed  b y  the FeuI  (edta)  
complex.  However ,  when the pH is lowered  to a value  
where  the PVP laye r  is protonated,  the e lec t ro reduc-  
tion of Fe III (edta)  is immed ia t e ly  res tored  (curve C).  
When Ru(NH3)63+ is subs t i tu ted  for the anionic Fe m 
(edta)  complex and the exper iments  repeated ,  curves  
D, E, and F in Fig. 12 are  obtained.  Pro tona t ion  of the 
PVP film restores only  pa r t i a l l y  the e lec t rochemical  
response f rom the reduct ion of Ru (NH3) 63 + (curve F) .  
Pro tonat ion  of the po lymer  produces  a more  porous 
film bu t  i t  is also h igh ly  pos i t ive ly  charged so that  the  
t r i -pos i t ive  reac tan t  ev iden t ly  can t raverse  i t  only  
wi th  difficulty. This would  account for  the d r a w n - o u t  
shape of v o l t a m m o g r a m  F compared  wi th  tha t  for  the  
anionic F e m  (edta)  complex in vo l t ammogram C. 

An addi t ional  factor  tha t  could influence the  ionic 
conduct ivi ty  of PVP layers  is the  increase  in  the  quan-  
t i ty  of counterions wi th in  the polymer ic  ma t r i x  tha t  
must  accompany the in t roduct ion  of charged sites. 
Thus, the quan t i ty  of anions tha t  a re  e lec t ros ta t ica l ly  
held wi th in  a p ro tona ted  PVP laye r  wi l l  be r e l a t ive ly  
insensi t ive to the ionic s t rength  of the suppor t ing  elec-  
t ro ly te  but  h ighly  sensi t ive to its pH. The magni tudes  
of vo l t ammet r i c  peak  currents  and chronocoulometr ic  
slopes for anchored reactants  exhib i t  s imi lar  sensi t iv i -  
ties which might  be an  indica t ion  tha t  the counter ionic 
content  of the po lymer  coatings controls  the magn i tude  
of the currents  tha t  can t raverse  them. 

One is left  wi th  two possible ra t ional iza t ions  for  the 
increased currents  tha t  resu l t  when  charged sites are 
in t roduced  into PVP films: increased pe rmeab i l i t y  
arising f rom s t re tching of the po lymer  chains by  re-  
puls ive  electros ta t ic  in teract ions  among sites a n d / o r  
increased  conduct iv i ty  wi th in  the  po lymer ic  ma t r i x  
resul t ing  f rom a higher  salt  content.  The da ta  p resen t ly  
ava i lab le  do not  a l low a clear  choice to be made  be-  
tween  these two ra t ional izat ions  or rule  out  the  possi-  
b i l i ty  tha t  both mechanisms are  operat ive.  

If  p ro tona t ion  of PVP films produces  a more  open 
t ex tu re  the  in t roduct ion  of o ther  charged ions into 
the  po lymer  might  be expec ted  to produce  s imi lar  ef-  
fects. F igure  13 demonst ra tes  tha t  the a t t achment  of 
Ru m (edta)  to a PVP film does indeed  convert  a 
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Fig. 12. Steady-state cycllc 
voltommograms for 5 mmole 
solutions of Fe m (edta) or 
Ru(NH3)6 8+ at pyrolytic graph- 
ite electrodes under following / 
conditions: A, D, freshly cleaved 
electrode; supporting electrolyte, r-- 
0.2M CF3COONa at pH 5.4 (Fe) 
or 6.0 (Ru). B, E, coated with L.L.J 

4.6 X 10 - ~  moles of pyridine as 
PVP; supporting electrolyte as in 
A, D. C, F, supporting electrolyte (.~ 
adjusted to pH 2.2 with / 

CFsCOOH. The dashed line in | 
curve C is the response at a T 
freshly cleaved electrode a! 
pH 2.2. The response fol 
Ru(NH3)6 8+ showed no signifi- 
cant pH dependence. Scan rate: 
200 mV sec -z .  
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blocking l aye r  into one at  wh ich  the F e ( C N ) e  ~ - / 4 -  
redox  reac t ion  can proceed.  The cyclic vo l t ammogram 
obta ined at  an  uncoated  e lect rode (curve  A) is an -  
n ih i la ted  by  the presence of an unpro tona ted  PVP 
coating (curve  B) but  i t  reappears ,  in  a s l ight ly  dis-  
tor ted  form, when  Ru m (edta)  [a monoanion at  pH 
5.4 (17)] is coordinated  to the po lymer  (curve C).  In 
this case the dens i ty  of bound (anionic)  charge  is not  
as high as tha t  resul t ing  f rom pro tona t ion  of the po ly -  
mer  at  low pH but  the res tored  response is a lmost  as 
g rea t  as that  obta ined  at  the uncoated electrode.  The 
coated e lec t rode  can also be unblocked  by  protonat ion,  
as in Fig. 12. 

The response observed  for  the Fe  (CN) 88-/4- couple 
in curve C of Fig. 13 can be unders tood s imply  in te rms 
of an increase  in the poros i ty  of the  film which  al lows 
the reac tan t  to pass into the film much more  r ead i ly  
than  was t rue  under  the condit ions of curve B. How-  
ever, a second possible or ig in  of the increased film 
conductance in this case (as contras ted wi th  curves C 
and F in  Fig. 12) is the t ransmiss ion of electrons 
through the film via  the a t tached  Ru m (edta)  centers. 
That  is, e lec t ron t ransfer  f rom the graphi te  to the 
F e ( C N ) 8 8 - / 4 -  couple m a y  be med ia t ed  by  e lec t ron 
t ransfe r  among the anchored  redox  centers  in the film. 
Dis t inguishing be tween  these two mechanisms of 
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Fig. 13. Steady-state cyclic voltammograms for a 5 mmole solu- 
tion of Fe(CN)64- in 0.2M CF3COONa at pH 6.0. Pyrolytic graph- 
ite electrode pretreatments: A, freshly cleaved; B, coated with 
4.6 • 10 -T  moles cm - 2  of pyridine as PVP; C, after the electrode 
used to record curve B was soaked for 15 rain in 5 mmole 
Ru m (edta) and rinsed. Scan rate: 200 mV sec -1 .  

charge t ransfe r  m a y  be possible by  sui table  m a n i p u l a -  
t ion of mass t ransfer  and charge t ransfe r  ra tes  and  w e  
have such exper iments  underway .  However ,  i t  m a y  be  
wor th  emphasizing two points  in conclusion. (i) The  
presence of e lect roact ive  redox  centers  wi th in  p o l y m e r  
films is no assurance tha t  the  films wil l  suppor t  charge  
t ransfer  e i ther  to the a t tached redox  centers  or to re -  
actants  dissolved in solution: PVP coatings containing 
la rge  quant i t ies  of coordinated  Ru m (edta)  neve r the -  
less behave  as insula t ing layers  in cer ta in  nonaqueous 
solvents  (Fig. 10). (ii) Charge t rans fe r  be tween  dis-  
solved reactants  and e lect rode surfaces covered wi th  
thick (1-10 #m) PVP films can occur r ap id ly  even when  
the films do not  have redox  centers  a t tached  to them: 
pro tonat ion  converts  an insula t ing  PVP film to one tha t  
does not  impede  the reduct ion  of dissolved reac tants  
(Fig. 12). 
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A Digital Simulation Model for 
Electrochromic Processes at Electrodes 

Benjamin Reichman and Allen J. Bard* 
Department of Chemistry, The University of Texas at Austin, Austin, Texa~ 78712 

and Daniel Laser 
Department ol Chemistry, Te~ Aviv University, Ramat-Aviv, Israe~ 

ABSTRACT 

Cur ren t -po ten t i a l  (i-E) curves for the e lec t rochromic  process at  WO8 e l e c -  
trodes  were  ca lcula ted  wi th  a digi ta l  s imulat ion model  which assigns the ra te  
of charge t rans fe r  at  the ox ide / so lu t ion  interface  and the ra te  of diffusion of 
hydrogen  into the bu lk  of the film as ma jo r  variables .  The s imula ted  i-E curves 
agreed  wel l  wi th  expe r imen ta l  ones for different  types  of WO3 films and p re -  
dicted the observed dependency  of cur ren t  on scan rate.  The s imula t ion  r e -  
qui red  knowledge  of the form of the e lec t rochemical  isotherm, which was ob-  
ta ined  exper imenta l ly ,  and ad jus tmen t  of a charge t ransfe r  ra te  constant,  kf, 
and the hydrogen  a tom diffusion coefficient wi th in  the film, Dm The best  fit 
was obta ined wi th  kf ~- 9 • 10 -~ sec -1 (mo le / cm~) -2  and DH : 1 X 10 -9 to 
2 X 10 - l ~  cm2/sec for the WO~ films p repa red  by vacuum evapora t ion  and 
kf --  7.2 sec -1 (mo le / cm 3)-2  and DH = 5 X 10 - s  cm2/sec for WOz anodic 
films. S imula ted  poten t ia l  step results ,  which  are  s imi lar  to the  expe r imen ta l  
curves at  longer  t imes but  show some discrepancy in the  shor t  t ime region,  
and  concentra t ion  profiles a re  also repor ted .  

Recent ly  a g rea t  effort has been made  to under s t and  
the e lec t rochromic  process which  occurs at  WO3 elec-  
t rodes dur ing  reduct ion  and reoxida t ion  and to con- 
s t ruct  d isp lay  devices based on this process (1-5).  
While  i t  appears  c lear  tha t  the process involves fo rma-  
t ion and oxida t ion  of hydrogen  tungsten bronzes, the 
de ta i led  mechanism and a quant i ta t ive  model  of the 
e lec t rochromic  process and the steps which govern  the 
ra te  of the co lor -b leach  (CB) process have not  been 
resolved.  Different  WO8 films produced  by  vacuum 
evapora t ion  exhib i t  different  response t imes for  color-  
ing and bleaching,  even when  they  are  p repa red  by  
s imi lar  techniques (5). Moreover  different  types  of 
WO~ electrodes (e.g., anodic vs. evapora ted  films) 
show significant differences in response t ime and elec-  
t rochemical  character is t ics  in the e lec t rochromic  re -  
gion (6-8).  The exis tence of wa te r  in the  WO3 film 

* Electrochemical Society Active Member. 
Key words: electrode, interfaces, films. 

(7-9) and film porosi ty  (7-8) appear  to p l ay  impor t an t  
roles in de te rmin ing  the response t ime of the WO~ 
electrodes.  Crandal l  and Faughnan  (I0) discussed the 
factors  en ter ing  into the dynamics  of the CB process 
at  WO3 and compared  values  for  the composit ion of 
the film wi th  time, obta ined  dur ing  po ten t ia l - s tep  ex-  
periments ,  wi th  ca lcula ted  values.  Thei r  model  as-  
sumed that  mass t ransfe r  wi th in  the film was ve ry  
large  and tha t  the r a t e - l imi t i ng  steps involved  pro ton  
t ransfe r  at  the WO3/l iquid in ter face  and the bu i ldup  
of a "back emf" as the hydrogen  bronze formed. Good 
agreement  be tween  the expe r imen ta l  and ca lcula ted  
values was obta ined  in the shor t  t ime region af ter  
the s tar t  of the coloring step or when  the  coloring step 
was made  at  low potent ia ls  wi th in  the e lec t rochromie  
region. Wi th  this model  (5) the  b leaching  process is 
l imi ted  by  the "space charge" which  is created by  ac-  
cumula t ion  of H + in the film. Arnoldussen  (11) m e a -  
sured exchange currents  and  t ransfe r  coefficients for  
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the  e lec t rochromic  process but  did  not  r e la te  these 
values  to any pa r t i cu l a r  mechanism for the  process.  In  
the  model  p rev ious ly  suggested for  the colorat ion proc-  
ess (10), diffusion of hydrogen  a toms wi th in  the  WO3 
film was not  t aken  into considera t ion nor  were  fits to 
potent ia l  sweeps for  different  films a t tempted.  These 
were  thus res t r ic ted  to descr ipt ions of processes oc- 
curr ing at  ve ry  shor t  t imes a f te r  the s ta r t  of the  
colorat ion process, a t  low colorat ion levels,  o r  for ve ry  
thin  WO3 films. 

In  this paper  we presen t  a d igi ta l  s imula t ion  model  
of the  W08 systems and  repor t  ca lcula ted  cu r ren t -  
po ten t ia l  ( i -E)  and cu r r en t - t ime  (i-t) curves which  
compare  wel l  to those obta ined wi th  WO3 evapora ted  
and anodic film elect rodes  in  the e lec t rochromic  region 
(7, 8). This model  includes the effects of cha rge - t r a n s -  
fer  from the e lect rode to the hydrogen  ion in solut ion 
and diffusion of hydrogen  atoms in the film. The differ-  
ences in the  e lec t rochromic  behavior  be tween  the 
evapora ted  and anodic film electrodes,  which  was a t -  
t r ibu ted  (7, 8) to a significant difference in the charge 
t ransfe r  ra te  constants  and the diffusion coefficient of 
the hydrogen  a tom in both these films is demons t ra ted  
by  the simulat ion.  The model  proposed here  m a y  also 
be re l evan t  to the th in  l aye r  behavior  found in elec-  
t rodes p r e p a r e d  by  coat ing wi th  films of po lymers  or 
o ther  e lectrodes wi th  mu l t i l aye r  surface modification. 

Models 
Theoretical modeL--The model  we propose for  the  

CB process at  the WO3 elect rode is shown in Fig. 1. 
We assume tha t  mass t ransfer  of protons in solut ion 
and t r anspor t  of electrons th rough  the semiconduct ing 
films a re  not  r a t e - l imi t i ng  and tha t  there  is no ba r r i e r  
to e lect ron in jec t ion  at  the meta l /WO3 contact  (10). 
The r a t e -de t e rmin ing  processes a re  then  (i) charge 
t ransfer  to protons at  the W O J s o l u t i o n  in ter face  to 
form hydrogen  atoms (H) ;  (ii) diffusion of H-a toms  
wi th in  the  film; (iii) bui ld  up of the  H - a t o m  concen- 
t ra t ion  wi th in  the film towards  the sa tu ra t ion  level,  
y, de te rmined  by  the u l t ima te  film composition, 
HyWO3. This is r ep resen ted  by  the equat ion 

kf diffusion 
H + + e ~- Hi > Hb [1] 

kb 

where  Hi and HD represen t  H-a toms  at  the in ter face  
and in the  bulk  film, and kf and  kb a r e  charge  t ransfe r  
ra te  constants.  The concentra t ion of H-a toms  wi th in  
the film, which  is a funct ion of x and t, is r epresen ted  
as [HI and the re la t ive  sa tura t ion  or  occupancy of 
H-atoms,  e, is g iven by  

e = [H] /Cm~ [2] 

where  Cmax represents  the m a x i m u m  concentrat ion of 
hydrogen  wi th in  the  film. At  the in terface  [HI = [H]i 
and  0 ---- el. The ra te  of fo rmat ion  of H-a toms  at  the 
in terface  can be re la ted  to the cur ren t  density,  j, and 
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Fig. 1. Model for the electrochremic process at W03 electrodes 

the  potent ia l  drop across the  interface,  V, by  the fo l -  
lowing equat ion 

d [ H ] i _  j D ( 02[H]i ) 

dt nF Ox a 

=kf[H+]Cmaxq(1--oi)qexp [ --flnF V ] 
RT 

--  krCmax TM 0i m exp [ ( 1 -  fl)nF V ] exp[--r01] 
RT 

--D( O'[H], ) [3] 

This equat ion is of the  usual  form for in ter rac ia l  charge  
t ransfe r  wi th  a t ransfe r  coefficient, 8. The empir ica l  
coefficients, q, m, and  r, which  mus t  be de te rmined  
exper imenta l ly ,  take  account of the fact  that :  (i) the  
fo rward  react ion is a t t enua ted  by  a factor  represen t ing  
the ava i l ab i l i ty  of free sites on the WOs for H-a toms,  
(1 --  0i); (ii) the backward  reac t ion  is governed by  
the ac t iv i ty  of the dissolved hydrogen,  r a the r  than by  
its concentra t ion [expressed by  the t e rm exp ( - - r0i ) ,  
which is equiva lent  to the  in terac t ion  te rm in the  
F r u m k i n  isotherm (12), where  r is the  fac tor  express -  
ing the ex ten t  of in terac t ion  be tween  the absorbed  
hydrogen  atoms, wi th  a negat ive  value  of r imply ing  a 
repuls ive  in terac t ion] .  

We assume that  the mot ion of hydrogen  atoms in the 
film is governed  by  diffusion processes, governed by  
Fick 's  law (Eq. [4] ), and that  a t  the 

O[H]/~t  - -  DH(O2[H]/Ox 2) [4] 

boundar ies  of the film x ---- 0 ( the ox ide -e lec t ro ly te  
interface)  and x --  l (the ox ide-conduc tor  in ter face)  
the condit ions are  a lways  

J 
-- DH(O[H]/Ox)x=o (x = 0) [5] 

n F  

DH(O[H]/Ox) = 0 (x  = l)  [6] 

where  DH is the diffusion coefficient of hydrogen  a tom 
in the film. These bounda ry  conditions express  the 
assumptions  that  there  is no accumula t ion  of H-a toms  
at  the  ox ide -e lec t ro ly te  interface,  and that  there  
is no t ransfe r  of hydrogen  across the ox ide-conductor  

- - C A L  
EXP q:m=2 0 

K= 2 0 0 0  / 
F 

z z 0.2 

m 

O.4 

I 

0.01 O.1 1,O 
e(V)  

Fig. 2. Electrochemical isotherm for hydrogen in W 0 3  electrodes. 
The line represents Eq. [9 ]  with q = m ~ 2, r = - -52.2 ,  end 
k ~- 2000. The points ore experimental dote. 
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interface.  The in i t ia l  condit ion is 

[HI--- -0  ( t - - 0 ,  a t  a l l x )  [7] 

Digital simulation lnodel.--The digi ta l  s imula t ion  
fol lowed the usual  finite difference approach  to the  
solut ion of e lec t rochemical  p roblems  (13-16), where  
the  film was d iv ided  into increments  of thickness,  
~x, and [HI and 0 a r e  ca lcula ted  for different  times, 
d iv ided  into increments ,  at.  The [HI (and 0) in the 
first space e lement  (i.e., at  the surface)  is obta ined  
f rom its ra te  of product ion,  Eq. [3], cor rec ted  for 
the  loss into the film by  diffusion. Within  the film, 
[HI and 0 are  control led  only by  diffusion, subject  
to the  constra ints  of finite thickness  and sa tura t ion  
of [H] at  its m a x i m u m  value  at  a given potential .  

Results and Discussion 
Hydrogen isotherm.--To ca r ry  out  the simulat ion,  

values  of the  pa rame te r s  q, m, and r mus t  be obtained.  

These  are  ava i lab le  f rom the  equi l ib r ium isotherm. 
At  a given potential ,  V, equ i l ib r ium is achieved when 
the d is t r ibu t ion  of H throughout  the film is un i form 
(i.e., 0e/0x ---- 0) and o a t ta ins  its m a x i m u m  value  
for tha t  potent ial ,  0eq(V). At  equi l ibr ium,  j - -  0, so 
f rom Eq. [3] I 

[ 
kf[H + ] [1 --  0eq(V) ]q exp [ ( - - 3 n F / R T )  3/] -- kr0eq (V) m 

exp [ (1 --  ~) nFV/RT] Cmax TM-qe-reoq(v)  [8] 

Oeq(V) m 
~--rOeq(V) 

[1 - -  ~eq(TVT) ] q 
: K [ H  +] e-(nF/RT)VCmaxm-q 1"9] 

where  K = kr/kr. Cmax was eva lua ted  by  assuming 
a formula  of HWOa, for the oxide sa tu ra ted  wi th  
hydrogen  (17). The  pa rame te r s  q, m, and  r we re  
es t imated  by  fitting Eq. [9] to the  expe r imen ta l  e lec-  
t rochromic  isotherm. The i so therm was de t e rmined  

(a) / 

+0.6 
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! ! 

+0.3 0 

I 1 mA/cm 2 

(b) 

- - 0  

II I A[ 

+0.6 +0.3 0 
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I 1 mA/cm 2 

I , i i l 

+0.6 0 
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0 

Fig. 3. Simulated current-potentlal curves for the electrochromic process at WOa. Film thickness, 1.8 ~m; scan rate, 100 mV/sec; kf, 
9 • 10-3 sec-1 (mole/cm~)-2; and (a) DH ----- 1 • 10 -0  cm2/sec, (b) DH = 2 • 10 - l ~  cm2/sec. (c) Typical experimental current- 
potential curve for WOa evaporated film electrode 1.8 ~M thick at scan rate of 100 mV/sec. 
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by stepping the WO3 electrode potential  to a certain 
value, V, with respect to the reference electrode 
(Hg/Hg2SO4/1M H2SO4), wi thin  the electrochromic 
region. After  stepping the potential, the amount  of 
charge involved in coloration was determined coulo- 
metrical ly by integrat ing the current  unt i l  i t  decayed 
to zero and equi l ibr ium was attained. This procedure 
was repeated with various potentials wi thin  the color- 
ation region. A similar  isotherm was obtained by 
Faughnan  et al. (17). The exper imental  isotherm and 
the calculated one are shown in Fig. 2. The best fit 
was obtained with q _-- m ~_ 2, K : 2000 cm3/mole, 
and r = --52.2. A similar  conclusion regarding the 
values of q and m was reached by Faughnan  et al. 
(17). Since K --_ kf/k~, the assignment  of a numerical  
value to K requires that  only the magni tude  of either 
kf or kr is needed in  the simulation. 

Evaporated fi lm e lectrodes . - -The digital s imulat ion 
was carried out by taking ~ : 0.5 and assuming 
different values for kf and DH. Typical s imulated 
curves (i l lustrated with a 1 cm 2 electrode area, 1.8 
#m thick film, and scan rate, v, of 100 mV/sec) with 
kf = 9 • 10 -8 sec -~ (mole/cm3) -2 and DH of (a) 
1 • 10 -9 and (b) 2 • 10 -10 cm2/sec are shown in  
Fig. 3. These are of the same shape as exper imental  
i -E curves found for evaporated film WO~ electrodes 
(7) [Fig. 3(c)] .  Thus the cathodic current,  which 
begins at ,~0.5V, increases monotonical ly upon scan- 
n ing to more negative potentials and upon reversal 
of the scan direction, the current  remains cathodic 
only becoming anodic at potentials 0.2-0.3V more 
positive than the reversal potential  for 1.8 ~m films. 
The anodic current  peak is typically 2-3 times smaller 
than  the cathodic current  at 0V. The magnitudes of 
currents  shown in the simulated curves are also sim- 
i lar to those obtained experimental ly.  The dependence 

of the simulated electrochromic i -E curves on scan 
rate is shown in Fig. 4. The s imulat ion shows that 
the coloration current  at more negative potentials 
is l inearly dependent  on v'/2 as observed exper imental ly  
with the evaporated WO3 film electrodes (7) [see 
Fig. 4(c) ]. 

The kf and DH values both affect the rate of the 
electrochromic process, the shape of the i -E curves, 
and the scan rate dependence. For a film with a 
given thickness, l, the potential  at which the s imu-  
lated electrochromic current  changes its sign from 
cathodic to anodic following the change in the direc- 
t ion of the potential  scan, is very  sensitive to the 
charge transfer  rate constant, kf. This is i l lustrated 
in  Fig. 5. Typical ly the experiments  with 1.8 ~m WO3 
evaporated film electrodes produced i -V  curves which 
crossed the X-axis  about 200-300 mV after the poten- 
tial of scan reversal. This behavior,  shown in Fig. 3, 
puts kr at a value of ,~9 • 10 -3 sec -1 (mole /cm 3)-2. 
For a typical evaporated W Q  film, this choice of kf 
value produces a ratio of the cathodic to the anodic 
peak current  similar to the exper imental  values. For 
some evaporated films the exper imental  anodic cur-  
rent  started to appear at more positive potentials. 
The s imulat ion results suggest that  in these cases kf 
was smaller, perhaps because of some change in the 
na ture  of the surface of the film. In  other extreme 
cases the exper imental  anodic current  started to 
appear at a more negative potential, indicat ing a 
larger kr value for these. The value of D~ also affects 
the potential  at which the anodic current  begins 
on scan reversal but  its effect on this value is smaller  
than  that  of kf. However the magni tude of DH 
strongly affects the size of the electrochromic current,  
as shown in Fig. 3. For two films with the same kf 
an  increase in DH by a factor of five causes an increase 

2 m A / c m  2 
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Fig. 4. (a), (b) Simulated electrochromic current-potential curves, as in Fig. 3, for different scan rates. (c) Exp~rimentM current-poten- 
tim curve of the evaporated film shown in Fig. 3(c) at different scan rotes. The numbers are the scan rates in mV/sec. 
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(a) 

I 2  n lA/c  m 2 

�9 I I 

+0.6 +0.3 
V ,  vs NHE 

Fig. 5. Simulated current-potential curves for the electrochromic 
process at a W03 film, 1.8/~m thick with DH = 1 • 10 -9  cm2/ 
sec and with kf values of (a) 1.8 • 10 -3  , (b) 4.5 • 10 -'~, (c) 
9 • 10 -3  sec -1  (mole/cm3) -2. 

in  the electrochromic current  by a factor of about  2. 
The values of DH which produced simulated i-E curves 
with currents  s imilar  in magni tude  to typical experi-  
menta l  ones with evaporated WO3 films were 1 • 
10-9-2 • 10 -19 cm2/sec. Mainly l and DH determine 
the dependence of the current  on the scan rate. The 
calculated concentrat ion profile of the hydrogen atom 
wi th in  the evaporated film at the negative potential  
l imit  (0V vs. NHE) is shown in Fig. 6(a) and (b) 
for different scan rates and two different film thick- 
nesses. As expected the concentrat ion profile shows 
a sharp slope at the surface, which is caused by slow 
diffusion into the film. It is this behavior which results 
in  the v'/2 dependence observed in the i-E curves. 
We have observed similar  i-E curves and sc.an rate 
dependences for WO3 layers obtained by thermal  oxi- 
dat ion of W (18), which suggests that  these films 
have k~ and DH values similar to those of the evapo- 
rated film electrodes. 

Anodic film electrodes.--The shape of the i-E curves 
and the scan rate dependence were different for the 
WOs anodic film electrodes (7, 8) [Fig. 7(a) and (b)] .  
These i-E curves appear more reversible than those 
for the WO3 evaporated film electrodes discussed 
above. Thus, the electrochromic current  changes sign 
from cathodic (coloring) to anodic (bleaching) almost 
immedia te ly  after the direction of the potential  scan 

is reversed. The anodic current  magni tude  is similar 
to that of tile cathodic current  and general ly the curves 
look more symmetrical .  Moreover, the electrochromic 
current  in  this case depends directly on v [Fig. 7 (b)]  
as opposed to the vV2 dependence found with the 
evaporated or thermal ly  oxidized films. This differ- 
ence in behavior  can be ascribed to large differences 
in  kf and DH. Indeed to obtain simulated i-E curves 
which resembled those obtained exper imenta l ly  with 
the WO3 anodic film electrodes, much larger values 
of kf and DH had to be used [Fig. 7 (c) and (d)] .  To 
obtain an i-E curve of this shape, k~ must  be taken 
as about 7.2 sec -1 (mole /cm 3)-2. DH values of about 
5 • 10 - s  cm2/sec then yield current  magnitudes in 
the simulated i-E curves similar  to those obtained 
experimental ly.  With these kf and DH values, the 
current  in the s imulated i-E curves is l inear ly  de- 
pendent  on v [compare curves (b) and (d) in  Fig. 7]. 
The H-concentrat ion profile wi thin  the film, calculated 
for E ---- 0V vs. NHE, with the same thickness (l), kf, 
and DH values as in Fig. 7 is shown for several scan 
rates in  Fig. 6(c). These concentrat ion profiles are 
almost flat, so that the concentrat ion of hydrogen 
atoms is essentially uni form throughout  the film. 
This concentrat ion is also near  the equi l ibr ium value 
at this potential  (compare with the data in Fig. 2). 
This type of response is typical of "thin film" beha-  
vior as found for thin electrochemical ce]ls (19) and 
as well as for adsorbed layers, modified e]ectrodes, 
etc., and results in  a dependency of cur ren t  directly 
on V. 

Current- t ime curves.--Simulated cur ren t - t ime  (i- t)  
curves for the electrochromic process can be calcu- 
lated with the same digital s imulat ion model and 
parameters.  Simulated i - t  curves for the coloration 
process at two different potentials are compared to 
an exper imental  one obtained with the WOs evapo- 
rated films in Fig. 8. The values of kf and DH used 
for the calculation of the s imulated curves are those 
which were used for calculated i-E curves of Fig. 3. 
While these values give s imulated i-t  curves which 
are similar to the exper imental  ones, there is some 
discrepancy between the simulated and the experi-  
mental  curves in the shorter t ime region. In general  
the exper imental  i - t  curves show a bump or i r regular i ty  
in the short time region, while the s imulated curves 
are smooth at all times. The source of this i r regular i ty  
in the short time region has not yet  been established, 
and we could not simulate it  by any minor  variat ions 
in the model (such as attempts to incorporate a proton 
source, like water, wi th in  the film). The H-concentra-  
tion profiles during a coloration potential  step, which 
are directly related to the intensity,  were calculated for 
several times (Fig. 9). Such curves are useful for pre-  
dicting what  degree of coloration will  be obtained at a 
given time after the onset of a potential  step into the 
coloration region. For the evaporated film electrodes, 
1.8 ~m thick, 50% of the max imum coloration occurs at 
about 15 sec. This is s imilar  to what  is found experi -  
mental ly.  

Conclusions 
The model suggested here describes in a satisfactory 

way the exper imental  results obtained for the electro- 
chromic processes at different types of WO3 electrodes. 
The model proposes as major  factors both the rate of 
diffusion of hydrogen atoms wi th in  the WO3 films and 
the rate of charge transfer  at the WOa/solution in te r -  
face along with the saturat ion effect which occurs 
as the hydrogen tungsten  bronze forms. The scan rate 
dependence of the current  and rate of coloration of the 
films is main ly  a funct ion of DH and l and the behavior  
can be roughly classified according to the dimensionless 
parameter  S = (RT/F)DH/v l  2. When S is greater  than 
~1, i varies with v and "thin layer" behavior  is ob- 
served. For S less than ,~0.1, a v'/2 dependency is found. 
This model also describes in  a genera l ly  satisfactory 
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Fig. 6. Simulated concentration profiles of hydrogen atoms within the W08 evaporated film. (a) kf = 9 X 10 -3 sec -1 (mole/cm3) -~,  
DH = 1 X 10 -~  cm2/sec, I = 1.8 p,m; (b) as (a) with I ~ 0.9 ~m; (c) kf  ~ 7.2 sec -1 (mole/cm3) -2, DH ~ 5 X 10 -s  cmg/sec, I 
0.9 ~m. All curves are for an electrode potential of 0V, at the scan rates indicated on the curves (mV/sec). 
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Fig. 7. (a) Experimental current-potential curves recorded at 100 mV/sec for 0.9/~m thick anodic film electrodes in 1M H2S04 solution; 
(b) as (a) for different scan rates indicated on the curves (mV/sec); (c) simulated current-potential curve with I ---- 0.9 ~m, kf = 7.2 
sec - I  (mole/cmS) -2, DH = 5 • 10 -s  cm2/sec, scan rate --~ 100 mV/sec; (d) simulated current-patential curve as in (c), for different 
scan rates. 

way the i-E behavior  of WO8 electrodes as well  as i - t  
t ransients at longer times. The discrepancies between 
the exper imental  data and the s imulated i-t  curves in  
the short t ime region remain  to be explained and 

modifications of the model which can simulate this be-  
havior may lead to fur ther  insight  into the na tu re  of 
the electrochromic process and changes which occur in  
the films dur ing coloration and bleaching. 
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Fig. 8. Simulated ( ) and experimental ( - - - )  current-time 
curves during the coloration process at WO3 evaporated film elec- 
trode, 1.8 #m thick at two different potentials (a) -I-0.02V, (h) 
-t-0.17V vs. NHE. The values of kf and DH used for the calculation 
were the same as those which were used to calculate the current- 
potential curves of Fig. 3(a). 
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The Thionine-Coated Electrode for Photogalvanic Cells 
W. John Albery, Andrew W. Foulds, Keith J. Hall, and A. Robert Hillman 
Department of Chemistry, Imperial College, London SW7 2AY, England 

ABSTRACT 

The successful operation of a photogalvanic cell for solar energy conversion 
requires that the illuminated electrode should discriminate between the two 
redox couples in solution. In the case of the iron-thionine system the electrode 
must oxidize photogenerated leucothionine but not reduce the photogenerated 
Fe(III) .  Modified electrodes with coatings of thionine of up to 20 monolayers 
can be prepared on Pt and SnO~. These electrodes have been investigated using 
ring disk, cyclic voltammetry, XPES, and spectroelectrochemical measure- 
ments. Results for the modified electrode kinetics are presented for the follow- 
ing systems: thionine, disulfonated thionine, Fe (I ~D, Fe (CN) ~4-, Ru (bpy) ~3 +, 
Ce(IV), quinone, and N,N,N',N'-tetramethyl-p-phenylenediamine. The results 
for the Fe (III) and thionine systems show that this modified electrode is suit- 
able for the iron-thionine photogalvanic cell. 

A typical photogalvanic cell for solar energy con- 
version is shown in Fig. 1. The iron-thionine system for 
such a cell works according to the following reaction 
scheme (1-3) 

hv 
T h  > Th* 

H+ 
Th* + Fe(II)  > S' Jr Fe(III)  

H + 
S'+S" ,)Th+L 

Illuminated electrode 
L 

Dark electrode 

2Fe ( I I I ) +  2e 

where Th is 

�9 ) T h + 2 e + 3 H  + 

) 2Fe (II) 

H 2 N ~  NI-I~. 
L is 

H 

I-I3N + ~ ~  NH3 + 

and S' is the semithionine radical. 
In order to obtain power from the cell it is essential 

that the illuminated electrode should discriminate be- 
tween the photogenerated leucothionine (L) and 
Fe(III)  (4). If the electrode does not so discriminate, 
then addition of the electrode reactions in the reaction 
scheme shows that the electrode merely catalyzes the 
back-reaction of photogenerated products into the 
original reactants 

Key words: photogalvanic cells, modified electrodes, thionine. 

L + 2Fe (III) -> Th + 2Fe(H) 

The illuminated electrode must remove one of the 
photogenerated products, in this case L, and force the 
other, Fe(III) ,  to diffuse across the cell and react on 

ILLUMINATED/4 
ELECTRODE 

I 

I 

m 

m 

E 

m 

__--___1 '~'NDARK ELECTRODE 

t 
PHOTO GA LVA N IC SOLUTION 

Fig. 1. Typical photogalvanic cell 
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the dark electrode. It  should be noted that for an effi- 
cient photogalvanic cell the electrode kinetics of the 
two electrodes must  be different (5). If the Fe( I I I )  
reaction is blocked on the dark electrode as well as the 
i l luminated  electrode then the cell operates only as a 
concentrat ion cell and produces insufficient voltage of 
~ R T / F  (6). In  this paper we describe how to modify 
the i l luminated  electrode by coating it with thionine 
itself. The modified electrode then discriminates be-  
tween the photogenerated L and Fe (III) .  A photogal-  
vanic cell with a modified and an unmodified SnO2 
electrode will then possess the necessary differential 
electrode kinetics (7). 

Theory 
The kinetics of the electrode processes were mea-  

sured on the rotat ing disk electrode. For the reaction 

0 + ne<-~-R 

we can derive the general  equat ion 

l n { i O  �9 )2/3 _ _ , +  

e~o E• = y = In ~--~-o' / 

a(E -- E')F 
[13 

RT 

where io and iR are the l imit ing currents  for the re-  
duction of O and oxidation of R, respectively, E' is the 
formal potential  for the O, R couple in the par t icular  
medium, kD,o' is the mass t ransfer  rate constant for O, 
and ko' is the s tandard electrochemical rate constant  
for the O, R couple at E _-- E'. 

At a rotat ing disk electrode (11, 12) 

kD,O' = 1.55Do~/3~-l/sW 1/~ [2] 

io -- nAFkD,o'[O] [3] 

v is the kinematic  viscosity and W is the rotat ion speed 
in Hz~ 

For the i r reversible  reduction of O the current  volt-  
age curve is observed when (E -- E') is fair ly negative 
and hence the exponent ial  term in [1] may be ne-  
glected leading to the usual  Tafel equation corrected 
for mass t ranspor t  

In this work we observe l imiting currents that are 
not ent i re ly  t ransport  controlled. There is a two-step 
reaction at the electrode where the rate constant, 
k~', of one of the steps does not  depend on potential.  
For such a scheme with two consecutive steps we re-  
placed kD,o' in [1] or [3] with" 

kD,? ' - 1  : kD,O ' - 1  -~- k?'--I [~] 
where kD,?' will be determined by the smaller  of the 
two rate constants kD,o' and k~.'. At reducing potentials 
we then obtain from [3] and [2] the usual  Koutecky 
Levich equation (13) for the l imit ing cur ren t  

nAF[O]  1 1 0.65Do-2/3u 1Is 1 

- -  k ' + k ? '  = W ~ / ~  b ~  [6] io D,O 

Experimental 
All the electrochemical exper iments  were carried 

out at 25~ and all potentials reported with respect 
to the saturated calomel electrode. Rotating disk and 
r ing disk studies were performed using an Oxford 
Electrodes motor controller, rotat ing assembly, and 
control electronics. Ant imony-doped  SnO2 electrodes 
were prepared by spraying a solution of 10 ml SnC14 
and 0.6 ml SbC15 added to 20 ml ethyl acetate for 3 sec 
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onto the end of a quartz rod heated to 1000~ and ro- 
ta t ing at 5 Hz. Spectra were recorded on a Unicam 
SP 600 recording spectrophotometer. XPES spectra 
were measured on an  AEI ES 200 B photoelectron 
spectrometer using Mg K~ exciting radiation; the base 
pressure was ,-~ 10 -9 Torr. The conductance of the 
thionine coating was measured in the d-c mode after 
vapor deposition of an Au contact. 

Results and Discussion 
Preparation and properties of modified electrodes.--  

Both Pt and SnO2 electrodes can be coated with a stable 
layer  of thionine by holding the electrode at 1.1-L5V 
for a period of several minutes  in  a solution containing 
thionine. Figure 2 shows a r ing disk exper iment  which 
monitors the consumption of thionine dur ing the coat- 
ing process. From the decrease in the t ranspor t  l imited 
current  for thionine at the r ing electrode we can cal- 
culate from N - l f ~ i R d t  the amount  of thionine con- 
sumed on the disk where N is the collection efficiency 
(8, 9). When the modified electrode is removed from 
the thionine solution, washed and placed in background 
electrolyte (e.g., 50 mmole H2SO4) containing no t~o- 
nine, cyclic vol tammograms as shown in  Fig. 3 are 

1.1 
ED/V.4 

0.1 

iu/mA 
0.0 

11 
-iR/)JA 

10 

0 
I I 
2 L 

t/min 
Fig. 2. Ring disk study of coating process; ED, disk potential; 

iD, disk current; iR ring current. Amount of thionine coated an 
disk found from N -1 f AiR dt. 

0.25 1 

i/mA / 

I 0 - 1 0 0 ~  

-0.25 _ 

. i /  j J 

EImV(SCE) 

Fig. 3. Cyclic voltammogram of thionlne-coated Pt electrode in 
0.05M H2S04 containing no thionine. 
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obtained. The peak height of these vol tammograms 
varies l inear ly  with sweep rate as expected for surface 
bound species. From the charge passed per cycle we 
can also calculate the amount  of thionine in the layer. 
The coverages found from cyclic vol tammetry  agree 
with those from the r ing disk exper iment  but  are 
usual ly  about  20% lower. Coatings of up to 20 mono-  
layers can be obtained and these coatings are stable in 
background electrolyte for at least several months. 
XPES studies, see Fig. 4, of a coated electrode show 
identical peaks to those of thionine and the Pt  4f peak 
is complely absent  (10). 

The cyclic vol tammograms before and after the 
XPES exper iment  show that  exposure to high vacuum 
for several hours only reduces the coverage by about 
10%. 

Cls 

Compared to thionine in  solution the visible spec- 
t rum of a coated SnO2 electrode on a quartz plate shows 
a broadened peak at much the same wavelength 
(~.max/nm "~ 600) (10). At reducing potentials this 
peak disappears. As shown in Fig. 5 the proportion of 
thionine, f, and leucothionine in  the layer  obeys the 
Nernst  equation 

n F  -- c [7] 

We find n = 2 and Ec'/mV = 180. This value is s imilar  
to that of thionine in our solution ( E ' / m V  ---- 208). The 
resistance of 1 cm 2 of a layer  coated at 1.1V containing 
6 nmole cm -2 was found to be 6012. From these results 
we conclude firstly that  the layer  consists of thionine 
or leucothionine depending on the electrode potential. 
Secondly, the layer is remarkab ly  stable and coherent; 
it cannot  be washed off and the disappearance of the 
Pt  signal in  the XPE spectrum is par t icular ly  note-  
worthy. Thirdly, for cur ren t  densities less than  150 ~A 
cm -2 the voltage drop across the layer  is less than 
10 mV and can be neglected. 

Thion ine . - -We now examine  the electrode kinetics 
of various redox couples on the thionine-coated elec- 
trode star t ing with thionine itself. Figure 6 shows typi-  
cal current  voltage curves for the reduction of thionine 
on a clean and a thionine-coated Pt  electrode. On the 
clean electrode the system is reversible. On the coated 
electrode the system is near ly  reversible. Figure 7 
shows the current  voltage data plotted according to [1]. 
Kinetic parameters  for different electrodes are col- 
lected in  Table I. We conclude firstly that  on the coated 
electrode there is little difference between Pt and 
SnO2 as the substrate surface. Secondly the electro- 
chemical rate constant is decreased for electrodes 
coated at higher voltages and for longer  times. In  par -  
t icular  there is a significant reduct ion in  rate constant  
for electrodes coated at 1.4V or above for periods 
longer than one hour. It  should be noted from Fig. 2 
that  after the ini t ial  coating process lasting two ra in-  

~ ls Nls Pt5d I Pt4f 

I I I I I 
600 1000 

Fig. 4. Typical XPE spectra. 1he top trace shows a Pt electrode 
that has been exposed to thionine solution at 0.4V. The principal 
feature is the Pt 4f signal. The second and third traces show Pt 
electrodes coated at 1.0 and 1.1V, respectively. The Pt signal be- 
comes progressively suppressed; C, N, and S peaks corresponding to 
thionine are found, x-axis, KE/eV. 

/o///o 
r I I 

100 150 200 250 

Fig. 5. Plot of Nernst Eq. [7] describing the bleaching of the 
thionine layer, x-axis, E/mV(SCE); y-axis, In(f/1 - -  f). 
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utes, the r ing electrode does not detect any  fur ther  
consumption of thionine on the disk electrode. From 
cyclic vo l tammetry  (see Fig. 3) the amount  of ad-  
sorbed thionine does not  change significantly after the 
ini t ia l  coating process. 

The value of ~ ~ 1.0 is in teres t ing It  suggests that  
the ra te -de te rmin ing  step in  the reduct ion of thionine 
involves a react ion of a semithionine species which is 
in  equi l ibr ium with the thionine. On a clean P t  elec- 
trode as the pH is increased the value of ko' decreases. 
P re l imina ry  results are consistent with the following 
scheme of squares (14, 15) mechanism 

T h  + 
H* ~t 

e 
HTh2+ ~ .HS .+  

H + $ R . D . S .  
e 

H28.2+ -~ H~L + 

HaL~+ 

In this scheme we have included the added protons 
explicitly. We have estimated the pK's  of the t ransi-  
t ion states f rom the pK's of the thionine, semithionine, 
and leucothionine species (16-20). In  order to explain 
the var iat ion of ko' with coating conditions (see Table 
I) the thionine species must  be adsorbed on the elec- 
trode. 

Disul]onated thionine.--Photogalvanic cells have so 
far been extremely inefficient for the conversion of 
solar energy (21) because thionine is not sufficiently 
soluble to absorb the solar radiat ion close enough to 
the i l luminated  electrode (3). We have recently syn-  
thesized disulfonated thionine. The solubil i ty is in -  
creased so that  solutions ~ 10-2M can be prepared 
and fur thermore  from the visible spectrum there is 
no evidence for dimer formation. The disulfonated 
thionine cannot be coated onto the electrode in  the 
same way as thionine. However the electrode kinetics 
of disulfonated thionine are very similar  to those of 
thionine. Results are given in  Table II. 

Table I. Kinetic parameters for the reduction of thionine 

Coating Coating 
Elec- voltage, time, ko', 
trode V hr a cm ksec -1 

P t  C l e a n  - -  - -  > 3 0  
SnO~ C l e a n  - -  0.8 9.0 
P t  1.1 ~4 0.9 9.3 
SnO~ 1.t  ~/4 1.2 9.0 
P t  1.4 V4 1.0 2.8 
Sn02 1.4 V4 0.9 6.1 
P t  1.5 V4 1,2 2.9 
Sn02 1.5 1/, 0.9 5.1 
SnOz  1.1 1 0.9 5.5 
SnO~ 1.4 1 0.9 0.86 
S n 0 2  1.5 1 0.9 0.66 
SnO~ 1.1 2 1.0 3.6 
SnOs 1.5 3 1.0 0.70 

3[ 

-Z, 

-51 , , , 
100 150 200 250 

Fig. 7. Tafel plot from Eq. [1] for reduction of thionine at a 
thionine-coated Pt electrode, x-axis, EE/mV(SCE); y-axis, y. 

Quinone.--Results for the reduct ion of quinone a r e  
given in  Table III. In  these experiments  a Pt  electrode 
was used throughout  and the coating t ime was //'4 hr. 
The reduct ion was carried out in  0.1M H 2 S O 4 .  It  c a n  
be seen that  the thionine coating has practically n o  
effect on the electrode kinetics of the quinone reduc-  
tion. 

N,N,N ' ,N ' -  t e t ramethy l -  p - pheny lened iamine . - -The  
normal  reaction scheme ~or the oxidation of N,N,N',N'- 
t e t r amethy l -p -pheny lened iamine  is as follows 

NMe2 NMe2 NMe2 

NMe2 NMe~ NMe~ 

Wurster ' s  Blue + 

As shown in  Fig. 8 at pH 7 on a clean electrode t w o  
separate waves corresponding to the two steps in  t h e  

Table II. Kinetic parameters for disulfonated thionine 

Coating Coating 
Elec- voltage, time, ko', 
trode V hr  a cm ksec-~ 

P t  - -  - -  0.8 6.2 
P t  1.1 Y, 0.8 2.7 
P t  1.5 V, 0.9 1.5 
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Table Ill. Kinetic parameters for reduction of quinone 

Coating 
v o l t a g e ,  V ~z ko', c m  k s e c  4 

Clean 0.6 0.18 
1.1 0.6 0.24 
1.4 0.6 0.20 
1.5 0.7 0.15 

1.5 

reaction are observed. On an electrode coated with 
thionine at 1.1V for Ya hr  while the rate constant  for 
the first wave is somewhat  reduced, the second elec- 1.0 
tron transfer  is completely blocked. At present  we c a n  

offer no explanat ion for this complete blocking. I t  is 
t rue that  Wurster 's  blue is positively charged but  then 
the positively charged thionine reacts rapidly as shown 
in  Fig. 6. 

Apar t  from the complication of Wurster 's  blue and 
the small  variat ions in  Table I, we find that for these 
organic species the thionine coating does not  produce 
a drastic change in the electrode kinetics. This is to be 
contrasted with the inorganic  systems that  we now 
consider. 0.5 

Fe (IID.--Typical  current  voltage curves for the re -  
duction of Fe ( i t I )  are shown in  Fig. 6. It can be seen 
at  once that  the coating produces firstly a shift of some 
200 mV in the hal f -wave potential  and secondly that  
the l imit ing cur ren t  of the shiZted wave is very much 
less than  that  on the unt rea ted  electrode. The var ia t ion 
of the l imit ing currents  of the shifted waves with rota-  
tion speed are plotted in  Fig. 9 according to tim Kou-  
tecky Levich equat ion Eq. [6]. From the intercept, 
which corresponds to infinite rotat ion SliCed, we can find 
values of k~.:'. For the rising par t  of the current  voltage 0.0 
curve we can use the simple i rreversible Eq. [4] with io 
being the observed l imit ing current.  A typical plot is 
shown in Fig. 10. Results for the Fe ( I I I )  system are 
collected in  Table IV. Instead of extrapolat ing the re-  
sults for ko' for the coated electrodes a long way to 
the E' for the Fe ( I I I ) / F e  (II) couple, we have reported 
the results at E' for tnionine. 

The first point  to note is that  for this reaction a is 
close to 0.5. This suggests that  the potent ial  dependent  
rate constant  is still describing an electron transfer,  
even though the rate is much slower on a coated elec- 
trode compared to a clean electrode. The conductivi ty 
of the thionine film means that  there cannot be large 
potential  differences wi th in  the film and hence the 

3 0 0 -  

200 

Elec- 
t r o d e  
ma te -  

r ia l  

/ P t  
/ /  SnO= 

P t  
Sn02 
SnO~ 
Sn02 
P t  

~ " ~  ~ "  [ [ [ P t  
200 400 600 sno, 

Pt 
SnO~ 
SnO~ 

100 - 

0 
0 

Fig. 8. Current voltage curves for oxidation of N,N,N' ,N' - te t ra-  
methyl-p-pheny[enediamine on a clean ( ) and coated 
(- - -) Pt electrode, x-axis, E/mV(SCE); y-axis, i/,~A. 

A 

/ 
/ 

J / 

I I 
0.0 0.5 1.0 

Fig. 9. goutecky Levich p l o t ,  Eq. [6],  for reduction of Fe(lll) on 
a coated Pt electrode, x-axis, (W/Hz)-I/2; y-axis, (iL/mA) -1.  

main potential  drop occurs at the th ion ine /water  in-  
terface. The second point  to note is that, like thionine, 
al though Fe( I I I )  has different electrode kinetics on 
clean Pt  and clean SnO,~, there is not much difference 
once the electrodes are coated. Thirdly,  the existence 
of k,.' means that there must  be a second step in  the 
mechanism, the rate constant  of which is not great ly 
affected by potential. These results will  be fur ther  
discussed below. 

Fe (CN)64---Resul ts  for the oxidation of Fe (CN) 64- 
in 0.4M K2SO4 at pH 7 are similar to those for Fe (III) .  
Typical results are shown in  Fig. 11. On a clean Pt  
electrode as expected the couple is reversible but  on 
a coated electrode the wave is i rreversible and again 
there is a second step. For an electrode coated at 1.1V 
for ~/4 hr we find ko'/Cm ksec -1 ~ 0.6 and k~'/cm ksec -1 
___ 2.2. It  is very str iking how the thionine coat has 
blocked this normal ly  rapid electron transfer.  

Table IV. Kinetic parameters for the reduction of Fe(lll) 

Coating Coating ko'(~), k~', 
vol tage ,  t ime ,  Eli=, c m  c m  

V h r  V a ksec  -1 k s e c  -~ 

Clean - -  0.42 0.4 100 
Clean ~ 0.28 0.5 15.2 

1.1 1/4 0.23 0.4 3.5 9.4 
1.1 1/4 0.23 0.5 5.0 14 
1.1 1 0.20 0.6 1.4 3.6 
1.1 2 0.19 0.6 0.79 2.1 
1.3 V4 0.22 0.4 2.0 6.3 
1.4 ~/4 0.22 0.4 2.1 3.1 
1.4 V4 0.23 0.5 3.7 9.5 
1.5 1/4 0.17 0.4 0.88 2.8 
1.5 1~ 0.20 0.5 2.0 6.2 
1.5 3 0.11 0.3 0.072 0.30 

<a> Value  of k '  a t  E '  f o r  th ion ine  w h e r e  E ' / V  = 0208.  
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Fig. 10. Typical Tafel plot, Eq. [4 ] ,  for reduction of Fe(lll) on a 
coated Pt electrode. Label x-axis, E/rnV(SCE); y-axis, y. 
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Fig. 11. Typlcal current voltage curves for oxidation of 
Fe(CN)84-  on a clean ( ) and a coated (- - -) Pt electrode. 
Label x-axis, E/mV(SCE); y-axis, i/#A. 

Ru(bpy)33+.~Even more dramatic  are the results 
for the reduct ion of Ru(bpy)~  3+ in  0.5M H2SO4 where  
bpy is 2,2' bipyridine.  Results on a coated electrode 
are shown in  Fig. 12. On a clean electrode Ru(bpy)z  8+ 
is reduced at potentials less than 1.0V, in a reversible 
wave. The thermodynamics  for the reduct ion are fav-  
orable and the kinetics are rapid. However on the 
coated electrode the t ranspor t  l imited cur ren t  is not  

200 400 600 800 1000 
0 i I ~ i i / 

/ 
I 

! 
! 

20 / 
/ 

! 
/ 

/ 
hO --- I/ 

Fig. 12. Current voltage curves for reductloa of Ru(bpy)3 3+ on a 
clean ( .... ) and a coated (0) Pt electrode. The solid line is the 
calculated curve for the two parallel processes discussed in the 
text. Label x-axis, E/mV(SCE); y-axis, iliA. 

reached unt i l  0.30V. Impect ion of the current voltage 
curve shows that  there are two paral le l  processes. For  
potentials greater  than  0.40V we find a small  cur ren t  
which increases gradual ly  as the potential  decreases. 
Figure  13 shows a Tafel plot of this cur ren t  according 
to Eq. [4]. A reasonable straight l ine is obtained wi th  
a low value of a ---- 0.05. At  0.4V a second process takes 
over and the current  rises rapidly to its t ranspor t  
l imited value. To allow for the two paral lel  processes 
we use a modified form of [4] 

( i o - - / ~ o - - ~ ' l )  l n k v , ~  
in y = in ~ -- i, 7o = k~' 

(E - -  ERu')F 
+ = [8] 

RT 

where ii is the current due to the process plotted in 
Fig. 13 at E __~ 0.4V. When ii -- 0, [8] reduced to [4]. 
The data for the steep part of the wave are plotted in 
Fig. 14. A reasonable straight l ine is found with a 
close to 2. This high value of a cannot be caused by 
driving the electron t ransfer  for the reduct ion of 
Ru( I I I ) .  For that  reaction we would expect [as was 
found for Fe ( I I I )  ] that  = _~ 1~, and in  any case ~ mus t  
be less than unity.  Re turn ing  to the data in  Fig. 5 
where n = 2 we propose that  the second process is 
the reaction of R u ( t I I )  wi th  L formed on the outside 
of the layer  

3II-~+Th+2e~ L 
f l--f 

L + Ru(bpy)3 ~+ "-> S" 4- Ru(bpy)82+ -l" 2H + 
1 - - f  

The very small  fraction of L(,-,  2 X 10 -3)  present  
when  the second process takes over can be estimated 
from the Nernst  Eq. [7] and the value of Ec' for 0.5M 
H2SO4 where Ec'/V -- 0.270. Combining [7] and [8] 
we obta in  

k2'exp [ - - 2 ( E - - E R u ' ) F  ] ~E = k'(1 - ~) 

[ --2(E--Eo')F ] 
_~ k' exp RT 

1.5 

10 

05 

j D / j  
_ o /  

/ 
/ 6 t  

/ o /  
/ 

co 

0 i I i os 0~6 017 

Fig. 13. Tafel plot [4] for points in Fig. 12 for E/mV > 400. 
Label x-axis, E/V(SCE); y:axis, y. 
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I I ~ q \  

0.32 0.3Z, 0.3 5 0.38 0./,0 

Fig. 14. Plot of Eq. [8] for steep part of current voltage curve 
for reduction of Ru(bpy)33+ shown in Fig. 12. Label x-axis, E~ 
V(SCE); y-axis, y. 

From the data for k2' in Fig. 13 we find 

k ' /cm sec -1 = 9 [9] 

It  is interest ing that  this fast rate constant  can be 
measured in the steady state by the di lut ion of the 
active species on the surface of the electrode; Fig. 5 
shows that the oxidation state of the thionine layer 
obeys the Nernst  equation. 

We have also measured the homogeneous rate con- 
stant, k2, for the reaction between Ru(bpy)33+ and 
leucothionine in  0.5M H2804 using stopped flow. We 
find 

k2/M -1 sec -1 ---- 1 X l0 s 

This rate constant  and the heterogeneous rate constant 
in [9] are each some two to three orders of magni tude  
below the respective encounter  rates (22) for neu t ra l  
species. This may be because of the coulombic in te r -  
action between Ru(bpy)a 8+ and the doubly charged 
leucothionine, or there may be a small  free energy 
barr ie r  of much the same size in  both processes. 

F ina l ly  we r e tu rn  to Fig. 12 and calculate the cur-  
rent  voltage curve using the parameters  derived from 
the analysis in  Fig. 13 and 14. A good fit is found. The 
fact that  in  this t rea tment  we use a = 2 confirms the 
conclusion from the conductance measurements  the IR 
losses in  the coat are negligible. 

While our model for the second process fits the data 
very well, we do not as yet have a detailed model for 
the slow process occurring at potentials greater  than  
0.4V. The very low value of a means that  the process i s  
not a s traightforward electron transfer. It may  be that  
this process is similar to the k~,step in the reduction 
of Fe( I I I ) .  The potential  range over which we c a n  
observe the k~'process for Fe( I I I )  is too restricted to 
be certain if k,.' depends slighly on potential  or not. 
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Fig. 15. Current voltage curves for reduction of Ce(IV) on a 
clean ( ) and a coated ( . . . .  ) Pt electrode. Label x-axis, 
E/rnV(SCE); y-axis, i/#A. 

Ce(IV).--The reduction of Ce(IV) resembles that 
of Ru(bpy)3 s+. A typical current  voltage curve is 
shown in Fig. 15. Again two processes are evident. 
Following the same analysis as for Ru (bpy)38+ we find 
that  the steep par t  gives a somewhat  curved TafeI 
plot with ~ varying between 1.4 and 2.0. The fact that 
these values are greater than  uni ty  suggests that  we 
must  again be seeing a reaction between L in  the coat 
and Ce (IV). 

EfIects of coating voltages and coat~ng t imes.--Be- 
cause of our interest  in photogalvanic cells we have 
investigated the thionine and Fe( I I I )  systems in more 
detail. For these systems we find that there is some 
reduction in the kinetic parameters  the higher the 
coating voltage and the longer the coating time. This 
effect can be seen in ko' in  Table I and ko' and k~.' in 
Table IV. In Fig. 16 and ]7 we show that there is a 
correlation between the different sets of rate constants; 
there is a par t icular ly  good correlation with a gradient  
of un i ty  between ko' and k~' for the Fe( I I I )  system. 
Since these rate constants describe different processes 
we assume that the correlations arise through a gen-  
eral effect of the higher voltage or coating t ime on the 
coat itself. This affects all three processes, the reduc-  
tion of thionine, the electrochemical step, and the kT' 
step in the reduct ion of F e ( I I l ) ,  to much the same ex- 
tent. The higher coating voltages and coating times 
may cause this, for instance, by blocking off active 
sites on the surface. 

Inorganic electron transfers.--While as discussed 
above the coat seems to have no drastic effect on the 
reduct ion of thionines or of quinone, single electron 
transfers to inorganic ions which normal ly  proceed by 
outer sphere mechanisms are in  all cases blocked by 
the coat. This is probably because the thickness of the 

Iog(k~feimllcm kg 1 ) 

/ 

/ 

/ 
o" i 2 

Iog(k~,Fecm}lcm ks q) 

Fig. 16. CorreLation between ko' and k~' from Table IV for reduc- 
tion of Fe (111) at coated electrodes: Pt, O ;  Sn02 i-]. 
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Fig. 17. Correlation between ko' for thionine from Table I and k~.' 
for Fe(lll) from Table IV at coated electrodes: Pt, � 9  SnO2 [~. 

coat prevents the direct tunnelling of electrons from 
the metal or SnO2 to the solvated inorganic ion. For 
strong oxidizing agents like Ru (III) and Ce (IV) it ap- 
pears that the main path for reaction is the oxidation 
of leucothionine on the outside of the coat. For Fe (III), 
because there is not such a strong thermodynamic driv- 
ing force, the reaction between Fe(IlI)  and L is 7 
orders of magnitude slower than diffusion control. 
Hence it appears that we have a two-step mechanism 
of which one step is an electron transfer and we sug- 
gest that the other is the formation of a "complex" 
between Fe(III)  and leucothionine at the surface. 
Such complexes have been found in homogeneous re- 
actions between Fe(III)  and L (23). It is interesting 
that the half-wave potential for the reduction of 
Fe(III)  is close to that of E' for thionine suggesting 
that the conversion of thionine to leucothionine in the 
coat may well be necessary for the reaction. 

Implications $or photogalvanic cells.--Finally we re- 
turn to the question of the selectivity of these elec- 
trodes for use in photogalvanic cells. Inspection of 
Fig. 6 shows that the thionine-coated electrode does 
have the required selectivity. The coating leaves the 
electrode kinetics of the thionine couple sufficiently 
rapid to handle the photogenerated thionine (3) but it 
blocks the reduction of Fe(III) .  Thus an illuminated 
electrode working at a potential where it is oxidizing 
leucothionine will only have a small current caused 
by the simultaneous reduction of Fe(III) .  Hence we 
conclude that the thionine coated electrode is an ideal 
illuminated electrode for the iron-thionine photogal- 
vanic cell. The fact that it can be made so easily and 
that it is relatively stable are added advantages. 
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The Effect of Anion Activity on Electrochemical Equilibria: 
Three-Dimensional Potential-pH Diagram 

for Pb/H SO4/H O System 
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Po ten t i a l -pH d iagrams  have been wide ly  appl ied  to 
e lect rochemical  problems in corrosion, e lec t rodepos i -  
tion, and bat ter ies .  They  summar ize  a la rge  volume of 
da ta  in a single g raph  and the reby  provide  a quick 
visual  means of ident i fy ing the influence of potent ia l  
and pH on the pr inc ipa l  products  of the react ion 
(1,2) .  

One d isadvantage  of such a represen ta t ion  is tha t  i t  
is necessary to assume ei ther  that  the meta l  ion does 
not  complex wi th  anions in the  solut ion or  that  the 
ac t iv i ty  of the anion remains  fixed as the pH varies. 
Frequent ly ,  ne i ther  assumpt ion is valid.  A w e l l - k n o w n  
example  is the  l ead-ac id  ba t t e ry  in which the posit ive 
lead grid corrodes to form PbSO4, basic lead-sul fa tes ,  
and lead oxides (3). The re la t ive  p redominance  of 
these species is dependent  on both the hydrogen  ion ac-  
t iv i ty  and the sulfa te  ion activity,  and these values  va ry  
as the ba t t e ry  charges and discharges.  Fur the rmore ,  
the  PbSO4 film produced when the grid corrodes in-  
hibits  diffusion of hydrogen  and sulfate ions to the 
corroding lead  interface,  c rea t ing  a concentra t ion 
grad ien t  across the corrosion film (4). 

Po ten t i a l -pH d iagrams have been publ i shed  assum- 
ing the log of the  total  sulfate  ion ac t iv i ty  to be 0 
(5, 6), - -4  (7), or  --7 (6). Such assumptions  are  un-  
necessary if modern  computer  graphics  methods are  
used to plot  po ten t i a l -pH d iagrams in which  the anion 
ac t iv i ty  is r epresen ted  as a th i rd  dimension.  D I S S P L A  
sof tware  ( In tegra ted  Sof tware  Systems Corpora t ion) ,  
a Honeywel l  6640 computer ,  and a Tek t ron ix  4014 
te rmina l  were  used to plot  the  th ree -d imens iona l  d ia-  
g r am shown in Fig. 1 for the Pb/H2SO4/H20 system. 
The pH is p lo t ted  on the x-axis ,  the negat ive  log of the 
sulfate  ion activity,  pS, is p lot ted on the y-axis ,  and 
the s tandard  hydrogen  potential ,  Eh, is p lo t ted  on the 
z-axis.  The s tab i l i ty  region of each species is s epa ra te ly  
depicted as a solid figure in the th ree -d imens iona l  box. 
By fitting these solid figures together  much l ike the 
pieces in a th ree -d imens iona l  puzzle, the complete  
d iag ram (Fig. lg)  is formed. 

The e lect rochemical  equi l ibr ia  among all  the com- 
pounds shown in Table  I were  considered. The d iag ram 
was then  simplified by  de te rmin ing  which compound 
forms at  the lowest  potent ia l  under  each set  of condi-  
tions and at  wha t  potent ia l  this compound oxidizes 
further .  Table  II  shows the equations used to genera te  
the lines in the simplif ied diagram. Below pH = 1.9, 
the equi l ibr ia  involving HSO4-  were  used and above 
this pH the equi l ibr ia  involving SO4 = were  used. 

In  al l  po ten t i a l -pH diagrams,  a region of immuni ty  
exists at  low potent ia ls  where  the meta l  does not  cor-  
rode. The immuni ty  region for Pb, defined by  Eq. 
[1]-[5] ,  is shown in Fig. lh.  

* E l e c t r o c h e m i c a l  Society Active Member, 
Key words: acid, battery, thermodynamics,  corrosion. 
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Above this region, the lead  (II)  species, Pb(OH)~,  
3PbO �9 PbSO4 �9 H20, PbO �9 PbSO4, and PbSO4, c a n  

form (Fig. lc, ld,  le, lf, r espec t ive ly) .  The te t rabas ic  
lead sulfate, 4 P b O .  PbSO4, is not  s table  wi th  respect  
to the lead oxides at  room tempera ture .  Expe r imen ta l  
uncer ta in t ies  in the  free energies of fo rmat ion  of the  
lead (II) oxides have produced conflicting opinions 
as to which is ac tua l ly  the most s table  species [see for 
example  Ref. (2), (5), and (8)] .  Pb(OH)2,  which is 
most  s table  according to the equations in Table  II, was 
choren to represent  al l  three  lead  (II)  oxides shown in 
Table 5. 

Two lead  (II)  species, Pb (OH)2 and 3PbO �9 PbSO4 ' 
H20 wil l  oxidize under  basic condit ions to PbaO4 at  a 

Table I. Compounds in Pb/H2SO4/H20 system 

P b  

PbSO4 

P b O  �9 PbSO~ 

3 P b O  �9 P b S O ~ .  H~O 

4 P b O  �9 PbSO~ 

P b ( O H ) ~  

P b O  ( r e d )  

5 P b O  �9 2 H 2 0  

Pb~O~ 

Pb30~ 

PbO~ 

Table II. Equations used in three-dimensional diagram 

R e L  

Eq .  [1].  PbSO~ + H + + 2 e - ~ P b  + HSO4-  
E~ = - 0 . 3 0 2  - 0.02~5 p H  + 0.0295 pS  (6)  

Eq.  [2] .  PbSO~ + 2 e -  m P b  + SO~ = 
E:~ = - u . 5 5 6  + 0.0295 pS  (6 )  

Eq .  [3] .  P b O  �9 PbSO4 + 2H+ + 4 e -  ~ 2 P b  + SO~ = + HeO 
Eh = --0.099 -- 0.0295 p H  + 0.0148 pS  (6)  

E q , [ 4 ] .  3 P b O . P b S O ~ . H e O  + 6H + + 8 e - ~ 4 P b  + SO4 = 
+ 4H20  

Eh = 0.037 -- 0.0443 p H  + 0.0074 p S  (6 )  
Eq .  [5].  P b ( O H ) e  + 2H + + 2 e -  ~ P b  + 2H20  

El, = 0~242 - 0.0591 p H  (5)  

Eq .  [6] 4Pb~O~ + 3SO~ = + 14H+ + 8 e - ~  3 [ 3 P b O ,  PbSO4 
�9 H20]  + 4 H 2 0  

E h =  1.605 -- 0.1035 p H  -- 0.0222 p S  (6)  
Eq .  [7].  Pb304  + 2H~O + 2H+ + 2 e - ~  3 P b ( O H ) 2  

Eh = L101 -- 0.0591 p H  (5)  
Eq .  [8].  PbO,2 + HSO~- + 3H + + 2 e -  ~- PbSO~ + 2HeO 

Eh = 1.628 -- 0.0886 p H  - 0.02~5 pS  (6)  

Eq ,  [9] .  PbOe  + SO~ = + 4H+ + 2 e - ~  PbSO~ + 2H.~O 
Eh = 1.685 -- 0.1182 p H  -- 0.0295 PS  (6 )  

Eq .  [10].  2PbO= + SO4 = + 6H+ + 4 c - ~  P b O  . P b S O ~  + 3HeO 
E~ = 1.436 -- 0.0886 p H  -- 0.0147 p S  (7)  

Eq .  [11] .  4PbO2 + SO,  = + 1 0 H +  + 8 e - ~ , ~ - 3 P b O . P b S O , . H 2 0  
+ 4I-IeO 

E~ = 1.285 - 0.0739 IvII -- 0.0074 PS (6)  
Eq .  [12].  PbO2  + 2H + + 2 e -  ~- P b ( O I I ) ~  

Eh = 1.113 -- 0.0591 p H  (5) 
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Fig. 1. Three-Dimensional diagram of Pb/H2SO~/H20 system with observer viewpolnt at pH = +19, pS--  +25, E = +15 

s l ight ly  lower  potent ia l  than  they  wil l  oxidize to PbO2. 
This leads to the thin s tab i l i ty  region for Pb~O4 shown 
in Fig. lb, which  is defined by  Eq. [6], [7], [11], and 
[12]. The uncer ta in t ies  in Eq. [6], [7], and [11] are  
l a rge r  than  in the o ther  equat ions in Table II  and 
give rise to s l ight  mismatches  of the lines. This occurs 
because the expe r imen ta l  e r rors  in the de te rmina t ion  
of the free energies  of fo rmat ion  are  mul t ip l i ed  by  3 
for  3PbO �9 PbSO4 �9 H20 and by  4 for Pb304 in der iv ing  
Eq. [6], by  3 for Pb (OH)2  in der iv ing  Eq. ~71, and by 4 
for PbO2 in der iv ing  Eq. [11]. The most  obvious mis -  
ma tch  in the  Pb304 d i ag ram is be tween  Eq. [6] and 
[7], evidenced by  the sudden increase in the thickness 
of the figure at pS of 14 and pH of about  7. At  h igher  
pH values  the figure is so thin tha t  the bo t tom line 
(from Eq. [7]) and  the top l ine (from Eq. [12]) a re  

nea r ly  indis t inguishable .  
Pb203 has a ve ry  smal l  s tab i l i ty  region wi th in  the 

Pb30~ region. This is not  shown in the figure because 
the  equ i l ib r ium proper t ies  of Pb203 are  not  wel l  known 
(5) and the uncer ta in t ies  in the da ta  are  l a rge r  than  the 
ca lcula ted  s tab i l i ty  region.  

The PbO2 s tab i l i ty  region occurs at  the top of the  
box (Fig. la )  where  the  potent ia ls  a re  highest.  No 
a t t empt  has been made  to di f ferent ia te  be tween  a-  
and ~-PbO2, since at  25~ the free energies  of these 
two po lymorphs  differ by  only 4 kca l /mole  (9). ~-PbO2 
wil l  form under  basic condit ions and ~-PbO2 under  
acidic condit ions (6).  

The compet i t ion among lead  (II)  species is s t rong ly  
influenced by  both the hydrogen  and the sulfate ion 
activities.  At  low values  of pS and pH, PbSO4 p re -  
dominates.  As pS and p i t  increase,  first PbO �9 PbSO4, 
then  3 P b O .  P b S O 4 - H 2 0 ,  and finally Pb (OH)2  and 
PbO wil l  form. In a l ead -ac id  ba t te ry ,  the corrosion 
film consists of successive layers  of these compounds as 
the pH and pS increase  f rom the f i lm/solut ion in t e r -  
face to the gr id / f i lm in ter face  (6). This same con- 
clusion can be reached by  considering the effect of sul-  
fate and hydrogen  ion act ivi t ies  on the solubil i t ies  of 
the lead  (II)  compounds and assuming that  the leas t  
soluble compound is the  most s table  in the  corrosion 
film (10). 
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Fig. 2. Three-dimensional diagram of Pb/H2SO4/H20 system 
with observer viewpoint at pH = --19, pS = --25, E = +15. 

Figure  lg  shows the s tab i l i ty  regions f rom a v iew-  
point  which emphasizes the condit ions at  the g r id /  
film in ter face  (high pH and pS) .  The lef t  f ront  wall ,  
which  is a po ten t i a l -pS  d iag ram at a pH of 14, shows 
tha t  oxida t ion  of l ead  wil l  give Pb (OH)2  and PbO at 
the gr id / f i lm interface.  F u r t h e r  oxidat ion  wil l  give 
Pb304 and then ~-PbO2. These processes are  inde-  
pendent  of sulfate  ion activity�9 

The r ight  f ront  wal l  is a convent ional  po ten t i a l -pH 
d iag ram at a pS of 14. I t  is s imi lar  to p rev ious ly  pub -  
l ished d iagrams (5, 6) wi th  pS values of 0 and 7. The 
pr inc ipa l  effect of decreasing sulfate ion act iv i ty  ( in-  
creasing pS)  is to shift  the regions o[ p redominance  to 
lower  pH values,  thus favor ing format ion  of the basic 
lead sulfates and lead  oxides. For  example ,  the pH at 
which Pb (OH)~  can form changes f rom 14 when 
pS = 0 to 6.9 w h e n p S  = 14. 

One advan tage  of computer  graphics  is tha t  the 
v iewpoint  from which a th ree -d imens iona l  d i ag ram is 
observed can eas i ly  be changed. Thus, Fig. 2 shows the 
complete  d iag ram turned  around so that  the condit ions 
at  the f i lm/solut ion interface  are  emphasized.  In this 
figure the  po ten t i a l -pH d i ag ram for pS of 0 can be 
seen on the r ight  f ront  wal l  and compared  to previous ly  

publ i shed  resul ts  (5, 6). The po ten t i a l -pS  d i ag ram o n  
the left  f ront  wa l l  shows tha t  a t  the corrosion f i lm/  
solut ion interface at pH of 0, on ly  Pb, PbSO4, and PbO2 
can form and the product  wi l l  depend  on the potential �9 
This is in agreement  wi th  the double  sulfate  mecha-  
nism for charge and discharge in a l ead -ac id  ba t t e ry  
(3, 7). The ba t t e ry  potent ia l  wi l l  decrease as pS in-  
creases�9 

No addi t ional  expe r imen ta l  da ta  are  r equ i red  to d e -  
r ive  a th ree -d imens iona l  d i ag ram of this type  f rom a 
convent ional  po ten t i a l -pH diagram.  The computer  p ro-  
grams used to plot  these d iagrams are  shor t  and easi ly 
understood.  Thus the effect of the  anion concentra t ion 
on e lec t rochemical  equi l ibr ia  need not  be ignored.  
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Pore Volumes and Densities of Lead 
Lead Acid Positive Plates 

Dioxide of 

C. W .  Fleischmann* 

Eltra Corporation, C&D Batteries Division, Plymouth Meeting, Pennsylvania 19462 

Previous  repor ts  (1, 2) discussed the poros i ty  and 
densi ty  of unfo rmed  active ma te r i a l  of posi t ive p la tes  
for use in l ead -ac id  bat ter ies .  The type  of posi t ive p la te  
which had been s tudied used flat, cast, l ead -a l loy  grids, 
into which  the active ma te r i a l  p recursor  was pressed 
as a paste. The pastes  were  made  f rom acidified lead 
oxides (1, 3-5),  or  f rom te t rabas ic  l ead  sulfa te  (2, 6-7)�9 
Af te r  a cur ing step, the precursor  was e lec t rochemi-  
cal ly  oxidized to lead dioxide,  the posi t ive active ma-  
terial ,  according to Eq. [1] 

P b ( I I )  -}- 2H20 = Pb02 -5 4H + -{- 2e [1] 

* Electrochemical Society Active Member. 
Key words: battery plates, electrode porosity, electrode density, 

lead-acid battery. 

The poros i ty  of the posi t ive active ma te r i a l  u l t i -  
ma te ly  affects the ba t t e ry  per formance  (3, 5, 6, 8), and, 
therefore,  is an impor tan t  p a r a m e t e r  of ba t t e ry  p ro-  
duction. In  the previous  studies (1, 2), the pore  vol-  
umes and d ry  pas te  densit ies were  measured  for un-  
formed, cured pastes by a s imple method.  In the presen t  
study,  the  same expe r imen ta l  method  was used to ob-  
ta in  values  of the porosi ty  and apparen t  densit ies of 
formed plates  and of cycled plates�9 

Experimental 
Acidified lead  oxide plates  were  p repa red  var ious ly  

f rom three  commercia l  oxides and cured by  different  
methods.  The character is t ics  of the  precursor  oxides  
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(1, 9) and  the composit ions of the pastes  a f te r  v a r i -  
ous cures (9) were  given in ear l ie r  repor ts  for dup l i -  
cate  plates  of this same series. The appa ren t  densi t ies  
of the  dry,  unfo rmed  p a s t e s  va r i ed  f rom 3.4 to 4.8 
g / c m  ~, and the specific void  volumes ranged  f rom 0.08 
to 0.15 cm3/g. The symbol  "D" wi l l  be used for  the  ap -  
pa r en t  dens i ty  of the  formed act ive ma te r i a l  and the 
symbol  "v" for the  specific void  volume. Percen tage  
poros i ty  is g iven by  100 Dv. The  measured  densi ty  of 
the. act ive ma te r i a l  (PbO2) in  the p la te  is r ep re -  
sented by  "d." 

The  plates  were  e lec t rochemica l ly  formed to l ead  di-  
oxide  overn ight  a t  a sufficient charging ra te  to p ro -  
vide  80% more  coulombs than  requ i red  by  Eq. [1]. 
Af te r  formation,  the  p la tes  were  cycled. Some pla tes  
were  removed  a f te r  fo rmat ion  and some af te r  different  
numbers  of cycles up to and inc luding ten. Ind iv idua l  
posi t ive plates  were  cycled agains t  two negat ives  in ex -  
cess acid of 1.210 specific gravi ty .  No separa tors  were  
employed.  Each posi t ive was d ischarged to a po lar iza-  
t ion of 250 mV from the open-c i rcu i t  value,  measured  
using a posi t ive l ead -ac id  reference  e lect rode (10, 11). 
Since the  p la tes  employed  were  of four  different  th ick-  
nesses, 0.18, 0.41, 0.68, and 0.79 cm, and since a range  
of pas te  densi t ies  were  used, different  cur rents  were  
r equ i red  to provide  for  discharge in app rox ima te ly  five 
hours. The plates  were  recharged  at  a constant  cur ren t  
for  16-18 hr  a t  a ra te  sufficient to provide  a nominal  
10% overcharge.  The  da ta  are  not  identif ied in this 
r epor t  according to var ia t ions  in pla te  thickness,  cure, 
oxide  type, or number  of cycles, because correla t ions  
to these pa rame te r s  could not  be identified. On the 
o ther  hand, the  da ta  are  discussed in terms o[ apparen t  
dens i ty  of the act ive ma te r i a l  and the void volumes 
as these pa rame te r s  were  found to be relevant .  

Pore  volumes were  de te rmined  for  al l  p la tes  by  the 
amount  of wa te r  the pla te  absorbed  under  vacuum. 
The wa te r  absorbed  was de te rmined  grav imet r ica l ly .  
The appa ren t  densi ty  of the soaked plates  was then 
de te rmined  by  weighing in air  and  then submerged  
in wa te r  and app ly ing  Arch imedes '  Pr inciple .  The 
process was repea ted  af ter  removing a de te rmined  
mass of act ive ma te r i a l  f rom the plate.  F r o m  the mea -  
sured  values for the mass and volume of the ma te r i a l  
removed,  i t  was possible to de te rmine  the apparen t  
dens i ty  of that  act ive mater ia l .  [The procedure  was 
s imi lar  to tha t  p rev ious ly  used to de te rmine  the pore  
volumes and densit ies  of unfo rmed  posi t ive ma te r i a l  
(1,2) . ]  Measurements  were  made on 63 plates  in-  
c luding 11 of 0.18 cm thickness,  24 of 0.41 cm th ick-  
ness, 9 of 0.68 cm thickness,  and 19 of 0.79 cm thickness.  

The  act ive mate r ia l s  of four  of the th innest  (au to-  
mot ive  type)  plates  and of three  of each of the plates  
of the o ther  thicknesses were  subsequent ly  eva lua ted  
for  dens i ty  of the solids by  the method  of gas (hel ium) 
pycnome t ry  using a Quantachrome Model PY-5. Eight  
of these samples  were  subsequent ly  purif ied to remove 
sulfates  and then r eexamined  by  gas pycnometry .  Su l -  
fates were  removed  by  boi l ing for 20 min  in a solut ion 
4.4M in ammonium acetate  and 2.5M in acetic acid. 
The act ive ma te r i a l  was analyzed  for PbO2 using an 
iodine t i t rat ion.  The pycnome t ry  de te rmina t ions  and 
the PbO2 analyses  were  pe r fo rmed  as services by  the 
Mater ia ls  Test ing Labo ra to ry  of C&D Bat ter ies  of El t ra  
Corporat ion.  

Ident i f icat ion of the crys ta l  form of PbO2 by x - r a y  
analysis  was a service  f rom the Mater ia ls  Labora to ry  
of the Pres to l i te  Elec t r ica l  Division of E l t ra  Corpora-  
tion. 

Evalua t ion  of the  da ta  of Fig. 1 for a l inear  fit was 
developed by  a curve-f i t t ing  p rog ram in the S t a n d a r d  
Pac of the Hewle t t  P a c k a r d  HP-97 desk calculator .  

Results and Discussion 
The appa ren t  density,  D, of the act ive ma te r i a l  of 

each p la te  is p lo t ted  in Fig. I agains t  the  specific void 
volume,  v. The  curve d r a w n  th rough  the  da ta  points  
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Fig. 1. The specific pore volumes of various formed or formed 
and cycled plates plotted against the apparent densities of the 
active material of the plates. 

corresponds to a visual  fit of these da ta  to the curve  
obeying a constant  va lue  of 7.8 g / c m  3 for the density,  
d, of the active ma te r i a l  (PbO.,) of the posit ive plate.  
For  a constant  value  of d, the  values  of D and v are  
fixed according to Eq. [2J, which s imply  states that  the  
total  p la te  volume, D -1, is the  sum of the volume of the  
active mater ia l ,  d - l ,  and the void volume, v 

D-1  = d -1  + v [2] 

The s tandard  devia t ion  of v for a given D was es t i -  
ma ted  to be +_0.01 cmS/g which corresponds to a dev ia -  
t ion of _+0.6 g/cmZ for d. 

Analyses  of these and o ther  plates  in the same series 
a lways  showed tha t  the PbO2 was of the ~-PbO~ 
(rut i le)  s t ruc ture  and that  the act ive ma te r i a l  con- 
ta ined at  most 10%, usua l ly  about  5%, of lead com- 
pounds in the lower  oxida t ion  state. 

The l i t e ra tu re  gives a value  of 9.63 g/cm~ for the 
dens i ty  of fl-PbO2 (12). The most  probable ,  and least  
dense, impur i t y  found in cycled posit ive act ive m a t e -  
r ia l  is the unconver ted  discharge product ,  PbSO4, wi th  
a dens i ty  of 6.323 g / cm 3 (12). The expected  dens i ty  
range  for the PbO2 in the plate,  consider ing up to 
10% PbSO4 as an impur i ty ,  would be 9.30-9.63 g / cm 8. 

The evalua t ion  of the solids '  dens i ty  of the  13 plates  
examined  by  gas pycnome t ry  gave an independen t  and 
direct  value of the act ive ma te r i a l  densi ty  of 8.5 __. 0.4 
g/cm~ (s tandard  devia t ion) .  This value  is in fa i r  agree-  
ment  wi th  the value  7.8 _ 0.6 g/cmZ tha t  conforms to 
the data  of Fig. 1. Fur the rmore ,  when eight  of the th i r -  
teen samples were  subsequent ly  chemica l ly  leached 
to remove sulfates,  the mean  dens i ty  for these samples  
was essent ia l ly  unchanged (8.6 _+ 0.4 g/cmZ). This re -  
sult  suggests tha t  the es t imate  of sulfa t ion by  chemical  
analysis  was, if anything,  too high. 

Since the low expe r imen ta l  values for  the solids '  
densi ty  compared  to the theore t ica l  va lue  could not  
be a t t r ibu ted  to sulfate impuri t ies ,  i t  is assumed tha t  
the  PbO2 in the e lec t rochemica l ly  charged plates  was 
of sufficiently poor c rys ta l l ine  per fec t ion  to provide  the  
measured  values.  
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LIST OF SYMBOLS 
D apparent density of formed, or formed and cy- 

cled positive active material, in g/cm ~ 
d measured density for the solids' portion of the 

positive active material, essentially PbO2, in 
g/am 3 

v specific void volume of the positive active mate- 
rial, in cm~/g 
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A Technique for the Study of Flow Patterns in Electrolysis 
M .  S. Quraishi  and T.  Z .  Fahidy*  

Department of Chemical Engineering, University oS Waterloo, Waterloo, Ontario, Canada 

Flow patterns in liquid media have been widely 
studied by indirect methods, e.g., by suspended par- 
ticles, interferometry, and Schlieren photographs; these 
methods have certain advantages but their major draw- 
back, two-dimensional and/or abstract nature, ren- 
ders the visualization of three-dimensional flow pat- 
terns rather difficult. For electrolysis, where three- 
dimensional flow patterns are usual, the electrolytic 
visualization technique, presented in this communica- 
tion, is better suited for the study of flow-profile de- 
velopment and for the understanding of the dynamics 
of electrolytic flow phenomena. Tr~e prol~osed tech- 
nique is illustrated by the specific case of natural con- 
vection in magnetically enhanced electrolysis where it 
has been found (1) that flow patterns differ appreciably 
from those observed in the absence of a magnetic field. 
Notably, some velocity components of electrolyte flow 
have a major effect on the dynamics of an electrolytic 
system (2) while in conventional electrolysis the effect 
of such components may be negligible. Proper under- 
standing of flow behavior both in the bulk and in the 
vicinity of the electrodes, required for the study of the 
dynamics of the governing transport phenomena, makes 
the utilization of a nonabstract three-dimensional flow 
visualization technique imperative. 

The essential advantage of the presented technique 
is that clear visual contrast due to color change is ob- 
tained via the passage of the same electric current used 
for electrolysis; moreover, the change in color is ac- 
companied by a change in darkness and opaqueness. 
The bulk fluid is clear-light-yellow and the marked 
fluid flowing away from the cathode in the cell is 
opaque-dark-blue; thus, the boundary between the two 
fluid phases is continuously well defined. The color 
contrast is caused by strongly different local hydronium 
ion concentrations (the pH range for the Thymol-blue 
indicator is 1.2-2.8; pKin ----- 1.6). The approach is a 
modification of the method of Baker (3) which has 
more than fifty different applications in heat transfer 
and fluid mechanics. The authors are not aware of any 

* Electrochemical  Society Active Member. 
Key words: electrolysis, magnetic ileitis, flow-visualization, Thy- 

tool-blue indicator. 

major previous modification of the electrolyte solution 
used originally by Baker except for the alteration pro- 
posed by Gerrard (4) via the addition of a minute 
amount of NaC1 to increase the intensity of the electro- 
lytically produced dye. The color change due to locally 
different hydronium-ion concentrations has apparently 
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Fig. 1. Schematic diagram of the electrolytic cell assembly and 
the experimental setup. (a) parts of the electro.lyric cell assembly; 
(b) experimental layout: 1. photo floodlight, 2. white light-diffusion 
screen, 3. mirror, 4. electrolyte surface, 5. electrolytic cell, 6. white 
light-diffusion card, 7. light rays to camera, 8. gray photographic 
filter, 9. electrolyte level, 10. electrode positions. 
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not been  employed  for the s tudy  of fluid mot ion  gen-  
e ra t ed  by  electrolysis  unt i l  the  cu r ren t  invest igat ion,  
a l though e lec t ro ly t ica l ly  induced  color changes in 
vo l t ammet r i c  studies (5) have  been  observed.  

Amongs t  var ious  a priori possibi l i t ies  considered,  
aqueous solutions conta ining Thymol  blue,  NaC1, and  
HC1 were  found best  sui ted  for this s tudy,  where  high 
electr ic  conduct iv i ty  and low pH mus t  s imul taneous ly  
be mainta ined .  Add ing  a smal l  amount  of concen-  
t r a t ed  T h y m o l - b l u e  solut ion to a l a rge  volume of 
NaC1-HC1 solut ion avoids difficulties dur ing  the p r e p a -  
ra t ion  of e lectrolyte ,  such as p rec ip i ta t ion  due to low 
pH and common ion effects. 

F igu re  1 shows a schemat ic  d iag ram of the exper i -  
men ta l  setup. The e lec t ro ly t ic  cell  is a f ive-sided rec-  
t angu la r  box wi th  an open top in which two ver t ica l  
copper  electrodes are  fitted in pa ra l l e l  posi t ion against  
opposi te  walls.  The cell  a ssembly  is p laced inside a 
f rame on whose top a mi r ro r  incl ined at  45 ~ toward  the 
e lec t ro ly te  surface is mounted.  The ent i re  assembly  is 
p laced  be tween  the pole  faces of a r egu la ted  d -c  elec-  
t romagnet .  Diffused photo-f loodl ight  is p rov ided  f rom 
the back  and photographic  filters a re  used to match  the 
exposure  r equ i red  for the top view th rough  the mi r ro r  
and  for  the d i rec t  f ront  v iew of the  e lec t ro ly te  in the  
cell. Photographs  were  taken  in a p r ede t e rmined  t ime 
sequence th roughout  each exper iment ,  where  the  vol t -  
age drop across the  cell  and the magnet ic  field s t rength  
imposed t r ansve r se ly  to the  electr ic  field a re  set to 
des i red  values.  F igures  2-4, chosen out  of about  2500 
photographs,  i l lus t ra te  typica l  :3ow pa t te rns  in na tu ra l  
convect ion at  ver t ica l  plates.  At  zero t ime a vol tage  
drop of 2.5V was set be tween  the pure  copper  elec-  
trodes.  The e lec t ro ly te  solut ion was made  up of 0.1 g 
dm -8 Thymol  blue, 0.998 mole  d m - ~  NaC1, and 0.0025 
mole  d m - ~  HC1. The photographs  show ins tantaneous  
flow pa t te rns  exis t ing at  5, 30, and 120 sec, af ter  s ta r t  
of electrolysis ;  each t ime ins tant  is i l lus t ra ted  by  one 
figure showing the effect of the imposed magnet ic  field 

at  the flux dens i ty  of 0.004, 0.I00, 0.285, and  0.540 
Tesla. The upper  pa r t  of each pho tograph  gives the 
view of the  e lec t ro ly te  surface  ( top view) as seen 
th rough  the mir ror ,  and the lower  par t  gives the f ront  
v iew of the  e lec t ro ly te  in  the cell. 

Since i t  is r a the r  difficult to r epresen t  t h r e e - d i m e n -  
sional flow by two-d imens iona l  images, the best  r e -  
cording v ia  photographic  means  is by  tak ing  at  the  
same t ime ins tantaneous  pic tures  of the  flow pa t t e rn  
at  mu tua l ly  pe rpend icu la r  directions.  In  this manne r  
th ree -d imens iona l  s t ruc ture  m a y  be visualized.  

In  discussing the complex  na tu re  of the  flow p a t t e r n  
of the  m a r k e d  fluid leaving the cathode, reference  is 
made  to Fig. 5. The coordinate  sys tem is defined in 
the  fol lowing manner :  x -d i rec t ion  f rom cathode 
towards  anode, z -d i rec t ion  f rom free surface toward  
bottom, and y -d i rec t ion  mu tua l ly  pe rpend icu la r  to 
both x and z. 

Due to the physical  na ture  of the cathode process 
under  these opera t ing  conditions (cur ren t  densi ty  at  
5 sec about  120 A . m  -2) the m a r k e d  fluid rises at  the  
cathode (Vz < 0) and reaches the free surface as seen 
in Fig. 2. At  ve ry  low magnet ic  flux densit ies  ( res idual  
field of 0.04T) the m a r k e d  fluid t rave ls  on the f ree  
surface (xy plane)  toward  the cathode but  w i th  a Vy 
veloci ty  component  in the  di rect ion point ing a w a y  
from the cell  wall,  thus creat ing two flows a t  the sur -  
face whose momen tum exchange genera tes  a flow in 
the z-d i rec t ion  (xz plane)  as shown by  the da rk  l ine 
in the upper  view in Fig. 3a. The xz plane  cor respond-  
ing to this l ine may  be denoted  as the  centra l  plane.  In  
this flow pa t t e rn  Vz near  the cent ra l  p lane  is posi t ive 
and near  the wal ls  negative.  Motion in the y -d i rec t ion  
extends f rom wal ls  to the  cent ra l  p lane  near  the  f ree  
surface, and f rom centra l  p lane  to wal ls  in  the v ic in i ty  
of the cell bottom. Vz reaches  a posi t ive m a x i m u m  at 
the free surface, then  becomes progress ive ly  sma l l e r  
as z increases;  i t  f inal ly becomes negat ive  in the  
ne ighborhood of the  bottom. As t ime progresses,  this  

Fig. 2. Flow patterns in the electrolytic cell at various magnetic flux densities at $ sec after the start of electrolysis. (a) 4 mT, (b) 
100 mT, (c) 285 roT, (d) 540 mT. 
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Fig. 3. Flew patterns in the electrolytic cell at various magnetic f l .x  densities at 30 sec after the start of electrolysis. (a) 4 mT, (b) 
100 mT, (c) 285 mT, (d) 540 roT. 

Fig. 4. Flow patterns in the electrolytic cell at various magnetic flux densities at 120 sec after the start of electrolysis. (a) 4 roT, (b) 
100 roT, (c) 285 roT, (d) 540 mT. 
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Fig. 5. Definition of the coordinate system and coordinate planes 

development results in a typical pattern shown in 
Fig. 4a; the freshly marked fluid is confined to the 
cathode area. In the meantime, the "old" marked fluid 
becomes very faint and finally disappears due to diffu- 
sion of H ions from the bulk. 

The imposition of a magnetic field will increase Vy 
in one direction and decrease it in the opposite direc- 
tion, the net result being the displacement of the cen- 
tral plane towards one of the walls. Even at as weak a 
field as 0.1T, this distortion of Vy can be strong enough 
to suppress this velocity component in the opposite 
direction and the central plane essentially coincides 
with one wall. The stronger the magnetic field, the 
larger the magnitude of Vy as clearly seen in Fig. 2. 
The marked fluid no longer covers the entire free sur- 
face but it is confined to a triangle whose outer edge 
is defined by the marked fluid leaving the opposite edge 
of the cathode. As the magnetic field strength is in- 

creased this triangle is formed increasingly faster but 
its size becomes smaller. The flow developed in this 
case is similar to the flow observed in very weak mag- 
netic fields, with one cell wall virtually "replaced" by 
the central plane. Magnetohydrodynamic forces, due 
to combined electric/magnetic fields, generate faster 
motion and result in the expansion of the marked 
fluid confined to the cathode areas, as shown in Fig. 4. 

The potential usefulness of this flow visualization 
technique is by no means restricted to magnetically 
enhanced natural convection, although this particular 
example is a very good illustration of its value. Fresh 
marking of the fluid is done continuously by the elec- 
trolytic process at the cathode and the coexistence of 
marked and unmarked l~uids, and their travelling 
boundary can easily be observed. No "abstract" visuali- 
zation is required and the possibility of motion mis- 
judgment is minimized. The technique is equally prom- 
ising for the study of flow patterns generated by dif- 
ferent shapes and orientations of two-dimensional and 
three-dimensional electrodes and, in general, for vari- 
ous investigations of transport phenomena where the 
surface under study can be made cathodic for continu- 
ous marking of the fluid leaving the surface. 
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The Effect of Zirconium on the Isothermal Oxidation of 
Nominal Ni-14Cr-24AI Alloys 
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ABSTRACT 

The i so thermal  ox ida t ion  of Ni-14Cr-24Al-xZr ,  typica l  ~./~' + ~ alloys, was  
per fo rmed  in st i l l  air  a t  1100 ~ 1150 ~ and 120O~ for t imes up to 200 hr. The 
z i rconium content  of the al loys var ied  f rom 0-0.63 a tom percent  ( a /o ) .  The 
oxidized surfaces were  s tudied by  opt ical  microscopy, x - r a y  diffraction, and 
scanning e lect ron microscopy. The base al loy was an  a lumina  former  wi th  the  
z i rconium-conta in ing  alloys also developing some ZrO2. The addi t ion of z i r -  
conium above 0.066 a /o  increased the ra te  of weight  gain re la t ive  to the base 
alloy. D u e t o  oxide penetra t ion,  the weight  gain increased wi th  Zr content, how-  
ever, the scale thickness did  not increase.  The Zr did increase the adherence  of 
the  oxide, pa r t i cu l a r ly  at  1200~ The AW/A vs. t ime da ta  fit the parabol ic  
model  of oxidat ion.  The specific difffusion mechanism opera t ive  could not  be 
identif ied by  analysis  of the ca lcula ted  ac t iva t ion  energies.  Measurements  of 
the  Al~O8 scale la t t ice  constants  y ie lded  the same values  for a l l  alloys.  

The ex ten t  of adhesion of oxide scales to a subs t ra te  
is one of the most  impor t an t  indicators  of high tem-  
pe ra tu re  cyclic ox ida t ion  resis tance of an alloy. Poor  
adhesion m a y  resul t  in spal l ing of the oxide to bare  
meta l  on cooling to room tempera ture .  Good adhesion 
does not  necessar i ly  e l iminate  spalling, bu t  res t r ic ts  i t  
to wi th in  the  oxide l aye r  and, in general ,  resul ts  in  
subs tan t ia l ly  lower  me ta l  consumption rates  in cyclic 
tests. 

A smal l  addi t ion of ra re  ea r th  e lements  or react ive  
e lements  such as Si (1-6) has of ten resul ted  in a s ig-  
nificant improvemen t  of the cyclic oxida t ion  resis tance 
of al loys p r imar i l y  by  increas ing scale adhesion. The 
mechan i sm(s )  by  which these t r amp  elements  can 
improve  oxide adhesion is not  c lear ly  understood.  
Severa l  mechanisms have been proposed. In  the me-  
chanical  pegging model  (2, 4, 6) i t  has been  proposed 
that  oxide pegs are  developed at  the ox ide -a l loy  in te r -  
face which  p reven t  oxide spal la t ion  dur ing  cycling. On 
the other  hand, in the vacancy sink model  (7) i t  has 
been proposed  tha t  format ion  of voids at  the  ox ide-  
a l loy in ter face  leads to poor oxide  adhesion. The added  
t r amp e lements  are  pu rpor t ed  to prevent  void l o rma-  
t ion and, therefore,  enhance oxide adhesion. I t  has 
also been suggested tha t  the  added  e lement  might  
form s t ronger  chemical  bonds across the a l loy-ox ide  
interface  (8). The subject  of oxide adhesion has been  
t rea ted  by  Wr igh t  (9) and by  Giggins and Pe t t i t  (10) 
who included references  up to 1975. 

Recent ly  Gol ight ly  et al. (11) proposed  tha t  in the 
absence of ra re  ea r th  addit ions,  oxide growth  occurs 
wi th in  the exis t ing l aye r  and the la te raI  stresses re -  
sul t ing f rom this g rowth  cause oxide de tachment  at  
the oxidat ion  t empe ra tu r e  which resul ts  in extens ive  
spal l ing dur ing  cooling. Oxide growth  wi th in  the exis t -  
ing l aye r  was also assumed to be responsible  for the  

1 P r e s e n t  address: Pratt & W h i t n e y  A i r c r a f t ,  W e s t  P a l m  B e a c h ,  
F l o r i d a  33402. 

Key  w o r d s :  scale  adhesion, scale spa l l ing ,  a l u m i n u m  oxide ,  
n i c k e l  a l u m i n u m  oxide. 

observed convoluted oxide configuration. Addi t ions  of 
y t t r i um may  p reven t  oxide fo rmat ion  wi th in  the  layer  
and thus cause the oxide  g rowth  to occur at  the a l loy-  
oxide interface.  This would  resul t  in an adheren t  scale. 
Despite various models  proposed  to exp la in  the  en-  
hanced oxide adhesion by  t r amp  addit ions,  i t  has not  
been possible as ye t  to ra t ional ize  a l l  the observed 
oxidat ion  character is t ics  of t r a m p - e l e m e n t  containing 
alloys by  any of these models. 

Previous  publ icat ions  I rom NASA Lewis Research 
Center  on the oxida t ion  of Ni-Cr-A1 alloys (12, 13) 
indica ted  that  al loys mel ted  in zirconia crucibles have 
significantly improved  cyclic ox ida t ion  and hot  cor-  
rosion resistance compared  to comparable  al loys wi th  
no significant zirconium. In view of these resul ts  i t  
was decided to cr i t ica l ly  examine  the role of z i rconium 
in the high t empera tu re  oxida t ion  resis tance of 
Ni-Cr-A1 alloys. As a first step, this paper  describes the  
effect of smal l  amounts  of z i rconium on the i so thermal  
oxidat ion  on a Ni-Cr-A1 alloy. This composit ion was 
chosen as represen ta t ive  of a wide range  of a lumina-  
forming alloys wi th  good cyclic oxida t ion  resis tances 
as was demons t ra ted  in Ref. (12). In  this paper  the  
effects of z i rconium on the i so thermal  oxidat ion  of 
these al loys is descr ibed in terms of scale growth  and 
adhesion. A deta i led  cyclic oxidat ion  s tudy  is in p r e p a -  
ration. 

Materials 
Chemical  compositions and the rmal  his tories  of the 

al loys p repared  for this inves t iga t ion  are  presented  in 
Table I. Composit ions of the al loys were  de te rmined  
both by  s t andard  wet  chemical  methods  and by  atomic 
absorpt ion spectroscopy. In Table I, composit ions are  
expressed in both weight  percent  (w/o)  and a tom 
percent  ( a /o ) .  The concentra t ion of chromium var ied  
f rom 12-19 a /o  while  that  of a luminum var ied  f rom 
22-26 a/o. The concentra t ion of z i rconium var ied  be-  
tween 0 and 0.63 a/o. For  the  sake of s impl ic i ty  in 
identif icat ion in this r epor t  and also to emphasize  the  

670 
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Table I. Alloy designation, heat number, composition, and melt history of the Ni-Cr-A[ 
test alloys with Zr additions 

671 

Composition, (a/o) 

Alloy No. Heat No. Ni Cr A1 Zr 
Composition, (w/o) As-cast 

Ni Cr A1 Zr Melt history phases 

I- (O) 5C Bal. 13,89 25.74 0 
II-(0) 570-IN. Bal. 12.22 22.07 0 
II-(0)A 570-IN. Bal. 12.22 22.07 0 

IH-(0.038) 6B Bal. 19.17 24.40 0.038 

IV-(0.066) 5A-orig. Bal. 14.35 23.65 0.066 
V-(0.33) 570-M-3 Bal. 12.30 23.17 0.33 

VI-(0.65) 5A-HI-Z Bal. 14.01 22.34 0.63 Bal. 

Bal. 14.56 14.00 0 Certified Alloy master ingot a,~,'~,'v' 
Bal.* 12.49 11.70 0 Cannon Muskegon master  ingot a,~,%'y' 
Bal.* 12.49 11.70 O Induction melted from II-(0) master  

ingot in alumina crucible and 
poured into zirconia leaf mold 

Bal. 20.06 13.25 0.07 Induction melted from e lemental  a,~,%'/ 
constituents in zirconia crucible 
and poured into zirconia leaf mold 

Bal. 14.85 12.70 0.12 Same procedure as HI-(0.038) a,~,%'y' 
Bal. 12.63 12.35 0.60 Induction melted from II-(0) master  a,~,%'v' 

ingot in alumina crucible with 0.33 
a/o Zr added and poured into 
zirconia leaf mold 

14.32 11.85 1.13 Same procedure as HI-(0.038) but a,~,%'~' 
held longer in crucible to pick up 
additional Zr 

�9 Contains 1.5 w / o  Fe picked up from steel  mold. 

var ia t ion  of oxidat ion propert ies  wi th  zirconium con- 
tent, the alloys studied have been represented by a 
general  composition, Ni-14Cr-24Al-xZr,  whi le  the 
actual  composition s are  shown in Table I. The alloys 
wil l  be re fe r red  to by the Roman numera ls  f rom Table 
I wi th  the z i rconium atom percent  in parentheses.  The 
Zr - f fee  alloys were  machined direct ly  f rom vacuum 
induct ion mel ted  master  heat  ingots or  f rom these 
master  ingots induct ion remel ted  in a lumina crucibles. 
The alloys III-(0.038),  I~-(0.066),  and VI-(0.63) were  
vacuum induct ion mel ted  using individual  e lements  in 
zirconia crucibles and poured into zirconia leaf  molds. 
These three alloys picked up Zr f rom the zirconia cruci-  
ble. Al loy VI-(0.63) was held mol ten  in the crucible 
for a longer  t ime than usual which accounts for the 
h igher  pickup. An  addit ional  alloy V-(0.33) was in-  
duction vacuum remel ted  f rom a master  ingot in an 
a lumina crucible wi th  0.33 a /o  Zr added to the mel t  
and poured into a zirconia leaf mold. T h e  phase dia-  
g ram of the Ni-Cr-A1 system is presented in Fig. 1 
(14). The alloys tested are plot ted on this t e rnary  at 
the i r  specific Cr and A1 levels. The Zr composition is 
also listed. 

Metal lographic analysis on the alloys showed that  
they have s imilar  structures.  A typical photomicro-  
graph is presented in Fig. 2. The s t ructure  is charac-  

(a) I (0) 
(b) II (0) 
(c) I l l  (0.038) 
(d) IV (0.066) 
(e) V (0. 33) 

TEST ALLOYS ~ (fl Vl (0.63) 
/ ,, 

�9 OAIOZr / \ 
�9 VARIOUS ZF / \ 

LEVELS / / ~ 0  ,/- D + ~" 

/ 

\ /  

50 40 30 20 10 
A/O Cr 

Fig. 1. The phase diagram of the Ni-Cr-AI system at 1150~ 
after Floyd and Taylor (14). 

terized by 7 (nickel solid solution),  "v' (Ni~A1 type) ,  
and ~ (NiA1) phases wi th  small  part icles of ~Cr 
(chromium solid solution) in the ~ phase. The 
presence of ~, 8, % and 7' and a possible segrega-  
tion of zirconium in the mat r ix  were  invest igated 
by SEM, EDS, and e lementa l  x - r ay  scan. These 
procedures were  per formed  on the al loy wi th  t h e  
m axim um  Zr content  in the series, i.e., VI-(0.63).  The 
SEM micrograph of the alloy VI-(0.63) presented in 
Fig. 3 shows the cubic -y' phase in the ma t r ix  of 7 and 
that  ~Cr is randomly  dis tr ibuted in the ~ phase. The 
EDS spectra shown in Fig. 3 give the peak intensi ty  
for the wave  lengths of the elements.  These peaks are 
qual i ta t ive  indication of re la t ive  abundance only. The 
e lementa l  x - r a y  micrograph for z i rconium did not 
show any zirconium enriched area (Fig. 3), a l though 
the spectrum trace showed that  z i rconium was pres-  
ent. It is therefore  concluded that  the t ramp zirconium 
in the alloys studied is un i formly  dis tr ibuted and the 
solubil i ty of z i rconium in this class of alloys is in ex-  
cess o2 0.63 a/o. 

Procedure 
The isothermal  oxidat ion of the Ni-14Cr-24Al-xZr  

type alloys was per formed in static air. Oxidat ion 
coupons were  22 • 10 X 2 m m  wi th  a hole dri l led in 
one end for suspension in the ceramic tube furnace. 
Pr ior  to testing, specimens were  ul t rasonical ly  cleaned 
in alcohol. Isothermal  oxidat ion exper iments  were  
carr ied out at several  tempera tures  in the range  1000 ~ 
1200~ for periods of up to 200 hr. The specimens were  
suspended with  a p la t inum hanger  f rom a Met t le r  H - 2  

Fig. 2. Representative microstructure of Ni-14Cr-24AI-xZr. Here 
the concentration of zirconium is 0.066 a/o; alloy IV-(0.066). 
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Fig. 3. SEM (a), elemental x-ray micrograph for Zr (b), and EDS 
spectrum of Ni-14Cr-24AI-0.63 Zr (c). Peaks in (c) are Ni Lc~ at 
0.85, AI Kc~ at 1.49, Zr La at 2.04, Cr Ks at 5.41, Cr K~ at 5.95, 
Ni Ks at 7.47, and Ni K~ at 8.26 keV. 

recording balance. At  the start  of the test the furnace 
was heated to the test temperature  and oxidation was 
ini t iated by raising the furnace. The tempera ture  of 
the furnace was controlled to wi th in  ___2~ At various 
time intervals,  the weights of the specimens were ob- 
tained as a digital mil l ivolt  (mV) printout.  The weight 
data were also recorded cont inuously on a strip chart  
recorder. Data were s imul taneously  pr in ted on two 
channels and the weights obtained were general ly  
wi th in  __0.1 mg of each other, bu t  occasional var iat ion 
of as much as 0.5 mg in  the weight was observed be-  
tween them. The max imum scatter in ~VC/A was about 
___0.1 mg/cm 2. In  addit ion to this, there was a loss of 
p la t inum from the hanger  due to volati l ization at tem- 
perature. It was necessary to correct each weight 
change value for this loss. Blank experiments  were 
performed with Pt-13Rh suspension rod at 1100 ~ 1150 ~ 
and 1200~ for 200 hr. The weight loss of the hanger  
was found to be near ly  linear. The total weight loss of 
the hanger  for 200 hr  at 1100 ~ and 1150~ was below 
5 mg, but  at 1200~ the weight loss was close to 10 mg. 
The loss of the suspension rod will  depend on the quan-  
t i ty of material ,  test temperature,  the temperature  
gradient  to which it  is exposed, and the subsequent  
condensation of the vaporizing species on the cooler 
par t  of the suspension rod. Therefore, the weight of 
the hanger  rod was recorded at the beginning and a t  

the end of every exper iment  and with correction for 
the weight loss applied assuming a l inear  weight loss. 
From such corrected data, the parabolic scaling con- 
stants were calculated for 30.5 hr oxidation times. 
Weights at t ~- 0 hr were de termined by back extrapo- 
lation. 

At the completion of the test the furnace was rapidly 
lowered and the sample was surrounded by  a Pyrex  
beaker  to catch any  spall as the sample cooled. This 
spall was subsequent ly  analyzed by x - r ay  diffraction. 
To re ta in  the scale formed at temperature,  several 
samples were potted in  a low mel t ing point  alloy 
(Cerrobend).  These oxidized specimens were rapidly 
removed from the furnace and held in  a cavity made 
from an a luminum block and potted by pouring mol-  
ten metal  a round the hot sample. After  cooling, the 
alloy mount  was removed from the a l u m i n u m  block 
and sectioned for examination.  

Treatment  of Data 
Kinetic data obtained for the isothermal oxidation 

of the nominal  Ni-14Cr-24A1-Zr alloys at 1100 ~ 1150 ~ 
and 1200~ were fitted to a parabolic model of oxida- 
tion. This model assumes the oxidation to be diffusion 
controlled. Mathematically,  the expression is given by 
A W / A  ~- kpl/2t 1/2, where AW is the weight  change at 
any time, t; A is the area of the specimen; and  kp is 
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Table II. Summary of phases observed after isothermal oxidation of 
Ni-14Cr-24AI(Zr) in air for 200 hr 

673 

Alloy Zr (a/o) Temp, ~ Surface phases Spall 

VI- ( 0.63 ) 0.63 1 2 0 0  AI~,NiA120~ZrO~* AlsO3,NiOoNiAlsO4,ZrO~* 
VI- ( 0.63 ) 0.63 1 1 5 0  AI~O~,NiAI~,ZrO~* AI~Os,NiO,NiAI~. O~ZrO~* 
VI- ( 0.63 ) 0.63 1 1 0 0  AI~O~,NiAI~O4~ZrO~* AI~O~,NiO,NiAI20~ZrO~* 
V- ( 0.33 ) 0.33 1 2 0 0  AlsOs,NiAI~4~ZrO~ * AI~Os~NiO,NiAlsO~,Zr O~* 
V- (0.33) 0.33 1 1 0 0  Al~O~,NiAbO~,ZrO~* AI~Os,NiO,NiA1204,ZrO~* 
IV-(0.066) 0.066 1200 A1203,Ni S.S.t,ZrO2* None detected 
1V-(0.066} 0.066 1150 AhO~,Ni S.S.~,ZrO2* None detected 
IV- (0.066) 0.066 1100 AhO3,Ni S.S.~,ZrO2* None detected 
III-(0.038) 0.038 1200 A12Oz,Ni S.S. None detected 
IH- (0.038) 0.038 1150 A120~,ZrOsoNi S.S. None detected 
HI- (0.038) 0.038 1100 AhOs,NiAJ~O~N1 S.S. None detected 
I- ( 0 ) 0 :1200 Al~O~.2~'i S.S. AhO~ 
I- (0) 0 1100 AI~O~,Ni S.S. AI~O~ 

* ZrO~: cubic and monoclinic. 
$ Ni S.S.: nickel  solid solution. 

the parabolic constant. The AW/A vs. t ime data were 
treated by a regression analysis which yielded kpl/2; 
s tandard  error  of estimate, ~; and the coefficient of 
determination,  R 2. The regression equations and the 
computer  programs for the calculation have been de- 
scribed by Barre t t  et al. (15). In  most cases the fit 
was excellent  with R2 values over 0.90. At all tem-  
peratures the kp 1/~ (and therefore kp) values were 
evaluated using all the data up to 30.5 hr. 

The kp'/~ estimates derived from the shorter t ime 
data were used to compute the expected AW/A values 
at both 30.5 and 200 hr. These values (AW/Acalc.) a r e  
listed along wi th  the actual  observed values (AW/Ao~s.) 
where avai lable for comparLson. 

Results and  Discussion 
Metallographic and x-ray analyses.--The s u r f a c e  a n d  

the spalled oxides were analyzed by x - r ay  diffraction 
(XRD). Oxidized surfaces were also characterized by  
meta l lography and SEM. The results of XRD are shown 
in  Table II, from which it is seen that  a lumina  was the 
p r imary  oxide formed in  the tempera ture  range 1100 ~ 
1200~ In  addit ion to A120~, some ZrO2 (cubic and 
monoclinic)  and the spinel NiA1204 (ao : 8.10A) were 
also formed on the alloys containing Zr, Photomicro- 
graphs obtained from alloys IV-(0.066) and V-(0.33) 
tested at 1150~ and which were cooled in  air, are 
shown in Fig. 4. The s t ructure  shown in Fig. 4 is 
characterized by the presence of oxide penet ra t ion  
and is typical of the alloys containing Zr. Oxide pene-  
t ra t ion increased considerably with the Zr content of 
the alloy and with temperature.  The zero zirconium 
alloy did not show any oxide penetrat ion.  Metallog- 
raphy to obtain the total oxide scale along with oxide 
penet ra t ion  was difficult due to external  scale spalling 
dur ing  cooling. In  order to observe the total scale, 
cer tain samples containing 0, 0.066, and 0.63 a/o Zr 
were potted in  a low melt ing point  alloy (Cerrobend) 
which prevented the scale from spall ing dur ing cool- 
ing. A cross section of the scales in  the Cerrobend 
mount  is shown in  Fig. 5 for alloys containing 0,0.036, 
and 0.63 a/o Zr. An  examinat ion  of Fig. 5 shows that  
the oxide scales of all the alloys appeared to have 
been re ta ined by this procedure. It  may also be seen 
that the alloys exhibit  an oxide penet ra t ion  which in -  
creases with Zr content, while the outer scale thick- 
ness was near ly  independent  of Zr content. This would 
indicate that  the increase in  oxidation kinetics (see 
below) is due pr imar i ly  to increases in  oxide pene t ra -  
tion ra ther  than scale growth. 

SEM and elemental  x - r ay  micrographs of the V- 
(0.33) alloy at 1200~ are presented in  Fig. 6. An  
examinat ion  of Fig. 6 reveals that no Zr is concentrated 
near  the surface. Alo~O~ penetrates  from the surface to 
a depth of about 50 ~m. Zr concentrat ion away from 
the surface appears to be associated with the a lumina  

penetration.  This microstructure  is t y p i c a l  o f  all Zr -  
containing alloys. 

Kinetic data.--The specific weight  change (AW/A) 
data are plotted in  Fig. 7. The test temperatures  repre-  
sented are 1100 ~ 1150 ~ and 1200~ and times are to 
200 hr. Duplicate runs were plotted in  several  c a s e s  

Fig. 4. Oxide penetration in Ni-14Cr-24AI-xZr. Zr contents for 
(a) and (b) are 0.066 and 0.33 a/o, respectively. Specimens were 
isothermally oxidized for 200 hr at 1150~ 
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Fig. 5. Cross section of scales obtained during isothermal oxida- 
tion of Ni-14Cr-24Al-xZr alloys for 100 h.r at 1200~ Zr concen- 
tration for (a), (b), and (c) are 0, 0.06, and 0.63 a/o, respectively. 
Immediately after oxidation, samples were dropped into low melt- 
ing point alloy to retain the surface oxide. 

to  a l l o w  a n  e v a l u a t i o n  o f  o v e r - a l l  v a r i a b i l i t y .  T h e  d e -  
r i v e d  p a r a b o l i c  k i n e t i c  c o n s t a n t s  a r e  l i s t e d  in  T a b l e  I I I  
a n d  t h e  a v e r a g e  kp 's  a r e  p l o t t e d  i n  F ig .  8. A t  1150 ~ 
a n d  1200~ kp b e c a m e  s l i g h t l y  s m a l l e r  as  Z r  i n c r e a s e d  
to 0.038 a / o .  F u r t h e r  i n c r e a s e s  i n  Z r  c o n t e n t  r e s u l t e d  
i n  l a r g e  i n c r e a s e s  i n  t h e  c a l c u l a t e d  kp. A s  n o t e d  a b o v e ,  
t h i s  i n c r e a s e  in  w e i g h t  g a i n  is p r i m a r i l y  a s s o c i a t e d  w i t h  

i n c r e a s i n g  o x i d e  p e n e t r a t i o n  r a t h e r  t h a n  w i t h  a n  i n -  
c r e a s e d  s ca l e  g r o w t h ,  S i n c e  s u c h  o x i d e  p e n e t r a t i o n  
r e p r e s e n t s  a m a j o r  p o r t i o n  o f  t h e  t o t a l  c h a n g e  i n  
w e i g h t ,  t h e  p a r a b o l i c  s c a l i n g  c o n s t a n t s  d e r i v e d  f r o m  
a l l o y s  w i t h  s u b s t a n t i a l  o x i d e  p e n e t r a t i o n  c a n n o t  b e  
u s e d  to c a l c u l a t e  sca le  t h i c k n e s s .  H o w e v e r ,  t h e y  c a n  
be  u s e d  to d e t e r m i n e  t o t a l  m e t a l  c o n s u m p t i o n .  

Table Ill. Parabolic fit of Ni-14Cr-24A alloys with various Zr levels based on 0-30.5 hr isothermal 
data (weight change corrected for Pt hanger loss) 

30.5 hr  values 200 hr values 
Temp, 

Alloy n ~ kp~/2 kp R e S.e.e.((r) AW/Aobs. AW/Aralr AW/Aobs. AW/Acah.. 

VI-(0.63) 28 1200 1,23048 1.51408 0.999 0.16 6.96 6.80 21.87 17.40 
VI- (0.63) 28 1200 1,14138 1.30275 0.999 0.14 6.61 6.30 - -  16.14 
V-(0.33) 28 1200 0,685079 0.46933 0.999 0.06 3,89 3.76 11,86 9.69 
V-(0.33) 28 1200 0 ,679313  9.461461 0.998 0.10 3.85 3.75 12,30 9.61 
IV- (0.066) 28 1200 0 . 1 0 3 8 6 0  0.010787 0.885 0.14 0,83 0.57 1,89 1.47 
IV-(0.066) 28 1200 0 , 1 0 9 3 5 7  0.011959 0,993 0,03 0.56 0.57 1.99 1.55 
III- (0.038) 28 1200 0,0662657 0,0074418 0.960 0.06 0,50 0.48 1.53" 1.22 
II- (0) 28 1200 0 . 1 8 5 2 0 8  0.0343020 0.998 0,03 ~.05 1_02 2.1Z 2.62 
ll-[O)a 28 1200 0 , 1 5 7 3 5 6  0.9247609 0.988 0.06 0.87 0,87 2.23 
l]-(O)a 28 1200 0 . 1 3 5 5 1 3  0.0163638 0.978 0.07 0.75 0.75 1~'67 1.92 
I-(0) 28 1200 0 . I 3 4 ~ 8 6  0,018,1942 9,98I 0.07 0.84 0,74 1,89 1.9I 
I-(0) 28 1200 0 . 2 4 4 5 8 6  0.0598223 0.995 0,06 1.37 1.35 2.99 3,40 

VI-(O.63) 28 1150 0 . 5 4 4 5 3 0  0,290519 0.999 0.65 3.03 3.01 7.99 7.70 
V-(0,33) 26 1150 0 .349995  0,122496 0.999 0.04 2.02 1_93 5.09 4.95 
IV- (0,066) 28 1150 0 . 1 2 0 8 4 0  0.0146923 0.977 0.07 0,62 0.67 1,63 1.71 
IlI- (0,038) 28 1150 0.0434558 0.0018884 0,979 0.02 0,26 0.24 0,84 0.61 
If- (0) 28 1150 0 , 0 8 7 9 6 4  0.0077377 0.973 0.05 0,46 0.49 1.43 1.24 

VI-(0.63) 28 II00 0 , 2 7 1 0 3 9  0.0734621 0.986 0.12 1.41 1_50 2,98 3.83 
V-(0.33) 28 ii00 0 1 1 9 8 3 2  0.0143597 0.983 0.06 0.74 0.66 1.94 1.69 
IV-(0.066) 26 1100 0 , 1 0 9 9 0 6  0.0120793 0,969 0.07 0.61 0.61 1.35 1.55 
III- (0.038) 28 1100 0.04860,02 0.0'023620 0.973 0.03 0.24 0.27 0.53 0.69 
II-(O)a 28 1100 0.0295981 0.00087604 0.896 0.04 0.16 0.16 0.68 0.42 
I.(O) 26 1100 0.0465930 0.0021709 0.968 0.03 0.25 0.26 - -  0.66 

" 190 .5  h r .  
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Fig. 6. Distribution of AI and Zr on Ni-14Cr-24&I cross section after 200 hr at 1200~ (0.33 a/o Zr); 1500X 

In  an a t t empt  to eva lua te  the t e m p e r a t u r e  depend-  
ence of the shor t  t ime (30.5 hr )  kp values  in  l ight  of 
t he '  diffusion of A1 and O in A120~, the da ta  were  
p lo t ted  as kp vs. 1iT in Fig. 9 and ac t iva t ion  energies  
computed.  For  comparison,  diffusion da ta  of Pa ladino  
and K inge ry  (16, 17) and  Oishi and  K i n g e r y  (18) are  
also p lo t ted  on Fig. 9. In  addit ion,  da ta  up to 48 hr  for 
the  oxida t ion  of a pure  NiCrA1 al loy repor ted  by  Gig-  
gins and Pe t t i t  (19) a re  plot ted.  Excep t  for  a l loy 

IV-(0.066) the  ac t iva t ion  energies  der ived  f rom the 
present  s tudy  are  r e m a r k a b l y  consistent  (see Table  
IV).  The act ivat ion energies  range  f rom --114 to --123 
kca l /mole  [except  for a l loy  IV-(0.066)]  and  are  con- 
sistent  wi th  the da ta  of Giggins and Pe t t i t  (19). Un-  
for tunate ly ,  l i t t le  insight  can be gained f rom these 
da ta  in r ega rd  to which diffusing species is control l ing 
oxidat ion  as the  ac t iva t ion  energies ca lcula ted  a r e  
s imi lar  to those for  both A1 and O in po lye rys ta l l ine  
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Fig. 7. Selected specific weight change vs. time plots for Ni- 
14Cr-24AI alloys with various Zr levels at (a) 1100~ (b) 1150~ 
and (c) 1200~ in still air. 

A1203 at high tempera tures  (17, 18). The  data for 
alloy IV-(0.066) are anomalous. The kp is near ly  in-  
dependent  of t empera ture  which could indicate a 
change in oxidat ion or diffusion mechanism. How-  
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Fig. 8. Average parabolic scaling constants of nominal Ni-I4Cr- 
24AI alloys as a function Zr content. The kp values are computed 
from data up to 30.5 hr. 
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Fig. 9. Comparison of the average parabolic scaling constant of 
NiCrAI alloys with AI and O diffusion rate constants in AI20m 
NASA kp values are computed from data up to 30.5 hr. 

ever, at this Zr concentration, the oxides formed were  
essential ly the same based on the analyses per formed 
for all temperatures .  In addition, micros t ruc tura l  ex-  
aminat ion of this alloy revealed substant ial ly the same 
oxide penetra t ion regardless of t empera tu re  (see 
Fig. 10). This effect deserves fu r the r  attention. 

Oxide adhesion.--The kinetics of scale format ion 
are an impor tant  par t  of the oxidat ion process. Equal ly  
important,  however ,  in cyclic oxidat ion is the role of  

Table IV. Calculated oxidation activation energies in the 
1100~176 range for some NiCrAl(Zr) alloys 30.5 hr data 

Alloy - E  (kcal/mole) 

I and II-(0) 121.7 
III- (0.038)" 114.0 
IV-(0.066) 
V- (0.33) ,117.8 
VI-(0.63) 118.7 
Giggins and Pettitf 122.9 

* ll00~ point not included. 
f 48 hr data obtained on Ni14Cr13A1 alloy (17). 
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Fig. 10. Microstructure of IV-(0.066) after 200 hr in air oxidation 

oxide adhesion and spall ing,  Whi le  these tests were  
not  a imed  specifical ly at  the l a t t e r  phenomena,  the  
changes in oxide  adhesion wi th  z i rconium were  d ra -  
matic .  F igures  11 (a) th rough  (f) show SEM photo-  
graphs  of the  surface of I - ( 9 ) ,  IV-(0.066),  and  V-  
(0.33) a f te r  200 h r  in a i r  a t  1200~ The I - ( 0 )  sample  
shows spal l ing to ba re  me ta l  over  m a j o r  por t ions  of 
the surface. The r ema in ing  oxide is convoluted  and 
is only  in pa r t i a l  contact  wi th  the  metal .  This A12Oa 
scale morpho logy  is qui te  s imi la r  to tha t  found by  
Gol ight ly  (11) and perhaps  is an  indica t ion  of his 
l a te ra l  g rowth  stress mechanism. 

The SEM photographs  of IV-(0.066) and V-(0.33) 
show tha t  wha t  spa l l ing  has t aken  place  is a l l  wi th in  
the  oxide, i.e., no ba re  me ta l  spall ing.  These two a l -  
loys appear  to spal l  as smal l  p la te le t s  of sheets of 
oxide  resembl ing  mica. This behav ior  is most  s t r ik -  
ing ly  observed  on the surface of the V-(0.33) .  Of a l l  

Table V. Lattice constants of AI203 formed on NiCrAI alloys after 
150 hr at 1200~ Debye Scherer powder pattern 

Alloy a/o  Zr  ao Co 

I 0 4.759 -- 0.001 13.002 -4- 0.005 
V 0.33 4.756 -- 0.002 1_3.005 • 0.004 
VI  0.63 4.758 • 0.002 13.001-4- 0.007 

3 ~m AhOm 
std 0 4.761 • 0.OOl 13.OOl • 0.003 

the al loy levels  of  Zr  tested, the min imum amount  
of spal l  collected was for  the al loys III-(0.038) and 
IV-(0.066) where  not  enough could be collected a f te r  
any  t e m p e r a t u r e  test  to run  a diffract ion pat tern .  
These resul ts  a re  consis tent  wi th  those found b y  
A l l a m  et al. (20) in the i r  examina t ion  of the effects 
of ha fn ium addi t ions  on the oxida t ion  of cobal t -  
ch romium-a luminum.  They demons t ra ted  tha t  ha f t  
n ium increased oxide  adhesion and p reven ted  spa l l ing  
to ba re  metal .  They also found tha t  ha fn ium addi t ions  
led to A1203 oxide pene t ra t ion  and a t t r ibu ted  the  in -  
creased scale adhesion to such pene t ra t ions  or  "pegs." 

The pegging exp lana t ion  is consis tent  w i th  the 
micros t ruc tu ra l  observat ions  both in Ref. (20) and 
the cur ren t  work.  However ,  i t  does not  account  for  
e i ther  the e l imina t ion  of ox ide -me ta l  in ter face  voids 
or the evident  reduct ion  of l a t e ra l  g rowth  stresses in  
the oxide which are  presen t  in  the  pure  alloys.  I t  ap -  
pears,  therefore,  tha t  the  ha fn ium effect on cobal t -  
c h r o m i u m - a l u m i n u m  al loys is the same as tha t  of 
z i rconium on n i cke l - ch romium-a luminum,  bu t  the 
mechan i sm remains  unclear .  

I t  seems l ike ly  that  Zr  is p resen t  in the  oxide  and 
is the cause for  the  increased  diffusion of oxygen  
through  the scale which  is ev idenced b y  the increases  
in k ,  and the format ion  of oxide  penet ra t ion .  How-  
ever, no di rec t  evidence for  Zr  solut ion in the  A12Oa 
scale was found. Lat t ice  constant  measurements  of the  
A1203 formed dur ing  selected tests were  made.  These  
da ta  are  t abu la t ed  in Table  V along wi th  la t t ice  con- 
s tants  f rom a pure  A120~ powder .  No significant d i f -  
ferences were  found. Therefore,  any  solut ioning ef-  
fects which  occur must  be qui te  small ,  i.e., below the 
levels of x - r a y  detectabi l i ty .  More de ta i led  inves t iga-  
tions of the  s t ruc ture  of adhe ren t  and  nonadheren t  
AlzO8 mus t  be made  to c la r i fy  the  si tuation.  

Conclusions 
As a resul t  of the i so thermal  oxidat ion  of nominal  

Ni-14Cr-24Al-xZr  alloys,  containing f rom 0 to 0.63 
a /o  Zr, a t  1100 ~ 1150 ~ and 1200~ the fol lowing con- 
clusions were  reached:  

1. Up to some crit ical ,  but  low va lue  near  0.06 a /o ,  
smal l  addi t ions of z i rconium lead  to increased  scale 
adhesion on cooling and to min ima l  oxide  spall ing.  
The spal l ing tha t  does t ake  place occurs wi th in  the  
scale whi le  the absence o~ Zr leads to much poorer  ad-  
herence and local ized oxide  spal l ing to ba re  me ta l  on 
cooling. 

2. Over the range  studied, increased  Zr  does not  
lead  to measu rab ly  increased Zr  solut ion in the A1203 
lattice,  nor does i t  l ead  to any  significant change in  
the ra te  of ex te rna l  scale growth.  The control l ing 
oxide is s t i l l  ~A12Oz. 

3. The Zr  does tend  to increase  the ra te  of oxygen  
up take  af te r  an in i t ia l  drop at  ve ry  low Zr concentra-  
tions, the reby  increas ing the amount  of A1203 oxide  
penetra t ion.  Scale g rowth  is s t i l l  nea r ly  parabol ic .  

Manuscr ip t  submi t t ed  Ju ly  30, 1979; revised m a n u -  
script  received Oct. 5, 1979. 

A n y  discussion of this paper  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1980 
JOURNAL. Al l  discussions for the  December  1980 Dis-  
cussion Sect ion should be submi t ted  by  Aug. 1, 1980. 

Publication costs oi this article were assisted by 
N A S A  Lewis  Research Center. 

REFERENCES 
1. W. Hessenbruck,  "Metal le  und Legierungen  fiir  

Hoch Tempera turen ,"  P a r t  I, J. Springer ,  Ber l in  
(1940). 

2. B. Lustman,  J. Metals, 188, 995 (1950). 
3. E. J. Felten,  This Journal, 108, 490 (1961). 
4. C. S. Wukus ick  and J. F. Collins, Mater. Res. Stand., 

4, 637 (1964). 
5. J. K. Tien and F. S. Pett i t ,  MetalL Trans., 3, 1587 

(1972). 
6. C. S. Giggins, B. H. Kear ,  F. S. Pet t i t ,  and  J. K. 



678 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY March 1980 

Fig. 11. Oxide spalling from selected Ni-14Cr-24AI-xZr alloys after 200 hr oxidation at 1200~ 
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Diffusional Analysis for Growth of the Monosulfide 
Scale on Cobalt-Iron Alloys 
D. J. Young, *,1 T. Narita, *,2 and W. W. Smeltzer* 

Department o~ Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada, LSS 4MI 

ABSTRACT 

A t e rna ry  diffusion model  is invoked to i n t e rp re t  g rowth  of the (CoFe )S  
scale on Co-Fe  al loys containing grea te r  than 40 atomic percen t  (a /o )  Fe  in 
H2S-H2 atmospheres ,  3.4 • 10 -7 ~ Ps2 -~ 1 • 10 -5 atm, at  t empera tu res  533 ~ 
980~ Concent ra t ion  profiles in the solid phases were  de te rmined  f rom elect ron 
probe  microanalyses ;  the i ron concentra t ion across a scale cont inuously  de-  
creased f rom its highest  value at  the sca le /a l loy  interface.  Computa t ions  
demons t ra t ed  tha t  the re la t ive  sel f -dif fusivi ty  of cobal t  to i ron in (CoFe )S  
was dependent  on concentra t ion increas ing asympto t ica l ly  f rom a value  of 1.3 
in essent ia l ly  pu re  FeS to a value  of 2.4 at  60 a / o  FeS. A numer ica l  comput ing 
method  capable  of de te rmin ing  sulfidation rates  of a b ina ry  a l loy f rom diffu- 
sional  and the rmodynamic  da ta  was used to demons t ra te  tha t  ca lcula ted  meta l  
composi t ion profiles in the (CoFe)S  scales and values  of the parabol ic  sul-  
f idation ra te  constants  were  in good agreement  wi th  the expe r imen ta l  de te r -  
minat ions.  

Kinet ics  and morphologica l  deve lopment  of sulfide 
scales formed on Co-Fe  al loys (1, 2) and  i ron (3, 4) 
in H2S-H2 a tmospheres  of var ious  sul fur  act ivi t ies  at  
t empera tu re s  533~176 were  de te rmined  in ea r l i e r  
invest igat ions.  A reac t ion  mechanism based on meta l  
diffusion th rough  the scales was advanced  to account 
for  the parabol ic  sulfidation kinetics.  T e r n a r y  diffu- 
sion theory  has been recen t ly  appl ied  to in t e rp re t  
h igh t empe ra tu r e  sulf idat ion kinet ics  and cat ion pro-  
files in monosulfide scales formed on severa l  i ron-base  
b i n a r y  al loys (5, 6). The purpose  of this invest igat ion 
is to in t e rp re t  by diffusion theory  measurements  of 
meta l  concentra t ion profiles in (CoFe)S  scales formed 
on Co-Fe  al loys and to obta in  the most re l iab le  com- 
put ing  method for predictin;g: sulfidation rates  of 
these al loys when scaling da ta  a re  not  avai lable .  

Experimental 
Co-Fe  al loys containing 38.6, 49.9, 60.0, 80.1, and 

90.0 weight  percent  Fe  were  sulfidized in H2S-H2 
atmospheres ,  3.4 • 10-~ ~-- Ps2 - -  1 X 10 -5 atm, at 
533 ~ 600 ~ and 700~ Methods, mater ia ls ,  and the 
scal ing kinet ics  were  presented  prev ious ly  (1, 2). 
L inear  regress ion fit of the parabol ic  ra te  constant  
values  for  g rowth  of (CoFe)S  scales on the al loys 
at  700~ to the  re la t ionship  

1 
log kp --- - -  log Ps2 + constant  [1] 

n 
y ie lded  n = 5.6 _+ 0.5. 

* Electrochemical  Society Act ive  Member. 
1Present  address: School of Chemical  Technology,  The Uni- 

ve r s i t y  of New South Wales,  Kensington, N.S.W., Australia,  2033. 
2 Present  address: Metals Research Institute, Faculty of Engi- 

nee r ing ,  Hokkaido University,  Sapporo 060, Japan. 
Key words: sulfidation, Co-Fe alloys, diffusion model,  alloy. 

Sulfidized specimens were  cross sect ioned and me ta l -  
lographica l ly  pol ished finishing wi th  0.25 ~m diamond 
paste. The large  columnar  gra ined  scales were  com- 
pact  and adheren t  to the meta l  substrate.  Elect ron 
probe  microanalys is  (EPMA) was used to measure  
composit ions as a function of posi t ion in these scales. 
Ident ical  resul ts  were  obta ined using two different  
ins t ruments  wi th  different  take-off  angles for the  
emergen t  x - r a y s  when  Co, Fe, and S were  measured  
s imul taneous ly  to negate  any ins t rumenta l  drift.  X - r a y  
counts were  conver ted  to composit ion by  comparison 
to s tandards  of FeS2, a F e - F e S  two-phase  mixture ,  
and a series of Co-Fe  alloys. Results  were  corrected 
for atomic number  and absorpt ion effects; fluorescence 
correct ions were  negl igible  and they  were  ignored. 
An  example  of the  co lumnar  (CoFe)S  scale and its 
composi t ional  profile de te rmined  by  EPMA is i l lus-  
t ra ted  in Fig. 1. 

Composit ions at  severa l  posit ions in each scale 
normal ized  to y _-- X/Xs, where  Xs is scale thickness,  
were  eva lua ted  as FeS mole  fract ion knowing a tom 
fract ions of Co, Fe, and S and by  considering 
( C o F e ) I - 6 S  as a p seudo -b ina ry  solut ion of the pure  

meta l  sulfdes.  Composit ions were  often de te rmined  
over  two and three  different  regions of a scale cross 
section. Concentra t ion profiles in the scales formed on 
the series of al loys at  700~ and Ps~ = 2 X 10-~ arm 
are  shown in Fig. 2. F igure  3 shows these profiles in 
scales formed on Co-60 Fe  at  700~ and sulfur  pres-  
sures in range  1 X 10-5-3.4 • 10-~ a tm whi le  Fig. 4 
shows these scale profiles for Ps2 = 2 X 10 -6  arm 
and t empera tu res  of 700 ~ 600 ~ and 533~ In all  scales, 
i ron contents of (CoFe)S  were  la rges t  a t  the a l l oy /  
scale in ter face  and cont inuously  decreased  to smal le r  
values at  the sca le /gas  interface.  Values  are  given in 
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Fig. 1. (CoFe)S scale formed on Co-60% Fe alley at 600~ and 
Ps2 ~- 2 X 10 -~ atm in 1 hr. Compositions of the solid phases 
were determined from EPMA of Co, Fe, and S concentrations. 

Table I of the FeS content  in (CoFe)S at the ahoy 
and gas interfaces, 4' and C, respectively, and its 
average composition in scales formed on the various 
alloys at 700~ and Ps2 --- 2 X 10 -8 atm. 

Diffusion Model for Growth of (CoFe)S Scales 
Wagner  (7) has presented a theory for b inary  alloy 

oxidation and sulfidation which applies to growth by 

ambipolar  metal  diffusion of a solid solution scale. 
Before considering this diffusion model, it is necessary 
to establish features of the defect s t ructure and cation 
diffusivities of the metal  sulfides. Fe l -~S exhibits a 
broad range of nonstoichiometry arising from the 
presence of iron vacancies; the iron self-diffusion 

coefficient DFe is related to the chemical diffusivity 
and nonstoichiometry ~ by the following expression 
(3) 

DFe = Do~ exp - -  "E/RT 

- L - 7  + [21 

where ~o ---- (6.7 -4- 2) • 10 -2 cm2/sec, ~ = 20,900 
+_ 600 cal/g atom, R is the gas constant, and T is the 
absolute temperature.  Dfe c a n  be regarded as l inear ly  
related to 5 only at extremely low sulfur  pressures. 
At sulfur pressures of scale growth in this invest iga-  
tion, DFe is related to sulfur  activity as ---- (Ps2) '/= as a 
good first approximation (3) by 

DFe "" D~ ~/" [3] 

where n -- 5 and DOFe at Ps2 = 2 X 10 -e  arm is taken 
as the s tandard reference value at each tempera ture  
(3, 8). Cobalt diffusivity Dco in CoI-~S is not known. 

Cobalt and i ron monosulfides exhibit  s imilar  defect 
structures. The ratio of cation vacancy concentrations 
in CoS and FeS is estimated to be 0.60 at 700~ and 
Ps2 ~- 2 X 10 -8 a tm (9, 10). We therefore express 
cation self-diffusivities of (CoFe)S in the manne r  used 
for describing diffusional properties of (CoNi)O (11). 
That  is 

'DFe --= D~ 2/n [4a] 

Dco = D~ 2/t~ [4b] 

where } is the FeS mole fraction in  (CoFe)S and fl 
signifies the ratio of vacancy concentrations for the 
pure b inary  sulfides. For example, p ~_ 0.60 at 700~ 
and n = 5. 

Equations [11] and [19] from Wagner 's  original 
paper (7), which describe the metal  flux in a (CoFe)S 
scale normalized to fractional  thickness y in  terms of 
the parabolic rate constant  k and the metal  gradient  
in  the scale, can be expressed as follows 
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Fig. 2. FeS composition of (CoFe)S scales grown on Co-Fe alloys at 700~ and Ps2 = 2 • 10 -e atm. The plots represent calculated FeS 
composition and sulfur activity profiles. 
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0 

=_ 

--dlnacos d~ Zco d l n a s )  
Dco(1 - O d~ dy i- z---/ d-----~ 

" } - n F e ~  d~ d y  ~- Z-"'~ dT 

y k  d~ __--d DFe~ [ 6 ]  
a y -  dy d~ dy dy 

The symbols D, a, and ~ refer to the appropriate metal 
self-diffusion coefficient, activity, and iron composi- 
tion, respectively. These two equations are placed in 
the following forms for computational purposes as- 
suming ideal solution of the binary sulfides and Zco 
~--- ZFe "-" I Zs} "- 2 

dlnas [ k  d ~ ] /  
dy = ~ - -  ( p -  1) ~ W [5a] 

Dz,p d2, [ d ~  dlnas k~ ] d 
- 7  +  (DFo) 

[ ] 
dy 

where p = Dco/DFe, W = p -- (P -- 1)}, and 

( 2  d ines  d l )  
d ( D F e )  -- D F e  ln# 

dy n dy 
The parabolic rate constant k (cm~/sec) in these 

equations is related to the experimental kp (g2/cm4/sec) 

by 
1 ( M(coFe)S ) z 

kp [7] 
k = -~ pccoFe)SMs 

where Ms is the atomic weight of sulfur, M(CoFe)S is 
the average molecular weight of (CoFe)S of metal 
ratio equal to that in the specific alloy, and P(CoFe)S is 
the (CoFe)S density (g/cm 3) calculated from room 
temperature densities of pure metal sulfides assum- 
ing a linear dependence between these sulfides with 
composition and a temperature expansion coefficient 
of 2 • I0-~/~ equal to that for FeS (3). 

Several auxiliary equations may be used in this 
numerical analysis. Values for (d~/dy)y=1 are esti- 
mated from a mass balance at the scale/gas interface 
(Eq. [39] in Ref. (7)) 

( d.~y~ ) k* (p"--I) (i -- ~")~" 

[8] 

where k* = k / D ~  and double primes refer to this 
interface. Also, the ratio of cobalt to iron flux into a 
scale at its inner interface is equivalent to metal ratio 
in bulk alloy. Equation [35] in Ref. (7) gives 

u = o - -  - -  f l ( 1 - ~ ' )  (a's)s/n 

{ N~ ' } 
p' [91 

where N~ is iron mole fraction in bulk alloy and a 
single prime refers to metal interface. This latter ex- 
pression is applicable when significant depletion of 
the alloying element does not exist in the metal sub- 
strate. 

Sulfur activity, e"s, at a scale surface is established 
by its atmospheric activity. The displacement reaction 

Table I. Alloy compositions and experimental results of sulfide compositions in the (Co, Fe)S scales 
and the values of parabolic sulfidation rote constant at 700~ and Ps2 = 2 • 10 -6  arm 

Nominal  alloy composition ( a / o )  40 50 60 80 90 
A c t u a l  a l l oy  c o m p o s i t i o n  ( a / o )  39.9 51.3 61.3 81.0 90.5 
~'~=o ( F e S  m / o )  54 ~ 61 66 ~ 73 73 ~ 80 79 ~ 86 87 ~ 94 
~",,=z ( F e S  m / o )  16 ~ 24 20 ~ 35 25 ~ 38 72 ~ 75 84 ~ 88 

3.01 x 10 -7 2.28 x 10 -7 2.55 x 10-~ 2.69 x 10 -7 2.51 x 10 -7 k p  ( g = / e m  ~ �9 sec) 
Average  measured s u l f i d e  c o m p o -  

s i t i o n  (FeS m / o )  40 + 2 50 • 3 59 • 3 79 • 3 89 + 2 
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Fig. 4. FeS compositions of (CoFe)S scales grown on Co-60% Fe alloy at 533 ~ 600 ~ and 7000 and Ps2 - "  2 X I0  - 6  atm. The plots 
Tepresent calculated profiles. 

between pure sulfides and alloy components defines 
the sulfur  activity at  inner  interface, a's, as a func-  
t ion of interracial  composition ~' 

a's = ['Y - -  (~' - -  1) ~'] e x p  ~G~  [10]  

where v = exp[(~G~ - -  AG~ and ~G o is a 
s tandard  free energy change for formation of a pure 
b inary  sulfide. 

Computer Simulation of (CoFe)S Scale Growth 
Preliminary calculations.--Equations [Sa] and [6a], 

which are s imultaneous nonl inear  differential equa-  
tions in  dependent  variables ~ and as, were numer i -  
cally solved using the modified predictor-corrector  
Hamming  method containing automatic changes of 
step width (12). Four  boundary  values ~', a's, ~", and  
a"s and also the first derivat ive of concentrat ion at  
the scale/gas interface (d~/dy)u=l were used for nu -  
merical  in tegrat ion of the above equations from this 
interface to its i nne r  interface. 

(d~/dy)~=l is obtained in  terms of k* and p" from 
Eq. [8] and in  pre l iminary  calculation methods p was 
assumed to be constant independent  of composition 
for the scale formed on a specific alloy. In  the first 
method, k was chosen equal to the exper imenta l  value 
and values of n and p obtained by computat ion to 
obtain best fit to the FeS concentrat ion profile using 
Eq. [Sa] and [6a] with max imum and m i n i m u m  
boundary  estimates of ~" and ~', respectively. This 
method was discarded as the fits were not good and 
the value of n = 3.2 was not in agreement  with n = 
5.6 _--4- 0.5 determined from the exper imental  sulfur  
dependence on k. This type of fit to the concentrat ion 
profile in  a scale formed on the Co-60 Fe alloy in -  
volving p -- 2.15 and n -- 3.16 is shown in  Fig. 5. The 
second method involved selecting a value n = 5; va l -  
ues of P and k were obtained by numer ica l ly  inte-  
grating Eq. [Sa] and [6a] to obtain best fit to a con- 
centrat ion profile commencing with the outer min i -  
m u m  or max imum estimated ~" and ending with inner  
max imum or m i n i m u m  estimated ~', respectively. 
These two types of fit are also i l lustrated for the con- 
cen trat ion profile in  Fig. 5. I t  was apparent  f rom these 

pre l iminary  calculations tha t  assumption of a constant  
value of p was unwar ran t ed  because best fits for con- 
centrat ion profiles i n  scales on the various alloys d e m -  

onstrated that  p actual ly exhibi ted a compositional 
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Fig. 5. Fits of calculated profiles to determinations of FeS com- 
positions in the (CoFe)S scale formed on Co-60% Fe alloy. Com- 
putation methods given in text. Method 1: kp* = 1.66, ~' = 0.72, 
~" = 0.38. Method 2: n - -  5, for ~' = 0.73 and ~" - -  0.38, and 
for ~' = 0.79 and ~" - -  0.25. 
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Fig. 6. Values of p = Dco/DFe as a function of the average scale 
composition calculated by method 2 and Eq. [9] as described in 
text. Plots represent calculations of the dependences of p on aver- 
age scale composition using Eq. [11], [12], and [13] of text. 

var ia t ion  and the values of p calculated by the second 
method are shown in Fig. 6. There is also included 
here m i n i m u m  and max imum estimates of p obtained 
from Eq. [9] by assuming (d4/dy)~=o = 0 (Fig. 2-4) 
which arises if the metal  diEusivities are much l e s s  
in  the alloy than  in  the react ion product  scale. This 

condit ion applied because Dalloy (13) ,-, 10-~ DFe in  
F e S  (3, 8 ) .  

Complete calculations.---Since pre l iminary  calcula- 
tions demonstrated that the ratio of metal  diffusivities 
in  a sulfide scale exhibited a compositional variation,  
a complete computer  s imulat ion program was estab- 
lished to gain a description for parabolic growth of 
the scale using only diffusional and thermodynamic  
data for the alloy and scale compound. In  principle, 
it is necessary in  the general  case for growth of a 
solid solution scale on a b inary  alloy to solve the flux 
and  cont inui ty  equations for the scale and alloy using 
metal  diffusivities and appropriate boundary  cond i -  
tions at the gas/scale and scale/al loy interfaces know-  
ing the original  alloy composition, ambient  sulfur  pres-  
sure, and temperature.  The input  data, therefore, 
are the self-diffusivity of i ron and p = Dco/DFe for 

the sulfide scale, the interdiffusion coefficient Dau for 
the alloy, and the free energy change hG for the dis- 
placement  reaction be tween the pure metal  sulfides 
with the alloy components. Sulfur  activities at the 
gas/scale and scale/al loy interfaces are defined by the 
atmospheric sulfur  pressure and the thermodynamic  
relationship given by Eq. [10], respectively. Auxi l ia ry  
equations [8] and [9], which include the parabolic 
scale growth parameter  k* = k/DFe, were derived 
from interracial  mass balances to obtain expressions 
for the metal  concentrations and gradients at the in-  
ner  and outer scale interfaces. 

A flowchart for the computer  s imulat ion is given 
in  Fig. 7. Dfe in  (CoFe)S is related to the sel~-diffu- 
sivity of i ron in  pure FeS (3, 8), scale composition, 
and sulfur  activity by Eq. [4a]. Since p = Dco/DFe 
was previously shown to be dependent  on the scale 
composition, the p re l iminary  calculated values of this 
parameter  were empirical ly represented by functions 
represent ing linear, probabil i ty,  and asymptotic type 
compositional dependences using the average FeS con- 
tent  of a (CoFe)S scale. The appropriate equations 

I o 
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Fig. 7. Flowchart for computer simulation of the sulfidation of 
Co-Fe alleys to (CoFe)S scales. 

were 
p = 3.7 - -  2.74 [11]  

p ---- 1.0 + 2.0 exp -- { (4 -- 0.55)/0.25} 2 [12] 

p ---- 2.4 for 4 - -  0.65 [13] 

= 1.3 + 1.1 exp -- {(4 -- 0.65)/0.07} 2 for 4--0.65 

These three dependences were chosen because no re -  
sults are available of diffusion in  (CoFe)S and each 
equation represented the pre l iminary  evaluations of p 
as shown by the plots in  Fig. 6. 

It  was not necessary to consider diffusion in  the 

alloy in the calculations because DM (CoFe) S/~an > >  
1; hence, the iron alloy concentrat ion was equal to 
the average FeS content  of a (CoFe)S scale (7). As 
i l lustrated in  the flow sheet, a first estimate of k* = 
k/DFe was made by solving Eq. [5a] under  the ap-  
proximat ion that d~/dy = 0 and 4 = 4av ---- N~ This 
value of k*, an arb i t ra r i ly  chosen value of 4"~=1, 
(dddy)y=l  given by Eq. [8], was then utilized to 
init iate in tegrat ion of Eq. [5a] and [6a] from the 
outer to inner  scale interface using the modified 
Hamming predicter-corrector  method (12) to obtain 
values of ~ and as across a scale and the most rel iable 
value of k*. Two do loops were employed with pre-  
scribed absolute error l imits to as and 4av and in tegra-  
tion step intervals  were adjusted automatical ly to 
satisfy < 10 - s  t runcat ion  error. A final check of the 
calculations was carried out by comparing the cal- 
culated (d~/dy)y=o to that  given by Eq. [9] assuming 



6 8 4  J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  March 1980 

tha t  the a l loy composit ion r ema ined  equal  to i ts in i t ia l  
value.  

Calculat ions were  first car r ied  out  to de te rmine  -7.2 
which equat ion for  p (Eq. [11], [12], or  [13]) led to 
best  represen ta t ion  of the measured  i ron contents of 
the (CoFe)S  scales. A comparison of the  fits obta ined  - Z 4  
for the composit ion profiles in  scales formed on the 
40% and 60% Fe alloys at  T = 700~ and Ps2 = 2 • 
10 .6  a tm is shown in Fig. 8 for i l lus t ra t ive  purposes.  -7 .6  
Best fits were  obta ined  using Eq. [13] which  de-  
scribes p as asympto t ica l ly  approaching  a high f rom 
low value  wi th  decreas ing i ron  content  of (CoFe)S  -7.8 
as shown in Fig. 6. The ca lcula ted  ~ and as profiles 
across scales formed on exposing the al loys at  severa l  "g 
t empera tu res  and sul fur  pressures  using Eq. [13] for  N~ E -8.0 
p, Eq. [4a] for DFe, and  Eq. [10] for ~G as input  da ta  
into the computer  p rog ram are  depic ted  by  the plots  
in Fig. 2-4. -~ 

-8 .2  A comparison of values for  the sulfidation ra te  con- o 
s tants  obta ined by  computa t ion  to those de te rmined  
expe r imen ta l l y  for  al loys containing ~ 40% Fe at  T 
: 5330 and 700~ and Ps2 ---- 2 • 10 -6 arm is given -8.4 
in Fig. 9. P red ic ted  and expe r imen ta l  values  agree 
wi th in  the  unce r t a in ty  of the determinat ions .  The va r i -  
a t ion of the  parabol ic  ra te  constant  wi th  sul fur  p res -  
sure is also accura te ly  pred ic ted  as i l lus t ra ted  in Fig. 
10. At  Ps2 ~ 10-7 atm, the pressure  dependence  ap -  
proaches  k vs. Ps2 ~/~ as given by  the model.  Calcula-  
tions for the t empera tu re  dependence  of the  ra te  
constant  gave an in teres t ing  pred ic t ion  in that  this 
coefficient a t ta ined  a m a x i m u m  at  in te rmedia te  t em-  
pe ra tu re  (14). The plots in Fig. 11 i l lus t ra te  this be -  
havior  for the  ca lcula ted  ra te  constants of al loys con- 
ta ining 99% and 60% Fe sulfidized a t  Ps2 = 2 • 10 -6 
and 533 ~ ~ T ~ 980~ m a x i m a  are  obta ined  at 
~900 ~ and 850~ respect ively.  A m a x i m u m  value  of -6.5 
the parabol ic  sulf idat ion ra te  constant  a t  an i n t e r -  
media te  t empera tu re  is de te rmined  by  two factors:  
First ,  the  t empe ra tu r e  coefficients of the meta l  d i f -  
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Fig. 8. Calculated fits to composition profiles in (CoFe)S scales 
on (:o-40% and 60% Fe alloys at T = 700~ and Ps2 ----- 2 • 
10 - s  arm as discussed in text. 
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Fig. 10. Calculated and experimentally determined values for the 
parabolic sulfidation rate constants as a function of sulfur pressure. 

fusivi t ies  (plot  of D*Fe VS. 1/T in Fig. 11) increase 
less s ignif icantly wi th  increas ing t empe ra tu r e  due to 
a r egu la r  A r r h e n i u s - t y p e  increase  in the mobi l i ty  of 
cat ion vacancies bu t  wi th  a decreas ing vacancy  con- 
cent ra t ion  at  constant  sul fur  pressure  (4);  and, sec-  
ond, the  sul fur  ac t iv i ty  g rad ien t  across a scale de -  
creased wi th  increasing t e m p e r a t u r e  due to l a rge r  
sul fur  act ivi t ies  given by  Eq. [10] governing  equi l ib r ia  
at  the sca le /a l loy  interface.  

The computa t ion  p rog ram using the above est i -  
ma ted  rela t ions for  DFe, P, and ~G was used to eva lu-  
ate mas te r  plots of the FeS composit ion and sulfur  
ac t iv i ty  profiles across the scales formed on Co-60% 
Fe at  700~ and sul fur  pressures  1 X 10 -9 ~: Ps~ ~--- 
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Fig. 12. Master plots of the FeS composition of (CoFe)S scale 
on Co-60% Fe alloy at T = 700~ and 1 X 10 -9  ~ P s 2 - -  
6 X 10 -~  atm. 

6 • 10 -5 atm, Fig. 12, and at various temperatures 
600 ~ "~ T --~ 980~ and Ps~ -- 2 • 10 -8 atm as shown 
in Fig. 13. The corresponding calculated parabolic rate 
constants under these conditions are those giveil in 
Fig. 10 and 11. It is seen that the FeS profiles in the 
scales formed isothermally become flatter and ap- 
proach the average composition equal to N~ because 
of the decrease in sulfidation rate with decreasing 
sulfur pressure. A similar effect on the composition 
profile is shown by increasing temperature especially 
above 900~ at constant su]fur pressure because 
the parabolic rate constant attained a maximum at 
this temperature due to the influence of temperature 
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on the metal diffusivities and on the sulfur activity 
gradient across the scale as previously discussed. 

This analysis has demonstrated that a reliable 
computation method was obtained for predicting 
parabolic sulfidation rates and concentration profiles 
in the solid phases when scale growth is controlled 
by metal diffusion. Scaling data are not required in 
these calculations since the problem is defined know- 
ing the influence of the dependent variables, com- 
position, and sulfur activity on the diffusivities and 
thermodynamic equilibria. These latter properties are 
not completely known for any binary alloy-sulfur 
system. A dearth of such information is exemplified 
by the present analysis which demonstrated that cal- 
culations had to be carried out assuming relationships 
for the diffusivities and thermodynamics of (CoFe)S 
using sulfidation scaling data to define the depend- 
ence of the metal diffusivities on composition and 
sulfur activity. 
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Structure and Properties of I.PCVD Silicon Films 
T. I. Kamins* 

Hewlett-Packard Laboratories, Palo Alto, California 94304 

ABSTRACT 

Sil icon films deposi ted by  low pressure  chemica l -vapor  deposi t ion over  the 
temperature range  f rom 525 ~ to 725~ were  invest igated.  I t  was found that 
polycrys ta l l ine  films a re  formed above 600~ and are  more  s table  than  the 
amorphous  films deposi ted at  lower  tempera tures .  Thei r  c rys ta l  s t ruc ture  is a 
s t rong funct ion of the  deposi t ion t empe ra tu r e  and a w e a k e r  funct ion of the 
deposi t ion rate.  E i ther  the  {110} or  the {100} tex tu re  m a y  dominate  the  s t ruc-  
ture,  depending  p r i m a r i l y  on the deposi t ion tempera ture .  The e lect r ica l  r e -  
sistance obta ined  on doping the LPCVD films tha t  are  po lycrys ta l l ine  as 
deposi ted is m a x i m u m  for films deposi ted at  the lower  t empera tu res  (near  
600~ a l though this dependence  on deposi t ion t empe ra tu r e  decreases a f te r  
annealing at h igher  tempera tures .  Dopant  a toms revers ib ly  segregate  to the 
gra in  boundar ies  dur ing  lower  t empera tu re  hea t - t r ea tmen t s  subsequent  to dop-  
ing and are  d ispersed at h igher  tempera tures ,  wi th  corresponding changes in 
resis t ivi ty.  The oxida t ion  ra te  is only a weak  funct ion of the  deposi t ion t em-  
pera ture ,  a l though the in i t ia l ly  amorphous  films m a y  oxidize somewhat  more  
rapidly .  The index of re f rac t ion  of amorphous  films is s ignif icant ly h igher  
than  tha t  of po lycrys ta l l ine  films. 

The deposi t ion of po lycrys ta l l ine  silicon at  r educed  
pressures  has recen t ly  become widespread  th rough-  
out  the  semiconductor  industry ,  p r i m a r i l y  because of 
its compat ib i l i ty  wi th  high vo lume  wafer  fabr ica t ion  
(1). Since this type  of polysi l icon is rep lac ing  ma te r i a l  
deposi ted at  a tmospher ic  pressure  and severa l  hun-  
d red  degrees h igher  t empera tu re ,  an unders tand ing  of 
i ts p roper t ies  and  the i r  sensi t iv i ty  to var ia t ions  in  the  
deposi t ion condit ions is needed. 

A previous  s tudy (2) showed that  LPCVD films de-  
posi ted at  580~ were  amorphous,  whi le  those de-  
posi ted above 600~ were  po lycrys ta l l ine  immed i -  
a te ly  af te r  the  deposit ion.  By contrast ,  a t  a tmospher ic  
pressure ,  t empera tu re s  even h igher  than  the 625~ 
no rma l ly  used for  LPCVD polysi l icon deposi t ion can 
also produce amorphous  films (3). Since amorphous  
films a re  uns table  upon fu r the r  hea t  cycling, the i r  
compat ib i l i ty  wi th  in tegra ted  circuits  mus t  be  care-  
fu l ly  considered,  or  deposi t ion conditions must  be 
chosen to avoid obta in ing such films. 

Because the  no rma l ly  used LPCVD silicon deposi-  
t ion t empe ra tu r e  (625~ is near  the  amorphous - to -  
polycrys ta l l ine  t ransi t ion,  a more  de ta i led  inves t iga-  
t ion of the  dependence  of the s t ruc ture  and o ther  p rop -  
er t ies  of LPCVD silicon films on the deposi t ion t em-  
pe ra tu re  was under taken .  The LPCVD system used in 
the  presen t  s tudy  was comple te ly  independent  of that  
employed  in the  previous  inves t igat ion (2) so sys tem-  
to-sys tem var ia t ions  could be observed.  

The  s t ruc ture  of the films was examined  by  both 
t ransmission e lec t ron microscopy and x - r a y  diffrac-  
tion. The  dependence  of the sheet  resistance on film 
deposi t ion t empe ra tu r e  was considered bot'h for  a 
gaseous predepos i t ion  f rom a POC13 source and for  
implan ted  phosphorus,  and the oxida t ion  ra te  of both  
undoped and phosphorus -doped  films was inves t i -  
gated.  For  the  l a t t e r  studies, dopant  concentrat ions 
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were  chosen to maximize  the  res is t iv i ty  differences 
be tween  the var ious  films; the differences expected in 
prac t ica l  cases may  be less. 

Film Deposition 
A series of films was deposi ted  eve ry  25~ over  the  

t empe ra tu r e  range  f rom 525 ~ to 725~ and the films 
were  compared  to polysi l icon deposi ted  at  a tmospher ic  
pressure  and a t empe ra tu r e  of app rox ima te ly  960~ 
the t empera tu re  of ten used for deposi t ion of a tmo-  
spheric pressure  polysil icon. 

Al l  films were  deposi ted onto l igh t ly  doped, 7.6 cm 
diam silicon wafers  covered wi th  100 nm of t he rma l ly  
g rown sil icon dioxide.  The wafers  were  not  c leaned 
be tween  the oxidat ion  and the si l icon deposition. The 
LPCVD films were  deposi ted in a res i s tance-hea ted  
reactor  (4) wi th  a un i form t e m p e r a t u r e  profile m e a -  
sured at  a tmospher ic  pressure  jus t  outside the evacu-  
a ted  deposi t ion chamber.  A single thermocouple  
wi th in  the vacuum indica ted  a t e m p e r a t u r e  there  
wi th in  4~ of that  measured  outside the chamber .  

Wafers  were  loaded vert ical ly ,  wi th  the i r  faces 
pe rpend icu la r  to the axis of the tube. The wafers  were  
spaced 0.48 cm apar t  and were  inser ted  into the  cham-  
ber at the desired deposi t ion tempera ture .  A constant  
si lane gas flow of 53 cm3/min was used in al l  deposi-  
tions, and the deposi t ion ra te  consequent ly  var ied  wi th  
tempera ture ;  it  was app rox ima te ly  10 n m / m i n  at  625~ 
The ta rge t  film thickness was 0.5 ~m, and films de-  
posi ted at  al l  except  the lowest  t empera tu re s  were  
reasonably  close to this value.  The films deposi ted at  
525~ (denoted LP525) were  only about  half  the de-  
s ired thickness. The thicknesses of the po lycrys ta l l ine  
silicon films were  usua l ly  measured  wi th  an au tomated  
spectrophotometer ,  and selected measurements  were  
confirmed wi th  a manua l  spec t rophotometer  and a 
mechanical  surface profi lometer .  The l a t t e r  was also 
used to de te rmine  the thicknesses of the amorphous  
films, which are  h igh ly  absorbing and have a different  
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Table I. Average groin size as a function of deposition temperature 

Temperature (~ Grain size (nm) 

600 55 
625 87 
~ 0  72 
6 ~  74 
700 73 
725 86 

i ndex  of re f rac t ion  f rom single c rys ta l  or  polycryso 
ta l l ine  silicon. 

Transmission Electron Microscopy 
Fi lms  deposi ted at  each t empe ra tu r e  were  a n a l y z e d  

by t ransmiss ion e lec t ron microscopy and diffraction. 1 
The  samples  were  p repa red  using a j e t  th inning tech-  
nique. Diffract ion pa t te rns  of films deposi ted at  525 ~ 
550% and 575~ exh ib i ted  the  diffuse halos charac-  
ter is t ic  of amorphous  samples  [Ref. (4), Fig. 6a]. The 
micrographs  also exh ib i ted  no s t ruc ture  over  the  ma-  
j o r i t y  of the  area.  However ,  smal l  inclusions were  seen 
wi th in  the  s t ructure less  background.  The densi ty  of 
these inclusions appears  to increase  wi th  increasing 
deposi t ion t empera tu re ,  and one might  speculate  that  
they  represen t  incipient  crystal l i tes ,  suggest ing tha t  
the  amorphous  film is unstable .  The inclusions are  
p robab ly  not  an ar t i fac t  of the sample  p repa ra t ion  
technique.  

Micrographs  of the film deposi ted at  600~ ex -  
h ib i ted  a ve ry  fine gra in  po lycrys ta l l ine  s t ructure ,  wi th  
an average  gra in  size of 55 rim, as indica ted  in  Table  
I. The diffract ion pa t t e rn  was also character is t ic  of 
po lycrys ta l l ine  mater ia l ;  the second halo of the amor -  
phous  samples  deposi ted at  lower  t empera tu re s  spl i t  
into two rings, and some spots appea red  superposed  
on the rings. 

F i lms  deposi ted over  the  t empe ra tu r e  range  625 =- 
725~ appea red  qua l i t a t ive ly  different  f rom those de-  
posi ted at  lower  t empera tures ,  but  gene ra l ly  s imi lar  
to each o ther  [Ref. (4), Fig. 6b]. La rge r  g ra in  po ly -  
c rys ta l l ine  ma te r i a l  was observed  in the  micrographs ,  
wi th  a much more  o rdered  s t ruc ture  than  at  600~ 
The average  gra in  size was in the  range  72-87 nm for 
a l l  of these films (Table  I ) .  Diffract ion pa t te rns  
showed the  r i ng -do t  s t ruc ture  character is t ic  of po ly -  
c rys ta l l ine  mater ia l ,  wi th  the dots much be t te r  de-  
fined than  in the film deposi ted at  600~ 

From this por t ion  of the study,  we m a y  conclude 
tha t  sil icon films deposi ted in the LPCVD system at  
t empera tu re s  of 575~ and be low a re  amorphous  
whi le  those deposi ted above 600~ are  polycrys ta l l ine ,  
wi th  the t rans i t ion  t empe ra tu r e  close to 600~ The 
p rox imi ty  of the t rans i t ion  to 600~ suggests tha t  this 
t empe ra tu r e  should be avoided i~ order  to obta in  the 
same s t ruc ture  repea tab ly .  

X-ray Diffraction 
The p re fe r r ed  or ienta t ion  of t h e  crys ta l l i tes  was 

examined  by  x - r a y  diffract ion on samples  f rom the 
same wafers  used for  the  t ransmiss ion e lec t ron mi -  
croscopy study.  The intensi t ies  of the  {111}, {220}, 
{311}, {400}, and {331} peaks  were  measured  to in-  
dicate the  amounts  of {111}, {110}, {311}, {100}, a n d  
{331} t ex tu re  presen t  in the films. The  re la t ive  
amounts  a re  p lo t ted  in  Fig. 1 as a funct ion of dep-  
osit ion t e m p e r a t u r e  for  the  low pressure  films and  
for a 'Sample  deposi ted at  a tmospher ic  pressure  (AP)  
and a h igher  t empe ra tu r e  (960~ Nei ther  the {311} 
or  the  {331} t ex tu re  was dominant  in any  film in-  
vest igated.  Al l  da ta  are  normal ized  for  the s t reng th  of 
the s ignal  expected  f rom a r a n d o m l y  or ien ted  film (5) 
and correc ted  for the film thickness  (6). 

No s t ruc ture  was seen in the 525 ~ or  550~ films, 
bu t  some was observed  in the films deposi ted at  575~ 

I The analysis was performed by Advanced Research and Appli. 
cations Corporation, Sunnyvale, California. 

>- /~110} / kk \  # 

/ \ /  / Z~ 00) \\ 

_Z= / \/,,, 
n- 
O 

550 600 650 700 "AP960 
DEPOSITION TEMPERATURE (~ 

Fig. 1. X-ray texture as a function of deposition temperature for 
LPCVD silicon films and for an atmospheric pressure film. 

which had  been found to be bas ica l ly  amorphous  by  
t ransmission e lec t ron microscopy. This x - r a y  t ex tu re  
can perhaps  be re la ted  to the inclusions vis ible  in the  
amorphous  background  of these films. The  {110} 
tex tu re  shows a dis t inct  peak  at  a deposi t ion t empera -  
ture of 625~ fol lowed by  a min imum at a h igher  dep-  
osition t empera tu re  and then  a subsequent  i n c r e a s e .  
The {100} t ex tu re  has a m a x i m u m  coincident  wi th  the  
{110} minimum. Excep t  at  the lower  tempera tures ,  
the  (111} t ex tu re  shows a monotonic  increase  wi th  in -  
creasing deposi t ion tempera ture .  The  average  gra in  
size shown in Table  I corre la tes  wi th  the  amount  of 
{110} texture ,  a l though this m a y  be an a r t i fac t  of the  
method of de te rmin ing  the gra in  size. 

The s t ruc ture  seen in these low pressure  films m a y  
be compared  to tha t  observed in films deposi ted in  an  
i f - h e a t e d  reactor  at  a tmospher ic  pressure  over  a wide  
t empera tu re  range. F igure  2 shows prev ious ly  re -  
por ted  da ta  measured  on films deposi ted e l sewhere  
at  a tmospher ic  pressure  (7). Each film was about  0.6 
~m thick, and at  al l  except  the  lowest  t empera tures ,  
the  deposi t ion ra te  was he ld  constant  a t  about  0.12 
#m/rain.  

As in the  low pressure  films, the  {110} t ex tu re  in 
these a tmospher ic  pressure  films shows a m a x i m u m  
at  in te rmedia te  tempera tures ,  fo l lowed b y  a min i -  
m u m  and then a subsequent  increase.  While  this b e -  
h a v i o r  is qua l i t a t ive ly  s imi lar  to tha t  observed in t h e  
low pressure  films, the t empe ra tu r e  range over  which 
it is seen is m a r k e d l y  different. The {111} t ex tu re  
also shows s imi lar  t rends  in the  two cases, w i th  a 
monotonic increase  wi th  increas ing deposi t ion t em-  
pe ra tu re  at  al l  except  the  lowest  tempera tures .  In  
both cases the x - r a y  signal  seen at  the  lowest  t em-  
pe ra tu res  m a y  arise f rom inclusions in bas ica l ly  amor -  
phous films. [The t rans i t ion  t empe ra tu r e  b e t w e e n  
polycrys ta l l ine  and amorphous  deposits  is genera l ly  
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Fig. 2. X-ray texture as a function of deposition temperature for 
submicron atmospheric pressure films studied previously (7). 
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fel t  to be in the  high 600~ t empera tu re  r ange  for 
typical  a tmospher ic  pressure  deposi t ion conditions 
(3)]. 

Although the sens i t iv i ty  of the x - r a y  diffract ion 
measurements  in the  previous  s tudy  of a tmospher ic  
pressure  films was not  adequa te  to revea l  (100} tex-  
ture  in the submicron  films, in th icker  films the {100} 
tex tu re  was dominant  in the  t empe ra tu r e  range 
where  the {110} t ex tu re  was m i n i m u m  (7). This 
behavior  is consistent  wi th  the {100} m a x i m u m  seen 
in the low pressure  films (Fig. 1). 

The  m a r k e d l y  different  t e m p e r a t u r e  range over  
which s imi lar  behavior  is observed  in  the low pres-  
sure and a tmospher ic  pressure  films m a y  be re la ted  
e i ther  to the different  deposi t ion pressures  or  to the 
different  deposi t ion rates.  I t  is known tha t  large  quan-  
tit ies of hydrogen  m a y  be adsorbed  on the sil icon sur -  
face dur ing  deposi t ion of silicon f rom si lane at  a t -  
mospher ic  pressure  in a hydrogen  ambien t  (8). Not 
only does the presence of this hydrogen  r e t a rd  the 
si lane decomposi t ion reaction, but  the adsorbed  hy -  
drogen also appears  to impede  surface migra t ion  of 
the silicon atoms which mus t  move on the surface to 
form a given s t ructure .  Thus, wi th  deposi t ion ra te  
held  constant,  a h igher  deposi t ion t empe ra tu r e  is 
needed to fo rm a s imi lar  s t ruc ture  at  a tmospher ic  
pressure  than  at  low pressure,  since addi t ional  energy 
is r equ i red  to a l low the same amount  of surface 
migrat ion.  

More deta i led  comparison of the  expe r imen ta l  da ta  
is complicated by  the different  deposi t ion rates  and 
the fact  tha t  the deposi t ion ra te  was constant  in the  
a tmospher ic  pressure  deposit ions whi le  i t  va r i ed  wi th  
deposi t ion t empe ra tu r e  in the presen t  exper iment .  A 
h igher  deposi t ion ra te  RD is expected  to affect the 
s t ructure  in a s imi lar  manne r  to a lower  deposi t ion 
tempera ture ,  wi th  the  s t ruc ture  de te rmined  b y  the 
rat io  RD/D (9), where  D is the diffusivity represen t ing  
the mot ion of the silicon atoms on the surface before  
they  are  covered by  subsequent ly  a r r iv ing  sil icon 
atoms. Since D is s t rongly  t e m p e r a t u r e  dependent ,  a 
large  change in deposi t ion ra te  is needed to compen-  
sate for a smal l  change in t empera tu re  in o rder  to re -  
tain a given s tructure.  A br ief  x - r a y  diffract ion s tudy  
of the s t ruc ture  formed at  625~ at  severa l  different  
deposi t ion rates  ranging  f rom 5.6 to 14.7 n m / m i n  in the 
low pressure  sys tem suggests that  a factor  of two 
change in deposi t ion ra te  is app rox ima te ly  equiva len t  
to a change of 80~ in deposi t ion t empera tu re  near  
625~ 

Where  corresponding da ta  a re  avai lable ,  the  t em-  
pe ra tu re  dependence  of the dominant  {110} t ex tu re  in 
films in this s tudy was s imi lar  to that  of the previous 
inves t igat ion of LPCVD films (2). Except  for  an ap-  
pa ren t  12~ t empera tu re  ca l ibra t ion  difference, the 
two independen t  deposi t ion systems produced  s imi lar  
films, lending  suppor t  to the basic na tu re  of the be -  
hav ior  seen. (Only a smal l  por t ion  of this appa ren t  
difference m a y  be re la ted  to the  s l ight ly  different  
deposi t ion rates.)  Of pa r t i cu la r  importance,  the  t r an -  
si t ion be tween  the deposi t ion of amorphous  and po ly -  
c rys ta l l ine  films occurred at  nea r ly  the same t e m p e r a -  
ture  in both LPCVD systems and at  a t empe ra tu r e  
m a r k e d l y  lower  than  tha t  seen in  a tmospher ic  pres- 
sure systems. 

Sheet Resistance 
Since circui t  speed m a y  be cr i t ica l ly  dependen t  on 

the resistance of long polysi l icon lines, the dependence  
of the sheet  resistance on the deposi t ion t empera tu re  
of the sil icon films was invest igated.  In  one set of 
samples, phosphorus was added  f rom a POC13 gaseous 
predeposi t ion.  In  o rder  to maximize  any  differences in  
res is tance be tween  the different  samples  (10), the  p re -  
deposi t ion was pe r fo rmed  at  a low t empera tu r e  
(900~ wi th  a r e l a t ive ly  smal l  amount  of POClz. The 
gaseous ambien t  dur ing  the predepos i t ion  consisted of 
3800 cm3/min of N~ diluent ,  1000 cm3/min of 0~, and 

200 cm3/min of N2 sa tu ra ted  wi th  POCI3 b y  passing 
i t  th rough  l iquid POC18 at  22 ~ C. The POCl~ source was 
on for 30 rain, and this por t ion  of the cycle was fol -  
lowed by  5 min  of N2 before  the  wafers  were  s lowly  
pul led  f rom the furnace  in 10 min. Af te r  removing the  
phosphorus  glass in di lute  HF, the  sheet  resis tance 
was measured  at  five locations on each wafe r  wi th  
the results  shown in Fig. 3 (solid l ines) .  The sheet  
resistances on d i l l > -  and <100>-or i en ted ,  single 
crys ta l  wafers  (wi th  no deposi ted films) doped at  the 
same time, ave raged  44.3 ~ / [~  (--+5%). 

The  wafers  were  then  pro tec ted  wi th  a low t empera -  
ture  deposi ted oxide to p reven t  surface damage  and 
dopant  loss and annea led  for 80 min at  1000~ in a 
d ry  N2 ambient .  The sheet  resistances measured  af te r  
removing the deposi ted oxide  are  shown by the dashed 
lines in Fig. 3. The films deposi ted at  the three  lowest  
deposi t ion t empera tu res  have  an unstable ,  amorphous  
s tructure,  which crystal l izes  at  anneal ing  t empera tu res  
below 800~ forming grains  which may  be even l a rge r  
than  those found in in i t ia l ly  po lycrys ta l l ine  films (2). 
Consequently,  the t empera tu re  of the POC13 predepos i -  
t ion wil l  i tself  be adequa te  to form large  crys ta l l i tes  
in these films, leading to a low resis tance since fewer  
gra in  bounda ry  and other  t r app ing  sites are  avai lab le  
to remove dopant  a toms and car r ie rs  f rom the conduc-  
tion process. The  smal l  change dur ing  the subsequent  
1000~ anneal  in these films indicates  tha t  the re -  
crys ta l l ized s t ruc ture  in the  in i t ia l ly  amorphous  films 
is reasonably  stable.  

At  deposi t ion t empera tu res  of 600~ and above, a 
po lycrys ta l l ine  s t ruc ture  is fo rmed dur ing  the film 
deposition. The decrease in res is tance wi th  increas ing 
deposi t ion t empe ra tu r e  seen in Fig. 3 indicates  a de-  
creasing t rap density,  even though the average  g ra in  
size in the as-depos i ted  films does not  va ry  g rea t ly  
wi th  deposi t ion tempera ture .  

The marked  decrease in the  resis tance seen af ter  the  
1000~ anneal  m a y  be a t t r i bu ted  to a decrease  in the  
defect  densi ty  or  to an increase  in the gra in  size wi th  
this addi t ional  hea t - t r ea tmen t ,  as wel l  as to move-  
ment  of dopant  a toms out  of the  gra in  boundaries .  
This decrease in res is tance is especia l ly  significant 
in the  po lycrys ta l l ine  films deposi ted be tween  600 ~ and 
650~ consistent  wi th  a less s table  s t ruc ture  in  these 
films. 

Phosphorus  was added  to other  samples  by  ion im-  
p lan ta t ion  of 5 • 1015 ions /cm 2 at  an energy  of 50 
keV. The  films were  then annea led  at  550~ in d ry  
N2 for 75 min. High sheet  resis tances (g rea te r  than  
10 k~/ [~)  were  measured  on the films deposi ted at  
525 ~ and 550~ p robab ly  reflecting the i r  amorphous  
structure,  whi le  the  sheet  resistances of the in i t ia l ly  
polycrys ta l l ine  films decreased wi th  increas ing dep- 
osition t empera tu re  f rom 3 k~/[:]  to 300 ~2/[] for  dep- 
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Fig. 3. Sheet resistance as a function of deposition temperature 
after a 900~ POCI3 predeposition (solid lines) and after a sub- 
sequent 80 rain anneal at 1000~ in dry N2 (dashed lines). 
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osition temperatures  varying  from 600 ~ to 725~ 
The film deposited at 575~ showed intermediate  re-  
sults, with some conduction observed after the 550~ 
anneal,  suggesting that  this film is very  unstable.  
After  a subsequent  1000~ anneal  the resistances of 
the in i t ia l ly  amorphous films were lowest (approxi-  
mately  40 ~ / [3) ,  reflecting the influence of the large 
grain size in these films after annealing.  The sheet 
resistances of the ini t ia l ly  polycrystal l ine films ranged 
from 74 to 60 ~/[3,  again with the highest resistances 
for films deposited at the lowest temperatures.  

It  should be noted that  the conditions of this experi-  
men t  were chosen to maximize the differences in re- 
sistance between the various samples, especially in 
those doped from a POC18 source. At higher dopant  
concentrations, the t rapping sites become saturated 
so that  the effective carrier  concentrat ion becomes 
much less s trongly dependent  on the grain size (11). 
Impurity-assiste[t  grain  growth (12) may also become 
as impor tant  as the s t ructure  of the ini t ial  film so that  
the resist ivity differences be tween samples are less. For 
practical implan t  doses, however, significant differences 
may still be seen. 

In  a related exper iment  reversible changes in  the 
sheet resistance of polysilicon samples were briefly 
investigated as the anneal ing  tempera ture  was varied. 
Low pressure films deposited at 625~ were doped 
with POC13 at 950~ to produce a sheet resistance of 
12.5 ~/ [3  after the predeposition cycle. The samples 
were then sequential ly  annealed  at different tempera-  
tures in the range from 400 ~ to 1000~ for 80 min  in 
a dry N2 ambient,  with the same samples receiving all 
anneal ing  cycles. The samples were not protected by 
deposited oxide during these heat- t reatments .  After  
each anneal,  the sheet resistance was measured, with 
the results shown in  Fig. 4 for a sample which re-  
ceived 15 successive anneal ing  cycles. 

The resistance general ly re turns  to a similar  value 
as the anneal ing  sequence is repeated, suggesting that  
dopant  atoms segregate to gra in  boundaries  at lower 
temperatures  and are dispersed into the grains at 
higher temperatures  (13, 14). As the dopant  atoms 
are dispersed, they become active, lowering the re- 
sistance. This behavior  indicates that  dopant segrega- 
tion at grain boundaries,  as well as carrier t rapping 
there, is impor tant  in  de termining the resist ivity of 
polycrystal l ine-si l icon films. The slightly higher re- 
sistance seen after the second sequence of anneal ing  
cycles may be a t t r ibuted  to the slightly different 
temperatures  used in  the two sequences or to a small  
loss of phosphorus since the wafer surfaces were not 
protected dur ing the heat - t rea tment .  

It  is re levant  for practical applications of polysili- 
con to note that the resistance is max imum after an 
in termedia te  tempera ture  anneal  and decreases at 
higher temperatures.  At the lowest temperatures,  the 
equi l ibr ium value of the resistance is probably much 
higher than shown in  Fig. 4 ,  bu t  the anneal  time is 
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Fig. 4. Sheet resistance as a function of annealing temperafure 
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The film was deposited at 625~ 
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not adequate for equi l ibr ium to be reached. Con- 
sequently, only a l imited amount  of dopant  is able 
to segregate at the grain  boundaries  during the an-  
neal, and the resistance only increases slightly from 
its high tempera ture  value. It  follows from this rea-  
soning that  the resistance would be much higher than 
indicated in  Fig. 4 after a low tempera ture  anneal  if 
this low temperature  anneal  followed an anneal  at 
an in termediate  temperature,  ra ther  than one at a 
high temperature.  Thus, the resistance of the poly-  
silicon in an integrated circuit depends on the se- 
quence of thermal  processes after the polysilicon is 
doped. 

Oxidat ion  
In  order to reveal fur ther  differences be tween the 

various types of polysilicon, the oxidation rate was 
briefly considered. Both the POC13-doped and the 
implanted samples described in th e previous section 
were oxidized along with undoped samples which 
did not receive any fur ther  hea t - t rea tment  after they 
were deposited. The films were oxidized at 850~ in  
a steam ambient  to emphasize the surface reactions 
which dominate the oxidation kinetics in  this region. 
In  order to obtain oxide thicknesses that  were con- 
venient  to measure with a u.v. spectrophotometer 
(15), the undoped samples were oxidized for 150 min  
while the doped samples were oxidized for only 75 
min. 

The oxide thickness measured on the undoped 
samples are shown in Fig. 5 along with oxide thick- 
nesses measured on <111>-  and <100>-or ien ted  
single crystal control wafers which were not covered 
with silicon films. The oxide thicknesses on the un-  
doped films are close to that  on l ightly doped, < I l l > -  
oriented, single crystal silicon. The oxide thicknesses 
on all ini t ia l ly polycrystal l ine low pressure films 
(deposited at 600~176 were wi thin  8% and were 
slightly less than that  on <111> silicon, probably  in -  
dicative of the slower oxidation of other crystal 
orientations wi thin  the polycrystal l ine structure.  
Within  the group of polycrystal l ine films there ap- 
pears to be some correlat ion of the oxide thickness 
with the detailed or ientat ion of the crystalli tes seen 
in Fig. 1. The thickest oxide is obtained on films with 
dominant  {110} texture  (625 ~ and 725~ while the 
mi n i mum occurs in the in termediate  range where 
the {100} texture is dominant .  The oxide thickness on 
the ini t ia l ly  amorphous films appears to be somewhat 
greater  than that  on <111> silicon. This thicker oxide 
may be related to the less stable s t ructure  in these 
films and the change in the s t ructure  dur ing the oxi- 
dation cycle, since an 850~ heat cycle is sufficient to 
convert the amorphous s t ructure  to a polycrystal l ine 
one. 

The oxide thicknesses on the doped samples appear 
to be dominated by the average dopant concentration 
in the film (dopant a toms/cm 2 divided by film thick- 
ness) so that  th inner  films oxidize more rapidly  than 
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Fig. 5. Oxide thickness as a function of deposition tempecafure 
for undoped films after a 150 rain steam oxidation at 850~ 
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thicker films even if the structure is the same (15). 
While some similar dependence on film deposition 
temperature was seen for the implanted and an- 
nealed films as for the undoped films, the trends were 
less pronounced. No clear trends were seen for the 
POC18-doped films that were subjected to a 1000~ an- 
neal before oxidation, suggesting that grain-growth 
effects preceding oxidation may have dominated the 
oxidation kinetics. 

Index of Refraction 
The thickness of a deposited polysilicon film is 

usually measured by optical interference with either 
manual or automated spectrophotometers. Since the 
index of refraction of a potycrystalline-silicon film 
is close to that of single crystal silicon in the wave- 
length range of interest (16), analysis of the mea- 
surements is straightforward. Application of this 
technique to an amorphous silicon film is complicated 
by the different index of refraction and the large 
absorption, which decreases the reflected intensity 
available and shifts the apparent ]ocation of inter- 
ference extrema. 

To investigate the refractive index of amorphous 
silicon films, steps were etched in some amorphous 
and polycrystalline silicon films, and the films were 
measured with a surface profilometer and a spectro- 
photometer. From the, thickness determined by step- 
height measurements and the wavelengths of the in- 
terference extrema measured with the spectrophotom- 
eter, the real part of the index of refraction of the 
amorphous films deposited at 525 ~ and 550~ was 
determined as a function of wavelength, as shown in 
the upper curve of Fig. 6. The same films were then 
annealed at 900~ in N~ for 40 min to crystallize the 
amorphous films, and the measurements were re- 
peated. The index of refraction of the crystallized, 
initially amorphous films is shown by the lower curve 
of Fig. 6 and is now similar to that of crystalline sili- 
con. Similar changes in the refractive index have re- 
cently been reported when amorphous films formed 
by atmospheric pressure CVD were crystallized (17). 
In the present experiment the properties of similarly 
treated, initially polycrystalline films did not change 
during the anneal. 

Since the optical properties may depend on the 
detailed nature of the amorphous films, and conse- 
quently their deposition conditions, data obtained for 
amorphous films deposited at 525 ~ or 550~ cannot 
be used with confidence for amorphous films obtained 
under markedly different deposition conditions. 

Summary 
Silicon films deposited by low pressure chemical- 

vapor deposition may be either amorphous or poly- 
crystalline immediately after deposition, depending 
primarily on their deposition temperature. The amor- 
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Fig. 6. Index of refraction as a function of wavelength for amor- 
phous silicon films deposited at 525 ~ and 550~ (upper curve) and 
for the same samples after anneallng to crystallize the films 
(lower carve). 

phous films are unstable and crystallize readily on 
further heat-treatment, such as those seen in inte- 
grated circuit processing. The properties of the amor- 
phous films may differ significantly from those of 
crystalline silicon. The polycrystalline films, which 
are deposited above 600~ are more stable. Their 
crystal structure is a strong function of the deposition 
temperature. 

The resistance obtained on doping LPCVD silicon 
films depends on the film deposition temperature, al- 
though this dependence decreases after annealing the 
films at high temperatures. The resistance also changes 
reversibly as dopant atoms segregate at grain bound- 
aries at lower temperatures and are dispersed into 
the grains at higher temperatures. 

The oxidation rate is only a weak function of the 
deposition temperature for undoped films, although 
the initially amorphous films appear to oxidize some- 
what more rapidly. The oxidation rate of heavily 
doped films is dominated by the dopant concentra- 
tion, and the effect of deposition temperature is sec- 
ondary. The index of refraction of the amorphous 
films is significantly larger than that of the poly- 
crystalline films. Because of the marked differences 
between the properties of amorphous and polycrys- 
talline films, deposition near the transition tempera- 
ture should be avoided. 
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Effect of Chemical Structure on Thermal Depolarization of 
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ABSTRACT 

Thermal ly  s t imulated depolarization (TSD) of novolac and novolac al lyl  
e ther  electrets prepared at different polarizing temperatures  of 36 ~ 56 ~ and 
66~ with field s t rength of 1-3 kV/cm is compared with that  of resols. Effects 
of the differences in  chemical s t ructure on the position of the TSD peaks and 
amount  of stored charge are discussed. A correlat ion exists be tween these peak 
positions and  chemical t ransformations occurring in  the resin as indicated 
by infrared and differential thermal  analyt ical  studies. 

Al though electret formation in  many  of the com- 
mon  thermoplastic materials  is known, very few 
papers are avai lable on thermoset t ing resins like the 
phenolics (1), epoxy resins (2), polyimides (3), and 
synthet ic  melanins  (4). Electrets of such resins are of 
interest  since they are l ikely to be more thermal ly  
stable than  those of thermoplastics and  also because 
they are used in  the electrical industry.  The exact 
na tu re  of the chemical phenomena  occurring dur ing  
the process of curing in thermosets is not  ful ly  unde r -  
stood. In  recent  years differential thermal  analysis 
(DTA) and infrared spectral studies have been suc- 
cessfully applied (5, 6) for s tudying the curing phe- 
nomena.  While it is well  established that  in  the ther-  
mal  depolarization of polar dielectrics, peaks corre- 
sponding to various relaxat ion processes can be 
identified, no report  is available on the possibility of 
correlat ing the position of such peaks with chemical 
changes occurring on the polar groups. 

P re l iminary  work (1) done on electret formation 
in  semicured resols was encouraging. The present  
work is an  extension of these studies to novolacs and 
novolac al lyl  ether and aims at a correlation between 
s t ructural  effects and electret  behavior. 

Experimental 
As described earl ier  (1), resols were prepared by 

the s tandard  method, and cast on an a l u m i n u m  elec- 
trode by filling a square shaped mica cavity placed 
on it, followed by curing at the desired tempera ture  
to get sample I. 

Novolacs and novolac al lyl  e ther  were prepared by  
the method described by  Hui and Yip (7). These 
novolacs could not be cast on the a l u m i n u m  electrode 
as described in  Ref. (1), because dur ing  curing of 
novolacs excessive gas formation occurred and some 
of the gas was general ly  trapped. However, a few 
samples could be prepared wi thout  porosity by mix-  
ing novolac with hexamethylene  te t ramine (HMT) 
at ratios of 3:1 and 2:1 in  methanol  and pouring the 
solution in  a mica cavity as above. These samples 
were cured at 70~ for 12 hr and  dried in  a vacuum 
dessicator to get samples I I (a )  and I I (b ) .  

A fur ther  set of samples was prepared by mixing  
novolac with I-IMT in the ratio 5:1 in methanol.  The 
excess of methanol  was removed by heat ing at 6O~ 
for 30 min. These samples were then dried under  vac- 
uum, powdered, and made into pellets in vacuum un -  
der a load of 9 tons to get samples III. 

As an a l ternat ive  method of sample preparation,  
filter paper  (Whatman  41) was dipped in  a methanolic  

Key words: electret, infrared, dielectrics. 

solution of novolac and novolac al lyl  e ther  and cured 
in an oven for 24 hr  at 60~ The weight  increase of 
the paper after curing was a measure of the sample 
taken. These were dried in  a vacuum dessicator to 
get samples IV and V, respectively. After  preparation,  
all the samples (I to V) were stored under  vacuum 
to avoid interference of adsorbed moisture in  the ex- 
periments.  The samples were characterized by in f ra -  
red and DTA techniques and the conductivities w e r e  
measured as a funct ion of temperature.  

For electret formation samples I to V were sand-  
wiched between a luminum electrodes and polarized at 
different temperatures  as shown in  Table I, in  a 
specially designed oven at a field s t rength of 1-3 
kV/cm for 1 hr. Without  removing the voltage source, 
the samples were cooled to room tempera ture  over a 
period of 1 hr and thereafter  the voltage source was 
disconnected. The depolarization current  from the 
samples was measured as a funct ion of t ime and tem- 
perature  for a l inear  rate of heat ing of 4~ Simi-  
lar  experiments  were carried out with the filter paper  
alone, to confirm that  there was no electret effect in  
the b lank  paper. 

Results 
As already reported (1) resols I show depolariza- 

tion peaks with Tm at ll0~176 The position of the 
peaks varied to some extent  with the sample prepa-  
ration, including conditions of curing. At high fields 
the presence of more than one overlapping peaks was 
noted. Since the resins are thermosetting, it  was 
not possible to completely separate out the two peaks 
by peak cleaning as  described by P e r l ma n  (8). Once 
the sample is heated to higher temperatures,  changes 
in chemical s t ructure  would have occurred and the 
sample cannot again be polarized and studied by 
TSD. However, it was possible to locate the position 
of the second peak alone by heat ing the polarized 
samples to 1'10~ cooling, and reheating. A sharper  
peak was thus obtained at about  130~ for resols 
polarized at 76~ with a field of 1 kV/cm. 

In  the case of novolacs the results were very  much 
dependent  on the conditions of preparation.  Table I 
summarizes the depolarization data of novolacs cured 
with and without  HMT. Figure 1 is a TSD plot for 
novolacs cured without  HMT (sample IV).  In  th i s  
case only  one peak is observed at l l0~ This peak 
is fair ly sharp and does not shift wi th  tempera ture  of 
polarization (Tp). When cured with HMT [samples 
I I ( a ) ,  I I (b ) ,  and III] the TSD spectra became more 
complicated. 

In the case of novolac allyl e ther  (sample V) t h e  
Tm appears at 130~ as seen from Fig. 2. At  h i g h e r  
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Table I. Thermal depolarization data 

March 1980 

Compound 

Fie ld  Tm~x imax 
Tp, strength, obtained, obtained, 
~ kV/cm ~ nA 

Activation e n e r g y  (Ea) 

In i t i a l  r i se  F r o m  conduc- 
me thod ,  eV/  t i v i ty  data ,  

mo lecu le  eV /mo lecu l e  

Resol (I)  56 1 110 30 
66 1 140 60 
76 1 110, 160 800-700 

Novolae [ I I ( a ) ]  wi th  HMT 56 1 106, 162 28, 23 
86 1 110-168 43 
66 I 90-162 6, 36 

Novolae [ I I ( b ) ]  w i t h  HMT 50 1 94, 132-140, 200 22, 16, 29 
60 1 95-100, 200 74, 30 

Novolac w i t h  (HI) HMT 60 1 106 0.64 
80 1 110 8.8 

Novolac w i t h o u t  HMT ( p a p e r  36 3 112 120 
laminate) (IV) 56 3 106 255 

66 8 103 255 

Novolac allyl ether (V) 36 3 126 60 
66 3 130 140 
66 3 139. 275 

0.62 ~- 0.1 0 .85-  

0.87 "~ 0,08 

0.96 "4" 0.I 0.60 

Tp, additional broad peaks occur at  150~176 How- 
ever at these temperatures the samples tend to melt 
and more detailed analysis could not be made and 
no further at tempt was made towards the peak as- 
signments. 

The activation energy ( E a )  w a s  calculated for 
some samples by the initial rise method as well as 
from semi-log plots of resistance (R) of the unpo- 
larized samples as a function of temperature. A rep-  
resentative plot is shown in Fig. 3. 
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Fig. 1. Thermal depolarization spectra of novolacs. Tp - -  0, 
66~ Q, 56~ A ,  36~ 

280 

240 

20( 

16E 

o 
~2C - x 

80 

4O 

60 80 100 120 140 160 180 200 220 

TEMPERATURE t ~ 

Fig. 2. Thermal depolarization spectra of novolac allyl ether. 
T~ = 0, 66~ e ,  56~ Z~, 36~ 

Discussion 
In the absence of charge injection, the two basic 

mechanisms by which charge storage is expected to 
occur are by dipole orientation and space charge 
effects. In the semicured phenolics the dipoles avail-  
able are the phenolic-OH and --CH2OH substituents 
on the phenol ring. The bridging of the rings are 
basically through methylene units and a few ether 
bridges may also be present. The nature and number 
of the various groups would depend on the initial 
phenol: formaldehyde ratio, conditions of condensation 
including pH, temperature, and presence of curing 
agents. 

DTA studies on novolac formation (5) have indi- 
cated only one peak at 90~176 at tr ibuted to con- 
densation through formation of simple methylene 
linkages. Thus plain novolacs are normally expected 
to have only the phenolic ---OH, and methylol groups 
would not be present to any significant extent. The 
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Table II. Principal infrared absorption peaks 

P H E N O L I C  E L E C T R E T S  

Wave 
number 
of peaks, 

cm -1 Novolae Novolac 
[Ref. without allyl 

Group (7), (9) ] HMT ether  Resol 

- -OH 3350 Present  Almost  Present  
absent 

Benzene ring 1450-1600 Present  Present  Present  
Allyl  double bond 990, 920 Absent Present  Absent  
CH~---OH 1010 Almost  Almost  Present  

absent absent 
--CH~---OJCH2--- 1075 Absent Absent 
---CH~-- 1445, 910 Present  Present  Present  

in f ra red  absorpt ion  of our  semicured  novolac sam-  
ples are  shown in Table  II. Absence of a band at  
1075 cm -1 indicates  the  absence of d imethy lene  e the r  
bridges.  The peak  due to the  phenolic  - - O H  at 
3400 cm -1 is qui te  prominent .  The band at  1010 cm-~  
corresponding to - -CH2OH is not  significant. In  our 
TSD exper iments  on novolac paper  laminates  ( sam-  
p le  IV),  we observe  only  one peak  at  about  105 ~ 
l l0~ in agreement  wi th  DTA results.  Possibly  this 
peak  is associated wi th  the  phenomenon of curing. In 
fact  sample  IIL which is a mix tu re  of novolac and 
HMT in the pe l le t  form, also gives only one peak  
a round  l l0~ This indicates  tha t  ce l lu lose-novolac  
in ter face  or  possible air  t rapping,  is not  responsible  
for  this peak  because these a r e  p resen t  in sample  IV 
but  not  in III. 

In  p repa r ing  sample  III, t ime was not  a l lowed for 
curing, and the HMT only served to l ight ly  cross- 
l ink  the ma t r i x  to enable  pe l le t  formation.  However ,  
novolac samples  I I ( a )  and I I ( b )  conta ining HMT 
and resol (sample  I) were  a l lowed to cure. In  such 
cases addi t iona l  peaks are  observed at  150~176 and 
m a y  be a t t r ibu ted  to the  depolar iza t ion  of - -CH2OH 
groups wi th  s imul taneous  condensat ion to form e ther  
l inkages.  In  fact, the DTA and in f ra red  studies on 
resol format ion  (6) have  indica ted  tha t  phenols con- 
dense, w i t h - - C H 2  br idge  formation,  at  110~ and 
monosubs t i tu ted  phenols  condense at  148~ At  160~ 
subs t i tuent  me thy lo l  groups come together  to form 
the d imethyl  e ther  and at  200~176 these may  
cleave. Thus the peaks  at  200~176 observed  in 
samples  I I ( a )  and I I ( b )  poss ibly  correspond to charge  
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s torage in the  - - C H 2 - - O - - C H 2 - -  l inkages  which  
cleave at this t empera ture .  

Genera l ly ,  under  comparab le  condit ions the imax a n d  
s tored charge are  in the o rde r  novolac > a l ly l  novolac 
> novolac cured wi th  HMT. The addi t ion  of HMT 
enables  novolacs to c ross- l ink  ex tens ive ly  and makes  
the or ien ta t ion  of dipoles difficult dur ing the po la r i za -  
t ion process. However ,  resols s tore more  charge as 
compared  to novolac cured wi th  HMT, p robab ly  
th rough  the increased number  of - -CH2OH groups 
present .  

The E a values  obta ined by  the ini t ia l  r ise  method  
for the first peaks  in the  types  of samples  a re  of the  
same order  (Table  I) .  These ma tch  fa i r ly  wel l  wi th  
the values obta ined by  conduct iv i ty  measu remen t  in 
the same t empera tu re  range.  
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Disordered Compound: EuNa2Mg (VOJs 
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ABSTRACT 

Luminescence  of EuNa2Mg~(VO4)s is six t imes as b r igh t  as tha t  of  YVO4:Eu 
under  365 n m  l ight  exci ta t ion  at  room tempera ture ,  but  i t  suffers f rom the rma l  
quenching at  h igher  tempera tures .  The quenching is ma in ly  caused by  non-  
rad ia t ive  re laxa t ion  f rom the emi t t ing  states. Energy  diffusion among the low-  
est  exc i ted  states, 5D0, to sinks is a ma in  reason of r e l a t ive ly  weak  quenching 
be low 500~ At  h igher  tempera tures ,  dras t ic  quenching due to nonrad ia t ive  
r e l axa t ion  wi th in  each Eu S + ion is observed.  Disordered  d is t r ibut ion  of Eu S + 
and Na + revea led  by  opt ical  and powder  x - r a y  diffract ion measurements  is 
considered to induce the the rmal  quenching.  S imi la r  s t rong quenching begin-  
ning at  a round  500~176 is observed also for o ther  d i sordered  compounds,  
EuKs(MoOO4 a n d  EuA(MoOD2 (A --  Na, K, and  Rb) .  

Since Dan ie lmeyer  and his colleagues (1, 2) found 
tha t  NdP5014 is useful  as a min ia tu re  laser  ma te r i a l  
in 1972, var ious  concent ra ted  ra re  ea r th  compounds 
cal led "s toichiometr ic  ''2 mate r ia l s  have been s tudied 
extensively.  These compounds are  charac ter ized  by  
separa t ions  as g rea t  as 5-6A between neares t  ne ighbor  
ra re  ea r th  ions, and consequently,  by  smal l  inter ionic 
in terac t ion  even at  high concentrat ions such as 1022 
ions /cm ~. Later ,  this character is t ic  na tu ra l ly  a t t rac ted  
a t ten t ion  to phosphor  appl icat ions as wel l  (3, 4). 

The  present  work  was also in i t ia ted  wi th  the a im 
of finding efficient "s toichiometr ic"  Eu 3+ phosphors.  
Dur ing  the course of investigations,  it  was found that  
EuNa2Mg2(VO4)s and its modifications wi th  garne t  
s t ruc ture  show br igh t  luminescence under  365 nm 
l ight  exci ta t ion at  room tempera ture .  However ,  it  
was also found tha t  luminescence efficiency and l i fe-  
t ime of the  lowest  emi t t ing  s tate  ~D0 grea t ly  decrease 
~t h igher  tempera tures .  

I t  is known tha t  Eu 3+ and Na+ occupy equivalent  
sites in the garne t  s t ruc ture  (5). If  thei r  d is t r ibut ion 
is ordered,  the shortest  dis tance be tween  Eu 3+ ions is 
6.2A, so tha t  EuNa2Mg2(VO4)s would be a "stoichio- 
metr ic"  mater ia l .  Meanwhile ,  i t  was found that  in 
severa l  known  "stoichiometr ic" Eu compounds, l i fe-  
t imes of 5D0 a re  independent  of tempera ture .  This 
is not consistent  wi th  the  resul t  for EuNa2Mg2(VO4)3 
and raises doubts  tha t  this  ma te r i a l  is not  "stoichio- 
metr ic ."  This observat ion  mot iva ted  the  present  work  
to find the reasons for the rmal  quenching. Analysis  
of the  crys ta l  s t ruc ture  and opt ical  proper t ies  has 
revealed  that  Eu and Na are  d i s t r ibu ted  in a dis-  
o rdered  way. Therefore,  the mate r ia l  is ac tua l ly  not 
a "s toichiometr ic"  compound. The shortest  distance 
be tween  Eu ions is 3.8A. Mechanism of the the rmal  
quenching and its re la t ionship  wi th  d isordered dis-  
t r ibut ion  is discussed in the Discussion Section. Ther -  
mal  quenching as measured  by  an increase in decay  
rates  of the 5D0 state  was also found for o ther  com- 
pounds, EuKs(MoO4)4 and EuA(MoO4)2 (A = Na, 
K, Rb, and Cs). Al l  of these compounds,  except  for 
EuCs(MoO02,  show an indicat ion of d isordered  dis-  
t r ibut ion  of Eu and a lka l i  ions. 

Experimental 
Sample preparation.--EuxRl-xNazMg2(VO03, (R = 

Y or La, 0.1 < x ~ 1.0).--The method used to p repa re  

* Electrochemical  Society  Act ive  Member.  
1 Present  address:  Standard Elektrik Lorenz AG, D7000 Stuttgart  

40, Germany,  
Key words:  luminescence ,  thermal  quenching,  nonradiat ive  

processes .  
2Use of the word  "stoichiometric" is not  correct  in this case,  

because  it usual ly  re fers  to the  ratio be tween  cations and anions 
and not  to the ratio be tween  two kinds of cations. So in this 
work ,  we  U$r this  word a lways  with  quotat ion marks.  

the  series of mater ia l s  can be descr ibed by  tak ing  
EuNa2Mg2(VOOs, (x : 1) as an example .  Essential ly,  
the  ma te r i a l  is p r epa red  by  firing mix tures  of high 
pur i ty  Na2COs, Eu203, MgCOs, and NH4VO3 at 850~ 
in a i r  for 24 hr. However ,  the  p repa ra t ion  conditions 
had to be refined, because fired products  did not  have 
single phase garne t  s t ruc ture  due to format ion  of a 
zircon s tructure,  EuVO4. Thermogravimet~ic  and dif -  
fe rent ia l  t he rmal  analysis  as wel l  as x - r a y  diffraction 
measurements  showed that  EuVO4 is formed at  a 
t empe ra tu r e  lower  than  the format ion  t empera tu re  
of EuNa2Mg.,_(VOOs and tha t  EuVO4 format ion  p ro -  
ceeds more  r ap id ly  at  a fast  (20 deg /min )  hea t ing  
ra te  than at  a slow (5 deg /min )  heat ing rate.  I t  was 
also confirmed that  EuVO4 once fired at  850~ can be 
conver ted  to EuNa2Mg2(VO4)~ by  ret i r ing wi th  
Na2CO3, MgCO3, and NH4VO3 at  850~ Therefore,  the  
quan t i ty  of EuVO4 can be minimized b y  repea t ing  
that  re t i r ing process two or three  times. The x - r a y  
powder  pa t t e rn  of samples  p repa red  in this way  
showed that  the in tens i ty  of the s t rongest  diffrac- 
t ion line of EuVO4 was less than  5% tha t  of 
EuNa2Mg., (VO4) s. 

Other materials.--Europium alka l i  molybda tes  a n d  
tungsta tes  were  p repa red  by  firing s toichiometr ic  m ix -  
tures  of Eu2Os, a lka l i  carbonates,  and MoO3 or H2WO4 
in air  at 620~ X - r a y  diffraction analysis  showed that  
samp]es p repa red  this way  are  single phase. 

More usual  compounds were  p repa red  in conven-  
t ional  ways:  EuPO4 by firing a mix tu re  of Eu2Os, 
(NH4),,HPOt, and Na2CO3 in O.~ at 1160~ for 3 hr;  
EuVO4 by  firing a mix tu re  of Eu20:3 and NH4VO3 in 
a i r  at  1200~ for 2 hr. The last  mater ia l ,  EuP5014, 
was p repa red  by one of the authors  ( J -P .  J.) at  the 
Max Planck  Inst i tut ,  S tu t tgar t .  

Optical measurements.--Luminescence spect ra  were  
measured  in two different  ways.  Low resolut ion spect ra  
covering the whole  visible region were  measured  by  
a Nikon P-250 monochromator  which  has a dispersion 
of 6 nm/mm.  A pho tomul t ip l i e r  s ignal  was processed 
by  a da ta  acquisi t ion system, H e w l e t t - P a c k a r d  9825A, 
to obta in  corrected spectra.  Peak  wavelengths  and 
shapes of emission lines were  obta ined f rom high 
resolut ion spect ra  measured  wi th  a Spex 1400 mono-  
chromator  wi th  a dispers ion of 1 nm/mm.  In both 
cases, the exci ta t ion source employed was a high 
pressure  Hg lamp combined with  a CuSO4 solution 
filter and a glass filter, Toshiba UV-D1A, which cuts 
off visible light. 

Exci ta t ion spect ra  were  measured  by  the conven-  
t ional  method wi th  a Hitachi  MPF-4  spectrometer .  
For  measurements  of decay  characterist ics,  an Avco-  

6 9 4  
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Everet t  Model 1000 tunable  dye-laser  system was used 
as an excitat ion source. 

The laser was operated at 464 nm, which corres- 
ponds to the 7F0 --> 5D2 t ransi t ion of Eu a+. Pulsed 
dura t ion was 6 ~sec, and spectral width was about  6 
rim. Luminescence from a sample was focused on a 
slit of a Nikon P-250 monochromator.  Usually, the 
wavelength of the monochromator  was set at the 
position of the main  peak of (Eu, Y)Na2Mg2(VO4)~, 
which is 609.7 rim, in  order to e l iminate  emission from 
the by-product  (Eu, Y)VO~. The luminescence was 
detected with an HTV R 666S photomultiplier.  The 
photomult ip l ier  signal was stored by a Biomation 
Model 1010 waveform recorder and averaged by a 
signal  averager,  Toyo Model 1010S. The average of 
50 or 100 decay curves was converted to a semiloga- 
r i thmic plot by the data acquisit ion system 9825A. 

Raman  spectra of powder samples were measured 
at room tempera ture  by using a Cary 82 Raman spec- 
trometer.  Powder was charged in a quartz capil lary 
and mounted  paral lel  to the entrance slit of the 
spectrometer. The incident  laser l ight came into the 
bottom of the capil lary and propagated along the 
wall  of the capillary. Scattered light was collected 
by  a condenser lens and focused on the slit efficiently. 

Results 
Luminescence spectra.--The luminescence spectrum 

of EuNa21VIg2(VO4)a is quite similar  to the reported 
spectra of NaCa~.gEuo.lLi0.1Mg~.9(VO4)3 (6) and of 
Ca2-2xNal-xEuxMg2(VO4)3, (0 < x _--< 1.0) (7), which 
have garnet  structure.  In  the systems (Eu:Rl -x)  
Na2Mg2(VO4)z, (R -- Y or La, 0.1 <: x ~ 1.0), l umin-  
escence spectra have essentially the same features 
irrespective of x, except for the widths of the lines. 
This result  agrees with x - r ay  diffraction data which 
show that  these systems form perfect solid solutions. 
It  was also found that tempera ture  changes in the 
range of 77~176 do not cause any significant changes 
in low resolution spectra. 

Local site symmet ry  around Eu a+ ions was exam- 
ined by observation of crystal-field structures in the 
luminescence spectrum of EuNa~Mg,,(VO~)3. The do- 
decahedral  site in the garnet  s t ructure  has site sym- 
met ry  D2. The numbers  of the crystal-field components 
of the ?Fj states expected from group theory agree 
well with the observed numbers  except for ?F~, in 
which three lines are missing. It can be safely con- 
cluded that Eu ~+ occupies the dodecahedral site, since 
the missing lines were quite possibly not detected 
because of their  low intensities. 
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Relative luminescence intensities vs. Eu concentra- 
tion and temperature.--The relative intensit ies of the 
5D0 emission of EuzYI-xNa.2Mg2(VODa under  365 nm 
excitat ion at room tempera ture  as a funct ion of the 
Eu concentrat ion are shown in Fig. 1. The broad 
max imum light output  is found at around 70%, or 
3 X 1021 Eu ions/cm 3. This density is relat ively large 
compared with typical doped phosphors and is closer 
to the values found in "stoichiometric" phosphors. 
For  example, the densi ty of Eu ions is 6 • 1020 
ions/cm 3 in  YVO4:Eu(4%),  and 4 • 1021 ions/cm 3 
in  EuPsO14. The fact is that  EuxYI-xNa2Mg2(VO4)8 
is not a "stoichiometric" material ,  as is discussed 
later. The high opt imum concentrat ion is commented on 
in  a later  section. 

At room temperature,  EuxYl-xNa2Mg.~(VO4)8, (0.1 
_--< x _--< 1), is a more efficient phosphor than the com- 
mercial  phosphor YVO4: Eu. 3 At x .= 0.7, the former is 
8.4 times as br ight  as the latter. An invest igat ion of 
compounds with modified chemical composition led 
to the finding that  Eu0.TLa0.~Na2Mg2(VO4)s is 14.6 
times as bright as YVO~:Eu. In  Fig. 2 are shown the 
brightness data of EuNa2Mg2(VO4)8, EU0.TLa0.sNa2Mg~ 
(VOD3, and YVO4:Eu under  365 nm excitation as a 
function of temperature.  As is well  known (8), 
YVO4:Eu shows a steep increase in  efficiency with 
increasing temperature.  In  contrast, (Eu, R)NaeMg2 
(VO4)8, (R -- Y or La),  suffers from a drastic thermal  
quenching. In  this way, the two kinds of vanadates  
show quite contrary tempera ture  dependence. The 
thermal  quenching of (Eu, R)Na2Mg2(VO4)s can also 
be observed by means of excitation spectra at vary ing  
temperatures:  Fig. 3 shows the result  for EuNa2Mg2 
(VODs. The 4f-4f excitation lines of Eu 8+ as well 
as the broad band due to host absorption lose in tensi ty  
with increasing temperature.  The intensi ty  of the 
7F0 --> 5D2 excitat ion line at 464 nm is plotted against  
tempera ture  in  Fig. 4. Its tempera ture  dependence is 
near ly  the same as that  of the in tens i ty  under  365 
nm excitation, which indicates that the main  loss 
processes occur at 5D2 and /o r  the lower states, 5D1, 5D0. 

Excitat ion and diffuse reflection spectra were mea-  
sured at room temperature  for a series of 
EuxYI-.zNa2Mg2(VO4)8 in  the region of 290-600 nm. 
Changes due to var iat ion in x were not found near  
the host absorption region. In other words, the charge 
t ransfer  band from O 3- to Eu 8 + was not detected. 

Decay characteristics.--The temperature  dependence 
of the decay characteristics of 5Do emission was mea-  

E x a c t l y  s p e a k i n g ,  PO~ ~- i o n s  s u b s t i t u t e  6 m o l e  p e r c e n t  o f  V 0 4  ~- 
in this phosphor. The Eu concentration is 4 atom percent. 
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Fig. 1. Dependence of the lumi- 
nescence intensity of EuxYz-xo 
Na2Mg2(V04)3 on Eu concentra- 
tion (0.1 ~ x ~ 1.0) at room 
tempecature. Excitation was 
made with a high pressure Hg 
lamp and the luminescence from 
the 5Do state was monitored. 
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Brightness is normalized at the 
value of YVO4:Eu at room tem- 
perature. 
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sured  for  EUzYl-xNa2Mg2(VO4)8, (x  : 1, 0.5, and 
0.1) f rom 77 ~ to 6000K. 

The decay character is t ics  depend  on both the Eu 
concentra t ion and tempera ture .  Some examples  a re  
shown in Fig. 5. The decay curves are  nea r ly  expo-  
nent ia l  when the Eu concentrat ion and t empe ra tu r e  
a r e  both sufficiently low or high. In other  regions 
[for example ,  at  a low Eu concentra t ion (x --  0.1) 
and a high t empera tu re  (above 650~ or  at  a high 
Eu concentra t ion (x --  1.0) and an in te rmedia te  t em-  
pe ra tu re  (near  500~ decay curves are  s t rongly  
nonexponent ia l .  However ,  at  long t imes af ter  the  
exci ta t ion pulse, an exponent ia l  component  is ob-  
served. This component  p robab ly  or iginates  in diffu- 
s ion- l imi ted  re laxa t ion  and its ra te  is wr i t t en  as 

1/T ---- 1/'co + 1/~D [1] 

where  1/To is the rad ia t ive  decay ra te  and 1/~D is the 
decay ra te  due to diffusion. The exponent ia l  decay 

rate,  l / r ,  is p lo t ted  agains t  t empera tu re  in Fig. 6. 
I t  increases wi th  increas ing t empe ra tu r e  as indica ted  
by  a decrease in the exc i ta t ion- l ine  in tensi ty  at 464  
nm (Fig. 4). The t empera tu re  dependence  of the  
decay rates  differs g rea t ly  in the  two regions. Below 
500~ the decay ra te  shows re l a t ive ly  small  changes 
wi th  tempera ture .  At  77~ the decay rates  a re  nea r ly  
the same for the three  Eu concentrations.  This value 
should be the intr insic  rad ia t ive  t ransi t ion probabi l i ty .  
Above 500~ the decay ra te  increases great ly .  The 
nonradia t ive  decay added  to the lower  t empera tu re  
ra te  is insensi t ive to the  Eu concentrat ion.  The ac t iva-  
t ion energy is (9 -+- 1) • 10 .3 cm-1  for the three  con- 
centrations.  This behavior  forms a sharp  contras t  
wi th  tha t  in the lower  t empe ra tu r e  region, where  
nonradia t ive  decay increases g rea t ly  wi th  the Eu con- 
centrat ion.  The resul t  given in Fig. 4 shows that  the 
most impor tan t  factor  on the rmal  quenching is energy 
loss wi th in  Eu ~+ ions. The loss processes t ake  place  
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Fig. 3. Excitation spectra of EuNa2Mg2(V04)~ at various tem- 
peratures. Luminescence intensity was monitored at 610 nm with a 
bandwidth of I nm. 
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Fig. 4. Temperature dependence of the 5Do lifetime (*); the 
5Do luminescence intensity excited by 464 nm light, which corre- 
sponds to the 7Fo ~ 5D 2 transition ( [ ] ) ;  and the 5Do luminescence 
intensity under 365 nm excitation corresponding to the VO4 s -  
absorption ( + ) .  The data are normalized to room temperature 
values. The 5Do luminescence intensity under 464 nm excitation 
was obtained by an integration of excitation peak in Fig. 3. The 
intensity under 365 nm excitation was obtained independently by 
using a high pressure Hg lamp. 
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Fig. 5. Examples of decay 
curves of 5Do luminescence from 
EuxYI-=No~Mg2(VO4)3. (a) x - -  
1.0; curve a, 77~ curve b, 
448~ and curve c, 653~ (b) 
x = 0.5; curve d, 77~ curve e, 
443~ and curve f, 645~ (c) 
x = 0.1; curve g, 77~ curve 
h, 385~ and curve i, 680~ 
Note how decay curves deviate 
from exponential forms indicated 
by broken straight lines. 

main ly  at  the  ~Do state, as shown in Fig. 6. In  general ,  
the  ene rgy - l eve l  s t ruc ture  of Eu 8+ is unfavorab le  
for quenching of 5Do emission by  mul t iphonon  emis-  
sion, since ~D0 is wide ly  separa ted  f rom the highest  
metas tab le  state 7F6. In fact, i t  is r a the r  unusual  that  
the  l i fe t ime of 5Do gets shor ter  wi th  increasing tem-  
pera ture .  As a comparison,  the ~Do l i fe t imes of var ious  
compounds inc luding Eu 3+ were  measured  as func-  
tions of t empera ture .  The s tudied mater ia l s  are  (i) 
"s toichiometr ic"  mater ia ls ,  EuP~O14, EuNas(MoO4)4, 
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Fig. 6. Temperature dependence of decay rates for EuxYl-=- 

Na2Mg2(VO4)~. (I--I) x ~ 1.0, (*) x ~-- 0.5, and (-F) x ---- 0.1. In 
the inset, the lower temperature region for x ---- 1.0 is magnified. 
The ordinate of the inset figure is the nonracliative decay rate, 
1/'c - -  I/To, where 1/T is the observed decay rate and 1/To is the 
radiative decay rate, 1.15 X 108 cm -1 ,  indicated by the dash-dot 
line at the bottom of the main figure. The solid curve in the inset 
was calculated according to Weber's formula (see text). 

and EuNas (WO04;  ( i i )  Eu compounds wi th  a normal  
dis tance (3-4A) be tween  the neares t  Eu ions, EuPO4, 
EuVO~, EuA(MoO4)2 wi th  A : Na, K, Rb, or  Cs, 
and EuKs(MoO~)4; and ( i i i )  a doped mater ia l ,  YVO4: 
Eu (4%).  The decay rates  of YVO4:Eu, EuPO4, and 
the "stoichiometr ic"  mate r ia l s  a re  nea r ly  independent  
of t empera tu re  f rom room t empera tu re  to 680~ The 
decay ra te  of EuVO4 decreases from room t empera tu r e  
to 450~ but  at h igher  t empera tu res  s tays constant  
(Fig. 7). On the o ther  hand, EuA(MoO4)2 and 
EuKs(MoO4)~ show drast ic  increases in the  decay ra te  
wi th  increasing t empe ra tu r e  above 500~ just  as 
(Eu, Y) Na2Mg2 (VOO 8 does (see Fig. 8). 

Here  we add a br ie f  descr ipt ion of decay charac te r -  
istics. The "stoichiometric" compounds and the doped 
phosphor,  YVO4:Eu, show nea r ly  single exponent ia l  
decays. Other  compounds show more  or less non-  
exponent ia l  decays. Since in most cases, the tai l  of a 
decay curve can be reasonably  approx imated  as ex-  
ponential ,  its decay ra te  was taken  as the r ep resen ta -  
t ive value  and plot ted in Fig. 7 and 8. The decay curve 
of EuPO~ is composed of two exponent ia l  par t s  wi th  
comparable  intensities.  For  convenience, the smal le r  
ra te  is given in Fig. 7. The compounds, EuNa(MoO4)2, 
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EuK(MoO4)2, and EuKs(MoO4)4 have fast components 
in  the ini t ial  period of decay. The decay rate was 
determined at the tails of the curves. This is good 
approximation below about 400~ since the intensi ty  
of the fast component  is not large. However, as the 
thermal  quenching occurs, the whole decay curve 
looks like the sum of two or more components of 
comparable intensity.  Fi t t ing with an exponential  
form is only moderately good. In  Fig. 8, the slowest 
component wi th in  the measured time span (0.2-1 
msec) is plotted. In their ini t ial  periods, EuRb (MoO~)2, 
EuCs(MoO4)2, and EuVO~ also show fairly strong 
fast components. The slower components, however, 
can be fitted with exponential  forms even above 500~ 

These characteristics suggest that there are com- 
plicated factors controll ing decay curves in these 
materials.  

Luminescence line widths.--The widths of Eu 8+ 
luminescence lines were measured at 77~ for 
EuNa2Mg,,(VO~)s and the compounds shown in Fig. 7 
and 8 as a means of checking the regular i ty  of the 
crystal field around Eu 3+ ions. A convenient  probe is 
the strongly forbidden 5D0 --> ~F0 line, which usual ly  
has a width of less than a few c m - L  The results are 
given in Table I. The compounds EuNa2Mgo.(VO0s, 
EuNa (MOO4) 2, EuK (MOO4) 2, EuRb (MOO4) 2, and EuK5 
(MoO4)4 show inhomogeneous broadening, while the 
other compounds have normal  nar row lines. It has been 
reported that  EuK5 (MoO4)4 has a disordered lattice, in 
which Eu 3+ and K + are randomly distr ibuted at equiv- 
alent  sites (9). Therefore, it is most s traightforward to 
assume that EuNa2Mg2 (VO4)s is also a disordered com- 
pound. These compounds show a decrease in the ~D0 
lifetime with tempera ture  (Fig. 6 and 8). An exception 
is EuCs(MoOD2, which shows a decrease in the 5D0 
lifetime in spite of normal  nar row widths at 77~ So 
far, no phase translation has been found on this com- 
pound (10). 

Table h Half-widths of 5Do ~ ~Fo emission lines at 77~ 
For materials marked with (*), half-widths of 5Do -> 7Fz lines 

are given, since 5Do --> ~Fo lines were not found. 

Line width 
Materials (cm -1) 

YVO4:Eu 2.3 
E u P s O u  3.5 

E u N a  (MOOD s 14.3 
E u K  ( MoO4 ) | 11.8 
E u R b  (MoOt)  $ 13.3 
EuCs  (MOOD J 4.1 ~ 

EuNa~(WODs  4.0 ~ 
EuK~(WOD~ 16.7 

E u N a ~ g ~  ( VO~), 14.7 

Raman spectra.--Raman spectra of powder samples 
were measured at room temperature  as another  means 
of observing lattice irregulari ty.  In this experiment,  
YNa2Mg2(VOD8 and YVO4 were compared with each 
other. The Raman spectrum of single crystal YVO4 
has been measured and its assignment is well estab- 
lished (11). Our powder Raman data agree well  with 
the crystal data. 

The spectrum of YNa2Mg2(VODs is similar  to the 
published spectrum of NaaVO4 (12) in the number  
and energies of the lines. As the symmetry  of VO48- in 
NasVO~ is Ta, that  of VO4 s -  in YNa2.Mg2(VO4)3 is 
also Ta in the first approximation. The half-widths 
of the YVO4 lines are 2-3 cm-1;  the lines o f  
YNa2Mg.,(VOD8 are much broader, with the half-  
widths of 10-15 c m - <  This result  suggests that the 
s tructure of VO4 ',~- in YNa2Mg2(VOOs fluctuates sta- 
tistically around the average configuration with the 
Td symmetry.  If Y~+ and Na + ions randomly occupy 
the dodecahedral site, their  disordered a r rangement  
will cause a weak distortion from Td. In this sense, 
the Raman spectrum is not inconsistent with the 
disordered arrangement .  

Calculation oJ x-ray powder all//faction intensi t ies . -  
In the previous sections, a disordered dis tr ibut ion of 
Eu ~+ and Na + was assumed based on spectroscopic 
data. To confirm this assumption, x - ray  powder dif- 
fraction intensit ies were calculated for both ordered 
and disordered distributions. Calculation was per-  
formed by a computer program which outputs dif- 
fraction angles, in te rp lanar  spacings, Miller indexes, 
and intensities. Input  data were obtained by the 
following procedures. Atomic positions of lattice points 
were cited from the work of Wyckoff (12). The posi- 
tions of the Eu sites in the ordered dis tr ibut ion were 
uniquely  determined by the two conditions: (i) eight 
Eu ions are positioned in 24 dodecahedral sites in a 
un i t  cell in such a way that  each ion is separated 
from the others as far as possible, and (ii) t ransla-  
t ional symmetry  is reserved. 

In  the disordered distribution, Eu 8+ and Na + ions- 
randomly occupy 24 sites with occupation probabil i ty  
of 1:2. Therefore, the atomic scattering factor, f, of 
the site was assumed to be a weighted average of 
the scattering factors of Eu and Na 

Jr ---- (1/3)):Eu q- (2/3)]Na [2] 

The calculated diffraction intensit ies are plotted 
against the Miller indexes in Fig. 9. When normalized 
at the strongest line, l ine intensities in the disordered 
distr ibution are, in general, smaller than those in the 
ordered distribution. In addition, one finds some van-  
ishing lines in the disordered distribution. They are 
(101) to (211) at small  angles, (321), (631), (721), 
and (732). 

The observed diffraction pat tern  (open circles in 
Fig. 9) resembles the disordered distr ibution pat tern  
(filled triangles) more than the ordered distr ibution 
(open tr iangles) .  Therefore, the assumed disordered 
distr ibution seems plausible. 
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Fig. 9. Powder x-ray diffrac- 
tion intensities. ( O )  Observed, 
(Z~) calculated for the ordered 
distribution, and (A)  calculated 
for the disordered distribution. 

MiLLer INDEX ( h k L )  

According  to this result ,  the shor tes t  dis tance be-  
tween  Eu ions is not  6.2A as expected  for  the  o rdered  
"s toichiometr ic"  compound,  but  only  3.8A. Wi th  such 
a shor t  m in imum separat ion,  the  character is t ics  typ ica l  
of a "s toichiometr ic"  compound should no longer  be 
re ta ined.  

This s t a t ement  does not  seem consistent  w i th  the  
fact  tha t  the  op t imum Eu concentra t ion is nea r ly  as 
high as tha t  in "s toichiometr ic"  compounds.  A p ic ture  
which  m a y  help  unders tand ing  this point  was p ro-  
posed by  Sommerd i jk ,  Bril, and H o e x - S t r i x  (13). 
They found that,  in NaCa2Mg2(VO4)3:Dy 3+ which 
also has garne t  s t ructure ,  the op t imum Dy concentra-  
t ion is about  20%. The h igh  concentra t ion was ex-  
p la ined  as resul t ing  f rom inefficient energy t ransfe r  
f rom host  la t t ice  to Dy ~+. In  (Eu, Y)Na2Mg2(VO4)~ 
as well,  energy  t ransfe r  f rom VO43- to Eu 3+ is not  
efficient. This is shown by an observat ion  that  green 
emission f rom the VO4 ~-  group is seen at  high Eu 
concentrat ions  such as 50%. Therefore,  the above 
pic ture  wi l l  work  also in this case. 

Discussion 
The increase  in the  ~D0 decay ra te  wi th  increas ing 

t e m p e r a t u r e  is p r e sumab ly  caused by  an increase in 
nonrad ia t ive  decay rate,  because the luminescence 
in tens i ty  decreases  wi th  t empera ture .  In  this  section, 
possible mechanisms for these nonrad ia t ive  processes 
a re  discussed. 

As prev ious ly  stated, the  ~D0 decay ra te  of (Eu, Y) 
Na2Mg2(VO4)3 depends  on the t e m p e r a t u r e  and Eu 
concentra t ion  in different  ways  in two t empera tu re  re-  
gions. Below 500~ the decay ra te  depends s t rongly  
on the  Eu concentrat ion,  and is, therefore ,  caused 
b y  in ter ionic  interact ion.  Above 500~ the nonrad ia -  
t ive decay ra te  added  to the lower  t empe ra tu r e  ra te  
is insensi t ive to the  Eu concentrat ion,  which indicates  
tha t  the nonrad ia t ive  decay takes place wi th in  each 
ion. 

Severa l  processes have been proposed as candidates  
for the  the rmal  quenching mechanism of ~D0 lumin-  
escence. These include (i) nonrad ia t ive  decay via  a 
cha rge - t r ans fe r  s tate which has a crossover point  
wi th  the  5Do and 7Fj states (14), and  (ii) t empe ra tu r e -  
dependent  diffusion of the 5D0 states to quenching 
centers. 

Mul t iphonon emission from 5D0 can be neglected 
because the la t t ice  v ib ra t ion  frequencies in YNa2Mg2 
(VO4)8 are  not pa r t i cu l a r ly  high (section on Raman  
spec t ra ) .  I t  is t empt ing  to th ink  that  a phase t rans i t ion  
might  occur at  the  t e m p e r a t u r e  d iv id ing  the  two r e -  

gions, since the decay  ra te  -builds up v e r y  s teeply  at  
a round  500~ We checked this poss ib i l i ty  by  mea-  
sur ing powder  x - r a y  diffractioh pa t te rns  and the rma l  
different ial  analysis.  However ,  no evidence was found 
to suppor t  tha t  there  is a phase t ransi t ion.  

Af te r  these possibi l i t ies  a re  ru led  out, the  quenching 
character is t ics  above  and be low 500~ can be most  
reasonably  ascr ibed to the above-men t ioned  (i) and 
(i i) ,  r e spec t ive ly .  

In  the following, the t empera tu re  dependences  in the 
two regions are  discussed sepa ra te ly  in more detail .  

The lower temperature region.--Temperature-de- 
pendent  decay of 5Do has been wel l  s tudied  in glasses 
containing Eu ~+ ions. I t  is useful  to recal l  here  the 
mechanisms proposed for energy migra t ion  in glasses. 
In  1971 Weber  (15) proposed a model  in which energy  
migra tes  efficiently only be tween  the t ransi t ions  5D0 
--> 7F1, 7F  2 and 7F1, 7F2 -> 5Do because the 5Do ~ 7Fo 
t rans i t ion  is s t rongly  forbidden.  This mechanism re -  
quires t he rma l  popula t ion  of the  metas tab le  s tates  
7F 1 and 7F2 and gives rise to s t rong t empera tu re  de -  
pendence of the ~Do decay rate.  Essent ia l ly  the same 
mechanism was considered by  Takushi  and Kushida  
(16) in thei r  work  on a Ca(PO3)2:Eu glass. 

We tested this model  fol lowing the p rocedure  shown 
by Weber.  The nonrad ia t ive  decay ra te  by  diffusion, 
1/TD, is given b y  

1/~D -= 4~D.q.p [3] 

where  D is a diffusion constant,  q the concentra t ion 
of sinks, and p the in terac t ion  dis tance be tween  an 
energy donor and a sink. When energy t ransfers  from 
a donor to a s ink by  d ipo le -d ipo le  interact ion,  p can 
be expressed as 

p = 0.68(C/D),/4 [4] 

where  C is an in terac t ion  constant.  
The t empera tu re  dependence  of D was calcula ted 

according to an approx imat ion  which considers only 
the the rmal  popula t ion  of 7Fj states 

Dcc zfgf .exp ( - - E f / k T )  (gf/gi) (Sij2/vU2" ~'Yij) / 

Zfgf.exp(--Ef/kT) [5] 

where  E is the energy of a level,  ~ij the osci l la tor  
s trength,  ~ij the  frequency,  and • the  l ine  width,  
all  of the  t ransi t ion be tween  an i th and j th  levels, 
and g the  degeneracy  of a level. Among the ground 
states, 7F0, 7F~, and 7F2 become signif icant ly popula ted  
near  or above room tempera ture .  The r i gh t -hand  side 
of Eq. [5] was ca lcula ted  by  using ]ij's obta ined  f rom 
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the observed radiat ive decay rate (l/T0), 1.15 • 10 .3 
sec -1, and branching ratios. From Eq. [3] and [4], 
one  finds 1/*D cc D3/,. Accordingly, the 3A power of D 
is compared with the observed (1/T -- l/T0) in the 
inset  of Fig. 6. Thermal  broadening of homogeneous 
l ine width was neglected. The agreement  between the 
predicted temperature  dependence and the measured 
variat ion of 1/TD -- (1/T -- l/T0) is satisfactory. 
Therefore, it can be concluded that the above model 
essentially accounts for the observed result  in the 
lower tempera ture  region. Phonon-assisted energy 
t ransfer  no doubt occurs between mismatched energy 
levels. However, it  does not seem necessary to take 
into account this mechanism to explain the measured 
variat ion of the decay rates. 

Energy migrat ion via thermal ly  populated 7Fz and 
7F2 states could occur in  any  concentrated Eu com- 
pounds if the separation between Eu ions is small  
enough. The fact is that the increase in the decay 
rates with temperature  observed for EuNa2Mg2(VO4)~ 
was not found for other disordered compounds, such 
as EuKs(MoO4)4, or for EuPO4 and EuVO4. All these 
compounds show strongly nonexponent ia l  decay curves 
and these decay characteristics do not change with 
temperatures  below 500~ This is an indication of 
l i t t le energy migrat ion among 5D0 states in these com- 
pounds. It  seems that  a high Eu concentrat ion and a 
small distance between nearest  neighbor ions are 
necessary but  not sufficient conditions for energy 
migration. 

The higher temperature region.--As stated before, 
the drastic nonradia t ive  process above 500~ proceeds 
through a thermal ly  populated charge- t ransfer  state 
(CTS). The activation energy of the decay rate ob- 
served for EuNa2Mg2(VOD~ (9 • 103 cm-1)  is within 
a reasonable region to be explained by the configura- 
t ional coordinate model. It is comparable to the activa- 
tion energy in  LaA1Os:Eu (1.4 • 104 cm -1) (17) 
or in La202S:Eu (1 • 104 cm -1) (18). The higher 
excited states, 5D~ and 5D2, are deactivated at lower 
temperatures  by the same mechanism, which explains 
a t rend that  the '~D0 luminescence in tensi ty  excited 
at the 7F0 -->-SD 2 t ransi t ion decreases more than the 
5D0 lifetime does (see Fig. 4). 

There is, however, a difficulty that the CTS is not 
found in excitation and reflection spectra up to 300 
nm (section on relative luminescence intensit ies) .  
Within the framework of the configurational coordi- 
nate model, the only way to avoid this difficulty is to 
assume that the CTS has large Franck-Condon  offset. 
An example of the effect of offset on thermal  quench-  
ing is given by the recent work of de Hair and Blasse 
(19). Large offset is realized, when the CTS can 
spatially expand or, specifically in this case, when 
a cation sharing an oxygen with Eu 3+ is loosely 
bonded with the oxygen. All the materials which 
show the thermal  quenching under  consideration con- 
ta in  alkali  ions. As is well known, alkali  ions become 
mobile in many  compounds through vacancies, dis- 
locations, or interst i t ial  sites at sufficiently high tem- 
peratures. Even if they do not real ly jump from one 
site to another, they will have large ampli tude of 
oscillation. In other words, an a lkal i -oxygen bond 
is weakened at high temperatures.  

As a p re l iminary  check of ionic conductivity, a-c 
conductivi ty was measured on sintered EuNa2Mg2 
(VO4)~ and EuK(MoO4)2, and on a single crystal 
EuCs(MoO4)2. The conductivity was measured by a 
conventional  method at 1V peak- to-peak voltage with 
a frequency of 1 kHz. When the temperature  is varied 
from 670 o to 770~ the conductivi ty of EuNa_~Mg2 
(VO4)~ changes from 2 • 10 -7 to 8 • 10 -6 (~ cm)-Z,  
and that of EuK(MoO4)2 changes from 4 • 10 -7 to 
3 • 10 -6 (~ c m ) - L  The conductivi ty of EuCs(MoO~)2 
changes from 1 • 10 -7 to 5 • 10 -7 ( a  cm) - 1 i n  the 
range of 520~176 These values are of the same 

order of magni tude  as the conductivi ty of a regular  
ionic conductor, LiF (20). This fact indicates that  
a small  fraction of alkali  ions actual ly moves in  the 
lattices. In this respect, there is some reason to pro- 
pose the above hypothesis. 

Among the compounds studied here, the disordered 
materials  seem to favor the characteristic thermal  
quenching. A reason one can speculate is that s t ra in 
caused by expansion of an Eu-O bond is more easily 
accommodated in  disordered lattices than in ordered 
lattices. 

The most s t raightforward way to test this hypothesis 
is to measure luminescence quenching in an ordered 
phase. Attempts were made to prepare the ordered 
phase of EuNa2Mg2 (VO4) 8 by annealing.  Modification 
of chemical composition was also tried to search for 
ordered vanadates with garnet  structure. However, 
these experiments  were unsuccessful. 

Conclusions 
The dominant  factor of the thermal  quenching of 

luminescence from EuNa2Mg2(VO4)8 is nonradiat ive 
processes working on the emit t ing states of Eu 3+. 
Dependence of the decay rate on temperature  and 
Eu 3+ concentrat ion differs very  much in the two tem- 
perature  regions: below and above 500~ Below 500~ 
energy diffusion among Eu 3+ ions increases the decay 
rate. Optical and powder x - r ay  diffraction data show 
that  Eu 3+ and Na + ions are randomly  distr ibuted 
on the dodecahedral sites in  the garnet  structure. 
The shortest distance between Eu 8+ ions has a normal  
value of 3.8A, which is not as large as would be 
expected in  an ordered state. The short m i n i mum dis- 
tance between Eu 3+ ions makes energy diffusion pos- 
sible. Above 500~ nonradia t ive  relaxat ion occurs 
inside single Eu 8+ ions. This is tenta t ively  explained 
by a model in  which the 5D0 state is deactivated 
through a thermal ly  poPulated charge transfer  state. 
The most reasonable explanat ion of the nonradia t ive  
process above 500~ is that  the adiabatic potential  
curve of the Eu 3+ charge "transfer state has large 
offset, because of soft sur rounding  of Eu 3+. A similar 
thermal  quenching characterized by a drastic increase 
in 5D0 decay rates is also found for several disordered 
Eu alkali  molybdates. The result  suggests that  the 
charge transfer  state can expand easily in Eu alkali  
compounds, par t icular ly  when ions are randomly  dis- 
tr ibuted. 
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The D-C MOSFET Dopant Profile Method 
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ABSTRACT 

Dopant  profiles can be de te rmined  f rom d-c  measurements  on a four -  
t e rmina l  su r face-channe l  MOSFET. The region f rom about  three  Debye  
lengths  f rom the oxide-s i l icon interface  to a m a x i m u m  depth,  l imi ted  by  the 
ava lanche  b r eakdown  in silicon, can be profiled by  this method.  With in  th ree  
Debye  lengths  of the surface, the deple t ion  approx imat ion  fails, and  in  this 
region the profile has a character is t ic  dip which is eas i ly  recognized. Other  
l imi ta t ions  include effects due to the field dependence  of the channel  mobil i ty ,  
short  channel  enects,  and the lack of para l le l i sm of the deple t ion  edge wi th  
the interface.  The method  is i l lus t ra ted  by  dopant  profiles of bu lk  wafers,  
imp lan ted  layers ,  and a diffused layer .  The dopant  densit ies covered by  these 
profiles va ry  f rom 6 X 1014 cm -~ to 2 • 1018 cm -~. 

The feas ib i l i ty  of measur ing  dopant  profiles by  
analyz ing  the  d -c  character is t ics  of a MOSFET was 
repor ted  prev ious ly  (1, 2). Because the measuremen t  
requi res  the  use of d i rec t  currents ,  i t  is easi ly  im-  
p lemented  wi th  au tomated  da ta  acquisi t ion equip-  
men t  tha t  is no rma l ly  used to measure  the t rad i t iona l  
MOSFET elect r ica l  characterist ics.  In  this pape r  the 
method  is appl ied  to the measuremen t  of dopant  p ro -  
files tha t  cover the  range  f rom 6 • 1014 cm-~  to 
2 • 10 TM c m - <  Examples  of measurements  on homo-  
geneous, diffused, and implan ted  layers  are  given. 
This pape r  explores  the var ious  factors tha t  influ- 
ence the measuremen t  of the dopant  profiles. 

The MOSFET d-c  profi ler  ut i l izes a f ou r - t e rmina l  
su r face -channe l  MOSFET for eva lua t ing  the dopant  
dens i ty  in the  si l icon under  the ga te  (1, 2). The 
dopant  profile is ob ta ined  by  sequent ia l ly  moving the 
deple t ion  region th rough  the sil icon by  using the 
back -ga t e  bias effect. A s t h e  ga te -source  voltage, 
Vos, is changed, the  d ra in -source  current ,  IDS, is held  
constant  by  ad jus t ing  the source-body  voltage, VSB. 
These vol tages plus the  sil icon and oxide dielectr ic  
constants  and  the oxide thickness  a re  sufficient to 
compute  the dopant  profile. 

Dopant Profile Equations 
The profile equat ions can be de r ived  for  the case 

of un i fo rmly  doped si l icon by  assuming that  the  de-  
p le t ion approx ima t ion  (3) is va l id  and by  ignor ing 
charge in the oxide, in ter face  states, and  work  func-  
t ion differences be tween  the meta l  and silicon. These 
are  un impor t an t  factors as long as they  a re  s table  
quanti t ies .  Consider  a su r face-channe l  MOSFET oper -  
a ted  wi th  a negl ig ib ly  smal l  d ra in -source  voltage, 
VDS. For  this condition, the  fol lowing der iva t ion  as-  

Key words: semiconductor, diffusion, implantation. 

sumes that  the ga te -channe l  and channe l -body  vo l t -  
ages are  equiva lent  to the  ga te -source  voltage,  VGs, 
and the source-body  voltage,  VSB, respect ively.  

At  the oxide-s i l icon interface  the solut ion to Pois-  
son's equat ion using Gauss '  l aw yields  

Qo --  qns + Qb [1] 

where  ns is the i nve r s ion - l aye r  charge dens i ty  pe r  
uni t  area, Qo is the  charge per  uni t  a rea  on the gate, Qb 
is the  charge  per  uni t  a rea  induced  at  the  in ter face  by  
the charge in the deple t ion  region, and q is the elec-  
t ronic charge. If the charge in  the invers ion l aye r  is 
held constant  as Vas is varied,  Eq. [1] becomes 

dQo/dVGs = dQb/dVcs [2] 

because dns/dVGs = 0. This reveals  the essence of 
the  measurement ;  that  is, the  change in the charge 
on the ga te  ba lanced by  the change in  the charge  in -  
duced at  the in terface  due to the charge in  the  deple -  
t ion region of the silicon. This is achieved by  ad jus t ing  
VSB at each new Vcs value  so tha t  ns is constant.  

The addi t ional  re la t ionships  needed in the de r iva -  
t ion are  given next.  In  the oxide 

Qo = ~oEo = ~o(VGS -- 2~b)/Xo [3] 

where  ~o is the  oxide die lect r ic  constant ,  Eo is the  
oxide electr ic  field, Xo is the  oxide thickness,  and  r 
is the bu lk  potent ia l  difference be tween  the Fe rmi  
level  and intr insic  Fe rmi  level.  For  a one-d imens iona l  
model, Poisson's equat ion and Gauss '  l aw y ie ld  

Qb = qNW [4] 

where  N is the dopant  dens i ty  and W is the  wid th  of 
the deple t ion  region in the  silicon. Assuming  the  in-  
vers ion l aye r  approx imates  a one-s ided  step juno-  
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tion (3), one obtains 

VsB + 2~ = (qN/2es)W �9 [5] 

where e~ is the silicon dielectric constant. 
The combination of Eq. [2]-[5] can be manipulated 

to obtain the dopant profile equations 

W m  - -  ( e s X o / e o )  (dVsB/dVGs) [ 6 ]  
and 

N r a ( W m )  "-- (eo2/qesXo2)/(d2VsB/dVGs 2) [7] 

where  the  subscr ip t  m refers  to quant i t ies  der ived  
f rom the measured  voltages,  Vss and VGS. Al though  
these equations were  de r ived  for  a un i fo rm dopan t  
density,  i t  has also been shown tha t  they  are  va l id  
for  an a r b i t r a r y  dopant  densi ty  (1). 

In  the ac tua l  measu remen t  of a dopant  profile the  
invers ion layer  charge,  ns, is p re sumed  to be he ld  
constant  by  main ta in ing  a constant  d ra in -source  cur-  
r e n t ,  IDS. The success of this assumpt ion  and others  
can be judged  f rom the cur ren t  express ion for  the  
MOSFET opera ted  in the l inear  range  (VDs < 2~b) 

IDS : qnst~(Z/L)Vvs [ 8 ]  

where  ~ is the  channel  mobil i ty,  Z is the  channel  
width,  and L is the channel  length. In  o rde r  for  the  
profile equations to be valid, cer ta in  assumptions 
must  be mainta ined.  These are  l is ted in  Table  I. Also 
l is ted is the effect on the dopant  profile of v io la t ing  
an assumption.  If  these assumptions hold, then the 
channel  cur ren t  is p ropor t iona l  to ns and  holding IDS 
constant  holds ns at  a f ixed value.  

C h a n n e l  M o b i l i t y  Ef fect  
The  measured  dopant  profiles a re  influenced by  

the field dependence  of the channel  mobil i ty.  A 
model  for this effect follows f rom the  measu remen t  
const ra in t  tha t  dlDs/dVGs = 0. The combinat ion  of this 
const ra in t  wi th  Eq. [1], [3]-[8]  leads to the expres -  
sions for the  t rue  deplet ion wid th  

W : Win/(1 --  F t )  [9a] 
where  

F 1  : G D S  (Xo/eo) (L/Z) (d#-l/dVGs) [9b] 

and for the t rue  dopant  dens i ty  

N : Nra(1 - -  F1)2/(1 4-  F~) [10a] 
where  

Fz : GDS (qNmWXo2/eo 2) (L /Z)  (d2/~-l/dVos 2) [10b] 

In these expressions G D S  is the  channel  conductance 
g i v e n  b y  GDS : IDs/VDs. 

The  magni tude  of the effect on the  measured  
dopant  densi ty  can be es t imated  f rom an empir ica l  
expression (4) for the channel  mobi l i ty  in a MOSFET 
opera ted  in the l inear  range  

: #o/[1 4-  O(VGs - -  T[TT) ] [ 1 1 ]  

where  /~o is the zero-f ield channel  mobi l i ty ,  e is a 
coefficient, and VT is the  threshold  voltage. The com- 
binat ion of Eq. [10] and [11] y ie lds  

N : Nm(1 - -  RODs) ~' [12a] 
whe re  

Table I. Effect of the violation of the ideal assumptions on 
dopant profiles 

Parameter Ideal assumption Effect 

Channel mobility, /~ ~ #(Vee) Increase in Nm 
/4 

Channel charge Sheet of charge Dip in Nm near 
dens i ty ,  n, i n t e r f a c e  

C h a n n e l  l e n g t h ,  L Qb = qNW N e g a t i v e  slope 
of prof i le  

Channel w i d t h ,  Z No f r i n g i n g  fields No e f fec t  f o r  cir-  
c u l a r  MOSFET 

Drain-source volt- Depletion edge par- Fall-off of profile 
age, Vvs allel to interface near interface 
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Fig. 1. Influence of the channel conductance on the measured 
dopant density. The intercept at GDS = 0 is the true bulk dopant 
density for this p-channel MOSFET fabricated in phosphorus-doped 
0.77 ~ �9 cm silicon. For GDS - -  0.2 X 10-4S, the Nm value was 
taken from the flat portion of profile like the one shown in Fig. 4). 
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R = (Xo/,o) (L/Z) (01#o) [12b]  

Notice tha t  for the  above mobi l i ty  expression,  F~ = 0. 
Exper imen ta l  resul ts  for an n - t y p e  wafer  are  shown 

in Fig. 1 where  Nm is p lo t ted  aga ins t  Gas for  two values  
of VDs. The fit of the da ta  to the  model  is adequa te  
which indicates  tha t  the  express ion in Eq. [11] is sat is-  
factory.  The t rue  dopant  density,  N, is ob ta ined  f rom 
the zero-conductance  in te rcep t  and  the R-va lue  is ob-  
ta ined f rom the slope. For  this sample  the  effect is 
small ;  tha t  is, a t en- fo ld  change in  GDS caused only an 
11% change in Nm. For  other  MOSFET's ,  the magni tude  
of this effect can be es t imated  f rom the  res is tance p a -  
rameter ,  R, as g iven in Eq. [12b]. 

The effect of the electr ic  field on the channel  mo-  
b i l i ty  was s tudied in other  samples;  the  resul ts  a re  
l is ted in Table  II. The #o/0 ra t io  is also l is ted and was 
ca lcula ted  f rom the E - v a l u e s  using the appropr ia t e  
values  for Xo, ~o, and L / Z  in Eq. [12b]. Fo r  the c i r -  
cu lar  MOSFET's  used in this s tudy,  Z / L  = 18.22. 

Depletion Approximation Limit 
In der iv ing  the profile equations,  i t  is assumed that 

the deple t ion  approx ima t ion  is valid.  This app rox i -  
mat ion  assumes tha t  the deple t ion  l aye r  is f ree  of 
holes and electrons. For  reverse  bias values  of VSB, the 
invers ion  l aye r  charge  can be mode led  effect ively as 
a sheet  of charge  at  the interface.  Fo r  fo rward  bias 
values of VSB, the deple t ion  wid th  becomes smal le r  
and the invers ion l aye r  charge spreads  to t ake  ,up a 
la rger  f rac t ion of the  deple t ion  layer .  As this hap -  
pens, the deple t ion  approx ima t ion  no longer  holds. 

This effect was s tud ied  using a theore t ica l  model  
(5) which assumes tha t  p - t y p e  si l icon is un i fo rmly  
doped, tha t  there  is no work  funct ion difference, no 
in te r face  states,  no ,oxide charge,  and  negl ig ib le  
leakage  currents .  Under  these conditions, the  e lec t r ic  
field in the oxide at  the in ter face  is 

Eo = Vos/Xo = (es/eo)Es(~,s) [13] 

where Es is the electric field in the silicon at the in- 
terface for a surface potential ~s. The channel charge 
per unit area is given by 

s s ns = nCx)dx = [nC~)/E.C~)ld~ [14] 

Table II. Channel conductance parameters 

Resis- 
tivity N R /~o/8 

W a f e r  T y p e  (fl �9 cm)  ( c m  "~) (s  (cm2/sec) 

B3.0B-3 p &0 4.80 • 10 ~ 217 3.12 • 1O' 
C21B-3 p 21 6.68 • 1014 404 1,65 x 10' 
B0.77Ph-I  n 0.77 6.44 • i0  ~ 536 1.16 • i 0 '  
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w h e r e  Xc is the effective channel  thickness,  40 is the  
potent ia l  near  the  edge of the  deple t ion  region (40 ---- 
0.1 ~b), and  ~ is the  poten t ia l  difference be tween  the  
bu lk  and deple t ion  l aye r  in t r ins ic  F e r m i  levels.  The  
channel  charge  pe r  uni t  volume is g iven  b y  

n ( 4 )  --  (n i2/NA) exp [;3( 4 --  VsB)] [15] 

where  ni is the in t r ins ic  charge  density,  NA is the  ac-  
ceptor  density,  and  ;~ --  q / k T  where  k is the  Bol tz-  
mann  constant  and  T is the t empera tu re .  The electr ic  
field in  the sil icon at  the in ter face  is g iven by  

E s ( 4 )  : ( 2 q N j e . C ) ' / , F ( 4 )  [16a] 
where  

F ( ~ )  : [e-~* + # 4 - -  1 

+ (n 'g 'NA)2(e~(e-vsB)  -- ~4 -- e-~VsB)]V2 [16b] 

Fo r  T = 300K and  a pa r t i cu l a r  va lue  of NA, the  
above equations were  solved to obta in  Vss as a func-  
t ion of VGs at  a f ixed value  of ns. The computat ions  
r equ i red  double -prec i s ion  a r i thmet ic  and  proceeded 
as follows. At  a g iven value of VGs and an  es t imated  
va lue  of VSB, Eq. [13] and [16] were  solved for 4s 
by  an i t e ra t ion  procedure.  Then Eq. [14] was in te-  
g ra ted  and the resul t ing  va lue  of ns was compared  to a 
t a rge t  value.  F rom this comparison,  a new value  of 
VSB was der ived  and the p rocedure  r epea ted  unt i l  ns 
reached  the ta rge t  value.  

Dopant  profiles were  obta ined  f rom Eq. [6] and [7] 
by  numer ica l ly  di f ferent ia t ing the  VSB --  VGs table  
es tabl ished by  the above procedure .  The resul ts  a re  
shown in Fig. 2. The dis tance was normal ized  by  the 
Debye  length  k = (2ss/qNA~)~/~. The  resul ts  indicate  
tha t  the fa i lure  of the  deple t ion  approx ima t ion  causes 
a dip in the profile a t  a d is tance nea r  3~ f rom the 
interface.  This  dip is observed  exper imenta l ly .  

The  profiles shown in Fig. 2 a re  different  f rom the  
profiles de te rmined  f rom the pulsed  capaci tance tech-  
n ique for measur ing  dopant  profiles using MOS ca-  
paci tors  (6). Wi th  this technique, the  profiles s imply  
rise wi th in  2~ to 3~ of the  in ter face  (7). 

Other Limitations 
The MOSFET d-c  profile measurements  a re  in-  

f luenced by  a va r ie ty  of o ther  effects also indica ted  
in Table  I. A sloping deple t ion  edge, f r inging fields 
found at  the ends of a l inear  MOSFET, and shor t  chan-  
nel  effects (8) can dis tor t  the  profiles. However ,  for  
the la rge  c i rcular  MOSFET used in this s tudy,  these 
effects are  negligible.  As shown in the previous  sec- 
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0 . 9  
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0 2 4 6 8 
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Fig. 2. Normalized dopant density profile showing the dip in the 
profile which is characteristic of the failure of the depletion ap- 
proximation. This data was derived from a theoretical model where 
the dopant density was assumed to have a constant value, N = 
1014, lO le, or 10 TM cm-~. 

tion, profiles a re  l imi ted  to dis tances g rea te r  t han  3). 
f rom the interface.  The m a x i m u m  depth  is l imi ted  by  
avalanche  b r eakdown  of the  channel  to body, source to 
body, or  d ra in  to body junctions.  

Experimental Results 
The MOSFET used in this  s tudy  has a c i rcu la r  

geomet ry  wi th  a source radius  of 216 ~m (8.5 rai l)  
and a d ra in  radius  of 305 #m (12.0 mi l ) ;  the  effective 
Z / L  ra t io  is 18.22 (9). The oxide  thickness was de te r -  
mined  f rom 1 MHz capaci tance measurements  using a 
MOS capaci tor  located nea r  the MOSFET. The  expe r i -  
men ta l  dopant  profiles were  ob ta ined  using the oper -  
a t ional  amplif ier  c i rcui t  descr ibed e l sewhere  (1). In  
this c i rcui t  VsB is au tomat ica l ly  ad jus ted  as Vos is 
incremented  so tha t  IDS is he ld  constant.  The da ta  
acquisi t ion is computer  contro l led  as is the  da ta  r e -  
duct ion and presentat ion.  

Two profiles are  p resen ted  to i l lus t ra te  the  appl ica-  
t ion of this method.  The first profile, shown in Fig. 3, 
was obta ined  on a ( l l l ) - o r i e n t e d  0.81 ~ .  cm boron-  
doped silicon wafer.  The in i t ia l  0.35 ~m th ick  pyrogenic  
oxide was grown at  l l00~ for 50 min. Then a phos-  
phorus  source -dra in  was deposi ted at  950~ for  20 
min which was fol lowed b y  an 80 min  dif fus ion-oxi-  
dat ion cycle at  l l00~ Fina l ly ,  a boron channel  stop 
was deposi ted at  1050~ for 15 min  which  was fol-  
lowed by  a 35 min  diffusion a t  925~ The to ta l  gate 
oxide thickness was 0.42 #m. 

The boron red is t r ibu t ion  effect (3) is c lear ly  shown 
in Fig. 3 as is the dip  in the profile nea r  the  surface. 
The dip in the profile near  the surface is in qua l i ta t ive  
agreement  wi th  the  theore t ica l  predic t ions  shown in 
Fig. 2. Also shown in Fig. 3 is the  3~ l imi t  curve  and 
the zero-b ias  point  for the  profile. The profile begins 
to devia te  f rom the expected  profile ( indica ted  by  the 
solid l ine)  near  the  zero-b ias  point.  The  profile is 
especia l ly  inaccura te  for dis tances  wi th in  3~. of the  
interface.  

The second profile, shown in Fig.  4, was ob ta ined  
f rom a ( l l l ) - o r i e n t e d  0.77 ~2. cm phosphorus -doped  
sil icon wafer .  The in i t ia l  0.35 ~m- th ick  pyrogen ic  
oxide was grown at  l l00~ for  30 min. Then a boron  
source -dra in  was deposi ted at  935~ for  35 min  which  
was fol lowed by  an  85 min  di f fus ion-oxidat ion cycle at  
ll00~C. Final ly ,  a phosphorus  channel  stop was de-  
posi ted at  1025~ for 15 rain which  was fol lowed by  
a 35 min diffusion at  925~ 

The phosphorus p i l e -up  effect (3) is qui te  apparen t  
in Fig. 4 as is the  dip in the  profile near  the  surface. 
The expected  profile is shown by the solid line. As 
wi th  the previous  example ,  this  profile is re l i ab le  up to 
the  zero-b ias  point  and  inaccura te  for  dis tances wi th in  
3~ of the interface.  

A s u m m a r y  of var ious  profiles is shown in Fig. 5 
along wi th  the  3~, zero-bias ,  and  b r e a k d o w n  (5) 
l imits.  The dip por t ion  of a profile is shown by  a 
dashed line. The  boron profile (Fig. 3) is r epea ted  
as curve (d) ,  and the phosphorus  profile (Fig. 4) is 

x 16 2 1 0  
~- I ~ ' ~ ;_---o " ~ ~ 1 7 6 1 7 6  
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Fig. 3. Dopant profile of boron-doped 0.81 D~ �9 cm silicon showing 
boron redistribution due to thermal oxidation. 
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Fig. 5. Dopant profiles of curve (a) boron diffusion; curve (b) 
phosphorus implant; curve (c) boron implant; curve (d) boron-doped 
bulk (see Fig. 3); curve (e) phosphorus-doped bulk (see Fig. 4); and 
curve (f) boron-doped bulk. 

repea ted  as curve (e) .  Curve (f) was obta ined  on a 
l ight ly  doped boron wafer  tha t  was fabr ica ted  in  a 
manner  s imi lar  to the wafer  whose profile is shown in 
Fig. 3. Curve (b) is a phosphorus  l aye r  implan ted  at  
180 keV th rough  a 0.1-~m-thick oxide l aye r  to a dose 
of 4 X 10 TM cm -2 and annea led  at  900~ for 30 min in 
d ry  ni trogen.  The s ta r t ing  wafer  has a phosphorus  
densi ty  of 1 X 1015 cm -8. Curve (c) is a boron l aye r  
implan ted  at  280 keV th rough  a 0.1 ~m- th ick  oxide 
layer  to a dose of 2.6 • 1012 cm -2 and annea led  at  
900~ for 30 min in ni trogen.  The s ta r t ing  wafer  had  
a boron dens i ty  of 3 • 101~ cm -8. Both layers  were  
implan ted  7 degrees  off the (111) axis of the  silicon 
wafer.  Curve (a) is the  profile of a boron diffusion 

wi th  a sheet  resis tance of 273 12/El and  a junct ion  
depth  of 1.8 #m. A phosphorus  sou rce -d ra in  was d i f -  
fused into the boron l aye r  to form the MOSFET. Only 
a smal l  f ract ion of the  en t i re  diffusion profile is r e -  
vea led  and i t  l ies be tween  0.02 and 0.03 ~m f rom the 
interface.  

Discussion 
The profiles p resen ted  in this paper  cover  the dopant  

dens i ty  range  f rom 6 • 1014 to 2 X 10 TM em-8.  Of the 
var ious  l imi ta t ions  discussed, the  most  impor t an t  is 
the fa i lure  of the  deple t ion  approx ima t ion  which p re -  
vents  accurate  profiles near  the  oxide-s i l icon  interface.  
A unique dip in the profile identifies the  region of 
erroneous data. A theore t ica l  model  expla ins  the shape 
of the  expe r imen ta l  observat ions  bu t  underes t imates  
the  magni tude  of the  effect. 

The  field dependence  of the channel  mobi l i ty  can 
also influence the  measu remen t  of the dopant  profile. 
This effect can be minimized  by  p rope r  MOSFET de- 
sign (R ~ 0) and  by  p rope r  measuremen t  condit ions 
(GDs ~ 0) as seen in Eq. [12]. The empi r ica l  mobi l i ty  
expression,  Eq. [11], adequa te ly  descr ibes  the  ob-  
served  effect. 

Fu tu re  work  involves the  compar ison of this method 
wi th  o ther  methods  (for  example ,  the  diode C-V 
method) .  In  addit ion,  the  shor t  channel  effect on the 
measure  profiles is being s tud ied  wi th  the  use of 
MOSFET tha t  a re  l inear  and  more  compact  than  those 
used in this s tudy.  
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Silicon Oxidation Studies: Morphological Aspects of the 
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ABSTRACT 

Previous studies have shown that  the oxide grown from polyerystalline 
silicon displays degraded rel iabi l i ty  in  terms of higher leakage current  and 
premature  dielectric breakdown as compared with the oxide grown from single 
crystal  silicon. Present  t ransmission electron microscope studies of the mor-  
phology of polycrystal l ine sihcon films and the oxide grown therefrom show 
several novel ieatures. The polycrystal l ine silicon becomes rougher after oxi- 
dation, the oxide displays thickness undula t ions  which replicate the previous 
grain  boundaries  with th inner  oxide over grain boundaries,  and the oxide forms 
in te rg ranu la r ly  as well  as on the free silicon surface. Despite the in te rgranula r  
oxide formation, the film skin of oxidized polycrystal l ine silicon does not be-  
come significantly more compressive. The surface roughness features of the 
polycrystal l ine silicon and oxide and the film stress values are explained by 
a Si creep mechanism. From these studies some aspects of the rel iabi l i ty  of 
polycrystalline silicon and oxide are understood. 

The thermal oxidation of polycrystal l ine silicon 
(poly-Si)  is technologically impor tant  because the SiO2 
film produced from this oxidation, (from here on re-  
ferred to as poly-OX),  is needed to provide electrical 
isolation for conducting poly-Si  lines and therefore the 
poly-OX must  be a reliable, low conductivity, dielec- 
tric. 

Kamins  and MacKenna (1) have reported that  at 
lower oxidation temperatures  where the oxidation 
mechanism is p redominant ly  surface reaction con- 
trolled, the rate of oxidation of poly-Si  is characteristic 
of the random orientations of the poly-Si  grains. The 
different oxidation rates across the surface would 
cause roughening.  At higher oxidation temperatures  
where the oxidation is predominant ly  diffusion con- 
trolled, a smoother poty-Si  surface is produced. Ander -  
sen and Kerr  (2) have reported that  the higher than 
expected electrical conductivi ty found for poly-OX 
films (3, 4) is due to Si asperities which they observed 
on the  poly-Si  surface and which can cause local elec- 
tric field enhancement .  It  was also reported (2, 4) that 
higher tempera ture  oxidation produces a lower con- 
duct ivi ty poly-OX. 

Based on these apparent ly  concordant studies (1-4), 
it appears that  the morphological and electrical char-  
acteristics of poly-OX are reasonably well understood. 
However, our recent  t ransmission electron microscope 
(TEM) observations on poly-OX (5. 6) to be detailed 
in  this paper, s trongly suggest that  the morphology of 
the poly-OX itself ( ra ther  than, or in addit ion to, the 
poly-Si  morphology) can cause the observed high con- 
ductivities of poly-OX. Fur thermore  the origin of 
poly-Si  surface irregulari t ies  is elucidated from the 
TEM observations. A bet ter  unders tanding  of poly-Si  
and poly-OX evolves which is based on the growth of 
a morphologically complex oxide film, poly-OX. 

The present  s tudy is essentially a morphological 
characterizat ion of the oxide films grown as a result  of 
thermal  oxidation of poly-Si. As a first step, the poly- 
Si itself is characterized by TEM and our results are 
compared with some of the re levant  l i terature.  Doped 
and undoped poly-Si  films are oxidized from 800 ~ to 
1200~ for short and long times and the morphological 
results compared. In  addit ion film stress measurements  
were performed on the poly-Si  and poly-OX films, 
since these measurements  were needed to confirm the 
mechanisms deduced from the morphological obser- 
vations. 

* Electrochemical  Soc ie ty  Act ive  Member.  
Key  words:  oxidation,  films, dielectric.  

Experimental Procedures 
Sample preparation.--Poly-Si films were deposited 

on thermal ly  oxidized Si wafers by chemical vapor 
deposition, CVD, using gaseous S i I~  diluted in  N2. The 
CVD reactor temperature  was either at 650~ to pre-  
pare ini t ia l ly  amorphous silicon films or at 800~ to 
prepare ini t ia l ly  polycrystal l ine films. In  this study 
TEM observations were made on undoped and POC18 
doped films, prior to and after oxidation. 

TEM.--For TEM observations on poly-Si  and poly- 
OX films, the Si substrates and oxide on Si were re- 
moved by chemical etching using HF-HNO3 mixtures  
by a previously outl ined procedure (7) or by first pre-  
th inning  using HF-HNO3 then using pyrocatechol- 
e thylenediamine-H20 mixtures  at elevated temper-  
atures (8) to remove single crystal and polycrystal l ine 
silicon but  leaving oxide for observations, and thirdly 
ion mil l ing was occasionally used as an addit ional  
method to insure that  the TEM observations were in -  
dependent  of the sample preparat ion procedures. 

In some cases the poly-Si  samples were oxidized and 
then th inned for TEM observation, however we found 
it useful to first th in  a poly-Si  specimen for TEM ob- 
servation and then to oxidize the specimen and reob- 
serve the same specimen for oxidation effects. In  this 
case oxidation occurred from both sides of the poly-Si  
samples. We found no essential differences between 
these procedures except for the extent  of oxidation. 

Film stress. The film stress of poly-Si  films on oxi- 
dized Si substrate wafers was measured before and 
after oxidation of the poly-Si  so as to observe any sin-  
tering and oxidation effects on the residual film stress. 
The method was to observe substrate bending by 
means of counting the Newton rings which are pro- 
duced by optical interference between an optical flat 
and the curved substrates. The exact method used was 
previously discussed (9). 

Experimental Results 
Morphology of po~y-Si.--For chemically vapor de- 

posited silicon films, the temperature  for the deposi- 
tion is impor tant  in de termining whether  the silicon 
film is amorphous or crystalline. Figure 1 shows as- 
deposited silicon films prepared at 650~ on an oxi- 
dized silicon surface in a resistance heated CVD sys- 
tem in l ( a )  and in a radiant  heated system in 1 (b). 
In  both cases the mater ial  is composed of small  Si 
crystals imbedded in  an amorphous Si matrix. The 
silicon deposited below 600~ appears to be totally 

70~ 
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Fig. 1. Deflected aperature dark field TEM micrographs of poly-Si deposited onto an oxidized silicon substrate at 650~ by the decom- 
position of Sill4 in (a) a resistance heated furnace and (b) a radiant heated system. 

amorphous  by  TEM while  at  CVD tempera tu res  above 
about  700~ the films are  en t i re ly  polycrys ta l l ine .  
These resul ts  are  s imi lar  to publ ished TEM studies on 
Si films [see for example  Ref. (10)].  The specific po ly-  
c rys ta l l ine  morphology  is dependent  upon the t emper -  
a tu re  and t ime of anneal ing  and on doping (10, 11). 

The changes which occur in po ly -S i  films as a resul t  
of ox ida t ion  hea t - t r ea tmen t s  are  of pa r t i cu la r  im-  
por tance  in the presen t  study. F igure  2 compares  the 
po ly -S i  morpho logy  for films p repa red  at  650~ in 
2(a) ,  (b) ,  and (c) to films p repared  ident ica l ly  but  
doped by  POCla deposi t ion and d r ive - in  at  900~ in 
2(d) ,  (e) ,  and (f) .  Al l  the samples  were  oxidized in 
d ry  02 to produce  about  30 nm SiO2 at  800~ for (a) 
and (d) ,  1000~ for (b) and (e) ,  and 1100~ for (c) 
and (f) .  F rom this comparison i t  is seen tha t  the un-  
doped samples  al l  possess a mor  e dendr i t ic  morpho logy  
which is character is t ic  of rap id  crys ta l l iza t ion but  
l i t t le  gra in  growth.  As the t empera tu re  exposure  in-  
creases the  number  and size of equiaxed grains in-  
crease. Gra in  growth  to equiaxed  gra in  morphologies  
occurs r ead i ly  for the  doped samples and this is 
p robab ly  due to the  increased mobi l i ty  of Si atoms 
in the presence of P in Si (12). 

Replicas of the  surfaces of as -depos i ted  and doped 
samples  are  shown in Fig. 3. I t  is seen tha t  for the 
samples which received ei ther  an 800 ~ or 1100~ hea t -  
t rea tment ,  the  surfaces are  rougher  for the undoped 
samples,  i.e,, the re  are  more  and sharper  p ro tube r -  
ances. F igure  2 has shown that  the la te ra l  dimensions 
of the grains are  la rger  for the doped mater ia l .  There-  
fore, it  appears  that  due to the increased mobi l i ty  of 
Si in the presence of P (12) la te ra l  gra in  growth  is 
possible for the doped samples  but  more  difficult for 
the undoped po ly -S i  grains which extend upward  
ra the r  than  la tera l ly .  

As appa ren t  f rom Fig. 3(d-), r idges  on the repl ica  
out l ine the  po ly-S i  gra in  boundaries .  Since the repl ica  
is a negat ive  impress ion of the po ly -S i  surface, the 
r idges represen t  depressions at the grain boundaries.  
Ra ther  than  being gra in  bounda ry  grooves associated 
wi th  the  a t t a inmen t  of min imum radius  of curvature ,  
we bel ieve that  these fea tures  are  due to i n t e rg ranu l a r  

oxidation.  Evidence tha t  these grooves widen and 
deepen with  oxidat ion  wil l  be shown later .  

The TEM observat ions  show that  doping and tem-  
pe ra tu re  de te rmine  the gra in  s tructure.  P doping 
yields l a rge r  grains  wi th  smoother  surfaces. Near ly  
dendri t ic  morphologies  a re  observed for undoped 
samples. 

Morphology of poly-OX.--As was shown in Fig. 2 
there  are  basical ly  two po ly -~ i  gra in  morphologies:  
one is p r imar i l y  dendri t ic  and the o ther  equiaxed.  The 
tendency  toward  the equ iaxed  morphology  increases 
as the mobi l i ty  of Si atoms increases  as a resul t  of a 
h igher  processing t empe ra tu r e  a n d / o r  phosphorous 
dopant  concentrat ion.  The heav i ly  doped po ly -S i  is 
more represen ta t ive  of an indus t r i a l ly  useful  case 
whi le  the  oxidat ion  of the  undoped ma te r i a l  is o~ 
scientific interest .  F igure  4 shows a comparison of the 
oxide grown on single crys ta l  Si in 4 (a ) ,  undoped 
po ly -S i  in 4 (b ) ,  doped po ly -S i  in 4(c) ,  and in 
4(d)  doped po ly -S i  but  th inned for TEM by ion 
mil l ing ra the r  than  chemical  e tching so as to ob- 
v ia te  any possible chemical  e tching art ifacts.  I t  is 
seen that  the SiO2 grown on single c rys ta l  Si is 
compara t ive ly  featureless.  The po ly-OX,  however,  
c lear ly  shows thickness undulat ions.  The thin regions 
of the po ly -OX outl ine the previous  gra in  boundar ies  
as is especial ly apparen t  in Fig. 4(c)  and (d) where  
the gra in  boundar ies  of the po ly -S i  a re  wel l  defined. 
F o r  the more  complex po ly -S i  gra in  morphology,  i.e., 
smal le r  grains  and mixed  dendr i t ic  and equiaxed 
morphologies,  the  thickness undula t ion  pa t te rns  are  
also more complex as seen in 4 (b) .  The use of chem- 
ical  e tching and ion mi l l ing  y ie lded  essent ia l ly  the  
same morphologies.  Chemica l  etching, being more  
rap id  and equal ly  rel iable,  wil l  be used throughout  this 
study.  

In  o rder  to c lar i fy  the  magni tude  of the i n t e rg ranu-  
la r  oxidat ion  effect and to fur ther  confirm the above 
thickness undula t ion  observat ions  in the absence of 
possible etching effects, the fol lowing exper imen t  was 
performed.  A po ly -S i  film on SiO2 on Si was p repa red  
for  TEM examina t ion  in the usual  way  (7) leaving 
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Fig. 2. Comparison of poly-Si deposited at 650~ oxidized (o) at 800~ (b) 1000~ and (c) 1100~ to produce 30 nm Si02. For (d), 
(e), and (f) the samples are the same as (a), (b), and (c), respectively, with the exception that (d), (e), and (f) have received POCI3 doping. 
The Si02 was removed in HF prior to TEM. 

an  area of poly-Si  th in  enough for examinat ion  as 
shown in Fig. 5 (a).  This sample was then  oxidzed re-  
peatedly and examined after each oxidation to deter-  
mine  the effects of fur ther  oxidation treatments:  the 
results are shown in  Fig. 5. In  5(b) the sharply  outl ined 
rela t ively darker  areas which have broad slio bands; 
bending contours and thickness fringes are the rem-  
nants  of par t ia l ly  oxidized poly-Si  grains. Sur rounding  
these grains is poly-OX which has a graded thickness. 
The thinnest  regions are nearest  the previous grain 
boundaries.  In  some areas actual separation of the 
poly-OX occurs at the thinnest  poly-OX regions. For 
i l lus t ra t ion purposes Fig. 5(b)  shows an area with a 
higher incidence of separation than is usual. Figure 
5(c) is a more representat ive one with fur ther  ad- 
vanced oxidation. We believe that  the separation phe- 
nomena  in  5 (b) is due to the contraction of the silicon 
gra in  remnants  upon cooling from the oxidation tem- 
perature.  The silicon grain remnants  contract more 
than  the oxide causing tensile forces to be exerted at the 
a l ready th inned oxide regions. Figure 5(c) shows the 
smal ler  crystal l ine remnants  of the grains at the dark-  

est hence thickest regions of the films. After  the ini t ia l  
th inn ing  to produce 5(a) the sample was not chemi'- 
cally or otherwise treated in any way after oxidation, 
except to make the TEM observations, and therefore 
the sample is coated with an oxide film paral lel  to the 
plane of the micrographs. This oxide film forms as a 
result  of the oxidation of the free surface of the poly-  
Si grains as with the oxidation of single crystal St. As 
oxidation progresses the oxide on the free surface 
grows thicker and thereby reduces the total electron 
transmission through the sample. This effect plus the 
fact that diffuse scattering occurs because the oxide is 
amorphous causes the micrograph images to become 
less sharp for samples with thick oxides. Figure 5(d) 
shows the sample oxidized completely for ~ 18 hr. 
The very thick regions represent  the grain  centers 
which are consumed last bu t  because of the greater 
oxide thickness the features of these regions are not 
discernable. 
During oxidation the poly-Si surface becomes rough- 

ened more than the oxide although even the poly-OX 
surface is rough relative to the oxide grown on single 
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Fig. 3. Replicas (negative) of 
CVD silicon films (a) deposited 
at 650~ undoped, 800~ oxi- 
dation, (b) deposited 650~ 
POCI3 doped, 800~ oxidation, 
(c) deposited at 800~ undoped, 
1100~ oxidation, (d) deposited 
at 800~ POCI~ doped, 1100~ 
oxidation. The oxide was ~30 
nm and removed prior to replica- 
tion. 

crystal silicon. This is seen in  Fig. 6(a) and (c) which 
show oxidized poly-Si  and 6(b) and (d) which show 
the same samples with the oxide removed. 

From these TEM observations several conclusions 
can be made. Firstly,  the poly-OX is not un i formly  
thick, i.e., it  has thickness undula t ions  which replicate 
the previous grain boundaries with the thinnest  poly- 
OX being near  previous grain boundaries. Secondly, 
oxidation occurs in te rgranula r ly  as well as on the 
free surface. The poly-Si  surface, al though ini t ia l ly  
rough, becomes fur ther  roughened as a result  of 
oxidation. These characteristic features of the oxida- 
tion of poly-Si will enable  a mechanism to be proposed. 

Stress in poly-Si films.--When Si is converted to 
SiO2 there is more than a twofold (2.2) increase in 
volume. For the oxidation of single crystal Si this 
volume is obtained by the outward expansion of the 

oxide film from the single crystal surface that  is 
being oxidized. However, for the case of poly-Si  
oxidation in  which oxidation occurs not only on the 
free surface but  also in tergranular ly ,  the volume re-  
quired for oxidation is not as readi ly available. The 
in te rgranula r  mode of oxidation could lead to the 
bui ldup of a large compressive stress in  the plane of 
the poly-Si  film. Experience has shown that even for 
total oxidation of poly-Si, the films do not show any  
mechanical  failure due to stress buildup. Thick poly-Si  
films (103 nm) have been reported (13) to impar t  a 
substant ial  tensile stress to silicon substrates. I t  was 
also reported (13) that this tensile stress could be re-  
duced by adding oxygen to the CVD ambient.  In  a re- 
cent detailed study of the wafer deformation caused by 
poly-Si  films (14), a tensile poly-Si  film stress was 
also reported. This tensile stress increased dur ing  
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Fig. 4. Comparison of oxide 
grown at 1000~ in dry 02 on 
(a) single crystal Si, (b) u.doped 
poly-Si, (c) doped poly-Si and, 
(d) doped po[y-Si but prepared 
for Ti:M by ion milling. 

iner t  ambient  (N2 or Ar) anneals  due to s inter ing 
but  decreased if 02 was added to the anneal ing  am-  
bient. These studies (13, 14) s trongly support  the 
content ion that  in te rg ranu la r  oxidation can lead to 
a compressive stress. 

In  order to determine the change in  film stress 
before and after oxidation of poly-Si, several poly-Si  
samples both undoped and POClz doped were mea-  
sured before and after oxidation. It  is seen in Table I 
that  for all samples the total change in stress after 
oxidation is small. The doped samples all became 
more compressive ( - - )  while the undoped became 
more tensile (-b) after oxidation. We believe that  
the scatter in the data is pr imar i ly  due to the smal l -  
ness of measured changes. These stress results can 
be understood by considering that  the grain morphol-  
ogy of the undoped poly-Si  samples is immature  
with respect to fur ther  high tempera ture  hea t - t rea t -  
ments. As shown in Fig. 2 the undoped samples 
undergo grain growth dur ing  oxidation. Grain  growth 
causes a reduction in volume by e l iminat ing grain  
boundaries  and with the volume decrease of the film, 

a more tensile stress is expected. Therefore, for the 
undoped mater ial  there are two opposing processes 
occurring dur ing  oxidation: in te rgranu la r  oxidation 
causing a more compressive film stress and grain  
growth causing a more tensiIe stress. Apparen t ly  

Table I. The change in residual stress in polycrystalline silicon 
films after oxidation 

Change in 
number of Change in stress 

Sample ID Newton rings (AT �9 10-sdY"es/cm ~) 

Doped: 

Undoped: 

30 --1.5 --7 
33 - 2  - 9  
34 - 2  - 9  
38 - 2.5 - 11 

39 +6 +27 
40 +7 +31 
41 +5 +22 
42 +5 +22 
43 +5 +22 
44 +5 +22 
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Fig. 5. Progressive stages of 
oxidotion of poly-Si, (o) unoxi- 
dized, (b) oxidized to produce 
,~50 nm Si02, (c) oxidized to 
produce ~150 nm Si02, (d) com- 
pletely oxidized ,~300 nm SiO~. 

grain growth is more dominant .  For the doped ma-  
terial, the gra in  morphology is more mature  hence 
the dominant  effect dur ing  oxidation is due to in te r -  
granular  oxidation which results in a compressive 
stress. 

In tu i t ive ly  a large compressive stress is anticipated 
due to in te rgranu la r  oxidation. The magni tude  of 
this stress can be estimated by considering ,,,50 nm 
diam grains with 1 nm in te rgranula r  oxide formed 
(from Fig. 4 and 5, only 1 nm in te rgranula r  oxide is a 
very conservative value) .  From these values a film 
stress of more than  1011 dynes /cm 2 is calculated which 
yields more than 10~ more Newtons rings than is ob- 
served. It is clear that  such a large stress would be 
easy to measure. The large discrepancy between the 
anticipated stress a t t r ibuted  to in te rgranu la r  oxidation 
and measured stress s t rongly suggests that  mat ter  
flows to create the necessary volume to accommodate 
in te rgranu la r  oxidation and preclude the bui ldup of a 
large compressive stress. 

Model for the oxidation of poly-Si.--The low stress 
~alues for poly-Si  oxidation means that  either Si 
~nd/or  SiO~ plastically deforms or creeps to relieve 
the stress and preclude film failure. If SiO., flows 
,,~nder oxidation conditions, then each oxidizing grain 
boundary  acts as a source of SiO2 and from each 
~Joundary SiO2 would flow. The net  result  would be 
a thicker poly-OX at previous grain boundaries. Since 
~'~egative thickness undulat ions  are observed, it is con- 
cluded that Si creeps from the grain boundaries in 
order to relieve the strain. 

A Nabarro-Herr ing  type creep mechanism (15, 16) 
closely describes the si tuation at hand. In  this mech- 
anism a compressive stress is exerted in the grain 
boundaries by the growing oxide in a direction parallel  
to the plane of the poly-Si  film. To relieve the s t ra in 
vacancies flow toward the oxidizing boundary,  thereby 
supplying the volume necessary to relieve the com- 
pression. Si atoms flow in  the opposite direction 
thereby causing the grains to elongate in  a direction 
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Fig. 6. Replicas of the surface 
of oxidized poly-Si and poly-Si 
with the poly-OX removed, (a) 
650~ prepared, doped, oxidized 
to ~ 5 0  nm at 1000~ (b) same 
as (a) but oxide removed, (c) 
800~ prepared, doped oxidized 
to ,-~50 nm at I000~ (d) same 
as (c) but oxide removed. 

normal  to the stress. This type of mechanism has been 
observed to occur at high temperatures  and under  
low stress which are the conditions where in te rg ranu-  
lar  silicon oxidation commences. 

The operation of this mechanism is clarified by 
consideration of Fig. 7. Figure 7 (a) shows the idealized 
grain  morphology for poly-Si  showing the free and 
grain  boundary  surfaces. As oxidation ensues a stress, 
T, builds up in the grain boundaries as a result  of 
the volume increase resul t ing from in te rgranula r  
oxide formation. The small  arrows show the direction 
of motion of Si atoms away from the source of the 
s t ra in and towards the midgra in  regions so as to 
relieve the strain. This motion of Si depletes the 
amount  of Si at the grain  boundaries  and enhances 
the amount  at the midgra in  regions thereby elongating 

the grains normal  to the stress. Simultaneous with 
the Si motion, oxidation also occurs and hence there 
is consumption of Si both in the grain boundaries 
and at midgrain  regions. Therefore, the net result  
is a th inner  oxide formed at previous grain boundaries 
due to Si depletion and a thicker oxide of midgrain  
regions that receive the excess Si. This flow of Si 
and the growth of the oxide is seen in 7(c) and (d) 
where de is the extra growth of oxide due to the 
Si which flowed to the midgrain  regions. 

At higher oxidation temperatures  it may be ex- 
pected that SiO2 as well  as Si flows. This would result  
in less severe poly-OX thickness undula t ions  for 
higher temperature  oxidations and more severe for 
lower temperature  oxidation. Figure 8 shows a com- 
parison os the same sample as used in Fig. 5 oxidized 
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OXIDATION OF POLYCRYSTALLINE Si 

GRAIN 
FREE SURFACE BOUNDARIES 
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Fig. 7. Model for the intergranular oxidation of poly-Si (a) un- 
oxidized, idealized grain structure, (b), (c), (d) progressive stages 
of oxidation. 

nearly completely and to the same extent at 800~ 
[8 (a)]  and 1150~ [8 (b)].  Less severe thickness undu- 
lations are seen for the higher temperature case. 

In summary, a consistent explanation is realized 
by considering an Si creep mechanism as the predomin- 
ant factor in determining the overall poly-Si  and 
poly-OX morphology after oxidation. 

Implications of the modeL--From a comparison of 
dark and photo currents in poly-OX (4), a uniform 
barrier  lowering effect was ruled out as the cause 
of higher than expected currents in poly-OX. Local- 
ized field enhancement effects due to protuberances 
on the poly-Si surface were deemed causative of the 
observed high conductivity of poly-OX (2-4). The 
present study has shown that surface roughness of 
poly-Si is a direct result of intergranular  oxidation 
of poly-Si. Also the original poly-Si  grain morphology 
while being a function of preparation temperature 
and doping does not greatly affect the surface rough- 
ness of poly-Si after oxidation. This explains why 
higher than normal poly-OX currents are seen for 
poly-OX grown on doped and undoped poly-Si  even 
though the original grain sizes and morphologies are 
vastly different. 

In addition to poly-Si surface roughness effects, 
the present study also showed that the poly-OX has 
thickness undulations. The TEM micrographs show 
that the thin regions of poly-OX over previous grain 
boundaries represent a smaller area than the thick 
poly-OX over midgrain regions. As estimated from 
the micrographs, the poly-OX is more than 25% 
thinner near previous grain boundaries. The usual 
film thickness measuring techniques used to measure 
poly-OX thicknesses such as interference, etlipsometry, 
or mechanical step height techniques will yield poly- 
OX thicknesses representative of the larger areas, i.e., 
the thicker regions. However, the electronic currents 
in poly-OX are determined by the thinnest regions 
which yield the maximum field for an applied voltage. 
Therefore, the reported electric fields for poly-OX 
based on the conventionally measured poly-OX thick- 
nesses could be erroneously low. It is interesting 
to note that a 30-35% decrease in film thickness will 
yield ~1.5 increase in field which is sufficient to 

Fig. 8. Poly-Si samples as in Fig. 5, oxidized to the same extent in dry 02 (a) 800~ and (b) 1150~ 



VoL I27, No. 3 SILICON 

explain some of the reported field enhancement effects 
in poly-OX (4). 

We have found initial electrical shorts in some de- 
vices which utilize poly-Si  lines. The shorts extend 
through the poly-Si  lines and through an underlying 
oxide to the substrate or another line. The shorts 
occur as a result of removing the poly-OX on a line 
using an HF based chemical etchant so that metal 
can be evaporated for the contact to the poly-Si line. 
This shorting problem is understood by considering 
that due to intergranular  oxidation of poly-Si, poly- 
OX forms in the grain boundaries of the poly-Si  
lines. When the surface poly-OX is removed by chem- 
ical etching, the etchant penetrates into the inter-  
granular  poly-OX and in some places where inter-  
granular  oxidation is extensive, through the 1ruder- 
lying oxide. Evaporated A1 will fill these holes thereby 
causing the electrical shorts. These rel iabil i ty implica- 
tions are treated in more depth in a separate pub- 
lication (17). 

Conclusions 
TEM studies of the oxidation mechanism of poly-Si  

has revealed the following: (i) there is intergranular  
oxidation as well as oxide forming on the free silicon 
surface; and (ii) the intergranular  oxidation of poly-Si 
leads to poly-Si  roughness and thickness undulations 
in poly-OX. 

A Si creep mechanism describes the oxidation 
behavior and the morphological features that  develop 
as a result of oxidation help to explain some electrical 
rel iabil i ty aspects of poly-OX. 
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Evaluation of Ultrathin Native Oxide on GaAs Surface 

I. Sakoi, M. Hirose, and Y. Osaka 
Department 05 Electrical Engineering, Hiroshima University, Hiroshima 730, Japan 

ABSTRACT 

This paper  describes a new method to determine the thickness of the inter-  
facial oxide layer of meta l /n-GaAs Schottky barriers from their capacitance- 
voltage characteristics and photoresponse. It is found that the thickness of the 
native oxide formed on an etched n-GaAs surface appreciably increases with 
decreasing carrier  concentration. This is interpreted in terms of the chemical 
activity of the GaAs surface which is remarkably  enhanced with the presence 
of holes at the surface. 

Oxygen atoms adsorbed on a chemically cleaned 
semiconductor surface produce a very thin oxide layer 
even at room temperature. The thickness of such 
native oxide on an etched GaAs surface has been 
estimated to be 10-30A from ellipsometry (1). Shiota 
et al. (2) have investigated oxide layers formed on 
GaAs cleaned by different kinds of etchants by Auger 
electron spectroscopy, and found an etching pro- 
cedure best suited to the preparat ion of GaAs(100) 
surface with the least amount of residual oxide 
thickness (~10A).  GaAs MESFET's (3) and GaAs 

Key words: gallium arsenide, native oxide, Schottky barrier. 

Schottky-type solar cells (4) should have thin i n t e r -  
f a c i a l  oxide layers between metal and GaAs. At pres- 
ent, there is no straightforward technique to evaluate 
electrical properties or thickness of the residual oxide 
layer for a metal /GaAs system. 

In this paper, we describe a new method to deter-  
mine the thickness of the interfacial oxide layer of a 
metal /GaAs Schottky barr ier  from its capacitance- 
voltage characteristics and photoresponse. It was found 
that the oxide thickness at a metal /etched GaAs inter-  
face decreases with increasing bulk carrier  c o n c e n -  
trat ion .  
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Fig. !. Energy band diagram of metal/GaAs Schottky barrier. 
r metal work function, ~Bn: barrier height, X: electron affinity 
of GaAs, A r  image force barrier lowering, Cen: energy level de- 
termined by distribution of GaAs surface state charge, 8: thickness 
of interfacial layer, ~0: potential difference across oxide layer, 
Qm: surface charge density on metal, Qss: surface state charge 
density on GaAs, Qsc: space charge density in GaAs, VD: diffusion 
voltage, Vn: Fermi energy, ei: permittivity of interracial layer, 
es: permittivity of GoAs. 

Theory 
Figure  1 i l lus t ra tes  the  energy  band d i ag ram of a 

Schot tky  ba r r i e r  diode inc luding  an in te r rac ia l  oxide  
l aye r  and surface states on GaAs. F rom this figure, the 
different ia l  capaci tance of a GaAs Schot tky  ba r r i e r  is 
g iven by  (5) 

1 8 2 2 (  /r 8 Q s s )  
- -  = - -  + VD - V - -  - -  -t- 4o - [1] 
C 2 ei 2 ~ q ei 

Using the re la t ion  40 --  (5/ei) (Qss-t- Qsc), one obtains  
(6) 

: - -  - Y +  V D - - - - + =  [2] 
C 2 ql~ Des q 

8 
a - -  ~ qNDW0 [3] 

es 

Here, W0 is the thickness of the deple t ion  layer  a t  zero 
bias. Then 

e! a 
a = ~ .  w0 [4] 

2ee kT 
V V - -  J l ' •  

q 

Since the ba r r i e r  height  ~Bn(C-V) measured  by  the 
capac i tance-vol tage  ( C - V )  character is t ic  involves the 
effect of the in te r rac ia l  layer ,  CBn(C-V) is descr ibed 
by  

r  - -  (VD "~- Vn - -  A~b) ~- O~ [5] 

The effective ba r r i e r  height  is d i rec t ly  obta ined  f rom 
the photoresponse of a Schot tky  b a r r i e r  because a l l  
of photoelectrons  emi t ted  f rom meta l  to GaAs are  able  
to tunnel  th rough  the ve ry  thin  oxide layer .  The 
Fowle r  plot  of the photoresponse provides  the ba r r i e r  
height  CBn(photo) : VD -'~ Vn - -  A~b. 

Therefore,  the thickness of the in ter fac ia l  oxide l aye r  
8 is given by  the fol lowing equat ion  

el a 
a = �9 - -  We [6] 

2es Vi 

Here, ~ = eBb(C-V) --  @Bn(ph0t0), and  Vl is the  inter-  
cept vol tage  in 1/C 2 vs. V plot. 

Experimental 
A boat  g rown n-GaAs(100)  wafe r  was mechano-  

chemical ly  pol ished and then cleaned by  H2SO4: H20~: 
H20 = 3:1:1 solut ion for  40 ,~ 60 sec, or  by  Br2 + 
CH8OH mix tu r e  for 1 re_in fol lowed by  r inse in  HCI" 
H20 = 1:2. Immed ia t e ly  af te r  this cleaning, the  wafe r  
was t r ans fe r red  into an o i l - f ree  vacuum sys tem and 
Au dots as th ick as ,~1000A were  evapora ted  onto the 
top surface since Au film should not  reac t  wi th  na t ive  
oxide  a round  room tempera ture .  Some of the GaAs 
wafers  were  annea led  in  H2 or  O2 a tmosphere ,  and 
then cleaned by  Br2 + CI-I~OH mix tu re  and successive 
r inse in HCI:H20 = 1:2, or  by  r inse in  HCI:H20 = 
1:2 only, p r io r  to fabr ica t ion  of Scho t tky  barr iers .  

Results 
Figure  2 shows represen ta t ive  C-V character is t ics  for 

A u / n - G a A s  Schot tky  barr iers .  1 / C  2 vs.  V plot  in  high 
bias range  is nonl inear  only  for  a wafer  wi th  a low 
car r ie r  concentra t ion (,--1016 cm -8) on account  of deep 
t raps  in  the  GaAs substrate .  In  such case, 1 / C  2 vs.  V 
plot  could be corrected by  the method  of Vasudev et  al. 
(7) (see curves b-1 and b-2 in Fig. 2). This obta ined 
in te rcept  vol tage  is only  b y  8% smal l e r  than  tha t  
de te rmined  f rom the s t ra igh t  l ine por t ion  of the  1/C 2 
vs.  V plot  a t  low biases. 

F igure  3 represents  the  Fowle r  plots  of pho tore -  
sponse for  A u / n - G a A s  Schot tky  bar r ie rs .  Using Eq. 

71 , , 
L Au/n  -GaAs 
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Fig. 2. Capacitonce-voltege characteristics of Au/n-GaAs 
Schottky barriers. 
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different thickness of interracial layer. 
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[6], we can de te rmine  the oxide thickness 8. The 
small  photocurrent  for sample A1 is a t t r ibutable  to a 
thick nat ive  oxide layer  (65A) grown at room tem-  
perature .  For  all the thickest  oxide ( l14A) of sample 
A7, the photoresponse is la rger  than that  of sample 
A1. Note that  the oxide of sample A7 was g rown in  
O2 atmosphere at 500~ F rom el l ipsometry  at 5460A, 
the re f rac t ive  index of the the rmal  o x i d e  grown at 
500~ was found to be 1.56 which  is close to the value  
of GaeO3 (8). This indicates that  the amount  of As 
atoms in the thermal  oxide (sample A7) should be 
much less than that  in the nat ive  oxide (sample A1),  
leading to a smal ler  ba r r i e r  height  of the oxide for 
sample A7. Table  I summarizes  calculated oxide thick-  
nesses for unannealed  samples. Here, pe rmi t t iv i ty  of 
the oxide was assumed to be 5.4 (9). The oxide thick-  
ness tends to increase wi th  decreasing carr ier  con- 
centration. The min imum thickness of  oxide for  
sample E1 is compatible  wi th  resul t  of e l l ipsometry  
(1). The accuracy of a calculated oxide thickness is 
es t imated to be be t te r  than 10%, if one takes an am-  
bigui ty  of the in tercept  in the 1/C 2 vs. "V plot and the 
Fowler  plot into account. 

The oxide thicknesses for the samples chemical ly  
cleaned af ter  anneal ing in H2 ~ or 02 a tmosphere  are  
g iven in Table II. Some of these oxide thicknesses 
might  be a l i t t le  smal ler  than those indicated in 
Table  II, because the pe rmi t t iv i ty  of the oxide for 
samples in this table was again assumed to be 5.4. 
Actually, the permi t t iv i ty  for the thermal  oxide grown 
at a high t empera tu re  is smal ler  than  that  for the 
oxide grown at room temperature ,  as suggested by 
e l l ipsometry  which provides a ref rac t ive  index of 
1.85 at  5460A for the nat ive  oxide g rown at room 
tempera tu re  (1, 10) and of 1.56 for the thermal  oxide 
g rown at 500~ The resul t  of Table  II shows that  
etching in  Br2+CH~OH mix tu re  for  more  than  1 min 
can r emove  most  of the thermaI  oxide layer  on a 
substrate  wi th  a high car r ie r  concentration. On the 
contrary,  aqueous HCI solution appears to be less 

Table I. Oxide thickness for unannealed samples 

Gate n = N D  - -  NA E t c h -  
Sample metal  (cm-3) ant" $ (A) 

A1 A u  1.71 x 16~" A 65 
2 A u  2.12 x 10 ~6 A 88 
3 A u  2.32 x 1O ~o B 39 

B]. Au 3.42 x 1O 1" A 35 

Au 11 C1 Cu 1.11 x 1017 A 18 

DI** AU 2.31 x 1O 1~ A 20 
2 AU 2.36 x 101~ B 26 

E1 Au 6.83 x 1O~V A 7 
2 A u  8.46 x 101~ A 16 

" A and B refer  to H2SO~:HeO2:H~O = 3:1:1 and Br2 + CH3OH 
mixture ,  respect ively .  

"* Crystal orientat ion of sample D is exceptionally (111) direc- 
t ion. 

Table II. Oxide thickness for annealed samples 

Etchant  
Sam- n = ND -- NA after  an- 

ple  (era -3) Annealing nealing* (A) 

A1 1.71 x I01~ Unannealed 65 
4 1.73 x 101~ H~, 500~ i hr  24 
5 2.21 x l0 lo 02, 500~ 1 hr  B, 1 rain 40 
6 1.85 x l0 TM 02, 500~ 1 hr C, 2.5 min 120 
7 1.87 x 10 la 02, 340~ 1 hr C, 2 min 114 

D1 2.31 • l01~ Unannealed 20 
3 1.78 X 1017 H2, 500~ 1 hr B, 1 min 30 
4 1.95 x 101~ 02, 500~ 1 hr B, 1 min 20 
5 1.69 x 101~ O2, ~00~ 1 hr B, 0.5 min 101 
6 1.11 x 1017 02, 50O~ 1 hr C, 3 min 75 

efficient to dissolve the the rmal  oxide. This is in-  
consistent wi th  the resul t  of Murarka  (11) who showed 
that  thermal  oxide grown in air was insoluble in a 
Br2+ CH3OH mixture .  

Discussion 
In Fig. 4 the thickness of na t ive  oxide 5 at A u / G a A s  

interracial  region is plot ted against  the  car r ie r  con- 
centrat ion n for unannea led  samples. The slope of  
the straight  l ine yields the empir ical  re lat ion 

5 r n-~ / ,  [ 7 ]  

The effective bar r ie r  height  CBn which  is obtained 
f rom the Fowler  plot is shown as a funct ion of c a r -  
r i e r  concentrat ion in Fig. 5. The va lue  of CBn is fitted 
to the equat ion 

k T  
~Bn = - - -  In  n + r  [ 8 - a ]  

q 
or 

n cc exp kT  

The electron concentrat ion at the GaAs surface ns for 
a me ta l /GaAs  system is wr i t t en  by 

ns cc exp k T  

Using Eq. [7]-[9],  the oxide thickness is re la ted t o  
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Fig. 4. Thickness of native oxide at Au/GaAs interface as o 
function of carrier concentration. 
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* B and C refer to Br~ + CH3OH mixture and HCI:H20 = 1:2, Fig. 5. Barrier height of Au/n-GaAs Schottky diodes as a func- 
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the hole concentration at the GaAs surface Ps as 

5 ~ ps'~ [10] 

If the nat ive oxide layer  is sufficiently thin, the oxi- 
dation process is controlled by reaction rate at the 
GaAs surface (12). Note that  holes at the GaAs sur-  
face produce broken bonds of GaAs which can react 
with oxygen atoms, resul t ing in  oxidation of GaAs. 
Therefore the thickness could be related to the hole 
concentrat ion at the GaAs surface. 

The permit t iv i ty  of the nat ive oxide layer  on GaAs, 
which is dependent  on oxidation processes, was re- 
garded as a parameter  in  the present  analysis. The 
optical refractive indexes are 1.56 for the thermal  
oxide of GaAs at 5460A and 1.8 ~ 1.9 (1, 10) for 
the nat ive oxide. The electrostatic permit t iv i ty  for 
both the oxides should be correspondingly different 
in the similar range. In the present study, an electro- 
static permittivity of 5.4 (9) for the thick anodic 
oxide film was employed for calculating the oxide 
thickness. The validity of this permittivity is sup- 
ported by the fact that the optical refractive index 
for thin native oxide is almost identical to that for 
thick anodic oxide (i, I0). The relationship 6 cc n-V= 
is well satisfied, even if the actual permittivity is 
slightly different from 5.4. 

In conclusion, it has been clarified that the chemical 
activity of n -GaAs surface for oxidizing agent is re- 
markab ly  enhanced with lowering of the bulk  elec- 
t ron concentration. 

Manuscript  submit ted Ju ly  20, 1979; revised manu-  
script received Oct. 2, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submit ted by Aug. 1, 1980. 

Publication costs o] this article were assisted by 
Hiroshima University. 
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A Study of Stacking Faults during CMOS Processing: 
Origin, Elimination and Contribution to Leakage 

S. P. Murarka,* T. E. Seidel, J. V. Dalton, J. M. Dishman, and M. H. Read 
BeLL Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

An investigation of the generat ion of the stacking faults in silicon dur ing 
the CMOS processing has been carried out using n- type  2-5 ~ -cm 7.5 cm diam 
(100) silicon wafers obtained from different manufacturers .  Various thermal  
oxidation steps and the etching or cleaning steps preceding such oxidations 
were evaluated. It  has been sound: (a) btact<mg faints were produced in  
densities of less than  1000/cm 2 in 1050~ wet oxidations; (b) the p - tub  d r ive - in  
(1200~C/15.5 hr/10% 02-90% ~X~2) generated stacking faul t  nuclei  which grew 
into stacking faults (in densities of --~10~/cm 2) during subsequent  oxidations; 
(c) all stacking fault  nucmat ion centers of type (b) and most of type (a) could 
be gettered by the presence of mechanical  damage (such as the saw damage) 
on the back side of wafers, and densities --10~/cm 2 (a), and ~ 0 / c m  2 (b) were 
found; (d) stacking faults thus formed contr ibuted to leakage currents  even 
when they appear not to be decorated with impurities.  Various exper iments  
leading to the above conclusions have been described and the results have 
been discussed. It is highly recommended that wafers with damaged back 
sides be used during processing in  order to minimize the generat ion and  
growth of stacking ~auits and the leakage associated wi th  such faults. 

The presence of oxidat ion-induced stacking faults 
(OISF) in  the silicon near  the oxide-silicon bound-  
ary is det r imenta l  to the electrical performance of 
devices (1-13). In  a recent  paper, Dishman et al. (2) 
have reported the results of their  invest igat ion of 
the excess leakage in  CMOS integrated circuits. Evi-  
dence was presented that the anomalous component  
of the junct ion  leakage in  devices was due to the 
occurrence of decorated stacking faults at the in ter -  
section of the silicon surface with the p - n  junct ion 
boundary.  We h a v e  investigated the role of process- 

* Electrochemical Society Active Member, 
Key words: gettering, oxiaation, SIC. 

ing in producing stacking faults in  silicon at the ox- 
ide-sil icon boundary.  In  the early par t  of the s tudy 
it became apparent  that  the large density ( ~ 104 
cm 2) of OISF was very commonly but  not al~vays 
associated with the wet oxidation following the 
1200~ boron drive-in,  which is carried out to create 
the zo-called p - tub  (for CMOS circuits) i n  the n - type  
wafers. It  will  be shown that  such generat ion of 
stacking fault  nuclei  (which grow into faults during 
subsequent  oxidation) was completely suppressed in  
2-5 ~ -cm wafers With in tent ional ly  (or un in ten t ion-  
ally) created back side mechanical  damage. The data 
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re la t ing  the  dens i ty  of faul ts  wi th  the  measu red  leak- 
age on finished devices a r e  also presented .  

�9 experimental Procedure and Results 
Unless o therwise  ment ioned,  on ly  n- type ,  7.5 cm 

d iam (100) wafers  were  used in these invest igat ions.  
The expe r imen ta l  technique  consisted ma in ly  of  
Secco etching the wafers  a f te r  a g iven  oxida t ion  and 
examin ing  the s tacking fault# on such wafers .  Oxida-  
t ion was a lways  ca r r i ed  out  at  1050~ in the s t r eam 
of oxygen  bubbl ing  th rough  w a t e r  ma in ta ined  a t  98~ 
S tack ing  faul ts  were  then revea led  b y  the r emova l  of  
the  oxide  and etching in  Secco etch. 

In  the ea r ly  stages of the  CMOS processing si l icon 
wafers  wen t  th rough  the fol lowing processing steps:  

1. Clean and we t  ox ida t ion  a t  1050~ 
2. Pho to l i thography  and e tching to open window in 

oxide. 
3. Boron imp lan t  1 • 1018 cm -2  at  30 keV, res is t  

strip,  clean. 
4. Boron dr ive- in ,  1200~ hr  in 10% 02-90% N2. 
5. Etch oxide  off, clean, wet  reox ida t ion  at  1050~ 
In  p r e l i m i n a r y  exper imen t s  we examined  a la rge  

n u m b e r  of the  wafers  pu l led  out  a t  var ious  steps. 
The conclusions of these first  examinat ions  were:  

(a) Wafers  pu l l ed  af te r  s tep 1, to de te rmine  the 
dens i ty  of OISF produced  dur ing  wet  oxida t ion  alone, 
e l imina ted  the  poss ib i l i ty  tha t  this oxida t ion  a lone 
produced  OISF  in densi t ies  g rea te r  than  103/cm 2. 
(Only float zone crys ta l  p roduced  la rge  densi t ies  of 
s tacking faults ,  see Table  I.) 

(b) Fo l lowing  s tep 5, some wafers  had  a v e r y  large  
dens i ty  of OISF  (105-107 c m - 2 ) .  On the o ther  hand,  
o thers  which  were  processed wi th  those above  at  the  
same t ime had  a low dens i ty  of  s imi la r  OISF  ( ~  103 
c m - 2 ) .  As shown in Fig. 1 faul ts  in the  dens i ty  of 
104 cm -2  or  more  were  usua l ly  d i s t r ibu ted  in such a 
w a y  tha t  they  formed c i rcular  s t r ia t ions  which  ap -  
pea red  s imi la r  to swir l  pa t t e rns  (14). 

(c) The boron d r ive - in  s tep p l ayed  a role  as a 
source of OISF  in densi t ies  g rea te r  than  103/cm 2. 
In i t i a l ly  the  resul ts  a p p e a r e d  h igh ly  nonreproduc ib le  
f rom r u n - t o - r u n  (each run  containing severa l  wafers  
f rom var ious  manufac tu re r s ) .  

These observat ions  also led  to the  fu r the r  in-  
vestigations.  I t  was r a the r  easy  to v is ib ly  dis t inguish 
be tween  the wafers  wi th  OISF  dens i ty  > 104 cm-~  
and those wi th  a lesser  number  of f au l t s_as  a large  
dens i ty  of faul ts  caused the f ront  surface to appear  
blotchy.  Wafers  wi th  lesser  number  of faul ts  were  
shiny. Blotchiness could be due to a "d i r t "  effect  or  
a nonuni form (not  s t r i a t ed)  d is t r ibut ion  of oxygen.  

P-tub implant eliminated as a cause.--Ion imp lan t a -  
t ion of low boron doses (1 • 1013 cm-2)  fol lowed b y  
oxida t ion  has been shown not to produce  s tacking 
nuclei  in any  apprec iab le  numbers  (15). We confirmed 

Table I. Density of stacking faults on wafers oxidized at 1050~ 
for 2 hr in wet oxygen (water temperature 98~ 

W a f e r  

Diam- Thick.  Resis- Fau l t  
Manu- e t e r  hess  T y p e  t ivi ty,  densi ty* 

facturer ( c m )  (~m) (dopan t )  (~-cm) ( cm --~ 

A 5 250-350 n ( P )  1.5-2.5 163 
B 5 250-350 n ( P )  5-10 331 
C** 5 350-400 n ( P )  5-10 I0,000"~" + I0~: 
D 7.5 425-500 n (P) 5-10 948 
E 7.5 425-550 n ( P )  5-10 339 
F 7.5 425-5~0 n ( P )  2.5-5.0 497w 
G 7.5 425-5~0 p (B) 8-20 33 

* A v e r a g e  of m e a s u r e m e n t s  on a t  least  5 wafers. 
** Float  zone silicon; all o the r s  Czochralski  g rown.  
";" L a r g e  dens i ty  of v e r y  smal l  faul ts .  
t A s faul t s  of size equa ,  to t h a t  obse rved  on others. 
w One a r e a  had blotchiness which contributed most. 
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Fig. I. Low magnification photomicrographs showing striations 
due to stacking faults formed in wafers after p-tub drive-in, oxide 
etch, and reoxidation. (a) O.%X (b) 1.11 X.  

this by  ca r ry ing  out  exper imen t s  wi th  b o r o n - i m -  
p lan ted  wafers  (which did not  go th rough  d r ive - in )  
and d id  not  observe any  high dens i ty  s tacking fau l t  
blotchiness af ter  a 1050~ wet  oxidat ion.  ( Imp lan t a -  
t ion-spu t t e r  r e l a t ed  effects have  been  observed  to 
cause s tacking faul t  nuclei  near  the r im of the  sample  
holder,  see Append ix ) .  

Boron drive-in and back side damage play a r o l e . -  
Wafers  ( f rom different  manufac tu re r s )  wi th  no im-  
p lanta t ions  were  d r iven - in  (annea led)  at  1200~ for 
15.5 hr  in 10% 02-90% N2. The oxide was e tched off 
and the wafers  were  reoxid ized  in oxygen  bubb led  
th rough  98~ wa te r  for  47 min  at  1050~ Stack ing  
faul ts  were  then revea led  by  removing  oxide  and by  
a Secco etch of 30 sec. The resul ts  a re  summar ized  in 
Table II. I f  the  resul ts  of manufac tu re r  Z are  ex -  
cluded, a compar ison of Table  II  wi th  Table  I ind i -  
ca ted that  the boron d r ive - in  and not  the  wet  gas 
oxidat ion  was responsible  for  blotchiness.  Wafers  
f rom manufac tu re r s  of Table  II  were  also given a 
one-s tep  wet  oxidation,  as those in Table  I, and the 
s tacking faul t  densi t ies  were  low. These resul ts  l ead  
to two impor t an t  conclusions: (i) High dens i ty  s tack-  
ing faul t  blotchiness was never  observed  on the wafers  
f rom manufac tu re r  Z and (ii) wafers  f rom al l  other 
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Table II. Density of stacking faults on wafers subjected to p-tub 
drive-in and reoxidation* 

Faculty density? 
Manufacturer (cm -2) 

M ~I05-I06 
W ~ I0~ 

RE ~ I0 ~ 

y ~ 10~ 

Z ,.~10 ~ 

* All wafers  were  n-type phosphorus doped in the resistivity 
range of 2.5-1u fl-cm, 7.5 cm atom, 450-500 ~m thick. 

? Average of measurements on several wafers. Occasionally, a 
few wafers in the lot will have stacking fault density less than 
102/cm -~. Other t imes only part of the wafer will have very high 
density faults. In latter case, usual ly  the part having faults will 
have circular striations. 

manufacturers  usual ly  showed high OSIF for 1200~ 
dr ive- in  plus reoxidat ion at 1050~ but  not  for a 
1050~ oxidation alone. 

In  order to unders tand  the observed results, we 
carefully examined wafers from all manufacturers .  
It  was found that  the wafers obtained from m a n u -  
facturer  Z had a rough back surface due to saw dam- 
age which was not ent i rely removed dur ing back side 
etching. Cross sectioning showed the depth of the saw 
damage to be about  15 ~m. Wafers from all other 
manufac turers  ( including float zone wafers) had a 
comparat ively smoother back surface (as a resul t  of 
the longer etching by the supplier) .  F igure  2 shows 

the back surfaces of the wafers f rom manufac turers  
Z and RE in two magnifications. The difference in  the 
degree of the surface roughness is evident.  The 
rougher surface had scattered the l ight  at  all  angles 
and thus appeared br ight  (Fig. 2b). The more pol- 
ished surface (Fig. 2a) (examined in  exactly the same 
light conditions) reflected the l ight away from the 
camera except at the scratched identification marks  
near  the flat of the water. The roughness of the back 
of wafers Z was probably  responsible for get tering 
the faul t  nuclei  dur ing  the oxidation process. Mechani-  
cal damage gettering has been advocated in  the past  
(16-19) to get ter  undesi rable  impuri t ies  in  a way 
phenomenologically s imilar  to the commonly used 
phosphorus diffusion gettering (29). It  has not  been 
documented that  mechanical  damage prevents  the 
formation of OISP through the CMOS process. To 
evaluate  the role of mechanical  damage the following 
experiments  were carried out. 

Removal and addition o~ back side damage.~Part 
of the back surface and all of the front  surface of the 
wafers from the manufac ture r  Z (rough back side) 
were masked. The exposed back surface was then 
etched in  a silicon etch to remove ,-,25 to 74 ~m of 
silicon. The back surface that  had been etched was 
then smoother and appeared similar  to the back sur-  
faces of the wafers f rom other manufacturers .  After  
etching, the mask mater ia l  was removed and the 
wafers were cleaned. These wafers together with un -  
etched wafers from manufac tu re r  Z and  all others, 
were then processed with a 1200~ oxidizing dr ive- in  
and 1050~ wet  oxidation. 

Fig. 2. Microgrophs showing 
the comparative roughness on 
the back of a wafer with blotchi- 
hess (on front) due to stacking 
faults (a) 1.12• and (c) 
1000• and the wafer with no 
blotchiness (on front) (b) 
i .17X and (d) lO00X. 
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In  a reverse  expe r imen t  back  surfaces of the  wafers ,  
f rom al l  manufac tu re r s  wi th  the  except ion of Z, were  
ground  on a 180 gr i t  pol ish ing pape r  to produce  m e -  
chanical  damage.  Such wafers,  toge ther  wi th  as- 
received wafers  f rom al l  manufac tu re r s  were  proc-  
essed th rough  d r ive - in  and wet  oxidat ion.  

F igure  3 shows the f ront  surface of a Z - w a f e r  a f te r  
r emova l  of the  back  side damage  in the  "cross" r e -  
gion. ( Ignore  the  n a r r o w  uneven  ver t ica l  whi te  band  
across the  wafe r  surface.  This band  is a resul t  of loss 
of adherence  of the mask  ma te r i a l  pro tec t ing  the f ront  
surface  of  the  wafe r  dur ing  the back  surface etching.)  
The d a r k  t r i angu la r  regions had  s tacking  fau l t  den-  
s i ty  of less than  100/cm 2 and rep l ica te  the  protec ted ,  
une tched  back  surface. The  b lo tchy "cross" a rea  in 
the  middle  had  a dens i ty  of faul ts  > 105/cm 2, whe re  
back  surface  damage  had  been  e tched away.  High 
magnif icat ion photomicrographs  showing the bounda ry  
be tween  the ge t t e red  and unge t t e red  regions, and  the  
s tacking faul ts  in the unge t t e red  regions, a re  shown 
in Fig. 4. The  opt ical  examina t ion  of the  wafers  f rom 
the addi t ion  of damage  expe r imen t  confirmed the 
findings of the  r emova l  of damage.  A l l  wafers  which  
had  been subjec ted  to the  mechanica l  damage  on the 
back  surfaces, i r respect ive  of who manufac tu red  
them~ were  c lean of s tacking faults .  Al l  o ther  control  
wafers  in bo th  exper iments  showed exac t ly  the  be -  
hav ior  as descr ibed  ear l ier .  The resul ts  c lear ly  demon-  
s t ra ted  the  ge t te r ing  by  the  res idual  mechanica l  dam-  
age on the  back  side of the  wafers .  

Repeated drive-in experiment.--In this  expe r imen t  
on ly  wafers  f rom the  manufac tu re r  Z were  used. F ig -  
u re  5 describes a s t e p - b y - s t e p  scheme of this exper i -  
ment.  The wafers  were  c leaned and (oxidized)  an-  
nea led  at  1200~ for  15.5 h r  in 10% 02-90% N2 a m b i -  
ent. The f ront  surfaces  of some (group I) of these 

719 

Fig. 4. High magnification photomicrographs of (a) the boundary 
between blotchy and black areas of the wafer shown in Fig. 4 and 
of (b) the stacking faults in the blotchy area. (a) 6 0 X ,  (b) 1000•  

Fig. 3. Micrograph of the front of the wafer with black areas and 
blotchy surface areas. The blotchiness on the front is due to very 
large density of stacking faults. Black areas do not have stacking 
faults in such numbers. The back of the wafer was etched in the 
regions where blotchiness occurred. 

wafers  were  then  pro tec ted  by  use of e lec t ropla ters  
tape  and the backs were  etched in  a sil icon e tch to 
remove  the mechanica l  roughness.  Af te r  t ape  removal ,  
degreasing,  and cleaning, the  oxide was etched off 
these and off a few of the  remain ing  (group II  con- 
t rols)  unetched wafers.  Al l  group I and  II  were  then  
subjec ted  to second 1200~ 15.5 h r  d r ive - in  10% O2- 
90% N2. Af t e r  the  second dr ive- in ,  a l l  wafers  ( in-  
cluding the res t  (group I I I  control)  of those he ld  
af te r  the first d r ive - in )  were  p laced  in BHF to re -  
move the oxide. They  al l  were  then  reoxid ized  in we t  
oxygen  at  1050~ for 50 rain and etched in Secco etch 
(fol lowing an oxide  r emova l  e tch)  for  a 30 sec etch. 
Blotchiness due to OISF  was presen t  only  on the 
wafers  subjec ted  to the  second 1200~ d r ive - in  a f te r  
the back surface etch. Al l  o ther  wafers,  wi th  undis -  
tu rbed  back  surface and wi th  the first or  second 
dr ive- in ,  had  no blotchiness.  These resul ts  thus es tab-  
l ished that, to effect ively ge t te r  nuclea t ion  centers,  
the  damage  on the back  surface of the  wafers  should 
be presen t  dur ing  a l l  subsequent  oxidizing hea t -  
t rea tments .  This also means  that  nuclea t ion  centers  
were  cont inuously in t roduced or  fo rmed  dur ing  the 
dr ive- in .  These nuclei  a re  get terable ,  th rough  repea ted  
d r ive - in  cycles, as long as sufficient mechanica l  d a m -  
age is p resen t  on the back  surface.  
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Z Type Wafers 

CI Clean 

First P-Tub Drive-In 

Wafers Divided  in  Three Groups 

I I I  

Front side p r o t e c t e d ,  Oxide Etched 
back oxide removed and \ 
%25 um silicon removed 
from back. Tape 
removed and wafer 
cleaned. 

~ Group I ~ iI Together 

Second P-Tub Drive-ln 

llI 

I ~ Groups I & II Join Group III l~afers 

Oxide Removed 

Wet Ox ida t i on  
| 

Oxide Remev!d ~ Secco Etched 

Fig. 5. Step-by-step scheme of the repeated drive-in experiment 

Depth distribution of stacking fault density.--In this 
experiment,  the depth dis tr ibut ion of the stacking 
fault  density due to the boron dr ive- in  and reoxida- 
t ion was determined for samples with polished backs. 
Sequential  f ront  side etching and density count re- 
vealed a slight increase in  the OISF densi ty up to 
~4-5  ~m in silicon. Beyond this depth no new stack- 
ing faults appeared. The front  surfaces of such wafers 
(with blotchiness) were Syton polished to remove an 
addit ional 10-15 ~m (a total of 15-20 ~m). After  clean- 
ing, wafers were reoxidized in wet oxygen at 1050~ 
and were examined after  Seeco etch. If a blotchiness 
appeared on the wafer, the above polishing and oxi- 
dation steps were repeated un t i l  no blotchiness was 
observed. In  all cases, blotchiness was gone after re-  
moval of ~-25-30 #m of silicon. Blotchiness was never  
observed below 30 ~m no mat te r  how many  low tem- 
perature  oxidations were carried out. If, however, such 
wafers were subjected to a second boron 1200~ drive-  
in and 1050~ reoxidation, the blotchiness (not neces- 
sarily exactly s imilar  to one before polishing) would 
reappear. These experiments  clearly indicated that  
the boron dr ive- in  created stacking faul t  nuclei  in  
silicon close to the SiO2-Si surface (wi thin  25-30 #m 
of surface).  

Relation of stacking faults and leakage.--The con- 
t r ibut ion of undecorated stacking faults to leakage 
is determined here. 

Dishman et al. (2) have presented evidence show- 
ing that  the anomalous component of the junct ion 
leakage in devices made on 7.5 cm diam wafers was 
due to the occurrence of decorated stacking faults at 
the intersection of the silicon surface with the p - n  
junct ion  boundary.  Following the suggestion of Seidel 
(2), reduction in  the leakage current  to an acceptable 
level on devices was achieved by str ipping the back 
surface oxide before phosphorus diffusion gettering 
near the end of the processing sequence. This getter-  
ing process removed impuri t ies  f rom the decorated 
faults and improved device performance. A defect 
evaluat ion of such device wafers was carried out. 

In  this experiment,  we examined fully processed 
wafers after their  device evaluation. Wafers with a 
spectrum of leakage currents were collected. Junc-  
tion leakage currents  had been measured at special 
test features on the whole wafer, depending on the 
par t icular  device there were 5 to 11 such test pat terns 

on a wafer. After physically locating such test fea- 
tures, all the top layers (e.g., AI, dielectric, etc.) 
were removed by etching. The test features under  
invest igat ion were clearly visible, usual ly  free of any  
etch artifacts. Final ly,  wafers were given Secco etch 
of 30 sec to reveal stacking fault  features if any. 

Wafers with both high and low density of faults 
were found. In  all these wafers, the faults appeared 
undecorated (2). S ince  there was a wafer-to wafer 
var ia t ion in the leakage currents  we sought to obtain 
a correlation between the density of stacking faults 
near  the test features and the leakage current .  We, 
therefore, computed the density of faults on and near  
the test features. We also counted the number  of 
stacking faults which intersected the boundaries of 
these test features such that  a leakage path could 
develop from the test s tructure to the substrate. Figure 
6 shows a typical  test pa t te rn  and the large density 
of faults crowding the pattern.  

A plot of the leakage as a function of the stacking 
fault  density is shown as Fig. 7. A reasonably good 
straight l ine can be drawn through the data points 
indicat ing a monotonic dependence of the leakage 
on the stacking fault  density. The straight l ine thus 
obtained could be curve fitted to an equat ion 

I = 1.5 • 10-g d 0.g A /cm 2 + Io [1] 

where I is the leakage current  in  A/cm 2, d is the 
density of stacking faults per cm 2, and Io is ~1  • 
10 -9 A/cme. 

We have also computed the number  of stacking 
faults which intersect the boundaries  of the test 
features such that  a leakage path could form between 
test features and the sur rounding  material.  (It is 
thus assumed that  the faults present  wi thin  the 
boundaries of the test features and those close to 
such boundaries are not contr ibut ing to leakage.) 
Figure 8a shows a plot of the leakage current  as a 
function of the number  of stacking faults that in ter -  
sect the boundaries of the test features. In the ab-  
sence of a stacking fault  intersecting the device 
boundaries,  the leakage is ,~2 • 10-10A. By subtract-  
ing this number  from the total leakage current  and 
then plott ing the leakage cur ren t  as a funct ion of the 
number  of faults which intersect the boundaries,  we 
obtain a straight line fit as shown in Fig. 8b. The 
leakage in this case is thus given by 

I ~--- 1.5 • 10 - 1 2  N I  2"2 ~ 2 • 10-1~ [2] 

Where NI is the number  of faults intersecting the 
boundaries  of the devices for which leakage current  
was measured. 

Discussion 
In  the preceding, evidence has been presented to 

establish the following: 
1. Stacking faults were produced in  densities of 

less than 1000/cm 2 in low tempera ture  oxidations 
such as a 1050~ wet ini t ial  oxidation. 

2. With the exception of the back side damaged 
wafers, the boron dr ive- in  (i.e., 1200~ hr anneal  
in 10% O2-90% N2) generates stacking fault  nuclei 
near  the exposed surface of the silicon wafer. Such 
nuclei  are not produced at low temperature  wet oxi- 
dations and are not produced in bulk  (about ~,25 ~m 
away from the surface) silicon. The nuclei once 
formed grow into stacking faults on subsequent  wet 
gas or steam oxidation. 

3. All such stacking fault  nucleat ion centers can 
be gettered by introducing mechanical  damage on 
the back surface of the wafers. 

4. Stacking faults thus formed contr ibute measurable 
leakage currents even when they appear not to be 
decorated with impurities.  

Final ly  ful ly processed wafers taken from split 
lots (Z-type vs. M-type wafers and Z-type vs. X-type)  
were stripped and examined for stacking faults. Only 
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Fig. 6. Photomicragraphs of the full processed, electrlcaily characterized and etched wafers showing the test pad~ and high density ~f 
faults surrounding such pads. Note that faults seem to be undecorated (2). 

the  wafers  wi th  a h igh  degree of back  side polish 
exhib i ted  significant s tacking faul t  densities.  Z-  and 
X - t y p e  wafers,  both having  res idual  saw back side 
damage,  were  essent ia l ly  f ree  of s tacking faults .  
Thus, in the presence of the back  side damage,  s tack-  
ing faul t  format ion  is suppressed throughout  the 
processing. I t  must,  however ,  be noted tha t  the ex -  
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TOTAL STACKING FAULT DENSITY (era -2) 

Fig. 7. Leakage current measured on the test pads as function of 
total stacking fault density around these pads. 

per iments  of the first type  (on wafers  wi th  back  side 
damage)  show tha t  the  back  side saw damage  does not  
suppress al l  s tacking faul t  formation,  when ve ry  strong 
s tacking faul t  nuclei  a re  presen t  w i th  wet  ox ida -  
t ion ambients .  Such nuclei  are  very  less in number ,  
usually,  < 102/cm 2 and occasional ly  up  to 103/cm 2. 
Therefore,  i t  cannot  be  concluded tha t  r e m n a n t  saw 
damage will  a lways  guaran tee  zero s tacking fau l t  
density.  I t  may, however ,  be concluded tha t  most  
s tacking faults,  which  would  o therwise  form, are  
get tered.  I t  is h ighly  recommended  tha t  wafers  wi th  
mechanical  damage  on the  back  surface (such as Z 
wafers)  be used in  the device processing line. 

Defect nucleation and growth.--One m a y  a t t r ibu te  
the fo rmat ion  of s tacking faul t  nuclei, dur ing  the boron 
dr ive- in ,  to the  bu lk  nuclei  nea r  the surface a n d / o r  
high t empe ra tu r e  annealing,  especia l ly  in oxygen.  
F rom Fig. 1 i t  would  appear  tha t  the  s tacking faul ts  
a re  d i s t r ibu ted  in a manner  s imi la r  to a s -g rown micro-  
defects in the so-cal led  Swir l  pa t t e rn  (14) or  in the 
s t r ia ted  d is t r ibut ion  observed in d is locat ion-f ree  float 
zone and Czochralski  mater ia ls .  One is thus t empted  
to suggest  tha t  the high dens i ty  s tacking faul t  b lo tchi -  
hess observed af ter  the  h e a t - t r e a t m e n t  in our  exper i -  
ments,  could be due to the  nuclea t ion  and g rowth  of 
faul ts  at  the microdefects  in a s -g rown  mater ia l .  W o r k -  
ing wi th  both float zone and Czochralski  wafers,  Ravi  
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Fig. B. Leakage current measured on the test pads as a function 
of the number of the stacking faults which intersect the test pad 
boundaries. 

(22) has shown that  long oxidat ion at  temperatures  as 
high as 1200~ resulted in  the format ion of discrete 
precipitates. Ravi (22) a t t r ibuted  the formation of 
striations (such as those shown in  Fig. 2) to inhomo- 
geneous dis tr ibut ion of vacancy clusters where the 
precipitates form dur ing  annealing.  Maher et al. (23) 
have found that  extrinsic stacking faults formed dur -  
ing hea t - t rea tment  of silicon contained colonies of 
coherent microprecipitates at their  center. Mahajan  
et al. (24) proposed that  the first stage in  the evolut ion 
of stacking faults can be envisaged to be a localized 
oxidation leading to the formation of si l icon-oxygen 
clusters. It  would appear from our results that the 
boron dr ive- in  was necessary for the formation of OISF 
dur ing subsequent  oxidations. The role of the boron 
dr ive- in  is, therefore, to generate defects along the 
growth striations. Abe et al. (25) have recently shown 
that the presence of growth striations in Czochralski 
mater ia l  is main ly  due to heterogeneous dis tr ibut ion 
of oxygen and that  a 1200~ hr anneal  in  oxygen 
is required to generate defects along those striations. 
It  may be noted that  the occasional absence of blotchi-  
ness on the wafers (even with polished surface, i.e., 
without  any damage to getter) after d r ive- in  and re-  
oxidation was observed only in  Czochralski materials.  
This absence of formation of faults could be a t t r ibuted 
to the absence of the growth striations in  these wafers 
or the presence of bu lk  get ter ing oxygen precipitates. 

The roIe of oxygen dur ing  anneal  becomes very ap- 
parent  when  one considers the depth dis t r ibut ion of 
stacking faults. I t  was found that  the stacking fault  nu -  
clei formation during the boron dr ive- in  was l imited 
to ~20-30 ~m of silicon from the SiO2-Si interface. 
Mahajan et al. (24) have proposed a model in  which a 
localized oxidation of silicon is assumed to occur in  
the vicini ty of existing heterogeneities in the silicon. 
Nucleation of faults then occurs due to generat ion of 
silicon intersti t ials in  large enough concentrat ion to 
plate out into an extrinsic fault. If the concentrat ion 
of Si intersti t ials (and hence that  of oxygen to cause 

localized oxidation) is not large enough, nucleat ion of 
fault  will  not take place. Dur ing  a 1200~ (or a high 
temperature)  dr ive-in,  oxygen can diffuse to an ap- 
proximate depth of ~/4DT N 42 ~m (26). Thus, it  may  
be assumed that  beyond a certain depth in  silicon, 
the concentrat ion of oxygen falls below a concentrat ion 
required  to nucleate  faults  at  the bu lk  defect centers. 
Thus, the results of exper iment  could be a t t r ibuted  to 
oxygen diffusion depth l imited nucleation.  The pres-  
ence of both the heterogeneities and oxygen is neces- 
sary to nucleate faults. In  absence of one or the other 
(for example due to mechanical  damage gettering) 
faults do not form. 

It  may be pointed out that  a l though OISF up to 70 
~m in  length have been observed on the samples an -  
nealed in 100% oxygen for 15.5 hr  at 1200~ stacking 
faults were not visible in our  optical examinat ions of 
the Secco-etched wafers after boron dr ive- in.  I t  has 
been shown recent ly by Murarka  (27, 28) that  the 
growth of the faults is considerably re tarded in  re-  
duced oxygen part ial  pressures such as 10% used dur -  
ing the high temperature  drive-in.  It  has also been 
shown that  the stacking faul t  retrogrowth tempera ture  
is considerably lower in  such an ambient.  Both of these 
effects could reduce the size of OISF's so that  they are 
too small  to be detected optically. These faults could 
form nucleat ion centers for the growth dur ing low 
tempera ture  wet oxygen or steam oxidation following 
a boron drive-in.  

Gettering of the defect  nucIe i . - - I t  has been shown 
that  no mat te r  what  is the source of nucleat ion of OISF 
dur ing boron drive-in,  the defect nucleat ion can be 
completely suppressed by the gettering action of the 
mechanic i l  damage on the back of the wafer. Get ter-  
ing induced by back surface damage is not new. 
Pomerantz  (16) had suggested the same technique to 
get r id of process-induced defects. S t ra in  generated due 
to mechanical  damage could lead to the precipi tat ion 
of the impurit ies in the damaged region or enhance 
their diffusivities in the bu lk  silicon. This results in  the 
en t rapment  of the impuri t ies  and  point  defects which 
are responsible for nucleat ion of faults, into the dam- 
aged back layer  of the silicon. In  addition, it is pos- 
sible that  the back side damage competes for silicon 
intersti t ials with stacking faul t  nuclei  (or less l ikely is 
a source of vacancies for the stacking fault  suppres-  
sion). 

Contribution of the faults  to leakage in the device~.N 
The presence of the faults in  the silicon provides a 
s trained region of interest  for impuri t ies  which could 
be entrapped in  such regions. These impuri t ies  may 
have ionization levels in  the bandgap of the silicon and 
thus provide charged generat ion levels. If the faul t  lies 
in  or across a space charge region the levels will  gen- 
erate leakage. 

For the present  we do not  have any  model to ex- 
pla in  the relationships of types described by Eq. [1] 
and [2]. It  is hard to synthesize an a rgument  (similar 
to one given for impur i ty  decorated faults) for a faul t  
which is free of any impurities.  A faul t  in the lattice 
produces a s trained region. If the s t ra in is large 
enough, it could affect the na ture  of the semiconductor 
energy levels. A large n u m b e r  of faults, when  pres-  
ent together in  a small area, could perhaps cause such 
an effect leading to unexpected leakage. The role of 
such a large number  of stacking faults in causing leak-  
age is apparent  in  Fig. 7 and 8. The results may  be 
compared to leakages measured on emit ter  base junc-  
tion with stacking faults (29), where the electric fields 
are larger than those shown for the MOS leakage test 
junction.  
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APPENDIX 

The Effect of Wafer Holders in the Ion Implanters 
During our investigations wi th  boron- implanted,  

dr iven- in ,  and reoxidized wafers, we had always wi th-  
out exception observed a large density of stacking 
faults in an area wi th in  approximately  1 mm from 
the edge of the wafers. At low magnifications faults 
appeared to form a circular r ing around the wafer as 
shown in  Fig. A-1. Figures A - l b - d  clearly show these 
faults. Such an effect was never  observed in  non im-  
planted wafers, i n  the present  series of experiments,  an 
as- implanted  (but  not  heat - t rea ted)  wafer was Secco 
etched. A differential etching near  the edge of the 
wafer resulted in  a r ing about  1 mm away from the 
edge. The differential etching occurred due to different 
etch rates of n (near the edge) and p (rest of the 
wafer, due to B- implan t )  type material .  No stacking 
faults were present  on the wafer. The presence of this 
r ing could be associated wi th  a r im of a luminum in 

the wafer  holder for the implantat ion.  Wafers are held 
against  this r im dur ing ion implantat ion.  As shown in  
Fig. A-2a, the r im which is about  a mil l imeter  wide 
thus shields the wafer edge from the ion beam. Thus. 

�9 �9 J 

no implan ta t ion  occurs on the wafer under  the mm 
(hence, the differential etching effect). The ion beam, 
however, can cause sput ter ing from the a luminum r im 
and leads to implanta t ion  of the species (near  the edge 
of the wafers) which are probably  the nucleat ing cen-  
ters for the stacking faults. The contaminat ion resul t -  
ing from the contact of the wafer  with the metall ic r im 
could also introduce impuri t ies  responsible for stack- 
ing fault  nucleation. We shall  call this effect a r im 
effect. Such preferent ia l  nucleat ion at the edge of 
the wafer cannot be associated with damage from p- tub  
implants.  The ion implanted dose is small  compared 
to the doses required to produce centers for stacking 
faults as reported by Rozgonyi and Seidel (15). Ap-  
pearances of blotchiness could never  be associated with 
the p - tub  boron implants.  In  order to ver i fy this r im 
effect, we implanted a few wafers in  a different com- 
mercial ion implanted.  In  this machine, the wafers are 
loaded in  cassettes in  such a way that  they rest  against 
a plate with an angular  cutout as shown in  Fig. A-2b. 
The wafers were subsequent ly  processed and Secco 
etched in  the same m a n n e r  as described earlier. Micro- 
scopic examinat ion of these wafers showed the r im 
effect in  exactly the same geometry as shown in  Fig. 
A - l ;  thus, confirming our explanat ion given above to 

Fig. A-I.  Photomicrographs showing the rim effect (see text) presumably due to hacksputtering, which leads to formation of stacking 
fault nuclei, from the wafer holder during the ion implantation. 
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PR-:50 

EXTRION 

Fig. A-2. Schematic drawings of the metallic holders in PR-30 
and Extrion ion implanters. Wafers are held against the metal at 
the outer edges as shown. (Hot to scale.) 

account for the r im  effect. I t  m a y  be recal led  here  that  
Katz  and Moller  (21) have repor ted  tha t  sput te r ing  of 
nickel  and other  impur i t ies  in the same commercia l  
imp lan te r  had led  to the  gene ra t i on  of a high dens i ty  
of s tacking faul ts  dur ing  la te r  oxidations.  Al l  the 
resul ts  ment ioned in the  above pa rag raphs  were  ob-  
ta ined on wafers  wi th  back  surfaces free of saw dam-  
age. To check the effect of mechanica l  damage  ge t t e r -  
ing on the nuclea t ion  centers  appa ren t l y  caused by  im-  
pur i t i tes  associated wi th  the r im  of the me ta l  holding 
the  wafe r  ( the r im effect) ,  we  used wafers  wi th  rough 
back surfaces, those manufac tu red  by  Z. These wafers  
were  implan ted  wi th  boron in a different  implanter ,  
dr iven- in ,  and reoxidized.  Secco etch of these wafers  
revealed  a p - n  etch ra te  associated r ing  s imi lar  to that  
observed on jus t  imp lan ted  wafers  (Fig. A - l a ) .  Only 
a few s tacking faults  in the  r im  a rea  or  in the res t  of 
the wafer  were  observed.  This indica ted  that  mechani -  
cal damage  on the back of the wafer  was able  to ge t te r  
the nuclea t ion  centers  due to the r im  effect. 
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ABSTRACT 

Electrochemical photovoltaic cells re ly on the junc t ion  formed between 
a semiconductor and electrolyte to accomplish photovoltaic conversion. As a 
result, they offer certain technical features that make them an at tract ive a l ter-  
nat ive to all solid-state solar cells, especially if th in  film photoeleetrodes a r e  
used. This paper describes the fabrication and evaluat ion of thin film CdSe 
electrodes for use with sulfide/polysulfide electrolyte in  these cells. The effects 
of electrode preparat ion and electrolyte concentrat ion on efficiency and sta- 
b i l i ty  are presented. I-V curves and action spectra are also discussed. Simple 
deplet ion layer  theory is applied to monochromatic photocurrent  curves and a 
correlation be tween efficiency and minor i ty  carrier  diffusion length  is shown. 
Conversion efficiencies (AM1) as high as 5% are reported. 

The photoelectrochemical effect has been known for 
many  years (1); only recently, however, has a signifi- 
cant effort been directed toward the practical applica- 
t ion of this effect to photovoltaic energy conversion 
(2-8). Electrochemical photovoltaic cells, which util ize 
the junct ion  formed at the interface between a semi- 
conductor and an electrolyte for photoconversion, have 
several  technical features that  make them an at tract ive 
a l ternat ive  to solid-state solar cells for low cost photo- 
voltaic conversion: (i) the photovoltaic junct ion is 
formed spontaneously on immersion of a semiconduc- 
tor of one carr ier  type in  a suitable electrolyte; (ii) the 
geometry of the junct ion  is such that  radiat ion can 
impinge directly on the space charge region, minimiz-  
ing surface recombinat ion losses; (iii) the most prom- 
ising materials  investigated are direct bandgap mate-  
rials, which promote the use of thin film ele2trodes 
which are an impor tant  factor in ul t imately  producing 
low cost devices (9). This paper presents some of our 
results on making  th in  film n-CdSe photoelectrodes 
and their  photoelectrochemical characterization. CdSe 
used in conjunct ion with sulfide-polysulfide containing 
electrolytes is a system capable of achieving AM1 
conversion efficiency of 10% or greater (8, 10). There-  
fore, it  can be considered as a candidate system for 
fu ture  practical application. 

Experimental 
Thin  films of polycrystal l ine CdSe were deposited 

on commercial ly pure (99.9%) t i t an ium substrates 
(0.254 mm thick),  which were cleaned in a chromic- 
sulfuric acid mixture  and degreased in isopropyl alco- 
hol. Films were made by evaporat ion of CdSe as well 
as co-evaporat ion of Cd and Se. In  both cases materials  
of 99.999% pur i ty  (Ventron Corporation, Danvers, 
Massachusetts) were evaporated from Ta or W boats 
with a background pressure ~10 -6 Torr. Substrate  
temperatures  were held at ~100~ dur ing deposition; 
film thicknesses were varied from ~0.5-2 #m and 
deposition rates varied from ~5-50 A/sec. Fi lm thick- 
ness was determined with a quartz crystal thickness 
monitor  (Sloan Technology, Santa Barbara,  California) 

* Electrochemical  Society  Act ive  Member.  
Z Present  address:  E x x o n  Research  and Engineering,  Linden,  

New Jersey 07036. 
Present  address:  SERI, Golden,  Colorado 80401. 
Present  address:  Chronar Corporation,  Princeton,  New Jersey 

08540. 
Key words:  photoe lectrochemical  energy  convers ion,  thin film 

e lectrodes ,  thermal  vacuum evaporat ion,  solar cells ,  sulfide/poly- 
sulfide electrolytes .  

and in  some cases confirmed from SEM micrographs. 
Some co-evaporations were done using an automated 
rate controller  (INFICON, Syracuse, New York) for 
the Se source, which was found more difficult to con- 
trol manua l ly  than the Cd source. After  deposition, the 
electrodes were heat- t reated in  air at temperatures  
from 300 ~ to 500~ for 5-60 man. A copper wire was 
attached to the back of the electrodes with silver-filled 
epoxy or ind ium solder. Common epoxy was used to 
cover the back and sides of the electrodes. The exposed 
area was ~1  cm 2. In  some cases the electrodes were 
etched from 5-30 sec in 50% HCI: 50% H20 before use. 

For photoelectrochemical evaluation, the semicon- 
ductor electrode was the working electrode in  a con- 
vent ional  three-electrode cell with a p la t inum foil 
counterelectrode (~15 cm 2) and a calomel reference 
electrode (SCE). The semiconductor electrodes were 
i l luminated  through an optically fiat Py rex  or quartz 
window that had been epoxied into a Pyrex beaker  
modified for this purpose. The CdSe electrodes were 
positioned ,-~1 mm from the window to minimize elec- 
trolyte absorption without  l imit ing mass t ranspor t  in 
the cell. Photoelectrochemical experiments  were done 
at room tempera ture  (~22~ Baseline data for com- 
parison with experiments  done on thin film electrodes 
were obtained using CdSe single crystal electrodes 
(Cleveland Crystal Corporation, Cleveland, Ohio), 
which were prepared for photoelectrochemical evalua-  
t ion according to procedures found in  the l i tera ture  (5). 

Selected electrolytes in  the composition range of 
1F-2.5F Na2S and 0.1F-2.5F S in 1F NaOH were used 
for specific experiments.  Most high light in tensi ty  (>10 
mW/ c m 2) I-V curves were measured using 2.5F Na2S, 
1.0F S, 1F NaOH electrolyte, while most spectral re-  
sponse curves (<1 mW / c m 2) were measured using 
2.5F Na2S, 0.01F S, 1F NaOH electrolyte. All  solutions 
were made from reagent  grade chemicals under  an Ar 
atmosphere. Ar  was bubbled through the test cell dur -  
ing electrochemical experiments.  

Voltammetric  measurements  were made with a PAR 
(Princeton Applied Research, Princeton,  New Jersey) 
Model 173 potentiostat  and Model 175 universal  pro- 
grammer  using a scan rate of 2 mV/sec and recorded 
directly on an HP 7040A X-Y recorder (Hewlett  
Packard, San Diego, California).  

The cell was i l luminated  with the output  of a 1 kW 
filtered (AM1) Xe light source (Schoeffel Ins t ruments ,  
Westwood, New Jersey) for determinat ion of white 
light I-V curves. The same source was used with a 
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monochromete r  ( Ja r re l l -Ash ,  Wal tham,  Massachu-  
setts)  or  a series of na r row  band  pass filters (Ditr ic  
Optical,  Marlboro,  Massachuset ts)  for  spect ra l  response 
curves.  The rad ian t  power  was measured  using a the r -  
mopi le  detector  (Epply  Labora tory ,  Providence,  Rhode 
Is land) .  

Capaci tance-vol tage  measurements  were  done using 
a GR 1657 Digibr idge  (Gen Rad, Concord, Massachu-  
setts)  and a Har r i son  6112A power  supply.  The CdSe 
electrode potent ia l  vs. SCE was moni tored  using a 
DVM (F luke  Manufac tur ing  Company; Seatt le ,  Wash-  
ington) .  

An  x - r a y  di f f rac tometer  (P icker  Inst., Cleveland,  
Ohio) was used to de te rmine  crys ta l l ine  phase and 
or ienta t ion  and a scanning e lect ron microscope (AMR 
Corporat ion,  Bedford,  Massachuset ts)  was used for  
mic ros t ruc tu ra l  observat ions  and chemical  analysis  of 
the thin films wi th  an Edax  a t t achment  (Edax In t e r -  
na t ional  Inc., P ra i r i e  View, I l l inois) .  Transmission 
spect ra  of var ious  e lect rolytes  and CdSe films de-  
posi ted on glass subs t ra tes  were  obta ined  using a 
Carey  I4 spec t rophotometer  (Appl ied  Physics Cm~oo- 
ration,  Monrovia,  Cal i fornia) .  

Results 
Compound evapora t ion  produced  n - t y p e  films i r r e -  

spect ive of  deposi t ion conditions and conversion effi- 
ciencies (~) obtanied  with  these films ( regardless  of 
postdeposi t ion hea t - t r e a tmen t )  were  <1%.  Compound 
evapora t ion  was abandoned  in favor  of co-evapora t ion  
of Cd and Se, which afforded be t te r  control  of film 
stoichiometry.  The as -depos i ted  co -evapora ted  films 
were  po lycrys ta l l ine  and p redominan t ly  single phase 
hexagona l  CdSe wi th  a (0001) growth  texture.  Some 
x - r a y  pa t t e rns  ind ica ted  the presence of a smal l  
amount  of cubic CdSe in which case a (111) g rowth  
t ex tu re  was observed.  The films adhered  fa i r ly  wel l  to 
the Ti subs t ra te  and were  quite un i form and mono-  
lithic. F igure  1 shows a scanning e lect ron mic rograph  
of a typical  as -depos i ted  film. Crys ta l l i te  sizes are  small  
(<1000A),  and there  is a suggest ion of a co lumnar  
g rowth  s tructure,  which is consistent  wi th  the observed 
g rowth  texture.  The as-depos i ted  films showed l i t t le  or  
no photoresponse when tested potent ios ta t ica l ly  and 
peeled f rom the subs t ra te  af ter  a short  per iod of t ime 
in the electrolyte .  Postdeposi t ion hea t - t r ea tmen t s  in a i r  
were  found to improve  the I -V  per formance  and ad-  
herence  of the  thin film electrodes dramat ica l ly .  

F igure  2 shows represen ta t ive  data  indica t ing  the 
effect of severa l  h e a t - t r e a t m e n t  t empera tu res  (al l  for 
15 min) on I -V  performance.  I t  can be seen that  the 
best  per formance  is obta ined at 400~ At  t empera tu res  
g rea te r  than  400~ film th inning due to evapora t ion  
became significant and the I -V  per formance  is not  as 
good as at  400~ The effect of h e a t - t r e a t m e n t  t ime was 
also invest igated.  H e a t - t r e a t m e n t  for more  than 15 re_in 
at  400~ did not  improve  per formance  fur ther .  As a 
resul t  of this evaluation,  a h e a t - t r e a t m e n t  of 400~ for 
15 rain was adopted as a "s tandard"  so tha t  the effect 
of var ia t ion  of  deposi t ion pa ramete r s  and resu l tan t  
e lec t rode  efficiency could be inves t iga ted  sys temat i -  
cally.  I -V  traces of  thin film sandwich s t ructures  (i.e., 
I n / C d S e / T i  subs t ra te)  before  and af te r  the  s tandard  
h e a t - t r e a t m e n t  indica ted  that  it  improves  the ohmici ty  
of the CdSe /Ti  contact  and reduces the res is t iv i ty  of 
the films from ,.408 to ,~104-10 ~ ~-cm.  Scanning elec-  
t ron  micrographs  indica ted  a sl ight  increase in c rys ta l -  
l ife size wi th  hea t - t r ea tment .  

The I -V  per formance  of hea t - t r ea t ed  electrodes was 
found to depend on e lec t ro ly te  concentra t ion at  l ight  
intensi t ies  typical  of t e r res t r i a l  solar  fluxes. F igure  3 
shows the effect of increasing the e lec t ro ly te  concen- 
t ra t ion f rom 1F to 2.5F Na2S and S on I -V  per -  
formance of a thin film electrode. The drop-off  in effi- 
c iency with  increasing l ight  in tens i ty  in the 1F e lec t ro-  
ly te  is due to reduct ions in shor t -c i rcui t  cur rent  densi ty  
(Jsr and fill factor  " (FF) .  The open-c i rcui t  vol tages 
(Vor were  comparable  for both solutions owing to the 

Fig. I .  SEM micrographs of co-evaporated CdSe film 
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Fig. 2. The effect of heat-treatment temperature on I-V per- 
formance of a thin film CdSe electrode. Vr shows the electrolyte 
rest potential in the dark. 
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Fig. 3. The effect of electrolyte concentration on I-V performance at various light intensities: (a) 1F Na2S, IF S; (b) 2.5F Na2S, 2.5F S. 
Vr indicates the electrolyte rest potential in the dark. 

minimal  change in  redox potential  (--0.76V vs.  SCE 
for 1F and --0.79V vs.  SCE for 2.5F) and therefore the 
amount  of band bending in a given electrode. As shown 
in  Fig. 3a and b, the max imum photopotential  in each 
solution is comparable at s imilar  intensit ies so that the 
difference be tween the redox potential  and ma x i mum 
photopotential  (i .e. ,  Vow) does not vary  significantly. 
However, Jsc was strongly affected by concentrat ion 
var ia t ion (Fig. 3c). The Jsc in 1F electrolyte at 100 m W /  
cm 2 light in tensi ty  is less than 60% of the value in the 
2.5F electrolyte at the same intensity. The FF  also 
changes significantly: in going from 10 to 100 m W / c m 2 
in 1F electrolyte, the FF drops from 0.42 to 0.31; in 2.5F 
electrolyte, it drops from 0.46 to 0.40. The combinat ion 
of these factors gives rise to the observed efficiency sat- 
ura t ion  in  the 1F electrolyte. Subsequent  experiments  
indicated that  the S concentration, which also changes 
the visible absorption of the electrolyte considerably, 
could be reduced to ~ I F  without  adversely affecting 

at 100 mW/cm 2. In  view of these results the electro- 
lyte composition was standardized at 2.5F Na2S. 1F S, 
1F NaOH for all white l ight I - V  curves at 10 mW / c m 2 
in tens i ty  or greater. 

The I - V  performance of th in  film CdSe electrodes 
varied from deposition to deposition and was found to 
depend pr imar i ly  on how constant  the individual  ele- 
menta l  deposition rates could be controlled. Table I 
summarizes the var iat ion in photovoltaic performance 
data recorded for 12 sequential  co-evaporations with 
only slight var iat ion in deposition control parameters.  
All  samples were subjected to the s tandard hea t - t rea t -  
ment,  and I - V  data were taken in 2.5F Na2S, 1F S, 1F 
NaOH electrolyte at 50 mW/cm 2. The var iat ion of 
properties in  Table I is consistent with that  previously 
reported for co-evaporated semiconductor thin films 
(11, 12) and can be a t t r ibuted  to slight differences in 

film stoichiometry, defect structure, and crystalli te 

size that result  from the deposition method and subse- 
quent  heat - t rea tment .  These electrodes were fabricated 
using manua l  control of the evaporat ion sources, with 
good reproducibili ty.  

Analysis of Edax spectra indicated that  nominal ly  
stoichiometric CdSe films resulted after the s tandard 
hea t - t rea tment ;  no systematic var iat ion in Cd/Se ratio 
however, could be correlated with the I-V performance 
variat ion observed in Table I, most l ikely because of 
the limits of detectabil i ty of Edax (_0 .2%) ;  this 
should not be taken to indicate that the films do not  
differ on a microchemical basis. 

The var iat ion of performance of sample 2 with l ight 
in tensi ty  is shown in Fig. 4. It  can be seen from these 
data the Voc follows a logarithmic relat ion with in~ 
creasing intensity,  while Jsr varies near ly  l inearly,  
as expected. The fill factor, however, and thus the 
efficiency fall off slightly. The variat ion of solar 
cell parameters  with l ight in tensi ty  found with 

Table I. Variation of I-V performance of co-evaporated CdSe 
thin film electrodes 

VR = -- 0.8V vs. SCE, I = 50 m W / c m '  

J'~c 
Run Voc (V) (rnA/cm 2) FF ~ (%) 

1 0.56 5.28 0.48 2.9 
2 0.48 7.95 0.60 4.5 
3 0.51 8.24 0.61 5.1 
4 0.45 7.23 0.52 3.5 
5 0.49 7.64 0.54 4.0 
6 0.45 3.76 0.44 1.5 
7 0.55 7.45 0.47 3.9 
8 0.41 7.25 0.48 2.8 
9 0.50 6.38 0.51 3.2 

10 0.44 7.08 0.44 2.7 
11 0.43 6.26 0.49 2.6 
12 0.48 5.94 0.53 3.1 
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Fig. 4. I-V curves and solar 
cell parameters of a co-evapo- 
rated CdSe electrode at various 
light intensities. 
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sample 2 is typical of samples with higher efficiencies; 
whereas films with efficiencies less than 1% showed 
more pronounced saturat ion effects in short-circuit  
current  and fill factor. 

Figure 5 presents a typical t ransmission spectrum of 
a fired film (glass substrate) .  It  can be seen that there 
is absorption beyond the bandgap energy (720 nm) .  
This type of behavior has been reported for thin films 
of CdSe processed in the same tempera ture  regime and 
a t t r ibuted to the large number  of crystalli te defects 
that give rise to the observed bandta i l ing (13). A film 
thickness of 0.8 ~m was calculated from the in terfer-  
ence fringes. 

0.8 
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l- 
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Fig. 5. Transmission spectrum of a fired CdSe film ~0 .8  #m 
thick. 

Attempts  were made to quant i fy  the differences in 
electronic properties of various films so that  correla- 
tions among processing parameters,  electronic proper-  
ties, and I - V  performance could be established. A 
study of the change in space charge layer capacitance, 
as a function of applied potential  was under taken  to 
determine the donor density and flatband potential  
using the we l l -known Mott-Schottky relat ion (14) 

( kT ) 
2 V A  - -  VB [1] 

Cs-2 --~ qeeoND -q 

where Cs is the space charge capacitance per un i t  area, 
q the electronic charge, e the semiconductor dielectric 
constant [10 for CdSe (15)], eo = 8.86 • 10 -14 F/cm, 
VA and VB are the applied potential  and the flatband 
potential  (vs. SCE) respectively, ND the donor density, 
k Boltzmann's  constant, and T the absolute tempera-  
ture (kT/q  can be neglected at room tempera ture) .  

Figure 6 shows representat ive Cs -2 vs. VA plots for a 
single crystal sample, a thin film electrode, and a bare 
heat- t reated Ti substrate. Linear, single slope plots of 
Cs -2 vs. VA were obtained for single crystal samples 
(Fig. 6a) from which reasonable values of ND and V~ 
could be obtained; for example, ND ~- 1.2 • 101T/cm ~ 
and VB ---- --1.4V vs. SCE. However, most thin film 
electrodes exhibited l inear  plots with two slopes (Fig. 
6b). This type of behavior  has been observed previ-  
ously with polycrystal l ine samples in  electrochemical 
cells and a t t r ibuted to the presence of both shallow 
and deep donor levels in  the samples studied (16). In  
our case the measured capacitance values were large 
(in some cases >10 ~JF/cm2), which results in anoma-  
lously high calculated donor densities for both slopes 
(>102~ Cs and ND values of this order yield de- 
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Fig. 6. Cs -:~ vs. V plots for (a) CdSe single crystal, (b) CdSe thin 
film, and (c) heat-treated Ti substrate. 

ple t ion l aye r  widths  of less than  100A ca lcu la ted  f rom 
the deple t ion  l a y e r  re la t ion  (17) 

d = x ~ J  [2] 

where  ~s is the vol tage  drop across the space charge 
layer ,  taken  here  to be ~0.7V, the difference be tween  
VB and the revers ib le  redox poten t ia l  for the e lec t ro-  

Table II.  Zero bias capacitance, calculated donor densities, and 
A M I  power efficiencies of several thin film electrodes 

Sample C. (~Flem s) N v  {cm -s) ~ (%) 

1 6.0 9.6 • 102~ 0.15 
2 6.4 7.8 x 10 =o 3.1 
3 8.7 1.1 • 10 :~ 2.'/ 
4 11.6 9.3 • 10 =~ 1.8 
5 7.6 8.8 • 10 m 0.05 

lyte.  Table  II  presents  Cs at  zero bias, ND, and ~ for  
severa l  th in  film electrodes.  There  is no apparen t  cor-  
re la t ion  be tween  ND values  and ",1. Elec t rode  efficiency 
var ies  by  an o rde r  of magni tude ,  ye t  the  Cs and ND 
values  are  a lmost  constant.  This observa t ion  and the 
fact  tha t  the good I -V per formance  of the  th in  film elec-  
t rodes  would  not  be expected wi th  ve ry  na r row  dep le -  
t ion l aye r  widths  led  us to inves t iga te  the  C-F pe r -  
formance  of the Ti subs t ra te  alone. F igure  6c shows a 
typica l  resu l t  for  an uncoated  Ti subs t ra te  a f te r  the 
s t anda rd  h e a t - t r e a t m e n t  I t  can be seen that  the  cha r -  
acter is t ic  b reak  in the curve is present .  X - r a y  diffrac-  
t ion analysis  of the  h e a t - t r e a t e d  subs t ra te  ind ica ted  the  
presence  of TiO2 ( ru t i le ) .  Calculat ions  using Eq. [1] 
and  �9 _-- 120 for TiO2 (18) resul t  in ND ,~ 1019/cm 2 and 
d ,-, 2{)0A, which a re  reasonable  values  in v iew of the 
g rowth  condit ions of such a thin film. 

A n  explana t ion  of the  CdSe thin  film C-V resul ts  is 
found by  noting tha t  Eq. [1] is based on the assumpt ion  
tha t  the  semiconduc tor -e lec t ro ly te  in terface  can b e  
t rea ted  as three  capaci tances  in series:  the  semicon-  
duc tor  deple t ion  region, the Helmhol tz  layer ,  and the 
Gouy layer .  A t  high ionic concentra t ion in  the e lect ro-  
l y t e  the  capaci tance of the Gouy l aye r  can be ne-  
glected. The capaci tance of the Helmhol tz  l aye r  is 
much l a rge r  than tha t  of the  deple t ion  region and can 
also be neglec ted  so tha t  Eq. [1] resul ts  and can be 
used to inves t iga te  the semiconductor  deple t ion  layer .  
However ,  the da ta  presented  here  are  complicated by  
the exis tence of pinholes  and cracks in the  CdSe thin  
film resul t ing  f rom hea t - t r ea tmen t ,  which  a l low con- 
tact  be tween  the e lec t ro ly te  and substrate .  We in t e r -  
p re t  the  observed Cs -2 vs. VA behavior  as an indica t ion  
tha t  the measured  ffs represents  contr ibut ions  f rom the 
CdSe, as wel l  as the oxidized Ti substrate .  Therefore,  
Eq. [1] is not  appl icable  to analysis  of these data, and  
the lack  of corre la t ion  shown in Table  II  is a t t r ibu ted  
to the  effect of exposed subs t ra te  area.  These resul ts  
suggest  tha t  analysis  of Cs -2  vs. V data  is not  useful  
for  thin film electrodes unless complete  subs t ra te  cov- 
e rage  is assured.  

Analys i s  of monochromat ic  and whi te  l ight  I -V  
curves and act ion spec t ra  proved  to be the  most  useful  
in quant i fy ing  the pe r fo rmance  of var ious  thin film 
electrodes.  F igure  7 compares  the normal ized  spect ra l  
response curves of a singl e crys ta l  sample  (~ ---- 6.5%) 
and a thin film elect rode (~ --  3.9%) taken  in 2.5F 
Na2S, 0.01F S, 1F NaOH electrolyte .  This e lec t ro ly te  
minimizes  the absorpt ion  correct ion necessary at  the  
blue end of the spec t rum ( t ransmi t t ance  of 1 m m  
thickness of this e lec t ro ly te  at  400 mm is 0.975). Peak  
ex te rna l  quan tum efficiencies were  75% for the single 
c rys ta l  and 60% for the thin film electrode.  Both curves 
show a fal l  off of response at  shor ter  wavelengths ,  but  
i t  is more pronounced in the thin film sample. The thin 
film act ion spec t rum also exhibi ts  a g rea te r  response 
beyond 720 nm than the single crys ta l  curve. Thin film 
electrodes genera l ly  showed significant photoresponse 
at  wavelengths  wi th  energies less than the bandgap  
energy of CdSe, as in Fig. 7, curve b. This is consistent  
wi th  the thin film t ransmiss ion spectra,  which show 
absorpt ion  >720 nm. S u b - b a n d g a p  photocur ren ts  have 
been repor ted  previous ly  (5, 19) and a t t r ibu ted  to 
defect  states at  energy  levels wi th in  the bandgap  that  
are  responsible  for the opt ical  t ransi t ions  (or band 
tai l ing)  s t imula ted  by  l ight  of less than  bandgap  en-  
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Fig. 7. Action spectra for single crystal CdSe (a) and thin film 
CdSe (b) electrodes. 

ergy. These sub -bandgap  photocur ren ts  in effect ex -  
tend  the spect ra l  response of the CdSe so tha t  a g rea te r  
por t ion of the solar  spec t rum can be util ized. 

Etching these electrodes does not  resul t  in a sig- 
nificant increase  in I - V  per formance  as r epor ted  for  
single c rys ta l  and  la rge  gra ined  po lycrys ta l l ine  hot  
pressed  pe l le t  e lect rodes  (5, 19). This indicates  that ,  
a l though surface layer  recombinat ion  losses are  p res -  
ent  in the  thin film samples  as evidenced by  the drop 
off of spect ra l  response in the blue, recombinat ion  
centers  resul t ing  f rom the defect  s t ruc ture  of the thin 
film electrodes are  not res t r ic ted  to the  surface layer ,  
but  extend into the film. 

Direc t  comparison of the  I -V  curves  (50 mW/cmS) 
for these two samples  (Fig. 8) shows tha t  the fill 
factors a re  comparab le  (,~0.60), but  the thin film 
has a lower  Js~ (6.3 mA/cm2 vs. 7.3 mA/cm~) and Voc 
(0.5V vs. 0.68V), which resul ts  in a lower  over -a l l  
efficiency (3.9% vs. 6.5%). The lower  Jsr is due to 
the  defect ive na tu re  of the th in  film while  the  lower  
Vo~ resul ts  f rom the  h igher  da rk  currents  observed 
for thin film electrodes under  fo rward  bias compared  
to single crys ta l  samples.  This difference in Voc is 
a t t r ibu ted  to the defect ive na ture  of the  thin film 
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Fig. 8. Light I-V curves for single crystal CdSe (a) and thin film 
CdSe (b) e,lectrodes at 50 mW/cm 2 (simulated AMI) .  

electrodes as wel l  as to areas  where  the subs t ra te  and  
the e lec t ro ly te  are  in contact  direct ly.  The lower  Voc 
for  the  thin film electrode is also consis tent  wi th  the  
in te rdependence  of Voc and Jsc pred ic ted  f rom simple 
solar cell theory (i.e., Voc cc in Jsc/Jdark). 

The difference in the performance of various elec- 
trodes could be quantified by analysis of their mono- 
chromatic I-V curves. Figure 9 shows photocurrent 
efficiency (Np) vs. potential curves at 700 nm for 
the same single crystal and thin film samples used 
to obtain Fig. 7 and 8 as well as two other thin film 
electrodes. These curves were obtained by taking the 
difference between the light and dark current densities 
and dividing by the calculated photon current at 
700 nm, which was ~0.35 mA/cm s. The variation in 
photocurrent efficiency and curve shape with over-all 
power efficiency can readily be seen in these curves. 

Discussion 
Recently,  the  dependence  of the  output  s tab i l i ty  of 

CdSe photoelect rodes  on e lec t ro ly te  composit ion has 
been s tudied in some deta i l  (5, 20-23); however ,  the 
dependence  of ~ on e lec t ro ly te  composit ion has only 
been noted briefly. Our  resul ts  show tha t  the e lec t ro-  
ly te  composi t ion has a significant effect on ~ at  l ight  
intensi t ies  tha t  would  be encountered  in normal  solar  
cell  applicat ions.  The Voc is not s ignif icant ly affected 
by  the change in concentra t ion f rom I F  to 2.5F Na2S 
and S, but  the observed sa tura t ion  of Jsc and decrease  
of F F  in 1F e lec t ro ly te  wi th  increasing l ight  in tens i ty  
indicate  tha t  the  t ransfe r  kinet ics  are  not  sufficiently 
r ap id  to accommodate  the h igher  photon fluxes. Ap-  
paren t ly ,  the  1F e lec t ro ly te  cannot  provide  sufficient 
r educed  polysulf ide species to the  in terface  r ap id ly  
enough to react  wi th  the hole flux being swept  to 
the  CdSe surface. This unfavorab le  kinet ic  s i tuat ion 
should, in principle,  resu l t  in des tabi l iza t ion of the  
semiconductor  because of incomplete  scavenging of 
holes by  the electrolyte ,  a l lowing dissolution react ions 
[3] and [4] to proceed 

CdSe 4- 2h + --> Cd s+ 4- Se [3] 

Cd 2+ 4- S 2- "* CdS [4] 

The net  effect of this dissolution process has been 
shown to be a decrease of photocur ren t  output  wi th  
t ime (6, 20, 23). We have observed a decrease in 
photocur ren t  output  (i.e., Jsc) in 1F e lec t ro ly te  f rom 
10 to 1.5 m A / c m  2 af te r  passage of 1500 C/cm 2. 

This s i tuat ion is improved  grea t ly  as the e lec t ro ly te  
concentra t ion  is increased so tha t  wi th  a concentra t ion 
of 2.5F Na2S and 1F S in 1F NaOH, Jsc and F F  do 
not  decrease signif icantly wi th  increasing l ight  in tens-  
ity. Output  s tab i l i ty  is also improved  and the output  
o f  an electrode opera t ing  at  Jsc of 10 m A / c m  2 remains  
constant  (wi th in  •  wi th  passage of 1500 C/cm 2. 
However ,  longer  t e rm exper iments  do indicate  a sl ight  
drop off in output  wi th  time. Al though  short  t e rm 
s tabi l i ty  and I -V per fo rmance  are  enhanced by  in-  
creasing the polysulf ide concentrat ion,  the  long te rm 
s tabi l i ty  (i.e., severa l  years )  requ i red  for device 
appl icat ions  remains  to be established.  We have  ob-  
served Se /S  subst i tu t ion in some electrodes using 
A u g e r  spectroscopy and a re  cont inuing longer  t e rm 
s tab i l i ty  studies. 

Optical  t ransmiss ion spect ra  and act ion spect ra  
of the CdSe thin films indicate  the presence of defect  
states tha t  give rise to photoabsorpt ion  at  energies 
less than  tha t  requ i red  for  a b a n d - t o - b a n d  transi t ion.  
For  example ,  act ion spectra  show a significant r e -  
s p o n s e  at  750 nm. This band  ta i l ing  could resu l t  f rom 
gra in  boundar ies  as wel l  as impur i t ies  or  la t t ice  de -  
fects wi th in  the crys ta l l i tes  themselves.  I t  has been 
shown that  in semiconductor  thin films wi th  smal l  
c rys ta l l i te  size gra in  bounda ry  recombinat ions  are  
the  cur ren t - l imi t ing  mechanism because the gra in  
boundar ies  act as "sinks" for  minor i ty  car r ie rs  as 
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Fig. 9. Monochromatic photocurrent efficiency vs. applied potential curves at 700 rim: (a) single crystal, (b) thin film 1, (c) thin film 2, 
(d) thin film 3. 

well  as barr iers  to major i ty  carrier  flow (24). We 
suggest that  this is the cause of the I - V  behavior  
with in tens i ty  var iat ion of reasonably eff• thin 
film electrodes (Fig. 4). The reduction in fill factor 
with increasing photon flux can be a t t r ibuted  to re-  
combinations due to grain  boundaries  or defect sites 
in  the space charge layer  that  become more pro- 
nounced with higher photon flux under  forward bias 
(near  the m a x i m u m  power point) .  Yet, we find power 
efficiencies just  sl ightly less than  those reported for 
large grained (i0-20 #m) hot pressed CdSe electrodes 
(25). The large grained CdSe electrodes have higher 
Voc values (0.72 compared to 0.5), p resumably  due 
to lower dark currents,  lower fill factors (0.5 com- 
pared to 0.6), and comparable J~c values. 

As noted earlier, analysis of C-V data did not 
prove to be useful for calculating th in  film donor 
densities and flatband potentials. Thus, an a l ternate  
technique was necessary to begin to quant i fy  the 
relat ionship between electrode I - V  performance, semi- 
conductor properties, and processing conditions. Ana l -  
ysis of photocurrent  efficiency vs. electrode potential  
curves was quite useful  in  this regard. 

ND values as well  as minor i ty  carrier  diffusion 
lengths, Lp, could be calculated for various th in  film 
electrodes by  application of depletion layer  theory 
to these curves in  the reverse bias direction (i.e., 
potential  positive of --0.8V vs. SCE). The in terna l  
photocurrent  efficiency, Np, for negligible recombina-  
t ion losses can be approximated by  (17) 

Np ~- 1 -- e-ad/l -}- alp [5] 

where a is the absorption coefficient at a chosen wave- 
length, d is the depletion layer width, and Lp is the 
minority carrier diffusion length. This relationship 
can be combined with Eq. [2] to yield (26) 

In(l -- Np) = --a VdV8 -- In(l + aLp) [6] 

Applying this relation to a plot of In (1 -- Np) vs. 
Vd I/2, Nd can be calculated from the slope and Lp 
from the intercept. In using this analysis on the 
data of Fig. 9 it was assumed that all the voltage 
drop in the semiconductor electrolyte interface is 
across the depletion region and that Vd is given by 
the difference between the applied potential and the 
potential of zero anodic photocurrent, which is fairly 
close to the flatband potential. Figure I0 presents the 
replotted data, and Table III summarizes the calcu- 
lated values of Nd and Lp (a at 700 nm -- 3 • 104 
cm-1). It can be seen from these data that the con- 
version efficiency is more sensitive to Lp than Nd, 
which is expected for defective polycrystalline semi- 
conductors such as these (24, 27). Lp is a function 
of lifetime and mobility, which in turn are related 
to scattering centers and recombination centers within 
the crystallite itself or at grain boundaries. In these 
films it is likely that grain boundaries as well as 
defects within the crystallites themselves are limiting 
Lp. 

Table III. Comparison of ND and Lp values obtained from 
photocurrent analysis and power conversion efficiency 

Power effi- 
ciency, ~ ND Lp 

S a m p l e  ( % ) ( c m  a) ( ~ m )  

Single crystal 6.5 8 x 10 ~a 1.46 
Thin film 1 3.9 6 x 10 ~o 0.40 
Thin film 2 1.9 5 x 101~ 0.13 
T h i n  f i lm 3 0.12 1 x 10 TM 0.006 
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Fig. 10. Data of Fig. 9 re- 
plotted for determination of N D  
and Lp: (a) single crystal, (b) 
thin film 1, (c) thin film 2, (d) 
thin film 3. 
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The model  used in this analysis  is not  adequa te  to 
predic t  comple te ly  the I-V behavior  of semiconductor  
l iquid junct ion  devices, pa r t i cu la r ly  under  fo rward  
bias, due to the inheren t  assumption that  recombina-  
tions wi thin  the space charge region can be neglected.  
However ,  wi th in  the l imits defined here  (i.e., reverse  
bias and a wave length  that  minimizes surface recom- 
binat ion effects),  this deplet ion l aye r  model  does 
yie ld  ve ry  useful  informat ion in terms of s ample - to -  
sample  var ia t ion  for the thin film electrodes and can 
be used to corre la te  I-V per formance  wi th  donor 
dens i ty  and minor i ty  car r ie r  diffusion length. We 
have  developed a more  comprehensive  model  tha t  
wil l  be presented  in a fu ture  publ ica t ion  (28). 
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S u m m a r y  
Thermal  vacuum evapora t ion  of Cd and Se has 

been used to produce Cd~e thin film electrodes for 
use as photoanodes in e lect rochemical  photovol ta ic  
cells. Postdeposi t ion h e a t - t r e a t m e n t  of these electrodes 
in a i r  has been found to grea t ly  improve  thei r  I-V 
per formance  under  i l luminat ion.  In  addit ion,  po ly -  
sulfide e lec t ro ly te  concentra t ion has been shown to 
have a significant effect on the I-V behavior  of the 
CdSe thin films at  l ight  intensi t ies  typical  of solar  
fluxes. Select ion of deposi t ion conditions, h e a t - t r e a t -  
ment  schedule, and e lec t ro ly te  composit ion has re -  
sul ted in conversion efficiencies in excess of 5%. 

The use of C-V data  to de te rmine  doping densit ies 
and f latband potent ia ls  of the CdSe films was h indered  
by  subst ra te  effects, which were due to pinholes and 
cracks in the hea t - t r ea t ed  films. Analys is  of action 
spectra  indica ted  the films were  defective, evidenced 
by  the drop off of photoresponse at shor ter  wave -  
lengths, as well  as the presence of sub-bandgap  energy 
photocurrents .  Final ly ,  by  apply ing  simple deplet ion 
layer  theory  to monochromat ic  photocur ren t  curves, 
ND and Lp were  de te rmined  and a corre la t ion be tween  

and Lp found. 

-.01 
D o 

-.02 0%0 
a .  

z -.03 

~ -.04 

-.05 

-.06 k L ~ ~ , ~ , , 
.3 .5 .7 .9 1.1 

VD1/2 

d. 

A c k n o w l e d g m e n t  
The authors  wish to acknowledge  the ve ry  capable  

technical  assistance os C. Creter,  R. 5. Axton,  and 
J. Vicari  in per forming  various phases of this work. 

Manuscr ip t  submi t ted  Ju ly  2, 1979; revised manu-  
script  received Oct. 3, 1979. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1980 
JOURNAL. Al l  discussions for the December  1980 Dis-  
cussion Sect ion should be submi t ted  by  Aug. 1, 1980. 

Publication costs oS this article were assisted by 
Grumman Aerospace Corporation. 

REFERENCES 
1. E. Becquerel ,  Hebd. Seanc. C. R. Acad. Sci. Paris, 

9, 561 (1839). 
2. A. B. Ellis, S. W. Kaiser ,  and M. S. Wrighton,  

J. Am. Chem. Soc., 98, '1635 (1976). 
3. A. B. Ellis, S. W. Kaiser ,  J. 1VI. Botts, and M. S. 

Wrighton,  ibid., 99, 2839 (1977). 
4. J. Manassen, G. Hodes, and D. Cahen, This Journal, 

124, 532 (1977). 
5. B. Mil ler  and A. Heller,  ibid., 124, 697 (1977). 
6. A. Heller,  G. Schwartz ,  R. Vadimsky,  S. Menezes, 

and B. Miller,  ibid., 125, 1156 (1978). 
7. W. A. G e r r a rd  and J. R. Owen, Mater. Res. Bull., 

12, 677 (1977). 
8. R. Noufi, P. Kohl, and A. Bard,  This Journal, 125, 

375 (1978). 
9. R. M. Moore, Solar Energy, 18, 225 (1976). 

10. J. Reichman and M. Russak, Unpubl i shed  data.  
11. L. L. Kazmerski ,  M. S. Ayyagar i ,  and G. A. San-  

born, J. Appl. Phys., 46, 4865 (1975). 
12. L. L. Kazmerski ,  W. B. Berry,  and C. W. Allen, 

ibid., 43, 3515 (1972). 
13. R. Rentzsch and H. Berger,  Thin Solid Films, 37, 

235 (1976). 
14. J. F. Dewald,  Bell Syst. Tech. J., 39, 615 (1960). 
15. D. Berl incourt ,  H. Jaffee, and L. R. Schiozawa, 

Phys. Rev., 129, 1009 (1963). 
16. J. H. Kenned~r and K. W. Freese,  Jr., This Journal, 

125, 723 (1978). 



Vol. 127, No. 3 THIN FILM CdSe PHOTOANODES 733 

17. W. W. Gartner, Phys. Rev., 116, 84 (1959). 
18. W. D. Kingery, "Introduction to Ceramics," John 

Wiley & Sons, Inc., New York (1960). 
19. A. Heller, K. C. Chang, and B. Miller, in "Semi- 

conductor Liquid-Junction Solar Cells," A. 
Heller, Editor, p. 54, The Electrochemical So- 
ciety Softbound Proceedings Series, Princeton, 
N.J. (1977). 

20. D. Cahen, G. Hodes, and J. Manassen, This Journal, 
125, 1623 (1978). 

21. A. J. Bard and M. S. Wrighton, ibid., 124, 1706 
(1977). 

22. H. Gerischer, J. Electroanal. Chem. Inter]acial 
Electrochem., 58, 263 (1975). 

23. H. Gerischer and J. Gobrecht, Bet. Bunsenges. 
Phys. Chem., 82, 520 (1978). 

24. H. J. Hovel, "Semiconductors and Semimetals," 
Vol. 11, "Solar Cells," Academic Press, New 
York (1975). 

25. B. Miller, A. Heller, M. Robbins, S. Menezes, 
K. C. Chang, and J. Thomson, Jr., This Journal, 
125, 1019 (1977). 

26. J. H. Kennedy and K. W. Freese, Jr., ibid., 123, 
1683 (1976). 

27. P. Rai-Choudhuri and P. L. Hower, ibid., 120, 
1761 (1973). 

28. J. Reichman, Paper 243, presented at The Electro- 
chemical Society Meeting, Boston, Massachusetts, 
May 6- i i ,  1979. 

VPE Growth of InGaP/InGaAs Structures for 
Transferred-Electron Photocathodes 
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Varian Associates, Incorporated, Corporate Solid Btate Laboratory, Palo Alto, CaliJornia 94303 

ABSTRACT 

Vapor phase epitaxial growth has been used to prepare InGaP/InGaAs 
structures for use as a transferred-electron photocathode. Growth param- 
eters have been established for InGaP growth using equal size metal sources 
with the hydride process. Field-assisted photoemission has been demonstrated 
and better than 1.0% overall efficiency at 1.06 ~rn was obtained. 

In 1974, Bell, James and Moon (1) demonstrated a 
bias-assisted p- InP cathode using for the first time the 
mechanism of t ransferred-e lec t ron (TE) photoemis- 
sion. TE photoemission is based on the fact that for 
certain III-V semiconductors such as InP, InGaAsP 
alloys, and GaAs, electrons can be promoted to the 
upper conduction band valleys with reasonable effi- 
ciency by applying modest electric fields. Photogen- 
erated electrons which successfully transfer to the 
upper valleys have a good probabil i ty  of being emitted 
over the surface energy barriers  into vacuum. 

A cathode design which potential ly offers high 1.06 
micron sensitivity, is a p - InGaP/p- InGaAs  heterojunc- 
tion TE cathode. The electron emitting layer  p-InGaP 
has higher X and L levels than that  of p-InP; therefore 
it is anticipated (based on experimental  NEA work) 
that the surface escape probabil i ty from a p- InGaP 
emitter  would be superior to that of p-InP, and hence 
offer improved performance over that of either the 
p-InGaAsP direct emitter  cathode or the p - InP /  
p-InGaAsP heterojunction cathode (2, 3). The InGaAs 
is the optical absorbing layer, which dictates that it  
have a 1.15 eV or lower bandgap at 300~ Thus the 
InGaAs composition should be approximately 18% In, 
i.e., In0.1sGa0.s2As. The InGaP composition lattice 
matched to In0.1sGao.s2AS is approximately 60% In, i.e., 
Ino.s0Gao.40P. 

The vapor phase epitaxial  (VPE) growth of the 
InGaP/InGaAs heterojunction structures is presented 
here. The main emphasis is on establishing the growth 
conditions for InGaP layers lattice matched to InGaAs. 
Although various InGaP/InGaAs heterojunction de- 
vices have been reported in the literature, the growth 
conditions have not been discussed (4-6). The growth 
of InGaAs graded layers on GaAs substrates has been 
reported and is used in our work (7-9). InGaP lattice 
matched to GaAs has been reported and forms the basis 
for the heterojunction growth conditions established 
in this study (10-12). A brief summary of the pre-  

�9 Electrochemical Society Active Member. 
Key words: electron, growth, cathode. 

vious work on the VPE growth of InGaP is given first. 
This is followed by a description of the experimental  
setup and the procedures used. The growth parameters 
and the characterization of the grown layers are dis- 
cussed in the next section followed by a short conclu- 
sion. 

Previous Work on InGaP/GaAs 
The basic equations governing the growth of InGaP 

can be writ ten as follows 
Y 

yM + HCI-~ yMC1 -t- (1 -- y)HC1 -t- -~-H2 

1 1 1 
MCl + -{ PH3 + -~ P2 + -~ P4 ~-- MP + HCI 

where M represents either of the In and Ga metals and 
P2, P4 are the products formed by the decomposition 
of PH3 at high temperatures (I0). 

The growth of InGaP ternary a11oys is complicated 
by the need for precise control of a number of param- 
eters. Due to the large difference in their free en- 
ergies of formation, the GaP component is much more 
readily deposited than InP (10). This makes it neces- 
sary to have a large In(HCI)/Ga(HCl) ratio for grow- 
ing InGaP lattice matched to GaAs. For a fixed set of 
other conditions the In/Ga ratio needed for growing a 
particular composition increases with the deposition 
temperature. With increasing deposition temperature, 
larger changes in the In/Ga ratio are therefore needed 
to effect small changes in the composition. It is es- 
sential that a steady temperature be maintained be- 
cause the composition is a strong function of the dep- 
osition temperature. The change in the composition is 
of the order of 0.3 mole percent (m/o) per degree 
centigrade (Ii). 

The growth of InGaP can be accomplished with 
either stoichiometric (i.e., Y~ MC1 _-- ~ P) or off-stoi- 
chiometric conditions. A surplus of P tends to promote 
InP deposition while a surplus of HC1 lowers the InP 
content (12). At higher source temperatures the con- 
version of HCI to MCl is more efficient, and this effects 
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the composition by changing the total HC1 present  in  
the deposition zone. The decomposition of PH.~ also 
increases with temperature.  The extent  of PH3 dis- 
sociation is impor tant  since InP  deposition is more 
favorable through a reaction of InC1 with PH3 ra ther  
than with P2 or P4 (12). It is also impor tant  to en-  
sure adequate mixing of gases for good homogeneity 
of composition. Finally,  it is imperat ive that  a clean, 
leak-free system be maintained.  

Although thermodynamic  calcu]ations for InGaP 
growth have been performed, the results cannot be 
directly used for growing desired compositions since 
the study concluded that the exper imental  conditions 
deviate from equi l ibr ium (10). Also, the growth pa- 
rameters  used in other studies usual ly  are not di- 
rectly applicable because of the differences in reactor 
design, furnace profile, etc. Hence for each new reactor 
system, it is necessary to go through an ini t ial  stage of 
exper imentat ion to determine the opt imum conditions 
for the desired growth. 

Experimental Set-up 
A schematic diagram of the reactor used for vapor 

phase epitaxial  (VPE) growth of InGaP is shown in  
Fig. 1. The growth system can be divided into three 
zones. Iz~ the first zone, In and Ga metal  sources are 
placed in  two separate chambers and a mix ture  of HC1 
and  Hz is passed over each. The HCI reacts with the 
metal  sources to form volatile metal  chlorides which 
are swept downstream. The system has a provision for 
using either electronic grade HC1/H2 gas mix ture  or 
higher pur i ty  HC1 from cracking AsC18 at high tem- 
peratures. Since under  typical growth conditions the 
HCI flow over the Ga source is much smaller  than that  
over the In  source, extra H2 is added to the HCI(Ga)  
so that equal total flow of gases over both the sources 
can be maintained.  This ensures equal residence t ime 
of gases on the sources. A baffle is placed in  each of 
the source chambers to enhance mixing  and residence 
time and to avoid back-diffusion of gases toward the 
sources. 

In  the central  zone various gases are introduced. 
Bypass H2 and HC1 for etching the deposits on the re-  
actor walls and the substrate are also brought  in. For 
p- type doping, an H~ stream passing over a heated Zn 
pellet is used. Electronic grade gas mixtures  of 10% 
PHJH~ and 10% AsHs/H2 are also introduced in  this 
zone. All  the gas flows are controlled by  Ty lan  mass 
flow controllers. In  the third zone deposition takes 
place. 

Procedures 
The temperature  profile of the three-zone resistance 

heated furnace is shown in the reactor schematic dia- 
gram. All  the results discussed below were obtained 
with this profile. The opt imum position for growth 
has been exper imenta l ly  determined to be about  8 cm 
downstream from the PHs and AsH3 en t ry  position, 
as shown in  Fig. 1. Thus, the growth takes place at 
720~ on a tempera ture  slope of 5~ The bypass I-I2 
flow is adjusted to obta in  m a x i m u m  deposits at the 
substrate position. 

A typical growth exper iment  consists of 15 min  
of thermal  equilibration,  followed by 10 min  of MC1 
saturation, and then 5 min  for stabilization of growth 
conditions with AsH3 and /or  PH3 flows. Growth is 
allowed after this 30 rain period. The MCI saturat ion 
step is impor tant  and if omitted results in  poor growth. 
To ensure MC1 saturat ion when the HC1 flow for 
growth is small  (e.g., only 2 cm3/min HC1 flow over 
the Ga source for the InGaP growth),  about 50 cmS/min 
HC1 is Passed for 2 min  before  reducing it to the ap-  
propriate value. 

The reactor wall  deposits are etched away in  a 
separate run  after each growth. This el iminates any 
possibility of contaminat ing the InGaP growth with 
As or the InGaAs growth P. It  also ensures the same 
start ing conditions for each growth and the reproduci-  
bi l i ty of the results is assured. 

A few attempts were made to grow the complete 
heterojunct ion structure in  one run. This was difficult 
since the InGaAs growth produces excessive wall  de- 
posits which require etching of the reactor for about 
the same time durat ion as the growth itself. Attempts  
to do this without  taking out the sample were not 
reproducibly successful since uncontrol led etching does 
take place causing poor InGaP growth. Hence InGaAs 
and InGaP layers are grown in  separate runs. 

To prepare the GaAs substrate  for InGaAs growth, 
the first step is pad polishing with Br2-CH3OH solu- 
tion. Just  before put t ing in  the reactor, the polished 
substrates are ul t rasonical ly solvent cleaned (TCE, 
ACE, Alconox) and a 4: 1:1 etch (H2SO4:H202:H20) 
is used followed by IPA rinse. For InGaP growth the 
graded InGaAs layers are l ightly polished in <1% 
Br2-CH3OH solution and then solvent  cleaned before 
put t ing in the reactor. No 4: 1:1 etch is used since it 
could remove too much of the grown layer. 

The grown layers were characterized using x - r ay  
diffraction for lattice constant  determination,  77"K 
photoluminescence (PL) measurements ,  and vacuum 

Fig. 1. Schematic diagram of 
the InGaP/InGaAs VPE growth 
system. 
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photoemiss ion studies. The  composi t ion values  a re  
ca lcula ted  f rom the equat ions deve loped  by  Moon 
et al. (13). The difference be tween  bandgap  (Eg) a t  
770 and 300~ is t aken  to be 0.07 eV for both InGaAs 
and InGaP.  The  composi t ion values  de te rmined  f rom 
these techniques are  in reasonable  ag reemen t  wi th  
ea th  other. The background  doping of this reac tor  has 
been found to be about  10 ~5 cm -8 for  InGaP  layers  
g rown on GaAs (Cr) .  

V P E  G r o w t h  
InGaAs growth.--For InGaAs growth  on GaAs, 

equal  flow of AsH3 and to ta l  MC1 (50 cm-3/min) a re  
used. Under  typica l  g rowth  condit ions a thin l aye r  of 
GaAs is g rown first, fol lowed by  a g raded  region, and 
f inal ly a constant  composit ion l aye r  of des i red  th ick-  
ness. Step grad ing  is used in our  exper iments  since i t  
resul ts  in  reduced  overa l l  dis locat ion dens i ty  (6). A 
d ig i ta l  Data  Trak  p rogrammer ,  Model 6610, is used to 
change the I-tC1 flows over  the sources in a specified 
manne r  for s tep grading.  The step grad ing  p rog ram 
is based upon InGaAs g rowth  pa rame te r s  expe r imen-  
t a l ly  es tabl ished in this lab and publ i shed  da ta  (7-9).  
The grad ing  ra te  is about  5 m/o/~m. 

The InGaAs layers  a re  sh iny  in appea rance  wi th  a 
fine cross-ha tch  pat tern .  This ari~e~ f rom the dislo-  
cat ion ne twork  genera ted  in  the  graded  region (9). 
Sharp  PL spec t ra  a re  obta ined  f rom these layers�9 
Van der  Pauw measurements  on p - t y p e  In0.1sGa0.s2As 
grown on GaAs (Cr) gave mobi l i ty  values  of 944 cm2/ 
V-sec at  77~ and 146 cm2/V-sec at  300~ The cor re -  
sponding doping levels were  1.9 �9 10 z~ cm -~ and 7.4 
�9 10 z6 cm -~. Typica l  g rowth  rates  are  0.15-0.2 ~/min. 

InGaP growth.--To establ ish  app rop r i a t e  condit ions 
for  g rowing  InGaP,  two expe r imen ta l  approaches  
were  used. Firs t ,  the  rat io  of In (HC1) /Ga(HC1)  was 
changed and second, the  PH3 flow compared  to MC] 
was changed.  Since excess PHz compared  to MC1 tended 
to produce  a poor  qua l i ty  surface, i t  was decided to 
grow I n G a P  under  condit ions of PH~ < MC1. This finds 
suppor t  in a s tudy  of GaAs grown b y  the hydr ide  
process where  improved  l i fe t ime and diffusion l eng th  
of minor i ty  car r ie rs  are  obta ined  when  AsH3 < GaC1 
(14). 

To grow InGaP  layers  la t t ice  matched  to InGaAs  
substrates ,  the  HC1 flow over  the  I n  source is ad-  
justed.  The HC1 flow over  the Ga source and the 
PH3 flow are  kep t  f ixed at  2 cm3/min and 50 cm~/min, 
respect ively.  Since 77~ photoluminescence is rou t ine ly  
used to charac ter ize  the grown layers ,  a re la t ionship  
be tween  the In(HC1) flow needed  to grow la t t i ce -  
matched  I n G a P  layers  and the InGaAs bandgap  (Eg) 
at  77=K has been es tabl i shed  and is shown in Fig. 2. 
The  same p rog ram was a lways  used for  growing 
InGaAs;  the  var ia t ions  in  the composi t ion g rown  are 
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Fig. 2. Relationship between the |nGaAs bandgap at 77~ and 
the In(HCI) flow required for lattice-matched InGaP/InGaAs 
growth. 
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bel ieved due to minor  changes in the  system, e.g., the  
source surface areas  which  change as the sources 
are  used up, change in the source and subs t ra te  t em-  
pe ra tu res  f rom run  to run. Also, each t ime the re -  
ac tor  is t aken  down for c leaning and reinstal led,  the  
posi t ioning is not  ident ical  and the t e m p e r a t u r e  p ro -  
file can be s l ight ly  shifted. The scat ter  in the In  (HC1) 
flows needed to grow l a t t i ce -ma tched  InGaP  is also 
due to the same reasons. The In(HC1) flow used for 
growing InGaP  la t t ice  matched  to GaAs is 54 cmS/ 
min. 

I t  must  be emphasized tha t  ve ry  cr i t ical  control  of 
pa rame te r s  is needed to g row good qua l i ty  InGaP  
layers.  A 2 cm~/min change in the In(HC1) flow can 
easi ly  ru in  the  growth.  I t  has been found that  when 
the grown l aye r  is shiny in the  middle  and da rk  
a round  the edges the In(HC1) needs to be reduced  
for  l a t t i ce -matched  conditions. When  the In(HC1) flow 
is less than  requ i red  the g rowth  is pa t chy  and dull  in 
appearance.  F r o m  Auger  studies As has of ten been 
seen on the surface of such wafers .  However ,  a cer -  
ta in  amount  of la t t ice  la tching has also been ob-  
served while  growing InGaP on graded  InGaAs.  Two 
such layers  of differing E~ at  77~ (1.18 and 1.21 eV) 
were  p laced  next  to each o the r  and  l a t t i ce -ma tched  
growth  of InGaP  was obta ined on both  of them. The 
In (HC1) flow used was in t e rmed ia te  be tween  the flows 
needed  for  l a t t i c e -ma tched  growth  separate ly .  

These g rowth  conditions have been es tabl ished for 
equal  source boats, each of which  has a surface  area 
of 15 cm 2. Fo r  unequal  sources these condit ions are not 
appropr i a t e  and l a t t i ce -ma tched  g rowth  is not  ob- 
tained. Also, for equal  sources bu t  wi th  subs tan t ia l ly  
different  surface area,  the  condit ions would  have  to be 
adjus ted  sl ightly.  

The re la t ionship  be tween  the InGaAs bandgap  at  
77~ and tha t  of InGaP  is shown in Fig. 3. No a t t empt  
has been made  to d r aw  the expec ted  re la t ionship  
since a wide  var ia t ion  exists  in the  r epor ted  I n G a P  
bandgap  vs. composit ion in the  l i t e r a tu re  (15). These 
data  points  a re  for  the  best  he terojunct ions  grown.  
The best  growths  a re  charac te r ized  by  sharp  P L  
spectra,  un i fo rm coverage,  specu la r ly  reflective sur -  
faces, and good cleaving character is t ics .  Fo r  the  few 
samples  where  x - r a y  diffract ion was per formed,  the 
layers  were  found to be la t t ice  matched.  

The  InGaP  layers  la t t ice  matched  to InGaAs sub-  
strafes a re  shiny in appearance  and the surface has a 
character is t ic  c ross-ha tch  pa t t e rn  as shown in Fig. 4. 
The a s y m m e t r y  in  the  pa t t e rn  fol lows f rom the asym-  
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Fig. 4. Crosshatch patterns on InGaP and InGaAs layers. InGaP 
did not grow i .  the circular region. 

metry  in  the zinc b lend  s t ructure  as discussed by 
Olsen et al. (16). I t  is found that  the surface of the 
InGaP lattice matched to GaAs has no cross-hatch. 
Similar  findings have been reported earl ier  when  
InGaP graded on GaP was found to have a cross- 
hatch pa t te rn  on the surface while InGaP grown di-  
rectly on GaAs showed no cross-hatch (17). Thus, 
the cross-hatch seen on the InGaP surface grown on 
graded InGaAs substrate  is due to the substrate itself. 
This is clearly seen in  Fig. 4, which shows the cross- 
hatch pa t te rn  on a wafer  where the InGaP did not 
grow in  a few localized regions. 

Lat t ice-matched InGaP / InGaAs  growths are found 
to cleave easily without  cracking and show a sharp 
interface, whereas mismatched layers are difficult to 
cleave; cracking on cleavage of imperfect  layers has 
been reported earl ier  (5). A cleaved picture of the 
I n G a P / I n G a A s / G a A s  s t ructure  is shown in  Fig. 5. 

Sharp PL spectra of FWHM of <50 meV are ob- 
tained from lat t ice-matched InGaP / InGaAs  layers; 
for mismatched layers the PL spectrum is very broad. 
A sharp PL spectrum is also indicative of composi- 
t ional homogenity (18). 

To obtain different p - type  doping levels the Zn  
heater  t empera ture  is var ied while the H2 flow is kept  
fixed at 50 cm3/min. The doping levels have usual ly  
been determined by C-V measurements .  The doping 
levels achieved in the InGaP layers for various Zn 
pellet temperatures  are shown in  Fig. 6. The PL 
spectra for p - InGaP  have a distinct Z n  peak and the 

Fig. 5. Cleaved picture of the InGaP/InGaAs/GaAs structure 
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Fig. 6. Doping level in the InGaP layer as o function of the Z .  
temperature and the ionization energy as measured from the photo- 
luminescence spectrum. 

ionization energy measured is a funct ion of doping 
itself (12). The established relationship is also shown 
in Fig. 6. The ionization energy is a slow funct ion of 
the In% as well  (19), bu t  the doping level effects 
dominate in  Fig. 6 since the data are for InxGal -xP 
layers with x ---- 0.60 ___0.03 only. 

Van der Pauw measurements  have been somewhat 
difficult due to contacting problems associated with a 
high bandgap material.  For InGaP lattice matched 
to GaAs, a hole mobil i ty  of 104 cm2/Vsec was mea-  
sured at room tempera ture  for a carrier concentrat ion 
of 8.4 �9 1015 cm -3. Typical  growth rate for InGaP is 
0.1 #/rain. 

Conclusion 
Growth parameters  have been established for grow- 

ing InGaP lattice matched to InGaAs. To improve the 
reproducibil i ty of the results, it would be beneficial 
to design a source region such that  the surface area 
exposed and the residence t ime of gases over the 
sources are kept as near ly  constant  as possible. For 
bet ter  resolution in controll ing the InGaP composi- 
tion, the flows should all be increased since with 2 
cm3/min flow over the Ga source even 1 cm3/min 
change in the In(HC1) flow makes a difference. Field-  
assisted photoemission from I n G a P / I n G a A s  cathodes 
has been demonstrated and better  than 1% overall  
efficiency at 1.06 micron has been obtained with this 
structure.  
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Advances in Transmission Electron Microscope 
Techniques Applied to Device Failure Analysis 

T. T. Sheng and R. B. Marcus 
Bell Laboratories, Murray HilL, New Jersell 07974 

ABSTRACT 

Specia l  techniques have been developed for rout ine  p r epa ra t i on  of t r ans -  
mission e lec t ron  microscope samples  f rom in tegra ted  circuit  devices. These 
methods,  which are  descr ibed and i l lus t ra ted  in this paper ,  a re  the p repa ra t ion  
of repl icas  of f r ac tu red  mu l t i l aye r  s tructures,  ver t ica l  cross sections, hor izonta l  
cross sections, and  fea tu re  enhancement  on cross-sect ion samples  th rough  
the use of special  s ta in ing and etching t rea tments .  

Transmiss ion e lec t ron microscopy (TEM) has p layed  
an act ive role in mate r ia l s  studies re la ted  to the  proc-  
essing and fabr ica t ion  of microelect ronic  devices. TEM 
has been an impor t an t  research  tool in provid ing  es- 
sent ia l  in format ion  in gener ic  studies of oxidat ion,  in-  
terdiffusion, implan t  damage,  and anneal ing  and p rop-  
agat ion of  defects. In  a device processing and fa i lure  
analysis  environment ,  however ,  p roblems  cont inu-  
ously  appea r  on the scene which demand  fast  analysis  
and  solution. TEM has t r ad i t iona l ly  been of l i t t le  use 
in this type  of env i ronment  because  of difficulties of 
sample  prepara t ion .  Al though  there  is some publ i shed  
informat ion  on the appl ica t ion  of TEM to processing 
problems  in real  device s t ructures  (1, 2), most  pub-  
l ished TEM work  on processing problems has been 
done on special  samples  wi th  geometr ies  more  sui table  
for TEM analysis  and which are  made  to s imulate  the 
real  device (2). 

For  a number  of years  we have used TEM in a de-  
vice processing and fa i lure  analysis  work ing  envi ron-  
ment.  TEM has been used to solve a la rge  number  of 
processing problems  re la ted  to ver t ica l  and hor izonta l  
shorts, junct ion  leakages  and vol tage breakdowns,  poor 
contacts, and var ia t ions  in res is t iv i ty  and oxidat ion 

Key words: electron microscopy, failure analysis, integrated 
circuits. 

kinetics.  We are  able  to use TEM on these problems  
main ly  because procedures  have been developed for 
p repa r ing  samples  so that  regions of in teres t  in rea l  
device s t ructures  can be s tudied  and informat ion  ob-  
ta ined  wi th in  a short  t ime period.  TEM is thus 
made  an equal  pa r t ne r  along wi th  other  in-process  
test ing procedures  towards  the  analysis  and solut ion 
of p rocess ing- re la ted  problems as they  arise. 

TEM is often used in conjunct ion with  o ther  ana ly t -  
ical approaches  for device fa i lure  analysis  studies. 
Cooperat ive  work  wi th  optical  microscopy, scanning 
electron microscopy (in the secondary  electron, vol tage 
contrast,  and EBIC modes) ,  Ru the r fo rd  scat tering,  and 
Auger  e lec t ron spectroscopy have been pa r t i cu l a r ly  
useful. Al though  cooperat ive  analysis  of this t ype  
lengthens  the t ime of the analysis,  the  informat ion  ob-  
ta ined f rom these studies is usual ly  wel l  wor th  the  
ex t r a  time. 

The main  purpose  of this paper  is to descr ibe  the 
procedures  which have been developed for p repar ing  
device samples for TEM studies. Electron micrographs  
of typical  samples  are  used to i l lus t ra te  the type  of 
informat ion  obta ined from these studies. Most of our 
in terac t ion  has been wi th  silicon semiconductor  device 
processing and most of the  i l lus t ra t ions  reflect this  
bias. Samples  for TEM analysis  are  p repa red  f rom any 
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point  in the processing sequence, including finished 
and tested devices. 

Four  main  sample preparat ion techniques will be 
described: edge fracture replica, horizontal section, 
vert ical  section, and feature enhancement .  The first 
technique is a method for prepar ing a replica of a frac- 
tured surface of a device; the second and third tech- 
niques are methods for prepar ing device mater ia l  for 
direct s tudy in  the electron microscope; the last  tech- 
nique is a means of enhancing the contrast  of device 
features (in horizontal or vertical  sections) that would 
otherwise be difficult to see in  the electron microscope. 

A major  aid in  TEM failure analysis studies is the 
use of a TEM test pa t te rn  which is incorporated at a 
number  of sites on each device wafer. This test pat-  
te rn  contains all the morphological features of interest  
compressed into a small area so that  a sample can be 
made with near ly  10.0% certainty of capturing the 
region of interest  for TEM study using any of the 
four sample preparat ion techniques. 

Sample Preparation Technique-Edge Fracture Replica 
Multi layer  device structures can be examined by  

fractur ing in  a direction normal  to the surface a nd  
s tudying a shadowed replica made from that  surface. 
The replica technique is a very  old one for the s tudy 
of surface texture  (3). In  the usual  var iat ion of the 
method a small  amount  of a heavy metal  is deposited 
at an oblique angle to a surface, resul t ing in  thickness 
variations that  depend on the angle of incl inat ion of 
the local surface. Shadows are cast by surface pro tu-  
berances whose far side (away from the metal  source) 
form an angle with the surface greater  than the incl i-  
nat ion of the metal  source to the surface. A carbon 
film is deposited over the surface and is then with-  
drawn, extract ing the deposits of heavy metal. The 
replica with regions of vary ing  heavy metal  deposit is 
then examined in  the electron microscope, and ]ocal 
variat ions in  metal  thickness produce variat ions in  
electron absorption which result  in an image that  is 
closely related to the texture of the original surface. 

In  the method to be described, advantage is taken of 
the fact that  mul t i layer  structures general ly  do not  
f racture  cleanly through all layers, but  one of the 
layer  edges at an interface is usual ly  set back slightly. 
A shadowed replica can be made s imultaneously of 
the exposed interfacial  surfaces and of the fracture 
surfaces. The technique for prepar ing such a replica 
from a 0.020 in. wafer is i l lustrated in Fig. 1 and is de- 
scribed below; the fractured surface is assumed nor-  
mal  to the device surface. (i) Scribe two co-l inear  
marks  on opposite sides of the region of interest. (ii) 
Fracture.  Sandwich the wafer between glass slides 
with scribe marks l ining up along the slide edges. Ap- 

E D G E  F R A C T U R E  R E P L I C A  

SHADOW ~ 

EVAPORATE CARBON 

TOP SURFACE 

( 
FRACTURE ~ 
SURFACE 

Fig. 1. Edge fracture replica technique 
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ply a downward force so that  the working surface 
(containing the scribe marks)  is the first to break. (iii) 
Shadow and replicate. The shadow angle is 15 ~ to both 
surfaces (sample surface and fracture surface).  The 
carbon angle is 45 ~ to both surfaces. (iv) Strip the 
shadowed replica by dissolving the under ly ing  mate-  
rial. The chemical etchant  must  act slowly. Violent 
dissolution with bubble  formation will  b reak  up the 
replica. For samples of oxide and poly layers on silicon 
a convenient  etch is: HOAc:HF:HNO3 _-- 6:6:10 di-  
luted 1 par t  to i0 parts HOAc. 

Electron micrographs of edge fracture replicas are 
shown in  Fig. 2 and 3. Note that  in  Fig. 2 the surface 
textures of the substrate, gate oxide, poly, and top SiO2 
can be seen, and the edges of the three top oxide layers 
can be distinguished. The texture of the top surface of 
the gate oxide is related to the poly grain  structure, 
which can be determined from studying both the frac- 
tured and top surfaces of the poly. The three top ox- 
ides can be distinguished because of differences in the 
microtexture of these layers. 

In  Fig. 3, the B-glass, polysilicon, and field oxide 
layers are easily distinguished. An impor tant  piece 

Fig. 2. TEM photo of fracture replica of multilayer structure on a 
silicon substrate. The fractured edges of the three top oxide layers 
are distinguished, and the surface textures of three layers plus the 
substrate can be seen. 

Fig. 3. TEM photo of edge fracture replica through a sample of 
B-glass on poly over oxide on a silicon substrate. 
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of informat ion is contained in the region at the 
edge of the poly runner .  After  pa t te rn ing  the poly 
and t reat ing with BHF, an undercu t  was produced 
(arrow) which filled up with B-glass. The B-glass 
flows sufficiently so that  the oxide undercu t  is un i m-  
por tant  as a fai lure mode. 

Sample Preparation Technique-Horizontal Section 
When a sample is to be examined directly in  the 

t ransmission electron microscope at 100-200 keV, i t  
first must  be th inned to ~ 1000A. Th in  film samples 
which are prepared paral lel  to the wafer  surface are 
referred to in  this paper  as "horizontal  sections." 
These can be made in such a way that  the original 
surface remains  as one surface of the sample, or a 
section can be prepared from a region below the sur-  
face in  cases where an interface needs to be examined. 

Chemical th inn ing  of silicon and SiO2 is faster than 
ion mil l ing and for this reason is preferred as the final 
th inn ing  process for prepar ing horizontal  sections. In  
cases where  mul t i l ayer  structures are present  and 
chemical at tack of different layers occurs at widely 
different rates, ion mil l ing mus t  be used. The main  
steps in  prepar ing horizontal  sections are i l lustrated 
in  Fig. 4 and described below: (i) Mechanically lap 
the sample to < t00 #m using No. 400 grit  paper. (ii) 
Cut a disk using an ultrasonic cutter  with the area of 
interest  approximate ly  at the center. The disk should 
be of a size appropriate for the sample holder of the 
electron microscope. (iii) Using wax, moun t  the disk 
face down on a clear sapphire plate. Wax should 
protect the front surface and edge of the disk but  
the back surface of the disk should be exposed. The 
t ransparency of the sapphire aids in  determining the 
end point  dur ing thinning.  (iv) Chemically etch the 
sample unt i l  a small  hole is formed. This is accom- 
plished for a silicon sample by ~ 5 min  immersion in 
6:6:10 HF:HOAc:HNO3. Etching is stopped by flood- 
ing the sample with DI water. (v) Dissolve the wax 
in  a solvent  and remove the sample. The taper  at 
the edge of the hole is usual ly  sufficiently small  so 
that  a sample t ransparent  to 100 keV electrons can 
be produced which extends back from the hole 

10-40 ~m. (vi) If a region say 0.5 ~m depth below 
the surface is to be examined, the front  surface must  
be ion milled. Using an IMMI ion mil l ing machine 
with Ar gas at 10 ~m chamber  pressure, and an  ion 
beam from one gun operat ing at 6 kV and 100 ~A 
beam current  s tr iking a sample at 15 ~ angle rotat ing 
at 15 rpm, the th inn ing  rate for Si is ~ 1.0 ~m/hr.  

An  example of the application of the horizontal 
section technique to the solution of processing prob- 
lems is i l lustrated in  Fig. 5. High leakage at pn  junc -  
tions on van  der Pauw testers was localized to spe- 
cific sites [2 in  Fig. 5 (A)]  by SEM EBIC analysis. The 
site was marked wi th  polymerized hydrocarbon from 
SEM study [Fig. 5 (B)]  and a horizontal  section pre-  

HORIZONTAL SECTION 

~ LAP TO < lOOpm 

~ ' ~  CLEAR 

Fig. 4. Steps in preparing a horizontal section for TEM study. 
The wafer is lapped to <100 ~m thickness, mounted on clean sap- 
phire and chemically etched until a small hole appears. 
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pared and examined in  the TEM. The leakage site 
was found to be coincident with a stacking fault  
crossing the junc t ion  [Fig. 5(C)]  and fur ther  TEM 
study [Fig. 5 ( D - F ) ]  showed the faul t  to contain a 
copper-rich precipitate. More extreme gettering pro- 
cedures were then used to remove precipitates, and 
although stacking faults were still produced dur ing  
processing, junc t ion  leakage was lowered drastically 
(4). 

Sample Preparation Technique-Vertical Section 
The preparat ion of a section normal  to the device 

surface requires somewhat  more labor than  does the 
preparat ion of a horizontal  section. The method is 
i l lustrated in  Fig. 6 and is now described: (i) Lap 
the sample to <100 ~m using No. 400 grit  paper. (ii) 
Scribe and cleave a small  number  of pieces ,~ 1.5 mm 
• 3 mm, so that the region of interest  is near  the 
center of each piece. (iii) Bond a stack of the cleaved 
pieces face-to-face or face- to-back using epoxy. The 
epoxy should be squeezed out be tween the pieces so 
that  only th in  epoxy films of approximately  un i form 
thickness separate the pieces. (iv) Imbed the stack in  
an epoxy "button" using a round silicone rubber  
mold such as Model No. 23650 from Ladd Research In-  
dustries. (v) Lap and polish both sides of the bu t ton  
to a final thickness of <100 ~m. No. 400 grit  paper fol- 
lowed by ,,,5 rain of No. 600 paper followed by  polish- 
ing with 3 ~m grit works well for silicon device sam- 
ples. (vi) Cut a disk ul t rasonical ly  with the area of 
interest  approximate ly  at the center. Because of the 
fragile na ture  of this assembly, it  is useful  at this 
point to epoxy bond the disk to a small  molybdenum 
ring whose OD corresponds to the sample holder 
size of the electron microscope. (vii) Ion mil l  both 
surfaces s imultaneously  unt i l  a small  hole develops 
in  the sample. Regions from the edge of the hole ex- 
tending back ,~ 50 #m are usual ly  th in  enough for 
TEM study. 

Two impor tan t  points should be noted regarding 
use of this technique. Because of uncertaint ies  regard-  
ing the exact site at which a hole appears in  the 
sample, and because the hole is sometimes larger than  
100 ~m diameter, [the sample thickness after step ( i )] ,  
it is useful to have 4-5 pieces comprise one sample 
button. A second point  regards the different speed at 
which materials  are ion milled. Epoxy mills faster 
than most other materials.  If the epoxy between 
(face-to-back) pieces is milled away, the outer edge of 
the surface of the face will  also tend to suffer some 
erosion from ion milling, and this mater ia l  will  be lost 
to TEM study. This loss can be prevented by  coating 
the wafer with a sacrificial layer  of ~ 0.5 ~m poly, 
SIO2, or Si3N4 just  before TEM sample preparation.  

Examples of the application of the vert ical  section 
technique to failure analysis problems are shown ~n 
Fig. 7, 8, and 9. Figure 7 shows three stages in proc- 
essing using a selective oxidation technique for grow- 
ing the isolation oxide (a-c) ,  with severely th inned 
gate oxide at the "bird's  beak" edge as shown in  
7(c).  After  a change in  processing, gate oxidation 
no longer produced the th inn ing  (5) as shown in  
Fig. 7(d) .  Figure  8 shows a TEM of a vert ical  sec- 
t ion through a two-level  poly s t ructure  showing the 
extreme one-sided th inning  of poly I, and the nar row 
gap at the "cat's paw" separat ing poly II from the 
substrate;  this la t ter  morphological feature was the 
cause of a low breakdown voltage in  these devices 
(6). Figure 9 shows two P-glass contact window 
sites in  an MOS device; an a luminum to poly con- 
tact is shown in Fig. 9 (a) and an a luminum to sub-  
strate contact is shown in  Fig. 9(b) .  The disturbance 
of the silicon due to pi t t ing can be seen in  both figures. 

Sample Preparation Technique-Image Enhancement 
Electron micrograph image contrast  from single 

crystal silicon, poly, or various metal l izat ion is pri- 
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Fig. 5. Study of origin of pn junction leakage sites: (A) shows an SEM photograph of a test pattern with the leakage site, 2, marked 
by EBIC study. (B) is an optical photo showing the leakage site marked by polymerized hydrocarbon. (C-F) are TEM photos of a stacking 
fault containing a precipitate which intersects the pn junction. Viewing conditions were adjusted for extinction of the stacking fault con- 
trast in (E) and (F). 

Fig. 6. Steps in preparing vertical section for TEM study. The 
wafer is lapped to ~ I 0 0  ~m, diced into small pieces and bonded 
face-to-face or face-to-back in an epoxy button. After further 
lapping and polishing to ~100  ~.m thickness and bonding to a car- 
rier ring, the sample is further thinned using ion milling. 

mari ly  controlled by diffraction effects which are de- 
termined by crystal orientation, thickness, and defect 
structure. The abili ty to resolve small features in 
these materials, including the definition of layer  edges 
is usually not a problem and is mainly limited by the 
condition of the electron microscope. The material  
on opposite sides of a pn junction in silicon does not 
differ in any of the essential properties just  men- 
tioned, however, and in order to make the junction 
visible, methods must be used for enhancing contrast 
by changing the thickness of either the n or p region 
by selectively removing material. We have delineated 
p+n and n+p junctions by dipping both horizontal 
and vertical cross-section samples into 0.25% HNO8 
in HF for 2-4 sec under strong light. Figure 10 shows 
a vertical cross-section sample through a "stained" 
p+n junction at the edge of a poly gate (which has 
been removed). The P-t- region was made with boron 
and the Si substrate contains phosphorus. The curva- 
ture of the stained region under the gate can be seen 
and accurately measured. It is not known if the transi- 
tion seen in the micrograph corresponds exactly to 
the p-t-n junction, but it is safe to assume, as in more 
typical cases of angle lap-staining on larger samples, 
that the transition lies paral lel  to the junction. Figure 
11 shows micrographs of another n-t-P junction made 
by implanting and diffusing As into p- type silicon. The 
junction is not delineated in the two face-to-face 



Vol. 127, No. 3 TEM T E C H N I Q U E S  741 

Fig. 8. TEM photo of a vertical cross section through a two-level 
poly device. The narrow gap separating poly II and the substrate at 
the "cot's paw" was the cause of low breakdown voltages in these 
devices. 

Fig. 7. TEM photos of vertical cross sections through samples at 
various stages in processing (a)-(c) leading to a gate oxide thin- 
ning (c), and a sample after a processing change was introduced to 
eliminate thinning (d). The SigN4 and pad Si02 layers shown in 
(a) have been removed in (b), and gate oxide has been grown in (c) 
and (d). 

samples  p r e p a r e d  b y  ion mi l l ing  (a) ,  bu t  appears  
a f te r  4 sec e tch (b) and  8 sec etch (c) .  The nW region 
is p r e f e r en t i a l l y  e tched and conver ted  to an a m o r -  
phous layer ,  p r o b a b l y  an  oxide,  a f te r  8 sec etch. 

Image  contras t  f rom amorphous  or  n e a r l y  a m o r -  
phous layers  such as SiO2 or  SisN4 is p r i m a r i l y  con-  
t ro l led  by  var ia t ions  in thickness in a g iven phase or  
differences in  sca t te r ing  power  when  going across a 
phase  boundary .  The change in  sca t ter ing  power  across 
a t he rma l  SiO2-CVD SiO2 in ter face  is usua l ly  too 
weak  to give useful  cont ras t  Changes, bu t  can be  en-  
hanced by  l ight  t r ea tmen t  wi th  buffered H F  which  
etches CVD SiO2 signif icant ly fas ter  than  the rma l  
SiO2. Ve ry  smal l  voids in amorphous  m a t e r i a l  can 
be made  vis ible  by  adding  a heavy  meta l  "s tain" to 
these regions, or b y  opening the void to a convenient  
size for  s tudy  b y  addi t iona l  etching. F igure  12 shows 
micrographs  of a ver t ica l  cross section (a) at  the 
edge of a poly  gate and the corresponding hor izonta l  
cross section (b) f rom a gener ica l ly  ident ica l  region. 
The  sample  shown in ( b )  corresponds to the  region 
bounded  by the dashed  l ines in (a ) .  Af te r  source-  
d ra in  imp lan t  and  diffusion, a phosphorus-conta in ing  

Fig. 9. TEM photos of vertical cross section through n-channel 
MOS device showing aluminum to poly contact (a) and aluminum 
to substrate contact (b). 

P-glass  had  been deposi ted  over  the  device, l eav ing  a 
smal l  void under  the edge of the  po ly  gate  due to 
severe  e t ch -back  of  oxide  when  the source -d ra in  r e -  
gions were  e tched to expose the  silicon. OsO4 stain 
was appl ied  to the  hor izonta l  section, and cap i l l a ry  
act ion d rew the s ta in  into the  void  region,  enhancing 
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Fig. 10. TEM photo of a vertical cross section through a "stained" p -~ n junction in the region of the gate 

Fig. 11. TEM photos of vertical cross sections through n+p samples after sample preparation by ion milling (a), after 4 sec "stain" 
(b), and after 8 sec stain (c). 

tl~.e TEM contrast  in  this region due to the large 
scattering of electrons by  osmium. 

T E M  Test Pattern 
Horizontal and vert ical  section samples usual ly  

contain regions th in  enough for TEM study over a 
distance less than  ~ 40 ~m from the edge of the hole. 
The probabi l i ty  that  a sample contains a specific fea- 
ture  of interest  in the electron t ransparen t  region is 

increased to near ly  100% when a special test pat tern 
is incorporated in  the wafer, and the TEM sample is 
prepared from this test pattern.  The test pa t te rn  con- 
tains all  the essential morphological features (con- 
tacts, steps, gate oxide, etc.) compressed in a region 
less than 40 ~m along the surface and extending 1 
mm in the orthogonal surface direction. The 40 #m 
(or smaller) un i t  is repeated a sufficient n u m b e r  of 
times to cover a total  distance of 2 ram. A n  example 
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Fig. 12. TEM photos at the 
edge of a poly gate. A vertical 
cross section (a) shows a void 
under the edge of the poly, and 
a horizontal cross section (b) 
shows the void region in en- 
hanced contrast because of the 
addition of OsO4 stain. 

of a test pat tern incorporated in an n-channel device 
code which uses selective oxidation is shown in Fig. 
13. The lower i l lustration shows the position of four 
test chips on the wafer (not drawn to scale) and the 
upper i l lustration shows the composition of the 27 #m 
unit which is repeated 74 times. The test chips are 
small and are inserted adjacent to alignment features 
so that  no active device space is used. 

The main requirements in designing such a test 
chip (other than incorporating all  the essential proc- 
essing features) are that (i) the total area be similar 
to that described in Fig. 13, e.g., 1 mm • 2 mm with 
the repeat  unit running paral lel  to the 2 mm axis, 
(ii) the direction parallel  to the 2 mm axis be a 
cleavage direction, (iii) the repeat  unit  be less than 
~- 40 ~,m, (iv) at least 3 test chips appear  on a wafer, 
and (v) the test chips not be bunched together but  
rather  separated; each one needs to be separately 
cleaved from the wafer. 

S u m m a r y  
Four techniques for preparing SIC device samples 

for TEM study have been described. Of these methods, 
vertical and horizontal sections have provided the 
most useful information on a nearly routine basis. 

GATE OXIDE P O L Y ~  METAL 

r ~ : . : . ' , . . ' . - . . . ~ ,  iii //~.:~...,..:,..::..:-:~'.'.'.'." 

OXlOE~,-~ ~ , . ~ . v . ~ . . . . . ~ , '  , \ l  i ~ i ~ ' "  
a I ', I g i i I P -GLASS 

SILICON ~ i I a k I ~ L I 

/ 

2 7 ~ •  = 2mm 

~ CLEAVAGE 
GIRESTION 

Fig. 13. Schematic illustrations of a TEM test pattern for n- 
channel device code using selective oxidation showing composition 
of repeat unit (upper) and position of pattern on wafer (lower). 

Edge fracture replica and image enhancement tech- 
niques are used in special cases. All  of these tech- 
niques are used from time to time in conjunction 
with other analytical methods in providing in depth 
studies when the occasion demands, and the l i tera-  
ture contains many such examples of such cooperative 
efforts. Examples of cooperative efforts from this 
laboratory are the correlation of TEM studies with 
optical microscopy for the revealing of laser anneal-  
ing (7), with Rutherford scattering for the revealing 
of Ar bubble in Si (8), and laser-induced reactions 
of metal  films with Si (9), with Auger electron spec- 
troscopy for determination of depth profiles of phases 
and elements in oxidized GaA1As (10), and with 
SEM in the EBIC mode for revealing the role of 
decorated stacking faults in causing pn junction leak-  
age in CMOS devices (4). 

Manuscript submitted Aug. 6, 1979; revised manu- 
script received Sept. 21, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1980 
JOUm~AL. All discussions for the December 1980 Dis- 
cussion Section stlould be submitted by Aug. 1, 1980. 

Publication costs o] this article were assisted by 
Bell Laboratories. 
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Silicon Deposition on a Rotating Disk 
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ABSTRACT 

A. one-dimensional model has been developed which describes the interac- 
tions among hydrodynamics, multicomponent heat and mass transfer, and re- 
action kinetics for the rotating disk system. The analysis includes variable 
physical properties and finite interfacial velocity and has provision for an arbi- 
trary number of simultaneous homogeneous and heterogeneous reactions. The 
model has been applied to the chemical vapor deposition of silicon from silicon 
tetrachloride in excess hydrogen. Predictions for the dependence of silicon 
production rate on disk temperature and rotation rate are compared with avail- 
able experimental data. 

Many chemical  syntheses wi th  impor t an t  indus t r i a l  
appl icat ions involve s imul taneous  homogeneous and 
heterogeneous reactions.  In  the  semiconductor  indus-  
t ry  there  is considerable  in teres t  in chemical  vapor  
deposi t ion of high qua l i ty  si l icon and germanium.  
Tubu la r  reactors,  where  r eac tan t  gases pass across 
the  growing surface, have been used for sil icon depo-  
si t ion f rom SIC14 (a l te rna t ive ly ,  SiHCI~ or SIC12) in 
excess hydrogen.  Expe r imen ta l  studies in these sys-  
tems have inc luded spectroscopic identif icat ion of gas 
phase species and measurement  of composition, t em-  
pera ture ,  and veloci ty  profiles in the  diffusion layer  
ad jacent  to the  susceptor  surface (1-4).  

A theore t ica l  analysis  of sil icon deposi t ion in a 
tubu la r  flow reac tor  has considered the effects of heat,  
mass, and  momen tum t ransfe r  (5). However ,  the 
complex na tu re  of the t r anspor t  processes necessi ta ted 
incorpora t ion  of cer ta in  assumptions,  such as con- 
s tant  phys ica l  p roper t ies  and  fu l ly  developed flow 
profiles, into the model.  

The ro ta t ing  disk has been  used to s tudy  chemical  
vapor  deposi t ion because the hydrodynamics  and 
mass t ransfe r  character is t ics  of this sys tem are  re la -  
t ive ly  wel l  understood.  A one-d imens iona l  model  has 
been  developed for  the t r anspor t - l imi t ed  reac t ion  of 
iodine and ge rman ium (6). This analysis  includes 
the effects of dens i ty  var ia t ions  in the boundary  layer ,  
mul t i component  diffusion, and  finite in ter rac ia l  veloc-  
i ty.  However ,  i t  is assumed tha t  the  system is iso- 
the rmal  and tha t  the  ax ia l  veloci ty  depends l inear ly  
on the dis tance f rom the disk surface. Epi tax ia l  g rowth  
of sil icon has also been s tudied by  the ro ta t ing  disk 
method  (7). The model  includes na tu ra l  convection 
and t empe ra tu r e  var ia t ions  bu t  i t  assumes constant  
physical  p roper t ies  and equ i l ib r ium in the  gas phase, 
and  i t  is not  able  to account fu l ly  for the expe r imen-  
t a l ly  observed  t e m p e r a t u r e  dependence  of sil icon 
growth  rate.  

This paper  presents  a genera l  approach  to the 
analysis  of sil icon deposi t ion on a ro ta t ing  disk. The 
model  considers mul t i component  heat  and  mass t r ans -  
fer, coupled wi th  l amina r  fluid flow, and s imul taneous  
homogeneous and heterogeneous react ions wi th  finite 
react ion rates.  Var iab le  physical  p roper t ies  are  in-  
cluded, as wel l  as a finite in ter rac ia l  veloci ty  at  the 
disk surface. The analysis  can be used to invest igate  
the  influence of disk t e m p e r a t u r e  and ro ta t ion  ra te  
on the deposi t ion process and to consider  the  r a t e -  
l imi t ing factors in the  system. The formula t ion  of 
the silicon deposi t ion p rob lem has been developed in 
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a genera l  manne r  so tha t  i t  can be read i ly  appl ied  to 
a wide var ie ty  of different  phys ica l  situations. 

Transport Phenomena 
Momentum, heat,  and mass t ransfer  for  a ro ta t ing  

disk are  modeled subject  to the  fol lowing restr ic t ions:  
(i) s t eady-s ta te  operat ion,  (ii) l amina r  flow of New-  
tonian fluid, (iii) no viscous diss ipat ion of energy,  
(iv) rad ia t ion  and na tu ra l  convection neglected,  (v) 
no end effects, and  (vi) ideal  gas mixture .  These as -  
s u m p t i o n s  s impl i fy  the  ca lcula t ional  p rocedure  sig- 
nificantly. The ideal  gas condit ion is necessary  in the  
absence of in format ion  requ i red  to jus t i fy  a more. 
sophis t icated equat ion of state. The va l id i ty  of as-  
sumptions (iv) and (v) is discussed below. 

Wi th  these restr ict ions,  i t  can be shown tha t  the  
veloci ty  component  normal  to the disk, and the gas 
composition, depend only on the axia l  coordinate,  so 
that  the  surface is un i fo rmly  accessible from a mass 
t ransfe r  s tandpoint .  Consequently,  the  t r anspor t  p rop -  
ert ies are  also independen t  of r ad ia l  position, and  the  
p rob lem becomes one-dimensional .  

The t rans format ion  of von K~rm~n (8) suggests 
that,  wi th  cyl indr ica l  coordinates,  the  veloci ty  com- 
ponents and the pressure  can be expressed  as (9) 

vr -= rl%F(~), ve --= r a G ( ~ ) ,  Vz --= h/v| ] 

f , [i] 
P : ~| + gz pdz 

where  

and where  the di rect ion of g rav i ta t iona l  accelerat ion 
is t aken  to be pe rpend icu la r  to  the disk surface. Equa -  
tion [1] defines dimensionless  functions F, G, H, and P 
and shows how veloci ty  components  and pressure  de-  
pend on disk ro ta t ion speed and on the coordinates  for 
rad ia l  and axia l  position, r and f. 

The s t eady-s ta te  equations of motion and cont inui ty  
of the fluid are  

p v .  Vv _-- --  Vp --  V ' T + p g  [3] 

V. (pv) = 0 [4] 

where the viscous stress for a Newtonian fluid is 

2 
~= -~[v_v + (V_v)T] +-{~V ._V IS] 

Subst i tu t ion  of Eq. [1] into Eq. [3] and  [4], gives 

d l np  
2F + H' -- - - H -  [6] 

d~ 
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for the continuity equation and, with Eq. [5] 

F 2- G ~ + HF' = ------ 

i, d~ 

2FG+HG':P~ d ( #G' ) - - - -  __ [7] 

4 d 
P---HH' W P' -- -- , (H'-- F) -l- [8] 

for the equations of motion (10). The boundary con- 
ditions include 

F=0, G=I ate=0 
[9] f F:G:0 a t e :  oo 

In addition, the normal velocity component is related 
to the mass transfer rate at the surface by the defi- 
nition for the mass average velocity 

1 
= -  c10] 

p i 

where Ni is the molar flux of species i. 
The nuid density p, used in the equations above, is 

directly related to total gas concentration by 

p = Mc [11] 

where M = ~ xi/~i. The concentration is, in turn, re-  
i 

lated to pressure with the ideal gas law 

p = cRT [12] 

A steady-state, thermal energy equation for an ideal 
gas mixture can be rewrit ten as (11) 

c~pv.  V T = V .  (kVT) + v . V p  

- ~ (.J~. v ~  + ~R~} 
l 

[13] 

provided that viscous energy dissipation and the Du- 
four energy flux can be neglected. The last term on the 
right represents thermal effects due to interdiffusion 
of species and homogeneous chemical reactions, Ji is 
the flux of species i relative to the mass average 
velocity, given by 

Ji = Ni -- CjV [14] 

and Cp is the mean specific heat of the mixture, de- 
fined as 

l 

Equation [13] can be expressed in dimensionless 
form as 

~p T [ k T, d(k/k| ] 
~p~ HT' : ~ --T" --~ 

Pr|174 /% df 

RTH d In p sTT' 
i----- -b + UT [16] 

The dimensionless quantities Pr~, s, and U are defined 
by 

Pr  = __ [17] 
p|174174 

i 
s = [ 1 8 ]  

pCp| 

and 

! 
U = -- [19] 

pT|174 

respectively, where Ji - Ji/c|174 ~i = R.]c| and 

Hi = H*i for an ideal gas. The temperatures of the disk 
and the bulk fluid are specified as boundary condi- 
tions for Eq. [16]. 

The mulucomponent diffusion equation (11) 

c i /V~ i .~ .~ iV  T MIVp ) _  
p 

R T ~  CiCk [ ( D k "  D j T ) V l n T ]  [20] 
cDi---~ vk -- Vi + Pk P, 

describes the motion of species i relative to the sur- 
rounding fluid. If thermal diffusion is assumed to be 
negligible, and if the gas mixture behaves ideally, 
Eq. [20] may be written in dimensionless form as 

( I  M i ) V  In ~ XJk_--XkJi [21] Vxi + xi - -~-  P = __ D~ 
k~i 

where Dik is a dimensionless transport  property for 
binary interactions, defined as Dik = cZ)ik/C|174 For a 
mixture of n species, there are (n -- 1) independent 
force balances in the form of Eq. [21], and there are 
~/2 n (n  -- 1) independent transport properties be- 
cause Dii is not defined and, by Newton's third law 
of motion, Dik = Dki. 

A steady-state material balance in the gas phase is 

V �9 Ni = Ri [22] 

where Ri is the net homogeneous rate of production 
of species i. 

Equation [21] can be inverted numerically to give 
explicit expressions for the fluxes, which can then 
be substituted into Eq. [22] to give a dimensionless 
material balance 

d2Xi ~ [ Xi~k -- Xk[qi C/-/ ( dXk 
-- Xi 

df 2 ~ -  c| 

dxi ~ d xi d Zk 

for the one-dimensional problem considered here. 
There are n -- 1 independent force balances with the 
form of Eq. [23] which can be used, in conjunction 
with the relationship between the fluxes 

Z M~i = 0 [24] 
i 

to describe mass transfer in a multicomponent system. 
In this way, it is possible to incorporate the con- 

servation conditions while still leaving the overall 
continuity Eq. [4] to be counted as one of the hydro- 
dynamic equations. Furthermore, arbitrary selection 
of one component is not required in order to re- 
place a species material balance with Eq. [24] or to 
invert the Stefan-Maxwell relations [21]. 

At the disk surface, n -- 1 Stefan-Maxwell relations, 
Eq. [21], are used, together with the relationship be- 
tween mole fractions, zxi = 1. Far from the disk, the 

i 
compositions approach their equilibrium values at 
the bulk fluid temperature. 

Chemical Reactions 
The equations derived above, which describe the 

transfer of heat, mass, and momentum for a disk ro- 
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ta t ing  in an infinite medium,  can be used  to pred ic t  
the  behavior  of systems wi th  an a r b i t r a r y  number  of 
homogeneous and heterogeneous reactions.  

To i l lus t ra te  the use of this technique,  ep i tax ia l  
deposi t ion of si l icon f rom an  inpu t  mix tu re  of SIC14 
in excess hydrogen  is analyzed.  Thermodynamic  
studies indicate  that ,  for  the  t empe ra tu r e  range  of 
interest ,  five pr inc ipa l  species a re  presen t  in the  gas 
phase:  Hs, HC1, SIC14, SiHCI~, and  SIC12 (12). Di-  
chlorosi lane (SiHsCIs) has also been detected under  
some expe r imen ta l  conditions, bu t  this species is not  
considered expl ic i t ly  in the  presen t  study.  

Severa l  mechanisms have been  proposed  for  the 
format ion  of sil icon f rom SIC14 (2, 13, 14). Here, i t  
is assumed tha t  SIC14 can be reduced  e i ther  homo-  
geneously  or  he terogeneous ly  by  the fol lowing r e -  
vers ible  react ions 

SIC14 + H2 ~ SiHCI3 + HCI [25] 

SiHCI~ ~ SIC12 + HC1 [26] 

On the surface, the deposi t ion reac t ion  

SiCIs + H2 ~- Si (s) + 2HC1 [27] 

c a n  also t ake  place. This mechanism m a y  need to be 
refined subsequent ly  to match  expe r imen ta l ly  ob-  
served  behavior .  

The ne t  ra te  of each reac t ion  is r ega rded  as the 
difference be tween  the rates  of fo rward  and backward  
react ions and can be represen ted  as 

n=kltlIz,v,,--klbHzC~. [23] 
i i 

, 2 i 1 > 0  vu<0 

where klf and km are rate constants for forward and 
backward reactions, respectively. The exponent vil is 
the stoichiometric coefficient for species i in reaction 
I. It is positive for reactants and negative for prod- 
ucts and may be obtained from Eq. [25]-[27], which 
are assumed to be elementary reaction steps. 

The temperature dependence of the rate constants 
in Eq. [28] is assumed to be given by 

km -- Ale -~'/T [29] 

where  E, can be r ega rded  as an ac t iva t ion  energy  for  
react ion 1. 

In  the model, five independen t  pa rame te r s  are  used 
to descr ibe the kinet ic  behavior :  Ea; 81 = ksb/klb; 82 = 
k'2b/k'lb; 83 = klb 2 eEJ'l'~/C| k'lb; ~4 = 102 e -Ea/T~ 
c,~%/k'2b. The t e rm Ea represents  an act ivat ion energy  
for the deposi t ion process. Different  ac t iva t ion  energies  
could be chosen for  each reac t ion  but  i t  is assumed 
that  the t empera tu re  dependence  of the deposi t ion 
ra te  wil l  be influenced more  by  the act ivat ion energy  
for the r a t e - l imi t i ng  step than  by  the act ivat ion en-  
ergies for the  o ther  reactions.  The pa ramete r s  8~ and 
02 descr ibe  the re la t ive  rates of the two heterogeneous 
and the two homogeneous reactions,  respect ively.  08 
is a rat io  of the rates  of the  heterogeneous and homo- 
geneous react ions and e4 specifies the ra te  of homo- 
geneous product ion of SIC12, as descr ibed by  Eq. [26], 
re la t ive  to the mass t ransfe r  ra te  charac ter ized  by  the 
disk speed, ~. 

The fo rward  and b a c k w a r d  ra te  constants are  re -  
la ted  by  an equ i l ib r ium constant  K1 = km/klf, which 
is defined in t e rms  of equ i l ib r ium reac tan t  and p rod-  
uct  composit ions as 

K1 =pm l l x i e - V , 1  [30] 
i 

In  Eq. [30], the ac t iv i ty  of any  solid phase  is t aken  to 
be unity, and m represents  the net  number  of molecules 
p roduced  by  react ion 1. The t empe ra tu r e  dependence  
of kl is p red ic ted  f rom s tandard  heats  of react ion 
AH(T) ,  wi th  

OlnKl ] _ - - a H ( T ) / R  [31] 
~(1 /T)  

and f rom free energy  da ta  at  25~ (15), to give e x -  
p r e s s i o n s  of the ~orm 

in K1 = al ~- fll/T -{- 71 In T [32] 

The coefficients al, fl~, 71, used for the reactions are 
summarized in Table I. 

In the gas phase, the net rate of production of species 
i is given as 

RI = ~-~ vnr ,  [33] 
i 

At  the surface, a s imi la r  summat ion  for  the he te ro-  
geneous react ions represents  the mola r  flux N L f rom t h e  

surface re la t ive  to the  interface.  The var iables  Ni a n d  

Ri l ink the ra tes  of the ind iv idua l  react ions to the  
equations tha t  descr ibe heat, mass, and m o m e n t u m  
t ransfer  for  the ro ta t ing  disk. 

In teract ions  among the governing different ia l  equa-  
tions are  caused d i rec t ly  by  the inclusion of a finite 
in ter rac ia l  veloci ty  (see Eq. [10] ) and var iab le  phys ica l  
p roper t ies  in the  analysis.  Relat ionships  for  the  t em-  
pe ra tu re  and composit ion dependences  of phys ica l  
pa rame te r s  needed in the model  a re  summar ized  in 
the Appendix .  

For  the  example  Of chemical  vapor  deposi t ion o f  
silicon, wi th  five species in the gas phase,  the  s t eady-  
state behavior  is descr ibed by  a set of 15 coupled, non-  
l inear,  o rd ina ry  different ia l  equations.  These equations,  
subject  to specified bounda ry  conditions, can be solved 
numer ica l ly  by  a finite difference technique accurate  
to 0(h  2) (11, 16, 17). The model  can be used to s tudy  
the influence of process var iables  on the ra te  of sil icon 
deposi t ion and on the  profiles for compositions,  veloci-  
ties, and t e m p e r a t u r e  in the diffusion layer .  Pa rame te r s  
that  mus t  be specified in the  model  include surface a n d  
bulk  tempera tures ,  in le t  gas composition, disk ro ta t ion 
rate,  and opera t ing  pressure .  

Results and Discussion 
Pre l imina ry  computer  s imulat ions  indica ted  tha t  

pressure  var ia t ions  th rough  the diffusion l aye r  a r e  
smal l  and that  they  do not affect the overa l l  behavior  
significantly. Consequently,  resul ts  are  p resen ted  for  
a constant  opera t ing  pressure,  which is t aken  to b e  
1.013 bar. In  addit ion,  the influence of bu lk  gas com- 
posit ion is not considered expl ic i t ly  in this study,  a n d  
resul ts  are  for an in le t  gas mix tu re  of 1 mole  pe rcen t  
SIC14 in hydrogen.  The values chosen for pressure  a n d  
composit ion correspond to s t andard  opera t ing  condi-  
tions for chemical  vapor  deposi t ion of sil icon (5). 

A typica l  composit ion profile, wi th  the  disk t empera -  
ture  control led  at  1473~ and a bu lk  gas t empera tu re  
of 293~ is shown in Fig. 1. The  gas mix tu re  is as-  
sumed to be at  equ i l ib r ium at  the bu lk  tempera ture ,  
far  f rom the disk. Closer to the surface, the mole  f rac-  
tions a l t e r  in response to the  specified homogeneous 
and heterogeneous reactions.  

Spectroscopic methods  have been used to measure  
composit ion profiles in the diffusion l aye r  for sil icon 
deposi t ion in a hor izonta l  channel  reactor ,  where  re -  
ac tant  gases flow over  the susceptor  surface (3, 4). 
These measurements  indicate  the  presence of a m a x i -  
mum in SIC12 concentra t ion a pp rox ima te ly  2 m m  from 
the surface. The magni tude  of the  m a x i m u m  mole  

Table I. Equilibrium constants for silicon deposition reactions: 
coefficients for Eq. [32] 

K~ 16.2412 -- 6730.9 -- 1.7004 
K2 (atm) 14.9848 --30520.7 0.5932 
/ ~  - 1.0685 2229.3 - 0.1756 
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Fig. 1. Typical composition profiles in diffusion layer adjacent to 
rotating disk. Parameter values: Ts = 1473~ T| = 293~ 
�9 .Qb = 12.57 tad/sac; p| = 1,013 X 105 N/m2; (XH2)| = 0,99; 
81 - -  25.0; 82 = 10.0; 63 "-- 1,25; 04 = 5 /6;  Ea = 1258.18~ 
Dashed lines represent xsm12 profiles for different disk speeds, 

f rac t ion becomes l a rge r  fu r the r  f rom the leading edge 
of the crystal .  Analogous behav ior  is expec ted  wi th  the  
ro ta t ing  d isk  sys tem since smal le r  ro ta t ion  rates,  and  
hence l a rge r  diffusion layers ,  should correspond,  a t  
leas t  qual i ta t ive ly ,  to posit ions fu r the r  downs t ream in 
the  channel  flow reactor.  This is exemplif ied by  the 
dashed l ines in Fig. 1 which  show the posi t ion de-  
pendence of SIC12 mole f ract ion calcula ted at  ro ta t ion 
ra tes  l a rge r  and smal le r  than  the base value.  In  add i -  
tion, the model  predic ts  a m a x i m u m  in the SiHC13 com- 
posi t ion profile, a t  g rea te r  distances f rom the disk sur -  
face than  the SIC12 maximum.  

F igure  1 is ca lcula ted  for  a pa r t i cu l a r  set of kinet ic  
pa rame te r s  tha t  give a qual i ta t ive  match  be tween  theo-  
re t ica l  and  expe r imen ta l  composit ion profiles. The re l a -  
t ive impor tance  of each p a r a m e t e r  is discussed below 
in the context  of ro ta t ion  ra te  and surface t e m p e r a t u r e  
effects. However ,  i t  is noted here  that  in o rder  to ob-  
ta in  a m a x i m u m  in SIC12 composi t ion i t  is necessary  to 
e l imina te  the poss ibi l i ty  for  heterogeneous SIC12 p ro -  
duction. This is in keeping  wi th  some mechanisms 
tha t  have been pos tu la ted  for the  deposi t ion process. 

An  approx ima te  es t imate  of the diffusion l aye r  th ick-  
ness can be obta ined  f rom the composit ion profiles, 
even though some species reach  thei r  bu lk  composi-  
tions closer to the surface than  others. For  the  example  
in Fig. 1, an approx ima te  thickness is 5 cm, which is 
cons iderab ly  l a rge r  than  values  of 10-2-10 -3 cm often 
encountered  with  e lec t ro ly te  solutions. 

If  the  size of the d isk  and the diffusion l aye r  a re  
comparable ,  i t  is necessary  to consider  the  influence 
of r ad ia l  effects on observed  deposi t ion rates.  A s ingu-  
l a r  pe r tu rba t ion  analysis  of the el l ipt ic  region a t  the  
edge of a ro ta t ing  disk tha t  resul ts  f rom rad ia l  diffu- 
sion has been  developed prev ious ly  for fluids wi th  high 
Schmid t  numbers  (18). This approach  can be gen-  
era l ized to give the rat io k of m a x i m u m  overal l  mass 
t ransfe r  rates,  wi th  and wi thout  rad ia l  diffusion effects, 
a s  

k = 1 4- 1.9193Re-~/4Sc-'/2 [34] 

for any  fluid bu t  for la rge  values  of ScRe 3/2. Wi th  
average  values  for  phys ica l  p roper t i e s  and  wi th  ~ = 

12.57 r ad / sec  and ro = 2.5 cm, i t  m a y  be  shown tha t  
~ 1.1. This analysis  indicates  tha t  r ad ia l  effects can 

contr ibute  to an increase in overa l l  si l icon deposi t ion 
ra te  under  these conditions, a l though at  h igher  ro ta -  
t ion ra tes  the  influence of edge effects wi l l  be reduced,  
in accordance wi th  Eq. [34]. 

Fo r  the opera t ing  conditions used  in Fig.  1, the  va r i -  
at ions of some phys ica l  p roper t ies  a re  shown in Fig. 2. 
The dens i ty  changes by  a fac tor  of 6 across the  diffu- 
sion l aye r  in  d i rec t  associat ion wi th  changes in  T and 
M. Viscosity and the rma l  conduct iv i ty  both v a r y  by  
factors of about  3. This leads to a m a x i m u m  in the 
axia l  veloci ty  profile in the  b o u n d a r y  layer ,  as i l lus-  
t r a t ed  in Fig. 3. In  this example ,  the  magni tude  of the 
in ter fac ia l  velocity,  which arises f rom chemical  r e -  
actions at  the disk surface, is --2.0 mm/sec .  A n  as-  
sumpt ion  of zero in ter fac ia l  veloci ty  can lead  to e r rors  
of app rox ima te ly  1-6% in deposi t ion rate ,  dependen t  
on the process conditions. 
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Fig. 2. Dependence of viscosity and density on distance from sur- 
face of rotating disk. Parameter values as for Fig. 1. p~ ---_ 0.1536 
kg/m3; ~,= = 9.602 X 10 - 6  kg/m �9 sac. 
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Fig. 3. Velocity profiles for silicon deposition on a rotating disk. 
Parameter values as for Fig. 1 and 2. 
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Measurements of silicon deposition rates at various 
susceptor temperatures  and for a fixed rotat ion speed 
show that  there are two regimes of tempera ture  be-  
havior in  the range 1273~176 At higher tempera-  
tures an  apparent  act ivation energy for deposition lies 
in the range 4-13 kJ/mole,  whereas at lower tempera-  
tures it is reported as 90-125 kJ /mole  (7). This change 
in tempera ture  dependence is a t t r ibuted to a shift from 
reaction rate control to mass t ransfer  control as the 
disk temperature  is raised. 

An  exper imenta l  curve, obtained wi th  a rotat ion 
rate of 12.5 rad/sec, is given in  Fig. 4, where the pa-  
rameter  S represents the actual  deposition rate, made 
dimensionless with the quant i ty  c~/v=~2. The dashed 
l ine is the locus of max imum deposition rates calcu- 
lated with the mathematical  model. It  can be regarded 
as a combined thermodynamic-mass  t ransfer  l imit  
since, for this curve, the reactions are locally at 
equi l ibr ium but  the finite mass t ransfer  rate through 
the diffusion layer  limits the fraction of the bu lk  fluid 
that can reach the disk surface. 

There are several  possible explanations for the dis- 
crepancy between the thermodynamic-mass  t ransfer  
l imit  and exper imental  results at high temperatures.  
First, errors in  estimates of collision diameters and 
interact ion energies for some combinations of species 
could lead to incorrect  predictions of physical prop- 
erties such as diffusion coefficients and viscosity (see 
Appendix) .  Errors may also arise from incorrect pre-  
dictions of equi l ibr ium constants (see Table I) .  A ther-  
modynamic evaluat ion of the St-H-C1 system shows 
that the parameters  K1 are par t icular ly  sensitive to 
the s tandard heat of formation of SiHC13 (12). 

Radial effects can lead to enhanced mass t ransfer  
rates. However, it  has been shown (see below Eq. 
[34]) that  the magni tude  of this effect is insufficient 
to account ful ly for the differences between experi-  
ment  and theory. Nevertheless, it  should be noted 
that the analysis of radial  dependences does not con- 
sider the influence of hydrodynamic disturbances that 
could arise from axial motion at the disk edge. 

Even though inle t  gases are at 293~ the wall  tem-  
perature  in  the exper iment  is recorded as 673~ (7) 
and heat t ransfer  be tween the disk and walls and the 
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Fig. 4. Dependence of dimensionless silicon d~position rate on 
disk temperature. S = actual deposition rate/c= ~/'~,,Q. Dotted 
line: experimental data (7), C~ = 12.57 rad/s=c. Dashed carve: 
thermodynamic-mass transfer limit for deposition rate. Full curves: 
theoretical predictions for different values of 04, with other param- 
eters as in Fig. 1-3. 
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Fig. 5. Dependence of dimensionless silicon deposition rate on 
disk temperature. As Fig. 4, but T= ---- 673 ~ K. 

inlet  gas (e.g., by radiat ion) could raise the bu lk  gas 
temperature  substantially.  Figure  5 shows the tem- 
perature  dependence of dimensionless deposition rate 
with T~ = 673~ The discrepancy between experi-  
menta l  results and the thermodynamic-mass  t ransfer  
l imit  is reduced with this new boundary  condition, but  
significant differences still exist. 

Another  possible explanat ion for the enhanced mass 
t ransfer  rate is na tura l  convection. The ratio 

Gr  (Ts --  T| 
- [ 3 5 ]  

Re 2 Tav~2ro 

can be used to represent  the ratio of buoyancy forces 
to viscous forces in  the system. With Ts -- T= = 1200~ 
Tar ~-~ 1000~ ro ---- 2.5 cm, and ~ = 12.57 rad/sec, this 
ratio is approximately 3.0. For  an  upward-fac ing  disk, 
it has been shown (1) that na tura l  convection is the 
dominant  heat t ransfer  mechanism for Gr /Re  2 > 4.1 
and that  forced convection dominates when  Gr /Re  2 
< 0.4. Consequently, for the disk considered in  the 
example, there will  be a t ransi t ion region for 10.72 
< ~ (rad/sec) < 34.31. Unfortunately,  exper imenta l  
informat ion for silicon deposition on a rotat ing disk is 
only available for conditions where na tu ra l  convection 
could be important.  Therefore an  exact match be-  
tween exper imental  results and theoretical predictions 
based on forced convection should not be expected. 
Nevertheless, under  different conditions, such as larger 
disks and higher rotat ion rates, the model presented 
will have greater  quant i ta t ive  significance. 

Despite the uncer ta in ty  in  the absolute magni tude  
of the deposition rate, Fig. 4 and 5 both show that  the 
thermodynamic-mass  t ransfer  l imit  does not ade- 
quately explain the tempera ture  dependence of the 
deposition rate over the whole tempera ture  range con- 
sidered. With finite kinetic parameters  it is possible to 
obtain a satisfactory match between the shapes of the 
theoretical and exper imental  curves. In  Fig. 4 and 5, 
the kinetic parameters  ei, e2, as, and Ea are fixed, and  
84 is varied. The sets of curves can be interpreted as 
showing the effect of variat ions either in  rotat ion rate 
at fixed k'2 or in k'2 at fixed ~. Inspection of Fig. 4 
(T~ : 293~ shows that  a value of 04 = 5/6 provides 
a reasonable fit be tween the shapes of the exper imental  
and theoretical curves. As the surface tempera ture  is 
decreased, the 04 ----- 5/6 curve moves away from the 
thermodynamic-mass  t ransfer  l imit  and the deposition 
rate becomes more dependent  on kinetic factors. How- 
ever, as Ts is reduced further,  equi l ibr ium l imitat ions 
are expected to become impor tant  again and even-  
tually, below a surface tempera ture  of approximate ly  
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l108~ sil icon deposi t ion wi l l  no longer  be t he rmo-  
dynamica l ly  feasible.  

I t  is necessary  to consider  the  sens i t iv i ty  of the  r e -  
sults to the values  chosen for  the  kinet ic  parameters .  
F igures  6 and 7 show pred ic ted  t e m p e r a t u r e  depen-  
dences for  different  values  of E~ wi th  fixed values  of 
e~ and e2 and wi th  the  va lue  of e3 ma tched  at  1473~ 
for the  different  ac t iva t ion  energies.  The d iagrams  
show tha t  the  overa l l  shapes of the  curves do not  de-  
pend  not iceably  on Ea for 0 - -  Ea ~ 6290.90. 

Var ia t ions  in  01 and #8 cause r e l a t ive ly  smal l  changes 
in ca lcula ted  t e m p e r a t u r e  profiles, for  fixed values  of 
e2, #4, and  Ea. Changes in ~ have  a more  not iceable  
effect but, as wi th  a l te ra t ions  in Ea, i t  mere ly  shifts the  
va lue  of 04 which  best  fits the  shape of the  expe r i -  
menta l  curve. F r o m  these resul ts  i t  is ev ident  tha t  the  
dependence  of si l icon deposi t ion ra te  on t empe ra tu r e  
alone is insufficient to be able  to pred ic t  the  most  ap-  
p rop r i a t e  values  for  the k inet ic  parameters .  

In format ion  is also ava i lab le  on the dependence  of 
deposi t ion ra te  on disk speed (7). F igu re  8 shows ex -  
pe r imen ta l  resul ts  and  theore t ica l  predic t ions  wi th  the  
same kinet ic  pa rame te r s  (el, #2, es, Ea) tha t  were  used 
in  Fig. 4. The deposi t ion ra te  Sb is made  dimensionless  
wi th  a specified ro ta t ion  ra te  gb which  is t aken  as 26.18 
rad/sec ,  close to the  midpo in t  in the  range  of exper i -  
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Fig. 6. Dependence of dimensionless silicon deposition rate on 
disk temperature. As Fig. 4, but Ea = 6290.90~ and #,~ =38 .071 .  
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Fig. 7. Dependence of dimensionless silicon deposition rate on 
disk temperature. As Fig. 4, but Ea - -  0 and e3 ~- 0.5321. 
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Fig. 8. Dependence of dimensionless silicon deposition rate on 
disk speed. Sb = S ~ / ~ / ~ b .  Dotted line: experimental data Ts - -  
1473~ Dashed curve: thermodynamic-mass transfer limit for 
deposition rate. Fu|| curves: theoretical predictions for different 
values of ~s  (equivalent to e4), Parameter values: Ts - -  1473~ 
T| = 2~3~ ~ b  - -  26.18 rad/sec; p~ = 1.013 X 10 ~ N/m2;  
(XH2)  ~ = 0.99; #z - -  25.0; 02 - -  10.0; 03 - -  1.25; Ea - -  
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menta l  data. The p a r a m e t e r  ~s, which  equiva len t  to e4, 
represents  the  ro ta t ion  ra te  which  corresponds to the  
curve tha t  bes t  fits the  shape of the  da ta  in  Fig. 4. 
(For  example ,  a s t ipula t ion  tha t  the  bes t  curve in Fig. 4 
has a ro ta t ion  ra te  of 12.57 t a d / s e e  yields  the  curve  
Qs --  12.57 r a d / s e e  on Fig. 8.) F r o m  the s tandpoin t  of  
t e m p e r a t u r e  dependence,  i t  wou ld  seem most  accept -  
able  to choose ~s --  12.57, since this  is the  ro ta t ion  rate  
at which  the exper imen t s  were  per formed.  However ,  
this curve  follows the t he rmodynamic -mass  t ransfe r  
l imi t  too closely in Fig. 8 and does not  ma tch  the ex -  
pe r imen ta l  data, which  are  a lmost  independen t  of 
ro ta t ion  rate.  

At  low speeds, mass  t ransfe r  control  might  be  e x -  
pected,  as i l lus t ra ted  by  the t he rmodynamic -mass  
t ransfe r  l imi t  ( S b ~ / Q ) ,  whereas  a t  h igher  speeds the  
ro ta t ion  ra te  dependence  could change m a r k e d l y  as 
react ion ra te  control  is approached.  A h igher  d isk  
speed not  only  raises the  ra te  a t  which  reac tan ts  can 
reach  the disk surface, bu t  i t  also affects the  ra te  a t  
which  in t e rmed ia te  species in the  reac t ion  sequence 
can  be convected a w a y  f rom the  disk. In  addit ion,  the  
re la t ive  impor tance  of the  homogeneous and he te roge-  
neous react ions can shif t  as ~ is changed.  Consequently,  
i t  is conceivable  that,  under  some circumstances,  an  
increase  in ~ could l ead  to a reduc t ion  in deposi t ion 
rate.  

These effects become a p p a r e n t  as the  p a r a m e t e r  is 
r educed  below ~s = 12.57 rad/sec .  At  ~ = 7.33 r a d /  
sec, the  theore t ica l  curve rises f rom the t h e r m o d y -  
namic-mass  t ransfe r  l imi t  to the  expe r imen ta l  l ine as  
the  ro ta t ion  ra te  is increased.  Below 26.18 rad/sec ,  the 
expe r imen ta l ly  observed behav ior  cannot  be matched  
because the resul ts  l ie  above  the p red ic ted  l imit .  This 
may  be due to e r ro r  in the  assessment  of the  t he rmo-  
dynamic -mass  t ransfe r  curve as discussed ea r l i e r  and, 
in par t icu lar ,  i t  might  resu l t  f rom na tu ra l  convect ion 
which  would  be expec ted  to be more  impor t an t  a t  l o w  
disk speeds. Therefore ,  i t  is possible  that ,  for  these 
expe r imen ta l  conditions, the re  is no range  of ro ta t ion  
ra tes  for  which forced convect ion mass t rans fe r  con- 
t rols  the sys tem behavior .  Fur the rmore ,  Fig. 8 is p r a c -  
t ica l ly  unchanged  for  modes t  changes in  k inet ic  p a -  
rameters ,  and i t  is not  possible  to choose different  
values  for el to 64 o r  E a which  would  provide  a sub-  
s t an t i a l ly  be t t e r  fit of the  expe r imen ta l  data.  I t  should 
also be noted tha t  na tu ra l  convect ion could a l te r  the  
shapes of the  t empe ra tu r e  curves  in Fig. 4, as wel l  as 
the absolute  va lue  of the  t he rmodynamic -mass  t rans fe r  
l imit .  

Notwi ths tanding  the possible influence of na tu ra l  
convection, p red ic t ion  of a consistent  set  o f  kinet ic  
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p a r a m e t e r s ,  which fit the observations, is hampered by 
the relat ively short ranges of Ts and ~ for which data 
are available. Also the surface temperature in Fig. 8 
lies, ostensibly, in a mass transfer controlled region, 
and therefore one should not expect to be able to use 
this information to obtain well-defined kinetic infor- 
mation. In principle, it should be possible to use experi-  
mental data in the reaction controlled regime to obtain 
better estimates of the kinetic constants. 

It is also necessary to assess the extent to which 
the predicted behavior is influenced by the assumed 
reaction mechanism. The mechanism proposed includes 
homogeneous and heterogeneous production of SiHC13, 
homogeneous decomposition of SiHC13 to give SIC12, 
and reduction of SIC12 on the disk surface to yield 
silicon. Under some circumstances, significant quan- 
tities of SiH2C12 can be present in the gas phase (12). 
This could be produced by 

SiClz + H2 ~ SiH,2C12 [36] 

and it could decompose on the surface to give silicon 
directly. Consequently, it  might be regarded as an 
intermediate in the overall  conversion of SIC12 to 
silicon so that inclusion of SiH~CI2 in the model would 
not be expected to alter the predictions significantly. 
Incorporation of SiH2Clu as an additional species 
would not cause operational difficulties with the model 
but it would necessitate additional equilibrium data 
and consideration of another independent kinetic pa- 
rameter. 

Direct reactions of the form 

SiCl~ + 2H2 ~ Si -5 4HC1 [37] 

have not been included because they are kinetically 
less favorable than the elementary processes used in 
the analysis. An additional reaction which could be in- 
cluded in more sophisticated studies of reaction mecha- 
nisms involves disproportionation of SIC12 according 
t o  

2SIC12 ~ Si ( s )  -5 SiCl4 [38] 

Again, an additional kinetic parameter  would be 
needed in the model. 

The rate-determining step for the reaction sequence 
considered (Eq. [25]-[27]) is thought to be homo- 
geneous production of SiHCls (Eq. [25]). Heteroge- 
neous formation of SiHClz becomes more important 
when the bulk gas temperature is higher. The basis for 
this postulate is that, for the range of Ts and ~ con- 
sidered, the relative rate of the backward and forward 
reaction was consistently smallest for this step. This 
theory is supported by observations of higher deposi- 
tion rates from SiHCls, rather  than SIC14, under para l -  
lel experimental conditions (19). 

Conclusions 
A model has been developed which describes t h e  

interactions among hydrodynamics, multicomponent 
heat and mass transport, and reaction kinetics for the 
rotating disk system. The analysis includes variable 
physical properties, finite interracial velocity, and 
simultaneous homogeneous and heterogeneous reac- 
tions. 

This model has been used to study chemical vapor 
deposition of silicon from SIC14 in excess hydrogen. 
The effects of disk speed and temperature on the 
silicon deposition rate have been investigated, and 
several features of the process have been elucidated: 

1. The diffusion layer thickness is 1-10 cm, which 
is considerably larger than values commonly en- 
countered for liquid systems. Nevertheless, radial  dif- 
fusion does not affect predicted mass transfer rates 
markedly.  

2. Physical properties, such as density and viscosity, 
vary  by factors of between 3 and 6, through the dif- 
fusion layer. This distorts the fluid flow profile and 
gives a maximum in the axial velocity. 

3. With five gas-phase species and a set of five in- 
dependent kinetic parameters,  the shape of the pre-  

dicted temperature dependence of deposition r a t e  
matches experimental  results. At  high surface tem- 
peratures, a combined mass transfer and thermody- 
namic limit controls the deposition rate, but as the 
disk temperature is lowered kinetic limitations gradu- 
ally became more important. At much lower tempera-  
tures, thermodynamic considerations again dominate, 
and deposition is no longer feasible below approxi-  
mately 1108r However, effects not included in the 
model, such as natural  convection, could be responsible 
for discrepancies in absolute magnitudes of predicted 
and observed deposition rates and in the influence of 
disk speed on the system behavior. Furthermore, the 
kinetic parameters cannot be specified uniquely from 
the limited experimental  data available. 

4. Homogeneous and heterogeneous reactions are 
both important  in chemical vapor deposition of silicon. 
For the range of conditions studied, the rate-l imit ing 
step is found to be formation of the intermediate 
species SiHC13, by reduction of SIC14. 
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APPENDIX 

Physical Properties 
Viscosity.--The temperature dependence of t h e  

viscosity of each species in the gas phase is predicted 
from the Chapman-Enskog kinetic theory (10) 

2.6693 X 10 -5 x/MiT 
# i  = [A-l] 

The parameter ~i is the collision diameter, and s is 
a dimensionless function which depends on kT/~b 
where ei is a characteristic energy of interaction be- 
tween molecules and k is Boltzmann's constant. For 
each species, Eq. [A-I] is rewritten in the simplified 
form 

~| ----- 51iTCh [A-2] 

and values for 6n and r are given in Table II. The 
viscosity of the gas mixture is calculated with the 
Wilke correlation (20) 

~mlx = x~i __ xir [A-3] 
i=i j=l 

where 

r = [1 + (~'f~j)V2(Mj/Mi)tA]2/[8 + 8 MJMj]'/~ 

Diffusivity.--Diffusion coefficients for binary inter-  
actions are estimated from (10) 

c~i] 2.2646 • 10 -s ~ - 5  
: [A-4] 

~T- ~'ij2~Dij 

where ~ij is a mean collision diameter which is taken 
as (~i -5 ~j)/2. The dimensionless quantity ~ i j  is 

Table II. Values for parameters in Eq. [A-2] and [A-8] 

Species ,  i 

~i ( N s e c / m  2) ki ( W / r e '  ~ 

10~61J ~i1 62, ~/21 

H,  
HCI 
SiCL 
SiHCh 
SiCI~ 

2.05 0.66 2.64 x 10 -8 0.725 
1.06 0.87 7.36 x 10 -~ 0.941 
0.75 0.87 4.10 x 10 -~ 0.9{)0 
0.70 0.87 1.30 x 10 ~ 1.070 
1.20 0.82 4.10 x 10 "~ 0.900 
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analogous to ~t~ used for the viscosity calculations, 
but the characteristic of the interrnolecular potential 
field should now represent both species i and j, and 
is assumed to be given by eij = k/Eiq. Figure 9 shows 
the temperature dependence of diffusion coefficients 
obtained from Eq. [A-4]. In the analysis, a simplified 
form 

C~)i j  --- B i j T  l i j  [ A - 5 ]  

is chosen with parameters which best fit the curves 
in Eq. [9] over the temperature range of interest 
(see Table III).  

Specific heat.~The temperature dependence of the 
heat capacity of each species is obtained from 

Cpi -----: a i  -{- f l i t  -~- "/i T s  [ A - 6 ]  

where the coefficients are summarized in Table IV. 
Thermal conductivity.--Eucken's equation for poly- 

atomic gases (10) 
~i [A-?] k, --- ,.-pi + 5R/4) 
M-"~ 

is used to relate the thermal conductivity and viscosity 

Table III. Values for parameters in Eq. [A-5] for diffusion 
coefficients 

Species 

i j B I ]  l iJ  

Hs  HC1 4.376 x 10--7 0.732 
Ha S i C h  2.190 • 10-: 0.732 
H~ S i H C h  2.263 x 10-'; 0.732 
H2 SIC12 3,117 x 10-~ 0.714 
HC1 S i C h  1,523 • 10 -s 0.873 
H C I  S i H C h  1,601 • 10 -s 0.873 
H C I  SiCI~ 2.491 x 10-s 0.845 
S i C h  S i H C h  6109 x 10 -e 0.873 
S I C h  SiCl~ 9.704 • 10 -9 0.845 
S i H C h  SiCl~ 1,039 x 10 -s 0.845 

Table IV. Values for parameters in Eq. [A-6] for heat capacities 
(J/mole �9 ~ K) 

Species, i a l  fll 71 

751 

H2 29.086 - 8 . 1 1 0  x 10- '  1.970 x 10 -6 
H C I  28.219 1.756 x 10 -a 1.543 x 10 -8 
S i C h  81.626 4.346 x 10 - :  - 1 . 8 1 7  x 10 -~ 
S i H C h  61.035 6.477 x 10 --~ - 2 . 4 7 2  • 10-~ 
$tCII 46.~6 1.684 X t 0  -2 --7.084 x i0 -~ 

of each species at a given temperature. An approxi- 
mate relationship 

ki = ~iT*,, [A-8] 
is then used to describe the temperature dependence 
of ki (see 'Table II). The thermal conductivity of the 
mixture is given by an expression analogous to Eq. 
[A-3] 

kmtx = xiki X J C U  [A-9] 
i = l  J = l  

= [1 -{- (ki/k 2) 1/2 (Mj/MI) 1/4]~/[8 -{- 8 Mi/M]] 

LIST OF SYMBOLS 
A1 preexponential factor for backward rate con- 

stant 
c total concentration (mole/cm 3) 
ci concentration of species i (mole/cm 8) 
C dimensionless total concentration, c/c| 

Cp molar heat capacity of mixture (J/mole ~ 

~pi  molar heat capacity of species i (J/mole ~ 
�9 diffusion coefficient for binary interactions (cm2/ 

s e c )  
Dik dimensionless diffusion coefficient for binary in- 

teractions 
D k T  thermal diffusivity for species k (kg/m.sec) 
E a kinetic parameter representing activation energy 

of rate-limiting step (~ 
El activation energy for reaction I (~ 
F dimensionless radial velocity defined in Eq. [1] 
gz gravitational acceleration in z direction (m/sect) 
G ciimensionless angular velocity defined in Eq. [1] 
Gr Grashof number 
h mesh size (m) 
H dimensionless axial velocity defined by Eq. [1] 
Hi partial molar enthalpy of species i (J/mole) 

H*i molar enthalpy of ideal gas (J/mole) 
I unit matrix 
Ji flux of species i relative to mass average velocity 
- (mole/m '2.sec) 
Ji dimensionless Ji  
k Boltzmann constant (1.3806 X 10 -23 J/~ 
ki thermal conductivity of species i (W/m.~ 
kit forward rate constant for reaction 1 
klb backward rate constant for reaction 1 
k'lb backward rate constant for homogeneous reac- 

tion 1 
Kl equilibrium constant for reaction 1 
m exponent in Eq. [5] 
Mi molecular weight of species i 
M average molecular weight 
Ni flux of species i (mole/me.sec) 
p gas pressure (N/m 2) 
P dimensionless gas pressure 
Pr Prandtl number 
r radial coordinate (m) 
rl rate of reaction 1 
ro disk radius (m) 
R universal gas constant (8.3143 J/mole.~ 
Re Reynolds number 
Ri rate of homogeneous production of species i 

(mole/m 3.sec) 
~i dimensionless Rl 
s dimensionless parameter defined by Eq. [18] 
S dimensionless silicon deposition rate 
Sc Schmidt number 
Si partial molar entropy (J/mole-~ 
T temperature (~ 
U dimensionless parameter defined by Eq. [19] 
v mass average velocity (m/sec) 
Vr radial velocity (m/sec) 
vo angular velocity (m/sec) 
vz axial velocity (m/sec) 
xi mole fraction of species i 
z axial distance from disk surface (m) 
Greek symbols 
cij maximum energy of attraction between mole- 

cules i and j (J) 
/; dimensionless axial distance coordinate defined 

by Eq. [2J 

where 
@ij 
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ek dimensionless  k inet ic  p a r a m e t e r  (k --  1-4) 
p a r a m e t e r  defined by  Eq. [34] 
fluid viscosi ty (kg /m-sec )  

v~ s toichiometr ic  coefficient for  species i in  reac-  
t ion 1 

9| bu lk  k inemat ic  viscosi ty (m2/sec) 
p fluid dens i ty  ( k g / m  3) 

collision d i ame te r  for  L e n n a r d - J o n e s  potent ia l  
(m) 
viscous stress tensor  ( N / m  9.) 

ro ta t ion  speed of disk  ( r ad / sec )  
~s shape p a r a m e t e r  ( rad / sec)  

Superscripts 
* ideal  gas 

pa r t i a l  mola r  quan t i t y  
T t ranspose  

Subscripts 
1 react ion 1 
s at  surface  

in bu lk  

REFERENCES 
1. R. Takahashi ,  Y. Koga, and K. Sugawara ,  This 

Journal, 119, 1406 (1972). 
2. V. S. Ban and S. L. Gilbert ,  ibid., 122, 1382 (1975). 
3. V. S. Ban, in  "Chemical  Vapor  Deposition, Sixth 

In te rna t iona l  Conference," L. F. Donaghey,  P. 
Ra i -Choudhury ,  and  R. N. Tauber ,  Editors, pp. 
66-77, The Elect rochemical  Society  Softbound 
Proceedings Series, Princeton,  N.J. (1977). 

4. T. O. Sedgwick,  G. V. Arbach,  and R. Ghez, ibid., 
pp. 78-89 (1977). 

5. C. W. Manke and L. F. Donaghey,  This Journal, 
124, 561 (1977). 

6. D. R. Olander,  Ind. Eng. Chem. Fundam., 6, 188 
(1967). 

7. K. Sugawara ,  This Journal, 119, 1749 (1972). 
8. Th. v. K~rm~n, Z. Angew. Math. Mech., 1, 233 

(1921). 
9. J. Newman  and L. Hsueh, EIectrochim. Acta, 12, 

417 (1967). 
10. R. B. Bird, W. E. S tewar t ,  and E. N. Lightfoot,  

"Transpor t  Phenomena,"  John Wiley & Sons, 
Inc., New York. (1960). 

11. J. S. Newman,  "Electrochemical  Systems,"  P r e n -  
t ice-Hall ,  Inc., Englewood Cliffs, N.J. (1973). 

12. L. P. Hunt  and  E. Sirt l ,  This Journal, 119, 1741 
(1972). 

13. E. Sirt l ,  L. P. Hunt,  and  D. H. Sawyer ,  ibid., 121, 
919 (1975). 

14. J. Nishizawa and N. Nihira ,  J. Cryst. Growth, 45, 
82 (1978). 

15. D. R. S tu l l  and H. Prophet ,  Editors, " J A N A F  
Thermochemical  Tables," Nat ional  Bureau  of 
Standards ,  Washington,  D.C. NSRDS-NBS 37 
(1971). 

16. J. Newman,  Ind. Eng. Chem. Fundam., 7, 514 
(1968). 

17. R. E. White, ibid., 17, 367 (1978). 
18. W. H. S m r y l  and J. Newman,  This Journal, 118, 

1079 (1971). 
19. V. S. Ban, ibid., 122, 1389 (1975). 
20. C. R. Wilke,  J. Chem. Phys., 18, 517 (1950). 

Technica  Notes 

Changes in Thickness and Infrared Spectrum of 
Phosphosilicate Glass Film with Heat-Treatment in Ha Gas 

Hideaki Takeuchi and Junichi Murota 
Nippon Telegraph and Telephone Public Corporation, 

Musashino Electrical Communication Laboratory, Musashino, Tokyo, 180 Japan 

Phosphosi l ica te  glass (PSG)  films deposi ted by  
chemical  vapor  deposi t ion (CVD) techniques are  
impor tan t  mate r ia l s  for insula t ion layers  in MOS 
LSI 's  (1). S t ruc tu ra l  changes in PSG films with  
h e a t - t r e a t m e n t  in a tmospheres  of N~ gas, A r  gas, and 
s team have  been s tudied  (2-5).  However ,  l i t t le  is 
known about  s t ruc tura l  changes in  PSG film wi th  
h e a t - t r e a t m e n t  in H2 gas. In  the present  work, the 
changes in thickness and in f ra red  (IR) spec t rum of 
a PSG film wi th  h e a t - t r e a t m e n t  in H2 gas were  
invest igated.  I t  was found tha t  voids a re  formed in 
t h e  film and the in tegra ted  absorbance  of P _-- O band 
near  1330 cm -1 is reduced  by  high t empera tu re  hea t -  
t r ea tmen t  in Ha gas. 

Experimental 
PSG films were  deposi ted at  420~ in a horizontal  

reactor  using an SiH4-PHs-O2-N2 gas system. The 
thickness  of the  as -depos i ted  film was about  6300A. 
The subst ra tes  used were  p - t y p e  Si wafers  of 30-50 
l~-cm wi th  mi r ro r  pol ished (10O) surface. The Si 
subs t ra tes  were  t he rma l ly  oxidized before  PSG film 

Key words: voids formation, phosphosUicate glass, chemical va- 
por deposition, P = O  absorption band. 

deposi t ion in o rde r  to p reven t  phosphorus  diffusion 
into the  subst ra tcs  f rom the PSG films (4). The PSG 
films were  hea t - t r ea t ed  in a tmospheres  of H2 and N2 
gas. In some cases, films he a t - t r e a t e d  in Ha gas were  
subsequent ly  hea t - t r ea t ed  in 02 gas or N2 gas. F i lm 
thicknesses (Tps~) were  measured  wi th  a Taylor  
Hobson Talystep.  Cross sections of the hea t - t r ea t ed  
films were observed by  a scanning e lect ron micro-  
scope. The total  phosphorus weight  (Wp) per  square  
cen t imete r  of the  film was de te rmined  by  x - r a y  
fluorescence techniques and neut ron  act ivat ion ana l -  
ysis. The IR spec t rum of the film was measured  wi th  
a double  beam IR spectrophotometer .  The in tegra ted  
absorbance  of the P ----- O band (Ap=o)  was es t imated  
f rom the product  of the  absorbance  and the ha l f -  
wid th  of the  P --  O absorpt ion  band (6). 

Results 
Figure  1 shows the TpsG change of  film containing 

9 weight  percent  (w/o)  phosphorus  (as-depos i ted)  
as a function of hea t - t r ea tmen t  t empera tu re  in H2 
and N2 gas. In H2 gas, the TpsG increases d ras t ica l ly  
above 1000~ but  not  be low 950~ In N2 gas, no in-  
crease in the  TpsG takes place  under  the present  con- 
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(as-deposited) with heat-treatment in H2 or N2 gas at 1000~ for 
20 min. Open circles are results in H2 and closed circles are results 
in N2. The TpSG of as-deposited film is 6300A. 

ditions. F igure  2 shows the TpsG change as a function 
of phosphorus  concentra t ion in the  film wi th  hea t -  

Fig. 3. Scanning electron micrograph of a cross section of PSG 
film of which TpsG expanded with heat-treatment in H~ gas at 
1000~ for 20 rain. Phosphorus concentration of as-deposited film 
is 9 w/o: (1) PSG film; (2) thermally grown SiO2 film; (3) Si sub- 
strate. 

t r e a tmen t  a t  1000~ For  lower  phosphorus  concent ra -  
t ion (below 7 w/o )  films, no increase  in the  TpsG 
takes  place in H2 gas. A cross section of a film which 
became th icker  wi th  h e a t - t r e a t m e n t  in H2 at  1000~ 
is s h o w n  in Fig. 3. Many  voids, wi th  sizes ranging  
f rom 0.1 to 0.3 ~m, are  d i s t r ibu ted  in the  film. The 
total  v o l u m e  0s the voids is in good agreement  wi th  
the  PSG film volume increment ,  where  the to ta l  vol-  
ume of the voids was es t imated  f rom the number  
and the sizes of the  voids on the assumpt ion tha t  
the  voids a re  spherical .  PSG films which expanded  
in thickness wi th  h e a t - t r e a t m e n t  in H2 gas were  
subsequent ly  hea t - t r e a t ed  in O2 or  N~ gas at  1000~ 
The resul ts  a re  shown in Table  I. Wi th  h e a t - t r e a t m e n t  
in 02 gas, the Tps~ decreases to tha t  of the as -depos i ted  
film and the voids are  diminished.  With  h e a t - t r e a t -  
ment  in N2 gas, the  TpsG does not  change, i.e., the  
voids a re  not  diminished.  F rom these results ,  i t  is 
supposed tha t  voids a re  fo rmed  in the PSG film by  
reduct ion in H2 gas and are  d iminished by  oxida t ion  
in 02 gas. 

To e lucidate  the reac t ion  in the  PSG film, IR spec t ra  
of PSG films hea t - t r e a t ed  in H2 or  N2 gas were  studied. 
I t  was found that  the  changes in Ap=o were  different  
be tween  H2 and N2 gas. In  Fig. 4, the  changes in 
Ap=o and Wp of PSG film containing 9 w /o  phos-  
phorus  (as -depos i ted)  a re  shown as a funct ion of  
h e a t - t r e a t m e n t  tempera ture .  In  N2 gas, the Ap=o in-  
creases in i t ia l ly  with increas ing t empe ra tu r e  and is 
sa tu ra ted  above 800~ This increment  of Ap=o agrees  
wi th  the resul ts  r epor ted  by  K e r n  et aL (2, 3). In  

Table I. Changes in Tpsa with heat-treatment under various 
conditions 

H e a t - t r e a t m e n t  c o n d i t i o n s  TPsG (A) 

As -depos i t ed  6300 
H2 g a s  1C00~ 20 ra in  9300 
H~ g a s  1C00~ 20 m i n  + O~ g a s  1009~ 60 ra in  6300 
Hs gas  1000~ 20 m i n  + N2 gas  1000~ 60 ra in  9400 

P h o s p h o r u s  c o n c e n t r a t i o n  of a s - d e p o s R e d  f i lm is 9 w / o .  
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H2 gas, the Ap=o increases in i t ia l ly  wi th  h e a t - t r e a t m e n t  
t e m p e r a t u r e  and decreases above 800~ The decrease  
of the  Ap=o above  800~ cannot  be expla ined  by  
phosphorus  loss dur ing  the h e a t - t r e a t m e n t  because 
the  Wp does not  decrease wi th  hea t - t r ea tmen t ,  except  
for  the h e a t - t r e a t m e n t  at  1050~ in He gas. F rom this 
result ,  i t  is suggested tha t  P = O bonds dissociate 
wi th  h e a t - t r e a t m e n t  in He gas. Assuming  that  some 
volat i le  gases such as phosphorus species or  H20 
are  genera ted  by  the reduct ion of the  P --  O bonds, 
voids are  expected to be formed because of the corn- 

b ina t ion  of the  increased volat i le  gas pressure  and 
the low viscosity of the PSG film due to h igher  hea t -  
t r ea tmen t  t empe ra tu r e  and h igher  phosphorus  con- 
centrat ion.  More work  on the behavior  of phosphorus  
in  PSG film under  h e a t - t r e a t m e n t  in He gas is needed 
to unders tand  the void format ion  mechanism.  

In conclusion, the  s t ruc tura l  changes of PSG film 
wi th  h e a t - t r e a t m e n t  in H2 gas are  different  f rom those 
in  N2 gas. In H2 gas voids a re  formed in the PSG film 
in association wi th  the  film thickness increment ,  and  
the  in tegra ted  absorbance  of the  P = O band nea r  
1330 cm -1 decreases wi th  high t empe ra tu r e  hea t -  
t rea tment .  
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Oxygen Precipitation in Silicon at 650~ 
P. E. F r e e l a n d  

Bell Laboratories, Murray Hill, New Jersey 07974 

A grea t  deal  of a t ten t ion  has focused on the p rec ip i -  
ta t ion of oxygen  (1) in  sil icon in the  t e m p e r a t u r e  
range  1009~176 because of the re levance  to device 
processing, there  has been re la t ive ly  l i t t le  work  (2) at  
lower  t empera tu re s  a round  60O~ [In some recent  
work  associated wi th  laser  anneal ing  studies i t  was 
des i rable  to produce  a l a rge  number  of smal l  defects 
b y  hea t - t r ea t ing  si l icon at  as low a t empe ra tu r e  as 
possible  consistent  wi th  a reasonable  t ime (3).] In  this 
s tudy,  we fol low the oxygen  prec ip i ta t ion  behav ior  of 
a c rys ta l  hea ted  at  650~ for 10 days  by  in f ra red  
absorption,  x - r a y  anomalous  transmission,  and  x - r a y  
Pendel lSsung fringes. In  previous  prec ip i ta t ion  studies 
(4) a t  h igher  t empera tu re  (1000~ the above three  
diagnost ic  techniques have supp lemented  each o ther  
and have been va luab le  aids in de te rmin ing  the degree  
and na tu re  of p rec ip i ta t ion  in bulk  crystals .  

E x p e r i m e n t a l  
The Czochralski  crysta ls  used had been especia l ly  

g rown to contain a high oxygen  concentra t ion (5). The  
3 in. d i amete r  crystals  were  oriented,  sliced, and  pol -  
ished to a thickness of 2.5 rnm. They  were  chemical ly  
c leaned and then hea ted  at  650~ in an H2 a tmosphere  
for 10 days. The h e a t - t r e a t m e n t  was done in a qua r t z -  
l ined furnace  and the sample  was suppor ted  on a s i l i -  
con substrate .  Fol lowing  this t r ea tmen t  the  sample  and 

Key words: slllconm oxygen precipitation. 

its a s -g rown control  were  subjec ted  to the  tests de-  
scr ibed below. 

Results 
lnfrared absorption.--The in f ra red  absorp t ion  spec t ra  

of the  hea t - t r ea t ed  and a s -g rown  samples  a re  shown in 
Fig. 1. Curve A for the a s -g rown  sample  shows a l a rge  
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Fig. I .  Infrared absorption spectra of as-grown (curve A) and 
heat-treated silicon (curve B). 
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absorption peak at 9 #m which is a measure of the dis- 
solved oxygen. The peak value of the absorption co- 
efficient is a -- 4.0 cm - I  which corresponds to an oxy-  
gen concentrat ion of 1.1 • i0 Is cm -a  according to the 
cal ibrat ion determined by Kaiser et at. (6). [See recent 
review (7).] This value is high compared to the values 
of about 7-8 • 1017 cm -3 found in  crystals of similar  
d iameter  at  the seed end. For the as-grown spectra, 
there is also an  absorption peak at 19.4 ~m which cor- 
responds to the =,2 symmet ry  bending vibra t ion mode 
of the Si20 configuration, according to Hrostowski and 
Kaiser (8). These curves were obtained with a low 
oxygen, low carbon floating zone high pur i ty  crystal as 

755 

Fig. 2. X-ray anomalous transmission spectra of as-grown (curve 
a) and heat-treated siiion (curve b). 

Fig. 3. (a) X-ray section topograph of as-grown high oxygen sili- 
con (1.1 X 10 is cm -'~) using AgKaz radiation; (b) x-ray section 
topograph of silicon with high oxygen content after heat-treatment 
(650~ hr). 
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a re ference  in a dual  beam spectrometer .  No t race of 
carbon is observed in the  spec t ra  for the Czochralski  
sil icon at  16.5 ~m. Af te r  hea t - t r ea tmen t ,  spect ra  curve 
B shows a much  lower  absorpt ion  at  9 #m, ~ _-- 1.05 
cm -1 which corresponds to an oxygen  concentra t ion of 
2.8 • 101~ cm -~. Note  tha t  the  peak  at  19.4 #m has dis-  
appeared  ent i re ly .  This suggests tha t  this peak  might  
be a more  sensi t ive indica tor  of the  prec ip i ta t ion  proc-  
ess. Note also tha t  the 9 #m peak  in  curve B is consid-  
e rab ly  b roadened  p robab ly  due to contr ibut ions  f rom 
the p rec ip i t a ted  oxygen. F rom the 9 #m data  one would  
conclude tha t  a large  amount  of p rec ip i ta t ion  has 
occurred even at  the  r e l a t i ve ly  low t e m p e r a t u r e  of 
650~ 

X-ray anomalous transmission.--This method was 
shown to be a ve ry  sensi t ive indica tor  of the prec ip i -  
ta t ion of oxygen  in silicon hea ted  for va ry ing  t imes at  
1000~ (9). The resul ts  of x - r a y  anomalous  t r ansmis -  
sion in t eg ra ted  in tens i ty  measurements  a re  shown in 
Fig. 2. In  the  a s -g rown sample  (Fig. 2a) the in tegra ted  
in tens i ty  was Rd --  6.46 ( a r b i t r a r y  scale) .  The beam 
size was 1 mm2 and no var ia t ion  in in tegra ted  in tens i ty  
was observed  in different  regions of the sample  before  
or  a f te r  hea t - t r ea tmen t .  Af te r  h e a t - t r e a t m e n t  at  650~ 
Rd --  3.87, a decrease  of only  about  40%. Clear ly  the 
x - r a y  method  is less sensi t ive than  the in f ra red  
method  where  the  in tens i ty  has decreased by  a factor  
of  4. This resul t  is d i amet r i ca l ly  opposed to the findings 
in  previous  exper iments  on sil icon hea ted  at  1000~ 
where  the x - r a y  in tens i ty  Rd changes by  2 orders  of 
magn i tude  before  any  change is observed  in  in f ra red  
a t  9 ~m. 

Pendell6sung fringe section topographs.---Section 
topographs  were  taken  of samples  before h e a t - t r e a t -  
ment  (Fig. 3a) and af te r  h e a t - t r e a t m e n t  (Fig. 3b).  Al -  
though the samples  were  not ideal  thickness for  AgK~ 
rad ia t ion  (~t > 1) where  ~ is the absorpt ion  coefficient 
and t the specimen th ickness) ;  fr inges are  ev ident  in 
the  a s -g rown  sample  and are  only s l ight ly  less c lear  in 
the hea ted  sample.  However ,  the hea t - t r ea t ed  sample  
topograph  does have a mot t led  background  appearance  
and edges which are  not  as da rk  as the a s -g rown 
sample  topograph.  This is an indicat ion of a decrease 
in crys ta l  perfect ion.  In  contrast,  samples  hea ted  at  
1000~ for only  1 hr  show the presence of prec ip i ta te  
in section topographs  (4). Af te r  6 hr  at  1000~ the 
fr inges have comple te ly  d i sappeared  and are  rep laced  
by  bands of  defects (4). 

Conclusion 
I t  is wel l  known tha t  because of the la rge  volume 

expans ion  accompanying  oxygen  prec ip i ta t ion  in si l l -  

con (Si + 20  ~ SiO2; Vsio2/Ssl ~ 2) the  c rys ta l  is 
h igh ly  s t ra ined  (9). The high sens i t iv i ty  of  the x - r a y  
method in ea r l i e r  exper iments  (9) is due to the la rge  
prec ip i ta te  size which  is of the  o rde r  of or l a rge r  than  
the Pendel lSsung length  (~18 ~m).  At  low t e m p e r a -  
tures  where  the prec ip i ta te  size is expected to be small ,  
p robab ly  much smal le r  than  the Pendel l6sung dis-  
tance, the x - r a y  anomalous  t ransmiss ion method  is no 
longer  as sensi t ive to these precipi ta tes .  Ano the r  x - r a y  
technique such as diffuse sca t ter ing  of x - r a y s  in the 
vic ini ty  of  the Bragg  peaks  would be more  relevant .  
Previous  exper iments  a t  1000~ had led  to the conclu-  
sion tha t  the x - r a y  dynamica l  diffract ion method  was 
more  sensi t ive than  in f ra red  absorpt ion  to oxygen  
prec ip i ta t ion  in silicon. This is no longer  t rue  at  low 
t empera tu re s  w h e r e  the x - r a y  dynamica l  diffraction 
method is not  ve ry  sensi t ive to the smal l  p rec ip i ta te  
size. In  this t empe ra tu r e  range,  the in f ra red  measu re -  
men t  is a be t t e r  indica tor  of oxygen  precipi ta t ion.  
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Chlorine Evolution Reaction on Tin Oxide Anodes 

in an AICI -NaCI Melt at 17S~ 

I. Uchida,* H. Urushibata, and S. Toshima 
Department of Applied Chemistry, Faculty of Engineering, Tohoku University, Sendal 980, Japan 

Sodium tetrachloroaluminate melts 
are of special interest from the view- 
point of molten salt batteries and 
metal winning processes. One of the 
problems relating to them is develop- 
ing suitable anode materials work- 
able for chlorine evolution reaction. 
The previous investigations on chlorine 
electrode in the melts have been done 
by employing glassy carbon (1-3) and 
graphite and platinum (4). Carbon is 
the most popular with regard to chemi- 
cal durability and economic accessi- 
bility. However, it is noted that 
carbon electrodes except glassy carbon 
show considerable swelling and dis- 
integration in the melts. Recently, 
we reported on the chlorine evolution 
on tin oxide electrodes in LiCI-KCI 
eutectic at 450oc (5) and characteri- 
zation of the interface between tin 
oxide and the chloroaluminate melts of 
different pCl at 175oc (6), noting that 
Sb-doped tin oxide is a versatile elec- 
trode material stable in the melts. 

In the present paper we show 
current-potential curves of chlorine 
evolution on the tin oxide electrodes 
with different doping levels, compar- 
ing them with the kinetic behavior of 
glassy carbon electrodes (GCE). 

Experimental.--Sb-doped tin oxide 
electrodes were polycrystalline films 
prepared on Pyrex substrates in rec- 
tangular shape by a spray method. 
Electrode surfaces were held verti- 
cally in the melt. Details of the film 
preparation and the electrode con- 
struction are given elsewhere (6). A 
rod of GC was sealed into Pyrex tub- 
ing with a technique described pre- 
viously (7) and cut off at 45 ~ . 
Purification of the melt and experimen- 

*Electrochemical Society Active Member. 
Key words: semiconductor, electrode, 

Tafel slope. 

tal procedures were described previ- 
ously (5,6). Measurements were 
carried out at 175+2oc and electrode 
potentials were given with respect to 
the potential of an A1 electrode in 
the melt saturated with NaCI. 

Results and discussion.--Fig. 1 
shows the steady-state current vs. 
potential curves of chlorine evolution 
measured in the melt of pCl=l.l. The 
Tafel slope observed on GCE was close 
to RT/F. According to Letisse et al. 
(2), the Tafel region corresponds to 
the oxidation of free C1 ions and 
the plateau is the limiting current of 
CI-, while the further increase of 
current beyond the diffusion limit is 
due to the oxidation of AICI4. Thus 
we have two chlorine evolution reac- 
tions at the different potential 
regions, 

2CI- = CI 2 + 2e- 

4AICI  = CI 2 + 2A12CI + 2e- 

Arvia et al. reported that the Tafel 
slope on graphite at 190oc is RT/2F 
(4), suggesting that the rate-deter- 
mining step is a combination process 
expressed as Cl(ad)+Cl(ad) > C12. 
Our result on GCE was larger than that 
of Arvia et al., being rather close to 
the Tafel slope on GCE obtained by 
reconstructing the data in ref. (2). 

The polarization behavior on 
semiconducting tin oxide electrodes 
was different from that on GCE, show- 
ing the notable dependence on electron 
concentration of the oxides as seen 
in the curve (b) and (c). The shoul- 
der observed on a low-doped tin oxide 
electrode (N d = 7x1019 cm -3) at lower 
current densities is not due to the 
diffusion of CI-, and the difference 
between the low-doped and high-doped 
(N d = 3x1020 cm-3) specimens in the 
polarization behavior is too large to 
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be explained in terms of the effect of 
ohmic drop. The cell resistances 
measured between the reference and the 
tin oxide electrodes(area=0,5 cm -2) 
were about 15 ohm and there was no 
considerable difference between the 
two specimens. Thus it was demonstrated 
that the high-doped electrode shows 
fairly improved polarization similar 
to the behavior of GCE. However, awell- 
defined Tafel slope was not obtained in 
this case. As described in auqeous 
systems (8) and in melt systems (5,9), 
highly doped tin oxide electrodes are 
metal-like electrodes, indicating the 
reversible behavior for simple charge 
transfer reactions, because the space 
charge barrier present at the semi- 
conductor surface is highly trans- 
parent to electrons due to tunneling. 

It has been reported that the 
differential capacity measured at the 
SnO2-melt interface obeys the Mott- 
Schottky relationship (6). The carrier 
densities given in this work and flat 
band potentials were determined from 
the Mott-Schottky plots. The flat band 
potential in the melt of pCI=I.I was 
found to be 1.49 V for the high-doped 
SnO 2 and 1.68 V for the low-doped one. 
Obviously, the chlorine evolution takes 
place at potentials more positive to 
the flat band potentials where the 
space charge barrier is extremely thin 
particularly for the high-doped SnO 2. 
The electron tunneling through the 
space charge barrier is much easier at 
the high-doped SnO 2 electrode than at 
the low-doped one. The presence of 
the shoulder in the polarization 
behavior at the low-doped one suggests 
that the tunneling process may involve 
two mechanisms, tunneling via surface 
states in the band gap and direct 
elastic tunneling. 

Since the preparation of SnO 2 
having much higher carrier densities 
(-~I021 cm -3) is technically possible 
as obtained by Elliott et al.( 8 ), 
more improved polarization than the 
curve (b) would be expected with such 
highly doped specimens. It is of 
interest to develop SnO2-basedelectro- 
catalyzers usable in melt systems by 
applying the oxide-coating technology 
used in the production of DSA. 
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Reduction of Oxygen on Silver Electrodes 
in Ternary Alkali Carbonate Eutectic Melt 

A. J. Appleby* 
Electric Power  Research Institute, Palo Alto, California 95303 

S. B. Nicholson 
Institute of Gas Technology, Chicago, I~linois 60616 

Tyurikov et a l . ( I )  have described resul ts  ob- 2. 
tained for  reduction of oxygen on various 
substrates in a number of carbonate melts. 
They show that on smooth s i l ve r  electrodes 
currents were greater than those on gold. Un- 
less the i r  observation can be explained by 
geometric factors ,  th is  resu l t  is inconsistent 
with the supposition of an essent ia l ly  d i f f u -  3. 
s ion-contro l led mechanism involving i n i t i a l  
chemical formation of peroxide and superoxide 
ions from 02.and C03 =, as described in pre- 
vious work (2,3).  

Accordingly, a study of oxygen reduction on 
immersed s i l ve r  electrode, with a polished 
0.5 cm2 surface was conducted. Apparatus 
and experimental procedure were as in pre- 
vious work (2,3).  Potent ials are given on 
the 0.33 atm 02/0.66 atm C02 scale. Poten- 
t i o s t a t i c  resul ts  obtained at 650oc under 
steady-state condit ions in a 10% 02-10% C02 
atmosphere may be summarized as fol lows: 

. Extremely high current densit ies 
(> I0 times those on gold) were 
obtained on s i l ve r  electrodes that 
had been dipped in H202 or n i t r i c  
acid before being inserted into 
the carbonate ce l l .  These elec- 
trodes had rest  potent ia ls of 
about -250 mV (well below the 
theoret ical  value of -I01 mV) 
and the cathodic currents slowly 
decayed over a period of days when 
the electrodes were polarized at 
-900 mV. 

Electrodes that had been untreated 
with oxidizing agents, or that  had 
been hydrogen-reduced, showed 
lower current densi t ies,  which 
decayed more qu ick l y ,  and somewhat 
lower rest  potent ia ls .  

Af ter  2-3 days for  oxidized 
electrodes and a f te r  a few hours 
for  reduced or untreated elec- 
trodes, currents had decayed to 
the same order of magnitude as 
those on gold at -900 mV. The 
high i n i t i a l  currents were s t i r -  
r ing-independent; the f ina l  
currents were st i r r ing-dependent,  
as observed on g o l d ~ ) .  Rest 
potent ia ls on these electrodes 
fe l l  to about -775 to -800 mV. 

Figure 1 shows a comparison of oxygen 
reduction on an unoxidized electrode a short 
time af ter  being placed in the cel l  and on 
the same electrode a f te r  8 hours exposure 
to the melt. The very large current densi ty,  
which was independent of s t i r r i n g ,  indicates 
that the oxygen being reduced is present in 
or on the metal. As s i l ve r  normally contains 
large quant i t ies of dissolved oxygen that 
occlude at high temperatures, the current 
observed is c lear ly  due to the reduction 
of th is  mater ia l .  The high rest  potent ia ls 
under these condit ions indicate the occur- 
rence of an oxide passivation phenomenon. 

* Electrochemical Society Member 
Key Words: molten carbonate fuel ce l l ,  
cathode, s i l ve r  
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Figure I .  CATHODIC REDUCTION OF OXYGEN ON 
SILVER: COMPARISON OF ELECTRODE IN FRESH 
CONDITION AND AFTER 8 HOURS EXPOSURE TO MELI 
AT -800 mV. POTENTIALS ON 0.33 atm 
02/0.66 atm C02 SCALE. 

In a molten carbonate fuel ce l l ,  i t  therefore 
appears that s i lver  cathodes act as oxygen 
transfer agents, for  which the bulk of the 
oxygen diffuses through the metal. Cor- 
rosion is slowed by a combination of pas- 
sivation due to oxide formation and con- 
centration polar izat ion due to dissolved 
s i lver  ions. The ef fect  of th is type of 
polar izat ion is evident in the s t i r r i ng -  
dependence of the rest potential in Figure I .  

Figure 2 shows the ef fect  of an 8-minute 
exposure of the s i lver  electrode to the 
atmosphere above the melt at 650~ In this 
case, the amount of oxygen adsorbed af ter  
this short exposure is considerable, and i t  
is not ent i re ly  reduced af ter  one polarization 
cycle. 
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Li/TiS2 Cell with Solvate Melt 

B. M. L. Rao* and L. P. Klemann* 
Exxon Research and Engineering Company, Advanced Energy Systems Laboratory, Linden, New Jersey 07036 

Li/TiS2 solid electrolyte cells with sol- 
vate complexes of lithium salts have been re- 
cently disclosed ( I ) .  In this paper, we pre- 
sent the behavior of Li/TiS2 cells in a low- 
temperature melt consisting of Lil:glyme 
solvate. 

Lithium iodide forms solvate adducts 
with glyme(s) (mono-, d i - ,  tri-glyme) which 
result in crystal l ine solids and ultraconcen- 
trated solutions in I-4 mole ratio of the 
solvent per mole of the solute. The solid 
adducts may be generated by mixing, melting, 
(~70~ and cooling the ingredients in a 
l : l  to 1:2 mole ratio of LiI:glyme(s). At a 
higher solvent ratio (~2.5-3), solid compo- 
sitions co-exist with ultra-concentrated 
solutions, and compositions with >4 moles of 
solvent per mole of solute are liquids, at 
room temperature. 

Fig, l il lustrates the specific resist- 
iv i ty composition data for the Lil:glyme(s) 
melts at 95~ The data indicate that the 
solvate adduct melts are ionic liquids, which 
may be of interest in the development of 
high energy density lithium cells, based on 
low temperature (<lO0~ fused salts. 

The LiI:glyme (l,2.dimethoxyethane, 
b.p. 85~ adduct is a l ight yellow solid 
(m.p. 60-65~ in the composition range 1.75- 
2.B5 moles of solvent per mole of solute. 
A Li/TiS2 cell was tested in this electro- 
lyte at 75~ 

The tes~ cell consisted of a lithium 
anode ~gQmAh/cm2 (l"xl"xO.02" foi l  on nickel 
grid), a pressed powder, 45 mAh/cm2 TiS2 ca- 
thode (l"xl"x(O.04"-O.05"), lO W/O teflon, 
40-50% porous), a fiber glass separator 
(0.015" thick, 75% porous), and was held to- 
gether with a fiber glass strap. The cell 
was assembled in a helium dry box and was 
contained in a suitable glass jar with pro- 
vision for external electrical connections. 
The cell was operated at 75~ after adding 
LiI:glyme molten electrolyte of composition 
1.75-2.25 moles of glyme per mole of LiI. 

First discharge data for Li/TiS2 cells 
at I0-20 mA/cm2 is given in Fig. 2. I t  is 
noted that the material uti l ization (% M.U.) 

of the cathode-limiting cell is ~90% of the 
theoretical capacity to 1.5 V. The cells 
were not rechargeable under the ambient tem- 
perature conditions of this work. We note 
the recent report wherein a sodium-TiS2 cell 
has been operated at 130~ in an electrolyte 
of Nal-triglJnne[2]. 

The following experiments were carried 
out to understand the lack of rechargeability 
of the cells. 

I. Lithium electroplating and anodic 
stripping experiments were done in the elec- 
t rolyte in half-cell mode using a lithium ref- 
erence and a nickel grid working electrode. 
The electrodeposition resulted in plating of 
a black, non-adherent deposit, which yielded 
30% anodic stripping eff iciency, and gassing 
was noted at the working electrode during the 
electrodeposition and stripping experiments. 
In the pre-lithium deposition potential region, 
a background current of ~I mA/cmZ, probably 
associated with the gassing reaction, was 
noted. 

2. TiS2 half-cell  studies indicated that 
the cathode is inherently rechargeable. 

3. Examination of the spent cell reveal- 
ed a blue-grey film on the lithium anode; also, 
a yellow discoloration was seen on the cathode 
side of the separator. Finally, a TiS2 cathe 
ode had expanded ~I00% in thickness. 

4. X-ray dif fract ion studies on the dis- 
charged TiS2 cathode indicated intercalation 
of the glyme, in addition to the expected for- 
mation of Li/TiS 2. 

Analysis of the experimental results sug- 
gested that the lack of rechargeability may 
be associated with very strong complexing of 
Li + ions by glyme. Strong complexation of Li + 
by multidentate chelating ethers might be ex- 
pected to inhibit the molecular process of 
cation release required for adatom formation 
during electrodeposition. Inhibition of the 
desolvation process might, in turn, make al- 
ternate reaction pathways preferable energetic- 
al ly, and such an alternate pathway seems to 
be the gassing (reductive degradation of glyme) 
reaction at the polarized electrode. I f  the 
strong complexation of Li + ion inhibits the 
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release of the cation, additional effects would 
be expected at the TiS2 cathode during the dis- 
charge of the cel l .  In this case, intercala- 
t ion of l i thium occurs, but not without sub- 
stant ial  co- intercalat ion of the strongly co- t 
ordinated polyether l igand, as witnessed by 
the excessive expansion of the cathode and the u 
X-ray d i f f rac t ion data. The co-intercalat ion 
of the polyether offers one plausible mecha- 
n is t ic  interpretat ion for the point of in f lec-  
t ion observed in the discharge curve (Fig. 2), 
although th is offering is speculative Dis- �9 
charge performance did not appear to be severe- 
ly affected by the polyether co- intercalat ion.  

Other points worth highl ight ing are as 
follows: 

(a) The cel ls may be discharged at high 
rates in the low temperature melt, and 

(b) the cel ls may be stored in solid elec- 
t ro ly te  mode to favor long storage l i f e .  

These features render the solvate adduct 
an at t ract ive candidate for a low-temperature 
Li/TiS2 thermal ce l l .  
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Auger Electron Spectroscopy Depth Profile of 
Thin Oxide on a Ti-Mo Alloy 
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Recently we investigated (l" ~ the growth 

and properties of thin oxide films which were 

grown on a titaniun electrode. It is the aim 

of this communication to describe some prop- 

erties of an anodic oxide which were grown on 

a Ti-Mo alloy. 

For the formation of a controlled oxide 

thickness on a bare substrate to be used as an 

AES sample, the previously described (1) method 

was employed which consists of polishing the 

electrode surface ~3p diamond dust embedded in 

a polishing cloth) while holding it at a catho- 

dic bias (-0.95V vs SCE) and then applying to 

it a positive linear potential scan. 

The alloy studied was the 8-III, a Ti based 

metastable alloy (Ti, 11.5 Mo, 4.5 Sn, 6 Zr) 

the stress-corrosion behaviour of which was 

studied by Hickman et al (2) and which was used 

as received without any heat treatment. 

The current/potential curve during the 

anodic potential scan of the alloy electrode in 

slightly acidic solution is shown in fig. i, 

~here it is compared to the voltammogram of 

pure Ti and pure Mo under the same conditions. 

As in the case of pure Ti, the voltammo- 

gram is distinguished by an extended potential 

interval (~ 2V) in which the anodic current 

which is attributed to oxide formation remains 

constant. Such a mode of oxide growth results 

in the formation of a homogeneous film the 

Key Words: Alloy, Electrode, AES, sputtering 

thickness of which varies linearly with the ap- 

plied potential at full current efficiency. (I) 

However, the "dissolution peak" which is ob- 

served at pure Ti (~ -0.65V) is missing. This 

is in agreement with the finding of Tomashov 

et al (3) who find a suppression in the dissolu- 

tion rate of Ti at the prepassive state when 

alloyed with Mo in the 8 phase and will be dis- 

cussed later. 

e--  

I' 
i 

-0.8 

i i i i i i i I i i i i ! 

i b 
. . . . . . . . . . . . . .  Cl_~ 

T / / 
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/ 
I 
I 
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Potential ,V vs SCE 

F ig .  1. C u r r e n t  v o l t a g e  curve  f o r  a - 6 I I I  

alloy, b - Ti and c - Mo in IN Na2SO4,PH 2.3. 

Little is known about the composition of 

anodic oxides of alloyed Ti. Recently Paleolog 

et al (4) assumed that the anodic oxide of a Ti- 

Ni alloy consists mainly of TiO 2 with Ni dop- 

ing at the metal/oxide interface. 

We adopt a similar picture with regard to 

the distribution of Mo within the oxide of the 

8-III and in order to probe it the oxides were 

subjected to Auger Electron Spectroscopy (AES) 
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depth profiling immediately after their forma- 

tion with the use of a Phi Model 590A Scanning 

Auger system equipped with sputtering, multi- 

plexing and in situ fracturing facilities. 

The difficulties in quantitative AES ap- 

plication to very thin (<IOOA) TiO 2 films and 

to Me oxides have been described before (5'6). 

However, our aim was to locate the Me distri- 

bution within the oxide. The appearance of 
dN the Me major peaks (186,221 ev in the ~-mode) 

in the absence of the 27ev peak which is char- 

acteristic of metallic Ti, proves the exis- 

tence of Me within the oxide if the escape 

depth of the 27 and 221(186)ev Auger electrons 

are assumed to be about equal. The depth pro- 

file of the oxide is shown in fig. 2. The out- 

er layer of the oxide (oxide~solution inter- 

face) consists exclusively of TiO 2 and the Me 

concentration increases toward the metal oxide 

interface. The increase in the carbon concent- 

ration increases toward the metal oxide inter- 

face. The increase in the carbon concentration 

in this region is attributed to the polishing 

procedure prior to film formation (polishing 

with diamond dust). It should be noted that a 

similar apparent distribution of Me can result 

if: (a) There is a preferential sputtering of 

Ti over Me (7) which leads to the surface accu- 

mulation of Me during the sputtering, or ~) 

Me is gradually reduced by the ion beam, (6] or 

continuously changes its oxidation state while 

penetrating the film in such a way that its 

Auger peak shape is changed and enhanced even 

without any increase in its concentration. 

Possibility (a) should also be manifested 

after the film is completely sputtered through; 

however the Me signal then reaches a steady 

state. Also the Auger peak of Me oxide grown 

at IV did not change during the sputtering 

which eliminates the second possibility. We 

believe the chemical state of Me within the 

oxide to be that of Mo ion (Me +3 or Me +S ), 

which because of its size, does not fit the 

Ti02 phase and thus exhibits in it a much 

slower mobility than the Ti ion. It probably 

does not reach the solution/oxide interface 

except in the very early stages of film 

growth. 

I i' i I i I i i | I 

I 0(508),1 

/ ' "  Ti(418)xl 

~ [ ~ / /  Ti(27)~.2 

i / . .-"** . . . . . . . . . . . . . . . . . . . . . . . . .  

,!- - / ,  ...;:." \ 

r  ,"" / I -  . . _ . I -  " - ' ~ L -  

0 5 6 9 12 15 
Sputtering tirne,min 

Fig. 2. AES depth profile of oxide formed at 

6 Ill alloy at 2V vs SCE, solution as in fig.l. 

Sputtering by 3 key Kr + ions. 

The absence of the Ti dissolution peak 

(fig. l) may be relevant to the superior beha- 

viour of this alloy in corrosive media [2'5) 

when the bare substrate might be exposed to 

solution. Two explanations, which are support- 

ed by the AES findings, can be provided for 

this observation. Firstly: In the AES of pure 

Me or of its oxide the 221 ev Auger peak is 

smaller than the 186 ev peak, but the 221 ev 

peak of Me in the alloy is bigger than the 
dN 

186 ev one (in the ~ mode, fig.3). This refl- 

ects some specific interaction between Ti and 

Me in alloyed state, which may possibly stabi- 

lize the Ti atom in the solid compared to its 

state in pure Ti. Secondly: At -0.95V while 

polishing, Ti dissolves into solution (1), but 
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this electrode potential is too negative for 

the Mo dissolution [8) and it seems, therefore, 

feasible that the substrate surface prior to 

film formation is enriched with Mo which pro- 

vides a barrier for the Ti dissolution. Indeed, 

the concentration of Mo which is found by AES 

after the oxide is removed by sputtering and 

which represents its quantity at the surface 

prior to anodization, is much higher than its 

concentration at the surface which was obtained 

by the in situ fracturing of the alloy (fig.4) 

UJ 

Z 
io 

Mo in ~ -m 

I0O 200 
Electron Energy,eV 

Fig. 3. AES of Mo in its pure state and in 

III alloy. 
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Although metal chalcogenides can be grown 
on the parent metal by anodic oxidation in a 
sulphide containing electrolyte (1,2,3), and 
by cathodic reduction from aqueous solutions 
containing soluble metal and chalcogen com- 
pounds (4,5), no effective method of growing 
smooth coherent films of these compounds from 
non-aqueous solutions in a cathodic process has 
been reported in the literature. Recently, a 
general method of cathodic electrodeposition 
of metal chalcogenides on a variety of con- 
ducting substrates has been developed in this 
laboratory. The principle of the technique in- 
volves dissolving a salt containing the desired 
metal ion and the elemental chalcogen in a 
suitable non-aqueous solvent and depositing the 
metal ion at a suitable cathode under current 
control; the metal chalcogenide is formed by 
rapid reaction of a freshly deposited metal 
monolayer with the dissolved chalcogen. The 
technique has proven successful in depositing 
thin films of CdS, HgS, PbS, TI2S, Bi2S3, Cu2S, 
NiS, CoS and CdSe. The substrate conductors 
have included Pt, Au, stainless steel, Ni, Zn 
and glass covered with a conducting film of 
Sn02. The non-aqueous solvent was usually di- 
methylsulphoxide (DMSO) but deposits of good 
quality were also obtained from dimethylforma- 
mide (DMF) and ethylene glycol. 

In the case of CdS, good quality deposits 
were obtained from DMSO solutions containing 
6 g litre -I sulphur and i0 g litre -I CdCI2 
where electrolysis was carried out between Pt 
electrodes with a current density ~ 2.5 mAcm -2 
at II0~ The quality of the deposit was in- 
dependent of sulphur and CdCI2 concentration; 
moreover, addition of up to ten percent water 
to the solution had no significant effect on 
deposit quality. In this case there was no 
need to separate anolyte and catholyte compart- 
ments. Deposit characteristics depended on 
temperature, highly non-stoichiometric deposits 
being obtained below 90~ This result un- 
doubtedly reflects the need for the chemical 
reactions accompanying electron transfer to 
proceed at a rate sufficiently high to main- 
tain an almost stoichiometric electrodeposit. 

The properties of the electrodeposited 
CdS films are very interesting with respect to 

their potential use in photovoltaic devices. 
X-ray examination of the films has shown that 
the crystallites are all oriented with their 
[iii] planes parallel to the electrode surface. 
Although their specific resistivity is rather 
high (~106 ~ cm), it may be considerably re- 
duced by adding NaI to the catholyte compart- 
ment of a cell in which the anolyte and catho- 
lyte are separated by a barrier such as a 
fritted glass disc. 

The technique for producing films of PbS, 
BizS3, NiS, CoS and TI2S was the same as that 
for CdS, CdC12 being replaced by PbCI2, BiCI3, 
NiCI2, COC12 and TICNS, respectively. Slightly 
modified procedures were used in other cases. 
Cu2S was electrodeposited from a solution con- 
taining 5 g litre -I CuCN, 5 g litre -l CsCI and 
6 g litre -I S. The cuprous cyanide salt was 
used to prevent the formation of undesirable 
intermediates which arise when other copper 
salts are used; the CsCI was added to increase 
solution conductivity. In the case of HgS, 
the solution contained 23 g litre -I Hgl 2 and 
8 g litre -I KI together with the usual amount 
of sulphur. In the presence of iodide ion, 
the reduction potential of Hg q-~ is shifted into 
a more negative region where complications due 
to oxidation processes are not present. CdSe 
was most conviently deposited from a DMF solu- 
tion saturated with selenium and containing 
i0 g litre -I CdCI2 and i0 g litre -I KI. Alower 
current density (~0.5 mAcm -2) was employed be- 
cause of the reduced chalcogen concentration. 

The semiconductor properties of the elec- 
trodeposited films have been examined in cells 

of the configuration 

PtlMnXyllM Na2S, i M NaOHIPt 

where MnXy represents a metal chalcogenidewith 
metallic cation M +a and chalcogenide anion 
x-b(an=by). Illumination of a Pt electrode 
covered with metallic chalcogenide resulted in 
an anodic photocurrent in the cases of CdS and 
Bi~S~ indicating that the film had the proper- 
ties of a n-type semiconductor. On the other 
had, TI2S in the same configuration behaved as 
a photocathode, that is, as a p-type semicon- 
ductor (6). NiS and CoS had metallic conduc- 
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tivity and showed good catalytic properties 
for electrode processes involving sulphur com- 
pounds in which the sulphur is in a low oxida- 
tion state (7). 

A detailed study of the properties of the 
electrodeposited films by scanning electron 
microscopy is currently in progress. The re- 
sults of this investigation as well as an in- 
vestigation of the mechanism of the process 
will be reported in future papers. 
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by the Microtwins in the Silicon 
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Abst rac t  

Plan view TEM micrographs of operat ing 
SOS/MOS t rans is to rs  c lear ly  show the ex ten t  
and d i s t r i bu t i on  of the si l icon microtwins 
t h r o u g h o u t  the junc t ion  and channel regions.  
Numerous microtwins are found in the junc -  
t ions w i thou t  causing any detect ib le e lec t r i -  
cal problems. I t  is suggested tha t  these de- 
fects wil l  p robab ly  not be a fundamental  
l imitat ion to geometrical reduct ion of SOS/ 
MOS devices.  The twins cause a depen- 
dence of f ie ld ef fect mobi l i ty  on c u r r e n t  
f low d i rec t ion .  

There  has been concern expressed tha t  
c rys ta l  imperfect ions in epi taxia l  si l icon 
(100) on sapphi re (1102) f i lms i n ' t h e  t h i c k -  
ness range usua l l y  used for  MOS devices 
(0 .4 -0 .7  tJm) may l imit  the size reduct ions 
possible in the devices. Size reduct ion is 
genera l ly  considered to be cr i t ica l  to the 
successful  implementation of devices in VLSI 
(Ve ry  Large Scale In tegra t ion )  and VHSI 
(Ve ry  High Speed I n t e g r a t i o n ) a p p l i c a t i o n s .  
We show in th is  note TEM micrographs which 
g ive a clear indicat ion of the ex ten t ,  d i s t r i -  
bu t ion ,  and physical  size of the most common 
defects in the SOS epi f i lms, namely the 
microtwins,  in an operat ing MOS t rans i s to r .  
I t  is shown tha t  one can expect  a populat ion 
of these microtwins in any size device tha t  
might  reasonably be considered fo r  VLSI or  
VHSI appl icat ions.  

We have shown p rev ious l y  tha t  f ou r  
systems of microtwins ex is t  in typ ica l  SOS 
fi lms used for  devices us ing TEIVl meth- 
ods [ I - 6 ] .  X -Ray  data has also indicated 
the presence of these systems [7 ] .  Th is  
prev ious TEM work  all used cross sectional 
samples which are on ly  1000 - 2000 ~ t h i ck  
in a d i rect ion paral lel  to the S i -sapph i re  in-  
ter facia l  plane (The X -Y  p lane) .  Typ ica l  
VHSI devices might  have minimum X -Y  plane 
geometries ten or more times th is  size. The 
cross sectional views show tha t  many of the 
microtwins in tersec t  the top surface of the 
fi lm where the surface channel ex is ts .  I t  is 
usua l ly  found tha t  the top surface dens i t y  

of two of the fou r  [111] tw in  systems is 
much greater  than tha t  of the o thers .  

Information on the distribution of the 
defects in the X-Y plane is also necessary 
to determine their probable impact on very 
small geometry devices and on P-N junctions. 
In order to determine this distribution, MOS 
devices which were fabricated by conven- 
tional processes in the factory were ex- 
amined using a vertical (or plan) view for 
the TEM specimen. The micrographs to be 
shown are from a transistor which was care- 
fully measured for electrical performance be- 
fore it was formed into a TEM compatible 
form. The transistor was typical of thou- 
sands of similar well behaved devices which 
were also measured. 

The TEM specimens have had the po ly -  
si l icon gate removed from the top of the epi 
island but  the polys i l icon remains on the ad- 
jacent sapphi re  as shown in F igure 1. The 
polys i l icon remaining on the sapphi re  c lear ly  
indicates the approximate posit ion of the 
source and dra in  p-n  junc t ions  since a sel f -  
al igned process was used for  t he i r  format ion.  
The device chosen for  th is  micrograph has 
nominal channel dimensions which would be 
considered large for  most VHSI appl icat ions.  
However the re la t i ve ly  large size coupled 
wi th a clear p ic tu re  of the junc t ion  regions 
allows one to cons t ruc t  any size device tha t  
is desired on the micrograph.  

F igure 2 shows a b r i g h t  f ie ld TEM im- 
age obtained by t h i nn i ng  the specimen en- 
t i r e l y  from the sapphi re side to a po in t  
where a v e r y  small amount of sapphi re  re- 
mains under  the s i l icon.  The ent i re  channel 
region is v is ib le  in the low magnif icat ion 
micrograph (F ig .  2B) and the d i s t r i bu t i on  of 
the microtwins is ev ident .  I t  is especial ly 
re levant  tha t  there  is no not icable boundary  
present  between the heav i ly  doped s o u r c e  

and dra in  regions and the l i gh t l y  doped s i l i -  
con in the channel reg ion.  There  are nu-  
merous twins present  in the junc t ions .  
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Since normal device operation is found 
in this t rans is tor ,  i t  is reasonable to project 
that  these microtwins will not be an obstacle 
to geometrical reduction of SOS devices to 
the micron and sub-micron range. Of 
course, tradit ional small device effects 
should be expected, but this data clearly 
shows that  microtwins in the junction will 
not cause signi f icant ly infer ior  performance. 

It has been found, however, that a 
maximum in the field effect mobil i ty exists 
when the cur ren t  flow direction is parallel 
to only one of the two vectors shown in 
Fig. 2D. For the device shown in Figure 2, 
a mobil i ty degradation e~ists since the cur -  
rent flow direction is at "-45 ~ to the vectors. 
The magnitude of this effect depends on the 
twin densi ty on the respective [111] planes 
but is not s t rongly  dependent on the type 
of surface channel (N or P). As the cur-  
rent flow direction is rotated through 360 ~ 
in the plane of the sapphire surface (using 
test s t ructures previously described [8 ] )  
maxima and minima occur with 180 ~ sym- 
metry. A typical ratio of maximum to mini- 
mum mobil i ty for films with twin densities 
similar to that  shown in Fig. 2 is 1.4 for 
both electrons and holes. This bipolar 
effect would not be expected if a simple 
stress mechanism were responsible for the 
anisotropy. A cooperative effect between 
the two twin systems which intersect the 
top surface is probably responsible. For 
very  high twin densities [9] ratios as high 
as 10 have been observed. A more detailed 
discussion of these orientation effects is in 
preparat ion. 
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THE POLY SILICON 
WAS SELECTIVELY 
REMOVED OVER THE 
CHANNEL REGION 
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Figure 1. 

Optical micrographs of transistors similar to those used for 
the TEM samples. Top view with light transmitted through 
the sapphire. 

(A) Configuration used during electrical measurements. 

(B) TEM sample before ion thinning. The poly over the 
epi island only was selectively removed. The aluminum 
remains only in the contact holes. 

Figure 2. 

Plan views of the same SOS/MOS transistor at different 
magnifications. 

(A) Schematic 

(B) Transmission electron micrograph showing overall 
view of transistor structure. Dark region at A is 
thick region of sapphire. 

(C) TEM showing grain structure of poly silicon at top 
and microtwins in the epi silicon at bottom. Dark 
regions at B are artifacts. 

(D) TEM showing microtwins in epi silicon. 

B, C, and D were taken in bright field, many beam condi- 
tion with B = 100. 



Effect of Carbon on the Dissolution of Fused 
Silica in Liquid Silicon 
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Dissolution of industrial silica in 
molten silicon was studied by Chaney and Var- 
ker (i). For EFG silicon ribbon growth (2), 
graphite is generally used as a die material 
with either a graphite or quartz crucible to 
contain the melt. Since various reactions are 
possible between oxygen, silicon, and carbon 
(3,4,5), an effort was made to measure the 
dissolution rate of silica in the presence of 
carbonaceous atmosphere. 

The experimental procedure consisted of 
inserting a GE-204 quartz rod into liquid sili- 
con at a given temperature. After four hours 
exposure at temperature, the rod was removed 
from the melt and the change in the diameter 
of the rod was measured to calculate the dis- 
solution rate. It was found that the addition 
of carbon into the melt increased the dissolu- 
tion rate of quartz. Fig. 1 shows the effect 
of adding various amounts of carbon to the 
melt on the dissolution rate. It was also 
found that the dissolution was slightly higher 
for radio frequency stirred melts compared 
with resistance heated melts. Fig. 2 shows the 
dissolution rates with and without carbon in 
the melts as a function of temperature on Art_ 
henius plots. For melts with carbon, a Si02/C 
surface area ratio of about 10.5 was selected. 
This is a typical ratio for an EFG ribbon pro- 
duction unit. However, it is possible to esti- 
mate approximately the results at other ratios 
from these two graphs. 

The depth of the groove developed in the 
liquid-solid-ambient (argon) interface menis- 
cus due to surface tension driven convective 
flow was very irregular and no correlation 
with exposure time could be established. 

After exposure to liquid silicon, quartz 
samples were examined by X-ray diffraction. In 

* Now with Energy Materials Corp.,,Harvard, 
Massachusetts, U.S.A. 

** Electrochemical Society Active Member. 
Key Words: dissolution, silicon, silica, 
carbon. 

addition to a-cristobolite, B-Si C was de- 
tected. The following reactions are possible 
between quartz and carbon depending upon the 
melt temperature and the partial pressure of 
the gas species, 

2C + SiO 2 + SiC + CO 2 [i] 

3C + 3SiO 2 § SiC + 2CO 2 + 2SiO [2] 

4C + 2SJO 2 § SiC + 3C0 + SiO [3] 

3C + SiO 2 § SiC + 2C0 [4] 

C + SiO 2 § SiO + CO [5] 

C + 2SiO 2 § 2SiO + CO 2 [6] 

Among these reactions [4] and [5] are 
thermodynamically favorable. Schmid et al. 
(3) have made a complete thermodynamic analy- 
sis of these reactions and established the 
regions of stability of these reactions as a 
function of pressure and temperature. On 
the basis of the experimental evidence and 
thermodynamic analysis, we conclude that the 
presence of carbon in the melt enhances the 
dissolution of silica. 
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A Cyclable Lithium Organic Electrolyte Cell 
Based on Two Intercalation Electrodes 
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Lithium organic electrolyte batteries 

based on intercalation or topochemi- 

cal reactions are currently conside- 

red of great interest as high energy, 

secondary power sources. 

However,while the complete reversibi- 

lity of the intercalation electrodes 

has been extensively proved(l-S),still 

remain some problems in overall cell 

rechargeability,mainly related to the 

lithium electrode,which presents a 

very poor plating-stripping efficien- 

cy in organic electrolytes(4-6). 

This problem has been largely emphasi- 

zed and various solutions,especially 

directed to the selection of improved 

electrolyte media(7),have been propo- 

sed. 

In alternative,we have considered the 

possibility of replacing the lithium 

electrode with another intercalation 

electrode,in order to realize a cell 

with two intercalation electrodes ha- 

ving a different lithium activity. 

With respect to systems using lithium 

negatives,such a combination should 

result in lower potential values but 

in higher rechargeability characteri- 

stics. 

Indeed,the benefical effect of this 

combination has been already proved 

in our laboratories for the cyclabili- 

ty of copper solid-state cells(8). 

To test its validity also in lithium 

organic electrolyte cells,we have con- 

sidered the LixWO2/LiyTiS 2 system. 

The choice has been motivated by the 

fact that both LixW02(9)  and  L i x T i S 2  

(1,2) are reversible electrodes and 

have e.m.f, values vs Li which range 

from I.IV to 0.5V and from 2.6V to 

l.gV,respectively,for O~x~l. 

Consequently,the e.m.f, range of the 

LixWO2/Li  TiS 2 s y s t e m  s h o u l d  f a l l  b e -  
Y 

tween 2.1V (x=l , y=O) and 0.8V(x=O , 
y=1),a range which may be considered 

of practical interest. 

As preliminary test of the above consi- 

derations,we have first assembled a 

small cell of the type 

Li / LiCIO4-RC / WO 2 [i] 

by subsequently contacting in a teflon 

container having nickel terminals a li- 

thium disc,three glass wool separator 

discs soaked with IM LiCIO solution 

in propylene carbonate(PC)4and a small 

amount (typically around 20 mg) of pow- 

dered WO 2 . 
-2  

After discharge at 0.i mAcm to 0.5 V 

out-off,the cell was disconnected and 

the lithium disc replaced with powde- 

red TiS2,in order to form the cell 

Li• LiClO4-PC / TiS 2 [2] 

*Electrochemical Society Active Member 

Key words:cyclable lithium batteries, 

intercalation electrodes. 

Cell[2]had an open circuit voltage 

(OCV) of 2.OV at 25 ~ 

A typical example of 'charge-discharge' 
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cycles,which practically involve the 
reversible transference of lithium 

across the cell,is shown in figure I. 

31 , 

0 1 2 

"' 2 

0 1 
> 0 1 2 

3 , , 

I I ,  

I i 

cycle 57 

cycle 68 

T IME,hours  

Figure l.Typical 'charge-discharge'cy- 
cles of cell[2]at 0.i mAcm-2 

and at room temperature. 

Upon prolonged cycling,no massive indi- 
cations of cell deterioration,such as 

progressive increase of internal resi- 

stance and substantial lack of 'charge- 

discharge' efficiency were noticed. 

The results appear encouraging for 
expanding in more details the pre- 

liminary study here reported as well 

as for extending the investigation of 

lithium 'concentration' cells to other 

electrodic systems. 
This research activity is presently in 

progress in our laboratories. 
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Safety Studies on Li/SO  Cells 
II. Kinetics of Lithium-Organic Solvent Exotherrnic Reactions 

A. N. Dey* and R. W. Holmes 
I), R. Mallory & Company, Incorporated, Laboratory/or Physical Science, Burlington, Massachusetts 01803 

ABSTRACT 

An isothermal DTA technique was developed for s tudying the kinetics 
of the heterogeneous exothermic reactions involving l i th ium metal  and or-  
ganic solvents used in  the Li/SO~ batteries. The results showed that  while  film 
forming agents such as SO~ and PC re tard  the Li + AN exothermic reaction 
( the crucial  react ion for Li/SO2 cell safety),  the organic solvents such as 
MF, DME, DG, and THF enhance the Li q- AN exothermic reaction most 
probably  due to an enhanced solubilizing effect on the Li film. The above 
solvents by themselves were found to be quite stable wi th  Li. 

Li/SO2 organic electrolyte system is one of the 
most advanced high energy densi ty systems (1-4) 
known  to date and is avai lable f rom several m a n u -  
facturers.  Al though these batteries are quite abuse 
resis tant  for a var ie ty  of applications, it was at tempted 
to explore the feasibil i ty of improving the abuse re-  
sistance of these cells even fur ther  so that  these are 
safe unde r  all  user  conditions. We carried out DTA 
(differential  thermal  analysis) of indiv idual  cell com- 
ponents  (5) as wel l  as the cells (6) i n  an  effort to 
ident ify the reactive cell consti tuents which could 
ini t ia te  and /o r  propagate a thermal  runaway.  The 
commercial ly  avai lable Li/SOg. cells contain an  Li 
anode, porous carbon cathode pasted on expanded 
a l u m i n u m  grid, and an  organic electrolyte containing 
LiBr, acetonitri le (AN),  and  l iquid SO2, SO2 acts as 
the cathode active material .  

From the DTA studies we have shown that  the re-  
actions most l ikely to ini t ia te  a thermal  r unawa y  are 
the Li-organic  solvent  reactions, par t icular ly  the exo- 
thermic Li-acetoni t r i le  reaction which occurs at  room 
temperature.  For  this reason, we chose to concentrate 
on the s tudy of the kinetics of this react ion in an ef- 
fort to find ways and means of quenching it. We also 
carried out kinetic s tudy of several  other organic 
solvents in  an  effort to find sui table candidates for 
replacing acetonitr i le in  the electrolyte of the Li/SO2 
cells or adding to it, if possible. The extent  of the re-  
action is proport ional  to the heat evolved and the rate 
of the reactions is proport ional  to the rate of the heat  
evolut ion at a constant  tempera ture  and at a constant  
surface area of the Li. Therefore, an isothermal DTA 
technique was used to s tudy these reactions. The ex- 
per imenta l  details and  the results are reported here. 

Experimental 
The Mett ler  TA2000 Differential  Thermal  Analysis 

System with the high pressure hermetic  crucibles, de- 
scribed elsewhere (5), was used for the isothermal  
DTA runs. A 0.098 in. diam piece of 0.005 in. thick 
Li foil weighing 0.00029g was placed in  the DTA sam- 
ple crucible in  an  argon filled dry  box. 20 ~1 of the 

* Electrochemical Society Active Member. 
Key words: DTA, kinetics, battery, organic. 

appropriate organic so l ve n t  was injected into the 
crucible and the crucible sealed. The Li disk size, 
weight, and the location inside the sample container  
as well as the volume of the organic solvent  w e r e  kept  
as constant  as possible f rom r u n  to run.  The mixtures  
were then heated very quickly to various tempera-  
tures in  the DTA furnace and main ta ined  at those 
temperatures  while the differential tempera tures  were 
recorded as a funct ion of t ime yielding isothermal 
DTA thermograms at  the various temperatures.  

All  the organic solvents used were of the highest 
pur i ty  available f rom Eas tman Kodak and were used 
as received except for PC which was vacuum dis- 
tilled over Li toil prior to use. 

The Li foils were  used as received f rom the Foote 
Mineral  Company and contained 1% Na as imPurity.  
The foils were shiny in  appearance and all the ex-  
per iments  were carried out using freshly punched 
Li from one roll except for some p re l imina ry  experi-  
ments  with AN for which the Li disks were punched 
several days prior to the experiments.  Al though the 
Li foil was shiny in  appearance it is reasonable to as- 
sume that  it  has a th in  protective film and the freshly 
punched areas of the disks are probably  most active 
towards the organic solvents. Therefore, the dura t ion  
between the punching of a Li disk a n d  the isothermal  
run  was kept  constant  in  order to reduce any  var ia-  
t ion of the activity of the Li surface from r u n  to run.  

Results and Discussion 
Some typical isothermal  DTA thermograms at var i -  

ous temperatures  for the Li + AN system are shown 
in  Fig. 1. It can be shown that  the slopes of the rising 
port ion of the DTA thermogram at the point  of inflec- 
t ion of the t empera tu re - t ime  curve can be expressed 
as 

= k [i] 
dt 

where  AH : heat  of the reaction, k -- zeroth order  
rate constant, L : heat  capacity of react ion mixture,  
and S ---: heat  capacity of container,  when  the DTA 
furnace is main ta ined  at a constant  tempera ture  a n d  
the chemical react ion obeys zeroth order  kinetics. 
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Fig, 1. Typical isothermal DTA thermograms of Li + AN system 
gt various temperatures. 

Fig. 2. Arrhenius plots ef the Li -F AN system; curve 1, with Li 
disks aged in dry box; curve 2, freshly cut Li disks; curve, 3, with 
0.32M LiBr in AN. 

Since AH, L, and S are constants, the slope is 
proport ional  to the rate  constant  of the Li + solvent  /00 
reaction which is controlled by the react ion tempera-  
ture  and the surface area of the Li disk which was 
kept constant for all  the runs. 50 

An  Arrhenius  plot of the above slopes as a funct ion 
of the reaction temperature  for the Li + AN system 
with  Li disks cut several  days prior to the experi -  20 
ment  is shown in  Fig. 2. The plot is l inear  and the 
energy of act ivat ion as de termined from the least 
squares slope (excluding the point  at  the lowest tem- 
perature)  was 13 kcal 'mole-1 with a f requency factor 
of 8. A similar  plot of the same system with freshly 
cut Li disks as shown in  Fig. 2 was also l inear  and had 
a higher  reaction rate and a slightly lower act ivat ion 
energy; 10 kcal mole -1. This probably  reflects the 
effect of the Li film (formed dur ing  storage in  the 
dry box) on the kinetics of the h i  + AN reaction. 

The effect of LiBr on the kinetics of the Li + AN ~_. 
react ion was studied and the Arrhenius  plot is also .~~ LO 
shown in  Fig. 2. The act ivat ion energy of the reaction 
was reduced fur ther  to 6 kcal mole-1 possibly indi -  
cating the catalytic effect of Li+ (7) on the Li + AN 
reaction. 

Al though PC was found to be ra ther  iner t  towards 
Li at room temperature,  it  reacted wi th  Li at higher 
temperatures.  The energy of act ivation as determined 
from the l inear  Arrhenius  plot, shown i n  Fig. 3, was 22 
kcal mole - z. 

The effect of addi t ion of PC on the Li and AN re-  
activity was studied. The results are shown in  Fig. 3. 
The addit ion of PC, up to 20%, resul ted in  a lowering 
of the reaction rates without  al ter ing the energy of 
act ivat ion significantly. This probably  indicates that  
the Li + AN reaction is occurring through a film 
which only lowers the reaction rates without  al ter ing 
the activation energy. PC is known  (8) to form an 
insoluble film of Li2COs on Li thus protecting it  from 
fur ther  attack. With  50% PC, the react ion rates were 
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Fig. 3. Arrhenius plots of the Li ~ AN ~ PC system; curve 1, 
0% AN; curve 2, 50% AN; curve 3, 80% and 95% AN; curve 4, 
100% AN; and curve 5, 0% PC and 3% SO2. 
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reduced  dras t ica l ly ,  and the  Ar rhen ius  plots  showed 
two l inear  regions corresponding to act ivat ion energies  
of 22 and 113 kca l  mole -1 for  the lower  and the uppe r  
region,  respect ively .  In  this mixture ,  the reac t ion  t em-  
pe ra tu res  a re  ve ry  high, and as such, complex  reac-  
tions may  occur to give r ise to this  type  of behavior .  

The addi t ion  of smal l  amounts  of SO2 (3%) to the  
AN resul ted  in a sharp  reduct ion  of the reac t ion  rates,  
as shown in Fig. 3, wi thout  a l t e r ing  the  energy  of 
act ivat ion.  This demons t ra tes  the  excel len t  film fo rm-  
ing ab i l i ty  of smal l  amounts  of SO2 and its efficacy in 
r e d u c i n g  the Li + AN react ivi ty ,  the key  e lement  in 
the  safe ty  of the Li/SO~ cells. 

Li was found to b e  s table  in MF (methyl  formate)  
at  ambien t  t empe ra tu r e  and reac ted  only  at  ve ry  
high tempera tures .  Surpr is ingly ,  the  react ion ra tes  
were  found to be cons iderab ly  lower  than  those of the 
Li  + PC. Also the  ene rgy  of activation,  as de te rmined  
f rom the Ar rhen ius  plot  shown in Fig. 4, was a lmost  
twice that  of the  Li + PC, viz. 43 kca l  mole  -1. 

The effect of M F  on the Li  + AN react ion was 
studied.  The reac t ion  rates  increased signif icantly wi th  
5% MF presen t  giving rise to a non l inear  plot  as 
shown in Fig. 4. At  h igher  concentra t ion  of MF, the 
reac t ion  was too rapid,  pa r t i cu l a r ly  at  the h igher  t em-  
pera ture ,  s o  tha t  i t  was not  possible to measure  the 
ra tes  by  the i so thermal  DTA method.  A subs tant ia l  
pa r t  of the  reac t ion  was comple ted  dur ing  the  hea t ing  
per iod  so tha t  the  slopes were  not  represen ta t ive  of 
the  reac t ion  rates.  The  Ar rhen ius  plots wi th  20% MF 
were  found to be meaningless  as shown in Fig. 4. In  
a no rma l  i so thermal  DTA run, as shown in Fig. 5 (a) ,  
the first shor t  peak  represents  the difference in t em-  
p e r a t u r e  be tween  the sample  and the reference  dur ing  
the shor t  hea t ing  period.  Note tha t  the  different ial  
t e m p e r a t u r e  reached the base l ine before  i t  shot up as 
a resu l t  of the  exothermic  reaction.  Also the  a r e a  
under  this m a j o r  peak, r epresen t ing  the hea t  released,  
is ve ry  s imi lar  for  al l  the runs  a t  var ious  t empera tu res  

for  a pa r t i cu la r  system, indica t ing  the correctness of 
our assumptions regard ing  reasonable  adiabat ic i ty .  The 
abnormal  i so thermal  runs w i t h  the  L i +  AN + MF 
system, is shown in Fig. 5 (b) .  Note tha t  the  differen-  
t ia l  t empera tu re  does not  reach  the base l ine af te r  the  
first shor t  peak  (corresponding to the hea t ing  of the  
sample)  p r io r  to the  reac t ion  exotherm,  indica t ing  
that  the react ion was a l r e a d y  in i t ia ted  dur ing  the 
hea t ing  UP period. Also, the  areas  unde r  these exo-  
thermic  peaks  are  different  f rom run  to run. These re -  
sults demons t ra te  the l imi ta t ion  of this technique which 
is appl icab le  to only those heterogeneous react ions 
which have a sufficiently long induct ion per iod  dur ing  
which the samples  m a y  be hea ted  wi thout  any  sub-  
s tant ia l  reactions. In  systems such as Li + AN + MF, 
the induct ion periods are  too short, most  l ike ly  due to 
the increased solubi l i ty  of the reac t ion  products  in the  
mixed  solvents. Thus, a l though MF by  i tself  is less 
react ive  to Li, addi t ion  of i t  to AN increased the Li 
solvent  r eac t iv i ty  to a g rea te r  ex ten t  than  the r eac -  
t iv i ty  wi th  the ind iv idua l  solvents. The  above resul ts  
indicate  that  a l though pure  MF m a y  be used by  i t -  
self in Li/SO2 cells, the  mix tu re  of MF and AN m a y  
be deleter ious f rom a safe ty  s tandpoin t .  The repor ted  
(9) unsafe behavior  of Li/SO2 cells wi th  MF in the 
e lec t ro ly te  may  be due to the presence of o ther  im-  
pur i t ies  which m a y  act as cosolvents wi th  MF to dis-  
solve the  pro tec t ive  l i th ium film. 

The Li + DME (d imethoxye thane)  reac t ion  was 
found to be ex t r eme ly  slow at the  modera te  to high 
t empera tu res  used in our  studies. However ,  the re -  
act ivi t ies of AN + DME mix tures  of Li were  examined  
successfully. The Ar rhen ius  plots, shown in Fig. 6, 
were  found to be l inear.  The reac t ion  ra tes  were  in-  
creased signif icantly by  the addi t ion  of DME to AN 
and the act ivat ion energies  were  reduced.  The resul ts  
again  point  to a solubi l iz ing effect of the A N  + DME 
mixed  solvents towards  the l i th ium film formed as a 
resul t  of the  L i - so lven t  reaction.  
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Fig. 1. Arrhenius plots of curve I,  Li -~ AN/THF (95/5); and 
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Table I. The activation energy and the frequency factor of 
various Li-organic solvent heterogeneous reactions determined by 

isothermal DTA method 

Activat ion 
energy Frequency  

React ions  (kcal mole -1) factor 

1. Li + AN 13.1 • 0.5 8.3 
2. Li (freshly cut) + AN 10.3 + 0.3 7.1 
3. Li + 0.32M LiBr~ A N  5.9 • 0.6 4.3 
4. Li + PC 22.3 • 3.2 9.8 
5. Li + A N / P C  ( 95 /5 )  15.0 • 0.6 8.8 
6. Li + A N / P C  (80/20) 11.1 • 0.6 6.6 
7. Li + AN/PC (50/50) ~ 21.7• 10.8 

L 112.9 • 22.6 66.8 
8. Li + AN/SO= (97/3) 12.5 • 2.1 7.0 
9. Li + MF 42.7 • 5.2 16.7 

10. Li  + AN/DME (95/5) 8.9 • 0.5 3.9 
11. Li + AN/DME (80/20) 9.1 • 0.9 6.4 
12. Li + AN/DG (95/5) 9.5 • 0.3 6.6 
13. Li + AN/THF (~5/5) 9.6 -~ 0.8 6.6 

Similar  runs  with AN + DG (diglyme) and AN -t- 
THF ( te t rahydrofuran)  systems (Fig. 7) also showed 
enhanced reactivity. 

The energy of act ivat ion and the f requency factors 
of all the above reactions are presented in  Table I. 

Conclusions 
The isothermal DTA technique developed for s tudy-  

ing the kinetics of the heterogeneous reactions involv-  
ing Li and organic solvents at various temperatures  
provided an effective tool to assess the usefulness of 
solvent additives to the Li/SO2 electrolyte in  improv-  
ing the safety of the Li/SO2 cells. The results show 
that  whereas SO2 and  PC are effective in  reducing the 
Li + AN reactivity, organic solvents such as MF, 
DME, THF, and DG enhance the Li -~ AN react ivi ty 
and are unsui table  electrolyte additives for safety, 
al though these may be used in  place of AN in  t h e  
electrolyte. 
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ABSTRACT 

Amorphous  V2S~, p r e p a r e d  by  the rmal  decomposi t ion of (NH4)sVS4, h a s  
been found to reac t  r e ad i l y  wi th  n - b u t y l  l i th ium to give amorphous  composi-  
t ions LixV2S5 (x  ~ 6.0). In  l i th ium e lec t rochemical  cells, V2S5 cathodes reac t  
wi th  2.5 Li  pe r  vanad ium above  1.40V on p r i m a r y  d ischarge  at  0.5 m A / c m  ~. 
Eighty-f ive  percen t  of this capac i ty  is recovered  on the first r echa rge  to 2.8V 
also a t  0.5 m A / c m  2. On subsequent  cycl ing the capac i ty  even tua l ly  fal ls  to 
30% of the  in i t i a l  va lue  wi th  an accompanying  change in the  vo l tage  c o m p o s i -  
t i on  profile. 

In te res t  in ambien t  t empe ra tu r e  secondary  l i th ium 
ba t te r ies  has focused recen t ly  on the use of c rys ta l l ine  
compounds as cathode mate r ia l s  (1).  In  pa r t i cu la r  the  
l a y e r e d  dichalcogenide,  TiS2, has been  found  to possess 
many  of the  des i rable  character is t ics  for  a l i th ium 
ba t t e ry  ca thode (2). The LizTiS2 sys tem exists  as a 
continuous nons to ichiometr ic  phase  for  0 ~ x ~ 1 and 
has a high f ree  energy  of fo rma t ion  (3). React ion 
wi th  l i t h ium produces  on ly  a smal l  vo lume expansion 
of the  TiS2 la t t ice  which  toge ther  wi th  h i g h  l i th ium 
diffusivi ty  resul t s  in  a h igh ly  r eve r s ib le  ca thode sys-  
tem. Severa l  o ther  l a y e r e d  and chain s t ruc ture  com- 
pounds  have  also been  inves t igated,  inc luding  the 
t r ichalcogenides  (4, 5), KFeS2 (6, 7), NbSe4 (8), 
MPS8 (M = Ni, Fe)  (9, 10), and MoO8 (11-14). Many 
of these systems have, in  pr inciple ,  increased  capaci ty  
over  TiS2 for  reac t ion  wi th  l i t h ium in tha t  t hey  con- 
t a in  e i ther  h igh  ox ida t ion  s ta te  t r ans i t ion  meta l  ions, 
e.g., Mo(VI)Os ,  or po lyan ion  bonds  in addi t ion  to a 
reduc ib le  t rans i t ion  meta l .  However ,  for  most  of these 
compounds  and also for  m a n y  of the  dichalcogenides  
react ions  wi th  l i t h ium resul t  in s t ruc ture  changes of 
the  host  la t t ice  which  l imi t  r eve r s ib i l i t y  (3). In  add i -  
t ion to the  l aye r  and  chain  s t ruc ture  compounds,  the  
reac t ion  of l i th ium wi th  a number  of t h r e e - d i m e n -  
s ional ly  connected oxide  s t ruc tures  inc luding V6013 
(15), Cr3Os (1, 16, 17), TiO2 (anatase)  (18), and  a 
number  of MO2 oxides  wi th  the ru t i l e  s t ruc ture  (19) 
have  been studied. Of these, V6013 when  p repa red  by  
the rma l  decomposi t ion of a m m o n i u m  me tavanada t e  
has  r ecen t ly  been r epo r t ed  to have high energy  den-  
s i ty  (800 W - h r  kg)  and good secondary  characteris t ics .  

We recen t ly  r epor t ed  tha t  amorphous  MoS2 (a-MoS2) 
p r e p a r e d  by  a low t e m p e r a t u r e  prec ip i ta t ion  tech-  
nique exhibi ts  super io r  character is t ics  to c rys ta l l ine  
MoS2 in l i th ium cells (20). Higher  coulombic capaci -  
ties were  obta ined  and the l i t h ium a-MoS2 reac t ion  
was found to be h igh ly  revers ible .  While  the  L i / a -  
MoS2 sys tem i tself  does not  possess high energy  den-  
sity, the  e lec t rochemica l  resul ts  have  led  us to explore  
more  gene ra l ly  the  react ions  of a lka l i  meta ls  wi th  
amorphous  mater ia l s ,  and  in  this p a p e r  we descr ibe  
resul ts  obta ined  for  a-V2S5 which  fo rma l ly  contains 
v a n a d i u m  in its h ighest  ox ida t ion  s tate  (V).  

Amorphous  V2S~ (a-V2Ss) is p r e p a r e d  b y  the  the r -  
mal  decomposi t ion of (NHO3VS4 in vacuum or  in an 
ine r t  a tmosphere  and  is s tab le  over  only  a l imi ted  
t e m p e r a t u r e  range  (21-23). For  example ,  P rasad  and 
Mii l ler  (23) r epor t ed  the fo rmat ion  of V2S5 ~rom 
(NI-I4)aVS4 in 1 a tm  N2 at  190~ and i ts  decomposi -  
t ion above  290~ wi th  loss of su l fur  and  the fo rma-  
t ion of c rys ta l l ine  V2Sa. a-V2S5 is considered to be a 
definite composi t ion and not  a m ix tu r e  of a lower  
sulfide and noncrys ta l l ine  sulfur .  No sul fur  can be 
ex t r ac t ed  wi th  CS2 and V2S~ dissolves in  aqueous 
a lka l i s  to form th iovanada tes  (VS43-) .  A mode l  for  

Key words: cathode, amorphous vanadium sulfide, lithium, non- 
aqueous cell. 
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the s t ruc ture  of V2S5 has been  de t e rmined  f rom an 
analysis  of the  x - r a y  diffuse sca t ter ing  (24). F r o m  the 
rad ia l  d i s t r ibu t ion  function, six V-S  dis tances  at  2:34A 
and six V-V dis tances  a t  3.42A were  ob ta ined  com- 
pa t ib le  wi th  a mic rocrys ta l l ine  model  based  on a dis-  
tor ted  CdI2 l aye r  s t ructure .  The excess sul fur  is ac-  
commodated  at  the  edges of smal l  (20A) par t ic les  
containing app rox ima te ly  15 v a n a d i u m  atoms. 

In this r epor t  we descr ibe  our  resul ts  for  the  syn-  
thesis of amorphous  V2S~ and its chemical  and e lec t ro-  
chemical  react ions wi th  l i thium. 

Experimental 
A m m o n i u m  th iovanada te  was p r e p a r e d  b y  a modi -  

fication of p rev ious ly  descr ibed  procedures  (20, 21). 
Sodium p y r o v a n a d a t e  (Na4V207, 28g) was dissolved 
in 100 ml  wa te r  and 300 ml  of 55% (NH4)2S added.  
The solut ion was cooled to 0~ Pure  H2S was bu bb l ed  
th rough  the  solut ion for  a to ta l  of 5 hr.  Af te r  this  
t ime da rk  violet  crysta ls  were  p rec ip i t a t ed  in  the re -  
act ion flask. The appa ra tus  was pu rged  wi th  n i t rogen  
and the crysta ls  r emoved  b y  vacuum fi l trat ion,  washed  
wi th  (NH4)2S and e thanol  and  d r i ed  under  ni t rogen.  
The d ry  crysta ls  were  t r ans fe r red  to a he l ium filled 
glove box. The composi t ion was confirmed by  e l emen-  
ta l  analysis  which  gave 5.27% H, 17.71% N, 22.02% V, 
54.84% S (calc 5.15% H, 18.02% N, 21.84% V, a n d  
55.00% S) .  The rmograv ime t r i c  analys is  da t a  for the  
decomposi t ion of (NH4)3VS4 were  ob ta ined  using a 
du Pont  the rmal  analyzer .  Data  we re  ob ta ined  in 
argon at  a hea t ing  ra te  of 10~ and a re  shown 
in Fig. 1. The  resul ts  a re  in good ag reemen t  wi th  
those ob ta ined  prev ious ly  (22, 23). The first  weight  
loss corresponds to the  fo rmat ion  of V2S5 (obs 44.5%, 
calc 43.8%) which is s tab le  be tween  200 ~ and 350~ 
The second weight  loss is due to the  fo rma t ion  of 
VS1.53 and an x - r a y  powder  p a t t e r n  of the  TGA 
res idue confirmed this to be c rys ta l l ine  V2S3. Large  
samples  of V2S5 were  p r e p a r e d  by  decomposi t ion of 
(NH4)3VS4 at  275~ in flowing hel ium. A f t e r  reac t ion  
the react ion tube was sealed and t r ans fe r red  to a 
he l ium filled glove box. V2S5 is s ens i t i ve  to a t m o -  
s p h e r i c  oxidat ion  at  room t empera tu r e  and  mus t  be 
hand led  under  ine r t  conditions.  In  some circumstances,  
pa r t i cu l a r ly  when  the in i t ia l  (NI~)3VS4 par t i c le  size 
is small ,  we  have  ob ta ined  V~S5 samples  which  were  
pyrophor ic .  

Samples  of V2S5 were  reac ted  wi th  n - b u t y l  l i th ium 
in (Foote  Minera l  Company)  hexane  (24). A f t e r  r e -  
a c t i o n  the solid products  were  r emoved  b y  f i l t ra t ion 
and washed  wi th  hexane.  The unreac ted  bu ty l  l i th ium 
was de t e rmined  by  addi t ion  of s t anda rd  HC1 and back  
t i t ra t ion  wi th  s t andard  NaOH. When  a 1.6M solut ion 
of bu ty l  l i th ium was used, the  react ions  were  ex -  
t r eme ly  vigorous, sufficient hea t  being evolved  to boil  
the hexane.  The reac t ion  could, however ,  be mode ra t ed  
by  in i t ia l ly  adding  to the solid sample  d r y  hexane  to 
reduce the bu ty l  l i th ium concentrat ion.  The  t i t r a t ion  
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Fig. 1. Thermogravimetric analysis data for (NH4)3VS4 in argon 

resul ts  indica ted  a l imi t ing  composit ion of LisVeSs, bu t  
in some cases  especia l ly  when  the reac t ion  was a l -  
lowed  to proceed r ap id ly  or  when  a l a rge  excess of 
n - b u t y l  l i th ium was added,  a mi lky  whi te  solid was 
observed suspended in the  supe rna tan t  hexane,  in-  
d ica t ive  of side reactions.  X - r a y  powder  pa t t e rns  of 
V~S5 and t i th ia ted  products  of different  composit ions 
were  recorded wi th  samples  p ro tec ted  f rom a tmo-  
spher ic  ox ida t ion  and hydro lys i s  by  Kap ton  films. Al l  
powder  pa t t e rns  were  b road  and contained no sharp 
Bragg peaks.  

For  e lec t rochemical  measurements ,  cathodes were  
p repa red  by  hot  press ing at  300~ a mix tu re  of ca th-  
ode ma te r i a l  mixed  wi th  14-16 weight  percen t  (w/o)  
Teflon into expanded  stainless steel  mesh. The ca th-  
ode area  was 2 cm 2. In  some cases, 40 w/o  graphi te  
was added  to the cathode mix. Cells were  const ructed 
by  sur rounding  the cathodes wi th  po lypropy lene  sepa-  
ra tors  and l i th ium sheet  anodes. The assembled  cells 
were  immersed  in a 2.0 mola r  solut ion of LiC104 in 
dioxolane 1 as the e lec t ro ly te  conta ined in a po ly -  
p ropy lene  bag. Elec t rochemical  measurements  were  
made  wi th  PAR potent ios ta ts  equipped  wi th  vol tage 
l imi t ing devices under  constant  cu r ren t  conditions. 

Electrochemical Results 
Fi rs t  d ischarge da ta  for  four  cells tes ted under  di f -  

fe rent  condit ions are  given in Table  I. The vol tage  
composit ion profile for  cell  No. 1 is shown in Fig. 2 
for the first d i scha rge  and first recharge  to 2.8V at  0.5 
m A / c m  2. The discharge  da ta  a re  smoothly  va ry ing  
over  the  whole composi t ion range  and the re  is a 
definite though broad  down tu rn  (end point)  towards  
the end of the  discharge.  The mean  discharge vol tage  
is 1.96V which  toge ther  wi th  the  capac i ty  of 1743 C/g  
of V2S5 or  484 m A - h r / g  of V2S~ gives a g rav imet r i c  
energy  densi ty  of 949 W - h r / k g .  On recharge,  84% of 
the  discharge capaci ty  is recovered  and a definite re -  

1 Such  so lut ions  are  po tent ia l l y  explos ive .  

Table I. First discharge data for Li/V2S5 cells 

w / o  ~ L o w e r  Capacity 
graph-  ( m A /  cutoff  ( C / g  e / v a n a -  

Cell  ire cra -~) vo l tage  V2S~) dium 

1 0 0.5 1.65 1743 2.37 
2 40 0.5 1.60 !697 2.30 
3 0 0.5 1.40 1871 2.54 
4 0 2.5 1.40 1562 2.12 

charge end p o i n t  is observed.  The first cycle da ta  for  
cell No. 2 are  closely s imi lar  even though the cathode 
contained 40 w / o  graph i te  added  to improve  cur ren t  
collection, ind ica t ing  tha t  V2S5 i tself  is p robab ly  a 
good electronic  conductor.  Cell  No. 3 was d ischarged 
to a lower  cut  off vol tage of 1.40V wi th  increases  in  
both capac i ty  (1743 C/g  or  520 m A - h r / g )  and energy  
dens i ty  (1004 W - h r / k g ,  a t  a mean  vol tage  of 1.93V). 
Cell  No. 4 was d ischarged at  a h igher  rate,  2.5 m A / c m  2, 
wi th  a corresponding reduct ion  in capacity.  

The  second cycle da ta  a re  shown for cell No. 1 in  
Fig. 2. A p a r t  f rom a smal l  increase  in the mean  dis-  
charge vol tage  (1.96 to 2.05V) the vol tage  composit ion 
profile for  the  second cycle closely resembles  the first 
cycle da ta  in overa l l  shape. There  is, however ,  a s ig-  
nificant fu r the r  loss in capacity.  The capaci ty  con- 
t inues to decrease  wi th  r epea ted  cycl ing under  the  
same conditions. Thus on cycles 10, 20, and 30 the 
capacit ies  a re  41, 35, and 33% of the in i t ia l  capacity,  
respect ively.  The capaci ty  on cycle  30 corresponds to 
0.77 Li/V. The losses in  capaci ty  on cycling as a pe r -  
centage of first d ischarge capaci ty  for al l  four  cells 
a re  nea r ly  identical .  The fal l  in cycl ing capac i ty  is 
also accompanied  by  pronounced  changes in the  vol t -  
age composi t ion profiles. Data  for cycles 12 and 30 are  
shown in Fig. 3. On cycle 12 the mean  discharge 
vol tage  is 2.12V and on cycle 30, 2.28V, to be com- 
pa red  wi th  values  of 1.96 and 2.05V, respect ively ,  for 
cycles 1 and 2. The vol tage efficiency also improves  
on cycling; the vol tage difference be tween  the dis-  
charge  and recharge  profiles a t  hal f  d ischarge capaci ty  
a re  340, 250, 130, and 100 mV for cycles 1, 2, 12, and 
30. Norma l ly  on cycling cells, decreased charging 
efficiency is expected  due to increas ing IR effects. The 
V2S~ data, however ,  s t rongly  suggest  tha t  the in i t ia l  
V2S~ is being conver ted  into another  phase. The new 
phase reacts wi th  less l i th ium but  does so in a h ighly  
revers ib le  manner .  Af t e r  cycle 30 a series of polar iza-  
t ion curves to 1.60V were  obta ined at  different  dis-  
charge  cur ren t  densit ies (Fig. 4) a l l  wi th  a 0.5 m A /  
cm 2 recharge  rate.  The successive loss in capaci ty  on 
increasing discharge ra te  up to 8 m A / c m  2 can almost  
en t i re ly  be accounted for by  cell  IR; again  showing the 
high revers ib i l i ty  of the  sys tem at  this point. 

X - r a y  diffract ion pa t te rns  of the spent  cathodes were  
taken  under  Kap ton  films. No evidence was found for 
the format ion  of any  crys ta l l ine  phases jus t  as found 

i I I i 

0 . 5  rnA/crn 2 

i [ I { 
O .5  1 . 0  1 . 5  2 . 0  

L ITH IUM/VANADIUM RATIO 

2 . 5  

Fig. 2. First and second cycle data for Li/LiClO~-dioxolaneJV2S5 
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for LixV2S5 compositions prepared by reaction with n 
butyl lithium. 

Conclusions 
Amorphous VzS5 has been found to react readily 

with n-butyl lithium and electrochemically to give 
amorphous LizV2S5 compositions. On primary dis- 
charge electrochemically to 1.40V V2S5 reacts with five 
lithiums at a mean voltage of 1.93V to give a gravi- 
metric energy density of 1 kW-hr/kg. On cycling the 
capacity initially drops and subsequently levels out 
at approximately 30% of the initial discharge capacity; 
300 W-hr/kg. During the initial capacity fading, the 
mean discharge voltage increases as does the voltage 
efficiency suggesting the formation of a second amor- 
phous phase which is highly reversible towards reac- 
tion with lithium. Diemann's microcrystalline model 
(25) for the structure of V2S5 suggests that a possible 
explanation for the observed behavior might be the 
removal of edge sulfur atoms as lithium sulfide with 
polymerization to form amorphous VS2. Some pre- 
liminary results for amorphous VS2 prepared by low 
temperature precipitation have been reported (26) 
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and a more detailed comparison with the V2S5 data is 
in progress (27). It is interesting to note that a-V2S5 
behaves quite differently to crystalline VS2 (28). In 
the latter system the electrochemical capacity at ambi- 
ent temperature is limited to 0.5 Li/VS2 by the oc- 
currence of distorted intermediate phases. In contrast, 
capacity faded V2S5 cells cycle 0.7-0.8 Li per vanadium 
at comparable voltages with little polarization and 
no evidence for discontinuities in the voltage compo- 
sition profile. 
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A Study of the Calcium-Thionyl Chloride 
Electrochemical System 

Robert J. Staniewicz *.1 
GTE LaboratorieS, Incorporated, Power  Sources Center, Waltham, Massachusetts 02154 

ABSTRACT 

The use of calcium metal as an anode in SOC12 electrolytes was investigated. 
Calcium showed an open-circuit potential (OCP) of 3.22V vs. a carbon cathode 
in IM Ca(AICI4)2-SOCI2 electrolyte. Hermetically sealed D cells, when dis- 
charged at 1 rnA/cm 2, displayed level discharge plateaus of 2.8V. SEM photo- 
graphs indicated the rapid formation of a crystalline layer on the anode; the 
composition of this film was established as CaCI2. Storage of calcium samples 
in Ca(AICI4)2-SOCI2 electrolyte resulted in corrosion of the metal. This cor- 
rosion was pa r t i cu l a r l y  pronounced  at  55~ and  i t  a p p e a r e d  to be  a funda-  
men ta l  behav io r  which  was not  e l imina ted  by  r ig id  control  of e lec t ro ly te  
pur i ty .  The  fol lowing cell  chemis t ry  was suggested by  chemical  analysis  o f  
discharged e lect rolytes  and cathodes 

2Ca + 2SOC12 -> SO9. + 2CaC12 + S 

Elec t rodeposi t ion  exper iments  indica ted  no evidence for  the  p la t ing  of Ca 
onto a n ickel  substrate .  

One of the  pr inc ipa l  incent ives  for  inves t iga t ing  the  
Ca/SOC12 sys tem is that  calcium anodes have the 
prospect  for  h igher  t empe ra tu r e  opera t ion  when  com- 
pa red  wi th  l i th ium anodes. The  h igher  mel t ing  point  
of calc ium (839~ compared  to l i th ium (180~ 
would  obvia te  the  poss ibi l i ty  of anode  mel t ing  under  
high t e m p e r a t u r e  stress, e.g., as a resu l t  of la rge  shor t -  
c ircui t  cur rents  genera ted  in a high power  cell  con- 
figuration. A compar ison of the  ca lcula ted  theore t ica l  
energy  densit ies of l i th ium and calcium/SOC12 cells is 
p resen ted  be low assuming react ion products  of SO2, S, 
a n d  ei ther  LiC1 or  CaC12. These values  indicate  tha t  

Cell 
potential Energy density Specific energy 

(V) (W-hr/cm 3) density (W-hr/kg) 

Li 3.65 2.(}0 (32.8 W-hr/in.8) 1474 (667.9 W-hr/lb) 
Ca 3.84 1.97 (32.3 W-hr/in. ~) 1230 (557.0 W-hr/lb) 

the  energy  densi t ies  of the  Ca/SOC12 sys tem com- 
pa re  f avorab ly  wi th  Li/SOC12 and there fore  p rov ided  
another  encouragement  for  inves t iga t ing  calc ium as 
an anode in SOCI~. Fu r the rmore ,  calc ium is also more  
abundan t  than  l i th ium and has the propi t ious  physical  
p rope r ty  of h igher  electronic conductivi ty.  

The work  r epor t ed  here  is an inves t iga t ion  and 
eva lua t ion  of the Ca/SOC12 system as an a l te rna t ive  to 
the  Li/SOC12 sys tem and coincidenta l ly  provides  in-  
s ight  into the  d ischarge  and deposi t ion behavior  of 
me ta l / ino rgan ic  e lec t ro ly te  systems. 

Experimental 
Electrolytes and solvents.raThe th ionyl  chlor ide  was 

obta ined f rom Mobay  and was f rac t iona l ly  d is t i l led  
f rom l i th ium chips in  a d ry  room of less than  3% 
re la t ive  humidi ty .  The A1C13, pur iss  grade,  was used 
as obta ined  f rom Fluka .  

The A l f a -Ven t ron  SbCI~ was vacuum dis t i l led  at  17 
Torr  and a l ight  ye l low fract ion was collected be-  
tween  70 ~ to 72~ Anhydrous  Fee13 was p repa red  by  
ref luxing B a k e r - A n a l y z e d  FeC13.6H20 wi th  SOC12. 
The Anachemia  reagen t  CaC12.2H20 was dehydra t ed  
by  inc remen ta l ly  vacuum dry ing  to 300~ Al l  o ther  
chemicals  and  solvents  used were  of reagent  grade  
quali ty.  

* Electrochemical Society Active Member. 
x Present address: ARAMCO, Laboratories Department, Dha- 

bran, Sandi Arabia. 
Key words: inorganic, battery, electrodeposition, corrosion, 

Severa l  p rocedures  were  exp lored  to p repa re  
Ca(A1C14)2 electrolyte .  The  p r e f e r r ed  procedure  for 
p repa ra t ion  involved  addi t ion  of A1C18 to SOC12 fol-  
lowed by  CaC12 (5% excess) .  This mix tu re  was re-  
fluxed in a d ry  room overnight  and subsequent ly  fil- 
te red  in  a d r y  box. By this procedure ,  a 2M 
Ca(AIC]4)2 solut ion could be  p r e p a r e d  a l though they  
were  qui te  viscous and d isp layed  lowered  conduc-  
t iv i ty  (vide in]ra). The average  s toichiometr ic  rat io  of 
AI :Ca  in the e lec t ro ly te  was 2.02 to 1. The Ca(SbC16)2 
and Ca(FeC14)2 e lec t ro ly te  solutions were  p repa red  
s imi la r ly  to the above p rocedure  for Ca(A1C]4)2. The 
t e t r a e t h y l a m m o n i u m  te t rach lo roa lumina te  e lec t ro ly te  
was made  by  addi t ion  of a SOC12 solut ion of t e t r a -  
e thy lammonium chlor ide  to a l i th ium te t rach loroa lu-  
mina te  solution. The l i th ium chlor ide  which prec ip i -  
ta ted  was filtered, y ie ld ing  the (Et4N) (A1C14) solution. 

Calcium.~The ro l led  calc ium meta l  (0.050 cm) was 
obta ined  f rom Kaweck ibe ry lco  Industr ies ,  Reading,  
Pennsy lvan ia  and was mechanica l ly  a b r a de d  of the  
oxide coating in an a rgon  a tmosphere  d ry  box and 
washed wi th  anhydrous  e thyl  ether.  An  a l t e rna t ive  
and more  convenient  method  of c leaning the calc ium 
surface  has been repor ted  (1) and was used for the 
calcium samples  which  w e r e  vacuum annea led  (500~ 
6 X 10 -5 Torr ) .  Despi te  the  fact  tha t  the annealed  
calc ium was quite smooth and flexible, the  ra te  of 
corrosion (vide inJTa) in the e lec t ro ly tes  was not  
s ignif icantly reduced.  Thus, a l l  the  repor ted  work  
was accomplished wi th  the  ab raded  unannea led  cal-  
cium. Analys is  of the Ca meta l  by  atomic absorpt ion  
indica ted  the  fol lowing composition, 0.265% Mg, 0.234% 
AI, 0.077% Sr, 0.003% Fe, 0.0028% Na, and  0.0005% Li. 
A sample  of vapor -depos i t ed  Ca on (0.020 in.) s teel  
was ob ta ined  f rom Cata lys t  Research  Corporat ion,  
Ba l t imore  Mary l and  and also evaluated.  

Instrumental methods.--Conductivity measurements  
were  obta ined  using a glass conduct iv i ty  cell consist-  
ing of two heavy  gauge pa ra l l e l  p la t in ized p l a t inum 
electrodes fixed in a glass holder.  The  cell  constant  
was expe r imen ta l l y  de te rmined  using s t andard  KC1 
aqueous solutions (2, 3). Resistance measurements  
were  made  at  room t e m p e r a t u r e  (25 ~ _+ I~ using 
a Genera l  Radio Model  1656 impedance  br idge coupled 
wi th  an ex te rna l  s ignal  generator ,  PAR Model  175 
Universa l  P rogrammer .  The solutions were  p repa red  
by  appropr ia t e  di lut ion of a 2.00M s tandard  Ca (A1C14) 2 
solution. 

7 8 2  
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The infrared spectra were obtained using a Beck- 
man  Model IR-10 recording spectrophotometer. For 
electrolyte evaluation, the inf rared cells were either 
Infrasi l  quartz cells or Barnes Engineer ing NaC1 cav- 
i ty cells. 

For  the plat ing experiments,  a PAR Model 173 
Potent ios ta t /Galvanos ta t  was coupled with an  HP 
X-Y recorder set in the t ime mode, Cell discharges 
were genera l ly  through a constant  load consisting of 
a precision resistor and monitored by means of a 
Fluke  2240 B Datalogger. 

Scanning electron micrographs of calcium samples 
were obtained us ing  a JSM-U3 Scanning Electron Mi- 
croscope equipped with a PAR x - r ay  energy analyzer. 
Calcium samples exposed to anhydrous  Ca(A1C14)2 
electrolyte unde r  vary ing  durat ions and temperatures  
were wi thdrawn from the sealed glass ampuls, washed 
three times with anhydrous  SOC12, and vacuum dried. 
All  operations were conducted in  a dry  box. The cal-  
cium samples were mounted  on brass holders with 
silver paint  and t ransferred to the microscope under  
anhydrous  conditions by means of a specially de- 
signed argon t ransfer  chamber. The micrographs were 
obtained at an accelerating voltage of 20 kV in the 
secondary electron mode at a goniometer  t i l t  of 42 ~ 

Experimental cell assembly.--The in i t ia l  survey of 
electrolytes was accomplished using the flooded three 
electrode configurations shown in  Fig. 1. Two methods 
were uti l ized for assembly of the 1 X 2 cm calcium 
electrodes; the early procedure for main ta in ing  me-  
chanical and electrical contact to the Ni Iead was by 
means of a stainless steel fastener  while the la t ter  and 
more effective method involved welding the Ca in a 
dry room to a Ni substrate  (0.005 cm Ni shim stock). 
The cathodes (1 X 2 • 0.1 cm) consisted of a carbon- 
Teflon mix ture  supported on Ni Exmet. The cells 
were assembled in  a dry room and filled in a dry 
argon glove box (2-3 ppm H20). For  the chemical 
analyses of discharged cathodes and electrolytes, larger  
cathodes and calcium anodes were utilized. For cal- 
cium deposition experiments,  the geometry was main-  
ta ined by use of a Teflon holder in  which p lanar  rec- 
t angular  electrodes were situated 1 cm apart. The 
effective area of the Ca anode and the Ni cathode was 

1.6 cm 2. The reference calcium electrode was posi- 
t ioned 2 mm from the working Ni surface. A l imited 
number  of investigations were also carried out wi th  
thin cathodes of ~50 ~m. These experiments  were de- 
signed to evaluate cathode capacity for l i th ium and 
calcium cells. 

The hermetic "D" cell's cross section is presented in  
Fig. 2. The point  of interest  is the t rea tment  of the 
calcium for use as a cylindrical  anode. Calcium metal  
was welded to 0.005 cm Ni shim stock which acted 
as a current  collector. The Ni foil in  tu rn  was welded 
to the stainless steel "D" can as depicted. 

Results and Discussion 
Electrolyte preparations.--A survey of possible cal- 

cium electrolyte salts revealed that  solutions of 
Ca(A1C14)2 in  SOC12 could be made by appropria te ly  
refluxing excess CaCI~ with an A1CI~-SOCI~ solution. 
The reflux served a twofold purpose. First, i t  allowed 
sufficient t ime for the dissolution of the solid CaC12 to 
insure a 1:2 stoichiometric ratio of Ca:A1. Second, the 
reflux provided an avenue for the SOC12 to act as a 
desiccant for OH groups present. These products of 
hydrolysis are minor  contaminants  introduced by the 
CaC12 and A1CI~ solids, both of which are hygroscopic. 

The presence of excess A1Cls in  SOC]2 would mani -  
fest itself by a corrosive effect on the calcium metal ;  
the ini t ia l  effect is react ion of the CaCI2 film on the 
calcium with the Lewis acid followed by reaction of 
the bare metal  with the solvent. 

It may also be possible that /klC18 reacts directly 
with the Ca metal  

3Ca + 2A1C18 ~ 2A1 + 3CaCI~ 

The net  result  is an undesirable  corrosion of the 
metallic calcium. The de terminat ion  of calcium and 
a luminum in the electrolyte solutions demonstra ted a 
stoichiometric ratio of Ca:A1 of 1:2 with the con- 
comitant  conclusion that  no excess A1C18 was present  
and therefore any possibility of corrosion by A1C13 
was el iminated at the outset of the study. 

CaC12 (solid) -]- 2A1CI~ (SOC12) y + X SOC12 

-* Ca (SOCI~) m 2 + -b 2AICI4 (SOCI~)n- 
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Fig. 1. Flooded three e|ectrode cet|s used to survey the various 
electrolytes. 
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The contamina t ion  of SOC12 e lec t ro ly te  wi th  hy -  
drolysis  ma te r i a l s  such as A l C h O H -  and HCl has been  
suggested to be deleter ious  to the  l i th ium anode p e r -  
formance and by  analogy would  be ha rmfu l  to the  
Ca e lec t rode  

2SOC12 q-- 2A1C18OH- 4- Ca -~ Ha 

+ 2SOs + CaCh + 2A1CI~- 

2HC1 + Ca -~ CaCI2 -t- H~ 

The A1ClsOH- species shows  an in f r a red  absorpt ion  
at  3400 cm -1 whi le  the HC1 molecule  absorbs  a t  2800 
em -1 in SOCI~ (4) and thus an in f ra red  scan of the 
e lec t ro ly te  is diagnost ic  of  the  p u r i t y  of the  solution. 
An  inf rared  spec t rum of the  ref luxed e lec t ro ly te  
showed no absorp t ion  for  HC1, A1C13OH-, or  SO2 
( symmet r i ca l  v ib ra t ion  a t  1330 cm-1 ) .  Therefore,  the 
products  of the desiccat ion reaction,  SO2 and HC1, a re  
expel led  at r e f l u x  t empe ra tu r e  as evidenced by  the 
absence of the i r  in f ra red  m a x i m a  

A1CI~OH- + SOC12 ~ SO~ 1" -t- HC11" -{-A1C14- 

A conduct iv i ty  s tudy  (uncorrec ted  for  viscosity)  of 
the  e lec t ro ly te  solutions (Fig. 3) showed a m a x i m u m  
specific conduct iv i ty  of 0.6 • 10 -2  ~ - z  e m - 1  a t  ~ I M  
Ca(A1C1D~. The concent ra ted  solutions, 1.6 and 2.0M 
Ca(A1C14)2 appea red  s igni f icant ly  more  viscous. Thus, 
the shape of the conduct iv i ty  curve m a y  arise f rom 
severa l  influences: (0  viscosi ty effects, (ii) significant 
so lu te-so lvent  interact ions,  and (iii)  so lu te-solute  in-  
teract ions as a resu l t  of the  polar iz ing ab i l i ty  of the 
doubly  charged  Ca2+ ion. I t  should  be noted that  the  
m a x i m u m  conduct iv i ty  of the  Ca(A1C14)2 e lec t ro ly te  
is only  app rox ima te ly  30% of tha t  observed for LiA1C14 
(2.04 • 10 -2 n - z  e r a - l )  a t  the  same t empe ra tu r e  (5). 

A survey  of Ca(FeC14)2, Ca(SbC16)~, and (Et4N) 
(AIC1D as su i tab le  e lec t ro ly te  salts  was also u n d e r -  
taken.  Solut ions of composit ion 0.5M Ca(FeC]4)2, 
035M Ca(SbCls)~,  and 1M (Er~N)(A1CLD were  pre-  
pa red  as discussed in the Expe r imen ta l  section, and 
were  also eva lua ted  in t e rms  of calc ium corrosion 
and cell per formance .  

Compatibff i ty  s tud ies . - -To  ascer ta in  the  corrosion 
ra te  of calcium meta l  in the var ious  electrolytes ,  
sealed glass ampuls  were  p repa red  containing the 
meta l  and the appropr i a t e  e lectrolyte .  Table  I sum-  
marizes those tests. 

I t  should be noted tha t  is was not  possible  to moni -  
tor  weight  changes of calc ium meta l  exposed to SOC12 
e lec t ro ly te  because the  CaC12 formed was not  adherent .  

Upon immers ion  of shiny calcium meta l  into 1M 
Ca (AICI4)2 the following immediate observations were 

Table I. Relative corrosion of calcium metal stored with various 
electrolytes 

Relative 
corros ion  Rela t ive  
at room corrosion 

Electrolyte  t e m p e r a t u r e  a t  55~ 

Ca ( AICh ) = Moderate Rapid 
Ca (SbCl~) ~ Rapid Very rapid 
Ca (FeCh) = Rapid Very rapid 
Li (AICh) Moderate Rapid 
Et4N ( A1Ch ) V e r y  r a p i d  - -  
Solvent  only  S low Slow 

(SOCk) 

noted:  (i) smal l  d a r k  areas  appea red  r andomly  over  
the surface and  especia l ly  at  the cut  edges of the 
metal ;  (ii) these areas  t r ans fo rmed  to g ray  areas  w i th -  
in severa l  days;  and  (iii) l ong - t e rm storage resul ted  in 
samples  which appea r  dul l  g ray  and which  have dis-  
t inct  cor roded or e tched areas. Remova l  of the  samples  
f rom the e lec t ro ly te  fol lowed by  washing wi th  SOCI~ 
resu l ted  in samples  which had  a significant fi lm of 
whi te  crysta ls  covering the  Ca surface. The Ca samples  
exposed to dis t i l led SOC12 did not in i t ia l ly  d i sp lay  the  
corrosion exh ib i ted  by  Ca in electrolyte ,  however ,  
af ter  10 months of s torage at  room tempera ture ,  crys-  
ta l l ine  CaC12 deposits  appea red  in these Ca/SOC12 
ampuls.  The  calc ium samples  s tored 3 months at  55~ 
in SOC12 did not  show significant corrosion deposits. 

The  ra te  of calcium degrada t ion  in Ca (A1C14)~ elec-  
trolyte at room t empera tu re  appea red  to d iminish  af te r  
1 month  as ascer ta ined  by  observing the CaCI~ deposits 
at  the ampul  bottom. Sample  s torage at  55~ in elec-  
trolyte indica ted  progress ive  corrosion wi th  subs tan-  
t ia l  d is in tegra t ion  of the  me ta l  a f te r  6 months of 
storage. The corrosion was not uniform, bu t  ins tead  
specific sites unde rwen t  more  rap id  reac t ion  as ev i -  
denced by  the mechanica l  b r eakup  of some pieces and 
re la t ive  in tegr i ty  of others.  

The composit ion of the Solid film on the Ca was de-  
t e rmined  both by  x - r a y  emission and x - r a y  diffrac- 

t i on  to be CaCI~. The scanning e lect ron micrographs  
(Fig. 4-7) depict  the t rans format ion  of the  calcium 
surface wi th  var ied  t ime and t e m p e r a t u r e  s torage in 
e lec t ro ly te  and SOC12. Some comments  on these photo-  
graphs appear  in order.  The samples  exposed to elec-  
t ro ly te  at  room t empera tu r e  showed a c rys ta l  g rowth  
pa t t e rn  which did not change d rama t i ca l l y  wi th  the 
dura t ion  of exposure  to e lect rolyte ;  only  the quan t i ty  
and thickness of the CaC12 are  ind ica ted  as variables .  
The CaC12 l aye r  did  not appear  especia l ly  we l l - fo rmed  
under  1000 • magnif icat ion and mani fes ted  an aggrega-  

SPECIFIC CONDUCTIVITY VS. MOLARITY OF Ca(AICI4) 2 
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Fig. 3. Variation of specific conductivity with molarlty of 
Ca(AICI4)~. Fig. 4. Micrograph of Ca exposed 1 day to electrolyte (1000X) 
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Fig. 5. Micrograph of Ca exposed 3 months to electrolyte ( ! 0 0 0 •  

Fig. 6. Micrograph of Ca exposed 2 Weeks at 55~ to electrolyte 
(! 000 • ). 
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al loys s tored in LiA1CI4 e lec t ro ly te  at  room t e m p e r a -  
ture  (6-8).  They  r epor t ed  wel l -def ined  crys ta ls  of 
cons iderab ly  l a rge r  size. S to rage  of Ca a t  55~ r e -  
su l ted  in t r ans format ion  of the crys ta l l i tes  into l a rge r  
crystals ,  a resu l t  also affirmed by  Pe led  (7) wi th  
l i th ium alloys. The calc ium me ta l  s tored  3 months  at  
55~ in SOCI~ (Fig. 7) showed at  10,000• magnif ica-  
t ion a compact  l aye r  of CaC12 and signif icant ly reduced  
corrosion when  compared  to the  e lec t ro ly te  s torage 
tests. 

The  compat ib i l i ty  tests  of Ca me ta l  w i th  Ca (FeC14)2, 
Ca (SBC18)2, and  (Et4N) (A1C14) e lec t ro ly tes  al l  showed 
acce le ra ted  corrosion when  compared  wi th  the  
Ca(A1C14)2 s tandard .  The solutions a re  not  considered 
v iable  a l t e rna t ives  and therefore  were  the  subjec t  of 
l imi ted  fu r the r  evaluat ion.  The in te res t  wi th  the  t e t r a -  
e t hy l ammon ium te t r ach lo roa lumina te  sa l t  arose  f rom 
the supposi t ion tha t  the  presence of meta l l ic  cations, 
Ca a+ or  Li  +, in  solut ion contr ibutes  to a ca ta ly t ic  
corrosion of the  bu lk  ca lc ium meta l  and  tha t  r ep lace -  
men t  wi th  a nonmeta l l ic  cat ion would  reduce  cor ro-  
sion. In  fact, the  opposi te  was observed,  in tha t  com- 
p le te  d i s in tegra t ion  of the Ca meta l  occurred  af te r  
1 week  s torage  in the  Et4N(A1C14)-SOC12. 

Elec t ro ly te  compat ib i l i ty  tests  were  also conducted 
wi th  annea led  calc ium in which  the CaO coat ing was 
r emoved  by  chemical  means ,  but  no significant de-  
crease  in corrosion was observed.  I t  has been  ant ic i -  
pa ted  tha t  reduct ion  of the work  ha rden ing  and sur -  
face roughness  would  resul t  in lowered  contact  be -  
tween  the cu r ren t  col lector  and  the anode. The p ro -  
j ec ted  consequence of this  be t t e r  contact  m a y  be h igher  
anode uti l izat ion.  

Experimental cell discharge.--The in i t ia l  su rvey  of 
calc ium discharge  was conducted  in  flooded cells. 
Newly  p r e p a r e d  cells showed in i t ia l  open-c i rcu i t  po-  
tent ia ls  be tween  2.9-3.0V which  s lowly  increased  and 
s tabi l ized at  3.22V af te r  12 hr. F igu re  8 shows the 
d ischarge  da ta  for a typica l  Ca /Ca  (A1C14)2-SOC12 
flooded cell when  a 2000F~ load (0.7 m A / c m  2 Ca) was 
imposed.  Of note is the fa i r ly  level  ca thode discharge  
and increas ing anode polar iza t ion  as discharge 
continued. The  anode d ischarge  was not  un i fo rm as 
evidenced by  the p i t t i ng  which  was p a r t i c u l a r l y  p ro -  
nounced on the edges. The Ca reference  suffered s imi-  
la r  though less severe  corrosion dur ing  the  cell  d is -  
charge. The increas ing  anode polar iza t ion  is p r o b a b l y  
the resul t  of increased  thickness of the  pass iva t ing  
l aye r  as d ischarge  continued.  The whi te  corrosion 
ma te r i a l  which  appea red  on the  anode was identif ied 
by  x - r a y  diffract ion as CaC12. I t  is be l i eved  tha t  this 
ma te r i a l  was fo rmed  by the cont inued reac t ion  of 
calc ium wi th  the  SOC12, poss ib ly  the  resul t  of the  
morpho logy  of the porous CaC12 film which  m a y  be 
character is t ic  for  the  e lectrolyte .  Fa i lu re  of these 
flooded cells typ ica l ly  resu l ted  f rom corrosion and the 
subsequent  mechanica l  d i s in tegra t ion  of the  anode. 

Fig. 7. Microgroph of Ca exposed 3 months at 55~ to SOCI2 
(1 o, ooo • ). 

t ion of smal l  crysta l l i tes .  This CaCI2 morphology differs 
f rom the independen t  observat ions  of Dey and Peled  
r ega rd ing  the c rys ta l  g rowth  of l i t h ium and l i th ium 
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Fig. 8. Discharge profile for a Ca/Ca(AICI4)2-SOCl2 cell through 
a 20000, load. The OCP of the cell is not shown. 
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Based on the coulombs passed dur ing discharge, only 
50% uti l ization of the anode was realized. The re-  
main ing  calcium either suffered corrosion or became 
mechanical ly  detached from the Ni lead. 

Calcium was also surveyed Using Ca(FeC14)2, 
Ca(SbCI6)2, and LiA1C14 electrolytes. In  general  the 
Fe and Sb based anions showed poor performance in  
terms of lower discharge voltage and lower anode 
utilization, while  the LiA1CI4 electrolyte compared 
favorably with the Ca(A1C14)2 electrolyte. 

Hermetical ly sealed "D" cells were assembled con- 
ta ining 1.0M Ca(A1C14)2 electrolyte which had a theo- 
retical capacity based on the calcium anode mass of 
4.1 A-h r  (4.5 • 9.7 cm; 3.0-3.1g). Typically, the 
freshly filled cells showed open-circui t  potentials of 
3.00-3.05V which rose after 6 hr  to 3.15-8.20V. The 
cells were discharged through a 70~ precision resistor 
which simulated a 1 m A / c m  ~ (Ca surface area ~44 
cm 2) discharge rate. The cells were divided into sev- 
eral  groups for storage at ambien t  room tempera ture  
and  55~ This data is summarized in  Table II  and 
Fig. 9 shows the discharge curves for three represen-  
tative fresh "D" cells discharged at room tempera ture  
It  should be noted that  the exper imenta l  capacity o f  
freshly filled cells and the cells stored 1 month  at 
room tempera ture  was ~50% of the capacity based 
upon the mass of the calcium. Elevated tempera ture  
and longer storage t ime at room tempera ture  both 
seriously reduce the cell capacity to ~40% of the 
rated value, presumably  a result  of cont inued para-  
sitic reaction be tween the SOC12 and the Ca metal. 
The discharged cells were opened and the inter ior  
was inspected. A grayish salt existed be tween the Ni 
substrate  and glass separator, where the anode had 
been, indicat ive of anode corrosion. The cathode ca- 
pacity had not been exceeded as evidenced by con- 
t inued cell discharge when  a new Ca anode was in-  
serted into the cell. 

The capacity of cathodes as a funct ion of the elec- 
trochemical system, Li/LiA1C14-SOClu and Ca/Ca 
(A1C14)2-SOC12 was also investigated. The fai lure of 
the cathodes in Li/SOClz cells has been suggested to 
result  from accumulat ion of LiC1 in  the pores of the 
cathode (9). In  fact, a comprehensive s tudy of the 

r e a c t i o n  profiles and composition of cathodes for 
Li/SOC12 has been reported (10). The capacity of 
the cathodes as a first order model should be related 
to the molar  volume of the deposited salt, LiC1 or 
CaC12 per equivalent  of charge passed. The equivalent  
volume of LiC1 is 20.5 cm 3 and that of CaC12 is 25.8 
cm 3. The model assumes the following reaction mecha- 
nisms (vide infra ) 

2Ca -}- 2SOC12 ~ 2CaCla + SO2 "t- S 

4Li ~ 2SOC1~--> 4LiC1 -t- SO2 + S 

Relat ively thin carbon cathodes (40-60 ~m) were dis- 
charged in  the s tudy at various c u r r e n t  densities wi th  
both Ca and Li anodes and the appropriate electro- 
lyte. A plot of the logari thm of the rate vs. the nor -  
malized cathode capacity for both Li and Ca cells is 
shown in  Fig. 10. Based on the comparison of the 
equivalent  volumes, a calcium cell's cathode capacity 
is calculated to be --~80% of a s imilar ly  constructed 

Table II. Discharge data for hermetic Ca/SOCI2 "D" cells 

A v e r a g e  
N u m b e r  C a p a c i t y  l i fe  above  

C e i l  of cel ls  (A-hr )  2V ( h r )  

F r e s h  10 2,0 52.3 
1 m o n t h  a t  25 ~ ~ 2~C 2 2.0 51.5 
1 m o n t h  a t  55~ 3 1.7 43 
21/= m o n t h s  25 r -~ ~ 3 1,6 44 

C a p a c i t y  b a s e d  o n  a n o d e  m a s s  = 4.1 A-hr .  

" D "  CELL DISCHARGE 
70~ 
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Fig. 9. Discharge curves for 3 freshly filled "D" cells through a 
70~ load (1 mA/cm 2 Ca). The circled point above the discharge 
curve shews the OCP of the cells. 

1,0 Li/LiAICI 4 - sac (  2 

Ca/ 

10-1 

786 

I0-2 I I I i ~ l l i [  I I i I t l l i l  I I i , i l i ~ l  I I i l , l l f }  

101 10 2 10 3 10 4 10 5 

N O R M A L I Z E D  CATHODE CAPACITY 

sec//~m 

Fig. 10. Logarithm of the rate ys. logarithm of the cathode 
copacity for Co/SOCI2 and LiSOCI2 cells. 

l i th ium cell. From the data in  the graph, the calcium 
cell's capacity is ~58% of the Li cell. Thus, the pro- 
posed model (based solely on the molar  volume of 
the deposited salt) is too simplistic and other factors, 
e.g., the mobi l i ty  of Ca 2+ and Li + ions in  sac12 and 
diffusion of Ca 2+ and Li+ into the cathode pores 
should be considered. It may well  be that, despite the 
use of thin cathodes, the inter ior  of cathodes is par -  
t icular ly underut i l ized as the result  of the lower 
mobil i ty of Ca 2+ relat ive to Li +. The results of this 
part icular  study do indicate however that  the cathode 
capacity for a calcium cell will  be lower than  for a 
s imilar ly constructed l i th ium cell. 

We have also investigated whether  leaving the 
oxide coating intact  is beneficial to the Ca/SaC12 sys- 
tem. A rela t ively large piece of oxide-coated calcium 
(20 cm 2) was exposed to 1M Ca(A1CL.)2 electrolyte 

at 55~ and ini t ia l ly  showed significantly reduced 
corrosion, al though the cut edges showed some cor- 
rosion. At a specific site along one edge, pi t t ing com- 
menced and a circular corroded area of ~1  cm ~ was 
apparent  after 2 months storage at 55~ The corro- 
sion at this site continued progressively throughout  
the durat ion of the test. It  should be stressed that  
corrosion was ini t iated at this s ingular  site with the 
other edges having small  areas where white crystal l ine 
deposits appeared and which apparent ly  self-healed. 
Electrodes were also constructed from the oxide- 
coated calcium and evaluated. This calcium could not 
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effectively be welded to nickel  substrate and thus 
the calcium was mechanical ly  fixed to a nickel  lead. 
Flooded cells using oxide-coated anodes and references 
showed ini t ial  open-circui t  potent ial  (OCP) of --3.10V 
and were discharged through a 20001~ load. The A-h r  
capacity of such cells was ~0.075 A-h r  (40% of that  
expected based on the anode mass) and the discharged 
anode remained relat ively intact  but  showed a 3V 
polarizat ion vs. the reference. These anodes were col- 
lected, in ten t ional ly  hydrolyzed, and the resul t ing so- 
lutions t i t ra ted for Ca(OH)2 to assess the avai lable 
Ca metal. The analysis showed that  approximately  
40% of the original  Ca remained ent rapped wi th in  a 
CaO and CaC12 coating and that  approximately  20% 
corrosion had occurred. This is a significant improve-  
ment  in  the corrosion rate and indicates that  the oxide 
coating does provide a protective film through which 
the Ca can discharge bu t  eventua l ly  the remain ing  Ca 
metal  is electronically isolated. 

Vapor-deposited Ca on steel was also evaluated 
in  the Ca(A1C1D2-SOCI~ electrolyte. This mater ia l  
was obtained from Catalyst Research Corporation of 
Baltimore, Maryland  and was 0.020 cm thick with an 
average Ca densi ty of 1.51 g/cm 3. A flooded cell was 
constructed which showed an OCP of 3.25V and when 
discharged showed only a 25% uti l izat ion of the Ca with 
the remainder  of the Ca apparent ly  suffering parasitic 
corrosion. The reference electrode was also inspected 
after discharge and this inspection revealed that  the 
steel substrate  was devoid of calcium metal. Sig- 
nificant deposits of CaC12 were observed at  the bot-  
tom of the cell as a resul t  of the anode and reference 
corrosion. 

Cell chemistry,--There are many  possible overall  
cell reactions for the Li/SOCI2 system (11), among 
these the following two reactions 

8Li -6 3SOC12--> 6LiC1 + Li2SO8 -6 2S 

4Li -6 2SOC12 ~ 4LiC1 + SO2 -6 S 

have been ment ioned f requent ly  for room tempera-  
ture  discharge. The second reaction is now considered 
the probable overall  reaction, al though some specific 
unanswered  questions still remain  (11). It  was there-  
fore considered beneficial and informative,  by com- 
parison, to ident ify qual i ta t ively the products of the 
Ca/SOC12 cell react ion at room temperature.  

Before discharge, no SO2 was detected in  the in f ra -  
red spectrum of the electrolyte. After  discharge, a 
large inf rared absorption appeared  at 1330 cm -1 which 
is diagnostic of SO~ dissolved in SOC12 and as the 
electrolyte was protected from H20 contamination,  the 
SO2 resulted from the reduct ion of SOC12. 

A discharged carbon cathode was first washed with 
SOC12 to remove LiA1C14 then leached wi th  distilled 
water  to remove water  soluble products. A port ion of 
the solution was immedia te ly  wi thdrawn and tested 
for sulfite by addit ion of an acidified KMnO4 solution. 
The solut ion did not  decolorize and thus no reducing 
agents  such as SO32- were present.  Addit ion of an  
aqueous Ba 2+ solution to a port ion of the leached 
cathode solution did not  result  in precipi tat ion of 
solid, thus SO42- was not present. A white solid 
recovered from the leach solution was shown to be 
a single phase of CaC12 by x - r ay  diffraction techniques. 
Although the discharged electrolyte was not specifically 
tested for the presence of dissolved sulfur,  the con- 
clusive evidence presented for SO2 and CaC12 suggests 
the following overall  cell reaction at room tempera ture  

2Ca + 2SOC12 -~ SO2 -6 2CAC12 -6 S 

It  should be stressed that  the overall  products of this 
electrochemical reaction do not necessa r i ly  imply  a 
specific mechanist ic pa thway and, in  fact, significant 
t empera ture  changes may  favor another  pa thway and  
concomitant ly  different products. The Li/SOC12 cell is 
a good example of where  the re la t ion of tempera ture  

and mechanism have yet  to be definitively elucidated 
(11, l l a ) .  

The lower capacity for th in  cathodes in  Ca/SOC12 
(vide supra) should also be emphasized in l ight  of 
finding CaC12 in  the cathode. Per  equivalent  of charge 
passed, the CaC12 precipitated in  the cathode matr ix  
would occupy a larger molar  volume than  LiC1 and 
hence a lower cathode capacity. 

Electrodeposit~on of calcium.--The exper imental  as- 
sembly used for deposition exper iments  contained 1.0M 
Ca(A1C]4)2-SOC12, a Ca reference, Ca anode, and 
nickel substrate or cathode. The open-circui t  poten-  
tial between the p lanar  nickel electrode and the cal- 
cium electrode was about 3V. When a constant  cur-  
rent  of 0.125 m A / c m  2 was applied to the nickel work-  
ing electrode, the potential  of the nickel (measured 
against the Ca reference) decreased very slowly from 
3 to 2V after 70 rain. On turning off the current, the 
nickel potential rose quickly to near 3V. When a larger 
constant current of 1.25 mA/cm 2 was applied to the 
nickel electrode, the potential of the nickel decreased 
rapidly from 3 to --10V and remained at that poten- 
tial until the current was turned off, whereupon, the 
potential rose immediately to anodic values and was 
near 3V within 20 rain (Fig. II). 

There is little evidence for calcium deposition on 
the Ni substrate. When the nickel is made cathodic, 
the surface can directly transfer electrons to the 
SOC12, thus, solvent reduction can occur. The products 
of the reaction may be SO2 and S, which are soluble 
in SOC12, and CaC12, which precipitates on the Ni 
surface, inhibiting electron transfer (voltage driven 
to --10V). Considering the model of the solid electro- 
lyte interphase (SEI) advanced by Peled (12, 12a), the 
Ni-is now covered by a CaCI2 SEI layer. Calcium 
chloride is essentially an electronic insulator, thus the 
current must now depend on the migration of ions 
through the passivating film (ionic current) to the Ni 
surface (Fig. 12). However, the cation transport num- 
bers of alkaline earth halides is low (13), with the 
anion transport number likely close to unity. Thus, the 
current will predominately be carried by the anion de- 
fect sites as shown in Fig. 12. By this hypothetical 
mechanism, CI- must move outward through defect 
sites to precipitate as CaCla on the surface and leave 
Ca as a deposit on-the Ni substrate. Apparently this 
process does not function efficiently. This mechanism 
would require destruction of CaC12 at the nickel sur- 
face, and the growing of CaCI2 crystals at the inter- 
face with the solution, at a rate commensurate with 
the current being drawn. These crystals, almost cer- 
tainly dendritic, could offer no protection to the cal- 
cium, and so the deposit would be corroded as fast as 
it was plated. 
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1.6 cm2 Ni 
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Fig. 11. Calcium deposition to Hi substrate in 1M Co(AICI4)2- 
SOCI~. 
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Fig. 12. Model for calcium deposition through a solid electrolyte 
interphase layer of CaCI2. Ionic current is carried by anion as a 
result of the low transport number of the calcium cation. 

In contrast ,  the p la t ing  or dissolut ion of l i th ium 
through  a l i th ium sal t  SEI would  not  requi re  the 
g rowth  or  the demise of crystals  of the l i th ium salt, 
since l i th ium ions could s imply  pass th rough  this 
layer .  Wi th  l i thium, t h e  process e i ther  of p la t ing or 
pa r t i cu l a r ly  of anodic oxida t ion  would  requ i re  only 
tha t  the  SEI be phys ica l ly  t ranspor ted ,  intact,  as the 
meta l  was p la ted  or  s t r ipped.  

Calcium corrosion.--The accelera ted  corrosion of 
ab raded  Ca meta l  in the  th ionyl  chlor ide e lect rolytes  
as compared  to SOC12 alone is puzzling at  first glance. 

The extens ive  invest igat ions  wi th  l i th ium and the 
LiC1 film in SOC12 a re  ava i lab le  for contras t  and 
comparison. L i th ium appears  fa r  less reac t ive  both in 
SOCI~ and the var ious  sui table  e lect rolytes  which is 
evidenced by  discharge of cells a t  efficiencies ap-  
proaching  100% ut i l iza t ion of the l i th ium anode. Pe led  
and Dey independen t ly  have  proposed compat ib le  ex-  
p lanat ions  of the na tu re  of the  film growth  and 
morphology  (6-8).  In  par t icu lar ,  Dey (8) has con- 
s idered  the  P i l l i ng -Bedwor th  rat io  (14) which  re la tes  
the  molar  volume of the  coating or film to the molar  
volume of the metal .  This use of this rat io was 
or ig ina l ly  confined to explanat ions  of pro tec t ive  and 
nonprotect ive  meta l  oxides. The effectiveness of the  
coating was judged  according to the rat io  R 

Vs 
nV 

where  Vs is the  molar  volume of a Li or  Ca compound, 
n is the  number  of g r am atoms of Li  or  Ca in one 
mole of the compound,  and  V the g r am atomic vol-  
ume of Li or Ca. When  this ra t io  is g rea te r  than  1, 
the  compound forms a pro tec t ive  film. The fol lowing 
examples  a re  inc luded for comparison 

C o m p o u n d  R 

LifO 0.57 
LisN 0.64 
Li~CO8 1.34 
LiCI 1.58 
CaO 0.66 
CaCI= 1.98 

I t  is obvious f rom these considerat ions that  LiC1 would  
be expected to be pro tec t ive  and in fact  has been 
shown to be  k ine t ica l ly  pro tec t ive  for  l i th ium in SOC12. 
The  same conclusion would  be d r a w n  for CaC12 on 
Ca, ye t  we have not  found this to be the  case. The 
d iscrepancy lies in the  re la t ive  s impl ic i ty  of the 
P i l l i ng -Bedwor th  rat io,  and  corrosion t reat ises  (15, 

16) indicate  that  only  a qual i ta t ive  ag reemen t  is ex-  
pected.  Other  considerat ions such as a coefficient of 
expans ion  equal  to the  me ta l  substrate ,  good a d h e r -  
ence, and low elect r ica l  conduct iv i ty  a re  equa l ly  im-  
por t an t  (16). In  addi t ion  to these factors, the in t r in -  
sic qual i t ies  such as mechanical  film breakdown,  
chemical  b reakdown  of the film, and b r eakdown  by 
undermin ing  at  any  for tui tous imperfect ion,  provide  
a m o r e  complete  view of film protec t ion  or  nonpro-  
tect ion (16). 

The presence of dissolved salts  aggrava tes  the  cal-  
cium corrosion, a resul t  not  unexpec ted  when  con- 
s ider ing the Li/SOC12 sys tem where  the  na ture  of the 
dissolved sal t  a ppa re n t l y  changes or influences the 
LiC1 film growth  ra te  and  morpho logy  (17, 18). 
Final ly ,  the ca lc ium corrosion m a y  also resul t  f rom 
the presence of r e l a t ive ly  high amounts  of magnes ium 
and a luminum which would  be expected  to be presen t  
at the  g ra in  interfaces  and which m a y  give rise to 
galvanic  corrosion cells wi th in  the  anode. 

The open-c i rcu i t  po ten t ia l  of the  calcium-SOC12 cell 
differs cons iderably  f rom the value  ca lcula ted  f rom 
the rmodynamic  functions (see the  in t roduct ion) .  This 
d iscrepancy may  arise f rom two considerat ions:  first, 
the thickness of the SEI may  affect the potent ia l  (6) 
and second, act ive corrosion implies  a corrosion cur-  
rent  and a consequent  lower  potent ia l  th rough  pola r i -  
zat ion of the  anode. 

Summary and Conclusions 
In addi t ion  to the above genera l ized  discussion of 

calc ium corrosion, the  sa l ient  resul ts  of this inves t iga-  
t ion were:  

1. Su i tab le  e lectrolytes  such as Ca(AlCl4)2 can be 
p repared  if a t tent ion  is pa id  to the pu r i ty  of mater ia l s  
and wa te r  is pa ins tak ing ly  excluded.  

2. Corrosion of the calc ium meta l  in e lect rolytes  is 
a significant p rob lem under  the  condit ions studied. 
The corrosion occurs dur ing  storage, and apparent ly ,  
more r ap id ly  under  anode discharge when the SEI 
or CaC12 film m a y  be th inner  and more  susceptible  
to cont inued react ion wi th  the SOCI~. 

3. Cathode capacit ies when compared  to Li/SOC12 
cells a re  lower,  a p robab le  resul t  of the l a rge r  molar  
volume occupied by  CaCI2 and lowered  mobi l i ty  of 
calc ium ions re la t ive  to l i th ium ions in the  e lec t ro-  
lyte.  

4. Both SO2 and CaC12 were  confirmed as products  
of cell  discharge in t imat ing  that  the e lec t roreduct ion  
of SOC12 proceeds to S, SO2, and C l -  

2Ca + 2SOC12--> 2CAC12.+ SO2 + S 

5. The calcium pla t ing exper iments  in SOC12 sug- 
gested that  calc ium meta l  was not  e lec t rodeposi ted  on 
the nickel  substrate .  This behavior  m a y  resul t  f rom a 
rap id  corrosion ra te  or  fundamenta l  t r anspor t  p rob-  
lems through the CaCla film formed on the substrate.  

6. Vacuum anneal ing  of the calcium reduces the 
work  hardening  and results  in be t t e r  anode uti l ization,  
a l though  corrosion is not  e l iminated.  

A c k n o w l e d g m e n t s  
Research costs associated wi th  this invest igat ion 

were  suppor ted  in pa r t  by  the Office of Nava l  Research 
Contract  No. N00014-76-0524. The author  would  l ike 
to acknowledge  the l abo ra to ry  assistance of Mr. 
Richard  Ga ry  and the SEM work  of Mr. Kim 
Ostreicher.  In  addition, helpful  discussions and the 
encouragement  of Dr. Car l  Sch la ik j e r  a re  apprecia ted .  

Manuscr ip t  submi t ted  J u l y  11, 1979; revised m a n u -  
script  received Oct. 29, 1979. This was Paper  57 pre -  
sented at  the Pi t t sburgh,  Pennsylvania ,  Meet ing of 
the Society,  Oct. 15-20, 1978. 
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Role of Oxide Defects in the Anodic Oxidation of Nickel 

B. MacDougall* 
NationaZ Research Counci~ of Canada, Ottawa, Ontario, Canada K I A  OR9 

ABSTRACT 

The galvanostatic oxidation of nickel electrodes in pH 2.8 NaeSO~ requires 
the presence of a prior oxide film in order to avoid the active nickel dis- 
solution region. Either the 6-8A NiO film on electropolished nickel or that  
formed during the early stages of anodic passivation can serve as an appropri-  
ate starting surface for galvanostatic experiments. Anodic charging of such 
electrodes gives a distinct transition region over a potential range of almost 
1V. The current efficiency for nickel dissolution during the potential transient 
is high (~80%) with only a small portion of the charge contributing to oxide 
growth. This situation persists even at high charging rates and/or  high solu- 
tion pH's where it appears that chemical dissolution of the oxide is not 
playing an important  role. The results suggest that  the standard high field 
oxide growth mechanism is not operative during galvanostatic oxidation of 
nickel. The results are best explained in terms of a defective oxide film where 
the change of potential during the transient is associated with an increase in 
the state of film perfection. Anodic charge consumption would be mainly due 
to a continuous breakdown and repair of the oxide film at defect site~.~ most 
of the charge going towards Ni ~ Ni 2+ ~ 2e during inefficient film repalr. The 
increase in anodic potential with increasing perfection of the film is interpreted 
in terms of an overvoltage effect, i.e., the area over which breakdown and 
repair  is occurring decreases with increasing film perfection and therefore the 
anodic current density increases. At potentials ~ -}-0.4V, the rate of increase 
in oxide film perfection decreases and an eventual steady state is reached. 
The influence of potential of anodization and solution pH on nickel dissolution, 
oxide repair, and oxide perfection is discussed. The defect model of oxide film 
development is shown to apply equally well during potentiostatic oxidation of 
nickel, the NiO film reaching an almost steady thickness very soon after the 
potential step anodization with the continual long-term decrease of anodic 
current with time of anodization being due to a localized increase in oxide film 
perfection. 

The anodic oxidation of nickel in acid or neutral 
electrolytes has been extensively studied by workers 
using potentiostatic (1-7), potentiodynamic (8, 9), 
and galvanostatic charging techniques (10-13). It is 
genera l ly  accepted that a surface oxide film on the 
nickel electrode is responsible for retardation of the 
nickel dissolution reaction and that, on a previously 
oxide-free nickel surface which is polarized into the 
passive potential region, the oxide composition is NiO 
as opposed to Ni(OH)2 or higher oxides of nickel. 
On the other hand, there is still controversy concern- 
ing the mechanism of film growth with regard to 
changes in oxide thickness and/or  electronic conduc- 

�9 Electrochemical Society Active Member. 
Key words: defects, electrode, passivity, oxidation. 

t ivity with time and/or  potential of anodization, w i th  
several models having been presented in the l i tera-  
ture. In previous work, MacDougall and Cohen found 
no substantial change in oxide thickness with time 
or potential of anodization, a film of 9-12A of NiO 
forming very rapidly on the electrode surface after 
polarization in the passive potential region (i,  2, 4, 14, 
15). Correspondingly large changes in the stabi]ity of 
the oxide towards open-circuit breakdown were ex- 
plained in terms of a defect model of the NiO film, 
film stabi]ity being determined by the character of 
the oxide at ]ocalized weak points in the film. Since 
the total surface coverage by these defects is quite 
small (~2%) and the surface analysis measurements 
are averages representative of the entire oxide, the 
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measured  film thicknesses and s toichiometr ies  are  
essent ia l ly  independent  of film perfection.  This model  
was subs tan t ia ted  by:  (i) e lec t ron microscopic exam-  
inat ion of single crys ta l  nickel  e lectrodes fol lowing 
open-c i rcu i t  oxide b reakdown;  (ii) solution analysis  
for  Ni 2+ at  var ious  stages dur ing  film breakdown;  
a n d  (iii) both anodic and cathodic polar iza t ion  ex-  
per iments  (16, 17). 

A model  for  passive oxide  film format ion  on nickel  
has been presented  by  Ord et al. (12) to expla in  an 
e l l ipsometr ica t ly  de te rmined  increase in oxide film 
thickness dur ing  galvanosta t ic  anodic charging in 
both neu t ra l  sulfate  and bora te  solutions. T h e  oxide 
thickness appea red  to increase f rom 2 to 18A dur ing 
anodic charging,  this increase  para l le l ing  an increase  
in anodic potential .  This suggested a high field oxide 
growth  mechanism s imi lar  to that  proposed by  o ther  
workers  for  oxide  g rowth  on nickel  under  po ten t io-  
s tat ic  condit ions in acid solutions (18, 19). The oxide  
film was bel ieved to be a poor electronic conductor  
and thus able to susta in  a substant ia l  potent ia l  drop 
across it. The oxide giving rise to the potent ia l  t rans-  
ient  was bel ieved to be NiO while  that  formed in the 
p la teau  potent ia l  region was p robab ly  ~NiOOH with  
a h igher  electronic conduct iv i ty  than NiO (12). 

An  impor tan t  issue in the anodic oxida t ion  of nickel  
under  both potent ios ta t ic  (18) and ga lvanos ta t ic  (19) 
condit ions concerns the  cur ren t  efficiency for  oxide  
growth  in the passive potent ia l  region, i.e., wha t  
por t ion of the  overa l l  anodic cur ren t  goes towards  
an increase  in film thickness? I t  is recognized that  
correct ions must  be made  for chemical  dissolution 
of the  oxide, i.e., NiO -F 2H + ~ Ni2+ -F H20, because 
an e lec t ron- t rans fe r  react ion occurs to replace  the 
dissolved oxide, i.e., Ni -F H20 --> NiO -t- 2H + + 2e. 
The p rob lem is tha t  the  charge associated wi th  this 
coupled reac t ion  m a y  represen t  a la rge  pa r t  of the 
measured  anodic charge but  it  does not contr ibute  
to an ac tual  increase  in the  amount  of oxide  on the 
surface. The usua l ly  accepted method of correct ion 
is to assume a constant  ra te  of chemical  dissolution, 
and thus a constant  anodic cur ren t  contr ibut ion,  which 
depends only on solut ion pH (18-20). The dissolution 
cur ren t  can then be subt rac ted  f rom the overa l l  
anodic cur ren t  to give the ra te  of oxide  growth.  I t  
appears,  however,  that  this method may  be too s im-  
plist ic in tha t  the  anoclic cur rents  mav  be associated 
wi th  o ther  processes besides oxide g rowth  and chemical  
dissolution. In  par t icu lar ,  work  on the anodic oxidat ion  
of i ron and nickel  (21, 22) indicates  tha t  chemical  
dissolution of the oxide  may  only be responsible  for 
a smal l  por t ion of the anodic cur ren t  not cont r ibut ing  
to oxide growth.  The ma jo r i t y  of the  nonoxide growth  
anodic cur ren t  is bel ieved to be due to me ta l  dissolu-  
t ion (M --> M e+ + 2e) under  the influence of a high 
electr ic  field wi th in  the  oxide. Other  work  would 
seem to indicate  tha t  the  ra te  of oxide  chemical  d is-  
solut ion is dependent  on the anodic potent ia l  (7, 23), 
i.e., the ra te  of MO + 2H+ --> M e+ + H20 is de te r -  
mined by  the potent ia l  across the ox ide -e lec t ro ly te  
in terface  as wel l  as the solution pH. This means  that  
dur ing  oxide  growth,  (i) oxide  chemical  dissolution, 
(ii) elect rochemical  oxide dissolution, and (iii) field 
assisted meta l  dissolution m a y  be cont r ibut ing  to the 
measured  anodic current ,  in which case the correct ion 
t e rm could depend on t ime and potent ia l  of anodiza-  
t ion as wel l  as solut ion pH. In te rp re ta t ion  of cur ren t  
efficiency da ta  for g rowth  of thin oxide films is the re -  
fore a complicated mat ter .  

In  the present  paper ,  the  mechanism of the anodic 
pass ivat ion of nickel  under  galvanosta t ic  and poten-  
t iostat ic  condit ions wi l l  be inves t iga ted  by d i rec t ly  
measur ing  the cur ren t  efficiency for oxide growth  on 
preoxidized electrodes.  The roles of the various reac-  
tions responsible  for lower ing the oxide cur ren t  ef-  
ficiency wil l  be s tudied by  work ing  at  different  anodic 
changing ra tes  and solut ion pH's.  An  a l te rna t ive  to 

the high-f ield oxide  growth  model  wil l  be presented  
to expla in  the results,  this model  involving changes 
in the defect  charac te r  of the oxide dur ing  anodiza-  
tion. The role of b reakdown  and repa i r  of oxide at  
the  defect  sites will  be discussed and it wil l  be shown 
how localized react ions m a y  be responsible  for a 
large  pa r t  of the charge consumption dur ing  both 
galvanosta t ic  and potent ios ta t ic  polarizat ion.  

Exper imental  
Polycrys ta l l ine  specimens,  1 • 2.5 cm, were  p re -  

pa red  f rom zone-ref ined nickel  sheet  of 99.996% 
pur i ty  as descr ibed e lsewhere  (1).  They were  de-  
greased wi th  benzene, chemical ly  pol ished (1), elec-  
t ropol ished for  2 min at  23~ in a 57 volume percen t  
(v /o)  sulfur ic  acid solut ion a t  0.5 A - c m  -2, and then 
annea led  at  800~ in a vacuum of 10 - s  Torr.  The 
specimens were  e lec t ropol ished again  immed ia t e ly  be-  
fore use in an exper iment .  Potent ia ls  quoted in this 
paper  are  re fe r red  to the Hg/Hg2SO~ reference  elec-  
t rode in 0.15N Na2SO~ (+0.665V with  respect  to the 
s tandard  revers ib le  hydrogen  e lect rode) .  Deaera ted  
solutions of 0.15N Na2SO4 were  ad jus ted  to pH 2.8. 
Exper iments  were  conducted at  25~ Electropol ished 
electrodes were  e i ther  po ten t ios ta t ica l ly  or  ga lvano-  
s ta t ica l ly  anodized both with  and wi thout  cathodic 
reduct ion of the pr ior  oxide  film. Solut ions were  
analyzed  for Ni e+ b y  carbon rod atomic absorpt ion 
spectroscopy, the lower  l imit  of detect ion by  this 
method being 0.2 #g cm -2 (sample  a rea  __-- 5 cm2; 
cell  volume = 50 ml) .  X - r a y  emission spectroscopy 
was used to de te rmine  oxide film thickness (1). 

Results 

Transient Results 
Galvanostatic oxidation of nickeL--Figure 1 shows 

the anodic galvanosta t ic  charging profiles for  nickel  
e lectrodes in pH 2.8 Na~SO4 at 4, 20, and 200 ~A cm -2. 
The e lec t rode  p re t r ea tmen t  consists of e lectropol ishing 
and immers ion  in the pH 2.8 e lec t ro ly te  wi th  an 
appl ied  cathodic cur ren t  of 20 ~A cm -2 to remove 
the pr io r  6-8A NiO film (1). The potent ia l  is then 
s tepped to --0.3V for 30 sec to avoid the  po ten t i a l  
region of act ive meta l  dissolution. The s tar t ing sur -  
faces are  thus covered by  an anodica l ly  formed oxide 
film. A constant  potent ia l  p la teau  is observed at  
potent ia ls  more  anodic than  the revers ib le  potent ia l  
for oxygen evolut ion in the present  system, i.e., +0.4V. 
The p la teau  potential ,  and thus the react ion over -  
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Fig. 1. Anodic charging curves for nickel electrodes in pH 2.8 
Na2SO~ at 4 ~.A cm -2  ( ), 20 ~A cm -2  ( - - - ) ,  and 80 ~A 
cm - 2  ( - ' - ) .  Electrode pretreatment consisted of electropolishing, 
cathodic reduction, and stepping the potential to --0.3V for 30 sec. 
The standard method was used for determining the transition time 
of the anodic arrest and is illustrated for the 80 F,A cm -2  charging 
profile. The points of intersection of the extrapolated lines for the 
various charging processes are taken as defining the beginning and 
end of the change transient. 
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voltage, is dependent on the anodic charging rate 
with a Tafel slope of ca. 0.13V. Between the initial 
potential and that of the plateau, the potential in- 
creases steadily at an almost constant rate (i.e., 
dVa/dQa --- constant 1) giving rise to what will be 
defined as an anodic transient. 

The transient charge is plotted as a function of 
anodic charging current in Fig. 2. The transient charge 
is almost independent of anodic charging current 
above ca. 50 ~A cm-% At lower charging rates, Qa t in- 
creases with decreasing ia g, an observation that can be 
explained in terms of an increased amount of chemical 
dissolution of the oxide at the longer transition times. 
The value of the anodic charging current at which Qa t 
becomes independent of iag increases with decreasing 
pH and decreases with increasing pH, in agreement 
with a chemical dissolution model. At pH 2.8, an anodic 
charging rate of 80 #A cm-"  is used to study the 
transient oxidation of nickel in order to avoid the 
region of large changes of Qa t with iag (Fig. 2). 

Role of the air-Jormed oxide ]~lm.--It is known (1) 
t h a t  nickel electrodes which have been electropolished 
in 57 v/o H2SO4 and subsequently exposed to the 
air are covered with a 6-8A "air-formed" NiO film. 
The possibility of using this previously characterized 
film as a means of avoiding the active potential region 
was investigated. When electropolished nickel is im- 
mersed in pH 2.8 Na2SO4 at 80 #A cm-2, the potential 
rapidly adjusts to --0.14V and then increases almost 
linearly with Qa until + 0 I V  (Fig. 3). Shown for 
comparison in Fig. 3 is the result obtained with an 
initially oxide-free electrode which was given a 30 
sec anodization at --0.3V prior to anodic charging. 
After this treatment, initiation of galvanostatic charg- 
ing with 80 #A cm -2 results in an immediate potential 
increase to --0.18V, i.e., close to the--0.14V observed 
with electropolished nickel, followed by an anodic 
transient almost identical to that obtained with elec- 
tropolished nickel. The results suggest that this anodic 
oxide film is similar in character to the air-formed 
film. Also shown in Fig. 3 is the anodic charging 
profile obtained with an electropolished nickel elec- 
trode which was anodized at --0.3V for 30 sec with- 
out prior reduction of the air-formed oxide film, i.e., 
it was immersed in the electrolyte under polarization 
at --0.3V. The presence of the 6-8A NiO film reduces 
t h e  transient charge by only a small amount. The fact 
that the presence of the oxide film on electropolished 
nickel does not alter the overall transient oxidation 

In the  text ,  V~ and ta re fer  to the  potent ia l  and t ime  of  an- 
odlzation; ia is the  anodie current ;  Qa is the  anodie charge  passed; 
ia~ is the anodic galvanostat ie  charg ing  current ,  and Qa t ~ the 
anodic  trans ient  charge.  
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Fig. 3. Anodic charging curves for electropolished nickel elec- 
trodes in pH 2.8 Na2SO4 at 80 ~A cm - 2  after different pretreat- 
ments: ( . . - )  immersion in solution at 80 ~A cm-2; ( ) cathodi- 
cally reduced with the potential stepped �9 to --0.3V for 30 sec; 
( - - - )  immersion in solution at --0.3V for 30 sec without prior 
cathodic reduction. 

characteristics means that it can serve as a "partially 
passivated" surface from which to start oxidation 
studies. 

Role of pH and temperature . - -Figure  4 shows the 
anodic galvanostatic charging profiles, at 80 ~A cm -2, 
for electropolished nickel electrodes at pH 2.0, 2.8, 
and 6.0. The anodic transient charge decreases by ca. 
20% in going from pH 2.0 to pH 6.0. The plateau 
potential is independent of pH; also the immersion 
potential (oes not vary substantially with pH. (Changes 
in the reference electrode potential do not account 
for this result since the Hg/Hg2SO4 reaction is inde- 
pendent of pH.) Also shown in Fig. 4 is the effect 
on the anodic charge of a decrease in temperature 
from 25 ~ to 6~ at pH 2.8. The anodic charging profile 
is similar to that obtained at 25~ except that the 
entire curve is shifted to more positive potentials. 

Solution analysis for Ni2+.--The solution was ana- 
lyzed for Ni 2+ at various times during anodic charg- 
ing of electropolished surfaces. The amount of Ni 2+ 
in solution increased with the quantity of charge 
passed and accounted for >80% of the anodic charge 
over the entire transient region at both pH 2.8 and 
6.0 (Table I). This situation continued into the platea~ 
potential region. 
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Fig. 2. Variation of the transient charge with anodlc charging 
current, in pH 2.8 Na2SO4, for nickel electrodes electropolished, 
cothodically reduced, and anodized at --0.3V for 30 sec. 
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Fig. 4. Anodic charging curves for electropolished nickel elec- 
trodes at 80 ~A cm - 2  in 0.15N Na2SO~ solutions of different pH's: 
( ) pH 2.0; (-" ") pH 2.8; ( - ' - )  pH 6.0. Solution temperature is 
25~ Also shown is the result obtained in pH 2.8 Na2SO4 at 6~ 
( - - - ) .  
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Table I. Quantity of Ni 2+ in solutian as a function of amount of 
anodic charge passed during the galvanostatic oxidation of 

electropolished nickel at 80 FA cm -2.  The transient charge has 
been converted to #g Ni 2+ cm - 2  by assuming a current efficiency 

of 100% 

Anodie 
Transient charge 

Solutian time (/~g NF+ 
pH (see) em -2) • 

[Ni ~+ ] in 
solution 

(p,g em -~) 
•  

<0 .2  
0.48 
0.72 
0.80 
1.10 
2.00 
0.84 

2.8 4.5 0.1 
2.8 22.0 0.54 
2.8 29.3 0.71 
2.8 38.8 0.95 
2.8 55.0 1.34 
2.8 125.0 3.05 
6.0 36.0 0.88 

Surface analysis o~ oxide films.--X-ray emission 
spectroscopy was used to determine the thickness of 
NiO films formed dur ing galvanostatic charging. For 
both the a i r - formed or anodic prior oxide films, the 
NiO film thickness obtained by galvanostatic charging 
in pH 2.8 at 80 ~A cm -2 (to +0.6V) was 9-12A, i.e., 
an increase of ~50% over the 6-8A of air-formed 
NiO original ly present  on electropolished nickel. 

The structure the oxide film formed on nickel by 
galvanostatic charging was studied by reflection elec- 
t ron diffraction using a Ni (111) single crystal. (The 
single crystal gave anodic charging profiles which 
were almost identical  to those obtained with poly- 
crystal l ine nickel.) The oxide formed by anodic charg- 
ing at 80 ~A cm-2  (to +0.6V) is a highly epitaxed 
NiO whose character appears to be independent  of 
prior removal  of the a i r - formed oxide. 

Long-Term Potentiostatic Results 
The role of the a i r - formed oxide film in the poten- 

tiostatic oxidation of nickel was investigated by im-  
mersing an electropolished nickel electrode into the 
solution at 0 volts and comparing the ia/t~ decay 
with the case where the a i r - formed oxide film was 
previously reduced before the potential  was stepped 
to 0 volts. The results are shown in  Table IL The 
presence of the a i r - formed oxide film reduces the 
ini t ial  ia by a factor of 100 times, i.e., active nickel 
dissolution is greatly inhibi ted by the film. However, 
after ca. 3 sec of anodization at 0 volts, the currents  
are the same in both cases. Figure 5 shows the long 
term decay of anodic current  with time (from 15 min  
to 160 hr) at 0 volts. 

The na ture  of the long term anodic currents  in 
Fig. 5 was investigated by analyzing the solution for 
Ni 2+ at various times. An electrode was anodized 
at 0 volts for 1 hr and then removed to the air for 
15 rain. Upon reimmersion in a fresh pH 2.8 solution 
at 0 volts, a very small  anodic charge flowed and 
the original cur ren t  (corresponding to 1 hr  at 0 volts) 
is reached within  60 sec. This indicates that the oxide 
film had changed very little during the 15 rain air 

Table II. Anodic currents as a function of time of anodizafion at 
0.0V in pH 2.8 Na2SO4 for electropolished nickel electrodes with 

(A) and without (B) cathodic reduction of the air-formed oxide film 

Time of 
a n a d i z a t i o n ,  

t~ (sec) 

A n o d i c  c u r r e n t s ,  ia 
( m A  c m  --~) 

A B 

0 60 0,6 
1 0.36 0.20 
2 0.18 0.13 
3 0.09 0.09 
4 0.068 0.070 
5 0.054 0.056 

10 0.028 0.030 
15 0.019 0.020 
30 0.010 0.011 
60 0.0054 0.C056 

120 0.0028 0.0028 
300 0.0014 0.0014 
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Fig. 5. Decay of the anodic current with time of anodization at an 
anodic step potential of 0 volts for an initially oxide-free nickel 
electrode. Solution is pH 2.8 Na~SO4. 

exposure [c5. Ref. (4)].  During this 60 sec reanodiza- 
tion, solution analysis indicated <0.2 ~g cm -2 of 
Ni 2+ in solution. The same exper iment  was repeated 
but  this time the reimmersed electrode was left in 
the solution at 0 volts for 24 hr. During this time, 
8.8 mC cm -'~ of anodic charge passed and 2.9 ~g cm -2 
(•  of nickel dissolved as Ni 2+. This amount  of 
Ni 2+ corresponds to 9.5 mC cm -2, i.e., within  experi-  
menta l  error all the long term anodic charge can be 
accounted for by the dissolution reaction Ni --> Ni 2+ 
+ 2e. This is in agreement  with previous x - ray  ob- 
servations (1-4) that the overall  thickness of nickel 
oxide films is almost independent  of t ime of anodiza- 
t ion.  

To determine the influence of V~ on i~, a nickel 
electrode was anodized at 0 volts for 1 hr, the anodic 
current  falling to 0.24 ~A cm -~. The potential  was 
then rapidly adjusted to --0.2V and the current  ini-  
t ially decreased to 0.03 ~A cm -2 and began to increase 
very slowly. Open-circui t  decay experiments  indicate 
that the character of the oxide formed at 0 volts 
(ta = 1 hr) is not affected by the potential  step to 
--0.2V for at least the first half  hour, i.e., the character 
of the oxide is frozen for a substant ial  period of 
time after the potential  step to a less anodic potential.  
If the anodization had been at --0.2V from the start, 
the anodic current  would have been 0.25 ~A cm -2 
after 1 hr of anodization. In the present case, Q con- 
t inues to increase from 0.03 ~A cm -2 for up to 10 hr 
after  the potential  step from 0 volts indicat ing that  
the film is taking a very long time to adjust  to the 
form associated with anodization at --0.2V. 

The effect of potentiostatic holding at --0.3V and 
0 volts, for various periods of time, on the anodic 
charging profiles is shown in Fig. 6. Potentiostatic 
holding increases the anodic value to which the poten- 
tial abrupt ly  jumps  with application of the constant  
anodic charging current  and this results in a decrease 
of the anodic t ransient  charge. The potential  jump to 
the higher anodic value indicates that the character 
of the oxide film is dependent  on the t ime as well  as 
the potential  of anodization, in agreement  with pre-  
vious observatious from open-circui t  work (4). With 
increasing time at --0.3V or 0 volts the film is con- 
vert ing to a higher potential  form through changes 
in the character of the oxide. 

Discussion 
Distinct t ransients  are observed over a potential  

range of almost 1V dur ing anodic galvanostatic charg- 
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Fig. 6. (a, left) Anodic charging curves for previously oxide-free nickel electrodes in pH 2.8 Na2SO4 at 80/~A cm - 2  as a function of 
time of anodization at --0.3V: ( ) 10 sec; ( - - - )  2 min; ( - ' - )  15 min; ( ' " )  20 hr. (b, right) As in (a) but with an anodization poten- 
tial of 0 volts. 

ing of either electropolished or anodically pretreated 
nickel electrodes (Fig. 1 and 3). Similar  results have 
been obtained by other workers (12, 19) which have 
been in terpre ted in  terms of a high field oxide growth 
mechanism where the t ransient  increase in anodic 
potential  is due solely to an increase in thickness 
of the nickel oxide film. In  the present  work, the 
t rans ient  charge (up to +0.6V at a charging rate of 
80 ~A cm -2 and assuming a 100% current  efficiency 
for oxide growth) is equivalent  to 20A of NiO so that  
the total NiO thickness ( including the prior oxide) 
should be ~27A after galvanostatic charging. X- ray  
emission measurements  indicate, however,  that the 
major i ty  of the t ransient  charge does not contr ibute 
to an increase in oxide thickness since the oxide is 
,~9-12A thick after anodic charging and the prior 
oxide itself was 6-8A. In  agreement  with this, solution 
analysis for Ni 2+ indicates that  the current  efficiency 
for nickel dissolution is >80% throughout  the t rans-  
ient  region (Table I), i.e., the t ransient  charge is 
main ly  associated with nickel dissolution rather  than 
oxide film growth. It  could be argued that a high 
field mechanism with a very  low oxide formation 
current  efficiency is responsible for the apparent  in-  
crease in oxide thickness from ,~7 to ,~10A, chemical 
dissolution of the oxide being responsible for the 
low current  efficiency. However, this seems unl ikely  
since the t ransient  charge does not vary  substant ia l ly  
with pH (Fig. 4) or with iag above ca. 80 ~A cm -2 
(Fig. 2), the oxide formation current  efficiency re-  
main ing  very low (<20%) throughout  (Table I).  
Thus the s tandard  high field oxide growth mechanism 
does not seem to apply and an al ternat ive model is 
required to explain the existence of the distinct anodic 
t ransient  dur ing  galvanostatic charging of preanodized 
nickel electrodes. 

Three possible interpretat ions  of the results will  
now be presented. The first involves a potential  de- 
pendent  rate of oxide dissolution with the rate in-  
creasing with anodic potential, i.e., electrochemical 
oxide dissolution (7, 23). The a rgument  would be 
that the resistance of the oxide to dissolution increases 
throughout  the t rans ient  region and consequently the 
anodic potential  must  increase in order that the con- 
s tant  anodic current  can be consumed. In  this model, 
a high electric field does not have to be present  
across the oxide since the potential  responsible for 
dissolution is across the oxide-solution interface. The 
second in terpre ta t ion involves a modified high field 
oxide growth mechanism whereby the field across the 
oxide is responsible for nickel dissolution. In this 
model, nickel ions diffusing across the oxide film can 
either incorporate into the oxide film or dissolve in 
solution (cf. 21, 22) and the major i ty  would thus 
appear to dissolve. The increase in anodic potential  
in  the t rans ient  region would be a monitor  of either 

an increase in oxide thickness or a change in its 
electronic properties (e.g., conductivity) so that higher 
anodic potentials are required to ma in ta in  the same 
anodic reaction rate. Both of the above models assume 
that the dissolution process is uni form with all sites 
over the surface of the oxide being essentially equiva-  
lent. The third and preferred in terpre ta t ion is one 
which considers a defective oxide film and this will 
now be presented in  some detail. 

The defect model of the oxide fihn evolved from 
previous constant potential  work where it was found 
that the thicknesses of anodically formed nickel oxide 
films were 9-12A, independent  of Va and ta in both 
acid and neut ra l  solutions (i-4,  14-17). At the same 
time, however, the stabil i ty of these anodic oxide 
films towards open-circui t  dissolution was highly 
dependent  on the conditions of anodization. These 
earlier results were explained in  terms of a defect 
model of the oxide film in which a small  coverage of 
defective oxide determines the stabil i ty of t h e  film, 
the number  and/or  stabili ty of these defect oxide sites 
being dependent  on the anodic t reatment .  With in-  
creasing time or potential  of anodization in  the passive 
region, the stabili ty of the oxide at the defect sites 
increases and the oxide film becomes more perfect. 
Since the major i ty  of the film is nondefective, the 
overall character of the film (e.g., thickness, stoichiom- 
etry) does not vary  substant ia l ly  with anodic t reat -  
ment  and changes in the oxide at the defect areas 
would be difficult to observe. It may also be that  
small changes in the overall  character of the oxide 
have a drastic influence on the number  and /or  sta- 
bil i ty of defect areas. The present  results show that 
anodic holding at any Va leads to a decrease of the 
subsequent  t ransient  charge (Fig. 6), i.e., the proc- 
esses occurring dur ing  potentiostatic holding and 
anodic charging through the t rans ient  region appear 
to be similar. Therefore, the defect model will now 
be used in  an at tempt  to explain the anodic galvano- 
static charging results. 

When electropolished nickel is immersed in a pH 
2.8 Na2SO4 solution with an anodic charging current  
of 80 ~A cm -2, the potential  adopted by the electrode 
is determined by the number  and stabili ty of oxide 
defect sites, these being the areas where electrochem- 
ical reactions can occur and where the anodic charge 
can thus be consumed. The most probable mechanism 
for charge consumption is localized oxide breakdown 
(e.g., NiO + 2H + -> Ni 2+ -~- H20) followed by inef-  
ficient film repair  involving competit ion between Ni 
--> Ni 2+ + 2e and Ni + H~.O--> NiO + 2H + + 2e. The 
kinetics of breakdown and repair  of the oxide will 
determine the extent  of the nickel dissolution reaction. 
It is known that the 6-8A NiO film on electropolished 
nickel is extremely defective, breaking down on open 
circuit in  <90 sec in  pH 2.8 Na~SO4 (4) and there 
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are thus many  defect sites which will be breaking 
down (and repair ing) upon immersion in the solution 
at 80 #A cm -2. During anodization at 80 ~A cm -2, 
the perfection of this oxide film increases, i.e., the 
number  and/or  stabil i ty of oxide defect sites changes 
so that fewer sites are breaking down and /or  the 
sites are breaking down less f requent ly  (16). The 
increase in potential  throughout  the t rans ient  region 
could therefore be due to a decrease in the effective 
active area, with corresponding increase in  anodic 
overvoltage, as the film perfects. Although the effec- 
tive active area decreases dur ing the transient,  the 
rate of change of Va with Qa does not change dra-  
matically. Since dVa/dQa is a measure of the rate of 
perfection of the oxide, the current  efficiency for 
oxide perfection must  decrease with increasing Va. 
The fact that the 80 ~A cm -~ can be consumed by 
the reduced active area wi th  no change in the rate 
of perfection means that  the current  efficiency for 
repair  of the oxide must  also decrease with increasing 
Va and this can be related to more of the anodic 
current  going towards nickel dissolution. There is 
probably some connection between repair  and per-  
fection of the oxide 2 So that their  current  efficiencies 
move hand in hand, i.e., any decrease in the current  
efficiency for film repair  probably results in a cor- 
responding decrease in that for film perfection. 

During galvanostatic oxidation, the rate of increase 
in film perfection (i.e., dVa/dQa) begins to diminish 
at ca. + 0.4V (Fig. 4). Eventually,  a steady state of 
perfection is reached and a potential  plateau results, 
the higher anodic potentials leading to rather  high 
rates of nickel dissolution (Table I). This region is 
often referred to as the transpassive region of nickel 
dissolution (5, 7, 8, 18, 24, 25). It is known from pre-  
vious work (4) that  the stabil i ty of NiO films, poten-  
tiostatically formed for a constant  t~, towards open- 
circuit dissolution decreases with increasing anodic 
potential  when  Va > 0.4V, i.e., at approximate ly  the 
same potential  where the anodic t ransient  begins to 
flatten out. This increase in breakdown susceptibili ty 
of the film at the higher anodic potentials may be 
associated with oxidation of Ni 2+ to Ni 3+ within the 
oxide, the occurrence of elements of the oxygen evolu- 
t ion reaction, or a change in the s tructure and epitaxy 
of the oxide film. 

The lack of influence of solution pH on both the 
potential  of immersion of electropolished nickel and 
the plateau potential  (Fig. 4) is somewhat unexpected 
in  terms of the present  model. When electropolished 
nickel is immersed in a solution of higher pH, it is 
expected that the amount  of effective active area 
should be less than with a more aggressive (i.e., 
lower pH) solution and this shou ld  result  in an in-  
creased anodic overvoltage for nickel dissolution. How- 
over, a surface in termediate  such as NiOHads may be 
playing a role in both nickel dissolution and oxide 
formation (6), in which case a change in solution pH 
will not only change the reversible potential  of oxide 
formation and the rate of film breakdown but  may 
also alter the kinetics of the nickel dissolution reac- 
tion. If the exchange current  density for nickel dis- 
solution increases with increasing pH, as has been 
suggested by other workers, this could compensate 
for the decrease in  active area and leave the immer-  
sion potential  almost constant. A similar explanat ion 
can be advanced for the lack of influence of pH on 
the plateau region at + 0.7V. The influence of tempera-  
ture in shifting the entire charging profile in the 
positive direction is quite dramatic (Fig. 4) and may 
be associated with a decrease in the rate of film break-  
down and a corresponding increase in the anodic 
overvoltage for oxide formation and nickel dissolution. 

~ R e p a i r  o c c u r s  w h e n e v e r  t h e  o x i d e  f i l m  b r e a k s  down locally 
a n d  r e f o r m s ;  p e r f e c t i o n  o c c u r s  w h e n  a r e p a i r  e v e n t  leads  to an  
i n c r e a s e  in  the  local f i lm s tab i l i ty  so t h a t  e i t h e r  the  oxide is 
m o r e  r e s i s t a n t  to b r e a k d o w n  or  s u b s e q u e n t  r e p a i r  o c c u r s  m o r e  
r a p i d l y .  

As was mentioned earlier, the increase in perfection 
of the oxide film can be associated with either an 
actual decrease in the number  of active defect sites 
or an increase in the stabil i ty of the active sites 
without any great change in their  total number .  In 
either case, the effective active area decreases. It  
has been found that the nickel surface roughens in 
a general  way when the potential  is mainta ined in 
the plateau region or potentiostat ical ly in  the passive 
regioi~ for long periods of time. 'l't~is observation 
suggests that  there is not a small  static n u m b e r  of 
active defect sites undergoing breakdown and repair  
since such a si tuat ion should give rise to heavy 
localized attack. It may thus be that the more appro- 
priate model  is one where the total number  of defect 
sites does not change substant ia l ly  dur ing film per-  
fection, tIowever, the frequency of any  part icular  
site breaking down does decrease with increasing 
film perfection so that, dur ing any  part icular  time 
period, fewer sites are active the more perfect is the 
film. Over a long period of time, all of the defect sites 
original ly present  on the surface break down and 
thereby give rise to the general  surface attack. It may 
also be that  b reakdown is a random process, in terms 
of where it will  occur on the electrode surface, and that  
all surface sites are susceptible to breakdown at some 
point in time. The exact na ture  of the defective oxide 
areas and their relationship to the overall  character of 
the film is still open to speculation. 

The results obtained dur ing the potentiostatic oxida- 
tion of nickel can also be interpreted in terms of 
the defect model of the oxide film. It appears that, 
after a potential  step to 0 volts, the oxide film reaches 
an almost steady-state thickness wi thin  the first five 
seconds (Table II) .  However, it is known that the 
stability of the film towards open-circui t  breakdown 
increases (and the i a decreases) with increasing ta 
over a period of several  days (2, 4, 14-17). This can 
be interpreted in terms of a perfecting of the film 
with a corresponding decrease in  the effective active 
defect area, the oxide film formed dur ing the first 
5 sec at 0 volts being extremely defective. The results 
indicate that  this film is ini t ia l ly  similar to the air-  
formed film on electropolished nickel, i.e., very  de- 
fective, and this explains previous observations that  
the open-circui t  breakdown characteristics of the 
anodical]y formed oxide fihn is the same, independent  
of prior removal of the a i r - formed film. The ia, which 
is a measure of the active defect area at any Va, is 
dependent  on Va and ta. When the potential  is rapidly 
shifted to --0.2V, after a 1 hr anodization at 0 volts, 
the defect area associated with the anodization at 
0 volts is ini t ia l ly  frozen, i.e., the defect state of the 
oxide does not change. As ment ioned previously, it 
is known that oxide film stabil i ty increases with in- 
creasing potential  of anodization (4) (in the passive 
region for a constant t ime) ,  i.e., the film formed at 
0 volts is more stable than that formed at --0.2V. 
The decrease in ia from 0.24 to 0.03 ~ cm72, upon 
stepping the potential  from 0 volts to --0.2V, is due 
to the influence of the lower Va on the nickel dis- 
solution reaction (Ni --> Ni 2+ + 2e) the defect area 
of the oxide being ini t ia l ly constant at that estab- 
lished by the anodization at 0 volts. If the 1 hr 
anodization had been at --0.2V from the start, the ia 
would have been >0.03 ~A cm -2 since the defect 
area of the oxide would have been higher, i.e., Va 
controls both the rate of stabilization (and therefore 
the defect area) of the film as well as the rate of 
anodic reactions at the defect sites. The proposal 
that  most of the long- te rm is is not directly accounted 
for by chemical dissolution of the oxide is supported 
by the substant ial  decrease in ia upon stepping the 
potential  from 0 volts to --0.2V. The 0.21 ~A cm -2 
difference in current  would be equivalent  to a th in-  
ning rate of 8A of NiO hr -1 and since the oxide is 
only 10A thick and the ia at --0.2V continues to 
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increase for up to 10 hr after the potential step, the 
majority of the anodic current cannot simply be due 
to NiO ~ 2H + -~ Ni 2+ ~- H20. Very inefficient film 
repair is the most probable explanation with most 
of the measured ia associated with nickel dissolution. 
The extremely slow increase of ia with ta at --0.2V 
is probably due to slow, local dissolution of the film 
formed at 0 volts with ~:eplacement by the less stable 
film now being formed at --0.2V. 

Summary 
1, The current efficiency for oxide film formation 

during galvanostatic oxidation of preanodized nickel 
electrodes is less than 20%. The majority of the change 
is associated with nickel dissolution. 

2. The low current efficiency for oxide growth is 
mainly due to nickel dissolution, Ni --> Ni e+ ~ 2e, 
during inefficient film repair, Ni ~ H20 --> NiO ~ 2H+ 
-~ 2e, after film breakdown, NiO -t- 2H + --> Ni 2+ -b 
HeO. Chemical dissolution of the oxide cannot, by 
itself, explain the results. 

3. The results are consistent with a model in which 
defects in the oxide film are perfected by both in- 
creased potential and time of anodization up to ~0.4V. 
At a constant changing current, the potential increases 
with increasing state of the film perfection since the 
effective breakdown area is decreasing. 

4. The majority of the long-term anodic current 
observed during constant potential polarization is due 
to inefficient film repair, the potential controlling both 
the rate of Ni -> Ni2+ -~ 2e and the rate of change 
of film perfection. 
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Noncatalytic Electrodes for 
Solid-Electrolyte Oxygen Sensors 

David M. Haaland 
Sandia Laboratories, Albuquerque,  New  Mexico 87185 

ABSTRACT 

The catalytic effects of various electrode materials  on nonequi l ib r ium 
oxygen measurements  using solid-electrolyte oxygen sensors have been in-  
vestigated. Catalytically active electrodes can per turb  the measurement  of 
oxygen in  nonequi l ib r ium mixtures  of oxygen and combustible gases. This 
paper  reports the development  of noncatalytic electrodes for accurate mea-  
surement  of the free oxygen content  in  nonequi l ib r ium gas mixtures  contain-  
ing 02 and CH4, CaI-I~, CO, or H2. The effects of Pt, Au, Ag, Ag deposited on 
Pt, and S- or Pb-poisoned Pt  electrodes on the measurement  of oxygen in 
nonequi l ib r ium gas mixtures  were determined. These studies were made 
using solid-electrolyte oxygen sensors of a new in te rna l - re ference  design as 
well as with tradit ional  a i r - reference sensors. Pt  electrodes are catalytic in  
all of the gas mixtures  studied. Both Ag electrodes and Ag vapor deposited 
on Pt  were found to be noncatalyt ic  to CH4 oxidation while Au electrodes were 
only slightly catalytic. Pt  electrodes poisoned by S introduced as H~S were 
also noncatalyt ic  to CH4 oxidation unt i l  th e sulfur  desorbed at ~800~ The 
above electrodes were sufficiently catalytic to CO oxidation that  they could 
not  be used for quant i ta t ive  nonequi l ib r ium oxygen measurements  when  CO is 
present. Pt  electrodes poisoned by Pb ( introduced as PbS) produced the least 
per turbat ion  of the nonequi l ib r ium mixtures  of oxygen with CH4, Call6, CO, 
or H2. The Pb-poisoned Pt  electrodes allow quant i ta t ive  measurement  of the 
bulk  nonequi l ib r ium oxygen concentrat ions at temperatures  above 500~176 
depending on the combustible gas present. At lower temperatures,  even the 
Pb-poisoned electrodes are catalytic. This suggests that  Pb may poison the 
p la t inum activity by decreasing the heat of adsorption of adsorbed reaction 
species. Sulfur-  or Pb-poisoned Pt or Pt  with a thin layer (<200A) of Ag 
had no adverse effect on the electrochemical O2 pumping capabilities of Pt. 
Ag and Au electrodes performed poorly as electrochemical O2 pump electrodes. 
The capabili ty of solid-electrolyte oxygen sensors to measure the part ial  pres- 
sure of gas phase oxygen at the electrode surface was used to investigate the 
catalytic reaction mechanism of CO oxidation on P t  electrodes par t ia l ly  poi- 
soned by  Pb. The results are best fit by an  Eley-Rideal  mechanism where 
adsorbed O2 reacts with gas phase CO. However, the data are not sufficiently 
definitive to rule out the Langmuir -Hinshelwood mechanism where adsorbed 
O and CO react on the surface. The methods used demonstrate  that  solid-elec- 
trolyte oxygen sensors can be useful exper imental  tools for ident ifying cata- 
lytic mechanisms. 

Solid-electrolyte o x y g e n  sensors have been used 
in a var ie ty  of applications for over two decades 
(1, 2). Almost  all  applications have either involved 
the moni tor ing of oxygen in iner t  envi ronments  or 
t he  measurement  of equi l ibr ium oxygen in reactive 
environments .  For these purposes, p la t inum is the 
electrode mater ia l  of choice due to its excellent  oxy- 
gen electrode capabilities (e.g., low polarization) as 
well as its high catalytic activity for dr iving oxidation 
reactions to equil ibrium. In  applications such as 
oxygen monitor ing of automobile exhaust, any degra- 
dation of the p la t inum electrode catalytic activity is 
severely det r imenta l  to the desired equi l ibr ium mea-  
surement  since oxygen is often present in thermody-  
namic nonequi l ib r ium with reactive gases (3). How- 
ever, in those applications where nonequi l ib r ium oxy- 
gen content  in  the presence of combustible gases is 
the desired quant i ty  to be measured, p la t inum elec- 
trodes are not appropriate. Noncatalytic electrodes 
for solid-electrolyte oxygen sensors would be neces- 
sary in  these cases [e.g., oxygen monitor ing dur ing 
air-fired in situ oil shale retor t ing (4) or coal gasifica- 
tion, control of air-fired furnaces for decreased pollu-  
t ion and maximized efficiency, or monitor ing the 
presence of combustible gases (5)]. Reduction or 
e l iminat ion of the catalytic activity of the electrodes 
must  be accomplished without diminishing the charac- 
teristics of electrodes which allow them to perform 

Key words: oxygen sensors, noncatalytic electrodes, catalytic 
mechanisms, catalyst poisons. 

7 9 6  

as good oxygen electrodes. Both nonp la t inum elec- 
trode materials and poisoned p la t inum were tested 
for the purpose of making nonequi l ib r ium oxygen 
measurements,  and the results are presented in this 
paper. 

Much of the data were collected with a new design 
of solid-electrolyte oxygen sensor which was devel- 
oped for our p r imary  application of in situ oil shale 
retorting. This sensor, which has been described else- 
where (4, 6), does not use a flowing gas reference 
or a fixed meta l /meta l  oxide buffer reference. Rather, 
it uses electrochemical t ransfer  of oxygen in and 
out of the in t e rna l  volume of the sensor as a technique 
to generate its own in terna l  reference. This self- 
contained sensor is ideal for remote oxygen sensing 
at temperatures  too low for rapid equi l ibrat ion of 
the normal  in terna l  meta l /meta l  oxide references. 

Some of the less catalytic oxygen electrodes were 
investigated in greater detail, and experiments were 
designed to elucidate the reaction mechanisms occur- 
ring on these electrodes. These experiments  demon-  
strafe the potential  power of using solid-electrolyte 
oxygen sensors for invest igat ing catalytic reaction 
mechanisms and determining the role poisons play 
in reducing catalytic activity. 

Experimental Procedures 
Init ial  studies were conducted using air-reference 

solid-electrolyte oxygen sensors of various electrolyte 
compositions. These were constructed of tubes of sta- 
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bilized zirconia closed on one end with a flowing air  
reference inside and p la t inum paste electrodes on 
the end tip of the tube [see Ref. (2) for a general  
description of these sensors]. However, in order to 
reach the constant  temperature  zone of the furnace, 
the tubes were required to be 50 cm long. At tem- 
peratures above ~600~ the thermal  gradients in 
the furnace beyond the constant tempera ture  zone 
resulted in  repeated fracture of the tubes of the high 
conduct ivi ty  stabilized zirconias [i.e., (ZrO2)o.90- 
(Y203)o.lo or (ZrO2)0.ss. (CaO)o.15]. The thermal  shock 
resistant  electrolyte materials  of (ZrO2)0.95. (Y203)0.05 
had too high an impedance to be ful ly useful at the 
lower temperatures  investigated. 

Because of the problem outl ined above, much of 
this work was completed using solid-electrolyte oxy- 
gen sensors of a design which has been described in 
detail  elsewhere (4, 6). These oxygen sensors are 
composed of two independent  electrochemical oxygen 
concentrat ion cells separated by a r ing of stabilized 
zirconia (see Fig. 1). The sealed in terna l  volume 
serves as a fixed volume in forming an in terna l  
reference. Each cell is a thin disk of stabilized zirconia 
to which porous electrodes have been applied. One 
cell is an electrochemical pumping  cell (Faraday cell) 
used to quant i ta t ive ly  pump oxygen into or out of 
the in te rna l  volume of the sensor. This oxygen t rans-  
port  is accomplished with an applied potential  of 
the appropriate magni tude  and polari ty (general ly 
0.1V). The integrated pumping  current  is used to 
calculate the amount  of oxygen transported (4 elec- 
t rons/molecule  of O2). The second zirconia disk is 
used directly as an oxygen monitor ing cell to measure 
the ratio of oxygen part ial  pressures inside and out-  
side the sensor. The potential  (E) developed across 
the cell is related to these part ial  pressures through 
the Nernst  equat ion 

E = in  [1] 
4F \ Po2 

where Po~" and Po~' are the part ial  pressures of oxy- 
gen outside and inside the sensor, respectively, R is 
the ideal gas constant, F the Faraday constant, and T 
is the temperature  in Kelvins. The absolute oxygen 
part ial  pressure outside the cell is determined in 
the following manner .  First, oxygen is electrochem- 
ically pumped out of the sealed in terna l  volume of 
the sensor in  order to provide a zero point  reference. 
Oxygen from the sur rounding  gas is then electro- 
chemically pumped back into the sensor by reversing 
the applied potential.  Oxygen pumping  is continued 
unt i l  the potential  of the moni tor ing cell is zero (i.e., 
part ial  pressures of O2 inside and outside t h e  sensor 
are equal) .  The integrated current  (i.e., moles of 
oxygen, no2) required to achieve this condition is 
used along with the known in t e rna l  volume (V) and 
the measured tempera ture  to calculate the oxygen 
part ial  pressure (Po2) by application of the ideal gas 
law 

no~RT 
Po2 -- ~ [2] 

V 
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Fig. 1. Schematic diagram of the internal-reference solid-elec- 
trolyte oxygen sensor. 

(For the temperatures  and p re s su re s  used in this 
study, the accuracy of Eq. [2] is bet ter  than 1%.) 
In  this manner ,  the need for a fixed or external  ref-  
erence is eliminated. The fraction of 02 in  the gas 
being monitored can be calculated if the total gas 
pressure is known. If there are no leaks or diffusion 
of oxygen into or out of the sensor, then once the 
pumping procedure is performed changes in  external  
oxygen content  can be cont inuously monitored by 
de termining  the potent ia l  of the measur ing  cell. 
(ZrO2)0.90"(Y203)o.lo was the solid electrolyte used 
because of its high ionic conductivi ty (i.e., low 
temperature  of operation).  This mater ia l  suffers poor 
thermal  shock resistance, but  the small  size of the 
in terna l - reference  sensor makes this property un im-  
portant  in these experiments  since the sensor sees 
only a small  temperature  gradient. 

For the most part, the sensor parts were sealed 
together with a glass-ceramic material  which formed 
hermetic seals up to ,,,950~ (4). A few sensors, how- 
ever, were prepared with zirconia-metal  thermal  com- 
pression seals (4). Electrodes were pr imar i ly  pre-  
pared by air-fir ing metal  pastes, al though other prep-  
arat ion methods were used in specific cases which 
are detailed later. Electrode materials used included 
plat inum, Silver, gold, and poisoned plat inum. 

The experiments  were performed within  a 4 cm ID 
quartz tube located inside a two-zone Lindberg fur-  
nace. Ultrahigh pur i ty  Matheson ni t rogen (99.999%) 
along with dry a i r ,  CH4, CO, C3H6, and He were 
metered through calibrated Matheson flow tubes to 
form gas mixtures  of various compositions. The accu- 
racy and repeatabi l i ty  of the flow tubes were gener-  
ally found to be N__+5%. The normal  total flow rate 
was 2500 standard cubic centimeters per minute  
(sccm) corresponding to a gas velocity of 200 cm/min.  
This is a typical value of the gas flows encountered 
in oil shale retort ing applications. Input  oxygen con- 
centrat ions were of the order of 0.5% corresponding 
to the nonequi l ib r ium oxygen content  often encount-  
ered in a number  of applications. 

Catalytic mechanisms for the oxidation of CO on 
poisoned p la t inum electrodes were investigated and re-  
quired a number  of gas composition measurements .  
The part ial  pressure of oxygen gas at the surface of 
the electrode was measured by the in terna l - reference  
oxygen sensor while bulk  gas phase oxygen concen- 
trations were obtained with the use of a Taylor  Servo- 
mex OA-137 paramagnet ic  oxygen analyzer.  Since the 
paramagnetic  oxygen analyzer  examined t h e  exhaust  
gases from the furnace, the possibility of continued 
homogeneous gas phase reaction beyond the location 
of t h e  sensor existed in  a few cases. This reaction, 
however, was found to be small  except at tempera-  
tures above 700~ and these cases will be noted. CO 
concentrations were de termined from calibrated flow 
tube settings (using an individual ly  cal ibrated flow 
tube with ___1% accuracy).  

In  addition, a i r -reference solid-electrolyte oxygen 
sensors with p la t inum paste electrodes were often used 
to s imultaneously  monitor  catalyzed oxygen concen- 
trations. Noticeable contaminat ion of these electrodes 
by vaporization of nonp la t inum electrodes or t rans-  
port  of the poison from the poisoned p la t inum elec- 
trodes was observed. Thus the oxygen par t ia l  pres-  
sures determined by this method are only upper  bounds 
for t h e  oxygen which would be measured by  pure,  
catalytic p la t inum electrodes. However, the results do 
give an indicat ion of the extent  of catalytic react ion 
with p la t inum electrodes. The necessary use of thermal  
shock resistant  (ZrO2)0.95"(Y203)0.o5 in  these air-  
reference sensors l imi ted data to ~600~ for oxygen 
contents of >0.1%. 

Results 
Platinum electrodes.mAs m a n y  as four combustible 

gases were studied separately in  the presence of oxy- 
gen. These included methane  (CI~) ,  propene (C3H6), 
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c a r b o n  monoxide (CO), and hydrogen (H2). CI-I4 and CO 
were used to screen the catalytic act ivi ty of the var i -  
ous electrode materials.  Only the p la t inum and P t / P b  
electrodes were studied in  all  four gases. 

The ease of homogeneous reaction of combustible 
g a s e s  with oxygen, as well as ease of heterogeneous 
catalytic reactivity, was found to increase in  the order 
given above. This is i l lustrated in  Table  I for a 50% 
stoichiometric excess of each gas in the presence of 
oxygen and nitrogen. These data were obtained with 
p la t inum paste electrodes on an a i r - reference solid- 
electrolyte oxygen sensor at a tempera ture  of 700~ 
a n d  a flow rate of 200 cm/min.  The amount  of oxygen 
introduced into the furnace in each case was ~0.5%. 
At slower flow rates or under  s tagnant  conditions, the 
results more closely approach equi l ibr ium oxygen 
values. The results do, however, i l lustrate  qual i ta-  
t ively the relat ive extent  of catalytic reaction on the 
p la t inum electrodes at these flow rates. Thus p la t inum 
electrodes are not useful  for nonequi l ib r ium oxygen 
measurements.  

Silver electrodes.--Except at s tagnant  flow condi- 
tions, silver electrodes exhibit  essential ly no catalytic 
act ivi ty  to CH4 oxidation. Sandler  has reported similar  
results for silver electrodes and has demonstrated that  
this property of silver electrodes makes possible a 
methane  sensor when  used in conjunct ion with a cata- 
lytic p la t inum electrode oxygen sensor (5, 7). A direct 
comparison of the oxygen levels measured by both 
silver and p la t inum paste electrodes on air - reference 
solid-electrolyte oxygen sensors is given in  Table II  
at different temperatures  for a large stoichiometric ex- 
cess of methane.  The same lack of reaction on the 
silver electrode surface was found over a wide range 
of flow rates and variations in oxygen and methane  
concentrations in  the N2 diluent.  (The actual  flow rates 
and concentra t ion ranges investigated in this s tudy 
were 2500-250 sccm, oxygen concentrations from 0.5 
to 5%, and CH4 concentrations from 0 to 10%.) The 
apparent  decrease in  catalytic activity with the plat i -  
num electrodes at higher temperatures  is discussed 
later. 

Unfortunately,  the catalytic activity of silver elec- 
trodes to CO oxidation, a l though reduced from that  of 
plat inum, is still too high even for qual i tat ive oxygen 

Table I, Catalytic activity of platinum electrodes in a variety of 
combustible gases at 700~ 

C o m b u s t i b l e  %O2 mea- 
gas p r e s e n t  s u r e d  by 
in stoichi-  %O~ in  P t  elec- 
ometric b u l k  gas  t rode  
e x c e s s  p h a s e  s e n s o r  

CH4 0.5 2 x 10 -8 
CsH~ 0.5 1 x 10 -3 
CO 0,45 1 x 10 -5 
H2 --0.03" 1 x 10-1~ " 

* H y d r o g e n  is r e a c t i n g  in t h e  g a s  p h a s e  at 700oc. 
E q u i l i b r i u m  o x y g e n  c o n t e n t  f o r  th is  m i x t u r e  of  gase s  is cal- 

cu la ted  to be ~1 x 10-~%. 

Table II. Comparison of catalytic behavior of silver and platinum 
electrodes in the presence of nonequilibrium CH4 and O2 mixtures 

%O~mea- tO,  mea- 
sured*  sured* 

T e m p  %CH~ %O~ (Ag elec- (Pt elec- 
(~ in in trodes) trodes) 

500 6.5 1.33 1.36 - -  
600 6.5 1.33 1.35 2.1 • 10 -4 
700 6.5 1.33 1.33 9 x 10 -~ 
800 6.5 1.33 1.33 0. i i  

measurements.  For example, a 0.5% oxygen level in  the 
presence of a stoichiometric excess of CO resulted in  
an oxygen content  at the silver electrode of 4 • 10-8% 
compared with 1 • 10-2% with  p la t inum electrodes 
under  the same conditions. In  addition, the high solu- 
bil i ty of oxygen in silver (8) can create some fur ther  
complications, e.g., the large hysteresis effects found in  
the current-vol tage  curves of these electrodes (4). In  
the present  study, the problem with oxygen solubil i ty 
was evident dur ing the use of in terna l - reference  oxy- 
gen sensors prepared with silver paste electrodes. The 
high oxygen solubil i ty in silver resul ted in  a very  
slow release of oxygen from the inner  pump electrode. 
This caused extreme overshoot errors in oxygen moni-  
toring which rendered this si lver-electrode in te rna l -  
reference sensor useless. 

Electrodes of silver vapor deposited on platinum.-- 
A n  excellent oxygen pumping electrode that was non-  
catalytic to CH4 oxidat ion was prepared by vapor dep- 
osition of a thin layer of Ag over a p la t inum electrode. 
The silver appeared to remain  pr imar i ly  on the surface 
as might  be expected from the predicted strong Ag sur-  
face segregation of P t -Ag  alloys at high temperature  
(9). The layer  of silver was adequate to e l iminate  
catalytic surface reaction with CI~  yet was sufficiently 
th in  to prevent  the problems associated with oxygen 
solubil i ty in the Ag. It  was found that the Ag layer  on 
p la t inum could be formed by the construction of the 
in terna l - reference  sensor with a si lver-zirconia ther-  
mal  compression seal (4), i.e., the preparat ion of the 
seal resulted in  a silver vapor deposit on the plat i-  
n u m  electrodes. The silver layer  was found to be 
~200ik as determined by Auger and sputter  analyses. 
A sensor with this silver seal kept  its noncatalyt ic  
silver layer even at prolonged periods of operation at 
700 ~ and 800~C. The results from this sensor closely 
paral leled those o f  an ai r - reference oxygen sensor 
with pure silver electrodes in  that  it was inactive to 
CH4 oxidation but  exhibited reduced (compared to pure 
Pt electrodes) but  still significant catalytic activity 
to CO oxidation. 

Gold electrodes.--Gold paste electrodes were in -  
vestigated since oxygen is nei ther  soluble in nor  ad- 
sorbed on gold (10), and gold is less catalytic to oxi- 
dation reactions than Pt  (11). Al though significantly 
less reactive than plat inum, gold electrodes were found 
to be slightly more catalytic than silver electrodes. The 
results of s ide-by-side air-reference solid-electrolyte 
oxygen sensors of (ZrO2)0.90"(YeOa)0.10 with silver 
and gold electrodes are compared in Table III. As- 
suming no catalytic activity to methane  oxidation with 
silver electrode, the percent  of methane  oxidation on 
gold is calculated and shown in the final column of the 
table. The low value for oxygen measured by the Au 
electrode sensor at 500~ is probably due to the poor 
oxygen electrode properties of gold at low tempera-  
tures since the measurement  of 02 and N2 mixtures  
also resulted in  low oxygen values at  500~ As with the 
electrodes previously examined, gold electrodes cata- 
lyzed the reaction of CO and oxygen. In  addition, it 

Table III. Catalytic activity of Au relative to noncatalytic Ag 
electrodes for oxidation of CH4* 

%O~ mea- %02 mea- 
sured s u r e d  % Reaction 

T e m p  ( A g  e lec-  ( A u  e lec-  on  Au  
(~ t r o d e s )  t rodes )  electrodes 

5O0 1.42 0.62 56 
600 1.44 1.35 6 
700 1.5 ~- 1.33 12 
800 1.45 1.16 29 
850 2.04 0.49 76 

* CH, concentration was h e l d  c o n s t a n t  at 7% d u r i n g  t h e s e  ex- 
* M e a s u r e m e n t s  us ing  a i r - r e f e r e n c e  o x y g e n  s ens ors  c o n s t r u c t e d  periments. Input oxygen c o n c e n t r a t i o n s  w e r e  t h e  s a m e  as inca- 

w i t h  (ZrO2)o.9o �9 (Y2Oa)o.~o sol id e l e c t r o l y t e ,  s u r e d  by  the  A g  e l e c t r o d e  sensor  to within e x p e r i m e n t a l  error.  
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was found that  gold pe r fo rmed  poor ly  as an e lec t ro-  
chemical  oxygen  pump e lec t rode  be low 700~ The 
oxygen  pump ra te  be low 700~ was so slow as to r en -  
de r  the  in t e rna l - r e fe rence  so l id -e lec t ro ly te  oxygen  
sensors inopera t ive  below this t e m p e r a t u r e  when gold 
electrodes were  used. 

H2S-poisoned platinum electrodes.--The success of 
Ag and Au elect rodes  for  use in the  measu remen t  of 
nonequi l ib r ium oxygen  concentra t ions  was l imi ted  p r i -  
m a r i l y  to CI~ -con ta in ing  gas mixtures .  Ava i l ab le  non-  
me ta l  e lec t rode  mate r i a l s  have been found genera l ly  
useful  for  oxygen  sensor appl icat ions  only  at  t empera -  
tures  exceeding those for  which nonequi l ib r ium oxy-  
gen gas mix tu res  a re  found to exis t  (12). Therefore,  
effort was concent ra ted  on poisoning the cata lyt ic  
ac t iv i ty  of p l a t i num elect rodes  whi le  re ta in ing  the i r  
exce l len t  oxygen  e lec t rode  capabil i t ies .  Since those 
proper t ies  which make  p l a t i num a good ca ta lys t  are  
of ten proper t ies  which  make  good oxygen electrodes 
(e.g., adsorpt ion  a n d / o r  dissociat ion of oxygen) ,  the 
use of ca ta ly t ic  poisons on oxygen  sensor e lectrodes 
was expected  to be of marg ina l  success. This was not  
the Jcase and m a y  aid  in defining the role p l a t inum 
plays  in both ca ta ly t ic  and oxygen  sensor applicat ions.  

Su l fu r  is known  to be an efficient poison of P t  ca ta-  
ly t ic  ac t iv i ty  (13, 14) and was in t roduced  onto the elec-  
t rode  surface  in the form of H2S. Recent  Auge r  and 
low energy  e lec t ron diffract ion studies on H2S-poisoned 
P t  show tha t  H2S dissociates on Pt  leaving only  ad -  
sorbed e lementa l  sul fur  poison (13). In  this  s tudy,  the 
e lect rodes  were  found to be effect ively poisoned to 
CH4 oxidat ion  af te r  the addi t ion  of ,~0.5% H2S to the 
flowing gas m ix tu r e  for  severa l  minutes  a t  600~ 
The sensor was then  capable  of accura te ly  moni tor ing  
oxygen  content  in a nonequi l ib r ium mix tu re  of oxy-  
gen and methane.  Poisoning wi th  su l fur  caused no re -  
duct ion in the  efficiency of e lect rochemical  oxygen 
pumping.  The poisoning effects of the sul fur  were  
found to continue at  700~ Even wi th  a i r  flowing over  
the  e lect rodes  for  24 hr  the  poisoning persisted.  How-  
ever,  a f te r  t r e a tmen t  of the ca ta lys t  a t  800~ the ca ta-  
ly t ic  ac t iv i ty  of the  p l a t inum was res tored  for al l  r e -  
act ion tempera tures .  This is p r o b a b l y  due to r ap id  de-  
sorpt ion of sul fur  and  is consis tent  w i th  resul ts  ob-  
ta ined  on su l fur  poisoning of p l a t i num-based  ca ta ly t ic  
conver ters  used for  au tomobi le  emission control  (15). 
F u r t h e r  s tudies showed these H2S-poisoned electrodes 
to be r e l a t ive ly  ineffective in reducing the ca ta ly t ic  
ac t iv i ty  of p la t inum .to CO oxidation.  This along wi th  
the r ap id  desorpt ion of sulfur  at  800~ l imits  the use-  
fulness of H2S-poisoned sensors for  many  applicat ions.  

Pb-poisoned Pt electrodes.--A recent  pa ten t  by  
Takao et al. (16) has suggested tha t  lead sulfide (PbS) 
can be used as a ca ta ly t ic  poison for  P t  electrodes,  
but  the l imi ted  resul ts  p resen ted  ind ica ted  tha t  P b S / P t  
e lectrodes were  more  ca ta ly t ic  than  gold electrodes.  
However ,  since no de ta i led  resul ts  were  p resen ted  by  
Takao et al., these electrodes were  inves t iga ted  fu r -  
ther.  P l a t i num elect rodes  conta ining 1 and 50 weight  
percent  PbS  were  p repa red  by  adding --400 mesh PbS  
powder  to the du Pont  7919 p l a t i num paste. This m i x -  
ture  was appl ied  over  a ~1.5 ~m laye r  of spu t t e red  
p l a t i num and fired in a i r  a t  700~ for severa l  hours. 
These electrodes exhib i ted  oxygen pumping  capabi l i t ies  
which were  s imi la r  to those of spu t t e red  p l a t inum 
electrodes.  Since spu t te red  p l a t inum has been found 
not  to exhibi t  polar iza t ion  character is t ics  at  the t em-  
pe ra tu res  employed  here  (6, 17), the PbS  does not  ap-  
pea r  to in t roduce  any new polar iza t ion  which  would  
reduce oxygen  pumping  rates. The a i r - f i red  electrodes 
were  in i t i a l ly  ca ta ly t ic  unt i l  they  were  reduced  in a 
flowing mix tu re  of 2% CO in N2 at  700r The resul t ing  
e lect rodes  f rom 50% PbS were  qui te  effect ively poi-  
soned whe the r  in  oxidizing or reducing environments .  
The electrodes containing 1% PbS were  not  sufficiently 
poisoned for quan t i t a t ive  work.  

The 700~ air  firing resul ts  in  lead  oxide fo rmat ion  
(18) whi le  the reduct ion  step wi th  CO should cause the 
format ion  of e lementa l  lead. Lead  oxide is insoluble  
in p la t inum (19) and the  phys ica l  mix tu re  of PbO and 
Pt  has no significant effect on the ca ta ly t ic  ac t iv i ty  of 
Pt. However ,  the lead  fo rmed  dur ing  the reduct ion  
r ap id ly  forms an a l loy  wi th  the P t  (20) which  is ap-  
pa ren t ly  r e l a t ive ly  inactive.  Oxidiz ing envi ronments  
may  cause the fo rmat ion  of insoluble  PbO on the 
P t / P b  e lec t rode  surface but  PbO is also nonca ta iy t ic  
(19). 

Oxygen  measurements  using poisoned P t / P b  e lec-  
t rode sensors of the in t e rna l - r e fe rence  type  were  com- 
pa red  wi th  measurements  obta ined  using ca ta ly t ic  
p l a t inum elec t rode  a i r - r e fe rence  sensors and  wi th  
data  f rom the pa ramagne t i c  oxygen  analyzer .  These 
resul ts  a re  presented  in Tables  IV-VIIL  In  those cases 
where  react ive  gases were  present ,  the  combust ib le  gas 
was added  wi th  at  leas t  a 50% stoichiometr ic  excess. 
Differences be tween  the p l a t inum elec t rode  sensor 
and the poisoned electrode sensors indicate  how effec- 
t ive ly  the ca ta ly t ic  ac t iv i ty  of the e lec t rode  has been 
reduced  by  the lead. However ,  the presence of the  poi-  
soned electrodes in the  v ic in i ty  of the pure  P t  e lec-  
t rodes did  resul t  in reduced  P t  ac t iv i ty  p robab ly  due to 
a t ransfe r  of e i ther  Pb or S to the p la t inum,  This is  
especia l ly  not iceable  wi th  the CH4 mix tu re  since only a 
smal l  degree of contaminat ion  is effective in poisoning 
this reaction. The moni tor ing  of the  f ree  oxygen  con- 
tent  of exi t  gases wi th  the pa ramagne t i c  oxygen  ana -  
lyzer  was necessary  to dis t inguish be tween  the  occur-  
rence of ca ta ly t ic  surface  reac t ion  and gas phase  r e -  
action caused s imply  by  the rma l  excitat ion.  The  pe r -  
cent difference column in each table  is the  percent  
difference be tween  the poisoned e lec t rode  sensor re-  
sults and  those of the pa ramagne t i c  oxygen  ana lyzer  
which was used as the reference.  

Table  IV shows the resul ts  of tests wi th  ,- ,0.5%oxy- 
gen in flowing nitrogen,  i.e., no combust ib le  gas p res -  
ent. At  t empera tu res  of ~600~ and lower,  the  low 
ionic conduct iv i ty  of the  a i r - r e fe rence  sensor causes 
i t  to respond ex t r eme ly  s lowly at  these r e l a t ive ly  high 
oxygen concentrat ions,  and equ i l ib r ium is not  
achieved dur ing  the measuremen t  period. Al though  
elect rode polar iza t ion  of the  P t  pas te  e lectrodes m a y  
cont r ibute  to the slow equi l ib ra t ion  exper ienced  a t  
these low tempera tures ,  the fact  tha t  sensors made  
f rom high conduct iv i ty  (ZrO2)0.g0" (Y203)0.1o did not  
exper ience  these problems  unt i l  t empera tu res  be low 
500~ indicates  that  ionic conduct iv i ty  l imi ta t ions  are  
the  dominant  factor.  Unfor tunate ly ,  h igh  conduct ivi ty  
(ZrO2)0.90"(Y203)010 d id  not  survive  the  the rmal  

gradients  in the furnace  and could not  be used on a 
rout ine  basis. The da ta  in Table IV show good agree -  
ment  be tween  the poisoned e lec t rode  sensor  and the 
pa ramagne t i c  analyzer .  

Table  V shows da ta  obta ined  in mix tu re s  of oxygen 
and ni t rogen containing a s toichiometr ic  excess of CH4. 
Aga in  the a i r - re fe rence  sensor resul ts  be low 700~ 

Table IV. Oxygen analyses in oxygen and nitrogen gas mixtures 

%08 
%0~ P t / P b  elec-  

Pt  e lec t rode  t rode  inter-  %0~ bulk % 
T e m p  a i r - r e fe rence  na l - r e f e r ence  gas phase  Differ- 
(~ sensor  sensor  a t  exit  ence*  

800 0.39t 0.55 0.51 + 8 
700 0.52 0.53 0.51 + 4 
600 $ 0.53 0.52 + 2 
500 $ 0.51 0.51 0 

* P e r c e n t  di f ference  b e t w e e n  p a r a m a g n e t i c  o x y g e n  ana lyzer  re- 
sults and  P t / P b  e lec t rode  sensor  resu l t s  us ing  t h e  p a r a m a g n e t i c  
oxygen  ana lyze r  fo r  the  r e f e r e n c e  va lue .  

7 This  low va lue  m a y  be a r e su l t  of cool ing of the  soli~ electro-  
lyte by  the  flowing air  r e f e r e n c e  at  800~ 

** T e m p e r a t u r e s  w e r e  too low fo r  re l iable  02 m e a s u r e m e n t s  wi th  
this  (ZrO2)o.95 �9 (Y~O3)o.o~ so l id -e lec tro ly te  sensor .  
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Table V. Oxygen analyses in oxygen, nitrogen, and methane gas 
mixtures 

%O2 
Pt/Pb 

%Os electrode 
Pt electrode internal- %O~ bulk % 

T e m p  a i r - r e f e r e n c e  r e f e r e n c e  gas  p h a s e  Differ- 
(~ s e n s o r  sensor  at e x i t  ence* 

800 0.49 (0.1)* 0.55 0.49 + 12 
700 0.52 (9 • 1 0 ~ ) $  0.52 0.51 + 2  
600 t (2 x 10-~)$ 0.53 0.51 + 4  
500 t -- 0.51 0.51 0 

* Percent d i f f e r e n c e  b e t w e e n  p a r a m a g n e t i c  oxygen analyzer 
re su l t s  and P t / P b  e l e c t r o d e  s e n s o r  resu l t s  u s i n g  t h e  paramagnetic 
o x y g e n  ana lyzer  for  t h e  re fe ,rence  value. 

? Temperatures were too low for  re l iab le  Os m e a s u r e m e n t s  w i t h  
th is  (ZrO~)o.~. (Y208)o-o~ so l id -e l ec t ro ly te  sensor .  

$ Results from earlier experiments with clean platinum elec- 
trode o x y g e n  sensors .  

were in e r ror  due to the high resis t ivi ty  of these 
cells. Note that  the close proximi ty  of the PbS-poisoned 
electrode to the p la t inum electrode has introduced 
some poisoning into the platinum. This is confirmed by 
the data for p la t inum electrode sensors in the ab- 
sence of PbS  (see results in parentheses in Table V) 
which show the significant catalytic act ivi ty  of pure  
p la t inum electrodes. The  most impor tan t  point to note 
in Table V is the lack of catalytic act ivi ty  obtained 
with  the P t / P b  electrodes. The oxygen concentrat ion 
at the e lec t rode  surface is in excel lent  agreement  wi th  
the bulk gas phase oxygen concentrat ion measured  by 
the paramagnet ic  oxygen  analyzer.  

Table VI presents results  for a stoichiometric excess 
of C8H6 in oxygen and nitrogen mixtures. CzHB has 
been used previously as a molecule which most closely 
represents the average oxidation characteristics of 
combustible hydrocarbon molecules for predicting the 
behavior of catalysts in automotive catalytic con- 
verters (21). The gases are beginning to react spon- 
taneously in the gas phase at 800~ Agreement be- 
tween the bulk oxygen content and the Oz sensor re- 
sults is good except at 500~ At this temperature, 
there is surface reaction even on this poisoned elec- 
trode. This is observed even more dramatically for CO 
and H~ oxidation. Thus at lower temperatures, re- 
actants (O~ and/or CO) still adsorb on the poisoned 
electrode surface and react, while at the higher tem- 
peratures the amounts of adsorbed reactants are small 
and, therefore, surface reaction is minimal The net 
result is that catalytic efficiency on the poisoned elec- 
trode goes through a maximum at some temperature 
below 600~ Decreased adsorption and reaction as 
temperatures increase is also seen with the pure plati- 
num electrode results in Table II. Catalytic activity ac- 
tually appears to decrease slightly with these elec- 
trodes as the temperature increases. 

Table VI. Oxygen analyses in oxygen, nitrogen, and propene (C3H6) 
gas mixtures 

Table VII gives s imilar  results for a stoichiometric 
excess of CO in oxygen and ni t rogen mixtures.  Here  
the p la t inum electrode sensor shows extensive cata-  
lytic action at all  temperatures .  Ful l  in terpre ta t ion  of 
the data in Table  VII requi red  some careful  gas anal -  
yses by the paramagnet ic  oxygeu analyzer  over  a con- 
t inuous range of temperatures .  At  the flow rates of this 
experiment ,  i t  was found that  CO and O~ start  to 
react  spontaneously in the gas phase at  ~-700~ and 
react ion is near ly  complete above 800~ Therefore,  
the P t / P b  electrode sensor results a re  higher  than the 
paramagnet ic  analyzer  results at 800~ because of the 
different measurement  locations. The sensor is mea-  
suring the oxygen concentrat ion at its location in the 
furnace whi le  the paramagnet ic  analyzer  is measur ing 
Oxygen contents of the gases after  they exhaust  the 
furnace. At 800~ there  is continued react ion in the 
gas phase in the high t empera tu re  zone beyond the 
location of the oxygen sensor. At  500~ catalytic sur-  
face react ion is becoming significant. 

Finally, Table VIII  shows results for a stoichiometric 
excess of hydrogen in oxygen and ni t rogen mixtures.  
Since homogeneous gas phase react ion was significant 
even at 600~ with  200 c m / m i n  flow rate, flows were  
increased ~50% to reduce the extent  of react ion for 
meaningful  results to be obtained. At  the flow rate  used 
here, there  is l i t t le gas phase react ion at 500 ~ and 600~ 
whi le  the react ion is nea r ly  complete  at 700~ A t  
600~ there is some react ion at the electrode but  semi-  
quant i ta t ive  results are possible. This is in contrast  to 
the p la t inum electrode sensor which records near ly  
equi l ibr ium oxygen values. As in the case of CO and 
Call6, react ion on the P t / P b  electrode surface again 
becomes significant at the lower  500~ temperature .  I t  
should be noted that  both the catalytic surface react ion 
at low tempera tures  and the homogeneous gas phase 
react ion at high tempera tures  observed in  Table VI-  
VIII  were  independent  of whe ther  each t empera tu re  
was approached f rom ini t ia l ly  high or low tempera -  
tures. Al though the data presented in these tables were  
o b t a i n e d  after  equi l ibra t ion  at each temperature ;  

Table VII. Oxygen analyses in oxygen, nitrogen, and carbon 
monoxide gas mixtures 

%O~ 
%02 Pt/Pb 

Pt elec- electrode 
trode a i r -  internal- %0.o bulk % 

T e m p  reference reference gas phase Differ- 
(~ sensor sensor at exit e n c e *  

800 2 x 10 -~ 0.25 O.06t +316  
700 1 x 10 -~ 0.47 0.50 - 6  
690 1 x 1O-S 0.37 0.42 - 1 2  
500 5 x 10-~ 0,028 0.44 - 9 4  

* Percent difference between p a r a m a g n e t i c  o x y g e n  analyzer re- 
sults and Pt/Pb e l e c t r o d e  sensor  resu l t s  u s i n g  t h e  paramagnetic 
oxygen analyzer for t h e  r e f e r e n c e  value. 

There was some homogeneous reaction in the gas phase at 
800~ which continued b e y o n d  t h e  location of the sensor. 

%Os 
%0 Pt/Pb 

Pt elee- electrode 
trode air- internal- %Os bulk % 

T e m p  r e f e r e n c e  r e f e r e n c e  g a s  p h a s e  Differ- 
(~ sensor sensor at exit ence* 

800 t 0.12 0.14 - 14 
700 0.008 0.42 0.45 - 7 
600 :l: 0.47 0.48 - 2 
500 * 0.32 0.49 -- 35 

* Percent difference between paramagnetie oxygen analyzer re- 
sults and Pt/Pb electrode sensor results using the paramagnetic 
oxygen analyzer for the reference' value. 
? Air-reference sensor did not survive the temperature gradi- 

ents encountered at 800~ 
STemperatures were too low for reliable O~ measurements with 

this (ZrO~)o.e �9 (Y20~)o.~ solid-electrolyte sensor. 

Table VIII. Oxygen analyses in oxygen, nitrogen, and hydrogen gas 
mixtures 

%O~ Pt/Pb 
P t  e lec-  e l e c t r o d e  

trode air- internal- %02 bulk % 
T e m p  r e f e r e n c e  r e f e r e n c e  g a s  p h a s e  Differ- 
(~ s e n s o r  sensor  at exit ence* 

700 1 x 10 - ~  0.03 0.00 - -  
600 8 x 10 -=  0.30 0.46 - 3 5  
590 1 x 10 - ~  0.05 0.43 - 8 8  

* Percent difference between paramagnetic oxygen analyzer re- 
sults and Pt/Pb e l e c t r o d e  sensor  re su l t s  u s i n g  t h e  paramagnetic 
o x y g e n  ana lyzer  for  t h e  r e f e r e n c e  value. 
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similar  results were obtained dur ing  tempera ture  
ramping  at  10~ 

Reaction mechanism studies using soIid-electroZyte 
oxygen sensors.--Solid-electrolyte oxygen sensors are 
a valuable  tool for the catalytic chemist since they 
allow the measurement  of the par t ia l  pressure of oxy- 
gen at the surface of catalytic electrodes during cata- 
lytic oxidation. This can be accomplished at high tem- 
pera ture  and pressure, and kinetic studies can be per-  
formed even under  mass t ranspor t  controlled condi- 
tions. Already oxygen sensors have been used in  s tudy-  
ing the oscillation reactions encountered dur ing CO 
oxidation on p la t inum (22). In  this study, they are used 
as an aid in examining  the reaction mechanisms of CO 
oxidation on par t ia l ly  poisoned p la t inum electrodes. 

The mechanisms of the catalytic oxidation of com- 
bust ible gases in  general  and CO in  par t icular  have 
been investigated and reported numerous  times [e.g., 
see Ref. (15,21)]. The p r imary  mechanisms for CO 
oxidation on metall ic catalyst surfaces include: (i) the 
Langmuir -Hinshe lwood mechanism where both CO 
and oxygen adsorb on the surface before reacting and 
(ii) the Eley-Rideal  mechanism where CO in  the gas 
phase reacts with oxygen adsorbed on the surface. 
Both reaction mechanisms have been found to be 
operative at low pressure; the dominant  one depend-  
ing on the ini t ia l  exper imental  surface conditions (23). 
We will show that it is possible to use solid-electrolyte 
oxygen sensors to ident ify catalytic mechanisms of 
oxidat ion reactions on reactive surfaces, especially if 
flow rates are sufficiently high to reduce the extent  of 
reaction or if the catalytic rate is relat ively slow. The 
la t ter  is the case with the poisoned p la t inum electrodes 
used in  this study. 

The oxygen content  of a flowing mixture  of O2, CO, 
and ni t rogen over an  isothermal electrode surface at 
high tempera ture  was monitored by several  methods 
dur ing  these experiments.  An in te rna l - re fe rence  solid- 
electrolyte oxygen sensor which was not completely 
poisoned by the PbS t rea tment  was used to measure 
directly the part ial  pressure of gas phase oxygen at 
the su r f ace  of the par t ia l ly  catalytic electrode. It 
should be noted, however, that  all P t / P b  electrodes 
exhibited some surface reaction with a large stoichio- 
metric  excess of CO or ti2. The bulk  gas phase compo- 
sition of the oxygen away from the sensor electrodes 
was monitored by the paramagnet ic  oxygen analyzer. 
F ina l ly  the CO content  at the surface of the electrode 
was determined from the input  CO concentrat ion and 
the extent  of surface reaction as detailed later  in  the 
report. This information,  if sufficiently accurate, is 
adequate to dist inguish between reaction mechanisms 
if relat ive concentrat ions of the reactants are varied. 

Under  the exper imental  conditions studied,  the re-  
actants CO and 02 are dilute relat ive to the ni t rogen 
carrier  gas, and it can be assumed that the reaction 
has no effect on the physical properties of the mixture.  
Also, the extent  of reaction is kept re la t ively small, 
and therefore the temperatures  are constant  and the 
concentrat ion of gases at  the electrode surface are ap- 
proximately  constant over the area of the electrode. 
Under  these conditions and at steady state, the con- 
sumption of oxygen at the electrode surface must  be 
equal to the flux of oxygen to the surface by mass 
t ransport  (convection and diffusion). Since the con- 
centrat ion of the reactants differ significantly from 
the bulk  values only in a thin region near  the elec- 
trode surface and the convection velocity is small  in 
this region, we assume that  diffusion is the impor tant  
t ranspor t  process. The dil iusi0n of oxygen from the 
bulk gas phase to the surface at steady state is given 
by 

D dPo2 
Jo2 -- [3] 

RT dx 

where Jo2 is the molar  flux of oxygen per un i t  t ime 
and area, D is the diffusion coefficient for 02 diffusing 
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through the gas, R is the gas constant, and T the ab-  
solute temperature.  The t ime rate of change of oxy- 
gen concentrat ion per  un i t  area (ro~) due to reaction 
at the suriace of the electrode is given by 

ro~ = ~ ~ ) A [41 

The form of roe depends on the detailed surface re-  
action mechanism for 02 reacting with CO. At  steady 
state where the rate of reaction is ba lanced  by the 
flux due to diffusion, we have 

to2 + Jo2 ---- 0 
or 

D dPo~ 
ro2 = - -  [5] 

RT dx 

In  order to dist inguish between Langmui r -Hinshe l -  
wood and Eley-Rideal  reaction mechanisms for the 
experimental  conditions chosen, it is required to in -  
vestigate the detailed reaction mechanism of each and 
determine the corresponding overall  rate laws. The 
reaction mechanism which best describes the wide 
range of data presented by Sklyarov et al. (24), Bonzel 
and Ku (25), and others (26, 27) is the Eley-Rideal  
mechanism. They assume that the rate of dissociation 
of adsorbed O2 is negligible compared to its reaction 
rate with CO. The reactions they consider include the 
following (~ _-- adsorption site) 

k1 
O~ + ~ ~--- [0~] ad 

k-1  

k2 
CO "I- a" ~ COad 

k-2  

k4 
[O2]~d + CO-* CO2 + Oad 

k5 
Oad + CO-* CO~ + r 

Thus the reaction takes place between gas phase CO 
and both adsorbed molecular and atomic oxygen. The 
rate of CO2 formation at steady state is given by 
Sklyarov et al. by 

[ rco2=--2ro2----2k4K1Po2Pco I + K1 1 +  Po~ 

k4 r~ -2 ] - 1  k4 ) eco + K~ ~ r c u  [6] + (g2 + -f:~_~ 

where Ki and K2 are the equi l ibr ium constants for the 
first two reactions (K1 = kl /k-1 ,  K2 = k2/k-2) .  
Bonzel and Ku as well  as Sklyarov et al. show that  
this expression fits their  data over a wide range of 
temperatures  and part ial  pressures of 02 and CO. As 
described by Bonzel and Ku, Eq. [6] reduces to 

to2 = -- k4K1PcoPo~ [7] 

at high temperatures  (i.e., where K1 and K~ are very  
small  or a l ternat ively  the fractional surface coverages 
of adsorbed species  are small  compared to un i ty) .  
These are reasonable assumptions at 700~ as indi -  
cated by lower tempera ture  infrared data (28) and 
thermal  desorption experiments  (29, 30). It  should 
be noted that the par t ia l  pressures Pco and Po2 in Eq. 
[7] are the part ial  pressures of the gases at the surface 
of the electrode [Pi(surf .)] .  At steady state Po2(surf.) 
and Pco(surf.)  are constant  and different from the 
bulk part ial  pressures [Pi (bulk) ] .  Therefore Eq. 
[7] becomes 

7o2 = -- k4KtPeo (surf.) P o2 (surf.) [8] 

Po2(surf.) is reasonably assumed to be the part ial  
pressure of 02 measured by the oxygen sensors. 
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Pco(surf . )  is de te rmined  f rom the known input  pa r -  
t ial  pressure  of CO minus the amount  reac ted  as cal -  
cu la ted  by  the difference of the  bu lk  and surface O2 
par t i a l  pressures,  i.e. 

Pco (surf.) : Pco (bu lk)  --  2 [Po2 (bu lk)  - -  Po~ (surf.)  ] 

[9] 
Subs t i tu t ing  Eq. [8] into Eq. [5] y ie lds  

D dPo~ 
--  k4K1Pco (surf.)  Po~ (surf.)  = - -  [10] 

RT dx 

Separa t ing  var iables  and in tegra t ing  yields  

D [ Po2(bulk) -- Po~(surf.) ] 
Pco (surf.)  --  k4K16RT Pos (surf.)  

[n] 
where  8 is the  thickness of the  diffusion layer .  Thus a 
plot  of Pco(sur f . )  vs. [Po2(bulk)  - -  Po2 ( su r f . ) ] /  
Po2(surf.)  should be l inear  if the  above E ley-Ridea l  
mechanism holds for  our  pa r t i a l l y  poisoned electrodes.  

The Langmui r -Hinshe lwood  mechanism assumes the 
p r i m a r y  reac t ion  mechanism is be tween  adsorbed  
oxygen  a toms and adsorbed  CO (15, 21, 23, 31). Under  
these conditions, the react ions to be considered are  

CO + r ~:~ COati 
k-S 

k8 
03 + 2~ ~ 20ad  

k - a  

k~ 
COad + Oaa - '  CO2 + 2~ 

Assuming again  low coverage of surface species at  
high t empera tu res  (700~ and the equi l ib ra t ion  of 
react ions [2] and [3], the  fol lowing high t empe ra tu r e  
Langmui r -Hinshe lwood  ra te  law is obta ined  

ro~ = -- kTK2K3 v~ Pco(sur f . )  [Po~(surf . ) ]w [12] 

The  l inear  dependence  on CO par t i a l  p ressure  in Eq. 
[8] and [12] is a resu l t  of low surface coverage at  
high tempera tures .  This is in contras t  to the  inverse  
dependence  on CO par t i a l  pressure  observed  by  others  
a t  low t empera tu res  (23-26) due to inhibi t ion  effects 
at  high CO surface coverages.  At  s teady  state under  
dif fusion-control led conditions, the ra te  l aw for Lang-  
mui r -Hinshe lwood  kinet ics  f rom Eq. [12] takes the 
form 

Pco (surf.)  

D [ Po2 (bulk) -- Po2 (surf.) ] 
-- kTK~K3;/~SRT [Po~ (surf.)  ] V~ [13] 

A plot  of Pco(sur f . )  vs. the quan t i t y  in  b racke t s  in 
Eq. [13] wil l  therefore  be l inear  if this reac t ion  mecha-  
nism is operat ive.  

Plots  in the  form of Eq. [11] and Eq. [13] a re  p r e -  
sented in Fig. 2 and 3, respect ively,  for da ta  t aken  at  
700~ wi th  P t / P b  e lect rode sensors. A l inear  least  
squares fit of the da ta  shows a be t t e r  fit to the E ley-  
Rideal  mechanism (the coefficient of de te rmina t ion  
for the E ley -Ridea l  mechanism is 0.999 while  tha t  for 
the Langmui r -Hinshe lwood  plot  is 0.991). In  addit ion,  
the least  squares  E ley -Ridea l  plot  intersects  the or igin 
whi le  tha t  of the Langmui r -Hinshe lwood  intersects  
above the origin and the l a t t e r  da ta  show a s l ight  sys-  
temat ic  curva tu re  about  the leas t  squares fit. However ,  
while  a be t t e r  fit to the da ta  is obta ined  for  the Eley-  
Rideal  mechanism, the  da ta  a re  not  s ignif icantly accu-  
ra te  to exclude the Langmui r -Hinshe lwood  mechanism 
as indica ted  by  the er ror  bars  in Fig. 2 and 3. More 
precise moni to r ing  of the bu lk  CO and 02 par t i a l  p res -  
sures would  be requ i red  to defini tely dis t inguish be-  

Temperature = 700% 

0.4 

0,3 

0,2 

0,1 

O ~  r 1 , 1 I I I , I  

0 2 4 6 8 10 12 14 

Pco(SUrf) Torr 

Fig. 2. Plot of data assuming that the catalytic oxidation of CO 
on a partially poisoned Pt/Pb electrode follows the Eley-Rideal 
mechanism, Eq. [11]. A linear least squares fit to the data is also 
shown. 

Temperature = 700% 
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I I t I I 1 112 l 
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Fig. 3. Plot of data assuming that the catalytic oxidation of CO 
on a partially poisoned Pt/Pb electrode follows the Langmuir- 
Hinshelwood mechanism, Eq. [13]. A linear least squares fit to the 
data is also shown. 

tween  these two mechanisms wi th  such s imi lar  ra te  
laws. Of course, if both react ion mechanisms are  opera -  
tive, then the ra te  l aw would  be of an in te rmedia te  
form be tween  Eq. [11] and [13]. 
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Information about the nature of the electrode poison- 
ing  by lead can be obtained from the fact that the 
Pt /Pb electrodes are relatively noncatalytic to CO 
oxidation at 700~ yet are fairly catalytic at 500~ 
Thus the role of lead is not solely due to pore mouth 
blocking observed by others (32). Assuming the Eley- 
Rideal mechanism to be operative, the Pb may be 
decreasing the strength of the bond of adsorbed O2 to 
the surface (or the adsorbed O and CO bonds if the 
Langmuir-Hinshelwood mechanism is important). 
Thus, the catalytic reaction rate would be affected 
to a greater extent at high temperatures than at low. 
Since Pb forms a solid solution with Pt, it m a y  be 
assumed that as in other alloy systems (33), the role 
of the alloying with Pb is to decrease the heat of ad- 
sorption of the reaction species thereby decreasing the 
range of temperature at which catalytic activity is 
important. However, the possibility of changing sur- 
face composition or surface segregation of the Pt /Pb 
alloy with temperature cannot be ruled out. 

'The fact that neither sulfur nor lead decreases the 
rate of electrochemical oxygen pumping for electrodes 
which exhibit no polarization yields insight into the 
role of these species as catalytic poisons. Thus, these 
poisons reduce catalytic activity without greatly af- 
fecting any of the steps involved in the electrochemi- 
cal pumping of oxygen. Although the dominant sources 
of electrode polarization are dependent on operating 
parameters (34), it would appear that Pb and S do not 
significantly impede dissociation and diffusion of atomic 
O through Pt, or O2 diffusion through the electrode 
pores. 

Summary 
Both air-reference and the new internal-reference 

solid-electrolyte oxygen sensors were used in the 
search for noncatalytic electrodes for free oxygen 
measurement in nonequilibrium environments. Plati- 
num electrodes catalyze oxidation reactions of com- 
bustible gases with the ease of reaction increasing in 
the order CH4, C8H6, CO, and H2. Gold and silver 
show limited or no catalytic oxidation with CH4 but 
still exhibit significant catalysis of CO oxidation. Both 
silver and gold have limitations where the electro- 
chemical pumping of oxygen is required. A thin layer 
of silver over platinum has the same catalytic Char- 
acteristics of pure silver but exhibits oxygen pump- 
ing properties similar to platinum. 

Poisoning of the platinum electrode with H2S was 
effective in eliminating catalytic oxidation of CH4, but 
the sulfur desorbs at ,-~800~ H2S-poisoned platinum 
is still somewhat catalytic to CO oxidation. Lead 
poisoning of platinum (introduced initially in the form 
of PbS) is significant in certain temperature ranges 
for CH4, C~H6, CO, and H2 at the flow rates studied. 
At the lower temperature ranges of operation of the 
solid-electrolyte oxygen sensors (500~176 the 
catalytic activity of these poisoned electrodes is evi- 
dent. These data support the theory that lead acts to 
decrease the heat of adsorption of oxygen on the sur- 
face of platinum. Oxygen sensors using these lead- 
poisoned platinum electrodes have been successfully 
tested in aboveground oil shale retorting experiments 
where the monitoring of nonequilibrium oxygen con- 
centrations is desirable (4). 

The use of poisoned electrodes, coupled with the 
solid-electrolyte oxygen sensor capability of measur- 
ing the partial pressure of gaseous oxygen at the sur- 
face of the electrode, allows the direct measurement 
of surface catalytic mechanisms. The data for the oxi- 
dation of CO on partially poisoned Pt electrodes is 
best fit by the Eley-Rideal mechanism where gas 
phase CO reacts with adsorbed molecular oxygen. 
However, the data are not sufficiently accurate to 
definitely exclude the Langmuir-Hinshelwood mecha- 
nism. The results demonstrate the possible use of the 
surface information obtained with solid-electrolyte 
oxygen sensors for obtaining reaction mechanism in- 

formation. The information about oxygen partial pres- 
sures at the electrode surface may also aid in under- 
standing the mechanisms by which poisons decrease 
catalytic activity. 
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Cermet Cathodes for High Temperature 
Water Electrolysis with Zirconia Cells 
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Battelle Memorial Institute, Geneva Research Center, 1227 Carouge/GE, Switzerland 

ABSTRACT 

The steam electrolysis between 800 ~ and 950~ has been investigated with 
a cell consisting of the following elements: electrolyte, 400~ of ytterbia sta= 
bilized zirconia; anode, 100~ of vacuum deposited tin doped india; cathode, 
a sputter deposited cermet of nickel and urania doped ytterbia stabilized 
zirconia. These ceUs can be operated below 1.5V at 1 A/cm 2 over 1000 hr. 

High temperature water  vapor electrolysis with 
solid electrolyte cells offers two advantages over the 
low temperature process currently in use, a thermo- 
dynamic and a kinetic one. The negative entropy of 
reaction of the water decomposition reaction causes 
a lower open-circuit voltage. Since the heat necessary 
to bring the water vapor up to the temperature of 
operation would be available from heat exchangers 
with the product gas, cell losses, and eventually the 
exhaust of the electricity generating plant, high tem- 
perature water electrolysis should lead to important 
savings of scarce free energy and lower costs of hydro-  
gen production (1, 2). Furthermore, the rate of reac- 
tion of water  decomposition becomes relatively fast 
at high temperatures and this leads to lower cathode 
polarizations at high current densities. However, these 
two advantages are part ly compensated by severe 
stabili ty problems of all cell components: e.g.. alkaline 
earth stabilized zirconia can be used in all applica- 
tions except high temperature fuel cells and electro- 
lyzers where only rare earth stabilization of zirconia 
has given stable conductivities so far. The part icular  
problems with an electrode structure are i l lustrated 
in the paper. Because of these materials problems we 
did limit most of our experiments to 900~ which we 
believe represents a good compromise between per-  
formance and stability. 

Thermodynamic Considerations 
At room temperature the open-circuit  voltage is 

determined by the standard free enthalpy of the reac- 
tion, since both hydrogen and oxygen are released 
to atmospheric pressure. For steam electrolysis the 
situation differs: Oxygen is not released but at 0.21 
atm and therefore 

RT 
AG (900~ = AG o (900oC) -- In 0.21 

2 

= --41.84kcal/mole [1]  

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
I Present address: ASUAG, Coordination R & D, 6, Faubourg du 

Lac, 2500 Bienne, Switzerland. 
Key words: zirconia cells, water electrolysis, fuel cells, sput. 

tered cermets. 

At the same time the open-circuit voltage will vary 
with the degree of decomposition of the steam at 
the cathode, a, defined as 

p(H~) 
~ m  

p (H~O) 

Therefore, if we assume a simple Nernstian relation, 
the theoretical open-circuit voltage will be 

anode 
RT P (02) a 

Eth ( a )  " - "  ' In - -  " -  O.9O6V + 0.05053 in 
4 F  1 - -  a cathode 

p (02) 

4.76 10 -6 < ~ < 0.999999 [3]  

-~Eth ~ ~- 0.05053 i n - -  
1--u 

The lower limit of validity is given by the equilibrium 
pressure of hydrogen in steam at 900~ and the upper 
limit by the onset of electronic conduction with the 
shift in stoichiometry in the zirconia electrolyte 

0-- ~ V~ O2 + 2e + Vo 
lattice 

Vo oxygen lattice vacancy, for which we take an 
equilibrium voltage of Eta (900~ -- 1.66V which 
corresponds to an oxygen partial pressure of 10 -I~ 
atm (3, 4). 
One sees from Eq. [3] that the measurements with 

a mixture of 50% volume hydrogen in steam corre- 
spond to the theoretical decomposition voltage. I t  is 
also worthwhile noting that the shape of the curve 
Eth (a) ensures that the decomposition voltage of 
70% of all possible compositions lies within • 
of Eth ~ In Fig. 1 we compare some values measured 
with a specific feed gas flow of 1.7 cm/see with Eq. 
[8]. 

Experimental 
Setup (5).--Figures 2 and 3 show the cell structure 

which we have used in most of the measurements. 
The electrochemical cell is a flat hat of sintered sta- 
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Fig. 1. Comparison of the theoretical open-circult voltage as a 
function of steam decomposition with the measured open-circuit 
voltages at 900~ under 1.7 cm/sec of specific feed gas flow. 

Fig. 2. The electrolysis cell with the various connections 
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mug. The cathodic cermet is brazed to a steel tube 
fitted into the exhaust tube. The whole is mounted 
onto two concentric gas feed/exhaust  tubes. These 
feed tubes serve at the same t ime as connections for 
the electrical load. All measurements  were made in 
"open" electrical furnaces against  ambient  air. The 
cell potentials are picked up by two p la t inum wires. 
Replacing a wire by a thermocouple allows one to 
compare the effective celt t empera ture  with the value 
usual ly  measured at 1 cm from the cathode rim. The 
cell tempera ture  was found not to exceed the furnace 
temperature  by more than 10~176 under  fuel cell 
operation of 1 A/cm2. The support  r ing serves for 
the addition of two more measurement  points, namely,  
a p la t inum contact to the flat r im (border)  of the 
anode and a "reference electrode" in  the middle of 
the anode whose signal is discussed later. 

Components.--The electrolyte is a membrane  of 
yt terbia  stabilized zirconia [nominal  composition 
(ZrO2)0.92(Yb2Oa)0.0s] of 0.4 mm thickness fired at 
1850~ Its electrical conductivi ty measured in air  
with 4 kHZ (Tacussel CD 6N) as a funct ion of t em-  
perature  is given in Fig. 4. The anode is essentially 
made of 0.1 mm electron beam deposited t in  oxide 
doped india (6) [nominal  composition (In208)o.96 
(SnO2)0.4] on a sublayer  of u ran ia  doped yt terbia  
stabilized zirconia [ (ZrO2) 0.s2 (Yb203) 0.i (UO2) 0.0s]. Its 
electrical conductivi ty is shown in  Fig. 5. 

The cathode, a sputtered nickel zirconia cermet was 
the only component varied systematically in  this phase 
of the program. Details are given in  the next  section. 

b 
o :  
9 

ii! 
950 ~ 900* 85(~ ~ 800 ~ 750 ~ T'C 

| I I i I I 
9 1 0  -~xlO 4 

Fig. 4. Electrical conductivity of the electrolyte, (ZrO2)o.92- 
(Yb203)o.os, as a function of temperature. 

Fig. 3. The components of a measurement cell. On top the sup- 
port ring with contacts for the reference electrode and the anodic 
rim sensor. From left to right: the upper cermet support, the inter- 
mediary cermet connecting element, the electrochemical cell, and 
the lower support cermet. 

bilized zirconia contacted on both sides by cermet 
disks of identical shape. Gas tightness is achieved by 
mechanical  pressure. The cell shown in  Fig. 3 has 
an active surface area of 5 cm e. The anodic top cermet 
is contacted by another  cermet hat, brazed to a steel 

0 ,3  

0 ,2  

0,1 . . . . . . . . . . . . . . . . . . . . . . .  . . . . .  _ . . . . . . . . . . . . . . . . . . . . . . . . .  

I 
0 5 0 0  1 0 0 0  T ~  

Fig. 5. Lateral resistance of the anode, (In203)o.90(Sn02)0.4, as a 
function of temperature. Thickness 85~. Density: 31.6 mg/cm 2. 
Measurements taken on an alumina substrate after 960 hr at 900~ 
in air with the Van der Pauw method. 
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Connectors.--These cermet  hats  a re  produced  by  
firing a mix tu re  of 70% Cr + 20% MgO + 10% Al~O8 
at  1600~ under  an argon pressure  of 200 Torr.  They 
in t roduce  an e lect r ica l  res is tance of 5.10-~1~, which 
was not  corrected for in the measurements .  

The mug and the suppor t  tubes are  made  of sui table  
fer r i t ic  chrome steel. 

Electrical measurements .--In most of the exper i -  
ments  we did use a "reference electrode" fo rmed  by 
the dissection of two smal l  (r 2 mm) opposing circles 
in the cathode and anode (gap widths:  1 mm) .  In 
pr incip le  such a contact  should measure  the ha l fway  
potent ia l  be tween  the two electrodes.  Since we can 
only contact  the anodic spot, we were  not able  to 
ver i fy  the  assumptions  under ly ing  the scheme of 
Fig. 6. Our  "6-point"  measuremen t  can be summar ized  
in the  fol lowing way:  

J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  
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PT/'/7/-/Z 

Fig. 6. Schematic representation of current lines and the equi; 
potential surface around our "reference electrode." In principal 
both contacts should measure the same potential, corresponding to 
the half-plain of the disk. Thin lines indicate the electrolysis of 
very hydrogen-rich mixtures. 

5 ~sec, which was indeed the t ime necessary to raise  
the cur ren t  in the incrementa l  exper iment .  An addi -  
t ional  advan tage  of the decrementa l  p rocedure  is tha t  
i t  in t roduces an empi r ica l ly  wel l -def ined open-c i rcui t  
voltage. In  previous  exper iments  wi th  o ther  electrodes 
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Uconn, the  potent ia l  drop be tween the anodic r im 
and the anodic cell t e rmina l  consists of: (i) the 
l a t e ra l  resis tance of the anode which can be re la ted  
s t r a igh t fo rward ly  to i ts specific resis tance (e.g., 60 
mV at 1 A / c m  2 for 0.3 12/square), (ii) the  potent ia l  
drop in the anode /ce rme t  contact, and (iii) the poten-  
t ia l  drop in the cermet  connection. 

The difference be tween  the load te rmina l  voltages 
and cell  t e rmina l  voltages was not  sys temat ica l ly  
recorded.  

Fo r  the cell  measurements  we used a galvanosta t ic  
pulse technique.  Measurements  were  made  with the 
automat ic  pi lot  shown in Fig. 7, constructed at  
CITROEN which fulfills the fol lowing functions:  (i) 
checking of the furnace  tempera tures ,  (ii) galvano-  
stat ic feeding of up to 12 electrolysis  cells, (iii) con- 
t inuous recording  and pr in t ing  of t empera ture ,  current ,  
and 3 voltages, and (iv) logical  command for rout ine  
measurements  all  10 hr  for the long- t ime  exper iments  
and the manua l ly  t r iggered  measurement  of the 
polar iza t ion  curves.  

The sequence of a measurement  is shown in Table I. 

Table I. Sequence of measurement 

Quantity measured 
Time Load at the  t e r m in a l s  

0 j (A) E: stationary electrolysis voltage 
5 ~sec 0 

50 ~sec 0 E - UR 
~0 sec 0 Eth: open-circui t  yo l tage  

These sequences need some explanat ion.  Usual ly  gal-  
vanosta t ic  cur ren t  pulses would  be appl ied  inc rement -  
ally,  but  then one is more l imi ted  by  the per formance  
of the electronic equipment .  I t  is the rise t ime of 
the  funct ional  ampli f ier  of the  ga lvanos ta t  for the  
l a rge  currents  needed, which  leads to the notion of 

we had often observed "long te rm ]polarizations," i.e., 
open-c i rcu i t  vol tages that  did s tay be low thei r  or iginal  
theore t ica l  va lue  af te r  long periods of load for many  
minutes.  In this case, 30 sec can be considered as much 
longer  than  the r e l axa t ion  t imes of the  e lect rode 
processes. 

UR wil l  be re fe r red  to as the rap id  par t  of the 
polarizat ion.  I t  was a lways  found to behave  ohmical ly  
as expected.  UR -- E - -  E t h  - -  UR,  the slow par t  of 
the  polar izat ion,  can be associated wi th  the  diffu- 
sional and kinet ic  impedances  of the  e lect rode proc-  
esses. If we are  aware  of the l imits  of this separa t ion  
i t  can prove ve ry  useful  in the deve lopment  of the  
components  (e.g., a change in Ul. (O2) would imply  
a fa i lure  of the k inet ic  function of the anode, caused 
b y  s in ter ing) .  In  the  same way  we find the rap id  and 
slow contr ibut ions to the ha l f -ce l l  potent ia l  f rom values  
recorded at the "reference electrode," so that  we are  
lef t  wi th  the fol lowing observed  quant i t ies :  Um rap id  
contr ibut ion  to the cell  polar izat ion;  UL, slow con- 
t r ibu t ion  to the cell  polar izat ion;  UR (H2), r ap id  
contr ibut ion to the  cathodic cell  polar izat ion;  Uj. (H2), 
slow contr ibut ion to the cathodic cell  polar izat ion;  
UR (O2), rap id  cont r ibut ion  to the anodic cell  po la r -  
ization; U[. (O2), slow cont r ibut ion  to the anodic cell 
polarizat ion.  These da ta  a l low us in pr inciple  to 
dis t inguish the component  which  has failed. 

Fabrication and Structure of the Cermet Cathodes 

Process.--We use magne t ron  sput te r ing  for the 
cathodes (7). While  i t  is usual  to employ rf  power  
for the  sput te r ing  of cermets,  we did use d -c  because  
of its essent ia l ly  be t te r  deposi t ion rates. While  the 
detai ls  of the process cannot be revea led  at  the 
moment,  we can give the fol lowing summary  (8):  
(i) mul t ip le  targets  which can be ac t iva ted  and con- 
t ro l led  separa te ly ;  (ii) reac t ive  gas sput te r ing  or  iner t  
gas sputter ing,  depending,  on the  s ta te  of oxidat ion  
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Fig. 7. Schematic representation of the measurement pilot. The 
insert shows the element used for the pulse measurements. 

one wants to achieve for the deposit; and (iiO deposi- 
tion rate of the order of 0.1 ~/min. 

Composition.--We have used mixtures of ZrO2, 
Yb208, UO2, Ni, Ti, and Ag. The ceramic components 
correspond to a composition of (ZrOg_) 0.~. (u 0.1 
(UO2)o.0s. The nickel content was varied. The process 
also allows the manufacture of layered structures as 
well as a grading of the cermets. The additions of 
t i tanium and silver were abandoned when they did 
not lead to the expected benefits. 

Structure.~The initial structure of the deposit is 
almost amorphous (grain size <30A). Upon heating 
to the operating temperature of the electrolysis cell, 
the deposit crystallizes to a fine layer of completely 
stabilized zirconia, mixed with nickel (x-ray and 
SEM observations). 

E~ectrical p~operties.--We have measured the elec- 
trical conductivity of various cermet compositions 
deposited on stabilized zirconia under hydrogen as a 
function of temperature up to 900~ These measure- 
ments did reveal a critical composition of 40 volume 
percent (v/o) nickel (9). Below 40% the cermets 
reach a very high resistivity once heated. In agree- 
ment with Hill 's theory (1O) the temperature de- 
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- -  i . . . . . . . . . .  j .  . . . . . . . . . .  L . . . . . . . . . .  t -  . . . . . . .  

. . . . . .  3 . . . . . . .  I I I 
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Fig. 8. Lateral resistance of three corsets layers as a function of 
temperature. Van der Pauw measurements on alumina in H2 + 3% 
H20 after sintering at 900~ Curve 1. (ZrO2)o.s2(Yb203)o.1- 
(UO2)o.os 44.6 w/o + nickel 5F. Curve r2, (ZrO2)o.s2(Yb203)0.Z- 
(UO2)o.0s 30.8 w/a + nickel 5#. Curve 3. 5 X [(ZrO2)o,82- 
(Yb203)o,1(UO2)o.o8 30.8 w/o + nickel 0.5~ + (ZrO2) 
0.82 (Yb203)o.1(UO2)o.os76.4 w/o + nickel 0.05#] + (ZrO2)o,s2- 
(Yb~O~) �9 0.1(UO~)o.08 30.8 w/o + nickel 0.5~. 

pendence of the resistance is exponential. This is 
even observed for the first irreversible rise. Above 
40 v/o nickel, the cermets show a completely metallic 
behavior as shown in Fig. 8. 

Results 
We think the results one can obtain with the struc- 

ture described are best i l lustrated with one example, 
a simple cermet cathode, 55.4 weight percent (w/o) 
of nickel with urania doped yt terbia stabilized zirconia 
of 6~ thickness. Figures 9-12 give the measurements 
of this cell at different water decomposition levels. 
We have combined in one figure the stationary current-  

1,054 

o,5- ~ ~ ,  
I . . . . . .  p . 0  . . . . .  ~, 
1. 0 ,5  ~ 0,5 1. 1,5 A/Cm 2 

, ,,I, I I.. 

�9 i 

\ 

' ~ u L  (02) 
Fig. 9. Characteristic of a cell with components as described and 

a cathode of 6~ of cermet with 50% volume of nickel. Feed gas: 
95% H + 5% H20 at a specific flow rate of 1.7 cm/sec at 900~ 
after 643 hr of operation with an c~ _-- 1/2 mixture at 900~ The 
lower half gives the various contributions to the cell polarization. 
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Fig. 10. Same as Fig. 9, but with 80% H2 + 20% H20 
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Fig. 11. Same as Fig. 9, but with 50% H2 + 50% H20 feed gas 

vol tage  plot  and the contr ibut ions of the different  
polar izat ion mechanisms to the total  polar izat ion for 
fuel  cell and electrolysis  operation.  The measurements  
were  taken  at 900~ af ter  694-713 h r  of operation,  
under  an electrolysis  load of 1 A / c m  2 in a mix tu re  
wi th  ~ = I/z. 

Figure  9 shows that  for the ve ry  low concentrat ion 
of wa te r  vapor  of 5%, diffusion l imi ta t ion  sets in 

be low 0.2 A / c m  2. As i t  should be, a lmost  a l l  this 
polar izat ion shows up as a slow polar izat ion of the 
cathodic half-cel l .  Le t  us ment ion  that  this charac-  
ter is t ic  gives a m a x i m u m  power  densi ty  for fuel cell 
opera t ion  of 430 m W / c m  2. F u r t h e r m o r e  one sees f rom 
these figures that  the  main  contr ibut ion to the po la r -  
ization of the oxygen  ha l f -ce l l  comes f rom Uconn, i.e., 
the  l imi ted  l a t e ra l  conduct ivi ty  of the  oxygen  elec-  
trode;  this per ta ins  to fuel  cell opera t ion  where  the 
kinet ic  impedance  of the  oxygen  dissociat ion react ion 
causes a l a rge r  slow polar izat ion of the oxygen ha l f -  
cell  than  the one observed in  electrolysis  for oxygen 
rejection.  

Evident ly  the wate r  dissociation react ion does not 
represent  a p rob lem with  these nickel  cermets.  How-  
ever, anodes where  the  last  l aye r  contains only 23.6 
w/o  of nickel  in i t ia l ly  have  an addi t ional  slow cathode 
polar iza t ion  of the order  of 100-150 mV at 1 A / c m  2, 
which  decreases wi th  time. As long as they  are  nickel  
rich, the  op t imum anode thickness wil l  be de te rmined  
by  a compromise  be tween  slow and fast  polar izat ion,  
i.e., l a t e ra l  collection resis tance and oxygen  diffusive 
resistance.  

The rise in the  slow polar izat ion of the oxygen  
ha l f -ce l l  in Fig. 9 is an in teres t ing example  of the 
b reakdown of our  assumptions  concerning the re fe r -  
ence electrode. Indeed,  as s team diffusion l imi ta t ion  
sets in we mus t  t ake  e lec t rode  bo rde r  effects into 
account, no tab ly  that  the diffusion l imit ing cur ren t  
wi l l  be la rger  a t  the cathode edge facing the "reference  
electrode."  In this si tuation, an e lect rode with  uni -  
form cur ren t  densi ty  faces an e lec t rode  with  nonuni -  
form cur ren t  dens i ty  and this leads to a dis tor t ion 
of the cur ren t  l ines shown as addi t ional  thin l ines 
in Fig. 6. This dis tor t ion displaces the equipotent ia l  
l ine on which our  " reference"  sits a t  the cathode, 
increasing the size of the oxygen ha l f -ce l l  and there-  
fore its potent ia l  drop. The inverse  happens  of course 
in Fig. 11 for the  fuel cell operat ion under  h igt~ wa te r  
content. An in teres t ing  deta i l  of this analysis  is the 
flat por t ion  of UR (H2) for cell  voltages la rger  than 
1.TV under  95% H2 which indicates  the onset o[ elec-  
t ronic conduct ivi ty  in the zirconia under  these la rge  
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Fig. 13. Same as Fig 11, but at 800~ and after 813 hr of operation 

polarizat ions.  The va lue  agrees  roughly  with previous  
observat ions  (3, 4). 

This onset of electronic conduction was observed 
in fact  wi th  a large  number  of cells of va ry ing  pe r -  
formance  and cathode s t ructure .  In  Fig. 13-16, we 
give the measuL'ements at  different  t empera tures :  800 ~ 
850 ~ 900 ~ and 950~ made  af te r  813-817 hr  of ope ra -  
t ion in an  ~ --  1/2 mix ture .  Ones sees tha t  above 850 ~ 
there  is no impor t an t  slow (react ion)  polar izat ion 
wi th  our  electrodes.  The sharp  drop  in pe r fo rmance  
at  low t empera tu re s  is due to the  use of a th ick  
e lectrolyte .  Table  II  compares  the  var ious  calcula ted 
contr ibut ions  to the  polar iza t ion  with the measured  
values.  Since we compare  values  measured  prev ious ly  
on o ther  v i rg in  cell  components,  the  agreement  is 
be t t e r  than  one could expect .  

Long-term stability.--We had l imi ted  our  long- t e rm 
tests to 1000 h r  for p rac t ica l  reasons. As a ma t t e r  of 
fact  most  exper imen t s  were  t e rmina t ed  before  1000 
h r  because of var ious  accidents,  since the cells used 
at  that  s tage of the  p rog ram did not suppor t  thermal  
cycling. Twen ty  five cells were  tested. The result  of 
the  cell  discussed in the previous  section is given in 
Fig. i7 which again  gives the  var ious  contr ibut ions  
to the  polar izat ion.  

Over  the  per iod of 930 hr, the  cell  vol tage  under  
a load of 1 A / c m  2 only  increased f rom 1.45 to 1.49V. 
Al l  this de te r iora t ion  can be t raced  to the cathode. 
A f t e r  930 h r  the  wa te r  supp ly  of the sa tu ra to r  was 

u) 

�9 L I 0 

1,5 1. 0,5 
I i 

0 ,5  1. A / C r n  ~ 

UL 
L "~ ' *~*"* ' * ' t ' *~  U R  

~ , ~ , ~ ,  ' ~ UCONN 

' ~  UL (O2) 

Fig. 14. Same as Fig. 13 at 850~ 

i n t e r rup ted  over  a weekend.  The e lec t r ica l  l o a d  w a s  
main ta ined  with  a flow of pure  hydrogen  p robab ly  
causing zirconia electrolysis.  Af te r  repair ,  the  cell 
s ta r ted  again  but  at  a h igher  polarizat ion.  

Anode and e lec t ro ly te  show no measurab le  or vis ible  
degradat ion.  The behavior  of the cathodes is less 
sat isfactory.  Under  wa te r  e lectrolysis  conditions, they 
show a large  t endency  to demix.  This can easi ly be 
expla ined  by  the known:  ( i)  weak  in ter rac ia l  tension 
of n ickel  on zirconia  and (ii) hydrophy l i c  na tu re  of 
nickel, which leads, e.g., to the decomposi t ion of 
copper -n icke l  a l loys in wa te r  vapor  (10). This can 
lead  to a complete  segregat ion  of n ickel  and  wi th in  
100 hr. A complete  nickel  l aye r  forms at  the surface 
and can be s t r ipped  off by  hand,  leaving  behind an  
insula t ing powdery  l aye r  of zirconia (Fig. 18). 

Addi t ions  of t i t an ium are  known to s tabi l ize n ickel -  
zirconia cermets  by  increas ing the wet t ing  angle  (11). 
But this is achieved in bu lk  cermets,  where  t i t an ium 
concentrates  in the  surface of the n ickel  grains. We 
did not find any influence on the demixing,  maybe  
because in the fai l ing electrodes demix ing  is fas ter  
than  t i t an ium prec ip i ta t ion  in the  gra in  boundary .  

The p rob lem can only be overcome by  a careful  
ad jus tmen t  of the nickel  content  a n d / o r  l ayered  s t ruc-  
tures.  A fu r the r  p rob lem at the high end of the t em-  
pe ra tu re  is the  evapora t ion  of nickel,  which theore t ic-  
a l ly  reaches 2.5/~/1000 hr  at 950~ Indeed one cathode 
has been observed to be superf ic ia l ly  insula t ing  a f te r  
980 hr. 

Conclusion 
Steam electrolysis  wi th  thick zirconia cells can be 

achieved at  900~ wi th  a cell vol tage be low I.SV 
at 1 A / c m  2. S tab i l i ty  of the e lec t ro ly te  and the vacuum-  

Table II. Comparison of calculated contributions to polarization 
with measured values 

R electrolyte R (anode) R ( c a t h o d e )  O h m i c  loss  
T e m p  (~ (~ cm) (0) (fZ) calculated (V) UR (V) UL (V) 

~0 16.2 0.4 0,58 0.7~ 0.740 0.2~ 
8~ 11.5 0.4 0.~ 0.~3 0.5~ 0.185 
9 ~  8.2 0.4 0 .~  0.472 0.450 0.1~ 
~ 0  6.0 0.4 0.61 0 . 3 ~  0 . 3 ~  O . l ~  
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Fig. 17. Evolution of the cell voltage and the various contributions 
to the cell polarization for a cell with cermet cathode containing 
55.4 w/o of nickel over 930 hr under an electrolysis of 1 A/cm 2 in 
a mixture of 50% Ha + 50% H20 at 900~ 

Fig. 18. A demlxed cathode, after long term operation under 
50% H20 + 50% H~ at 900~ 

Fig. 16. Same as Fig. 13 at 950~ 

deposited india anode does not  represent  a problem 
over 1000 hr of operation. Sputtered nickel/zirconia 
cermet electrodes are l imited by demixing and nickel 
evaporation. Operation with a feed gas containing 
less than 20% of steam does not appear feasible. 
This will l imit  the decomposition level that can be 
achieved with a bat tery  of cells in series. 
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Oxygen Evolution on Lal_ Sr CoO  
Alkaline Solutions 

Electrodes in 

Y. Matsumoto, H. Manabe, and E. Sato 
Department o~ Industrial Chemistry, Faculty of Engineering, Utsunomiya University, Utsunomiya, Japan 

ABSTRACT 

Anodic character is t ics  of Lal-xSr~CoO3 (wi th  x = 0.2 and 0.4) e lectrodes 
were  inves t iga ted  in a lkal ine  solutions. I t  was found tha t  the ca ta ly t ic  act ivi t ies  
for  the oxygen  evolut ion  reac t ion  are  r e l a t ive ly  high and tha t  the ac t iv i ty  of 
the  e lec t rode  wi th  x = 0.4 is h igher  than  tha t  of x = 0.2. The secondary  
chemical  step, i.e., CoOH + O H -  ~ C o O -  + H20, is r a t e -con t ro l l ing  in  the  
oxygen  evolut ion reaction.  Therefore,  i t  is concluded tha t  the ra te  of the  
secondary  chemical  s tep is more  rap id  at  the e lect rode wi th  the  h igher  
va lue  of x because of the  beneficial  effect of the h igher  posi t ive charge on the 
Co cat ion on this step. La l -xSrzCoOs electrodes are  sui table  for  the anode 
m a t e r i a l  in a lka l ine  solutions, because  anodic dissolution scarce ly  occurs. 

The anodic evolut ion of oxygen  is o f  special  impor -  
tance in w a t e r  electrolysis,  because the  act ivat ion 
overpo ten t ia l  a t  the e lect rode is the chief cause of 
efficiency loss in this process. Recently,  low cost t r a n -  
si t ion meta l  oxides such as MnO2 (1-3),  NiCO204 (4), 
Lal-xMxCoO3 (5), Laz-xSrxMnO3 (6), and SrFeO3 (7) 
have been repor ted  to be good e lec t rocata lys ts  for the 
anodic  evolut ion  of oxygen,  and  the cata lys is  of the  
l a t t e r  two oxides is exp la ined  by app ly ing  the theory  
of a* band format ion  in the  oxide  to the oxide surface 
(6, 7). This concept  predic ts  the ca ta ly t ic  ac t iv i ty  of 
the  oxide  having the a* band to be high. 

Lal-xSrxCoO3 series oxides  wi th  pe rovsk i t e - t ype  
s t ruc ture  such as Lal-xSrxMnO3 and SrFeO3 have also 
shown in te res t ing  e lec t roca ta ly t ic  proper t ies  for elec-  
t .rochemical oxygen  reduct ion (8-13). Lal-xSr~CoO3, 
wi th  the  va lue  of x over  0.2, exhibi ts  h igh e lect r ica l  
conduct iv i ty  because  of the pa r t i a l l y  filled ~* band  in 
the  oxide  (14, 15), which also produces  high ca ta ly t ic  
ac t iv i ty  according to the above concept. The proper t ies  
of these oxides, which are  res is t ive  to anodic oxida t ion  
in  a lka l ine  solutions (11), make  them ex t r eme ly  use-  
ful  as the  anode ma te r i a l  in a lka l ine  solutions. How-  
ever, no detai ls  of the anodic character is t ics  are  clear. 
Therefore,  in this paper ,  the  anodic character is t ics  of 
Laz-xSrxCoO3 wi th  x = 0.2 and 0.4 e lectrodes as wel l  
as the  ca ta ly t ic  proper t ies  for  the  anodic evolut ion  of 
oxygen  are  s tudied  in detai l  in a lka l ine  solutions. 

Experimental 
Lal-xSrxCoO~ wi th  x ---- 0.2 and 0.4 were  p repa red  by  

using La203, SrCO3, and CoO as the s ta r t ing  mater ia ls .  
These  mate r ia l s  were  mixed  in s toichiometr ic  quan-  
t i t ies wi th  an agate  m o r t a r  and then heated at 1200~ 
for 6 h r  in air. The p r e p a r e d  perovski te  oxides, whose 
composit ions were  checked by  x - r a y  analysis ,  were  
pressed into tab le t  form wi th  100 k g / c m  2, then s in tered 
at  1350~ for 2 ,~ 3 hr. The poros i ty  of the s in tered disk 
was de te rmined  by  filling the pores  wi th  water .  The 

Key words: oxygen  evolution, perovskite type oxide, electro- 
catalysis. 

porosi t ies  of these s in tered disk samples  were  about  
20% for both samples  wi th  x = 0.2 and 0.4. The spe-  
cific resis t ivi t ies  measured  by  four probe  method  were  
7 X 10 .4  ~ �9 cm and 2 X 10 .4  FL �9 cm for La0.sSro.2CoO~ 
and La0.6Sr0ACoO3, respect ively.  These specimens were  
wate rproofed  wi th  po lys ty rene  in o rder  to obta in  good 
reproduc ib le  results.  Both end surfaces of these speci-  
mens were  pol ished wi th  No. 2000 emery  paper ,  and  an 
electr ical  lead  was connected via s i lver  pas te  on one 
side of the surface. The specimens were  then mounted  
in glass tubes wi th  epoxy  resin. The rea l  areas  of the 
p repa red  electrodes were,  of course, l a rge r  than  the 
apparen t  areas,  

The electrodes p repa red  by  this manne r  were  im-  
mersed  in 0.5M H2SO4 for 10 sec as a p re t rea tment ,  
fol lowed by  washing with  dis t i l led water .  The solu- 
tions were  p re -e lec t ro lyzed  IN[ KOH and var ious  con- 
centra t ions  of K~SO4 which were  of constant  ionic 
s t rength  but  var ious  pH values by  adding a few drops 
of di lute  KOH. An Hg/HgO electrode was used as the 
reference  e lect rode and e lect rode potent ia ls  cited in 
this paper  a re  r e fe r red  to this electrode,  unless o the r -  
wise stated. IR- f r ee  cu r r en t /po t en t i a l  curves at  s teady 
s tate  were  obta ined by  correct ing for the ohmic drops. 
The ohmic drops were  observed by  a s y n c h r o s c o p e  
(SS-5057V, Iwatsu) ,  using a cur rent  in te r rup t ion  tech-  
nique. 

The smal l  amount  of Co ion dissolved in the e lec t ro-  
ly te  was de te rmined  co lor imet r ica l ly  by  the method 
using ~-n i t roso-~-naphtho l  as the co lor -produc ing  
reagen t  (16). 

Results and Discussion 
F i g u r e  1 shows a typical  vo l t ammogram for a 

La0.6Sr0.4CoO8 elect rode in a lka l ine  solut ion in the 
anodic potent ia l  region. A vo l t ammogram s imi lar  to 
this f igure was also ob ta ined  in the  case of the  
La0.sSr0.2CoO3 electr tode.  In the anodic potent ia l  r e -  
gion, no e lec t rochemical  react ion at the e lec t rode  itself, 
except  for the  anodic evolut ion of oxygen,  was ob-  
served. Therefore,  in the  potent ia l  region covered, the 
e lec t rode  surface wi l l  s t i l l  exis t  as the  near  s toichio-  
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metr ic  compound, Lal-~SrzCoO~, unaffected by  the 
oxygen  evolution. The above resu l t  shows tha t  
Lal-xSrzCoO3 is p re fe rab le  as the anode mate r i a l  in 
a lka l ine  solution, a l though very  sl ight  anodic dissolu-  
t ion of the  e lectrodes occurs in the  high overpo ten t ia l  
region (at  50 m A / c m  2) as descr ibed in a l a te r  section. 

T h e / R - f r e e  polar iza t ion  curves for  the anodic evolu-  
t ion of oxygen  are  shown in Fig. 2. The s tandard  po ten-  
t ia l  of an  oxygen  electrode,  which is the poten t ia l  at 
zero overvoltage,  is +0.303V (vs. Hg/HgO)  in basic 
solution. Therefore,  the overvol tages  of La0.sSr0.2CoO3 
and La0.6Sr0.4CoO~ electrodes at  10 m A / c m  2 are  0.44 
and 0.40V, respect ively.  The overvol tage  in the  case of 
La0.6Sro.4CoOs e lec t rode  is a lmost  same as those of 
SrFeO3 (7) and  Ti/RuOz/MnO.~ electrodes (17) but  is 
l a rger  than  tha t  of DSA(RuOz)  (18), therefore ,  the 
cata lyt ic  act ivi t ies  of the La1-zSrzCoO8 series oxides 
for  the  oxygen evolut ion react ion are  judged  to be 
re la t ive ly  high. The ca ta ly t ic  ac t iv i ty  of the La0.6Sro.4- 
CoOs e lec t rode  is h igher  than tha t  of the La0.~Sr0.~CoQ 
electrode.  This fact  suggesLs tha t  the  increase of the  
posi t ive charge on the Co cation dr iven  by the subs t i tu-  
t ion of Sr  s+ ion in the  oxide  has a favorab le  effect on 
the  ra te  of the oxygen evolut ion reaction. The Tafel  
slopes, b, for the oxygen  evolut ion react ion were  0.065V 
per  decade, or near  2.303 (RT/F) in both  cases. 

The dependence  of the cur ren t  dens i ty  on pH for the 
anodic evolut ion of oxygen  at  constant  E is shown in 
Fig. 3 for the Lal-zSrxCoO3 electrodes.  The slopes ob-  
ta ined f rom the l inear  re la t ionships  were  about  1.8, or 
near  2 in the both cases. We can, therefore,  conclude 
that  the  react ion o rde r  of O H -  ion in the mechanism 
of the oxygen  evolut ion  reac t ion  at  Lal-~SrxCoO~ elec-  
t rodes is 2. The obta ined kinet ic  pa ramete r s  are  sum-  
mariz~d in Table  I. 

Consequently,  the  exper imen ta l  resul ts  over  all  cur -  
ren t  densit ies f o r  the anodic evolut ions of oxygen  at  
Lal-xSrxCoO~ wi th  x = 0.2 and x = 0.4 e lectrodes can 
be fo rmula ted  as fol lows 

--- nFka2oH- exp (FE/RT) [1] 

% 
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Potent ia l  (V vs. H g / H g O )  

Fig. 2. Anodic polarization curves for oxygen evolution on 
Lal-xSrxCoO3 electrodes in IM KOH at 25~ 

in  a lka l ine  solution, where  k is the  r a t e  constant  and 
other  symbols  have thei r  usual  meanings.  

In  a lka l ine  solutions the fol lowing oxygen  evolut ion 
mechanism 

S + OH- ~ SOH + e- [2] 

SOH + OH- -~ SO- + H20 [3] 

SO- ~ SO + e- [4] 

2SO ~ 2S + 02 [5] 

seems probable  for oxide  electrodes (6, 7, 19), where  S 
s tands for a site a t  the  e lec t rode  surface and is p r e -  
sumed  to be Co cation in the presen t  case. In  any case, 
any  one of the 02 react ion paths  a l r e a dy  proposed by  
Bockris  (20) and Damjanovic  et al. (21), wil l  sa t isfy  
the present  da ta  wi th  the assumpt ion of Langmui r i an  
adsorpt ion  conditions i n  a lkal ine  solut ion if the 2rid 
step [3] is r a t e -de te rmin ing .  Wi th  this assumpt ion the 
cUrrent express ion in the Tafel  region can be wr i t t en  
a s  

i = nF(k lk2 /k - z )  a2OH - exp (FE/RT) [6] 

where  kl, k - l ,  and k2 are  the ra te  constants  for  the 1st 
[2] and the 2rid [3] steps. The theore t ica l ly  deduced 
ra te  equat ion [6] is consistent  wi th  the expe r imen ta l l y  
obta ined  express ion [1]. The above proposed mechan-  

Table I. Kinetic parameters for the oxygen evolution reaction on 
Laz-zSrxCoO~ electrodes at 25~ 

Tafel  ( a l o g i  ) 
slope i~ (A/cm~) 

Electrode (V) (in 1M KOH) a log ao~- z 

LaosSro~CoO~ 0.065 3.0 x 10-~ 1.8 
Lao.~Sro.,CoOa 0.065 7.4 x 10 zg 1.8 
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Fig. 3. pH dependences of current density of oxygen evolution 
reaction on Lal-xSrxCoO3 electrodes at 0.69V vs. NHE (0.59V vs. 
Hg/HgO) at 25~ 

ism on the Laz-xSr~CoO3 electrodes is same as that  on 
SrFeO3 electrode (7). The #* band is formed in the 
Lal-xSrxCoO3 with x _-- 0.2 and 0.4 (15), therefore, the 
rate of the electron t ransfer  in the 1st step must  be 
rapid at the surfaces of these oxides. This leads the 
other chemical step, i .e. ,  the 2nd step, to become the 
ra te-cont ro l l ing  in analogy with the case of SrFeOs 
electrode (7). 

Figures 4 and 5 show the typical Arrhenius  plots at 
constant  overvoltage for the oxygen evolut ion reaction 
in  1M KOH at Lao.sSr0.2CoO~ and La0.6Sr0.4CoO3 elec- 
trodes, respectively. An apparent  activation energy can 
be calculated from the gradient  of each straight l ine by 
using Eq. [7] 

AH~ (~) -- --2.303R (0 log i /O ( l / T ) )  n + 

anF~ [cal/mole] [7] 

where  a n  -= 2 . 3 0 3 R T / b F ,  a is the formal value of 
charge t ransfer  coefficient, and F is the Faraday  con- 
stant. Activat ion energies for the oxygen evolution re-  
action at La0.sSr0.2CoO3 and La0.6Sro.4CoO8 electrodes 
are summarized in  Table II. 

The dependence of current  density i on the apparent  
act ivation energy at constant  pressure p, overpotential  
~1 on polarization, and activity of reactant  a can be 
expressed by the equat ion (2, 21, 22) 

i : n F  A a2OH - exp ( -- A ~  (~) /RT) [8] 

where A is the pre-exponent ia l  factor at given over-  
potential.  From the comparison of this equat ion with 

Eq. [6], aH~ (~l) wil l  be expressed as follows 

lo  o 
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Fig. 4. Temperature dependences of current density of oxygen 
evolution reaction on Lao.sSro.2CoO~ electrode in 1M KOH at 
various overpotentials. 
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Fig. 5. Temperature dependences of current density of oxygen 
evolution reaction on Loo.6Sro.4Co03 electrode in 1M KOH at 
various overpotentiuls. 

AH# (~1) ---- AHI~ + AH2~ -- A H - I ~  -- FE(~)  [9] 

where AHI~, AH2~, and A H - I ~  are the chemical act iva- 
t ion energies for 1st and 2nd steps, respectively. F rom 
Eq. [8] the ratio of the current  density for the oxygen 
evolution reaction at La0.6Sro.4CoO3 electrode to that  
at La0.sSr0.2CoO3 electrode is expressed by Eq. [10], if 
the pre-exponent ia l  factors A are supposed to be the 
same for both electrodes 

Table II. Apparent activation energies on Lal-xSrxCoO3 with 
x _-- 0.2 and 0.4 electrodes and their differences in 1M KOH 

Energy  
difference 

Over- AH~ (kcal/mole) ~ 
voltage (AH==o,.o= - AH==o.~=) 

(V) Lao.sSro.~CoO~ Lao.6Sro.4CoOn (kcal/rnole) 

0.27 18.1 17.3 0.8 
0.30 18.2 17.7 0.5 
0.32 18.2 17.5 0.7 

0.67 (Average )  
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i==0.4/ix=0.2 = exp [ (AH~(~l)x=0.2 --  ~H#(~l)==0.4)/RT] 

[io] 
The cur ren t  ra t io  obta ined from Fig. 2 at  25~ is about  
2.5 in al l  potent ia l  regions cover ing the Tafel  relat ion.  
F rom Eq. [10], the difference be tween  the apparen t  
ac t ivat ion energies  for La~-xSrxCoOs wi th  x _-- 02  and 
0.4 electrodes is ca lcula ted  to be about  0.54 kca l /mole .  
This is  a lmost  consis tent  wi th  the  average  difference, 
0.67 kca l /mole ,  in  the  appa ren t  ac t iva t ion  energies  
measured  by  Ar rhen ius  plots as shown in Table  II. 
This resul t  confirms that  the  oxygen  evolut ion react ion 
at  Lal-=SrxCoO~ electrodes Proceeds wi th  the ac t iva-  
t ion control  s ta ted a l ready.  Since ~H~r and A H - I ~  are  
negl igible  in comparison wi th  ~H2~ in Eq. [9] be-  

cause of the ra te  control  of the 2nd step, ~H~(~I) 
~ H ~ ( ~ )  --  FE(~)  is der ived  in the  p resen t  case. 

At  this  stage, we can discuss the  catalysis  of the  Co 
cat ion in the Lal-xSrxCoO~ in the  2nd step shown by 
Eq. [3], in which  S stands for the Co Cation on the 
surface. The 2nd step implies  tha t  the ra te  of cap ture  
of the hydrogen  a tom in the CoOH by O H -  ion in-  
creases, when the densi ty  of the posi t ive charge on this 
hydrogen  a tom increases.  The increase  of the  posi t ive 
charge  densi ty  on the hydrogen  a tom in the CoOH wil l  
be brought  about  by  the increase of the posi t ive charge 
dens i ty  on the Co cation. Since the  posi t ive charge 
dens i ty  on the Co cat ion increases wi th  the  increase  
of x as a resul t  of charge delocalization,  i t  is Concluded 
tha t  the cata lyt ic  ac t iv i ty  for the  oxygen evolut ion 
react ion increases wi th  the increases of x in the La~-x-  
SrxCoO~ electrodes.  This theory  satisfies the expe r i -  
men ta l  resul t  ve ry  well.  

F igure  6 shows the var ia t ions  of  the potent ia ls  wi th  
t ime dur ing  the anodic polar iza t ion  at  50 m A / c m  2 in 
1M KOH at 25~ The potent ia ls  were  v i r tua l ly  in-  
va r i an t  for  both  the  electrodes except  for a smal l  va r i -  
a t ion (less than  50 mV) in the  in i t ia l  stage. Af t e r  
e lect rolyzing for 72 h r  a t  50 m A / c m  2, the amount  of 
the ve ry  s l ight ly  dissolved Co ion which exists  as 
HCoO2- ion in a lka l ine  solut ion was de te rmined  by 
the m a n n e r  descr ibed in the exper imen ta l  section. 
F rom considerat ion of a Pourba ix  d i ag ram the anodic 
dissolution of the  Lal-~SrxCoO~ is proposed to be as 
follows 

La~-~SrzCoO~ + (1 --  3x) O H -  + H20 

-> CoO2 + (1 --  x ) L a ( O H ) 3  + xSr  2+ + (1 - x ) e -  

[11] 

Then the CoO2 produced  on the e lec t rode  surface wil l  
decompose to HCoO2- ion as follows 

CoO2 + O H -  -* HCoO2- + 1/2 02 [12] 

The current efficiencies of the dissolutions of the 
Lal-=Sr~CoO~ electrodes calculated by using the above 
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Fig. 6. Potential-tlme curves under anodic polarization of 
Lal-~SrxCoO~ electrodes in 1M KOH at 50 mA/cm~ at 25~ 

Table i11. Current efficiencies of the anodic dissolution of 
Lal-=SrxCoO8 electrodes at 50 mA/cm 2 in 1M KOH at 25~ 

Electrode Current efficiency (%) 

Lao.eSro,~CoO8 6.8 • 10 -e 
Lao.sSro.2CoO3 1.5 • 10 "~ 

Eq. [11] and [12] a re  shown in Table  IH. The effici- 
encies for both  La0.6Sr0.4CoO3 and La0.sSr0.2CoO3 elec-  
t rodes are  qui te  small.  The smal le r  value  of the  effici- 
ency in  the case of Lao.6Sro.4CoOj, compared  to La0.s- 
Sr0.2CoOj, is be l ieved  to be  caused by  the smal le r  
amount  of  Co 3 + ion in the former  oxide, when  the Co 
cat ion in the oxide is expressed  as Co 3+ or  Co4+ ion 
for convenience. The resul ts  in F igure  6 and Table I I I  
show tha t  Lal-xSrxCoO~ elec t rode  is excel lent  for use 
as an anode ma te r i a l  for  long per iods  in a lka l ine  solu-  
tion. In  conclusion, La0.6Sro.4CoO3 has good ca ta ly t ic  
ac t iv i ty  and appears  to be a promis ing  mate r i a l  for the 
anode in electrolysis  of a lka l ine  solutions. 

Manuscr ip t  submi t t ed  June  4, 1979; revised manu-  
script  received Sept.  12, 1979. 

Any  discussion of this pape r  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1980 
JOURNAL. Al l  discussions for  the  December  1980 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1980. 

Publication costs of this article were assisted by 
Utsunomiya University. 
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The Electrochemical Oxidation of 
in a Nonpolar Solvent Consisting of AI Bro 
and KBr in an Aromatic Hydrocarbon 

M. Elam and E. Gileadi* 
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ABSTRACT 

The mechanism of oxidation of I- in a nonpolar solvent consisting of 
1.0iV[ AI2Br8 and 0.80M KBr in an aromatic hydrocarbon was studied. A chem- 
ical step following charge transfer, in which I- is regenerated, was observed. 
It was postulated that bromination of the solvent occurred. Oxidation of Br ~" 
by I2 to IBr or Br2 is possible in this system since the standard potentials for 
different redox couples are much closer than in aqueous solutions. Qualitative 
mechanis t ic  in format ion  obta ined  f rom analysis  of cyclic vo l t ammograms  was 
consistent  wi th  the mechanism der ived  on the  basis of s t eady-s t a t e  c u r r e n t /  
potent ia l  measurements .  I t  was observed tha t  iodine is r educed  r ap id ly  in 
this sys tem if mes i ty lene  is used as the solvent  and  much  more  s lowly in  
benzene. The  h a l f - w a v e  potent ia l  for the oxida t ion  of I -  is about  1.10V v s .  
RA1E, compared  to about  2.2V in aqueous solutions. 

The chemical  and  e lec t rochemical  proper t ies  of a 
solvent  sys tem consist ing of A12Br6 and an a lka l i  me ta l  
b romide  (MBr)  in an  a romat ic  hydroca rbon  (ArH)  
have been  s tudied  by  P lo tn ikov  and co-workers  (1- 
9). In recent  yea r s  there  has been renewed  in te res t  in 
this sys tem as a possible  ba th  for  the e lec t ropla t ing  
of a luminum (10-15). A p a r t  f rom its prac t ica l  im-  
por tance  this ba th  m a y  be expec ted  to exhib i t  unusua l  
e lec t rochemical  behavior ,  due to the un ique  combina-  
t ion of its low die lect r ic  constant  and re l a t ive ly  high 
conduct ivi ty .  

Some of the  chemical  and  e lec t rochemical  p rope r -  
t ies of this sys tem have  been s tudied recen t ly  in our 
l abo ra to ry  (16-22). A rev iew of ea r l i e r  work  was 
given in Ref. (18), and a s u m m a r y  of work  done in 
this  l abo ra to ry  was p resen ted  ve ry  recen t ly  (23). 

In  a previous  s tudy  (21) surface phenomena  oc- 
cur r ing  on different  e lec t rode  mate r ia l s  in this solvent  
sys tem were  invest igated.  Glassy  carbon was found 
to be inactive.  On p l a t i num a wel l -def ined  adsorpt ion  
pseudocapaci tance  peak  was observed,  associated wi th  
the adsorp t ion  of b romine  a toms on the surface. On 
gold e lect rodes  severa l  adsorpt ion  and desorpt ion  peaks  
could be discerned,  y ie ld ing  a r a the r  complex  pat tern .  
The in i t ia l  po ten t ia l  for  ox ida t ion  of b romine  was 
found to depend signif icant ly on the type  of hydro -  
carbon used as the solvent;  decreas ing f rom benzene 
to mes i ty lene  wi th  increas ing chemical  ra te  constant  
for  the  b romina t ion  of the hydroca rbon  (24). 

In  the  presen t  work  the  kinet ics  of e lec t rooxida t ion  
of I -  on p l a t i num elect rodes  and the subsequent  chemi-  
cal react ions of the I2 p roduced  in  this  solvent  sys tem 
were  invest igated.  

Experimental 
The cell, electrodes,  and e lec t rochemical  equ ipmen t  

employed  for  measurements  of cyclic vo l t ammograms  
were  descr ibed in a previous  publ ica t ion  (21). S t e a dy -  
s ta te  Tafe l  plots were  measu red  wi th  the same setup,  
in which  the funct ion genera to r  was rep laced  by  a 
"first drop"  po la rograph ic  uni t  (homemade) ,  t r iggered  
by  a Rad iomete r  Type  DLT-1 drop- l i fe  t imer.  This 
uni t  provides  poten t ia l  steps of increas ing ampl i tude  
(6 mV increments )  and ad jus tab le  length. The pulse 
wid th  was set to 30 sec. This was found to be long 
enough for  the  cur ren t  to reach  its s t eady - s t a t e  va lue  
in all  ranges of po ten t ia l  and concentra t ion  studied. 
Be tween  pulses the poten t ia l  was held  for an equal  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: oxidation, bromination, voltammograms. 
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length  of t ime a t  its in i t ia l  value,  whe re  no Fa rada i c  
react ion took place. The solutions were  s t i r red  gent ly  
wi th  a magnet ic  s t i r re r  dur ing  these measurements .  

For  the  de te rmina t ion  of n, the  n u m b e r  of e lectrons 
tak ing  pa r t  in the  ove r -a l l  reaction,  a la rge  p l a t i num 
gauze work ing  e lec t rode  was used in o rde r  to decrease  
the t ime requi red  for electrolysis .  

Al l  exper iments  were  pe r fo rmed  in r igorous ly  dr ied  
and purif ied solutions, inside a glove box filled wi th  
purif ied argon. Detai ls  were  given in ea r l i e r  pub l ica -  
t ions (16, 19, 21). 

Results 
Cyclic vo l tammetry . - -A  typ ica l  set of vo l t ammo-  

grams taken  at  different  concentra t ions  of KI, em-  
ploying benzene as the solvent,  is shown in Fig. 1. 
The funct ion i/C ~ is p lo t ted  in this f igure agains t  the  
potent ia l  to e l imina te  the  t r iv ia l  effect of concent ra-  
tion. The influence of the solvent  on the shape  of the  
vo l t ammogram is seen in Fig. 2. The peak  potent ia ls  
on the anodic and the cathodic sweeps are  p lo t ted  as 
a function of log v (v - dE/dr) in Fig. 3 and 4, respec-  
t ively.  S imple  behavior  is observed  in Fig. 3 when  
benzene or  mes i ty lene  are  used as the  solvent,  whi le  
e thyl  benzene and o -xy lene  exhib i t  anomalous  be -  
havior,  pa r t i c u l a r l y  at  low concen t ra t ions  of KI. On 
the cathodic sweep no reduct ion  peak  occurred when  
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Fig. 1. Cyclic voltammog~ams for different concentrations of KI 
in a solution of 1.0M AI2Br6 and 0.8M KBr in benzene, taken at 
v - -  12,5 mV/sec. Curve a, 2.0 mmoles; curve b, 11.8 mmoles; curve 
c, 37.5 mmoles. 
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mesitylene was employed as the solvent even at  the 
highest sweep rates studied, showing that  the iodine 
formed dur ing  the anodic sweep disappeared rapidly 
due to a chemical reaction. The anodic peak current  
ip(a) was proport ional  to the concentrat ion of KI  in 
all four solvents. 

The unusua l  behavior  of o-xylene can be seen fur -  
ther  in  Fig. 5 in  which the cathodic peak current  
ip(c) is plotted against  the sweep rate on a log-log 
scale for different concentrat ions of KI. As the con- 
centrat ion of KI increases the plots resemble more 
and more those obtained in  benzene or ethyl benzene, 
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Fig. 4. The peak potential on the cathodic sweep, Ep (c), as a 
function of log v for: a, benzene; b, ethyl benzene; c, o-xylene. 
Concentrations of K! as in Fig. 3. 

which are also given in  the same figure for compari-  
SOD.. 

Steady-state measurements.--Tafel plots determined 
at different concentrat ions of KI in  ethyl benzene are 
shown in  Fig. 6.1 It  can be seen that  the l ines are very 
closely parallel.  The average value of the Tafel slope 
(based on measurements  at eight concentrations of 
KI  in  ethyl benzene) was 34 _ 1 mV. The effect of 
the solvent on the slope is shown in  Fig. 7. The Tafel 
slopes and reaction orders obtained in  three solvents 
are given in  Table I. All kinetic parameters  were de- 
term/ned in  the range of i ~ 0.05iL under  essentially 
pure activation control. In  the l imit ing current  region 
the reaction order was un i ty  in  all the solvents studied. 

The over-all reaction.--Early exper iments  in  cyclic 
vo l tammetry  have al ready indicated that  only par t  
of the iodine produced dur ing the anodic sweep was 
available for reduct ion in  the following cathodic 
sweep, the rest  being consumed in  a chemical reaction. 
If this chemical reaction leads to regenerat ion of I - ,  2 
one should observe an increase in  the apparent  value 
of n, the number  of electrons taking par t  in the over-al l  
reaction. This quant i ty  was determined by  setting the 
potential  to a value in  the l imit ing current  region and 
following the decrease of current  with time. Since the 
l imit ing current  is proport ional  to the concentration, it 
is easy to show (25) that  the current  will decrease 
with time following the equation 

I ( t )  : I ~ exp ( - -  I~176 [1] 

where V is the volume of the solution, C ~ the ini t ial  
concentration, and 1 ~ the total cur rent  extrapolated 
back to zero time. The parameter  n is determined 
from the slope of a plot of log I vs. t. Such plots are 
shown in Fig. 8 for benzene and ethyl  benzene as the 

1 F o r  the  sake  of c la r i ty  only one out  of t h r e e  e x p e r i m e n t a l  
po in ts  a r e  shown in th is  f igure .  

I t  wil l  be  s h o w n  below t h a t  t h i s  is i n d e e d  t h e  c a s e .  



E L E C T R O C H E M I C A L  O X I D A T I O N  O F  I -  

tM 
! 

E 
O 

E 
c.) 
r~ 

o 

F- 

I-.- 

:-  i0-1 
~J 

F.-- 

Z 
L~ 
n.- 
I1: 

(J 10-2 

ILl 
CL 

VoL 127, No. 4 

X 

I0 -:3 
10-3 I0 -2  I0 -I I I0 102 

SWEEP R A T E ( V o l t . s e c  - I)  

Fig. 5. Plots of log tp (c) vs. log v in o-xylene. CK~: �9 �9 � 9  4.0 
mmoles; �9 �9 � 9  7.9 tamales; AZ~A, 19.4 mmoles; r-] [~[-1, 37.5 
tamales; A A A ,  80 tamales. Broken lines are for 7.9 mmoles KI in: 
�9 . �9 benzene; - - - - - -  ethyl benzene. 

I01 i i 

~ iO_l 
Z 
~J 
121 

b.- 
Z ,,, 10 . 2  
n~ 
n~ 

iO-~ 

10-4 ~ I 
1.000 

I I I I 

I I I I 
1.100 1 .200  1 .300 

POTENTIAL  (Vol t ,  RAI E) 

Pig. 6. Steady-state Tafel plots in ethyl benzene. C~:i: �9 �9 0, 
11.8 tamales; A A A ,  26.8 mmoles; 0 @ 0 ,  54.5 mmoles; e m i l ,  
120 mmoles. 

solvent.  In  both solvents  n > 1 and increases  wi th  
time, as would  be expected  for a ca ta ly t ic  process 
fol lowing charge  t ransfer ,  in which  the  r eac t an t  is 
regenera ted .  The ca lcula ted  values  of n at  different  
in te rva ls  of t ime a f te r  e lectrolysis  was s ta r t ed  are  
shown in Table  II. When  mes i ty lene  was employed  as 
the  solvent,  the appa ren t  value  of n approached  in-  
finity, i.e., the cur ren t  did  not  decrease  wi th  t ime. 
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Fig. 7. The effect of the solvent on the steady-state Tafel pl'ots 
C ~  - -  37.5 mmoles. 
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Fig. 8. Plots of log I vs. t durlng constant potential electrolysis 
CKz - -  20.5 tamales; E - -  1.12V, (RAIE). 

The reaction of molecular iodine.--Following the  ex -  
per iments  descr ibed above i t  was of in teres t  to de te r -  
mine whe the r  the chemical  s tep fol lowing e lec t ro-  

Table I. Kinetic parameters from steady-state measurements 

Tale1 s lope 
Solvent  ( m Y )  React ion  order  

Benzene  39 • 3 1.6----- 0.1 
Ethyl  benzene  34 + 1 1.4 ----- 0.1 
Mesitylene 40 • 1 I.I ~ 0.I 

Table II. The apparent value of n in two solvents 

T i m e  % of 
i n t e rva l  ini t ial  A p p a r e n t  
(min) current Solvent n 

@40 77-41 Benzene  1.3 
55.140 33-16 Benzene  2.9 
2-17 77-69 Ethy l  benzene  1.6 

25-2~0 67-50 Ethyl benzene  8.1 
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chemical oxidation of I -  was a bulk  reaction in  which 
molecular  iodine took place or a reaction requir ing an 
electrochemically formed intermediate,  which could 
only occur at the electrode surface. For this purpose 
a solution of I2 in the pure solvent  was added to an-  
other solution containing 1.0M A12Br6 and 0.80M 
KBr in the same solvent, and the change of concen- 
trat ion of iodine with t ime was followed by s tandard  
analyt ical  methods. In  a typical exper iment  the ini t ial  
concentrat ion of I2 was 28 mmoles. After  four days 
at room temperature  it decreased to 19 mmoles in  
benzene and to 5 mmoles in mesitylene. These ex- 
periments were performed in  a cell which had no 
electrodes in  it, confirming that  the chemical reaction 
in  which iodine is consumed can occur in  the bulk. 
The possibility that  it can occur faster on the elec- 
trode surface in  the presence of electrochemically 
formed in termediate  cannot be excluded, however. 

Discussion 
GeneraL--The results presented above show that  

iodine formed electrochemically or introduced into a 
solution containing AI~Br6 and KBr in an aromatic 
hydrocarbon undergoes a chemical reaction. The rate 
of this reaction increases with increasing rate of 
brominat ion  of the hydrocarbon (21, 24). This is best 
seen in Fig. 2, where the ratio of cathodic to anodic 
peak currents  decreases as the ini t ia l  potential  for 
bromine evolution becomes less anodic. 3 The fact that  
the apparent  value of n, the number  of electrons tak-  
ing part  in the over-al l  reaction, is larger than uni ty  
shows that I -  is regenerated in this chemical reac- 
tion. Direct iodination of the aromatic hydrocarbon in 
a reaction of the type 

I~. + ArH--> ArI  + H + + I -  [2] 

could fit these exper imental  observations. However, 
it is well known that iodinat ion of aromatic hydro-  
carbons does not occur under  the conditions of the 
present  experiment.  It is more l ikely that  b romina-  
tion will take place in a reaction sequence such as 

2 I -  ~ I~ + 2e [3] 

2Br -  -t- I2 ~ 2 I -  + Br2 [4] 

Br2 + ArH--> ArBr + H + + B r -  [5] 

In aqueous solutions this reaction sequence could not  
proceed since it  implies that B r -  is oxidized by I2 al-  
though the oxidation potential  for the B r - / B r ~  couple 
is about half a volt higher than that  of the I - / I 2  couple. 
In  the present  system, however, the reversible po- 
tentials for different redox couples were shown to 
be much closer (17, 18, 23). Thus the ini t ia l  potentials 
of I2 and Br2 evolution 4 are 1.15 and 1.45V (RA1E), 
respectively, if benzene is used as the solvent. In  
mesi tylene the corresponding values are 1.11 and 
1.21V (RA1E). Moreover, the reaction sequence given 
above could be subst i tuted by 

21- ~ I2 + 2e [3] 

I~ + B r -  ~- IBr + I -  [6] 

IBr + ArH--) ArBr  + H + + I -  [7] 

Iodobromine is formed at a potential  lower than that  
required for the formation of Br2 (26, 27). Thus steps 
[4] and [6] will not be shifted completely to the left 
in the present  system and brominat ion  of the hydro-  
carbon may be expected to occur at a significant rate. 
It may be noted that  free B r -  and I -  ions do not exist 

~I t  w as  s h o w n  in a prev ious  publ icat ion (21) t h a t  the  init ial  
potent ia l  f or  bromi n e  evo lut ion  d e c r e a s e s  w i t h  increas ing  rate  
colxstant for  brominat ion  of  the  hyd roca rbon .  

4 T h e  ini t ia l  po t en t i a l s  a r e  used  h e r e  in s t ead  of  t he  ha l f -wave  
po ten t i a l s  or the  f o r m a l  po ten t i a l s  w h i c h  w e r e  not  d e t e r m i n e d .  I t  
is r e a so n ab l e  to a s s u m e  tha t  the  d i f ference  in the  in i t ia l  po ten t i a l s  
of the t w o  redox  couples  is c lose  e n o u g h  to the  d i f f erence  in t h e i r  
half-wave potentials for the purpose of the qualitative argument  
given above. 

in this system (22, 23) and more complex equil ibria  
of the type 

A12Br6 + I2 r A12BrsI + IBr [8] 
o r  

A12BrT- + I~,~ AI~BrsI- + IBr [9] 

are probably involved. Since the exact na tu re  of the 
negative ion is not  impor tan t  for the subsequent  
arguments,  nor is it exactly known, the simple ions 
will be wr i t ten  in all fur ther  equations for brevity. 

It may be concluded that  electrochemical oxidation 
of iodide in the presence of a large excess of bromide 
is followed by formation of IBr or Br2 and regenera-  
t ion of I% along with bromina t ion  of the hydrocarbon. 
If mesitylene is used as the solvent the brominat ion  
reaction is so fast that  all  of the iodine formed is 
rapidly reduced back to I - .  As a result  a cathodic 
peak cannot be observed on the vol tammogram even 
at high sweep rates, and the apparent  value of n tends 
to infinity. The brominat ion  of benzene occurs several 
orders of magni tude  more slowly. Therefore, the ratio 
of cathodic to anodic peak currents  approaches un i ty  
at high sweep rates and n is only slightly higher than 
uni ty  at short electrolysis times. The behavior  of 
other hydrocarbons such as ethyl benzene and o-xylene 
fails between these two extremes. 

Analysis o] the cyclic voltammograms.--A detailed 
mathematical  analysis of the shape of the vol tammo- 
grams for reversible and irreversible electrochemical 
reactions, preceded or followed by chemical reac- 
tions, was given by Nicholson and Shain (28). One of 
the diagnostic criteria proposed by these authors is 
a plot of the "current  funct ion" ip(a)/C~ against  
the sweep rate v. 5 This is shown in Fig. 9 for the four 
solvents studied. For a simple charge t ransfer  process 
this function should be independent  of sweep rate. The 
behavior shown in Fig. 9 is consistent, according to 
Nicholson and Shain (28), wi th  either reversible or 
i rreversible charge t ransfer  followed by an irreversible 
chemical reaction which regenerated the reactant, 
according to the formal scheme 

R ~ Ox + ne [10] 

In the original paper the current  function is defined as ip/ 
nFCOvl/~D1/~. For a given system this only differs from the func- 
tion employed here  by a constant factor. 
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Fig. 9. Plots of the "current function," ip (a)/v 112 C ~ against 
log v in four solvents at CEI - -  7.9 rnmoles. Curve a, benzene; 
curve b, ethyl benzene; curve c, o-xylene; curve d, mesitylene. 
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Ox + Z-> R [11] 

In  the present  system this would correspond to step 
[3] followed by steps [4] and [5] (or [6] and [7]) 
combined.~ 

A similar  case in  which charge t ransfer  is preceded 
by adsorption of the reactant  was also treated mathe-  
matical ly  (29). It  was shown that  the "current  func-  
tion" should increase with increasing rate constant  of 
the chemical step following charge transfer.  It can be 
seen in  Fig. 9 that  the "cur ren t  function" is highest 
for mesi tylene and lowest for benzene, which is to be 
expected if b romina t ion  of the solvent is involved in 
the chemical step following charge transfer.  

It may be noted (cf. Fig. 2) that the anodic peak 
current  for mesi tylene is significantly higher and oc- 
curs at a less anodic potential  than  for the other three 
solvents. This shows that  the chemical reaction follow- 
ing charge t ransfer  is too slow to effect significantly 
the concentrat ion of I~ and regenerate  a noticeable 
amount  of I -  dur ing the anodic sweep in all cases ex- 
cept when mesi tylene is used as the solvent. 

In  conclusion it can be seen that  the oxidation of 
iodide and subsequent  brominat ion  of the solvent in the 
present  system is a complex process, and only quali-  
tative conclusions can be d rawn from cyclic vol tam-  
merry. It  appears that: (i) the r e a c t a n t [ I - )  is ad- 
sorbed on the surface, (ii) the product  (I2) reacts 
fur ther  chemically, (iii) the reactant  is regenerated in 
this chemical reaction, and (iv) the rate of the chemical 
reaction depends strongly on the solvent  in  the order: 
mesitylene >> o-xylene > ethyl benzene > benzene. 

Steady-s ta te  measuremen t s . - -Ta fe l  plots obtained 
under  s teady-state  conditions are shown in  Fig. 6 and 7. 
The Tafel slopes and reaction orders (with respect to 
KI) are given in Table I. Several  closely related mech- 
anisms can give rise to the observed kinetic param-  
eters and are also consistent with other exper imental  
findings, namely  the regenerat ion of I -  in the chemi- 
cal reaction following charge t ransfer  and the order of 
react ivi ty of the solvent molecules. One of these mecha-  
nisms will be treated in  detail below. 

The reaction pathway. - -Cons ider  the reaction sequence 
given in  the following equations 

K1 
M + I- .~MI- [12] 

K2 
2MI- ~ MI2- + M + e [13] 

kz 
M I 2 -  + B r -  --> MI2Br- + e [14] 

k4 
M12Br- -5 A r H ~  M -5 2 I -  -5 H + -5 ArBr [15] 

where M represents a site of the surface, and from the 
condition of quas i -equi l ibr ium in  step [12] one has 

0 M t -  
= K1CI- exp -- g (0) [16] 

1 - - 0  

in  which the funct ion g(o) is the rate of change of the 
apparent  s tandard free energy of adsorption with 
coverage 

g (0) = 8AG~ [17] 

and e wi thout  a subscript  is the sum of the fractional 
coverage by all adsorbed species. At in termediate  
values of the coverage, where the Temkin  isotherm 
applies, Eq. [16] can be wr i t ten  approximately  (30, 
31) as 

exp g(o) -- K l C I -  [18] 

6 A scheme in which the  irrevers ible  chemical  reaction s 
charge transfer  does  not  regenerate  the reactant  would  also lead 
to a similar dependence  of the  "current function" on sweep  rate, 
but this is exc luded on the basis of  the o ther  exper imenta l  evi- 
dence  discussed above.  
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similar ly for quas i -equi l ib r ium in  step [13] o n e  h a s  

0MI~-- 
. . . .  = K~ exp (Ar  exp g (0) [19] 
0MI -~ 

Note that  the sign of the funct ion g (0) in  the exponent  
is negative in  Eq. [16] and positive in  Eq. [19]. This 
arises because step [12] is an adsorption step, which is 
slowed down as the surface coverage increases while 
step [13] is a desorption step which is enhanced by 
increasing the coverage. 

The mechanism in mes i t y I ene . - -Assume  that  step [14] 
in  the above reaction sequence is the ra te -de te rmin ing  
step. The rate equat ion will be 

v3 = k38MI2-CBr- exp (~AcF/RT)  [20] 

If coverage is mainly  by I - ,  i.e., 0 m -  ~ e and 0MI~-- 
< <  0MI:-, we can rewrite the rate equation combining 
Eq. [18]-[20] as 

vz = k'aCBr-CI- exp [(1 + ~) AcF/RT] [21] 

where k'a is a combined constant  and the change of 
the pre-exponent ia l  term in  0MI- has been neglected 
compared to the change in exp g(0) over the poten-  
tial region where a l inear  Tafel  plot is observed (30, 
31). Equat ion [21] corresponds to a reaction order 
(pi-)  of un i ty  with respect to KI  and a Tafel slope of 

b = 2.3RT/(1 -5 fl)F ~ 40 mV [22] 

in excellent agreement  with the observed values of 
b = 40 __ 1 mV and pi -  = 1.1 +_ 0.1 given in  Table I. 
Brominat ion of mesi tylene occurs very  rapidly (21, 24) 
and thus step [15] could not be rate determining when 
this solvent is employed. 

The mechanism in ethyl  benzene.---The rate of bromi-  
nat ion of ethyl benzene is much slower than  that  of 
mesi tylene and this process (i.e., step [15]) may rea-  
sonably be expected to become rate determining.  The 
resulting rate equation will be 

V4 = k40MI2Br-- CArH exp [ag (0) ] [23] 

In  this case step [14] can be regarded at quasi -equi-  
l ibrium, yielding 

0MI2Br- 
- -  - -  = KaCBr- exp (A~F/RT)  [24] 

#MI2-- 

s u b s t i t u t i n g  0MI2Br--in Eq. [23] from Eq. [24] and com- 
b in ing  with Eq. [18] and [19]; assuming that  I -  is 
still the ma in  species on the surface and its adsorption 
follows the Temkin  isotherm at i n t e rmed ia t e  values 
of coverage; lead to 

v4 =- k'4CBr-CI -(1+~) exp (2ACF/RT) [25] 

Equat ion [25] leads to a Tafel slope of 30 mV and a r e -  
a c t i o n  order of 1.5 in good agreement  with the values 
of b = 34 +_ 1 mV and pI- = 1.4 + 0.1 found experi-  
menta l ly  (cf. Table I).. 

The mechanism in benzene . - - In  this solvent the rate  of 
brominat ion  is very slow and step [15] does not occur 
to a sufficient extent  to effect the observed kinetic 
parameters.  If the species I~Br-  (which is stable in  
solution) is not removed from the surface by subse- 
quent  reaction with the solvent (as in  the previous 
two cases) it may be expected to leave the surface in  
the oxidation step itself, leading to a sl ightly modified 
form of step [14], 7 namely  

MI2- + B r -  -+ M + IeBr-  + e [14a] 

If this step is assumed to be rate determining,  the r a t e  
equat ion will take the form 

v'3 = ka0Mi2-CBr- exp ( ~ r  exp [~g (8)] [26] 

7 This  step may occur to some extent  in the case  of ethyl  
benzene leading to a s l ightly increased Tafe l  slope.  
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Combining Eq. [26] wi th  Eq. [18] and  [19] and  making  
the same assumptions  wi th  respect  to coverage by  the 
different  in te rmedia tes  as in the  above two cases we 
have 

v'3 ---- k'3CBr-CI - ( l + a )  exp  [(1 + fl)Ar [27] 

This leads to a Tafel  slope of 2.3 RT/ (1  + ~ ) F  ,~ 40 
mV and a reac t ion  o rde r  of (1 + ~) ~ 1.5 in exce l len t  
ag reement  wi th  the  expe r imen ta l l y  observed values  
of b = 39 *- 3 mV and m -  = 1.6 _ 0.1 shown in 
Table  I. 

Alternative mechanisms.--Small var ia t ions  in  the  
above  react ion sequence can lead to the  same kinet ic  
pa rame te r s  and hence cannot  be d is t inguished on the 
basis of the expe r imen ta l  resul ts  avai lable .  These in-  
c lude rep lacement  of s tep [13] b y  

M I -  + I -  ~ MI~-  + e [13a] 

a l l  o ther  steps being unchanged.  S imi lar ly ,  rep lac ing  
step [13a] by  

M I -  + B r -  ~ M I B r -  + e [13b] 
fo l lowed b y  

M I B r -  + I -  -* MI2Br-  + e [14b] 

does not  affect the kinet ic  parameters .  These, however ,  
are  only minor  var ia t ions  of the  basic reac t ion  se- 
quence which involves:  (i) adsorp t ion  of I - ,  (ii) oxi -  
da t ion  to MI2-  or  M I B r - ,  (iii) fu r the r  oxida t ion  to 
MI2Br- ,  and (/Iv) b romina t ion  of the hydroca rbon  
and regenera t ion  of I - .  The first two steps a r e  fast  and 
the th i rd  or  four th  steps a re  ra te  determining,  depend-  
ing on the ease of b romina t ion  of the aromat ic  solvent.  

Conclusions 
The  oxida t ion  of iodide in a solut ion of AI~Br6 and 

KBr  in  a romat ic  hydrocarbons  proceeds wi th  in i t ia l  
adsorpt ion  of I -  on the  e lect rode surface. The iodine 
formed reacts  pa r t i a l l y  wi th  B r -  or o ther  b romide-con-  
ta ining species such as A12BrT- to form Br2 or  IBr  
which react  wi th  the  aromat ic  solvent  to b romina te  it. 
This unusual  process of oxida t ion  of B r -  by  iodine is 
possible because of the smal l  differences in the s tan-  
dard  potent ia ls  of different  redox couples in this sol-  
ven t  system, as discussed ear l ie r  (17, 18, 23). Iodide is 
r egenera ted  in the chemical  reac t ion  fol lowing its 
e lect rochemical  oxida t ion  to iodine. Reduct ion of 
iodine and b romina t ion  of the solvent  can occur also 
as a chemical  bu lk  reaction, a l though i t  is p robab ly  
ca ta lyzed by  the e lec t rochemical  pa thway.  The  qual i -  
ta t ive  mechanis t ic  in format ion  obta ined  from analysis  
of the cyclic vo l t ammograms  is confirmed by  consider-  
ing the Tafel  slopes and reac t ion  orders  measured  
under  s t eady-s t a t e  conditions. 

Manuscr ip t  submi t t ed  June 27, 1979; revised manu-  
scr ipt  rece ived  Nov. 1, 1979. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ ished in the December  1980 
JOURNAL. Al l  discussions for  the  December  1980 Dis-  
cussion Sect ion should be submi t ted  b y  Aug. 1, 1980. 
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ABSTRACT 

The anodic oxidation of lu te t ium diphthalocyanine films on t in oxide in  
1M KC1 was invest igated by a galvanostatic t ransient  technique. The reac- 
t ion was monitored by s imultaneous measurement  of the optical transmission. 
At current  densities of 0.3-6 m A / c m  2, the kinetics was controlled b y  an ionic 
space charge in  the red oxidation product. A dielectric constant  of 10 was esti- 
mated for this material ,  using the solid-state mobi l i ty  of the chloride ion 
determined in  a previous mov ing-boundary  study, 

A rare  earth diphthalocyanine film in  contact with 
an aqueous electrolyte undergoes a series of faradaic 
reactions that  cause pronounced color changes. The de- 
pendence of color'  on potent ial  was first reported by  
Moskalev and Kirin,  who examined a film of lu te t ium 
diphthalocyanine [Lul l (Pc)2]  on a t in  oxide electrode 
of unspecified resistance (1, 2). The electrolyte was 
0.1M KC1. We subsequent ly  invest igated this system for 
electrochromic display applications (3, 4). It  was found 
that  the color changes could occur in  milliseconds 
under  potentiostatic pulses w h e n  the substrate  re -  
sistivity was approximately  10 F~/square. This is a fast 
response for an electrode process convert ing one in-  
soluble organic mater ia l  to another  as a layer  about 
50 molecules thick. 

A lu te t ium diphthalocyanine film is in i t ia l ly  green. 
It can assume four or five discrete color forms, depend-  
ing on the oxidation state of the complex. To account 
for the fast electrode kinetics, we proposed that  all  of 
these forms were electrically conductive in the solid 
state. NdH (Pc)2 was al ready known to be an electronic 
conductor (5). In  a recent s tudy by a moving-boundary  
technique, we showed that  the red oxidation product  of 
Lu l l (Pc )2  prepared with a potassium chloride or a so- 
dium sulfate electrolyte was also conductive (6). 
Those experiments  were performed with the dye film 
on an insula t ing a lumina  substrate instead of t in 
oxide, Only the end of the film was immersed in the 
electrolyte. Under  constant  applied current ,  a r ed /  
green boundary  generated at the electrolyte contact 
t ravel led upward  along the dry film a distance of sev- 
eral  mill imeters.  The experiments  took about two 
hours because the film resistance was high in  the di- 
rection of current  flow. The charges used in the color- 
ing process corresponded approximately to a 2-electron 
oxidation of Lu l l (Pc )2  "in both electrolytes. Carrier  
concentrat ions and mobilit ies determined in the oxi- 
dation products suggested that  the red materials  were 
solid anion conductors. For a chloride solution contact, 
the proposed reaction was 

Lu l l (Pc )2  ~ 2C1- ~ Lu l l (Pc )2  �9 2C1 -~ 2e 

The chloride ions which entered the solid to compen- 
sate the lost electrons then remained as charge car- 
riers with a room tempera ture  mobil i ty  of 4 • 10 -6 
cm2/Vsec. A later  invest igat ion with radioactive chlo- 
ride confirmed the presence of the anion in the red film 
at a ratio of approximately  1.5 anions to one molecule 
of dye (7). Thus the proposed oxidation mechanism 
was verified. 

This paper reports a kinetic invest igat ion of the 
same electrode process on t in oxide in  1M KC1 by a 
galvanostatic pulse technique. The electrode potential  
and the optical t ransmit tance  of the film were moni -  
tored s imultaneously  dur ing the pulse. Since the film 
was complete ly  immersed in  the electrolyte and the 
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direction of current  flow was perpendicular  to the film 
surface, the color conversion was completed in  times 
ranging from milliseconds to seconds.  The t ransients  
are discussed in  relat ion to several  physical models for 
the ra te-control l ing process. It  will  be seen that  the 
data for current  densities up to 6 m A / c m  2 conform to 
equations based on control by an ionic space charge in  
the dye film. 

Experimental 
Working electrodes were prepared by vacuum sub-  

l imation of lu te t ium diphthalocyanine dye onto a 
Corning t in oxide-glass substrate (6). The t in oxide 
layer, which was produced chemically by a fog proc- 
ess, had a sheet resistivity of 10-15 F~/square. The 
weight of dye per uni t  area and the approximate film 
thickness were determined from the optical density in  
the ini t ial  green state at the absorption m a x i m u m  near  
670 nm (3). The dye was deposited over the ent i re  
front surface of a 1.25 • 5 cm t in oxide plate. An  ac-  
t ive  electrode area wi th in  this plate was defined and 
electrically contacted in  two different ways. For in i -  
tial experiments,  a metal  contact was made at the top 
of the plate, and most of the area below was insulated 
from the electrolyte by Apiezon W wax applied di- 
rectly over the dye. A window of dye about  1.5 cm 2 in  
area remained exposed near  the lower end. This elec- 
trode is designated as one with an upper  SnO2 contact. 
A lower resistance working electrode was needed for 
more detailed t rans ient  studies. Its s t ructure  is shown 
in Fig. l ( a ) .  In  this case, a gold film was sputtered 
over the dye surface, leaving only a window approxi-  
mate ly  0.6 X 1.0 cm for the active area. Apiezon W was 
applied on top of the gold, except for a strip at the 
upper  end of the plate, which served as the electrical 
contact. This electrode is identified as one with a 
peripheral  Au contact. The estimated series resistance 
in the t in  oxide was 3-6FL with the peripheral  contact 
and 25-35~2 with the upper  SnO2 contact. 

The reference and counterelectrodes were both Ag/  
AgC1 strips prepared by anodizing porous silver in 
1M KC1. The porous silver was obtained by thermal ly  
decomposing a layer of Ag20 that  had been spread 
on a silver r ibbon approximately  0.5 cm wide. 

For the electro-optical measurements ,  the electrodes 
were assembled in a flat-sided glass Klet t  colorimeter 
cell containing a i r -sa tura ted  1M KC1. The cell and in -  
s t rumenta t ion  were ar ranged as shown in  Fig. 2. The 
light source was a tungsten-f i lament  microscope lamp 
operated with a regulated d-c power supply. Between 
the source and the cell was a Bausch and Lomb high- 
intensi ty  monochrometer,  Kaeli te Corporation Model 
7400PR, set at 670 nm. The t ransmit ted  light was 
monitored with an EG&G silicon photodetector having 
a rise and decay t ime of 100 nsec. To minimize ex-  
traneous electrode processes, the PAR 173 galvanostat  
was programmed to provide a single current  pulse only 
slightly longer than the time required to complete the 
green- to- red  transformation.  The potential  of  the 
working electrode and the output  of the photodetector 
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(b) ENLARGED VIEW OF WINDOW REGION 
Fig. 1. Working electrode 

were  recorded  s imul taneous ly  dur ing  the pulse on a 
Tek t ron ix  564B dua l - t r a ce  s torage oscilloscope 
equipped wi th  a Po la ro id  camera.  Af te r  each pulse, the  
work ing  e lec t rode  was r e tu rned  to the  Ag/AgC1 po-  
ten t ia l  in 1M KC1 by  m a n u a l l y  shor t ing i t  to the  
counterelectrode.  The color the reupon  r e tu rned  to a 
green shade. 

Results and Discussion 
The da ta  and resul ts  a re  summar ized  in  Tab le  I. 

Trans ients  recorded for both  types  of e lec t rode  s t ruc-  
tures  a re  shown in Fig. 3. A t  cu r ren t  densi t ies  up  to 66 
m A / c m  2, the  vol tage  curve  had  a t rans i t ion  typica l  
of a ma te r i a l  deple t ion  process. Since the  opt ical  t r ans -  
mission reached a m a x i m u m  level  a t  about  the  same 
time, i t  can be surmised  tha t  the t rans i t ion  m a r k e d  the 
end of the  dye  reaction. Curves of the  type  shown in 
Fig. 3 (a ) ,  for a pe r iphe ra l - con tac t  e lec t rode  at  r e l a -  
t ive ly  low cur ren t  density,  were  amenable  to deta i led 
in terpre ta t ion .  The e lec t r ica l  t rans i t ion  t ime "~elec was 
measured  f rom the beginning of the  s tored oscil lo-  
scope t race  to the  in tersect ion poin t  of tangents  d r a w n  
to the sloping and final p l a t eau  port ions of the curve. 
Unde r  condit ions of Fig. 3 (b) ,  the  ohmic effect in the  
t in oxide  was much l a rge r  and p robab ly  t i m e - d e p e n -  
den t  due to nonuniform2ty of the  cu r ren t  dens i ty  

Fig. 3. Oscilloscope traces of electrlcal and optical trans|ents at constant current densities 
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Table I. Galvanostatic transient data for Lull(Pc)2 in 1M KCI 

I 
Elec- Area (A/cm ~) Topt Telec 
t rode  (cm~) Dl.lt • 10~ (sec) (see) ne~ ~ 

Slope of 
(AE/I ~) vs. ts/~ 
(V �9 cmqA ~- 
sect/2) • 10 -0 

cm~/Vsec )  
• 10 5 

1 b 0.65 1.20 0.31 3.8 4.2 0.64 
0.46 2.2 2.5 0.74 
0.77 1.2 1.5 0.70 
1.54 0.70 0.75 0.80 
6.2 0.17 0.16 0.78 

A v g  0.77 
2 b 0.63 1.34 0.32 9.6 9.8 2.0 

0.64 4.1 4.7 1.3 
0.95 2.2 2.4 1.4 
1.27 1.75 2.0 1.5 
1.59 1.04 1.20 1.7 
3.2 0.75 0.75 1.6 

Avg 1.5 
3" 1.51 0.94 2.65 0.54 0.48 1.4 

3.31 0.52 0.47 1.6 
6.62 0.24 0.24 1.5 

66.2 0.027 0.020 1.6 
132 0.014 _..a 1.7 
199 0.009 - -  1.6 
265 0.007 - -  1.7 

A v g  1.6 

0.63 
0.58 
0.67 
0.61 
0.42 

A v g  0.58 
0,17 
0.18 
0,22 
0.18 
0.27 
0.14 

Av g  0.19 

3.9 

4.3 

a F r o m  optical  trans i t ion  time. 
b Peripheral Au contact .  
e Upper ~nO= contact only. 
d Electrical trans i t ion  n o t  d i scern ib le  at  v e r y  h igh  c u r r e n t  dens i t ies .  

over the electrode surface (8). Al though the t ransi t ion 
t ime should have had its usual  significance in such 
cases, the voltage curve was subject  to distortion, and 
the optical curve may also have been influenced. In  
the following discussion, the optical response is first 
analyzed to determine the t ransi t ion time, independent  
of that  found electrically. The kinetics of the dye elec- 
trode process is then considered. 

T h e  op t ica l  t r a n s i e n t . - - T h e  optical transient,  repre-  
sented by the lower curve in Fig. 3 (a),  was converted 
to l inear  form by application of Beer's law. Two 
models of the react ing film may  be considered for this 
purpose. 

In  the first case, the reactant  and product molecules 
are assumed to be uni formly  mixed at the respective 
volume concentrat ions cl and c2 in  a film of constant  
thickness l. Then  

cl + c2 : Co [1] 

where co is the ini t ia l  concentrat ion of dye in  the film. 
If the corresponding molar  ext inct ion coefficients at  
the selected wavelength  are el and e2, the total optical 
densi ty D of the film at a time t following application 
of the current  is given by 

D : (elcz ~- e2e2)l [2] 

From Eq. [1] and [2] 

d D / d t  : (e2 --  e l ) l  �9 d c 2 / d t  [3] 

Since d c ~ / d t  is constant  a t  constant  cur ren t  density, 
d D / d t  is also constant, and the optical density at time t 
may be expressed as the l inear  funct ion 

D : ezcol -t- ( d D / d t ) t  [4] 

where elc01 is the optical density of the film before 
the cur ren t  is applied. 

The second model is that  of two optical filters in  
series. This corresponds to the case in which a sharp 
react ion boundary  moves through the film in  the di-  
rection of current  flow, as depicted in  Fig. 1 (b).  Then 
the optical density of the film is given by 

D : e2cox + elc0 (l -- x) [5] 

where x is the thickness of the converted layer. Hence 

d D / d t  : (e2 --  e l )co  d x / d t  [6] 

In  the mix ture  model, the amount  of dye converted 
in a t ime dt is expressed as ~ dc~. In  the moving-  

boundary  model, the same quant i ty  of mater ia l  is 
converted, but  it is given by codx. Therefore, Eq. [3] 
and [6] can be reduced to the common form 

d D / d t  --  10-~(e2 -- e l ) I / ( n F )  [7] 

where I is the magni tude  of the current  density in  
A /cm 2, n is the number  of electrons t ransferred per  
molecule of dye, and F is the faraday. The uni form-  
mixture  and moving-boundary  cases therefore could 
not be dist inguished on the basis of the optical data. 
The optical t ransient  was used, however, to confirm 
the constancy of the color-conversion rate and to ob- 
tain an independent  value of the t ransi t ion time. The 
analysis is as follows. 

It  can be shown that  the change in  optical densi ty 
of the cell at t ime t due to the dye reaction is given 
by 

log (TT/T t )  - -  ( t  - -  T ) d D / d t  [8] 

where TT is the measured l imit ing in tensi ty  of t rans-  
mit ted light following the color t rans i t ion  at t ime ~, 
and Tt is the in tensi ty  in  the in terva l  0 --~ t ~-- T. A 
plot of log (T~ /T t )  vs.  t should therefore be a straight 
l ine with a slope equal to d D / d t  in  Eq. [7] and an  in -  
tercept on the t -axis  equal to the t ransi t ion time. 

An exper imental  plot of this type is shown in  Fig. 
4. The optical t ransi t ion t ime Topt of 1.2 sec found by  
extrapolat ion is comparable to the electrical t ransi t ion 
t ime Telec of 1.5 sec for the same experiment.  

I- 

, [ i i i i 

E L E C T R O D E  1 

SEC 

0.4 0.8 1.2 
TIME (SEC) 

Fig. 4. Determination of optical transition time 
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The electrical transient--Each po ten t i a l - t ime  curve 
began  wi th  a sharp rise tha t  inc luded  te rms due to 
the  ohmic resistance of the  electrode,  any  significant 
fa rada ic  resistance,  and  any  fas t -charg ing  capaci tance 
in the electrode system. A the rmodynamic  potent ia l  
ar is ing f rom crea t ion  of a new r e d / g r e e n  bounda ry  
wi th in  the organic solid would  also be es tabl ished at  
the  outset  of the  convers ion process. We shal l  not  a t -  
t empt  to analyze  the  ear l ies t  p a r t  of the  t rans ien t  in  
this  discussion. The  p r i m a r y  objec t ive  is to account 
for the  t ime dependence  of potent ia l  as the  react ion 
proceeds to completion. F ive  models  a re  considered for  
the  ra te -con t ro l i ing  mechanism:  concentra t ion po la r i -  
zat ion in the  l iquid electrolyte ,  ionic charge  t rans fe r  
a t  the e l ec t ro ly t e /dye  interface,  a so l id-solut ion  film 
act ing as a revers ib le  couple, a t w o - l a y e r  film behav ing  
as va r i ab le  ohmic resis tors  in  series, and  a t w o - l a y e r  
space-charge  model.  

Concentration change in electrolyte.--Since chloride 
ion is u t i l ized in  the  fa rada ic  reac t ion  of the dye,  the  
poss ib i l i ty  of a significant vol tage sl~ift due to deple t ion  
of the anion in the  l iquid  phase mus t  be examined.  
This effect m a y  be ca lcula ted  f rom equat ions deve l -  
oped by  Morris  and Lingane  1or chronopotent iomet ry  
in  the absence of a suppor t ing  e lec t ro ly te  (9). In  KC1, 
the concentra t ion of chlor ide  ion at  an e lec t rode  sur -  
face where  i t  is consumed is g iven  by  

I ( D K c l )  ~" 
C ~  - (0, t) - -  C~ FDcI~- \ ' - ~  �9 t~2 [9] 

in which  C~ is the bu lk  concentra t ion of the  sa l t  
and  Dc l -  and DKCl are  diffusion coefficients wi th  the  
respect ive  values  of 2.03 • 10-~ and 2.00 • 10 -5 cme/ 
sec (at  infinite di lu t ion)  (10). 

A t - t h e  h ighes t  cur ren t  dens i ty  used in the  presen t  
work  (265 mA/cm2) ,  the  t rans i t ion  t ime for  the dye  
reac t ion  was 7 msec. F o r  those conditions, Eq. [9] in- 
dicates tha t  the  rat io  of surface to bu lk  concentra t ion 
of chlor ide  ion was 0.97. The corresponding shif t  in 
equ i l ib r ium potent ia l  a t  the i n t e r f a c e  be tween  the red  
film and the e lec t ro ly te  should have  been  only  0.86 
mV. Since the observed change was > 1V in most  
cases, i t  is ev ident  tha t  mass - t r ans fe r  overvol tage  a t  
the l iquid  in ter face  made  no apprec iab le  contr ibut ion  
to the  po ten t i a l - t ime  curve. 

Ionic charge transfer at the electrolyte inter]ace.~ 
If  the t ransfe r  of chlor ide  ion across a potent ia l  b a r -  
r ie r  a t  the dye / so lu t ion  interface  were  controll ing,  the 
cur ren t  dens i ty  might  b e  expressed,  a t  modera te  to 
la rge  overvoltages,  by  the equat ion 

I = FCcl- �9 k~ [10] 

in  which  kf is a po t en t i a l -dependen t  heterogeneous  
ra te  constant  for the fo rwa rd  reaction,  and  Cc l -  is 
the constant  chlor ide ion concentra t ion on the l iquid  
side of the  interface.  For  this case, the potent ia l  shift  
hE should be a l inear  funct ion of log I, wi th  a Tafel  
slope of t h e  order  of 56 InV. Moreover,  the  va lue  of 
hE should r ema in  fixed dur ing  a given pulse, once a 
s t eady-s t a t e  condit ion is es tabl ished at  the  e lec t ro ly te  
interface.  The  observed t rans ients  in the lower  cur ren t  
series (Electrodes 1 and 2) had  quite different  charac-  
teristics. The poten t ia l  was almost  independen t  of 
cu r ren t  dens i ty  near  the  beginning of the  pulse, and  
it rose continuously during the color conversion. 

Solid-solution film acting as reversible couple.--It 
was shown above tha t  a t w o - l a y e r  dye film could not  
be d is t inguished f rom a sol id-solut ion  film by  means  
of the opt ical  t ransient .  Such a dis t inct ion is feasible,  
however ,  wi th  the  e lec t r ica l  t ransient .  For  the  sol id-  
solut ion case, the red  component  m a y  be defined as 
the  organic  cat ion plus  a s toichiometr ic  quan t i ty  of 
chlor ide  ion. The  chlor ide  concentra t ion in the l iquid 
phase  wi l l  aga in  be denoted  by  Ccl - ,  whi le  cg and 
cr wi l l  r ep resen t  the  concentrat ions  of the green and 

red  components  in the solid film. Since Cc l -  is a lmost  
constant  dur ing  the cu r ren t  pulse, the  t ime depend-  
ence of the e lect rode potent ia l  arises f rom the  va r i a -  
tions of cg and cr. 

If  the  fa rada ic  process is revers ible ,  and  act ivi t ies  
a re  assumed equal  to concentrat ions,  the  e lec t rode  
potent ia l  Eg/r should  be given by  the Nerns t  equat ion 

Eg/r = E~ u u (RT/nF)ln[cr/(Cg �9 Ccl -n )  ] [11] 

in which E~ is a s t anda rd  po ten t ia l  of the  g r e e n / r e d  
dye couple wi th  respect  to the  A g / A g C I  electrode.  
Since 

er = co(t/~) and  cg - -  co[(1 --  t / z ) ]  [12] 

a po ten t i a l - t ime  curve m a y  be ca lcula ted  f rom Eq. 
[11], t ak ing  n =- 2. The p red ic ted  potent ia l  change in 
the  in te rva l  0.1 ~ t /z  ~ 0.9 is 0.056V, regard less  of the  
cur ren t  density.  F r o m  Fig. 3 (a ) ,  i t  is obvious tha t  
this model  does not  fit the  expe r imen ta l  data;  the 
ac tua l  potent ia l  change was about  20 t imes larger .  

Two variable ohmic resistors in series.--In the mov-  
i ng -bounda ry  s tudy  of lu te t ium diphthalocyanine ,  the 
red  and green  films on a lumina  had  lengths  of  the  
o rder  of 1 cm. They were  t r ea t ed  as two ohmic res is -  
tors in series (6). A p p r o x i m a t e  bu lk  resis t ivi t ies  of 
both  phases and the ca r r i e r  concentra t ion  in the red  
phase  are  known  f rom tha t  work.  Since the  cur ren t  
pa th  in the  presen t  exper iments  was avout  five orders  
of magn i tude  shorter ,  a depa r tu re  f rom ohmic behavior  
due to h igher  fields would  not  be surpris ing.  However ,  
i t  is essent ia l  to know the t ime -dependen t  vol tage  
drop tha t  would  occur in such a th in  film if  i t  con- 
formed to a t w o - l a y e r  ohmic mode l  represen ted  by  
]~ig. 1 (b) .  This drop, hEohmi~, is g iven by  

hEohmic : II [?g ~- (pr - -  Pg) (t/~) ] [13] 

whe re  pr and  Pz a re  bu lk  res is t iv i t ies  wi th  the  respec-  
t ive values  of  1300 and  370 G-cm (6).  A film wi th  a 
thickness I of 1 • 10 -~ cm a n c t a  cur ren t  dens i ty  of 
6 m A / c m  2 may  be t aken  as an  example .  Equat ion  
[13] predicts  for this case an  in i t ia l  po ten t ia l  j ump  
of 0.02 mV at  t : 0, whi le  the film is al l  green, and  
a final ohmic drop oK 0.08 mV at  t : ~, when  i t  is al l  
red. The difference be tween  these values  is insig-  
nificant compared  to the  poten t ia l  increase  of ,~IV 
observed for  Elec t rode  i under  such conditions. 

Two-layer space-charge system.--Referring again  to 
Fig. l ( b ) ,  we may  envis ion two space-charge  layers ,  
r a the r  than  two ohmic resistors,  in series. A re la ted  
model  was used by  Faughnan,  Crandal l ,  and  L a m p e r t  
to descr ibe  the  bleaching of a tungsten oxide e lec t ro-  
chromic film (11). They  developed equations for  a 
single p redominan t  space-charge  l aye r  wi th  a th ick-  
ness that  increased cont inuously  under  constant  ap-  
p l ied  voltage.  Here, we consmer  two space-charge  
layers  as a more  genera l  case and assume the condi-  
tion of constant  app l ied  cur ren t  density.  

The t ime-depenctent  pa r t  b e t  oJE the total  potent ia l  
change is given b y  

hEr : hE1 -t- ~Ez [14] 

where  hE1 is the poten t ia l  drop across the  r eac tan t  
layer  (green)  and hE2 is the drop across the  produc t  
l aye r  ( red) .  As in  the  res is tance model,  the t ime de-  
pendence arises f rom var ia t ion  of the l aye r  thicknesses 
as the  bounda ry  p ropaga t ion  dis tance x increases. 

At  a constant  cu r r en t  dens i ty  I, the  bounda ry  veloc-  
i ty  is given by  

dx I 
= ~ [15] 

dt ziciF 

where  ci is the volume concentra t ion of the ion in-  
corpora ted  in the  solid reac t ion  produc t  and zi is the  
magni tude  of its valence.  

I t  wil l  be assumed, as an  approximat ion ,  tha t  each 
l aye r  has a squa re - l a w  cur ren t -vo l t age  character is t ic ,  
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If  the  r eac tan t  l aye r  is a one -ca r r i e r  ma te r i a l  conform-  
ing to Child 's  l aw 

I 
~Ez 2 = - - "  (~ - -  x)  s [16] 

/<Leo/zl 

A s imi la r  equat ion  for  the  p roduc t  l aye r  is 

I 
aE~ = - - .  Z 8  [17] 

K2eo/Z2 

In Eq. [16] and [17], ~z and  ~2 are  ca r r i e r  mobil i t ies ;  
~1 and K~ represen t  d imensionless  d ie lect r ic  constants,  
and  ~o is the pe rmi t t i v i t y  o~ space (8.85 • 10 -14 f / c m ) .  

Equat ion  [16] should app ly  to a s imple  one -ca r r i e r  
e lectronic conductor.  The ra t iona le  for using Eq. [17] 
in this ins tance is more  complex,  since the red  l aye r  
is a specml type  of doub le - in jec t ion  system. Anions 
are  in jec ted  at  the solut ion interface,  whi le  posi t ive 
charges are  genera ted  at  the  r e d / g r e e n  reac t ion  bound-  
ary. We m a y  rega rd  the l a t t e r  process as in jec t ion  of 
holes tha t  a re  immed ia t e ly  t r apped  to fo rm organic  
cations. The in jec ted  anions a re  mobile ,  however .  A 
double - in jec t ion  sys tem in which  one of the carr iers  
is s t rongly  t r apped  can behave  in accordance  wi th  
Child 's  l aw (12). Fo r  tha t  model,  Eq. [17] should  be 
appl icab le  to the  red  layer ,  and ~2 slaould closely ap-  
p r o x i m a t e  the  mobi l i ty  of the  chlor ide ion. 

Not ing f rom Eq. [15] tha t  the  p ropaga t ion  dis tance  
and the t rans i t ion  t ime a re  re la ted  by  

x/ l  = t /~ [183 

we find f rom Eq. [14]- [17] tha t  

K2eof~2~ 

-t- (1 - -  t/~)8/2 - K--~"'~I - .~ [19] 

For  convenience,  a dimensionless  po ten t ia l  r m a y  be 
defined by  

b e t  hEr 
r = = [20] AEI" ( ZiCi.__.._~F .)1/2 l 2 

,r 
Then, wi th  Eq. [19] 

g21~ 2 )112 
= (t/~)~/2 + (1 - -  tl~) ~/2" ( - -~.  [21] 

Equat ion  [2I] predic ts  the  shape of the  galvanosta t ic  
t rans ien t  for  different  values  of the  mobi l i ty  p a r a m -  
e ter  ( ~ 2 ) / ( ~ z ~ z ) .  F igure  5 shows a fami ly  of these 
curves, which  have  severa l  d is t inct ive  features.  A l l  
a re  concave a w a y  f rom the t ime axis, and  al l  con- 
verge,  b y  definition, a t  �9 = 1 when  t = ~. The  funct ion 

2.0 ~ i f I I 
. %  
�9 ~ K~fl2/gl/J1 

1 .5 -  

1.0 

O.5 

~ ~  I I I 
0 0.2 0.4 0.6 0.8 1.0 

t / r  

Fig. 5. Dimensionless potential function for different values of the 
mobility parameter. 

reaches a m i n i m u m  at  a t ime tmia given b y  

train, _ ( K~, ,) [22] 

or ,  i f  Kz = K~, b y  

t ~  ( /~, ) .  = - (,z ---- , , )  [23] 

Hence, when  (~2) / (Kz~z)  is zero, the  vol tage  t rans ien t  
s tar ts  f rom the origin, wi th  zero in i t ia l  slope. If  this 
ra t io  is l a rge r  than  zero, the  po ten t ia l  r ises a t  t : 0 
when the cu r ren t  is applied,  then  decreases  and  passes 
th rough  a minimum.  When (r2~2)/(Ki~i) is uni ty,  the  
min imum poten t ia l  occurs at  t/T = 0.5. 

The potent ia l  t r ans ien t  in Fig. 3 (a) is typ ica l  of the  
l ow-cu r ren t  da ta  for  lu te t ium diphthalocyanine .  Con-  
cavi ty  away  from the t ime axis is ev ident  th rough  
most  of the react ion period,  and  no decrease  in  po-  
tent ia l  occurs. This shape is charac ter i s t ic  of a space-  
charge sys tem wi th  a much  h igher  r~ in  the r eac tan t  
phase than  in the  product .  

The da ta  m a y  be p resen ted  in  o ther  forms for  
quant i ta t ive  comparisons wi th  the  space-charge  model.  
I t  is known f rom previous  work  tha t  the  red  produc t  
is an ionic conductor  wi th  a ca r r i e r  mobi l i ty  of 4 • 
10-~ cmU/Vsec, and the green  reac tan t  is an electronic 
conductor.  To a good approximat ion ,  the re fore  

/~i g2~2 
- -  = 0 = [24] 
/Ze K1/L1 

where  ~i and/z  e a re  the  ionic and electronic  mobil i t ies .  
Equat ion [19] then  reduces  to Eq. [17], which  is 
Child 's  law for the  red  layer .  According to tha t  r e l a -  
t ionship,  a p lot  of log I vs. log her  a t  a g iven  t ime  
should be a s t ra ight  l ine wi th  a slope of 2. F igu re  6 
shows this plot  for Electrodes 1 and 2 in te rms of the  
total  cur ren t  i and  the potent ia l  change hE eva lua ted  
at  the  optical  t rans i t ion  time. Al though  the da ta  for  
both  films lie on the same s t ra igh t  line, the  expe r i -  
men ta l  slope is 2.7 r a the r  than  2.0. The h igher  slope 
is ac tua l ly  consis tent  wi th  a doub le - in jec t ion  sys tem 
in which ne i the r  charged  species is fu l ly  immobi l ized  
(12). 

A more  de ta i led  test  of the  squa re - l a w  model  is 
based on the re la t ionship  

_ I2 ' =  ~ ,~ i  ~ �9 ts/2 [2~] 

10 -2  

A 

lo-3_ 
o - -  

1 0  - 4  
0.1 

I I I I I l l l  I I 1 I l l l -  

.L 
/ 

1 I / I  i l l  
1 

AE~. (V)  

S L O P E  = 2 . 7  - 

I I 1 I I111 
1 0  

Fig. 6. Current-potential relationship at the optical transition 
time. Circles, Electrode 1; triangles, Electrode 2; her evaluated at 
Topt from type of plot shown in Fig. 7. 
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Fig. 7. Space-charge plots for determination of K#i in the oxido- 
tion product. 

or its equivalent  

AE t )z/2 l ~ s / 2  

A plot of hEt/I 2 vs. t 8/e should be a straight l ine pass- 
ing through the origin, wi th  a slope from which the 
product ~ i  for the red mater ia l  may be evaluated. 
Figure 7 shows this plot for Electrodes 1 and 2. Poten-  
tials here and in  Fig. 6 are referred to a zero level 
found by extrapolat ing the ma in  t ransient  z back to 
t ---- 0, thus neglecting the early par t  of the curve. 
The values of ~ from the slopes at different cur ren t  
densities are 3.9 X 10 -5 and 4.3 X 10 -5 cm2/Vsec. A 
chloride ion mobi l i ty  of 4 X 10-~ cme/Vsec was found 
for the red oxidation product  in  the moving-boundary  
study on a lumina  (6). Hence, a dielectric constant  of 
10 is est imated for the red film. This value is quite ac- 
ceptable m comparison with 4.85, which has been re-  
ported for copper phthalocyanine in pressed-powder 
form (13). The ionic character of the red mate r ia l  
should impar t  addit ional polarizability, which would 
result  in  a higher dielectric constant. 

A lower l imit  of the electron mobil i ty  in  the green 
mater ia l  can be estimated by means of Eq. [23]. Al-  
though no m i n i m u m  was actual ly observed in  the po- 
tent ia l - t ime curves, a m i n i m u m  would have been de- 
tectable, generally,  if it had occurred after the first 
5% of the reaction time. Then  with train < 0.05T and 
#i ---- 4 X 10 -6 cm2/Vsec, Eq. [23] indicates ~e > 8 X 
10-5 cm2/Vsec. 

Faradaic n values and transients at high current 
densities.--The number  of electrons lost per molecule 
of dye, based on the optical t ransi t ion time, is given 
as the effective n value neff in  Table I. Average n's of 
2.5 and 1.5 had been found in  prior studies wi th  1M 
KC1 (6, 7). While none of these n determinat ions was 
very precise, Electrode 1 in  the present  work yielded 
a significantly lower neff of 0.77. It was evident  visual ly 
and from the optical t ransmission measurements  that  
this film did not ful ly  r e tu rn  to the normal  green color 
when  the cell was shorted. To minimize such an effect 
in  the t rans ient  analysis, the ion concentrat ion ci for 
Eq. [15], [19], and [20] was based on the optical 
t ransi t ion time, or the effective n, ra ther  than  the 
assumption that  n -- 2. The geometric film thickness 
l was calculated, however, from the optical density 
determined in the dry state before the film was used 
in  the electrochemical cell. 

The high cu r ren t -dens i ty  data for Electrode 3 led to 
several interest ing observations. At 265 m A / c m  2, the 
green- to- red  t ransformat ion occurred in only 7 msec, 
with no decrease in the current  efficiency as indicated 
by neff. This conversion rate is faster than  required  for 

z C o n c a v e  d o w n w a r d  in Fig. 3 (a). 

most electronic display applications. The high current  
efficiency suggested that  the product  layer, nex t  to the 
electrolyte, had essentially no electronic conductivity. 
Anodic decomposition of the electrolyte s imul taneously  
with the dye oxidation should be blocked in  such a 
system, but  consecutive oxidation of C1- after the red 
film reaches the t in  oxide interface should be per-  
mitted, since the converted film acts as a solid chloride- 
ion conductor. 

In  the highest cur ren t -dens i ty  range explored (132- 
265 mA/cm~),  the electrical t ransi t ion was no longer 
discernible, al though the optical t ransi t ion was still 
defined. This may signify a change from space-charge 
control to another  control mechanism such as ionic 
charge t ransfer  across the solut ion/red-f i lm interface. 
This concept has a precedent  in  the tungsten  oxide elec- 
trochromic system, for which proton t ransfer  across the 
l iquid/sol id boundary  is believed to govern the color- 
ing kinetics (11). 

Conclusions 
The anodic oxidation of a lu te t ium diphthalocyanine 

film on t in oxide in 1M KC1 occurs by propagation of a 
reaction front  from the electrolyte interface, through 
the film, to the t in  oxide boundary.  The results of this 
study confirm our previous observations that electrons 
lost by the dye are compensated by anions migrat ing 
into the organic mater ial  under  an electric field. 

In  films approximately 10 -5 cm thick, the electrode 
process is space-charge-l imited at current  densities 
from 0.3 to at least 6 m h / c m  2. On comparing the shape 
oi the exper imental  voltage t ransient  with those pre-  
dicted for a two-layer  space-charge model, it  is con- 
cluded that  a predominant  space charge resides in the 
red oxidation product, which is an ionic conductor. No 
space charge is observed in the green reactant  layer  
under  these conditions, since it is an electronic con- 
ductor of higher carrier  mobility. 

The dielectric constant -mobi l i ty  product  ~ i  in  the 
red phase, evaluated by  means of the space-charge 
theory, is 4 X 10 ~5 cm2/Vsec. The corresponding prod-  
uct estimated for the electronic carrier  in  the green 
phase is at least 8 X 10 -4 cm2/Vsec- With the chloride 
ion mobil i ty  of 4 X 10-6 cm2/Vsec from previous 
work, a dielectric constant  of 10 is found for the red 
material.  

Details of the voltage t rans ient  at higher current  
densities can be obscured by ohmic drop in the t in  
oxide. However, the optical t rans ient  shows that  the 
color t ransformat ion still proceeds w i t h  high current  
efficiency, even at 265 mA / c m 2. Ionic t ransfer  at the 
electrolyte interface, ra ther  than space-charge conduc- 
tion, may then control the electrode kinetics. 
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LIST OF SYMBOLS 
Cci-  concentrat ion of C1- in  l iquid electrolyte, 

moles/cm z or moles/ l i ter  
C~ - and C~ concentrations of C1- and KC1 in  l iq- 

uid electrolyte at the dye surface, moles/cm 3 
Co in i t ia l  concentrat ion of dye in film, moles/ l i ter  
cz concentrat ion of reactant  in  film, moles/ l i ter  
c9. concentrat ion of product in film, moles / l i ter  
Cg concentrat ion of green mater ial  in film, moles/  

l i ter  
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ci concentration of ionic charge carrier in film, 
moles/cm 3 

Cr concentration of red material in film, moles/ 
liter 

D optical density of dye film, dimensionless 
D/nit initial optical density of dye film, dimension- 

less 
Dcl- and DKCl diffusion cofficients of C1- and KC1 in 

liquid electrolyte, cm2/sec 
Eg/r potential of dye electrode in reversible-couple 

model, V vs. Ag/AgC1,C1- 
E~ standard potential of dye electrode in revers- 

ible-couple model, V vs. Ag/AgC1,C1- 
AEI potential drop across reactant layer in space- 

charge model, V 
~E~ potential drop across product layer in space- 

charge model, V 
AEohmtc ohlnic potential drop across dye film in r e -  

s i s t a n c e  model, V 
AEt and bET potential changes at times t and r, follow- 

ing application of current, V 
el molar extinction coefficient of reactant, liters/ 

mole-cm 
e2 molar extinction coefficient of product, liters/ 

mole 'cm 
F faraday constant, 96,494 C/g-equiv. 
I current density, A/cm~ 
i current, A 
kf heterogeneous rate constant of electrochemical 

reaction in ionic charge-transfer model, cm/sec 
l thickness of dye film, cm 
n number of electrons lost per molecule of dye 

in anodic reaction 
neff effective number of electrons lost per mole- 

cule of dye, based on optical transition time 
R gas constant, 8.314 J/deg-mole 
T absolute temperature, ~ 
T t and T~ intensities of transmitted light at times t 

and T, arbitrary units proportional to photo- 
detector response 

t time, sec 
train time of minimum potential in two-layer space- 

charge model, sec  
x distance, cm 
zl magnitude of  a n i o n  valence 

eo dielectric permittivity of space, 8.85 X 10 -14 
f /cm 

K1 dielectric constant of reactant film, dimension- 
less 

K9 dielectric constant of product film, dimension- 
less 

#1 carrier mobility in reactant film, cm2/Vsec 
~2 carrier mobility in product film, cm2/Vsec 
#i ion mobility, cm2/Vsec 
~e electron mobility, cm2/Vsec 
pr resistivity of red film, ~-cm 
pg resistivity of green film, 12-cm 

transition time, sec 
�9 etec electrical transition time, sec  
Topt optical transition time, sec 
r dimensionless potential change in space-charge 

model 
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The Electrocatalytic Oxidation of Ethylene on 
Platinized Platinum at Different Saturation Pressures 

W. E. Triaca, A. M. Castro Luna, and A. J. Arv[a* 
Instituto de Investigaciones Fisicoquimicas TeSricas y Aplicadas, DivisiSn Electroquimica, 1900 La Plata, Argentina 

ABSTRACT 

The influence of the hydrocarbon partial pressure (10 -s  arm ~ PE --~ 1 
arm) in the electrooxidation of ethylene on platinized platinum in 1N H2SO4 
was investigated from potentiodynamic and stationary state data. A positive 
effect of the ethylene saturation pressure on the electrochemical reaction rate 
has been observed over the whole pressure range. At PE > 5 • 10 -2 atm, the 
electrochemical reaction rate tends to become pressure independent. The 
characteristics of the electrochemical reaction can be explained through a r e -  
a c t i o n  pathway involving the electrosorption of ethylene followed by an 
electron transfer step as rate determining. The present results confirm the 
recently proposed reaction mechanism for the ethylene potentiodynamie elec- 
trooxidation on platinum. 

The electrooxidation of ethylene on platinized plati- 
num in acid electrolytes in the 40~176 range yields 
CO2 and hydrogen ions in solution with an efficiency 
close to 100%. The electrochemical reaction has been 
investigated by both stationary-state and relaxation 

* E l ec t rochemica l  Society Act ive  Member .  
Key words :  e lec t roca ta lys i s ,  e t h y l e n e  e lec t roox ida t ion ,  plat i-  

n ized  p l a t i num,  e thy l ene  e lec t rosorp t ion .  

techniques (1-22). The overall ethylene electrooxida- 
tion process was earlier interpreted through a reaction 
mechanism involving the adsorption of the hydrocar- 
bon molecule on the electrode surface followed by the 
discharge of water on bare platinum sites, the latter 
stage being the rate-determining step (1). Then, the 
hydrocarbon oxidation is accomplished through fast 
reactions involving the adsorbed hydrocarbon and the 
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adsorbed  OH species. This reac t ion  model,  de r ived  > 2~ 
pr inc ipa l ly  f rom quas is ta t ionary  kinet ic  data, yie lds  a _ 
negat ive  e thy lene  pressure  influence on the ra te  of the  
overa l l  reaction, which  appa ren t l y  expla ined  the  
t rend  of the expe r imen ta l  resul ts  in the  1-10-4 a tm 
e thylene  pressure  range,  w 

On the Other hand, the resul ts  obta ined  under  non-  
s ta t ionary  conditions furnish  a dis t inct ion of the  va r i -  
ous types  of processes involved  in the overa l l  elec-  
t rode  reaction. Thus, the reac t ion  impl ies  a diffusion 
a n d  an e lec t roadsorpt ion  of the reac t ing  species p r io r  
to ac tual  e lect rochemical  reaction. The l a t t e r  involves 
the e lec t rooxida t ion  of the e lec t rosorbed species 
th rough  the par t ic ipa t ion  of wa te r  and finally, at  
sufficiently high anodic potent ials ,  the e lec t rooxida t ion  
of the p l a t inum surface. Recent  potent iodynamic  re-  
sults obtained,  avoiding any  hydroca rbon  readsorpt ion,  
have shown tha t  the  ear l ie r  accepted mechanism for 
the e thy lene  e lec t rooxida t ion  is unsa t i s fac tory  (23). 
The new reac t ion  mechanism was based on the ini t ia l  
deprotonat ion  of the e lec t rosorbed species on the elec-  
t roca ta lys t  surfac~ as the  r a t e -de t e rmin ing  step. Con- 
sequently,  the  influence of the e thylene  pa r t i a l  pres-  
sure  on the react ion should correspond to two l imi t ing 
cases: (i) Under  sa tura t ion  coverage, a pressure  in-  
dependent  react ion ra te  should be reached and (ii) 
when the degree  of surface coverage depends on the 
equi l ib r ium pressure  according to the corresponding 
adsorpt ion  isotherm, a posi t ive pressure  influence 
should be observed.  

The p resen t  paper  deals  wi th  the  influence of the 
e thy lene  pa r t i a l  p ressure  on the hydrocarbon  e lec t ro-  
oxidat ion ra te  both under  potent iodynamic  and unde r  
s t eady-s ta te  conditions. A posi t ive influence of the 
e thylene  sa tura t ion  pressure  on the potent iodynamic  
e lec t rooxida t ion  ra te  is c lear ly  observed,  pa r t i cu l a r ly  
below 0.1 atm. The effect apprec iab ly  decreases as the 
e thylene  sa tura t ion  pressure  increases and the reac t ion  
ra te  tends to become pressure  independent .  

Exper imental  
The exper imen ta l  setup, mater ia ls ,  and techniques 

used, were  the same as those descr ibed in a recent  
publ ica t ion  (23). Two procedures  were  used for the 
work ing  e lect rode prepara t ion ,  namely,  using e i ther  a 
p la t in ized  p la t ing  ba th  wi thout  lead  acetate  addi t ion  
(23) or  a p la t ing  ba th  containing up to a m a x i m u m  of 
0.02% of lead acetate  according to the  p rocedure  re-  
por ted  e lsewhere  (1, 2). The electrochemical  response 
of the different  electrodes was independen t  of the 
p repara t ion  procedure.  The real  a rea  of the p ia t in ized-  
p la t inum surface was de te rmined  from the charge 
t rans fe r red  dur ing  the adsorpt ion  of a monolayer  of 
hydrogen  adatoms.  Th~ potent ia l  of the work ing  elec-  
t rode  was measured  against  a revers ib le  hydrogen  
e lect rode in contact  wi th  the e lec t ro ly te  (1N H2SO4). 

Sa tura t ion  of the e lec t ro ly te  wi th  the hydrocarbon  
(10 -3 a tm --~ PE ~ 1 a tm)  was achieved by  bubbl ing  
e thylene  (CP grade  Matheson) ,  e i ther  pure  or  d i lu ted  
wi th  purified nitrogen.  A.R. H2SO4 (Merck)  and t r ip ly  
dis t i l led  water ,  which  satisfied the  pu r i t y  s tandards  
recen t ly  r e fe r red  in the l i t e ra tu re  (24), were  em-  
ployed. Exper iments  were  car r ied  out at  60~ 

The fol lowing measurements  were  per formed:  (i) 
po ten t iodynamic  E l i  curves at 0.4 V/sec to avoid the 
hydrocarbon  readsorp t ion  (23) and (ii) s ta t ionary  
cu r ren t /po ten t i a l  curves.  

Results 1 
Potentiodynamic runs . - -The p o t e n t i o d y n a m i c  runs o.s 

were  made  wi th  t r i angu la r  potent ia l  sweeps in i t ia ted  0.1 
from the potent ia l  range  re la ted  to the m a x i m u m  0.05 
a d s o r p t i o n  (Ead ~ 0.25-0.30V) up to 1.5V, immed ia t e ly  0.01 
a f t e r  the e lect rode p re t r ea tmen t  indica ted  in Fig. 1. 0.001 
The ra t iona le  behind  the var ious  potent ia l  s teps has 
been  discussed in deta i l  e l sewhere  (23). Exper iments  
were  pe r fo rmed  e i ther  in the absence (blanks)  or  in 
the  presence of e thylene  under  exactlY the same per= 

A B C D 

Time 

Fig. 1. Potential perturbation program. Time axis arbitrary scale. 
Step width: A = 15 sec; B = 120 sec (gas bubbling) or 60 sec 
(gas bubbling) ~ 120 sec (quiescent solution); C ---- tad. D = tri- 
angular potential sweep. 

tu rba t ion  conditions. In  the 1-10 -2  a tm e thylene  
par t i a l  pressure  range, the E/I  profiles exhib i t  (Fig. 2), 
in principle,  the  same features  prev ious ly  descr ibed 
(23), namely,  the in i t ia t ion of the hydrocarbon  elec-  
t rooxida t ion  at  ca. 0.4V and its character is t ic  net  
anodic cur ren t  peak  at  ca. 0.90V. The hydrocarbon  
e lee t rooxida t ion  is a ppa re n t l y  comple ted  at  ca. 1.5V as 
deduced f rom the second posi t ive-going potent ia l  scan 
(23). The to ta l  anodic charge  includes tha t  cor respond-  
ing to the e lec t rooxidat ion  of the p la t inum surface. The 
nega t ive-go ing  potent ia l  scan exhibi ts  the charac te r i s -  
tic cur rent  peak  corresponding to the e lec t roreduct ion  
of the  oxygen-conta in ing  l aye r  formed on pla t inum.  

The charge  re la ted  to the  e lec t rooxida t ion  of  the  
e lec t rosorbed e thylene  species, QE, was eva lua ted  b y  
subt rac t ing  f rom the total  anodic charge, p rev ious ly  
corrected for  the double  l aye r  effect, the  cathodic 
charge per ta in ing  to the  e lec t rodesorpt ion of the 
oxygen-conta in ing  l aye r  formed dur ing  the anodic 
scan. In  this sense b lank  exper iments  served as re f -  
erence (23). 

At  each e thylene  pa r t i a l  pressure ,  the adsorpt ion 
t ime (tad) a t  Ead was chosen to reach the m a x i m u m  
s ta t ionary  surface  coverage by  the e lec t rosorbed 
species. The t ime requ i red  to a t ta in  i t  decreased as the 
e thylene  sa tura t ion  p r e s s u r e  increased (Table  I ) .  Dtir-  
ing the e thylene  e lec t rosorpt ion process a ne t  dehydro -  
genat ion charge,  QH, was eva lua ted  th rough  the cur -  
ren t  t rans ien t  recorded  af ter  apply ing  to the in ter face  
a potent iosta t ic  step at  the m a x i m u m  adsorpt ion  po-  
tent ia l  (23). This charge  is re la ted  to the e lec t rooxida-  
t ion of hydrogen  adatoms produced dur ing  the e lec t ro-  
sorpt ion process. The QE value  is de te rmined  through 
a po ten t iodynamic  scan immed ia t e ly  af ter  the re lax ing  
cur ren t  reached the constant  va lue  of the b lank  (I  
0). The QH/QE charge rat io  at  80~ and 1 a tm hydro -  
carbon sa tura t ion  pressure  is in good correspondence 
with  the  format ion  of a C2H2 res idual  e lec t rosorbed 
species (23). 

In  the I-0.1 a tm pressure  range, the  charge requ i red  
to e lectrooxidize  the e lec t rosorbed e thylene  species at 
0.3V decreases s l ight ly  on decreas ing the e thy lene  sa t -  
u ra t ion  pressure ;  but  a t  pressures  lower  than  0.I atm, 

Table I. Stationary ethylene surface coverage at 0.3V for different 
hydrocarbon saturation pressures in quiescent solution 

Ps (atm) t~d (rain) Q]~ (mC cm-D OE* 

5 0.91 0.96 
15 0.88 0.93 
30 0.83 0.88 
40 0.80 0.84 
60 0.65 0.69 
90 0,42 0,44 

* ~d = Q~/QE,~I; Q1s,~ corresponds  to the max imum charge re- 
lated to the e lectrooxidat ion of the adsorbed ethylene  species.  The  
average  QE,M value is  0.947 -- 0.010 mC/emS real  e lectrode area 
(23). 
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Fig. 2. Potentiodynamic E/I profiles run at 0.4 V/sac after adsorption at Ead = 0.3V during tad. (a) PE - -  1 atm, tad ' =  5 ml,; (b) 
PE = 0.1 arm, tad = 30 rain; (c) PE = 0.01 arm, tad ---- 60 rain. Real electrode area - -  78.3 cm ~. Full lines correspond to successive 
Eli profiles i and 2 run with the ethylene-saturated electrolyte at PE. Profile 2 approaches the blank contour (nitrogen-saturated electrolyte). 

a fas ter  decrease  of  tha t  charge  is observed (Table  I ) .  
However ,  a t  the  lowest  e thy lene  sa tura t ion  pressure  
the  resul ts  a re  p robab ly  influenced by  traces of im-  
pur i t ies  p resen t  in the sys tem because la rge  adsorpt ion  
t imes  are  r equ i r ed  to a t t a in  the  cor responding  s ta t ion-  
a r y  surface  coverage  at  Ead. 

In the 1-0.1 a tm e thy lene  sa tu ra t ion  pressure  range,  
the  height  of  the cu r ren t  peak  assigned to the h y d r o -  
carbon e lec t rooxida t ion  decreases s l ight ly  on decreas-  
ing the  pressure ,  whi le  at  sa tu ra t ion  pressures  lower  
than  0.1 arm, the anodic cur ren t  peak  he igh t  ap-  
proaches  a l inea r  dependence  wi th  the  loga r i thm of the 
e thy lene  sa tu ra t ion  pressure  (Fig. 3). The same influ- 
ence of the  e t h y l e n e  pa r t i a l  pressure  is observed on the 
cur ren t  read  at  a constant  potent ia l  in the 0.55-0.75V 
range  f rom the Eli profiles at  0.4 V/sec  (Table  I I ) .  

Af t e r  equi l ib ra t ion  at  e thy lene  par t i a l  pressures  
l a rge r  than  10 -2 a tm the first pos i t ive-going  potent ia l  
scan shows tha t  in the  0.25-0.40V range  the hydrogen  
ada toms e lec t rooxida t ion  cu r ren t  is p rac t i ca l ly  sup-  
pressed (Fig. 2). Contrar i ly ,  the  hydrogen  desorpt ion 
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Fig. 3. Dependence of the anodic current peak height related to 
the electrooxidation of the adsorbed hydrocarbon species on the 
ethylene partial pressure. Ead = 0.3%', tad at each PE is indicated 
in Table I. Real electrode area "- 78.3 cm 2. 

cur ren t  p rogress ive ly  contr ibutes  at  e thy lene  sa tu ra -  
t ion pressures  lower  than  10 -2  arm. As a ma t t e r  of fact, 
dur ing  the repe t i t ive  potent ia l  scans at  potent ia l  sweep 
rates  fast  enough to avoid any apprec iab le  e thylene  
readsorpt ion,  the  e lec t rooxida t ion  cur ren t  r e l a t ed  to 
the hydrogen  adatoms progress ive ly  increases dur ing  
the successive poten t ia l  scans. These resul ts  indicate  
tha t  for values  of the  degree  of e thy lene  surface cov- 
erage (BE) l a rge r  than ca. 0.5, the  e lec t rosorpt ion  of 
hydrogen  adatoms on the e lec t roca ta lys t  surface is 
apprec iab ly  hindered.  

In  the  1-10 -2 arm e thylene  pa r t i a l  p ressure  range,  
the  anodic E / log  I plots made  wi th  da ta  t aken  f rom the 
ini t ia l  por t ion  of the Eli profiles recorded at  0.4 V/sec  
y ie ld  reasonably  s t ra igh t  lines wi th  slopes s l ight ly  
l a rge r  than  the 2.303(2RT/F) ratio. Af te r  the  p rope r  
e thylene  surface coverage correct ion descr ibed else-  
where  (23), e.g., when the cur ren ts  a re  r e fe r red  to the 
uni t  coverage of the e thy lene  surface species, Tafel  
l ines wi th  slopes equal  to the 2.303 (2RT/F) ra t io  a re  
obta ined  (Fig. 4). 

Steady-state E/I measurements.--The s t eady- s t a t e  
Eli  measurements  were  made  af te r  pe r tu rb ing  the 
e lec t rochemical  in ter face  wi th  the E / t ime  programs  
ind ica ted  in Fig. 5. The two pe r tu rba t ion  p rograms  
involve  in i t i a l ly  the e lec t rooxida t ion  at  1.SV for  a few 
seconds of  any  res idual  organic  species exis t ing on the 
e lec t roca ta lys t  surface. Then, the potent ia l  is s tepped 
down to 1.2V for 2 min  to e lec t roform an oxygen  mono-  
l aye r  on p l a t i num which prevents  the e lec t rosorpt ion 

Table II. Current densities from the E/I profiles at 0.4 V sec -1  at 
different potentials and ethylene partial pressures 

i (0.01 atm) i (0.05 atm) i (0.1 atm) i ( i  atm) 
E (V) (mA cm -2) (mA era-2) (mA em-=) (mA cm-=) 

0.55 0.014 0.018 0.019 0,021 
0,60 0.031 0.038 0.039 0,041 
0.65 0.069 0.084 0.088 0.091 
0.70 0.153 0.175 0.181 0.187 
0.75 0.275 0.325 0.325 0.340 
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spond to the 2303 (2RT/F) slope. 

of e thylene  f rom solution. Af te rward ,  in the first case, 
the  potent ia l  is s tepped down from 1.2V to a prese t  
potent ia l  in the  0.40-0.75V range where  the oxygen-  
containing l aye r  is e lec t roreduced s imul taneous ly  wi th  
the ini t ia t ion of the hydrocarbon  e lect rosorpt ion and 
its fu r the r  e lectrooxidat ion.  A s teady cur ren t  value  at  
the  prese t  potent ia l  is a t ta ined  a f te r  a lapse comprised 
be tween  3 and 6 hr, depending on the preset  potent ia l  
va lue  and the hydroca rbon  sa tura t ion  pressure.  

In  the second case, the potent ia l  is s tepped down 
from 1.2 to 0.25V and the system is held at this poten-  
t ia l  value  a t ime long enough to comple te ly  e lec t ro-  
reduce the  oxygen-conta in ing  surface species and to 
a t ta in  a m a x i m u m  surface coverage by  the e thylene  
e lec t rosorbed species. The t ime requ i red  for the  l a t t e r  
process depends  on the e thylene  sa tura t ion  pressure.  
Then, the potent ia l  is b rought  to a preset  value  in the 

0.40-0.80V range  where  the corresponding s teady cu r -  
ren t  is recorded.  In  this second case, a longer  t ime is 
requi red  to achieve the  s teady  s tate  cur ren t  at  con- 
s tan t  potent ia l  and  e thylene  pa r t i a l  pressure  than  in 
the  former  case. However ,  the s teady  cur ren t  a t  any  
prese t  potent ia l  and at  a constant  hydrocarbon  sa tu ra -  

Fig. S. Potential perturbation 
programs used for the stationary 
Eli measurements. Time axis 
arbitrary scale. Step width: A = 
15 sec; B - -  120 sec (gas 
bubbling); C = tad; D = time 
required to reach the stationary 
current. 

Fig. 6. E/log I plots derived from stationary measurements. Real 
electrode area - -  78.3 cm 2. (a) PE = 0.0! atm; (b) PE = 1 atm. 
With ( O )  and without ( e )  ethylene surface coverage correction. 
The dashed lines correspond to the 2.303 (2RT/F) slope. 

t ion pressure  is a lways  independen t  of the poten t ia l  
p rog ram used. 

F rom the s t eady-s ta te  measurements ,  reasonable  
l inear  Tafel  regions are  observed in the  E/ log  I plots, 
which cover  a smal le r  range as the e thylene  par t i a l  
pressure  decreases (Fig. 6). Actual ly ,  the E / log  I plots 
exhibi t  on the average  a ve ry  sl ight  curvature .  This 
effect is due to the change of the e thylene  surface 
coverage wi th  the appl ied  potential .  Tafel  l ines wi th  
the slope equal  to the  2.303 (2RT/F) ra t io  a re  obta ined 
af te r  the  p rope r  e thy lene  surface coverage correct ion 
descr ibed e lsewhere  (23) (Fig. 6). A t  potent ia ls  h igher  
than  ca. 0.6V the da ta  devia te  f rom the Tafel  l ine due 
to mass t r anspor t  contr ibutions.  F r o m  the E/ log  I plots, 
such as those d e p i c t e d  in Fig. 6, i t  is also concluded 
that  a t  a constant  potent ia l  in the  1-10 -2 a tm e thylene  
pa r t i a l  pressure  range  the ra te  of the  e lec t rooxida t ion  
process under  s ta t ionary  condit ions is s l ight ly  lower  
as the e thy lene  sa tura t ion  pressure  decreases.  

Tafel  re la t ionships  can also be obta ined  wi th  cu r ren t  
values  read  by  holding the system at a constant  po-  
tent ia l  dur ing a fixed time. In this case, however ,  the 
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Tafel  slopes change app rec i ab ly  wi th  the  lapse of t ime 
impl ied  in  the cur ren t  read ing  (Fig. 7). The h igher  
the  slope the  shor ter  the read ing  time. F r o m  the da ta  of 
Fig. 7, i t  can be seen tha t  Tafel  slopes equal  to the 
2.303 (2RT/F) rat io  a re  approached  af te r  a 3 hr  wai t ing  
t ime for  the  cur ren t  read ing  at  a constant  potential .  
Therefore,  any  reac t ion  o rde r  der ived  f rom exper i -  
ments  made  e i ther  under  slow potent ia l  sweeps or by  
read ing  the c u r r e n t  at  a fixed potent ia l  and at  a con- 
s tan t  p rese t  t ime is unsa t i s fac tory  for  mechanis t ic  
conclusions. 

Discussion 
The presen t  resul ts  show tha t  the e lec t rooxidat ion  

of e thy lene  on pla t in ized p l a t i num under  e i ther  s ta -  
t i ona ry - s t a t e  or  po ten t iodynamic  condit ions involve  a 
common Tafel  slope when the da ta  are  r e fe r red  to the 
unit  coverage o f  the e thy lene  surface species. The 
coincidence of "the Tafel  slopes suggests that  the  elec-  
t rooxida t ion  process in both cases l ike ly  proceeds 
th rough  the same basic react ion mechanism. F u r t h e r -  
more,  both  in the  s t eady- s t a t e  and in the po ten t iody-  
namic  measurements  and wi th in  the  e thy lene  sa tu ra -  
t ion pressure  range  invest igated,  a posi t ive influence 
of the  hydroca rbon  pressure  on the react ion ra te  is 
noticed. Under  s t a t ionary  conditions, at  potent ia ls  more  
posi t ive than  the m a x i m u m  adsorpt ion  potent ia l  where  
the hydroca rbon  e lec t rooxida t ion  takes place and the 
Tafel  l ine is approached,  a decrease  of ~gE wi th  the  
increas ing potent ia l  is observed in the 0.4 ~ ~E ~ 0.9 
range  a t  1 a tm e thylene  pa r t i a l  pressure  (23). The s ta-  
t i ona ry  Eli  plot  a t  potent ia ls  exceeding the Tafel  l ine 
range  exhibi ts  a l imi t ing  anodic cu r ren t  which corre-  
sponds to a mass  t rans fe r  ra te  control  of dissolved 
e thy lene  toward  a pa r t i a l l y  e lec t rochemical ly  oxidized 
e lec t roca ta lys t  surface. These contr ibut ions  are  more  
c lea r ly  seen at  the lowest  e thy lene  sa tura t ion  pres-  
sures (Fig. 6). 

The  in t e rp re t a t ion  of the kinet ic  resul ts  over  the  
whole p ressure  range  inves t iga ted  can be given by  
ex tend ing  the react ion mechanism prev ious ly  pos tu-  
la ted  for the po ten t iodynamic  e lec t rooxidat ion  of 
e thy lene  on p la t in ized  p l a t inum in the absence of hy -  
d rocarbon  readsorp t ion  (23) to the  react ion under  
s t a t iona ry - s t a t e  conditions.  

As has been es tabl ished ea r l i e r  (23), the  p rope r  
e lec t rooxida t ion  react ion impl ies  the  preceding  elec-  
t rosorpt ion  y ie ld ing  protons and an adsorbed res idual  
e thylene  species. The e lec t rosorpt ion  process is obvi -  
ously preceded  by  the e thylene  diffusion f rom the bu lk  
of the  e lec t ro ly te  toward  the react ion interface.  The 
lat ter ,  in principle,  exists  as a surface which is covered 
e i ther  wi th  H, OH, H~O, or ions, depending on the elec-  
t rode  potential .  Thus, the e lec t rosorpt ion of the  hydro-  
gen should  imply  a po ten t i a l -dependen t  complex elec-  
t rochemical  reaction.  Nevertheless ,  for the sake of 

> 

y 02 

0 

03 i , h 
10-3 10-2 10-I 10 0 

Current /mA 

Fig. 7. Dependence of the Tafel plot at PE ~- 1 arm on the wait- 
ing time for the current reading at constant potential. (A )  75 sec; 
( D )  120 sec; (El) 20 rain; ( O )  1 hr; ( e )  6 hr. Real electrode 
orecl = 78.3 cm ~. 

s impl ic i ty  any ionic adsorpt ion  is r ega rded  as a constant  
contr ibut ion  in the  mechanis t ic  in te rp re ta t ion  of the 
reaction.  I t  should be noted, however ,  tha t  both sulfate  
and  bisulfa te  ions pa r t i cu l a r ly  influence the  react ions 
occurr ing at  potent ia ls  which are  more  posi t ive than  
the potent ia l  of zero charge  of the e lec t rochemical  
in ter face  (25, 26). The l a t t e r  is close to the potent ia l  
where  the  m a x i m u m  hydroca rbon  adsorpt ion  takes  
place. Therefore,  the  s implest  formal i sm to expla in  the  
e lec t rooxida t ion  of e thy lene  on p l a t inum can be pu t  
fo rward  in terms of the  fol lowing sequence Of pa r t i a l  
s tages 

( C 2 H 4 ) b  = ( C 2 H 4 ) i  [ 1 ]  

(C2H4)i 4- (x  4- 2) ( H 2 0 ) P t  - -  (C2H2)Ptx 4- 

2 ( H ) P t  4- (x  4- 2)H20 [2] 

2 ( H ) P t  _-- 2H + 4- 2Pt + 2e [3] 

2[H20 4- P t  - -  (H20)P t ]  [4] 

S tep  [1] corresponds to the diffusion of e thy lene  f rom 
the bu lk  of the solut ion to the  e lec t rochemical  in te r -  
face. Step [2] represents  the  dissociat ive e lec t rosorp-  
t ion of e thylene  on the p la t inum surface covered by  
wa te r  molecules in direct  contact  wi th  the  meta l  y ie ld-  
ing the adsorbed  res idual  e thylene  species and hydro -  
gen adatoms. The value  of  x, the average  number  of  
P t  sites occupied by  the adsorbed  radical ,  is ca. 2.3 
(23). Step [3] is the e lec t rooxidat ion  of hydrogen  

a d a t o m s .  At  potent ia ls  h igher  than  0.4V the ra te  of this 
react ion becomes so fast  that  steps [2] and [3] a re  then  
ac tua l ly  undis t inguishable .  React ion [4] indicates  that  
any  avai lab le  f ree  p l a t i num surface  is immed ia t e ly  
covered to a large  extent  by  wa te r  molecules. 

Steps [1] to [4] a re  fol lowed by  a depro tona t ion  
process. The l a t t e r  m a y  occur e i ther  th rough  the fol-  
lowing react ion 

(C2H2)Ptx ---- (R)PT(x-1)  4- H + 4- P t  4- e [Sa] 

or th rough  the solvent  par t ic ipa t ion  as fol lows 

(C2H2)Ptx 4- H20 --  (RHOH)Pt (x-1)  4- 

H + + P t 4 - e  [~b] 

R and RHOH denote in te rmedia tes  produced  in the 
course of the e lect rochemical  reaction.  At  this stage, 
the average  number  of P t  sites re la ted  to these new 
in te rmedia tes  is cer ta in ly  unknown a l though it  is 
l ike ly  that  i t  decreases along the course of the reaction. 

Ano the r  possible  equiva len t  react ion which m a y  
cont r ibute  at e thylene  surface coverages lower  than  
the sa tura t ion  coverage is 

(C2H2)Ptz 4- (H~O)Pt  --  (RHOH)Pt (z -~)  4- 

H + 4 - 2 P t + e  [5c] 

Af te r  e i ther  react ion [Sa], [Sb], or  [5c] the wa te r  or  
the  (H20)P t  species react  wi th  the surface organic in-  
t e rmedia tes  y ie ld ing  f inal ly CO2 and H + th rough  a 
sequence of unde te rmined  fast  reactions.  These reac-  
tions can be expressed  by  the overa l l  anodic process 

Surface organic in te rmedia tes  4- I-I20 

[or (H20)P t ]  --> CO2 4- H + 4- P t  -5 e [6a] 

The pos tu la ted  react ion pa thw a y  involves the pa r t i c i -  
pa t ion  of wa te r  in the e thy lene  e lec t rooxida t ion  proc-  
ess at  anodic potent ia ls  lower  than  those corresponding 
to the  in i t ia t ion of the oxygen monolayer  formation.  

Al te rna t ive ly ,  the  direct  d ischarge of wa te r  

( H 2 0 ) P t  = ( O H ) P t  -5 H + -5 e [6b] 

m a y  cont r ibute  pa r t i cu l a r ly  at  h igher  posi t ive po ten-  
tials. In  the absence of organic adsorbates ,  there  is 
evidence tha t  step [6b] corresponds to a revers ib le  fast  
e lect ron t ransfer  reac t ion  over  a r e l a t ive ly  large  po-  
tent ia l  range  preceding  the monolayer  format ion  (27- 
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29). The (OH)Pt  species reacts ei ther with the surface 
organic intermediates  yielding finally CO2 and H + 
through a series of fast surface radical reactions or, as 
the surface organic in termediate  concentrat ion is de- 
pleted, it undergoes the oxygen monolayer  formation 
according to a complex reaction pa thway (29, 30), 
which can be formally put  forward as follows 

(OH)Pt  ---- (O)P t  + H + + e [7] 

Under  potent iodynamic conditions and in  the ab-  
sence of e thylene readsorption, ei ther step [Sa] or [5b] 
and the following ones describe the electrooxidation 
process occurring on plat inum. As discussed earlier 
(23) the kinetic parameters  sustain that  the ini t ial  
deprotonation of the adsorbed radical, ei ther through 
reaction [5a] or [5b], is the l ikely ra te -de te rmin ing  
step. Similarly,  for the s ta t ionary electrooxidation, 
both the Tafel slope and the pressure dependence of 
the reaction rate sustain, as in the potent iodynamic 
case, that  any  form of step [5] is the ra te -de te rmin ing  
step. 

At  in termediate  electrode surface coverages by  the 
adsorbed hydrocarbon species, the kinetics of the 
process is bet ter  represented by a Temkin- type  iso- 
therm. This conclusion is based on the approximate 
0E/lOg PE l inear  relationship obtained at 0.3V, part icu-  
la r ly  at low ethylene saturat ion pressure (Table I and 
Fig. 8). The same relationship comes out from the 
l inear  dependence of the potent iodynamic anodic cur-  
rent  peak with log PE at ethylene saturat ion pressures 
lower than 0.1 atm. Then, the rate equat ion of the rds 
in terms of current  density, i, is given by  

{, = k'0E exp (~FE/RT) exp (~0T) [ 8 ]  

where k' is the formal rate constant  in electrical units, 
0E refers to the electrode surface coverage by C2H2 
species, ~ is the t ransfer  coefficient assisting the reac- 
t ion in  the anodic direction, ] is a Temkin- type  coeffi- 
cient, and ~T refers to the total surface coverage by the 
adsorbed radicals. When the effects of coverage by the 
adsorbed species on the activation energy of the reac- 
tion exactly compensate each other as one adsorbed 
species is progressively replaced by another  one, the 
f value is zero. Taking into account the type of ad- 
sorbed species involved in reaction [5] it seems rea-  
sonable that  the lat ter  si tuation is actual ly approached. 
Then, Eq. [8] becomes 

i : k'0s exp (~FE/RT) [9] 

so that an apparent  Langmui r  adsorption behavior of 
the intermediates  results. Equat ion [9] involves a 
l inear  E vs. log (i/oE) relationship with the slope equal 
to the 2.303 (RT/aF) ratio. Therefore, the experi-  
menta l  Tafel slope obtained either f r o m  potentiody- 
namic or s teady-state  measurements  agrees with the 
lat ter  for a : 0.5. 
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Fig. 8. Dependence of the degree of ethylene surface coverage at 
0.3V on the ethylene partial pressure. 

When step [5] is rate de termining and the ethylene 
surface coverage degree is in the 0.2-0.8 range, the 
preceding steps can be regarded as in quasi equi l ib-  
rium. The electrode surface is then significantly 
covered only by C2H2 species (and water)  and there-  
fore 0T ~ ~E. Hence, using an overall  reaction for the 
preceding steps, under  Temkin  conditions, the rates in 
the forward (vD and in the backward (VD) directions 
are given by 

Vf = k ' f P E  ( 1  - -  0E)  x exp (2aFE/RT) exp 

(--~/rESE/RT) [10] 

Vb = k'bC2H+~E exp [ - -2(1  -- a)FE/RT] 

exp [(1 -- 7) rEOE/RT] [11] 

where k'f and k'b are the corresponding formal rate 
constants; 7 is a symmetry  factor, and rE is a coefficient 
which denotes the var iat ion of the apparent  s tandard 
free energy of adsorption with the coverage. Under  
quas i -equi l ibr ium conditions (vf ~ Vb) and for a = 
7 = 0.5, it results 

0E : K +  K ' l og  PE + K"EF [12] 

where the term K depends on the solution pH and 
tempera ture  and K' and K" are constants at constant  
temperature.  This equation, under  the present  circum- 
stances, is approached at the ma x i mum adsorption po- 
tential  where practically no steady-state  ethylene 
electrooxidation occurs. Thus, at 0.3V, for 0.2 --~ 0E --~ 
0.8, the l inear  0E/log PE relationship is justified. At 
potentials more positive than 0.35V the ethylene part ial  
pressure at the interface decreases due to various 
contr ibutions which are potential  dependent  such as 
the slow diffusion of ethylene from the bulk of the 
electrolyte toward the reaction interface and the dura-  
tion of ethylene at the interface because of CO2 gen- 
eration. All these effects in addition to the electrosorp- 
tion of oxygen which competes with the hydrocarbon 
for surface sites and to the oxidation of the adsorbed 
ethylene species reflect in the decreasing part of the 
already known 0E VS. E plot at values of E more posi- 
tive than 0.35V (23). 

A fur ther  detail of the reaction concerning the ac- 
t ivity of the electrocatalyst is given by the different 
times required to at ta in  a s tat ionary current  when the 
potential  is ei ther  stepped up from 0.25V to E or 
stepped down from 1.2V to E. This should be related to 
the reactivity enhancement  of the surface produced in 
the second case dur ing the electroreduction of the 
oxygen monolayer  formed on Pt (30). 

The explanat ion of the present  results is given 
through the part icipation of (C2H2) as the main  or- 
ganic radical in the ethylene electrooxidation process. 
Other types of dehydrogenated chemisorbed particles 
(11-13, 21) which probably become impor tant  at higher 
temperatures  are not discarded, but  finder the present 
circumstances they appear without  appreciable kinetic 
relevance. 

Finally,  the present  results indicate that  the previ-  
ously postulated mechanism (1), which was main ly  
based on the negative pressure influence on the reac- 
tion rate, is unsatisfactory. As a mat ter  of fact, the 
negative ethylene pressure effect was reproduced in 
this laboratory when, for instance, the Eli  records 
were obtained at a low potent ial  sweep rate (e.g., 0.01 
mV/sec) and they were a rb i t ra r i ly  assigned to s tat ion- 
a ry  El i  profiles. Under  these circumstances, the fact 
that different times are required to at tain steady cur-  
rents at different potentials and hydrocarbon satura-  
tion pressures is overlooked. 
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Electrochemical Oxidation of and CO in 
Fused Alkali Metal Carbonates 

W. M. Vogel,* L. J. Bregoli, and S. W. Smith* 
United Technologies Corporation, Fuel CeLl Operations, Power Systems Division, South Windsor, Connecticut 06074 

ABSTRACT 

By using meniscus electrodes and shift gases of relatively low CO content, 
it was possible to study the electrochemical oxidation of H2 in molten carbon- 
ate with little interference by CO. Data are presented which indicate that the 
HI2 reaction proceeds with negligible activation polarization on Ni, Au, Pt, 
and Pt-Rh alloy. The observed overvoltages are explained as diffusion over- 
voltages for H2, H20, and CO2. Hydrogen diffusion through metal was appre- 
ciable for thin Ni membranes and very fast for Pd wires. The CO oxidation 
is far more complex and proceeds in stages. At low polarizations the rates are 
very small but increase greatly above approximately 200 inV. Applied to fuel 
cell anodes, the results suggest that, in order to utilize large CO content 
gases efficiently, internal shifting is required. 

The H2/H20 and CO/CO2 electrode reactions in 
molten carbonate can be written as 

H~ + CO8 = = H20 + CO2 + 2e- [I] 

CO + CO3 = = 2CO~ + 2e- [2] 

The study of the hydrogen reaction is hampered by 
the fact that the four gas pressures are interrelated by 
the shift reaction which is the electrically neutral sum 
of reactions [lJ and [2]. It is not possible, therefore, 

�9 E l e c t r o c h e m i c a l  Society Active M e m b e r .  
Key words: molten carbonate, s  ce l l  anode. 

to vary the pressures of H2, H20, and COg indepen- 
dently of each other, nor can we investigate reaction 
[i] without any interference by reaction [2]. In order 
to obtain meaningful results it is necessary to control 
the gas composition rather closely, and some seem- 
ingly obvious experiments cannot be done at all. For 
instance, it is not possible to obtain useful voltammo- 
grams in the absence /presence of H2, CO, H20, and 
CO2. In the absence of CO2 the melt turns solid (oxide 
formation). In the absence of CO the polarization 
curves reflect CO2 reduction. Presence of H20 auto- 
matically produces H2, and vice versa. It is not neces- 
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sary to start  an exper iment  with a dry  melt. The melt  
comes to equi l ibr ium ra ther  quickly with respect to 
H20 (or O H - ) .  (Vacuum drying of the melt  would in  
any  event  produce a solid mass of oxides ra ther  than  a 
dry carbonate melt.) 

More complications arise from the methane  and car- 
bon reactions. We have, in  addit ion to [1] and [2] 

CI~ + 4COa = = 5CO2 + 2H20 + 8e-  [3] 

C + 2COs = -- 3CO2 + 4e- [4] 

In  an electrochemical experiment,  where an e l e c -  
t r o d e  is supplied with a nonequi l ibra ted  gas containing 
H, O, and C atoms, i t  is difficult to predict where the 
chemical reactions will  take place. For  instance, meth-  
ane may be formed dur ing preheat ing the gas, or elec- 
trochemically 1 at the electrode as product  of a local 
cell with the part ial  reactions [1] and [3], i.e. 

5CO2 + 2H20 + 8e- -~ CIQ + 4COz = 

4H2 + 4COa = -~ 4I~20 + 4CO2 -~- 8 e -  

CO2 + 4H2 ~ CH4 + 2H20 [5] 

Since the equilibrium constants of the chemical re- 
actions vary with temperature, it is sometimes impos- 
sible to calculate the equilibrium potential from the 
composition of the initial feed gas. During preheating, 
carbon or methane may be formed even though neither 
reaction is possible at the operating temperature. Car- 
bon formation would be irreversible under such condi- 
tions and methane reforming at the higher temperature 
may be too slow to reach equilibrium. 

Many of these complexities can be avoided by using 
gas mixtures which cannot form carbon at any of the 
temperatures encountered, i.e., usually between room 
temperature and operating temperature. In addition, it 
is prudent to preheat the gas in a manner which en- 
sures equilibrium prior to entering the cell. When these 
precautions are taken, the open-circuit potential (ocp) 
agrees accurately with the (equal) equilibrium poten- 
tials of reactions [1]-[3] (I). Without these precau- 
tions, very large differences may be observed between 
ocp and the value calculated for the composition of the 
feed gas (I-3) even if the (cold) feed gas was mixed 
in the proportions corresponding to equilibrium at 
operating temperature. Recently, the present work 
and that of Ref. (i) were criticized (4) as erroneous. 
The basis for this criticism is a certain characteristic of 
mol ten carbonate systems. 

Carbonate melts have very small  buffer capacities. 
The acid is a gas (CO2) of low solubility. I t  is not pos- 
sible, therefore, to study the present  reactions at con- 
s tant  mel t  acidity, the lat ter  being expressed as pCO2 - 
-- log Pco2 (5), nor is it  practical to use a reference 
electrode (RE) " in  the same medium." The la t ter  ex-  
pression normal ly  indicates that  the RE and the work-  
ing electrode (WE) are in  the same ionic medium, 
including the same acidity. We do not mean  that t h e  
media are t ru ly  identical, even with respect to small  
concentrations of ,  e.g., dissolved gases. Identical  media 
would, of course, result  in  a zero potential  difference 
between the working and reference electrodes. 

Different media imply l iquid junc t ion  potentials 
and /or  acidity differences with the effects of the two 
impossible to separate accurately in  many  cases. For 
example, we cannot  change the pH of an acid very  
much and still measure it  (against a constant  reference 
electrode) because we s imultaneously  change the l iq- 
uid junc t ion  be tween indicator  and reference elec- 
trodes. However, we can vary  the CO2 pressure above 
a carbonate melt, and thereby the mel t  acidity, by 

1 The  possible  e lectrochemical  format ion  of  CH~ was  not  investi- 
gated. This  would  require  use  of gases  which are ( thermodynam- 
ically) capable of producing CH, at cel l  temperature .  This  fal ls  
outside the scope of the  present  studies  for  H2 where  the gases  
used  w e r e  incapable  of significant CH~ format ion  at cell  condi- 
t ions.  

many  orders of magni tude  without  introducing o r  
changing any l iquid junct ion  potentials. The same is 
true for changes in  H20 pressure. The concentrations 
of O = and O H -  ions in the mel t  are very small  over a 
wide range of these pressures. 

We can, therefore, separate the various electrodes 
from each other and supply each with a different gas 
without in t roducing junct ion  potent ial  errors. The only 
requirements  are that  each compar tment  be supplied 
with at least a few hundred  parts per mil l ion of CO2, 
and that  the H20 pressure not exceed a few atmo- 
spheres. Of course, rapid exchange of melt  b e t w e e n  
compartments  must  be prevented.  

It was the purpose of this study to obtain more in-  
formation about  the roles of reactions [1] and [2] in  
the overall  process of oxidizing H2-containing gases, 
to obtain informat ion about  the complex diffusion over-  
voltage, and to confirm previous findings (2, 6-8) that  
reaction [1] proceeds with negligible activation polar-  
ization at a variety of different metals. 

Exper iments  
The cell is shown schematically in Fig. 1. The a lu-  

mina  parts consisted of COORS AD-998 grade alumina.  
The outer container  was made from Incoloy 800. 

The RE and WE (wires, tubes) were enclosed in  a lu-  
mina  tubes. The lower ends of these tubes were closed 
except for 1 X 3 mm slits. To prevent  convective melt  
exchange through these slits, iner t  powder (LiA102) 
was pressed into the tube bottoms so that  the powder /  
melt  paste covered the slits. The gold wire of the RE 
was immersed a few mil l imeters  into the melt  wi th in  
the a lumina  tube. The wire or metal  tube WE was 
positioned in the a lumina  tube so that  it bare ly  
touched the melt  surface. In  order to aid in  center ing 
the WE wires wi th in  the a lumina  tubes, and to prevent  
formation of erratic meniscuses between the wires and 
tube wall, these wires were sheathed in  t ightly fitting 
a lumina  tubes which extended to wi th in  3 cm of t h e  
lower wire end. The melt  compositions at the RE and 
this type of WE were governed by the respective feed 
gases supplied via tight fittings at the upper  ends of 
the a lumina  tubes. The WE and RE assemblies were 
immersed in the bulk  melt  which also contained a gold 
counterelectrode. 

In  some experiments Ni membrane  electrodes were 
used. These electrodes were constructed by welding 
circular Ni foils into gas housing. Gases were passed 
through the lat ter  by means of two tubes welded onto 
the housing. The entire electrode assembly consisted of 
Ni. Two kinds of Ni foils were used: a nonporous foil 
and a foil containing regular ly  spaced tapered holes, 
perpendicular  to the foil surface (supplied by Buckby-  
Mears, St. Paul, Minnesota) .  There were 2890 holes 
per 1 cm 2 of foil. The large hole diameter  was approxi-  
mately  5 X 10-z cm. The tapered shape of the holes 
made it easy to ma in ta in  meniscuses in the holes wi th-  
out either flooding the pores or bubbl ing  gas through 

Fig. 1. Cell used with wire or tube electrodes 
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them. Both kinds of foils were 7.6 • 10 -3 cm thick. 
These membrane  electrodes, being ra ther  bulky,  were 
immersed direct ly into the bu lk  melt. 

A b lanket  gas of 0.25 atm CO2 and 0.75 a tm N2 was 
flowed slowly over the bu lk  melt.  This gas, ra ther  than  
the CO- or H2-containing gas at the WE, was used for 
safety reasons and for convenience sake. It  allowed 
the use of cells which were not  completely gas t ight 
between b lanke t  gas and environment .  The difference 
in gas composition above the bu lk  melt  and  at RE and 
WE was of no consequence for those exper iments  in  
which separated WE's were used (wires, tubes) as has 
been explained above. However, the Ni membrane  
electrodes were somewhat  influenced by this difference. 
Thus, the ocp's of the two types of membranes  were 
wi th in  5 mV of each other bu t  they were 10-20 mV 
higher  than  the equi l ib r ium potent ial  calculated for 
the feed gas to the WE. This difference presumably  re-  
flects formation of a mixed potent ial  be tween  the hy-  
drogen reaction at  the membrane  and the CO/CO2 
reaction at  the other more massive metal  parts of 
these electrode assemblies. (If pure CO~ ra ther  than  
di luted CO2 was used as b lanke t  gas, all  metal  parts  
except the membrane  surfaces evolved gas bubbles,  
p resumably  CO.) For the present  purpose, the diver-  
gence of the ocp of the membrane  electrodes was of 
minor  importance since the p r imary  interest  was to 
determine the effect of pores on the polarization of an 
H2 (Ni) membrane  electrode. 

All  gases were of CP grade. The dry  gas mixture  
was analyzed in  each case. The Au reference electrode 
was supplied wi th  a mix ture  of 0.33 arm O2 and 0.67 
a tm CO2. The water  pressures for the reactant  gases 
were established by means of saturators and were 
verified by analysis. The gases were preheated prior to 
enter ing the cell. 

The gases chosen for this s tudy were such that car-  
bon format ion was impossible at all  temperatures  en-  
countered, and such that  the equi l ib r ium me t ha ne  
pressure at operat ing tempera ture  was negligible. The 
ocp of all  bu t  the membrane  electrodes agreed wi th in  
___2 mV with  the thermodynamic  potentials calculated 
with the gas compositions at equi l ib r ium at  650~ This 
close agreement  indicated that methane  formation at  
lower temperatures  during preheat ing either did not 
occur or was reversed at the higher  temperature.  

The melt  was prepared by fusing 62 mole percent  
(m/o)  Li2CO3 and 38 m / o  K2CO3, both of analyt ical  

grade. 
The cell was heat.ed in  a Lindberg  crucible furnace. 

All  experiments  were done at 650 ~ • 5~ measured 
inside the WE and RE holders. Electrode potentials  
were controlled using ei ther  a PAR TM Potentiostat  
Model 173 or a solid-state programmable  voltage gen- 
erator  designed and bui l t  in-house. Vol tammograms 
were recorded with a Hewle t t -Packard  X-Y Recorder, 
Model 7044A. 

The quoted potentials are referred to the O2 (0.33 
a tm)/CO2 (0.67 arm) reference electrode and are cor- 
rected for ohmic losses be tween WE and RE. Correc- 
tions were also applied for thermovoltages if dissimilar 
metals were at different temperatures.  Since a gold 
wire was used as RE, this correction was necessary 
for all  WE's other than gold. In  some tests gold lead 
wires were welded to the WE, so that  the drop from 
650~ to the env i ronmenta l  tempera ture  occurred on 
gold wires. In  these experiments  no correction for 
thermovoltage was applied. The thermovoltages were 
measured using the respective dissimilar metals under  
identical  gases (usual ly shift gas). The measured 
values agreed well  with those calculated from tabu-  
lated published data. 

Results and Discussion 
With the exception of the membrane  electrodes, our  

electrodes were essentially meniscus electrodes. Such 
electrodes normal ly  present  very  complex t ranspor t  
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conditions associated wi th  th in  l iquid films extending 
above the visible meniscus. We chose this configuration 
for the following reasons. 

We were pr imar i ly  interested in  obtaining informa-  
tion about  the H~ and CO oxidat ion in  the very  com- 
plex porous gas diffusion electrodes used in  fuel cells. 
To apply data obtained with simple immersed elec- 
trodes (wires, sheets, etc.) to such porous structures 
requires using models, the physical  real ism of which is 
difficult to prove. The uncer ta int ies  in t roduced by  these 
models can easily lead to erroneous conclusions about  
the na ture  of the polarization. This is par t icular ly  t rue 
for molten carbonate electrodes. Thus, the observat ion 
of essential ly l inear  POlarization curves (i vs. E), or 
of long and l inear  Tafel lines (log i vs. E) might  be 
interpreted as indications for ohmic or t ransfer  polar-  
izations even though these types of polarizat ion curves 
can result  from pure diffusion overvoltage under  cer- 
ta in  conditions. 

To demonstrate  the la t ter  case of a long l inear  Tafel 
l ine assume identical  and one-dimensional  diffusion 
paths for He, I-I~O, and CO2. The diffusion overvoltage 
of reaction [1] is now 2 

R T  (1 -- iliH20) (1 --  i/ico2) 
~ld : In [6] 

2F 1 -- i/iH2 

The l imit ing currents  (/j) for species (j) are negative 
(cathodic) for CO2 and H20, and positive for H2. The 
lat ter  is equal  to the exper imenta l  anodic l imit ing cur-  
rent.  Assume now that  --iH20 and ill2 are much la rger  
than ico2. Then 

RT 
i = ico2 (exp ~/b '  -- 1), b' - [7] 

2F 

The shape of a polarization curve following Eq. [7] is 
practically indis t inguishable  from that  for pure one-  
electron t ransfer  polarization which is given by 

i = io [exp ~l/b -- exp(- -~ l /b) ] ,  b: Tafel slope [8] 

Curves of this general  shape were observed with dip-  
ping Pd wires (Fig. 3) .  Without  being able to change 
ico2 by changing the diffusion path length,  it is very  
difficult to analyt ical ly  dist inguish be tween the two 
kinds of polarization. A dist inction would be possible 
if a l imit ing current  were observed. However , in Eq. 
[7] the l imit ing cur ren t  would be seen only under  
cathodic polarization. In  the case of porous gas diffu- 
sion electrodes, we have the addit ional  problem that  
even l imit ing currents  for the reactant  ra re ly  allow 
one to calculate the diffusion overvoltage at lower 
currents  (9). 

These difficulties in  applying data obtained with im-  
mersed electrodes to porous electrodes are to a degree 
avoided by using meniscus electrode data which are 
more  directly transferable,  i.e., without  need for a 
model. 

A second reason for using meniscus electrodes was 
the following. Accelerat ing the diffusional t ranspor t  
of the gases to and from the metal  surface should 
diminish the effects of homogenous reactions such as 
the shift reaction which takes place between these 
gases in the l iquid boundary  adjacent  to the metal  sur-  
face, A meniscus is par t icular ly  effective in this re-  
spect. Most of the very large currents  are generated 
in a nar row zone of the meniscus. 

The third reason will become apparent  from a s tudy 
of Fig. 2 which reproduces the stat ionary polarization 
curve for a dipping Ni wire under  a mixture  of 0.512 
H2, 0.285 H20, 0.106 CO2, and 0.097 CO (gas I, all in  
a tm).  The solid l ine was calculated from Eq. [6] with 

2 Fo r  this  equa t ion  see, e.g., K. Ve t t e r ,  " E l e c t r o c h e m i c a l  Kinet-  
ics," eq. 2.93, p. 163, A c a d e m i c  Press ,  New York  (1967). I t  would  
be i n co r r ec t  only  if the  r eac t ion  p r o d u c t  is H§ (no t  OH- ) ,  a n d  
if such H+ could diffuse some dis tance  into the  s u r r o u n d i n g  mel t .  
In such a ease one could not  use  Fick 's  f irst  law. This  p r o b l e m  
arises a t  the  02 ca thode .  No p rob l ems  ar ise  f r o m  us ing  Fick 's  
law fo r  the  anode,  
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Fig. 2. Stationary polarization curve for dipping Ni wire on 9as 
I PH2 "- 0.512, PH20 : 0.285, PCO~ : 0.106, PCO : 0.097 (oil 
in atmospheres). 

t h e  fitting parameters  - - i H 2 0 ,  - - i c o 2  >> i l l2  "-- 7 5  /~A. s 
The data fit this curve surpr is ingly well considering 
the fact that  Eq. [6] applies to l inear  diffusion. The 
polarization resistance (Rp) in  Fig. 2, calculated from 
the l imit ing cur ren t  and Eq. [6], also agreed very well  
wi th  the observed value. 

The explanat ion of this agreement,  we believe, is 
that  the metal  wires were poorly wetted by the melt, 
and that, therefore, l iquid films above the visible 
meniscus should be of the na ture  of adsorption films. 
At  extremely thin films no significant currents  would 
be generated. Nearly all of the current  would be pro- 
duced in  a nar row zone at the three-phase boundary  
where  the diffusion path can be approximated by an 
average value. We assume that  these conditions are 
somewhat  analogous to a rotat ing wire which also can 
be f requent ly  described with an average l imit ing cur-  
rent  even though the exact t ransport  conditions are 
very complex. P re l imina ry  measurements  yielded a 
value of 50 ~ __ 10 ~ for the contact angle wi~h Ni at 
these potentials. We also noticed an abrupt  change in 
appearance of the metal  at  the visible meniscus line. 
We assume that  this change in appearance was caused 
by minute  rear rangements  in  the metal  surface in  
contact with melt  which did not  show up under  the 
microscope but  which were easily visible with the 
naked eye. 

Data such as those in Fig. 2 were general ly  well  re-  
producible in shape but  not in  ilim which tended to 
vary  wi th in  a range of -+- 20%. This var ia t ion presum- 
ably reflected difficulties in  reproducing the meniscus 
shape. The best reproducibi l i ty  was achieved by low- 
ering the electrode end into the mel t  surface. Lowering 
it and then retract ing it  to the jus t  touching position 
gave general ly  erratic results. 

Other metal  wires (Au, Pt, P t -Rh-a l loy)  yielded re-  
sults near ly  identical  with Fig. 2. By repeatedly oxidiz- 
ing and reducing the Ni wire surface, the metal  rough-  
ness was varied by a factor of about  3 which had no 
effect on the results. The relat ive roughness was esti- 
mated from the area change under  the NiO peaks in 
voltammograms. 

Figure 3 presents the results for a dipping Ni wire 
under  a different gas, i.e., 0.799 He, 0.140 H20, 0.014 CO2 
and 0.047 CO (gas II, all  in  atmospheres) .  The solid 

a T h e  r e l a t ive  order  o f  the  t h r e e  l imit ing  current s  fo l lows  
f r o m  the  curve  shape.  F r o m  the  observat ion  of  a l i m i t i n g  current  
fo l lows  a predic table  c on c e n tr a t ion  overvo l tage  a t  l o w e r  c u r r e n t s .  
In  the  p r e s e n t  case  this  o v e r v o l t a g e  le f t  n o  r o o m  f o r  a n y  o t h e r  
p o l a r i z a t i o n  f o r m .  (The  fac t  that  in this  case  PHzO , PEa 2 ~ PH= 
does  no t  contradic t  this  assumpt ion  i f  i t  is unders tood  that  it is 
the  c o n c e n t r a t i o n s  of H2, CO, CO2 in t h e  m e l t  r a t h e r  t h a n  the  
p a r t i a l  p r e s s u r e s  w h i c h  count .  Th e  H e n r y  l a w  c o n s t a n t s  c a n  be  
very  d i f ferent  for  d i f ferent  gases . )  

i,/~A 
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Fig. 3. Stationary polarization curves for dipping Hi and Pd wires 
on gas II PH2 = 0.799, PH2O = 0.140, Pco~ ---- 0.014, Pco = 
0.047 (all in atmospheres). 

l ine was calculated using Eq. [6] with ill2 = 120 ~A. 
The two cathodic l imit ing currents  were --65 and 
--100 ~A. (These cathodic l imit ing currents  are curve 
fitting parameters.  They were not  actual ly observed. 
In  fact, it is impossible to observe them in  the present  
case because carbon formation begins at quite small  
cathodic overvoltages.) We see that, at low 0, the cur-  
rents on gas II were smaller  than on gas I despite the 
higher H2 pressure on gas II. The u p t u r n  in  current  
at ~ > 200 mV in Fig. 3 was due to onset of NiO forma- 
t ion which in  this case prevented the observation of a 
well-defined l imit ing current .  (The Ni/NiO potential  
against our reference is --758 + 91.6 log Pco2).4 

We cannot tell which one of the two cathodic l imi t -  
ing currents,  required to fit the data in  Fig. 3, is to be 
assigned to H20 and which to CO2. They are of similar 
magnitude.  Because of this, and because the H20 pres- 
sure was ten times the CO2 pressure, it  appears that  
the product (solubili ty • diffusion coefficient) for CO2 
is much larger than that  for H20. I t  should also be 
ment ioned that  the data in  Fig. 3 could not be fitted 
with Eq. [6] and only one cathodic l imit ing current  
in addit ion to ill2. 

The values for ill2, required  to fit the data in  Fig. 2 
and 3, show the expected proport ional i ty  to PH2, i.e., 
iH2/PH2 = 148 __ 2 #A/atm. For the cathodic currents  
we obtain, using the average of the two fitting param-  
eters, iH20/PH20 ~ 600 and ico2/Pco2 ~ 6000 ~A/atm. 
Applying these values to gas I, we obtain for the data 
in Fig. 2 iH2o ~ -- 170 and ico2 ~ -- 640 ~A. This 
agrees fair ly well with the assumption made in fitting 
the data in  Fig. 2, i.e., that  the H20 and CO2 l imit ing 
currents were large compared with that  for H2. 

A more accurate de terminat ion  of iH2O/PH20 and 
ico2/Pco2 was difficult and not  attempted. In  the case 
of H20, such a measurement  would require  large H2 
and CO2 pressures, combined wi th  a small  H20 pres- 
sure. Because of the shift reaction, such a gas would 
have a high CO pressure and interference by CO would 
be expected. 

Included in Fig. 3 are the results for a dipping Pd 
wire under  the same gas II. The solid line was 
calculated from Eq. [6] with ill2 -* ~0 and the same 
values for ico2 and iH2O as were used to fit the Ni wire 
data. The anodic l imit ing current  for the Pd electrode 
was very large. This is shown in  Fig. 4 which extends 
the scale to higher overvoltages. The solid l ine in  
Fig. 4 is the calculated one. 

Despite the very different shapes of the curves in  
Fig. 2, 3, and 4, they all follow Eq. [6] with approxi-  

~The  NiO f o r m a t i o n  has  b e e n  c a r e f u l l y  i n v e s t i g a t e d  {unpub-  
l i shed  w o r k ) .  The  r e s u l t s  c l e a r l y  d e m o n s t r a t e  t h a t  in  t h e  p r e s e n t  
w o r k  t h e  r e s u l t s  r e l a t e  t o  Ni  e l ec trodes ,  e x c e p t  in those  cases  
m e n t i o n e d  e l s e w h e r e  in  t h i s  p a p e r .  
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Fig. 4. Stationary polarization curve for dipping Pd wire. Extended 

range of polarization, same conditions as in Fig. 3. 

mate ly  the same values for the l imit ing currents  for 
the gases, adjus t ing them for the par t icular  gas pres-  
sures. The only  exception is the H2 l imit ing current  on 
Pd which is hardly  surprising. 

The absence of an  effect of meta l  na tu re  (Au, Pt, Ni, 
P t -Rh)  on the results  indicates that  Pd  is the exception 
and not Ni. The possibili ty that  the low H2 oxidation 
cur ren t  on Ni, vs. that on Pd, is due to the influence 
of a NiO film is not  supported. The s imilar i ty  of the 
polarizat ion curves for various metals  (except Pal) also 
suggests that  our data for Ni were not noticeably influ- 
enced by metall ic H diffusion. This mode of hydrogen 
t ranspor t  was of interest  in applying w i r e  data to 
porous Ni electrodes where the metall ic diffusion may 
be much faster. For  this reason, we studied this ques- 
t ion in  more detail. 

Figure  5 shows results for a dipping Ni tube (0.225 
cm ID, 0.318 cm OD). At this tube the "nner meniscus 
was located above the outer  one and significant hy-  
drogen diffusion through the th in  tube wall  should 
have increased ill2 re la t ive  to iH20 and /cos. The data 
in  Fig. 5 could be fitted reasonably well  with Eq. [6] 
(solid l ine) and ill2 ---- 1550, iH20 "-- --840, iCO2 : 
--1290 ~A. The ratio of these values is the same as 
that  for the corresponding currents  for the Ni wire 
unde r  the same gas (Fig. 3, i.e., ill2 : (--iH20) : (--iCO2) 
-- 1.85 : 1.54 : 1). This result  suggests that the Ni wire 
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Fig. $. Stationary polarkatlon curve for dipping Hi tube. Same 
conditions as in Fig. 3. 
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data in  Fig. 2 and 3 were not  significantly affected by 
metal l ic  hydrogen diffusion. 

Figure 6 reproduces results for a solid Ni membrane  
and for a perforated foil of the same thickness and size. 
The perforated foil can serve, as does the dipping wire, 
as a simple model for a porous fuel cell anode. The 
data for the nonporous membrane  cannot  be related 
directly to wire data because of the very  different 
t ranspor t  paths for H2 and for H20, COs. The perfor-  
ated foil should show the current  generated at nu -  
merous meniscuses added to the current  from the 
nonporous foil. Significant supply of hydrogen through 
the metal  to the meniscuses in  the pores should have 
been noticeable because this supply would be more 
pronounced than  with a dipping wire. 

We estimated the contr ibut ion of the holes to the 
cur ren t  by  adjust ing the wire data for the difference 
in  (total) length  of the three-phase boundary.  The 
length of this l ine for a single pore was determined 
from photomicrographs of frozen and cross-sectioned 
electrodes wi thdrawn from the melt  under  operat ing 
conditions. We assumed that  the meniscus had the 
same shape when liquid. The total length  of the three-  
phase boundary  was obtained by mul t ip ly ing  that  of 
a single pore by the total n u m b e r  of pores in  the 
foil. The sum of this estimated meniscus current  and 
that  for the nonporous foil matched fair ly well  the 
actual data (see Fig. 6). ( In passing, it  may be re- 
marked that  a similar  ad jus tment  of the wire data for 
total length of the three-phase l ine in  porous Ni fuel 
cell anodes, est imated from the mean  pore size, also 
agreed well  wi th  actual  data for the latter.  In  this 
comparison metall ic hydrogen diffusion was neglected.) 
The efficiency of a meniscus as a gas electrode can be 
appreciated from the fact that  the total cross section 
of holes was only ,-, 3% of the foil area. 

One of the reasons why no interference by CO was 
noticed was that  the CO pressures used were much 
smaller  than  the H2 pressures. An equal ly  impor tant  
reason wil l  become clear f rom the following. 

At higher polarization ( >  200 mV) the Ni oxidation 
obscured the anodic gas reaction on this metal. On 
more iner t  metals (Au, Pt, P t -Rh) ,  the current  in -  
creased beyond the H2 l imit ing current.  These currents  
at > 200 mV were poorly reproducible.  Closer in -  
vestigation, using wires, suggested a strong dependency 
on time of exposure of the mel t  to gas, and some effect 
of H20 pressure. We assumed that  this reaction at 
larger ~ was due to the CO content  of the gas and 
proceeded accordingly. 

Figure 7 reproduces the data for the oxidation of dry 
CO/CO2 mixtures  at dipping wires of Ni, Au, and Pt. 
The data on Ni at > 200 mV were obscured by NiO 
formation. On Au and Pt, the current  increased s trongly 
above 200 mV, but  was s imilar ly  unreproducible  as 
that  under  Ha-containing gases in this potential  region. 

lOO 
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Fig. 6. Stationary polarization curves for a nonporous I and a 
perforated Hi foil II. Dashed curve: Sum of curve I and Hi-wire 
data, adjusted for meniscus length in pores of perforated membrane. 
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Fig. 7. Polarization curves for dipping wires of different metals 

on a mixture of 0.67 atm COs and 0.33 atm CO. 

Figures 8 and 9 show the changes in  the vol tammo- 
grams with elapsed t ime after  replacing a CO/CO2 
mix ture  with an  He/CO2 mixture  of the same CO2 con- 
tent  (Fig. 8), and for the reverse process of re in-  
t roducing CO (Fig. 9). The slow changes evident  in 
these figures could not be accelerated by agitat ing the 
melt. In  contrast  to the very  slow changes in the main  
current  wave at > 200 mV, the ocp responded very 
fast (seconds) to changes in CO pressure without, 
however, quite reaching for some t ime the equi l ibr ium 
value on switching from He to CO. This behavior was 
in marked contrast to the H~ reaction which responded 
very much faster to changes in  the pressures of H2, 
H20, and CO2. 

The results suggest that  the oxidation of CO is a 
complex process. The first wave appears to be due to 
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Fig. 8. Polarization curves for dipping Au wire. Parameters indi- 
coting time elapsed (hours) after replacing CO/CO2 (| :2) mixture 
with an He/CO2 (1:2) mixture. 
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Fig. 9. Polarization curves for dipping Au wire. Parameters indi- 
cating time elapsed (hours) after replacing an He/CO2 (1:2) mixture 
with o CO/CO2 (1:2) mixture. 
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the direct oxidation of dissolved molecular  CO. The 
much larger subsequent  waves, of which there are at 
least two, apparent ly  are not due to such dissolved 
CO molecules. I t  is difficult to reconcile the very slow 
increase of these waves wi th  a simple dissolution proc- 
ess. The rapid response of the ocp to change in  Pco 
also contradicts such assumptions. Rather, these sub-  
sequent waves suggest oxidation of products formed 
by chemical reaction between CO and melt  as has 
been suggested by Borucka and Appleby (10). 

We analyzed a melt  which had been exposed to CO 
for m a n y  hours. The  frozen mel t  was dissolved in  
water. The solution was acidified and the remain ing  
CO expelled by bubbl ing  N2. Ti t ra t ion  with perman-  
ganate  revealed substant ial  quanti t ies of oxidizable 
substance which was not, however, identified qual i ta-  
tively. (It  seems l ikely that  whatever  had been present  
in  the melt  would have been al tered by our analyt ical  
procedure.) A b lank  test with melt  not subjected to 
CO did not show such oxidizable substance. 

Borucka and Appleby, who made similar  observa-  
tions with submersed electrodes at 800~ in  t e rna ry  
Li, Na, K-carbonate  melt, suggested formation of CO2 = 
ions 

CO + CO3 = = COs = + CO~ [9] 

This substance, containing the highly reactive carban- 
ion, would be expected to produce, e.g., formate in 
the course of our chemical analysis. Our analysis, 
therefore, would not have distinguished between CO2 = 
and other possible compounds such as oxalate and/or 
formate in the melt. Borucka and Appleby based 
their conclusion of CO2 = formation on the proportion- 
ality of the second wave to 1/Pco2 according to reac- 
t ion [9]. These authors did not report  any difficulties 
in achieving equi l ibr ium between melt  and gas such 
as are exemplified by the data in Fig. 8 and 9. Be- 
cause of these difficulties we have been unable  to de- 
termine the effect of CO2 pressure on the second cur-  
rent  wave. Borucka and Appleby also apparent ly  did 
no*. observe the third wave in  Fig. 8 and 9. 

Generally,  one should not expect CO2 = ions to be 
stable in the presence of COs and /or  H20. If this ion 
behaves s imilar ly to other substances containing carb-  
anion with a free electron pair  at the carbon, we 
should expect formation of oxalate and /o r  formate 
(in the presence of H20).  Formates decompose at high 
tempera ture  to oxalate and H2. Thus the following 
reactions, which are analogous to we l l -known indus-  
trial  processes, cannot be excluded at present  

CO + CO8 = = (COs = + CO2) = C~O4 = [I0] 

CO + OI-I- = HCOO- [II] 

2HCOO- = H2 + C204 = [12] 

H20 + CO8 = ---- 2 O H -  + CO2 [13] 

2CO + H20 + COs = = H~ + C204 = + CO~ 

[14] -- [ii] q- [12] -I- [13] 

These reactions can serve to explain several of our 
observations, some of which cannot be rationalized 
with the assumption of CO2 = ions. Intermediate for- 
mation of formate would explain the apparent ac- 
celerating effect of H20. Waves s imilar  to those in  
Fig. 8 and 9 were also observed with shift gases but  
the waves at large ~l usual ly  appeared much faster 
than with dry CO/CO2. 

In  formate, as in  COs = , the formal oxidation state 
of carbon is the same as in  CO. In  fact, CO is the 
anhydride  of formic acid not  only formally bu t  also 
exhibited in  organic reactions. In  oxalate, the oxida- 
t ion state of carbon lies between those in CO and CO2. 
The oxidation of CO to C204 = can therefore also pro- 
ceed electrochemically, and chemical formation of 
oxalate can occur by an electrochemical mechanism. 
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Ins tead  of reac t ion  [10] we then  have  

2CO + 2CO3 = : C 2 0 4  = -~- 2CO2 ~- 2 e -  [15] 

2CO2 + 2 e -  - -  C204 = [16] 

CO + CO3 = --  C204 = [ 1 0 ] :  [15] and  [16] 

React ions [15] and [16] r ep resen t  the  two-s tep  ox ida -  
t ion of CO to CO2 if  both  run  anodical ly .  

In  o rder  to exp la in  our  observat ions,  we  would  as-  
sume tha t  reac t ion  [16] has a sma l l e r  ra te  constant  
than  react ion [15]. Now, at  a g iven overa l l  anodic 
polar izat ion,  the polar iza t ion  of [15] decreases  be -  
cause of accumula t ion  of oxa la t e  p roduced  b y  the cu r -  
rent.  The s t eady-s t a t e  cu r ren t  is smal l  and  not  much 
l a rge r  than  the equiva len t  ra te  of oxa la te  diffusion 
into the bu lk  melt .  This m a y  be the  reason w h y  the 
polar iza t ion  resis tance for  the gold meniscus e lec t rode  
in Fig. 7 is so much  l a rge r  than  those for immersed  
electrodes (10). A meniscus e lect rode m a y  accumula te  
ionic in t e rmed ia te s  more  r ap id ly  than  an  immersed  
one. 

At  h igher  po lar iza t ion  C204 = would  be oxidized 
and the cur ren t  would  increase  accordingly.  This  cur -  
ren t  could be l a rge r  than  the equiva lent  diffusion ra te  
of CO because  i t  would  be the sum of the  oxida t ion  of 
CO and of accumula ted  oxalate .  Removing  or  r esup-  
p ly ing  CO would  have l i t t le  effect on the la rge  wave  
at  ~ ~ 200 mV which  would  decay, or  r e a p p e a r  s lowly  
as oxa la te  is decomposed,  or  formed in the  bu lk  mel t  
( p r ima r i l y  b y  reac t ion  [10] ). However ,  the  ocp would  
respond a lmost  i m m e d i a t e l y  to changes in Pco. These 
in te rmedia te  ocp's a l though being m i x e d  potent ials ,  
would  be d ic ta ted  by  the CO/C204 = e lec t rode  r a the r  
than  b y  the CO/CO2 reac t ion  

RT 
ocp ~ Eo ~- ~ in  (C204=)Pco22/Pco ~ [17] 

A t  ve ry  s lowly  changing oxa la te  act ivi ty,  and  Pco2 --  
const., this po ten t ia l  would  change r ap id ly  wi th  CO 
pressure .  

Final ly ,  the discussed react ions  can also serve  as 
ra t iona l iza t ion  for  the  fact  tha t  one f requen t ly  finds, 
wi th  H~-containing gases, ocp's which  l ie  subs tan t ia l ly  
(60-100 mV) be low the  equ i l ib r ium potent ia l  for  gas 
(11). In i t ia l ly ,  wi th  v e r y  l i t t le  oxala te  present ,  the 
poten t ia l  of reac t ion  [15] would  be s t rong ly  negat ive  
and the ocp can be exp la ined  as the  mixed  poten t ia l  
be tween  the H2/H~O and  CO2/C204 = reactions,  both  
runn ing  cathodical ly ,  and  the  CO/C204 = e lec t rode  
runn ing  anodical ly .  Fo rma t ion  of CO2 = could not  be 
used as an explana t ion  since a n y  exp lana t ion  requi res  
an anodic pa r t i a l  reac t ion  p roceed ing  fast  and  a t  
potent ia l s  be low tha t  of the H J H 2 0  electrode.  CO2 = 
would  be produced  f rom CO wi thout  change in  s ta te  
of oxidat ion.  

Conclusions 
The da ta  in Fig. 2-6 suggest  tha t  the  polar iza t ion  of 

the  H2/H20 e lec t rode  is essent ia l ly  diffusion over -  
voltage.  This conclusion is suppor ted  by  the absence 
of effects of me ta l  roughness  and the k ind  of metal ,  
and i t  is in  fu l l  ag reemen t  wi th  previous  findings (2, 
6-8).  

In  the  presence of ve ry  fas t  hydrogen  t ranspor t ,  the 
diffusion overvol tage  due to the  products  (H20, CO2) 
bore  a s t r ik ing  resemblance  wi th  ac t iva t ion  po la r iza -  
tion, pa r t i cu l a r l y  because  no l imi t ing  cu r ren t  was ob -  
served.  Under  cer ta in  conditions, the  polar iza t ion  curve 
(I vs. E) can be a p p r o x i m a t e l y  l inea r  over  a f a i r ly  
wide range  of currents .  Smal l  concentra t ions  of CO 
had  no not iceable  effect on the  H2 reaction.  

The  e lec t rochemical  ox ida t ion  of CO is f a r  more  
complex.  For  meniscus electrodes,  and at  polar izat ions  
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smal le r  than  200 mV, this reac t ion  is ve ry  slow. This 
reac t ion  p r e suma b ly  is the  ox ida t ion  of molecu la r  CO 
(10). The  na tu re  of the reac t ion  p roduc t ( s )  be tween  
CO and mel t  which gives r ise to much l a rge r  cur ren t  
waves  at  ~ > 200 mV is not  clear~ I t  p r o b a b l y  would  
requi re  opt ical  measu remen t s  in  o rde r  to iden t i fy  this 
product .  

Appl ied  to mol ten  carbonate  fuel  cell  anodes o p e r -  
a t ing at  a round  650~ the resul ts  suggest  tha t  H2 is 
the  fuel  of choice. The u t i l iza t ion  of CO as fuel  is 
h indered  by  the ve ry  slow reac t ion  ra te  at  low over -  
vol tages on meniscus electrodes which  porous elec-  
t rodes essent ia l ly  are.  The products  of the d i rec t  reac-  
t ion of CO wi th  the me l t  a re  fo rmed  too s lowly  to 
sus ta in  the cell  cu r ren t  under  s t eady  opera t ing  con- 
ditions. Fur the rmore ,  the  sa tu ra t ion  concentra t ion  of 
molecular  CO in the mel t  appears  to be v e r y  small ,  
much  smal l e r  than  tha t  of  H2. I t  seems quest ionable,  
therefore,  tha t  be t t e r  cata lys ts  would  suffice to make  
efficient CO anodes. 

As a consequence, we  conclude tha t  efficient CO 
ut i l iza t ion requi res  anode  s t ruc tures  capable  of func-  
t ioning as in te rna l  shif t  reactors .  Such a dua l  funct ion 
implies  long gas pores  wi th  wal ls  which  a re  cata-  
ly t ica l ly  act ive for  the  shif t  react ion.  This shif t  r eac-  
tor  would  be in series wi th  the  e lec t rochemica l ly  ac-  
t ive meniscus region at  the  end of the gas pore. Since 
long gas pores  increase  diffusional losses, i t  wou ld  
appea r  necessary to use s t ructures  designed to opt imize  
both functions. Such opt imizat ion,  however ,  would  
become necessary  only be low a cer ta in  H2/CO rat io  for  
a given t h i cknes s .  

Manuscr ip t  submi t ted  May 1, 1979; rev ised  m a n u -  
scr ip t  received Nov. 7, 1979. This was Pape r  376 p re -  
sented at  the Pi t t sburgh,  Pennsylvania ,  Meet ing of 
the  Society,  Oct. 15-20, 1978. 

A n y  discussion of this paper  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1980 
JOURNAL. Al l  discussions for the  December  1980 Dis-  
cussion Sect ion should be submi t t ed  by  Aug. 1, 1980. 

Publication costs 05 this article were assisted by 
United Technologies Corporation. 
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ABSTRACT 

Dur ing  a photoe lec t rochemical  reac t ion  only  a por t ion  of the  l igh t  energy  
absorbed  by  the semiconductor  (CdS or  TiO2 single crys ta l )  is u t i l ized in the  
e lec t rode  reaction.  The unused  por t ion  of energy  is expended  th rough  var ious  
mechanisms as heat. Therefore  by moni tor ing t empera tu re  changes wi th in  the  
photoanode  as a funct ion of e lec t rode  potent ia l  and  l ight  intensi ty,  in fo rmat ion  
concerning the efficiency of the process can be obtained.  Expe r imen ta l  resul ts  
a re  presented  and in t e rp re t ed  using a model  for the energy  balance  wi th in  the  
system. This pe rmi t s  the  de te rmina t ion  of the  quan tum and energy  efficiencies 
s imul taneous ly  wi thout  the need to ca l ibra te  the l ight  source. 

A number  of photoe lec t rochemical  cells based on 
semiconductor  e lect rodes  for  photoelect rosynthes is  
(e.g,, the photodecomposi t ion of wa te r )  and the con- 
vers ion of solar  energy  to e lec t r ic i ty  have  ,been r e -  
por ted  ( ! -15) .  The ma jo r  factors de te rmin ing  the 
efficacy of these semiconductor  e lec t rode  ceils a re  the 
quan tum efficiency for  e lec t ron  flow (i.e., number  of 
electrons f lowing /number  of photons absorbed) ,  and  
the power  conversion efficiency (i.e., chemical  or  e lec-  
t r ica l  power  o u t p u t / i n p u t  r ad ian t  power ) .  I t  is not  
uncommon to find near  un i ty  quan tum yields  for 
e lect ron flow at a sufficiently high bias (posit ive for  
the case of n - t y p e  semiconductors)  dur ing  i r rad ia t ion  
wi th  g rea te r  than  bandgap  energy  l ight  for m a n y  
semiconductors.  However ,  even when  high quan tum 
efficiencies have been  obtained,  the  power  efficiencies 
were  much lower  (10-15). Fo r  example ,  for  photo-  
oxida t ion  at  a CdS single c rys ta l  anode, Wrighton  
et al. (15) r epor ted  tha t  w i th  an  Se 2-  solut ion the 
m a x i m u m  monochromat ic  power  efficiency obta ined  
was 3.4% wi th  a m a x i m u m  quan tum efficiency of 
49%. Such findings demons t ra te  tha t  the ma jo r  pa r t  
of the l ight  energy  absorbed  by  the semiconductor  is 
not  used for  the  photo-ass i s ted  oxida t ion  bu t  r a the r  
is conver ted  to heat  energy p robab ly  via radia t ionless  
t rans i t ions  wi th in  the conduction band  of the semi-  
conductor  (i.e., when the photon energy  is in excess 
of the  bandgap  energy)  or  e lec t ron-hole  recombina t ion  
processes. Consequently,  t he rmal  measurements  of 
the  semiconductor  e lec t rode  dur ing  etectroIysis  can 
aid  in the  de te rmina t ion  of the efficiencies and perhaps  
in  the e lucidat ion  of the mechanism of the  cell  p roc-  
esses. 

We recent ly  descr ibed  a new spectroscopic method 
cal led Pho to the rmal  Spect roscopy (PTS)  (16). This 
technique involves  p lac ing a thermis tor  on or  in close 
p rox imi ty  to a sample  and  measur ing  t empera tu re  
changes (i.e., the rmis tor  res is tance changes)  dur ing 
sample  i r r ad ia t ion  wi th  monochromat ic  light.  This 
technique can be eas i ly  adap ted  to cases when  the 
sample  is a semiconductor  e lec t rode  (17). Cahen (18) 
has also shown tha t  s imi la r  measurements  wi th  photo-  
acoustic spectroscopy can be used to de te rmine  the 
efficiency of so l id-s ta te  photovol ta ic  devices. We re -  
por t  in this pape r  measurements  of the  conversion of 
l ight  energy  to chemical  a n d / o r  e lec t r ica l  energy at  
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K e y  words: photoelectrochemical ,  semiconductor e lec t rode ,  

quantum efficiencyj energy  efficiency, temperature  changes.  

CdS and Ti02 photoanodes by  d i rec t  de te rmina t ion  of 
the t e m p e r a t u r e  changes of semiconductor  electrodes.  
The resul ts  were  in t e rp re t ed  using a theore t ica l  equa-  
tion for the energy  ba lance  wi th in  the system. In this 
manner  the  quan tum efficiency and power  efficiency 
could be de te rmined  wi thout  ca l ibra t ion  of the  i r -  
rad ia t ion  source. 

Experimental 
Procedure.--The basic pho to the rmal  expe r imen t  was 

essent ia l ly  car r ied  out  as prev ious ly  descr ibed wi th  
s l ight  modifications (16, 17). In  these exper iments  the  
photoanodes  s tudied  were  CdS and TiOz single c rys-  
tals. The resul ts  repor ted  here  are  for monochromat ic  
rad ia t ion  at  wavelengths  corresponding to energies  
grea te r  than  the bandgap  energy  (for example ,  for 
CdS, 490 nm) .  The pho to the rmal  responses were  ob-  
ta ined  for the photoanodes dur ing  both  anodic po la r i -  
zat ion and under  open-c i rcu i t  condit ions in the  e lec-  
t ro lyte  solutions. The corresponding cur ren t  and t em-  
pe ra tu re  changes were  then p lo t ted  as a funct ion of 
potential .  Exper imen t s  were  car r ied  out  in  two l abora -  
tories wi th  two different  exper imen ta l  setups ( re fe r red  
to as A and B) .  

InstrumentaL--Block diagrams of  these are  shown 
in Fig. 1 and 2. The appara tus  (A) in Fig. 1 employed  
a 500W high pressure  me rc u ry  l amp (Ushio Electr ic  
Company Limi ted)  housed in an  Ushio Model  UI -  
501C housing. A lens was used to focus the  l ight  beam 
and in ter ference  filters (Koshin  Kogaku  Company 
Limi ted)  were  employed  to select  the wave leng th  of 
exci t ing light. A shut te r  wi th  two timers,  made  by  
special  o rder  for this expe r imen t  ( I sh ikawa Seisakusho 
Company Limi ted)  was used to fix prec ise ly  the  i r -  
rad ia t ion  period.  Sys tem B is shown in Fig. 2. The 
l ight  source was a 2500W shor t  arc  xenon  l amp  housed 
in an Oriel  Model  LH-152N housing. The ou tput  of the  
l amp was first chopped mechan ica l ly  (on 20 sec; off 
40 sec) and then focused using f/1 quar tz  optics on the 
entrance slit  of a J a r r e l l - A s h  Monochromator  (Model  
82-410). The resul t ing monochromat ic  l ight  (10 nm 
bandpass)  was then f i l tered of second o rde r  and 
finally focused on the photoanode wi th in  the e lec t ro-  
chemical  cell. 

Al l  cells were  equipped  wi th  p l a t inum counter -  
e lectrodes and sa tu ra t ed  calomel  re ference  electrodes 
(SCE).  I r r ad ia t ion  was accomplished th rough  opt ica l ly  
flat windows both in  the  wa te r  baths  and in the  cells. 
The working  electrodes were  p laced a sufficient dis-  
tance f rom the cell  window (,-,2 cm) to avoid  any  
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Fig. I .  Measurement assembly, A 

i; CELL 2; WATER BATH 

3; 500W Hg LAMP 4; LENS 

5; SHUTTER 6; TIMER 

7; FILTER 8; POTENTIOSTAT 

9; POTENTIAL SWEEPER i0; X-Y 

RECORDER Ii; D~C. BRIDGE 

12; POLYRECORDER 

heating effects due to window heat ing.  A n i t rogen 
bubb le r  was employed  for  deoxygena t ing  the solu-  
tions. The  cel l  t e m p e r a t u r e  was main ta ined  by  a wa te r  
ba th  which  in Sys tem A was thermosta t ted .  

The  work ing  e lect rodes  were  cadmium sulfide single 
crysta ls  [(001) surface]  (Te ikoku  Tsushin Company 
Limi ted)  which had dimensions 10 • 1O • 1 m m  and 
a ca r r i e r  dens i ty  of 4.8 X 1016 cm -~, and  t i t an ium di- 
oxide single crysta ls  [ (001) surface]  (Nakazumi  Crys-  
ta l  Company  Limi ted)  each having  dimensions about  
10 • 10 • 1.5 m m  and t rea ted  by  reduct ion  to in-  
crease ca r r i e r  density.  The ohmic contacts  were  made  
by  e lec t ropla t ing  ind ium on one side of each crys ta l  
and then  a t taching a copper  wire  to the  contact  wi th  
conduct ing s i lver  epoxy  [Seisin Shoj i  Company 
Limited,  No. 4992 (A) ,  or  Al l ied  Products  Corpora -  
tion, New Haven,  Connect icut  (B)] .  The back  and 
sides of the  c rys ta l  were  insu la ted  and moun ted  on a 
fiat  piece of glass a t tached  to a glass rod  wi th  epoxy  
resin [Semedian  Company  Limi ted  (A) ,  or  Devcon 
Incorpora ted ,  Danvers ,  Massachuset ts  (B)] .  The semi-  
conductor  surfaces were  pol ished wi th  0.3 ~m pol ishing 
a lumina  p r io r  to use. Then, in the  case of CdS they  
were  etched jus t  before  use in concent ra ted  hyd ro -  
chloric acid for  10 sec. 

The  s t ruc ture  of the  semiconductor  e lect rode (wi th  
a the rmis to r  in p lace)  is shown in Fig. 3. Matched 
pairs  of thermis tors  were  used: (A) Sh ibau ra  Elec-  

L E N S E S  O P T I C A L  
/ S L I T S ~  W I N D O W S  

. o o w  

C R O P P E R  

M ON a CR R O M A T a R  W A T  E R 
B A T H  

D I F F .  

A .C.  

- - -  -- B R I D G E  

i i 
I i 

I . . . . . . . . . . . . . .  J I 
I 

I I 
I 

'J . ~- . . . . . . .  O S C I  , L L A T O F  

L a C K  - I N  | 

S T R I P - C H A R T  
R E C O R D E R  

Fig. 2. Measurement assembly, B 

t ronics Model BSB4-41A; nomina l  res is tance 4 kf~ 
sensi t ivi ty,  0.052~ or  (B) Victory  Engineer ing  
Incorporated,  Model  32A223; nomina l  resistance,  2 
k~,  sensit ivi ty,  0.013 r Both had t ime constants  
of 0.4 sec when  immersed  in  uns t i r r ed  water .  The 
thermis tors  were  used in a dif ferent ia l  a r r angemen t  
wi th  one the rmis to r  held  agains t  the  front  su r -  
face of the  e lec t rode  and the o ther  posi t ioned behind  
the e lect rode whi le  not  touching it. The  cell  was care -  
fu l ly  posi t ioned so that  the monochromat ic  l ight  beam 
s t ruck  the whole  exposed surface of the  e lec t rode  but  
ne i ther  of the thermistors .  Thus a change in t e m p e r a -  
ture of the e lect rode caused a res is t ive change in the 
thermis tor  and produced  a vol tage  imbalance  in (A) 
the d-c  or  (B) the  a -c  bridges.  This smal l  vol tage  
was amplif ied and then  d i sp layed  on s t r ip  char t  r e -  

i; SEMICONDUCTOR CRYSTAL 

2; Cu LEAD WIRE 

3; THERMISTOR 

4; SILICONE RUBBER 

5; EPQXY RESIN 

6; REFERENCE THERMISTOR 

1 

Fig. 3. Structure of semiconductor electrode. Light irradiates only 
the semiconductor surface and not the thermistors. The contact to 
the electrode and the thermistor is insulated from the solution by a 
thin layer of epoxy cement. 
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Fig. 4. Photothermal spectrum (PTS) of CdS single crystal. The 
solid line shows the absorption spectrum of the same crystal. 

corders  (A) Tao Electronics Model  ERP-2T or  (B) 
Tosely Model 7100B. 

The cu r ren t -po ten t i a l  and cu r r en t - t ime  curves  were  
measured  under  potent iosta t ic  condit ions using po ten-  
t iostats  and potent ia l  p rogrammers :  (A) Nikko 
Keisoky  Company Limi ted  (Models NRGS-301 and 
NPS-2)  and (B) Pr ince ton  Appl ied  Research (Models 
173 and 175). Cyclic vo l t ammograms  and cu r ren t -  
t ime curves were  d isp layed on an X-Y recorder  [ ( A )  
Yokokawa Type 3078 or  (B) Houston Ins t ruments  
Model 2000]. 

The monochromat ic  lamp in tens i ty  was measured  
precisely  using ei ther  (A) a chemical  ac t inometr ic  
method (potass ium ferrous oxala te)  or  (B) an EG&G 
rad iome te r /pho tome te r  Model 550-1. Al l  chemicals  
were  of reagent  grade  and were used wi thout  fur ther  
purification. 

Results 
Previous  studies wi th  pho to thermal  spectroscopy 

(PTS)  have  shown, tha t  the t empe ra tu r e  changes 
which occur upon l ight  absorpt ion  corre la te  wel l  wi th  
the  results  of opt ical  absorpt ion spectroscopy. This is 
demons t ra ted  in the  PTS of single c rys ta l  CdS (Fig. 
4) where  i r r ad ia t ion  wi th  l ight  of energy grea te r  than  
the bandgap  produces  e lec t ron-hole  pairs  which, if 

the semiconductor  is not a fluorescent, phosphorescent ,  
or  photochemica l ly  act ive mater ia l ,  recombine th rough  
radia t ionless  t ransi t ions  to produce  heat. Al though the 
spec t rum shown in this figure was observed for the  
sample  in air, s imi lar  PTS spect ra  of smal le r  mag-  
n i tude  were  measured  in water .  The magni tude  of 
the  observed  signal  depends on the the rmal  conduc-  
t iv i ty  and the  hea t  capaci ty  of the sample  and its en-  
v i ronment .  

When  an n - t y p e  semiconductor  is used as a photo-  
anode of a photoelec t rochemical  cell, tha t  por t ion of 
t he  impinging  rad ian t  energy  which  is not  conver ted  
to e lect r ica l  energy or s tored as chemical  energy is 
diss ipated as heat. One source of this hea t  is the  differ-  
ence be tween  the photon energy,  E ( = h v ) ,  and the 
bandgap  energy,  Eg; this  represents  radia t ionless  
processes wi th in  the conduction band  af te r  l ight  ab-  
sorption. Other  factors leading to hea t  diss ipat ion are  
the  difference be tween  the valence band energy  level  
and the solution redox level,  I E v B -  Eredoxl and the 
difference (usual ly  small )  be tween  the Fe rmi  level  and  
conduct ion band  level,  JEF, flatband - -  ECBI. Note tha t  
even when the quan tum efficiency is unity,  dissipat ion 
caused by  these factors wi l l  cause heat ing at  the elec-  
~ o d e  surface. 

CdS/Fe(CN)6 s- ,  Fe(CN)64- system.--The photo-  
the rmal  exper imen t  was appl ied  to the  pho to -ox ida -  
t ion of K4Fe(CN)6 at  the CdS photoanode.  The solu- 
t ion used was 0.1M K4Fe(CN)6, 0.001M K3Fe(CN)6,  
and  0.2M Na2SO4 as the  electrolyte .  Cur ren t -po ten t i a l  
curves using the CdS elect rode showed typical  be -  
hav ior  of an n - t y p e  semiconductor  e lect rode (VFB = 
--1.0V VS. SCE).  The quan tum efficiency of the  CdS 
crys ta l  was calcula ted to be  nea r ly  100%, when the 
crys ta l  was i r r ad ia t ed  wi th  grea te r  than  bandgap  
l ight  (490 nm) (which was not absorbed by  the elec-  
t ro ly te  solution) and the e lect rode main ta ined  at  
2.0V vs. SCE. When  the crys ta l  was used as a photo-  
anode in the solution, there  was no change in photo-  
cur rent  wi th  t ime and no sulfur  was detected on the 
surface af ter  pro longed use. Therefore,  we conclude 
that  the K4Fe (CN)6 was the species oxidized and that  
the  photoanode was s table  in this solution. 

The  changes in t empe ra tu r e  vs. t ime were  measured  
at  each appl ied  potent ia l  while  the pho tocur ren t  was 
recorded s imultaneously.  In  the  dark,  no change in 
t empera tu re  was observed ei ther  a t  open circuit  or  
a t  potent ia ls  posi t ive of Vym where  the  observed cur-  
rents  were  less than  10 -9  A/cm2. F igure  5 i l lus t ra tes  
typical  changes in t empera tu re  wi th  t ime upon i r -  
rad ia t ion  w i t h  grea ter  than bandgap  l ight  (490 nm) 
at  open-c i rcu i t  condit ion and with  var ious  appl ied  
potentials .  The t e m p e r a t u r e  increased almost  l inea r ly  
when the l ight  pulse  was ini t iated.  When the l ight  
pulse was t e rmina ted  (af ter  20 sec i r rad ia t ion)  the  
t empera tu re  decreased quickly.  We have a l r eady  dis-  

P H O T O C U R R E N T  

Fig. 5. The change in tem- 
perature vs. time for the CdS OPEN 
anode in 0.1M K4Fe(CN)6, 
0.001M K3Fe(CN)6, and 0'2M T E M P E R A T U R E  
Na2SO4. Upper curves show the o f f  anodic photocurrent vs. time. t" 
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cussed this behavior  in the  simplif ied theory  of PTS 
(16). 

In  Fig. 6 the  t empe ra tu r e  change  vs. potent ia l  and 
the  corresponding pho tocur ren t -po ten t i a l  curves are  
expe r imen ta l l y  plot ted.  These resul ts  a re  r ep resen ta -  
t ive  of those ob ta ined  wi th  both  systems. Compared  
wi th  the  hea t ing  observed  at  open circuit ,  the  t em-  
pe ra tu re  increase was smal le r  a t  --0.SV and l a rge r  
a t  2.OV and 4.9V, respect ively .  

TiO2/HeS04 s y s t e m . - - A s  the  TiO2 photoanode,  th ree  
different  TiO2 single crysta ls  were  used. Each was re -  
duc t ive ly  t rea ted  under  vacuum at  var ious  t e m p e r a -  
tures  and for different  lengths  of t ime:  (i)  3 h r  at  
650~ (ii) 3 h r  a t  550~ (i i i)  4 h r  a t  800~ The ex -  
pe r iments  were  conducted using each TiO2 single c rys-  
ta l  e lec t rode  in a 1M sulfur ic  acid solution. Since the 
bandgap  of TiO~ is 3.0 eV, the  wave leng th  of the  
l ight  chosen for  i r r ad ia t ion  was 370 nm. The i r r a d i a -  
t ion per iod  was fixed a t  20 sec in each case. The re -  
sults of a typica l  expe r imen t  using the first (and most 
efficient) TiO2 e lec t rode  a re  shown in Fig. 7. The  
th ree  different  crys ta ls  showed qui te  different  slopes 
for  the  t empe ra tu r e  increase  vs. potent ia l  curves. The 
semiconductor  e lec t rode  which  produced the larges t  
pho tocur ren t  showed the s teepest  slope. 

Theoretical Treatment  
The expe r imen ta l  resul ts  can be in te rp re ted  b y  

consider ing the energy  balance  wi th in  the  photoelec-  
t rochemica l  cell. The first aspect  of this formula t ion  
wi l l  be to examine  a s imple e lec t rochemical  reac t ion  
f rom a the rmodynamic  point  of v iew to de te rmine  
wha t  in format ion  concerning the sys tem can be ob-  
ta ined  via  t he rma l  measurements .  This model  wi l l  
then  be modified to fit the  constraints  of the  photo-  
e lec t rochemical  sys tem which  is s l ight ly  more  com- 
p lex  ye t  ve ry  similar .  The resu l t ing  the rmal  r e la t ion-  
ships wi l l  then  be used to inves t iga te  the  ouan t i t a t ive  
aspects of var ious  photoe lec t rochemical  devices. 

Ca lo r ime t ry  has been used by  previous  inves t iga tors  
to measure  the  en tha lpy  change (AHc) which occurs 
dur ing  an e lect rochemical  react ion (19). Such a sys-  
can be descr ibed by  the equat ion 

AHc --  Q --  We [I] 

where  We is the  e lect r ica l  work  into (or out  of) the  
sys tem and Q is the  hea t  evolved in the  system from 
revers ib le  and i r revers ib le  work.  The e lec t r ica l  work  
can be expressed  in te rms of current ,  voltage,  and 
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Fig. 6. Temperature change vs. potential (O)  and photocurrent 
vs. potential (e )  of the CdS single crystal electrode. 
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Fig 7. Temperature change vs. potential (O)  and photocurrent 
vs. potential (e )  of the TiO2 single crystal electrode. TiO2 single 
crystal was treated in the vacuum for 3 hr at 650~ 

t ime ('Fit) and the hea t  evolved  in te rms of an en-  
t ropy  change for the  whole  cell react ion (TAS), ac-  
t iva t ion  energy,  in te rms of overpotent ia l ,  n, (nit) 
and the contr ibut ion  f rom elec t rode  and solut ion re -  
sistance, R, (i2Rt). The tota l  express ion for  the  en-  
t ha lpy  is thus 

AHc = TAS + nit + i~Rt -- Vi t  [2] 

This equat ion is d i rec t ly  appl icable  to the photoelec-  
t rochemical  s i tuat ion by  considering two addi t ional  
energy terms and by  reeva lua t ing  the e lec t rochemical  
cell in te rms of energy in and out. 

For  the case of a photoelec t rochemical  device one 
must  now consider  tha t  the  e lec t rode  is i l lumina ted  
wi th  a monochromat ic  l ight  pulse  having an energy  
E (eV/pho ton) ,  w i t h  an average  absorbed  in tens i ty  
I (photon/sec)  for a t ime t (sec).  Therefore  the  
total  energy put  into the  sys tem per  l ight  pulse  is 
EIt  (eV).  This energy  can then e i ther  be used by  
the semiconductor  to promote  the  e lect rode react ion 
wi th  product ion of e lect r ica l  work  (V/t) or  evolved  
as hea t  in the  semiconductor  (Qsc) via  recombina t ion  
and o ther  radia t ionless  processes. The resul t ing  equa-  
t ion for  the  overa l l  photoelec t rochemical  react ion is 

~H~ = QT - WT [3] 
where  

QT = TAS + ~it + i2Rt + Qsc [4] 

WT "- E I t +  Vi i  [5] 
the re fore  

AHc : TAS + ~it + i2RT + Qsc - E I t  --  Vit  [6] 

Upon r e a r r a nge me n t  the  re la t ionship  be tween  the  
measured  quant i ty ,  QT, and the  res t  of the  var iab les  
we obta in  

QT : Qsr + TAS + ~it + i2RT = E I t +  V i t +  ~Hc [7] 

This final equat ion can now be re la ted  to the ac tua l  
photoelec t rochemical  exper iment .  Al though de t e rmi -  
nat ion of QT by ca lor imet r ic  means  is possible,  in the 
pho to thermal  exper iments  re la t ive  t empera tu re  
changes are  measured  and these are  used to ex t rac t  
the des i red  informat ion.  This is done by  compar ing  QT 
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measured  dur ing  cur ren t  flow in the photoelec t ro-  
chemical  expe r imen t  to that  measured  when  the cell  is 
a t  open circuit.  In  the open circuit  case no net  e lec-  
t rochemical  react ion occurs and al l  the absorbed  l ight 
energy  is conver ted  to heat, QOT, w i t h i n  the  semicon-  
ductor,  so tha t  

~ ~  --- Qsc -- E/~; [8] 

This condition shows that the heat absorbed by the 
system is directly proportional to the light energy put 
into this system. Therefore 

QT Qsc + TaS + ~lit + i2RT 
,=  [9] 

Q~ EIt 

The corresponding re la t ive  change in t empe ra tu r e  a t  
the  semiconductor  surface can be rep resen ted  by  

AT Q s c  4- TaS + nit + i2RT -- kAT 
a / ~ o =  a T r e / =  [10] 

EIt - -  kATo 

where  kAT is the hea t  lost  by  conduction f rom the  
electrode.  Severa l  assumptions m u s t  be made at  this 
point  concerning these t empe ra tu r e  measurements .  The 
first and  most impor tan t  is that  t empera tu re  changes 
occurr ing on the e lec t rode  surface both in the semi-  
conductor  (Qsc) and in solut ion (T~S + nit + i2Rt) 
are  equa l ly  detectable .  This is a good assumpt ion  be-  
cause in general ,  the  the rmal  conduct iv i ty  of the elec-  
t rode  is a t  least  an order  of magni tude  grea te r  than  
tha t  of the solvent.  Other  assumptions  which  must  be  
made  to s impl i fy  the t r ea tmen t  a re  tha t  the terms 
khT and i2RT are  ve ry  smal l  and can therefore  be 
neglected.  This is acceptable  because the t empe ra tu r e  
changes measured  are  typ ica l ly  on the o rde r  of mi l l i -  
degrees and the total  resis tance is usua l ly  ve ry  low. 
Note tha t  if the  khT terms are  not negligible,  correc ted  
va lues  of aT  can be obta ined by  ex t rapo la t ion  of the 
ini t ia l  l inear  por t ion  of the t e m p e r a t u r e  rise wi th  t ime 
to the  va lue  ATcorr at  the t ime when  the t empera tu re  
begins to fall. In  the ac t iva t ion  te rm the overpotent ia l ,  
0, is ac tua l ly  V --  VFB (where  VFB is the f latband po-  
tent ia l  of the  semiconductor)  so tha t  Eq. [10] can be 
wr i t t en  as 

aT Qsc + ThS i(V - -  VFB ) 
-~ [11] 

aTo Elt E1 
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~TQo. E 

/ 
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Fig. 8. (Top) Theoretical behavior of the photothermal signal vs. 
potential according to Eq. [12]. (Bottom) Photocurrent vs. poten- 
tial. 

Discussion 
To i l lus t ra te  the use of the  Eq. [12] in ob ta in ing  the 

quan tum and energy efficiencies, the  resul ts  shown in 
Fig. 6 and 7 are  rep lo t ted  in Fig. 9 and 10, in which  

AT 
the ord ina te  is E - -  and  the abscissa is (V - -  VF- ) .  

a T ~  

The lef t  s ide  of the equat ion can be given specific en-  
e rgy  units to faci l i ta te  the ma themat i ca l  t r ea tmen t  to 
f inally yie ld  

AT Qsc + TaS 
E = + ~l~(V -- VFB) [12] 

AT ~ I t  

where  ~q _-- i / I =  quan tum efficiency of the p h o t o -  
oxidat ion  and (Qsc + T~S) / l t  is the total  hea t  
change (usua l ly  evolved)  in the system (at  the photo-  
anode) .  Therefore  under  constant  i l lumina t ion  condi-  

AT 
tions (i.e., EIt held  constant)  a plot  of E - -  aga ins t  

aT o 
(V -- VFB) yie lds  the  quan tum efficiency, ~q, f rom the 
slope of the s t ra igh t  l ine and the loss term,  (Qsc 4- 

aT  
ThS)/I t ,  is obta ined  f rom the in te rcep t  of the  E 

aT o 
axis at  V ---- VFB as shown in Fig. 8. We define the  
single electrode,  monochromat ic  energy  efficiency of 
the sys tem as 

E I t  - -  Qs~ 
~e = X 100 [13] 

Eli 

The efficiency as defined above can then be obtained by 
making  the appropr ia t e  correct ion for the en t ropy  
chang e associated wi th  the e lect rode reaction.  The 
detai ls  associated wi th  this  correc t ion  are  descr ibed in  
the fol lowing discussion. 
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Fig. 9. Normalized phototbermal signal vs. potential from the 
flatband potential of the CdS electrode. 
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Fig. 10. Normalized photothermal signal vs. potential from the 
flatband potential of the TiO2 electrodes, TiO~ single crystals were 
treated in the vacuum atmosphere, No. 1: for 3 hr at 650~ No. 2: 
for 3 hr at 550~ No, 3: for 4 hr at 800~ 

For  the  C d S / F e ( C N ) 8 3 - ,  F e ( C N ) 6 4 -  sys tem the  
t e m p e r a t u r e  increase  of 1.7 • 10-2~ which  was m e a -  
sured  at  open ci rcui t  corresponds to E = 2.5 eV be-  
cause 490 nm monochromat ic  l ight  was used to exci te  
the  CdS e lec t rode  (Fig. 9). In  the  l imi t ing pho tocur ren t  
region,  we find a s t ra ight  l ine wi th  a slope equal  to 1.0. 
This means  tha t  the quan tum efficiency of the pho tore -  
act ion on the CdS e lec t rode  is unity,  which  is s imi lar  
to the  va lue  found f rom the pho tocur ren t  and  the cal i -  
b ra t ed  l ight  in tens i ty  (number  of photons s t r ik ing  the 
e lec t rode) .  F r o m  the in te rcept  of the Y-axis  obta ined  
by  ex t rapo la t ing  the l inear  por t ion  of the  curve to the  
f la tband potent ia l ,  we  can calcula te  the  energy  effi- 
c iency of the  photosemiconductor  reaction,  if ent ropic  
hea t  a t t r i bu tab le  to the  e lec t rode  react ion (T~S or 
the  Pe l t i e r  heat )  can be obtained.  The behavior  
k n o w n  as the  e lec t rochemical  Pe l t i e r  effect (i.e., the  
en t ropy  change at  the  e lec t rode  surface)  has been in-  
ves t iga ted  by  Tamamush i  (20). This effect can be a t -  
t r ibu ted  to th ree  contr ibut ions:  the en t ropy  of the 
e lect rode react ion,  the  en t ropy  a t t r i bu t ed  to the  mig ra -  
t ion of ions and electrons,  and the en t ropy  caused by  
e lec t rochemical  polarizat ion.  Tamamush i  inves t iga ted  
this effect dur ing  a s tudy  of the  e lec t rochemis t ry  of 
the  K4Fe (CN) J K a F e  (CN) 6 redox  couple at  a gold elec-  
trode. Cooling was observed  dur ing  the oxida t ion  step 
and hea t ing  occurred dur ing  reduct ion  at  potent ia ls  
nea r  the  equ i l ib r ium potent ia l ;  this can be a t t r ibu ted  
p r i m a r i l y  to an en t ropy  effect of the e lec t rode  reaction.  
This same effect must  also be inc luded in  the photo-  
chemical  reac t ion  on the CdS surface. 

To obta in  the  appropr i a t e  correct ions in our t he rma l  
measurements ,  the e lec t rochemis t ry  of the  K4Fe (CN)6/  
K3Fe (CN)6 couple at  a p l a t inum elec t rode  was studied.  
The en t ropy  effect was s imi lar  to that  found by  Tama-  
mushi  in which cooling occurred unde r  the  anodic 
polar iza t ion  and an  equal  amount  of heat ing occurred  
under  the cathodic polar izat ion.  I t  is only  necessary to 
make  this fu r the r  correct ion for the  e lec t rochemical  
reac t ion  en t ropy  near  the equ i l ib r ium potent ial ,  be-  
cause the polar iza t ion  effect was a l r e ady  inc luded in 
the  ~]q(V - -  V F B )  t e rm in Eq. [8] and the migra t ion  
effect would  be negl ig ible  (the solut ion and the CdS 
electrode,  res i s t iv i ty  = 1-2 ~l/cm, were  both  h igh ly  
conduct ive) .  

In  this same solution, hea t ing  was also observed 
dur ing  the da rk  cathodic reac t ion  on the  CdS e lec t rode  
under  n i t rogen  bubbl ing.  The amount  of hea t ing  was 
3.4 • 10-z~ (which  corresponds to 0.5 eV in this 
case) ,  when  a cathodic c u r r e n t  of 850 ~A (which was 
the same as the  s a tu ra t ed  photoanodic  cur ren t )  was 
passed for  20 sec. Therefore ,  assuming tha t  the photo~ 
anodic  reac t ion  en t ropy  is equal  bu t  opposi te  to this 
en t ropy  ( f rom the resul ts  on the p l a t inum e lec t rode) ,  
the  endothermic  en t ropy  change on the CdS photo-  
anode for  a 20 sec l ight  pulse  was de t e rmine d  to be 
0.5 eV. 

The value  of the in te rcept  in Fig. 9, (Qsr + T~S) / I t ,  
was 1.0 eV. So, t ak ing  TAS/I t  = 0.5 eV (endothermic) ,  
we find Qsc/It = 1.5 eV. In  this case (490 nm i r r a d i a -  
t ion) ,  the monochromat ic  energy  convers ion efficiency 
is I00 • Elt  -- QsJEl t  -- 10O • 1.0/2.5 --  40%. This 
resul t  is also consis tent  w i th  the  fact  tha t  only  a f rac -  
t ion of the energy  is being ut i l ized for the oxida t ion  
of Fe (CN)64-  to Fe (CN )63 - ;  i.e., for  the  whole  cell  

CdS/0.1M ILtFe (CN) 8; 0.001M I ~ F e  (CN) 6/Pt  

the  m a x i m u m  cell  vol tage  ob ta inab le  is ]VFB - -  VredoxI 
1.0V, whi le  the energy  of the  incoming rad ia t ion  is 

2.5 eV (490 nm) .  
As shown in Fig. 10 for  the  TiO2/H2SO4 system, 

th ree  different  l ines were  obtained,  wi th  slopes of 0.7, 
0.3, and 0.1. These correspond to the  quan tum effi- 
ciencies of the different  TiO2 photoanodes.  Again,  as 
in the case of CdS, calculat ions using the in tercepts  
of these l ines can y ie ld  the  var ious  energy  efficiencies. 
As is obvious f rom the  resul ts  in Fig. 10, the  photo-  
anode which  shows the smal les t  qua n tum efficiency 
(i.e., smal le r  slope) has the la rges t  in te rcept  (i.e., the 
lowest  energy  conversion efficiency). To g e t  the ac tua l  
energy conversion efficiency, we must  aga in  correct  
for the  Pe l t i e r  en t ropy  effect, which  is p ropor t iona l  to 
the magni tude  of the photocurrent .  The oxidat ion  on 
the TiO2 photoanode was oxygen  evolut ion based on 
wa te r  decomposit ion.  Con t r a ry  to the  oxidat ion  of 
Fe  (CN) 64- as ment ioned  above, oxygen  evolu t ion  on 
the e lect rode showed exothermic  heat ing behavior ,  
main ly  due to the en t ropy  of the e lec t rochemical  reac-  
tion. To make  the  app rop r i a t e  correct ions for  this 
en t ropy  effect the  redvct ion  o f  K~Fe(CN)~ was ex -  
amine-d at  TiO2 and p l a t i num and the resul ts  compared  
to those observed dur ing the  oxida t ion  of w a t e r  at 
pla t inum. In this manner  the  magni tude  of the en t ropy  
effect occurr ing  dur ing  the pho to -ox ida t ion  at  TiO2 
could be est imated.  When the anodic pho tocur ren t  was 
1.8 m A  (No. 1 in Fig. 10), i t  was found tha t  the  en-  
t ropy  effect corresponded to 0.5 eV. Therefore  for  
e lec t rode  i,  since E = 3.5 eV (340 nm) ,  Q~c + TAS/I t  
= 2.7 eV (f rom the in te rcep t ) ,  and T~S/ I t  = --0.5 eV 
(the en t ropy  effect).  Therefore,  Qsc/It = 2.2 eV. The 
energy  conversion efficiency can be de te rmined  as 

EIt - -  Qsc 
i 0 0  • 

EIt 
- -  1 0 0 •  1 . 3 / 3 . 5  - -  3 7 %  

The fract ion of the photon  ene rgy  tha t  is not  used 
i n  the oxidat ion  of the redox species is d iss ipated  as 
hea t  via two possible mechanisms as shown in Fig. 11. 
The first mechanism, (a) ,  represents  the fill ing of a 
valence band  hole by  the reduced  species in solut ion 
to produce  a v ib ra t iona l ly  exci ted  species. This energy  
is qu ick ly  diss ipated in the solut ion as heat. The sec- 
ond mechanism,  (b) ,  represents  the  isoenerget ic  e lec-  
t ron t ransfe r  f rom the reduced  species in solut ion to 
a surface s tate  which  then  recombines  wi th  a hole in 
the valence  band of the semiconductor ,  wi th  the  hea t  
d iss ipated i n  the semiconductor  itself. However ,  at  
this  t ime we can not  dis t inguish the difference be tween  
hea t  p roduced  in solut ion or  heat  on the  e lect rode 
itself. Therefore  ne i the r  mechanism can be verif ied 
using only  the t e m p e r a t u r e  measurement .  
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Fig. 11. Maximum open-circuit photopotential and heat dissipa- 
tion mechanism. 

Conclusion 
By in situ t empe ra tu r e  measurements  of the semi-  

conductor  electrode,  the quan tum and energy  efficiency 
of the  e lect rode react ion could be obtained.  The ad -  
vantage  of this type  of measuremen t  'ties in the  fact  
tha t  i t  is a re la t ive  measu remen t  and therefore  does 
not  depend upon knowing the l ight  intensi ty.  This 
e l iminates  the  need for  ca l ibra t ion  of the exci ta t ion  
source and establ ishes a method  by  which  resul ts  in 
different  labora tor ies  can be compared  more  easily.  
A d isadvantage  of the technique is tha t  the precis ion 
of the  measurements  ( ~  •  l imits  i ts use to the 
more  efficient systems. 

In  consider ing the  efficiencies ob ta ined  in  this  m a n -  
ne r  one should  note tha t  the  resul ts  p resen ted  refer  
to the  efficiency of the  e lec t rode  react ion and not to 
the  ent i re  photoelec t rochemical  cell. In  this work  no 
a t ten t ion  was given to the reac t ion  occurr ing at  the 
countere lec t rode  or to whe the r  the  cell was photo-  
vol taic  or photosynthet ic .  In  o rde r  to t r ea t  the  ent i re  
sys tem the rmal  measurements  dur ing  the cell reac-  
tion would be necessary.  Such measurements  could be 
carr ied  out  in a manne r  s imi lar  to tha t  descr ibed above 
or  by  placing the ent i re  photoelec t rochemical  cell  in  
a photoca lor imeter  and  measur ing  the overa l l  t he rma l  
change of the cell resu l t ing  f rom i l luminat ion.  By us-  
ing the fo rmer  method  both the e lec t rode  and cell  
efficiencies could be  de te rmined  whi le  ca lor imetr ic  
techniques would  only  y ie ld  the cell  efficienCy. 
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Electrochemical Surface Reactions on PbTe 
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ABSTRACT 

The electrochemical reactions of PbTe in  acetate buffer of pH 4.9 w e r e  
compared wi th  those in  s trongly acidic and alkal ine solutions. Rotat ing r ing-  
disk studies provided informat ion  on the na ture  of soluble products, while 
the composition of the surface layers was analyzed by  XPS. In  the potential  
range of 0-0.4 VH a Te- laye r  of only ~ 3 A  thickness is formed and an equiva-  
lent  amoun t  of Pb 2+ is dissolved, this Te- layer  being too th in  for coating or 
passivation purposes. At >0.4 VH an oxide layer  is formed which contains 
mostly TeO2 (H2TeOs) and ,-,30% PbO on the surface. There is a competing 
process be tween oxide film growth and dissolution of approximately  50% of 
these oxides. The reduct ion of TeO2 and PbO to e lemental  Te and PbTe occurs 
at <0 VH and the reduction of Te to soluble tel lurides at < --0.5 VH. By ao- 
propriate  cyclic oxidation and reduction the Pb concentrat ion in  the anodic 
oxide and the reduced layer  can be fur ther  decreased to ~15%. The oxide 
layers are not  good insulators (~1000A film, anodic current  --10 m A / c m  ~ at  
1.5 VH). The use of electrochemical processes on PbTe for forming well passi- 
r a t i ng  or insula t ing surface layers is limited. 

The best qualities of inf rared photovoltaic detectors 
on PbTe and Pb0.sSn0.2Te materials  can only be ob- 
tained by a surface passivation which minimizes sur-  
face leakage wi th  respect to bulk  leakage. Invest iga-  
tions of PbTe-Pb0.sSn0.2Te heterodiodes have shown 
that  the reverse currents  of diodes with Te-coated 
surfaces are more than an order of magni tude  lower 
than  those with surfaces oxidized in air (1). The Te 
coating has been prepared by preferential  etching of 
the PbTe and Pb0.sSn0.2Te surfaces. A previous paper 
(2) has demonstrated that  PbTe surfaces etched with 
HBr-Br2 or HNOs yield th in  elemental  Te layers 
(--,600A thick) which, however, may be quite porous. 
They only par t ia l ly  prevent  oxidation at the under ly -  
ing PbTe interface and are insufficiently passivating. 
Therefore, new processes producing thin protective Te 
layers on PbTe and Pb0.sSn0.2Te surfaces are still 
desirable. 

Electrochemically controlled etching gives decisive 
advantages with respect to pure  chemical processes. 
The surface reactions can be controlled us ing  an elec- 
tronic potentiostat. Formation,  reduction, and thickness 
of surface layers are determined by the fixed electrode 
potent ial  and are measured by the electrical charges 
related to the corresponding reactions. The s e m i c o n -  
ductor surface can be prepared with identical s tar t ing 
conditions and can be cleaned of any ini t ial  surface 
layers by dissolution processes at appropriate poten-  
tials. Even electronically insulat ing continuous and 
poreless surface layers may be formed because the 
redox process at the oxide/electrolyte interface is 
replaced by the potentiostatic circuit. One may en-  
visage the direct anodic  oxidation of PbTe to Te and 
dissolution of Pb ~+ into the electrolyte s imilar  to the 
preferent ia l  etching by oxidizing solutions. A different 
possibility for forming a Te layer  exists in the anodic 
oxidat ion of the PbTe surface preferent ia l ly  into a 
TeO~ fi.hn and its subsequent  reduct ion to elemental  
Te. The la t te r  process would also yield informat ion on 
oxide layers which may be useful for CCD device 
fabricat ion similar  to the case of Hg.0rCdo.3Te (3). In  
general  MIS devices and CCD operation on PbTe are 
l imited by the high dielectric constant  of PbTe. 

For the preparat ion of Te and TeO2 layers on PbTe 
and Pb0.sSn0.~Te the conditions for the different oxida- 
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analysis .  

tion and reduct ion processes must  be known. The elec- 
trochemical reactions become more complex with an 
increasing number  of elements in the semiconductor 
compound. Therefore, the electrochemical behavior  of 
the s impler  b ina ry  compound PbTe is presented in  this 
paper  and is compared with the properties of pure Pb 
and Te. 

Like PbTe, Te is a-semiconductor with a low band-  
gap of about 0.3 eV (4). The Fermi  levels for n and p 
doping are close to each other and no rectification is 
observed in diode structures at 300~ Therefore, the 
electrochemical behavior  of these materials  should be 
similar to those of metals and alloys. Usual potentio- 
dynamic and potentiostatic experiments  were per-  
formed and the soluble products were determined with 
a rotat ing r ing-disk arrangement .  The composition of 
the surface after the different electrochemical t reat-  
ments  was examined by XPS analysis. The value of 
XPS for the surface analysis of electrochemically 
treated semiconductors has been demonstrated by 
depth profiling of anodic oxide films (5). 

Experimental 
The samples were mostly PbTe films freshly pre-  

pared by evaporation with a modified hot wall  tech- 
nique (6) on cleaved <111> BaF2 platelets. The epi- 
taxial ly grown films were single crystalline, 5-10 ~m 
thick with a surface of <111> orientat ion and 0.3 cm 2 
area. The sample surface was covered by native oxide 
dur ing air exposure before the electrochemical experi -  
ments  (7). Depending on the part ial  pressure of Te 
p- and n - type  films were grown with typical electrical 
properties of n, p = 1017-1018 cm -~ and ~ (300~ _-- 
1000-2000 cm2V -1 sec-1. However, the doping was 
irrelevant ,  because we did not observe differences in 
the electrochemical behavior  between n and p samples, 
in agreement  with the low bandgap. For test experi-  
ments  and the r ing-disk a r rangement  large sized poly 
and single crystall ine bulk  mater ial  was used. The disk 
front  surface was oriented to <111> within  10 degrees 
and the doping was p ,-~ 10 is cm -3. 

The Te experiments  were performed wi th  large 
sized polycrystal l ine platelets and disks with front sur-  
face parallel  to the {T1.0} cleavage planes (4). The 
electrical properties are p ,,, 1016 cm-3 and ~ (77~ ,,, 
10 3 c m 2 V - 1  s e c - 1  

The specimens were welded wi th  ind ium to a copper 
wire for good ohmic contact. The contact area was cov- 
ered with epoxy resin and fixed to a glass tube for good 
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mechanical  stabil i ty of the electrodes. No resin was 
used for the XPS measurements  so as to achieve a 
rapid sample t ransfer  from the electrolyte into the 
UHV chamber. Electrochemical reactions at the un -  
protected contact area do not interfere with the proc- 
esses at the clean parts of the samples and therefore no 
contaminat ion is observed. A potentiostat. Tektronix  
pulse generators of Type 26 G3. and a function ~enera- 
tor for l inear  potential  variat ions were used for the 
electrochemical measurements .  The pulse program was 
directly fed into the adder of the potent ios ta t  

The formation of soluble products dur ing  the elec- 
trochemical reactions was measured with a rotat ing 
Pt  r ing -PbTe(Te)  disk electrode. A cylindrical  PbTe 
specimen was drilled ul t rasonical ly from a single 
crystal and covered with a 0.025 cm epoxy film. Two 
half  Pt  cylinders were fixed to the specimen and the 
whole assembly was inserted into a Plexiglas cyl inder 
filled with epoxy resin. The front plane was mechani-  
cally polished with a final 1 ~m graded diamond paste. 
The te l lur ium r ing-disk electrode was prepared in the 
same way. A modified ASR 2 Pine disk rotator with 
rotat ing mercury  contacts was used. Two couuled 
potentiostats bui l t  with differential amplifiers provided 
independent  var iat ion of the potential  for the disk and 
the analyt ical  Pt  ring. The two potentiostatic circuits 
worked with a common grounded Pt counterelectrode 
and one reference electrode. 

Hg/Hg2SO4/lIV H2SO4 served as reference electrode. 
In  this paper  all potentials are given relative to the 
s tandard hydrogen electrode and are corrected for 
l iquid junct ion potentials. Most experiments  were per-  
formed in acetate buffer pH 4.9 with 0.073M Na acetate 
and 0.029M acetic acid providing good solubil i ty for 
Pb 2+ and low solubil i ty for TeO2, as desired. In Ref. 
(8) a similar  sl ightly acidic electrolyte was used for 
anodic oxide film preparat ion on Pbl-~SnxTe. Some 
experiments  were performed in  strongly acidic pH = 
1.1 (0.1M HC104, HBr, and HNO~) and alkal ine solu- 
tions pH -- 12.9 (0.1M KOH).  All  solutions were pre-  
pared with analyt ical ly  pure substances and tr iply 
distilled water. 

The surface composition was measured w i t h  x - r ay  
photoelectron spectroscopy (XPS) in a Leybold- 
Heraeus system equipped with a sample interlock, a 
spherical sector analyzer, and a MgKa x- ray  source 
(1253.6 eV). The resolution was --1 eV and the detec- 
tion depth ,-~2OA. Before introduct ion into the UHV 
chamber  the electrochemically prepared samples were 
rinsed with t r iply distilled water. 

Results and Discussion 
Investigation of tellurium.--Electrochemical studies. 

~ P o t e n t i o d y n a m i c  polarization curves of te l lur ium in 

acetate buffer pH 4.9 show a current  increase at e > 
0.4 VH, a peak of 1.3 mA/cm 2 at 0.65 VH, and a current 
plateau of 0.8 mA/cm 2 up to several volts (Fig. 1). No 
oxygen evolution is observed despite the high elec- 
trode potentials. An electronically insulat ing te l lur ium 
oxide layer may explain the suppression of oxygen 
evolution. At ~0  VH the reduct ion of the covering ox- 
ide to elemental  te l lur ium is shown by a cathodic 
current  peak with its ma x i mum at --0.10 to --0.20 VH. 
A second cathodic peak appears at more negative po- 
tentials especially when  the anodic oxide film is grown 
at high potentials. The onset of the anodic current  
density fits reasonably well  to the thermodynamic 
value of the formation of TeO2 or H2TeO3 from 

Te + 2H20-> TeO2 + 4H + + 4e -  

~~ = 0.528 VH ~ = 0.239 VH [1] 
and 

Te + 3H20 --> H2TeO~ + 4H + + 4e-  

e ~ = 0.589 VH ~ = 0.298 VH [2] 

e~ is calculated with the values for the s tandard free 
enthalpy ~G ~ of the compounds involved in the proc- 
esses of Ref. (9). ~ refers to pH 4.9. The cathodic reduc-  
tion of the oxide occurs at more negative potentials as 
expected. Apparent ly  this process is not reversible 
enough. The cathodic peak appears only if anodic 
polarization to >0.40 VH is performed. The height and 
area of the cathodic peak increase with the ma x imum 
potential  reached dur ing the anodic scan (Fig. 1). This 
demonstrates qual i ta t ively the formation and thicken-  
ing of the oxide layer on Te with increasing electrode 
potential. 

At < --0.50 VH the reduction of Te to Te a -  or Te22- 
leads to a strong increase of the cathodic current  from 

Te + 2e-  -> Te 2- 

~~ --  --0.92 VH ~ = --0.77 V~ [3] 

e refers to a solution with ]0 - sM of Te 2- to simulate a 
bulk electrolyte v i r tua l ly  free of soluble te l lur ium 
compounds. 

Ring-disk voltammetry.--Examination with the rotat-  
ing r ing-disk  electrode reveals that  the oxidation 
product  at the disk is quite soluble (Fig. 2). At a r ing 
potential  of eR = --0.25 VH a cathodic r ing current  IR 
is observed, corresponding to the anodic disk current  
Ii, at e D ~ 0.4 V H.  With potent iodynamical ly  decreasing 
disk potential  (10 mV/sec) the value of the cathodic 
r ing Current is unchanged even for ~D < 0.40 VH when 
no corresponding anodic oxidation at the disk takes 
place, indicat ing that  the oxide layer  is still dissolving 

Fig. 1. Potentiodynamic polar- 
ization curve of tellurium in ace- 
tate buffer pH 4.9 with d~/dt 
+__!0 mY/see. The scan to posi- 
tive voltages is performed up to 
the indicated values. 
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Fig. 2. Potentiodynamic polarization curve with a rotating Pt 
ring-Te disk electrode in acetate buffer pH 4.9 with variable disk 
potential deD/dt = 10 mV/sec, fixed ring potential eR = --0.25 
VII, disk current ID, ring current IR, f = 1000 min -z,  disk area 
A = 0.12 cm ~'. 

E L E C T R O C H E M I C A L  REACTIONS ON P b T e  

acetate buffer pH:4,9 

849 

/ 2.00~ 
120- Te / 

acetate buffer / i  '~176176 / = 

'~ go- 

/ / "  ) 
t H ~ I 

/ , I  ~ - o s o v .  200- 

ZO- / y o _  - o -  --o-O'60vH 

Z o /  
p/~e~lr~l....i.,..._ll.,...,...._,_._ll_ 050 V H 

0- -0 
! I I I I I 

0 103010100 3{}0 600 
t l s  

Fig. 3. Increase of the cathodic charge Q and the related oxide 
thicknesses 8TeO2 and 8H2TeO3 with oxidation time of tellurium 
in acetate buffer pH 4.9 for four fixed potentials. Charge Q is 
determined by the indicated potentiodynamic reduction with 
de/dt - -  --10 mV/sec. 

-15oo 

-1000 

o~  

- 5 0 0  

unt i l  it is reduced at eD = --0.1 VH. Consequently, the 
cathodic r ing  current  becomes less negative for e D 
--0.1 VH. For quasis tat ionary current  conditions, 2 min  
after  a potential  in the current  plateau is established, 
the collection efficiency for the r ing is 17%. This is 
~66% of the value expected theoretically for the 
geometry of the r ing-disk  electrode used if all anodic 
products at the disk would be soluble. Therefore only 
--,34% of the disk current  has to be a t t r ibuted to the 
formation of a stable TeO~(H2TeOs) layer  on the Te 
surface. 

In  the plateau region the quasis tat ionary cur ren t  
densities ID and IR increase with the square root of the 
rotat ion frequency. The anodic current  is therefore 
determined by a diffusion-controlled process as given 
by the Levich equation. The Tea2 layer is cont inuously 
dissolved as tel lur i te  and its t ransport  into the bulk 
solution by diffusion is the ra te -de te rmin ing  step. 

Thickness of the tellurium oxide Zayer.--The part ial  
consumption of the anodic current  density for the oxide 
film growth is seen more directly by the de terminat ion  
of the film thickness. The oxide was formed at suffici- 
ent ly  positive potentials (-----0.50 Vn) for a definite 
period of t ime and reduced potent iodynamical ly  (10 
mV/sec)  in the potent ial  range of 0.10 to --0.60 VH. 
The charge of the integrated cathodic current  peaks Q 
is used to obtain a value of the layer  thickness of Tea2 
or H2TeO8 applying Faraday 's  law to reactions [1] and 
[2] for oxide reduction. 

Molar volumes of 27.5 and 58.23 cm3/mole are used 
for Tea2 and H2TeO~, respectively. 

The increasing layer  thickness with the time of oxi- 
dation for four different electrode potentials is given 
in Fig. 3. A constant  layer  thickness of ,~100A Tea2 is 
obtained within  about 1 min for 0.5-0.6 VH while a 
l inear  increase of the oxide thickness with the square 
root of t ime up to several hundred  angstroms is ob- 
tained for higher potentials. No growth saturat ion is 
observed. The increase of oxide thickness with the 

electrode potential  for a fixed time of anodic oxidation 
is near ly  l inear  (300A at 4.0 VH after I0 sec). These 
values, however, cannot  be related to a constant  layer  
thickness because it is still increasing with time. 

It  seems reasonable to assume a double s t ructure  of 
the covering oxide. A dense inner  layer  prevents  the 
direct contact of the te l lu r ium surface to the electro- 
lyte. Therefore, no oxygen evolution takes place. An 
outer part  is presumably  porous or has a good ionic 
conductivity. The oxide thickness obtained is relat ively 
high for the small  electrode potentials. The layer  does 
not effectively block the fur ther  anodic oxidation. The 
double s t ructure  of the cathodic current  peak for high 
oxidation potentials (Fig. 1) might  be an indication 
for a double s t ructure  of the anodic oxide. The oxide 
thickness decreases by  dissolution in the electrolyte for 
open-circui t  conditions or at 0.10 VH when nei ther  
oxide formation nor  reduct ion occurs. Approximately  
60% of the oxide is dissolved dur ing the first 50 sec 
whereas the rest is not removed wi th in  200 sec, an-  
other h in t  for a double s tructure of the oxide. 

Investigation o,] Zead teZIuride.--ElectrochemicaL 
studies.--The potent iodynamic polarization curve of 
PbTe-fi lms at pH 4.9 has two distinct anodic peaks AI 
and AII (Pig. 4). At potentials more positive than 
peak AII  the cur ren t  density shows a weak plateau 
and then increases again at >0.9 VH. The scan in  nega-  
tive direction reveals two cathodic peaks CI and CII 
(Fig. 4), the lat ter  being observed only if the potential  
has been more positive than  peak AII, while peak CI 
is closely related to peak AI. AI is only observed if the 
potential  has crossed the CI position and vice versa. 
The close relat ion between the anodic and cathodic 
peaks demonstrates,  therefore, that stable anodic oxi- 
dation products on the surface are reduced dur ing the 
cathodic scan. 

The potent iodynamic curve of PbTe can be compared 
directly to that  of e lemental  Te. The increase of the 
anodic current  at 0.40 VH and the AII  peak occur at the 
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Fig. 4. Potentiodynamlc polarization curves of PbTe in acetate 
buffer pH 4.9 with de/dt = •  mY/sec and scans up to 0.6 and 
0.7 VH. 

same potential  as the anodic s t ructure  for the pure Te 
specimen. Peak CI is in the position of the increasing 
cathodic current  for Te at --0.55 VH and CII for the 
PbTe film is observed at about the same position as the 
cathodic peak of Te. Its position shifts in negative di- 
rection with increasing scan rate of the potential. A 
shoulder at negat ive potentials is obtained similar to 
Te. Only the AI peak is a new feature of PbTe. 

For freshly deposited PbTe films, the current  plateau 
at potentials more positive than 0.5 VH (peak AII) 
reaches values in the range of 60 ~A/cm 2. Higher cur-  
rent  densities of some 100 #A/cm 2 are observed in sub- 
sequent experiments  which is a consequence of surface 
roughening dur ing  anodic oxidation. This current  
plateau ends at 0.9 VH where a fur ther  steep current  
increase is obtained. In  contrast  to the behavior  of 
pure te l lur ium no l imit ing current  is achieved, with 
the current  density rising to more than 10 mA/ c m 2 at 
potentials of -----1.5 VH. 

The re levant  electrochemical reactions occurring at 
the PbTe surface in the potential  range of  interest  
(--0.8 to 1.3 VH) are given below with the s tandard 
potentials e ~ which are calculated from the s tandard 
free enthalpy of formation of the compounds involved 
in  the processes (9). The ~G ~ value for PbTe is ob- 
tained from the s tandard entha lpy  of formation and 
the s tandard entropy of Ref. (10). The electrode po- 
tentials e refer to a solution of pH 4.9 and to a concen- 
t rat ion of 10-SM for all soluble substances which are 
not par t  of the composition of the bu lk  electrolyte 

PbTe --> Pb 2+ �9 aq -5 Te -5 2e -  

e ~ = 0.247 VH e = 0.100 V s  [4] 

PbTe -5 2H20 -> Pb 2+ �9 aq -5 TeO2 -5 4H + -5 6e-  

e ~ = 0.435 VH ~ = 0.193 VH [5] 

PbTe -5 3H20--> Pb 2+ �9 aq + H2TeO~ + 4H + + 6e-  

e ~ = 0.475 VH e = 0.261 VH [6] 

PbTe -5 4H20-> PbO -5 H2TeO3 -5 6H+ -5 6e-  

e~ = 0.601 VH ~ = 0.354 VH [7] 

PbTe -5 2e -  -> Pb + Te 2- �9 aq 

e ~ = --1.286 VH ~ = --1.134 VH [8] 

The anodic oxidat ion in  the potential  range of 0-0.4 
VH and the cur ren t  peak AI at 0.140 VH correspond to 

reaction [4], this being in agreement  with the calcu- 
lated potential  value of ~ = 0.10 VH. Te remains at the 
surface and blocks a fur ther  oxidation leading to small  
s ta t ionary cur ren t  densities of ~0.5 ~A/cm 2 (Fig. 4 and 
8). The reduct ion of the Te layer  to soluble Te 2= ac- 
cording to reaction [3] e = --0.77 VH starts at --0.5 VH 
with the CI mi n i mum at --0.55 VH (Fig. 4), analogous 
to the reduction of elemental  Te in the same electro- 
lyre (Fig. 1). The reduction of PbTe to Pb and soluble 
Te 2- at ----- --0.5 VH according to reaction [8] can be 
excluded because of the very  negative value ~ = --1.13 
Vi~. 

The anodic oxidation of Te and PbTe according to 
the reactions [1], [2], and [5] to [7] is expected in the 
potential  range of 0.20-0.35 VH after the thermody-  
namical  values. These values are in  fair  agreement  
with ~0.40 VH and the AII  peak found exper imenta l ly  
for both materials.  In  the range of peak CII from 
--0.10 to --0.40 VH the oxide layer  is reduced to ele- 
menta l  Te and PbTe which is supported by the XPS 
measurements  described later. 

Some characteristic differences are observed for the 
polarization curves in s t rongly acidic solutions like 
0.1M HC104, HNO3, and HBr (pH = 1.1) (Fig. 5). Peak 
AI remains unchanged at 0.2 VH. The independence of 
pH is expected because no H + ions are involved in 
reaction [4] occurring in this potential  range. In  the 
range of the AII peak, at ~0.5 VH, a pronounced cur-  
rent  increase is obtained. No second plateau is reached 
as in acetate buffer pH = 4.9. Soluble oxidation prod- 
ucts are apparent ly  forming and no stable surface films. 
Consequently, no pronounced cathodic current  peaks 
are obtained with potent iodynamic investigations for 
negative potential  scans. These results agree with 
those of te l lur ium in the same strongly acidic solutions 
(not shown in this work) .  An oxide layer is detected 
by a small  cathodic peak only when its reduction is 
performed immediate ly  after its formation by a rapid 
cathodic potential  scan. TeO2 (H2TeO3) dissolves too 
fast and no protective layer  remains on the semicon- 
ductor surface for a longer period of time. The shift of 
the current  increase at 0.40 VH for pH 4.9 to 0.60 VH at 
pH 1.1 can be explained by the usual  change of the 
potential  of oxide formation with the pH value (40 
mV/pH, Eq. [5] and [6]). At --0.3 VH a small anodic 
peak is superimposed for positive scans. The peak is 
related to the oxidation of Pb to soluble Pb ~+, the Pb  
having been deposited by reduction of Pb 2+ in solution, 
dissolved during a previous experiment.  

Results in strongly alkal ine solution of 0.1M KOH 
(pH 12.9) are similar to those in acidic solutions. The 
steep anodic current  increase (AII range) is shifted to 
--0.2 VH (Fig. 5), this change corresponding to a pH 
shift of 8 and 12 units  compared to the acidic solutions 
pH 4.9 and pH 1.1, respectively. The anodic peak at 
--0.5 VH is due to oxidation of Pb to PbO deposited 
cathodically during a previous run. However no anodic 
peak related to AI is observed because the potential  
shift of the AII  reaction conceals it. No pronounced 
cathodic peaks are detected, this indicat ing unstable  
anodic surface film formation. 

Etching solutions like HBr/Br2 or HNO~ were used 
successfully to obtain Te surface layers of some 100A 
thickness. The electrode potential  depends on the ki-  
netics of the part ial  reactions of PbTe, the oxidant, and 
the thermodynamic  conditions. In the case of the chem- 
ical etchants above this has not been measured, how- 
ever, it should be in the range of 0.1-0.6 VH when Te is 
formed at the surface but  no TeO2. The polarization 
curve of PbTe in 0.1NI HNO~ (Fig. 5) shows a pro- 
nounced current  plateau of ~20 ~ / c m  2 in this poten-  
tial range. The relat ively thick Te layers have to be 
porous to enable the Pb 2+ t ransport  into the solution. 
This apparent ly  results in the poor coating properties 
of the films against oxidation in air  for longer expo- 
sure (2). Similar  results were obtained for Te-r ich 
films produced by cyclic electrochemical oxidation and 
reduction (see section on XPS invest igat ion) .  
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Fig. 5. Potentiodynamic polarization curves of PbTe in 0.1M solutions of HCIO4, HNO3, HBr (pH 1.1), and KOH (pH 12.9) 

During the electrochemical examinat ion  of PbTe 
films in  acetate buffer pH 4.9 in the potential  range 
--0.80 to 0.80 VH, no change of the surface smoothness 
is observed. If, however, the potential  is increased 
above 0.9 VH the steep cur ren t  increase is accompanied 
by  a local at tack of the surface and the formation of 
black deposits (Fig. 6), which grow and finally coalesce 
into a continuous surface film. The presence of some 
i r regular  pits again demonstrates the local attack of 
the semiconductor surface. 

Ring-disk vo~tammetry.--To examine whether  the ro- 
ta t ing r ing-d isk  a r rangement  is suitable for the deter-  
mina t ion  of the soluble oxidation products of PbTe in 
acetate buffer pH 4.9 the potent iodynamic polarization 
curve of the Pt  r ing was examined (Fig.  7a). For disk 
potentials ~D ----- 0.40 VH the dissolution of tel lur i te  is 
indicated by a cathodic step of IR at ~a ---- --0.1 VH 
(reaction [1] and [2]) for negative potential  scans. At 
eR --  --0.30 VH the reduct ion of Pb 2+ is superimposed. 
For disk potentials eD ~ 0.30 VH this step is not  ob- 
served because no oxidation products are formed. The 
steeper current  increase at r < --0.3 VH and ~R > 1.40 

Fig 6. Photomicrograph of local attack and formation of deposits 
on a PbTe film after electrochemical treatment at 1.00 VH for 5 
min in acetate buffer pH 4.9. 
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V~ is caused by  an enhanced hydrogen or oxygen 
evolut ion on the clean p la t inum r ing not covered by 
any  oxidation or reduction products of PbTe. The 
cathodic peak at 0.40 V• for both disk potentials is 
correlated to the reduct ion of p la t inum oxide formed 
at potentials ER > 0.7 VH. The products deposited by 
cathodic reduction on the r ing cause anodic peaks at eR 
--  0.10 and 0.50 VH for positive scans. Apparent ly  
s imilar  reactions are occurr ing as on PbTe suggesting 
the formation of PbTe and Te dur ing  cathodic reduc- 
tion of the dissolution products of the disk. 

Analogous to Fig. 2 for Te, Fig. 7b shows the close 
correlation of the r ing and disk current  for a potentio-  
dynamic var iat ion of the disk potential. The anodic 
disk current  ID of 6/cA around peak AI gives rise to a 
cathodic r ing current  IR of aiR ---- 1.5 /~A, the current  
values agreeing with the theoretical collection effici- 
ency of ,-,20%. These observations may be explained by 
reaction [4]. A T e  film is produced on the disk, while 
pb2+ is completely dissolved in  the electrolyte and is 
reduced to Pb at  the r ing with the same number  of 
electrons. 

The current  increase at eD > 0.4 VH is accompanied 
by a higher cathodic r ing current,  and the collection 
efficiency of about 10% indicates bet ter  oxide forma- 
tion and less dissolution than for the case of e lemental  
Te (theoretical efficiency 20%). Again IR becomes less 
negative when the surface oxide is reduced in  the 
range of 0 to --0.10 VH, and p r e s u m a b l y  some PbO in  
the oxide layer  is reduced between --0.10 and --0.50 
VH (see XPS results in later  section). At eD < --0.50 
VH and eR -- --0.30 VH a superimposed anodic current  
peak at the r ing results from the oxidation of Te 2- 
which is produced and dissolved at the disk. The cath- 
odic disk current  at ~D < --0.50 VH corresponds to peak 
CI when  the te l lur ium at the surface is reduced to 
soluble telluride. 
Thickness of the surface layers on PbTe.--The close 
relat ion between the peaks AI and CI has been pointed 
out already. If a PbTe film is anodically oxidized for a 
sufficiently long time at 0.20 VH ( > A I  = 0.15 VH) the 
anodic current  density almost vanishes ( <  1 #A/cm 2) 
(Fig. 8). However, after the cathodic reduction at 
peak CI < --0.50 VH, AI regains its original  height, 
indicating that  the anodic reaction AI leads to a re- 
producible passivation film on the semiconductor sur-  
face. The reduction of the anodic product  at peak CI 
reestablishes the original surface, peak CI being ob- 
served only after an anodic oxidation in the range of 
AI. The cathodic charge increases with the anodic po- 
tent ial  and with the t ime of AI oxidation for a constant 
potential  (Fig. 9). The structure and area of CI does 
not change with the scan rate, only the peak position is 
sl ightly shifted to more positive values with decreasing 
scan rates. At potentials between the CI and AI peak 
and at open-circui t  conditions the area of CI is ma in-  
tained for at least 2 min, t h u s d e m o n s t r a t i n g  no dis- 
solution of the anodic film. Its position, however, is 
slightly shifted to more negative values. The cathodic 
charge Qcz amounts  to 0.33 mC/cm2 for 108 sec oxida- 
tion at 0.2 VH, approximately the same charge obtained 
for peak AI. With a surface roughness factor of one for 
a freshly deposited PbTe film and with the in terpre ta-  
tion of peak AI by reaction [4] (see sections on Elec- 
trochemical studies, Ring-disk vol tammetry,  and Fig. 
7b) a m a x i m u m  Te layer  of 3.4A is obtained (VM,we : 
20.4 cmS). 

The one to two monolayer  thick Te layer, produced 
by direct oxidation, is too th in  to provide a sufficient 
surface coating or passivation for devices. Thicker 
layers (~100A) would require t ransport  of Pb 2+ ions 
through a continuous poreless Te film into the electro- 
lyte. Normally such processes involve migrat ion in high 
electric fields, however the appropriate field s t rength 
cannot be bui l t  up because of the anodic oxidation of 
Te and PbTe which occurs at ~ 0.4 VH. 

The thickness of the oxide layer, formed at the AII 
peak > 0.4 VH, is est imated assuming a complete TeO~ 
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or H2TeO3 composition. XPS measurements  discussed 
later  however will  show that this assumption is not 
quite correct. The thickness is determined by the 
charge corresponding to the cathodic peak CII which is 
essential ly the reduction of the AII oxide film to the 
element.  The in terpre ta t ion  and calculation is the same 
as for the pure Te sample discussed in an earlier sec- 
tion. In  the plateau range from 0.5 to 0.9 VH the oxide 
film thickness increases l inear ly  with the logari thm 
of the oxidation t ime so that after 100 sec at 0.8 VH 
8 mC/cm 2 are transferred,  corresponding to ,-,60A TeO2 
or ,~120A H2TeO~. No growth saturat ion wi th in  this 
t ime and voltage range is observed. 

X P S  investigation.--After the different oxidation and 
reduction processes, the specimens were analyzed by 
XPS. The relat ive t ransi t ion intensit ies provide in -  

formation about  the composition of the surface wi th in  
the detection depth of ,~20A, while the different chem- 
ical bonds give rise to chemical shifts. Figure 10 shows 
the expanded spectra of the core level t ransi t ions Pb 
4ff and Te 3d 5 from samples which have undergone the 
indicated electrochemical t reatments.  The positions of 
the peaks for the elements and the compounds of in-  
terest are  in agreement  with other authors (11-14): 
Te4+ in  TeO2 --576.3 eV, Te ~ in elemental  Te --573.0 
eV, Te 2- in PbTe- -572 .3  eV, PbO final oxidation stage 
--138.8 eV, Pb 2+ in  PbTe --137.8 eV, Pb ~ in metall ic 
Pb --136.9 eV. The difference in chemical shift between 
Te ~ and Te 2-  is at our resolution (~1 eV) too small  for 
a clear separation. We would l ike to note that  n o  
sputter  profiling of the surface layers was attempted, 
therefore, the XPS results only represent  the actual 
surface in contact wi th  the electrolyte. 

After  reduct ion of PbTe for 10 min  at --0.80 eV 
( <  CI peak, Fig. 10a) the first Te-peak has a b inding 
energy of 572.6 eV as expected for Te 2-. Oxidation at 
0.30 VH (>  AI peak) for 5 min  shifts this peak to 573.1 
eV. This slight shift might  be a t t r ibuted to contr ibu-  
tions from elemental  Te which supports the in terpre ta-  
tion of the electrochemical results. In  both cases a sec- 
ond peak at 576.9 eV shows TeO~ on the surface. The 
wet PbTe surface oxidizes in  air dur ing  sample t ransfer  
from the electrolyte to the UHV chamber  and there-  
fore complicates the interpretat ion.  The Pb 4ff t rans i -  
t ion remains  the same after each t rea tment  with the 
prominent  peak at the position of Pb 2+ of PbTe and a 
PbO shoulder at higher b inding  energies resul t ing from 
oxidation during sample transfer.  

The anodic AII  oxidation starts at 0.45 VH and leads 
gradual ly  to an oxidation of the surface to TeO2 and 
PbO within  the detection depth (Fig. 10b), an appre-  
ciable PbO concentrat ion being incorporated into the 
TeO2 layer. The peaks of Pb 2+ and Te 2- are still ob- 
served after 5 min  indicating that  the oxide formation 
does not  exceed ,~20A. 

Anodic oxidation wi th in  the current  plateau at po- 
tentials >0.5 VH leads to a rapid and complete coverage 
of the surface by TeO2 and PbO (Fig. 10c). The in-  
tensi ty ratio of Pb 4ff/Te 3d 5 is smaller  by a factor of 
~1 /3  compared to peaks on a clean PbTe surface (7) 
and this change is used for an estimate of the Pb con- 
centrat ion wi th in  the oxide surface at 30%. At --0.25 
VH ( <  CII peak) the oxides are reduced to elemental  
Te (Te ~ and PbTe (Pb 2+ and Te2 - ) ,  the oxide peaks 
(TeO2 and PbO) resul t ing from oxidation dur ing 
sample transfer.  A shorter reduct ion period of 1 min  
increases the PbO shoulder and the TeO2 peak demon-  
s t rat ing that  the reduct ion of such a ,~70A thick oxide 
layer takes more than  1 min. After  the CII reduct ion 
no change of the Pb /Te  ratio is observed with no 
preferent ial  dissolution of one of the elements. Oxide 
layers grown > 0.9 VH show a similar  P b / Te  ratio in  
the film as described above. 

In  order to reduce the Pb concentrat ion in the oxide 
layer, a cyclic oxidation and reduction was carried out 
the oxidation being performed at 0.70 VH and the re-  
duction at --0.25 or --0.40 VH. After  two or four cycles 
no appreciable decrease of the Pb concentrat ion is ob- 
served for equal oxidation periods. If, however, the 
second oxidation is only half as long as the first one the 
Pb /Te  ratio decreases by another  factor ,-~0.5. In  the 
second oxidation less TeO2 should be formed than in 
the first one to prevent  the oxidation of the bulk  PbTe 
which produces new PbO and compensates, therefore, 
the Pb losses of the surface film dur ing oxidation. 

The formation of a continuous, poreless, Pb-f ree  
layer  of TeO2 or Te ~ by AII  oxidation or CII reduction 
cannot be expected in principle. In  any case the Pb 2e 
ions have to pass through a dense oxide film which 
automatical ly  leads to its Pb content. A 50% P b-bu lk  
mater ia l  does not allow an appreciable accumulat ion 
at its interface to the oxide layer. The preferent ia l  dis- 
solution of Pb 2+ requires the presence of a porous 
layer  as ment ioned above. 
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Summary and Conclusions 
The goal of a thin protective Te layer on PbTe could 

not be achieved in this study since the direct oxidation 
(AI oxidation) yields too thin a Te film for coating and 
passivation purposes. A cyclic oxidation (AII) and re- 
duction (CII) process does not yield Pb free films al- 
though its concentration can be reduced appreciably. 

The AII oxidation shows that in a competing growth 
and dissolution process TeO2 (H2TeOa) rich surface 

Te 3d5 pb4f7 

1 min 020 V H 
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binding energy 

(c) Complete anodic oxidation 1 rain at 0.70 Vn (All peak) and 
reduction 5 rain at --0.25 Vzt (eli peak). 

Fig 10. Expanded Te 3d ~ and Pb 4f 7 XP$ spectra measured on 
PbTe films after the indicated electrochemical treatments in ace- 
tate buffer pH 4.9. 

layers can be produced. After a cyclic process they 
contain at least ~15% PbO on the surface which is in 
contact with the electrolyte. This value is, therefore, a 
lower limit of the Pb concentration within the whole 
oxide film. Thus claims of anodic oxide films on PbTe, 
Pbl-xSn=Te consisting mostly of TeO~ (8), must be 
checked by a critical evaluation of the preparation 
process. If the sample is chemically etched, in HBr-Br2 
for instance, before anodic oxidation the surface is al- 
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ready covered by a Te layer (1, 2). Therefore, the Te 
enrichment may be not only due to the anodic oxida- 
tion but essentially due to the previous chemical etch- 
ing. The oxide films are quite conductive and porous 
because of the high current densities at high anodic 
potentials. 

Similar results to those reported in this paper are 
expected for Pb0.sSn0.2Te. Although Sn and especially 
SnO~ behave differently than Pb, Te, and their oxides 
in chemical solutions, the Sn concentration is still low. 
Preferential  oxidation, reduction, and dissolution 
processes and growth of thick surface layers have to 
deal, therefore, with similar diffusion and migration 
problems of one of the elements in the surface layer as 
was encountered in PbTe. 

Acknowledgment 
We are indebted to H. Maier of AEG-Telefunken, 

Heilbronn (FRG), for supplying single crystalline 
PbTe bulk material  and T. Jakobus for the epitaxial  
PbTe films. The critical reading of the manuscript by 
K. Eisele is appreciated. We acknowledge the technical 
assistance of B. Titze. 

Manuscript submitted July 27, 1979; revised manu- 
script received Oct. 18, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submitted by Aug. 1, 1980. 

Publication costs of this article were assisted by the 
Fraunho]er-Institut ]fir Angewandte FestkJrperphysik. 

REFERENCES 
1. R. W. Grant, J. G. Pasko, J, T. Longo, and A. M. 

Andrews, J. Vac. Sci. Technol., 13,940 (1976). 
2. M. Bettini, G. Brandt, and Sh. Rotter, J. Vac. Sci. 

Technol., 16, 1548 (1979). 
3. R. A. Chapman, M. A. Kinch, S. R. Borrello, H. 

Simmons, and D. D. Buss, International Con- 
ference on Application of CCD's, Naval Ocean 
Systems Center, San Diego, California (1978). 

4. P. Grosse, "Springer Tracts in Modern Physics," 
Vol. 48, Springer-Verlag, Berlin (1969). 

5. P. A. Breeze and H. C. Hartnagel, Thin Solid Films, 
56, 51 (1978). 

6. J. Kasai, D. W. Bassett, and J. Hornung, J. Appl. 
Phys., 47, 3167 (1976). 

7. M. Bettini and H. J. Richter, SurL Sci., 80, 334 
(1979). 

8. T. Jimbo, M. Umeno, H. Shimizu, and J. Ameniya, 
International Conference on Vapor Growth and 
Epitaxy, ICVGE-4, Nagoya, Japan (1978). 

9. Handbook of Chemistry and Physics, Vol. 52 (1971- 
1972). 

10. Landolt-BJrnstein, 4, 258, Springer-Verlag (1961). 
11. M. K. Bahl, R. L. Watson, and J. J. Irgalic, J. 

Chem. Phys., 66, 5526 (1977). 
12. St. Evans and J. M. Thomas, J. Chem. Soc. Fara- 

day Trans. 2, 71, 313 (1975). 
13. J. M. Thomas and M. J. Tricker, ibid., 71, 329 

(1975). 
14. W. E. Morgan and J. R. van Wazer, Phys. Chem., 

77, 964 (1973). 

Mechanism of the Electrochemical 
Lead to Lead Dioxide Electrode in 

Oxidation of 
H S04 Solution 

D. Pavlov* and Z. Diner 
Central Laboratory o~ Electrochemical Power Sources, Bulgarian Academy o~ Sciences, Sofia 1040, Bulgaria 

ABSTRACT 

The electrode system Pb/PbO layer/PbSO~ membrane/H2SO4 solution 
forms when a lead electrode immersed in an H2SO4 solution is in the potential 
r a n g e  between --400 and +960 mV (vs. the Hg/HgSO4 electrode). When the 
electrode potential is raised above +960 mY the PbO and PbSO4 layers a r e  
oxidized to PbO2. The mechanism of this oxidation is determined by the elec- 
tric properties and the crystal structure of PbO and PbSO4. The paper deals 
with the electrochemical behavior of the electrode during potential sweeps 
from the PbO into the PbO2 potential ranges. It was found that first PbO is 
oxidized via solid-phase reactions to nonstoiehiometric pbOn without a c h a n g e  
of its crystal  structure. This takes place via the electrochemical reaction 

m 
kPbO + ~- H~O -- kPbOn + rnH + "t- m e -  

which proceeds at the PbO/solution interface. Since PbO, is a semiconductor, 
the oxidation of the Pb 2+ ions in its crystal lattice probably takes place 
through a mechanism in which surface states and mobile acceptors take part. 
Such are O -  and O, evolved during the reaction of oxygen evolution. When n 
reaches a critical value n _~ d, a-PbO2 nucleation commences in the pores of 
the PbSO4 membrane. When this phase reaches the H2SO4 solution the oxida- 
tion of PbSO4 crystals to ~-PbO~ begins. This takes place according to the 
mechanism 

dissolution of PbSO4--> diffusion of Pb 2 + ions --> oxidation of pb2+ 

at the PbO2 surface --> precipitation of ~-PbO2 

The dissolution of PbSO4 crystals begins at the apexes of the crystals and con- 
tinues at  their  edges and faces. 

The processes occurring during electrochemical oxi- 
dation of the Pb electrode to PbO2 in HsSO4 solution 

* Electrochemical  Society Act ive  Member~ 
Key words: LSV ( l inear  sweep voltammetry), lead dioxide elec- 

trode, oxidation of PbO, oxidation of PbSOJ, solid-state reactions,  
electrochemical reactions in anodic multilayer deposit. 

depend on the structure and composition of the anodie 
layer (1-4). They all are determined by the e l e c t r o d e  
potential (3, 4). There are three potential regions, 
according to the anodic layer phase composition (3, 4). 
Upon oxidation of Pb from --970 to --400 mV (vs. 
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Hg/Hg2SO4 e lec t rode) ,  the  anodic l aye r  consists of 
PbSO4 crystals ,  so this is the  lead  sulfa te  region. F r o m  
--400 to 4960 mV ( lead oxide region) ,  the  anodic 
l aye r  acquires  the  fol lowing s t ruc ture  

P b / t e t - P b O  layer /PbSO4 m e m b r a n e / H ~ O 4  solut ion 

Above 4960 mV ( lead dioxide  region)  the  anodic 
l aye r  contains a- and  #-PbO2 and te t -PbO.  The  method  
of ox ida t ion  (potent iosta t ic  or  ga lvanosta t ic)  affects 
only  the ra t io  of the  phases,  b u t  not  the i r  p resence  in 
the  anodic layer .  

Dur ing  the las t  decade l inea r  sweep v o l t a m m e t r y  
was used to s tudy  the anodic l aye r  oxidat ion  to PbO2 
l aye r  (5-11). These papers  contain  considerable  in -  
fo rmat ion  concerning the behavior  of the  lead  e lec-  
t rode both on anodic polar iza t ion  and cathodic reduc-  
tion of the  PbO2 layer .  Valer io te  and Gal lop (12) re -  
cent ly  car r ied  out a potent ios ta t ic  s tudy  of the  anodic 
l aye r  oxidation,  t ak ing  into account the  exis tence  of 
PbO and PbSO4 phases.  They  t r ea t  the aspects of ion 
diffusion in the  anodic  l aye r  solut ion and  of PbO2 
nucleat ion.  

The  p resen t  pape r  aims to de te rmine  the mecha-  
nism of e lec t rochemical  oxida t ion  of the  P b / P b O /  
PbSO4 e lec t rode  sys tem to the  Pb/PbO2 electrode.  

Experimental Methods 
The e lec t rode  was  a 99.999% Pb cyl inder ,  pressed 

into a Teflon holder,  so tha t  on ly  its base wi th  an 
area  of 0.5 cm 2 is oxidized. Before every  series of ex-  
pe r iments  a th in  l aye r  was cut  off f rom the e lec t rode  
so tha t  a f resh  surface was formed. Then the e lec t rode  
was r insed in t r ip ly  dis t i l led  wa te r  and inser ted  into 
the cell. A 5 min reduct ion  at  --1200 mV fol lowed and 
then the potent ia l  was  set to the  des i red  value.  

A one -compar tmen t  glass cell  was used. The window 
wal l  facing the e lec t rode  was opt ica l ly  flat. The 
countere lec t rode  was of p la t inum.  A n  e lec t ro ly te  of 
1N H2SO4 was used for  both  the cell  and the reference  
Hg/Hg2SO4 electrode.  A l l  potent ia ls  in  this pape r  a re  
presented  agains t  the Hg/Hg2SO4 electrode.  The t em-  
pe ra tu re  of the  cell and  the re fe rence  e lec t rode  was 
ma in ta ined  at  25~ by  means  of a thermosta t .  The 
potent ios ta t  was RadeLkis, Type  OH-405. 

To obta in  a Pb/PbO/PbSO4/H2SO4 e lec t rode  sys-  
tem the e lec t rode  was oxidized in i t ia l ly  for  4 hr  a t  
4 600 mV in the dark.  

The  Pb/PbOn/PbSO4/H2SO4 sys tem was formed by  
means  of photoact ivat ion.  Dur ing  the oxida t ion  a t  
4600 mV the e lec t rode  was r ecu r r en t l y  i l lumina ted  
wi th  whi te  light.  Expe r imen ta l  detai ls  concerning 
photoac t iva t ion  a re  given in Ref. (13). 

Both systems were  oxidized by  po ten t iodynamic  
polar iza t ion  f rom 4700 mV to a potent ia l  of the  PbO2 
region in the dark.  A cathodic po ten t ia l  sweep fol-  
lowed  to indicate  the  fo rmat ion  of PbO~. Various  
scanning rates  and  uppe r  potent ia l  l imits  were  t r ied  
in  o rde r  to separa te  the different  chemical  and e lec t ro-  
chemical  reactions.  

Experiments and Discussion 
Nature of the overvo~tage at the oxidation of 

Pb/PbO/PbSO4/HzSO4 to Pb/PbOn/PbSOJH2S04 sys- 
tem in the dark.--The s t ruc ture  of the  anodic l aye r  
(Fig.  1), fo rmed  in the  PbO region, was de te rmined  
by  x - r a y  diffract ion analysis  and  e lec t ron  microscope 
observat ions  (4).  

The PbSO4 crysta ls  form a membrane .  The processes 
in the  solut ion dur ing  its format ion  were  e luc ida ted  
in Ref. (14) Pav lov  and Popova (15) es tabl ished and 
de te rmined  the e lec t rochemical  proper t ies  of the mem-  
brane.  La t e r  Ruetschi  (16) has confirmed these p rop -  
er t ies  on chemical ly  p rec ip i t a t ed  BaSO4 and PbSO4 
membranes .  The  dense l aye r  of t e t -PbO is obviously  
s i tua ted  be tween  the  PbSO4 sub layer  and  the metal .  

Somet imes  dur ing  anodic polar iza t ion  smal l  quan-  
t i t ies of basic lead  sulfates a re  formed.  However ,  these 

- P b  ~ t e [ P b O  

Fig. 1. Structure of the anodic layer formed in the PbO potential 
region. 

compounds are  not  of a p r i m a r y  impor tance  and  a re  
omi t ted  here. 

In  two previous  studies (13, 17) we have  shown 
tha t  when  the e lect rode is not  i l luminated ,  the  ra te  of 
Pb oxida t ion  is l imi ted  by  the t e t -PbO l aye r  ionic 
conductivi ty.  I t  was suggested tha t  the  conduct iv i ty  is 
rea l ized by  migra t ion  of oxygen  vacancies f rom the  
me ta l / ox ide  in ter face  to the  ox ide / so lu t ion  one. A 
possible model  of this process was given in  Ref. (17) 
and is p resented  in Fig. 2. Let  us assume for s impl ic i ty  
tha t  the PbO crys ta l  la t t ice  is bu i l t  up of PbO mole-  
cules. At  the  P b / P b O  in ter face  Pb is oxidized to 
PbO by  the reac t ion  

Pb --> PbOFI s+ 4 2:e- [I] 

PbO[l] 2+ marks a PbO molecule containing an oxygen 
vacancy (Orq2+). Under the action of the electric field 
the Ofq 2+ vacancies migrate into the oxide layer and 
reach  the ox ide / so lu t ion  interface.  Here  they  reac t  
wi th  water ,  w he re by  PbO and H + ions a re  formed 

PbOi~ 2+ 4 H20--> PbO + 2H+ [2] 

The H + ions migra te  th rough  the PbSO4 m e m b r a n e  
into the bulk  of the solution. 

Such a sys tem was subjec ted  to po ten t iodynamic  
polar iza t ion  at  a scanning ra te  of 10 mV/sec.  F igure  3 

Pb PbO 

| og § 0 2- 

2e--- pb~PbO--PbOZn + 

l 
PbO 

PbSO4 

membrane 

0 2- 

PbO~ + H20 ~ 2 H  + 

PbO 

H2SO~ 

Fig. 2. Scheme of the elementary reactions at current flow 
through the anodic layer during oxidation of Pb in the PbO poten- 
tial region. 
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Fig. 3. Voltammogram of a sweep to 1250 mV 
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present the voltammogram of a potential sweep to 
1260 mV. Except oxidation of Pb to PbO, no new elec- 
trochemical reaction takes place, although the poten- 
tial reaches 300 mV deep into the PbO2 region. The 
positive-going sweep follows Ohm's law. 
Figure 4 presents the voltammograms of five suc- 

cessive potential sweeps to 1450 InV. When 1325 mV 
is reached, a new electrochemical reaction occurs, 
causing a rise of the anodic current (first sweep). At 
the first three sweeps no minimum is observed during 
the negative-going sweep. This means that the prod- 
uct of the new reaction is not reduced and remains in 
the anodic layer. Thus the nature of the electrode is 
changed and the electrochemical reaction begins at 
more negative potentials at the post-coming sweeps. 

A minimum only appears at the fifth sweep. It may 
be related to PbOs reduction. Some changes occur, 
therefore, in the anodic layer before PbO2 formation. 
We may assume that it is only the stoichiometric 

composition of the oxide that is changed. The over-all 
reaction of nonstoichiornetric oxide PbO~ formation 
may be presented by the equation 

kPbO 4- m/2 H~O -- kPbO,~ 4- mH + 4- m e -  [3] 

where  
k 4- m/2 

W , - "  

k 

PbO.  can be formed in  the te t -PbO lattice by  solid- 
state reactions wi thout  the formation of a new phase 
(17). 
The comparison of Fig. 3 and 4 suggests that initially 

there is a potential barrier in the PbO layer, hindering 
reaction [3]. When PbO is oxidized to PbO~, this bar- 
rier decreases and reaction [3] begins at more negative 
potentials. 

The nature of this barrier may be understood by 
comparing the electric conductivity of PbO and PbO~. 
Lappe (18) has studied the dependence of PbOn con- 
ductivity on its stoichiometric coefficient. Figure 5 
presents this relationship, based on Lappe's experi- 
mental data. Tet-PbO has very low conductivity. It is 
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Fig. 4. Voltammograms of a series of successive sweeps to 1450 
mV at 10 mV/sec. 

857 

i 

I 

PbO 2 
~2 

Fig. 5. Dependence of PbO, specific elecmc conductivity on its 
stoichiometric coefficient n. 

an ionic conductor (19). Such an oxide is formed dur- 
ing potentiostatic oxidation at 4-600 mV in the dark. 
With the increase of #, electric conductivity rises too. 
PbO~ is a semiconductor (20). When n becomes equal 
to about 1.4 the oxide acquires electronic conductivity. 

Reaction [3] proceeds at the PbO/solution interface. 
Its rate depends on the interface potential, which in 
its turn depends for a given electrode potential on the 
oxide layer thickness and specific conductivity. Let us 
for simplicity assume that the potential drops linearly 
across the PbO layer and is marked by ~o, the poten- 
tial at which reaction [3] commences. 
On the basis of the experimental data, presented in 

Fig. 4, we suggest that the following changes take 
place on the electrode as a reslt of the sweeps (Fig. 6) : 

The oxide has the initial composition, of PbO. Let 
us mark the oxide/solution interface potential prior 
to the first sweep by el. Its value is unknown, but it 
is obviously negative of r since no electrochemical 
reaction except oxidation of Pb to PbO takes place. 
When at the first sweep the oxide/solution potential 
reaches r reaction [3] begins. This corresponds to 
1325 mY. PbO~ piles up. Before the second sweep the 
potential at the oxide/solution interface ~ is more 
positive than r because the PbO, layer has higher 
conductivity than the PbO layer. Hence reaction [3] 
at the second sweep begins earlier (at 1275 mV). Thus 
the t ransformat ion of PbO into PbO.  results in  in -  

l § +~oxide/solution 

membrane 
Pb / oxide Pb SO 4 

| e- PbO- -- ~ .+ 
0 --132S mvF... - H2o 

,oomv 

e- - Pb I PI~O (~) PbO~+ [ OH2 - -  2H + - 
1112, ~ |   bOl??o 

I -~)Pb/oxide I -eoxide/so[ution 

H2SQ 

Fig. 6. Scheme of potential distribution across the anodic layer 
and the reactions at the PbO interfaces. 
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creasing the oxide l aye r  conduct iv i ty  and lower ing  the 
barrier to reaction [3]. 

The va lue  of n is po ten t ia l  dependent .  React ions [ i ]  
and [2] tend to decrease i t  and  reac t ion  [3] to increase  
it. 

Elementary reactions during oxidation of the PbO, 
layer.--Electrochemical behavior of the electrode at 
the increase of n in PbOn.--To s tudy  these react ions  
i t  is necessary  to keep  the PbSO4 m e m b r a n e  s t ruc ture  
unchanged.  So the poten t ia l  was swept  to values  jus t  
en ter ing  the PbO2 region. 

Some informat ion  about  the  e l emen ta ry  react ions  
m a y  be obta ined  f rom the  vo l t ammogram shape. The 
react ions can be sepa ra t ed  by  va ry ing  the sweep ra te  
and the upper  potent ia l  of the  sweep. 

To obta in  reproduc ib le  vo l t ammograms  we should 
e l imina te  the  in i t ia l  influence of the potent ia l  ba r r ie r ,  
discussed previouslY. To  this a im the oxidat ion  of 
PbO to PbOn was effected by  means  of photoe lec t ro-  
chemical  reactions.  The  processes dur ing  photoac t iva-  
t ion were  discussed in Ref. (13). The e lec t rode  was 
oxidized at  +600 mV for 4 hr, being i l l umina ted  eve ry  
30 min  wi th  whi te  l ight  for  3 min. Then three  sweeps 
were  car r ied  out  f rom +700 to +1100 mV and back-  
w a r d  at  a ra te  of 1 mV/sec  in the dark.  This e lec t rode  
w a s  subjec ted  to oxida t ion  by  sweeps at  th ree  ra tes  
(10, 5, and 1 mV/sec)  f rom +700 mV to var ious  upper  
potentials .  Af te r  each sweep the e lec t rode  was po-  
lar ized at  +600 mV for 10 min. 

F igure  7 presents  vo l t ammograms  to +960 InV. Three  
in teres t ing  fea tures  can be observed  on them. Firs t ,  
the reac t ion  begins  a t  more  posi t ive potent ia ls  when  
the sweep ra te  increases.  Second, a t  the  nega t ive -go ing  
sweep the cu r ren t  r ises for  some time, passes th rough  
a m a x i m u m  and only  then  decreases.  Third,  the  cur -  
ren t  due to reac t ion  [3] is h igher  when  the sweep ra te  
is lower.  

We bel ieve  tha t  this behavior  is due to the  e lec t rode  
sys tem structure.  The potent ia l  sweep produced  b y  
the potent ios ta t  is app l ied  to the  Pb /PbOn  interface.  
Then begins a r e a r r angemen t  of the  ionic charges in 
the  PbOn layer .  As this process is slow, the  sweep a r -  
r ives wi th  a de l ay  a t  the P b O J s o l u t i o n  in ter face  
where  reac t ion  [3] takes place. Fo r  this reason elec-  
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t rochemical  react ion [3] begins at  more  posi t ive po-  
tent ia ls  when  the sweep ra te  is h igh (first f ea tu re ) .  
When  the  sweep ra te  is low, the  potent ia l  a t  the  
PbOn/solut ion in ter face  follows more  closely the po-  
tent ia l  a t  the P b / P b O ,  interface.  F o r  this reason the 
ra te  of reac t ion  [3] increases  when  the sweep ra te  is 
low ( th i rd  fea tu re ) .  

When at  +960 mV the potent ia l  sweep is swi tched 
over  to negat ive  direction,  because of the de lay  of 
the  sweep through  t h e  PbO layer ,  the  potent ia l  a t  the  
PbOn/solut ion in ter face  continues to rise. F r o m  Fig. 7 
i t  follows tha t  the sweep of the potent ios ta t  ar r ives  at  
the PbOn/solut ion in ter face  for  a per iod  of 5-20 sec. 
Dur ing  this per iod  the ra te  of reac t ion  [3] increases  
a l though that  of the potent ia l  at  the  Pb /PbOn interface  
decreases. The cur ren t  maximum,  corresponding to 
the highest  pos i t ive -po ten t ia l  which  is r eached  a t  the  
PbOn/solut ion  interface,  appears  a t  a more  negat ive  
poten t ia l  than  the upper  potent ia l  l imi t  of the  sweep 
(second fea tu re ) .  

F igure  8 presents  vo l t ammograms  of sweeps to 990 
inV. The anodic m a x i m u m  on Fig. 8c is due to the  for-  
mat ion  of PbO2. At  the  nega t ive -go ing  sweep a min i -  
mum appears  a t  935 mV due to the reduct ion of PbO2. 

F igure  9 shows sweeps to 1020 mV and Fig. 10 to 
1080 mV. At  10 mV/sec  (Fig. 10) the e lect rode is s t i l l  
not pass iva ted  a l t h o u g h  the anodic cu r ren t  reaches 
1.5 mA. The cur ren t  in the  nega t ive-going  sweep be-  
comes negat ive  and almost  constant.  No min imum is 
observed to +700 mV. 

F igure  10b shows tha t  the anodic cu r ren t  passes 
th rough  a m a x i m u m  in the  sweep to 1080 mV at  a 
ra te  of 5 mV/sec.  The va lue  of the m a x i m u m  is 750 
#A. A PbO2 reduct ion  min imum appears  a t  910 mV 
in the nega t ive-going  sweep. 

F igure  11 presents  sweeps at  a ra te  of 10 and 5 m V /  
sec to 1140 mV and at  a ra te  of 10 mV/sec  to 1200 mV. 
At  the sweep ra te  of 10 mV/sec  a m a x i m u m  is seen at  
about  1075 mV. 

F igures  8 to 11 show tha t  PbO2 formation,  ex-  
pressed th rough  an  anodic max imum,  depends  on the 
sweep rate.  Table  I shows the potent ia ls  and  currents ,  
corresponding to the anodic maximum.  I t  is seen f rom 
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c r e a s e  of the  va lue  of n in the  PbOn layer .  When  a 
cer ta in  quan t i ty  of e lec t r ic i ty  Qd has flown, n reaches  
a cr i t ica l  value.  A crys ta l  la t t ice  of the  new phase,  
PbO2, begins to be formed.  

Model of the elementary reactions a~ the anodic oxida- 
tion of PbOn.--As PbOn is a semiconductor ,  the  mecha-  
nism of the  e l emen ta ry  processes of PbOn oxida t ion  
should  be based on the energy  band  scheme (17). 
Two electrons have to j ump  over  the  bandgap  (1.9 eV) 
for the  oxida t ion  of each Pb  2+ ion of the  c rys ta l  l a t -  
t ice to a Pb  4§ ion. In  the  da rk  a possible  w a y  to ove r -  
come the bandgap  is th rough  surface states. This is a 
process of e lec t ron  exchange  be tween  species, chemi-  
sorbed on the Y b O J s o l u t i o n  in te r face  and the PbOn 
ccnduct ion and valence  bands.  A possible  model  of 
this  process was given in  (17). We shal l  use this  model  
to exp la in  the exper iments  of this study.  A simplif ied 
scheme of the  processes is p resen ted  in Fig. 12. 

The chemisorbed O H -  ions, OH and O -  radicals ,  and  
O atoms m a y  serve as surface states. Let  us s impl i fy  
the  model  by  e l imina t ing  the vol tage  drop  across the  
PbO layer ,  though i t  influences the  s ta r t ing  potent ia l  
of e lec t rochemical  reac t ion  [3]. 

O H -  ions are  adsorbed on the P b O J s o l u t i o n  in te r -  
face. They have  an e lec t ron  energy  level,  which  at  

Table I 

mY/see ~bm== (mV) i,.~= (pA) Figure 

the  table  tha t  when  the sweep r a t e  increases  10 t imes, 
/max also increases  about  10 times. 

Table  II  shows the quan t i ty  of e lec t r ic i ty  flown 
unt i l  the  m a x i m u m  at  each sweep. The values  of Q 
v a r y  be tween  1.02.10 -2 and  1.44.10-2C. We assume 
tha t  this  is one single va lue  wi th  its errors .  Obvious ly  
PbO2 fo rmat ion  begins a f te r  a cer ta in  quan t i ty  of 
e lec t r ic i ty  (Qd) has flown t h r o u g h  the electrode,  r e -  
gardless  of the sweep ra te  in  the PbO2 poten t ia l  r e -  
gion. 

We can genera l ize  our  i n t e rp re t a t i on  of the  exper i -  
men ta l  da ta  as follows. React ion  [3] causes an  i n -  

1 960 220 9c, 10c 
5 1030 780-980 10b, l l b  

10 1075 1900 l l a  

Table li 

m V /  990 m V  1020 m V  1080 m V  1140 m V  1200 m V  
sec Q (C) Q (C) Q (C) Q (C) Q (C) 

1 1.28 �9 1 0  - 2  1 . 3 6  �9 1 0 - ;  1 . 4 4  - 1 0  - 2  

5 1.02 �9 10 -~ 1.34- 10 -2 
1 0  1.20 �9 10 -~ 1.25 �9 10 -2 
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+700 mV is a t  the  PbO,, bandgap.  When  the potent ia l  is 
increased,  the  conduct ion band gets closer to this  l e v e l  
Electrons are  in jec ted  f rom the O H -  ions into the  con- 
duct ion band  and the fol lowing reac t ion  takes  place  

PbO 4- O H -  --> PbO/OHad 4- e -  [4] 

The chemisorbed OHad radicals  a re  uns table  and 
they  recombined  

PbO/20Haa--> PbO/Oaa + H20 [5] 

The  oxygen  a tom is a s t rong acceptor.  Its e lec t ron  
energy  level  lies in the va lency  band or near  i t  in  the 
bandgap.  The O a tom m a y  a t t r ac t  electrons f rom the 
P b  ~+ ions w h e r e b y  a PbO2 molecule  is fo rmed  

PbO/Oad -* Pb09. [6] 

The t e t -PbO uni t  cell  is bu i l t  up of 4 molecules  
(21). As they  are  not  oxidized s imul taneously ,  non-  
s toichiometr ic  PbOn is fo rmed wi th in  the t e t -PbO 
crys ta l  la t t ice  

pPbO + qPbO2 ~ PbO,, 

The  chemisorbed OHad radicals  m a y  recombine  wi th  
O H -  ions too, giving O -  radicals .  They  are  e lec t ron 
acceptors  too, capable  of p a r t i a l l y  oxidizing PbO 
molecules.  

Te t -PbO has a l aye r  s t ruc ture  (21, 22). Its c rys ta l  
s t ruc ture  is g iven in Fig. 13. The O 2-  ions are  a r r anged  
in one l aye r  and  there  is an  empty  l aye r  be tween  2 
layers  of Pb  2+ ions. The O H -  ions have  a radius  of 
1.52A, the  0 3 -  ion 1.32A, and the  O a tom 0.66A. The  
O -  radica l  has a radius  in te rmedia te  be tween  tha t  of 
the O a tom and the O 2-  ion. Obviously  the O a tom 
and the O -  rad ica l  have  a smal le r  d iamete r  than  the 
wid th  of the t e t -PbO la t t ice  f ree  l ayer  (Fig. 13). So 
they  may  pene t ra te  into i t  and oxidize PbO molecules  
wi th in  the PbOn layer .  They behave  thus as mobi le  ac-  
ceptor  levels. As a resul t  of these processes the value 
of n is h ighest  at  the  P b O J s o l u t i o n  interface,  de-  
creases in the  layer ,  and  is lowest  a t  the Pb /PbOn  
interface.  

Formation of a-PbOz phase during PbOn oxidation.- 
The format ion  of PbO~ crys ta l  la t t ice  m a y  take  place 
e i ther  th rough  r ea r r angemen t  of the t e t -PbO la t t ice  
or by  des t ruct ion  of the t e t -PbO crys ta l  s t ruc ture  and 
bui ld ing  up of a new one. To de te rmine  the mecha-  
nism of PbO2 crys ta l  la t t ice  format ion  e lect ron micro-  
scope observat ion  of the anodic l ayer  was made  af te r  
a potent ia l  sweep to 1050 mV at  a r a t e  of  1 mV/sec .  

Figure 14 presents three electron micrographs.  A car- 
bon-plat inum repl ica  was made.  I t  was separa ted  from 
the  e lec t rode  in NI-ACI-I~COO solution, which dissolves  
PbO and PbSO4. PbO2 remains  on the rep l ica  and can 
be observed.  

The PbSO4 m e m b r a n e  is bu i l t  up b y  w e l l - s h a p e d  
crystals .  The PbO2 phase  (b lack  spots) is a shapeless  
mass, s t reaming  out  of some of the pores (Fig. 14c). 
We can assume on this basis tha t  PbO~ is fo rmed  as a 
new phase on the P b O J s o l u t i o n  interface.  The PbO~ 
phase  nucleates  in  the pores. The newly  fo rmed  nuclei  
of PbO2 push  out  of the pores  the nuclei  fo rmed  
before.  

The fol lowing e l e me n ta ry  react ions  m a y  occur along 
this model  of the mechanism:  The  OHad radica l  con-  
cen t ra t ion  at  the  PbOn/solut ion  in ter face  becomes so 
high tha t  the bond be tween  the  surface PbO mole-  
cules, a t  which 2 OH radicals  a re  chemisorbed,  and the 
l=bO~ la t t ice  is weakened  and broken.  Some of  the 
molecules undergo oxida t ion  

Pb2+O/2 (OH) ad ~ Pb4+O (OH) 9. [7] 

Nucleat ion takes  place  a f te r  dehydra t ion  

P [PbO(OH)~]  ~ (PbO2)~ + pH20 [8] 

One PbO2 nucleus is fo rmed  by  pPbO2 molecules.  The 
concentra t ion of PbO(OH)~  is highest  on the P b O , J  
solut ion in ter face  so nuclea t ion  p robab ly  begins here.  
The solut ion in the pores  is alkal ine,  so a-PbO~ is 
formed. The  new phase  fills p a r t i a l l y  or  en t i r e ly  the  
PbSO4 membrane  pores. The access of wa te r  to the  
PbOn surface is h indered  and the ra te  of e lec t rochemi-  
cal react ion [4] decreases.  The  cu r ren t  passes th rough  
a m a x i m u m  and begins to decrease  (Fig.  8-11). The 
water ,  which  is evolved in reac t ion  [8], suppl ies  for  
some t ime react ion [4] wi th  O H -  ions. The  H + ions 
migra te  into the H2SO4 solution. The PbO2 nuclei, 
fo rmed at  this stage, ensure  e lect ron contact  be tween  
PbOn and PbO2. 

As a resul t  of react ions [7] and [8], the  PbO,, l aye r  
becomes thinner.  The PbOn/solut ion in ter face  turns  
into a P b O J P b O 2  interface.  The  pores  a re  r e l a t ive ly  
short  and the PbO2 phase goes out  of them, coming 
into contact  w i th  the  H2SO4 solution. 

According to Lappe  (18) (Fig. 5), the  conduct iv i ty  
i n c r e a s e s  unt i l  n reaches  1.4. On the  o ther  hand, 
Ljamina ,  Korolkova,  and  Gorbunova  (23) es tabl ished 
that  on reduct ion  of a-PbO2 in solid state, the  stoichio- 
metr ic  coefficient decreases f rom 1.9 to 1.4 and la t t ice  
defects increase,  but  the  a-PbO2 crys ta l  la t t ice  remains  
unchanged.  Aguf  (24) s tudied the change of the  PbO2 
elect rode the rmodynamic  per formance  when  the oxy -  
gen content  in i t  decreases. We can assume, therefore,  
that  the  cr i t ica l  va lue  of n --  d is abou t  1.4. 
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It is seen from the micrographs (Fig. 14) that PbO2 
phase is formed only in some of the PbSO4 membrane 
pores. They are probably the largest ones, where there 
is easy ion exchange between the PbOn surface and the 
bulk of the solution. The ion exchange is hindered in 
the narrower pores and impossible in the third kind 
of pores, which are entirely blocked. 

We can generalize the tet-PbO layer oxidation to 
a-PbO~ as follows. Tet-PbO is first oxidized to PbO, 
through solid-state reactions. During the oxidation tet- 
PbO crystal lattice remains unchanged, because the 
Pb 2+ ion sublattiee is stable and does not change sig- 
nificantly at low values of n. This is why no new phase 

0 Pb 2+ 
Q O 2- 

n=d=l,4 
tet-  Pb 0 c{ Pb 0 z 

1,0 1/. 2,0 
, tet- PbOn c~PbOk 

solid state' oxidation 
tet-PbO ,~- tet- P b O n  nucleation of ~PbO 2 

a) by surface states 
( in the dark [ I  7] ) 

b) by photoprocesses 
(upon illuminotion ~13] ) 

Fig. 15. Model of tet-PbO oxidation to a-Pb02 

Fig. 14. Electron m~crographs of the initial stage of PbO~ forma- 
tion. 
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Fig. 17. Electron micrographs of PbS04 membrane destruction 
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nuclea t ion  occurs dur ing  the oxida t ion  o f  t e t -PbO to 
PbO, .  The 0 2 -  ion subla t t ice  is r a the r  mobi le  due to 
the  presence of e m p t y  layers  and  oxygen  vacancies in 
it. The O 2-  ion sublat t ice  de te rmines  the solid e lec t ro-  
ly te  p roper t i e s  of PbOn. 

The Pb 2 + ion subla t t ice  de te rmines  the semiconduc-  
tor  p roper t ies  of PbOn. As the wid th  of the bandgap  is 
1.9 eV, the  oxida t ion  of Pb  2+ to Pb 4+ is possible if the 
va lency  electrons receive energy  h igher  than  1.9 eV. 
The oxida t ion  of Pb 2+ ions m a y  take  place th rough  the 
mechanism of surface states. Such surface  s tates  a re  
O atoms and O -  radicals ,  evolved  dur ing  the react ion 
of oxygen  evolut ion  (Fig. 15). 

When  n rises to a cr i t ical  va lue  of n ~ d ~ 1.4, the  
defect  concentra t ion  in  the  P b O ,  crys ta l  la t t ice  be -  
comes so high tha t  r e a r r angemen t  of the la t t ice  begins 
th rough  a-PbO2 nucleat ion.  This process is fac i l i ta ted  
by  the s imi la r i ty  of t e t -PbO and a-PbO2 crys ta l  la t t ice  
(21). The n e w l y  formed a-PbO2 phase  is p r o b a b l y  also 
nonstoichiometr ic ,  wi th  values  of the oxygen co- 
efficient k f rom 1.4 to 2.0 (Fig. 15). 

Oxidation of the PbS04 layer to PbOz.--These proc-  
esses were  s tudied  on an  electrode,  p repa red  as in the 
case of PbO~ oxidat ion.  The poten t ia l  was, however ,  
swept  to more  posi t ive potent ia ls  a t  which the PbSO4 
m e m b r a n e  is destroyed.  F igu re  16 shows vo l t ammo-  
grams of this  series. 

At  the first sweep a m a x i m u m  C appears ,  which we 
a t t r ibu te  to a-PbO2 format ion  in the PbSO4 m e m b r a n e  
pores. When  the a-PbO2 phase  comes into contact  wi th  
the H2SO4 solution, a new elect rochemical  process be -  
gins on its surface.  The Pb 2+ ions of the solut ion (ob-  
ta ined  as a resu l t  of the dissolut ion of PbSO4) are  
oxidized 

Pb 2+ ~ 2 H 2 0 ~  PbO2 ~ 4H + W 2 e -  [9] 

Due to this process, the cu r ren t  r ises a f te r  the min i -  
mum E (Fig. 16a, b, c).  ~-PbO2 is formed,  because  the 
process takes  place in the  H2SO4 solution. 

Dur ing  the nega t ive -go ing  sweep a second min imum 
appears  a t  a more  negat ive  poten t ia l  than  the first 
one. I t  is p robab ly  due to ~-PbOe reduct ion  (Fig. 
16c) F u r t h e r  on the shape of the v o l t a m m o g r a m  may  
depend on the processes of the m e m b r a n e  destruction.  
One or more  m a x i m a  F appea r  a t  the anodic sweep. 
As the  des t ruct ion  of the membrane  progresses,  the  
two cathodic min ima D and D' merge  into one and the 
l a t t e r  shifts to more  negat ive  potent ia ls  (Fig. 16d, e).  

A m a x i m u m  S is observed af te r  the  min ima  D and D1 
(Fig. 15c). Sharpe  (8) re la tes  i t  to the  increased ra te  
of Pb oxidat ion.  The P b O ,  l aye r  becomes th inner  as 
PbO2 is formed. When  PbO2 is reduced a t  the  cathodic 
sweep, the P b O ,  surface comes into contact  wi th  the 
solut ion and the ra te  of Pb  oxida t ion  (react ions [1] 
and [2]) increases.  The dot ted  l ine presents  the ra te  
of ox ida t ion  as given by  Sha rpe  (8). 

Af te r  the PbSO4 m e m b r a n e  des t ruct ion  the cur ren t  
passes th rough  a m in imum and increases again. This 
increase  is r e la ted  to the  reac t ion  of oxygen  evolut ion 
on the PbO2 surface. The s lowest  s tage of this process, 
according to Kabanov  (25), is recombina t ion  of O 
atoms into a molecule.  This  stage sustains a cer ta in  
concentra t ion  of O atoms at  the PbO2 surface. 

F igure  17 shows e lec t ron micrographs  of the PbSO4 
laye r  destruction.  PbO2 is seen p r edominan t ly  among 
the b iggest  PbSO4 crysta ls  (Fig. 17a). Dur ing  the 
oxida t ion  of PbSO4 to PbO2 the pores widen  and the 
access of H2SO4 into them becomes possible. 

I t  is seen f rom Fig. 17a, b, c tha t  the PbSO4 crysta ls  
dissolve in i t i a l ly  a t  the  apexes  and  the edges and only 

la te r  a t  the faces. The crysta ls  become round  and the 
membrane  turns  into a shapeless  l aye r  (Fig. 17c), 
pa r t i a l ly  covered wi th  a PbO2 l aye r  (Fig. 17d). A pos-  
s ible in te rp re ta t ion  of these observat ions  is tha t  PbSO4 
is oxidized along the fol lowing mechanism:  dissolu-  
t ion of Pb 2+ ions -+ diffusion of Pb  2+ ions --> oxida t ion  
of Pb 2+ ions on the PbO2 surface --> prec ip i ta t ion  of 
PbO~. 

The growth  of PbO2 is de t e rmined  by  the  flow of 
Pb  2+ ions. F igure  17e shows the  profile of a PbSO4 
crysta l  surface. The Pb 2+ ions move b y  surface d i f -  
fusion along the PbSO4 crys ta l  surface  t oward  the 
PbO2 phase,  where  they  are  oxidized. 

The PbO2 phase looks l ike  an  amorphous  deposi t  
(Fig. 17). Fine c rys t a l s  of one or  both  PbO2 modif ica-  
tions are  detected by  x - r a y  analysis  (3-4).  There  is 
p robab ly  an  amorphous  mass too (26). The fine s t ruc-  
ture of PbO2 indicates  tha t  the ra te  of nuclea t ion  ex -  
ceeds many  times the ra te  of PbO2 crys ta l  growth.  

Manuscr ip t  submi t ted  Dec. 1, 1978; revised manu-  
scr ipt  received Oct. 8, 1979. 

Any  discussion of this paper  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1980 
JOURNAL. Al l  discussions f o r  the December  1980 Dis- 
cussion Sect ion should be submi t ted  by  Aug. 1, 1980. 
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Effect of the Distribution of Current Within a 
Pit on the Variation in Potential in the 

Vicinity of the Pit 

P. H. Melville 
Centra~ Electricity Research Laboratories, Materials Division, Leatherhead, Surrey, England 

ABSTRACT 
A technique using in tegra ls  of Bessel functions has been  used  to ca lcu-  

la te  the effect of an anodic cur ren t  d i s t r ibu t ion  of the  form Ja ---- jm(flo -~- f l lr2/a 2 
+ ~2r4/a 4) with in  the p i t  on the potent ia l  d i s t r ibu t ion  in the p lane  of the  
e lec t rode  surface, and analyt ic  solutions have been obta ined  for  s i tuat ions 
where  l inear  polar iza t ion  kinet ics  m a y  be assumed. If  the  radius  of the  p i t  is 
smal l  compared  to the Wagner  polar iza t ion  p a r a m e t e r  Lc for  the  unpi t ted  
electrode,  the  potent ia l  d i s t r ibu t ion  is independen t  of the  polar iza t ion  p a r a m -  
eter,  and  thus insensi t ive to the assumpt ion  of l inear  kinetics.  The poten t ia l  
wi th in  the  pi t  depends  main ly  on the value  of the to ta l  cur ren t  flowing f rom 
the pit,  and  is less sensi t ive to the form of the  cur ren t  d is t r ibut ion.  The 
poten t ia l  outside the  pi t  on the surface of the  e lec t rode  depends  on the mean  
cur ren t  densi ty  and  is v i r t ua l ly  unaffected by  the fo rm of the  cu r ren t  d is -  
t r ibut ion.  

In  a recen t  pape r  (1) a Four i e r  in tegra l  technique 
has been used to calculate  the  d is t r ibut ion  of po ten t ia l  
a round  a scra tch  in a pass ive  film. This  has been  ex-  
tended (2) to cy l indr ica l  coordinates  to calculate  the  
var ia t ion  in po ten t ia l  a round  a pit,  assuming tha t  the 
cur ren t  d e n s i t y  flowing f rom the p i t  is un i form across 
the pit. Here  this method  of solut ion is ex tended  to 
a l low for  a va r i a t ion  in the  cu r ren t  dens i ty  across the  
pit. As in Ref. (2) i t  is assumed tha t  the  p i t  ( the 
anode) is ve ry  smal l  compared  wi th  the rest  of the 
electrode,  which  m a y  be t rea ted  as infinite, so tha t  
in tegra t ion  m a y  be  used as in Ref. (2-4) ins tead  of 
summation,  which  is necessary  for  finite sys tems wi th  
this geomet ry  (5-7).  

Mathematical Model 
As in Ref. (2) the  p rob l em considered is tha t  of an 

infinite p la te  pe rpend icu la r  to the  z-axis  a t  z ---- 0 wi th  
a smal l  p i t  of rad ius  a a t  the or igin r ---- 0. The genera l  
solut ion for  the  d is t r ibut ion  of the  e lect ros ta t ic  po-  
tent ia l  P is given f rom the Laplace  equat ion wi th  the 
bounda ry  conditions tha t  P is a constant  a t  z ---- ~ ,  and  
tha t  the  solut ions a re  symmet r i c  about  r - -  0. This 
requires  tha t  P ( r ,  z) is of ' the  fo rm 

P(r ,z )  = Bo + ~"  B(t)Jo(rt)e-z tdt  [1] 
~ ,  o 

where  Jo( ) is a Bessel funct ion of the first k ind  of 
order  zero, and where  the  constant  Bo and the func-  
t ion B(t)  have to be de te rmined  f rom the bounda ry  
condit ions at  the  e lect rode surface. If  the  change in 
po ten t ia l  is small ,  l inear  polar iza t ion  kinet ics  m a y  be 
assumed as in Ref. (1) and  (2) and  as in  the  solutions 
of Waber  and his associates (8-13) for s t r ip  geomet ry  
and by  Ga l -Or  et al. (5) and McCaffer ty  (6, 7) for 
c i rcular  geometry.  The cur ren t  dens i ty  at  the  e lect rode 
surface is g iven by  

j ( r )  = - ~  [21 
0Z s=O 

where  ~ is the conduct iv i ty  of the e lectrolyte .  
This has to sat isfy the  e lec t rochemical  re la t ions  for  

the electrode,  which  if l inea r  polar iza t ion  kinet ics  a re  
assumed is of the  fo rm 

K e y  words: anodic current  distribution, pitting, integral  of 
Bessel  functions. 

j* = ~ (E* --  Ec) [S] 

where  Ec is the  f ree  corrosion potent ia l  and  Lc the 
Wagner  polar iza t ion  p a r a m e t e r  (14) for  the  unp i t t ed  
a rea  ( the ca thode) ,  and E*, the e lec t rode  potent ia l ,  is 
re la ted  to the  e lec t ros ta t ic  po ten t ia l  b y  

E*(r) = V - -  P( r ,  0) [4] 

where  V is some constant.  A t  z = 0 this  t hen  gives 

j ( r )  _---~c [P + ( E c - -  V ) ] [ 1 - -  ~ ( r / a ) ]  + j a ( r )  [5] 

where  ~ ( r / a )  is the s tep funct ion 

r  - - 0 ,  r < a  
[6] 

= 1, r > a  

The te rms in Ja (r)  descr ibe  the  cur ren t  dens i ty  flowing 
f rom the pit,  so tha t  j a ( r )  = 0 for  r > a. Wi th in  the 
pi t  ( r  < a) ,  j a ( r )  is equal  to the cur ren t  dens i ty  flow- 
ing f rom the pit, p rov ided  tha t  this  cu r ren t  dens i ty  is 
much l a rge r  than  that  flowing in the unpi t ted  region. 
If, as in Ref. (1) and (2), i t  may  be assumed tha t  the  
cur ren t  dens i ty  over  the anode is ve ry  much g rea te r  
than  the cur ren t  densi ty  elsewhere,  Eq. [5] reduces  to 

OP 
= - -  [P  + ( E c - -  V ) ]  --  j a ( r )  [7] 

Oz Lc 

This equat ion is most  r ead i ly  solved, if  j a ( r ) ,  l ike  
P ( r ,  z) (see Eq. [1]) m a y  be expressed  as an in tegra l  
of Bessel functions. This m a y  be achieved b y  using 
the re la t ion  

J2n+ 1 (at) Jo ( r t )  d t =  - -  Pn 
o a 

1 - - 2  r < a  

[8] 

= 0  r > a  

which i s  a special  resu l t  of an  in tegra l  given b y  
Erd~ly! et al. (15) [see also (16)].  Here  J2n+1( ) is a 
Bessel funct ion of the first k ind  of o rder  2n -t- 1 where  
n _--- 0, 1, 2 . . . .  a n d  where  Pn( ) is a Legendre  po ly -  
nomial  of o rder  n, where  

P o ( x )  = 1 [ 9 ]  

864 
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P t ( z )  = z [1O] 

P s ( z )  = ~ (3x ~ - -  1) [11] 

In  the analysis  p resen ted  here  only  te rms  as fa r  as 
n --  2 will be considered,  bu t  fu r the r  te rms m a y  be 
included,  if  necessary.  The cu r ren t  dens i ty  j a ( r )  m a y  
thus be expressed  as  

~a(r) = a~m [ J l ( a t )  + alJ3(at) + a~Js(at)]Jo(rt)dt 

[12] 
which gives 

[ " 

51 + 6=2 , r < a  

= 0, r >  a [13] 

whe re  Jm, al, and  as a re  constants,  and  where  in t eg ra -  
of Eq. [133 over  the a rea  of the  p i t  gives 

I: I = j , (r)  2~rdr = =a~jm [141 

so tha t  jm m a y  be ident if ied as the  mean  va lue  of j a ( r ) .  
Subs t i tu t ion  for the in tegra l  represen ta t ions  for P (r, 0), 
dP/dz ,  and  ~a(r) into Eq. [7] then  gives 

~ tB( t )Jo(r t )dt  = -- L--~ [Bo + (B~ --  V) ]  

Lc B( t )Jo(r t )dt  + jma [J~(at) + a~J.~(at) 

+ azJs(at)] Jo(rt)dt = 0 [15] 

f rom which  the constant  Bo and  the funct ion B (t)  a re  
g iven b y  

Bo = -- (Eo -- V) [16] 

~ma F J l ( a t ) +  =13~(at) + =~3~(at) 1 
B(t)  a [ t + 1/Lr J [17] 

The  poten t ia l  d i s t r ibu t ion  m a y  then  be  found b y  sub-  
s t i tu t ion  for  Bo and B (t)  in  Eq. [1] and  in tegrat ion.  

Potential at Center of Pit 
A t  the center of the p i t  ( r  = O, z = O) Jo (~ )  = 

e - =  : 1, so tha t  f rom Eq. [1], [16], and  [17] the  po -  
ten t ia l  m a y  be expressed  as 

P(0,0) = -- (E~ - -V )  

jma ~ J l ( Z )  -{- r + a ~ J s ( z ) d z  
+ ~ o  [181 

x + ~  

where  at has been  rep laced  by  x and  where  8 = a/L~. 
The th i rd  and  fifth o rde r  Bessel  funct ions m a y  be ex-  
p ressed  in  te rms of Bessel  funct ions of o rde r  zero and 
one by  use of the  ident i t ies  

8 I J~(x) - - - -Jo (x )  [19] 3s(Z) = z--T- z 

J~(x) = - -  1 - - - -  Jo(x) 
z x 2 

) + x ~ x2 + 1 J l ( x )  [20] 

Repea ted  appl ica t ion  of the  iden t i ty  

x~(x  + 8) zn-18 x x + 8 [21] 

m a y  then  be used to reduce  Eq. [18] to the  known 
in tegra l s  

1 ~  dz---- [Ha(8) No(S)]  - -  fo(8) [22] 
ZJo ( z )  

x+8 2 ~ 

, ~ : + 8 , d x = 8  [ H I ( 8 ) - - N I ( 8 ) ] - - I  

= 851(8) [23] 
(16,17) [see also (2)] and integrals in terms of 
x-nJo(x) and x-nJl(X), where n = 0, 1, 2, 3 . . . .  , 
Ha( ) and  H1 ( ) a re  b t ruve  functions of o rder  zero 

and one, respect ively,  and No ( ) and N1 ( ) a re  Bessel 
funct ions of the  second k ind  of o rde r  zero and one. 
The functions ]o(8) and ~1(8) a re  defined by  these 
equations.  The te rms in x - n J o ( x )  and  x -nJ l ( x )  m a y  
be grouped together  and  identif ied wi th  the  s tan-  
da rd  re la t ions  

d J1 (z)  
J l (x )  : Jo(z) [24] 

d z  z 

d j2(x)  2Jo(x) + ( 1 -  _ 4 ) 
d~ z ~ -  J l ( z )  [25] 

d J s ( z )  = - - - - 1  J o ( z ) - t -  5 - - - -  
d~  x 2 x 2 x 

[26] 

dx z 

192 40 ) 
x 4 ~ - ~ - 1  J l ( x )  [27] 

960 84 ) 
d J s ( x ) =  - - + 1  Jo(X) 

dx x ~ x2 

1920 408 ) J l (X)  
~ + 13 x [28] 

where  since Jm(0) ---- Jm(*0) --  0 where  m ---- 1, 2, 
3 . . .  in tegra ls  of these groups of t e rms  a re  zero. In -  
tegra ls  of the  r ema in ing  te rms in  Jo (x )  and  J1 (x)  a r e  
ob ta ined  f rom 

Jo (x) dx -- J1 (x) dx = 1 [29] 
o 

The in tegra l  of Eq. [18] is then given b y  

P ( 0 , 0 )  _-- --  ( E e - -  V) 

jraa 
-t- [go(8) -t- 1 / 3 a l g l ( 8 )  + 1/Sasgz(8]] [30] 

o" 

where  
go(8) ---- 1/8 -- 11(8) [31] 

1 ( 8 8 1 )  4 
T ~ = 88 82 +Y +-~/o(8) 

- ~ l ) h ( 8 )  [s21 

1 ( 3 8 4 3 8 4 2 4 8  1 )  

-g- g~(8) = 85 84 + -g~- + ~ -  + T 

~2(16 )~ (384 ,2 ) ~  8,- 
+--~-  I ]o (8 ) - -  ~-I 11(8) 

[33] 
where  the  functions )Co(B) and i1(8) a re  defined in 
Eq. [22] and [23]. The functions go(5), g1(8), and  
g2(8) a re  shown in Fig. 1. In  the  l imi t  of smal l  8 (i.e., 
a < <  Lc) go = gi = g2 = I. As shown in Fig. 1, the  
e r ro r  made,  if 8 is set equal  to zero is smal l  ( :< 10%), 

p rov ided  8 ,< 0.05, i.e., if  the  pi t  rad ius  a ~ Lc/20. 
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Fig. 1. go(8), gi(8),  and g2(8) (see Eq. [ 31 ] - [33 ] ) ,  giving the 
effect of the relative magnitudes of the size of the pit a and the 
Wagner polarization parameter Lc. 

Distribution of Potential on the Electrode Surface 
If  the  p i t  is much smal le r  than  the Wagner  po la r i -  

zat ion parameter ,  so tha t  8 = a/Le may  be set equal  to 
zero, the  potent ia l  along the  surface of the  e lec t rode  
is given b y  

jma 
P(r,O) = -- (Ec--V) +, 

ff 

S o  ~ [ J i ( a t )  + =lJ3(at) + ~ J s ( a t ) ]  Jo(?.t)dt [34] 
t 

This is the  zero th  o rde r  t e rm in an expans ion  in 8, 
and  is va l id  p rov ided  both a and  ?. a re  smal l  compared  
wi th  Lc, i.e., i t  is res t r ic ted  to posi t ions close to the 
pit.  Expansion of the  in tegra l  in terms of 8 is dis-  
cussed in Ref. (2). The first t e rm in the  in tegra l  [see 
(2, 4)]  is g iven by  Erd~lyi  et al. (15) as 

Jl(at)Jo(7. t )dt  dt = E ?. < a 
t -Z ' 

,,~ a 

(:I. 

where  K (  ) and E(  ) a re  complete  el l ipt ic  in tegra ls  
of the  first and second kinds,  respect ively.  The o ther  
te rms are  obta ined as a special  resul t  of an in tegra l  by  
Watson (17) and Magnus and Oberhe t t inger  (18) [see 
also (14) ] which  in  this  case gives 

J~n+ l (at )Jo(?.t ) 
dt s 

t 

1 

(2n + 1) 

(--2)n 
nn(2n + 1) 8 

r~ 
F(n+ 14,--(n-{- �89 1;-~-), 

7.<a 

( F n + 1 4 ,  n + � 8 9  , 

r > a [36] 

f o r  n -- 1, 2, 3 , . . . ,  whe re  F ( ,  ; ;) a re  hypergeomet r i c  

functions. In  this case for  in teger  n these hype rgeo-  
metr ic  functions are  re la ted  to complete  el l ipt ic  in-  
tegrals  of the first and second kinds,  which may  be ex-  
pressed  in t e rms  of hypergeomet r ic  functions as 

K(k) = ~ F ( 1 4 ,  14; 1; k2) [S7] 

E ( k )  = -~- F ( - -  14, 14; 1; k 2) [38] 

respect ively.  The hypergeomet r ic  functions of Eq. [36] 
m a y  thus be reduced  to complete  el l ipt ic  in tegra ls  by  
repea ted  use of the  Gauss recurs ion relat ions.  Af te r  
some a lgebra  this even tua l ly  gives 

So "~ J3(at)Jo(?.t) dt 
t 

=-- 7 - - 8  E 
9~ a 2 

l" , , < o  

=~-- -- 8 - - 7  E -- 
9~  aa 7. 

( ( o ) ]  
-.{- 8--3~ 1---- K 

7.2 ?.2 -r- ' 

f ;  J~(at)Jo(7.t) dt 

t 

r > a [39 ]  

8 6 6  

[( 2 43 --  168 + 128 E 
75~ a2 

 rs[( a2 
- - - -  1 2 8 - - 1 6 8 ~ + 4 3  E 

75~ a 5 r 2 r 

- -  1 2 8 - -  1 0 4 ~ + 1 5  1 - - - - ~  K - -  , 
T 2 7 

r > a [40] 

The potent ia l  d is t r ibut ions  are  thus found by  subs t i -  
tut ing for these in tegra ls  (Eq. [35], [39], and [40]) 
into Eq. [34]. The solutions obta ined  in this w a y  for  
the  var ia t ion  of potent ia l  along the e lect rode surface 
are  va l id  for zero order  in r/Lc, and the cur ren t  den-  
s i ty flowing f rom the e lect rode outside the pi t  is effec- 
t ive ly  ignored (since Lc is l a rge) .  The s i tuat ion is thus 
s imi lar  to tha t  for a disk  e lect rode embedded  in an 
insula t ing layer ,  and the solut ion obta ined  for con- 
s tant  cur ren t  dens i ty  f rom the pit,  i.e., al : ~2 = 0 
gives a potent ia l  d is t r ibut ion  ident ica l  to tha t  ob-  
ta ined  by  Nannis  and Kesse lman  (4) for the  disk elec-  
t rode  problem.  Potent ia l  d is t r ibut ions  pred ic ted  by  
these equations are  shown in Fig. 2 for a number  of 
different  values of ~l and a2 but  for the same value  of 
the  mean  cur ren t  dens i ty  Jm- The corresponding cur -  
ren t  densi ty  dis t r ibut ions  are  shown in Fig. 3. Curren t  
dens i ty  d is t r ibut ions  of the  form Ja ---- jm ( ~  + ~lr2/a 2) 
are  considered in Fig. 2a and 3a, Ja = Jm (~o -'F ~2r4/a 4) 
in Fig. 2b and 3b, and  Ja ---- Jm (~o -5 ~lr~/a 2 + ;32r4/a 4) 
in F ig  2c and 3c. The potent ia ls  shown here  are  in the  
p lane  of the e lec t rode  surface. Despite the wide va -  
r ia t ion  in the form of the  cur ren t  dens i ty  dis t r ibut ions,  
the  curves for the  potent ia l  d i s t r ib t ion  are  not  as dis-  
s imi lar  in the  region of the  pi t  and are  v i r t ua l ly  iden-  
t ical  outs ide the  pit. The potent ia l  genera l ly  has a 
single m a x i m u m  at the center  of the pit, bu t  there  is a 
dip in the  potent ia l  at  the  center,  if the  cur ren t  dens i ty  
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Fig. 2. Variation in potential for different current distributions 

here is less than about hal f  the mean value.  Values  of 
the potential  that are of particular interest are the 
potential  at the center of the pit 

[ I ' ] 
P(0,0) = - - (Ec -- V) + jma 1 + " - ~ i  + -~-a2 [41] 

O" 

(see also Eq. [30]) and the potential  at the edge of 
the pit g iven by 

P(a, 0) = -- (Co -- V) 

+ ,, - -  1 -- - -  + [42] 
r ~ 9 a i  - ~ -  a 2  

When compared with  the expressions for the current 
density at the center and edge of the pit 

ja(0) = jm[1 + al + ~2] [43] 

ja(a)  = jm[1 -- al + a2] [44] 

it  may  be seen that the potential  at the center of the 
pit is less sensit ive to the values of ~1 and ~e than 
is the current density (1 /3a l  and 1/5a2 instead of 
az and a2) and that the potential  at the edge of the pit 
is still  less sensit ive (1/9az and 1/25a2), in agree- 
ment  with the observations made above. 

Conclusions 
1. A technique using integral of Bessel functions has 

been used to calculate the effect of an anodic current 
distribution of the form Ja = jm(fio -F ~lr2/a 2 -t-~2r4/a4) 
within  the pit on the potential  distribution in the 
plane of the electrode surface. 

2. Analyt ic  solutions have been obtained for situa- 
tions where  l inear polarization kinetics ma y  be as- 

sumed, e.g., where the pit is small  so that the change 
in potential ~ j m a / ~  is small.  

3. If the radius of the pit a is small  compared to the 
Wagner polarization parameter Lc for the unpitted 
electrode, i.e., a < Lr the potential distribution is 
independent  of the polarization parameter, and thus 
insensit ive to the assumption of l inear kinetics. 

4. The potential  depends main ly  on the mean value  
of the current density flowing from the pit, and is less 
sensit ive to the form of the current distribution. 

5. Quite large changes in the form of the current 
distribution are required to produce changes in the po- 
tential  at the center of the pit for the same mean cur- 
rent density, and the potential at the edge of the pit is 
still  less sensit ive to the form of the current distribu- 
tion. 

6. The potential  outside the pit on the surface of 
the electrode depends on the mean current density and 
is v irtual ly  unaffected by  the form of the current 
distribution. 
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Bo constant determined by boundary condi- 
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E( ) complete elliptic integral of second kind 
E* electrode potential 
Ec free corrosion potential for unpitted part 

of electrode 
F (, ; ;) hypergeometric function 
f o ( ) ,  f l(  ) function defined in Eq. [22], [23] 
go( ) ,g l (  ),g2( )function defined in Eq. [31], [82], 

[33] 
Ho ( ) ,  Hz ( ) Struve functions 

~ total current flowing from pit 
J o ( ) ,  J l ( ) ,  J 2 ( ) ,  J 3 ( ) ,  J 4 ( ) ,  J s ( ) ,  J m ( ) ,  

J2n+l ( ) Bessel functions of first kind 
current density at electrode surface 

3a current density flowing from pit 
K ( ) complete elliptic integral of first kind 
L~ Wagner polarization parameter for un- 

pitted part of electrode 
m integer 
No ( ) ,  Nz ( ) Bessel functions of second kind 
n integer 
P electrostatic potential 
Po ( ) ,  Pz ( ) ,  P2 ( ) ,  Pn ( ) Legendre polynomials 
r coordinate 
t dummy variable 
V constant potential 
x dummy variable 
z coordinate 
a~, a~ constants 
1~o, ~1, 1~2 constants 
8 ----- a/Lc 
o- conductivity 
~( ) step function 
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ABSTRACT 

The reaction sequence for the reduct ion of H2SeO3 in  1M H2804 at  various 
surfaces and the formation of selenide films in this medium with and without  
metal  ions present  have been investigated by rotat ing disk and r ing-disk  
electrode techniques. The system is complicated by competitive paths leading 
to selenium formation from S e ( - - 2 ) - S e  (-t-4) chemical reactions and the result  
is sensitive both to the na ture  of the substrate with the possibility of metal  
selenide formation and to the concentrat ion of solution species. The implica-  
tions for cathodic deposition of semiconductors l ike CdSe, from vol tammetr ic  
and photospectral data, are discussed. 

n-CdSe  single crystals have been used as photo- 
anodes in  semiconductor l iquid junct ion solar cells to 
give overall  power conversion efficiencies of 7.5% (1). 
Pressure sintered CdSe polycrystal l ine electrodes have 
shown 70% of the single crystal efficiency (2). Films 
anodical ly generated from cadmium metal  in  selenide 
solution exhibi t  the spectral properties of the single 
crystal  form, but  much lower power conversion effici- 
encies (3). A n u m b e r  of problems are recognized with 
the anodic films grown for photovoltaic purposes, i n '  
c luding l imited thickness, uncer ta in  composition, de- 
fects, u n k n o w n  doping, and small  crysta]lite size (3. 4). 

Deposition of CdSe by cathodization in a selenious 
ac id-cadmium ion solution has been accomplished by 
the Weizmann Inst i tute  group (5), and layers up to 
several  microns have been achieved on a Ti substrate. 
Al though the problem of l imited thickness can be 
overcome by this technique, codeposition of excess 
se lenium is difficult to control, and poor crystal l ini ty  
gives rise to reduced photoresponse in the as-deposited 
material .  These can be offset to some extent  by a sub- 
sequent  annea l ing  process which increases the crystal-  
l in i ty  and stoichiometry of the films. A mechanistic 
unders tand ing  of the deposition process is presently 
lacking and is an object of this study. Insights into the 
reaction sequence may  lead to improving the qual i ty 
of the films. 

Considerable work has already been done on the 
kinetics of Se(IV) reduct ion and a number  of mech- 
anisms have been proposed. From a detailed study of 
the polarographic behavior  of te t ravalent  selenium, 
Lingane and Niedrach  (6) suggested the following 
overall  equation to describe 

H2SeO3 + 4e + 4H + -t- 

This actual ly results from 
processes of 

the ini t ial  main  wave 

Hg ~ H g S e  + 3H20 [1] 

the superimposed part ial  

H2SeOa + 6e + 6H+ ~_ H2Se + 3H20 [2] 

and the anodic dissolution of mercury  by  

t tg  + H2Se--> HgSe + 2H + -]- 2e [3] 

In  acidic and alkal ine solutions, a second cathodic 
wave is observed and corresponds to the six-electron 
reduct ion of S e ( + 4 )  species to Se ( - -2 ) .  In the in ter -  
mediate  pH range, however, a net  four-electron proc- 
ess is observed because H2Se reacts sufficiently rapidly 
wi th  S e ( + 4 )  by 

H2SeO3 + 2H2Se ~ 3Se + 3H20 [4] 

J6n~s (7) investigated the polarographic behavior  of 
S e ( + 4 )  in  a large n u m b e r  of buffer and nonbuffer 

�9 Electrochemical Seciety A c t i v e  . M e m b e r  
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solutions and observed up to four different cathodic 
waves depending on the pH value. She concluded, 
however, that  reaction [4] does not take place dur ing  
the reduction of S e ( + 4 ) ,  a t t r ibut ing  the presence of 
the first wave to reaction [1], and the second wave to 
reaction [2]. The fur ther  waves were ascribed to 
HSeOs-  and S e Q  2- reduction, depending on pH. 

A number  of workers (8-10) have asserted that  the 
second wave of Se (+4 )  in acidic solutions might rep- 
resent catalytic hydrogen evolution in addition to 
reaction [2]. Thus, the reduction in acidic solutions 
could end with e lemental  selenium via reaction [4]. 

Several  other polarographic studies (11-14) show a 
s imilar  disagreement  concerning the mechanism of 
Se(IV) reduction, in particular,  with regard to the 
na ture  of the final product.  This is especially of im-  
portance in the cathodic CdSe deposition since the 
concurrent  formation of elemental  se lenium at the 
electrode surface is one of the major  problems asso- 
ciated with this technique. 

Rotating disk (RDE) and r ing-disk electrode 
(RRDE) studies were init iated to investigate selenious 
acid reduction in 1M H2SO4 at various metal  surfaces 
and the mechanism of the CdSe film deposition in 
solutions also containing Cd(II)  ions. In addition, 
sinusoidaI hydrodynamic modulat ion (SHM) of rota-  
tion speed, which is useful in discr iminat ing between 
surface and mass t ransfer  controlled reactions, was 
also applied where appropriate. The results are ex- 
amined with respect to electrochemical preparat ion of 
photoactive I I -VI semiconductor substrates. 

Experimental 
The construction and electronics of the RRDE have 

previously been described (15), as has the apparatus 
for the sinusoidal speed modulat ion (16). The RRDE's 
used were either gold disk-gold ring, or silver disk- 
carbon r ing electrodes. RDE studies were also carried 
out on plat inum, copper, amalgamated gold, and wax 
impregnated  carbon surfaces. 

The electrodes were rotated in  a three compar tment  
cell equipped wi th  a bottom optical flat window to 
enable i l luminat ion  of the disk surface. Solutions were 
prepared with tr iply distilled water  and reagent  grades 
of Na2SeO3, CdSO4, and 95% H2SO4. A saturated 
calomel electrode served as reference and unless other-  
wise specified, a rotat ion speed of 1600 rpm was used 
in all experiments.  

Results and Discussion 
Reduction of Se(IV) in 1M H2SO4.--The cathodic 

behavior of H2SeQ in sulfuric acid was found to be 
strongly influenced by the na ture  of the disk electrode 
used. In general, however, these could be grouped into 
two different categories depending o n  how "noble" 
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these electrodes behaved with respect to the electro- 
active reactants  or intermediates.  

Rotating disk vol tammograms in  5 m_M H2SeO3 
for Group I electrodes (gold, plat inum, and carbon) in 
the potential  range 0 to --1.2V vs. SCE, are shown in  
Fig. 1-3 as curve 1, for scans first positive to negative, 
then reverse. In  each case, a single reduction wave 
can be observed before the current  increases rapidly  
with H2 evolution. The reduct ion wave is decidedly 
bet ter  defined on the reverse, a l though there is some 
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Fig. 1. Curve I ,  Controlled potential sweep cycle of 0.175 cm 2 
gold disk in 5 mM H2SeO3-1M H2SO4 at 10 mV sec - 1  scan 
rate. Curve 2, Modulated component of disk current for potential 
scan of curve 1. Central rotation speed, ~ = 1600 rpm; modulation 
amplitude, A~I/2 = 2 rpml/2; modulation frequency, f = 1 Hz. 
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Fig. 2. Curves 1 and 2 as Fig. 1 but w~th platinum disk 

o 

l imit ing current  loss on the step. With each successive 
full  cycle of the potent ial  (not shown) the l imit ing 
current  decreases due to the formation of a passivating 
red selenium film on the electrode surface. The carbon 
electrode is seen to passivate more rapidly than  the 
others so that already on the reverse (positive-going) 
scan of the first cycle no reduct ion wave can be 
observed. 

If the potent ial  is scanned and held at a value cor- 
responding to copious hydrogen evolution, the red film 
gradual ly  disappears. This can be accounted for by 
either a fur ther  reduct ion of Se to H~Se or to a me-  
chanical removal  of the Se by the action of the hydro-  
gen bubbles.  

The i /~ z2  values at the first step, curve 1, for the 
l imit ing currents  (or the ma x i mum current  for carbon 
which passivates more rapidly)  are equal for all three 
electrodes. In  order to confirm a mass t ransfer  l imited 
process for the cathodic step and to see whether  a sec- 
ond reduct ion wave is present  and hidden by H2 evolu- 
tion, sinusoidal hydrodynamic  modulat ion experiments  
were performed and shown as curve 2 in Fig. 1-3. 
(Curves 1 and 2 of these figures were actual ly obtained 
in  the same exper iment  where i is the average total 
current.  The results for curve 1 are independent  of the 
superimposed SHM). The corresponding ~i~ values are 
in accord with Levich equat ion expectation, as shown 
by  the near  superposition of the ~i~ • ~1/2/~1/2 and i 
curves in these regions. 

Using this technique, it should be possible to differ- 
entiate between a convective diffusion controlled proc- 
ess such as H2SeO3 reduction, for which SI-IM response 
is expected, and a process which is not kinet ical ly 
reversible and not l imited by the rate of diffusion of an 
electroactive species to the electrode surface (i.e., H2 
evolution at gold in  1NI H2SO4 at these currents) .  The 
lat ter  is thus insensit ive to ~ variation. The curves for 
gold show the best evidence for the presence of a sec- 
ond wave for a fur ther  reduct ion of Se to H~Se beyond 
the hydrogen potential.  However, because of the in te r -  
ference both of the sharply rising hydrogen current  
and bubble  evolution, a quant i ta t ive  ratio of l imit ing 
currents  for the two processes cannot be established. 

The reduction of H2SeO3 on Au-Hg and Ag (Group 
II) disk electrodes is shown in Fig. 4 and 5, respec- 
tively. Both electrodes exhibit  a different behavior  
from the Group I electrodes with the most significant 
common feature being a more positive first wave po- 
tent ial  suggestive of some interact ion between the 
electrode surface and the solution species. The appear-  
ance of a black film, if the potential  is held at a value 
more positive than --0.4V, implies HgSe and Ag2Se 
formation in the respective cases. At more negative 
potentials, the red selenium deposit appears. In  the 
case of Au-Hg, the presence of several small  peaks 
dur ing the ini t ial  scan from --0.2V is probably  the 
resul t  of HgSe formation [ ini t iat ing at --0.35V, in 
agreement  with other work (6, 7)].  The inhibi t ion of 
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Fig. 3. Curves 1 and 2 as Fig. 1 but with carbon disk 
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Fig. 5. Curves I and 2 as Fig. 1 but with silver disk. Curve 3, Ring 
current response to silver disk scan of curve 1. ER - -  0.2V vs. SCE. 
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Fig. 6. Curves 1 end 2, conditions of Fig. I at gold disk, except 
solution is 0.5 mM H2SeO3-1M H~O4. 

cu r ren t  by  this film is fol lowed b y  a subsequent  r educ-  
t ion of the  HgSe to Hg and H2Se, not  separa ted  f rom 
hydrogen  evolution.  Reversa l  of the  scan gives r ise to 
a s ingle smooth wave  corresponding to Se deposi t ion 
on Hg, then on HgSe. The in i t ia l  HgSe peak  is absent  N 
since the Hg e lec t rode  is now isola ted  f rom the solu-  
t ion by  the  Se -HgSe  film. < -t 

On the  s i lver  e lec t rode  Ag2Se is deposi ted unt i l  the  E 
ra te  of diffusion of Ag  to the  e lec t rode  surface is ~- 
l imi ted  by  the thickness of the film. Then, th rough  
electronic conduct ion in the  film, Se deposi t ion takes  
place. Since  four  e lectrons a re  involved  in each r e -  
action, Le. 

H2SeO3 q- 2Ag q- 4H + -t- 4e -> AgsSe q- 3H20 [5] 

and 
H~SeO3 + 4H + q- 4e ~ Se q- 3H20 [6] 

only  one reduct ion  wave  is observed for the  two reac-  
tions. At  potent ia ls  more  negat ive  than --0.6V, a la rge  
cathodic  peak  can be seer% toge ther  wi th  the  a p p e a r -  
ance of  a b lack  deposi t  of Ag. Thus, a t  these potent ials ,  
Ag2Se is r educed  to Ag  wi th  the  re lease  of H2Se. I t  t l  
should  therefore  be  possible to detect  a t  a r ing  elec-  

el t rade,  any  H2Se re leased  into solution. Using a s i lver  
d i sk -ca rbon  r ing  e lec t rode  and potent ios ta t t ing  the r ing  
a t  0.2V, the disk poten t ia l  was scanned negat ive  f rom 
O.2V. Curve  3 of Fig. 5 shows the anodic r ing  peak  
which  appears  as the  Ag2Se is r educed  at  the disk. 
Thus, as Ag2Se is reduced,  Ag  deposits  on the disk ~163 - I  
electrode,  and as the  H2Se tha t  is not  reac ted  b y  < 
H2SeO3 in t r ans i t  is swept  across the  r ing  electrode,  i t  ,,s 
Js oxidized to Se. - 

From the  above, a l though i t  is appa ren t  f rom the -z 
v isual  evidence tha t  e lementa l  se lenium is the  p roduc t  
of  the  reduc t ion  of selenious acid, i t  r emains  necessary  
to d is t inguish  be tween  two different  mechanisms;  
e i ther  a four  e lect ron reduct ion  as given by  Eq. [6], or  -3 
a six e lec t ron reduct ion to HeSe fol lowed by  a fast  
chemical  reac t ion  as g iven by  Eq. [2] and [4]. If  the 
l a t t e r  is t rue  and  the ra te  of the subsequent  chemical  -0.8 
reac t ion  is dependen t  on the ra te  of diffusion of the  
species H2SeO3 to the  e lec t rode  surface, the  ra te  of 
react ion [4] should be influenced by  the concentra t ion  
of  H2SeO3 in solution. 

Using a 0.5 mM solut ion of H2SeO~ in 1M H2SO4, 
the  vo l t ammograms  shown in Fig. 6-8 were  obta ined 
for Au, Ag, and Cu (Cu is a Group II  type)  electrodes,  
respect ively.  The most  significant fea ture  here  is the  
presence of two reduct ion  waves  on s i lver  and copper.  
F igu re  9 shows Levich plots  for both  waves  in each of 
the  l imi t ing  cur ren t  regions (i.e., at --0.3 and --0.6V). 
The resul ts  for  both  meta ls  essent ia l ly  superimpose,  
y ie ld ing  two s t ra igh t  l ines wi th  a slope rat io  of ap-  
p r o x i m a t e l y  2:3 for each system. Thus, if four  e lect rons  
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Fig. 7. Conditions of Fig. 5 at silver disk, without modulation, ex- 
cept solution iS 0.5 mM H2SeO3-1M H2SO4. 

-0.6 -0 .4 -0.2 0 0.2 
E VS S.C.E./VOLTS 

Fig. 8. Conditions of Fig. 7 at copper disk. 

are  involved in the  first reduct ion  step, wi th  the fo rma-  
t ion of Ag2Se and Cu2Se, respect ively,  the  second ca th-  
odic wave  corresponds to the six e lec t ron reduct ion of 
H2SeO~ to H2Se. 

The Levich plots of wave  he igh t /concen t ra t ion  vs. 
~1/2 for  0.5 mM H2SeO3 solutions (Fig. 10) a t  a gold 
disk also give a slope 50% h igher  for the more  di lu te  
solution, consistent  wi th  an appa ren t  change f rom 4 to 
6 in electrons t ransfer red .  Fu r the rmore ,  holding the 
potent ia l  of the disk e lect rodes  in  the region of H2Se 
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Fig. 9. Levich plots for silver and copper rotating disks in 0.5 

mM H2SeO3-1M H2SO4. Curve 1, currents at E ---- - -0 .2V vs. 
SCE; Curve 2, currents at E ~- - -0 .6V vs. SCE. Ag; - - -  
Cu. 

formation for several minutes  in the 0.5 mM H2SeOz 
solution does not lead to the deposition of any observ- 
able amount  of red selenium at the disk. A red film is, 
however, formed outward  from the per iphery of the 
electrode, again showing that  Se formation does result  
from a chemical interact ion between H2Se and H2SeO3. 
Thus, the following sequence is proposed for the reduc-  
tion of H2SeO~ in 1M H2SO4 at a "noble" electrode 

H2SeO8 4- 6H + 4- 6e--> H2Se + 3H20 [7] 

followed by the chemical reaction 

2H2Se 4- HuSeO~--> 3Se + 3H~O [8] 

The rate of the chemical reaction is dependent  on the 
concentrat ion of H2SeO3, so that at high H2SeOz con- 
centrations, reaction [8] is fast and the overall  process 
taking place at the electrode surface appears to be 

H2SeO3 -F 4H + 4- 4e--> Se 4- 3H20 [9] 

For the Group II electrodes however, an interact ion 
takes place between the metal  surface and the electro- 
active species. The following reaction occurs at these 
electrodes 

n M 4 - H 2 S e O 3 + 4 H  + + 4e-> MnSe + 3H20 [10] 

where M stands for Hg, Ag, or Cu, respectively, with 
n = 1 for Hg, 2 for Ag and Cu. These reactions take 

place more readily, i.e., at more positive potentials, be-  
cause of the addit ional driving force of the insoluble 
metal-selenide formation, than does H2Se formation by 
reaction [2]. However, as the flux of the species M by 
diffusion through the also electronically conducting 
selenide film decreases, reaction [7] or [9] takes over. 

A fur ther  feature of the selenious acid reduction is 
the i r reversibi l i ty  of the reaction, with no reoxidation 
wave appearing after  se lenium deposition. It  is also to 
be noted that Se(IV) cannot be oxidized to Se(VI)  in  
this system and such a r ing reaction is not available to 
determine the number  of electrons t ransferred in disk 
reaction consuming Se(IV) .  

Deposition of CdSe.--The technique developed by the 
Weizmann Inst i tute  group (5) for the cathodic deposi- 
tion of CdSe, involves the use of mil l imolar  SeO2 solu- 
tions in 1M H2SO4 in the presence of relat ively high 
concentrations of CdSO4. Using a Cd stick as anode and 
a Ti plate as substrate, no external  voltage is required 
when  the two electrodes are shorted together. Solution 
s t i r r ing and concentrat ion of SeO2 are adjusted so as 
to main ta in  a current  of 5-10 mA cm -2 of Ti. Higher 
SeO2 concentrations result  in the formation of a red 
insulat ing layer  of Se which prevents  fur ther  deposi- 
tion. 

From the results presented in the section "Reduction 
of Se (IV) in 1M H2SO4," the reduction of selenite in 1M 
H2SO4 gives rise to H2Se which undergoes a rapid 
chemical reaction with the solution to yield elemental  
selenium at the electrode surface. In solutions of high 
H2SeO~ concentrations, i.e., ~ 5 mM H2SeO3, the 
post chemical reaction is so fast that the overall  proc- 
ess appears as a four electron reduction to Se. Under  
such conditions, the precipitat ion of Cd 2 + at the surface 
of the electrode would not be able to compete favor-  
ably, even at high Cd 2+ concentrations with Se deposi- 
tion. Decreasing the concentrat ion of H2SeO3 however, 
slows down the subsequent  chemical reaction of H2Se 
so that a six electron reduction results at the surface 
of the electrode. Under  such circumstances, it should 
be possible to deposit CdSe more efficiently, al though 
excess Se could still be expected if the chemical reac- 
tion [8] is fast enough. 

Figure 11 shows a vol tammogram obtained for a 
go]d electrode in a 1M H2SO4 solution containing 0.5 
mM Na2Se03 and 0.1M CdSO4. A reduct ion wave, 
corresponding to the six electron reduction of H2SeO3, 
appears at approximately  --0.5V vs. SCE. At potentials 
more negative than --0.7V, the current  increases 
rapidly due to the reduction of Cd 2+. Reversal of the 
scan from that  point  gives rise to an anodic peak cot- 
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Fig. 10. Levich plots for gold rotating disk on limlting current 
steps of H2SeO3 reduction wave in 1M H2SO4. Curve 1, 4 mM 
H2SeOs, E ~ - -0 .65V vs. SCE; Curve 2, 0.5 mM H2SeO3, E 
- -0.SV vs. SCE; (see curves of Fig. I and 6). 
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H2SeO~ + 0.Ih4 CdS04 in 1M H2S04. Conditions as for Fig. 1. 
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responding to the reox ida t ion  of Cd, super imposed  on 
the H2SeO8 reduct ion  wave.  The hysteresis  observed in 
the region of --O.4V indicates  tha t  once sufficient CdSe 
has been deposited,  the  reduct ion  of H2SeO~ can occur 
at  less negat ive  potent ials .  

These  resul ts  thus i l lus t ra te  the r e l a t ive ly  high nu-  
cleat ion overpo ten t ia l  associated wi th  the deposi t ion of 
CdSe on a gold surface. A s imi lar  effect was also ob-  
served  on a carbon electrode.  Ti surfaces (5) have  not  
been inves t iga ted  here.  

Using 0.1M CdSO4 solutions in 1M H2SO4, containing 
H2SeO3 in concentra t ions  ranging  f rom 1 to 3 mM, 
CdSe films were  deposi ted on both carbon and gold 
surfaces. This was accomplished by  s tepping the po-  
ten t ia l  to --0.6V vs. SCE a n d p l a t i n g  for 1/2 hr  or  unt i l  
the  e lec t rode  passivated.  Elec t rode  pass ivat ion  was 
qui te  r ap id  in solut ions conta ining 2 mmoles  pe r  l i ter  
or  h igher  H2SeOs, showing tha t  se lenium deposi t ion is 
s t i l l  r e l a t ive ly  fast  unde r  these conditions. On i l lu-  
mina t ing  the e lect rodes  wi th  whi te  l ight,  p - t y p e  be-  
hav ior  was observed,  this also being indica t ive  of 
excess Se presen t  in the  CdSe films. 

F igure  12 shows a typica l  open-c i rcu i t  photovol tage  
spec t ra l  response curve which  was obta ined  for a CdSe 
e lec t rode  p repa red  by  the above method.  Fo r  this 
spectrum, "d-c"  monochromat ic  inc ident  rad ia t ion  
f rom a 100W quar tz  halogen (f i lament)  l amp was used. 
The e lec t rode  was immersed  in 1M H2SO4 and the 
open-c i rcu i t  potent ia l  was measured  vs. SCE. The main  
fea ture  of such spect ra  is wave leng th  regions wi th  ne t  
p -  or n - t y p e  behavior .  The photoresponse  extends  to 
about  720 nm, equiva lent  to the known app rox ima te ly  
1.7 eV bandgaps  of e i ther  CdSe or Se. P r e suma b ly  
since the  h igher  wave leng th  region is dominated  by  the 
d i rec t  gap, n - t y p e  CdSe, it  represents  the  CdSe band-  
edge. We ascr ibe no fu r the r  significance to the com- 
pensa t ion  poin t  at  550 nm or  to the  shapes of these 
spec t ra  o ther  than  the pa r t i cu l a r  composit ion p ro -  
duced by  a given e lec t rodeposi t ion run. 
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Fig. 12. Photovoltage spectral response curve for CdSe film elec- 
trode prepared by cathodic deposition. Open-circuit potential of 
CdSe measured vs. SCE in 1M H~S04. 

In  solut ions conta ining less than  2 mM H2SeO3, 
or for cur ren t  densi t ies  below 5 mA cm -~, e lect rode 
pass ivat ion was much s lower  by  the above technique,  
and in some cases sl ight  n - t y p e  behav ior  could be ob-  
served  when i l lumina t ing  the films wi th  whi te  light.  
The ve ry  low photovol tages  wi th  monochromat ic  l ight,  
however ,  were  inadequa te  to obta in  re l iab le  photo-  
vol tage  spectra.  

A lower  p la t ing  ra te  in d i lu te  H2SeO~ solutions thus 
appears  to minimize  the level  of excess se lenium in-  
corpora ted  in the  CdSe films p repa red  cathodical ly.  
However ,  the low photoresponse  of these films, p rob -  
ab ly  due to poor  crys ta l l in i ty ,  means  tha t  a final an-  
neal ing process is st i l l  unavoidab le  if these electrodes 
arc  to be used as photoanodes in l iquid junct ion solar  
cells. F inal ly ,  we note that  a s lower  p la t ing  ra te  also 
resul ted  in improved  adherence  of the deposi ted films 
on the substrate .  This is a ma jo r  p rob lem wi th  the  
films p r e p a r e d  f rom more  concent ra ted  solutions. 
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A B S T R A C T  

The g rowth  of anodic  oxide films a t  p l a t inum in sulfur ic  acid  solut ion w a s  
s tud ied  a t  different  t empera tu res  using ga lvanos ta t ic  t ransients .  The ac t iva-  
t ion energy  and  p reexponen t i a l  fac tor  1or the  ra te  of g rowth  were  evaluated .  
In  the p lane  in which  the r a t e -de t e rmin ing  step occurs the  surface dens i ty  of 
ions, or  ion pa i rs  par t ic ipa t ing  in the g rowth  process, is about  1015 cm -2. This 
is close to the dens i ty  of a toms in the  surface of the  metal .  The analys is  
appears  to suppor t  the  process at  the me ta l / ox ide  in ter face  be ing  the r a t e -  
de te rmin ing  step. However ,  the  same va lue  for  N is compat ib le  w i th  the  f ield-  
assisted place exchange process as the  r a t e - d e t e r m i n i n g  step at  the m e t a l /  
oxide  in ter face  or wi th in  the  oxide  phase. Because the g rowth  fol lows t h e  
same ra te  equat ion f rom the very  ea r ly  stages of oxide formation,  the p roc-  
ess a t  the me ta l / ox ide  interface  seems to be the  r a t e - d e t e r m i n i n g  step. 

I t  has recen t ly  been repor ted  tha t  the  kinet ics  of 
oxide  growth  at  p l a t inum anodes in acid solutions 
f rom about  1.0V vs. RHE to the  potent ia l  at  which 02 
evolut ion becomes the p redominan t  reac t ion  is r ep re -  
sented by  the equat ion (1, 2) 

~(V - Vo) 
iog = iog,o exp [I]  

d 

Apparen t ly ,  the  growth  process follows (1-4) the 
w e l l - k n o w n  formal i sm of the Cabre ra -Mot t  model  (5) 
for the  high f ie ld-ass is ted fo rmat ion  of "ve ry - th in"  
oxide films. I f  the  growth  indeed proceeds according 
to this  model,  then  the ra te  of g rowth  given as the  
change of the  average  thickness  of the oxide  film, d, 
wi th  t ime satisfies the  equat ion [cf. Ref. (5, 6)] 

d (d) _ r i o g  --  2Nv~  exp  exp [2] 
dt kTd  

In  this equat ion ze is the  charge  and ~ is the ha l f -  
j ump  length  of the  migra t ing  ions, v is the i r  mean  
v ibra t ion  frequency,  W is the act ivat ion energy,  and  

is the a rea  of the oxide l a y e r  per  single meta l  ion in 
the  oxide phase. Fac to r  r (---- 9 • l0 s Acm2/C) con- 
ver ts  expe r imen ta l l y  de te rmined  charge dens i ty  q (in 
C cm -2)  into thickness in angst roms (1), i.e., d = rq. 
hVof ( =  V --  Vo) is the poten t ia l  difference across 
the oxide  film. N is the  surface dens i ty  of the ions 
par t i c ipa t ing  in the growth  process for the p lane  in 
which the r a t e -de t e rmin ing  step occurs (5, 6). 

In  the or ig inal  Cabre ra -Mot t  theory,  it  was assumed 
tha t  only  cations migra te  in the  process of growth.  
Fur ther ,  i t  was assumed tha t  a process at  the  m e t a l /  
solut ion interface  in the ve ry  ea r ly  s tage of growth,  
or a process at  the  m e t a l / o x i d e  film interface  in sub-  
sequent  stages of growth,  is the  r a t e -de t e rmin ing  step. 
Wi th  this assumption,  N should  closely be equal  to the  
surface dens i ty  of a toms in the me ta l  itself, i.e., about  
1.5 • 1015 cm -2. This m a y  be contras ted  wi th  the  mi -  
gra t ion  of in te rs t i t i a l  cations wi th in  the oxide  phase 
being the r a t e - d e t e r m i n i n g  step [the Verwey  model  
(7)] .  In  this case N should be equal  to the  surface 
dens i ty  of in ters t i t ia l  cations in the react ion plane,  i.e., 
should be much less than  1.5 • 1015 cm -2. 

P a r a m e t e r  a was found to be 160 AV -1. This va lue  
checks f avorab ly  wi th  the  theore t ica l ly  p red ic ted  value  
for  a = ze~/kT when z~ = 4A (1). I t  impl ies  tha t  z : 
2 and k = 2A and tha t  P t  + + ions are  the migra t ing  
species in the  oxide  phase. The phase  i tself  was iden t i -  
fied by  e l l ipsomet ry  as P t (OH)2  (8, 9). The agreement  
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ev iden t ly  p rov ided  support ,  if  not  confirmation, for  the 
proposed model  of growth.  I t  was fu r the r  suggested (1) 
that  the process at  the m e t a l / o x i d e  film in ter face  was 
the r a t e -de t e rmin ing  step. This is because  the  ra te  
equat ion describes the g rowth  f rom the ve ry  ea r ly  
stages when the film is perhaps  only one atomic l aye r  
th ick [cf. Ref. (10)].  The exchange cur ren t  density,  
iog,o ( =  1.8 X 10 -1~ A c m - 2 ) ,  was found (11) to be 
independen t  of pH, as expec ted  for the  model  (cf. Eq. 
[1] and [2]) .  

Though much has been l ea rned  in recent  years  
about  oxide  growth  at  P t  anodes [cf. Ref. (1-4, 8-15)] ,  
the question concerning the ove r -a l l  pa th  and ra te -  
de te rmin ing  step remains  open. Fo r  instance, is the  
process at  the m e t a l / o x i d e  film in te r face  or  the  p roc -  
ess wi th in  the oxide phase the r a t e -de t e rmin ing  step? 
Could the  process at  the ox ide / so lu t ion  be the r a t e -  
de te rmin ing  step? The l a t t e r  process has not  been  con- 
s idered  to be ra te  determining.  A n  analysis  of the  
exchange cur ren t  dens i ty  

 ox, 

"-" io exp [3] 

can p rov ide  informat ion  concerning the r a t e - d e t e r m i n -  
ing step if  io is k n o w n  so tha t  the product  Nv, and 
hence N, can be evaluated.  For ,  if  the process of ion 
migra t ion  in in te rs t i t i a l  posit ions wi th in  the  oxide 
phase is the r a t e - d e t e r m i n i n g  step, N is expected to be 
a few orders  of magni tude  less than  N for the process 
of ion format ion  at  the m e t a l / o x i d e  film interface.  
Here, we repor t  kinet ic  da ta  on anodic oxide growth  
at  P t  anodes in 2N H2SO4 solut ion at  different  t em-  
pe ra tu res  and cor re la te  the  factor  N to the r a t e - d e t e r -  
mining  step. 

Experimental 
An a l l -g lass  cell was used in  this work.  The work ing  

and reference  e lec t rode  compar tments  of the  cell were  
j acke ted  so tha t  the solutions in both compar tments  
could be  ma in ta ined  at  a g iven t e m p e r a t u r e  by  c i r -  
cula t ing a the rmos ta ted  l iquid th rough  the jackets  
a round  both compar tments .  The work ing  p l a t inum 
wire  e lect rode was "sealed" in a soft glass tube. The 
s ta ted  pu r i ty  of p l a t inum was be t t e r  than  99.99%. The 
roughness  fac tor  (R ---- 1.7) was de te rmined  f rom ca-  
paci tance measurements  in the polar izable  region and 
used to correct  all  da ta  r epor t ed  here. To ensure  un i -  
form field d is t r ibut ion  at  the  work ing  electrode,  three  
P t  gauze countere lec t rodes  were  symmet r i ca l ly  p laced 
a round  the work ing  e lec t rode  a t  a d is tance of about  1 

8 7 4  
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cm. The solut ion in the work ing  e lect rode compar t -  
men t  was sa tu ra t ed  wi th  h igh  p u r i t y  g rade  02. A 
hydrogen  e lec t rode  in the  same solut ion and t e m p e r a -  
ture  was used as the  reference  electrode.  

The constant  cu r r en t  charging  technique was used 
in  this study.  Deta i ls  of t h e  expe r imen ta l  p rocedures  
and  ins t rumenta t ion  were  the  same as p rev ious ly  de -  
scr ibed (1, 2, 11). 

Results and Discussion 
When  a constant  cu r r en t  is app l ied  to a p re reduced  

e lec t rode  in i t i a l ly  at  the res t  potent ial ,  the  potent ia l  
a f te r  an  in i t ia l  sharp  and nonl inear  r ise increases  
l i nea r ly  wi th  t ime, or  charge  dens i ty  q, unt i l  a poin t  
is reached when  O2 s tar t s  evolving (1, 11). As p rev i -  
ously  shown, in the  l inear  region the charge  is used 
a lmost  en t i r e ly  for  oxide  f i lm format ion  (1, 11). F r o m  
the exper iments  a t  room tempera tu re ,  these l inear  V-q  
traces a t  dif ferent  constant  cur ren t  densi t ies  a re  shown 
to fol low Eq. [1]. 

In  Fig. 1, V-q t races  a re  shown for 1.5 X 10 -5, 1.5 X 
10 -4, 1.5 X 10 -3, and  1.5 X 10 -2  Ac re -2  in 2N H2SO4 
solut ion at  50~ As expected,  the  genera l  forms of 
these t races  a r e  s imi lar  to the  charging curves at  room 
t e m p e r a t u r e  [cf. Fig. 1 and 2 in Ref. (11)].  However ,  
for  the  same cu r r en t  density,  dV/dq slopes of the  V-q 
t races  at  50~ are  s ignif icant ly lower  t h a n  the slopes 
at  room tempera tu re .  In  Fig. 2, the  dV/dq slopes are  
p lo t ted  agains t  the  logar i thm of the  appl ied  cur ren t  
dens i ty  a t  0 ~ 23 ~ 50 ~ 65 ~ and 75~ Slopes of these 
dV/dq vs. log i t races  increase  as t empe ra tu r e  increases.  
This is shown in Fig. 3. Before  proceeding  wi th  the  
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Fig. 3. Slopes of the dV/dq vs. log i traces as function of tem- 
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analysis  of da ta  in  Fig. 2 and 3, i t  is he lpfu l  to examine  
Eq. [2]. F r o m  this equat ion by  different ia t ion one ob-  
tains 

[ dd_~] kT iog W d dW 
= In + + - -  [4] 

i.r zek io ~ ze~ d ( d )  

As prev ious ly  shown (1, 15) and  confirmed in this 
work, for a constant  t empe ra tu r e  and a given log, 
dV/d(d) is constant  and  independen t  of d. I t  fol lows 
tha t  W ~ ] ( d )  and  the las t  t e rm  in Eq. [4] cari he 
dropped.  Other  pa rame te r s  in the  equat ion do not  de -  
pend on d either.  Since d = rq,  the  observed l inear  
dependence  of dV/dq on log iog for over  five decades of 
cur ren t  densi t ies  (cf. Fig. 2) is accounted for  b y - t h e  
model  of " th in  oxide  film growth."  The l inear  increase  
of the slopes of dV/dq vs. log iog, i.e., of d2V/dqd In iog, 
wi th  t e m p e r a t u r e  is also in  accordance wi th  the model  
(cf. Eq. [4]) .  F rom such a slope a t  room tempera tu re ,  
the z~ p roduc t  was p rev ious ly  ca lcula ted  and z ( =  2) 
and  k ( =  2A) ana lyzed  (1, 11). I t  fol lows f rom Fig. 
2 and 3 tha t  z and ~ are  independen t  of t e m p e r a t u r e  
as expected  for  the  model.  (In this n a r r o w  t e m p e r a -  
tu re  range  the change in the  uni t  cell  dimensions,  and  
hence in ~, is insignificant.)  

P a r a m e t e r  io, and hence N, can r ead i ly  be obta ined  
f rom Eq. [4] using the re la t ionship  

"~q k r  
= In N [5] 

l zeX io 

For  i = 1 Acm -2, this  re la t ionship  simplifies to 

~ ' q  - -  k r  In io [61 
Y 1 A c r e  - 2  ~ z e ~ .  

wi th  io given in  Acre  -~. 
In  these equat ions i t  is t aken  tha t  W ~ f (T).  This is 

cer ta in ly  t rue  for a n a r r o w  range  of t e m p e r a t u r e  as in  
the  presen t  exper iments .  

Now, r e tu rn ing  to the  expe r imen ta l  da ta  of Fig. 2, 
the  separa t ion  of the dV/dq vs. log i l ines a t  1 Acm -2  
for  the t empe ra tu r e  difference of 75~ is --280 VC - I  
cm 2. This is shown-in  Fig. 4 in which  dV/dq ex t r apo -  
l a ted  to 1 Acm -2  are  p lo t ted  vs. t empera tu re .  If  fol lows 
f rom Eq. [6] tha t  io is 6 • l0 s Acm -2. I t  shou ld ,be  
noted tha t  io is not  the exchange  cur ren t  dens i ty  bu t  
the  p reexponen t ia l  t e rm in the  exchange cur ren t  den-  
s i ty  iog,o (ef. Eq. [3]) .  In  this calculat ion,  the factor  
~" ( - -  9 X 10 a Acm2/C -1)  is used to convert  cou lombs /  
square  cen t imete r  into thickness in angstroms.  A n  e r ro r  
in r,  however ,  does not  affect this numer ica l  eva lua t ion  
of io since the  p roduc t  z~, used for this evaluat ion,  was 
de te rmined  using the same factor  and  any e r ro r  tha t  
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Fig. 4. The values of dV/dq extrapolated to i = 1 Acm-"  at 
different temperatures. 

might  be introduced with r cancels out. With io -- 6 • 
l0 s Acre -2, the Nv product  can be calculated from 

/or 
_ - -  [7] 

2vk~ 

if ~ is known. F rom the definitions of various param-  
eters it follows that  2L~ is the volume of the oxide film 
per single migra t ing cation (of charge z). Conse- 
quently,  the product  2 ~ r  -1 is the number  of coulombs 
per single cation. This, however, is nothing else but  ze, 
so that  N in  Eq. [7] is given by  

io 6 X lO':'Z3io 
N = - [8] 

zev zFv 

W i t h z  = 2, Nv = 1.9 • 10 ~ ~ 2 • 102~cm -~ sec -1. 
Now, with v = 3kO/(4h), where e, k, and h a r e  Debye 
tempera ture  [ :  225~ for P t  (16)], Boltzmann's  con- 
stant, and Planck 's  constant, respectively, the mean  
vibrat ional  f requency is calculated as v = 3.5 • 1012 
sec -1. With v = 1012 se c-1,  as usual ly taken, the sur-  
face density of sites, N, that  are active in the rate-  
determining reaction plane is 2 • 1015 cm -2. Even if v 
= 3.5 • 1012 sec -1, N is surpr is ingly close to the density 
of atom sites in  the surface of the metal  (~1.5 • 10 ~5 
cm-~) .  This close agreement  appears to provide strong 
evidence for the ion formation at the metal /oxide  in-  
terface as the ra te -de te rmin ing  step in  the over-al l  re-  
action path. 

Finally,  the activation energy can be determined 
from io and the exchange current  density, iog,o, ac- 
cording to Eq. [3]. An easy way to obtain iog,o is to 
read from Fig. 2 the value of dV/dq as i = 1 Acre -~ 
and a given tempera ture  and apply this va lue  to 

( d V ~  --  - - r kT  ln,o,,o [9] 
" - ~ ]  T, i=l  Acre - 2  - -  zeK 

This relat ionship follows direct ly from Eq. [4]. Again, 
iog.o is not affected by the conversion factor r. The ex- 
change current  density at 23~ is 2 • 10 -10 Acre-2. 
This value compares well with that  previously reported 
(1) for room tempera ture  (1.8 • 10 -10 Acm-2) .  The 
exchange cur ren t  densi ty increases wi th  tempera ture  
as expected from Eq. [3]. With io~.o for a given tem- 
perature  and with io as determined above, the activa- 
t ion energy is 1.08 eV or close to 25 kcal-mole. This 
value, though on a high side, compares well  with the 
act ivat ion energies reported for growths of oxide films 
at valve metals and A1. 

The present  study, therefore, confirms the view that  
the oxide films at p la t inum anodes grow according to 
the simple model of high field-assisted formation of 
metal  ions at the meta l /oxide  interface and their mi -  
grat ion in  the field from one presumable  interst i t ial  po- 
sition to another. Further ,  it  appears that the ra te-  

de termining step is the process at the metal /oxide  film 
interface. 

A conclusion regarding the ra te -de te rmin ing  step 
that is based on the numerica l  value of N may, how- 
ever, be subject  to an  uncer ta in ty  due to a possible 
amorphous character of the oxide film. In  an amor-  
phous oxide all sites could be regarded as "intersti t ial" 
and active in  the process of growth. In  this case 1V can- 
not differentiate between the two ra te -de te rmin ing  
steps. Electron diffraction indicates (17), however, that, 
even in these very th in  oxide films, there is a degree of 
ordering and perhaps the uncer ta in ty  is limited. 

The process of growth may, however, be more com- 
plex than it is pictured by the simple model discussed 
above. First  of all, anions too may part icipate in the 
growth process as in  the case of Ta (18). There is no 
way to dist inguish with the present  exper imental  data 
be tween the anionic and cationic t ranspor t  in  the plat i -  
num oxide films. With O H -  as the charge t ransport ing 
anions, and with zL = 4A, the ha l f - jump distance 
would become too large, i.e., 4A. This calculation, how- 
ever, only indicates, but  it does not prove, that  O H -  is 
not the charge-carrying species. I t  is in  general  possible 
that  both anions and cations participate in  the charge 
transport.  However, if these two processes are inde-  
pendent  of each other, it is unl ike ly  that their rates will  
be comparable. This is because the activation energies 
for these two so widely different ions are expected to 
be different. If indeed both anions and cations inde-  
pendent ly  participate in the charge t ranspor t  with 
comparable rates, it is un l ike ly  that a l inear  dV/dq vs. 
log i dependence would be observed for five decades of 
current  density, as in  the present  study. This is because 
the slope of this dependence would in this case vary  
with the field and hence with applied current  density. 

The place-exchange mechanism is another  process for 
oxide growth that  is, however, usual ly  reserved for the 
direct logari thmic growth. This process too may  be field 
assisted and, if it is nonsimul taneous  [cf. Ref. (19)], it 
could easily account for the observed kinetics. In  this 
mechanism, both anions and cations participate with 
equal or comparable rates in the charge transport.  In  
Fig. 5, s imultaneous rotat ion of one P t  + + and two O H -  
ions i l lustrates in a simple way such a place-exchange 
process. For the place-exchange mechanism, N will be 
the same both fo r  the process at the interface(s)  and 
for the process wi thin  the oxide phase as ra te -de ter -  
mining  steps. Therefore, if one accepts the place-ex-  
change mechanism as a possible process, the value of 

0<--0 0 0 0 0 0 0 
�9 �9 �9 0 - - > 0  �9 �9 �9 

o r o 
�9 �9 o o 

�9 ~ 0  �9 �9 

0 
0 0 �9 0 0 

�9 �9 O .O e �9 �9 �9 0 eO �9 �9 eO eO 

Fig. 5. Representations of the field assisted place-exchange 
process. Open circles, O H - ;  full circles, M + +. 
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N alone cannot  serve  as a c r i te r ion  for  the  choice of 
t h e  r a t e - d e t e r m i n i n g  step.  Then, only  the fact  tha t  the 
observed  kinet ics  is descr ibed by  Eq. [2] f rom the ea r -  
l ies t  stages of g rowth  suppor ts  the  process at  the m e t a l /  
oxide  in ter face  as the  r a t e - d e t e r m i n i n g  step. F u r t h e r  
studies,  not  necessar i ly  e lec t rochemical  ones, a re  st i l l  
needed  to e luc ida te  the  o v e r - a l l  mechanism and r a t e -  
de t e rmin ing  step: I t  should be noted tha t  the  in i t ia l  
g rowth  is fol lowed by  an ex tended  g rowth  which  is 
known (14) to proceed according to t h e d i r e c t  l oga r i t h l  
mic g rowth  l aw (i.e., i = io exp (aV - -  5d) .  The t rans i -  
t ion f rom the in i t ia l  s tages of growth,  which  proceeds 
according to Eq. [1], to the  ex tended  g rowth  is not  
clear,  and  an analysis  of  the  t rans i t ion  i tself  m a y  help  
in e luc ida t ing  the g rowth  processes in both regions of 
growth.  We shal l  discuss these p rob lems  in subsequent  
papers .  

Manuscr ip t  submi' t ted Oct. 9, 1978; revised m a n u -  
scr ip t  received Sept.  19, 1979. 

A n y  discussion of this  pape r  wi l l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1980 
JOURNAL. Al l  discussions for  the  December  1980 Dis-  
cussion Sect ion should be submi t t ed  b y  Aug. 1, 1980. 

Publication costs o~ this article were assisted by 
Allied Chemical Corporation. 
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Mixed Electrolyte Solutions of Propylene Carbonate and 
Dimethoxyethane for High Energy Density Batteries 

Y. Matsuda* and H. Satake 
Department ol Industrial Chemistry, Faculty of Engineering, 
Yamagucld University, Tokiwadai, Ube, Yamaguchi, Jc~pan 

I n t e r e s t  in high energy  ba t te r ies  has increased in 
recen t  years  and some kinds  of Li ba t te r ies  wi th  o r -  
ganic e lec t ro ly tes  have been developed ( 1 - 1 0 ) .  Dur -  
ing  the  course of the  inves t igat ions  in this field, some 
worke r s  r epor t ed  on the mix ing  effect of the  organic 
e lec t ro ly tes  (11-14). One of the authors  (15) has r e -  
por ted  on the improvemen t  of anodic pe r fo rmance  of 
Mg in mixed  PC and 1 ,2-d imethoxvethane  (DME) 
system, and in  fo rmamide  and t e t r ahyd ro fu ran  (THF)  
system, and the  mix ing  effect of solvents  on cathodic 
pe r fo rmance  of some meta l  sulfides (16). Recent ly ,  
Koch and co -worke r s  (17) have repor ted  on T H F -  
based e l e c t r o l y t e s  for secondary  Li electrodes,  and 
Ikeda  and co -worke r s  (4) have adopted  PC-DME elec-  
t ro ly tes  in the  Li/MnO2 bat ter ies .  However ,  the  r ea -  
son for  the  synergis t ic  effect of mixed  organic  e lec t ro-  
lytes  has not  been clarif ied in these invest igat ions.  In  
this s tudy,  the  effects of  mix ing  the organic  solvents, 
PC-DME, conta ining some perchlora tes  were  inves t i -  
ga ted  in connect ion wi th  the  e lect r ic  conductance,  di -  
e lec t r ic  constant ,  and  viscosity. 

* Electrochemical Society Active Member.  
Key words: mixed organic electrolyte solution, propylene car- 

bonate---1,2-dimethoxyethane system, electric conductance of or- 
ganic electrolyte solution. 

Experimental 
PC and DME were  purif ied by  the methods  descr ibed 

in previous  papers  (15, 18). The wa te r  content  was 
measured,  using Ka r l  F i she r  reagent ,  and i t  was be-  
low 80 ppm in PC and 50 ppm in DME. L i th ium pe r -  
ch lora te  was an ex t r a  pure  reagen t  by  Kanto  Kagaku  
Company Limited,  and the other  perch lora tes  were  
the same grade  reagents  by  Wako Pure  Chemical  In -  
dustries,  Limited.  They  were  used af te r  d ry ing  under  
reduced  pressure  at  160~176 fo r  24 hr. The dielec-  
t r ic  constant  of solvents  was measured  wi th  a b r idge  
method using 1 kHz a.c., and viscosi ty was measured  
wi th  a modified Ostwald  viscometer .  The electr ic  con- 
ductance  of the  e lec t ro ly tes  was measured  wi th  an 
impedance  br idge  using .1 kHz a.c. 

Results and Discussion 
The viscosit ies of PC-DME wi th  and wi thout  1M 

NaC104 as a funct ion of the  composi t ion of the sol-  
vents  a re  shown in Fig. 1. The viscosi ty of  the mixed  
solvent  increased wi th  addi t ion  of PC into DME a n d  
the expe r imen ta l  value  was lower  than tha t  expected 
according to the  assumpt ion  tha t  the theo ry  of the  
ideal  solut ion would  be app l ied  on the viscosities of 
the mixed  solvents.  
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The die lect r ic  constants  of the  mixed  solvents were  
then  measured ,  and  the resul ts  a re  shown in Fig.  2. 
The values  increased  by  adding  PC into DME. The 

70 b 

measured  values  were  a lmost  l inear,  but  a smal l  
deviat ion was observed  be tween  the expe r imen ta l  va l -  
ues and those expected  f rom the  addi t ive  prouer t ies  
of each component.  Also, the densi t ies  of PC-DME sys-  
tem were  measured,  and these increased l inear ly  wi th  
addi t ion  of PC into DME though the increase was 
small .  

In  Fig. 3, the  equ iva len t  conductance of PC-DME 
containing 1M NaC104 is shown as a funct ion of the 
mixed  ratio.  The conductance of the  mixed  e lect rolytes  
was h igher  than  tha t  of each single solvent  wi th  
NaC104 and the m a x i m u m  value  of the equiva len t  
conductance was ob ta ined  at  the  mix ing  rat io  of about  
one to one. The ve ry  significant factors affecting the 
conductance of ionic solut ions would be the dielectr ic  
constant  and the viscosity in connection wi th  the sol-  
r a t i on  of the ions and the so lvent -so lvent  interact ion.  
The  increase  of equiva lent  conductance of  the  solut ion 
due to addi t ion  of DME into PC in Fig. 3 is p r o b a b l y  
caused  by  low viscosities of DME. However ,  the con- 
ductance  decreased again  in  DME-r ich  solutions. This 
phenomenon might  be caused by  some var ia t ion  of 
solvat ion of the  cat ion and the anion, and the Stokes '  
radii ,  and these would  be concerned with  the specific 
solvat ion (19-21) and the low ionizat ion of the solute 
due to the decrease  of the  dielectr ic  constants  of the  
solvents  (22-24). 

The  equiva lent  conductances (A) of NaC104 in PC, 
DME, and these 1:1 mix tu re  a r e  shown in Fig. 4 as 
a funct ion of the  solute concentrat ion.  In  the case of 
the  PC and PC:DME (1:1),  the  re la t ion  be tween  A 
and concentra t ion of NaC104 was found to be a lmost  
l inear  in the  region of di luted concentra t ion though 
the mechanism of the conductance has not  been c lar i -  
fied. The equiva lent  conductance of  the mixed  organic  
e lec t ro ly te  (PC-DME, 1:1) was higher  than  tha t  of 
each single sys tem (PC or  DME).  Among those, the 
behavior  of the DME system was en t i re ly  different  
f rom tha t  of the others. But a s imi lar  phenomenon 
has been  observed in THF conta ining NaC104 (25). 
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A n y  discussion of this  paper  wil l  appear  in a Dis-  
cussion Sect ion to be  publ i shed  in the December  1980 
JOURNAL. Al l  discussions for  the  December  1980 Dis- 
cussion Section should be submi t ted  b y  Aug. 1, 1980. 
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Cathodic Deposition of a Trivalent Chromium 
Film as a Bonding Interface Between 

Copper and Polyethylene 

F. Simchock, K. Ramachandran, R. Haynes,* and F. J. Jannett 

Western Electric Company, The Engineering Research Center, Princeton,  New Jersey 08540 

Many  studies a re  ava i lab le  concerning the use of va -  
r ious surface t rea tments  of copper  for bonding to va r i -  
ous dielectr ics  (1). Mos t  of these studies a re  pe r fo rmed  
on s imple  geometr ies  and may  not  be comparab le  di-  
rec t ly  to the  p resen t  system. Few studies (2) have been 
done on the specific appl ica t ion  to mi l l ime te r  w a v e -  
guide  systems such as tha t  recen t ly  inves t iga ted  for the 
Bell  Sys tem's  (3) WT4. 

The purpose  of this s tudy  was to test  the du rab i l i t y  
of  copper  ox ide  and chromate  as bonding in ter face  be -  
tween  copper  and po lye thy lene  in copper  p la ted  steel  
tubes,  51 and 60 m m  ID, to be used for  d ie lect r ic  l ined 
m i l l ime t e r  waveguides.  

* Electrochemical Society Active Member. 
Key words: films, interfaces, bonding. 

Experimental Procedure 
Steel  tubes, 51 and 60 m m  ID, were  copper  p la ted  

from a copper cyanide  solut ion at  20 A / f t  2 to a th ick-  
ness of 12 ~m. Copper was e i ther  oxidized or chromated  
depending on the bonding interface  to b e  bonded. Cop- 
pe r  was oxidized e lec t rochemica l ly  f rom a 2N NaOH 
solut ion sa tu ra ted  wi th  copper  oxides at  160~ at  3.5, 
7.1, and 13.6 m A / c m  2 to obta in  oxide thicknesses of 
4000, 10,000, and 14,000A. Ratios of cuprous to cupr ic  
oxides were  de te rmined  by chronopotent iometr ic  tech-  
nique f rom 0.2N NH4CI at  1 m A / c m  2. Cuprous oxide 
was ma in ta ined  in the  range  of 20 to 40% of the  to ta l  
oxide thickness.  Chromate  was deposi ted on copper  by  
cathodic polar iza t ion  at  25~ f rom 3% aqueous s o l u t i o n  
of sodium citrate,  chromate,  and carbonate.  T h e  t h i c k -  
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ness of the chromium-conta in ing  film is approximately  
1.0 #g/cm 2. ESCA studies (4) indicate the film is not  
a simple uniform monolayer  structure.  Low density 
polyethylene was hot melt  bonded to either the oxi-  
dized or chromated copper interface. A tubu la r  film of 
electrical grade low densi ty polyethylene (such as 
Union Carb ide- -DFDA 0166), 150 ~m thick was sealed 
at one end. A pressurizing cap was applied at  the other 
end and the l iner  inflated with nitrogen. The exterior 
surface (bonding surface) of such an  inflated l iner  
was cleaned by wiping with Freon TF solvent  and 
dried. The l iner  was then inserted into the pipe and end 
caps applied at both ends. Inter ior  of the l iner  and the 
interface was next  evacuated. The l iner  was then in-  
flated with oxygen-free  n i t rogen at  a pressure of 1200 
mm Hg to press against  the treated copper surface. 
Such an assembly was next  heated to bonding temper-  
atures by passing through an  induct ion coil. The pipe 
was allowed to cool down slowly. A typical heat ing 
cycle is shown in  Fig. 1. It is to he noted here that  t em-  
peratures referred to in the following sections are the 
peak temperatures  at ta ined at copper surface in such a 
heating cycle. When the pipe has cooled down to room 
perature,  sections w e r e  cut off  for testing. To prepare 
samples for 180 ~ peel tests, a second layer  of polyeth-  
ylene (150 ~m thick) was bonded at a tempera ture  of 
135~ with induct ion heat ing and allowed to cool under  
ambient  conditions. 

Peel lips for fitting into the Ins t ron jaws were ob- 
tained by two techniques: (i) Dipping one end of a 
section in HC1, a small  length (approximately  2.5 cm) 
was delaminated;  or (ii) A ring was cut from the pipe. 
The inter ior  of the r ing was machined off of all poly- 
ethylene to expose steel to a length  of about 2.5 cm 
from One end. 180 ~ peel tests were done at room tem- 
perature  on an  Ins t ron machine with a jaw separation 
rate of 50.8 mm/min .  

Results 
The results of this s tudy are shown in Table I and 

Fig. 1-3: Table I shows results after sections were left 
in a humid  env i ronmen t  of 35~ and 90% RH. As seen, 
thinner oxides show a decrease of about  40% in peel 
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strengths while thicker  oxides show no appreciable 
change. 

With cathodic chromate as an  interface, a sharp rise 
in bond s t r eng th  was  observed w h e n  induct ively  heated 
to temperatures  above 265~ As seen from Fig. 3, at  
a tempera ture  of about  300~ a 150 #m thick polyeth-  
ylene can be bonded to the surface such that  failures 
occur through the thickness of polyethylene when  
peeled. 

Section of chromated samples were tested for 180 ~ 
peel-creep under  humid conditions of 35~ and 90% RH 
by applying a constant load of 400 g/cm for 24 hr. 
When bonded at 300~ no peeling was observed. 

Scanning electron micrographs of oxidized and 
monolayer  surfaces of copper show chromated copper 
yields a smooth interface. 

Conclusion 
It  has been shown that  cathodic chromate can be used 

as a bonding interface between polyethylene and cop- 
per. Such an  interface is smooth and yields bonds of 

Table I. Effect of humidity on oxidized samples 

THICKNESS 

LINER OXIDE 

300,~ 3750 A 

300,~ 3350 A 

300~ 3350 A 

300~ 9300 

300 M, 9300 

300~, 15300 

OXIDE COMPOSITION 

CUPROUS 

1150 A 

1100 A 

1100 A 

3500 

3500 

550o 

CUPRIC 

2600 

2250 A 

2250 A 

5800 

580o 

9800 ,A 

PRESSURE i 

1200 MM 
HG 

1200 

1200 

1200 

1200 

1200 

PEAK 
TEMP. 

204~ 

232~ 

260~ 

204~ 

260~ 

232 ~ 

180 ~ PEEL STRENGTH 

INITIAL 

i ,  5 KG/CM 

1,8 

1,9 

1,7 

2.7 

2,4 

AFTER 24hr! 
a35~ 

O, 6 KG/CM 

1,0 

1,4 

1,4 

2,2 

2.4 
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Fig. 2. 180~ peel strengths of polyethylene over oxidized copper 
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Fig. 3. 180~ peel strengths of polyethylene oxidized copper vs. 
chromated copper: a comparison of bonding temperatures. 

qua l i ty  comparab le  to those ob ta ined  wi th  th icker  ox-  
ides in the range  10,000-14,000A. Hence, when  smooth-  
ness and e lec t r ica l  character is t ics  of in ter face  are  con- 
s idered  crucial ,  cathodic chromate  m a y  be inves t iga ted  
as an a l ternate .  Both these in te r rac ia l  processes were  
scaled up to p i le t  p lan t  capab i l i ty .  High f requency  loss 
measurement s  were  made  ( in the  mi l l ime te r  w a v e -  
guide  range)  on both  systems. The chromate  in ter face  
was chosen because  o f  less e lec t r ica l  loss and  app rox i -  
ma te ly  13 miles  of waveguide  tubes  were  processed 
(3). 
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scr ip t  received Oct. 11, 1979. This was Pape r  367 p re -  
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A n y  discussion of this paper  wi l l  appea r  in a Dis-  
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Electrochemistry in Hexamethylphosphorotriamide (HMPA) 
I. The H (g,Pt) I HCI(HMPA)ITICI(s)ITI(Hg) Cell 

Carlos H. Contreras-Ortega 1 and Peter A. Rock* 

Department oS Chemistry, University oS California, Davis, CaZiforn~a 95616 

We have  inves t iga ted  the  cel l  

H2 (g,Pt)IHC1 (HMPA)IT1C1 (s)IT1 (Hg) [1] 

whe re  H_MPA is the  solvent  hexame thy lphospho ro t r i -  
amide  [(CH3)2N]3PO, as pa r t  of an  e lec t rochemical  
s tudy  of the  the rmodynamics  of  hyd rogen - i so tope -e x -  
change react ions (1). A t  the  outse t  of this work  HMPA 
looked promis ing  as an aprot ic  solvent  for  use in  elec-  
t rochemical  cells. H M P A  has a wide  l iquid  range  (7 ~ to 

" E lec t rochemica l  Socie ty  Ac t ive  M e m b e r .  
1 P r e s e n t  address :  Departmento de Quimica, Centro de  Invest i -  

gac ion  y de  Estudios  Avanzados  de l  Instituto Politecnico Nacional ,  
A.P. 14-740, Mexico 14 D.F., Mexico. 

Key words :  h e x a m e t h y l p h o s p h o r o t r i a m i d e ,  HMPA, hydrogen 
electrode, thall ium electrode. 

285~ a t  1 a tm) ,  the vapor  pressure  at  25~ is less than  
0.1 Torr,  and  the die lect r ic  constant  of 30 is h igh enough 
to pe rmi t  the dissolut ion of electrolytes .  However ,  
HMPA is difficult to p repa re  in  a high pu r i t y  anhydrous  
state, and as was found in this s tudy,  HMPA s lowly  
decomposes in the  presence of HC1. However  we were  
able  to ob ta in  an es t imate  of the  s t andard  potent ia l  for  
cell  [1] by  ex t rapo la t ing  the measured  cell vol tage  to 
zero time. The va lue  of  8 ~ ob ta ined  is compared  wi th  
8 ~ values  for  cells  of the  type  [1] involv ing  o ther  
solvents. 

Because of the  need to exclude  oxygen  and wa te r  
f rom the cell, the ent i re  cell was set  up and s tudied as 
an  au tomat ica l ly  contro l led  closed sys tem on the  vac-  
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uum line. The details of the cell construction, hydrogen 
and TI(Hg)  tT1CI(s) electrode preparations, HCI(g) 
and HC1 (solution) preparation,  and the measurement  
system have already been described (2, 3). The HMPA 
(Dow Chemical Company, Dorcol, Practical Grade) 
used was purified by the method of Gal and Yvernaul t  
(4 )  which involves three successive vacuum disti l la- 
tions; the first over a Na mirror,  the second over 
Calls (s), followed by storage for 48 hr over molecular  
sieves in  a hel ium atmosphere, and the third vacuum 
disti l lat ion utilizes a 50 cm adiabatic column with a 
larger  inner  surface (head tempera ture  60~176 pres- 
sures less than 1 Torr) .  The final collected middle frac- 
t ion (about one third of the ini t ia l  volume) was stored 
under  vacuum in a black container. Tests for p r imary  
and secondary amines were negative. 

The molalities of the HCI(HMPA) cell solutions 
were determined by potentiometric t i t rat ion of 
weighted samples obtained from the solution prepara-  
t ion flask on the vacuum line. The analyses were car-  
ried out on the solutions immediate ly  after preparation.  
The HCI(HMPA) sample was added to 10 ml of 0.1M 
NaClO4(aq) di luted to 50 ml  and then t i trated with 
carbonate-free  NaOH(aq)  (Beckman E-2 glass elec- 
trode vs. a saturated calomel).  The end point  was not 
affected by addit ion of pure HMPA to the solution. 

The results of our measurements  on cells of the type 
[1] are given in  Table I. The emf, pressure, and tem- 
pera ture  readings were taken at 1 hr  intervals  over 
approximately  an 80 hr  period for each cell. The ob- 
served emf values increased in  an approximately l inear  
m a n n e r  over the life of the cell at a rate of less than 0.3 
mV/hr .  The rate of increase was roughly proport ional  
to the concentrat ion of HC1 in the cell solution. The 
concentrat ion of I-IC1 in  the cell solution as determined 
potent iometr ical ly also decreased l inear ly  with time. 
After  about  80 hr  the cell solutions were noticeably 
brownish yellow. The emf values reported in  Table I 
were obtained from least squares zero-t ime intercept  
of an emf vs. t ime plot, where time zero was defined as 
the t ime that  the cell solutions were prepared. 

Other electrochemical studies (conductivi ty and po- 
tent iometry)  involving HC1 (HMPA) solutions (4, 6, 7) 
had not  reported the decomposition of HC1 (HMPA) so- 
lutions with t ime possibly because the t ime required 
for the experiments  was much less than in  the present  
study. The decomposition of the HC1 (HMPA) solutions 
with t ime is also evidenced in the potentiometric t i t ra-  
tion curves. Fresh HC1 (HMPA) + HeO solutions yield 
[on t i t rat ion with NaOH(aq) ]  a t i t rat ion curve with a 
single inflection point, whereas older solutions yield 
t i t ra t ion curves with two inflection points. The appear-  
ance of a second inflection point  occurs more rapidly 
if the HC1 (HMPA) solution is heated. The second in-  
flection point  is p resumably  due to the production of 
(CI~)2NP(O) (OH)~ (6). 

Table I. Results of measurements on the cell 
H2(g,Pt) IHCI(m,HMPA)JTICI (s) IT I (Hg,XTI  = 0.0376) 

(T - -  297 ~ "+" I~  

MHOI 
( m o l e  �9 (PS~)Torr ~ (expt)" 8 ~ (calc) 
kg -i) (mV) (mV) 

0.0276 736 -- 383 -- 546 
0.00828 731 - 369 -- 563 
0.00610 724 -- 360 - -  561 
0.00111 727 - 305 - 549 
0.0320 723 -- 396 -- 554 
0 .0131  725 - -  363 - 544 
0.00659 724 -- 353 -- 552 
0.00546 732 - -  337 - -  542 

i T h e  l a s t  f o u r  ce l l s  i n  this  table  w e r e  run w i t h  99.5% D2, 99.9% 
D C I ( H M P A )  rather  than w i t h  Hs and H C I ( H M P A ) .  T h e  r e p o r t e d  
e m f  %,alues f o r  t h e  d e u t e r i u m  ce l l s  w e r e  c o n v e r t e d  to  h y d r o g e n  
ce l l s  b y  s u b t r a c t i n g  8 m V  f r o m  t h e  m e a s u r e d  e m f  v a l u e s  (5 ) .  Be-  
cause of the instability of the HCI(HMPA) solution the values of 

(expt) are uncertain by about • mV (see text). 

The postulated cell reaction for [1] is 

H2(g) + 2T1CI(s) = 2TI(Hg) + 2HCI(HMPA) [2] 

Application of the Nernst  equat ion to this reaction 
yields (~ : RT/F)  

0) ~ a2TI(Hg)C~2HCI(HMPA) } 
:~o__in , ~ [3] 

2 t aH2(g)a2T1Cl(s) 

If we take a H 2 ( g )  : (PH2/760,) aWl(Hg)  : XTI'YT1, O~T1CI(s) 
---- 1, and ~HCl ~ mHCl [HC1 in  HMPA has been shown 
by conductance measurements  (6) to be a weak elec- 
trolyte],  then 

8 ~ : ~ + ~ in XTITTI ~" ~ In mHC, -- (w/2) In (PH2/760) 
[4] 

The thallium amalgam used had XTI = 0.0376 for which 
in 7TI ---- 0.456 (8, 3). Application of Eq. [4] to the data 
in the first three columns in Table I (w ---- 25.56) yields 
the values of 8 ~ (calc) given in the last column of Table 
I. The average of these values is ~~ ---- --551 ~ 6 mV 
which is standard potential (on the molality scale) at 
297~ for the reaction 

H2(g) + 2TICI(s) = 2Tl(s) + 2HCI(HMPA) [5] 

The value of the standard potential on the mole frac- 
tion scale [~% = ~~ -- ~In (1000/179.2)] is ~% -- 
--594 + 6 inV. Based on our previously reported cell 
data (2, 3) the value of ~~ at 297~ for the reaction 

H2(g) + 2TICI(s) = 2Tl(s) -5 2HCI(DMF) [6] 

(where DMF represents N,N-dimethylformamide) is 
--744 • 3 mV (undissociated HCl, mole fraction com- 
position scale), whereas for the reaction 

H2(g) -]- 2TICl(s) ---- 2Tl(s) + 2HCl(n-hexanol) [7] 

8% ---- --809 • 2 mV (undissociated HCl, mole fraction 
composition scale). 

The data for the three solvents DMF, HMPA, and 
n-hexanol can be combined to calculate the Gibbs 
energy of transfer of HCI (undissociated, mole fraction 
scale) 

HCI (DMF) : HCI (HMPA) ~G ~ : -- 14.4 kJ 

HCI (n-hexanol) = HCl (HMPA) AG ~ = --20.7 kJ 

The dipole moments for the three solvents are HMPA 
(5.37), DMF (8.82), and n-hexanol (1.60), whereas the 
dipole moment of HCl is 1.03. The negative AG ~ values 
for the solute transfer reactions reflect the stronger 
dipole-dipole interaction between HCI and the HMPA 
solvent dipoles than that between HCI and the DMF or 
n-hexanol solvent dipoles. In the mean-spherical model 
of solutions for which dipolar interactions are dominant 
(9), the Gibbs energy of transfer is approximately 

A A A 
equal  to --k(/~22 --/~12) where  2 #i 2 ---- #2solvent  i --~ p.2solute 

(10) and k is a constant characteristic of the solute. The 
above data yield a value of k for HC1 of 1.7 • 0.1 kJ /  
Debye% 

Manuscript  submit ted Sept. 24, 1979; revised m a n u -  
script received Nov. 7, 1979. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submit ted by Aug. 1, 1980. 
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Errata 
In  the  p a p e r  "Atmospher i c  Corrosion of Cobal t"  by  

D. W. Rice, P. B. P. Phipps,  and R. T remoureux  tha t  
appea red  on pp. 1459-1466 in the Sep tember  1979 
JOURNAL, VO1. 126, No. 9, the concent ra t ion  legend in 
the  u p p e r  midd le  of F igure  9 on page  1463 should read:  

X 1415 #g /m 8 

�9 810 #g /m  s 

�9 136 # g / m  3 

�9 0 # g / m  3 

Also, the  first row of data,  four th  column of Table  
IV should r ead  0.32 not  0.82. 

Edi tor 's  Note:  I t  is of in teres t  to note that  this was 
cal led to our  a t ten t ion  by  Ulick R. Evans  who is wel l  
known to al l  who have worked  in the field of Corrosion. 

In  the  pape r  "A  Fin i t e  Difference Numer ica l  Analys is  
of Galvanic  Corrosion for  Semi- Inf in i te  L inear  Co- 
p l ana r  Electrodes"  by  P. Doig and P. E. J. F l ewi t t  which 
appea red  on pp. 2057-2063 in the  December  1979 
JOURNAL, Vol. 126, No. 12, in the  Discussion Sect ion on 
page 2063, the  last  sentence of  the first p a r a g r a p h  should 
read:  "Clear ly ,  for  f ixed values  of io and C, the  ear l ie r  
approx ima t ion  of un id i rec t iona l  cur ren t  flow becomes 
more  accura te  as the va lue  of  this  p a r a m e t e r  increases." 
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The Stability of Tellurium Films in Moist Air; 
A Model for Atmospheric Corrosion 

Alfred Milch and Pedro Tasaico t 

Philips Laboratories, BriarclifJ Manor, New York 10510 

ABSTRACT 

The effect of extended shelf life on the information storage capabil i ty 
of t e l lu r ium films on polymethylmethacryla te  (PMMA) was investigated. 
Aging tests were performed for as long as four teen months under  various 
tempera ture  and humidi ty  conditions. The rate of change of sensit ivi ty to 
the wri t ing of informat ion (hole formation by laser machining)  was chosen 
as the basis on which to estimate stabili ty quanti tat ively.  It is suggested that  
aging is caused by oxidation, and a theoretical model for film oxidation as a 
funct ion of tempera ture  and relative humidi ty  is proposed. P re l imina ry  ex-  
per imenta l  support  for the model is presented, based on the comparison of 
predicted and observed accelerated decay. 

The p r imary  objective of this work was to assess the 
sui tabi l i ty  of te l lur ium films on polymethylmethacry-  
late (PMMA) as an  informat ion storage medium after 
extended periods of shelf life. Informat ion is impressed 
in  the Te films as a series of micron-sized holes which 
are formed by the  absorption of energy from a properly 
modulated and focused laser beam (1, 2). If the films 
are stored in air, the efficiency of the hole forming 
process decreases. It is also observed that  the films 
oxidize in  air. When the air is sufficiently moist, i t  is 
possible to convert  the te l lu r ium film ent i re ly  to the 
white TeO2 in  a short time. The oxide is almost com- 
pletely t ransparent  to the employed laser radiation. 
Since the incident  radiat ion is only par t ia l ly  absorbed 
in  the Te, with a portion being transmitted,  less en-  
ergy is absorbed in  a th inner  film. Hence the decay of 
hole forming efficiency, which is the criterion by which 
film stabil i ty was judged, is ascribed to a th inning  of 
the metall ic port ion o~ the film via atmospheric corro- 
sion. 

A widely used method of s tudying corrosion is by 
accelerated aging. The processes that  are operative in  
normal  decay are artificially intensified so as to accel- 
erate the aging process and hence make available 
quickly results that  would develop more slowly under  
normal  conditions. An impor tant  assumption here is 
that the acceleration does not significantly distort na-  
tura l  aging. This assumption is f requent ly  not ent i re ly  
justified, and it is therefore very impor tan t  to validate, 
independent ly  if possible, the results of aging experi-  
ments. In  the present work, the a tmospher iccor ros ion  
of te l lur ium films vacuum-deposi ted on PMMA sub-  
strates was studied as a funct ion of temperature  and rel-  
ative humidi ty  (T/H) within  the range 2-70% relat ive 
humidi ty  and 25~176 If the oxidation is of the simple 
Arrhenius  type, a straight l ine relationship between 
the logari thm of the rate and reciprocal tempera ture  
should be observed. In  this case, however, highly non-  
l inear  Arrhenius  plots were obtained when the ab-  

1 Present  address: Macbeth Division of Kollmorgen Corporation, 
Newburgh,  New York 12550. 

Key words: aging, accelerated corrosion, humidity,  metals. 

solute ambient  humidi ty  was left constant  while t h e  
temperature  was varied. 

A model was constructed which reproduces the dis- 
torted Arrhenius  plots. Theoretical parametr ic  curves 
are displayed which predict rates of accelerated cor- 
rosion over the entire T/H field. Isolated exper imental  
points are in reasonable agreement  wi th  these pre-  
dictions. The we l l -known p~enomenon of critical 
humidi ty  appears as par t  of the model. 

Experiment 
Sample substrates were made from PMMA slips 1 

mm thick by 18 mm square which were cleaned with 
ultrasonic agitation in hot aqueous detergent  followed 
by hot runn ing  tap water  and runn ing  deionized water. 
Immediate ly  thereafter, substrates were placed eight 
at a t ime in a conventional  vacuum coater where they 
received a te l lu r ium deposit 300A thick by 16 m m  diam. 
Substrates were held at ambient  tempera ture  dur ing 
deposition. I t  is assumed that  the films were micro- 
crystall ine and nonoriented.  After  deposition, sets of 
samples identified by evaporat ion number  and mask 
position symbol were stored vert ical ly in slotted poly- 
propylene carriers (Fluoroware Type PA-45) designed 
for ma x i mum circulation of ambient  a round each sam- 
ple. The carriers themselves were tested for exposure 
to the most severe conditions anticipated. They proved 
quite satisfactory dur ing  testing and later  in  service. 
During T/H aging, the loaded carriers were stored un -  
enclosed in their respective env i ronmenta l  chambers. 
Upon periodic removal  for testing, they were held in 
clean plastic boxes to protect them against  accidental 
damage. 

Initially, aging experiments  were carried out at 25 ~ 
55 ~ 75 ~ and 90~ all at ambient  humidity.  Normal 
lab ambient  humidi ty  was approximately 50%. The lab-  
oratory env i ronment  is air conditioned and relat ively 
constant  and uncontaminated.  Hence the presence of 
pollutants was assumed to produce negligible bias. The 
humidit ies experienced at  the other test tempera-  
tures are displayed in  Table I. Subsequent  higher 
humidi ty  experiments  were performed in  a Blue-M 
Model AC tempera tu re /humid i ty  cabinet. 

884 
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Table I. Environmental test conditions 

Relative humidity 
Temperature, ~ (fractional) 

25 ( a m b i e n t )  0.50 (ambient; 
PH=o = 12 ram) 

55 0.I0 
75 0.041 
90 0.023 

The apparatus  for producing holes is sketched in  Fig. 
1. It  consists of three major  parts: a Lexel Model 85 
argon ion laser emit t ing  at  4881A, a Coherent Radi-  
at ion Model 3025 electrooptic modulator,  and  a focusing 
a r r angemen t  containing a 0.85 N.A. Olympus objective 
lens. Desirable operat ing conditions are constant  power 
density at focus, high ext inct ion ratio in  the modulator,  
a square pulse, and a focused spot that  is circular, has 
a Gaussian energy distr ibution,  and is about  one micron 
in  diameter.  The hole diameter  of interest  is one mi-  
cron. The system was operated in  the out-of-focus, 
static model (1), which allowed large numbers  of ob- 
servations to be made in  a re la t ively short time. The 
beam was incident  on the film side of the sample. For  
testing, a sample was caused to pass through the pulsed 
laser beam s e v e r a l  times at  different beam power 
levels producing tracks of holes in  the metal  film. For 
each track, the largest  hole corresponds to op t imum 
matching between beam power level, out-of-focus spot 
size, pulse durat ion,  and the thermal  properties of the 
metal  film substrate. The samples were then  photo- 
graphed at 400 X and 2000 • magnification in order to 
record and measure the resul t ing tracks. Typical ex-  
amples are shown in  Fig. 2. A disadvantage of this 
method is that  the holes are formed by laser beams 
whose degree of focus and hence energy distr ibutions 
change from moment  to moment  as the sample t ra-  
verses the beam. Thus, while the total power which 
forms the hole is known, the energy dis tr ibut ion is 
not. In  part icular ,  that  port ion of the out-of-focus 
beam which is effective in  hole formation is unknown,  
hence the measured  power constitutes an upper  l imit  
on that  required  to form a hole. 

I 
ARGON 
LASER 

46001 

' H E A a  l I EIO 
I I 

T 
I MODULATOR ] 

DRIVER 

? 
,ULSE 1 

GENERATOR; 

DETECTOR 
OSCILLOSCOPE ~ DIODE 

BEAM SPLITTER ~ / 

SPATIAL 
FILTER 

FOCUSING 
OBJECTIVE 

SAMPLE 
HOLDER 

Fig. I. Hole forming apparatus 

RROR Fig. 2. Typical static hole burning in Te on PMMA. ~ = 4881A 
(At ion laser); pulse width - -  750 nsec; pulse separation = 
100#sec. 
Track Power Hole diam S 

No. mW #m mJ/cm 2 
C . W .  ~ m m 

! 12.5 2.6 177 
2 6.7 1.3 351 
3 5.0 1.1 361 
4 4.0 1.0 382 
5 3.1 0.6 701 

From a 2000• photograph of each track, a measure-  
ment  was made of the hole diameter,  d (cm) ,  of the 
largest hole produced by a laser burs t  of known power, 
P (mW), and dura t ion  ~ (sec). Sensi t ivi ty in  m J / c m  2 
is defined as the energy per un i t  hole area required to 
form a hole of diameter  d (cm) 

Sd -- 4P~/~d2 [I] 

Pulse durations of 750 nsec were employed. The very 
high magnification and high speed, grainy film em- 
ployed led to relatively large errors in measuring hole 
diameters. Consequently, errors of about 50% were en- 
countered in estimating the areas of one micron holes 
(2 mm image). The importance of statistically averag- 
ing large amounts of data is obvious. 

Analysis of Results 
In  order to reveal  certain impor tan t  properties of 

the hole forming process, results are plotted in  terms 
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Fig. 3. Typical result of hole forming experiment (aged 4728 hr) 

7 II 9 

of sensi t iv i ty  vs. r e l a t ive  hole  area.  A typ ica l  p lot  is 
d i sp layed  in Fig. 3. Ver t ica l  and  hor izonta l  asymptotes  
appear .  We have found empi r i ca l ly  tha t  the  hyperbol ic  
dependence  of Sd on d~ r equ i r ed  by  Eq. [1] takes  the  
funct ional  fo rm 

~d2m 
�9 (Sa -- S| = E~ [2a] 

4 

where  m is close to un i ty  bu t  is inc luded for general i ty .  
The ~/4 t e rm main ta ins  consistency wi th  Eq. [1]. The 
constant,  S~, is the value  of the hor izonta l  asymptote ,  
i.e., i t  is the  sens i t iv i ty  for the  fo rmat ion  of ve ry  la rge  
holes. Compar ison wi th  Eq. [1] (assuming m = 1) in 
the  form (P'O| = S~ �9 ~d~2/4 shows tha t  the energy  
requ i red  to form large  holes is d i rec t ly  p ropor t iona l  to 
the  area  of the holes for  a g iven film thickness;  tha t  is, 
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to the  amount  of ma te r i a l  removed.  Hence, S| m a y  be 
v iewed  as the  sens i t iv i ty  for  moving m a t e r i a l  f rom 
wi th in  the hole area.  

The constant,  Ec, is an  energy  term.  If  the  ind ica ted  
mul t ip l ica t ion  in Eq. [2a] is per formed,  one m a y  wr i t e  

E d  -- Ed,=  = E c  [ 2 b ]  

w h e r e  E d  ---- ~d2Sd/4 (see Eq. [1] ) is the  to ta l  ene rgy  
requ i red  to form a hole. Ed,| - -  ~d2S| i s ,  according to 
Eq. [1] and  the above in t e rp re t a t ion  of S=, the  energy  
requ i red  to move ma te r i a l  f rom the hole area,  I t  fol-  
lows, then, tha t  E~ is tha t  por t ion  of the  energy  in 
the hole forming  process tha t  in i t ia tes  the  hole and 
enlarges  the  per imeter .  Since i t  is a constant ,  the  energy  
requ i red  to en la rge  the  p e r i m e t e r  mus t  essent ia l ly  be 
zero. As hole size decreases,  Ed approaches  Ec, and  the 
ver t ica l  asympto te  follows f rom the n e a r l y  constant  Ed 
for  any  hole, no m a t t e r  how small .  

A s ta t i s t ica l  es t imate  for  one micron  holes m a y  be 
a r r i ved  at  by  pu t t ing  Eq. [2a] into l inear  fo rm 

In (Sd --  S=) "-- m In d 2 -~ In C [3] 
where  

C = 4E~/~ 

Equat ion  [3] was t r ea ted  by  a leas t  squares  analysis  
for  the  case in which errors  were  expected  in both Sd 
and d e. This y ie lded  values  for  m, C, and the corre la t ion  
coefficient, r. The method  was app l ied  r epea t ed ly  to a 
g iven set  of data, va ry ing  the value  of S| as an  ad jus t -  
able  pa ramete r ,  unt i l  r 2 was maximized.  The l ines 
d r a w n  in Fig. 3 a re  a resu l t  of this  type  of analysis.  
Th i r t y - e igh t  samples  were  fol lowed for over  10,000 hr, 
dur ing  which t ime over  1000 pairs  of S vs. d measu re -  
ments  were  made.  The resul ts  a re  ga thered  in Table  IL 

To a first approx imat ion ,  the  ra te  of decay  in  sensi-  
t ivi ty,  R, g iven in t e rms  of sens i t iv i ty  units pe r  1000 h r  
(s.u./1000 hr )  should be in i t ia l ly  l inear  wi th  t ime 

S = So + Rt [4] 

where  the  unsubscr ip ted  "S" hencefor th  refers  to sensi-  
t iv i ty  for  one micron  holes. A l inear  leas t  squares  ana l -  
ysis was app l i ed  to the da ta  in  Table  I I  assuming no 
e r rors  in  the  measu remen t  of time. The method  y ie lded  
the rate ,  R, the  ze ro - t ime  sensi t ivi ty,  So, the  one s t an -  
da rd  devia t ion  e r rors  on the  rate,  ~r, on So, ~b, and the 
s t anda rd  devia t ion  of fit, ~. The resul ts  a re  shown in 
Table  III. Also shown a re  shelf  l ives based upon  an  
in i t ia l  sens i t iv i ty  of 340 sens i t iv i ty  units/1000 h r  and  
a c r i te r ion  of 20% m a x i m u m  a l lowable  decay dur ing  
use. I t  is c lear  tha t  t e l lu r ium has only a l imi ted  useful  
shelf  l ife at  o rd ina ry  lab  ambien t  and  tha t  the  com- 
b ined  effects of t empe ra tu r e  and humid i ty  on this im-  
po r t an t  p r o p e r t y  are  not  s t ra igh t forward .  

Equat ion  [4] is p lo t ted  in Fig. 4 for  a typ ica l  case. 
Also p lo t ted  is the  one s t anda rd  dev i a t i on  e r ro r  en-  
velope for  p red ic t ing  the  locat ion of the l ine wi th in  a 

Table II. Sensitivity for formation of 1/~m holes in 300A Te films 
on PMMA 

Age 
(thou- 
sands 25"C 55"C 75~ 90~ 

of ( m J /  ( m J /  ( m J /  ( m J /  B r a n d  os 
hours) c m  2) c m  2) c m  2) c m  s) P M M A  

0 350 416 348 396 S ix t een  s a m p l e s ;  
1.00 346 345 362 352 Glasflex-Elec-  
1.90 316 320 358 332 t r o g l a s  
2.90 373 311 385 337 
4.73 313 288 340 365 
8.90 547 408 435 510 

0 353 308 326 283 Six  s a m p l e s :  Glas- 
0.36 274 360 350 306 f l ex-Elec t rog laa  
1.66 200 328 270 325 
3.22 490 382 289 552 

10.20 391 482 456 517 

0 408 417 424 428 S ix t een  s a m p l e s ;  
0.96 475 365 383 321 R o b i n  No. 218 
5.52 419 412 477 454 brand 

Table III. Decay rates for 1 #m hole formation in Te on PMMA 
as a function of temperature 

Temperature 
25~ 55oc 75oc 90oc 

R(ASIlOOOhr) 14.0"+'6.6 7.8-----4.2 10.0 -~ 4.4 1 8 . 1 •  
So 320 ----- 21 343 ~ 14 342 • 14 338 "~ 18 
S t a n d a r d  d e v i a t i o n  

of fit, ~ 78 50 53 67 
Re la t ive  h u m i d i t y  50% 10% 4.1% 2,3% 
U s e f u l  l i fe  6 m o n t h s  1 y e a r  9 m o n t h s  5 m o n t h s  

confidence in te rva l  of 50% 

�9 l i n e  - "  - I ' ~ / ~ b 2  "~" ' r  2 t $  [ ~ ]  

An Arrhen ius  plot  of the in format ion  contained in 
Table  i I I  is shown in F ig  .5. 

Discussion 
Interpretation of data.--By the law of mass action, 

the oxida t ion  ra te  of t e l lu r ium in the  chemical  change:  
Te + Oe ~ TeOg, a t  a fixed t e m p e r a t u r e  is g iven b y  

r = K .  CTe" C02 [ 6 ]  

where  K is the react ion ra te  constant  and  C's a re  con- 
centrat ions.  In  its in i t ia l  stages, the  oxida t ion  ra te  in 
a i r  is constant  at  constant  t e m p e r a t u r e  since the  con- 

_ ~ u /  �9 
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Fig, 4. Typical aging characteristic (storage temperature: 7 Y C )  
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centrat ion terms are effectively constant. Hence, we 
may equate the rate constant  to the observed rate, R, 
as 

K -" r/CTe �9 Cos = ccR [7] 

where oc is the constant  of proportionali ty.  
As t ransparent  TeOf' forms and metall ic Te disap- 

pears, the hole forming efficiency diminishes. Hence, 
the oxidation rate is identified with the sensit ivi ty de- 
cay rate, R, appearing in  Table III. Because of the re-  
striction embodied in  Eq. [7], the Arrhenius  equat ion 
expressing the tempera ture  dependence of the rate 
constant  may  thus be stated in  terms of the observed 
rate 

R : A exp (--AEa/kT) [8] 

where A is the Arrhenius  constant, AEa is the activation 
energy, ;r is Boltzmann's  constant, and T is the abso- 
lute  temperature.  

Very often in  aging experiments,  the accelerated 
rate at an elevated tempera ture  is compared to the 
normal  rate at ambient  temperatures  via Eq. [8] as 
follows 

time at ambient  Ra~cel 

time under  acceleration Ramb 

r ] -- exp L k (Tamb -1 - -  Tacce1-1) [9] 

where the first equal i ty  implies equal chemical action 
at the two conditions. This ratio, the acceleration fac- 
tor, F, specifies the t ime at normal  tempera ture  re-  
quired to produce the same oxidation observed at the 
aging temperature.  This factor may  be plotted against  
act ivation energy for a given Tambient such as 25~ 
Predicted oxidation aging time at 25~ may  be ob- 
tained from this figure by mul t ip ly ing  the t ime under  
acceleration by the factor, F, corresponding to the ap- 
propriate activation energy and aging temperature.  
Such a plot is valid as far as it  goes; that  is, in  a dry 
environment .  But  it  fails in  conditions of significant 
air humidi ty  owing to the unavai lab i l i ty  of a unique  
value of the activation energy as is demonstrated in 
Fig. 5. 

According to Eq. [8], the exper imental  data should 
yield a straight l ine with a negative slope, --hEa/k. 
The very strong "U"-shaped curva ture  in  Fig. 5 is at-  
t r ibuted to the effect of relat ive humidi ty  based on 
the following qual i tat ive argument .  

All aging was performed in ord inary  air  ovens at 
ambient  humidi ty  (average 50% at 25~ that  is, the 
part ial  pressure of water  vapor at all  temperatures  
was 12 m m  Hg, approximately.  Hence the (fractional)  
relat ive humidity,  L varied strongly with temperature  
as shown across the top of Fig. 5. At high humidity,  
moisture tends to condense on sample surfaces. Hence 
the normal  effect of decreasing temperature  on cor- 
rosion rate is overcome by  the increasing chemical 
react ivi ty in  the adsorbed water  layer. In  principle, 
at still lower temperatures,  the slope must  again go 
negative with an activation energy characteristic of 
a corrosion mechanism in  a l iquid water  medium. 

At low humidity,  the reverse is t rue and dry en-  
v i ronmenta l  conditions are approached. The straight 
line extrapolat ion in  Fig. 5 of the high tempera ture  
tangent  port ion of the "U" curve is an expression of 
this conclusion. It  is employed to yield l imit ing "dry"  
values of the Arrhenius  parameters.  

A model for atmospheric corrosio~.--There exists a 
vast  l i terature on corrosion (3), both in book and peri-  
odical form. In  the older l i terature,  atmospheric corro- 
sion received relat ively little attention, and most of that 
was devoted to empirical  descriptions of the effects of 
chemically active contaminants,  such as sulfur  oxides 
and ni t rogen oxides. One significant concept, that  of 
critical humidi ty  in the onset of enhanced, or "accele- 
rated" atmospheric corrosion (4, 5), has been de- 

scribed. This impor tant  principle states that  a tmo- 
spheric corrosion is significantly accelerated only when  
the relative humidi ty  exceeds a certain value. Only 
recently, in  connection with microeleetronie circuits, 
has detailed work begun to appear on the effect of 
relat ive humidi ty  alone on atmospheric corrosion (6- 
14). 

A model is here proposed in which the Arrhenlus 
equation is modified so as to yield the quantitative 
functional dependency of atmospheric corrosion rate 
on temperature and relative humidity. An essential 
feature of this model is the well-known concept that 
the initial water adsorbed from the atmosphere on a 
clean metal surface is chemically bound to form a 
"hydroxylated" surface (8); i.e., an oxidized mono- 
layer of more or less unspecified stoichiometry. Since 
this first monolayer is strongly bound (13, 14) to the 
underlying metal it provides for little or no ionic mo- 
tion and therefore does not contribute to electrolyte 
activity. Subsequent adsorption of atmospheric water 
forms the adphase in which ion motion and conse- 
quently accelerated corrosion takes place. It is assumed 
that the ionic population of the adlayer is drawn from 
the ionization of the water itself, from dissolved air, 
and from mobile species of tellurium formed by de- 
tach_ment of ions which have diffused through the 
immobile oxidized layer (12). We suggest that the 
formation of the first, immobile, hydroxylated mono- 
layer may be associated with the critical humidity, 
below which accelerated corrosion does not occur. 
Hence, the value of critical humidity should be very 
much a function of the reactivity of the metal under 
consideration. 

A knowledge of how the adlayer thickness varies 
with humidity and temperature is crucial to an under- 
standing of the corrosion process. This dependence 
is described adequately by the Frenkel-Halsey-Hill 
(FHH) adsorption isotherm (15), which is valid in the 
relative humidity range 10-90% 

0 - -  k T  ln-------7 [I0] 

where e is the adlayer  thickness in  monolayers,  q is the 
heat of adsorption of the mobile admolecules, ] is the 
(fractional) relat ive humidity,  and s is a measure of 
the rate of decay of the adsorption potent ial  on mov-  
ing far from the surface. 

In  the present  state of knowledge, the value of q, 
and possibly of s, are little more than parameters  to be 
adjusted in order to obtain a reasonable fit to a par -  
t icular  set of data. Thus if estimates of mater ial  con- 
stants are taken from Ref. (8) (q ---- 5.5 kJ /mole ,  s -- 
2.33), then Eq. [I0] calls for 0 < 1 over most of the 
range of interest, while the exper imental  Arrhenius  
plot (Fig. 5) indicates significant corrosion accelera- 
tion (0 > l) in  most of the same range. This contra-  
diction implies that Cerofolini 's value for q is not  
appropriate for the system being studied here. That  
is, the heat of adsorption of the mobile port ion of the 
adphase on te l lu r ium may be significantly different 
from that  given for the hypothetical  metal  described 
in  Ref. (8). 

At a sufficiently low relat ive humidity,  l inear  Ar-  
rhenius behavior  is expected. The deviation from 
l inear  Arrhenius  behavior  with decreasing tempera-  
ture in  Fig. 5 appears to occur at about 90~ 
RH. This signals the critical humidi ty  condition below 
which corrosion acceleration does not occur, and ac- 
cording to our  model, coincides with the (hydroxyl-  
ated) monolayer  state: 0 ~ i. We therefore inser t  the 
above values of T, f, and 0 into Eq. [10] to determine 
that  the heat of adsorption of the mobile water  ad- 
phase on te l lur ium is q ---- 11 kJ/mole .  The rate of 
atmospheric corrosion in the absence of water  vapor 
is determined solely by the Arrhenius  equation as 
described above. When water  vapor is introduced and 
after an aqueous adlayer forms, the rate is accelerated 
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by a factor which depends on the number of dissolved 
ions in the vicinity of the surface and on their thermal 
diffusivity.  Fo r  v e r y  thin  ad layers  and d i lu te  solu-  
tions, the  n u m b e r  of ions is p ropor t iona l  to the  th ick-  
ness of the  adlayer .  Hence the acce le ra ted  ra te  m a y  
be rep resen ted  by  a modified Ar rhen ius  equat ion as 
fol lows 

R (acc) = const �9 0D �9 A exp ( - -AEa/kT)  [11] 

D is the  ionic diffusivi ty  according to Einstein 's  equa-  
t ion 

D = kT#/e [12] 

whe re  ~ is the  ionic mobi l i ty  and e is the  e lectronic  
charge. 

We adopt  now a simplif ied vers ion  of t he  scheme 
presented  in Ref. (8). Ionic mob i l i t y  in the adphase  
is assumed to be a t h e r m a l l y  ac t iva ted  process wi th  
an ac t iva t ion  energy  tha t  is l i nea r ly  dependen t  on the 
thickness of the  l a y e r  

E(O) : Eo ( #* - ~ ) [13] 
oc 

where  Eo = ac t iva t ion  energy  for  mob i l i t y  for  zero 
coverage and #e = cr i t ical  coverage in monolayers  at  
which  bu lk  wa te r  p roper t i e s  appear .  

This  express ion  has the proper t ies  tha t  E(e)  is a t  a 
m a x i m u m  for ve ry  smal l  coverages,  decrease  l i nea r ly  
wi th  increas ing e, and  vanishes in l iquid wa te r  where  
e = er If an  ac t iva t ion  energy  for mob i l i t y  persis ts  
in  l iquid water ,  i t  is assumed to be smal l  compared  to 
Eo. Ionic mobi l i ty  in the  adphase  then  becomes 

where  ~o is the  t e m p e r a t u r e  independen t  p a r t  of ionic 
mobil i ty .  Defining the  t e rm oD in  Eq. [11] as the 
"sheet  diffusivi ty" D ,  we a r r ive  at  

= exp --Eo kT [15] 
DI- I  e or 

Equat ions  [10] and [15], t aken  together,  give the ex -  
pl ic i t  dependence  of the  ad l aye r  sheet  d;ffusivi ty on 
the env i romnen ta l  factors t e m p e r a t u r e  and re la t ive  
humidi ty .  Since fa i lu re  is a resul t  of acce le ra ted  cor-  
rosion via  ionic diffusion in  the presence of the ad l aye r  
e lectrolyte ,  D D m a y  be t aken  as a measure  of r isk  of  

fai lure .  Recal l ing  tha t  a t  the  cr i t ical  coverage,  0 = 1, 
l i t t le ,  if  any,  corrosion acce lera t ion  is to be expec ted  

~ / 
This express ion defines the cr i t ical  sheet  diffusivity 
be low which  no corrosion acce lera t ion  is to be ex -  
pected.  We normal ize  Eq. [15] to this l imi t ing  con-  
d i t ion  to y ie ld  

D 
O.o o - - 1  

El, e=l 

in o rde r  to obta in  the  fac tor  by  which  corrosion is en-  
hanced at  a n y  t e m p e r a t u r e  and humid i ty  above cr i t i -  
cal humidi ty .  

Equat ion  [17], then, complements  Eq. [9] as the  
acce lera t ion  fac tor  b y  which  a corrosion ra te  is en-  
hanced. But  whi le  Eq. [9] is me re ly  the Ar rhen ius  
equat ion rewri t ten ,  Eq. [17] is the  factor  which  mod i -  
fies the Ar rhen ius  equat ion so as to t ake  both  t e m p e r a -  
tu re  and  re la t ive  humid i ty  exp l i c i t ly  into account  

Rate(T,')=Aoexp [(Eo (~o 1 ) - - ~ E a )  / k T ]  

[18] 

In  o ther  words,  the constant  of p ropor t iona l i ty  for 
Eq. [11] is 1/D 0=1. Somewha t  s imi la r  equat ions 

have appeared  e lsewhere  (6, 7), b u t  they  are  empir ica l  
modifications of the Ar rhen ius  equation,  they  do not  
show the impor t an t  phenomenon of cr i t ica l  humidi ty ,  
and  they  do not  r ever t  to the  Ar rhen ius  equat ion a t  
low humidi ty .  Pe rhaps  the i r  chief  d r a w b a c k  is tha t  
they  tac i t ly  assume tha t  corrosion acce lera t ion  is ab -  
sent  in the  absence of meta l l ic  e lect rodes  and app l ied  
electr ic  fields. 

I t  is now possible to construct  an Ar rhen ius  plot  for  
the  expe r imen ta l  da ta  in Table I I I  wi th  the  he lp  of 
Eq. [18]. Mate r ia l  constants  employed  are:  ~Ea = 56 
k J / m o l e  (from Fig. 5, ex t r apo la t ed  "d ry"  va lue ) ;  A 
= 2 X 109 ( f rom Fig. 5, ex t r apo la t ed  " d r y "  v a lue ) ;  
Eo 7_ 43 k J / m o l e  [Ref. (8) ] ;  and  er = 7 (a curve fit- 
t ing p a r a m e t e r ) .  

Equat ion  [18] and the expe r imen ta l  r a t e  da ta  a re  
p lo t ted  in Fig. 6. Dur ing  the plot t ing,  a poin t  is reached 
at  which 0 = 1 and Eq. [18] rever t s  to the no rma l  
Ar rhen ius  re la t ion  (Eq. [8]) .  Fo r  the  smal l  segment  
where  0 < 1 (T > 90~ Eq. [8] was employed.  This 
m a y  be just if ied if we assume tha t  for  e < 1 the  a d -  
phase exists  as a pa t chwork  of 0 = 0 and 0 = 1 areas.  
For  0 _-- 0, Eq. [8] is va l id  by  construct ,  and for  0 - -  1, 
Eq. [18.] is val id  as a l imi t ing  case and reduces  to Eq. 
[8]. Hence the model  includes the concept  of cr i t ica l  
h u m i d i t y  descr ibed above. The cutoff a t  low re la t ive  
humid i ty  is in recogni t ion  of the  fact  tha t  for  0 - -  1 
the admolecules  a re  immobi le  and the e lec t ro ly te -  
diffusivi ty approach  is invalid.  

Equat ion  [18] is m a p p e d  onto a t e m p e r a t u r e / h u m i d -  
i ty  field as l ines of constant  acce le ra ted  Ar rhen ius  
rates  in Fig. 7. Ra tes  a re  normal ized  to un i ty  a t  a 
l abo ra to ry  ambien t  of 25~ and 50% re la t ive  humidi ty .  
P red ic ted  aging at  lab  ambien t  is ob ta inab le  b y  
mul t ip ly ing  t ime under  test  b y  the  acce le ra t ion  fac tor  
( re la t ive  ra te)  cor responding to the app rop r i a t e  test  
t empera tu re  and re la t ive  humidi ty .  Fo r  example ,  sup-  
pose samples  exposed to 40~ and 80% re la t ive  humid -  
i ty  degraded  to fa i lure  in four  weeks.  According to Fig. 
7, these condit ions would  produce  an acce lera ted  ra te  
of 100 re la t ive  to lab  ambient .  There fore  the  model  
predic ts  a l ife to fa i lure  of 400 weeks  at  25~ and 50% 
re la t ive  humidi ty .  

A more  precise va l ida t ion  of the  model  is h igh ly  
desirable.  A n  expe r imen t  was des igned to meet  this  
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requi rement .  A set  of i sobar ica l ly  acce le ra ted  A r -  
rhenius  curves are  p lo t ted  in  Fig. 8 f rom which  the 
75~ re la t ive  humid i ty  poin t  (Pn2o -" 203 mm)  
was chosen. One set of e ight  samples  of t e l lu r ium on 
PMMA was aged for  about  300 h r  a t  75~ and  70% 
re la t ive  humidi ty .  The resul ts  a re  p lo t ted  in  Fig. 9. 
By b e s t  est imate,  the  in i t ia l  degrada t ion  ra te  was ap -  
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prox ima te ly  900 sens i t iv i ty  uni ts  pe r  one  thousand 
hours, This single expe r imen ta l  point  is p lo t ted  onto 
Fig, 7 and 8. 

A n  addi t ional  in teres t ing  example  of the usefulness 
of the  Ar rhen ius  ra te  mapp ing  in Fig. 7 is presented  
in Table  IV. In  it, the  da ta  f rom Table  I I I  a re  con- 
ver ted  to condit ions of 25~ ambien t  for each of the  
re la t ive  humid i ty  condit ions encountered.  The  resul ts  
demons t ra te  the  over r id ing  impor tance  of r e l a t ive  
humid i ty  in  de te rmin ing  the useful  shelf  l ife of  te l -  
l u r i um films on PMMA when  used as an opt ical  d isk  
s torage medium.  

Conclusions 
Tel lur ium,  as a med ium for in format ion  s torage  v ia  

laser  machining,  suffers f rom a d r a w b a c k  of signifl-  
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Fig. 9. Aging characteristics at 75~ and 70% relative humidity 
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Table IV. Decay rates for Table III data assuming 25~ throughout 

Relative Relative rate 
humidity (%) from Fig. 9 Useful life 

~o 1 6months (observed) 
I0 0.06 S years 
4 0.03 17 years 
3 0.02 25years  

cant atmospheric corrosion within a period of one or 
t w o  years. Rates of decay are somewhat reduced by 
storing the films at a slightly elevated temperature 
(approximately 55~ when the normal laboratory 
ambient is 25~ and 50% relative humidity. Sig- 
nificant improvement could be obtained by reducing 
the ambient humidity to 10% or lower. 

A model for atmospheric corrosion is presented. It 
is based on a version of the Arrhenius equation modi- 
fied to express the effects of both temperature and 
relative humidity explicitly via an adsorbed layer of 
water which accelerates corrosion. The concept of 
critical humidity appears in terms of monolayer cover- 
age below which corrosion acceleration does not occur. 
Under this condition, the rate equation reduces to the 
normal Arrhenius relationship. Limits of validity are 
from monolayer coverage (a = 1) to the appearance 
of bulk water behavior (0 = 0c). Experimental evi- 
dence in support of the model is presented. 
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Indoor Corrosion of Metals 
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IBM Corporation, General Products Division, San Jose, California 95193 

ABSTRACT 

The indoor corrosion rates of copper, silver, nickel, cobalt, and iron were 
measured at eight locations in the United States. Concurrent pollutant and 
relative humidity measurements were also made at six sites. The rates are 
shown to be lognormally distributed over the sample population. A statistical 
comparison of outdoor and indoor rates shows that Ag corrodes approximately 
the same both indoors and outdoors. Cu and Ni corrode I00 times faster out- 
doors, and Fe corrodes 2000 times faster outdoors. The corrosion rate sensi- 
tivity to relative humidity is speculated to explain these differences. Pollutant 
concentrations are shown to be generally attenuated indoors except for NHs 
and reduced forms of sulfur. The indoor corrosion rates of copper and silver 
are reasonably well correlated to the measured reduced sulfur concentrations. 
Nickel rates correlate best to the acid chlorine containing gases. 

The atmospheric stability of copper, silver, nickel, 
cobalt, and iron is determined to a large extent by 
the chemistry and integrity of surface reaction prod- 
ucts. These metals and the alloys prepared from them 
are thermodynamically unstable with respect to most 
practical operating environments. Faraday recognized 
this over a century ago (1). A significant effort has 
been expended to understand the factors that influence 
outdoor marine and urban atmospheric corrosion (2- 
4). Relative humidity, temperature, pollutant concen- 

* Electrochemical Society Active Member. 
Key words: environment,  pollution, reliability, copper, cobalt, 

iron, nickel,  silver. 

tration, particle concentration, and sample orientation 
are among the more important ones. Only limited 
success has been achieved in relating outdoor corro- 
sion rates to these atmospheric parameters (5, 6). 

It is well recognized that outdoor atmospheric pa- 
rameters may be significantly changed inside structures 
(7-I0). Pollutant adsorption and particle deposition on 
internal surfaces, humidification and dehumidification, 
temperature control, filtration, air flow design, and in- 
ternal pollutant sources all modify the internal en- 
vironment with respect to outdoor conditions. The pur- 
pose of this paper is to discuss the indoor corrosion of 
copper, silver, nickel, cobalt, and iron at a limited hum- 
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ber  of test  sites in the Uni ted  States. Pa r t i cu l a r  em-  
phasis  is g iven  to the  magni tude  of indoor  corrosion, 
indoor  corrosion products ,  s ta t is t ical  aspects  of indoor  
corrosion, indoor  a tmospher ic  parameters ,  and indoor-  
outdoor comparisons of ra tes  and pol lu tan t  levels.  This 
is the first publ i shed  indoor  s tudy  tha t  measures  both 
rates and a tmospher ic  pa rame te r s  concurrent ly .  In-  
s ight  is gained on the impor t an t  pol lu tants  for  cer ta in  
meta ls  as wel l  as the  buffering capabi l i ty  of buildings.  

Experiment 
Metal l ic  foils, 2.54 cm squared,  were  sent  to eight  

indoor  locations in the  Uni ted  States.  The  suppl iers  
specified pur i t ies  of the five meta ls  tes ted  are  given in 
Table I. The geographical  location, local  outdoor  en-  
vironment ,  and the na tu re  of the in te rna l  a i r  condi t ion-  
ing for the  eight  sites is given in Table  II. The  me ta l  
foils were  c leaned by  a sequence of hot  xylene,  
ethanol,  and D.I. wa te r  immers ions  and weighed  to the  
neares t  one microgram.  The samples  were  then c lamped 
along two opposi te  edges in a flow control  tunnel  tha t  
pu l led  air  f rom the indoor  env i ronment  over  them at 
2.5 M/sec. Samples  were  re t r i eved  f rom the sites a t  6 
(4380 hr ) ,  12 (8760 hr ) ,  and  18 (13,140 hr )  month  in-  
tervals .  

The test began in December ,  1973 and ended  in May, 
1975. The  r e tu rned  samples  were  r insed  in  benzene to 
remove organic  deposits, then reweighed.  The  change 
in w t / c m  2 of me ta l  d iv ided by  the test  t ime in te rva l  
is the r epor t ed  ra te  of weight  gain. 

High resolut ion  x - r a y  photoe lec t ron  spectroscopy 
(XES) was used in the  m a j o r i t y  of cases to analyze  
the corrosion products  (11). Auge r  e lec t ron spect ros-  
copy was used for nickel  (12). Corrosion produc t  ana l -  
ysis was made  only on the 18 month  samples.  Both 
AES and XPS spectroscopy sample  the  uppermos t  1.0 
nm (10A)-5.0 nm (50~).  XPS yie lds  some l imi ted  
bonding informat ion  about  the  elements,  whi le  Auger  
yields only atomic composition. Nei ther  method  is p a r -  
t i cu la r ly  quant i ta t ive  for a complex p rob lem l ike  a t -  
mospher ic  corrosion p roduc t  identification. The  hyd ro -  
carbon contr ibut ion  to the  XPS C ( l s )  spect ra  was not  
used in the surface composit ion calculation.  XPS sen-  
s i t iv i ty  factors, publ i shed  by  C. D. Wagner  (13), were  
used to conver t  the  in tegra ted  peak  intensi t ies  to the  
percentage  atomic composit ions given in  the tables.  
Auger  sen.sitivity factors, publ i shed  by  Pa lmberg  et al. 
(14), were  used to conver t  the p e a k - t o - p e a k  intensi t ies  
of the  surface products  on nickel  to the atomic com- 
positions. 

The pol lu tant  concentra.tions were  measured  at  six of 
the eight  sites. Su l fur  d ioxide  (SO2), n i t rogen  dioxide 
(NO~), ammonia  (NH3), r educed  sulfur  gases (H~S, 

Ss, CH3SH), inorganic  (or acidic) chlorine gases (C12, 
HC1), and a i rborne  dust  were  moni to red  by  pu l l ing  a 
known volume of si te a i r  t h rough  a series of filters de -  
signed to t rap specific pol lutants .  T h e  procedure  re-  
qui red a month  of sampl ing  because  of the low con- 
cent ra t ion  of most pol lu tants  indoors.  The repor ted  
da ta  are, therefore,  app rox ima te ly  one -month  in te-  
g ra ted  averages.  The r epor t ed  s tandard  deviat ions 
would be significantly g rea te r  for  shor ter  sampl ing  
intervals .  The filters were  r e tu rned  to the  l abora to ry  
af ter  each sampling per iod and analyzed  by  specia l ly  
developed wet  chemical  procedures.  Re la t ive  humid i ty  
was measured  using ca l ib ra ted  human  hai r  bundles  as 
the sensing e lement  (15). Cal ibra t ion  at  6 month  in-  
tervals  was necessary to assure  an accuracy  of ___5% 
RH. 

Results 
Table I I I  summarizes  the corrosion rates  a t  the eight  

sites for  the three  test exposure  intervals .  Al l  the rates  
were  used to ,fit to a lognormal  dis tr ibut ion.  Table  IV 
summarizes  these fits wi th  the 10-99% cumula t ive  pe r -  
centage of measu remen t  da ta  points, the s tandard  de-  
via t ion of the logs, and the corre la t ion  coefficient tha t  
re la tes  the fit to the data. Lognormal  stat ist ics are  
obeyed by  many  na tu r a l l y  occurr ing processes (16). I t  
is not surpr is ing  tha t  the  corrosion rates  should obey 
this dis tr ibut ion.  Table  IV also summarizes  the  com- 
posite indoor  d is t r ibut ion  function, which includes the 
data  in this s tudy plus other  repor ted  l i t e ra tu re  for 
indoor  corrosion, and  an es t imate  of the outdoor  log-  
normal  d is t r ibut ion  function. The da ta  are  also given on 
lognormal  p robab i l i ty  coordinates  in Fig. 1, 3, 4, 6, 
and 7. 

Table  V is a s ta t is t ical  s u m m a r y  of the pol lu tan t  
da ta  at  each site. The a r i thmet ic  mean  values,  Ha, a re  
the most  re l iab le  because they  are  de te rmined  d i rec t ly  
f rom the pol lu tant  da ta  and are  weigh ted  to account 
for the length  of each sampl ing  period. The lognormal  
functions which include the geometr ic  mean, _~g, and 
the s t andard  geometr ic  deviation,  Sg, were  calcula ted 
from the equations shown and a re  based on the assump-  
tion tha t  the da ta  a re  lognormal  dis t r ibuted.  Table  VI 
is a summa ry  of the re la t ive  humid i ty  d is t r ibut ion  and 
mean re la t ive  humid i ty  for  each site, as wel l  as a 
composite  humid i ty  d is t r ibu t ion  using alI humid i ty  
data  obta ined in this study.  

Specific month ly  pol lu tan t  concentra t ion va r i ab i l i ty  
will  be presented  in the body of the discussion sections 
as wi l l  the corrosion product  summary .  The measured  

Table III. Summary of indoor corrosion rates* 

Exposure  
t ime 

Site (hr)  Copper Si lver Nickel  Cobalt I ron  

Table I. Metal foil purity and thickness as specified by the supplier 

Thickness  
Metal Purity  (ram) 

Copper  99.999 + OFHC 0,13 
Silver 99.999 + 0.13 
Nickel  99.99 0.25 
Cobalt 99 0.13 
Iron 99.56 0.511 

Table II. Field site physical characteristics 

Air- 
Outdoor  condI- 

�9 Site Locat ion environment  t ioned 

1 Los Ange le s  Urban Yes 
2 Chicago Urban Yes 
3 Manha t t an ,  Urban Yes 

N e w  York 
City 

4 T exas  Indus t r i a l /  
rural  Y e s  

5 Indiana Industrial  Yes  
6 South Carolina Industr ia l  Yes 
7 N e w  Jersey  Industrial  No 
8 New Jersey  Industrial  No 

4380 14.1 34.2 36.5 7.99 1.10 
Los Ange les  8760 13.8 33.9 23.4 27.5 21,0 

13140 13.7 23~9 32.4 28.6 19.9 
4380 19.6 32.9 7.08 13.5 31,9 

Chicago 8760 13.8 20.7 5.82 11.8 23.9 
13140 12.4 18.1 6.01 7.34 16.6 
4380 24.4 39.0 17.8 13.3 9.73 

New York City 8760 23.8 39.6 13.7 18.2 9.32 
13140 12.7 31.1 6.77 13.3 9.91 

4380 10.5 28.3 3.40 8.3 4.78 
Texas  8760 4.22 32.0 0.00 0.80 2.01 

13140 1.75 29.6 0.00 0.00 1.83 
4380 65.8 33.8 41.8 61.9 - -  

Ind iana  8760 25.5 31.3 24.7 39.3 109.8 
13140 36.5 47.4 31.8 32.9 60.5 
4380 139 90.6 ;16.2 31.9 54.0 

S. Carolina 8760 - -  65.6 5.37 7.2 8.5 
13140 49.2 64.1 7.53 10.7 26.0 

4380 35.6 38.1 15.1 18.7 66.7 
New J e r s e y  (7) 8760 25.7 22.7 118.0 62.1 539.4 

13140 26.3 23.1 11.5.0 54.9 67.0 
4380 60.8 67.8 26.9 25.8 21.0 

New Je r sey  (8) 8760 70.5 57.2 28.3 21.3 567.0 
13140 56.9 35.5 29.1 26.3 476.0 

* Rates are in ~g/cm ~ hr x IOL 
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Table IV. kognormal distribution summary of indoor and outdoor corrosion rates of metals 

Copper Silver Nickel Cobalt Iron 

Out- Out- Out- Out- 
Indoor* door* * Indoor door Indoor door Indoor Indoor door 

Cumulat ive  Corn- Corn-" Com- 
~pereent of This  pos i te  This  pos i te  This  posite This This 

m e a s u r e m e n t s  study (10, 17) (18-23) study (10) (31) study (10) (33) study study (39-41) 

l0 6.4 5.86 0.08 21.2 20.6 10.4 2.02 2.18 0.01 3.71 2.56 2.50 
30 13.5 10.5 0.13 29.0 28.0 12.7 6.0 6.0 0,054 8.50 10.0 3.81 
50 22.5 15.7 0,19 36,1 34,9 14.6 13.1 11.4 0,14 15.4 25.2 5.12 
70 37.6 23.6 0.28 44.9 43.0 16.8 28.5 21.5 0,36 27.0 62.0 6.87 
90 80.0 42.4 0.49 61.6 58.2 20,7 80.0 56.0 1.58 61.0 231.6 10.5 
99 219.0 95.1 0.96 95.2 90.0 27.4 380.0 204).0 10.0 190.0 1850.0 18.9 

In rs~.x % - In r~.9% 
0.98 0.77 0.69 0.42 0.41 0.27 1.45 1.29 1.95 1.11 1.79 0.56 

2 
Correlat ion 
coefficient 0.97 0.97 0.99 0.96 0.97 0.94 0.94 0.96 0.97 0.93 0.98 0.99 

* Indoor rates = /~g/cm s hr  x 10 ~. 
** Outdoor rates = #g/cm ~ hr except  for  s i lver  outdoor  rates  which have the same magnitude as indoor rates. 

Table V. Indoor atmospheric pollutant, dust, and relative humidity statistical summary 

Reduced* Chlorine* 
Sulfur * Nitrogen * sulfur gases Airborne * 
dioxide dioxide (H2S, Ss, CHaSH) Ammonia* (HCI, Cb, HOCI) dust RH 

Si te  Ma Mg Sg Ma 2"Y/g Sg Ma Mg ~qs -~]a Mg Sg Ma Mg Sg Ma Mg Sg % 

Los Angeles 2.62 1.83 2.34 55.8 52 .1  1 .62  0 .20  0.18 1.72 12.7 12.2 1.29 0.29 0.27 1.61 17.7 17.3 1.25 50 
Chicago 13.6 11 ,8  2 .20 23.3  2 3 . 5  1 .36  0 .45 0.43 1.37 15.3 13.5 1.40 0.12 0.11 1.39 3.9 3.7 1.22 49 
N e w  York City 39.6 ,17.6 3 .70 35.0  35 .7  1.81 0.46  0,43 1.28 11.3 11.3 1.30 0 .23  0.26 1.36 11.1 10.9 1.21 44 
Texas 1.57 1.31 2 .08  4 . 5 0  4.32 1.38 0 ,47 0.43 1.49 159.0 155.0 1.23 0 .08  0.06 2.22 6.8 8.7 1.19 59 
Indiana 12.8 9.17 2.53 25.6  2 5 . 4  1.21 0.82 0.74 1,59 18.4 15.8 1.62 0.26 0.24 1.62 22.2 21.4 1.32 55 
S. Carolina 2.10 1,57 2 .52 3 .01  2 .63 1.69 4 .24 3.31 2.07 24.7 24.4  1.21 0.16 0.14 1.74 33.0 32.5 1,19 50 

ZInX 
zX 

*/~g/rna; M~ = - -  = arithmetic mean; Mg = e 
N 

= geometric mean; Sg = e 

[ Z ln2 X-2~(lnMg)~ ll/S 
" ~ "J = standard deviation. 

Table VI. Summary of indoor relative humidity data 

Percentage  of t ime 

Relative 
humidi ty  N e w  York 

range  Los Angeles City Chicago Indiana Texas S. Carolina All sites 

0-5 O.OO 0.50 0.00 0.00 0.00 0.00 0.00 
6-10 0.00 0.92 0.00 0.00 0.00 0.00 0,13 

11-15 0.53 2.64 0.36 0.14 0.0O 0.50 0.52 
16.20 1,61 5.03 1.51 1.19 0.03 0.00 1.41 
,21-25 5A3 7.29 3.08 3.80 0.53 0.19 2.94 
26.30 5.38 11.15 6.95 6.36 1.89 3.19 5.30 
31-35 11.36 10.82 10,62 8.74 2.64 4.91 7.53 
36.40 8.31 9.87 11.43 10.10 5.48 11.52 9.57 
41-45 6.10 3.36 9.33 7.30 6.59 9.52 8.18 
46-50 7.23 5.73 8,39~ 5.50 6.84 21.98 10.41 
51-55 7.40 6.48 6.92 6.47 J12.10 29.09 12.69 
56-60 ,12.05 9.82 6.44 5.30 19.22 14.68 13.00 
61-65 15,13 10.57 5.97 7.44 26.18 4.33 10.79 
86-70 10:81 9.93 9.53 10.05 14.33 0,58 8.01 
71-75 6.65 4.23 5.18 9.77 3.78 0.00 4.23 
76-80 1.94 2.03 6.39 8.10 0.31 0.00 2.68 
81-8S 0.39 0.14 5.24 6.91~ 0.08 O.O0 1.82 
88-90 O.O0 0.O0 2.24 2.61 0.00 0.00 0.69 
91-95 0.50 0.00 0.1,1 0.11 0.00 0.00 0.03 
96-100 0.00 0.00 0.36 0.11 0.4)0 0.07 

Mean RH (%) 50 44 49 55 5~ 50 50 

concentrat ion is shown numer ica l ly  either wi thin  or 
above the vertical  bars. Note that  when  a vert ical  bar  
in  Fig. 9-14 does not  exist no data (ND) were obtained. 

Discussion 
Metall ic corrosion. - -The i n d o o r  e n v i r o n m e n t  c a n  s i g -  

n i f i c a n t l y  i n f l u e n c e  t h e  l e v e l  o f  e a c h  a t m o s p h e r i c  p a -  
r a m e t e r  as  w e l l  a s  i t s  d i s t r i b u t i o n .  P o l l u t a n t  c o n c e n t r a -  
t i o n s  a r e  g e n e r a l l y  r e d u c e d  i n d o o r s  e x c e p t  w h e n  i n -  
t e r n a l  s o u r c e s  a r e  p r e s e n t  (9 ) .  S h a i r  et aI. h a v e  d e v e l -  
o p e d  a t h e o r e t i c a l  m a s s  b a l a n c e  m o d e l  t h a t  r e l a t e s  i n -  
d o o r  p o l l u t a n t  l e v e l s  to o u t d o o r  l e v e l s  f o r  t h e  ca se  
w i t h o u t  i n t e r n a l  s o u r c e s  (7 ) .  T h e  c o r r o s i o n  r a t e s  i n s i d e  
b u i l d i n g s  w o u l d  b e  e x p e c t e d  to  b e  l e s s  t h a n  o u t s i d e ,  
b u t  t h e  m a g n i t u d e  o f  r e d u c t i o n  is n o t  c l e a r  b e c a u s e  o f  

t h e  c o m p l e x i t y  of  t h e  r a t e  e x p r e s s i o n .  W e  w i l l  f o c u s  
o u r  a t t e n t i o n  o n  e a c h  m e t a l  f o l l o w e d  b y  a d i s c u s s i o n  
o f  t h e  i n d o o r  a t m o s p h e r i c  p a r a m e t e r s .  

Copper.--=The c o r r o s i o n  r a t e  o f  c o p p e r  a t  t h e  e i g h t  
i n d o o r  s i t e s  s h o w s  a g e n e r a l  d e c r e a s e  w i t h  t i m e  p a r -  
t i c u l a r l y  f o r  t h e  l e ss  c o r r o s i v e  s i tes .  T h i s  is c h a r a c -  
t e r i s t i c  o f  p a r a b o l i c  o r  h i g h e r  o r d e r  k i n e t i c s .  T h e  c o r -  
r o s i o n  p r o d u c t s  i n h i b i t  f u r t h e r  c o p p e r  o x i d a t i o n  b y  
l i m i t i n g  c a t i o n  a n d / o r  a n i o n  f lux.  C a m p b e l l  a n d  
T h o m a s  (10) o b s e r v e d  a s i m i l a r  b e h a v i o r  f o r  c o p p e r  i n  
t e l e p h o n e  s w i t c h i n g  r o o m s  i n  t h e  U.S.  

T h e  c o r r o s i o n  p r o d u c t s  o n  t h e  18 m o n t h  e x p o s u r e  
s a m p l e s ,  a s  m e a s u r e d  b y  h i g h  r e s o l u t i o n  X P S ,  a r e  
c o m p l e x  c o m b i n a t i o n s  o f  c o p p e r  h y d r o x i d e ,  c h l o r i d e ,  
s u l f a t e  ( s u l f i t e ) ,  c a r b o n a t e ,  a n d  n i t r a t e .  T a b l e  V I I  
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Table VII. Surface corrosion products on 18 month exposed copper samples measured by XPS 

Atomic percentage 

Cu (2p~/=) O ( l s )  C ( l s )  C1 (2p) S (2p) N ( l s )  
Site (934.4 eV) (531.4 eV) (288 eV) (197.8 eV) (167.6 eV) (399.5 eV) 

Los Angeles  25 60 17 5.9 0.0 2.5 
Chicago 25 47 14 7.5 1.8 4.3 
New' York City . . . . .  
Texas ~$ 31 7.6 3.0 1 .4  
Indiana 10 53 13 6.2 1.9 11 
S. Carolina 25 50 13 4.4 0.0 8.2 

summarizes  the  atomic percentage  (a /o )  of each e le-  
ment  a t  each site as wel l  as the  associated b inding  en-  
e rgy  (BE) of the  photoelectrons.  The dominant  copper  
binding energy  at  934.3 eV is character is t ic  of oxidized 
copper  2P3/z photoelectrons.  The  oxygen  i s  BE is 
531.6 eV and typica l  of oxygen  in O H - ,  SO4 =, CO3 =, 
and NO3-,  bu t  not  in oxide O =. Carbonate ,  adsorbed  
CO2, and adsorbed  CO could account  for the observed  
carbon Is spec t ra  a t  288 eV. The chlor ine  2p double t  a t  
198.1 and 199.5 eV, respect ively ,  is character is t ic  of 
chlorides. The sul fur  2p BE was 168 eV and cha rac te r -  
istic of sulfate  or  sulfite, not  sulfide. The sulfide 2p 
BE would  occur at  162 eV. F i n a l l y ,  the n i t r o g e n  ls BE 
a t  399.4 eV is typ ica l  of n i t r i te  or  n i t ra te .  

The indoor  copper  corrosion ra te  d is t r ibut ion  for the  
23 measurements  in this s tudy  was a lognormal  func-  
t ion with  an exce l len t  cor re la t ion  coefficient, 0.97. 
Fur the rmore ,  the  indoor  work  of Campbel l  and  
Thomas (10), and  S h a r m a  (17) was combined wi th  
this  s tudy  to produce  a composi te  indoor  d is t r ibut ion  
function. A lognormal  approx ima t ion  was again  an  
app rop r i a t e  fit. F igure  1 compares  the  da ta  of this s tudy  
wi th  the composite  data.  Table  IV summar izes  the  geo-  
met r ic  means  

r 5 0 %  : -  e ~ In r / n  

the  s t andard  devia t ion  
In rs4.1 - -  I n  r15.9 

2 

and the  corre la t ion  coefficients. The fact  tha t  the  indoor  
corrosion ra te  of copper  over  a range of t imes and sites 
is l ognormal ly  d i s t r ibu ted  can help  assess fa i lure  
r a t e s  of copper  mater ia ls ,  the cost associated wi th  field 
repairs ,  and  field main tenance  plans. 

The outdoor  corrosion ra te  d i s t r ibu t ion  funct ion for  
copper  corrosion was genera ted  f rom data  repor ted  by  
o t h e r s  (18-23). The  lognormal  d i s t r ibu t ion  is an  ex-  
cel lent  approximat ion .  F igure  1 and Table  IV sum-  
mar ize  the f i t t i ng  parameters .  Indoor  corrosion is t w o  
orders  of magn i tude  less than  outdoor  corrosion. F o r  
example ,  compar ison of the  geometr ic  means,  r~%, 
shows outdoor  corrosion to be 119 t imes g rea te r  than  
indoor  corrosion. Corrosion products  on outdoor  ex -  
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posed samples  have been  repor ted  to be complex cop- 
per  hydroxides ,  sulfates,  carbonates,  and  chlor ides  
(24). These are  s imi lar  to our  indoor  results.  

The fact  tha t  the indoor  corrosion of copper  is orders  
of magni tude  less than  outdoors  is not surpris ing.  The 
indoor  env i ronment  is less severe  f rom an  a tmospher ic  
p a r a m e t e r  point  of view. Copper  has been repor ted  to 
be sensi t ive to re la t ive  humidi ty ,  sulfur  dioxide,  sul fur  
gases, and chlor ide  contaminants  since the pioneer ing 
work  of Vernon (25, 26). Rice et  al. have shown that  
the funct ional  dependence  of corrosion rate,  r, on r e l a -  
t ive humidi ty ,  RH, is of the  form r = ae 4.6RH wi th  l i t t le  
evidence for a cr i t ical  humid i ty  in a complex envi ron-  
ment.  Sul fur  dioxide,  H2S, and O~ were  also shown 
to have a significant influence whi le  NO2, C12, and  N I ~  
have l i t t le  in f luence  (27). Le idhe iser  (24) has r ev iewed  
much of the  cur ren t  unders tand ing  of copper  corrosion. 

Examina t ion  of po l lu tan t  data, Table  V, measured  at  
the  sites in this s tudy  dur ing  the same in te rva l  as the  
copper  exposure  indicates  the  reduced  su l fur  content,  
Sz, of the indoor  env i ronment  is the best  po l lu tan t  in-  
dicator  of copper  corrosion. F igure  2 is a p resen ta t ion  
of the fit and ac tua l  ra te  vs. reduced  sul fur  concent ra-  
t ion data.  The form of the  numer ica l  fit is r = 30 X 
10 -4 (Sx)0.76 wi th  a cor re la t ion  coefficient equal  to 0.8. 
I t  would be naive  to presume tha t  reduced  sul fur  is t h e  
only  opera t ive  in the pol lu ted  envi ronment ;  however ,  
i t  m a y  be an effective guide to indoor  env i ronmenta l  
sever i ty  wi th  respect  to copper. 

Silver.--The corrosion ra te  of si lver,  l ike  copper,  de-  
creased with  t ime for most of the  sites. S i lver  has been 
used as a classic example  of a ma te r i a l  tha t  corrodes 
parabol ica l ly ;  in par t icu lar ,  the  kinet ics  of iodizat ion 
(28) and sulf idat ion (29) a re  parabolic .  The  corrosion 
products  were  s i lver  sulfide, chloride,  hydroxide ,  a n d  
ni t ra te  (n i t r i te ) .  The b inding  energies  of  e l e c t r o n s  a s -  
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Rg. 2. Field corrosion rate of copper and silver vs. mean reduced 
sulfur concentration at each site. 
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Table VI I I .  Surface corrosion products on 18 month exposed silver samples measured by XPS 

Atomic  percentage  

Ag (3ds/e) O (ls) C1 (2p) S (2p) N (is) 
Site (368.4 eV) (531.6 eV) (198.3 eV) (161.6 eV) (399.5 eV) 

Los Angeles 49 29 6.8 9.3 6.6 
Chicago 52 24 6.2 11 7.1 
New York City 33 50 5.2 5.8 5.6 
Texas  60 20 1.5 15 4.6 
Indiana 66 23 1.3 2.3 7.9 
S. Carolina 61 15 3.9 16.4 3.6 

s o c i a t e d  w i t h  a l l  an ions ,  e x c e p t  su l fu r ,  w e r e  s i m i l a r  to 
t hose  o b s e r v e d  on  copper .  T h e  s u l f u r  w as  p r e s e n t  as a 
su l f ide  n o t  s u l f a t e  on  t h e s e  r e t u r n e d  s amp le s .  Th i s  is 
i n  g e n e r a l  a g r e e m e n t  w i t h  t h e  w o r k  of o t h e r s  (30) .  
However, the presence of significant chlorides, hy- 
droxides, and nitrates/nitrites complicates the picture 
somewhat. Table VIII summarizes the corrosion product 
results. 

The indoor corrosion rate distribution for this study 
and for the composite of reported indoor data (I0) 
both fit lognormal statistics with a correlation coeffi- 
cient equal to or greater than 0.97. Figure 3 compares 
the results. The standard deviation for silver is signifi- 
cantly less than copper, while the mean corrosion rate 
is greater. 

The outdoor corrosion of silver, a recognized prob- 
lem, is not well documented. The limited data that the 
authors could find (31) fit a lognormal distribution 
well, as shown in Fig. 3. Unlike copper and the other 
metals in this study, silver corrodes indoors at approxi- 
mately equivalent rates to outdoors. In fact, the geo- 
metric mean of the outdoor data is only 43% of the 
indoor geometric mean. The reason for this similarity 
between outdoor and indoor rates is speculated to be 
the independence of silver corrosion rate on relative 
humidity (27). Extremes in outdoor humidity will not 
accelerate silver corrosion, while the corrosion rate of 
the other metals in this study will be markedly accel- 
erated. Subtle influences such as flow velocity and re- 
duced sulfur gas concentrations will then account for 
the comparative differences between indoor and out- 
door rates. Silver corrosion rate is dependent on the 
reduced sulfur pollutant concentration which can often 
be greater indoors than outdoors. 

As with copper, the total reduced sulfur in the 
indoor atmosphere correlates better than the other 
measured pollutants with the observed indoor corro- 
sion of silver. Figure 2 plots the observed rate vs. the 
reduced sulfur content of the environment. The equa- 
tion is r = 42.3 X 10 -4 (Sx) ~ where r is the mean 
site corrosion rate and S,r is the reduced sulfur arith- 
metic mean over the test interval. This is even more 

100 

I0 ~ ' =  ~ o 2 o  ~ -  �9 Data of this study 
~ 1 Log normal fit 

"~ o Composite indoor data 
t l  Log normal fit 

x Outdoor corrosion 
O 

---- Log normal fit 

I I 
).01 1 10 99.99 

Fig. 3. SilYer corrosion rate distribution, x - -  9 X 15 = 
cumulative percentage of measurements. 

p l a u s i b l e  fo r  s i l v e r  b e c a u s e  i t  is less s e n s i t i v e  to SO2 
a n d  R H  t h a n  c o p p e r  ( 2 7 ) .  

Nickel.--The c o r r o s i o n  r a t e  of n i c k e l  s h o w e d  l i n e a r  
k i n e t i c s  for  m o s t  of t h e  i n d o o r  loca t ions ,  u n l i k e  c o p p e r  
a n d  s i lver .  C a m p b e l l  a n d  T h o m a s  (10) s h o w e d  a 
m a r k e d  s e a s o n a l  d e p e n d e n c e  fo r  n i c k e l  i n d o o r  c o r r o -  
s ion  in  s w i t c h i n g  rooms .  W i n t e r  c o r r o s i o n  was  o f t e n  
o n l y  10-20% of t h e  s u m m e r  va lue .  T h e  f a c t  t h a t  w e  
o b s e r v e d  l i n e a r  k i n e t i c s  o v e r  t h e  1.5 y e a r  i n t e r v a l  
m a y  i n d i c a t e  t h a t  t h e  a i r  c o n d i t i o n e d  fac i l i t i e s  b u f f e r  
t he  h u m i d i t y  e x t r e m e s  a n d  a v e r a g e  t he  c o r r o s i v e n e s s  
of t he  e n v i r o n m e n t .  

T h e  co r ro s ion  p r o d u c t s  on  n i c k e l  w e r e  o n l y  m e a s u r e d  
b y  AES,  T a b l e  I X  s u m m a r i z e s  t h e  resu l t s .  Suffice i t  to 
s ay  t h a t  in  a d d i t i o n  to n icke l ,  su l fu r ,  ch lo r ine ,  oxygen ,  
c a rbon ,  a n d  n i t r o g e n  w e r e  p r e s e n t  in  t h e  c o r r o s i o n  
p roduc t .  T h e  c o r r o s i o n  p r o d u c t  on  n i c k e l  e x p o s e d  to 
o u t d o o r  e n v i r o n m e n t s  is a c o m p l e x  c o m b i n a t i o n  of  
bas ic  n i c k e l  h y d r o x y  ch lo ro  s u l f a t e  as  s u m m a r i z e d  b y  
Aziz  a n d  G o d d a r d  (32) .  

T h e  i n d o o r  a n d  o u t d o o r  c o r r o s i o n  r a t e s  w e r e  fit to  
t he  l o g n o r m a l  d i s t r i b u t i o n s  s u m m a r i z e d  i n  T a b l e  I V  
a n d  s h o w n  in  Fig. 4. T h e  l o g n o r m a l  fit was  good. T h e  
c o m p o s i t e  i n d o o r  d i s t r i b u t i o n  a g r e e d  w i t h  t h i s  s tudy .  
T h e  g e o m e t r i c  m e a n  of t h e  o u t d o o r  r a t e s  (33) is 100 
t i m e s  t h a t  of t he  i n d o o r  ra tes .  Th i s  a g a i n  d e m o n s t r a t e s  
t he  s ign i f i can t  p o s i t i v e  in f luence  b u i l d i n g s  h a v e  on  r e -  
d u c i n g  m a t e r i a l s  co r ros ion .  

T h e  c o r r o s i o n  r a t e  of n i c k e l  h a s  b e e n  s h o w n  i n  t a b -  
o r a t o r y  s tud ie s  to b e  s t r o n g l y  i n f l u e n c e d  b y  r e l a t i v e  
h u m i d i t y ,  SO2, NO2, C12, a n d  h y g r o s c o p i c  sa l t s  (34-37) .  
The  field m e a n  s i te  i n d o o r  c o r r o s i o n  r a t e s  c o r r e l a t e d  
b e s t  w i t h  t h e  c h l o r i d e  con t en t ,  Clx, of t h e  e n v i r o n m e n t  
y i e l d i n g  a n  e q u a t i o n  of t h e  f o r m  r ---- 0.0448 (Clx) 2-24 
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Table IX. Surface corrosion products on 18 month exposed nickel samples measured by &ES 

Atomic percentages  

Ni 0 C CI S N 
Site (845 eV) (ill0 eV) (270 eV) (180 eV) (150 eV) (380 eV) 

Los Angeles  25 13 47 6 3 6 
Chicago 28 18 22 24 4 3 
New York City 18 11 56 3 8 6 
Texas  40 31 15 9 3 1 
New Jersey (1) 26 23 23 12 14 2 
New Jersey (2) 44 30 5 7 14 ~1 

Table X. Surface corrosion products on 18 month exposed cobalt samples measured by XPS 

Atomic percentage 

Co (2p3/2) O (ls)  C (ls)  CI (2p) S (2p) N (ls) 
Site (780.7 eV) (531.3 eV) (288 eV) (198.4 eV) (168.5 eV) (399.3 eV) 

Los Angeles  13 72 17 6.4 1.9 8.9 
Chicago 11 61 13 8.6 1.6 4.9 
New York City 12 57 17 8,2 6.4 4,6 
Texas  9.4 65 16 2.4 1.1 6.6 
Indiana 8.4 64 16 3.4 1.9 7.1 
S. Carolina 6.8 66 16 2.1 1.9 7.9 

with a correlation coefficient equal to 0.93. Unlike 
copper and silver, nickel shows lit t le correlation with 
the reduced sulfur  levels in  the environment .  Figure 
5 shows the data and fit comparison. 

Cobalt.--Cobalt's chemistry is very similar  to nickel 
and we would expect its atmospheric corrosion to be 
similar. Very litle has been published on the atmo- 
spheric corrosion of cobalt, a l though it  is a significant 
alloying addit ive in  m a n y  corrosion resistant  materials  
(38). Cobalt 's indoor  corrosion rate was very similar  
to nickel in  this study. The kinetics were closer to 
l inear  except for the very clean Texas site. The mean  
indoor corrosion rate was less than  both copper and 
silver. 

The corrosion product  summary  is given in  Table X. 
The cobalt was present  in  an oxidized bonding state 
at concentrations ranging from 6.8 to 13 a/o. A large 
quant i ty  of oxygen was present  ranging from 57 to 72 
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Fig. 5. Nickel corrosion rate vs. chlorine gas concentration 

a/o. Chlorides were present  between 2.1-8.6 a/o. Sul-  
fur  was in  the form of sulfate or sulfite, not sulfide. 

Figure 6 summarizes the lognormal fit of the cobalt 
indoor corrosion rates. There has been nei ther  indoor 
nor  outdoor data publ ished on cobalt for comparison 
to this study. 

Like nickel, cobalt corrosion is significantly influ- 
enced by relative humidity,  sulfur  dioxide, and chlo- 
r ine (38). The correlations of any one pol lu tant  to the 
observed field corrosion rate were not good for cobalt. 

Iron.--The indoor corrosion of i ron showed a range 
of kinetics from parabolic at the less corrosive sites 
to l inear  at the more corrosive sites. The nona i r -con-  
ditioned sites exhibited the highest rates. The indoor 
data were fit to a lognormal  dis t r ibut ion with a cor- 
relat ion coefficient equal  to 0.98. The iron indoor cor- 
rosion rates showed the largest s tandard  deviation of 
the metals tested. A comparison of the indoor data 
to an outdoor dis t r ibut ion created from some of the 
published data (39-41), Fig. 7, shows that  the indoor 
envi ronment  reduces iron corrosion by a factor of 
1/2000, significantly more than  for the other metals 
tested. The corrosion products (Table XI) show the 
presence of oxidized iron, sulfate, nitrite, hydroxide, 
oxide, and carbonate. Only one site showed chlorides. 
There  is no simple correlat ion of pol lu tan t  concentra-  
t ion with the observed iron corrosion rates. 

Metallic corrosion summary.--A summary  of the 
metall ic corrosion results is given in  Table XII. The 
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corrosion kinetics range f rom l inear  to parabolic. Cor-  
rosion products  are complex consisting of sulfates 
(sulfites), chlorides, carbonates, ni trates (ni t r i tes) ,  and 
hydroxides.  S i lver  showed the presence of sulfide in-  
stead of sulfate. 

The indoor corrosion ra te  geometr ic  means, obtained 
f rom the lognormal  distributions for each metal,  dif-  
fered by on ly  a factor  of 3, wi th  s i lver  be ing  the most 
corrosive and nickel  the least. Lognormal  statistics 
were  obeyed by all corrosion rates both indoors and 
outdoors over  the site populations studied. A compar i -  
son of outdoor to indoor rates shows si lver  to corrode 
s imilar ly  indoors and outdoors, copper and nickel to 
corrode 100 t imes grea te r  outdoors, and iron 2000 
times greater.  We propose that  the reason for this 
marked  difference in the indoor /outdoor  ratio for 
these metals  is in their  corrosion ra te  sensi t ivi ty to 
re la t ive  humidity.  Iron is marked ly  accelerated by 
outdoor high humidi ty  excursions, whi le  s i lver  is not 
at all. The corrosion rate, r, dependence on re la t ive  
humidity,  RH, for each meta l  can be expressed by an 
equat ion of the form r = ae DRH where  b is the mea-  
sure of the corrosion rate  sensi t ivi ty to RH. Table  XII  
summarizes  the constant b for each meta l  and shows 
iron to be compara t ive ly  sensitive, s i lver  insensitive, 
and Cu, Ni, Co to be sensit ive and about  the same. In 
outdoor envi ronments  ~ where  h igher  humidi t ies  are 
more  probable, i ron wil l  be most affected and si lver 
least. I ron had the largest  sigma, while  s i lver  had the 

lowest s igma for indoor corrosion. This may  result  
f rom the same sensi t ivi ty to RH as shown above. 

Atmospheric Parameters 
Pollutants.--The envi ronmenta l  factors that  influ- 

ence metal l ic  corrosion are  as var ied  as the types of 
metals. Some  of those factors that  are  c lear ly  estab- 
l ished include water  vapor, sul fur  dioxide, sulfur  
gases, chlorides, and salt  part icles (2-6). These factors 
may  be significantly influenced inside buildings by 
loss mechanisms on in terna l  surfaces (42), air  filters, 
and air  conditioning systems (7, 8). Models that  re -  
late outdoor to indoor pol lu tant  levels  have been pro-  
posed wi th  some demonstra ted success for ozone (7). 

Relative humidity.--The re la t ive  humidi ty  mean  for 
the a i r -condi t ioned sites ranged f rom a low of 44% at 
New York to a high of 59 % at the Texas site. While a 
normal  distribution, Fig. 8, was found to fit the com- 
posite data, i t  did not at all represent  each of the 
individual  sites. Mul t imodal  distr ibutions were  ob-  
served at some of the sites. These could be re la ted  to 
seasonal variations. General ly,  the summer  months 
were  the biggest contr ibutor  to the high humidi ty  peaks 
and the winter  months to the low humidi ty  peaks. One 
clearly cannot account for the re la t ive  sever i ty  of 
sites on the basis of RH alone. The Texas site was 
genera l ly  the least  corrosive but exhibi ted  the highest 
mean RH. Fur thermore ,  the  site sever i ty  did not  cor- 
relate very  well  wi th  high humidi ty  excursions alone. 

Sulfur dioxide.--Sulfur dioxide is the most studied 
pol lutant  wi th  respect to atmospheric corrosion. It is 
highly soluble in aqueous phases, can profoundly in- 
fluence metal l ic  r and is present  a t  com- 
para t ive ly  high concentrat ions in u rban  environments .  
Burning of fossil fuels is the predominant  anthropo-  
genic source. The  indoor SOn measurements  made  in 
this s tudy are shown in Fig. 9. Significant seasonal 
trends were  observed for the eas tern  U.S. sites. This is 
typical of the trends of outdoor  levels  in the high 
fossil fuel use regions of the U.S. In N e w  York, the 
indoor concentrations range f rom 106 in the winter  to 
tess than 2 # g / m  e in the summer.  Indiana and Chicago 
sites exhibi ted similar  seasonal fluctuations. The mean  
indoor SO2 concentrat ion in the New York City site, 
39.6 a g / m  3, was approx imate ly  50% of the outdoor 
level  reported at stations in Manhat tan  in 1974 (43). 
Fur thermore ,  the mean  indoor site SO2 average con- 
centrat ion f rom this study, 12.2 /~g/m -g, is 69% of the 
mean  outdoor site average,  17.6 p~g/m ~, for 840 m o n i -  
toring stations repor ted  by the U.S. Envi ronmenta l  
Protect ion Agency in 1975 (44). 

Table XI. Surface corrosion products on 18 month exposed iron samples measured by XPS 

Atomic percentage  

Fe (2pz/2) O ( l s )  C ( l s )  C1 (2p) S (2p) N ( l s )  
Site (711 eV) (531.5 eV)  (268.3 eV) (200 eV) (168.3 eV) (399.8 eV) 

Los Angeles 4.5 66 18 0 3.7 7.8 
Chicago 14.0 68* 11 0 2.1 4.6 
New York City 4.8 65 17 0 3.6 9.6 
T e x a s  9.5 66* 17 0 2.1 5.0 
Indiana 4.4 65 13 0 3.3 14 
S. Carolina 28 68 17 0.8 2J} l l  

* A 530.0 eV peak was  observed.  

Table XII. Summary of field metallic corrosion rate results 

Indoor Outdoor rso~o out- b 
Indoor  rate rate door/r~0% (r = Field 

Metal Kinetics Corrosion products  distribution (r~o%) (r~o%) indoor a@ ~x~ ) indoor 

Ag Parabolic AgeS, OH-, CI-, NOz-, CO~ = Lognormal 0.0035 0.0{)15 0.4 0.13 0.41 
Cu Parabolic CuSO~(SO3=), OH-, CI-, NOx-, COo = Lognormal 0.0016 0.19 119.0 4.6 0.77 
Ni Linear NiSO~, OH-, CI-, NO~-, COo = Lognormal  0.0011 0.14 127.0 7.95 1.29 
Co Linear CoSO~, OH-, CI-, NO~-, CO~ = Lognormal 0.0015 -- --  6.6 1.11 
Fe Linear parabolic  FeSOd, OH-, CO~ =, NO~-, O = Lognormal  0.0025 5.12 2045.0 12.6 1.79 
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Nitrogen dioxide.--Nitrogen dioxide 's  influence on 
meta l l ic  corrosion has not  been  s tud ied  extensively.  I t  
is a precursor  to ni t rous  and ni t r ic  acid. Its u rban  con- 
centra t ions  are  compara t ive ly  high. Urban  an thropo-  
genic NO2 is a secondary  po l lu tan t  resul t ing  f rom the 
ox ida t ion  of NO. I t  shows reg iona l  highs in  the  wes te rn  
U.S. F igure  10 shows the indoor  resul ts  for  the  six 
sites moni to red  in this s tudy.  Los Angeles  has the  
h ighest  NO~ level  and the  seasonal  fluctuations are  
typica l  of outdoor  Los Angeles.  The indoor  Los Angeles  
NO2 concentrat ion,  55.8, is a p p r o x i m a t e l y  80% of the  
outdoor  levels  of 69 #g /m  ~ in ma jo r  Cal i fornia  u r b a n  
a reas  (45). The mean  NO= indoor  si te average  is 26 
#g /m 3. This indoor  mean  is 60% of the outdoor  ave r -  
age of 43.5 #g /m  ~ for 701 U.S. moni tor ing  stat ions for 
1975 (46). 

Reduced sulfur.--The reduced  sulfur  gases, which  in-  
c lude I-I~S, sul fur  vapor,  and  mercaptans ,  s ignif icant ly 
influence copper  and s i lver  corrosion (27), as wel l  as 
acce lera te  stress corrosion cracking of s teel  (47). The 
source is p r edominan t ly  organic decay  processes, fossil 
fuel  combustion, and refining. There  is a pauc i ty  of 
publ i shed  da ta  for  H~S or  reduced  sul fur  gas levels.  
This is due to the  e x t r e m e l y  low levels  no rma l ly  en-  
countered  in the a tmosphere  and the lack  of sensitive, 
re l iab le  measuremen t  methods.  The best  r epor ted  est i -  
mates  of the H~S background  levels  in  unpo l lu ted  a i r  
a re  f rom 0.2 to 0.5 #g /cm ~ (48). U r b a n  levels  a round  
34 #g/m~ have been repor ted ,  bu t  these were  p robab ly  
near  localized sources of H=S (49, 50). Our l imi ted  
measurements  in four  cities (Chicago, Los Angeles,  
New York, and San Jose~ indicate  tha t  the  average  
outdoor  total  r educed  sul fur  levels  a re  be low 1 ~g /m a. 

The month ly  average  measurements  for  each of the 
indoor  sites a re  summar ized  in  Fig. 11. A sl ight  sea-  
sonal  dependence  is seen for  a l l  sites. The win te r  levels 
a re  higher,  p robab ly  resul t ing  f rom enhanced fossil  
fuel  use. The indoor  levels,  except  for South  Carolina,  
a re  only s l ight ly  h igher  than  r epor t ed  background  
levels;  however ,  they  are  qui te  near  the expected  ou t -  
door levels  as ind ica ted  above. In  an  independen t  
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Fig. 9. Indoor concentration of sulfur dioxide at 6 sites for 18 
months. 

study,  using the measuremen t  techniques out l ined 
here,  indoor  and  outdoor  reduced  sul fur  levels were  
moni tored  cont inuously  for  one to two years  at  sites 
in Los Angeles  and San Jose, California.  In  both  cases 
the indoor  measurements  were  made  in modern,  a i r -  
condi t ioned office buildings.  The resul ts  for  San  Jose 
showed an average  outdoor  level  of 0.25 and an in-  
door level  of 0.19 ~,g/m 3. Fo r  Los Angeles  the  average  
outdoor  level  was 0.32 and the indoor  level  was 0.35 
~g /m 3. There  was obviously  l i t t le  a t t enua t ion  of re -  
duced sul fur  gas levels f rom outdoor  to indoor  en-  
vironments .  In  fact, the  h igher  indoor  level  in  Los 
Angeles  indicates  some in te rna l  source of this  gas. 
The s i lver  corrosion da ta  tend to confirm the s imi lar  
indoor  and outdoor  levels,  in tha t  the  corrosion ra tes  
are  also similar ,  and the reduced  su l fur  gases a re  
known to be p r i m a r i l y  responsible  for s i lver  corrosion. 

Ammonia.--Ammonia accelera tes  the  corrosion of co- 
ba l t  and  silver, bu t  not  n ickel  and copper, degrades  
organics, dissolves r ead i ly  in water ,  and originates  
f rom many  anthropogenic  and na tu ra l  sources (50). 

The ammonia  in the  indoor  envi ronments  showed 
the month ly  average  concentrat ions shown in Fig. 12. 
F ive  of the sites had  geometr ic  means  be tween  10-22 
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Fig. 11. Indoor concentration of reduced sulfur gases at 6 sites 
for 18 months. 

Fig. 10. Indoor concentration of nitrogen dioxide at 6 sites for 
18 months. 

#g/m s. These values are equal to or sl ightly greater  
than  reported outdoor u rban  concentrat ions of 10 ~g/m 3 
(51). Fur thermore ,  no seasonal variat ions are apparent  
in the indoor data. In te rna l  generat ion of ammonia  is 
expected to be a significant source unl ike  most of t he  
other pollutants.  The air -condi t ioned industr ia l  Texas 
site showed NH3 concentrat ions at least an order of 
magni tude  greater than  the others, which is suspected 
to result  from a reproduct ion system using anhydrous  
ammonia  in an adjacent  room. 

Chlorine gases.--Chlorine gases, which include C12 and 
HC1, accelerate the corrosion of nickel, cobalt, and 
silver, enhance pinhole corrosion of many  materials,  
and degrade insulator  surfaces. The critical role of 
chlorides in  aqueous electrochemical decay of metals 
is well  recognized. The anthropogenic nonindus t r ia l  
sources of the chlorine gases are incinerat ion of ~yn- 
thetics, bu rn ing  of fossil fuels, water  t r e a t m e n t , ' a n d  
insecticides. Interact ion of NO2 with chloride contain-  
ing salts from ocean spray is thought to be an im-  
por tant  na tu ra l  source of HC1 (52). 

The indoor measurements  are shown in Fig. 13. The 
geometric mean  ranged ~rom 0.08 to 0.29 ~g/m ~. No 

significant seasonal var ia t ion  was observed. These in -  
door values are 20% or less of the values estimated 
for outdoor u r ba n  areas, 1.52 ~g/m 8 (53, 54). Indoor 
chlorine gas concentrat ion correlated reasonably well  
with nickel corrosion. 

Airborne dust.--Airborne dust can settle on materials  
which may increase the amount  of local water  as well  
as result  in mechanical  failures. Particles come from 
industr ia l  sources, fuel combustion, fires, and na tura l  
processes. The median  outdoor level is 61 ~g/m 3 from 
3760 sites (55). The dust levels in  our study show a 
site mean  between 3-33 ~g/m 3, Fig. 14. The mean  site 
average is 16 ~g/m 3 which is 26% of the outdoor mean. 
No significant seasonal var ia t ion was observed for the 
indoor data. It seems obvious that  the indoor dust  
level is greatly influenced by the qual i ty of the air 
conditioning and air handl ing systems. 

Pollutant summary.--The measured indoor pol lu tant  
mean  site concentrations are general ly  less than mean  
outdoor values in the United States except for NH~ 
and reduced sulfur. Table XIII  summarizes the mean  
indoor and outdoor levels as well as the ratio of indoor 
to outdoor concentrations. 

Conclusions 

The indoor corrosion rates of Cu, Ag, Ni, Co, and Fe 
are lognormally dis tr ibuted with respect to the sam- 
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Fig. 12. Indoor concentration of ammonia at 6 sites for 18 months 

ple populat ion in  this study. The rates are significantly 
less than  outdoor values except for silver. The corro- 
sion products on all of these metals are complex hy-  
droxides, carbonates, sulfates or sulfides, nitrates, and 
chlorides. Indoor pol lu tant  concentrations of reduced 
sulfur  and chlorine gases are reasonable indicators of 

Table XIII. Comparison of indoor and outdoor pollutant 
concentrations (#g/m 3) 

CI 
Out-  - -  • 100 

Indoor* door**  Co 
Pol lutant  (Cz) (Co) ( % ) 

the atmospheric corrosive severi ty toward Cu/Ag and 
Ni, respectively. The indoor pol lutant  levels, except 
for NH~, and possibly reduced sulfur  gases, are less 
than mean outdoor levels. The marked reduction in 
indoor metall ic corrosion must  be accounted for by 
both a reduction in  high humidi ty  occurrences and a 
reduction in pol lutant  level. The fact that  silver cor- 
rosion is about the same indoors and outdoors is ac- 
counted for by the similari ty of reduced sulfur  gas 
levels and the lack of a corrosion rate dependence on 
relative humidity.  

Acknowledgments 

We thank R. Tremoureux  and I. Rodriques for the 
field sample analysis, W. McChesney for the XPS mea-  
surements,  F. Wagner  for the field site logistics, and 
Dr. H. Andersen  for his cont inued support. 

SO= 12.2 17.6 69 
NO= 26.0 43.6 60 
NEh 14.9 10.0 149 
R e d u c e d  sul fur  0.49 0.48* * * 10(} 
C h l o r i n e  g a s e s  0.2 1.5 13 
A i r b o r n e  d u s t  16.0 61.0 26 

" A v e r a g e  of  s i te  means .  
** bee  t e x t  for  res  and discuss ion,  

*** T h i s  n u m 0 e r  is  based upon t w o  C a l i f o r n i a  s i t e s  w h e r e  in- 
d o o r  and o u t a o o r  l e v e l s  a r e  a p p r o x i m a t e l y  e q u i v a l e n t .  

Manuscript  submit ted Aug. 23, 1979; revised m a n u -  
script received Nov. 8, 1979. 

Any discussion of this paper will appear in  a Dis- 
cussion Section to be published in  the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submit ted by Aug. 1, 1980. 

Publication costs o] this article were assisted by 
IBM Corporation. 



VoL 127, No. 4 INDOOR CORROSION 901 

60" 

40 -  

20'  

0- 

40- 

20- 

0-  

20- 

-~ 0- 

~ 20- 

< O" 

20" 

0" 

20- 

0" 

South Carolina 

Indiana 

Chicago 

Los Angeles 

New York 

z z :o: : :  ::: . . . . . . .  z : 

Texas 

D J F M A M J  J A S O N D J F M A M  

Months 

Fig. 14. Indoor concentration of airborne dust at 6 sites for 18 
months. 

REFERENCES 
1. J. O'M. Bockris and A. K. N. Reddy, "Modern 

Electrochemistry," Vol. 1, pp. 13-19, Plenum 
Press, New York (1970). 

2. I. L. Rozenfeld, "Atmospheric Corrosion of Metals," 
National Association of Corrosion J~ngmeers, 
Houston, Texas (1972). 

3. S. K. Coburn, Editor, Am. Soc. Test.: Mater. Spec. 
Tech. Publ. 646, (1978). 

4. P. J. Sereda, ibid., 558, 7-22 (1974). 
5. P. J. Sereda, Ind. Eng. Chem., 52, 157 (1960). 
6. F. H. Haynie and J. B. Upham, Am. Soc. Test. 

Mater. Spec. Tech. Publ. 558, 33-43 (1974). 
7. F. H. Shair and K. L. Heitner, Environ. Sci. 

TechnoL, 8, 444 (1974). 
8. R. H. Saberskey, D. A. Sinema, and F. H. Shair, 

ibid., 7, 347 (1973). 
9. F. B. Benson, J. S. Henderson, and D. E. Caldwell, 

"Indoor-Outdoor Air Pollution Relationships: A 
Literature Review," EDA-NERC 27709 (1972). 

10. W. E. Campbell and U. B. Thomas, in "Holm Con- 
ference Proceedings," pp. 233-265 (1968). 

11. K. Seigbahn, C. Nordling, and A. Fahlman, "Elec- 
tron Spectroscopy for Chemical Analysis," 
AFML-TR-189 (1968). 

12. J. C. Tracy, in "Electron Emission Spectroscopy," 
W. Dekeyser, Editor, pp. 372-395, D. Reidel Fub- 
lishing Co., Dordrecht, Holland (1973). 

13. C. D. Wagner, Anal. Chem., 44, 1050 (1972). 
14. P. W. Palmberg, L. E. Davis, N. C. MacDonald, 

G. E. Riach, and R. E. Weber, "Handbook of 
Auger Electron Spectroscopy," Physical Electron- 
ics Ind. Inc., Eden Prairie, Minnesota (1976). 

15. "Weather Measure Corporation Manual for H311 
Hygrothermograph," Sacramento, California 
(1961). 

16. C. Lipson and N. Sheth, "Statistical Design and 

Analysis of Engineering Experiments," p. 29, 
McGraw-Hill, New York (1973). 

17. S. D. Sharma, This Journal, 125, 2005 (1978). 
18. H. Guttman and P. J. Sereda, Am. Soc. Test. Mater. 

Spec. Tech. Publ. 435, 326-359 (1968). 
19. A. W. Tracy, ibid., 175, 67 (1955). 
20. W. Wiederhold, Werkst. Korros., 15, 633 (1964). 
21. K. S. Rajagopalan, M. Sundaram, and P. L. An- 

namalai, Corrosion, 15 (1959). 
22. D. Knotkova-Cermakova, B. Bosek, and J. Vlckova, 

Am. Soc. Test. Mater. Spec. Tech. Publ. 558, 
52-72 (1974). 

23. R. S. Herman and A. P. Castillo, ibid. 558, 82-96 
(1974). 

24. H. Leidheiser, "The Corrosion of Copper, Tin, and 
Their Alloys," John Wiley and Sons, Inc., New 
York (1974). 

25. W. H. J. Vernon, Trans. Faraday Soc., 23, 113 
(1921) ; 23, 162 (1927) ; 27, 264 (1931). 

26. W. H. J. Vernon, ibid., 29, 35 (1933); 31, 1668 
(1935). 

27. D. W. Rice, P. B. P. Phipps, P. Peterson, and 
B. Rigby, To be published. 

28. C. Ilscher-Gensch "and C. Wagner, This Journal, 
105, 198, 635 (1958). 

29. S. Mrowec, in "High Temperature Metallic Corro- 
sion of Sulfur and Its Compounds," Z. A. Forou- 
lis, Editor, pp. 55-109, The Electrochemical So- 
ciety ~oftbound Proceedings Series, Princeton, 
N.J. (1970). 

30. S. Miner, NT[S Document PB 188-068 (1969). 
31. F. Mansfeld, Regional Air Pollution Study, AMC 

7010, 112 AR, p. 32 (May, 1977). 
32. P. M. Aziz and H. P. Godard, Corrosion, 529 (1959). 
33. H. H. Uhlig, "The Corrosion Handbook," p. 266, 

John Wiley & Sons, Inc., New York (1948). 
34. D. W. Rice, P. B, P. Phipps, and R. Tremoureux, 

This Journal, 127, 534 (1980). 
35. J. C. Hudson, Trans. Faraday Soc., 25, 177 (1929). 
36. U. Frank, Sb. Korroziya Metallov, I. M. Goskhimiz- 

dat, 254 (1952). 
37. G. Tamman and W. Koster, Z Anorg. Chem., 123, 

196 (1922). 
38. D. W. Rice, P. B. P. Phipps, and R. Tremoureux, 

This Journal, 126, 1459 (1979). 
39. D. Knotkova-Cermakova, B. Bosek, and J. Vlckova, 

Am. Soc. Test. Mater. Spec. Tech. Publ. 558, 
60-61 (1974). 

40. R. Franks, Trans. Am. Soc. Met., 35, 616 (1945). 
41. H. Copson, Corrosion, 15, 533t (1959). 
42. J. G. Wilson, Proc. R. Soc. London Set. A, 300, 

215-221 (1968). 
43. City of New York, Dept. of Air Resources, Bureau 

of Technical Services, Data Report Aerometric 
Network-Calendar Year 1973 (1974). 

44. Environmental Protection Agency, "Air Quality 
Data, 1975 Statistics," EPA-450-2-77-002, 109 
(May 1977). 

45. Ibid., p. 143. 
46. Ibid., p. 155. 
47. J. Gerhard and F. H. Haynie, Environmental Pro- 

tection Agency, NTIS Document PB238-290 
(1974). 

48. R. J. Breeding, J. P. Lodge, J. B. Pate, D. C. Shees- 
ley, H. B. Klonis, B. Fogle, J. A. Anderson, T. R. 
Englert, P. L. Haagensen, R. B. McBeth, ,A. L. 
Morris, R. Pogue, and A. F. Wartburg, J. Geo- 
phys. Res., 78, 7057 (1971). 

49. T. E. Graedel, B. Kleiner, and C. C. Patterson, ibid., 
79, 4467 (1974). 

50. T. E. Graedel and N. Schwartz, Mater. Perform., 
17 (August 1977). 

51. J. C. Mollen and M. J. Trzeciak, "Electrical Con- 
tacts--1070," p. 37, ITT Research Institute, Chi- 
cago (1970). 

52. R. C. Robbins, R. D. Cadle, and D. L. Eckhardt, 
J. Meterol., 16, 53 (1959); C. S. Martins, J. J. 
Wesolwski, R. C. Harris, and R. Kafir, J. Geophys. 
Res., 78, 8778 (1973). 

53. R. A. Duce, J. Geophys. Res., 74, 4597 (1969). 
54. M. Ackerman, D. Frimout, A. Girard, M. Gottig- 

nies, and C. Muller, Geophys. Res. Letter, 3, 81 
(1976). 

55. Environmental Protection Agency, "Air Quality 
Data, 1973, Annual Statistics," EPA 450/2-74-015, 
Research Triangle Park, N.C. (1974). 



Steam Oxidation of Fe-32% Ni-23% Cr 
Alloys with Manganese and Carbon 
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Oak Ridge National Laboratory,  Oak Ridge, Tennessee 37830 

ABSTRACT 

Effects of manganese  and carbon on oxida t ion  proper t ies  of s imula ted  
Incoloy 800 were  de termined.  I ron-base  al loys containing 32% nickel  and 
23% chromium were  p repa red  with  0, 1, or 2% manganese  and res idual  
(0.002%) or 0.1% carbon. Samples  were  exposed at  660~ to 0.94 arm s team for 
2, 48, 528 hr, and resul t ing  oxides were  examined  by  opt ical  microscopy 
and ana lyzed  using Secondary  Ion Mass S p e c t r o m e t r y ( S I M S )  as wel l  as 
x - r a y  diffract ion techniques. Carbon addi t ions  in al l  cases led t o  th icker  
oxides wi th  h igher  ~Fe208 to CreO8 ratios. Manganese  was incorpora ted  into 
the  spinel  phase,  forming Mn(Fe l -zCrx)204 .  Manganese addi t ions to al loys 
containing carbon tended  to mi t iga te  the effects of carbon addit ions,  leading  
to th inner  oxides wi th  lower  aFe203 to Cr203 ratios.  

This work  is pa r t  of an effort to character ize  high 
t empe ra tu r e  oxida t ion  proper t ies  of s t ruc tura l  ma te -  
r ia ls  impor t an t  to energy  systems. Within  this study, 
in si tu formed oxide  coatings o n  s team genera tor  
mate r ia l s  have been proposed as t r i t ium p e r m e a t i o n  
barr iers ,  and t r i t ium permeat ion  th rough  oxide coat-  
ings on Incoloy 800 has been measured  (1). These 
in  s i tu formed oxides  have  been chemical ly  analyzed 
(2), and i t  was found tha t  manganese,  which comprised 
less than  1% of the bu lk  Incoloy 800, became grea t ly  
enr iched in the oxide, to more than  80% in one case. 
I t  also became appa ren t  that  carbon p layed  an im-  
por t an t  role in de te rmin ing  the na tu re  of the ox ida -  
t ion products.  In o rder  to unders tand  the effects of 
these two const i tuents  on the oxidat ion  proper t ies  of 
Incoloy 800, i r on -ch romium-n icke l  a l loys wi th  various 
amounts  of manganese  and carbon were  p repa red  wi th  
concentrat ions approx ima t ing  those of Incoloy 800 
(commercia l  Incoloy 800 contains, in weight  percent ,  
30.0-35.0 Ni, 19.0-23.0 Cr, 37.0-47.0 Fe, 1.5 max  Mn, 
0.1 max  C, 1.0 max  Si, 0.15-0.60 A1, 0.15-0.60 Ti).  
Tab samples  of these al loys were  oxidized under  the 
same conditions employed in the ea r l i e r  studies in-  
volving Incoloy 800 (1, 2), and resul t ing oxides were  
analyzed  using SIMS, x - r a y  diffraction, and optical  
microscopy.  

Effects of manganese  on the oxidat ion proper t ies  of 
severa l  different  al loys have been invest igated by  other  
researchers .  Caplan et al. (3) s tudied the  effect of 
1% manganese  addi t ion  to Fe-26Cr, exposing the 
al loys to 1 a tm pure  oxygen at  870~ for 98 hi' or 
I090~ for 20 hr. Analys is  of resul t ing oxides showed 
that  manganese  addi t ion  promoted  format ion of a 
spinel  s t ructure,  p robab ly  MnCr204. Under  the exper i -  
menta l  condit ions of tha t  study,  the al loy containing 
manganese  showed a grea te r  weight  gain. Francis  (4) 
s tudied 20Cr-25Ni-Nb s tabi l ized steels wi th  and wi th -  
out  0.7% manganese.  Oxidat ion  was per formed  in 
carbon dioxide at  750 ~ or 850~ for 100 hr. At  the 
h igher  t empera ture ,  manganese  promoted  format ion  of 
the  spinel  Mn~Fes-xO4. At  both temperatures ,  man-  
ganese led to a g rea te r  weight  gain, and decreased 
the amount  of Fe20~ in the surface film. Douglas and 
Armi jo  (5) s tudied the effect of manganese  addi t ion 
to Ni-20 Cr alloys. Oxidat ion  conditions were  0.21 arm 
oxygen  at  600 ~ 1100 ~ and 1200~ for t imes up to 3 
weeks. Three  percent  addi t ion of manganese  promoted 
format ion  of an inner  l ayer  of MnCr,~O4, whereas  1% 
manganese  addi t ion did not. I t  was concluded that  
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8% manganese  resul ted  in a reduced oxidat ion  rate;  
however,  as these authors  point  out, if spal l ing occurred 
at short  oxidat ion  times, this conclusion based on 
weight  gain measurements  might  not be valid. 

The effect of carbon on oxidat ion  proper t ies  of s ta in-  
less steels has been recognized for some t ime; Bain 
et al. (6) s ta ted  tha t  austeni t ic  stainless steels, a f te r  
exposure  to modera t e ly  e levated temperatures ,  became 
suscept ible  to i n t e rg ranu la r  corrosion. These authors  
developed a phenomenological  model  which a t t r ibu ted  
this sensi t izat ion to format ion  of chromium carbides  
at  gra in  boundar ies  wi th  concomitant  deple t ion  of 
chromium in ad jacent  regions. A deta i led  review of 
research per formed  concerning the role of carbon in 
sensi t izat ion of s tainless s tee ls  has appea red  (7). In 
that  review, the chromium deplet ion theory  is sup-  
por ted  as the most wide ly  accepted model  to account 
for i n t e rg ranu la r  corrosion as a resul t  of sensitization. 
Factors  promot ing  sensi t izat ion are  increased carbon 
content,  decreased chromium content,  and h e a t - t r e a t -  
ments  high enough to promote  carb ide  prec ip i ta t ion  
at  gra in  boundaries ,  but  sufficiently low so as not  to 
a l low chromium diffusion into the  chromium dePleted 
regions. Carbon-ge t t e r ing  mater ia l s  a re  added to some 
steels to p re fe ren t ia l ly  t ie up the carbon, such as 
t i t an ium in the case of Incoloy 800, and the reby  mini -  
mize sensitization. The t empera tu re  range  for sensi-  
t izat ion of Incoloy 800 is 540~176 (8). General ly ,  
sensi t izat ion studies have been associated with  pass iva-  
tion vs. nonpassivat ion;  to our  knowledge  no studies 
have been car r ied  out  associated with  effects of carbon 
on the chemical  species of oxide produced.  

Comparison of oxidat ion studies must  be done care-  
fu l ly  because the number  of var iab le  pa ramete r s  is 
large, and includes oxidizing atmosphere ,  pressure,  
t empera ture ,  t ime, a l loy composition, and sample  p re -  
t rea tment .  Our  previous  w o r k  (2) has shown tha t  
sample  p re t r ea tmen t  can be especia l ly  impor tan t  to 
oxidat ion  characterist ics.  For  this reason, fabr icat ion 
of the al loys was car r ied  out  under  s t r ic t ly  prescr ibed  
conditions, based on findings of our  ear l ie r  studies. 
Other  pa rame te r s  involved in the oxidat ion process 
were  comparab le  to those in our  previous  work  (1, 2). 

Experimental 
Samples  were  p repa red  f rom high pur i ty  mate r ia l s  

using induct ion mel t ing  techniques. Ingots were  sub-  
sequent ly  ho t - ro l led  at  l l00~ to 0.403 cm, then cold-  
rol led to 0.315 _ 0.008 cm. The mater ia l s  were then 
stress re l ieved  at  900~ for 30 rain. Coupons app rox -  
ima te ly  1.5 • 0.5 cm were  cut  f rom the sheets, de -  
greased, and then electropolished.  Samples  were  tested 
for  suscept ib i l i ty  to i n t e rg ranu l a r  corrosion using the 
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Table I. Compositions of alloys 

Metal  compos i t ion  Carbon 
( w e i g h t  p e r c e n t )  c o n t e n t  

S a m p l e  (weight 
n u m b e r  Fe  Cr Ni  Mn ppm) 

1 45.2 22.6 31.9 ~ 986 
2 45.1 22.6 32.2 ~ 17 
3 45.9 22.6 31.4 1.04 916 
4 44.8 22.4 31.0 1.05 17 
5 46.1 21.3 31.4 2.17 948 
6 44.8 21.4 30.8 2.15 16 

acid fer r ic  sulfate  test (ASTM Designat ion G28-71). 
Samples  which  contained added  carbon susta ined a 
significant weight  loss, indica t ing  sensit ization, whi le  
those samples  which  contained only res idual  carbon 
showed v i r tua l ly  no weight  loss. Therefore,  wi thout  
considerat ion for the effects of manganese,  it  was ex-  
pected that  samples  containing added  carbon would 
undergo a grea te r  degree  of oxida t ion  due to in t e r -  
g r anu la r  corrosion. 

Coupons were  oxidized for  2, 48, and 528 hr  a t  
660~ in 0.94 a tm steam car r ied  by  an a rgon -hydrogen  
mix tu re  y ie ld ing  a hydrogen  to wa te r  rat io  of 2.2 • 
10 -5 , s imula t ing  the env i ronment  of previous  t r i t ium 
pe rmea t ion  exper iments  (1). In tac t  oxide coatings 
on samples  exposed 528 hr  were  analyzed  by x - r a y  
diffract ion techniques.  Cross sections of al l  samples  
were  mounted  in epoxy,  polished, and then analyzed 
by  secondary  ion mass spec t rome t ry  (SIMS) and 
opt ical  microscopy.  Rela t ive  amounts  of phases iden-  
tified by  x - r a y  diffraction were  calcula ted by in tegra t -  
ing the  a rea  under  the most intense reflection for each 
phase. Lat t ice  pa rame te r s  were  obta ined  by  s tandard  
techniques.  

Results and Discussion 
Samples  oxidized for 528 hr  were  character ized in 

some detail ,  using SIMS, x - r a y  diffraction, and optical  
microscopy.  The bu lk  of this  section wil l  be devoted 
to a discussion of these results.  Samples  oxidized for 
2 and 48 hr  were  analyzed  in a more  cursory  fashion 
wi th  SIMS and opt ical  microscopy,  and will  be briefly 
discussed towards  the end of this section; resul ts  :from 
these  samples  help  e lucidate  the mechanism for fo rma-  
t ion of the  oxides. 

Composit ions of al loys based on chemical  analyses  
a r e  given in Table  I. X - r a y  diffraction resul ts  are  
presented  in Table  II  for the oxides on samples  oxi-  
dized 528 hr, a long with  oxide thicknesses measured  
by  opt ical  microscopy.  In general ,  oxides formed af ter  
528 h r  exposure  were  r e l a t ive ly  uni form in thickness 
and adheren t  to the base metal ,  wi th  the except ion of 
sample  1. This sample,  which contained 0.1% carbon 
and no manganese ,  had  a th ick oxide which showed 
evidence of spal l ing and was less uni form than oxides 
on o ther  samples;  the  mic rograph  for  the cross section 
of this sample  i s  presented  in Fig. 1 (a) .  Micrographs  
for  cross sections of sample  2, which contained no 
manganese  and res idual  carbon, and sample  3, which 
contained 1% manganese  and 0.1% carbon, a re  p re -  
sented in Fig. 1 (b) and (c) ,  respect ively.  

The effect of carbon wi th  no manganese  was best  
seen by  comparison of ion microprobe  profiles for 
samples  1 and 2, exposed for  528 hr, containing 0.1% 
and res idual  carbon, respec t ive ly  (see Fig. 2 and 3). 
The oxide on the sample  wi th  added  carbon was con- 
s ide rab ly  th icker  (see Table  I I ) ,  and enr iched in 
i ron  at  the  surface wi th  an enr ichment  of chromium 
b e n e a t h  the iron. SIMS results,  Fig. 2, indica ted  a 
g rea te r  total  amount  of chromium than i ron in the 
oxide, but  x - r a y  diffract ion resul ts  ind ica ted  a ra t io  
of ~Fe208 to Cr.2Oa of 1.3; therefore,  the bu lk  of the 
chromium must  have  been incorpora ted  in the  spinel  
phase. The la t t ice  p a r a m e t e r  measured  for the spinel  
phase, ao --  8.35A, is in agreement  wi th  a s to ichiometry  
(Ni l -zFex)Cr204,  according to Year ian  et al. (9). The 
nickel  enr ichment  towards  the surface of the oxide, 
Fig. 2, l ike ly  was in the form (Ni l -xFex)Fe204,  which 
has a la t t ice  p a r a m e t e r  ve ry  s imi lar  to tha t  of the 
(Ni l -~Fex)Cr204 sys tem (9), and could therefore  not 
be dis t inguished by  x - r a y  diffraction. The specimen 
wi th  no added  carbon, sample  2 shown in Fig. 3, had 
a much th inner  oxide;  the ra t io  of spinel  phase  to 
hexagonal  phases (~Fe208 and Cr20~) was about  the 
same; however ,  the rat io  of ~Fe208 to Cr203 was about  
0.5, much lower  than  the sample  wi th  0.1% carbon. 
The la t t ice  pa r ame te r  for the spinel  phase on the 
sample  wi th  res idual  carbon was only s l ight ly  smal ler  
than the one for that  phase on the sample  wi th  added 
carbon; therefore,  the composit ion of this spinel  phase 
also was expected to be (Nil-~Fex)Cr204:  The major  
difference in these two samples,  then, is that  the sample  
wi th  no added  carbon had a much th inner  oxide with  
a smal le r  a,Fe20~ to Cr~O3 ratio.  

The effect of manganese  in the absence of added 
carbon was apparen t  f rom comparison of samples  
2 and 4 oxidized for 528 hr  containing 0 and 1% 
manganese,  respect ively.  SIMS results  for  sample  2 
are  shown in Fig. 3, and indicate  tha t  the oxide  is 
r ich in chromium. SIMS resul ts  for sample  4, con- 
ta ining 1% manganese,  showed that  the oxide was 
rich in chromium and manganese.  The oxide on this 
sample  was app rox ima te ly  half  as th ick as that  ob-  
served on sample  2 which contained n o  manganese;  
however ,  re la t ive  amounts  of ~Fe~.O:~, Cr20~, and 
spinel  phase were  s imi lar  for each sample.  Lat t ice  
pa rame te r s  for  the spinel  phases were  different;  the 
l a rge r  la t t ice  pa r ame te r  :for sample  4, ao --  8.41A, 
is consistent  wi th  a spinel containing manganese  (10), 
and s imi lar  to tha t  for  MnCr20~j, ao ---- 8.426A (11). 
(Diffraction peaks  for the spinel phase on samples  
which contained manganese  were  b roader  re la t ive  to 
reflections for spinels on samples  wi thout  manganese.  
This indica ted  a s t ra ined s t ruc ture  or the presence 
of several  spinel phases of s imi lar  la t t ice  parameter . )  

Effects of manganese  were  most apparen t  in compar -  
ison of samples 1 and 3, exposed for 528 hr, the former  
containing no manganese  and the la t te r  1%, and both 
containing 0.1% added carbon:  SIMS resul ts  are  shown 
in Fig. 2 and 4, respect ively.  The oxide on the sample  
containing manganese  was almost  a factor  of ten 
thinner,  and was rich in chromium and manganese,  
whereas  the oxide in the sample  wi th  no manganese  

Table II. Compositions of untreated alloys and data for oxides of samples exposed for 528 hr to 
0.94 atm steam at 660~ 

A p p r o x i m a t e  man- 
g a n e s e  and carbon 
content of alloys 
(weight p e r c e n t )  

S a m p l e  Mn C 

A v e r a g e  
ox ide  

thickness 
(in m i c r o n s )  

Re lat ive  in tens i t i e s  of  
di f fract ion peaks  of  ox ide  
phases, normalized to 1.O0 

Cry08 ~Fe~O,~ Spinel 

Average lat- 
tice parameter 
of spinel phase 

( in A)  

1 0 0.1 11 
2 0 0.O 2.5 
3 1 0.1 1.4 
4 1 0.0 1.3 
5 2 0.1 2.1 
6 2 0.0 1.4 

0.14 0.19 0.67 8.35 
0.25 0.14 0.61 8.34 
0.11 0.11 0.78 8.46 
0.19 0.12 0.69 8.41 
0.07 0.08 0.85 8.44 
0.08 0.11 0.81 8.42 
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Fig. 1. Micrographs for cross sections of oxides (528 hr oxidation) 
on samples containing (a) 0.1% carbon, 0% manganese; (b) 0.0% 
carbon, 0% manganese; and (c) 0.1% carbon, 1% manganese. 
Magnification is 1000• 

was rich in  iron at the surface. X- r ay  diffraction re-  
sults, Table II, show that  the sample containing m a n -  
ganese had a lower ~Fe203 to Cr2Oa ratio, and that  
the spinel phase comprised a greater percentage of 
the total oxide. The spinel lattice parameter  for the 
sample containing manganese, ao -- 8.46A, probably 
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Fig. 2. Ion mlcroprobe profile for sample 1, oxidized for 528 hr. 
Steam-oxide interface is at zero microns. 

corresponded to Mn(Fel -xCrx)204 (I1),  while the 
pr imary  spinel phase on the sample with no man-  
ganese was (Nil-xFex) Cr204, as discussed previously. 

Results for the specimens containing 2% manganese,  
with 0.1 and 0.0% carbon (samples 5 and 6, respec- 
t ively) oxidized for 528 hr, are  not greatly different 
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Fig. 4. Ion microprobe profile for sample 3, oxidized for 528 hr. 
Steam-oxide interface is at zero microns. 

t han  those for  specimens containing 1% manganese,  
samples  3 and 4. The h igher  manganese  content  led 
to a somewhat  l a rge r  percen tage  of spinel  phase  in 
the  oxide  and to a s l ight ly  l a rge r  ~Fe20~ to CrzO3 
ratio. The oxide thickness was v i r t ua l ly  ident ica l  for 
specimens containing 1 and 2% manganese  and no 
added  carbon, samples  4 and 6. However ,  in the pres -  
ence of added  carbon, 2% manganese  led to a some-  
wha t  th icker  and less un i form oxide than the sample  
containing 1% manganese .  The difference in thickness  
was not  large,  2.1 vs. 1.4 microns, pa r t i cu l a r ly  in com- 
par i son  wi th  the  11 microns th ick oxide on the sample  
conta ining added  carbon and no manganese.  It may  
be tha t  app rox ima te ly  1% manganese  subst i tut ion i s  
the op t imum content  for producing  a thin pro tec t ive  
oxide  coating. I t  is noted here  that  Caplan et al. (3) 
and  Francis  (4) found grea te r  weight  gains a f te r  160 
h r  oxida t ion  for samples  containing manganese.  How-  
ever,  spal l ing might  have occurred wi th  longer  ox ida-  
t ion times, as was observed in the present  work, dis-  
cussed below. 

Ion microprobe  analyses  were  pe r fo rmed  for samples  
exposed 2 and 48 hr;  resul ts  a re  summar ized  here,  
and give an indicat ion of the mechanism for fo rmat ion  
of the  oxides af te r  528 h r  exposure.  Sample  1, con-  
ta in ing 0.1% carbon and no manganese,  formed a ve ry  
thick, scaly i ron oxide at  the  surface for al l  exposure  
t imes studied. Regions of ch romium-r i ch  oxide, which 
formed benea th  the  i ron oxide layer ,  grew with  longer  
exposure  t imes;  chromium was not observed  at  the 
surface of the oxide. Sample  2, which contained no 
added  carbon or  manganese,  showed regions of chro-  
mium oxide  at  the  surface in te rspersed  wi th  regions 
of i ron oxide  a f te r  2 hr  oxidat ion;  fu r the r  exposure  
resul ted  in a more  un i form oxide comprised p r i m a r i l y  
of chromium. A p p a r e n t l y  the i ron oxide, which formed 
ini t ia l ly ,  spal led  wi th  fu r the r  oxidat ion;  this charac-  
ter is t ic  was found for o ther  samples.  The genera l  t rend  

was tha t  those samples  which contained carbon re-  
qui red a longer  exposure  t ime to effect format ion  
of a un i form chromium oxide layer ,  wi th  concomitant  
spal l ing of the  outer  i ron  oxide;  manganese  showed 
the opposi te  effect, t ending  to promote  format ion  of 
the  un i fo rm chromium oxide l aye r  a t  the  surface. The 
two ex t remes  are  sample  1, containing no manganese  
and 0.1% carbon, which never  formed a chromium 
oxide l aye r  a t  the  surface, and sample  6, containing 
2% manganese  and only res idual  carbon, which formed 
a nea r ly  complete  chromium oxide l aye r  a f te r  48 hr. 
This mechanism for fo rmat ion  of a chromium oxide 
layer ,  v ia  ini t ia l  i ron oxide  format ion  which sub-  
sequent ly  spalls,  was also found for commercia l  Incoloy 
800 in our ear l ie r  work  (2). 

These resul ts  c lear ly  indicate  that  carbon s t imula tes  
a g rea te r  degree  of oxida t ion  af ter  528 h r  s team 
exposure,  wi th  the oxide  containing a large  a m o u n t  
of iron. This may  be due to format ion  of chromium 
carbide  prec ip i ta tes  along grain  boundaries ,  which 
could deple te  chromium in these regions and inhib i t  
format ion  of a pro tec t ive  Cr208 layer  (7). The g rea te r  
i ron content  of the oxides on samples  containing added  
carbon would be consistent wi th  chromium deple t ion  
at  the  gra in  boundaries .  Manganese subst i tut ion,  how-  
ever, seemingly  reversed  the effects of added  carbon. 
The reasons for this a re  not  clear;  however,  Glen (12) 
repor ted  tha t  manganese  reduced  the diffusion of car -  
bon in carbon steel, and Aust in  (13) found tha t  man-  
ganese in carbon steel  caused a re -so lu t ion  of i ron 
carbide  and subsequent  prec ip i ta t ion  of manganese  
carbide.  I t  is unl ikely,  though, that  manganese  would 
cause a re-solut ion  of chromium carbide,  since the 
l a t t e r  is more  s table  (14). F rom the presen t  s tudy  i t  
is apparen t  tha t  manganese  subsequent ly  led to fo rma-  
tion of a manganese-conta in ing  spine], in agreement  
wi th  the findings of Caplan et al. (6);  the format ion  
of this phase may  account for the different  oxidat ion  
character is t ics  of ca rbon-conta in ing  samples  wi th  and 
wi thout  manganese  substi tut ion.  

Summary  
The following observat ions  have been made  r ega rd -  

ing the 660~ s team oxidat ion for 528 hr  of Fe-32 
Ni-23 Cr al loys wi th  manganese  subst i tut ions and 
carbon addit ions:  
1. In the  absence of manganese,  addi t ion of 6.1% carbon 
led to a much th icker  oxide wi th  a h igher  aFe203 to 
Cr20~ ratio. 
2. In the absence of added carbon, subst i tut ion of 1% 
manganese  led to a somewhat  th inner  oxide, but  did 
not g rea t ly  change the ~Fe203 to Cr203 ratio. 
3. For  samples  containing 0.1% carbon, subst i tut ion 
of 1% manganese  led to an oxide one- ten th  the th ick-  
ness wi th  a lower  ~Fe20~ to Cr203 ratio. 
4. Higher  manganese  subst i tut ions led to a grea ter  
percentage  of spinel  phase in the  oxides. 
5. In  the absence of manganese,  the p redominan t  
spinel phase was p robab ly  (Ni1-xFex)Cr204, whereas  
for  samples  containing manganese,  the spinel  la t t ice  
pa rame te r s  were  in close agreement  wi th  
Mn (Fe l -zCrx)  204. 
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A Microstructure Study of Corrosion 
in Ag-Cu Flex Leads 

K. Kumar 
The Charles Stark Draper Laboratory, Incorporated, Cambridge, Massachusetts 02139 

ABSTRACT 

85 Ag-15 Cu flex Ieads, used as c u r r e n t - c a r r y i n g  conductors  in  ine r t i a l  
inst ruments ,  corrode in a BTFE (bromotr i f luoroethylene)  fluid environment .  
The corrosion scale has a nodular  appearance  s imi lar  to tha t  of the Ag- r i ch  
par t ic les  which are  present  in the  flex lead  matr ix .  The A g- r i c h  phase is the  
p redominan t  phase in the  ma te r i a l  and  exists as discrete par t ic les  su r rounded  
by  the Cu-r ich  phase located at  wha t  appears  as a quas i -cont inuous  ne twork  
of gra in  boundaries .  Corrosion proceeds along the Cu-r ich  phase resul t ing  in 
separa t ion  of the Ag- r i ch  metal l ic  par t ic les  f rom the ma t r i x  and incorpora t ion  
into the  corrosion debris.  Af te r  bu i ldup  of a cer ta in  thickness,  the  corrosion 
l aye r  detaches from the flex lead  (contaminat ing  the fluid) and exposes f resh  
meta l  surface for more  attack.  When the chemical  e tching behavior  of a good 
lead  (one tha t  showed negl igible  corrosion) was compared  to that  of a poor 
lead  (where  subs tan t ia l  corrosion effects were  obse rved) ,  the good lead  was 
found to etch more  slowly,  by  at  leas t  a fac tor  of six. The differences in e tching 
behavior  have been a t t r ibu ted  main ly  to differences in pr ior  the rmal  history,  
a n d  pa r t l y  to possible local var ia t ions  in overa l l  composition. The observed 
corrosion has been expla ined  by  mechanisms involving chemical  reac t ion  be -  
tween  the meta l l ic  phases and the fluid, and  those involving the format ion  o f  
an e lect rochemical  corrosion cell. 

C u r r e n t - c a r r y i n g  conductors  (flex leads)  a re  used 
in iner t ia l  ins t ruments  for t r ans fe r r ing  power  from ex-  
t e rna l ly  located sources to e lec t romechanical  assem- 
blies contained in sealed meta l  containers  which are  
floated in a fluid medium.  Bromotr i f luoroethylene  
(BTFE) fluid is commonly  used for suspending the 
float in  a bouyan t  state. The ma te r i a l  se lected for flex 
lead  fabr ica t ion  needs to be so lderable  (for easy ins ta l -  
la t ion and d isassembly) ,  have high resis tance to defor -  
mat ion  f rom cyclic mechanical  loading (to re ta in  its 
p roper t ies  wi th  smal l  movements  of the  float),  and 
have a high electr ical  conduct ivi ty  (to reduce energy  
losses in the form of hea t ) .  Al l  of these constraints  
severe ly  l imi t  the number  of mate r ia l s  tha t  can be 
considered for  application.  

85 Ag-15 Cu r ibbons produced by  a l te rna t ing  d raw-  
ing and anneal ing  processes~ have been used as flex 
leads in a BTFE environment .  Many  of these flex leads  
have  corroded wi th  ex tended  use. The ex ten t  of damage  
in t roduced has var ied  from negl igible  to severe, in 
some instances even resul t ing  in fa i lure  in the cur ren t -  
ca r ry ing  capabi l i ty  of the flex l ead  th rough  f rac ture  

Key words: etch behavior, heat-treatment, phase separation. 
1 Manufactured by Sigmund Cohn Corporation, Mount Vernon, 

New York. 

occurr ing in the corrosion environment .  In  addi t ion  to 
the  observed de te r iora t ion  of the flex lead, degrada t ion  
of fluid proper t ies  has also occurred f rom the chemical  
react ions that  accompany the corrosion processes and 
f rom the contaminat ion that  is in t roduced when the 
corrosion scale separa tes  from the flex lead. Since al l  of 
this affects ins t rument  l ife and re l iab i l i ty ,  this s tudy  
was in i t ia ted  to develop a correspondence be tween  the 
observed corrosion and the micros t ruc ture  of the sam-  
ples. I t  was hoped that  such an approach  would  aid in 
the unders tand ing  of the causes of the  observed  fa i l -  
ures. This paper  repor ts  on the resul ts  of these inves t i -  
gations. 

Experimental 
About  0.5 cm long, 0.00'09 cm thick, and 0.025 cm wide 

85 Ag-15 Cu r ibbons (at  different  stages of corrosion) 
were  mounted  in a res in-conta in ing  cast  and pol ished 
for meta l lographic  examina t ion  using s t andard  tech-  
niques. The samples were  moun ted  such that  the  v iew-  
ing direct ion was pe rpend icu la r  to the di rect ion of 
drawing.  The l a te ra l  ( thin) side of the sample  was 
examined  af ter  appropr ia t e  chemical  e tching of the  
exposed polished surface. The etching solut ion con- 
sisted of 50 ml H20, 42 ml HC1, and 8 ml  HNO3. Etching 
was accomplished by  immers ing  the  samples  into the  
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etching solution at room temperature.  The ba~h was 
manual ly agitated during the entire etching procedure. 
The etched surfaces were photographed using optical 
and scanning electron microscopy. Chemical analysis 
was performed using the EDAX (energy dispersive 
analysis of x-rays)  technique. 

Results and Discussion 
Figure 1 represents an as-polished view of a poor flex 

lead (one that  showed substantial corrosion). The cor- 
rosion scale consisted of several submicron size, equidi- 
mensional, shiny, metall ic-looking particles individually 
surrounded by a dul l -gray exterior. The corrosion scale 
was about 2 ~m thick and appeared to extend fair ly 
uniformly (over its surface) into the ribbon interior. 
When this sample was etched for 1 min to determine its 
bulk microstructure, small, submicron size, equidimen- 
sional, grain-l ike features (similar in appearance to the 
particles found in the corrosion scale) were observed. 
(See Fig. 2a). The contrast developed upon etching 
this sample was considered an indication of a two- 
phase microstructure which was expected for this com- 
position from the binary Ag-Cu phase diagram (1). 

The etching response of this poor lead was quite dif- 
ferent from that observed for a good lead (one that had 
shown negligible corrosion). Figure 2b was obtained on 
the good lead after etching for 1 min. In contrast to  the 
quick response to etching of the poor lead, the good 
lead showed a fair ly featureless interior. Upon increas- 
ing the time of etching, however, the  contrast was ob- 
served to improve and after 6 rain of etching, the good 
lead appeared to assume a level of contrast similar to 
that observed in Fig. 2a for the poor lead (see Fig. 2c). 
This slow response to etching of the good lead was in- 
terpreted as resulting mainly from differences in second 
phase composition and distribution (because of differ- 
ences in prior thermal history,) and from possible 
slight differences in overall  chemical composition 
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(which could give rise to a somewhat lesser amount of 
the second phase, resulting in an apparent ly  lower level 
of observed contrast).  In any event, it was considered 
significant that the lead that etched more rapidly was 
also the one that corroded more severely than the lead 
that  showed a slow response to the etching treatment. 

The effects of thermal treatment on etching behavior 
were investigated by subjecting as-received samples, 
for different time, to temperatures of 590 ~ and 950~ 
in hydrogen. Exposure at temperature was followed by 
rapid removal of the muffle from the furnace resulting 
in quick cooling of the samples. Subsequent studies were 
then directly related to the time and temperature of ex- 
posure without regard for effects resulting from slow 
cooling of the material. The heat- t reated samples were 
mounted and polished, and examined for etching r e -  
sponse. It was found that increased thermal exposure 
resulted in a decreased resistance to development of 
contrast. The micrographs in Fig. 3 show that even a 
48-hr exposure to a reasonably low, 590~ temper-  
ature resulted in an enhanced contrast (compared to 
the as-received material) .  This t he rma l ly  activated, 
enhanced-contrast behavior must have resulted from 
separation and agglomeration of the second (Cu-rich) 
phase. The phase agglomeration process is more dra-  
matically i l lustrated in ~ig. 4 which was obtained on a 
sample that was exposed to 950~ for 24 hr. The Cu- 
rich phase, in this sample, appears as discrete second 
phase particles of about 2 ~m size, possibly represent-  
ing a close-to-equilibrium microstructure. 950 ~ and 
590~ were selected for sample exposure mainly be- 
cause the ribbons are subjected to these temperatures 
during manufacturing and subsequent processing 
stages. 950~ is used by the manufacturer for annealing 
(in between drawing operations) and 590~ is used 
for forming the ribbon into flex lead geometry by con- 
forming the shape of the flex lead ribbon to the curved 
surface of a preselected metal  mandrel. The lack of a 

Fig. 3. Contrast development in (a) as-received, (b) 590~ 48 
hr treated Ag-Cu ribbons. 1 min etch time. 

Fig. 1. Poor flex lead. As-pollshed. Corros;on scale contains 
nodular, metallic particles surrounded by dull gray exterior. 

Fig. 2. Development of contrast with etching time: (a) poor lead, 
i min; (b) good lead, 1 min; (c) good lead, 6 min. Fig. 4. Phase agglomeration from 950~ 24 hr treatment 
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Fig. 5. SEM photograph of 1 min etch poor lead surface showing 
nodular features. 

fibrous texture  in the microstructure of these ribbons is 
a t t r ibuted  to the anneal ing  t rea tment  used by the 
manufacturer .  It  is evident  that  the length of exposure 
to 950~ dur ing  the anneal ing  t rea tment  used by the 
manufac turer  must  be considerably shorter than the 
24 hr used in this study. This is consistent with the very 
fine segregation of the Cu-r ich phase (at what  appears 
as grain  boundaries)  present  in the as-received mate-  
rial, as opposed to the large discrete Cu-r ich  particles 
observed in  this study after a 24-hr exposure at 950~ 

The etched sample surfaces were examined in  the 
scanning electron microscope. Nodular-shaped features 
shown in  Fig. 5 were observed in both (the good and 
poor) flex lead samples. An  EDAX analysis of the 
etched surface showed a deficiency of copper compared 
to the amount  of copper observed for the bulk  on the as- 
polished surface. The copper deficiency was more pro- 
nounced in the 1 min  etch poor lead sample than in the 
6 min  etch good lead sample. This is consistent with 
the slower etching behavior  of the good lead sample, 
and may well indicate that  the Ag-r ich phase in this 
sample contains more copper (and, therefore, the Cu- 
rich phase contains more silver) than in the poor lead 
sample. The difference in  the response of these two 
samples, as indicated earlier, could then have resulted 
from the hea t - t rea tment  that  these leads were subjected 
to before use in the BTFE fluid. Alternat ively,  as stated 
earlier, i t  could also be argued that the differences in 
the etching behavior  of these samples may have re-  
sulted from differences in the relative amounts  of the 
second (Cu-r ich phase) present  in  the samples. But  this 
fails to explain the higher amount  of copper measured 

in  the Ag-r ich phase of the 6 rain etched good lead 
sample compared to the 1 min  etched poor lead sample. 
In  a two-phase alloy, such as this, the Composition of 
the individual  phases is determined solely by the heat-  
t rea tment  that  is employed. Changes in overall  alloy 
composition will only affect the relative amounts of 
the two phases and not their individual  compositions. 
It is, however, clearly possible that  both the above 
mechanisms might  have contributed, to some degree, 
to the differences in  the etching behavior  of these 
samples. 

The EDAX scans obtained on these samples are 
shown in  Fig. 6. Figure 6 also contains an EDAX scan 
obtained on the surface of an unat tacked region of a 
flex lead and is, therefore, an indication of the overall 
composition of this material.  These EDAX analyses 
clearly demonstrate that  the chemical etching t reat-  
ment  resulted in preferent ial  dissolution of the Cu-rich 
phase leaving the Ag-r ich  nodular  phase exposed at the 
surface. The SEM micrograph of Fig. 5 also suggests 
that the dissolved (Cu-rich) phase must  have been 
located all around the nodular  Ag-rich particles at 
what  appears as a quasi-continuous network of grain 
boundaries.  The as-received microstructure of the r ib-  
bons, therefore, essentially consisted of the major, nod- 
u lar  Ag-rich phase dispersed in the minor,  quasi-con- 
t inuous Cu-r ich matrix.  

The nodular  morphology of the Ag-r ieh particles is 
quite similar to that  found for the corrosion scale. Fig-  
ure 7 shows SEM photographs obtained on corroded 
flex lead samples where in  one instance par t  of the 
scale had separated from the under ly ing  alloy r ibbon 
exposing fresh surface for more attack. This sample, 
shown in Fig. 7a, had also failed in  its cur ren t -ca r ry ing  
abili ty through fracture occurring in  the corrosion en-  
vironment.  The exact mode of fracture in these mate-  
rials is not clear. However, since the flex leads are sub- 
jected to very low levels of stress at relat ively low 
frequencies (with small movements  of the float), it is 
possible that fracture resulted from corrosion fatigue of 
the material .  The presence of corrosion products over 
the entire area of the fracture surface and the absence 
of the appearance of a region indicative of a shiny 
br i t t le- type fracture is a t t r ibuted to the subsequent  
corrosion o f  the freshly formed surface in the fluid 
environment .  Corrosion was found to have occurred at 
the tip of the flex lead, where fracture had probably 
taken place, as also on the newly exposed surface, 
which resul ted from separation of the corrosion scale. 
Even more interesting, however, was the close simi- 
lar i ty  in appearance of the etched alloy surface (Fig. 
5) and the corrosion scale surface (Fig. 7b), thereby 
clearly indicating s close correspondence between the 
observed corrosion and the microstructure of the sam- 
ple. 

Corrosion is mostly observed to take place along the 
Cu-rich phase. This contention is supported by the 
micrograph of Fig. 1 which shows that the corrosion 
scale consists of shiny, metal l ic- looking equidimen-  
sional particles surrounded by a dul l -gray  exterior. 
These particles exist through the entire thickness of 
the corrosion scale. Since the thickness of the corrosion 
layer  is considerably more than the size of these par t i -  
cles, it  is clear that the corrosion reaction proceeds 

Fig. 6. EDAX scans on (a) 
poor lead, I min etch, (b) good 
lead, 6 min etch, and (c) un- 
attacked flex lead samples. 
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Fig. 7. SEM photographs of (a) 
corroded flex lead showing area 
where scale had separated and 
tip where fracture occurred, and 
(b) the corrosion scale. 

much more rapidly through the (Cu-rich) layer  that  
surrounds the particles than it does into any given (Ag- 
rich) particle. This results in separation of the Ag-r ich 
particles from the alloy matr ix  and incorporation into 
the corrosion debris. The Ag-r ich  particles in the debris 
are separated from each other and from the alloy ma-  
t r ix  by the du l l -g ray  phase which is believed to be the 
product  of the corrosion reaction. The corrosion scale, 
therefore, consists of small  Ag-rich, single-phase, nod- 
u la r  particles surrounded by a corrosion product 
which contains bromine (as verified by an EDAX scan) 
in  addit ion to Cu and Ag. The corrosion layer increases 
in  thickness with cont inued exposure to the fluid. De- 
tachment  of the corrosion scale from the surface, as is 
found in some instances, is believed to result  from an 
increased interfacial  stress bui ldup with increasing cor- 
rosion layer  thickness. The presence of bromine in the 
corrosion scale is a firm indicat ion of fluid degradation. 
This degradation, in  addit ion to fluid contaminat ion re-  
sul t ing from detachment  of the corrosion layer from 
the r ibbon surface, leads to a gradual  deteriorat ion in  
fluid properties, and all of this severely affects satis- 
factory performance of the inert ia l  ins t ruments .  

Chemical reactions between the alloy phases and the 
fluid, and galvanic- type corrosion of the less-noble, Cu- 
rich phase (accelerated in instances where air and 
moisture were trapped dur ing  handl ing)  are believed 
to be the dominant  mechanisms in the observed corro- 
sion (2). Both these mechanisms are consistent with 
past experiences which show that  flex lead corrosion 
effects vary  from negligible, to moderate, to severe 
from one inert ia l  ins t rument  to another. All leads, in 
any given ins t rument ,  usual ly  show a similar  level of 
corrosion. Since all of the leads that are mounted in  
any  one ins t rument  are subjected to the same heat-  
t r ea tment  (for forming purposes),  and since all of them 
are in  contact with the same fluid (dur ing ins t rumen t  
operat ion) ,  the sources of corrosion must  originate 
ei ther from microstructure  changes induced in the flex 
lead, as a result  of heat - t rea tment ,  or from envi ron-  
menta l  (air and moisture) contaminat ion of the fluid. 
The presence of bromine  in  the corrosion product can 
be explained by the formation of bromides as a conse- 
quence of these two corrosion processes. The metal  
ions formed from galvanical ly promoted dissolution of 
the less-noble, Cu-r ich phase are free to combine with 
bromine ions, which are also believed to be present  in 
the fluid through chemical interact ion between the 
BTFE fluid and the epoxy materials  that are used for 
in s t rumen t  fabrication. Alternat ively,  direct chemical 
react ion be tween the metals and the fluid can also ac- 
count for the formation of metal  bromides. Either  way, 
it is in teres t ing to note that  the Cu-r ich phase that con- 
tains a higher amount  of Ag (as was indicated for the 

good lead sample) will be less reactive chemically (be- 
cause Ag-bromides possess higher free energy of for- 
mat ion values than do Cu-bromides)  and will  also be 
less susceptible to galvanic- type corrosion (because of 
a reduced potential  difference between the two phases 
resul t ing from a higher Ag-content  in the Cu-rich 
phase and a higher Cu-content in the Ag-rich phase). 
Differences in the relative amounts of the two phases, 
as mentioned earlier, will also play a role in determin- 
ing the extent of the corrosion in the material. 

The foregoing suggests that it is important to exercise 
good control over the 590~ heat-treatment that the 
flex leads are subjected to dur ing  the shape-forming 
stages, and over the avoidance of env i ronment - re la ted  
contaminants  in the BTFE fluid dur ing ins t rument  fill- 
ing and handl ing operations. While it is recognized that 
some diffusion-related phenomenon must  occur for the 
flex leads to assume the shape of the metal  mandrel ,  it 
is impor tant  to note that this t rea tment  should be con- 
fined to the mi n i mum that is required. Excessive ther-  
mal  act ivation leads to excessive second-phase separa- 
t ion and agglomeration, and this has an adverse effect 
on the corrosion-resist ing properties of the 85 Ag-15 
Cu flex lead material.  

Summary and Conclusions 
1. The as-received microstructure  of the 85 Ag-15 Cu 

flex lead r ibbons consisted of the major,  nodular  sub-  
micron size Ag-r ich phase dispersed in the minor,  
quasi-cont inuous Cu-r ich matrix. The Cu-rich phase 
was located at what  appeared as grain boundaries.  

2. A close correspondence was found between the 
etching characteristics of the samples (which are an in-  
dication of the microstructure)  and the observed corro- 
sion. It is suggested that differences in etching behavior 
resulted from differences in  prior thermal  t rea tment  
and overall  composition. The sample that  etched slowly 
was also the one that showed very few signs of corro- 
sion. 

3. Corrosion is found to proceed along the Cu-rich 
phase result ing in  separation of the Ag-r ich particles 
from the meta l  matr ix  and incorporat ion into the cor- 
rosion layer. After  bu i ld-up  of a certain thickness, the 
corrosion layer  detaches from the surface (possibly be- 
cause of an increased interracial  stress), and exposes 
fresh metal  surface for more attack. 

4. The morphology found for the Ag-r ich particles 
(which were exposed at the surface by a chemical etch- 
ing t rea tment)  was quite similar to that  observed for 
the corrosion scale. The processes believed to be re-  
sponsible for giving rise to the observed corrosion are 
those result ing from chemical interact ion of the meta l -  
lic phases with the fluid and those related to an exist- 
ing electrochemical corrosion cell. 
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ABSTRACT 

T h e  pyramidal  hillocks bounded by four convergent  {111} planes have ap- 
peared on annealed (t}U1) silicon wafers. O0servauons 0y TEM (transmis-  
sion electron microscope) of an annealed (001) wafer with oxidat ion- induced 
stacking faults show that  the pyramidal  hillock is not an extraneous substance 
sucn as SiO2 precipitate but an intr insic par t  of the substrate silicon crystal. 
A possiole mechanism of hillock I0rmaUon discussed in  detail verifies the 
fo rmauon  of pyramidal  I~iliocKs on anneamd ~001) silicon wafers. By using 
the ul trasomc agitat ing etcning technique, a fiat t001) surface without  pyra-  
midal  hillocks can be obtained. 

It  is well known that various types of microdefects 
are  generated when bulk dislocation-free silicon crys- 
tals containing oxygen are annealed at high temper-  
ature (1, 2). Recently, surface- and inner-microdeiects  
in  annealed (111) silicon wafers examined after a two- 
step anneal ing process have been compared and related 
to the intr insic gettering phenomenon (3). The result  
showed that all such microdefects resulted from "pre- 
cipitates" generated in  an annealed wafer. The type of 
Si-O complex precipitate generated strongly depended 
on anneal ing temperatures.  Tne Si-O complex precipi- 
tate generat ion is also strongly dependent  on the oxy- 
gen concentrat ion in as-grown silicon crystals. In the 
case that the oxygen concentrat ion of silicon crystal is 
low, Si-O complex precipitates are difficult to generate 
even after high tempera ture  anneal ing  (4). 

Pyramida l  hillocks, which seem to be Si-O complex 
"precipitates," with a micro substance at their apexes 
were easily observed by TEM in (001) wafers. How- 
ever, this phenomenon was quite different from that in 
the annealed (111) wafers ment ioned above. 

This s tudy takes a detailed look at these pyramidal  
hillocks in annealed (001) silicon wafers by means of 
TEM. The essence of pyramidal  hillock is revealed 
from TEM observation results and  a possible mech- 
anism of hillock formation is discussed in detail. 

Experimental 
The wafers used in this study were grown by Czoch- 

ralski technique and (001) oriented with the backs 
chemically etched and the fronts mirror  polished. The 
n- type  (P-doped) wafers, 75 mm in diameter  and 400 
~m in  thickness, had a resistivity of 4-7 a .cm.  The oxy- 
gen content  of as-grown wafers measured by the infra-  
red absorption (at 1106 cm -1) method was 11 • 1017 

Key words: chemical etching, oxidation-induced stacking fault, 
ultrasonic agitation, extraneous substance, 

cm-S using the calibration given by ASTM F-121 (5). 
According to our  sorting, this oxygen concentrat ion is 
inciucied in  "'low concentrat ion" ment ioned above. The 
wafers were annealed at temperatures  from 900 ~ to 
1200~C ior 16 hr in  a dry 02 atmosphere. 

Surface- and inner -par t s  (about 30 #m chemically 
etched o~t from the front surface of a wafer)  were ex- 
amined using TEM. For the preparat ion of TEM sam- 
ples, 3 mm diam disks were cut with an ultrasonic cut- 
ter. These disks were mechanical ly polished to a thick- 
ness of about 60 ~m, then chemically th inned to electron 
t ransparency (<,.,2 ~m) with an etchant of 3 parts con- 
centrated H N Q  and 1 part  49% HF. The TEM observa- 
tions were carried out at an accelerating voltage of 200 
kV and goniometer stage was used. 

All the electron micrographs presented are br ight-  
field images pr inted emulsion up and indexed assuming 
a (001) crystal normal.  Moreover, the image plane 
normal  (z), diffraction vector (g), and crystal tilt 
sense were defined in  the usual  way from the Kikuchi 
pattern. 

Results and Discussion 
As shown in Fig. 1, various sizes of pyramidal  hi l-  

locks were observed in both surface and inner  parts of 
(001) wafers annealed at all temperatures  from 900 ~ to 
1200~ Using stereo TEM techniques, it was found that 
the pyramidal  hillock is bounded by four convergent  
{111) planes or their approximation. The shape seems 
to be exactly the same Iorm as the half  of a regular  oc- 
tahedral  precipitate generated in  (111) silicon wafers 
annealed at temperatures above l l00~ (3). This octa- 
hedral  precipitate was identified as silicon oxide di- 
rectly by the analysis of electron energy loss spectra 
(6). Furthermore,  an octahedral precipitate is most 
l ikely amorphous SiO2 from the infrared absorption 
data (7). 
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Fig. I .  TEM image of pyramidal hillocks in (001) wafer annealed 
at 1100~ g = [022], z = [001], s ~ O. 

However ,  if  these p y r a m i d a l  hi l locks are  SiO2 p re -  
cipi tams,  cer ta in  discrepancies  would  have  to De re -  
solved:  

1. The to ta l  v o l u m e  of p y r a m i d a l  "SiO~ prec ip i ta tes"  
observed here  seems to be in excess of the amount  of 
the  oxygen  concent ra t ion  of wafers  (~--10 is c m - 8 ) .  

2. In  ~ne anneal ing  exper iments  of (111) si l icon waf -  
ers, oc tahedra l  p rec ip i ta tes  were  genera ted  only at  
t empera tu re s  h igher  than  1100~ (3). On the contrary ,  
the  p y r a m i d a l  hi l locks were  observed in  (001) wafers  
annea led  at  a l l  t empera tu re s  f rom 900 ~ to 1200~ 
3. The size of oc tahedra l  prec ip i ta tes  genera ted  in an-  
nea led  (111) wafers  were  a round  0.3 #m in d iamete r  
(3),  however ,  the  size of p y r a m i d a l  hi l locks genera ted  
in  (001) wafers  ranged  f rom 0.1 #m to a few microns. 

4. In  spite  of such la rge  ' !precipitates,"  no pr i smat ic  
punched-ou t  dislocations were  observed a round  the 
"precip i ta tes ."  

Such discrepancies  would  seem to prec lude  the idea  
tha t  the  p y r a m i d a l  hi l locks shown in Fig. 1 a re  S i -O 
complex  precipi ta tes .  Instead,  they  suppor t  the  con- 
cept ion tha t  the  hil locks are  par t  of tne  silicon sub-  
s t ra te  crys ta l  itself.  

To ver i fy  this, TEM observat ions  were  carr ied  out on 
an annea led  (001) wafer  wi th  ox ida t ion- induced  s tack-  
ing faul ts  (OSF) .  The OSF shown in ~ ig. 2 intersects  a 
p y r a m i d a l  hi l lock in a (001) wafer  annea led  at  1100~ 
for 16 hr  in  a d ry  O2 atmosphere .  In  this  case, d y n a m -  
ical  t heo ry  of image  contras t  proves that  the b read th  
of the  s tacking faul t  TEM image is p ropor t iona l  to the 
thickness of the  TEM sample.  That  is, the var ia t ion  in 
the  b read th  of OSF fr inges represents  the shape of the 
sample  where  O S F  is in tersec t ing  as schemat ica l ly  

Fig. 2. TEM image of stacking fault intersecting pyramidal hil- 
lock in (001) wafer annealed at 1100~ g = [270], z = [001], 
s ~ - O .  

C H E M I C A L  E T C H I N G  
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pyramidal hillock 
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stacking fault , ~ , /  .{111 } 
plane {III} 
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/ 

(b) 

t 
< I0> 

S substrate 

projection of 
stacking fault plane 

g l l  

Fig. 3. Schematic illustration of stacking fault intersecting 
pyramidal hillock; (a) cross section of stacking fault plane and 
pyramidal hillock viewed from < 1 1 0 ~  direction, (b) projection of 
stacking fault plane. 

shown in Fig. 3. I t  must  be emphasized tha t  continuous 
s tacking faul t  fr inges at  the  pa r t  of the p y r a m i d a l  h i l -  
lock shown in Fig. 2 can only ver i fy  that  the p y r a m i d a l  
hi l lock is not an ex t raneous  substance such as SiO2 bu t  
an intr insic  pa r t  of the substrate ,  name ly  the  si l icon 
crys ta l  itself. Moreover,  the  thickness  of the  TEM sam-  
ple and the height  of the p y r a m i d a l  hi l lock shown in 
Fig. 2 were  es t imated  at  0.85 and 1.17 ~m, respect ively .  
The t r i angu la r  project ions  of the s tacking faul t  p lane  
shown in ~ ig. 2 and 3 are  somewhat  different  f rom each 
other. That  is, the convergent  planes  of the p y r a m i d a l  
hi l lock which are  observable  in Fig. 2 a re  ~{113} devi -  
a t ing s l ight ly  from {111} planes  shown in Fig. 3. 

In  addition, the  TEM image of a s tacking faul t  in te r -  
secting an oc tahedra l  p rec ip i ta te  genera ted  in a (111) 
wafer  annea led  at l l00~ for 16 hr  in a d ry  02 a tmo-  
sphere (see Fig. 4) is comple te ly  different  f rom the 
previous  TEM image as is the  corre la t ion  be tween  a 
p rec ip i ta te  and s tacking faul t  pro jec t ion  (Fig. 5). 
S tacking faul t  fr inges as defini tely shown in Fig. 4 and 
5 cannot  be p roduced  wi th  a precipi ta te .  

Consequently,  p y r a m i d a l  hi l locks shown in Fig. 1 and 
2 are  not  an ex t raneous  substance such as amorphous  
SlOe but  hi l locks of an int r ins ic  par t  of the sil icon sub-  
s t ra te  crys ta l  itself. The p y r a m i d a l  hi l locks seem to be 
formed by  chemical  th inning when  a th in  foil for TEM 
observat ion  was prepared .  

Using s tereo TEM techniques,  a micro substance, a 
few nm in size, was observed at the apex of some p y r a -  
mida l  hi l locks as shown in Fig. 6. This micro substance 
must  have par t i c ipa ted  when  the p y r a m i d a l  hi l lock 
was formed b y  chemical  thinning.  A model  for the  
format ion  of p y r a m i d a l  hi l locks by  chemical  th inning 
is p resented  schemat ica l ly  in Fig. 7. When  the pol ished 
sample  is chemical ly  th inned to e lec t ron  t ransparency,  
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Fig. 4. TEM image of stacking fault intersecting octahedral 
precipitate generated in (111) silicon wafer annealed at 1100~ 
g - -  [220], z - -  [111], s - -  0. 

(a) 

stacking fault octahedral / . . _ ~  precipitate p a.e {,,, } {"'  } 

\ 
f ~ 
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> ; ~ 1  p 
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  o eo ,oo 

~E~44~*- - stacking fault plane 

l~x I~ ~pr~176 of 
precipitate section 

t 
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Fig. 5. Schematic illustration of stacking fault intersecting 
actahedral precipitate; (a) cross section of stacking fault plane 
and octahedral precipitate viewed from < 1 1 0 ~  direction, (b) 
projection of octahedral precipitate and stacking fault plane. 

the etching rate depresses where the extraneous sub-  
stance exists. No anisotropic etching occurs on a (111) 
silicon surface on which the etching rate is the min i -  
mum, however, in  the case of a (001) surface, pyra-  
midal  hillocks bounded by four convergent  {111} 
planes or their approximation are formed as a conse- 
quence as the chemical etching proceeds leaving (111} 
planes. Bassous et al. (8) reported square pyramidal  
cavities bounded by convergent {111} planes that were 
formed by chemical je t  etching with an orifice. Both 

Fig. 6. TEM image of micro substance located at pyramidal hil- 
lock apex. g ~- [ 2 2 - 0 ] , z  ~ [001] ,s  - -  0. 

CHEMICAL THINNING 
"U" ~ -U- -W- -qP- -~-  "qP" "qll" -U" -W- ~ -qp ,q~ -W- 

m i c r o  s u b s t a n c e  ~ v a n i s h e d  

A / ", 
I , ,, 

Fig. 7. Schematic illustration of pyramidal hillock formation 
model by chemical etching with micro substance. 

the pyramidal  cavity and hillock bounded by con- 
vergent  {111} planes are caused from the anisotropy 
of tne etching rate among crystal planes. As shown in  
Fig. 7, some micro substances vanish in  the middle of 
the chemical th inning  and some remain  at the apex of 
pyramidal  hillocks. Pyramida l  hillock size depends on 
the position of the micro substance in a wafer  and /o r  
the substance disappearance time. 

The micro substance ment ioned above seems to be 
a micro precipitate and /o r  adsorbed impurities.  The 
exact identification of the micro substance located at  
the apex of a pyramidal  hillock has not yet  been ac- 
complished at present. However, it is very impor tant  in  
the silicon indus t ry  to identify the substance that  re-  
sults in pyramidal  hillocks. 

Annealed  (001) wafers were chemically etched by 
various techniques to obtain a flat etched surface with-  
out such hillocks and to verify the pyramidal  hillock 
formation model presented here. Optical microscope 
images of surfaces chemically etched by both a usual  
m a n n e r  and an ultrasonic agitat ing technique using a 
1HF:3HNO3 mix ture  as an etchant ment ioned before 
are shown in Fig. 8. With ultrasonic agitation, far fewer 

Fig. 8. Etched surfaces of annealed (001) silicon wafer with 1 HF: 
3 HN03 mixture; (a) usual manner, (b) with ultrasonic agitation. 
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p y r a m i d a l  hi l locks were  formed on the surface than  the 
usua l  manner .  The difference be tween  the surface 
shapes e tched in  different  manners  verifies the  model  
ment ioned  above, tha t  is, these p y r a m i d a l  hi l locks are  
fo rmed  as a resul t  of chemical  etching and a micro sub-  
s tance at  the apex of p y r a m i d a l  hillock. Ultrasonic  agi-  
ta t ion  should sweep away  micro substances which af-  
fect the fo rmat ion  of p y r a m i d a l  hillocks. Fur the rmore ,  
ul t rasonic  agi ta t ion  is also requ i red  to minimize  e tch-  
ing ar t i facts  due to gas bubble  format ion  dur ing  e tch-  
ing (9), and to minimize  the etching t ime necessary  to 
achieve the  r equ i red  thickness  of e lec t ron t r anspa r -  
ency. 

Summary 
P y r a m i d a l  hi l locks bounded by  four  convergent  {111 } 

p lanes  or  the i r  app rox ima t ion  on the (001) sil icon sur -  
face a re  not  ex t raneous  substances such as oc tahedraI  
amorphous  SiO2 prec ip i ta tes  but  an int r ins ic  pa r t  of the  
sil icon subs t ra te  crystal .  They  are  formed by  chemical  
etching. By using ul t rasonic  agitat ion,  the format ion  of 
these p y r a m i d a l  hi l locks can be avoided.  
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Analysis of the Main Factors Influencing the 
Thickness Uniformity of VPE GaAs Thin Layers 

Jean-Paul Chan6 
Laboratoires d'Electronique et de Physique App~iqu~e, 94450 Limeil-Br~vannes, France 

ABSTRACT 

It  is shown tha t  the  homogenei ty  in thickness of a la rge  a rea  GaAs thin  
l aye r  ob ta ined  by  VPE is a funct ion of the composit ion of the  gaseous phase,  i ts 
homogenei ty ,  and the hydrodynamics  of its flow in the vic ini ty  of the substrate .  
The influence of each of these factors has been invest igated.  Modifications have 
consequent ly  been in t roduced into the low t empera tu r e  g rowth  technique using 
AsC1JH2/GaAs  which lead  to very  un i fo rm layers  wi th  a pinch-off  vol tage  
var ia t ion  of _.+5% for FET. 

S ta te  of the a r t  GaAs microwave  devices use wide ly  
ep i tax ia l  mater ia l .  A grea t  deal  of a t ten t ion  is devoted 
to the  field effect t rans i s tor  and  GaAs IC's which  are  
cu r r en t ly  en te r ing  into indus t r ia l  development .  In  
o rde r  to assure high product ion  efficiency the ma te r i a l  
should not  only  be of high qua l i ty  but  should also be 
homogeneous,  pa r t i cu l a r ly  in its essent ial  pa rame te r s  
of thickness and doping. 

In  the  field of GaAs in tegra ted  circuits,  i t  would  even 
seem, at  the presen t  time, tha t  an increase  of a rea  
wi th  un i form thickness  is an  essential  condit ion for 
the use of ep i tax ia l  layers .  Usually,  the observed  dis-  
persions were  a t t r ibu ted  to the hydrodynamics  of the 
gas flow for which i t  was possible  to have only an 
in tu i t ive  idea. Al though  cer ta in  publ icat ions  (1-4) have 
de ta i led  the  CVD growth  of Si in a cold wal l  reactor ,  
l i t t le  has been publ i shed  concerning hydrodynamics  
in hot  wal l  reactors  using the AsC13 method.  F a i r m a n  
and Solomon (5) found a var ia t ion  of the  ep i tax ia l  
l aye r  thickness a long the flow axis; this var ia t ion  de-  
pends on the the rmal  g rad ien t  in the deposi t ion zone. 
Komeno et al. (6) de r ived  a g rowth  ra te  equat ion on 
the  basis of  a model  (7) which  assumes a l amina r  
bounda ry  layer .  The use of this equat ion permi t s  the 

Key words: gas, epitaxy, circuits. 

descr ipt ion of the g rowth  ra te  var ia t ion  along the sub-  
s t ra te  wi th  different  condit ions of flow and t empera -  
ture. However  the authors  used a few microns th ick 
ep i tax ia l  layers  and a growth  method  wi th  iner t  gas. 

In  this work, the p rob lem was inves t iga ted  by  sys-  
temat ic  measurements  of veloci ty  by  mean of an 
anemometr ic  probe. For  low t empera tu r e  growth,  
using the A s C 1 J H j G a A s  method  (8), i t  appears  tha t  
the phenomena  responsible  for the inhomogenei t ies  in 
a th in  l ayer  a re  located at  three  different  positions: 
(i) at  the sample,  where  the flow of gas is concerned;  
(it) at the  ent rance  to the deposi t ion zone, where  the 
chemical  homogenei ty  of the gas phase is involved;  
and (iii) finally at  the GaAs source, where  the pseudo-  
equ i l ib r ium of the gas is concerned. 

Experimental Technique 
The influence of the composit ion of the gas phase at  

the source on the homogene i ty  of the growth  has been 
s tudied in a convent ional  ep i tax ia l  reactor  (Fig. 1). 
The source consists of GaAs polycrys ta ls  inside a quartz  
tube T (~ = 28 ram) wi th  a 10 ram exi t  aper ture .  A 
small  tube  feeds the  source wi th  hydrogen  sa tu ra ted  
wi th  AsCI~. Downs t r eam f rom the source is a baffle C. 
The subs t ra te  is p laced  on a r ec tangu la r  sample  holder  
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Fig. I .  Schema of the epltoxiat reactor 

P w h i c h  can be incl ined with respect to the axis of 
the reactor. 

The t empera ture  of the source is 660~ and that  
of the substrate  630~ Flow rates are, respectively, 
200 and 650 cmS/min for source and carrier  gases. 
AsC13 mole fraction after di lut ion is 3.10 -3. The dop- 
ing is obtained by a sulfur  circuit  which is connected 
to the hydrogen carrier gas. 

Epitaxial  growths on Cr-doped substrates were per-  
formed in these conditions. The thickness of the layers 
are evaluated using C-V measurements  with the 
double mercury  Schottky probe described earl ier  (9). 

The homogeneity of the gas phase at the entrance 
to the growth zone has been studied by s imulat ing the 
flow with TiO2 fumes. The reactor used is of identical 
geometry to that  described above (Fig. 2). A flow of 
hydrogen saturated with TIC14 is introduced into the 
source; at  its exit it meets a flow of humid hydrogen 
coming from upstream of the reactor. The mixture  of 
the two g a s e s  then pnsses into ~ bn,~ogeniz~t~nn 
chamber. The degree of homogenization is easily 
controlled by observing the white TiO,, fumes at the 
exit of the chamber. Experiments  have been performed 
at room temperature,  however the conclusions can 
also be applied to the effective operating conditions as 
it corresponds to a constant temperature  region of the 
reactor. 

The gas flow in the region of the sample holder has 
been exper imenta l ly  determined by measur ing the 
velocity throughout  the stream of  gas. In  order to 
effect these measurements  the preceding reactor was 
equipped with a sliding trolley which supported an 
anemometr ic  probe that  had been specially adapted 
for small  velocities (0-30 cm/sec) (Fig. 3 ~nd 4) 
The probe consists of a hot oscillating wire (250 Hz) 
whose output  voltage is a l inear  function of the gas 
velocity. Its sensit ivity is 0.1 cm/sec. The fine con- 
struction of the probe causes no detectable per turba-  
tion in the measurements.  

Measurements were performed at room tempera-  
ture  using ni t rogen carrier  gas in order to keep the 
Reynold number  clo,~e to the practical values in the 
epitaxy reactor (2 < Re < 10). 

Fig. 2. Schema of the reactor used in the study of the homogene- 
ity of the gas. T: source, C: baffle. 

Fig. 3. Anemometrlc equipment used in the study of the gas flow 
around the substrote. 

Fig. 4. Diagram of the probe and the carrier (in the axis of the 
reactor). 

Results and Discussion 
Influence of the source geo~netry.--Some short 

growths (a few minutes,  leading to around 0.3 ~m of 
deposit) have been carried out in  the reactor described 
above. It  has been found for consecutive growths that  
the growth rate, determined on the th in  layer, and the 
dispersion in thickness were very sensitive to: (i) the 
granula t ion of the polycrystal l ine GaAs introduced in  
the tube T: an increase of the granula t ion increases 
the growth rate while the dispersion in thickness tends 
to decrease; and (ii) the filling of tube T. By filling 
only the bottom of the tube, the average thickness in-  
creases progressively, from one run  to the next  one. 

The exper imental  conditions used were such that the 
control of the gas flow (10, 11), could not be held re- 
sponsible for these fluctuations. Possible explanations 
are related to the residence time of the gas, the total 
surface available for reaction and the surface faceting 
(12). All these effects induce variat ions of the super-  
saturat ion in  the gas phase and the effect of this on 
the growth rate is even more serious for submicronic 
layers as steady-state conditions may not be reached. 
Opt imum source loading has been empirically deter-  
mined in order to obtain reproducible growth rate 
over several dozen successive growths. 

Homogeneity of the gases alter dilution.--The source 
gases meet the hydrogen stream at the exit of the 
tube T (Fig. 1), and the problem is to get a homo- 
geneous gas phase before its arr ival  at the growth 
zone. 

The Ti02 visualization technique reveals the differ- 
ence of velocity between the gas at the source exit 
(Vs) and the hydrogen carrier gas VT,. It also sbows 
that a period of several minutes  is necessary to reach a 
ful ly developed phase when the flow corresponding to 
Vs is established in the a l ready existing carrier  flow 
(for Vs/VH N 10, a typical t ime is about 10 min) .  The 
practical consequence of this is that  the solid/gas in ter -  
face at the sample surface is not under  uniform par-  
tial pressure conditions, which is par t icular ly  detri-  
mental  for short growth times. 

In  fact, the gases must  be well mixed together be- 
fore reaching the neighborhood of the sample. One way 
of ensuring this is to interpose a baffle between the 
source exit and the growth zone (11). 

Hydrodynamics o.f the flow in the growth zone.m 
Anemometr ic  measurements,  carried out in  the ver t i -  
cal plane above the sample holder every cm, along 0x, 
and every mm, along 0z (Fig. 1) have confirmed the 
existence of a boundary  layer  at the surface of the 
sample. 
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Fig. 5. Velocity profile along 0z above the sample holder and 
parallel to the flow axis. 

The bounda ry  l aye r  is defined as being the height  
of the  fluid be low which  the veloci ty  is 10% of the 
input  velocity.  I ts  thickness  (8) is d i rec t ly  measurab le  
using the  anemometer .  However ,  i t  appears  that  it  is 
ve ry  small .  So, in o rder  to increase  the accuracy  of the 
measurements ,  a t tent ion  was in fact  focused on the 
gas l aye r  whe re  V : Vm/2 whose behavior  above  the 
subs t ra te  is s imi la r  to tha t  of the  b o u n d a r y  l aye r  since 
the  veloci ty  profile in this region is l inear.  

In  the  case of a hor izonta l  reactor ,  the veloci ty  
profile above the sample  ho lder  does not have the 
same form along the flow axis 0x, and  the pe rpend icu-  
l a r  axis 0y. 

Along the flow axis.--If  the  sample  ho lder  is pa ra l l e l  
to 0x, the ver t ica l  veloci ty  profile is of a parabol ic  
na tu re  and remains  the  same across the holder.  I t  de-  
pends only  on the input  veloci ty  of the  gases (Fig. 5). 
S l ight  devia t ion  f rom the parabol ic  shape is due to the 
misa l ignment  of the input  pipe. 

This s i tuat ion is changed should the  sample  ho lder  
be  incl ined wi th  respect  to 0x. The veloci ty  profile be -  
comes de fo rmed  across the  ho lde r  and  the f lat tening 
effect of the  pa rabo la  becomes more  accentua ted  w i t h  
increas ing t i l t  angle  (Fig. 6a, 6b).  Under  these c i rcum- 
stances, the b o u n d a r y  l aye r  is no longer  oE uniform 
thickness.  8 (x)  becomes a decreas ing funct ion of x 
and its der iva t ive  d S ( x ) / d x  is a funct ion of: (i) the  
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input  veloci ty  of the  gas. 5 (x) decreases less quickly  
when  the veloci ty  increases;  (ii) the  t i l t  angle  of the  
sample  holder .  A to ta l  va r ia t ion  of 8 of 100%, for  
Vm ---- 8 cm/sec  and a holder  length  of 7 cm (along 0x) 
was measured  for a t i l t  of 8 ~ and 250% for an angle  
of 16 ~ (Fig. 7 ) .  

These resul ts  a re  s imi lar  to those obta ined  by  Eve r -  
s teyn  (2) wi th  the except ion tha t  our  hydrodynamic  
approach  is essent ia l ly  exper imen ta l  and does not  
necessi tate  the  knowledge  of the g rowth  ra te  for  the 
de te rmina t ion  of 8. 

Along the direction perpendicular to the f low.raThe 
anemomet r ic  measurements  have shown tha t  the  ve -  
loci ty  profile depends on the rat io R of the  wid th  of 
the  sample  ho lder  to the d iamete r  of the reactor .  F ig -  
u re  8 shows the forms of three  profiles for  a w id th  
p rac t i ca l ly  equal  to the diameter ,  R --  100%; R equal  
to 75% (which is usua l ly  the  case in our reac tors ) .  T h e  
presence of a ve ry  mobi le  s t ream of gas e i ther  side of 
the sample  ho lder  is observed;  f inal ly R equal  to 90%. 
This is an op t imum value, empi r i ca l ly  de termined.  

I t  m a y  be deduced tha t  the  thickness,  8 (y ) ,  of the  
bounda ry  l aye r  also depends on R. 5(y)  is constant  
for R = 90% bu t  in the  case where  R ---- 75% it de -  
creases in va lue  at  the  edges of the  sample  holder .  

Influence of the thickness of the boundary layer on 
the homogeneity o~ the epitaxial growth,--In this sec- 
tion, it  is supposed tha t  the  problems  associated wi th  
the source have  been solved and that  the composit ion 
of the  gas a r r iv ing  in the growth  zone is constant .  
Growths  have  been car r ied  out  under  these condit ions 
on samples  of the same area  and the veloci ty  of the  
gas flow was ident ical  throughout .  The  expe r imen t  
revea led  two factors:  the  supersa tura t ion  ~ and the 
growth  ra te  T, influence the homogenei ty  of the growth  
thickness. F igure  9 summarizes  the fol lowing observa-  
tions: (I)  the supersa tura t ion  -y is low: the thickness 
of the  ep i tax ia l  l aye r  decreases r egu la r ly  along the 
flow direction;  and (II) the supersa tura t ion  is high:  
two possibi l i t ies  exist :  (i) the growth  ra te  is smal l  
and the thickness of the  ep i tax ia l  l aye r  is p rac t i ca l ly  
constant  along 0x. (ii) ~ is large  in which case a g rad i -  
ent  in thickness reappears  along 0x. In  both cases, 
the  presence of such a grad ien t  signifies a decrease in 
the  supersa tura t ion  (~-y), a]ong the subs t ra te  which  
produces  a corresponding reduct ion in growth  ra te  
(~) .  

These resul ts  (I and II)  agree  wi th  those of HoUan 
et al. (13), concerning the influence of the supe r sa tu ra -  
t ion on the growth  ra te  even though the i r  resul ts  in-  

Fig. 6. (a, left) Velocity profile along 0z above the sample holder tilted at 0 ~ 8 ~ with respect to the flow axis 0x. (b, right) Same pro- 
file with 0 - -  16 ~ 
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Vr. m.  
flow ~ ~ - ~ ~ ~Vm/2 o 

~ ~ _ ~  Vm/2 / 
Fig. 7. Thickness profile of the gas layer corresponding to Vm/2 

measured above the sample holder which is tilted at 8 ~ and 16 0 . 

R.100% R :75% R = 90% 

Fig. 8. Velocity profile at I mm from the surface of the sample 
holder in the perpendicular axis 0y for different ratios 

width of the sample holder 
R =  

diameter of the reactor 

! ! : i i !  

upstr, downstr. 

t 

2 cases ~..-,. ~ .., ,~ ,,.. ~ J  

1) IOWT 2) h i g h t  

Fig. 9. Table showing the respective influences of the thermody- 
namics, the surface kinetics, and the hydrodynamics on the 
homogeneity of the growth. 

volved average growth rates calculated from growths of 
several microns. 

Figure 10, which summarizes their  results, shows: (i) 
that at low v the curves always present  a steep slope 
irrespective of the growth temperature.  This slope 
aT/a~ explains the gradient  of the thickness which is 
always observed on thin layers at low ,y (Fig. 9, low -y). 
(ii) it also shows that, at high ~(7 ~ 3), the slope of 
the curves varies as a function of TD. At TD ~ 680~ 
a~/h7 ~ 0 which corresponds to case 1, high v in Fig. 9; 
the thickness of the epitaxial  layer  is uniform. Above 
700~ A~/A~, is no longer zero, this corresponds to case 
2, high v in Fig. 9 where a gradient  in the epitaxial  
layer  thickness reappears. 

The dispersion can be explained by the mass t ransfer  
l imita t ion of the growth: the boundary  layer  plays the 
role of a screen through which the gas molecules must  
diffuse in order to reach the crystal (2, 6). This is a 
mass t ransfer  by diffusion; the substrate is under  iso- 
thermal  conditions and consequently tim flux of matter,  
J (expressed in mole �9 cm-~ �9 sec -1) which reaches the 
crystal is given by 

CG -- Ci 
J ---- D 8 for each e lement  

where  8 : thickness of the boundary  layer  in  x, D --- 
diffusion coefficient, CG -~ concentrat ion of the e lement  
in  the gas, and Ci ---- concentrat ion of the e lement  at the 
solid/gas interface. 

1 AsCI 3 M.F. 2,5.10 -3 

4 0  

3 0  

/ TD~ 

1. 8 0 0  

2 .  7 5 0  
3. 7 1 0  
4. 6 8 0  
5.  6 5 0  

L/ .3 
2 0  s " 

J 

1 0  1 

# 

A 

4 

~ - - "  5 

i h a a y 
Fig. 10. GaAs deposition rates T as a function of the supersatura- 

tion 3' [after (13)]. 

At the l imit  

C l - - O  then  J = D  C~.~ 
6 

The growth thickness would be homogeneous if sub-  
strate were exposed to the same flux at its extremities 
xl and x2. Then 

DCG (xl) DCG (x~) 

8(xD 8(x~) 
and hence 

8(xD Ca(xl) 

8(x2) Co(x2) 

In other words, the homogeneity of the growth re- 
quires that the boundary  layer  should decrease in  
thickness across the layer  in the same proportions as 
the concentrat ion in the gas stream. 

It would be possible to calculate the tilt  angle of 
the sample holder which would satisfy the above 
condition. But the calculation is not s traightforward 
because it  would be necessary to consider each indi -  
vidual gaseous component and take them into account. 
Furthermore,  all concentrations are not  known. Thus, 
the tilt angle was obtained experimental ly.  Another  
method to obtain a thickness uni formi ty  consists  in  
establishing a thermal  gradient  along the substrate 
(5). But this is more difficult to control. 

Application.--In the following, the t i l t  angle of the 
substrate holder with respect to 0x is 15 ~ 

Epitaxial  layers of 0.25 ~m in  thickness, wi th  a 
doping level of about 1.1017 cm -3 in  order to give a 
pinch-off voltage Vp ,~ 4.5V are grown. Figure 11 
shows the dispersion in  thickness, and Fig. 12 displays 
the Vp variat ion along 0x and 0y. 

The var iat ion in  V r is less than  25% along the largest  
dimension of the sample (oriented paral lel  to the axis 
of the gas flow). This var iat ion decreases to as l i t t le 
as 10% if the first and last two mil l imeters  of the sam- 
ples are neglected (edge effects). 
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Fig. 12. Dispersion in the pinch-off voltage, Vp, of a FET epi- 
taxial layer along the flow axis (full line) and the perpendicular 
axis (dashed line) accuracy = -+-0.05V. 

The dispersion is bigger along the perpendicular axis. 
This is explained by the width of the sample holder 
which only represents 75% for the reactor diameter. 

Conclusion 
The uniformity in thickness of a thin layer of GaAs 

grown by vapor phase epitaxy (trichloride method) is 
essentially determined by three factors: (i) the com- 
position of the gas phase at the exit of the source; (ii) 
the homogeneity after dilution; and (iii) the hydro- 
dynamics of the flow. 

The second factor may be considered separately. A 
solution has been proposed which has given satisfac- 
tory results (interposition of a baffle between the 
source exit and the growth zone). 

The other two factors, however, cannot be considered 
separately. 
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It  is necessary that the progressive exhaustion of the  
gas phase resulting from the growth along the axis 
of the gas flow, be compensated by a continuous re- 
duction thickness of the boundary layer which screens 
the crystal. 

The determination of the best compromise resulted 
from experimental measurements of the thickness of 
the boundary layer using an anemometric probe in 
relation with the supersaturation of the vapor phase. 

This work has been applied to the growth of thin 
epitaxial layers for FET's. Considerable improvement in 
their uniformity of pinch-off voltage has been observed, 
particularly in the direction of the gas flow, where it 
has been reduced to _ 5%. 

However, the dispersion along the perpendicular 
axis is slightly larger. The optimization of the ratio: 

width of the holder 
should reduce it. 

diameter of the reactor 
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Transparent Conducting Cadmium-Tin Oxide Films 
Deposited by RF Sputtering from a CdO-SnO  Target 

N. Miyata, K. Miyake, K. Koga, and T. Fukushima 
Faculty of Engineering, Yamaguchi University, Ube, Japan 

ABSTRACT 

Transparent conducting films of cadmium-tin oxide (CTO) were prepared 
by rf sputtering from a sintered CdO-SnO2 target in an Ar or an Ar-O2 atmo- 
sphere. The electrical and optical properties of the films were found to depend 
upon the oxygen concentration in the gas mixture. The films with the lowest 
resist ivity of 4.82 X 10 -4 ~ -cm and high optical t ransmission of 85% over the 
visible region were obtained without  post -heat - t rea tment .  

The films of cadmium- t in  oxide (CTO) are at trac-  
tive materials as t ransparent  electrodes on opto- 
electronics devices. Nozik (1) and Haacke (2, 3) h a v e  
reported the physical properties of CTO films de- 
posited by rf  sput ter ing from a hot-pressed poly- 
crystall ine Cd2SnO4 target. The  films were annealed 
in  an H2 or an Ar-CdS atmosphere after the deposition 
in  order to obtain high t ransparency and high con- 
ductivity, respectively. We have reported that CTO 
films were deposited by d-c reactive sput ter ing from 
a Cd-Sn alloy target  (4-6), and that  films with high 
t ransparency and high conductivi ty were obtained 
without  pos t -hea t - t rea tment ;  the properties of as- 
sput tered films were almost equivalent  to those of 
post -annealed films in an H2 or an Ar-CdS atmosphere. 
We suggested that it is possible to adjust  the electrical 
a n d  optical properties of films by varying the oxygen 
concentrat ion in an Ar-O2 atmosphere (4). 

This paper describes a method to prepare t rans-  
parent,  conducting CTO films by rf sput ter ing from 
a sintered CdO-SnO., target without  pos t -hea t - t r ea t -  
ment .  

Experimental 
Films of cadmium- t in  oxide (CTO) were deposited 

by rf sput ter ing from a CdO-SnO2 target. Tim experi-  
mental  apparatus is an rf sput ter ing system which 
is capable of achieving an ul t imate pressure of 1 X 
10 -6 Torr. Sintered CdO-SnO2 targets (CdO/SnO2 
mole ratio of 2/1, 58 m m  in diam) were utilized. The 
rf power was in the range of 100-360W. The sputter ing 
atmosphere used was an Ar or Ar-O2 mixture,  The 
pressure of pure Ar or Ar-O2 mixtures  was in the 
range of 2.0 • 10-3-8.0 X 10 -2 Torr. The water-  
cooled target to substrate spacing was kept at 66 mm 
in all experiments.  The sput ter ing chamber  w a s  
equipped with a stainless shutter  that  was placed 
between the target and substrate dur ing evacuation 
and predeposition, 

The chamber  was ini t ia l ly  evacuated to 1 • 10 -8 
Torr  and then Ar gas or Ar-O2 mixtures  were in t ro-  
duced through a variable  leak valve, by which the 
total pressure was controlled to main ta in  at a given 
constant value. The t ime of presput ter ing was 15 rain. 
The deposition rate was in the range of 5-30 A/min,  
Borosilicate glass plates (26 • 12 • 1.0 mm) used as 
substrates to measure the optical t ransmission and 
electrical resistance were cleaned chemically prior 
to mount ing  on the substrate holder. The thickness 
of deposited films was in the range of 0.1-1.5 ~m. 
The substrate temperature  was measured with a 
Chromel-Alumel  thermocouple attached to the sub-  
strate. 

Resistivity measurements  were made using the four-  
point  probe method or the Van der Pauw technique 
which is also used for Hall coefficient measurements,  

Key words: transparent electrodes, cadmium-tin oxide films, 
electrical sheet resistance, optical transmission. 

The spectral transmission was measured over the 
visible and near  infrared regions (from 0.34 to 2.6 
~m) with a Hitachi 323-type double beam spectro- 
photometer. A 9 kG electromagnet  was used in the Hall 
coefficient measurements.  The sign of the charge 
carriers was determined from the Hall effect mea-  
surement  and the thermoelectric hot probe technique. 
The s t ructure  of the deposited films was examined 
by x - ray  diffraction. 

Results 
The deposition rate of the films depends upon the 

rf power in a pure Ar or an Ar-8%O2 atmosphere, 
and the rate increases l inear ly  with increasing rf  
power. At 300 W rf power, the deposition rate of films 
in  a pure  Ar atmosphere was about 30 A / m i n  and 
that  of films in an Ar-8%O2 atmosphere was about  
20 A/min.  

Figure 1 shows the relations between sheet resis- 
tance and thickness of CTO films deposited in a pure 
Ar gas, Ar-2%O2, and Ar-13%O2 mixture,  respectively. 

O 
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< 

W 
n~ 

W 
W 

10 

o pure Ar 

zx Ar -  2 % 0 2  

o Ar-1 3%02 

0 0.5 1.0 1.5 
FILM THICKNESS ( pm ) 

Fig. I .  The relations between sheet resistance and thickness of 
CTO films deposited in an Ar or Ar-02 mixtures. 
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Pig. 2. The visible and near-lnfrared transmission of CTO films 
formed in Ar or Ar-O~ mixtures (blank substrate in the reference 
beam). 
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The s h e e t  r e s i s t a n c e  of th ick films (more  than  0.6 ~m) 
deposi ted in a pure  A r  a tmosphere  was be low 10 a /  
square,  and  the lowest  res is t iv i ty  achieved was 4.82 
X 10 -4 D-era, the  vis ible  t ransmiss ion being app rox -  
i ma t e ly  85%. The sheet  res is tance of films deposi ted 
in an  Ar-O2 a tmosphere  increases wi th  increas ing 
oxygen  concentra t ion in gas mixtures .  

F igu re  2 shows spect ra l  t ransmiss ion of three  CTO 
films ( app rox ima te ly  0.4 ~m thick)  in the visible and 
in f ra red  region. Curve (A) is for  the film formed in 
a pu re  A r  wi th  res is t iv i ty  6.2 • 10 -4  ~2-cm, sheet  r e -  
s is tance 14 ~ / squa re ,  curve (B) for  the  f i lm formed in 
an  Ar-2%O2 wi th  res is t iv i ty  4.4 • 10 -3 s  sheet  
res is tance 120 l~/square, and curve (C) for the  film 
formed in an Ar-13%O2 wi th  res is t iv i ty  1.8 • 10 -2 
D-cm, sheet  res is tance 460 ~ / square .  The average  
opt ical  t ransmiss ion of these films was more  than  
85% in the wave leng th  range  of 0.5-0.7 ~m. As shown 
in  the  f i g u r e ,  the  t ransmiss ion of the  films deposi ted 
in a pu re  A r  a tmosphere  drops r ap id ly  in the  near  
in f ra red  region (36% t ransmiss ion at  2.5 ~m wave -  
length) .  

F igure  3 shows tha t  the  opt ical  bandgap  of CTO 
films der ived  f rom a plot  of (ah~)~/~ vs. h~ var ies  wi th  
the  oxygen  concentra t ion in the  spu t te r ing  atmosphere ,  
whe re  a is the  absorpt ion  coefficient. The absorpt ion  
edge shifts t oward  shor ter  wave leng th  wi th  decreas -  
ing oxygen  concentrat ion.  F r o m  the figure, the band-  
gap of the film formed in a pure  A r  was de te rmined  
to be 2.71 eV and tha t  of the  film formed in an A r -  
2%02 and Ar-13%O2 de te rmined  to be 2.45 eV and 
2.39 eV, respect ively .  

Thus, the  e lec t r ica l  and opt ical  proper t ies  of CTO 
films depend  upon the spu t t e r ing  conditions, especia l ly  
oxygen  concentra t ion  in the Ar-O2 atmosphere.  Phys -  
ical  p roper t i e s  of typica l  samples  are  summar ized  in 
Table  I. I t  is appa ren t  tha t  oxygen  concentra t ion is 
a n  impor t an t  fac tor  in de te rmin ing  the e lect r ica l  and 
opt ical  ProPert ies  of films. 

Fu r the rmore ,  f rom conduct iv i ty  measu remen t  as a 
funct ion of t e m p e r a t u r e  in  the  range  of 110~176 
i t  was found tha t  the  films wi th  car r ie r  concen- 
t ra t ion  more  than  4 • 10 ~9 cm -3 were  n - t y p e  degen-  
e ra te  semiconductors .  For  the  CTO films deposi ted in 
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Fig. 3. (ahr) 1/2 vs. br for CTO films 

a pure  A r  or  an Ar-O2 atmosphere ,  x - r a y  diffract ion 
pa t te rns  exhib i t  a broad  Cd2SnO4 (130) peak  (7). 

Conclusions 
Transparent ,  conduct ing CTO films were  p repa red  

by  rf  sput te r ing  f rom a s in tered CdO-SnO2 ta rge t  
in an A r  or  Ar-O2 atmosphere .  For  the spu t te red  
films in a pure  Ar  atmosphere,  the  lowest  sheet  
resis tance achieved was 4 a / s q u a r e  (1.5 ~m th ick) ,  
the  lowest  res is t iv i ty  obta ined was 4.8 • 10 -4 12-cm 
and the 80% average  opt ical  t ransmiss ion of the  films 
was obta ined  in the visible region. 

For  the  spu t te red  films in an Ar-O2 atmosphere ,  
i t  is apparen t  that  the res is t iv i ty  increases wi th  in-  
creasing oxygen  concentra t ion in a gas mix tu re  and 
the absorpt ion  edge shifts t oward  longer  wavelength .  
The res is t iv i ty  of the films deposi ted in an Ar-2%O2, 
and in an Ar-13%O2 was 4.4 X 10 -3 ~ - c m  (0.37 ~m 
th ick) ,  and 1.8 X 10-2 s  (0.4 #m th ick) ,  respec-  
t ively.  The absorpt ion edge energy  of these films was 
2.45 and 2.39 eV, respect ively.  The ca r r i e r  concent ra-  
t ion (8.2 X 1017-5.0 X 1020 cm-8 ) ,  Hal l  mobi l i ty  
(8-73 cm2/Vsec),  and opt ical  bandgap  of the films 
have  almost  the same values  as those of films p re -  
pa red  by  Nozik and Haacke.  
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Table I. The physical properties of CTO films 

Sputter ing A v e r a g e  
c o n d i t i o n s  S h e e t  re-  Resis- t r a n s -  

( a t m o s p h e r e ,  Th ick-  s i s t anee  t iv i ty  m i s s ion  
Sample  power)  ness  (A)  (~ / [ ] )  (~-cm) (%) 

C a r r i e r  
c o n c e n =  

t r a t i o n  
( c m  -8) 

Ha l l  
m o b i l i t y  

( cm'~/ 
Vsec)  

Op t i ca l  
b a n d -  

g a p  
(eV) 

A A r  100% 4400 
290W 

B Ar-2% O~ 3700 
195W 

C Ar-13% O5 4000 
19SW 

14 6.2 • 10 -4 93 

120 4.4 X 10 -s 87 

460 1.8 x 10 -~ 86 

5.0 X 10 ~ 

1.5 X 10 so 

8.8 x 1018 

22 

I I  

73 

2.71 

2.45 

2.39 
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cussion Sect ion should be submi t ted  by  Aug. 1, 1980. 
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Thermally Stimulated Discharge Current Studies 
in Photoresist KTFR 

V. K. Jain, C. L. Gupta, R. K. Jain, and Prem Swarup 
Solid~tate Physics Laboratory, Delhi-110007, India 

ABSTRACT 

Efforts have  been made  to s tudy the e lec t re t  and  photoe lec t re t  effects in  
pu re  a n d  doped nega t ive  photores is t  KTFR.  In  KTFR,  dipoles  a re  ava i lab le  to 
form elect re t  and  photoe lec t re t  effect due  to the  photopolymer iza t ion .  This  
t e rm  can be  app l ied  to cross- l inking of polymers .  Detai ls  a r e  not  ava i lab le  
regard ing  the in i t ia l  s teps of the photoreact ion but  it  is c lear  t ha t  N2 
is spl i t  off and n i t rene  is fo rmed as a h ighly  reac t ive  in te rmedia te ,  which  can 
subsequent ly  add to double  bonds or  inser t  into l ab i l e -CH or  -NH groups  in  
po lymer ic  mater ia ls .  Doping of impur i t ies  c rea ted  cer ta in  new energy  levels  
or  molecu la r  states. More invest igat ions  a re  requ i red  for  the opt imiza t ion  to 
change the sens i t iv i ty  of this ma te r i a l  on o ther  wavelengths  wi thout  changing 
its basic  proper t ies .  

The  expe r imen ta l  invest igat ions  of e lectrets  (1-4) 
have  so far  ma in ly  been confined to the  na tu r e  of the 
charge  developed in different  types  of d ie lec t r ic  ma te -  
rials. But  ve ry  l i t t le  work  has been  done in  complex  
dielectr ic  systems. Here,  the efforts have  been made  
to s tudy the e lec t re t  and  photoe lec t re t  (5, 6) effects in 
photores is t  (7) mater ia l .  These are  the organic  com- 
pounds whose s t ruc ture  and solubi l i ty  change on 
exposure  to u l t rav io le t  light.  The use of photores is t  
ma te r i a l s  in semiconductor  technology (8) is wel l  
known. Photoresists ,  in l iquid state, are  less sensi-  
t ive  to light,  but  sens i t iv i ty  increases rap id ly  as 
they  become dry,  as the  solvent  re ten t ion  in te r -  
feres wi th  cross- l inking  b y  exposure.  Dur ing the 
exposure  of these mate r ia l s  to light,  photocross l inking 
takes  place. The  c ross - l lnk ing  (9) process involves a 
chain reac t ion  in which  a considerable  number  of 
molecules  in te rac t  to form a high molecu la r  weight  
mater ia l .  

A negat ive  photoresist ,  KTFR (10) made  b y  K o d a k  
Company,  has been  selected for study.  I t  contains a 
photocross l inking agent  a long wi th  a synthet ic  po ly -  
mer  in a so lven t -based  solution. The  po lymer  has been 
es tabl ished as a p a r t i a l l y  cyclized c ispolyisoprene wi th  
a double  bond content  of the  po lymer  of 17% which  
corresponds to one double  bond pe r  ten  carbon atoms. 
A proposed  s t ruc ture  for this po lymer  is  (10) 

CHa CH8 /CH~-- 
C C 

CI~ CH~ 

A diazide is used as the photoini t ia tor  to promote  
photocross l inking in  this  solution. This  m a t e r i a l  has 
an advan tage  tha t  i t  can be used to make  electrets  as 

Key words: discharge, currents electret. 

well  as photoelectrets .  The  photoe lec t re t  behav ior  is 
different  in this ma te r i a l  f rom tha t  in r egu la r  photo-  
electrets.  Once a photoe lec t re t  of this ma te r i a l  is made,  
the ma te r i a l  cannot  be used again  and depolar iza t ion  
cur ren t  cannot  be observed wi th  the help  of exposure  
to light.  

This paper  presents  the  t he rma l ly  s t imula ted  dis-  
charge cur ren t  s tudies of K T F R  ma te r i a l  and  ca lcu la -  
tions for t rap  depth,  r e l axa t ion  time, and  charge,  etc. 
These pa rame te r s  a re  ve ry  he lpfu l  in unders tand ing  
the na ture  of the mater ia l .  EffOrts are  also made to 
dope this ma te r i a l  wi th  impur i t i es  l ike iodine and 
rhodamine  to s tudy  the i r  effect in changing  the basic 
proper t ies  of the mater ia l .  

Experimental 
Thin films of KTFR were  made  on glass slides (8). 

To achieve coatings of control led  and uni form th ick-  
ness, xylene  was used to lower  the vlscomty of the re -  
sist solution. For  making  the thin films, glass subs t ra tes  
were  kep t  on a motor  dr iven  ro t a ry  vacuum chuck 
mounted  in a bowl. The surface is then  flooded wi th  
the l iquid resis t  th rough  a syr inge  wi th  a filter mem-  
brane  and the motor  is tu rned  on. The cent r i fugal  
forces d is t r ibute  the  viscous l iquid evenly  before  
much solvent  evapora t ion  takes  place, and the excess 
ma te r i a l  th rown off a t  the subs t ra te  edges. The p l a t -  
form was ro ta ted  wi th  a speed of 1000 rpm. The film 
thickness of these depos i ted  films va r ied  f rom 5 to 8 
~m. Doped films of this res is t  .were also made by  mix ing  
the known quan t i ty  of I2 and rhodamine  in benzene 
and alcohol wi th  resis t  solut ion (11). These films were  
then baked  in  a the rmos ta t  a t  80~ for half  an hour  to 
remove  the solvent  f rom the films. 

A luminum elect rodes  were  v a c u u m - e v a p o r a t e d  onto 
these films leaving  a pa ra l l e l  gap of 1 m m  be tween  the 
electrodes for the TSC measurements .  The  films were  
subjec ted  to a high d -c  field for polarizat ion,  at  t em-  
pe ra tu re  Tp for  a fixed pe r iod  of t ime, and  then cooled 
to room t empera tu re  under  the same electr ic  stress. 
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Ten minutes  after the removal  of the electrical field 
the films were placed in  a shielded chamber  to mea-  
sure TSC i n  which the tempera ture  increased at a 
constant  rate, i.e., 5~ min  -z from room temperature  
to 200~ The tempera ture  of the sample was measured 
with a copper-constantan thermocouple. A n  X-Y 
(Varian F-80) recorder and a Keithley 610C electrom- 
eter were used for the measurements  (11). 

T h e o r y  (12, 13) 
The discharge current  associated with the change of 

polarization due to heating is given by 

i . _  P o e x p (  s d+) - - -  [1]  
T 

where Po is the ini t ial  polarization of the sample and 
T is the re laxat ion time. The total charge thermal ly  
released is given by 

Q = i dt [2] 

The tempera ture  dependence of the relaxat ion t ime 
can be wr i t ten  as 

T = ~o exp [3 ]  

w h e r e  To is a cons tant ,  u is the  a c t i v a t i o n  e n e r g y ,  k is 
the  B o l t z m a n n  cons tant ,  and  T is the  t e m p e r a t u r e .  
E q u a t i o n  [1]  can  be  w r i t t e n  as 

po [ 
i (T) = -- exp 

TO - -  

f:: 
flTo 

where ~ is the heat ing rate. 
The tempera ture  Tm for the m a x i m u m  current  is 

now given by 
kTm s 

To = [53 
U  uexo( ) 

while the low temperature  dis tr ibut ion in Eq. [4] can 
be wr i t ten  as 

l n i ( T )  = const. -- - -  [6]  
k T  

The activation energy u can now be determined from 
a semilog plot of the temperature  dependence of the 
current.  To can be calculated from Eq. [5]. The TSC 
peaks have been analyzed by other workers in  the case 
of semiconductors and dielectrics. Grossweiner (14) 
has extended the TSC technique to find the capture 
cross section and also the detrapping frequency. The 
expressions used are 

y 
~n  -- ( m  2) 

2 . 9  X 1024Tin  2 

v ---- 2Tm(T~ -- T') exp [5'] 

!i ,k 
I , ?  I~Z 14y 1~ $ 9 |  ,No 444 4 , t  

YE*4P|MAYUIIII { I< ) 

Fig. 1. T$C spectro of pure K:rI:R fi lms polorized ot various 
temperatures (Ep = 1 .$  k V / c m ;  Ip = 4$ r a i n ) . .  , 333~  
- - -  353~  - x - x -  373~ - . . . .  :396~ - . . . . . . . . .  421~  
. . . . . . . . . . . . .  u.v. l ight. 

where an is the capture cross section, v is the a t tempt  
to escape frequency,/3 the heat ing rate, and  T' the tem- 
pera ture  at half  m a x i m u m  intensi ty  on the low tem- 
perature side. 

R e s u l t s  
The TSC spectra of pure  and doped KTFR is shown 

in Fig. 1-4. F igure  1 shows the spectra of pure KTFR 
films polarized at different temperatures  under  the 
electric field of 1.5 kV/cm. These curves show that  the 
charge re ta ining capacity increases with the increase 
of the polarizing temperature.  The various parameters  
were calculated from these curves and are shown in  
Table I. Relaxation t ime (To) decreases with the in-  
crease of polarizing temperature.  As the mater ia l  is 
sensitive to u.v. light, the samples having a polarizing 
field of 1.5 kV/cm were exposed to it at room tempera-  
ture  and for the same polarizing time. I t  was found 
that the energy of u.v. l ight is sufficient in  KTFR sam- 
ple to polarize it and give the photoelectret effect. The 
results can be seen in  Fig. 1. The sample was exposed 
for 30 min  by a 100W mercury  lamp, for u.v. i r radia-  

Table l 

T e m p e r a t u r e  
o f  po la r i za -  

t i o n  Tp ( ' K )  

M a x i m u m  
t e m p e r a t u r e  

(Tin) (~  

A c t i v a t i o n  
e n e r g y  u 

(eV)  

R e l a x a t i o n  
t i m e  r 
( sec)  

R e l a x a t i o n  
t i m e  cor re-  

s p o n d i n g  t o  T,,, 
s e c  ( x 10 2) 

A t t e m p t  t o  
e s c a p e  f re -  

q u e n c y  v 
( sec-3 ) 

C a p t u r e  
c ros s  

s e c t i o n  
r ( m  ~) 

C h a r g e  
Q (C) 
x I0 -s 

333 
353 

373 

396 

423 
u.v.  

r a d i a t i o n  

3625 
353 
389 
350 
395 
350 
391 
350 
344 
371 

0.49 
0.48 
1.74 
0.87 
1.64 
0.59 
1.32 
0.70 
0.77 
1.44 

4.2 x 10 -~ 
3.7 x 10-~ 
2.3 x 10 -'zz 
4.3 x 10 -3' 
1.1 x 10 -19 
6.8 x 19-7 
I.i x I~ -~5 
1,5 x I0 -8 
6,3 x 19-1~ 
2.5 x 10 -18 

2.8 
2.7 
0.9 
1.5 
0.98 
2,2 
1.2 
1.8 
1.6 
0.99 

2.4 x 10 4 
2.7 x 1~)' 
4.3 x 10 ̀̀ 0̀ 
2.4 x 10 l~ 
9.4 • 10 TM 

1.5 x 10 ~ 
8.9 x 101' 
6.7 x 10 v 
1.2 • l0  s 
4.0 x 10 ~7 

6.3 x 10 -:~ 
7.6 x 10 -:~ 
9.8 X 10 -]~ 
6.6 x 10 - ~  
2.1 • 19-11 
4.1 x 10 "-'~' 
2.0 x 10 - ~  
1.9 x 19- ~2 
3.5 x 10- ~J. 
1.0 x 19- ~o 

5.2 
7.8 
0.6 
6.0 
2.5 
6.4 
1.4 
8.1 
2.6 
1.~ 
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Fig. 2. TSC spectra of pure KTFR films polarized at various fields, 
431~ for 40 rain. - . . . .  1 kV/cm, - -  1.25 kV/cm, - - -  - 
1.5 kV/cm, - . . . . . . . .  2.0 kV/cm~ . . . . . . .  3.0 kV/cm~ - x - x -  4.5 

kV/cm. 

tion, kep t  a t  a d is tance of 8 cm. The sample  was ma in -  
ta ined  at  room t empera tu r e  in  the  presence of air.  This 
exposure  produces charge  in the  sample  at  room tem-  
pe ra tu re  comparab le  to the  resul t  obta ined  wi th  the 
the rmo-e lec t re t s  p r e p a r e d  at  60~ wi th  the  same po-  
lar iz ing field. 

F igure  2 shows the resul ts  obta ined wi th  the samples  
of KTFR polar ized at  different  polar iz ing  fields and a t  
431~ for  40 min. The samples  a t ta ined  more  charge  
wi th  the increase  of polar iz ing field. The  ca lcula ted  
pa rame te r s  a re  shown in Table  II. I t  is observed  tha t  
the r e l axa t ion  t ime increases wi th  the  increase  of 
polar iz ing field. F igure  3 shows the TSC spect ra  of 5% 
rhodamine -doped  KTFR films polar ized wi th  1.5 k V /  
cm for 40 rain at  different  polar iz ing  tempera tures .  
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Fig. 3. TSC spectra of rhodamine-doped KTFR films polarized at 
various temperatures (Ep = 1.5 kV/cm; t p - -  40 rain). - - - -  
353~ 377~ - . . . .  397~ - x - x -  423~ , . . . . . .  
457 o K. 

The first intense peak  occurs a round  350~ whi le  the  
second peak  was observed  wi th  the  samples  polar ized  
at  h igher  t empera tu res  and d i sappea red  at  lower  
tempera tures .  F igu re  4 shows the TSC spec t ra  of 5% 
iod ine-doped  KTFR films polar ized  at  var ious  polar iz -  
ing tempera tures .  The cu r ren t  increases wi th  the  in-  
creasing polar iz ing t empe ra tu r e  in a s imi lar  w a y  to 
tha t  observed  in the case of KTFR films. Two peaks  
were  observed  in this case. Calcu la ted  pa rame te r s  are  
shown in Tables I I I  and  IV. 

KTFR films doped wi th  rhodamine  were  polar ized  
under  u.v. rad ia t ion  at  different  polar iz ing  voltages,  
and at  room tempera ture .  The resul ts  are  shown in 
Fig. 5. One sample  was polar ized at  zero field which 
did not show any significant polar iza t ion  effect. Other  
samples  polar ized wi th  polar iz ing fields show the  pres-  
ence of two TSC peaks.  I t  c lear ly  shows tha t  dur ing  the 
polymerizat ion,  if there  is a d -c  field applied,  exposure  

Table II 

P o l a r i z i n g  
v o l t a g e  

v a r i a t i o n  
(Vp) ( v o R s )  

M a x i m u m  
t e m p e r .  

a t u r e  T m  
(~  

A c t i v a t i o n  
e n e r g y  u 

( e V )  

R e l a x a t i o n  
t i m e  r 
(sec) 

R e l a x a t i o n  
t i m e  c o r r e -  

s p o n d i n g  to  Tm 
( sec )  x l0~  

A t t e m p t  
to  e s c a p e  

f r e q u e n c y  
(sec-~) 

C a p t u r e  
c r o s s  

s e c t i o n  
r ( m  2) 

C h a r g e  
Q (C)  
x 10 -s 

100 

125 

150 

200 
300 
460 

350 
383 
347 
389 
350 
377 
353 
353 
363 
400 

0.69 
1.14 
0.61 
0.93 
0.69 
:1.49 
0.38 
0.42 
0.40 
0.94 

2 x lO -s 
1.2 X lO - u  
2.7 x 1:0-~ 
1.4 x 10 -1~ 
1.5 x 10 -8 
1.1 x 10 -is 
1.2 x 10 -a 
3.0 x 10-~ 
6.1 x 10 -~' 
2.4 x 10 -~o 

1.8 
1.3 
2.0 
~1.7 
1.8 
1.0 
3.4 
3.0 
3.2 
1.8 

5.1 x 10 7 
8.1 x 10 TM 

3.7 x 10 e 
7.0 x 10 ~ 
6.7 x 10': 
9.2 x ,1017 
8.0 • 102 
3.3 x I0 ~ 
1.6 x 10 s 
4.2 x 10 ~ 

1.4 x 10 -22 
1.9  X I 0  -1'~ 
1.O X 10 -~  
1.6 x 10 -'~~ 
1.9 x 10 -~: 
2.2 x 10 -12 
2.2 x ~10 -~  
9 . 1  x 10 -~7 
4.5 • lO -~7 
9.0 x lO -z- 

0.6 
0.8 
6.4 
1.1 
7.4 
1.6 

56.4 
63.6 
45.0 
36.0 
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Fig. 4. TSC spectra of 5% iodine-doped KTFR films polarized at 
various temperatures (Ep = 1.5 kV/cm, tp - -  40 rain). - . . . .  
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can produce electrets at room temperature.  Figure 6 
shows the variation of peak currents of TSC spectra 
with their respective temperatures. 

Discussion 
The decay of an e lec t re t  proceeds slowly at  room 

temperature,  therefore, it  is advisable to stimulate 
the discharge by heating. Bucci and Fieshi (12) have 
put  forward a theory of ITC. This theory has been 
generalized by Gross (15), Perlman (16), and Thurn-  
bout (17) for electret effect (18). The permanent po- 

l a r i z a t i o n  in electrets has been at t r ibuted mainly to 
the orientation of dipoles, but no observation in this 
respect has been recorded so far. The electric polariza- 
tion of these dielectrics can be produced by dipole 
alignment, migration of ions within the material,  or 
charge injection from the electrodes. The trapping 
center originates in the transition of the crystalline 
state into amorphous regions, in the rearrangement  of 
molecules in the polymer chain, and from the presence 
of impurities and defects in the material. The various 
defects, in addition to giving rise to their  own charac- 
teristic t rapping levels, can also combine with other 
trapping centers present around them, and thus they 
can modify quali tat ively as well as quanti tat ively the 
TSC spectra observed under different conditions. I t  is, 
therefore, difficult to correlate a peak with a part icu-  
lar configuration of defects in the material.  Since this 
material  has a special proper ty  of its sensitivity to 

$ ~  I $o  lull | / ' ~  40,1} 4 IT  4 1 |  4Y? 
?tNPESAYV~t ( k )  

Fig. 5. TSC spectra of rhodaminc-doped KTFR films polorized 
or vorious f ields, 431~ for 45 rain, Curve I ,  0 kV /cm;  curve 2, 
0.5 kV /cm;  curve 3, 1.0 kV /cm;  curve 4, 2.0 kY/cm.  

ultraviolet radiation, it  can be used to give a photo- 
electret also (5). 

Photopolymerization of monomers involves a chain 
reaction in which a considerable number of molecules 
interact to form a high molecular weight material.  
When insolubility is required a poly-functional mono- 
mer is added to the monomer mixture in order to 
promote cross-linking. Photoinitiated polymerization 
requires the generation of an ini t iat ing species under 
the influence of light. Therefore, the photopolymeriza- 
tion process is restricted to monomers subject to free 
radical initiation and propagation. The generation of 
free radicals at room temperature occurs when this 
material  is exposed to light. Photocrosslinking of a 
polymer may be achieved by several different methods. 
However, in all cases preformed polymers are con- 
verted into higher molecular weight. Cross-linking may 
result when polymers containing functional groups 
subject to photosensitized dimerization are exposed to 

Table Ill. KTFR:rhodamine 5% (temperature variation) 

T e m p e r a t u r e  
of  polar iza-  

t ion  Tp (~  

M a x i m u m  
t e m p e r a t u r e  

Tm ( ~  

Re la xa t i on  
Ac t i va t i on  Re laxa t ion  r  cor re -  

e n e r g y  t i m e  r s p e n d i n g  to Tm 
u (eV)  ( see)  ( see)  •  z 

A t t e m p t  
to  escape  
f r e q u e n c y  
v (sec-Z) 

C a p t u r e  
c r o s s  

s e c t i o n  
( m  ~) 

C h a r g e  
Q (C) 
,x I0 -s 

353 
377 
397 
423 

457 

354 
353 
360 
348 
390 
354 
402 

1,12 1.8 • 10 -~~ tl.4 
0.54 4,5 x 10 -B 2.4 
0.54 6.6 x ~10 -~ 2.5 
0.53 4.8 x 10 -~ 2.4 
0 .68  3.6 x 10 -7 2.3 
0,60 6.0 • 10 -7 2 .~  
0.86 3.1 x I0 -o 1.9 

Table IV. KTFR:5% iodine, temperature variation 

5.5 x 10 D 
2~2 x 10 ~ 
rl.5 x 10 ~ 
2.1 x 10 ~ 
2,8 • 10 ~ 
1.7 x 10 e 
3.3 x l0 s 

1.9 x 10 -~~ 
6. l  • I0 "r 
4.0' X 10 -m 
5.9 X 1~) -2~ 
6.2 X 10 -~4 
4.6 x IO "r 
6.9 x 10 - ~  

6.7 
11.4 
24.0 
,10.0 
7.7 

12.9 
7 .5  

T e m p e r a t u r e  
of  polariza-  

t i on  Tp (~  

M a x i m u m  
t e m p e r -  

a t u r e  Tm 
(~  

R e l a x a t i o n  
Act iva t i on  Re laxa t ion  t i m e  ca r t e -  

e n e r g y  t i m e  r s p o n d i n g  to Tm 
u (eV) ( sec)  (sec)  • 

A t t e m p t  
to  e scape  
f r e q u e n c y  
,, (sec-~) 

C a p t u r e  
c r o s s  

s e c t i o n  
o" (m~) 

C h a r g e  
Q (C) 
• 1O-S 

353 

373 

397 

355 
;~85 
355 
400 
358 
403 

0.61 8.9 • 10 -~ 1.5 
0.96 4.1 x t0 -~ ~1.6 
0.48 4.0 x 10 -~ 2.'I 
1.38 4.3 • lO -ze 1.2 
0.56 2.9 x lO-e 2.4 
1.06 8.3 • 10 -~ 1.6 

1.1 x 10 ~~ 
2.4 x 10 lo 
2.5 x 10'  
2.3 x 10 ~ 
3.4 x 106 
1,2 • 1012 

3+1 • lO-~ 
5.7 x 10 -~  
6.8 • lO -~~ 
5.0 • 10 -~ 
9.3 • 10 - ~  
2.6 • 10 -1~ 

5.0 
6.0 
9.4 
1.7 

42.0 
12.6 
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Fig. 6. Variation of peak currents of TSC spectra at their re- 
spective temperatures. C) pure KTFR, [ ]  - -  KTFR 
doped with 5% Is, A KTFR doped with 5% rhodamine. 

light or upon photo~:ysis of polymers containing groups 
which are photolabile. 

The negative photoresist (KTFR) was made by dis- 
solving bis (4-azidobenzal) -cyclohexanone 

o 

and cyclized polyisoprene in Kodak KTFR thinner 
(19, 20), cyclized polyisoprene was prepared by re- 
fluxing a solution of toluene, cis-l,4-polyisoprene, and 
p-toluenesulfonic acid. Cyclized rubber was dissolved 
in KTFR thinner and bisazide was added based on 
polymer. The available information is ambiguous re- 
garding the initial step in the  photoreaction of a 
variety of bisazides. But it is clear that N~ is split off 
and nitrene formed as a highly reactive intermediate 
which can subsequently add to double bonds or insert 
labile - -CH or - -NH groups in polymeric materials. 
Bisazide derivatives can be used as cross-linking addi- 
tives to polymers containing residual unsaturation, 
e.g., cis-I, 4-polyisoprene, cyclized rubber, or cyclized 
polyisoprene and chlorinated rubber. When the azide 
groups are attached to a polymer, backbone photo- 
crosslinking occurs. 

The first photoelectret was formed with u.v. irradia- 
tion of ordinary KTFR and then with rhodamine- 
doped KTFR. In this case, unlike an ordinary photo- 
electret, a discharge current is not possible by reillumi- 
nating the sample with the u.v. light since the u.v. 

absorbing bisazide is photodecomposed and hence TSC 
measurements have been made by increasing the tem- 
perature at a linear rate. These results are not suffi- 
cient to give a conclusion about the effect of the 
rhodamine dopings on the basic properties of the m a -  
t e r i a l .  Efforts are in progress to see whether the photo- 
sensitivity of this material can be changed to some 
other wavelength without changing the basic photo- 
crosslinking property of the material. 

Similar type of behavior, i.e., of thermoelectret phe- 
nomenon was observed with ordinary and I~-doped 
KTFR. It cannot be confirmed until the material doped 
with I2 is studied with conductivity, EPR, infrared 
spectroscopy, etc. measurements, that I2 will be able 
to link the polymer molecules by forming donor- 
acceptor complexes at appropriate sites on the chain. 
Electron transfer from a polymer chain to iodine then 
allows easy moVement of charge along with the mole- 
cule. 

Conclusion 
It is possible to form thermoelectrets and photo- 

electrets using KTFR. Doping of impurities created 
certain new molecular states. Further detailed mea- 
surements are required to optimize the sensitivity of 
this material to other wavelengths without changing 
its basic properties. With this change, utility of this 
material in semiconductor technology will increase. 
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Capless Annealing of Ion-Implanted Gallium Arsenide 
by a Melt-Controlled Ambient Technique 

C. Lawrence Anderson,* K. V. Vaidyanathan,* H. L. Dunlap, and G. S. Kamath 
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ABSTRACT 

A novel capless technique for the annealing of ion-implanted GaAs is de- 
scribed. The apparatus employed consists of a large solution of GaAs in Ga, 
into which is immersed a sui~atne sample holder containing the wafer to be 
annealed. Se-implanted layers annealed using this technique behave elec- 
trically in the manner expected for well-annealed group VI dopant implants 
into GaAs. The electrical activity of implanted Si, however, decreases with 
increas ing annea l  t e m p e r a t u r e  in the  range  f rom 800 ~ to 900~ Possible  ex -  
p lana t ions  for  the behav ior  of the  imp lan ted  Si a re  discussed. 

Dielectr ic  encapsulants  such as SiO~ (1), SisN4 (2, 
3, 4), and  A1N (5) a re  commonly  used to p reven t  disso- 
ciat ion of GaAs dur ing  the anneal ing  cycles r equ i red  
to e lec t r ica l ly  ac t ivate  i on - imp lan ted  impuri t ies .  In  
such "capped" anneal ing  cycles, the  die lect r ic  eneap-  
su lan t  mus t  pe r fo rm a number  of pa r t i a l l y  cont radic-  
to ry  functions if  the imp lan ted  l aye r  is to exhib i t  good 
e lec t r ica l  proper t ies .  The encapsu lan t  must  possess suf-  
ficient mechanica l  in tegr i ty  and adherence  to GaAs to 
r e m a i n  in tac t  dur ing  the anneal ing  cycle, ye t  it  mus t  
be sufficiently plas t ic  that  i t  wi l l  not  stress the  GaAs 
severe ly  as a resu l t  of  t he rma l  expans ion  mismatch.  I t  
mus t  be chemical ly  s table  and iner t  to p reven t  i t  f rom 
reac t ing  wi th  a n d / o r  doping the GaAs, ye t  i t  mus t  be 
r ead i ly  r emovab le  by  chemical  means. To main ta in  
surface  s toichiometry,  i t  must  also be impermeab le  to 
the  outdiffusion of Ga and As. 

Consider ing the d iverse  demands  on the dielectr ic  
encapsulants  dur ing  "capped"  anneal ing,  i t  is not su r -  
pr is ing tha t  there  has been  considerable  in te res t  r e -  
cen t ly  in encapsu lan t - f ree  or  "capless" anneal ing  tech-  
niques.  Prev ious ly  r epor ted  successful  techniques in -  
c lude pe r fo rming  the anneals  in  flowing ambients  wi th  
contro l led  arsenic  vapor  pressure  (6), embedding  the 
sample  in powdered  g raph i t e  p rev ious ly  sa tu ra ted  wi th  
Ga and As (7),  and  placing the imp lan t ed  sample  in  
close p r o x i m i t y  to an  un implan ted  GaAs sample  (8). In  
this pape r  we discuss a novel  approach  to capless an-  
nea l ing  of GaAs (9). In  this technique,  a h igh ly  s table  
contro l led  ambien t  is p rovided  by  a solut ion of Ga sa t -  
u r a t ed  wi th  GaAs. The  sample,  contained in  a specia l ly  
designed sample  holder ,  never  comes into phys ica l  con- 
tact  wi th  the solution, bu t  vapor  phase contact  is ma in -  
t a ined  be tween  the solut ion and the sample.  Thus, the  
solut ion acts as a la rge  the rmodynamic  reservoi r  which 
provides  a h igh ly  reproduc ib le  arsenic  vapor  pressure  
in  the  v ic in i ty  of the sample.  For  this  reason, we have 
t e rmed  this anneal ing  concept  the me l t - con t ro l l ed  am-  
b ien t  technique,  or  MCAT. 

Description of Apparatus and Experimental Procedure 
The appa ra tus  used in  MCAT annea l ing  was or ig i -  

na l ly  deve loped  for l iquid  phase  ep i tax ia l  g rowth  of 
I I I - V  compound semiconductors  employing  a la rge  so- 
lu t ion  (10-12). This system, i l lus t ra ted  schemat ica l ly  
in  Fig. 1, consists of a c ruc ib le  which  contains the  r e -  
qu i red  solution, which  typ ica l ly  has a mass of a few 
ki lograms.  This c ruc ib le  is contained in an a l l -qua r t z  
annea l ing  chamber  which  is connected to a s tainless  
s teel  en t ry  chamber  th rough  a high vacuum valve. The 
in te r io r  annea l ing  chamber  is cont inuously  ma in ta ined  
in an ambien t  of pa l lad ium-di f fused  hydrogen.  If  de -  
sired, i t  could be ma in ta ined  eas i ly  wi th  o ther  ambi -  
ents. The en t ry  chamber  can be independen t ly  evacu-  

* Electrochemical Society Active Member. 
Key words: gallium arsenide, ion implantation, capless anneal- 

Lug, electrical properties. 

ated  and purged.  By use of a l inear  mot ion  feed through  
mounted  in the top cap of the en t ry  chamber  and by  
employing  adequate  purg ing  procedures ,  i t  is possible 
to in t roduce  samples  into the  anneal ing  chamber  w i th -  
out  in t roducing significant amounts  of gaseous con- 
taminants  into the system. 

Samples  to be  annea led  are  held  in  a specia l ly  de -  
signed graph i te  sample  holder.  The chamber  which  
contains the sample  is enclosed by  a sl iding cover. This 
design does not  a l low the mel t  to come into contact  
wi th  the  samples  being annealed.  The sample  holder ,  
whi le  l iquid  tight,  is not  vapor  t ight.  Annea l ing  is pe r -  
fo rmed by  immers ing  the  samples  in the  mel t  ma in -  
ta ined  at  the requ i red  tempera ture .  Using this tech-  
nique, samples  of i on - implan ted  GaAs have been an-  
nea led  at  t empera tu re  up to 900~ The surface  mor -  
phology of MCAT annea led  samples  is genera l ly  indis-  

Fig. 1. Schematic of the MCAT annealing apparatus 

925 
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Table I. Electrical properties of room temperature S e-implanted, MCAT-annealed GaAs 

Dose/energy 

A n n e a l  S h e e t  Hal t  e l e c t r o n  S h e e t  e l e c t r o n  
t e m p e r a t u r e  r e s i s t i v i t y  m o b i l i t y  c o n c e n t r a t i o n  

(~ (fZ/E]) (cm ~ V -t s -i) (cm -2) 

1 x 10 TM e m  -'2. 800 2720 + 730 2200 + 230 (1.1 + 0.2) X 10 TM 

260 k e V  850 600 +- 125 2870 ~ 270 ( 3.7 - -  0.6) x 10 TM 

5 x I0 TM c m  -2 850 1420 --+ 470 1970 ~ 530 (2.4 +-- 0.3) x 10 ~ 
260 k e V  875 620 ----- 40 2470 ----- 50 (4.1 ---+ 0.2) x 10 TM 

1 x I0 i~ cm -.~ 850 1170"+'.120 2280~ 16{) (2.4+--0.1) X I0 ~ 
260 k e V  875 630 ----. 70 2070 +- 170 (4.8 +- 0.3) x 10 TM 

* S e  c o r n e r  c o n t a c t  i m p l a n t s ,  5 x 10 TM cm-S a t  220 k e Y ;  a l l  c o n t r o l  s a m p l e s  had  Rs > 7 x 10~ ~/[Z]. 

t inguishable f rom that  of unannealed samples under  
electron microscopic examination.  

Experimental Results 
Samples f rom (100) Cr-doped semi- insula t ing ingots 

obtained f rom Crystal  Specialties, Incorporated were  
implanted wi th  ei ther  260 keV Se or  100 keV Si. The Si 
implants  were  per formed at room temperature .  Se im-  
plants were  per formed at e i ther  250~ or at room tem-  
perature.  The samples were  t i l ted at ~ 7 ~ re la t ive  to 
the incident ion beam to avoid channel ing effects. The 
samples were  then MCAT annealed at the requi red  
temperature .  Square  (,-~ 4 • 4 mm) Hall  specimens 
cleaved from the implanted  wafers  were  prepared by 
making ohmic contacts at the corners using an In :Ag:  
Ge alloy. 

Results f rom Hall  effect measurements  per formed on 
room tempera tu re  Se- implan ted  samples are  presented 
in Table  I. A range of doses f rom 1 X 10 t3 cm -2  to 1 X 
1014 cm -2  was covered and the samples were  MCAT 
annealed at the tempera tures  shown. The electr ical  ac- 
t ivat ion in all cases studied is ra ther  poor. This result  
is consistent wi th  previous studies which show that  
high act ivat ion f rom the moderate  fluence Se implants  
is general ly  obtained only f rom samples implanted  at 
e levated tempera tures  (>  150~ (13-15). Since c o n -  
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Fig. 2. Variation of sheet carrier concentration and mobility of 
260 keV Se-implanted samples as a function of anneal temperature. 
The samples were implanted at 250~ to fluences indicated. 

siderable surface dissociation can take place at implant  
tempera tures  in excess of 400~ (16-17), e levated t em-  
pera ture  Se implants were  per formed at 250~ These 
samples were  NICAT annealed at  t empera tures  be tween 
800 ~ and 900~ for 30 min. The electrical  propert ies of 
these layers are presented in Fig. 2. This figure shows 
the var ia t ion of sheet electron concentrat ion (cm -2) 
and sheet electron mobil i ty  (cm 2 V - i  s -1) as a func- 
tion of anneal  tempera ture  for samples implanted to 
fluences ranging f rom 1 X 10 l~ cm -2 to 1 X 10 i4 cm =2. 
The electr ical  act ivat ion at all doses increases wi th  an-  
neal tempera ture .  In the case of low fluence implants 
(1 X 10 i3 cm -2 and less), over  90% of the implanted 
ions become electr ical ly act ive when annealed at 900~ 
for 30 min. The mobili t ies in these layers were  > 3200 
cm 2 V -1 s -1. In the case of high fluence implants (1 
X 1014 cm-2) ,  sheet carr ier  concentrations of 6 X 10 la 
cm -2 wi th  mobili t ies of ~ 1800 cm2 V - i  s -1 were  
measured following an anneal  at 900~ These results 
are in excel lent  agreement  wi th  the highest act ivation 
reported for Se- implan ted  GaAs annealed with  an en-  
capsulant. 

Figure  3 shows the measured sheet carr ier  concentra-  
tion for samples annealed at 900~ as a function of the 
implant  dose. The dashed line represents  the case of 
100% apparent  electr ical  activation. At low fluences 
( <  10 lz cm-~) ,  almost all the implanted ions are elec- 
t r ical ly  active. Approx imate ly  80% apparent  electr ical  
act ivat ion is obtained at a fluence of 5 X 10 i~ cm -2. At 
high doses, the measured carr ier  concentrat ion s a t u -  
r a t e s  at N 7 X 101~ cm -2. These results are in e x c e l -  
l e n t  agreement  wi th  the ear l ier  results of Donnel ly  
et aL (15). 

F igure  4 i l lustrates the var ia t ion  of sheet electron 
concentrat ion and electron mobil i ty  as functions of a n -  
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Fig. 3. Sheet carrier concentration vs. dose for 260 keV Se- 
implanted  GaAs .  T h e  implants  were  performed at  2 5 0 ~  and post-  
annealed using M C A T  at 900~ for 30 min. 
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Fig. 4. Sheet carrier concentration and mobility as a function 
of anneal temperature for 100 keV Si-implanted GaAs. 

neal temperature for samples implanted at room tem- 
perature to different fluences with 100 keV Si +. In 
contrast to the behavior of the Se-implanted samples, 
the measured sheet carrier concentration in the Si- 
implanted samples decreases as the anneal temperature 
is increased in all cases studied. The mobility stays es- 
sentially constant. These results are contrary to the 
normal encapsulated' annealing behavior of Si-im- 
planted GaAs. 

Two possible explanations for the anomalous anneal- 
ing behavior of silicon-implanted MCAT annealed 
GaAs are as follows: first, drastic redistribution of im- 
planted silicon during annealing with concurrent loss 
of silicon due to outdiffusion would explain the ob- 
served results. Preliminary secondary ion mass spec- 
trometry (SIMS) studies of the annealed sample indi- 
cate that the silicon distribution remains roughly gaus- 
sian following MCAT annealing. Second, the implanted 
silicon may be exhibiting amphoteric doping behavior. 
If the solution is not completely saturated at the anneal 
temperature, or if the vapor exchange between the 
sample and the solution is insufficient, As vacancies 
may be generated in the sample. In the presence of 
these vacancies, the implanted silicon will tend to oc- 
cupy As sites and thus act as an acceptor. Recently, 
Walukiewicz et at. (18) have studied the effect of com- 
pensation on electron mobility in GaAs. Using their 
data in conjunction with the measured mobility, we 
estimate the compensation ratio in these samples to be 
greater than 0.5. We believe that the poor activation 
observed in Si-implanted MCAT annealed samples can 
be explained at least in part on the basis of the am- 
photeric doping behavior of silicon in GaAs. Tech- 
niques to alter the vapor pressure of As within the 

sample holder, and the effect of these techniques on 
the electrical behavior of implanted Si, are presently 
under investigation and should help clarify the situ- 
ation. In addition, extension of this technique to other 
semiconductors (e.g., InP) and to other dopants in 
GaAs is in progress. 

Conclusions 
The melt-controlled ambient technique (MCAT), 

which employs the vapors of a solution of GaAs in Ga 
as a source of As overpressure for capless annealing, 
has been used to anneal Si- and Se-implanted GaAs. 
Excellent electrical activation and high electron mo- 
bilities have been achieved in Se-implanted samples. In 
the case of Si-implanted samples, however, low electri- 
cal activation and mobilities consistent with moderately 
high compensation have been observed. This behavior 
has been attributed to amphoteric behavior of Si under 
As-deficient conditions. 
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Aluminum Etching in Carbon Tetrachloride Plasmas 
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ABSTRACT 

Etch rates of aluminum and native aluminum oxide films in carbon tetra- 
chloride plasmas were investigated as functions of substrate temperature 
and e lec t rode  ma te r i a l  in a pa ra l l e l  p la te  p lasma etching system. Use of s ta in-  
less steel  e lectrodes resul ted  in the  fo rmat ion  of a ca rbon-ch lor ine  po lymer  
which  prec luded  a luminum etching. Anodized a luminum electrodes minimized  
po lymer  fo rmat ion  and etching was achieved.  Severa l  inheren t  differences in 
the  e lect rode mate r i a l s  were  considered to account  for  this effect. Analys i s  
of the  effluent f rom the reac tor  suggested possible chemical  react ions occur-  
r ing  in  the  ca rbon  te t rach lor ide  plasma,  as we l l  as a p recur so r  to p o l y m e r  
formation.  

Al though l iquid etching techniques abound in cur-  
rent  in t eg ra ted  circui t  fabr ica t ion  processes, the intense 
in teres t  in micron and submicron geometr ies  has re -  
cent ly  k ind led  extens ive  efforts in p lasma-ass i s ted  
etching (1). Much of this effort has centered a round  
p lasma  (or reac t ive  ion) e tching of s i l icon-based m a -  
terials,  e.g., polysil icon, silicon ni t r ide,  and silicon di-  
oxide. Somewhat  less informat ion  is ava i lab le  on 
p lasma e t c h i n g  of a luminum or a luminum alloys, 
which are  the most common meta l l iza t ion  layers  in 
silicon IC's. 

Severa l  inves t iga tors  have  repor ted  the  successfuI 
e tching of a luminum films in a para l l e l  p la te  p lasma 
e tcher  using chlor ine-  or  b romine-con ta in ing  gases 
(2-7).  In  par t icu lar ,  a luminum and a luminum alloys 
have  been p la sma-e tched  in boron t r ich lor ide  (3, 4) 
and in carbon te t rach lor ide  vapor  containing argon 
(3, 6) or  he l ium (5, 6). Less success has been 
achieved using hydrogen  chlor ide  or  chlor ine  plasmas,  
p r e sumab ly  due to the  inabi l i ty  of these gases to etch 
th rough  the na t ive  a luminum oxide  l aye r  on the a lu-  
minum surface (3). React ive  ion etching (RIE) ,  how-  
ever, has demons t ra ted  the ab i l i ty  to etch a luminum 
and its s i l icon- and copper -conta in ing  al loys in gas 
mix tures  of argon wi th  e i ther  chlorine,  bromine,  h y -  
drogen  chloride,  or hydrogen  bromide,  a l though these 
processes were  not a lways  reproduc ib le  (7). Excel lent  
resul ts  were  obta ined  wi th  RIE (7) using carbon 
t e t r ach lo r ide / a rgon  mixtures .  

In format ion  concerning the p lasma  etching of a lu-  
m i n u m  films in pure  carbon te t rachlor ide  vapor  is 
absent  in most  studies. Ment ion has been made  of the  
fact  tha t  e tching in carbon te t rach lor ide  is possible, a t  
least  in RIE (7) or  under  condit ions of ve ry  high power  
densit ies  (6). In  this paper ,  we descr ibe the resul ts  of 
p lasma etching a luminum films in carbon te t rachlor ide  
vapor  using a para l l e l  p la te  p lasma etcher. Successful  
e tching of these films is shown to be dependent  upon 
minimiza t ion  of a ca rbon-based  po lymer  resul t ing  from 
the decomposi t ion of carbon te t rachlor ide .  

Experimental Procedure 
The pa ra l l e l  p la te  p lasma e tcher  used in this inves t i -  

gat ion is shown in Fig. 1. The subst ra tes  were  laid on 
a 20.4 cm d iam lower  electrode,  which  was res is tance-  
hea ted  by  a coil of stainless steel  encased Nichrome 
wire,  and was cooled by  ci rculat ion of a cooled fluid 
th rough  1/8 in. s tainless steel  tubing,  also coiled be-  
nea th  the electrode.  Power  f rom a 13.56 MHz rf  genera-  
tor  was suppl ied  to the top electrode,  which was 
separa ted  f rom the grounded  lower  e lec t rode  b y  a 
dis tance of 2.5 cm. The t empe ra tu r e  was moni tored  by  
an i ron-cons tan tan  thermocouple  a t tached to the bot -  
tom electrode.  
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Etch gases were  me te red  th rough  needle  valves  and 
ro tameters ,  and en te red  the p lasma region th rough  
holes in the hollow upper  electrode.  The ideal  gas flow 
ra te  at  s t andard  condit ions was de te rmined  for  the 
CC14 ro tame te r  by  measur ing  the ra te  of weight  loss of 
the CC14 container  at  20~ The pressure  was moni tored  
by  a capaci tance manometer ,  and could be changed by  
vary ing  the set t ing of a th ro t t l e  va lve  on the pump 
a n d / o r  by  changing the etch gas flow rate. A l iquid 
ni t rogen cold t rap  be tween  the pump and the vacuum 
system p reven ted  oil back-di f fus ion and pro tec ted  the 
pump f rom corrosive gases. 

Etch samples  were  p repa red  b y  evapora t ing  a lumi -  
num from a tungsten f i lament on to 2.2 cm d iam P y r e x  
cover slips or  onto oxidized sil icon wafers.  The film 
thicknesses s tudied ranged  f rom 30 to 1000 nm, bu t  
were  usua l ly  400 nm. 

A test  run  was genera l ly  pe r fo rmed  to establ ish the  
etch gas flow ra te  and the r f  power  and impedance  
matching.  Etch runs were  typ ica l ly  car r ied  out  at  
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Fig. 1. Parallel plate plasma etcher. (A) gas input; (B), (C), 
upper and lower electrode plates; (D) heating and coding plate; 
(E) rf power feedthrough column; (F) pumping port and lower elec- 
trode support; (G) heating coil; (H) cooling coil; (I) Pyrex bell jar; 
(J) stainless steel base plate. 
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100W rf power (0.3 W/cm2), and 67 Pa (0.5 Torr) pres- 
sure, which corresponds to ,~30 sccm CC14 for the 
above system. Since etching commenced on the edge of 
the samples and proceeded toward the center of the 
substrates, the etch t ime was taken as the t ime neces- 
sary to completely clear the a l u m i n u m  film. 

R e s u l t s  a n d  D i s c u s s i o n  

I t  is well  known that  a luminum films have on their  
surface a nat ive oxide film, that  presents a low etch 
rate barr ier  to chlorinated etch gases (3-7). In  an at-  
tempt  to determine both the a luminum and the native 
oxide etch rates, data were taken  s imultaneously  on 
both thin (30-40 nm)  and thick (>300 nm)  a luminum 
films. The total  etch t ime for these two films can then 
be expressed by  

t l  " -  - -  
(Tax) 1 (T-a-l) ! 

�9 1- - -  [ 1 ]  
?'ox ~'A1 

(Tax)2 (TAI)2 
t~ = + ~ [2] 

~'ox TA1 

where t~, t2 = etch times for samples 1 and 2, Tax = the 
thickness of the nat ive a luminum oxide film, TA1 ---- the 
thickness of a luminum film, rox = the etch rate of na-  
tive a luminum oxide film, and rAl ---- the etch rate of 
a l u m i n u m  film. However, since (Tox)l : (Tax)2 ~ 3 
n m  (11), etch time measurements  allow the calculation 
of etch rates for both a luminum and the nat ive a lumi-  
n u m  oxide films. I t  should be ment ioned that the etch 
rates determined for the na t ive  oxide films by this 
method assume that  the inhibi t ion of a luminum etch- 
ing by chlorinated gases is due solely to the slow etch- 
ing a luminum oxide coating. Since water  oxidation of 
several a l u m i n u m  samples (8) has shown large in-  
creases in oxide etch time, this is in part  a reasonable 
assumption. However, another  factor which contributes 
to the etching inhibi t ion is the presence of moisture 
adsorbed on the system walls, possibly resul t ing from 
hygroscopic a luminum chloride (9). In our experi-  
ments,  effects of a l u m i n u m  chloride are minimized, 
because our chamber  and electrodes are cleaned be-  
tween etch runs. Despite such drawbacks for the exact 
de terminat ion of nat ive a luminum oxide etch rates, 
these considerations have li t t le effect on the a luminum 
etch rate. 

Stainless steel electrodes.--Initial experiments  ut i l iz-  
ing stainless steel electrodes, pressures up to 100 Pa 
CC14, substrate temperatures  up to 150~ and rf power 
levels to 120W, resulted in  no a luminum etching for 
plasma exposure times in excess of 40 min. Subse- 
quent  experiments  demonstrated that  argon addit ion 
did not significantly improve the etching abil i ty of 
CCl4 under  the above conditions. Further ,  in all cases, 
a b rown deposit (Fig. 2) was observed on the elec- 
trodes and substrates. Since etching was easily ac- 
complished under  identical  conditions using a BCI3 
plasma, and this procedure yielded no deposit, a car- 
bonaceous residue was suspected. Indeed  an Auger 
spectrum (Fig. 3) indicated that  a carbon-chlor ine  
compound was present  on the surface of the a luminum 
samples. In  addition, Fig. 3 shows that  l i t t le a l u m i n u m  
oxide could be detected, suggesting that  the polymer-  
type deposit was thicker than  2 nm. Subsequent  Auger 
analyses using a Physical Electronics Model 590 Scan- 
n ing  Auger  Electron Microprobe demonstrated that  the 
micron-sized particles shown in Fig. 2 had the same 
composition as the regions adjacent  to them. Thus it 
would appear that  ei ther these particles formed as a 
resul t  of polymer  nucleat ion or contaminat ion present  
on the sample surface, or that  the particles arose di- 
rectly from the polymer coating, perhaps by sputtering. 
Presently,  it is not clear whether  the polymer immedi-  
ately coats the a luminum surface, or whether  the 
polymerizat ion rate is s imply greater  than the nat ive 
oxide etch rate in  CC14. Nevertheless, the final result  

Fig. 2. Deposit observed on almuinum film exposed to a CCI4 
plasma using stainless steel electrodes. Plasma conditions were 
67 Pa CCI4, IOOW, 100~ and 2.5 cm electrode spacing. 
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Fig. 3. Scanning Auger spectrum of aluminum film exposed to a 
CC14 plasma using stainless steel electrodes. Electron beam energy 
was 5 keV. Plasma parameters are the some as noted for Fig. 2. 

is the same---inhibition of a luminum etching due to a 
carbon-chlor ine  film. 

Anodized aluminum electrodes.--Preliminary results 
indicated that  a l uminum films could be plasma-etched 
in  CC14 using a luminum electrodes without significant 
polymer formation, al though the reproducibi l i ty  of this 
procedure is questionable. In order to minimize attack 
of the electrode material ,  a l uminum electrodes were 
oxidized in  hot (60~176 DI water  (8) to increase 
the surface oxide thickness. Since this process greatly 
improved the reproducibil i ty of the etch rate data, and 
little or no polymer was observed on the electrode sur-  
faces, a luminum electrodes were anodized in an aque-  
ous sulfuric acid solution (15% by volume) under  con- 
stant  current  conditions to a thickness of ,-.10 #m. 
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The resul ts  of e tching a luminum films at  100W rf  
power  and 67 Pa  CC14 pressure  using anodized a lumi -  
num electrodes are  given in Fig. 4. The change in etch 
ra te  due to a change in e lect rode mate r i a l  is dramat ic  
- - f r o m  an etch ra te  of zero to ~130 n m / m i n  at  an 
electrode t empera tu re  of 100~ 

The Ar rhen ius  plot  shown in Fig. 4 yields an ac t iva-  
t ion e n e r g y  for the  etching of a luminum and nat ive  
a luminum oxide films in pure  CC14 plasmas of 0.3 eV/  
mole, which is s imi lar  to act ivat ion energies for the  
p lasma etching of o ther  th in  film mate r ia l s  (10). I t  is 
curious tha t  the act ivat ion energies  for the etching of 
nat ive  a luminum oxide and a luminum films are  essen- 
t i a l ly  the same, since the  p r i m a r y  e tchant  species for 
these two mate r ia l s  are  p robab ly  different  (3). 

P r e l i m i n a r y  resul ts  obta ined with  BC18 plasmas 
have shown tha t  the etch rates  of a luminum films are  
more  reproduc ib le  wi th  anodized a luminum electrodes 
than  wi th  stainless steel  e lectrodes (11). Since Auger  
spectroscopy did not detect  i ron contaminat ion  on 
samples  etched in CCl4 on stainless steel  electrodes,  i t  
is un l ike ly  tha t  the difference in etch reproduc ib i l i ty  
ci ted above is a resul t  of i ron chlorides in the  case of 
s tainless steel  e lectrodes and BC18. Also, a luminum 
etch rates  using BC13 d isp layed  no t empera tu re  de-  
pendence on anodized electrodes (11), which is con- 
sistent  wi th  previous  BC18 studies on stainless steel  
e lectrodes (3). These data  suggest  tha t  under  the 
above p lasma conditions, the  r a t e - l imi t ing  step in BC13 
etching is the gas-phase  genera t ion  of "act ive" chlor ine 
species. 

Comparison between stainless steel and anodized 
aluminum eIectrodes,--It is in teres t ing  to speculate  
about  the  reasons for the gross inconsistencies in a lu-  
minum etching resul ts  observed with  CC14 on stainless 
steel  vs. anodized a luminum electrodes.  Oxygen has 
been shown to p lay  an impor tan t  role in the etching of 
silicon in f luorinated hydroca rbon  gases (12-15). In  
par t icular ,  surface studies (13) have demons t ra ted  the 
par t ic ipa t ion  of la t t ice  oxygen  in removing  carbon 

films deposi ted by  CF8 + b o m b a r d m e n t  of a silicon 
surface. 

F igure  5 shows the  effect of oxygen  addi t ion to a 
CCI4 p lasma on the etch t ime of a 540 nm a luminum 
film. Addi t iona l  da ta  wi th  oxygen addi t ions up to 14% 
(by volume)  indica ted  tha t  the etch ra te  decreased up 
to 12% oxygen,  af ter  which no etching was observed,  
even on anodized a luminum electrodes.  Fur ther ,  an 
etch run  ut i l iz ing 50 ppm oxygen  (by  di lut ion in 
argon)  in CC]4 also d iminished  the etch ra te  on 
anodized a luminum electrodes,  and fai led to produce 
etching on stainless steel  electrodes.  Such resul ts  sug- 
gest  tha t  the e tchant  species responsible  for a luminum 
oxide (and possibly a luminum)  etching is consumed 
by oxygen, the reby  slowing or u l t ima te ly  prec luding  
etching. Since carbon compounds should react  r ead i ly  
wi th  oxygen,  these data  lend suppor t  to the proposal  
that  CC13 or CC12 groups are  responsible  for a luminum 
oxide etching (3). 

An  addi t ional  concern with  oxygen inclusion dur ing  
p lasma etching of a luminum is that  a luminum oxida-  
t ion could occur, thus increasing fur ther  the etch t ime 
for the a luminum film. P lasma  oxidat ion  of meta ls  is 
wel l  known (16), but  under  the presen t  p lasma and 
subs t ra te  bias conditions, it  is un l ike ly  that  significant 
a luminum oxide growth  wil l  take  place, a l though the 
differences in etch ra te  be tween  a luminum oxide and 
a luminum suggest  that  a smal l  amount  of oxide would  
increase the overa l l  etch t ime considerably.  

A second considerat ion with  regard  to the observed 
differences be tween  anodized a luminum and stainless 
steel  e lectrodes re la tes  to the differences in secondary  
e lect ron emission f rom the electrode mater ia l .  I t  has 
been demonst ra ted  tha t  insulators  d i sp lay  grea te r  sec- 
ondary  e lec t ron emission than do meta ls  (17). In fact, 
this observat ion  has been invoked to expla in  the in-  
crease in etch ra te  of silicon in CF4 when silicon d iox-  
ide, r a the r  than  a luminum,  serves as a cathode ma te -  
r ia l  ( i8 ) .  For  the present  invest igat ion,  however,  it  is 
fel t  that  the changes in etch rates  on the two elect rode 
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Fig. 4. Arrhenius plot of the etch rates of aluminum and native 
aluminum oxide films in CCI4 plasmas. Plasma conditions were 
67 Pa CCI4, 100W, and 2.5 cm electrode spacing. 
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mate r i a l s  a re  too large  to be  accounted for by  an in-  
crease  of a factor  of 2-5 in secondary  e lec t ron emission.  

A th i rd  difference be tween  anodized a luminum and 
stainless steel  e lectrodes involves the fact  tha t  a lumina  
is a n  insulator ,  and stainless  steel  is a metal .  I t  is wel l  
known tha t  surfaces exposed to a p lasma  and not  ex-  
t e rna l l y  grounded  or  b iased assume a floating poten t ia l  
which  is negat ive  wi th  respect  to the  p lasma potent ia l  
(19). Since anodized a luminum is an insulator ,  the 
high negat ive  potent ia l  genera ted  on this surface can 
cause an increase  in posi t ive ion b o m b a r d m e n t  re la t ive  
to tha t  exper ienced  by  the  stainless steel  (meta l )  e lec-  
trode, t he r eby  enhancing the etch ra te  under  s imi lar  
p lasma  condit ions (20). This poss ib i l i ty  was inves t i -  
ga ted  by  placing a sheet  of Teflon be tween  the s tainless  
steel  lower  e lec t rode  and the hea t ing  and cooling as-  
s embly  (which was grounded)  to e lec t r ica l ly  isolate 
the  electrode.  However ,  a luminum etching was st i l l  
not  successful using CC14, indica t ing  tha t  the insula t ing 
charac te r  of ,the e lec t rode  is not  the  control l ing factor  
in a luminum etching on these two elect rode mater ia ls .  

A final considerat ion in the  use of stainless steel  vs. 
anodized a luminum electrodes involves the  surface 
chemis t ry  of chlorocarbons on these two mater ia ls .  A l -  
though stainless steel  was found to be a good recom-  
b ina t ion  surface for fluorine atoms (15), extension of 
this  model  to chlor ine  is not  obvious, since BCI~ 
showed significant etch rates  of a luminum oxide and 
a luminum using stainless steel  electrodes.  Recombina-  
t ion of ca rbon-conta in ing  species is a possibil i ty,  how-  
ever,  since po lymer  deposi ts  were  a lways  found wi th  
CC14 plasmas  using stainless steel  electrodes.  Indeed,  
i ron and nickel  a re  both F i scher -Tropsch  catalysts  
(21), and  are  thus used to genera te  long chain hyd ro -  
carbons (C~-C~0) f rom carbon monoxide  and hydrogen.  
Such a mechanism could be opera t ive  on stainless 
steel  e lectrodes when  chlorocarbon f ragments  are  
present ,  t he reby  genera t ing  p o l y m e r - t y p e  films. 

F u r t h e r  indica t ion  of a surface  control led  react ion on 
stainless steel  e lectrodes using CC14 arises f rom two 
addi t iona l  sets of exper iments .  Firs t ,  in at  least  one 
expe r imen t  i t  was observed  that  if the ca rbon-ch lor ine  
coat ing is not r emoved  a f te r  an ini t ia l  CC14 plasma, and 
vi rgin  a luminum samples  are  subsequent ly  exposed to 
a CC14 plasma, etching can be achieved.  Second, a lumi -  
num etching has been a t t empted  wi th  an upper  s ta in-  
less steel  and a lower  anodized a luminum electrode,  
wi th  the  resul t  tha t  e tching proceeded at  app rox i -  
ma te ly  the same ra te  as i t  would  have  if both elec-  
t rodes  were  anodized a luminum.  However ,  the reverse  
e lect rode configurat ion (SS bottom, anodized a lumi -  
num top) again  p rec luded  etching. 

Plasma chemistry of CCl4.--In an a t t empt  to e luci-  
da te  the  chemis t ry  occurr ing  in CC14 plasmas,  the efflu- 
ent  f rom the reac tor  shown in Fig. 1 was collected by  
means  of a series of cold t raps  be tween  the sys tem and 
the vacuum pump. Combust ion analysis  of a whi te  
powder  which was rou t ine ly  observed whe the r  s ta in-  
less steel  or  anodized a luminum electrodes were  used, 
p roved  the compound to be hexachloroe thane  (C2C16). 
Chlorine gas was also found in the  effluent, and was 
quan t i t a t ive ly  analyzed  by  t i t ra t ion  techniques (22). 
Gas chromatograph ic  studies (Hewle t t  Packa rd  Model  
No. 5840A) of the l iquid por t ion of the  effluent iden t i -  
f ied t e t rach loroe thy lene  (C2C14) and CC14 as react ion 
products .  

The above da ta  suggest  possible mechanisms for the 
b reakdown  of CC14 in a p lasma environment .  First ,  the 
CC14 undergoes  decomposi t ion upon e lec t ron b o m b a r d -  
men t  

e + CCl4--> CCl~ + C1 + e [3] 

a l though ionizat ion to CCla + and C1- p robab ly  occurs 
to some extent .  F u r t h e r  b r e a k d o w n  of t h e  CC13 can 
also t ake  place 

e + CC13--> CC12 + C1 + e [4] 

Indeed,  these species have  been observed by  o ther  in-  
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vest igators  (3, 24) and  in addit ion,  CC1 has been r e -  
por ted  f rom optical  emission (23) and mass spec t ro-  
scopic studies of CC14 p lasmas  and vapors  (24). Final ly ,  
one can envision o ther  more  complicated react ions oc- 
curring, s t emming  from the b reakdown  of C2C16, as 
has been shown for the case of C2F0 (14). 

Recombina t ion  on the wal l  or  in the  gas phase of the  
var ious  f ragments  indica ted  in Eq. [3] and [4] then  
genera te  the  observed products  in the  cold t raps  (a long 
with  unreac ted  CCl4) 

CCla + CCI~--> C2C1~ [5] 

CI + C1 ~ CI2 [6] 

CC13 + C12-> CC14 + Cl [7] 

CC12 ~- CC12-> C2C14 [8] 

The chlorine radical ,  as genera ted  by  Eq. [3], [4], and 
[7], is p robab ly  responsible  for  a luminum etching, as 
proposed prev ious ly  (3, 6, 7). Final ly ,  a luminum re -  
acts wi th  CI to form A1C1, AIC12, or  A1Cla (u l t ima te ly )  
as noted by  o ther  inves t igators  (3, 23). By w a y  of com- 
parison,  species such as CCls, CC12, CClz + and CC12 + 
are  most l ike ly  the e tchants  for  A120.3 (3, 7). I t  should 
be ment ioned tha t  the  proposed  chemical  react ion 
mechanisms for a luminum etching in CC14 p lasmas  re -  
por ted  in this pape r  a re  consistent  wi th  resul ts  repor ted  
for  the  gas phase photolys is  of CC14 (25), as wel l  as 
wi th  Si and SiO2 etch studies using CF4 (15). 

St i l l  another  indicat ion of the  impor tance  of surface 
effects in the  p lasma env i ronment  arises f rom compar i -  
son of  the  y ie ld  of react ion products  on stainless steel  
vs. anodized a luminum electrodes.  Table  I gives the  
weight  percen t  of the observed products  ( re la t ive  to 
the weight  of CC14 input )  f rom a CC14 p lasma  crea ted  
using the two elect rode mater ia ls .  The factor  of 10 in-  
crease in C2C14 yie ld  wi th  stainless s teel  e lect rodes  
suggests that  this compound is in par t  responsible  for 
po lymer  format ion  (note that  the  ma te r i a l  ba lance  is 
incomple te  for the  stainless steel  electrodes,  due in 
large  pa r t  to po lymer  format ion  wi th in  the reac tor ) .  
To be sure, a C2C14 p lasma resul ted  in po lymer  fo rma-  
t ion under  the above p lasma  conditions, even on 
anodized a luminum electrodes.  

Table I. Effluent composition from CCI 4 plasma at IOOW, 67 Pa, 
I00~ substrate temperature, and 2.5 cm electrode spacing using 

anodized aluminum and stainless steel electrodes 

Weight  percent  

CCh C2C16 Ch C~Ch 

Anodized A1 73.8 14.3 8.6 0.8 
Stainless steel 57.1 13.9 6.8 8.3 

The chemical  mechanism responsible  for the increase 
in C2C14 content  for stainless steel  e lectrodes is not  
c lear  at  the presen t  time. As discussed earl ier ,  a surface 
effect involving e i ther  the stainless steel  surface or  the 
resul t ing  carbon-ch lor ine  po lymer  surface is p robab ly  
operat ive,  but  o ther  possibi l i t ies  exist.  For  instance, if 
s tainless steel does not  pe rmi t  the genera t ion  of l a rge  
amounts  of free chlor ine radicals ,  due to recombinat ion,  
then a mechanism s imi lar  to tha t  descr ibed by  F l a m m  
for the observat ion  of C2F4 from C2F6 discharges might  
occur (15). 

Summary 
The etch rates  of a luminum and na t ive  a luminum 

oxide  films in CC14 p lasmas  were  s tudied as functions 
of subs t ra te  t empera tu re  and e lec t rode  mate r i a l  in a 
para l l e l  p la te  p lasma etcher. Format ion  of a carbon-  
chlor ine po lymer  prec luded  a luminum and a luminum 
oxide e tching when stainless steel  e lectrodes were  used. 
Anodized a luminum electrodes pe rmi t t ed  a luminum 
and a luminum oxide etching wi th  an act ivat ion energy  
of 0.3 eV/mole .  The etch ra te  of a luminum was found 
to be 100 t imes g rea te r  than  that  of a luminum oxide. 
Severa l  possible differences be tween  the two elect rode 
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materials were considered including oxygen effects, 
electric potential, and secondary electron emission. 
However, the most probable cause of the electrode 
effects involves the surface chemistry of chlorocarbon 
fragments. 

Analysis of the effluent vapors from the parallel 
p l a t e  reactor demonstrated the presence of CC14, 
C2C16, C12, and C2C14. These constituents suggest pos- 
sible chemical reactions taking place in the CC14 
plasma. Little difference between stainless steel and 
anodized aluminum electrodes was observed in the 
quantities of CC14, C2C16, and C12 obtained from the 
CC14 plasma. However, a factor of ten increase in 
C2C14 was noted for stainless steel relative to anodized 
aluminum electrodes, indicating that dimers and possi- 
bly higher homologues of CC12 are formed when stain- 
less steel electrodes are used. Aluminum etching is 
thus inhibited by C2C14 polymerization along with the 
formation of higher molecular weight polymers via 
surface recombination of many chlorocarbon fragments. 
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Time Dependent MOS Gate Oxide Defects 
Using Liquid Crystals 

A. K. M. Zakzouk* 
Elect~cal Engineering Department, Riyadh University, Riyadh, Saudi Arabia 

ABSTRACT 

Localized conducting regions of silicon dioxide are a major source of failure 
of integrated circuits. By using nematic liquid crystals in contact with the 
oxide, and simultaneously applying an electric field across such a sandwich 
structure, defective regions can be nondestructively identified. By examining 
the number of defects as a function of the magnitude and polarity of the 
applied voltage, time, and oxide thickness, it is possible to obtain information 
on the cause and nature of these localized regions of high conduction. Measure- 
ments have been performed on oxide conduction in thin layers (10O0-2000A) 
of silicon dioxide, similar to those commonly employed as gate dielectrics in 
MOS devices, grown in dry oxygen. The liquid crystal technique has been 
shown to be a valuable nondestructive technique for studying the behavior 
of oxide defects as a function of the magnitude and polarity of the applied 
voltage, time, and oxide thickness. 

A major source of loss of yield and/or reliability of 
integrated circuits is caused by the presence, or forma- 

* Electrochemical Society Active Member. 
Key words: integrated circuit testing, dielectric, liquid crystals, 

oxide defects, field, time dependence. 

tion during life, of defects in the silicon dioxide layer on 
the surface of the silicon. These defects have been the 
subject of studies by a number of investigators (1-3). 
For this reason also, fundamental studies of oxide 
conduction (4, 5) and breakdown (6) have been under- 
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taken.  The s tudy  of defect ive  oxide was, unt i l  recent ly ,  
h a m p e r e d  by  the lack  of a reproduc ib le  nondes t ruc t ive  
technique for  locat ing the defects. A rev iew of the  
ava i lab le  techniques has been presented  by  Ke rn  (7). 

Di Stefano (8) has used photoemission measurements  
to show tha t  a h igh ly  localized reduct ion  of the sil icon 
dioxide  ba r r i e r  can occur, pa r t i cu l a r ly  a f te r  contam-  
inat ion of the oxide  by  impur i t y  ions such as sodium. 
The ba r r i e r  is lower  af te r  app ly ing  an electr ic  field 
across the oxide  which dr ives  the i m p u r i t y  ions to the 
si l icon surface. Wil l iams et al. (9) have suggested tha t  
the  cause of the  local ized ba r r i e r  lower ing  is a conden-  
sat ion of sodium ions at  pa r t i cu l a r  points on the silicon 
surface. The potent ia l  energy  of a pa r t i cu la r  ion is 
shown to be lower  when it  is s i tuated near  to a me ta l -  
l i c - l ike  surface. An  accumula ted  sil icon surface ap- 
proximates  such a surface and the posi t ive sodium ions 
wi l l  induce stich a surface condition. The effect p ro -  
motes  the  condensat ion and would be expected to p ro -  
duce the h igh ly  localized ba r r i e r  lower ing  descr ibed by  
Di Stefano (8). 

Ra ide r  (10) has demons t ra ted  tha t  sodium dr i f t  can 
be responsible  for t ime-dependen t  breakdowns,  p re -  
sumab ly  due to e lec t ron inject ion into the film at  
localized regions where  the ba r r i e r  is lowered.  
Fr i tzsche  (11) found that  the  p r i m a r y  mode of b r e a k -  
down in sil icon dioxide  was electronic in nature,  thus 
exh ib i t ing  no dependence  on t h e  dura t ion  of the ap-  
p l ied  field. In  contrast ,  Wor th ing  (12) found that  when 
a constant,  posi t ive vol tage was appl ied  to the meta l  
for  the t ime requ i red  to cause breakdown,  the b r e a k -  
down field of si l icon d ioxide  films on n- type ,  degen-  
e ra te  si l icon was p ropor t iona l  to ( t ime)  -1/4. This pa r -  
t icu lar  t ime dependence  has been f requent ly  observed 
for  bu lk  insula tors  where  i t  is known as Peek ' s  l aw 
(13). This has the effect of lower ing  the dielectr ic  
s t reng th  of the sil icon d ioxide  film f rom 6.7 M V / c m  for 
fast  s t ressing rates  to app rox ima te ly  3 MV/cm for a 
test ing vol tage  appl ied  at  an infini tely slow rate.  How- 
ever, no t ime dependence  was observed by  Wor th ing  
when  the silicon was pos i t ive ly  biased. 

Inconsis tent  wi th  Fr i tzsche 's  b r eakdown  model  (11), 
which implies  tha t  processing steps promot ing  local 
crys ta l l iza t ion  of the oxide  wil l  resul t  in an increase  
in de fec t - re l a t ed  breakdown,  Chou and Eldr idge  (2) 
have  demons t ra t ed  that :  (i)  whi le  a lower ing  of the  
concentra t ion of mobi le  impur i t ies  reduces  the occur-  
rence of de fec t - re l a t ed  breakdown,  i t  does not change 
the magni tude  of the  p r i m a r y  ( intr insic)  b r eakdown  
s t rength  (7-9 MV/cm)  of silicon dioxide;  (ii) under  
ident ica l  silicon dioxide  growth  conditions, reduct ion 
of film thickness is accompanied by  an increase  in the 
dens i ty  of oxide faults.  Excessively high defect  dens i ty  
in the oxide  gives r ise to a t ime dependence  of the 
b r eakdown  character is t ics  and can therefore  lower  the 
magni tude  of the  p r i m a r y  b r e a k d o w n  s t rength  under  
cer ta in  test ing conditions;  and (iii) sodium contamina-  
tion can resul t  in severe  oxide deter iorat ion,  especia l ly  
dur ing  film growth  at  t empera tu res  in the 1000~176 
range.  This has been  fol lowed by  a large  amount  of 
w o r k  on the effect of  sodium on conduct ion and b r e a k -  
down (14, 15), all  of which  must  u l t ima te ly  be fi t ted 
into any  genera l  theory  of oxide  conduct ion and b r e a k -  
down. 

Conduction has been s tudied  in  oxides with,  p re -  
sumably,  min imal  amounts  of ba r r i e r  lower ing  by  
Lenzl inger  and  Snow (4). Their  results,  obta ined  on 
MOS capaci tor  s tructures,  indicate  tha t  conduction is 
p r i m a r i l y  l imi ted  by  F o w l e r - N o r d h e i m  tunnel ing  
e i ther  f rom the meta l  or  silicon into the oxide. Osburn 
and Wei tzman (5) have a r r ived  at  s imi lar  conclusions, 
bu t  also indicate  the  impor tance  of mobile  ions and 
t r app ing  phenomena  in the  conduction process. The 
tunnel ing dis tance and ba r r i e r  height  can be reduced 
by  the presence of posi t ive charge, a shor t  dis tance 
f rom the in ter face  (8), wi th in  the oxide, or  by  a large  
app l ied  electr ic  field. The effect of the electr ic  field 
m a y  be enhanced by  the  presence of phys ica l  i r r egu -  

lar i t ies  (16-18) at  the sil icon sur face  causing field 
intensification. Only  when one of these effects is pres-  
en t  wil t  the  conduct ion process be l imi ted  by  the s i l i -  
con dioxide bulk  proper t ies .  When this is the case, we 
have a defect ive region and re l a t ive ly  high currents  
wil l  flow, a p r e m a t u r e  b r e a k d o w n  is then possible. 
This is pa r t i cu l a r ly  impor t an t  in in tegra ted  circuits  
containing thin oxides (e.g., MOS and CCD devices) .  
Breakdown m a y  occur by  a se l f -hea l ing  (19) process 
whereby  the meta l  is b lown clear  of the hole a f te r  
melt ing.  Frequent ly ,  however,  device fa i lure  wil l  re -  
sult  when  the o'xide becomes shor t -c i rcui ted .  This 
process is not  well  understood,  but  s ta t is t ical  evidence 
would suggest  that  i t  becomes increas ingly  p robab le  
wi th  th icker  meta l  layers  (>1 ~m), or  wi th  pass iva ted  
structures,  and  is p r e sumab ly  associated wi th  the in-  
ab i l i t y  of the  me ta l  to evapora te .  

The Liquid Crystal Technique 
In o rder  to s tudy  oxide defects i t  is des i rable  to have 

a nondest ruct ive  technique for locat ing them. On the 
basis of the evidence cu r ren t ly  avai lable ,  the l iquid 
crys ta l  technique (1) (LCT) is such a method.  The 
negat ive  nemat ic  l iquid crys ta l  used in the  presen t  
work  was contained be tween  the p lane  para l l e l  elec-  
t rodes (16), the lower  of which is the oxidized sil icon 
slice, the upper  a glass p la te  coated on its unders ide  
wi th  a conducting, but  t ransparent ,  l aye r  (e.g., t in 
oxide) .  

With  a vol tage difference be tween  this conduct ing 
l aye r  and  the sil icon slice, defects can be seen th rough  
the glass plate,  wi th  an opt ical  microscope, as areas  of 
turbulence.  The thickness  of the l iquid crys ta l  layer ,  
under  the weight  of the glass slice was in the 10-25 #m 
range. When  the r e q u i r e d  test vol tage is appl ied  be-  
tween the tin oxide l aye r  and the sil icon slice, t u r b u -  
lence is seen in the l iquid crystal ,  whe reve r  there  is a 
cur ren t  leakage  pa th  to the subs t ra te  and a field g rea te r  
than the threshold  of a pp rox ima te ly  5 k V / c m  across 
the l iquid  crystal .  Typical ly,  7 or 8V were  requ i red  for 
a d i sp lay  on uninsula ted  par ts  of the substrate ,  but  
h igher  voltages were  requ i red  before there  was suffi- 
cient l eakage  cur ren t  to give a d isp lay  on o ther  par t s  
of the substrate.  The cur ren t  densi ty  requ i red  to p ro-  
duce a d isp lay  is ex t r eme ly  small,  app rox ima te ly  30 
m A / m  2. The h igh ly  res is t ive  l iquid crys ta l  is in series 
wi th  the sample  under  test, therefore,  even if the  
b reakdown  vol tage of the dielectr ic  is exceeded,  the 
cur ren t  is l imi ted  and no pe rmanen t  damage  occurs, 
a l though there  is sufficient cur rent  to produce  a dis-  
play.  Breakdown of the defect ive region of the film is 
p reven ted  by  an increas ing fract ion of the appl ied  
vol tage being taken up by the l iquid crystal ,  as the 
cur ren t  increased.  Displays can be reproduced  many  
times. The turbulence  at  the locat ion of a defect  is 
caused by  molecules  in the l iquid crys ta l  absorbing 
electrons from the oxide. The passage of these charged 
molecules  causes a hydrodynamic  torque on the rod-  
l ike molecules of the l iquid crystal .  

Preparation of Samples 
All  the resul ts  descr ibed here, unless o therwise  

s ta ted  were  obta ined on (111) or ienta t ion  5 ~ - c m  n-  
type  pol ished silicon substrates.  The silicon was in i -  
t ia l ly  degreased  and was then boi led in ni t r ic  acid, 
fol lowed by  t r ea tmen t  in hydrofluoric  acid, before  
washing in deionized water .  The oxidat ion  was car r ied  
out  in d ry  oxygen  at  1000~ for sufficient l e n g t h s  of 
t ime to produce 1000-2000A thick films. The furnace 
was resistance hea ted  and the silicon slices were  con- 
ta ined on a quar tz  boat  in a single wal l  quartz  tube. Al l  
the oxidat ions  were  car r ied  out wi th  the  slices hor i -  
zontal, fu l ly  suppor ted  by  the quartz  boat. This min i -  
mizes the stress on the silicon dur ing oxidat ion  and 
cooling. In  many  cases this procedure  was preceded  by  
s team oxida t ion  of the  silicon. Using convent ional  
pho to l i thography  smal l  windows were  etched in the 
s team oxide (~1  #m) and the th in  d ry  oxide  was 
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grown in the windows. This p rocedure  was car r ied  out  
to faci l i ta te  precise locat ion of a pa r t i cu l a r  region of 
oxide dur ing  the exper iments  and to s imula te  typical  
processing steps of MOS and charge coupled device 
(CCD) oxides. The  oxide was removed  from the back 
of the  slice and this was placed in contact  wi th  an 
a luminum plate.  A smal l  amount  of the nemat ic  l iquid 
crys ta l  (MBBA) was then placed on the top of the  
oxidized surface of the slice, and the appara tus  was 
set up as shown in Fig. 1. 

Experimental Results and Discussion 
Measurements  on (111) orientat ion,  n - t y p e  silicon, 

wi th  the l iquid crys ta l  technique (LCT) and the a r i th -  
metic  mean  of the numbers  of defects in a large  num-  
ber  of smal l  areas,  were  used. 

Using LCT a range  of  phenomena  becomes appa ren t  
(16, 18, 20-23): 

1. The dens i ty  of tu rbu len t  areas  is cons iderab ly  
g rea te r  wi th  the silicon negat ive  r a the r  than positive.  
Those defects occurr ing only when the silicon negat ive  
are  t e rmed  type  II. Type  I occurs under  both polari t ies .  

2. Type II  defects  grow in number  wi th  time, reach-  
ing apparen t  sa tura t ion  densit ies  in app rox ima te ly  15 
min  for  effective appl ied  oxide field _~ 1 MV/cm.  

3. By photoengrav ing  windows in th ick oxide  fol-  
lowed by  the product ion of thin oxide in these win-  
dows, i t  is found that  type  II  defects c luster  a round the 
edge of the windows at  the ledge of the  silicon. 

These  phenomena,  together  wi th  work  (8) on the 
s tudy  of  i m p u r i t y  ion migra t ion  and cluster ing,  lead to 
a r e la t ive ly  s imple  model  (16) for a defect. Impur i t y  
ions, such as sodium, migra te  th rough  the film and 
form clusters  a t  the interface.  The resul t ing enhanced 
Fowle r -Nordhe im,  or  Schot tky  emission, gives rise to 
increased e lect ron currents  in the oxide, from the si l i-  
con when the la t te r  is negative.  Physical  i r regula r i t i es  
a t  the  silicon surface cause field intensification and 
enhance e lect ron currents  both d i rec t ly  and by  p ro -  
mot ing the ion clusters as shown in Fig. 2. The model  
developed depends  on the cooperat ive  effects of im-  
pu r i ty  ions and slow trapping.  The purpose  of this 
publ ica t ion  is to present  exper imen ta l  resul ts  of t ime-  
dependent  thin (1000-2000A) oxide  defects. 

Voltages of both po la r i ty  were  appl ied  to the  sil icon 
and the samples  were  observed for  long per iods  of  
time. Wi th  posi t ive bias on the silicon, ve ry  few tu rbu -  
lent  regions were  seen. The oxide i tself  showed faul ts  
in these regions when v iewed wi thout  l iquid crystal ,  
and i t  is be l ieved that  these regions are  pinholes p re -  
sumably  caused by  contaminat ion  dur ing  the oxidat ion  
process. We shall, henceforth,  re fer  to these as type  I 
defects. F igure  3a shows a type  I defect. 

With  negat ive  bias  appl ied  to the silicon, many  more 
defects were  seen, a l though type  I defects are  st i l l  
present .  We shal l  refer  to those defects occurr ing under  
negat ive  bias only as type  II  defects. F igu re  3b shows 
the appearance  of a sample  af ter  app ly ing  negat ive  
bias to the silicon. F igure  3c shows the same region of 
oxide somet ime la ter .  Both Fig. 3b and 3c show the 
type  I defect  present  in Fig. 3a. There  is also, clearly,  
an increase  in the number  of type II  defects wi th  time. 
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Fig. 1. The apparatus used for the study of oxide defects using 
liquid crystal. No spacers are necessary since the tin oxide coated 
glass plate is supported by the liquid crystal film. 
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Fig. 2. Shows a point of field intensification and positive im- 
purity ions in the silicon dioxide film condensed at that point. 

Figure  4 shows the way  in which the log of the  defect  
dens i ty  increases wi th  the four th  root  of t ime for two 
films of thickness 0.10 ~m (curves A and B) and 0.2 ~m 
(curves C and D) at different  conditions. For  both  
films the defect  densi ty  (D),  wi th  negat ive  bias on 
the silicon substrate ,  was found to increase  exponen-  
t ia l ly  wi th  the four th  root of t ime as fol lows 

D -- Do exp ( ~ ) t/4 

in the  t ime range of 0 ~ t ~ Ts. Where  Do and T are  
constants dependent  on the appl ied  field, oxide 
thickness,  and the h is tory  of the oxide. Ts is the sa tu-  
ra t ion t ime dependent  on the oxide  thickness,  the  
h is tory  of the oxide, and the appl ied  field. The wafe r -  
t o -wafe r  va r i ab i l i t y  is wi th in  ___10% for s imi lar  oxides. 
The defect  dens i ty  sa tura tes  wi th  t ime af ter  approx i -  
ma te ly  5 min for 0.1 ~m thick film (curve A) and ap-  
p rox ima te ly  15 min for 0.2 #m thick film (curve C).  If  
posi t ive bias is appl ied  to the sil icon subs t ra te  for cer -  
ta in time, only type I defects are  visible, but  on sub-  
sequent  negat ive  bias ing the densi ty  of type  II  defects 
is in i t ia l ly  reduced  (curve B).  However ,  af ter  a fur ther  
t ime has e lapsed the defect  densi ty  rises above  its 
ea r l ie r  value  and u l t ima te ly  sa tura tes  af ter  longer  
sa tura t ion  time. 

The tendency  for type  II  defects to be d is t r ibu ted  
along ledges in the sil icon (Fig. 5) indicates  the im-  
por tance  of sil icon imperfect ions  in these phenomena.  
Dur ing  the appl icat ion of the negat ive  vol tage to the 
silicon subs t ra te  as shown in Fig. 2 any scratches or  
s imi lar  discontinui t ies  act as points of field intensifi-  
cation and posi t ive impur i ty  ions in the  film condense 
at  these points. This, together  wi th  the field intensif ica-  
tion due to the  geomet ry  of i r regula r i t i es  (18), causes 
ba r r i e r  lowering.  Since the  height  of the ba r r i e r  p r i -  
m a r i l y  controls  the current ,  the cur ren t  increases. Be- 
cause of the re la t ive ly  high mobi l i ty  of electrons in the 
si l icon dioxide,  the ba r r i e r  can be reduced by  a large  
amount  before the  conduct ion becomes bulk  l imited.  
P resumably ,  the cur ren t  u l t ima te ly  becomes l imi ted  
by  some form of Poo l e -F renke l  conduction. As posi t ive 
charge  enters  the region of field intensif icat ion by  dif -  
fusion f rom other  par ts  of the  film, one would  expect  
the cur ren t  and, hence, size of the tu rbu lence  to in-  
crease. Ul t ima te ly  the total  number  of defects seen 
wil l  sa turate ,  e i ther  due to the number  of ava i lab le  im-  
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Fig. 3. The appearance of a region of 0.1 #m thick oxide using 
liquid crystal technique. (a) With a positive voltage applied to the 
silicon substrate. A type I defect is present (applied voltage --  
40V). (b) After reversal of the applied voltage polarity, more 
defects are seen (type i l  defects), but type I defect still present 
(applied voltage = --40V). (c) After 10 mln the density of type 
II defects has increased considerably. 

Fig. 4. Time dependent silicon dioxide defect density, with the 
silicon substrate is negatively biased. Curves A and B for a 0.1 #m 
thick film and an applied field of 3.0 MV cm -1, but curve B was 
obtained after biasing the silicon substrate positively for 35 rain 
with a field of 3.0 MV cm -1. Curves C and D for a 0.2 #m thick 
film and an applied field of 1.6 MV cm -1, but curve D was ob- 
tained after biasing the substrate positively for 35 min with a field 
of 5.3 MV cm -1. 

pur i ty  ions becoming exhausted, or when all the avai l -  
able silicon sites are producing turbulence.  

On applying positive voltage to the silicon substrate,  
the positive ions are removed from the region of the 
silicon surface and geometrical effects cause the posi- 
t ive ions to spread out into the oxide. No turbulence  is 
now present  in  the l iquid crystal indicat ing that  all the 
voltage is now fall ing across the oxide. It is well docu- 
mented  that such a high field causes the release, by 
tunnel ing,  of electrons from traps in  the oxide. The 
tunne l ing  process involves no change of electron en-  
ergy and the traps must  therefore have energies coin- 
cident with the conduction band in the presence of the 
applied field for charge to t ransfer  to the conduction 

Fig. 5. After'opening windows in the thick (steam) oxide, the thin 
(dry oxygen) oxide was grown. This thin oxide is contained within 
the circular area. It can be clearly seen that type II defects occur 
preferentially at the intersection of thin and thick oxides where a 
ledge in the silicon is situated (circle diameter = 168 ~m). 
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band. Posi t ive  charge  is created in the oxide. On re-  
tu rn ing  to nega t ive  vol tage on the silicon substrate ,  the 
number  of turbulences  would be expected to be  in i -  
t ia l ly  small .  I m p u r i t y  ions condense wi th  the lapse of 
t ime and g radua l ly  the number  of defects  increases.  
The total  posit ive charge  is now due to not  only  im-  
pu r i ty  but  also the ionized t raps  obta ined  th rough  the 
previous  appl ica t ion  of posi t ive bias to the silicon sub-  
s t rate .  I t  is not  surpr is ing  tha t  curves B and D of Fig. 4 
show an increased number  of turbulences  since some 
smal le r  defects m a y  now have sufficient posi t ive charge  
sur rounding  them to produce  large  enough elect ron 
currents  for them to become visible.  

Since curves A and C of Fig. 4 show qui te  definite 
saturat ion,  we are  forced to deduce tha t  we are  p r i -  
ma r i l y  l imi ted  by  the concentra t ion of impur i t y  ions 
in the oxide. Curves B and D of Fig. 4 indicate  tha t  
more  silicon imperfect ions  are  presen t  in the  sample  
than  are  shown in A and C. 

In v iew of the compara t ive ly  la rge  amount  of l iquid 
crysta ls  in contact  wi th  the oxide, i t  was decided to 
check the effect of l iquid crystals  on the  oxide films. 
The capac i tance-vo l tage  technique was u s e d  to show 
that  the  l iquid  crys ta l  is not a source of contaminat ion.  
The oxidized sil icon wafer  was divided into two pieces. 
The first one was examined  by  the l iquid crys ta l  tech-  
nique for long t ime (about  1 hr)  under  negat ive  bias 
on the si l icon subs t ra te  condition. Af te r  washing the 
l iquid crystal ,  the two pieces were  c leaned and me ta l -  
l ized at  the same t ime wi th  the same pa t t e rn  of a lumi -  
num dots. The Cg-V~ curves were  p lot ted  for the s imi-  
la r  MOS diodes of both pieces. The resul ts  are shown 
in Fig. 6 where  curve a for the second piece (which 
was not examined  by  l iquid crysta ls)  and curve b for 
the first piece (which was examined  by  l iquid c rys -  
ta ls) .  The  smal l  reduct ion  in the magni tude  of the fiat-  
band voltage, af ter  app ly ing  the l iquid crystals  to the  
oxide  film, is due to the expected  var ia t ion  in the flat-  
band vol tage throughout  the  film surface and the 
measuremen t  errors.  Over  severa l  measu remen t s  for 
severa l  oxide films the change in f ia tband vol tage  af ter  
app ly ing  the l iquid crystals  was wi th in  the l imits  of 
--0.5 to +0.5V due to the ment ioned  reasons. This ve ry  
smal l  change in f latband vol tage corresponds to hNa ---- 
--+5.4 • 1010 ions cm -2 which represen t  a var ia t ion  in 
the mobile  ions dens i ty  of -+2.25% for these oxides. 

Conclusions 
Measurements  have been pe r fo rmed  on oxide  con- 

duct ion in th in  (1000-2000A) layers  of silicon dioxide 
grown in d ry  oxygen. The l iquid crys ta l  technique has 
been shown to be a va luab le  nondest ruct ive  technique 
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Fig. 6. Capacitance-voltage characteristics of a silicon dioxide 
film: (a) before and (b) after applying the liquid crystals. 

for s tudying  the behavior  of oxide defects as a func-  
t ion of both magni tude  and po la r i ty  of appl ied  voltage,  
time, and oxide thickness.  The l iquid crys ta l  is not  a 
source of contaminat ion  to the oxide. Two types  of 
defect  have  been found. Type I defects a re  p robab ly  
pinholes and have a ve ry  low density.  Type  II  defects 
occur only  under  negat ive  bias (on the silicon sub-  
s t ra te )  and show a s t rong dependence  of dens i ty  on 
time. 

The defect  dens i ty  (D),  wi th  negat ive  bias on the 
silicon substrate ,  was found to exponen t ia l ly  increase 
wi th  the four th  root  of time, in the t ime range  0 ----- t ~-- 
Ts, whe re  Ts is the  sa tura t ion  t ime dependent  on the 
appl ied  field, the oxide thickness,  and the h is tory  of 
the  oxide. The defect  dens i ty  sa tura tes  wi th  t ime af ter  
app rox ima te ly  5 and 15 min for 0.1 and 0.2 ~m thick 
films, respect ively.  By cycling the vol tage be tween  
posi t ive and negat ive,  i t  has been possible to suggest  a 
s imple qua l i ta t ive  model  for the behavior  of defects 
which would seem to be associated wi th  physical  i r -  
regular i t ies  in the silicon. The model  developed de-  
pends on the cooperat ive  effects of impur i ty  ions and 
slow t rapping.  I t  suggests that  devices wil l  be subject  
to fa i lure  from oxide defects for e i ther  type  of polar i ty .  
F u r t h e r  expe r imen ta l  and theore t ica l  studies for the 
t ime dependence  on SiO2 defects a re  in progress  and 
wil l  be publ i shed  la ter .  
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ABSTRACT 

The electrical and optical properties of ZnTe and ZnSe prepared by molec- 
u la r  beam epi taxy have been studied. EPitaxial  growth was found to take place 
at > 250~ for ZnTe on GaAs and ZnTe and at > 300~ for ZnSe on GaAs; 
the ep i tax ia l  growth ceased at 430 ~ ,-~ 470~ for ZnTe and at 450 ~ ,~ 500~ 
for ZnSe because of the reevaporat ion of compound and /or  impinging mole-  
cules. The observed growth rate  dependence on substrate  tempera ture  and on 
impinging rate ratio has been explained on the basis of a model in  which the  
n u m b e r  of incorporated and reevaporated molecules are s trongly coverage d e -  
p e n d e n t .  ZnSe on GaAs, and ZnTe on GaAs and ZnTe had good mir ror  smooth 
surfaces. ZnTe on InAs and ZnS, however, had a ra ther  rough surface. Ga 
w a s  found to diffuse, due to a large n u m b e r  of mis.fit defects at  GaAs-ZnTe 
interface, from the GaAs substrate into ZnTe influencing the electrical and 
optical properties of grown layers considerably. The resistivities of undoped 
layers were ~ 5  f~-cm for ZnTe on ZnTe and ,-,104 f~-cm for ZnSe on GaAs. Sb 
was used to increase the hole concentrat ion of ZnTe on ZnTe up to ~10 is 
cm -3. The resistivities of ZnSe on GaAs were found to decrease to ~0.07 
Xz-cm by Ga doping. The results of photoluminescence measurement  suggest 
that  the higher substrate  tempera ture  makes the bet ter  qual i ty  layers. 

Zn-  and Cd-chalcogenides have the wide and direct 
forbidden bandgaps and  high electro-optic coefficients 
which are at tract ive for opto-electronic devices and 
acousto-optic waveguide modulators etc. Furthermore,  
ZnTe and CdTe have large effective atomic numbers  
making  them promising materials  for 7 - ray  detectors. 
However, I I -VI  compound solid-state devices with 
good device performance have not been fabricated yet. 
This is par t ly  due to the lack of crystal growth tech- 
niques to obtain epitaxial  layers and bulk  crystals with 
good optical and electrical properties, and par t ly  due 
to the difficulty of carr ier  Concentration control be-  
cause of self-compensat ion effects. 

Most of I I -VI compound materials  for electronic de- 
vices, e.g., EL displays, CRT, etc., are at present  used 
in powder or polycrystal l ine forms. High qual i ty epi- 
taxial  layers, however,  are desirable for aforemen- 
tioned solid-state devices and heterojunct ion devices 
in  particular.  In  the present  work, epitaxial  growth of 
ZnTe and ZnSe was tried by molecular  beam epitaxy 
(MBE) (1) due to lower growth tempera ture  as com- 
pared to other  growth methods (this permits low 
growth rates for achieving good thickness control and 
reduces the interdiffusion in muIt i layer  s t ructures) .  
MBE method also allows the easy choice of growth 
env i ronment  for the bet ter  control of stoichiometry. 
Although many  epitaxial  I I -VI compound layers 
grown by MBE (2-5) and vacuum evaporat ion (6) 
have been reported, very little of the electrical and 
optical properties has been mentioned. The present  
paper  discusses the molecular  beam epitaxial  growth 
of ZnTe and ZnSe, and their electrical and optical 
properties. 

Experimental 
Crystal growth.--The high vacuum growth chamber  

is pumped by a 110 l i ter /sec noble- ionpump and by 
t i t an ium subl imat ion pumps which are backed with 
two sorpt ion pumps. A four-posi t ioned substrate 
holder in growth chamber  allows four samples to be 
prepared in  one growth run. The high pur i ty  carbon 
effusion cells are surrounded with a l iqu id-n i t rogen-  
cooled shroud. Source materials  are evaporated from 
these effusion cells heated by tungsten  wire wound 
around them. The temperatures  were held wi th in  -+2~ 
at set temperature.  One of the effusion cells, i.e., the 
Zn effusion cell, has an ionizer to ionize par t  of Zn 
atoms evaporated from the effusion cell. The details 

Key words: semiconductor, resistivity, photoluminescence, epi- 
taxy. 

of this ionizing system have been previously reported 
(7) and the results will  be reported elsewhere. The 
base pressure of growth chamber was ,~10 -~ Pa before 
growth and ~< 10 -6 Pa dur ing growth (the increase in 
pressure occurs main ly  because of evaporant  vapors) .  
All of the source materials  used, i.e., Zn, Se, Te, Ga, As, 
Sb (the lat ter  three materials  were used as dopants) 
have 6-nines purity.  

'The substrates used were {100}, (111) GaAs for 
ZnSe, (111) InAs, {100} GaAs, (111) ZnS, {100}, {110}, 
{111} ZnTe for ZnTe. However {100} GaAs for ZnSe 
and {100} GaAs, {111} ZnTe for ZnTe were most fre- 
quent ly  used. GaAs substrates were etched in H2SO4: 
H202:H~O (3:1:1 by volume) for 1 min at 80~ ZnTe 
substrates, which were cut from ingots grown by 
Br idgman method (8) in our laboratory,  were oriented 
to {100}, {110}, or {111} plane w i th in  ___5 ~ and were 
etched in K2Cr207 ( lg)  + H20 (40 ml) + H2SO4 (5 
ml)  for 30 sec at 80~ and /or  in Br-methanol  for a 
few minutes  at room temperature.  Deteriorative Cr 
compounds, probably Cr oxide, were sometimes found 
to be deposited on the substrate surface when the 
former etchant was used. Therefore, subsequent  etch- 
ing by the other etchant such as Br-methanol  was 
necessary. Both etchants were found to be excellent 
for obtaining a mir ror  smooth surface. As-grown un -  
doped ZnTe substrates were p- type with hole concen- 
t ra t ion p ~ 1014 cm -8 and hole mobil i ty #h ---- 70 ~ 100 
cm 2 V -z sec -1 at room temperature.  After chemical 
etching, these were thermal ly  etched in  the u l t rahigh 
vacuum growth chamber  for 20 ~ 30 rain at 450 ~ 
500~ for ZnTe substrates and at 600~ for GaAs sub- 
strates just  before growth. 

Films were deposited at substrate tempera ture  
Tsub ----- 200 ~ ,-" 450~ with various g roup- I I /VI  im-  
p ingement  rate ratio F1/F2, where F1 and F~ are im-  
p ingement  rates of group II and VI molecules, respec- 
tively. The values of F [cm -2 sec -1] were estimated 
using Eq. [1] 

F = KA/P/MT/r2 [1] 

where  K is the form factor determined by the shape of 
effusion cell etc., P (Pa) vapor pressure (9), T (~ 
the ~cell temperature,  M the molecular  weight and r 
[cm] is the distance be tween the effusion cell and the 
substrate. The discrepancy between the values calcu- 
lated from Eq. [1] and the actual values are estimated 
to be within --+20% in consideration of the shape of 
effusion cell, which was not Knudsen- type ,  and the 
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strong dependence of source mater ial  vapor pressure 
on the mater ial  surface tempera ture  which did not 
always coincide with the measured effusion cell tem-  
perature.  The thickness of the epitaxial  films was about 
10 ~m for resist ivity measurements  and 2 ,~ 3 ~m for 
other purposes. The typical deposition rate was ,~1 ~m/ 
hr. 

Characterization.--The resistivities of grown layers 
were measured using In-doped ZnTe and Cr-doped 
GaAs substrates with resistivities ,-40 s ~ - c m  or more. 
The influence of substrate  resist ivity on the layer  re-  
sistivity measurement  (due to shunt  effects) can be 
ignored for low resist ivity layers ( < 10~ a - c m ) ,  how- 
ever, cannot be ignored for high resist ivity layers 
( > 105 ~ -cm)  because these sheet resistances are com- 
parable to or more than those of substrates. Therefore, 
the following method was used for calculation of re-  
sistivity of high resistivity layers. The apparent  con- 
ductivi ty ~ex obtained from measured resistance Rex -" 
L/r of a composite layer  (as shown in  Fig. l a )  
can be represented by 

Cex = ~'~ + (r [2] 

where ct and cs are conductivities, tf and ts are thick- 
nesses of the layer  and of the substrate, respectively. 
~rex was extrapolated to ts/t~ = 0 by etching step by 
step as shown in Fig. l b  and assuming a un i form layer  
with no lattice defects and no influence of the interface 
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Fig. 1. Resistivity measureme.t method for high resistive layers: 
(a, top) shape of samples, (b, bottom) ~ex vs. t s / t f  used for extrap- 
olation to calculate res is t i v i t i es .  

between the layer and the substrate. Hall measure-  
ments  were made by the van  der Pauw method. Con- 
tacts were made with electroless plated Ag for ZnTe 
and by evaporated In -Ga  (2:1 by weight) with subse- 
quent  heat ing in  N2 for 3 min at 300~ for ZnSe. 

ZnS and GaAs substrates were used for optical t rans-  
mit tance measurements  of grown layers. ZnS sub-  
strates are near ly  t ransparent  in the measured wave-  
length  region of 450 ~ 800 nm for ZnTe and of 400 
800 nm for ZnSe, the influence of the substrate on the 
measured t ransmit tance was, however, subtracted with 
the aid of refractive index of ZnS substrate n = 2.37, 
and product of the absorption coefficient ~ and sub-  
strate thickness d, i.e., ~d = 0.1 (these values were 
confirmed by t ransmit tance measurement  of the sub-  
strate before growth).  GaAs substrates were etched off 
in H20~:NH4OH (20:1 b y  volume) at room tempera-  
ture to obtain very  thin layers (1 ~ 3 #m) for t rans-  
mit tance measurements.  Etching rate of ZnTe was 
negligibly small and very small  for ZnSe in the afore- 
ment ioned e t chan t  

Photoluminescence was measured for est imation of 
crystallographic qual i ty using Ar laser (488 nm, 100 
mW) for ZnTe and Hg lamp for ZnSe as excitation 
source. 

Results and Discussion 
Crystal growth.--The growth rate was found to de- 

pend on F1 and F2 for lower value of impingement  rate 
as shown in Fig. 2 for ZnTe and the substrate tempera-  
ture as shown in  Fig. 3. This is consistent with the 
results reported by Smith and Pickhardt  (2) and can 
be explained as follows. 

Since the vapor pressure of AB (10) is much lower 
than that  of A and B, it  seems reasonable to assume 
that  the l ifetime ~lt of an impinging A atom adsorbed 
into A atom on AB surface is much smaller  than the 
lifetime T12 of an impinging A atom adsorbed into B 
atom on AB surface, i.e., Tit << T~2, at the growth 
temperature.  The vaporization kinetics of element  A 
and compound AB have been considered similar, where 
A and B are the group II-  and VI-atom and subscripts 
1 and 2 per ta in  to A and B, respectively. A similar  
assumption holds for the case of impinging B mole- 
cules, i.e., T22 < <  T2~. Dissociation reaction of B mole- 
cules is also assumed. Based on these assumptions, the 
following reaction sequences can be considered 

A(gas)  + VA ~ A(surf . )  ~ A ( bu l k )  [3] 

Bn(gas) + mVB-~ Bn.m(surf.) + roB(surf.)  [4] 

lB(surf .)  -> B~(gas) + IVB [5] 

Ba-m(surf.) "-> Ba.m(gas) [6] 

B (surf.) ~-- B (bulk) [7] 

where subscripts (gas), (surf.),  and (bulk) denote an  
impinging molecule, a surface species, and an atom 
incorporated into bulk crystal, and VA and VB mean 
adsorbed sites for A and B atom, respectively. Since S 
and Se generate a series of polyatomic molecule, 
several dissociation reactions as shown in Eq. [4] 
occur simultaneously.  For simplicity, however, only 
one reaction will be taken into consideration. Assum- 
ing n = m = l, the above reaction sequence leads to 
following steady-state  equations 

dnl dn2 
R o: , = [8] 

dt dt 

dnl 
' - -  [klFle2 - -  (01/Ti2) ]N8 [9] 

dt 

dns 
= [k2F~l/n01 -- (e2/~21) ]N~ [10] 

dt 

where R is the growth rate, n~ and n2 the number  of 
A and B atom per uni t  area in the grown layer, Ns the 
total number  of adsorbed sites, F1 and F2 the imping-  
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Fig. 2. Dependence of ZnTe growth rate on impingement rate ratio (a, left) for constant Te cell temperature (TTe = 285~ F2 = 1.75 

• 1014 cm - 2  sec -1 ,  kl/k: = 2.13 F2 -1/2) and (b, right) for constant Zn cell temperature (Tza ---- 240~ F1 = 5.86 • 1014 cm - 2  
sec -1 ,  kl/ks = 1.51 F1-1/2). 

ing molecule  fluxes of A and B, and 01 and ee the  f rac-  
t ion of Ns adsorbed  by  A and B ( then el + 02 = 1"). 
F r o m  Eq. [8] ~ [10] 

klFlk2Fs l'n - -  (I/'~I~T2!) 
R cc [11] 

klF1 + k2F21/n + (1/T12) + (1/T21) 

Equat ion [11] is a ve ry  simplif ied form der ived  f rom 
the  above  assumptions.  It, however ,  expresses  wel l  the 
ac tua l  g rowth  kinet ics  of I I -VI  compounds and sug-  
gests tha t  the  growth  of I I -VI  compounds should cease 
at  h igh subs t ra te  t empera tu re s  due to increas ing va lue  
of 1/T12r21 in numera to r  a n d / o r  decreas ing kl and ks. 
The g rowth  ra te  depends  on klF1 a n d / o r  k2F21/" in the 
op t imum subs t ra te  t empe ra tu r e  region for  ep i tax ia l  
growth.  The increase  of 1/T12T21 means  the r eevapora -  
t ion of const i tuent  elements.  The decrease of kl  and 
k2 means  the  reevapora t ion  of impinging  molecules  be -  
fore compound formation.  The subs t ra te  t empera tu re s  
for  which  growth  of ZnSe and ZnTe were  found to 
c e a s e  under  the  typica l  g r o w t h  condit ion (the g rowth  
ra te  R ,~ 1 # m / h r )  were  450 ~ ~ 500~ and 430 ~ 
470~ respect ively ,  and i t  s l ight ly  depended  on im-  
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Fig. 3. Dependence of growth rate on substrate temperature 

pinging molecu la r  fluxes. The evapora t ion  ra tes  of 
ZnSe and ZnTe reached 1 ~m/h r  at  560 ~ and 470~ 
respect ively,  as ca lcula ted  from the equi l ib r ium vapor  
pressure  of compounds (14, 15). These resul ts  suggest  
tha t  the  upper  l imi t  of the  ep i tax ia l  g rowth  t e m p e r a -  
ture  depends on reevapora t ion  of compound for ZnTe 
and of impinging  molecules  for ZnSe. Solid lines in 
Fig. 2 show the ca lcula ted  values  of deposi t ion rates  
as functions of F1/F2 from Eq. [11]; s t icking coeffici- 
ents of Zn and Te for F1/2F2 = 1/10 and 10, respec-  
t ively,  are  SZn = 0.8 ___ 0.2, STe = 0.6 • 0.2. Expe r i -  
menta l  resul ts  a re  in good agreement  wi th  ca lcula ted  
values  wi th in  expe r imen ta l  fluctuation. At  lower  sub-  
s t ra te  t empera tures ,  Eq. [11] is inval id  because the  
assumptions of Xll < <  T12 and T22 < <  T21 no longer  
hold true,  i.e., unreac ted  impinging  molecules  are  in -  
comple te ly  r eevapora ted  and r ema in  on the subs t ra te  
surface. Therefore,  the  p rec ip i ta t ion  of const i tuent  
e lements  is expected  to occur. However ,  no p rec ip i t a -  
t ion was observed above 250~ for g rowth  ra te  1 /~m/ 
hr  wi th  var ious  molecu la r  flux rat ios for ZnTe and 
ZnSe. On the analogy of the  Ueda's  resul ts  for CdTe 
(19), this expecta t ion  wil l  be real ized at  <200~ St ick-  
ing coefficient and consequent ly  growth  ra te  also de-  
pended  on subs t ra te  or ientat ion,  and increased in the 
fol lowing order :  {100} ~< {110} < {111} for ZnTe on 

ZnTe subs t ra te  and {100} < (111) for  ZnSe on GaAs. 
The rat io  of g rowth  ra te  on {111} and {100} R{111}/ 

R is about  1.6 for both  of ZnTe and ZnSe. 
{loo} 
Epi tax ia l  g rowth  t empe ra tu r e  is ~> 250~ for ZnTe 

and ~> 300~ for ZnSe. F igure  4 shows the RHEED 
pa t t e rn  of ZnTe film grown at  250~ wi th  F~/2F2 = 1/2. 
The lower  l imi t  of the  ep i tax ia l  g rowth  t empe ra tu r e  
s t rongly  depends on the rat io  of impingemen t  ra te  
F1/F2. In the  case of ZnTe, ep i tx ia l  g rowth  occurred 
only  a round  FI/2F2 = 1/2 at  250~ In addition, the  
resul ts  of x - r a y  analysis  suggest  that  films deposi ted 
under  excess Te condit ion have be t t e r  c rys ta l lographic  
qua l i ty  than  those under  excess Zn condition, even if  
these are  po lycrys ta l l ine  in s t ructure.  

ZnSe and ZnTe on GaAs subs t ra tes  had  good m i r r o r -  
smooth surfaces independen t  of subs t ra te  or ientat ion.  
However ,  rough surfaces were  obta ined for most  of 
ZnTe films on InAs and ZnS, and for a few of ZnTe on 
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Fig. 4. RHEED pattern of ZnTe on GaAs grown at 250~ 
Fz/2F2 = 1/2. 

ZnTe. In  former case, RHEED patterns showed that  
rough surface samples always had a twin  structure and 
smooth surface samples did not. In addition, results of 
RHEED analysis suggest that these twin structures are 
derived from the defect s tructures of substrates. It is, 
therefore, necessary that good qual i ty substrates wi th-  
out twins should be used to obtain the films with good 
mirror-smooth  surfaces. In the lat ter  case, SEM photo- 
graphs of rough surface showed pyramid- l ike  struc-  
tures as shown in Fig. 5. The shape of these pyramids 
was very  sensitive to substrate  orientation. It is found 
that the occurrence of grown layers with rough sur-  
faces increased in the following order: {111} < {110} < 
{100}. The origin of this tendency is not yet wel l  unde r -  
stood. It  is, however, expected that  the substrate orien- 
tat ion dependence of growth rate and the occurrence 
of rough surface layer  are due to the reactivi ty of 
substrate surface. 

No impur i ty  other than surface contaminants  was 
detected in undoped layers by ion microprobe analysis 
(IMA) except for ZnTe layers on GaAs. IMA results 
of ZnTe layers on GaAs suggest that  a large amount  
of Ga (10 is ,-, 1019 cm -3 at the surface of grown layers) 
diffuses from the GaAs substrate. This large Ga diffu- 
sion is supposed to be a t t r ibuted to lattice defects, e.g., 
misfit dislocations, caused by a large lattice misfit 
(7.6%), i.e., defect- induced diffusion. Another  evidence 
of misfit defects in ZnTe on GaAs is the poor cleavage 
faces of grown layers compared with mirror  cleavage 
faces of substrates and grown layers on ZnTe and 
InAs. 

Electrical properties.--Electrical resist ivity of un -  
doped ZnTe layers on GaAs was > 104 ~2-cm and a 
li t t le sensitive to impingement  rate ratio F1/F2; the 

resist ivity of the ZnTe layer grown under  Te excess 
was a l i t t le lower than that  of layer  grown under  Zn 
excess. On the other hand, the resistivities of undoped 
ZnTe layers on ZnTe were about 5 ~2-cm with no de- 
pendence of impingement  rate ratio. High resistivity of 
the former is a t t r ibuted to a large amount  of lattice 
defects and Ga diffusion from the GaAs substrate. The 
dependence on impingement  rate ratio is probably 
due to the  var iat ion of nat ive defect concentration. No 
observation of such dependence for ZnTe on ZnTe is 
supposed by small  var iat ion of nat ive defect concen- 
t rat ion compared with a large amount  of un in ten t ion-  
al ly doped acceptor. The hole mobil i ty of undoped 
ZnTe on ZnTe was 47 ,~ 70 cm 2 V -1 sec -1. This is 
lower than that  of bulk  ZnTe [120 cm 2 V -1 sec 1- (11)] 
and  implies the existence of scattering centers which 
result  in reduced mobility. 

Arsenic and an t imony were used as dopants for 
ZnTe. Arsenic was not effective in increasing the hole 
concentrat ion even if the As impinging rate was more 
than ten times that  of Zn or Te. The sticking coeffi- 
cient of As was estimated to be N0 on the assumption 
that the whole of incorporated As atoms were ionized 
and contr ibuted to hole concentrat ion without  any 
other effects on electrical properties. In contrast, the 
increase of hole concentrat ion up to 10 TM cm-3 was 
achieved with Sb doping as shown in Fig. 6. Though 
the hole mobil i ty decreased significantly with increas- 
ing hole concentrat ion (Fig. 6), the resistivity de- 
creased only by two orders of magni tude;  the m i n i m u m  
value was 0.3 ~2-cm. On the basis of the same assump- 
tions as for the As case, the sticking coefficients of Sb 
was estimated to be 10 -2 N 10-3 from measured hole 
concentrat ion and Sb impinging rate. It  is expected 
that for this case the significant decrease of mobil i ty  
with the increase of hole concentrat ion occurs par t ly  
due to the dis turbance of epitaxial  growth by a large 
amount  of impinging Sb molecules. The impinging Sb 
flux was more than  those of Zn and Te dur ing growth 
to obtain a hole concentrat ion of ~10 is cm-~. 

Undoped ZnSe layers on GaAs had the resistivity of 
,-~104 ~2-cm. Simultaneous Ga doping in the ZnSe layer 
was at tempted dur ing the growth to reduce the re-  
sistivity. The resistivity of ZnSe layers decreased to 
0.07 ~ - c m  with increasing tempera ture  of Ga effusion 
celI up to ~380~ above which it increased as shown 
in Fig. 7. The increase of the resist ivity at higher tem- 
peratures is a t t r ibuted to the reduction of crystallo- 
graphic quali ty judging from the fact that  K~I x - ray  
diffraction in tensi ty  of ZnSe decreased with increasing 
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Ga effusion cell t empera tu re ,  whi le  that  of GaAs sub- 
strafe remained  near ly  unchanged as shown in Fig. 8. 
Electron mobi l i ty  in low resist ive ZnSe layers was 
200 ,-, 250 cm 2 V -1 sec -z  wi th  no t empera tu re  de- 
pendence. 

Optical properties.--Transmittance of ZnSe and 
ZnTe and thei r  t empera tu re  dependence were  mea-  
sured in the wave leng th  range of 400 N 800 nm and 
450 ,,~ 800 nm, respectively.  F igure  9 shows t ransmi t -  
tance spectra of ZnSe and ZnTe layers at room t em-  
perature.  Rela t ive ly  low values in the t ransparent  re-  
gion for ZnSe and ZnTe on GaAs substrate are due to 
a surface roughening caused during the selective etch- 

' ing of the substrate. M o r e  desirable results in the 
t ransparent  region were  obtained from ZnTe layers 
on ZnS as shown in Fig. 9. The fringes of the spectra 
are  due to in ter ference  effects. No tempera tu re  de- 
pendence of t ransmit tance spectra was observed ex-  
cept for the absorption edge shift  as shown in Fig. 10, 
and no absorption band due to lat t ice defects was ob- 
served. 

Figure  11 shows photoluminescence spectra of un-  
doped ZnTe on ZnTe and GaAs at 4.2~ (listed in 
Table  I).  Al l  emission lines and bands from ZnTe on 
ZnTe were  s t ronger  and sharper  than those f rom ZnTe 
on GaAs, which implies that  the former  layer  had 
bet ter  qual i ty  than the latter. Two broad emission 
bands observed in the spectra of ZnTe on GaAs (cen- 
tered at 578 and 765 nm) were  absent in the spectra 
of ZnTe on ZnTe. These two emission bands are re-  
ported to be absent in the spectra of ZnTe on Ge (5). 
These, therefore,  cannot be a t t r ibuted to misfit defects, 
but arise due to Ga diffusion f rom GaAs substrate  into 
ZnTe layer. The diffused Ga is expected to form Ga 
center  and the complex centers wi th  misfit or nat ive 
defects giving rise to emission bands centered at 578 
and 765 nm. Photon energies of these two emission 
bands were  2.15 and 1.62 eV. Repor ted  values of the 
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Fig. 8. X-ray patterns of ZnSe on GaAs {100}: (a) Ga cell tem- 
perature TGa = 680~ (b) TGa ~ 550~ (c) TGa = 450~ 

second level  of Zn vacancy, Ga donor level, and Ga 
complex level  are 0.14, 0.24, and 0.6 eV, respect ively 
(12). Therefore,  the observed bands are expected to 
be due to the radia t ive  tr~noition~ b e t w e e n  valence 
band and Ga donor level  (0.24 eV) and be tween  Ga 
complex IeveI (0.62 eV) and the second level  of Zn 
vacancy (0.14 eV). Haynes rule  (13) has suggested 
that  IA (52!8.5A) and IB (5220.7A) lines in the spectra 
of ZnTe on ZnTe are due to excitons bound to shallow 
acceptor corresponding to A (5303A) and B .(5322A) 
lines, respectively.  I1 line in the spectra of ZnTe on 
GaAs are probably due to the similar  excitons. A series 
of emission lines be tween  625 and 700 nm are at-  
t r ibuted to be due to oxygen isoelectronic traps (16). 
The intensi ty of all emission lines increased with in-  
creasing substrate t empera tu re  suggesting that  the 
higher  substrate t empera ture  makes the bet ter  qual i ty  
layer. 

Figure  12 shows the photoluminescence spectrum of 
Ga-doped ZnSe on GaAs at 77~ These emission lines 
and bands remained even at room tempera tu re  though 
with  reduced intensity. Since the intensi ty of broad 
emission bands increased with increasing Ga effusion 
cell temperature ,  these bands are, therefore,  a t t r ibuted 
to Ga doping and /o r  its associated mechanism. 
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Conclusion 
The  ep i t ax ia l  g r o w t h  by m o l e c u l a r  b e a m  e p i t a x y  of 

Z n T e  and  Z n S e  was  found  to occur  at  >~ 250 ~ and  at  
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Fig. 11. Photolumlnescence spectra of ZnTe on ZnTe (a, top.) 
(along with the details in the region of 520 ~ 545 nm) and of 
ZnTe on GaAs (b, bottom)at 4.2 ~ 
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Fig. 12. Photoluminescence spectra of Ga-doped ZnSe on GaAs at 
77~ 

~> 300~ re spec t ive ly ,  and  to cease  at  450 ~ ,~ 500~ 
for  Z n S e  and at 430 ~ ~ 470~ for  ZnTe  w i t h  sma l l  
i m p i n g i n g  r a t e  dependence .  I t  was  possible  to exp l a in  
the  obse rved  d e p e n d e n c e  of  g r o w t h  r a t e  on subs t r a t e  
t e m p e r a t u r e  and i m p i n g i n g  r a t e  ra t io  on the  basis of  
a m o d e l  in  wh ich  the  n u m b e r  of  i n c o r p o r a t e d  and  r e -  

Table I. Emission lines and bands in photoluminescence spectra of ZnTe layers at 4.2~ 

P h o t o n  H a l f - w i d t h  
W a v e l e n g t h  e n e r g y  (eV) (A)  O r i g i n  R e m a r k s  

ZnTe  on ZnTe  

ZnTe  o n  GaAs  

5218.5A 2.3758 --1 1 
5220.7A 2.3748 ~ 1  ~ B o u n d  exc i t on  
5303A 2.338 --20 
5322A 2.330 --20 ) ShaUow a c c e p t o r  

625 O x y g e n  i soe l ec t ron i c  
--700 n m  t r a p s  

5245-k 2.364 --20 B o u n d  exc i t on  
--578 n m  2.15 Ga  d o n o r ?  

625 O x y g e n  i soe l ec t ron i c  
--700 n m  t r a p s  
--765 n m  1.62 Ga c o m p l e x  to  2nd  Zn  

v a c a n c y  level?  

t W i t h  p h o n n n  
r e p l i c a  
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evaporated molecules, and consequently the sticking 
coefficients of group II-  and VI-molecules, are s trongly 
coverage dependent:  e.g., the sticking coefficient of 
group II-molecules depends on group VI atom cover- 
age and vice versa. ZnSe and ZnTe on GaAs and ZnTe 
on ZnTe had good enough mir ror -smooth  surfaces for 
the preparat ion of solid-state devices. Most of ZnTe 
layers on InAs and ZnS, however, had rather  rough 
surfaces. The rough surface is probably due to a poor 
substrate  surface preparat ion as judged from the re- 
sults of RHEED analysis. The growth rate of ZnSe on 
GaAs and ZnTe on ZnTe depended on the substrate 
orientation, e.g., the {111} face had faster growth rate 
than the {100} face. 

The resist ivity of undoped ZnTe on GaAs and on 
ZnTe was > 104 and ,.,5 ~-cm,  respectively. The high 
resist ivity for the former case is a t t r ibuted to a large 
amount  of lattice defects and the outdiffusion of Ga 
from the GaAs substrate into the ZnTe layer. The 
hole mobi l i ty  of undoped ZnTe on ZnTe was 47 ,-~ 70 
cm 2 V -1 sec -1. It  was found that As is not effective 
for s imultaneous doping of a ZnTe layer, i.e., the stick- 
ing coefficient of As is ,~0. Ant imony  is, however, used 
to increase the hole concentrat ion up to ,-~10 is cm -3 
and to decrease the resist ivity to ,-~0.3 ~-cm. The 
sticking coefficient of Sb is estimated to be 10 -2 ,-- 

~ 10-3. 
The resist ivi ty of undoped ZnSe on GaAs was ~104 

~ - c m  and could be decreased to ~0.07 ~ -cm by s imul-  
taneous doping of Ga. The electron mobil i ty of Ga- 
doped ZnSe was typical ly 200 ,-~ 250 cm 2 V -1 sec -1. 
Their  tempera ture  independence implies the existence 
of such a scattering center  as neut ra l  impurities.  

In  the photoluminescence spectra of ZnTe on ZnTe 
at 4.2~ two emission lines due to shallow acceptors 
and two exciton lines bound to them with their  phonon 
replicas and a broad emission band due to oxygen iso- 
electronic traps were observed. In  addition to these 
lines and band, two addit ional broad bands were ob- 
served in  ZnTe on GaAs. These bands are a t t r ibuted 
to the diffused Ga and their  complex center with lat-  
tice defects. The results of photoluminescence mea-  
surement  suggest that  the higher substrate tempera-  
ture  makes the bet ter  qual i ty  layer. However, the 
ceasing of the epitaxial  growth over a certain sub- 
strafe tempera ture  requires a suitable compromise 

between its single crystal l ine na ture  and overall  qual-  
ity. 

In the photoluminescence spectrum of Ga-doped 
ZnSe on GaAs, an emission line and two broad emis- 
sion bands were observed. These broad bands are 
a t t r ibuted to Ga doping. 

Manuscript  submit ted Aug. 3, 1979; revised m a n u -  
script received Nov. 6, 1979. 

Any discussion of this paper  will appear in a Dis- 
cussion Section to be published in the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submit ted by Aug. 1, 1980. 
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Growth Kinetics and Polymorphism of 
Chemically Deposited CdS Films 

Inderjeet Kaur, D. K. Pandya, and K. L, Chopra 
Department of Physics, Indian Institute of Technology, Delhi, New Delhi 110029, India 

ABSTRACT 

The kinetics of growth for chemical deposition of CdS films from alkal ine  
solutions of cadmium salts has been studied with respect to tempera ture  of 
deposition and the relat ive concentrations of the various reactants  in  the 
solution. It has been established that the growth of the film takes place either 
by ion -by- ion  condensation of Cd +2 and S -2 ions or by adsorption of colloidal 
particles of CdS formed in the solution, depending on the various deposition 
parameters  and the method of preparation.  The former process of growth 
results in  thin, hard, adherent  and specularly reflecting films, whereas the 
la t ter  results in thick, powdery and diffusely reflecting films. Occurrence of 
different polymorphic phases of CdS (hexagonal  and cubic) has been ob- 
served under  different growth conditions. A model for growth mechanism 
has also been proposed. 

Mult icomponent  materials  like compound semicon- 
ductors and their alloys are of considerable technical 

Key words: CdS, chemical deposition, growth kinetics, thin 
films. 

interest  in the field of electronic and electrooptical d e -  
v ices .  In general, it is difficult to prepare these m a t e -  
r ia ls  in  bulk  form over a wide range of compositions 
because of l imited solubil i ty of materials  in  each other. 
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However, synthesis can be readily achieved in case 
of thin films, where the solubil i ty conditions are known 
(1) to relax, The commonly used methods of prepara-  
tion of thin films of these materials are vacuum evapo- 
ration, sputtering, and spray pyrolysis. 

A relat ively less common but inexpensive and con- 
venient  method for large area preparat ion of thin 
films at low temperatures  is a chemical solution growth 
technique, which has been known (2-6) for some 
t ime for thin film deposition of such compound semi- 
conductors as CdS, PbS, PbSe, CdSe, and ZnSe. In 
this method, thin films of sulfide can be prepared by 
decomposition of thiourea (or thioacetamide) in alka-  
l ine solutions of the salts of the corresponding cation. 
In  general, the process involves the application of 
a controllable chemical reaction which proceeds at 
a low rate in an aqueous solution containing the various 
reactants. The substrates are immersed in this solu- 
tion. The reaction rate can be controlled by adjust-  
ment  of pH, temperature,  and the relative concentra-  
tions of the various reactants in the solution. Since 
the solution growth technique is a low temperature  
(less than 90~ deposition method, it does not l imit  
the choice of the substrate material.  By contrast, in 
spray pyrolysis only a l imited number  of substrate 
materials which can withstand high temperature  and 
chemical corrosion dur ing pyrolysis can be used. Fur -  
ther, in a solution growth technique, since the deposi- 
tion is from ions in aqueous solution, which are slowly 
being generated, the solubili ty product helps to main-  
tain the stoichiometry constant  for any ratio of cat- 
ions and anions. As a result  of these processes homo- 
geneous phases of compounds are obtained. ]t must  
be emphasized that formation of homogeneous and 
stoichiometric compound films by  vacuum evaporation 
requires a critical ad jus tment  of the substrate and 
various source temperatures,  as well as the adjust-  
ment  of the concentrations of the various components. 
Note that homogeneous precipitat ion by in situ gen- 
eration of the precipitat ing anion is well known in 
chemistry for improving the stoichiometry of the 
precipitates. 

In spite of considerable interest, the solution growth 
technique (2-13) has remained recipe-oriented and 
little is known about the kinetics of the process. 
It is essential to unders tand  the kinetics and mecha- 
nism of the growth of films formed by this t e c h n i q u e  
so that it may be extended to other semiconducting 
materials. CdS is an impor tant  mater ial  for applica- 
tion in large area solar cells. Therefore, we have 
under taken  a study of the process of deposition of 
CdS films by the solution growth technique. This 
paper reports on the kinetics of growth of CdS films 
and the occurrence of different conditions in the solu- 
tion. A model for the growth mechanism has been 
proposed. 

Experimental 
Thin films of sulfides of C d / Z n / P b  can be prepared 

by decomposition of thiourea in an alkal ine solution 
containing a salt of Cd/Zn/Pb .  The chemical reaction 
involved for a typical case of formation of CdS films 
from Cd (CHACO0)2 is as follows 

Cd(CH~COO)2(aq) + (NH2)2CS(aq) + 2 O H -  

--> CdS ~ H2CN2 ~ 2H20 -t- 2CHsCOO- 

CdSO4, Cd(NO3)2, CdC12, etc. can also be used in 
a similar way. Reaction mixtures  can be prepared 
in  two ways. Different types of films are obtained 
from solution depending on whether  the solution is 
being stirred or not dur ing the deposition of the films. 

(i) Appropriate  volumes of 1M Cd(CH3COO)2, 14M 
NH3 solution and distilled water  are mixed slowly at 
room temperature  with continuous stirring. Substrates 
are then immersed in the beaker containing the reac- 
tion mixture.  The beaker  is placed in  a water bath  
having automatic tempera ture  control. The solution is 

stirred with the help of a magnetic  stirrer, as shown 
in Fig. 1. The solution is heated with continuous st ir-  
ring to the required temperature  of deposition, and 
the temperature  is controlled to wi thin  _ I~  A n  ap- 
propriate amount  of 1M thiourea solution is then 
added with continuous stirring. Thereafter,  the st ir-  
r ing is stopped in  one case and continued in the 
other. Substrates are then taken out after a suitable 
time, washed with distilled water, and dried. 

(ii) A reaction mix ture  of composition: 0.1M 
Cd (CHsCOO)2, 6M NH~, and 0.2M thiourea is prepared 
at room temperature.  Substrates are then immersed in 
the solution and the solution is slowly heated to about  
75~ with continuous vigorous stirring. After  about  
half an hour, substrates are taken out, washed with 
distilled water, and dried. 

The substrates used in our  s tudy are ul trasonical ly 
cleaned glass slides, freshly etched single crystal silicon 
slices, and Sb-doped SnO2-coated conducting glass 
slides. These were chosen with a view to s tudying the 
kinetics on different types of substrate materials, viz., 
insulating,  semiconducting, and conducting; the last 
one being used for making solar cells. 

The film thickness was measured by a mechanical  
stylus a r rangement  (Talystep).  Electron diffraction 
studies were done using an AEI-EM 802 electron mi-  
croscope. The lattice constants were calculated by 
routine methods. 

Results 
The quali tat ive na ture  of the growth kinetics is the 

same on all the three substrate materials.  Detailed 
studies were carried out on glass substrates. The quan-  
ti tative differences arise due to differences in  the na-  
ture of the substrate surface. Figures 2-5 show the 
growth kinetics on glass substrates. 

We have found that different qualities of films can 
be obtained under  different conditions in the working 
solution. Previous results of Kitaev et al. (2, 11-13) on 
kinetics show that  film formation is possible only in  
the presence of Cd(OH)2 in  the working solution, but  
we have found that  this is not always true. NH8 plays a 
major  role in determining the qual i ty of the films. For 
convenience we have divided the whole NH3 concen- 
t rat ion range covered in  the present  s tudy into three 
regions: 

(i) The region in  which (a) the amount  of 
NH3 is not sufficient (less than 1.8M) to redissolve 
completely the white precipitate of Cd(OH)2 formed 
by the addit ion of NH3 solution to the salt solution. (b) 
Although the amount  of NH3 is sufficient to completely 
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Fig. !. Experimental setup for preparation of films 
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redissolve Cd(OH)~ precipitate, addit ional  alkali  is 
added to the solution for the formation of Cd(OH)2. 
The solutions, in  this case, are turb id  before the addi-  
t ion of thiourea. 
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(ii) The region in  which the amount  of NH8 is just  
sufficient to completely redissolve the white precipitate 
of Cd(OH)2. 

(iii) The region in  which the amount  of NH3 is in 
much excess, 3-4 times as much as in  r e g i o n  ii. The 
solutions in  regions ii and iii are clear before the 
addition of thiourea. 

Turbid  solutions containing a th in  suspension of 
Cd(OH)2 give rise to thin (thickness ,~600A), ad- 
herent, physically coherent, and specularly reflecting 
films. These we refer to as A-qua l i ty  films. The kinetics 
of growth for such films is shown in Fig. 2a. The dotted 
curve corresponds to films formed in  region i (b)  and 
the continuous curves in  region i (a) .  These have 
wurtzi te  (hexagonal) s t ructure when the solutions are 
vigorously st irred during the deposition. The films pre-  
pared under  the same conditions bu t  without  s t i r r ing 
have wurtzi te  (hexagonal) s t ructure with a large frac- 
tion of sphalerite (cubic) phase also, as shown in  Table 
I, showing the d values of the various phases. Also, 
these films are less reflecting than  the ones obtained by 
stirring. 
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Table I. 

Apri l  1980 

Hexagonal Cubic 

dA dA 

Measured Standard hkl  Measured Standard hkl  

Mixed (hexagonal  + cubic) 

dA Hexagonal Cubic 
measured  hk l  hkl  

3.615 3.650 lO6 . . . .  - 
3.337 3.360 002 3.363 3.360 111 3.395 6o2 111 
3.155 3.160 101 . . . . . .  
2,444 2,450 102 . . . . .  
2.075 2.060 110 2.056 2.058 220 2.~6 110 220 
1.902 1.898 103 - -  - -  - -  1.916 103 
1:770 1.761 112 1.752 1.753 311 1.788 112 311 

- -  - -  1.325 1.337 331 1.359 - -  331 
- -  ~ - -  1.290 1.298 420 - -  - -  - -  

Unst i r red clear solutions in  region ii give rise to 
thick (thickness ~1 -3  #m depending on the various 
deposition parameters) ,  less adherent  and powdery 
films having sphaleri te (cubic) s t ructure (Table I).  
These we refer to as B-qual i ty  films. Films obtained by 
st i rr ing the solutions in this region are not very differ- 
ent  from those obtained without  stirring. Curve 3 in  
Fig. 2b shows the kinetics of growth for one of such 
films. 

Unst i r red solutions in  region iii give rise to thick 
(thickness ~5  ~m) adherent  B-qual i ty  films having 
cubic structure. Curves 1 and 2 in Fig. 2b show the 
kinetics of growth for films prepared from unst i r red 
solutions with different ammonia  concentrat ions in 
this region. When the solutions are vigorously st irred 
dur ing deposition, thin (thickness ~500A) A-qua l i ty  
films (curve 5 in  Fig. 2b) are obtained, with a s t ruc-  
ture  corresponding to mixed hexagonal  and cubic 
phases. 

In  procedure (b) the solution is slowly heated to 
about 75~ with continuous stirring, in  the presence of 
thiourea [in contrast  to method (a) where thiourea 
is added to the reaction mix ture  only after br inging 
it  to the required temperature  of deposition and ma in -  
taining it]. Films prepared by this procedure were 
,~6000A thick, of A-qua l i ty  with a s tructure corre- 
sponding to mixed hexagonal  and cubic phases (curve 4 
in  Fig. 2b). 

The lattice constants of the hexagonal  and cubic 
phases, as calculated are: hexagonal, a = 4.16A and 
c = 6.67A; cubic, a = 5.82A. These values are very  
close to the known values of the bu lk  mater ia l  as given 
in ASTM cards. S tandard  values: hexagonal, a = 
4.138A and c = 6.713A; cubic, a = 5.818A. 

Discussion 
The main  results of our study are: (i) the films pre-  

pared in presence of Cd (OH)2 in  the solution are very 
adherent,  physically coherent, and specularly reflect- 
ing; (ii) vigorous st i rr ing of the solution decreases the 
powdery na ture  and increases adhesion, physical co- 
herence, and specular reflectance of the films; (iii) in  
general, the higher the deposition rate, the lower is 
the saturat ion thickness; and (iv) A-qua l i ty  films are 
formed more readi ly on smooth surfaces while B-qua l -  
i ty  films are formed more readi ly on rough surfaces. 

Based on the exper imenta l ly  observed facts, we have 
proposed a model for the mechanism of growth of 
these films, which explains all the above features of 
growth. Similar  to formation of precipitate in the solu- 
tion, formation of film on the substrate takes place by 
nucleat ion and growth processes. It  is well known that  
nucleat ion of a precipitate in  the solution starts at 
some local inhomogeneit ies present  in  the solution (e.g., 
due to some solid impuri t ies) ,  where the ionic product 
exceeds the solubil i ty product. Growth of these nuclei  
by addit ion of more ions from the solution results in  
formation of stable nuclei of size greater  than the 
critical size. Fur ther  growth, up to a particle size of 
10 ~m, results in  formation of a colloidal dispersion. 
Nucleation on the substrate, according to Ki taev et al. 
(2) takes place by adsorption of these p r imary  colloids. 
Growth takes place as a result  of surface coagulation of 

these particles, resul t ing in  thin, adherent,  and specu- 
lar ly  reflecting A-qua l i ty  films. An  impor tan t  resul t  of 
our  previous studies, which completely rules out the 
possibility of nucleat ion of A-qua l i ty  films by adsorp- 
tion of colloidal particles and c lus ter -by-c lus ter  growth 
model, is the possibility of occurrence of epitaxial  
growth in  some of the cases (14) on sui tably chosen 
single crystal substrates. This s trongly suggests the 
atomistic (that is, ion-by- ion)  na ture  of nucleat ion and 
growth. Other evidence in favor of the ion -by- ion  
growth model (and against the c lus ter -by-c lus ter  
growth model) is the strong adhesion and specular 
reflectance of A-qua l i ty  films. Note that  electrophoretic 
deposits, which grow clus ter -by-c lus ter  from a colloidal 
dispersion, are known (15) to be loose and powdery. 
The fact that the s tructure of A-qua l i ty  films is ei ther 
pure hexagonal  or a mix ture  of hexagonal  and cubic 
phases, whereas the precipitate is always cubic, again 
suggests i on -by- ion  growth of A-qua l i ty  films. Cluster-  
by-clus ter  growth of B-qua l i ty  films is supported by 
the fact that they have a s tructure similar  to that  of 
the precipitate (cubic). Clus ter -by-c lus ter  growth of 
B-qual i ty  films explains the exper imenta l ly  observed 
fact that they are more readi ly formed on rough sur-  
faces. 

Format ion of CdS nuclei  by the combinat ion of ions 
on the substrate surface requires preferent ia l  adsorp- 
tion of at least one type of the reacting ions on the 
substrate. Preferent ia l  adsorption of either Cd +2 or 
S -2 on glass surfaces from aqueous solutions is not 
known;  so that  format ion of CdS nuclei  on the sub-  
strate requires some catalytic solid phase on the sub-  
strate which can preferent ia l ly  adsorb Cd +2 or S -2 
ions. We have seen that  a glass slide dipped in  a sus- 
pension of Cd(OH)2 has a layer  of Cd(OH)2 on it, 
which is known (13) to s t imulate  the decomposition of 
thiourea. This suggests that  in  solutions containing a 
suspension of Cd (OH)2, this layer is converted to CdS 
by adsorption of S -2 ions formed by decomposition of 
thiourea on the catalytic surface of Cd(OH)2. Fur ther  
growth takes place on CdS by addit ion of more Cd +2 
and S -2 ions. Vigorous st i rr ing of the solution in-  
creases the rate of ar r ival  of Cd +2 and S -2 ions on 
the substrate and also the rate of coagulation of col- 
loidal CdS particles in  the solution. This results in  
precipi tat ion of the colloidal CdS particles which now 
cannot be adsorbed on the substrate leaving the films 
to grow by only ion -by - ion  growth. This also explains, 
why, if solutions are not stirred, films contain a large 
fraction of cubic CdS also. The colloidal CdS particles 
which are adsorbed if solution is not st irred give rise 
to scattering in the films, thus decreasing their  specular 
reflectance. 

In  case of clear solutions containing no Cd(OH)~ in  
the bulk  of the solution, accumulat ion of CdS in the 
solution takes place homogeneously by slow hydrolysis 
of thiourea and decomposition of the complex 
Cd(NI-h)4 +2. The colloidal CdS solution is stable in 
this case for a long time when the solution is not  being 
stirred, so that  nucleat ion and growth of film take 
place by colloidal particles resul t ing in  B-qua l i ty  films. 
But when the clear solution is vigorously stirred, the 
colloid becomes unstable  due to enhanced coagulation, 
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forming larger particles of CdS which cannot be ad- 
sorbed to start nucleation. In unstirred solutions very 
few Cd +2 and S -~ ions reach the substrate, since most 
of them condense on colloidal CdS formed in the solu- 
tion. But during stirring the substrate surface is bom- 
barded with a large number of Cd +2 and S -2 ions. 
This, coupled with the fact that a hydrophilic surface 
preferentially adsorbs OH-  ions from aqueous alkaline 
solutions, results in formation of Cd(OH)~ nuclei on 
the substrate, although there is no Cd(OH)~ in the 
solution due to high NH8 concentration. (We have seen 
that on hydrophobic surfaces like Teflon, greasy glass 
slides, A-quality films are not formed. B-quality pow- 
dery films can be obtained on any surface, including 
hydrophobic, if the surface is not smooth). These 
Cd(OH)~ nuclei act a s  nucleation centers for CdS. 
These nuclei grow ion-by-ion and coalesce to form a 
continuous CdS film. This ion-by-ion growth of film 
proceeds until some large precipitate particles of CdS 
collect on the substrate surface. 

The various other features of growth kinetics (Fig. 
2-5) can be explained on the basis of a diagram (Fig. 
6) which represents a graphical solution of equations 
representing the equilibria 

Cd +2 + 2 OH-  ~ Cd(OH)~ 

Cd +2 + 4NI44~ Cd(NHa)4 +2 

This diagram has been drawn on a basis similar to 
that of Eitaev et ai (13). The analysis is as follows. 

From standard tables, the solubility product con- 
stant of Cd(OH)2 and the instability constant of 
Cd (NH3) 4 + 2 are given, respectively, by 

SP = 2.2 X 10-14 (pSP = 13.66) 

K----7.56• 10 -s  (pSP=7.12)  
That is 

[Cd +2] [OH-]  2 ---- 2.2 • 10 -14 

[Cd+2] [NH~]4 
= 7.56 X 1 0 - 8  

[Cd (NI-h)4 +~ ] 

Converting to logarithmic concentrations 

pH = 0.Sp[Cd +2] + 7.17 [1] 

p[Cd +2] + 4p[NH~] -- p[Cd(NI~)4 +2] = 7.12 [2] 

Using base hydrolysis of NI-I~ 

NI~ + H20 ~-NH4 + + OH-, 

Kb = 1.8 X 10 - 5  (pK~, = 4.76) 

2p[OH] = 4.76 + p[NHs] 

p[NHa] - -  23.24 -- 2plt [3] 

Substituting p[NHs] from [3] into [2] and assuming 
that NH~ is present in excess so that [Cd(NHs)4 +2] ,-~ 
[salt], we obtain for 0.1M Cd(Cl~COO)~ 

1 
pH = -~-p[Cd +~] + 10.6 [4] 

This is true only for [NI-I~] > >  4 [salt], so that the 
approximation [Cd(NHa)4 +2] > >  [Cd +2] is valid. 
Equations [1] and [4] when plotted as pH vs. p[Cd +2] 
are called hydroxide line and complex line, respec- 
tively. Cd(OH)~ is formed in the solution only for pH 
values above the hydroxide line, and the complex 
Cd(NI~)4 +2 is stable only for pH values below the 
complex line. For pH values above complex line, the 
complex is hydrolyzed to Cd(OH)2. The p[Cd +2] 
scale has been converted to p[NH3] scale using Eq. [2] 
(with [Cd(NH~)4 +2] __~ [salt] = 0.1). The pH value of 
the solution for a given [NI-I3] can be calculated from 
the solution of Eq. [1] and [2]. From [1] and [2], 
eliminating p [Cd + 2], we obtain 

pH -- 11.23 -- 2p[NHa] for 0.1NI Cd(CI-I~CO0)2 
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Fig. 6. A plot of Eq. [1]  ond [4]  

i 

pH values of different solutions as calculated by this 
equation are in close agreement with the experi- 
mentally measured values, shown in Fig. 2b. 

The whole diagram can be divided by a vertical 
line, into two regions I and II. In region I, the complex 
line lies above the hydroxide line, implying that 
Cd(OH)2 and Cd(NH~)4 +2 inevitably ex i s t  in the 
solution in the region between the hydroxide and the 
complex line. The true equilibrium of the system 
Cd(CH3COO)2-NI-I~ in water is represented by some 
curve lying in A1 in region I and by the complex line 
in region lI. Working at other points in the diagram re- 
quires additional introduction of an acid or alkali. Re- 
gion A~ is, thus, the theoretically predicted region for 
coexistence of Cd(OH)~ and Cd(NI~)4+% For very 
small amounts of Cd(OH)~ in the solution, A-quality 
films ave formed in this region. Larger amounts of 
Cd(OH)~ lead to precipitation only and no film 
formation. Kinetics of growth for these films is shown 
by solid curves in Fig. 2a. Since below the hydroxide 
line, there is no Cd(OH)2 present in the solution, 
A-quality films are not expected in the region BI. Ex- 
perimentally this has also been found to be true. 

In region II, the hydroxide line lies above the com- 
plex line. The solutions are clear in the region below 
the hydroxide line, and to form Cd (OH)2 in the work- 
ing solution, an alkali must be introduced into the 
solution. Thus, A-quality films are expected in the re- 
gion An. The film thickness decreases rapidly as higher 
pH values are approached where, due to rapid reaction, 
only precipitation will occur. The dotted portion shows 
the experimental values for obtaining A-quality films 
of measurable thickness, thus verifying the theoreti- 
cally predicted results. The kinetics of film growth in 
this region is shown in Fig. 2a, dotted curve. Thus, AI 
and Azi correspond to region i mentioned earlier in the 
text under Results. In region Bn below the hydroxide 
line, no Cd(OH)2 can exist in the solution and B-qual- 
ity films are expected with no stirring (solid curves 
1, 2, and 3 in Fig. 2b) and A-quality with vigorous stir- 
ring (dashed curve 5 in Fig. 2b). In this region, most 
of the Cd +2 ions are bound in the complex form and 
only a very small fraction (~10 -13) is present as free 
Cd +2. Moreover, there is no solid phase of Cd(OH)2 
present to enhance the decomposition of thiourea. It 
is, therefore, expected that film formation will take 
place only above a certain temperature for each con- 
centration of NH3. This arises from the fact that below 
this temperature, the product [Cd +2] [S-2] is less than 
the solubility product of CdS. Heating of the solution 
helps the decomposition of thiourea and also provides 
kinetic energy to the ions, resulting in increased num- 
ber of collisions and hence their combination to form 
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CdS. This is in conformity with the experimental ob- 
servations. For example, solutions containing 5.6M NH~ 
must be heated to temperatures greater than 45~ to 
obtain films. 

The saturation behavior of the film thickness in ki- 
netics curves (Fig. 2a, 2b, 3, and 4) is because of even- 
tual reduction of the ionic product of CdS in the solu- 
tion to values below the solubility product and 
coagulation of colloidal particles of CdS to form larger 
particles which cannot be adsorbed. 

Figure 6 shows that as the NI~ concentration in- 
creases, the Cd +2 concentration decreases, resulting in 
slow rates of deposition at high NHa concentrations. 
Also since Cd +z ions are being generated very slowly, 
the rate of precipitation is very much reduced, giving 
more time for film formation, thus accounting for the 
general observed feature that the lower the deposition 
rate, the higher the ultimate film thickness obtained 
(Fig. 5). 

As mentioned earlier, the increase of deposition rate 
with increase of temperature is because of the increased 
number of collisions between Cd +z and S -2 ions and 
thermal decomposition of thiourea to give more S -2 
ions. The increase of deposition rate with increasing 
thiourea is very obvious, as the rate of any chemical 
reaction is proportional to the concentration of the re- 
acting species. The saturation thickness vs. [ (NH2)2CS] 
shows a maximum because at lower concentrations of 
thiourea, the number of S -~ ions is insufficient to com- 
bine with all the available Cd +2 ions. At high concen- 
trations of thiourea, the rate of reaction becomes very 
high, resulting in lower film thicknesses. 

Conclusions 
1. According to our growth model, the growth of the 

chemically deposited CdS films takes place either by 
ion-by-ion condensation of Cd +2 and S -2 ions or by 
adsorption of colloidal CdS particles formed in the 
solution. 

2. The former process of growth results in thin, ad- 
herent, and physically coherent films whereas the 
latter results in thick and powdery films. The growth 
in the first case being ion-by-ion suggests the possi- 
bility of mixing various materials in the film, revealing 
a novel technique for making multicomponent mate- 
rials, such as semiconductor alloys, in thin film form. 

3. The thickness, adhesion, and physical coherence 
of films are determined by the temperature of deposi- 
tion, relative concentration of the various reactants in 
the solution, and method of preparation. 

4. Different polymorphic phases (cubic and hexag- 
onal) of CdS and their mixtures can be stabilized in 
films under different growth conditions. 
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ABSTRACT 

An improved  LPE method  in which  the solid surface is a lways  covered b y  a 
solut ion dur ing  s t ep -g raded  growth  of GaAs l -xSbx  on GaAs  subs t ra tes  p ro -  
duces e tch  p i t  densi t ies  of 3-6 • 10 ~ cm -2. In  contrast ,  l ayers  g rown by con-  
ven t iona l  s tep or cont inuously  g raded  LPE have EPD of 6 X 108-2 X 10 ~ 
cm -2. The composit ion of the  top l aye r  is app rox ima te ly  GaAso.pSbo.1 in all 
cases. The reduct ion  of EPD by the improved  LPE method  is a t t r i bu ted  to 
l imi t ing  the  nuclea t ion  of smal l  is lands to the  first buffer layer ,  under  the 
condit ions tha t  the grown surface is a lways  covered by  the solut ion subsequent  
to the g rowth  of the  first buffer layer .  

GaAs1-zSbz  is a useful  ma te r i a l  for the  optoelec-  
t ronic  devices (1-4).  However ,  i t  is difficult to d i rec t ly  
g row device qua l i ty  G a A s l - z S b z  crys ta ls  wi th  x > 0.05 
on the  GaAs subs t ra tes  by  l iquid  phase  ep i t axy  (LPE)  
because  of the  l a rge  mismatch  in la t t ice  constants  be -  
tween  the ep i t ax ia l  l aye r  and  the substrate .  Usually,  
the  buffer layers  a re  inser ted  be tween  the l aye r  and  
the  subs t ra te  to reduce the  la t t ice  mismatch.  

Two types  of the  buffer  layers,  s tepwise  and con- 
t inuous g raded  buffer  layers,  have been repor ted  (5-8).  
Nagai  and  Noguchi (6),  r epo r t ed  tha t  the  dislocat ion 
densi ty  of GaAs0.ssSb0.14 on GaAs decreased f rom 1 X 
107 to 2 • 108 cm -2  b y  changing the buffer l aye r  f rom 
stepwise  to continuous grading.  This cont inuously  
g raded  buffer l aye r  of about  30 #m th ick  was rea l ized 
b y  ut i l iz ing the high d is t r ibu t ion  coefficient of phos-  
phorus  in  the  Ga- r i ch  solution. Nahory  et al. (4) r e -  
po r t ed  tha t  the  GaAsSb  crys ta l l ine  qua l i ty  of s tepwise 
g raded  buffer  l aye r  was be t t e r  than  the cont inuously  
g raded  buffer layer ,  but  t hey  did not  r epor t  the  disloca-  
t ion density.  

In  this  paper ,  we r epor t  the  reduct ion  of the dis lo-  
cat ion dens i ty  in the  GaAsSb  l aye r  g rown by  an i m -  
p roved  LPE method  in which  the subs t ra te  is a lways  
covered wi th  the  solut ion dur ing  the growth  of mul t i -  
l ayers  (9, 10). We also discussed the compar ison of 
the  dis locat ion dens i ty  among the th ree  kinds  of buffer 
layers .  

Experimental 
A hor izonta l  LPE g rowth  sys tem was used for  the  

g rowth  of GaAsl -xSb= layers .  Two types  of boats  were  
employed.  One type  is a convent ional  s l iding boat  and 
another  type  is an  improved  sl iding boat  in which the  
par t i t ion  be tween  the compar tments  for  the  solut ion 
l if ts  by  500 ~m when  the conta iner  is moved  and the 
p is ton on the solut ion is pushed mechan ica l ly  by  the 
p i s ton-pushe r  to e l iminate  the  mel t  mixing.  F igure  1 
shows a cross sect ion of this new boat.  A (100) or ien ted  
GaAs crys ta l  was used for  the  substrate .  The thickness  
was 300 ~m and etch pi t  dens i ty  (EPD) w a s  less than  
5000 cm -2. The subs t ra te  was e tched in 5H2SO4-1H202- 
1H20 solut ion before  the  growth.  The s ta r t ing  g rowth  
t e m p e r a t u r e  and the cooling r a t e  were  850 ~ and 0.4~ 
min, respect ively .  

Three  kinds  of buffer  l ayers  were  grown.  (i) A s tep-  
wise g raded  buffer l aye r  consist ing of 3-5 layers  of 
GaAsl -=Sb= using the convent ional  s l iding boat;  the  
x va lue  of each l aye r  was increased ,~0.03. 

(ii) A cont inuously  g raded  GaAsl -xSb= buffer l aye r  
g rown using the convent ional  s l iding boat. Phosphorus  
was added  to the  solut ion as GaP  for la t t ice  match ing  
a t  the  in ter face  be tween  the ep i tax ia l  l aye r  and the 

Key words: LPE, GaAsSb, etch pit, dislocation, buffer layer. 

substrate .  The la t t ice  constant  of GaAs l -z -~SbxP~  in -  
creases along the g rowth  di rec t ion  because of deple t ion  
of phosphorus in the  solution. The op t imum GaP con- 
tent  was de te rmined  by  x - r a y  diffract ion measuremen t  
on about  1 ~m th ick  layers .  Various amounts  of GaP  
were  added  to the  solut ion for the  growth  of a final 
l aye r  wi th  a composi t ion of x = 0.1. The la t t ice  con- 
s tant  of in i t ia l  g rowth  matched  tha t  of the  GaAs sub-  
s t ra te  when  the GaP content  in the  solut ion was 0.36 
weight  percent  ( w / o ) ,  as shown in Fig. 2. Using this 
solut ion containing 0:36 w/o  GaP, when the in ter face  
l aye r  thickness reaches about  35 #m, the  GaP  mole 
fract ion in the  solid was a lmost  zero. 

(iii) A stepwise graded  buffer l aye r  g r o w n  by using 
the improved  boat. The l aye r  s t ruc ture  was the  same 
as (i) .  

The GaSb mole  f rac t ion was de te rmined  b y  the b a n d -  
edge peak  of photoluminescence and e lec t ron probe  
microana lyzer  (EPMA) measurement .  Etch pi ts  were  
revea led  by  immers ing  the  sample  in the  mol ten  KOH 

. -p is ton a u s h e r  
con ta iner~  I ' ~ -s0urcep is ton  

cave I E ~ Z 2 2 ~ ~  '-- 

. . . . . . . . . .  

Lsubstrate [base 

Fig. 1. Cross section of the improved boat 
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Fig. 2. X-ray diffraction peaks of continuously graded 
GaAsl-xSbx buffer layers with various amounts of GaP added to 
the solution. 
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contained in a SiC crucible  for 5 min at  340~ Al l  the 
GaAs l -xSb~  layers  were  10-20 #m thick. To revea l  etch 
pits  3-5 ~m were  removed  by  the KOH. The etch pi t  
dens i ty  was ca lcula ted  f rom the number  of etch pits 
in a 200 • 200 #m area  of the  photograph.  

Results and Discussion 
Shapes of the etch p~ts . - -Figure  3 shows a t y p i c a l  

shape of the etch pits  revea led  on the GaAs l -xSbx  l ay -  
ers a f te r  e tching wi th  mol ten  KOH. They  were  hex -  
agonal,  independen t  of the GaSb mole  fract ion (x) ,  and 
a lways  contained centers. I t  is impossible  to associate 
these pits wi th  dislocations by  x - r a y  topography  be-  
cause of h igh  dens i ty  (more  than  104 c m - 3 ) .  However ,  
these pits  have  cer ta in  shapes and centers.  They are  
thought  to show dislocat ions (11). In  the  case of the  
s tepwise g raded  buffer layer ,  these etch pits  were  ob-  
served, independen t  of the  g rowth  method.  In  the case 
of the continuous g raded  buffer  layer ,  smal l  etch pits  of 
a different  shape, as shown in Fig. 4, were  observed.  

These smal l  etch pits  were  thought  to show dis loca-  
tions also, because they  have  centers. These etch pits  
were  revea led  on the surfaces of layers  more  than  5 ~m 
in thickness and were  not  observed on the s tepwise 
graded  buffer layers.  These ex t r a  pits  a re  l ike  "pair  
pits," but  each pa i r  p i t  has a center.  Only the center  
was counted as an etch pit. This type  of e tch pi t  is 
thought  to be produced  on the GaAs l -x -ySbxPy  layer .  

Etch pit distribution.--Figure 5a shows the etch pit 
dis t r ibut ion  on the surface of the s tepwise  graded 
GaAs l -xSbx  buffer l aye r  grown by the convent ional  
g rowth  method. The clusters of the etch pits  l ie along 
the <ii0> and <Ii0> directions.  Most of the  pits  ind i -  
cate  misfit dislocations due to the  la t t ice  mismatch.  F ig-  
ure  5b shows an en la rged  photograph  of the pa t t e rn  
shown in Fig. 5a. The etch pi t  densi t ies  were  as high 
as 107-109 cm -2  in the areas  of the  clusters.  These clus-  
ters m a y  genera te  at  the  ea r ly  stage of the  growth.  
F igure  6 shows the etch pi t  d is t r ibut ion  on the surface 
of the  s tepwise graded  GaAs0.gSb0.t buffer l aye r  grown 
by  the  improved  method.  These  r ec t angu la r ly  shaped  
pits  were  produced  by  etching a t  a t empera tu re  of more  

Fig. 3. Typical etch pits of GaAsl-xSbx layer revealed by molten 
KOH for 5 rain at 340~ 

Fig. $a, Etch pit distribution on a GaAso.vSbo.1 layer surface 
grown by the conventional method. 

Fig. 4. Another shape of etch plts revealed on the surface of 
10 ~m thick GaAsl-zSb~ layer with phosphorus added for the 
lattice matching. Fig. 5b. Clusters of etch pits enlarged from Fig. 5a 
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Table I. Etch pit density under various growth conditions 

Layer 
th ick-  Dislocation 

Growth Layer ness density 
method structure (/zm) ( c m  -~) 

Fig. 6. Etch pit distribution on a 6aAst-zSbx layer surface 
grown by the improved method. 

Improved Stepwise 15 3-6 x 105 
Conventional Stepwise 15 3 x 106-5 x 10~ 
Conventional Continuously 38 2-6 x 10 8 

than 340~ The highest etch pit  density observed on 
layers grown by the improved method was 5 • 105 
cm -2. The centers of the etch pits are separated so 
clearly that it  is possible to count the number of pits 
easily in the photographic enlargements for densities 
less than 106 cm -2. The etch pits shown in Fig. 6 are 
observed at  random in comparison with the layer  
grown by the conventional method. Figure 7a shows 
the initial stage surface of the second layer  grown by 
the conventional growth method, in which x is 0.06, 
and Fig. 7b shows the cross section of the same sample. 
Small  nucleation sites lie in the <110> and <110> 
directions with the separation distance of 10 ~m or less. 
On the next stage of the coalescence, the misfit dislo- 
cations are introduced. On the other hand, such nucle- 
ation did not occur for the layer grown by the new 
method because the solution always covered the sub- 
strate. 

Etch pit densi ty.--Figure 8 shows the dependence of 
the etch pit  density introduced in the continuously 
graded buffer layer on the layer  thickness. I t  increases 
with increasing the layer thickness. The density was 
2-7 X 106 cm -2 on the sample of 38 ~m thick. Figure 9 
shows the etch pit density on the stepwise graded buffer 
layer for various GaSb mole fractions (x) using two 
types of the growth boats. The etch p i t  density in- 
creased with increasing x in both cases. However, when 
the x was more than 0.03, the etch pit density in the 
case of the conventional boat increased more rapidly 
than in the case of the improved boat. This fact indi-  
cates that the improved growth method is not different 
from the conventional one in the first layer, but it  is 
effective in reducing the introduction of dislocations in 
subsequent layers. The etch pits densities seem to be 
saturated at 3-6 X 105 cm-2 in the case of using this 
type of boat. These values are the lowest reported for 
GaAs0.gSb0., layers grown on GaAs. 

For the growth of InzGal-xAs on GaAs substrates, 
the tetragonal distortions were usually observed. For 
example, 0.3% distortion has been observed in vapor 
phase epitaxial  (VPE) In0aGa0.gAs on GaAs (12). 

Fig. 7a. Initial stage surface of the second layer growth (x was 
0.03 and 0.06 for the first and second layer, respectively). ,o 
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function of the layer thickness [* values estimated from Ref. (6-7)]. 
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Fig. 9. Etch pit density of stepwise graded buffer layer for GaSb 
mole fraction, x. 

Moreover, concave bending is usually observed in LPE 
Inl-xGa=As on GaAs (13). These facts indicate that 
In1-=Ga=As crystals tend to be deformed from cubic to 
tetragonal. On the other hand, GaAsl-~Sbx crystals do 
not indicate large bending and suggest the release of the 
lattice stress by introduction of the misfit dislocations 
rather than by tetragonal distortions. 

In the stepwise graded GaAsl-xSb= buffer layer 
grown by the conventional growth method, many etch 
pits were generated from a large number of the dislo- 
cation clusters lying along to the <110> and <1i"0> 
directions in the early stage of the growth. 

In the case of a continuously graded buffer layer, the 
dislocations are introduced when the layer thickness 
exceeds the critical thickness. The largest dislocation 
density is estimated to be 

a X ha/-----~ 

cm -2, where a and ha are the lattice constant of the 
substrate and the  difference of the lattice constant (in 
angstroms) between the epitaxial layer and the sub- 
strate, respectively. For GaAso.gSb0.1 on GaAs (a _-- 
5.653A, ha/a ---- 0.008), the dislocation density is esti- 
mated to be 10 ~~ cm -2. In the actual crystals, the dis- 
location density of 106 cm -2 was observed. This indi- 
cates the existence of much interaction between dislo- 
cations in the continuously graded buffer layer as re- 
ported by Olsen (12). 

In the case of stepwise graded buffer layer grown by 
the improved method, the etch pits were distributed at 
random on the surface, in contrast with usual stepwise 
graded buffer layers. It is considered that the nucle- 
ation of small islands is suppressed at the intefaces, 
with the exception of the interface between the first 

layer and the substrate, and the islands may not be 
produced in the growth of successive buffer layers be- 
cause the grown surface is always wetted with the so- 
lution. This suggests that the crystal bonds are con- 
tinuous in contrast to the usual buffer layer in which 
the crystal bonds are closed by exposure to the H~ 
atmosphere. The suppression of the island nucleation 
provides the possibility of a large amount of interac- 
tion between dislocations at the interfaces. The abrupt 
change of lattice constant introduces many dislocations 
with different direction of Burgers vector in the limited 
thickness of the epitaxial layer. 

Conclusion 
The etch pit density of GaAs0.9Sb0.1 was reduced from 

5 • 106 cm -~ to 3-6 • 105 cm-~ by using an improved 
growth method in which stepwise buffer layers were 
grown consecutively without exposure of the grown 
surface, except for the final layer, to the ambient gas. 
The reduction of the etch pit density is attributed to 
limiting the nucleation of small islands to the first buf- 
fer layer, because the grown surface is always covered 
with solution. 
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ABSTRACT 

I t  is shown tha t  the ref lectance of modula ted  unpolar ized  inc ident  r a d i a -  
t ion at  the pseudo-po la r iz ing  angle  can be used to accura te ly  de te rmine  the 
opt ical  constants  of absorbing media  in  the  vis ible  region. The app rox ima t ion  
tha t  the  pr inc ipa l  angle  of incidence occurs at  the pseudo-po la r iz ing  angle  is 
assumed to cont r ibute  negl igible  error .  Expressions  for the  re f rac t ive  index,  
n, and  the ext inc t ion  coefficient, K, are  g iven in terms of the  pseudo-po la r i z -  
ing angle  and the reflectance rat io  of the  pa ra l l e l  (to the  p lane  of incidence)  
ref lected wave  vector  in tens i ty  to the normal  reflected wave  vector  intensi ty.  
The  expe r imen ta l  values  for n and K are  de t e rmined  at  wavelengths  in  the  
vis ible  spec t rum be tween  4250 and 5750A, for  boron-doped  p - t y p e  h igh ly  
pol ished silicon of 0.01 and 95 ~2-cm resis t ivi ty .  These values  correspond to im-  
pu r i t y  concentrat ions  of about  10-8-10-6%, respect ively .  The  0.01 12-cm K 
curve  indicates  the  poss ib i l i ty  tha t  direct  opt ical  t ransi t ions  be tween  acceptor  
levels  and  the conduct ion band  can be resolved  and tha t  this occurs at  about  
5250A (---2.4 eV).  

Var ious  methods  of t ransmiss ion or reflection of 
e lec t romagnet ic  waves  have been used by  numerous  
inves t iga tors  to de te rmine  the opt ical  constants  of 
solids. Transmiss ion of a beam of rad ia t ion  th rough  
a v e r y  thin l aye r  (1) or  by  var ious  modified reflec- 
tance methods  (2-8) have been used to obta in  the  
optical  constants  for  semiconductors  in the in f ra red  
a n d  visible  region of the spectrum. The t ransmission 
method  a l though va luab le  because it permi ts  the 
absorpt ion  centers  to be easi ly identif ied has severa l  
d isadvantages .  There  are  difficulties in the  measu re -  
men t  of the  thickness  and un i fo rmi ty  of the  thin 
l ayer  which  causes e r rors  in the  de te rmined  optical  
constant  values,  and  there  are  fu r the r  inaccuracies  
caused by  imprope r  correct ion due to the reflection 
of the  incident  rad ia t ion  f rom the two surfaces. The 
reflectance method  has been by  far  the most  successful 
a n d  more  commonly  employed  of the  two methods,  
perhaps  because of its versat i l i ty .  There  are  numerous  
reflectance me thods  and most  are  var ia t ions  of using 
normal  reflectance, obl ique reflectance, or reflectance 
at  the  polar iz ing angle. The reflectance method at  
normal  incidence whi le  being easy to implement ,  con- 
sequent ly  ex tens ive ly  employed,  can r e su l t  in con- 
s iderab le  inaccuracy  for the  ref rac t ive  index,  n, and 
the ext inc t ion  coefficient, K, in the range of values  
for which  n and K both va ry  be tween  1.0 and 4.0 (9). 

The method  in which  the reflectance is measured  
for  obl ique incident  rad ia t ion  requires  that,  in gen-  
eral ,  the measurements  be made  at  two or  more  
inc ident  angles. The data, no tab ly  the angles and 
reflectances are  then used to de te rmine  the optical  
constants  b y  graphica l  methods.  The method has been 
appl ied  to absorbing  isotropic media  using unpolar ized  
(10) and polar ized  (11) incident  light.  

A graphica l  analysis  in which the rat io  of reflec- 
tances is measured  at  two or  more  incident  angles 
has been shown to have  the advantages  of increased 
accuracy  and independence  of the sample  surface 
size (12). Other  methods  using the  reflectance rat io  
have  been used to obta in  the  opt ical  constants  by 
geome t r i c  means  (13, 14). I t  has been shown tha t  
the  m i n i m u m  in the  rat io  of the  reflectance at  its 
corresponding incident  angle  can be used to yie ld  
the opt ical  constants  (15). 

The reflectance method  in which the da ta  is ob-  
ta ined  at  the  polar iz ing angle  is s impler  and as 

Key words: reflectance, visible, doping, refractive index, extinc- 
tion coefficient. 
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accurate  as the  obl ique method  and cer ta in ly  more  
accurate  than  the normal  method .  Determina t ion  of 
the  opt ical  constants n and K by this method requi res  
tha t  the ratio, p, of the reflected wave  vector, Rp 
(para l l e l  to the  plane of incidence) ,  to the reflected 
wave  vector, Rs (perpendicu la r  to the p lane  of in-  
c idence) ,  be measured  at  the polar iz ing  angle. The 
pseudo-Brews te r  or  pseudo-pola r iz ing  angle,  ep, how-  
ever,  for absorbing mate r ia l s  occurs when  the value  
of R,, is a minimum, but  not  zero as is t rue  in non- 
absorbing media.  The incident  rad ia t ion  is polar ized 
and the az imuth  of res tored  polar izat ion which de te r -  
mines p must  then be measured  along with  the pseudo-  
polar iz ing angle. The method a l though s t r a igh t fo rward  
requires  that  the angle  of res tored  polar izat ion be 
measured  with sufficient accuracy in o rder  that  er rors  
in the  optical  constants be minimized.  This m e a s u r e -  
ment  is cr i t ical  especia l ly  if smal l  values  of the 
ext inct ion coefficient K are  to be accura te ly  de te r -  
mined. 

When the polar izer  is posi t ioned be tween the speci-  
men and the detector,  as in this study,  the  quan t i ty  p 
is de te rmined  s imply  by  the ra t io  of two reflectances. 
P rov ided  the incident  rad ia t ion  is unpolar ized,  one 
reflectance is a lways  in the ver t ica l  p lane  and the 
o ther  in the horizontal  plane.  There  is the disadvantage,  
that  in posi t ioning the polar izer  be tween  the unpo la r -  
ized source and specimen ( incident  l ight  polar ized) ,  
tha t  e i ther  p be de te rmined  by  measuremen t  of the: 
(i) angle  of res tored  polar izat ion or (ii) reflectances, 
but, in which the p lane  of polar izat ion is now rota ted  
because o f  reflection. As a consequence, some sys-  
temat ic  exper imen ta l  e r ror  is in t roduced because the 
reflectances are  no longer  in the i r  respect ive  ver t ica l  
and horizontal  planes.  The values  thus are  obta ined 
by  a search for a m in imum and m a x i m u m  value. 

In  this paper ,  measurement  of the reflectance ra t io  
at  the polar iz ing angle  is made  using unpolar ized  
incident  modula ted  radiat ion.  This faci l i ta tes  the ex-  
pe r imenta l  p rocedure  and e l iminates  the need for the 
measuremen t  of the  angle of res tored  polarizat ion,  
which resul ts  in improved  accuracy.  Measurements  
made on h ighly  pol ished doped silicon surfaces show 
tha t  i t  is possible to resolve samples  of differing con- 
ductivit ies.  Expressions  for the  re f rac t ive  index, n, 
and the ext inc t ion  coefficient, K are  given in te rms 
of the  pseudo-pola r iz ing  angle, ep, and  the reflectance, 
pp, measured  at  the angle, 0p. The expressions are  
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based  on the assumpt ion that  8p occurs at  the  pr inc ipa l  
angle  of incidence.  

Experimental Arrangement 
The d iag ram in Fig. 1 shows a posi t ional ly  fixed 

monochromat ic  l ight  source which consists of a tung-  
s ten bulb  and a gra t ing  monochromator  capable  of 
wavelengths  f rom 4000 to 7000A wi th  monochroma-  
t ic i ty  to wi th in  ___IA at the 50% intens i ty  points. The 
expe r imen ta l  values,  however ,  were  measured  wi th  
the  50% bandwid th  fixed at  50A in o rde r  to keep the 
l ight  in tens i ty  at  reasonable  levels  in compar ison  to 
the  sys tem noise. A mechanica l  chopper  wheel  is used 
to modula te  the l ight  beam at a f requency  of 2010 Hz 
whi le  supply ing  a re ference  signal  to the  lock- in  
amplifier.  Af te r  the modula ted  l ight  beam is col l imated,  
i t  reflects f rom the h igh ly  pol ished silicon wafer  sup-  
por ted  by  a ho lder  mounted  on a turntable�9 The l ight  
beam then passes th rough  an ana lyze r  which has a 
permiss ib le  to ta l  i n t eg ra ted  t ransmiss ion to two crossed 
polar izers  of 0.0005% over  the wave leng th  region of 
the  measurements .  A photomul t ip l ie r  used to measure  
the l ight  in tens i ty  is equipped  wi th  a s lot ted mask  
(to reduce spurious l ight)  over  the face of the tube 
(RCA 6342A) which has a peak  response in the vis-  
ible  range.  When the photomul t ip l ie r  and ana lyzer  
assembly  is rotated,  it~is a r r anged  to ro ta te  th rough  
twice  the angle  of ro ta t ion of the turntable ,  con- 
sequent ly  requi r ing  tha t  i t  a lways  be at  the angle  
of  reflection. 

The lock- in  ampli f ier  synchronized by  the reference  
signal  so as to have a peak  response at  the modula t ing  
f requency  is then Used to measure  the  intensi t ies  of 
the  normal ,  Rs, and  paral le l ,  Rp, wave  vectors  of the  
reflected wave. These in tens i ty  measurements  a re  made  
wi th  the  t ransmiss ion axes of the ana lyzer  para l l e l  
(for Rp) and then normal  (for R~) to the plane of 
incidence. The va lue  of the normal  reflected in tens i ty  
is measured  at  the pseudo-pola r iz ing  angle  which is 
de te rmined  as the angle  where  the measured  para l le l  
reflected in tens i ty  is a minimum. 

Care was t aken  to minimize  er rors  by  insur ing 
adequate  l inea r i ty  of the  system over  the range of 
intensi t ies  r e q u i r e d  for the measurements .  Accuracyl 
in  the  measu remen t  of the modula ted  reflected in-  
tens i ty  was achieved because of the re la t ive  inde-  
pendence of the  a -c  photomu]t ip] ier  on smal l  power  
supply  fluctuations. The smal l  amount  of polar iza t ion  
in  the  inc ident  beam was measured  by  direct ing the 
beam so as to be incident  d i rec t ly  on the s/at  of the 
masked  photomu] t ip l ie r  tube. Correct ions for the  
amount  of incident  polar izat ion were  accounted for 
in the calculat ion of p. 
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Fig. 1. Schematic diagram of tee apparatus described in tee text 
used for the measurement of the pseudo-polarizing angle and the 
reflectance ratio. 

Theory 
The F r e s n e l  reflection equations as de te rmined  us-  

ing the bounda ry  conditions demand  that  the  tangen-  
t ia l  components  of the  electr ic  field vector,  E, and 
the magnet ic  vector, H (no surface cur ren t  densi ty)  
be continuous and also tha t  the  normal  components  
of the  magnet ic  induction,  B, and the displacement ,  
D (no surface charge  dens i ty) ,  be continuous at  an 
interface.  These equat ions which  are  given in terms 
of the incident  and re f rac ted  angles can be expressed 
in complex form as 

A t an (e  -- p )  
Rp = A p  [1] 

tan(O -I- ~) 
and 

^ sin(0 --  p) 
Rs = --A~ [2] 

s in(0 + t )  

^ A 
The complex  quant i t ies  Rp and Rs are  complex re -  
flected wave  vectors, respec t ive ly  para l l e l  and normal  
to the plane of incidence and the rea l  quant i t ies  Ap 
and As, respec t ive ly  incident  wave  vectors para l le l  
and normal  to the p lane  of incidence. The  quan t i ty  e 
is the angle  of incidence in a i r  and ~ is the  complex 
re f rac ted  quan t i ty  which for a med ium which is 
absorbing,  is given b y  

sin o 
sin ~ ~ [3] 

where  An, the complex re f rac t ive  index  of the m e d i u m  

A 
n = n(1  --  iq) [4] 

is given in  te rms of the rea l  re f rac t ive  index,  n, and 
an a t tenua t ion  constant,  q. 

The electr ic  wave  vectors, A, of unpolar ized light,  
occupying planes  in tersect ing concur ren t ly  wi th  bu t  
r andomly  or iented  in the  p lane  of incidence, can be 
resolved into paral le l ,  Ap, and normal ,  As, components.  
Each of these components  undergoes  upon reflection 
a phase shif t  be tween  i t  and  its associated reflected 
component.  Then the complex reflected vectors  which 
a re  given by  

~p - -  R p a i 6 p  and Rs --  Rs~s  

can be used with  [1] and [2] to yield 

cos(0 + p) 
~,i~ = _ cos(0 --  ;~)~ [5] 

where  p --  (Rp/Rs) / (As/Ap) and the re la t ive  difference 
of phase 6 --  5p --  6s. F r o m  [3] and [5], i t  can be shown 
tha t  

1 + p6m sin a t an  a 

�9 i - -  pe i~ ---- ...... ( ~  - -  Sin28) ]/= [6] 

As the angle  of incidence 8 changes f rom grazing 
incidence to no rma l  incidence (~/2 to zero) ,  the angle  
8 changes f rom zero to m For  some angle 0 in this 
range,  the angle  5 = ~/2 which occurs at  the angle  8 
which is the pr inc ipa l  angle  of incidence oi. I t  can 
be seen tha t  when  6 --  ~/2 and us ing [4] in [6], then 
the expressions for  n and q a re  given b y  

i - -  q2 1 --  (4pi cos 2 Oi(tan 8i 2 --  I )  
= , C7] 

q 2pi s i n  2 0i 
and 

w h e r e  

2z sin2 oi tan2 ai 
n2q -- [8] 

1 -t- 4z2 

P! 

1 -- pi 2 

and pl is the  va lue  of p measured  at  ol. 
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The assumpt ion  is usua l ly  made  tha t  the  pseudo-  
Brews te r  angle,  0p, for  vis ible  l ight  nea r ly  occurs at  
the  pr inc ipa l  angle  of incidence for  meta ls  wheneve r  
n~ -t- K 2 > >  1 (16). The fact  tha t  the  min imum in 
the  rat io  of Rp/Rs does not occur exac t ly  at  the p r in -  
cipal  angle  of incidence, 0, has been examined  care-  
fu l ly  for  opaque mate r ia l s  (17). Here  i t  is shown tha t  
the  e r ror  which may  be impor t an t  in the in f ra red  is 
smal l  for  the  vis ible  region. 

I t  is therefore  assumed for silicon, in the vis ible  
region, where  the  ref rac t ive  index is be tween 3 and 
5 and K grea te r  than  zero, that ,  0 : 0 : o~ and 
pi = pp where  pp is the  min imum value  of p (which 
occurs at  ep). Then, for  these conditions, Eq. [7] and 
[8] become 

1 - -  q2 1 - -  4pp cos 2 8p ( t a n  2 0p - -  1) 
~ .  = [9]  

q 2pp sin 2 0p 
and 

2z, sin~ 0p tan~ ep 
n2q = [10] 

1 + 4zp2 
w h e r e  

PP ;~p - - -  . . . . . . . . . .  

1 -- pp2 

The va lue  of the  ext inc t ion  coefficient is known f rom 
the re la t ionship  

K = nq [11] 

The  value  of p as given by  Eq. [5] can be measured  
as a rat io  o f  intensi t ies  or voltages. This is ev ident  
when  i t  is considered tha t  for a p lane  e lec t romagnet ic  
wave  p ropaga t ing  in an absorbing medium, given by  

E(a', t) = Eoe i(~t-~x) [12] 

tha t  the  in tens i ty  of the e lec t romagnet ic  field, I, which 
can be expressed  as the produc t  of the  veloci ty  of the 
wave  and the t ime averaged  electr ic  energy  density,  
is given by  

I ~ Eo2(X) [13] 

for  observa t ion  t imes which are  large  compared  to 
a per iod  of osci l lat ion of the wave.  

Then, i t  follows that  

i" IRplAs ] V= 
p "-- ~. IRslAv [14]  

where  IRp, IRe, IAp, and IAs are  the intensi t ies  corres-  
ponding to the  reflected paral le l ,  reflected normal,  in-  
c ident  paral le l ,  and incident  normal  waves,  respec-  
t ively.  

Results and  Discussion 
The expe r imen ta l  values of the  ref rac t ive  index,  n, 

and  the ext inc t ion  coefficient, K, for  the semiconductor  
sil icon were  de te rmined  at  room t empera tu r e  by  the 
reflectance of modu la t ed  unpolar ized  incident  l ight  
a t  the pseudo-po la r iz ing  angle.  The res is t iv i ty  values  
for  the  sil icon samples  used in this s tudy were  95 and 
0.01 ~-cm.  These bo ron-doped  p - t y p e  (111) or ien ta t ion  
wafers  cor respond to i m p u r i t y  concentrat ions  of f rom 
about  10 -3 to 10-~% of the host. A compar ison of 
the  re f rac t ive  indexes  for the two res is t iv i ty  samples  
is given by  Fig. 2 and of the ext inc t ion  coefficients by 
Fig. 3. The resul ts  for the re f rac t ive  index of 95 ~2-cm 
silicon is in agreement  wi th  those repor ted  e lsewhere  
for  single crys ta l  sil icon (4, 18). 

Inspect ion of Fig. 3 indicates  tha t  there  is some 
peak ing  in the K curve for the 0.01 ~ - c m  mate r i a l  
which occurs near  5250A (~2 .4  eV).  This pronounced 
hump does not appear  to be caused by  any obvious 
anomaly  in e i ther  the expe r imen ta l  a r r angemen t  or 
the  procedure.  The condit ion may  be the  resul t  of 
d i rec t  t ransi t ions  be tween  the acceptor  levels in the 
p -doped  silicon to the conduct ion band. I t  is reasonable  
to expect  that  this wil l  occur at  energies  jus t  below 

O P T I C A L  C O N S T A N T S  F O R  S I L I C O N  955  

4 . 9 0 -  

4 . 8 0  

4 . 7 0  

4 . 6 0  - 

4 . 5 0  - 

Refractive Index vs. 
1 Wavelength for P-Type Silicon 

3.90- 0.01 ohm-cm " ~  

3 . 8 0  - -  

3 . 7 0  - -  

3 . 6 0  - -  

I I I I I I ' I . . . . . .  

4 2 5 0  4 5 0 0  4 7 5 0  5 0 0 0  5 2 5 0  5 5 0 0  5 7 5 0  

Wavelength of Incident Radiation, ~(,~,) 

Fig. 2. Experimental curves for the refractive index as a function 
of wavelength at room temperature for polished p-type silicon of 
O.Oi and 95 O,-cm resistivity. 
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Table I. Optical constants of p-type silicon (boron doped) as a 
function of wavelength 

Resistivity 

0.01 fi-cm 95 fi-cra 

Refraco Extinc- Refrac- Extinc- 
Wave- tive tion co- tive tion co- 
length, index, efficient, index, efficient, 

(A) n K n K 

4250 4.52 1.39 4.86 1.12 
4500 4.2g 1.05 4.71 0.851 
4750 3.95 0.730 4.34 0.463 
5000 3.93 0.644 4.19 0.274 
5250 3.87 0.639 4.11 0.240 
5500 3.74 0.567 4.06 0.2~2 
5750 3.61 0.520 3.95 0.191 

the opt ical  (va lence-conduct ion)  gap. The va lence-  
conduct ion direct  t ransi t ions  can be seen f rom the 
curve to occur in the v ic in i ty  of 5000A (~2 .5  eV).  
This hump is not  mani fes t  in the 95 ~ - c m  curve, p rob-  
ab ly  because of the re la t ive ly  low i m p u r i t y  density.  

Care  was taken  to p reven t  the format ion  of an oxide 
l aye r  on the h igh ly  specular  sil icon surface. The sur -  
face p repa ra t ion  process consisted of cleansing the 
wafers  in an alconox de te rgen t  solution, and af ter  
rinsing, e tching in a 15 to 1 wa te r  to hydrofluoric  acid 
ba th  for  10 min. Reflectance measurements  were  then 
made  immedia t e ly  af te r  the samples  were  r insed and 
dried. This p rocedure  insures  tha t  an oxide format ion  
whi le  not  comple te ly  e l imina ted  wil l  be minimized.  

The accuracies of the  measured  pa rame te r s  which 
consisted of the  pseudo-po la r iz ing  angle  (measured  to 
__ one minute  of arc) and the reflectance (to about  
0.1%) were  wel l  wi th in  the range of the exper imen ta l  
e r ro r  as shown in Fig. 2 and 3. The average  for five 
i n d e p e n d e n t  t r ia ls  is p lo t ted  and the er ror  bars  r ep re -  
sent  the  s ta t is t ical  var ia t ions  over  the five t r ia ls  taken  
wi th in  a t ime  dura t ion  of 3 h r  af ter  etching. There  
was no conclusive evidence tha t  an oxide layer  was 
formed ( increas ing K wi th  t ime) dur ing  the t ime 
in te rva l  of the  exper iment .  I t  is reasonable  to assume 
tha t  some oxide l aye r  (p robab ly  be tween  5-10A) 
exists  immed ia t e ly  af ter  etching, however,  i t  appears  
tha t  the thickness  of one layer  may  not be very  
different  f rom the other. 

S ignal  to noise considerat ions and the pho tomul t i -  
p l ie r  gain l imi ta t ions  demanded  tha t  a min imum 
bandwid th  of 50A be used for  the  incident  radiat ion.  
This lack  of monoch~omaticity,  by  itself, in t roduces 
some sys temat ic  error,  because the in tens i ty  of the 
paral le l ,  Rp, vector  a t  the pseudo-polar iz ing  angle  is 
l a rge r  than  that  obta ined by  more monochromat ic  in-  
c ident  rad ia t ion  of the same intensi ty.  

The values  of the a t t enua t ion  constant,  q, and the 
re f rac t ive  index,  n, requires  tha t  the pseudo-polar iz ing  
angle  ep, and the rat io  of the  modula ted  reflected 
pa ra l l e l  to normal  intensities,  pp, be measured.  The 
ratio,  pp, is independent  of the pho tomul t ip l i e r  f re -  
quency response and to var ia t ions  in the in tens i ty  of 
the incident  beam. Also, the modula ted  beam when 
used with  the lock- in  amplif ier  resul ts  in a significant 
enhancement  o.f the  signal  to noise rat io  and a con- 
sequent  improvemen t  in accuracy and resolut ion over  
tha t  which can be obta ined by  an unmodula ted  signal. 
This resul ts  in the apparen t  advantages  of increased 
accuracy  and r epea tab i l i t y  when compared  to measure -  
ments  made  as a reflectance rat io when the incident  
beam is not  modulated,  and also when compared  to 
measurements  of the az imuth  of res tored  polar izat ion 
(to de te rmine  q when the incident  rad ia t ion  is po la r -  
ized) .  I t  is un l ike ly  that  measurements  in which the 

az imuth  of polar iza t ion  as de te rmined  b y  the method 
of Drude  (19) and subsequent ly  by  numerous  authors  
can be resolved wi th  the same precision. 

The l imi t ing factor  in de te rmin ing  the  va lue  of the  
in tens i ty  IRp is the  noise in the system, which  can b e  
minimized  by  lower ing  the t empe ra tu r e  of the  photo-  
mul t ip l i e r  tube  if  necessary.  I t  is essent ia l  tha t  this 
be done when the med ium under  inves t igat ion has 
low values  of q such as mate r ia l s  which can be classi-  
fied as nonabsorbing  (e.g., glass) .  For  t h e  m a t e r i a l s  
s tudied  and repor ted  here,  the noise level  was con- 
s ide rab ly  less than  the  lowest  IRp va lues  so tha t  the 
errors  in t roduced were  negligible.  

Conclusion 
It  has been shown tha t  the  re f rac t ive  indexes  and 

ext inc t ion  coefficients can be  obta ined  for pol ished 
mater ia l s  by  measur ing  the reflectances at  the pseudo-  
polar iz ing angle  for incident  unpolar ized radiat ion.  
The rat io of the refiectances de termines  n and K 
more  accura te ly  than  can be obta ined by  measure -  
ment  of the  az imuth  of res tored  polar izat ion ( incident  
rad ia t ion  polar ized)  especia l ly  when  the media  is such 
tha t  the a t tenua t ion  constant,  q, is small .  I t  is also 
significant tha t  i t  is feasible  to resolve the opt ical  
constants  for  host mate r ia l s  in which the impur i t y  
concentrat ions are  different, and, fu r the r  to d i s c e r n  
var ia t ions  caused by  changing the impur i t y  concen- 
t rat ion.  Al though  the boron-doped  p-s i l icon ma te r i a l  
used had impur i t y  concentrat ions  which differ by  
about  three  orders  of magni tude,  the  accuracy and 
resolut ion could be improved  b y  careful  a t tent ion  to 
the signal  to noise ra t io  and the monochromat ic i ty  
of the radiat ion.  

Manuscr ip t  submi t t ed  March  7, 1978; revised m a n u -  
script  received J u l y  3, 1979. 

A n y  discussion of this  pape r  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  D e c e m b e r  1980 
JOURNAL. Al l  discussions for the December  1980 Dis-  
cussion Section should be submi t ted  b y  Aug. 1, 1980. 

Publication costs of this article were assisted by 
the New Jersey Institute o] Technology. 
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ABSTRACT 

The deposi t ion of ep i tax ia l  si l icon films on (T012) Czochralski  s a p p h i r e  
f rom the s i l ane /hyd rogen  sys tem was inves t iga ted  for  g rowth  t empera tu re s  
f rom 880 ~ to 980~ and for g rowth  ra tes  f rom 0.2 to 6.0 ~m/min.  The  f i lm 
qual i ty  was eva lua ted  by  opt ical  absorpt ion  measurements .  The t e m p e r a t u r e  
range,  in which ep i tax ia l  film qua l i ty  was obtained,  shifts wi th  i n c r e a s i n g  
growth  ra tes  to h igher  deposi t ion tempera tures .  This ep i tax ia l  t e m p e r a t u r e  
range  is r a the r  broad,  e.g., 915~176 for  0.2-0.5 ~ m / m i n  and 935~176 
for  5.3-6.0 ~m/min.  A reg ion  for  the  op t imum ep i t ax ia l  deposi t ion conditions,  
ve ry  sui table  for MOS applicat ions,  is defined by  the  m i n i m u m  vah~es ob ta ined  
f rom the opt ical  absorp t ion  measurements .  A t  t empera tu res  be low 915~ 
decreas ing c rys ta l l ine  qual i ty  was observed  due to a n  increas ing f rac t ion of 
po lycrys ta l l ine  silicon. In  addi t ion  the  influence of the  I-t20 content  on th e  
crys ta l l ine  qua l i ty  of the  sil icon films was inves t igated;  for  the product ion  of 
a good ep i t ax ia l  sil icon film the H20 i m p u r i t y  f rac t ion mus t  be smal le r  t h a n  
1 ppm, especia l ly  in the  low t empera tu r e  region. 

Thin ep i tax ia l  sil icon films on insula tors  (ESFI) ,  
espec ia l ly  si l icon on sapphi re  (SOS),  have  reached  
increas ing impor tance  in recen t  years  (1, 2). Up to 
now dis t inct  ways  were  chosen for the deposi t ion of 
sil icon on insula tors  wi th  the  goal  of the  product ion 
of good ep i tax ia l  film quali ty.  F i r s t  exper iments  by  
Manasevi t  and Simpson (3) and  by  Sei ter  and Zaminer  
(4) wi th  SIC14 as sil icon source showed tha t  this sys-  
tem has the  d i sadvan tage  of unwan ted  react ion p rod-  
ucts, especia l ly  due to the hydrogen  chloride,  which 
is  evolved at  h igher  t empera tures .  The use of silane, 
which  decomposes i r revers ib ly ,  became, therefore,  the  
common way  for  the  deposi t ion of ep i tax ia l  silicon 
films on insulators .  The advan tages  of this  silicon 
source are:  first; no unwan ted  react ion products  such 
as chlor ides  a re  evolved and, second; a lower  deposi -  
t ion t empe ra tu r e  can be chosen than  in the case of 
silicon te t rachlor ide .  

Never the less  the qua l i ty  of such ep i tax ia l  silicon 
films is ma in ly  l imi ted  by  Eq. [1] (5) and [2] (6) 

A1203 -}- 2H2 ~ A120 2 r 2H20 [1]  

2Si q- A1203 ~ 2SiO q- Al20 [2] 

The influence of these react ions rises wi th  increas ing 
t empera tu re ,  resu l t ing  in  pa r t i a l  e tching and auto-  
doping effects: 

Pa r t i a l  e tching can more  or  less de te r io ra te  the  
single c rys ta l  surface and may  resu l t  in e i ther  po ly -  
c rys ta l l ine  growth  or in the product ion  of a l aye r  wi th  
a high dens i ty  of c rys ta l  imperfect ions.  This can be 
p r even t ed  by  lower ing  the deposi t ion t empe ra tu r e  
which  is poss ible  according to Richman and Ar le t t  (7) 
wi th  s i lane in the SiH4/He system for homoepi tax ia l  
silicon. Studies  for  he te roep i tax ia l  sil icon on sapphi re  
and spinel  f rom this sys tem were  publ i shed  b y  severa l  
authors  (8-10) and modified to the SiH4/He/H2 sys-  
tem b y  Manasevi t  for silicon on spinel  ( l l ) .  

Autodop ing  effects can occur due to reverse  reac-  
tions which cause a luminum to be incorpora ted  in the 
sil icon film to be deposited.  They  can be reduced  by 
using a low deposi t ion t empe ra tu r e  and a high growth  
ra te  s imul taneously ,  in o rde r  to comple te ly  cover  the  
surface of the subs t ra te  wi th  a closed sil icon film as 
qu ick ly  as possible. Once the surface and the sides of 

Key words: optical absorption, crystalline quality, quality evalu- 
ation, substrate preparation. 
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the  wafers  a re  comple te lv  covered no more  react ions  
such as [1] and [2] can occur because t he re  is no fu r -  
ther  fo rmat ion  or  t r anspor t  of vo la t i l e  suboxides.  Di f -  
fe rent  two-s tep  growth  techniques wi th  a first high 
g rowth  ra te  (for quickly  cover ing the subs t ra te)  fol-  
lowed  by  a lower  g rowth  ra te  were  es tabl i shed  by  sev-  
e ra l  authors  (12-15). 

Al l  these methods  are  of in teres t  for growing epi-  
t ax ia l  films of good quali ty,  but  i t  seems ra the r  diffi- 
cult  to control  two different  g rowth  rates  esPecial ly for  
thin ( <  1 ~m) films. 

Therefore,  we endeavored  to opt imize the  growing 
condit ions by  a more  "convent ional"  method  in o rde r  
to have  a deposi t ion process tha t  should be as s imple  
as possible. Af te r  having s tudied the influence of the  
subs t ra te  p repa ra t ion  in an ea r l i e r  work  (16), we 
t r ied  to es tabl ish  op t imum tempera tu re s  and corre-  
sponding g rowth  ra tes  for  sil icon films grown on 
(i-012) sapphire .  

Experimental 
Substrate preparation.---Since the (100) or ien ta t ion  

is p r e fe r r ed  for MOS applicat ions,  sapphi re  slices wi th  
the  (1-012) or ien ta t ion  were  used. 1 The slices were  
chemica l ly -mechan ica l ly  pol ished by  the suppl ie r  or  
in our  labora tor ies  using colloidal  silica; 2 they  must  
be free of d i rec t  surface damage and of subsurface  
damage (16). This was  confirmed before  use by  a p re -  
inspect ion of a represen ta t ive  number  of slices f rom 
one pol ishing lot. These slices were  etched at  275~ in 
KOH for 5 min. In  Fig. 1 a comParison is made  be-  
tween two different  surfaces:  (a) wi th  and (b) w i th -  
out subsurface  damage.  Only  surfaces f ree  of subsur -  
face damage  can be expected to provide  good films. 
The smal l  etch figures a re  due to dislocations,  p resen t  
in this case in Czochralski  ma te r i a l  (dis locat ion den-  
s i ty  of 2 • 105 c m - 2 ) .  The slices were  first sc rubbed  
to remove  mechanical  pol ishing compound residues;  
then a cleaning procedure  s imi lar  to that  descr ibed by  
Union Carbide  (17) was followed. Af te r  the  las t  
r insing step in wa te r  up to 18M ~cm at 25~ the slices 
were  spin dr ied  under  hot  f i l tered n i t rogen of high 
p u r i t y  (H~O, 02 < 1 p p m ) .  This was a lways  done 
i m m e d i a t e l y  before  deposit ion;  because s torage p ro -  
duced s ta t ica l ly  he ld  par t ic les  on the subs t ra te  sur -  

Union Carbide Corporation, San Diego, California. 
Syton of Monsanto Chemical Corporation, St. Louis, MissourL 
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The gas velocity in  the reactor was about  100 cm/sec. 
The temperatures  were measured by means of an opti- 
cal pyrometer  operat ing in  the wavelength range 
around 0.65 ~m. All temperatures  given in this paper  
are uncorrected pyrometric  temperatures.  The lowest 
investigated tempera ture  (880~ corresponds to an 
actual  tempera ture  of 914~ the highest investigated 
tempera ture  (980~ corresponds to a t rue tempera-  
ture of 1020~ The emissivity correction was taken 
from Allen's  work (18). 

Electronic grade silane (3% in hydrogen)4 was 
used for the experiments.  Hydrogen from the main  
gas l ine was purified by a hydrogen purifier. 5 The 
oxygen and water  content  in  all gases, including hy-  
drogen and ni t rogen (for purging) ,  were less than 1 
ppm, controlled by a Shaw hygrometer6 and an oxy-  
gen moni tory  

Substrate  heating in hydrogen at 980~ for 10 rain 
was followed by the film growth in the region from 
880 ~ to 980~ at a growth rate of 0.2-6.0 ~m/min.  The 
final thickness of the films was  in all  cases 0.8 ~m. 

Quality evaluation.--The quali ty of the ~ilicon films 
was investigated by visual  inspection, l ight micros- 
copy, and optical absorption measurements.  

For  visual inspection a focused grazing light beam 
in  an otherwise dark area was used. By this method 
major  imperfections could easily be observed. 

The invest igat ion using t h e  l ight  microscope was 
made in the Nomarski interference contrast mode. In  
this way smaller  particles (e.g., polycrystal l ine crys- 
tals) could be detected. 

The optical absorption measurements,  described 
elsewhere in the l i terature  (19), result  in the ab-  
sorption factor FA describing the spectral d e p e n d e n c e  
of the absorption constant  ~. FA is defined as a product  
of the slope of the absorption edge and the absorption 
constant  at a definite wave number :  FA : (~22 -- a16) �9 
~17 �9 106 cm-2  (the subscripts denote the wave n u m b e r  
in  106 cm-2) .  

The absorption factor FA agrees well  with other 
methods, e.g., electron diffraction and ion backscatter-  
ing measurements.  In  addition, FA is in  good correla- 
t ion with transistor  parameters,  as for example the 
channel  mobi l i ty  (20, 21). Therefore, FA was used in  
this present  work as a tool to define the epitaxial  film 
quality. The closer the value for FA approaches the 
value for single crystal silicon (FA : 90 �9 106 cm-2)  
the bet ter  the qual i ty of the film. According to earl ier  
investigation, FA values of 140 �9 106 cm-2  or less are 
acceptable for siIicon on (1012) sapphire (16). 

Fig. 1. Interference contrast mlcrograp~s of sapphire surfaces 
etched with KOH at 275~ (5 min), with (a) and without (b) sub- 
surface damage. 

face, and this resul ted in  a deter iorat ion of the film 
quality. 

Reactor system and deposition.--The devosition was 
performed in  a water-cooled reaction cell with rec- 
tangular  cross section (80 • 35 ram) as previously 
described (15). The rf heated graphite susceptor~ was 
coated with silicon (thickness about 20 ~m) prior to 
film deposition on sapphire. The susceptor was tilted 
about 1.7 ~ in the direction of the gas inlet  and could 
be loaded with four 2 in. diam substrates. A t imer 
was used to switch the required electromagnetic valves 
on and off thus enabl ing reproducible runs and results. 

s Schunk and Ebe Company, Giessen, Germany (quaUty term 
FP 499)o 

Results and Discussion 
If the FA values for  the different growth rates rg a r e  

plotted against the growth tempera ture  T~, curves as 
shown in Fig. 2 are obtained, their  curvatures  being 
ra ther  similar. (The different signs in Fig. 2 are the 
average values of all FA measurements  made for a dis- 
t inct  growth rate or growth temperature,  respectively. 
The vertical bars indicate the range in which all cor- 
responding values were obtained. In  the following 
considerations concerning the FA curves these bars are 
included.) The curve for the lowest growth rate region 
(0.2-0.5 ~m/min) ,  investigated in this series, will be 
taken as an example: between 920 o and 940~ a ra ther  
flat m i n i m u m  of the curve with FA ---- 125-130 • 108 
cm -2 exists. The FA values increase both with de- 
creasing and with increasing growth temperatures  but  
remain  smaller  than 140 �9 106 cm -2 between about 915 ~ 
and 965~ indicat ing an epitaxial  film quality. The very  
obvious rise at the lower tempera ture  region (Tg < 
900~ indicates poor film qual i ty due to an increas- 
ing fraction of polycrystal l ine silicon. According to 
Fig. 2, at growth temperatures  above 950~ the rise of 

4 Messer Griesheim Company, Duisburg, Germany. 
5Advanced Semiconductor Materials, Bilthofen, The Nether- 

lands. 
6 Zimmer and Williams, Rheydt, Germany. 
7 Research Incorporated, Mmneapoiis, ~hnnesota. 
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Fig. 2. Absorption factor FA as a function of the growth tempera- 
ture Tg for different growth rates. 

Fig. 3. Quality survey of epitaxial silicon films on sapphire 
represented by the absorption factor FA as a function of the growth 
temperature T~. (a) Results up to 1974, (b) results in 1976. 

the FA values is only small. At higher growth tempera-  
tures than  980~ which were not investigated in this 
present  series, the rise of FA is much more obvious. 
This is demonstrated by Fig. 3 which is taken from an 
earl ier  invest igat ion series for a growth rate of 2.5 ~m/  
min  (16). The FA value rises r emarkab ly  with higher 
temperatures,  indicat ing the increasing influence of 
the a b o v e - m e n t i o n e d  etching reactions (1, 2). The 
curves represent  the epitaxial  quali ty of silicon films 
on chemical ly-mechanical ly  polished sapphire: a is for 
results up to 1974, b shows the results in 1976. The 
bet ter  results in  1976 are due to the improved quali ty 
of the gases and an improvement  in the polishing art. 
(The polishing of the slices from Fig. 3 was done ex- 
clusively in our laboratories, using colloidal silica, s 

In  addition to the growth rate range 0.2-0.5 # m / m i n  
as discussed above, in Fig. 2 fur ther  growth rate ranges 

8Besides the above-mentioned Syton of Monsanto Chemical 
Corporation, Spectrolite and Mirrolux of Materials Development 
Corporation, ~anta Momca, Cal~ornia were used in these earlier 
experiments. 

are shown, e.g., 1.25-1.5 #m/min,  2.25-3.25 ~m/min,  and 
5.3-6.0 ~m/min.  As al ready mentioned,  the FA c u r v e s  
for these different growth rate ranges are similar. It  
can be seen, especially in the v e r y  low tempera ture  
range (880~176 the higher the growt h rate, the 
more the corresponding curve for the FA values is 
shifted to a higher growth tempera ture  range. With 
the exception of the lowest rate, this applies also to 
the flat min ima of the FA curves. These min ima lie be-  
tween 920 ~ and 940~ for 1.25-1.5 ~m/min,  between 
930 ~ and 955~ for 2.25-3.25 ~m/min,  and be tween 
950 ~ and 970~ for 5.3-6.0 ~m/min.  It is obvious that 
the higher the deposition rate, the higher the deposi- 
tion tempera ture  must  be for the production of a good 
epitaxial  film and vice versa. It  fur ther  can be seen 
that  for the 0.2-0.5 ~m/min  range the slope of the 
curve is not as steep as for the other growth rate 
ranges, indicat ing that  in this growth rate range the 
deposition conditions of epitaxial silicon are not so 
critical as for higher growth rates. On the other hand, 
the FA mi n i mum values for the lowest growth rate 
range are at a slightly higher level (FA -- 125-130 �9 106 
cm -2) than for all other investigated rates (FA = 
115-120. 106 cm-2) .  This may be due to the slower 
coverage of the sapphire surface with silicon at the 
lower growth rates, thus al lowing sl ightly increased 
etching reactions ([1] and [2]) and therefore a slight 
deteriorat ion of the film. Nevertheless even with the 
lowest growth rates epitaxial  films with FA < 140 �9 106 
cm-2  can be obtained. 

if  the curves of Fig. 2 are considered in  direction to 
higher growth temperatures,  a slight increase for alI 
curves can be seen. The curves for the growth rate 
ranges 0.2-0.5 ~m/min  and 1.25-1.5 ~m/min  exceed the 
FA value of 140 �9 106 cm -2 at approximately  965~176 
The curve for the highest investigated growth rate 
range 5.3-6.0 ~m/min  exceeds this FA value at about 
985~ Only the curve for the growth rate range 2.25- 
3.25 ~m/min  reaches the FA value of 140 �9 106 cm -2 at 
a higher tempera ture  (approximately ~t 995~ this 
being the most independent  growth rate range con- 
cerning the choice of the deposition parameters.  
Growth rates smaller  than 2.25-3.25 ~m/min  may be 
slightly too low so that  the above-ment ioned etching 
reactions ([1] and [2]) play an increasing role with 
rising temperature.  The marked increase of the curve 
for the high growth rate range 5.3-6.0 ~m/min  could 
be a t t r ibuted to the fact that  nucleat ion in  the gas 
phase with Sill4 may occur resul t ing in the deteriora-  
tion of the films, too. 

As ment ioned above, for every invest igated growth 
rate range a certain corresponding growth tempera ture  
range exists, in  which the FA values are smaller  than 
140 �9 106 cm -2. If these "epitaxial  tempera ture  ranges" 
and the corresponding growth rate ranges are plotted 
against each other, an epitaxial  deposition region is 
obtained concerning T~ and rg, respectively. This epi- 
taxial region is shown in Fig. 4 as the hatched area. 
Here again it can be seen, that for the growth rate 
range 2.25-3.25 ~ m / m i n  a very large deposition tem- 
perature  range can be chosen (930~176 without  
deteriorat ing the film qual i ty remarkably.  Within  the 
hatched area of Fig. 4 a crosshatched addit ional region 
is shown. The horizontal bars in this region represent  
the deposition tempera ture  ranges, in which the flat 
min ima  of the FA curves for  the different growth rate  
ranges were obtained (see Fig. 2). From the cross- 
hatched region in Fig. 4 the opt imum deposition 
parameters  for different growth temperatures  and dif- 
ferent  growth rates can be determined. The "opt imum 
epitaxial region" can be extended to even higher 
growth rates. This was verified exper imenta l ly  by  
growing films at the very high growth rate of 7.5 ~m/  
min. A growth tempera ture  of 975~ was chosen 
simply by extrapolat ion from the opt imum deposition 
conditions for the lower growth rate ranges (i.e., 2.25- 
3.25 ~m/min  and 5.3-6.0 ~m/min) .  The corresponding 
FA values were found to be about 120 �9 10 ~ cm -~, which 
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Fig. 4. Growth rate rg as function of the growth temperature 
Te for epitaxial silicon films on (1012) sapphire with FA "~-- 
140 �9 106 cm - 9  (hatched area). The crosshatched region indicates 
the optimum deposition conditions (FA ~ 125-130 �9 106 cm -2  for 
the 0.2-0.5 pm/min growth rate range and FA = 115-120. 106 
cm - 9  for all other investigated growth rate ranges). The circle is 
from an additional experiment with rg ---- 7.5 #m/min and Tg 
975~ (resulting in an FA value of about 120 �9 106 cm-~; see text). 

is in the  lower  pa r t  of the above-men t ioned  FA value  
region (this is not  represen ted  in Fig. 2, because only  
one growth  t e m p e r a t u r e  was verified exper imenta l ly ;  
in  Fig. 4 this addi t ional  expe r imen t  is included as a 
c ircle) .  

Fo r  the  g rowth  ra te  regions 0.2-0.5 ~m/min  and 
1.25-1.5 ~m/min  the op t imum eui tax ia l  deposi t ion 
range is nea r ly  the same (920~176 This indicates  
tha t  be low this t e m p e r a t u r e  range  fu r the r  op t imiza-  
t ion was not  possible.  Growth  t empera tu res  of 900~ 
or  less resul ted  in po lycrys ta l l ine  silicon in our  case, 
indica t ing  tha t  these deposi t ion t empera tu res  a re  too 
low for a good a r r angemen t  of the  sil icon atoms in the 
sil icon la t t ice  and, therefore,  for growth  of an ep i tax ia l  
film. F rom the v iewpoin t  of au todoping due to the  
above-men t ioned  etching react ions [1] and  [2], the 
growth  t empe ra tu r e  range  Tg = 920~176 is most 
favorab le  in our system. 

The lowest  op t imum growth  t e m p e r a t u r e  is not a 
constant  based on physical  or  chemical  principles,  but  
depends  ve ry  subs tan t ia l ly  on the surface qual i ty  of 
the subs t ra te  and consequent ly  on the exist ing state 
of the pol ishing art .  I t  can be assumed today that  the 
a r t  of pol ishing is r a the r  advanced,  because damage-  
free ( including subsurface damage  f ree)  subs t ra te  
surfaces can be produced  (16). 

The op t imum deposi t ion t empe ra tu r e  depends  add i -  
t ional ly  on the pu r i ty  of the gases used, e.g., H20 or  
02 impuri t ies ,  the geomet ry  of the reac tor  cell, and the 
flow conditions. In  Fig. 5 the influence of H20 im-  
pur i t ies  on the ep i tax ia l  qua l i ty  of the  silicon films 
(growth  t empe ra tu r e  980~ growth  ra te  2.5 ~m/min) ,  
r epresen ted  again  by  the absorpt ion f a c t o r  FA, is 
shown. These exper iments  were  done wi th  hydrogen  
wi th  a known H20 impur i t y  fraction. (This hydrogen  
was taken  f rom different  cyl inders  wi thout  use of the 
gas purif ier;  the  H20 impur i t y  fract ions were  measured  
before  deposi t ion wi th  the Shaw hygrometer . )  I t  can 
be seen tha t  as the H20 impur i t y  level  increases the 
qua l i ty  of the  films drops drast ical ly .  The  r ise  in FA at  
h igher  impur i t y  concentrat ions  may  be a t t r ibu ted  to 
the increas ing fract ion of si l icon oxides,  which are  in -  
co rpora ted  into the film. For  the product ion of a good 
ep i tax ia l  film on sapphi re  the H20 impur i t y  f ract ion 
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Fig. 5. Absorption factor FA as a function of H20 content added 
to the hydrogen. Deposition temperature 980~ growth rate 2.5 
#m/rain. 

must  be be low 2 ppm for a growth  t empe ra tu r e  of 
980~ F u r t h e r  exper iments  showed tha t  the  HeO im-  
pu r i ty  f rac t ion  a t  lower  g rowth  t empera tu re s  (e.g., 
930~ must  be even less (e.g., < 1 ppm) .  S imi la r  
curves are  expected,  if  t races of oxygen  are  in t roduced  
into the gas system. 

Conclusion 
F o r  an opt imizat ion of the  deposi t ion condit ions for 

ep i tax ia l  silicon on sapphi re  in the  SiI-I4/H2 system, 
the  fol lowing requisi tes  must  be supplied.  

In  addi t ion  to a sui table  subs t ra te  mater ia l ,  i.e., f ree  
of c rys ta l  imperfect ions  due to the  crys ta l  growth:  (i)  
the  pol ishing of the  subs t ra te  must  be excel len t  (free 
of damage and subsurface  damage)  and the cleaning 
process (for  the remova l  of pol ishing impur i t ies)  mus t  
be excel lent ;  (ii) the pu r i t y  of the gases is v e r y  i m -  
po r t an t  (e.g., H20 i m p u r i t y  f ract ion <1 ppm requ i red  
for low growth  t e m p e r a t u r e s ) ;  and (iii) dur ing  the 
growth,  e tching react ions be tween  the sapphi re  surface 
and the deposi ted si l icon can de te r io ra te  the  crys ta l  
film quali ty.  This can be reduced  to a min imum if the  
growth  t empe ra tu r e  is as low as possible, and  i f  the  
growth  ra te  is as high as possible, thus decreas ing 
both the amount  of and the t ime for the etching reac-  
tions. The growth  t empera tu re  and the growth  ra te  
cannot  be chosen independen t ly  but  must  be fitted, 
because for each growth  ra te  range there  exists  an  
op t imum deposi t ion t empe ra tu r e  range  which  can be 
de te rmined  wi th  the da ta  presented  in this paper .  By 
this method  high qual i ty  ep i tax ia l  films were  p ro-  
duced, e.g., with  5.3-6.0 ~m/min  at  950~176 wi th  
2.25-3.25 ~m/min  at  930~176 and wi th  1.25-1.5 ~m/  
rain at  920~176 
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Warpage of Silicon Wafers 
B. Leroy* and C. Plougonven 

Compagnie IBM France, 91102 Corbeil-Essonnes, France 

ABSTRACT 

High t e m p e r a t u r e  processing of Czochra]ski  g rown sil icon w a f e r s  c a n  
crea te  t empe ra tu r e  grad ien ts  high enough to genera te  slip. The  genera t ion  of 
slip and the slip pa t t e rns  have been found to depend  on th ree  factors:  the  t em-  
p e r a t u r e  and the t e m p e r a t u r e  gradient ,  the amount  and form of the  p rec ip i t a ted  
oxygen,  and the di rect ion of the ini t ia l  bow and the wafer  d i ame te r  over  th ick-  
ness ratio. A model  is p resen ted  to fit expe r imen ta l  da ta  of cr i t ical  stress in si l i -  
con, t empera tu re  gradients ,  and wafer  cu rva tu re  to predic t  the cri t ical  t e m p e r a -  
ture above which  warpage  wil l  occur. An  impor t an t  resu l t  is tha t  increased w a -  
fer  d iamete r  over  thickness  rat io  makes  the wafers  more  sensi t ive to warpage .  
When  this is the case the  difference in  stresses on both sides of the  wafer ,  b e -  
cause of the  bending,  makes  the a rea  affected by  slip on the concave side much  
l a rge r  than  on the convex side. 

High t e m p e r a t u r e  processing of sil icon wafers  o f t e n  
produces  sufficient the rmal  stresses to genera te  slip 
and dislocations (1 -3 ) .  The stresses arise dur ing  t em-  
pe ra tu re  t rans ien t  because in o rde r  to enhance p ro -  
duc t iv i ty  the  wafers  a re  s tacked  ve r t i ca l ly  in diffusion 
or  ox ida t ion  boats. When  such a boat  is inser ted  or  
pu l led  out of a high t empe ra tu r e  furnace  a t empera -  
tu re  g rad ien t  ar ises  be tween  the center  and edges of 
the  wafers  and th e resul t ing  stresses can be sufficient 
to genera te  dislocations which propaga te  in (111) type  
planes  and form slip bands  (4). The dislocat ions are  
genera ted  where  the resolved shear  stress in a (111) 
sl ip p lane  along a (110) direct ion exceeds the cri t ical  
shear  stress. Pa t t e rns  of slip l ines can be different  de-  
pend ing  on tempera ture ,  wafer  dimensions ( thickness 
and d i ame te r ) ,  and  amount  and form of  oxygen  p re -  
c ipi ta t ion inside the wafer .  Genera l ly  the slip damage  
occurs at  the  pe r iphe ry  for smal l  wafers  and t empera -  
tures  in the 1000~ range  whereas  l a rge r  wafers  and 
lower  t empera tu res  (900~ range)  resul t  in slip in the 
center.  

The  exper imen t s  descr ibed here  re la te  the cri t ical  
stress dependence  on oxygen  precipi ta t ion,  wafer  di -  
mens ion  and shape, and t e m p e r a t u r e  to the resul t ing 
sl ip pat terns .  

�9 Electrochemical Society Active Member. 
Key words: critical shear stress, oxygen precipitation, plastic 

deformation, thermal gradient, warpage. 

Experimental Procedure and Results 
Experimental procedure.--<O01> wafers  sliced f rom 

Czochralski  grown crysta ls  have been used throughout  
the exper iments .  The wafers  were  chemical ly  pol ished 
on both sides, 400 ~m thick, and the d iamete r  was 82.5 
m m  in most  cases, wi th  a few exper iments  on 57 m m  
wafers  to eva lua te  the impact  of the thickness over  
d iamete r  rat io on the wafer  deformat ion  abil i ty.  

The first series of exper iments  were  a imed  at  de-  
t e rmin ing  the pa t t e rn  of sl ips observed  when  va ry ing  
(i) the amount  of p rec ip i t a ted  oxygen.  (it) the cooling 
envi ronment :  open tube  or  capsule, (iii) t h e  t e m p e r a -  
t u r e  of the  furnace,  and (iv) the d iamete r  over  th ick-  
ness rat io.  

For  these exper iments  the wafers  received an oxy -  
gen prec ip i ta t ion  h e a t - t r e a t m e n t  at  t empera tu res  b e -  
tween  900 ~ and 1100~ for var ious  durat ions.  They 
were  s tacked in the  ver t ica l  posi t ion in a boat  wi th  
2.5 m m  distance be tween  wafers  and at least  seven 
d u m m y  wafers  at  the end to insure  the same cooling 
kinet ics  of al l  the test wafers.  A t  the  end of the t he rma l  
t rea tment ,  the boat  was quickly  hand -pu l l ed  (about  
1 sec),  and as a resul t  of the  t empe ra tu r e  differ-  
ence be tween  the edges and the center  of the  wafers,  
slips lines could be genera ted  (1, 4). Typica l  slip dis-  
t r ibut ion  a round  the wafer  has been  descr ibed by  
Longo (5) and Hu et al. (6). 
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Slip pattern.MThe wafers were then observed by 
x - r ay  topography 'us ing  the (220) reflection in most 
cases. Figure I shows the slip pa t te rn  thus obtained on 
82.5 mm wafers in  the case of an open- tube process- 
ing, at two different ~emperatures 970 ~ and 105O~ and 
for high oxygen precipitat ion and no oxygen precipi-  
tation. For Czochralski grown crystals the oxygen 
precipitates along rings which correspond to the 
f rozen- in  microdefects formed dur ing  the crystal pul l -  
ing operation. On x - r a y  topographs, two types of fea- 
tures can be observed: (i) dark rings concentric to the 
wafers which correspond to areas with a high density 
of oxide precipitates, and (ii) sharp lines in the <110> 
type direction, at the center or at the edge of the 
wafer which correspond to slip bands. 

From the pat terns of dislocations observed on Fig. 1 
it  can be stated that  in  the case of cooling from 
1050~ slip occurs at the edge only when  there is l i t t le 
oxide precipitat ion and slip occurs at the edge and 
in  the center  when the precipitat ion of oxygen is high, 
and in  the case of cooling from 970~ slip has occurred 
only  in the center of the wafers with a high oxygen 
precipitation. 

Figure 2 shows the results of a similar  exper iment  
carried out with 57 mm wafers. The top row of topo- 
graphs corresponds to wafers in a capsule quickly 
pulled out of a furnace at ll00~ It shows that slip 
occurs only  at the edge of the wafers even in the case 
of high oxygen precipitation. The bottom row shows 
topographs of wafers quickly pulled out of a furnace 
at 1050~ in  an open tube. Here slip has occurred both 
at the edge and in  the center, for the case of high oxy- 
gen precipitat ion as well as low oxygen precipitation. 
The same pat te rn  was found on 82.5 mm wafers pulled 
out of the furnace at 1050~ in an open tube. 

However, x - r ay  topographs show a picture of slip 
through the wafer. To look at the slip pat tern  emerg-  
ing at the surface, wafers were Jenkins-Wright  etched 
for 20 mn. Figure 3 shows a typical result  on a 82.5 
mm wafer: the center slip port ion is much more ex- 
tended on the concave side than on the convex side. 
To unders tand  this interest ing observation, high reso- 
lut ion x - r ay  topographs were performed on a wafer 
with little slip in  the center. Figure 4 shows prismatic 
loops of dislocations generated around a center  defect, 
which is assumed to be an oxide precipitate as such 
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loops exist only in the dark rings corresponding to 
oxygen precipitation. This is similar to Matsui 's ob- 
servations (7). The wafer was then etched from the 
concave side and the same x - ray  topograph was taken 
again (Fig. 4b). The size of the loops has decreased 
indicat ing that  the loops extended toward the concave 
side, in ( I l l )  family planes. The emergence of such 
loops on the concave side forms the slip pat tern  visible 
after the Jenk ins -Wrigh t  etch. The loops generated in 
the bulk extend to the concave side because it is the 
most eompressed region, and it is where stresses have 
to be relieved first. This will be" demonstrated later  
following the model of Dyer et al. (8). From contrast 
ext inct ion analysis of x - r ay  topographs of such loops 
using (220), (220), (111), (111), (111"), (111), (400), 
and (040) reflections the Burgers vector associated 
with the dislocation loops is always <101> or <011> 
type and never  <110>  type. Slip associated with these 
loops in the center of the wafer wil l  therefore be ac- 
companied by a movement  perpendicular  to the sur-  
face, and the bow of the wafer is increased. This is 
general ly called warpage (9, 10). 

To summarize these observations, slip pat terns  are 
at the wafer edge only for capsule cooling and in  case 
of little oxygen precipitation, and at the center of the 
wafer-only  for larger diameter  wafers and with some 
oxygen  precipitation. When plastic deformation occurs 
in  the center of the wafer, the init ial  bow is increased. 
As the result  of this plastic bending, slip lines will 
concentrate on the concave side, as is ful ly developed 
in  the Discussion section. 

Experimental determination of a critical tempera- 
ture.--We define a critical temperature  as the tem- 
pera ture  above which the quick wi thdrawal  of a boat 
of wafers will result  in formation of slip. This critical 
tempera ture  Tc is a function of: (i) the wafer loading 
geometry which imposes the tempera ture  gradient  and 
therefore the stress distr ibution on a wafer, (ii) the 
critical stress of silicon which is a funct ion of oxygen 
precipitation, and (iii) the shape of tb~e wafer at the 
furnace temperature,  i.e., the init ial  bow (9). 

The experiments  aimed at the determinat ion of Tc 
were carried out on 82.5 mm diam wafers in the tem- 
pera ture  range 800~176 such as to be in the case 
of center slip, i.e., where the presence or absence of 

Fig. 1. X.ray topographs of 82.5 mm diam wafers after a thermal treatment which induced an oxygen precipitation 
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Fig. 2. X-ray topographs of 57 mm diam wafers after a thermal treatment which induced an oxygen precipitation 

slip can s imply be de termined  by a measurement  of 
the bow increase before and af ter  each hea t - t rea tment .  
The wafe r  loading geometry  was kept  constant 
throughout  the exper iment  wi th  the fol lowing load- 
ing scheme: 2.5 mm spacing between wafers  and at 
least seven dummy wafers  on each end of the batch 
of exper imenta l  wafers. 

The  design of the boat was such that  its heat  mass 
was ve ry  small, which insures a near ly  concentric 
t empera tu re  distr ibut ion during cooling. 

The amount  of precipi ta ted oxygen was determined 
as the difference be tween  the concentrat ion of in te r -  
stit ial  oxygen before and af ter  a precipi tat ion heat -  
t reatment .  This amount  of precipi ta ted oxygen was 
var ied  by choosing wafers  with different initial oxy-  
gen content  and by vary ing  the precipi tat ion heat -  
t r ea tment  or sequence of hea t - t rea tment .  The in ter -  
st i t ial  oxygen content  was measured  f rom infrared 
absorpt ion peak at 9 ~m using Patr ick 's  (11) re la t ion-  
ship [O] : 2.8 �9 1017 x, where  x is the absorption co- 
efficient in centimeters.  The range of oxygen concen- 
t ra t ion was found to be 5.1017 < [O] < 13.1017 
a t . / cm 3. Th actual  wafer  measurements  were  cor- 
rected using a cal ibrat ion curve to account for the 
th in  slice instead of the thick slugs measurements .  

F ina l ly  in order  to v a r y  the in i t ia l  bow of the wafers  
a layer  of 1000 or 1600A of silicon ni t r ide was de- 
posited on one side of some wafers. The ni t r ide  layer  
induces a tensile stress which bends the substrate 
(12). The bow of the wafers  was measured by a stan- 
dard Solex pressure gauge instrument .  The ext ra  
deformation induced by the 1000 and 1600A thick 
nitr ide film is, respect ive ly ,  16 and 25 ~m at room 
tempera tu re  and is expected to be 30 and 50 #m, re-  
specti~,ely, at 1000~ (12). 

Table I summarizes the precipi tat ion hea t - t r ea t -  
ments and the ni t r ide deposition t reatments .  

The warpage  exper iments  were  carr ied  out by 
quickly wi thdrawing  the boat of wafers f rom an idling 
tempera ture  T. In the case of wafers from groups A 
and B (Fig. 5) the furnace  t empera tu re  was slowly 
lowered from the precipi tat ion tempera ture  (1000~ 
to 900 ~ or 950~ or it was left  at 1000~ and the boat 
was quickly  hand-pul led  out of the furnace (in about 
2 sec). In the case of groups C or D wafers  (Fig. 6) 
the wafers  were  re inser ted in a furnace at a t empera -  
ture To ~- 780~ af ter  the precipi tat ion hea t - t r ea t -  
ments and, af ter  about  30 rain to al low for t empera -  
ture equil ibrium, the wafers were  quickly hand-pul led.  
The bow of every  wafer  was then remeasured  and the 

Table i. Summary of heat-treatments for each group of wafers 

Wafer First-heat- Second heat- 
group treatment Nitride film treatment Warpage experiment 

A None None 1000~ Withdrawal at 900 ~ 950", and 1000,~ 
3 hr 
Dry oxygen 

B None None I000~ Withdrawal at 909 ~ 950 ~ , and 1O00,~ 
18 hr 
Dry oxygen 

C I000~ None Started at 780~ and incremented by 
20 hr 20~ at each experiment 
Dry oxygen 

D 925~ 1050~ Started at 780~ and incremented by 
100" mn 20 hr 20~ at each experiment 
Dry oxygen Argon atmo- 

sphere 

Group C1: None 
Group C2: 10,{)0A 

Group DI: None 
Group D2: 1000A 
Group D3: 1600A 
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Fig. 3. Slip patterns on both sides of a plasticly warped wafer 
delineated by Jenkins-Wright etch. 

plasticly deformed wafers were sorted out. The same 
exper iment  was then r e run  at a tempera ture  To 
20~ and subsequent ly  by  20~ increments  each time 
unt i l  all wafers were plasticly warped (Fig. 6). There-  
fore for groups A and B wafers, for a given furnace 
temperature,  a critical amount  of precipitated oxygen 
was determined as the boundary  above which plastic 
deformation occurs. The role of different ini t ial  oxy- 
gen content  was only to vary  the amount  of precipi- 
tated oxygen for a given heat - t rea tment .  In  the case 
of groups C and D wafers, a critical temperature  was 
determined for each wafer. In  this set of experiments  
no difference could be found between the groups of 
wafers with different ini t ial  bow and the first-order 
parameter  on which T depends seems to be the oxy- 
gen precipitation. 

To summarize the results from both groups of ex- 
per iments  a temperature  vs. amount  of oxygen pre-  
cipitation diagram has been drawn (Fig. 7) showing 
the domain free of plastic deformation. 

Theory 
The main  factors determining the dislocation pat-  

t e rn  are: (i) the critical shear stress of the silicon 
which is a function of the oxygen precipitation, (ii) 
the wafer loading geometry which imposes the tem- 
perature  gradient  and therefore the stress dis t r ibut ion 
on a wafer, and (iii) the shape of the wafer  at the 
furnace temperature,  i.e., the ini t ia l  bow (9). 

We will now determine the role of each factor and 
show how the exper imental  data i l lustrate  this be- 
havior. 

Critical shear s tress , - -When a boat of closely spaced 
wafers is pulled out of a furnace, stresses bui ld  up 
across a wafer as a result  of the temperature  gradient. 
The stresses are compressive in the center  and tensile 
at the edges. When the tempera ture  gradient  is large 
enough, dislocations are generated in the areas where 
the shear stresses exceed the critical shear stress vc in  
the (111) family  plane in  a [101] direction. Then the 
dislocations can glide from their  source under  the 
thermal  stresses. 

Exper imental  values of the yield point  of silicon, 
i.e., the critical stress Vc, has been reported by  Patel  
et al. (13, 14) as a funct ion of oxygen precipitation, 
dislocation density, temperature,  and strain rate. Fig-  
ure 8 shows his data converted into resolved shear 
stress in a (111) glide plane by the relationship ~c -- 
1/z ~c taking into account his crystal orientation. From 
Patel 's  tensile experiments  it was established that  a 
max imum applied stress Zm had to be reached before 
plastic deformation could occur. Once ~m has been 
reached, plastic deformation will continue under  a 
smaller  applied stress Tf. ~m decreases with increasing 
temperature,  dislocation densities, precipitated oxygen, 
and with slower strain rates. 

In  order to take his critical stress measurements  as 
the basis for our  quant i ta t ive  model to unders tand  
and predict occurrence of slip on silicon wafers, it  must  
be verified that the conditions are the same. Patel 's  
measurements  were carried out at 800~ for the oxy- 
gen dependence and between 700 ~ and 1000~ for the 
temperature  dependence, compared with 800~176 
furnace temperatures  in  our warpage experiments.  The 
oxygen precipitat ion hea t - t rea tments  were conducted 
at 1000~ both in Patel 's  experiments  and for most of 
our  wafers. The last parameter  to be compared is the 
s t ra in rate. 

Patel 's  measurements  of Trn as a funct ion of the 
s t ra in rate were made with high strain rates (~ - -  2 �9 
10 -8 m n  -1) and for the case of no precipitated oxy-  
gen. The strain rates in the case of cooling of a wafer  
are lower. Therefore, his results must  be interpolated 
somewhere between the "~m plot corresponding to -y -- 
2 �9 10-8 m n - 1  (5 . 10 -8 cm/mn)  and the zf plot. This 
is done on Fig. 8, which shows Trn as a funct ion of tem- 
p e r a t u r e  for different s train rates. It  will  be verified 
by superimposing this plot on the wafer applied stress 
dur ing cooling that  these values are consistent. 

The influence of a 7 . 10 iv at./cma oxygen precipita-  
t ion is shown by Patel  to reduce the critical shear 
stress by a factor of 5 at 800~ We suppose that  this 
factor is independent  of the tempera ture  and the strain 
rate. This reduction of the critical resolved shear stress 
is due to the compressive stress fields around the pre-  
cipitates (15). As the thermal  stresses are compressive 
in the center of the wafer and tensile at the edge, the 
critical resolved shear stress may not be reduced by 
the same amount  in  these two cases, depending on the 
precipitate shape (globuli, platelet, etc.) and on the 
temperature.  

As a result  high oxygen precipitat ion favors defects 
in the center of the wafer because of the effect of the 
oxygen precipitates and the stress field surrounding 
them, and the low oxygen precipitation, favors defects 
at the edge because there is no lowering of ~c in  the 
center of the wafer due to the lack of oxygen precipi- 
tates (Fig. 1 and 2). Based on these remarks we take 
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Fig. 4. Magnification of x-ray 
topographs of dislocation loops 
generated in a region in the 
center of the wafer where oxy- 
gen is precipitated (a) before 

etching, (b) after etching 80 #m 
on the concave side. The right- 
hand side drawing shows a per- 
spective of the loops in their 
(111) type glide plane. 
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Patel 's  measurements  as corresponding to ~ce, i.e., Tc at 
the edge of the wafer, and so we have from Patel  Tc~ 
for the case of no oxygen precipi tat ion and for 7 �9 1017 
a t . /cm 3 of oxygen precipitated. 

In  the center ~cc is the same as ~ce when  there is 
no oxygen precipitat ion and a li t t le smaller  for high 
oxygen precipitation. To be consistent with the ex-  
per imenta l  data of Fig. 7, we suppose that  the ~e 
varies l inear ly  with the amount  of oxygen precipitated 
when  it  is larger  than 101~ at . /cm 8. The resul t ing net-  
work of ~cc vs. T is shown in Fig. 9. Now, to explain 
the results in  capsule, i.e., lower tempera ture  gradient, 
higher temperature ,  and no center slip, we must  sup- 
pose that the difference ~ce -- ~cc decreases when  the 
t empera tu re  increases. Such values of ~ce are i l lus- 
t rated in  Fig. 9. 

Temperature distribution during nonuni]orm cool- 
ing.--Morizane and Gleim (1) reported tempera ture  
gradients between the center and edge of a row of 

seven wafers, when  inser ted in  or pulled out of a 
furnace, but  their  measurement  was influenced by the 
large heat mass of the boat, which was not the case 
in  our experiments.  More recent measurements  by 
Hearn  et aL (16) on 57 mm diam wafers reported a 
AT of 170 ~ dur ing cooling from 1000~ and of 120 ~ 
dur ing  cooling from 800~ D u r i n g  heating to 1000~ 
AT was only 120~ We will assume AT values close to 
Hearn 's  measurements .  Other measurements  by Kasper 
and Clauss (17) in the case of a 1200~ furnace show 
a AT of 15O~ for heating and 800~ for cooling. The 
main  difference between heat ing and cooling comes 
from the tempera ture  at which the gradient  is maxi-  
mum:  in the case of heat ing the larger aT occurs at 
a lower temperature  than for cooling. As the critical 
stress increases rapidly with decreasing temperatures,  
only large AT at high temperatures  will cause slip. 
Therefore, the model developed here will be for the 
case of cooling wafers ra ther  than heating. 

Calculations of the tempera ture  distr ibution across 
wafers for ideal cooling conditions of a row of closely 
spaced wafers have been carried out by Hu (4) taking 
into account the heat losses by radiat ion and conduc- 
tion. 

Note that  in this case, Hu (4) found a temperature  
distr ibution near ly  independent  of the wafer  diameter, 
so we can extend his values as well as Hearn 's  actual  
measurements  from 57 to 82 m m  diam wafers. 

Table II shows the ma x i mum tempera ture  gradient  
across the wafer for several s tar t ing temperatures  as 
calculated from Hu's model and as measured in  
Hearn's  experiments.  There is good agreement  for high 
temperature  (1000~ and higher) bu t  for lower tem- 
peratures the calculated AT becomes significantly 
higher than the measured one. The reason for this 
discrepancy is thought to be that the cooling by radia-  
tive process is overest imated at lower temperatures,  
i.e., below 900~ In  this case heat losses by conduction 
become predominant  and the tempera ture  dis tr ibut ion 
is parabolic resul t ing in lower m a x i m u m  AT. In  real 
exper imental  conditions, two variat ions from this ideal 
cooling case exist. 

First, open- tube  processes are where the boat is 
wi thdrawn in  a quartz tube outside of the furnace. In  
this case the proximity  of the cooler quartz walls leads 
to slightly greater  heat losses at the wafer edges by 
convection. Hearn 's  measurements  were carried out in 
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Table II. Maximum temperature gradient across wafer 

9 6 7  

AT ( m a x )  
T (~  T (~ [Hu (4) ]  

�9 maz Parabol ic  app. 
[Hu (4 ) ]  [Hearn  (16)]  

( 10 s d y n e s / c m  ~) ( 10 s d y n e s / c m  2) 
T (max) 

[Hearn (16)] Center Edge Center Edge 

llOO 1373 192 
1000 1273 178 

900 1173 164 
800 1073 150 
700 973 136 

195 1.55 5.6 
170 1.43 5.2 
145 1.31 4.8 
120 1.2 4.4 1.6 3 . 9  

95 1.1 4.0 1.26 3.0 

these conditions and therefore his results reflect this 
effect which is probably  negligible at high tempera-  
tures (T > 900~ but  not at lower temperatures.  

Second is the case of a capsule process. When the 
b o a t  inside the capsule is wi thdrawn from the furnace, 
the hot capsule quartz walls i r radiate  back at the 
wafers edge and hence reduce the cooling rate of the 
edges. These conditions are similar  to the closed boat 
approach of Hearn  where he measured a t empera tu re  
difference of 65~ between the center and the edge of 
a wafer  cooled from 900~ It is, however, l ikely that  
the max imum AT is reached quickly in the case of the 
open tube and later  when there is a compensation 
between the radiat ion of the quartz walls and the 
wafers. 

Figure  10 shows the tempera ture  drop calculated 
from Hu's model and for our exper imental  conditions. 
The capsule cooling temperature  plot is adjusted to 
fit Hearn 's  measured AT. 

S t r e s s e s  d i s t r i b u t i o n . - - T i m o s h e n k o  et  al. (18) cal- 
culated the radial  dis t r ibut ion of stresses induced by 
the thermal  gradient,  when  the bending moment  of 
the wafer can be neglected (flat wafer) .  

The ratio of the thermal  stresses to the max imum of 
shear stress was taken from Hu (4) to be 2 at the edge 
and ~ / 6 i n  the center. 

So by assuming the tempera ture  dis tr ibut ion across 
the wafer discussed previously, the max imum shear 
stress can be calculated in  the center of the wafer and 
at the edge as a function of the center  and the edge 
temperature ,  respectively. Figure 11 shows such plots 
for different s tar t ing temperatures:  800 ~ 900 ~ 1000 ~ 
and ll00~ Tm has been plotted as a funct ion of the 
tempera ture  T instead of t ime in order to later  com- 
pare Tm with Tr which also varies with tempera ture  
bu t  not  with time. 

In  order  to determine when plastic deformation will 
s t a r t  Tm must  be compared to zc at any given time. 

�9 . , ,~ capsule 

900 ~,~ �9 i air 

%o ee%e o 

800 

700 

~: 6OO 

~- 5110 

' ' ' ' . . . .  8 i 2 3 4 5 6 7 9 

TIME ( s )  

Fig. 10. Cooling kinetics at the center and at the edge of the 
wafers during cooling in the air ( ) and cooling in a capsule 
( . . . .  ) .  

Vm and vc v a r y  with tempera ture  and therefore it is  
convenient  to represent  on the same figure the plots of 
Zm vs.  T and ~o vs.  T. Plastic deformation will  occur 
when the two plots intersect  and for a given wafer, 
i.e., where ~c is determined,  the critical AT admissible 
is determined by making  vm vs.  T become tangent  to 
"cc vs.  T. 

Figures 12 and 13 show, respectively, for air cooling 
and capsule cooling two cases of Tm vs.  T compared to 
Tc vs. T for different s tar t ing temperatures.  The stress 
curves in the open- tube  case (Fig. 12) are taken from 
Fig. 11 and in the capsule case they are derived from 
the cooling curves of Fig. 10. 

Note that  the center stress curve has to be com- 
pared to ~oc, i.e., ~c corresponding to the center  whereas 
the edge stress curve must  be compared to ~ce, i.e., ~c 
corresponding to the edge. Let us consider each case 
separately. 

O p e n - t u b e  case.--Cooling from high tempera ture  (T 
> 1000~ the critical shear stress is reached first at 
the edge. Three types of slip t ime pat terns can there-  
fore result:  (a) l i t t le oxygen precipitation, i.e., high 
�9 c; no slip lines will form; (b) moderate oxygen pre-  
cipitation; slip lines are generated first at the edges 
of the wafer thereby rel ieving the thermal  stresses 
and prevent ing  slip in the center, and #c) high oxygen 
precipitation; slip occurs both at the center  (lower ~c) 
and at the edge of the wafers. Such pat terns are 
shown on Fig. 1 and 2. Note that  the reduct ion of the 
cooling rate has the same effect as a reduction of pre-  
cipitated oxygen. Cooling from lower temperatures:  
cases (a) and (c) described above remain  the same 
but  case (b) leads to slip in the center only due to 
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Fig, 11. Maximum shear stress at the center and at the edge of 
the wafers during cooling in the air from different temperatures. 
The numbers beside the curves are the time in seconds. 
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the smaller  critical stress of the edges as discussed 
previously. When  slip occurs in the center  the wafers 
warpage increases. 

Cooling in  a capsu le . - -Due  to the reduced radial  
tempera ture  differential in a capsule compared to 
an open tube, the generat ion of dislocations in a 
capsule requires a s tar t ing tempera ture  of the order 
of 100~ greater than the tube case. At this tempera-  
ture, the critical shear stress is near ly  the same at 
the center and at the edge and is always reached first 
at the edges (Fig. 13). This is consistent with the 
slip pa t te rn  shown in  Fig. 2. 

B e n d i n g . - - T h e  radial  temperature  distributions, 
therefore, can be such that  per ipheral  and /o r  center 

slip can take place. However, the thin membrane  flat 
disk approach is a good approximat ion only for flat 
wafers with a not too large diameter  over thickness 
ratio. For larger wafers two variat ions from the m e m -  
brane  case must  be taken into account: (a) the wafer 
can no longer be accurately approximated as a flat 
disk. Its equi l ibr ium shape can be described as a 
circular disk with a finite ini t ial  curvature,  and (b) 
when  the ratio of diameter  over thickness increases, 
as a result  the resistance to bending decreases. When 
such a wafer is submit ted to a radial  temperature  
differential AT dur ing cooling a hot central  portion 
is t rapped within  a cold annu la r  zone. The compres- 
sive stresses in  the center  will tend to increase the 
curvature  of the wafer. 

The complete stress analysis taking into account 
the effects of this increased elastic curva ture  of the 
wafer has been carried out by Dyer et aL (8). The 
total radial  and tangent ia l  stresses are composed of 
membrane  stresses plus bending stresses. The effect 
of the elastic bending due to the compressive stresses 
in the center  of the wafer is to increase the stresses 
on the concave side and to reduce them on the convex 
side (8) compared to the membrane  case. 

Using Dyer's (8) solutions the deflection w and the 
tangent ia l  (~,~,~) and radial  (~rrr) stresses have been 
calculated as a funct ion of the ini t ial  deflection wo 
for small  AT, with the geometrical parameters  of the 
wafers used in our experiment,  i.e., a radius R = 4.12 
cm and a thickness h = 385 ~m. Figure 14 shows the 
radial  d is t r ibut ion of ~,~,~ and O'rr calculated for AT 
= 120~ and Wo -- 20 ~m and ~or the concave side, 
the convex side, and for the membrane  case. I t  shows 
that  the compressive stress in  the center on the con- 
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cave side can be increased almost by a factor of 1.5 
compared to the convex side whereas  at the edge 
the difference be tween  both sides is negligible. In 
t h e  center  of the wafe r  the stress on the concave side 
wil l  a lways be grea ter  than on the convex side and 
therefore  the dislocation pa t te rn  can be expected to 
be dissymetric. For  instance on Fig. 14 we can super-  
impose a plot of ~c which is ~/6Tc in the center  and 2,c 
at the edge. Also the radia l  var ia t ion  of ~ shown takes 
into account the t empera tu re  distr ibution assumed 
for the calculat ion of the ds. The AA'  T~ plot  corres-  
ponds to an oxygen precipi tat ion of 10 ~7 at./cm~. In 
this case, no slip line will  be generated at the edge 
of the wafe r  and in the center,  the radius of the de- 
fect ive area wil l  be 0.2R on the convex side and 0.hR 
on the concave side, i.e., an area 6 times larger,  If  
there  is no oxygen  precipi tat ion (curve B) disloca- 
tions wil l  be generated only on the concave side of 
t h e  wafer.  This resul t  is i l lustrated by the dislocation 
pa t te rn  of Fig. 3 where  the dislocation pa t te rn  is 
la rger  in the central  area on the concave side than 
on the convex side, and the dislocations are generated 
in the oxide precipi ta te  rings (see also Fig. 4). 

Therefore  the stress difference between both sides 
of  the wafer  imposed by the elastic bending when 
the center  of the wafer  is under  compression is also 
a de termining  factor to explain the slip patterns. 
In tu i t ive ly  the stress enhancement  on the concave 
side compared to the membrane  case wil l  depend on 
the magni tude  of the elastic bending which is a 
function of the tempera ture  differential,  the radius, 
and the thickness of the wafer.  F rom Dyer 's  equa-  
tions, this stress enhancement  can be calculated as 
a funct ion of these parameters .  If  we choose the z 
axis perpendicular  to the wafe r  surface with its origin 
in the middle  of the wafer  thickness, the total stress 
along the z direct ion can be wr i t ten  

a'(z) = o'(0) + AO'Cz) 

where  ~(0) is the membrane  stress and ha(z) is the 
stress enhancement  due to the bending. 

Carry ing  out the calculations of *<z) and A,(z) f rom 
Dyer 's  solutions shows that  these two parameters  are a 
funct ion of z, the radial  distance to the center  of the 
wafer  r, the init ial  deflection Wo and a pa ramete r  
AT(R2/h2). It  is impor tant  to note that  ~ and A~ do not 
va ry  with  AT, R, and h independent ly  but  wi th  the 
product  AT (R2/h2). 

Let  us call  stress enhancement  factor the ratio Se(z) 
= A~(z)/r The numerica l  calculations of this factor 
have  been per formed as a function of the pa ramete r  

969 

AT(R2/h  2) and for different values o f  Wo and the re -  
sults are shown in Fig. 15. The deve lopment  of Dyer  is 
correct  if AT is not  too large (solid l ine on Fig. 15) and 
the calculation has been in terpola ted for la rger  AT 
values (dashed lines).  According to these plots, for our 
exper imenta l  conditions which correspond to AT(R2~ 
h 2) of the order  of 1.3 �9 106 one expects to see an im-  
pact of the init ial  deflection on the occurrence of slip 
for values grea ter  than 40 ~,m, i.e., a Aa due to the 
bending larger  than 20% compared to the case of wa-  
fers wi th  init ial  deflection be tween  10 and 20 ~m. In 
our exper iments  the ini t ial  deflection was var ied  by  
depositing a layer  of silicon ni t r ide but  the deflection 
increase thus obtained was probably  insufficient to 
induce a large  enough stress enhancement  such as to 
have an effect on .the warpage  t empera tu re  measure-  
ment  (Tc was measured  at +10~ In addition, an-  
other  factor must  be taken into account: the dis tr ibu-  
tion of oxide precipitates in the wafer  thickness. The 
density of precipitates is ve ry  high in the middle of the 
wafe r  thickness but  close to the surface a layer  50-100 
~m thick is almost  free of precipitates.  The resul t  is a 
h igher  ~c close to the surface where  the stress en-  
hancement  is the largest.  The dislocations are gener-  
ated around oxide precipitates, i.e., at some distance 
f rom the surface and therefore  only the stress en-  
hancement  up to that  distance should be considered. 
The calculat ion of the stress enhancement  factor as- 
suming that  the precipi tat ion is uniform only in half  
of the wafer  thickness, i.e., for - -h /4  < z < +h/4 .  
The stress enhancement  at h/4 is half  its va lue  at h/2. 
In our experiments~ AT is ~ 70~ ~ when  dislo- 
cations are emitted,  wc is be tween  0 and 60 ~m and the 
oxide precipitates are only in the half  of the wafe r  
thickness. The stress enhancement  is then be tween  0 
and 0.3. When the init ial  bow varies f rom 0 to 60 /ma, 
the impact  on the crit ical  warpage  t empera tu re  is the 
same as an increase of the oxygen precipi tat ion f rom 
3.1017 to 5.1017 a t . /cm ~. Also one can see that the 
stress enhancement  is la rger  for la rger  d iameter  wafers  
if we keep AT and h constant. This explains why  center  
slip is observed on 57 mm wafers only in cases of ve ry  
high oxygen precipi tat ion in the center  but  for smaller  
oxygen  precipi tat ion for the 82.5 mm wafers. 

Because of this stress enhancement  factor, on Fig. 11, 
12, and 13 the stresses on both sides of the wafers  
should be plot ted separately,  i.e., higher  on the concave 
side and lower  on the convex side at the center  of the 
wafer.  

Complete calculation.--Now the exper imenta l  plot 
of Fig. 7 can be calculated f rom the three  factors just  
described: (i) Stresses in the wafers during cooling 

1 

.9 

.8 

.7 

~ . 6  

g.5 
:~ .4  

,.z, .3 

~_'2 
~.i 

VALUES OF AT IN OUR EXPERIMENTS 

1,0 ;~0 3~ 4p 5p 6~ 7,0 8p 9p 

oxygen precipitation in the whole wafer 

thickness 

/ 
/ 

initial bow (~Jm) 

5 10 5 10 6 ~T r2 

(%) 9o to 2Q 3p 4o ~ ~o 70 8o 

oxygen precipitation in half of the 
I. wafer thickness 

9. I 

8J / 
7' initial bow (pm) j 

6 _ ~ / 5  
4 i i 

3 

5 105 106^T r 2 
,,,R-- 2 

Fig. 15. Stress enhancement 
in the central area of the wafer, 
in the part of the thickness 
where the dislocations are 
generated. 



970 J. Electrochem. Soc.: S O L I D - S T A T E  SCIE N CE  A N D  T E C H N O L O G Y  April 1980 

f rom different  t empera tu res  as shown in Fig. 11 and 
12; (ii) the re la t ionship  be tween  the cri t ical  stress, the 
t empera ture ,  and the amount  of oxygen prec ip i ta ted  
given in Fig. 9; and (iii) a stress enhancement  at  the 
center  of the concave side calcula ted from Fig. 15 as-  
suming an ini t ia l  bow be tween  20 and 30 #m. 

Under  these conditions the cri t ical  t empera tu re  is 
ca lcula ted  for different  amounts  of prec ip i ta ted  oxygen 
and the l ine joining these points separa tes  two domains:  
one where  the warpage  occurs and one wi thout  
warpage.  

This  resul t  corresponds to a cr i t ical  stress obta ined 
in our  oxygen prec ip i ta t ion  exper iments .  But for o ther  
hea t - t rea tments ,  where  another  process of preci~oita- 
t ion is involved,  ~c wi l l  differ f rom values  of Fig. 9 
(19). 

Conclusion 
Exper imen ta l  slip pa t te rns  have been expla ined  by a 

model  fitt ing stresses calcula ted from a t empera tu re  
d is t r ibut ion  across a wafer  induced by  nonuni form 
cooling and var ia t ions  of the cri t ical  stress of silicon as 
a function of the t empe ra tu r e  and the amount  of p re -  
c ipi ta ted oxygen.  The effect of bending explains  that  
for l a rge r  d iamete r  over  thickness ratio, wafers  be -  
come more  sensi t ive to warpage,  and also that  wa rped  
wafers  show a much l a rge r  area  affected by  slip on the 
concave side than on the convex side. The model  also 
predicts  the cri t ical  t empe ra tu r e  above which warpage  
wil l  occur as a function of amount  of oxygen p re -  
cipi tated.  
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Thermodynamic Properties and Subphases of 
Wustite Field Determined by Means of 

Thermogravimetric Method in the Temperature 
Range of 1100 ~176 

Eiji Takayama and Noboru Kimizuka 
National Institute Jor Researches in Inorganic Materials, Sakuramura, Niiharigun, Ibaraki, Japan 305 

ABSTRACT 

The  composit ion of the wust i te  phase field under  var ious  oxygen  fugacit ies  
w a s  de te rmined  in grea t  detai l  by  means of the the rmograv ime t r i c  method  in 
the t empe ra tu r e  range  of 1100~176 There  is a b reak ing  point,  which 
means  a second or possibly h igher  order  t rans i t ion  in the wust i te  phase, in  
every  i so thermal  l ine of oxygen  fugaci ty  vs. composit ion of wusti te .  The phase 
d i ag ram containing the subphase  bounda ry  was obtained.  Some the rmo-  
dynamic  functions were  also de te rmined  and compared  wi th  the  prev ious ly  
publ i shed  data. 

Darken  and G u r r y  (1, 2) es tabl ished the equi l ib r ium 
phase d i ag ram of the Fe -O  system in deta i l  at  h igher  
t empera tu res  by  using control led oxygen fugacities,  
and  they  de te rmined  the impor tan t  the rmodynamic  
values.  Since thei r  work,  t he rmograv ime t ry  and the 
so l id-s ta te  galvanic  cell method have been in tens ively  

Key words: solids, thermodynamics, stoichiometry, phase tran- 
sitions. 

appl ied  to the s tudy of wust i te  in o rder  to de te rmine  
the t h e r m o d y n a m i c  proper t ies  more prec ise ly  ( the 
references  are  l isted in the review of Giddings  and 
Gordon (3) and Spencer  and Kubaschewsky  (4), for 
instance) .  

Val le t  and Raccah (5, 6) and K leman  (7) suggested 
tha t  there  are  three  subphases  in the wust i te  p h a s e  
field on the basis of the rmograv imet ry .  Their  sugges-  
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t ion was suppor ted  by  Fende r  and Ri ley  (8) and  
Carel  and Gava r r i  (9) on the  basis of emf  measu re -  
ments,  x - r a y  study,  and  d i la tomet ry .  However ,  Gid-  
dings and Gordon (3, 10) and H a y a k a w a  et  al. (11) 
asser ted  tha t  no posi t ive evidence indica t ing  such sub-  
phases could be observed in the  ava i lab le  da ta  pub-  
l ished so far  and  concluded tha t  the exper imen ta l  
e r rors  in the da ta  of Val le t  and Raccah or  Fender  
and Ri ley  were  too la rge  to suggest  the exis tence of 
subphases.  

On the o ther  hand, defect  s t ruc ture  analyses  of 
quenched samples  of the  wust i te  phase have been 
made  by  means  of x - ray ,  neutron,  and electron dif-  
f ract ion and they  suggest  that  defect  o rder ing  in the 
wust i te  phase  m a y  be complex (the references  are  
l i s ted  in the r ev iew of Gava r r i  et aI. (12), for in-, 
s tance) .  But there  are  gaps and discrepancies  among 
the ava i l ab le  da ta  and none suppor t  c lear ly  the 
presence  of subphases.  These discrepancies  may  be 
owing to the  fact  tha t  perfect  quenching of the 
wust i te  phase is ve ry  difficult because the atoms in 
wusti te,  hav ing  large  amounts  of defects, can move 
too r ap id ly  to be quenched in the process of normal  
r ap id  cooling. 

A few studies of high t empera tu re  x - r a y  and 
neut ron  diffraction of the wust i te  phase have also been 
repor ted  (13-15). In  these studies, Cbee tham et al. 
(13) suppor t  the  presence of subphases.  On the other  
hand,  H a y a k a w a  et al. (14, 15) found no evidence 
for  it. 

The objec t ive  of our  present  s tudy  is to test  whether  
the  subphases  a re  presen t  or  not. For  this purpose,  
we de te rmined  the deta i led  re la t ionships  be tween 
equi l ib r ium oxygen  fugaci ty  and composit ion of the 
wus t i te  phase  on the basis of t h e r m o g r a v i m e t r y  in 
the  t e m p e r a t u r e  range  of 1100~176 We also de-  
t e rmined  the the rmodynamic  functions, re la t ive  par t ia l  
entropies  and enthalpies  of oxygen,  and par t i a l  molar  
free energies,  entropies,  and enthalpies  of format ion 
of the wust i te  phase. 

Experimental 
Apparatus.raThe expe r imen ta l  appara tus  used in this 

w o r k  was made  up ma in ly  of th ree  par ts ;  (i) a p la t -  
i num (40% rhod ium a l loyed)  wi re  w o u n d  t u b u l a r -  
type  furnace  in which a galvanic  cell  of a s tabi l ized 
ZrO2 tube was set up to de te rmine  d i rec t ly  the oxygen 
fugac i ty  a round  a sample;  (ii) a gas mixer  designed 
to cont inuously  supply  a mix tu re  of hydrogen  and 
carbon dioxide gas in a definite constant  propor t ion;  
and (!ii) Mett le r  H54AR-type  balance  for measur ing  
the weight  of a sample.  

The  furnace  had  three  independen t ly  control lable  
hea t ing  zones and had  a centra l  region of about  8 cm 
in length, where  the  t empera tu re  was d is t r ibu ted  
wi th in  -+0.5~ In this region, the  t empera tu re  dis-  
t r ibu t ion  in the  rad ia l  direct ion was also flat in the 
inner  react ion tube, more  than  5 m m  away  from the 
tube  wall.  The t empera tu re  of the  furnace  was con- 
t ro l led  to be main ta ined  wi th in  -+0.5~ at  any  point  
for ex tended  .periods wi th  a t empe ra tu r e  control ler  
(Euro the rm Company  Limited,  Type  090) and was 
measured  with  a P t - P t - 1 3 % R h  thermocouple  which 
was regu la r ly  ca l ibra ted  at  the gold point. 

Two kinds  of ca lc ia-s tab i l ized  zirconia tubes were  
employed  for the galvanic  cell  (Zr-23 of Degussa 
Company and Z r - l l  Of Nippon Kagaku  Togyo Com- 
pany)  and the va lue  of the emf did not depend on 
the  k ind  of tube. Before composing a cell, every  tube 
was evacuated  to check for gas tightness. The con- 
s t ruct ion of the  galvanic  cell  was as fol lows 

P t / (  CO2 + H2 ) /ZrO~ (CaO)/O~ ( 1 a t m ) / P t  

No pas te  was used for  fixing Pt  wi re  to the tube. 
Oxygen  fugac i ty  of the mix tu re  of CO2-H2 in the 
furnace  was eva lua ted  f rom the emf according to the 
Nerns t  equat ion 

emf = RT/4F In[Po2 ( 1 atm O~)/Po2(CO2 + H2) ] 

where R, T, and F are the gas constant, absolute tem- 
perature, and the Faraday constant, respectively, and 
Po2(CO2 -~ H2) and Po2(l atm O~) are oxygen fu- 
gacities in both electrodes. The transference number 
of oxygen ion(If) in the solid electrolyte was reason- 
ably assumed to be unity in the present experimental 
conditions (16). A potentiometer (Yokogawa Com- 
pany, Type 2722) was employed for emf measurement. 

The gas mixer was similar to that described by 
Johnston and Walker (17) and Darken and Gurry (I). 
Two capillaries for CO2 and Ha were both calibrated 
at 0~ in the water-ice system and were maintained 
all through the experiment at the same temperature 
in o rde r  to avoid  any  f luctuation of mix ing  ra t io  
caused by  var ia t ion  of the  room tempera ture .  

The oxygen  fugaci ty  ca lcula ted  f rom thermochemica l  
data  for the gases (18) was compared  wi th  the one 
de te rmined  by  t h e  galvanic  cell descr ibed above, and 
the two values were  in ag reemen t  wi th  each o ther  
wi th in  --+0.02 (about  --+0.2%) above l l00~ and -+0.03 
(about  _+0.25%) at  1100~ in terms of long Pod over  
the whole  range  of the mix ing  ratio. 

Between the furnace and the balance,  there  were  a 
marb le  pla te  (about  40 m m  in thickness)  and a w a t e r -  
cooled brass  p la te  in order  to shield the hea t  from 
the furnace  and inhibi t  convection of a i r  which caused 
exper imen ta l  e r ror  in weight  measurement .  

Materials.--High pur i t y  g rade  of Fe2Os powder  
(99.9%, Kojundo Kagaku  Kenkyusho  Company)  was 
employed for al l  s ta r t ing  mater ia ls .  In  addit ion,  Spec-  
pure  grade of Fe208 powder  (Johnson Mat they  Chem-  
icals Limited,  detected impur i t y  Mg: 1 ppm)  was 
employed  at  1200 ~ and 1300~ The resul ts  obta ined  
f rom these two mater ia ls ,  however ,  were  in agree -  
ment  wi th  each o ther  wi th in  exper imen ta l  error .  

Commercia l  high pur i ty  grade  of hydrogen  and 
carbon dioxide gas (99.99%) which had been purif ied 
by  passing i t  over  a copper -conta in ing  cata lys t  at  
180~ were  employed  to control  the oxygen  fugaci ty  
in the furnace.  Both gases were  mixed  to the des i red  
rat ios by  using the gas mixer .  Af te r  d ry ing  over  phos-  
phorus  pentoxide  powder ,  the mix tu r e  was suppl ied  
to the  furnace.  

Procedure.--About 6g of Fe208 were  s in tered a round  
a high pur i ty  grade  thin  a lumina  rod  (30 m m  in 
length, 2 m m  in diameter ,  Degussa Company)  in a 
P t  crucible  at  1200~ in air, Ins tead of using a crucible,  
every  sample  was suspended in the furnace  together  
wi th  the  galvanic  cell  and the thermocouple  so tha t  
they  might  be s i tuated in the even t empe ra tu r e  region 
as close as possible but  not in contact  wi th  each other,  
as i l lus t ra ted  in Fig. 1. Since the contact  a rea  of i ron 
oxide and the a lumina  rod was ve ry  small,  the chem- 
ical  react ion be tween  two mate r ia l s  could be ignored. 
Actual ly ,  no de tec tab le  change was observed in the 
weight  of the a lumina  rod measu red  before and af ter  
the  exper imen ta l  run. The sample  weight  was mea -  
sured immedia t e ly  af ter  the  gas flow in the furnace  
was stopped, before  the oxygen  fugaci ty  in the furnace  
was affected by  the effect of the rmal  diffusion (1). 

The exper imen t  was pe r fo rmed  in the t empe ra tu r e  
range  of 1100~176 Since vapor iza t ion  of the 
sample  could not be ignored at  these h igher  t empera -  
tures,  correct ion for  the vapor iza t ion  was indispensable  
for de te rmin ing  the composit ion of the  wust i te  phase. 
For  this correction, the weight  of the sample  under  
a fixed a tmosphere  (we selected the CO2/Ha mix ing  
rat io  of 2.0 at  every  t empera tu re )  was measured  
every  100 min in t h e  course of each run. Total  weight  
loss by  vapor iza t ion  went  up to about  0.12% of the 
sample  weight ,  at  1250~ f o r  instance. An  app rox i -  
ma te ly  l inear  re la t ionship  be tween  the weight  of 
the sample  at  CO2/H2 ---- 2.0 and the t ime was ob-  
ta ined as shown in Fig. 2. F rom this exper imen ta l  
relat ionship,  we could correct  the composit ion of the 



972 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY April I980 

T.D(1 

J -l p 

A B  
\ /  
\ /  
\ I  
\ /  
\ /  
\ /  
\ /  
\ /  
\ /  

C D  

\ /  
\ /  
\ / ,, 

\ /  ,,.~.~ 1!~.,:,. ' \ /  

\ / \  / ~" '  

\ /  
\ /  

\ / 1:).(2) 
\ /  - 
\ /  
\ /  
\ /  
\ /  10 

m m  

BA 

.J  

Fig. 1. The schematic diagram of the furnace. A, AI203 outer 
tube (Degassa Company, AI-23); B, AI~O3 inner tube (AI-23); C, 
the galvanic cell; D, the thermocouple; E, AI2.O~ rod (AI-23); F, the 
sample. "T.D. ( I )"  and "T.D. (2)" mean the temperature distribu- 
tion of vertical and radial direction of the furnace, respectively. 
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Fig. 2. The decrease in the weight of the sample at (~O~,/H~ = 
2.0 by vaporization in the course of the experimental run at 1250~ 

wustite phase for vaporization by recording the time 
at which the weight  of the sample was measured. 
The correction for the buoyancy with the mixed gas 
in the furnace was also performed but was not so large. 

At 1200~ the experiment  was performed three 
times (twice with 99.9% start ing material  and once 
with Specpure material)  and the s tandard deviation 
was less than 0.0006 for every  ~ value in FeO~. 

Results and Discussion 
The relationships between log Poz and x in FeO~.-- 

The relationships between log Po2 and x in FeO~ 
in the temperature  range of 1100~176 are shown 
in Fig. 3. Each set of isothermal data was at first 
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Fig. 3. The relationship between the log Po2 and x in FeOx. The 
intersecting lines indicate Eq. [2] and [3] in the text. 
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approximated by  following one linear function 

log Po2 -- Mx + B [1] 

where M and B are constants. However,  the difference 
plots, one of which is shown in Fig. 4, reveal that  
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Fig. 4. The difference plot for the data obtalned at 1200~ 
Calculated oxygen fugaeity is based on the following one linear 
equation (Eq. [ I ]  in the text) 

log Po2 = 23.875x - -  36.998 
The lines indicate the difference value of [log Poa (from Eq. [2] 
or [3])  - -  log PO2 (from Eq. [ i ] )1 .  
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Table I. Analysis of data for log Po2 vs. x in FeOx 

T (~ Mz Bz M= B= X=* o't x l0 s M$ B$ 

1150 25.327 -- 39.897 23.656 -- 38.121 1.0629 4.9 23.772 - 38.242 
1150 26.792 - 40.744 23.659 -- 37.397 1.0684 4.7 ~ 
1200 26.628 - 39.829 23.133 -- 36.158 1.0814 6.8 24.155 - 37.298 
1250 28.512 --41.366 23.288 --35.715 1.0818 7.0 ~ - -  
1300 27.106 --39.284 23.028 -34 .839  1.0898 10.5 24.491 -36 .437  

* x at  i n t e r s e c t i n g  point .  
t Mean s tandard dev iat ion  o f  log  Po=. 
$ T h e  va lues  o f  Giddings and Gordon ( 3 ) .  

this  approx ima t ion  is not  appropr i a t e  except  for the  
da ta  ob ta ined  a t  1100~ The values  of [log Po2 (obs.) 
- -  log Po2 (calc) ] a re  not  d i s t r ibu ted  r andomly  a round  
zero, bu t  v a r y  wi th  a cer ta in  tendency  indica t ing  tha t  
the  slope of log Po2 vs. x changes ab rup t ly  near  
x = 1 .08 .  The fol lowing two intersect ing s t ra ight  lines 
were  therefore  adopted  to fit the da ta  in the more  
oxygen - r i ch  and  the less oxygen - r i ch  regions,  respec-  
t ive ly  

l o g  Po2 = Mix  + B1 [2] 

log Po2 = M2x + B2 [3] 

where  M1, M2, B1, and  B2 are  constants.  These four 
values  were  ca lcu la ted  s imul taneous ly  by  the leas t  
squares  method,  so tha t  the  l ines might  be the best  
fit for  the  whole  i so thermal  data. The in tersect ing 
l ines a re  d r a w n  in Fig. 3 and 4, and  the values  of 
the  pa rame te r s  a re  l is ted in Table  I. One of the di f -  
ference plots  f rom the in tersec t ing  l ines is shown 
in  Fig. 5. These figures indicate  c lear ly  that  two 
in te rsec t ing  s t ra igh t  lines a re  a be t te r  fit than  one 
s t ra igh t  line. 

The most  impor t an t  conclusion der ived  f rom the 
facts descr ibed above is tha t  the  first der iva t ive  of 
the  t he rmodynamic  function,  namely ,  d ( l o g  Po2)/dx 
or dAGo/dx (AGo represents  the  re la t ive  free energy  
of oxygen  in wust i te  phase ) ,  is not  a smooth func-  
t ion of x; the re  is an  ab rup t  change of i t  nea r  the  
in tersec t ing  point  ca lcula ted  above. This suggests the 
exis tence of a second or  poss ibly  h igher  o rder  t rans i -  
t ion in the  wust i te  phase.  

Giddings  and Gordon (3) presented  a rev iew of 
the  ava i lab le  da ta  on the wust i te  phase  ob ta ined  by  
t h e r m o g r a v i m e t r y  and the galvanic  cell  method and 
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Fig. 5. The difference plot for the data obtained at 1200~ 
Calculated oxygen fugacity is based on Eq. [2] and [3] in the 
text. 

concluded tha t  the  re la t ion  be tween  log Po~ and  z 
was l inear  wi th  no b reak ing  point  to suggest  any  
phase  transi t ions.  Their  M and J3 values  a re  i n t e rme-  
dia te  be tween  M1 and M2 or  BI and B2 values  of the  
present  work  as shown in Table  I. In  o rde r  to test  
the i r  assertion, a few da ta  at  1200~ (6, 19,  2 0 )  are  
rep lo t ted  together  wi th  our  own data  in Fig. 6. (Since 
a lmost  a l l  the  re la t ionships  be tween  log Po2 and x were  
i l lus t ra ted  in the  figures ins tead of being tabula ted ,  
we could not  expl ic i t ly  re fer  to the  data, except  a 
few.) The composite  da ta  sca t te r  so wide ly  a round  
the presen t  ones, tha t  i t  is impossible  to conclude 
defini tely whe the r  the  re la t ion  is l inear  or  not. In  
the  difference plot  for the  composite  da ta  (Fig.  7), 
however,  the  da ta  of Bransky  and Hed (20) show, 
though not  c lear ly  because of wide scat tering,  a 
t endency  s imi lar  to tha t  shown in Fig. 4. The other  
two sets of da ta  (6, 19) have too few expe r imen ta l  
points  to discuss in this respect.  

I t  seems tha t  the da ta  quoted by  Giddings  and 
Gordon a re  in themselves  not  adequa te  to conclude 
defini tely whe the r  a b reak ing  point  is p resen t  or not. 

Some physical  p roper t ies  of the  wust i te  phase such 
as e lect r ica l  conduct ivi ty,  Seebeck coefficient (21-24), 
and work  function (25) have  been repor ted  and in 
these phys ica l  propert ies ,  the change in the sign of 
the  Seebeck coefficient, which means  p - t o - n  t ransi t ion,  
is r emarkab le .  This p - t o - n  t rans i t ion  is s i tua ted  in 
the  midd le  of the wust i te  phase field where  the sub-  
phase  bounda ry  de te rmined  in the  present  work  exists  
at  h igher  t empe ra tu r e  (see Fig. 8). 

Phase diagram of the wustite region.--The phase 
boundar ies  of i ron  and wust i te  and wust i te  and  mag-  
net i te  a re  in  good agreement  wi th  those of Darken  
and  G u r r y  (1) as shown in Fig. 8. The subphase  
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Fig. 6. The replotted data of log Po2 vs. x in FeO~ at 1200~ 
+ ,  Present work; A ,  Ref. (6); O ,  Ref. (19); O, Ref. (20). 
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Fig. 7. The difference plot for the composite data at 1200~ 
Calculated oxygen fugacity is based on the following linear equa- 
tion 

log Po2 ---- 23.793x - -  36.895 
which was fitted for the three sets of data by least squares method. 
-I-, Ref. (6); O ,  Ref. (]9); e ,  Ref (20). 
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Fig. 9. The phase diagram of wustite after Vallet and Raccah (5) 

b y  u s i n g  t he  a v e r a g e  s lopes  of log  Po2 vs. x,  s p a n n i n g  
a r a n g e  of c o m p o s i t i o n s  ac ross  t h e  s u b p h a s e  b o u n d a r i e s  
w h i c h  w o u l d  b e  d e t e r m i n e d  as a r e s u l t  of  t h e i r  c a l -  
cu la t ion .  S i m i l a r l y ,  t h e  d a t a  of  F e n d e r  a n d  R i l e y  do 
n o t  s e e m  to be  r e a s o n a b l e  b e c a u s e  of e x p e r i m e n t a l  
e r ro r s ,  m a i n l y  o x y g e n  p e r m e a t i o n  t h r o u g h  t h e  e l e c t r o -  
l y t e  as  a l r e a d y  p o i n t e d  o u t  b y  G i d d i n g s  a n d  G o r d o n  
(10) .  A c t u a l l y ,  t he  p h a s e  b o u n d a r y  b e t w e e n  w u s t i t e  
a n d  m a g n e t i t e  r e p o r t e d  b y  t h e m  (8) is g r e a t l y  d i f -  
f e r e n t  f r o m  t h a t  of t h e  p r e s e n t  w o r k  or  D a r k e n  a n d  
G u r r y  (1) .  

T h e r m o d y n a m i c  f u n c t i o n s . - - T h e  r e l a t i v e  p a r t i a l  e n -  

t r o p i e s  ( ~ o )  a n d  e n t h a l p i e s  (~H~o) of o x y g e n  in  t h e  
w u s t i t e  p h a s e  w e r e  c a l c u l a t e d  f r o m  t h e  f o l l o w i n g  
e q u a t i o n s  

AGo --  1 /2  R T  In  Po2 = (2.3026/2)  

R T [ M I ( M 2 ) x  + B~(B2) ]  

AGo -~ AHo --  TASo 

b y  u s i n g  t h e  l ea s t  s q u a r e s  m e t h o d .  T h e  c a l c u l a t e d  
v a l u e s  a r e  i n d i c a t e d  i n  T a b l e  I I  i n  w h i c h  t h r e e  v a l u e s  

of  hSo a n d  AHo a r e  g i v e n  fo r  x ---- 1.07 a n d  1.08 a t  
w h i c h  t h e  i s o c o m p o s i t i o n  l i n e  t r a v e r s e s  t h e  s u b p h a s e  
b o u n d a r y ,  t h a t  is, t h e  m e a n  v a l u e  s p a n n i n g  t h e  t w o  

5001 i , I i 
1.06 1.10 1.14 1.18 

X in FeOx 

Fig. 8. The phase diagram of wustite . . . . . .  , After Darken and 
Gurry (]);  . . . . .  and O ,  subphase boundary and experimental 
points in the present work; -I- and e ,  p-to-n transition after Ref. 
(23) and Ref. (24), respectively. 

b o u n d a r y  o b t a i n e d  in  t h i s  w o r k  is s h o w n  w i t h  a 
d o t t e d  l ine  a n d  a p p a r e n t l y  d i s a g r e e s  w i t h  t h a t  of  
V a l l e t  a n d  R a c c a h  (5, 6) a n d  K l e m a n  (7) or  F e n d e r  
a n d  R i l e y  (.8) ( see  Fig. 9) .  

T h e  bas i s  of  V a l l e t  a n d  R a c c a h  a n d  K l e m a n  for  
s u g g e s t i n g  t h e  t h r e e  s u b p h a s e s  is a b r u p t  c h a n g e s  of  
t h e  a v e r a g e  s lopes  of log Po2 vs. x w i t h  r e c i p r o c a l  
of  t h e  a b s o l u t e  t e m p e r a t u r e .  T h e i r  " s e m i e m p i r i c a l "  
ana lys i s ,  h o w e v e r ,  does  no t  s e e m  to be  a p p r o p r i a t e .  
T h e y  d e t e c t e d  no  b r e a k i n g  p o i n t  in  t h e  i s o t h e r m a l  
l ine  of  log  Po2 vs. x a b o v e  900~ I n  sp i t e  of th is ,  
t h e y  c a l c u l a t e d  x v a l u e s  of  t h e  s u b p h a s e  b o u n d a r i e s  

Table II. Relative partial molar entropy and enthalpy of oxygen 
in wustite phase 

x (cal/mole) (cal/mole �9 

1 .06  330 ~ 556*  
1.07 120 • 479  

842 • 437) $ 
335 • 252 ] 
272 ~ 405 
353 + 487) 
173 - -  2 2 6 ]  
013 • 213 
853 ~ 210 
600  ~ 218 
531  • 2 3 8  
369 -~- 2 6 5  
2 1 1  • 299  

1.08 

1.09 
1.10 
1.11 
1.12 
1.13 
1.14 

--61 
-- 62 

( --61 
[--64 
--63 

(--62 
[ --64 

--64 
--63 
-- 63 
--63 
--63 
--63 

- 14.83 -- 0.38 
-- 15.97 • 0.32 

( -15.79 • 0.30) 
[ - 17.56 ~ 0.17] 

-- 17.35 ----- 0.27 
( -16.75 ----- 0.33) 
[ - 17.99 ----- 0.151 
--18.41 ~ 0,14 
-- 18.84 • 0.14 
--  19 .26  + 0.15 
- -  19.69 ----- 0,16 
-20,11 -~ 0,18 
--20.54 -- 0.20 

* Errors are indicated by mean standard deviation. 
At x = 1.07 and 1.08, the values parenthesized with ( ) and [ ] 

were calculated from Eq. [2] and Eq. [3], respectively, and t h e  
other w a s  t h e  mean value spanning the subphascs (see the ex- 
planation in the text). 
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subphases  obta ined  f rom Eq. [2] and [3], the va lue  
f rom only Eq. [2], and the  va lue  f rom only Eq. [3]. 

Since oxygen  a toms in the  wust i te  phase  fo rm an  
almost  per fec t  anion subla t t ice  (26), the  change of 
hS-'o wi th  x is ma in ly  cont r ibu ted  f rom the change 
of the  v ib ra t iona l  s tate of the oxygen  sublat t ice.  
Moreover ,  since the  la t t ice  p a r a m e t e r  of the wust i te  
diminishes l inea r ly  wi th  increas ing x (15), the  vi-  
b ra t iona l  en t ropy  of the  oxygen subla t t ice  is thought  
to have  a t endency  to decrease  wi th  increas ing x. 

In  the  presen t  data,  the  ASo value decreases not 
smooth ly  wi th  increas ing x, bu t  in the  oxygen  r icher  
region, the  slope of ASo vs. x becomes smal le r  than 
tha t  in the i ron  r icher  region. This seems to suggest  
a s t ruc tu ra l  change of the  oxygen  subla t t ice  near  
the  b reak ing  point. S imi lar ly ,  the hHo value  does 
not  decrease  monotonica l ly  wi th  x but  has a min imum 
point.  This t endency  is in agreement  wi th  the da ta  
of Darken  and G u r r y  (1), bu t  not  in agreement  with 
tha t  of Giddings  and Gordon (3). Al l  these facts 
suppor t  the presence of a second or  possibly  h igher  
o rde r  t rans i t ion  in the  wust i te  phase  field. 

The pa r t i a l  mola r  free energies  (~G~ entropies  
(hS-~ and enthalpies  (AH'--~ of format ion  of the wus-  
t i te  phase  were  ca lcula ted  f rom the fol lowing equat ions 

AG~ - -  AG~ + 1/2 RT In Po2dx 
o 

AGof --  AH~ --  TAS~ 

where  AG~ represents  the  format ion  free 
energy  of the  wust i te  in equ i l ib r ium wi th  i ron which 
was ca lcu la ted  f rom the equi l ib r ium oxygen  fugaci ty  
at  the phase bounda ry  of wust i te  and iron. The AG~ 
values are shown in Fig. I0, and the ASof and hH~ 
values are shown in Table III. 
Since these values are integrated ones, no abrupt 

changes with x are detected. The values are in good 
agreement with those of Darken and Gurry (1) and 
Giddings and Gordon (3). 

Summary 
The deta i led  re la t ionships  be tween  the oxygen fu-  

gac i ty  and the composit ion of wust i te  phase  were  
de te rmined  on the basis of t h e r m o g r a v i m e t r y  in the 
t empe ra tu r e  range  of 1100~176 There  exists  a 
b reak ing  point  in eve ry  i so thermal  l ine of log Po2 
vs. x in FeOx, and each side of this point, the re la t ion-  

-ttO 

-~2 
o 

~ -ttu, 

-U,6 

-u,8 
I. Oil 

~ 1200"C" 

I I I I I I I I I I I I I I 

1 . 0 6  1 . 0 8  1 .  1 0  1- 1 2  1.  l t i  1 .  1 6  1.  1 8  

X EN Feo x 

Fig. 10. Formation free energy of wustite 

Table III. Partial molar entropy and enthalpy of formation of 
wustite phase 

x ( c a l / m o l e - F e O ~ )  ( c a l / m o l e - F e O ~  �9 d e g )  

1 .06  - 6 5 , 9 2 5  • 4 0 8 *  - -  15 .72  - -  0 . 2 8  
1 .07  - - 6 6 , 5 4 1  ~ 4 1 2  - - 1 5 . 6 7  ~-  0 . 2 8  
1 .08  - 67 ,169  -~  4 1 5  - -  16 .04  • 0 . 2 8  
1 .09  - 6 7 , 8 0 4  --~ 415  - 16 .22  • 0 . 2 8  
I.i0 --68,446 ~ 4 1 7  - 16 .40  -4- 0 . 2 8  
1 ,11  - - 6 9 , 0 8 3  -4- 4 1 9  - 16 .59  + 0 . 2 8  
1 .12  - 6 9 , 7 1 9  ~ 4 2 0  - - 1 6 . 7 9  ~ 0 . 2 9  
1 .13  - 70 ,353  -+- 4 2 2  - 16 .99  ~ 0 . 2 9  
1 .14  - 7 0 0 8 6  "+" 4 2 3  - -  17 .19  • 0 , 2 9  

* Errors are indicated by the mean standard deviation. 

ship can be represen ted  by a l inear  equation. The 
existence of the  b reak ing  point  indicates  a second 
or  possibly  h igher  o rder  t rans i t ion  in the  wust i te  phase. 
Some the rmodynamic  functions were  de te rmined  and in 
these functions,  the re la t ive  pa r t i a l  entropies  and 
enthalpies  of oxygen  in wust i te  phase do not  change 
smoothly  wi th  the composition, suppor t ing  the t r ans i -  
t ion descr ibed above. 
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Technical Notes @ 
Electrical Transport Properties of In and Cu-Doped 

n-Type Epitaxial Thin PbTe Films 
A. L. Dawar, I O. P. Taneja, ~ K. V. Krishna, and P. C. Mathur 

Department ol Physics and Astrophysics, University oS Delhi, Delhi, 110 007, India 

The inves t igat ion of t r anspor t  phenomenon in bu lk  
c rys ta l l ine  mate r ia l s  having  low res is t iv i ty  is often 
difficult because the  res is tance of the  ohmic contacts 
m a y  be  comparab le  to or  even g rea te r  than,  the  r e -  
sistance of the  bu lk  mater ia l .  In  such cases, th in  films 
are  more  sui table  for  s tudying  the e lec t r ica l  p roper t ies  
due to the  h igher  resis tance of the  films as compared  to 
tha t  of ohmic contacts. The ma in  d rawbacks  of using 
thin  films for  the s tudy  of t r anspor t  phenomenon a re  a 
la rge  number  of dislocations presen t  in the films, 
sca t ter ing  due to in te rc rys ta l l ine  gra in  bounda ry  bar= 
r i e r  potential ,  and  the var ia t ion  of the charge ca r r i e r  
concentra t ion in the  film as i t  grows. The  informat ion  
about  these effects can best  be ob ta ined  by  e lect r ica l  
measurements  r a the r  than  by  opt ical  studies.  

Lead  te l lu r ide  is a semiconductor  in which  the  mo-  
b i l i ty  of the charge  car r ie rs  a t  low t empera tu res  is 
ma in ly  l imi ted  by  phonon scat ter ing  r a the r  than  by  
impur i ty  sca t te r ing  (1). The  reason tha t  the  ionized 
i m p u r i t y  sca t ter ing  is ve ry  weak  in PbTe  is that  its 
s tat ic  dielectr ic  constant  is ve ry  high (2, 3) and  opt ical  
phonon f requency is qui te  low (4, 5). 

Cons iderab le  w o r k  has been  done on the nuclea t ion  
and g rowth  of ep i tax ia l  films of lead  te l lu r ide  (6, 7). 
Whi le  the p r i m a r y  tools in  these studies have been 
e lec t ron  t ransmiss ion microscopy and diffract ion (8, 9), 
some workers  have also used ga lvanomagnet ic  p r o p -  
er t ies  of the films (10, 11). The ga lvanomagnet ic  p rop-  
er t ies  a re  ve ry  sensi t ive to the degree  of perfec t ion  of 
the  films and the concentra t ion  of the  charge  carr iers .  
While  high mobi l i ty  ep i tax ia l  films of PbTe have  been 
obtained by  m a n y  of these workers ,  not  much effort has 
been made  to inves t iga te  the  va r ia t ion  of g ra in  bound= 
a ry  ba r r i e r  po ten t ia l  and dislocat ion densi ty  as a func-  
t ion of extr ins ic  ca r r i e r  concentra t ion and g rowth  con- 
ditions. 

In  the  presen t  work,  the resul ts  of conduct iv i ty  and 
Hal l  mobi l i ty  measurement s  on a few n - t y p e  ep i t ax ia l  
films of PbTe have been presented.  The effect of In  and 
Cu doping on dislocations and gra in  bounda ry  sca t te r -  
ing have been  i n v e s t i g a t e d .  

Experimental Details 
Films,  r ec t angu la r  in shape (22 X 5 ram) ,  were  

grown by  evapora t ing  s to ichiometr ic  (99.999%) PbTe 

Present address: Detente Science Laboratory, MetcaLfe House, 
Delhi, 110 054, India. 
z Present address: Government College, Gurgaon, Haryana, 122 

001, India. 
Key words; lead tellurRle, thin film, Hall coefficient, grain 

boundary. 

under a high vacuum better than 5 • 10-6 Torr. Film 
thicknesses are shown in Table I. Freshly cleaved mica 
was used as substrate, which was kept at 280~ The 
rate of growth of the films was controlled by a quartz 
crystal thickness monitor (12). After growth the films 
were cooled to room temperature in about 4 hr. 
Indium and copper were added to the films by coevap- 
orating through a separate boat. Electron micrographs 
of the films showed the existence of some voids and 
cracks and the average grain diameter was found to 
be ~300A in all the films. High purity silver was evap- 
orated on the films under a high vacuum for making 
ohmic contacts. The current contacts were spread over 
the entire width, while the voltage contacts were only 
dots ~0.5 m m  in diameter .  F ive  p robe  technique,  as de -  
scr ibed by  Pu t l ey  (13), was used to measure  the  Hal l  
coefficient RH and d-c  conduct iv i ty  ~. The ohmic na tu re  
of the  contacts  was verified, th roughout  the  t e m p e r a -  
ture  range,  by  the  l i nea r i ty  of the  I-V character is t ics .  
The direct ions of the cur ren t  and the magnet ic  fields 
(B ___ 5 kg)  were  reversed  so as to e l iminate  the  er rors  
due to the the rmomagne t ic  effects. Geometr ica l  in-  
fluence of the  films on Hal l  measurements  was avoided  
as the length  to wid th  rat io  was g rea te r  than  four. The 
sign of the Hal l  vol tage showed tha t  al l  the films were  
n- type.  

Measurement  of the  Hal l  coefficient as a funct ion of 
t empera tu re  was found to be reproduc ib le  for th ree  
to four  runs. The  Hal l  coefficient was found to be in-  
dependent  of the magnet ic  field and the sample  current .  
The overa l l  m a x i m u m  er ror  in the Hal l  mobi l i ty  (RH 
• #) is es t imated  to be  about  5%. A copper  block wi th  
e lect r ica l  insula t ion  was used to mount  the  sample  
which was fu r the r  kep t  in a Dewar  flask conta ining 
l iquid ni trogen.  A copper  constantan thermocouple,  

Table I. 

Film 

Dopant 
concen- 
tration Thick- /zc ND 
(atom hess (cm~/ (109/cm ~) 

percent) (gm) Vsec) at 300~ 

a. Undoped 
b. Undoped 
c. Undoped 
d. Excess of 

Pb 
e. In-doped 
f. Cu-doped 

w 

1.0 
1.0 

1.2 2725 2.80 
0.6 2330 3.31 
0.4 1500 4.53 

0.4 1200 6.03 
0.4 600 3.96 
0.4 1150 4.28 
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Fig. 1. Variation of Hall coefficient with temperature for PbTe 
films; (a), 1.2 #m; (b), 0.6 ~m; (c), 0.4 ~m; (d), 0.4 #m, excess of 
Pb; (e), 0.4/~m, In-doped; (f), 0.4 #m, Cu-doped. 

soldered to the copper block, was used to record the 
temperature.  

Results and Discussion 
The observed var iat ion of RH with tempera ture  (log 

RH Vs. l / T )  for all  the films is shown in  Fig. 1. I t  is 
evident  that  RH is pract ical ly independent  of tempera-  
ture, which is characteristic of an  extrinsic degenerate 
semiconductor. It  is observed that  RH increases with 
the thickness of the film. The reason for this effect can 
be formation of an accumulat ion layer  on the surface of 
the films due to surface states caused by atmospheric 
oxygen as has been explained by Zemel et al. (10). The 
effect of an accumulat ion layer, which seems to act as a 
donor source, will  be relat ively more significant for 
th inner  films which fur ther  explains the observed in-  
crease of R~ with the thickness of the films. The value 
of RH is found to decrease with the addit ion of In and 
Cu but  the decrease in RH is more significant in the case 
of In. This shows that In  impuri t ies  in  PbTe act as 
donors. It  may be ment ioned here that In  in  PbTe is 
known to form deep impur i ty  states (14). However, it is 
also an observed fact that irrespective of the concentra-  
t ion of In, the Hall  density of electrons in bulk  does not 
exceed a few units  of l0 is cm -z (15, 16). 

As explained by Rosenberg et al. (17), this is due to 
the fact that  a substant ia l  fraction of ind ium atoms 
in PbTe enter  the octahedral  and te t rahedral  in ters t i -  
rials of the Te atom sublattice. The observed decrease 
of RH in  Cu-doped films can ei ther  be as a resul t  of 
the electrostatic short ing of the Hall  field due to Cu 
filaments incorporated between the PbTe crystalli tes 
or due to the donor action of Cu. However the Hall 
field shorting should also be followed by an  increase 
in the mobility, which has been observed in  the present  
case. Cu has less donor electrons per atom than In  and 
therefore the relat ive effect of In  and Cu on RH is un -  
derstandable.  

The var iat ion of the observed Hall  mobi l i ty  (RH 
• ~) with tempera ture  for all the films is shown in  
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Fig. 2. Variation of observed Hall mobility, with temperature. The 
dotted line shows the bulk mobility. (o), 1.2 /~m; (b), 0.6 /~m; (c), 
0.4 /~m; (d), 0.4 /~m, excess of Pb; (e), 0.4 #m, In-doped; (f), 0.4 
#m, Cu-doped. 

Fig. 2. The mobil i ty  for all the films is found to de- 
crease with the increase of tempera ture  bu t  the rate of 
decrease of mobi l i ty  with tempera ture  becomes weaker  
with increase of carr ier  concentrat ion in  the films. 
This shows the predominance of some scattering 
mechanism in  which the mobi l i ty  increases with the 
temperature  as the carrier  concentrat ion in  the film 
increases. These scatterings can be due to the presence 
of in tercrysta l l ine  grain boundaries,  which are well  
founded for lead chalcogenides films (10). The contr i-  
but ion of grain  boundary  scattering is independent  of 
tempera ture  for a degenerate mater ia l  and the corre- 
sponding mobil i ty  ~ for the process is g iven by  

,o = -~-xo [1] 

where Xc is the mean crystallite size, n is the carrier 
concentration, q is the electronic charge, and h is 
Planck's constant. In the present work Xc has been de- 
termined by electron diffraction micrographs and the 
calculated values of /~c using Eq. [I] are shown in 
Table I. 

Using these values of /~c, the values of #D, the mo- 
bility (caused by point defects such as vacancies and 
interstitiais) limited by dislocation scattering has been 
calculated by the well-known relation 

1 1 1 1 
-- = -- + -- + -- [2] 

~B ~ t  ~D 

where ~B is the observed mobi l i ty  and #i is the mo-  
bi l i ty for the bu lk  material.  The data for #i has been 
taken from Zemel e t a / .  (10). The calculated values 
of ~D as a funct ion of tempera ture  are shown in  Fig. 3 
for all the films. I t  is observed that  the contr ibut ion 
due to dislocation scattering increases wi th  decrease of 
the film thickness. It is fur ther  observed that  the con- 
t r ibut ion of dislocation scattering also increases wi th  
increase of the charge concentrat ion in  PbTe films. On 
the other hand, the addit ion of In  results in  significant 
decrease in  the dislocation density. This shows that  the 
dislocation density is very  sensitive to the clusters of 
Pb vacancies, which are filled up by In. While addi-  
t ion of Cu also results in a decrease in the dislocation 
density, the effect is not as significant as it  is in  the 
ease of In. A probable reason for this effect is that  since 
the atomic radius of Cu is much less than  that  of Pb, 
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Fig. 3. Colculoted volues of ~D as o function of temperoture. (o), 
1.2 /~m; (b), 0.6 /~m; (c), 0.4 /~m; (d), 0.4 /~m, excess of Pb; (e), 
0A #rn; In-doped; (f), 0.4 #m, Cu-doped. 

the  p robab i l i t y  of a Cu a tom filling the Pb vacancy  is 
compara t ive ly  smaller .  

The dis locat ion dens i ty  ND, ca lcula ted  f rom the mo-  
b i l i ty  da ta  a t  300~ is shown in Table  I. The calcula-  
tions for  ND have been made  as follows. 

The mobi l i ty  ;~D due to dis locat ion sca t te r ing  is ex-  
p ressed  as 

#n ---- (q/m*)vn [3] 

where  TD is the r e l axa t ion  t ime and m* is the  effective 
mass of the charge carr iers .  The va lue  of ~D is g iven 
by  (19) 

32 ( 1 - -1 ,  12 KTg~/ 
TD ~- ~ f : "2? e2~2ND [4] 

w h e r e ,  is the  energy  (20) associated wi th  the  dis loca-  
tions and its va lue  is ca lcula ted  f rom the t e m p e r a t u r e  
dependence  of the effective mass  bandgap  and volume 
expansion coefficient of  PbTe (21); n is the  e lec t ron 
density,  ~ is the uni t  c rys ta l lographic  slip dis tance (22), 
and v is the  Poisson's  rat io.  

Using Eq. [3] and  [4], the value  of ND is given by  

32 ( 1 - - v  ) '  KT~q 
ND -" ~ i" "- "2"~ e2~s#Dm* [5] 

The values of ~D obtained from Fig. 3 were used to 
calculate the values of ND. It iS observed from Table I 
that the value of ND increases as the carrier concentra- 

l ion in pure  PbTe  films increases  wi th  the  add i t ion  of 
In or  Cu into the  films. The effect of In  in reducing the  
dislocations dens i ty  is far  more  pronounced  than  the 
effect of Cu. This suggests  tha t  the  ma in  cause of d is -  
locations in the  PbTe la t t ice  is the  defect  aggrega t ion  
of Pb vacancies deve loped  dur ing  the g rowth  of the  
films. 

Manuscript submi t t ed  May  3, 1979; rev ised  manu-  
script received Sept.  6, 1979. 

A n y  discussion of this pape r  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the  December  1980 
JOURNAL. Al l  discussions for  the December  1980 Dis- 
cussion Section should be submi t ted  by  Aug. 1, 1980. 
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A Simple Luminescence Experiment Suggesting 
Rare Earth Ion Pairing in the Fluorite Structure 

G. Blasse and G. J. Dirksen 

Physical Laboratory, State University, 3508 TA Utrecht, The Nether~and$ 

I t  is wel l  known tha t  the luminescence of the  Sm3+ 
ion is quenched by  cross r e l axa t ion  in Sm 8+ pairs  
(4G5/2-. 6F9/2 and 6H5/2--> 6F9/2) (1). I t  has been shown 
tha t  the m a x i m u m  intens i ty  of the  4G~/2 luminescence 
occurs at  roughly  the same Sm z+ concentra t ion in a 
large  number  of oxide host  lattices,  viz., one Sm 3+ ion 
per  4600A 3. We have  used this p rope r ty  to demons t ra te  
t r iva len t  r a re  ea r th  ion cluster ing in the fluorite l a t -  
t ice (2). 

Key words: inorganic, ultraviolet, photoluminescence. 

We prepa red  two series of samples,  viz., N a Y I - x -  
Sm~F4 and Cal-xSmxF~+x with  0.01 --~ x ~-- 0.08. In  the  
former  the Sm ~+ ion replaces  the  Y~+ ion subs t i tu t ion-  
ally. We assume tha t  this occurs s tat is t ical ly,  since 
there  is not  any  reason for the opposite in v iew of the  
s imi la r i ty  be tween  both ions. These samples  show the 
red  Sm ~+ luminescence f rom the 4G5/2 level  wi th  a 
m a x i m u m  in tens i ty  at  about  x ---- 0.02. The compound 
NaYF4 has a hexagona l  c rys ta l  s t ruc ture  (3). F r o m  the 
c rys ta l lographic  pa rame te r s  (a --  5.967 and c --  3.523.% 
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and Z = 3/2) it  is found that  x = 0.02 corresponds 
roughly with one Sm 3 + ion per 4000A 3. This is reason- 
ably in l ine with the results of Van Uitert  and Johnson. 
Our results are not accurate enough to conclude that  
the Sm3+-Sm 3+ in teract ion in fluorides is somewhat  
weaker  than  in  oxides which were used in  the earl ier  
work. These results are consistent with our assumption 
that  the Sm ~+ ions are randomly  distr ibuted among 
the Y~ + sublattice. The value of x was obtained at room 
temperature,  bu t  is not  s t r ikingly different at lower 
temperatures.  

Let us now tu rn  to the fluorite samples Cal-xSmxF2+x. 
In  view of the sample preparat ion we may exclude the 
presence of considerable amounts  of oxygen in  the 
lattice. None of these samples showed any Sm ~+ 
luminescence at all, independent  of the sample temper-  
ature. In  view of the model developed by Van Uiter t  
and  Johnson this suggests that  the Sm3+ ions occur for 
the greater  par t  as pairs or even more complicated clus- 
ters. There is no obvious reason why an isolated Sm 3§ 
ion should not luminescence in  this lattice. The absence 
of luminescence is, therefore, ascribed to cross re laxa-  
t ion in  the Sm 3 + pairs. 

Cluster ing of t r iva lent  rare  earth ions in  the fluorite 
lattice has been demonstra ted earlier by  spectroscopical 
techniques (4, 5), but  none of these was so simple as 
the present  one. F ina l ly  it  is interest ing to note that  
Andeen  et al. (6) have found from complex dielectric 
constant  measurements  that  in  Sm3+-doped fluorite 
samples with x as low as 0.001 cluster formation al-  
ready occurs. 

Experimental 
Samples NaYl-xSmxF4 were prepared by heat ing 

NaF and (Y, Sm)F3 together with NH4F. The mixed 
trifluoride was precipitated from aqueous solution with 
HF and dried thoroughly. Samples Cal-xSmxF2 + x were 

prepared by heat ing mixtures  of CaCO8 and Sm203 to- 
gether with a large excess of NH4F. All  samples w e r e  
checked by x - r a y  analysis. If the fluorite samples w e r e  
heated in  air wi thout  excess of NH4F, they showed 
br ight  yellowish luminescence under  short wavelength  
ul t raviolet  excitation. This emission reminds  one of 
that  emission in  BaFC1 which was ascribed to oxygen 
on fluorine sites (7). 
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Standardized Terminology for Oxide Charges 
Associated with Thermally Oxidized Silicon 

Bruce E. Deal* 
Fairchild Camera and Instrument Corporation, Research and Development Laboratory, Palo Alto, California 94304 

MOS transistors were first produced on a commercial  
basis in the 1963-1964 time period. At the same time 
various charges associated with the thermal ly  oxidized 
silicon s t ructure  were observed to cause serious yield 
and rel iabi l i ty  problems. Subsequent ly  a number  of 
investigations concerned with oxide charges were 
started in various laboratories and many  have con- 
t inued to the present  t ime (1). In i t ia l ly  most of the 
studies were designed to determine the dependence of 
charge densities on processing parameters  so that  their  
adverse effects on device properties could be min i -  
mized. More recent ly efforts have focused on a quant i -  
tat ive unders tanding  of the densities, cross sections, 
and the na ture  of oxide charges and traps so tha t  u l t i -  
mate  device performance might  be achieved. 

During the past 15 years or so, it has been general ly  
established that  four general  types of charges are as- 
sociated with the Si-SiO2 system (2, 3). However, no 
common set of symbols has been used to designate 
these four types of charges. This has caused substant ia l  
confusion and disagreement  dur ing  discussions at tech- 
nical meetings and in in terpre ta t ion  of the large n u m -  
ber  of publications in the area of semiconductor passi- 
rat ion.  This was emphasized by a survey under t aken  
by the-author  in  1976 (4). 

* Electrochemical  Society Active Member. 
Key words: charge,  semiconductor,  interface. 

Because of the lack of a common terminology for 
oxide charges, a committee was established in  J anua ry  
1978 by the Electronics Division of the Electrochemical 
Society and the IEEE-sponsored Semiconductor In te r -  
face Specialists Conference. The names and affiliations 
of the committee members  along with those represent-  
ing the sponsoring groups are listed below: 
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Pie te r  Balk Technischen Hochschule 
(Europe represen ta t ive)  Aachen  

Aachen, West  Ge rma ny  
Takuo Sugano Univers i ty  of Tokyo 
( Japan  represen ta t ive)  Tokyo, Japan  

The commit tee  met  over  a one and one-ha l f  yea r  
period, dur ing  which t ime a number  of specialists  in 
silicon pass ivat ion were  solici ted for opinions and 
guidance.  This was done by personal  contact, discus-  
sions at  technical  meetings,  and a deta i led  survey.  
Severa l  genera l  preferences  regard ing  a s t anda rd  
t e rmino logy  for  oxide  charges were  evident.  These 
were:  

1. S tandard iza t ion  of oxide charge te rminology  is 
h igh ly  desirable;  

2. Such a t e rmino logy  system should be as s imple as 
possible, i.e., subscr ipts  for symbols  should be one 
l e t t e r  if  possible;  

3. The symbols  and subscripts  should indicate  or  
suggest  the  na tu re  of the charge type;  

4. A symbol  represen t ing  a given charge should not 
be easi ly  confused wi th  any of those represen t ing  the 
o ther  charge types;  

5. If possible, the symbols  selected should not be the 
same as those used prev ious ly  by  any apprec iab le  seg-  
men t  of semiconductor  technologists.  

These and o ther  considerat ions were  discussed in 
considerable  deta i l  by  the committee.  Various sets of 
symbols  were  proposed  and problems associated wi th  
each set were  noted. F o r  instance, a symbol  subscr ipt  
which might  give r ise to confusion would  be 'T '  which 
s tands for both  " in te r face"  and "ion." Thus, the single 
l e t t e r  "i" should p robab ly  not  be used as a subscript .  
Likewise,  the use of  only  "o" or  "ox" as subscripts  
could represen t  any  o r  al l  of the charge types  and also 
should not  be used. 

F ina l ly ,  a t  a meet ing  of the commit tee  in May, 1979, 
(Spr ing  Meet ing of The Elect rochemical  Society, Bos- 

ton, Massachuset ts)  a final t e rminology  was agreed  
upon. Insofar  as pract ical ,  the genera l  preferences  were  
observed.  Where  this tu rned  out  not  to be possible be -  
cause of mu tua l ly  conflicting requirements ,  the com- 
promise  thought  to resul t  in the least  confusion and 
ambigu i ty  was selected. 

The recommended  names for the four types of oxide 
charges i l lus t ra ted  in Fig. 1 are: 

1. F ixed  Oxide Charge - -Pos i t ive  charge, due p r i m a r -  
i ly  to s t ruc tu ra l  defects ( ionized silicon) in  the  oxide 
l aye r  less than 25A from the Si-SiO2 interface.  The 
dens i ty  of this charge, whose origin is re la ted  to the 
oxidat ion  process, depends on oxida t ion  ambien t  and 
tempera ture ,  cooling conditions, and on silicon or ien-  
tat ion.  Since fixed oxide charge dens i ty  cannot  be 

~ )  MOBILE IONIC < 

OXIDE TRAPPED ( 
r CHARGE \ 

+ + + FIXED OXIDE\ 
~"'-- - -  - -  C H A R G E  } 

X - - X  X X X X X 
! 

INTERFACE 
TRAPPED CHARGE 

SiO2  

S i O  x 

Si 

Fig. 1. Names and location of charges in thermally oxidized 
silicon. 

de te rmined  unambiguous ly  in the presence of mod-  
era te  densit ies of in terface  t r apped  charge, i t  is only  
measured  af te r  a low t empera tu r e  (~450~ hydrogen  
t r ea tmen t  which minimizes  in ter face  t rap  density.  
F ixed  oxide  charge  is not  in e lect r ica l  communicat ion 
wi th  the  under ly ing  silicon. 

2. Mobile  Ionic C h a r g e - - P r i m a r i l y  due to ionic im-  
pur i t ies  such as Li +, Na +, K +, and possibly  H +. Nega-  
t ive ions and heavy  meta ls  may  contr ibute  to this 
charge even though they  are  not mobile  be low 500~ 

3. In ter face  Trapped  Charge - -Pos i t ive  or  negat ive  
charges,  due to (i) s t ructura l ,  ox ida t ion- induced  de-  
fects, (ii) metal  impuri t ies ,  or (iii) other  defects  
caused by  radia t ion  or  s imi lar  bond break ing  processes. 
They are  located at  the Si-SiO~ interface.  Unlike fixed 
charge  or t r apped  charge, in terface  t r apped  charge is 
in e lectr ical  communicat ion w i t h  the under ly ing  si l i -  
con and can thus be charged or  discharged,  depending 
on the surface potential .  Most of the interface t r apped  
charge can be neut ra l ized  b y  low t empera tu r e  (450~ 
hydrogen  annealing.  This charge type  in the past  has 
been called surface states, fast states, in ter face  states, 
etc. 

4. Oxide Trapped  C h a r g e - - M a y  be posi t ive or nega-  
t ive due to holes or electrons t r apped  in the bu lk  of the 
oxide. Trapping  m a y  resul t  f rom ionizing radiat ion,  
avaIanche injection,  or  o ther  s imi lar  processes. Unl ike  
fixed charge, oxide t r apped  charge is genera l ly  an-  
nealed out by  low t empera tu r e  (<500~ t rea tment ,  
a l though neu t ra l  t raps m a y  remain.  

In  general ,  the densit ies of al l  of the charges except  
in ter face  t r apped  charge m a y  be de te rmined  using the 
high f requency capac i tance-vol tage  (C-V) technique.  
More e labora te  measuremen t  procedures  such as 
"quasis tat ic  C-V  analysis"  a re  requi red  for in ter face  
t rap  charge. 

The  symbols  selected to denote the oxide charges 
were  based on the fol lowing assumptions:  

Q = Net effective charge  per  uni t  a rea  at  the Si-SiO2 
interface  (C/cm2).  

N _-- Net  number  of charges pe r  uni t  a rea  at  the Si-  
SiO~ in ter face  (no/cm2).  

Thus, IQ/ql - N where  q ---- electronic charge. 
The sign of Q is e i ther  posi t ive or negat ive  depend-  

ing on whe ther  the  ma jo r i t y  of charge is posit ive or  
negative.  By definition, however ,  N is a lways  positive. 
Also, i t  should be kept  in mind that  Q and N are  de-  
fined as effective net  charge at  the Si-SiO2 interface,  
even though the ac tual  charge  dens i ty  m a y  be consid-  
e rab ly  l a rge r  if the charge is located some dis tance 
from that  interface.  Uncharged t r app ing  centers  are  
not covered by  this proposed terminology.  

Fol lowing are  the recommended  symbols  for the 
four types of oxide charge:  

F ixed  Oxide Charge  Qf, Nt 

Mobile  Ionic Charge  Qm, Nm 
In ter face  Trapped  Charge  Qit, Nit 

Oxide Trapped Charge Qot, Not 
As indica ted  above, the  charges represen ted  by  the 

above symbols  are  expressed in  terms of dens i ty  pe r  
uni t  area. In  one pa r t i cu l a r  case, tha t  of in ter face  
t r apped  charge,  i t  is common to express  its dens i ty  in 
te rms of uni t  a rea  and energy  in the  sil icon bandgap.  
Therefore,  a special  symbol  is recommended:  

In ter face  Trap  Dens i ty  Dit (no. /cm2-eV) 

The commit tee  s t rongly  urges al l  scientists  and en-  
gineers  act ive in si l icon oxide  work  to use the  above 
te rminology  in oral  presenta t ions  or wr i t t en  publ ica -  
tions. I t  is recognized tha t  a f te r  15 years  of using a 
pa r t i cu l a r  system, some emotional  a t t achment  to some 
pa r t i cu l a r  nomencla ture  m a y  exist.  However ,  those 
persons "brought  up" on designat ing fixed oxide 
charge as Qss should r emember  tha t  others  have used, 
jus t  as di l igent ly ,  the  same symbol  for  in ter face  t raps  
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(or fast  states, or  surface states, or in ter face  traps,  
etc) .  Likewise,  o ther  groups re fe r  to fixed charge as 
Qox (or Qfr or No or Qs, etc.) .  The only  way  to resolve 
the  difficulties and  confusion r ega rd ing  oxide  charge  
t e rmino logy  which have pers is ted  for 15 or more  years  
is for  everyone  to decide that  one system should be 
used and tha t  some compromise  in personal  feel ing on 
everyones  pa r t  wi l l  be required.  

The  au thor  wishes to thank  the above named com- 
mi t tee  members  for the i r  va luab le  assistance dur ing  
the course of these efforts. Also, considerable  thanks  
are  due to m a n y  indiv iduals  who cont r ibu ted  opinions 
and suggest ions to the committee.  

Manuscr ip t  rece ived  Oct. 26, 1979. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the December  1980 

JOURNAL. Al l  discussions for  the  December  1980 Dis-  
cussion Sect ion should be submi t ted  by  Aug. 1, 1980. 

Publication costs of this article were assisted by 
Fairchild Camera and Instrument Corporation. 
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Anomalous Boron Profiles Produced by 
Implantation into Silicon 

T. W.  Sigmon* 
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and W.  M. Katz 
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It  is common pract ice  in the product ion of low sheet  
resistance,  shal low p - t y p e  contacts, such as those used 
for  high f requency  Si b ipolar  transistors,  to use BF2 
as the  implan t  species. There  are  severa l  reasons for 
this approach:  (i) to produce  a l ow-ene rgy  boron im-  
p lan t  d is t r ibut ion  whi le  opera t ing  at  a reasonably  high 
acce lera tor  vol tage;  (ii) the BF2 molecule  is genera l ly  
the  most  abundan t  beam; and (iii) the cri t ical  dose for 
amorphous  l aye r  product ion  is lowered  to reasonable  
values  (1). I t  is a s imple  exercise  is basic physics to 
show tha t  for a BF2 molecu la r  beam of energy,  Eo, 
neglect ing the molecu la r  dissociation energy,  the 11B 
possesses (11/49) Eo and the tgF (19/49) Eo. Using sec- 
onda ry  ion mass spec t rome t ry  (SIMS), we have observed 
tha t  under  cer ta in  condit ions BF2 implan ts  can exhib i t  
anomalous  11B profiles. These condit ions occur when  
using BF2 molecu la r  implan ts  from ion implan ta t ion  
equ ipment  employ ing  preacce le ra t ion  mass analysis.  
The  fol lowing communica t ion  demonst ra tes  the p rob -  
lem, proposes and verifies the mechanism,  and shows 
tha t  a solut ion can be obtained.  

The samples  were  p repa red  using cleaning pro-  
cedures and implan ta t ion  condit ions sui table  for Si de-  
vice fabricat ion.  The SIMS in -dep th  profiles were  pe r -  
fo rmed  on a CAMECA IMS-3f  Ion Mic ro -ana lyze r  
employing  oxygen  ion b o m b a r d m e n t  and posi t ive ion 
spectroscopy. To insure  tha t  profi l ing condit ions were  
ident ica l  for the  different  implants ,  al l  samples  were  
run  wi th  ident ical  SIMS parameters .  

In  Fig. 1 we show the SIMS profile for 11B resul t ing  
f rom a BF2 implan t  into silicon. Here, the  concentra-  
t ion and depth  scales have been assigned by  fit t ing the 
LSS  11B d is t r ibu t ion  to the  SIMS data  (2). These re -  
sults a re  obta ined  f rom unannea led  ma te r i a l  wi th  im-  
p lan t  condit ions typica  ! of a high th roughput  ion im-  
p lan ta t ion  process (f i lament  ion source, m a x i m u m  
beam cur ren t ) .  A pronounced shoulder  on the deep 
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Fig. 1. 11B concentration vs. depth profile resulting from a 
1015 BF2/cm 2 150 keV implant, (--) without additional filter, (- -) 
with additional filter. 
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side of the n B  profile can be seen in  Fig. 1 which re-  
sults in a significant deviat ion of the measured and the 
expected r iB- implanted profile (an 11B concentrat ion 
increase of over an order of magni tude  at ,~0.4 ~rn). 
The disastrous effect of this shoulder on a shallow base 
s t ructure  is apparent.  

We propose that this shoulder results from dissocia- 
t ion of BF2 molecules which have undergone mass 
analysis but  have not yet  obtained the  full  te rminal  
acceleration of the ion implanter .  It  is possible, in  the 
low vacuum region between the output  of the mass 
analyzer  and the collimation slits, for the BF2 ions to 
undergo collisions with other ions or molecules, and 
f ragment  into both boron and fluorine ions. These 
boron ions then take on an energy equal to 11/49's of 
the preacceleration BF2 energy plus the full postaccel- 
erat ion energy Of the accelerator. For this work, the 
premass analysis energy of the molecules was 30 keV, 
while the final te rminal  acceleration voltage was 120 
kV. Thus, this dissociated boron ion will have an energy 
of approximately  127 keV, resul t ing in  a projected 
range in the Si target  based on this energy, ra ther  than 
on 11/49 of  150 keV as was ini t ia l ly  desired. In  Fig. 1, 
we show the profile of 11B made using BF2 with a 
velocity filter located after the normal  magnetic  
analyzer  but  prior to the final acceleration stage. It  can 
be seen that  the high energy shoulder which would 
result  from dissociated BF2 ions does not exist, sug- 
gesting that  this is in  fact the cause of the anomalous 
profile. 

A fur ther  test of this hypothesis can be made by im-  
p lant ing  monoatomic boron ions at various energies. 
The BF2 implanta t ion  with dissociation can be s imu- 
lated by  implan t ing  both 34 keV and 130 keV 11B. The 
lat ter  implant,  represent ing the boron atoms which 
have passed through the mass analyzer  as a B~2 mole-  
cule, then decompose prior to receiving the full ter-  
minal  acceleration. In order to identify the mechanism 
clearly, we have used 11B at 34 keV and 10B at 130 keV, 
thereby allowing unequivocal  identification of the two 
implants  using SIMS. The results of this exper iment  
are shown in Fig. 2, which depicts the SIMS profile of 
the lOB and I~B ions in St. The individual  implants,  
shown as the dashed lines, are then combined and re- 
sult in the composite profile shown as the solid line. It  
can be seen that the boron profile result ing from the 
BF2 implant  is reproduced almost exactly by this com- 
posite profile resul t ing from the 34 keV and 130 keV B 
implants, and each individual  implant  profile is as ex- 
pected. The difference in  the tails of the profiles is be- 
lieved to be due to fur ther  dissociation of the BF2 
beam dur ing final acceleration. This is supported by 
the fact that the tails occur only for the BF2 implants  
(opposite to what  would be expected if this were an 
ion channel ing phenomena) ,  and that the results are 
reproducible, thereby e l iminat ing SIMS parameter  
artifacts. 

We conclude from these results that, when  using 
molecular  ion beams for a source of implant  atom, 
care must  be exercised to insure that a significant 
amount  of molecular  dissociation (in our  case ~0.4%) 
does not  occur in the ion  implanter .  This dissociation 
can be reduced by better  operat ing vacuum in the 
critical regions of the implan te r  (with an associated 
loss in  beam current ) ,  and /or  with the use of a second 
stage of mass analysis prior to the final acceleration 
stage of the implanter .  In this work, we have shown 
that  this effect can be minimized for a preanalysis  type 
implanter  (within the sensit ivity of our SIMS ins t ru-  
ment)  by the use of a velocity filter before the final 
acceleration stage without  a large sacrifice of beam 
current.  Moreover, this exper iment  indicates that the 
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Fig. 2. l ib  ond 1~ concentration vs. depth profiles resulting 
from a 1025 nB/cm2 34 keV and 4 • 19 TM l~ 130 keV im- 
plant. The solid line represents the composite profile and should 
be compared with the solid line in Fig. 1. 

major i ty  of the dissociation occurs prior to the exit 
slits of the magnet ic  deflection mass analyzer  ra ther  
than dur ing final acceleration. Should the major i ty  
occur dur ing final acceleration, a con t inuum of boron 
energies below 130 keV would be produced, resul t ing 
in a less well-defined back side shape for the implan t  
profile. 
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Potential Profiling as a Means to Determine 
Conductivity Type: Application to ZnSe 

G. F. Neumark, B. J. Fitzpatrick,* P. M. Harnack, S. P. Herko, K. Kosai, and R. N. Bhargava 
Philips Laboratories, Briarcl~ Manor, New York 10510 

In  characterizing semiconductors it  is impor tan t  to 
determine whether  these mater ia ls  are n -  or p-type.  
The usual  method of de termining conduct ivi ty type is 
the Hall  effect. However, this measurement  cannot be 
convenient ly  carried out on high resist ivi ty material .  
Al ternat ive  methods are thus required for this case. 
In  the present  paper, we suggest use of Schottky ba r -  
r ier  contacts together with potent ial  profiling as an ap-  
propriate  method. Essentially, this approach gives a 
large potential  drop at the cathode if the mater ia l  is 
n- type,  and at the anode if the mater ia l  is p-type.  Both 
the theory and the exper imenta l  setup for this pro-  
filing method are re la t ively simple. We are, however, 
not  aware of its prior use to determine conduct ivi ty  
type of semiconductors, and have therefore checked 
the method wi th  GaP and ZnSe of known conductivi ty 
type. The method was then used to characterize high 
resist ivi ty ZnSe layers. These layers were grown from 
Bi solution. I n  an a t tempt  to obtain p- type material ,  
some of these layers were grown with Li, Na, or P as 
dopants, and /o r  annealed  in  Se vapor. 

The  present  method hinges on the use of ba r r i e r  con- 
tacts such that  the direction of easy electron t ransfer  
across the bar r ie r  is known with respect to the voltage 
polarity. This direction depends on the type of carr ier  
t ranspor t  which dominates the current :  act ivation over 
the barrier,  or tunne l ing  (1, 2). However, it is know n  
(3-5) that  tunne l ing  is not impor tant  except for high 
doping and at  low temperature.  Now, the aim of our  
method is measurement  at  room tempera ture  on high 
resistance material .  We shall  thus assume that  we a r e  
dealing wi th  carrier  t ranspor t  by activation. For  this 
case, under  an  applied bias the energy band  configura- 
t ion for two symmetr ic  Schottky 1 barr iers  on an n - type  
semiconductor (Fig. la)  changes (1, 3) qual i ta t ively  to 
the s i tuat ion shown in  Fig. lb, where VA is the ap-  
plied Voltage. Also indicated on Pig. l b  is a resistive 
voltage drop (VR) across the bulk. The corresponding 
voltage dis t r ibut ion (1, 3) is shown in  Fig. 2, which 
shows that  the ma in  voltage drop is at the cathode. An  
analogous analysis for a p - type  semiconductor would 
show the main  voltage drop at  the anode. 

A more quant i ta t ive  t rea tment  of the bar r ie r  vol t-  
ages, a l though not  str ict ly required in  the present  
applicat ion of the method, is useful  to br ing  out some 
sidelights. For ideal I reverse-biased Schottky barriers,  
the voltage dis t r ibut ion is g iven by  (1, 3) 

V(x) -- [4~e(ND -- NA)/K] (WX -- ~ r 2) [I] 

w ~  - -  [ V B K / 2 ~ e  ( N D  - -  N A )  ] [ 2 ]  

where VB is the voltage drop across the bar r ie r  [ a n d  
where it is assumed that  VB > >  Vo, with Vo the zero 
bias barr ier  height (Fig. l a ) ] ,  x is the distance along 
the field, ~ is the dielectric constant, (ND -- NA) is 
the net  doping density, and w is the bar r ie r  width. 
With use of cgs uni ts  in  these equations, x is in  cm 
and (ND -- NA) is in  cm -3, which is convenient  for 
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distribution. 
The terminology of what  is meant  by  a Schottky barrier con- 

tact is not always clearly defined. In recent literature the term 
has sometimes been used interchangeably  with "metal-semicon- 
ductor" barrier contact [see, for example, Rhoderick or Padovani, 
Ref. (3)]. In earlier literature [see, for example ,  Heniseh, Ref. 
(1) ], a Schottky barrier usually meant a barrier whose width (w) 
varied with voltage. Here we use the term "ideal" for barriers 
for which Eq. [I] and [2] are valid. 
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resist ivity calculations (used below).  For these units,  
e = 4.8 • 10 -I0 esu, and the voltage is in  statvolts, or, 
for V in  volts a va lue  of V/300 is used. I t  is worth  
not ing that  (ND -- NA) I can, in  principle, be obtained 
wi th in  the bar r ie r  region. However, in  practice the 
probing dimensions are inconvenien t ly  small  except for 
quite high resistance material .  And, of more  impor-  
tance, if the resistance is too high, practical  dimensions 
result  in a l imita t ion on the method. Thus, if (ND --  
NA) is very low, the bar r ie r  widens appreciably. Since 
sample sizes, in  practice, are limited, this restricts the 
method. An example will  clarify the extent  of t h e  

l imitation. Assume a sample size _ < 1 cm. It appears 

desirable to have a bar r ie r  width <_ 1/3 of the sample, 
so that  adequate bu lk  mater ia l  is also available. The 
barr ier  width can be adjusted through the applied 

_2 
b 

Fig. I. (a) The zero bias case for an n-type semiconductor with 
two symmetric Schottky contacts (of height Vo); (b) the same system 
with a positive applied bias (-~VA), with the left contact reverse 
biased, the right contact forward biased, and with the bulk showing 
some resistive drop (=VR) .  

V 

v. 

• 

Fig. 2. Voltage vs. distance (x) corresponding to the case of 
Fig. 1(b). 
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voltage,  bu t  for  measurements  on h igh  resis tance m a -  
te r ia l s  the  m i n i m u m  vol tage  requi red ,  in  pract ice,  is 
,-,100V ( - -1 /3  s ta tvol ts ) .  Assuming  ~ ~ 10, the lowest  
(ND - -  NA) which  can be measured  is ,~1010 cm-8.  
To conver t  this va lue  to res is t iv i ty  p (where  p = 1/ne~), 
one requi res  a va lue  of mobi l i ty  ~ and the re la t ion  be -  
tween  ca r r i e r  concent ra t ion  n and (ND --  NA). F o r  
example ,  for  ~ ~ 100 cm~/Vsec and n ~ (ND -- NA), 
the  corresponding res is t iv i ty  is 6 X 106 ~-cm.  In  p rac -  
tice, one usua l ly  has n < (ND -- NA), SO tha t  some-  
wha t  h igher  res is t ivi t ies  should also give sa t i s fac tory  
results ,  bu t  ac tua l  l imits  cannot  be p red ic ted  wi thout  
knowledge  of the  re la t ion  be tween  n and (ND --  NA). 

To ca r ry  out  the p resen t  method,  one requi res  a 
measu remen t  of potent ia l  a long a sample.  This, in 
pr inciple ,  is r e l a t i ve ly  simple.  Using a p robe  which  
can be posi t ioned along the sample  (e.g., via  a micro-  
man ipu la to r ) ,  one can measure  the vol tage  a t  the probe  
by  use of the  condit ion of zero cur ren t  th rough  the 
probe.  Approp r i a t e  circuits  a re  s tandard.  Nevertheless ,  
in pract ice  some difficulties m a y  arise, and  i t  seems 
wor th  ment ioning  some of the problems.  

The  measurement ,  as ac tua l ly  car r ied  out, had  some 
usual  difficulties due to h igh  sample  resistance.  The 
ma in  p rob lem here  was the high contact  res is tance at  
the  probe,  leading  to poor  sensit ivi ty.  However ,  we 
found tha t  an  adequa te ly  low contact  resis tance could 
gene ra l ly  be obta ined  b y  evapora t ing  a pa t t e rn  of Au  
dots on the sample,  and  then  moving the  probe  along 
a row of  such dots. (We used Au  since i t  was con- 
ven i en t - - a i so  see be low for  fu r the r  discussion on con-  
tact  aspects.)  

Ano the r  caut ion wor th  ment ioning is tha t  the  m e a -  
surement  should be done in the dark,  in o rder  to avoid  
photoconduct ive  a n d / o r  photovol ta ic  effects. I t  is, for  
instance, known (6) tha t  h igh resis tance p - m a t e r i a l  
can give an n - t y p e  pho to -Hal l  effect. This arises when 
the concentra t ion of the car r ie rs  genera ted  by  the l ight  
is comparable  to or  h igher  than  the da rk  concent ra -  
tion, since the  conduct iv i ty  is then  dominated  by  the 
h igher  mobi l i ty  of the  electrons.  

A fu r the r  p rob lem is tha t  the presen t  me thod  r e -  
quires  Schot tky  contacts, and  i t  is not  a lways  known  
which  meta ls  and  which p r epa ra t i on  condit ions y ie ld  
this  t ype  of  contact. For tuna te ly ,  the  probing  method  
also yields in format ion  on the contact  type.  Firs t ly ,  if 
the  contacts  a re  of the Schot tky  type, one end of the 
sample  wi l l  show a high vol tage  drop, the o ther  end 
a lower  one (see Fig. 2), and this condit ion wil l  r e -  
verse if the  vol tage po la r i ty  is reversed .  Secondly,  if 
the contact  resis tance is domina ted  by  an  int r ins ic  
layer ,  the re  wil l  be a potent ia l  drop at  the  contact, bu t  
this  drop wil l  r ema in  app rox ima te ly  constant  wi th  
r eve r sa l  of the  polar i ty .  Thirdly ,  if a contact  is ohmic, 
there  are  two possible potent ia l  profiles (Fig. 3). There  
m a y  be no ex t ra  vol tage  drop at  the  contacts, and  the 
vo l tage  d is t r ibu t ion  wil l  be l inear  across the sample  
(dashed l ine on Fig. 3). The second poss ibi l i ty  is a 

vol tage  drop a t  both  anode  and cathode, a p p r o x i m a t e l y  
equal,  g iving a symmet r i c  vo l tage  d is t r ibu t ion  (solid 
l ine on Fig. 3). The fo rmer  case wi l l  occur by  definit ion 
if  the contact  geomet ry  is such as to give a t rue  one-  
d imensional  si tuation,  e.g., if the contacts ex tend  across 
the  two end faces of a r ec t angu la r  shaped sample.  How-  
ever, in pract ice  the contacts were  usua l ly  evapora ted  
on the top surface of a sample.  Thus, the  cu r ren t  l ines 
can spread  downward  into the  sample  (and for  point  
contacts  also l a t e ra l ly )  leading  to a lower  resis tance 
a w a y  f rom the contact  ends. This is s t r ic t ly  a geometr ic  
effect. Various  aspects  of this  p rob lem have f requen t ly  
been discussed in the  l i t e r a tu re  (7). 

Regard ing  the  appl icat ions  of the profil ing method,  
we first checked i t  on mate r ia l s  of known  conduc t iv i ty  
type,  name ly  n-ZnSe,  and  n -  and  p -GaP .  The  method  
was then appl ied  to severa l  ZnSe layers  grown by  
l iquid phase ep i t axy  f rom Bi solution. Fo r  probing  
contacts, we used evapora t ed  Au  dots for  most  of the  

9 8 4  
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Fig. 3. Potential vs. distance for an ohmic contact. The dashed 
line is the ideal case of even current lines. The solid line shows 
the case where current lines can spread out from the contact region 
(see text). 

measurements .  As discussed earl ier ,  these gave ade-  
qua te ly  low contact  resistance.  The one d i sadvantage  
of gold is  that  under  cer ta in  condit ions [e.g., sput te r ing  
or hea t ing  in H2 (6, 8)]  i t  may  give an ohmic contact  
to p-ZnSe.  However ,  using a p la in  evapora t ion  p ro -  
cedure, we obta ined  sharp  contact  ba r r i e r s  on a num-  
ber  of high resis tance ZnSe layers  wi th  p - t y p e  c h a r -  
acterist ics  (anode drop---see be low) .  

The  profil ing method  has been car r ied  out  on v a r i -  
ous a s -g rown  layers,  both  undoped  and doped wi th  
Li, Na, and P. Also, some of these layers  were  an -  
nealed in Se vapor,  since such t r ea tmen t  is expected  
(9) to resul t  e i ther  in be t te r  p - t y p e  mater ia l ,  or  a t  
least  in more  res is t ive n - t y p e  mater ia l .  In  general ,  
the layers  were  high resistance,  and i t  was not  possible 
to measure  a Hal l  effect. P rob ing  resul ts  showed tha t  
some Li  and Na doped layers  were  p - type ,  and tha t  
some undoped  layers  could be conver ted  to p - t y p e  b y  
Se annealing.2 Results  for one typica l  p - t y p e  sample  
(Na doped) are  shown in Fig. 4. The s t ra igh t  l ines 
ex tend ing  over  the  bu lk  par t  of the  sample  were  ob-  
ta ined  by  a leas t  squares  fit over  the  measu red  points.  

2 A m o r e  systematic investigation of  the conditions w h i c h  g ive  
p - type  b e h a v i o r  is p r e s e n t l y  in  p r o g r e s s .  H o w e v e r ,  w e  be l ieve  t h a t  
a p r o b l e m  in  th i s  r e s p e c t  is t h e  ro l e  of  i m p u r i t i e s  in  p r o v i d i n g  
c o m p e n s a t i o n .  See R. N. B h a r g a v a ,  S. P. H e r k o ,  a n d  B. J .  Fitz- 
p a t r i c k ,  Bu~. of the Am. Phys. Soc.,  24, 402 (1979); a n d  G F.  
N e u m a r k ,  ibid, 24, 402 (1979); G. F. N e u m a r k ,  To  b e  p u b l i s h e d  
in J .  Appl. Phys., J u n e ,  1980. 

1 0 0 ~  f I I 

v D 

5 

k ~ i i l 

0.5 ha 1.5 

OISTANCE ALONG SAMPLE (turn) 

Fig. 4. Potential vs. distance along a sample of p-ZnSe(Na 
doped). The points correspond to a row of Au dots on the sample 
(0.25 mm aport). The circles denote voltage decreasing to the right, 
the crosses ore for the opposite polarity, and the lines ore drown 
to connect the points (the actual barrier shape is not known since 
the doping is nat known, see Eq. [ | ] ,  [2 ] ) .  The main potential drop 
is at the anode, denoting p-material. The dashed lines indicate 
the theoretical barrier shape (Eq. [1] ,  [2]) ,  with curves (1) and (2) 
for ( N A  - -  N D )  "-- 10 TM cm -8  and 1014 cm -3 ,  respectively. 
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Simi la r  measurements  were  also car r ied  out  at  h igher  
vol tages (140, 190V). A leas t  squa re s  fit of cur ren t  vs. 
bu lk  vol tage gave the res is tance be tween  two Au  dots 
as 2 • 109~. Fo r  an es t imated  l aye r  thickness of ~10 
#m, and since for  our  Au  dots the  i n t e r -do t  spacing 
was comparab le  to the dot  d iameter ,  this leads  to a 
res is t iv i ty  ,~ 2 • 106 ~2-cm; assuming ~ ... 5 cm2/Vsec, 
one obtains  p ~ 7 • 1011 crn -8. We have also p lo t ted  
on Fig. 4 (dashed l ines) t h e  theore t ica l  re la t ion  (Eq. 
[ I ] ,  [2]) for  V(x )  for (NA -- ND) = I0 TM cm -3 and 
for  (NA --  ND) = 1014 cm -3. As can be seen, any  va lue  
(NA -- ND) > 10 TM cm -3 fits the observed  r e s u l t - - t h e  
p rob ing  w i t h ' t h e  p resen t  dot distances cannot  differ-  
entiate.  Note tha t  we know only  tha t  (NA --  ND) ----- P, 
bu t  do not  know how much  greater ,  so i t  m a y  take  
an apprec iab le  reduct ion  in probing  dis tance to eva lu -  
ate (NA -- ND). Due to probing  difficulties wi th  smal le r  
dot  sizes, this aspect  has the re fore  not  been pursued.  
In  any case, the  res is t iv i ty  and the ba r r i e r  shape r e -  
sults a re  consistent  wi th  each other.  

Overal l ,  we have  shown tha t  for  Schot tky  contacts  
the  profi l ing method  can be used to di f ferent ia te  be -  
tween  n-  and  p - t y p e  mater ia l .  Moreover,  i t  has been  
successful  on high resis tance ma te r i a l  on which  Hal l  
measurements  could not  be car r ied  out. 

Manuscr ip t  submi t t ed  Dec. 22, 1978; rev ised  m a n u -  
scr ip t  rece ived  Oct. 10, 1979. 

A n y  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1980 

JOURNAL. Al l  discussions for the December  1980 Dis-  
cussion Section should be submi t t ed  b y  Aug. 1, 1980. 

Publication costs of this article were assisted by 
Philips Laboratories. 
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Influence of Surface Damage on 
Stabilization Against Photodecomposition of n-Type GaAs* 

Marc J. Madou, Karl W. Frese, Jr.,$ and S. Roy Morrison 
SRI International, Menlo Park, California 94025 

Recently noteworthy progress has been made 
in the development of photoelectrochemical 
solar cells (1,2,3). However, a major diffi- 
culty remains, that is, the photocorrosion of 
desirable anode materials such as n-GaAs and 
n-Si. Ultimately, the goal is to make solar 
cells using polycrystalline materials, (4) 
and such materials will contain different 
defects. Simple theory suggests that defec- 
tive areas of the crystal surface will be more 
difficult to stabilize. From an experimental 
point of view, it has not been clear what 
effects these defects will have on the photo- 
electrochemical corrosion process. Therefore 
an important objective of our work is to in- 
vestigate the effect of dislocations and 
grain boundaries on the corrosion rate and 
stabilization efficiency. Before this can 
be done, however, suitable stabilizing agents 
must be identified. We report some of our 
results toward these goals, both the iden- 
tification of stabilizing agents for GaAs 
and studies of the influence of defects on 
the stability of the GaAs. Measurements of 
conversion efficiencies of radiant energy 
to electricity and of the influence of sur- 
face treatment on those efficiencies are 
planned for the near future. 

A rotating-ring-disc electrode was assem- 
bled using a n-GaAs disc and a ring that was 
made of either amalgamated copper or pure 
grade gold. The collection efficiency anti- 
cipated from the geometric parameters was 
about 36%. In practice an efficiency of 32% 
was obtained. This number was independent of 
rotation speed in a wide range and the most 
commonly used speed was around i000 rpm. The 

etch used for the GaAs disc was H2SO4:H202:H20 , 
(3:1:1 v/v) at 80~ Until now, only the 

(lll)-face (As) was investigated. The GaAs 
disc was illuminated with chopped light (at 
a frequency of 1 Hz) from a 150-W xenon lamp. 
In the experiments reported, we used an 
aqueous solution containing Fe(CI04) 2 in 0.i M 
EDTA. 

The photoproduced holes coming to the sur- 
face of the GaAs disc can oxidize the Fe(II)- 

EDTA or can corrode the GaAs. The disc poten- 
tial was always kept in the flat portion of 
the photocurrent-voltage characteristic (+ 0.8 V 
versus SCE). The ring voltage was maintained 
on the saturation portion of the reduction wave 
at -I.0 versus SCE. Thus Fe(III)-EDTA formed 
at the disc is reduced at the ring, and its pre- 
sence is monitored. The stabilization is ex- 
pressed as the ratio of the hole current that 
oxidizes Fe(II)-EDTA, iox, to the total ac hole 
current iphot o through the GaAs disc. The value 
of iox is determined by measuring the periodic 
component of the ring current and dividing by 
a collection-efficiency factor. 

Figure 1 shows the effect of the pH on 
the percentage stabilization of the etched n- 
type GaAs for two different concentrations of 
Fe(CI04) 2 in 0.i M EDTA. The pH was adjusted 
with either HCIO 4 or NH4OH. One region below 
pH = 2.5 is inaccessible because precipitation 
of EDTA occurs in such a solution. The light 
intensity was found to influence the percent- 
age stabilization in such a way that higher 
light intensities gave lower percentage sta- 
bilization. Therefore all points given in 
Figure 1 were taken for the same disc current 
of about 1 mA/cm 2. Another important obser- 
vation is that if the percentage stabilization 
was low, perhaps because of the presence, of an 
oxide film~ a cathodic current temporarily 
passed through the disc could result in the 
recovery of the initial higher percentage sta- 
bi!ization. The experiments in Figure 1 were 
always started after the disc had been held 
cathodic for a few minutes. Both the effect 
of light intensity and the effect of cathodic 
pretreatment will be dealt with in greater 
detail in another publication (5). 

From Figure 1 it can be seen that for 
both concentrations and with the prevailing 
light intensities the stabilization is com- 
plete in the intermediate pH region. Within 
the accuracy of our apparatus, we concluded 
the stabilization is > 99% under these condi- 
tions. For hole currents of 1 mA/cm 2 the 
stabilization at both high and low pH 
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decreases rapidly. We note that the highest 
stabilization occurs where the oxidation 
products in Ga are most insoluble (6). This 
result is completely analogous to the one 
found in the stabilization of n-GaP with Fe 
(CN)~- (7). Although in this case we found 
that at lower light intensities in acid solu- 
tion (e.g., 0.04 M Fe(II)-EDTA, pH = 3, 100% 
stabilization can be found. 

Further investigation is required to fully 
explain this pH dependence of the percentage 
stabilization. Possible explanations are 
(i) a change in redox properties of the solu- 
tions with pH [in the case of Fe(II)-EDTA], 
(2) a shift in energy levels of the n-GaAs 
relative to the Fe(II)-EDTA level or (3) a 
change in electrode stability towards holes 
because of a thin oxide layer on the GaAs 
surface (8). 

Figure 2 shows the effect of surface damage 
on the stabilization. In the figure we plot 
percentage stabilization versus concentration 
curve in 0. i M EDTA at constant photocurrent 
and an intermediate pH. Since the disk current 
was lowered by the introduction of surface da- 
mage the light intensity had to be adjusted to 
maintain a constant photocurrent. Curve (a) 
was determined using well-etched samples and 
showed reproducible levels of stabilization as 
long as fresh solutions and freshly etched 
(e.g., 10-sec etch) electrodes were used. 
Curve (b) was determined on specimens etched 
and subsequently polished with 0.3-Nm AI203 
powder for 30 sec. This treatment may be as- 
sumed to introduce unspecified surface damage, 
primarily dislocations. We note that for con- 
ditions of constant concentration of Fe(II)- 
EDTA and photocurrent, the effect of surface 
damage is to lower the stabilization efficiency. 
We have also observed several times that if 
corrosion is allowed to proceed on such a da- 
magedsurface, the stabilization will recover 
with time, reaching a value characteristic of 
a damage-free surface in about 15 min. Curve 
(c) shows data taken with a more severely 
damaged electrode. This surface was prepared 
for successive polishing with Buehler 4/0 
polishing paper, a 6-~m diamond paste, and l- 
~m AI203 and 0.3-~m AI203 powders. Importantly, 
the sample was not etched before measurement. 
The results show that lower stabilization was 
obtained at all concentrations and that the 
highest Fe(II)-EDTA concentration was needed 
to reach values close to 100%. These results 
demonstrate that damaging single crystal sur- 
faces leads to changes in the competition bet- 
ween oxidation of the redox component in solu- 
tion and the crystal lattice. 

These results show clearly that for well- 
etched single crystals, Fe(II)-EDTA is a good 
stabilizing agent for n-GaAs. We concluded 
that within the limitations of our ring-disc 
apparatus, the stabilization is > 99%. We 
observed a very distinct effect of the me- 
chanical damage on the amount of stabiliza- 
tion; that is, the more damaged surfaces had 
lower percentage stabilization. Finally we 
observed a dependence of the corrosion on the 
light intensity and found that a cathodic cur- 
rent passage can produce large positive changes 
in the amount of stabilization of a semicon- 
ductor. 
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Preferential Etching of Boron-Doped Polysilicon Electrodes 
for CCD's 

H. S. Gamble, N. E. Evans, and S. H. Raza 
Department of Electrical and Electronic Engineering, 

The Queen's University of Belfast, Belfast BT9 5AH, Ireland 

The standard techniques for fabricating 
charge-coupled devices employ multiple layers 
of phosphorus doped polycrystalline silicon 
for the phase electrodes. Several oxidation 
steps are required and these result in an 
increase in the grain size of the polysilic~. 
Fine line stmuctures are difficult to fabri- 
cate due to these large grains and the 
critical etching time of the polysilieon. The 
faster etch rate of phosphorus doped oxide 
can lead to problems with undercutting of the 
fine polysilicon electrodes during etch out 
of the masking and gate oxides. This problem 
can be overcome by using a nitride layer as 
part of the gate dielectric. 

To avoid growth of large polysilicon 
grains and the critical nature of polysilicon 
etching it was decided to investigate the 
possibility of fabricating CCD's with boron 
doped polysilicon. The use of boron doped 
polysilicon and pyrocatechol etch avoids 
these problems. Bohg (I) has shown that 
ethylene diamine-pyrocatechol-water mixture 
will only etch silicon which has a boron 
concentration of less 5 x 1019 cm -3 and 
Nicholas et al 2 have used this property for 
producing--~i~-~ polysilicon lines. 

For polysilicon deposited at 620~ in 
a furnace tube at atmospheric pressure and 
boron doped at lO00~ from a boron nitride 
wafer source, the maximum sheet resistivity 
of a 5000 A ~ layer that was unaffected by the 
pyrocatechol etch was found to be 65 ~m -• 

The effect of impurity type and post 
diffusion temperature cycles on the resul- 
tant grain size of our polysilicon layers was 
determined by transmission electron microscopy. 
The results given in Table i show that the 
average grain size of boron doped polysiliecn 
is much smaller than that of phosphorus-doped 
polysilicon for both low and high temperature 
processing. All diffusions were carried out 
at lO00~ for 15 minutes and phosphorus oxy- 
chloride was used as the phosphorus source. 

One disadvantage, however, of using 
boron doped polysilieon is the high diffusion 

Keywords: Charge-transfer devices, pyro- 
catechol, silicon nitride, fine geometrystructures 
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TABLE I. POLYS!LICON GRAIN SIZE 

POST DIFFUSION IMPURITY AVERAGE GRAIN 
TEMP. CYCLE TYPE SIZE (A ~ 

55 min. i150~ UNDOPED i, 500 

55 min. I150~ PHOSPHORUS 4,400 

55 rain. i150~ BORON i, 500 

60 min. lO00~ PHOSPHORUS 2,700 

60 rain. lO00~ BORON I, 390 

rate of boron in Si 02 , especially in 
water vapour or hydrogen atmospheres. (3) To 
prevent boron from the first polysilicon layer 
diffusing through the oxide into the sul~tra~ 
during subsequent oxidation steps, a layer of 
silicon nitride is used as part of the gate 
dielectric. As stated above the use of a 
nitride layer also removes the problems 
associated with undercutting of ~he polysilicon. 

The fabrication sequence for producing 
four phase CCD's with two polysilicon layers 
is outlined in Fig i a-e. The process steps up 
to the deposition of the first polysilicon 
layer are the same as for standard four phase 
CCD' s incorporating phosphorus doped polysili- 
con electrodes. A masking oxide is thermally 
grown and subsequently patterned to expose 
the polysilicon where the phase electrode is 
required (Fig ib). The po!ysilicon is then 
boron diffused, the masking oxide removed 
and the wafer immersed in pyrocatechol. The 
polysilicon remaining is that which was boron 
diffused and is slightly wider than the 
original window in the masking oxide due to 
the lateral diffusion of the boron. (Fig ic) 

An isolating oxide is then thermally 
grown over the polysilicon electrodes and 
a second layer of polysilicon deposited. 
The second layer is patterned using the same 
techniques as for the first polysilicon 
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Fig i. Processing sequence, incorporating 
pyrocatechol preferrential etching technique 
for the fabrication oftwo layer polysilicon 
CCD's. 

layer. (Fig id) It should be noted that 
since the masking oxide is removed before 
the second polysilicon layer is etched the 
isolating oxide covering the first polysili- 
con layer electrodes is not removed. This 
reduces the risk of polysilicon to polysili- 
con shorts at the overlap edges and aids 
aluminium coverage over polysilicon rails in 
the field region. The remaining steps in 
the device processing are as for conventional 
four phase CCD's. (Fig le) 

The lateral diffusion of boron can be 
used to reduce the gap between the phase i 
and phase 3 electrodes of the first polysili- 
con layer. If the electrode gap on the 
photographic mask is of minimum dimension 
then the inclusion of a boron drive in stage, 
producing significant lateral diffusion~ 
results in a very small electrode gap. 
(Fig ig) The second polysilicon layer ms 
patterned as before, without any drive in 
step,to produce a device with long storage 
wells under the electrodes of phases i ana 3 

and short transfer regions under the ele- 
trodes of phases 2 and 4. 

The lateral spread of the polysilieon 
electrode, after an initial duffusion at 
1000oc giving a sheet resistivity of 45 ~6i, 
was found to have a square root dependence 
on drive in time and an exponential depend- 
ence on drive in temperature. (Fig 2) The 
etching time of the 5000 A ~ layer of poly- 
silicon in pyrocatechol at 160oc was 30 
seconds and no change was determined in the 
polysilicon electrode width after 400% over 
etching. 

The resistivity of boron doped poly- 
silicon is a factor of three higher than that 
of phosphorus doped polysilicon and the work 
function is increased by approximately one 
volt. A further increase in the resistivity 
of boron doped polysilicon is observed after 
oxidation in a water vapour ambient due to 
out-diffusion of boron. 

Devices have been fabricated as out- 
lined above on P-type <i00> substrates of 
25-50 ~-cms. The gate dielectric consists of 
a 600 A ~ dry thermal oxide grown at 950~ and 
covered with a 900 A ~ layer of silicon nitride 
deposited at 850~ The mask dimensions of 
the electrodes and gaps for the first poly- 
silicon layer were equal at six microns. 
Various drive in times were then used to 
fabricate devices with electrode gaps on the 
first polysilicon layer ranging from one to 
five microns. The wafers were given a thirty 
minute hydrogen anneal at 500~ to reduce the 
fast state density. For a device with input 
gate and transfer electrodes of 2.5 ~m the 
second harmonic content of the output, for 
sinewave input by the diode cut-off method, 
was 55 dB down. This value was obtained for 
signals of near mximum capacity using four 
phase double Storage clocks of i0 volts. 

A transfer region barrier could be 
provided, for two and pseudo single phase 
operation, by ion implanting boron through the 
small gap between the first polysilicon elec- 
trodes. (Fig ig) The use of very short 
transfer regions enables almost 50% of the 
total CCD to be used for charge storage. This 
is particularly important for single phase 
operation where the charge handling capalility 
is greatly reduced. 

A processing sequence for the fabrica- 
tion of four phase CCD's with boron doped 
polysilicon electrodes has been determined. 
It requires no critical etching steps as the 
fine grain polysilicon electrodes are pat- 
termed using a self-stopping etch. Neither 
gate dielectric nor isolating oxide is 
required to be etched out so problems 
associated with undercutting are virtually 
eliminated. The technique also allows very 
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short electrodes to be fabricated using 
standard photolithography for two and single 
phase CCD's. 
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Fig 2. Lateral spread of polysilicon versus 
boron drive in time and temperature. 
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Index of Refraction of Steam Grown Oxides on Silicon 

E. A. Taft* 

General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

In a recent paper the indices of 
refraction of oxides grown on silicon 
in dry oxygen were reported.(I) The 
index was shown to depend upon the 
temperature of growth of the oxide. 
The purpose of this note is to snow 
further results of ellipsometric 
measurements on a series of oxides 
grown in 95~ saturated water vapor. 

As in the previous work (1) oxide 
films of about 1200A in thickness were 
grown on <iii> and <i00> lightly doped 
silicon wafers at several temperatures. 
The index of refraction of each oxide 
was measured on a Gaertner LII9 ellip- 
someter. The data are shown in Fig. i. 
These curves have the same general 
appearance as those of the oxides grown 
in dry oxygen. The index for both 
<iii> and <I00> decreases with increas- 
ing temperature until it reaches the 
minimum limiting value of 1.462, 
remaining constant thereafter. This 
value is the same as that for oxides 
grown in dry oxygen. This observation 
is consistent With the previous assump- 
tion that this index limit is associ- 
ated with the properties of fused 
quartz. However, in the current case 
of wet oxidation this constant minimum 
index begins at the lower temperature 
of about i025~ rather than the I140~ 
found for the dry oxide. (These are 
the approximate intercept temperatures 
of the two straight line portions of 
the curves.) At these intercepts it 
may also be noted that there is no 
difference in the indices of oxides 
grown on either orientation of silicon 
used. The slopes of the rising index 
portions of the curves are slightly 
steeper for the steam-grown oxides than 
for the dry oxygen oxides; but at ~750~ 
the dry oxides still have ~0.3% higher 
indices. When a film grown on the low 
temperature slope of the curves is 
annealed in nitrogen at a temperature 

higher than that at which it was 
formed, it decreases in index (though 
never below the value for fused silica. 
The higher the annealing temperature 
the more rapidly does the index move 
to lower values. This observation 
might be compared(w~th~j the results of 
Douglas and Isard Their studies 
on the density of fused silica give 
indications of the time constants 
expected for equilibrium densities to 
be obtained. More importantly they 
find the equilibrium density of silica 
to increase with temperature in the 
opposite sense to the behavior of our 
grown oxide films. This fact indicates 
that the high densities for films 
grown at lower temperatures are not 
directly related to the properties of 
fused silica. 

The oxide structure is clearly 
influenced by the silicon lattice from 
which it was formed. At the lower 
temperatures the oxide retains some of 
this structure. High temperature 
annealing allows the oxide structure to 
relax toward fused silica equilibrium 
properties. The viscosities of 
vitreous silica have been measured by 
Hetherington et al. (3) The viscosity 
is not easily ascertained in silica 
as, for example, the glass structure 
changes with temperature and the 
previous thermal history of the sample 
must be considered. Metallic impur- 
ities and, especially, the water con- 
tent of the silica are also important. 
The equilibrium viscosities reported 
for silicas of very low and of very 
high hydroxyl content may be viewed 
with the thought of comparison with 
the i140~ and 1025~ temperatures 
found for our dry and our wet oxides 
which attain the index of refraction 
of silica. Hetherington et al. (3) 
show that IR Vitreosil glass must be 
heated to i150~ in order to exhibit 
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a viscosity of 13.8 poise (near the 
defined annealing point of glasses), 
whereas Spectrosil samples need be 
heated only to i025~ These vitreous 
silicas contain the lowest and the 
highest hydroxyl amounts, respectively, 
of all their silicas tested. The 
Spectrosil appears to contain nearly 
the sa~{ation value of water in 
silica ~" so that it would seem 
reasonable to compare it with our 
steam oxide. At least the temperature 
differences in the two cases to obtain 
the same viscosity is the same as the 
temperature difference for wet and 
dry oxides to attain the index of re- 
fraction of fused quartz or vitreous 
silica. The viscosity also seems to 
be an acceptable value for the growth 
times involved. 
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ABSTRACT 

The electrochemical behavior  of single crystal n-TiO2 electrodes has been 
investigated in  molten sodium tetrachloroaluminate  (A1C18 + NaC1) at 175~ 
The impedance and photoanodic current  were measured as functions of elec- 
trode potential  and of melt  acidity specified by pCl(_-- --log ac l - ) .  The flat- 
band  potential  and the onset potential  of photocurrent  show pronounced pC1 
dependence with a var iat ion rate of 2 (2.3 kT/e) per uni t  pC1, and this anomaly  
has been ascribed to the specific adsorption of C1- on TiO2. Characterization 
of the mel t -oxide interface and the photoelectrochemical oxidation of C 1 -  via 
adsorbed intermediates  are discussed on the basis of semiconductor energetics. 

Since t i t an ium dioxide received great  a t tent ion from 
the viewpoint  of the photoassisted electrolysis of water  
by uti l izing solar energy (1), a number  of invest iga-  
tions on the photoeffect at various semiconductor elec- 
trodes have been reported (2). Natural ly,  most studies 
have been concerned with aqueous systems, al though 
some nonaqueous organic solvents have been also used 
(3). However, there has been li t t le work on the use of 
mol ten salt solvents with respect to semiconductor- l iq-  
uid junctions.  Recently, we reported the interracial  be-  
havior of Sb-doped t in oxide electrodes in molten 
LiC1-KC1 eutectic (4, 5) and in  A1C13-NaC1 melts (6). 
There are some advantages in the use of mol ten salts 
for s tudying semiconductor electrodes because of the 
absence of neut ra l  solvent molecules in  the melt  sys- 
tems. The absence of this molecular  solvation may lead 
to reversible reactions, and to a simple double layer 
s t ructure  without  a solvent  dipole layer  oriented on 
electrode surfaces. 

Among a number  of mol ten salt systems, sodium 
te t rachloroaluminate  melts have some salient features;  
(i) noncorrosive, (it) l iquidus at relat ively low tem- 
perature,  (iii) a re la t ively wide potential  span, and 
(iv) well-establ ished acid-base character. The charac- 
terization of the acid-base proper ty  of this melt  was 
a recent subject and now we have detailed knowledge 
on its acid-base chemistry, where te t rachloroaluminate  
ions, A1C14-, act as chloride ion donors yielding C1- 
and AI~C1T-, and the melt  acidity is specified by the 
quan t i ty  pCI (---- -- log ac i - )  derived from the acid- 
base equi l ibr ium (7-9). In  the present  work our effort 
was main ly  focused on characterizing the interfacial  
proper ty  between the melt  and oxide. Thus we under -  
took to measure the photocurrent  and differential ca- 
pacity on single crystal n-TiO2 electrodes in  the melt  
of various pCl at  175~ In  connection with this s tudy 
we will also present  a photoelectrochemical process in  
the me l t  system. 

Experimental 
The sodium te t rachloroaluminate  melt  was prepared 

from the AR grade A1C13 and NaC1. The melt  purifica- 
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tion. 

tion was carried out by employing sublimation, Al-dis- 
placement, and preelectrolysis as reported previously 
(6). 

The reference electrode was a coiled A1 wire (i mm 
diam, 99.99%) immersed in the chloroaluminate melt 
saturated with NaC1, and the counterelectrode was W 
foil. Both of them were separated from the bulk of melt 
with fine fritted disks. 

A ~I,-shaped Pyrex cell equipped with an  electrode 
mount  at the bottom is i l lustrated in  Fig. 1. The cell 
assembly was set in a Pyrex container  placed in a ver-  
tical electric furnace. The bottom of the cell was de- 
signed to have a flange with an optically flat surface, 
to which a disk of single crystal TiO2 was attached via 
a Teflon O-ring. Construction details of the mount  is 
shown in Fig. I (B) .  An electrical contact to the elec- 
trode was made at the back side by al loying ind ium 
solder. 

The disk of TiO2 was reduced in a vacuum at 800~ 
for 1 hr to improve the bulk  conductivity, then it was 
polished to a mir ror  finish with fine a lumina  powder 
(,~0.3 sm, Buehler  Limited) on a wetted polishing 
cloth. Before the experiments,  the electrode surfaces 
were chemically etched with CP4. 

The assembled cell was evacuated in a container  and 
then the purified melt  was t ransferred into the cell 
under  a dry ni t rogen atmosphere. Exper imenta l  pro- 
cedures for capacity measurements  and the ad jus tment  
of pC1 were described elsewhere (6). 

In  measurements  of photocurrent  the electrode sur-  
faces were i l luminated from the top with a 100 W mer -  
cury lamp as i l lustrated in  Fig. 1. A Nihon Bunko 
CT-25N monochromator was used for measurements  of 
photocurrent  spectra. All the experiments  were carried 
out at 175 ~ • 2~C under  a dry N2 atmosphere. Elec- 
trode potentials in this work are given with respect 
to the A1 electrode in  the melt  saturated with NaC1. 

Results and Discussion 
Background characteristics.--Typical background cy- 

clic traces of a TiO2 electrode obtained in the melt  of 
pC1 = 1.1 in dark is shown in  Fig. 2, being compared 
with the behavior  of a SnO2 electrode reported in  the 
previous work (6). The anodic l imit  of the mel t  is 
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C w R 

Ii I: Light 

(A)  (B)  

Fig. 1. Photoelectrochemical cell assembly. (A). C, counterelee- 
trode; W, working electrode; R, reference electrode. (B). (a) Pyrex 
tube, (b) flange, (e) Teflon O-ring, (d) single crystal Ti02, (e) 
Indium solder, (f) electrode mount, (g) lead wire. 

chlorine evolution,  which  occurs at  potent ia ls  posit ive 
to 2.15V vs. A1 at  175~ (7). The increase of anodic 
cur ren t  at  SnO2 is due to chlor ine  evolut ion as de-  
scr ibed in our  compara t ive  s tudy on chlor ine evolu-  
t ion at  SnO2 and glassy carbon electrodes (10). In  
comparison wi th  the SnO2 electrode,  i t  is noted tha t  
the chlorine evolut ion on the TiO2 elect rode is quite 
i r r evers ib le  in dark,  no de tec table  chlor ine evolut ion 
tak ing  place even at  3.0V vs. A1. 

Anodic photocurrent.--When electrons at  e lect rode 
surfaces of TiOe are  deple ted  at  potent ia ls  posi t ive of 
the  f la tband potent ial ,  i l lumina t ion  of the  l ight  wi th  
h igher  photoenergies  than  the bandgap  produces 
anodic pho tocur ren t  induced by  the genera t ion  of 
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holes. In  aqueous solutions this is the  case leading  to 
oxygen evolut ion which was repor ted  by  Fu j i sh ima  and 
Honda (1). The photoeffect  observed at  the mel t /TiO2 
interface  is shown in Fig. 3. The pho tocur ren t  begins  
to increase  at  a more  negat ive  potent ia l  than  2.15V 
which is the the rmodynamic  revers ib le  potent ia l  of 
C1-/C12 at  pC1 --  1.1 (7). The reverse  potent ia l  scan 
shows a cur ren t  peak  at  1.SV, which  is p r e sumab ly  due  
to the reduct ion of the  produc t  accumula ted  at  the  in-  
terface dur ing  the anodic photoprocess.  

Anodic  processes responsible  for  the photocur ren t  in 
this mel t  containing C1- ions are  chlor ine evolut ion 
a n d / o r  the  decomposi t ion of TiO2 

2CI- + 2h+ -- C12 [i] 

TiO2 + 4CI-  + 4h+ = TIC14 + O~ [2] 

Therefore,  i t  is necessary  to know whe the r  TiO2 elec-  
t rodes in the mel t  are  s table  under  i l lumina t ion  or  not. 
Many  invest igators  discussed the s tab i l i ty  of semi-  
conductors  for  photodecomposi t ion on the basis of the 
energet ics  to semiconductor  e lectrodes (11). Accord-  
ing to them, compet i t ive  oxidat ion  react ions which are  
located at  potent ia ls  negat ive  of the photodecomposi -  
t ion potent ia l  (E~ call effectively stabil ize the 
semiconductor .  In o rder  to check this s tabi l iza t ion  
effect, we calcula ted the the rmodynamic  potent ia l  d i f -  
ference be tween  [1] and [2] at  175~ using J A N A F  
Table.  Since E~ of TiO2 was shown to be posi-  
t ioned at  0.4V more  posi t ive potent ia l  than  tha t  of 
[1], the p re fe rab le  photoprocess  mus t  be chlor ine 
evolut ion which occurs much fas ter  than  the photo-  
decomposition.  A pos tu la ted  surface band,  which wil l  
be descr ibed later ,  can also assist  the  s tab i l i ty  of TiO2 
photoanodes  in the melt .  

Since the sodium te t rach loroa lumina te  me l t  has an 
excel lent  opt ical  window wi th  200 nm cutoff (12), the 
photocur ren t  measurement  is not d i s turbed  by the 
bulk  adsorption.  In  our  expe r imen ta l  setup, however ,  
the l ight  source was too remote  f rom the e lec t rode  
surface to supply  sufficient l ight  intensi ty.  Thus, we 
unfor tuna te ly  fa i led  in having chemical  confirmation 
that  the product  under  i l lumina t ion  was chlorine,  be -  
cause of smal l  photocurrent .  However ,  there  were  sev-  
era l  indicat ions suggest ing the chlor ine evolution.  In  
the mel t  sa tu ra ted  wi th  chlor ine  gas, the  reduct ion  
wave  for chlorine was observed in d a r k  at  the same 
potent ia l  region as Fig. 3. I t  may  be no tewor thy  in 
this context  that  the  photodecomposi t ion products,  
TiCI~ and O2, a re  not  reduced  at 1.5V; the reduct ion  
potent ia l  of TIC14 is more  negat ive  than  1.5V (13) and 
oxygen  seems to be e lec t rochemical ly  inactive.  A d -  
di t ional ly ,  the  TiO2 electrodes used in the mel t  showed 
no visible a t tack  on the surfaces. Consequently,  we 
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Fig. 2. Background cyclic traces for (curve a) Ti02, and (curve 
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1.1) at 175~ in dark. V = 0.02 V/sec. 

._.4O 

O . 2o 
C 

-20 

Q 

'~ b 

I I I I 

1.0 1.5 2.0 2.5 3.0 
E(V) v.s. AI 

Fig. 3. Current-potential curves for Ti02 electrode in molten 
sodium tetrachloroaluminate (pCI = 1.1) at 175~ curve a under 
illumination, and curve b in dark. V = 0,02 VJsec. 



Vol. 127 ,  N o .  5 T I T A N I U M  D I O X I D E  E L E C T R O D E  997 

be l ieve  tha t  the  anodic pho tocur ren t  is due to chlo-  
r ine  evolut ion  and the  cathodic wave  is due to the  r e -  
duct ion of CI2. 

The  pho tocur ren t  spec t rum is shown in Fig. 4. Since 
the  l ight  in tens i ty  ob ta ined  th rough  a monochromator  
was ve ry  weak,  we had  to use r e l a t ive ly  large  exi t  sli t  
(2 mm)  of the  monochromato r  to ob ta in  measu rab le  
photocurrent .  Accordingly ,  the  wave leng th  accuracy  
was ques t ionable  th roughout  the spec t ra l  region,  where  
the l ight  in tens i ty  is shown in Fig. 4c. F o r  convenience '  
sake, we compared  the appa ren t  spec t rum obta ined  in 
the  me l t  w i th  tha t  in  an aqueous 1N H2SO4 solut ion 
(Fig. 4b) where  the  photoprocess is oxygen  evolut ion.  
Because both exper iments  w e r e  car r ied  out  wi th  an 
ident ica l  condi t ion of i l lumina t ion  by  using the same 
e lec t rochemical  cell, the ag reemen t  of the  spec t ra  
indicates tha t  the  photoelec t rochemical  process in the 
mel t  has essent ia l ly  the same wave leng th  dependence  
wi th  that  in the  aqueous solution, suggest ing tha t  the  
photoelect rolys is  of the mel t  proceeds b y  consuming 
the pho togenera ted  holes. I t  is also obvious f rom Fig. 
4 tha t  the process in the mel t  takes  place wi th  a com- 
pa rab le  efficiency wi th  the  oxygen  evolut ion in the  
aqueous solution. 

The t e t r ach lo roa lumina te  mel ts  have  the ac id -base  
equ i l ib r ium expressed  by  the fol lowing equat ion 

2A1C]4- = C1- + A12C17- [3] 

changing the mel t  composit ion therefore  resul ts  in a 
change in the ac t iv i ty  of C1- (7-9).  Wi th  an analogy 
to the  definit ion of pH, the  ac t iv i ty  of C1- is r e la ted  to 
pC1, i.e., pC1 = --  log a c , - ;  for example ,  pC1 : 1.1 
in the mel t  s a tu ra t ed  wi th  NaC1 (basic mel t ) ,  pC1 ~- 
2.5 at  equ imolar  composit ion (neut ra l  mel t ) ,  and  pC1 
> 2.5 in acidic melt .  F igu re  5 shows the dependence  of 
the  pho tocur ren t  on pC1, indica t ing  tha t  the onset  po-  
ten t ia l  of pho tocur ren t  shifts towards  the  posi t ive 
di rect ion wi th  increas ing pC1. If the f la tband potent ia l  
does not depend  on pC1, the onset  potent ia l  wou ld  be 
ident ical  regardless  of pCI values. Thus the  observed  
dependence  s t rongly  suggests  that  the  locat ion of f lat-  
band potent ia l  shifts towards  the posi t ive di rect ion wi th  
increas ing pC1. 

Flatband potent iaL-- I t  might  be necessary  to men-  
t ion briefly the  double  l aye r  s t ruc ture  in mel t  systems,  
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Fig. 4. Photocurrent spectra for Ti02 electrode at constant po- 
tential. Curve a, In molten sodium tetrachloroaluminate (pCI = 
1.1) at 175~ E = 3.0V vs. AI; curve b, in 1N H2SO4 at- room 
temperature, E = 2.0V vs. SCE; curve c, light intensity at the 
monochromator exit (2 mm slit width). 
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Fig. 5. Rising portion of photoeurrent in molten sodium tetra- 
chloroaluminates of various pCI at 175~ Curve a, pCI ~ 1.1; 
curve b, pCI ~ 2.0; curve c, pCI ~- 2.7; curve d, pCI ~ 3.5; 
curve e, pCI = 4.1. Curves measured with chopped light from a 
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because our  knowledge  is r a the r  l imi ted  to tha t  in 
aqueous systems. The poten t ia l  d i s t r ibu t ion  at  the 
semiconduc to r /me l t  in ter face  m a y  be schemat ized l ike  
Fig. 6. The surface poten t ia l  (~s) is r e l a t ed  to the  space 
charge capaci ty  of the  e lect rode side (Csc), which  is 
given by  the w e l l - know n  Mot t -Scho t tky  equat ion (14), 
whi le  ~H is re la ted  to the  double  l aye r  capac i ty  of the  
mel t  side (CH). According to the  mu l t i l a ye r  model  
proposed to mel t  systems (15), the  double  l aye r  of the  
mel t  side is h ighly  compressed because of the i r  h igh  
ionic strength.  The excess charge  is located severa l  
ionic layers  deep, the  layers  being a l t e rna t e ly  nega-  
t ive ly  and pos i t ive ly  charged.  Thus ~H is r ega rded  as 
the poten t ia l  drop across the  mu l t i l a ye r  where  the 
g rea te r  pa r t  of the potent ia l  drop is imposed on the  
two charged layers,  i.e., the  inner  l ayer  in contact  
wi th  the e lect rode surface and the ou te r  l aye r  a t  the  
melt  side. In  the  o r d i n a r y  sense of the double  l aye r  
concept, ~H is the poten t ia l  drop inside the c o m p a c t  
double  layer .  

Both capacities,  Csc and CH, are  combined in series, 
where  CH is much l a rge r  than  Csr as noted in  the  p re -  
vious paper  (6). Therefore ,  the  measured  capaci ty  
closely approx imates  to Csc. The e lec t rode  potent ia l  
(E) is the sum of the in ter fac ia l  potent ia l  differences, 
and the f la tband poten t ia l  (EFB) is defined as [5] b e -  
c a u s e  cs equals zero a t  the  f la tband s i tua t ion  

E = ~s + ~H + constant  [4] 

S e m i c o n d u c t o r  = - -  M e l t  

c 

VB 

Cs c CH 
Fig. 6. Potential distribution and equivalent circuit for the semi- 

conductor-melt interface. 
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EFB : ~H -F constant  [5] 

I f  ~H is independen t  of E, ~s is rep laced  wi th  E --  EFB. 
This assumpt ion means  that  the  appl ied  potent ia l  drops 
inside the space charge layer .  Then the rec iprocal  
square  of measured  capaci ty  becomes a l inear  func-  
t ion of e lect rode potent ia ls  which  is known as the 
Mot t -Scho t tky  re la t ionship  

1/C 2 : (2/~eoeNd) (E -- EFB --  k T / e )  [6] 

where  e is the electronic charge, Nd the ca r r i e r  con- 
centrat ion,  e the  die lect r ic  constant,  and  eo the  p e r m i t -  
t iv i ty  of vacuum. 

The f la tband poten t ia l  obta ined  f rom this r e la t ion-  
ship has a special  meaning;  i t  is the  zero charge  po-  
ten t ia l  wi th  respect  to the  electrode.  F r o m  [5] i t  is 
easi ly  shown tha t  a shif t  of EFB re la t ive  to a cons tant -  
potent ia l  reference  e lec t rode  is r e l a t ed  to a change in 
the poten t ia l  d i s t r ibu t ion  of the double  l aye r  

AEFB -" &~H [7] 

For  a given electrode,  A#H m a y  be brought  about  by  
changing the mel t  composition, i.e., by changing pCl 
values.  

Mot t -Scho t tky  plots for TiO2 electrodes in the  mel ts  
wi th  different  pC1 values  were  const ructed f rom ca-  
paci tance da ta  measured  a t  1 kHz wi th  a phase-sens i -  
t ive detector.  Typical  plots a t  different  pC1 are  shown 
in Fig. 7, where  the  capac i ty  is the  equ iva len t  series 
capaci ty  conver ted  f rom the e lect rode admit tance.  In  
agreement  wi th  the shif t  of the onset  potent ia l  of 
photocurrent ,  the  Mot t -Scho t tky  plots  were  found to 
move towards  t h e  posi t ive d i rec t ion  wi th  increas ing 
pC1. Al though  the plots were  observed  to devia te  
f rom l inea r i ty  as they  approached  to EFB, the  EFB were  
de te rmined  by  ex t rapo la t ion  of the l inear  par t s  and  
the ca r r i e r  concentrat ions were  ob ta ined  f rom the slope. 
In  the calculat ion of Nd the die lect r ic  constant  of TiO~ 
at  175~ is needed, but  the exact  va lue  is not  known. 
The da ta  of the  t empe ra tu r e  dependence  are  ava i lab le  
only  for  s in tered po lycrys ta l l ine  ru t i le  (16), indicat ing 
tha t  the t empera tu re  coefficient is negat ive  at  t empera -  
tures  be low 120~ and becomes posit ive at  h igher  t em-  
pera tures .  Taking into account this  t empe ra tu r e  de -  
pendence (16), i t  is considered tha t  the e value  at  
175~ is not  cons iderab ly  different  f rom t h e ,  at room 
t empera tu r e  ( =  172~ The Nd of this specimen m e a -  
sured  in an aqueous 1N H9SO4 at room t e m p e r a t u r e  

5 

3 

'U- 

v 

~t~ 1 

0 
I I I I I 1 I 

1.0 1:4 1'.8 2.2 2'.6 310 
E(V)  v.s. AL 

Fig. 7. C -2  vs. potential plots for Ti02 electrode in molten 
sodium tetrachloroalumlnate of various pCI at 175~ f = 1 kHz. 
Curve a, pCI = 1.1; curve b, pCI = 2.0; curve c, pCI ---- 2.7; 
curve d, pCI = 3.5; curve e, pCI = 4.1. 

was 3.0 X 1019 cm -8, being in good agreement  wi th  
the Na ( =  3.8 X 10 TM cm -a )  ca lcula ted  f rom the  slope 
of Fig. 7 and the above e value.  Thus the re  is no in-  
consistency in our analysis  of capaci ty  da ta  based  on 
the Mot t -Scho t tky  rela t ionship.  

The pC1 dependence  of EFB is shown in Fig. 8 to- 
gether with  tha t  of the onset  potent ia l  of photocurrent .  
The EFB shows a posi t ive  shif t  of 230 mV pe r  uni t  
pC1. Correspondingly,  the onset  po ten t ia l  of photocur-  
ren t  moves to the posi t ive d i rec t ion  wi th  a var ia t ion  
ra te  of about  160 mV per  uni t  pC1. In  the  case of 
SnO2 electrodes in the same system, the  var ia t ion  ra te  
is 170 mV as repor ted  prev ious ly  (6).  Since 2 .3 (kT /e )  
is 89 mV at 175~ the observed pC1 dependence  
(oEFB/OpC1) is close to two t imes of 2 .3 ( k T / e ) .  I t  is 
uncer ta in  whe the r  or  not  the  somewhat  la rge  devia t ion  
f rom 178 mV/pC1 is rea l  in  the  case of TiO2. The 
devia t ion  appea red  to increase  in  more  acidic mel ts  
(pC1 > 2.5) which  m a y  suggest  some elect rode in-  
s tab i l i ty  at  high pC1 or  m a y  suggest  a change in the 
type of ions adsorbed  on the TiO~ surface. A n  in t e r -  
est ing fea ture  of the  Mot t -Scho t tky  plots  is tha t  the  
EFB shifts to negat ive  potent ia ls  wi th  increas ing the 
ac t iv i ty  of C1- and its var ia t ion  ra te  is close to 
2(2,3 k T / e )  per  one decade of the ac t iv i ty  change. 
The pC1 dependence  of the onset  potent ia l  of photo-  
cur ren t  is r ega rded  as a quant i ta t ive  confirmation of 
this feature.  

Specific adsorption of C / - . - - T h e  w e l l - k n o w n  p H  
dependence  of EFB in aqueous systems, OEFB/OPH -- 
2.3 k T / e  = 59 mV, is exp la ined  in  te rms of the change 
in the poten t ia l  d i s t r ibu t ion  across the  dissociat ion 
double  layer ,  which is caused by  the  ac id -base  equi -  
l i b r ium be tween  the surface hyd roxy l  groups and 
bulk  H + ions (17). The observed  pC1 dependence  is, 
however,  two t imes as la rge  as the pH dependence,  
and cannot  De expla ined  quan t i t a t ive ly  wi th  tne ana-  
logous ac id-base  concept. As suggested in the previous  
s tudy  on SnO2 electrodes (6), this anomalous ly  large  
var ia t ion  ra te  can b e  ascr ibed to the d iscre teness-of -  
charge effect of specifically adsorbed  C1- ions. Ac -  
cording to the Es in -Markov  effect (18), the point  of 
zero charge (Epzc) shifts towards  increas ingly  nega-  
t ive potent ia ls  for anion specific adsorpt ion  and var ies  
l inea r ly  wi th  the logar i thm of the anion concentrat ion.  

< 

u'i 

x:l 
LU 

1.7 

1.5 

1 . 3  

1.1 

0-9 

I I ! I 

/o 
/ 

I "  I I I 

1.0 2.0 3.0 4.0 
pC[ 

Fig. 8. pCI dependence of (curve a) the onset potential of photo- 
current, and of (curve b) the flatband potential for TI02 elec- 
trode in molten sodium tetrachloroaluminate at 175~ 
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The va r i a t ion  ra te  is r epo r t ed  to be about  100 mV at  
room tempera tu re ,  ~.e., 9Epzc/~ log az- ~_ 2(2.3 kT/e)  
(19). 

As discussed in the  preceding  section, the shif t  of 
EFB reflects the change in the  potent ia l  difference 
across the compact  doUble l aye r  p resen t  a t  the  me l t -  
oxide  interface.  When  the first ionic l aye r  in contact  
w i th  the  oxide surface consists of C1- ions, these 
anions popu la ted  on the surface a re  r ega rded  as spe-  
cifically adsorbed  anions because there  is no so lva-  
t ion l aye r  p resen t  on the surface in this case. In  add i -  
tion, the  or ig inal  oxide  surface which  is covered wi th  
surface = O  ( o r - - O H )  groups must  be cons iderably  
modified wi th  the anions. Consider ing tha t  A1C14- are  
oxide ion acceptor  (20), the TiO2 surface m a y  be sub-  
jec ted  to the  fol lowing chemical  change 

TiOz I __O Cl-' AICI4- I -CI 
) TiO2 CI- [8] 

where the surface ----O are replaced by chemically 
bonded --CI groups, and the specifically adsorbed 
CI- are present at vacant sites available for coordina- 
tion. It is likely that the first ionic layer takes a hex- 
agonal array, where some of constituents are chemi- 
cally bonded --Cl and the others are Clad- with nega- 
tively charged states. Thus the discreteness-of-charge 
effect is expected to influence the potential distribu- 
tion between the first and the second ionic layers, and 
may result in the anomalous dependence of EFB on 
pCl. With the analogy to the compact double layer 
theory developed in aqueous systems (21), the quantity 
0EFB/apCl corresponds to the Esin-Markov coefficient 
at zero surface charge. 

Hole transfer at the melt-oxide interface.--As shown 
in Fig. 3, the  produc t  of pho to -ox ida t ion  is reduced at  
potent ia ls  cons iderab ly  posi t ive of EFB. I t  was shown 
sepa ra te ly  that  dissolved chlor ine in the  mel t  is also 
reduced  at  TiO2 electrodes in dark .  The occurrence of 
reduct ion  at  potent ia ls  posi t ive of EFB s t rongly  sug-  
gests the par t i c ipa t ion  of surface s tates  or an in t e r -  
media te  band in the e lec t ron t rans fe r  process as dis-  
cussed by  Bard  et al. (3). Judg ing  f rom the occurrence,  
the  upper  edge of the surface levels  extends  towards  
the  conduction band,  bu t  its exac t  posi t ion is uncer ta in .  
The presence of the  levels  a t  the middle  of bandgap  is 
also suggested by  the d iscrepancy be tween  the onset 
potent ia l  of pho tocur ren t  and  the f la tband position, as 
noted in Fig. 8. When  the band bending is r e l a t ive ly  
weak,  these states mus t  be more  effective in the r e -  
combinat ion  of pho togenera ted  hole-e lec t ron  pairs,  
i.e., the back- reac t ion ,  r a the r  than  in the  e lect ron 
captur ing  f rom the mel t  side species. 

Shub et al. s tudied  chlor ine evolut ion on TiO2 photo-  
anodes in aqueous solutions containing C1- ions (22), 
suggest ing tha t  the pho to-ox ida t ion  mechanism con- 
sists of two e l emen ta ry  react ions involving adsorbed  
in te rmedia tes ;  the ho le -cap tur ing  react ion by adsorbed  
C1- and  the fol lowing recombina t ion  react ion of ad-  
sorSed CI radicals .  Taking  into account  the specific 
adsorpt ion  of C l -  at  the me l t -ox ide  interface,  s imi lar  
reac t ion  scheme can be appl icab le  to this sys tem 

Clad- + h + +~-Clad [9] 

2Clad -~- 2C1- (mel t )  --> 2Clad- ~- C12 [10] 

The energy levels of Clad- m a y  be d i s t r ibu ted  below 
E~ whi le  the levels of Clad mus t  be posi t ioned 
above  E~ In the case of s t rong adsorpt ion  the 
electronic energy  levels of adsorbates  a re  p rac t ica l ly  
par t  of the  electron sys tem of the electrodes,  and both 
energy  levels  wi l l  come much closer wi th  increase of 
the adsorpt ion  interact ion,  approaching  the range of 
the  s t anda rd  poten t ia l  of the r edox  couple, as de -  
scr ibed by  Ger ischer  (23). Thus a surface  band  con- 
sist ing of the levels  of the in te rmedia tes  is p laced  
t en ta t ive ly  near  E~ as shown in Fig. 9, which  is 
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Fig. 9. Schematic energy diagrams for Ti02 (Nd ---- 3 X 1019 
cm-3), and Sn02 (Nd = 7 X 1019 cm -3)  electrodes in molten 
sodium tetrachloroaluminate (pCI ---- 1.1) at 175~ The flatband 
position of Sn02 is presented for comparison. 

a schematic  represen ta t ion  for  the energet ic  r e la t ion-  
ship of the melt-TiO2 interface  obta ined f rom the 
resul ts  of pC1 ---- 1.1. The f la tband posi t ion of n-SnO2 
at  the same pC1 t aken  f rom the previous  work  (6) is 
presented  for comparison.  We feel  tha t  the in te rmedia te  
surface band not iced in the  above section is associated 
wi th  the specific adsorpt ion  of C1- on TiO2. The hole 
t ransfer  under  i l lumina t ion  can take  place via the 
surface l eve l s  of Clad-,  and  the y ie lded  radicals  e i ther  
recombine  each o ther  or  accept  the  e lectrons f rom the 
mel t  side C1- to evolve chlorine. 
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Safety Studies on Li/S02 Cells 
III. Differential Thermal Analysis of Miniature Li/SO Cells 

A. N. Dey* 
P. R. Mallory & Company, Incorporated, Laboratory ~or Physical Science, Burlington, Massachusetts 01803 

ABSTRACT 

T h e  different ia l  t he rmal  analysis  (DTA) of min ia tu re  Li/SO2 cells made  
wi th  severa l  design var iables  inc luding separa to r  mater ia l ,  organic solvent, 
a n d  e lec t ro ly te  salts  were  car r ied  out wi th  fresh, discharged,  fo rce-d i scharged  
( reversed) ,  and  charged  cells. The observed the rmal  t ransi t ions  were  success- 
fu l ly  identif ied by  compar ing  these wi th  the t ransi t ions  observed in the DTA 
of cell  consti tuents.  The method  appears  to be a useful  tool in s tudying  the  
the rmal  r u n a w a y  process of the Li/SO2 cells. 

Al though the s t a t e -o f - the  ar t  he rmet i ca l ly  sealed 
high ra te  D cells were  found to be exceedingly  abuse 
res is tant  (1-5) we car r ied  out  a de ta i led  s tudy in o rder  
to  gain increased  unders tand ing  of the the rmal  r u n a -  
w a y  process of the Li/SO2 cells in an effort to make  
the cells safe under  all  possible use and abuse condi-  
tions. We car r ied  out  different ia l  t he rmal  analysis  of 
the cell  const i tuents  in o rder  to ident i fy  the possible 
exo thermic  reac tants  which  could ini t ia te  a n d / o r  
p ropaga te  a the rmal  runaway  process in a Li/SO2 cell 
and repor ted  ear l ie r  (6). In  this p a p e r  we have a t -  
t empted  to augment  the  above DTA studies by  doing 
the DTA of the ac tual  Li/SO2 cells themselves.  

We chose to use a min ia tu re  sp i ra l ly  wound Li/SO2 
cell  ins tead  of the  LO26 cells (D size).  The design of 
the min ia tu re  cell was such tha t  i t  reflected the be -  
hav ior  of the l a rge r  D size cell insofar  as the  heat  
genera t ion  character is t ics  are  concerned. The purpose  
of these DTA studies is to de te rmine  the heat  genera -  
t ion character is t ics  of the  ac tual  Li/SO2 cells and com- 
pare  them wi th  the  behav ior  pred ic ted  f rom the DTA 
studies of the cell  const i tuents  as wel l  as to de te rmine  
the effect of some of the cell design var iables  on the 
hea t  genera t ion  character is t ics  of the L i /SO2 cells. The 
cell  design var iab les  s tudied were:  separa to r  ma te r i a l  
(porous po lye thy lene  and glass) ,  e lec t ro ly te  salt  (LiBr  
and LiAsF6),  and organic  solvent  (AN and PC + AN) .  
The expe r imen ta l  detai ls  and the resul ts  are  presented  
here.  

~ Electrochemical Society Active Member. 
Key words: battery, organic, electrolyte. 

E x p e r i m e n t a l  
Miniature Li/SOz cell.--The cross-sect ional  view of 

the min ia tu re  Li/SO2 cell is shown in Fig. 1. The cell 
was made  in a n icke l -p la ted  cold ro l led  steel  can, 0.302 
in. d iamete r  and app rox ima te ly  1.5 in. high. The cell  
top consists of a G /M seal having a t an ta lum tube feed 
through which serves both as the posi t ive t e rmina l  and 
as e lec t ro ly te  fill port. The G/M seal  was welded  to the  
cell  can. The cell bot tom has a thermocouple  wel l  for 
the measurement  of in te rna l  t empera ture .  The cell was 
made  with  sp i ra l ly  wound electrodes:  1.2 in. • 1.3 in. 
• 0.012 in. cathode;  1.2 in. • 1.4 in. X 0.005 in. Li 
anode. The carbon cathode had an expanded  a luminum 
cur ren t  collector, but  the Li anode did not  have any 
current  collector. The cells were  filled wi th  e lec t ro ly te  
having 70% SO2 by  weight.  The fill tube was welded  
shut  a f te r  the cell filling. The cells were  made  with  the 
fol lowing var iables :  

Separa tor :  

Elec t ro ly te  salt :  

Organic solvent:  

porous polypropylene,  (ce lgard)  
( s tandard)  glass filter paper  
LiBr  ( s tandard)  
LiAsF6 
AN (s tandard)  
PC + AN (1:1) 

DTA ~xture.--A cross-sect ional  v iew of the DTA 
fixture is shown in Fig. 2. I t  consists of an a luminum 
heat ing  block having two cavities for the reference  and 
the sample  min ia tu re  cells. The different ia l  t he rmo-  
couples are  inser ted  into the thermocouple  wells  (of the 
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temperature  as well  as the differential tempera ture  on 
a strip chart  recorder. The open-circui t  voltages of 
the cells were also monitored dur ing  the DTA run. In  
some experiments  the differential tempera ture  of the 
cell was monitored dur ing discharge, reversal, and 
charging of a cell. 

Fig. 1. Crass-sectional view of the miniature LI/S02 cell 

cells) by  means of hea t - t ransfer  compounds. The heat-  
ing elements were wrapped around the a luminum 
block which was insulated all around by means of 
fiber glass. The heat ing block itself served as the nega-  
tive te rmina l  of the sample cell and the positive 
te rmina l  was carefully insula ted from the a luminum 
heat ing block. The DTA runs consisted of heating the 
a l u m i n u m  block at a fixed rate from room tempera ture  
to a max imum of 250~ and moni tor ing both the block 

Fig. 2. Fixtures for DTA of miniature cell 

Results and Discussion 
The minia ture  cell was designed to reflect the ~her- 

real characteristics of the larger LO26S (D size) cells 
with the exception that  the potential  explosive en-  
ergies involved would be substant ia l ly  lower and 
hence less destructive of the available DTA fixtures. 
The electrochemical heat  evolved per un i t  volume, as 
measured by the current  density (i),  over voltage (~l) 
and the cell volume, tu rned  out to be g:l (in)L W / c m  8 
for the LO26S cells and 11.5 (ht)s W/cm 8 for the 
min ia ture  cell. Thus, if the cells are discharged at 
comparable current  densities where they would ex-  
perience comparable overvoltages, the heat  evolution 
per  un i t  volume would be approximately  the same 
for the two cells and so would their  thermal  excursions 
under  adiabatic conditions. 

The min ia ture  cells delivered 227 m A - h r  at 1 mA and 
180, 210, 180, and 180 m A - h r  at 10 mA when discharged 
at 25~ At --30~ the cells delivered 90, 83, and 97 
mA - h r  a t  90 mA to a cutoff voltage of 2.0V. A 90 
mA cur ren t  for the min ia tu re  cell corresponds to ap- 
proximately  2A for the LO26S cells, in  terms of equiv-  
alent  current  density. 

DTA runs  wi th  two empty cell cans and witl', two 
cell cans filled with A1203 showed no transit ions as 
expected. DTA runs  with two fresh cells also showed 
no transitions. Cell cans filled with A1203 were chosen 
as a reference for all  fur ther  DTA runs. 

Altogether four different types of cells were tested. 
These will be referred to as (i) s tandard cells, (ii) 
cells with PC (propylene carbonate) ,  (iii) cells with 
glass filter paper separator, and (iv) cells with LiAsF6 
electrolyte salt. 

Almost all the DTA experiments  were clone in t r ipl i -  
cate and the results were found to be quite repro- 
ducible. 

Standard ceIIs.--The s tandard cells contained 0.005 
in. thick Li anode, 70% SO2 W 7% AN (acetonitrile) 
~- 23% LiBr electrolyte, and porous polypropylene 
(celgard) separator. The stoichiometric ratio of Li: SO2 
was approximately 1:1.3 based on the cell reaction 

2Li -t- 2SO~ ~ Li2S204 [1] 

The cells were discharged at currents  of 1, 10, and 
90 mA at 25~ and then these were subjected to DTA 
runs  by heating from 25 ~ to 170~ The differential 
thermocouple showed one small  exothermic t ransi t ion 
start ing at temperatures  of 150~ A typical ~hermo- 
gram is shown in  Fig. 3. There was no significant effect 
of the discharge current  on the size of this exotherm, 
al though the exothermic t ransi t ion was somewhat 
smaller  for a par t ia l ly  discharged cell. The exothermic 
t ransi t ion is a t t r ibuted to the exothermic decomposi- 
t ion of the discharge product Li2S204. However the 
upper  l imit  of the temperature  of the DTA r u n  was 
too low for most of the other exothermic reaction. The 
sharp lowering of the open-circui t  voltage of the cell 
at temperatures  of 140~ was probably due to the 
formation of shorts in the cell after mel t ing of the 
polypropylene separator. 

Minia ture  cells were force-discharged to reversal at 
25 ~ and --30~ in triplicate. One typical plot of the 
cell voltage, differential temperature,  and the a lumi-  
n u m  block tempera ture  dur ing  the cell discharge is 
shown in Fig. 4. The differential tempera ture  in-  
creased sharply at the point of the cell polarization. 
The block tempera ture  was increased only slightly. 
The cell was at reversal  for only 0.75 hr correspond- 
ing to a capacity of 67.5 mA-hr .  There was no cell 
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Fig. 3. Thermogram of a discharged miniature Li/SO2 cell of 
standard construction. Discharge current 1 mA; discharge capacity 
193 mA-hr. 

vent ing or explosion. The cell was then subjected to 
a DTA run. The thermogram, as shown in  Fig. 5, has 
two strong exothermic peaks very similar to those 
observed in  thermograms of mixtures  of powdered Li 
and Na2S204 (analogous to Li2S204). The first exo- 
therm was a t t r ibuted to the decomposition of Li2S204 
to produce S and the second one was most l ikely due 
to the Li + S reaction. Li + AN reaction may also 
occur s imul taneously  in  view of the lower concentra-  
tion of SO2. The s imilar i ty  of the thermograms of 
actual cells with that  of the synthetic mixtures  of 

chemicals, done earlier, supports our conclusions re-  
garding the identification of chemicals responsible for 
thermal  runaway  of Li/SO2 cells. In  the cell, Li2S204 
is formed dur ing discharge and Li is formed dur ing 
the reversal in the cathode. The presence of Li en-  
hanced the exothermic caloric output  of Li2S204 as ob-  
served earlier (6) in DTA experiments  with cathodes 
as well as in  synthetic mixtures.  A second DTA run  
with the same cell showed v i r tua l ly  no exothermic 
transi t ion indicat ing that  the active consti tuents (Li 
and Li2S204) had reacted almost  completely dur ing  the 
first DTA run,  similar to our  observations on Li/SOC12 
cells (7). 

The in tensi ty  of the exothermic transit ions of the 
cells which were reversed appeared to be independent  
of the tempera ture  at which the reversal  occurred but  
dependent  on the extent  of reversal. Prolonged re- 
versal produces more Li in  the cathode than a short 
reversal and this leads to the increased caloric output  
as observed (6) in  the thermograms of mixtures  of 
Li + Na2S204. 

Minia ture  cells were also charged at 90 mA for 7 hr  
without  any  cell explosion. The DTA thermogram of 
the charged cell is shown in  Fig. 6. Note that there is 
a small  endotherm at  180~ most l ikely indicat ing the 
mel t ing of Li. The strong exotherm above 200~ in-  
dicates the Li + AN reaction in the presence of excess 
SO2 which protects Li from reaction with AN at a 
lower temperature.  Since, the cell was not discharged, 
there was no strong exotherm corresponding to the 
decomposition of Li2S204, al though some Li2S204 may 
have formed by chemical reaction with the dendrit ic 
Li formed on the anode dur ing charging. Again, the 
thermograms of the cells appeared to be in terpre table  
based on the DTA results of the individual  chemicals. 
A repeat DTA run  of the above cell showed consider- 
ably reduced exothermic transit ions indicat ing the 
consumption of the active materials  dur ing the first 
run. 

Cells with PC.--These cells have the same size elec- 
trodes as the s tandard cells, only the electrolyte con- 
sists of 70% SO2 -{- 23% mixture  of AN and PC (3: 1) 
+ 7% LiBr. The thermogram of a discharged cell, as 
shown in  Fig. 7, was found to be identical  to that of the 
s tandard cell. Note that  the upper  l imit  of the tem- 
perature  was only 170~ The voltage and the differen- 

Fig. 4. Voltage, differential 
temperature, and the block tem- 
perature profiles of a Li/SO2 
miniature cell of standard con- 
struction during discharge and 
force-discharge at 25~ at a 
current of 90 mA. 
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tial tempera ture  profile dur ing  discharge and reversal 
at 25~ at 90 mA for 3 hr, as shown in Fig. 8, also 
are very s imilar  to those of the s tandard cell. However 
the DTA thermogram of the above reversed cell, as 
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Fig. 6. Thermogram of a miniature Li/SO2 cell of standard con- 
struction after being charged at 25~ for 7 hr at 90 mA. 

shown in Fig. 9, is interesting. Note that  the upper  
l imit  of the tempera ture  was 250~ It shows three 
exothermic transit ions prior to a very  sharp exotherm 
occurring dur ing  the cooling cycle of the DTA. The 
repeat DTA run  shows no significant exotherms. The 
thermogram of another  cell force discharged at --30~ 
for 3 hr at 90 mA, is shown in Fig. 10. Note that  it  
shows only the three exothermic peaks. But on the 
repeat run, the fourth strong exothermic peak appears 
as shown in Fig. 11. The above exper iment  was re-  
peated and the DTA thermograms were found to be 
identical  to the above. We believe that the three peaks 
are due to the following three reactions, viz., Li + AN, 
decomposition of Li2S204 and Li + PC. The fourth 
sharp peak in  Fig. 9 is most l ikely due to the Li + S 
reaction. We found earl ier  that Li + S reaction pro- 
duced the sharpest exothermic transit ions indicat ing 
a very  fast reaction. 

All the DTA experiments  were carried out at least 
one day after  the discharge and reversal  of the cells; 
thus the exothermic transit ions reflect reactions of 
relat ively stable species and not t ransient  species. 

Cells with glass ~Iter paper separator.--These cells 
are similar to the s tandard cells in every respect ex- 
cept the separator is made of glass filter paper. The 
thegmogram of a fresh cell heated to 1T0~ is shown 
in Fig. 12. Note that the OCV remained unchanged 
dur ing  the run  indicat ing the absence of shorting that  
occurred in cells with celgard separator which melts at 
approximately 140~ causing shorting. Also, there were 
no significant transit ions as expected. The thermo- 
gram of a completely discharged cell showed a small  
exotherm very similar  to that  of the s tandard cells, 
most l ikely because the upper  l imit  of the tempera ture  
was 170~ Note also that  the OCV of the cell did not 
drop to zero; indicat ing lack of cell shorting. The re-  
peat run  did not show any t ransi t ion as before. 

The DTA thermogram of a cell which was force- 
discharged at --30~ at 90 mA showed only a small  
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Fig. 8. Voltage, ~]ifferentlal 
temperature, and the block tem- perature profiles of a Li/SO9 
miniature cell with PC in the electrolyte during discharge and 
force-discharge at 25~ at a 
current of 90 rnA. 

0.4  - 

~> 

E 0,3- 

I- 
< 

~; 0.2 
uJ 

_J 

z ~ 0.I 

u. 
e~ 0 

P 
~ a 

�9 ( ~ 9 ~  
B. 

UJ F-- 

0 (20o  I 
m 

OCV 

2.94 

I I I I I I 

DTA /~ 
r ..... 

< 

~o  

. . . . . .  . . . . - -"  �9 �9 

e x o t h e r m  w h e n  the  u p p e r  l im i t  of  t he  D T A  r u n  was  
k e p t  a t  170~ H o w e v e r ,  w h e n  the  u p p e r  l imi t  of  t he  
D T A  t e m p e r a t u r e  was  inc reased  to 250~ of a s imi -  
l a r l y  f o r c e - d i s c h a r g e d  cell,  s t r o n g e r  e x o t h e r m i c  t r a n -  

i -  CURRENT OFF 

I 
I 
I o c v  

CURRENT OFF / 
. . . . . .  BLOCK TEMP. 

I 

; 3  

2 

I o 
m 
r -  
r -  

o o_q 
1> 

tn  

F-  
--I 

- 2  

- 3  

- - 4  

- 5  

I I I I 1 I 
I 2 ;5 4 5 6 

TIME , HOURS 

sitions were observed again (Fig. 13) very simi lar to 
those of the standard cells. 

The el~cacy of the glass separator in preventing 
cells  sho r t i ng  at e l e v a t e d  t e m p e r a t u r e s  is d e m o n -  
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strated from the above experiments.  However,  the 
exothermic reactions at 150~ are not thus preventable,  
as expected. 

Cells with LiAsF6 electrolyte salt.~These cells are 
identical to the standard cells except the electrolyte 
salt is LiAsF~ instead of LiDr. The electrolyte con- 
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sisted of 70% SO2 + 21% AN + 9% LiAsF6. The 
thermogram of a fresh cell is shown in Fig. 14. The 
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open-c i rcu i t  vol tage  of the  cell  cur iously  increased 
above 132~ from 2.95 to 3.66V. We found this phe -  
nomenon to be qui te  reproducible .  There  is a smal l  
exo the rm in the  t he rmogram corresponding to this 
increase  in OCV. Our ea r l i e r  DTA studies were  in-  
complete  insofar  as this e lec t ro ly te  sal t  is concerned 
and as such the reason for  this  increased OCV is not  
qui te  clear.  The t he rmogram showed an endotherm 
corresponding to the mel t ing  of Li. Curiously,  the  cell 
d id  not  shor t  in spi te  of the fact  tha t  the  cell t em-  
pe ra tu re  exceeded the mel t ing  point  of the  ce lgard  
separator .  I t  is possible tha t  the  e lect rode assembly  
was not t ight  enough to create  a short  when the sepa-  
ra to r  melted.  The t he rmogram then showed a sharp  
exothermic  t rans i t ion  corresponding to the short ing of 
the  cell  as indica ted  by  the  sudden drop of OCV. This 
ceil did not  explode at  this point  a l though another  cell  
did in a subsequent  run. A repea t  run  of the  same cell  
showed no significant transit ions,  indica t ing  complete  
decomposi t ion of any  e lec t rochemical ly  and t he rma l ly  
act ive mate r ia l s  including Li2S204 formed dur ing  
shorting. The t empe ra tu r e  of the  ceil  must  have been 
high enough to complete  a l l  the t he rma l ly  act ive proc-  
esses discussed earl ier .  

The the rmograms  of d ischarged cells showed re la -  
t ive ly  smal le r  exotherms  compared  to those of a force-  
d ischarged cell as observed  ear l ie r  wi th  the s tandard  
cells. The t he rmogram of a charged cell (Fig. 15) was 
s imi lar  to that  of  a f resh cell wi th  the  except ion that  
the  OCV was h igher  in i t i a l ly  (3.44V) and i t  was re-  
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Fig. 15. Thermogram of a Li/SO2 miniature cell with LiAsF6 
electrolyte after charging at 25~ for 7 hr with 90 mA. 

duced to 2.85V pr io r  to shor t ing which  resul ted  in a 
ve ry  large  exo therm corresponding to both  e lec t ro-  
chemical  and chemical  heats. Note that  the cell  shor t -  
ing occurred af ter  the  l i th ium mel ted  as indica ted  by  
the small  endotherm pr ior  to the sharp  drop of OCV. 
Repeat  run  showed no t ransi t ions  as before.  

The above  resul ts  demons t ra te  the appl icab i l i ty  of 
the ce l l  DTA technique, in resolving the chemical  
processes occurr ing in cells dur ing  the rmal  excursions,  
and this method,  in conjunct ion wi th  the DTA of cell  
constituents,  provides  a useful  tool for s tudying  the 
the rmal  r u n a w a y  processes of Li/SO2 and o ther  cells. 

Conclusions 
The different ial  t he rmal  analysis  (DTA) of min ia -  

ture  Li/SO2 cells was found to be a useful  tool in 
e lucidat ing the chemical  processes tha t  occur in a cell  
dur ing the rmal  excursions, as in the rmal  runaways .  
The DTA data  of cell const i tuents  were  pa r t i cu l a r ly  
useful  for the identif icat ion of the  var ious  processes 
occurr ing in the  cell by  compar ing the na tu re  of the  
t ransi t ions of the  cell wi th  those of synthet ic  mix tures  
of cell constituents.  The effect of the cell  construct ion 
var iables  such as glass filter pape r  separa to r  on the  
DTA the rmograms  of the min ia tu re  cells was found to 
be pred ic tab le  in most cases based on the DTA data  
of the  cell  consti tuents.  The majo r  react ions which 
cont r ibute  to the the rmal  r u n a w a y  process are  the  Li -  
organic solvent  react ion and the decomposi t ion of 
Li2S204 as wel l  as the  Li + S reaction, where  S was 
produced f rom Li2S204. The  cell  reversa l  resul ts  in 
s t ronger  exothermic  t ransi t ions  due to the  fo rmat ion  
of Li in the cathode containing Li2S204. 
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The Formation of Ferrous Monosulfide Polymorphs during 
the Corrosion of Iron by Aqueous Hydrogen Sulfide at 21~ 
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ABSTRACT 

The init ial  stages of corrosion of i ron by  unst i r red  saturated aqueous H2S 
solutions at  21~ and atmospheric pressure have been examined as a funct ion 
of time, pH (from 2 to 7, adjusted by addit ion of H2SO4 or NaOH), and applied 
current .  Detailed examinat ion  of the morphology a n d  phase ident i ty  of the 
corrosion products has led to a quali tat ive mechanistic unders tand ing  of the 
corrosion reactions. Mackinawite ( tetragonal FeSl -x )  is formed by  both solid- 
state and  precipitat ion processes. Cubic ferrous sulfide and troilite occur as 
precipitates between pH = 3 and pH = 5, subsequent  to metal  dissolution 
upon cracking of a mackinawi te  base layer  formed by a solid-state mecha-  
nism. The corrosion rate, and the relat ive amounts  of these phases produced, 
are controlled by  pH, applied current,  and the degree of convection. The 
corrosion rate  increases with decreasing pH; the quant i ty  of precipitated mate-  
rial  peaks near  pH -- 4, below which dissolution becomes the dominant  proc- 
ess as the solubilities of the sulfide solids increase. Significant passivation was 
observed only  at p i t  = 7, when  the ini t ia l  mackinawite  base layer  remained 
v i r tua l ly  intact. The solid-state conversion of cubic ferrous sulfide to macki -  
nawi te  a t  21~ was moni tored by x - r a y  diffractometry. The resul t ing kinetics 
a r e  consistent wi th  the Avrami  equation for a nucleat ion and growth process 
wi th  a t ime exponent  of 3. 

The ini t ial  corrosion of i ron or carbon steel by 
hydrogen sulfide saturated water  at low temperatures  
is complex (1-5). There is considerable confusion re-  
garding product ident i ty  in  the earlier l i terature  (5, 
6) bu t  it  is now established that  the ini t ial  corrosion 
involves the formation of up to three iron monosulfide 
phases (1-4): mackinawi te  ( tetragonal  FeSI -x) ,  cubic 
ferrous sulfide, and troili te (stoichiometric hexagonal  
FeS).  Solubi l i ty  measurements  (7, 8) and intercon-  
version studies (1, 2, 9) indicate the order of s tabil i ty 
troil i te > mackinawi te  > cubic ferrous sulfide. Troili te 
i s  a stable phase in the Fe -S  system (10), bu t  it  is 
metastable  with respect to pyri te  in the solutions used 
in  the present  s tudy (11). Mackinawite appears to be 
metastable under  all conditions, bu t  it occurs widely 
both na tu ra l ly  (9, 12) and as a precipitate under  a 
w i d e  range of laboratory conditions (8, 13) as well  as 
in  corrosion products. Lit t le  is known about cubic 
ferrous sulfide, other than its occurrence as a corro= 
s i o n  product, and its ease of conversion to mackinawite  
(1, 2). 

Although there is a substant ial  body of l i terature  
describing the occurrence of these phases, no sys- 
tematic examinat ion  of the chemical conditions of 
their  formation on corroding surfaces has hitherto 
b e e n  reported. The purpose of the present  study was 
to  make such an examination,  and to elucidate the 
mechanisms whereby the three solid corrosion prod- 
ucts are formed. We have therefore examined the 
sequence of corrosion of i ron in  uns t i r red  saturated 
aqueous H2S at 21~ as a funct ion of pH, reaction time, 
a n d  applied current.  

This work formed part  of a s tudy of corrosion and 
d e p o s i t i o n  phenomena in  Canadian Girdler  Sulfide 
h e a v y  water  production plants. 

E x p e r i m e n t a l  
Reactions were performed in a s tandard three-com- 

par tment  glass cell. Deoxygenated aqueous hydrogen 
sulfide solutions (about  300 cm 8) of desired pH were 
prepared in situ by purging appropriate NaOH or 
H2SO4 solutions wi th  N2, and then sa turat ing the solu- 

* Electrochemical  Society Active Member. 
Key words: sulfide corros ion,  iron sulfide phases, mackinawite ,  

troilite, cubic ferrous sulfides. 

tions with H2S. A slow H2S purge was maintained 
during the experiments, to minimize ingress of oxygen. 
Experiments were performed at pH values in the 
range 1.7-7.0, at atmospheric pressure and usually at 
a temperature of 21~ (A few experiments were per- 
formed at higher temperatures.) The solubilities of 
mackinawite and troilite, and the concentration of 
SH-, under these conditions are given in Table I. Most 
experiments were not stirred; in some experiments 
the solution was stirred using a magnetic stirrer bar 
at the bottom of the cell. Cylindrical iron electrodes 
(surface area ~ 5 cm 2) were cut from bar stock 
(99.95% Fe), and one end of each was polished using 
600 grit paper. The electrodes were mounted with the 
polished surface facing downward. In a few experi- 
ments, a more highly polished surface was prepared, 
using Metadi diamond polishing compound (I ~m). 
Some experiments were performed with two single 
crystals of iron, with polished [100] and [110] faces. 
These were immersed in aqueous H2S at pH = 6 and 7, 
without electrical connections. 

The potential of corroding specimens was monitored 
with a Dana Model 5330 digital voltmeter connected 
to a strip-chart recorder. Constant currents were ap- 
plied using a Hewlett Packard Model 6186B current 
generator or a PAR Model 173 Galvanostat. All po- 

Table I. Bisulfide ion concentrations, and solubilities of troilite and 
mackinawite, as a function of pH in saturated aqeuous H2S at 

21~ and atmospheric pressure; concentrations in mole �9 dm - 3  

[FeS+] [Fe~+] 
pH [ SH- ] (mackinawite) a (troilite) a 

9. 1.0 • 10 -e - -  0.04 
3 1.0 • 10 -a 0.01 5 • 10 -~- 
4 1.0 x 10-* 5 • 10 -~ 6 • 10 -e 
5 1.0 x I0 -~ 2 • 10 -5 -- 

6 0.010 -- 
7 0.10 -- -- 

a Estimated solubilities, expressed as pseudo-equilibrium iron 
concentrations,  based on 25~ data from Ref. (7).  No data are 
available for cubic ferrous sulfide, but  the fact that it transforms 
spontaneously to mackinawite  at 21~ indicates that it is more  
soluble than mackinawite .  

1 0 0 7  
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Fig. 1. Iron surfaces exposed to saturated aqueous H2S solution, 
pH --- 7, for 24 hr at 21~ (a) Open circuit; (b) applied current, 
I = 40 #A �9 cm -2. 

tentials quoted are on the saturated calomel electrode 
scale. The reference electrode was an Orion Model 
90-02 double- junct ion  si lver-si lver  chloride electrode. 
The Orion KC1 filling solution was of such a concen- 
t rat ion that  the electrode matched the response of a 
saturated KC1 calomel electrode�9 It was necessary to 
use such an electrode because a s ingle- junct ion elec- 
trode was found to degrade in  sulfide solution, pre-  
sumably  due to format ion of silver sulfide (14). 

Corrosion products on the polished electrode sur-  
faces were identified by direct x - ray  diffractometry of 
the surfaces, using a Philips Model PW1050 diffractom- 
eter equipped with a diffracted-beam monochromator  
and using CuEs  radiation. The morphology of corro- 
sion products was examined using a Cambridge Mark 
IIA Stereoscan scanning electron microscope�9 Correla- 
t ion of diffraction data with microscope s tudies  per-  
mit ted the visual identification of particles of the three 
iron sulfide phases. Rough quant i ta t ive estimates of 
the three phases were made from the heights of major  
diffraction peaks, bu t  the accuracy of these estimates 
was severely l imited by the very high absorption co- 
efficient of i ron for CuI{~ x- rays  (~ ~ 105 m -z for each 
phase) and, in the case of mackinawite,  by a sig- 
nificant degree of preferred orientat ion and a tend-  
ency to spall from the surface. A few samples of ma-  
terial  which had spalled from electrodes were ana-  
lyzed by x - r ay  powder photography. 

Results 
Reaction at pH ---- 7.--In the experiments  performed 

at pH ---- 7 for 24 hr, with applied anodic currents,  I, 
of 0, 1, 40, 80, and 130 #A.cm -2, mackinawite  was the 
only corrosion product  observed, with the exception 

of a trace of cubic ferrous sulfide a t  I = 40 #A-cm -2. 
Microscopic examinat ion of surfaces after open-circui t  
reactions (I ---- 0) showed two types of corrosion prod- 
uct: a coherent, featureless base layer, and a loose 
deposit of precipitated mater ia l  at a few sites (Fig. 
la) .  Enhancement  of the hkO diffraction peaks of 
mackinawite  indicated a preferred orientat ion with 
the sheets of i ron atoms in  the crystal s t ructure  (15) 
lying perpendicular  to the metal  surface. The same 
orientat ion of the base layer  was observed on both 
[100] and [110] faces of i ron single crystals. We as- 
sociate this preferred orientat ion with the coherent 
layer  observed microscopically, and suggest that it is 
formed by a solid-state reaction. 

Figure 2a shows the potential  of the iron electrode 
as a function of time and applied current.  The positive 
potential  shift indicates that  the base layer at least 
part ial ly passivates the surface. The durat ion of this 
shift decreases with increasing anodic current,  as the 
rate of formation of the base layer increases. Cracking 
of this layer causes local dissolution of i ron and pre-  
cipitation of the loose mackinawite  deposit (Fig. la ) .  
Under  applied currents, the enforced increase in cor- 
rosion rate resul ts  in more rapid and extensive crack- 
ing of the base layer, and consequently a much greater 
amount  of precipitated material.  The t ime at which 
cracking commences is indicated by the sudden nega-  
tive shift in  the potential, Fig. 2, as the electrode sur-  
face becomes more active due to the exposure of 
bare metal. At the higher applied currents,  much of 
the mackinawite  spalls from the electrode. This has 
been used at these laboratories as the basis for a syn-  
thesis of mackinawite,  using much higher applied cur-  
rents (4 m A . c m - 2 ) .  At I ---- 40 #A.cm -2, the macki-  
nawite  has a layered appearance (Fig. lb ) ,  indicative 
of successive cracking, repair, and recracking of the 
base layer. 

The init ial  negative pOtential excursions in the t r an -  
sients of Fig. 2a at I = 40 ~A-cm -2, and par t icular ly  
at I = 0, may be due to the removal of an oxide film, 
resul t ing in an increased electrode activity. The t r an-  
sients of Fig. 2b show that  s t i rr ing retards the positive 
shift of the potential, indicat ing that  a soluble species, 
presumably  Fe 2+, is produced concurrent ly  with the 
film formation. 

Reaction at pH = 6 . - - In  the relat ively few experi-  
ments  performed at pH ---- 6, all under  open-circui t  
conditions, the sole product  was again mackinawite,  
with a high degree of preferred orientation. However, 
the 001 diffraction peaks were enhanced, indicat ing 
orientat ion with the sheets of iron atoms in the struc-  

t a  I - 6 0 0 t (  
- 6 0 0  b) 
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Fig. 2. Potential of iron SUl'- 
faces exposed to saturated aque- 
ous H2S solution, pH ~ 7, at 
21~ (a) Stagnant; (b) stirred. 
Curve (1) I = 0; curve (2) I 
40; curve (3) I ---- 80; curve (4) 
I = 130 ~A'cm -2. 
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ture  lying paral lel  to the surface ra ther  than perpen-  
dicular  as at p H m  7. The intensit ies of the 001 macki-  
nawite  reflections after a given reaction t ime were en-  
hanced for a more polished surface, which probably  
reflects a greater  degree of perfection of orientat ion 
ra ther  than  a greater thickness of the layer. Again, 
the same mackinawite  orientat ions were observed for 
both [100] and [110] i ron crystal faces, al though 
greater  enhancement  of the 001 reflections was ob-  
served for the [100] face. The association of a high 
degree of preferred orientat ion of film growth with 
highly polished surfaces independent  of the crystallo- 
graphic or ientat ion of the substrate,  and the phenome-  
non of changing or ientat ion with changing growth 
rate, have been  discussed by  Finch et aZ. (16). 

The oriented layer  was not sufficiently coherent  to 
passivate the surface. This is indicated by the corro- 
sion potential,  which does not show a positive shift, 
unl ike  the si tuat ion at pH ---- 7 (Fig. 3). The high cor- 
rosion rate resulted in  a dense upper  layer of very  
fine-grained, precipitated mackinawite,  which covered 
the surface completely after 24 hr. 

Reac t ion  at pH --  5.--All  three phases, mackinaw-  
ire, cubic ferrous sulfide, and troilite, were observed 
at pH ---- 5, necessitating a more detailed examinat ion  
of the reaction. A series of open-circui t  experiments  
was performed over reaction times up to 24 hr, and a 
series of 24 hr  exper iments  was carried out with ap- 
plied currents,  I, f rom --50 to +70 ~A.cm -~. 

The early stages of na tu ra l  corrosion at pH _-- 5 
resemble those at pH = 6, bu t  the higher corrosion 
rate results in  earl ier  cracking of the base layer  and 
associated mackinawite  precipitation. The upper  layer  
mater ia l  covered the surface completely after 9 hr. 
Both cubic ferrous sulfide and troili te were observed 
after 16 hr  reaction. Both phases occurred as well-  
developed crystals, evident ly  grown from solution, 
scattered over the mackinawite  base layer. Cubic fer- 
rous sulfide typical ly formed large i r regular  blbcks up 
to 20 ~m across, while troilite occurred as pointed 
needles (up to 10 • 2 ~m), of hexagonal  cross section. 

The appearance of the cubic phase at a compara-  
t ively late stage of the reaction, and its known  meta-  
s tabi l i ty  with respect to mackinawite  (1, 2), show that  
the source of i ron for its fo rmat ion  is the metal  ra ther  
than  the mackinawite.  The dense upper  layer  of 
mackinawi te  obscured any  changes in the base layer  
associated with the formation of cubic ferrous sulfide, 
bu t  cracking or pi t t ing of the base layer  must  have 
resulted in  very  high local supersaturation.  This is 
demonstrated more clearly by the results obtained at 
pH _-- 4. 

The relat ive amounts  of cubic ferrous sulfide and 
troili te were more poorly reproducible at pH ---- 5 than 
at pH = 4. When large amounts  of troil i te were formed, 
it tended to occur at the expense of cubic ferrous sul-  
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Fig. 3. Potential of iron surfaces exposed to saturated aqueous 
H~S solution at 21~ as a function of time and pH. 

fide, reflecting competit ion for the same source of iron. 
The greater i r reproducibi l i ty  is reflected in  the corro- 
sion potentials as a funct ion of time. A spread of 30 
mV was obtained for a series of nomina l ly  identical  
runs at pH : 5, compared with an 8 mV spread at 
pH : 4. The plot shown in Fig. 3 is for a single ex-  
per iment  which approximated the average behavior  
a t  pH ---- 5. Experiments  performed with applied cur-  
rents  are discussed below. 

Reac t ion  at  p H  ---- 4.--All  three phases were again 
produced at  pH -- 4. Since results tended to be more 
reproducible than  at pH -- 5, the reaction was studied 
most extensively at this pH, Open-circui t  experiments  
were r u n  from 0.25 to 96 hr, in  addit ion to a series of 
24 hr experiments  with I ranging from --120 to +120 
~A.cm -2, and a small  number  of 24 hr, open-circui t  
runs  at temperatures  up to 90~ Figure  4 shows 
changes in surface morphology with t ime and Fig. 5 
shows the relat ive amounts  of the three phases as a 
funct ion of time. 

After  0.25 hr, a very  small  quan t i ty  of mackinawite  
was detected. Enhancement  of the [001] diffraction 
peak indicates a significant degree of preferred orien- 
tation. The surface film was sufficiently th in  that  
scratch marks  from polishing the electrode were still 
visible on micrographs, and an upper  layer  of wispy 
particles was also observed. After  0.5 hr  (Fig. 4a), the 
quant i ty  of mackinawite  was greater, the degree of 
or ientat ion was somewhat  lower, and the density of 
coverage by fine mater ia l  was higher. However, scratch 
marks  were still visible. 

After  1 hr  (Fig. 4b), severe bl is ter ing was observed, 
as the coherent base layer  peeled from the surface. The 
blistered mater ia l  was covered by  a dense mass of 
small  crystals, p resumably  developed by growth of 
the wispy particles noted after shorter reaction pe- 
riods. The quant i ty  of mackinawi te  detected by x - r ay  
diffraction was higher than that  after 0.5 hr, but  no 
preferred or ientat ion was apparent,  which is con- 
sistent with the severe disrupt ion of the base layer. 
The effect of s t i rr ing on the corrosion potential  re-  
corded at  pH -=-- 7 indicates that  some i ron dissolution 
was occurring. This process is more significant at pH 
: 4, and the fine mackinawite  particles seen in  these 
early stages are l ikely to have precipitated from 
solution. 

After  2 hr, scratch lines were no longer visible and 
the quant i ty  of mackinawite  cont inued to increase. 
There was some indicat ion of the redevelopment  of 
preferred or ientat ion with [001] parallel  to the sur-  
face. This suggests the redevelopment  of a coherent 
base layer  below the debris of the original film. 

Af ter  4 hr  (Fig. 4c) scratch marks were visible once 
again, indicat ing that  the blistered mater ia l  had fal-  
len away; the diffraction results showed less macki-  
nawite  than  at 2 hr, but  with a fair ly high degree of 
orientation. The surface was covered with a slightly 
pitted, dense layer  of f ine-grained ( <  1 ~m) macki-  
nawi te  wi th  larger  (ca. 5 ~m) crystals of cubic fer-  
rous sulfide scattered over the surface. The cubic fer-  
rous sulfide did not  display significant preferred 
orientat ion in this or any  other experiment ,  nor  was 
any preferred or ienta t ion of troili te ever observed. 
Most of the electrodes displayed a marked [110] pre-  
ferred orientat ion of the i ron metal,  bu t  this did not 
appear to affect the course of reaction. 

In  a second 4 hr  exper iment  with a more polished 
specimen, mackinawite  was the sole-product .  The  
ini t ial  base layer  appeared not  to have blistered and 
fal len away, al though some cracking had evident ly  
occurred, for much of the surface was covered with 
f ine-grained precipitated mackinawite.  This r u n  thus 
resembled the behavior  at pH --  5 wi th  less polished 
specimens. 

Between 4 and 12 hr, cracking and pi t t ing of the 
second mackinawite  base layer  occurred, but  its thick- 
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Fig. 4. Scanni.g electron mlcrographs of iron surfaces exposed to saturated aqueous H2S solution at 21~ a,d pH = 4 for (a) 0.5 hr, 
(b) 1.0 hr, (c) 4 hr, (d) 12 hr, (e) 16 hr, (f) 24 hr. 

n e s s  remained approximately constant  (Fig. 4d). The 
amount  of precipitated mackinawite  increased some- 
what, bu t  much more was seen to spall from the sur-  
face. The n u m b e r  and size of cubic ferrous sulfide 
crystals increased over this period, showing that both 
nucleat ion and growth had continued. Crystals of 
cubic ferrous sulfide tended to be more adherent  than 
those of mackinawite,  and only trace quanti t ies were 
observed in  analyses of spalled material.  

The only change observed between 12 and 16 hr  
was the appearance of a small  quant i ty  of troi!ite 
needles (Fig. 4e). The cubic ferrous sulfide crystals 
were now up to 15 ~m across. A 16 hr  exper iment  with 
a more polished iron specimen yielded a very similar 
surface to that  obtained with a rout inely  prepared 
specimen. Evidently,  al though rupture  of the ini t ial  
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Fig. 5. Relative amounts of ferrous monos,,Ifide phases formed on 
iron surfaces exposed to saturated aqueous H25 solution at 21~ 
and pH = 4 as a function of time. 

mackinawite  base layer  was retarded on the more 
polished surface, the subsequent  development  of the 
corrosion sequence was not  significantly altered at 
the high corrosion rates obtained at pH = 4. 

Surface coverage by cubic ferrous sulfide continued 
to increase, up to about 80% after 24 hr  (Fig. 4f). At 
longer reaction times, the quant i ty  of the cubic phase 
fell as it unde rwen t  solid-state conversion to macki-  
nawite (l, 2; see below). As at p l l  = 5, the develop- 
ment  of troilite was the least reproducible feature of 
the experiments.  When significant quanti t ies  of troili te 
were formed, it again tended to occur at the expense 
of cubic ferrous sulfide. Even after 96 hr  reaction at 
pH = 4, troilite was not the preponderant  phase, al-  
though it  was consistently a major  component after 
reaction times - -  37 hr. 

If the solution was stirred, only a th in  base layer 
of mackinawite  was formed after  24 hr, confirming 
that the upper  layer  mater ia l  was precipitated from 
solution. 

As with the open-circui t  experiments,  behavior  
under  applied currents  was more reproducible at p i t  
= 4 than  at pH ---- 5. The relat ive amounts  of the 
three phases formed as a funct ion of applied current  
at pH = 4 are shown in  Fig. 6. 

Even wi th  an applied current  of --120 ~A.cm -2, 
a small  quant i ty  of mackinawite  was formed, indi-  
cating a substant ial  corrosion cur ren t  at pH -- 4. The 
mackinawite  had a preferred or ientat ion with [001] 
perpendicular  to the surface, s imilar  to that  observed 
in open-circui t  experiments  at pH = 7. At I = 100  
~A.cm -2, the amount  of mackinawite  had  increased, 
and its or ientat ion had switched to [001] paral lel  to the 
surface, characteristic of the higher corrosion rates in  
open-circui t  runs at pH ~: 6. The quant i ty  of macki-  
nawite did not change great ly over the range - - 8 0  L 
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Fig. 6. Relative amounts of ferrous monosalfide phases formed on 
iron surfaces exposed to saturated aqueous H2S, solution at 21~ 
and pH = 4 for 24 hr us a function of applied current. 

I - I  0 #A.cm -2, except for a gradual  increase in pre-  
cipitated material.  The amount  of mater ial  Spalling 
from the electrode increased as the applied current  
became less negative, bu t  losses were small in this 
range. Mackinawite  decreased somewhat as I increased 
to +50 ~A..cm -2, then increased massively at still 
higher applied currents. 

Although the amount  of mackinawite  changed only 
slightly over the range --80 ~-- I --~ +50 ~A,cm -2, 
major  changes occurred in the quanti t ies of both 
troili te and cubic ferrous sulfide. The lat ter  appeared 
in  minor  quanti t ies at I : --80 ~A-cm -2, was a major  
product  at I : --50 ~A.cm -2, increased rapidly to a 
peak at I ~ 0, then gradual ly  fell to about 30% of its 
peak value at I ---- +]-120 ~A.cm -2. Troilite was not 
observed at I < --20 ~A.cm -2, and only became a 
major  product at I - -  20 #A.cm -2. It  peaked at ca. 
I -- 50 ~A.cm -2, then also gradual ly  fell, concur-  
ren t ly  with the increase in  mackinawi te  at I > 50 
~A.cm-~.  

As noted above, results at pH _ 5 were general ly 
less reproducible than at pH : 4, but  similar t rends 
in  the quanti t ies  of the three phases with changing 
applied current  could be detected. 

Figure 7 shows polarization curves obtained at pH 
: 4 and pH = 5, constructed from plots of the cor- 
rosion potential  against  t ime for a given applied cur-  
rent. The corrosion currents  at the two pH values 
were estimated by extrapolat ing the anodic and cath- 
odic l inear  regions of these curves to the corrosion 

potential  for I = O. At pH = 4, the "init ial" (t - -  2 
rain) corrosion current  density is ca. 35 ~A.cm-2,  
falling to around 30 ~A.cm-2  at 30 min  and ca. 27 
~A.cm -2 after 24 hr. The slight fall in corrosion rate 
indicates that  none of the corrosion products passi- 
vate the surface. At pH ---- 5, the lower corrosion rate 
of ca. 10 ~A.cm -~ is consistent with the reduced 
amounts  of mater ia l  precipitated, compared with pH 
--- 4. These corrosion current  densities are only very 
approximate values. However, they are sufficiently 
accurate to indicate variat ions with t ime and pH. 

There is little var iat ion of size or morphology of 
cubic ferrous sulfide crystals as a funct ion of applied 
current  at p i t  : 4. At lower currents  the crystals 
tend to possess sunken  faces (Fig. 8a, I _-- --50 
~A.cm-2) ,  indicative of depletion of i ron supply at 
the growth sites. At higher currents  the crystals are 
better  formed, and sometimes nucleate in clumps 
(Fig. 8b, I ----- +35 /~A.cm-2), reflecting the faster 
iron supply rate achieved at the higher currents. 

Reactions at pH < 4.--Only two experiments  were 
performed at pH values below 4, the na tura l  pH of 
H2S-saturated water. The p H  was lowered by addi-  
tion of H2SO4, and two 24 hr, open-circui t  experi-  
ments  were run  at pH :_ 1.7 and pH : 2.7. At pH ---- 
1,7, the solubilities of all three phases are sufficiently 
high that  no precipitate was observed, but  severe 
attack of the metal  surface due to direct dissolution 
was apparent.  At pH : 2.7, much of the metal  sur-  
face was again bare and attacked, but  small  quanti t ies 
of cubic ferrous sulfide and precipitated mackinawite  
were scattered on the surface. 

The relat ive amounts  of each phase formed after 
24 hr  of open-circui t  reaction as a function of pH are 
summarized in Fig. 9. The mackinawite  data are less 
reliable than those for troilite and cubic ferrous sul-  
fide because of the preferred orientat ion phenomena 
discussed above, and because of the unde te rmined  
quanti t ies of mackinawite  which spalled from the 
electrode. 

Reactions at elevated t e m pe ra tu re . - -A  small number  
of 24 hr, open-circui t  experiments  were performed in 
a thermostat ted cell at temperatures  up to 90~ and 
pH : 4. Reproducibil i ty of results was poor, and 
r ipening of crystals at higher temperatures  gave rise 
to unfamil iar  morphologies. However, a few trends 
could be detected. At 35~ (Fig. 10a) the coverage of 
the surface by large (20 ~m) crystals of cubic ferrous 
sulfide approached 100% (cf. 85% at 21~ and rather  
less mackinawite  was present  than at 21~ At 50~ 
coverage by cubic ferrous sulfide was still close to 
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Fig. 8. Comparison of the morphology of cubic ferrous sulfide 
produced on iron surfaces exposed to saturated aqueous H2S solu- 
tion at 21~ and pH ----- 4 under applied currents of (a) - -50  and 
(b) + 3 5 / ~ A  " cm-% 
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Fig. 9. Relative amounts of ferrous monosulfide phases formed on 
iron surfaces exposed to saturated aqueous H~S solution at 21~ 
for 24 hr as a function of pH; - - 0 - -  cubic ferrous sulfide, 
- - 0 - -  troilite, - ' - X - ' -  mackinawite (high values at pH > 5 
due to preferred orientation in the deposit). 

100%, but  the crystals were on ly  ca. 5 ~m across 
(Fig. 10b), indicat ing a higher nucleat ion rate. The 
small  amount  of precipitated mackinawite  was some- 
what  bet ter  formed than  that  at lower temperatures.  
At  75~ (Fig. 10c), cubic ferrous sulfide was still 
present, bu t  covered only about 25% of the surface, on 
top of a f ine-grained mackinawite  base layer. Some 
small  blocks ca. 1 #m across were tentat ively  ident i -  
fied as precipitated mackinawite.  At 90~ (Fig. 10d), 
the dominant  phase was troilite, bu t  a small  amount  
of the cubic phase still persisted. A f ine-grained 
mackinawite  base layer  was still visible. In  one ex- 
per iment  in which the tempera ture  rose to ca. 75~ 
for ca. 1 hr, then  was main ta ined  at 35~ for 23 hr, 
troili te was the major  product. 

The conversion o] cubic Serrous sulfide to macki- 
nawite.--Cubic ferrous sulfide is known to t ransform 
spontaneously to mackinawite  at room temperature,  
with reported rates of ca. 10% per hour (2) and ca. 2% 
per hour (1). The ease with which the t ransformat ion 
occurs is readi ly understood in  view of the close 
s t ructural  relat ionship between the phases. The in te r -  
conversion involves the migra t ion of one-hal f  of the 
i ron atoms between adjacent  te t rahedral  sites in  a 
cubic close packed sulfide lattice (2, 15). 

We have monitored the t ransformat ion of cubic 
ferrous sulfide to mackinawi te  at 21~ by x - r ay  dif- 
fractometry. Samples were prepared by open-circui t  

Fig. i0. Scanning electron micrographs of iron surfaces exposed 
to saturated aqueous H2S solution at pH - -  4 for 24 hr at (a) 
35~ (b) 50~ (c) 75~ (d) 90~ 

corrosion of i ron for 24 hr  at pH - -  4, and the kinetic 
study was performed on the corrosion products on 
the metal  surface. The intensit ies of three major  dif- 
fraction lines of each phase ([001], [101], and [111] 
of mackinawite;  [111], [220], and [311] of cubic fer-  
rous sulfide) were monitored by direct counting. The 
peaks were scanned at 1 ~ per re.in, with s tat ionary 
counting of the background on either side of each 
peak. Each set of in tens i ty  data was scaled using the 
[110] peak of the i ron substrate  as a standard,  to 
compensate for long- te rm fluctuations in  the x - r ay  
beam intensity.  The relat ive decrease in  the in tens i ty  
of each cubic ferrous sulfide peak and the relat ive in -  
crease of each mackinawi te  peak were normalized, 
and found to follow very similar  courses. The decline 
o f  the cubic ferrous sulfide in tensi ty  was slightly 
faster for the higher angle reflections; this may be a 
consequence of s train at the t ransformat ion interface. 
The progress of the summed intensit ies of the three 
peaks of each phase is depicted in Fig. 11 (after sub-  
traction of the x - r ay  in tensi ty  due to mackinawite  
formed directly in  the corrosion process). No troili te 
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nor any  other phase was detected at any  stage. The 
clean in terconvers ion of the two phases is clearly 
apparent.  At  longer reaction times the mackinawi te  
intensit ies were sl ightly lower than  anticipated. This 
is probably  due to slight oxidation concurrent  with 
the interconversion;  no effort was made to exclude 
air from the sample dur ing  the diffraction experiment.  

Figure 12 shows that  the data up to about 60% con- 
version can be fitted to the Avrami  equat ion [1] (17, 
18), with a t ime exponent  of 3 

X : 1 -- exp ( - -  1/3 mNvUat 3) [1] 

where X = extent  of conversion, Nv : n u m b e r  of 
nucleat ion centers per uni t  volume, U : l inear  growth 
rate of nucleat ion centers; whence 

1 
in (-~--~_ X) : K t  3 [2] 

The data are thus reasonably consistent with a con- 
s tant  rate of spherical growth of nuclei, all of which 
are present  at the s tar t  of the transformation.  The 
value of K depends on the choice of "zero time." If 
this is chosen as the point at which the corrosion re-  
action was terminated,  K _~ 1.1 • 10 -16 sec -s. Earl ier  
zero times resul t  in  lower values of K; since the cubic 
ferrous Sulfide was formed cont inuously over a period 
of about 20 hr, a t rue zero t ime does not exist. 

Beyond about 60% conversion, the reaction rate 
becomes slower than that  predicted by the Avrami  
equation. This may reflect a var iat ion in  nucleat ion 
center  densi ty be tween different crystallites, perhaps 
between portions precipitated at different stages of 
the corrosion process. We found that  cubic ferrous 
sulfide prepared at pH = 5 underwen t  considerably 
faster conversion at 21~ than that  obtained at pH 
_-- 4, and we a t t r ibute  this also to var iat ion in  density 
ef nucleat ion centers. This may  also account for the 
different rates indicated by the work of de M~dicis 
(2) and Takeno et al. (1). 

Scanning electron microscopic examinat ion  of a 
corroded carbon steel surface before, during, and 
after the conversion (Fig. 13) showed no detectable 
change of morphology of the cubic ferrous sulfide, 
except for the appearance of cracks in  a few crystals. 
Thus the 14% reduct ion in  crystallographic volume 
appeared to be accommodated by microscopic voids 
between mackinawite  grains wi thin  the original crys- 
tallites. Broadening of diffraction peaks of both phases 
in  the course of the exper iment  indicated that  the 
t ransformat ion was accompanied by a substant ia l  re-  
duction in  crystall i te size. This was not quantified, 
since it is l ikely that  there was also a substant ia l  
lattice s t ra in  contr ibut ion to the diffraction l ine 
broadening. 
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Fig. 13. Scanning electron micrographs of cubic ferrous sulfide 
crystals (a) before and (b) after their conversion ta mackinawite 
at 21 ~ 

Discussion 
The results of corrosion experiments  at all pH values 

suggest that film growth and metal  dissolution occur 
s imultaneously;  the relative importance of the two 
processes varies with pH. At pH = 7, where the least 
precipitat ion occurs, a dissolution process is suggested 
by the effect of s t i rr ing on the observed potential  
t ransient  (Fig. 2). The presence of precipitated sul-  
fides in the pH range 2.7-6.0, and the clean but  
roughened metal  surface obtained at pH ---- 1.7 are 
evidence that  the importance of metal  dissolution in-  
creases with decreasing pH. The results of experi-  
ments  with s t i r r ing at pH . :  4 confirm that the upper  
layer  of sulfides, comprising mackinawite,  cubic fer-  
rous sulfide, and troilite, is precipitated from solu- 
tion. In  the absence of stirring, metal  dissolution 
leads to local supersaturat ion with Fe 2+ at the elec- 
trode surface and hence sulfide precipitation. However, 
even in  the presence of nominal  s t i rr ing as used in 
these experiments,  the local Fe2§ concentrat ion can 
be reduced below the levels necessary for precipi ta-  
tion at the electrode surface. 

According to Iofa et al. (19), S H -  ions chemisorb 
on i ron to form an approximate monolayer.  A simi-  
lar  process with O H -  is known to accelerate the 
anodic process on iron (20). We therefore propose 
the corrosion of i ron in  aqueous H2S to Occur by  se- 
quent ial  chemisorption [3] and anodic discharge [4] 
(19) reactions 

Fe -5 H2S -5 H~O -~ F e S H a d s -  -5 I-I~O + [3] 

FeSHads- "-> FeSHads + -5 2e [4] 

The hydroxide reaction analogous to [4] is often de- 
scribed as two consecutive electron transfers, the first 
of .which is deemed to be rate de termining  (20). Sub-  
sequent  to reaction [4], the species FeSHaas + may  be 
incorporated directly into a growing layer  of macki-  
nawite  [5], or it  may be hydrolyzed to yield a dis- 
solved species [6] 

FeSHads + --> FeSz-x + x S H -  -5 (1 -- x)H + [5] 

FeSHads + + HsO + -> Fe ~+ + HaS -5 H20 [6] 

If reaction [6] leads to local supersatura t ion at the 
electrode surface, then nucleat ion and growth of one 
or more of the i ron sulfides, mackinawite,  cubic fer-  
rous sufide, and troili te occurs. 

The fact that  the corrosion potent ial  does not  vary  
very much with t ime in  the pH range 1.7-6.0 (Fig. 3), 
indicates that there is l i t t le change in  polarization 
of the anodic and cathodic reactions with time. This 
is consistent with the presence of a cracked, porous 
base layer of mackinawi te  which does not  passivate 
the surface and thereby polarize the electron t ransfer  
reactions occurring. This is not the case at pH -~ 7 
where an  anodic potential  shift was observed, indi -  
cating that  at this pH the anodic reaction (represented 
by steps [3]-[6])  is inhibi ted by the presence of the 
mackinawite  base-layer.  
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Except at pH ---- 2.7 and 1.7, a solid-state grown 
film of mackinawite  was always observed, indicating 
that  reaction [5] predominates over reac t ion  [6] in 
the pH range 4-7. This is supported by the very large 

T a f e l  slopes ( > 240 mV) estimated from Fig. 7 at 
pH values of 4 a n d  5, which suggest that the anodic 
reaction and the cathodic reaction 

2H2S ~- 2e --> H2 -b 2SH-  [7] 

are both highly polarized when a current  is applied, 
due to the presence of the mackinawite  base layer. 

The currents,  plotted logari thmically in Fig. 7, give 
an almost l inear  anodic plot (for c u r r e n t  values 

>-~250 ~A) when plotted directly against the po- 
t en t i a l  This suggests that  the anodic reaction is con- 
trolled by t ransport  through the base layer of macki-  
nawite  at the higher current  values. Mass t ransport  
of Fe 2+ and /or  H2S within  the pores and cracks in 
this base layer is the most l ikely polarizing mechanism, 
since the anodic reaction, at least, will  be occurring 
on the l imited area of exposed metal. A similar ob- 
servation was made by Hausler  et al. (21). They also 
demonstrated that  the polarization can be reduced by 
stirring. This is fur ther  evidence for rate control in 
macroscopic pores and cracks as opposed to t rans-  
port  through the actual  mackinawite  film. 

At the lower pH values (2.7 and 1.7) metal  dissolu- 
t ion via reaction [6] predominates and very little i ron 
sulfide is formed. This is due to the increased solubil i ty 
of the iron sulfide phases at these pH values. Although 
no major  invest igat ion of the effect of pH on corro- 
sion rate was under taken,  the evidence suggests that  
the rate increases with a decrease in  pH. This can be 
a t t r ibuted main ly  to the effect of increased proton con- 
centrat ion on the cathodic reaction, since the total con- 
centrat ion of I-I2S remains constant, and the total sul-  
fide concentrat ion (H2S -t- S H - )  decreases, with de- 
creasing pH. At the pH values used here, the concen- 
t ra t ion of S 2-  is negligible. The more specific effects of 
HH2S and S H -  have been investigated by others 
(22, 23) and will not be discussed here. 

Major amounts  of precipitated mater ial  form only 
after the base layer  of mackinawite  cracks and spalls, 
as i l lustrated by the electron-micrographs of Fig. 4. A 
higher degree of surface polishing results in a longer 
life of the mackinawite  film prior to cracking. This 
suggests that  the cracking of the base layer originates 
pr imar i ly  at macroscopic irregulari t ies  on the metal  
surface. 

Significant passivation of the iron surface occurs 
only at pH _-- 7, and even this is incomplete. The sur-  
vival  of the mackinawite  base- layer  at this pH is 
ma in ly  due to the much lower corrosion rate than at 
pH _-- 4 or 5. Acceleration of the film growth rate by  
application of an anodic current  causes more stress, 
and more extensive cracking (Fig. 1). 

At lower pH values, this film ruptures  much earlier, 
and at pH _-- 4, it  is replaced after  2-4 hr  by a second 
base layer  which grows on the metal  surface beneath  
the spalling ini t ial  film. This second film appeared to 
grow to a substant ia l  thickness (Fig. 4). The develop- 
men t  of stress appears to have been prevented by a 
network of cracks and pores, and the film adhered to 
the surface for the dura t ion of the experiments.  These 
cracks and pores are also sites for high rates of re-  
lease of soluble iron from the under ly ing  metal. Their  
persistence up to at least 96 hr accounts for the very  
slight fall in  the corrosion rate observed over this t ime 
span. 

The na ture  and amount  of precipitated mater ia l  is 
s t rongly dependent  on pH (Fig. 9). At pH ~-- 6, only 
ma~kinawite is precipitated. At pH _-- 7, the amount  
is small, bu t  it is localized in  clumps at faul t  sites in  
the base layer, where iron dissolution is enhanced. 
Since the solubil i ty of mackinawite  is low at pH _ 7 
[<10 -8 mole dm-~ (7)],  its nucleat ion is local and 

rapid, leading to the growth of a large n u m b e r  of 
small particles of i l l-defined morphology. At pH = 6, 
the corrosion rate is higher, and after 24 hr precipi-  
tated material  covers the surface completely. 

In  the pH range 2.7-5.0, all  three phases were ob- 
served, and the total amount  of precipitated mater ia l  
reached a ma x i mum at ca. pH ---- 4. The quant i ty  of 
precipitated mater ia l  formed is determined by  the 
rate of i ron release (reaction [6]), which increases 
with decreasing pH, and the solubilities of the solid 
phases, which also increase with acidity (7). For pre-  
cipitation to occur, the rate of i ron release must  be 
sufficient to cause local supersaturat ion with respect to 
the precipi tat ing phase. Thus, as the pH decreases from 
7 to 4, local supersaturat ion is easily maintained,  and 
the increase in  the i ron release rate leads to an increase 
in  the quant i ty  of precipitated sulfides. As the pH de- 
creases below 4, the solubilities of mackinawite  and 
troilite increase above 10 -~ and 10-5 mole �9 dm-~, re-  
spectively (Table I). The solubil i ty of cubic ferrous 
sulfide has not been determined,  bu t  its instabi l i ty  
with respect to mackinawi te  shows that  it is the most 
soluble of the three phases. The increasing solubilities 
with decreasing pH cause a reduction in  the amount  of 
precipitate. Below ca. pH ~_ 2.5, all  the soluble iron 
diffuses into solution, and no precipitat ion occurs. 

Application of an anodic current  is expected to ac- 
celerate reaction [4], with consequent changes in  the 
rates of reactions [5] and [6]. At pH ----_ 4, as the ap-  
plied cur ren t  was increased from --80 to ~30  ~ .  
cm-% the amounts  of cubic ferrous sulfide and, less 
markedly,  troilite increased (Fig. 6). The amount  of 
precipitated mackinawite  also increased, but  most of it 
spalled from the electrode, and was no t  readily quan-  
tified. Evident ly  the rate of reaction [6] increases 
at the expense of reaction [5] with increasingly posi- 
tive current  over this range. However, at large applied 
anodic currents,  ~50 ~A.  cm -2, the reverse is true, 
and reaction [5] increases at the expense of [6]. This 
is demonstrated by the sudden increase in  the amount  
of mackinawite,  coincident with a decrease in  the 
quanti t ies of both cubic ferrous sulfide and troilite. At 
these high applied currents,  cracks which form in the 
base layer  are rapidly  repaired by the solid-state 
mechanism, and the release of soluble i ron and con- 
sequent precipitat ion are reduced. 

Thus the amount  of precipitated mater ial  is con- 
trolled by the rates of cracking and repair  of the ini-  
tial mackinawite  base- layer  formed by solid-state re- 
action, and by the rate of release of soluble iron from 
crack sites. These rates are controlled by both the pH 
and applied current.  The dependence on the na ture  of 
the base layer is the chief cause of exper imental  i r re-  
producibili ty,  which was most marked at pH ---- 5. 

The na tu re  of the precipitated mater ia l  is also de- 
pendent  on the exper imental  conditions. As discussed 
above, both cubic ferrous sulfide and troilite were ob- 
served only at pH ~ 6, where film cracking is ex ten-  
sive and the rate  of i ron release (reaction [6] ) is high. 
This is readi ly understood for cubic ferrous sulfide, 
which is the most soluble of the three phases and 
would be expected to form only under  conditions of 
high iron release rate from the under ly ing  metal. 
However, troilite is the most stable of the three 
phases under  all  the exper imental  conditions, and its 
formation might  reasonably be expected to be ub iq-  
uitous. 

The general  difficulty of troilite formation appears 
to lie in  the nucleat ion step. Thus, al though cubic 
ferrous sulfide is the first phase fo rmed  as the applied 
current  is increased from a m i n i m u m  of --120 ~A �9 
cm -2 (Fig. 6), once the iron release rate is sufficiently 
high to cause nucleat ion of troilite (I ~ 0), its growth 
occurs at the expense of that  of cubic ferrous sulfide. 
For I ~ 50 ~A �9 cm -2, fur ther  enhancement  of troili te 
yield is suppressed by the accelerated solid-state, film- 
repair  process of mackinawite  formation. 
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The amount of troilite also increases at the expense 
of cubic ferrous sulfide at  temperatures above 50~ as 
the troili te nucleation rate  increases. In one experi-  
ment maintained at 75~ for 1 hr, then 35~ for 23 hr, 
a major quantity of troilite was produced. This is con- 
sistent with a high nucleation rate at the higher tem- 
perature, and a subsequent enhanced growth rate at 
35~ 

Conclusion 
A systematic study of the nature of the corrosion 

products formed on iron exposed to aqueuos H2S has 
led to the qualitative elucidation of the mechanisms 
of formation of the three ferrous monosulfide phases: 
mackinawite, troilite, and cubic ferrous sulfide. This 
mechanistic information is summarized by the reac- 
tion scheme shown in Fig. 14, which depicts the corro- 
sion of iron (or carbon steel, which behaves very 
similarly) in H2S-saturated water  (pH = 4). 

Init ial ly a solid-state reaction produces a layer of 
mackinawite, which readily cracks and spalls from the 
metal surface (Fig. 4 and 5). This layer is replaced by a 
second solid-state grown mackinawite layer, which is 
cracked and pitted. High local release rates of soluble 
iron from these cracks and pits lead to the precipita-  
tion of cubic ferrous sulfide and, to a lesser extent, 
troilite. Neither the mackinawite base-layer nor the 
upper layer  of precipitated material  can passivate the 
surface, so nucleation and growth of cubic ferrous 
sulfide continue steadily. Nucleation of troilite, the 
most stable of the three phases, is evidently difficult, 
but i t  comprises a substantial portion of the film after 
96 hr. Cubic ferrous sulfide transforms extensively to 
mackinawite by a solid-state mechanism between 35 
and 96 hr. 

CARBON STEEL + H2S/H20 
I 

solid state 
growth 

MACKINAWlTE (FeSI. x) 

film rupture a precipitation 

f solid CUBIC FERROUS TROILITE 
MACKINAWITE tstat e SULFIDE (FeSl_ x) (FeS) 

Fig. 14. Schematic reaction sequence representing processes oc- 
curring on an iron surface exposed to saturated aqueous H2S at 
21~ and pH = 4. 

Manuscript submitted Jan. 15, 1979; revised manu- 
script received Sept. 12, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submitted by Aug. 1, 1980. 
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Kinetics of Growth of Amorphous 
W03 Anodic Films on Tungsten 
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ABSTRACT 

The kinetics of growth of anodie WO3 films have been studied in 0.01N 
solutions of H~PO4, H2SO4, HNO3, and IIC104 at room temperature.  The 
val idi ty  of the relationship i ___ A exp BE was verified in  the current  density 
range 0.2-16 mA.cm -2. Nearly constant  B values were found in all investigated 
solutions. A lower value of dielectric constant  was measured for the anodic 
films grown in  phosphoric acid solutions. The effect of phosphate ions in-  
corporation on the breakdown voltage is also discussed. The hypothesis of 
growth in presence of high space charge is carefully considered. 

Although numerous  exper imental  works (1) have 
been carried out o n  the anodic behavior  of tungsten  
in  aqueous solutions, only a f ew papers have been 
concerned with the kinetics of growth of anodic oxide 
films on tungsten  in different acids. Apart  from the 
works of Giintherschulze and Betz (2) and Boosz (3) 
on the va lve-meta l  behavior of tungsten, the first ex- 
tensive study on the kinetics was performed by Pi t -  
man  and Hamby (4) in  a wide cur ren t -dens i ty  range 
(C.D.) bu t  only in  0.1N H2SO4 solutions at 25~ In 
this study the steady-state  relationship 

= A exp BE [1] 

was verified in the C.D. range 0.037-8.6 mA �9 cm -2. In 
this range the B value was (5.22 _ 0.08) X 10 -6 cm 
V -1. A film formation current  efficiency of 100% was 
reported above 2 mA �9 cm -2 and a lower efficiency was 
found below this C.D. value. 

The relationship [1] between the C.D., i, and the 
electric anodizing field E was confirmed by Vas'ko 
et al. (5, 6) in  a wide range of temperatures  (1.5 ~ 
175~C), again in 0.1N H2SO4. The B value 3.32 �9 10-~ 
V .  cm -1 at 25~ reported by these authors differs 
significantly from that  found by P i tman  and Hamby. 

Ammar  and Salim (7) have investigated extensively 
the growth kinetics of anodic films on tungsten  in  1N 
solutions of five different acids in  a range of C.D.'s 
below 1 mA �9 cm -2. Also these authors confirmed the 
val idi ty of Eq. [1], but  they reported electric field 
intensit ies and B values which are not  in agreement  
with either the previous ones or the theoretically esti- 
mated activation distances. 

Recently, Arora and Kel ly  (8) claimed the valve-  
metal  behavior  of tungs ten  also in an acetic acid-based 
solution containing 1.0M addit ional  water. Only Ord 
et al. (9, 10) reported a nonl inear i ty  in  the plot of in i 
vs. E in the C.D. range 20-200 ~A �9 cm -2 both in 0.1M 
tt2SO4 and in  an acetic acid-based electrolyte which 
was 2.0M in water. This result  was obtained by the 
analysis of open-circui t  t ransients  by assuming that 
the logs of the C.D. were l inear ly  dependent  o n  the 
effective electric field (the lat ter  was defined as the 
product  of the applied field and the dielectric constant 
of the film). The nonl inear i ty  was at t r ibuted to the 
dependence of the dielectric constant of the film on the 
applied electric field. 

As for the na ture  of the mobile ionic species, men-  
t ion should be made of the work of Davies et al. (11) 
who reported the t ransport  n u m b e r  of cation was in  
the range 0.30-0.37, by anodizing tungsten  in 0.4M 
KNO3 + 0.04M HNO8 and in  the C.D. range 0.1-1 
mA �9 cm -2 at 25~ 

Key words: passivity, reflectance, semiconductor, electrode, di- 
electrics. 

As for the composition and morphology of the 
anodic oxide films on tungsten,  all authors agree that  
in  the first instants  of anodization there occurs the for- 
mat ion of an amorphous barr ier  film whose composi- 
t ion is main ly  WO~. To explain the optical behavior  of 
the anodic films, Sarakinos and Spyridelis (12) sug- 
gested the formation of a duplex structure involving 
sulfate ion incorporation, but  this claim was not  con- 
firmed by O r de t  al. (10). 

In  the present  work, the influence of different anions 
on the kinetics of growth of anodic barr ier  films on 
tungsten  in acid solutions was investigated in a wide 
range of C.D.'s and at room temperature.  

Experimental 
Pre l iminary  experiments  w e r e  performed on d i f f e r -  

ent electrodes in order to check the reproducibi l i ty  of 
the exper imental  data. Tungsten  foils and rods sealed 
either directly to glass or to Teflon cylinders with 
epoxy resins were extensively studied. The best re-  
producibil i ty was obtained using rods sealed to Teflon 
hollow cylinders with an insulat ing mixture  of epoxy 
resins and 1 #m ceramic grains. In  the other cases, 
boundary  effects, due to the electrode edges or to a 
thermal ly  grown oxide, shortened the l inear  region of 
the charging curves (see below). All exper imental  re-  
sults reported below concern electrodes obtained from 
spectrographically pure tungsten  rods 4 mm diam 
sealed to Teflon cylinders. The ohmic contact was en-  
sured by a silver paste sealed to the back side of the 
electrode. 

After  each measurement  at high voltages (80-140V) 
the electrode surface was freshly prepared by a me-  
chanical polishing with abrasive papers and diamond 
pastes unt i l  0.1 ~m. Afterwards,  the electrode was 
ul t rasonical ly cleaned and then anodized several times 
in  2h/I I-INO~ unt i l  about  30V; this voltage was much 
less than the breakdown voltage. The oxide film was 
removed in  15% (w/v)  NaOH, and the bare surface 
was r insed  with distilled water  and dried in  a ni t ro-  
ge n stream. At the end of this treatment,  a mir ror - l ike  
surface was obtained which showed even interference 
colors after anodization. 

The galvanostatic measurements  were performed 
using a Keithley Model 227 constant current  generator. 
The cell voltage was monitored wi th  a Keithley Model 
610C electrometer and recorded on an Amel Model 
862/A x, y, t recorder. A Simpson Model 360 digital 
mul t imeter  was used in  some experiments  at high 
C.D.'s when voltage values higher than IISV were 

reached .  
The reflectance measurements  were carried out using 

a monochromatic light beam obtained by filtering the  
light from a Bausch & Lomb 150W xenol~ arc lamp 
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through  a h igh  in tens i ty  Bausch & Lomb Model  5 UV- 
Vis monochromator .  The in tens i ty  of the  reflected l ight  
was measured  by  an RCA Model  5819 pho tomul t ip l i e r  
tube. Both the cell  vol tage  and the ou tput  cur ren t  
f rom the pho tomul t ip l i e r  were  recorded,  respect ively,  
on the x and y axes of the  recorder .  

The capaci tance of the  m e t a l / o x i d e / e l e c t r o l y t e  sys-  
tem was measured  by  moni tor ing  the 90 ~ ou t -o f -phase  
component  of the a.c. w i th  a PAR Model  128 A lock-  
in amplifier.  The lock- in  was equipped  wi th  an in-  
t e rna l  osci l la tor  which drove both  an AMEL Model  
567 funct ion genera to r  and an AMEL Model  552 po-  
tentiostat .  The a.c. was obta ined by super imposing  a 
20 mV p e a k - t o - p e a k  a -c  vol tage  on the  anodic t r i -  
angle  wave fo rm which  modu la t ed  the work ing  elec-  
trode. The f requency  of the  a-c  vol tage was 158 Hz 
and the sweep of the t r iangle  wave fo rm was 20 
mV. sec - i. 

A l l  the  capaci tance measurements  were  pe r fo rmed  
in 1N H2SO4 solutions, the countere lec t rode  was a 10 
cm 2 P t  foil  and the reference  e lec t rode  was Hg/Hg2SO4 
(1N H2SO4). The e lect rode surface was 0.1256 cm 2 and 
the  C.D. was ca lcula ted  on the basis of the apparen t  
area.  

The anodizat ions were  car r ied  out in 0.01N solu- 
tions of H3PO4, H2SO4, HNO3, HC104 in the C.D. range  
0.2-16 m A . c m  -2. Solut ions were  p repa red  f rom dis-  
t i l led wa te r  and ana ly t ica l  grade  reagents.  Al l  exper i -  
ments  were  car r ied  out  a t  25 ~ __+ I~ 

Results and Discussion 
Galvanostatic measurements.--As r epor ted  in other  

works  (7, 12, 13) the  shape of the vol tage  vs. t ime plots 
at constant  Current (charging curves)  shows a l inear  
r ise  unt i l  a vol tage  va lue  is reached at  which an in-  
flection appears .  This inflection poin t  is p receded  or  
followed, depending on the C.D. and the e lec t ro ly te  
composit ion,  by  the occurrence of osci l lat ions in  the 
cell  voltage. 

The inflection point  and the final quasi  s t eady-s t a t e  
va lue  of the  vol tage  can be ve ry  different  if the anodi -  
zat ion is pe r fo rmed  at  equal  C.D. bu t  in different  acid 
solutions. This aspect  is more  not iceable  at  the  h igher  
than  at  the lower  C.D.'s where  i t  is a lways  present .  
A t  a C.D. of 8 m A - c m  -2, the vol tage  va lue  at  the in-  
flection point  is about  135-140V in 0.01N H~PO4, whi le  
i t  decreases to about  90-95V in 0.01N HC104, H N Q ,  
and H2SO4 solutions. Voltage values  found in HClO4 
are  lower  than those in H2SO4 and HNO~. 

I t  is no tewor thy  to ment ion  tha t  in 1N H3PO4 solu- 
tions, whose res is t iv i ty  (14) is p rac t i ca l ly  coincident  
wi th  tha t  of the 0.01N H2SO4 or HNO3 solutions em-  
p loyed in our  exper iments ,  the  inflection po in t  in the 
charging curves  also appears  at  a vol tage  va lue  of 
about  120-125V. Different  behavior  of tungsten in 
HaPO4 was also found for long t imes of anodizat ion 
bu t  this aspect  has been wide ly  discussed in  ano ther  
work  (13). 

In  al l  solut ions only  a s l ight  influence of the  surface 
finishing on the b r e a k d o w n  vol tage was found. For  a 
film growing a t  constant  current ,  the  fol lowing rela- 
t ion (15) can be wr i t t en  

dV dV dD {ionM 
: ~ ' - - :  E d ~  [2] 

dt dD dt zFp 

where  Ed is the dif ferent ia l  field s t r eng th  which  cor-  
responds  to the  app l ied  C.D., /ion is the  ionic C.D., M 
the oxide molecu la r  weight ,  D the thickness,  p the  
dens i ty  of the  film, and the  remain ing  symbols  have 
the i r  usual  meanings.  

Equat ion [2] shows that,  by  assuming a un i t a ry  film 
fo rmat ion  cu r ren t  efficiency, i t  is possible  to ob ta in  
the anodizing electr ic  field f rom the slope of the 
charging curves.  According  to P i tman  and H a m b y  
(4) a good ag reemen t  be tween  the E values  ob ta ined  
f rom this method  and f rom opt ical  measurements  
(see below) is found only  for  i ~ 2 m A . c m  -2. L e a k -  
age currents and dissolution processes, which  reduce  

the cur ren t  efficiency in an unpred ic tab le  way,  are 
responsible  for the scanty  ag reemen t  of da ta  obta ined  
f rom two methods  in the  exper iments  pe r fo rmed  at  
low C.D. ( ~  2 m A . c m - 2 ) .  This source of e r ror  can 
signif icant ly affect the electr ic  field values  obta ined  
by  using Eq. [2] and  the B values  in Eq. [1] (7). 

As for the  exper iments  pe r fo rmed  in H3PO4, i t  is 
no tewor thy  to ment ion  some grav imet r i c  informat ion  
obta ined in 0.01 and 1N solutions. In  exper iments  at  
high C.D. (8 m A . c m - 2 ) ,  so tha t  the s tay of the elec-  
t rode in solut ion was shor t  enough, the g rowth  of the 
film was s topped in the l inear  region of the charging 
curves. The oxide covered e lect rode (in this case a 
tungs ten  foil) was weighed  before  and a f te r  the  ox-  
ide dissolution in NaOH solution. The rat io  be tween  
the weight  of oxide removed  and the weight  of WO8 
es t imated  f rom the me ta l  loss was l a rge r  than  un i ty  
(1.05) for films formed in O.01N HsPO4 and less than  
un i ty  (0.97) for films formed in 1N solutions. The 
former  rat io is in ag reemen t  wi th  the hypothesis  of 
phosphate  ions incorpora t ion  (see also Capaci tance 
Measurements )  in the  anodic films, the  l a t t e r  seems 
to indicate  a s t rong dissolving act ion of H~PO4 when  
it  is p resen t  in high concentra t ion (13). 

InterSerometric measurements.--Due to the  var iab le  
efficiency of film fo rmat ion  current ,  whose influence is 
not iceable  in the lower  C.D. range,  an in te r fe romet r ic  
method was p r e f e r r ed  for de te rmin ing  the film th ick-  
ness and the anodizing electr ic  field in the  ga lvano-  
stat ic measurements .  

F igure  1 repor ts  typica l  in te r fe rence  pa t te rns  of the  
l ight  reflected dur ing  the g rowth  of oxide  films on 
tungsten at  low (0.2 m_A.cm -2) and high (8 m A . c m  2) 
cur ren t  densi ty  in 0.01 HsPO4 solutions. 

The thickness of the film can be obta ined  f rom the 
re la t ionship  (16) 

~ D  - -  [ 3 ]  
2 ( n l  ~ - -  s in  2 r  ' / '  

where  ~D is the  change in  film thickness,  D cor re -  
sponding to two ad jacen t  m a x i m a  or min ima  in the 
in ter ference  pat terns ,  nl  is the  re f rac t ive  index  of the  
layer ,  ~ is the vacuum wavelength ,  and  r the  angle  
of incidence of the l ight.  The film thickness  can be 
de te rmined  by  this method  if  the  value  of the r e -  
f ract ive  index nl is k n o w n  at  the  l ight  wave leng th  
employed.  

r 

J ~  
I .  

e- 
El) 

2 0  4 0  6 0  8 0  1 0 0  1 2 0  V E / V  

Fig. 1. Interference patterns of the light reflected during the 
growth of films in 0 .0 ]N H3P04 solutions. Curve a: i = 0.2 
mA �9 c m - 2 ;  curve b: i - -  8 mA �9 cm - 2 .  (~. = 6000A,  sin 2 Po - -  
0.155). 
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The choice of the l ight wavelength was made so 
that  the light absorption wi thin  the film was min i -  
mized and the number  of min ima  and maxima in the 
interference pa t t e rn  were maximized in  the range of 
accessible thicknesses before the breakdown. Both 
conditions were reasonably fulfilled using mono-  
chromatic light at ~ : 6000A (~v ~ Eg ~_ 3.1 eV). 

The nl  value was calculated by means of Eq. [3], 
using the value reported by Ord et al. (9, 10) for 
films formed in 0.2N H2SO4 at i ---- 0.2 mA.cm -2 and 
relative to a wavelength of 6328A. In  fact, assuming 
a negligible l ight absorption in  the film, from the 
interference pat terns obtained in  two separate series 
of experiments  at the same C.D. in 0.2N H2SO4 at 
6000 and 6328A, respectively, it is possible to write 

( ~D '~Mm ~1 

/Max = A = 4~V1 (nle -- sin e r ~ 

[3a] 
-- 4hV2 (n22 - sin ~ r ~2 

The first member  of Eq. [3a] is a quant i ty  experi-  
menta l ly  accessible and represents the anodizing ratio 
A which is not dependent  on the l ight wavelength.  
hV1 and hV2 represent  the measurable  voltage drops 
in  the interference pat terns when the light in tens i ty  
goes from a min imum to a maximum. The reasonable 
assumption was made that  Eq. [2] still remains  valid 
after the subst i tut ion of ~/2 with X/4. 

Assuming, according to Ord et al. (9, 10), an n~ 
value equal to 2.145 at ~ _-- 6328A, a value of 2.162 is 
obtained for nl  at ~ ---- 6000A. This last nl  value was 
assumed constant  in all tested solutions and C.D.'s. To 
neglect the possible var iat ion of nl  with the anodizing 
field (91 10), gives an error  less than 0.5% in the 
measured thickness. 

As Fig. 1 shows, in the measurements  performed in  
0.01N H3PO4, in all  the C.D. range investigated it was 
possible to detect a second m i n i m u m  in the in ter fer -  
ence pat terns before the breakdown phenomenon oc- 
curred. In  the other solutions, it was impossible to 
obtain a second min imum before the film breakdown, 
and the electric field was obtained measur ing both 
the change in the film thickness ~D corresponding to 
the adjacent  m in imum and maximum, and the rela-  
tive voltage drop. This assumption is supported by 
the experimental  interference pat terns in H3PO4 (see 
Fig. 1) which show a voltage drop between two 
minima almost exactly the double of the m i n i m u m -  
max imum voltage drop. 

Figure 1 also shows that  at the lower C.D. a de- 
crease of the light intensi ty  is observed in the first 
instants  of anodization at a near ly  constant  cell 
voltage. This is in  good agreement  with the results 
reported by Ord et al. (9) and can be a t t r ibuted to 
an ini t ia l  is landiike growth of the film. When ai1 the 
metal  surface is covered by the oxide, the typical 
va lve-meta l  behavior  begins. 

Figures 2 and 3 report the plots of the average 
anodizing electric field against  the logari thm of the 
corresponding C.D., in the various solutions. A l inear  
relationship between log i and E can be observed in 
the C.D. range 0.2-16 mA-cm -2. 

The electric field was obtained, as previously re-  
ported, by E ---- ~V/~D. The accuracy in the measured 
electric field was estimated to be better  than 2%. 
The agreement  with the E values obtained from the 
charging curves was wi thin  this value for i ---- 2 
mA.cm-~.  

In  all solutions, the electric field values measured 
at i ---- 0.2 mA-cm -2 do not  fall on the straight l ine 
bu t  are lower. This is indicative of a t rue decrease in  
the film formation current  efficiency as previously 
discussed. The values of the slopes of the In i vs. E 
lines are reported in Table I. A little var iat ion in the 
B values is found in  the different solutions. 

Capacitance measurements.~Capacitance measure-  
ments  of anodic films grown at  different thicknesses 

l o '  
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lO o 

5.1 5 . 3  5 . 5  5 . 7  5 . 9  

E / V "  c nil x 10  6 

Fig. 2. Dependence of log i on electric field E. �9 0.01N H2SO~; 
�9 0.01N HNO~. 
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Fig. 3. Dependence of log i on electric field E. �9 0.01N H3PO4; 
�9 0 .0 ]N  HCIO4. 

and C.D.'s were carried out in  order  both to obta in  
more informat ion on the ion t ransport  controll ing 
process and to detect eventual  anion incorporation. The 
capacitance measurements  were performed soon after 
the in ter rupt ion  of the growth of the films which 
were obtained by anodization at constant  cur ren t  un -  
til the voltage reached a prefixed VF value. In  this 
way the measured reciprocal capacitance w a s  related 
to the final voltage and then both to the film thick- 
ness and the anodizing electric field. In  Fig. 4 the 
electrode capacitance C is plotted vs. the electrode 
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Table I. B values obtained from the slopes of Fig. 3 and 4 

E l e c t r o l y t e  B 
( 0.01iN ) ( V �9 em -~ ) 

I ' I ~ 0 ,  4.90 x 10-~ 
H N O s  5.17 x 10 -6 
H C 1 0 ~  5.00 x 10 -e 
H ~ S O ,  4 .90 x 10 -4 

potent ial  for two specimens anodized unt i l  different 
final voltages VF. In  the capacitance measurements  
the m a x i m u m  value of anodic potential  VE was 3 
for VF values up to 40V, and 5 for VF values higher 
than  50V. 

Figures 5 and 6 show the plots of the final voltage 
v a l u e s  V F against  the reciprocal value of the oxide 
film capacitance at  two different C.D.'s. The ca- 
pacitance values of Fig. 5 and 6 were obtained taking 
into account the fact that  for Iarge anodic polariza- 
t i o n - w h e r e  the space charge layer  equals the thick- 
n e s s - t h e  capacity of an n - type  semiconductor film 
with a wide bandgap becomes constant, being a mea-  
sure both of the thickness and of the dielectric con- 
s tant  (17). 

The measured capacitance is given by the relat ion 

1 1 1 1 
- -  - -  + ----- [4 ]  
c Cox CH - CL 

where Cox and CH are, respectively, the oxide and the 
Helmholtz double layer capacitances. Since usually 
CH ~ >  Cox, the measured capacitance corresponds 
practical ly to the oxide f i lm capacitance. In Fig. 5 and 
6, corrected capacitance values were used for the thin- 
nest films by using a 20 #F.cm -~ value for CH. 

The excellent l inear i ty  in the plots of VF Vs. 1/Cox, 
found in al l  solutions and C.D. range seems in agree- 
ment wi th  the hypothesis of kinetic control at one of 
the two metal/oxide or oxide/electrolyte interfaces 
( 1 8 ) .  

A noticeable difference was found in the slopes of 
the l ines in  Fig. 5 and 6 for electrodes anodized in 
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Fig. 4. Electrode capacitance C vs. electrode potential VE for 
electrodes anodized at i = 8 mA" cm - 2  in 0.01N H~PO4 until 
different final cell voltages, VF. Curve a: VF = 32V; curve b: 
VF = 1 0 W .  
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Fig. 5. Final cell voltage VF vs. reciprocal value of oxide film 
capacitance I /Cox for electrodes anodized at i = 8 m A .  cm - 2  
in different solutions. �9 0.01N H3PO4; �9 0.01N HNO3. 
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Fig. 6. Final cell voltage VF vS. reciprocal value of oxide film 
capacitance 1/Cox for electrodes anodized at i = 0.4 mA" cm - 2  
in different solutions. �9 0 .0 IN  HsPO;; �9 0.01N H2504. 

I-I3PO4 or in  the different solutions. In  all C.D. ranges, 
a lower value of the slopes of the lines relat ive to 
the measurements  in  I-~PO4 was found. Higher, near ly  
equal, values of the slopes were obtained for the re-  
main ing  acids (see Table II) .  

This result  can be explained recall ing that  

= eox,oE [51 
(1/Cox) l,~' 

where E is the anodizing field at the chosen C.D., cox 
and eo are, respectively, the oxide and vacuum dielec- 
tric constants and assuming a decrease in  the di- 

Table II. Dielectric constant values for WO3 oxide films obtained 
in different solutions and C.D.'s. The cox values were determined 

by using Eq. 5. 

8V~ 

l~,lee- 8 ( 1 /Co=)  l 
t r o l y t e  E (/~C �9 (mA �9 
( 0 , 0 1 N )  co= ( V  �9 c m  -1 ) c m - ~ )  c m  -2) 

I"L,PO4 44.3 5.87 x 10 e 23.0 8.0 
44.0 5.28 x 10 e 20.5 0.4 

HC10~ 52.6 5.90 • 106 27.5 8.0 
55.4 5.30 • 10" 26.0 0 .4  

HsSO4 55.0 5.83 • 10 e 28.4 8.0 
54.0 5.23 • 10 e 25 .0  0 .4  

H N O 8  52.0  5.89 • 106 27.0  8.0 
54.0 5.33 x 10 ~ 2.5.5 0 .4  
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electr ic  constant  of the films obta ined in HsPO4. In fact, 
as shown by Table lI,  the E values  obta ined  I rom 
in te r fe romet r ic  measurements  are  p rac t i ca l ly  equal  
in  al l  acid solut ions at  the  same C.D. Table  I i  also 
repor ts  the dielectr ic  constant  values  of oxide films 
grown in different  solut ions and at  different  C.D.'s. 
The eox values  were  ca lcula ted  by  Eq. [5] using the 
exper imenta l  values  of the  electr ic  fields and of the 
slopes of the VF VS. 1/Cox lines. 

Average  die lect r ic  constant  values  of 43.5 and 54 
were  obta ined for WOs anodic films fo rmed  respec-  
t ive ly  in  H~PO4 or  in  the  different  acid solutions. 
Both these cox values  a re  in good agreement  wi th  the 
l i t e ra tu re  da ta  (4, 9); they  should be compared  to the  
s tat ic  and zero electr ic  field cox values.  

F u r t h e r  in teres t ing  informat ion  was obta ined from 
a deta i led  analysis  of the capaci tance measurements  
at  low anodic potent ia ls  (19). They  concern: (i) the 
not iceable  influence of the thickness on the donor  
concentra t ion /VD in the films. A decrease  in ND was 
revea led  wi th  increas ing thickness.  A s imi lar  resul t  
was repor ted  by  Heusler  et al. (20, 21) for Nb205 anodic 
films; (ii) the exis tence of a region near  the  o x i d e /  
e lec t ro ly te  in terface  wi th  constant  donor concent ra-  
tion. In  this region, whose thickness is about  60% of 
the  to ta l  film thickness,  the /VD value  m a y  be re la ted  
to D by  the re la t ion  ND cc d -n ,  wi th  n --  1.8 _+ 0.2 
(19, 20). A h igher  donor  concentra t ion in the ne igh-  
bor ing m e t a l / o x i d e  in ter face  (22) could cause the 
decreasing slopes measured  in the 1/C 2 vs. VE curves 
wi th  increas ing e lect rode potent ia l ;  (iii) the  absence 
of any  influence of the  inves t iga ted  e lec t ro ly te  com- 
positions on the above-men t ioned  proper t ies .  

Conclusions 
On the basis of the  expe r imen ta l  results,  i t  is pos-  

s ible to d r aw  some conclusions on the kinet ics  of 
g rowth  of amorphous  ba r r i e r  films on tungs ten  in 
weak ly  acid solutions of different  anions. 

The most impor t an t  resul t  concerns the  absence of 
cu rva tu re  in the  plots of In i agains t  E in the  C.D. 
range  0.2-16 m A . c m  -2. The d i sagreement  wi th  the  
resul ts  repor ted  by  O r d e t  al. (10) could be a t t r ibu ted  
to a b r eakdown  of Ord 's  anodic oxida t ion  model  in 
the  range  of inves t iga ted  C.D.'s as wel l  as to the  fact 
that  expe r imen ta l  in format ion  obta ined  by  different  
measur ing  techniques cannot  be in te rp re ted  by  the 
same mathemat ica l  re la t ionship  (23). 

Moreover,  in  the  anodic  oxidat ion  of tungs ten  spe-  
cial  a t ten t ion  must  be pa id  to the side paras i t ic  reac-  
tions which  reduce the film format ion  cur ren t  effi- 
c iency especia l ly  at  the lowest  C.D.'s. 

As for  the  influence of the anions, they  are  ve ry  
significant in de te rmin ing  both the b r eakdown  vol t -  
age in  the different  solutions and the dielectr ic  con- 
s tan t  of the  anodic oxide  films. The lower  values  of 
the  die lect r ic  constant  measured  for films grown in 
H~PO4, could be a t t r i bu ted  to the  incorpora t ion  of 
phosphate  ions in the films as repor ted  for o ther  
va lve -me ta l s  (24, 25). 

Different  b r eakdown  mechanisms can exp la in  the  
different  b r e a k d o w n  vol tage  values,  which in H2SO4, 
HC104, and  HNO~ are  lower  than  in  HsPO4 (13). In  
fact, in the  fo rmer  solut ions a mechanica l  b r eakdown  
due to ve ry  high in te rna l  stresses (a ve ry  high P i l l ing-  
Bedwor th  rat io  of 3.34 is found for WOs films) p r o b -  
ab ly  occurs dur ing  the anodizat ion process (26). 
Otherwise,  the  incorpora t ion  of phosphate  ions could 
decrease the  in te rna l  stresses (27, 28) favor ing  the 
achievement  of h igher  thicknesses of the  ba r r i e r  fi lm 
and the occurrence  of an  e lec t r ica l  b r e a k d o w n  (29, 
30). 

As ment ioned  above, an  in ter fac ia l  ba r r i e r  kinet ic  
control  can be invoked  on the basis of the  VF VS. 1/Cox 
curves.  However ,  i t  is no tewor thy  to ment ion  tha t  
an  a l t e rna t ive  model  of g rowth  wi th  kinet ic  control  
wi th in  the  anodic film cannot  be d iscarded a priori. 
In  fact, if i t  is assumed according to the F romhold  
theory  (31, 32) tha t  the  format ion  of  the  anodic oxide  

films on tungsten occurs under  very  la rge  electr ic  
fields and in tae  presence of high space charge, a ve ry  
good l inea r i ty  can be found in the VF VS. D (i.e., 1/Cox) 
curves by assuming a space charge screening p a r a m -  
e ter  of about  10A. This assumpt ion  could resu l t  in  a 
defect  concentra t ion of about  10Z9.cm -~ at  the in -  
ject ing interface.  

Moreover,  if the donors in WOs anodic films are  
identif ied wi th  the in jec ted  defects which  are  frozen 
in when the film growth  is s topped,  two fu r the r  con- 
s iderat ions could suppor t  the  F romhold  model :  (i)  
first is the  agreement  be tween  the defect  concentra t ion  
ment ioned above and t h e  donor concentra t ion value  
found by  ex t rapo la t ing  the ND cr d - n  re la t ionship  
(19) at  1V thickness;  (ii) the  second is the qua l i ta t ive  
agreement  found be tween  the defect  concentra t ion 
profile foreseen by  the model  and the donor d i s t r ibu-  
t ion ment ioned above (see Capaci tance Resul ts ) .  In  
this f rame the kinet ics  of g rowth  of anodic WOs 
amorphous  films would  be control led  by  the t rans-  
por t  wi th in  the anodic film of the  oxygen  vacancies 
in jec ted  at  the m e t a l / o x i d e  interface.  The nea r ly  
equal  B values  could suppor t  this mechanism.  

It is no tewor thy  tha t  a constant  electr ic  field wi th  
increasing thickness as revea led  by  the in te r fe ro -  
met r ic  measurements  is pa r t i a l l y  conflicting wi th  the  
above - r epo r t ed  model  (32). 
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ABSTRACT 

F i v e  different compositions of mixed acidic PdCl2/SnCl2 catalysts for elec- 
troless plating were investigated mainly by electrochemical and x - r ay  photo- 
electron spectroscopy measurements, and also by ultraviolet  and visible photo- 
spectroscopy, transmission electron microscopy, and Auger electron spectros- 
copy. I t  is shown that the potential sweep technique using a catalyzed gold 
e l e c t r o d e  in 1M HC1 yields voltammograms which depend upon the catalyst 
activity, and that  this technique is applicable for simple diagnosis of the ac- 
t ivity of mixed PdC12/SnCla catalyst systems. It was found by transmission 
electron microscopy that large colloidal particles are required for high catalytic 
activities. X- ray  photoelectron spectroscopy showed that these colloidal par t i -  
cles consist of a system in which Pd and Sn atoms have an interaction such as 
in Pd-Sn intermediates or alloys. The ratio of Pd /Sn  after acceleration is not 
constant but depends on the catalyst activity. The accelerator (1M NH4BF4 or 
1:1 HC1) not only removes Sn(IV) ions from the substrate but also causes co- 
agulation of small particles adsorbed on the substrate, and these actions result 
in a drastic increase in the activity of low activity catalysts. 

The mixed PdC12/SnC12 solution containing hydro-  
chloric acid is most commonly used in electroless plat-  
ing to make metallic or nonmetallic substrate surfaces 
catalytically active to initiate the metal  deposition. 
A two-step immersion procedure consisting of sen- 
sitization (SnC12 solution) and activation (PdC12 solu- 
tion) was used for many years in the past, while a 
significant development has been achieved more re-  
cently by a single-step mixed PdC12/SnC12 catalyst 
system, which was first described by Shipley (1). 
He claims that the catalyst solution contains colloidal 
particles, and D'Ottavio (2) mentions the presence of 
uniform stable colloidal particles in the mixed catalyst 
system which gives active sites on substrates. On the 
contrary, other investigators in patents claim that the 
activity results from Pd-Sn solute complexes and not 
from the colloidal particles (3, 4). 

Two groups of investigators have reported on the 
same catalyst systems as those described in the patent 
l i terature cited above. Rantell and Holtzman (5) con- 
cluded that the activity of the mixed catalysts is not 

* Electrochemical Society Active Member. 
Key words: electroless plating, mixed PdCI2/SnC12 catalyst, XPS 

measurement.  

due to a colloid but to a SnPdTCl16-type solute com- 
plex. de Minjer and Boom (6) showed that the a c -  
t i v i t y  results from a Pd-Sn  complex containing one 
Pd atom per two Sn atoms. Feldstein et al. (7) also 
reported that the complex of PdaSn gives the most 
active sites on substrate surfaces. Joisson and Devand 
(8) discussed the same PdsSn complex formation by 
precipitation in acidic P d ( I I ) / S n ( I I )  complex solu- 
tions. 

Contrary to the above proposals involving solute or 
deposited complexes, Cohen et al. (9a, b) concluded 
by ultracentrifugation, electron microscopy, and MSss- 
bauer spectroscopy that the mixed acidic catalyst 
systems are colloidal and that the metal deposition is 
initiated by the formation of a Pd-Sn alloy core with 
a stabilizing layer of adsorbed Sn(II )  ions. Cohen and 
Meek (9b) reported the ratio of Pd /Sn  ~ 6 for the 
Pd-Sn alloy core and discussed this result in com- 
parison with other conflicting results. Nagai et el. (10) 
also concluded that the active sites are in the colloidal 
state. Finally, Matijevid et al. (11) investigated the 
various catalysts commercially available and a l s o  
prepared in their laboratory, and concluded that the 
catalytic activity is exhibited only by the colloidal 
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b o t t o m  l a y e r  obta ined by  separa t ion  using prolonged 
u l t racen t r i fuga t ion  and not  by  the superna tan t  l iquid. 

In  the  case of select ive eIectroless p la t ing  using 
u l t rav io le t  i r radia t ion,  D 'Amico et al. (12) found that  
the  meta l  deposi t ion does not ini t ia te  when S n ( I I )  
species is photo-oxid ized  by  exposure  to u l t rav io le t  
l ight  in air. Fur the rmore ,  Baylis  et al. (13) repor ted  
that  the copper  p la t ing  does not in i t ia te  wi thout  u l t r a -  
violet  i r r ad ia t ion  when a S n ( I V )  s ens i t i ze r -Pd ( I I )  
ac t iva tor  is used. Ke l ly  and Vondel ing (I4) also de-  
scr ibed the nucleat ion of Pd on photosensi t ive  TiO2 
by u l t rav io le t  i r radia t ion.  Hami l ton  and Logel  (15) 
concluded by  using evapora ted  Pd that  large  Pd pa r -  
ticles (4 ,~ 20 atoms)  are  r equ i red  to in i t ia te  e lec t ro-  
less nickel  deposition. Thus, for the two-s tep  im-  
mers ion  procedure,  i t  can be concluded tha t  P d ( O )  
nuclei  on subs t ra te  surfaces a re  the  ca ta ly t i ca l ly  act ive 
sites which ini t ia te  electroless plat ing.  In  the case of a 
s ingle-s tep p rocedure  using mixed  PdC12/SnCI2 ca ta-  
lyst  solution, the  active sites consisting of P d - S n  
alloy, Pd~Sn, or  PdSn2 on subs t ra te  surfaces have been 
suggested by  Cohen et al. (9a, b) ,  Fe lds te in  et al. (7) 
and de Minje r  et  al. (6). 

The o ther  impor tan t  p rocess  in the  s ingle-s tep  p ro -  
cedure using mixed  PdC12/SnCI2 ca ta lys t  is the ac-  
celerat ion which enhances the ac t iv i ty  of the mixed  
PdC12/SnC12 catalyst .  Typica l  accelerators  repor ted  
are  ammonium fluoborate, ammonium bifluoride, fluo- 
boric  acid, hydrochlor ic  acid, sulfuric  acid, or  sodium 
hyd rox ide  (5c, 9c). 

In  this  communicat ion,  we wil l  inves t iga te  the  mixed  
acidic cata lys ts  and  also the  accelera tor  effects for  the  
s ingle-s tep  p rocedure  using the mixed  PdC1jSnC12 
ca ta lys t  ma in ly  by  means  of e lect rochemical  methods. 
We wil l  also descr ibe an e lec t rochemical  method  of 
diagnosing the surface ac t iv i ty  and the resul ts  of our  
a t t empt  to find the form of ca ta ly t i ca l ly  act ive pa l l a -  
d ium using x - r a y  photoelect ron spectroscopy. 

Experimental 
Preparation of catalysts.--Typical samples, inc lud-  

ing a commercia l  one, of mixed  acidic PdC1JSnCI2 
cata lys ts  were  chosen and p repa red  by  re fe r r ing  to the  
pa tents  (1-4) and Mati jevid 's  exper iments  (11). S a m -  
ple  "E" (Hitachi  Kasei  Company,  HS-101B) was used 
as a typica l  commercia l  sample. P repa ra t ion  proce-  
dures  and composit ions of these catalysts  are shown 
in Table  I. Al l  solutions were  p repa red  with  reagent  
g rade  chemicals  and doubly  dis t i l led water .  A f reshly  
p repa red  solut ion of s tannous chlor ide  was a lways  
used because s tannous chlor ide  is easi ly  oxidized by  
oxygen in air. Samples  "A" and "B" contained, r e -  
spectively,  la rge  and smal l  concentrat ions  of PdC12, 
sample  "C" was an improved  Ship ley  solut ion con- 
ta in ing Na~SnO3 which was added  as a s tabi l iz ing 
agent  for colloidal  par t ic les  (5b), and sample  "D" 
w a s  prepa red  by  a process which was an improved  

version of tha t  descr ibed in Zebl isky 's  pa ten t  (3a) .  
The sur fac tan t  such as C2Fn+ISO2Z (Z is a h y d r o -  
phi l ic  g roup) ,  which in the  Zebl i sky  pa ten t  (3b) is 
c la imed to improve  "wetness" of substrates,  was 
omit ted  in this prepara t ion .  

Functionalitu test Sor electroless plating.--The 
cata ly t ic  ac t iv i ty  of mixed  acidic PdC12/SnC12 ca ta-  
lysts  was tes ted using an electroless nickel  p la t ing  
ba th  wi th  the basic composit ion previous ly  given in 
Ref. (16) (NiC12" 6H20 29.4 g / l i ter ,  malonic  acid 20 
g/ l i ter ,  DMAB (d imethy lamine  borane)  3.54 g/ l i ter ,  
pH 9.5 ad jus ted  with  NH4OH, ba th  t empera tu re  TO~ 
Glassy epoxy  plast ic  boards  (Hitachi  Kasei  Company, 
J IS-G10)  and copper  wires  were  selected as the sub-  
s t ra te  to be plated.  The redox potent ia l  measuremen t  
for moni tor ing  the in i t ia t ion t ime of p la t ing  was pe r -  
fo rmed wi th  copper  wire.  The process of electroless 
p la t ing  consisted of these steps: (i) degrease  in 
ethanol,  (ii) r inse wi th  water ,  (iii) act ivate  in mixed  
acidic PdC12/SnC12 ca ta lys t  solut ion (3 min) ,  (iv) 
rinse wi th  wa te r  ( this step was omi t ted  when 1:1 HC11 
was used as acce le ra tor ) ,  (v) immerse  in acce lera tor  
solut ion (1M NH4BF4 or 1:1 HC1) (3 min) ,  (vi) r inse 
wi th  water ,  (vii) s ta r t  electroless plat ing.  

Electrochemical measurement.--A gold wire  or disk  
e lect rode was used as the test  electrode,  because gold 
does not have a ca ta ly t ic  ac t iv i ty  to ini t ia te  electroless 
p la t ing and also because  gold shows a wide  double  
l ayer  region in 1M HC1. The countere lec t rode  was a 
gold wire.  Al l  potent ia ls  were  measured  agains t  a 
sa tu ra ted  calomel  e lec t rode  or  a hydrogen  electrode,  
and they  are  r e fe r red  to as the sa tu ra ted  calomel  
e lectrode (SCE).  Potent ia l  sweep was appl ied  on the 
gold e lec t rode  af te r  immers ing  into the ac t iva tor  for 
1 rain and then into the accelera tor  for 15 sec. Mea-  
surements  were  pe r fo rmed  at  25~ 

Photospectroscopy (u.v. and v.l.), transmission elec- 
tron microscopy, Auger electron spectroscopy, and 
x-ray photoelectron spectroscopy.--Ultraviolet and 
vis ible  spect ra  of mixed  ca ta lys t  so lu t ions  were  mea -  
sured be tween  200 and 700 nm wi th  a Shimazu double  
beam UV-140 spectrophotometer .  Sample  solutions 
were  p repared  by  di lu t ing the catalysts  wi th  1M HC1 
or water .  Elect ron microscope measurements  were  
made using a JEOL JEM-7A ins t rument  wi th  100 kV 
elect ron source. Samples  for  t ransmiss ion e lect ron 
microscopy were  p repa red  by  immers ing  the copper  
grid coated with  collodion film into the ca ta lys t  a n d / o r  
accelera tor  solutions for 3 min. Auger  e lect ron spec-  
t roscopy was pe r fo rmed  wi th  an Ane lva  EMAS II in-  
s t rument ,  and electroless p la ted  Ni -P  sheets (p la ted  
by  the Sumer  method)  were  used as subs t ra tes  in-  
s tead of gold, since the character is t ic  peaks  of gold 
in te r fe re  wi th  the spect ra  due to surface mater ia ls .  

11:1 hydrochloric acid was prepared by diluting 37% HCI with 
the same volume of water.  

Table I. Compositions and preparation procedures of mixed PdCI~/SnCI2 catalyst solutions 

A B C D E 

37% HC1 
(60 ml) 

*- water  

<- PbCI~ 
(Ig)  

~- SnC12 2H20 
(22g) 

37% HC1 
(60 ml) 

~- water  

<- PbCl~ 
(0.25g) 

<- SnCI~ 2H~O 
( 12g ) 

~- adjust volume with *- adjust volume with 
water  to 10(~0 ml  water  to 1000 ml 

catalyst  catalyst 

37% HC1 
(300 ml) 

~- water  
(600 ml) 

~- PbCI~ 
( lg )  

~- Na2SnO3 
(1.5g) 

<- SnC12 2H~O 
(37.5g) 

c ~ a ~  

37% HCI 
(3G0 ml) 

*- water  
(600 ml) 

<- PbC12 
( lg )  

~- SnCI~ 2H~O 
(4g) 
overnight  

SnC12 2H20 
(46g) 

catalyst  

37% HCI 
(320 ml) 

water  
(620 ml) 

<-- HS101B* 
(60 ml) 

* Commercial  catalyst marketed by  Hitachi Kasel Company. 
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X - r a y  photoelect ron spectroscopy was car r ied  out  on 
a modified JASCO F~SCA I spec t romete r  (17). Samples  
for  XPS were  made  by  immers ing  copper  plates  into 
sample  solutions for ca. 3 min, dr ied  under  vacuum, 
and i r r ad ia t ed  wi th  A1 Ka x - r a y  wi th  energy of 1486.6 
eV. Solut ion samples  for  the  f r eeze -d ry  method  
(FDM) were  frozen wi th  Dry  Ice on copper  p la te  and  
dr ied  under  vacuum. 

Results and Discussion 
Functionality test  of catalysts for electroless nickel 

plating.uElectroless nickel  p la t ing  on glassy epoxy  
plast ic  boards  for  the funct ional i ty  test  of mixed  acidic 
PdC12/SnCI~ cata lys ts  was pe r fo rmed  for  3 min  a f te r  
p r e t r ea tmen t  processes which were  descr ibed  in the  
expe r imen ta l  section (1:1 HC1 was used as accelera tor  
in  this  case).  Al l  samples  showed ca ta ly t ic  activities,  
and  especia l ly  samples  "D" and"E" gave comple te ly  
un i fo rm nickel  films on glassy epoxy  plast ic  boards  
wi th in  the  3 rain p la t ing  t ime. Samples  "A", "B", and 
"C" gave  pa tched n ickel  films, and  among the  five 
samples  the  "C" ca ta lys t  gave the  wors t  nickel  film on 
glassy epoxy  plas t ic  board.  

In  o rde r  to inves t iga te  the  func t iona l i ty  of ca ta-  
lysts  more  precisely,  the  mixed  potent ia l  of copper  
wi re  in the  p la t ing  ba th  was measured  af te r  ac t iva t ion  
and af te r  acce lera t ion  (where  1M NH4BF4 was used as 
acce le ra tor  ins tead  of 1:1 HC1 in o rde r  to avoid  copper  
dissolut ion) .  T ime  dependence  of the mixed  potent ia l  
is demons t ra t ed  in Fig. l ( a )  and (b) .  F igure  l ( a )  
shows the  t ime dependence  of mixed  potent ia l  only  
wi th  ac t iva t ion  (wi thout  acce lera t ion) .  Since the  
mixed  poten t ia l  changes d ras t i ca l ly  at  the  t ime when  
a n ickel  l aye r  covers  the copper  subs t ra te  surface, the  
in i t ia t ion  t ime of electroless  p la t ing  af te r  copper  im-  
mers ion  can eas i ly  be  de te rmined  as shown in Fig. 1 (a) 

t , s  
o 2q 4 0  6 0  80  

" ' t '~  I 

0 
> 
I L l  

--0.6 

--0.8 

--1'01 0 

A 

t ,S 
2 4 6 

] i '  i 

- Q 8  

> 
=" - 0 . 9  

--1.0 

(al 

8 10 
i 

B D 

Fig. 1. Functionality test for electroless nickel plating. (a) Time 
dependence of mixed potentials after activation; (b) time depen- 
dence of mixed potentials after acceleration. 

(cf. the ar rows in the f igure).  This provides  the  basis 
for diagnosing the ca ta lys t  funct ional i ty .  The rec ipro-  
cal o rder  of the induct ion t ime corresponds to the 
order  of the  ca ta lys t  act iv i ty ;  E > D > C > B > A. 
The t ime dependence  of mixed  poten t ia l  af ter  ac-  
ce lera t ion  procedure  shown in Fig. 1 (b) demonst ra tes  
that  the  induct ion t imes are  g rea t ly  shor tened espe-  
c ia l ly  for samples  "A" and "B". Sample  "C" showed 
an except ional  behavior  or  a long induct ion t ime 
af te r  accelerat ion.  This can be exp la ined  by  the facts 
that  the solut ion color of sample  "C" was more  
greenish than  the o ther  ca ta lys t  solutions (cf. next  sec- 
t ion) and  tha t  the accelera t ion effect of removing  
S n ( I V )  ions f rom subs t ra tes  was less for  this  sample  
because of the presence of sodium s tannate  for s tabi l iz-  
ing S n ( I I )  ions. Since sample  "E", commercia l  HS-  
101B, shows the shortest  induct ion t ime and the most 
anodic potent ia l  a f te r  the in i t ia t ion of plating, this 
sample  is the most  act ive among the five catalysts.  
Among the samples  p r epa red  in our  labora tory ,  sample  
"D" which showed almost  the  same ca ta ly t ic  ac t iv i ty  
as sample  "E" in te rms of the  induct ion t ime and 
cata lys t  color, was the most  active. The resul ts  from 
the ac tual  p la t ing  on glassy epoxy  plast ic  board  shown 
above correspond to the  informat ion  obta ined  by  the 
redox potent ia l  measurements  shown in Fig. l ( b ) .  

Spectrophotometric measurement of mixed PdCl~/ 
SnCLz in hydrochloric acid soLution.--The solut ion of 
mixed  PdC12/SnCI~ in HC1 shows green color, which 
g radua l ly  changes to da rk  brown. A precip i ta t ion  
occurs a f te r  keeping  the da rk  b rown cata lys t  solution 
in air. 2 This prec ip i ta te  redissolves and finally yields  
a l ight  ye l low solution. Typical  absorpt ion  spect ra  of 
mixed  PdC12/SnC12 in 1M HC1 at  each s tage and those 
of PdC12 and SnC12 in HCI solutions a re  shown in 
Fig. 2. The P d ( I I )  ion gives absorpt ion  peaks  at  280 
and 475 nm, whi le  the  S n ( I I )  ion does not give cha r -  
acter is t ic  absorpt ion  peaks in the  u l t rav io le t  and 
vis ible  regions though the  ext inc t ion  coefficient of 
SnCI2 increases wi th  decrease  in wave leng th  in the 
u l t rav io le t  region. A typica l  sample  of green PdC12/ 
SnCI~ (molar  rat io  1: 10) mix tu re  has th ree  absorpt ion  
peaks  at  280, 330, and 420 rim. Since the  character is t ics  
of the  absorpt ion  spec t rum of green cata lys t  solution 
ne i ther  coincide wi th  tha t  of PdC12 nor SnC12, i t  in -  
dicates the fo rmat ion  of a soluble P d - S n  complex.  The 
absorpt ion  spec t rum taken  af ter  the color change f rom 
green to d a r k  b rown contains a somewhat  wavy  l inear  
por t ion  wi th  a high ext inc t ion  coefficient. In  this case 
the peak  at  280 nm due to P d ( I I )  ions was st i l l  ob-  
served. However ,  in the  ac tua l  samples  shown in Fig. 3, 
only  a pp rox ima te ly  s t ra ight  lines wi thout  the  peak  
at  280 nm were  observed.  This m a y  be due to the  
differences in P d ( I I ) / S n ( I I )  ra t io  and in aging of 
colloidal  solutions. According to Nagai  et al. (10), the  
first green in te rmedia te  complex is (Pd  (II)  Sn (II)  m- 
Cl~)n-  (where  m --  2 and 6) wi th  var ious  ra t ios  of 
P d ( I I ) / S n ( I I ) ,  and the  complex ions are  decomposed 
g radua l ly  by  the in te rmolecu la r  redox  react ion of 
P d ( I I )  wi th  S n ( I I )  to form free P d ( O )  and S n ( I V )  
and form the second da rk  b rown  in te rmedia te  of col- 
lo idal  pa l l ad ium part icles .  Cohen et al. (9a, b) con- 
c luded by  thei r  MSssbauer  spectroscopy tha t  the  solid 
par t ic les  a re  pro tec t ive  colloids which  consist of P d - S n  
a l loy  core wi th  a s tabi l iz ing S n ( I I )  ion l aye r  and tha t  
the prec ip i ta t ion  occurs by  the oxidat ion  react ion of 
S n ( I I )  l aye r  to S n ( I V ) .  In  view, of the above authors '  
and Mati jevid 's  reports ,  the  spec t rum of somewhat  
w a v y  l inear  l ine wi th  a high ext inc t ion  coefficient is 
considered to be the  fea ture  of col loidal  state. This 
in t e rp re t a t ion  was confirmed by  the  e lec t ron mi -  
croscopy measu remen t  descr ibed la ter .  

The absorpt ion  spect ra  of the  five ca ta lys t  samples  
a re  shown in Fig. 3, where  the sample  solutions were  

�9 Contrary to Nagai's report (10), the induction time for the 
precipitate formation depended upon not only the molar ratio of 
Sn(H) /Pd(II )  but also the Pd(II) concentration. 
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Fig. 2. Absorption spectra of PdC12, SnC/2 and mixed PdCI2/ 
SnCI2 catalyst solutions in the ultraviolet and visible regions. Curve 
1, PdCI2, curve 2, SnCI2, curve 3, mixed PdCI2/SnCI2 solution with 
green color (Pd/Sn = 1/10), curve 4, mixed PdCIz/SnCI2 solution 
with dark brown color (Pd/Sn = 1/10). 

diluted with water. All  spectra show almost the same 
tendency corresponding to the dark brown solution 
shown in  Fig. 2; this result  indicates that  the catalyst 
solutions are in  colloidal state. Samples "D" and "E", 
the most active catalysts, show the best l inear i ty  in  the 
visible region.3 

Since the spectrum of the redissolved solution after 
precipi tat ion agreed with that  of PdC12 solution, the 
redissolved solution is considered to consist of PdCI2 
containing oxidized Sn( IV)  ions. The preparat ion of 
catalyst solution in ni t rogen atmosphere prevented 
the precipitate formation, and the precipitat ion did not 
take place for a long time when  the catalyst solution 
was stored in  a ni t rogen atmosphere. Therefore, oxy- 
gen produces the precipitate by oxidizing Sn( I I )  to 
Sn( IV) ,  and  this result  supports the content ion that  
Sn( I I )  ions stabilize the Pd -Sn  colloidal particles. 

Transmission electron microscopy.--The colloidal 
particles of catalyst solutions adsorbed on collodion 
film were observed by the transmission electron mi-  
croscopy after  act ivation and /o r  acceleration (see 
Fig. 4). The particles adsorbed after activation with 
sample "A" are uneven ly  distr ibuted and measured 
several tens of angstroms or less. In  the case of sam- 
ple "D," more uniform dis t r ibut ion was observed as 
patches measur ing 400 ,-~ 700A and consisting of small  
(several tens of angstroms) particles. The commercial 
sample "E" after act ivation displayed a uniform, high 
densi ty  dis t r ibut ion of large particles 300 ~ 600A in 
diameter.  These particles give the most un i form dis- 
t r ibut ion on a collodion film. Therefore, the catalys~ 
solutions are considered to be colloidal, and the cata-  
lytic sites formed on substrates after activation consist 

~The  data in Fig .  3 were  obtained by  diluting with  distil led 
water .  In the case  of di lution with  HC1 solution,  s a m p l e s  " A " ,  
" B " ,  a n d  " C "  gradual ly  lost the lmear i ty  in the absorption spec- 
tra, and their  spectra became close to that of the first green  inter- 
mediate  complex.  A large excess  of  chloride ions  is  cons idered to 
decompose  the col lo idal  state of  the mixed  catalyst  solutions.  
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Fig. 3. Absorption spectra of five samples of mixed PdCI2/ 
SnCl~ catalyst solutions. Each character in figure shows sample 
designation. 

of colloidal particles. The large size of colloidal par t i -  
cles adsorbed on substrates is required at the activa- 
tion stage to produce a high catalytic activity. The sur-  
face conditions after activation and acceleration are 
demonstrated in  Fig. 4 (a'),  (b ') ,  and (c'). In  the case 
of sample "A," there are two kinds of distribution, i.e., 
the high and low density regions consisting of several 
tens of angstroms particles. Sample "D" also displays 
the two kinds of particle distr ibution;  the high density 
regions consisting of large particles, 400 ~ 700A, show 
a relat ively uni form distribution, and the low density 
regions consist of small  (several tens of angstroms) 
particles. The commercial sample "E" was somewhat 
different from the other two samples. Although there 
are two types of dis t r ibut ion,  the high density regions 
are almost circular in shape with ca. 1000A in  diam- 
eter, whereas particles with 100 ~ 200A in  diameter  
are distr ibuted uni formly  in  the low density regions. 
The accelerator is considered to not only remove the 
Sn( IV)  ions bu t  also coagulate the small  particles to 
produce high density particles. 4 

Electrochemical Approaches Using Gold Substrate 
Anoclic sweep in 1M HCl after activation.--Figure 5 
shows cur ren t -poten t ia l  curves obtained on single 
anodic sweep at a gold electrode in  1M HC1 after im-  
mersion into the five different catalyst solutions (i.e., 
after the activation procedure) .  In  the case of the 
most active catalyst  solutions, samples "D" and "E", 
three distinct anodic peaks were obtained at --0.10 
(P1), 0.21 (P2), and 0.43V (P3). With the other three 
samples each anodic scan gave only two peaks at --0.10 
(P1) and 0.20V (P2). This electrochemical technique 
can be used for rapid diagnosis of the activity of mixed 
catalysts. In  order to id@ntify the cause of each peak in  
the single anodic sweep after activation, a single anodic 
sweep was performed after each step in  the two-step 
procedure. Figure 6 shows the anodic sweep in  1M HC1 

' T h e  action to remove  the S n ( I V )  ions wi l l  be  discussed later.  
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Fig. 4. Transmission electron mlcrographs of various samples on 
collodion film after activation or after acceleration. (a), (b), (c): 
after activation, (a'), (b'), (c'): after acceleration. 

after immers ion into SnCI2 solution 5 (sensitization),  
immers ion into SnC12 and PdC12 solutions 6 (activa- 
t ion),  and immersion into PdC12 solution only. In  the 
case of sensitization, only  two peaks appeared corre- 
sponding to "PI"  and "P2" in Fig. 5. After  act ivation 
in  the two-step procedure, three anodic peaks similar  
to those of samples "D" and "E" were observed. It  is 
concluded by considering (a) and (b) in  Fig. 6 and the 
more detailed experiments  shown later, that  the anodic 
peaks "PI"  and "P2" correspond to the desorption of 
adsorbed Sn(II )ag  or Sn(O)ad 7 and the oxidation re-  
action from S n ( I i )  to Sn ( IV) ,  respectively, and that  
the anodic peak "P3" is caused by the dissolution of 
Pd. The anodic sweep after immersion only into 
PdC12 solution seen in Fig. 6(c) is identical  to that ob- 
tained without  immers ion into PdC12 solution. This 
result  indicates that  Pd(O)  adsorbed on gold is not 
produced in  the absence of adsorbed Sn ( I I )  formed by 
the sensit ization procedure. 

Cyclic voltammograms on gold in 1M HCZ containing 
Sn(II) ions or Pd(II) ions.--In order to obtain fur ther  
insight  into the anodic peak in Fig. 5, cyclic vol tam- 
mograms were taken in 1M HC1 containing SnCle or 
PdC12. The cyclic vol tammograms on gold with various 
amounts  of SnC12 in  1M HC1 are shown in  Fig. 7. Two 
anodic peaks are seen at --0.10 (P4) and 0.20V (P5). 
It  was confirmed by the cyclic vol tammograms with 
changing cathodic scanning potential  range that  the 
cathodic peak at --0.10V (P4') corresponds to that of 

5 SnC12 solut ion w a s  prepared  by  dissolv ing 90 g / l i t e r  SnCl2. 
2H~O in 37% HCI in n i t r o g e n  a tmosphe re .  

e PdC12 so lut ion  w a s  prepared  by disso lv ing  0.5 g / l i t e r  in 37% 
HCI solution.  

The  possibi l i ty  os the  peak  "PI" be ing  due  to the  desorpt ion  
of Sn( I I )ad  or  Sn(O)a~ will  be  discussed la ter .  

Fig. 5. Voltammograms on Au electrode in 1M HCI. Solid lines: 
single anodic sweep after activation, dashed line: anodic sweep 
without activation, sweep rate: 0.1 V/sec. Each character shows 
sample designation. 

"P4" in the anodic sweep. The anodic and cathodic 
peaks "P4" and "P4"' give the saturat ion value of 85.2 
~C/cm ~, while the peak "P5" gradual ly  increases 
wi thin  the concentrat ion of SnC12. Therefore, it is 
clear that the peak "P4" or "P4"' is due to the desorp- 
sion or adsorption of Sn (O)  or Sn ( I I ) ,  i.e., the so- 
called underpotent ia l  deposition, and that  the peak 
"P5" is caused by  the oxidation reaction Sn ( I I )  
Sn( IV)  -p 2e. The peaks "PI"  and "P2" in the single 
anodic sweep after  sensitization shown in Fig. 6(a) 
or activation shown in  Fig. 5 or Fig. 6(b) clearly 
correspond to those of "P4" and "P5" in  Fig. 7. Since 
the cyclic vol tammograms on gold in  1M HC1 contain-  
ing Sn( IV)  (as SnC]4) ions was approximately  the 
same as that  of the b lank  solution, the cathodic peak 
"P4"' in  Fig. 7 is not  due to Sn(II)ad bu t  to the 
Sn(O)aa adsorption reaction [Sn(II)  + 2e ~ Sn(O)ad]. s 
When the saturated adsorption value of Snag is com- 
pared with that  of Oad  of 395 ~C/cm~, 9 it is clear that  
the coverage is very  small  (1/4 ,-, 1/5), and there 
may be a possibility of co-adsorption of Sn(II)ad wi th-  
out accompanying a charge t ransfer  [Sn( I I )  
Sn (II) adj. 

Figure 8 demonstrates  cyclic vol tammogram on 
gold in  1M HC1 containing PdCI~. The three anodie 
peaks at --0.20, --0.08, and 0.45V correspond to 

s T h e  obse rva t ion  of  the  M~'ssbauer e f f e c t  by B o w l e s  and Cran- 
shaw (18) showed  that  the  spectra  os adsorbed Sn at -0 .145V 
(SCE) ( u n d e r p o t e n t i a l  r eg ion)  is in f s c t  r e m a r k a b l y  s imi lar  to  
those of meta l l i c  t in on plat inum.  T h e  adsorpt ion  of  S n ( O )  m a y  
b e  caused  by the  s t a r t ing  po ten t ia l  be ing  m o r e  cathodic  than the  
res t  or  open-ci rcui t  potent ia l ,  and  at the  open-ci rcui t  po ten t ia l  
the  Sn is cons ide red  to be in the  s tate  of  Sn(II)n~. 

9 T h e  va lue  of  the  s a t u r a t e d  Oa~ on po lycrys ta l l ine  gold  w a s  de-  
t e r m i n e d  by  the  reduct ion  peak.  Rand and Woods  (19) r e p o r t e d  
the  va lue  of 386 ~ C / c m  -~ on (100) go ld  surface .  
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Fig. 6. Voltammograms on Au electrode in 1M HCl in the case 
of two-step procedure. Dashed lines: anodic sweep without immer- 
sion steps, sweep rate: 0.1 V/sec. (a) Single anodic sweep after 
immersion into SnCI2 solution, (b) single anodic sweep after im- 
mersion into SnCI2 solution and PdCI2 solution. (c) single anodic 
sweep after immersion into only PdCI2 solution. 

the three cathodic peaks. From a comparison with 
the results on pal ladium deposition (20,21), the 
peaks at --0.20, and --0.08V are considered to be the 
desorption peaks of Had on Pd deposited on gold. The 
anodic peak at 0.45V was determined to be the dis- 
solution peak of Pd(O)  upon referr ing to the l i terature  
(20,21). Therefore, the peak "P3" shown in  Fig. 5 
and Fig. 6(b) is identical with the dissolution peak 
of pal ladium in  Fig. 8. 

Anodic sweep  in 1M HCI af ter  acceIeration.--As typi-  
cal accelerators we chose 1M NH4BF4 and 1:1 HC1 
solutions. The hydrochloric acid solution was recom- 
mended by Cohen and Meek (9c), because of several 
advantages, i.e., mater ia l  cost, simple processing due 
to the el iminat ion of one-step (water  r inse),  easier 
water  disposal, and a less toxic material .  Figure  9 
shows two vol tammograms obtained after act ivation 
in sample E" and acceleration in  1M NH4BF4 or 1:1 
HC1. When 1:1 HC1 was used as accelerator, the water 
rinse step after act ivation was omitted as pointed out 
by Cohen and Meek (9c). It  is interest ing that  both 
curves show only one anodic peak of Pd dissolution 
at 0.45 ~ 0.50V in  the single anodic sweep as compared 
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Fig. 7. Cyclic voltammograms on Au electrode in 1M HCI contain- 
ing various concentrations of SnCI~. Sweep rate: 0.1 V/sec, curve 1, 
9.0 X 10 -5M SnCI2, curve 2, 1.8 X 10 -4M SnCI2, curve 3, 
2.2 X 10 -4M SnCI~. 

with the case of three anodic peaks after act ivation 
shown in  Fig. 5. The acceleration procedure clearly 
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Fig. 8. Cyclic voltammogram on Au electrode in 1M HCI contain- 
ing 5.10 X 10 -4M PdCI2. Sweep rate: 0.1 V/sec. 
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Fig. 9, Vaffemmograms on Au electrode in i M  HCI after activa- 

tion and acceleration in the case of sample "E". Solid lines: single 
anodic sweep after activation and acceleration, dashed lines: anodic 
|weep without immersion steps, sweep rate: 0.1 V/sac, accelerator: 
(a) 1M NH~,IBF~ (b) 1:1 HCI. 

removes  Sn adsorbed  on Au, l eav ing  Pd  nuclei  on 
gold. The  most  act ive catalysts ,  "D" and "E ' ,  gave 
c lear ly  the dissolut ion peak  of pa l lad ium,  whi le  t h e  
other  less act ive samples,  "A", "B", and  "C", showed 
no dis t inct  peak  in the  single anodic sweep af te r  ac-  
celerat ion,  I t  can be concluded tha t  the act ive ca ta-  
lys t  forms pa l l ad ium nuclei  TM on gold and that  the 
anodic sweep on gold in HC1 solut ion provides  a re~ 
l iab le  and s imple  method  of  d iagnosing the ac t iv i ty  
of the  mixed  acidic catalyst .  In  view of the  fact  tha t  
the  induct ion t ime before  the ini t ia t ion of meta l  depo-  
s i t ion (cf, Fig. 1) is g rea t ly  shor tened by  the acce lera-  
tion, i t  appears  tha t  the  adsorbed  S n ( O ) ,  S n ( I I ) ,  o r  
Sn ( IV)  ions on subs t ra tes  formed af te r  the  ac t iva t ion  
mask  the cata lyt ic  ac t iv i ty  of pa l l ad ium nuclei, and 
tha t  they  are  removed  in the accelera t ion  step. 

K e l l y  and Vondel ing (14) repor ted  tha t  the nu-  
cleat ion reac t ion  of pa l l ad ium takes  place upon u.v. 
i r r ad ia t ion  of photosensi t ive  TiO2 films in contact  wi th  
pa l l ad ium ions and tha t  the photoreact ion  product  
consist ing of po lycrys ta l l ine  meta l l ic  pa l l ad ium in i -  
t ia tes  e lectroless  n ickel  deposit ion.  Hami l ton  and 
Logel  (15) inves t iga ted  evapora ted  pa l l ad ium deposi ts  
and  concluded tha t  la rge  pa l l ad ium par t ic les  (4 ,,- 2 0  
atoms)  are  requ i red  for  n ickel  deposition. Clearly,  
meta l l ic  pa l l ad ium par t ic les  also provide  the  ca ta ly t ic  
act ivi ty.  In  the mixed  PdC12/SnC12 cata ly t ic  system, 

lo It was  confirmed by  the XPS measurements  shown later that 
the  final active s ites  on substrate  are formed  not  by pure  palla- 
d ium but  by  the intermediate  Pd-Sn system.  

however,  severa l  P d - S n  complexes such as SnPdTC16 
(5), PdSn2 (6), and PdsSn (7) have been repor ted  as 
ca ta ly t ica l ly  active species. In  the  nex t  section, an 
a t t empt  wil l  be made,  based on XPS (ESCA) measu re -  
ments,  to de te rmine  whe the r  the  ca ta ly t ic  ac t iv i ty  is 
due to meta l l ic  pa l l ad ium or  to some P d - S n  complexes 
in the mixed  PdC12/SnCls ca ta lys t  system. 

Auger electron spectroscopy (AES) and x-ray photo- 
electron spectroscopy (XPS) measurements for the 
PdClz/SnCIz catalysts.--For surveying  the surfaces 
a f te r  each step, the AES measuremen t  was done af ter  
ac t ivat ion and af te r  accelera t ion of an electroless 
p la ted  Ni -P  substrate .  The AES spect ra  a f te r  ac t iva-  
t ion of Ni -P  subs t ra te  indica ted  the  peaks  of Pd, Sn, 
O, C, and C1 and the peaks  of Ni and P of the  sub-  
s t ra te  were  unclear  a f te r  act ivat ion.  The peaks  of Ni 
and P af te r  accelerat ion,  however ,  were  c lear ly  ob-  
served  in the spectra.  The carbon is considered to be 
due to surface contaminat ion.  The XPS measurement ,  
which was per formed  to confirm the chemical  s tates  
of Pd  and Sn on the surfaces, also indica ted  the p res -  
ence of Pd, Sn, O, C, C1, and Cu af ter  ac t iva t ion  and 
af ter  accelera t ion (where  a copper  sheet  was used 
as subs t ra te ) .  Af te r  accelera t ion  there  was a tendency  
for the  Cu peaks  to increase,  which means tha t  the 
area  of the exposed subs t ra te  surface increases wi th  
acceleration.  Also a tendency  of decreasing Pd and Sn 
was observed except  for  sample  "A" (c[. Table  I I I ) ,  
which  means tha t  the absolute  amounts  of Pd  and Sn 
on the surface are  decreased by  the accelerat ion.  Typ-  
ical  examples  of XPS spect ra  a re  shown in Fig. 10, 
and  the values  of measured  b inding  energies a n d  

(a) Sn / / ~ 3 d  5 /2  

/ \ 
, E Act) 

E b ; eV 

(b) Pd ~ d  3/2 S 5/2 

2.2 I I , L , j'; - ' l -  '~ , ~ - E  [Acc) 
346 344 342 340 338 336 334 332 330 

E b ,eV. 

Fig. 10. XPS spectra of sample "A" and "E" for Pd 3ds/2 and 
Sn 3d~/2 levels. (a) Spectra for Sn 3ds/2, (b)spectra for Pd 3d5/2. 
Vertical arrows and dashed lines indicate Eb values for metals and 
charged species (24, 26), respectively. The numbers between the 
two markings are the corresponding chemical shifts. 
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Table II. Measured binding energies of the 3d5/2 levels of 
Pd and Sn 

Binding energies (eV) and shifts  (eV) 

Samples  Pd 3d5/2 Shifts  Sn 3d~/2 Shifts 

metal  335.2 0.0 485.1 0.0 
[ Act �9 336.5 1.3 486.7 ].6 

A ~ A c e  b 336.3 1.1 486.6 1.5 
f Act  336.0 0.8 486.6 1.5 

D [ Ace  336.0 0.8 485.9 0.8 
J" Act  335.9 0.7 486.1 1.0 

E LAce 335.8 0.6 485.7 0.6 
A (F D M) ~ 336.8 1.6 437.4 2.3 
B (F 13 M) 336.8 1.6 487.4 2.3 
D (F D M) 336.4 1.2 487.4 2.3 
SnCh soln., 

PdCh soln. d 335.6 0.4 487.0 1.9 

After activation. 
b After  activation and acceleration (1M NH~BFD. 
r Freeze-dry method.  
After dipping into SnCI~ solution and PdCIe solution (two-step 

procedure) .  

chemical  shifts for the Pd 3d~/2 and Sn 3d5/2 levels 
are given in Table IL Three  sets of data (after acti-  
vation, af ter  acceleration, and for f reeze-dr ied  cata-  
lyst solutions) are tabulated. The  binding energies 
were  measured  wi th in  ~_ 0.2 eV. The most reason- 
able values in the l i t e ra ture  are considered to be 
335.2 eV for Pd meta l  (22) and 484.9 eV for Sn meta l  
(23) at 3d~/2 levels. The chemical shift  for Pd ( I I )  
using PdC12 was repor ted  t o  be 2.2 eV (24). The re-  
suits on the chemical  shifts for the Sn 3d5/2 repor ted  
by various invest igators  (25) disagree wi th  each 
other, and Lau and Wer the im (26) discussed the 
above inconsistencies and concluded that  the chemical  
shiits of Sn 3d5/~ for SnO and SnO2 are approximate ly  
the same. The chemical  shift  of Sn 3d5/~ in the direc-  
tion of higher  binding energies against  meta l  was re-  
ported to be 1.65 eV ior  S n ( l t )  or Sn( IV)  (as SnO or 
SnO2) by Lau and Wer the im (26). It is interest ing 
that  the binding energies of Pd 3d5/2 level  for various 
samples observed l ie be tween  pal ladium meta l  and 
charged pa l lad ium (as PdC12). I t  is difficult to recog- 
nize f rom the shape of sharp peaks that  the peak of 
Pd  3d5/2 level  for each sample consists of a mix tu re  
of Pd(O)  and Pd ( I I ) .  n In the step after  activaUon, 
the correlat ion be tween  binding energy and catalytic 
act ivi ty  is such that  the binding energy of a more 
highly act ive catalyst  becomes Close to the low value 
of pa l ladium metal,  and the  accelerat ion procedure 
causes the binding energy to shift toward lower  values 
than that  observed after  the act ivat ion step. As for 
the Sn 3d5/2 level, the tendency similar  to the Pd 3d5/~ 
level  is observed in both cases after  act ivat ion and 
after  acceleration procedures. 12 The results of the 
f reeze-dry  method indicate that  the pal ladium and 
t in of the colloidal part icles in solution are  in more  
highly charged states than those on substrates, and 
that  the more  act ive catalysts also display the lower  
binding energies in solution s imilar ly  to those a d -  
s o r b e d  on substrates. There  may  be also a possibility, 
however ,  that  the results on the f reeze-dr ied  catalysts 
are caused by the coexistence of original  e lementa l  
composit ion and colloidal particles. 

I t  was repor ted  by Masai et al, (27) that  the Pd 4d 
state peaks in the XPS spectra for the P d - S n  alloy 
system are shifted to h igher  binding energies wi th  
decreasing ratio of Pd/Sn.  (The shift of ca. 2.2 eV for 
Pd 4d state was shown f rom P d / S n  ---- o9 to 0.54.) 
I t  may  be concluded f rom the above results on the Pd 

The  peak  breadth  of ha l f -maximum intensity  of each sample  
for  Pd 3d5/2 and Sn 3d~/2 was  near ly  equal  to that  of the  metal, 
respect ively ,  except  for  "A Ace." in the case of which  the peak 
breadth of hal f -maximum intensi ty  was  s o m e w h a t  larger.  

Since it was  reported that Sn(II)  can be oxidized to Sn(IV) 
by the irradiation of u.v. l ight on photosensi t ive  TiO2 (12), it was  
thought  probable that a similar reaction might  occur upon x-ray 
irradiation. The  above possibil ity,  however ,  was  shown to he non- 
existent by the  fact that no t ime dependence  of ~he observed 
binding energy  of Sn 3d~/2 was  found upon x-ray irradiation.  

3d5/2 level  that  the active sites in the final form con- 
sist of a Pd -Sn  in termedia te  or alloy system, and that  
the active site of the more  active catalyst  is formed 
by the Pd-Sn  alloy containing the larger  amount  of 
palladium. The results of the Sn 3d~/2 level  that  the 
ratio of charged states decreases u p o n  accelerat ion 
can be explained on the assumption that  the accelera-  
tor removes mainly  Sn( IV)  ions f rom the surfaces. 
This in terpre ta t ion agrees wel l  wi th  the results of the 
electrochemical  measurement .  

The re la t ive  amounts and ratios of Pd and Sn on the 
surfaces were  calculated f rom the peak area ratios 
corrected by the photoionization cross section (28) 
and tabulated in  Table  III, where  the correct ion for  
the mean free path and the ins t rumenta l  factor w e r e  
ignored because the kinetic energies of the peaks ob- 
served are near ly  equal. The line shape problems and 
the presence of satelli tes were  not observed, and 
there  were  no problems in the quantification of the 
re la t ive  amounts  of Pd and Sn. The value  of Pd for 
sample "E Act"  was  used as 100 for normalization,  
The  amounts of Pd and Sn on the surface decreased 
upon accelerat ion except  for the pal ladium found with  
sample "A." It  is interest ing that  the final ratio of 
P d / S n  after accelerat ion is not constant but  increases 
with increasing catalyst  activity. Meek (9b) showed 
by the e lemental  analysis of commercial  catalysts 
(Shipley 9F and MacDermid  9070) using Rutherford  
ion backseat ter ing technique that  the P d / S n  ratio 
becomes < 1 after act ivat ion and _~3 after accelerat ion 
and finally ~ 6  at the ini t ial  stage of copper plat ing 
at which the P d - S n  alloy core remains. The smal ler  
values of our results for P d / S n  ratio may  be par t ly  
due to the difference in catalyst  activity. 1~ The values 
obtained by the f reeze-dry  method were  small, which 
may  be due to the original  e lementa l  composition. 
The Pd-Sn  alloy particles which constitute act ive 
sites on surfaces are considered to consist of a system 
in which the ratio of P d / S n  depends on the catalyst  
activity. Feldstein et al. (7) concluded the active sites 
to consist of Pd3Sn alloy on the basis of the fact that  
the latt ice parameters  de termined  f rom the electron 
diffraction pa t te rn  closely matched  those of Pd~Sn 
in fcc form. Our results (29) of electron diffraction 
analysis of the  catalyst on collodion surfaces after  
accelerat ion were  also close to those of fcc Pd~Sn. 
However,  it was difficult to obtain accurate values be-  
cause of the broad diffraction rings and of each la t -  
tice factor deviat ing somewhat  to la rger  values,14 
Cohen and Meek (9b) discussed the conflicting results 
by various invest igators (5-9) on the catalytic centers 

~ Since the information obtained by XPS technique is assumed 
to correspond to that of the shal lower  surface region t h a n  that 
cbtained by Rutherford ion backscatter ing technique,  our results  
for Pd/Sn ratios are also considered to become smaller  than those  
of Meek because of the influence of the residual  Sn ion layer on 
Pd-Sn active center. 

~*Feldstein et al. (7) and Rantel l  et  al. (5) also reported the 
slightly larger values of each latt ice factor,  and it was  discussed 
by Cohen and Meek (gb), 

Tab,le III. Relative amounts* and ratios of Pd and Sn 

Sample Sn Pd Pd/Sn 

j Act 247 25 0.10 
A }Acc 173 42 0.25 

f Act 313 80 0,26 
D \ Ace 61 45 0.74 

] Act 233 100" * 0.43 
E [Acc 55 47 0.84 
A (F D M) 227 27 0.12 
B (F D M) 147 7 0.05 
D (F D M) 200 37 0.17 
SnCh soln., 21 55 2.70 

PdC12 soln. 

* Relative peak areas corrected  with  the photoionizat ion cross 
section (the electron mean free  path and the instrumental  factor 
were omitted). 

** The  value of Pd for  sample "E Act" was  used as 100 for nor- 
malization, 
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consisting of colloidal particles of Pd-Sn alloy, and 
concluded that the catalytically active centers would 
be designated as Pd-Sn alloy, rather than Pd~Sn. 
Thus, it is concluded that the final active sites or 
centers consist of a disordered Pd-Sn alloy system in 
which the more active catalyst has the higher pal- 
ladium to tin ratio, and that the actual conditions are 
such that compounds with various Pd/Sn ratios exist 
on the surface. 
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ABSTRACT 

The initial stage of epitaxial eleetrocrystallization of gold from an addi- 
tive-free, alkaline, sulfite solution on polycrystalline copper and silver sub- 
strates was found to be three-dimensional crystallite formation. The crystal- 
lites on the copper substrates were laterally considerably smaller than those 
on silver. This effect is attributed to the larger lattice mismatch between 
gold and copper. On silver, substrate coverage occurred earlier and was fol- 
lowed by the formation of smaller, secondary crystallites. The internal 
stress in the gold deposits on silver was initially very small and tensile due 
to the small lattice mismatch and the large crystallite size. The stress rose to 
a maximum during secondary crystallite formation. On copper substrates, the 
stress was initially compressive because of the negative lattice-mismatch 
component and then changed to tensile when crystallite coalescence became 
predominant. 

Recent studies (1-7) of the early stages of epi taxia l  
electrocrystall ization of nickel  on copper substrates 
have shown i t  to consist of the formation of three-  
dimensional  crystalli tes all in  the size range of 5-8 
nm. This un i form size, which was also independent  of 
the presence of addit ion agents in the plat ing solution, 
was a t t r ibuted (7) to la te ra l -growth  inhibi t ion  by 
basic nickel compounds produced dur ing the deposi- 
t ion reactions. Substrate  coverage occurred by the 
formation of~new crystalli tes between existing ones 
and their subsequent  coalescence. The crystalli te nu -  
cleation was manifested by a max imum in the mag-  
n i tude  of the cathode potential.  The a t t a inment  of a 
s teady-sta te  potent ial  was indicative of substrate 
coverage by the electrodeposit. Crystall i te coalescence 
resulted in  the development  of dislocations (3) and 
was the ma in  cause of the in te rna l  stress after  the 
ini t ia l ly  large, extrinsic component  due to the lattice 
mismatch between substrate  and  deposit decreased 
(5). 

The purpose of this invest igat ion was to determine 
whether  the relationships of structure,  potentials, and  
in te rna l  stress which were found for electrodeposited 
nickel on copper substrates held for other metals. The 
in ten t  of this s tudy was also to determine the effect 
on the in te rna l  stress of different lattice mismatches 
be tween substrate and deposit. I n  order that  this 
effect should not be masked, it  was necessary to use 
a plat ing solution which nei ther  contained or pro- 
duced substances having a predominant  la teral -  
growth inhibi t ing  effect as was found with nickel. 

Gold electrodeposition on copper and sliver sub-  
strates was selected for this investigation. The sub-  
strates can be readi ly dissolved leaving the gold de- 
posit for t ransmission-electron-microscopic examina-  
t ion which is necessary to resolve the ini t ia l  crystall i te 
formation. An alkaline, sulfite solution without  addi-  
t ion agents was chosen because deposition therein does 
not  result  in the production of l a te ra l -g rowth- inh ib i t -  
ing substances. As the interatomic distances of gold 
are only 0.17% smaller  than  those of silver and 12.8% 
greater  than  those of copper, the effects of the sign 
and magni tude  of the lattice mismatch could be de-  

* Electrochemical Society Active .Member. 
1 Present address: Exxon Corporation, Optical Information Sys- 

tems, Elmsford, New York 10S23. 
Key words: gold eleetrodeposRion, substrate effect, internal 

stress. 

termined. This communicat ion reports the r e s u l t  o f  
the invest igat ion of the structures, electrode poten-  
tials, and in te rna l  stresses dur ing the ini t ia l  stages of 
epitaxial  electrocrystall ization of gold on copper a n d  
silver substrates. 

Experimental Procedure 
The substrates were oxygen-free,  high conductivi ty 

copper and 99.99% pure silver sheet which had been 
roiled and recrystallized to produce a texture  such 
taat  {110} planes were paral lel  to the surface in most 
grains. The samples were 55 m m  long and 5.5 m m  
wide. The silver substrates were 125 #m thick; the 
copper pieces were 25 ~m thick. In  order that  depo- 
sition occurred on only  one face of the substrate,  
which was necessary for the stress measurement ,  two 
layers of photoresist were applied to one Side of the 
samples. The uninsula ted  side was electropolished 
to a mi r ro r -b r igh t  finish. The copper substrates were 
prepared in  the same way as those used in  the pre-  
vious study (5) involving nickel electrodeposition. 
The silver pieces were electropolished in  an aqueous 
solution of 100 g/ l i ter  KCN and 100 g/ l i ter  K4Fe (CN)s 
and rinsed successively in  a 20 g/ l i ter  KCN solution, 
essentially organic-free (5) distilled water, a 5% 
NaOH solution, and two more times in  the distilled 
water. 

The electrodeposition was performed in  a proprie-  
ta ry  2 solution from which the usual  additives had been 
omitted. The pH was 9.5 and the tempera ture  20~ 
On the copper substrates the cur ren t  density was 2.5 
mA / c m 2. In  order to prevent  a replacement  reaction 
from occurring, the copper substrates were either 
main ta ined  at  an anodic current  density of 0.5 m A /  
cm 2 while  the necessary adjus tments  for the stress 
measurement  were made or the concentrate contain-  
ing the gold ions was added just  at the time when 
plat ing was desired to start. For  deposition on the silver 
substrates, the current  densities were 2.5 and 1.5 
mA / c m 2. 

The ins t rumenta t ion  for measur ing the in te rna l  
stress and the cathode potent ia l  was described in  
earlier papers (5, 8). Briefly, the stresses were de- 
te rmined from the at tempted deflection of the free 

2 BDT 510 solution produced by Oxy-Metal Industries Corpora- 
tion, Sei-Rex Division, Nutley, New Jersey. 
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end of the horizontal ly held substrate  strip clamped 
at  the other end, while deposition occurred on only 
one face. The deflection of the free end was prevented 
by the application of a force by a nu l i -po in t  electro- 
balance. As in  previous studies (5, 9), the ins tan tane-  
ous stress was determined.  Also as was done previ -  
ously (5, 9), the deposit thicknesses were calculated 
from the charge densities assuming a uni form layer, 
100% plat ing efficiency, and the same densi ty as .the 
bulk  metal. 

Samples were plated to a nomina l  thickness of !00 
n m  while the stress and cathode potentials vs. SCE 
were monitored. Samples were also plated to thick- 
nesses less t han  !00 n m  at  which significant changes 
in  either the stresses or potentials occurred. The very 
th in  gold deposits on copper were backed by a Ni-P 
film (5) and those on silver by  vapor-deposited plat i -  
n u m  (10). The copper substrates were dissolved in a 
solution containing chromic and sulfuric acids (5). 
The silver substrates were dissolved in nitr ic acid. The 
gold deposits, inc luding the th in  ones, with their  
backing films were examined by transmission electron 
microscopy. 

Results 
Gold deposits on silver substrates.--Figure 1 shows 

the cathode potential  and the instantaneous stress vs. 
deposit thickness of gold electrodeposits on silver 
substrates when  the current  density was 1.5 mA / c m 2. 
The magni tude  of the cathode potential  is seen to rise 
to a max imum at a nominal  thickness of about 2 rim. 
Passing a charge density equivalent  to a thickness of 
2 nm was found not to have resulted in any gold 
deposit visible electron microscopically or detectable 
by electron diffraction. The s t ructure  at a nominal  
thickness of 4 nm, i.e., just  after the potential  peak 
is shown in  Fig: 2. The larger dark areas are three-  
dimensional  crystallites. The fine dots are the p la t inum 
backing. A dark-field electron micrograph of a similar 
deposit showing the large gold crystallites is Fig. la  
in  Ref. (13). A Moir~ pat tern  in Fig. 2 probably re-  
sulted from the difference in the lattice dimensions 
of very th in  electrodeposited gold crystalli tes and the 

80 MPa 

40 MPa 

20 ~a  

O MPa 

~ -NO M~a. 

~ -60 MPa, 

";3,-_ 

10 20 3D 40 S0 60 70 80 90 

DEPOSIT THICKNESS (nm) 

STRESS 

. . . . . . . .  POTENTIAL 

Fig. I .  Graphs of electrode potential and internal stress vs. 
nominal deposit thickness for gold on silver substrates. 
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Fig. 2. Transmission electron micrograph showing three-dimen- 
sional gold crystallites which grew on silver substrate. 

vapor-deposited p la t inum backing. It  does not appear 
that there is a continuous gold electrodeposit unde r -  
lying the large three-dimensional  crystallites as the 
Moir6 pat tern  is not visible over the entire sample. 
The large gold crystalli tes have an average size of 
about 60 nm. The electron-diffraction pa t te rn  of the 
gold deposit was that of a single crystal showing 
that  all  the crystallites had grown epitaxial ly on one 
substrate grain. The major i ty  of the electron-diffrac- 
tion pat terns showed that  {110} planes were parallel  
to the surface, i.e., they had the same texture  as the 
substrates. 

The in terna l  stress shown in Fig. 1 is ini t ia l ly  small  
and tensile when the current  densi ty was 1.5 mA/cm~. 
The same result  was found at a current  density of 
2.5 m A / c m  2. The stress is seen to rise to a max imum 
value at a thickness of about 40 rim. The structure 
at the stress ma x i mum is shown in Fig. 3. This sample 
did not  have a p la t inum backing and was therefore 
a continuous film. A continuous gold deposit covered 
the substrate already at a thickness of 15 nm where 
the cathode potential  a t ta ined a s teady-state  value. 
The deposit was also continuous at the same thickness 
when  the current  density was 2.5 m A / c m  2. In Fig. 3 
a number  of small  hillocks which grew out of the 
continuous film are indicated by an arrow. These 
small, secondary crystal]ites were only observed in 
the thickness range of the stress maximum. Much 
larger pyramidal  hillocks were found to have developed 
in  thicker deposits. 

Fig. 3. Transmission electron mlcrograph of a continuous gold 
film which had been plated an a silver substrate. Arrow points to 
secondary crystallites. 
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GoZd deposits on copper substrates.--Cathode po- 
tential  and instantaneous stress vs. thickness curves 
for gold electrodeposits on copper substrates are shown 
in  Fig. 4. Again the magni tude  of the potential  is 
seen to rise to a maximum.  However, the nominal  
thickness or charge density at which the peak occurs 
is greater than in Fig. 1. Also the magni tude  of the 
potential  peak is greater for the deposits on copper. 
The structure at a nominal  thickness of about 20 nm 
is shown in  Fig. 5. Discrete crystallites with an average 
size of about 20 nm can be seen. The crystallites are 
considerably thicker than the ones which grew on 
silver. The effect of subs t ra te -gra in  or ientat ion is 
shown in  Fig. 6. The deposit on the right, which is 
almost a complete film, had an electron-diffraction 
pat tern  indicative of a {110} plane parallel  to the 
surface. The sparser growth on the left had a {100} 
plane parallel  to the surface. No enhanced crystall i te 
formation on the substrate grain boundary  i s  visible. 
From an analysis o f  the crystallographic directions of 
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~.-40 MPa 
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J, \ \  

I \\ 
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io ~ 2o io 4~ s6 60 7d a6 9d" 
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Fig. 4. Graphs of electrode potential and internal stress vs. 

nominal deposit thickness for gold on copper substrates. 

Fig. 5. Transmission electron micrograph showing three-dimen- 
sional gold crystallites which grew on copper substrates. 

Fig. 6. Transmission electron micrograph showing an almost con- 
tinuous gold deposit which grew on a {110} copper substrate grain 
on the right. On the left side discrete erystallites are seen which 
grew on (100} substrate grain. 

the edges of the crystalli tes such as those in  Fig. 5 
and 6, it was determined that  they were mostly 
bounded by {110) planes. Substrate  coverage by a 
complete deposit film was found to have been at ta ined 
at a thickness of about 40 nm, again where the cathode 
potential  leveled off to a s teady-state  value. 

The instantaneous stress shown in  Fig. 4 is ini t ia l ly 
compressive; its magni tude  reaches a ma x i mum at a 
thickness of 27 nm and then increases to become tensile 
beyond  54 nm. The s t ructure  at the thickness where 
the compressive-stress max imum occurs is the one 
shown in Fig. 6. No significant s t ructural  features 
were observed in deposits having the thickness where 
the sign of the stress changed. No secondary crystal-  
l ization such as seen in  Fig. 3 in the deposits on silver 
was observed in the samples plated on copper sub-  
strafes. The larger pyramidal  hillocks were seen in 
thicker deposits on copper. No essential differences in  
the stress vs. thickness graphs were observed in sam- 
ples in  which the displacement reaction was prevented 
by the anodic potential  or by the addition of the gold 
ions just  prior to the start  of plating. When a dis- 
placement  reaction was permit ted to occur, the first 
part  of the stress graph was not recorded. 

Discussion 
As was previously found in epitaxial  nickel deposits 

on copper, the ini t ia l ly observed electrocrystall ization 
process of gold on the two substrates of this study 
was the formation of three-dimensional  crystallites. 
It could not be definitely determined from the results 
of this s tudy whether  in  the absence of la te ra l -growth  
inhibi t ing substances, a few monolayers form first 
and then the crystalli tes grow on this very thin film 
as discussed by Matthews, Jackson, and Chambers 
(11) for vapor deposits. Their  analysis of the involved 
energies indicated that  three-dimensional  crystall i te 
formation becomes more favorable than a film of 
uni form thickness with increasing lattice mismatch 
between deposit and substrate. It is, however, doubtful  
whether  gold deposited as a continuous film even on 
silver substrates in  view of the fact that  the Moir~ 
pat tern  in  Fig. 2 is not continuous. Also, Stucki (12) 
found monolayers to be unstable  in underpotent ia l  
deposition of gold on both copper and silver sub-  
strafes. The instabi l i ty  was a t t r ibuted to either three-  
dimensional-crystal l i te  formation or alloying with the 
substrate. For the explanat ion of the results of this 
study, it appears to be insignificant whether  the three-  
dimensional  growth in  Fig. 2 and 5 which is clearly 
discontinuous, developed on a th in  continuous layer  
or not. 
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The principal  effect of the substrate on the init ial  
electrocrystall ization process was the size of the crys- 
tallites. On the si lver substrate,  which has the smaller  
lattice mismatch to g o l d ,  the lateral  crystall i te size 
is about  three times that  on copper. The determinat ion 
of the crystall i te size had to be done after depositing 
at a sl ightly lower current  density than on copper. 
It  was necessary to use the lower current  density of 
1.5 m A / c m  2 in order to allow sufficient time for re-  
moval from the electrolyte of a deposit on the silver 
substrate which was not yet continuous. It  is very 
unl ike ly  that  the crystal]ite size on silver was sig- 
nificantly smaller  when the current  density was 2.5 
mA/cm 2 as it was found that  the deposits were con- 
t inuous at both current  densities after passing ap- 
proximate ly  the same charge density. Also the elec- 
trode potent ial  vs .  thickness relationships were near ly  
the same at 2.5 m A / c m  2 as that in Fig. 1. Therefore 
the difference between the crystall i te sizes of gold 
plated on silver at 1.5 m A / c m  2 and on copper at 
2.5 m A / c m  2 should be pr imar i ly  due to the effect 
of the substrate. 

In  another  s tudy (13), the crystall i te size was found 
to be near ly  the same, i .e. ,  8-10 nm on both silver and 
copper substrates, when  gold was deposited from a 
solution containing additions of arsenic, all other con- 
ditions having been the same as in this investigation. 
It  is therefore evident  that  the substrate mismatch 
affects the crystall i te size only in  the absence of la t -  
e ra l -growth- inh ib i t ing  substances. 

As was shown (3, 5, 6) to be the case for nickel  de- 
posits, the peak in  the magni tude  of the cathode po- 
tent ial  was associated with the nucleat ion of three-  
dimensional  crystallites. The larger magni tude  of the 
potential  when  copper was the substrate  was associ- 
ated with more crystall i te nucleation. However, the 
greater  current  densi ty used and the potential  of 
copper in  the gold electrolyte were also responsible 
for the greater peak. The presence of an oxide on the 
copper substrate may  also have been a contr ibut ing 
factor. The greater  charge density to reach the poten-  
tial peak where  the first crystallites were nucleated on 
copper may have been due to the need to first reduce 
the oxide. 

The formation of a coherent deposit layer  on the 
copper substrate  occurred as it  did in  the case of 
nickel (3) by  the formation of new crystallites between 
existing ones. The crystallites, which are still recog- 
nizable on the r ight  side of Fig. 6. have a size which is 
essentially the  same as that  in  Fig. 5. Thus it appears 
that  there is l i t t le la teral  crystall i te growth once a 
certain size has been attained. This size was probably 
determined here by the lattice mismatch. Due to the 
fact that  formation of a continuous film on silver sub- 
strates occurred after passage of a relat ively small  
charge density and that  the crystallites were no longer 
recognizable then, it was not possible to determine 
whether  the same growth mechanism was operative 
on silver substrates as on copper. 

The thinness of the crystall i tes on silver substrates 
probably resul ted in  re la t ively few defects such as 
voids developing dur ing coalescence. The greater n u m -  
ber  of defects which resul ted dur ing  coalescence of the 
crystallites on copper is the l ikely reason for their  
being still recognizable in  the continuous films. The 
exposure of the copper substrate to the electrolyte at 
voids in the deposits probably accounts par t ly  for the 
magni tude  of the steady-state potential  in  Fig. 4 being 
greater than that  in  Fig. 1. 

The extrinsic component  of the in te rna l  stress due 
to the lattice mismatch between deposit and substrate 
can be calculated by a formula due to van  der 
Merwe (14). For  epitaxial  gold on copper this value 
is about  --120 MPa, i .e. ,  compressive, as the deposit has 
the larger interatomic distsnce. On si lver substrates, 
the extrinsic stress in  the gold deposit is 2 MPa ( ten-  
sile) which is negl igibly small. The intr insic  compo- 

nent  of the in te rna l  stress is due to the pul l ing to- 
gether of crystalli tes due to surface tension before the 
spaces between them are completely filled (5, 15). 
This component  is therefore always tensile and varies 
inversely with the lateral  crystall i te size. The init ial  
stress of the deposits on silver as seen in Fig. 1 is thus 
small  and tensile because of the large crystal l i te  Size 
and the negligible misfit component. The intr insic com- 
ponent  in the deposits on copper is estimated to be 
about 50 MPa, which is the value of the stress at 100 
nm where the extrinsic one essentially vanishes. The 
extrinsic stress, which decreases with the reciprocal 
of the thickness according to the van der Merwe (14) 
formula when  it is relieved by the formation of in ter -  
facial dislocations, should be negligibly small  at 100 
nm. The value of the stress in Fig. 4 at the compressive 
max imum should therefore be the algebraic sum of the 
extrinsic component of --120 MPa and the intr insic  
one of 50 MPa, i.e., --70 MPa. The agreement  with 
the exper imental  value of --95 MPa is not  bad con- 
sidering that the reproducibi l i ty  was about ___10 MPa. 
This poor reproducibi l i ty  was pr imar i ly  due to uncer -  
tainties in the deposit thickness. The greater  experi-  
menta l ly  determined value of the compressive-stress 
ma x i mum may also be due to the fact that  at the thick- 
ness where it occurred there were still a number  of 
crystallites which had not yet coalesced as seen on the 
left in Fig. 6 resul t ing in the subtract ion of a smaller  
tensile component. 

The var iat ion of the stress with thickness in the 
gold deposits on copper in  Fig. 4 can be explained in 
terms of the mismatch and crystalli te-coalescence 
components. In i t ia l ly  the compressive, mismatch com- 
ponent  predominated.  Thus, the magni tude  of the 
stress increased to a compressive maximum.  When in-  
terfacial dislocations develop, the mismatch stress is 
relieved and the tensile, coalescence component  be-  
comes more dominant.  The stress then changes sign and 
approaches a tensile steady state which, as already dis- 
cussed, is due essentially only to the intr insic  com- 
ponent. 

The stress in the deposits on silver starts very small  
and tensile as already discussed. The rise to a tensile 
max imum in Fig. 1 is probably due to the formation 
and coalescence of the secondary crystalli tes seen in  
Fig. 3. As these crystalli tes are much smaller  than  the 
original ones shown in Fig. 2, their coalescence results 
in a greater intr insic  stress. The ma x i mum stress value 
of 60 MPa is about the same as the intr insic stress in 
deposits on copper substrates, which have about  the 
same crystall i te size. The reason for the formation of 
the secondary crystallites has not been determined. 
They may be associated with certain crystal defects in 
the under ly ing  deposit layer. The decrease in the stress 
beyond the ma x i mum in Fig. 1 probably resulted be-  
cause there was no observed formation and conse- 
quent ly  no coalescence of the small  secondary crystal-  
lites seen in Fig. 3 except in  the one thickness range. 

Conclusions 
1. The ini t ia l  s t ructure  of the epitaxial  gold deposits 

on silver and copper substrates consists of three-d i -  
mensional  crystallites. 

2. The gold crystalli tes on the copper substrate are 
la teral ly  smaller  than  those on silver, indicat ing that  
a larger mismatch results in smaller  crystallites. 

3. An ini t ia l  peak in  the magni tude  of the electrode 
potential  was associated with crystall i te nucleat ion;  a 
s teady-state  value indicated substrate coverage. 

4. The stress in  gold deposits on copper was ini t ia l ly  
compressive due to the predominant  extrinsic, mis-  
match component. With increasing thickness the co- 
alescence component became dominant  resul t ing in a 
change in the sign of the stress and the development  of 
a tensile stress. 

5. The stress in  gold deposits on silver were in i t ia l ly  
small  and tensile because of the small  latt ice mis-  
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match  and la rge  crys ta l l i te  size. A rise to a stress 
m a x i m u m  was due to the format ion  and coalescence 
of small ,  secondary  crystal l i tes .  
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Deposition of Copper in Cylindrical Pores by a 
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ABSTRACT 

The deposi t ion of copper  f rom acid copper  sulfate  solut ion in cy l indr ica l  
holes was s tudied by  potent ios ta t ic  and galvanosta t ic  methods.  S t eady - s t a t e  
p la t ing  gave  deposits  of poor  qual i ty  and uneven  thickness (S/H > 1). A 
pulsed square  wave  potent ia l  resu l ted  in good, coherent  deposits.  The deposi -  
t ion is discussed in te rms of the ra te  of diffusion to the e lec t rode  surface 
and the ra te  of diffusion into the pore. Fo r  pores  of smal l  d iamete r  the l a t t e r  
process l imits  the p la t ing  efficiency under  s t eady-s ta te  conditions. 

In  any  p la t ing  process, the  supp ly  of ions to the  
e lect rode surface  is of ten l imit ing.  Thus dur ing  the 
p la t ing  of copper under  s t eady-s ta te  condit ions effects 
due to the  deple t ion  of ions at  the  cathode (e.g., un-  
even deposit,  hydrogen  embr i t t l emen t  in ga lvano-  
stat ic p la t ing)  a re  of ten seen (1). Methods involving 
agi ta t ion  or a i r  sparging (2) m a y  a l lev ia te  these p rob -  
lems by  reducing the thickness of the diffusion layer ,  
but  pulse  techniques (3) have  been shown to provide  
the best  poss ib i l i ty  of obta in ing  an  even deposi t  wi th  
an efficient use of the cur ren t  (1, 4, 5). Three  methods 
employing  per iod ica l ly  changing currents  have been 
proposed;  al l  a re  based on an "off" per iod when the 
deple ted  l aye r  of ions at  an  e lect rode m a y  be r e -  
plenished. These use (3) reversed  current ,  d.c. wi th  
super imposed a.c., and pulsed current .  Potent ios ta t ic  
methods m a y  have  an advan tage  over  ga lvanosta t ic  
methods  for two reasons. First ,  the overa l l  cur ren t  
is an in tegra l  of local cur ren t  densities,  which, in the  
case of  ga lvannsta t ic  plat ing,  m a y  fol low an unp re -  
dic table  pa t t e rn  and second, the  control led  cur ren t  is 
used for double  l aye r  charging as wel l  as deposition. 

" Electrochemical Society Active Member. 
Key words: diffusion, mathematicai model, through-hole plating. 

The charging and discharging of the double  l aye r  l e a d s  
to a smoothing out  of the Fa rada i c  wave.  

P la t ing  inside pores holds fu r the r  problems due to 
the geomet ry  of the system. At  constant  potent ia l  or  
cur ren t  the  thickness of the deposit  inside a pore  is less 
than  that  of the flat surface and in .addi t ion a bu i ldup  of  
copper  at  the  mouth  of the  pore  is observed (6). 

In  this paper  we descr ibe the  effect of a pulsed 
square  wave  potent ia l  and a pulsed  square  wave  cu r -  
ren t  on the deposi t ion of copper in a cy l indr ica l  pore  
such as m a y  be found in p r in ted  circui t  boards.  A 
mathemat ica l  model  has been developed to solve the  
diffusion equations in such a pore. The model  gives an 
insight  into the  observed difference in p la t ing  efficiency 
inside and outside a pore  and m a y  be used to p r e d i c t  
op t imum pla t ing  parameters .  

Mathematical Model 
Various models  of different  complex i ty  have been  

proposed to analyze  diffusion in  different  geometr ies  
(4, 7-9). Most r ecen t ly  Popov et al. (4) have  em-  
p loyed a numer ica l  technique,  the  centra l  difference 
method,  wi th  the  Runge -K u ta  method  to solve the  re -  
sul t ing different ia l  equations.  
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By taking a sufficiently large mesh and small  t ime 
intervals  an  all numer ic  method [the forward differ- 
ence method (7)] may  be used. This method has the 
advantages that  no differential equations need be 
solved and it is not  necessary to know precisely the 
na ture  of the per turba t ion  on the system. 

However, a considerable increase in  the requi rement  
of computer  t ime and memory  results. 

The system modeled is shown in  Fig. 1. The mesh 
(200 • 200 points) was taken over A B C D ,  where 
AD -- 2R (R = radius of pore) and A B  = L (L _ 
length of pore).  The cylindrical  axis A B  and axis A X  
allowed calculation of the concentrat ion in all parts 
of the solution f r o m  the value at a point  wi th in  
A B C X Y Z .  The point  A was taken as the origin of the 
cyl indrical  coordinate system; the electrode surface 
being r = R, 1 < L/2 ( X Y  in Fig. 1) and r > R, l = 
L/2 (YZ in  Fig. 1). For a volume element  which has 
dimensions sufficiently small  relative to the diffusion 
length (2x/D~t) the following relations hold 

C( r  + Ar, l,t) .-, C ( r , l , t )  --, A r o C / o r  [1] 

C(r, l  + zll,t) ~ C ( r , l , t )  - -  A l o C / o r  [2] 

C(r,l , t  + At) ,.o C ( r , l , t )  - -  AtOC/Ot [3] 

The change in  concentrat ion at a mesh point  is 
the change in  the n u m b e r  of species wi thin  the volume 
e lement  divided by the volume of that element. Thus 
for diffusion in  an  infinite cyl inder  

AtD 
C(r, l , t  + At) -- C(r,l , t)  = ~ {A(r)  (C( r  + Ar , l , t )  

A r V  ( r )  

- -  C ( r , l , t )  ) - - A ( r  - -  A t )  ( C ( r , l , t )  - -  C(r  -- Ar,/,t))} 
[4] 

For the case of a cylindrical  hole the effect of diffu- 
sion paral lel  to the axis of the cyl inder must  be added 
to Eq. [4] 

A t D  
{C(r,l + M , t )  - -  C(r,/,t)  

,A12 

- -  ( C ( r , l , t )  - -  C ( r , l - -  hi, t ) ) }  [5] 
which is 

h t D  
, (C(r,1 + Al,t) + C(r, l  -- Al,t) -- 2C(r, l , t ))  [6] 

Al2  

) 

J 

- Y  . . . .  Kc 
' I 

/ 
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S 
Fig. 1. Diagram of the volume matrix taken for the mathematical 

model ABCD. Origin is at A. 
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The area of a cylindrical  e lement  is A ( r )  = 2Mr,  
and the volume element  V ( r )  = n l ( r2  - -  ( r  - -  A t ) 2 ) .  
For a plane A : Al2, V = Al 8. 

There remains the boundary  conditions at the elec- 
trode which are: electrode surface Y Z  (Fig. 1) (0C/0I) 
--  i / n F D  for r > R, l = L / 2 ;  electrode surface X Y  
~OC/ar) = i / n F D  for r = R, l < L / 2 ;  solution bound-  
ary C B  for r < 2R, l = L, C : Co; and solution bound-  
ary Z C  for r : 2R, 1 > L/2, C = Co. 

I t  is assumed that  the boundaries  C B  and Z C  are 
sufficiently distant  from the pore not to affect the 
so lu t ion  of the diffusion equations in that  region. 

Therefore in Eq. [4] at r = R, C ( r  + At,/,t) -- 
C ( r , l , t )  becomes i A r / n F D  and in Eq. [6] at I -- L / 2 ,  
C ( r , l , t )  --  C ( r , l  - -  Al , t )  becomes i M / n F D .  

In  potentiostatic plat ing the cur ren t  from an ele- 
ment  of electrode area Ae is 

i = const. • Ce • Ae [7] 

and for galvanostatic pla t ing 

i = const. [8] 

A periodic pulsed potential  was introduced into the 
model by setting i _-- 0 for the "off" period. No account 
was taken of double layer  charging which therefore 
limits the viabil i ty of the model at high pulse fre- 
quencies (>103 Hz). 

Diffusion of Cu 2+ only was considered (with D = 5.5 
• 10 .6 cmZ/sec), which was assumed to discharge 
to copper at the electrode surface. Thus no account was 
made of the effect of Cu +. The exper imental  results 
show that  this is a valid assumption in this case, and 
work is in  progress to model the system containing 
Cu + for other exper imental  conditions. 

The model was used to investigate the depletion of 
ions within the pore and the bui ldup of copper at the 
mouth of the pore for potentiostatic plat ing (pulsed 
and steady-state) .  The ratio of the thickness of the de- 
posit inside and outside the hole was estimated from 
the integrated current  densities at selected areas on the 
electrode. 

The model was implemented on the CDC7600 com- 
puter  of London University.  

Experimental 
The deposition of copper was studied by plat ing on 

to a brass electrode drilled with holes of different 
diameters (0.6, 1.0, 1.3, and 1.6 mm) .  The brass cath- 
ode was positioned vert ical ly between two copper 
anodes (Goodfellow Metals, 99.95%) in a rec tangular  
Perspex tank. For all experiments  the electrolyte 
was a solution of copper sulfate (0.34 mole dm -3) and 
sulfuric acid (1.76 mole dm-3 ) ,  

In  steady-state deposition a saturated calomel ref-  
erence electrode was used in  a Luggin capillary. A 
copper wire (Goodfe l low Metals 99.99%) was the 
reference in pulse studies. Provision was made in the 
cell for air agitation. The potent ial  (or cur ren t  in  
galvanostatic experiments)  was held constant  against  
the reference electrode by a Chemical Electronics 
TR40-3A potentiostat. A pulsed current  was achieved 
with a waveform generator  (square wave 0.1-105 Hz) 
in conjunct ion with the potentiostat. The current  and 
voltage were displayed on an oscilloscope. 

The brass boards were cleaned in the following 
sequence (10): (i) mechanical  polishing, ( i i )  de- 
greasing in t r ichloroethylene in an ultrasonic bath 
(5 min) ,  ( i i i )  washing in an alkal ine bath (NaOH 
4%, tr isodium phosphate 2%) for 3 min, ( i v )  washing 
in  an acid bath (H2SO4 5 volume percent  HC1) for 
5-10 sec, (v) washing in distilled water. 

After  pla t ing for a t ime to give a deposit thickness 
of 0.025 m m  (assuming the densi ty of copper to be 
8.96 g-cm -3) the brass boards were washed with dis- 
tilled water  and ethanol, dried, weighed, and mounted 
in acrylic resin for metal lurgical  sectioning. The sec- 
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t ioned sample  was etched in alcoholic fer r ic  chlor ide  
(11) and examined  under  a microscope to measure  
the thickness of the deposi t  inside, outsidel and at  
the  mouth  of the  pore. F rom the increase  in weight  
of the  brass  board  and the charge  passed, t h e  cur ren t  
efficiency was determined.  

The fol lowing p la t ing  condit ions were  s tudied:  
1. S t eady - s t a t e  potent ios ta t ic  polarizat ion,  wi th  and 

wi thout  a i r  sparging.  
2. S t eady - s t a t e  ga lvanosta t ic  plat ing.  
3. Pulsed  galvanosta t ic  p la t ing  wi th  To~ ---- 1 sec, 

TOFF = 2 sec, and  cur ren t  densi t ies  in the range 34-80 
m A  cm -2. 

4. Pulsed potent ios ta t ic  polarizat ion.  A range  of 
f requencies  (1-7.5 • 105 Hz) was s tudied wi th  To~/ 
ToFF = ~. 

Results 
Steady-state potentiostatic pZat~ng.~Figure 2 shows 

cu r r en t -vo l t age  curves for  p la t ing  wi th  and wi thout  
a i r  sparging.  I t  is seen that  wi thout  agi ta t ion  a l imi t ing 
cur ren t  dens i ty  of 40 mA c m - e  is quickly,  reached.  
The rat io  of the  deposi t  thickness outside to inside the  
pore  (S/H) (6) is p lo t ted  as a function of overpoten-  
t ia l  in Fig. 3 for  the unagi ta ted  and agi ta ted  e lec t ro-  
lyte.  Al though a g rea te r  cur ren t  dens i ty  is possible 
wi th  a i r  agi ta t ion  l i t t le  effect on S/H is observed.  
F igure  4 is a mic rograph  of the cross section of a 
typ ica l  pore  under  unag i t a ted  conditions, when den-  
dr i t ic  growths  were  f requen t ly  seen. Agi ta t ion  r e -  
duced these growth  to a minimum. 

Steady-state galvanostatic plating.~Deposits were  
essent ia l ly  s imi lar  to those obta ined  potent iosta t ical ly .  

Fig. 4. Copper deposit in 1.6 mm diameter pore after steady-state 
potentiostatic plating, ~" - -  357 mV, without agitation. 

7 

%~ / 

2 0 0 ~  

~ ~ ~ . . . .  ~oo 
} /mAcro -2 

Fig. 2. Current voltage relations for steady-state potentio- 
static plating. �9 ~ Without agitation, 0 ~ with agitation. 

However  at  high cur ren t  densi t ies  S/H was g rea te r  
for  ga lvanosta t ic  p la t ing  (Fig. 5). In  addi t ion a th icker  
deposi t  a t  the mouth  of the  pore  was observed (Fig. 6). 

Pulsed galvanostatic plating.~With a constant  pulse  
profile ToN ---- 1 sec, T O F F  "-" 2 sec, a plot  of S/H agains t  
cur ren t  dens i ty  gave values  of S/H near  1 for  the 
l a rge r  holes and smal le r  cur ren t  densit ies (Fig. 7). 
No var ia t ions  in S/H were  found when the per iod  
of the pulse was decreased.  A smooth copper  deposi t  
was found at  low cur ren t  densi t ies  (<50 m A  cm -2)  
but  as the  cur ren t  increased at  a constant  pulse  of 
TON "-- 1 sec, T O F F  - -  2 sec, the deposi t  became rough  
wi th  pronounced growth  a t  the  mouth  of the pore  
(Fig. 8a and b) .  Increas ing the f requency  of the pulse  
gave a smoother  deposit  at  h igh cur ren t  dens i ty  
(Fig. 8c). The cur ren t  efficiency of the deposi t ion was 
100 (___2)% at cur ren t  densi t ies  be low 100 m A  cm -2. 
Above this cur ren t  the efficiency fel l  l i nea r ly  to 96% 
at  150 mA cm -~. 

Pulsed potentiostatic plating.~With a constant  pulse  
profile, ToN -- 1 sec, T O F F  ~-  2 sec, S/H approached  

S/H 

r i - -  ~ - -  
0 100 2(30 300 

/my 

Fig. 3. Ratio of deposit thickness inside and outside the pore 
(S/H) at different overpotentials (open symbols) and unagitated 
(filled symbols) steady-state potentiostatic plating. 0 ,  �9 ~ Pore 
radius 0.6 ram; i-l, �9 ~ pore radius 1.3 ram; Z~, �9 ~ pore radius 
!.3 mm; ~ ,  �9 - -  pore radius 1.6 ram. 

S/H 

0 - -  I 

O 25 50 75 100 
j / mA r "2 

Fig. 5. S/H at different current densities for galvanostatlc ( 0 )  
and potentiostatic ( e )  steady-state plating. Pare diameter 0.6 
m m .  
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Fig. 6. Copper deposit in 0.6 mm diameter pore after steady-state 
galvanostatic plating, i = 50 mA cm -2 ,  with agitation. 

3 

S/H J 
J 

50 75 100 125 

i/mAc~ ~ 

Fig. 7. SIH at different current densities for pulsed galvanostatic 
plating. TON = 1 sec, TOFF = 2 sec. O = Pore diameter 0.6 
ram, [ ]  = pore diameter 1.0 ram, /% = pore diameter 1.3 ram, V 
= pore diameter 1.6 ram. 

un i ty  for overpotentials  less than 300 mV (Fig. 9). 
As with galvanostatic pulse plating, the f requency 
of the pulse had no great effect on S/H. 

Surface roughness increased with increasing over-  
potent ial  at constant  pulse frequency and decreased 
with increasing frequency at constant potential  (Fig. 
10a and b) .  

The average current  densities measured dur ing  pulse 
plat ing had higher values than the steady-state current  
densities and the var iat ion of the average current  
densi ty with pulse frequency at constant  overpotential  
gave a max imum at v = 100 Hz (Fig. 11). 

Mathematical model.--Figure 12a and b show a 
s imulated contour map of the concentrat ion of copper 
ions near  the electrode surface at  the mouth  of a 
1.6 mm diameter  pore, after s teady-state  potentiostatic 
plat ing for 0.5 and 5 sec at 455 mV. The graph of 
current  agains t  t ime is given in Fig. 13. Figures 14 
and 15 give corresponding contours and graphs of 

the same system under  a potentiostatic pulsing poten-  
t ial  of 455 mV with TON = 0.1 see, TOFF = 0.2 sec. The 
model parameters  were chosen to give a steady-state 
current  of 40 mA em-~ (see Fig. 2). It  was noted 
that  for high overpotentia]s (and currents)  and a 
pulse of ToN -- 0.1 see, TOFF ---~ 0. 9~ see, while the 
concentrat ion near  the electrode surface dur ing the 
"off" period increased, the boundary  of the bulk  con- ~ 
centrat ion continued to move away from the electrode. 

Discussion 
The distribution o~ copper ions in a pore during 

plating.--It is known (5, 11), and has been confirmed 
here, that  unde r  steady-state conditions less copper 
is deposited inside a pore than  on a flat electrode. 
This is obviously due to the deficiency of copper ions 
at the electrode surface in  the pore, bu t  may  have 
two different causes. First, the rate of diffusion inside 
the pore to the electrode may be less than  that  to a 
flat surface by vi r tue  of their different geometries. 
Second, the ions in  the pore may be rapidly consumed 
,with a slow diffusion of ions into the pore from out-  
side. The contour maps of Fig. 12 and cur ren t - t ime  
graph of Fig. 13 show that  at small  time intervals  
after the start  of pla t ing (when copper is still present  
at its bu lk  concentrat ion in  the pore) the difference 
between the concentrat ion of ions at the electrode in 
the pore and outside the pore is small. That  the con- 
centrat ion is sl ightly less in  the pore is a geometrical 
effect, However, the difference becomes much greater  
as more copper is deposited, because the rate of dif- 
fusion into the pore is much less than that  required 
to main ta in  the same concentrat ion gradient  as at 
the flat electrode. This will occur when  the boundary  
of the solution having the bu lk  concentrat ion reaches 
the radius of the pore. Therefore, while air agitat ion 
and pulse techniques may allow the concentrat ion of 
copper ions to be main ta ined  in the pore to negate the 
second effect, the first effect, that  of the geometry of 
the system, will remain.  

At high current  densities a greater  S /H  may be 
expected for galvanostatic plat ing than potentiostatic 
plating, as was observed in practice, for the following 
reasons. Under  galvanostatic conditions the copper 
ion concentrat ion wi th in  the pore will  allow a lower 
current  density than on the flat electrode. To main ta in  
the total current ,  a higher current  density is forced 
on the outer electrode, leading to a greater  S/H. In  
potentiostatic s teady-state  plating, the total cur rent  
falls to accommodate the smaller  ion concentrat ion 
in  the pore, and thus there is no exacerbat ion of the 
increased S/H. 

The bui ldup of copper at the mouth of the pore 
is a geometrical effect. Here the supply of ions to 
the edge is much greater  than that  to a flat electrode 
or cylindrical  pore. It is therefore expected that this 
phenomenon will be seen when plat ing reduces the 
concentrat ion below the bulk  concentration. This is 
the case in  s teady-state  plating, especially in galvano- 
static plat ing (see Fig. 8) and in  pulse plat ing when 
a high current  or potential  is held in a long pulse. 

The choice of pulse parameters.--The increase in 
S/H at high current  densities suggests that potentio-  
static pulsing may be preferred to galvanostatic puls-  
ing, and the following discussion on the opt imum plat-  
ing conditions is concerned with the former technique. 
It  must  be noted, however, that moni tor ing of the 
overall  deposition rate may be more difficult in prac- 
tical applications of potentiostatic pulse plating. 

Four  factors must  be optimized in plating: (i) 
evenness of deposit (S/H = 1) and no increased 
deposition at the mouth  of the pore, (ii) surface 
morphology, (iii) current  efficiency, and  (iv) total 
pla t ing time. 

We have shown that  the current  efficiency is 100% 
independent  of potential  and of frequency below 108 
Hz, when the effect of the disproportionation of Cu + 
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Fig. 8. Copper deposits in 0.6 mm d;ameter pore after pulse 
galvanostatic plating with agitation, a (upper left), i = 54.5 mA 
cm -~ ,  T o ,  = 1 sec, TOFF = 2 sec; b (upper right), i - -  145.5 
mA cm -~ ,  To~ - -  ! sec, TO~F = 2 sec; c (lower left), i = 145.5 
mA cm -2 .  ToN - -  7 Y 10 - 5  sec, TOFF = i.4 • 10 - 4  sec. 

is seen. This has been reported by Cheh and co-workers 
for high frequency pulse deposition of copper (14, 15). 
However for the most part  a current  efficiency near  
100% found here would suggest this mechanism con- 
t r ibutes little to the deposition process for our experi-  
menta l  conditions. The total plat ing t ime is reduced 
by  increasing the potential  and decreasing the "off" 
time, but  both of these factors are limited by the 
morphology and evenness of the deposit. 

The choice of mathematical modeL--The model Of 
pulsed deposition described by Despic and Popov (13), 

assumes the concentrat ion at the electrode surface fol- 
lows the pulse, fall ing from Co to a small  value and 
rising again to Co. Exper imenta l  observation of the 
current  variat ion dur ing a pulse would suggest that  
the ini t ial  fall in concentrat ion does not recover im-  
mediately in the "off" period. A comparison of the 
diffusion layer  thickness predicted by each approach 
may be made. The diffusion thickness for a pulse of 
T sec with an equal "off" t ime has been calculated 
by Despic and Popov (13). The concentrat ion in  the 
nth "on" period is 



V o L  127, No .  5 D E P O S I T I O N  OF COPPER 1039 

2 

SIH 

000 300 400 500 
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Fig. 9. $/H at different overpotentials for pulsed potentiostatic 
plating. TON ---- i sec, TOFF ~ 2 sec. �9 = Pore diameter 0.6 
ram, [ ]  - -  pore diameter 1.0 mm, A = pore diameter 1.3 mm, 
V - -  pore diameter i.6 mm. 

9.0 o ( .fx/$D1/~'[ ( 2n+ l)Tl~]2 
CoN --  C ( x ,  (2n -5 1 ) T )  = 

f z/2DZl~[ ( 2 n  - -  i )  T] 1/2 

e x p ( - - u ~ ) d u  -5 ~r e x p ( - - u 2 ) d u  

f xl2Dll2,T1/S 
+ ' " - 5  ~x/~m/2c2r)~/~ e x p ( - - u 2 ) d u  J [9] 

Co D '/2 ~ 1/2 T1/2 
8N - -  

(OC/Ox) x=o a 
where 

a ---- [ (2n -5 1) - � 8 9  --  (2n) -1/~ -5 (2n - - 1 )  -1/s _ . . .  -51] 

[10] 

We have modified this equat ion to accommodate a 
pulse of period P sec and length T sec when  the 
equations become 

2Co ( . f  x/2D1/qnP+ T]!/2 
- -  exp ( -- u 2) du CON---- ~i/, %. *o 

f xl2Dllq (n-- 1) P + T]l12 
-5 ~x/~m/~cnP),/~ exp ( - -us)  du 

-5... -5 j exp ( - -u~)du  [II] x/2D~P1/s 

D �89189 
8N -- - -  

b 

where  

b = [ ( r iP-5  T ) - � 8 9  - -  ( r i P ) - � 8 9  
-5 ( (n-51)P -S T)-'/2... + T-�89 [12] 

For P _-- 0.3 sec, T ----- 0.1 sec, Eq. [12] gives 8N -- 1.68 
X 10 -3 cm. From measurements made from Fig. 14b 
8N ----- 3.4 X I0 -s cm. At present it is not apparent how 
the two theories may be distinguished. 
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script  received Nov. 19, 1979. This was Paper  173 pre-  

Fig. 10. Copper deposits in 0.6 mm diameter pore after pulse 
potentiostatic plating with agitation, a (top), ~' = 455 mV, TON = 
1 sec, TOFF ~ 2 sec; b (bottom), ~" ~ 455 mV, ToN : -  7.5 X 
I0 -~  sec, TOFF ~ 1.5 • 10 -4  sec. 

sented at the Boston, Massachusetts, Meeting of the 
Society, May 6-11, 1979. 

Any  discussion of this paper  will  appear in  a Dis- 
cussion Section to be published in  the December 1980 
JOURNAL. All  discussions for the December 1980 Dis- 
cussion Section should be submit ted  by Aug. 1, 1980. 
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Fig. 11. Variation of average current density with frequency of 
pulse at constant overpotential 455 mV and constant ToN/ToFF -" 
112. 
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Fig. 12. Simulated contour map of the concentration of copper 
ions near the electrode surface during steady potentiostafic plat- 
ing. Radial distances r and axial distances I are measured from 
point A in Fig. i. a (top), After 0.5 sec; b (bottom), after $ sec. 
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Fig. 13. Simulated current-time curve for steady-state potentio- 
static plating. Current in arbitrary units. 0 ~ current at mouth 
of pore, A = current inside pore, [ ]  = current on flat electrode 
surface. 
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Fig. 14. Simulated contour map of the concentration of copper 
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Fig. 15. Simulated current-time curve for pulse potentiostatic 
plating, a (top), 0 = current at mouth of pore, b (bottom), [ ]  
current on flat electrode surface. Current in arbitrary units. 

LIST OF SYMBOLS 
A (r) area of a volume element at radius r 
A e a r e a  of element on electrode surface 
C,C(r, l , t )  concentration of Lcopper ions (at r, I, t) 
Ce concentration of coppe~ ions in element at elec- 

trode surface 
D diffusion coefficient; for Cu 2+ : 5.5 • 10 -6 

F 
H 
i 
I,M 

n 

r, hr 

S 
t 
VCr) 

V 

c m  2 s e e - -  1 

]~'araday's constant 
thickness of deposit in hole 
current density 
length measured from center of pore, incre- 
ment in l 
number of electrons in electrochemical reac- 
tion 
radial length measured from center of pore, 
increment in r 
thickness of deposit on fiat electrode 
time 
volume of element at radius r 
overpotential 
frequency of pulse 
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Polymer-Metal Composite Thin Films on Electrodes 
Karl Doblhofer and Werner  Diirr 

Fritz-Haber-Institut der Max-Planck-Gesellschaft, D-IOOO Berlin 33, Germany 

ABSTRACT 

The electrocatalytic activity of thin, metal-containing polymer films was 
studied. The films were prepared on glassy carbon electrodes in a glow-dis- 
charge which was established in mixtures of acrylonitrile and metal acetyl- 
acetonate vapors at 300~ The produced films were electronically conductive 
and solution permeable. It is proposed that electrochemical reactions can pro- 
ceed not only on the surface but also inside these films at the active sites 
formed by the incorporated metal. The cathodic dioxygen reduction in acidic 
and alkaline electrolytes was used as a test reaction for the electrocatalytic 
activity and stability of the electrodes. 

Ultrathin polymer films can be deposited on elec- 
trodes with the method of glow-discharge-polymeri- 
zation (1). Such films adhere well, are chemically 
stable during electrolysis in liquid electrolytes, and 
can render inert electrodes catalytically active. More- 
over, the catalytic activity can be increased by incor- 
poration of metals in the form of clusters or chelates 
(2, 3) so that the film-covered electrodes may find 

Key words: polymers, films, electrolyte. 

practical applications, such as in fuel cells. In this 
work we discuss basic aspects of such polymer-metal 
composite films on electrodes and propose a method 
to prepare such films. 

The Concept of a Po lymer /Meta l  Electrocatalyst 
To be effective in electrochemical processes cata- 

lyt ica l ly  active centers in the polymer matrix must  be 
accessible to the electrolyte containing the depolarizer 
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Fig. 1. Two mechanisms of electrochemical charge-transfer (CT) reactions (shown for the reduction step) proceeding on polymer-covered 
electrodes. The small dots in the polymer are catalytic or electron hopping sites. 

species and, secondly, they must  be in  electrical con- 
tact with the conducting support  of the polymer film. 
Both conditions are fulfilled for the two mechanisms 
(a) and (b) shown schematically in  Fig. 1. 

(a) The electrochemical process takes place at the 
interface polymer/e lect rolyte  and the electron is 
t ransported through the film. [Note that  in  the dis- 
cussion a metallic electrode is assumed as support  for 
the polymer film, and, in fact, many  of the experi-  
ments  have been made with P t /po lymer  systems. In  
practical applications, however, carbon, par t icular ly  
glassy carbon would be preferable, as discussed in 
ReL ( t ) . ]  

Two steps can be distinguished in this process. Step 
1: the electron t ransfer  from (to) the electroactive 
species in  solution to (from) the polymer  surface. 
This process can be discussed on the basis of the ac- 
cepted interfadial electron t ransfer  theory (4-6). In  
particular,  the predicted strong dependence of the 
rate of charge t ransfer  on the concentrat ion of the 
polymer electronic states demonstrated wi th  elec- 
trochemical experiments  on conducting polymer-  
covered electrodes (1). Step 2: the electron t ransport  
through the polymer film. This process was studied 
previously, also with me ta l /po lymer /me ta l  sandwich 
systems (7). From the tempera ture  and field depend- 
ence of the film conductivity it  was concluded that  
hopping of electrons along percolation paths w a s  the 
dominant  conduction mechanism. 

Mechanism (a) wil l  be favored when the film per-  
meabi l i ty  for the eleetrolyte solution is low and its 
electronic conductivi ty is high. In  this case it would 
be impor tant  to introduce the catalytical ly active 
(metal)  centers on the polymer-surface.  Inside the 
polymer film these centers may contr ibute  to the film 
conductivi ty by  forming electronic states which par-  
ticipate in  the electronic percolation process. 

(b) The polymer mat r ix  acts as a membrane  per-  
mit t ing the electroactive species and the electrolyte 
to reach the support ing meta l /po lymer  interface re-  
gion where the charge- t ransfer  react ion takes place. 
Glow-discharge polymer films can be prepared to be 

permeable to electrolyte solutions (8). The perme-  
abil i ty is high when the polymer s tructure interacts 
with the solvent molecules and when the matr ix  is 
not cross-l inked (9). 

Catalytical ly active sites in  an insulat ing mem-  
brane- type  film are expected to be electrocatalytically 
effective when they are in  contact with the metall ic 
support. Such a system could be of considerable prac-  
tical use to improve the stabil i ty of "modified elec- 
trodes" (3, 10). It  is l ikely that the decomposition of 
certain catalytically active compounds, such as chelates 
or clusters attached to the electrode, is retarded when 
the compound is imbedded in  the polymer matrix.  

We propose in the following a third system which 
is based on a combinat ion of the schemes (a) and 
(b) of Fig. 1: the polymer mat r ix  os this proposed 
film is permeable to the solution and electronically 
conducting. When such a film contains the active sites 
distr ibuted throughout  the mat r ix  an electrocatalytic 
reaction could proceed at the active centers in  a re- 
action zone inside the polymer film, as schematically 
shown in Fig. 2. Note, that  in  this thi 'ee-dimensional  
reaction zone a larger number  of sites is available for 
the electrochemical process than  on a plane "modified 
electrode." The electronic current  to or from the ac- 
tive sites flows because of an electric field across the 
film, while the electroactive species (02 in Fig. 2) 
reaches the sites by diffusion. Active centers i n  the 
polymer which can t ransfer  electrons revers ibly to a 
redox species are expected to be also electronic states 
which are energetical ly accessible for the electrons 
in the corresponding hopping conduction process, thus 
increasing the film conductivity. Relat ively unstable  
catalytically active compounds could be stabilized by 
the polymer mat r ix  and thus rendered usable for 
electrocatalytic processes, as discussed above. 

Depending on the conduct ivi ty  and permeabi l i ty  
properties of an actual, exper imenta l  film the reaction 
zone will deviate in  its location and thickness from 
the idealized picture, Fig. 2. In  fact, the situations 
(a) and (b) of Fig. 1 might  be considered to be the 
l imit ing cases of the proposed scheme. 
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Fig. 2. Model of a solution-permeable, conducting thin polymer 
film with imbedded active sites, at which the electrochemical O~ 
reduction proceeds. 02 molecules are shown adsorbed on the sites; 
0~, H +, and H20 as well as electrons (e-)  are mobile in the 
matrix. 

Preparation of the Polymer-Metal Composite Films 
The basis of the preparat ion of the polymer  matr ix  

w a s  the cathodic glow-discharge polymerizat ion 
(GDP) at elevated temperature ,  as described previ-  
ously (1). Acryloni t r i le  was used as the monomer, 
which had been found to lead to a conducting polymer 
with a cer ta in  solution permeabil i ty .  At  300~ the 
nl t r i le  groups of the polyacryloni t r i le  break up to form 
a n  unsaturated,  n i t rogen-conta in ing  ladder polymer. 
With the nonbonding  N-elec t ron pairs, coordinate 
bonds can be formed with metal  ions in  the matrix.  
In  fact, i t  is l ikely that  the ions are complexed by 
more than  one l igand from the polymer  matrix.  This 
leads to a chelate- type s t ructure  which would pro- 
tect the metall ic central  ions in the film from being 
extracted by the electrolyte solution. Such structures 
should have a certain catalytic activity, e.g., for the 
cathodic dioxygen reduct ion reaction (2). 

To introduce the metal  into the film, meta l -con ta in -  
ing volatile species, main ly  metal  acetylacetonates, 
were added to the monomer  in  the GDP reactor dur ing  
the polymerizat ion process. Acetylacetonates are stable 
at elevated temperatures  and are readily available 
in  high pur i ty  for a n u m b e r  of metals. Unfortunately,  
the necessary vapor pressure is obtained only at tem- 
peratures of the order of 150~ Thus, it was neces- 
sary to construct the glow-discharge reactor in  such 
a way that  the tempera ture  was nowhere lower, to 
avoid condensation of the acetylacetonate. A sche- 
matic picture of the apparatus  is given in Fig. 3. I t  
w a s  buil t  from glass and stainless steel. The tempera-  
ture  of the small  vessel at the bottom which con- 
tained the acetylacetonate, could be controlled inde-  
pendently.  Its tempera ture  was raised to increase the 
chelate vapor pressure for the polymerization. The 
process could be cont inuously  moni tored wi th  a quad-  
rupole mass-spectrometer  attached to the reactor via 
a nar row nozzle. Electrodes prepared from glassy car-  
bon disks (Sigri Elektrographi t  GmbH, D-8901 
Meitingen, Germany)  of diameter  8 m m  and thick- 
ness 3 mm were used as the substrate  for the films. 
To permi t  only one face of these disks to be exposed 
to the solution in  the electrochemical experiments,  the 
disks were sealed into glass by mel t ing  the ends of 

R 
U-----] -20OOV 

F 

L - ~  L~'--~-I~h'[--'-~-- m ~ n ~ 

chelate, T < 200~ 

Fig. 3. Glow-discharge polymerization apparatus. The polymer- 
metal composite film is deposited on the exposed glassy carbon 
(GC) face of the electrode. 

g l a s s  tubes around them, and thereafter  polishing un -  
til a flat surface was obtained. Polymerizat ion was 
ini t iated by applying the high voltage to the glow- 
discharge reactor when the mass-spectrometer  indi-  
cated the desired vapor composition. To characterize 
the produced films optical reflection spectra and elec- 
trochemical measurements  were rout ine ly  made. ESCA 
spectra were taken to estimate the amount  of metal  
incorporated. 

Results and Discussion 
The properties of the produced films could be varied 

over a wide range by changing the acetylacetonate, 
by vary ing  the ratio of the acetylacetonate-acrylo-  
ni tr i le  vapor pressures and the polymerizat ion tem- 
perature. In  the following, a typical film is discussed. 
It was prepared at 300~ from coba l t ( I I ) -ace ty lace-  
tonate and acrylonitr i le  (AN). Vapor composition in 
the GDP reactor: 0.5 mbar  acrylonitr i le  plus approxi-  
mately  0.01 mbar  acetylacetonate.  The lat ter  vapor 
pressure value can only be estimated, whereas it 
could be adjusted reproducibly via the acetyl -peak 
(m/e = 43) in  the mass spectrum. The cathodic oxy-  
gen reduct ion reaction was used as a test reaction for 
the electrocatalytic l ~ r m a n c e  of the electrode. Oxy- 
gen diffuses well  through polymeric structures (11), 
as do H + ions and the produced water ;  mass t ranspor t  
from the polymer surface to and from the metall ic 
centers was therefore not  cur ren t  l imiting.  

Figure 4 shows the performance of this electrode 
(AN + Co) compared with the metal - f ree  (AN) 
film-covered glassy carbon, the un t rea ted  glassy car- 
bon (GC), and a p la t inum electrode, in  acid solution, 
saturated with oxygen. The curves were obtained 
from cyclic vol tammetry  experiments  with the elec- 
trodes rotated at 40 revolutions per  second. The sweeps 
were slow (5 mV/sec) ,  i.e., the Faradaic currents  
shown in  the figure could be measured under  quasi-  
s ta t ionary conditions. Clearly, the catalytic activity 
of the film with respect to oxygen reduct ion is sig- 
nificantly enhanced by the incoruorated cobalt. ESCA 
spectra taken after 2 hr of 02 reduct ion in acid elec- 
trolyte showed a decrease in Co content  by approxi-  
mate ly  one third. After  two days of electrolysis no 
significant amounts  of Co could be detected by ESCA, 
i.e., in  the upper  2 nm of the film. The catalytic ac- 
tivity, however, was pract ical ly unchanged.  Thus, the 
reaction must  have taken place at cobalt centers deep 
inside the film. This is a strong indicat ion that  the 
e]ectrocatalytic reaction proceeds at this fi lm-covered 
electrode, according to the mechanism i l lustrated in  
Fig. 2. 
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Fig. 4. 02 reduction in IM  H2SO4 on the disk electrodes: glassy 

carbon (GC), acrylonitrile-polymer on glassy carbon (AN), Co- 
acetylacetonate/acrylonitrile polymer on glassy carbon (AN 4- Co), 
and platinum (Pt). The electrodes were rotated at 40 rps. RHE is 
the reversible hydrogen electrode in the same electrolyte. 

The electrocatalytic acUvity of the acrylonitrile 
GDP film was increased by the incorporated cobalt 
ions also with respect to the O2 reduction in alkaline 
solution, as shown in Fig. 5. The stability of the elec- 
trodes was at least as high as in acid solution. 

With the apparatus shown in Fig. 3 a wide range of 
different polymer/metal composite films can be pre- 
pared on electrodes. The obtained systems are stable, 
for at least several days when used for electrochemi- 
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0 

' '  " I I I  Eequ (02'PH=14) i / // 

/J/J 
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Potential vs. RHE (V) 

d 

Fig. 5. 02 reduction in 1M KOH. Electrodes are as in Fig. 4 

cal processes in aqueous electrolytes. One can easily 
conceive of a large number of metal/polymer com- 
binations which could on this basis, lead to electrodes 
with desirable electrocatalytic properties, and there- 
fore have practical applications, e.g., in fuel cells. 
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Electrochemical Synthesis of N-Alkylformamides 
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ABSTRACT 

Dimethylformamide, diethylformamide, and other mono- and disubstituted 
N-alkylformamides are produced from carbon monoxide, methanol, and cor- 
responding alkylamine by electrolysis. The electrolysis is conducted in a one- 
compartment cell under up to 100 atm of carbon monoxide at 20~176 The 
reaction is highly electrolyte dependent. The efficiencies exceed 100% (based 
on I F/mole of amide). Electrochemical generation and continuous regenei'a- 
tion of catalyst appear responsible for the observed high reaction rates and 
high yields of formamides. The process is described and the reaction mecha- 
nism discussed. 

Electrochemical synthesis of N-alkylformamides  is 
a result  of our cont inuing interest  in  the electrochemi- 
cal ut i l ization of carbon monoxide in  the production of 
commercial ly impor tant  chemicals. The synthesis of 
organic carbonates by electrolysis of carbon monoxide 
and the corresponding alcohol in the presence of a 
halide electrolyte has been previously reported (1, 2). 
The process as described here is an a l ternat ive  to the 
exist ing chemical processes, and appears to have some 
advantages over the latter. 

Several  processes are described for chemical pro- 
duction of N-alkylformamides,  based on various homo- 
geneous and  heterogeneous catalysts (3). The most  
re levant  to our work are the processes for the produc-  
t ion of N,N-dimethylformamide,  described as follows 
(4-6) : 

1. By reaction of d imethylamine  with methyl  for- 
mate, according to 

(CH~)2NH + HCOOCHs -~ (CH3)2NCOH + CH~OH 

2. By reaction of d imethylamine  with carbon monox-  
ide, in  the presence of dissolved alkali  metal  alcohol- 
ate (or CuC12 and potassium acetate),  according to 

CH8ONa 
(CH3)~NH + CO �9 > (CH3)2NCOH 

CHsOH 

Since methyl formate can be produced from metha- 
nol and carbon monoxide (5), these two processes can 
be viewed as one, differing only in number of steps. 
The main problem in the one-stage commercial syn- 

thesis of N,N-dimethylformamide appears to be the 
plugging of equipment caused by precipitation of salts 
(sodium alcoholates) (6). This can be apparently 
avoided by the constant presence of some methyl for- 
mate added to the reaction mixture. The reaction is 
conducted at 90~ at 175 atm of carbon monoxide. 
W"nile the residence time of the one-stage process is 
not specified, methyl formate formation under com- 
parable conditions proceeds apparent ly  at a slow rate 
(8 days for 84% conversion).  The electrochemical 
synthesis of N-alkyl formamides  requires ,-~3 hr  for 
60-80% conversion (based on amine) ,  and it i s  con- 
ducted at mi lder  conditions (20~176 and up to 100 
atm of carbon monoxide) .  No salt precipitat ion oc- 
curs in  the course of electrolysis. The syntheses of 
N,N-dimethylforrnamide are studied in  greatest detail  
i n  this work. 

Experimental 
Constant current electrolysis.--Electrolyses were 

conducted at constant  current,  using cell and equip- 
ment  previously described (1, 7). Graphite  anode and 
stainless steel cathode were used throughout  the work 
unless stated otherwise. Anodic and cathodic chambers 

�9 Electrochemical Society Active Member. 
Key words: carbon monoxide,  catalysis, electrolyte,  solvent. 

were not separated. Commercial  chemicals we re  used 
without  fur ther  purification or drying. The tempera-  
ture  was general ly  main ta ined  in  the range of 20 ~ 
40~ by cold water  circulating coil  In  a typical ex- 
periment,  200 ml  of methanolic a lkylamine  [25-50 
weight percent  (w/o) ]  and 13.0g (0.04 mole) of te t ra-  
bu ty l ammonium fiuoroborate were charged into the 
reactor and pressurized with carbon monoxide to 100 
atm. A total of 0.45F was usual ly  passed. Product  
analyses were performed by  GC, GC-mass spectrom- 
etry, and IR. For GC analysis of l iquid samples a 5 ft 
• ~ in. stainless steel column packed with POROPAK 
PS (70 --> 730~176 was gene ra l ly  Used. A F inn i -  
gan Model 3300 gas chromatograph/mass  spectrometer 
operated in  a chemical ionization mode with methane  
as the reagent  gas was employed. 

Potentiodynamic measurements.--The ~el l  used f o r  
the potent iodynamic studies was of a conventional  type 
with anolyte and catholyte separated by a fri t ted glass 
disk. A graphite rod (,~1 cm ~ geometric area) and 
stainless steel or stainless steel (T316 SS, ,-~1 cm 2 geo- 
metric area) and p la t inum-c lad  t an ta lum were work-  
ing and auxi l iary  electrodes, respectively. A saturated 
calomel electrode served as a reference electrode. So- 
lutions were purged with argon prior to the recording. 
The electrical equipment  used in potent iodynamic 
measurements  consisted of a Funct ion  Generator,  
Model CHF-1 Elscint, a Wenking  Potentiostat, and a 
Hewlet t -Packard  Autograph Model 7030AM X-Y re-  
corder. 

R e s u l t s  

E~ect of electrolyte and electrolyte concentration.-- 
The effect of electrolyte employed in  the synthesis of 
various alkylformamides is shown in Table I. These 
da ta  indicate that  the selection of cation plays an 
essential role in de termining the course of the reac- 

Table I. Effect of electrolyte on alkylformomide formation* 

Elec- 
troI~e, 

Starting amine 0.2M Products (mole/F)  

Methylamine*" Et4NBr Methylformamide (--1.0) 
Et4NBF4 Methylformamide (~I.0) 
NH~Br None 
NH,Br + 

EhN None 
Ethylamine*" Et~NBr Ethylformamide (~I.0) 

Et4NBF~ Ethyls (~1.0) 
NH4Br None 

Dimethylamine*** Et4NBF~ Dimethylformamide (~1.0) 
Bu~NBr DMF (~1,0) 
NaBF4 DMF (~I.0) 

Diethylamine* ** Et4NBF~ Diethylformamide (~1.0) 
NaBF~ Diethylformamide (~L0) 

* Graphite anode, SS cathode, 100 
** 25 w / o  in methanol.  

*** 50 w / o  in methanol.  

atm CO, 20"-40~ 0.4,5F. 

1 0 4 ~  
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tion. When  t e t r a a l k y l a m m o n i u m  or  a lka l i  meta l  cat -  
ions are substituted by ammonium salts, no formamides 
are formed. The electrolyte concentration appears to 
have an effect on reaction efficiencies, with higher 
yields obtained at lower concentrations (Table II). 
This, however, may be due to the experimental data 
scattering caused by IR effect (see Discussion). 

E~ect of current density and electrode mater ia l . -  
The efficient synthesis  of formamides  was genera l ly  
carr ied  out  in a one -compar tmen t  cell  on g raph i te  
anodes and stainless steel  cathodes wi th  cur ren t  den-  
sities of 20 and 200 m A c m  -2  (geometr ic  a rea ) ,  r e -  
spectively.  When  a stainless steel  cathode was sub-  
s t i tu ted  by  graphite ,  ident ica l  resul ts  were  obtained.  
Revers ing the cur ren t  densit ies (200 m A  cm-2  anode; 
20 m A  cm -2  cathode) has a subs tant ia l  effect on p rod-  
uct  efficiency in d ime thy l fo rmamide  formation.  
Higher  yields  are  obta ined  i nva r i ab ly  wi th  h igher  
cathodic cur ren t  densi t ies  (Table I I I ) .  Separa t ion  of 
the  anolyte  and the ca tholyte  (Cat ion Exchange  Mem-  
brane  Ionics 61 DYG 067) increases the y ie lds  at  both  
low and high cathodic cu r ren t  densities.  The effect is 
more  pronounced  at  h igher  cur rent  dens i ty  (Table I I I ) .  

Effect o] carbon monoxide pressure and tempera- 
ture.--The effect of carbon monoxide  pressure  on p rod-  
uct  efficiencies was s tudied in the cases of d ime thy l -  
fo rmamide  and d ie thy l fo rmamide  formation.  Tet ra~  
bu ty l ammon ium fluoroborate  (0.2M) e lec t ro ly te  and 
a one -compar tmen t  cell  were  employed  in al l  cases. 
The react ions were  conducted at  20~176 The depen-  
dence is i l lus t ra ted  in Fig. 1. These da ta  suggest  that  
in both cases there  is a t  least  a 5% yie ld  increase for 
each 6.8 a tm (100 psi) inc rement  of carbon monoxide.  

When  the reac tor  is not ex t e rna l ly  cooled, the  t em-  
pe ra tu re  rises to 65~176 Some of the  exper iments  
were  conducted wi thout  ex te rna l  cooling. Increased 
t empera tu re  had i nva r i ab ly  beneficial  effects on p rod -  
uct  yields.  The da ta  of some compara t ive  runs are  
presented  in Table  II. 

Current-potential d a t a . - - C u r r e n t - p o t e n t i a l  curves 
were  recorded in methanol  solutions wi th  Bu4NBF4 
and NH4Br e lect rolytes  in the absence of carbon 
monoxide.  The effect of d ime thy lamine  and d ie thy l -  

Table II. Efficiency of dimethylamine conversion to DMF* 

T e m p . ,  D M F , *  * C o n v e r -  
E l e c t r o l y t e ,  M ~ m o l e  s i on ,  % 

Bu~NBF4 (0.2) ~0~ ~ 0.5 (11'0) 60 
30~ ~ 1.0 (220) 90 

Bu4NBF4 (0.1) 20~ ~ 0,8 (180) 80 
Bu4NBF4 (0.05) 2~0~ ~ 0.8 (180) 80 
N a B F 4  (0.2) 20~ ~ 0.5 (110) 50 
B u 4 N B r  (0 .2 )***  20~ ~ 0.2 (40) 40 

30~ ~ ,0.8 (18) 75 

* G r a p h i t e  a n o d e ,  SS c a t h o d e ,  100 a t m  CO, 0.45F, residence 
t i m e  = 2.5 h r .  

** P a r e n t h e s e s  = a p p a r e n t  current  efficiency, % (1 F / m o l e ) .  
*** D i m e t h y l  carbonate formed also .  
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Fig. 1. Effect of CO pressure on efficiency of N,N-alkylformamide 
formation: [ ]  N,N-dimethyl~rmamide, �9 N,N-diethylformamide. 

amine additions (as well as corresponding formam- 
ides) on current-potential profiles of methanolic solu- 
tions was studied. The data are summarized in Table 
IV. As evident, current rise commences at substantially 
higher negative potentials upon addition of amines 
than in pure methanol. The reaction is accompanied 
by gas evolution, as in the case of pure methanol. El0 
for methanol/NH~Br compared to methanol/Bu4NBF4 
solution is 300 mV less negative. 1 In all investigated 
cases, oxidation of amines takes place at substantially 
lower potentials than methanol (Bu4NBF4 electrolyte). 
With NH4Br electrolyte simultaneous oxidation of Br- 
and amines appears possible (bromine evolution vis- 
ible). Some typical cyclic voltammograms are pre- 
sented in Fig. 2. 

Discussion 
The synthesis of N-alkyl amides from carbon mon- 

oxide, alkyl amines, and methanol proceeds generally 
with apparent current efficiency of 5100% (based on 
I F/mole of amide). Without methanol present, no 
alkyl amides are formed. In the chemical synthesis of 

i E~o represents the electrode potential at 10 mA cm-~. 

Table IV. Potential sweep data for methanol and methanol/amine 
systems* 

Table III. One- vs. two-compartment cell in DMF formation* 

Electrolyte Cel l  

DMF, 
Cathodic apparent 
current current 
density, efficiency, 
mAcm -s % 

0.2M Bu~NBF4 One-compartment 20 20 
~00 ~100 

T w o - c o m p a r t m e n t  ~ 20 ~ 2 0 0  

( C a t i o n  exchange  
m e m b r a n e  ) 200 ~ 3 0 0  

* Conditions: 100 atm CO,  20~176 stainless steel  cathode, 0.45F. 

Elo ( m V / S C E )  

E l e c t r o -  S t a i n l e s s  G r a p h i t e *  * * * 
i ~e ,  s t e e l ,  

Reactant 0.2M cathodic A n o d i c  C a t h o d i c  

Methanol Bu4NBF~ 1500 1550 ~1400 
N H 4 B r  1200 - -  - -  

D i m e t h y l -  
a m i n e  * * Bu~NBF4 1800 600 1800 

D i e t h y l -  
a m i n e  * * * Bu4NBF~ 1800 700 - -  

N H 4 B r  1500 800 

* S w e e p  r a t e :  50 m Y  sec-1;  25~ 
** 50 w / o  i n  m e t h a n o l .  

*** 30 v / o  in methanol.  
**** - -  = not determined.  
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fonnamide  the reaction takes place via methyl  formate 
intermediate and its subsequent reaction with alkyl 
amines, as already seen. Methyl formate  is formed 
f rom carbon monoxide and methanol  in the presence 
of sodium alcoholates. 

During our studies of electrochemical dimethyl  car-  
bonate synthesis f rom carbon monoxide and methanol, 
we discovered that  methyl  formate was formed prefer-  
entially when ammonium bromide electrolyte was sub- 
stituted by  te t rabuty lammonium bromide (1). Yields 
of methyl  formate  indicated a process involving 1 
F /mole  of  ester. Subsequently,  the CO/CH~OH elec- 
trolysis was carried out employing te t rabuty lammo-  
nium fluoroborate; methyl  formate was a major  prod= 
uct  (Table V). The choice of anion, thus, had no 
essential bearing on the course of the reaction, but  
catalysis by  R4N + cation was clearly implied. When 
this reaction was carried out in the presence of alkyl 
amines, the corresponding formamides were formed, as 
shown in the present work (Table I).  This suggests 
that  electrochemical synthesis of-formamides proceeds 
via methyl  formate intermediate in much the same 
way  as a chemical one. 

Table V. Effect of electrolyte on product distribution in carbon 
monoxide/methanol electrolysis* 

CILOH + CO 
nF 

LiBr 
(CH~O)aCO (CHsO)2CHJ CHsOOCH 

(0.35) (0.05) (0.05) 
NI-I,Br 

~ (CHaO)~CO None None 
(0.35) 

LiCIO, 
, > None (CHaO):CH2 CHsOOCH 

(0.35) (0.12) 

Bu,NBr 
( CI-I~O ) ~O None CH~OOCH 

(0.10) (0.80) 

Bu4NBF, 
None (CHsO) ~CH2 CI-~OOCH 

(o.1o) (i.oo) 

* Graphite anode, stainless steel cathode, one-compartment cell, 
100 atm, 20~ 0.45F; parentheses = mole/F. 

d u c t e d a t  90~ and 175 atm, but no residence time was 
given (6). The electrolysis of CO, methanol, and alkyl 
amine, in the presence of R4N + or Na + salts as elec- 
trolytes, converts 60-80% amine to formamide in 
approximately  1-3 hr  at 100 atm. It  is believed that  
t h e  role of electrochemistry is in generation of homo-  
geneous catalyst, R4N + methoxide  or Na + methoxide. 
The reaction sequence leading to amides can then be 
depicted as follows 

SCHEME 1 
Cathode: 

2CH3OH + 2e-~ 2CH30- § Ha 

Chemical: 

CH30- + CO-* CH3OCO- 

l [ CH3OH >HCOOCH3 -}- CHaO- 

-1" 

followed by 

HCOOCH3 + R2NH-* HCONR2 + CH~OH 

In the above scheme, for each mole of hydrogen 
evolved, two moles of C H 3 0 -  are formed cathodically. 
Local concentra t ion of C H 3 0 -  should thus be suffi- 
ciently high to act as catalyst for formate and /or  form- 
amide formation. Concentration of R4N + in the cath-  
odic double layer  is also expected to be high due to 
the adsorption phenomena. 

An  alternative scheme for the chemical reaction of 
electrochemically generated methoxy  ions leading to 
formamide formation is suggested as follows 

SCHEME 2 

CH30- + R2NH-~ CH3OH + R2N- 

t ' 
CO 

' ~ R~NCO- 

I CHaOH 

HCONR2 + CHsO- 

The chemical synthesis of methyl  formate is cata-  
lyzed by sodium methoxide. It  requires high tempera-  
tures, high pressures of carbon monoxide, and long 
reaction times (100~176 160 arm, 8 days for 84% 
conversion) (5). Chemical synthesis of formamides is, 
likewise, catalyzed by  sodium alcoholates; it is con- 

In  the present work  no at tempt has been made to 
distinguish between these two possibilities of fol low-up 
chemical reactions. 

Anodic reaction in the methanol /amine  system will 
depend on the electrolytic conditions and the con- 
centration of the amine present. In constant c u r r e n t  
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electrolysis,  at  low cur ren t  densit ies and high amine  
concentrations,  oxida t ion  of amine  wil l  take  place  in 
preference  to methanol  (Table  IV).  As the e l e c -  
t rolysis  progresses and amine  gets depleted,  oxidat ion  
of methanol  wil l  t ake  over  (ba tch-wise  opera t ion) .  
I t  is also possible tha t  oxida t ion  of CI t~O- ( ra the r  
than  CHaOH) would  compete  wi th  amine  oxidat ion.  
High anodic cur ren t  densities,  even at  r e l a t ive ly  high 
amine  concentrations,  might  also change the course of 
anodic reaction. 

We have  not  a t t empted  (so far)  to de te rmine  the 
products  of anodic reaction. In  the case of methanol  
(or  C H 3 0 - )  oxidat ion,  fo rma ldehyde  is expected  as 
produc t  according to the  fol lowing react ion (8) 

CHsO-  ~ HCHO + 2e + H + 

Fu r the r  oxida t ion  of C H 3 0 -  to formate  (and u l t i -  
ma te ly  CO2) is possible, bu t  takes  place only in the  
presence of O H -  or  HzO, according to (9) 

CHsO- + 4 O H -  ~ HCOO- + 3 H 2 0  + 4e 

This cannot  happen  to any  subs tant ia l  degree  under  
o u r  expe r imen ta l  condit ions (H20 concentra t ion be low 
1%).  Smal l  amounts  of COs detected in the gas phase 
m a y  also come from carbon monoxide  oxidat ion.  The 
products  der ived  f rom amines oxida t ion  are  less cer-  
tain. The  l i t e ra tu re  da ta  (10) suggest  that  secondary  
and t e r t i a r y  a l iphat ic  amines  are  d i a lky la t ed  on 
anodic oxidat ions  in nonaqueous solvents. The da ta  
re la t ing  d i rec t ly  to d ime thy lamine  or  d i e thy lamine  
oxida t ion  could not, however,  be found. The solutions 
af te r  CH3OH/amine/CO elect rolytes  contain smal l  
amounts  of d a r k  solids, whose na tu re  remains  to be 
determined.  I t  is impor t an t  to notice tha t  no foul ing 
of the  e lectrodes was ever  observed.  

Wi th  Bu4NBr electrolyte ,  in the  presence of amine,  
format ion  of d imethy l  carbonate  was observed  along 
wi th  formamide,  in agreement  wi th  prev ious ly  ob-  
served  react ions (Table  V).  Bromine evolut ion and 
subsequent  COBr~ format ion  is pos tu la ted  in such 
cases (1). The fact  that  (CH30)2CO forms in a much 
lesser  degree  than  e i ther  me thy l  form%te or  fo rm-  
amide  indicates  different  respect ive  ra tes  of fo l low-up 
chemical  reactions.  With  amine  present ,  s imul taneous  
oxidat ion  of amine  and B r -  seems possible (Table  
IV) ,  decreas ing the ra te  of Br2 generat ion.  Employ-  
ment  of NH4Br fa i led  to produce  any  me thy l  formate  
or  fo rmamide  (Tables  I and V).  In  the presence of 
NH4Br,  hydrogen  evolut ion  in methanol  takes  place  at  
subs tan t ia l ly  lower  potent ia ls  than  wi th  Bu4N + elec-  
t ro lytes  (Table  IV) .  I t  is qui te  obvious that,  in this 
case, NI-I4 + serves as a p r i m a r y  proton source, thus 
d iminishing high local concentra t ion of methoxide.  
Also, NI-I4 + is more  acidic than  R4N +. These two fac-  
tors can adequa te ly  account for the l ack  of fo rmamide  
(or  me thy l  fo rmate )  format ion  wi th  NH4Br e lec t ro-  
lyte.  

Due to the  re la t ive ly  low conduct iv i ty  of me thano l /  
amine  solutions wi th  Bu4NBF4 (and especia l ly  NaBF4) 
and our exper imen ta l  setup, f a i r ly  high IR drop is ob-  
served, wi th  subsequent  genera t ion  of heat.  Wi thout  
cooling, the t empe ra tu r e  of the  reac tor  would rise to 
65~176 In order  to reduce  the  tempera ture ,  the re -  
ac tor  was cooled ex t e rna l l y  (by  wa te r  c i rcula t ing  
coil) to 20~176 I t  is bel ieved,  however,  tha t  ex-  
t e rna l  cooling could not  adequa te ly  p reven t  in te rna l  
local  overheat ing,  so that  ac tua l  react ion t empe ra tu r e  
might  have  been h igher  than  20~176 The absence of 
the  precise  t empe ra tu r e  control  m a y  account for 
some of the  observed resul ts  scat tering.  The exper i -  
ments  car r ied  out  wi thout  ex te rna l  cooling were,  in 
general ,  p roducing  higher  y ie lds  of amides  than  the 
cooled ones (Table  I I ) .  

In te res t ing ly  enough, however ,  heat ing by  i tself  
(even to the  t empe ra tu r e  of 100~ was not sufficient 
for  the  c o n t i n u a t i o n  o f  t h e  react ion to any  substant ia l  

degree once the  cur ren t  flow was discontinued.  This is 
r e ma rka b l e  if we assume tha t  the  essential  role of 
e lectrolysis  is indeed the genera t ion  of homogeneous 
catalyst ,  R4N + or Na + alcoholates.  Once generated,  
the  react ions would  be expected  to proceed regardless  
of the fu r the r  cur ren t  flow. Discont inuat ion of the  cu r -  
rent  should not, therefore,  have such a profound effect 
on the  product  yield.  

The answer  for this inconsis tency might  be found 
in the  poss ib i l i ty  that,  in the e lec t rochemical  synthesis,  
ve ry  high concentra t ion of the  ca ta lys t  m a y  be gen-  
e ra ted  locally. Concentra t ion of the ca ta lys t  in the 
diffusion electr ical  double  l aye r  ( l aye r  ad jacent  to the 
e lectrode)  may  be many  t imes h igher  than  in the bu lk  
of the  solution, influencing thus the  ra te  of the re -  
action. Such phenomena  are  known in e lec t rochemis t ry  
(11), and i t  was suggested tha t  i t  might  be the case 
here  (12). The slow ra te  of the  chemical  react ion m a y  
be thus a t t r i bu ted  to the  low bu lk  concentra t ion of 
the catalyst .  So lubi l i ty  of NaOCHa in CI-IsOH is fa i r ly  
low. In the  chemical  process of me thy l  formate  syn-  
thesis, difficulties a re  exper ienced  due to the ca ta lys t  
p rec ip i ta t ion  (6). The h igher  ac t iv i ty  of R4N + com- 
pared  to Na + e lec t ro ly te  in our  process may  be pa r -  
t i a l ly  due to the  h igher  solubil i t ies  of R4N + salts. 2 
Catalysis  by  meta ls  ( leached f rom the stainless steel  
container  e lect rode)  w a s  ru led  out, based on exper i -  
ments  employing  both electrodes made  of graphite .  

Increase  in carbon monoxide  pressure  (one-com-  
p a r t m e n t  cell) favors  N - a l k y l f o r m a m i d e  formation,  as 
evidenced in Fig. 1. The react ion was not examined  
at  pressures  h igher  than  100 atm. 

The observed h igher  rates  ( lower  res idence t ime)  
in the e lec t rochemical  synthesis  of me thy l  formate  
(and p robab ly  formamides)  a re  thus l ike ly  to be due 
to the  h igher  local concentra t ion of the catalyst ,  
a n d / o r  to the continuous ca ta lys t  generat ion.  The ac-  
t ive ca ta lys t  s tate is cont inuously regenera ted .  The 
direct  e lectrochemical  format ion  of me thy l  formate  is 
ru led  out, even in the  one -compar tmen t  cell, since i t  
would  requ i re  fast  recombina t ion  of cathodic and 
anodic radical  products,  p receded  (or fol lowed)  by  
chemical  reactions,  in o rde r  to account for  the  ob-  
served  1 F / m o l e  efficiency. This un l ike ly  s i tuat ion 
can be depic ted  as follows 

SCHEME 3 

Cathode:  CHaOH + e ~ C H 3 0 -  + H. 

>HCO. 
Anode: CHaO- --> CH30- + e 

Overal l :  CHaOH + CO-> CH3OOCH 

No other  d i rec t  mechanism can account  for the  ob-  
served  1 F / m o l e  efficiency. P re fe ren t i a l  oxidat ion  of 
amines prevents  CH30. generat ion,  whi le  in the  two-  
compar tmen t  cell  separa t ion  of ca tholy te  and anoly te  
p rac t i ca l ly  e l iminates  the  poss ibi l i ty  of cathodic and 
anodic products  recombina t ion  (even if they  are  both 
der ived  f rom methanol ) .  In  e i ther  of these two cases, 
no methy l  formate,  and consequent ly  formamide,  for -  
mat ion  could be possible according to the  above  
scheme. In both cases, however,  h igh yields  of fo rm-  
amide  a re  formed, e l iminat ing  thus even remote  credi -  
b i l i ty  of a d i rec t  e lec t rochemical  mechanism. 

Fur the rmore ,  separa t ion  of cathotyte  and anoly te  
(cation exchange membrane )  produced  DMF wi th  
yields  h igh ly  exceeding 100% (1 m o l e / F )  (Table  I I I ) .  
This can be expla ined  in terms of fu r the r  increase in 
ca ta lys t  (R4N + methoxide)  concentra t ion  in the ca tho-  
lyte. Loss of CI-I30- is prevented ,  whi le  R4N + ion con- 

It was suggested by one of the rev iewers  that the h igher  rates 
for R~N§ electrolytes  v s .  Na+-containing e lectrolytes  
probably has most to do with the  "nakedness" of the alkoxide ton 
when  the counterion is R~N+. 
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cent ra t ion  g radua l ly  increases  due to the  t ransfe r  
th rough  the cat ion exchange  membrane .  In addit ion,  
anodic  decomposi t ion of p roduc t  in te rmedia te  (s) 
which  might  t ake  place  in an und iv ided  cell  is also 
prevented .  I t  is obvious tha t  chemical  react ion fol low- 
ing the e lec t rochemical  ca ta lys t  genera t ion  (and 
continuous regenera t ion)  is responsible  for the yields  
exceeding 100% cur ren t  efficiency. 
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Free-Convective Mass Transfer to a 
Rod-Shaped Vertical Electrode 

J. R. Selman* and J. Tavakol i -At tar  

Department of Chemical Engineering, Illinois Institute of Technology, Chicago, Illinois 60616 

ABSTRACT 

The limiting-current method is used to measure mass transfer rates by free 
convection to the faces of a rod-shaped electrode as commonly used in molten 
salts. Mass transfer rates to the horizontal (disk) face and the vertical 
(curved) face are measured separately and in combination. The two rates 
are not additive; there is significant interaction caused by leading edge effects 
at the vertical face and by solution streaming from the horizontal to the ver- 
tical face. At the horizontal face a new and unusual but well-characterized 
type of convective mass transfer, driven by buoyancy, is measured and cor- 
related. 

Elect rochemical  measurements  of mass t rans fe r  ra tes  
and mass t ransfe r  coefficients a re  appl ied  f requent ly  
because os the i r  inheren t  accuracy and convenience. 
In  t h e  presen t  work  the l imi t ing  cur ren t  technique 
(1) is used to inves t iga te  mass t rans fe r  by  free con- 
vect ion at  a ver t ica l  cy l inder  of finite length,  and its 
hor izonta l  end face, immersed  in a l iquid. This p rob -  
lem is of in teres t  to e lectrochemists  act ive in mol t en -  
sa l t  technology.  

In  mol ten  salts, as in aqueous e lect rolyt ic  solutions, 
one prefers  to use an e lect rode of wel l -def ined  area  
and known hydrodynamic  character is t ics ,  e.g., a ro ta t -  
ing disk electrode.  However ,  the  ideal  e lect rode of this 
type,  which  has i ts  ac t ive  a rea  embedded  in an  in -  
sula t ing surface, is difficult to make  and main ta in  
c rev ice - f l ee  for any  length  of t ime in common mol ten  
sal t  media  such as LiC1-KCI eutectic (rap 625~ or  
equ imolar  Li2COs-KeCO3 (mp 778~ Consequently,  
one of ten employs  as work ing  e lec t rode  a me ta l  or  
carbon rod p a r t l y  immersed  in the  melt .  

In  a mol ten  sal t  which contains a minor  e lec t roact ive  
component ,  e.g., a spa r ing ly  soluble h e a v y - m e t a l  ion 
or  a dissolved gas, the  mass t ransfer  ra te  to the  rod  

* Electrochemical Society Active Member. 
Key words: free convection, mass transfer, l imiting current, 

molten salt, cylinder, rod, CuSO,. 

electrode in free convect ion or in ro ta t ion  (2) de t e r -  
mines the l imi t ing cur ren t  due to this component.  

The mass t ransfe r  l imi t ing cur ren t  to the rod  elec-  
trode, which consists of a ver t ica l  cy l inder  of finite 
length  wi th  a c i rcular  disk as the end face (Fig. l a ) ,  is 
not as wel l  defined as at  a ro ta t ing  disk e lect rode 
(Fig. l b )  or  a t  a ver t ica l  e lec t rode  by  free convection, 
e.g., at a cy l indr ica l  e lec t rode  confined be tween  bot tom 
and top of the  cell  (Fig. l c ) .  The objec t ive  of this 
work  was to measure  the mass t ransfe r  ra te  at  a r od -  
shaped e lec t rode  in free convect ion and compare  i t  
wi th  rates  p red ic ted  by  classical f ree-convect ion  cor-  
re la t ions  for  ve r t i ca l  and  hor izonta l  surfaces. 

Fig. 1. Cell configurations for: a, vertical rod electrode; b, ro- 
tating disk electrode; c, cylindrical electrode confined between 
bottom and top of the cell. Black surfaces are electrode surfaces; 
white, insulator. 
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The mass t ransfer  rates to the vertical, curved 
surface and to the horizontal, disk face of the cyl inder 
were measured in  separate exposures; and, finally, in 
combined exposure, the mass t ransfer  rate to the entire 
rod electrode. This was carried out by l imi t ing-cur ren t  
measurements  in aqueous solutions. The system used 
was copper deposition from a CuSO4 solution contain-  
ing excess H2SO4 as support ing electrolyte (1). 

It appears justified to apply the results obtained in  
this aqueous system to the mol ten-sal t  solution de- 
scribed above: the major  components of the latter, 
e.g., LiCI-KC1 eutectic or equimolar  Li2CO~-K2CO3, 
besides funct ioning as ionic solvent, have a high enough 
conductivity to cause the migrat ion fluxes of minor  
components to become negligible. Thus there is a near ly  
complete analogy with a well-supported solution in an 
electrolytic solvent. 

Free Convection at  Ver t ica l  and Horizontal  Electrodes 
Free-convect ive heat t ransfer  at an isothermal ver t i -  

cal surface is one of the classical problems of heat 
t ransfer  theory (3), solved mathemat ica l ly  by simi- 
lar i ty  transformation.  Wagner (4) first gave an ap- 
proximate solution for the analogous, but  more compli- 
cated case of free convection caused by copper dep- 
osition in  a CuSO4 solution containing H2SO4. The 
l imit ing current  density depends inversely on the 0.25 
power of x, the distance from the leading (lower) edge 
of the electrode. I t  also depends on the 1.25 power of 
the bulk  CuSO4 concentration. 

Wagner 's  approximate express ion  for the average 
l imit ing current  over a distance L may be wri t ten  in 
the dimensionless form 

ilimL 
S h L  -- 

2FDcu + +Ccu+ + 

_ 0 . 8 0 6 I  gL3ccu+ + ]0.25 
rDcu'-'--~+ (~cuso4 -- 0.66aH2S04) [1] 

Here a~ is the densification coefficient of species i, de- 
fined by 

a ~  = ~ [2 ]  
p - ~ i  T ,  c 

The negative coefficient of ~H2SO4 in Eq. [1] means that  
H2SO4 accumulates at the cathode by migration, while 
CuSO4 is depleted. The density difference driving the 
convection is therefore less than it would be in  the 
case of CuSO4 depletion only. 

Accurate est imation Of the density difference (• 
is essential if one wants  to use the l imi t ing-cur ren t  
technique to establish free-convection correlations. 
Such correlations contain the characteristic Grashof 
number  

- -7  [3] 

which is also implicit  in Eq. [1]. The density differ- 
ence Ap depends obviously on the extent  of H + ion 
migrat ion and thus on the ratio of support ing electro- 
lyte (H~SO4) to reactant  (CuSO4) concentrat ion in 
the bulk. A constant coefficient of O:H2SO 4 as in  Eq. [1] 
is evident ly  an oversimplification. 

Wilke, Eisenberg, and Tobias (5, 6), using an im-  
proved, semiquant i ta t ive  procedure to estimate ,~p, 
obtained for the mass t ransfer  coefficient in free con- 
vection at vert ical  electrodes the correlation 

S h L  : 0 . 6 7 0  ( G r L S C )  0.25 [4 ]  

This is in excellent agreement  wi th  the theoretical solu- 
tion for very  large Schmidt numbers,  characteristic of 
electrolytic solutions. In the experiments  of Wilke et al. 
(5, 6) the vert ical  plate electrode was bounded on 

i t s  lower edge, where the convection boundary  layer  
o r i g i n a t e s ,  b y  t h e  bottom of the cell. 

The effect of migrat ion on l imit ing currents  was 
analyzed in more detail by Selman and Newman (7). 
From their results the accumulat ion of H2SO4 at t h e  
electrode may be expressed as a polynomial  funct ion of 
the ratio (support ing electrolyte/ total  electrolyte),  see 
Table I. This table also presents a coefficient for the 
ratio of the l imit ing current  in the presence of migra-  
tion to that expected for pure convective diffusion 
only. The correlations in Table I are valid for the 
case of complete dissociation of H2SO4, which more 
closely approximates the chemistry of most experi-  
menta l  solutions than part ial  dissociation to HSO4- 
(8). The correlations of Table I were used in  the pres- 
ent work to calculate ~p and k. 

Free convection at a vertical  cyl inder differs from 
that  at a flat vertical plate by the effect of t ransverse 
curvature;  this is the more impor tant  as the cyl inder 
(or wire) radius, r, is smaller. Ravoo et al. (9) in-  
vestigated the effect of curvature  theoretically and ex- 
perimental ly.  They applied a correction funct ion f(~) 
to the mass t ransfer  correlation 

ShL : 0.670 ~(~) (GrLSC) ~ [5] 
where 

L 
7 : - -  (GrLSC)-0.25 [6] 

r 

At high GrLSC combinations or small  L/r  ratios, ~, is 
< < 1  and f(~) ~ 1. The practical l imit  for absence of 
curvature  effect is 7 : 0.2; this was not exceeded in the 
present  work. 

Germane to free convection at a finite vertical  cylin-  
der is free convection at a sphere. Schfitz (10) invest i-  
gated this case and found that between GrdSC numbers  
of 1.22 X l0 T and 1.5 • 1010 mass t ransfer  rates were 
well  correlated by  

Shd = 2 ~ 0.590 (GrdSC) ~ [7] 

where d is the sphere diameter. 
F ina l ly  it should be noted that  free convection at a 

horizontal surface is possible only if heavier fluid over-  
lies a l ighter one (unstable  stratification). At a down-  
ward facing cathode in a cell as shown in Fig. 2a, dep- 
osition of copper from CuSO4 solution will  not produce 
free convection. Conversely, in  the cell of Fig. 2b free 
convection will  arise if Jeffreys' cri terion (11) is met  

GrhSC > 1709 

Here Grh is based on the cell height, h. 
Usually GrhSC exceeds 107 in electrolytic solutions 

and a tu rbu len t  free-convection regime is established; 
in this case mass t ransfer  rates are correlated by ex- 
pressions such a s  

Shd = C(GrdSC) 1/3 [8] 

If C is a constant, e.g., C = 0.152 (12), the mass 
t ransfer  coefficient is independent  of the electrode di-  

Table I. Correlations for H2S04 accumulation at the electrode by 
migration and for migration effect on limiting current based on 

data of Selman and Newman (7) 

Function; p = u0 + alrll s + a2r~/a + a3r 

~c~2so 4 il I m 
' ,, ) 

~CCuSO 6 i !  I m,  dt f l u .  I on 
ao -O.O,OO~15 1.91143 
al 0.113075 -0.77174 
a~ 0.85576 --0.71969 
as -0.50496 +0.53,115 

Standard error  0.0030 0.0043 

c%s% 
r 

CCuSO~ ~ CH2SO 4 
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Fig. 2. Three cells with horizontal electrodes (black). System: Cu 

4eposition and dissolution in CuSO4-H2SO4-H~O. (a) Stable strati- 
fication with pure diffusion. To the right: schematic concentration 
profile; (b) unstable stratification leading to uniform turbulent free 
convection. To the right: schematic concentration profile; (c) un- 
stable stratification leading to nonuniform turbulent free convec- 
tion. Horizontal arrows: advection of bulk solution. 

mension, d. This is evident ly  the case in  Fig. 2b where 
the current  dis t r ibut ion cannot be otherwise than 
uniform. 

However, if the hor izonta l  cathode is embedded, as 
in  Fig. 2c, the coefficient in  Eq. [8] depends on the cath- 
ode dimensions: bu lk  electrolyte solution streams 
slowly toward the cathode from the iner t  side sur-  
faces. Fenech (13) found for such a case that in  Eq. [8] 
the coefficient is 

C = 0.122 Scl/2% [9] 

where  �9 = 1 if the plate is bounded by  vert ical  sur -  
faces. (Fig. 2b) and �9 = f (d)  > l i t  i t  is embedded 
(13). 

In  the present  s tudy s t reaming caused by  adjacent  
free convection is found to occur in  a different context, 
as is shown below, 

Experimental 
The experiments  were carried out in  a cylindrical  

Lucite vessel of 16.5 cm diam and 15.9 cm height con- 
raining 2.5 ~ liters of electrolytic solution. The working 
electrode was a stainless steel or OFHC copper cyl in-  
der of 0.63-5.08 cm diam; it  could be screwed into the 
spindle of a Pine Ins t ruments  Rotatorfl with which it  
h a d  been careful ly  aligned, and was immersed in the 
center  of the electrolytic solution by lowering the a rm 
of the rotator. The counterelectrode was a Ys in. thick 
sheet of OFHC copper, centered and attached to the 
bot tom of the cell. The entire electrolytic cell was im-  
mersed in  a constant  tempera ture  bath  main ta ined  at  
25.0 ~ _ 0.1~ 

A capil lary adjacent  to the working electrode was 
used to connect the bu lk  solution to the reference elec- 
trode compartment ,  which was filled with the same 
electrolytic solution as the ma in  cell. A 1/16 in. diam 
wire of OFHC copper was used as a reference elec- 
trode. 

The electrolytic solution consisted of approximately  
0.05, 0.1, and 0.25M CuSO4 solutions containing 1.5- 
2.0M H2SO4. To some solutions glycerol was added. 
The concentrat ion of CuSO4 was determined by  iodo- 
metr ic  t i t ra t ion (14) a n d  t h e  H2SO4 concentrat ion by  

P i n e  Instruments Company. Grove City, Pennsylvania 16127. 

Table II. Physical property correlations of CuSO~-H2SO4-H20 
solutions ~t 25~ 

p = a0 + alccuso 4 + a.~cH~so~ + anC2CuSO~ + a2262H2SO 4 + a~ccuso4Ctisso i 

p ~(g/cm s) ~(cp) /~D x 106 (cp--cm~/sec) 
ao 0.998706 0.904272 5.897 
az 0.143219 0.426667 6.986 
a~ 0.062~87 0.132113 - -  

a ~  0.005594 0.254115 - -  
a ~  -- 0.000776 0.031502 - -  

a ~  --0.003197 0.108582 
Standard 0.0018 0.0076 0.17 

error 

potentiometric t i t ra t ion wi th  NaOH (15). Glycerol 
was t i t ra ted with eeric ion. The solution density, vis- 
cosity, and diffusivity at  25~ were found from cor- 
relations (Table II) established in  earl ier  work (16). 

Before each r u n  the solution was rout inely  deaerated 
by sparging ni t rogen slowly for 2 hr. The electrodes 
were carefully polished with grade 0O00 emery paper 
an d  degreased. If stainless steel electrodes were used, a 
2-5 micron thick layer  of copper was plated onto the 
c a t h o d e  in  situ while it  was rotated at 100-300 rpm, 
at a constant  current  density of 3-6 m A / c m  2. 

The l imit ing current  measurement  was started after  
the solution had become completely quiescent and 
following a visual  check to ensure that  no bubbles  were 
sticking to the electrode. 

The power supply used was a PAR Model 371 Po- 
tent iostat /GaIvanostat .  2 Limit ing cur ren t  curves were 
generated by means of a VCF ramp generator  (Exact 
Electronics 3 Model 7030) and recorded on a Houston 
Ins t ruments  4 Series 2000 Omnigraphic X-Y Recorder. 

After  each series of experiments  the electrode, if i t  
was stainless steel, was first stripped potentiostatically 
at +300 to +500 mV; the electrode was then r insed 
and washed with isopropanol, dried, and prepared for 
the next  run. 

In  all  experiments  in which only part  of the work-  
ing electrode was to be exposed to the solution, e.g., 
the horizontal end face, or a certain length  of the cyl in-  
drical vertical  surface, the nonexposed parts  were 
masked with a th in  layer  of glyptol paint.  

Results and Discussion 
Horizontal end face exposed . - -As  it was expected 

that  no free-convective l imit ing current  would be es- 
tablished in  this case (see Fig. 2a), a t tent ion was 
focused on the unsteady-s ta te  diffusive process ex-  
pected to occur at the exposed disk electrode. At a 
1.27 cm diam electrode, potential  scans were applied 
with varying  scan rates (dV /d t  from 2.94 to 50 m V /  
sec). A typical diffusion-limited process should exhibi t  
a m a x i m u m  current  at aproximately  22 mV (at 298~ 
and the peak current  should be proport ional  to the 
square root of the scan rate a [Sevcik-Randles equa-  
tion (17)] 

imax = --0.6105CbnF(aD) V. [10] 
where  

nF dV 
a = [11] 

R T  dt 

A typical scan result  is shown in  Fig. 3. Current  
maxima were observed at overpotentials ranging be-  
tween --75 and --160 mV; this is considerably more 
negative than  predicted by the Sevcik-Randles  theory, 
al though the copper deposition reaction has an ex- 
change-current  density of 0.1-0.5 mA / c m 2 and is prac- 
t ically diffusion controlled (18). 

A similar  discrepancy be tween predicted and ob- 
served peak potentials was observed earl ier  in  u n -  
steady-state l imit ing current  measurements  at a rotat-  

P r i n c e t o n  A p p l i e d  R e s e a r c h ;  I n c o r p o r a t e d ,  P r i n c e t o n ,  N e w  J e r -  
s e y  08540. 

8 E x a c t  Electronics, Incorporated, Hillsboro, Oregon 97123. 
4 Houston Instruments Incorporated, Austin. Texas  78758. 
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Fig. 3. Typical potential scan at the horizontal electrode surface 
(1.27 cm diam). Scan rate: 2.94 mV/sec. Solution: O.05M CuSO~, 
i.6M H2504. Temperature: 25~ 

ing d isk  e lec t rode  (19). Here  it was p robab ly  caused in 
pa r t  by  uncompensa ted  ohmic drop and in pa r t  by  th e  
presence of convection. 

I t  was ev ident  that,  a f te r  a lapse  of time, convec- 
t ion set in: (i) a smal le r  second peak  was observed  at  
--250 mV in almost  a l l  cases and (ii) the  cur ren t  did  
not  decay  to zero bu t  to a smal l  finite va lue  which  
could be main ta ined  indef ini te ly  b y  hold ing  the po ten-  
t ia l  a t  a value  be tween  --350 and --400 mV. 

Moreover ,  the  peak  cur ren t  densi t ies  for the  first 
(Randles -Sevc ik)  peak  were  only about  70% of the  
theore t ica l  predict ion,  Eq. [10], as shown in Fig. 4. 
Convection c lear ly  caused an increased supply  of 
CuSO4 to the  electrode,  the reby  lower ing  the peak  
cu r ren t  densi ty  as wel l  as shif t ing the  peak  poten t ia l  
to more  negat ive  values  (i.e., lower  CuSO4 concent ra-  
t ion at  the  e lect rode when the cur ren t  peaks ) .  

The s t eady-s t a t e  l imi t ing  cur ren t  was subsequent ly  
s tudied at  e lectrodes of var ious  diameters .  The l imi t ing 
cu r ren t  was genera ted  s imply  by  app ly ing  a large  
negat ive  potent ial ,  bu t  not  so negat ive  as to cause 
hydrogen  evolut ion;  in most  cases a potent ia l  s tep of  
--400 mV was used. F igure  5 shows a typica l  cur ren t  
response to such a potent ia l  step. The l imi t ing cur ren t  
is es tabl ished af te r  3-4 min  dur ing  which the in i t ia l  
oscil lat ions die out. Af te r  5-6 min the cur ren t  s tar ts  
increas ing s lowly  due to bu i ldup  of surface roughness;  
if  the appl ied  poten t ia l  was chosen too high, e.g., --500 
mV, the  cu r r en t  kep t  on decreas ing because  hydrogen  

2 
i peak 2 

(mA/cm) 

10 

2 
2 

j i - -  0.6105 C b nF(D~T ~[ ~)0'B 

J 
J O 

J I I I I I I I I I I I 

4 7 10 2 4 
d V (mV/sec) 
dt 

Fig. 4. Correlation of peak currents from potential scans with the 
scan rate (horizontal electrode surface, 1.27 cm diam). Solution 
O.OSM CuS04, |.6M H2S04 (25~ Solid: Eq. [10]. Dashed: least 
sqaares line through experimental results. 

bubbles  forming at  the edge of the  exposed disk sur -  
face s lowed down convection. 

Evident ly ,  the  convection responsible  for the ob-  
served l imit ing cur ren t  is caused by  u p w a r d  escape of 
l ight  solution, dep le ted  in CuSO4, a round  the edge of 
the  exposed disk surface. The buoyan t  solut ion forms 
a p lume  around  the c i rcumference  of the disk and 
this p lume induces a ve ry  s low flow of bu lk  solut ion up 
toward  the disk, where  i t  is deple ted  in CuSO4. The 
deple ted  solut ion flows r ad i a l l y  ou tward  to the edge of 
t h e  disk (Fig. 6). 

This convection is an example  of bu lk  flow s t reaming  
induced by  buoyancy  (advect ion)  s imi la r  to tha t  ob -  
served  by  Fenech  (13) and Wragg  and co-workers  (20) 
ad jacen t  to a hor izonta l  e lect rode at  which tu rbu len t  
free convection is t ak ing  place. 

The mass t ransfe r  coefficient corresponding to t h e  
presen t  buoyancy- induced  convection was found to be 
inverse ly  propor t iona l  to the d iamete r  of the  disk 
surface  (Fig. 7). Measurements  wi th  var ious  CuSO4 
concentrat ions of a pp rox ima te ly  equal  Sc number  
(2330 • 50) y ie lded  the corre la t ion  

Shd = 9.80Grd 0'167 [12] 

wi th  a s t andard  e r ror  of 8%. 
Measurements  wi th  solutions containing 2.97M gly-  

cerol (Sc : 9084) y ie lded  the same Gr  dependence  
as Eq. [12] and indica ted  an app rox ima te  Sc depen-  
dence of 0.20. This would  y ie ld  for the overa l l  cor-  
re la t ion  

Shd --  2.075Grd~ 0"2 [13] 

wi th  an er ror  of ___6% (Fig. 8) 
Expe r imen ta l  da ta  a re  given in Table  III. 
The  dependence  of Shd on Grd 1/6 is qui te  different  

f rom the dependence  on Grd 1/4 in free convect ion at  
a sphere,  Eq. [7], a l though the two geometr ies  a re  
ex t reme  cases of the  same genera l  flow pa t t e rn  com- 
bining free convection wi th  s tagnat ion flow. Whereas  

3B ~ POTENTIAL 
- STEP 

I . - -  z ( - 400 mY) ILl rF FF 

15 , , 
0 100 200 300 

TIME, sec 

Fig. 5. Typical current response to --400 mV potential step at 
horizontal electrode surface. 

C t t  
Fig. 6. Schematic flow pattern at horizontal electrode surface In 

copper deposition from CuSO4-H2SO4-H20. Black: cathode; shaded: 
insulator. 
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Fig. 8. Overall correlation for mass transfer at the horizontal 
electrode surface. 

Table III. Experimental data for mass transfer to the 
horizontal face only 

Diam- 
eter  ccuso, cH~o~ i l l =  
(cm) (M) (M) (mAlcm~) Sh Gr Sc 

0.635 0.050 1.598 3.59 40.27 9,545 2,402 
0.635 0.099 1.550 7.53 49.22 18,252 2,340 
0.635 0.232 1.560 20.99 54.93 37,735 2,316 
1.270 0.0492 1.572 2.29 62.80 73,438 2,384 
1.270 0.099 1.550 5.13 67.74 149,528 2,340 
1.270 0.232 1.560 14.93 78.78 309,122 2,316 
1.905 0.0492 1.572 2.03 83,03 245,908 2,384 
1.905 0.099 1.550 4 20 82.89 500,693 2,340 
1.905 0.232 1.550 12.10 95.57 1,035,092 2,316 
2.540 0.050 1.598 1.85,5 100.45 626,703 2,402 
2.540 0.099 1.550 3.85 101.24 1,196,221 2,340 
2.540 0.232 1.560 10.46 ;110.25 2,472,973 2,316 
0.635 0.0663 1.740 4.72 46.87 13,017 2,285 
1.270 0.0663 1.740 2.92 58.01 104,138 2,285 
1.905 0.0663 1.740 3.03 90.18 351,464 2,285 
2.540 0.0663 1.740 2.49 98.74 833,101 2,285 
5.080 0.0663 1.740 1.712 136.00 6,664,805 2,285 
0.635 0.09566* ,1.592 3.79 51.91 4,504 9,084 
1.270 0.09566* ~1.592 2.51 68.81 36,034 9,084 
1.905 0.09566* .1.592 2.26 93.05 121,616 9,084 
2.540 0.09566* .1.592 1.973 108.18 288,274 9,084 
5.080 0.09566 = 1.592 1.327 145.48 2,306,194 9,084 

* Also 2.97M glycerol.  

v| ~ (g~,~,cD) z/3 [ 15 ]  

T h i s  is s i m i l a r  to  t h e  mass  t r a n s f e r  v e l o c i t y  assoc ia ted  
w i t h  t u r b u l e n t  f r e e  convec t ion ,  b u t  l a r g e r  by  a f a c t o r  
o f  t h e  o r d e r  of  Sc 1/3. 

I f  Eq. [15] w a s  val id ,  one  w o u l d  e x p e c t  Sh~ to d e -  
p e n d  on  Sc z/6. S u c h  a d e p e n d e n c e  does  fit t he  e x p e r i -  
m e n t a l  d a t a  f a i r l y  w e l l  

Shd = 2.715 (GrdSC) 0.167 [16] 

w i t h  a s l i g h t l y  l a r g e r  s t a n d a r d  e r r o r  t h a n  Eq. [14]. 
T h e  e x p e r i m e n t a l  d a t a  do no t  a l l o w  a m e a n i n g f u l  
dec i s ion  b e t w e e n  Eq. [14] a n d  [16]. I t  is poss ib le  t h a t  
t h e  d e p e n d e n c e  on  Sc is n o t  as s i m p l e  as e i t h e r  of  
t hese  exp re s s ions .  

VerticaZ cylindrical face  exposed.--Here, too, one  
w o u l d  e x p e c t  s o m e  d e v i a t i o n  f r o m  t h e  c lass ica l  f r e e -  
c o n v e c t i o n  c o r r e l a t i o n  Eq.  [4] a n d  th i s  was  i n d e e d  
f o u n d  to be  t h e  case.  

Tab le  IV p r e s e n t s  e x p e r i m e n t a l  d a t a  fo r  va r ious  
e x p o s e d  l e n g t h s  a t  t h r e e  d i f f e r en t  b u l k  c o n c e n t r a t i o n s  
of  CuSO4. In  Fig. 9 t he  m a s s  t r a n s f e r  coeff ic ients  a r e  
c o m p a r e d  w i t h  Eq. [4]. A l m o s t  al l  t h e  m e a s u r e d  va lues  
e x c e e d  t h e  p r e d i c t i o n s  ( i n d i c a t e d  in  Fig. 9 b y  l ines  
s ince  Sc does  no t  v a r y  s ign i f i can t ly ) .  T h e  l a rg e s t  d e -  
v ia t ions  a r e  s y s t e m a t i c a l l y  f o u n d  fo r  s m a l l  l e n g t h s  L 
a n d  s m a l l  c o n c e n t r a t i o n s  c. 

This  i nd i ca t e s  t h a t  t h e  d e v i a t i o n  is c au s ed  b y  a 
l e a d i n g - e d g e  effect  a n d  i n c r e a s e s  w i t h  t he  t h i c k n e s s  

f r e e - c o n v e c t i o n  m a s s  t r a n s f e r  d o m i n a t e s  a t  t h e  sphe re ,  
i n  t he  p r e s e n t  case  s t a g n a t i o n  flow c h a r a c t e r i s t i c s  d o m -  
i n a t e  i f  t h e  d i sk  is l a rge  enough .  

Thus  t h e  d e p e n d e n c e  of  Shd on Grd ~/8 m a y  be  e x -  
p l a i n e d  by  c o n s i d e r i n g  the  s t r e a m i n g  t o w a r d  t h e  d isk  
a n d  the  r ad i a l  ou t f low as a case  of  t h r e e - d i m e n s i o n a l  
s t a g n a t i o n  f low s i m i l a r  to t h a t  a t  a s t a t i o n a r y  d i sk  
p e r p e n d i c u l a r  to a u n i f o r m  m a i n  flow. M a t s u d a  a n d  
Y a m a d a  (21) f o u n d  a d-'/2 d e p e n d e n c e  fo r  t he  m a s s  
t r a n s f e r  coeff ic ient  a t  such  a d i sk  

Shd = 0.752Red~ 0.333 [14] 

w h e r e  Red = v| a n d  v| is t h e  m a i n  s t r e a m  veloc i ty .  
I n  th is  case  t he  m a i n  s t r e a m  ve loc i t y  v| t o w a r d  the  
d i sk  is r e l a t e d  to t h e  in i t i a l  ve loc i t y  a n d  t h i c k n e s s  
of  t h e  b u o y a n t  p l u m e  at  t he  edge  of  t he  disk.  

I t  is r e a s o n a b l e  to a s s u m e  t h a t  t he  ve loc i ty  of  th is  
p l u m e  d e p e n d s  p r i m a r i l y  on  i ts  b u o y a n c y  a n d  on t h e  
d i f fus iv i ty  of  t h e  r e a c t a n t  species .  In  t h e  s i m p l e s t  case  
one  w o u l d  e x p e c t  f r o m  d i m e n s i o n a l  c o n s i d e r a t i o n s  

TaMe IV. Experimental data for mass transfer to the vertical 
surface only (electrode diameter 1.270 cm) 

Length ccuso, c,~=so, i= i m Sh k 
(cm) (M) (M) (mA/cm ~) (x 0.01) (x 10~) 

0.635 0.0547 1.952 5.18 0.63 4.78 
0.0550 1.598 4.340 0.59 4.50 
0.1023 1.657 9.38 0.57 4.75 
0.2455 1.526 30.12 0.71 6.36 
0.2440 1.680 28.02 0.69 5.95 

1.27 0.0547 1.952 3.55 0.97 3.68 
0.0500 1.598 3.40 0.93 3,53 
0.1023 1.657 7.30 0.89 3.70 
0.2455 1.526 22.38 1.05 4.72 

1.905 0.0547 1.952 3.80 ~1.38 3.49 
0.1023 1.657 7.00 1.28 3.55 
0.2455 1.526 20.50 1.46 4.39 

2.54 0,0547 1.952 3.44 ,1.85 3.49 
0.0500 1.598 3.11 1.71 3.22 
0.1023 1.657 6.50 .1.59 3.29 
0.2455 1.526 19.38 1.82 4.09 

3.175 0.1023 1.657 6.45 1.97 3.27 
0.2455 1.526 18.20 2.13 3.84 

3.81 0.0547 1.952 3.01 2.26 2.8.5 
0.0500 1.598 2.57 2.11 2.66 
0.1023 1.657 5.94 2.17 3.00 
0.2455 1.526 17.00 2.39 3.59 
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Fig. 9. Experimental and predicted mass transfer coefficients for 
the vertical electrode surface. Dashed lines: predicted values for 
(top to bottom) 0.63, 1.27, 2.54, and 3.81 cm electrode length. 

of the f ree-convec t ive  bounda ry  layer ,  which is in-  
verse ly  p ropor t iona l  wi th  Cb 1/4. 

In  the  classical b o u n d a r y - l a y e r  model  (Fig. 10a) 
inflow of f resh  bu lk  solut ion takes place only per -  
pendicu la r  to the surface (y d i rec t ion) ,  not  f rom below 
the leading  edge (x d i rec t ion) .  However ,  near  the 
leading  edge the b o u n d a r y - l a y e r  equat ions b reak  down 
and diffusion in the  longi tudina l  (x) direct ion con- 
t r ibutes  s ignif icant ly to the  local mass t ransfer  rate;  
see, e.g., Newman  (22). 

In  m a n y  previous  f ree-convect ion  measurements  (5, 
6, 9) the  geomet ry  was tha t  of Fig. 10b; longi tud ina l  
diffusion could not  cont r ibute  to the flux, and inflow 
of solut ion necessar i ly  was pe rpend icu la r  to the elec-  
trode. Thus, the condit ions f o r  ag reement  wi th  Eq. 
[4] were  optimal .  However ,  the  presen t  geomet ry  
(Fig. 10c) al lows diffusion over  a 270 ~ angle  to con- 
t r ibu te  to the  lead ing-edge  flux. F rom the resul ts  
of Fig. 9 one can infer  also tha t  inflow from below the 
leading  edge takes  place, since the  lead ing-edge  effect 
is dependent  on eb and, therefore,  on the thickness  
of the developing  diffusion layer .  

Comb~ned expos~t~'e.--Table V presents  the  resul ts  
for  mass t ransfe r  to the ent i re  surface and Fig. 11 

(a) (b) ~ < 

V/Ill ii//Z 

(c) ~ ~ -  

I 
I 

xT 
Y 

I%, 10. Leadlng-edge conl~igurafions ~n free convection at a 
vertical electrode: (a) idealized boundary layer; (b) electrode 
extending to the bottom of the cell; (c) immersed electrode. 
Shaded surfaces ace insulators. 

Table V. Limiting currents measured at vertical surface, horizontal 
surface, and combined surfaces (electrode diameter 1.270 cm) 

Length ccus% cH~So~ Iv IH /comb. 
(cm) (M) (M) (mA)  (mA) (mA) 

0.635 0.0547 1.952 13.0 2.87 14.7 
0.1023 1.657 23.5 8.25 26.0 
0.2455 1.526 75.5 24.5 82.2 

1,270 0.0547 1.952 18,0 2.87 20,4 
0,1023 1.657 37.0 8.25 38.9 
0,2455 1,526 113.4 24.5 123.0 

1.900 0.0547 1.952 28.8 2,87 28.3 
0.1U23 1,657 53.1 8.25 53,1 
0,2455 1.526 157.6 24.5 169.9 

2.54 0.0547 1.952 34.8 2.87 36.4 
0.2455 1.526 196.4 24,5 211.9 

3.175 0.1023 1.637 81.6 8.25 87.9 
0.2455 1.526 230.2 24,5 243.0 

3.81 0.0547 1.952 45,7 2.87 49.0 
0.1023 1.657 90.0 8.25 94.5 
0.2455 1.526 257.7 24.5 286.0 

compares  these wi th  the summed ra tes  for the separa te  
surfaces. In  al l  cases the  to ta l  mass t ransfe r  ra te  is 
less than one would  expect  if the rates  were  addit ive.  
The difference is especia l ly  m a r k e d  for smal l  e lect rode 
lengths. For  the l a rge r  concentrat ions the difference 
appears  to approach  a constant  value  as L increases. 

F rom the resul ts  discussed ear l ie r  in this section 
i t  is ev ident  that  the  nonaddi t iv i ty  is caused by  the 
s t r eaming  of dep le ted  solut ion a round  the edge of 
the  hor izonta l  end face into the  leading  edge of the  
ver t ica l  mass t ransfer  bounda ry  layer .  The l a t t e r  thus 
suffers an ini t ia l  deplet ion,  which decreases the  overa l l  
mass t ransfe r  ra te  by  an amount  la rge ly  independen t  
of the act ive e lect rode length. 

Conclusions 
Mass t ransfer  rates  and l imi t ing currents  by  free 

convect ion at  a t runca ted  ver t ica l  rod electrode are  
signif icantly different  from those pred ic ted  by  the 
w e l l - know n  corre la t ion for mass t ransfer  a t  a ver t ica l  
electrode.  

This is due to the  deve lopment  of an unusua l  but  
we l l - cha rac te r i zed  l imi t ing cur ren t  on the horizontal ,  
d i sk -shaped  face of the electrode. I t  is caused by  a 
buoya nc y -d r ive n  s tagnat ion flow and its mass t rans fe r  
ra te  satisfies the corre la t ion  

Shd = 2.075Grd0.m~Se 0.2 [13] 

0.25M 
3o0 cuso 4 

25O 

I 200 

(~) I /Y 

100- f t / / S . ~  ^ 0.1061 

5 0 ~ o ~ / / ~  r ~ F ~ _ . o ~  O. 05 M 

0 

L (crn) 

Fig. I | .  Total and additive currents for immersed rod electrodes. 
Open symbols: sum of currents to horizontal and vertical faces; 
filled symbols: current to both in combined exposure. Electrode 
diameter = 1.27 cm. 
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In  addi t ion  there  is a significant l ead ing-edge  effect, 
exceeding  5% for shor t  ve r t i ca l  e lec t rode  lengths  
(<1  cm) and for  di lute  solut ions (<0.1M CuSO4). 
Mass t ransfe r  to the ver t ica l  surface alone is increased 
by  diffusion and b y  inflow of bu lk  solut ion at  the  
lead ing  edge. Both act to increase  the  l imi t ing  current .  

I f  the  ent i re  e lec t rode  surface is accessible, this  
posi t ive l ead ing-edge  effect is ove rwhe lmed  by  a neg-  
a t ive  effect: the inflow of dep le ted  solut ion f rom the 
hor izonta l  surface (d isk) ,  which causes an overa l l  
decrease of the  mass t ransfe r  rate.  The mass t ransfe r  
ra tes  to the  ver t ica l  surface and the hor izonta l  e lec-  
trode, therefore ,  a re  not  addit ive.  

F ree -convec t ion  l imi t ing  currents  a t  a rod  electrode,  
e.g., in a mol ten  salt,  m a y  be es t imated  wi th  10-15% 
accuracy  b y  means  of es tab l i shed  corre la t ions  if 
posi t ive  and nega t ive  l ead ing-edge  corre la t ions  are  
accounted for. 
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LIST OF SYMBOLS 
a dimensionless  potent ia l  scan rate,  Eq. [ i l ]  
c concentrat ion,  g - m o l e / c m  3 or M 
C coefficient in Eq. [8] and [9] 
d d iamete r  of disk or  sphere,  cm 
D diffusivity,  cm2/sec 
F Fa raday ,  96,501 C/equiv.  
g accelera t ion  of gravi ty,  cm/sec  2 
h he ight  of cell, cm 
i cur ren t  densi ty,  A / c m  2 
I current ,  A 
k mass t rans fe r  coefficient, cm/sec  
L ver t ica l  length of electrode,  cm 
n number  of e lectrons t r ans fe r red  
r rad ius  of cy l indr ica l  electrode,  cm 
R gas constant,  8.314 C V / g - m o l e - ~  
t time, sec 
T t empera tu re ,  ~ 
v velocity,  cm/sec  
V a p p l i e d  e lect rode potent ia l  vs. reference  elec-  

trode, V 
x long i tud ina l  (ver t ica l )  distance, cm 
y pe rpend icu la r  (hor izontal)  distance, cm 

densification coefficient, ~ -1 
~/ cu rva tu re  parameter ,  Eq. [6] 
A difference bu lk / e l ec t rode  

, correct ion factor  for advection,  Eq. [9] 
dynamic  viscosity, g / cm-sec  

v k inemat ic  viscosity, cm2/sec 
p density,  g / cm "~ 

Subscripts 
b bu lk  e lec t ro ly te  
i species i 
in ini t ia l  
l im l imi t ing cur ren t  condit ion 
oo main  s t r eam 

Dimensionless numbers 
Gr Grashof  number ,  Eq. [3] 
Ra Rayle igh  number ,  Gr  • Sc 
Re Reynoids  number ,  Eq. [14] 
Sc Schmidt  number ,  ~/D 
Sh Sherwood  number ,  Eq. [1] 
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Semiconductor Electrodes 
XXVIII. Rotating Ring-Disk Electrode Studies of Photo-oxidation of 

Acetate and Iodide at n-TiO~ 

Katsuhiko Hirano and Allen J. Bard* 
Department of Chemistry, The University o~ Texas at Austin, Austin, Texas 78712 

ABSTRACT 

The photo-Kolbe reaction (electro-oxidation of acetate) on TiO2 in aqueous 
solution has been studied by means of a rotating ring-disk electrode (RRDE) 
with a TiO2 disk and Pt ring. The oxidation of acetate competes very effi- 
ciently with water for photogenerated holes on the illuminated n-TiO2 disk as 
shown by a decrease in the collection efficiency for oxygen reduction. No 
oxidation product of acetate was detected on the ring. Competitive oxidation 
of iodide with acetate and water was also investigated. Equations for deter- 
mining relative rate constants for competitive reactions are derived and the 
applicability of the RRDE in studying such systems discussed. 

Since the ini t ial  studies of the photo-oxidation of 
water  at n - type  TiO2 (ruti le)  electrodes by Fuj i sh ima 
and Honda (1), investigations of this and many  other 
reactions on this mater ia l  have been reported. For 
example, the oxidation of many  other substantces (e.g., 
iodide, bromide, and cyanide ions) can be carried out 
at n-TiO2 in  competit ion with water oxidation (2, 3). 
Of par t icular  recent  interest  has been the photo-Kolbe 
reaction in  which a carboxylic acid is photo-oxidized 
(4, 5). For example, previous studies from this lab-  
oratory have established that in aqueous solutions con- 
ta in ing acetate ( A c - ) / a c e t i c  acid (HAc) mixtures  i r-  
radiat ion of an n-TiO2 electrode leads almost ex- 
clusively to the oxidation of acetate 

CHACO2- + h + "-> �89 + CO2 [I] 

(where h + represents a hole photogenerated at the 
TiO2 surface). Photocatalytic decomposition of ace- 
tate (predominantly to methane and COs) has also 
been carried out by irradiation of suspensions of 
platinized TiO2 (6, 7). While total product yields and 
current-potential (i-E) curves have yielded infor- 
mation about the overall course of the reaction (5) 
and electron spin resonance spin trapping experiments 
have established the intermediacy of methyl radicals 
in the reaction (8), studies of the relative rates of 
acetate vs. water oxidation have not been reported. 
We describe here an investigation of acetate oxida- 

tion at a TiO2-disk Pt-ring rotating ring-disk elec- 
trode (RRDE). In this research, products generated by 
photo-oxidation at the n-TiO2 disk are swept to the Pt 
ring where they are detected. Relative values of the 
disk current (iD) and the ring current (JR) are then 
employed to obtain information on reaction rates. 
Previous photoelectrochemical studies employing the 
RRDE have proven very useful in elucidating reac- 
tion paths, relative reaction rates, and semiconductor 
stability (2, 9-13). In work closely related to that 
reported here, a TiO2' disk RRDE was employed to 
study photo-oxidation of halide ions and reducing 
agents (2, 9), 

Experimental 
Chemicals.--Sodium sulfate, sodium acetate, glacial 

acetic acid (Fisher Scientific Company) ,  and sodium 
iodide (Mallinckrodt Chemical Works)  were of re-  
agent grade. Tr iply  distilled water  was used as a sol- 
vent. 

Apparatus and procedure.--A Tascussel Electronique 
Bipotentiostat, Model Bipad 2, was used for all ex- 
periments.  A Wavetek funct ion generator  provided a 

* Electrochemical Society Active Member. 
Key words: photoanode, photoelectricity, voltarnmetry, kinetics. 

d-c potential  ramp for vol tammetr ic  experiments  re-  
corded on a Mosley Model 7005A X-Y recorder. 

The construction of the RRDE general ly  followed 
that  described by Fuj ishima e~ aL (9). The TiO~ disk 
electrode was a single crystal, which was prepared by 
cutt ing a 1 nun  thick slice, 5.5 m m  in diameter,  from 
a large single crystal (Fuj i  Ti tanium, Japan) .  This 
piece was reduced at 750~ under  hydrogen for 30 rain. 
The TiO~ disk and Pt  r ing electrodes were mounted  
in a Teflon rod. On the back side of the TiO2 disk an 
ohmic contact was made with G a - I n  alloy to which a 
Cu-wire  was attached with conducting silver epoxy. 
The Cu-wire  was connected to a brass shaft. The 
pla t inum r ing electrode had an inner  radius (r~) of 3 
mm and an outer  radius (r3) of 6,95 mm. The col- 
lection efficiency for this electrode, No, defined as 
--iR/io for a stable system, was  calculated to be 0.648 
from the geometry (14). The measured value of No, 
determined by reduct ion of ferr icyanide at the TiO2 
in  the dark and oxidation of the resul t ing ferro- 
cyanide at t he  Pt  ring, was 0.65. The electrode was 
rotated with a Motomatic lviodel E-550 motor and con- 
troller (Electrocraft Corporation, Hopkins, Minnesota) .  
Electrical contact to the shaft was made using two sets 
of silver graphite brush and leaf assemblies. 

A saturated calomel electrode (SCE) was used as 
a reference and p la t inum foil served as the counter-  
electrode. The electrochemical cell had a 4 cm diame- 
ter and was 4.5 cm high; a glass basket inside pre-  
vented vortex formation at high rotat ion rates (15). 
The TiO2 disk was i r radiated through the cell bottom 
by the focused beam of a 400W xenon lamp. In all ex- 
periments,  the solution was purged with ni t rogen gas 
for more than 30 rain before measurements .  

Results 
Acetate-#ee solut~ons.--The i r radia t ion of the TiO~ 

disk electrode immersed in  0.2M Na2SO4 solutions 
produces an anodic disk current  and a flux of O~ and 
some H202 to the r ing electrode (Fig. 1, curve A) 
(1, 2, 16). The products are reduced at the r ing  elec- 
trode (Fig. 2, curve A).  The r ing current,  a t t r ibuted 
to oxygen (and H202) reduction, was very  dependent  
upon solution purity.  It  is well known, see, e.g., Ref. 
(17), that oxygen reduct ion at  a p la t inum electrode 
depends critically on the na ture  of the electrode sur-  
face and the presence of adsorbed impurities.  To ob- 
tain reproducible r ing currents  for oxygen reduction, 
the r ing electrode was cycled repeatedly between po- 
tentials for hydrogen and oxygen evolution just  before 
the measurement  of iR (17, 18). With this procedure 
the value of iR at --0.2V vs. SCE divided by the disk 
photocurrent  resulted in  a collection efficiency of 0.63 
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Fig. 1. Current-potential curves for an illuminated n-TiO2 disk 
electrode in 0.2M Na2SO4. (Curve A) no acetate; (curve B) 1 mM 
acetate; (curve C) 10 mM acetate; (curve D) 0.14M acetate; 
(curve E) in the dark. Rotation rate ---- 700 rpm; potential scan 
rate, 22 mV/sec; [NaAc] / [HAc]  = 1. 

IR 

(cathodic) 

- - A  
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Fig. 2. Current-potential curves for Pt-ring electrode with 
illuminated n-TiO2 disk electrode in 0.2M Na2SO4. (Curve A) no 
acetate; (curve B) 0.03M acetate; (curve C) 0.14M acetate; (curve 
D) in the dark; (curve E) disk current in the dark (along X-axis); 
(curve F) disk current under illumination. ED ---- 1.0V vs. SCE. 
Rotation rate, 700 rpm; potential scan rate, 22 mV/sec. [NaAc] /  
[HAc] ---- 1. 

which is quite close to the theoretical and experi-  
menta l  No-value (0.65). 

Acetate-containing soIutions.--The effect  o f  addit ion 
of equimolar  mixtures  of  s o d i u m  ace ta te  and acetic 

6 1  . . . . . . . . . . . . . . . . . . . . . . .  . . . . .  No 

I I  

Z 

2 

0 q 
O .1 .2 .3 

Fig. 3. Dependence of the collection efficiency for oxygen on the 
concentration of acetate. Rotation rate, 700 rpm; ED - -  1.0V vs. 
5CE; ER - -  - -0.2V vs. SCE. [NoAc] / [HAc]  _ 1. 
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acid to the 0.2M Na2SO4 solution (pH = 4.7) on the 
disk photocurrent  at TiO2 and the Pt  r ing cur ren t  is 
shown in Fig. 1 and 2. The potential  for the onset of 
the anodic photocurrent  at '1~O~ ~hifts towards more 
negative values wi th  the addi t ion of acetate (Fig. 1, 
curves B-D),  as found in a previous study (5). The 
l imit ing anodic disk current  was unchanged by addi-  
t ion of acetate or rotat ion rate, demonstrat ing that  
this current  w a s  governed by the  rate of generat ion of 
holes by  light absorption and their  flux to the elec- 
trode surface. The r ing current  was reduced by the 
addit ion of acetate (Fig. 2, curves B 'C ) .  The shape 
of the iR-ER curves was unchanged however by the 
addit ion of acetate and no new waves appeared. This 
demonstrates that  the enect  of acetate is to compete 
with water  oxidation. Addit ion of acetate to an oxygen- 
saturated solution does not affect the l imit ing current  
for oxygen reduction at a p l a t inum electrode, so that  
this decrease cannot be ascribed to this source. No 
product from the oxidation of acetate at the disk can be 
detected at the ring. This is in l ine with expectations, 
since the acetoxy radical  produced by the init ial  oxi- 
dation step decomposes very rapidly to CHs. and CO~: 
The methyl  radicals rapidly react to form ethane and 
nei ther  this species nor  CO2 is reducible at these po- 
tentials. Thus the r ing cur ren t  in  acetate-containing 
solutions can only be ascribed to the reduct ion of 
products from the oxidation of water  that  competes 
with acetate for the chotogenerated holes at the TiO2 
disk surface. We might  note that  the reduct ion of 
oxygen occurs on an n-TiO2 electrode at potentials 
positive to the flatband potential  (5, 18-20). In  all of 
our  studies of the collection efficiency, however, the 
disk potential  was fixed at 1.0V vs. SCE, which is so 
positive that  no oxygen reduct ion can occur. 

The dependency of the oxygen collection efficiency, 
No2 [defined as --JR (ER ---- --0.2V)/iD(ED : 1.0V) 
under  i l luminat ion]  upon total acetate concentrat ion is 
shown in  Fig. 3. No effect of electrode rotat ion rate 
was found with the concentrat ions of acetate shown 
in this figure. At very  low concentrat ions of acetate 
(less than 1 mM) some effect of electrode angular  
velocity, ~, was observed however. As shown in Fig. 
4, with 0.25 mM acetate the decrease in  No2 was 
greater  at larger  ~, showing that  at these concentra-  

# 
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�9 - 4 > - e  ~ ~ c 

0 20  40  
w l / 2  r p m  1/2 

Fig. 4. Effect of rotation rate on the collection efficiency for 
oxygen in acetate solutions. (Curve A) 0.25 mM acetate; (curve B) 
1 mM acetate; (curve C) 0.06M acetate. ED ~ 1.0V vs. SCE; ER = 
- -0.2V vs. SCE. 
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tions the rate of mass t ransfer  of acetate to the disk 
governs its rate of oxidation. 

Iodide so lu t ions . - - In  the presence of I - ,  oxidation 
of this species competes with water  oxidation at the 
i rradiated TiO2 disk (2, 3). Because concentrat ions 
of I -  as low as 10-TM suppress the oxygen reduction 
reaction on plat inum, the addit ion of only small 
amounts  of I -  decrease No2 to negligible values. To 
determine the competit ion between the water  and I - -  
oxidation processes in this case, the r ing  current  due 
to iodine reduction was determined (Fig. 5) and from 
this the iodine collection efficiency, NI2 [defined as 
- - iR ' (ER : - - 0 . 2 V ) / i D ( E D  -~ 1.0V) in  the presence 
of I - l ,  was calculated. The var ia t ion of NI2, for solu- 
tions in the absence and presence of acetate, as a func-  
tion of the concentrat ion of sodium iodide is shown in 
Fig. 6. No effect of ~ on NI2 was observed for these 
concentrations of iodide ion. 

Discussion 
The reactions which give rise to the different disk 

and r ing currents  can be summarized as follows 

--JR = No(iD)w = Nokw[OH-] [8] 

and the collection efficiency is 

--JR Nokw[OH-] 
Nob - -- - [9] 

iD kw[OH-]  Jr kAc[Ac-] 

This equation can be rear ranged to the form 

(No~No2) -- 1 = ( k A c / k w [ O H - ] )  [Ac- ]  [10] 

A plot of No/No2 -- 1 vs. [Ac- ]  should be l inear  with 
zero intercept  and slope k A c / k w [ O H - ] .  Such a plot is 
shown in  Fig. 7. From the slope of the l ine and the 
solution p H  (4.7) a value of kAc/kw ---- 2.0 X 10 -8 is 
obtained. 

A similar  t rea tment  for iodide solutions ( in the 
absence of acetate) yields 

NI2/No = k z [ I - ] / ( k w [ O H - ]  + k I [ I - ] )  [11] 

so that  the slope of a plot of (No/NI2) -- 1 vs. the 
reciprocal of the iodide concentrat ion should yield 
kw/ki .  Such a plot at pH = 5.8 (shown in  Fig. 8, curve 

Disk: Ring: 

2 O H -  + 2h+ --> �89 O2 + H~O (iD)w 

2 O H -  + 2h + --> H202 

k, 
2 I - + 2 h  + -~ I2  (iD)! 

kAe 
CH3CO2- -t- h+ > CO2 n u CH3 �9 -~ I~C2H6 (iD)Ac 

] 
~/z O2 + H20 + 2e --> 2 O H -  ~ (in) [2] 

H209 + 2e -> 2 O H -  J [3] 

I2 + 2e -* 2 I -  (iR') [4] 

no reaction [5] 

Under  conditions where mass t ransfer  rates to the disk 
surface are unimpor tant ,  we assume that  the rate of 
consumption of a given species at the electrode sur-  
face is a first-order process (just as most electrochemi- 
cal reactions) with relat ive rate constants of kw, ki, 
and kAc for water, iodide, and acetate, respectively. 
Under  these conditions the total  disk current,  iD, can 
be represented as 

iD = (iD)w "-~ ( iD)I  "-~ (iD)Ae [6] 

iD ~.~ kw[OH-]  + k i [ I - ]  -I- kAc[Ac-] [7] 

For solutions of acetate (in the absence of iodide) the 
r ing current  for oxygen reduct ion is 

IR 

(cothodic) 

0 

ID 

(anodic) 

- - C  

20p.A 1 
_ _  - .BD 

' ' - -  --" -- - 0 ' 2  ' ER v vsscE / 

0.2 0 - 0.2 

�9 I +40~A 

Fig. 5. Current-potential curves for Pt-ring electrode with 
illuminated n-TiO2 disk electrode. (Curve A) 0.01M Nal under 
illumination; (curve B) 0.01M Nal in the dark; (curve C) no Nal 
under illumination; (curve D) no NoI in the dark; (curve E) 0.01M 
Nal disk current under illumination; (curve F) 0.01M Nal disk 
current in the dark. ED ---- |.0V vs. SCE; rotation rate, 700 rpm; 
potential scan rate, 22 mV/sec. 

A) yields k w / k i  = 8.8 • 105. The current  efficiency 
for iodide oxidation at i l luminated  TiO2 has previ-  
ously been studied and for a 0.01M iodide solution has 
been estimated as 60% (3) and 70% (2). From the 
value of k w / k i  found here, a current  efficiency of 65% 
is predicted, which is in  good agreement  with the 
previous values. 

For  solutions containing both iodide and acetate, the 
following equat ion holds 

NI~ k i [ I - ]  
: [12] 

No kw[OH-]  + k I [ I - ]  + kAc[Ac-] 

In  this case a plot of (No/NI2) -- 1 vs. [ I - ]  -1 at a 
constant  acetate concentrat ion has a zero intercept  and 
a slope of ( k w / k i ) [ O H - ]  + ( k A c / k i ) [ A c - ] .  Such a 
plot is shown in  Fig. 8, curve B, for a 0.5M total acetate 
solution at pH = 4.7. The exper imenta l  slope com- 
bined with the value of k w / k i  determined above yields 
k A J k w  : 4.5 X 10 -8 which is in  reasonable agreement  

~ .4 A ~  ~ B 

. 2  I 

0 I '  ' 
10 .3 10 -2 10-1 

[Na  I] M 

Fig. 6. Dependence of collection efficiency for iodine on the con- 
centrotion of sodium iodide. (Curve A) no acetate; (curve B) 0.5M 
acetate; ED = 1.0V vs. SCE; ER ---- --0.2V vs. SCE; rotation ratq, 
700 rpm. 
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Fig. 7, Reciprocal plot on No2 and acetate concentration 
with the value found from Fig. 7. The relatively good 
agreement of the experimental results with the t h e o -  

B 
o 

6 

4 

0 2 0 0  4 0 0  

( Na I }-1 M-1  

Fig. 8. Reciprocal plot of Nz2 and iodide concentration, (Curve A) 
no acetate; (curve B) 0.5M acetate. 

retical equations suggests that there is no direct in- 
teraction of the oxidation processes, i.e., that kw, kAc, 
and k1 are independent of the concentrations of ace- 
tate and iodide in the solution. 

The results above demonstrate the utility of the 
RRDE technique in determining competitive reaction 
rates at an illuminated semiconductor, even when, as 
in the case of acetate above, the product generated is 
not electroactive at the ring electrode. The method is 
clearly easier for surveying possible reactions at semi- 
conductors than long-term bulk electrolysis methods, 
and should also prove useful in the design of hetero- 
geneous photocatalysts (6, 7). 
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Influence of Nickel Oxide Transformation Reaction 
on Oxygen Evolution Kinetics as Ascertained 

by TemperatureEffects 
C. R. Davidson *'1 and S. Srinivasan* 

Brookhaven Nationa~ Laboratory, Department o~ Energy and Environment, Upton, New York 11973 

ABSTRACT 

The 02 evolution reaction and nickel oxide transformation reactions were 
investigated on Ni electrodes in 50 w/o KOH as a function of temperature 
using steady-state and cyclic voltammetrie techniques, respectively. A change 
in the valence state of the oxide occurs in the region of oxygen evolution at 
temperatures above 150~ The previously reported change in Tafel slope at 
elevated temperatures is explained on the basis of the role played by the trans- 
formation of surface oxides, and its effect on the kinetics of the OER. 

The oxygen evolution reaction (OER) was inves-  
t igated recent ly on nickel electrodes in 50 weight 
percent  (w/o)  KOH as a function of tempera ture  (1). 
A change in  the Tafel slope from 3 RT/2F at tem- 
peratures below 208~ to RT/4F at temperatures  above 
this value was reported. The main  purpose of the 
present  work was to determine the influence of oxide 
t ransformat ion reactions on the change in Tafel slope 
and hence on the mechanism of the OER. 

The existence of correlations between the activity 
of heterogeneous catalysts and their magnetic  prop- 
erties has been well documented (2-6). In  addition, 
it has been speculated that  magnetic  properties in-  
fluence electrocatalysis as well (7-10). The Neel tem- 
pera ture  (ant i ferromagnet ic  to paramagnet ic  t rans i -  
tion) of nickel oxide (NiO) is 247~ and the reported 
change in Tafel slope lends support  to the concept 
of magnetic influences in electrocatalysis. However, 
as for oxygen evolut ion on anodized nickel, fur ther  
exper imental  evidence now suggests an al ternate  ex- 
planat ion for the change in mechanism at elevated 
temperatures.  For  there to exist a magnetic t rans-  
formation of the type ment ioned on anodized Ni, the 
surface oxide formed would necessarily be dehydrated 
NiO with a cubic structure. This condition is con- 
sidered to be highly unl ike ly  (11). Cyclic vol tammetr ic  
studies on Ni electrodes have been carried out by  a 
number  of workers (12, 13). Although there are some 
disagreements and ambiguities, it is general ly believed 
that  in alkal ine solutions, nickel is first oxidized to 
the hydroxide, Ni(OH)2, and subsequent ly  to the 
oxyhydroxide, NiOOH; the exact stoichiometry varies 
around those given, and  ne i ther  exhibits magnetic  
transformations.  

In  the present  work, s teady-state current -potent ia l  
measurements  were made for the oxygen evolution 
reaction on nickel from 50% KOH as a function of 
temperature.  In  addition, cyclic vol tammograms were 
recorded with the aim of obtaining informat ion on 
surface oxides in the oxygen evolution potential  region. 

Experimental 
For this study, a stainless steel pressure vessel 

described in  a previous paper (1) was utilized. A 
Teflon cell containing separate reference and auxi l iary  
electrode compartments  was introduced into this pres- 
sure vessel. A stainless steel clad Chromel-Alumel  
thermocouple, sheathed in  plat inum, was inserted into 
the electrolyte. The reference electrode was a pre-  
cal ibrated dynamic hydrogen electrode, connected to 

* Electrochemical Society Active Member. 
1Present address: General Electric Comuany, Direct Energy 

Conversion Programs, Wi!mington, Massac!~u~etts 01887. 
Key words: anode, electrode, catalysis, oxygen evolution. 

a 1 mA/cm2 power supply. A large cylindrical  piece 
of Ni 200 (99.5% Ni, 0.15% Fe, 0.06% C, 0.05% Cu, 
0.25% Mn, nominal)  screen was used as the auxi l iary  
electrode. The electrolyte was prepared from Baker 
analyzed KOH with doubly distilled water  and pre-  
electrolyzed for 10-15 hr using Ni screen electrodes. 
The test electrode was a Ni 200 wire (d _-- 0.35 cm) 
of 0.2 cm 2 total area. The vessel and cell were heated 
with asbestos wrapped resistance wires; a magnetic 
st irrer  was used to reduce thermal  gradients in the cell. 

Curren t  densi ty-potent ia l  relat ions were obtained 
using a s teady-state  potent ial  step technique with a 
PAR 173 potentiostat. The electrodes were preanodized 
for a few minutes  to ensure an equi l ibr ium coverage 
of oxide on the surface. The measurements  were made 
from high to low potentials while monitor ing the 
current  on a strip chart  recorder dur ing the establish- 
men t  of s teady-state  conditions. Ohmic losses between 
the Luggin capil lary tip and the test electrode were 
exper imenta l ly  measured using the in te r rup te r  tech- 
n ique  with an Adlake re lay and Tektronix  7623A 
oscilloscope. Ohmic potentials were plotted vs. current  
density to confirm the expected l inear  relation. Cyclic 
vol tammograms were obtained at the same tempera-  
tures as the steady-state measurements ,  using a PAR 
175 voltage programmer  in  conjunct ion with the 
potentiostat. The results were recorded on an HP 
7044A X-Y recorder. These experiments  are described 
in  greater  detail in the following section. In  addition, 
anodic polarization studies on the test electrode were 
carried out by scanning from the open-circui t  potential  
to potentials well wi thin  the oxygen evolution region 
at a sweep rate of 1 mV/see. 

Results and Discussion 
The tempera ture  dependence of the potential,  at 

which the mechanism of oxygen evolut ion changes, 
emphasizes the role of oxide films on the kinetics of 
this reaction. Each exper iment  at the various tempera-  
tures was repeated at  least three times Co confirm 
reproducibili ty.  The cyclic vol tammogram for Ni at 
47~ shown in Fig. 1, is in agreement  with those of 
other investigators (12-14). The peak before O2 evo- 
lut ion is believed to correspond to Ni2+/Ni 8+ oxida- 
tion. However, there is evidence in the l i terature  
which suggests that this peak represents oxidation 
to the 4 +  state. It  is interest ing to note that the 
overpotential  for the oxygen evolution reaction at 
room tempera ture  is high enough that  the higher 
oxide formation peak remains  well  below the onset 
of evolution. Both the overpotential  and oxide forma- 
tion potential  are temperature  dependent.  One would 
expect, however, the oxygen overpotent ial  to have a 
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Fig. 1. Cyclic voltammogram for Hi in 50 w/o KOH at 47~ 
Sweep rate 50 mV sec -1.  

more significant temperature dependency.  This is, in 
fact, observed experimental ly .  Figure 2 shows a por- 
t ion of  the cyclic vo l tammogram obtained at 127~ 
It is clear that the large oxygen  evolut ion current 
obscures the higher oxide formation peak. At still  
higher temperatures,  the higher oxide formation peak 
is total ly masked by  oxygen evolution,  as exempli f ied 
in Fig. 3 for a temperature of 183~ The corresponding 
reduction peak for this process is not affected by 
oxygen  evolut ion and this finding can aid in deter- 
mining the approximate higher oxide formation po- 
tential in this region. Cyclic  vo l tammograms  w e r e  
carried out at 50 mV/sec ,  first sweeping  in the anodie 
direction and then back to the initial  potential.  If 
the potential  at w h i c h  the sweep is reversed is not 
anodie enough for the higher oxide to form, there 
was  no corresponding reduction peak on the cathodic 
sweep. Upon stepping up the potential  of  sweep  re- 
versal  cont inuously  more anodic, a cathodic reduction 
peak was  eventua l ly  observed. Since  this could only  
occur if  the higher oxide is present, the potential  at 
w h i c h  this oxide forms can be approximate ly  deter- 

5C 

4r 

3C 

I0 

~ -2C 

e 
-5C 

-4C 

-5C 

, 

POTENTIAL vs. DHE, VOLTS 

mined, even though the oxidation peak is completely 
masked by the oxygen evolution current (Fig. 4). The 
potentials at which the higher oxide forms were deter- 
mined in this manner and are shown as a function 
of temperature in Fig. 5. 2 The l ine in Fig. 5 represents 
the least squares fit of these points (coefficient of 
determination, r = 0.9580). The steady-state Tafel 
plots at selected temperatures are shown in Fig. 6. 
Below approximately 150~ only one Tafel region is 
observed. The transfer coefficient at high overpotentials 
is again 0.67, whi le  at low overpotentials the transfer 
coefficient increases wi th  increasing temperature from 
approximately 1.5 at 150~ to 3.0-4.0 at 275~ In 
addition, there is more scatter in the steady-state 
points in this low overpotential region, even  to the 
extent  that in some experiments a true Tafel  region 
could not clearly be defined. It is extremely  important 
to note the potentials at which  the Tafel slopes change 
in the steady-state curves above 150~ ~ This break 
potential is plotted vs. temperature in Fig. 7. In the 
same figure, the l ine corresponding to the higher oxide 
formation potential is also shown. From this figure, 
one may conclude that the potential at which  a break 
in the Tafel l ine occurs  when  making the measure-  

All potentials are with respect to the dynamic hydrogen elec- 
trode except those at room temperature, which have been cor- 
rected for the overpotential on the DHE. Above 150~ this cor- 
rection is approximately constant at 30-40 mV (14). 

This break potential is defined as being that potential at which 
the extrapolation of the two Tafel lines intersect. 
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Fig. 4. Cyclic voltammogram for Ni in 50 w/o KOH at 224~ 
Sweep rate 50 mV sec -1.  

Fig. 2. Cyclic voltammogram for Hi in 50 w/o KOH at 127~ 
Sweep rate S0 mV ~ec-L 
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Fig. 3. Cyclic voltammogram for Hi in 50 w/a KOH at 183~ 
Sweep rate 50 mV sec -1.  
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Fig. 5. Higher ox;de formation potential of Hi vs. temperature 
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Fig. 6. Steady-state Tofel plots for oxygen evolution on Ni from 
50 w/o KOH. Temperature range 115~176 
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Fig. 7. Tafel slope break potential for oxygen evolution on Hi 
from 50 w/o KOH vs. temperature. Dependence of higher oxide 
formation potential on temperature. 

ments  from high to low current  density in the steady- 
state measurements  coincides wi th  the potential  of 
the higher oxide formation. To i l lustrate  the importance 
of this potential,  the dependence of current  densities 
on potentials, using the slow sweep technique, were 
conducted at elevated temperatures  to determine the 
potential  required for "visible" oxygen evolution as 
seen in Fig. 8. These potentials were determined and 
are shown in Fig. 9. "Visible" oxygen evolution does 
not apparent ly  occur un t i l  the higher oxide is present  
on the surface. This is direct evidence support ing the 
arguments  made by Tseung (15) concerning the ne-  
cessity of forming the appropriate oxide for good 
oxygen evolution electrocatalysts. Evident ly  the higher 
oxide is the catalytical ly active oxide for this reac- 
tion. 4 At the lower tempera ture  (i.e., below 150~ 
the oxygen overpotential  is high enough that  oxygen 
evolution does not occur at significant rates un t i l  this 
higher oxide is formed. As the tempera ture  increases, 
the overpotenital  for this reaction decreases signifi- 
cant ly  and a two-section Tafel plot is observed, cor- 
responding to oxygen evolution on the par t ia l ly  re-  
duced and higher oxides. 

Because "visible" oxygen evolut ion takes place 
only on the higher oxide surface as seen from the slow 
potential  scans (Fig. 5), one may  suggest a correlation 
between the higher oxide formation potential  and the 
break in  the Tafel line. At high overpotentials, the 
higher oxide is present  and the Tafel lines correspond 
to a t ransfer  coefficient of 0.67 for the oxygen evolu- 
t ion reaction. Cathodic to the higher oxide formation 

4 It  should be  s ta ted  that  it  is th e  h igh e s t  ox ide  s table  w i t h  re- 
spec t  to  o x y g e n  evo lut ion  (as  s e e n  f r o m  Pourbaix  d iagrams)  
wh i ch  i s  required.  
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Fig. 9. Higher oxide formation potential, "visible". 02 evolution 
potential, and 02 equilibrium potential vs. temperature. 

potential, there is a continuously growing ratio of 
lower to higher oxide on the surface. 5 It  is believed 
that this may interfere  with the surface diffusion or 
desorption reactions. Transfer  coefficients approaching 
4.0 are calculated from the Tafel lines at higher 
temperatures.  

Conclusions 
The higher oxide formation potential  for nickel 

has been determined as a funct ion of temperature  
up to 275~ It has been shown that at elevated tem- 
peratures (i.e., >150~ the kinetics of the oxygen 
evolution reaction are fast enough that  changes in  
reaction mechanism are observed at this potential.  
The consequences of reduction of the higher oxide 
manifests itself as a break in the Tafel slope indicat ing 
a recombinat ion or desorption ra te -de te rmin ing  step 
below this critical potential.  

An interest ing feature of the prerequisi te of the 
higher oxide for the oxygen evolution reaction is a 
m i n i mum in the overpotential  for oxygen evolution vs. 
temperature  curve (Fig. 10). Again, Fig. 9 shows the 
higher oxide formation line, the potent ial  for "visi-  
ble" oxygen evolution, and the equi l ibr ium potent ial  
(16) for the oxygen reaction. The equi l ibr ium poten-  
tial has a larger  tempera ture  dependence than the 
higher oxide formation potential. Because oxygen is 
visibly evolved only at this higher potential,  a 
m i n i m u m  in the oxygen evolution overpotentiaI vs. 

5 one may argue that the higher is reduced at potentials m o r e  
cathodic to the oxidation potential. The present case  is no t  one  of  
hulk reduction, hut of a slow increase  in the  n u m b e r  o f  l o w e r  ox, 
ide atoms on the  sur face  b e t w e e n  the  ox idat ion  and reduct ion  
peaks. 
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Fig, 10. "Visible" 02 evolution overpotentiol on Ni Ys. temperature 

temperature curve results (Fig. 10). It should be 
realized that  although there is a minimum in the 
overpotential vs. temperature plot for "visible" evolu- 
tion, the potential for oxygen evolution continuously 
decreases with increasing temperature,  although at a 
much slower rate after the temperature of the mini- 
mum than before. This information can be utilized 
to screen potential oxygen electrocatalyst materials. 
Oxygen evolution will be catalyzed on the appropriate 
conducting oxide stable with respect to oxygen. In 
addition if the temperature dependence of the oxide 
formation is known (either calculated from existing 
thermodynamic data or experimental ly determined),  
the overpotential for oxygen evolution can be deter-  
mined at  any temperature. This can then be used to 
elucidate the activity at elevated temperatures of 
various electrocatalysts and associated mechanism 
changes with minimum high temperature experimenta-  
tion. 
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The Zn-KOH System: Fragmentation of 
Dendritic Zinc Clusters on Electrode Cycling 

S. Szpak* and C. J. Gabriel 
Naval Ocean Systems Center, Electronic Material Sciences Division, San Diego, California 92152 

and T. Katan* 
Lockheed Palo Alto Research Laboratory, Materials and Structures, Palo Alto, Cali$ornia 94304 

ABSTRACT 

An in s{tu examination of dendritic clusters in Zn-KOH electrode analogs 
reveals that  fragmentation frequently occurs during cycling. Fragments on 
the order of 10-~ cm or less are formed and are propelled through the bulk 
electrolyte. Init ial ly the fragments move as though their surfaces are positively 
charged, but shortly after fragmentation the movement is in accord with a 
negatively charged surface. Fragments that are larger than ca. 10 -3 cm are 
found to exhibit motion principally by displacement, generated by dissolution 
at one end and deposition at the other. Conditions for fragmentation during 
cycling are discussed and the relevance is given to zinc electrode operation. 

The deleterious effects of the formation of dendrites 
during the operation of rechargeable systems, par -  

* Electrochemical Society Active Member. 
Key words: particles, electrode, transport. 

t icularly those involving zinc electrodes, are well 
documented. Growing dendrites not only cause in- 
ternal  short circuits but they also contribute to the 
loss of cell capacity and to the deterioration of cell 
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performance.  The format ion  of dendr i t ic  clusters  has 
been s tudied r a the r  extensively.  Evident ly ,  thei r  
growth  is control led by  mass t ranspor t  (1-4) whi le  
the ini t ia t ion of g rowth  m a y  take place by  severa l  
modes (5-10), 

A somewhat  different  aspect  of d e n d r i t i c  behavior,  
encountered in a lka l ine  zinc bat ter ies ,  is the subject  
of the present  study,  namely,  the f ragmenta t ion  of 
dendri t ic  s t ructures  and the i r  subsequent  behavior  
dur ing  the course of e lectrode cycling. The phen-  
omenon of f ragmenta t ion  considered here  is s imi lar  
to t h a t  descr ibed by  Vermi lyea  (11) in studies of 
the dissolution of whiskers  and ident ical  wi th  tha t  
descr ibed by  Wrang len  in comments  on the behavior  
of "l iving crystals ,"  which were  first observed at  the 
beginning of this cen tury  (12). 

The purpose  of this communicat ion  is to descr ibe  
the behavior  of dendr i t ic  clusters dur ing  discharge 
of a zinc e lect rode analog. In par t icular ,  we consider  
f r agmenta t ion  of dendr i t ic  s t ructures  and behavior  
of the f ragments  in an electr ic  field associated with  
the  passage of current .  

Experimental  
The e lect rolyt ic  cell and associated electronic and 

optical  equipment  a re  shown in Fig. 1 in the form 
of a block diagram.  The e lec t ro ly t ic  cell is of the 
u l t r a th in  type  to minimize  the deve lopment  of con- 
vect ive flow usua l ly  in i t ia ted  because of the evolut ion 
of hydrogen  and localized at  dendr i t ic  tips. The d imen-  
sions of the  e lec t ro ly t ic  cells, toge ther  wi th  the  detai ls  
of thei r  construct ion and assembly,  a re  d i sp layed  in 
the  insert .  The work ing  electrodes were  made  of 
99.999% polycrys ta l l ine  zinc sheet  and mounted  in 
plast ic  holders.  Exper imen ta l  cells were  opera ted  in 
the  galvanosta t ic  mode wi th  an e lec t ro ly te  of sa tu ra ted  
zincate in 10M aqueous KOH solution. 

The in situ examina t ion  of the f ragmenta t ion  of 
dendri t ic  s t ructures  was car r ied  out  wi th  the a id  of 
a Zeiss meta l lu rg ica l  microscope equipped with  a 
Nomarsk i  in te r fe rence  objec t ive  and a TV camera  for  
moni tor ing  and recording  the progress.  The post  test  
detai ls  of the dendr i t ic  s t ructures  were  v iewed wi th  
a scanning e lect ron microscope. 

The behavior  of the  meta l l i c  zinc f ragments  tha t  
were  in ten t iona l ly  p laced in an impressed  electr ic  
field was examined  visual ly.  Single crystals  of zinc, 
about  300 ~m in size, were p laced in a glass cap i l l a ry  
tube, 650 ~m in diameter ,  containing the specified elec-  
t rolyte.  Morphological  manifes ta t ions  were  examined  
wi th  a Bausch and Lomb Sterozoom 7 microscope dur -  
ing the passage of a 2.5 m A  cur ren t  th rough  the cell. 

Results 
An examina t ion  of the behavior  of dendr i t ic  clusters  

revea led  the occurrence of th ree  d is t inc t ly  different  
phenomena,  as ide f rom the s t r a igh t fo rward  anodic 

dissolution: first, a f r ac tu r ing  of dendr i t ic  c lusters  
f rom a pa ren t  dendr i t ic  s tem dur ing  the passage of 
anodic current ,  y ie ld ing  f ragments  of var ious  sizes; 
second, a motion of the  smal le r  f ragments ,  on the  
order  of 10 /~m or Jess  in size, fol lowing separa t ion  
from the pa ren t  stem; and, third,  over  a somewhat  
longer  time, a mot ion of d isp lacement  th rough  b ipo la r  
act ivi t ies  of l a rger  f ragments .  

In  par t icular ,  Fig. 2a shows the s i tuat ion immedia t e ly  
af te r  f rac tur ing  of a dendr i t ic  cluster  f rom its pa ren t  
stem. A typical  t r a j ec to ry  observed for f ragments  of 
app rox ima te ly  5 ~m in size, as they  are  prope l led  
th rough  the electrolyte ,  is indica ted  in Fig. 2b. Such 
a curvi l inear  t r a j ec to ry  cannot  be a t t r ibu ted  to a 
convective flow because no gas evolut ion occurred 
dur ing  the passage of the anodic  current ,  and any  
gas bubbles  that  were  genera ted  dur ing  the per iod  
of dendri t ic  g rowth  remained  s t a t ionary  and re ta ined  
thei r  shape. Trajector ies  of f ragments  were  obta ined  
by  t rac ing their  mot ion recorded on video tape. Typ-  
ically,  the  velocit ies were  on the o rde r  of 5-10 ~m s e c - L  

The isolated zinc f ragments  tha t  were  p laced  in 
cap i l l a ry  cells and subjected to the  passage of an 
electr ic  cur ren t  of 2.5 mA developed dendr i tes  a t  
the i r  cathodic ends and underwen t  dissolution at  the i r  
anodic ends, as indica ted  in Fig. 3. Ini t ia l ly ,  however ,  
passive films with  pa r t i cu la te  residues were  formed 
at  the anodic ends. Af te r  the passage of cur ren t  for 
app rox ima te ly  20 rain, the dendr i t ic  mass of clusters  
forming a t  the  cathodic end of  a f r agmen t  had  grown 
to fill the  t ransverse  cross section of the  cell. Sub-  
sequently,  the dendr i t ic  mass appeared  to be moving 
along the cap i l l a ry  tube wi th  a veloci ty  on the order  
of 0.1 ~m sec -1. The mot ion was c lea r ly  by  d isplace-  

\ 
5 

4 

2 �84 

m _ L 

Fig. I. Block diagram of the experimental arrangement: I, 
power source; 2, electrode analog, (a) ultra thin cell, (b) capillary 
ceil; 3, microscope; 4, recording camera; 5, display screen. 

Fig. 2. Dissolution of dendr;tic clusters: (A) position of dendrite~ 
shortly before fracture, (B) trajectory of motion after fracture and 
fragmentation. 
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~-- Zn --> 2e- +Zn (l-r) 

~ I-',--300~m ~ n (~) 
= 

f e 
~ Zn 1I:[) --'- ~ / ~ - D  zn(II)+2e-->zn 

Fig. 3. Representation of motion by displacement: particle size, 
300 ~m; initial position, dashed outline; velocity of displacement 
(at 2.5 mA and 650 #m diam), 0.1 #m sec -1 .  

ment  due to dissolution at one end and deposition 
at the other. 

Discussion 
The physical motion of the small  particles and the 

apparent  motion by electrochemical displacement of 
the large ones may, in fact, represent  two divergent  
examples of the balance of the electric and hydrody-  
namic forces acting on isolated zinc particles immersed 
in  an  electrolyte. Indeed, the experiments  indicate 
that  small  f ragments  are set into motion in a curved 
path by dominat ing electrical forces while the viscous 
forces acting on large fragments  l imit  their  velocity 
thus accentuat ing the motion by displacement. 

To account for these phenomena,  we wil l  develop 
the discussion as follows. First, we will  consider the 
dis t r ibut ion of the current  density wi thin  the electrO- 
lytic cell and within  the porous s tructure of dendri t ic  
clusters. We will  be pr imar i ly  interested in clarifying 
the conditions that  lead to anomalous transfer  C.D. 
profiles that  may account for fracturing. Following 
this, we will discuss the motion of small  f ragments  
and the bipolar  activities of larger particles in the 
context of the theory of electrophoretic motion (13- 
15), especially as the theory applies to a corroding 
system (16). Finally,  we will  show the relevance of 
these phenomena to bat tery  technology. 

Fragmentation within dendritic clusters.--The in situ 
observat ion and the post test examinat ion  of the growth 
of dendri t ic  clusters can be summarized as folIows. 
The dendri t ic  clusters originate at the electrode r im 
and extend into the bulk  electrolyte in  the form of 
three dimensional  growths. This extension, shown in  
Fig. 4a, can be viewed as equivalent  to a porous struc-  
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ture  and as such can be represented by an equivalent  
electric circuit;  a typical  one is shown in  Fig. 4b. 
A typicat scanning electron microscope (SEM) photo- 
graph of a small  fraction of the dendri t ic  cluster is 
shown in Fig. 4c. Evidently,  the stems of the dendri t ic  
cluster may have various geometrical forms of which 
two have been selected to i l lustrate  the process of 
fracturing:  those with nonuni form cross section, as 
indicated in Fig. 4c by arrow A, and those with cross 
sections being almost uniform, as indicated by arrow B. 

The f ragmentat ion of dendri t ic  clusters dur ing the 
anodic par t  of the cycle  is easy to visualize. When the 
dendrit ic stem is of nonuni form cross section, the con- 
stricted regions will dissolve first even if the t ransfer  
C.D. is relat ively uniform throughout.  When the den-  
dritic stem is of uni form cross section, an anomalous 
dis tr ibut ion of the t ransfer  C.D. is required. Such 
distr ibutions may arise, e.g., because of the formation 
of localized resistive oxides, shifting the dissolution 
to areas of lower reaction impedance to generate 
undercut t ing  and separation. Fragmenta t ion  of den-  
dritic structures dur ing their growth is less s traight-  
forward, since it requires the reversal  of the t ransfer  
current  within a par t  of the growing structure.  

While the equivalent  circuit shown in Fig. 4b pro- 
vides a convenient  visualization of the reaction profile, 
a more phenomenological  description can be obtained 
from the two-phase model of porous electrodes. The 
mathematical  formulat ion of this model, when re-  
sistivities in both phases may be comparable and com- 
plications arising from mass t ransport  may be excluded, 
is based on (a) the application of Ohm's law 

V U n + p n i n = 0  ( n = s , m )  [1] 

(b) the conservation of charge 

V . i s - - j = O ,  V ' i m §  j = 0  [2] 

together with (c), the l inearized t ransfer  C.D.-over- 
potential  relat ion 

Zj + Vre=t ---- urn -- us [3] 

where u is a potential, i is a current  density, j is the 
t ransfer  C.D., p is a resistivity, and Z is the reaction 
impedance. Subscripts s and m denote the solution 
and metall ic phases, respectively. 

Within  regions of constant  parameters,  Eq. [1]-[3] 
can be reduced in number  by casting them in the 
more famil iar  second-order form (see Appendix)  

V~j  - ~2j = 0 [4 ]  

Fig. 4. Dendritic clusters in 
experimental analog; (a) top 
view of the cell showing the lo- 
cation of three dimensional 
clusters; (b) equivalent electric 
circuit; (c) SEM photograph of 
representative dendritic forms. 
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h2r _-- 0 

where  K 2 = ps + pm/Z and 

[5]  

PS . 

u~ = ~ - - - : -  j [6]  

[7] 
P m  . 

s 

The nonuni formi ty  of cross section of the pa ren t  
stems, the d is t r ibut ion  of localized coverage wi th  
resis t ive oxides, or the var ia t ion  in e lec t ro ly te  con- 
cent ra t ion  can be v iewed as producing  a number  of 
regions charac ter ized  by  the pa rame te r s  pn,k, Zk, and 
Vrest,k, with  n --  s, m and k _-- I, 2, 3 . . . .  For  s im- 
p l ic i ty  of computa t ion  and i l lustrat ion,  we wil l  con- 
s ider  var ia t ion  of pa ramete r s  in only one direction. 

Examples  of  computed,  one-d imens ional  t ransfer  
C.D. profiles a re  shown in Fig. 5 and 6. These profiles 
were  genera ted  for  dendr i t ic  clusters of uni t  thickness 
d ivided into five segments.  The length  of each segment  
is a r b i t r a r y  but  the  pa rame te r s  charac ter iz ing  the 
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Fig. 5. Calculated anodic transfer C.D. profiles for J ~ 1: a, 
the effect of changing Z: pm = ps = 1, and Vrest ---- - -1 for all 
.segments, Z1 ~ 10, Z2 : 1, Za ~ 0.1, Z4 : 1, and Z5 ---- 10; 
b, the effect of changing Vrest: pm ---- ps ---- Z ---- 1 for all seg- 
ments, Vrest,1 ~ - -0 .5 ,  Vresto2 "-- - - 1 ,  Vrest,3 = - - 2 ,  Vrest,4 
- - 1 ,  and  Vrest,5 = - -  0 .5 ;  c, the  e f f e c t  of  c h a n g i n g  res is t iv i t i es ;  
Vrest ---- - -1  for all segments of all curves. Curve 1, psA = 10, 
ps,2 - -  I ,  ps,3 ~- 0.1, ps,4 : 1, and psi5 ~ 10; pro,1 - -  0.1, 
pro,2 ~ I ,  pm,8 ~ 10, pro,4 ~--- 1, and pro,5 ~ 0.1; Z ~-- 0.1 for 
all segments. Curve 2, same parameters as curve 1, except that Z 
= 1 for all segments. 

D I STANCE (ARB ITRARY UN ITS) 

+4 0 0.2 0.4 0.6 0.8 i .  
i I I I 

CATHOD,C AN00,C I1)\ 

DEPOS T ON 
DEPOSITION , ~ ~ .  

DI SSOLUTION 

< 

Fig. 6. Calculated cathodic transfer C.D. profiles for J = - -1 .  
Curve !,  parameters as in Fig. 5c. Curve 2, parameters as in Fig. 5c. 

behavior  wi th in  each segment  were  selected to in -  
dicate the changing conditions along the dendr i t ic  
s t em/e lec t ro ly te  in terphase .  Numer ica l  values  tha t  
were  assigned to these pa rame te r s  were  chosen to 
exaggera te  the des i red  effect for purposes of i l lus t ra -  
tion. 

Transfer  C.D. profiles leading to the f ragmenta t ion  
of clusters  dur ing  the anodic par t  of the cycle a re  
shown in Fig. 5a-5c. In  par t icu la r ,  Fig. 5a i l lus t ra tes  
the effect of blocking of the second kind (17), accom- 
pl ished through changes in the react ion impedance,  
Zk. Physical ly ,  such a s i tuat ion should occur at  high 
dissolution rates  in z inca te - sa tu ra ted  solutions. F igure  
5b i l lus t ra tes  the effect of changes in concentrat ion,  
which are  expressed th rough  changes in the va lue  of 
Vrest, on the  t ransfe r  C.D. profile. F ina l ly ,  Fig. 5c r ep -  
resents  the  effect of prec ip i ta t ion  in the e lec t ro ly te  
phase as well  as the  nonuni formi ty  of cross section 
of the metal l ic  phase, i.e., the combined effect of the 
blocking of the first k ind  and morphology  of the den-  
dri t ic  growth.  This example  suggests that  in the course 
of dissolution, we might  find segments  where  the  
t ransfe r  cur ren t  is reversed.  Such reversa l  is a t t r i bu ted  
to local var ia t ion  in resis t ivi t ies  in both phases and 
is s t rongly  modified by  the degree  of polar izat ion.  
Consequently,  a smoothing effect of addit ives,  e.g., 
surfactants ,  on the f ragmenta t ion  is ant ic ipated.  

Condit ions leading to f r agmenta t ion  of dendr i t ic  
clusters  dur ing  thei r  g rowth  per iod  are  less obvious, 
because no insoluble  species a r e  genera ted  in the  
e lec t ro ly te  phase and no nonconduct ive  ma te r i a l  is 
deposi ted on the electrode surface dur ing  a cathodic 
period.  In  the absence of such mechanica l  factors as. 
v ib ra t ion  or shock, the reversa l  of the t ransfe r  cur ren t  
is the  only condit ion associated wi th  f ragmenta t ion.  
As demons t ra ted  in Fig. 6, the  anomalous  t ransfe r  
C.D. profiles arise when a p roper  rat io  of resis t ivi t ies  
wi th in  the growing cluster  is realized,  especia l ly  when  
combined wi th  low reac t ion  impedance.  These con- 
ditions are  expected to be fulfil led f r equen t ly  in the 
Zn-KOH system because of low overpotent ia l s  for  
the e lect rodeposi t ion and a pa r t i cu la r  morpho logy  of 
growing Clusters, consist ing of numerous  b ranch ing  
and nonuni formi ty  in the  cross sect ion of ind iv idua l  
stems. 

Motion of dendritic fragments.--The motion of p a r -  
t icles in the e lec t ro ly te  arises f rom the in terac t ion  of 
the  in te rphase  region wi th  e i ther  phase. The disperse  
phase may  be set in mot ion  by  a t empera tu re  gradient ,  
by a concentra t ion gradient ,  or by  any  number  of 
factors affecting the energet ics  of the interphase.  In  
e lect rochemical  systems, there  is the in terac t ion  of 
the  diffuse par t  of the electr ic  double  l ayer  wi th  an 
ex te rna l ly  impressed  electr ic  field and thei r  re la t ion  to 
the  ensuing hydrodynamic  motion. 

Upon immers ion  of a solid par t ic le  in an electrolyte ,  
an in te rphase  region of a complex s t ruc ture  is es tab-  
lished. A sa t i s fac tory  theory  of e lec t rophoret ic  mot ion 
can be  developed us ing a s imple  model,  tha t  of a 
capaci tor  wi th  e lec t r ica l ly  charged  planes,  capable  of 
motion re la t ive  to each other. The essential  fea tures  of 
this s imple model  a re  shown in Fig. 7. A charged  
plane,  $2, is subs t i tu ted  for  the  diffuse pa r t  of the elec-  
t r ic  double  layer .  This p lane  is located outside of the 
Helmhol tz  outer  layer ,  i.e., with in  the  region of a l -  
lowed hydrodynamic  act ivi ty.  The  ensuing h y d r o d y -  
namic flow ar is ing f rom the in terac t ion  be tween  the 
charge  Q+ and the electr ic  field, E, in the  di rect ion 
para l l e l  to p lane $1 is measured  across the plane $3 
placed pe rpend icu la r  to the  di rect ion of flow. The 
veloci ty  and the d i rec t ion  of flow are  p ropor t iona l  to 
the  magni tude  and the sign of the  excess charge  ac-  
cumula ted  on the e lect rode surface, respect ively.  This 
s imple  p ic ture  of the  in te rphase  region, however ,  is of 
doubtful  va l id i ty  when  appl ied  to concent ra ted  elec-  
t rolytes ,  where  the  diffuse pa r t  of the  electr ic  double  
l aye r  is compressed (15, 18). 
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Fig. 7. Capacitor representation of electrophoretlc motion: $1, 

metal surface; $2, slip plane parallel to $1; $3, reference plane 
for flow measurements. The volume flow and charge transfer are 
indicated by arrows. 

Pr io r  to f ragmenta t ion,  the  dendr i t ic  par t ic le  is 
t h e r m o d y n a m i c a l l y  uns table  wi th  respect  to the  elec-  
t ro ly te  phase. This ins tab i l i ty  is forced by  the impressed  
anodic overpo ten t ia l  which, in turn,  resul ts  in the  
es tab l i shment  of concentra t ion profiles of r e l evan t  ionic 
species in the  immed ia t e  ne ighborhood of the dissolv-  
ing dendri te .  A t  the  moment  of separat ion,  the in-  
s t ab i l i ty  due to the  impressed  overpoten t ia l  is r e -  
moved  and rep laced  by  a t he rmdynamic  dr iv ing  force 
leading  to the  a t t a inmen t  of a s teady  state. 

Qual i ta t ively ,  the approach  to the  rest  potent ia l  fol-  
lowing the separa t ion  of the  f r agmen t  can be conven-  
ien t ly  s tudied  wi th  the a id  of a Pou rba ix  diagram, 
pa r t  of which is r eproduced  in Fig. 8. S ta r t ing  at  
point  A, located wi th in  the domain  of s tab i l i ty  of 
water ,  the  decaying  potent ia l  crosses the  hydrogen  
revers ib le  potent ial ,  point  B, the point  of zero charge 
potential ,  point  C, and  s lowly  approaches  i ts rest  po-  
ten t ia l  a t  E. The res t  po ten t ia l  of corroding zinc is 
ve ry  close to the  revers ib le  potent ia l  (19), as ind ica ted  
b y  the dashed line. 
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Fig. 8. Schematic representation of the approach to the corrosion 
potential of fragmented zinc particles. 

The potent ia l  decay  wi th in  the  first t ime interval ,  
curve  AB, and the approach  to the  s teady  state, curve 
DE, can be t rea ted  analy t ica l ly .  Thus, the  potent ia l  
decay wi th in  the  first t ime interval ,  0 < t < tl, can be 
ob ta ined  f rom the express ion of charge  conservat ion 

i,n ---- Zkjk + d ( C V ) / d t  (k  = 1, 2 . . . )  [8] 

where  Jk is the  par t i c ipa t ing  reac t ion  cur ren t  dens i ty  
and C and V are  the capaci tance and potent ial ,  r e -  
spectively,  of the  electr ic  double  layer .  

Equat ion  [8] represents  the e lect rode response to 
pe r tu rba t ions  in cur ren t  or  potent ial .  This equat ion 
must  be subs tan t ia l ly  modified when  i t  is appl ied  to a 
f r agmented  dendri te .  First ,  we  set im = 0 to indicate  
a complete  separat ion.  Addi t iona l  simplifications may  
ar ise  f rom considerat ions involving the magni tudes  of 
respect ive  Jk. Thus, immed ia t e ly  af te r  separat ion,  
wi th in  the t ime in te rva l  0 < t < tl, we assume tha t  
only the  Zn 2+ ions par t i c ipa te  in the  po t en t i a l -de t e r -  
mining events  and tha t  no o ther  processes affecting the 
capaci tance of the electr ic  double  layer ,  e.g., adsorpt ion  
or desorption,  a re  involved.  Choosing for C the value  
10O ~JF cm -'2 a n d  assuming the exponent ia l  form of 
the  j ( V )  re la t ion  wi th  Jo --  0.3 A cm -2  (8), b = 50 
mV/decade ,  and V(0) ---- 0.6V (an a rb i t r a r i l y  selected 
va lue  wi th in  the  s tab i l i ty  domain  of w a t e r ) ,  on in te -  
gra t ion  of Eq. [8], we conclude t h a t  the ini t ia l  per iod  
of potent ia l  decay is comple ted  wi th in  mill iseconds,  
i.e., this r e laxa t ion  would  not  affect the  observat ion  of 
the pa r t i cu la te  motion. 

Another  t ime interval ,  t2 < t < ta, for which  the 
V( t )  curve yields  to ana ly t ica l  t r ea tmen t  is the  final 
approach  to its s t eady-s t a t e  value,  f rom D to E, Fig. 
8. The dominat ing  e l emen ta ry  processes wi th in  this  
per iod  is the increase in surface converage  by  the ZnO 
film that  resul ts  f rom the react ion be tween  the Zn 2+ 
ions and O H -  ions. This final approach  usua l ly  occurs 
over  an ex tended  per iod  of t ime (20). 

Of in teres t  to the present  inves t iga t ion  is the  per iod  
t l  < t < t2, dur ing  which  the decaying potent ia l  moves 
away  from the hydrogen  revers ib le  potent ial ,  crosses 
the potent ia l  of point  of zero charge,  Vpzc, located at  
--0.8 to --0.9V (vs. SHE) (19), and approaches  the  
rest  potent ia l  and  dur ing  which  the curv i l inear  path,  
shown in Fig. 2, was observed.  As the decaying  po ten-  
t ia l  crosses the  point  of zero charge, the charac te r  of 
the  excess charge  on the surface also changes, thus 
accounting for the  change in the  d i rec t ion  of par t ic le  
motion, as r equ i red  b y  the theory  of e lec t rophoret ic  
phenomenon.  

The theory  of e lec t rophoret ic  mot ion is usua l ly  de -  
veloped for insula t ing  or  idea l ly  polar ized  part icles .  
Here,  however ,  a different  s i tuat ion arises:  the  zinc 
par t ic le  is uns table  wi th  respect  to the electrolyte .  The 
idea l ly  polar ized  par t ic le  is rep laced  by  a corroding 
one, i.e. a sys tem of local cells on the par t ic le  surface, 
as a resul t  of which  e lect r ica l  charges are  being t r ans -  
f e r red  across its double  layer ,  as indica ted  by  a r rows  
in Fig. 7. Under  these conditions, a correct ion t e rm 
mus t  be inc luded in the express ion for the par t ic le  
velocity,  which  effect ively slows down the mot ion 
compared  to insula t ing  par t ic les  ca r ry ing  the same ex -  
cess charge  (16). 

The veloci ty  of the  corroding zinc par t ic le  is gov-  
e rned  by  diss ipat ion due to viscous forces and in te r -  
facial  charge t ransfer .  As the  size of the  par t ic le  in-  
creases, both  effects cont r ibute  more,  and  the par t ic le  
slows down to the point  tha t  no motion is observed.  
Instead,  because of the  low overpotent ia l s  for both  
cathodic and anodic reactions,  a meta l l ic  par t ic le  
p laced  in an electr ic  field suffers dissolut ion at  one 
end and deposi t ion at  the  other, cf. Fig. 3. 

This type  of behavior  can be demons t ra ted  by  in-  
ten t iona l ly  placing a zinc par t ic le  of considerable  size, 
e g., 300 ~m, in a c a p i l l a r y - t y p e  cell. The smal l  cell  
dimensions dampen  the deve lopment  of convective flow, 
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a n d  the  geometr ica l  form of uni form cross section as-  
sures a un i form p r i m a r y  cur ren t  d is t r ibut ion  except  
in the  immedia t e  vic ini ty  of the meta l l ic  part icle.  Using 
this cell design, we crea ted  conditions such tha t  the 
motion by  d isp lacement  could be demonst ra ted .  The 
observed velocit ies were  on the order  of O.1 ~m sec -1, 
and depended on the cur ren t  flow and the cap i l l a ry  
diameter.. F u r t h e r  discussion of this observa t ion  and 
its re levance  to ba t t e ry  technology wil l  be given in a 
companion paper .  

Relevance to battery technology.--One approach  to 
the ra t ional  design of ba t t e ry  electrodes is v ia  elec-  
t rode  modeling.  I t  is gene ra l ly  agreed  tha t  the concepts 
and mathemat ics  of the model ing  of porous e lect rodes  
a re  wel l  unders tood and fo rmula ted  wi th  a sufficient 
degree  of completeness.  The appl ica t ion  to real  sys-  
tems, however ,  has not  kep t  pace wi th  the theore t ica l  
advances.  The pr inc ipa l  weakness  involving the mode l -  
ing of the  zinc e lec t rode  per ta ins  to the  t r anspor t  co- 
efficients associated wi th  the  var ious  g rowth  forms 
when  a new phase  appears  as a resul t  of an e lec t ro-  
chemical  process. At  present ,  there  is l i t t le  informat ion  
concerning the ra te  at  which  the var ious  e l emen ta ry  
processes occur, i.e., on the numer ica l  inputs  that  gov-  
e rn  the computed  t ransfe r  C.D. profiles. This is p rob -  
ab ly  the reason why  there  is subs tant ia l  d i sagreement  
be tween  the  pred ic ted  (21, 22) and observed  (23, 24) 
per formances  of the  Zn -KOH system. 

Here, we have e labora ted  on one aspect  not  inc luded 
in  modeling,  tha t  of the mot ion and reac t iv i ty  of me-  
tal l ic zinc par t ic les  in an e lec t ro ly te  dur ing  the passage 
of current .  The d isengagement  of zinc par t ic les  f rom 
cycled zinc electrodes has, indeed,  been observed (24, 
25). However ,  the  fact  tha t  these par t ic les  m a y  ex-  
per ience  mot ion and, moreover,  a change in shape has 
never  been included in the source of modeling.  The 
e lec t rophore t ic  and  d isp lacement  velocit ies were  found 
to be of such magni tude  that,  f rom the size of the zinc 
part icles ,  i t  appears  tha t  the  dimensions of pores in 
real  e lectrodes can be breached  in jus t  a few cycles. 

Par t ic les  found in the ma in  body of the e lec t ro ly te  
should affect the p r i m a r y  cur ren t  dis t r ibut ion,  and the i r  
effect would  magni fy  wi th  each cycle, causing pro-  
gress ive ly  severe  nonuniformit ies .  The migra t ion  of 
these isolated zinc f ragments  wi th  sys temat ic  cycl ing 
could cont r ibute  to the  commonly  observed overa l l  
change in the  zinc electrode 's  shape. Indeed, a recent  
pos tmor tem examina t ion  conducted on a 10 A - h r  
s i lver /z inc  cell a f te r  157 cycles, revea led  the presence 
of isolated zinc fragments ,  ca. 10 -2 cm in size, at  
numerous  locations removed  from the zinc electrode,  
i.e., on the nylon cloth and reprocessed cel lophane 
separa to r  ma te r i a l  (26). Al though  the effects of these 
f ragments  could not  be determined,  thei r  presence 
lends credence to the  impor tance  of the  phenomena  
causing f ragment  migra t ion  in prac t ica l  ba t t e ry  sys-  
tems. 

F ragmen ta t ion  of the e lect rode s t ruc ture  can reduce 
the  cell capaci ty  if the  f ragments  become e lec t r ica l ly  
isolated, and then  capaci ty  can be res tored  only  af te r  
the dissolution of the f ragments  and  subsequent  dep-  
osition onto the conduct ive matr ix .  In  addit ion,  the  
isolated meta l l ic  par t ic les  t r apped  wi th in  the  electrode 
pores  are  l ike ly  to affect the cur ren t  flow in the  elec-  
t ro ly te  phase, thus producing  addi t ional  anomalies  in 
the  t ransfer  C.D. profile. 

The examina t ion  of condit ions leading  to fractur ing,  
especia l ly  dur ing  the  cathodic cycle, suggests the use 
of addi t ives  designed to cause an increase  in po lar iza-  
tion. Such an increase in polar iza t ion  would reduce  
the occurrence of t ransfe r  cur ren t  reversa l  thus min i -  
mizing f ragmenta t ion  of dendr i t ic  clusters.  

C o n c l u s i o n s  

1. F ragmen ta t ion  m a y  occur dur ing  e i ther  the  anodie 
o r  cathodic pa r t  of the  cycles. F rac tu r ing  dur ing  the 

anodic pa r t  of the cycle m a y  resu l t  f rom e i ther  a n  
anomalous  d is t r ibut ion  of the t rans fe r  C.D. or  f rom 
nonuni form cross section of meta l l ic  stems. F r a c tu r i ng  
dur ing  the cathodic par t  requires  a reversa l  of t r ans fe r  
current .  

2. Smal l  f ragments ,  on the  order  of 10 -8 cm across 
in our  exper iments ,  exhib i t  wha t  appears  to be an elec-  
t rophore t ic  mot ion  wi th  an average  veloci ty  of 5-10 #m 
sec -1. Large  part ic les ,  longer  than ca. 10 -8 cm, p laced 
in an electr ic  field move by  d isp lacement  wi th  a veloc-  
i ty  on the order  of 0.1 ~m sec. -1. 

3, The presence and migra t ion  of par t ic les  in the  
bu lk  e lec t ro ly te  m a y  affect the  d is t r ibut ion  of the  p r i -  
m a r y  current ,  thus cont r ibu t ing  to the e lec t rode  shape 
change wi th  sys temat ic  cycling. 

4. The addi t ion of surface act ive agents  designed to 
increase the  polar iza t ion  of the  Zn /Zn  ~2+) reac t ion  
m a y  increase  the cycle life of the  zinc electrode.  
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A P P E N D I X  
For  constant  Pn,k ( n  = S, m ;  k = 1, 2, 3 . . . )  and Zk 

the reduct ion of Eq. [1]-[3]  is as follows. Tak ing  the 
g rad ien t  cf Eq. [3] and  using Eq. [1] we have  

Z V j  = - ~ i m  + psis [ A - l ]  

Taking  the d ivergence  of Eq. [ A - l ]  and using Eq. [2] 
to e l imina te  iF and is, we obta in  Eq. [4]. 

The d ivergence  of Eq. [1] yields  

V2us + psi = 0 [A-2] 

Here, Eq. [2] has been used to e l iminate  ira. Taking  the 
g rad ien t  of Eq. [A-2] fol lowed by  the divergence,  we 
have  

V4Us --  ~2V2us = 0 [A-3] 

where  Eq. [4] and [A-2] have been used to e l imina te  
j. Now, since Eq. [A-3] can be r ewr i t t en  as e i ther  

V2(V2us - -  KeUs) = 0 [A-4] 
o r  

( V  2 - -  K 2) V2us = 0 [A-5] 

i t  follows that  there  a re  solutions to Eq. [A-3] of the 
form 

us  = ~ + ~ [ A - 6 ]  
where  

V 2 ~  = 0 [ A - 7 ]  
a n d  

V 2 ~  - -  K2~ = 0 [ A - 8 ]  

Subs t i tu t ing  Eq. [A-6] into Eq. [A-2] and mak ing  
use of Eq. [A-7] to e l iminate  r and Eq. [A-8] to eva lu -  
ate V2~, we  obta in  

Ps . 
= - -  - -  $ [ A - 9 ]  

g2 

Thus, Eq. [A-6] becomes Eq. [6], which  then combined 
with  Eq. [3], yie lds  Eq. [7]. 

For  the one d imensional  case considered here,  the  
solutions to Eq. [4] and Eq. [5] for the  k th  segment,  
respect ively,  of the  forms 

j : A k e  ~x ~ Bke  - ~  [ A - 1 0 ]  
and 

r = CkX -t- Dk [A-11] 
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A t  the  cu r r en t  col lector  and  a t  the  e lec t rode /so lu t ion  
interface,  the  cu r ren t  densi t ies  a re  known, this  permi ts  
the  bounda ry  condit ions on the cur ren t  a t  the  collector  
to  be expressed  as 

dj  _ p r a j  [A-12] 
dx Z 

d~ ps~'a 
- -  - -  J [ A - 1 3 ]  

dx  Ps -]" Pm 

and a t  t h e  elec t ro ly te  in ter face  as 

dj  _ _ ps j [A-14] 
dx  Z 

d~b psPm 
- -  = - - J  [ A - 1 5 ]  
dx ps +mn 

where  J is to ta l  cell  cu r ren t  density.  
A t  each in tersect ion of segments  of constant  p a r a m -  

eters  is + ira, is, us, and  Um --  us must  be continuous. 
This provides  enough l inear  equat ions to find j as a 
funct ion of  J and  the  o ther  parameters .  
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ABSTRACT 

The behavior  of gold in aqueous potass ium h y d r o x i d e  was s tudied  using 
po ten t iodynamic  methods.  Three  peaks found at  potent ia ls  more  negat ive  
than  t h e  gold ( I l l )  oxide  fo rmat ion  region were  identif ied as adsorp t ion  re -  
actions. These react ions were  shown to depend  on the h y d r o x y l  ion in 
solution. The fol lowing react ion was proposed  

A u  + O H -  -~ AuOHa~ + e -  

Each of the  peaks  was found to correspond to the  fo rmat ion  of on ly  a mono-  
l a y e r  of  adsorbed  species, w i th  each peak  being res t r i c t ed  to a pa r t i cu l a r  t ype  
of surface  site. By means  of  the work  funct ion values  and  the  ease of  ox ida t ion  
of the  th ree  most  common crys ta l  planes,  the peaks  at  --1.2 to --0.7V vs. SCE, 
--0.7 to --0.3V vs. SCE, and --0.3 to ~-0.3V vs. SCE were  identif ied wi th  mono-  
l aye r  hyd rox ide  adsorp t ion  on the (110), (100), and  (111) c rys ta l  faces, r e -  
spect ively.  

The gold oxida t ion  process has been the  subjec t  of 
considerable  s tudy  in the  l i te ra ture ,  p r inc ipa l ly  for 
acid med ia  (1-21).  Al though  there  a re  fewer  works  
for  a lka l ine  med ia  (22-29), i t  has been  shown tha t  
anodizat ion at  less than  0.1 A �9 cm -2  does not  bu i ld  up 
vis ib le  oxide  films on gold (21, 30-33). The oxide l aye r  
has been  shown to g row in thickness  in the  region of 
oxygen  evolut ion and different  oxide  s t ructures  a re  
r epor t ed  to fo rm (14, 34). 

* Electrochemical Society Active Member. 
Key words: anode, adsorption, kinetics, gold. 

Al though  these works  provide  c lear  evidence of t h e  
format ion  of the  gold ( I I I )  oxide  at  potent ia ls  anodic 
of its theore t ica l  potent ia l  (E~ the fo rmat ion  of lower  
va len t  oxides or  hydrox ides  at  less anodic potent ia ls  is 
usua l ly  disputed.  Hoare  has pos tu la ted  tha t  the  fo rma-  
t ion of AuO might  account for  the  va lue  of the  res t  
potent ia l  of  gold in acidic solut ions (35, 36). The  in-  
crease of the  double  l ayer  capaci ty  of gold electrodes 
when  oxygen  is in t roduced into the  solut ion was used 
as suppor t  for  this proposa l  (37). El l ipsometr ic  m e a -  
surements  in a lka l ine  solutions b y  Sirohi  and Gen~ 
shaw (29) ind ica ted  tha t  adsorpt ion  of an  u n d e t e r -  
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mined  na ture  occurs on gold over  a wide potent ia l  
reg ion  (--0.8 to +0.2V 1) cathodic of the gold (III)  
oxide  region. Difficulty wi th  the  in te rp re ta t ion  of 
different ia l  capaci tance measurements  by  Carr  and  
Hampson (38) also led to the  suggest ion of adsorpt ion  
phenomena in the region --0.6 to +0.6V. The na tu re  of 
this adsorpt ion  was not  made  clear.  

The lack  of react ion of an e lect rode wi th  e lec t ro ly te  
is a desi rable  fea ture  for the  s tudy  of organic reactions,  
and gold is often recommended  as an e lect rode mate r i a l  
because of its wide potent ia l  region which is r epo r t ed ly  
free of reactions.  I t  is therefore  impor tan t  to de te rmine  
whe ther  the adsorpt ion  phenomena  were  ar t i fac ts  of 
the  measurement  techniques or represented  in te rac -  
tions be tween  gold and the electrolyte .  Therefore  
l inear  sweep v o l t a m m e t r y  (a technique sui table  for 
the  detect ion of e lec t rochemical  react ions)  was used 
to s tudy  the  interact ions  be tween  gold and aqueous 
a lka l ine  hydrox ide  solutions at  potent ia ls  cathodic of 
the  A u ( I I I )  oxide  formation.  

Exper imenta l  
The e lec t rochemical  measurements  were  car r ied  out  

in a typica l  e lec t rochemical  cell. The detai ls  of the  cell 
and  electronic equipment  m a y  be found in Ref. (39). 
For  fast  potent ia l  scan measurements  a Tek t ron ix  s tor-  
age oscilloscope (Model 5113) was used to record  the 
data. Po lycrys ta l l ine  gold (>99.99% pur i ty )  wi re  
(0.0254 cm diam) was used as the  work ing  e lect rode in 
potent ia l  scan measurements  because cyl indr ica l  geom- 
e t ry  is not  subjec t  to edge effects, and  the posi t ioning 
of the  reference  e lec t rode  to reduce IR drop is not  as 
cr i t ical  as for the case of p l ana r  electrodes.  The Luggin  
cap i l l a ry  was d rawn  to a 0.1 m m  d iam (OD) cap i l l a ry  
at  the t ip and was located app rox ima te ly  0.2 mm from 
the work ing  electrode. Calculat ions showed that,  under  
the wors t  condi t ion (100 V �9 s e c - D ,  the m a x i m u m  IR 
drop would  be only  1.8 mV. Detai ls  of the calculat ion 
method  m a y  be found in Ref. (40-42). 

The solutions, p repa red  f rom ana ly t ica l  grade  re-  
agent  and doubly  dis t i l led water ,  were  deoxygena ted  
by  bubbl ing  wi th  oxygen- f ree  n i t rogen dur ing  the 
exper iments .  The a lka l ine  solutions were  also t r ea ted  
wi th  a preelect rolys is  step before  being used. This 
addi t iona l  precaut ion  was t aken  because of the sensi-  
t iv i ty  of the  fast  l inear  scan technique to t race i m -  
puri t ies.  The  pree]ect rolys is  was conducted for  a 
m in imum of 4 h r  using two gold foil e lectrodes wi th  
the  potent ia l  at  one of the  electrodes set at  --1.8V and 
a cell potent ia l  of 2.61V. Measurements  were  recorded 
pho tograph ica l ly  f rom the oscilloscope screen and the 
da ta  t aken  f rom the developed prints.  

Gold dissolution rates  were  de te rmined  from weight  
losses and electrode surface areas. The weight  loss 
measurements  were  accura te  to wi th in  •  #g. The 
surface a rea  of the  e lec t rode  was de te rmined  from 
potent ia l  scan measurements ,  using the l inear  re la t ion-  
ship be tween  the cur ren t  peak  height  and the square  
root  of the vol tage scan ra te  for the  oxida t ion  of 
Fe (CN)6  -4. The re la t ionship  given by  Nicholson a n d  
Shain  (43) is 

ip 
= 0.4463 

[ nFv  )~ nFACo L D o - - ~ -  

where  Co is the  concentra t ion of Fe (CN)6  -4  (mole �9 
e m - 8 ) ,  Do is the diffusion coefficient of Fe (CN)6  -4  
(cm 2 �9 s e e - l ) ,  ip is the peak  cur ren t  (A) ,  A is the  a rea  
of the e lec t rode  (cm2), n is the  number  of e lectrons 
t r ans fe r red  in the oxidat ion,  v is the  scan ra te  ( V .  
sec-Z) ,  and  F, R, and  T have  the i r  usual  meanings.  

A s t andard  p re t r ea tmen t  of the e lec t rode  was neces-  
s a ry  to achieve reproducibi l i ty .  The e lect rode was 
first hea ted  to redness in air, then etched in hot  aqua 
regia  for  5 sec, washed in doubly  dis t i l led water ,  

All potentials are reported vs. a saturated calomel electrode. 

dried, and weighed (in the  dissolution measuremen t s ) .  
I t  was immedia t e ly  given a fu r the r  t r ea tmen t  consis t -  
ing of a 5 min  reduct ion  per iod  in the  e lec t ro ly te  at  
--1.2V. This l a t t e r  p rocedure  was found to improve  the  
reproduc ib i l i ty  of the  weight  loss and po ten t iodynamic  
measurements  bu t  did not  affect the measured  weight  
of the  electrode.  

Results and  Discussion 
A typical  slow scan potent ia l  sweep in 0.01M potas -  

sium hydrox ide  is shown in Fig. 1. Al though s imi lar  
profiles have appeared  in  the l i t e ra tu re  for acid media  
(44) and a lka l ine  med ia  (28, 45) i t  is useful  to review 
some of the fea tures  for an a lka l ine  medium. The  slow 
scan profile has been d iv ided  into four regions which 
correspond to the fol lowing main  processes (neglect ing 
double  l aye r  charging)  

region 1: hydrogen  evolut ion (H20 + e -  ~ O H -  
+ Y z H 2 )  

region 2: surface oxide  reduct ion  

region 3: surface oxide  fo rmat ion  

region 4: oxygen  evolut ion (2 O H -  --> H20 + 2 e -  
+ ~/2 O2) and oxide  bu i ldup  

F rom Fig. 1 i t  can be seen tha t  region 1 is cha r -  
acter is t ic  of a fa rada ic  reaction,  tha t  of hydrogen  
evolut ion wi thout  adsorption.  Indeed,  unl ike o ther  
precious meta ls  such as Pt, In, and  Pd, gold is known 
not  to d isp lay  a n y  tendency  to adsorb  hydrogen  (10, 
46). The anodic por t ion  of reg ion  2 appears  to d i sp lay  
only  the  double  l aye r  charging current ,  but  i t  is shown 
la te r  that  severa l  impor t an t  react ions take  place in this 
region which  a re  not  vis ible  at  slow potent ia l  sweep 
rates. The separa t ion  observed in Fig. 1 be tween  the 
oxide  fo rmat ion  (region 3) and reduct ion  (region 2) 
is character is t ic  of an i r r evers ib le  surface reaction.  
Recent ly  i t  has been shown (44, 47-49) tha t  the  ox ida -  
t ion of gold in acid med ia  involves the format ion  of a 
surface film which, a l though in i t ia l ly  reversible ,  unde r -  
goes a r ea r r angemen t  to form an i r revers ib le  surface 
species. In  a lkal ine  solutions the oxida t ion  in region 3 
has been shown to be complex  (34) wi th  the  oxide  
s t ruc ture  dependent  on the ex ten t  and dura t ion  of po-  
ten t ia l  sweep. F igure  2 shows poten t ia l  scans at  much 
fas ter  sweep rates. I t  can be seen tha t  there  a re  th ree  
peaks  cathodic of the the  format ion  of the gold ( I I I )  
oxide (peak  D).  These peaks  have  been des ignated  a s  
peaks A, B, and C. I t  can be seen that  the  peaks are  
easi ly  observed only  at  h igher  sweep rates  (>1 V .  
sec -1)  which  would  account for  the  fact  tha t  the i r  
exis tence has not been repor ted  before.  At  s lower 
sweep rates  (<1  V"  sec-1) ,  the  peaks  are  difficult to 
separa te  f rom the  double  l aye r  charging current .  In-  
deed, even at  the sweep ra te  of 10 V . s e c - t .  the  
complete  separa t ion  of the  peak  cur ren t  and the 
double  l aye r  charging  cur ren t  can only  be est imated.  
(The method of es t imat ion  is given la ter . )  

~: 0.2 

>- ~ 0.I ~-~ 
~o 
Z c 
W~ 0 a 

1).2 

-Reg ion  1 

I 
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I 
-0.4 0 

P O T E N T I A L  (V) 

I I 
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I I 

IRegion31 
I I ~  

I I I 
0.4 0.8 

Fig. 1. Potential sweep profile in 0.0IM potassium hydroxide 
electrolyte; sweep rate = 10 mV �9 sec-1; temperature ---- 23.0~ 
All potentials vs. $CE. 



VoL I27, No, 5 EC F O R M A T I O N  OF A u ( I )  HYDROXIDE 1071 

T h e  area under  the potential  sweep curves may be 
used to estimate the extent  of oxidation of the surface 
atoms, assuming there is no significant dissolution or 
ion discharge at the potential  in  question. Oxygen 
evolution will not be impor tant  cathodic of region 4 
(see Fig. 1); however, the  anodic dissolution of gold 
must  be considered. 

The dissolution rate of gold in highly  alkal ine solu- 
tions has not been reported in  the l i terature  and the 
exper imental  de terminat ion  was therefore necessary .  
The results of the dissolution measurements  shown in 
Table I reveal that no measurable  dissolution could be 
found at potentials less than +0.7V even though the po- 
tentials were applied for periods up to 29 hr. There-  
fore, cur rent  which flows in the peak regions cannot 
result  from a dissolution process. Since the three peaks 
A, B, and C are found at potentials  less than +0.7V, 
the area under  the potential  sweep curve could be used 
to calculate the charge on the surface atoms. 

Determinat ion of the charge per  surface atom for 
most metals involves comparison of the charge passed 
in  the anodic region and the total charge required for 
discharge of a monolayer  of adsorbed hydrogen. How- 
eyer, because gold does not display any  hydrogen ad- 
sorption, this method could not be used and it was 
necessary to measure the surface area of the electrode 
and est imate the n u m b e r  of gold atoms per un i t  sur-  
face area. The geometric area does not indicate the 
real area available for a surface react'ion; hence the 
area determinat ion was carried out using an electro- 
chemical method suggested by Nicholson and Shain 
(43). The electrochemical method gives a bet ter  indi -  
cation of the real surface area because the reaction 
depends to some extent  on the number  of active sites. 

The na ture  of the surface s t ructure  can also affect 
the gold (III)  oxidation behavior  (50-53). For this 
work the electrodes were assumed to be polycrystaI-  
line. Reflection electron diffraction pictures of the 
electrode after cleaning did not indicate any  preferred 
orientation. In addition, the shape and position of the 
gold ( I I I )  oxidation peak in Fig. 1 is s imilar  to that  
found for a polycrystal l ine gold surface by Dicl~ert- 
mann,  Schultze, and Vetter (15), who showed that 
different crystal orientat ions have unique potential  
sweep profiles. It  was assumed, therefore, that the 
n u m b e r  of atoms on the surface could be calculated 
from an average atomic density of the three most 
p rominant  crystal faces, (111), (100), and (110), (see 
Table II).  Similar  values have been reported in the 
l i terature  (4). 

In  order to use  the area under  the potential  sweep 
profile as an estimate of the extent  of reaction, the 
amount  of current  corresuonding to the double layer  
charging also must  be determined. In  a s tudy of re-  
flectance changes on Au and Pt electrodes in acid 
media, Conway, Angerstein-Kozlowska,  and Lalihert~ 
(54) showed that  double layer  charging corrections 
should be made from the potential  of zero charge 
(pzc) to the potential  of monolayer  oxide coverage. 
Changes in  the charging current  once a complete layer  

Table I. Weight loss measurements in 1.0M KOH electrolyte for 
potentials less than +0 .TV  at 23~ 

T i m e  Measured w e i g h t  D i s s o l u t i o n  
d u ra -  l o s s  ( g )  ( a r e a  r a t e * *  

P o t e n t i a l  t i o n  oE e l e c t r o d e  ( g  � 9  -I �9 
( V )  ( h r )  = 1.8 cm ~) sec-~) 

- -0 .S  29 N . D . *  ~ f i  • 10 - ~  
- 0 . 2 3  21.5 N . D .  -----7 • 10 -:u 
+ 0 . 5 8  1.6 N . D .  ~ • 10 -~1 
+ 0 . 7  16 N . D .  ---~9 • 10 - ~  
+ 1 . 2  34 3 • 10 ~ 8.2 x 10 -~ 

�9 N.D. = n o t  d e t e c t e d .  
*~ D i s s o ] u t i o n  r a t e  c a l c u l a t e d  f r o m  e r r o r  l i m i t s  in  w e i g h i n g  

p r o c e d u r e  (• • 10"Sg). 

Table II. Charge density on individual crystal planes 

A t o m i c  d e n s i t y  C h a r g e  
C r y s t a l  ( a t o m s .  cm -'2) density* 
plane (calculated) ( C - cm--" ) 

(100) 1.2 x 1101~ 1,92 • 10 -'L 
(110) 0.85 x I0 J~ L36 u~" 10 -~ 
(lll) ].39 X I0 m 2,22 • 10-~ 

The a v e r a g e  c h a r g e  d e n s i t y  b a s e d  o n  e q u a l  p r o p o r t i o n s  o f  
(100), (110), and (111) c r y s t a l  p l a n e s  i s  1.83 x 10 -~* C �9 cm -'~. 

* B a s e d  o n  I e l e c t r o n  p e r  g o l d  s u r f a c e  a t o m .  

of oxide had been formed were shown to be small. The 
actual  value of the reported pzc of polycrystal l ine gold 
in alkal ine solutions may be questioned, since the work 
oi Car t  and  Hampson ( 9 8 )  indicated that  the double 
layer s tructure was complicated by oxide films or the 
adsorption of solution species. Their  measurements  in-  
dicated a value of approximately --0.50V in  contrast  
to a value of approximate 0V reported by Gileadi (55), 
ot --0.32V reported by Bode (56), or of --0.18V re-  
ported by Lin (57). Regardless of the value, s tar t ing 
the double layer  correction from any  of these  poten - 
tials does not  seem appropriate in  view of the shape of 
the curves in Fig. 2. 

Therefore, the double layer  charging current  was 
estimated graphicallY (see Fig. 2) by drawing a l ine 
from the i = 0 point to the m i n i m u m  current  between 
peaks A and B. The area under  the l ine was used as 
the value of the double layer  charging for peak A. 
From the m i n i m u m  between peaks A and B, the l ine 
was extended threugh the m i n i m u m  between peaks B 
and C and extended past peak C. Since the peak po- 
tentials of A, B, and C are well separated (>0.4V), 
it is unl ike ly  that  there is serious overlap of the peaks 
A, B, and C which would elevate the double layer  
charging current  erroneously. There is, however, over-  
lap between peaks C and D and therefore the measure-  
ments  for peak C were made up to the peak max imum 
and then corrected t o  give the value for ful l  surface 
coverage by assuming the surface coverage at the peak 
max imum to be 0.5 of full  surface coverage. This type 
of correction has been shown to be valid for reversible 
reactions (58). The reversibi l i ty of peak C will  be es- 
tablished later. 

The magni tude of the charging correction depended 
on the sweep rate. For  the data shown in Fig. 2 (10 
V �9 sec - l )  the corrections for the area under  the c u r v e  
in the peak A, B, and C regions were 9:0 • 10-sC, 
9.9 • 10-6C, and 9.9 • 10-~C, respectively. 

It is clear that  this est imation of the charging cur-  
rent  represents the ma x i mum value and thus may bias 
the value of the surface charge density. A smaller  esti- 
mate of the double layer  charging current  would 
yield larger values of the surface charge density. 

o.s~- - " ~ ~  / .PeatkOr b 

u ~  
~: o.6 

I I I I 1 I 

-1.2 -0.8 -0.4 0 0.4 0.8 
P O T E N T I A L  ( V )  

Fig. 2, Potential sweep profiles in 1.0M potassium hydroxide 
electrolyte at fast swee~ rates: ~, v = 10 V -  sec-Z; b, v = 
1.0 V - s e c - l ;  c, v = 0.1 V "  see- l ;  area of electrode = 0.16 
cm2; temperature = 23.4~ All potentials vs. SCE. 
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Using the above graphical method to correct for the 
double layer charging contribution, the area under  the 
peaks was measured using a planimeter  and the data 
presented in  Table III as the charge accumulated (mC) 
per surface area of the electrode. It  is clear from the 
table that al though the charge accumulated under  
each peak varies from run  to run, the total charge ac- 
cumulated for the three peaks approaches one electron 
per surface atom. This suggests that  there is only a 
certain fraction of the surface which will accommodate 
each of the individual  reactions A, B, and C. This 
view is supported by measurements  taken from cyclic 
potential  sweep experiments  which are also shown in  
Table III. The reactions at peak A and peak B gradu-  
ally disappear after many  (>10) cycles, but  the reaction 
at peak C does not. The charge accumulated for peak 
C in this case is approximately the same as if it had 
occurred with reactions A and B. Thus the reactions of 
peak A and peak B are not necessary for peak C to 
occur. Similar ly  it can be shown that  peak B can be 
made to appear without  peak A, if potential  cycling is 
carried out in the region of peak A before the normal  
single sweep. It  appears, therefore, that the three re- 
actions are independent  but  restricted to a total ac- 
cumulated charge of one electron per surface atom. 
Measurements in 0 .1M KOH were found to have 
lower values for the total accumulated charge (~0.6 
e - / A u ) ,  bu t  this was most l ikely the consequence of 
smaller  peak currents  and the greater  difficulty in 
separating the peak currents  from the double layer  
charging at the lower hydroxide concentration. 

The effect of sweep rate on peak current  for each 
of the peaks A, B, and C was studied over several 
orders of magni tude  of sweep rate and the results are 
presented on a log-log plot in  Fig. 3. There is good cor- 
relat ion (r > 0.99), indicat ing l inear i ty  for the data 
when plotted as peak current  vs. sweep rate on recti-  
l inear  axes for each of the three peaks. The data do 
not follow the ip oc vV2 behavior observed for diffusion 
controlled oxidat ion-reduct ion reactions and thus the 
oxidation of electrolyte contaminants  may be ruled 
out. Linear i ty  of the ip vs. v plot is typical for activa- 
t ion-control led adsorption reactions (41). The adsorp- 
tion of impuri t ies  may also be ruled out because of the 
concentrat ion (0.02M) of the impur i ty  that would be 
required to yield the currents  observed at sweep rates 
of 10 V .  sec -1. A reaction between the gold and the 
electrolyte is therefore indicated. 

The effect of sweep rate on the peak potential  was 
also determined and the results are shown in Fig. 4. 
The potential  for peak A shifts anodically at the rate 
of 0.053 V/decade of sweep. The constant  shift of po- 
tent ial  with sweep rate is characteristic of an i r revers-  
ible reaction (58). The correlation coefficient was 0.95 
and the slope was shown to be statistically significant. 
Peaks B and C do not shift significantly with sweep 

Table III. Accumulated charge per unit surface area 
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Fig. 3. Effect of sweep rate on peak currents of peaks A, B, and 
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Fig. 4. Effect of sweep rate on peak potentials of peaks A, B, 
and C; 1.0M KOH; temperature ---- 23.0~ All potentials vs. SCE. 

Sweep T o t a l  
r a t e  S u r f a c e  a r e a  ( m C  �9 c m  -2) a r e a  
( V -  ( m C  �9 

sec -J ) P e a k A  P e a k  B P e a k  C c m  -e) e - / A u  

1 . 0 M K O H  

1 0.175 0.00625 0.00475 0,186 1.01 
1 0.094 0.02 0.062 0.176 0.96 
1 0.0969 0.0656 0.0 0.163 0.88 

10 0.0748 0.0588 0.051 0.184 1.O0 
10 0.0981 0.0095 0~39 0.147 0.80 
10 0.0895 0.0228 0.041 0.153 0.83 

A v e r a g e  = 0.91 
1.0MKOHusing cyclic voltammetry 

1 0 0 0.0375 
1 0 0 0.0244 

Potential range for: peak A = - 1 . 2 0  to  - 0 . 68V,  p e a k  B = --0.68 
to -0.39V, peak C = - 0 . 3 9  to  +0.08V. 

rate and are therefore characteristic of a revers-  
ible type of reaction (58). It  is clear in Fig. 2 that  
peak B shows features of a reversible reaction with 
the cathodic peak almost identical in shape and posi- 
tion with the anodic peak. The cathodic peak A repre-  
senting the reduction of peak A is different in shape 
from the anodic peak, and the peak potential  is shifted 
cathodically from the anodic peak position. Thus the 
potential  difference between the anodic and cathodic 
peaks also indicates irreversibil i ty,  while the nonsym-  
metrical shape of the cathodic curve ind ica tes  in ter-  
action among the surface species involved in the re-  
duction reaction. The effect of interact ion on the 
shape of peaks in simulated potential  sweep experi-  
ments has been studied by Angerstein-Kozlawska,  
Klinger, and Conway (59) and indicated for this type 
of behavior a positive interact ion parameter,  g, for 
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peak A. Using the peak width  at half  the peak cur-  
rent  (0.22V) the interact ion parameter  can be esti- 
mated from the theoretical plot of hVV= vs. g pre-  
sented in Ref. (59). The value of N ~ 5 found for peak 
A indicates that  there is repulsion wi th in  the adsorbed 
layer. One can speculate that  significant repulsion 
effects could arise in  the peak A region on account of 
the electrode surface charge. The l i tera ture  values for 
the potent ial  of zero charge, referred to earlier, indicate 
that  the gold surface may  have a negat ive  charge in 
the region of peak A. Such a charge would tend to 
repel  adsorbing anions, which would have to over-  
come this surface repulsion effect before adsorption 
could take place�9 In  addition, repulsion among adsorbed 
anions would be more significant when  combined with 
the negat ive surface charge�9 In  contrast, the surface 
bonding energy would be the dominant  energy barr ier  
to overcome in  the desorption process. These factors 
could cause the i r revers ibi l i ty  observed in the be-  
havior of peak A. 

Once the extent  of reversibi l i ty  of the reaction has 
been determined for peaks A, B, and C, the slope of 
the peak current  vs. sweep rate  can be used to estimate 
the fraction of the surface involved in each of the reac-  
tions for the run  which generated the data. 

Consider the adsorption reaction given below 

kl 
M + A -  ~ M A a d s  + e -  [I] 

where IV[ = the metal  and A -  = the anion in solution. 
If the reaction is act ivat ion controlled with no mass 
t ransfer  l imita t ion and if the species A -  does not 
undergo any  reactions other than  by step [1] the fol- 
lowing equat ion may be set up assuming Langmui r -  
type adsorption 

i--~_~ 

: ~IF(1  - -  e) [ A - ]  exp (~FAr 

@- 

-- k lF0exp  [ - - (1  - - f3)F•  [2] 

The value calculated earlier for a un i t  charge per  
surface atom based on an average of the atomic sur-  
face density of three crystal planes, (111), (100), and 
(110), was 1.84 • 10 -4 C �9 cm -2. The agreement  might  
be better  than  indicated if the three crystal s tructures 
were not present  in  equal  amounts.  The surface charge 
density, calculated from the data in Fig. 3 and shown 
above, and the de terminat ion  of surface charge density 
from the measurement  of total accumulated charge 
(Table III)  both indicate that, after pea k C, there is a 
net  charge of approximately one electron per surface 
atom. No gold dissolution could be measured in  this 
potential  region and it is reasonable to conclude that  
there is an adsorbed surface layer  wi th  the gold atoms 
in  the + 1 state. 

Fur thermore,  the potentials for the reactions at peaks 
A, B, and C were found to depend on pH, thus indicat-  
ing a reaction involving the hydroxyl  ion. Figure  5 
shows the l inear  dependence of the potential  for the 
reactions at peaks A, B, and C with the logari thm of 
the hydroxide concentration. The influence of the 
sweep rate o n  peak A was el iminated by  plot t ing 
(-~bPAnodic A + A~bpcathodicA)/2 ( 6 0 ) .  The potentials for 
peaks B and C were not affected by sweep rate for 
the range studied. The data indicate that  the peak 
potentials for the reactions may be wr i t ten  as (*indi-  
cates based on 95% confidence l imits)  

A~bp A = - -  1.013 (--+0.019) -- 0.061 (___0.02) log [ O H- ]  

�9 r = 0.965 [3] 

ACp B = -- 0.55 (-+0.04) -- 0.058 (___0.033) log [OH-  ] 

�9 r = 0.926 [4] 

h~pC = +0.113 (-+0.034) -- 0.082(-+0.034) log [ O H- ]  

�9 r = 0.937 [5] 

Therefore, the following adsorption reaction is pro- 
posed to account for the three reactions of peaks A, 
B, and C 

Au + O H -  ~ AuOHads + e -  [6] 

That  three peaks might  arise from the adsorption of a 

where F = Faraday  constant, i = current,  "*i, ~-= par -  

t ial  current.s, , kl = electroehemical rate constants, 
R = gas constant, T = temperature,  ~ = symmetry  
faetor for anodic ra te -de te rmin ing  step (=0.5) ,  m/, -- 
eleetrade potential,  and 0 = fractional surface cover- 

age of MAads. For the reversible adsorption ease ~-= "~, 

and for the i rreversible adsorption case i _~ i. 
Using the procedure outl ined in Ref. (58), bu t  in -  

cluding the concentrat ion term [ A - ]  the following re-  
lat ionships can be found 

For the reversible case 

ip QF 
-- = 0.25 
v RT 

For the irreversible case 

i L = 0.368 Q/~F 
v R T  

where ip = peak current  (A �9 cm-2) ,  v = sweep rate 
(V �9 sec-1) ,  and Q = charge associated with the for- 
mat ion of a monolayer  of adsorbed species (C �9 cm-2) .  

Therefore, from the data in  Fig. 3: for peak A, Q - 
8.26 • 10 -5 C . c m - 2 ;  for peak B, Q = 4.36 X 10 -5 
C - c m - 2 ;  for peak C, Q = 8.23 • 10 -~ C . c m - 2 ;  " 
tota l  = 2.09 • 10 -4 -+ 0.12 X 10 -4 C . c m  -2 (95% 
confidence l imits) .  
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Fig. 5. Effect of hydroxide concentration on reversible potentials 
of peaks A, B, and C: [-i, i.0 V ' s e c - 1 ;  X ,  10 V ' s e c - 1 ;  tem- 
perature ~- 23.0~ All potentials vs. SCE. 
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single species is not  unexpected in  view of the known 
behavior  of gold (III)  oxide, for which the crystal 
s t ructure  has been shown to affect the potential  of the 
Au203 formation (15, 50-53). On a (100) plane in acid 
media, Dickertmann,  Schultze, and Vetter (15) found 
the oxidation peak to occur at +1.26V, while on the 
(111) plane, the oxidation peak occurred at +1.46V. 
Work on desorption of various adsorbed metal  ions on 
g o l d  single crystal substrates by Schultze and Dickert-  
m a n n  (61) has shown that  the desorption peaks from 
different crystal surfaces may be separated by as much 
as 0.3V. The actual  value for the peak separation was 
found to depend on the par t icular  ion in question and 
was interpreted as being related to the work funct ion 
difference between the gold and  the solvated ad- 
sorbing ionic species. Although the work functions for 
the crystal planes (111), (100), and (110) of gold have 
been estimated to be 5.11, 5.01, and 4.80 eV, respec- 
tively, (62, 63), the contr ibut ion from the solvent and 
the hydroxide ion is unknown.  The work on the for- 
mat ion of Au203 (15) indicated that  the susceptibili ty 
of the crystal planes to oxidation followed the sequence 
(110) > (100) > (111); that is, the crystal plane with 
the smallest  work funct ion being oxidized first, and 
the crystal p lane with the largest work function being 
oxidized l a s t  This feature was also noted for the de- 
sorption of the metal  ions of Bi and Pb from gold 
single crystals by Schultze and Dicker tmann (61), a l-  
though the ions of Sb, Cu, and T1 did not always show 
the same sequence. In  addition, broadened desorption 
peaks were observed by  them on the (110) crystal 
plane for Bi +~, Pb +2, and Sb +3. This broadening of the 
peak was said to be the result  of repulsion effects be-  
tween the metal  ions. In the present  work, this effect 
was observed for peak A (Fig. 2), and therefore, as a 
result  of this and the work funct ion value, peak A can 
be associated with a reaction on the crystal face (110). 
Likewise, because of the theoretical values of the work 
funct ion for the planes (100) and (111), the reactions 
at peak B and peak C are assumed to be related to the 
crystal  planes (100) and (1 t l ) ,  respectively. 

The reason for the variat ion observed from run  to 
r un  in  Table III  is now apparent.  A change in the rela-  
tive proport ion of each crystal face would change the 
relat ive peak sizes, but  the total charge accumulated 
would always approximate 1 e - / A u  atom. 

Previously reported work (64-66) indicated that 
three peaks might arise in the adsorPtion of a single 
species on p la t inum electrodes as a result  of preferred 
bonding sites. These preferred bonding sites were said 
to be unre la ted  to crystal s t ructure  bu t  were a con- 
sequence of the proximity  of neighboring adsorption 
sites. However, the peak separations re.~ulting from 
this phenomenon were quite small  (<0.1V) and there-  
fore it is unl ikely  that  the peaks A, B, and C found in 
the present  work were caused as a result  of the pre-  
ferred bonding site phenomenon.  

It  is possible to correct the theoretical value for the 
uni t  charge per surface atom by using the relative 
proportions of each crystal face indicated from the 
data, ra ther  than the ar i thmetic mean  value used 
earlier. Thus, for the data in Fig. 3, the relat ive area 
for each peak was measured and is recorded in Table 
IV. The value calculated by this method is 1.91 X 10 -4 
C �9 cm -2 compared with 1.84 X 10 -4 C . cm -2 for the 
mean  value calculated assuming equal proportions of 
the (100), (110), and (111) planes for this case. Thus 
the correlation between the surface charge calculated 
from the ip vs. v data in Fig. 3 (2.09 X 10 -4 C �9 cm -2) 
and the surface charge calculated from the relat ive 
proportions of each crystal face in Table IV (1.91 X 
10 -4 C .  cm -2) is improved. Therefore, if the crystal 
faces have been correctly assigned to the peaks, the 
correction applied to the data in Table III  should yield 
a surface charge density which is closer to uni ty  than 
the previous values. The values calculated are listed 
in  Table  V. The average charge per surface atom 

Table IV. Unit surface charge density based on the identification of 
the peaks with distinct crystal planes 

Theoret ica l  
Calculated charge (C. 

% of unit charge cm -~) for 1 
Crystal total density e - / sur face  

Peak plane surface (C �9 cm --~) atom 

A (110) 0.291 1.36 • 10 -4 0.40 x 10-' 
B (100) 0.215 1~2 x 10 -~ 0.41 • 10"' 
C ( I I I )  0.494 2.22 • I0 -~ i . i0  • I0-~ 
Total  charge for  1 e - / sur face  atom = 1.91 x 10 -~ C �9 cm-~. 

Measurements  are for  a sweep  rate of  1 V �9 sec-~, in 1.0M KOH. 

cathodic of peak D is 0.98e- for the measurements  in 
1.0M KOH. 

From Table V it is clear that the value of 1 e - / s u r -  
face atom is more closely predicted when the relat ive 
proportions of each crystal plane are considered. Thus 
the identification of peaks A, B, and C, with the crys- 
tal planes (110), (100), and (111) is fur ther  supported. 

The data presented here have demonstrated that  ad-  
sorption reactions do occur on gold electrodes in a lka-  
line solutions at potentials cathodic of the formation 
of gold (III)  oxide. These adsorption reactions are re- 
lated to the hydroxyl  ion via reaction [6] and are ap- 
paren t ly  l imited to monolayer  formation on each crys- 
tal plane. 

Summary 
The oxidation process of gold in alkal ine solutions 

has been studied in  detail. The potential  regions in  
which the major  electrochemical reactions occur f o r  
a gold electrode in alkal ine solutions were identified in 
Fig. 1. No gold dissolution in 1.0M KOH was found 
cathodic of +0.7V vs. SCE [the region of the gold 
( I l l )  oxidation peak]. 

At potentials less anodic than the oxidation peak 
(regions 1 and 2 in Fig. 1), the fast scan potential  mea-  
surements  reveal the presence of three distinct peaks. 
These peaks could not easily be identified at sweep 
rates less than 1 V �9 sec -1, which would account for the 
fact that they have not been reported in the l i terature.  
The magni tude  of the peaks at sweep rates of 10 and 100 
V .  Sec -1 precluded the possibility that  the peaks were 
the result  of impur i ty  oxidation. Since the peak cur-  
rent-sweep rate data (Fig. 3) indicated activation 
ra ther  than diffusion control for each peak, the pa ram-  
eter i J v  was used to predict the n u m b e r  of coulombs 
required to achieve complete surface coverage by  the 
species at peaks A, B, and C. The reaction at each 
peak was found to occupy only a fraction of the avai l -  
able number  of surface sites, but  the combined frac- 
tions approached the value for monolayer  coverage of 
a un iva len t  species. The fraction of surface occupied by  
each reaction varied from r un  to run, but  the corn- 

Table V. Total accumulated surface charge density for the 
three peaks when the peaks are assigned to the distinct 

crystal planes 

Sweep rate Previous value 
(V �9 sec -1) (e-/surface a t o m }  Corrected value 

1.0M KOH 
1 1.01 1.00 
1 0.96 1.01 
1 0,88 1.03 

10 1.00 1.03 
10 0.80 0.91 
10 0.83 0.91 

Average  = 0.91 Average  = 0.98 

Data from Table III using corrected  unit  theoret ical  charge  ~or 
each crystal  plane. 
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bined total was always ~1 e - / su r face  atom (Table 
III) .  

The potentials of the reactions at peaks A, B, and C 
were found to be l inearly dependent on the logarithm 
of the hydroxide concentration and the involvement of 
the species OH-  was therefore indicated. Differen- 
tiation between the surface sites for the reactions at 
peaks A, B, and C could therefore only be the result of 
different bonding energies for the types of bonding 
sites. Two explanations for different bonding energies 
on a pure metal  electrode had been reported. The first 
(64) was the result of preferred bonding sites arising 
from repulsion effects of the adsorbing species. The 
peak separations found in the potential sweep data 
(Fig. 2) appear to be too great to be caused by the pre- 
ferred bonding site phenomenon. The second explana- 
tion results from the differences in the work function 
values between various crystal structures in the metal 
(63). The peak separations resulting from this effect 
were much greater. The major crystal faces of a gold 
electrode have been shown to have different bulk 
oxide (Au203) formation potentials (15). Thus t h e  
three peaks were identified as hydroxide adsorption re- 
actions on different crystal planes. Based on the work 
function values for the three most common gold crystal 
planes, the adsorption peaks A, B, and C were identi-  
fied with the planes (110), (100), and (111), respec- 
tively. Comparison with work on desorption phe- 
nomena on gold single crystals (61) revealed that the 
(110) plane was found to show noticeable interaction 
effects similar to that found for peak A in the cathodic 
sweep (Fig. 2), thus supporting the identification of 
peak A with the (110) crystal plane. Corrections to the 
data in Table III, based on the identification of the 
reactions at peaks A, B, and C with the crystal planes 
(110), (100), and (111), improved the correlation be- 
tween the total accumulated charge density and the 
theoretical value of 1 e - / su r face  atom cathodic of 
peak D. From these data and from the variation of 
peak potential with hydroxide ion concentration, reac- 
tion [6] was identified with the reactions at peaks A, 
B, and C. 
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Electrochemical Properties of Iron Naphthalocyanine 
on Carbon Black for Reduction and Evolution 

in Alkaline Media and Applicability 
to Air Cathodes 

G. Magner, h4. Savy,* and G. Scarbeck 
Laboratoire d'Electrochimie Interfaciale du C.N.R.S., 92190 Meudon-Bellevue, France 

ABSTRACT 

The synthesis, optical spectra, and x-ray pattern of iron naphthalocyanine 
%S the pure powder are reported. The electrochemical properties for 02 reduc- 
tion and evolution o~ this compound loaded on carbon Dlack supports have 
been determined by ultratnin and rotating ring-disk electrode techniques. 
While on the carbon black support 02 reduction occurs through a two electron 
pathway followed by HO2-decomposition, four electron reduction is obtained 
on the loadings with a high efficiency. Stability tests proved their applicability 
as useful catalysts as the air cathode in metal-air generators. 

While  the  capaci ty  of monomeric  ph tha locyanine  
mater ia l s  for nea r ly  revers ib le  charge t ransfer  reac-  
t ion (1) has been demonst ra ted ,  the ma in  object ion to 
the i r  use as prac t ica l  catalysts  m me ta l - a i r  or fuel cell  
genera tors  has been the i r  lack of s tabi l i ty .  However ,  
by  synthesizing po lymer ic  mater ia ls ,  high s tabi l i ty  (2) 
dur ing continuous opera t ion  m ~V~ S(941-i2 for t imes up 
to 3000 hr  has been obtained.  The working  potent ia ls  
of the oxygen  elect rode r ema in  about  400 mV below 
the four electron revers ib le  potential .  In  these types  
of compounds the effect of the en la rgement  of the 3- 
e lec t ron system on the i r  ac t iv i ty  has been empha-  
sized by  severa l  groups (3a, b) .  

One might  hope to be able  to app ly  such mater ia l s  
to me ta l - a i r  systems due to the  lower  cur ren t  densit ies 
(C.D.) involved.  On different  types  of polymer ic  i ron 
phthalocyanines  (4) spectroscopic and electrochemical  
invest igat ions have been pe r fo rmed  in a lkal ine  media  
and correlat ions be tween  the ac t iv i ty  and the s t ruc-  
tu ra l  p roper t ies  have been found. The role of the 3- 
e lec t ron delocal izat ion in the opt imizat ion  of the free 
energy of oxygen adsorpt ion  on the i ron sites (due to 
~-d hybr ida t ion)  has been confirmed by  ESCA tech-  
niques (5). In  the case of compounds of l a rger  sizes 
the  ;~-electron delocal izat ion is inhibi ted  due to spin-  
spin  interact ions.  Such effects upon chemical  reac t iv i ty  
have  a l r eady  been not iced in the  chemis t ry  of con- 
juga ted  r ing  systems (6), the ac t iv i ty  decreas ing i1~ 
the o rde r  an th racene  > naph tha lene  > benzene. 

Besides this : t -e lectron dens i ty  condition, many  fac- 
tors can affect the e lect rochemical  activity,  for ex-  
ample,  the junct ion  wi th  the support ,  the  wet tabi l i ty ,  
or the d orb i ta l  configuration of the i ron  which is ve ry  
cr i t ical  (2-4).  The difficult p rob lem is to meet  al l  these 
requ i rements  s imultaneously.  Severa l  types  of syn-  
thesis have been worked  out. A rap id  technique for 
the compar ison of the e lect rochemical  ac t iv i ty  is the  
u l t r a th in  electrode (7). The p repara t ions  were  tes ted 
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by  easy to pe r fo rm spectroscopic techniques,  in  o rde r  
to check the electronic configuration. 

In  this paper  different  syntheses  of i ron  nap tha lo-  
cyanine are  briefly summarized .  Inves t iga t ion  of the 
samples  by  optical  spectroscopy and x - r a y s  is p re -  
sented. Then more  complete  studies of the  e lect rode 
performances  for the e lec t roreduct ion  in 1M alka l ine  
medium are  made using the u l t r a th in  electrode tech-  
nique and the ro ta t ing r ing-d i sk  e lect rode (RRDE) 
to de te rmine  the reac t ion  pa th  and the kinet ic  con- 
stants. 

Previous  invest igat ions  have been pe r fo rmed  on a 
type  of carbon b lack  formed from CO (8a, b) ,  which 
gave a life expectancy,  as a i r  e lec t rode  mater ia l ,  of 
1000 to 1500 2 hr  cycles. However  the oxygen 
elect rode carbon black catalysts  have the d isadvantage  
of a s t rong H202 genera t ion  which pe r tu rbs  the  ac-  
t iv i ty  of the meta l  electrode.  By appl ica t ion  of the 
ro ta t ing disk technique,  invest igat ions  can be made  
of the amount  of H202 formed and of the favored  re -  
act ion pa th  (9). A d i ag ram of the  energies  of in te r -  
mediates  involved in the overa l l  process was given 
by Morcos and Yeager  (10). 

Experimental 
Synthesis end Characterization 

The detai ls  of the synthesis  and EPR i n v e s t i g a t i o n  
of samples a re  given e lsewhere  (11). Briefly two 
syntheses o~ i ron naphtha locyanine  have been achieved. 
Synthesis  I corresponds to the  react ion of or thodicy-  
anonaphtha lene  with  Fe d ipyva lo lymethane .  Synthesis  
II  is ident ical  to synthesis  I wi th  the  addi t ion of am-  
monium pa ra mo lybda t e  under  the  same expe r imen ta l  
conditions. F rom EPR and ESCA data  (11, 12) these 
mo lybdenum ions which were  added  as a probe are  
pa r t i a l l y  dispersed in  the  nap tha locyanine  s t ruc ture  
wi th  valencies 4, 5, and 6. 

Ins tead of 7.3% w / w  as theore t ica l ly  expected,  the 
amount  of i ron wi th  synthesis  I is 5.3%. Wi th  s y n t h e s i s  
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II only 4.3% w / w  iron has been  found with approxi-  
mately  1 Mo atom per iron. The molybdenum ions with 
valencies 4 or 5 are dis tr ibuted either subst i tu t ional ly  
for the i ron in the naphthalocyanine  s tructure or are 
in  the oxide form (10, 11). 

X-ray anaIysis.--Debye-Scherrer pat terns on the 
powder resul t ing from synthesis I are shown in Fig. 
1. The pa t te rn  is s imilar  to that shown by the -y-form 
of phthalocyanines (13). This form involves small  size 
crystall i tes of some 10 n m  or less in  diameter  as 
shown by electron microscopy. Fur ther  investigations 
will  be conducted in  order to determine the s t ructural  
properties. 

I ron naphthalocyanine  is difficu]t to vacuum sub-  
l ime: at 320~ after  2 hr at 10 -7 Torr  the thickness 
of the  deposited layers is about  160 nm as measured 
by  a Talystep recorder. For  a s imilar  deposit of i ron 
phthalocyanine the t ime required  is less than  5 min. 

Optical spectroscopy.--The optical t ransmission ab-  
sorption spectrum was obtained using a Cary 17 spec- 
t rometer  in a layer  deposited onto a quartz slab. The 
spectrum in  Fig. 2 is s imilar  to that  of phthalocyanine 
compounds (14, 15). I t  presents the characteristic 
Soret bands due to charge t ransfer  t ransi t ions between 
the central  ion and the ligand. In  the visible, the ab-  
sorption band due to ~-~* and ~-d transit ions can also 
be observed. 
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Electrochemical Investigations 
Previous investigations (16) on a phthalocyanine 

dimer have stressed the role of FeU/Fe m couple on its 
electrochemical activity. Due to the action of reducing 
couples the stoichiometry discrepancy in  iron and He 
may therefore affect the properties of these series of 
compounds, especially in  the range of polarization 
where the conductivi ty in  the solid phase is the l imit-  
ing factor. Using different i ron donors in  the synthesis 
of naphthalocyanine it  is possible to modify the iron 
content. For example with ~errocene it drops to 2.2% 
W / W .  

Ultrath~n electrode.--Preliminary experiments  have 
been conducted using the Lundquis t -Vogel  u l t ra th in  
electrode technique [6) to determine the influence of 
the stoichiometry on the activity of these samples. 
The most active samples were invest igated using the 
rotat ing disk electrode. 

1M alkali  has been chosen as the medium for the 
comparison with the dimer. S t ructura l  effects of the 
carbon black support  were also found to be an im-  
portant  factor in  the activity of the loadings (17). Best 
performances were obtained with low microporosity 
materials.  For these pre l iminary  tests Vulcan carbon 
blacks have been chosen as support, with a 10% 
loading synthesis. 

The activity may vary  as a function of the charge 
of the catalyst  on the nickel grid or with the grinding. 
After  thorough grinding the activity as a funct ion of 
the charge presents a plateau value at 0.2 mg cm -2, 
independent  of the applied potential.  This value has 
been chosen, therefore, for all  the samples invest i-  
gated. 

As seen in Fig. 3 for synthesis I the activity is 
noticeably increased with the iron content  in  the 
naphthalocyanine  structure,  depending upon the iron 
donor used in  the synthesis. Between ferrocene (2.2% 
w / w  iron) and i r o n  dipyvaloylmethane (5.3% w/w  
i r on )  the zero current  potential  increases from --100 
mV to --72 mV SCE with the corresponding increase 
in  current  densities. The use of Mo catalysts (syn- 
theses II) extends the Tafel zone of polarization over 
almost one decade of current  densities. 

The activity of high i ron content  samples can also 
be compared with that of the phthalocyanine dimer 
previously invest igated (16, 17). For low polariza- 
tions the rest potential  and current  densities are 
identical. The increase in current  obtained at high 
polarizations is a factor of about  10. 

Rotating ring-disk electrode.--Equipment.--The 
basic exper imental  equipment  has been previously re-  
ported (18). In  this work a r ing disk electrode has been 
subst i tuted for the disk "electrode. Its main  interest  
lies in the wide range of the speeds available from 4 
to 500 rps with a stabil i ty of 1%. The mechanical  ac- 
curacy ___ 3~ in  the rotat ion plane can be main ta ined  
independent  of the ro ta t ion  speed. In  addition, wi thin  
these characteristics several types of disks in  different 
metals or of different diameters can be fitted and 
provided with rings. The electrode support  can be 
changed without any modification of the ini t ial  ac- 
curacy of the e qu i pme n t  This apparatus is represented 
in Fig. 4 with the modifications required for the present  
work. In  order to avoid any  possible contamination,  
a gold r ing has been used for current  collection. The 
disk diameter  was 4 mm. Pre l iminary  experiments  
have been conducted to test the val idi ty  of the equip- 
ment.  

This first condition of the val idi ty  of this technique 
concerns the surface of the metal  and of the insulator  
which should be situated in  a plane perpendicular  to 
the rotat ion axis. A slight deformation of this plane 
can modify the diffusion layer in such a way that the 
collection factor does not remain  constant  bu t  de- 
creases in a noticeable fashion as the rotat ion speed 
increases. After thorough polishing and machining of 
the surface, 5.10-3M KsFe(CN)6 in  1M KOH sup- 
port ing electrolyte gave a constant  collection factor 
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Fig. 3. i-V curves by uitrathin electrode technique. - -  continuous: 
Vulcan support. �9 synthesis 2.2% iron w/w. Q synthesis 5.6% 
iron w/w. X synthesis with Mo added. 

of 0.26 up to 196 rps. If surface defects of the order 
of 0.05 mm were present  a constant  collection factor 
was not observed under  the same exper imental  con- 
ditions. In order to work with carbon black powder 
under  similar  conditions, a hollow cavity 0.25 mm 
in depth was made on the disk. Tests of th i s  electrode 
are described below. 

Electrode preparation: binding agent.--Several tests 
were performed in order to choose appropriate b inding 
agents. Initially,  a spectroscopically pure paraffin wax 
"Uvasol" (19) was used. By mixing with the carbon 
powder, a plastic paste can be obtained which can 
be introduced into the disk cavity and which remains 
adherent.  This paste can be smoothed mechanical ly 
with a razor blade to meet  the above conditions. With 
this mixture,  l imit ing currents  on the disk do not pre-  
sent the classical l inear  relationship as a funct ion of 
the square root of the rotat ion speed. As the diffusion 
does not appear to be the l imit ing factor in  the over- 
all  reaction this assumption was tested by plott ing 
the current  densities as a funct ion of the applied 
scanning voltage velocity v for a rotat ion speed ini-  
t ial ly equal to zero. Two domains can be observed 
for the peak current  Ip 

Domain I I s cc A/v [1] 

Domain II  Ip ccv [2] 

Fig. 4. Ring disk apparatus. Cross sectional of the RR.DE as- 
sembly. CD: disk rotating silver contact, CR: ring rotating silver 
contact, L: brass cylinder fitted on the Plexiglas support, P: 
Plexiglas cylinder supporting rotating contacts, T: hollow shaft on 
the rotating system, M: KelF sleeve tightly covering the immersed 
part of the electrode holder, E: epoxy resin, F: KelF deflector 
shielding the bottom bearing, B: bearings, R: gold ring, D: gold 
disk, H: hollow cavity for the carbon black electrode. 

Depending upon the scanning velocity the l imit ing 
step is first the diffusion then the adsorption. At  9 rps 
data are similar  but  the diffusion domain is smaller, 
the adsorption domain being extended. Using this type 
of binding agent the RRDE technique seems to be in -  
appropriate due to slow adsorption kinetics. 

In the rest of this study Soreflon 1 has been used 
as the binding agent. A mixture  of carbon black and 
40% w / w  Sorefion is prepared. A typical preparat ion 
was, for example, C 50 mg, Soreflon 0.14 ml of 98 
mg / ml  solution. 

The paste is immediate ly  introduced into the cavity 
and then smoothed mechanical ly as above. To avoid 
any poisoning after the preparation,  the electrode is 
cautiously washed with ethanol. For comparison with 
"Uvasol," data are presented in Fig. 5. 

A pseudo plateau is visible with the Soreflon prepa-  
ration which is l inear  as a funct ion of the square root 
of the rotat ion speed while the i-V slope is steeper. 
The increase in C.D. at -- 650 mV SCE is compatible 
with the reduct ion of NiO present  at high concentra-  
tion (18%) w / w  in the carbon black structure. 

Results 

Loadings.--The collection factor was determined be-  
fore and after plott ing the i-V curves, as described 
above, using the same solution deaerated with Ar. A 
constant factor 0.22 < N < 0.26 was measured over 
a wide range of rotat ion speeds. 

z Societe Francaise  des  Matieres Colorantes.  
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Fig. 5. Effects of the binding agent on the 02 electroreducfion. 
Continuous line Uvasol, dashed line Soreflon. 

Vulcan support.--A p r e l i m i n a r y  s tudy  has been pe r -  
fo rmed for  the  reasons s ta ted  above  on a 10% loading 
on Vulcan carbon black in o rde r  to compare  the  p rop -  
er t ies  of the ph tha locyan ine  d imer  s tudied  prev ious ly  
(4) wi th  those of the  i ron naph tha locyan ine  (synthesis  
I ) .  Data  a r e  p resen ted  in Fig. 6a, b, c. In  Fig. 6a are  
represen ted  the r ing  cur ren ts  obta ined  on the th ree  
types  of samples  at  64 rps. The dras t ic  drop in H202 
genera t ion  f rom the carbon b lack  suppor t  on loading 
can be seen. In  the act ive range  of polar izat ions  (for 
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potent ia ls  h igher  than  375 mV) the  r ing  cu r ren t  r e -  
mains  much  lower  wi th  the  i ron  naph tha locyan ine  
loading (0.02 ~A) than  wi th  the d imer  (0.45 ~A). 
Correspondingly,  in Fig. 6b, which  shows the disk cur -  
ren t  in  the region of diffusion l imi ta t ion,  the  cur ren t  
densi t ies  wi th  the i ron  naph tha locyan ine  loading are  
app rox ima te ly  twice those of the  suppor t  whereas  
wi th  the  d imer  they  a re  less than  twice. In  the Tafel  
region, the cur ren t  densi t ies  wi th  the  d imer  and the 
i ron :naphtha locyanine  are  similar ,  as observed wi th  
the  u l t r a t h i n  e lect rode technique.  In  Fig. 6c, the  
l inear  re la t ionship  as a funct ion of the  square  root  of 
the  ro ta t ion speed is obeyed.  As in  the other  figures, 
in Fig. 6a and b the  improved  efficiency of the four 
e lec t ron reduct ion  process wi th  the  i ron  naph tha lo -  
eyanine  loading can i m m e d i a t e l y  be seen: The s l ight  
devia t ion  f rom the va lue  2 in the  slope, compared  wi th  
tha t  on the Vulcan,  can be a t t r i bu ted  to a decrease  of 
the  surface a rea  in the  case of this loading.  

Ex CO carbon black (holding recycling) support,--In 
the  res t  of this work  2.5% loadings  on carbon b lack  ex 
CO have been used. Data  on both  the  loading  and the 
suppor t  a t  64 rps  for the  disk and the r ing  a r e  p re -  
sented on Fig. 7a and b, respect ively .  

In  Fig. 7a, a hump is vis ible  on both  plots a t  a 
scanning veloci ty  of 2 mV/sec,  which  vanishes for  the  
lower  ra te  of 0.1 mV/sec.  The p la teau  domain  is be t -  
te r  defined wi th  the loading than  wi th  the  support ,  an 
effect which can be due to the  presence of nickel.  In  
the  Tafel  region the slope is about  30 mV per  decade 
wi th  the  loading as agains t  60 mV wi th  the  support .  
Potent ia ls  a t  constant  cu r ren t  densi t ies  a re  be tween  
120 and 150 mV more  posi t ive wi th  the  loading than 
wi th  the support .  In  the p la teau  region, in the  p res -  
ence of t h e  loading, the cur ren t  densi t ies  are  twice 
those of the suppor t  alone, as p rev ious ly  found with  
the VMcan. 

In Fig. 7b, the corresponding r ing  currents  a re  
represented.  In  the range  o~ useful  polar iza t ions  they  
r ema in  below 1 ~A on the loaded electrode.  In contrast ,  
on the suppor t  alone they  rise wi th  the  disk current ,  
being one and a half  orders  of magni tude  higher.  The 
corresponding efficiencies for  H202 fo rmat ion  are  about  
57% on the suppor t  and 0.45% on the loaded electrode.  
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Fig. 6. Comparison Vulcan-dimer-FeNPc on the 02 electroreduc- 
fian. (a) Ring currents at 64 rps. Curve 1, Vulcan; curve 2, dimer; 
curve 3, NPc. (b) Corresponding disk currents. (c) Disk current vs. 
(rps) I /~. 
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In  Fig. 7c, disk currents  are represented on the 
loaded electrode and the support  as a function of the 
square root of the rotat ion speed. Linear  plots are 
found which do not pass through the origin. Because 
this does not  occur in thoroughly cleaerated solutions 
(see Fig. 8b), this discrepancy can be at t r ibuted to 
the presence of adsorbed oxygen. After  correction for 
the residual current,  the disk currents  with the load- 
ing are found to be double that  those for the support  
alone. This is in accord with the above data on Vulcan. 

On the anodic side the activity of the loading is 
increased compared to that of the ex CO carbon black 
support. The overpotent ial  for 02 evolution drops 
ini t ia l ly by approximately 200 mV. Under  oxygen the 
system is relat ively stable but  under  n i t rogen  the 
activity tends towards that  of the support. 

Carbon black ex CO alone.--Disk and r ing currents  
as a funct ion of the square root of the rotat ion speed 
under  1 atm of O~ are shown in  Fig. 8a. As the rotation 
speed increases, the r ing cur ren t  tends towards a limit. 
The first explanat ion of this feature may be associated 
with the roughness of the electrode or the insulat ion 
surface. However it has to be pointed out that  under  
thoroughly deaerated solutions, classical disk and r ing 
currents  are obtained which are l inear  functions of the 
square root of the velocity passing through the origin, 
similar to the data obtained on the loading. The col- 
lection factor with the loading and with deaerated 
solutions on the support  remains constant  up to 81 
rps. In  the presence of O~ the r ing current  begins to 
deviate for rotat ion speeds higher than 16 rps. If H202 
was decomposed before flowing to the ring, the reverse 
phenomena would be observed. Nonnegligible recy- 

c l i n g  of oxygen into the electrochemical reaction com- 
ing from the H20~ decomposition would increase the 
disk current  and not yield a factor of about 2 in the 
current  densities be tween the support  and the loading 
in  the plateau region (9). An  adsorption l imit ing step 
can also be ruled out by invest igat ion of the r ing cur-  
rent  in  the presence of H202 solution. A Tafel slope 
is observed which is compatible with charge t ransfer  
l imit ing kinetics without any  detection of an adsorp- 
t ion- l imi t ing  step. 

Fig. 7. Comparison with ex CO carbon black (02 reduction). (a) 
Disk current at 64 rps. Curve 1, carbon black support; curve 2, 
FeNPc (synthesis I, 5.6% iron). (b) Corresponding ring currents 
(to a), same labels as (a). (c) Disk current vs. (rps) 1/2, same labels 
as (a). 

Stability under recycling conditions.S--Thin porous  
electredes have been prepared from a mixture  of 20% 
Teflon with carbon black powder with or without  a 
loading of i r o n  naphthalocyanine.  The porous elec- 
trodes were obtained after compressing the powder at 
50 kg/cm ~ on an expanded nickel grid. Tests were 
conducted in 6M KOH solutions at ambient  tempera-  
tures. Potentials  were monitored using an automated 
system between +10 and --10 mA cm -2 dur ing 2 hr  
cycles. The life expectancy for the carbon black sup- 
port with 10, 5, and 2.5 w / w  percent  loading synthesis 
I and II are shown in Fig. 9. The activity increases 
with the dilution, the greatest  act ivi ty being obtained 
for the 2.5% loadings. The enhancement  is about 100 
cycles with a factor of 2 in dilution. No differences are 
visible between synthesis I and II (at 2.5% w/w) .  
With the most dilute loadings, up to 375 cycles, the 
activity on the cathodic side remains  higher than  that  
of the support, the drop in  activity occurring at 600 
cycles. 

On the carbon black support, by  applying cycles 
at 1 mV/sec, HO2- formation can be detected. Voltam- 
metric scans after 300 cycles are presented in  Fig. 10. 
Potentials are measured in this case vs. Hg/HgO refer-  
ence electrode. 

While the cathodic currents  are comparable, on the 
anodic side, the gain in  potential  at 100 mA cm-2  is 
about 100 mV for the loading. The high in tensi ty  peak 
due to HO2- visible on the SUpl~rt at 0 mV potential  
is not present  on the loading on which the formation 
of HO2- remains negligible. The reduction peak at 
300 mV on the support  alone is slightly depleted for 
the loading. On the support  alone as the recycling in-  
creases the HO2- formation is inhibi ted while the 
peak observed in  reduct ion is enlarged. 

Discussion 
In  this section we will  discuss first the data obtained 

on the ex CO carbon black alone. The practical prob- 
lem is to avoid the H202 generat ion and the techniques 
used may br ing some insight  on this problem. 

We acknowledge  Dr.  Feui l lade  an d  Mr, D u p e y r r e  t tro~a CGE 
M a r c o u s s i s  w h o  o b t a i n e d  t h e s e  d a t a .  



Vo[. I27, No. 5 A L K A L I N E  M E D I A  1081 

D D /  UmV/~"~j .Ng( -10rnA/r ~ 

KOH1N 0 2 ~ -2o 

4oo / ] + 

.6oo z~o ". o,o. 6~o . oqo l 

-200 " ,  . . . .  

R el- oo 

+o +<o / ! :  
( ' "  2 4  6 8 r'Ps ] .,. ,oo~ .... .,. 

,I'= D Ex CO 
IJ.A 

K3(FeC N6) 5.1(53M 
NoOH 1M 

TOO 

(a) 

too J JJA 

15OO 

400 J 200 

.ooj  +o 
, o o ~ ~  , 

(b) 

Fig. 8. Ring and d~sk currents on ex CO carbon black vs. (rps) I/2+ 
(a) In presence of 02: D, disk; R, ring. (b) I ,  ferrocyonide de- 
aerated solutions (same labels). 

Ex CO alone (Oz reduction mechanism).--Damjano- 
vic, Genshaw, and Bockris (20) first es tabl ished a 
cr i te r ion  for the  de te rmina t ion  of the  kinet ic  p a r a m -  
eters  of O~ reduct ion in using the RRDE. They  s ta r ted  
f rom a s imple  model  in  which the react ion in t e r -  
media te  can diffuse into the  so lu t ion  or  undergo a re -  
ducing process. L inear  plots of NID/I R (N: collection 
factor,  ID and IR disk and r ing currents ,  respect ive ly)  
as a funct ion of ~-1/2 were  +obtained on the basis of 
the i r  assumptions.  

More  r ecen t ly  Wrob lowa  et aZ. (21) considered a 
more  genera l  scheme of reac t ion  for  02 e lec t ro reduc-  
tion. Diagnostic c r i te r ia  were  de r ived  f rom the shape 
of the NID/IR plots  VS. ~--1/2 in accord wi th  the di f -  
ferent  reac t ion  paths.  This type  of in te rp re ta t ion  can 
be appl ied  in the  case inves t iga ted  here.  Fol lowing  

Fig. 10. Vohammetry after 300 cycles. (a) Carbon black (alone). 
(b) Loading (2.5%). 

the l a t t e r  paper  wi th  a desorpt ion  contro l led  r ing cur -  
rent,  the var ia t ion  of the  slope and in tercept  of these 
plots  as a funct ion of the app l ied  vo l tage  a re  no t  
l inea r  vs. ~-112. 

In the present  s tudy  i t  is also not  possible to ob ta in  
such l inear  plots (NID/IR VS. ~-1/2). However  l inear  
plots NID/Ia VS. ~+1/2 were  ob ta ined  and a re  r ep re -  
sented on Fig. l l b  using the or ig ina l  da ta  presented  
in Fig. l l a .  For  low app l ied  overvol tage  the  plots ex-  
t r apo la t ed  to w ---= 0 in tersec t  the  o rd ina te  axis a t  
NID/IR ~. 1. This o rd ina te  then  increases  wi th  the  
overvol tage,  the  slope of the  different  plots  r ema in -  
ing invar iant .  

In  the  case of a desorpt ion  contro l led  r ing  cur ren t  
the express ion NID/Itt has been ca lcula ted  in Ref. (9) 
as a function of the k inet ic  pa r a me te r s  t ak ing  into 
account the ra te  of recycling.  The ra te  of loss of the  
peroxide  f rom the  sys tem is g iven  b y  

kD[HO2- Sel l  -----~5[HO2- ads] - -  k*'~[ItO2-Sell [3] 

where  
kD --~ 0.62 D2/3v-1/6~l/2 [4] 

D and v being the diffusion coefficient for HO~- and 

the k inemat ic  viscosity. ~5 and ks a re  the  ra te  con- 
stants for adsorpt ion  and desorpt ion  respect ively .  

IR is given by  
..> 
kskD 

IR : 2FN [HO~- ads] [5] 

wr i t ing  
B ---- 0.62 D2/3v-~/8 [4'] 

and the expe r imen ta l  re la t ionship  

ID -~ BoJ 1/2 [6] 
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Fig. 11. NIDI IR  VS, ~1/2 VS. applied potentials. (a) Initial disk 
and ring currents under oxygen. Data presented on Fig. 8 and 9 
have been obtained on another variety of carbon black ex CO than 
those presented on Fig. 7, 0.1 mV/sec scanning (numbers indicated 
are rps), (b) Calculated curves from (a) NIDI IR plots vs. w 112. 

A correct ion is made  for the  res idual  cur ren t  

NIp Bw 1/2 + k5 1 
= [7] 

IR k~ [ H a 2 -  ads] 

As the overvol tage  increases,  the near  constancy of 
the slopes implies  

k5 [HO~- ads]  = cte [8] 

or also ks and [ H a 2 -  ads] are  constant. [9] 

In  the region (low overvol tages)  where  ID is found 
to be twice as large  on the loaded mate r i a l  as for  the 
suppor t  alone, i t  follows that  in  Eq. [36] of Ref. (9) 

k s / = / k 3  / = / 0  [10] 

where  ~ --  kinet ic  constant  for  the  four  e lec t ron 

process reduction,  k2 ---- k inet ic  constant  for the two 
-4, 

electron process, ks ---- k inet ic  constant  for the HOa-  
reduct ion process, and  k4 ---- k inet ic  constant  for HO~- 
decomposition.  

F r o m  Eq. [36] of Ref. (9) Eq. [1O] means  

..4, 

ks r k4 [109 

The  veloci ty  of decomposi t ion of H a 2 -  is p rac t ica l ly  
equal  to its veloci ty  of formation.  The react ion pa th  
is a two elect ron process wi th  a to ta l ly  i r revers ib le  
desorpt ion l imi t ing step. 

Remarks . - -The  dependence  of k4 upon cathodic po-  
la r iza t ion  can be in t e rp re t ed  as a succession of two 
e lec t rochemical  reactions,  cathodic and anodic, in the 
adsorbed phase. 

The cathodic reac t ion  should be the r a t e - d e t e r m i n -  
ing step, the anodic react ion being ve ry  fast. The da ta  
are  compat ib le  wi th  the  fol lowing mechanism 

H 
/ 

S-- OO-H + OH~-~ S -- OO-H--O [I] 
\ 

H 

(Due to the s y m m e t r y  considerat ions (11) the we t -  
t ing is fas ter  when the wa te r  molecule  is fixed by  the 
oxygen atom on the surface than  the reverse . )  

H 
/ 

e + S-- OO-H--O -* SO + H + 2 OH- 
\ 

H 
rds [II] 

[III] 

For  low overvol tages  

-- 1, i.e., k4 < 5 kD [14] 

H-*H + +e fast 

OH- + H + ~--H20 

2SO -* 2S + O3 [IV] 

The rds corresponds to the format ion  of hydrogena ted  
free radical.  In addition, due to the appl ied  potential ,  
s tep [III] can be fast. 

Without  any  addi t ional  hypothesis  about  the HO2- 
decomposit ion mechanism this in format ion  can be in-  
t roduced into Eq. [37] of Ref. (9) by  considering two 
cases 

1) kl ---- k3 -- 0 

= T - -  4" -- [II] 

IR kD k~ k5 

being the ra te  of recycling.  
Wri t ing  the condit ion 

k 4  - -  a'kD [12] 

@- 

= �9 -F -- + 1 [13] 

IR k~ k'5 
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and also 
<-. 

k5 
< <  1 [15] 

The increase of the ordinate  at ~o .= 0 cannot be 
accounted for only by an increase of -~ because Irom 
Eq. [13] this would s imul taneously  increase the slope. 
T w o  conditions should be considered; ei ther an in- 

crease of ~5 or a second condit ion 

2) kl -- 0 k 3 / - ' / 0  

AS the cur ren t  densities on the disk with the load- 
ing are less than  twice those on the support  alone the 
Eq. [11] becomes 

NIp ks + a'kD 
= 1 -F [17] 

IR k~ 

The increase at ~ = 0 wi th  the overvoltage corre- 

sponds to an increase of ka (velocity of reduct ion of 
H O f - )  and is detectable only at high overvoltages 
above the useful range of polarizations. 

It  may  be concluded that  the in terpre ta t ion  of the 
data obtained on the support  alone from the models 
developed in  Ref. (9) and  (21) yields kinetics l imited 
by a slow desorption step of HOb- produced. At low 
overvoltages one obtains a two electron reduction 
process followed by a decomposition of adsorbed HOf- .  
For higher overvoltages the HO2- reduct ion process 
takes place with a possible increase of the kinetics of 
desorption which means that  the reduct ion may occur 
outside the init ial  react ion zone on the electrode. 

Improvements  of the carbon support  may consist of 
adding HO2- decomposition catalysts which are stable 
under  recycling conditions. 

Naphthatocyanine loadings on ex CO carbon black 
(Improvements ]or 02 electroreduction and evolution). 
- - O u r  search for organic compounds present ing a use- 
ful  s tabil i ty and activity to serve as air  cathode cata- 
lysts in  a lkal ine  media for z inc-ai r  or fuel cell gen- 
erators has led to the fabricat ion of i ron naphthalocy-  
anine. The materials  synthesized as the pure powder 
have an optical absorption spectrum and x - r ay  pat tern  
similar  to those given in  l i te ra ture  for the correspond- 
ing phthalocyanines.  

As loadings on carbon black support, the activity 
of the samples prepared were invest igated by the 
u l t r a th in  electrode technique and were found to be 
higher than  that  of the dimer previously studied. The 
improvement  of the performance is due to the in-  
crease of the conductivi ty of the naphthalocyanine.  
As wi th  the phthalocyanine dimer, the differences in 
s t ructure  are associated with the existence of notice- 
able amounts  of fixed oxygen which act as a well  for 
n-electrons, a greater  density of ~-electrons involving 
(3a, b, 5) a greater  activity. This result  is in  accord 
with the predictions made in  Ref. (6). 

As in  the case of the phthalocyanine  dimer (4), the 
reaction involves radical formation. Rest potentials and 
current  densities at low polarizations t u rn  out to be 
highly sensitive to the i ron content  bound to the struc- 
ture. The highest i ron content  Corresponds to the best 
activity. This resul t  agrees wi th  the models of charge 
t ransfer  complexes invest igated in  Ref. (16). In  these 
models as previously reported, the conductivity be-  
tween superimposed molecules takes place with FeII/  
Fe In exchange [Dh ~ 10 -12 cme sec -1 (22a, b ) ]  
s imultaneously with electron hopping on the oxygen 
covalent ly bound to the i ron sites: Ha/H + couples in 
the solid phase act as r e d u c i n g  agents for Fe~+/Fe ~+ 
couples decreasing the density of sites for oxygen 
activation. Therefore the act ivi ty is related to the 
pur i ty  of the samples in  Fe and the e l iminat ion of any  

reducing couple which can be introduced dur ing  the 
synthesis or in contact with the -~upport. A possible 
way to improve the performances would be by dop- 
ing. In t roduct ion of Mo +5 ions enhanced the activity 
but  results in stabil i ty are s imilar  for 2.5% loadings 
w/w. 

While the optical spectrum and  x - r a y  pa t te rn  are 
similar, there are impor tan t  differences in  the EPR 
spectra compared to those of the monomeric i ron 
phthalocyanine.  Those concern p r imary  the amount  of 
Fem which increases with the ~-electron density (5). 
Due to the n-d  hybr idat ion  requi rement  for Fe--O~, 
the electrochemical activity seems therefore to be 
more dependent  upon two spec ies  in resonance, one 
in which the FeII is covalent ly bound to oxygen and 
a second where the Fe n1 is ionically bound to O2-, 
More excited states of the molecule d o  not seem to 
play any impor tant  role in  the activity. 

On the loading surface the kinetics consist main ly  
of a four electron reduct ion process with a reaction 
scheme similar to the one obtained with phthalocyanine 
dimer type (4). Rotating r ing-d isk  techniques have 
shown that on the same support, the efficiency of the 
four electron reduct ion process is bet ter  wi th  the 
naphtha locyanine  mater ia l  than  wi th  the oxygen 
fixing phthalocyanine dimer, confirming the correla- 
tion of activity vs. n-elect ron density. This low rate of 
HO2- formation can present  an  impor tan t  advantage 
for zinc-air  generators. Exper iments  have been con- 
ducted on a type of carbon black support  holding for 
more than 1000 2 hr cycles. As above, on naphthalo-  
cyanine loadings, on this support  RRDE techniques 
show a rate of n o 2 -  formation to be less than  5% 
of that observed on carbon wi th in  the whole range 
of useful polarizations. 

A main  cause of the drop in  the performance of the 
loading is general ly  a modification of the junct ion  
properties at the naphtha locyanine-carbon  black in -  
terface. However, this type of explanat ion appears to 
be at variance with the increase of the life expectancy 
observed with dilution. The above data s e e m  to be 
better  in terpreted by seeking a correlat ion between 
the overall  conduction and the life expectancy; the bet-  
ter is the conduction the better  is the life expectancy. 
Therefore as a working hypothesis one may assume 
that  the development  of an electric field inside the 
layer  may involve long-range  s t ructural  changes which 
inhibi t  the catalytic properties. With the aid of EPR (11) 
and pulse techniques (21) the formation of dipoles 
wi th in  the naphthalocyanine  layer  has been shown. 
They are due to the strong difference in mobil i ty be-  
tween the holes on the i ron sites (Fe f+ /Fe  ~+ couple) 
and the electrons associated with the oxygen mole- 
cules which can diffuse more rapidly  (22b). Due to the 
low mobi l i ty  of the positive charges Fe3+ or Mo v ions 
are segregated at the surface. This view seems to be 
supported by ESCA investigations (12) under  progress, 
One solution for increasing the life expectancy might  
consist of introducing doping agents into the naphthalo-  
cyanine lattice which wouId decrease the existing in i -  
tial electric field. 

Compared to the support, the most significant fea- 
ture of Fig. 9 is the blocking of the activity after 600 
cycles on ioadings corresponding to coverages of naph-  
thalocyanine lower than  one monolayer.  This result  
can be in terpre ted by  the fact that  active sites %or 
oxygen reduct ion on the carbon support alone are also 
active sites for the fixation of the naphthalocyanine  
layers. 

From M. O. symmet ry  considerations (23) the sites 
in the naphthalocyanine  molecule present ing a high 
degree of symmet ry  should play a special role, i.e. 
mainly  the iron sites or corresponding sites with an A4 
axial  symmetry  and the external  carbon atoms on the 
napthaiene  r ing with A~ axial or p lanar  symmetry.  In  
the first case, of sites A4, the adherence of the naphtha l -  
ocyanine deposit would be higher than with the second 
case, sites A=, which requires a special spacing be- 
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tween the sites of the support in order to fit with the 
distances in the plane of the naphthalocyanine lattice. 
The relative stability of the loading under both cathodic 
reduction of oxygen and its evolution would suggest 
that the first type of fixation should be considered. If 
according to Yeager (10, 24) the active sites for 02 
reduction on carbon surfaces are the planes possessing 
~-type of orbitals, symmetry requirements for the 
fixation of the naphthalocyanine molecules can be en- 
countered in this case, carbon orbitats and high sym- 
metry sites being allowed to combine. 

Conclusion 
On the ex CO alone this study has shown a kinetic 

limitation due to a slow desorption of H202 interpreted 
using models developed earlier. In the present case 
linear plots of NID/IR VS..~+I/2 are obtained instead of 
the usual ~-1/2. 

On the naphthalocyanine loadings tests ef stability 
have underlined the absence of H202 generation. The 
limitation of the performances due to the conduction 
in the solid phase has been emphasized. 

Using loadings on a suitable carbon black support, 
iron naphthalocyanine has proved to be a useful cata- 
lyst for practical applications in zinc-air generators 
working in alkaline media. Improvements in activity 
and stability may consist of a synthesis yielding an iron 
content as close as possible to the theoretical value and 
in a parallel the elimination of the reducing couples in 
the structure. Doping techniques may also be usefully 
used. 

Another point of interest is the illustration of the 
relationship existing in such compounds between the 
activity and stability vs. oxygen reduction and the 
density of ~-electrons in the conjugated rings as al- 
ready reported on similar compounds. The search for 
larger molecules such as the six unit polymer does not 
take into account electronic interaction between mole- 
cules in the crystal lattice which perturbs the ~-elec- 
tron density. With smaller size molecules the highest 
~-electron densities can be obtained. A major fact 
seems to be the simultaneous presence of Fe 3+ with Fe zI 
covalently bounded to oxygen which is always present 
on active and stable materials, cf. ESCA investigations. 
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Mass Transfer in Packed Bed Electrochemical Cells 
Having Both Uniform and Mixed Particle Sizes 
Richard Alkire,* Brian Gracon, Thomas Grueter, James Marek, and Paul Blackburn* 
Department oi Chemical Engineering, University o$ Illinois, Urbana, Illinois 61801 

ABSTRACT 

An electrochemical method was used to measure the mass t ransfer  co -  
eff icient in packed beds containing spherical particles. The electrochemical 
reaction was reduct ion of ferr icyanide ions on stainless steel bal l  bearings in 
the presence of potassium ni t ra te  support ing electrolyte. The correlat ion found 
in  this s tudy was 

,D = 2.944 Re-0.5~4 / ~ ) - ~  

where 1.8 < Re < 27, 2.98 < L/dp < 7.45, and Sc ---- 1421. The mass 
t ransfer  coefficient for randomly  packed beds containing up to five different 
sizes of spheres (0.398-0.952 cm diam) was correlated by the above equation 
when  the average particle diameter  was determined by 

1 
dpm --  

where dpi is the particle diameter  of size i, and xi is the volume (or weight 
fraction) of particles of size i in the packed bed. It  was found that when  the 
bed packing was segregated into two paral lel  flow zones, each having dif- 
ferent  particle sizes, then the average mass t ransfer  coefficient was less 
than  the value given by the correlat ion above. 

The des ign  of  porous electrode systems usual ly  
depends crit ically upon mass t ransfer  between elec- 
trode and fluid. Although convective heat and mass 
t ransfer  in  packed beds has received vigorous a t ten-  
t ion in  the chemical engineering l i terature,  these 
studies have been pr imar i ly  carried out at high flow 
rates and on packing materials  of uni form size. Most 
practical porous electrode systems, however, employ 
electrode packing mater ia l  of nonuni form size and 
shape. The purpose of this invest igat ion is to obtain 
mass t ransfer  correlations for f low-through porous 
electrodes containing mixed sizes of spherical particles. 

Heat  and mass t ransfer  correlations for single phase 
flow in un i formly  packed beds have been collected by  
Karabelas  et aZ. (1), F roment  (2), Gupta et al. (3), 
Marivoet et al. (4), and Sherwood et al. (5). Flow in 
nonuni form packed beds containing high and low 
porosity zones has also been studied recent ly (6), and 
the flow pat terns wi th in  such nonuni form beds were 
found to be complex (7, 8), and to affect adversely the 
bed contact efficiency (9) .  The major i ty  of the fore- 
going work was carried out at high flow rates charac- 
teristic of chemical engineer ing separat ion processes. 

Electrochemical reactors involving porous flow- 
through electrodes have been studied extensively dur -  
ing the past  decade (10). It  has been found that  opti- 
m u m  operat ing conditions invar iab ly  involve low flow 
rates, and that  flow channel ing therefore represents a 
serious practical l imita t ion on performance. Although 
electrochemical methods have been used to measure 
m a s s  t ransfer  rates in  packed beds at low flow rates 
(11-15), studies to date have addressed the more fun-  
damenta l  aspects for which electrodes of uni formly  di- 
mensioned packing material ,  usual ly  spheres or stacks 
of screens, were most appropriate. 

In  the present  study, the electrochemical l imit ing 
current  method was used to measure mass t ransfer  co- 
efficients in  porous f low-through electrodes having 
nonuni fo rm properties of two different types. In  the 

�9 Electrochemical Society Active Member. 
Key words: mass transfer, porous electrode, nonuniform poros- 

ity, channeling. 

first type, different Sizes of spherical particles were 
thoroughly mixed and then dumped to form a porous 
bed which was nonuni form on a microscopic scale but  
uni form on a macroscopic scale (16-18). In  the second 
type, different sizes of spherical particles were placed 
in different parts of a bed to create regions which were 
each uni formly  porous on a microscopic scale but, when  
taken together, were not uniform on the macroscopic 
scale (16). 

Apparatus 
The porous flow-through electrode was fabricated by 

packing a Plexiglas tube (5.1 cm diam) with spherical 
metal  particles. In  all  but  one series of exper iments  
reported below, Type-440 stainless steel ball  bearings 
(McMaster-Carr,  Chicago) were used; eight different 
sizes of bearings were employed ranging from 0.397 
to 0.952 cm diam (5/32-3/8 in.) ;  the machine  tolerance 
on these bearings was 0.0025 cm. 

The tube containing the packed bed was 40 cm long. 
The upstream region (about 23 cm) was packed with 
glass beads (0.6 cm diam) in order to establish plug 
flow (19). The packed bed electrode (cathode) was 
assembled upstream from the anode, and was sepa- 
rated from the anode by a 2.5 cm layer  of glass beads. 
The surface area of the anode was more than twice 
that of the cathode. P la t inum contact wires were in-  
serted into the two electrodes through serum stoppers 
in  the cell wall. 

The electrolytic solution used with stainless bearings 
was 0.95M KNO3 containing 0.002M of both potassium 
ferricyanide and potassium ferrocyanide. The ferr i -  
cyanide ion was reduced at the cathode and was re-  
oxidized at the anode, which was downstream. Solution 
samples were wi thdrawn from the downstream side 
of the working electrode and were analyzed by iodo- 
metric titration, accurate to wi thin  one percent, to 
determine the exit concentrat ion of ferr icyanide (20). 
The ferricyanide concentrat ion in the external  flow 
loop was found to remain  constant, permit t ing con- 
t inuous recirculat ion of electrolyte to the cell. 

Solution was pumped by a magnetic  drive "Metl- 
Less" pump (March Manufactur ing,  Glenview, Ill inois) 
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a n d  w a s  c o n t r o l l e d  b y  n e e d l e  valves placed downstream 
from each rotameter.  Other than the electrolysis cell, 
all  parts of the flow system were fabricated from glass 
o r  l e a c h e d  Tygon tubing. The flow system was 
blanketed with ni t rogen except in the small  number  of 
early experiments;  in  these, appreciable oxygen back-  
ground currents  were present, as described in  the 
discussion of Fig. 2 below. 

Polarization curves were obtained with a potentio-  
static power supply (Wenking 70TS1) dr iven by a 
v o l t a g e  ramp generator, i n  the cell, a plastic pipette 
was used as the capil lary tube for a saturated calomel 
reference electrode; the tip of the capil lary was posi- 
tioned 0.35 cm downstream from the working elec- 
trode. Determinat ion of cell cur rent  was made with 
u s e  of a precision resistor. 

Procedure 
Electrolytic solution was prepared from AR grade 

chemicals and was deaerated by water -sa tura ted  ni -  
trogen (30 l i te rs /hr )  for 3 hr prior to ini t ia-  
t ion of experiments.  To prepare for use, the stainless 
steel bearings were tumbled  in a s lurry  of 80-grit 
gr inding powder, r insed with deionized water, mi ld ly  
etched in  1M H~SO~ to dislodge final traces of grit, 
r insed with deionized water, and dried in warm air. 

The electrolysis cell was fabricated by filling the 
Plexiglas tube  with a l ternate  regions of glass beads and 
ball bearings, taking care at each step to dislodge air  
bubbles. In particular,  the working electrode bed was 
carefully assembled with forceps to insure that the in-  
terface between glass beads and ball bearings was per-  
pendicular  to the cell wall. "Type 1" electrodes were 
prepared by random placement  of particles to form an 
electrode. "Type 2" electrodes were prepared by es- 
tabl ishing concentric zones each composed of single- 
sized particles. 

The flow rate was measured both by rotameters and 
by collecting measured volumes of solution. The needle 
valve was found to provide steady flow control to 
wi th in  2% of the mean  value reported. 

Polarizat ion curves were obtained at various flow 
rates in order to determine the mass t ransfer  l imit ing 
current.  Background currents  were measured sepa- 
ra tely by following the above procedure with use of 
solutions containing only 0.95M KNO3; l imit ing current  
data reported below have been corrected for back- 
ground current.  For over 60% of the data points, back- 
ground currents  were less than 1% of the l imit ing 
current ;  at the highest flow rates, the background 
currents  were at most 10% of the l imit ing amount.  
For the data presented in Fig. 2, the background cur-  
rent  was nei ther  measured nor corrected for; these 
data are, therefore, presented for quali tat ive examina-  
t ion only. 

Results and Discussion 
Measurement  of ferr icyanide concentrat ion in the 

cathodic effluent gave mater ial  balances which agreed, 
after  correcting for background current,  to wi thin  1% 
of Faraday 's  law with n _-- 1. Because the electrolysis 
rate was l imited solely by mass t ransfer  in the catho- 
lyre, the mass t ransfer  coefficient was found by mea-  
surement  of current,  inlet  concentration, and surface 
a r e a  

I1 = nFCb (aLAe) k [1] 

Table I. Physical properties of solutions studied 

Property  Value 

p, g/cm 8 1.058 • 0.o01 
/~, g/cm sec 8.68 + 0.07 • 10 -s 
~, cm~/sec 8.2 • i0 -8 
D, cm2/sec 5.77 x 10 -6 
Sc, dimensionless 1.42 x 1,0 z 
n, g-equiv./g mole 1 

Source: Ref.  (14). 

where the surface area for reaction is (aLAe). In  this 
study, the mass t ransfer  coefficient was correlated by 

JD = GReP [2] 

where G, p, and q are constants to be found by anal-  
ysis of exper imental  data. Combinat ion and rear-  
r a n g e m e n t  of Eq. [1] and [2] provides the equation 
used for correlation of exper imental  data 

IIpSc2/3 GRe, '  [3] 

eanFCbA# 
where 

p ' = p - } - I  

q'=q+l 

Uniform particle size results.--Properties of the elec- 
trolytic solutions used in this study are compiled in 
Table I. Geometric properties of the stainless steel 
ball bearings are listed in Table II. The bed porosity, el, 
was measured by placing a known quantity of uni- 
formly sized bearings into tubes having inside diam- 
eters of 3.8, 5.1, and 8.9 cm. A least squares fit of the 
data indicated that the bed porosity was a weak linear 
function of bearing diameter 

el ---- 0.3754 + 0.04744dp [4] 

Equat ion [4] was used to compute the bed porosity 
values given in  Table II. The specific surface area, ai, 
was defined as surface area per uni t  volume 

S l  
( 1  - -  ~i) - -  

V i  
ai = 

ei 

6 ( 1  -- el) 
- -  [5 ]  

dpiei 

Table III lists the geometric properties of the eleven 
electrode configurations which comprised the studies 
on uni form bed particles. The length of the packed bed 
was calculated by 

Vb 
L -- [6] 

A(1 -- e) 

The volume of the bearings Vb, was determined by 
counting the number  of bearings placed in the bed. The 
eleven configurations exhibited L/dp ratios ranging 
between 2.98 and 7.45.  

Table II. Properties of 440 stainless steel balls 

Property  Size 1 Size 2 Size 3 Size 4 Size 5 Size 6 Size 7 Size 8 

dpl, cm 0.397 0.476 0.556 0.635 0.714 0,794 0,873 0.952 
v i ,  cm s 0.0327 0.0565 0.0898 0~134 0.191 0.262 0.348 0.452 
s i ,  cm ~ 0.495 0.712 0.970 1.27 1.60 1.98 2.40 2.85 
wl ,  g 0.2455 0.4335 0.6892 1.029 1.454 2.001 2.664 3.464 
a~, cm -1 23.3 19.1 ,16.1 13.8 12.1 10.7 9.61 8.66 
el 0.394 0.398 0.402 0.406 0.4@9 0.413 0.417 0.421 
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Table III. Uniform particle size summary 

Run dp| L Wt elec. 
No. ( em)  e~ ( em)  (g) 

1 0.794 0.413 2.603 236.] 
2 0.476 0,398 2.538 236.1 
3 0.556 0.402 2.541 234.8 
4 0.635 0,406 2.542 233,3 
5 0.397 0.394 2,541 237,9 
6 0.714 0,409 2.546 232,5 
7 0.794 0.413 3.817 346.2 
8 0.794 0.413 5.074 460,2 
9 0.397 0,394 1,694 158.6 

i0 0.873 0.417 2.602 234.4 
11 0.873 0.417 6.507 586.1 

The value of q was found by plot t ing the left side of 
Eq. [3] vs. (L/dp) at constant  Re. A least squares 
analysis of the slope gave a value of 0.83 for Re = 6, 
and 0.87 for Re ---- 11. The average value gave q' = 
0.85, or q = --0.15. 

The values of p and G were found by analysis of the 
l imit ing current  data indicated by solid points in Fig. 
1. The set of 184 data points was t reated by l inear  
regression analysis which gave p = --0.554 and G = 
2.944. That  is, the mass t ransfer  correlation was found 
to be 

I L l  -~ JD = 2.944 Re-~ ~ [7] 

1.8 < Re < 27 

L 
2.98 < ~ < 7.45 

Sc = 1421 

0.397 < dp < 0.952 cm 

By l inear  regression analysis, the slopes on either 
side of Re ---- 12 in Fig. 1 were found to be statistically 
different 

For Re < 12 (112 data points, 95% confidence level) : 

p = 0.567 +_ 0.005 

G ---- 3.039 [8] 

For Re > 12 (72 data points, 95% confidence level) : 

p = 0.53.3 ~ 0.015 

G = 2.797 [9] 

Because the confidence bands do not overlap, these 
results indicate that  the l inear  correlation reported in  
Eq. [7] is a simplification. Since l imit ing current  data 
were corrected by subtract ion of background current,  
the difference in slope would not be a t t r ibuted  to a 
second electrolysis reaction. Indeed, the results of 
Karabelas, Wegner, and Hanra t ty  (1) indicate that  the 
range of Reynolds numbers  used in this s tudy does not 
lie in  a region where a s t ra ight- l ine  asymptotic cor- 
relat ion would be expected. Values of jD calculated by 
Eq. [7], however, are wi thin  3% and 1% of the values 
calculated with use of constants in  Eq. [8] and [9], 
respectively. 

Glass beads were used in  the upstream section of the 
cell to establish uniform hydrodynamic conditions. The 
beads were of uniform size for all experiments  (0.6 
cm) whereas the packing particles ranged in size from 
0.398 to 0.952 cm. Therefore, the data may be in -  
fluenced by modest hydrodynamic rea r rangement  
which accompanies flow into the porous electrode. Also, 
mass t ransfer  entrance effects may be operative in the 
shallow beds used in this study, as would be indicated 
by the results of Fedkiw and Newman (21). Therefore, 
the weak L/dp dependence found in Eq. [7] may be 
the result  of various entrance effects which would not 
be experienced in deeper beds. Whereas these results 
indicate the need for addit ional  investigation at the 
fundamenta l  level, the point  remains that most indus-  
tr ial  porous electrodes are "shallow" (in order to ac- 
commodate potential  dis t r ibut ion requirements) ,  so 
that the correlations reported here are therefore useful 
for practical applications. 

Nonuni form particle sizes: microscopic nonuni]orm- 
i t y . - -Resu l t s  were obtained for working electrodes 
having two, three, four, and five different sizes of 
ball  bearings placed randomly  in the packed bed. 
These results are summarized in Table IV. 

Eight sets of two-bal l  mixtures  were studied as indi-  
dicated in  part  A of Table IV. The upper portion of par t  
A gives the weight fraction a nd  size of each component 
in the electrode mixture.  The average diameter  for the 
mix ture  mater ial  was calculated with the rule 

1 
dmn - -  [ 10]  

This average diameter  was t h e n  used to calculate 
values for em, am, and L in a manner  analogous to that  

20 

, ~  I0 

8 

6 

,,c,_ 

4 

i I 1 I I I I I I I I I 

~ o ~ u , o ~ e l ~ l  �9 UNIFORM ELECTRODE 

~ o MIXTURE ELECTRODE 

o 

o%=~e 

I T I I I ] I I I I I I 
2 4 6 8 I0 20 ~0 

Fig. I. Mass transfer correla- 
tion for packed bed electrochem- 
ical cells having both uniform 
and mixed particles sizes. 

R e,  dimensionless 
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used for uniform packing as described previously. 
Since all bearings had the same density, the weight 
fraction in  Eq. [10] is equivalent  to the volume frac- 
t ion occupied within the bed by each bearing size. The 
hollow circles in Fig. 1 i l lustrate  how Eq. [7] and [10] 
correlate data in  nonuni form beds. 

The lower portion of part  A contains examples of re- 
sults for mixtures  of two bearings. It was found that the 
discontinuity between the high and low flow rate 
regions centered about Re : 12 was not  as distinct as 
had been the case with uniform packings. Therefore, 
the overall  correlation given in Eq. [7] was used to 
predict the mass transfer l imit ing current  for the en-  
t ire range of flow rates studied. The second column in 
the lower port ion of part  A of Table IV lists the l imit ing 
current  predicted by Eq. [7] for one part icular  example 

flow rate (V. = 309 m l / m i n ) .  The third column gives 
the experimental  data measured at that flow rate. 

To gain a measure of comparison between data and 
correlation, it is helpful to determine what  the l imit ing 
current  would have been had the electrode consisted 
only of the large bearings used in the mixture;  in the 
lower portion of each section of Table IV, column four 
(labeled "0% smaller balls") lists those values for 
each run  as computed with use of Eq. [7] at a flow rate 
of 309 ml /min .  In  a similar manner ,  column five lists 
the l imit ing current  which would be expected, at a 
flow rate of 309 ml /min ,  had the electrode been con- 
structed from only the smaller  bearing size. These 
results will  be used below when comparing experi-  
mental  data with calculated values. 

Table IV. Mixture electrode summary 

A. Two  ball  sizes 

Mixture  
r u n  No. 

Smal l e r  balls 

d~ l (cm) xl 

L a r g e r  balls 

dp i (cm)  xi dp m (cm)  

Mixture  p rope r t i e s  

~m L (era) 
Wt e l e c .  

(g) 

1 0.397 0.253 0.714 0.747 0.5941 0.404 2.916 260.5 
2 0.397 0.499 0.714 0.501 0.5105 0.400 2.577 238.9 
3 0.476 0.501 0.714 0.499 0.5712 0.402 2.581 238.5 
4 0.476 0.750 0.714 0.250 0.5195 0.400 2.672 238.4 
5 0.476 0.253 0.714 0.747 0.6341 0.405 2.602 239.2 
6 0.476 0.499 0.952 0.501 0.6353 0.406 2.561 235.0 
7 0.476 0.251 0.873 0.749 0.7221 0.410 2.614 238.3 
8 0.476 0,500 0.873 0.500 0.6161 0.405 2.905 267.2 

him, mA (V= = 309 m l / m i n )  

Mixture  
r u n  No. Calc 

0% sma l l e r  100% smal le r  Eq. [11] 
Da ta  balls balls % e r r o r  

1 64.44 68.6 50.17 111.24 4.96 
2 .71.42 73.2 45.43 100.73 1.44 
8 61.18 59.7 45.36 78.63 2.99 
4 69.60 67.4 45.34 78.60 4.08 
5 53.41 505 45.47 78.82 6.76 
6 52.54 50.2 30,77 77.65 4.4B 
7 45.02 41.1 34.91 76.57 8.47 
8 61.02 60.73 38.46 86.58 2.39 

B. T h r e e  ball  sizes 

Mixture  
r un  No. 

Mixture  
composi t ion  

dpi ( em)  xi 

Mixture  p rope r t i e s  

Wt  elee. 
d,, m (cm)  em L (cm)  (g)  

9 

i0 

i i  

12 

13 

14 

15 

Mixtur~ 
r u n  No. 

0.794 
0.556 
0.476 
0.873 
0.635 
0.397 
0.873 
0.635 
0.476 
0.873 
0.635 
0.397 
0.873 
0.635 
0.476 
0.952 
0.714 
0.556 
0.952 
0.714 
0.556 

Calc 

0.333 
0.333 0.5814 0.403 3.900 
0.334 
0.488 
0.256 0.6223 0.405 3.272 
0.256 
0.335 
0.333 0.6228 0.405 3.290 
0.332 
0.261 
0.467 0.5814 0.403 3.103 
0.272 
0.248 
0.249 0.5771 0.403 2.912 
0.503 
0.305 
0.496 0.7283 0.410 3.983 
0.199 
0.333 
0.333 0.7059 0.409 3.297 
0.334 

h , n ,  m A  (V~ = 309 m l / m i n )  

0% sma l l e r  ~00% smal le r  Eq. [11] 
Da ta  balls bal ls  % e r r o r  

359.6 

300.7 

392.4 

286.1 

268.6 

363.0 

301.0 

9 84.97 65.59 55.87 111.42 1.63 
10 66.65 67.12 42.53 122.48 2.22 
11 66.86 65.34 42.73 96.19 1.63 
12 69.97 71.38 49.77 117.41 2.44 
13 66.98 67.47 38.64 86.98 2.91 
14 63.40 61.65 44.53 91.27 4.68 
15 56.36 65.97 37.97 77.83 2.64 

Continued on next  page 



Vol. 127, No. 5 M A S S  T R A N S F E R  

Table IV. Mixture electrode summary (continued) 

C. Four and five hall sizes 

1089 

MixtUre 
run No.  

Mixture Mixture properties 
composition 

dp I (cm) x~  dp m (cm) e,~ L (cm) 
Wt e lee .  

(g) 

16 

17 

18 

19 

0.873 0.249 
0.794 0.251 
0.635 0.250 0.8579 0.407 3.729 
0.476 0.250 
0.952 0.253 
0.635 0.249 
0.476 0.249 0.5529 0.402 3.259 
0.397 0.249 
0.952 0.246 
0.794 0.253 
0.714 0.252 0.7258 0.410 3.544 
0.556 0.249 
0,952 0.205 
0.873 0.197 
0,794 0.198 0.7030 0.409 3.883 
0.635 9.203 
0.476 0.197 

I l lm,  m A  (V| = 309 m l / m i n )  

Mixture 0% smaller 100% smaller 
run No. Calc Data balls balls 

341.7 

301.2 

323.1 

354.5 

Eq.  [ l l l  
% error  

16 68.95 68.40 47.42 106.55 
17 78.19 78.48 38.00 122.65 
18 57.67 54.33 40.33 82.65 
19 65.14 71.38 43.63 110.11 

The las t  column in the  lower  por t ion  of pa r t  A of 
Table  IV gives the  pe rcen t  e r ro r  be tween  ca lcula ted  
a n d  observed  l imi t ing  currents  for  the  two ba l l  m i x -  
tures  as computed  by  

N 

100 ~ .  /lira, data  - -  Il im, calc [ 11] 
% er ror  ~- . --~ 

N Ilim, calc 

where  there  a re  N da ta  points. The percentage  e r ror  
l i s ted  in the  las t  co lumn was computed  by  averaging  
a l l  da ta  for  whch the sys tem was under  mass t ransfe r  
control.  

In  a s imi la r  manner ,  par t s  B and C of Table  IV p ro -  
vide  da ta  and analysis  for three,  four, and five bal l  m ix -  
tures.  The  average  of a l l  e r rors  for the  two, three,  
four, and  five ba l l  mix tu res  were :  4.4, 2.6, 2.6, and  
9.6%, respect ively .  These resul ts  i l lus t ra te  that ,  over  
the range  of pa r ame te r s  inves t iga ted  here,  Eq. [10] 
provides  a good method  for  select ing the average  
d iamete r  needed for pred ic t ing  the  mass t ransfe r  co- 
efficient in porous electrodes fabr ica ted  f rom randomly  
mixed  spher ica l  part ic les .  

Nonuniform particle sizes: macroscopic nonuniform- 
ities.~Nonuniform packed  beds were  also p repa red  
b y  placing par t ic les  in two concentr ic  zones each of 
which contained par t ic les  of a single size. Two differ-  
ent  combinat ions of par t ic le  sizes were  invest igated,  as 
l is ted in Table  V. Different  propor t ions  of each pa i r  
of par t ic le  size were  studied,  ranging  be tween  al l  smal l  
par t ic les  and  al l  l a rge  part icles .  The  f rac t ion of  l a rge  
a n d  smal l  par t ic les  is l i s ted  in Table  V under  headings  

Table V. Properties of stainless steel composite electrodes 

Electrode Xl xa em am dp m 

dp I = 0.714 cm,  dp,  = 0.397 c m :  
No.1 0,208 0.792 0.396 20.9 0,437 
No.  2 0.280 0.720 0.397 20.1 0.453 
No.  3 0,393 0,607 0,398 18.9 0.481 
No.  4 0,455 0.545 0.399 18.2 0.497 
No.  5 0,480 0.520 0.399 17.9 0.505 
No.  6 0.597 0,403 0.401 16.6 0.540 

•Pl = 0.873 cm,  dp s = 0.397 era: 
No .  7 0.200 0.800 0,397 20.5 0.446 
No.  8 0.256 0.744 0.39"$ 19.7 0.461 
No.  9 0.380 0.620 0.399 18.0 0.501 
NO. 10 0.441 0.559 0.400 17.2 0,523 
NO. 11 0.570 0.430 0,403 15.4 0.576 

rl.93 
3.06 
5 . ~  
9.57 

xl and xs, respect ively.  Also given in Table  V is the  
va lue  of d~m computed  by  Eq. [16], and  of em and  am 
computed  by  Eq. [4] and [5]. 

When the average  geometr ic  proper t ies  l is ted in 
Table  V were  used to compare  the  l imi t ing  cu r ren t  by  
Eq. [7], deviat ions be tween  calcula ted values  and m e a -  
sured da ta  were  found. The na ture  of these deviat ions 
was charac te r ized  by  the fol lowing definit ion of pe r -  
centage e r ror  

( Imeasured --  1 ) X 100 [ l l a ]  
E1 : IEq. [7] 

Figure  2 i l lus t ra tes  how E1 var ied  with  the fract ion of 
la rge  par t ic les  in the  bed (x0  for the  two systems 
studied. As ment ioned previously,  the  ea r ly  exper i -  
menta l  da ta  r epor ted  in  Fig. 2 were  measu red  under  
condit ions where  apprec iab le  background  cu r ren t  was 
presen t  owing to dissolved oxygen. Thus i t  was ex-  

. . . .  I 
E I \~ / /  

{,o 
/ . . . . .  " - - . ,  / 

* 

. 1 0 0 |  O" I - I i .O 

Xl, Weight Fraction 

Fig. 2. Deviations from Eq. [7] for macroscopica~Jy nonuniform 
porous electrodes. ( ~ :  dp I = 0.714, dps ~ 0.397; . . . . .  : 
dpl .~- 0.873, dps ~ 0.397). Errors defined by Eq. [11] - [13] .  
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pected that  positive errors should be observed. It is 
seen that  when the bed consisted of near ly  all small, or 
near ly  all large particles, then the exper imental  data 
were indeed higher than the value computed by Eq. 
[7] and this (positive) deviation is a t t r ibuted to the 
presence of oxygen. For in termediate  ranges of 0.2 ~ xl 

0.6, experimental  data dip sharply. Since the cor- 
relat ion i l lustrated in Fig. 1 served adequately to char-  
acterize uni formly  dispersed mixtures  of particles, it 
is tentat ively concluded that  the strong (negative) de- 
viations in  Fig. 2 must  be the result  of the macroscopic 
nonuniformit ies  present  in  the packed bed. 

Two routes were used to seek improved correlations 
of exper imental  data. In  the first, it was assumed that  
fluid passed through the mixed bed at a rate which was 
everywhere uni form (plug flow). Such a si tuation 
would be encountered in practice if the flow resistance 
external  to the packed bed was large and if no rear -  
rangement  of flow pat tern  occurred wi thin  the packed 
bed. The l imit ing current  calculated by this method, 
Iplugflow, was put  on the same comparative basis by 
defining 

E 2 =  ( Iplugf1~ 1 ) •  [12] 
IEq. [7] 

Results are shown in Fig. 2. It  is seen that this method 
of predict ion gives l imit ing currents which were 
slightly larger than the values computed by Eq. [7J. 

In  the second method of calculation, it was assumed 
that the fluid dis tr ibuted i tself  between the two por-  
tions of the bed such that  the pressure drop across each 
portion was the same, and that no in termixing  of fluid 
occurred between the two portions. By this method, 
the fluid flow rate was larger in the region having the 
larger particles since that region had the lower flow 
resistance. The l imit ing current  calculated by this 
method, Iap, was also put  on the same comparative 
basis by defining 

E3 = 1 • 100 [13] 
fEq. [7] 

Results are shown in Fig. 2. It  is seen that this method 
of prediction gave l imit ing currents  which were slightly 
less than the values computed by Eq. [7]. 

On the basis of results given in Fig. 2, several ob- 
servations can be made. Since the correlation given by 
Eq. [7] serves adequately to characterize uni formly 
dispersed mixtures  of particles, it is tenta t ively  con- 
cluded that the strong variations seen between 0.2 

xl ~ 0.6 in Fig. 2 are the result  of macroscopic non-  
uniformities present  in the packed bed. Calculations 
based on plug flow (E2 curves) exhibit  incorrect qual i -  
tative trends: exper imental  d a t a  (E~ curves) exhibit  
deviations which are in the opposite direction from the 
plug flow results (E2 curves).  On the other hand, the 
constant pressure drop method gave results (E.~ curves) 
which are more like exper imental  data: (i) deviations 
in the negative direction are predicted, (ii) the devia- 
tions for the dashed lines are greater by a factor of 
two than the solid line. 

Conclusions 
Mass transport  coefficients have been correlated 

by Eq. [7] over a range of operating conditions. When 
the bed is randomly  packed with a mixture  of up to five 
different spherical particle sizes, the average particle 
diameter  defined by Eq. [10] may be used in the mass 
t ransfer  correlation. It may therefore be anticipated 
that an integral  form of Eq. [10] would be useful in 
situations where the packing mater ial  is characterized 
by a particle size distribution. 

Wheri the bed packing is segregated into two paral -  
lel flow zones having different particle sizes, then it 
was found that Eq. [10] may s t i l l  be used to estimate 
mass t ransfer  behavior  via Eq. [7] although the re- 
sults may be in error if 0.2 ~ xl ~ 0.6. Fai lure  of simple 

correlations thus indicates that flow pat terns are u n -  
doubtedly complex and are deserving of addit ional 
study at the fundamenta l  level. The hydrodynamic  
studies of Stanek and Szekely (6) represent  a f rui t -  
ful start ing position since these authors provide equa-  
tions for predict ing cross-flows in mult iple  porosity 
regions of the type investigated here. 

The widest disparity between diameters of the larg-  
est and smallest sphere in an electrode was a factor of 
2.40 in this study. A still greater disparity in size would 
eventual ly  beget wholly different packing structures 
(like buckshot in an ar ray  of tennis balls) for which 
the foregoing correlations would not be expected to 
hold. 

The present  study has not addressed the role of 
particle shape on electrode performance. Gamson (22) 
was evidently the first to use empirical shape factors 
to correlate heat t ransfer  data for beds containing 
spheres, cylinders, and various commercial packing 
materials. Those methods have been actively pursued 
in the chemical engineering l i terature  and could be 
applied with relat ive ease to electrochemical ana-  
logues. 
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LIST OF SYMBOLS 

English Characters 
a specific surface area, cm2/cm 3 pore volume 
A electrode cross-sectional area, cm 2 
Cb bulk reactant  concentration, g moles/ l i ter  
dp characteristic packing diameter, cm 
D diffusion coemcient, cm2/sec 
F Faraday 's  constant, 96,487 C/g-equiv.  
I~m l imit ing cell current,  A 

current  A /cm 2 wetted electrode surface area 
3D (k/V~)Sc 2/3, mass transfer  parameter ,  d imen-  

sionless 
k mass t ransfer  coefficient, cm/sec 
L electrode length, cm 
n electrons passed, g-equiv: /g  mole 
Re V~dp/v, Reynolds number ,  dimensionless 
s surface area, cm 2 
Sc v/D, Schmidt number ,  dimensionless 
Sh IlpSC2/3/eanFcbA~, Sherwood number ,  dimension-  

less 
v volume, cm 3 
VD volume of bearings in electrode, cm 8 
V~ electrolyte flow rate, m l / m i n  
w mass, g 
x weight fraction 

Greek Characters 
e porosity, dimensionless 

electrolyte conductivity, ~ - a  cm-~ 
viscosity, g /cm see 
kinematic  viscosity, cm~/sec 

p electrolyte density, g /cm 3 

Subscripts 
i particle size n u m b e r  
m average property for mixture  electrode 
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Electrochemical Studies of Triethylammonium 
Dichlorocuprate(I), A Room Temperature 

Fused Salt 
James R. Silkey and John T. Yoke 

Department 05 Chemistry, Oregon State University, CorvalLis, Oregon 97331 

ABSTRACT 

Density, conductivity, and viscosity data are reported i n t h e  25~176 range 
for the neat liquid Et~NHCuC12 and for solutions containing CuC1 and CuC12. 
The Walden product of the room temperature fused salt is not much lower 
than that of a molten alkali  metal halide. A relation proposed by Frenkel,  

~ A ~  /EA ) -- constant, is followed closely by tr iethylammonium dichloro- 
cuprate (I) and by solutions containing CuC1 and CuC12. The Cu/Et~NHCuCI~ 
electrode was found usable as a reference electrode. A solution of CuCI~ in 
Et3NHCuC12 has an absorption maximum at 402 nm (, -- 2.02 X 108 l i ters  
mole -1 cm-1).  Spectrophotometric studies in an opt ica l ly  transparent  gold 
minigrid electrode cell are reported. Potentiometric data from this and from 
a Cu/Et3NHCuC12/Et3NHCuCI~, CuC12 (M) /P t  cell show approximate Nernstian 
behavior. Overpotential-current  studies permit  calculation of the exchange 
current density at each of the above electrode interfaces. Anodic and cathodic 
current-voltage plots obtained with a platinum working electrode in neat 
Et3NHCuC12 in the region of the Cu ( I ) /Cu (II) redox couple have a remarkable  
appearance. They resemble a conventional cyclic voltammogram of a dilute 
solution even though the electrode reaction involves a constituent ion of the 
solvent itself. This is due to formation of a viscous film of the anodic product 
Cue12 on the electrode surface. Practical development of galvanic cells b a s e d  
on Et3NHCuC12 electrolytes is limited by their high internal resistance. 

Dichlorocuprate(I)  salts with certain ter t iary ali-  
phatic ammonium and phosphonium cations are oils at 
room temperature and form glasses when cooled. Tri- 
ethylammonium dichlorocuprate (I) ,  E%NH + CuC12-, 
the prototype of these materials, is formed merely by 
bringing tr iethylammonium chloride and copper(I)  
chloride powders into physical contact. That such 
liquids t ru ly  are salts is proved by observation of the 
characteristic dichlorocuprate(I)  ion frequencies in 
their infrared and Raman spectra (1). One postulate 
to explain why these salts are liquid is that a steric 
effect causes abnormally low lattice energies. A second 
reason is that  a mixture of species is present, resulting 
in mutual melting point depression. The mixture arises 
from the operation of such complex anion equilibria as 

CuCl2- + CuCl ~ Cu2Clz- 

Cu2Ch- + C1- ~ 2CuCI~- 

CuCl2- + CI- ~ CuCl3 2- 

Key words: fused salts, copper complexes, viscosity. 

The existence of such equilibria was demonstrated by 
the effect of added tr iethylammonium (or phospho- 
nium) chloride, and of added copper (I) chloride, on 
the intensities and frequencies of the complex anion 
vibrations. The electrolytic nature of these neat liquids 
was also demonstrated (1, 2) by their conductivities, 
which were, however, several orders of magnitude 
lower than typical for high temperature molten alkali 
metal chlorides. 

Porterfield and his students at Hampden-Sydney 
College showed (2) that liquid tr iethylammonium di- 
chlorocuprate(I)  (which has only a light yellow 
color) is a chloride ion-rich solvent useful for observ- 
ing the visible spectra of chloro complexes of various 
transition metals. They also observed the cyclic 
voltammogram of tr iethylammonium dichlorocuprate 
(I) dissolved in acetonitrile, demonstrating oxidation 
and reduction of the copper(I)  in the complex anion. 
Finally, they showed that a voltaic cell with a poten- 
tial of 0.85V results from partial  electrolysis of neat 
tr iethylammonium dichlorocuprate (I) between iner t  
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electrodes. The electrode reactions were  taken to be 

Cu ~ + 2C1- ~ CuC12- + e -  

CuC12 + e -  ~ CuCls -  

We now report  addit ional  electrochemical  and re-  
lated physical  studies of systems based on t r i e thy lam-  
monium dichlorocuprate  (I).  

Experimental 
Materials.--Reagent Grade chemicals were  used. 

Copper ( I )  chloride was prepared  by the method of 
Kel le r  and Wycoff (3). Tr ie thy lammonium chloride 
was prepared from freshly distil led t r ie thylamine  and 
6M hydrochloric  acid. The wate r  was evaporated.  The 
residue was recrystal l ized three t imes f rom absolute 
ethanol, dried at 110 ~ , and ground. It was then finally 
dried at 110 ~ for 18 hr, as was anhydrous l i thium 
chloride. Copper( I I )  chloride dihydrate  was con- 
ver ted  to the anhydrous salt  by similar  heating. 

Inert atmosphere techniques.--The dried chlorides 
were  stored in a stainless steel dry box fitted with an 
evacuable  en t ry  port. The box atmosphere  of Pre-  
purified Grade ni t rogen was continuously circulated 
through a tower  containing BTS catalytic oxygen re-  
mover  and through tubes of 4A, 5A, and 13X molecular  
sieves (4). All  fused salt mixtures  were  prepared  and 
t ransferred in this box. Mixtures  were  prepared by 
accurate weighing of the constituents with the ex-  
ception of saturated solutions of l i th ium chloride and 
of t r i e thy lammonium chloride in l iquid t r i e thy lam-  
monium dichlorocupra te( I ) .  These were  prepared by 
equi l ibrat ing the fused salt solvent with an excess of 
each solid chloride and then filtering the mix ture  
through a medium porosity glass frit. The filtrates 
were  then analyzed for l i thium and copper content, 
respectively.  Li th ium was determined by flame emis- 
sion and copper by atomic absorption using an Ins t ru-  
menta t ion  Labora tory  351 A A / A E  spectrophotometer .  
All cells and vessels for physical, spectrophotometric,  
and electrical  measurements  were  loaded and sealed 
with appropr ia te  clDsures under  ni t rogen in the glove 
box. In no case was any interact ion observed of the 
fused salt with the materials  used for constructing and 
sealing the celIs. 

Densities.--These were  measured using a specially 
constructed dilatometer,  of approximate ly  5 ml capac- 
ity, whose bulb and graduated stem had been cali-  
brated using a weighed quant i ty  of f reshly boiled 
distilled water  (5). Precision was l imited by measure-  
ment  of volume, which was shown to be reproducible 
to two parts in 10,000; measurements  of mass were  
one order  of magni tude  more precise. The assembly 
was then immersed  in a bath whose tempera ture  was 
controlled to • 

Viscosities.--A modified Cannon-Fenske  viscosimeter  
was constructed, which could be closed to maintain  a 
dry ni t rogen atmosphere.  A rubber  bulb on the side 
could be squeezed to pump the l iquid into the upper  
reservoir.  The viscosimeter  was cal ibrated using aque-  
ous solutions of glycerol  (J. T. Baker  Reagent  Grade) .  
Tempera tures  were  controlled to ___0.05 ~ and measured 
wi th  a National Bureau of Standards cal ibrated 
thermometer .  Calibrat ion reference viscosities, ~, were  
inferred f rom solution compositions, which in turn 
were  obtained f rom densities, p, determined using a 
d i la tometer  of about 50 ml capacity and calibrated as 
described previously.  Dens i ty -compos i t ion-v i scos i ty  
interpolat ions were  made in the extensive "Table of 
Absolute  Viscosities of Glycero l -Water  Solutions" 
given by Segur  (6). Solutions of 79, 91, and 96% con- 
centrat ion were  measured at 25 ~ and 30 ~ . From the 
effiux times, t, the viscosimeter  constant, k, was cal-  
culated, using the equat ion ~, : kpt, to be 0.4727 wi th  
an accuracy of --+0.2% in the viscosity range 30-200 cp 
and -+2% in the range 200-440 cp. 

Conductivities.--An Industr ial  Ins t ruments  Model 
RC16 B2 bridge was used. The cell  consisted of two 
parts with a s tandard taper  joint  in the middle;  the 
platinized pla t inum electrodes were  sealed in the top 
and dipped into the test l iquid in the bot tom part. The 
cell, whose constant was 0.100 cm -1, was immersed  in 
a bath controlled to _0.1 ~ Conductivit ies were  mea-  
sured at a f requency  of 1 kHz. 

Electronic spectra.--Spectra of fused salt mixtures  in 
stoppered 1 mm cells were  recorded with  a Cary 16 
spectrophotometer .  A Cary 118 spectrophotometer  was 
used with  the OTTLE cell, for which a special sample 
compar tment  carr iage was constructed. 

Electrochemical celIs.--Copper and pla t inum wire 
and foil electrodes were  polished with  emery  cloth and 
washed with  ni tr ic  acid and distil led water.  Working 
and auxi l iary cell compartments  were  separated by 
coarse porosity glass flits. The OTTLE, an optical ly 
t ransparent  thin layer  electrode cell s imilar  to that  
described by DeAngelis  and Heineman (7), was also 
used in potentiometric,  spectrophotometric,  and elec- 
trolysis experiments.  Microscope slides (Corning No. 
2947) were  cut in 6 cm lengths and, with the electrodes 
in place, were  sandwiched together  using strips of 2 
mil  adhesive-backed Teflon tape (Dilectr ix Corpora-  
tion Fluorofilm DF 1200) as spacers. The cell sides 
were  glued and sealed wi th  epoxy cement. The re fe r -  
ence electrode, a strip of 0.005 in. copper foil, was 
mounted at the top, par t ly  extending out of the cell. 
The auxi l ia ry  and slightly smaller  working electrodes 
were  made of gold minigr id  mesh (Buckbee Meats  
Company) of 100 wi res / inch  with an optical t ransmit -  
tance of 82%. After  the cell had been loaded in the 
dry box, its ends were  sealed with Pyseal  black wax 
(Fisher) .  Externa l  electrical contacts to the prot ruding 
gold minigr id  leads were  made with folded and 
clamped strips of a luminum foil. The optical path-  
length of the OTTLE was calculated to be 0.168 mm 
from measurement  of the absorbance at 426 nm of a 
potassium chromate  solution in it and in a cal ibrated 
1 mm spectrophotometer  cell. 

Electrochemical instrumentation.--Polarization and 
electrolysis studies were  carried out with a Pr inceton 
Applied Research Model 173 potent ios ta t /ga lvanosta t  
fitted with  a Model 179 digital  coulometer.  Curren t  
and potential  data were  recorded on a Heath Model 
SR 204 recorder  or read direct ly  from a Fairchi ld  
Model 7030 digital vol tmeter .  Po ten t ia l -cur ren t  re la-  
tionships for various e lectrode-fused salt interfaces 
were  invest igated using a Pr inceton Applied Research 
Model 174 polarograph. Cur ren t -vo l tage  curves for 
slow voltage sweep exper iments  were  recorded with a 
Varian F80A X-Y recorder: EMF measurements  on 
galvanic cells were  made using a Leeds and Northrup 
Student 's  Potent iometer  or with a Fairchi ld Model 7030 
digital vol tmeter .  

The Cu/Et3NHCuClz reference eIectrode.--All meta l -  
fused salt interracial  potentials were  measured with  
respect to this electrode. To test the polar izabi l i ty  of 
the reference electrode, galvanostat~c currents  were  
applied to a cell containing copper wire working, 
auxiliary,  and reference electrodes immersed  in neat  
t r i e thy lammonium dichlorocuprate.(I) .  A length of 
glass tubing shielded the reference electrode from 
most of the bulk electrolyte  but  al lowed electrical  
contact With the l iquid through an open end. The area 
of the working electrode was about 1 cm 2. The poten-  
tial of the working electrode was shifted by 1 mV on 
passage of a 1 ~A current  for 30 sec, and recovered the 
equi l ibr ium value in 30 sec. This means that  using such 
a Cu/Et~NHCuC12 electrode as a reference with  ins t ru-  
mentat ion of 1 MI2 impedence, a 1V potent ial  could be 
measured to within an er ror  of 1 mV. 

Using the three compar tment  cell 

Hg, Hg2C12, KC1 (aq satd.)/Et~NHCuC12/ 

EtsNHCuC12/Cu 
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t h e  operat ional  potent ial  of the copper re~erence elec- 
trode plus junct ion  potential  was found to be - 0 .24 I V  
vs. SCE at 25 ~ 

Overpotential measurements . - -A two-compar tment  
cell was used. One compar tment  contained an 18 cm 2 
copper foil auxi l iary  electrode immersed in t r ie thylam-  
monium dichlorocuprate (I). For study of the e l e c t r o d e  
process 

CuC12- + e -  ~.~ Cu ~ + 2Cl-  

the second compartment  contained a sheathed copper 
w i r e  r e f e r e n c e  e l e c t r o d e  and a 1 cm2 copper foil work-  
ing electrode mounted  orthogonally to the direction of 
t h e  a u x i l i a r y  e l e c t r o d e  and coated with Apiezon black 
wax on its back side. The electrodes were immersed 
in t r i e thy lammonium dichlorocuprate (I) .  Similar  
p la t inum wire reference and 1 cm 2 p la t inum foil work-  
ing e l e c t r o d e s  w e r e  used, immersed in a solution of 
copper(II)  chloride in  t r i e thy lammonium dichloro- 
cupra te ( I ) ,  for overpotentiai  studies of t h e  e l e c t r o d e  
process 

CuCl2 + e- ~ CuCl2- 

In  both cases, the electrolyte was st irred magnetically.  

Results and Discussion 
Densities.--Density data for t r i e thy lammonium di- 

chlorocuprate(I)  and for fused salt mixtures  at several 
temperatures  are listed in  T a b l e  I and permit  concen- 
trat ions to be expressed both on weight and ,molarity 
bases. The molar  volume of the fused salt exceeds the 
m o l a r  volumes of its solid consti tuents by  10.9%, cor- 
responding to the expansion taking place dur ing the 
markedly  endothermic reaction 

CuCl(c) + Et~NHCI(c) --> Et~NHCuC12(D 

T h e  g r e a t e r  densities of copper(I)  and copper(II)  
chlorides than  of t r i e thy lammonium dichlorocuprate 
(I) account f o r  t h e  correspondence between increasing 
concentrations of these salts and the densities of fused 
salt mixtures  containing them. 

Spec t ra .~Pure  t r i e thy lammonium dichlorocuprate 
(I) has no absorption max imum in the visible region; 
its pale yel low color is due to the tail  of a u.v. charge- 
t ransfer  absorption. A solution of coppev(II) chloride 
in  t r i e thy lammonium dichlorocuprate(I)  is g r e e n ,  
appearing near ly  black if the concentrat ion or path 
length is large. Such a solution absorbs continuously 
across the visible region and shows no max im um vs. 
air, but  with the neat  fused salt solvent in  the r e f e r -  
e n c e  beam it has a well-resolved absorption peak at 
402  n m  (e = 2.02 • 103 liters mole -1 cm-1) .  T h e s e  
values are typical of various chlorocuprate(II)  com- 
plexes (8). No special behavior  is observed of the 
" intervalence t ransfer  absorption" type (9-11), com- 
mon for complexes containing a t ransi t ion metal  in 
two different oxidation states. Solutions of concentra-  
tion up to 0.1M copper(II)  chloride in  t r ie thylam-  
mon ium dichlorocuprate (I) were found to obey 
Beer's law. 

STUDIES OF Et3NH +CuC12- 1 0 9 3  

Electrolysis products.--That the cathodic product  o f  
electrolysis of neat  t r i e thy lammonium dichlorocuprate 
(I) is metall ic copper was determined by visual  i n -  

s p e c t i o n  of the deposit on a graphite e l e c t r o d e .  T h e  
nature  of the anodic product  was determined using the 
OTTLE. The absorption spectrum of the-solution in t h e  
region of the gold anode after electrolysis was identical  
to the spectrum of copper (II) chloride in  t r ie thy lam-  
monium dichlorocuprate (I).  

Viscosities and conductivities.--Listed in Table I a r e  
viscosity and specific conductivi ty data at several tem- 
peratures for t r i e thy lammonium dichlorocuprate(I)  
and for solutions in it containing added copper (I) and 
copper(II)  chlorides. Addit ion of either compound 
markedly  increases the viscosity and decreases t h e  
conductivity. This was true f o r  o t h e r  solutes as well. 
F o r  example, at 25 ~ the specific conductance of a sat- 
urated solution of l i th ium chloride (LiC1 mole fraction 
0.00747) was 3.68 • :10 -~ ~1-1 cm -1 and of a saturated 
solution of t r i e thy lammonium chloride (total EtsNHC1 
m o l e  f r a c t i o n  0 . 5 0 9 8 )  was 3.74 • 10 -3 ~ - 1  cm-1.  

T h e  viscosity times the specific conductance 
(Walden) product  of t r i e thy lammonium dichloro- 
cupra te( I )  in the 25~176 tempera ture  range is com- 
pared with data (12) for two mol ten alkali  metal  
halides in Table II. The Walden  product of molten 
salts over a tempera ture  range is not constant. It  is 
noteworthy,  however, that the values of this product  
f o r  t r i e thy lammonium dichlorocuprate(I)  near  r o o m  
t empera ture  are not  all  that  different from the values 
f o r  the much hotter  mol ten alkali  metal  halides. T h e  
l o w e r  o r d e r  o f  magni tude  of the conductivi ty of the 
r o o m  tempera ture  fused salt relat ive to an ordinary  
mol ten electrolyte can be a t t r ibuted to the higher o r d e r  
of magni tude  of its viscosity. This complements t h e  
vibrat ional  spectroscopic evidence that  the room tem- 
pera ture  l iquid is completely made of ions. 

T h e  equivalent  conductance A(~  -1 cm 2 equiv. -1) of 
neat  t r i e thy lammonium dichlorocuprate(I)  was cal- 
culated from its equivalent  weight, W, density, p, and 
specific conductance, ~, by the equat ion 

a _-- ~W/p 

For the solutions, the same form of equation was used, 
with the weighted average equivalent  weight  W calcu- 
lated from 

W = ~]iWi 

where fi is the fraction of the total equivalents  con- 
t r ibuted by the ith component  of concentrat ion Cl and 
cation charge Zi 

]i = CiZi/zCiZi 

Arrhenius- type  behavior was observed for the tem- 
perature  variat ion both of the viscosities, #, and 
equivalent  conductances, A, of the neat  fused salt as 
well as of solutions in  it. Plots of log ~, and log a vs. 
1/T had good l ineari ty,  in accordance wi th  the func-  
tions 

_-- A e x p  ( - -E~+/RT)  

Table I. Densities, viscosities, and specific conductivities of fused salt mixtures at various temperatures* 

Electrolyte composition 
(mole fraction) Density ( g / c m  s) Viscosity (cp) 103 x sp. cond. (ft-~ cm -1) 

CuC1 EtsNHC1 CuC12 25~ 30~ 40~ 50~ 25~ 30~ 40'~ 50~ 25~ 30~ 40~ 50~ 

0.5000 0.500'0 - -  1.398 ~1.394 1.386 ~.378 123 9,1.7 54.4 34.8 4.a0 5.55 8.36 ~1.8 
0.4720 0.4720 0.0559 1.443 1.439 1.43'1 1.422 207 149 85.6 53.3 2.87 3.77 5.98 8.78 
0.445~ 0.4455 0,1090 1,522 1.517 1.509 1.501 421 297 158 92.8 1.87 2.48 4.25 6.80 
0.5697 0.4383 - -  1.519 1.515 1.506 1.497 183 133 75.4 46.8 3.60 4.55 7.40 10.8 
,0.%237 0.3763 - -  1.627 1.622 :1.613 1.603 270 ~.89 105 02.0 2.70 3.65 6.12 9.30 
0.6667 0.3333 - -  1.743 1.738 1.729 1.720 388 272 143 82.7 2.53 3.43 5.86 8.95 

* Estimated precision is: density, 0,5 part per thousand; viscosity, 2 parts per thousand below 200 cp and 2 parts per  hundred 
above 200 cp; conductivity,  5 parts per hundred; temperature,  _'~-0.05 ~ in viscosity measurements  and "4-0.1 ~ in other  measurements .  
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Table II. Viscosity X specific conductance product of molten salts 
(cp 42 -I cm -1)  

~ ~ K ~1; 

EtzNHCuCls 25 123 0.00430 0,529 
30 91.7 0.00555 0.509 
40 54.4 0.00836 0,455 
50 34.8 0.0118 0.411 

KI* 750 1.90 1.43 2.70 
800 1.51 1.52 2.30 
850 1.22 1.61 1.96 
900 1.0,0 1.87 1.67 

NaCI* 850 1,28 3.75 4,80 
90~ 1.02 3.91 3.99 
950 0.82 4,05 3.32 

1000 0.70 4.16 2.91 

* Ref.  (12) .  

and 
A : A' e x p ( - E A * / R T )  

The energies of activation for viscous flow (Eu=~) and 
for electrolytic conductance (EA+) are given in  Table 
III. The E~# values are in the range general ly found 
for fused salts (13), but  the EA+ values are about three 
times larger than usual ly  observed. Values of the em- 
pirical funct ion proposed by Frenkel  (14) 

#• : constant  

a r e  also given in Table III. It is interest ing that these 
values do indeed show remarkable  constancy in the 
25~176 range for each given composition. 

Potentiometry.--Potential measurements  were made 
on galvanic cells of the type 

Cu/Et~NHCuC1JEt3NHCuC12, CuCI2 ( M ) / P t  

in a two-compar tment  cell and with varying concentra-  
tions of copper(II)  chloride and corresponding var ia-  
tions in  the copper(I)  concentrat ion [as dichloro- 
cupra te ( i )  ion] in  the catholyte. Similar  measure-  
ments  were made in  the OTTLE cell 

Cu/Et3NHCuC12/EtsNHCuC12, CuC12 (M) /Au  

The data were combined in a plot of log [ C u ( I ) ] /  
[Cu(II )  ] vs. potential, which was l inear  at copper(II)  
concentrations of 0.1M or less with a least squares 
slope of 55.1 mV/decade. This agrees well with the 
Nerst ian theoretical slope of 59.2 mV/decade at 25 ~ 
There was marked deviation at higher copper (II) con- 
centrations. 

Overpotential measurements.--The effects of anodic 
and cathodic polarizing currents  were determined for 
the processes 

CuCl2- + e -  ~ Cu ~ + 2C1, 

on a copper electrode surface and 

CuC12 + e -  ~ C u C l 2 -  

Table III. Energies of activation* and values of the Frenkel viscosity 
conductance functiont 

Electrolyte composition (~/i,,^~) 
(mole fraction) p,h 

CuCI Et~NHCI CuCI~ E#~ = E^=~ 25~ 30~ 40~ 50~ 

0.5000 0.5000 0 9,6 7.8 35.5 36.3 35.9 35,4 
0.4720 0.4720 0,0559 10,4 8.6 34.0 34.2 34.5 34.4 
0.4465 0.4455 0.1090 11.6 10.0 40.5 39.8 39.9 40,7 
0,5697 0,4303 0 10.4 8.6 38.2 37.0 38.0 37,6 
0.6257 0.3763 0 11.2 9.6 38.2 38.4 39.2 38.1 
0,6667 0.3333 0 11.0 9.8 43.7 44.4 44.6 43.2 

* Kcal/mole, 
t CP ~-~ c m  ~ equlv,  -~. 

Table IV. Current-voltage relations in the low overpotential region 

In ter fa ce  di/d~* io** 

Cu/Et3NHCuCI~ 3.70 94 
CuEt~NHCuC12 + CuCI? 2.9~ 74 
Pt/Et3NHCuC12 + CuCle$ 5.20 132 

* ~tA cm -s m V  -1. 
* * ~A c m  -2. 

? Mole f rac t ions  Et~NHC1 0.4545 + CuC1 0.54S5. 
t Mole f rac t ions  Et~NHCI 0.4940 + CuC1 0.4940 + CuCI~ 0,0119. 

on a p la t inum surface. In  the low overpotential  region 
5 mV ~ ~1 ~ --5 mV, plots of current  vs. overpotential  
showed no discontinuity at zero potential  and indeed 
were quite linear. The values of di/d% which are use- 
ful criteria of electrode behavior  (15), are given in 
Table IV. The l inear i ty  of these plots is in accord with 
the simplified form (for a one-electron process with a 
change t ransfer  ra te -de termining  step) which the 
But ler -Volmer  equation assumes in the l imit of low 
overpotential  

i = ioF~IRT 

and permit ted determinat ion of the exchange current  
densities, io given in  Table IV, 

Cyclic voltage sweep studies.--In unst i r red neat  t r i -  
e thy lammonium dichlorocuprate (I),  potential  scans 
were carried out, first anodic and then cathodic, with 
sweep rates of 2-10 mV/sec using a convent ional  three-  
electrode potentiostat. The cell had a p la t inum or 
glassy carbon working electrode, a copper reference 
electrode, and a p la t inum auxi l iary  electrode. The 
general  features of the current-vol tage  curves obtained 
in  this way were reproducible, but  details depended on 
the age and history of the electrolyte. 

Such curves have a remarkable  and unexpected ap- 
pearance, considering that  the anodic process 

CuC12- -> CuC12 + e -  

involves a consti tuent ion of the solvent itself, with a 
copper(I)  concentrat ion of 5.9M. [Of course, the 
actual electroactive species may or may not be the 
dichlorocuprate(I)  ion; however, reversible dissocia- 
tion reactions of chloro complexes of d 1~ copper(I)  
would be expected to have rapid rates.] A typical scan 
at 21 ~ is shown in Fig. l ( a ) ,  and resembles a cyclic 
vol tammogram of an electroactive species in dilute 
solution, where the l imit ing current-vol tage relations 
involve diffusion control. 

Qualitatively, current-vol tage  relations of the type 
observed here are a t t r ibuted to blockage of the elec- 
trode surface by formation of a poorly conducting 

r (a) 

aned lc  (2) 

cat hodir Im~ I (c) 

anod• 

(d) 

1.5 1.0 0.5 0.0 1.5 1.0 8.5 0.0 

Potential, volts 

Fig. 1. Effect of temperature on voJtammetry curves obtained at 
a platinum electrode in triethylammonium dich/orocuprate (I): (a), 
21~ (b), 34~ (c) 51~ (d), then cooled to 13~ 
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film (16). This da rk  green coppe r ( I I )  chlor ide  film 
can be seen on the e lect rode surface af ter  the anodic 
por t ion  of the  scan and has the same appearance  as 
tha t  e lec t rogenera ted  in the  OTTLE exper iments .  The 
prev ious ly  descr ibed physical  measurements  demon-  
s t rafed tha t  as the  concentra t ion of coppe r ( I I )  chlor-  
ide  in t r i e t h y l a m m o n i u m  dichlorocupra te  (I) increases,  
there  is a m a r k e d  increase  in viscosi ty and decrease in 
conduct iv i ty .  

Quant i ta t ive ly ,  according to the theore t ica l  t r e a t -  
ment  deve loped  by  Ca landra  and co-workers  (17) and 
suppor ted  by  the i r  expe r imen ta l  observat ions  in cases 
of insoluble  films of anodic products  b locking e lect rode 
surfaces, one expects  a l inear  dependence  on the square 
root  of the  scan ra te  of both  the  potent ia l  of the peak  
m a x i m u m  and of the  cu r ren t  a t  that  point.  As shown in 
Fig. 2, this square  root  dependence  is observed in the 
presen t  work.  

The cyclic vol tage  sweep in Fig. 1 (a) provides  evi-  
derme for two anodic and two cathodic reactions.  The 
l a rge r  anodic and cathodic peaks  are  a combinat ion 
based on one ox ida t ion- reduc t ion  process, and the 
smal le r  anodic and cathodic peaks  correspond to an-  
other. This was proved  by  ca r ry ing  out  the scan sweep 
over  l imi ted  par t s  of the range.  The first anodic reac-  
t ion commenced at  about  O.5V with  respect  to the  cop- 
pe r  re ference  electrode.  Fol lowing  onset  of the reac-  
tion, a green deposi t  was observed adher ing  to the 
work ing  electrode.  That  this first anodic product  is 
copper  (II)  is impl ied  by  the resemblance  be tween  this 
potent ia l  and appearance  of t h e  product  to those ob-  
served  in the OTTLE coulometr ic  exper iment .  I t  is not 
known  what  the second anodic product  is. 

The peak  shapes are  ve ry  t empe ra tu r e  dependen t  as 
shown in Fig. 1 (b, c, d) .  Po la rograms  at  34 ~ and 51~ 
in addi t ion  to showing the expected  increase in current ,  
lack  the definit ion observed  at 21 ~ The po la rogram ob-  
ta ined  at  13~ made  fol lowing the 51 ~ scan, shows the 
same lack of anodie peak  definit ion observed  at  51% 
The cathodic process on revers ing  the sweep direct ion 
has vanished at  13 ~ indica t ing  some change in the 
na tu re  of the anodic deposit.  The considerable  decrease 
in viscosi ty of the  anodic film on ra is ing the t e m p e r a -  
ture  accounts for the changes seen in Fig. l ( b ,  c). The 
viscous gel formed by  the concent ra ted  film of anodic 
produc t  on the e lect rode surface ev iden ta l ly  has be-  
come comple te ly  r ig id  on cooling to 13~ as indica ted  
b y  the d i sappearance  of the cathodic process on re-  
vers ing the scan, seen in Fig. 1 (d) .  
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Fig. 2. Dependence of the peak potential (upper line) and peak 
current (lower line) on the scan rate. 

Galvanic cells.--Several types  of cells were  p repa red  
using copper foil and p l a t inum or graphi te  (Grafoi l )  
foil  e lect rodes  and various separa to r  ma te r i a l s  (18). 
The e lec t ro ly te  was p repa red  e i ther  by  pree lec t ro lys is  
of nea t  t r i e t hy l ammon ium d ich lo rocupra te ( I )  in the  
cell, or  by  using var ious  t r i e t hy l ammon ium dichloro-  
c u p r a t e ( I ) - t r i e t h y l a m m o n i u m  chlor ide  mix tures  on 
the anode side and var ious  t r i e t hy l ammon ium dichloro-  
cupra te  (I) -copper  ( I I )  chlor ide  mix tu re s  as the  
catholyte.  Severa l  c u r r e n t - v o l t a g e - t i m e  tests of such 
cells were  unde r t a ke n  (19). Open-c i rcu i t  vol tages  of 
about  0.75V were  gene ra l ly  observed.  In  l imi ted  
studies,  per formance  of the  cells under  condit ions of 
susta ined discharge was found unsa t i s fac tory  due to 
the i r  h igh e lec t ro ly te  viscosity and high in te rna l  
resistance.  
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Theoretical and Experimental Modeling of 
Surface Leveling in ECM under 

Primary Current Distribution Conditions 
R. Sautebin, H. Froidevaux, and D. Landolt* 

Materials Department, Swiss Federal Institute of Technology, Lausanne, Switzerland 

ABSTRACT 

Finite element (FE) numerical simulation was employed for studying the 
influence of geometrical factors on the rate of leveling of a triangular surface 
profile during anodic dissolution in ECiVI at constant interelectrode gap under 
conditions of primary current distribution. Theoretical results were verified 
experimentally with a laboratory ECM apparatus using active dissolution of 
copper in NaNOs as model reaction. The experimentally observed decrease 
with time of profile amplitude corresponds well to that predicted theoretically. 
At long dissolution times, experimental surface roughness does not reach zero, 
however, because microroughness develops due to crystallographic etching of 
the anode. 

Electrochemical machin ing  (ECM) is a high rate 
electrolysis process involving time dependent  shape 
change of the anode. Shape prediction problems in 
ECM can be divided into two categories: prediction of 
tool shape necessary to produce a given workpiece, and 
prediction of the shape evolution of the workpiece dur-  
ing machining with a given tool. Deburr ing  and sur-  
face smoothing are ECM operations fall ing into the 
second category. They are based on the observation 
that, upon machining with a flat tool, protruding parts 
of a rough surface dissolve at a higher rate than re-  
ceding parts. The degree of preferent ial  dissolution 
determines how much metal  has to be dissolved over-  
all to achieve a desired level ing effect. Tt will depend 
on geometrical and on electrochemical parameters.  

A study involving theoretical and exper imental  
modeling was ini t iated at our laboratory with the aim 
of learning more about the mechanism of surface 
leveling under  ECM conditions and providing guide- 
lines for predict ing the memory  effect of the anode, 
i.e., the extent  of metal  dissolution necessary to change 
a given anode surface profile into that of the cathode. 

Theoretical modeling of surface smoothing requires 
calculation of the current  distr ibution on the anode 
and of the resul t ing change in its shape with time. The 
problem of current  distr ibution On a time invar ian t  
t r iangular  two-dimensional  surface profile has been 
treated analyt ical ly  by Wagner  (1). McGeough (2) 
has given a solution for the t ime dependence of the 
ampli tude of a sinusoidal profile during anodic dissolu- 
tion. For the calculation of complex shape changes the 
use of numerical  ra ther  than analytical  procedures is 
indicated. Riggs (3) has developed a sophisticated 
computer program for predicting the influence of ECM 
operating variables on the accuracy of shape repro- 
duction obtained during simple ca- i ty  sinking opera- 
tions. The author  used a finite difference method of 
calculation and was able to take into account local 
conductivi ty variations in the gap due to joule heat ing 
and to the presence of gas. In recent years the finite 
element  method (FEM) has become increasingly ponu-  
1at in different branches of engineer ing including 
s t ructural  engineer ing and heat t ransfer  (4-7). Com- 
pared to finite difference methods the FEN[ requires 
less elaborate programming and is more easily adapt-  
able to t ime-dependent  geometrical conditions. At the 
t ime the present work was ini t iated no application 
of FEM to electrochemistry was known to the 
authors. However, recent ly  an excellent  discussion of 

�9 Electrochemical  Society  Act ive  Member.  
Key words:  dissolution,  anode,  FEM. 

the relat ive merits of FEM and finite difference methods 
for solving electrochemical problems has been pub-  
lished by Alkire and Bergh (8) who used FEM 
to predict the shape change of the cathode in  an elec- 
trodeposition cell. 

Exper imenta l  modeling of the ECM leveling process 
requires the avai labi l i ty  of an anode of well-defined 
surface profile and knowledge of reaction stoichiometry, 
kinetics, and mass t ransport  conditions. High rate 
anodic copper dissolution in KNO~ solution has been 
extensively studied in the past (9-11). Copper dis- 
solution in this electrolyte proceeds in  the active mode 
up to a critical cur rent  density, the value of which 
is mass t ransport  controlled and may be m a n y  A / c m  2 
under  ECM flow conditions. The copper-sodium ni t ra te  
system was therefore chosen for s imulat ing level ing 
behavior under  active dissolution conditions. 

In  the present  paper, surface leveling under  condi- 
tions approaching p r imary  current  distribution, where 
geometrical parameters ra ther  than electrode over-  
voltage are controlling, is investigated. Surface leveling 
under  secondary and ter t iary  current  dis t r ibut ion con- 
ditions is being studied at this time in our laboratory 
and results will be reported at a la ter  date. Original  
surface roughness is modeled by a two-dimensional  
t r iangular  wave profile. Shape evolution with dissolu- 
tion time is computed numerica l ly  u~ing FEM based 
on a general  computer  program (7). Calculations are 
tested exper imental ly  in an ECM test rig under  con- 
ditions of constant interelectrode gap. 

Theoretical Simulation by FEM 
Fundamental equations.--The two-dimensional  model 

of the interelectrode gap is schematically shown in  
Fig. 1. Throughout  the present  calculations, it  is as- 
sumed that the average interelcctrode distance I is 
much longer than the original surface profile ampl i -  
tude Co, l > >  Co. Potential  dis t r ibut ion in the in ter -  
electrode gap at any time is given by Laplace's equa-  
t ion 

V~b = 0 [1] 

If is assumed that  local conductivi ty changes due to 
joule heat ing or gas evolution are negligible. The cur-  
rent  density i at any  point in  space is given by Eq. [2] 
where ~ is the specific electrolyte conductivi ty 

i = -- ~Vr [2] 

The local anodic dissolution rate va (cm/sec) is given 
by Faraday 's  law 
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Fig. i. Electrochemical cell geometry with triangular wave sur- 
face profile of the-workpiece. 

Mei 
v ,  = .... [3] 

npF 

Here M is the atomic weight of the metal,  e is the cur-  
ren t  efficiency for metal  dissolution, p is the density 
of the anode metal.  

The boundary  conditions are the following 

at the anode 
~ CA [4] 

at the cathode 
-- 0 [5] 

at insula t ing boundaries  (planes of symmetry)  

dr 
: 0 [6] 

dX 
Equations [1]-[6] allow one to calculate the local dis- 
solution rate on the anode at any given time. To obtain 
the decrease in  ampli tude as a funct ion of dissolution 
time, the calculation is repeated for sui tably chosen 
time intervals  using the computed roughness profile 
of each preceding calculation as the ini t ial  condition 
for the subsequent  step. 

Method o] so~ution.--The system of Eq. [1]-[6] was 
solved numer ica l ly  by FEM using a CDC Cyber 7328 
computer. For  the theory of FEM the reader is referred 
to the l i te ra ture  (6, 7). In  brief, the method consists 
in  finding a funct ion r which minimizes the energy 
density of the electric field in the interelectrode space 
and which satisfies the boundary  conditions. For this 
purpose, the interelectrode space is divided into a 
finite number  of small  elements, in this case tr iangles 
(Fig. 2). Discrete l inear  potential  functions 'h are de- 
fined for each node i corresponding to the peak of a 
triangle. The problem of searching the unkno w n  po- 
tent ial  r then reduces to solving a system of l inear  
equations expressed by Eq. [7]. 

A~ = f [7] 

Here r is a vector r ---- (r ~z), A is a symmetrical  
m a t r i x  (rigidity matr ix)  the value of which depends 
on the t r iangula t ion  employed, and f is a vector de- 
pending only on boundary  conditions. 

With the FEM, the potential  gradient  at the nodes 
is not well  defined but  it  can be approximated using 
Eq. [8] 

COARSE 

TRIANGULATION 

FINE 
TRIANGULATION 

ONE ELEMENT~ 

Fig. 2, Division of interelectrode space in finite triangular ele- 
ments. K, L, M are the nodes of an element. 

E~ : SiEi Si [8] 
~=1 i = I  

Here Es is the mean  potential  gradient  at node s. Si 
is the area, and E~ the (constant) gradient  correspond- 
ing to a given tr iangle i. The sun,marion is made over 
all k tr iangles having a common node s. Equat ion [8] 
is applicable to the computat ion of the potential  gradi-  
ent  at sharp corners of the profile. 

The accuracy of the approximation of the potential  
dis t r ibut ion depends on the node densi'ty which has 
to be chosen sufficiently high. The FEM allows one to 
have a higher node density in  the region of p r imary  
interest, i.e., nearer  the anode surface than in the rest 
of the gap (Fig. 2). For the present  computations, i t  
was ascertained that  a fur ther  increase in node density 
did not change obtained results significantly. 

The numerical  calculation involves the following 
steps: 

1. Read data, ini t ial  geometry, electrochemical pa-  
rameters,  and boundary  conditions; 

2. Label tr iangles in interelectrode space; 
3. Compute r igidity mat r ix  A and second member  f; 
4. Solve system of l inear  equations by overrelaxa-  

tion; 
5. Calculate potential  gradients  at the anode and the 

corresponding shape change for a given time interval ;  
6. Repeat procedures 1-5 unt i l  the original profile has 

disappeared; 
7. P r in t  out results of computations in dimensionless 

form. 

Experimental Method and Apparatus 
To test theoretical predictions experiments  were 

carried out in a laboratory ECM rig at constant  in te r -  
electrode gap. The apparatus consists of an electro- 
chemical cell with moving anode through which the 
thermostated and filtered electrolyte is recirculated by 
means of a controlled volume two piston pump equip- 
ped with an a t tenuator  to dampen flow pulsations. The 
electrochemical cell is shown in Fig. 3. It consists of 
two t ransparent  plexiglass bodies (J, K) separated by 
a Teflon spacer (F) which fixes the dimensions of the 
rec tangular  flow channel  (0.5 • 3 mm cross section). 
The flat stainless steel cathode (B) is in  a fixed posi- 
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Fig. 3. Flaw channel cell with moving anode (schematic): (A) 
anode support with controlled rate of advance; (B) fixed cathode; 
(C) moving anode; (D) connecting screw; (E) electrolyte flow; 
(F) Teflon spacer; (G) O-ring; (H) Teflon joints; (I) araldite 
mould; (J) fixed plexiglass cell body; (K) detachable plexiglass 
cell body. 

J. E~ectrochem. Sac.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY May 1980 

is the electrolyte conductivity,  and L is a characteristic 
length of the system. P r imary  current  dis t r ibut ion pre-  
vails if Wa ~ 1, secondary current  dis t r ibut ion if 
Wa ~ 1. For active copper dissolution Tafel polariza- 
t ion can be assumed (10). The characteristic length  L 
for surface level ing may be taken equal to eo. Equat ion 
[9] then becomes 

bK 
Wa = ~ [10] 

2.3 ieo 

Numerical  values typical for the present  experiments  
are b ---- 40 mV [Tafel slope for high rate copper dis- 
solution in sulfuric acid (10)], K -- 0.112 12 -1 cm -1, 
i _-- 10 A /cm 2, eo -~ 5 • 10 -3 cm, and the resul t ing 
value for the Wagner  number  is W~ ---- 0.04. The condi- 
t ion for p r imary  cur ren t  distribution, Wa ~ 1 is 
therefore well fulfilled. 

All  experiments were performed at constant  current.  
At  the beginning  of an exper imenta l  run,  the anode 
was positioned flush with the channel  wall. Anode 
feed rate was then adjusted such that  the position of 
the electrode surface with respect to the channel  wall  
remained unchanged dur ing  an experiment,  i.e., the 
feed rate was equal to the average dissolution rate. 
Dissolution experiments  were carried out in  successive 
steps. After  each step, the surface profile was deter-  
mined with a mechanical  surface tester (Talysurf, 
Model 10), then the electrode was reintroduced into 
the electrolysis cell. Some surface profiles were also 
observed by means of a scanning electron microscope. 
Figure 4 i l lustrates the original  t r i angular  surface pro- 
file of the anode and its shape evolut ion with increasing 
dissolution time. 

t ion flush with the channel  wall. The anode (C) is 
sealed with Teflon joints  (H) and O rings (G).  It  can 
be advanced cont inuously towards the cathode at rates 
vary ing  from 1 ~ /min  to 6 cm/min.  Anode movement  
is controlled by a stepping motor al lowing for precise 
control of feed rate and position ( _  1~). The anode is 
99.9% copper, the geometrical surface area exposed to 
the electrolyte is the same as that of the cathode (0.5 • 
3 mm).  The anode surface is machined mechanical ly 
to a t r iangular  profile of ampli tude eo : 50~ and an 
opening angle of ~ -- 95.5 ~ Real anode surface at the 
beginning of an exper iment  is 0.203 cm 2. Dur ing  the 
experiments  the t r iangular  profile is oriented paral lel  
or perpendicular  to the flow direction. 

All experiments  are performed at a constant l inear  
flow rate of the electrolyte of 20 m/sec corresponding 
to a Reynolds n u m b e r  of 19,000. A 2M NaNO3 solution 
prepared from analyt ical  grade chemicals is employed 
as electrolyte. Electrolyte tempera ture  is 25~ in all 
experiments.  Due to the high flow velocity employed 
conductivi ty changes in the electrolyte gap due to 
joule heat ing and cathodic gas evolution are negligible. 

To simulate leveling exper imenta l ly  under  conditions 
approaching pr imary  current  distribution, operat ing 
variables have to be chosen in such a way that elec- 
trode polarization and mass t ransport  effects are neg- 
ligible. In the present  study, a current  density of 10 
A /cm 2 was applied at a l inear  flow rate of the electro- 
lyte of 20 m/sec. Under  these conditions the value of 
applied current  densi ty corresponded to approximately  
10% of the value of the critical mass t ransport  con- 
trolled cur ren t  densi ty  for the t ransi t ion from active 
to transpassive dissolution. Mass t ransport  effects, 
therefore, should not affect obtained results. The im-  
portance of act ivation polarization for current  distri-  
but ion can be estimated by considering the Wagner  
number  Wa 

wa = -~y Z [9] 

Here d~/di is t he  slope of the current  voltage curve, K 

Fig. 4. SEM micrographs and surface tester traces illustrating 
the time evolution of a triangular profile during leveling. Pictures 
1-4 correspond to points marked in Fig. 7. 
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Fig. 5. Computed curves showing the influence of profile angle/~, 
on levelin 9 rate. eo/I = 0.095. 

Results and Discussion 
F i g u r e s  5 an d  6 g i v e  re su l t s  of  n u m e r i c a l  c o m p u t a -  

t ions .  The decrease in relative amplitude e/co is plotted 
as a funct ion of the dimensionless dissolution t ime 
which is defined by Eq. [ i i ]  
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Fig. 6. Computed curves showing the influence of relative 
rugosity, eJI, an the leveling rate, ~ = 95.5 ~ 
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Fig. 7. Theoretical (solid line) and experimental leveling rates aS 
a function of dissolution time, surface profile oriented perpendic- 
ular ( O ,  A) ,  and parallel (17) to the flow direction. The symbol 
(*) designates experimental points shown in Fig. 4 and 8. Profile 
angle ~ = 95.5 ~ 

Fig. 8. SEM micrographs and profilograms illustrating micr6- 
rugosity resulting at long dissolution times. Experimental condi- 
tions correspond to Pt. 5 in Fig. 7. 
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MoI tv  
= t - -  - -  [ I I ]  

nFpcoA co 

Here  I is the appl ied  current ,  A is the geometr ica l  a rea  
of the  anode, t is the  dissolut ion t ime, and v is the 
average  ra te  of dissolution of the  anode which for 
equi l ib r ium gap condit ions is equal  to the cathode feed 
rate.  

F igure  5 shows the influence of opening angle/~. The 
l a rge r  8, the  less efficient is the level ing process, i.e., the 
longer  is the  t ime requ i red  to achieve a desired surface 
smoothness. Decreasing the value  of ~ leads to fas ter  
level ing but  a l imi t ing value  is reached at  smal l  angles 
when dissolut ion proceeds a lmost  exc lus ive ly  f rom the 
peaks.  The influence of the magni tude  of the ini t ia l  
ampl i tude  of the surface profile wi th  respect  to the 
e lect rode dis tance l is shown in Fig. 6. The smal le r  ,the 
rat io  Co/l, the less efficient is the level ing process. This 
behavior  is in tu i t ive ly  unders t andab le  since for  smal l  
values of co/I the potent ia l  difference re la t ive  to the  ap-  
pl ied cell  vol tage be tween  the locat ion of peaks and 
val leys  is smaller .  

The ra te  of mass t r anspor t  control led level ing of a 
s inusoidal  surface  profile in presence  of a s tagnant  
diffusion l aye r  at  the anode has been ca lcula ted  by  
Wagner  (12) who gave an ana ly t ica l  solution of Fick 's  
l aw for the l imi t ing  conditions Eo/5 < <  1, and  )~ > >  Co 
where  5 is the thickness of the s tagnant  diffusion layer,  
and [ the  wave leng th  of the  s inusoidal  profile. F rom a 
ma themat i ca l  point  of v iew Wagner ' s  solut ion corre-  
sponds to the  solut ion of Laplace 's  equat ion given by  
McGeough (2), wi th  the difference that  the  charac te r -  
istic dis tance is the diffusion layer  thickness 5 in the 
first case,  and the in te re lec t rode  distance I in the sec- 
ond case. I t  can be shown tha t  present  numer ica l  com-  
puta t ions  app ly ing  to t r i angu la r  profiles of different  
opening angle  ~ at  different  in te re lec t rode  distance l 
approach  Wagner ' s  l imi t ing solut ion for ve ry  large  
values  of opening angle  and of in te re lec t rode  dis-  
tance, i.e., when ~ --> 180 ~ and co/l -> O. 

Figure  7 shows a comparison be tween  theoret ica l  and 
exper imen ta l  resul ts  for a rat io toll = 0.1 and an open-  
ing angle  of Z = 95.5 ~ The good correspondence of 
theore t ica l  and expe r imen ta l  data  for dissolution t imes 
smal le r  than  15 sec confirms the va l id i ty  of the nu-  
mer ica l  computat ions  and expe r imen ta l  p rocedures  
used. The expe r imen ta l ly  de te rmined  ra te  of l eve l -  
ing is independent  of the or ienta t ion  of the t r i -  
angu la r  profile wi th  respect  to flow direction. This con- 
firms that  mass t r anspor t  effects were  indeed absent  
under  the condit ions of present  exper iments .  For  dis-  
solut ion t imes longer  than  15 sec or  c/~o < 0.05 mea-  
sured  points  in Fig. 7 devia te  f rom the calcula ted 
curve. This behavior  is due to the deve lopment  of sur -  
face microroughness  the wave length  of which is in-  
dependent  of the wave leng th  of the or iginal  t r i angu-  
l a r  surface profile. This is evidenced by  the SEM 
micrographs  of Fig. 8 which c lear ly  reveal  the gra in  
s t ruc ture  of the anode indicat ing that  the deve lopment  
of microroughness  is due to the c rys ta l lographic  na -  
ture  of the  dissolution process. The role of c rys ta l lo-  
graphic  factors in high ra te  anodic copper dissolution in 
the  act ive potent ia l  region has  been discussed p re -  
viously (11). 

In  principle,  under  ideal  p r i m a r y  current  d i s t r ibu-  
t ion conditions c rys ta l lographic  factors should p lay  no 
role since by  definit ion system behavior  is governed 
en t i re ly  by  geometr ica l  factors. To expla in  the ap-  

pa ren t  d iscrepancy be tween  observed and ca lcula ted  
behavior  at  long dissolution times, one has to consider  
the  va lue  of the Wagner  number  Wa. It  was shown 
above  that  at  the  beginning of the dissolution e x p e r i -  
men t  W~ -~ 0.04, i.e., Wa < <  1. However ,  as the surface  
profile ampl i tude  decreases the value  of Wa increases 
since one m a y  set now Wa = bK/2.3ic. Indeed,  for  
C/Co ~ 0.05 corresponding to t ~ 15 sec one ob-  
tains Wa ~ 1, i.e., the condit ion for p r i m a r y  cur ren t  
dis tr ibut ion,  W~ < <  1, is no longer  fulfilled. Elec-  
t rode  polarizat ion,  therefore,  is no longer  negl igible  and 
crys ta l lographic  factors which in t roduce  local va r i a -  
t ion of overvol tage  on a microscopic scale become 
significant. 

Summary and Conclusions 
The present  s tudy  confirms tha t  FEM is useful  for  

s imula t ing  cur ren t  d is t r ibut ion  in e lec t rochemical  cells 
involving e lect rode shape changes. The influence of 
geometr ica l  var iables  on the ra te  of anode level ing 
under  ECM conditions at  constant  gap has been mod-  
eled for  p r i m a r y  cur ren t  d is t r ibut ion  condit ions and 
theore t ica l  resul ts  have been verified exper imenta l ly .  
The use of FEM to predic t  level ing behav ior  can be 
ex tended  to inc lude  o ther  surface profiles a n d / o r  
e lectrochemical  kinet ics  inc luding t ranspass ive  be -  
havior.  The approach  out l ined in this paper  involving 
theore t ica l  and expe r imen ta l  modeling,  therefore,  
should even tua l ly  contr ibute  to fu r the r  our  present  
unders tand ing  of the  mechanisms which de te rmine  sur -  
face finish resul t ing f rom anodic dissolution processes 
such as ECM and electropolishing.  
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Dependence of Lithium-Silicon Electrode Potential 

and Lithium Utilization on Reference Electrode Location 
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Lithium-si l icon electrodes are undergoing develop- 
ment  for use as negative electrodes in  Li/FeSe compact 
cells (1). Li th ium utilizations obtained from Li-Si  
electrodes having an ini t ial  composition of Li~sSi~ were 
reported in a recent publicat ion (2). The measurements  
were made at cur ren t  densities between 20 and 1000 
m A / c m  ~ and at temperatures  between 675 ~ and 750~ 
using a cell s imilar  to the one shown in Fig. 1A. During 
cycling, the voltages of the Li-Si  working electrode 
were monitored by use of a 40 atomic percent  (a/o) 
Li-A1 reference electrode placed behind it. The work-  
ing electrode was discharged to a 0.5V cutoff voltage 
with respect to the reference electrode and exhibited 
three voltage plateaus. The l i thium utilizations were 
then calculated by dividing the pla teau(s)  capacity 
obtained dur ing  discharge by the theoretical capacity 
of the corresponding plateau (s). 

Normally,  in the measurement  of overpotential  of 
an electrode, a capil lary which is connected through 
the electrolyte column to a reference electrode is 
placed in  front of the electrode. The design and location 
of this capil lary has been the topic of a number  of 
research papers (3-6). It  has been concluded in  these 
papers that  the overpotentials  of an electrode measured 
by locating a capillary end at a distance larger than 
four times the external  radius of the capil lary from the 
electrodes face, and correcting for the electrolyte re-  
sistance losses, do not involve any appreciable error. 
I t  was also pointed out that  significant error in over-  
potential  measurements  can occur when the capil lary 
is placed on the insulated back side of the electrode. 

In  the measurement  of l i th ium utilizations reported 
earl ier  (2), the capil lary reference electrode approach 
was not adopted because capil lary construction mate-  
rial  which was  compatible with the cell env i ronment  
w a s  not  easily available. It  also appeared difficult to 
avoid shielding of current  from the electrode by the 
use of a capil lary in this type of cell. 

Due to the above reasons, l i th ium util izations were 
measured placing the Li-A1 reference electrode on the 
back side of the working electrode. The unconvent ional  
location of the reference electrode could cause errors in 
the monitored working  electrode voltages, par t icular ly  
at higher current  densities. This was brought  to our 
a t tent ion by one of the referees of our paper  (2). He 
pointed out that  these voltage errors in tu rn  could lead 
to errors in the l i th ium utilizations we reported. There-  
fore, the present  experiments  were carried out to de- 
te rmine  the var iat ion in  the measured value of the 
working electrode voltage wi th  different locations of 
the reference electrode, the extent  of error in the 
working electrode voltage when the reference elec- 
trode is placed behind it, and subsequently,  the mag-  
ni tude of any errors in  the l i th ium util izations reported 
earl ier  (2). 

* Electrochemical  Society Act ive  Member. 
Key  words: fused salt, battery, current  density, efficiency, en- 

e r g y  storage. 

Experimental 
The materials used, electrode preparation,  and ex- 

per imenta l  setup procedures were the same as reported 
in Ref. (2). 

The working electrode was prepared by inser t ing a 
98% porous nickel current  collector into a 5 mm long 
and 25 mm diam stainless steel chamber with one end 
enclosed by spot-welding a double layer  of screens 
(400 followed by 150 mesh).  The electrode was com- 
pleted by v ibra t ion- loading it wi th  60/100 mesh 
particle-size Li2Si and enclosing the open end with 
screens. 

In  the present  experiments,  a l iquid l i th ium counter-  
electrode was used instead of the Li2Si-Si counterelec- 
trode, and two 40 a/o Li-A1 reference electrodes were 
used, one behind the working electrode and one be-  
side it (Fig. 1B). Liquid l i th ium electrode preparat ion 
has been reported before (7, 8); this electrode also 
has been used as a reference electrode (9, 10). How- 
ever, it is not normal ly  used as a counterelectrode in 
Li-Si  alloy electrode tests because it reacts with the 
LiC1-KC1 electrolyte (11). 

The cycling was carried out at various constant cur-  
rent  densities at 675~ and the discharges were 
te rminated  at a 1.0V cutoff voltage with respect to the 
liquid l i th ium counterelectrode. The working elec- 
t rode-to-counterelectrode voltages were corrected for 
electrolyte resistance losses using the electrolyte con- 
duct ivi ty value of 1.247 R-~-cm -~ reported by Van 
Artsdalen and Yaffe (12), with an electrode separation 
of 0.5 cm and an area of 5.0 cm2 for the cell constants. 
These working electrode voltages with respect to l i th-  
ium were then converted to those with respect to 40 
a/o Li-A1 using emf data published earlier (13). 

W.E~ 
I C.E. 

(A) 
Test Cell (1) 

I 
C,E.* I 

(B) 

Lithium Counter Electrode Cell 

Fig. 1. Schematic representation of electrode placement in the 
various test cMFs. Where W.E. = Li-Si alloy working electrode; 
C.E. ~ Li2-Si-Si counterelectrodes; C.E.* = liquid lithium counter- 
electrode; and R.E. - -  40 a/o Li-AI alloy reference electrode. 

ii01 
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Results and Discussion 
During the charge-discharge cycles, voltages of the 

Li15Si4 working electrode wi th  respect to the liquid 
l i thfum counterelectrode were monitored at current  
densities of 50, 100, 200, 300, and 400 mA/cm% In addi- 
tion, the voltages were monitored with respect to the 
two Li-A1 reference electrodes; one placed behind the 
working electrode and the other placed by its side 
(Fig. 1B). The voltages, with respect to the liquid 

l i th ium electrode, were corrected for electrolyte re- 
sistance and then converted to potentials vs. a 40 a/o 
Li-A1 reference electrode. The voltages, with respect 
to these reference electrodes, are plotted against 
capacity densi ty at cur rent  densities of 100 and 200 
mA/cm 2 in  Fig. 2 and 3. The plots at other current  
densities were s imilar  to these plots. The voltages of 
t h e w o r k i n g  electrode with respect to these three ref- 
erence electrodes at three different locations were ob- 
served to fall wi thin  50 mV. The calculated voltages 
of the working electrode with respect to the 40 a/o 
Li-A1 reference electrode (in place of l i thium) after 
correcting for the electrolyte resistance losses should 
be the most accurate. It was observed that  the voltages, 
with respect to the reference electrode placed on the 
back side of the working electrode, are within 10 mV 
of these values at cur rent  densities up to 200 mA/cm% 
However, the working electrode voltages, with respect 
to the back side reference electrode, were ,~25 mV 
lower than the calculated voltages at current  densities 
of 300 and 400 mA/cm 2. This small  difference in  the 
two voltage values might  indicate that l i th ium concen- 
t rat ion gradients developed in the Li-Si  electrodes 
dur ing discharge at higher current  densities. Ap- 
parently,  under  these conditions, an Li-Si  compound 
with a l i th ium deficiency forms in  the front  of the 
electrode while the same Li-Si compound with a 
l i th ium excess predominates at the back of the 
electrode. 

The voltages of the Li15Si4 working electrode, with 
respect to the l iquid l i th ium counterelectrode after 
correcting for electrolyte resistance losses, are plotted 

Table I. Total lithium utilizations at different current densities at 
675~ 

C u r r e n t  dens i ty  
( m A / c m  -~ UT (%) UT* (%) 

50 79 84 
100 82 83 
200 78 80 
300 6,6 - -  
400 55 - -  

w h e r e  Uv = 

and UT* = 

total  l i th ium utilization from Li~Si4 to Si (calcu- 
la ted from the voltages measured with respect to 
a liquid lithium counterelectrode after correcting 
for electrolyte resistance losses).  
to ta l  l i th ium utilization from Li~sSi~ to Si [calcu- 
lated from the voltages measured with respect to 
a 40 a /o  Li-A1 reference electrode placed behind  
the  work ing  e l ec t rode  (Ref.  2) ] .  

against capacity density at current  densities between 
50 and 400 mA/cm2 in Fig. 4. These plots are similar 
to those obtained with an Li2Si-Si counterelectrode and 
a 40 a/o Li-A1 reference electrode placed behind the 
working electrode as reported before (2). In fact, the 
total cycle l i th ium utilizations are within 5% of those 
earlier values at comparable temperatures  and cur-  
rent  densities (Table I),  and the overpotential  during 
cycling determined from current-vol tage plots in the 
regions of the three voltage plateaus were mostly 
ohmic as observed before (2). 
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Mixed Potential Analysis of 
Sulfation of Molten Carbonate 

Fuel Cells 
Dan Townley and Jack Winnick 
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and H. S. Huang 
Argonne National Laboratory, Argonne, Illinois 

Theory 
At the anode of the mol ten  carbonate  fuel cell, re -  

ducing gas is oxidized to wa te r  and CO~. The reac t ion  
proceeds th rough  the in te rmediacy  of carbonate  ion as 
t h e  charge car r ie r  in the electrolyte .  At  the cathode, 
oxygen  and carbon dioxide are  e lec t ronated  to form 
carbonate  ion 

1/2 02 + CO2 + 2e -~ CO~ 2-  

At  the  anode, hydrogen  reduces the carbonate  ion to 
wa te r  and carbon dioxide 

CO3 2- + H2-> H~O + COs + 2e 

Recent  exper imen t s  (1, 2) have shown tha t  low 
levels  of H2S in the  reducing gas at the anode have 
profound  effects on cell performance.  The potent ia l  
drop due to the presence of 10 ppm of H2S is on the  
o rde r  of 10O mV, indica t ing  that  the ac t iv i ty  of H2S 
m a y  not  be equal  to its pa r t i a l  pressure.  For  this model,  
we assume a l inear  Henry ' s  law re la t ion be tween  the 
ac t iv i ty  and the pa r t i a l  pressure  

aH2S ~- H - I  PH2S [1] 

where  H -z  is expe r imen ta l ly  determined.  
There  are  two react ions that  m a y  take  place at  the 

anode in which H2S wil l  compete wi th  the desired re-  
action. In  one sulfate  ion is formed and in the o ther  
sulfide ion is formed. So, on the basis of e ight  e lect ron 
transfer ,  there  are  three  anode react ions to consider 

4CO:32- + 4H2 --> 4CO2 + 4H20 + 8e [2a] 

H2S + 5CO32- --> SO42- + 5CO2 + H20 + 8e [2b] 

H2S + 4H2 + 5CO32- --> S 2-  + 

5CO2 + 5H20 + 8e [2c] 

If  the re la t ive  extent  of each of these react ions is 
de te rmined  by  chemical  equi l ibr ium,  then each wil l  
occur at  the same potent ia l  as pred ic ted  by  the Nernst  
re la t ion  

8F aco34aHz 4 an 

ln[ aco34 

+ L} aco24ao22 

Key words: coal gasification, hydrogen sulfide, anode. 

[3a] 

R T {  ln[aso4aco25aw] 
-~ E2~ --  8F aco35aH2s an 

In[ ac034 

aco24a022 

RT { in[ asac02 haw5 ] 
E3~ --  ~ aco35aH24aH2s an 

In[ aco34 ] \  
aco24ao22 

We assume that  the act ivi t ies  of al l  gases except  H2S 
are  equal  to the corresponding par t ia l  pressures.  If  we 
also assume that  in the e lec t ro ly te  mel t  

aco8 + aso4 + as = 1.0 [4] 

then we have five equations in five unknowns.  In the  
exper imen ta l  de te rmina t ion  of H - l ,  E is known and the 
five unknowns a re  H -1, a~2s , aco~, aso4, and as. 

The overa l l  cell react ion corresponding to each of the 
ha l f -ce l l  react ions in [2a-c] are  

H2 + 1/2 02 -> H20 [hal 

H2S + 2 O2 + M2CO3-> M2SO4 + H20 + CO2 [hb] 

H2S + 2 O2 + 41-I2 + M2CO~ --> 

M2S + 5H20 + CO2 [5c] 

The meta l  in these equations corresponds to the b ina ry  
eutectic composit ion of l i th ium and potass ium carbon-  
ates used as the e lec t ro ly te  in these cells. Equat ion 
[hal gives a s tandard  potent ia l  E1 o = 1.027V. Data f rom 
the Ins t i tu te  of Gas Technology (IGT) (3) show tha t  
the  free energy  change for [6a] is +7.7 and for  [6b] is 
--  1.7 kcal /mole .  

H2S + M2CO3 + 3H20 ~ M2SO4 + CO2 + 4H2 [6a] 

H2S + M2CO3 ~ M2S + H20 + CO2 [6b] 

Combining these equations wi th  

4H2 + 2 Oe ~ 4H20 [7] 

shows that  E2 ~ --  0.986 and E3 o = 1.037V. 

Calculations 
We have six expe r imen ta l  da ta  points re la t ing  pa r t i a l  

pressure  of I-I28 in the anode feed and potent ia l  drop 
(Table  I ) .  The first two points,  t aken  by United Tech-  
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Table I. ExPerimental data points (1, 2) 

Inlet Outlet 
PH~S x 10~ Potential anode gas anode gas 

PT (atm) drop (mV) composition composition 

UTC No. 1 8 100 0.51 H~ 
0.105 CO~ 0.057 H~ 

0.443 CO~ UTC No. 2 31 183 0.0~85 CO 
0.286 H~0 0.477 H=O 

IGT No. 1, 10 44 
0.572 H~ 0.091 H~ 

IGT No. 2 50 104 
0.104 CO2 0.412 C02 IGT NO. 3 100 154 
0.262 H~O 0.456 H~O 

IGT No. 4 200 169 

n o l o g i e s  Corporation (UTC) are at 650C and a current  
d e n s i t y  of 160 A/f t  2. The hydrogen uti l ization is 
96% for both data. The other four points were taken 
by  the Ins t i tu te  of Gas Technology (IGT) at the same 
tempera ture  and current  density, in a similar  appara-  
tus, but  at only 76% hydrogen utilization. 

The first point, UTC No. 1, has been used to calculate 
H - I .  This H -1 was used to predict  the other five points. 
Using Eq. [3a], we first calculate the Nernst  potential  
at the inlet  conditions when no sulfur  is present, that 
is when  acoa = 1. Al though the cathode gas composi- 
t ion is not  impor tan t  in this model, we based our cal-  
culations on a composition of 0.67 CO2 and 0.33 O~. The 
potential  calculated is 1.100V. The observed potential  
drop of 100 mV is subtracted to give the potential  pro-  
duced by the cell ignoring all overvoltages. Thus, E is 
set equal  to 1.000V in Eq. [3a-c], and these equations 
along with Eq. [4] are solved for aco3, aso~, as, and 
aH2S. Equat ion [1] then gives H -1 : 1.5 • 104. 

In  this model the voltage drop caused by H2S is pre-  
sumed to be due ent i re ly  to the replacement  of car- 
bonate  in  the electrolyte. 

Discussion 
If the same H - I  is used to calculate the potential  

drop due to H2S at the anode outlet, the value is on the 
order of 150 inV. This  value assumes that steady state 
h a s  been reached at the anode and that  no sulfur  is 
absorbed. Allowing for the increased volumetric  flow 
rate at the outlet, PH2s is decreased by a factor of 1.5 
from the inlet  value. A different H -1 may be calcu- 
lated using the outlet  gas composition for UTC No. 1. 
Using the same method as before, H-~ _-- 5.3 • 10z at 
the outlet. Using this H -1, the potential  drop at the 
inle t  should be in  order of 50 inV. 

These calculations predict that the effect of H_gS is 
progressively greater  from the inlet  to the outlet. This 
is in  agreement  with results of the UTC study (3) 
which showed that the amount  of sulfur  in the electro- 
lyte increased from inle t  to outlet. This means, for 
example, that  for UTC No. 1, ~lr~2s at the inlet  is less 
than 100 mV and ~H2s at the outlet is greater  than 
100 mV. The overpotentials  not due to HeS are thus 
changed and the current  density becomes redistr ibuted 
across the cell. The local current  density increases at 
the inlet  and decreases at the outlet. Therefore. the 
t rue H -1 will be somewhere between 5.3 • 103 and 
1.5 • 104. Table II shows the results of using H -1 _-- 
5.3 • 103 to calculate the activities in the melt  and the 
the potential  drops due to H~.S at the outlet. 

Figure 1 i l lustrates the effect of increasing H2S 
composition. Note that  different curves are predicted 

Table II. Predicted anode outlet conditions 

PH=s 
PT • 10 ~ aH2s ac% as% as WTt28 e a l c  ~7H28 meas 

UTC No. 1 5.3 0.0281 0.082 0.887 0:031 (100) I00 
UTC No. 2 20.7 0.110 0.(22 0.931 0.091~ 152 183 
IGT No. 1 0.7 0.0355 0.287 0.567 0.146 50 44 
IGT No. 2 33.3 0.176 0.675 0.734 0.191 104 104 
IGT No. 3 66.7 0.354 0.039 0.768 0.193 13(} 154 
IGT No. 4 133.3 0.706 0,020 0.785 0.195 157 169 
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Fig. I.  Effect of H2S pressure on overvoltage 

for the two sets of experiments.  This is due to the 
difference in hydrogen content  of the fuel used by the 
two laboratories. The hydrogen content  affects Eq. 
[3a-el.  

Since the H -1 we calculate is not the true thermo- 
dynamic value, it  is only valid for data points with the 
same electrochemical hydrogen uti l ization and cur ren t  
density. The effect of the HeS is greatest at the outlet, 
where PH2 i s  lOW, SO our calculated H -1 will be 
greater for a higher utilization. The UTC points are for 
a uti l ization of 96% and the IGT points for 76%. I f  
IGT No. 1 is used to calculate H -1, a value of 4.3 • 10 z 
is found, so that the difference is only about  20%. 

The mixed potential  found disregards differences in 
the kinetics of the three anodic reactions. The effect of 
incorporat ing the true kinetics, when they are avai l -  
able, would be to change the predicted anion composi- 
tions as well as the Henry 's  constant. The calculated 
~IH2s-PH2s c u r v e  is very insensit ive to changes in the 
potential. However, the compositions are very sensitive 
to such changes. For example, a change of --0.150V in 
E ~ for Eq. [3b] will have the same effect on the cal- 
culated mixed potential  as a change by a factor of 5/2 
in the exchange current  densities of the reactions. This 
change produces essentially no change in the predicted 
curve of ~H2S VS. PH2s. Yet, a dramatic shift in compo- 
sitions is calculated. The sulfate ion activity decreases 
while the sulfide ion increases. The Henry 's  constant  
increases also. Since we have no kinetic data, we must  
consider our predicted compositions (activities) ap- 
proximate at best. 

UTC (4) ran free-electrolyte experiments  with va ry-  
ing ratios of sulfate to carbonate ion in  the electrolyte. 
They found that  the voltage produced was qual i ta t ively 
related to the sulfate content of the electrolyte, in 
agreement  with our predictions. 

Although this model is not an ent i re ly  accurate rep- 
resentat ion of the effects of H2S on fuel cell per-  
formance, it is a first a t tempt  to describe these effects 
based on changes in the electrolyte. The Henry 's  law 
constant calculated may  include effects other than solu- 
bility, such as the kinetics of electrode sulfidation. The 
kinetics of the reactions will also play a role in a work-  
ing cell. Although we neglected the Henry 's  law con- 
s tant  for all gases other than H2S, the effects of these 
constants are implici t ly included in the overpotentials 
not due to H2S. The part ial  pressures of these gases 
do not change enough between the two sets of data to 
have a significant effect on the observed voltages. 

The true H -1 could be determined from cells run  
with zero uti l ization but  at the same current  density as 
before. A more exact prediction of TIH2S could then be 
made using this H -1 and the polarization curve for an 
uncontaminated  cell by numer ica l ly  in tegrat ing local 
current  densities across the cell for any utilization. 

Conclusion 
A simple thermodynamic  model has been used to 

estimate the effect of H2S on mol ten carbonate fuel 
cell performance. One datum was needed to fix the 
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single floating parameter.  Predictions were compared 
with data from two independent  laboratories under  
somewhat  different conditions, wi th  surpr is ingly good 
agreement.  

The predictions of electrolyte composition are no 
doubt inaccurate due to the uncertaint ies  involved in 
t h e  calculation of the Henry 's  constant. 

Manuscript  submit ted May 21, 1979; revised m a n u -  
script received Oct. 15, 1979. 

A n y  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1980 
JOUaNAL. All discussions for the December 1980 Dis- 
cussion Section should be submit ted by  Aug. 1, 1980. 

Publication costs of this article were assisted by 
Jack Winnick. 

LIST OF SYMBOLS 
E equi l ibr ium Nernst  potential,  V 
Eo standard potential,  V 
H-1  inverse Henry 's  law constant, a tm -1 
PH2S part ial  pressure of H2S, a r m  

aco2 activity of CO2 in gas phase 
aco3 activity of M2CO3 in electrolyte 
aH~ activity of H2 in gas phase 
aH2s activity of H2S in gas phsae 
ao2 activity of O2 in gas phase 
as activity of M2S in electrolyte 
aso4 activity of M2SO4 in  electrolyte 
aw activity of water  in gas phase 
~ s  potential  drop due to presence of H2S, mV 
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Synergism in Hydrogen Evolution on 
Platinized Tungsten Trioxide in Acid Medium 

S. A. Abbaro and A. C. C. Tseung* 
Department of Chemistry, The City University, London, England 

and D. B. Hibbert* 

Department of Chemistry, Bedford CoZlege, University of London, London, EngZand 

Pla t inum when supported on tungsten  trioxide shows 
synergism towards reactions in acid involving hydro-  
gen atoms. Hobbs and Tseung (1-3) have demonstrated 
this effect for hydrogen oxidation in sulfuric acid, as 
have Hibber t  et al. (4) for the hydrogenat ion of p- 
ni t rophenol  in sulfuric acid. Tungsten  trioxide func-  
tions as an active support due to the reaction between 
hydrogen atoms and tungsten trioxide giving a con- 
ducting hydrogen tungsten bronze, H x W Q  (O < x 

1). For hydrogen oxidation, therefore, two routes 
may be postulated; a normal  route 

H2 -t- 2Pt ~ 2PtH [1] 

P t H ~  Pt ~ H + -b e [2] 

and a bronze route 

xPtH ~ WO3 --> Pt  ~ HxWO3 [3] 

HxWO3--> xH + ~ xe ~ WO~ [4] 

The rate of reaction, compared to that on pure 
p la t inum is thus enhanced if spil l-over (Eq. [3]) and 
the subsequent  reaction of tungsten bronze are fast. In  
this note we report  the results of experiments  which 
show synergism for hydrogen evolution in acid solu- 
tion on plat inized tungs ten  trioxide, and comment on 
the possible mechanism of the effect. 

Experimental 
A stock sample of 1 weight percent (w/o) p la t inum 

on tungsten trioxide was prepared by freeze-drying 
(5) chloroplatinic acid on tungsten trioxide followed 
by reduct ion in hydrogen (50~ for 30 min, 90~ for 
3 hr) .  By this method, a great dispersion of p la t inum 
on the tungsten  trioxide substrate is obtained. The 
specific surface area of the p la t inum prepared in this 

* Electrochemical Society Active Member. 
Key words: synergism, spill-over, hydrogen. 

manner  has been shown to be 35 m2g -1 (1). All other 
loadings (0.2-0.9 w/o)  were prepared by mechanical ly 
mixing tungsten trioxide with the stock sample. It is 
of some importance to ensure that  the morphology of 
the p la t inum particles remains constant  (4), and thus 
it was not possible to freeze-dry each loading. 

Teflon-bonded electrodes were prepared by u l t ra -  
sonically mixing a 60% P.T.F.E. dispersion with the 
freeze-dried catalyst in  the ratio 3:10 by weight. The 
mix ture  was painted onto a carbon plaque, dried, and 
cured at 300~ for 1 hr. Catalyst loadings were typi-  
cally 10-15 mg cm -2. A graphite rod was used as the 
counterelectrode. 

Steady-state  polarization curves were determined in 
2.5M sulfuric acid at 25~ against a dynamic hydro-  
gen reference electrode. The measured potential  was 
corrected for the IR drop between Luggin capil lary 
and electrode by the in ter ruptor  technique. 

Several determinat ions were made at temperatures  
up to 60~ a fresh electrode being used on each tem- 
perature cycle. Atomic adsorption analysis of the 
electrolyte solution was performed for tungsten. 

Results 
We define the specific activity of an electrode (J) as 

the current  density at a given overpotential  divided 
by the p la t inum loading. For a system in which the 
support plays no part, J is constant  with p la t inum 
loading. 

Figure 1 shows a series of curves of J against plat i-  
num loading for electrodes at different overpotentials.  
Similar  results were obtained for many electrodes, the 
reproducibil i ty being 15% between different electrodes. 
An electrode prepared from pure tungsten trioxide 
gave almost no current  in the overpotential  range 
studied. The characteristic blue color of hydrogen 
tungsten bronze was observed on a l l  electrodes. 
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o:2 o'4 o'.6 o:s -i'.o 
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Fig. i .  Variation of specific activity (J) of a platinized tungsten 
trioxide electrode with platinum loading. II1: ~ ~_ - -10 mV; Q :  

- -  - -  30 mV; @: ~ = - -80  mV. 2.5M H2S04, 25~ IR cor- 
rected. 

The t e m p e r a t u r e  dependence  of the  cu r ren t  at  ~ = 
--80 mV for an e lect rode of p l a t inum loading 0.3 w/o  
is given in Fig. 2. The poor pe r fo rmance  at  60~ re -  
ma ined  when the e lec t rode  was cooled, suggest ing some 
pe rmanen t  change had occurred.  No tungsten was ob-  
served  in solution. This effect was observed for  each 
p ta t inum loading.  

Discussion 
The exis tence of a m a x i m u m  in the curve of J 

agains t  p l a t inum loading at  0.4 w /o  p l a t inum indicates  
a synergis t ic  effect. The fal l  in pe r fo rmance  at  low 
p la t inum loadings m a y  be corre la ted  wi th  the number  
of par t ic les  of p l a t i num and tungsten t r ioxide.  At  0.2 
w /o  pla t inum,  a s imple calculat ion shows tha t  the 
number  of p l a t inum particJes jus t  equals the number  
of tungsten t r iox ide  part icles .  Below this loading,  
tungs ten  t r ioxide  par t ic les  exist  which are  not in con- 
tact  wi th  p la t inum,  and thus may  not  contr ibute  to the 
ac t iv i ty  if  the  migra t ion  of hydrogen  atoms be tween  
tungsten t r ioxide  par t ic les  is slow. 

A s imple scheme to expla in  synergism in this sys tem 
m a y  be pos tu la ted  in which adsorbed  hydrogen  a toms 
on p l a t inum may  react  immedia t e ly  to give hydrogen  
(Eq. [6]) or migra te  on to tungsten t r ioxide  to give a 
tungsten bronze (Eq. [7]) 

P t  + H + + e --> P t H  [5] 

2PtH-* 2Pt + H2 [6] 

x P t H  + WO3-~ xPt  + HxWO3 [7] 

HxWOa --> x/2H~ + WO3 [8] 

'a  
o 

Z- 

T/~162 

Fig. 2. Variation in the current from a platlnized tungsten tri- 
oxide electrode (Pt loading 0.3 w/o) with increasing temperature, 

- -  - -30 inV. 2.5M H2SO4, IR corrected. 

The tungsten bronze may  decompose (Eq. [8]) or act as 
a hydrogen  evolut ion cata lys t  itself. However ,  the 
inac t iv i ty  of pure  tungsten t r iox ide  at low overpo ten-  
tiats, even though the  blue color of the bronze was seen, 
suggests  the l a t t e r  step does not cont r ibute  great ly .  I t  
has been shown (6) tha t  the r a t e - d e t e r m i n i n g  step of 
hydrogen  evolut ion on p la t inum is hydrogen  recombi -  
nation. 

Thus, a f rac t ional  coverage of hydrogen  a toms on 
p la t inum of near  1, would  al low sp i l l -over  to occur 
eas i ly  and thus faci l i ta te  synergism. 

The ini t ia l  increase  in ac t iv i ty  wi th  t empe ra tu r e  
yields  an act ivat ion energy of 5 kca l  mo1-1, which fal ls  
close to values  in the  l i t e ra tu re  (6, 7). The subsequent  
pe rmanen t  fal l  in ac t iv i ty  m a y  be due to dissolution of 
p la t inum fol lowed b y  its reprecipi ta t ion,  causing a 
growth  in p l a t inum par t ic le  size (8). 

Manuscr ip t  submi t ted  Sept. 19, 1979. 

Any  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in  the December  1980 
JOURNAL. Al l  discussions for the December  1980 Dis-  
cussion Sect ion should be submi t t ed  by  Aug. 1, 1980. 
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ABSTRACT 

A combined technique of mass spectrometry and high pressure sampl ing  
was used to analyze vapor products emanat ing  from this interact ion between 
steel and H20/CO2. Oniy metal  containing species of M002 (OH)2, MoO2 (OH) 
were identified at 1400~ near  the mel t ing point of steel under  water  atmo- 
sphere. These vapor species might be one of the contr ibut ing factors to the 
ini t ia t ion of high tempera ture  steel erosion. 

The ablat ive and erosive interactions between metal  
and hot flowing media have been widely investigated 
(1, 2). Under  the extreme conditions near  the mel t ing 
point  of steel and subjected to high pressure gases, 
such as repeti t ive gun firing, explosion, rocket exhausts, 
and high temperature  flames, the mechanism of cor- 
rosion differs significantly from those mechanisms at 
low and medium temperatures.  The dominant  causes 
of mater ial  failures at low temperatures,  such as 
mechanical  stress rupture,  thermal  degradation, and 
chemical deterioration, are no longer dist inguishable 
from each other at high temperature  where an evap- 
oration loss of mater ial  prevails. And the interact ion of 
all failure mechanisms act s imultaneously to the 
l imited useful life of a material.  The study reported 
here is aimed at elucidating the chemical aspect of 
ablative and erosive interactions under  evaporative 
loss of materials near the melt ing point of steel. The 
experiments  described in this study have simulated the 
hostile env i ronment  as close as possible within current  
available technologies.-With the novel combined tech- 
nique of sampling atmospheric gases and mass spec- 
t rometric detection, it might be possible to find one of 
major  contr ibut ing factors for the ini t iat ion of high 
temperature  erosion. 

The volatile high temperature  vapors originated 
from the interactions between metals and water  have 
been known (3). The vapor species f requent ly  ob- 
served from those metals used in steel are listed in 
Table I. The vapor pressures as well as thermodynamic 
properties of these species are well documented (4-15), 

Key words: corrosion, erosion, steel, gas-solid interaction. 

Table I. High temperature vapor species observed over iron alloys 
and water below 1400~ 

Meta l  R e a c t i o n  w i t h  H.20 

R e a c t i o n  w i t h  
low p r e s s u r e  o x y g e n  Refer -  

o r  ove r  oxides  ences  

Fe  Fe (OH)~ ,Fe  (OH) FeO (4-6) 
C r  CrO,J(OH)2 CrO,CrO~,CrOa (7-9) 
Ni None  NiO ( 10 ) 
Mn None  None  (11) 
Ma MoO~(OH) ~,MoO2 (OH) MoO.%MoO3, (MaOa) .  (7, ]2-14) 
Si None SiO (15) 

but  the behaviors of each individual  species over a 
molten solution of steel are not well examined. The 
iron alloys react vigorously with water  near  the mel t -  
ing point  to form iron and other oxides. Thus some 
vapor species derived from the reaction are similar to 
that under  low pressure oxygen, and they are also 
listed in the table. A typical iron alloy contains less 
than 10 weight percent (w/o)  of minor  elements, and 
the presence of these minor  elements might  play a key 
role in the promotion of high temperature  erosion. The 
si tuation might  be similar to a small concentrat ion of 
sulfur associated with fuel, which often is a major  
cause of corrosion in combustion processes. 

Exper imenta l  
The experimental  apparatus has been described pre-  

viously (16, 17). And the schematic diagram of the 
sampling apparatus is shown on Fig. 1 together with 
the minia ture  furnace assembly in  Fig. 2. The only 
modification made from previous ar rangements  was to 
locate a water  reservoir adjacent  to the combustion 
tube of the furnace. This was accomplished by directly 
coupling the reservoir to the fitting of the combustion 
tube. The core of the furnace consisted of a 1/2 in. OD 
closed-end a lumina  tube. On the tip of the tube, a 
0.005 or 0.010 in. sampling orifice was drilled along the 
axial direction, and the depth of the orifice varied with 
the tubes from 0.02 to 0.06 in. The metal  samples in the 
forms of chips, filings, and powders, were loaded in the 

t st chamber 2rid chamber 3rd chamber 

VACUUM SYSTEM 

Fig. 1. Schematic diagram of sampling apparatus. The apparatus 
consists of three chambers differentially evacuated; the first 
chamber is an expansion chamber where a molecular jet beam is 
formed through the sampling orifice, the second chamber contains a 
beam modulation mechanism, and the third chamber houses the 
quadrupole mass spectrometer for the detection of beam. The 
furnace is flanged to the wall of the first chamber. 
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Fig. 2. High temperature 
miniature furnace, crass-section- 
al view. (A), Quick coupling; 
(B), electric feedthrougb; (C), 
vacuum flange; (D), O-ring; (E), 
cylindrical water jacket; (F), 
zirconia felt; (G), molybdenum 
heating wire; (H), reaction 
chamber; (I), jet sampling ori- 
fice; (J), metal sample, e.g., 
steel chips; (K), tip of closed- 
end alumina tube; (L), thermo- 
couple sensor; (M), thermocouple 
protection tube; (O), stainless 
steel tubing for water passage; 
(P), vacuum wall of first cham- 
ber; (Q), inlet and outlet water 
tubincl; (S), O-ring seal; (T), 1/2 
in. OD closed-end alumina cam- 
bustion tube; (U), 1/4 in. OD 
closed-end alumina combustion 
tube. 

tube wi th in  one inch f rom the tip. For  wire  samples, a 
severa l - fo ld  concentric coil was made so that  a maxi -  
m u m  surface area could be exposed. The reactor  
chamber  was resistance heated by a molybdenum wire  
winding covering the orifice area and about 4 in. f rom 
the end of the tube. The a-c power  input to the heater  
was regulated by a proport ional  t empera tu re  con- 
troller,  and the t empera tu re  was measured  by a P t /  
10%Rh-Pt  thermocouple  protected by a 1/4 in. OD 
alumina sheathing tube in the 1/2 in. combustion tube. 
The  react ing gases including wa te r  vapor  were  in t ro-  
duced into the reactor  through the annular  opening of 
two a lumina  tubes, and the pressure was recorded by 
a digital  pressure gauge connected to the steel fitting 
at the open end of the combustion tube. For  mass 
spectrometr ic  detection, the quadrupole  mass filter 
was opera ted  at 40 eV electron ionization energy and 
at an appropr ia te  resolut ion throughout  the exper i -  
ments. 

Af te r  the sample had been loaded into the reactor  
and good vacuum was obtained in the first chamber  of 
the sampling apparatus, heat ing began. The t empera -  
ture  of the furnace was raised quickly to a p rede te r -  
mined level  up to 1400~ During this period the re-  
actant  gas (H20 or CO2) was introduced gradual ly  to 
a selected sett ing of not more  than 1 /2  arm. Often the 
sampling orifice was found to clog due to a sudden 
introduct ion of the gas. To examine  vapor  species 
or iginat ing f rom the interaction, the mass spectro- 
metr ic  scans were  made repeatedly  during the ent ire  
heat ing period. Moreover  many  exper iments  had to be 
repeated several  t imes so that  the reproducibi l i ty  of 
ion vapor  species present  in a minute  amount  could be 
confirmed. Even at the max imum tempera tu re  of 
1400~ the signals of ion vapors observed over  steel 
and Fe samples were  so weak that  a posit ive identifi-  
cation was almost impossible. Al te rna t ive ly  a suspected 
source of pure  meta l  was subst i tuted for a be t te r  
and clear identification. The ident i ty  of an ion peak 
was established from mass number,  isotopic dis tr ibu-  
tion, temperature ,  pressure and t ime dependences. A 
summary  of exper iments  per formed is l isted in Table 
II. 

Results 
F e . ~ E x t e n s i v e  search was made to detect meta l -  

containing vapor  from the interact ion be tween  a high 
pur i ty  Fe  and water ,  CO2,  COf/H2 mixture .  In the 
wate r  reaction, the H20  + intensi ty diminished consid- 
erably  at the init ial  period of heat ing above 1200~ 
Evident ly  a strong interact ion took place be tween 
wa te r  and Fe. The Fe coil af ter  the heat ing was a 
par t ia l ly  mol ten  chunk of black appearance p resum-  
ably consisting of iron oxides. In the CO2 reaction, the 
oxidat ion of Fe was found to be the only reaction. The 

sample af ter  heat ing consisted of iron oxides. No ion 
vapor  species was detected. 

No meta l -conta in ing  vapor  species was detected in 
scan mass spectra except  in some spectra obtained at 
1400~ and a high H20 pressure near  1/2 arm. Ion 
peaks corresponding to masses Fe(OH)2,  FeO, and Fe 
in order  of increasing magni tudes  were  observed. Since 
their  ion intensit ies were  only a few times more  than 
the background noise level  which was about 10 -3 
re la t ive  to H20 +, no ident i ty  could be established f rom 
their  isotopic abundances. Some ions at masses 88, 64, 
and 44 were  f requent ly  detected. These ions were  
probably hydrocarbons f rom the prepara t ion  of the Fe 
sample, they were  discarded because of their  t empera-  
ture and t ime dependent  behaviors.  

FezOs, FesO4.--The exper iments  were  per formed be-  
cause these oxides instead of Fe might  accelerate the 
format ion of Fe containing vapor  species, However  
only in two mass spectra obtained from the FesO4 
sample, a ve ry  weak signal sl ightly above background 
noises corresponding to FeO was observed. Since the 
signal was so weak, no definite conclusion about the 
existence of FeO could be established. The powder  
samples after the interact ion were  par t ia l ly  mol ten 
black aggregates. 

SteeL--The extensive search was made to ident i fy 
exotic vapor  species effusing f rom the steel + HfO 
interact ion up to tempera tures  of 1400~ In order to 
increase surface areas of steel, not only chips but  also 
filings were  used for the investigation. After  every  run, 
the sample was found to be par t ia l ly  mol ten and oxi-  
dized. In some instances, the melts  were  found to dif-  
fuse into the alumina tubes and they could not be sep- 

Table II. Summary of experiments 
Metal @ H~O/CO~2 reaction 

Ion vapor species observed 

Sample Source H~O reaction COf/H2 reaction 

Fe 99.9% wire Yes, not 
confirmed None 

Fe~O3~ 
Fe304 99.8% powders None Not performed 

Steel Gun tube< ~ MoOe(OH) ~ 
& others Not performed 

Cr ~9.9% powders None Not performed 
Ni 99.9% powders None Not performed 
MO 99% wire MoOd(OH)e, 

MOOe(OH) MoO~,MoOa (MoOz) n 
Mo-O vapors n = 2,3 

r Wet chemical analysis, Ni; 1.76, Cr; 1.43, Mn; 0.74, Me; 0.30. 
C; 0.31, Si; 0.18, S; 0.022 w/o .  

g 
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arated from the tubes. Al terna t ive ly  a ZrO2 boat was 
used to avoid the contaminat ion of a lumina,  but  the 
wet t ing of melt  still existed. Moreover in  these ZrO.~ 
boat runs, more spurious ions were observed in mass 
spectra. The impuri t ies  associated with ZrO2 might  be 
a cause of these spurious ions, and the presence of 
these ions in  observed spectra made the in terpre ta t ion 
of data more tedious and difficult. 

No ion peak was detected in  the ini t ia l  period of 
heating. But after several hours of heating, ion signals 
slightly above the background level began to emerge. 
The only  signals constantly present  in mass spectra and 
yet reproducible, were at masses 64, 48, and 44 amu 
plus two broad peaks at masses 140-150 and 155-165 
amu. The ions at masses 64 and 48 were found to 
diminish slowly with the extent  of heating, and they 
were probably SO~ and SO~. The ion at mass 44 was 
presumably  SiO or COs, and it  could not be definitely 
identified. The two broad peaks were identified later 
as MoO~ (OH) 2 + and MoO2 (OH) + ions with the aid of 
mass spectra obtained from the Mo -f- H20 experi-  
ments. 

C r .~The  purpose of the exper iment  was to ident ify 
Cr-O vapor species which might be evolved from the 
interact ion between Cr and H20. Al though vapor 
species such as CrOs and CrO2(OI-I)2 are reported 
(7,8), no trace of these ions was detected in the 
present  experiments.  

Ni.~A single run  was made with Ni and H20 to ex- 
amine Ni-O, or Ni-OH vapor  species from the interac-  
tion. No ion signat other than  those derived from H~O 
was detected in mass spectra even at 1400~ and 1/2 
a r m  of wa te r  pressure. 

Mo.--The Mo and H20/CO2 experiments  were per-  
formed in order that  the broad peaks observed in  the 
s teel-water  runs could be identified. As one might  ex-  
pect (7) numerous  ion species were detected. The rela-  
tive intensit ies of these Mo-O species at the highest 
isotopic peak together with Mo hydroxide ions are 
listed in  Table III. The data were taken directly from 
scan spectra without  corrections for isotopic a bun -  
dance, ionization cross section, and ion transmission 
efficiency. The most impor tan t  species in  the water  
reaction were MoOz(OH)~ and MoO~(OH) ions. The 
mass positions of these ions in  the spectra agreed well  
with those broad peaks observed in  the s teel -water  
experiments.  Thus the trace amount  of ion peaks ob-  
served in  the steel exper iment  were identified as those 
ion peaks of MoO~(OI-t)~ and MoO~ (OH). 

In  addit ion to these Mo hydroxide ions, a lesser 
abundan t  ion Mo~O~ �9 H~O was also observed in  mass 

Table III. Vapor species observed in Mo -}- H20 /C02 reaction 

Ion  spec i e s  

Re la t ive  abundances(a) 

H~O reac t ion  C0~ reac t ion  
P = 304 m m  Hg, P = 272 m m  Hg,  

T = 1190~ T = 1093~ 
I-I20+ as I00 C02+ as 100 

O 2.5 
H~O 1 ~ "  
CO ~ 10.4 
CO= ~ 100 
MoO 0.24 0.125 
MoOi 2.6 1.92 
MoOa 0.79 
MO0~(OH) 6"A 
MoO~ (OH) = 9.4 - -  

MO~)~ 0.33 0.25 
Mo~O5 0.56 0.5 
Mo~Oa 0.65 0.5 
Mo~Oe �9 H20 0.03 
MosO~ 0.02 ~ 4  
MosOs 0.11 0.33 
Mo809 0.46 1.92 
Mo,On 0.02 * 
Mo~O~ 0.04 * 

- -  N o t  observed .  
* N o t  r e c o r d e d .  
(~) T h e  ion  i n t e n s i t y  of  t h e  h i g h e s t  i so topic  p e a k  w i t h o u t  c o r -  

r e c t i o n s  for  ion t ransmiss ion ,  i on iza t ion  cross  sec t ion .  

spectra taken at 1190~ and 304 mm Hg water  pressure. 
The neut ra l  precursors of two abundan t  hydroxide ions 
were not determined from the present  experiments.  
The molecule MoO2(OH)2 is reported (7, 12) to exist 
in high temperature  vapors. Upon electron impact 
ionization, MoO2(OH)2 could produce f ragmented 
ions MoO2 + and MoO2 (OH) + in addit ion to the parent  
ion MoO2(OH)2 +. However the observed intensi ty  
ratios of MoO2(OH)e + to MoO2(OH) + varied with 
temperatures  and pressures of the system. Therefore 
the existence of MoO2(OH) as a neut ra l  molecule is 
highly probable. 

The Mo-O vapors observed in  the Mo + CO~ reac- 
tion were very  similar  to those vapor species observed 
over Mo oxides. The observed Mo-O species up to 
Mo309 in the runs are listed in Table III. The higher 
polymers of Mo-O ions such as Mo4012, Mo5015 might 
exist in the system but  they were not recorded. 

Discussion 
The results from the s teel -water  experiments  in-  

dicated that Mo hydroxide vapors were only major  
metal  containing species emanat ing  from the interac-  
tion. Other vapors such as CO2, SiO, SO2, and SO3 
might exist at 1400~ but  the result  was not very  con- 
clusive. Thus near  the mel t ing point, the erosion of 
steel could be ini t ia ted by evolution of these vapors 
just  below par t ia l ly  mol ten steel surfaces. The absence 
of the vapors in the ini t ial  heat ing period of the experi-  
ments  fur ther  suggested the reacting gas H20, must  
diffuse into interiors of steel and produced the volati le 
Mo containing vapors. 

The vapor pressures (18, 19) of metals and metal  
oxides commonly observed in  the composition of steel 
are plotted on reciprocal temperatures  in  Fig. 3. Iron 
comprises 90 w/o of the steel composition. At the tem- 
perature  of 1400~ the vapor pressures of Fe or FeO 
are so low as indicated in the figure, that they are n o t  
a substant ial  fraction of evaporat ion loss. Chromium, 
the second impor tant  e lement  of steel, tends to form a 
protective compact oxide layer by reaction wi th  water, 
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Fig. 3. Vapor pressures of metals, oxides, and hydroxides. Metal 
in dotted line, oxide in solid line, and hydroxide in dashed line. The 
pressures of hydroxides are calculated by assuming PH20 = PH 2 = 
1/2 atm. 
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which is well  known for oxidation resistance. The 
vapor pressure of Cr oxides is lower than that  of Fe 
except under  a very high oxygen pressure. Conse- 
quent ly  the evaporat ion loss resul t ing from chromium 
could be neglected. The third abundan t  e lement  of 
steel, nickel, consists of less than 5 w/o of the solid 
solution. The volat i l i ty of Ni is less than that  of Fe and 
there is no stable nickel oxide. The minor  consti tuents 
of steel such as Mn, Mo, C, Si, and S occupy less than 
1 w/o of a steel composition. Manganese had a higher 
vapor pressure, but  Mn oxide is more stable than Fe 
oxides. Molybdenum could form m a n y  volatile vapors 
MOO2, MoO~, and (MoO~)n polymers upon oxidation. 
The evaporat ion of Mo-O vapors at temperatures  far 
below the mel t ing  point  of steel is not a major  concern 
because the Mo content in steel is only a few fraction 
of one percent. Except at a high oxygen pressure near  
the mel t ing point, they could cause a serious problem 
of ablat ion and erosion. Other elements such as sulfur  
to form SO2 and SO8, silicon to form SiO, and carbon 
to form CO and CO2, are believed to cause no severe 
evaporat ion loss because these elements are present  in  
a minu te  concentrat ion and e:~iot in the solid solution 
as stable carbides, sulfides, and silicides. 

The formation of Mo-hydroxide vapors appears to be 
the most impor tant  process of steel near  the mel t ing 
point under  H20 atmospheres. In an equi l ibr ium sys- 
tem, the magni tudes  of the hydroxide vapors increase 
drast ically wi th  the 3rd and 4th powers of the H20 
pressure as indicated by the equi l ibr ium constants of 
the reactions 

Mo(s) 4- 4H20(g) ---- MoO~(OH)2(g) 4- 3H2(g) [1] 

Mo(s) 4- 3H20(g) -- MoO2(OH) (g) 

4- 5/2 H2(g) [2] 

In  the case of gun and rocket firings, the tempera ture  
and the pressure of exploding gases in which H20 is a 
major  consti tuent,  are up to min ima  (20) of 2500~ 
and 20,000 psi, respectively. Thus the evaporat ion of 
Mo as hydroxide vapors from steel would be greatly 
enhanced. This evaporation would provide a recession 
in  steel or a diffusion through fissure which may lead 
to fracture of the film or loss of protective metal  layers. 
The exact role of Mo hydroxide vapors in the erosion 
and ablat ion process is not clear, but  they are the first 
metal  containing vapors to escape from molten steel 
surfaces. 

The formation of Fe(OH)2 vapor from the Fe-HeO 
interact ion seems to be more favorable than that of Fe 
vapor at high temperatures  as sbown in the pressure 
vs. tempera ture  diagram of Fig. 3. However Fe(OH)2 
vapor from the reaction 

Fe(s)  + 2H20(g) =- Fe(OH)2(g)  4- H2(g) [3] 

was not positively identified. The dominant  reaction 
observed in the Fe-H20 reaction is the formation of 
i ron oxide solids, such as 

Fe(s)  + H20(g)  ---- FeO(s)  4- H2(g) [4] 

According to the thermodynamic  calculation (4, 12) at 
various water  pressures, the magnitudes of Fe hydrox-  
ide vapor in the system should be more than 10 -6 rela-  
tive to the H~.O + intensity.  And at the water  and h y -  

drogen pressures of 1/2 arm, both Fe and Mo hydrox-  
ide vapors should hav~'a  comparable magni tude  at the 
present  exper imental  conditions as shown in Fig. 3. 
However the Mo hydroxide vapors were found to be 
much more abundan t  than Fe (OH) 2. The MoO2 (OH) 2 + 
and MoO2(OH) + were observed in a large amount  
from 10 -1 to 10 -5 relat ive to H20 +, but  l i t t le evidence 
of Fe(OH)2 + was obtained. The source of this discrep- 
ancy is not clear, but  it is l ikely due to the fact that the 
gas-solid equi l ibr ium in the Fe system is not estab- 
lished. The gas-solid equi l ibr ium can be easily at tained 
in the Mo system because a large concentrat ion of 
Mo-O vapors is present  at the tempera ture  range of 
experiments.  And the vapor phase reaction of Mo-O 
vapors and H~O kinet ical ly  promote the completion of 
the equil ibrium. 

Manuscript  submit ted  Oct. 1, 1979; revised m a n u -  
script received Dec. 6, 1979. 

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in  the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submit ted by  Aug. i, 1980. 
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Work Function and Chemical Diffusion 
of Nonstoichiometric Oxide Materials 

Z. Adamczyk and J. Nowotny 
Instffute of Catalysis and Surface Chemistry, Polish Academy o$ Sciences, 30-239 Krakdw, Poland 

ABSTRACT 

A particular solution of Poisson's equation and of Fick's second law leads 
to the determination of the chemical diffusion coefficient for the near-to- 
surface layer of nonstoichiometric oxide materials. The proposed method is 
based on the work function measurements applied to determine the surface 
reequilibration kinetics. Metal deficient oxide Mel-~O is taken as an object 
of quantitative considerations. 

Appl ica t ion  of the work  funct ion measurements  in 
s tudies  of kinet ics  and  the mechanism of heterogeneous 
processes be tween  gaseous oxygen  and meta l  oxide 
surfaces was the subjec t  of severa l  works  (1-5). I t  has 
been  shown tha t  the  w o r k  funct ion m a y  be used to 
moni tor  the  reequ i l ib ra t ion  kinetics of oxide surfaces 
involving chemisorpt ion  and la t t ice  ionic diffusion. The 
purpose  of the  p resen t  w o r k  is to discuss correla t ions  
be tween  surface potent ia l  and  work  funct ion changes 
accompanying the reequi l ibra t ion,  surface charge in the 
bounda ry  layer ,  and  concentra t ion of la t t ice  defects in 
o rde r  to de te rmine  the chemical  diffusion coefficient in 
the  nea r - t o - su r f ace  layer .  

Both grav imet r ic  and  e lect r ica l  conduct iv i ty  methods,  
wide ly  used oto de te rmine  the reequi l ib ra t ion  kinet ics  
and  the chemical  diffusion coefficient (6-10), may  be 
appl ied  at  h igher  t empera tu res  (above 800~ The 
methods  provide  informat ion  about  the  crys ta l l ine  bulk.  
Recently,  however ,  considerable  expe r imen t a l  ma te -  
r i a l  has been accumula ted  which  is not  in accordance 
wi th  cu r ren t  theories  for  the  typ ica l  bu lk -con t ro l l ed  
mechanism of reequi l ib ra t ion  processes. The conflicting 
da ta  a re  re fe r red  to a "surface react ion"  (11-12) which 
appa ren t ly  occurs at  the surface or  in the n e a r - t o - s u r -  
face layer .  The diffusion da ta  obta ined from the work  
funct ion measurements  may  be useful  to character ize  
both t r anspor t  and  s t ruc tura l  proper t ies  of the surface 
layer .  This l aye r  m a y  differ essent ia l ly  f rom the crys-  
ta l l ine  bu lk  especia l ly  when segregat ion of la t t ice  
components occurs. 

Chemical Reactions and Electrical Effects 
Accompanying Reequilibration Processes in MeO-02 

Systems 
The  reequ i l ib ra t ion  occurs when  an in i t i a l ly  equi -  

l ib ra ted  oxide  crys ta l  is subjec ted  to a new value  of 
oxygen  pressure  (or t empe ra tu r e ) .  The reequi l ib ra t ion  
process involves the  p ropaga t ion  of chemical  potent ia l  
gradients  f rom the surface into the bu lk  unt i l  a new 
equi l ib r ium is achieved.  

As an object  of our  considerat ions we assume the 
nonstoichiometr ic  oxide expressed  by  the genera l  for-  
mula  Me l -yO showing doubly  ionized cat ion vacancies 
as p redominan t  ionic la t t ice  defects which  are  com- 
pensa ted  by  e lec t ron holes. This type  of defect  s t ruc-  
ture  is r ep resen ted  by  such wide ly  inves t iga ted  oxide 
mate r ia l s  as NiO, CoO, MnO, and FeO. We also assume 
tha t  the  cat ion vacancies a re  the  only  mobi le  ionic 
species, whereas  the  anion subla t t ice  remains  re la t ive ly  
immobi le  (13). At  low concentrat ions cat ion vacancies 
may  be considered as an ideal  solut ion in the  la t t ice  
and thus the i r  concentrat ions m a y  be considered as 
activit ies.  

The fol lowing equi l ibr ia  which  seem to be most  im-  
po r t an t  m a y  be considered at  the  oxide  surface and in 

Key words: semiconductor, defects, charge, potential. 

the oxide  crys ta l  when  oxygen  pressure  is i so thermal ly  
changed in the  ambien t  gas a tmosphere  

kl  
O2 ~s ~ O2(~ds) [i] 

k2 

ks 
02 ads ~- 2 O- -{- 2h' [2] 

k4 

k~ 
O- ~- O ~- -{- h" --  V~e" "t- h [3] 

k6 

where O2cads) is a physically adsorbed molecule, O- is 
the most stable ionic form of oxygen adsorbed at the 
surface of transition metal oxides (14), and 02- is the 
final ionization form which is stable in the crystal field 
(14-16). Therefore we consider the form O 2- as doubly 
ionized cation vacancy VMe'. 

Assuming isothermic  condit ions of expe r imen t  in-  
volving admission of a cer ta in  oxygen  dose over  an  
oxide surface in i t ia l ly  equ i l ib ra ted  under  low oxygen  
pressure  (10 -6 Torr)  the fol lowing re la t ionship  may  
be wr i t t en  for oxygen  pressure  as a funct ion of the  
amount  of oxygen  adsorbed  

kT 
P 0 2  = P 0 2  ~ - -  [O2(ads)] S- [4] 

V 

where  po2 ~ = in i t ia l  oxygen  pressure ,  V = volume of 
the  expe r imen ta l  chamber,  [Of(~ds)] - -  surface concen- 
t ra t ion  of oxygen  adsorbed,  and  S = to ta l  surface area  
of the  inves t iga ted  oxide. 

As resul ts  f rom recent  works  (1-5) the work  func-  
t ion changes for the  meta l  ox ide -oxygen  system may  
be considered regard ing  expe r imen ta l  condit ions ap -  
plied. 

Isobaric conditions.--The expe r imen t  occurs i sobar-  
ica l ly  when  the fol lowing inequa l i ty  is fulfil led 

kT 
[Oads] S - ~  << po~ ~ [5]  

The work  funct ion changes accompanying oxygen  
chemisorpt ion in these condit ions AR t is schemat ica l ly  
i l lus t ra ted  in Fig. 1, curve 1. As seen h~t r ap id ly  in-  
creases achieving A~eq which  refers  to a chemisorpt ion 
equ i l ib r ium involving genera t ion  of charged oxygen  
species at  the surface  (3). 

Sorption of small oxygen dose.~When a smal l  oxy-  
gen dose equiva len t  to a f rac t ion of the monolayer  
coverage is admi t ted  into the  reac t ion  chamber  Po2 
rap id ly  decreases as a resul t  of the  inequa l i ty  

kT 
[Ofr | ] S --~ >> p o s  ~ [6 ]  

1112 
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Fig. 1. Schematic plots for the work function changes vs. time 
accompanying isothermal sorption of oxygen for nonstoichiometric 
oxide surface. 1, At higher pressures when PO2 -~ const, and 2, at 
small oxygen doses equivalent to the fraction of the monolayer 
coverage. 

Accompanying  changes r t vs. t ime (Fig. 1, curve 2) 
show a rap id  ini t ia l  increase due to ionizat ion of ad-  
sorbed oxygen,  reach  m a x i m u m  ~I, max, and then s lowly  
decrease  as a resul t  of diffusion of la t t ice  ionic defects 
(1, 2). 

The fol lowing express ion m a y  be wr i t t en  for O2 ad-  
sorbed as a resul t  of Eq. [1] 

d[O2(ads)] - - k l {  P~176 [02(ads ) IS?  } d $  

- -  k~ [O2(ads)] + 4k4 [ O - ]  [h ' ]  [7] 

where  [O2(ads) ~ ] is the m a x i m a l  surface concentra t ion 
of oxygn  adsorbed  and kl, k2, k3, and k4 are  ra te  con- 
s tants  of corresponding processes expressed  in Eq. [1] 
and [2]. S imi la r ly ,  we can wr i te  

d[O-] 
--" ks[O2(ads)] -- 4k4[O- ]  [h ' ]  

dt 
- -  k 5 [ O - ]  -5 ks[VMe"] [ h ' ]  [8 ]  

where  k5 and k6 are  app rop r i a t e  ra te  constants in Eq. 
[3]. F ina l ly  for cation vacancies we obta in  

d [VM~"] 
- -  k5[O- ]  - -  k6[VMe"] [h ']  --  3v [9] 

dt 

where  jv denotes the  flux of vacancies from the surface 
into the crys ta l l ine  bulk. Al l  concentra t ion terms in 
Eq. [7]- [9] cor respond to the surface. 

Distribution of Electrical Potential in the 
Boundary Layer 

Shif t  of Eq. [1], [2], and [3] to the r ight  leads to the 
fo rmat ion  of doubly  ionized cat ion vacancies localized 
in i t ia l ly  at  the  surface and to genera t ion  of surface 
charge  qs 

qs - -  - -  2e [VMJ] [i0~ 

Consequently,  the  surface charge causes increase  in 
surface potent ia l  and format ion  of e lectr ical  double  
l aye r  (boundary  layer )  enr iched with  e lec t ron holes. 

In  the considerat ions below we assume that  before  
admiss ion of an oxygen  dose, the ini t ia l  surface po-  
tential,  wi th  respect  to the bu lk  of the  oxide crystal ,  
is negl ig ible  compar ing  its changes accompanying fur -  
ther  chemisorpt ion  of O2. 

The e lec t r ica l  potent ia l  in the bounda ry  l aye r  is r e -  
l a ted  to charge dens i ty  according to Poisson's  equat ion 

d2 ,  4~ 
Jdx2 = - -  - -  p(x)  [11] 

e 

where  ~ _-- surface potential ,  z ---- dis tance f rom the 
crys ta l  surface, e ---- dielectr ic  constant, and  p(x)  --- 
charge density. I t  is also assumed that  e is independent  
of both  x and electr ic  field, p (x) may  be expressed  as 

p(x)  - -  e {[h ']b exp ( - -  e~/kT) -- [ e - ]  exp  (e~/kT) 

- -  2 [VMe"] 4- r~ [ri]zi} [12] 
! 

where  [Fi] is the concentra t ion of impur i t ies  of effec- 
t ive  charge  zi. The Bol tzmann d is t r ibut ion  of electronic 
carr iers  is assumed because of the i r  large  mobil i t tes  as 
compared  wi th  mobil i t ies  of ionic defects. The la t t ice  
e lec t roneu t ra l i ty  condit ion for the crys ta l l ine  bu lk  is 

[h ' ]b -- [ e - ] b  -- 2[VMe"]b -5 ~ [Fi]bZi = 0 [13] 
1 

where  subscr ipt  b refers  to the bulk.  The concentra-  
tions expressed in Eq. [12], [13], and be low a re  con- 
s idered as volume concentrat ions in cm -3 (con t ra ry  to 
Eq. [7], [8], and  [9] where  surface concentrat ions were  
used) .  Assuming condit ion [13] the re la t ion  for p(x)  
may  be expressed 

p(x)  = e{[h ' ]b [exp  ( - -  e~/kT) -- 1] -5 [e--]b 
[1 -- exp (er -- 2e{[VMe"] --  [VMe"]b} [14] 

Therefore,  Poisson's equat ion may  be wr i t t en  

d2% _ 8;~e[h']b 1 f [exp ( e%/kT) -- I] 
dx  2 e 2 

V " V " ] i [ Me ]--[ Me ]b 
-5 --= [I -- exp (e~/kT)] -- 

2 [h ']b 

[is] 

whre  ~ = [e-]b/Eh']b. The b o u n d a r y  condit ions for  
Eq. [15] a re  

d* ----0 x-->0 

dx  

~ x  o ~ Aqs ~ e  X = 0 

[i6] 

[i7] 

where  ~qs is the surface charge genera ted  due to for-  
mat ion  of cation vacancies and localized at  the surface. 

In o rder  to solve Eq. [15] we have  to de te rmine  
[VMe"] (which varies  wi th  both x and t ime t) using 
the diffusion equat ion 

0[VMe]st =--ax8 { Dv--~[VMe"]Sx -5 2eDv O~ rV "1 --Ox L Me,  

[18] 

where  Dv is the diffusion coefficient of cat ion vacancies.  
In  fu r the r  considerat ions we descr ibe the ou tward  

surface diffusion of cat ion vacancies being formed at  
t ~_ 0 and localized in i t ia l ly  at  the surface l aye r  of the 
thickness,  a, which in the first approx imat ion  is re -  
f e r red  to the first monolayer .  Dur ing  the diffusion proc-  
ess the  surface concentra t ion  of vacancies is assumed 
to be un i form and independen t  of surface topography  
and its energet ic  state.  Therefore,  the ini t ia l  and bound-  
a ry  conditions for Eq. [18] are  

[VMe"]~-- [VMe"]s ~ for - - a < x < 0  and t----0 ~ [19] 

[VMe"] = [VMe"]b for a < x <  oo and t - - - -0  J 
~9[VMe"]s _ D v ~  0[VMe"]s  for  x = 0  and t > 0  

Ot t. Ox 
[20] 
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and 
[VMe" ] : [VMe"]s for x : 0 and t > 0 [21] 

The schematic diagram in Fig. 2 illustrates the distri- 
bution os cation vacancies near the surface at t : 0 
and at t > 0. 

Equations [15] and [18], as well as conditions [16] 
and [17J, form a nonlinear partial boundary value 
problem. Its analytical solution is impossible. Only 
iterative, numerical methods may be applied. 

Equations [7J, [8], and [9] should be considered to- 
gether with Eq. [l~j and [18]. However, it results from 
the experimental data: that formation of the surface 
charge due to ionization of the adsorbed species is 
much faster than the subsequent discharging of the 
surface caused by ionic diffusion (i, 2). Thereiore, tmax 
(Fig. I) may here De considered as t _-- 0. We also 
assume that at t _-- 0 the initial concentration of cation 
vacancies [VMe"Js ~ refers  to the surface layer  wi th in  
a < x < O .  

Let  us now es t imate  the t e rm in Eq. [18], responsible  
for defect  migra t ion  under  potent ia l  gradient ,  r ega rd -  
ing the  the rmal  diffusion t e rm 

0 [VMe"] A [VMe"] 
Dv 

Ox Aa k T  
b : = [22] 

2e 0~ ~V "~ A~ 2e D,.-~, ox  L ~ J T [VM;'] 

where  Ad is the thickness of diffusion l aye r  increas ing 
wi th  t ime as the concentra t ion g rad ien t  propagates  in-  
wards  and L is the  screening depth. According to the 
exper imen ta l  condit ions we m a y  es t imate:  A[VMJ'] --~ 
[V~e"]; ~d = 1O -7 cm; A~ ---- 200 mV; L ---- 10 -5 cm; 
T ---- 675~ Therefore  b ---- 15, indica t ing  the the rmal  
diffusion is 15 t imes fas ter  than  migrat ion.  Fo r  longer  
t imes z~d increases but  a t  the  same t ime h~ decreases. 
Hence, assuming the the rmal  diffusion as predominant ,  
Eq. [18] acquires  the form 

0 [ V M e " ]  02 [VMe" ] 
- -  Dv [23] 

at Ox ~ 

assuming tha t  Dv is independen t  of defect  concentra-  
t ion (16). The t e rm of t he rma l  diffusion involves di f -  
fusion of la t t ice  species which occurs wi th in  the ther -  
m a l l y  equ i l ib ra ted  crystal .  

Solution of Poisson's Equation 
We in t roduce  the fol lowing nondimensional  var iables  

x = x / L  

"~ = eg , /kT  [24] 

4;~eL 
q = A q s - -  

kT 

V"  o 

'>'/ 
i_ / 

I 
I ,,J 

Fig. l .  Schematic distribution of cation vacancies in the boundary 
layer at different times. 

where  

"-L : -  ekT [25] 

Taking into account conditions [24], Eq. [15] assumes 
the s 

dZ~ 1 1 
- - -   o-Texp(-7)+ToexpT+s  261 
dx z 

where 
po = Yz ( ~ -  1) 

V - V " [ Me ] - - [  hie ]b 
1= 

[h'Jb 

This is an inhomogeneous nonl inear  different ia l  
equat ion of the second order.  Its ana ly t ica l  solut ion 
seems impossible  at  any  form of ]. Solving Eq. [26] 
we consider  two l imi t ing cases. 

The first case concerns t = 0 when  genera ted  cat ion 
vacancies a re  located at  the surface and therefore  the 

t e rm f is negligible.  For  shor t  t imes ~ assumes max ima l  
value and then non l inear i ty  of Eq. [26] is pronounced.  
Neglect ing ] Eq. [26] can be in tegra ted  

d r - - { a e x p ~ W e x p  ( - - ~ )  + (a - - 1 )  ~ -5 C} 1/2 [27] 
dx  

where  C is a constant.  
App ly ing  the bounda ry  condit ion 

~ 0  and g , = O  when  x-*  ~ 
dx  

we receive for "q 

- - 

q = -- = {a exp ~'s + exp  ( - -  7~._) 
o 

-5 ( a - -  1 ) ' ~ s - -  ( 1 - s o ) }  ~/2 [28] 

where  ~s is the surface potent ial .  

As seen the  re la t ion  be tween  ~s and q is nonlinear .  
Let  us de te rmine  l imits  of this nonl inear i ty .  By ex-  

panding  exp ~s and exp ( - - ' ~ )  in a power  series near  
zero and neglect ing te rms of the order  g rea te r  than 
three  we obtain af te r  some rea r rangemen t s  

~ / l + < ~ {  ( - - 1 ) 7 ~  ,b5 ~ 
(a -5 1)3 6 

(a __ 1)~'ss } 1/2 

+ ( a + 1 ) 3 0  + ' ' "  [29] 

Fo r  a --  0 and ~ = 1 (for NiO refer  to ~ = 70 mV at 
400~ the devia t ion  f rom l inea r i ty  assumes 7%. 

The second case refers  to smal l  values  of 7 for which 

the express ion exp ( - -  "~) and  exp ~ in  Eq. [26] m a y  

be subst i tu ted  by  terms (1 --  ~) and  (1 -5 ~),  respee-  
t ively.  Then Eq. [26] assumes the l inear  form 

d ~  
= + f [ 3 0 j  d~s 

w h e r e #  = �89 (1 + ~) .  
This form of Poisson's equat ion is sui table  for de -  

scr ibing reconst ruct ions  of the  surface  charge  l aye r  for  
longer  t imes when  [VMe"]s achieves a low value. Ap-  
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ply ing  Lagrange ' s  indefinite mul t i l aye r s  method  we ob-  
t a in  the  solut ion of Eq. [30] in the  ~orm 

1 

fZ i 
Jexp + 

exp  ( - -  ) ] e x p  ( ~ ) d x  [311 

The constant  A m a y  be de t e rmined  f rom the condit ion 

- 

~ " / o  ---- - -  q [32]  

Then  we obta in  

1 f / ,  - - - e x p   exp 
2 

-- - -  exp  (-- $ exp (~/~-x) dx [33] 
2 

F o r x  --  0 we have  

- -  - - q  = A A / ~ -  + -~- ( r ,  + r2)  [34]  

where  

rt --5o ~ ] exp (--V~) d~ 

r2 = I exp ( v ~ )  d~ [351 

Combining Eq. [31] and [34] we obta in  for surface 

potent ia l  x --  0 

~ q 1 ~ 

-- ~0 ~ [VMe"] -- [VMe"]b exp  (--~d~ [36] 
[h ' ]b  

Solution of Fick's Second Law 
In o rder  to de te rmine  the vacancy  concentra t ion we 

solve Eq. [23]. Let  us in t roduce  the fol lowing te rms 

[~1 = [vMe"] 

VMeo 

= t D v / L  2 

x - -  x / L  

Accord ing ly  Eq. [23] assumes the form 

a [Yr 02 IV] 
[37] 

at a"~ 

Equat ion  [37] may  be solved apply ing  Laplace ' s  t r ans -  
formations.  Its final solut ion assumes the form 

[ V M J ]  --  {[V~e"]~ ~ --  [VMe"]D} exp ( rx  + rex) 

erfe ~ +  r + [V~e"]b [38] 

where r = L/a. In our case r >> i. 
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Subs t i tu t ing  the express ion for  [VMe"] into Eq. [36] 
we obta in  

~ , ~  r V ,,1 o q ~ Me ~s - -  [VMe"]b _~ 
~ = v~ - A exp (rx + 

[h ' ]b  

erfc ( 2---2~ § r V ~ " )  exp ( - - V T ~ )  d~ [39] 

Taking  into account tha t  

- qs4~eL 8~e2La 
- -  {[VMe"]~- [VMe"]b} 

[VMd ' ]~ -  [ V ~ " ] b  
--  [40] 

[h'JbS 

for  r A / T > >  1 [41] 

q - - - -  _ 
e k T  e k T  

and considering tha t  

[VMe" ] - -  
V 1,1 o _  Me J~ [VMJ']b 

we obta in  f o r t s  

"" rk/-fl'[ h" ] b 1 I "~v/~ ~0~ r - ~ [YMe"h + - - ~  

; r  v ,,'1 o ~ Me ~ - -  [VMe" ]b }exp  ~ exp  ( - - - x / ~ ) d x  

[42] 
where  

[V~"]~ = {V~e"]~ - [VMe"]b 
1 

= .  {[VMe"]s ~ - -  [VMJ']b} [43] 

F ina l ly  Eq. [42] may  be t r ans fo rmed  into 

[VMe"]s ~ - -  [VMe"]b - - +  
.T[h']b r 0 

exp  ( - - - - ~ ) e x p  ( - - ~ x ) d x  [44] 

As seen f rom Eq. [44] the  t e rm re la ted  to surface 

charge 1 / r  has a negl igible  effect on %~ when  T > r ~. 
For  longer  t imes we can wr i te  

exp  --  ~ exp ( - -  N / - ~ ) d z  = 1 [45] 

and consequent ly  

~ [VMe"]~ ~ - [VMe"]b 
~s  = [46]  

rk/~Lh'lb 
For  ~ = 0 surface poten t ia l  assumes m a x i m u m  

~ [VMe"]s ~  [VMe"]b 
~max --  [47] 

r [ h ' ] b  

Then we obta in  final re la t ion  be tween  Dr, 'r and ~max 

~s 1 L 

~ma-""-~- ~ " - - 'V /~Dv  t [48] 

We assume that the surface potential in Eq. [48] refers 
to work function changes 

e~s  ---- A@t 

e~max = A~max [49] 

Fo r  calculat ions we also assume traax - 0. 
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Combining Eq. [48] and [25] we obta in  

10-2EkT 
Dv -- [50] 

2.4~2e2[h']b{1 + [e-]b/[h']b}tge7 

where  tg7 is the slope of the l inear  pa r t  of the  re la t ion  
hCdA~l~max VS. 1 / ~ .  

Taking into account re la t ion  be tween  chemical  d i f -  
fusion coefficient and  diffusion coefficient of defects 

= (1 + Z)Dv [51] 

and  assuming z = 2 and [h ']b > >  [e - ]b ,  we f inal ly 
obta in  

_ lO-~ekT [52] 
0.8~2e 2 [h ' ]  b tg27 

The presented  quant i t a t ive  considerat ions and the 
proposed  pa r t i cu la r  solut ion of Fick 's  second law for 
near  surface l aye r  enables  the  calculat ion of the chem- 

ical  diffusion coefficient for  this layer .  Therefore,  for 
in Eq. [52] we m a y  wr i t e  

5 = DsL 

Dete rmina t ion  of Dsn leads  to a poss ib i l i ty  of a quan-  
t i ta t ive  analysis  of t r anspor t  p roper t ies  for  near  surface 
l aye r  of oxide  mate r i a l s  and  also of o ther  nonstoichio-  

met r ic  compounds.  DSL and Dbulk m a y  differ essent ia l ly  
if segregat ion of la t t ice  components  occurs. Independent  

de te rmina t ion  of DSL and Dbulk is therefore  especia l ly  
impor tan t  for  appropr ia t e  charac ter iza t ion  of com- 
pounds and the i r  surface proper t ies  a t  e levated  t em-  

pera tu res  a f te r  segregation.  Data  of ~sn  may  be espe-  
c ia l ly  useful  for  under s t and ing  and correct  i n t e r p r e t a -  
t ion of severa l  technological  processes as s t andard iza -  
t ion of semiconduct ing materials ,  s in ter ing  of ceramic 
mater ia ls ,  reduct ion  of ores in meta l lurgy ,  and he te ro-  
geneous cata lyt ic  reactions.  

Conclusions 
I t  has been found that  the dependence  be tween  sur -  

face potent ia l  and surface charge  obeys a l inear  r e l a -  
t ionship at  h igher  reequi l ib ra t ion  t imes when d ischarg-  
ing of the  oxide  surface is p roduced  ma in ly  by  the rmal  
diffusion. Approp r i a t e  solut ion of Fick 's  second law 
leads to chemical  diffusion coefficient for n e a r - t o - s u r -  
face l aye r  of oxide mater ia ls .  The descr ibed method of 

measur ing  DSL from the work  funct ion da ta  creates a 
poss ibi l i ty  of s tudying  t r anspor t  p roper t ies  of the outer  
surface  layer  independen t ly  of the bulk.  I t  should be 
emphasized tha t  both  s t ruc ture  and diffusion p a r a m -  
eters  for the bu lk  and the surface layer  m a y  differ es- 
sent ial ly ,  especia l ly  for oxide  solid solut ions exhib i t ing  
the  effect of segregat ion  of la t t ice  components.  

Sur face-con t ro l l ed  mechanism in heterogeneous re-  
equi l ib ra t ion  processes for  ox ide -oxygen  systems m a y  

find an exp lana t ion  in invest igat ions of DSL and Dbulk, 
independent ly .  
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L IST  OF SYMBOLS 
a mono laye r  thickness 
d diffusion l aye r  th ickness  

D chemical  diffusion coefficient 
Dv difIusion coefficient of cat ion vacancies 
e e l emen ta ry  charge 
e -  quas i - f ree  e lec t ron  
Fi impur i ty  
h '  quas i - f ree  e lec t ron  hole 
jv flux of cat ion vacancies 
k Bol tzmann constant  
kl, k 2 . . .  k6 ra te  constants  
L screening depth  (Debye thickness)  
02(ads), 0 - ,  O 2-  adsorbed  oxygen  species 
Po2 oxygen par t i a l  pressure  
q electr ic  charge 
S surface a rea  
t t ime 
T absolute  t empe ra tu r e  
v vo lume 
VMe" double ionized cat ion vacancy  
x distance f rom the surface 
z effective charge  
e dielectr ic  constant  
r work function 

potent ia l  
p charge dens i ty  
[ ] concentrat ions  
[ ]b bu lk  concentrat ions  
[ ]s surface concentrat ions  
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Near-Surface and Bulk Chemical 
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ABSTRACT 

Work funct ion is applied to monitor  the reequi l ibra t ion kinetics at the NiO 
surface after sorption of small  oxygen doses. Using appropriate solution of 
Fick's second law and of Poisson's equation the chemical diffusion coefficient 
for the near- to-surface  layer  of undoped NiO was calculated in  the range 
300~176 

DSL " - -  4 �9 10 -5 exp [ (--21,000 • 2,100)/RT] [cm s sec -1] 

The obtained results are discussed regarding the available diffusion data for 
NiO obtained at high temperatures. 

Chemical diffusion coefficients for nonstoichiometric 
oxide materials  may be calculated from the reequil i -  
bra t ion kinetic data. The reequi l ibrat ion kinetics may 
be followed directly by measur ing changes in  crystal 
nonstoichiometry vs. time. The gravimetr ical  method is 
applicable when  changes in  crystal composition are 
sufficiently high (1-3). However, for compounds show- 
ing a small  deviation from stoichiometry, the electrical 
conductivi ty me thod  is more convenient  (4). Both 
methods refer to the crystal l ine bulk  and therefore 
may be applied a t  sufficiently h igh temperatures  at 
which equi l ibr ium in a gas-solid system may be 
reached relat ively fast. On the other hand, the method 
based on the work function data leads to chemical 

diffusion coefficient DSL for the near- to-surface  layer  
of the oxide crystals (5). 

The purpose of the present  work is to determine the 

surface reequi l ibrat ion kinetics and to calculate DSL 
for undoped NiO. NiO is a convenient  object for diffu- 
sion investigations exhibi t ing a very small  concentra-  
tion of defects which may be considered to form an 

ideal solution in  the crystal. The available data of D 
for this oxide mater ia l  (4, 6-12) may serve as a com- 
parat ive mater ial  to discuss the results obtained from 
the work function measurements.  

Discussion of Chemical Diffusion Data for NiO 
The available data of chemical diffusion for NiO 

differ considerably concerning the absolute values 
and the reported activation energies (4, 6-12). The 
electrical conductivi ty method app l ied  in  most cases 
is a very accurate one (13). The differences seem to 
consist in crystal geometry. Also concentrat ion of im-  
purities may have an essential effect on the measured 
values of reequi l ibrat ion kinetic data, especially when 
segregation of lattice components occurs (14). Then a 
surface-control l ing mechanism may be observed (1, 2). 

Table I i l lustrates available data of both the chemi- 

cal diffusion coefficient D and the diffusion coe~cient  of 
defects Dr. Both are correlated according to the ex-  
pression 

= (1 + Z)Dv [1] 

On one side, data of Wagner  et al, (4, 9), of Koel and 
Geltings (8), and of Nowotny and Sadowski (12, 13) 
show an excellent  agreement  as concerns the activa- 
t ion energy varying  be tween 21 and 24 kcal �9 mole -1. 
Another  group of data shows high values of the ac- 
t ivat ion energy ranging from 31 to 37 kcal .mole - I  
(6, 7, I0, 11). 

Key words: work function, semiconductor,  defects, potential. 

Several  exper imental  details are impor tant  to de- 

termine D correctly. First, the oxide sample should be 
well equil ibrated with the gas phase. It is also im-  
por tant  to determine ranges of the equi l ibrat ion 
kinetics for which appropriate equations (logarithmic 
and parabo]ie) are fulfilled. The calculated diffusion 
data are self-consistent when calculations according to 
both parabolic and logarithmic equations (at appropri-  
ate ranges) lead to identical values (13). Several  pa- 
pers do not involve any exper imental  details which 
could answer these questions (6, 7, I I ) .  The results of 
Ikeda and Nil (10) show different reduction and 
oxidation kinetics, which are not in accordance with 
the bulk  diffusion mechanism found for NiO (12, 13). 
Also impur i ty  concentrat ion required for critical anal -  
ysis of conflicting results is lacking in  several cases 
(6, 10). 

As it results from exper imental  work of Sadowski 
(13) crystal geometry has no effect on the measured 

activation energy of D but  as a strong effect on the 

calculated value of ~ as a consequence of concentrat ion 
profiles dur ing the reequil ibration.  

In  the present  studies the work function is used to 
follow the reequi l ibra t ion kinetics at the surface of 
NiO crystal and appropriate solution of Fick's second 

law (5) is utilized to calculate ~SL. 
Comparison of the results o b t a i n e d  present ly  and 

those from the electrical conductivity method may 
bring fur ther  arguments  concerning diffusion data for 
NiO. 

Experimental 
An undoped, polycrystal l ine NiO sample was taken 

for investigation. The sample was prepared by cal- 
cination of nickel carbonate at 1000~ for 4 hr in air. 
The specific surface area was 0.42 m 2 g-1. Average 
particle size was 0.05 mm. Results of spectral analysis 
for impur i ty  concentrations are given in Table II. 

The work function was measured using the dynamic 
capacitor method (15). The compact polycrystal l ine 
sample was located on the stainless steel pIate of the 
dynamic condenser. The chemisorption system is able 
either to main ta in  Po2 -- const, in the measur ing 
system or to admit  the required oxygen dose in  it. 
The electronic device made it possible to monitor  fast 
changes of the work function in t ime (15, 16). Before 
measurements  the sample was standardized at 400~ 
for 1 hr  under  10 Torr  and then outgassed in vacuo 
referr ing to Po2 -- 10-6 Torr. After the s tandardizat ion 
the temperature  was set on the exper imental  level and 
the sample was equi l ibrated at given conditions of T 
and Po2 unt i l  a constant  value of the work funct ion Ot 

1117 
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Table I. Data of D'and Dv for NiO 

May 1980 

No. 

Concentration os 
mono- and three- 

po~ range T range valent impurities D or Dv vs. T 
Authors (atm) (~ (ppm) (cm~ sec-~) Remarks 

1 Price and Wagner (4) 3 �9 10-e-1 ~00.1100 200 
2 Morlotti (6) 10-8-1 750-100'0 Not available 

S Deren et aI. (7) 3 �9 10-e-0.Zl 1000-1300 i00 

4 Koel and Gellings (8) 10 -s 975-1300 100 

5 Nowotny and Wagner (9) 9. 10-~-0.1 900-1170 10 
6 Ikeda and Nii (10) 10-~-1 950-1100 Not available 

7 Fahri and Petot-Ervas (11) 1.9 �9 10-~-1  1000-1400 30 

8 Nowotny and Sadowski (12) 10-~-1 900-1200 200 

vs .  t ime  t was  reached .  T h e n  the  r e q u i r e d  o x y g e n  dose 
was  a d m i t t e d  into  t he  m e a s u r i n g  sys tem and at  tha t  
m o m e n t  both  a@t and aPoe w e r e  m e a s u r e d  i s o t h e r m a l l y  
in  t ime.  The  a m o u n t  of  the  NiO sample  t a k e n  for  each  
e x p e r i m e n t  was  a lways  equa l  to 0.31g. T w o  d i f fe ren t  
o x y g e n  doses ( ind ica ted  as A1 and  A2) w e r e  used. 
Tab l e  I I I  g ives  the i r  a m o u n t  and co r re spond ing  f r ac -  
t ion  of  m o n o l a y e r  c o v e r a g e  at  t = 0. 

Results and Discussion 
The  da ta  of  ~ t  vs. t t a k e n  a f t e r  admiss ion  of  an  02 

dose s h o w  a n o n m o n o t o n o u s  c h a r a c t e r  i n v o l v i n g  r ap id  
in i t i a l  i nc rease  and  t h e n  s l o w e r  dec rease  (16). The  
inc rease  of ~t is p r o d u c e d  by  chemiso rp t ion  of  02 and  
the  subsequen t  dec rease  r e fe r s  to ionic diffusion and  
leads  to bu i ld ing  up of n e w  la t t i ce  e lements .  A c c o r d -  
i ng ly  the  w o r k  func t i on  assumes  the  in i t i a l  va lue .  I t  
has  been found t ha t  Po2 r a p i d l y  decreases  ( a f t e r  a d -  
miss ion  of  an  O2 dose)  f r o m  the  in i t ia l  v a l u e  l i s ted  
in  Tab l e  I I  and ach ieves  v a c u u m  (be low 10 -6  T o r r )  
b e f o r e  A~ t r eaches  m a x i m u m  (hCmax). We  a s sume  then  
tha t  ~t changes  at  t ime  h i g h e r  t h a n  tmax ( c o r r e s p o n d :  
i n g  to A~max ) a r e  d e t e r m i n e d  on ly  by  t r a n s f e r  of  
ionic  species  f r o m  t h e  su r f ace  into  t he  c rys t a l l i ne  bulk .  
T h e  e x p e r i m e n t a l  da ta  o f  ~ t  c o r r e s p u o n d i n g  to dis-  
cha rg ing  the  su r face  a re  p lo t t ed  as a f unc t i on  of  

ACt/A~m.ax VS.  I/~/t in Fig. 1. Da ta  of ~ t  vs. t a re  
p r e s e n t e d  e l s e w h e r e  (16). The  t imes  w h e n  ;,v~ ~ 0 
co r r e spond  to diffusion w i t h i n  s eve ra l  o u t e r  l aye r s  
only,  h o w e v e r  r e l a t i v e l y  smal l  amoun t s  of  O2 used  
e x p e r i m e n t a l l y  (16) l ead  to the  neg l ig ib le  final A~t 
v a l u e  a f t e r  r e l a t i v e l y  shor t  t imes.  The  chemica l  d i f fu-  
s ion coefficient  was  ca l cu l a t ed  accord ing  to the  f o l l o w -  

Table II. Impurity concentrations in NiO crystal 

Concentration 
Impurity (atom per cent) 

Co 0.05 
AI 0.001 
Mg 0.001 
Mn 0.0005 
Fe 0.0005 
Si 0.001 
Cu 0.0005 
Pb 0301 
Ca 0,000~ 

Table III. Experimental 02 doses 

Fraction of Initial oxy- 
Oxygen Amount the monolayer gen pressure 

dose (moles) coverage (%) (Torr) 

Aa 4.23 �9 10 -s 4.1 9.2 �9 10-~ 
A~ 1.24 �9 I0-~ 12.0 2.7 �9 10 -8 

"D = 7.52 �9 10-~ exp (--21,900/RT) 
Dv = 14 exp (-31,O00/RT) 

"D = 6.45 �9 14} -~ exp (-33,700/RT) 

=2.2 ' 10 -8 exp (-24,600/RT) 

"D = 2.9 �9 10 -8 exp (-21,700/RT) 
Dv = 0.069 exp (-33,0,0/RT) 
Dv = 0.13 exp (--36o0o0/RT) 

--- 0.244 exp (-36,600/RT) 

"D = 1.64 �9 10 -2 exp (--22,480/RT) 

"D = 9,68 �9 I0 -~ exp (--21,430/RT) 

Reduction 
Oxidation 

Oxidation 

Reduction 

ing  equa t i on  w h i c h  is a so lu t ion  of F ick ' s  second l a w  
(5) 

L2 
DSL = (1 + Z)  [2] 

60~tg27[h "] (1 + [e-] / [h ' ] )  

w h e r e :  e = d ie lec t r ic  cons tan t  ( for  NiO, e = 10), Z = 
ef fec t ive  cha rge  of diffusing defects ,  L = the  s c r een ing  
d e p t h  e x p r e s s e d  by  the  fo rmu la , /~  = ,/2, and  [ e - ]  and 
[h ' ]  a r e  concen t ra t ions  of  quas i f r ee  e lec t rons  and 
e l ec t ron  holes, r e s p e c t i v e l y  

V ~kT 
L - -  8~e~([h "] + [ e - l )  [3] 

Tg7 is the  s lope of  the  l i nea r  pa r t  of  the  d e p e n d e n c e  

A@t/A@max V8. 1/~/~ in the  r ange  of  h i g h e r  r e e q u i l i b r a -  
t ion t imes  w h e r e  Poisson 's  e q u a t i o n  holds  l inear i ty .  
I t  has been  found  tha t  tg7 is i n d e p e n d e n t  of  the a m o u n t  
of o x y g e n  used  e x p e r i m e n t a l l y ,  Fig. 2. 

As  resu l t s  f r o m  q u a n t i t a t i v e  cons ide ra t ions  (5), Eq. 
[2] is va l id  on ly  for  l o n g e r  r e e q u i l i b r a t i o n  t imes  w h e n  
the  su r face  po ten t i a l  can be suff ic ient ly  l o w  and  the  
m i g r a t i o n  t e r m  in the  diffusion process  m a y  be ne -  
g lec ted  as c o m p a r e d  to the  t h e r m a l  diffusion t e rm.  This  
is the  r eason  tha t  the  l i n e a r i t y  of A~t/-~ma x VS. 1/%/'t 
d e p e n d e n c e  (Fig. 1 and  2) is ful f i l led  on ly  at  h i g h e r  
equ i l i b r a t i on  t imes.  A t  l o w e r  t imes  the  su r face  p o t e n -  
t ia l  acqu i res  h ighes t  values ,  the  m i g r a t i o n  t e r m  b e -  
comes  c o m p a r a b l e  to the  t h e r m a l  diffusion te rm,  and  
as a r e su l t  a m a r k e d  dev i a t i on  f r o m  the  ] inea r i ty  is 
observed .  In  the  e x p e r i m e n t a l  condi t ions  app l i ed  we  
m a y  assume  d o u b l y  ion ized  ca t ion  vacanc ies  and  e l ec -  
t ron  holes  to be  p r e d o m i n a n t  NiO la t t i ce  defects  (16. 

1-0 I 

0.8- ~ x x ~ . ~ x  x nOA UNDOPED NiO 

[ ] / ,  

0.2 0.4 0.6 0.8 1.0 1.2 1.4 

~/1/~ ['t in mini 

Fig. I. Experimental work function data for NiO plotted as 
A@t/A@max vs. 1/~X/t for oxygen dose A1. 



Vol. 127, No. 5 C H E M I C A L  D I F F U S I O N  1119 

tO, 
O o 

8 �9 
o �9 

0.8 o ~ 
o �9 

o 

0.6" �9 

0 ~ o 

. ~  0.4- o 

0.2- ~" 
o �9 UNDOPED Ni0-350 ~ 

0'.1 0.'2 6.3 0:4 
~/t~ It in mini 

Fig. 2. Work function data for NiO plotted as A@t/A~max ~;S. 
1/N/i for oxygen doses A1 and A2 at 350~ 

17). Therefore, Eq. [2] and [3] m a y  be expressed in 
simpler forms 

eL2 
DsL : (1 + Z) [4] 

60:~tg2~r [h ']  

V ekT 
L = 8Jce2[h "] [5] 

The concentration of electron holes was assumed to 
fulfill the electroneutral i ty condition 

[h ']  -- 2[VNi"] [6] 

where  [VNi"] was calculated according to high tem- 
perature  data of Mitoff (18) 

[VN{,]=llpo2~/6exp ( 1/3 AHf ) 
a T  [7] 

where • is the activation enthalpy of formation of 
cation vacancies equal to 54 kcal �9 mole - I  (13, 18). As- 
suming condition [6] we neglect the effect of im- 
purities on [h ' ] .  Using the work  function data (Fig. 1) 
and applying relations [4], [6], and [7] we obtain 

DsL = 4 �9 10 -5 exp [ (--21,000 _ 2,100)/RT] [8] 

Table IV shows data of both DsL and L calculated ac- 
cording to Eq. [4] and [5], respectively. Figure 3 
illustrates the present results as well as the high tem- 
pera ture  data of Price and Wagner  (4) and of Nowotny  
and Sadowski (12) extrapolated to the temperature  
range 300~176 Taking into account the two differ- 
ent methods applied, two different states of the sam- 
ples used (single and polycrystall ine),  and different 
temperature  ranges, there is surprising agreement  
concerning the activation energy values. Moreover. it 
should be emphasized that  the electrical conductivity 
method applicable at  high temperatures  refers to the 

Table IV. Values of L, tg% and DSL at different temperatures 

Temp 'Dsr~ 
(~  L ( e m )  t g ' y  (ern~/sec -1) 

300 4 , 5 6 '  10-~ 11.2 5.1 �9 10 -~s 

325 3.36 �9 10 -~ 7.4 6.6 �9 i'O -~'s 

350 2 , 5 5  �9 1O -~ 3.2 2.t)4 �9 10 -j'z 
375 1,97 - 10 -~ 2,0 3,0 �9 10 -12 

400 1.55 �9 10-5 1.25 4.B �9 10 -1~ 

425 1.24 �9 10 ~ 0.69 1.02 �9 10 -11 

I"--1 
,'rr~ 

% 
O 

TEMPERATURE [o C] 
425 400 375 350 325 300 

I I I , , - -  I I 

-12- ~  Sk.~k, ~ 

14 1.5 t6 1.7 1.8 
1/740-3 [t in ~ 

Fig. 3. Arrhenius plots of chemical diffusion coefficient calcu- 
lated from the work function data (present results) and extrapolated 
high temperature data of Price and Wagner (4) and of Nowotny 
and Sadowski (12). 

,~, -10" 

~D 
O~ 
O 

bulk of the crystal, whereas the work  function method 
applied presently concerns the near- to-surface layer  
which is limited mainly to several outer crystal layers. 

Specific surface interactions, resulting, e.g., f rom 
segregation of lattice components, may  have an es- 

sential effect on the measured value of DsL from the 
work function data. There is, however,  some evidence 
indicating that  the segregation effect does not  occur for 
undoped NiO crystal (13, 14). Therefore, the observed 
agreement  between the diffusion coefficient determined 
from Eq. [3] and high temperature diffusion data is 
understandable. 

The observed differences in absolute values of 
in Fig. 3 are apparent ly  connected with several as- 
sumptions and approximations introduced to solve 
Poisson's equation (5). 

Conclusions 
Appropriate  solution of Fick's second Iaw and of 

Poisson's equation leads to the determination of the 
chemical diffusion coefficient f rom the work function 
data accompanying reequilibration of NiO surface. The 

determination of DsL is possible at higher reequi l ibra '  
tion times when the migrat ion under  electrical poten- 
tial becomes negligible and the dependence A~JA'~m~ 

vs. 1/k/~ holds linearity. The data of D(T)  obtained 
for undoped NiO from the work  function measure-  
ments show excellent agreement, concerning the ac- 
t ivation energy term, with the high temperature  data 
of Wagner  and co-workers  (4, 9) and of Sadowski 
(13). The agreement  indicates the negligible effect 
of the segregation of lattice components in undoped 
NiO crystal. 
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Preparation of Molybdenum Silicide Films 
by Reactive Sputtering 

S. Yanagisawa and T. Fukuyama 
Cooperative Laboratories, VLSI Technology Research Association, Takatsu-ku, Kawasaki, 213 Japan 

ABSTRACT 

A new deposi t ion technique for mo lybdenum silicide films is p resented  
w h e r e b y  the films a re  deposi ted by  m a g n e t r o n - d - c - r e a c t i v e  spu t t e r ing  using a 
Mo targe t  in a silane argon atmosphere.  The influence of sput te r ing  conditions 
upon the film proper t ies  was inves t iga ted  by ut i l iz ing mass spectroscopy, Auge r  
e lec t ron spectroscopy, and x - r a y  diffractometry:  F i lms  wi th  various Si /Mo 
atomic rat ios up to 1.9 were  obta ined by control l ing the spu t te r ing  power  a n d  
the si lane par t i a l  pressure.  The crys ta l  s t ruc tures  were  found t o  be continu" 
ously t r ans fo rmed  f rom Mo-r i ch  silicides to S i - r i ch  ones, inc luding Mo~Si, 
MobSi3, and  MoSi2, wi th  increasing Si /Mo atomic rat io.  

Studies  toward  the product ion of high density,  high 
speed MOSLSI  have  exp lored  the use of r e f rac to ry  
meta ls  such as Mo and W as gate and interconnect ion 
mate r ia l s  to replace  convent ional  polysi l icon (1-4). 
The re f rac to ry  meta ls  are  much more  conduct ive than 
polysil icon, and can wi ths tand  high t empe ra tu r e  
processing. However ,  these meta ls  have poor resistance 
to the  chemical  reagents  and oxidizing ambients  used 
in MOS fabr icat ion process, as compared  wi th  po ly -  
silicon (5, 6). This may  l imi t  the use of r e f rac to ry  
metals .  In o rde r  to overcome these disadvantages ,  the  
r e f r ac to ry  meta l  sil icides such as MoSi2 and WSi2, have 
been examined  because of the i r  oxidat ion resistance 
(7-9). Severa l  deposi t ion techniques of the sil icide 
films were  used, inc luding  spu t t e r ing  and coevapora-  
t ion of the  e lements  wi th  a dual  e lect ron beam evap-  
ora t ion unit.  

This pape r  presents  a new deposi t ion method for 
mo lybdenum silicide films whe reby  the films are  de-  
posi ted by  react ive  sput te r ing  using si lane as a react ive  
gas. This method  can eas i ly  provide  the  si l icide films, 
i.e., Mo3Si, MobSi3, and MoSi2, by ad jus t ing  sput te r ing  
conditions. The film proper t ies  are  inves t iga ted  by  
A u g e r  e lect ron analysis  and x - r a y  analysis.  The spu t -  
ter ing mechanism is also discussed, based upon these 
exper imen ta l  results.  

Experimental 
The appara tus  used is a m a g n e t r o n - d - c - s p u t t e r i n g  

sys tem (Var ian  S - G u n ) ,  as shown schemat ica l ly  i n  

Key words: molybdenum, magnetron sputtering, silane, crys- 
tal structure. 

Fig. 1. Subs t ra tes  a re  t he rma l ly  oxidized silicon wafers  
o f  3 in. d iam and were  mounted  by spr ing  clamps on a 
spherical  ro ta t ing p l ane t a ry  subs t ra te  fixture. The Mo 
ta rge t  is a 5 in. d iam wa te r -coo led  c i rcular  conical 

~ 1  Si Wafer ~ ,MSQ Detector 

//Shutter 
/7 /Anode ~ 

Target 

~r S!H, I~1 
D,P 

Fig. '1. Schematic diagram of the magnetron type d~c reactive 
sputtering apparatus. 
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cathode (99.99% pure) .  The system was pumped down 
to 2 X 10 -6 Torr, and then backfilled to the sput ter ing 
pressure by in t roducing argon and silane. The sub-  
strates were preheated to about 200~ by radiat ion 
emitted from quartz lamp heaters. In  this system, their  
heat ing dur ing  sput ter ing is negligible (10). Init ial ly,  
the silane was admit ted into the reaction chamber, 
followed by argon, unt i l  the total sput ter ing pressure 
reached 3 X 10 -3 Torr. The silane part ial  pressure 
was varied up to 1.8 X 10 -3 Torr. The film composition 
c a n  be controlled by changing the silane part ial  pres-  
sure. Another  method uses a mix ture  of argon and 
silane. In  this case, the reproducibi l i ty  of the film 
comPosition is superior  to that  of the first method. The 
sput ter ing pressure was measured by an ionization 
gauge within  the high vacuum range prior to backfill. 
After  backfill, a Schulz gauge which withstands corro- 
sion in  silane envi ronments  was used. After  applying 
power, the sput ter ing pressure was found to rise higher 
than  that  before, indicat ing an increase of hydrogen 
due to the decomposition of silane in the argon plasma, 
as described later. During sputtering, a quartz crystal 
rate monitor  was used to monitor  the film thickness 
and the deposition rate. Since the change in frequency 
of the quartz crystal is dependent  upon the density of 
the deposited fi]m, the monitor  was adjusted for each 
sput ter ing condition by which the film composition is 
determined.  After  deposition, the thickness was deter-  
mined using Talystep. The nominal  thickness of all the 
films deposited was 3000A. The deposition rate was 
found to be near ly  constant unde r  constant  sput ter ing 
power, wi th in  the silane part ial  pressure range used. 

The decomposed products of silane were detected by 
a quadrupole mass spectrometer. The detector was 
positioned sufficiently far from the discharge region, as 
shown schematically in Fig. 1, and was protected from 
direct impingement  by the particles sputtered from the 
target. Therefore, the species detected are considered to 
include only the neut ra l  gas species which diffuse from 
the discharge region. Auger electron spectroscopy was 
used together with Ar sput ter ing to investigate the 
relat ive amounts  of Si incorporated within the films. 
The electrical resist ivity of the films was determined 
by the usual  four-point  probe technique in conjunct ion 
with thickness measurements  using Talystep. The 
crystal s t ructure  of the film was investigated by x-ray~ 
diffraction using Cu-K~ radiation. 

Results and Discussion 
Sputtering procedure and ]ffm composition.iThe 

sput ter ing power dependence of product species at an 
ini t ial  silane part ial  pressure of 6 X 10 -4 Torr  is shown 
in  Fig. 2. The signals correspond to the  ion currents  in 
the mass spectrometer. The decomposition of silane is 
marked by  a rise in the H2 signal and a s imultaneous 
fall in  each of the Si, SiHn (n ---- 1 to 4) signals. The 
ini t ia l  Si and SiHn signals could be a t t r ibuted to the 
f ragmenta t ion of silane in  the mass spectrometer ion 
source. The increase of molecular  hydrogen H2 as a 
decomposed product is consistent with the overall  de- 
composition reaction 

Sill4 "-> Si + 2H~ 

As seen in  Fig. 2, as the sput ter ing power was in-  
creased, all signals Varied by an order of magni tude  
and then became constant, indicat ing that  most of the 
silane is decomposed at powers greater than  0.6 kW. 
Figure 3 shows in-depth  profiles for Si and Mo in the 
deposited film of 3000A thickness. The profiles were 
measured by an Auger  electron spectrometer. The 
sput ter ing power and the silane par t ia l  pressure were 
2 kW and 1.2 X 10 -8 Torr, respectively. Si was found 
to be un i formly  distr ibuted in the film. Si/Mo atomic 
ratios in  the films, which were evaluated from the 
Auger electron signals, are plotted as a funct ion of 
silane part ial  pressure for two levels of sput ter ing 
power, as shown in Fig. 4. The Si/Nio ratio was found 
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Fig. 2. Decomposed silane species as a function of sputtering 
power. Silaae partial pressure is 6 X 10 -4  Torr. 

to increase super l inear ly  with the silane part ial  pres- 
sure and decrease inversely to the power. 

In the magnet ron  sput ter ing system used here, most 
of the silane is decomposed within  the intense argon 
plasma region which is sustained close to the t a rge t  
(10). The result ing Si atoms would be mostly adsorbed 
on a target  surface (11). Because the substrate is po- 
sitioned sufficiently far from the discharge region, it is 
improbable  that Si atoms originat ing from the silane 
decomposed in the discharge region, would directly 
impinge on it. The main  process for Si impinging on 
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Fig. 4. Si/Mo atomic ratio of the film as a function of silane 

partial pressure using sputtering power as a parameter. The system 
pressure is 3 X 10 -3  Torr. 

the substrate may be the bombardment ,  by Ar ions, of 
a target  surface which has adsorbed a layer  of St. 
F rom such an adsorption model, the influence of silane 
part ial  pressure on the film composition may be qual-  
i ta t ively  understood as follows. 

If the silane par t ia l  pressure is low enough that  the 
surface coverage is much less than unity, the sput ter -  
ing yield of the Mo target  is l i t t le affected by the silane 
part ial  pressure. In this case, a l inear  dependence of 
the Si /Mo ratio on the silane part ial  pressure may  be 
expected, because the surface coverage increases l in- 
ear ly  wi th  the silane part ial  pressure (11, 12). How- 
ever, when the silane par t ia l  pressure becomes high 
enough that  the surface coverage is comparable  to 
unity, the sput ter ing yield of the Mo target  is consid- 
erably  reduced when the siIane par t ia l  pressure is in-  
creased, and sputter ing of the adsorbed layer  increases. 
In this case, there  may be a deviat ion f rom a l inear  
dependence of the film composition on the silane 
part ial  pressure, as shown in Fig. 4. With respect  to 
the effect of the Sputtering power on the film compo- 
sition, the amount  of Mo deposited on a substrate in-  
creases l inear ly  with the power, while that  of Si is 
constant. This is because the decomposed si]ane species 
are invar iant  at powers greater  than 0.6 kW, as shown 
in Fig. 2. As a result, the S i /Mo ratio is inversely  pro-  
port ional  to the power  (12). 

The deposition rate  has been known to decrease as 
the react ive gas part ial  pressure is increased, that  is, if 
oxygen or ni t rogen is used as the react ive gas (11. 13). 
This is bel ieved to be due to the decrease of sputter ing 
of the ni tr ide or oxide layer  synthesized on the target  
material .  However ,  the deposition rate observed here 
was found to hold near ly  constant w h e a  the silane 
part ial  pressure was varied. In order  to invest igate 
this discrepancy, the effect of react ive gas on the tar-  
get cur ren t -vo l tage  relat ionship was measured as 
shown in Fig. 5. Three different gases were  used as the 
sputter ing gases: pure argon for curve a, a s i lane-argon 
mix ture  for curve b, and a n i t rogen-argon mixture  for 
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Fig. 5. Target current-voltage relationship for three different 
sputtering gases. Curve a, pure argon (PAr: 1.8 X 10 -3  Torr); 
curve b, silane-argon mixture (PsIH4" 1.2 • 10 -3  Torr, PAr: 
1.8 X 10 -3  Tort); curve c, nitrogen-argon mixture (PN2: 
1.2 • 10 - 3  Torr, PAr: 1.8 • 10 -3  Torr). 

curve c. The current  increased when  silane was added 
to the pure argon sput ter ing gas, but decreased when 
ni t rogen was added. This resul t  suggests that  electrons 
supplied by the decomposed silane remain  within  the 
discharge region, thereby contr ibuting to ionizing col- 
lisions with argon gas molecules. Such a mechanism 
may resul t  in an increase of the ta rge t  current  and 
thereby compensate the decrease of the sput ter ing of 
the adsorbed layer  on the target  surface. It  appears 
that  the decomposition of ni t rogen gas does not supply 
electrons. 

Crystal structure.--The crystal  s tructures were  in-  
vest igated by x - r a y  diffraction. As-deposi ted films, ex-  
cept for the pure Mo film, were  found to be amorphous 
and to change to a polycrystal l ine s t ructure  af ter  heat -  
t reatment .  The continuous t ransformat ion from Mo- 
rich to St-r ich silicides, including Mo3Si, MosSis, and 
MoSt2, was observed as the Si /Mo ratio was increased 
up to 1.9. Figures 6 ( a ) - ( d )  show x - r ay  diffractometer  
traces of films within the range 28 ~ --~ 2e ~51 ~ where  
each film was about 3000A thick. Fi lms with  various 
Si /Mo ratios were  annealed in an N2 atmosphere  for 
30 min at tempera tures  f rom 600 ~ to 1200~ For  the 
film with a Si /Mo ratio of 0.17, as shown in Fig. 6 (a), 
the M o ( l l 0 )  reflection is the only detectable peak 
when the anneal ing tempera tures  were  blow 1000~ 
MoiSt appears wi th  the prefer red  reflection (210) at 
tempera tures  higher  than 1000~ The s t ructure  shows 
a mix ture  of Mo wi th  Mo3Si. In Fig. 6 (b) for the Si /Mo 
ratio of 0.54, the M o ( l l 0 )  reflection was not observed 
in any tempera ture  range. The film was changed to 
single phase Mo3Si with the pre fe r red  reflection (200) 
at tempera tures  over  800~ Fur the r  addition of Si 
leads to mixtures  of MosSi3 and lVIoSi2 at t empera-  
tures over  800~ as shown in Fig. 6(c).  In Fig. 6(d) 



VoL I27, No. 5 SILICIDE P R E P A R A T I O N  1123 

(a} 

800~ 

1000"C 

~ g 
~ f 

1200"C / ~ s  
~o ~'s 40 35 30 

2S(degrees) 

Temp. Si/Mo = 0.54 

600 'C  l / " 

1201~ 
50 4.5 40 35 30 

28 (degreeS) 

Temp. Si/Mo = 1.2 

 00,c 

~"~o /o o o ~ ~- .~  ~ ~ ~ : ~  ~ . ~ ,  

~2oo0c ~ ~ / V  ~V~r W ~ ~  v~ 

(~) 5'0 .4'5 4'0 3'5 3'0 
2s (degrees) 

Temp. ~ ~ / ~  SilMo =1.9 

6oo'c 

{a) 

7000C ' 

10 4's io  3s 10 
28 (degrees) 

Fig. 6. X-ray diffractometer traces from the films annealed for 30 min at various temperatures. Si/Mo ratios of the films are (a) 0.17, 
(b) 0.54, (c) 1.2, (d) 1.9. 

for the Si/Mo ratio of 1.9, the hexagonal  MoSi2 appears 
at 600~ and is cont inuously  t ransformed to the te t rag-  
onal MoSi2 as the temperature  is increased over 800~ 

Resistivity.--The effect of the Si/IYIo atomic ratio 
on the film resist ivity was evaluated as shown in Fig. 
7. Each film thickness is about 3000A. The resistivity 
of the as-deposited films was quite�9 high for a rela-  
t ively large Si/IVIo ratio. When the films were annealed 
for 30 min  at 1000~ in N2 atmosphere, a significant 
decrease in resist ivity is observed for films with larger  
Si/Mo ratios. The amount  of hydrogen incorporated 
wi th in  the film dur ing  sput ter ing results in an addi- 
t ional increase in as-deposited film resistivity. This 
hydrogen may be removed by high tempera ture  an-  
neal ing (14). This may cause a significant decrease in  
resist ivi ty as a funct ion of the anneal ing  tempera ture  
for the larger Si/Mo ratio films. Furthermore,  as 
shown by x - r ay  analysis, the recrystal l ization tem- 
peratures  differ from each other depending upon the 
film composition. This also may explain the differences 
in  tempera ture  dependence of resist ivity among the 
films having the various Si/Mo ratios. 

Conclusion 
M o l y b d e n u m  s i l i c ide  f i lms w e r e  p r e p a r e d  b y  m a g -  

ne t ron-d-c - reac t ive  sput ter ing wi thin  an argon-s i lane 
atmosphere. Most of the silane is decomposed wi th in  
the intense argon plasma close to the target, resul t ing 
in  the silicon being adsorbed on the target  surface. 
The silicon wi th in  the film is considered to originate 
from the adsorbed Si layer  on the target  surface. This 
mechanism is qual i ta t ively consistent with the mea-  
sured results concerning dependence of the Si/Mo 
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atomic ratio of the film upon the sput ter ing param-  
eters. Corresponding to the Si/Mo ratio, the various 
silicide structures such as MoiSt, MosSij, and MoSt2 
were observed by using x - ray  analysis. The crystal 
s tructures were found to be continuously t ransformed 
from Mo-rich to St-r ich silicides, as the Si/Mo atomic 
ratio was increased. This result  enables us to obtain 
the various silicides by  controll ing the sput ter ing 
power and the silane par t ia l  pressure. The reactive 
sput ter ing technique reported here may be applicable 
for the preparat ion of other metal  silicide films as well. 
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Interdiffusion Studies of Au/Ni and Au/Ni-P 
A. van Wijngaarden, M. Schlesinger,* N. E. Hedgecock, and B. K. W. Baylis 

Department of Physics, University of Windsor, Windsor, Ontario, Canada NgB 3P4 

ABSTRACT 

A comparat ive s tudy is presented of the interdiffusion properties of Au /Ni  
and Au/Ni -P .  Anomalous diffusion of gold through nickel is described. It  is  
concluded that  electrolessly deposited nickel (Ni-P)  could be used to inhibi t  
substrate  contaminat ion by gold contacts. 

In  a recent article (1) we described the use of pro- 
ton backscat ter ing to determine the surface concentra-  
t ion of pal ladium present  on a catalyzed glass slide. 
Proton backscattering can also be used to determine 
concentrat ions at different depths (2) and can, there-  
fore, be used to follow diffusion of one thin film into 
another. Nickel is often used as a diffusion barr ier  
between integrated circuitry and gold contacts, for 
example, see Ref. (3). Therefore, diffusion of Au into 
Ni and Ni-P, as well as the diffusion of Ni from Ni and 
Ni-P into Au, was studied. Because Au, Ni, and P are 
very  different in atomic number ,  the proton back- 
scattering peaks are sufficiently separated to allow the 
identification of contributions to the spectrum from 
these three elements at various depths. Unfortunately,  
the interdiffusion of Ni and Cu cannot be studied by 
proton backscattering because Cu and Ni are too close 
in  atomic number .  

Backscatter techniques, especially involving MeV 
He + projectiles, have been used to study interdiffu- 
sion of vacuum-evapora ted  thin films. For examples 
involving Ni /Au  interdiffusion, see Ref. (4-5). The 
films studied in this work include Ni -P  deposited from 
an electroless plat ing bath. Although the a t tendant  
impuri t ies  complicate the in terpre ta t ion  of the diffu- 
sion results, these films should nonetheless be studied 
b e c a u s e  they are used indust r ia l ly  and have par t icular  
characteristics that make them preferable to vacuum-  
deposited films for certain applications. Empirical  dif- 

* Electrochemical Society Active Member. 
Key words: diffusion, diffusion barrier, electroless nickel, back- 

scatter. 

fusion data should be helpful, even if the theory on 
diffusion involving highly disordered or amorphous 
films is not sufficiently well developed (6) to allow 
any  detailed interpretat ion.  

In  the present  s tudy keV protons were used to de- 
termine surface and near-surface  concentrat ions of 
diffused matter.  Furthermore,  the phosphorus concen- 
t ra t ion in the Ni -P  deposited from our pH 5.3 solu- 
t ion (7) was determined, and good agreement  was 
found with results obtained by other methods (8). 

Apparatus and Experimental Procedure 
Sample preparation.--Thin Ni-P  films were de- 

posited electrolessly on quartz substrates using the 
conventional  sensitizing and act ivat ing catalytic proc- 
ess in conjunct ion with a pH : 5.3 nickel metal l iz ing 
bath, as described by Marton and Schlesinger (7). For  
comparison pure Ni films were also vacuum deposited 
on quartz. The vacuum facility used for metal  deposi- 
tion and for hea t - t rea tment  was liquid-N2 baffled, and 
the pressure in the system was brought  to 1 • 10 -6 
Torr  pr ior  to ei ther film deposition or heat - t rea tment .  
Both Ni -P  and Ni samples were then coated with th in  
Au films, subjected to proton backscatter  analysis, 
heated under  vacuum to around 650~ and reana-  
lyzed. 

In  order to assure identical hea t - t rea tment  pro- 
cedures, samples were made with both Ni and Ni-P 
on the same quartz slide. First, the entire surface of 
the slide was metallized in  a Ni-P bath. A layer  of Ni 
was evaporated on a par t  of the Ni -P  covered surface, 
then the whole surface was coated with a th in  layer  
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of gold. Therefore, the gold layer  thickness on the Ni 
and Ni-P  films was the same. This thickness was con- 
trolled during evaporat ion by monitor ing the decrease 
in  electrical resistance as the gold film was bui l t  up. 
This, however, ~proved to be only par t ia l ly  rel iable as 
we found that  the resistance is a function of not only 
the  ins tantaneous film thickness, but  also of the deposi- 
tion rate. If deposition is rapid, the film contains more 
vacancies than if it is slow. After  the cessation of film 
deposition a fur ther  decrease in resistance is observed 
as vacancies diffuse from the bulk  to the surface, im-  
proving film continuity.  Similar  effects in gold were 
observed by others (9). It  should be noted that no 
such effect was observed after deposition of nickel 
films; i.e., once deposited their resistance remained 
constant. 

Heat-treatment.--The samples were heated in  a 
vacuum of 10 -6 Torr  inside a thick-wal led eylindrical  
copper furnace. This form was chosen to assure a un i -  
form tempera ture  throughout  the sample. It  proved 
impor tan t  to control not only the length of t ime the 
sample was at the elevated temperature,  but  also the 
lengths of t ime needed for raising and lowering the 
tempera ture  of the sample. About  an hour was needed 
to raise the tempera ture  to 650~ (Heat - t rea tments  
were performed at temperatures  of from 615 ~ to 723~ 
s ee  Table I.) The tempera ture  inside the furnace was 
main ta ined  for various lengths of t ime (2-24 hr) and 
then the samples were allowed to cool under  vacuum. 
About  an hour was required for cooling to a tempera-  
ture  of about 50O~ The samples were nonetheless 
left in vacuum unt i l  they had cooled to room tempera-  
ture, a process which took several hours. This was 
necessary to prevent  any possible reactions in air, for 
example, oxidation of Ni. 

Proton backscattering.--The detailed setups (Fig. 1) 
for the proton backscattering experiments  have been 
described previously (2). Some modifications have 
been introduced to improve the solid angle of observa- 
tion and to el iminate  errors arising from ion beam 
fluctuations. Briefly, the magnet ical ly  analyzed beam 
of protons has fixed energy to wi thin  one part  in 700 of 
about 90 keV. 

We use in our  experiments  a beam current  density 
of 5 • 10-5 A/cm 2. Thin  film targets are mounted in  
an evacuated system which is made ent i re ly  free of 
pump oil vapors. The target film is scanned by moving 
it across the path of the proton beam. The energy dis- 
t r ibut ion spectrum of protons scattered through a 
laboratory angle of ~L • 154 ~ is analyzed with a cy- 
l indrical  electrostatic field sector of ~/2 radians with 
radius r = 19.05 cm. The widths of the entrance and 
exit  slits ($1 and $2, respectively, in Fig. 1) are set 

I N T E R D I F F U S I O N  STUDIES 

Table I. Relative Ni surface concentration after 
diffusion through Au 

T (~ 

Xo* T i m e  R a t i o s  
(A)  ( h r )  615 623 675 723 N i - P / N i  

182 22.5 0,13? 
0.09 1.4 

192 5 0.117 
0.06 1.7 

235 2 0.15? 
0.i0 1.5 

244 24 0.I07 1.7 
0.06 1.5 

254 4.75 0.147 
0.10 1.4 

320 2 0.147 
0.09 1.5 

520 3 0.137 1.6 
0.08 1.4 

* G o l d  f i lm  t h i c k n e s s .  
t V a l u e s  w i t h  a d a g g e r  r e f e r  to t h e  d i f f u s i o n  of  Ni  t h r o u g h  A u  

f r o m  an  N~.-P m e d i u m .  T h o s e  w i t h o u t  a d a g g e r  r e f e r  to  t h e  dif-  
f u s i o n  of  Ni  t h r o u g h  A u  f r o m  a p u r e  N i  m e d i u m .  

1125 

. 

. 

8 L = t 5 4  ~ 

Proton beam ~lSample 
"~=~ector 

Fig. 1.'A schematic diagram of the backscatter apparatus (see 
text). 

with a view to achieving an energy resolving power 
R sufficient for a surface depth resolution of about 
1OA in either Au or Ni. The energy resolving power 
is given by 

E r 
R ---- ~ -- = 175 [1] 

~E cs~+ s2) 

The channel t ron  detector is used in conjunct ion with 
s tandard counting equipment  and the resul t ing counts 
are electronically normalized to a constant beam cur- 
rent. This is done (10) by monitor ing the total back- 
scatter current  yield on the collector, which in tu rn  
is connected to a current  to f requency (C to F) con- 
verter.  The C to F converted signals serve as the t ime 
s tandard for the length of the counting periods. Infor-  
mat ion about the atomic composition of the surface 
region is obtained from the analys is  of the energy dis- 
t r ibut ion spectrum of the backscattered projectiles. A 
thorough analysis of backscattering from thin films, 
especially as applied to He + projectiles, is given in 
Ref. (11). 

The disadvantage of depth profiling by protons, 
ra ther  than by He + ions, is that  the mass resolution 
is small  due to the correspondingly small  recoil energy 
of the target  atom. At energies below 100 keV, how- 
ever, we found that  the straggling in the energy loss 
with He + is appreciably larger [see for example Ref. 
(11), section 2.6] than for protons. At these energies 
it  is only with protons that  the desired depth resolu- 
t ion of 10A. can be  achieved. 

Results and Discussion 
Phosphorus concentration in Ni-P f i lms.~Thin Ni-P 

films plated from an acidic solution were analyzed for 
P content. A typical backscatter  energy dis tr ibut ion 
for a film of llO0A thickness bombarded by a proton 
beam of 90.72 keV is shown in  Fig. 2. The backscatter 
yield on the high energy end of the curve on Fig. 2 is 
due to Ni atoms~ the step at 80 keV is due to P atoms 
at the surface; and the yield below 57 keV arises from 
scattering off the substrate. 
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Fig. 2. The energy distribution of 90.7 keV protons ba:kscattered 
off an Au/Ni film system. Ca) Before heating (dotted curve); Ni film 
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Since the backscatter yield, B, from a given atomic 
species is proport ional  to the square of its atomic 
number ,  Z, the atomic phosphorus concentrat ion is 

Bp/Zp 2 
C p -  • 100% [23 

BNi Bp 

Z N i  2 Z p  2 

The average Cp for several samples was 15.1 ___ 0.7%. 
This value is in agreement  with h~arton (8) who ob- 
tained, for Ni-P films grown under  the same condi- 
tions, a value Cp ----- 16.6 _--+- 0.8% from neut ron  activa- 
tion analysis. The stopping cross section needed to 
calculate the film thickness from the observed energy 
loss data was estimated using the cross-section tabu-  
lat ion by Andersen (12). 

Au/Ni  film sys te~. - -The  energy dis tr ibut ion spec- 
t rum of backscattered protons from a double layer  
Au/Ni  thin film is shown by the dashed curve in Fig. 
3. The sample consists of a 170A thick Au film vacuum 
deposited onto a 455A thick Ni film, itself vacuum de- 
posited onto a quartz substrate. The solid curve repre-  
seats the backscatter energy dis tr ibut ion spectrum 
after hea t - t rea tment  for 8 hr at 748~ in a vacuum o f  
10-6 Torr. Only minor  changes were noted upon com-- 
pletion of a fur ther  8 hr long heat - t rea tment :  the Au 
concentrat ion near  the substrate increased slightly at 
the  expense of the surface gold concentration, while 
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Fig. 3. The energy distribution of 90.2 keV protons backscattered 
off an Au/Ni film system. Ca) Before heating (dotted curve); Ni film 
455.~. thick; Au film 170A. (b) After heat-treatment for 8 hr at 
748~ (solid curve). (S) refers to surface atoms; (B) refers to atoms 
immediately beneath the Au layer; and (P) refers to atoms that 
have penetrated through the Ni layer to the quartz. 

the shoulder represent ing nickel at  the surface d e -  
ve loped  into a small  peak. 

Figure 3 i l lustrates the tendency of Au to diffuse 
through the Ni layer  ra ther  than to remain  dissolved 
in  it. This behavior can readily be explained by con- 
sidering the miscibil i ty gap in  the Au/Ni  phase dia- 
gram (13). Dur ing  cooling, the reduced solubil i ty of 
Au in Ni (and vice versa) causes these elements to 
separate out into layers. 

A sample with an 810A thick Ni film and a slightly 
th inner  Au film was treated in the same way. After  
5 hr at 730~ the backscatter energy spectrum shown in 
Fig. 4 was obtained. In  this case, the bui ldup of Au at 
the substrate is even more pronounced and very little 
Au remains  at the surface. This anomalous behavior  
would be understood if a "sink" for Au were present  
at the substrate surface or a "sink" for Ni at the sam- 
ple surface. [See Ref. (4, 5, 14) for examples of 
"sinks."] Au does not react with or dissolve in quartz: 
heat ing samples of gold on quartz did not  give any  
broadening of the backscatter curve, indicat ing that 
the Au does not diffuse into the quartz. It is possible 
that the small quant i ty  of oxygen present dur ing heat-  
t rea tment  could react with the Ni ar r iv ing at the sur-  
face, creating a Ni sink. Certainly if samples were 
still warm (about 470~ when brought  into contact 
with air, the Ni film was observed to boil up to the 
surface. 

In some samples (see Fig. 4), the Nj plateau in the 
backscattering spectrum showed small  i r regular  peaks 
and valleys. This was especially noticeabIe in a few 
samples which were rapidly cooled after anneal ing  by 
admit t ing Ar gas into the vacuum chamber. This effect 
was not very reproducible, and it probably is due to 
the precipitat ion of gold in the nickel layer, arising 
from the large miscibil i ty gap in the Au/Ni  system. 
Similar  effects have been observed in  Au/Ni  in an 
x - r ay  s tudy (15) and a surface diffusion study (16). 
It is possible that the phenomenon is related to spino- 
dal decomposition. [See Ref. (13) for a description of 
spinodal decomposition.] These features of the back- 
scatter spectrum could be explained if there were a 
tendency for the islands of gold to accumulate in 
layers about 200A apart  in the nickel. In this work, 
only variations in  the concentrat ion gradients at dif-  
ferent  depths can in principle be seen. The large size 
of the beam (1 ram2) prevents  the measurement  of 
possible concentrat ion gradients in the plane of the 
film. 

Dif]usion between Au and Ni-P.--The backscatter 
energy spectrum after hea t - t rea tment  of a composite 
film where Ni-P replaced Ni, did not show this anoma-  

t2xt0 3 
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Fig. 4. The energy distribution of 90.2 keV protons back- 
scattered off an Au/Ni film system after heat-treatment at 730~ 
for 5 hr. The initial Ni film thickness was 810•; the Au film 
thickness was slightly less than ]70~_. (S) refers to surface atoms; 
(B) refers to atoms immediately beneath the Au layer, and (P) refers 
to atoms that have penetrated through the Hi layer to the 
quartz. 
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Fig. 5. A representative energy distribution curve of 91.3 keV 
protons backscattered off an Au/Ni-P film system after heat-treat- 
ment to 748~ for 5 hr. Initial Au film thickness was 138.&. (S) 
refers to surface atoms. 

Ious migration. The results for a 138A thick Au film 
on Ni-P are shown in Fig. 5. It appears in this case 
that  "normal"  diffusion has occurred: Au into the 
Ni-P layer  and Ni into the Au layer. Although many  
samples with Au on Ni-P  were heat - t rea ted none 
showed the anomalous behavior  reported above. In  
fact, for samples in which the Ni was evaporated onto 
a Ni -P  layer  ra ther  than directly onto quartz, the Au 
layer  diffused into the Ni layer  bu t  showed no tend-  
ency to accumulate  at ei ther the Ni /Ni -P  interface or 
the Ni -P /quar t z  interface. Hence. Au appears to dif- 
fuse "normally"  through Ni-P, with the establ ishment  
of a concentrat ion gradient. This suggests that  the 
t e rnary  Au-Ni -P  system may lack a miscibil i ty gap. 
Nonetheless, from a purely  practical point  of view, this 
behavior  indicates that  Ni-P is a bet ter  barr ier  with 
respect to penet ra t ion  by Au than Ni is. 

In terpre ta t ion  of these observations is complicated 
by the fact that  dur ing  the hea t - t rea tment  used to 
s tudy the diffusion process, a change in the Ni-P struc- 
ture  also occurs. Above 590~ the ini t ia l ly amorphous 
Ni -P  transforms into a two-component  system of Ni 
and Ni3P, with small amounts  of free P (17). Hence, 
any discussion of a detailed diffusion mechanism be-  
comes highly  speculative. 

Ni /Au  interdi~usion.--Samples were prepared con- 
sisting of quartz covered with Ni-P, then half-covered 
with evaporated Ni. The whole sample was then cov- 
ered wi th  Au and analyzed before and after heat-  
t reatment .  (See section on Sample preparat ion for 
details.) Figures 6 and 7 show the backscatter energy 
spectra ~or such a sample: in  Fig. 6 the Au is on Ni 

24 xlo ~ 

2c 

Au {s) 

o I - I I I _ _ I  I __ I A I 5~ 60 65 70 75 80 85 90 95 
E (keV) 

Fig. 6. The energy distribution of protons backscattered off on 
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Au/Ni film system. (a) Before heating (dotted curve); Au film 
thickness was 182.&. (b) After heat-treatment for 22.5 hr at 623~ 
(solid curve). (S) refers to surface atoms. 
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Fig. 7. The energy distribution of protons backscattered off an 
Au/Ni-P film system. (a) Before heating (dotted curve); Au film 
thickness was 182•. (b) After heat-treatment for 22~5 hr at 623~ 
(solid curve). (S) refers to surface atoms; (B) refers to atoms im- 
mediately beneath the Au layer. 

(which is on Ni -P) ;  in Fig. 7 the Au is directly on 
Ni-P. It  can be seen on Fig. 6 that the backscatter 
yield decreases as the proiectiles pass from Ni i n t o  
Ni-P. This is a result  of the fact that in the Ni -P  
medium the concentrat ion of the heavier  Ni atoms is 
lower than in the pure Ni medium. The phosphorus 
"step" on the Ni -P  plateau in Fig. 7 is not very well 
defined as a result  of energy straggling of the protons 
having passed through the Au film twice. 

As noted in the section on Diffusion between Au 
and Ni-P, the small  peaks at 85 keV in Fig. 6 and 7 
represent  Ni that  has migrated to the surface of the 
Au. The heights of these peaks above the Au baseline 
were measured for several samples. The ratios of the 
peak height to the plateau height of the main  Ni 
layers are recorded in  Table I. These ratios represent  
the surface densi ty of diffused Ni relat ive to that  for 
a pure  Ni surface. The plateau heights used for the 
main  Ni-P layers have been adjusted {o account for 
the fact that  these layers contain only 85% Ni. 

It can be seen from Table I that Ni migrates into 
Au from Ni-P more readily than from Ni. The ratio 
be tween the amount  of diffused Ni from Ni-P vs. from 
Ni remains 1.5 _ 0.2, independent  of temperature,  
heat ing time, and film thickness. This behavior  might  
be a t t r ibutable  to the influence on grain boundary  dif- 
fusion by differences in s t ructure  between Ni and 
Ni-P. Furthermore,  the s tructure of the Au layer 
deposited on polycrysta!l ine Ni might  well differ from 
that of Au deposited on amorphous Ni-P. However, 
the equipment  for properly determining structures of 
films of these thicknesses being unavai lable  to us, no 
determinat ions of grain sizes, etc., could be made. 

The amount  of Au diffusing into the Ni (or Ni-P)  
films can, in principle, be estimated by comparing the 
backscatter spectra before and after heating. The 
val ley in the spectrum between the Au and Ni peaks 
fills in as gold travels into the Ni layer. This region of 
the curve cannot  be unfolded unequivocally,  but  a 
rough estimate of the amount  of Au in the Ni layer  
could be made. This amount  of Au was only about 
one-fifth as much as the amount  of Ni that  had 
traveled into the Au layer. This is in  agreement  wi th  
data for the Au-Ni  system obtained by Ziegler (4). I t  
is also consistent with our previously ment ioned re-  
sistivity data, which show thai  freshly deposited Au 
has more vacancies than  Ni. 

Summary 
From the above analyses of the effect of heat-  

t r ea tmen t  on Au/Ni  and A u / N i - P  interdifs the 
following observations can be made. 

1. I f  the conditions of hea t - t r ea tment  in vacuum are 
the same for both samples, the amount  of Ni diffusing 
from a Ni -P  film into an Au film is 1.5 • 0.2 times that 
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diffusing from a vacuum-evapora t ed  Ni film. Various 
condit ions were  studied:  tempera ture ,  from 615 ~ to 
732~ times of hea t - t r ea tmen t ,  from 2 to 24 hr; and 
Au film thickness,  182-520A. 

2. Roughly  five t imes more  Ni atoms diffuse into 
Au than Au atoms diffuse into Ni. 

3. If  the sample  is not a l lowed to cool ve ry  s lowly 
under  vacuum, the gold may  leave the Ni surface and 
accumula te  at  the  N i /qua r t z  interface.  The phenome-  
non is only observed with Ni; never with Ni-P or with 
Ni on Ni-P. 

4. Observation 3 suggests that Ni-P is useful in 
preventing contamination of a substrate by a gold 
contact. 
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Characterization of Thin Film Molybdenum 
Silicide Oxide 

T. Mochizuki and M. Kashiwagi 
NEe-Toshiba Information Systems Incorporated, 72, Horikawa-cho, Saiwai-ku, Kawasaki, Japan 210 

ABSTRACT 

Dielect r ic  proper t ies  and  growth  kinet ics  of oxide film of mo lybdenum 
silicide (MoSi2) on SiO2 have been invest igated.  The oxide of MoSi2 is 
composed of SiO2, and the oxidat ion ra te  of MoSi2 is descr ibed by  the same 
genera l  re la t ionship  as of the crys ta l l ine  silicon. The mo lybde num in MoSi2 is 
pa r t ly  vapor ized through the oxide and is p a r t l y  pi led  up at  the oxide-MoSi2 
interface  dur ing  oxidat ion.  The rat io  of MoSi2 thickness  to corresponding 
thickness  of oxide produced  f rom MoSi2 decreases f rom 0.48 to 0.3 wi th  in-  
creasing oxide  thickness due to increasing p i l ed -up  molybdenum.  The di-  
e lectr ic  constant  and the dielectr ic  b reakdown  s t rength  of MoSi2-0xide are 
very  close to those of n + - p o l y - S i  oxide. The MoSi2 oxide shows the self-  
heal ing breakdown,  more  f requent ly  than  the n + - p o l y - S i  oxide, which is 
due to the in ter face  roughness induced by  the p i l e -up  of molybdenum.  The 
dielectr ic  b r eakdown  s t reng th  is improved  at  h igher  oxida t ion  t e m p e r a t u r e s .  

In  ve ry  la rge  scale in t eg ra ted  circuits (VLSI)  the  
e lect r ica l  conduct iv i ty  of po ly -c rys t a l l i ne  sil icon 
(poly-Si )  for  in terconnect ion and  gate e lect rode 
( ~ 1 0 - 8  t l - cm)  is one of the ma jo r  l imi ta t ions  on c i r -  
cuit  performance.  Studies  of r e f rac to ry  meta ls  having 
low res is t iv i ty  of ~10 -5 t l -cm, such as tungs ten  (W) 
a n d  molybdenum (Mo), have been made  to replace  
po ly -S i  (1-3).  However ,  they  f requen t ly  show poor 
abi l i t ies  to wi ths tand  chemical  reagents  and oxidizing 

Key words: molybdenum silicide, gate electrode, oxidation, 
oxide. 

ambients  especia l ly  at  high tempera tures .  An a l t e rna -  
t ive approach  is to ut i l ize r e f rac to ry  me ta l  si l icides 
such as MoSi~ and WSi2, which  also show re la t ive ly  
low res is t iv i ty  (--10 -4 tl~cm) and good abi l i t ies  to 
wi ths tand chemical  reagents  (4, 5). For  the appl ica-  
t ion to VLSI's,  i t  is genera l ly  requi red  to cover the 
e lec t rode  wi th  its own oxide l aye r  for be t t e r  s tab i l i ty  
and cont ro l lab i l i ty  as in the  case of sil icon gate  tech-  
nology. MoSi2 and WSi~ exac t ly  meet  this requi rement .  
Therefore,  the studies of ox ida t ion  mechanism of the  
silicides and dielectr ic  proper t ies  of the  o x i d e  are  of 
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practical importance to establish the silicide process 
as one of the VLSI technologies. 

Since the earl ier  works of molybdenum silicide oxi- 
dation, it has been recognized that  the high oxidation 
resistance of MoSi2 is due to the protective silicon 
dioxide layer  formation (6). The oXidation products 
of molybdenum silicides have been comprehensively 
investigated by Berkowitz-Mattuck et al. (7). The k in -  
etics of MoSi2 has been discussed by  Chang where the 
oxidation follows the parabolic law (8). However, the 
interest  of previous works stayed in  the refractory 
behavior  re la t ing to heater  coating mater ia l  for re-  
sistance furnace. Therefore, the detailed oxidation 
mechanism and the grown oxide properties of the re-  
fractory metal  silicide have not been carried out yet. 

More recently, studies on the oxidation of WSi2 
and MoSi2 as gate electrodes of MOS devices have 
been reported. (9, 10). The authors have briefly re -  
ported the oxidation kinetics of MoSi2 film and the 
dielectric properties of the oxide grown on MoSi_o pre-  
viously (10). In  this paper, the thermal  oxidation ki-  
netics of MoSi2 film and microscopic oxide-MoSi2 
interface morphology are described in detail, and the 
oxide formed on MoSi2 is proved to have good dielec- 
tric properties. 

Exper imental  Procedures 
Molybdenum silicide films were deposited on oxi- 

dized Si wafers by means of p lanar  magnet ron  type 
d-c sput ter ing at  the power of 700W. The MoSi2 film 
thickness was approximately 3000A. The oxidation was 
carried out in dry  oxygen (dry 0~) ambients  at  900% 
1000 ~ and ll00~ The oxide thickness on MoSi2 was 
measured by Talystep after the oxide was selectively 
removed by buffered or diluted HF. Silicon ni tr ide 
films were employed as oxidation masks for se]ective 
molybdenum silicide oxidation. The composition of 
molybdenum silicide or the oxide formed on the sur-  
face, and microscopic oxide-silicide interface or oxide 
surface morphologies were investigated with Auger 
electron spectroscopy (AES), scanning electron mi-  
croscopy (SEM), and transmission electron micros- 
copy (TEM). 

Diodes with the s tructure of A1/SiO2/MoSi2 were 
fabricated in order to evaluate the leakage current  
and dielectric breakdown strength of the oxide formed 
by the oxidation of MoSi9 which will be called as 
MoSi2-oxide in the remainder of this paper, The up- 
per aluminum electrodes were successively deposited 
on MoSi2-oxide by electron beam evaporator. The 
oxide and aluminum were measured approximately a 
thickness of ii00 and 2000A, respectively. The alumi- 
num electrodes of 640 ~mr were patterned by the 
usual photolithography. The diodes were annealed for 
30 rain in forming gas at 450~ 

The phosphorus-doped polycrystalline silicon (n +- 
poly-Si), as a reference, was employed in order to 
compare with the oxidation behavior and dielectric 
properties of the MoSi2-oxide. 

Exper imental  Results 
The  oxidat ion of MoSiz . - -Ox ida t ion  ra t e . - -The  ther-  

mal  oxidat ion of MoSi2, as is described above, results 
in the silicon dioxide (SiO2) formation on the MoSi2 
surface. Figure 1 shows the thickness of MoSi2-oxide 
vs. oxidation time in dry oxygen at 900 ~ , 1000% and 
ll00~ As references, results from (100) crystal l ine 
silicon and phosphorus-doped poly-Si  are i l lustrated 
by broken lines. The oxidation rates of MoSi2-oxide 
are s imilar  to the rate of single crystall ine silicon. 
Therefore, the general  relationship for silicon oxida- 
tion, given by  

X02 + A X o  = B (t + ~) [ l -A]  
or 

V t + X o / A I 2  = 1 + A.2/4-------- ~ 1 [ l -B]  
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Fig. 1. Growth rates of MoSi2-oxide in dry oxygen at goo ~ 1000 ~ 
and llO0~ 

is applicable to the oxidation of MoSi2 (11). Figure 2 
shows the fitting of the exper imental  results shown in 
Fig. 1 with the curve derived from the general  rela-  
tionship for silicon oxidation. As is clearly indicated 
in Fig. 2, the exper imental  results show excellent 
agreement  With the crystal l ine silicon oxidation model. 
As oxidation proceeds, the oxidation kinetics cont inu-  
ously changes from the so-called react ion-control led 
region (Xo  ~ B / A  (t  + ~) ) to the diffusion-controlled 
region (l imited by X o  2 = B ( t  + ~)).  F i g u r e 3  shows 
the Arrhenius  plots of the parabolic rate constant B 
and l inear  rate constant  B / A  which are derived from 
Fig. 1. The activation energies of B and B / A  are esti- 
mated to be Ea, (parabolic) = 1.6 eV and Ea, (l inear) = 
1.9 eV, respectively. The former is two times larger 
than the value reported by Chang, which was derived 
from the consumed oxygen dur ing oxidation by moni-  
toring the amount  of oxygen at the inlet  and the out-  
let of the furnace (8). Taking account of the devia- 
tion of the published results for silicon oxidation where 
E~, (parabolic) and (l inear) are 1.2 to 2.2 and 1.5 to 
2.2 eV, respectively, these activation energies of MoSLo 
oxidation are very close to the respective activation 
energies of silicon oxidation (12): Thus, the experi-  
menta l  results indicate that  the oxidation of MoSio_ 
eventual ly  follows the same oxidation mechanism as 
crystal l ine silicon as far as the oxide growth rate is 
concerned. 

Etching ra t e . - -The  MoSi2-oxide grown at 900 ~ 1000% 
and 1100~ in  dry oxygen shows the same etch rate of 
3A/sec as the thermal  silicon dioxide grown under  
the same conditions in  the thickness range of 500- 
2000A with 5% HF. 
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Fig. 2. Relationship for the oxide growth rote of MoSi2 film 
showing the linear and parabolic region. 
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Thickness ratio.mThe rat io  of MoSi2 thickness (tin) to 
the corresponding thickness of MoSi2-oxide produced 
f rom the MoSi2 (ts), Ro ---- tm/ts, was measured  as a 
funct ion of grown oxide thickness,  which is shown in 
Fig. 4. tm was es t imated  from the difference in height  
be tween  the ini t ia l  and the oxide removed surface as 
shown in Fig. 4. The e r ror  bars  are  most ly  a t t r ibu ted  
to the asper i t ies  of the oxidized MoSi2-oxide/MoSi2 
interface as descr ibed later .  The ratio,  Ro for silicon 
oxidat ion  is well  known as 0.44. On the o ther  hand, 
tha t  of MoSi2 oxida t ion  decreases wi th  increas ing 
Oxide thickness. At  the ear l ie r  oxidat ion  stages, the 
th in  oxide l aye r  is less protec t ive  for oxidation,  so 
that  both silicon and mo lybdenum in MoSi2 are  oxi -  
dized, and the most of mo lybdenum oxide should be 
vaporized comple te ly  th rough  the thin silicon dioxide 
l aye r  because  o~ its low subl imat ion tempera ture .  
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-T 

Si 
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Fig. 4. Change in thickness ratios of the consumed MoSi2 film to 
the grown Si02 layer during oxidation in dry 02 at 1000~ The 
ratio decreases with increasing thickness of MoSi2-oxide. 

This means the MoSi2-oxide wil l  not  contain molyb-  
denum, thus the  rat io should be descr ibed as 

Ps W S i / S i O 2  
Ro = t r a i t s  = - [2] 

p m  W s i l M o S i 2  

where  Wsi/sio2 and WSi/MoSi2 a re  the atomic weight  
rat ios  of silicon in SiO2 and MoSi2, ps and pm are  the 
densit ies of silicon and molybdenum,  respect ively.  By 
s imple calculation,  Eq. [2] leads to the constant  0.48. 

Dielectric properties o f  MoSiz-oxide.--Dielectric 
constant.--The dielectr ic  constant  of MoSi2-oxide, e, 
was es t imated  to be 3.1 by  measurements  of oxide 
capaci tance and thickness of MoSi2-oxide wi th  a lu-  
minum/MoSi~-oxide /MoSie  s t ruc ture  diode. This is 
smal le r  than tha t  of thermal  silicon dioxide,  3.9, but  
is close to tha t  of n + - p o l y - S i  oxide, 3.4. 

Dark current and breakdown.mFigure 5 shows the 
da rk  cur ren t  of a luminum (A1)/MoSi2-oxide/MoSi2 
diode and along wi th  those of A 1 /n+-po ly -S i  ox ide /  
n + - p o l y - S i  diode. The both signs denote the  A1 elec-  
t rode polar i t ies  and the ar rows show the so-cal led  
shor t ing b reakdown  (final b r eakdown) .  The MoSi2- 
oxide shows the so-cal led se l f -hea l ing  breakdown,  
especially,  in the case of pos i t ive ly  biased A1 electrode.  
In  spite  of this, the MoSi2-oxide shows low da rk  cur -  
ren t  compared  with  that  of n + - p o l y - S i  oxide. 

F igure  6 shows b reakdown  probabi l i t ies  of both  
MoSi2 and n + - p o l y - S i  oxides as a function of the elec-  
tr ic field (A l+ ) .  The ini t ia l  b r eakdown  is defined b y  
the vol tage when the leakage  cur ren t  exceeds 5 X 10-~ 
A / c m  2, or  the vol tage when the ini t ia l  se l f -hea l ing  
b reakdown takes place. Both types of b reakdown  were  
successively measured  wi th  the same r amp  vol tage 
sweep. The most of the in i t ia l  b r eakdown  of MoSi2 and 
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Fig. 6. The breakdown probabilities of the n+-poly-Si oxide, 
1100.& in thickness (upper); the MoSi2-oxide, 1090-& in thickness 
(middle); and the MoSi2-axide, 700.& in thickness (bottom). The 
initial breakdown is defined as the voltage when the current density 
exceeds to 5 X 10 - 7  Alcm 2. 

n+-po ly -S i  oxide are determined by the self-healing 
breakdown and the dark current ,  respectively. There 
are no MoSi~-oxide thickness dependence for b reak-  
down fields of both ini t ia l  and final breakdown. 

Figure  7 shows the breakdown probabili t ies of the 
MoSi2-0xides made at various oxidation temperatures.  
As is clearly indicated from the figure, the higher 
tempera ture  oxidation gives rise to the higher ini t ial  
breakdown strength and less fluctuation in the final 
b reakdown strength.  

Discussion 
Molybdenum pile-~p and vaporization.--The oxida- 

t ion (oxide growth rate) of MoSi2, as is described, 
follows near ly  the same oxidation mechanism as that  
of crystal l ine silicon. In other words, the molybdenum 
wi th in  MoSi2 takes no part  in  the silicon dioxide 
formation rate. However, the oxidation shows the dif- 
ferent  behavior  such as Ro(---- t~/ts). It  is impor tant  to 
consider the behavior  of molybdenum during ox ida -  
tion. Figure 8 (a),  (b) and (c) show Auger  in -depth  
profiles of MoSie-oxides made at various oxidation 
temperatures.  As is clearly seen in  the figures, the 
silicon dioxide is formed on the MoSi2 surface dur ing  
the oxidation. This is also confirmed by backscattering 
analysis  with He + . The molybdenum in the oxide is 
less than the Auger  electron detection limits which is 
a few percent  in concentration. Figure 8 also shows a 
peak in  molybdenum concentrat ion at the MoSi2- 
oxide/MoSi2 interface. The molybdenum pi le-up 
region increased in concentrat ion and in  depth with 
increasing oxidation (I0), which indicates the prefer- 
ential oxidation of silicon in MoSi2 because of the 
difference in the oxide formation energies between 
silicon and molybdenum in MoSi2. 
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Fig. 7. The breakdown probabilities of MoSi2-oxide oxidized at 
900~ (upper), 1000~ (middle), and 1100~ (bottom). 
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In  order to investigate the structure and composition 
of the high molybdenum concentrat ion layer, the oxi- 
dized MoSt2 film was examined with transmission 
electron diffraction and the diffraction pat tern  was ob- 
tained as shown in Fig. 9 where the MoSt2 film Was 
1500A and was oxidized in dry oxygen for 5 hr at 
1000~ The diffraction lines are assigned to be those 
of the higher molybdenum silicide Mo3Si and the ele- 
menta l  molybdenum with ASTM cards No. 4-0811. In 
addition, the intensi ty  of the diffraction lines suggests 
that the elemental  molybdenum is dominant  in this 
film. This is in agreement  with the previous work 
which identified the molybdenum rich layer  as a- 
molybdenum solution (7). 

During the MoSt2 oxidation the white particles were 
deposited in the cold gas trap. The ESCA spectra of the 
deposit revealed that the deposit was mostly composed 
of molybdenum trioxide (MoQ) .  It  is reasonable to 
assume the vaporization of M o Q  can occur because of 
its low subl imat ion temperature,  790~ 

According to the above results, the oxidation of 
MoSt2 is accompanied by the silicon dioxide formation 
with near ly  the same growth rate as that of silicon and 
the pi led-up m~lybdenum. The negative oxide forma- 
tion energies of silicon and molybdenum,  AHs~ and 
AHM, were reported to be --77.2 and --35.5 kca l /g-a tom 
at 1000~ respectively (13). This means that the sili- 
con oxide is stable compared wi th  molybdenum oxide. 
The oxidation reaction subsequent  to thick oxide 
growth will be controlled by the diffusion of oxidant  
through the oxide, and the oxidant  concentrat ion will 
be reduced to the lower levels at the interface at which 
the oxidation reaction takes place. The ratio of reaction 
products of s i l icon-oxidant  system to molybdenum-  
oxidant  system, 7, will be given by 

---- exp ( ( - - aHs i  -b AHM)/KT) [3] 

The value 7 is 4 X 104 at 1000~ which means the oxi- 
dation of silicon is dominant ly  carried out in MoSt2. 
Thus, unoxidized molybdenum will be piled up at the 
MoSi2-oxide/MoSi2 interface. However, a par t  of piled- 
up molybdenum is actual ly oxidized and therefore 
vaporizes as molybdenum oxide even in the diffusion- 
controlled region because of the decrease of silicon 
atom to form the silicon dioxide. On the other hand, 
analysis for the react ion-control led region is difficult 
due to lack of knowledge of the reaction rate process. 
However, when  we consider that  vaporization of 
molybdenum oxide through a thin MoSi2-oxide layer 
wil l  take place at the earl ier  oxidation stage, the 

Fig. 9. Diffraction pattern of MoSi2 oxidized in dry O~ at 1000~ 
for 5 hr. 

molybdenum silicide oxidation system will  be de- 
scribed by 

7 
MoSt2 + -~ O2 -> 2SIO2 -t- MoO3 [4-A] 

MoSt2 -{- 202 -> 2SIO2 -}- Mo [4-B] 

At the init ial  oxidation stage and at a further  oxidation 
stage after thick oxide formation, MoSt2 oxidation will 
follow the reaction and diffusion-controlled oxidation 
rules, which correspond to Eq. [4-A] and [4-B], re-  
spectively. However, at the intermediate  stage the oxi- 
dation of MoSt2 will be described by a hybridizat ion of 
[4-A] and [4-B]. 

The experimental  results in Fig. 2 suggest that  the 
higher temperature  oxidation rapidly reaches to the 
diffusion-controlled region. Therefore, p i led-up molyb-  
denum will be expected at higher tempera ture  oxida- 
tion. However, this is not the case as shown in Fig. 8, 
where the pi le-up of molybdenum is remarkable  at 
lower oxidation temperature.  I t  should be due to the 
fact that the reaction ratio ~ increases with decreasing 
temperature.  Thus, the MoSi2-oxide growth rate will  
be close to that of crystal l ine silicon oxidation as long 
as the silicon reacting with oxidant  in the molybdenum 
rich region is high enough in concentrat ion to form the 
silicon dioxide. 

Thickness ratio.--The thickness ratio, R, will  be re-  
wr i t ten  and given by 

R = (tin .-- tmo)lts = Ro - -  tmolt~ [5-A] 
where 

t m o  = ~ ' p s , W M o / M o S i 2  " t m  [ 5 - B ]  
pmo 

Here WMo/MoSi 2 and tmo are the atomic weight ratio of 
molybdenum in MoSt2 and the thickness of the pi led-up 
molybdenum layer, respectively. The notat ion ~ is 
defined as the ratio of pi led-up molybdenum to the 
total amount  of molybdenum at the interface. From 
Eq. [2], [5-A] and [5-B], the ratio is given by 

R = 0.48 - -  0.18 a [ 5 - C ]  

The ratio R, for instance, is estimated tO be  R _-- 0.3 
when molybdenum in the consumed MoSt2 completely 
piles up (i.e., a _-- 1). This value is larger than the ex- 
perimental results as shown in Fig. 2. The experi- 
mental results may involve certain errors due to the 
surface asperities. However, the ratio obtained from 
Fig. 10 (c) is R ----- 0.25, which is rather close to the 
calculated value. Thus, the value of R decreases with 
increasing oxide thickness due to the existence of 
piled-up molybdenum. 

Morphologies.--The morphologies of the MoSi2-oxide 
and the MoSi2-oxide/MoSi2 interface after the oxida- 
tion were investigated with SEM observation. Figures 
10 (a), (b), and (c) show the SEM photographs of the 
MoSt2 surface annealed in nitrogen at 1000~ for 30 
rain, the MoSi2-0xide surface and MoSi2-oxide/MoSi2 
interface oxidized in oxygen at 1000~ for 3 hr, and the 
cross-sectional view of the selectively oxidized MoSt2 
covered with MoSt2 on the oxide and silicon nitride as 
an oxidation mask. The MoSi~-oxide shows the flat sur-  
face and roughened interface. The white and small  
grains at the concave of the MoSt2 surface, shown in 
Fig. 11 (b),  are assumed to be elemental  molybdenum. 
The average grain sizes are 500 and 2000A in  diameter  
for annealed and oxidized MoSt2, respectively, while 
the as-deposited MoSt2 film has an amorphous state. 
The localization of the e lemental  molybdenum in the 
MoSi2-oxide/MoSi2 interface suggests the nonuni form 
oxidation of MoSi2. In  other words, the preferent ia l  
silicon oxidation s imultaneously induces nonuni form 
pi le-up of molybdenum at the interface as shown in  
Fig. 10 (b). The addit ional  oxidation should cause the 
oxidation of the p i led-up molybdenum and at the same 
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Fig. 10. The MoSi2 surface annealed in N2 at 1000~ for 30 rain 
(a). MoSi2 surface oxidized in dry 02 at 1000~ far 2.5 hr (b). 
Crass-sectlonal view of the MoSi2/MoSi2-oxide/MoSi2 structure (c). 
The MoSi2 layer (upper) was deposited on Si3N4 and SiO~ layer 
after the MoSi2 oxidation at 1000~ for 7 hr. 

t ime another  p i le-up of molybdenum around the MoSi2 
grain  could occur. 

Dielectric properties.--There is no notable difference 
be tween both types of oxides as far as the short ing 
breakdown is concerned. However, the dark current  
and the ini t ial  breakdown show a remarkab ly  different 
behavior.  The low init ial  b reakdown of poly-Si  oxide 
comes from the high dark current  due to the high trap 
densities in the oxide (14). The MoSi2-0xide shows the 
low dark current ,  so that the ini t ia l  b reakdown of 
MoSi2-0xide is l imited by the self-heal ing breakdown 
which is general ly  a t t r ibuted to the defects i n  the 

oxide, such as molybdenum in the MoSi2-0xide smaller  
than  Auger  detectability. At higher oxidation tempera-  
ture, more molybdenum vaporizes as oxide leaving 
less mo lybdenum in the MoSi2-0xide which will  lead to 
improvement  on the self-heal ing breakdown. Fur the r -  
more, it is l ikely to consider that  the MoSi2-0xide has 
high pin hole densities because of the vaporization of 
molybdenum oxide through the MoSi2-0xide. Actually,  
the pin holes are sometimes observed in the MoSi2= 
oxide formed in wet oxygen. The rapid oxidation such 
as in- wet oxygen may cause the explosive vaporization 
through the MoSi2-0xide. Therefore, such a kind of pin 
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Fig. 11. Cross sectional view of n+-poly-Si oxidized at  1000~ (a) and those of MoSi2 oxidized at 900~ (b), 1000~ (c), and 1100~ 
(d). Their oxide layers were i100, 1250, 1090, and 1100~ thick, respectively. 
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hole  could be  ~ormed even in the  MoSie-oxide  fo rmed  
in d r y  oxygen  as far  as the  oxida t ion  t e m p e r a t u r e  is 
h igh enough. The expe r imen t a l  resul ts  der ived  in Fig. 
8 indicate  tha t  h igher  t empe ra tu r e  oxida t ion  induces 
low mo lybdenum pi le-up,  resu l t ing  f rom high mo lyb -  
denum vapor iza t ion  compared  wi th  tha t  of low t em-  
pe ra tu re  oxidat ion.  Therefore,  the  p in -ho le  densi ty  in 
high t e m p e r a t u r e  oxidized MoSi2-oxide would  be 
large.  However ,  Fig. 7 shows tha t  the  h igher  t e m p e r a -  
ture  oxida t ion  improves  the  se l f -hea l ing  b r e a k d o w n  
strength.  Therefore,  the  vapor iza t ion  of mo lybdenum 
through  the MoSi2-oxide wil l  have  no notable  influence 
on the oxide  breakdown.  

F igures  11 (a) to (c) show the SEM photographs  of 
the cross-sect ional  v iew of n + - p o l y - S i  oxide  and the 
MoSi2-oxide formed at  900 ~ 1000% and l l00~ respec-  
t ively.  As is c lear ly  indica ted  in the figures, the MoSi2- 
oxides have  the roughened  interfaces  compared  wi th  
tha t  of n+ -po ly -S i .  This is more  r e m a r k a b l e  at lower  
t empera tu re s  which is qua l i t a t ive ly  in agreement  wi th  
the  expe r imen ta l  fiindings on the b r e a k d o w n  strength,  
i.e., with  increas ing in ter face  asperi t ies ,  the p robab i l i ty  
of the se l f -hea l ing  b r e a k d o w n  at  low supply  field in-  
creases. The r e m a r k a b l e  se l f -hea l ing  b r eakdown  when  
the A1 elect rode is pos i t ive ly  biased, as shown in Fig. 
5, wi l l  be caused by  the e lect ron emission from the 
convex MoSi2 (or molybdenum)  into the  MoSi2-oxide, 
and the electrons emi t ted  into the  oxide wil l  increase 
the  electr ic  field in the  MoSi2-oxide near  the A1/oxide 
in ter face  up to the  oxide b r eakdown  strength.  Thus, 
the  se l f -hea l ing  b r e a k d o w n  f requen t ly  occurs in the 
MoSi2-oxide formed at  low t empera tu re  even at  the 
low supply  field, while,  the high t empe ra tu r e  oxida t ion  
improves  the b r eakdown  s t rength  because of less 
p i l e -up  of molybdenum.  

Conclusions 
The g rowth  ra te  and the composit ion of the oxide  

formed by  oxida t ion  of mo lybdenum sil icide are  in-  
ves t iga ted  in comparison with  those of single c rys ta l  
silicon. The oxida t ion  ra te  of MoSiz can be wel l  de-  
scr ibed by  the same genera l  re la t ionship  as of single 
c rys ta l  silicon. The ac t iva t ion  energies  of the parabol ic  
and  l inear  ra te  constant  of MoSi~ oxidat ion  are  est i -  
ma ted  to be 1.6 and 1.9 eV, respect ively ,  which  are  also 
close to those of c rys ta l l ine  silicon. A par t  of mo lyb -  
denum in the  consumed MoSi2 is vapor ized th rough  
the oxide in a form of MoO3 dur ing  the oxidat ion.  
The MoSi2 oxida t ion  is governed by  p re fe ren t ia l  
sil icon dioxide  formation,  in par t icu la r ,  in the diffu- 
s ion-cont ro l led  oxida t ion  region. The p i l e -up  of mo-  
l y b d e n u m  at  the  MoSi2-0xide/MoSi2 in ter face  oc- 
curs as a resul t  of oxidat ion  of sil icon in MoSi2, 
which depends on the oxidat ion  t empera tu re .  The rat io  
of MoSi2 thickness to the corresponding thickness  of 
oxide  produced  f rom MoSi2 decreases wi th  increas ing  

oxide  thickness  due to the  p i l e -up  of mo lybde n um at  
the interface.  The  in ter face  asper i t ies  of MoSi2-0xide 
are  a t t r i bu ted  to the  local oxida t ion  of MoSi2 induced 
by  mo lybdenum pi le-up.  

The die lect r ic  constant  of MoSi~-oxide is es t imated  
to be 3.1. The final b r e a k d o w n  s t rength  of MoSi2-0xide 
is close to that  of n + - p o l y - S i  oxide.  The MoSi2-0xide 
f requen t ly  showed the se l f -hea l ing  b r e a k d o w n  due to 
the  in ter face  asperi t ies .  The h igher  t empe ra tu r e  ox ida -  
t ion decreases the  in ter face  asper i t ies  of the MoSi2- 
oxide  due to less p i l e -up  of molybdenum,  and hence, i t  
resul ts  in h igher  b r e a k d o w n  field. 
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Process-Induced Effects on Carrier Lifetime and 
Defects in Float Zone Silicon 
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ABSTRACT 

The ef fects  o f  cooling rate, oxidation temperature,  back s u r f a c e  d a m a g e  
gettering, and HC1 oxidation on the generat ion lifetime and defects in f loat  
z o n e  silicon have been investigated. Silicon used in this s tudy does not show 
stacking faults after the oxidation; instead, dominant  oxidat ion-induced d e -  
f ec t s  are saucers. The combination of back surface damage gettering and HC1 
oxidation reduces the oxidat ion- induced saucer density by three orders of 
magnitude.  Lifetime of a fast-cooled sample is always low and bears no rela-  
tionship with the saucer density, while the lifetime of slow-cooled samples 
s h o w s  an inverse relationship with the saucer density. High temperature  HC1 
oxidation, with back surface damage and slow cool, is a very effective proc- 
ess which gives lifetimes of the order of 2 msec. Oxidat ion-induced saucer 
density is not the only reason for low lifetime, e.g., impuri t ies  and /o r  decorated 
saucers  m a y  play an impor tant  role. 

The oxidat ion- induced defects and their  deleterious 
effects on the electrical performance of the devices 
have been an area of major  concern. It is impor tant  to 
unders tand  what defects degrade the device perform- 
ance and how to minimize them by selecting the right 
process. Several  investigators (1-4) have discussed the 
conditions for the ini t iat ion of oxidat ion-induced stack- 
ing faults and the methods (5-7) of suppressing them 
by various get tering techniques, e.g., preoxidation 
gettering (3), HC1 gettering (7,19), and high tempera-  
ture  anneal  in iner t  ambient  (8). It  has been shown 
(5, 17) that  reduction of stacking fault  density im-  
proves the carrier  lifetime. Some investigators (9, 10) 
believe that  oxidat ion-induced saucers are indicative 
of metallic contaminants  and may also degrade the 
device performance. Generat ion lifetime is a good and 
sensitive indicator of the device performance and has 
been utilized in this work to study the process-induced 
effects on device performance and defects in silicon. 
This paper discusses the effects of process variables, 
such as cooling rate after the oxidation, oxidation tem- 
perature,  back surface damage (BSD) gettering, and 
HC1 oxidation on float zone silicon. 

Experimental Procedure 
Studies were conducted on 4-8 ~-cm, n-type,  (100) 

float zone silicon. MOS capacitors were fabricated to 
evaluate the process-induced effects on lifetime and 
defects. Cleaning involved organic solvents to degrease, 
a hot sulfur ic-ni t r ic  acid mix, a detergent  to remove 
lapping residues, and a preoxidation peroxide treat-  
ment. In order to keep the oxidat ion-induced stacking 
faults to a minimum, no HF t rea tment  was given to the 
wafers prior to the oxidation (12). Oxidation time was 
selected to obtain approximately 1500A thick oxide. 
These samples were annealed for 20 min in N2 at the 
oxidation temperature  after the oxidation and prior to 
cooling. The oxidation was carried out in a quartz 
furnace and 50 mil diameter a luminum electrodes were 
evaporated on the oxide. 

Generat ion lifetime in the bulk silicon was deter-  
mined by the pulse MOS-C technique, which is well 
documented in the l i terature  (10, 18). In this technique 
the capacitor is pulsed into deep depletion and the 
capacitance is recorded as a function of time as it 
recovers from the deep depletion to its equilibri/~m 
state of inversion. Modified Zerbst analysis was used 
to calculate the lifetime. A simple approximation can 
be used to obtain the generation lifetime (~g) if the 
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surface-state effects are small and the capacitor is 
pulsed from inversion into the deep depletion. This 
approximation has been discussed in detail by 

Schroder  (13) and is given by 

ni CF ( Ci ) 2 
"~g = I + [1] 

8N D "~-o tF 

where ND is the doping density, Co is the oxide capaci- 
tance, Ci is the init ial  capacitance in deep depletion, 
CF is the inversion capacitance, and tF is the t ime it 
takes to recover from deep depletion to the inversion. 
In  order to keep the surface generation small, the 
capacitors were sintered at 425~ for 1 hr in Hf. An 
average of 10 or more data points, near  the central  re-  
gion of the wafer, was used to obtain the lifetime. 

In selected instances, oxidat ion-induced defects in 
silicon were delineated by first removing the metal  and 
the oxide and then preferent ia l ly  etching ~3 ~m sili- 
con with Secco etch (20). The 3 #m region lies within 
the active area of the device dur ing  the l ifetime 
measurement  since the deep depletion width was ~5  
p.m. The oxidat ion-induced defects on the etched sur-  
face were observed with the help of an optical micro- 
scope. An average of 10 or more data points was taken 
to obtain the defect density on a wafer. 

The effect of cooling rate after oxidation was studied 
by either quenching or slow cooling the samples. 
Quenching was done by rapidly removing the sample 
to room temperature  after the 20 min N2 anneal. Slow 
cooling was performed at a rate of l ~  in N2 unt i l  
a temperature  of 600~ was reached and then the 
sample was removed to room temperature.  The effect 
of oxidation tempera ture  was investigated by varying  
the temperature  in the range of 900~176 The influ- 
ence of back surface damage gettering was evaluated 
by lapping the back side of the wafer with 60 #m A1203 
powder prior to the oxidation. The effect of HC1 oxi- 
dation was studied by oxidizing the wafers in ambients  
containing mixtures  of HC1 and 02 gases. HCI concen- 
trat ion was varied in the range of 1-6% of the total 
gas flow during the oxidation. The first 100A of 
oxide was grown in dry oxygen and the remaining 
oxide was grown in the HC1/O2 mixture.  

Results 
Float zone silicon used in this s tudy did not show 

stacking faults after the oxidation (Fig. 1). In a few 
instances stacking fault  density was at most 25 cm-2. 
The dislocation density was also quite small, less than 
100 cm -2. The dominant  defects were saucers. Saucers 
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Fig. 1. Effect of back surface damage gettering and HC! oxida- 
tion on saucer defects (a) 0% HCI oxidation without back surface 
damage, ,,-1 X 10 6 saucers/era 2, (b) 1% HCI oxidation without 
back surface damage, ~ !  X 10 5 saucers/cm 2, (c) 0% HCI oxida- 
tion with back surface damage, 1 X 10 'l saucers/cm 2, (d) 1% HCI 
oxidation with back surface damage, ,~ I  X 10 ~ saucers/cm 9. 

a r e  small, circular, shallow and flat-bottomed pits 
(Fig. 1). 

Table I shows the effects of cooling rate, damage 
gettering, and HC1 oxidation on the lifetime and de- 
fects for l l00~ oxidation. The data show that  when a 
sample is quenched after the oxidation, the lifetime is 
very small, ,-~20 ~sec, regardless of damage gettering 
a n d / o r  HCI oxidation. Figure 1 and Table I show that  
the damage get ter ing reduces the oxidat ion-induced 
saucer densi ty  by two orders of magnitude,  10~ -~ 1 0 4  

cm -2, that  HC1 oxidation reduces the saucer density by 
an order of magnitude,  106 -> 1{) 5 cm -2, and that a com- 
binat ion of the two brings down the saucer density to 
~103 cm -2. The  saucer density on the s tar t ing wafer 
was in the range of 500-1000 cm -2. Slow cooling, wi th-  
out damage and HC1 gettering, gives somewhat higher 
l ifetime (~100 ~sec) but  the saucer density remains in 
the range 1-5 • 106 cm -2. In t roducing back sur-  
face damage gives a substant ial  increase in the life- 
time, ~500 ~sec, if the sample is slow cooled. One per- 
cent tIC1 oxidation with damage and slow cool gives 
l ifetime of the order of 2 msec. Increasing the HC1 con- 
centrat ion from 1 to 6% has very l i t t le effect on the 
l ifet ime and saucer density. 

Figure 2 shows the effect of oxidation temperature  
on the  lifetime. When a sample is quenched after oxi- 
dation, the l ifet ime is very low and relat ively insensi-  
tive to the oxidation temperature.  Slow cool without  

Table I. Effect of cooling rate, back surface damage gettering, and 
HCI oxidation on lifetime and defects in FZ silicon 

3200 

�9 Quench 

�9 Slow Cool 
�9 0% HC/,, Slow Cool with Back Surface Damage 
�9 1% HCL Slow Cool with Back Surface Damage 
o 6% HC~. Slow Coot with Back Surface Damage 

2400- 

1600 

BOO 

0 ~ ~ "  . - 

900 I000 llO0 1200 1300 
Tax (%)  

Fi 9. 2. Minority carrier lifetime as a function of oxidation tern- 
perature for different oxidation conditions. 

back surface damage gives somewhat higher lifetime 
which does not depend strongly on the oxidation tem- 
perature.  Slow cool with damage gettering gives a sub-  
stantial  increase in the lifetime which is also not  a 
strong function of the oxidation temperature.  HCI oxi- 
dation with back surface damage and slow cool gives 
high lifetime which increases monotonical ly with the 
increase in oxidation temperature.  Increasing the HC1 
concentrat ion from 1 to 6% has no appreciable effect 
on lifetime. This is in agreement  with Wang et al. (16). 
Table II shows that  the saucer density remains  un-  
changed, despite the systematic increase in  lifetime, 
with increasing HC1 oxidation temperature.  

Discussion 
The data showed that  quenching after oxidation is 

very det r imenta l  to device lifetime, regardless of back 
damage and HC1 gettering. It  has been shown by 
Wang (16) that quenching gives rise to recombinat ion 
centers, at E~ -- 0.26 eV and E~ -- 0.49 eV, which may 
result  from the dissolved impuri t ies  quenched in  the 
interst i t ial  sites. Thus, in quenched samples, lifetime 
is probably  controlled by these centers and has no 
relationship with the saucer density (Table I).  On the 
other hand, in  the slow-cooled samples, the l ifetime is 
inversely related to the saucer density. During slow 
cooling, the dissolved impuri t ies  get enough t ime to 
migrate, precipitate, and become electrically inactive, 
therefore, they do not seem to l imit  the lifetime as in  
the case of quenched samples. Moreover, according to 

Life- Saucer 
time density 

Process (psec) (em -s) 
Table II. Effect of HCI oxidation temperature on lifetime and 

defects in FZ silicon 

No BSD 0% HC1 quench 20 10 ~ - 5 • 106 
BSD 0% HCI quench 20 ,104 - 5 • 104 
B S D  1% H C 1  q u e n c h  20 10 s - 5 • 10 ~ 

No BSD 0% HCI slow cool I00 i0 e - 5 • 106 
N o  B S D  1% H C 1  s l o w  c o o l  200 105 - 5 • 105 
B S D  0% H C 1  s l o w  c o o l  500 204 - -  5 • 104 
B S D  1% HC1 s l o w  c o o l  2000 l 0  s - 5 x 108 
B S D  6% H C 1  s l o w  c o o l  2100 10 ~ - -  5 • 1@ ~ 

Oxidation 
temperature L i f e t i m e  Saucer density 

(~ (#sec) (cm-=) 

900 660 10 s - 5 • I0~ 
1000 2275 108 -- 5 • 108 
1100 2000 103 -- 5 • 10 a 
1200 2200 I0 a - -  5 x 10 ~ 

Oxidation temperature II00~ 1% IICI oxidation with back SUrface damage and slow cool. 
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Fig. 3. Schematic representa- 
tion of process-induced effects 
on lifetime and defects. 
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P e a r c e  et  al. (9), the  ox ida t ion- induced  saucers  can  be 
g e n e r a t e d  f rom heavy  meta ls  incorpora ted  dur ing  
handling,  cleaning, and processing of the  wafer.  They  
found tha t  saucers  a re  the resul t  of a dis locat ion loop 
fo rmed  by  heavy  meta l  precipi ta tes ,  a l though no sat -  
i s fac tory  model  has ye t  been proposed to account for  
thei r  behavior .  These saucers, being indicat ive  of 
meta l l ic  contaminant ,  can reduce l i fet ime.  Therefore,  
in the absence of o ther  l i fe t ime l imi t ing  sources, the  
l i fe t ime is expected  to va ry  inverse ly  wi th  the saucer  
dens i ty  (Table I ) .  

Table  II  showed tha t  the  HC1 oxidat ion  wi th  the 
damage  and slow cool is a ve ry  effective process for 
achieving high l ifet ime. The l i fe t ime increases mono-  
tonica l ly  wi th  the  increase  in the  HC1 oxida t ion  t e m -  
pera ture ,  however ,  the saucer  dens i ty  remains  un-  
changed indica t ing  that  this sys temat ic  increase  in 
l i fe t ime cannot  be a t t r ibu ted  to the saucer  densi ty  
alone. Severa l  inves t iga tors  (8, 17) have pointed out 
tha t  the  defects should be decora ted  with  impur i t ies  in 
order to be de t r imen ta l  to the device performance.  I t  
appears  f rom the data  that  h igher  HCI oxidat ion  t em-  
pe ra tu re  cleans the bulk  silicon more  effectively e i ther  
by  ex t rac t ing  the impur i t ies  a n d / o r  by  p reven t ing  
them f rom get t ing into the bulk  dur ing  the oxidat ion.  
Therefore,  the concentra t ion of the decora ted  saucers 
diminishes wi th  h igher  HC1 oxidat ion  tempera ture ,  
which may  account for the monotonic increase in the 
l i fet ime,  in spite  of a constant  saucer  density.  

The  model  in Fig. 3 i l lus t ra tes  these process - induced  
effects on l i fe t ime and defects. It shows that  when a 
sample  is quenched, af ter  the oxidation,  the l i fe t ime is 
ve ry  low p r imar i l y  due to the dissolved impur i t ies  in 
the silicon latt ice.  When  a sample  is slow cooled, some 
of the dissolved impur i t ies  a re  ab le  to prec ip i ta te  and 
become e lec t r ica l ly  inactive,  resul t ing  in an increase 
in the l ifetime. Slow cooling by  i tself  has no effect on 
the saucer  density.  However ,  slow cooling with  back 
surface damage  reduces the saucer  densi ty  by  two 
orders  of magni tude  because the damage  provides  a 
s ink  for the point  defects and fast diffusing impuri t ies .  
This resul ts  in a subs tant ia l  increase  in the l ifet ime. 
HC1 oxida t ion  reduces  the saucer  densi ty  by  an order 
of magni tude  resul t ing  in some addi t ional  increase  in 
the l ifetime. Increas ing the HC1 oxidat ion  t empera -  
ture  has no apprec iab le  effect on the net  saucer  dens i ty  
but  i t  decreases the concentra t ion of the decora ted  
saucers  to improve  the l i fe t ime fur ther .  Thus, by  se-  

lec t ing the  r igh t  process the  l i fe t ime can be increased  
f rom 20 ~sec to 2 msec. 

Conclusions 
Quenching of devices a f te r  the oxida t ion  resul ts  in 

ve ry  low l i fe t ime (~-20 ~sec), regardless  of damage or  
HC1 getter ing.  The l i fe t ime of quenched samples  bears  
no re la t ionship  to the  saucer  density.  Slow cooling 
has no effect on the  saucer  densi ty  bu t  i t  gives some-  
wha t  h igher  l i fe t ime (N100 ~sec). S low cooling wi th  
back surface damage  gives a subs tant ia l  improvemen t  
in the  l i fe t ime (~500 ~sec). HC1 oxida t ion  wi th  d a m -  
age  and slow cool is a ve ry  effective process which  
can give l i fe t imes  of the o rde r  of 2 msec. Higher  HC1 
oxida t ion  t e m p e r a t u r e  is more  impor t an t  than  the HC1 
concentra t ion for achieving be t t e r  l ifet imes.  Back sur -  
face damage  reduces the  ox ida t ion- induced  saucer  
dens i ty  by  two orders  of magni tude  and the HC1 oxi-  
dat ion reduces  the  dens i ty  b y  an order of magni tude.  
The saucer  dens i ty  is not  a lways  the only  reason  for 
low l ifet ime,  e.g., dissolved impur i t ies  a n d / o r  decor-  
a ted  saucer  densi ty  p l ay  an impor tan t  role. 
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Inhomogeneities in Silicon Crystals 
Grown from the Melt 

Gene F. Wakefield *,1 

Texas Instruments Incorporated, Dallas, Texas 75265 

ABSTRACT 

A brief review is given of some of the methods used to describe incorpora- 
tion of impurities into silicon crystals grown from the melt. It is concluded 
that the concept that allows the equilibrium segregation coefficient to vary 
to an "effective" segregation coeff• is misleading and disguises the actual 
solid/liquid dynamics. Impurity concentration is controlled in crystals by 
their actual (changing) concentration at the interface and their equilibrium 
(essentially constant) segregation coefficient. This paper presents calculations 
on the effect of growth rate on impurity incorporation. Growth rate fluctua- 
tions lead to solute nonuniformities on a rnicroscale with dopant, carbon, and 
metals concentrated into areas of a silicon slice separate from oxygen-rich 
"swirl" bands. The measured fluctuation in dopant concentration across a slice 
can he used to estimate other impurity concentration variations. Discrepancies 
between experimentally determined and the calculated values are considered 
to result primarily from lack of an appropriate value of boundary layer 
thickness. 

The subjec t  of chemical  inhomogenei t ies  in semicon- 
ductor  crystals  has rece ived  considerable  at tent ion,  wi th  
t h e  majo r  focus on dopant  and oxygen  nonuniformit ies .  
Severa l  c rys ta l  g rowth  models  (1-6, 8, 9) have been 
proposed  which  have  a ided  unders tand ing  of the cause 
of the  microscale  var ia t ions  p reva l en t  in crystals.  A 
cr i t ical  analysis  of the models  reveals  tha t  though each 
c o v e r s  cer ta in  aspects, the  si l icon crys ta l  f rom la rge  
commercia l  Czochralski  pul le rs  is not  as wel l  descr ibed 
a sdes i r ed .  

Sil icon crysta ls  are  now g r o w n  as long, cy l indr ica l  
ingots which  are  sliced into th in  wafers  for semicon-  
ductor  device  manufac ture .  Dur ing  g rowth  of a silicon 
crystal ,  constant  the rmal  and chemical  changes occur 
wi th in  the  c rys ta l  pu l le r  which  cause each indiv idual  
wafe r  to differ in content  and d is t r ibut ion  of impur i t ies  
f rom every  o ther  wafer .  A macroscale  longi tud ina l  
va r i a t ion  is inheren t  in ba tch  g rowth  due to concent ra-  
t ion of impur i t i es  into a decreas ing me l t  volume.  Also, 
t he rma l  convect ion causes microscopic growth  ra te  
f luctuations to occur in  the  in ter face  dynamics,  and in-  
t roduces inhomogenei t ies  on a microscale.  Since the  
in ter face  shape is usua l ly  a curved surface, nonuni form 
bands  reflecting the ins tantaneous  mel t - so l id  in terface  
shape are  frozen into the  crystal .  These nonuniformit ies  
have  been  shown to be bands  which  have different  

* Electrochemical Society Active Member. 
Present address: ARCO Solar Incorporated, Chatsworth, Cali- 

fornia 91311. 
Key words: interface, integrated circuits, crystallization, diffu- 

sion. 

solute concentra t ion f rom the in te rband  silicon. As 
each p lana r  wafer  m a y  in tersec t  severa l  of the curved 
interface  shapes, each wafer  then  also var ies  across 
its surface on a microscale  basis as i l lus t ra ted  in Fig. 
1. Compounding these nonuniformit ies  wi th in  a c rys-  
tal,  each crys ta l  is somewhat  unique in qual i ty  because 
of the na tu re  of any batch process, the var ia t ions  in 
pullers,  and the var ia t ions  in s ta r t ing  polysi l icon 
quali ty.  

Microscale  fluctuations are  now recognized to resul t  
p r imar i l y  f rom the rmal  convection c u r r e n t s w i t h i n  
the mel t  ( I -5 ) .  These currents  per iod ica l ly  d is turb  the 
microscopic growth  ra te  of the crystal .  The magni tude  
and na ture  of the convection currents  also var ies  as 
the mel t  aspect  (mel t  height  to d iamete r )  ra t io  is de-  
creased as a crys ta l  is grown. The majo r  source of the 
convection currents  is c lear ly  the t e m p e r a t u r e  grad ien t  
(4) which  exists due to a high hea t  input  th rough  the 

crucible  wal ls  which mus t  then be lost  f rom the top 
and bot tom of the  melt .  

The microscale  condit ions of the so l id- l iqu id  in te r -  
face of a growing c rys ta l  include solute re jec t ion  (for 
a solute wi th  a segregat ion coefficient, K < 1) jus t  
ahead of the advancing  solid, increasing the solute 
concentra t ion at  this interface.  Between the solid and 
the wel l  mixed  (bulk)  l iquid is a 100-500 ~m "bound-  
a ry  layer"  of l iquid, consist ing of a momen tum and 
solute concentra t ion gradient .  The excess solute moves 
from the in ter face  agains t  a silicon solut ion flowing 
normal  to the interface,  and wi th  the rad ia l  flowing 
solution. A precise  definit ion of solute bounda ry  l a y e r  
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SEED 

CRYSTAL 

SLICE 
Fig. 1. Schematic illustration of a silicon crystal cross section 

containing carved melt interface surfaces which result in in- 
homogeneities on a slice surface. 

thickness would be the distance from the solid into the 
melt  at which concentrat ion level becomes constant  
and equal to the bulk melt  composition. 

It is preferred to assume that the segregation co- 
efficient is unchanged within the small  range of the 
revelant  s i l icon- impuri ty  phase diagram, since it is a 
thermodynamic  parameter  relat ing the activity of the 
impur i ty  in the solid and liquid. A crystal growth 
description which treats K as a variable  parameter,  
such as Keff, masks a t rue unders tanding  of the in ter -  
face dynamics since microscale concentrat ion var ia-  
tions are caused by concentrat ion changes occurring 
at the interface, not by a variat ion in K. 

The purpose of this paper is to present  calculations 
on relationships of solute nonuniformit ies  in a silicon 
crystal and to suggest a method to use measured 
dopant variat ions to predict variations in other im-  
purities. This analysis is based on the two assump- 
tions: (i) the segregation coefficient is a constant; and 
(it) the boundary  layer  thickness is defined by physi-  
cal parameters  (both are unchanged by growth rate).  

Background 
The Burton, Prim, Slichter (BPS) description of crys- 

tal growth relates variations in impur i ty  incorpora- 
tion into the solid by varying the equi l ibr ium segrega- 
tion coefficient K to an effective K(Keff) value (6). 
The main  equation of the BPS model is 

Ko 
K~f _ [ I ]  

Ko + (1 -- Ko)e -fS/n 

using the Cochran (7) definition of boundary  layer 
thickness 

6 = 1.6 D1/3vz/%-i/2 [2] 

where f is the growth rate solid, 5 is the boundary  
layer  thickness, D is the diffusion coefficient of the 
solute in the melt, v is the kinematic  viscosity of the 
liquid, and ~ is the angular  velocity of crystal rotation. 
The Keff equation is applicable .to a (at least ins tan-  
taneous) steady-state condition and can be used to 
relate the concentrat ion in the solid to the bulk liquid 
concentration. Variation in K is used to account for 
solute concentrat ion changes occurring at the solid- 

liquid interface. The application of this model is usu-  
al ly done by fitting solute concentrat ion profiles in 
crystals grown at various macroscopic growth rates 
using 5/D as a parameter,  and subsequent  calculation 
of Keff. This technique has been used to derive a con- 
sistent description of a macroscopic si tuat ion and also 
has been the major  technique used to obtain values for 
diffusivities (7). 

A description of solute bul idup in zone refining was 
given by Tiller, Jackson, Rutter,  and Chalmers (8). 
The main  equation describing bui ldup is 

{ [ ] c,= "-k- ----k--- 

1 - e x p  --K-~ x 

where CT is the solute concentrat ion at the growing 
interface, Cs the solid, Co the ini t ial  concentrat ion in 
the melt, R rate of advance of the interface, and x the 
distance the interface has traveled. TMs description 
applies to a constant and l imited melt  volume, melt  
replenishment  of Co concentration, and no melt  stir-  
ring, i.e., only diffusion of the excess solute away from 
the interface. The approach has the at tract ion of focus- 
ing on impur i ty  bui ldup and gives a valid macroscopic 
view of zone refining. Nonmonotonic solute incorpora-  
tion into the solid, "banding," is briefly ascribed to 
changes in heat input  to the liquid. The description has 
l imited application to a Czochralski configuration with 
a large and varying, stirred, melt  volume. 

A modification of the BPS description was used by 
Hall (9) to correlate the effect of varying growth rate 
on incorporat ion of mult iple  impur i ty  dopants in 
germanium crystals. The equation was 

Keff = K exp (V/Vd) [4] 

where V is the growth velocity and VG a characteristic 
growth parameter  which depended upon the degree of 
st irr ing and diffusion in the melt. The technique was 
used to develop a process for the growth of crystals 
having a series of p -n  junctions, using gall ium and 
ant imony dopants, by varying the growth rate. The 
impor tant  in terplay  between segregation, growth rate, 
and melt  s t i rr ing are included in this model, but  em- 
phasis is placed on a Keff, ra ther  than interface con- 
centration. 

The development  of a technique (10) to determine 
the microscopic growth rate in a Czochralski pul ler  
enabled analysis of actual interface dynamics. The 
measured dopant variations were found to follow the 
general  shape of the microscopic growth rate curve. 
Analysis of the data was done using the form of the 
BPS model 

KCL 
Cs --- K e f f C L  - -  [ 5 ]  

K + (1 -- K) exp ( - -VS/D) 

where CL is the solute concentrat ion in the bulk liquid 
and V is the microscopic growth rate obtained from 
the constant time marks. Crystal dopant  levels and 
microscopic growth rate data were used to obtain the 
value of 5/D as a parametr ic  fit to Eq. [5] and then 
the best fit 5/D used to calculate the expected dopant  
concentration. A value of 5/D of 133.3 sec/cm was ob- 
tained which led to a boundary  layer  thickness of 
266 ~m taking D _-- 2 • 10 -4 cm2/sec. The value of D 
was originally obtained (11) by a similar t rea tment  
using the BPS model. An independent  evaluat ion of D 
would be preferred. 

The technique of determining microscopic growth 
rate aided significantly to unders tanding  actual 
Czochralski crystal growth. Several  works (4, 11, 12) 
support the concept that microscopic growth rate 
changes are caused by thermal  convection currents  
within the melt. 
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Analysis and Discussion 
Thermal  fluctuations which disturb the rate of 

crystal growth change the rate of solute rejection. The 
l imitat ion of diffusion of the solute through the bound-  
ary  layer  causes the interface solute concentrat ion to 
cont inual ly  change. This is ~ i l lustrated in Fig. 2 (a and 
b) where (a) depicts the solute concentrat ion as the 
microscopic growth rate increases a n d  (b) depicts the 
solute concentrat ion as the microscopic growth rate 
decreases. Periodic thermal  convection currents  cause 
fluctuations in  growth rate, especially dur ing  crystal 
growth from melts having a he ight - to-d iameter  (h/d) 
aspect ratio > 1/2. As the volume of remain ing  melt  is 
decreased, h/d decreases and the microscopic growth 
rate  may at times be negative, i.e., remel t ing of the 
crystal may  occur. 

Crystal growth without remelt.~During periods of 
increasing microscopic growth rate, solutes with K < 1 
will be enriched at the solid-l iquid interface, and solute 
diffusivity is insufficient to avoid increasing concentra-  
tion at  the interface. For  solutes with K > 1 such as 
oxygen, the concentrat ion at the solid-l iquid interface 
will be depleted and a decreasing amount  of these 
solutes will be incorporated into the crystal. 

Dur ing  periods of decreasing microscopic growth 
rate, solutes with K < 1 will have greater  t ime for 
diffusion away from the solid-l iquid interface and the 
interface concentrat ion will be decreasing. Solutes 
wi th  K > 1 will have more t ime for concentrat ion re- 
p len ishment  to the mel t - l iquid  interface and thus will 
show increasing concentrat ion in the solid. 

When microscopic growth is at a m in imum positive 
value, interface solute concentrations closer to the bulk 
melt  concentrat ion result. As the microscopic growth 
rate then begins to increase, the max imum concentra-  
tion of oxygen (KCL) can be incorporated into the 
crystal. This is consistent with the observations that  
oxygen is at a max imum on the melt  side of growth 
str iat ion (12). Correspondingly, the ini t ial  acceleration 
period after  a pause will  incorporate the min imum of 
components with K < 1 and this m i n i m u m  approaches 
KCL. Table I summarizes the solute changes as the 
microscopic growth rate varies and the limits in im-  
pur i ty  concentrat ions that can conclude from this 
approach. 

When the microscopic growth rate reaches a maxi-  
mum, the min imum of solutes with K > 1 are incor- 
porated into the crystal at some value of <KCL. The 
max imum in microscopic growth rate corresponds to 
the max imum in solute incorporat ion for K < 1, and 
the max imum may be >>KCL for these solutes. 

Crystal growth with extensive remelt.--Crystal 
growth at conditions where extensive remelt  is occur- 
ring, such as at low melt  aspect ratios, is less well 
characterized since the microscopic growth rate deter-  
minat ion  technique is not applicable. The previous 
discussion showed that  as microscopic growth rate de- 
creases, diffusion through the boundary  layer  decreases 
t h e  concentrat ion of solutes with K < 1 at the solid- 
l iquid interface. If a port ion of the crystal is remelted, 

(a) ~ (b'l 1 
C ,Ci C 

K > I ~  
GROWTH-~ 

\Ci  K < 1 ~' 
'6--~'"-P' I LIQUID SOLID 

K < I ~  

I(>1 
SOLID 

INCREASING GROWTH RATE 

(Ci K < I  

*.-" GROWTH-* 
"Ci 

,e--~ -..*] LIQUID 

DECREASING GROWTH RATE 

Fig. 2. Schematic of solute profile at solid-liquid interface during 
growth. (a) Increasing microscopic growth rate. (b) Decreasing 
microscopic growth rate. 

Table I. Summary of solute concentration dynamics during 
crystal growth 

Microscopic  K < 1 K > 1 
growth 

r a t e  Cl Cs C~ CJ Cs C~ 

I n c r e a s i n g  > > C n ,  >KCr,, >Cr,  <CL, <KCT, <Cn  
inc. inc. dec.  dec. 

D e c r e a s i n g  >CL, >KCL, >C[, ~CL, ~KCL, <CL 
dec. dec. inc.  ins. 

P a u s e  -~CL -+KCn -~CI, ~C~ -~KCL ~CL 
N e g a t i v e  dec. - -  dec. inc. - -  inc. 

( r e m e l t i n g )  

= approaches 
inc.  increasing 
dee. = decreasing 

Note: M a x i m u m  Cs for any K > I = KCr, 
M i n i m u m  Cs f o r  any  K < 1 = KCJ, 

a fur ther  decrease in  solute concentrat ion at the in ter -  
face occurs, since concentrat ion in the mel t ing crystal 
was less than the interface concentration. Depending 
upon the amount  and speed of remelting,  as the crystal 
begins to refreeze, a reduced concentrat ion of K < 1 
solutes may result. For  solutes with K > 1, remel t ing 
of the crystal causes the interface concentrat ion to in-  
crease. As the crystal begins to refreeze, the concen- 
t rat ion of these solutes in the solid is l ikely simi]ar to 
the remelted crystal. Lacking detailed informat ion on 
the dynamics occurring during such remel t ing periods, 
limits on the solute concentrat ion in  the solid cannot  
be established. 

Float zone crystal growth.--The growth mechanism 
perspective which focuses on solute bui ldup at the 
interface is consistent with the occurrence of solute 
concentrations in float zone crystals. It was shown (13) 
that  carbon concentrat ion bands occur on the seed side 
of melt  striae (as they most l ikely also do in Czochral- 
ski crystals).  Correspondingly then, associated with 
the carbon banding will be higher concentrat ions of 
metall ic impuri t ies  and dopant since the striae are also 
caused by thermal  convection current  dis turbance of 
the microscopic growth rate. 

Invest igat ion of the impur i ty  str iat ion in float zone 
crystals having various carbon levels showed that  at 
an average carbon level of 8 X 1016 atoms/cm 3, 
significant banding of carbon occurred (14). Associated 
with the maxima and min ima  of carbon across a wafer 
surface, correspondingly were maxima and min ima  ef 
the phosphorous dopant. Subsequent  diffusion of gold 
into the high carbon, striated wafers resulted in gold 
preferent ia l ly  distr ibuted into carbon and phosphor- 
ous-rich areas and performance of power devices 
made on this mater ial  was substant ia l ly  degraded. 

Impurity distribution calculation.--The impur i ty  
concentrat ion of the solid is related to the interface 
concentrat ion C~ ---- KCi. The fractional change in Ci 
with varying  (microscopic) growth rates can be cal- 
culated from 

C i - -  CL (1  - -  K )  (1 - -  e - ~ )  
ACi ~ 

Cn K +  ( 1 - - K ) e  -~ 

where n --_ ]6/D. 

This equation for nCi was used to calculate the ex- 
pected changes in concentrat ion for several common 
impurities.  The Cochran (15) derivat ion of boundary  
layer  thickness was used since it was judged that a 
more consistent a l ternat ive was not available. A 
kinematic viscosity of 0.0106, as calculated by Kodera 
(7), was also chosen. The magnitude,  but  not the 
trends, in AC i would be slightly sensitive to other se- 
lected values. Growth rates of 25, 50, and 75 ~m/see 
and rotation rates of 10, 15, and 20 rpm were selected 
to represent  typical values for silicon crystal produc- 
tion. 
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Table II. Calculated interface concentration change in silicon 

ACt 

Impuri ty  K D (10' em~/sec) ~ (sec-~) $ (/zm) y (#m/sec) :f (#m/sec) I (/zm/sec) ] (/~,m/sec) 

Boron 8 25 61 76 
0.8 2.4 1.05 455 0.08 0.14 0.18 

(Res Be) 1.57 372 0.07 0.12 0.16 
2.10 32g 0.06 0.11r 0.1~ 

Phosphorus  0.35 5 1.06 540 0.23 0.48 0.72 
(Ref. ~e) 1.57 441 0.19 0.39 0.58 

2.10 381 0.16 0.33 0.50 
Ant imony  0.023 1.5 0.52 551 0.33 1.45 

(Ref. 5e) 1.05 389 0.89 2.53 5.32 
1.57 318 0.68 1.81 3.60 
2.10 275 0.57 1.45 2.78 

Oxygen 1.25 1 �9 0.52 48]. - 0.07 - 0.15 
1.05 340 -0 .13  - 0 . 1 7  -0 .19  
1.57 278 -- 0.11 -- 0.16 -- 0.18 
2.1{) 240 -- 0.1O -- 0,15 --0.17 

Carbon 0,07 0.485 1.05 267 2.34 6.89 10.90 
(Ref. 10) 1.57 218 1.73 5.07 8.97 

2.10 189 1.45 4.04 7.49 
0.07 0.52 481 0.42 1.91 

1.05 340 1.16 3.25 6.16 
1 = 1.67 278 0.89 2.37 4.50 

2.10 240 0.74 1.90 3.56 
Iron 8 x 10 -e 2* 0.52 608 0.27 1.16 

1.05 430 0.73 1.98 4.14 
1.57 350 0.56 1.44 2.81 
2.10 304 0.47 1,16 2.1S 

Aluminum 0.002 7 1.05 650 0.27 0.60 1.03 
(Ref.  5e) 1.57 530 0.21 0.47 0.78 

2.10 460 0.18 0.40 0.65 
Copper 4 x 10-~ 2" 1.05 430 0.72 1,96 4.10 

1,57 350 0.56 1.45 2,77 
2.10 304 0.47 1.16 2.17 

�9 Assumed values. 

The calculated values for hCi are given in Table II 
along with the values used for K and D. Two calcula- 
tions were made for carbon using an assumed value for 
D of 1 • 10 -4 cm2/sec [this value was used in Fig. 
3 (b ) ] ,  and also a measured value of 0.485 • 10 -4 cm2/ 
sec (16). The lat ter  value was determined by an inde-  
pendent  method and differs significantly from many  of 
the other D values. The hCi values are plotted in  
Fig. 3. 

The large calculated increases in interface concen- 
t rat ion for carbon and an t imony are consistent with 
the tendency for single crystal growth breakdown 
even at CL concentrat ions substant ia l ly  less than 
equi l ibr ium liquid solubil i ty values. The expectation of 
improved uni formi ty  of boron over phosphorous-doped 
crystals is also consistent with observations. 

This approach can be used to predict  impur i ty  con- 
centrat ion variations by measurement  of dopant var ia-  
tions. Data (1) on ant imony variat ions at m i n i mum 
(8 ~m/sec) and max imum (26 ~m/sec) microscopic 
growth rates indicated a hC~ of 0.11 and 0.40, respec- 

tively, for a fitted parameter  boundary  layer  thickness 
of 266 ~m. This compares to calculations based on the 
assumptions of this paper which predict  a hC~ for ant i -  
mony of 0.33 and 1.45 for the two growth rates and 
also ~Cs of --0.08 and --0.15 for oxygen, 0.42 and 1.91 
for carbon, 0.27 and 1.16 for i ron for the respective 
growth rates. Selection of a th inner  boundary  layer  
value would reduce these predicted values. However, 
the areas of higher an t imony  concentrat ion (fast 
growth rate)  will have relat ively lower oxygen, higher 
carbon and iron. 

Deficiencies in calculations.~The discrepancies be- 
tween the exper imental  data and the calculated values 
are l ikely influenced most from inaccuracy in the ap- 
propriate boundary  layer  thickness and to a lesser 
extent  in the accuracy of the impur i ty  diffusion coeffi- 
cients and the viscosity of l iquid silicon. 

The Cochran (7) calculation for the momen tum 
boundary  layer  was derived for l iquid flow normal  to 
the interface. Within the boundary  layer  adjacent  to 
the crystal, radial  velocity significantly exceeds normal  
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velocity.  Accura te  calculat ions requi re  a bounda ry  
l aye r  thickness  which  re la tes  the  concentrat ion,  r a the r  
than  momentum,  bounda ry  l aye r  thickness es tabl ished 
due to diffusion and phys ica l  mixing.  Es t imates  of di f -  
fusion coefficients have usua l ly  been der ived  f rom solid 
concentra t ion  values  at  va ry ing  growth  ra te  using a 
b o u n d a r y  l aye r  va lue  ca lcula ted  by  the Cochran 
analysis.  La t e r  use of such diffusion numbers  and ad-  
jus t ing  the bounda ry  l aye r  thickness to fit exper i -  
menta l  da ta  is a r a the r  quest ionable,  c i rcular  proce-  
dure.  Independen t  measu remen t  of diffusion coeffi- 
cients is required.  

The one independen t  check on carbon diffusion (16) 
in  a nons t i r red  mel t  (assumed equiva len t  to silicon 
self-diffusion)  was se l f -consis tent  wi th  expe r imen ta l  
resul ts  and less than  one -ha l f  most  commonly  used 
diffusion values.  I t  wou ld  seem consis tent  to specula te  
tha t  diffusion coefficients for al l  impur i t ies  should ap -  
p roach  the value  for  sil icon self-diffusion. To assume 
tha t  a weak  impur i ty / s i l i con  bonding ( shor t - r ange  
order ing)  could occur wi th in  the  l iquid state to a l low 
devia t ion  f rom silicon self-diffusion values  would  
l ike ly  requ i re  considera t ion of i m p u r i t y / i m p u r i t y  
bonding also. 

An  e r ror  in the  values  for k inemat ic  viscosi ty of 
sil icon 0.0108 (ca lcula ted)  (7) and  2.9 • 10 -8 (ex-  
pe r imen ta l )  (17) could lead to a smal l  e r ror  in model  
calculations.  However ,  viscosi ty enters  only into the 
bounda ry  l aye r  thickness equat ion to the one-s ix th  
power,  so this is of less concern than  accuracy  of diffu- 
s iv i ty  or  b o u n d a r y  l aye r  thickness values.  

Conclusions 
Severa l  conclusions can be ob ta ined  from this ap-  

proach.  (i)  T rea t ing  K as a constant  and  focusing on 
solute concentra t ion  at  the  in terface  al lows addi t ional  
in format ion  to be gained regard ing  microscale  d i s t r ibu-  
t ion of oxygen,  carbon, and  o ther  impuri t ies .  Both 
Czochralski  and  float zone dis t r ibut ions  are  consis tent ly  
expla ined.  (ii) Microscale  dynamics  of the  g rowth  
in ter face  have cr i t ical  impacts  on inhomogene i t i es  in 
the  crys ta l  and some l imits  on concentrat ions  can be 
elucidated,  at  leas t  in the  por t ion  of crys ta l  grown 
wi thout  ex tens ive  remel t .  (iii) Silicon crys ta ls  wi th  
r educed  microscale  and macrosca le  inhomogenei t ies  
could be  ob ta ined  f rom crys ta l  pu l le rs  des igned wi th  
m i n i m u m  t e m p e r a t u r e  gradients  in the  melt .  A s t eady-  
s ta te  g rowth  condit ion f rom a constant  mel t  volume 
would  a id  in s tabi l iz ing the microscopic growth  rate.  

To capi ta l ize  on this approach  a new ma themat i ca l  
model  needs to be deve loped  which  defines both  the  

dynamics  of the chemical  env i ronment  at  the in terface  
and the t rans ien t  t he rma l  effects. Add i t iona l  expe r i -  
men ta l  efforts a re  needed  to quan t i fy  the microscale  
nonuniformit ies ,  and re la te  the i r  impac t  on device fab-  
r icat ion and performance.  

Manuscr ip t  submi t ted  Sept.  11, 1978; rev ised  m a n u -  
scr ipt  received March  21, 1979. 

A n y  discussion of this pape r  wil l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the December  1980 
JOURNAL. Al l  discussions for the  December  1980 Dis -  
cussion Section should be submi t t ed  by  Aug. 1, 1980. 

Publication costs o] this article were assisted by 
ARCO Solar, Incorporated. 
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Thermal Manipulation of Deactivation Processes in 
Luminescent Photoelectrochemical Cells Employing 
Tellurium-Doped Cadmium Sulfide Photoelectrodes 
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ABSTRACT 

Tempera ture  significantly modifies the efficiencies of luminescence and 
photocurrent  in  an n-type,  single crystal, CdS:Te-based photoelectrochemical 
cell (PEC) employing aqueous polyselenide electrolyte. Between 20 ~ and 100~ 
photocurrent  (quan tum yield q'x) f rom u l t rabandgap  501.7 n m  excitat ion in -  
creases modestly by < 20%, whereas photocurrent  from bandgap edge 514.5 
n m  excitat ion increases by about an order of magnitude,  reaching 50-100% 
of the 20cC 501.7 nm photocurrent.  Undoped CdS exhibits a similar  photo- 
cur ren t - tempera ture  profile. Higher temperatures  thus extend the wavelength 
response of CdS- and CdS:Te-based PEC's. In  contrast to the increase in 
photocurrent,  emissive efficiency (quan tum yield Cr) of CdS:Te drops by a 
factor of ,-~10-20 over the same temperature  range; this decline is relat ively 
insensit ive to potential  and excitat ion wavelength (501.7 or 514.5 nm) .  Little 
change in the spectral distr ibution of emission (~-max "~ 600 nm)  is observed 
with temperature.  A dependence of emission in tensi ty  on potential  is observed 
for the first time with 514.5 nm excitat ion in the high tempera ture  regime. 
These results are in terpreted in terms of band  bending, optical penetra t ion 
depth, the known red-shif t  of the CdS bandgap edge with temperature,  and 
the competitive nature  of emission and photocurrent.  Relationships among 
q'z, Or, and ~ r o / ~ r  (out-of-circui t  to in-c i rcui t  emission intensi ty)  are discussed. 

We recently reported that  n-type,  te l lur ium-doped 
CdS (CdS:Te)  serves as a luminescent  photoelectrode 
in photoelectrochemical cells (PEC's) used to convert  
optical energy to electricity (1). In  this manner  CdS: 
Te permits  determinat ion of the effect of PEC param-  
eters such as incident  excitation wavelength,  electro- 
lyte, and potential  upon the various deactivation routes 
of the semiconductor electrode excited state. In  partic- 
ular, luminescence is a probe of electron-hole recom- 
binat ion processes which compete with electron-hole 
separation leading to photocurrent.  

In the course of our studies, we noted that the 
emission intensi ty  and, in some instances, the photo- 
current  of CdS:Te-based PEC's were temperature  de- 
pendent.  We demonstrate herein that temperature  may 
be used to significantly modify the relative efficiencies 
of excited state deactivation pathways in a manner  
which underscores the competitive nature  of lumi-  
nescence and photocurrent.  In addition, higher tem- 
peratures extend the wavelength  response of both 
CdS- and CdS: Te-based PEC's. 

Theory 
The bandgap of undoped CdS, EBC, is ,-,2.4 eV at 

298~ (2). Although CdS:Te has a low energy tail in 
its absorption spectrum which masks the bandgap, the 
highest absorptivities (>10 4 cm -~) occur at )~ < 
500 nm in  both undoped CdS and CdS: Te (2-6). Ul t ra-  
bandgap wavelengths are therefore taken as those 
wi th  ~. < 500 nm; absorption occurs wi thin  ~0.1-1~ 
of the surface, a distance typically corresponding to 
the depletion region. This zone is characterized by 
m a x i m u m  band bending and is conducive to ready 
separation of photogenerated electron-hole ( e -  -- h +) 
pairs leading to max imum photocurrent  (7). 

Longer excitation wavelengths penetrate  farther into 
the crystal, and the diminished band bending favors 
e -  -- h + recombinat ion at the expense of separation. 
Luminescent  CdS:Te-based PEC's exhibit  more emis- 
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sion and less photocurrent  with bandgap edge 514.5 nm 
than with u l t rabandgap 501.7 n m  excitation, for 
example (1). 

Figure 1 (a) i l lustrates the interrelat ionship of pene-  
trat ion depth and band bending at these wavelengths.  
The dashed line represents the discrete states involved 
in the emissive process which are introduced by the Te 
dopant; holes trapped at Te sites (Te presumably  sub-  
stitutes for S in  the lattice) may coulombically b ind an 
electron in or near  the conduction band  to form an 
exciton whose subsequent  radiative collapse leads to 
luminescence (3-6). 

Our chief guide for predicting thermal  effects in the 
PEC was the known optical bandgap tempera ture  co- 
efficient, dEsc/dT, for undoped CdS. This coefficient 
has a value of --5.2 • 10 -4 eV/~ between 90 ~ and 
400~ (8). To the extent  that CdS:Te resembles CdS, 
this relationship predicts that the bandgap edge red 
shifts with increasing temperature;  at a sufficiently 
high tempera ture  514.5 nm will  become an u l t r aband  
gap wavelength like 501.7 rim, for example. Figures 
l ( b )  and (c) i l lustrate the anticipated effect of in-  
creased tempera ture  on the band diagram and absorp- 
tion spectrum. The decline of EBG with increasing 
temperature  has been interpreted as arising from two 
effects: lattice dilation and energy level broadening at 
the edges of the bandgap due to collisions between 
electrons and phonons (9). 

Implici t  in  the comparison of Fig. 1 (a) and (b) is 
the relative insensi t ivi ty of the depletion region width, 
W, to temperature.  The expression for W is given by 
Eq. [1] where 

W -~ (2eeoVB/qN) 1/2 [1] 

N is the charge carrier density in  the semiconductor, q 
is the electronic charge, eo is the permit t iv i ty  of free 
space, e is the semiconductor dielectric constant, and 
VB is the amount  of band bending in  the depletion re-  
gion (10). For a given electrolyte we do not expect W 
to change drastically over the 20~176 tempera ture  
range investigated. That is, we are assuming variat ions 
in e, N, and VB to be small. We note that  e changes by  
less than  15% between --196 ~ and 25~ for undoped 
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Fig. 2. Components of the CdS:Te-based variable temperature 
PEC: (1) n-type CdS:Te photoelectrode, site of polyselenide oxida- 
tion; (2) thermometer; (3) Pt foil counterelectrade, site of poly- 
selenide reduction; (4) Ag pseudoreference electrode (P/E); (5) 
rubber stopper, positioned loosely enough to serve as a vent, 
through which (1)-(4) are inserted; (6) magnetic stir bar; (7) 
aqueous polyselenide electrolyte; (8) Nichrome wire wound outside 
the cell for resistive heating; (9) N2 inlet, the N2 passing first 
through an aqueous reservoir. Components (1), (3), and (4) are 
connected to a potentiostat. 

Fig. 1. (a) Comparison of penetration depths for bandgap edge 
(514.5 rim) and ultrabandgap (501.7 nm) excitation relative to the 
width of the depletion region at temperature T1 for CdS:Te (not 
to scale). ECB and EvB refer to the conduction and valence band 
energies. Doping CdS with Te is believed to introduce discrete 
states at energy ETe. EBG is the bandgap energy at T1; (b) at 
temperature /'2 > T1 the bandgap is expected to shrink, EBG' < 
EBG; as a consequence, the penetration depth of $14.S nm light 
would be reduced; (c) the expected effect on the CdS:Te absorp- 
tion spectrum caused by an increase in temperature. Solid and 
dashed lines represent the spectra at T1 and T~, respectively 
(curves are crude approximations and not drawn to scale). 

CdS (11) and that donors in  50 ppm CdS:Te are 
>90% ionized at room tempera ture  (Hall measure-  

ments)  (5). The m a x i m u m  value of VB is controlled 
by the relat ive energies of the semiconductor Fermi 
level and the electrolyte redox potential, Eredox (7, 10). 
While the explicit  tempera ture  dependence of VB is 
not  known for the electrolyte employed, our results 
are consistent with small  changes in VB and W. We 
emphasize that  these are assumptions, however, and 
that  a rigorous analysis requires knowledge of the 
depletion width. With this in mind, we will t reat  Fig. 1 
as an approximation whose val idi ty can be qual i ta-  
t ively probed by the PEC of Fig. 2. 

The PEC consisted of an n-type,  single crystal, 100 
ppm CdS:Te working electrode, a 2.0 • 0.8 cm Pt foil 
counterelectrode, an Ag pseudoreference electrode 
(PRE),  and an aqueous polyselenide electrolyte of 
approximate composition 5M OH-/0 .1M Se2-/0.001M 
Se22-. Tempera ture  control was achieved with resistive 
heating, as sketched in Fig. 2. Emission and photocur- 
rent  could be monitored s imultaneously  by placing the 

PEC inside an emission spectrometer and incl in ing the 
electrode at ~45 ~ with respect to both the Ar  ion laser 
excitat ion beam and the emission detection optics; the 
laser beam was expanded and masked to fill the elec- 
trode surface. The electrochemistry occurring corre- 
sponds to oxidation of polyselenide electrolyte at the 
photoanode and the reduct ion of polyselenide at the 
counterelectrode (12). No net change occurs in the 
electrolyte under  these conditions, thus permit t ing 
sustained conversion of optical e n e r g y  to electricity, 
while inhibi t ing the competitive photoanodic dissolu- 
tion process, Eq. [2] (12) 

hv 
CdS . > Cd +2 + S + 2e -  [2] 

Polyselenide electrolyte is also an advantageous choice 
because of its relat ive t ransparency to the excitat ion 
wavelengths employed (12). 

Results and Discussion 
Emissive properties.--While EBG = 1ECB -- EVBI is 

expected to vary inversely with temperature,  the tem- 
perature  dependence of the CdS:Te emission spectrum 
will hinge on the relat ive positions of Ewe, ECB, and EVB. 
We and others have found that  at 77~ the emission 
ma x i mum blue shifts sl ightly from its 298~ ~600 nm 
value; the spectrum also sharpens and increases in in-  
tensity dramatical ly  (1, 3-6). As the photoelectrode in 
a PEC, CdS: Te shows little change in  the emit ted spec- 
tral  distr ibution (bandwidth  ~5  nm; 540-800 rim) over 
the ~20~176 temperature  range investigated in poly- 
selenide electrolyte. A few samples displayed a modest 
red shift of ~max (~10 nm) and /or  more of a low 
energy tail at the high tempera ture  extreme. Typical 
spectra obtained at open circuit are shown in  Fig. 3. In  
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Fig. 3. Uncorrected emission spectra at open circuit of a CdS:Te 
electrode in 5M OH- /0 .09M Se2-/0.001M Se22- electrolyte. Tem- 
perature and excitation wavelength employed for each curve are 
identified in the figure. Although the curves have all been normal- 
ized to the same intensity at )~max ~600 nm, the number above 
each curve gives the actual intensity before normalization. A 
filter solution was used to eliminate the exciting light (see Experi- 
mental) and is responsible for the deviations from baseline at the 
short wavelength extreme. 

agreement  wi th  our ear l ie r  studies, the spectra l  d is t r i -  
but ion is independent  of whe the r  501.7 or 514.5 nm ex-  
ci ta t ion is used and independen t  of e lec t rode  potent ia l  
be tween  +0.7V vs. Ag (PRE) and the onset of cathodic 
current .  Changes in potent ia l  a l t e r  the  degree  of band 
bending in an n - t y p e  semiconductor:  negat ive  bias di-  
minishes and posi t ive bias augments  band bending  (7). 
If the Te state energies  were  not affected by potent ia l  
in the same manner  as the conduct ion and valence 
bands,  w e  would  expect  to see potent ia l  dependent  
spectra l  dis tr ibut ions.  This not being the case, we show 
EWe bent  in pa ra l l e l  wi th  EcB and EvB in Fig. 1 (a) and 
(b) .  

Another  no tewor thy  fea ture  of Fig. 3 is the con~ider- 
able decline in CdS: Te emission in tens i ty  wi th  increas-  
ing tempera ture .  The effect is revers ible ;  luminescence 
reappears  wi th  reproducib le  in tens i ty  upon cooling. A 
more  quant i t a t ive  measure  of this effect is provided  by 
Fig. 4(a)  which  displays  the open-c i rcu i t  emission in-  
tens i ty  moni tored  at  ~.ma~(~600 nm) vs. t empera tu re  
for both exci ta t ion wavelengths  in polyse lenide  elec- 
t rolyte .  Ear l ie r  studies of CdS:Te in the absence of elec-  
t ro ly te  show analogous the rmal  quenching;  plots of In 
(Io/~rW -- 1) vs. T -1 (Io is the m a x i m u m  emission in-  
tens i ty  observed at  low tempera tu re ;  IT is the emission 
in tens i ty  at  t empe ra tu r e  T) y ie lded  s t ra ight  lines over  
the  range  of 150 ~ ~< T ~ 300~ and act ivat ion energies,  
corresponding to the exci ton binding energy,  of ~0.2 eV 
(3-5, 13). The rad ia t ive  efficiency is expected to decline 

f rom its m a x i m u m  value, Io, wi th  increasing t empera -  
ture,  as progress ive ly  more the rmal  energy  becomes 
avai lab le  to ionize Te-bound holes. We find the rates  of 
decline in emission to be comparable  for 514.5 and 501.7 
nm excitat ion.  Because emission f rom the l a t t e r  is gen-  

e ra l ly  weake r  ( lb ,  d) ,  the  da ta  in Fig. 4 (a )  were  
obta ined  wi th  501.7 nm exci ta t ion of ~ 6  t imes the 514.5 
nm in tens i ty  in o rder  to ma tch  incipient  luminescence 
in tens i ty  at  room tempera ture .  Note tha t  both  curves 
fal l  by  a factor  of ~10-20 over  the  75~ interval .  This 
factor  is comparable  to l i t e ra tu re  da ta  obta ined in the 
absence of e lec t ro ly te  and wi th  exci ta t ion sources con- 
sist ing of u l t r abandgap  l ight  (3b, 5), e lect ron beams 
(4), and a par t ic les  (13). 

We also wished to de te rmine  whe the r  the decl ine in 
emission in tens i ty  wi th  t empera tu re  was potent ia l  de-  
pendent .  F igures  4 (b )  and  (c) p resen t  emiss ion- tem-  
pe ra tu re  curves for equ iva len t  numbers  of 514.5 and 
501.7 nm photons, respect ively,  at  three  potent ials :  
open-circui t ,  0.0V, and 0.7V vs. Ag (PRE) .  The i r r ad i -  
a ted  CdS:Te  e lect rode emits  more  in tensely  wi th  the 
longer  exci ta t ion wave leng th  so that  "100" on Fig. 4 (b) 
represents  ,-~5 t imes the  in tens i ty  of "100" on Fig. 4 (c).  
To a first approx imat ion  the ra te  of decl ine in both fig- 
ures is independent  of potential .  This is seen more 
c lear ly  wi th  514.5 nm exci ta t ion  where  there  is ve ry  
l i t t le  dependence  of emission in tens i ty  on potent ia l  
unt i l  h igh t empera tu res  a re  reached (v ide in f ra) .  How- 
ever, even wi th  the more  potent ia l  dependent  emission 
in tens i ty  from 501.7 nm excitat ion,  the rates  of decl ine 
are  s imi lar  as evidenced by  the pa ra l l e l  shapes of the  
th ree  curves. As a unit,  Fig. 4 indicates  tha t  the  decl ine 
of CdS: Te emission in tens i ty  wi th  t e m p e r a t u r e  is r e l a -  
t ive ly  insensi t ive to both pene t ra t ion  dep th  (501.7 and 
514.5 rim) and potent ia l  (-t-0.TV vs. Ag to the onset  of 
cathodic cu r r en tL  

i L V  c u r v e s . - - S i m u l t a n e o u s  measuremen t  of current ,  
luminescence,  and  vol tage  ( i L V  curves)  as a funct ion 
of t empera tu re  is fac i l i ta ted  by  the cell  of Fig. 2. The 
emission in tens i ty  is convenient ly  moni tored  by  sitting 
at a single wavelength,  genera l ly  kmax. Our previous  
observat ions regard ing  i L V  curves for CdS :Te -based  
l~EC's at 298~ in aqueous (po ly)cha lcogenide  e lec t ro-  
lytes  may  be summar ized  as follows: for u l t r a bandgap  
wavelengths  (e.g., 501.7 nm) ,  we observe high quan-  
t um efficiencies for  e lect ron flow, Ox, and potent ia l  de-  
pendent  emissive quan tum efficiencies, Or; in genera l  Or 
and ox va ry  inverse ly  as a funct ion o5 potent ial .  For  
bandgap edge (e.g., 514.5 nm) exci ta t ion we observe 
lower  values of ~x and h igher  values  of Or; however,  Or 
is l a rge ly  independent  of potent ia l  (1). 

The rat io of open-c i rcu i t  to in -c i r cu i t  emission in-  
tensity, Oro/Or, is a useful  express ion of the poten t ia l  
dependence  wi th  the in -c i rcu i t  value taken  at  a po-  
ten t ia l  where  sa tura t ion  of photocur ren t  is evident.  For  
bandgap  edge exci ta t ion '['ro/Or is roughly  unity,  where -  
as wi th  u l t r abandgap  l ight  we have observed rat ios from 
~1.2 to as high as 15. To some ex ten t  Ore/Or correlates  
wi th  Ox which is i nva r i ab ly  low (<0.1) for  bandgap 
edge excitat ion.  Ul t rabandgap  l ight  often gives 0.5 < ox 
<12 .  By pulsing the electrode between potent ia ls  cor-  
resFonding to open circui t  and m a x i m u m  photocurrent ,  
the discrepancy of ~ro/Or from uni ty  is vis ibly  apparent .  
The same effect may  be observed at  different  potent ia l  
sweep rates  including po in t -by-po in t .  We have so f re-  
quent ly  observed this phenomenon that  we have come 
to r ega rd  i t  as jo in t ly  diagnost ic  of u l t r abandgap  ex -  
ci tat ion and a high value  of oz. 

The predic t ion  afforded by  Fig. 1 is tha t  increas ing 
the t empera tu re  wil l  increase oz for 514.5 nm excitat ion.  
Should  this occur we would also predic t  that  Oro/Or 
will  exceed unity.  In Fig. 5(a)  we presen t  plots of 
photocur ren t  vs. t empera tu re  for 501.7 and 514.5 nm 
exci ta t ion  (equal  photons/sec)  of CdS:Te  in aqueous 
polyselenide  electrolyte .  The photocur ren t  at  the 
former  wave leng th  increases by  less than  20% over the  
the rmal  excursion,  but  rises by  a factor  of ~10 wi th  
514.5 nm excitation.  In  most  cases this increase is suffi- 
cient to e i ther  match  the 501.7 nm photocur ren t  or 
produce a large  fract ion ( >~ 50%) of it. Since 501.7 
nm photocur ren t  is r e l a t ive ly  insensi t ive  to tempera- 
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Fig. 4. (a) Relative emission intensity monitored at 600 nm vs. temperature in polyselenide electrolyte (5M O H - / 0 . 0 9 M  S e 2 - /  
0.001M Se22-)  of CdS:Te excited at open circuit with 501.7 nm (circles) and 514.5 nm (squares) light. The excitation intensity at 
501.7 nm is 6 •  that at 514.5 nm in order to approximately match emission intensity at room temperature; (b) relative emission intensity 
vs. temperature for 514.5 nm excitation of a CdS:Te electrode [different sample than in (a)]  in polyselenide electrolyte (5M O H - / 0 . 0 2 M  
Se2- /0 .001M Se22-)  at three potentials. Circles, squares, and triangles correspond to open circuit, 0.0V, and 0.7V vs. Ag(PI~E), respectively; 
(c) relative emission intensity vs. temperature for the some electrode and geometric configuration as in (b), but now excited with an equiv- 
alent number of 501.7 nm photons as in (b). The point "100" on the emission scale is --~one-fifth the corresponding point in (b). The sym- 
bols in (c) have the same significance in terms of potential as in (b). Typical photocurrent behavior at 0.7V accompanying the emission 
changes shown in (b) and (c) is given in Fig. 5(a). 

tu re  in this range  and is not  subs tan t ia l ly  exceeded  wi th  
shor te r  wave leng th  exci ta t ion  (e.g., 457.9 nm) ,  we re -  
ga rd  i t  as a sa tu ra t ion  photocurrent .  

Pe rhaps  not  surpr is ingly,  undoped  CdS yields  a s imi-  
l a r  p h o t o c u r r e n t - t e m p e r a t u r e  plot, Fig. 5 (b) .  Because 
bo th  undoped  CdS and 100 ppm CdS :Te  have about  
the same absorp t iv i ty  for 514.5 nm l ight  (6), it  is diffi- 
cul t  to de te rmine  wha t  role, if  any, the low energy  a b -  
sorpt ion ta i l  of CdS:Te  p lays  in the  pho tocur ren t -  
t e m p e r a t u r e  profile. Longer  exci ta t ion  wavelengths  
should be he lpfu l  in  resolving this  question. We can 
say  tha t  the ra te  at  which 514.5 nm photocur ren t  ap-  
proaches  501.7 nm photocur ren t  in Fig. 5 is in qua l i t a -  
t ive  ag reemen t  wi th  the  bandgap  t e m p e r a t u r e  de-  
pendence (vide supra) .  This calculat ion is made  by  
not ing that  the  two wave lengths  differ by  ~0.061 eV. 
p red ic t ing  a t e m p e r a t u r e  range  of ~120~ for match ing  
pene t ra t ion  depths  f rom the model  and assumptions de-  
scr ibed above. 

Fu l l  iLV  curves for a CdS: Te-based  PEC employing  
polyse lenide  e lec t ro ly te  a re  presented  in Fig. 6. Equiv-  
a lent  intensi t ies  (photons/sec)  of 501.7 and 514.5 nm 
exci ta t ion were  used at  both room t empera tu re  and 
e leva ted  t empe ra tu r e  (49~ for 501.7 nm; 86~ for 
514.5 nm) .  These plots succinct ly  summar ize  m a n y  of 
the proper t ies  descr ibed previous ly :  pho tocur ren t  at  
23~ is ~18 t imes grea te r  for 501.7 nm exci ta t ion 
(curve  A vs. curve B) and emission in tens i ty  at  open 
c i rcui t  is ~ 5  t imes  smal le r  (curve  A'  vs. curve B' ) .  The 
va lue  of Cro/r is un i ty  for 514.5 nm (curve  B') and 3.5 

for 501.7 nm l ight  (curve  A ' ) .  A t  49~ pho tocur ren t  
wi th  501.7 nm exci ta t ion  on ly  increased by  ,-,15% 
(curve  C) but  has d r a ma t i c a l l y  increased  at  86~ wi th  
514.5 nm l ight  by  a factor  of a lmost  8 (curve  D).  
Emission in tens i ty  has d ropped  by  more  than  a factor  
o~ 2 wi th  501.7 n m  l ight  whi le  re ta in ing  a s imi la r  va lue  
of ~ro/(~r of 3.4 (curve  C ' ) ;  for the first t ime and d e -  
s p i t e  its lower  absolute  intensi ty,  emission f rom 514.5 
n m  exci ta t ion has  resul ted  in a nonuni ty  va lue  of 
Cro/r - -  1.27 ( c u r v e D ' ,  note tenfold scale expans ion) .  
We visua l ly  confirmed the d iscrepancy f rom un i ty  by  
puls ing the e lect rode be tween  the ex t reme  vol tages 
shown on curve D'. As ment ioned  above, this  phenome-  
non is charac ter i s t ic  of l a rge r  va lues  of ~x. Al l  of the  
a forement ioned  changes were  revers ib le  s imply  by  
re tu rn ing  to the lower  t empera ture .  S imi la r  photocur -  
ren t  and emissive t rends  were  also observed in 
O H - / S  2-  e lectrolyte .  

Energy conversion e ~ c i e n c y . - - A n o t h e r  fea tu re  of 
Fig. 6 wor th  not ing is the enhancement  o f top t i ca l  to 
e lect r ica l  energy  conversion efficiency at  h igher  t em-  
pe ra tu re  wi th  514.5 nm exci tat ion.  The efficiency, 0, 
is g iven by  Eq. 3 for bandgap  energy  exci ta t ion  

r 
= [ 3 ]  

EBG 
Ev is the  output  vol tage;  ex t rac t ion  of this va lue  f rom 
i - V  curves has been descr ibed (12). 

In  Table I we p resen t  a s u m m a r y  of the  energy  con-  
version pa rame te r s  for  both undoped  CdS-  and C d S :  
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Fig. 5. (a) Relative photocurrent vs. temperature for a CdS:Te elec- 
trode in aqueous polyselenide electrolyte (5M O H - / 0 . 0 2 M  S e 2 - /  
0.001M Se22-) excited with equivalent photons of 514.5 nm (filled 
circles) or 501.7 nm (open circles) light at 0.7V vs. Ag(PRE). The 
scale is such that the photocurrent at 25~ from 501.7 nm excita- 
tion has been arbitrariry set at I00 and corresponds to a current 
density of ~0 .36  mA/cm 2 and c quantum yield for electron flow, 
(I'z, of ~0 .50;  (b) relative photocurrent vs. temperature for an 
undoped CdS electrode in the same electrolyte as in (a), excited 
with an equivalent photon flux of 514.5 nm (filled circles) and 
501.7 nm (open circles) light. Again, "100" has been arbitrarily set 
as the 25~ photocurrent from 501.7 nm excitation and represents 
a current density of ,-~0.44 mA/cm 2 and a ~z of ~0.60.  
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Fig. 6. Current-luminescence-voltage (iLV) curves for a CdS:Te 
electrode in polyselenide electrolyte. Unprimed, solid line curves 
are photocurrent (left-hand scale) and primed, dotted line curves 
are luminescence intensity (right-hand scale) monitored at ?~max, 
,-;600 nm. Curves A and A' were obtained from excitation at 501.7 
nm, 2 3 ~  curves B and B' from 514.5 nm, 23~ curves C and C' 
from 501.7 nm, 49~ curves D and D' from 514.5 nm and 86~ 
Note that the ordinate of curve D' has been expanded by a factor of 
10. Equivalent numbers of 501.7 and 514.5 am photons were used in 
identical PEC geometric configurations. The exposed electrode area 
is ~0.41 cm 2 and the estimated value of 4'z for 501.7 nm excita- 
tion at 23~ and 0.7V vs. Ag(PRE) is ~0.50,  uncorrected for re- 
flection losses and solution absorbance. 

Table I. Optical to electrical energy conversion parameters a 

E l e e -  T ,  ~m==, Ev,  Ce a t  
t r o d e  ~ k~=c. %b Vr ~ m a x  G r e 

C d S : T e  23 ~ 501.7 5.6 0 ,32 0 .44 0.75 
514.5 0.23 0.28 0.02 0.04 

73 ~ 501.7 3.8 0.21 0.44 0 .74 
514.5 1.0 0 .18 0 .14 0 .26  

C d S  24" 501.7 5.0 0.27  0 .46  0 .68 
514.5 0 .21 0 .27 0 .02 0.03 

73 ~ 5~1.7 2.5 0 .19 0 .32 0.68 
514.5 0.90 0.24 0.09 0.20 

The indicated crystal s e r v e d  as  t h e  p h o t o a n o d e  in  a PEC s i m -  
i lar  to that shown in Fig. Z, b u t  w i t h  o n I y  t w o  electrodes (Pt 
counterelectrode and photoanode). Electrolyte composition is 5M 
OH-/0.3M Se~-/0.001M Se@-. T a b l e  e n t r i e s  r e p r e s e n t  t y p i c a l  v a l u e s .  

b (Maximum electrical power out divided by input optical 
power) • 100. 

Output voltage at ~=,x. 
d Quantum efficiency for e- flow at Wm=z (+---15%), uncorrected 

for reflection losses and e l e c t r o l y t e  a b s o r p t i o n .  
Maximum quantum efficiency (--.+15%) for e- flow, measured at 

~0.7V vs. Ag(PRE), u n c o r r e c t e d  f o r  r e f l e c t i o n  l o s s e s  a n d  elec- 
trolyte a b s o r p t i o n .  

Te-based PEC's employing polyselenide electrolyte  and 
a two electrode configuration (photoanode and Pt  coun- 
tere lect rode) .  The great  improvement  in ~ wi th  t em-  
pera ture  for 514.5 nm exci tat ion is readi ly  traced to an 
increase in ~x. At  higher  t empera tu res  ~ f rom 514.5 nm 
e~ccitation begins to r ival  that  obtainable wi th  501.7 nm 
light for both electrodes. We do see a decline in output  
voltage at the higher  temperatures ;  in general  the i -V 
curves shift  ~50-200 mV anodic be tween  20 ~ and 
100~ This may  indicate, as noted earlier,  some differ- 
ence in the re la t ive  energet ic  positions of the semicon- 
ductor Fermi  level  and Eredox with  temperature .  

While the enhanced red  response is cer ta inly desir-  
able f rom the standpoint  of solar energy  conversion, 
we also wished to de termine  the ex ten t  to which  it 
could be sustained. We found that  photocurrent  f rom 
514.5 nm exci tat ion of CdS :Te  at 78 ~ • 5~ declined at 
a respectably slow rate  of 3 % / h r  over  9 hr  at a current  
density of 0.56 m A / c m  2 at 0.08V vs. A g ( P R E ) .  The 
emission spectrum was unaffected but  for its 25% de- 
cline in intensi ty over  this period. Nei ther  the optical 
density of the electrolyte  nor its redox potential  
changed noticeably during the experiment .  

Implications regarding excited state decay r o u t e s . -  
The str iking inverse dependence of photocurrent  and 
emission intensi ty on tempera ture  depicted in Fig. 4-6 
highlights their  roles as compet i t ive  deact ivat ion proc-  
esses for the CdS:Te  electrode exci ted state. While 
photocurrent  is a unique probe of  e -  -- h + pair  separa-  
tion, emission is the minor  product  of e -  -- h + pair  r e -  
combination. Nonradia t ive  recombination,  (quantum 
yield ~ r )  leading to hea t  is the dominant  recombina-  
tion process; room tempera tu re  emissive efficiencies for 
100 ppm CdS: Te are at best only  ~ 1 %  (1, 3-6). 

Our in tent  has been to probe the  manne r  in which 
input  optical energy is par t i t ioned among the three 
deact ivat ion paths as a funct ion of PEC parameters .  
In s teady-sta te  exper iments  such as these, the redis t r i -  
bution of energy is de termined  using measures of 
quan tum efficiency, ~i. Our analysis is necessarily 
l imited because we have only been able to obtain ab- 
solute numbers  for Cz and re la t ive  values for ~r. We 
lack measures of  Cnr ent i re ly  except  insofar  as they 
can be de termined  by differenc e, a l though photother-  
real spectroscopy has recent ly  been used to provide  
quant i ta t ive  informat ion on nonradia t ive  recombina-  
tion (14). Despite these limitations, several  impor tant  
features do emerge  f rom the  the rmal  per turbat ion  
studies. 

First, the rat io of r to ~r can be tuned over  many  
orders of magni tude  by a combinat ion of exci tat ion 
wavelength,  electrode potential,  and temperature .  P r e -  
vious work  established the re la t ive  insensi t ivi ty to po- 
tent ial  of ~r during excursions where  ~x was var ied  
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from zero (open circuit)  to ~0.1 with 514.5 n m  excita- 
t ion (1). Figures 4-6 demonstra te  for 501.7 nm excita- 
t ion that  changes in  tempera ture  leave ~ relat ively 
constant  while  er varies by a factor of up to 20. 

Recasting these observations, a given value of ~ 
does not affix un ique  values to % and ~nr. Besides the 
example just  cited, consider Fig. 6 in  more detail. At 
room tempera ture  equivalent  ~x can be achieved with 
514.5 n m  excitat ion at +O.7V or with 501.7 nm excita-  
t ion at ,~--0.62V vs. Ag(PRE) .  Yet the emission i n -  
tensity, ~r, corresponding to these two conditions is 
quite different. In a s imilar  vein, a value of ~z at ta ined 
at --0.52V vs. Ag(PRE)  with 501.7 n m  excitat ion at 
room tempera ture  can be matched at 0.7V with 514.5 
nm excitat ion at  86~ each condition accompanied 
b y  a different er. These differences can be ascribed to 
variat ions in optical penetra t ion depth, band bending, 
and efficiencies of excited state deactivation processes. 

Second, there is now addit ional  evidence l inking ~ 
with ~ r o / ~ r :  ( i )  ratios exceeding un i ty  for 514.5 nm 
excitat ion appear only at elevated temperatures  where 
ez has increased dramat ical ly  [Fig. 4(b) and 6]; (it) 
nei ther  ez n o r  ~ r o / r  changed appreciably for 501.7 nm 
excitat ion as a funct ion of t empera ture  even ~hough 
~ro and ~r both changed drasthcally [Fig. 4(c) and 6]. 
A simplistic model correlat ing r with ~ro/CI~r c a n  be 
constructed with the assumption that  the ratio of ~,. 
t o  ~nr  is independent  of potential  (band bending) .  
The ratio ~ r / ~ n r  i s ,  Of course, dependent  on tempera-  
ture  and optical penet ra t ion  depth. For the purposes of 
the model, any recombining e -  -- h+ pairs a re  subject 
to the ~ r / ~ n r  ratio appropriate for the exper imental  con- 
ditions, Photocurrent  serves to diver t  e -  -- h + pairs 
from recombining by separating them; at open circuit 
it plays no role in  the excited state description. In  pass- 
i n g  from a given potent ial  to open circuit, changes in 
photocurrent  are changes in  ~z and  determine how 
m a n y  more e -  -- h + pairs are re turned  to recombina-  
tion. The significant quant i ty  is the magni tude  of this 
change relative to how many  pairs were recombining 
before the change, ~x / (1  -- ~x). This represents the 
fractional increase expected in %, Eq. [4] 

e r o  ~ x  
- 1 _ - -  [ 4 ]  

er 1 -- ~bz 

Table II  lists typical values of ~ro/~r and ~ derived 
from [4]. The same logic predicts that  ~z and ~r at any 
two potentials will  be related by [5] for a constant, 
monochromatic excitat ion wavelength and temperature  

1 - -  r  @r~ 
- -  - -  - -  [ 5 ]  
1 - -  g2Xl ~br 1 

While Eq. [4] and [5] have been approximately 
satisfied by  several  combinations of luminescent  elec- 
trodes, electrolytes, excitat ion wavelengths,  and tern- 

Table II. Relationship between ~z and ~ r o / ~ r  a 

0.001 1.00 
0.01 1.01 
0.05 1.05 
0.19 1,11 
0.20 1.25 
0.30 1.43 
0.40 1.67 
0.50 2.00 
0.60 2.50 
0,70 3.33 
0.80 5.00 
0.90 10.00 
1.00 ao 

�9 Calculated from Eq. [4]. ~I,z is  the  q u a n t u m  yie ld  for  e- flow 
in the external  c i rcu i t  ( p h o t o c u r r e n t ) ,  and  e ro / r  is  the  ra t io  of 
the emiss ion q u a n t u m  yie ld  b e t w e e n  open circuit (r  = 0) and 
the potent ia l  where  r was  measured.  

peratures  (1, 15, 16), they are still o v e r s i m p l i f i c a t i o n s .  
Under  certain conditions a near ly  mir ror  image re la-  
tionship between photocurrent  and emission in tens i ty  in 
an  i L V  curve has been observed wi th  ZnO photoelec- 
trodes and a derivat ion presented to account for it (16). 
A rigorous model, however, will need to incorporate t h e  
following features: (i) nonexponent ia l  emission life- 
times (1, 3-6);  (it) nonl inear  in tensi ty  effects on ex 
and % (1, 6);  (iii) local traps, surface imperfections, 
surface states, grain  boundaries,  impur i ty  states, etc., 
all  of which can alter ~i; ( iv )  electroabsorption (depen- 
dence of absorpt ivi ty  on potential)  which m/xes optical 
penetra t ion and band  bending effects (17); (v) condi- 
tions leading to humps or plateaus in  the luminescence 
portion of i L V  curves: in these regions ~r and ~ a r e  
decidedly not  inversely related ( ld ) .  Studies designed 
to construct a more realistic model are current ly  in 
progress. 

Experimental 
All experiments  were performed with ~ 5  • 5 • 1 

mm plates of single crystal, l@fl ppm CdS:Te or un -  
doped CdS obtained from Cleveland Crystals, Cleve- 
land, Ohio. The ~5  • 5 mm face is oriented perpendic-  
ular  to the c-axis and sample resistivities are ~2  a -cm.  
Crystals were etched with B r J M e O H  (1:10 v /v )  be- 
fore use. Electrode and polyselenide electrolyte prepa- 
ra t ion has been described previously ( ld ) .  

The basic PEC configuration, i l lustrated in Fig. 2, 
was assembled inside an Aminco-Bowman SPF-2 
Spectrophotofluorometer when  emission data were de- 
sired; the photoelectrode was incl ined at ~,45 ~ to both 
the incident  Coherent Radiation CR-12 Ar ion l a s e r  
beam (501.7 or 514.5 nm)  and the emission detection 
optics. The ~3  mm diam beam was 10• expanded and 
masked to fill the electrode surface. A 0.03M Na2Cr207 
solution was placed in  front  of the detection optics to 
filter the exciting light. In  exper iments  where only  cur-  
rent -vol tage  data were obtained, the PEC was simply 
set on a stir plate and the electrode i r radiated 
"head-on." The electrochemical ins t rumenta t ion  has 
been described previously ( ld ) .  

Temperatures  in the PEC were main ta ined  by re-  
sistive heating employing a Nichrome wire and a Sepco 
variable  transformer.  A thermometer  accurate to • 1 7 6  
was calibrated by measur ing mel t ing points of several 
solids; ad jus tment  of its immersion depth into the 
electrolyte indicated that significant thermal  gradients 
were absent. 

Changes in electrolyte absorption over the thermal  
excursion were probed by single beam experiments  
using the 501.7 and 514.5 nm laser lines and found to 
be small  (<5% change in %T in a 1 mm pathlength) .  
Light intensi ty in this and other experiments  was mea-  
sured with a Tektronix J16 radiometer  equipped with a 
J6502 probe head. 

The suitabil i ty of the 25 • 0.5 mm diam Ag wire as a 
PRE was checked by measur ing its potential  vs. that  of 
a 2.0 • 0.8 cm Pt foil electrode with a high impedance 
Data Precision 1450 mult imeter .  Between 20 ~ and 100~ 
potential  only varied from 100 to 123 mV and was 
stable for minutes  at a t ime at temperatures  in  this 
range. Moreover, i -V curves r un  at several tempera-  
tures with an Ag(PRE)  or an SCE were practically 
superimposable. Energy conversion efficiencies at all 
temperatures  were derived using a two electrode PEC 
(semiconductor and P t  counterelectrode; reference and 
counterelectrode leads from the potentiostat  were 
shorted) whose i-V curves also matched those obtained 
with an Ag (PRE) or SCE three-electrode PEC. The Pt 
electrode exhibited good reversibi l i ty  for the poly- 
selenide redox couple over the entire temperature  
range. 

Curves of photocurrent  and emission intensi ty  (moni-  
tored at ~600 nm) vs. t empera ture  were obtained by 
heat ing from 20~176 over a span of 80 min  with 
readings taken ~ every 5 ~ Reproducibil i ty of the data 
upon cooling was general ly  bet ter  than  __10%. T h e  
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procedure and equipment  involved  in the  sustained 
PEC expe r imen t  have been descr ibed ( l d ) .  

Acknowledgment 
We thank  the Office of Nava l  Research for  the i r  

generous suppor t  of this work.  BRK is gra tefu l  to The 
Elect rochemical  Society  for summer  suppor t  th rough  a 
Joseph W. Richards  Fel lowship .Professors  John Wiley  
and Dennis  Evans are  acknowledged  for severa l  he lp-  
ful discussions. 

Manuscr ip t  submi t ted  Oct. 15, 1979; revised manu-  
scr ipt  received ca. Jan.  4, 1980. 

A n y  discussion of this paper  wil l  appear  in a Dis-  
cusslon Sect ion to be publ ished in the December  1980 
JOURNAL. A l l  discussions for the December  1980 Dis-  
cussion Sect ion should be submi t ted  by  Aug. 1, 1980. 

REFERENCES 
1. (a) A. B. Ellis and B. R. Karas,  J. Am. Chem. Soc., 

1Ol, 236 (1979); (b) A. B. Ellis and B. R. Karas,  
Adv. Chem. Ser., 184, 185 (1980); (c) A. B. Ellis  
and B. R. Karas ,  Abs t rac t  No. 65, 176th ACS 
Meeting, Miami Beach, Sept. 1978; (d) B. R. 
Karas  and A. B. Ellis, J. Am. Chem. Soc., 192, 
968 (1980). 

2. D. Dutton, Phys. Rev., 112, 785 (1958). 
3. (a) A. C. Aten  and J. H. Haanstra ,  Phys. Lett., 11, 

97 (1964); (b) A. C. Aten, J. H. Haanstra ,  and 
H. deVries, Philips Res. Rep., ~0, 395 (1965). 

4. J. D. Cuthber t  and D. G. Thomas, J. Appl. Phys., 
39, 1573 (1968). 

5. D. M. Roessler, ibid., 41, 4589 (1970). 
6. P. F. Moulton, Ph.D. Dissertat ion,  Massachusetts 

Ins t i tu te  of Technology (1975). 
7. H. Gerischer,  J. Electroanal. Chem. Inter]aeial 

Electrochem., 58, 263 (1975). 
8. R. H. Bube, Phys. Rev., 98, 431 (1954). 
9. A. R. Hutson in "Semiconductors ,"  N. B. Hannay,  

Editor,  pp. 578-580, ACS Monograph Ser. No. 
140, Reinhold Publ i sh ing  Corp., New York (1959). 

10. A. J. Nozik, Ann. Rev. Phys. Chem., 29, 189 (1978). 
11. D. Berl incourt ,  H. Jaffe, and L. R. Shiozawa, Phys. 

Rev., 129, 1009 (1963). 
12. A. B. Ellis, S. W. Kaiser ,  J. M. Bolts, and M. S. 

Wrighton,  J. Am. Chem. Soc., 99, 2889 (1977). 
13. J. E. Bateman,  F. E. Ozsan, J. Woods, and J. R. 

Cutter,  J. Phys. D. AppL. Phys., 7, 1316 (1974). 
14. (a) A. Fuj i sh ima,  G. H. Br i lmyer ,  and A. J. Bard,  

in "Semiconductor  L iqu id - Junc t ion  Solar  Cells," 
A. Heller ,  Editor ,  p. 172, The Elect rochemical  
Socie ty  Sof tbound Proceedings Series, Princeton,  
N.J. :(1977);  (b) A. Fuj ishima,  Y. Maeda K. 
Honda, G. H. Br i lmyer ,  and A. J. Bard, This 
Journal, 127, 840 (1980); (c) G. H. Br i lmyer ,  
A. Fuj i sh ima,  K. S. V. San thanam,  and A. J. 
Bard,  Anal. Chem., 49, 2057 (1977). 

15. K. H. Beckmann and R. Memming,  This Journal, 
116, 368 (1969). 

16. G. Pe te rmann,  H. Tributsch,  and R. Bogomolni,  
J. Chem. Phys., 57, 1026 (1972). 

17. D. F. Blossey and P. Hand le r  in "Semiconductors  
and Semimetals ,"  Vol. 9, R. K. Wi l la rdson  and 
A. C. Beer, Editors,  pp. 302-304, Academic  Press, 
New York (1972). 

Reaction of Mo Thin Films on Si (100) Surfaces 

S. Yanagisawa and 1". Fukuyama 
Cooperative Laboratories, VLSI Technology Research Association, 

4-1-1 Miyazaki, Takatsu-ku, Kawasaki, 213 Japan 

ABSTRACT 

The react ion be tween  Mo thin films and single c rys ta l  Si (100) subst ra tes  
has been s tudied as a function of various hea t - t r ea tments .  In  the t empe ra tu r e  
range  be tween 520 ~ and 550~ MoSi2 has been observed to g row l inea r ly  wi th  
t ime and wi th  an act ivat ion energy of about  4.1 eV. X - r a y  diffract ion indicates  
tha t  the hexagona l  phase of MoSie changes cont inuously  to the t e t ragona l  phase 
as the t empera tu re  increases from 600 ~ to 800~ In contrast,  the presence of 
nat ive  oxide prohibi ts  fo rmat ion  of any  sil icide phases in the above  t empera tu re  
range  and leads to the format ion  of a MojSi  phase at t empera tu res  near  1000 C. 
The format ion  of MoSi2 resul ts  in large  compressive s t ra ins  in the MoSi2 layer  
and in strains of the opposite sign in the under ly ing  Si. In l imi ted  react ion areas  
the corresponding stresses were  found to be sufficient to cause the nuclea t ion  
and propagat ion  of dislocations in the Si substrates .  The dislocations are  
p ropaga ted  for  considerable  distances away  f rom the react ion areas. An  
anomalous  g rowth  of si l icide occurs at  the edges of the reac t ion  areas.  These 
phenomena  are  shown to resul t  f rom cumula t ive  stress effects. Stresses enhance 
the fo rmat ion  of MoSi2 layers,  and the reby  modi fy  the kinet ic  laws Of growth.  

Mo has been considered as a sui table  ma te r i a l  for 
gates and interconnect ions in MOS-LSI  technology 
because of i ts ab i l i ty  to wi ths tand  high t empera tu re  
processing (1-6).  The phys ica l  proper t ies  of Mo films, 
such as e lect r ica l  resis t ivi ty,  stress, and MOS charac-  
ter is t ics  have been ex tens ive ly  s tudied  (7-9).  Because 
i t  controls  the e lect r ica l  and meta l lu rg ica l  cha rac te r -  
istics of the contacts, the react ion be tween  Si and Mo 
films is quite significant. The react ion is known to occur 
at t empera tu res  cons iderably  be low the eu~ectic t em-  
pe ra tu re ;  this m a y  impose res t r ic t ions  of t ime and 
t empera tu re  on fabr ica t ion  processes subsequent  to 
metal l izat ion.  Severa l  papers  on the format ion  of the 
disi l icide of Mo have been published.  Oer te l  et al. (10), 
using x - r a y  diffraction, have observed the growth  of 

Key words: molybdenum, molybdenum silicide, stress, strain, 
dislocation. 

the t e t ragona l  form of MoSi2 wi th  a square root  of t ime 
dependence.  Bower  et al. (11) used the backsca t te r ing  
of He ions to deterrrdne the  th/ckness of the si l icide 
layers ;  they  found tha t  at  r e l a t ive ly  high t empera tu res  
(1200~ MoSi2 grows l i nea r ly  wi th  time. Aleksandrov  
et al. (12) r epor t ed  tha t  MoSi2 grows according to a 
square root  of t ime law in the  t empe ra tu r e  range  of 
525 ~ ~ 600~ They  de t e rmined  the thickness of the 
si l icide layers  f rom the quan t i ty  of e lec t r ic i ty  con- 
sumed in anodic dissolution. Guivarc 'h  et aI. (13) 
found that  the  hexagonal  phase of MoSi2 grows l inearly 
as a function of the square  of the t ime wi th  an activa- 
tion energy  of 2.4 eV. They  used 800A th ick  Mo films 
and inves t iga ted  the t empe ra tu r e  range f rom 475 ~ to 
550~ The measurement  methods  and the expe r imen ta l  
condit ions were  different  in each  case, which  might  
exp la in  the d ivers i ty  of these results.  However ,  infor -  
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mat ion  sufficient to expla in  the different growth ki-  
netics is still missing. It  is necessary to unders tand  the 
factors affecting the laws of silicide formation, so that  
through the control of these factors stable contacts 
might  be obtained. I t  is well  known  that  the reaction 
being studied is quite sensit ive to cleaning of the Si 
surface. Guivarc 'h  et al. (13) observed that  the growth 
kinetics var ied as a funct ion of Mo film thickness. They 
suggested that  stresses might  play a dominant  role but  
offered no support ing exper imenta l  evidence. Stresses 
could be impor tan t  not  only with respect to the growth 
kinetics bu t  also to the metal lurgical  s tabil i ty of the 
contacts. In  this paper we present  the results of our 
invest igat ion of the react ion be tween Mo and single 
crystal (100) Si in  the tempera ture  range between 520 ~ 
and 800~ with emphasis on unders tanding  the effect 
of stresses on the kinetics of silicide formation. 

Experimental Procedures 
The substrates were 3 in. diam wafers of p- type  Si 

of (100) orientation,  doped with boron to 1 t2-cm 
resistivity. The Si wafer  was etched in dilute HF solu- 
tion, r insed in  H20, and then dried in  an N2 atmosphere 
jus t  before mount ing  in a vacuum system. A magnet ron  
d-c sput ter ing system (Varian S -Gun)  was used to 
deposit Mo films onto Si substrates. The Mo target  was 
a 5 in. diam water-cooled circular conical cathode 
(99.99% pure) .  The system was pumped down to 2 X 
10 -6 Tort, and then backfilled to a sput ter ing pressure 
of 3 X 10 -3 Torr  by in t roducing argon gas. The sub-  
strafes were preheated to about  200~ by radiat ion 
emit ted from quartz lamp heaters. In  all runs, the Mo 
films were deposited at a rate of 180 A / m i n  to a thick- 
ness of 3000A. In  some cases, to confirm the effect of 
nat ive oxide on silicide formation, the Mo films were 
deposited on n + (100) Si substrates by using the rf 
sput ter ing system. Then, the samples were annealed in  
a flowing ni t rogen tube furnace at various tempera-  
tures  and times. The thicknesses of Mo and silicides 
were measured by  using Talystep after step-etching. 
Dilute nitr ic acid was used to etch the Mo films, and 
HNO3:NH4F:t t20 _~ 10:1:30 etchant  was used for 
silicides. With the second etchant, the Si substrate and 
the silicide layer  near  the silicon-silicide interface were 
etched simultaneously.  However, the etching end point  
was determined easily by uti l izing the fact that  silicon 
repels water  and silicide does not. 

The measurement  error  was est imated to be on the 
order of 200A. This value is probably  larger than that 
obta inable  with other  methods such as He + ion back- 
scattering and x - r ay  analysis. However, the accuracy 
of thickness measurements  actual ly depends on the 
surface roughness of the silicide layer, which becomes 
more pronounced as the reaction progresses. This de- 
creases the effective depth resolution of these methods 
by which average thicknesses can usual ly  be detected 
wi th in  a range of several square mil l imeters  or square 
centimeters on Si substrates. Thus, when measur ing  
silicide thicknesses above several thousand angstroms, 
the etching method used here may be more rel iable 
than the other methods because the space resolution is 
only l imited by the probe diameter  of 10 ~m. 

In  order to evaluate  the stress in the silicide layer, 
the deflection profile of Si substrate over which the 
silicide was grown was measured by using a laser-  
scanning flatness tester (Canon LSF-500) where the 
operat ing principle was reported earl ier  (14). The 
bowing of the Si substrate was then obtained from the 
deflection profile. The difference h in  a bowing be-  
tween a bare silicon wafer and one from which the 
residual  Mo has been  removed after anneal ing  is di-  
rect ly proport ional  to the product  of silicide stress 
and thickness d by 

4Es ds2h 
ad -- 

3 (1 ~ -  vs) " D 2 

where  Es is Young's modulus for the Si substrate, vs 
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is its Poisson's ratio, and ds and D are the thickness 
and diameter  of the Si substrate, respectively. The 
sense of h is a direct indicat ion of the k ind  of stress in  
the silicide. An upward-cu rved  h indicates compressive 
stress, and a downward  curve indicates tensile stress. 
In  order to determine the stress accurately, substrates 
with deflection profiles that  were symmetr ical  wi th  re-  
spect to the center were chosen~ The measurements  
were made at room temperature.  

The silicide phases were invest igated by x - r ay  
diffraction analysis  where  CuK~ radia t ion was used. A 
scanning electron microscope was used to observe the 
silicide textures. 

Results 
Homogeneous react ion.--Figure 1 shows the silicide 

thickness as a funct ion of annea l ing  t ime at a tempera-  
ture  of 540~ The difference in  the Mo film thickness 
before and after  the heat - t rea tment ,  which denotes the 
Mo transformed to the silicide, are also plotted. The 
thickness of the silicide was found to be about  2.7 times 
that  of consumed Mo. As shown in the figure, the sili- 
cide formation follows a l inear -g rowth  t ime depen-  
dence. This indicates that  the reaction being studied is 
not diffusion-limited. Figure 2 shows the thicknesses 
of the silicide and the Mo t ransformed to the silicide 
as a funct ion of anneal ing  temperature.  The samples 
were annealed  for 30 rain. The measured points fall on 
straight  lines wi th  the same slope, indicat ing an activa- 
t ion energy of about  4.1 eV. This value is significantly 
larger  than those previously reported. 

The phases of the formed silicides were identified by 
x - r ay  analysis. To confirm the phase transformation,  
the samples were annealed  in  a higher  tempera ture  
range as follows. After  being annealed for 30 min  at 
550~ the residual  Mo films were removed by chemical 
etching. The silicide thickness was estimated to be 
about 5000A. Then, the samples were annealed  fur ther  
for 30 min  at  various temperatures  over 600~ The 
above two-step annea l ing  was necessary to avoid film 
failure arising from excessive silicide formation. Figure  

6l �9 " Mo transformed to MoSi2 

o -  MoSi2 

X 

0< 4 
v 

U~ 

0 

.u 

20 4O 

Time ( min ) 
Fig. 1. The thicknesses of MoSi2 ( 0 )  and Mo transformed to 

MoSi2 ( e )  as a function of annealing time. Annealing temperature 
was 540 ~ C. 
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Fig. 2. The thicknesses of MoS/2 ( 0 )  and Mo transformed to 

Mo5i2 ( ~ )  as a Eunction of reciprocal annealing temperature. An- 
nea|ing time was held at 30 min, 

3 shows x - r ay  diffractometer traces for samples an-  
nealed at three different temperatures.  These results 
clearly indicate that  the hexagonal  phase of /~IoSi~. 
changes cont inuously to the te tragonal  phase as the 
temperature  increases from 600 ~ to 800~ At an inter-  
mediate  tempera ture  of 750~ these phases coexist. 
The x - r ay  diffractometer traces showed no direct evi- 
dence of the presence of other silicide phases even 
before the removal  of iVfo film. It is possible that other 
phases did exist, but  in quant i ty  too small  to be de- 
tected by x - r ay  analysis (13). 

Silicide formation on the heavily doped Si substrates 
was found to be quite different from that presented 
above. When n + (100) Si substrates doped with phos- 
phorous to 1 X 10 ~~ cm-a  were used, silicides did not 
form at temperatures  below about 800~ no amount  of 
silicide was detected by the x - r ay  analysis. However, 
anneal ing  at higher  temperatures  was found to Iead to 
formation of MoaSi. Figure 4 shows a typical x - r ay  
diffractometer trace for an n + sample annealed at 
1000~ for 30 rain. The occurrence of Mo~Si and the 
presence of residual Mo were shown in the figure, al-  
though the amount  of MosSi was found to differ even 
between samples annealed under  the same conditions. 
In  some samples, MoaSi and MoSi~. were found to have 
formed simultaneously.  The native oxide existing be-  

I V t  

( _  

2@ 

~ig. 3. X-roy dlffractometer traces of silicide layers. After the 
silicides were formed to a thickness of about 5000A, further heat- 
treatments were performed at 600 ~ 750 ~ and 800~C for 30 min. 

May 1980 

6 

28 

Fig. 4. X-ray diffractameter trace of siliclde formed on n + 51 
substrate. The sample was annealed for 30 rain at 1000~ 

tween the Me and the Si substrate may  play an im- 
portant  role in these results. The chemical cleaning 
used here is usual ly  ineffective in removing the native 
oxide because the Si surface is exposed to air jus t  be- 
fore Me deposition (15). In  addition, the heavi ly  doped 
Si general ly  shows a greater  growth rate of nat ive oxide 
than that which is l ightly doped (16). This may result  
in a pronounced effect of nat ive oxide on the formation 
of silicide on the heavi ly  doped St. The effects of sur-  
face cleaning on silicide formation were examined by 
using n § silicon prepared by sputter  etching on 
which the nat ive oxide was considered to be completely 
removed. The results were found to be similar  to those 
shown in Fig. 1 and Fig. 2, only the MoSt2 phase was 
observed. This suggests that  the effect of nat ive  oxide 
is negligible for the l ight ly  doped Si, even after  chemi- 
cal cleaning. 

Figure 5 shows the product  of silicide stress 
and  thickness d as a funct ion of silicide thickness d. 
Silicides of various thicknesses were obtained from the 
samples annealed for 30 min  in the range of 525 ~ 

L~  
! 

0 
.e.-.. 

x 

E 
u 

E 
" 0  
lo 

c" 

{,.) 

F- 
x 

U~ 
b .  

V )  

4 

540"C 

525"C 

O V ~  
0 2 4 6 

Thickness d ( A ) x l 0  -3 
Pig, 5, The product of suicide stress o- and thickness d as o 

function of silicide thickness d. The annealing temperatures which 
correspond to the different thicknesses are indicated on the figure. 
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550~ The temperatures  which correspond to the dif- 
ferent  thicknesses are shown in  the figure. ~d is l inear ly  
dependent  on d through the zero point, indicat ing that  
the stress has almost no tempera ture  dependence in 
the range of 525 ~ ,., 550~ The stress was found to be 
compressive and was evaluated to be about 7 )< 109 
d y n / c m  2. The measured stress r consists of two com- 
ponents, an intr insic  component  ~i at reaction tempera-  
ture, and a thermal  component  Crth caused by the differ- 
ence between the thermal  expansion coefficients of 
MoSi2 a n d  Si on cooling from the reaction tempera ture  
(TR) to room tempera ture  (To): ~ = ~th + ~i. r is 
approximate ly  estimated by  

E' 
~ta = (a' -- a) �9 (TR -- To) 

I m 7/ 

where E' is the Young's modulus for the MoSi2, u' is its 
Poisson's ratio, and a' and ~ are the thermal expansion 
coefficients of MoSi2 and Si, respectively. Here, E' and 
v' are 3.8 X 1012 dyn/cm 2 and 0.165, a' and a are 8.1 X 
10-6/~ and 2.5 X 10-6/~ at room temperature, re- 
spectively (17). Using these values, the thermal stress 
cth was found to be tensile and was calculated to be 
about 6 X 109 dyn/cm 2 in the above temperature range. 
This leads to the compressive stress of about 1.3 X 101~ 
d y n / c m  2 for the intr insic  stress ~i in the range of 525 ~ 
550~ On the other hand, it can be concluded from lat-  
tice parameters  on the hexagonal  MoSt2 (3 molecules 
in a un i t  cell volume of 120.699 A s) (18) that  this for- 
mat ion  involves about a 27% decrease in volume with 
respect to the components IVio and St. This result  sug- 
gests that  the intr insic  stress would be tensile. However, 
it should be noted that  Si is the dominant  diffusing 
species (18); the reaction progresses by its inser t ion  
into the molybdenum lattice. Therefore, MoSt2 forma- 
tion is accompanied by a volume expansion of the de- 
posited Mo film, resul t ing in the compressive stress in 
the MoSi2 and, simultaneously,  a void accumulat ion at 
the MoSi2-Si interface. 

As previously mentioned,  the silicide surface becomes 
rougher as the reaction progresses. In  the course of our 
experiments,  the silicide layers were often observed to 
fail when they grew to more than about 6000A. Figure 
6 shows the surface texture  of the sample annealed for 
i0 min  at 600~ This annea l ing  condition may lead to a 
silicide thickness of about 6000A, as estimated from 
extrapolations of the data shown in Fig. 1 and 2, that 
is, if the reaction continues un i formly  over the entire 
substrate. As clearly observable in the figure, excessive 
silicide formation results both in bl istering and crack- 
ing of the formed silicide. This is probably  a t t r ibutable  
to the two different stresses; the blistering may be due 
to the compressive stress dur ing  MoSt2 formation, and 
the cracking may be due to the tensile stress on cooling 
from the reaction tempera ture  to room temperature.  
Fur thermore ,  the void accumulat ion which can occur 
at the MoSi2-Si interface, might  also lead to poor sili- 
eide adhesion and rough surface texture. In  contrast, 
when the reaction area was l imited to wi th in  a range 
of several  tenth  ~m 2 on the Si substrate, no film fai lure 
was observed in any annea l ing  condition. This is de- 
scribed more ful ly in  the next  section. 

Localized reaction.--Mo film was deposited to a thick- 
ness of 3000A on an Si substrate covered with SiO2 
film which was selectively etched to expose regions of 
bare silicon. Hea t - t rea tment  then permits MoSt2 to 
form in  a l imited silicon region. Such MoSt2 formation 
was found to generate dislocations outside the reaction 
region, suggesting that  the s t ra in field which the MoSt2 
format ion exerts on the sur rounding  silicon lattice is 
relieved through the formation of dislocations. This 
probably  prevents  silieide fai lure in the contact region. 
The nucleat ion and propagat ion of dislocations and 
their  relationship to MoSt2 formation were investigated- 
in some detail, as follows. The samples annealed were 
etched for 20 sec in  Sirt l  etch after the residual  Mo 

Fig. 6. Surface texture of MoSi~ on Si substrate. The sample was 
annealed for 10 min at 600~ 

and SiO2 films were removed. This etching produces 
etch pits at the sites of dislocations. Figure 7 shows 
the dislocation pat terns on those samples annealed for 
10 rain at 560 ~ and 600~ respectively. The dislocation 
pat terns near  the reaction regions of various areas are 
shown in Fig. 8 where the sample's anneal ing  tempera-  
ture  and time were 600~ and 10 rain, respectively. 
In  both figures, the contact edges are along < i f 0 >  
direction. The dislocations extend more la teral ly  out-  
side of the reaction region into the silicon, by increas- 
ing the layer  thickness and the reaction area. Figure 9 
shows the dis tr ibut ion of dislocations on sample whose 
contact edges are incl ined by  45 ~ to <110> direction. 
Tl~e anneal ing tempera ture  and time were 600~ and 
10 min, respectively. A comparison of the dislocation 
pat terns shown in  Fig. 7-9 indicates that  the disloca- 

Fig. 7. Dislocation patterns around reaction regions on the wafers 
annealed for 10 min at 560~ for (a) and at 600~ for (b), re- 
spectively. The contact edges are along < 1 1 0 >  direction. 
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Pig, $. Dislocation patterns around reaction reglons of various 
areas on the wafer annealed for 10 min at 600~ The contact 
edges are along <110~,  direction. 

Fig. 9. Dislocation distributions around reaction regmns on the 
wafer annealed for 10 min at 600~ The contact edges are in- 
clined by 45 ~ to %110~ direction. 

tions propagate along <110> direction. In  addition, as 
observed in Fig. I0, the dislocations were found to ex- 
tend for considerable distances perpendicular ly  down 
into the silicon substrate. In  this sample, the vertical 
cross section was etched through silicide layers of var i -  
ous widths for 5 sec in Sirtl  etch. The dislocations 
glide on the incl ined (111) plane. The dislocation den- 
sity seems to be greatest at the contact edge, indicating 
cumulat ive  strain. Corresponding to the above observa- 
tions, an anomalous growth of the MoSi2 layer was ob- 
served near  the edge of the reaction region. F igure  11 
shows SEM photographs of the vertical cross sections 
through the edges of MoSi2 layers where the samples 
were annealed at 550~ for 10 min  and 60 min, respec- 
tively. The reaction tends to become nonuni form near  
the edge, as the thickness of MoSi~ layer increases. 
Figure 12(a) shows a similar  observation for MoSi2 
layers of various widths. The sample was annealed for 
10 min  at 600~ This observation suggests that  strain 
exerted on Si substrates by MoSi2 layers of the na r -  

Fig. 10. Dislocation distributions around vertical cross section 
through the reaction regions on the wafer anneated for 10 min at 
600~ 

rower widths is less uni form and results in less un i form 
growth. The sample for which the width of MoSi2 
layer is comparable to its thickness clearly confirms 
this. Figure 12 (b) is an enlarged photograph of a MoSi2 
layer with a width of 2 ~m. The fiber s t ructured MoSi2 
layer  is seen to be split at the center of reaction region. 
Figure 13(a) shows the vert ical  cross section of the 
MoSi~ layer edge and Fig. 13(b) shows an inclined 
view. The surface of MoSi~, layer  lies below the level 
of the original silicon surface, indicating that  the re- 
action is enhanced near  the edge. It  is interest ing to 
note, as shown by Fig~ 11 and 13, that  the behavior  of 
MoSi2 near  the edge is different even among samples 
for which the MoSi2 layer  is of the same thickness; the 
anomalous growth of the MoSi2 layer  is more enhanced 
for the sample annealed at the higher temperature.  This 
suggests that  the effect of stress on the growth of MoSie 
becomes more pronounced at higher temperatures.  

Discussion 

Marker  experiments  show that  Si is the dominant  
diffusing species in MoSi2 formation (18, 19). Thus, one 
may expect that  the diffusion of Si through the grow- 
ing MoSi2 layer is the ra te- l imi t ing  factor and that the 
reaction therefore obeys the parabolic growth- t ime law. 
But, the results obtained here, such as those indicating 
l inear -growth  time dependence, abnormal ly  high ac- 
t ivat ion energy, and anomalous formation of MoSi2 
at the contact edge, would rule out such a simple dif- 
fusion model. Bower et M. (11) have observed two 
types of behavior  in the formation of silicide contacts; 
one where the reaction is self- l imited to the exposed 
contact area, and the other where the reaction con- 
tinues beyond the contact region. Fur ther ,  they pointed 
out that  these two types of behavior  correlate with 
reaction kinetics; the thickness of the silicide increases 
with parabol ic- t ime dependence in the first case, and 
l inearly with t ime in the second case. The MoSi2 for- 
mat ion studied here corresponds to the second case. 
Although it  is difficult at this time to establish a firm 
model to explain such phenomena,  a discussion of the 
possible con t r ibu to ry  mechanism follows, 

Silicide formation is significantly delayed due to the 
nat ive oxide, which acts as a barr ier  against  the dif- 
fusion of Si, In  addition, the nat ive oxide clearly leads 
to the formation of Mo-rich silicide, i.e., Mo3Si. This 
indicates that the growth mechanism is different for 
the cases with and without  the nat ive oxide. The for- 
mat ion of Mo~Si may be due to an insufficient supply 
of Si to the Mo-silicide interface. However, as previ-  
ously mentioned, extremely th in  oxide was found not 
to affect the growth kinetics of MoSi2. 
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Fig. 11. $EM photographs of the vertical crass sections through 
the MoSi2 layer edges on the wafer annealed at 550~ for 10 rain 
for (a) and fur 60 min for (b), respectively. 

Stress seems to be a more impor tant  influence on the 
growth kinetics of MoSi2. The generat ion of disloca- 
tions and the corresponding anomalous growth of 
MoSi2 appear  to correlate closely with the stress in 
the growing MoSi2 layer. I t  may be reasonable to con- 
sider that such stress weakens the covalent bonds in the 
substrate and dissolves silicon atoms from their  lattice 
more easily. This may increase the supply of Si to the 
Mo-MoSi2 interface, enhancing MoSi2 formation. This 
assumption may be confirmed by the anomalous growth 
of MoSi2 which corresponds to the cumulat ive strai~ 
at the contact edge. In  this case, it is apparent  that 
the reaction is not confined to the exposed silicon re- 
gion because the s t ra in field extends outward from the 
reaction region. The variety of data for MoSi2 forma- 
t ion can be qual i ta t ively  accounted for by the stress- 
enhanced reaction mechanism proposed here. The strain 
increases with the thickness of MoSi2 layer and results 
in  more pronounced growth- t ime dependence, that  is, 
from a parabolic law to a l inear  one. The overall  stress 
originates from the bi layer  which consists of the formed 

Fig. 12. (a) SEM photograph of the vertlcal cross sections 
through MoSi2 layers of various widths. (b) An enlarged photo- 
graph of (a). The annealing temperature and time were 600~ 
and 10 rain, respectively. 

MoSi2 and the residual Mo. Therefore, the stress in the 
Mo, which has been shown to be  significantly depend- 
ent  on the deposition condit ion (20), might  also affect 
the growth kinetics. Considering that the stress in  the 
Mo is on the same order of magni tude  and of the op- 
posite sign to that in the silicide undel: normal  deposi- 
tion condition (21), the overal l  stress is smaller  for 
samples with the thicker Mo films and may  thereby 
suppress the growth rate. This appears to agree with 
the results reported by Guivarc 'h  et al. (13) where  
they observed a l inear -growth  time dependence for 
1500A, Mo film, and a square-growth  t ime for 800A Mo 
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possibility of using the Mo-Si compound film (22). 
Further investigation is required to clarify these prob- 
lems. 

Conclusion 
It was found that the stress generated in MoSi2 

layers enhanced MoSie formation. The stress is af- 
fected by various factors such as the properties of the 
deposited Mo film and the annealing temperature range. 
This suggests that the stress-enhanced reaction mecha- 
nism may play an important role in accounting for the 
differences in data on growth kinetics presented by 
us and other investigators. 

The presence of native oxide also modifies the 
growth kinetics, but in a different way, as suggested 
by the formation of Mo~Si but not of MoSi2. 
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film. Furthermore they showed that when 800A Mo 
film was coated with an Si layer of about 4000A thick 
before annealing, the silicide formation was delayed 
~nd followed a linear-growth time dependence. It is 
worth considering if a coating film might change the 
overall stress and thus modify the growth time de- 
pendence. As previously described, as the growth tem- 
perature of MoSi2 becomes higher, the strain field may 
increase. This also may enhance the reaction, resulting 
in the high activation energy observed. Thus, it is pos- 
sible that the growth kinetics of MoSi2 are modified 
due mainly to the differences in the stress existing 
under various experimental conditions. 

From a practical point of view, it is anticipated from 
the results presented here that the stress associated 
with the Mo-Si reaction will result in potentially 
detrimental effects on the mechanical and electrical 
characteristics of the devices. To avoid these disad- 
vantages, it is necessary to suppress the dissolution of 
Si into the Mo film. This consideration may lead to the 
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ABSTRACT 

A n  e lec t rode  potent ia l  s tudy of the l iquid  G a - G e - Z n  system has been con- 
ducted with  the cell  

ZnlZn 2+ in LiC1 -~ K C l t Z n - G a - G e  

in the  t empe ra tu r e  range  623~176 Zinc pa r t i a l  mix ing  functions were  
de te rmined  for 22 alloys. These measurements  a l low us to give the surface 
corresponding to zinc pa r t i a l  f ree energy  at  1233~ and a la rge  pa r t  of the  
l iquidus  surface of this system. 

In the  course of the the rmodynamic  s tudy  car r ied  
out by  our  l abo ra to ry  at  the Univers i t~ de Provence 
concerning t e r n a r y  systems fo rmed  by  adding  to ga l -  
l i u m - g e r m a n i u m  al loys another  meta l  of group II  or 
I l l  Al  ( I ) ,  In  (2),  Sn (2), we have measured,  by  
potent iometry ,  the zinc ac t iv i ty  in a number  of ga l -  
l i u m - g e r m a n i u m - z i n c  l iquid al loys over  a la rge  t em-  
pe ra tu re  range.  The the rmodynamic  functions and the 
phase  d i ag ram of this t e r n a r y  sys tem have  not  been 
prev ious ly  studied. 

The three  l imi t ing  b ina ry  systems:  Ga-Ge,  Ga-Zn,  
and Ge-Zn,  the phase d iagrams of which are  shown in 
Fig. I, have the same character is t ics :  each eutect ic  
composi t ion is ve ry  near  the  most  fusible  e lement  and  
t e rmina l  solid solutions a re  small .  

Gallium-germanium system.--The eutect ic  point  
p rac t i ca l ly  coincides wi th  the mel t ing  point  of pure  
ga l l ium (xGe = 5"10 -7) (3, 4). Gre iner  (5) suggested 
a r e t rograde  solidus curve exhib i t ing  a m a x i m u m  
solubi l i ty  of ga l l ium in ge rman ium (XGa -~- 0.026) at  
1053~K. Trumbore  (6) confirmed the shape of this 
solidus l imi t  and found a max ima l  solubi l i ty  at  923~ 
(Xoa ---- 0.011). The rmodynamic  functions f o r  Ga-Ge  
l iquid  al loys were  de t e rmined  by  Prede l  (7) at  1273 ~ 
by  Bergman  (8) at  1270 ~ by  Eslami (1) a t  1241 ~ and 
by  Bata l in  at  1240~ (9). 

Gallium-zinc system.--The eutectic point  coordinates  
(Te, :re) have  been proposed  by  severa l  authors  (10- 
13) (298.15 --~ Te ---~ 298.55 and 0.037 ~-- xca ~ 0.050). 
The max ima l  mola r  f rac t ion  of ga l l ium in solid zinc 
would  be 0.0195 (14) or 0.009 (13). The  solid so lubi l i ty  
of zinc in ga l l ium corresponds to Xzn = 0.085 (13). 
Mixing en tha lpy  was measu red  ca lo r imet r i ca l ly  at  
723~ by  K leppa  (15) and Gambino  (16); at  978~ 
Prede l  (17) obta ined  act ivi t ies  using a compara t ive  
vapor  pressure  method.  The galvanic  cell  measu re -  
ments  of Genta,  723~176 (18);  K leppa  850~ (19), 
Sv i rbe ly  693~176 (20); Geras imenko,  723~176 
(21); Ryabov,  933~176 (22); and Moser 714 ~ 
877~ (23) have y ie lded  pa r t i a l  molar  functions of 
zinc in Ga-Zn  system. The las t  author ,  Moser, th inks  
emf measurements  are  unsa t i s fac tory  wi th  such a 
b ina ry  a l loy  since the components  a re  close together  
in the e lec t ropotent ia l  series; he recommends  a vapor  
pressure  method.  These two kinds  of measures  wil l  be 
compared  in the  Resul ts  section. 

Germanium-zinc system.--The l iquidus  curve has 
been  r epor t ed  b y  G e b h a r t  (24) and  Thurmond  (4). 

Key words: free energy,  Ga-Zn, Ge-Zn, Ga-Ge-Zn, liquidus. 

The euteetic point  coordinates  are:  Te = 671.15~ for 
XGe ---- 0.055 (24), or XGe -- 0.044 (4). The m a x i m a l  
so lubi l i ty  of zinc in solid ge rman ium corresponds to 
Xzn ---- 7.2"I0 -5 at  I032~ (6). Emf measurements  
per formed  by  Kleppa,  850~ (19); Batal in,  950 ~ 
1230~ (25); and Predel ,  1000~ (26) have y ie lded  
the the rmodynamic  functions of this b ina ry  system. 
At  687 ~ 708 ~ and 739~ Voronin (27) de te rmined  zinc 
activi t ies using an effusion method.  

In this paper  we repor t  expe r imen ta l  values  of zinc 
ac t iv i ty  in some Ga-Zn  and Ge-Zn  alloys,  and par t i a l  
mix ing  en t ropy  and free energy of zinc in 22 G a - G e -  
Zn alloys.  

Theory 
The format ion  of a b ina ry  (or t e rna ry )  a l loy by  a 

react ion of the type  

Zn -[- ZnaGeb--) Zn(a+l)Geb (T,p) 

may  be inves t iga ted  by  a concentra t ion cell  r epresen ted  
schemat ica l ly  by:  Zn]Zn 2+ in mol ten  LiC1-KCIIZn in 
Ga-,  or  in Ge-,  o r  in G a - G e -  (7,  p) .  Electr ic  conduct ion 

r(K) 

eaa 

Zn 

3 0 0  

7O(] 

1101 

r ( K )  

Fig. 1. Phase diagrams of the three limiting binary systems and 
studied ternary alloys compositions. The temperature scale is larger 
for the Ge-Zn system than for the two other binary systems. 
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is due to ions Zn 2+ because this metal  is more electro- 
positive than gal l ium and germanium. In effect, s tan-  
dard electrode potentials (e~ for zinc and gal l ium 
i r  molten LiC1-KC1 eutectic mixture  at 723~ Zn( I I )  
-- Zn(0) ;  e~ ---- -- 1.566V; Ga (IlI)  -- Ga(0) ;  e~ ~-  

--0.84V have been investigated by Lai t inen and Liu 
(28). These authors have not measured s tandard po- 
tential  for germanium;  however, from the values of 
free energy of formation of gallium, germanium, and 
zinc chlorides (29) listed in  Table 1, we can deduce 
that  ge rmanium is the least electropositive of these 
three metals. The differences between the s tandard free 
energies of formation of gallium, germanium, zinc, 
l i thium, and  potassium chlorides are large enough to 
avoid exchange reactions at exper imental  tempera-  
tures. 

From the knowledge of the emf value (E) at tem- 
perature  T, part ial  free energy and activity Of zinc in 
an alloy may be calculated using the following equat ion 

--zFE : -  AmixGza : RT In azn 

since we have 

A m i x G z n  --" A r n i x H z n  ~ T A m i x S z n  

the de terminat ion  of Am~xSzn and AmixHzn requires the 
measurement  of the change in E with tempera ture  

AmixSzn ~-~ zF ~-~ P 

Am~xHzn----ZF E - - T ~ -  

If the emf of the cell is a l inear  funct ion of T (E _-- A 
~- BT),  then molar  part ial  enthalpy and molar part ial  
entropy of zinc do not vary  perceptibly with tempera-  
ture: they are proport ional  to the coefficients A and B. 

Experimental 
Apparatus.--We have developed the apparatus pre~ 

viously described by Massart (30) and shown in Fig. 
2. The large external  crucible (I), the lead wire sheath 
(D), and the thermocouple sheath (E) are of alumina. 
The pure zinc and alloys are also contained in pure 
a lumina  crucibles (A). The electrode crucibles are 
wedged in  place on the  bottom of the crucible (I) by 
several a lumina  tubes (C). Each cell contains ten elec- 
trodes: two with p u r e  zinc and the others with alloys. 
The t an ta lum lead wires (D) for the electrodes and 
F t - P t  10% Rh thermocouple (E) are aligned by two 
covers (G and H). In the cover (G) suitable fittings 
permit  a flowing argon;; 

The cell is heated by a cylindrical  vertical  furnace 
with two kan tha l  resistors; one of which is connected 
to a-c supply and the other to an electronic regulator. 
A more un i fo rm tempera ture  distr ibution along the 
electrodes is obtained b y  enclosing the cell inside the 
furnace in a concentric refractory steel cylinder (K) 
which also acts as an electric shield. 

Emf values are measured with a digital mil l ivol t -  
meter  (Tacussel Aries 20,000) with a large input  im- 
pedance (1012X2). 

Materials.--99.9999 gal l ium was donated by Alusuisse 
France S.A., and 99.999 germanium and 99.9998 zinc 

Table I. Standard free energies of formation at two temperatures 
of five chlorides (29). 

AfG ~ ( k c a l t h  m o l e  -1) 

R e a c t i o n  T = 500~ T = 1030~ 

1 /3  G a  + 1 /2  Cl.o = GaCla  - 3 4  - 3 2  

1 /4  Ge  + 1/2 C12 = 1 /4  GeCI~ - 1 3  - 1 1  

1 /2  Z n  + 1 /2  CI~ = 1 /2  ZnC12 - 4 0  - 3 4  
K + 1 /2  CI~ = KCI  - 9 3  - 8 1  

L i  + 1 /2  CI~ -- LiC1 - 8 8  - 7 9  

j ,  
/ "  

H 

.j 

-E 

I 

G 

.B 

D 

A 
C 

K 

Fig. 2. Schematic diagram of the apparatus. (A) Alumina crucible, 
(B) alumina crucible containing molten electrolyte, (C) alumina 
wedge, (D) lead wire sheath, (E) thermocouple sheath, (F) argon 
detivery pipe, (G) alumina cover, (H) alumina cover, (I) external 
alumina crucible, (J) thermocouple connected to the regulator, (K) 
refractory steel cylinder, (L) earth-wire. 

were supplied by Koch-Light  Company. Lithium, po- 
tassium, and zinc chlorides were analyt ical  grade salts 
(Prolabo and Merck). The cell was supplied with pure 
argon (grade U-Air  l iquide Company).  

Cell preparation.--The molten electrolyte has to be 
carefully prepared to avoid considerable problems in 
experiments.  Eutectic mixture  of l i th ium and potas- 
sium chlorides (55.8 weight percent  (w/o) LiC1; Tfus 
: 623~ was dried at 523~ for 24 hr under  dynamic 
vacuum and molten under  flowing argon. After addi-  
t ion of 5 w/o zinc chloride, kept  under  vacuum at 
383~ the decanted mixture  of salts is t ransferred to 
the cell after put t ing metals in  the crucibles. The cell  
is heated unt i l  about  l l00~  and held for 2 hr at this 
tempera ture  to stabilize. Potentials  are then measured 
at intervals  of about 30~ after stabilization of the cell. 

Accuracy.--l t  is difficult to make a correct evaluat ion 
of emf measurement  errors. Careful a t tent ion has been 
paid to the experiments  preparat ion but  the major  
problem is knowing if values correspond well to one 
reversible reaction. During experiments  we took the 
following precautions: (i) a t t a inment  of equi l ibr ium 
by alloys after  each change in tempera ture  was ver i -  
fied by observing the course of emf over a period of 
time; (ii) the emf between two reference electrodes 
was: always lower than  0.0002V at moderate tempera-  
tures and lower than  0.0003V at uppe r  temperatures;  
(ii~) since zinc vapor pressure becomes impor tant  
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above  900~ (p --  10132 Pa  at  991~ al l  measu re -  
ments  were  r epea ted  on the nex t  day  to check that  
measu red  vol tages were  constant  dur ing  this per iod;  
(iv) for  each composit ion,  th ree  independen t  exper i -  
ments  were  ca r r i ed  out;  (v) G a - Z n  and Ge-Zn  b ina ry  
al loys were  s tudied  in the  same cells as t e rna ry  alloys. 
Resul ts  were  compared  wi th  publ i shed  da ta  to ver i fy  
the  smooth work ing  of the  cells; (vi) at  fusion of re f -  
erence  me ta l  (M) the slope change of E = ~ (T) d i a -  
g rams  is p ropor t iona l  to me ta l  fusion en tha lpy  

AfusHm(M):zTfusF[(O-~) (M,s) -- ( ~-f ) (M,I) ] 

In our case, however, it was difficult to determine 
accurately the slope (aE/OT) (M,s) because melting 
points of zinc and the salt mixture are close. We have 
seen that there is no correlation between the difference 
calculated value, generally accepted value (1750 calt~ 
mole-l), and zinc concentration. 

Exper imental  Results 
Limiting binary systems.--Ga~Zn system.--Six  al -  

loys (xzn = 0.1; 0.2; 0.3; 0.5; 0.7; 0.8) were  studied. In  
Table  II  are  r epor ted  equat ions E -- f (T)  calcula ted  
f rom emf expe r imen ta l  measurements  of Genta  
(18), K leppa  (19), Sv i rbe ly  (20), Geras imenko (21), 
Moser (23), and  Ryabov (22) 

Using these equat ions we calcula ted zinc ac t iv i ty  at  
850 ~ and 978~ resu l t ing  values  a re  compared  in 
Table  III. 

Resul ts  proposed by  Kleppa,  Svi rbely ,  and Moser  
a re  in good agreement :  the  max ima l  d iscrepancy is 
about  4% at  978~ for xzn --  0.6. Compar ing  our  
values  wi th  the  mean  of those found by  these  three  
authors,  we find a max ima l  devia t ion  of 4.7% for the  

a l loy  Xzn : 0.1 at  978~ at  850~ this devia t ion  w a s  
lower  than  3%. We have also repor ted  in this tab le  
resul ts  f rom a compara t ive  vapor  pressure  method  
used at  978~ by  Prede l  (17). The difference be tween  
his values  and the same mean  values  is about  1.5%, 
except  for the  a l loy Xzn = 0.5 for which i t  is about  
5%, which is ve ry  sa t i s fac tory  for two such different  
methods.  Consequently,  a l though Genta,  Geras imenko,  
and Ryabov  give somewhat  different  values,  the  po-  
ten t iomet r ic  method  seems wel l  r eproduc ib le  and a s  
re l iab le  as the  vapor  pressure  method.  
Ge-Zn system.--In Table IV are  repor ted  exper imen ta l  
resul ts  found by  K leppa  (19), Ba ta l in  (25), and P rede l  
(26) wi th  the  potent iometr ic  method,  and Voronin 's  
(27) obta ined  by  an effusion method.  

Table  V, giving zinc ac t iv i ty  values  ca lcula ted  a t  
739 ~ and 1000~ from the da ta  of Table  IV, shows 
tha t  the  devia t ion  be tween  values  of K leppa  and Ba ta -  
l in increases wi th  ge rman ium molar  f ract ion f rom 1% 
(XGa ---- 0.1) to 11% (XGe --  0.7). The max ima l  differ-  

ence b e t w e e n  these values  a n d  Prede l ' s  is 4%. Our  re -  
sults are  ve ry  near  to those of Kleppa  (max ima l  
difference 1%).  At  739~ values  ca lcula ted  f rom 
Kleppa ' s  and Bata l in ' s  da ta  are  coherent  bu t  not  in 
good agreement  wi th  Voronin 's  results.  This d iscrep-  
ancy p robab ly  reflects the  method  used by  Voronin. 

Emf values vs. t e m p e r a t u r e  for different  Ge-Zn  a l -  
loys, which are  p lo t ted  in Fig.  3, va ry  l i nea r ly  across 
the one-phase  field as expec ted  f rom equi l ib r ium con- 
siderat ions.  E -- f (T)  curves exhib i t  sharp  discon- 
t inui t ies  at  the phase  boundaries .  Liquidus  t empera -  
tures  so ob ta ined  agree  wel l  wi th  those found by  
Kleppa  and wi th  the  phase d i ag ram publ i shed  by  Han-  
sen (14). 

Ga-Ge-Zn system.--In Fig. 4-7 a re  repor ted  E : f (T)  
c u r v e s  for 22 a l loys  disposed along four  sections, 

Table II. Analytical expressions of E - -  A + BT curves for Ga-Zn alloys E(V); A (V �9 103); 
B (V �9 103 K -1)  

Genta (18)  S v i r b e l y  (20 )  R y a b o v  (22)  
761.4OK 693~176 933~176  

x z .  A B x z .  A B xzn A B 

0.042 - 26.614 0.1574 0 . i  - 24.233 0.11532 0.099 - 27.12 0.1164 
0.150 - -23 .236  0.1001 0.2 -- 19.587 0.08188 0.201 --20.85 0.0830 
0.260 -- 18.131 0.0720 0.3 - 17.292 0.06400 0.299 - 16.81 0.0635 
0.370 - 16.179 0.0565 0.37 -- 15.338 0.05425 0.399 -- 13.28 0.0488 
0.480 -- 18.060 0.0500 0.40 -- 13.558 0.04888 0.497 -- 10.72 0.0377 
0.590 -- 13.029 0.0363 0.50 -- 11.066 0.03838 0.600 - 8.16 0.0281 
0.697 -- 9.771 0.0264 0.00 -- 7.314 0.02722 0.700 -- 5.34 0.0193 
0.775 -- 5.035 0.0167 0.70 -- 4 .976 0.01916 0.799 -- 3.55 0.0120 
0.841 -- 1.103 0.0002 0.80 - 2.799 0.01195 0.901 -- 2.00 0.0062 
0,910 - 1.071 0.0054 0.90 - 0.862 0.00505 0.950 - 1.53 0.0035 
0.957 - 1.063 0.0033 

K l e p p a  (19)  G e r a s i m e n k o  (21)  M a s e r  (23)  
850OK 723~176 714~176 

x z .  A B XZn A B XZn A B 

0.606 -- 7.685 0.0273 0.10 --27.941 0.117 0.01 -- 15,913 0.19892 
0.669 --  5.67 0.0214 0.20 -- 20,440 0.080 0.03 -- 17.710 0.15555 
0.751 -- 3.44 0.0146 0.30 --  16.307 0.059 0.05 - 19,572 0.13696 
0.82~ -- 1,41 0.0088 0.40 -- 12.712 0.044 0.07 -- 17,433 0.12031 
0.863 -- 2.075 0.0001 0.50 -- 9.036 0.032 O. 10 -- 20. 744 O. 1113 
0.908 -- 0.92 0.0048 0.60 -- 5,806 0.022 0.20 -- 19,412 0.0819 

0.70 -- 2.922 0,014 0.30 -- 11.704 0.05693 
0.80 -- 1.657 0,009 0,40 - 8.916 0.043038 
0.90 -- 1.065 0.005 0.50 - 6.264 0.032141 

0,60 -- 2.612 0.020808 
0.70 --2.674 0.016117 
0.80 - -  1.794 0,0105 
0,90 - -0.504 0.00517 

Our v a l u e s  
623o-1123OK 

xz~ A B 

0.10 --  17.118 0.10607 
0 .20  - 12.019 0.07229 
0.30 -- 10.635 0,05502 
0.50 -- 8.918 0.03562 
0.70 -- 4.046 0.01762 
0.80 -- 0,930 0.00937 



1160 J. E lec t rochem.  Sac.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  M a y  1980 

Table I Ih Ga-Zn system: zlnc activity values calculated at 850 ~ and 978~ from 
analytical expressions of E. Predel's results at 978~ are experimental ones. 

a z .  a t  8 5 0 ~  

G e r a s i m e n k o  
XZn Gen ta  (13) Kleppa  (19) Svi rbe ly  (20) (21) Ryabov (22) Maser  (23) Our  va lues  

0.10 0.160 0.133 0.142 0.182 0.133 0.137 
0.20 0.285 0.255 0.273 0.307 0.254 0.259 
0.30 0.405 0.363 0.397 0.414 0.368 0.373 
0.40 0.500 0.465 0.509 0.512 0.469 
0.50 0.587 0.556 0.608 0.605 0.563 0.557 

0 . 6 0  0.672 0.650 0.649 0.703 0.688 0.662 
0.70 0.752 0.737 0.734 0.782 0.769 0.740 0.742 
0.80 0.830 0.822 0.819 0.849 0.854 0.824 0.824 
0.90 0.912 0.905 0,911 0.916 0.925 0.899 

az~ a t  978"K 

Geras i rneako  
xz.  G en t a  (18) Kleppa  (19) Svi rbe ly  (20) (21) Ryabov  (22) Maser  (23) Our  va lues  P r e d e l  (17) 

0.10 0.200 0.122 0.128 0.128 0.123 0.128 
0.20 0.335 0.238 0.254 0.239 0.237 0.248 
0.30 0.450 0.341 0.374 0.341 0.352 0.359 
0.40 0.540 0.444 0.487 0.441 0.455 
0.50 0.625 0.553 0.590 0.540 0.550 0.541 0.570 
0.60 0.702 0.630 0.632 0.589 0.63Z 0.656 0.650 
0.70 0.772 0.725 0.721 0.774 0.725 0.733 0.731 0.737 
0.80 0.845 0.818 0.810 0.844 0.823 0.818 0.823 0.827 
0.90 0.920 0.905 0.908 0.913 0.908 0.898 0.907 

XGa/XGe = constant,  of the G a - G e - Z n  phase diagram. 
The composit ions of the inves t iga ted  t e rna ry  al loys are  

XGa 
= 4;  X z a  = 0 .1;  0 .2;  0 .3;  0 .4;  0 .5;  0 .6;  0 .7;  0.85 

XGe 

XGa 3 
XGe = 2-;  XZn = 0.2; 0.3; 0.4; 0.5 

XGa 2 
XGe --- T ;  XZn = 0.2; 0.4; 0.6; 0.8 

XOa 1 
- -  - -  ; Xzn = 0 .2;  0 .3;  0 .4;  0 .5;  0 .7;  0.8 
XGe 4 

For  an al loy containing a large  amount  of germanium,  
the plot  of E vs. T is a s t ra igh t  l ine a t  uppe r  t empera -  
tures  a n d  a curved l ine  at  modera te  t empera tures ;  this 
pa r t  is i n t e r rup ted  by  a b reak  point  a t  693~ the 
mel t ing  t empe ra tu r e  of zinc. For  an a l loy con ta in ing  
a la rge  amount  of ga l l ium or zinc, the curved par t  is 
ve ry  short  or absent.  These resul ts  m a y  be easi ly  
expla ined:  the s t ra ight  l ine corresponds to one l iquid 
phase equi l ibr ium;  therefore,  the pa r t i a l  mix ing  en- 

tha lpy  and en t ropy  of zinc, deduced f rom the zero 
abscissa o rd ina te  and the slope, va ry  ve ry  l i t t le  or  
not  a t  al l  wi th  t empe ra tu r e  changes. Analyt iCal  equa-  
tions of these s t r a i g h t  l ines and par t i a l  functions of 
zinc are  l is ted in Table  VI. 

Fo r  al l  the s tudied alloys,  f rom the pa r t i a l  mix ing  
en tha lpy  and en t ropy  of zinc, we have ca lcula ted  
AmixGzn at  1233~ the t empera tu re  at  which the 
G a - G e - Z n  sys tem is a lways  composed of one l iquid 
phase:  corresponding values a re  repor ted  in Table  
VII, and  Fig  8 gives the  genera l  shape of  the hmixGzn 
funct ion over  al l  the  concentrat ion range.  

The curved l ine of each E ---- $(T) d i a g r a m  corre-  
sponds to a two-phase  equi l ib r ium ( l iquid-sol id)  wi th  
a sharp  discont inui ty  when  the l iquidus  surface is 
reached.  Liquidus  t empera tu res  so de te rmined  are  
l is ted in Table VIII  and plot ted  in Fig. 9. We can com- 
pare  these resul ts  wi th  those recen t ly  obta ined  by  Fo r -  
naris  (31) using a high t empera tu re  Calvet  type  micro-  
ca lor imeter :  we notice small  deviat ions which are  not  
significant. 

For  the t e rna ry  al loy:  XGa/XGe : 1/4, XZn = 0.8, the  
E : f (T)  curve shows a th i rd  b reak  point  a t  738~ 
the t empera tu re  at  which  the emf va lue  is near  to zero. 

Table IV. Experimental data for Ge-Zn alloys: analytical expressions of E -"  A + B T ,  
or zinc fugacity, or activity values E (V); A (V �9 108); B (V �9 103 K -1 )  

( ) value extrapolated for liquid state. 

Kleppa  (19) e m f  Batal in  (25) e m f  Voronin  (27) e f f u s i o n  
850~ 950~176 fz. 

xzn A B xza A B xza 739~ 708~ 687~ 

0.965 - 0.960 0.00260 
( - 0.660) 0.b0360 

0.936 ( - 0.485) 0.00330 
( - 0.955) 0.00530 

0.9O0 ( -- 1.005) 0.00530 
0.879 -- 1.515 0.00730 
0.842 -- 2.490 0.01020 
0.822 -- 2.595 0.01150 
0.796 -- 3.925 0.01470 
0.756 -- 3.485 0.01650 
0.697 ( - -  4.305 ) ( 0.02150 ) 
0.680 (--3.510) (0.02200) 
0.048 ( - 4.885) (0.02630) 
0.597 ( -- 3.370) (0.02900) 
0.552 ( -4 .440 )  (0.03360) 
0.551 (--4.340) (0.03480) 
0.503 ( - 4.480) (0.03880) 
0.500 ( - 7,085 ) (0.04230) 
0.453 ( - 4.735) (0.04430) 
0.449 ( - 6.440 ) ( 0.04780 ) 
0.400 ( - 5.323) (0.05171) 

0.9079 - -  1.661 0.00649 0.985 0.718 0.820 0.906 
0.8586 - 2.129 0.00962 0.975 0.668 0.783 0.875 
0.7400 - 3.417 0.01715 0.950 0.650 0.751 0.836 
0.8248 -- 3.528 0.02516 0.925 0.650 0.738 0.611 
0.5061 --4.763 0.03610 0.900 0.650 0.731 0.834 
0.4253 - 11.411 0.05038 0.875 0.650 0.752 0.860 
0.3794 - -  15.480 0.04900 0.850 0.669 0.774 0.885 
0.3221 - 21.922 0.07230 
0.2240 -- 45.373 0.11112 

P rede l  (26) en~f O u r  v a l u e s  e m f  
1000~ 623 ~ ~  

xzn azn XZn A B 

0.8 0.916 0.8 -- 3.811 0.01440 
0.8 0.799 0.7 --5.684 0.02280 
0.7 0.468 0.6 -- 6.457 0.4)3120 
0.6 0.391 0.5 -- 8.812 0.04400 
0.55 0.370 0.4 -- 10.955 0.05720 

0.3 -- 17.278 0.07733 
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Table V. Ge-Zn alleys: zinc activity values calculated at 739 ~ and 1000~ from analytical 
expressions of E compared with corresponding experimental results of Voronin (27) and Predel (26). 

( ) Value extrapolated for liquid state. 

at  739*K at  100O*K 

xza Kleppa (19) Batalin (25) Voronin (27) Kleppa (19) Batalin (25) Our values Predel  (26) 

0.975 0.980 0.975 0.651 
0.950 0.955 0.947 0,617 
0.925 0.930 0.922 0.601 
0.900 0.905 0.895 0.585 0.895 0.680 0.916 
0.878 0.880 0,870 0.569 
0.800 0.785 0.777 0.782 0.799 
0.700 0.667 0.680 0.672 
0.600 0.547 0.870 0.563 
0.500 (0.440) (0.470) (0.442) 
0.400 (0.335) (0.372) (0.342) 
0.300 (0.250) (0.280) (0.248) 

Table VI. Analytical expressions of E - -  A ~ B T  curves and partial thermodynamic functions of zinc in Go-Ge-Zn alloys 

AmJxHZa Aral~Za 
XGa/ZUo XZa A (V 10 a) B (V I0 a K -I) (cahh mole -I) (cahh mole -~) 

4/1 0.1 - 16.66 0.1072 768 4.94 
Off- - 15.27 0.0777 704 3.58 
0.3 - 11.63 0.0580 536 2.68 
0.4 - 10.01 0.0440 462 2.03 
0.5 - 7.50 0.0328 346 1.5L 
0.6 - 5.35 0.0240 247 1.11 
0.7 - 3.49 0.0163 161 0.78 
0.85 -- 1.10 0.0068 51 0.32 

3/2 0.2 - 6.59 0.0693 304 3.20 
0.3 -- 6.30 0.0480 291 2.21 
0.4 -- 4.97 0.0377 229 1.73 
0,5 -- 4.94 0.0320 228 1.48 

2/3 0.2 -- 12.43 0.0771 573 3.56 
0.4 -- 8.38 0.0470 387 2.17 
0.6 -- 5,85 0.0264 270 1.22 
0.8 -- 4.23 0.0128 195 0.59 

1/4 0.2 - 14.68 0.0843 677 3.89 
0.3 -- 5.18 0.0600 239 2.77 
0.4 -- 4.67 0.0465 215 2.14 
0.5 -- 6.15 0,0369 284 1.70 
0.7 -- 2.79 0.0170 129 0.78 
0.8 -- 2.47 0.0117 114 0.54 

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

a b l y  t h e  u p p e r  l i m i t  o f  t h e  t h r e e - p h a s e  z o n e  [ l i q u i d  

-t- G e ( s )  ~- Z n ( s ) ] .  
F o r  t h e  a l l o y  XGa/XGe -- 4 /1 ,  XZn - -  0.85, w h e n  E - -  0 

s o l i d  z i n c  i s  i n  e q u i l i b r i u m  w i t h  l i q u i d  s o l u t i o n ;  t h e  

e q u i l i b r i u m  t e m p e r a t u r e  m a y  b e  c a l c u l a t e d  f r o m  t h e  

~ o l l o w i n g  s i m p l i f i e d  e q u a t i o n  (32 )  

T =  

Am l r ~ Z a  
(ealth mole -a K "1) 

0.37 
0.38 
0.29 
0.38 
0.14 
0.09 
0.04 

- 0.006 
- 0 . 0 0 0 2  
-0.150 
-0.084 

0.098 
0,35 
0,35 
0.20 
0.15 
0.69 
0.37 
0 . 3 ~  
0.33 
0.07 
0.09 

AmixHzn(1) - -  AfusHm ( Z n )  

Am~Szn(1) - -  AfusHm ( Z n ) / T f u s  ( Z n )  

E (V) 

0.1 00- 
�9 I I 

E(V) 

0'080 I 

0"060 I 

0"040 f 

0.020 

o 700 900 1100 T(K} 
Fig. 3. Experimental values of emf plotted against temperature 

for 6 alloys of the Ge-Zn system: XZn ---- 0.3 ([-]); 0.4 (11); 0.5 
(&);  0.6 (O); 0.7 (O) ;  0.8 (V). 

0.080 

0.060 

O.O40 

0.020 

0 ' ~  
700 900 1100 

T(K) 
Fig. 4. Experimental values of emf plotted against temperature 

for 8 alloys of the Ga-Ge-Zn system: XGa/XGe = 4/1; XZn ---~ 0.1 
(A);  0.2 (O); 0.3 (FI); 0.4 (11); 0.5 (A);  0.6 ((~); 0.7 (C)); 
0.85 (~).  
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s  

0 . 0 6 0  

0.040 I 

0 .020 

O ' ~ , 
70 O 9 0 0  11OO 

T(K) 

Fig. 5. Experimental values of emf plotted agalnst temperature 
for 4 alloys of the Ga-Ge-Zn system: xGJxGe -- 3/2; xz, "- 0.2 
(o); 0.3 (I-I); 0.4 (11); 0.5 (A), 

E (V)  

0,060 / 

0.040 

700 900  11OO 
T(K)  

F|g. 6. Experimental values of emf plotted against temperaruru 
for  4 alloys of the Go-Ge-Zn system: xGJxGe - -  2 /3;  XZn - -  0.2 
(o); 0.4 Ca); 0.6 (~); 0.8 ( ~ ) .  

The value obtained, 633~ is in good agreement  wi th  
the exper imenta l  value of 629~ 

Table VII. Partial free energy of zinc ~mixGzn (calthmole - z )  at  
1233~ in Ga-Zn, Ge-Zn and Ga-Ge-Zn systems. ( ) interpolated 

value 

Ga-Ge-Zn 

xz, Ga-Zn 411 3/2 2/3 1/4 Ge-Zn 

0.1 -5420 -6323 -6238 
0.2 -3758 -3710 -3642 -3816 -4119 -4414 
0.3 -- 2802 -- 2768 -- 2434 ( -- 2920 ) -- 3176 -- 3312 
0.4 -- 2144 - 2041 -- 19(]4 - 2289 -- 2424 -- 2513 
0.5 - -  1637 - -  1516 --  1597 ( --  1720) --  1812 - -  1893 

0.6 - - 1 2 1 0  - -1122  - - 1 2 3 4  (--1280) - -1388  

0 3  - -  862 --  764 ( - 940 ) - -  833 --  961 

0.8 --529 (--440) --532 --552 -627 
0 . 9  - -  2 4 5  - -  3 4 3  - 822 

O,O80 

0 .060  

0 ,040 

0 . 0 2 0  

0 
700 900  11OO 

TIK}  

Fig. 7. Experimental values of emf plotted against temperature 
for 6 alloys of the Go-Ge-Za Sy!tem: x(;~/xce = 1/4;  xz• = 0.2 
(O); 0.3 (E~); 0.4 (n); o.s (A); 0.7 ( �9  0,8 ( • ) .  

-5D00 il I I  

�9 4000 / 
1 

30OO Ir 

�9 2000 

.~ooo 

Ga 

Fig. 8. Partial free energy at zinc ~mixGzn (calm mole -~) at 
1233~ in Ga-Zn, Ge-Zn, and Go-Ge-Zn systems. 

Conclusion 
The activities of zinc measured  in 22 G a - G e - Z n  alloys 
be tween 623 ~ a n d  1123~ al lowed us to propose part ial  
molar  mixing entropy and free energy of zinc. F rom the 
shape of the E -- f ( T )  plot  we have  deduced a large 
par t  of the l iquidus surface of the te rnary  system. 

Manuscript  submit ted June  27, 1978; revised manu-  
script  received Nov. 9, 1979. 

Any  discussion of this paper  wil l  appear  in a Dis- 
cussion Section to be published in the December  1980 
JOUaNAL. All  discussions for the December  1980 Dis- 
cussion Section should be submit ted by Aug, 1, 1980. 

Publication costs of this article were assisted by 
the Universit~ d' Aix-MarseiIle II. 

LIST OF SYMBOLS 

For  all our results, the  s tandard is zinc in l iquid 
state. 
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Table VII I .  Temperatures corresponding to break paints of 
E - -  f ( T )  curves 

zGalz~e Xzn T (~  x~a/xGe Zzn T (~  

4/,1 0.1 765 213 0.2. 983 
0.2 743 0.4 903 
0.3 731 0.6 835 
0.4 703 0.8 723 
0.85 629" 

31g 
1/4 0.2 1063 

0.3 1023 
0.2 878 0,4 979 
0.3 833 0.5 943 
0.4 808 0.7 831 
0.5 763 0.8 733-63B* 

* At this temperature E = 0V thus zinc crystallizes. 

In this paper, we are using the nomenclature of the 
publication project by the Commission on Thermody- 
namics and Thermochemistry of the IUPAC (Septem- 
ber 1976): "States and transformations notations and 
definitions of the word "Standard" in chemical thermo- 
dynamics." This text will be an appendix of the "Man- 
ual of Symbols and Terminology for Physicochemical 
Quantities and Units," Butterworths, London (1975). 
So we recall that 

XA 
aA 
T 
Tfu~ (A) 
AfusHm (A) 

molar fraction of metal A in an alloy 
activity of metal A 
temperature (in kelvins) 
melting temperature of metal A 
molar enthalpy of fusion of metal A 

T(K) 

1 0 0 0  

5 0 0  

Ga 

Fig. 9. Liquidus surface of the Ga-Ge-Zn ternary system. ( O )  
Point of the liquidus obtained by potentiometry; (A )  point of the 
liquidus obtained by calorimetry (31). To clarify this figure, the 
temperature scale is not respected in the lower part. 

Amix~-~A(1), ~m/xSA(1), AmixGACl) --" mixing partial molar 
enthalpy (or entropy or free energy) of 
liquid metal A 

AfG ~ formation standard free energy 
E electromotive force (in volts) 
z charge number of the cell reaction 
F Faraday constant -- 96487 coulombs 
R gas constant = 8.31433 JK -1 mole -I 
1 calm 4.184J 
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N+ The Effects of Titanium Impurities in /P 
Silicon Solar Cells 
A. M. Salama* and L. J. Cheng* 

California Institute of Technology, Jet  Propulsion Laboratory, Pasadena, California 91103 

ABSTRACT 

To unders tand  the degradation mechanisms associated with the presence of  
t i t an ium impuri t ies  of concentrat ion level 3.6 • 10 ~4 atoms/cm3 in  si l icon 
solar cells, microscopic and electrical measurements  were performed on 
these cells. The measurements  included x - r ay  topography, t ransmission elec- 
t ron microscopy, and deep level t rans ient  spectroscopy, before and after proc- 
essing. The results indicated the presence of TiO2 precipitates, the density of 
which increased after phosphorus diffusion. A major i ty  carrier  t rapping level 
located at E~ -t- 0.27 eV was observed in the wafers before processing. Two 
addit ional  major i ty  carrier  t rapping levels located at E~ Jr- 0.20 eV and Ev 
-l- 0.40 eV and a minor i ty  carr ier  level at Eo -- 0.24 eV were observed at the 
junct ion  after phosphorus diffusion. It  was concluded that  about  10% of the 
Ti in the N + / P  silicon solar cells formed electrically active centers which 
caused degradation of the cell junction.  About  14% of the remaining  Ti pre-  
cipitated out as TiO2, forming electrically active defects, which also caused 
junct ion  degradation. The details of the degradat ion mechanisms are given. 

T i tan ium is one of the impurit ies of concern in metal -  
lurgical grade silicon. Therefore, this work was per-  
formed to determine its effect on solar ceil perform- 
ance, in order to establish a definition of low cost solar 
grade silicon. 

From previously reported investigations (1, 2), it 
was found that deliberate t i tan ium doping in N + / P  
silicon solar cells caused degradation in the cell con- 
version efficiency to about 61% of that of the undoped 
baseline silicon solar cells. 

During deep level t ransient  spectroscopy studies 
(DLTS) (3), a major i ty  (hole) carrier trap at Ev + 
0.29 eV was observed in the as-grown t i tan ium-doped 
silicon wafers. A minor i ty  (electron) carrier trap, at 
energy level Ec -- 0.24 eV, was also seen f o r  t i tan ium 
in  p- type silicon diodes. The electrically active con- 
centrat ion of the minor i ty  trap was estimated to be 
1.5 • 101~/cm ~, and the hole trap concentrat ion was 
1.35 • 1013/cm3. 

By means of electron spin resonance measurements,  
t i tan ium was found (4) to have occupied interst i t ial  
sites in silicon. It  was also reported (5) that  diffused 
t i tan ium in silicon acted as a donor at the level 
Ec -- 0.24 eV. 

In addition, t i tan ium is known to have a high affinity 
to react with oxygen and form a wide range of t i tan ium 
oxides (6). Therefore, one expects a great tendency 
for the t i tan ium to react with the oxygen in the 
Czochralski-grown ingots or wafers, during growth or 
annealing,  thus forming t i t an ium-oxygen  complexes. 

To unders tand  the mechanism of the t i tan ium-doped 
solar cell degradation, a series of microscopic and 
electrical measurements  were performed on these cells, 
before and after phosphorus diffusion and solar cell 
fabrication. By comparing the results of these meas- 
urements,  it was possible to track the critical step for 
defect generat ion and determine the defects that 
caused the junct ion degradation. 

Description of the Silicon Wafers and Cells under 
Investigation 

The 0.025 cm thick, 3.12 cm diam silicon wafers were 
cut from ingots with <111> growth axes, prepared by 
Czochralski techniques (3). The t i tanium was added 
to the ingots dur ing the melt ing process at ~1412~ 
The seed silicon mater ia l  was boron-doped to a con- 
centrat ion of ~10 TM atoms/cm a. The t i tan ium doping 

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  Member ,  
Key wo~'a~: siLmoa~ ~itamum, impur i ty ,  d e f e c t s ,  solar cells, 

level was 3.6 • 1014 atoms/cm~, as determined by 
neut ron  activation analysis (3). The ingot was pulled 
out of the furnace at a rate of 7.5 cm/hr ,  then rapidly 
cooled. Some of these wafers were characterized before 
and after processing, and the results are included in 
this paper. 

The diffusion process was performed at 825~ using 
s tandard solar cell fabrication techniques with POCI~ 
as the phosphorus source. Thin films of T i / P d / A g  
metall izat ion were evaporated on the diffused wafers 
to form the contacts of the solar cells. 

Devices for capacitance studies were prepared as 
follows: (i) t i t an ium Schottky barr ier  diodes on sili- 
con wafers, (it) mesa structure diodes etched from 
solar cells, and (iii) diodes made by the usual  in te-  
grated circuit techniques. 

Experiments and Results 
Microscopic Evaluation of the Silicon Wafers 

Transmission x-ray topography on the as-grown 
wa~ers.--Wafers of <111> crystal or ientat ion were 
examined using the Lang transmission method. A 
Rigaku-Denki  camera and MoK~ radiat ion from a 
Jar re l l -Ash microfocus x - r ay  generator were used. All 
exposures were recorded on Ilford K-5, 50 ~m nuclear  
plates. Three Ti-doped silicon wafers of each ingot 
were examined, and topographs of both the (111) and 
(220) crystal reflections from those wafers were taken. 

Figure 1 shows a typical (220) topograph of a 
t i tanium-doped silicon wafer before processing. The 
dislocation density of this wafer was 700 d /cm 2, and 
the precipitates, shown as bright  spots, had a density 
of 1.9 • 102 p /cm 2. 

Transmission x-ray topography on wa]ers after 
phosphorus dif]usion.--After the x - ray  topography 
examination,  the same wafers were processed for p -n  
junct ion formation by phosphorus diffusion. The back 
sides of those wafers were etched off as done for 
s tandard solar cell fabrication. Then they were exam- 
ined again by the nondestruct ive transmission x - ray  
topography technique. 

Figure 2 shows a typical (220) topograph of the same 
wafer as in ~ig. 1, after the phosphorus diffusion. The 
topograph indicated that  there were new precipitates 
at the central par t  of the wafer at A. The dislocation 
density had changed slightly to 800 d/cm 2, whereas the 
precipitate density had increased significantly to 4 • 
10 z p/cm~. 
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Fig. 1. A (220) x-ray topograph of a Ti-doped silicon wafer before 
processing. 

Fig. 3. A TEM micrograph showing a large precipitate particle in 
the bright field. 

Fig. 2. A (220) x-ray topograph of the same wafer as in Fig. 1, 
after processing. 

From the two figures, i t  was found tha t  the prec ip i -  
ta te  concentra t ion increased from 2.6 • 1013 a toms /cm 3 
to 4.9 • 101~ a toms /cm 3 af ter  the diffusion process. 
Some of these prec ip i ta tes  were  associated wi th  dis-  
locations. 

Transmission electron microscopy (TEM).--Tita- 
n ium-doped  silicon specimens were  cut  from the p re -  
v iously  examined  wafers,  a round  the areas  tha t  
showed prec ip i ta tes  in the x - r a y  topographs  (area  A 
in Fig. 2). Thin foils were  p repa red  chemical ly  using 
HF, HNO3, CHsCOOH, and iodine, in an ice bath,  then 
examined  by  Siemens '  Elmiscope TEM at 100 keV. The 
foils were  examined  in the  (111) plane.  Other  resul ts  
(not included here)  were  obta ined for foils t i l ted  in the 
(110) and (100) planes.  Selected a rea  diffraction 
(SAD) pa t te rns  were  taken,  both for the silicon m a t e -  
r ia l  and  the prec ip i ta te  par t ic les  in the silicon. 

F igures  3 and 4 show a large  prec ip i ta te  par t ic le  in 
b r igh t  and da rk  fields, respect ively,  and Fig. 5 shows 
the selected area  diffract ion pa t t e rn  for the p rec ip i ta te  
par t ic le .  The average  size of the prec ip i ta te  par t ic les  
was 1.2 X 10 -12 cm 3. The diffract ion spots cor respond 
to the  p rec ip i t a te  i n t e rp l ana r  spacings of 1.8907, 1.343, 
and 1.044• for the (200), (220), and (3-21) reflections, 
respect ively .  By compar ing  the obta ined  la t t ice  spac-  
ings wi th  those of the ASTM index cards, it  was de te r -  
mined  tha t  the  p rec ip i ta te  is the  t e t ragona l  t i t an ium 
dioxide,  TiO~ (ana tase) .  

Fig. 4. A TEM mierograph of the same large particle as in Fig. 3, 
in the dark field. 

Physical and Electrical Evaluation of the Solar Cells 
Physical evaluation.--Scanning electron microscopy 

(SEM) using the e lect ron beam induced cur ren t  

Fig. 5. Selected area diffraction pattern for the precipitate 
particle in Fig. 3 and 4. 
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(EBIC) mode was employed on solar cells incorporat-  
ing the t i tan ium impuri t ies  of interest. A Cambridge 
S-410 scanning electron microscope was used. At ~10 
keV, the electron beam penetra t ion depth is ~0.5 ~m 
which gives an image of the p -n  junct ion  depletion 
region. The junct ion depth, as determined by the in-  
cremental  sheet resistance technique (3), is 0.3-0.4 ~m. 
Figure 6 shows an EBIC micrograph at 10 keV. A pre-  
cipitate clump is shown in the center of a hole-like 
region. It  is believed that these defects are the TiO2 
precipitates found in the TEM experiments.  

Electrical evaIuation.--Deep level t ransient  spectros- 
copy (DLTS) method used to measure the carrier 
t rapping centers  is s imilar  to the deep level t ransient  
spectroscopy method reported by Lang (7, 8). The 
measured ac t iva t ion  energies for carrier  emission are 
accurate to about ___0.02 eV. 

The samples used were in  the form of Schottky 
diodes or diffused diodes. They were prepared from 
wafers of Czochralski ingots grown from the melt  as 
described previously. The Schottky barr ier  was pre-  
pared by t i tan ium evaporat ion on freshly etched 
wafers. 

Figure 7 shows typical DLTS spectra of the Ti-doped 
samples, in which the upper  spectrum is that obtained 
from the Schottky diodes made of as-grown materials, 
and the other two spectra are measured from the two 
diffused diodes. These two diodes were prepared from 
the same Ti-doped material  fabricated as previously 
described. It should be ment ioned that  one kind of the 
diffused diodes (cell-s) was prepared by mesa etct~ing 
of solar cells, while the  other (cell-W) was made by 
etching and photolithographic techniques. Four  DLTS 
peaks were observed, corresponding to three major i ty  
carrier t rapping levels and one minor i ty  carrier t rap-  
ping level. 

The tempera ture  dependence of carrier emission rate 
of each level was  measured as shown in Fig. 8. The 
activation energies for the emission process of the 
levels estimated from those data revealed their loca- 
tions in the forbidden gap. They were Ev + 0.18 eV, 
Ev + 0.27 eV, and Ev ~ 0.38 eV for the major i ty  car- 
rier t rapping levels and Ec -- 0.24 eV for the minor i ty  
carrier t rapping level. 

The Ev -~ 0.27 eV level was the only major i ty  carrier 
t rapping l eve l  in the as-grown samples. The measured 
concentrat ion was about 5-6 • 1013/cm3, which is much 
lower than the total concentration of titanium deter- 
mined by neutron activation analysis. The Ev -F 0.27 
eV level was also observed in the diffused samples but 
with lower concentrations, ~I X I013/cm 3, indicating 
the existence of some diffusion-induced effect. 
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Fig. 7. Typical DLTS spectra of Ti-doped samples. The upper one 
corresponds to that of as,grown materials, and the other two are 
for the two types of diffused diodes. The solid curves were taken 
without carrier injection and the dashed curves with carrier in- 
jection. 

In order to explore the effect further,  the diffused 
layer  of the wafer was removed by etching off 10-30 
nm: Then, several Schottky diodes were made. The 
DLTS measurements  on these Schottky diodes revealed 
that the concentrat ion of the Ev § 0.27 eV level in the 
etched wafer is about  5 • 1013/cm3, being the same as 
that in the as-grown material.  

Discussion 
The e~ect of titanium in silicon.--Titanium was 

found to have diffused inters t i t ia l ly  in silicon (4). In 
the presence of a high concentrat ion of oxygen of ~7.8 
X 1017 atoms/cm 3 in the Czochralski crystals (3), it 
reacts very rapidly  with oxygen, forming Ti-O com- 
plexes and consequently precipitates out as TiO2 
(anatase).  If the precipitates '  molar  volume is greater 
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Fig. 6. An SEM/EBIC micrograph of a defect in the Ti-doped Fig. 8. Arrhenius plot of the carrier emission rate of the levels 
silicon solar cell iunction deoletion reaion, observed hv DLTS. 
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than  the molar  volume of the mat r ix  as in the case of 
TiO2, interst i t ials  or dislocations are introduced to re-  
lax the stress field which will  develop. The x - r ay  
topographs in the present  work indicated the presence 
of a high densi ty of dislocations due to this effect. It is 
known that  impuri t ies  segregate to the dislocations. If 
the t i t an ium interst i t ial  impuri t ies  act as donors, this 
means that  a p - n  junc t ion  forms around each disloca- 
tion, degrading the solar-cell  quality. 

Gettering of titanium during the solar cell process- 
i ng . - -X- ray  topography showed that  more precipitates 
are formed dur ing  the diffusion process, which was 
supported by the deep level t rans ient  spectroscopy 
measurement  results. It  was found that about 10% of 
the t i t an ium in the N + / P  silicon solar cells is electri-  
cal]~y actPve centers. About  14% of the remain ing  ti- 
t an ium precipitated out. It is therefore believed that  
the remain ing  t i tan ium was either gettered out dur ing  
the solar cell fabrication process or cannot be detected 
by these techniques. 

The DLTS results also indicated a reduction in the 
concentrat ion of the Ev + 0.27 eV level, in  the deple- 
t ion region of the diffused diodes. This reduction can 
be a t t r ibuted to the diffusion of t i tan ium i n  the n + 
region (gettering effect) or the t ransformat ion of t i ta-  
n ium into other  complexes such as t i tan ium oxide TiO2 
or the occurrence of both effects simultaneously.  

Also, the observation of addit ional DLTS peaks cor- 
responding to Ev + 0.18 eV, Ev + 0.38 eV, and Ec -- 
0.24 eV levels and the TEM results which indicated the 
presence of TiO~ precipitates could serve as an indi-  
cation of formation of t i t an ium oxide complexes in the 
depletion region dur ing the diffusion process. The Er -- 
0.24 eV level may correspond to the E~ -- 0.24 eV level 
found earl ier  (5) for a t i t an ium donor level in a 
diffused t i t an ium sample. 

Moreover, the t i tan ium oxide precipitates, which 
were not associated with dislocations, were electrically 
active defects as was revealed by the SEM/EBIC re-  
sults. Therefore, the presence of these defects in the 
solar-cell  depletion region causes fur ther  degradation 
of the solar-cell  conversion efficiency. 

Conclusion 
For t i tan ium-doped silicon solar cells of concentra-  

t ion level  3.6 • 10 z4 atoms/cm~, the mechanism of the 
significant degradation is a t t r ibuted to the presence of 
electrically active t i t an ium or t i t an ium oxide com- 
plexes in the junct ion  depletion region. In spite of the 
fact that  the active t rapping center concentrat ion was 
reduced dur ing the phosphorus diffusion process, due 
either to the increase in the TiO2 precipitate density or 
to the get ter ing of t i t an ium to the n + region, the TiO2 

(anatase) precipitate particles were also active in the 
depletion region when not associated wi th  dislocations. 
However ,  dislocations act as recombinat ion centers in 
the depletion region. The precipitates or impur i ty  
atoms segregate to the dislocations and probably  de- 
grade the junction.  This is consistent with the find- 
ings of other investigators that  diffused t i tan ium 
forms a donor level at Ec -- 0.24 eV. The DLTS and 
x - r ay  topography measurements  s trongly suggest that  
t i tan ium diffuses dur ing  the processing steps. How- 
ever, the rate of t i tan ium diffusion in silicon is slow 
compared to that of other metals such as copper. 
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Liquid Phase Epitaxial Silicon Diodes: N-Epitaxial 
on Boron-Doped Substrates 
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ABSTRACT 

It is demonstrated that  both abrupt  and graded j u n c t i o n  d i o d e s  c a n  b e  fabr i -  
cated by the growth of n - type  epitaxial  layers on heavily boron-doped sub-  
strafes by using silicon liquid phase epitaxy with t in  as the solvent. It  i s  f o u n d  
that  the breakdown voltage is enhanced by the presence of the graded p - t y p e  
region at the epi-substrate  interface when  the layers are grown with m e l t b a c k  
prior to growth. In  spite of a high measured t in  concentrat ion in the epitaxial  
layers, the diodes exhibit  characteristics which are in good agreement  with 
theoretical ly calculated values based upon buIk silicon properties. In  a d d i t i o n  
a high minor i ty  carr ier  lifetime has been measured in the epitaxiaI l a y e r s ,  
indicating that the incorporation of t in  does not introduce a large density of 
r e c o m b i n a t i o n  c e n t e r s  in  silicon. 

T h e  growth of epitaxial  layers of silicon by l iquid 
phase epi taxy offers an interest ing al ternat ive to the 
present ly  used vapor phase epitaxial  deposition tech- 
niques. Early reports on silicon liquid phase epitaxy 
have been directed towards reducing epitaxial  layer 
defects (1) and for the formation of ohmic pedestal 
contacts to planar-diffused diodes (2). More recently, 
Giraul t  et ak (3) and Sumner  and Foley (4) have re- 
ported on the growth and electrical properties of sili- 
con epitaxial  layers grown from gall ium and a luminum 
melts. Since both gall ium and a luminum exhibit  shal- 
low acceptor levels in silicon and are readi ly incorpo- 
rated into the epitaxial  layer, these layers were found 
to be p- type with carrier concentrations above l0 is 
cm -3 and to have a short minority carrier lifetime. The 
growth, of high resistivity epitaxial layers with high 
lifetime, therefore, requires that the solvent used for 
the silicon must not introduce active centers in the 
silicon lattice. Since tin lies in the same column as 
silicon in the periodic table, its incorporation in the 
silicon lattice is not expected to introduce either shal- 
low dopant levels or deep lying recombination levels 
in the silicon energy gap. It has been previously shown 
that specular films can be grown at reasonable growth 
rates by silicon liquid phase epitaxy with tin as a 
solvent (5-7). More recently, measurements of the 
doping profiles in these epitaxial layers has also been 
reported (8). These measurements have demonstrated 
that in spite of a tin concentration in excess of 1019 
per cm s in the epitaxial layers, carrier concentrations 
in the range of 1 X 1015 cm -s to 1 X 1016 cm -8 could 
be achieved. In addition, it was shown that meltback 
prior to epitaxial growth had a strong influence on the 
doping profile of these n-type epitaxial layers when 
grown on heavily boron-doped substrates. Although an 
abrupt doping interface was observed between the 
epitaxial layer and the substrate in the absence of 
meltback, a graded p-type layer was produced at the 
substrate interface in the presence of meltback. 

The quality of junctions fabricated using silicon 
liquid phase epitaxy with tin as the solvent is of 
importance in evaluating its potential for device ap- 
plications. The incorporation of a high concentration of 
tin in these layers has been found by electron micro- 
probe analysis. The presence of this high tin concen- 
tration may be expected to have an influence on the 
junction characteristics, particularly, since some 
studies have implied that the tin introduces deep re- 
combination levels in silicon (9). In addition, meltback 
prior to epitaxial growth is expected to improve the 
crystalline quality of the epitaxial growth because it 

* Electrochemical Society Active Member, 
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provides an in situ substrate surface cleaning prior to 
growth. However, it has been found that  meltback 
cannot be used for the growth of n - type  layers on 
heavily boron-doped substrates if an abrup t  interface 
is required (8). The objective of this paper  is to ex- 
amine the qual i ty of junct ions fabricated by silicon 
liquid phase epitaxy on heavily boron-doped sub- 
strates both with and without meltback. It is shown 
here that in spite of the high t in concentrat ion in the 
epitaxial layers, the junct ion  characteristics are in 
agreement  with theoretical calculations based upon 
bulk silicon parameters.  

Experimental Procedure 
The technique used for the growth of the epitaxiat  

layers in this study has been reported in detail in a 
previous paper (5). Briefly, the layers were grown by 
using the dipping technique with t in as a solvent for 
the silicon. The t in melt  was main ta ined  at the growth 
temperature  in a quartz crucible within a hydrogen 
ambient.  In order to grow the epitaxial  layers, the 
melt  was first saturated with silicon at 950~ The sat- 
ura t ion was done with phosphorus-doped, float zone 
wafers having resistivities in  excess of 100 ~l-cm. The 
carrier  concentrat ion in the epitaxial  layers was found 
to be independent  of the phosphorus concentrat ion in 
the saturat ion wafers, thus indicating the presence of 
an n - type  contaminant  in  the high pur i ty  t in  (five 
nines puri ty)  used as the melt. After saturation, (111) 
oriented, boron-doped substrate wafers with a resistiv- 
i ty of 0.01 a - c m  were introduced into the melt  and the 
tempera ture  of the melt  was reduced at known cooling 
rates to init iate the epitaxial  growth. 

After  epitaxial  growth, the wafers were etched in  
aqua regia to remove any t in that  may  have adhered 
to the wafer surface. A piece of each wafer was then 
used for spreading resistance measurements  using an 
ASR100 spreading resistance probe to obtain the dop- 
ing profile. An abrupt  doping profile was observed be- 
tween the epitaxial layer  and the substrate in the ab-  
sence of meltback. However, in the presence of m e l t -  
b a c k  prior to growth, 1 a graded p- type layer  was ob- 
served at the interface between the epitaxial  layer and 
the substrate.  The origin of this graded profile has 
been discussed in detail in an earlier paper, and it has 
been shown that the doping concentrat ion decreases 
exponential ly with distance away from the epi-sub-  
strate interface (8). To examine the effect of this 
graded profile upon the junct ion characteristics, diodes 
were fabricated from these wafers. The diode fabrica- 
tion procedure consisted of first performing a phos- 

1 The meltback was caused by raising the temperature of the 
melt by 1 ~ to 5~ after saturation as described in Ref. (8). 
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phorus diffusion into the epitaxial  layer  to obta in  a i000 
good ohmic contact. This diffusion was performed well 
below the growth tempera ture  for a short dura t ion to 
avoid any  impur i ty  redis t r ibut ion in  the epitaxial  lay-  
ers. A l u m i n u m  was then evaporated on both sides of 
the wafers, and sintered at 400~ for 30 rain. The 
wafers were then scribed apart  into 60 • 60 mil  chips 
and mounted  on TO-5 headers. After  bonding a gold 
lead to the top surface, the edges of the chips were 
etched in  a freon plasma just  pr ior  to passivation. A 
polyimid passivant  similar  to that described in Ref. 
(13) was used here. This method of mount ing  and pas- 
sivation has been found to be successful in reducing 
the surface electric field to an extent  that  allows ob- 
servat ion of bu lk  diode characteristics. 

For this study, the diodes were fabricated from epi- 
taxial  layers grown at various cooling rates ranging 
from 0.2~ to 7~ In  addition, some of these 
layers were grown with mel tback prior to epitaxial  
growth to allow examinat ion  of the influence of the 
graded p- type  region upon diode characteristics. The 
avalanche breakdown voltage of many  diodes was 
measured both at room tempera ture  and at 77~ for 
each of the wafers. Table I lists some of the diode 
breakdown data together with the growth conditions 
and the diode doping profile in the order of increasing 
exponent  factor. This exponent  factor (~) is a measure 
of the gradient  of the junct ion  and is described analy t i -  
cally in the next  section. It  should be noted that  the 
diode breakdown voltage at 77~ is lower than the 
value at room temperature.  This is an indicat ion that  
bu lk  avalanche breakdown is being observed dur ing  
these measurements .  In addit ion it can be seen that 
the breakdown voltage decreases with increasing ex- 
ponent  factor, ~, and is not sensitive to the cooling rate 
used dur ing epitaxial  growth. 

In  addition to the breakdown characteristics, the 
capacitance of these diodes was also measured as a 
funct ion of the reverse applied voltage. The C-V 
characteristics of four typical diodes are shown in 
Fig. 1. The broken lines in  this figure have been drawn 
to indicate the shape of the curves for an abrupt  junc-  
t ion diode (C proport ional  to V -1/2) and a l inear ly  
graded junct ion diode (C proport ional  to V- i /a ) .  It  
can be seen that  the curves for diodes with large ex- 
ponent  factors (a) approach the abrupt  junct ion  case 
while those for diodes with smaller  exponent  factors 
(a) approach the l inear ly  graded case. 

Analys is  
Electron microprobe measurements  of the epitaxial  

layers grown in this s tudy indicate that the layers 
contain t in concentrat ions in excess of 1019 per cm 3. 
This incorporat ion of t in  in the layers may be expected 
to degrade the qual i ty of the junct ions being discussed 
in  this paper. To assess the influence of t in  on the 
junct ion  characteristics, it is, therefore, necessary to 
obtain a comparison with theoretically calculated val-  
ues of the breakdown voltage based upon bulk  silicon 
properties. As shown in a previous paper, the doping 
profile in  the epitaxial  layers can be described as (8) with 

/VA -~ ND exp ( - -~x)  [1] 

Table I. Diode breakdown voltage data 

Cooling 
rate 

Sample ( ~ 
number rain) 

GBG-21  0.2 
GBG-26  2 
G B G - 1 4  0.5 
G-BC.r-ll 7 
G B G - 5  7 
G B G - 7  0.75 
GBG-23  0.2 

E x p e r i m e n t a l  data 

Exponent Breakdown voltage 
f a c t o r  

( a )  ND 7 7 " K  R T  
(cm -I) (cm -s) (volts) (volts) 

1 x lO s 6 x 10 ~5 120 150 
1.5 x 10 :~ 3 x 10 L~ 100 120 
2.3 x 11} ~ 7 X 101~ 130 160 
2.4 x 10 s 6 x i0 ~ 70 80 
1.5 x 104 8 • 10 ~ 60  70 
1 x 10~ 5 x lO= 40 50 
1 x 10 e 1 x 10 ~6 30 50 
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Fig. 1. Capacitance-voltage characteristics of diodes fabricated 
with abrupt and exponentially graded junctions using silicon liquid 
phase epitaxy. 

where NA is the acceptor concent ra t ion  (boron),  and 
ND is the background donor concentrat ion in  the epi- 
taxial  layer  in the absence of meltback. This doping 
profile and the electric field dis t r ibut ion are indicated 
in  the inset of Fig. 2. The electric field dis t r ibut ion is 
described by Poisson's equation 

d2V dE p (X) qND 
---- -- ~-- -- ~ - -  -- ~ [I -- exp(--ax)] 

d x  2 a x  �9 �9 

[2] 

where p(x) is the charge dis t r ibut ion in  the junct ion  
depletion layer. Integrat ion of this equation provides 
the electric field dis t r ibut ion 

E(z) = qND_ [ exp(--aX) 

e 
e x p  ( -- oWN ) ] 

- -  Wr~ + x [3]  
a 

where WN is the depletion layer  width on the n - type  
side of the junction.  This depletion width is related 
to the applied junc t ion  voltage 

VA--qND (Wp.~ WN) [ ( WPJ(" WN > 
e 2 

1 exp (--oWN) ] 
{- [4] 

a 

e x p ( - - a W s )  exp (~Wp) 
WN 4- -- Wp [5] 

where Wp is the depletion layer  width on the p- type 
side of the junction.  In addition, if avalanche break-  
clown is assumed to occur when  the peak electric fe ld  
in the junc t ion  reaches a critical value (Ec), then at 
breakdown 

exp (-- OWN) i ,go 
W~r 4 = - -  + - -  [6] a a qND 

From the last equation, the depletion layer widths at 
breakdown, as well as the breakdown voltage, can be 
calculated as a function of the background doping 
(ND) and the exponent factor (~), Using the critical 
electric field values given by Sze and Gibbons (10), 
the depletion layer widths on both sides of the junc- 
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Fig. 2. Variation of depletion 
layer widths on the p-side (Wp) 
and n-side (WN) of the junctions 
with exponent factor. (The inset 
shows the daping profile and the 
electric field distribution.) 
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tion and the breakdown voltage have been calculated 
over a selected range of background doping and ex- 
ponent  factor values and are plotted in Fig. 2 and Fig. 
3. It can be seen that when the exponent  factor (~) 
exceeds 105 cm -~, the breakdown voltage and the de- 
pletion layer width on the n- type  side of the junct ion 
become independent  of ~, and the depletion layer 
width on the p- type side of the junct ion becomes far 
smaller  than  that  o n  the n-side. Consequently. at these 
large exponent  factor values, the diodes will  essen- 
t ially have an abrupt  junct ion characteristic. Similarly, 
at small values of the exponent  factor (~ < 102 cm-1) ,  
the depletion layer  widths on both sides of the junc-  
tion become near ly  equal, indicat ing that the junct ion 
is now approaching the l inearly graded case. 

A comparison of these theoretically calculated val-  
ues can now be made with the measured values listed 
in  Table I. For  the wafers with large values for the 
exponent  factor (GBG-7 and GBG-23), the breakdown 
voltage is wi th in  10% of the calculated values. This 
indicates that  in spite of the junct ion  being located at 
the epi-substrate  interface and in spite of the high 
t in concentrat ion in the layers, good diode breakdown 
characteristics can be achieved with this l iquid phase 
epitaxial  growth process for making abrupt  junctions. 
This is of par t icular  significance to the fabricat ion of 
devices which require an abrupt  t ransi t ion in doping 
between the epitaxial  layer and the substrate. The 
achievement  of good diode breakdown characteristics 
in the absence of meltback prior to epitaxial growth 
is also of significance to the fabricat ion of buried grid 
regions (11). However, the quali ty of the diodes 
grown in the presence of meltback is also of interest  
because the junct ion is now located withih the epi- 
taxial layer and away from the epi-substrate  interface. 
In addition, Fig. 3 shows that the grading of the doping 
concentrat ion on the p- type  side of the junct ion en-  
hances the breakdown voltage. The measured break-  

down voltage of the diodes with exponent  factors of 
2 X 103 cm -1 (GBG-14) are indeed about  three t imes 
larger than those with exponent  factors of 105 cm - I  
(GBG-7),  in reasonable agreement  with the calculated 
values. It is also worth point ing out that the break-  
down voltages of the diodes listed in Table I are es- 
sential ly controlled by the magni tude  of the exponent  
factor (~) and are insensit ive to the cooling rate (and 
hence the growth rate) at which the epitaxial  layers 
were grown. Thus, although a high cooling rate has 
been found to cause a deteriorat ion in the surface 
qual i ty of the films (6), it does not cause any  sig- 
nificant degradation in the breakdown characteristics. 

In  addition to obtaining a comparison between the 
exper imental  breakdown data and the theoretical val-  
ues determined using bulk  silicon parameters,  it  is 
also interest ing to examine the capacitance voltage 
characteristics of these diodes. The theoretical ca- 
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Fig. 3. Theoretical plots of junction breakdown voltage as a func- 
tion of the exponent factor and the background doping level. 
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pacitance per  un i t  area can be determined from the 
calculated depletion layer  widths at each applied bias 
by using the relat ionship 

C + 
- -  = [ 7 ]  
A (Wp + WN) 

where  A is the area of the diode. Using this re la t ion-  
ship with Eq. [4] and [5], the capacitance per un i t  
area has been calculated for diodes with background 
carr ier  concentrat ion of 2 • 1015 cm -3 on the n - type  
side of the junction.  These calculated curves are shown 
as a funct ion of reverse bias in Fig. 4 using the ex- 
ponent  factor as a parameter.  From this figure, it can 
be concluded that  when the exponent  factor exceeds 
106 cm -z, the capacitance varies inversely  as the 
square root of the reverse bias. Even at lower ex- 
ponent  factors in  the range of 105 cm -z, the curves 
asymptot ical ly approach the curve for ~ = 108 cm -z 
at the larger  reverse bias voltages. This theoretically 
predicted behavior  can be observed to occur in the 
C-V curves of diodes made from wafers GBG-23 and 
GBG-7 as shown in Fig. 1. In  contrast, the curves in 
Fig. 4 for small  values of the exponent  factor (less 
than 103 ) approach the l inear ly  graded case where 
the capacitance varies inversely as the cube root of 
the reverse bias voltage. This can be observed in the 
exper imental  data obtained for the diodes fabricated 
from wafers GBG-11 and GBG-21 at the larger  re-  
verse bias voltages (see Fig. 1). In  addit ion to this, 
the theoretical calculations predict an increase in 
capacitance with increasing values of the exponent  
factor (a). In  spite of some expected var iat ion in the 
diode area due to the sample preparat ion technique 
used in this study, it  can be seen from Fig. 1 that  a 
roughly threefold increase in capacitance occurs when 
the exponent  factor increases from 1 • l0 s to 1 • 
105 cm -z  in  agreement  with the theoretical  caIcula- 
tions. 

Discussion and Conclusions 
The analysis presented in the previous section dem- 

onstrates that  diodes, which are fabricated by the 
growth of n - type  layers using silicon l iquid phase epi- 
taxy on heavi ly  boron-doped substrates, have the 
breakdown and C-V characteristics that  is expected of 
bu lk  silicon diodes. However, it is possible that  the 
presence of t in  in  the epitaxial  layers may cause the 
in t roduct ion of deep levels in the silicon energy gap 
in  spite of t in  being in  the same column as silicon in  

I0 "7  _ I I I I I I I t I I I I 1 I ~  

ND= 2 X 1015CM "3 

_ 

,~ _ / ( I  = 10 6 
c~ ~ j a =  105 

10 8 

I0 "9 --- ~ 

- I c =  

Io m L t I t l t I t t l I I t L 
i 0 - I  IO 0 I01 10 2 

REVERSE BIAS, (VOLTS) 

Fig. 4. Theoretical capacitance-voltage characteristics of diodes 
With various exponent factors. 

the periodic table. Schulz (9) has reported that when 
t in is introduced in silicon by ion implanta t ion  several 
deep levels are observed even after annealing.  If these 
levels were due to the t in incorporat ion and were not 
associated with any residual defects after the implan-  
tat ion and anneal ing procedures, then the lifetime in 
the epitaxial  layers grown in  this study should be 
very low because the t in  concentrat ion in the layers 
exceeds 10 lg per cm 8. To evaluate the lifetime, reverse 
recovery measurements  (i2) were made using the 
diodes fabricated in this study. It was found that the 
minor i ty  carrier  l ifetime was in the neighborhood of 
2-10 ~sec at room temperature.  The observation o f  
these reasonably high lifetime values is another  indi -  
cation that the t in is inactive in the si l icon lattice, and 
that the lifetime is controlled by some other  impur i ty  
or defect center. An idea of the location of this deep 
level which is controll ing the lifetime may be ob- 
tained by measur ing the l ifetime as a funct ion of 
ambient  temperature.  Typical results of such measure-  
ments  are shown for three diodes in  Fig. 5. These data 
show an increase in l ifetime with increasing tempera-  
ture. This indicates that  the dominant  recombinat ion 
center lies below midgap. At present, the na ture  of 
the defect center responsible for this recombinat ion 
level is not known. 

In conclusion, it  has been determined that  both 
abrupt  and exponent ia l ly  graded junct ion diodes can 
be fabricated by the growth of n - type  layers on 
heavily boron-doped substrates by using silicon l iquid 
phase epi taxy with t in as the solvent. In  spite of a 
high t i n  concentrat ion in the layers, the diode break-  
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down and capac i tance-vol tage  character is t ics  are  in 
agreement  wi th  the theore t ica l ly  calcula ted values 
using bulk  silicon propert ies .  Al though good b reak -  
down character is t ics  are  observed, even for diodes 
made with  an ab rup t  junct ion  (wi thout  me l tback) ,  
the  b reakdown  vol tage  can be increased by creat ing 
the graded junct ion (using mel tback  pr ior  to growth) .  
In addition, these diodes have been used to measure  
the l i fe t ime in the epi tax ia l  layers.  The reasonably  
high l i fe t ime values  observed in this Study are  an 
indicat ion that  the t in in the layers  does not in t roduce 
a high concentra t ion of recombinat ion  levels in the 
silicon energy gap. The results,  thus, indicate  that  the 
fabr ica t ion  of junct ions by  silicon l iquid  phase  epi-  
t axy  using t in as a solvent  is a promis ing technique 
for  device applications.  

Manuscr ip t  submi t ted  May 4, 1979; revised manu-  
script  received Nov. 15, 1979. 

Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the December  1980 
JOURNAL. All  discussions for the December  1980 Dis-  
cussion Section should be submi t ted  by Aug. 1, 1980. 

Publication costs of this article were assisted by 
General Electric Company. 
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Distinction Between Clean and Decorated Oxidation-Induced 
Stacking Faults by Chemical Etching 

Motonobu Futagami 
Bony Corporation Research Center, Hodogaya-ku, Yokohama 240, Japan 

ABSTRACT 

Decora ted  s tacking faul ts  in  (100) silicon were  d is t inguished f rom clean 
faul ts  by  S i r t l  e tch at  any  etching stage. The decora ted  faul ts  were  de l inea ted  
as hillocks, whi le  the clean faul ts  were  de l inea ted  as flat and geometr ic  p i t -  
fea tures  by  Si r t l  etch. These observat ions  were  confirmed by  t ransmiss ion 
e lec t ron  microscopy. The format ion  of the  different  etch fea tures  of the  faul ts  
can be exp la ined  in terms of the solut ion etch ra te  and  the ac t iv i ty  of the 
etch agent  on the decora t ing  precipi ta tes .  

There  is considerable  in teres t  in ox ida t ion- induced  
s tacking faul ts  (OSF's)  (1-7) in semiconductor  m a n u -  
facturing.  These faul ts  which form dur ing  a high t em-  
pe ra tu re  t he rma l  oxida t ion  of silicon wafers  are  ex-  
tr insic in na ture  and are  bounded  by  F r a n k  par t i a l  dis-  
locations (2). The  presence of such faul ts  is wel l  known 
to have a deleter ious  effect on device per formance  
(8-11). A number  of techniques have  been appl ied  to 
e l imina te  the fo rmat ion  of OSF's  (12-17). None of the 
methods,  however ,  has been found to be effective in 
comple te ly  e l imina t ing  the fo rmat ion  of OSF's  in ac tual  
devices. The e lec t r ica l ly  act ive OSF's  are  decora ted  
wi th  i m p u r i t y  prec ip i ta tes  and  the e lect r ica l  ac t iv i ty  
differs wi th  vary ing  degrees of impur i t y  decorat ion on 
OSF's  (9, 10). This fact  suggests  t ha t  the  c lean  OSF's  
which are  free of prec ip i ta tes  wi l l  be e lec t r ica l ly  
nea r ly  inactive.  The deve lopment  of a s imple and re -  
l iab le  method  to dis t inguish them is therefore  h igh ly  
desirable .  

Rozgonyi and Kushner  (18) have  repor ted  that  there  
a re  differences in e tch p i t  fea tures  by  Secco etching 
(19) be tween  OSF's  due to vary ing  amounts  of decora-  
t ion and e lec t r ica l  act ivi ty.  The Secco etch, however ,  
is not sa t is factory  to prec ise ly  dis t inguish the faul ts  
wi th  smal l  amounts  of decora t ion  f rom the  faul ts  wi th -  
out decorat ion.  A sui table  or an improved  pre fe ren t ia l  
e tch is now expec ted  to be developed for this purpose.  

Key words: preferential etch, precipitation, gettering. 

In this p a p e r  i t  is demons t ra ted  tha t  decora ted  
faul ts  f r equen t ly  induced dur ing oxida t ion  of silicon 
wafers  were  c lear ly  d is t inguished by  the Si r t l  etch 
(20) f rom clean faul ts  obta ined  by  the subsequent  
ge t te r ing  t r ea tmen t  using boron diffusion on the back-  
side of the wafer.  Etch fea tures  of c lean and decora ted  
faults  a re  compared  using the Secco and the Wr igh t  
(21) etches as wel l  as the  S i r t l  etch. I t  was found tha t  
the Si r t l  etch is super ior  in dis t inguishing them. 
These observat ions were  confirmed by  t ransmiss ion 
e lec t ron  microscopy (TEM).  

Experimental 
Sil icon wafers  used in this work  were  p repa red  f rom 

boron-doped  p - t y p e  d is loca t ion-f ree  Czochra l sk i -g rown 
crystals  wi th  a (100) surface plane.  They  were  5 cm 
diam, 300 ~m thick wafers  wi th  resis t ivi t ies  ranging  
f rom 40 to 60 ~cm and mi r ro r  pol ished on one side. The 
f ront  side (pol ished side) of the  wafers  was used to 
s tudy  OSF's. The wafers  were  c leaned using a s tan-  
da rd  cleaning procedure  pr io r  to oxidation.  The 
oxida t ion  was ca r r i ed  out  in s team at  l l00~ 
for 2 hr  (giving --0.85 ~m of  oxide)  to enable  
OSF's  to grow to a microscopical ly  vis ible  size. 
Some of the oxidized wafers  were  boron-d i f fu -  
sion ge t te red  at the i r  back  surfaces to ex t rac t  impur i t y  
prec ip i ta tes  from the OSF's.  In  these cases a control  was 
bui l t  into each sample.  This was accomplished by  the 
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fol lowing method.  Convent ional  photo l i thographic  p ro -  
cedures were  used on these oxidized wafers  to s t r ip  
the oxide f rom the half  of the  back-s ide  whi le  the  
oxide layers  were  re ta ined  on the front. Boron was then 
diffused into the  exposed  half  of the  wafer  a t  1000~ 
for 15 min f rom a BBr3 source. A 0.85 #m thick SiO2 
l aye r  was sufficient to m a s k  the silicon unde rnea th  
agains t  the diffusing boron  atoms. 

Regardless  of any test  sample  processing pr ior  to 
defect  examina t ion  al l  samples  were  s t r ipped  of oxide 
in concent ra ted  hydrofluoric  acid solution. The e tchants  
used to de l inea te  the OSF's  were  those due to Sirt l ,  
Secco, and Wright .  The samples  were  etched wi th  
manua l  agi ta t ion  for a des i red  length  of t ime in each 
etch solution. The e tched samples  were  rinsed, dried,  
and  examined  wi th  the  opt ical  microscope, if neces-  
sary,  using different ia l  in te r fe rence  contrast .  

Af te r  s t r ipp ing  of oxide  the sample  was waxed  onto 
a fiat s tainless steel  p la te  and th inned  b y  chemical  
e tching f rom the back  surface to a thickness of about  
1 #m using a HF: HNO3: CH~COOH mixture .  Specimens 
th inned  in this manner  were  examined  using a JEOL 
JEM 200A TEM opera ted  at  an accelera t ing  vol tage  of 
200 kV. 

Results 
Decorated Fault Delineation 

Surface  s tacking  faul ts  Which were  in the  uni form 
size of about  20 ~m in length  were  formed dur ing  the r -  
mal  ox ida t ion  on mi r ro r  pol ished wafers.  They  were  
un i fo rmly  d i s t r ibu ted  in the  ent i re  a rea  of the wafer  
wi th  a typical  dens i ty  of 5 • 108 cm -2. The t r ansmis -  
sion electron micrograph  of a typical  OSF is shown in 
Fig. 1. The pa r t i a l  dislocations bounding a faul t  were  
decora ted  wi th  i m p u r i t y  prec ip i ta tes  whi le  the fau l ted  
regions were  free of precipi ta tes .  The presence of im-  
pu r i t y  prec ip i ta tes  a round  the pa r t i a l  dislocations wil l  
be demons t ra ted  in deta i l  in the  fol lowing section. 

A compar ison of s tacking faul t  de l ineat ion  af te r  
p re fe ren t i a l  e tching is shown in Fig. 2. Por t ions  of an 
oxid ized  wafe r  were  etched using the fol lowing etch 
solutions: (a) S i r t l  etch, (b) Secco etch, and (c) 
Wr igh t  etch. The  etching t ime for  each etch was 5 
min, which  was long enough to revea l  ent i re  fea tures  
of OSF's.  The most  wel l -def ined  s tacking faul t  etch 
pi ts  were  produced  by  the Wr igh t  etch. I t  was found 
tha t  the S i r t l  e tch produced  OSF etch hi l locks whi le  
the  Secco etch produced deep OSF  etch pits. These 
observat ions  were  confirmed by  the fol lowing e x a m i n a -  
t ions of OSF's  on the cleavage face. 

F igures  3 (a )  and (b) show the S i r t l - e t ched  (100) 
surface and the subsequent ly  c leaved (110) surface, 
respect ively .  I t  can be seen tha t  both  ends of the faul t  
loca ted  at  the  edge of the  (100) surface present  hi l locks 
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Fig. 2. A comparlson of stacking fault de|ineation of a (100) 
oriented wafer after oxidation and preferential etching. (a) Sirtl 
etch, 5 min:interference contrast; (b) Seato etch; 5 min; (c) Wright 
etch, $ rain. 

Fig. 1. Bright field transmission electron micrograph of e typica! 
oxidation-lnduced stacking fault. Note the impurity precipitates 
(P) around the partial dislocations. 

as shown in Fig. 3. F igure  4 shows the  s imi la r  examina -  
ti~l~ b y  the  Secco etch a t  the  in tersec t ion  of the  c leav-  
age edge and the s tacking fault .  In  this case, the  s tack-  
ing faul t  was de l inea ted  as the  deep pit. By micro-  
s t ruc tura l  examina t ion  of  the  p i t  in  Fig.  4 the  bounding 
dislocation had a deeper  profile in dep th  than  the 
faul ted  region.  
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Fig. 3. Optical microgrophs of 
(a) Sirtl-etched (100) and (b) 
subsequently cleaved adjacent 
(i10) surface of the oxidized 
wafer showing protrusion of the 
OSF etch hillock. Etching period 
3 min. 

Comparison of Cleon and Decorated Faults 
Detailed TEM studies of impurity precipitates.--Dif- 

fract ion-contrast  exper imental  results proving the 
presence or absence of impur i ty  precipitates on stack- 
ing faults are demonstrated in  Fig. 5. Figures 5(a) 
and (c) are br ight  field micrographs of stacking faults 
in  the unget tered (controlled) a n d  gettered regions, 
respectively. These micrographs were obtained under  
two-beam dynamical  conditions (diffracting vector g : 
[220], Bragg deviation parameter  Sg ~ 0). In  Fig. 
5(a) ,  it is observed that the part ial  dislocation is 
decorated with impur i ty  precipitates. In  Fig. 5(c), 
precipitates are not observed both at the part ial  
dislocation and in the faulted region. To con- 
firm the presence or absence of precipitates, fur-  
ther  diffraction-contrast  experiments  were performed. 
As a result  it was confirmed that  the precip- 
itates were present  on the faults which were in the 
unget tered region and the precipitates were absent on 
the faults which were in  the gettered region. These 

results are demonstrated in  Fig. 5 (b) and (d). Figures 
5(b) and (d) were obtained under  quasikinematical  
conditions. Figure 5(b) is the br ight  field micrograph 
of the same stacking fault  as shown in Fig. 5(a),  and 
Fig. 5(d) is that  of the same stacking faul t  as shown 
in Fig. 5 (c). In Fig. 5(b) ,  the array of gra in-contras t  
images is observed around the defective area defined 
by the part ial  dislocation. Based on the dynamical  
theory of electron diffraction [e.g., Ref. (22) and 
(23)], this shows the presence of impur i ty  precipi-  
tates around the part ial  dislocation. In  Fig. 5(d),  
no grain-contras t  image is observed in  the defective 
area defined by the fault  and bounding part ial  disloca- 
tion. This shows that  the fault  and bounding part ial  
dislocation are free of precipitates. 

A selective area diffraction pat tern  analysis was per-  
formed to characterize the precipitates. However, the 
extra spots due to the precipitates could not be ob- 
served because of too small  amounts  of precipitates. 

Fig. 4. Optical micrographs of 
(a) Secco-etched (100) and (b) 
subsequently cleaved adjace~nt 
(110) surface of the oxidized 
wafer showing extension of the 
OSF etch pit. Etching period 5 
rain. 
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Fig. 5. Bright field TEM micro- 
graphs of stacking faults in 
(a and b) ungettered and (c and 
d) gettered regions. (o) and (b) 
show the presence of impurity 
precipitates around the bounding 
partial dislocations. (c) and (d) 
show the absence of precipitates 
on the fault and the bounding 
partial dislocations. (a) and (c): 

two-beam dynamical conditions, 
g - -  [220], and Sg > O. (b) 
and (d): quasikinematical condi- 
tions, no Bragg reflection 
strongly excited. 

Sirtl etch results.--The difference in Sirtl  etch fea- 
tures between clean and  decorated OSF's is shown in 
the optical micrographs using differential interference 
contrast  in  Fig. 6. In  the early stages of etching, the 
decorated OSF's, top left i n  Fig. 6, were delineated as 
pairs of etch hillocks at both ends of each fault, where 
the bounding dislocations intersect  the silicon surface. 
The clean OSF's, top right  in  Fig. 6, however, were 
delineated as the very shallow etch grooves which show 
intersections be tween fault  planes and the (100) silicon 
surface. On fur ther  etching, pairs o f  etch hillocks of 
the decorated faults became more pronounced. The 
morphology of the faults became an oxbow-l ike hillock 
as shown in  the bot tom left in Fig. 6. The appearance 
of these oxbows, similar to those shown in Fig. 2(a) ,  
can be in terpre ted as the e tching-out  of the decorated 
part ial  dislocations bounding the faults. On the other 
hand, the shallow grooves of clean faults broaden but  
not deepen on extended etching. The morphology of 
the faults, which is shown in the bottom right in Fig. 6, 
was geometrical ly similar  to the images of stacking 
faults obtained with the TEM and also similar  to the 
Wright  etch figures of OSF's [see Fig. 2(c)] .  

The above results show that  decorated OSF's are 
distinguished from clean OSF's at any etching stage 
by using the Sirt l  etch. The Sirtl  etch, however, pro- 
duced a rough surface, which is the we l l -known  draw-  
back for (100) silicon. Care should be taken in optical 
microscopic observation, since the clean stacking fault  
etch grooves or pits produced by Sirt l  etching are so 
shallow that  they cannot be observed clearly without 
using interference contrast. No interference contrast 
may  lead to a wrong conclusion; one may conclude that 
no stacking faults are present  in this area. 

Secco and Wright etch results.--The Secco and 
Wright  etch results are shown in  Fig. 7 and Fig. 8. No 
remarkable  difference in etch features between clean 
and decorated OSF's was observed except that  the 
decorated OSF etch pit appeared prior to "the clean 
OSF etch pit  appearance, when Secco or Wright  etched 
lightly. Both the Secco and Wright  etches produced 
clear OSF etch grooves in  the early stages of the etch- 
ing at both the gettered and unget tered regions. With 
extended etching, famil iar  OSF etch pits which are 
peculiar  to the respective etching were produced in 

the both regions. The etch features observed in  the 
bottom left  and right  in  Fig. 7 and those in  Fig. 8 were 

Fig. 6. Comparison of Sirtl etch features of stacking faults which 
are (top and bottom left) decorated, and those which are (top and 
bottom right) clean. Interference contrast optical micrographs. 
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Fig. 7. Comparison of Secco etch pits of stacking faults which are 
(top and bottom left) decorated, and those which are (top and 
bottom right) clean. 

the same as the etch features in  Fig. 2(b) and (c), 
respectively. 

Discussion 
The Sirtl  etch features of OSF's which have been 

presented by many  workers are similar  to those ob- 
served in  the oxidized wafers in the present  work. This 
suggests that the OSF's generated dur ing the usual  oxi- 
dation are general ly decorated with impurit ies around 
the part ial  dislocations, in some degree. When the de- 
gree of decoration on OSF's is large, precipitates exist 
not only around the par t ia l  dislocations but  on the 
faulted regions (9). Rozgonyi and Kushner  have 
showed in  an actual device that  there are differences 
in Secco etch pit features be tween decorated faults 
from a heavily swirled wafer and clean faults from a 
"POGO" treated wafer (18). No remarkable  difference 
in etch features by the Secco etch, however, was ob~ 
served in  the present  study. This is believed to be re- 
lated to the degree of decoration and the difference in 
precipitated materials  on the faults be tween Rozgonyi 
and Kushner ' s  samples and the present  samples, though 
they did not show the details about precipitates. 

The defect del ineat ion can be described as follows 
(24). The chemical etching of silicon results from an 
oxidation of the silicon followed by removal of the 
oxide by HF. In  order to delineate a crystal defect as 
an etch pit, the defect area must  be oxidized and re- 
moved at a faster rate than the surrounding area. If 
HF, which removes the oxide immediately,  is in excess 
in  the etching solution, the del ineation of the defect 
will  be determined by the oxidation rate differential, 
i.e., etch rate differential, be tween the defect and sur-  
rounding areas. This etch rate differential is accentu- 
ated by the slowing down of the solution etch rate. 

Fig. 8. Comparison of Wright etch pits of stacking faults which 
are (top and bottom left) decorated, and those which are (top and 
bottom right) clean. 

The reason for the occurrence of the remarkable  
difference in Sirt l  etch features be tween clean and 
decorated faults can be explained as follows. 

The Sirt l  e tchant  has much oxidizing agent and a 
higher solution etch rate compared with the Secco and 
Wright  etchants. The etch rates of the Sirtl, Secco, 
and Wright etches are about 3, 1.5, and 1 #m/min,  re-  
spectively (19-21, 24). If the etch rate of the defect 
area is denoted by RD and that of the sur rounding  area 
by Rs, the relationship as RD ~ Rs will  be given in 
the Sirtl  etch because of the higher solution etch rate. 
This corresponds to the exper imenta l  result  that  the 
Sirt l  etch pits of the clean faults are very  shallow and 
cannot be observed clearly without  using interference 
contrast. 

If precipitates on the defect resist the etching, the 
si tuation RD < Rs will  be realized easily in the Sirt l  
etching. The decorated part ial  dislocations are etched 
at a slower rate than the sur rounding  area and con- 
sequently,  remain  as the hillocks. Lawrence has re- 
ported that  copper precipitates in  silicon resist the 
Sirtl  etching (25). The present  precipitates are thought 
to be fast diffusing metall ic impurities,  such as Cu, Fe, 
and Au, because the precipitates could be gettered at a 
lower temperature  (1000~ and for a short period 
(15 min) .  Therefore, it is reasonable to assume that  
the precipitates around the part ial  dislocations resist 
the Sirtl  etching and affect to slow down the etch rate 
at the par t ia l  dislocations. If the part ial  dislocation of 
the faul t  is free of precipitates, the faulted plane and 
the part ial  dislocation wil l  be etched at approximately 
the same rate, producing a flat figure. On the other 
hand, both the Secco and Wright  etches have a re la-  
t ively slow solution etch rate, thus RD > >  Rs. In  addi- 
tion, it is believed that  the precipitates are dissolved 
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and removed  read i ly  wi th  K2Cr2OT, a s t rong oxidizing 
agent,  in the  Secco etch formulat ion.  S imi lar ly ,  HNO~ 
in the  Wr igh t  e tchant  is considered to act also as a 
solvent  for the  precipi ta tes .  These a re  reasons why  
c lear  and re l a t ive ly  deep etch pits  of both  the  clean 
and decora ted  faul ts  were  fo rmed  by  the Secco and 
the Wr igh t  etches. 

The observat ions  tha t  the  decora ted  OSF etch p i t  
appea red  pr io r  to the clean OSF etch pi t  appearance  
when  Secco or  Wr igh t  e tched l ightly,  can be in t e r -  
p re ted  tha t  the decora ted  pa r t i a l  dislocations are  
e tched at  a r a the r  h igher  ra te  than  the c lean dis lo-  
cations. 

Sch immel  has showed tha t  the S i r t l  e tch reveals  
f ewer  dislocat ion etch pits  and  saucer  pits, and p ro -  
duces some mounds  in v i rg in  a n d / o r  oxidized (100) 
wafers  compared  to the Secco etch (24). These facts 
can be exp la ined  b y  the  re la t ionship  be tween  defect  
appea rance  and effects of S i r t l  e tch on the i m p u r i t y  
decora t ion  of the  defects in (100) sil icon discussed 
above. 

The S i r t l  etch produces  a rough surface and gives 
r ise  to loss of detai ls  for the  ve ry  smal l  s tacking faults.  
An  improved  or  modified S i r t l  e tch formula t ion  wi th  
m in imum surface roughness  and wi th  good (deep)  
definit ion of the clean faul ts  is expected to be de-  
ve loped for the presen t  purpose.  

Conclusions 
Decora ted  faul ts  could be dis t inguished f rom clean 

faul ts  by  the  S i r t l  e t c h i n g  at  any  etching period. The 
decora ted  faul ts  were  de l inea ted  as hillocks, whi le  
the c lean faul ts  were  de l inea ted  as flat and  geometr ic  
p i t - f ea tu re s  by  the Si r t l  etch. I t  was found that  the 
S i r t l  e tch was more  effective in de l inea t ing  decora ted  
s tacking faul ts  than  the  Secco and the Wr igh t  etches. 

Acknowledgment 
The  au thor  would  l ike to t hank  T. Yanada  and T. 

Ishibashi  for  provid ing  the TEM analysis,  and  T. 
Hoshina and T. t t a t t o r i  for comments  on the m a n u -  
script.  

Manuscr ip t  submi t t ed  J u l y  3, 1979; rev ised  manu-  
scr ip t  rece ived  Dec. 5, 1979. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1980 
JOURNAL. Al l  discussions for the  December  1980 Dis-  
cussion Section should be submi t t ed  b y  Aug. 1, 1980. 

Publication costs o~ this article were assisted by 
SONY Corporation Research Center. 

REFERENCES 
1. D. J. D. Thomas, Phys. Status Solidi., 3, 2261 (1963). 
2. G. R. Booker  and W. J. Tunstal l ,  Philos. Mag., 

13, 71 (1966). 
3. W. A. F ischer  and  J. A. Amick,  This Journal, 113, 

1054 (1966). 
4. K. V. Ravi  and  C. J. Varker ,  J. Appl. Phys., 45, 

263 (1974). 
5. C. M. Drum and W. van Gelder,  ibid., 43, 4465 

(1972). 
6. T. Y. Tan, L. L. Wu, and W. K. Tice, Appl. Phys. 

Lett., 29, 765 (1976). 
7. M. Fu tagami  and M. Hamazaki ,  Jpn. J. Appl. Phys., 

17, 1343 (1978). 
8. H. Shiraki ,  J. Matsui,  T. Kawamura ,  M. Hanaoka,  

and T. Sasaki,  ibid., 10, 213 (19,71). 
9. K. V. Ravi, C. J. Varker ,  and  C. E. Volk, This 

Journal, 120, 533 (1973). 
10. C. J. Va rke r  and K. V. Ravi, J. Appl. Phys., 45, 

272 (1974). 
11. R. Ogden and J. M. Wilkinson,  ibid., 48, 412 (1977). 
12. H. Shiraki ,  Jpn. J. Appl. Phys., 13, 1514 (1974). 
13. H. Shiraki ,  ibid., 14, 747 (1975). 
14. G .  A. Rozgonyi, P. M. Petroff, and M. H. Read, 

This Journal, 122, 1725 (1975). 
15. P. M. Petroff, G. A. Rozgonyi, and  T. T. Sheng, 

ibid., 123, 565 (1976). 
16. T. Hattori ,  Appl. Phys. Lett., 30, 312 (1977). 
17. S. P. Murarka ,  H. J. Levinstein,  R. B. Marcus, and 

R. S. Wagner,  ibid., 48, 4001 (1977). 
18. G. A. Rozgonyi and R. A. Kushner ,  This Journal, 

123, 570 (1976). 
19. F. Secco d 'Aragona,  ibid., 119, 948 (1972). 
20. E. S i r t l  and A. Adler ,  Z. Metallkd., 52, 529 (1961). 
21. M. Wright ,  This Journal, 124, 757 (1977). 
22. P. B. Hirsch, A. Howie, R. B. Nicholson, D. W. 

Pashley,  and M. J. Whelan,  "Electron Microscopy 
of Thin Crystals ,"  But terwor ths ,  London (1969). 

23. R. Gevers,  "Electron Microscopy in Mater ia ls  Sci-  
ence," p. 302, Academic  Press, New York  (1971); 
L. M. Brown, ibid., p. 360. 

24. D. G. Schimmel,  This Journal, 123, 734 (1976). 
25. J. E, Lawrence,  Trans. AIME., 242, 484 (1968). 

The Dissolution Kinetics of GaAs in Undersaturated 
Isothermal Solutions in the Ga-AI-As System 

M. B. Small, R. Ghez,* R. M. Potemski, and W. Reuter 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

Exper iments  are  descr ibed which  demons t ra te  tha t  dur ing  the i so thermal  
dissolut ion of GaAs wafers  into unde r sa tu ra t ed  Ga-A1-As solutions a g raded  
l aye r  of the a l loy (GaA1)As is p resen t  on the surface. Such a l aye r  can only 
be formed by  solid diffusion. A kinet ic  analysis  of the s i tuat ion using a va lue  
of 5 • 10 -z2 cm e sec -1 for  the diffusion coefficient of A1 in the solid gives a 
good ag reemen t  wi th  the expe r imen ta l  results.  The fact  tha t  a l aye r  is fo rmed 
dur ing  dissolution is counter  to a number  of recent  publ icat ions  on the subject ,  
whi le  the measured  diffusion coefficient is ve ry  different  f rom tha t  measured  
in bu lk  MBE mater ia l .  The significance of obta in ing an unders tand ing  of this 
s i tuat ion is r e l evan t  to the  format ion  of al l  he tero junct ions  by  nea r - equ i l i b -  
r ium processes. 

When a GaAs wafer  is exposed to an isothermal ,  
unde r sa tu ra t ed  solution in the Ga-A1-As system, the 
surface  dissolves and a l aye r  of (GaA1)As forms on 

�9 Electrochemical Society Active Member. 
Key words: kinetics, dissolution, GaAs, 

the  surface. This s i tuat ion has been encountered  when 
de te rmin ing  the phase d i ag ram of the system (1) and 
in the fabr ica t ion  of solar  cells (2). In  both these 
cases the kinetics have  been assumed to involve  dis-  
solution, in o rde r  to sa tu ra te  the  solution, fol lowed 
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by regrowth to form the layer. A recent analysis of 
exper imental  results by Kordos et al. (3) has been 
based on the same assumption. On the other hand, 
our  kinetic analysis (4) suggests that  dissolution 
should be continuous and that A1 enters the dissolving 
solid by diffusion. 

This paper  describes experiments  designed to test 
which of two models of the process is correct. In  
order to do this, the solid and liquid phases have been 
allowed to interact  for a range of times about the 
diffusion relaxat ion time, tR (see below), for the liquid. 
In  this t ime the l iquid would become essentially un i -  
formly saturated and if there were any change in the 
behavior of the interface (such as a reversal of its 
direction of motion),  then it may occur at about that  
time. Measurements were made of the amounts  dis- 
solved from these samples and of the profiles of A1 
concentrat ion into the solid. Par t icular  a t tent ion has 
been paid to the measurement  of the A1 concentrat ion 
at the surface of the solid. If a dissolut ion-regrowth 
model was correct, then one would expect some change 
in the surface concentrat ion between these two states, 
while our analysis  predicts that the surface concentra-  
t ion should be essentially constant. Also, if dissolution 
is shown to be continuous with time, while at the 
same time the thickness of a surface layer  containing 
A1 becomes greater, then this must  disprove the dis- 
solut ion-regrowth model. Our model suggests that 
the A1 enters the dissolving solid by diffusion, and 
the measurements  enable the coefficient of diffusion 
under  these conditions to be calculated. 

The import  of obtaining a correct unders tanding  
of the process is nei ther  l imited to this crystal system 
nor to the process for fabricat ing solar cells. The 
l iquid phase epitaxy (LPE) process is used to make 
a number  of heterostructure devices in a variety of 
crystal systems. It  is vital, therefore, to have a satis- 
factory unders tanding  of the chemical physics of 
heterostructure formation and a rel iable model of 
the kinetic processes which occur. 

Exper imenta l  
GaAs wafers were prepared for LPE using a normal  

combinat ion of chemical-mechanical  polishing and 
chemical etching. The LPE process was performed 
using an apparatus which has been described else- 
where (5), but  the essence of which is a graphite 
crucible in which a number  of solutions may be pre-  
sented to a wafer i n  sequence. Two solutions were 
used for each of the experiments  described here. The 
purpose of the first was to grow a layer  of approx- 
imately 20 ~m of GaAs onto the wafer to present a 
clean surface to the second solution. The first solution 
was original ly saturated and the layer was produced 
by cooling the system by 23 ~ to 835~ The cooling 
program was then stopped for a period of 15 min  after 
which time the system had reached a stable tempera-  
ture  for the isothermal par t  of the experiment.  

The second solution was made up to contain 1.41g 
of Ga and 20.5 mg of A1. The geometry of the well 
containing the solution defined the depth, L, to be 1.5 
mm. Using the measured value for the diffusion co- 
efficient, DAs, of As in a Ga solution at this temperature,  
5 • 10 -~ cm 2 sec -1 (6, 7), one can calculate the dif- 
fusion relaxat ion time, tR ~--- L2/DAs, of the solution 
to be 450 sec and then define dimensionless t ime ~ _-- 
t/tR. The exper iment  was repeated with the exposure 
times of the wafers to the solutions being fixed at 
t = 45, 180, 720, and 2790 sec, or ~ ---- 0.1, 0.4, 1.6, and 
6.2. By exposing only part  of the area of the wafer 
to this second solution, the remainder  served as a 
reference plane from which the amount  dissolved 
could be measured. If, following the processing of a 
wafer, any  drops of solution were left on parts of 
the surface, these areas were cleaved away. 

It can be seen, both from the s imulat ion and the 
exper imental  results, that for T ~ 1 the process was 

dominated by large changes in the compositions of 
the solutions as they become saturated. For longer 
times the driving force is for the bulk  solid to tend 
towards equi l ibr ium;  this is a very  much slower 
process l imited by solid diffusion. Thus the dissolution 
rate becomes very small  for z > l, Fig. 2; and, con- 
sequently, dur ing this phase of the process the experi-  
ment  becomes very sensitive to both temporal  and 
spatial thermal  variations. We calculate, for example, 
that a layer as thick as that  formed on the sample 
exposed for ~ -- 1.6 would be either dissolved or as 
much grown if the temperature  fluctuated by 0.5~ 
in the time interval  b e t w e e n  this and r = 6.2. For 
this reason we have only used the lat ter  exper iment  
to demonstrate that  dissolution was taking place when 
the first three samples were removed from their solu- 
tions. 

The amount  dissolved from each surface was deter-  
mined using the calibrated focusing mechanism of a 
microscope to measure the displacement of the surface 
exposed to the second solution compared to the 
reference surface. Since this involved t ravers ing the 
sample from one region to another, checks were made 
that  the t raversing plane was normal  to the measure-  
ment  direction by rotat ing the sample. There was 
considerable roughness on the dissolved surfaces, 
which both precluded some al ternate  methods of 
measurement  and produced a larger error  than is 
inheren t  in this method. One form of surface roughness 
was on the scale of the sides of the solution well and 
was thought  to be due to solutal convection dur ing  
rapid dissolution. Figure 1 shows two finer scaled 
morphologies. One of these has a spacing of the order  
of 20 ~m and may 5e similar to those observed by  
Nishinaga et al. (8) on dissolved surfaces of InP. 
The closed loops shown in the figure were unusual ,  
but the same spacing was normal ly  present  in  a l inear  
array. Also shown in the figure is a finer structure, 
which does not appear to have been remarked upon 
before. Although one of these pat terns might  be ex- 
plicable in terms of the const i tut ional  variat ions which 
occur on a per turbed interface, and the resul t ing two= 
dimensional  t ransport  effects in the two phases (9), 
it is difficult to associate both with such a mechanism. 
The uncertaint ies  in the measurements  shown in Fig. 
2 are a result  of a combinat ion of these morphologies. 
Of these, the contr ibut ion due to the larger features 
shown in Fig. 1 could be as great as 1 ~m. In  sputter  
etching these surfaces, it has been assumed that  the 
rate of removal  was uni form over the surface. 

Secondary ion mass spectroscopy (SIMS) was used 
to determine the profiles of A1 into the dissolved 
surfaces. The secondary ion mass spectrometer is 

Fig. 1. A Nomarski interference contrast micrograph of a dis- 
solved surface illustrating the two finer scale morphologies which 
occur. The longer side of the figure represents 680 #m. 
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Fig. 2. This illustrates the amounts dissolved from the surfaces 
as a function of ~1/2 - -  (DAst)I/2/L. The data points may he com- 
pared with the results (solid line) of the computer simulation. 

an integral  par t  of a surface analysis system including 
Auger  and photoemission spectroscopy. A detailed de- 
scription of this system will  appear shortly elsewhere. 
P r imary  ion beams of reactive or iner t  gases are 
produced in an ion gun bui l t  by Atomike Technische 
Physik, GmbH, Munich, which is discussed by Wit t -  
maack (10). In  this s tudy we used a 12 and 6 keV 
02 + beam mass analyzed by a Wien filter and focused 
to about  20 ~m onto the target  with an Einzel lens. 
The beam was raster  scanned to cover an area of 
750 • 950 ~m, but  the scaler was gated to count only 
dur ing  the central  5% of the scanned area. Secondary 
ions. emitted from the target are first energy analyzed 
by an  energy filter (11) before mass separation by 
a quadrupole  mass spectrometer. This filter was set 
to t ransmi t  positive ions of approximately 10 eV and 
the energy dis t r ibut ion was scanned by variat ion of 
the bias potential  of the target. For the data presented 
here we used a fixed bias potential  corresponding to 
the peak in the energy dis tr ibut ion of the secondary 
ions 27A1+ and 69Ga+. 

This analyt ical  technique is general ly  util ized to 
measure the relative concentrat ions of components 
which are present  in  the host lattice at low concentra-  
tions, such that  one would not expect the secondary 
ion yield to vary  as -material was removed. In  this 
instance the components of interest  constitute a sub-  
s tant ial  proport ion of the lattice. A separate experi -  
men t  was carried out to investigate this. The ~TAl+ 
concentrat ion was measured through a heterostructure 
laser grown by LPE in which the compositional ratio 
be tween the active region and the clad layers was 
known, from the phase diagram (12) and growth 
conditions, to be 3.5. The measured ratio was 3.2. 
Because the active layer  was thin (~0.2 #m), the 
measured concentrat ion in this layer  was l ikely to 
be high tending to reduce the measured ratio. Thus, 
the change in  secondary ion yield i s  less than 10% 
in this range. This calibration is sufficiently accurate 
for our present  purpose, which is to demonstrate  con- 
s tant  surface composition dur ing dissolution and ob- 
ta in  an estimate for the diffusion coefficient of A1 in 
the solid. 

Results and Analyses 
The three data points in Fig. 2 are the displace- 

ments  of the interface of the three samples processed 
/or  the shortest times. They are plotted against  T'/=. 

The addit ional  data point  ment ioned earl ier  w a s  
--16.8 ~m at z -- 6.2 and this is cited to demonstrate  
continuous dissolution for the first three samples. 

The data points in  Fig. 3 i l lustrate the A1 concen- 
trations as functions of depth into the solid as mea-  
sured using SIMS. For each sample the data set is 
representat ive of a n u m b e r  of repeated measure-  
ments  which showed no significant differences. Abso- 
lute measures of concentrat ion are not possible using 
this technique so these are expressed in terms of the 
numbers  of counts. Some samples were profiled using 
different sput ter ing current  densities and these have 
been normalized to the same value. Manual  adjus t -  
ments were made to main ta in  a constant  sput ter ing 
current.  The corresponding changes in  the numbers  
of counts can be seen as noise on the data set for 
the sample with the smallest change in A1 concentra-  
tion. At the end of the sput ter ing process the depths 
of a number  of craters between 1 and 2 ~m deep in 
relat ively smooth regions of the surface were mea-  
sured using a Talysurf  to t ransform a t ime scale into 
a depth scale. 

The data in Fig. 2 and 3 show quite clearly that  
there is an Al-conta in ing  layer  of finite thickness on 
the surfaces of the samples which were dissolving 
when wi thdrawn from their  solutions. Also, it can 
be seen that the sharpest profile occurs at the fastest 
dissolution rate, as one would expect for a diffusive 
process. 

An impor tant  test of our kinetic analysis is that  
it predicts an essentially constant  surface concentra-  
tion for all components in all phases (4). We have 
access to that concentrat ion frozen into the solid. 
The dissolut ion-regrowth model (3), on the other 
hand, does not a t tempt  to provide a consistent model 
for the whole of the process, but  assumes dissolution 
to a point  where the solution is supersaturated,  as 
a whole, and hence regrowth must  follow from this 
assumption. Because there has been no at tempt  to 
describe the dissolution process, our only a rgument  
against this model must  be based upon our in terpre ta-  
tion of it. We assume that  if the direction of motion 
of the interfaces changes, then this must  be reflected 
in  a change in the surface concentrations; otherwise 
there would be no dr iving force for such a change 
since the phases "sense" one another  at the interface. 
We have used two methods for determining t h e  
surface concentration. First, the data points in Fig. 3 
have been fitted to polynomial  forms (see below) to 
allow us to extrapolate to the values at the surface. 
These are the points shown, as open symbols, on the 
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Fig. 3. This illustrates the ~TAI + concentrations as functions of 
depth from the solid surface. The data points were measured 
under the conditions described in the text while the open sym,~ls 
show the extrapolated values at the surface for the three profiles 
shown. The full lines are profiles produced by the computer simula- 
tion and refer to the scale on the right. The two scales were 
matched at the surface of the crystal. 
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origin of the spatial axis. It can be seen that  they are 
the same within  the reproducibi l i ty  of SIMS mea-  
surements,  •  

The above procedure may be subject  to doubt, 
par t icular ly  for the sample �9 = 0.1 which was only 
in  contact with the mel t  for 45 sec and hence exhibits 
a very steep decline in  the 27A1+ signal near  the 
surface. For this reason we have repeated the SIMS 
exper iment  using only 50 msec counting time, in -  
creasing the scanned area to 800 X 800 ~m, and re-  
ducing the p r imary  ion current  to 50 nA operating 
at 12 keV. For these conditions we estimate a removal 
rate of 0.06 A sec -1 from Talysurf  measurements  
made at 500 nA but  otherwise identical conditions. 
The results are shown in Fig. 4. The upper  six curves 
show the logl0 in tensi ty  of 27A1+ and ~nGa+ for each 
of the three samples sputtered for 1000 sec corre- 
sponding to the removal  of about 60A of material.  In  
the early phase of the sput ter ing process both signals 
increase, probably due to the removal  of a hydrocar-  
bon contaminat ion layer  (see below) from the surface. 
Note that the rate of increase dur ing this early phase 
is much higher for A1 than for Ga. This can be a t t r ib-  
uted to the preferred sput ter ing of the lower atomic 
weight component  as discussed by Kelly (13) and 
studied in  detail also by Liau et al. (14) and Ha et al. 
(15). More difficult to unders tand  is the appearance of 
a max imum in the 69Ga+ emission near  the surface, 
which recovers in in tensi ty  after about 300 sec of sput-  
ter ing time. This effect is reminiscent  of a similar  ob- 
servat ion by Anderson (16) when bombarding A1 with 
O 2+ ions. Anderson a t t r ibuted the ini t ial  peak to the 
presence of a thin A1208 layer  on A1 and the final re-  
covery of the A1 intensi ty  later  in  the sput ter ing proc- 
ess due to the conversion of the A1 to an AI,~O:~ film 
under  O2 bombardment  at a depth corresponding to 
the range of the pr imary  projectile. Implanta t ion  of 
oxygen, which is more electronegative than arsenic, 
may  indeed expla in  the ini t ia l  in tens i ty  variat ion in 
the SSGa+ signal. Note that  the t ransient  features in 
the sput ter ing process can be discussed without  invok-  
ing, but  not necessarily excluding, the possibility of 
compositional variat ions near  the surface. After  about 
300 sec a steady state is reached, when the value for 
the in tensi ty  ratio of 27A1+ to ~Ga + is constant within 
5% for the samples ~ _-- 0.4 and �9 = 1.6. This indicates 
an identical composition of both samples after the re-  
moval of about 20A. For the sample T ---- 0.1, which is 
of p r imary  interest  in this study, we find the concen- 
t ra t ion of A1 already decreasing when steady-state  
conditions are attained. In the lower part  of Fig. 4 we 
have plotted the 27A1+ signal on a l inear  scale as a 
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Fig. 4. The intensity of 27A1+ and 6BGa+ as a function of time 
raster scanning a 12 keV 02 + beam of 50 nA aver an area of 
800 X 800 /~m gating 5% of the central portion of the scanned 
area and counting each isotope for 50 msec. The upper six curves 
show the Ioglo intensity of 69Go+ and 27A1+, sputtering each 
sample for 1000 sec (,~60A), whereas the three lower curves show 
the counts for 27A1+ on a linear scale in the first 100 sec of each 
run. 

funct ion of t ime for the first 100 sec of the sput ter ing 
process, thus removing only a few monolayers of the 
targets. Extrapolat ion of the 27A1+ signal to the start 
of the exper iment  clearly demonstrates  that  wi th in  
the exper imental  error of __+10% the composition is 
identical for all samples at the surface. 

We now fit these data to our model (4). Specifically, 
we seek an estimate of the diffusion coefficient Ds of 
A1 in  the solid, and a reasonable description of the A1 
concentrat ion profiles. For  short  times we expect our 
analytic solution to hold. With minor  changes in  no-  
tation, Eq. [3.6] and [3.7c] of Ref. (4) for the amount  
dissolved, h, and the local mole fraction x of A1 in 
the solid are 

h = 2/~(Dst) 1/~ [1] 

x -- x| e r f c ( I z i / 2 (Ds t ) ' / ,  - [~) 
- -  _ [ 2 ]  
xo -- x~ erfc ( -- ~) 

Here, Izl is the distance measured from the actual  
interface into the solid, x~ is the ini t ial  composition 
of the substrate (x~ = 0 for these experiments) ,  Xo is 
the surface composition (approximately  equal to the 
equi l ibr ium value, 0.85), and /9 is a constant  that  de- 
scribes the growth rate. For long times one expects 
;9 to be a slowly varying  function of time, as is clear 
from Fig. 2. Now, for small  values of lz[/2~/Dst  one 
can expand the funct ion [2] to get 

z - x o  ]z[ 1 
- -  - -  1 - -  

Xo -- x~ (Dst) v~ experfc (--;9) 

[ z [ 2  ;9 
[al 

2Dst experfc(--;9) 
where 

J i - -  , ~  

experfc (.) stands for the abbrevia t ion 

experfc (--;9) ---- ~y2 exp (;9~) erfc (--;9) [4] 

and is asymptotically equal to ( _ ; 9 ) - i  for large 
negative values of ~, as will be the case. The poly- 
nomial  approximation [3] is compared to a polynomial  
representat ion of the 45 sec data of Fig. 3, namely  

C = Co(1 + all z] -t- a2lzie) [53 

where C is the number  of counts. Least squares fitting 
yields the values 

Co = 3 . 4 6 X  105 ] 

Coal = --9.22 • 10n(cm-1) I [6] 

Coa2 = 8.99 X 1017(cm -2) 

With these values, the first data point of Fig. 2, namely 
h = --8.7 t~m at t = 45 sec, and the above formulas, 
we find/9 = --34.05, hence, Ds = 3.6 X 10 -12 cm 2 sec -I. 

A value for Ds of 5 X 10 -12 cm 2 sec -1 was then 
used for our simulation. The diffusion coefficient DAI 
of A1 in the liquid was assumed equal to DAs (a ten-  
fold change in DA1/DAs produced no significant changes 
in  the kinetics).  The methods are described in  Ref. 
(4). Briefly, we generate an analyt ic  solution for 
T ---- 0.04, and march this forward in time by finite- 
difference methods. The results are displayed in  Fig. 
2, 3, 5, and 6. Figures 5 and 6 show the profiles of As 
and A1 in the solution, assumed stagnant,  at  �9 = 0.04 
(the analyt ic  solution) and at  those times at which 
samples were removed from the solutions. It  can 
be seen that there are very steep gradients at  short 
times and that the solution is essentially uni form at 

= 1.6. Also calculated was the dissolution, h, as a 
function of time; this is compared with the data points 
in Fig. 2. It can be seen that there is excellent agree- 
ment  at v _-- 1.6. This is to be expected because the 
Solution is then saturated and the amount  of dissolu- 
tion necessary to achieve this is simply determined 
by the phase diagram. The fact that  at short times 
the dissolution was more than predicted is further  
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Fig. 5. Showing the concentration profiles of AI in the solutions, 
as calculated by computer simulation, at a series of times including 
those when the substrates were withdrawn. 
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evidence for the fact  tha t  the large  soIutal gradients  
produced convection in the solutions. The s imulat ion 
also calculates the A1 profiles in the solid and these 
are  compared  with  the da ta  points in Fig. 3. The 
measured  concentrat ions  were  not  absolute  and so 
have  been scaled to have the same surface concent ra-  
t ion as the ca lcula ted  profiles. The correspondence 
be tween  theory  and exper imen t  is good except  for the  
profile at  the in t e rmed ia te  time. In this case, because 
of the  assumed convection, the  ac tual  dissolut ion ra te  
was subs tan t ia l ly  less than the predict ions  and this 
would tend to produce a deeper  diffusion profile as 
the  resul ts  show. 

Two points  should be made  here  concerning the 
diffusion of A1 into the solid. First ,  the full  profile at  
v = 1.6, of which only  a par t  is shown, has an in-  
flection point  deeper  in  the ma te r i a l  than is shown 
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Fig. 6. Showing the As profiles in solution corresponding to those 
for AI in Fig. 5. Both figures show the initially very large gradient 
and that the solutions are essentially uniform at �9 = 1.6. 

in the figure. This implies  tha t  the diffusion coefficient 
is not  a constant.  Secondly,  ea r l ie r  m e a s u r e m e n t s  
(17, 18) of the diffusion coefficient of A1 in (GaA1)As 
super - la t t i ce  s t ructures  grown by MBE gives a va lue  
of ,,,10 - i s  cm 2 sec-1  for the diffusion coefficient a t  
this tempera ture .  Al though  one m a y  argue  tha t  LPE 
ma te r i a l  has a h igher  concentra t ion of arsenic  v a -  
cancies (19) and tha t  the diffusion process could 
involve such vacancies act ing in a r ing  mechanism, 
the fact  tha t  LPE m a y  be used to grow he te ros t ruc -  
tures  in this system wi th  very  thin layers  (20) in-  
dicates that  i t  is not  s imply  a difference be tween  
these two mate r ia l s  that  accounts for this large  effect. 
I t  would appear ,  therefore,  that  the diffusion coefficient 
is l a rge r  in dissolving than in growing mater ia l .  

S u m m a r y  and  Conclusions 
These exper iments  have demons t ra ted  the fol lowing:  
1. That  GaAs wafers  w i thd rawn  from i so the rma l  

Ga-A1-As solutions while  they were  dissolving had 
layers  of finite thicknesses of (GaA1)As on the i r  su r -  
faces. 

2. That  the surface composit ions of these layers  a r e  
constant,  wi th in  the accuracy of our  measu remen t  
technique. This also discounts suggestions tha t  the 
process occurs in two stages. 

3. That  da ta  fitt ing be tween theory  and expe r imen t  
for a t ime when the l iquid was essent ia l ly  semi- inf ini te  
gave a value  of ~5  • 10 -1~ cm 2 sec-Z for  the diffusion 
coefficient of A1 in the solid close to the surface.  
(It  has also been noted that  the diffusion coefficient 
is a function of e i ther  concentra t ion or dis tance f rom 
the surface.)  

4. A reasonab ly  good fit has been obtained,  when 
using the above value,  for Ds, be tween  a computer  
s imulat ion and the measured  concentra t ion profiles 
and amounts  dissolved. 

Thus, i t  has been demons t ra ted  tha t  our  kinet ic  
model  of the process is ce r ta in ly  correct  inasmuch as 
these layers  are  not  produced by  regrowth.  The diffu- 
sion coefficient for  A1 in the solid necessary  to expla in  
these resul ts  is l a rger  than  one would  expect.  I t  is 
obviously of in teres t  to pursue  this ma t t e r  fur ther .  

Manuscr ip t  submi t ted  Aug. 15, 1979; revised m a n u -  
scr ipt  r e c e i v e d  Jan. 18, 1980. This was Paper  177 
presented  at  the  Boston, Massachusetts ,  Meet ing of 
the Society, May 6-1i,  1979. 

A n y  discussion of this paper  wi l l  appea r  in a Dis-  
cussion Sect ion to be publ ished in the December  1980 
JOURNAL. Al l  discussions for the December  1980 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1980. 

Publication costs of this article were assisted by 
IBM Corporation. 
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Microdistribution of Oxygen in Silicon 
A. Murgai, *,1 J. Y. Chi, and H. C. Gatos* 
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ABSTRACT 

The microdistr ibut ion of oxygen in Czochralski-grown, p- type  silicon 
crystals (75 mm in diameter  and with a resistivity of 10 ~-cm)  was determined 
by using the SEM in the EBIC mode in conjunct ion with spreading resistance 
measurements .  The crystals were heat - t rea ted at 450~ to activate oxygen 
donors. When the conduct ivi ty  remained p-type,  (the oxygen donor concen- 
t rat ion did not exceed the dopant  concentrat ion) ,  bands of contrast  were 
observed in the EBIC image which were found to correspond to maxima in  
resistivity, i.e., to dopant compensation maxima and hence, to maxima  in  
oxygen concentration. When at the oxygen concentrat ion maxima the oxygen 
donor concentrat ion exceeded (locally) the p- type  dopant concentration, an in-  
version of the conductivi ty occurred. It resulted in  the formation of p - n  junc -  
tions in a striated Configuration and the local inversion of the EBIC image 
contrast. A chemical etching procedure was developed, in conjunct ion with 
phase contrast microscopy, to delineate the n- type  oxygen striations. By heat-  
t reat ing silicon at 1000~ prior  to the activation of oxygen donors, some sil i-  
con-oxygen micro-precipitates were observed in the EBIC image within  the 
str iated oxygen concentrat ion maxima. 

Variations in oxygen thermal  donor concentration, 
activated by 450~ hea t - t r ea tment  have been observed 
in Si (1-3) and determined by spreading resistance 
measurements  (4, 5). The thermal  donor concentrat ion 
is proportional to the oxygen concentrat ion and pro- 
vides direct informat ion  on the microdistr ibut ion of 
oxygen. Such measurements ,  however, do not provide 
direct knowledge of the overall  state of oxygen, e.g., 
on the morphology of oxygen concentrat ion variations, 
on oxygen clusters (6), and on precipitates (7-9). 
X- ray  topography (10) has also been employed for the 
observation of oxygen concentrat ion variations. This 
technique is at best qual i tat ive in nature,  as no quan-  
t i tat ive relationship between topographic contrast and 
oxygen concentrat ion is as yet available. In  addition, 
the resolution of inhomogeneit ies by this technique is 
ra ther  limited. 

The electron beam induced current  (EBIC) mode of 
scanning electron microscopy offers several advantages 
over the above characterization techniques. Dopant  
striations (11, 12), impur i ty  precipitates (13), and other 
electrically active defects (14) can be s imultaneously 
observed in the EBIC image with a re la t ively high 
resolution. Recently, the EBIC technique has been ap- 
plied to the quant i ta t ive  determinat ion of dopant con- 
centrat ion variat ions (15), and employed in the s tudy of 
impur i ty  segregation (16). In  addition, basic electronic 
parameters,  such as minor i ty  carrier  diffusion length, 
lifetime, and their variations (15, 16) can be readily 
determined with the EBIC technique. 

In  the present  investigation, the EBIC technique 
has been applied to the study of microscale variat ions 
in  oxygen concentrat ion and their effects on p- type 
silicon crystals. 

* Electrochemical Society Active Member. 
1Present address: IBM Corporation, East FishkiU, New York 

12~33. 

Experimental Procedure 
Dislocation-free silicon crystals 75 mm in diameter  

and boron-doped to a level of about 5 X 1014/cm ~ were 
pulled in the (100) direction from the melt. They were 
grown with a seed rotat ion of 5 rpm and a pul l ing rate 
of 75 mm/hr .  The average oxygen concentrat ion in  the 
crystals, as determined from IR measurements  (17). 
was found to be 1.8 X 101S/cm3. 

All measurements  were made on (i00) longi tudinal  
slices, 0.5 mm thick. The slices were heat - t rea ted at 
450~ for 50 hr, lapped, and polished with Syton HT. 
After cleaning with an organic solvent and etching in 
HF ~ HNO~ ~- CI-IsCOOH, a 0.5 ~m A1 layer (2 • 2 
cm) was deposited on these slices to obtain a semicon- 
ductor-meta l  Schottky bar r ie r  (collecting field). 

Impact  traces of spreading resistance probes were in-  
troduced (at 5 or 25 ~m intervals)  on the Schottky 
diode to serve as location markers  (see also below).  
EBIC measurements  were subsequent ly  conducted in  
the region of the impact traces with an electron beam 
accelerating voltage of 35 kV. At  the above accelerating 
voltage the electron range, R, lies outside the depletion 
width of the Schottky barr ier  for 10 t~-cm Si (18). The 
exper imental  a r rangement  for the EBIC measurements  
and imaging is indicated schematically in  Fig. 1. 

Following EBIC measurements ,  the metal  layer  was 
stripped from the slice with concentrated HC1. Longi-  
tudinal  variat ions in the thermal ly  activated donor con- 
centrat ion (introduced by the 450~ hea t - t rea tment )  
were determined from spreading resistance measure-  
ments (at 5 ~m intervals)  carried out near  and parallel  
to the impact traces introduced earlier, the traces were 
still present  after the metal  layer  was stripped. The 
spreading resistance measurements  were made em- 
ploying both polarities of the d-c bias be tween  the two 
probes. From such measurements ,  the presence of any  
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Fig. I .  Schematic diagram of experimental arrangement for EBIC 
measurements. 

p - n  junct ions  formed dur ing  the 450~ hea t - t r ea tment  
was readi ly  determined.  

The slices were subsequent ly  heat - t rea ted  at 700~ 
for 1 hr to e l iminate  the oxygen thermal  donors (1-3);  
following this hea t - t r ea tment  EBIC and spreading re-  
sistance measurements  were repeated in  the identical 
regions using the impact  traces of the spreading resist-  
ance probe as reference. 

In  certain instances, the slices were heat - t rea ted  at 
1000~ for I2 hr  in  u l t rahigh pur i ty  argon pr ior  to the 
450~ heat - t rea tment .  The 1000~ hea t - t r ea tmen t  in-  
duces some form of s i l icon-oxygen precipi tat ion in the 
slices as confirmed by IR measurements .  

Results and Discussion 
Oxygen striations--compensation.--Following the 

450 ~ C heat - t rea tment ,  the presence of oxygen striations 
is seen in  Fig. 2 for a longi tudinal  slice cut 0.5 m m  from 
the per iphery  of a typical 75 m m  diam. The oxygen 
striations are seen in  the EBIC image [Fig. 2 (a ) ]  as 
br ight  bands and the corresponding variat ions in  the 
normalized EBIC and resist ivity (as determined from 
spreading resistance measurements  at 5 ~m intervals)  
are shown in  Fig. 2(a)  and (b),  respectively. 

As can be seen from Fig. 2(a) and (b) ,  there is 
direct spatial correspondence of the variat ions in the 
normalized EBIC and resistivity; the large variations 
(exceeding a factor of 10) in resist ivity following the 
450~ hea t - t r ea tment  reflect corresponding variat ions 
in the oxygen thermal  donor concentrat ion (and, hence, 
in the oxygen concentrat ion) ,  since variat ions in the 
boron acceptor concen t ra t ion  are less than 12% (see 
be low);  the oxygen striations in  the EBIC image, Fig. 
2(a) ,  manifested as br ight  bands, correspond to the 
maxima in resist ivity [Fig. 2 (b)J which in  t u rn  corre- 
spond to oxygen concentrat ion maxima. Maxima in  re- 
sistivity are expected to coincide with maxima in 
oxygen thermal  donors, since the higher the concen- 
t ra t ion of the thermal  donors, the higher the compensa- 
t ion of the p- type  dopant  and hence the higher the re-  
sistivity (provided the concentrat ion of thermal  donors 
does not exceed the concentrat ion of the acceptors). 

In  the regions of max imum resistivity, the space 
charge region (depletion width) of the Schottky diode 
is significantly increased. For resistivities of about  200 
~2-cm the depletion width is several microns but  well 
wi thin  the excitat ion volume of a 35 keV electron 
beam. Accordingly, the collection efficiency of the ex- 
cess carriers is enhanced in these regions of the oxygen 
concentrat ion maxima and consequently appear as 
bright  bands in the EBIC image. 

As seen in Fig. 2(a) and 2(b) ,  the width of the EBIC 
maxima (e.g., the wi4th at half  the m a x i m u m  value) 
is larger than that  of the resist ivity maxima. This re-  
sul t  is apparent ly  due to interference effects of the 
electric fields resul t ing from the resistivity variations. 

Fig. 2. (a) EBIC image and superimposed EBIE tracing taken 
along indicated line on a sample cut near crystal periphery (see 
text). (b) Resistivity profile as determined by spreading resistance 
measurements at 5 #m intervals along the line indicated in EBIC 
image after 450~ heat-treatment, curve 1; profile taken prior to 
450~ heat-treatment, curve 2; small variations of boron con- 
centration are not visible on this scale. 

Since the spacing of the spreading resistance impact 
traces in the EBIC image is 5 ~m, it is seen from a com- 
parison of the resist ivity and  the normalized EBIC that  
the l inear  resolution at ta ined by the EBIC technique 
in the present case is about I0 ;~m. 

It  has been found that  hea t - t r ea tment  of Si at 700~ 
eliminates oxygen thermal  donors (1-3). Consistent 
with this finding, after hea t - t rea tment  of the slices 
studied above at 700~ for 1 hr, their EBIC images ex- 
hibited no bands. T h e  normalized EBIC and resistivity 
measurements  carried out in  the same regions as dis- 
cussed above exhibi ted small  variations, 

These variat ions are due to B-dopant  fluctuations 
which in 10 ~2-cm Si are about 12% [Fig. 2 (b) ] ,  These 
B-dopant  fluctuations are not resolved in the EBIC 
image. 

Oxygen striations and overcompensation.--Longi- 
tudinal  slices cut 1 cm from the crystal per iphery were 
also investigated. They were also treated at 450~ for 
50 hr  and prepared for EBIC and spreading resistance 
measurements  as discussed above. 

The EBIC image of one of these slices is shown in 
Fig. 3(a) .  Spreading resistance measurements  were 
carried out at 5 ~m intervals,  20 ~m below the hori-  
zontal impact trace markers  which are spaced 25 ~m 
apart  and are clearly shown in the EBIC image. Dark 
bands are seen in the EBIC image which corresPOnd to 
resistance min ima  in Fig. 3 (b). These dark bands (re- 
gions of low collection efficiency of excess carriers) 
correspond to oxygen striations in which the donor 
concentrat ion exceeds the concentrat ion of the p- type 
dopant  forming striated n - type  regions (see below). 
Since the donor concentrat ion is a direct funct ion of the 
oxygen concentrat ion (2), the presence of n - type  re-  
gions only in  the slices cut 1 cm away from the periph-  
ery shows that  the mean  oxygen concentrat ion is higher 
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Fig. 3. (a) EBIC image on sample cut away from crystal periphery. 
Reference impact traces are clearly visible. (b) Spreading resistance 
profile taken at 5 ~m intervals, 20 ~m below horizontal line of 
reference tracers. 

away from the per iphery than  near  the per iphery of 
the crystals. The br ight  bands (adjacent  to the dark 
bands) in  Fig. 3(a) correspond to regions of maxima 
in compensation as in  the case of Fig. 2 (a) bu t  not to 
maxima  in oxygen concentration. 

The conductivi ty type wi thin  the dark bands was 
determined as follows: employing a two-probe spread- 
ing resistance measurement  arrangement ,  measure-  
ments  were carried out at 5 ~m intervals  with one of 
the probes positioned at all times on a dark band as 
shown in Fig. 4(a) .  As shown in Fig. 4(b) with the 
probe on the dark band having a negat ive polarity the 
measured resistance was about 8 X 10512. When the bias 
was reversed the resistance increased by about three 
orders of magnitude.  Thus, there is a p -n  junct ion at 
the boundary  of each dark band  and the adjacent  
br ight  band;  the dark band  is n - type  and corresponds 
to a region overcompensated by thermal  oxygen donors. 
After  a 70O~ hea t - t rea tment  (which eliminates the 
thermal  oxygen donors) no dark bands in the EBIC 
image nor pronounced variat ions in resistance were 
present;  this result  confirms that  the n - type  regions 
(dark bands) are the result  of oxygen donors. 

Chemical etching.--It was found that oxygen striations 
can be convenient ly  revealed by chemical etching when 
they form n- type  regions in p- type silicon. The etchant 
found suitable for this purpose is 20 parts CH3COOH 

3HNO~ -f- 1HF. An interference contrast photomicro- 
graph of the slice etched for 20 min  (after the metal  
layer was removed) is shown in  Fig. 5. The area de-' 
picted in  this figure is identical to that  in the EBIC 
image of Fig. 3 (a). It  is seen that  the striations in Fig. 5 
correspond exactly to the dark band in Fig. 3 (a). The 
br ight  bands (region of compensation maxima)  could 
not be revealed by etching. Thus, a bright  band  in lo- 
cation D of Fig. 3(a) does not appear in Fig. 5; simi- 
larly, no oxygen striations could be revealed by etching 
on slices cut near  the crystal per iphery which corre- 
spond to oxygen concentrat ion maxima but  lead to 
raaxima in compensation as in the case shown in 
Fig. 2 (a). 

Fig. 4. (a) Optical photomicrograph of chemically etched sur- 
face (see text) showing impact traces of two-probe spreading re- 
sistance measurements. Traces of one probe are within dark band 
measurements of EPIC image (Fig. 2) while traces of other probe 
are outside dark band (far convenience the dark band is shown in 
the horizontal position). (b) Spreading resistance measured with 
both polarities of the d-c bias. Polarity was reversed at the discon- 
tinuity of the impact traces. 

SiOz precipitation.--Silicon slices h e a t - t r e a t e d  a t  
1000~ for 12 hr prior to hea t - t r ea tment  at 450~ (for 
act ivating thermal  donors) exhibited si l icon-oxygen 
precipitat ion (19). An EBIC image of a slice cut from 
near  the per iphery of the crystal is shown in Fig. 6 (a). 
It  is seen that wi thin  the br ight  bands [corresponding 
to maxima in resistivity, Fig. 6 (b) ;  compare also with 
Fig. 2] there are dark spots with low excess carrier 

Fig. 5~ Optical photomicrograph of chemically etched sample 
showing the identical region as EEIC image of Fig. 3(a). 
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Fig. 7. EBIC image of sample heat-treated at 700~ after heat- 
treatments at 10000 and 450~ 

Fig. 6. (a) EBIC image of sample heat-treated at 1000~ prior 
to a 450~ heat-treatment. (b) Resistivity as determined from 
spreading resistance measurements. 

collection efficiency which are  associated wi th  micro-  
prec ip i ta tes  (and re la ted  loops and s tacking faul ts) .  
On the r i gh t -hand  side of the EBIC image there  are  
two d a r k  bands, cor responding to overcompensated,  
n - t y p e  regions, which  also contain microprecipi ta tes .  
Apparen t ly ,  the 12 hr  1000~ h e a t - t r e a t m e n t  causes 
only pa r t i a l  p rec ip i ta t ion  of oxygen,  since a subse-  
quent  450~ h e a t - t r e a t m e n t  leads  to the  format ion  of 
the rmal  oxygen  donor s t r ia t ions (br ight  and da rk  
bands  in the EBIC image) .  The fact  that  the  mic ropre -  
cipi tates  a re  associated with  oxygen was confirmed by 
IR t ransmiss ion measurements  which  showed that  
a f te r  the  1000~ and pr io r  to the 450~ h e a t - t r e a t m e n t  
the in te rs t i t i a l  oxygen content  in Si was reduced.  

As in the cases discussed ear l ier ,  h e a t - t r e a t m e n t  at 
700~ e l iminates  the oxygen  donor striations,  however ,  
the microprec ip i ta tes  can st i l l  be seen (Fig. 7). 

A l though  the de ta i led  na tu r e  of the  micro-defec ts  
genera ted  by  these prec ip i ta tes  wil l  not  be discussed in 
the  presen t  communicat ion,  i t  should  be pointed out  
tha t  the morpho logy  of the  etch pits, revea led  by  the 
S i r t l  e tchant ,  was found to correspond to tha t  associ- 
a ted  wi th  s tack ing  faul ts  as discussed in the l i te ra ture .  

Summary and Conclusions 
The  d i s t r ibu t ion  of oxygen  in Czochra l sk i -g rown 

p - t y p e  sil icon was s tudied by  scanning e lec t ron micros-  
copy in the  EBIC mode in conjunct ion  wi th  spreading  
resis tance measurements .  A l inear  resolut ion of about  
10 ;~m was achieved in the  de te rmina t ion  of oxygen  dis-  
t r ibut ion.  Through genera t ion  of t he rma l  oxygen  
donors (by  hea t - t r ea t i ng  at  450~ i t  was found that  
oxygen  is d i s t r ibu ted  in a s t r ia ted  pat tern .  At  the oxy -  
gen concent ra t ion  maxima,  m a x i m a  in dopant  com- 
pensa t ion  occur, p rov ided  the t he rma l  donor concen- 
t ra t ion  does not  exceed the p - t y p e  dopant  concent ra -  

tion. These compensat ion m a x i m a  appea r  as b r igh t  
bands in the EBIC images (high collection efficiency 
regions of excess carr iers)  and  exhibi t  h igh res is t iv i ty  
as de te rmined  by  spreading  resis tance measurements .  If  
at  the oxygen  concentra t ion m a x i m a  the the rmal  donor 
concentrat ion exceeds tha t  of the p - t y p e  dopant,  then 
dopant  overcompensaf ion takes place. These regions 
become n - t y p e  and appear  as da rk  bands ( low col- 
lect ion efficiency regions of excess carr iers)  ad jacent  
to b r igh t  bands (h ighly  compensated  regions) .  The 
boundar ies  of these regions const i tute  p - n  junct ions 
which could be ind iv idua l ly  charac te r ized  wi th  a two-  
probe spreading  resistance a r rangement .  

Oxygen prec ip i ta tes  resul t ing  f rom a h e a t - t r e a t m e n t  
at  100O~ were  found to be d i s t r ibu ted  in a s t r ia ted  
pa t t e rn  and wi th in  the regions of oxygen concentrat ion 
maxima.  Unl ike  the the rmal  oxygen  donors the prec ip i -  
tates were  not e l imina ted  b y  pro longed h e a t - t r e a t m e n t  
at  700~ 

Etching with  a mix tu re  of 20 par t s  CH3COOH + 
3HNO3 + 1HF was found to de l inea te  convenient ly  
and accura te ly  the oxygen  s t r ia t ions in the cases where  
the oxygen donors overcompensate  the p - t y p e  dopant  
(dark  bands in the  EBIC image) ;  this e tchant  also re -  
vea led  oxygen precipi ta tes .  However ,  the oxygen s t r i -  
ations could not  be revea led  by  etching in the  cases 
where  the oxygen  donors do not overcompensate  the 
p - t y p e  dopant .  

The EBIC technique employed  in the presen t  study,  
in conjunct ion wi th  spreading  resis tance measurements ,  
is wel l  sui ted for quant i ta t ive  s tudy of the microsegre-  
gat ion of oxygen  in si l icon and its quant i t a t ive  in te rac-  
tions wi th  electronic phenomena  and defect  s t ructure.  
I t  should be f inal ly noted tha t  contro l led  fo rmat ion  o f  
p - n  pa t te rns  th rough  control led  incorpora t ion  of oxy-  
gen in sil icon could be advan tageous ly  employed  for 
photovol ta ic  cell  and o ther  device applicat ions.  
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The Influence of Preparation on 
Semiconducting Rutile (TiO ) 

L. A. Harris and R. Schumacher 
General Electric Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

Three  processes for doping fu t i le  crystals ,  vacuum reduct ion,  hydrogen  
reduct ion,  and e lec t rochemical  hydrogen  loading  are  considered.  The mecha-  
nisms by  which n - type  conduct ivi ty  is produced,  the re la t ive  d isorder  in the  
crystal ,  and the effects on photoelec t rochemical  behavior  are  compared  for 
these different  processes. 

Rut i le  has received a grea t  deal  of a t tent ion as an 
e lect rode in photoelec t rochemical  studies. I t  is usual ly  
made  conducting by  some form of reduct ion such as 
heat ing in vacuum, in hydrogen,  or  by  in t roducing an 
appropr ia t e  impur i ty  such as fluorine. More recent ly  i t  
has been shown that  conduct ivi ty  can be induced by 
e lec t rochemical ly  charging the TiO2 with  hydrogen  at  
room t empera tu re  (1, 2). I t  is the purpose  of this note 
to suggest  that  the mater ia l s  produced by these doping 
processes have different  chemical  and physical  s t ruc-  
tures that  influence thei r  electronic behavior  as photo-  
e lectrochemical  electrodes.  

Vacuum Reduction 
To produce conduct ivi ty  in a TiO2 crys ta l  by  vacuum 

t rea tment ,  t empera tu res  exceeding about  700~ are re -  
qui red  (3). I t  has been es tabl ished that  the crys ta l  
loses weight  dur ing this t r ea tmen t  due to the loss of 
wa te r  and oxygen (4, 5). The oxygen  vacancies so 
formed leave some of the Ti atoms in the 3+  state and 
these can read i ly  act as donors, provid ing  electrons to 
the conduction band. Rela t ive ly  high t empera tu res  a re  
requi red  because bonds be tween  an O atom and the 
r ema inde r  of the la t t ice  must  be broken  so that  O can 
diffuse out  of the crystal .  

Some disorder  is in t roduced by this reduct ion proc-  
ess, and in te rs t i t i a l  Ti atoms have been detected by 
channel ing exper iments  (6). As oxygen content is de-  
creased the crysta l  r ea r ranges  i tself  to accommodate  
the var ious  Magneli  phases by in t roducing shear  planes 
or gra in  boundar ies  where  ex t ra  t i t an ium atoms are  
located (7-9). 

The d isorder  in the crys ta l  manifes ts  i tself  in the 
photoelect rochemical  characterist ics.  The poor response 

Key words: semiconductor electrodes, photoeleetroehemistry, 
hydrogen, doping. 

to longer  wavelengths  of l ight  which are  absorbed 
deep in the crys ta l  and the low quan tum efficiency are  
indicat ive  of short  hole diffusion lengths due to a high 
densi ty  of bulk  recombinat ion  sites (3). 

Vacuum reduct ion appears  to be the only process by 
which hydrogen,  evidenced by  OH absorpt ion peaks 
in the in f ra red  spectrum,  can be removed  f rom these 
crystals  (10, 11). 

Hydrogen Reduction 
If ru t i le  is hea ted  in hydrogen,  conduct iv i ty  can be 

induced at t empera tu res  roughly  200~ lower  than  
those requi red  to induce comparab le  conduct ivi t ies  by  
heat ing in vacuum (3). The presence of hydrogen  in 
the crys ta l  is shown by the appearance  of OH absorp-  
t ion peaks,  indica t ing  that  the hydrogen  is bound to O 
atoms of the lattice. There  are  usua l ly  two peaks,  one 
at  3276 cm -1 and a smal ler  one at  3323 cm -1 (10, 11). 
One might  specula te  that  the peak  at  3276 cm -1 is 
due to H bonded be tween  two la t t ice  O atoms (10) 
and that  the peak  at  3323 cm -1 is due to H bonded 
to a single la t t ice  O atom. These peaks  are  not to be 
confused wi th  those due to su r face-adsorbed  OH which 
occur at  3620 and 3680 cm -1 (12). This in te rp re ta t ion  
is consis tent  wi th  the appearance  of a th i rd  peak  at  
3345 cm -1 in samples  etched in mol ten  NaOH (Fig. 1). 
This th i rd  peak, a t t r ibu tab le  to in te rs t i t i a l  OH groups 
is removed  by heat ing in H2 but  not by  hea t ing  in O~. 

Recent  observat ions of the diffusion of t r i t ium in 
TiO2 agree wi th  computed  values under  the assumpt ion 
tha t  the t r i t ium is bonded to la t t ice  O atoms (13, 14). 
In  contrast  to the vacuum reduced case no O atoms 
need be lost f rom the crys ta l  and the crys ta l  o rder  is 
not so seriously dis turbed.  We m a y  th ink  of the con- 
duct iv i ty  as being p roduced  by  the change of d iva len t  
O ions to monovalen t  OH ions, thus leaving  Ti 3+ ions 
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Fig. 1. Infrared absorption peaks due to OH groups in rutile: (a) 

crystal reduced in H2; (b) unreduced crystal, etched in molten 
NaOH, and oxidized. Note the difference in scales. 

to act as donors, wi thout  leaving  the i r  centra l  posi t ions 
in the  su r rounding  oc tahedra  of O atoms. This process 
is analogous to doping wi th  fluorine, in which d iva len t  
O is rep laced  by  monovalen t  F, leaving an ex t ra  elec-  
t ron on the T~ a tom (15). 

To produce  an OH group, one of the oxygen  bonds 
mus t  be swi tched f rom a Ti to an H atom. The ac t iva-  
t ion energy for  this process must  be less than tha t  to 
s imply  b reak  O-Ti bonds, wi thout  rees tabl ish ing them, 
so that  O vacancies can be produced,  hence the lower  
t empera tu re s  requ i red  for reduct ion in hydrogen  than 
in vacuum. Hydrogen  reduct ion at  h igher  t empera tu re s  
can resu l t  in the product ion of both OH groups and 
oxygen  vacancies wi th  the  a t t endan t  c rys ta l  disorder .  

The photoelec t rochemical  behavior  of e lectrodes re -  
duced in hydrogen  at  the r e l a t ive ly  low t empera tu res  
of 550~176 are  consistent  wi th  a high degree  of 
order,  hence longer  hole l i fet imes and fewer  bulk re-  
combinat ion Centers. The observed quan tum efficiencies 
a re  h igher  than  for  vacuum reduced samples, pa r t i cu -  
l a r l y  in the long wave length  region approaching  the 
edge of the  absorpt ion  band (3). 

Electrochemical Loading 
It has been demons t ra ted  tha t  the densi ty  of donors 

in a l igh t ly  doped ru t i l e  e lec t rode  can be enormously,  
but  temporar i ly ,  increased by  opera t ing  the e lect rode 
ca thodica l ly  so as to genera te  hydrogen  a t  its surface. 
The or ig inal  doping of the  crystal ,  necessary  to opera te  
i t  as an electrode,  can be done e i ther  in hydrogen  or  
in vacuum. The ex t ra  conduct iv i ty  induced by  the 
genera t ion  of hydrogen  is a t t r ibu ted  to the diffusion of 
H atoms into the crys ta l  where  they  donate  the i r  
electrons to the conduct ion band, leaving  in te rs t i t i a l  
protons (2). 

There  are  severa l  indicat ions tha t  the protons are  
not  bound to the crysta l  latt ice.  This form of doping is 
much more  t e m p o r a r y  than  the h igher  t empe ra tu r e  
processes. The increased donor densi ty  induced by 
e lec t rochemical  loading disappears  in the course of a 
few hours i f  the crys ta l  is jus t  lef t  s tanding,  e i ther  in 
e lec t ro ly te  or  in air. The capaci tance of the deplet ion 
layer ,  which reflects the donor density,  decreases  m o r e  
r ap id ly  as the  field s t rength  in the deple t ion  l aye r  is 
increased,  suggest ing the presence of mobi le  posi t ive 
charges (2). Recent  measurements  indicate  tha t  the 
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Fig. 2. Infrared absorption of a vacuum reduced crystal: (a) after 
vacuum reduction; (b) same crystal after hydrogen loading. 

hydrogen,  which usua l ly  leaves the crys ta l  as i t  
en te red  as neu t ra l  H atoms, leaves as protons if the 
surface field exceeds the  cri t ical  value  of about  10 ~ 
V/cm (16). 

Vacuum reduced  Ti02 crys ta ls  can be heav i ly  loaded 
e lec t rochemica l ly  wi th  hydrogen,  enough to give the  
c rys ta l  a t empora r i l y  bluish cast, ye t  the in f ra red  a b -  
sorpt ion spec t rum taken  p r o m p t l y  af te r  loading  does 
not  show an appreciab]e  dens i ty  of OH groups (Fig. 2). 
Thus the hydrogen  in t roduced  e lec t rochemica l ly  c a n -  
not  be bound to the lattice, except  poss ibly  where  
some O atoms had dangl ing bonds due to the or iginal  
vacuum reduction.  

As might  be expected,  the  photoe lec t rochemical  
p roper t ies  of ru t i l e  e lectrodes Charged wi th  hydrogen  
at room t empera tu re  are  s imi la r  to those of we l l -  
o rdered  hyd rogen - r educed  crysta ls  p rev ious ly  an-  
nealed in oxygen.  The quan tum efficiencies a re  r e l a ,  
t ive ly  high and the short  wave leng th  response is im-  
proved by  the loading (2). There  is some decrease in : 
long wave length  response near  the absorpt ion  edge. 
This decrease at  heavy  loadings can be shown to resul t  
f rom the decrease in deplet ion l aye r  width.  In  this case 
most long wave length  photons are  absorbed wel l  be-  
yond the deple t ion  l aye r  and in a f ie ld-free region 
where  the collection efficiency of holes is somewhat  
reduced.  These e lec t rode  proper t ies  a re  of only  aca~ 
demic in te res t  in this case, because in normal  opera t ion  
the hydrogen  soon leaves the  crystal .  

This br ie f  rev iew of some of the  proper t ies  of semi-  
conduct ing ruffle is far  f rom complete,  neglect ing as i t  
does, possible  changes in band s t ructure ,  the  resul ts  of 
ESR studies, and o ther  components  of the extens ive  
l i t e r a tu re  on TiO2. Nevertheless,  the v iewpoint  offered 
here, i t  is hoped, may  be helpful  to others  in c la r i fy ing  
some of  the controversies  r egard ing  the na tu re  of 
donor species produced by different  p r e p a r a t o r y  t r ea t -  
ments. 
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Arsenic Doping of Chemical Vapor Deposited 
Polycrystalline Silicon Using SiH4-H -AsH3 Gas System 

Junichi Murota and Eisuke Arai 
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Musashino Electrical Communication Laboratory, Mus~hino, Tokyo, 180 Japan 

and Kiyoshi Kudo 
Nippon Telegraph and Telephone Public Corporation, 

Ibaraki Electrical Communication Laboratory, Tokai, Ibaraki, 319-11 Japan 

ABSTRACT 

The arsenic concentration (CAs) in polycrystalline silicon (poly-Si) de- 
posited under various deposition conditions in the deposition temperature 
range 670~176 using SiH4-H2-AsH3 gas system has been determined by 
neutron activation analysis. From the experimental results, it was found that 
CAs increases with decreasing deposition temperature and with increasing 
partial pressure of AsH3 in the gas introduced into the reactor (PAsH3Ci)), and 
that for lower PAsH3 (i) region, CAs decreases with decreasing gas velocity and 
with increasing deposition rate, and for higher PAsH3(i) region, CAs is indepen- 
dent of gas velocity and deposition rate. From the analyses of the experimental 
data, it was suggested that (i) for lower PAsHS(i) region, CAs is limited by the 
diffusion of As-containing species, such as As molecule, As2 molecule, and A~4 
molecule, in the stagnant layer formed by gas stream, and for higher PAsH.~ (i~ 
region, gAs is controlled by the surface reaction; (ii) monatomic As existing at 
wafer surface is incorporated in poly-Si in accordance with Henry's law; 
(iii) the transfer coefficient of As atoms in gas phase increases slightly with 
increasing deposition temperature and gas velocity; (iv) the segregation co- 
efficient of monatomic As between gas phase and poly-Si (m) is approximated 
by m = 1.5 • l0 s exp (--71.5 kcal/mole/RT); (v) the energy of As-Si bond 
is 44.5 kca l /mole .  

Arsen ic -doped  po lycrys ta l l ine  sil icon (As-doped  
po ly -S i )  is an impor tan t  ma te r i a l  as a diffusion source 
for the emi t te rs  of microwave  t ransis tors  (1, 2) and as 
a gate e lect rode of MOSLSI ' s  (3). In the fabr ica t ion  
process of fine pa t t e rn  silicon devices, the deposi t ion 
t empe ra tu r e  of As-doped  po ly -S i  has been selected in 
the range be tween  650 ~ and 800~ taking  account of 
gra in  size (4-6).  The deposi t ion rate,  s t ructure,  and 
res is t iv i ty  of As-doped  po ly -S i  have been inves t iga ted  
by  many  workers  (5-7), however ,  l i t t le  has been 
known about  As doping mechanism of chemical  vapor  
deposi ted po ly -S i  at  deposi t ion t empe ra tu r e  be tween  
650 ~ and 800~ which is a basic knowledge  for using 
As-doped  poly-Si .  

In  the presen t  work, the As concentra t ion (CAs) in 
po ly -S i  deposi ted under  var ious  deposi t ion conditions 
in the deposi t ion t e m p e r a t u r e  range  670~176 using 
the SiH4-H2-AsH~ gas sys tem was obta ined by  neutron 
ac t iva t ion  analysis.  F rom the exper imen ta l  results,  it  
was suggested that,  for lower  PAsH3 (i) region, CAs is 
l imi ted  by  the diffusion of As-conta in ing  species in the 
s tagnant  l ayer  (8) formed by  g a s  stream, and for 
h igher  PAsHa(i) region, CAs is control led  by  the surface 
reaction, and that  monatomic As exis ted at  wafer  sur -  

Key words: CVD, doping, semiconductor, bonding. 

face is incorpora ted  in po ly -S i  in accordance wi th  
Henry ' s  law. The t empe ra tu r e  dependences  of the 
t ransfer  coefficient of As atoms in H2 and the segrega-  
t ion coefficient of monatomic  As be tween  gas phase  and 
po ly -S i  were  also obtained,  and the energy  of As -S i  
bond was de te rmined  using Weiser ' s  model  (9). 

Experimental 
The As-doped  po ly -S i  was deposi ted in an rf  hea ted  

reactor  using the SiH4-H2-AsH3 gas system. F igure  1 
shows the schematic  view of the reactor  used for the 
deposi t ion of poly-Si .  Total  gas flow rate, which is 
nea r ly  equal  to H2 gas flow rate,  was 15-50 1/min. 
Deposi t ion t e m p e r a t u r e  range was 670~176 De-  
posi ted thickness was about  4500A. Deposi t ion t em-  
pe ra tu re  on wafer  surface was measured  wi th  an 
optical  pyrometer ,  correc ted  for the emiss iv i ty  of Si 
and the absorpt ion  of quartz.  Subs t ra tes  used were  
p - t y p e  Si wafers  of 1-2 a - c m  with  mi r ro r  pol ished 
(100) surface. The oxide  film was grown on the sub-  
s t rates  in the a tmosphere  of d ry  O2 gas before  po ly -S i  
deposition. 

The deposi t ion ra te  was obta ined  by  measur ing  both  
deposi t ion t ime and deposi ted thickness.  The deposi ted 
thickness was measured  wi th  a Taylor  Hobson Talys tep  
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af te r  the  po ly -S i  on SiO2 had been local ly  removed.  
The As concentra t ion in po ly -S i  was de te rmined  by  

neut ron  ac t iva t ion  analysis.  The samples, together  wi th  
As203 as a compara t ive  s tandard ,  were  i r r ad ia t ed  in 
the  nuc lea r  reac tor  JRR-4  in J a p a n  Atomic  Energy  
Research  Ins t i tu te  at  a the rmal  neut ron  flux of 8 • 
10 ~3 n / c m  2 sec for  60 rain. Radioac t iv i ty  of As in po ly -  
Si removed  b y  chemical  e tching method was measured  
b y  a G e ( L i )  de tec tor  coupled wi th  a 4096 channel  
pulse  height  analyzer .  

Results and Discussion 
ReZationships be tween  CAs and deposition condi- 

t ions .~Figures  2 and 3 show the dependence  of depo-  
sit ion ra te  of po ly -S i  and CAs upon the total  gas flow 
ra te  of the gas in t roduced  into the reac tor  (F)  at  the 
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temperature of 730~ and Psm4 (D ---- S.0 X 10 -3  arm. Solid 
curves were calculated from Eq. [10] and [11] with the data of 
Fig. 2 and m = 3.8 X 10 -8  otto. 

deposi t ion t empe ra tu r e  of 730~ when the pa r t i a l  
pressure  of AsH8 in the gas in t roduced into the reac tor  
(PAsHa(D) and the pa r t i a l  pressure  of Sill4 in the gas 

in t roduced into the  reac tor  (PsiH4 (i)) a re  constant .  
F rom Fig. 2, i t  is seen tha t  the deposi t ion ra te  is not  
influenced by  F, i.e., gas veloci ty  a l though the deposi-  
t ion ra te  decreases wi th  increas ing PAsH3 (i) as repor ted  
by  m a n y  inves t iga tors  (5-7). F rom Fig. 3, i t  is seen 
that,  for lower  PAsH3 (D region, CAs tends to increase  
wi th  increas ing F, i.e., gas velocity,  and for h igher  
PAs~3 (D region, CAs becomes to be independen t  of F, i.e., 
gas velocity. These results  suggest  tha t  the deposi t ion 
ra te  of po ly -S i  and CAs for h igher  PAsH3 (i) region is 
control led  by  the surface reactions,  wh i l e  CAs is l im-  
i ted by  the mass t r anspor t  of As atoms in gas phase for 
lower  PAsH3 (i) region. F igure  4 shows the dependence  
of CAs upon PAsH3 (i) for severa l  deposi t ion t empera -  
tures  at  F = 30 1/min and PSiH4 a) = 5.0 • 10 -3 atm. 
The slope of log CAs vs. log PAsH3 (i) c u r v e  decreases 
wi th  increas ing PAsH3 (i), and CAs increases wi th  de-  
creasing deposi t ion t empera tu re .  The deposi t ion ra te  
dependence  of CAs for severa l  PAs~3a~'s a t  the deposi-  
tion t e m p e r a t u r e  of 730~ and F = 30 l / r a in  is shown 
in Fig. 5. The deposi t ion ra te  was control led by  chang-  
ing PsiH4 CD. F rom Fig. 5, i t  is seen that,  for lower  
PAs~ CD region, CAs decreases wi th  increas ing deposi -  
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Fig. 4. Dependence of CAs upon PAsH3 (i) for several deposition 
temperatures at F = 30 I/min and PSiH4 cD - -  5.0 • 10 -~  atm. 
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t ion rate,  and for h igher  PAsHa (i) region, CAs is inde-  
penden t  of deposi t ion rate.  

These resul ts  a re  summar ized  as follows: (i) CAs 
increases wi th  decreasing deposi t ion t empera tu re  and 
wi th  increasing PAsHa (i), (it) for lower  PAsHa (i) region, 
CAs decreases wi th  decreasing gas veloci ty  and with  in-  
creasing deposi t ion rate,  and for h igher  PAsHa (i) region, 
CAs is independent  of deposi t ion ra te  and gas velocity.  

Relationships between CAs and partial pressure of 
As-containing species.--In the present  section, the 
decomposit ion of AsHa, the mass t r anspor t  of As atoms 
in gas phase and the re la t ionships  be tween CAs and 
the pa r t i a l  pressure  of As-conta in ing  species at  wafer  
surfaces are  discussed using the above results,  and 
finally the empir ica l  equat ion to de te rmine  CAs is p ro-  
posed. 

The re l iab le  the rmodynamic  data  of AsHa have not 
been repor ted.  In the p resen t  work, the equi l ibr ium 
re la t ionship  among AsH8 molecules, As4 molecules, and 
He molecules, repor ted  by K i rwan  (10), is assumed, 
which is proved to be appropr ia te  in the below dis-  
cussions. 

Under  the  PAs~3 (1) and deposi t ion t empe ra tu r e  ranges 
in the presen t  exper iment ,  AsHa molecules are  decom- 
posed comple te ly  into As molecules, As2 molecules, 
and As4 molecules.  Then, the equi l ib r ium re la t ion  
near  the wafer  surface in the  gas phase is as follows 

K1 = PAs(S)/(PAs2(S)) 1/2 [I] 

K~. = PAsd(S)/(PAs2(g))  2 [2]  

where  PAs (s), PAs2 (s), and PAs4 (s) are  the pa r t i a l  p res -  
sure of As molecule,  As2 molecule,  and As4 molecule  
near  the wafer  surface in the gas phase, respect ive ly ,  
fo rmed by  the decomposi t ion of AsHa gas; K1 and K2, 
equi l ib r ium constants  (11). 

Next,  the mass t r anspor t  of As a toms in gas phase  is 
considered,  assuming a model  analogous to that  for the 
deposi t ion of Si ep i tax ia l  l ayer  (12, 13). Then, the 
number  of As atoms (nT) t r anspor ted  towards  the 
wafer  surface per  square cent imeter  per  second is 

nT = ~(n l  --  n2) [3] 

May 1980 

nl = PAsHa(i)/kT [4] 

n2 --  [PAs (s) + 2PAs2 (s) -~- 4PAsd(S)]/kT [5] 

where  it is also assumed that  al l  the t ransfer  coefficients 
of As-con ta in ing  species have the same value  and that  
As molecules, As2 molecules,  and  As4 molecules a re  the  
most abundan t  As-con ta in ing  species at  the wafe r  
surface, but  the other  As-con ta in ing  species such as 
AsHa molecules a re  not. ~ is the t ransfe r  coefficient for 
As atoms in H2; nl and n2, the number  of As atoms in-  
t roduced into the reactor  and that  exis ted at the wafer  
surface, respect ively.  Equat ion [3] is s imi lar  to Eq. [3] 
in Ref. (14) shown by  Craig. 

The number  of As atoms (np) incorpora ted  in po ly-  
Si per  square cen t imete r  per  second is 

n p =  VCAs [6] 

where  v ' i s  the deposi t ion ra te  of poly-Si .  
In the s t eady-s ta te  condit ion (nw = np), combining 

Eq. [3] and [6] 

=(nl -- n D =  VCAs [7] 

This equat ion means  that,  at  v -- 0, nl  is equal  to n2, 
i.e. 

PAsH3 (i) '-- PAs (s) -~ 2PAs2 (s) ~- 4PAs4 (s) [8] 

Therefore,  f rom the calculat ion of Eq. [1], [2], and [8], 
and the expe r imen ta l  da t a  of CAs at v = 0 for var ious  
PAsHa(i)'s, the dependences  of CAs upon PAs (s), PAs2 (s), 
and PAsd(s) under  the equi l ib r ium condition, respec-  
t ively,  are  est imated,  which a ~  shown in Fig. 6. Here,  
CAs at  v = 0 was approx ima ted  by l inear ly  ex t r apo-  
la t ing the deposi t ion ra te  to zero in Fig. 5. F rom Fig. 6, 
i t  is found tha t  CAs at  v = 0 is nea r ly  p ropor t iona l  to 
PAs(S), (PAs2(S)) z/s, and  (PAs4 (s)) 1/4. This means  tha t  
monatomic  As is incorpora ted  in po ly-S i  in accordance 
with  Henry ' s  law. Then, the re la t ionship  be tween  
PAs (s~ and CAs under  the equi l ib r ium condit ion is given 
by  

PAs (s) --  •CAs/Csi [9] 

where  m is the segregat ion  coefficient of monatomic  As 
be tween  gas phase and poly-Si ,  and Csi is the  concen- 
t ra t ion  of Si la t t ice  sites, 5.5 • 1032 am -3, Here, i t  
should be noted tha t  the above assumption in regard  
to the decomposi t ion of AsH3 is effective because CAs 
at  v --  0 in Fig. 5 is nea r ly  propor t iona l  to (PAsHa(i)) I/2 
for lower  PAsHa (i) region and (PAsHa(i)) 1/4 for h igher  
PAsHa (i) region. In o ther  words, if AsH2 molecules or 
AsHa molecules a re  the  most  abundan t  As-conta in ing  
species at  the wafer  surface under  the  present  condi-  
t ions (15, 18), CAs at v : 0 should be propor t iona l  to 
PAsH3 (i) and as a result ,  Eq. [9] could not be obtained.  

Combining Eq. [1], [2], [4], [5], and [9], Eq. [7] is 
r e w r i t t e n  as 

pfA d (~ ] 
s p!S) p I 

As4 ](~' o / __A" As2 ~ x - J  

10 ~ I@ 10 2 10 3 }0 4 10 5 

Is) -II (S) -7 {S) -9 
PAs(XlO ATM),P~,sz(XlO A T M ) O R  P~,4(xlO ATM) 

Fig. 6. Dependence of CAs upon PAs (s), PAs2 (s), and PAs4 (s) 
under the equilibrium condition, obtained from the calculation of 
Eq. [1] ,  [2],  and [8], and the experimental data of CAs at v = 
0 for various PAsHs(i)'s. Here, CAs at v - -  0 was approximated by 
linearly extrapolating the deposition rate to zero in Fig. 5. 
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v C ~  = ~ [PA.,,s(D - -  m C a J C s i  

- -  2mfCAsf/CsifK12 - 4m4KfCAs4/Cs#K14] [10] 

The CAs vs. deposi t ion ra te  curves ca lcula ted  f rom Eq. 
[10] wi th  m _-- 3.8 >~ 10 - s  atm, :~ : 5.6 • 10 -1 cm/sec,  
and  T ---- 730"C is also shown in Fig. 5, where  m and :~ 
are de te rmined  f rom two point  da ta  in Fig. 5. These 
curves  give bes t  fits to alI the  expe r imen ta l  data.  
Looking at  Eq. [7] and [10] wi th  m --  3.8 • 10 - s  atm, 

---- 5.6 • I0 -1 cm/sec,  and T ~ 730~ it  is found 
tha t  for  h igher  PAsH3 (i) region,  vCAs is neg l ig ib ly  smal l  
compared  wi th  ~n2, i.e., n2 becomes to be nea r ly  equal  
to he, but  not  for  lower  PAs~ (i) region. Therefore,  for  
lower  PAsH3 (i) region, CAs is l imi ted  by  the mass  t r ans -  
por t  of As a toms in gas phase and decreases wi th  in-  
creas ing the deposi t ion rate,  and for  h igher  PAsit3 (i) 
region, CAs is not  l imi ted  by  the mass t r anspor t  of As 
a toms in gas phase  and as a resutt ,  becomes to be in-  
dependent  of deposi t ion rate.  In the same way, the  
total  gas flow ra te  dependence  of CAs can be expla ined  
using the resul ts  tha t  ~ is dependent  upon total  gas 
flow ra te  as shown in the next  section and tha t  the  
deposi t ion r a t e  is independen t  of total  gas flow rate.  
Fur ther ,  using Eq. [10], the deposi t ion t e m p e r a t u r e  
dependence  of C A s  is discussed. For  lower  PAsH3 (i) r e -  
gion, CAs depends  s t rong ly  upon deposi t ion ra te  and 
~/kT,  and for  h igher  PAsH3 (i) region, CA~ depends  
s t rong ly  upon PAs (s) and m. F r o m  the da ta  shown in 
Table  I, the  deposi t ion t empe ra tu r e  dependences  of 
deposi t ion ra te  a re  obtained.  Subs t i tu t ing  the exper i -  
menta l  da ta  shown in Table I and the value  of K1 and 
K2 in Ref. (11) in Eq. [10], the deposi t ion t empera -  
ture dep_endences of ~/kT,  p~(s) ,  and m are  obta ined  
unde r  the  condit ions tha t  PAsH8 (i), PSitt4 (i), and total  
gas flow ra te  a re  constant.  I t  is found that  ~/kT  (see 
Fig. 7) decrease sl ightly,  but  the ~ deposi t ion rate,  
Pns (s~ and m (see Eq. [12]) decrease  r ap id ly  wi th  de-  
creasing deposi t ion tempera ture .  Therefore,  consider-  
ing that  the deposi t ion ra te  decreases and PAJ~)/m 
increases  wi th  decreasing deposi t ion tempera ture ,  the 
expe r imen ta l  facts shown in Fig. 4 tha t  C~s increases 
wi th  decreas ing deposi t ion t empe ra tu r e  in lower  and 
h igher  PAsHa (i) region can be explained.  F rom these 
results,  i t  is confirmed tha t  Eq. [10] is a basic ap -  
p rox ima te  equat ion to expla in  the As doping process 
in lower  and h igher  PAsH3 (D regions. 

Transfer coefficient.--Table I shows the da ta  of 
deposi t ion ra te  and CAs for var ious  deposi t ion condi-  
tions. Using the da ta  in Table I and the values of Kz 
and K2 in Ref. (11), ~ was calcula ted f rom Eq. [10]. 
The deposi t ion t empe ra tu r e  dependence  of :~ is shown 
in Fig. 7. ~ increases  s l ight ly  wi th  increas ing deposi-  
tion tempera ture .  As descr ibed in the above section, 
for  lower  P ~ s ( ~ )  region,  i t  is suggested that  CA~ is 
l imi ted  by  the mass t r anspor t  of As atoms in the gas 
phase. If  the  mass t r anspor t  of As a toms in the gas 
phase is l imi ted  by  the diffusion of As-conta in ing  
species in the s tagnant  l aye r  formed by  gas s t ream, a 
model  s imi lar  to tha t  for the P doping in Si ep i tax ia l  
l aye r  (19, 14) based upon the s tagnant  l aye r  model  

Table I. Deposition rate and CAs for various deposition conditions 

Deposition D e p o s i t i o n  
temperature Pasit= (i) r a t e  CA, 

( ~  ( a t m )  ( e m / s e c )  ( c m  -~) 

670 2.5 x 10 -6 3.4 x 10 -s 2.3 x 1 ~  ~ 
670 6.3 x I0  ~ 2.2 x 10 -s 1.5 x 10 -~z 
700 2,5 x 10 -6 6.5 x 10 -s 1.3 x 10 -~~ 
700 6.3 x lO-S 4.2 x 10 -s 9.5 x 10 ~~ 
730 2.5 x 10 -6 1.8 x I0 -T 5.4 • 1019 
730 6.3 x 10-~ 8.3 x 10 -s 6,0 • 10 '-'o 
760 2.5 x 10-~ 2.5 x i 0  -7 4.0 x 10 ~9 
760 6.3 x 10 -~ 1.4 x 10 -T 3.1 x 10 ~~ 

F = 30 l / r a i n ,  Ps l~ , (~)  = 5.0 x 10 ~ atm. 

W 
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U- 
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DEPOSITION TEMPERATURE (%) 

800 750 700 650 
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U.J Io' 
Z 
<~ 9 I'0 OC 

I / T  ( x l ( ~  4 K - I )  

Fig. 7. Deposition temperature dependence of transfer coefficient 
at  F - -  30 I /min.  Open circles were calculated from Eq. [10] and 
Table I. Solid curve was calculated from Eq. [11]. 

proposed by  Evers teyn  et  aL (8) can be assumed, 
Then, :~ is given by  

----- D/d [II] 

with D -~ Do(T/To) 2, d = a/'x/VT -- b in Ref. (8), 
VT/T -~ Vr/Tr, and Vr ---- F/2~L(H -- d),  where  i t  is 
assumed that  the t empe ra tu r e  of gas is equal  to wafer  
surface t empera tu re ;  D, the  diffusion coefficient of 
As-conta in ing  species in H2 at  deposi t ion t empe ra tu r e  
(T) ;  Do is D at  To ---- 273~ about  0.2 cm2 sec-Z in 

Ref. (12) because As-con ta in ing  species a re  ma in ly  
composed of As2 molecules and As4 molecules;  d, the 
thickness of the s tagnant  layer ;  a and b, 7 cm 3/2 sec -1/2 
and 0.2 cm in Ref. (8), respect ively;  Vr, gas veloci ty  
at  Tr ---- 300~ which is de te rmined  by  the s t ruc ture  
of reactor;  L, distance fro m the nozzle of gas to the 
wafe r  surface, about  13 cm; H, distance from the be l l -  
j a r  surface to the  wafer  surface, about  15 cm. 

The ~ ca lcula ted  f rom Eq. [11] is also shown in 
Fig. 7, and is in good agreement  wi th  tha t  from Eq. 
[10]. The CAs vs. F curves calcula ted f rom Eq. [10] 
and [11] wi th  the da ta  of Fig. 2 and m : 3.8 • 10 - s  
arm are  also shown in Fig. 3. The calcula ted values  
a re  in good agreement  wi th  the exper imen ta l  da ta  in 
Fig. 3. For  the de te rmina t ion  of s tagnant  l aye r  th ick-  
ness in Eq. [11], the  empir ica l  equat ion obta ined  in a 
hor izonta l  reac tor  repor ted  by  Evers teyn  et al. (8) is 
used. The above resul ts  m a y  mean  tha t  the  gas flow 
dynamics  of the  presen t  reactor  are  the same as those 
of horizontal  reactor.  

F rom these results,  i t  is confirmed tha t  the mass 
t r anspor t  of As atoms in gas phase for  lower  RASH3 ( i )  

region is l imi ted  by  the diffusion of As-con ta in ing  
species in the s tagnant  l aye r  formed by  gas s t ream. 

Segregation coeff icient--The deposi t ion t empera -  
ture dependence  of m is shown in Fig. 8. Data  (i) were  
ca lcula ted  f rom Eq. [10] using the da ta  in Table  I. 
Data  (it) were  calcula ted from Eq. [10] using the da ta  
of  Swanson et al. (16). Data  ( r id  were  obta ined by  
Shepherd  (13) using SiC14-H2-AsC13 gas system. 
Data  (iv) were  calcula ted f r o m  the vapor  pressure  
da ta  of Sandhu et al. (17). F rom Fig. 8, i t  is seen t ha t  
m increases with increas ing deposi t ion t e m p e r a t u r e  
and the t empe ra tu r e  dependence  of m, except  for one 
point  in the da ta  ( iv) ,  is expressed  app rox ima te ly  by  

m = 1.5 X 10s exp (--71.5 kca l /mole /RT)  [12] 
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Fig. 8. Deposition temperature dependence ot the segregation 
coefficient of monatomic As. 

According to the theoretical relation for m proposed 
by Weiser (9), the temperature dependence of m is 
given by 

d l n m  
= AHsi subl -- 4EAs-Si -~ EAs-Si strain [13] 

d (1/RT) 

where the energy of Si-Si bond is assumed to be equal 
to one-half the heat of sublimation of Si (20); EAs-Sl, 
the energy of As-Si bond; EAs.Si strain, the strain energy 
caused by the difference of normal tetrahedral radius 
between As and Si, about 0.1 kcal/mole (9); 5HsP ubl, 
the heat of sublimation of Si, 106.5 kcal/mole (21). 
Using Eq. [12], the right-hand side of Eq. [13] be- 
comes --71.5 kcal/mole. Therefore, EAs-Si becomes 44.5 
kcal/mole. On the basis of a rule suggested by Allen 
(22), EAs-Si is estimated by 

1/EAs-Si = (1/EAs-As + 1/Esi-si)/2 [14] 

where EAt-As is the energy of As-As bond, 40.3 keal/ 
mole, which is calculated from Ref. (18); Esi-si, the 
energy of Si-Si bond, 53.25 kcal/mole with the as- 
sumption of Esi-si = AHsisubl/2. The EAS-Si calculated 
from Eq. [14] is 45.9 kcal/mole and is in good agree- 
ment with that obtained by the present work. Con- 
sequently, the value of EAs-Si obtained by the present 
work, 44.5 kcal/mole is correct. 

Conclusions 
The incorporation of As in poly-Si is dependent 

upon deposition temperature, PAsH3 (i), deposition rate, 
and gas velocity. From the experimental results, it 
was suggested that, for lower PAsH3 (i) region, CAs is 
limited by the diffusion of As-containing species in 
the stagnant layer formed by gas stream, and for 
higher PAsH3 d) region, CAs is controlled by the surface 
reaction, and that monatomic As existing at wafer sur- 
face is incorporated in poly-Si in accordance with 

Henry's law. The relationships between CAs and depo- 
sition conditions are given by 

VCA~ = --~ [PAsH3 C'~ -- mCAs/Csl 

- -  2m2CAs2/Csi2K12 -- 4m4K2CAs4/Csi4K14] 

where ~ is estimated by D/d using the stagnant layer 
model. By the above empirical equation, the As dop- 
ing process in lower and higher PAsH3 (i) region can be 
explained. The segregation coefficient (m) is approxi- 
mated by m = 1.5 • 10s exp(--71.5 kcal/mole/RT). 
From the temperature dependence of m, the energy of 
the As-Si bond is determined to be 44.5 kcal/mole. 
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ABSTRACT 

The recrystal l izat ion of f ine-grained polycrystal l ine silicon (0.1-10 ~m) ob- 
tained by chemical vapor deposition (CVD) was investigated. Recrystall iza- 
tion of sharply ~110~  textured mater ia l  heated at 1350~176 yields an  
inhomogeneous assembly consisting of 0.02-2 mm long grains of 0.02-01 mm 
diam. New grains are elongated in  the direction of growth of the s tar t ing m a -  
terial .  Grains do not grow fur ther  when impinging on each other. Textured  
mater ia l  yields~a sharply textured p r imary  matrix.  No influence of large 
tempera ture  gradients (up to 500~ on recrystal l ization phenomena w a s  
observed. The degree of recrystal l izat ion as a funct ion of t ime for f ine-grained 
mater ial  can be described with a constant nucleat ion rate. F rom the depen-  
dence of the degree of recrystall ization upon t ime and tempera ture  an acti- 
vat ion energy of 4.2 eV can be deduced for growth in f ine-grained regions. 

In  recent  years interest  in  polycrystal l ine silicon es- 
pecially for photovoltaic solar-cell  application has in-  
creased considerably. Polycrystal l ine silicon can be 
fabricated easily in  large area sheets by chemical 
vapor deposition (CVD). However, the efficiency of a 
cell made of polycrystal l ine silicon is s trongly affected 
by numerous  randomly  oriented grain  boundaries act- 
ing as recombinat ion centers for charge carriers. A 
grain size of at least 100 ~m and grain boundaries  ly ing 
perpendicular  to the p -n  junc t ion  are necessary for an 
acceptable overall  cell efficiency (1). As reported 
earl ier  (2, 3) CVD grown polycrystal l ine silicon can 
be recrystall ized to larger grains. We made a more 
thorough invest igat ion of the influence on recrystall iza- 
t ion phenomena of parameters  like crystal orientation,  
specimen thickness, and heat ing temperature.  A re-  
crystallized sheet of silicon can either be doped and 
consequently be used as a photovoltaic layer or it might 
serve as a substrate  on which a more perfect layer  of 
silicon is grown epitaxially. 

Experimental Techniques 
Materia~ speci~cation.--The star t ing mater ia l  used 

for our experiments  is grown by the CVD method. We 
used both commercial ly available, high purity 
(99.999%) polycrystal l ine bars (Wacker Chemitronic) 
with a diameter  of about 55 m m  and layers grown on 
a flat substrate  by CVD using SiHC18 as a source. As 
usual  the bars were grown on a long polycrystal l ine 
silicon core from which silicon grains grow out radially. 
Optical examinat ion  shows that  for different bars there 
is a difference in  s t ructural  details as a result  of growth 
conditions. Typical examples are shown in Fig. 1 and 
2 which are optical micrographs of samples cut paral lel  
to the growth direction, henceforth called mater ia l  A 
and B, respectively. Material  A consists of clusters of 
crystals elongated in the radial  growth direction. The 
various crystals (0.1-10 ~m in  diameter)  in a cluster 
are separated by straight grain  boundaries.  Optical 
examinat ion  of mater ia l  B (crystals 0.1-10 ~m in diam- 
eter) gives the impression that  the growth process was 
in te r rup ted  a number  of times. Upon fur ther  growth 
new nuclei  are formed on discrete spots and growth 
continues in  t ree-l ike structures which often recrystal-  
lize dur ing  or short ly after deposition. 

For x - r ay  measurements  (4) samples of 8 • 8 mm 2 
were sawn from various sections of the bars in  order to 
minimize the influence of the direction of growth. The 
samples cannot  have larger dimensions because of the 
radial  symmetry  of the bars. The samples were ground 
and polished and then  CP4-etched. Reflections from 
{111} and {220} crystal planes were recorded using a 
Siemens 3 kVA texture-goniometer  with CuK~ radia-  
tion. 

Key words: CVD, nucleation, texture, grain growth. 

The resul t ing pole figures show that  mater ia l  A has 
a sharp <110> fiber texture  coinciding with the radial  
growth direction. An i l lustrat ion is given in Fig. 3a 
which shows a part  of a {111} pole figure of a sample 
cut perpendicular  to the growth direction. The thick- 
ness of the lines indicates the intensit ies relat ive to the 
intensit ies of a random sample. The thickest lines cor- 
respond to an eight times larger  intensity.  The ob- 
served spread in reflection angle is main ly  due to the 
radial  symmetry  of the bars from which the samples 
are sawn. This is in agreement  with earl ier  results for 
this kind of mater ia l  (5). The same kind of analysis 
on only one of the striated clusters (area 10 mm~) 
show it to be very strongly ~ l l O ~  fiber textured. The 
grains of mater ial  B do not show a preferred orienta-  
t ion as shown in Fig. 3b: all x - r ay  intensit ies are be- 
tween 0.5 and 2 times the in tens i ty  of a random sample. 

Thin  polycrystal l ine silicon layers of thickness vary-  
ing from 20 to 150 ~m were grown in the laboratory by 
CVD at various temperatures  in  the range 10O0 ~ 
1250~ at an average deposition rate of 2 ~m per 
minute.  The substrate consisted of thermal ly  oxidized 
or nitr idized silicon single crystals of various or ienta-  
tions. The crystallographic s t ructure  of these layers 
(henceforth to be called mater ia l  C) is s imilar  to the 
s tructure of mater ia l  A. 

Fig. 1. Sample of silicon material A cut from a CVD grown bar. 
Growth direction is from left to right. 
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Fig. 2. Sample of silicon material B cut from a CVD grown bar. 
Growth direction is from left to right. 

Pole figures reveal a sharp <110> fiber texture co- 
inciding with the growth direction. This is in agreement  
with earlier results on CVD grown polycrystal l ine sili- 
con layers reported in the l i terature  (6, 7). 

For experiments  with material  A and B, samples 
were sawn from the rods with known angles ~ as in -  
dicated in  Fig. 4. The growth direction makes angles 
from 0 to 1/2 r wi th  the normal  to the sample surface. 

Gr inding of the samples was followed by polishing 
with 6 and 1,4 ~m diamond paste. Samples were etched 
with CP4 for chemical polishing and with Sirtl  etch 
(CrO3, HF) for preferent ial  grain boundary  etching. 

Heating.--The samples were heated either in resist- 
ance-heated furnaces with gas-t ight  a lumina  tubes or 
in r f-heated furnaces in a silica tube. For the re- 
crystallization experiments  with relat ively short heat- 
ing times an r f -heated furnace was used which was 
modified in  such a way that  highly stable temperatures  
and temperature  gradients under  reproducible condi- 
tions could be obtained ( _  10~ 

Recrystall ization experiments  were carried out by 
heating samples of different orientations and thick- 
nesses varying from 20 ~m to a few mil l imeters  at tem-  
peratures in the range of 1100~176 and heat ing 
times of a few seconds up to 48 hr. Samples were either 
CP4 or Sir t l -etched Or unetched before recrystall iza- 
tion. As oxygen in air causes the samples to oxidize 
considerably at high temperatures  heating was per-  
formed in a var ie ty  of protective atmospheres like 
ul t rahigh pur i ty  argon, Ar  with a few percent  H2, Ar 

.with 30 volume percent  HC1, N2 with 8% H2, pure N2, 
and pure H2. 

To remove oxygen and water  from these ambients  
a pal ladium de-oxo-catalyst  and a 5A molecular  sieve 
were used, respectively. 

A number  of experiments  were carried out in  vacuum 
of various pressures. 

Results 
Recrystallization structure.--Recrystallization at 

1380~ dur ing 3 hr  of samples of mater ial  A parallel  to 
the <110> growth direction with a 200 ~m thickness 
yields oblong grains with an inhomogeneous grain  
size (Fig. 5). 

Gra in  size in these samples varies from 0.02 to 2 mm 
in length and from 0.02 to 0.1 mm in diameter  and in-  
creases only slightly with heat ing temperature  in  the 
range 1350~176 The s t ructure  of the recrystall ized 
mater ia l  obviously depends on the s tructure of the 
start ing material.  The new grains are elongated in the 
original <110> growth direction and consequently most 
of the high angle grain boundaries lie in this direction. 
The resul t ing grain size is not influenced by the heat-  
ing rate (0.1~176 a strong temperature  
gradient  (500~ at 1300~ or gr inding and pol- 
ishing of the samples before heating. 

Examinat ion  of samples with various values of the 
angle r leads to the conclusion that nucleat ion occurs 
at discrete sites and nuclei grow out to a pr imary  
matrix.  The moment  these growing pr imary  grains 
impinge on each other no fur ther  grain growth occurs 
even after prolonged heating. This will  be discussed in 
the section "Kinetics." 

Texture-goniometer  measurements  of recrystallized 
samples with various values of ~ revealed a sharp 
<111> fiber texture with free rotat ion around this axis. 
This <111> fiber axis is always paral lel  with the 
original < i 1 0 >  growth direction in the samples, in-  
dependent  of the value of @. This means that  when  re- 
crystallizing samples sawn from the bar  in such a way 

(b) 

Fig. 3. Part of pole figures for {111} reflections of CVD grown silicon grains of material A and B (a and b, respectively) 
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Fig. 4. Sample from a bar of polycrystalline silicon. The angle r is 
a measure for the spread of the growth direction over the sample 
surface. 

that  the <110> growth direction is normal  to the sam- 
ple's surface we find that the newly  formed grain 
boundaries  lie also main ly  normal  to this surface but  
now the grains are <111> oriented. 

The behavior  of mater ia l  B upon recrystal l izat ion is 
different compared to mater ia l  A for the same experi-  
menta l  conditions. Nucleation occurs very  readily in 
f ine-grained regions whereas the t ree-l ike coarse- 
grained regions keep their  geometrical shape al though 
they become coarser to some extent. This yields a fairly 
homogeneous matr ix  of grains of about  30/~m in diam- 
eter containing the coarser grained structures as men-  
tioned (see Fig. 6). The same features are observed 
when using samples sawn in different orientations from 
the bar. As in  the case of mater ia l  A the grain size and 
s t ructure  cannot be influenced by a var ia t ion in heat-  
ing tempera ture  or very long heating. Texture-goniom-  
eter measurements  show that  recrystall ized samples 
of mater ia l  B are still r andomly  oriented, 

The behavior  upon recrystal l izat ion of mater ia l  C 
is comparable to the case of mater ia l  A. This is not 

Fig. 5. Grains of material A after recrystallization at 1380~C 
during 3 hr. The sample is sawn parallel to the original ~ 1 1 0 ~  
growth direction which is from left to right on the micrograph. 

Fig. 6. Grains of material B after recrystallization at 1380~ 
during 3 hr. The sample is sawn parallel to the original growth 
direction which is from teft to right on the micrograph. 

surpris ing since s tructure and texture  are very similar. 
Due to the texture  the newly  formed high-angle  grain  
boundaries of mater ia l  C lie main ly  perpendicular  to 
the surface of the substrate. Gra in  size of the samples 
varies from 50 to 100 /~m. When one does not remove 
the substrate and the SiO2 interface layer  before heat-  
ing one finds a large n u m b e r  of stacking faults in  the 
silicon crystals. This is probably  caused by diffusion of 
oxygen out of the SiO~ interface layer  in.to the poly- 
silicon layer. 

Texture-goniometer  measurements  on a sample 
grown at 1100~ and subsequent ly  recrystallized at 
1380~ showed a sharp <322> fiber texture. To be sure 
that  this is not  only a surface texture, measurements  
were done again after removing 60 ~m from the sur-  
face. The same amount  of <322> fiber texture was 
found. 

However, when we tried to recrystallize CVD-grown 
layers which were coarse-grained already (diameter  
> 20 ~m) we found that  these grains did not recrystal-  
lize so the original  s t ructure is unchanged.  

Kinetics .~The degree of recrystal l ization X( t )  as a 
funct ion of heat ing t ime at a constant tempera ture  was 
measured for mater ia l  A at various temperatures  on 
samples of the kind depicted in Fig. 4, sawn very close 
to the edge of the bar. Series of samples were par t ly  re- 
crystallized in  discrete steps and micrographs taken 
after every heat ing step were compared. Values of 
X( t )  were measured using the poin t -count ing  method. 
The results of these measurements  for two different 
bars are shown in  Fig. 7. X( t )  depends strongly on the 
grain s tructure of the different bars, as will  be ex- 
plained later, 

The same series of micrographs were used to deter-  
mine  values for nucleat ion and growth rates. As an  
example three stages of the recrystal l izat ion process at 
1313~ are shown in  Fig. 8 after  45, 60, and 90 men of 
heating, respectively. New nuclei develop and existing 
grains grow out fur ther  upon prolonged heating. As 
one can see in Fig. 8(a) the grain  size of the original 
mater ial  is very inhomogeneous. The higher the 
density of grain boundaries,  the more readily nu-  
cleation will accur. For a more detailed description 
of the nucleat ion process in  the samples we wil l  split 
up the mater ia l  into separate regions, namely  fine- 
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Fig. 7. Degree of transformation of CVD grown silicon material A 
as a function of time for various temperatures for two different 
bars of the kind of material A. 

grained regions (0.1-1 ~m) and coarse-grained regions 
consisting of clusters of larger crystals (1-10 ~m) with 
rather  straight grain boundaries. Because of the con- 
tinuously changing grain size Pattern this is somewhat 
arbitrary,  but one can consider roughly 25 +_ 5% of the 
total volume to be fine-grained and 75 _ 5% to be 
coarse-grained. 

The nucleation rate in the samples was determined 
by counting the number of visible grains after the 
various steps of the isothermal process and correcting 
these data for the actually recrystallized part  of a 
sample surface by multiplying them by 1/(1 - - X ( t ) ) .  
Results are shown in Fig. 9 where the number of nuclei 
is plotted as a function of heating time. The number of 
nuclei present at a given time is difficult to measure 
accurately because of the impossibility of recognizing 
nuclei before they have grown out. From the nucleation 

rates at two temperatures (1251 ~ and 1313~ respec- 
tively) an activation energy can be calculated using 
the Arrhenius relation 

N = No exp ( - -e /kT)  [1] 

Results are summarized in Table I. 
In the determination of growth rates the same dis- 

tinction has to be made between fine-grained and 
coarse-grained regions. Moreover, growth in the coarse- 
grained regions differs in directions paral lel  to the 
straight grain boundaries (growth rate Vp, averaged 
over all grains) and normal to these boundaries 
(growth rate Vn, averaged over all grains) indicated 
in Fig. 8 (a). All  growth rates were determined at about 
30 positions on a sample surface. 

Growth rates were determined by measuring the dis- 
placement of newly formed high-angle boundaries into 
the unrecrystallized assembly after the various iso- 
thermal heating steps. Growth rates in the fine-grained 
regions were determined only during unimpeded 
growth of the new crystals. In Fig. 10 the growth rate 
Vf in the fine-grained regions averaged over all grains 
considered is plotted as a function of time elapsed after 
nucleation of each grain. Activation energies for pri-  
mary recrystallization were determined from the time 
averages of Vf, Vn, and Vp (denoted by V~, Vn, and Vp, 
respectively). Values of Vf, Vn, and Vp and the activa- 
tion energies derived are listed in Table I. The esti- 
mated inaccuracy in the values for the activation en- 
ergies amounts to __+0.5 eV. 

Discussion 
Material  A merely consists of strongly <110> tex- 

tured clusters of closely spaced crystals paral lel  to the 

Fig. 8. Three stages of the recrystallization process of material 
A at 1313~ Micrographs are taken after 45, 60, and 90 min of 
heating. 
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Fig. 9. Number of visible nuclei as a function of heating time 
at 1251~C. 
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Fig. 10. Growth rate V~ of newly formed~silicon grains as a 
function of time, averaged over all grains at 1251 ~ in fine- 
grained regions. 

growth  direction. If the s traight  lines are closely spaced 
twin  boundaries  we would, however, expect a double 
texture. To explain the single <110> texture  one must  
assume that if the lines are twin  boundaries  a crystal 
should r e tu rn  to its paren t  state immedia te ly  following 
the generat ion of a twin, so the percentage twin  orien- 
tat ion is very small. Another  possibility, suggested by 
Ravi (9) as an explanat ion for str iat ion on EFG silicon 
ribbons, is to assume that  the straight lines are stack- 
ing faults as a l imit ing dase of twinning,  with two extra 
planes of atoms between twinned regions in  the case of 
extrinsic faults. . 

The recrystal l izat ion process of mater ia l  A is ra ther  
complex. The main  features can be summarized as 
follows. 

1. The recrystal l izat ion process proceeds by  develop- 
men t  and subsequent  growth of newly formed high- 
angle grain boundaries.  

2. Nucleation occurs only in very f ine-grained regions 
having a high densi ty of grain boundaries.  The higher 
the grain  boundary  density, the more readily nucleat ion 
occurs. Nucleation in  coarse-grained regions does not 
occur. 

3. Nuclei develop wi th  a nucleat ion rate that is 
near ly  constant  for an isothermal process as indicated 
in Fig. 9 for 1251~ 

4. Nuclei grow out in  the f ine-grained regions un t i l  
they impinge on each other or on coarse-grained ma-  
terial. The lat ter  is consumed only to a small  extent  
dur ing  the t ransformat ion of the f ine-grained regions. 

5. For most nuclei  the rate at which they grow out 
in  the course of the t ransformat ion process (after 
nucleat ion at t --- z) is ini t ia l ly  high but  decreases 

Table I 

Act. 
energy 

1251"C 1313~ (eV) 

Nucleation rate in 
fine-grained area 1.2• 10 -6 19.5 x 10 -c 9.4 
(~m-= rain -z) 

V, (fine-grained) 0.7 2.3 4.2 
(~m rain -~) 

V .  (/zm min -z) 0.07 0.45 6.5 
Vp (pm min -z) 0.20 0.6Z 3.8 

The activation energy for silicon volume self-diffusion is 5,0 
eV (8). 

gradual ly  with cont inuing growth of the new grain. 
Also the average value of the growth rate for all  
grains (Vr) is a decreasing funct ion of the time after 
nucleat ion t -- ~ as i l lustrated in Fig. 10. 

6. in  the coarse-grained regions no nucleat ion takes 
place but  they are consumed by the growing grains 
originating from the f ine-grained regions. As ment ioned 
before there are two dist inguishable growth rates 
Vn and V, in the coarse-grained material.  

7. The pr imary  assembly so obtained does not alter 
its s t ructure even after prolonged heating. Apparent ly  
grain growth and /or  secondary recrystall ization does 
not occur. 

Because of the different recrystall ization behavior  
of the fine- and coarse-grained regions the overall  
degree of t ransformat ion as a funct ion of t ime cannot 
be described by a simple Avrami- re la t ion  (10). For 
the f ine-grained regions in which nucleat ion and 
growth of nuclei are defined accurately we can set 
up a model as derived from general  kinetics of 
t ransformat ion processes (10). The average growth 
rate as a funct ion of t ime at 1251~ as shown in  Fig. 
10 can be described empirical ly by 

V~ ---- Vo exp ( - -  (t  -- ~)/ to)  [2] 

In  this equation Vo is the average value of the ini t ial  
growth rate of nuclei (Vo = 0.02 ~m sec -1) and to 
is a relaxat ion time determined by the dragging forces 
for growth (to ---- 3 �9 103 sec). 

All sample surfaces are normal  to the <110> 
growth direction. As growth in  this par t icular  direc- 
tion is much faster than normal  to it (shown in Fig. 
5) we can consider the degree of recrystall ization of 
the bulk  X~( t )  to be equal to the fraction of the 
surface area recrystallized at time t. 

The radius of the growing grains (r) obeys 

r = V ~ ( t - - T )  for t - - ~  and [3] 

f X f ( t )  = N~r~d~ [4] 

in  which N is the (constant) nucleat ion rate. Cal-  
culat ing Xf(t)  (Eq. [4]) and taking the impingement  
of grains on each other into account the degree of 
recrystal l ization of the f ine-grained regions is found 

Xf(t)  : 1 -- exp[--~Vo2to2N{t-  3%/2 

+ 2to exp (-- t / to)  --  t J 2  exp (--2t / to)  }] [5] 
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which in fact  represents  a modified A v r a m i - J o h n s o n -  
Mehl equat ion (10). 

To compute the contr ibut ion  of Xf(t) to the over -  
a l l  degree of recrys ta l l iza t ion  X(t)  the former  must  
be mul t ip l ied  by  the fract ion f ine-grained mate r i a l  
in the sample  in which nucleat ion can occur. As men-  
t ioned before an approx ima te  amount  of 25 ___ 5% 
of total  volume is ve ry  f ine-grained.  At  the  t ime the 
coarse-gra ined  mate r i a l  s tar ts  to be t ransformed,  nu-  
cleat ion in f ine-gra ined regions has occurred in 20 
_ 5% of total  volume. In Fig. 11 the ca lcula ted  X~(t) 
is shown in graphica l  form for three  different  values 
for the fract ion f ine-grained regions bounding the 
range  of ca lcula ted Xf (t)  values.  

The reasonable  agreement  be tween exper imenta l  and 
ca lcula ted  values for Xf(t) confirms the proposed 
growth  model  for the f ine-grained area. 

The observed decrease  in growth  ra te  of the  un-  
impeded -g rowth  grains cannot be expla ined  by  a 
decrease in dr iv ing  force as a consequence of the 
occurrence of recovery  processes in the as yet  un-  
t rans formed matr ix .  In i t ia l ly  al l  grains grow out  
r e la t ive ly  fast when they  develop in the course of 
the  t ransformat ion  process, but  when the size of 
these new grains increases,  growth  ra te  decreases. 
The measured  values  of the growth  ra te  at 1251~ 
decrease from 1 to 0.35 [~,m min -1] as shown in Fig. 10. 
This l a t t e r  va lue  approx imates  the average  value  
of the growth  ra te  Vp (0.2 [~m min-~] ,  see Table I) 
of the coarse-gra ined  regions. Nucleat ion occurs in 
ve ry  f ine-grained regions and new grains grow out  in 
the sur rounding  ma t r i x  which has a l a rger  gra in  size. 
This p robab ly  means that  the growth ra te  is a function 
of the densi ty  of gra in  boundar ies  in the matr ix ,  
ranging  from very  fine- to very  coarse-gra ined  regions. 

Another  reason why  grain  growth  decreases wi th  
t ime m a y  be the segregat ion of impur i t ies  on newly  
formed gra in  boundar ies  which tends to decrease 
bounda ry  mobil i ty.  

As nucleat ion a n d / o r  g rowth  ~processes connected 
wi th  the t ransformat ion  of the coarse-gra ined  regions 
are  not accura te ly  defined, the involved kinetics are  
difficult to descr ibe quant i ta t ive ly .  

The observed <111> recrys ta l l iza t ion fiber t ex tu re  
of ma te r i a l  A is not a consequence of surface f ree-  
energy  dr iv ing  forces which in thin layers  tend to 
br ing  lowest  energy  planes,  in our  case (111} (11), 
at the sample 's  surface. In that  case we would expect  
a <111> fiber axis normal  to a sample 's  surface, 
wha teve r  the or ienta t ion  of the sample  wi th  respect  
to the or iginal  <110>  growth  direction.  H o w e v e r / a s  
ment ioned earl ier ,  in all  cases the <111> direct ion is 
para l le l  to the <110> direct ion of the or iginal  grains 
even if the or iginal  <110> growth  direct ion lies in 
the plane of specimen. Moreover,  the <111> rec rys ta l -  
l izat ion t ex tu re  also develops in the case of thick 
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Fig. 11. Calculated values for X(t) for two values of the percent- 
age fine-gralned area in comparison with the experimentally 
determined X(t) curve for 1251~ 

samples  (1.2 mm) and thin samples (<100 gm) even 
when apply ing  very  long heat ing times. Samples  nor -  
mal  to the <110> growth  direct ion consequent ly  have 
main ly  (111) planes  exposed at  the sample  surface. 
This prohibi ts  the occurrence of t e r t i a ry  r ec rys t a l -  
]ization where  the dr iv ing  force is caused by differ-  
ences in surface f r ee - ene rgy  of the c rys ta l lographic  
planes  exposed at the sample - f r ee  Surface. 

F igure  7 shows that  complete  recrys ta l l iza t ion  of 
samples at  t empera tu res  above 1350~ occurs wi th in  
100 min time. The growing grains impinge on each 
other  and growth  ceases. There  are  severa l  reasons 
why  this p r i m a r y  assembly  does not  a l te r  its s t ruc ture  
any more dur ing  prolonged heating.  In samples  wi th  
gra in  size of the order  of the sheet  thickness boundary  
movement  might  have been impeded  by preceding 
etching of the samples before heat ing by  pinning 
boundar ies  a t  the sample  free surface. This was not  
the case because both etched and unetched samples  
yie ld  the same structure.  Pinning of gra in  boundar ies  
also may  resul t  by  the occurrence of the rmal  etch 
grooves (12) which develop at high t empera tu res  
in all  ambients  used. However ,  this cannot  be the 
main  reason for g rowth  inhibi t ion as also gra in  
boundar ies  in the bulk  of the recrys ta l l ized  silicon 
do not migrate .  The th i rd  possibi l i ty  is tha t  growth  
ceases because of the sample  thickness (specimen 
thickness effect) which implies  that  gra ins  can grow 
in two directions only when the size is of the o rder  of 
the sheet  thickness. This does not app ly  to our  case 
as th ick samples (1.2 ram) yie ld  the same structure.  
A four th  possibi l i ty  lies in the pinning of moving 
boundar ies  by segregated  par t ic les  on gra in  bound-  
aries af ter  the stage of p r i m a r y  recrys ta l l iza t ion  (13). 
Al though inf ra red  absorpt ion measurements  show that  
the oxygen content  in the s ta r t ing  mater ia l s  is ve ry  
low (less than 2 ppm)  and does not change upon re -  
crystal l izat ion,  there  might  be an increase  in content  
of o ther  impur i t ies  due to contaminat ion  dur ing  the 
hea t - t r ea tment .  

Conclusions 
1. CVD grown polycrys ta l l ine  silicon grains (1-10 

~m) can be recrys ta l l ized  (final gra in  size 20-200 ~m) 
by  heat ing at  t empera tu res  above 1200~ 

2. Nucleat ion read i ly  s tar ts  in regions wi th  a high 
gra in  bounda ry  concentra t ion (gra in  size 0.1-1 ~m). 
These nuclei  g row out  unt i l  they  impinge  on each 
other  and fur ther  growth  is inhibi ted.  A r andomly  
or iented s tar t ing mate r i a l  yields a r andomly  or iented 
recrys ta l l ized  m a t r i x  as, e.g., our ma te r i a l  B. In  the 
case of <110> fiber t ex tu red  mate r ia l  however ,  as 
our  mater ia l s  A and C we find a sharp <111> resp. 
<322> fiber t ex tu re  af ter  recrysta l l izat ion.  

3. The recrys ta l l iza t ion  behavior  can be descr ibed 
app rox ima te ly  by  an A v r a m i - J o h n s o n - M e h l  type  re-  
la t ion using a constant  nucleat ion rate.  The resul t ing  
gra in  size for ma te r i a l  A is 20-100 ~m for samples  
normal  to the <111>  recrys ta l l iza t ion  fiber t ex tu re  
axis. This final gra in  size is not  influenced by  prolonged 
heating, heat ing ra te  (0.1~176 a t empera -  
tu re  gradient ,  or  by  different  ambients .  

4. The recrys ta l l ized  grains are  e longated in the 
or iginal  <110>  growth  direct ion since the mobi l i ty  
of the in terface  between recrys ta l l ized  and unrec rys ta l -  
l ized mate r i a l  is highest  in this direction. 

5. In  o r ig ina l ly  <110> t ex tu red  mate r i a l  no t e r t i a ry  
recrys ta l l iza t ion  induced by  differences in surface f ree-  
energy  of exposed planes  occurs due to the s t rong 
recrys ta l l iza t ion  texture.  
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Characterization of Cobalt-Hardened Gold 
Electrodeposits by M6ssbauer Spectroscopy 

II. Production of Co Metal Precipitates 

R. L. Cohen, F. B. Koch,* L. N. Schoenberg,* and K. W. West 
Bell Laboratories, Murray Hil~, New Jersey 07974 

ABSTRACT 

Annea l ing  of coba l t -ha rdened  gold electrodeposi ts  at  400~ and above  leads 
to the fo rmat ion  of microprec ip i ta tes  of cobal t  meta l  c lear ly  identif ied f rom 
the i r  hyperf ine  s t ructure .  This finding removes  the  conflict be tween  a p r e -  
vious s tudy,  which  has c la imed to observe p rec ip i t a t ed  cobalt ,  and  our  previous  
work,  which  shows tha t  in unannea led  deposits,  most  of the cobal t  is a subst i -  
tu t ional  solute in the gold. The solubi l i ty  of cobal t  in gold has been r e d e t e r -  
mined,  confirming the ear l ie r  results.  A number  of in teres t ing  proper t ies  of 
ex t r eme ly  fine cobal t  prec ip i ta tes  in gold are  observed and analyzed.  

A previous  paper  (1) (hencefor th  r e fe r red  to as 
' T ' )  r epor ted  on the a tomic- leve l  s t ruc ture  of cobal t -  
ha rdened  gold electrodeposi ts  as observed by  MSss- 
bauer  spectroscopy with  pa r t i cu la r  a t ten t ion  to the  
coordinat ion  of the  cobal t  atoms. Most of the cobal t  
(~-70%) was found to be dissolved subs t i tu t iona l ly  
in the gold host  wi th  the  r ema inde r  complexed  as a 
hexacyanocobal ta te .  This resul t  was in reasonable  
ag reemen t  wi th  another  r ecen t ly  publ i shed  analysis  
(2). However ,  there  are  three  repor ts  in the l i t e ra tu re  
c la iming tha t  cobal t  microprec ip i ta tes  a re  found, e i ther  
in the as -depos i ted  ma te r i a l  (3), or af ter  h e a t - t r e a t -  
ment  (4, 5). Since this issue is impor tan t  in defining 
the re la t ion  be tween  the micros t ruc ture  a n d  possible 
ha rden ing  mechanisms,  we have car r ied  out fu r the r  
exper iments  to s tudy this point. 

The MSssbauer  spectroscopy technique is ve ry  useful  
for  this type  of measurement ,  because (i) it  is ve ry  
effective for examining  the ea r ly  stages of c lus ter ing 
and prec ip i ta t ion  and (ii) the  spec t rum of magne t ica l ly  
o rdered  cobal t  meta l  is dis t inct ive a l lowing immedia te  
identif icat ion of that  phase. An  addi t ional  advan tage  
of the  MSssbauer  spectroscopy approach  in this case 
is tha t  the phenomenon of supe rpa ramagne t i sm  al lows 

* Electrochemical Society Active M e m b e r .  
Key words: superparamagnetisra, microprecipitates, A u - C o  al- 

loys ,  

us to dis t inguish be tween  smal l  and large  cobal t  p re -  
cipitates. V~hen a par t ic le  of cobal t  is so smal l  that  
its magnet ic  an iso t ropy energy is comparable  to the r -  
mal  exci ta t ion energies,  the magnet iza t ion  direct ion 
of the par t ic le  fluctuates r ap id ly  and tends to average  
out  the magnet ic  spl i t t ing so that  only  a single l ine 
is observed for ve ry  smal l  ( < - - 6 0 A )  precipi ta tes .  
This effect is c lear ly  seen in the data, and  al lows us 
to observe  and dis t inguish ea r ly - s t age  prec ip i ta tes  of 
cobalt.  

Experimental Techniques 
Samples  of coba l t -ha rdened  gold doped wi th  rad io-  

act ive Co ~ were  e lec t rodepos i t ed  as descr ibed i n  I. 
The deposi ted l aye r  was app rox ima te ly  2.5 ~m (100 
~in.) thick, p la ted  f rom a CD solut ion ad jus ted  to 
give a cobal t  concen t ra t ion  of 0.67 atomic percen t  
(a /o)  in the deposit.  The subs t ra te  was removed  by  
dissolving it in ni t r ic  acid, leaving  the thin gold- 
foil as a se l f - suppor t ing  layer.  This foil was held  
be tween  graph i te  disks and annea led  in a hydrogen  
a tmosphere  to provide  the hea t - t r ea tmen t s  d i scussed  
below. Between  anneals,  the samples  were  measured  
e i ther  at  room t empera tu r e  o r  78~ by  the MSssbauer  
spec t rometer  descr ibed in I. 

1 CI  is  a proprietary hard gold solution supplied b y  S e l - R e x  
Corporation, a d i v i s i o n  o f  O x y m e t a l  Industries. 
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Table I. Anneal schedule for samples studied in this experiment, and fraction of dissolved cobalt 
and absolute cobalt solubility determined by least squares fits to the MSssbauer spectra 

Fract ion Solubil i ty 
Anneal Temp. Time hot of cobalt  of Co in 

No. (~ (hr) Cool down disso lved Au (a/o) 

,1 740 1.5 l l . 5~  to 625~ 
625 38 0.145~ to 270~ 0.72 0.48 

3~ to .RT 
2 460 23 45~ to 160~ 0.57 0.38 

5~ to RT 
3 511 24 5~ to RT 0.87 0.58 
4 460 72 5~ to RT 0.63 0.42 
5 400 22.5 5~  to RT 0.46 0.31 
6 4O0 68 5~ to RT 0.44 0.30 
7 360 71 5~ to RT 0.43 0.29 
8 360 140 5~  to RT 0.30 0.20" 

* Upper  l imit  va lue- -equi l ibr ium not  demonstrated .  

Table I shows the anneal  schedule used. Spectra 
taken at various points in the anneal  cycle are shown 
in  Fig. 1 wi th  least-squares fits to the data (see I for 
a ful ler  description of the techniques involved) .  

Results 
For the materials scientist concerned with the 

properties and microstructure of cobal t -hardened gold, 
the significant results can be directly seen in the 
sequence of spectra in Fig. 1. Figure 1A shows that 
there are no cobalt precipitates in the as-deposited 
layer, Fig. 1B shows that all the cobalt has been put  
into solid solution in a CI deposit which has been 
heated to 800~ and rapidly cooled (12 ' / ra in) ,  and 
Fig. 1C shows that after heating and slow cooling 
through 400~ cobalt metal  precipitates out of the 
gold-cobalt  alloy. After  the 800 ~ anneal,  the deposit 
is essentially equivalent  to an alloy made by s tandard 
metal lurgical  processes. The complex spectra obtained 
after anneal ing  at <600~ show a number  of interest-  
ing physical and metal lurgical  phenomena,  and we 
have carried out a complete analysis of the data 
to unders tand  all of these effects, al though they have 
no direct bearing on the properties of Cf gold in the 
as-deposited state. Some of these effects may be sig- 
nificant if the deposit is subjected to high temperatures 
either in manufacture  or service. 

The spectra shown in Fig. 1 can be shown to come 
from cobalt in three environments :  Co ,~7 substi tut ional  
in the gold matrix, small (<60A) superparamagnet ic  
precipitates of fcc cobalt metal, and larger precipitates 
of fcc Co metal, which produce the split 6 l ine spec- 
trum. The detailed identification of these species is 
given below. Although there is considerable overlap 
between some of the spectral components, the use of 
constrained least squares fitting routines (6, 7) allows 
accurate evaluat ion of the relat ive intensities under  
the spectra of the three phases. We do not believe 
that Co2C or Co3C are present in these samples. 
Although the spectra of these carbides have not been 
measured, we would expect the hyperfine (HF) fields 
to be similar to those observed for iron in the ana-  
logous Fe2C and Fe3C, 160-200 kG. No components of 
the spectrum with splittings corresponding to HF field 
values in this range were observed. 

At 78~ the iron recoil-free-fraction, L is about 
0.90 for the cobalt host (8) and 0.84 for the gold 
host (9). Since the recoil-free fractions are essentially 
the same, the M6ssbauer spectrum area from each 
phase is proport ional  to the presence of that  phase 
in  the sample. Thus, the relat ive area corresponding to 
each spectrum can be used to determine directly the 
fractions of dissolved and coarse and fine precipitated 
cobalt. Since the total cobalt concentrat ion is known 
(1) to be 0.67 a/o, the solubility of cobalt in gold 
can be determined by dividing the 0.67% among the 
.dissolved and precipitated phases. The new results 
from these studies are shown in Table I and Fig. 2 
superimposed on the previously published phase dia- 

gram (10, I I ) .  Considering the difficulties of deter-  
min ing  equi l ibr ium solubilities in dilute alloys at 
low temperatures,  the agreement  between our result  
and the earlier results is very good. 

As stated in I, the isomer shift of the line arising 
from the dissolved cobalt, --0.68 mm/sec  (vs. i ron 
metal  at 78~ is consistent with that obtained for 
metal lurgical ly prepared material.  The isomer shift 
for the split spectrum of cobalt precipitates is ,~--0.06 
mm/sec, essentially the same as that  observed by 
Krop and Williams (12, 13) for fcc cobalt precipitated 
from cobalt-copper alloy, for precipitates larger than 
10 -17 cm :~. The unspl i t  (superparamagnet ic)  l ine ap- 
pears in our spectra at ,-,--0.14 mm/sec,  close to the 
value --0.i0 mm/sec  observed by Krop and Williams 
(13) for small  precipitates of cobalt in copper. The 
difference between the values for small  and large 
precipitates has been a t t r ibuted (13) to the coherency 
of the small  precipitates with the host, which places 
them under  di lat ional  stress. This stress increases 
the lattice constant, and alters the isomer shift slightly. 

Linewidths, ~0.33 mm/sec  full  width at half  maxi -  
mum (FWHM) for the dissolved-phase cobalt and 
~0.4-0.5 mm/sec  for the superparamagnet ic  small  
cobalt precipitates, are consistent with what  would 
be expected for these phases. The observed HF field, 
308 kG at 78~ is significantly smaller than that of 
either iron in  hep cobalt, 323 kG (7), or i ron in f c c  
cobalt, 334 kG (14) at the same temperature.  Thus, 
the value of the HF field does not  tell us which cobalt 
phase has precipitated. We believe that  the precipi-  
tate phase is fcc for all anneal ing  temperatures  includ-  
ing 360~C. There is some question about this one tem- 
perature  since the fce to hcp t ransformat ion takes 
place at about 400~ for pure Co. However, the 
t ransformat ion temperature  is depressed by about 
50~ for each a/o of gold in solid solution (11). As 
will  be discussed subsequently,  it is l ikely that there 
is more than enough Au in the Co precipitates to 
lower the t ransi t ion temperature  40~ Another  study 
(16) on the precipitat ion of cobalt from gold at 202~ 
also concluded that  the precipitates were fcc, on the 
basis that no x - r ay  diffraction lines from hcp cobalt 
were observed. 

For the cobalt precipitates after anneal  No. 8, the 
temperature  dependence of the I-IF field is H(300) /  
H(78) _-- 0.96. For bulk  cobalt, H(300) /H(78)  -- 0.98 
(7). Tlms, both the absolute size and the tempera ture  
dependence of the HF field are different from bulk  
values. These differences arise from two causes, and 
give us fur ther  informat ion on the properties of these 
fine precipitates. 

M~rup and Tops#e (17) have recently shown that  
there is a temperature  dependent  reduction in the 
effective HF field for fine particles, H ---- H(bu lk )  
( i  -- kT/2KV), for kT < <  KV, where ~ is related 
to the magnetic anisotropy constant for the magnetic  
microcrystals and V is the particle volume. We ob- 
serve that  the HF field decrease with tempera ture  
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Fig. I. Mi~ssbauer spectra of cobalt-hardened gold deposit at 

78~ after various heat-treatments. A, as deposited; B, after high- 
temperature treatment in hydrogen and rapid cooling; C-E, as 
shown in Table I. The line at --0.68 mm/sec comes from cobalt 
substitutional in gold, the line at --0.14 mm/sec from very fine 
( < 6 0 A )  superporamagnetic precipitates of fcc cobalt, and the 6 
line split spectrum from fcc cobalt precipitates > 6 0 A ,  which show 
the magnetic hyperfine (HF) splitting. The solid lines are con- 
strained least squares fits of Lorentzian lines to the data points. 
Line positions and relative intensities for the magnetically split 
spectrum are shown at the bottom. The shoulder near zero velocity 
in the as-plated sample is at 0.14 mm/sec [see Ref. (1)], distinctly 
displaced from the line at --0.14 mm/sec from the superpara- 
magnetic precipitates. This shoulder is believed to arise from 
Co(CN)6 8 -  inclusions in the deposit [see Ref. (1)] and these 
inclusions decompose in the high temperature anneal. 

is 2% larger for the cobalt precipitates than for bulk  
cobalt over the range from 78 ~ to 300~ If we con- 
sider that decrease to arise from the term kT/2•V, 
w e  can calculate the mean effective size of the pre-  
cipitates producing the split spectrum. If we approx-  
imate  K by IKzl, and use K1 ---- --1.1 • 106 erg cm -3 
(18), we find an effective particle volume of 0.63 
• 10 - i s  cm 3, or cubic particles about 90A on a side. 
This is s imilar  to the particle size studied by Krop 
and Will iams (12). 

The overall  loss in HF field, from the 334 kG ex- 
pected at 78~ for fcc cobalt to the 308 kG we observe, 
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Fig. 2. Phase diagram of the gold cobalt system, from Ref. (10), 
with new solubility values determined for cobalt in gold from this 
work. Previous solubility values are in parentheses. Agreement with 
the older values is good, especially in view of the difficulties of 
determining equilibrium solubilities at low temperatures. 

however, obviously comes from another  cause since 
at 78~ the term discussed above is negligible. We 
believe this decrease is due to the fact that  the cobalt 
microcrystals contain a significant amount  (e.g., a 
few percent)  of dissolved gold. The presence of this 
nonmagnet ic  al loying const i tuent  would decrease the 
HF field observed at both 78 ~ and 300~ In the work 
of Krop and Will iams (12), a s imilar  decrease (to 
320 kG at 300~ was observed, but  not commented 
on. The presence of a few percent  of gold in  the fcc 
cobalt crystals would also explain the la rge  l ine 
widths (FWHM 0.6-0.7 mm/sec)  and deviations from 
Lorentzian l ine shapes observable in  F i g .  1E. The 
var ia t ion of l ine shapes and effective widths among 
the different split  l ines is also characteristic of spectra 
of dilute alloys. The random alloy statistics provide 
a range of environments ,  and the r e l a t i onsh ip  of 
isomer shift, quadrupole  coupling and HF field affects 
the individual  lines differently, producing a different 

�9 var iat ion of l ine position for each line in the spectrum. 
This variat ion leads to complex l ine shapes, typical ly 
different for each line. 

The phase diagram both supports and contests our 
inference that  the cobalt crystallites contain a sig- 
nificant amount  of gold. According to KSster and 
Horn (11), only ,-0.5 a/o of gold is soluble in cobalt 
below ~500~ This amount  of gold would be too 
small  to produce the effects we observe. However, 
they show that the fcc ~ hcp transi t ion is depressed 
by the al loying of the Co w i t h - up  to 8 a/o of Au. 
Moreover, this supersaturated solid solution approaches 
equi l ibr ium very slowly [Ref. (11) cites a hea t - t rea t -  
men t  of 24 hr  at 700~ as being insufficient to ful ly 
achieve the equi l ibr ium concentrat ion of Au].  This 
metastable equi l ibr ium would allow our conclusion 
that  the reduced HF field and large l ine widths arise 
from a few percent  of gold included in  the cobalt 
microcrystals. 

Discussion 
The MSssbauer spectra in Fig. 1 show clearly that  

no cobalt metal  precipitates are present  in  as-de-  
posited or annealed and quenched samples of CI 
cobal t -hardened gold electrodeposited layers. Thus, 
hardening  by cobalt precipitates is not an operative 
mechanism in providing the observed hardness. This 
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contradic t s  the claim of Ref. (3). The MJssbauer  
spec t ra  also show, however ,  tha t  a f te r  heat ing and 
slow cooling th rough  ~400~ magnet ic  cobal t  p re -  
cipi tates  do form. This explains  the conclusions of 
Ref. (5), which repor ted  magnet ic  p roper t ies  in s lowly 
cooled CI samples.  [The cooling ra te  used in anneal  
1 w a s c h o s e n  to approx ima te  the condit ions of Ref. 
(5) so the spec t rum Fig. 1C should correspond to the i r  
sample.]  The effects of long anneals  at  300~ and 
be low wi thout  an ear l ie r  h i g h - t e m p e r a t u r e  anneal ,  
are different  f rom the resul ts  p resented  here, and 
wil l  be p resen ted  in a l a te r  paper .  Af te r  the 800~ 
hea t - t r ea tment ,  the l ight  impur i t ies  (H, O, C, N) 
should no longer  be present ,  and the sample  should 
be equiva len t  to a meta l lu rg ica l ly  p r epa red  a l loy of 
0.67 a /o  Co in gold. Effects observed in the  subsequent  
anneals  a re  thus character is t ic  of anneal ing  and pre -  
c ipi ta t ion phenomena  in meta l lu rg ica l  go ld-coba l t  
alloys.  

The resul ts  observed here  para l l e l  those obta ined  
by  Krop  and Wil l iams for  the prec ip i ta t ion  of cobal t  
crysta ls  f rom di lute  copper (12, 13). The precip i ta t ion  
of smal l  superpa ramagne t i c  crysta ls  and la rger  mag-  
ne t ica l ly  o rdered  crystals ,  and  the re tent ion  of dis-  
so lved-phase  cobal t  in gold are  evident  f rom the data. 
In  fact, our  da ta  a re  much more  successful in resolv-  
ing the l ine f rom the dissolved cobal t  f rom that  of the 
supe rpa ramagne t i c  precipi ta tes  than  the data  of Ref. 
(13). The improvement  in resolut ion occurs because 
of the  sha rpe r  l inewidths  obta ined here, and the iso-  
mer  shift  difference be tween  cobalt  in gold and cobal t  
in copper. In  the copper -coba l t  system, the dissolved-  
phase l ine cannot  be dis t inguished f rom that  of the 
superpa ramagne t i c  precipi tates ,  whereas  it is c lear ly  
resolved in our spectra.  

In  addi t ion  to the effects a l r eady  repor ted  by  Krop  
and Wil l iams for these fine prec ip i ta tes  of cobalt,  we 
have observed the supe rpa ramagne t i c  reduct ion of 
the H F  field (17) and also de te rmined  tha t  there  is 
significant dissolved gold in the cobal t  precipi ta tes .  
We bel ieve this to be the first r epor t  of the super -  
pa ramagne t ic  reduct ion  of H F  field in a metal l ic  sys-  
tem. 
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Technica  Notes 
I 

Rectifying and Ohmic Contacts to GalnAsP 
D. V. Morgan, I J. Frey, and W. J. Devlin 

School ol Electrical Engineering, Cornell University, Ithaca, New York 14853 

The high va lue  p red ic ted  for the  e lec t ron mobi l i ty  in 
the qua te rna ry  a l loy GaInAsP  l a t t i ce -ma tched  to InP  
(1) may  make  this ma te r i a l  va luable  for the fabr ica-  
t ion of high f requency t ransis tors  and in tegra ted  opt i -  
cal swi tching circuits. Two impor t an t  technological  
ingredients  requi red  for such fabr icat ion are  the abi l i ty  

1 On leave from the Department of Electrical and Electronic 
Engineering, the University of Leeds, England. 

Key words: contacts, resistivity, diodes. 

to fabr ica te  good qua l i ty  ohmic and rec t i fy ing contacts 
to the mater ia l .  In  this l e t te r  we repor t  on some p re -  
l imina ry  resul ts  on both these problems,  and sugges t a 
possible technology for these contacts which overcomes 
problems  associated with  the low intr insic  Schot tky  
ba r r i e r  height  inheren t  in the mater ia l .  

The mate r ia l  used for the present  s tudy was LPE n-  
type  GaInAsP  layers  (ND ~ 101S/cm 3) grown la t t ice-  
matched to a semi- insu la t ing  InP substrate .  The band-  
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gap of the layers ranged from 0.99 to 1.1 eV. Metal 
contacts were deposited by evaporat ion in a vacuum 
of ,-,2 • 10 -6 Torr  using either resistance heat ing or 
electron beam heating. 

Ohmic Contacts 
For the ohmic contacts a eutectic alloy of gold/  

ge rmanium (88:12) was chosen, par t ly  because of its 
previous success on I I I -V compounds (2) and par t ly  
to allow direct comparison of the present  results with 
these earl ier  results. Specific contact resistances were 
determined by the transmission line method (3). The 
pa t te rn  of contact pads was defined by photoli thogra- 
phy and consisted of a series of 100 >< 300 ~m pads  
where the spacing between successive pads increased 
from 8 to 90 ~m. For this system, a plot of resistance 
vs. gap length produces a straight l ine whose extrap-  
olation to zero resistance may be analyzed to yield a 
value of pc, the specific contact resistance. Samples 
were annealed at temperatures  ranging from 380 ~ to 
550~ for 20 sec in flowing hydrogen gas. Prior  to an-  
nealing, the contact 's electrical characteristic corre- 
sponded to that  of a leaky Schot tky  diode with a re- 
verse leakage of approximately  50-80 ~A. After  an-  
neal ing the specific contact resistance fell, decreasing 
to a broad m i n i m u m  for al loying temperatures  in the 
range 425~176 (Fig. 1). The min imum measured 
value of pc is about 3.5 >< 10 -7 ~ - c m  2, considerably 
lower than  the corresponding value of 10-6~ general ly 
observed in  GaAs. This low resistance is par t ia l ly  a 
reflection of the lower intr insic  barr ier  heights ob- 
served in the qua te rna ry  compound (0.4 compared to 
0.85 eV in  GaAs).  

Rect i fy ing Contacts  
Gold was chosen as a rect ifying contact mater ial  to 

allow comparison with previous studies on other I I I -V 
compounds. Samples were degreased and etched l ightly 
in  a mix ture  of 1% bromine in methanol.  Ohmic con- 
tacts were made as described above to one-hal f  of the 
samples, using A u / G e  and alloying at 450~ for 20 sec. 
An ar ray  of gold Schottky pads ( ~  160 #m diam) was 
evaporated onto the remain ing  half of the slice. 

Figure 2 shows semilogari thmic I -V plots for these 
diodes indicat ing the typical results and spread in char-  
acteristics obtained. From the value of current  density, 
Js, obtained from this data, a value of effective barr ier  
height may be estimated using the relationship 

Cbn--  (kT/q)  ln[A*T2/Js] [1] 

where  A* is the effective Richardson constant  and T 
the absolute temperature.  

This estimate yields Cbn -" 0.39 _+ 0.015 eV, the un -  
cer ta inty being related to the spread in Js values. These 
characteristics show good rectification with ideali ty 
factors, n, near  unity. The barr ier  height obtained from 
the C-V characteristic yields a value of 0.4 eV which is 
consistent with the above value. The reverse charac- 
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10-2 _ 

1203 

t 
O. 

E 
l0 -5 

E 

0 

03 

10-4 

GaInAs P 

I In P Substrate 

16 e 

io-7 

loci--- I . . . .  I .... i 1 I . . . . .  

O. I 0.2 0.3 0.4 0,5 

VOltage (VOIts) - -~ 

Fig. 2 (a). Forward and reverse current-voltage character- 
istics for Au-GalnAsP diodes. The top curves correspond to a 
direct Au contact and the lower set of curves corresponds to 
the situation where an aluminum oxide layer 7 nm thick is 
positioned between the metal and semiconductor. 

o 40 c c~ 

if? 
I I ,  I 

400 450 500 
Temperature (~ 

Fig. 1: Specific contact resistance pc of Au/Ge alloyed contacts 
to GalnAsP as a function of alloying temperature. The broad mini- 
mum is at avalue of pc = 3.5 • 10 - 7 ~ - c m  2. 

Fig. 2 (b)-(e). A series of I-V curves for (b) a direct gold contact; 
(c) a direct gold contact after heating in air for 24 hr at 160~ 
(d) an Au/aluminum oxide/semiconductor contact; (e) an Au/Si02/ 
semiconductor contact. 
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teristics are quite  soft (see inset  in Fig. 2) wi th  break-  
down values which range f rom 2 to 4V. Absence of 
guard rings and mesa etching of these test devices 
cer ta inly contr ibute to the soft characteristics.  

In the results described above, all the samples were  
cleaned and etched immedia te ly  prior  to loading into 
the vacuum system for the deposition of the gold con- 
tacts. Considerable, but unpredictable,  reduct ion in the 
reverse  leakage could be achieved by subject ing the 
diodes to heat ing in air at 160~ for up to 24 hr. This 
procedure  reduces the reverse  leakage in some cases 
from ~40  ~A to typical ly (1-10) ~A at 0.1V (i.e., Cbn 
,~ 0.46 eV), and the reverse  breakdown vol tage in-  
creases. This improvement  may be a result  of the 
migrat ion of oxygen through the gold film to stabilize 
the interracial  oxide film. Because electrons are re-  
quired to tunnel  through this interracial  film, t ransport  
across the junction is made more difficult (4). One 
could exploit  this phenomenon by fabricat ing a meta l -  
insula tor-semiconductor  s t ructure  in which a con- 
trolled thin insulat ing film is placed at the interface 
(5). If the oxide thickness is <10 nm, the meta l  wil l  be 
in equi l ibr ium with the semiconductor  surface, and the 
contact should exhibi t  the characteristics of a S2hottky 
barr ier  with an increased effective barr ie r  height, giv-  
ing a reduced reverse  saturat ion leakage as defined in 
Eq. [1]. Al though this procedure has been shown to 
work for a range of semiconductors including InP and 
the te rnary  compound GaInAs (5), it is difficult to 
fabricate  a thin insulat ing film with the requi red  elec- 
tr ical  and s tructural  properties.  Once again, therefore,  
the lack of a serviceable natura l  oxide on the I I I -V 
compounds seems a severe handicap in the technology 
of these materials.  

In this paper, we shall consider procedures for fab- 
r icat ing the insulat ing dielectric which is compatible 
with FET technology. These are: (i) the oxidation of a 
thin A1 film to produce a luminum oxide; (it) the oxi-  
dation of a thin magnesium film to produce magnesium 
oxide; and (iii) low tempera tu re  (~80~ plasma 
deposition of a thin silicon dioxide layer. A luminum 
oxide is formed by depositing a thin a luminum layer  at 
the interface and subsequent ly oxidizing it by heat ing 
in air at tempera tures  up to 250~ for up to 24 hr. In 
an a t tempt  to achieve a uniform layer  5-10 nm thick 
and free of pinhole defects, the A1 was depo~.ited by 
electron beam evaporation. A deposition rate of 12 n m /  
min resulted in a controllable process with reasonable 
uniformity.  Again, a gold contact was deposited over  
the A1203 layer. In Fig. 2, we show the current  voltage 
curve corresponding to a typical diode with an oxide 
thickness 70 ___ 20 nm. The improvement  in leakage is 
dramatic  wi th  the reverse  saturat ion current,  Is, fall ing 
by three orders of magni tude  to ~_ 4 • 10 - s  A, and 
yielding an effective barr ie r  height, Cbn ~ 0.57 eV. 
The existence of the thin oxide does not alter  the n 
value appreciably (n ~-~ 1.04), and the overal l  reverse  
characterist ics of the diodes are seen to have improved 
appreciably. The reverse  characterist ic is much im- 
proved, wi th  breakdown voltages of the order  of 8V 
being typical. 

A typical  capacitance Voltage curve for an a luminum 
oxide device is shown in Fig. 3. Due to the capacitance 
associated with the oxide, a plot of (1/C 2) vs. V can- 
not be used to obtain meaningful  values  of bar r ie r  
height  (5). The sequence of curves shown in Fig. 3 in- 
dicates that  these devices exhibi t  a capacit ive hystere-  
sis effect as the devices are vo l tage- ramped  into re-  
verse bias, probably because of deep levels  in the 
oxide. This hysteresis would be very  undesirable if 
these contacts were  used in FET applications; or if 
such oxide layers were  used to increase the barr ie r  
height  for DLTS or TSC studies, as the peaks from the 
oxide traps would interfere  with the signals from the 
semiconductor  traps. 

_An a l ternat ive  explanat ion for these hysteresis 
effects is that they are a result  of the defects known to 
exist at the interface be tween the InP semi- insulat ing 
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Fig. 3. Reverse bias capacitance-voltage curves measured at 1 
MHz for an Au/aluminum oxide/GalnAsP contact. The curves a-f 
correspond to consecutive voltage scans. Delay between scans 
,~5 sec. 

substrate and the GaInAsP epi taxial  layer. However ,  
this can be ruled out since these effects were  not ob- 
served in the basic A u / G a I n A s P  diodes which were  
fabr icated on the same slice. 

Similar  results have been obtained for the mag-  
nesium oxide system. The basic p rocedure  is the same 
as that  described above for aluminum, except  that  for 
the oxidat ion of magnesium temperatures  up to 300~ 
were  used. Magnesium oxide was invest igated because 
it was thought  that  it might  be possible to obtain 
thicker  oxides than with  a luminum at these low tem-  
peratures.  Oxide layers produced in this way were, 
however ,  s t ructura l ly  infer ior  to the a luminum oxide 
layer. Fur thermore ,  a l though the same general  trends 
as those observed for aluminum were obtained, the 
detailed results were considerably inferior. The re- 
verse leakage with a I0 nm oxide was ~i ~A and the 
reverse characteristic was soft and very unstable. It is 
possible that these results could be improved if the 
correct conditions for oxidation of the magnesium layer 
could be found. These studies are currently being 
pursued on InP (6). 

The third insulat ing layer  studied was SiO2, de- 
posited by a low t empera tu re  plasma process. These 
devices yielded results comparable  to those with  
a luminum oxide. The diodes exhibi ted an abrupt  tu rn-  
on voltage and ideal i ty values of n ~, 1.1 in forward  
bias. A typical cur ren t -vo l tage  characterist ic is shown 
in Fig. 2(e) for an approximate  oxide thickness of 15 
nm. We note also f rom this figure that  these diodes 
exhibit  very  good reverse  characterist ics with break-  
down voltages < 8V. One unfor tunate  feature  of these 

diodes is their  sensit ivi ty near  breakdown;  the charac-  
teristics become unstable and the diodes easily de- 
stroyed (i.e., exhibi ted low resistance).  

Discussion 
,On the basis of the interracial oxide tunneling theory 

applied to these structures, the reduction in reverse 
leakage as a function of oxide thickness, d, yields an 
effective barrier height (4, 5) 

Cbn' ---- Cbn -k Dd 

where  ~bn is the clean surface value (no oxide)  and D 
is the coefficient of increase in bar r ie r  height  with 
oxide thickness. D may be est imated from simple tun-  
neling theory. F igure  4 shows the result  of the present  
work and compares these with previous studies of St, 
GaAs, InP, and GaInAs. The consistency of all these 
results is apparent  from these curves. In the major i ty  
of cases, the exper imenta l  values of D are consistently 
less than the theoretical  values. The theoret ical  calcu- 
lations are always subject  to a great  deal of uncer ta in ty  
due to the lack of realistic information on the shape of 
the tunnel ing barrier.  On the exper imenta l  side, the 
major  uncer ta inty  is the thickness of the oxide film. 
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at 450~ for 20 sec. The contact  res is tance is insensi t ive  
to a l loying  t e m p e r a t u r e  over  a wide t empe ra tu r e  
range  f rom ~425 ~ t o  500~ 

(ii) Rect i fying character is t ics  of evapora ted  Au con-  
tacts are  charac te r ized  by  a ba r r i e r  height  of 0.4 eV, 
wi th  the cu r ren t -vo l t age  and capac i tance-vo l tage  tech-  
niques y ie ld ing  consistent  values.  

(iii) Large  increases in effective ba r r i e r  have been 
demons t ra ted  Using in te r rac ia l  l ayers  of A1~O3, MgO, 
and SiO2. These layers  are  al l  p roduced  by  low t em-  
pe ra tu re  processes and are  compat ib le  wi th  cur ren t  
FET technology. Al though  these layers  p roduce  des i r -  
able  effects on the  cu r ren t -vo l t age  character is t ics ,  
they  do induce some undes i rab le  hysteres is  in the 
capac i tance-vo l tage  curves  which  p r o b a b l y  could be 
reduced by  improving  the s t ruc ture  of the in ter fac ia l  
oxide. 
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Fig. 4. Effective barrier height 'r plotted as a function of oxide 
thickness, d~ for a range of different semiconductors. The results 
of the present study are compared with previous work. The two 
curves shown for GaAs (solid line and broken line) indicate the 
two extreme results cited in Ref. (5). The solid line indicates the 
more typical results. 

Conclusions 
The cur ren t  studies, a imed  at  improv ing  the tech-  

n o l o g y  of ohmic and rec t i fy ing contacts to the  qua te r -  
n a r y  al loy GaInAsP,  y ie ld  the fol lowing conclusions. 

(i) Specific contact  resis tances of ~3.5  • 10 -~ ~z- 
cm 2 have  been obta ined wi th  A u / G e  eutect ic  a l loyed 

Manuscr ip t  submi t t ed  Oct. 2, 1979; revised manu-  
script rece ived  Dec. 20, 1979. 

A n y  discussion of this pape r  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1980 
JO~mVAL. All  discussions for the December  1980 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1980. 
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A Quantitative AES Study of the Compositional 
Profile of Thin Oxide Films 

Katsuhiko lsMguro and Teiichi Homma 
Institute of Indnstr~al Science, University of Tokyo, Tokyo, Japan 

I t  is des i rable  to obta in  quant i t a t ive  informat ion  
about  the  composit ion and s t ruc ture  of thin film cor-  
rosion products  in o rde r  to unders tand  the growth  of 
such thin films and how they  develop into th ick 
scales. 

Al though Auger  e lect ron spectroscopy (AES) cou- 
p led  wi th  iner t  ion sput te r  e tching can be a powerfu l  
technique for s tudying  in -dep th  composi t ional  profiles 
of oxidized surfaces, i t  is difficult to obtain quant i ta t ive  
resul ts  on mul t i component  meta l  alloys. Thus, quan-  
t i t a t ive  in te rpre ta t ions  of Auger  peak  intensi t ies  have  
r a re ly  been a t t empted  for ox ide / a l l oy  systems. An ex-  
cept ion is the work  of H a m m e r  et al. (1) who pro-  

K e y  words: Auger analysis, depth profile, thin films oxide. 

posed an in te rna l  ca l ibra t ion  technique for  eva lua t ing  
pseudobinary  systems and appl ied  it to the quan t i t a -  
t ive analysis  of a va r ie ty  of systems including oxide  
solid solutions, pseudob inary  in te rmeta l l ic  compounds,  
etc. 

In  this paper ,  thei r  method is fu r the r  ex tended  by  
using re la t ive  sens i t iv i ty  factors to expla in  Auger  peak  
in tens i ty  changes obta ined by  sput te r  e tching oxide 
films formed on an F e - C r  alloy. A procedure  for 
es t imat ing  the var ia t ion  of the composit ion wi th  depth  
f rom the AES data  is described.  

Exper imenta l  
Electropol ished specimens of an Fe-18 weight  pe r -  

cent (w/o)  Cr a l loy (0.15 • 20 • 10 mm 3 in size) 
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were oxidized in  a UHV microbalance system at 620~ 
and  1 • i0 -~ Pa O2 for 120 min;  the total weight 
gain was 14 ~g/cm 2. The oxide crystal s t ructure was 
subsequent ly  studied using the reflection high energy 
electron diffraction technique. 

Auger  analysis was performed using a commercial  
scanning micro-probe analyzer  (ANELVA, EMAS If).  
Using a p r imary  electron beam energy of 5 kV and 
a cur ren t  1 ~A yielded a beam ~ I  /~m diam. The 
modulat ion ampli tude was 2V peak-to-peak.  A 1 m m  
diam sputter  ion beam was used at 2 kV, and 20 mA, 
and an argon pressure of 3 • 10 -3 Pa. Since the 
average grain size of the specimen was 100 ,~ 200 ~m, 
the AES result  provided informat ion about the oxide 
formed on individual  grains. Thus, measurements  on 
several grains gave similar, quite reproducible results. 
The Auger  signals used were oxygen (510 eV), chro- 
mium (529 eV), and iron (651 eV). 

Results and Discussion 
A typical change in Auger peak intensit ies dur ing  

ion sput ter ing the oxidized alloy surface is shown 
in  Fig. 1. Note that  i ron is enriched in the outermost  
layer  while chromium is concentrated in the remainder  
of the oxide film. Surface contaminants  (e.g., C)  
picked up dur ing specimen exposure to room air were 
neglected. 

In order to explain the results of Fig. 1 by means 
of the in terna l  cal ibrat ion technique (1), the data 
were replotted in Fig. 2 and 3. In  the Ic~ vs. lye plot 
of Fig. 2, the directions of the arrows indicate the 
changing Auger  intensit ies with increasing sputtering. 
Note that  Icr** and /Fe* correspond to the Auger 
intensit ies of pure chromium oxide and pure iron 
oxide, respectively. Also, Icr ~ and 'IFe ~ represent  the 
AES strengths of the pure metals, under  the same 
exper imental  conditions. The change in the peak in-  
tensities along the Icr**-IFe* line (1-9) can be a t t r ib-  
uted to a concentrat ion var iat ion in the oxide film 
with depth. The results in Fig. 2 indicate the outer-  
most surface is comprised of pure iron oxide. This 
was then identified to be Fe:~O4 by RHEED. The com- 
position of the mixed oxide layer  approaches that  of 
Cr203 at point 9. Note that  deeper into the mater ial  
(pt. 10-18), the data do not fall on the ICr**-[Fe* 
l ine bu t  tend instead to fall on the Icr**-I~,.~ ~ line. 
To a first approximation, this can be in terpre ted to 
mean  that  the film at this depth is comprised of a 
metallic iron-Cr20~ mixture.  Since the points 10-18 
fall sl ightly above this line, this suggests as an added 
refinement that a small  amount  of metallic chromium 
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Fig. 1. Sputterlng in-depth profile of Fe-|SCr ahoy oxidized for 
120 min at 620~ and at on oxygen pressure of I X 10 -8 Po. 
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Fig. 2. Chromium peak intensity vs. iron peak intensity during 
sputtering. Auger peak intensities, Icr** and IFe* , for Cr203 and 
Fe304, respectively. Icr ~ and IFe ~ for pure metals. 

is also present. The Io/Ive vs. ICr/lFe plot of Fig. 3 
provides addit ional information. The straight l ine (L) 
indicates a concentrat ion change in the pseudobinary 
system, (FeOn)1-=(CrOm)~. In  other words, a var ia-  
tion of the points 1-9 along the l ine corresponds to 
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Fig. 3. Plot of peak intensity ratio IO/IFe vs. lcr/IFe, inter- 
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for Cry.03. 
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that  on the Icr**-IFe* l ine of Fig. 2. The intersection 
with the ordinate  axis and the slope give the values 
of the IO*/IFe* and Io**/Icr** ratios for pure iron 
oxide and pure chromium oxide, respectively. Fur ther  
in, the points 10-18 fall on a second straight l ine (M), 
having the same slope as L, but  passing through the 
origin, i.e., where Io*/IFe* -~ O. Thus, Fe exists in 
the metall ic state along this line, The change on M 
l ine corresponds to that  on the Icr**-IFe ~ l ine in Fig. 2. 
Accordingly, the present  results show that the com- 
position varies along L towards the chromium-r ich  di- 
rection (pt. 1-9), and then changes to the M line where 
it varies towards an i ron-r ich  direction. This means 
that  the oxide/al loy interface begins to appear at 
point  10. The slight deviat ion of pt. 10-18 from the M 
line suggests t h a t  some chromium is present  in the 
metall ic state. 

The concentrat ions of these elements in different 
states were evaluated so as fur ther  to quant i fy  the 
compositional in -depth  profiles. For de termining con- 
centrations, the following empirical  formula with the 
relat ive sensit ivi ty factor (2) was employed. 

Xi "-" aili/~ajIj [1] 

where the sum of the iron and chromium concentra-  
tions has been  normalized to 100%. In  this case, 

Xi  -~ aili[acr(Icr Ox -~- Icr Me) r~- aFe(IFe Ox --[- /Fe Me) ]--1 
[2] 

Icr -- Icr Ox -~- Icr Me [3] 

IFe : IFe Ox "~- IFe Me [4] 

Io -- Kl lcr  Ox "J- K2Ife Ox [5] 

K1 -- Io **/ICr**, K2 -- Io */Ife* [6] 

where Ii ox represents the Auger in tensi ty  f o r  the 
oxide, Ii Me for the metal  and ai is an inverse relat ive 
sensi t ivi ty factor. A value of 1.22 for aFe/aer was used 
here. K1(=2.6)  and K2(=2.4)  were determined by 
the slope and the intersection of L at the point of a 
vertical  l ine in  Fig. 3. The following approximations 
have been introduced to determine Xcr Ox, Zcr  Me, 
XFe ~ and Xfe Me from Eq. [2]- [6] 

(i) Icr Me -- IFe Me = 0 on L l ine in Fig. 3 (pt. 1-9) 

(ii) IFe ~ = 0 on M line in  Fig. 3 (pt. 10-18) 

The validity of these approximations has been con- 
firmed by measurements  of the low energy Auger 
peaks of i ron and chromium in order bet ter  to evalu-  
ate their  chemical valence states (3). 

The compositional profile obtained from these pro- 
cedures has been shown in  Fig. 4, where the chemical 
state of each element  was denoted in parentheses. 
Thus, Cr +s ions were established to be the dominant  
cation state in the chromium oxide layer.  In  addition, 
the Io**/Icr** value (=2.6)  in Fig. 3 is quite close 
to that  for bulk  Cr203 (=2.6) ,  and the Io*/IFe* 
(--2.4) in  Fig. 3 is also quite close to that  for bulk  

Fig. 4. Concentration profiles for chromium and iron 

Fe304 (=2.6) .  Most likely, the bu lk  of the oxide 
between the FeaO4 and Cr203 regions is a spinel, 
Fe3-xCrxO4 (0 < x --< 2). In  this discussion, we do 
not consider effects due to preferent ia l  sput ter ing and 
decomposition of the oxides by bombardment ,  because 
it has been conf i rmed that these effects are negligible 
for the Cr203 and Fe304 mixture  system (5). 

The present  results are similar to those obtained 
for thick scales formed at 600~ and higher O2 pres- 
sures, as determined (1 atm) by using the Electron 
Probe Micro Analyzer  (4). The formation of ~oFe203 
was expected for the present oxidation conditions from 
thermodynamical  consideration. However, this phase 
did not appear. At lower oxygen pressures (below 
10 -3 Pa) ~-Fe203 formation has not been reported 
for pure iron oxidation (6). An average oxide film 
thickness was evaluated from the total weight gain 
of 14 ~g/cm 2. This thickness is ,~900A, assuming an 
average density for the Cr203 and Fe304 mixture  of 
5.2 g /cm 3. 

Manuscript  submit ted May 16, 1979; revised m a n u -  
script received Nov. 26, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submit ted by Aug. 1, 1980. 
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Anomalous Etch Structures Using 
E thylened ia mine- Pyroca techoI-Wate r 

Based Etchants and Their Elimination 
A. Reisman, M. Berkenblit, C. J. Merz, A. K. Ray, and D. C. Green 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

Recently, several of the authors published the results 
of studies on pyrazine catalyzed e thy lenediamine-pyro-  
catechol-water etchant solutions (1). Two qua te rnary  
etchant compositions were defined for use in  slow and 
fast etching applications S and F etch, respectively. S 
etch was found useful in the tempera ture  range from 
50~ up to the solution boiling point  at approximately 
118~ In  using S etch at 50~ a new phenomenon was 
observed, which was found not to be an at t r ibute  of S 
etch composition, but  was in fact observed with uncat-  
alyzed solutions as well. This phenomenon,  manifests 
itself on single crystal mater ial  by the appearance of a 
dense etch s tructure pa t te rn  reminiscent  of dislocation 
mound etch structures, as shown in Fig. 1. The effect is 
odd, in that with repeated 50~ etchings conducted in 
a bath contained in the apparatus shown in Fig. 1 
of Ref. (1), some baths never  exhibited the effect, some 
exhibited it immediately,  while others did so only after 
several wafers had been etched. 

This indicates that  whatever  causes the effect does 
not necessarily do so by itself, bu t  first participates in 
a slow reaction in  the etching ba th  forming something 
else which causes the effect. Based on the above, it 
would appear that  because some baths show the effect 
immediate ly  while others do so only after a period of 
time, that  the t ime of first observat ion of the etch 

Fig. 1. Photomicrograph of an Si surface etched at 50~ 

structure depends on the level of contaminat ion of the 
unknown  contaminant  in  the as consti tuted bath. 

The problem was traced to the use of different lots 
of ethylenediamine.  The effect was found using ethyl-  
enediamine which was contaminated with pyrazine as 
well as with e thylenediamine which was pyrazine free. 
Our best efforts have thus far been unsuccessful in 
ident ifying the causative agent. Photon absorption 
techniques show no difference be tween lots of ethyl-  
enediamine which cause the effect and those which do 
not. Similarly, high pressure l iquid phase chromato- 
graphic isolation techniques have not  provided any 
clues. 

We have been unable  to create the effect by con- 
taminat ing  e thylenediamine wi th  NHs, CO2, HC1, or a 
colloidal silica suspension, but  have developed a simple 
procedure which eliminates it. If after consti tuting a n  
etchant bath, it is heated for 1 hr  at 115~ under  an 
iner t  gas ambient  atmosphere, as for example might 
be done with the apparatus described in  Ref. (1), the 
effect is absent  even with baths that  would yield the 
etch structure immediately.  Preheat ing of the e thylene-  
diamine by itself under  the same conditions works 
equally well. If the time of 115~ t rea tment  is less than 
1 hr, the freedom from the effect cannot be guaranteed. 

!For  example, following 20 rain 115~ pretreatments,  
some known  bad baths used at 50~ did not  show the 
effect again unt i l  several  wafers had been etched, and 
several hours had elapsed. Others did not  exhibit  the 
effect again at all. All baths, however, showed an al-  
leviat ion from the effect for at least several hours. 
When treated at 115~ for 1 hr  instead of 20 min, 
however, no previously bad bath  has been found to 
revert  to its bad status. This indicates that  whatever  it 
is that  causes the effect is either decomposed or volati l-  
ized by the extended 115~ treatment .  Incidentally,  it 
is not uncommon to use pyrocatechol based baths in an 
open beaker at from 105~ to its boil ing point. We con- 
sti tuted such a bath  using e thylenediamine  which was 
known to yield the etch structure,  bu t  which was 
pyrazine free, and used it to etch (100) wafers at the 
solution boiling point  wi th  a 5 rain pre t rea tment  at 
the boiling point. The etch s t ructure  was observed and 
of course, as is the case wi th  such uncatalyzed baths 
exposed to air, the bath exhibited significant darken-  
ing due to oxidation. Consequently, even if such pyra-  
zine free solutions are to be used in air  at temperatures  
above 100~ it would be necessary first to pretreat  
them or the e thylenediamine at 115~ for 1 hr in an 
inert  gas ambient  atmosphere prior  to their  use in air. 
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Photoelectrochemistry of Hydrogenated 
Amorphous Silicon (a-St:H) 

Yitzhak Avigal, David Cahen, Gary Hodes, Joost Manassen, and Baruch Vainas* 
The Weizmann Institute of Science, Rehovot, Zsrae~ 

and R. A. G. Gibson 
Carnegie Laboratory of Physics, Dundee, Scotland 

Photoelectrochemical cells (PEC's; semiconductor-  
l iquid junc t ion  solar cells) have at tracted much a t ten-  
t ion as candidate systems for practical conversion of 
solar energy into electricity since the pioneering work 
by Fuj i sh ima  and Honda (1), Ger i scher  (2), and 
others (3). Several  studies have been  reported, using 
crystal l ine silicon (c-St) as  the semiconducting photo- 
electrode in a PEC containing an aqueous electrolyte 
(4, 5). The results show that c-St is grossly unstable  in 
such a PEC, probably  because of the very  rapid forma- 
t ion of an  electrically blocking surface oxide layer. The 
same mater ia l  has been  used in  organic solvents, both 
as a photoanode (6, 7) and a photocathode (7). Rela- 
t ively low photocurrents  were reported and no infor-  
mat ion  on conversion efficiency and  stabil i ty under  
solar conditions was presented. 

Lately, since the discovery that  glow-discharge de-  
posited amorphous silicon (a-St: H) can be successfully 
doped (8) there has been much interest  in  the potent ial  
use of this mater ia l  in solid-state photovoltaic cells (9) 
[see, for example, the recent  reviews by  Gibson et aL 
(1{}) and Wilson et aL (11)]. a - S i : H  has the advantage 
over c-St of ease of prepara t ion  and, because direct op- 
tical t ransi t ions dominate its absorption/reflect ion spec- 
trum, it  can be used in  th in  layers (~1~ compared to 
,--1{)0~ for c-St) .  The photoanode properties of vapor-  
deposited a-St in  aqueous solut ion have been ment ioned 
briefly, and its output  ins tabi l i ty  noted (4). Here we 
present  p re l iminary  results on the properties of an 
a-Si: H based PEC which uses the nonaqueous electro- 
lyte system of L e g g e t  aL (6), i.e., fe r rocenium/fer ro-  
cene in  ethanol, and compare them to those for a s im- 
i lar c-St based system. 

Experimental 
Stainless steel or t i t an ium were used as the sub-  

strates for the glow-discharge deposition of a-St: H lay-  
ers as n - type  mater ia l  (/~T D ~ 1017 CLrl3. - 8 )  (8 ) .  Except 
for the photoactive area the electrode was encapsulated 
in  epoxy resin. Photoelectrodes of c-St were prepared 
from wafers of n - type  St, cut along the (111) plane 
with 1-10 ~ - c m  resist ivi ty (k indly  provided by Dr. J. 
Mande lkorn  of the Weizmann  Ins t i tu te  of Science). 
Ohmic contacts were made using In -Ga  alloy and silver 
epoxy. The electrolyte was an absolute ethanolic solu- 
t ion of ferrocene (70 raM, Aldrich)  and 0.5 mM ferro-  
cenium, prepared by electrochemical  oxidation of fer-  
rocene in  a separate H-cell. The support ing electrolyte 
was t e t r abu ty l - ammon ium perchlorate  (TBAP) (0.1M, 
G. Frederick Smith Chemical Company) .  Potentiostatic 
exper iments  were carried out with a Wenking  LT73 
potentiostat,  using a Pt  gauze counterelectrode and 
s tandard  calomel electrode (SCE) as the  reference 
electrode, connected to the working solution via a salt 
bridge of TBAP in  e thano l  All  exper iments  were done 
unde r  an  argon atmosphere in  deaerated solutions. Sta-  
bi l i ty  tests were carried out unde r  constant  temper-  
a ture  conditions. 

Both types of electrodes were etched by 40% aque-  
ous HF: a - S i : H  three times for 5 sec and rinsed with 
absolute ethanol after each etch. c-St was etched three 

* Electrochemical Society Active Member  
Key words: amorphous Si, photoeleotroehemistry, solar energy 

conversion, nonaqueous electrolytes,  

times for 20 sec and rinsed with absolute ethanol after 
each etch. 

Results and Discussion 
Figure  1 shows dark and light potentiostatic I-V 

curves of a -S i :H  and c-Si. The onset of photocurrent  
for these two photoelectrodes occurs at quite similar  
electrode potentials, (100 mV difference under  the 
conditions of Fig. 1), which reflects their  s imilar  flat- 
band potentials. The sa turat ion open-ci rcui t  voltage 
at high i l luminat ion  intensit ies suggests a value of 740 
mV (--440 mV vs. SCE) for the a-Si:  H flatband poten- 
tial, which should be compared with 700 mV (--400 mV 
vs. SCE) for c-St (6). On the basis of this informat ion 
and the measured values of the optical energy gap of 
1.1 eV for c-St and 1.7 eV for a-St:H, the energy dia- 
gram of Fig. 2 can be constructed. The band-edge  en-  
ergies shown are m i n i m u m  ones only, and it is qui te  
possible that they may be more negative, because of 
differences between EF and Ec, both in a-Si :H and 
c-St. Such a shift, however, does not affect the conclu- 
sions of this work. Figure  1 also shows that the cath- 
odic overpotential  for dark, forward currents  for 
a-Si :H is considerably larger than that for c-St. This 
may  be caused by the much  lower concentrat ion of 
surface states on a-Si :H than  on  c-St, something which 
may influence the photocurrents  as well  (12). 

Variable load (nonpotentiostatic)  I - V  curves of 
a -S i :H  based PEC's show, at an i l luminat ion  intensi ty  
of 100 mW/ c m 2 (NAM1 solar i r radia t ion) ,  a photo- 
current  of 1.2 mA / c m 2, and a photopotential  of ,-~500 
mV, with a fill factor of ~0.4 (,-,0.24% efficiency). At 
1500 m W / c m  2, under  these conditions, a photopoten- 
tial of ~700 mV is obta ined (quite close to saturat ion) ,  
a photocurrent  of ,,,4.5 m A / c m  2, and  a fill factor of 

71- 

6 

I 
-I~ 

c -St 
a-Si:H / 

I(inc.) = 1,500 mW/cm ~ / 

~/" / ' "  

t" / REDOX p_ 

5oo - J / ~ -Io, o + l g o [ m v ] ~ . s c ~ z , ,  I 

- -  - - ~  --~ J'Y:&I 
I 

Fig. 1. Light and dark potentiostatic I-V curves for a-Si:H (solid 
lines) and c-St (dashed lines). EREDOX: Redox potential of the 70 
mM ferrocene, 0.5 mM ferrocenium ethanolic solution. Note the 
different current scales for dark and light currents. I(inc) = 
Incident light intensity. 
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Fig. 2. Scheme of relevant energy levels for o-Si:H and c-Si/ferro- 
cene-ferrocenium semiconductor-electrolyte junctions. EREDOX: as 
in Fig. 1. 

~0.2. The relat ively small  photocurent  (as compared to 
Fig. 1) is due to the fact that  the electrode was at N0 
mV vs. SCE under  short-circui t  conditions, and not  at 
the electrolyte redox potential  of +300 mV vs. SCE, as 
it ideally should have been. This is probably  because of 
the larger resistance drop between the electrodes in the 
rather  dilute organic electrolyte. 

Spectral response measurements  show the onset of 
photocurrent  for a -S i :H  to be around 700 rim, with a 
max imum response around 580 nm. This spectral re-  
sponse agrees quite well  with a superposit ion of the 
solution absorption spectrum and the a -S i :H  reflec- 
tance spectrum, and that of a -S i :H  based Schottky 
cells (when electrolyte absorption losses are taken into 
account).  

In  Fig. 3 the photocurrent  of an a-Si:  H-based PEC is 
shown as a function of charge passed, reflecting the cell 
output  stability. The photocurrent  decreases to about 
half its ini t ial  value during the first ten hours ( ~  30C 
passed), after which the deactivation process v i r tua l ly  
stops. It is quite probable that  this deactivation is due 
to a bui ldup of an insulat ing silicon oxide layer on the 
electrode surface. Also, after deactivation, the photo- 
electrode dark potent ial  shifted by ~ 100 mV to a more 
negative value. Deactivated photoelectrodes were eas- 
ily reactivated by etching with 40% aqueous HF. (The 
electrode performance was found to be very sensitive 
to the exact surface etching p r o c e s s . ) a - S i : H  photo- 
electrodes of small  surface area (down to 5 mm ~) were 
found to give better  and more reproducible perform- 
ance than larger ones, possibly point ing to the existence 
of pinholes. 

The stabil i ty of a-Si: H based PEC's is s imilar  to that  
of c-Si ones under  our (near  short-circuit)  conditions 
(those of Fig. 3), and under  those condition~ it  seems 
to be a funct ion of the ini t ial  photocurrent  density, 
mainly.  However, because of the consistently higher 
photocurrents of a -S i :H  PEC's as compared to c-Si 
ones under  identical i l iuminat ion  conditions, photocur- 
rent  decay of a-Si: H cells may start  at lower i l lumina-  
tion levels than is the case for c-Si ones. The stabil i ty 
referred to in Ref. 6 (with monochromatic excitat ion at 
632.8 nm of ~10 mW/cm 2, and short-circui t  photocur-  

~E 0.8 

,E,O.6 

~" O.4 

o 0.2 
o 
13. I , I , I 

I0 30 50 
CHARGE PASSED [COULOMBS] 

Fig. 3. Photocurrent of a-Si:H as function of charge passed. AM1 
simulated illumination. R = 100~ (near short-circuit for this, 
organic electrolyte-containing, PEC). Temp.: 30~ 

rent  densities between 0.3 and  1.2 m A / c m  2) is not 
found by us under  the conditions used in  this study. 

The similarities and differences be tween these two 
forms of silicon can be understood fur ther  by invest i -  
gating the t rans ient  photocurrents  obtained from them, 
and this study, present ly  in progress, will  be reported 
elsewhere. Figure 2 does show, however, that  the elec- 
t ron affinities of a-Si:  H and c-Si are quite similar and 
thus it  seems that  this physical quant i ty  is dictated 
main ly  by the similar  immediate  env i ronment  of the 
Si-atoms in the two materials,  possibly by the similar 
S i - -Si  bonds, and much less so by long-range  forces. 
Addit ional  evidence for this explanat ion comes from: 
(i) the reported decrease in  optical bandgap with de- 
creasing hydrogen content  of a -S i :H  (13), and (ii) 
photoelectron spectroscopic data, that show that in-  
creasing the hydrogen content  in  a -S i :H shifts the 
valence bandedge down with respect to the conduction 
bandedge, which remains fixed (14). This suggests that  
Si-H interact ion plays a role in determining the valence 
band position but  that the conduction band position is 
not (or very much less so) affected by it. 

Also, from Fig. 2 we see that  the energy gained by 
a hole in the semiconductor which reaches the sur-  
face and interacts with the ferrocene in  solution is 
near ly  600 mV more in  the case of a-Si:  H than  in  that  
of c-Si. If it is necessary to overcome an activation 
energy (overpotential)  for this reaction to take place, 
then this difference in  energy gain may explain the 
larger photocurrents  observed for a-Si: H than  for c-Si, 
under  similar  i l luminat ion  conditions. 

In summary,  the above results show that  the photo- 
electrochemical behavior  of a-Si:  H is in most respects 
superior to that  of c-Si in  the redox electrolyte used 
here. However, this electrolyte system is still far from 
ideal, from both stabil i ty and efficiency considerations, 
for a-Si, as well  as for c-Si, photoelectrodes. 

Acknowledgment 
We thank Y. Merovsky for the spectral response 

data, the Ministry of Research and Technology of the 
FRG (through Kernforschungsanlage Jfilich) for sup- 
port (to WIS group),  and Lucas Industr ies for the 
award of a Fellowship to R.A.G.G. 

Manuscript  submit ted Aug. 30, 1979, revised m a n u -  
script received Nov. 11, 1979. 

Any  discussion of this paper will appear in  a Dis- 
cussion Section to be published in  the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submit ted by Aug. 1, 1980. 

Publication costs of this article were  assisted by 
The Weizmann  Inst i tu te  of Science. 



VoW. 127, No. 5 HYDROGENATED AMORPHOUS SILICON 1211 

REFERENCES 
1. A. Fujishima and K. Honda, Nature, 238, 37 (1972). 
2. H. Gerischer, J. Electroanal. Chem, 58, 263 (1975). 
3. "Semiconductor-Liquid Junction Solar Cells," A. 

Heller, Editor, The Electrochemical Society Soft- 
bound Proceedings Series, Princeton, N.J. (1977). 

4. T. S. Jayadevaiah, Appl. Phys. Lett., 25, 399 (1974). 
5. R. M. Candea, M. Kastner R. Goodman, and N. 

Hickok, J. AppL Phys., 47, 2724 (1976). 
6. K. D. Legg, A. B. Ellis, J. M. Bolts, and M. S. 

Wrighton, Proc. Natl. Acad. Sci. USA, 74, 4116 
(1977). 

7. D. Laser and A. J. Bard, J. Phys. Chem., 80, 
459 (1976). 

8. W. E. Spear and P. G. Le Comber. Solid State 
Commun., 17, 1193 (1975); W. E. Spear and 
P. G. Le Comber, Philos, Mag., 33, 935 (1976). 

9. D. E. Carlson and C. R. Wronski, Appl. Phys. Lett., 
28, 671 (1976); D. E. Carlson, IEEE Trans. Elec- 
tron Devices, ED-24, 449 (1977). 

10. R. A. Gibson, P. G. Le Comber, and W. E. Spear, 
Solid State and Electron Devices, 2, $3-$6 (1978). 

11. J. I. B. Wilson, J. McGill, and D. Weaire, Adv. 
Phys., 27, 365 (1978). 

12. S. R. Ovshinsky and D. A. Adler, Contemp. Phys., 
19, 109 (1978). 

13. C. C. Tsai, H. Fritzsche, M. H. Tanielian, P. J. Gaczi, 
P. D. Persans, and M. A. Vesaghi, in "Proceedings 
of the Seventh International Conference on 
Amorphous and Liquid Semiconductors," W. E. 
Spear, Editor, p. 339, CICL, Edinburgh Univer- 
sity, Edinburgh (1977). 

14. B. V. Roedern, L. Ley, and M. Cardona, Solid 
State Commun., 19, 415 (1979). 

Erratum 
In the paper "Formation Mechanism of Porous Sili- 

con Layer by Anodization in HF Solution," by Takashi 
Unagami which appeared on pp. 476-483 in the Feb- 

ruary 1980 JOURNAL, VO1. 127, No. 2, the word "fluoride" 
which appeared on pp. 477 and 478 should read: 
"fluorine ion". 
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ABSTRACT 

With  a p ro jec ted  energy  dens i ty  of 70-110 W - h r / k g  and an es t imated  l i fe-  
t ime in excess of 1000 cycles, s i l ve r -hydrogen  cells represen t  a promis ing  elec-  
t rochemical  energy  s torage device for special ized applicat ions.  A cell  design 
using a ro l led  s tack configurat ion is especia l ly  a t t ract ive .  A comprehens ive  
compute r  s imula t ion  has been used to opt imize the  energy  dens i ty  of such a 
cell.  The pa r ame te r s  considered include:  cell  geometry ,  e lec t rode  and  lead  
dimensions,  wa te r  genera t ion  and consumption,  e lec t ro ly te  movement ,  hea t  
genera t ion  and dissipation,  and act ive ma te r i a l  uti l ization.  The resul ts  show 
tha t  ba lancing of e lec t ro ly te  t r anspor t  processes is essent ia l  for  s table  long 
t e rm  operat ion.  Energy  dens i ty  is a s t rong funct ion of rate,  wi th  incomple te  
s i lver  e lect rode ut i l iza t ion the ma in  factor. A t  h igher  ra tes  no more  than  th ree  
or four  layers  can be used if the m a x i m u m  t empera tu r e  increase  on discharge 
is to be kep t  be low 5~ to avoid  e lec t ro ly te  loss via  evapora t ion /condensa -  
t ion processes. Conversely,  use of only  one or two layers  leads to an unac-  
cep tab ly  high pena l ty  in  the energy  densi ty.  

A me ta l -gas  ba t t e ry  based on the Ag-H2 couple is an 
a t t r ac t ive  power  source, pa r t i cu l a r l y  in terms of the 
weight  energy  density.  By rep lac ing  the Zn e lec t rode  
in the A g - Z n  sys tem wi th  the H2 electrode,  the main  
d r a w b a c k  of A g / Z n  bat ter ies ,  short  cycle life, can be 
overcome. However ,  the r e l a t ive ly  high so lubi l i ty  of 
s i lver  oxide  in a lka l ine  e lec t ro ly tes  st i l l  requi res  use of 
argent is ta t ic  membranes  s imi lar  to those employed  in 
Ag-Zn  cells. 

Oxidat ion  of the  s i lver  e lec t rode  dur ing charging 
nomina l ly  takes  place in two steps 

2Ag + 2 O H -  -~ 2 e -  -~ H20 ~ Ag20 [1] 

Ag20 -~ 2 O H -  --> 2 e -  -~ H20 -~ 2AgO [2] 

In  a lka l ine  media  the r e l evan t  react ion at the H2 elec-  
t rode  is 

2H20 -t- 2 e -  -> Hz -~ 2 O H -  [3] 

so  tha t  the overa l l  cell  react ions are  

2Ag + H20 -* H2 + Ag20 [4] 

A g 2 0  -~ H20-+ H2 ~ 2AgO [5] 

At  25~ the r e l evan t  t he rmodynamic  da ta  (1) for the 
first react ion are  AG ~ =- 54.104 kca l /mole ,  AH ~ : 61.011 
kca l /mole ,  and AS ~ --  23.17 (e ~ = 1.173V) ; for the sec- 
ond reaction,  AG ~ : 66.202 kca l /mole ,  AH ~ : 70.085 
kca l /mole ,  and AS ~ ~ 13.02 (e ~ = 1.435V). In  pract ice,  
dur ing  charging the cell vol tage increases sha rp ly  to 
the  second p la teau  af ter  roughly  30% of the u l t imate  
net  capac i ty  has been reached;  dur ing  discharge,  the  
cell  vol tage  drops af ter  about  35% of capacity.  A typical  
vo l t age- t ime  trace for an Ag-H2 cell is shown in Fig. 1. 
Charge  ut i l iza t ion of t he  Ag elect rode is genera l ly  in 
the  range  40-70%, and, as shown in Fig. 2, is a s t rong 
function of the cur ren t  density.  

* Electrochemical Society Active Member. 
Key words: cell, energy density, electrolyte. 

Severa l  aspects  of Ag-H2 cell  design have been con- 
s idered in the l i t e r a tu re  (2-5).  E lec t ro ly te  ma na gemen t  
is the  main  p rob lem area  (6). In  this paper  we briefly 
summar ize  the  design impl icat ions  of the ea r l i e r  work,  
which has focused on cells wi th  s tacked electrodes 
(4, 5), and then proceed to a discussion of a computer  
s imula t ion  model  for  ro l led  Ag-Hz cells. The model  
takes  into account both  the mechanica l  and e lec t ro-  
chemical  aspects of design, and can opt imize such fea-  
tures as p ressure  vessel  radius  and length  for m a x i m u m  
energy  densi ty  subject  to constraints  on volumet r ic  
density,  t he rmal  gradients ,  and discharge  rate.  

E l e c t r o l y t e  M a n a g e m e n t  
Unless the two electrodes are  separa ted  by  an a rgen-  

t is ta t ic  membrane ,  dissolved s i lver  oxide  wi l l  migra te  
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Fig. I .  Typical voltage-time trace during a charge-discharge 
cycle of an Ag/H2 cell. 
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to the H2 electrode.  This not  only  causes reduced  cell  
capaci ty  bu t  also leads  to in te rna l  shor t ing when  the 
dissolved oxide is r educed  to si lver.  Indeed,  migra t ion  
is such a serious p rob l em tha t  the  ba r r i e r  membrane  
mus t  be ex tended  wel l  beyond the edges of the elec-  
t rodes to e l imina te  r ap id  Ag br idg ing  and shorting. 
However ,  in a pressure  vessel  wi th  s tacked electrodes,  
extension of the  membranes  would  ser iously  reduce 
hea t  t ransfe r  be tween  the electrodes and the vessel  
walls,  leading to high the rma l  gradients  and possible 
evapora t ion  of wa te r  f rom the e lec t ro ly te  and conden-  
sat ion on the vessel  walls.  This p rob lem can be solved 
by  using a ro l led  e lect rode configuration, in which the 
ba r r i e r  membrane  extensions do not increase  the gap 
be tween  the vessel  wa l l  and the electrode.  As we dem-  
ons t ra te  in the nex t  section, this approach  is l imi ted  by  
the t he rma l  conduct iv i ty  of the e lect rode rol l  in the  
direct ion pe rpend icu la r  to its axis, which  is much lower  
than  the the rmal  conduct iv i ty  in the pa ra l l e l  direction.  
A rol led  configuration is hence l imi ted  to a few layers.  

A second p rob lem in e lec t ro ly te  managemen t  is con- 
sumption of wa te r  dur ing  charging,  which, as can be 
seen f rom Eq. [4] and [5], is inheren t  in the cell  chem-  
istry.  To p reven t  the e lectrodes f rom dry ing  out  it  is 
essent ia l  to use e lec t ro ly te  reservoirs .  Casual  examina -  
t ion of Eq. [1]-[3]  indicates  tha t  the H2 e lec t rode  is 
l ike ly  to d ry  out  dur ing  the charging step. In  pract ice,  
dry ing  out of the Ag electrode dur ing  charge is the real  
p rob lem (6). This is because e lec t romigra t ion  of KOH 
tends to increase the KOH concentra t ion in the H2 
elect rode reservoir .  The diffusion constant  for wa te r  
is l a rge r  than  for KOH, bu t  both  are  sufficiently large  
that  the concentra t ion grad ien t  on the two sides of the  
ba r r i e r  membrane  is small .  Thus, e lec t romigra t ion  of 
KOH into the H2 e lec t rode  reservoi r  leads to l a rge-sca le  
diffusion of wa te r  out  of the Ag elect rode reservoir ,  
thus dry ing  it. Careful  analysis  indicates  that  this p rob -  
lem cannot  be solved mere ly  by  increasing the volume 
of the Ag elect rode reservoir ;  the excess of charge 
over  discharge cur ren t  (i.e., overcharge)  wi l l  lead  to 
d ry ing  in a few cycles. I t  is hence necessary  to select 

T-- 
WRTHK 

and ad jus t  the  var ious  t r anspor t  pa rame te r s  th rough  
the argent i s ta t ic  membranes  such that  a sui table  ba l -  
ance of the  mass flow can be maintained.  Of the four  
membranes  inves t iga ted- -Visk ing ,  Permion  2291, 
Pe rmion  2193, and the NASA IO s e p a r a t o r - - o n l y  the 
l a t t e r  could meet  these requirements .  A signif icantly 
h igher  ra te  of e lec t ro ly te  backwicking  is the ma in  dis-  
t inguishing parameter .  This topic wil l  be t rea ted  more  
fu l ly  in a subsequent  pape r  (7). 

Expe r imen ta l  and theore t ica l  considerat ions along 
the l ines above have led to a p re fe r r ed  cell  design con- 
sist ing of a 25 mil  th ick porous Ag electrode,  an in-  
organic-organic  NASA separa to r  (s imilar  to the ear l ie r  
"Ast ropower"  separa tor )  wi th  the membrane  side 
away  f rom the Ag electrode,  and  a 20 mi l  asbestos ab -  
sorber  l aye r  be tween  the separa to r  and the H2 elec-  
trode. Such test  cells have  surv ived  over  500 cha rge /  
discharge cycles to 70% depth  of discharge at  the  C/1.4 
ra te  wi th  capaci ty  loss under  10%. (On this basis we 
pro jec t  a l i fe t ime in excess of 1O00 cycles.) The s imula-  
t ion p rog ra m used the g rav imet r i c  and the rmal  p rop-  
er t ies  of this e lec t rode  a r r angemen t  in opt imizing the 
overa l l  cell  design. 

Computer  Mode l  for Ag -H2  Cel ls 
The genera l ized  mechanica l  design for Ag-H2 cells 

is shown in Fig. 8-7. The labels  for  the  var ious  d imen-  
sions, which  are  the  FORTRAN var iab le  names, are  
expla ined  in Table  I. Al though  the p rog ram makes  i t  
possible  in pr inc ip le  to v a r y  any  of these dimensions,  
only  the  pressure  vessel  radius,  length,  and  thickness 
were  rou t ine ly  and sys temat ica l ly  a l tered,  a long with  
the  number  of Ag-H2 e lec t rode  pairs  in the "rol l ."  
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Given the cell capacity, the thickness of the Ag elec- 
trode, and the number  of electrode pairs, knowledge of 
the si lver uti l ization allows calculation of the electrode 
area. The exper imenta l  relationship between uti l ization 
U and discharge current  density id is approximately 
represented by the equat ion 

U -- 0.208 -- 0.286 log (id) [6] 

Since the current  density depends on plate area, an 
i terat ive technique is used to obtain both the Ag ut i l i -  
zation and the plate area. The cur ren t  density is in-  
versely proport ional  to the discharge time, so required 
plate area is also a funct ion of discharge time. 

Since the plate area is known, the radius and length 
of the pressure vessel are no longer independent  var i -  
ables. The program provides values for both variables 
in  the following fashion. First, an  a rb i t ra ry  radius is 
chosen, and the length of the pressure vessel is cal- 
culated using the known plate area. The entire weight 
and volume calculations follow. A new (and larger) 
radius is chosen, and  the calculations are repeated. 
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Fig. 6. Details of the support structure for the electrode roll 
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Fig. 7. Electrode roll structure. Gas gap between H2 and Ag elec- 
trodes is GASGP2; between adjacent H2 electrodes, GASGP1. 

This process is continued unt i l  the selected volumetric  
energy density is bracketed; the program then interpo-  
lates the correct radius and repeats the calculations 
once more. In this way the program provides a cell de- 
sign with a preselected volumetric  energy density. 

The quant i ty  of H2 in the cell is of course determined 
by the cell capacity, and the volume is fixed by the 
pressure vessel radius and length. (Excluded volumes, 
e.g., mandrel ,  electrode roll, leads, and terminals,  are 
taken into account). The maximum cell pressure is 
hence determined by the assumed maximum tempera- 
ture (20~ This in turn fixed the thickness of the 
pressure vessel walls (Inconel 718, with a safety factor 
of 2). 

With three main  exceptions, the remaining  compo- 
nents in the cell are of fixed design, and are assumed to 
have fixed weights and volumes. The exceptions are 
the H2 electrodes (Ni Exmet  TM screen support ing the 
Teflon bonded p la t inum black) and the H~ and Ag elec- 
trode leads. These elements make a substant ia l  contri-  
but ion  to the overall  weight, and also affect the net 
cell energy due to resistive heat losses. Thus, the thick- 
ness of each of these three elements is optimized so 



1216 J.  E lec t rochem.  See.:  ELECTROCHEMICAL SCIENCE AND TECHNOLOGY J u n e  1980 

Table I. Definitions of the cell dimensions (FORTRAN variable 
names) in the generalized mechanical design shown in Fig. 3-7 

FORTRAN 
Variable 
names Definition 

AGLNTH 
DELNTI~ 

DELTA 

DELTAZ 

D R L T H K  
E P G A P  
G A P M A N  

G A S G A P  

GASGPI 
GASGP2 
H P L T H K  
P P L T H K  
P V F T L  
PVFTR1 
PVFTR2  
P V L N T H  
P V W B T  
P V W B W  
RADIN 
RADIUS 
RAGTKI  
RH2TKI  
SEPTKI  
T H E T A  
TMCLTH 
TMCR1 
TMCR2 
TMILTH 
TMRL1 
TMRLTH 
TMRRI 
WELDGP 
WRGAP 

W R T H K  
W V L T H  
W V T H K  
X P R T H K  
X P R W T H  

L e n g t h  of A g  e l ec t rode .  
Gap b e t w e e n  e n d  of e l e c t r o d e  ro l l  a n d  b e g i n n i n g  

of hemispherical  end cap. 
T h i c k n e s s  of  p r e s s u r e  vesse l  wa l l ,  c y l i n d r i c a l  sec- 

t ion .  
Th icKness  of pressure  vesse l  wall ,  hemispherical  

sec t ion .  
M a n d r e l  thickness .  
L e n g t h  of  support  ring section.  
Gap t h i c k n e s s  b e t w e e n  mandre l  and i n n e r m o s t  

electrode.  
Gap th ickness  be tween  pressure  vessel  and ou te r -  

m o s t  electrode.  
Gap thiel~ness b e t w e e n  a d j a c e n t  H~ e l ec t rodes .  
Gap  t h i c k n e s s  b e t w e e n  H~ a n d  A g  e l ec t rodes .  
T h i c k n e s s  of  H~ electrode.  
T h i c k n e s s  of  A g  electrode.  
L e n g t h  of p r e s s u r e  vesse l  fill tube. 
i n n e r  r a d i u s  of  p r e s s u r e  vesse l  fill tube .  
O u t e r  r a d i u s  of pressure  vesse l  fill tube. 
L e n g t h  of  cylindrical  sect ion of pressure  vessel .  
T h i c k n e s s  of  pressure  vesse l  we ld  b a n d .  
W i d t h  of p r e s s u r e  vesse l  weld  band. 
I n n e r  r a d i u s  of electrode roll.  
I n n e r  r a d i u s  of pressure  vessel .  
T h i c k n e s s  of  A g  electrode reservoir .  
T h i c k n e s s  of H2 electrode reservoir .  
Thicknes s  of separator.  
A n g u l a r  g a p  in e l e c t r o d e  rol l .  
L e n g t h  of the terminal  case. 
Inner radius of terminal case. 
Outer radius of terminal case. 
Overall length of terminal case. 
Length of the inner terminal section. 
Overall length of the terminal. 
Radius of the terminal. 
Length of support ring section. 
Gap between support ring and pressure vessel 
wall. 

Thickness of weld ring (support ring). 
"Wavelength" of corregation. 
Overall thickness of corregation. 
Thickness of exp.ansion ring. 
Width of expansmn ring. 

as to maximize the gravimetric  energy density. The 
technique for optimizing the plate thickness is a bit 
more difficult than that  required for the leads, so we 
confine the present  discussion to the leads. A discussion 
of plate thickness optimization is available elsewhere 
(8).  

We consider a set of n electrode leads, each of length 
l and resistance R. The mater ia l  properties of the leads 
are the resistivity w (in 12-cm), the density p, and 
the thermal  conductivi ty K (in W - c m - l . d e g - 1 ) .  The 
current  through each lead will  be designated by i. Then, 
for each lead, we may write the weight, W, cross-sec- 
tional area A, and energy dissipation E as 

A = -  [7] 
R 

W = Alp [8] 

E = ieR/C [9] 

where 1/C is the discharge time in hours. 
We also designate the energy stored in the bat tery 

by SV, where S is the capacity in  ampere-hours  and 
V the voltage. The net energy N that can be obtained 
from the bat tery  is 

N = SV -- n~2R/C [i0] 

The current i depends on the rate of discharge. At the 
1 hr rate, ni = S; at an a rb i t ra ry  rate C ( h o u r s - l ) ,  
ni = SC. Thus, the net  energy may be wr i t ten  as 

N = S V  -- S2CR/n [11] 

In  order to optimize the energy density, we also require 
an expression for the total weight of the battery,  T. 
Approximately,  T is proportional to the cell capacity, 
to which we add the weight of the leads. Thus 

T : aS § n W  [12] 

where a is a proport ional i ty factor. We can now solve 
the lead resistance R such that 

d (N/T) 
= 0 [13] 

dR 

A little manipula t ion  yields the quadrat ic  equation 

2n~:12p n2Vwl2p 
R2+ aS R - - = O  [14] aS2C 

In  the cases we have considered, the l inear  term is 
negligible, so that  

nl ~ /  V~p 
R - -~- aC [15] 

It  is then easily shown that  the heat dissipation is 

E -- St ~/ 
V~pC 

- [16] y a 

and the total weight of the leads is 

n W  = S~ ~ /  a~pC [17] y V 

Both E and nW are independent  of the total number  
of leads. 

It  is useful to consider a specific example. For a 20 
A-h r  cell designed to discharge at the 2C rate at 1.1V, 
the net energy is 

N = 22 -- 800 R / n  

Let us assume that the leads are 5 cm long, and are 
made of Ag (~: = 1.6 • 10 _6 l-l-cm; p = 10.5) or Ni 
(w = 9.5 • 10 -8 ~-cm;  p = 8.9). We also assume that 
the bat tery weight (exclusive of leads) is 220g, i.e., 
a = 11 g/A-hr .  Then 

R 
--= 5.14 X 10-4ft (Ni) 
n 

= 2.29 X 10-4~  (Ag)  

EC = 0.82W (Ni) 

= 0.37W (Ag) 

nW = 4.11g (Ni) 

= 1.83g (Ag) 

The energy density is reduced from 22/220 = 0.100 to 
21.41/225.94 ___ 0.0948, a reduct ion of about 5%. 

It is of interest  to consider the reduct ion in energy 
densi ty due to off-design conditions. Suppose the re-  
sistance of the Ni leads is del iberately decreased by a 
factor of two to reduce the heat dissipation. Then it  is 
easily shown that the lead weight doubles and the i2/R 
loss is halved. The energy density is now 21.61/230.05 
= 0.0939, a fur ther  reduct ion of about 1%. Thus, be- 
cause the lead resistance was in i t ia l ly  optimized to 
satisfy Eq. [14], re lat ively large changes in  R away 
from the opt imum value do not s trongly effect the en-  
ergy density. 

We have also calculated the temperature  rise along 
the leads, assuming that  all heat dissipation takes place 
at one end. We find that at opt imum thickness the tem- 
perature rise in  the Ni lead can be of the order of 40~ 
Doubling the Ni lead thickness reduces the temperature  
rise by a factor of four. For this reason we rout inely  
specify that  the lead thickness should be double the 
opt imum; as we have seen, this penalizes the energy 
density by about 1%. For  similar  reasons, the thickness 
of the Ni Exmet TM screen was set at 150% of optimum. 

Thermal Simulation 
Given the mechanical  details of the cell design, it  

is possible to s imulate the thermal  performance of the 
cell if the thermal  properties of the components are 



E L E C T R O C H E M I C A L  C E L L S  1217 

80 
known, and if the sources and sinks of hea t  can be as-  
sumed. Fo r  this  purpose  we use a constant  case t em-  
pera ture ,  and  assume tha t  al l  hea t  genera t ion  occurs at  
the Ag  electrode.  The p rog ram permi ts  the e lec t rode  
rol l  to be segmented  into volume e lements  in al l  three  
directions,  but  gene ra l ly  we only considered rad ia l  
"peels,"  thus reducing the t he rma l  p rob lem to one 
dimension.  Three  charge  steps ( including overcharge)  
and  three  discharge steps are  considered.  Conduct ion 
of hea t  th rough  the gas is ignored except  in the gaps 
be tween  electrodes,  and  in  the  gap be tween  the outer  
e lec t rode  and the pressure  vessel. 

Dur ing  charge or  discharge,  hea t  genera t ion  due to 
e lec t rochemical  react ions  wi l l  be l a rge ly  un i fo rm 
throughout  the  surface of the  Ag electrode.  However ,  
hea t ing  caused b y  react ion of H2 and 02 dur ing  over -  
charge  wi l l  occur p r i m a r i l y  at  the  ends of the H2 elec-  
trodes.  S imi lar ly ,  hea t ing  due to the leads  and due to 
vol tage  drops wi l l  occur at  the ends. This is accounted 
for  when  the volume e lements  a re  ax ia l ly  segmented.  

Since overcharge  can be l imi ted  by  appropr i a t e  con- 
trols,  i t  is not  genera l ly  the  most  impor t an t  s tep f rom 
the poin t  of v iew of cell  design. Aside f rom overdis -  
charge,  m a x i m u m  heat  genera t ion  occurs dur ing  the 
second discharge step. Here  the cell  vol tage  has d ropped  
to the  second plateau,  but  the e lec t rochemical  process 
is st i l l  descr ibed by  Eq. [4]. For  this process, the  elec-  
t roneu t ra l  v o l t a g e - - t h e  poten t ia l  de r ived  f rom the re -  
la t ion ~H ~ _-- - -n~r  1.5V, whi le  the cell  vol tage  is 
a round  1.15V. The ra te  of hea t  genera t ion  is p ropor -  
t ional  to the  difference be tween  the cell  vol tage  and the 
e lec t roneu t ra l  voltage,  ca. 0.35V. This vol tage difference 
is roughly  20% of the  overcharge  voltage.  

The ra te  of hea t  genera t ion  is of course a d i rec t  
funct ion of the ra te  of discharge.  For  a given t empera -  
ture  rise, more  layers  can be p rov ided  in a cell dis-  
charged at  low rate.  Fo r  this reason, a l ow- ra t e  cell 
can be designed in a r e l a t ive ly  compact  shape, wi th  a 
r e l a t ive ly  low rat io  of l ength  to radius,  and wi th  a 
th icker  e lec t rode  roll. Toge ther  wi th  improved  Ag  
uti l izat ion,  this is a factor  in the increased energy den-  
s i ty  of l ow- ra t e  cells. 

Simulation Results for 50 A-hr  Cells 
The calculated variation of weight energy density 

with  the  number  of e lec t rode  pai rs  in the rol l  is shown 
in Fig. 8 for a cell wi th  25 mi l  Ag electrodes d ischarged 
at  the 1 hr  (C) rate.  Use of only  a single pair  of elec-  
t rodes reduces the energy  dens i ty  by  about  a third.  Fo r  
two pair ,  the reduct ion  is about  15%; for three  pair ,  
less than  10%. The improvemen t  beyond 3 or 4 pairs  
is qui te  small .  F igure  9 i l lus t ra tes  the calcula ted p ro-  
file of m a x i m u m  and m i n i m u m  cell t empera tu res  du r -  
ing C/2 charge and C- ra te  discharge for a cell wi th  
th ree  pairs  of electrodes;  the m a x i m u m  t empera tu r e  
on discharge is only  4~ above the case tempera ture ,  
and even on overcharge  the t empe ra tu r e  r ise is less 
than  11~ The var ia t ion  of m a x i m u m  discharge t em-  
pe ra tu re  wi th  number  of e lec t rode  pairs  is shown in 
Fig. 10; for  C- ra t e  discharge,  cells a re  p robab ly  l imi ted  
by  the rmal  effects to 3 or 4 layers.  For tuna te ly ,  as seen 
in Fig. 8, this does not g rea t ly  l imi t  the energy  density.  

In  most of the calculat ions repor ted  here,  the vol-  
ume energy  densi ty  was fixed at 0.07 W - h r / c m  3. As 
shown in Fig. 11, this is not opt imal  for the weight  en-  
e rgy  density, which  peaks  at  roughly  twice this volu-  
met r ic  density.  However ,  opt imal  cells wi th  high volu-  
met r ic  energy  densi ty  tend to be ex t r eme ly  long and 
thin, and the weight  pena l ty  for a more  convent ional ly  
shaped vessel  (wi th  rat io of length  to radius  in the 
range  2-4) is not large.  

The p ro jec ted  var ia t ion  of energy  dens i ty  and tem-  
pe ra tu re  rise wi th  discharge ra te  is shown in Fig. 12; as 
ment ioned earl ier ,  low ra te  cells show qui te  small  
t empe ra tu r e  increases  and high energy  densities. How- 
ever, the improvemen t  of energy densi ty  wi th  number  
of e lec t rode  pa i rs  is a r e l a t ive ly  smal l  effect even at  
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Fig. 8. Effect on energy density of increasing the number of elec- 
trode pairs. 
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Fig. 9. Temperature changes in a battery with 3 pairs of Ag/H~ 
electrodes...AV is the difference between the cell potential and the 
thermoneutral potential. 

low rates,  and there  seems to be l i t t le  gain in increas-  
ing the  number  of e lect rode pai rs  beyond 3 or 4. 

One final comparison is shown in Fig. 13; here  the 
number  of Ag electrodes has been var ied  s imul tane-  
ously  wi th  thei r  thickness.  I t  appears  tha t  the 25 mil  
thickness we have selected is close to optimal ,  pa r t i cu -  
l a r ly  for l ow- ra t e  cel ls .Thinner  e lectrodes are  p rob-  
ab ly  not  pract ical ,  since thei r  use would  requi re  a 
l a rge r  number  of layers  or a pressure  vessel wi th  a 
g rea te r  rat io of length  to radius.  

Conclusions 
We have demons t ra ted  the feas ib i l i ty  of Ag-H2 cells 

wi th  energy densit ies  in the range 70-110 W - h r / k g ,  de-  
pending  on the ra te  of discharge.  Such cells are  capable  
of ex tended  cycle life, in excess of 1000 deep discharge 
cycles, despi te  the solubi l i ty  of s i lver  oxide. We have 
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Fig. 11. Change in weight energy density as a function of volume 
energy density of a rolled 50 A-hr Ag/H2 cell with corresponding 
changes in cell pressure and ratio between cell length and radius. 
Discharge rate C/i .5 .  �9 .= 3 electrode layers, O = 4 electrode 
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sys temat ica l ly  inves t iga ted  the  dependence  of the en-  
e rgy  dens i ty  on a number  of factors, including pres-  
sure vessel length, radius,  thickness,  volumetr ic  energy 
density, e lec t rode  thickness,  and number  of layers  in 
the e lect rode roll. We showed that  Ag-H2 cells of 
ro l led  design wi th  reasonably  convent ional  shapes are  
prac t ica l  and have a t t rac t ive  per formance  cha rac te r -  
istics. 
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Surface Area Loss of Platinum 
Supported on Carbon in 

Phosphoric Acid Electrolyte 
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United Technologies Corporation, Power Systems Division, South Windsor, Connecticut 06074 

ABSTRACT 

An exper imental  study was conducted to determine the surface area loss of 
p la t inum supported on carbon in  a 191~ phosphoric acid fuel cell envi ronment  
and to define the mechanism for this process. The surface area was found to 
decline rapidly initially, but  remains above 20 m2/g for 20,000 hr, the longest 
time period investigated. A study of the effect of operat ing potential,  t ransmis-  
sion electron microscope studies of electrodes, and Pt deposited on a carbon 
film, and the results of other previous studies indicate that crystalli te migrat ion 
and coalescence are the major  mode by which Pt  surface area is lost in this 
situation. 

A significant mode of decay of the performance of 
fuel cells which use phosphoric acid (H3PO4) as the 
electrolyte and p la t inum (Pt) catalyst on the cathode 
is the loss of surface area of that  catalyst with time. 
P la t inum black fuel cell electrodes have been reported 
to experience a rapid decrease in the surface area of the 
Pt  dur ing operation (1-5) which results in a decrease in 
electrode performance. A densification of the Pt  black 
agglomerates accompanies this loss of area (4). This 
s inter ing process occurs by surface diffusion of Pt 
atoms  to sites of lower surface energy (3-5). 

Supported Pt  has also been found to experience an 
area loss in  the fuel cell environment .  Connolly et al. 
(6) found that a rapid growth of supported p la t inum 
crystalli tes occurred when in contact with a conducting 
electrolyte. The associated P t  area losses ranged from 
5 to 90% of the ini t ial  area depending on init ial  crystal-  
lite size, temperature,  type of support, and electrolyte. 
No detectable area losses were found due to heating in 
air  or argon at temperatures  100~ higher than those 
at which large area losses occurred in electrolytes. The 
loss of surface area was therefore thought to be caused 
(possibly) by the migrat ion of complex p la t inum ions 
through solution. 

Tseung and Dhara (5) s imilar ly  found that the area 
of  Pt  supported on graphite did not change when 
h e a t e d  in  air  whereas the Pt  area did decrease when the 
P t  was used in a fuel cell electrode. As a result  they 
also concluded that  supported Pt  sintered by a dis- 
solut ion/redeposi t ion mechanism, i.e., small  particles 
dissolve in  solution by vi r tue  of their greater  surface 
energy a n d  the  dissolved Pt  diffuses along a concen- 
t ra t ion gradient  to the larger particles. However, others 
(7-9) found that  Pt  supported on graphite did lose sur-  
face area when heated in  a gaseous environment ,  thus 
suggesting a different s inter ing mechanism or that a 
re in terpre ta t ion  of the supported Pt s inter ing mecha-  
n ism was required. 

In  addit ion to the dissolut ion/redeposi t ion mecha- 
nism, surface area loss by supported catalysts is thought 
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to occur (10, 11) either by crystalli te migrat ion over 
the surface of the support  mater ia l  accompanied by 
l iquid- l ike  coalescence of the crystallites (12, 13) or 
by interpart icle  migrat ion of single atoms (14, 15). 
B e t t e t  al. (16) found rapid crystal growth of Pt  sup- 
ported on graphitized carbon black below 200~ when 
exposed to H~PO4 and other l iquid environments .  The 
nature  of the l iquid env i ronment  did not appear to 
have an influence on the rate of Pt  surface area loss al-  
though exposure to hydrogen gas at temperatures  be- 
low 600~ did not result in significant area loss. Since 
the crystalli te growth did not depend on potential  or 
the Pt  content  of the catalyst, they concluded that the 
migrat ion of Pt  atoms on the surface of the carbon 
was the likely mechanism of area loss. They had pre-  
viously concluded that crystalli te migrat ion was the 
mechanism of area loss of this supported catalyst in  a 
gaseous envi ronment  (17). Blur ton et al. (13) also 
found little effect of operating potential  on the rate of 
Pt surface area loss in H3PO4 electrolyte. They con- 
cluded, however, that crystall i te migrat ion is the most 
l ikely mode in this environment .  

Wong et al. (19) studied the surface area loss of Pt  
supported on graphite single crystals. They found that 
both atom and crystalli te migrat ion occurred at 100~ 
depending on the na ture  of the gaseous environment .  

Because of the importance of Pt  surface area on the 
performance of H3PO4 electrolyte fuel cells, further 
studies were performed to evaluate the extent of the 
area loss and to define the mechanism of this loss. 

Experimental Procedures 

Fuel ceil eIectrodes.--Teflon-bonded fuel cell elec- 
trodes, such as those described by Kunz and Gruver  
(20), were used to determine the effect of time and 
operat ing potential  on Pt  area loss. The catalyst  used 
was 10 weight percent  (w/o) Pt  dispersed on carbon 
(Vulcan XC-72, Cabot Corporation).  Catalyst loadings 

were in the range of 0.25-0.60 mg P t / cm 2 of electrode 
area. The ini t ial  Pt  areas for these catalysts were in 
the range of 80-120 m2/g. These electrodes were used in 
operat ing 5.08 by 5.08 cm fuel cells to determine the 
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effect of operating time on area loss; the test electrode 
was the cathode. These cells were operated cont inu-  
ously at a constant temperature  of 191~ and at a cur-  
rent  density of 215 mA/cm 2 with ambient  pressure air 
a s  the cathode reactant. This resulted in a cathode po- 
tential  of about 0.7V with respect to the hydrogen po- 
tential  in the same electrolyte. H~PO~ concentrations 
were main ta ined  at 100-101% by appropriate anode 
fuel saturat ion with water. 

Experiments  to determine the effect of operating po- 
tential  on Pt  area loss were done in a 2000 ml Teflon- 
l ined reaction kettle. Provisions were made so that  up 
to ten samples could be tested simultaneously.  A deca- 
ganged potentiostat system provided individual  poten- 
tial control for each test sample, using a common static 
hydrogen reference electrode and a common Pt coun- 
terelectrode in the same electrolyte. The test electrodes 
were preflooded with electrolyte and potentiostated at 
the desired potential  for 100 hr at 191~ Adequately 
humidified N2 was passed over the surface of the elec- 
trolyte to ma in ta in  the I-t~PO4 concentrat ion at 101%. 

Surface areas of the Pt  catalysts were determined 
using both the transmission electron microscope (TEM) 
and an electrochemical technique. The TEM approach 
consisted of photographing catalyst f ragments  sup- 
ported on a nickel grid at a direct magnification of 
113,000• in  a Phill ips EM-300 TEM. Positive t rans-  
parencies of these micrographs were prepared at an 
addit ional 3 • magnification. The diameters of a large 
sampling of Pt  crystailites were measured from the 
transparencies using a Zeiss Particle Analyzer. Since 
most of the crystallites observed in the photomicro- 
graphs appeared to be roughly circular in shape, it 
was assumed the crystallites were spheres of diameter  
di. By considering the surface area, volume, and den- 
sity of such spheres, the final calculated surface area 
was expressed by 

~ d i  2 
Pt  Surface Area (m2/g) _-- a ~ [1] 

X d i  3 

where a is a proport ionali ty constant involving the den- 
sity of Pt  as w e l l  as the magnification factor when di 
is measured directly in mil l imeters  off the micrograph. 
Pt  surface areas derived in this manne r  were in good 
agreement  with those measured electrochemically. 

Electrochemical areas were measured on electrode 
samples by prefiooding them with electrolyte and mea-  
suring the charge associated with hydrogen adsorption 
capacity (9) in 50% H3PO4, recorded during potentio- 
dynamic sweeps. The electrochemical measurements  
were made in a conventional  three-chambered cell at 
room temperature  with ni t rogen degassing of the elec- 
trolyte for 20 rain prior to the measurement .  Reagent 
grade 85% H3PO~ (Mallinckrodt) was used without 
addit ional  purification and was diluted to 50 w/o with 
distilled water. 

Platinum deposited on carbon ~lms.- -Convent ional  
TEM carbon support  films were prepared on surfactant-  
coated microscope slides and floated off onto gold grids. 
These were then placed in a vacuum system and fine 
table salt was applied directly onto the films prior to 
evacuation. The salt was used to shield areas on the film 
and prevent  uni form Pt deposition. After establishing a 
vacuum of 1 • 10 -5 Torr, a 1 mm length of p la t inum-  
carbon pellet (30% Pt) was evaporated onto the sup- 
port film at a distance of 5 cm. Upon removal from the 
vacuum system, the specimen was inver ted and l ightly 
tapped to remove the salt crystals. A second gold 
"finder grid" was aligned with the support  grid and 
spot-welded into place. An annealed 0.02 cm diam gold 
wire (2.5 cm length) was also spot-welded to the grid 
edge to facilitate specimen handling.  

Several observations of the sample in the microscope 
at various direct magnifications up to 113,000• were 
required to identify and locate for future  reference 
regions where an interface existed between areas of Pt  
on carbon and the sal t-shielded zones of the carbon 

film. Bright-field observations and darkfield Pt  (111) 
reflections were used to establish the presence of Pt on 
one side of the interface and the absence of Pt  on the 
other side. The "finder grid" enabled one to locate these 
same areas for viewing after the sintering tests. 

Once several suitable areas were identified, the sam- 
ple (gold g r id /p la t inum on carbon substrate/gold grid) 
was submerged in 102 w/o H3PO4 at 191~ and poten- 
tiostated at 0.7V (vs. NHE in the same electrolyte).  
The volume of acid in the test cell was approximately 
0.6 liters; appropriately humidified ni t rogen was con- 
t inuously passed over the surface of the acid to exclude 
oxygen and to main ta in  a constant acid concentration. 
The counterelectrode used was a porous graphite ring. 
The sample was wi thdrawn after 24 hr at these condi- 
tions, washed in  distilled water, vacuum dried, and then 
observed in the TEM. Photomicrographs were made 
and the sample was re turned to the electrochemical 
env i ronment  for an addit ional 76 hr of testing. The 
sample was again processed as above and observed in 
the TEM. 

Results 
The exper imental  data of Pt  surface area from fuel 

ceil electrodes as a function of operating time are shown 
in Fig. 1. Results obtained using both the TEM and elec- 
trochemical area determinat ions are presented. The 
surface area of the Pt  can be seen to decline rapidly at 
first and then tends to level off with an area of about 
20 m2/g being reached after 20,000 hr. Figure 2 shows 
that a good l inear relationship exists between in surface 
area and In t, as would be predicted using various theo- 
retical models (12). 

TEM photographs of the catalysts from four of the 
electrodes used in this study are shown in Fig. 3. These 
photographs show more dramatical ly the changing rate. 
of surface area loss with time. 

The effect of operating potential  on the loss of sur-  
face area is shown in Fig. 4. The fraction of the ini t ial  
surface area remaining  after 100 hr can be seen to be 
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Fig. 1. Surface area loss with time at 191~ in H3PO4 for Pt sup- 
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Fig. 3. Electron micrographs of ~t supported on Vulcan XC-72 after various times of operation at 191~ in H3PO4. (a) 0 hr; (b) 100 
hr; (c) 1,050 hr; (d) 20, 201 hr. 

re la t ively insensit ive to operat ing potential,  although 
the final area is somewhat lower at 0.7V (fuel cell 
cathode potential)  than 0.0V (fuel cell anode potential) .  

The results of the carbon film experiments  are shown 
in  Fig. 5 and 6. Figure 5 (a) shows a t ransmission elec- 
t ron micrograph of the sample before any  exposure to 
I-IsPO4. An ext remely  fine (1.0-1.5 nm particle size) and 

uniform distribution of the Pt is evident. After 24 hr of 
exposure to the H3PO4, agglomerates of significantly 
enlarged Pt particles of fairly uniform size can be seen 
[Fig. 5(b)]. After further exposure to I00 hr accumu- 
lated time, further agglomeration of the Pt particles 
can be seen [Fig. 5 (c)]. The size of the prime particles 
appears to have changed little between 24 and I00 hr. 
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Fig. 4. Platinum area (S) relative to initial area (So) as a func- 
tion of electrode potential after 100 hr at 191~ in H3P04. 

Figure 6 is a micrograph taken after 24 hr exposure 
showing a region where  an interface between the Pt  
on carbon and the sal t-shielded carbon zone exists. 

Discussion 
The surface area of Pt  supported on carbon decreases 

considerably in  HsPO4 at 191~ at fuel cell cathode po- 
tentials, from between 50 and 60 m2/g at 100 hr to about 
20 m2/g after 20,000 hr. The surface area, however, is 
main ta ined  much above that  which would result  for un -  
supported Pt  black. The ini t ia l  surface area for Pt  black 
is 20-30 m2/g and rapid surface area loss results; a sur-  
face area equal  to about 10 m2/g is reached after 200 
hr at 150~ in 96% H3PO4 (4). 

The significance of this area loss on fuel cell per-  
formance depends on the change in activity of the cata- 
lyst as the surface area of the catalyst changes. For a 
constant  Tafel slope of 90 mV/decade (9) and constant 
catalyst activity per un i t  Pt  area, a change in  surface 
area by a factor of 2 results in a loss in performance of 
27 mV and a factor of 3 in  42 mV. However, Bregoli 
(21) has shown that  the catalytic properties of Pt  are 
crystall i te size dependent,  with the current  per uni t  of 
Pt  surface area and the Tafel slope for oxygen re-  
duction increasing as the surface area of the Pt  de- 
creases. The changing activity of the Pt  results in a 
reduced performance loss due to loss of Pt  surface area. 

The exper imental  data obtained in this study can be 
used to help ascertain the mechanism by which Pt  sur-  
face area loss occurs. As shown in Fig. 2, a good l inear  
relationship exists between In area and In t. This would 
be predicted if the general  s inter ing model of Rucken-  
stein and Pulvermacher  (12), which considers crystal-  
lite migration, collision, and coalescence, applies to the 
present  exper imental  s i tuat ion and if the ini t ial  surface 
areas of the catalysts tested were the same. A least 
squares correlat ion of the data is highly significant 
(considering the catalysts tested had slightly different 
init ial  metal  areas) and would indicate that the s inter-  
ing mechanism is rate controlled by particle migra-  
t ion ra ther  than particle coalescence [calculated n value 
is 6.4; see Ref. (12)] and that the mechanism does not 
change as the catalyst ages. Routine TEM analysis of 
sintered catalysts (see Fig. 3) always show the Pt  crys- 
tallites to be roughly spherical and not elongated or 
"necked" as one might  expect to see if coalescence of 
particles was rate limiting. One must  be cautioned, 
however, against at taching too much significance to 
conclusions based on agreement  between results using 
the model of Ruckenstein and Pulvermacher  and ex- 
per imental  data obtained here since there are experi-  
menta l  data previously reported which cannot be ex- 
plained by this model (22), and other parameters  not 
included in the model are thought to be important .  
Therefore, other exper imental  data must  also be used 
to determine the mechanism by which Pt  surface area 
is lost. 

The study of the effect of operating potential  and the 
TEM studies can be used to provide addit ional infor-  
mation. Figure 4 shows that  the electrode operating 
potential  has only a small effect on the rate of surface 
area loss. If the dissolution of an electroactive species 

such as a p la t inum ion were the mechanism by which 
P t  surface area is lost, a much stronger potential  de- 
pendency would be expected. A small potential  de- 
pendency was also found for Pt  black (4) and Pt  sup- 
ported on graphitized carbon black (16, 18). The 
na ture  of the l iquid env i ronment  (organic liquids, 
water, 96% HzPO4) also was found to have a smaller 
effect on the rate of P t  area loss than would be ex-  
pected if Pt  dissolution were impor tant  (16). Post- test  
quant i ta t ive  analyses for Pt  on the electrodes which 
provided the area loss data shown in  Fig. 1 and 2 
showed no significant change in  P t  loadings over the 
durat ion of the tests. If dissolution occurred to a high 
degree, decreased Pt  loadings would be expected on 
the cathodes and corresponding loading increases would 
result  at ei ther the anodes or matrices where dissolved 
Pt  would be reduced out of solution: Based on the re- 
sults of these tests at  various potentials, a dissolution- 
redeposition mechanism can be el iminated as the pr i -  
mary  mechanism by which Pt area is lost over the 
potential  range investigated. 

The TEM photographs of fuel cell catalyst in Fig. 3 
show that  the Pt  crystallites are ini t ia l ly  distr ibuted 
uni formly  over the carbon support  mater ia l  but  are lo- 
cated at the interstices of the carbon prime particles 
after a period of operation. Little clustering of the Pt  
crystallites is evident. Pt  migrat ion might  occur through 
the migrat ion of adsorbed atoms or atom clusters or by 
the migrat ion of entire crystallites along the carbon 
surface. If the entire crystall i te migrates, s inter ing of 
clusters of crystallites must  be occurring rapidly in the 
t ime scale of this experiment.  

The distr ibution of particle sizes of sintered sup- 
ported catalysts is believed to allow discr iminat ion be-  
tween crystall i te and atom migrat ion processes (23, 24). 
Pt  particle size distr ibutions for the present  sintered 
catalysts were typical ly like those previously reported 
for Pt supported on graphitized carbon black (18), with 
no tail on the small  particle diameter  side of the peak 
in the distr ibution curves such as would be expected 
if an Ostwald r ipen ing /a tom migrat ion process were 
occurring (23). The absence of small  particles in the 
sintered catalysts shown in  Fig. 3b, c, and d adds visual  
support to this argument .  However, there is disagree- 
ment  on the in terpre ta t ion of crystalli te size dis t r ibu-  
tion analyses for dist inguishing between these two 
mechanisms (25, 24). The TEM photomicrographs of 
Pt  deposited on carbon film shown in Fig. 5 provided 
addit ional informat ion on this question. 

Figure 5a shows the initial, uni form dispersion of 
1.0-1.5 nm Pt particles on the surface of the carbon 
film substrate. Figure 5b shows the Pt  crystallites after 
being potentiostated at 0.TV for 24 hr in 102 w/o H~PO4 
at 191~ The crysta]lites have increased in  size to 
about 8 nm and considerable clustering is observed. 
An approximate mass balance calculated by analyses of 
of TEM micrographs of this sintered Pt  indicates that 
the Pt cannot all be present  as spherical crystallites, 
but  that some of it must  be present  as flat rafts or is- 
lands. The var iat ion in  darkness of some of the crystal-  
lites indicates that some regions are thickening into 
more spherical particles. This first stage of area loss 
could have occurred either by atom or crystall i te mi-  
gration. If atom migrat ion occurred, some Pt particles 
les3 than  1.0 nm would be expected to be present. How- 
ever, these are difficult to observe. If particle migrat ion 
occurred, some coalescence of particles must  have taken 
place since the Pt particles have grown from the 1.0- 
1.5 nm range to about 8 nm. A considerable degree of 
necking can be seen between these larger particles, 
indicating that  smaller particles might  have completely 
coalesced. After 100 hr of exposure (Fig. 5c), the size 
of the prime particles does not appear to have changed 
significantly, but  much more clustering and sintering of 
clusters is evident. This change can occur only if the 
Pt crystallites move; atom migrat ion would be ex- 
pected to result  in growth of the 8 nm crystallites. 
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Fig. 5. Electron mlcrographs of Pt supported on carbon film after 
various times at 191~ in H~P04 at 0.TV. (a) 0 hr; (b) 24 hr; (c) 
100 hr. 

This cluster ing implies that  the r a t e - d e t e r m i n i n g  step 
for s inter ing dur ing this t ime period on the carbon 
film is coalescence and not migra t ion  or the act ivat ion 
of a crystal l i te  to migrate.  This cluster ing is not evident  
for the fuel  cell catalysts supported on high surface 
area carbon (Fig. 3). It  may  be that  this type of 
surface requires  more  act ivat ion for  the crystal l i tes to 
become mobile and migrate,  such that  coalescence is 
not rate  determining.  The fact  that  the Pt  has sintered 
so much  more  rapidly  on the carbon film lends support  
to this hypothesis. 

Severa l  observations can be made f rom areas which 
were  par t ia l ly  shielded during the P t  vapor  deposition 
and show an interracial  region between the Pt  on car-  
bon and the bare carbon areas. Figure  6 shows such a 
region af ter  24 hr  exposure  to the acid environment .  
In this region the Pt  chain length is less and the clean 
void space around custers indicate that  some of the 
Pt  was t ransported over  distances in excess of 100 nm. 
This observat ion also provides evidence aga,.'nst a proc- 
ess involving significant dissolut ion/redeposi t ion of the 
Pt. Dissolution would be most l ikely to occur wi th  the 
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Conclusions 
The expe r imen ta l  resul ts  lead  to the fol lowing con- 

clusions: 
1. Suppor t ing  P t  on carbon resul ts  in an HsPO4 fuel  

cell  ca ta lys t  tha t  main ta ins  a ~urface area  above 20 
m2/g for 20,000 hr  at 191~ Longer  t ime da ta  are  not 
ye t  avai lable .  

2. The mechanism b y  which  P t  surface a rea  is lost 
for P t  suppor ted  on carbon in an H~PO4 acid envi ron-  
ment  is not  a d issolu t ion-redeposi t ion  mechanism in the 
potent ia l  range  f rom 0 to about  0.75V. Al though atom 
migra t ion  on the suppor t  m a y  be a secondary  factor, 
c rys ta l l i te  migra t ion  is the ma jo r  mode of a rea  loss. 
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at 191 ~ for 24 hr. 

Pt  in its or ig inal  h ighly  d ispersed state. In addition, 
the  Pt  is suppor ted  on essent ia l ly  a p l ana r  carbon sur-  
face and is exposed to a r e la t ive ly  large  volume of 
e lectrolyte .  Under  these circumstances,  it  is ve ry  un-  
l ike ly  that  any  P t  which might  dissolve could pla te  
out  of solut ion somewhere  else on the carbon surface. 
Thus, the  presence of clusters formed by Pt  which has 
been t ranspor ted  over  large distances argues against  
significant dissolut ion of the Pt, and  implies  tha t  the 
forces be tween  the carbon surface and the P t  are  suffi- 
cient to res t r ic t  the Pt  crysta l l i tes  to the carbon surface. 

Al l  things considered, this s tudy using Pt  suppor ted  
on a carbon film indicates  tha t  c rys ta l l i te  migra t ion  is 
the ma jo r  mode of surface area  loss. And, in fact, the 
surface t r ea tmen t  of graphi t ic  supports  to r e ta rd  crys-  
ta l l i te  migra t ion  was found ' to  affect the ra te  of P t  a rea  
loss in 102% H3PO4 at 191~ (18). Previously ,  Bel t  
et at. presented  da ta  demons t ra t ing  that  the ra te  of 
a rea  loss for P t  suppor ted  on graphi t ized  carbon b lack  
is dependen t  on the  concentra t ion of the d ispersed Pt  
in a gas phase env i ronment  (17), bu t  is independent  
of P t  concentrat ion over  a range of 5-20 w/o  in a H3PO4 
envi ronment  (16). They reasoned that,  if in the mecha-  
nism of c rys ta l l i te  migra t ion  the r a t e -de t e rmin ing  step 
is the migra t ion  of the crys ta l l i te  across the surface of 
the support ,  the  ra te  of P t  a rea  loss should depend on 
the Pt  concentrat ion.  Thus they  concluded tha t  in the 
gas phase envi ronment  the migra t ion  of P t  crysta l l i tes  
on the carbon surface is the  process b y  which Pt  is 
t r ans fe r red  f rom one crys ta l l i te  to another,  but  that  
ato/n migra t ion  was the mechanism in H3PO~. How- 
ever,  since the present  studies indicate  that  e rys ta l l i te  
migra t ion  is the major  mode of a rea  10ss, the r a t e - d e -  
te rmining  step is appa ren t ly  not the migra t ion  but  some 
other  process, perhaps  the  act ivat ion of a c rys ta l l i te  to 
become mobile.  

Manuscr ip t  submi t ted  May 1, 1979; rev ised  manu-  
scr ipt  received Oct. 11, 1979. This was Paper  311 p re -  
sented at  the Pi t t sburgh,  Pennsylvania ,  Meet ing of 
the Society,  Oct. 15-20, 1978. 

Any  discussion of this paper  wi l l  appea r  in a Dis-  
cussion Sect ion to be pub l i shed  in the December  1980 
JOURNAL. All  discussions for the December  1980 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1980. 
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Electrical Data of Sodium/Sulfur Cells Operating with 
Dissolved Catholyte 

G. W e d d i g e n  

Brown, Boveri & Cie AG., Central Research Laboratory, D-6900 Heidelberg, Germany 

ABSTRACT 

Usual  sod ium/su l fu r  cells have  an opera t ing  t empe ra tu r e  of 300~ or  higher .  
Thus the  prec ip i ta t ion  of solid polysulfides can be avoided dur ing discharge 
unt i l  a s to ichiometry  of Na2Ss has been obta ined  in the sul fur  compar tment .  
Using organic  solvents  i t  becomes possible to discharge sod ium/su l fu r  cells 
even up to the ca tholyte  composit ion of Na2S. Besides tnis the opera t ing  t em-  
pe ra tu re  can be lowered  to 150~ (1). I t  is shown how recha rgeab i l i ty  and 
in te rna l  resis tance depend on tempera ture ,  solvent,  and  addit ives.  

Many  groups throughout  the wor ld  are  developing 
N a / S  cells of the  type  

Na ( m e l t ) / # - a l u m i n a / y .  S (mel t )  + z Na2Sx (mel t ) ,  

300~176 [i] 

Even at  this r e l a t ive ly  high opera t ing  t empera tu re  
of 300~176 the cells can only be discharged up to 
an average  sodium polysulf ide composit ion of Na,.,S8 
as the  more  sod ium-r ich  compounds exhibi t  mel t ing  
t empera tu res  above 350~ Thus only one - th i rd  of 
the  theore t ica l  cell  capaci ty  and only three-f i f ths  of 
the  theore t ica l  energy  densi ty  can be realized. 

Exper iments  wi th  cells of the type (1-3) 

Na ( m e l t ) / E - a l u m i n a / ( y  .S -t- z Na2Sz dissolved), 

130~176 [2] 

show that  the fol lowing cell  proper t ies  are  changed 
in comparison to cell type  [1]: (i) the in te rna l  r e -  
sistance is increased,  (ii) capaci ty  and sulfur  u t i l iza-  
t ion are  increased,  (iii) the current  densi ty  is de-  
creased, (iv) the corrosion ra te  is decreased,  (v) the 
opera t ion  t empera tu re  is lower,  (vi) plast ic  mate r ia l s  
wi th  lower  specific weight  can be used as cell com- 
ponents  and  (vii) in the  sul fur  e lec t rode  a new phase 
bounda ry  occurs 

Na2Sx solid/Na2Sx dissolved 

The organic  solvent  has to fulfill  the fol lowing re -  
qui rements :  (i) s tab i l i ty  wi th  respect  to sul fur  and 
sodium polysulf ide at  130~176 (ii) solubi l i ty  for 
polysulf ides and sulfur,  and (iii) high dissolution 
speed of l iquid sul fur  layers  and solid NazS layers  in 
organic Na2Sx solutions. 

In  the case of cell type  [1] the open-c i rcu i t  vol tage 
of a charged cell amounts  to 2.08V. In case of cell 
type  [2] a h igher  open-c i rcu i t  vol tage  (2.14-.2.17V) 
is obtained.  I t  can be expla ined  by  the t empera tu re  
dependence  on the emf and by  the solvat ion energy 
ar is ing f rom the react ions 

S + solvent  ~ S (dissolved)  [3] 
and  

Na2Sz + solvent  ~ Na2Sz(dissolved) [4] 

Results 
Stability tests.--The organic solvents considered are  

hydroca rbon  compounds.  In  contact  wi th  sulfur  the  
C - - H  bond can be decomposed and the fol lowing 
react ions are  imaginab le  

2 C - - H "  ~_ H~ + S --> H2S exothermic  

2C + Si-> 2CS2 endothermic  

Key words; organic electrolyte, Na/S cells, solubility, energy 
density. 

One can conclude that  the  C - - H  bond must  be s ta -  
bi l ized by  the fact  that  the react ion condit ions do 
not p romote  a fast  react ion rate.  

In  o rder  to s tudy the the rmal  s tab i l i ty  of solvents  
in the presence of sulfur  and Na2Sx, the  solvents 
were  boi led under  reflux over  severa l  weeks.  50g 
of solvent  and 5g of sul fur  were  used in these exper i -  
ments  which were  car r ied  out  in a n i t rogen a tmo-  
sphere.  

The H.2S gas genera ted  by  the a t tack  of sulfur  on 
C - - H  groups and N - - H  groups was de te rmined  da i ly  
over  a per iod  of severa l  weeks. 

F igure  1 shows some examples  of the  s tabi l i t ies  of 
different  solvents as reac ted  wi th  sulfur. I t  is obvious 
that  the s t ruc ture  and na ture  of funct ional  groups in 
the different  solvents  must  lead to different  resul ts  
in s tabi l i ty .  Theoret ical  considerat ions show tha t  sul-  
fur, being a nucleophi l ic  chemical  substance,  exhibi ts  
a g rea t  reac t iv i ty  towards  CH acidic C - - H  groups. 
The resul t  of such an a t tack  consists of the evolut ion 
of H2S gas and in the format ion  of a C~--C double  
bond. Cer ta in  ne ighbor ing  funct ional  groups such as 
- - S O 2 - -  or  - - O - -  can increase the  acidic charac te r  
of the C - - H  bond. On the other  hand, basic groups 
such as - - N ( C H 3 ) 2 - - c a n  decrease the acidic charac te r  
of a C - - H  bond in a solvent  molecule.  The solvents  
d ie thylene  g lyco ld imethy le the r  (curve 1) and t e t ra -  
hydro th iophene  - - S - - S  dioxide (curve 2) have CIt  
groups and ne ighbor ing  funct ional  groups which in-  
crease the CH acidic character .  These solvents were  
decomposed in contact  with sulfur.  

In the case of t e t r a me thy lu r e a  and of NN'd iace ty l  
NN'd ime thy le thaned iamine  no H2S evolut ion could be 
�9 observed (curves 3 and 4). 

Solubility and conductivity tests.~Some examples  
of solubil i t ies of sodium polysulfides in organic sol-  
vents  a re  given in Table  I. One can conclude f rom 
this table  that  the solubi l i t ies  of Na2S4 and Na2S are 

g 

~ 0,5 

H2S 0,3 

0,i 

2 

2 4 6 8 10 12 WEEKS t--'- 

Fig. 1. H2S evolution of solvents as a function of time. Curve !, 
diethylene glycoldimethylether; curve 2, tetrahydrathiophene-S-S 
dioxide; curve 3, tetramethy[urea; and curve 4, NN'diacety[ NN'- 
dimethylethanediamine. 
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Table I. Solubilities of Na_~S= in organic solvents 

Temper-  Solubil i ty 
Substance Solvent  ature (~ (g/l) 

Na2S, Glycol 166 583.9 
Na~S Glycol  170 175.0 
Na,S6 Ethanol  55 108.0 
Na~SJ Phenol  140 27.0 

Table II. Reslstivities of saturated Na2S4 and Na~S-solutions 

Solvent  

Dis- 
so lved  p (~cm) 

sub- 
stance 90~ l l0~  13O~ 15O~ 170~ 

Ethyleneglycol Na2S~ 58.8 85.5 22.9 14.8 10.9 
Diethylenetr i .  

amine Na2S~ 67.6 36.3 21.7 14.0 77.6 
Furfurylalcohol Na~S4 216.0 166.0 137.0 105.0 X 
Dimethylform- 

amide Na2S~ 65.3 48.0 38.8 28.6 X 
Ethyleneglycol  Na2S 26.9 19.9 14.0 10.6 8.6 

high enough in the above ment ioned solvents. Un-  
for tunate ly  glycol is not sufficiently stable during 
long t ime tests due to the weak acidic character  of 
the OH groups. 

The resistivit ies of saturated Na2S4 and Na,~S solu- 
tions have been determined.  The results (Table II) 
show that  the resistivit ies are of the same order  of 
magni tude  as the resist ivi ty of ~-alumina at 150~ 

Half-ceil tests.--The results of cathodic half -cel l  
measurements  are  summarized in Table IiI. 

One can conclude f rom Table III  that  mixtures  of 
solvents enable in most cases higher  cathodic current  
densities to be obtained than with  pure  solvents. This 
can be explained by the fact that  the addit ives have 
increased the solubil i ty of Na2S4 and the dissolution 
speed of cathodically deposited Na2S. 

Cell tests.--Cell tests were  carr ied out in reusable 
glass and meta l  cells (4). ~-alumina containing 2 
weight  percent  (w/o)  o~ magnesia was used as a 
sodium ion conductor. This solid e lectrolyte  has a 
specific resistance of approximate ly  30 ~cm at 150~ 

A complete cycle (stoichiometry variat ions between 
S and Na2S) could be measured with  O-to lueneni t r i le  
as solvent. This solvent exhibits  a re la t ive ly  weak 
polarity.  Therefore,  only a current  density of 0.1 
m A / c m  2 could be obtained. In another  cell 90 cycles 
wi th  a practical  capacity of 70% (100% corresponds 
to s toichiometry changes between sulfur and Na2S) 
were  obtained using N methylpyrro l idon  as solvent. 
This is shown in Fig. 2. In this case the current  density 
increased up to 2 m A / c m  2 during discharge and to 
4 m A / c m  2 during charge. The addition of te t racyano-  
e thylene enabled one to charge the cell wi th  a higher  
current  density. This exper iment  was in te r rupted  by 
the destruction of the ~-a lumina tube. 

i00 

% 

5Q 

No: 

Na: 
N a , 

%, 
I v 

;0 30 50 70 90 

NUMBER OF CYCLES 

Fig. 2. Stoichiometry changes during cycle tests. Solvent: N 
methylpyrrolidon. 

i =5- lOmA/cm 2 

3 150mA 

f . .__., .  
Fig. 3. First cycle of I.t. Na/S cell solvent: N methylpyrrolidon 

Another  cell wi th  an electrolyte  area of 40 cm 2 
could be discharged with  a current  density of 8 m A /  
cm 2. The sulfur electrode contained C6N4 and te t ra-  
methylsul fonamide as addi t ive and N methylpyrol l idon 
as solvent. In the first discharge cycle 52% of the 
theoret ical  capacity could be realized (Fig. 3). 

The results of some other cell measurements  are 
represented in Table IV. If the ratio be tween the 
mass of sulfur and solvent is higher than 0.1 and the 
current  density higher  than 5 m A / c m  2 only small  
capacity values C/Co < 50% can be obtained. In this 
case the existence of a solid Na2Sx phase in the sulfur 
electrode causes a high diffusion resist ivi ty as the 
mass t ransfer  between this phase and the l iquid phase 
is ve ry  slow. This resist ivi ty contribution could be 
prevented  during the charge cycle of exper iment  7, 
Here  the resist ivi ty of surface uni ty  amounted to 
only 13 ~cm 2. This value is to be expected with 
respect to the specific resist ivi ty of ~ A12Q at 150~ 
and the results of the hal f -ce l l  measurements .  

Table III. Results of half-cell measurements in different Na2S4 
solutions, scan rate - -  2 mV/sec 

Solut ion Cath 
No. Na2S~ (g) Solvent (ml) Additive (g) u* (V) t (rain) (mA/cm 2) 

I 0.5 l0 Tetramethy lurea  - -  -- 1 4 67.2 
II 0.5 9 Tetramethylurea 1 Tetramethylsulfonamide -1  4 78.4 

III 0.5 8 Tetramethylurea 2 Tetramethylsulfonamide --1 4 58.8 
IV 0.6 l0 N-methylpyrrelidon -- - 1 4 46.2 
V 0.5 9 N-methylpyrrolidon 1 Tetramethylsulfonamide -1  4 92.4 

VI 0.5 8 N-methylpyrrolidon 2 Tetramcthylsulfonamide --1 4 77 
1 ml 

VH 0.5 9 N-methylpyrroUdon O-tolenenitrile --1 4 54.6 
2 ml 

VIII 0.5 8 N-methylpyrrolidor~ Tolenenitrile -- 1- 4 61.6 

* U -~ vo l tage  be tween  the  working  e lectrode and the reference  e lectrode.  
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Table IV. Results of cell tests 

Exper.  
No. m./msol,ent Solvent + additive T ('C) i (mA/cm~) C/C (%) Surf. (flcm~) 

0.11 13 ml NN'dimcthylacetamide 130 3.5 53 142 
2 0.03 12 ml N-methylpyrrolidon 130 5 -* 10 75 50 

0.10 12 ml tetramethylurea 150 15 23 33 
18 ml N-methyipyrrolidone § 

4 0.10 18 ml NN'dimethylaeetamide 130 10 42 50 
10 ml N-methyipyrrolidone + 

6 0.06 2g catalyst + 10 ml N-methyl- 150 6 85 83 
pyrrolidone 

6 0.30 I0 ml N-methylpyrrolidone 150 10 15 50 
7 0.07 5 ml glycol + 5 ml diethelene- 150 10-20 80 50 

triamine 13" 

* Charge. 

Conclusions 
I t  has been shown that  solvents exist which are 

stable against  sulfur  and sodium polysulfides at 150~ 
By using these solvents or mixtures,  the sulfur ut i l iza-  
tion can be doubled in comparison to the capacity 
of cell type (1). Low tempera ture  sodium sulfur cells 
can be operated at 150~ with  charging and discharg- 
ing current  densities be tween  3 and 20 m A / c m  2. The 
cell  proper t ies  of the 300~ cell and the 150~ cell 
are compared in the Tables V and VI. The energy  
densities of the two cell types become equal  when  
the power  of the 150~ cell is 1/10 of the 300~ cell. 
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Table V. Comparison of cell mass 

300~ 150~ 
molten dissolved 

Mass (g) catholyte catholyte 

Sulfur 150 60 
Solvent 200* 
Sodium 1~ 130 

A120~ 50 50 
Remaining cell 

components 280 160 
Total 580 600 

* Wta/W~eolvent = 0.3, 

Table VI. Comparison of electrical data 

300~ 150~ 
molten dissolved 

Cell type catholyte catholyte 

A-hr theoretical, Co 
A-hr practical, C 
C/Co (%) 
W-hr practical 
W-hr/kg 
Surface unity resistivity 

(~cm~) 

Power density (mW/cm ~) 

83 99 
66 55 
90 54 
95 79 

164 "140 

2-3 15-215 

0-200 
(diffusion) 

120 .o 220 7 ~ 30 
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ABSTRACT 

Steel corrosion has been investigated through polarization studies in aque- 
ous H2S systems of acid pH using a rotat ing disk electrode cell. H2S does not 
change the Tafel slopes of the anodic and cathodic processes. The anodic 
curves are shifted toward more negative potentials main ly  due to the de- 
crease of the reversible potential  of iron, while the exchange current  density 
appears to remain  unchanged. The cathodic process mainta ins  the reversible 
potential  and the exchange current  density of the H2S free system, but  the 
H+ diffusion control gradual ly  disappears. A corrosion cur ren t  density depen-  
dence on the H2S concentrat ion is found which matches that  obtained from 
published weight-loss experiments.  The product  of corrosion, mackinawite  
is essentially nonadheren t  and in certain circumstances enhances the cor- 
rosion rate. A new method for the compensation of ohmic overpotential  in 
polarization measurements  is described. 

The corrosion of steel by  aqueous H2S is a significant 
technical problem in  two major  industr ia l  areas. In  oil 
refineries and na tura l  gas t rea tment  facilities, the 
process conditions vary  widely due to na tura l  causes 
(1-4). Replication of the conditions for laboratory work 
is difficult. The Girdler-Sulphide  (GS) process for the 
production of heavy water  involves the use of H2S as 
the deuter ium exchange agent. The process prescribes 
the basic pressure / tempera ture  conditions, hence lab-  
oratory replication is simpler. 

This paper presents the results of studies of the cor- 
rosion of carbon steel by deaerated aqueous solutions 
of H2S at 25~176 using the potentiostatic polarization 
method and under  long term (up to 1000 hr) dynamic 
exposure conditions. 

Theory 
According to the electrochemical theory of corro- 

sion, the corrosion process takes place at a mixed po- 
tential, Ecorr between the reversible potentials, ErevFe 
for the anodic process and ErevH for the cathodic proc- 
ess, in the absence of oxygen. 

The reversible potential, ErevFe for the Fe2+/Fe elec- 
trode is given general ly by (5) 

ErevFe ~-~ -- 0.44 + 0.030 log lee  2+ ] [1] 

For the par t icular  case involving aqueous H2S solu- 
tions, the concentrat ion of ferrous ions, [Fe 2+] is re- 
lated to the first and second ionization constants of H2S, 
K1 and K=, the solubil i ty product of FeS, Ks, and the 
Henry law constant, k, for the H2S solution. Inser t ing 
numerica l  values of K1, K2, and Ks equal to 9.1 • 10 -s, 
1.1 • 10 -12, and 3.7 • 10 -19 at 18~ respectively (6), 
and k equal to 8.3 a tm (mole liter - 1 ) - 1  (7) at 18~ 
gives 

ErevFe ~- -- 0.39 -- 0.06 pH -- 0.03 log P~2s [2] 

where PH2S is the partial  pressure of H2S. 
According to Hilbert  et al. (8), iron with a high den-  

sity of crystal imperfections dissolves by a catalyzed 
mechanism (CM) whereas iron with low surface ac- 
t ivity dissolves by a noncatalyzed mechanism (NCM). 
The dissolution reaction is activation controlled with a 
Tafel slope b a ~_ 0.04 V/decade for the NCM (8-10) 
and b a ~_ 0.03 V/decade for the CM (11). 

The influence of the ferrous ion concentrat ion on the 
reaction rate is disputed; Bockris and Reddy (12) claim 
an electrochemical reaction order, PFe2+ a 

* Electrochemical Society Active Member. 
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0 log ~ ) 
-- 1 [3] PFe2+a ---- d log [Fe e+ ] E,pH 

where i is the current  density. Hilbert  et al. (8) state 
that all authors agree that  the reaction rate shows no 
dependence on [Fe2+]. 

The electrochemical reaction order related to pH, 
ppH a ~-- (~ log i/~ PH)E,Fe2+ is agreed to be (8, 12), 
ppH a -- 1 • 0.1 (NCM) and pp~a = 2 +__ 0.3 (CM). 

The exchange current  densities, io A-cm -2 for the 
Fe /Fe  2+ electrode at pH : 0 and [Fe 2+] _ 1 are re-  
ported as (8), log io -- --8.11 to --8.51 (NCM) and log 
io = -10.28 to --12.7 (CM). 

The influence of anions on the process of i ron dis- 
solution is not  well understood. Florianovich et al. (13) 
conclude that anions in  addit ion to O H -  ions play a 
direct part  in the anodic reaction; an effect consistent 
with a model in which specific adsorption of the anion 
changes the surface area for the Fe /Fe  2+ exchange 
has also been advanced (9, 10). 

The reversible potential, ErevH for the H + / H  elec- 
trode is given by (5) 

ErevH -~ -- 0.06 pH -- 0.03 log PH2 [4] 

The reaction proceeds in two stages, according to the 
general ly accepted Volmer-Heyrovsky mechanism (14) 

H + + e -  = Hads  (Volmer) [5] 

H + -~ Hads + e -  ~- H2 (Heyrovsky) [6] 

The cathodic reaction of hydrogen exhibits a Tafel 
slope b c = 0.118 V/decade (12) which may vary  
slightly depending on the degree of H2 coverage of the 
electrode. The bulk  of reported Tafel slopes is between 
0.110 and 0.120 V/decade. According to Bockris et al. 
(9), the exchange current  density io is pH dependent,  
0 log io/O pH = --0.5; at pH = 3, io : 1.6 • 10 -6 
A - c m - L  

The total amount  of hydrogen produced by the cath- 
odic reaction is equivalent  to the metal  weight loss and 
may be used as a measure of the overall  corrosion 
rate. However, in certain circumstances, dangerous cor- 
rosion effects may occur with little weight loss due to 
hydrogen embr i t t l ement  of the metal. This si tuation 
arises when the Heyrovsky mechanism is hindered, 
leading to the diffusion of H atoms into the metal  and 
the phenomenon of hydrogen embri t t lement .  H2S is 
known to promote this phenomenon  but  a mechanism 
for its action has not been general ly accepted. Tech- 
nically, a solution to the problem has been found 
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th rough  the specification of the  m a x i m u m  appl ied  
stress a n d / o r  hardness  of the steel  used. 

Experimental 
Polarization cells.NPolarization measurements  about  

the corrosion potent ia l  were  conducted wi th  two de-  
signs of cell, the ASTM s t anda rd  cell  (15) and a ro-  
ta t ing  disk e lec t rode  cell  (RDE).  The design of the  
work ing  electrodes used in the  two cells is shown in 
Fig. 1. The aux i l i a ry  e lec t rode  for  the ASTM cell  was 
located on a chord p lane  in  f ront  of the work ing  elec-  
t rode  to improve  the spa t ia l  s y m m e t r y  of the  e lectr ical  
field. This a r r angemen t  gave good reproduc ib i l i ty  of the  
expe r imen ta l  resul ts .  

The  de ta i led  design of the  RDE cell  is descr ibed 
e l sewhere  (16). I t  was fabr ica ted  such tha t  the only 
mate r i a l s  in contact  wi th  the electrolyte ,  as ide f rom 
the  electrodes,  were  glass and Teflon. Elec t r ica l  con- 
tact  to the  ro ta t ing  shaft  was made  v ia  copper  and 
mercury .  

The steel  specimens used as the work ing  e lect rodes  
were  machined  f rom rod stock of 1020 carbon steel  
and s leeved as shown in Fig. 1. The surfaces were  p re -  
pa red  according to s t andard  procedures  (15). Aux i l i a ry  
e lect rodes  were  p la t in ized  p l a t i num (17). As the  elec-  
t ro ly te  was sodium chlor ide  based,  no t r ea tmen t  was 
app l i ed  to remove  occluded chloride.  

A KC1 sa tu ra t ed  calomel  re ference  e lect rode was 
used for al l  measurements ;  Eref : -{-241.5 mV SHE. The 
reference  e lec t rode  was b r idged  to the Luggin  capi l la ry  
wi th  cell  e lec t ro ly te  via a beake r  containing 1M NaC1 
solution. 

The e lec t ro ly te  solut ions were  p repa red  f rom reagent  
g rade  chemicals  and twice dis t i l led  water .  The solutions 
were  NaCl based,  b lended  wi th  HC1 for pH control  
wi th  a to ta l  ch lor ide  concent ra t ion  of 0.2M. The buf-  
fe r ing  agent  used was acetic ac id-sod ium acetate.  Be- 
fore  use the solutions were  deoxygena ted  with  bub-  
b l ing  n i t rogen  for at  leas t  30 min, fol lowed by  HeS 

/s 
ROD 

PTFE S LEEV[ 

E LECTRODE f \ 

Fig. I. Sectional view of working electrodes. Left: ASTM cell, 
right: RDE cell. 
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bubbl ing  for  ano ther  30 min  when  required .  The cells 
were  pu rged  wi th  n i t rogen  before  the e lec t ro ly te  was 
s iphoned in and once wet,  the e lect rode did not  contact  
oxygen.  The composit ion of the H2S/N2 gas mix tu re  
was contro l led  by  the use of ca l ib ra ted  ro tameters .  

A u x i l i a r y  equ ipment  comprised  a Wenking  poten t io-  
stat,  a Ke i th l ey  e lec t rometer ,  and Honeywel l  d igi ta l  
mu l t ime te r  and  a the rmos ta ted  wa te r  ba th  in which  
the polar iza t ion  cells were  immersed.  Add i t iona l ly  for 
the  RDE cell a speed control  uni t  and  a s troboscope 
were  used. 

The cu r ren t -vo l t age  curves  were  obta ined  using a 
hand-swi t ched  potent ios ta t ic  potent ia l  s tep eve ry  five 
to ten minutes,  to give at  leas t  five expe r imen ta l  points  
pe r  cur ren t  decade. The cur ren t  densit ies observed 
were  essent ia l ly  stable.  The bu lk  of the  exper imen t s  
were  conducted wi th  the  RDE cell  at  200 rpm. 

Resul ts  f rom ini t ia l  exper imen t s  were  obscured  by  
significant ohmic overpotent ia ls .  Compensat ion  for  the 
ohmic overpo ten t ia l  is usua l ly  effected wi th  the aid of 
a posit ive feedback  ci rcui t  (18) (FBC) in conjunct ion 
wi th  a cell subs t i tu te  circui t  r epresen t ing  the equiva-  
lent  of the cell  circuit,  inc luding a po lar iza t ion  vol tage 
and two resis tors  to sat isfy the re la t ion  

Rt/R~ -- Rc/Ra [7] 

where  Re and Rn are  the  resis tors  in the subst i tu te  
circuit ;  Rf and Rg are  compensat ing  resis tors  in the  
FBC. The essent ia l  difficulty is the de te rmina t ion  of 
the  ra t io  Re/Ra. A n  e labora te  method  using a r ap id  
response vol tmeter ,  an oscilloscope, and a fast  swi tch-  
ing device to create  t rans ients  shor te r  than  1 msec is 
r ecommended  (18). To overcome these difficulties an 
a l t e rna t ive  method  was devised (see Append ix ) .  This 
method  is fast, accurate,  and  prov ided  tha t  the  posi t ion 
of the  Luggin  cap i l l a ry  m a y  be contro l led  by  a screw 
movement ,  does not  requi re  any  ex t ra  equipment .  In 
the presen t  work,  the cell  did not  have  this provis ion 
and the cap i l l a ry  was ad jus ted  manua l ly  th rough  the 
cell  top passage. The exact  posi t ion was fol lowed with  
a crossline re t ic le  f inder wi th  mic romete r  control. 

Flow loop.~A flow d i ag ram of  the corrosion test 
loop is shown in Fig. 2. I t  consisted essent ia l ly  of s tan-  
da rd  1 in. (2.54 cm) d i am glass p ipe l ine  in the form 

I I 1  ~ , 

8 

9 

( )  

3 

Fig. 2. Diagram of flow loop. Legend: I. Gas outlet, 2. Header 
tank, 3. Gas inlet, 4. Pump, 5. Filter, 6. Heat exchanger, 7. Loca- 
tion of electrodes, 8. Test sections, 9. Rotameters. 
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of a closed circuit with two paral lel  test sections, a 
stainless steel header tank fitted with the (stainless 
steel) cooling coil of a refr igerator  un i t  (Blue M Elec- 
tric Company Model PCC 24SSA3), and a pump 
(Crane Dynapump Model 880E) incorporat ing a by-  
pass. A third paral lel  l ine incorporated a Q.V.F. heat 
exchanger and a sieve plate filter to trap particles 
of corrosion product. Calibrated rotameters  were in -  
stalled upst ream of each test section; the solution flow 
rate to each test section was controlled manual ly .  Gas 
connections were fitted as shown in order that  the dis- 
tilled water  could be deoxygenated ini t ia l ly with ni t ro-  
gen and subsequent ly  saturated with H2S gas. The gas 
outlet l ine included a t rapping a r rangement  to prevent  
ingress of air. Deoxygenation of the distilled water  was 
achieved in the loop by purging wi th  ni t rogen over a 
2 hr period; this reduced the oxygen concentrat ion to 
0.3 ppm or less. H2S gas at  1 a tm was then introduced 
and the solution circulated for at least 4 hr  prior to 
inser t ion of the test specimens. A continuous flow of 
H2S gas was main ta ined  during the exper imental  work. 
The test loop was mounted  on plywood and situated 
in  a polyethylene enclosed cage in  front of a wa lk - in  
fume hood. Anci l lary  equipment,  instal led to monitor  
the solution properties and the corrosion potential  of 
the test specimens, comprised a glass pH electrode 
(Fisher Scientific Model E-12), a sulfide ion electrode 
(Orion Research, Model 94-16), and a double junct ion  
reference electrode DJE (Orion Research, Model 90- 
02). Output  signals were recorded via a digital pH 
meter  (Orion Research, Model 701) using a strip chart  
recorder (Yokagawa Company, Model LER 12A). 

The pH electrode in  conjunct ion with the DJE was 
calibrated periodically using s tandard  buffer solutions 
of pH 4.0, 7.0, and 11.0 at 25~ The sulfide ion electrode 
in conjunct ion with the DJE was calibrated at 25~ 
using s tandard  solutions of NaOH saturated with H2S 
at 1 atm. The slope OEs/O log [S2-],  where  Es is the 
potent ial  of the sulfide ion electrode and [S 2-] is the 
sulfide ion concentration, was measured as --26.7 mV/  
decade in satisfactory agreement  with the calculated 
value --29.6 mV/decade. 

The corrosion potent ial  was measured in conjunct ion 
with the DJE by adapting the assembly holder such 
that  electrical contact with a corrosion specimen was 
achieved. The potential  of the DJE was determined to 
be +125 mV SHE at 25~ 

Carbon steel test specimens were machined from 
AISI 1020 rod stock to a diameter  of 0.5 in. (1.27 cm) 
and an exposed length of 1.5 in. (3.81 cm), Fig. 3. Test 
specimens were prepared according to ASTM specifi- 
cation (17), weighed, and mounted in a test assembly 
wi thin  30 min  of preparation. A test assembly com- 
prised mult iple  specimens and was mounted in  an an-  
nu la r  geometry in the test section, Fig. 3. 

Each test specimen was electrically insulated from 
others in  the assembly using fiberglass impregnated 
Teflon spacers machined to the same dimensions as the 
test specimens. The two test assemblies were centered 
in the test sections using spiders. The upper  and lower 
assembly holders were machined from Perspex; the 
lower was sufficiently long (6.7 in. 20 cm) to act as a 
calming section for the inflowing solution. The upper  
holder was of an adjustable  length to accommodate 
changes in the overall  length of the test assembly 
arising from variat ions in the numbe~" of specimens in -  
stalled. The above a r rangement  of test specimens per-  
mit ted the rapid removal  and replacement  of speci- 
mens comprising the assembly at any time within the 
overall  durat ion of an experiment.  Hence the average 
corrosion rate could be determined over different time 
intervals  at the solution flow rates prevai l ing in the 
two test sections. 

Upon removal  from the loop each specimen was 
washed in acetone, gent ly  air dried, and weighed. The 
corrosion product  was mechanical ly removed by rub-  
bing with acetone-soaked paper towels while rotat ing 
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Fig. 3. Corrosion specimen and test assembly for flow loop. 
Legend: 1. Top holder, 2. Test specimen, 3. Teflon spacer, 4. 
Centering sllider, 5. Bottom holder. 

a drill  press at low speed. This was sufficient to remove 
l ightly adherent  corrosion product. The specimen was 
again washed in  acetone, air dried, and weighed. In 
later  experiments  the specimen was then cleaned in  a 
special solution (25 g/ l i ter  s tannous chloride, 10 g/ l i ter  
an t imony trioxide in  50% hydrochloric acid). It was 
found that  this solution did not appreciably attack bare 
meta l  dur ing exposures up to 2 rain. The specimen was 
immersed for 10-20 sec in the cleaning solution at room 
temperature,  washed wi th  water, and rubbed  with a 
soft pencil  eraser. This was repeated un t i l  no more 
scale was visible. The specimen was then washed in 
acetone, air dried, and weighed. 

Samples of the corrosion product  were kept under  
ni t rogen and sub.~equently analyzed by x - r ay  diffrac- 
tion using Co radiation. 

Experiments  were conducted in  the manne r  de- 
scribed at 25 ~ • 0.5~ using water  saturated with H~S 
at 1 arm with solution velocities in the range 0.1-13.3 
ft/sec (0.03-4.05 msec -1) and for specimen exposure 
times in the range 5-1400 hr. 

Results and Discussion 
The corrosion potential.--Over the pH range in-  

vestigated, the corrosion potential  of steel, Ecorr, in 
systems with and without  H2S exhibited a l inear  re-  
lat ionship 

Ecorr  --- E % o r r  ~ 0 .059  p H  [8] 

where E%orr is a constant. At pH > 4 slight curvature  
was observed in agreement  with other data (9, 13, 19). 

For H2S-free electrolytes, E%orr had a spread of up 
to 80 mV depending on the degree of agitation. With 
the RDE cell, the corrosion potential  at pH = 2 was 
shifted from --318 mV SHE at 300 rpm to --394 mV 
at rest; the largest var ia t ion took place between rest 
and 100 rpm. 

In HzS systems, the corrosion potential  becomes more 
negative, due to the change in the reversible potential  
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of i ron with HfS concentrat ion according to Eq. [2]. 
The hydrogen reversible potent ial  is unaffected by the 
HfS concentration. Further ,  the presence of HfS at low 
concentrations reduced the corrosion potential  var ia-  
tion with rotat ional  frequency;  for P ~ s  > 0.5 arm the 
corrosion potential  was independent  of frequency. The 
largest variat ion of the corrosion potential  was 60 mV 
with the RDE at 2000 rpm observed as the part ial  pres-  
sure of H2S was raised from 0 to 1 atm; the major  par t  
of this change occurred over the di lute range of H2S 
part ial  pressure. 

The changes of corrosion potential  of specimens in  
the flow loop with exposure t ime and flow rate were 
small  over the ranges studied. The ini t ial  corrosion 
potential  of a new test specimen was approximately  
--460 mV SHE changing to --450 mV after 5 hr  ex- 
posure to the corroding solution at pH = 4. Thereafter  
it remained essentially constant  for exposure times up 
to 6 days. An increase of the l inear  velocity of the cor- 
roding solution from 0 to 10 ft /sec (0 to 3 msec - I )  
after 2 hr  exposure was accompanied by a change in 
the corrosion potential  of 1.4% in  the noble direction. 
After  six days exposure, a change of solution velocity 
had no influence on the corrosion potential.  

These results indicate that the presence of HfS pro- 
gressively eliminates the strong concentrat ion polari-  
zation of the H2S-free system. 

Polar izat ion  s t u d i e s . ~ A s  a pre l iminary  to the polari-  
zation measurements,  the performance of the RDE cell 
was examined by measurements  of the l imit ing current  
density iL as a function of the rotat ional  frequency, w. 
Plots of i~ vs. w ~/2 were l inear  in accord with theory 
(20). At pH ----- 2.1 PH2s = 0.19 atm, iL increased by a 
factor of approximately  1.3 relat ive to the value for 
the H2S-free system, again indicat ing the progressive 
e l iminat ion of concentrat ion polarization. This is at-  
t r ibuted to addit ional  h y d r o g e n  discharge from H~S 
by the overall  reaction 

2H2S -F 2e-  ----/-/2 -+- 2HS-  [9] 

Over the same HfS concentrat ion var iat ion but  at 
higher pH, Bolmer (21) obtained about  one order of 
magni tude  increase of iL. However, Bolmer's work was 
conducted in a static system under  which circumstances, 
s t i r r ing by the evolved gas would have a decisive effect. 
T h e s e  effects would be minimized in  the RDE cell. 

The anodic polarization curves are shown in Fig. 4 
and 5. Data for Fig. 4 were obtained at pH ---- 3.9-4.0; 
the parameter  is P~fs equal to 0, 0.19, 0.50, and 1.0 arm. 
With the exception of data at PH~S -~ 0.5 atm, all data 
were taken in acetate buffered solutions. On Fig. 5 the 
parameter  is the solution pH at PH2S equal to 0 and 0.19 
arm. From these data, Tafel slopes are in the range 
38 <: b a < 45 mV/decade in good agreement  with values 
reported by Bockris et al. (9). 

The spacing of the curves of Fig. 4 is essentially the 
same as the spacing calculated for the reversible po- 
tent ial  of i ron at pH -- 4 f rom Eq. [2]. This is i l lustrated 

; i 

. ~  3, O, B 

-0"5C . o / ~  
a / 

o /  D / /  5, O, NB 

~ /  3"95, O, B 
u /  / 

w 3, 0"19, B 

v / ' v f ~ .  3"9, O'lg~ B 
J " ~ f / t ~ : "  4.9~, o.~9, B 

v / v  , / * x / x  
~ /  j / x / 

-0.70 * ~ •  

I' 10 I(~0 
CURRENT DENSITY / ~ A c ~  2 

Fig. 5. Influence of buffering and pH on anodie polarization. 
Parameter is solution pH at PH2S ~ 0 and 0.19 arm. B ~ buffered, 
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on Fig. 4 arb i t rar i ly  taking as reference the curve at 
PH2S ~ 1 atm. Thus, variat ions of HfS concentrat ion 
are only causing changes in the reversible potential  of 
iron; the exchange current  density remains the same. 
The lat ter  is thus calculated to be io ---- 8.9 X 10 -6 
A-cm-Z, in good agreement  with reported values for 
the Fe /Fe  2+ electrode (8, 9). 

From Fig. 5, based on just  two pH values, the 
buffered, HfS-free solutions show an electrochemical 
reaction order, p p H  a - ~  -~- 1.8 consistent with the reaction 
proceeding by the catalyzed mechanism (8). At PHfs ---- 
0.19 atm, P p H  a , ~  - I -0 .4  suggesting a change of mecha- 
nism relative to the HfS-free system. 

The results of some cathodic polarization experiments  
using buffered solutions of pH ---- 3 are presented in 
Fig. 6. For  the H2S-free solution, a l imit ing current  
density, iL ----- 1.06 m A c m  -2 was observed at an over-  
potential  of 170 mV in agreement  with the measure-  
ments  of Bockris et al. (9). This diffusion control is 
el iminated by the presence of HfS as noted earlier. 
Tale1 slopes, b c = 110 and 116 mV/decade are ob- 
served at Pnfs = 0.5 and 1.0 arm in agreement  with the 
theory for the discharge of the H + ion (9). The Tale1 
line is insensitive to [HfS] changes in agreement  with 
previous observations (21,22); the slight shift ob- 
served at PHfs -- 0.5 and 1.0 atm is within the fluctua- 
tions due to hydrogen precondit ioning of the electrode. 

Polarizat ion d iagram and corrosion curren t  d e n s i t y . -  
The results of this work and those of Bockris et al. (9) 
are presented in the polarization diagram, Fig. 7. It  was 
shown exper imenta l ly  that the shift of the anodic 
curves by a change of HfS concentrat ion is due to the 
shift of the reversible potential  of iron. Hence the cor- 
rosion reaction order n =- (~ log icorr/C3 log [HfS])pE ---- 
0.20 from geometrical considerations with b ~ _-- 0.110 
V/decade and b a ---- 0.041 V/decade. At pH ---- 3 the 
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Fig. 4. Influence of H2S concentration on anodic polarization. 
Solution pH: 3.9 to 4.0; Parameter is PH2s (atm). 
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Fig. 7. Polarization diagram, 
system Fe -f- H.~S -f- H20. Light 
lines, from Beckris et al. (9). 
Numerals indicate solution pH. 
Heavy lines, this work. Numerals 
indicate solution pH and PH2s 
(arm), respectively. B - -  buffer- 
ed, N.B. - -  no buffer. 
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corrosion current  density, {tort is given by 

icorr = 3.1 X 10 -4 PH2s 0'20 A-cm -2 [10] 

This is the form of dependence reported by Bartonicek 
(23), based on weight-loss experiments.  Since the data 
obtained in this work reflect ini t ia l  corrosion rates, 
whereas those of Bartonicek are averaged over the 6 
hr dura t ion of his experiments,  direct comparison is 
not possible. For this reason his corrosion rates are 
approximately 85 and 38% smaller  at P~2s = 1 atm 
and 10 -4 atm, respectively, than values calculated from 
Eq. [10]. 

Based on a l imited number  of experiments,  the ex- 
per imental  finding that  ~E : ~ E r e v F  e might  be true only 
over a nar row pH range. A more general  expression 
may be obtained considering that  H2S causes not only a 
change of E r e v F e  but  also of the exchange current  
density ioFe. In  this case, again from geometrical con- 
siderations 

1 ( " ) 
n = b e + ba- 0.03 + b a alog $oFe . [11] 

a log [H2S] 

Besides including the previous case, this expression 
produces smaller or larger n depending on the sign 
of the derivative. 

Rate o f  corrosion.--A summary  of the corrosion rate 
data obtained from the flow loop as a function of the 
solution velocity and exposure t ime are presented in  
Table I and i l lustrated in Fig. 8. The time average 
corrosion rate r is defined by the expression 

r :  re~so [12] 
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Fig. 8. Time-average corrosion rate of AISI 1020 steel. P ~ S  : 

1 atm, temperature ~ 25~ Legend: see Table I. G Solution 
velocity = 3.0 msec -1,  ,'~ solution velocity = 3.1 msec -1.  

where m is the mass of metal  ionized in the exposure 
time o and s is the surface area of the specimen ex- 
posed to the corroding solution. A power law relat ion 
between r and O of the form 

r- . -  ,~O'r [13] 

is assumed where ~ and ~/ are constants. Values of 
and 7 are given in Table I together with the cor- 

relat ion coefficients as a measure of the fit of the data 
to the assumed equation. Owing to the large scatter 
of data, only those per ta ining to l ine 6 are shown in  
Fig. 8. 

Time-average corrosion rates yere general ly in  the 
order range 10-100 gin-2 d a y - l ,  (equivalent  to 0.5-5 
mm penetra t ion per year) ,  the lower order values 

Table I. Summary of experimental results. Corrosion of AISI 1020 steel by the H2S Jr H20 system at 25~ 

Solution 

V e l o c i t y / m s e c  -1 0.60 0.98 1.91 2.32 3.05 4.05 
Reynolds  number  8530 13,800 27,000 32,800 43,700 57,400 

Exper imenta l  d a t a  

No. of  d a t a  p o i n t s  24 16 6 14 16 l l  
Line No., F ig .  8 1 2 3 4 6 5 

Time a v e r a g e  c o r r o s i o n  r a t e ,  p a r a m e t e r s  of  Eq.  [13] 

~ / g  m-2 d a y  -1 32.3 45.3 69.9 34.8 44.0 79.7 
7 -- 0.22 -- 0,33 -- 0.32 -- 0.07 + 0.02 -- 0.18 
C o r r e l a t i o n  coe f f i c i en t  -- 0.63 -- 0.61 - 0.96 -- 0,24 + 0.09 -- 0,47 

Instantaneous  corrosion rate,  Eq. [14] 

r~v/g m-2 daY -~ 13.5 14.4 15.3 23.4 54.2 34,2 
S t a n d a r d  d e v i a t i o n ,  ~ 9.0 12.1 11.7 69.8 35.6 103 

C o r r o s i o n  p r o d u c t  removal  parameter  P, Eq., [16] 

P ~ a, a l l  d a t a  0.83 • 0.15 0.90 • 0.07 0.89 ~ 0.03 0.84 -- 0.13 0.97 • 0.03 0.98 -*- 0.02 
P ~ ~, t i m e  s p a n  0.78 ----- 0.20 0.87 -~ 0.07 0.89 -*- 0.03 0.73 + 0.13 0.95 -~ 0.04 
0 to  100 h r  --  - -  
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corresponding to long term exposure (0 > 102 hr) at 
solution velocities less than about 2 msec -1. At solu- 
t ion velocities in  excess of about  2 msec -1, corrosion 
rates general ly  retained ini t ia l ly  high values and in 
certain instances exceeded these values. This ob- 
servation will be discussed later. The "initial" corro- 
sion rate observed at O ~ 1 hr (values of ~ listed in 
Table I) averaged 50 __+ 19 gm -2 day -1, in satisfactory 
agreement  with the value 75 gm -2 day - I  calculated 
from Eq. [10] 

The corrosion rate r defined as 

1 ( m 2 - - m l )  
r = [14] 

$ 02 - -  O1 

w h e r e  ml and m2 are the masses of metal  ionized dur -  
ing the exposure times O1 and 02 were also calculated. 
Neglecting changes in the surface area of the speci- 
men, the value r approximates the instantaneous cor- 
rosion r a t e  at the mean  exposure t ime O---- (O1 + 02)/2. 
Due to the large scatter of data, the values r show 
wide variations;  the results are included in  Table I 
as the average value, ravg together with the s tandard 
deviation. These data emphasize the increasing corro- 
sion rate with increasing solution velocity though the 
t rend is somewhat  obscured at high flow rates by the 
l a r g e  s tandard deviation. 

The corrosion product  release rate, r '  is a measure 
of the rate of removal  of metal  from the specimen. It 
is defined by the expression 

= (ra - -  0 . 6 4 f ) / s O  [15] 

where f is the mass of the co--o~ion ~)roduct, taken to 
be FeS, adher ing to the specimen after the exposure 
t ime O. From the definitions of r and r'__ the ratio P 
may  be defined 

P - -  r ' / r  ~ 1 -- (0.64f/m) [16] 

with the I imit ing values, P ---- 0 in  which case all the 
corrosion product  remains on the specimen, and P : 1 
in  which case all the corrosion product  is removed. 
Values of P with the s tandard deviation ~ are in -  
cluded in  Table I both for all the data at a given 
solution velocity and for data obtained in  the time 
span 0-100 hr exposure. It  is evident  that in all ex- 
periments,  the corrosion product  is largely removed 
by the flowing solution (P --> 1). At low solution 
velocity ( <  ,,,2 msec -1) there is a suggestion of 
greater  re tent ion of corrosion product  par t icular ly  in 
the first 100 hr  exposure. Thus the lower corrosion 
rates observed may be due to a protective action of 
the corrosion product  film. 

X - r a y  diffraction measurements  of samples of the 
corrosion product revealed the presence of mackinawite  
(Fel+~S). Pyr i te  (FeS2) was not present. No significant 
differences in the na ture  of the products were observed 
for either static or dynamic exposure conditions. 

Metallographic examinat ion of cross sections of speci- 
mens showed an increasing extent  of surface roughness 
wi th  increasing exposure t ime to the corroding solu- 
tion. The surface roughness is defined as the s tandard 
deviat ion of the surface from the mean  surface l ine ob- 
served with a microscope. The results obtained at the 
solution velocity of 3.1 msec -1 are pre.~ented in Table 
II. Similar  measurements  were made of the scale rough- 

Table II. Surface examination of steel specimens exposed to 
H2S + H20 solutions. Solution flow rate: 3.1 msec - 1  

Sur face  Scale Scale 
DuraUon of rough-  rough-  thick- 
exposure/hr ness//J.m ~ess//zm ness/#m 

l 
0 1.9 

260 6.2 8.9 26 
98O 33 28 55 

ness and thickness which also increased with increasing 
time of exposure. However the scale was observed to be 
discontinuous on the surface due, presumably,  to oc- 
casional and random removal  by the solution. The metal  
then exposed would exhibit  a larger apparent  corro- 
sion rate than a fresh specimen due to the increased 
surface area with increasing roughness. Evidently,  at 
high solution velocities ( >  ~ 2 msec -1) the scale is 
more readily sloughed off leading to enhanced apparent  
corrosion rates in  some instances. 

These results complement  those of Tewari  and Camp- 
bell (24, 25) who studied the corrosion of carbon steel 
using the rotat ing disk technique. In  the laminar  flow 
regime at 22~C, P H 2 S  "-- 1 arm, these authors reported 
corrosion rates in the order of 10 gm -2 day -1, and con- 
cluded that the corrosion rate was controlled by the 
rate of the chemical reaction between mackinawite  and 
hydrogen ion and by the t ransport  of FeSH + ions to 
the bulk solution. At 120~ PH2S -- 15.8 arm in  the 
t ransi t ion and tu rbu len t  flow regimes, corrosion rates 
in the order range 20-200 gm -2 day were observed. T h e  
authors also noted that  the mass of i ron sulfide scale 
remaining  on the steel specimen (,-, 200 gm -2) was a p -  
p r o x i m a t e l y  independent  of the rotational f requency 
and exposure time indicat ing that the corrosion prod- 
uct was cont inuously removed from the specimen: In 
the work reported here, in  the fully tu rbu len t  regime 
(Re > 8500) the corrosion product  is largely removed 
(P --> 1) as noted earlier. The mass of product remain-  
ing on the specimens var ied in the order range 6-60 
gm -2 for exposure times of 10-1000 hr. 

The na ture  of the various iron sulfides and their in -  
fluence on the corrosion of steel have been reviewed by 
Smith and Miller  (26) in which they point  out that  
the formation of i ron sulfides will  in cer ta in  conditions 
not give protection to the metal,  but  will  contr ibute a 
new corrosion mechanism to such systems. Thus they 
quote the work of King (27) who showed that the 
presence of mackinawite  depressed the potential  re- 
quired for cathodic protection of steel below that  nor-  
mal ly  considered adequate. Earlier,  Greco and his co- 
workers (28) found that with increasing concentrat ion 
of H2S, increasing amounts  of mackinawite  [identical 
to Kansite (29)] relative to other sulfides were formed 
and that  the formation of mackinawi te  was accom- 
panied by an increasing corrosion rate. Meyer e t  a l  (30) 
found the init ial  corrosion product to be mackinawite  
tarnish, which provided some protection to the under -  
lying metal. After  some 200 hr exposure to the cor- 
roding solution the mackinawite  tarnish grew into a 
thicker mackinawite  scale and was accompanied by an 
increasing corrosion rate. Subsequent  behavior de- 
pended on the presence or absence of sodium chloride 
in the solution; in the absence of NaC1, the outer layers 
of mackinawite  t ransformed to pyrrhot i te  and pyrite, 
which provided protection to the metal. They proposed 
that the mackinawite  tarnish, consisting of discrete 
crystallites consolidated into a disjointed permeable 
scale leading to increased electronic conductivi ty con- 
sequent  upon an increased defect density. Similar  re-  
sults regarding the influence of NaC1 were found by 
Ewing (3i) .  This proposal is supported by the work of 
Mara and Williams (32) who found in par t icular  that 
mackinawite  was an excellent anodic and cathodic de- 
polarizing agent. 

Fur ther  evidence regarding the influence of the 
morphology of the scale is provided by the work of 
Macdonald e t  al. (33), who studied the corrosion of 
steel in the presence of wet e lemental  sulfur  under  
aerobic and anaerobic conditions. Corrosion rates were 
found to increase rapidly after an induct ion period 
which was found to be a funct ion of the init ial  pH of 
the system, the particle size of sulfur, and the presence 
of oxygen. In par t icular  they noted that the onset of 
catastrophic corrosion was accompanied by the forma- 
tion of H_~S and mackinawite  and a shift in the corro- 
sion potential  to more positive values. They postulated 
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a mechanism in  which the mackinawite  acted as a 
catalyst of the corrosion process. 

It  is evident  from the above discussion that  i ron sul- 
fide is unrel iable  as a protective scale; on the contrary 
the formation of mackinawite  may promote the corro- 
sion process. Some evidence in  support  of the concept 
of an induct ion period noted by Meyer et al. (30) and 
by Macdonald et aL (33) was obtained in this work. 
This is shown in Fig. 8 in  which the t ime-average cor- 
rosion rates at the solution velocities of 3.0 and 3.1 
msec - i  are included. These two sets of data are com- 
bined in the l ine 6 of Fig. 8. A significant increase in 
the t ime average corrosion rate is observed after an 
exposure t ime of the order 200 hr. Data obtained at 
other solution velocities showed the same phenomenon.  
However, the scatter of data is such as to preclude 
quant i ta t ive  evaluation. 

Conclusions 
1. In  the presence of H2S, the corrosion potent ial  of 

steel becomes more negative. This change is due to the 
change in the reversible potential  of i ron with change 
of H2S concentrat ion according to Eq. [2]. 

2. The presence of H2S does not change the Tafel 
slopes of the anodic and cathodic processes wi thin  the 
investigated pH domain. 

3. The exchange current  density of the anodic proc- 
ess is unaffected by H2S. 

4. The cathodic process mainta ins  the reversible po- 
tential  and the exchange cur ren t  density of the H2S 
free system, but  the H + diffusion control gradual ly  
disappears with increasing H2S concentration. 

5. The necessity for ohmic overpotentiaI  correction 
has been emphasized and a new method for compensa- 
tion is described. 

6. A corrosion current  dependence on H2S concen- 
t rat ion has been found which agrees with that  found 
from published weight-loss experiments.  

7. The product of corrosion, mackinawite,  is essen- 
t ial ly nonadherent ,  par t icular ly  at solution velocities in 
excess of about  2 msec -1, equivalent  to a Reynolds 
number  of about 28,000. 

8. The presence of mackinawite  scale in certain cir- 
cumstances may enhance the corrosion rate above the 
init ial  value obtained from polarization measurements.  
This is in accord with earl ier  observations. 
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APPENDIX 

Compensation of Ohmic Voltage Drops in the Polarization 
Experiments 

As noted earlier, the results of ini t ial  polarization 
experiments  were obscured by significant ohmic over-  
potentials;  a compensation method necessitating sub- 
stantial  addit ional  equipment  is described by the lOO- 
tentiostat manufacturers  (8). Britz has recently re- 
viewed the general  problem (34). In  what  follows, a 
simple method of compensation is described suitable 
under  conditions of stable current  density; this method 
requires l i t t le extra equipment.  The method is enumer-  
ated as follows in conjunct ion with Fig. 9 and Ref. (18). 

1. Select the polarizing voltage of the feedback cir-  
cuit (FBC) as usual  with no current  through the loop 
cell-FBC. The potent iometer  for Rg is tu rned  to Rg ~ 0. 

2. Place the tip of the Luggin capil lary at the nor-  
mal ly  required distance S from the electrode. 

3. Select the control voltage Ei on the potentiostat  
control. When the current  density is stable, at ii, the 
s relat ion holds 

DOUBLE ~..~LUGGIN 
I - -  "',.CAPILLARY y 

I ~l ~ "  ~ 2s , 

. . . .  # _ _  

i . . . . . .  

cell=O Icell = I I Icell=l 2 Icellmll 
Cell : ii 

']ideal 9 uncomp, i=  Jcell ~R-- c qc~ 9 ideal 
' T  

Fig. 9. Principle of new method for compensation of ohmic 
overpotentiol. 

E LECT RODE 

S 

~l + l i ra  = Ei [A-17] 

where ~ is the process overpotential  under  study and 
iRa = Ea is the ohmic overpotential  to be compensated. 

4. Change the Luggin tip location from S to 2S. To 
this corresponds an electrolyte resistance 2Ra. The cur-  
rent  density and the overpotential  change to new 
values 

~2 + i2 2Ra -- E1 [A-18] 

5. Compensate the FBC to a value Rgt which re-  
turns  the current  to ii. Then one has 

~i + ii 2Ra : E1 § i Rgi [A-19] 

The last te rm is a compensating voltage produced by 
the current  i of the FBC over the resistor R~l. Sub-  
t ract ing Eq. [17] and [19], one obtains 

l iRa = iRgl [A-20] 

The total resistance of the FBC is selected to be much 
larger than  that of the cell so the current  i is small  
relat ive to/ceil 

i "- (Rc/Rf) ioeli [A-21] 

In  view of Eq. [7], Eq. [20] and [21] are identical; 
hence Rgi is the value which wil l  compensate the ohmic 
overpotentiai  due to Rn corresponding to the distance S. 

6. Re turn  the Luggin capil lary from 2S to S. The 
ad jus tment  is now complete and the control voltage 
matches the process overvoltage, ~ since 

Re 
'~8 -F isRa -~ E1 ~- i3 R--[ Rgl -- E1 -F i3Ra [A-22] 

or, for any other change of E, ~ : E. 
The above method was found to be fast and accurate 

in  the polarization experiments  described. 
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Mechanism of Passivity Breakdown of 
High Purity Cadmium 

M. G. Alvarez and J. R. Galvele* 
ComisiSn Nacional de Energ~a AtSmica, Departamento de Materiales, 1429 Buenos Aires, Argentina 

ABSTRACT 

The pass iv i ty  b reakdown  of high pur i ty  cadmium in NaC1, Na2SO~ and KI  
aqueous solutions was studied. The pi t t ing  potent ia l  was measured  by potent io-  
s ta t ic  polar izat ion techniques, surface scra tching techniques, and galvanosta t ic  
techniques. The effect of pH and aggress ive  anion concentra t ion on the p i t t ing  
potent ia l  was invest igated.  The pass iv i ty  b reakdown  potent ia l  of cadmium in 
1.0M NaCI solut ion (pH 11 and 12.5) and in 0.5M Na2SO4 solut ion (pH 9-12.5) 
was found to be due to localized acidification on the meta l - so lu t ion  interface.  
No p i t t ing  potent ia l  was found for cadmium ei ther  in 1.0M KI  solut ion (pH 11) 
or  in 1.0M NaC1 solut ion (pH 9). Thermodynamic  considerat ions showed that  
no s table  oxide  film is formed in those solutions. 

The presen t  work  is pa r t  of a research  p rogram in 
which  the pass ivi ty  b reakdown  mechanism of severa l  
high pur i ty  meta ls  and b ina ry  al loys was s tudied in 
the presence of different  electrolytes .  The results  ob-  
ta ined in the case of high pur i ty  a luminum (1-5)., 
h igh pu r i t y  zinc (6), high pu r i t y  i ron (7, 8), and 
b ina ry  A1-Cu (2, 9), A1-Mg (10), and A1-Zn (10) 
al loys have  been published.  These resul ts  suggested 
tha t  in al l  the systems so far  s tudied the p i t t ing  
potent ia l  was the potent ia l  above which localized 
acidification could be main ta ined  on the meta l - so lu t ion  
interface  (11-13). The purpose  of the present  work  
is to prove that  such a mechanism can be appl ied  to 
the  pass iv i ty  b reakdown  of high pur i ty  cadmium. 

The l i t e ra tu re  about  p i t t ing  of cadmium is not  
abundant .  According to Kadyrov  et al. (14) cadmium 
exhib i t s  p i t t ing  in NaC1 solutions and in NaC1 plus 
NaOH solutions at  --0.50V(NHE). Augus tynsk i  (15) 
measu red  the p i t t ing  potent ia l  of zinc, cadmium, and 
manganese  in bora te  buffered solutions wi th  different  
aggressive anions. This au thor  found that  in all  cases 
the p i t t ing  potent ia l  was close to the normal  equi l ib-  
r ium potent ia l  of the meta l  wi th  its ions. 

In  the present  work  the anodic behavior  and pas-  
s iv i ty  b reakdown  of cadmium were s tudied in a lka l ine  
solutions of the  fol lowing salts:  NaC1, Na2SO4, and KI. 
The effect of the pH and the aggressive anion con- 

* Electrochemical Society Active Member. 
Key words: metals, a,,ode, corrosion, passivity. 

centra t ion  on the p i t t ing  potent ia l  was also inves t i -  
gated. The results  obta ined indica ted  the p i t t ing  poten-  
t ia l  changes wi th  the composit ion of the solution in 
the way  pred ic ted  by the theory  (11-13). This came 
to confirm that  wi th  this metal ,  too, localized corro-  
sion appeared  above the p i t t ing  potent ia l  as a resul t  
of localized acidification on the meta l - so lu t ion  in te r -  
face. 

Experimental 
Specimens 1 mm thick were  p repa red  by  hot - ro l l ing  

8 mm diam 99.999% cadmium rods f rom "Colnbrook-  
Buck," England.  In te rmedia te  etchings wi th  HNO3 
10% (v /v )  were  made in the p repara t ion  sequence 
of the samples  to minimize  meta l  contaminat ion.  The 
ho t - ro l led  ma te r i a l  was cut  into r ec tangu la r  20 mm 
long X 10 mm wide coupons which were  annealed  
for 2 hr  at  270~ in argon and furnace cooled. A copper 
wire  lead  was soldered to one of the faces of the 
samples. The soldered face and the edges of the  
samples  were covered wi th  an epoxy resin cured at  
70~ leaving  a free surface of about  1 cm 2 exposed. 
Before the measurements  the samples  were  chemical ly  
pol ished for 1 min in a solut ion of 5 cm 3 HNO3 conc 
plus 5 cm 3 H~,O2 (100 vol.) plus 30 cmS ethanol,  at  
room tempera ture .  

The anodic behavior  of high pur i ty  cadmium was 
s tudied in the fol lowing solutions: (i) 1.0M NaC1 
(pH 12.5, 11.0, 9.0, and 3.0); (it) 2.5, 0.25, 0.1, 0.025, 
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a n d  0 . 0 1 M  N a C 1  (pH 11.0); (iii) 0.5M Na2SO~ (pH 
12.5, 11.0, 10.0, 9.0, and 3.0); and ( iv)  1.0NI KI (pH 
I I .0). 

T h e  s o l u t i o n s  w e r e  p r e p a r e d  with analyt ical  g r a d e  
reagents and doubly distilled water  and were deaer- 
ated with purified ni t rogen (16). Nitrogen w a s  b u b b l e d  
t h r o u g h  t h e  s o l u t i o n s  during the tests. The pH of  
t h e  s o l u t i o n s  w a s  adjusted by addit ion o f  t h e  c o r r e s -  
p o n d i n g  a c i d  or  b a s e .  

All m e a s u r e m e n t s  w e r e  made at 25 ~ • 0.5~ in  a 
P y r e x  g l a s s  c e l l  with a p la t inum counterelectrode. 
P o t e n t i a l s  were measured through a Luggin capillary 
w i t h  a m e r c u r o u s  sulfate reference electrode for the 
e x p e r i m e n t s  with Na2SO4 solutions and with a s a t u -  
r a t e d  c a l o m e l  electrode for the other solutions. A n  
intermediate  salt bridge with the working solution 
a n d  a p o r o u s  plate were used to avoid electrolyte 
contaminat ion dur ing the measurements  in KI  solu- 
tions. All potentials are reported in the normal  hydro-  
gen electrode scale (NHE). 

Potentials were kept constant with a Tacussel PRT 
40-1X potentiostat, while they were measured with 
a Tacussel S6Z-R2 electronic mill ivoltmeter.  The cur-  
rents were recorded with a Sefram BS recorder. A 
LYP Electronic Potentiostat  and a Toshin Electron 
TO2N1 recorder were used for galvanostatic experi-  
ments. 

Quasi-s ta t ionary potentiostatic curves were obtained 
by changing the potential  in steps of 10 or 20 mV, 
star t ing from the corrosion potential. The current  
was measured after 10 min at constant potential. The 
breakdown potential  was also measured by the scratch- 
ing technique developed by Pessall and Liu (17), 
with the modifications described in a previous pub-  
lication (6). Before the experiments,  the samples 
were subjected to a cathodic reduction in the test 
solution by means of a 20 min polarization at --0.86V. 
Afterward, the samples were left at open circuit to 
reach a s ta t ionary potential. This occurred after 
about 15 rain. 

The galvanostatic technique was also used to mea-  
sure the pit t ing potential  in some of the solutions. 
In  those cases a constant anodic current  density of 
2.10 -~ A/cm 2 was applied to the specimens, allowing 
the potential  to reach a s tat ionary value. In these 
galvanostatic experiments  the specimens were pre-  
treated for 15 min  with a cathodic current  density 
of 10 -6 A/cm 2. 

Results 
Anodic behavior ol cadmium in NaCl so lu t ions .~  

Anodic polarization curves were obtained for high 
pur i ty  cadmium in the following solutions: 1.0, 0.i, 
and 0.01M NaC1 solutions, pH 11.0. All the curves 
showed a passive zone, where the current  density 
was lower than 10 -~ A/cme, and a breakdown po- 
tent ial  above which high current  increases and pas- 
sivity breakdown were observed. The breakdown po- 
tentials obtained through this method h a d  a con- 
siderable dispersion, par t icular ly  in  solutions with 
low chloride ion contents. Figure 1 shows the disper- 
sion found in 0.1M NaC1 solution (pH 11.0). A similar 
dispersion was observed in  0.01M NaC1 solution (pH 
11.0), Table I. Wide dispersion in the pit t ing potentials 
measured by potentiostatic methods was also re-  
ported for zinc (6). 

Due to this difficulty the breakdown potential  had 
to be determined through the scratching technique. 
Figure 2 shows the repassivation t ime values obtained 
for high pur i ty  cadmium in 0.1M NaC1 solution (pH 
11.0). The values obtained in three independent  ex- 
periments  are plotted and show a good reproducibil i ty 
of the method. Above the pit t ing potential,  --0.48V, 
the repassivation t ime was one order of magni tude  
a b o v e  that  found at lower potentials. Similarly, when 
plott ing the changes in current,  after scratching, the 
current  was found to increase sharply below the pit t ing 
p o t e n t i a l ,  Fig. 3, bu t  after a few seconds it re turned 
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Fig. 1. Anadic potentlostatic polarization curves of high purity 
cadmium in deaerated 0.1M NaCI solution, pH 11.0, 25~ High 
dispersion is found in the pitting potentials measured by this tech- 
nique. 

to values typical of the passive zone. However, when 
the surface scratching was performed at a potent ial  
just  10 mV higher than the pit t ing potential, the 
ini t ial  cur rent  rise was more abrupt  and decreased 
slowly with f requent  oscillations. It took above 4000 
sec to reach a current  value of the order of the ini t ial  
one. The progressive accumulat ion of corrosion prod- 
ucts on the scratch itself clearly indicated that  this 
current  decrease was not the result  of a t rue repas- 
sivation process but  that  of a mechanical  obstruction 
due to the corrosion products plugging up the scratched 
zone. Finally,  when a potential  of --0.46V was applied, 
the current  did not decay after scratching, but  reached 
values two orders of magni tude  above those of the 
passive zone. The small  dispersion found in the r e -  
p a s s i v a t i o n  time, at potentials below the pi t t ing poten-  
tial, is a t t r ibuted to differences in the scratch length 
and depth. Similar  observations were made for 2.5, 
1.0, 0.25, 0.025, and 0.01M NaC1 solutions, pH 11.0. 
Table I summarizes the measured breakdown poten-  
tials. As reported by many  authors (13) for the 
passivity breakdown of other metals, the pit t ing 
potential  of high pur i ty  cadmium changes with the 
change in the aggressive anion concentration. The 
higher the aggressive anion concentration, the l o w e r  
the pit t ing potential. A semilogarithmic representat ion 
of the data in  Table I shows that  there is a l inear  
relat ion between the pi t t ing potential  and the log- 
ar i thm of the NaC1 concentration. 

For the lowest NaC1 concentrat ion solutions (0.025 
and 0.01M) there is a slight deviation from this law, 
leading to higher pi t t ing potentials. Disregarding these 
two values, a logarithmic curve fitting gives the 

Table 1. Passivity breakdown potentials for high purity cadmium 

Measuring techniques 

Anodie Surface Galvanostatie 
polarization scratch- E v s .  time 
curves (V) ing (V) (V) 

NaC1 (0.01M, pH 11) -0 .36 to -0 .30 -0 .38 m 
NaCI (0.025M, pH 11) ~ -0.41 
NaC1 (0.11vl, pH 11) -0.45 to -0.37 --0.48 
NaC1 (0.2~M, pH 11) --  --0.49 
NaC1 (1.0M, pH 9) -0,56 * -- 
NaC1 (1.0M, pH 11) -0.45 -0.53 
NaC1 (1.0M, pH 12.5) -0.41 -0.50 -- 
NaC1 (2.5M, pH 11) ~ -0.55 
Na2SO~ (0.5M, pH 9) - -  u --~A7 
Na-oSO4 (0.5M, pH 10) - -  --0.47 
Na2SO~ (0.5M, pH U) --0.47 to -0.40 -0--AS -0 .45 
Na2SO4 (0.SM, pH 12.5) --  -0.41 to -0.44t 
KI (1.0M, pH 11) --~.64 �9 --  

* No repassivation was observed after scratching, at any paten- 
tial. 

Oscillations. No stable potential was found. 
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Fig. 2. Repassivation time, after scratching, at constant poten- 
tial, for high purity cadmium in deaerated, 0.1M NaCl solution, pH 
11.0, 25~ N.R.: no repassivation. Broken line: breakdown poten- 
tial. Good reproducibility is found in the breakdown potentials 
measured by this technique. 
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the  1.0M NaC1 solution, pH 3.0. The s t a t ionary  corro-  
sion potent ia l  in this solut ion af te r  a 4 h r  exposure  
was --0.61V. The samples  showed corrosion at  al l  
the  potent ia ls  above the corrosion potential .  A l inear  
re la t ion was found be tween  the potent ia l  and  the 
logar i thm of the  cur ren t  dens i ty  in the range  be tween  
10 -~ and 10 - s  A /e ra  ~. The slope of the  curve w a s  
a pp rox ima te ly  27 mV, Fig. 4. 

The behav ior  of cadmium in 1.0M NaCI solution, 
p H  9.0, was in t e rmed ia te  be tween  those observed in 
acid solutions and in s t rong ly  a lka l ine  solutions. The 
polar iza t ion  curve in this medium,  Fig. 5, showed a 
sort  of passive zone fol lowed by  a b reakdown potential .  
Nevertheless ,  repass iva t ion  t ime measurements ,  Fig. 
6, showed tha t  the pseudo-pass ive  zone observed in 
Fig. 5 was not a s table  condition. No repass iva t ion  was 
detected at  any  potent ial ,  in the pH 9.0, 1.0M NaC1 
solution. 

Anodic behavior of cadmium in Na~S04 solutions.-- 
The anodic polar izat ion curves of high pur i ty  cad-  
mium in deaera ted  0.SM Na2SO4 solutions, pH 11.0 
were  found to be s imi la r  to those ob ta ined  in NaC1 
solutions. A passive zone was found, fol lowed by  a 
pass iv i ty  b reakdown  potential .  A r e m a r k a b l e  d i sper -  
sion was observed in the values of the  b reakdown  
potent ia ls  thus obtained.  As in NaC1 solutions, the  
surface scra tching technique gave more reproduc ib le  
resul ts  of p i t t ing  potent ia ls  than  the potent ios ta t ic  
polar iza t ion  technique.  At  potent ia ls  below --0.45V 
sl ight  cur ren t  fluctuations were  observed even before  
scratching.  But i t  was only when h igher  potent ia ls  
were  appl ied  that  a sensible change in cur ren t  be -  
hav ior  took place  af ter  scratching.  Dupl ica te  exper i -  
ments  suggested that  --0.45V was the most  p robable  
va lue  for  the  b r eakdown  potent ial .  

The ga lvanos ta t ic  me thod  was used to confirm the 
p i t t ing  potent ia l  va lue  of cadmium in the  No,SO4 
solution, pH 11.0. F igure  7 shows an example  of the 
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10 10 z 103 10 4 
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Fig. 3. Potentiostatic current-time curves, after scratching the 
metal surface. High purity cadmium in deaerated 0.1M NaCI solu- 
tion, pH 11.0. 

fol lowing re la t ion be tween  the p i t t ing  potent ia ls  and 
the  NaC1 concentra t ion 

Ep --- - -  0.528 - -  0.053 l o g  C~acl [ 1 ]  

where  Ep is the  p i t t ing  potent ial ,  in volts, and CNacl 
the molar  NaC1 concentrat ion.  The devia t ion  observed  
for  the two lowest  concentrat ions  is assumed to be 
due to uncompensated  ohmic drop in the solution, 
in front  of the pits. 

The effect of pH on the p i t t ing  potent ia l  of cadmium 
in NaC1 solutions was inves t iga ted  in 1.0M NaC1 solu-  
tions at  pH 12.5, 11.0, 9.0, and 3.0. The resul ts  a re  
repor ted  in Table  I. An  increase in the pH from 11.0 
to 12.5 was found to produce an increase  in the p i t t ing  
potent ia l  o f  about  30 mV. No pass iv i ty  was found in 

-ll5 

~-o~ 

-0.7 i 

lo-' 1# - 1# 1'o lo" 
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Fig. 4. Potenfiostatic anodic polarization curve of high purity 
cadmium in deaerated 1.0M NaCI solution, pH 3.0, 25~ 
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Fig. 5. Pseudo-patentlostatic anodic polarization curve of high 
purity cadmium in deaerated 1.0M NaCI solution, pH 9.0, 25~ 
The passive zone is unstable when tested with other techniques. 
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Fig. 6. Potentiostatic current-time curves, after scratching the 
metal surface. High purity cadmium in deaerated 1.0M NaCI solu- 
tion, pH 9.0, 25~ No passivity is found at any of the potentials 
tested. 
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Fig. 7. Galvanostatic potential-time curves for high purity 
cadmium in deaerated 0.5M NagSO~ solution, at 25=C and various 
pH values. Current density: 2 X 10 -5  A/cm 2. The stationary 
potential is taken as the pitting potential of the metal. 

poten t ia l - t ime  curves obtained.  At  the beginning of 
the  anodic polar izat ion the potent ia l  rise denoted tha t  
a pass ivat ing  film was being formed.  Once the a t t ack  
h a d  started,  the  poten t ia l  began to decrease and, a f te r  
about  40 min, a s t a t ionary  potent ial ,  t aken  as the  
p i t t ing  potent ial ,  was obtained.  The va lue  obta ined  
was equal  to tha t  found by  the surface scra tching 
technique.  Corroded areas  were  observed on the 
meta l l ic  surface as soon as the potent ia l  began to 
decrease.  

The galvanosta t ic  method  was used to s tudy the 
effect of pH on the p i t t ing  potent ia l  of cadmium in 
Na2SO4 solutions (Fig. 7). Measurements  were  pe r -  
fo rmed in deaera ted  0.5M Na2SO4 solutions, pH 12.5, 
11.0, 10.0, and 9.0. The resul ts  are  r epor ted  in Table I. 
Up to pH 10.0 the  pH had no effect on the p i t t ing  
potential .  A t  h igher  pH values,  the h igher  the pH 
the h igher  the p i t t ing  potential .  S ta t iona ry  potent ia ls  
were  observed in al l  the solutions, wi th  the only 
except ion the pH 12.5 solution. In  this solut ion the 

potent ia l  was observed to osci l late  be tween  --0.44 and 
--0.41V, the p i t t ing  potent ia l  was assumed to be 
somewhere  in between.  In  the region of pH values  
where  the p i t t ing  potent ia l  changed with  the pH, a 
l inear  re la t ion  be tween  pi t t ing  potent ia l  and  pH was 
observed.  By l inear  regression the fol lowing equat ion 
was found 

Ep = --0.647 + 0.018 pH [2] 

Elect rochemical  measurements  were  also pe r fo rmed  
in pH 3.0, 0.5M Na2SO4 solution. Cadmium did not  
show pass iv i ty  in this  solution. Anodic  polar iza t ion  
exper iments ,  Fig. 8, showed tha t  there  was a l inear  
re la t ion  be tween  the potent ia l  and the logar i thm of 
the  cur ren t  density.  A Tafel  slope found was of 
app rox ima te ly  18 mV/decade .  The corrosion potent ia l  
of cadmium, af ter  a 4 hr  exposure  in this solution, 
was found be tween  --0.53 and --0.56V. 

Anodic behavior of cadmium on KI solutions.-- 
Potent ios ta t ic  anodic polar iza t ion  curves of cadmium 
in deae ra t ed  1.0M K I  solutions, pH 1L0, showed an 
apparen t  passive zone, fol lowed by  a b r eakdown  po-  
tential .  An  impor t an t  difference was found though: 
the  passive range was  ve ry  narrow,  be tween  --0.70 
and --0.64V, and the b reakdown  potent ia l  was about  
200 mV lower  than tha t  in the  other  solut ions when 
apply ing  the same technique (Table  I ) .  The passive 
cur ren t  density,  above 10 -6 A/cm~, was h igher  than  
the corresponding values  in chlor ide and sulfate  solu-  
tions. 

Repass iva t ion- t ime  measurements  proved tha t  there  
was no actual  pass iv i ty  b r eakdown  process in this 
medium, s imi la r ly  to wha t  was observed in pH 9.0, 
1.0M NaC1 solution. The a f te r - sc ra tch ing  cu r ren t - t ime  
curves showed tha t  no potent ia l  could be found where  
a d iscont inui ty  occurred.  Moreover,  the re  was a clear  
increase  in the cur ren t  when the potent ia l  was in-  
creased, indica t ing  the absence of any  repass iva t ion  
process. 

Pitting morphology.--The a t t ack  observed on high 
pur i ty  cadmium, above  the p i t t ing  potential ,  had the 
same character is t ics  for a l l  the e lect rolytes  tested. 
Af ter  pass iv i ty  breakdown,  the pits  spread  quickly,  
covering grea t  areas  of the metal l ic  surface, Fig. 9. 
Dissolution developed along cer ta in  p re fe ren t ia l  crys-  
ta l lographic  planes  and looked l ike c rys ta l lographic  
etching. As dissolution proceeded,  heavy  accumulat ion 
of corrosion products  was detected on the meta l  sur-  
face. This morphology,  lacking the character is t ic  pi t  
localization, was also observed  on high pur i ty  zinc 
in the  presence of the same aggressive solut ions (6). 

As shown for high pur i ty  zinc (6), the type of 
a t tack  is a function of the proper t ies  of the surface 
oxide film. When the film is easi ly  soluble in the  
acidified solution in the pit, the  a t tack  spreads easi ly 
along the surface. When  the dissolution ra te  of the 
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Fig. 8. Potentlostatic anodic polarization curve of high purity 
cadmium in deaerated 0.SM Na2SO4 solution, pH 3.0, 25~ 
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Fig. 9. Scanning electron micrograph of high purity cadmium 
exposed to deaerated 1.0M NaCI solution, pH 11.0, 25~C, above 
the breakdown potential. 

oxide film, in the acid solution, is sluggish, the surface 
p ropaga t ion  of the a t tack  is h indered  by  the film, 
and typical  pits are  found. In the case of cadmium, 
the  surface oxide film offers l i t t le  opposi t ion to the 
spreading  of the at tack.  

Discussion and Conclusions 
Anodic  polar iza t ion  curves and surface scratching 

exper iments  pe r fo rmed  in a lka l ine  NaC1 solutions 
and Na2SO~ solutions indica ted  that  cadmium under -  
goes pass iv i ty  b reakdown  in the presence of these 
electrolytes .  For  the a t tack  to begin on the passive 
meta l l ic  surface, the potent ia l  must  exceed a cer tain 
cr i t ical  value:  the b reakdown potential .  Even when 
the  pass iva t ing  film is mechanica l ly  disrupted,  no 
Pi t t ing develops if the potent ia l  is below the pi t t ing  
potent ial .  The exposure  of the bare  metal  to the 
corrosive env i ronment  leads to repass ivat ion  at poten-  
t ials  lower  than the p i t t ing  po t en t i a l  This suggests 
/;hat the oxide film is act ing as an iner t  ba r r i e r  in 
the  p i t t ing  process, but  does not in te r fe re  wi th  the 
anodic react ion that  occurs at  the b reakdown poten-  
tial.  S imi la r  conclusions were  d rawn when the surface 
scra tching technique was used to s tudy the pi t t ing 
of zinc in severa l  e lect rolytes  (6). The same conclu- 
sion was reached through s t ra in ing metal  exper iments  
wi th  a luminum in NaC1 and NaNO~ solutions (4, 5), 
wi th  z i rconium in NaC1 solutions (18), and with s ta in-  
less steels in NaC1 solutions (19). 

According  to a p i t t ing  mechanism recent ly  p ro-  
posed by  Galve]e  and co -worke r s  (4, 6, 7, 10-12) the 
necessary condit ion for p i t t ing  in i t ia t ion and p rop-  
agat ion is the main tenance  of local acidification on 
the meta l - so lu t ion  interphase.  Then the p i t t ing  po ten-  
t ia l  is the min imum potent ia l  at  which such local 
acidification can be maintained.  The source of protons 
in the acidified zone is the meta l  ions produced by  
anodic dissolution 

C d : C d  + + + 2 e  [3] 

fol lowed by  meta l  ions hydro lys i s  equ i l ib r ium 

Cd++ + H20~____ Cd(OH)  + + H + [4] 

Cd(OH)  + + H20 ~ Cd(OH)~ + H + 

As first pointed out  by  Hoar  (20), the aggressive 
anions for p i t t ing  are  s t rong acid anions. This is 
because they  will  not  in te r fe re  wi th  the react ion [4]. 

I f  reduc ib le  anions are  absent,  there  are  only two 
processes responsible  for proton consumption in the 
acidified zone. One wil l  be hydrogen  evolution,  which 
is the only cathodic reaction possible in the locally 
acidified zone 

2H + + 2e =/- /2 [5] 

and the  o ther  wil l  be proton diffusion f rom the ac idi -  
fied zone to the bu lk  of the solut ion 

dif. 
H+plt ) H+solutlon [6] 

The open-c i rcu i t  potent ia l  of the  me ta l  in the  ac id i -  
fied solution, Ec*, wil l  be tha t  a t  which the ra te  of 
react ion [3] equals  the ra te  of react ion [5]. If  the  
meta l  in the neu t ra l  or  weak ly  a lka l ine  unbuffered 
solut ion of a s t rong acid salt  is exposed to a potent ia l  
equal  to Ec*, the acidification wil l  not  survive.  Since 
the  ra te  of react ions [3] plus [4] is equal  to the  ra te  
of react ion [5] no ne t  product ion of protons wi l l  
occur. Meanwhile ,  process [6] wi l l  dissipate any p r e -  
v iously  exis t ing acidity.  

At  a potent ia l  below Ec* react ion [5] wil l  be 
g rea te r  than reac t ion  [3]. Protons wil l  be consumed, 
and even tua l ly  an a lkal in iza t ion  wil l  take  place on 
the metal  solution interface.  The meta l  ions wil l  
prec ip i ta te  as oxides, or hydroxides ,  and wil l  p lug  
any  defects on the passive film. Consequently,  for 
values  of the potent ia l  be low Er the meta l  wil l  form 
protec t ive  films and any dis rupt ion of the film wil l  
lead to its reformat ion.  The dissolution process due 
to the existence of localized acidi ty  in the solution 
close to the meta l  surface wil l  only  be possible when 
the potent ia l  surpasses Ec*. According to this, the 
b reakdown potent ia l  should be equal  to, or h igher  
than, the  corrosion potent ia l  of the  meta l  in the  p i t -  
l ike solution 

Ep - -  E~* [7] 

As shown in previous  publ icat ions  (11, 12) to com- 
pensate  for process [6], and keep the pits active, a 
net  anodic cur ren t  densi ty  should c i rcula te  th rough  
the pits, i.e., a cer ta in  polarizat ion,  ~, should be applied.  
Then, the min imum potent ia l  for p i t t ing  would  be 

E ,  ~-- E~* + n [8] 

The value of n could be es t imated  f rom ei ther  Fig. 
4 or 8 if the cur ren t  dens i ty  inside the pits at  the 
p i t t ing  potent ia l  is known. No direct  measurements  
of the current  dens i ty  inside the pits of cadmium are  
avai lable .  Nevertheless ,  dur ing  the anodic polar iza-  
t ion curves,  it  was found tha t  the  cur ren t  density,  
when the corrosion was ex tended  to all  the surface, 
was of the order  of 10 -2 A / c m  2. These values  were  
measured  above the p i t t ing  potential ,  and it can be 
expected that  at the p i t t ing  potent ia l  the cur ren t  
dens i ty  should be lower. F rom Fig. 4 and 8 i t  is found 
tha t  to have a cur rent  densi ty  of the o rder  of 10 -3 
A / c m  2 a potent ia l  of --0.53V would  be necessary in 
the  chlor ide conta ining p i t - l ike  solut ion (Fig. 4) and 
a potent ia l  of --0.50V in the sulfate  containing p i t -  
l ike solution. These values compare  ve ry  well  wi th  
the p i t t ing  potent ia ls  repor ted  in Table I. The pi t t ing  
potent ia l  measured  in 1.0M NaC1 solution, pH 11, was 
--0.53V, while  the value  measured  in  0.5M Na2SO4. 
solution, pH 9.0 and 10.0, was --0.47V. 

Equat ion [8] gives the min imum pi t t ing  potential ,  
according to the  localized acidification mechanism. 
Transpor t  considerat ions (11) showed that  the p i t t ing  
potent ia l  is increased by  the presence of inhibi tors  
in the  solution. If  the meta l  has a logar i thmic  type  
of polar izat ion curve, then, in the presence of inhib i t -  
ing anions, the p i t t ing  potent ia l  follows an equat ion 
of the type  
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Ep = A 4- B log Cinh [9] 

A and B are  constants,  and Cinh is the  concentra t ion 
of the  inhibi t ing  species. According to the  localized 
acidification mechanism for pi t t ing,  the  inhibi tors  
could be ei ther  anions of weak  acid salts (buffers)  
or  O H -  ions. F r o m  the ionic concentra t ion d iagrams 
(11) i t  was also concluded tha t  the  va lue  of B in 
Eq. [9] should be close to the Tafel  slope for the 
meta l  in the acidic p i t - l ike  solution. Equat ion [2], 
which is of the type  of Eq. [9], was found for cad-  
mium in a lka l ine  Na2SO4 solutions. As pred ic ted  b y  
the theory,  the  value  of the  constant  B, 0.018V, w a s  
found to be equal  to the  value  of the Tafel  slope for 
cadmium in acid Na2SO4 solution, Fig. 8. In  NaCI 
solutions, on the  o ther  hand, an increase of one uni t  
in the pH of the solut ion was found to l ead  to an 
increase  of 20 mV in the p i t t ing  potential .  Here  again  
there  is good agreement  wi th  the theory,  since the  
Tafel  slope found for  cadmium in acid NaC1 solutions 
was 27 mV. 

When  the concentra t ion of the aggressive anion 
i s  modified over  a big range  of concentrat ions,  the  
change of the  potent ia l  gradient ,  r inside the  pits  
must  be accounted for (11). According to the p i t t ing  
theory,  when the change of the va lue  of r is the  
only cause for the  changes observed in the value  of 
Ep, an equat ion of  the type  

Ep --  A --  0.059 log Cx [10] 

should be found, where  A is a constant,  and Cx is the  
concentra t ion of the aggressive anion. Equat ion [1] 
is in good agreement  wi th  Eq. [10], showing tha t  
the  change in ~ is the only cause for the  observed  
changes of E m 

F rom t ranspor t  considerat ions of the  p i t t ing  p r o c e s s  
(11) an equat ion of the type  

Ep = Ec* 4- ~l + r + Einh [11] 

should hold t rue  for the  pass iv i ty  b reakdown  of 
metals.  Good correlat ions were  r epor ted  for p i t t ing  
of a luminum and b ina ry  a luminum al loys (10), of 
mo lybdenum containing fer r i t ic  stainless steels (21), 
and  of high pur i ty  zinc (6), i ron (8), and  nickel  (8). 
The present  resul ts  show that  the same equat ion 
could be appl ied  for high pu r i t y  cadmium. 

As pointed out by  Augus tynsk i  (15), the pass ivi ty  
b reakdown  for cadmium is close to the normal  equi -  
l ib r ium potent ia l  of the meta l  wi th  its ions. This is 
shown in Fig. 10, where  the p i t t ing  potent ia l  values  
are  p lot ted  on the Pourba ix  d iagram for cadmium 
(22). As shown in Fig. 10, the corrosion potent ia l  of 
cadmium in the acid solution, Ec*, is ve ry  close to 
the  equi l ib r ium electrode potent ia l  of the meta l  for 
a very  di lute  solut ion of meta l  ions. This is because 
of the high overpoten t ia l  for hydrogen  evolut ion on 
cadmium (23). The cur ren t  densit ies involved in the 
pi t t ing process of cadmium are  low, and since the 
Tafel  slope is low too, the contr ibut ion of ~ to the 
p i t t ing  potent ia l  wil l  be small .  The same happens  
wi th  4. In conclusion, the value  of Ep wil l  be stil l  
in the  range of the equi l ib r ium electrode potent ia ls  
of the metal .  

The resul ts  in 1.0M NaC1 solution, pH 9.0 (Fig. 6) 
and  those in  1.0M KI  solution, pH 11.0 are  difficult 
to expla in  in view of the equi l ib r ium Pourba ix  d ia-  
g ram of Fig. 10. According to this d iagram a Cd(OH)2 
oxide film should be s table  in both solutions. Hence, 
a pass iv i ty  b reakdown process should be expected.  
Nevertheless,  the d iagram in Fig. 10 does not account 
for the soluble complexes formed by  cadmium in 
chlor ide and in iodide solutions. If new d iagrams  are  
d rawn  (24), accounting for al l  these complexes,  Fig. 
11 and 12, no s table  solid film is found in those 
solutions. The hydrox ide  s tab i l i ty  range in KI  solu-  
t ion is ve ry  small,  and the meta l  remains  act ive at  
a lmost  any  pH value. In the 1.0M NaC1 solution, on 
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Fig. 10. Potential/pH diagram for the Cd-H20 system at 25~ 
Line a corresponds to the hydrogen reaction equilibrium and line 
b corresponds to tEe oxygen reaction equilibrium. Light fines rep- 
resent equilibrium conditions between a solid phase and an ion at 
activities 1 and 10-6M. Heavy line represents equilibrium condi- 
tions between two solid phases. Broken line represents equilibrium 
condition between two ions for a ratio of these ions equal to unity 
[after Zoubov and Pourbaix (22)]. I-1, O ,  A :  pitting potentials for 
Cd in 0.SM Na2SO4 solutions. 11" : corrosion potential for Cd in 
pH 3, 0.SM Na2SO4 solution. 
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Fig. 11. Potential/pH diagram for the Cd- I - -H20  system, for 
1.0M KI solution at 25~ Line a corresponds to the hydrogen re- 
action equilibrium and line b corresponds to the oxygen reaction 
equilibrium. Light lines represent equilibrium conditions between a 
solid phase and a solution containing a total concentration of 
dissolved Cd of 1.0 and 10-6M. Heavy line represents equilibrium 
conditions between two solid phases [after Alvarez (23)]. O: Cor- 
rosion potential, and ~ :  pseudopitting potential for Cd in 1.0M 
KI, pH 11.0. 

the other  hand, pass iv i ty  could be found at pH values 
be tween 11.0 and 13.5. 
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Fig. 12. Potential/pH diagram for the Cd-CI--H20 system, for 
1.0M NaCI solution at 25~ Line a corresponds to the hydrogen 
reaction equilibrium and line b corresponds to the oxygen reaction 
equilibrium. Light lines represent equilibrium conditions between 
solid phase and a solution containing a total concentration of dis- 
solved Cd of i.0 and 10-6M. Heavy line represents equilibrium 
conditions between two solid phases [after Alvarez (23)]. A: 
corrrosion potential in pH 3, 1.0M NaCI solution. Q and [ ] :  break- 
down potentials in 1.0M NaCI solution. 

JOUP~A!~. All discussions for the December 1980 Dis- 
cussion Section should be submitted by Aug. 1, 1980. 

Publication costs o~ this article were assisted by 
the ComisiSn de Investigaciones Cient$ficas, Peia. 
Buenos Aires. 
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ABSTRACT 

The e lec t rosorpt ion  of methane  on p la t in ized  p l a t inum and the potent io-  
dynamic  oxidat ion  of the e lec t rosorbed species in 1N H_~SO4 solut ion is s tudied 
at  60~ Two e lec t rosorbed species are  dis t inguished th rough  the I/E charac-  
terist ics recorded under  different  pe r tu rba t ion  conditions. These species are  
assigned to COH- type  and CO-type  adsorbed  species. The l a t t e r  can be t r ans -  
formed into the former  by  e lect rochemical  reduct ion in the potent ia l  range 
of the hydrogen  adatoms.  The number  of the  e lec t roca ta lys t  sites per  adsorbed 
species is est imated.  The repor ted  resul ts  contr ibute  to the  unders tand ing  of 
t h e  kinetics  of the methane  e lec t rooxida t ion  under  both  s ta t ionary  and non-  
s ta t ionary  electrolysis  conditions. 

T h e  e lec t rooxida t ion  of methane  on a p la t inum elec-  
t roca ta lys t  occurs at  an apprec iab le  ra te  in aqueous 
phosphoric,  sulfuric,  or perchlor ic  acids in the 60 ~ 
150~ range  (1-5).  The e lec t rochemical  adsorpt ion  
character is t ics  of this react ion on p la t inum-Tef lon  dif-  
fusion electrodes has also been inves t iga ted  (6, 7). 
When  methane  is b rought  into contact  wi th  a p l a t in -  
i zed -p la t inum electrode,  a shift  of the potent ia l  in the 
cathodic  direct ion is observed (2, 3). The res t  potent ia l  
in acid solutions in the presence of methane  is de te r -  
mined  by  the hydrogen  ada tom e lec t rooxida t ion  reac-  
t ion (2, 3). This has been taken  as evidence of a de-  
hydrogena t ion  reac t ion  on the p l a t inum surface in-  
volving the organic  molecule  (2, 3, 8). 

The studies of the  methane  adsorpt ion  by  different  
e lec t rochemical  pulse techniques indicate  that  the  
e lect rode contains an ad laye r  of the so-cal led C~ 
species, which  were  considered as pa r t i a l l y  oxygena ted  
species (4, 6, 7). In  the anodic polar iza t ion  of the elec-  
t rode  under  s ta t ionary  conditions, the overal l  methane  
e lec t rooxidat ion  reac t ion  occurr ing at  potent ia ls  p re -  
ceding tha t  of the  oxygen evolut ion react ion yields  
CO2 and H + ions wi th  p rac t ica l ly  100% efficiency. 
T h e  corresponding Tafel  l ine involves a slope equal  
to the RT/F rat io (5). When  the equi l ib ra t ion  poten-  
t ia l  of the Pt /H2SO4(aq)  (methane)  in terface  is l a rge r  
t h a n  0.35V, there  is p rac t ica l ly  no chemisorbed product  
accumula ted  and the e lect rochemical  react ion ac tua l ly  
takes  place  on a p la t inum surface free of chemisorp-  
t ion products  (6). 

Despi te  these results,  the  s t ruc tu ra l  and energet ic  
character is t ics  of the  surface species involved  in the 
reaction, as wel l  as the kinet ics  and mechanism of the 
react ion under  both  s ta t ionary  and nons ta t ionary  con- 
ditions, are  not ye t  c lear ly  established.  Thus, from the 
differences observed be tween  the resul ts  obta ined  on 
smooth p l a t i num and on pla t in ized p l a t inum for va r i -  
ous e lec t roca ta ly t ic  react ions involving reactants  such 
as carbon monoxide  and formaldehyde ,  it  follows that  
they  are  due not so much to an ac tual  difference in the 
adsorpt ion  process i tself  but  r a the r  to the possible oc- 
currence  of processes involving the in terconvers ion of 
e lec t rosorbed species (9). By using adequate  p e r t u r b a -  
t ion techniques i t  would  be possible to ascer ta in  the 
na tu re  and quan t i ty  of the e lec t rosorbed species on the 
e lec t roca ta lys t  sur face  and to es tabl ish the cha rac te r -  
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P~resent address: t Departar~ento de Qulmica, Universidad 

Cat61ica de Valparaiso, Valparaiso, Chile. 
Key words: methane electrooxidation, hydrocarbon electro. 

sorption, platinized platinum electrocatalyst. 

istics of the p redominan t  e lec t rosorbed species when the  
elec t rooxidat ion  process takes place under  s ta t ionary  
conditions. Fol lowing these l ines of thought,  the  pres-  
ent  paper  a t tempts  to e lucidate  the e lec t rosorpt ion 
character is t ics  of methane  on pla t in ized p l a t inum in 
sulfuric acid solut ion and its re la t ion  to the hydroca r -  
bon e lec t rooxidat ion  process th rough  the appl ica t ion  of 
different  combined poten t iodynamic  sweep techniques. 

Experimental 
A convent ional  t h r e e - c o m p a r t m e n t  P y r e x  glass elec-  

t rolysis  cell  and p l a t i n i zed -p l a t i num electrodes p re -  
pa red  as prev ious ly  descr ibed in the l i t e ra tu re  (10, 11) 
were  used. The work ing  e lec t rode  rea l  a rea  was de-  
t e rmined  through  the charge of the hydrogen  e lec t ro-  
sorpt ion cur ren t  peaks.  A hydrogen  reference  e lec t rode  
(RHE) in the f r ee -me thane  e lec t ro ly te  (1N H2SO4) was 
employed.  The potent ia ls  of the work ing  e lec t rode  are  
re ferenced to the RHE. 

The 1N H2SO4 solut ion was p repa red  f rom the AR 
chemical  (Merck)  and t r ip ly  dis t i l led  water .  The s tan-  
dard  pur i ty  cr i ter ion for the e lect rolyte  solut ion con- 
sisted in reproducing  the convent ional  po ten t iodynamic  
cu r ren t /po ten t i a l  ( I /E)  profile of the P t / H 2 S Q ( a q )  
in terface  (12) af ter  holding the potent ia l  at  a va lue  
close to that  of the potent ia l  of zero charge of the sys-  
tem for at  leas t  a 2 hr  period.  

Exper iments  were  run  e i ther  in the  n i t rogen- sa tu -  
ra ted  e lec t ro ly te  (b lanks)  or  in the presence of me th -  
ane (u l t rah igh  pur i ty ,  Matheson)  under  1 arm sa tu ra -  
t ion at 60 ~ Most of the runs were  made under  a con- 
t inuous gas bubbl ing  at 30 cm3/min. 

Preceding  the hydrocarbon  adsorpt ion,  the  work ing  
e lect rode was subjec ted  to the p r e t r e a tme n t  a l r eady  
descr ibed (11, 13). Af te r  the e lect rode p r e t r ea tmen t  
the poten t ia l  was held  at  a p rese t  value,  E~a, to adsorb 
methane  dur ing a cer ta in  time, tad. Immed ia t e ly  a f te r -  
ward  a t r i angu la r  po ten t ia l  sweep was appl ied  e i ther  
toward  the positive, p rog ram (a) ,  or the nega t ive-go ing  
potent ia l  direction, p rog ram (b) ,  at a constant  potent ia l  
sweep rate,  v (Fig. 1). F rom the po ten t iodynamic  I /E 
displays  the charge requ i red  to e lectrooxidize  the ad -  
sorbed hydrocarbon  layer ,  Qo~, was de te rmined  af te r  
the p roper  correct ions for both the double l aye r  effect 
and the electrode surface oxida t ion  (10). 

Exper iments  at  constant  Ead and tad and different  v's 
were  pe r fo rmed  in o rder  to select the sui table  potent ia l  
sweep ra te  range for the methane  e lec t rooxidat ion  un-  
der  hydrocarbon  readsorp t ion- f ree  conditions. F rom the 
cha rge /po ten t i a l  sweep ra te  plot  (I0) i t  was found that  

1242 
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Fig. I .  Potential perturbation programs. Time axis arbitrary scale. 
Step width: A - -  15 sec; B ~ 120 sec (gas bubbling); C - -  tad; 
D = initial negative going potential sweep; E = triangular po- 
tential sweep. 

at v --~ 0.05 V/sec  the methane  readsorp t ion- f ree  con- 
di t ion for  the  e lec t rochemical  react ion was fulfilled. 

Results and Interpretation 
The adsorption characteristics o] methane on pZati- 

num.--The adsorpt ion  of methane  on p l a t i n i zed -p l a t i -  
hum electrodes was s tudied  over  a wide range  of End 
(0.1-0.4V) at  a constant  tad and over  a wide range  of 
tad (5-250 min) by  keeping End constant.  The amount  
of  adsorbed  species was eva lua ted  th rough  the charge 
in t eg ra ted  f rom the  po ten t iodynamic  anodic I/E curves.  
The  e lec t rooxida t ion  of the adsorbed  species takes place 
wi th in  the  0.5-0.8V range  and i t  exhibi ts  a double 
anodic cur ren t  peak  under  the expe r imen ta l  condit ions 
shown in Fig. 2. At  E a d :  0.3V and short  tan, the  I /E 
displays  exhib i t  a p redominan t  cont r ibut ion  of the  
anodic current  peak  located at more  posi t ive potentials .  
Contrar i ly ,  as tad increases  the  overa l l  anodic charge 
also increases but  the  re la t ive  cont r ibut ion  of the anodic 
cur ren t  peak  located at  more negat ive  potent ia ls  be-  
comes more  not iceable  (Fig. 2). S imul taneously ,  the 
res idual  hydrogen  adatoms e lec t rooxida t ion  charge lo-  
cated be tween  0.30 and 0.40V decreases as tad increases. 
A t  a constant  E~d, the adsorbed  hydroca rbon  e lec t ro-  
oxidat ion  charge reaches a m a x i m u m  value at  the t ime 
requ i red  in o rder  to a t ta in  a hydroca rbon  s t a t ionary  
coverage, tad,ss. Reasonable  s t ra igh t  lines are  obta ined 
in the Qox vs. log tad plot  (Fig. 3), whose slope depends 
on End. The I /E displays  obta ined  af ter  the hydroca rbon  
adsorp t ion  at  tad,ss and at  a constant  Ead in the 0.2-0.4V 
range  (Fig. 4) exhib i t  a m a x i m u m  elec t rooxida t ion  
charge, Qox,M, equal  to 0.113 m C / r e a l  cm 2 at  0.26V 
(Fig. 5). The m a x i m u m  anodic charge associated wi th  
the  me thane  e lec t rooxida t ion  is lower  than  that  cor re-  
sponding to one monolayer  of hydrogen  adatoms.  The 
anodic  cur ren t  peak  exhibi ts  again  the pa r t i a l  over -  
l apping  of the  two anodic cu r ren t  peaks  whose cont r i -  
but ions change accordingly  wi th  End (Fig. 4). At  E a d =  
0.2V and Ead ~--- 0.4V the anodic cur ren t  peak  located 
at  more  posi t ive potent ia ls  contr ibutes  p redominan t ly  
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Fig. 2. Potentiadynamic I/E profiles at 0.1 V/sec run from Ead 
0.3V at different tad.. Real electrode area ~ 1366 cm 2. Curve i, 
blank; curye 2, tad ~ 5 mini curve 3, tad = 15 mini curve 4, tad 
- -  30 mini curve S, tad - -  60 mini curve 6, tact -~ 120 min. 
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Fig. 3. Dependence of Qox on tad at Ead - -  0.3V. Real electrode 

area ~ 1366 cm 2. 
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Fig. 4. Potentiodynamic I/E profiles at 0.1 V/sec after the hydro- 
carbon adsorption at tad,ss and at different Ead. Real electrode 
area - -  1366 cm 2. Curve I ,  blank at Ead ~ 0.4V; curve 2, End 
0.2 and 0.4V; curve 3, Ead - -  0.34V; curve 4, End = 0.32V; curve 
5, End = 0.26V. 
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Fig. 5. Dependence of Qox at tad,ss on Earl. Real electrode area 
- -  1366 cm 2. 

to the total anodic current while the reverse is ob- 
served when End is close to the potential where the 
maximum hydrocarbon adsorption takes place. 

The methane electrosorption process.--The occur-  
rence of an e lec t rosorpt ion  process was made  evident  
by  apply ing  to the in terface  a potent iosta t ic  step at  
Eaa jus t  a f te r  s tep B of the  e lec t rode  p r e t r ea tmen t  
(Fig. 1) and s imul taneous ly  recording the anodic cur-  
ren t  t rans ient  up to its s ta t ionary  value.  The m a j o r  
cont r ibut ion  in the  overa l l  t rans ient  cur ren t  is a t t r i b -  
u ted to the e lec t rooxida t ion  of hydrogen  adatoms p ro -  
duced dur ing the e lec t rosorpt ion process and presents  
an in i t ia l  ab rup t  increase fol lowed by  a smooth decay 
(Fig. 6). The cur ren t  r e l a t ed  to the e lec t rooxida t ion  
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Fig. 6. Potentiostatic/ / t ime plot at Ead = 0.28V. Real electrode 
area = 1366 cm -~. O,  Overall transient anodic current after cor- 
rection for the blank; O ,  estimated current related to the electro- 
oxidation of the residual electrosorbed species. 

o f  the  res idua l  e lec t rosorbed organic species is sub-  
s t rac ted  f rom the. overa l l  t rans ien t  anodic current  af ter  
assuming that  the fo rmer  depends l inea r ly  on the hy -  
drocarbon surface coverage degree (14) and that  the 
surface coverage by  the adsorbed hydroca rbon  species 
increases l inea r ly  wi th  log t. The anodic charge, QD, 
af te r  correction both for the b lank  and for the e lect ro-  
oxidat ion react ion is ascr ibed to the methane  dehydro -  
genation. The charge corresponding to the e lectrooxi-  
dat ion of the res idual  organic species, Qo~, is de te rmined  
through the potent iodynamic  scan immedia te ly  af ter  
the s ta t ionary  current  is at tained.  For  tad = t a d ,  ss, the 
QD/Qox expe r imen ta l  ra t io  approaches  two l imit ing 
values.  Thus, when 0.24V ~ Ead ~ 0.36V, (Q~/Qo~)exv 
-~ 2 whi le  when ei ther  Ead ~--- 0.2V or Ead : 0.4V, 
(QD/Qox) exp ~ 3 (Table I ) .  Similar ly ,  when E~d = 0.3V 

for tad ~ 5 rain, (QD/Qox)ex~ --> 3 while  for tad ~ 5 rain, 
(QD/Qox)exp ~ 2 (Table I I ) .  

Kinetic relationships from the potentiodynamic runs. 
~ W i t h i n  the range  of e i ther  E~a or t~d where  onIy the 
anodic cur ren t  peak  located at more  posit ive poten-  
t ials is observed the anodic cur ren t  peak  height,  I v, 
af ter  the  correct ion for the b lank  fits a l inear  depen-  
dence wi th  v and the cur ren t  peak  potential ,  E,, fits an 
E~ vs. log v re la t ionship  whose slope is equal  to the 
2.3(2RT/F) rat io (Fig. 7 and 8). An  E vs. log I l inear  
plot  is der ived  f rom the in i t ia l  ascending por t ion of the 

Table I. QD/Qox ratio at tad,ss and different Ead 

E.a (V) (Q~/Qox)~.~ (Qn/qoz)z ( Q . / Q o x )  1,  

0.20 2.5 2,8 1.9 
0 . ~  2.0 2.1 2.6 
0.26 2.2 2,2 2,7 
0,28 2.0 2.2 2.8 
0.30 2.2 2.0 2.7 
0,32 1.9 2.1 2.6 
0.34 2.1 2,0 2.7 
0.36 2.2 2.2 2.5 
0 . ~  3.2 2.9 1.8 

Table II. QD/Qox ratio at Earl ~--- 0.3V and different tad 

ta4 ( r a i n )  ( Q D / Q o ~ )  ~zp ( Q v / Q o x )  1 ( Q D / Q o x )  ix  

5 &0 2.6 2.Z 
30 2.3 2.0 2.7 
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Fig, 7. Dependence of the anodic current peak related to the 
electrooxldation of the adsorbed hydrocarbon species on v. Ead -" 
0.4V; tad --" tad,ss. Real electrode area - -  1366 cm 2. 
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to the electrooxidatian of the adsorbed hydrocarbon species on 
v. Ead ----- 0.4V; tad "-  tad,ss. Real electrode area = 1366 cm 2. 
The dashed line corresponds to the slope 2.3(2RT/F), 

I/E display  at  any  v in the 0.01-0.1 V/see  range (Fig. 
9). The slope of the  best  s t ra ight  l ine is also equal  to 
the 2.3 (2RT/F) ratio.  

The potentiodynamic I/E displays under controlled 
eIectrosorpr shape of the I/E display  in the 
0.3-1.5V range is modified when af ter  adsorpt ion  at  
E~d during t~d, a nega t ive-going  potent ia l  excursion is 
run  f rom 0.3 to --0.025V covering the hydrogen  ada tom 
potent ia l  region, e.g., after  apply ing  p rogram (b) (Fig. 
10). Thus, dur ing the first potent ia l  sweep the charge 
pe r ta in ing  to the hydrogen  adatoms is lower  than  tha t  
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Fig. 9. E/log I plot derived from a potentiodynamic run at 0.0S 
V/see. Ead = 0.4V; tad = tad,ss. Real electrode area = 144 cm ~. 
The dashed line corresponds to the slope 2.3(2RT/F). 
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recorded  dur ing  the fol lowing t r i angu la r  potent ia l  scan 
due to the  blocking of the e lect rode surface by the 
res idual  organic  species. Dur ing  the second successive 
potent ia l  sweep, as the e lec t rosorbed organic species a re  
e lec t rooxid ized  and no hydroca rbon  readsorp t ion  be-  
comes possible, the  hydrogen  ada tom cur ren t  peaks 
whe ther  anodic or  cathodic apprec iab ly  increase  in 
height.  Nevertheless ,  the surface blockage affects 
ma in ly  the  hydrogen  adatom cur ren t  peaks located at 
more  posi t ive potentials .  Dur ing the second posit ive 
going potent ia l  excursion the anodic charge associated 
wi th  the e lec t rooxida t ion  of the organic  species in the 
0.5-0.8V range  is p rac t i ca l ly  no longer  observed.  

To eva lua te  the charge re la ted  to the hydrogen  
ada tom mono laye r  the fol lowing procedure  was fol-  
lowed. The hydrogen  evolut ion l i e  line, depicted in 
Fig. 10 which fits an E/ log  I plot  was ex t rapo la ted  down 
to I ---- 0. The ex t raPola ted  line yields the cathodic 
charge re la ted  to the  hydrogen  evolut ion react ion and 
permi ts  a reasonable  es t imat ion of the I/E profile corre-  
sponding to the  adsorp t ion  of hydrogen  adatoms.  The 
decreas ing por t ion  of the l a t t e r  exhibi ts  an inflection 
point  near  0.05V and reaches the I = 0 condit ion cor-  
responding to ful l  hydrogen  ada tom coverage at --0.01V 
as given b y  pseudocapac i ty  data  (15). 

The blocking charge  QD is defined as the difference 
be tween  the hydrogen  ada tom charge requ i red  to form 
a monolayer  in the absence of methane  and the charge 
re la ted  to the  hydrogen  adatoms formed in the me th -  
a ne - s a tu r a t ed  solution. The QJQo~ rat io  in the 0.24- 
0.34V range  is close to one (Table  I I I ) .  

The compar ison of the I/E displays  run  wi th  the 
pe r tu rba t ion  programs  (a) and (b) shows a r e m a r k -  
able difference in the  potent ia l  range  associated wi th  
the  e lec t rooxida t ion  of the methane  e lect rosorbed spe-  
cies. Thus, the first I /E profile (Fig. 10) obtained af te r  
app ly ing  p rog ram (a) s tar ts  wi th  a surface which is 
apprec iab ly  covered by  the e lec t rosorbed species which 
is e lec t rooxidized at  more  posi t ive potentials .  This is 
obta ined by  the p rope r  ad jus tmen t  of both Ead and tad. 
If  the  e lec t rooxida t ion  of the e lec t rosorbed species is 
p receded  by  a nega t ive-go ing  poten t ia l  scan covering 

Table IlL Qb/Qox ratio at tad ~--- 15 rain and different Ead 

E,~ (V) QWQoz 

0.24 1.0 
0.30 0.9 
0.34 0.8 

the whole  poten t ia l  range  re la ted  to the hydrogen  
adatoms species, e.g., af ter  app ly ing  p rog ram (b) ,  the 
immed ia t e ly  fol lowing posi t ive po ten t ia l -go ing  I/E pro-  
file shows tha t  the complex anodic cur ren t  peak  af ter  
hydrogena t ion  shifts t oward  more  negat ive  potent ia ls  
an d  s imul taneous ly  the charge involved in the e lec t ro-  
oxida t ion  process is p rac t i ca l ly  equal  to tha t  observed 
in the  first pos i t ive-going  poten t ia l  I /E profile run  with  
p rog ram (a) .  

To confirm the different  hydrogena t ion  capabi l i t ies  
of the  e lec t rosorbed species, exper iments  were  also 
made  having the e lec t roca ta lys t  surface main ly  covered 
by  the e lec t rosorbed species which is e lect rooxidized at 
the more negat ive  potential .  In this case af ter  the po-  
ten t iodynamic  hydrogena t ion  the immed ia t e ly  fo l low- 
ing pos i t ive-going  potent ia l  scan shows that  the I/E 
profile corresponding to the e lec t rooxida t ion  of the  ad -  
sorbed species remains  p rac t i ca l ly  unal tered.  

F u r t h e r  evidence of the different  hydrogena t ion  
capabi l i ty  of the two types  of e lec t rosorbed organic 
species is obta ined  by  running  the same k ind  of ex -  
pe r imen t  as descr ibed above but  including a potent ia l  
holding at  0.05C for different  per iods  of time, tr (Fig. 
11). As the cathodizat ion t ime increases the e lec t rooxi-  
dat ion profiles of the e lec t ro ,o rbed  species progress ive ly  
moves toward  more  negat ive  potent ia ls  y ie ld ing  a rea -  
sonably  s table  I/E profile only  when the cathodizat ion 
t ime exceeds 5 min. The po ten t iodynamic  I /E profile in 
the hydrogen  ada tom region  changes as a l r eady  de-  
scr ibed regardless  of the type of pe r tu rba t ion  appl ied  
to the interface.  

Al l  these exper iments  indicate  that  the e lec t rosorp-  
tion of methane  on p la t inum implies  the format ion  of 
at  least  two adsorbed species, one of which can be 
t rans formed into the o ther  through a po ten t ia l -con-  
t ro l led  hydrogenat ion .  

Stationary I/E measurements.--The s ta t ionary  I/E 
measurements  were made by apply ing  to the e lect ro-  
chemical  in terface  different  potent iosta t ic  steps at p re -  
set potent ials  in the 0.20-0.55V range jus t  af ter  step B 
of the e lectrode p r e t r e a tme n t  (Fig. 1). The s teady cur-  
rent  value  at the prese t  potent ia ls  a re  a t ta ined af ter  
periods of t ime comprised be tween  10 and 190 rain de-  
pending  on the prese t  potent ia l  value (Fig. 12). The 
exper imenta l  E / log  I plot  corresponds to a curve (Fig. 
13). The lower  potent ia l  region of  the E/ log  I plot  
approaches  a l imi t ing s~raight l ine whose slope is equal  
to the 2.3 (RT/F) rat io  whi le  the upper  potent ia l  region 
approaches  a l imit ing current .  

Discussion 
The e lect rocombust ion of methane  on plat inized 

p la t inum is expressed by  the fol lowing overa l l  anodic 
react ion 

CH4 + 2H20 ---- CO2 + 8H + + 8e [1] 

L. 

o2 ~[ 

0 
0.3 0.5 0'.7 

P o t e n t i a l / ( V )  

Fig. 11. Potentiedynamic l ie profiles at 0.2 V/sec. Ead = 0.3V; 
tad ~ 30 min. Real electrode area ~ 42 cm 2. - - -, First (curve 1) 
and second (curve 2) liE profiles run with program (a); - - ,  liE 
profiles run with program (b) but including a potential holding at 
O.05V just after step D for different tc: curve 3, tc ~- 10 sec; 
curve 4, tc ~ I rain; curve 5, te ~ 5 min. 
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Fig. 12. Plot of the time required to attain the stationary cur- 
rent at different potentials. 
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Fig. 13. E/log I plot derived from stationary measurements under 
a continuous methane bubbling. Real electrode area ~ 1366 cm 2. 
The dashed line corresponds to the slope 2.3(RT/F). 

This reaction is free of hydrocarbon readsorption con- 
t r ibut ion when it proceeds potent iodynamical ly  at po- 
tent ial  sweep rates larger  than 0.(]5 V/sec. Under  po- 
tentiostatic conditions reaction [1] involves an electro- 
sorption proceess preceding the proper electrooxida- 
tion reaction. Methane electrosorbs slowly on p la t inum 
through a dissociative mode. Under most of the ex- 
per imenta l  conditions chosen to study the adsorption 
process, the reaction is par t ia l ly  diffusion controlled 
(14). This is not unexpected since the solubili ty of 
methane in  water  at 25~ and 1 atm pressure is 24.4g 
CHJ106g H20 (16). In  the adsorption of methane, 
hydrogen-  and oxygen-containing chemisorbed species 
were shown to appear on the Pt electrocatalyst after a 
prolonged contact of the lat ter  with the methane-sa tu-  
rated electrolyte at open circuit (3). 

The present results indicate that  in the electrosorp- 
tion process at least two well-dis t inguished hydrocar-  
bon residual surface species are involved. It has been 
suggested that  the surface species result ing from meth-  
ane adsorption on p la t inum in acid electrolytes may 
be --CHO, =COH, or a similar species (4, 7). The 
former involves a single bond with p la t inum and three 
electrons per p la t inum site while the lat ter  implies 
bonds with three p la t inum sites, requir ing one elec- 
t ron per site. The CO-type species are produced on 
p la t inum dur ing the adsorption of different compounds 
such as CO and formaldehyde (17, 18), al though COH- 

type species are also formed from both substances as 
revealed by radiochemical techniques (19,20). F u r -  
thermore, it has been demonstrated that  the adsorbed 
surface species can interact  with each other or wi th  
hydrogen adatoms or adsorbed OH radicals so as to 
form new adsorbed species or to desorb as stable or- 
ganic molecules (9). Thus, it has been proposed that  
the electrooxidation of methanol  on p la t inum occurs 
via the interact ion of adsorbed =_COH particles with 
adsorbed OH radicals (21, 22) 

+ (0H)ad 
( - C O H )  ad . . . .  > (----CO) ad 

--H20 

+ (OH)ad + (OH)ad 
...... ) (-COOH)ad > COz [2] 

--H~O 

The adsorbed OH radicals are produced in the pre- 
ceding fast electrochemical step in acid solutions 

H~O = (OH)ad + H + + e [3] 

and in alkaline solutions 

OH- = (OH)ad + e [4] 

which at 0.3-0.9V (RHE) can be regarded as being in 
equilibrium (23, 24). Hence, all these results suggest 
the possibility of a gradual hydrogenation of the CO- 
type species into the COl-l-type species, as is experi- 
mentally demonstrated in the present paper. Then, the 
QD/Qox experimental ratio furnishes an indication as to 
the most probable type of adsorbed species which pre- 
dominates during the electrosorption process under 
constant potential conditions. 

The existence of the first electrosorbed species can be 
explained through the electrosorption of methane ac- 
cording to the following reaction 

CH~ + H~O ~ (COH)ad + 5H + + 5e [5] 

Therefore, the major  contr ibut ion in  the anodic t r an-  
sient current  recorded dur ing the potentiostatic elec- 
trosorption at a potential  which is in  the neighborhood 
of the ma x i mum adsorption potential, corresponds to 
the deprotonation of methane yielding the adsorbed 
COH species. Reaction [5] is probably  a complex 
process involving 5 F /mole  of electrosorbed species. 
Now, under  potent iodynamic conditions, the electro- 
sorbed species is electrooxidized according to 

(COH)ad + H20_~ CO~ + 3H+ + 3e [6] 

where 3 F/mole of electrosorbed species play a part in 
the reaction. Therefore, from reactions [5] and [6] the 
QD/Qox ratio equals 1.7, a figure which is near  to the 
lowest l imit  for the QD/Qox exper imental  ratio. 

On the other hand, the existence of the second ad- 
sorbed species from the methane  electrosorption proc- 
ess results from the reaction 

CH4 + H~O_~ (CO)ad + 6H + + 6e [7] 

yielding a CO adsorbed species and six protons per ad- 
sorbed methane molecule. Reaction [7] corresponds to 
another limiting situation for the eleetrosorption of 
methane on platinum which predominates at short tad 
or at constant Ead or when either Ead = 0.2V or Eaa -- 
0.4 V at tad,ss. When reaction [7] occurs the potentiody- 
namie electrooxidation corresponds to the following 
process 

(CO)ad + H~O_~ COs + 2H + + 2e [8] 

This second possibility for the electrosorption and elec- 
trooxidation of methane on platinum involves a QD/Qox 
ratio equal to 3. Therefore, the relative contribution of 
the two. eleetrosorption processes depends on Ead and 
tad, SO that tht experimental values which lie between 
1.9 and 3.2 indicate the composite nature of the electro- 
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sorpt ion process preceding  the p roper  e lec t rooxidat ion  
reaction.  

The existence of two different  adsorbed species open~ 
the possibi l i ty  tha t  the CO species can be e lec t rochemi-  
cal ly  reduced  to the COH species according to 

(CO)ad 4- H + 4- e ~ (COH)ad [9] 

React ion [9] is obviously  potent ia l  dependent .  F u r t h e r -  
more, if two res idual  organic species a re  formed dur ing  
the e lec t rodeposi t ion process whose re la t ive  cont r ibu-  
tions depend on E~d and tad, the fact  that  Qb is essen- 
t i a l ly  equal  to Qox (Table  I I I )  impl ies  tha t  each COH 
species blocks three adsorpt ion  sites of the e lect ro-  
ca ta lys t  whi le  each CO species involves only  two ad-  
sorpt ion sites. According to react ion [9] the e lec t ro-  
ox ida t ion  cur ren t  peak  located at more negat ive  poten-  
t ials is that  re la ted  t o t h e  COH species and that  located 
at more  posi t ive potent ia ls  corresponds to the contr i -  
but ion of the  CO species. As a ma t t e r  of fact, the po-  
tent ia l  range of the current  peak  assigned to the elec- 
t rooxida t ion  of the CO-type  adsorbed  species coincides 
wi th  the potent ia l  range  where  the CO-electrosorl=tion 
cur ren t  peaks  are  observed (25-27), a l though the cor-  
responding I/E profile is appa ren t ly  more  complex than  
thought  ea r l i e r  (28). 

On the assumpt ion tha t  the e lec t rooxidat ion  of COH- 
type  species occurs at  more  negat ive  potent ia ls  while  
tha t  of the  CO- type  species takes place at  more  posi-  
t ive potentials ,  the e lec t rooxidat ion  charge of each 
species can be re la ted  to the dehydrogena t ion  charge 
involved in the e lec t rosorpt ion process. Thus, the total  
dehydrogena t ion  charge,  QD can be re la ted  to the cor-  
responding e lec t rooxida t ion  charges according to 

QD ---- 1.7 (Qox)COH 4- 3(Qox)CO [10] 

The (QD/Qo• and (QD/Qox)H rat ios  shown in Tables 
I and II involve the experimental Qo• and the QD esti- 
mated according to Eq. [i0] from the decomposition of 
the overall anodic potentiodynamic I/E profiles into 
two partial current contributions represented by two 
Gaussian functions (Fig. 14). The former ratio de- 
noted by the subscript I implies that the peak location 
at more negative potentials corresponds to the COH 
species while that located at more positive potential 
values is related to the CO species. The charge ratio 
indicated with the subscript II corresponds to the re- 
verse assignment of the two current peaks. Neverthe- 
less, it should be pointed out that evaluation of Q~ from 
the potentiostatic transients may involve a small con- 
tribution due to the probable electroreduction of traces 
of CO2 present at the electrochemical interface gener- 
ated during the electrosorption process particularly 
when the latter occurs at End < 0.24V. This means that 
the experimental QD values used up in Tables I and IT_ 
are the minimum QD values and, consequently, the re- 
ported (QD/Qox)exp figures should be taken as the 
lower limiting values of the (QD/Qox)exp ratios. There- 
fore, from the data assembled in Table I one deduces 
tha t  in the 0.24-0.36V range, under  hydrocarbon  s ta-  
t ionary  coverage conditions, the main  e lect rosorbed 
species is the one identif ied as the COH-type  species. 
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Fig. 14. Potentiedynamic I/E profile at 0.1 V/sec, Ead ~ 0.34V 
and tad,ss (curve 2). Real electrode area • 1366 cm 2. The esti- 
mated separate current contributions are represented by the dashed 
curves. Blank (curve 1). 

Contrar i ly ,  when  the hydroca rbon  adsorpt ion  takes  
place at e i ther  0.2 or 0.4V dur ing tad.ss the  CO species 
is appa ren t ly  the p redominan t  species on the e lec t ro-  
cata lys t  surface. Fur the rmore ,  for those exper iments  
run  at  a constant  End and different  tad (Table I I ) ,  du r -  
ing the  ini t ia l  e lec t rosorpt ion  the CO species a p p a r -  
ent ly  predominates  on the surface while  on increas ing 
tad the COH species becomes the main  spec ies  on the 
e lec t rocata lys t  surface. These conclusions are re levan t  
to unders tanding  the kinetics and mechanisms of the 
overa l l  react ion under  different  expe r imen ta l  condi-  
tions. 

The dependence of both Ip and Ep on v and the Tafel  
slope equal  to the 2.3 (2RT/F) ratio,  which are  worked  
out f rom the po ten t iodynamic  da ta  at  End ---- 0.4V, 
should be d i rec t ly  re la ted  to the e lec t rooxida t ion  of 
the CO- type  species. Accordingly,  this react ion which 
f inal ly yields CO2 and H + ions should comprise  an ini -  
t ia l  single e lec t ron t ransfer  step as ra te  determining.  
The possible sequence of consecutive react ions can be 
written in the following way 

(CO)ad 4- H20 ----- (COOH)ad 4- H + 4- e [lla] 

(COOH)ad -~ CO2 4- H + 4- e [ l l b ]  

where  step [11a] is ra te  determining,  under  a Lang-  
mui r ian  type of adsorpt ion  i so therm for the CO-type  
species. This means tha t  any in te rac t ion  effect should 
be, in pr inciple ,  negligible,  a s i tuat ion which is not far  
f rom rea l i ty  as the prevalence  of the CO-type  species 
on the electrode surface is only  accomplished under  a 
low degree of surface coverage, that  is, When the ad-  
sorpt ion occurs e i ther  at  low adsorpt ion t imes or at  
potent ials  located at both  sides far  enough f rom the 
m a x i m u m  elect rosorpt ion potential .  

F inal ly ,  a comment  on the Tafel  plot  re la ted  to the 
methane  overa l l  e lec t rooxidat ion  process is re levant  
at this stage. The fact  that  the average  composit ion of 
the adsorbed species depends both on Ead and tad, and 
that  different  t imes are requi red  to reach the hydro -  
carbon s ta t ionary  surface coverage at each E~,  indi- 
cates tha t  any Tafe l - type  plot  der ived  from s ta t ionary  
measurements  should be hand led  with  ex t reme  care 
in o rder  to d raw mechanis t ic  conclusions on the e lec t ro-  
chemical  reaction. Under  these ci rcumstances i t  is not 
surpr is ing  that  the Tafel  plot  corresponds in face to a 
curve which approaches  a l imi t ing cur ren t  at  potent ia ls  
h igher  than 0.3V (Fig. 13). However ,  the ini t ia l  por -  
tion of this curve can be to a cer ta in  ex ten t  a rb i t r a r i l y  
approx ima ted  to a s t ra igh t  l ine which  approaches  the 
slope RT/F on a log I region less than one decade. This 
slope has been recen t ly  repor ted  for the s ta t ionary  
e lec t rooxidat ion  of methane  at  potent ia ls  lower  than 
0.2V (5) and was used, together  with the pH and the 
hydrocarbon  par t ia l  pressure  dependences  of the elec-  
t rochemical  reaction, for the mechanis t ic  in te rpre ta t ion  
of the react ion in terms of the fol lowing successive 
stages 

CH4 ----- (CI-~)ad 4- H + 4- e [12a] 

(CH3) ad --> in te rmedia tes  [ 12b] 

where  s tage [12b] was assumed to be rate  determining.  
Never theless  on the basis of the previous  discussion 
this slope cannot be taken  as a definit ive cr i ter ion to 
der ive  the mechanism of the e lec t rochemical  process. 
Fur the rmore ,  under  s ta t ionary  conditions, the ac tual  
s i tuat ion m a y  be even more  complex since, apa r t  f rom 
a possible diffusional contr ibut ion at  the h igher  over -  
potentials ,  the react ion m a y  involve in addi t ion to the 
COH- and the CO-type  species, a re la t ive  number  of 
o ther  adsorbed in te rmedia tes  such as COOtt- type ,  CH, 
CH2, and CH3 species, as a l r eady  pointed out for the 
e lec t rooxidat ion  of more  complex organic molecules on 
p la t inum (26, 29). 
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Galvanostatic Oxidation of Nickel 
in Borate Buffer Solution 

B. MacDougall,* D. F. Mitchell, and M. J. Graham 
Nationa~ Research Council oi Canada, Division o$ Chemistry, Ottawa, Ontario KIA OR9, Canada 

ABSTRACT 

Anodic oxide films formed on nickel in PH 7.65 borate buffer solution in both 
the passive potential and oxygen evolution regions have been analyzed by 
RHEED, Auger spectroscopy (in conjunction with argon ion sputtering), and 
O K~ x-ray emission spectroscopy, in the passive potential region, a highly 
epitaxed, single crystal NiO film is formed with a limiting thickness of ~12A. 
In this potential range, even very long times of anodizing do not alter the 
oxide epitaxy or increase its thickness. In contrast, polarization in the po- 
tential range where oxygen is evolved results in the development of consider- 
able oxide misorientation and a significant increase in oxide thickness. While 
long times of polarization (>20 hr) in this potential region produce oxide films 
hundreds of angstroms thick, the current efficiency for oxide growth is <1%. 
These thick anodic oxide films are quite different from thermally prepared, 
compact films of NiO and appear to have an open-cellular, sponge-like struc- 
ture with an oxygen: nickel ratio approaching 1.3. This oxide probably forms 
by a direct oxidation rather than a dissolution/precipitation reaction. 

The passive oxide film produced by potentiostatic 
oxidation of nickel in neutral and acid sulfate solu- 
tions is NiO (1-4). The stability of this film towards 
open-circuit breakdown and cathodic reduction de- 
pends strongly on both the time and potential of 
anodic treatment, in contrast to the overall film 
thickness which is almost constant at 9-12A (0.13- 
0.17 ~g oxygen cm -2) (5-8). It has been reported 

~ Electrochemical Society Active Member. 
Key words: films, electrode, current effieieneyj sputtering, 

by other workers (9-11) that oxide films several 
thousand angstroms thick can be produced galvano- 
statically on nickel in neutral borate solution but not 
in sulfate solutions. The reason for the difference 
appears to be the much higher solubility of the oxide 
film in sulfate solution in comparison with the borate 
electrolyte. While it is agreed that thicker oxide films 
can be formed on nickel in neutral borate solutions, 
little is known about their nature and their relation- 
ship to the passive films formed in the potential 
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region between  nickel  dissolut ion and oxygen  evolu-  
tion. 

The presen t  pape r  presents  the resul ts  of an in-  
ves t igat ion of the anodic oxida t ion  of n ickel  in pH 
7.65 bora te  buffer  solut ion under  galvanosta t ic  condi-  
tions. The e lec t rochemical  da ta  a re  complemented  by  
solut ion analysis  for  Ni 2+ to de te rmine  the cu r ren t  
efficiency for oxide  growth.  Also, e lect ron diffraction, 
Auge r  e lec t ron spectroscopy,  and x - r a y  emission ana l -  
ysis have  been used to de te rmine  the s t ructure ,  th ick-  
ness, and composit ion of the oxide films. 

E x p e r i m e n t a l  
Polycrys ta t l ine  specimens,  1 X 2.5 • 0.02 cm thick, 

were  p repa red  f rom Mater ia ls  Research Corpora t ion  
zone-ref ined nickel  sheet  of 99.996% pur i ty  (1). They  
were  degreased  wi th  benzene, chemical ly  polished, 
e lec t ropol ished for  2 re_in at  23~ in a 57 volume pe r -  
cent (v /o )  sulfur ic  acid solut ion at  0.5 m A  cm-2,  
and  then  annea led  at  800~ in a vacuum of 10 - s  
Torr.  The specimens were  again  e lec t ropol ished im-  
med ia t e ly  before  use in an exper iment .  Potent ia ls  
quoted in this pape r  are  r e fe r red  to the sa tu ra ted  
calomel  e lec t rode  which is 0.245V with  respect  to 
the  s t andard  revers ib le  hydrogen  electrode. E lec t ro-  
pol ished nickel  e lectrodes were  ga lvanos ta t ica l ly  ano-  
dized e i ther  wi th  or  wi thout  cathodic reduct ion of 
the  pr ior  oxide  film, as discussed in deta i l  e l sewhere  
(12). Solut ions were  deaera ted  pH 7.65 bora te  buffer, 
and were  ana lyzed  for  Ni ~+ b y  carbon rod atomic 
absorpt ion  spectroscopy,  the lower  l imi t  of detect ion 
by  this method  being 0.2 ~g cm -2  (sample  a rea  : 
5 cm2; cell  volume --  50 ml ) .  X - r a y  emission (13, 
14) and A u g e r  e lec t ron spectroscopy (Physica l  Elec-  
tronics Incorpora ted  Model  590) were  used to de te r -  
mine  oxide film thickness.  The s t ruc ture  of the oxide 
film on a N i ( l l l )  s ingle c rys ta l  e lec t rode  was in-  
ves t iga ted  by  reflection high energy  e lect ron dif-  
f rac t ion (RHEED).  

Resul ts  a n d  Discuss ion  
Anodic gaZvanostatic charging data.~Electropolished 

nickel  has a 6A (0.087 ~g oxygen  cm -2)  "a i r - fo rmed"  
film of NiO (I,  2, 4, 7) which  can be ca thodica l ly  
reduced  in neu t ra l  bora te  solut ion (9, 15). In  this 
work,  anodic charging curves were  obta ined for both 
the ox ide -covered  and ox ide - f ree  e lectropol ished 
n ickel  e lect rodes  (Fig. 1), the l a t t e r  being obta ined 
a f t e r  cathodic reduct ion at  80 ~A cm -2  for 5 min. 
Fo r  the ox ide - f ree  surface (Fig. 1, curve a) ,  an ini t ia l  
potent ia l  a r res t  is fol lowed by  a region of a lmost  l inear  
increase  of anodic  potent ial ,  Va, wi th  anodic charge,  
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Fig. 1. Anodlc galvanostatic charging profiles for electropolished 
polycrystalline nickel electrodes in pH 7.65 borate buffer at 80 ~A 
cm - ~  foffowing different pretreatments: curve a, cathodic reduction 
at 80 ~A cm - 2  and open-circuit exposure ( ~ .); curve b, immer- 
sion in solution at 80 ~A cm - 2  ( - - - ) ;  curve c, immersion in 
solution on open circuit for 10 min ( . . . .  ). 

Qa; even tua l ly  a s t eady-s t a t e  potent ia l  p la teau  is 
reached.  The ini t ia l  region is usua l ly  considered to 
be due to act ive n ickel  dissolution (Ni --> Ni 2+ + 2e) 
whereas  the l inear  t rans i t ion  region is thought  to 
be ma in ly  clue to g rowth  of an oxide film, e.g., Ni 
+ H20 ~ NiO + 2H + d- 2e, and corresponds to the 
passive potent ia l  region in constant  potent ia l  exper i -  
ments.  The potent ia l  p la teau  at  0.95V could be asso- 
ciated with  t ranspass ive  nickel  dissolution a n d / o r  
oxygen evolut ion a n d / o r  a th ickening of the oxide film. 

I f  an e lect ropol ished nickel  e lec t rode  is immersed  
in the  solution under  anodic galvanosta t ic  po la r i za -  
tion, i.e., without  cathodic reduct ion  of the a i r - fo rmed  
oxide  (Fig. 1, curve b) ,  the  act ive me ta l  dissolut ion 
region is avoided. At  80 ~A cm -s ,  the  immers ion  
potent ia l  is 0.05V and Va increases  a lmost  l i nea r ly  
wi th  Qa to the  p la teau  region at  0.95V. The slope 
be tween 0.05 and 0.95V is s imi la r  for  curves a and  b, 
suggest ing tha t  the s ta te  of an electropolishecl n ickel  
surface is s imi lar  to that  of an in i t ia l ly  ox ide - f ree  
n ickel  surface which  has been anodica l ly  po lar ized  
to 0.05V at 80 ~A cm -2  [eS. Ref. (12)].  The  anodic 
charging profile for e lect ropol ished nickel  is not  in-  
fiuenced by  a p r io r  10 rain open-c i rcu i t  exposure  to 
the  pH 7.65 bora te  solut ion (Fig. 1, curve c), which 
means  that  the open-c i rcu i t  t r ea tmen t  has l i t t le  in-  
fiuence on the na tu re  of the a i r - fo rmed  film. The 
t rans ient  charge associated wi th  curve b, ,-~2.0 mC 
cm -2, is independen t  of charging  ra tes  be tween  5 
and 80 ~A cm -2, a resul t  compat ib le  wi th  a surface 
charging process. 

In  o rde r  to detect  changes in the  na tu re  of the 
oxide film dur ing  galvanosta t ic  charging,  an anodica l ly  
polar ized N i ( l l l )  single crys ta l  was removed  at  va r i -  
ous stages dur ing  anodic charging at  10 ~A cm -2  
(Fig. 2), and examined  by  RHEED. [One ~specimen 
was re immersed  in the solut ion af te r  examina t ion  b y  
diffraction and the subsequent  charging profile a lmost  
immedia t e ly  approached  that  for an e lec t rode  main -  
ta ined in solution. I t  thus appears  tha t  r emova l  of 
the  e lectrode f rom solution, washing,  and vacuum 
pumping  in the diffraction appa ra tus  have  l i t t le  in-  
fluence on the s ta te  of the surface oxide  as an t ic ipa ted  
f rom previous  work  (5).] The e lect ron diffract ion 
pa t te rns  included in Fig. 2 indicate  that  the ep i t axy  
of the NiO film is ma in ta ined  throughout  the t rans ient  
region but  is lost in the p la teau  region. As the potent ia l  
increases to more  anodic values in the t rans ien t  r e -  
gion, the meta l  reflections become less pronounced,  
an indicat ion that  there  is addi t ional  oxygen  uptake.  
At  the same time, the measured  NiO la t t ice  p a r a m e t e r  
changes g radua l ly  f rom 2% expanded  on e lec t ropol -  
ished nickel  to 1% expanded  (Fig. 2, point  B) to 
<0.2% expanded  at  the end of the t rans ient  region 
(Fig. 2, point  C), i.e., the oxide  la t t ice  p a r a m e t e r  
g radua l ly  approaches  that  expected for s toichiometr ic  
NiO. In the p la teau  region, the oxide  changes f rom a 
h igh ly  epi taxed,  single c rys ta l  overgrowth  to an NiO 
wi th  a fiber axis normal  to the surface (Fig. 2, poin t  
D).  The absence of meta l  reflections af te r  charging 
in the p la teau  region for 24 h r  (Fig. 2, point  E) in-  
dicates that  the oxide thickness increases in this 
region. This last  observat ion  agrees  wi th  the resul ts  
of O r d e t  al. (9, 10) who found that  the oxide th ick-  
ness increases cons iderab ly  wi th  t ime of anodic t r ea t -  
ment  in the p la teau  region. 

To de te rmine  the cu r ren t  efficiency for  oxide growth  
in the  t rans ien t  region, the solution was analyzed  for. 
Ni 2+ af te r  charging e lect ropol ished nickel  to 0.9V 
(Fig. 1). The amount  of nickel  in solut ion is 0.3 #g 
Ni e+ cm -2 of electrode,  corresponding to 1.0 mC cm -2 
of charge. Since the total  anodic charge is 2.0 mC 
cm -~, the current  efficiency for oxide growth is 50%. 
Thus, the total  oxide thickness a f te r  charging is 12A 
(0.17 ~g oxygen cm -2) because the oxide  on e lec t ro-  
pol ished nickel  is 6A thick (0.087 ~g oxygen cm-2 ) .  
I t  is un l ike ly  that  the 1.0 mC cm -2 of charge asso- 
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Fig. 2. Anodic galvanastatic charging profile for an electropolished Ni(111) electrode at 10 #A cm -2 .  The electrode was removed at 
points A, B, C, D, and E for reflection high energy electron diffraction (RHEED) examination; the diffraction patterns are from the [112] 
direction using 7.5 kV electrons. 

ciated with nickel dissolution is simply due to chem- 
ical dissolution of the oxide since the oxide is resistant 
to dissolution in pH 7.65 borate buffer solution (Fig. 
1, curve ~:). Also, as ment ioned earlier, the t ransient  
charge is independent  of charging rate between 5 
and 80 ~A cm -2 and if chemical dissolution were 
playing a major  role, the decrease in transi t ion time 
by a factor of ca. 16 should greatly diminish the extent  
of chemical dissolution and thus the t ransient  charge. 
It thus appears that the anodic potential causes nickel 
to dissolve and thereby lowers the efficiency of oxide 
growth. 

To determine the current  efficiency for the oxide 
formation in the plateau region, the solution was 
analyzed for Ni 2~ and the thickness of the oxide 
determined by Auger analysis as a function oE time 
of anodic charging of electropolished nickel. A charg- 
ing rate of 80 ~A c m -  ~ was chosen in order to  develop 
a thick oxide film and to compare with previous work 
in the borate solution (9, 10). The amount  of Ni 2+ 
in solution did not  increase above the 1 mC cm -2 
equivalent  dissolved in the t ransi t ion region even for 
extended time periods in the plateau region [cf. Ref. 
(15)]. This may not, however, mean that the current  
efficiency for oxide growth is 100% in the plateau 
region since oxygen evolution may be consuming a 
significant portion of the anodic charge. 

Quantitative Auger analysis.--Auger analysis of the 
oxide film on polycrystal l ine nickel (see Appendix)  
after anodic charging to 0.9V indicates the presence 
of 12A of NiO (0.17 #g oxygen cm-2) ,  a value in 
excellent agreement  with that obtained for anodic 
films on nickel formed in neut ra l  or acid sulfate 
solutions (1-8). After 5 rain in the plateau region 
at 80 #A cm -2, the oxide thickness was determined 
by Auger analysis to be 16A (0.23 #g oxygen cm -2) 
indicating a current  efficiency for oxide formation of 
--10%. The oxide stoichiometry was estimated to be 
close to NiO from the ratio of nickel to oxygen signal 
intensities. Such an increase in oxide film thickness 
above the 12A (0.17 #g oxygen cm -2) detected in 
the passive region can only be achieved by polariza- 
tion in the potential  plateau region. Indeed, potentio- 
static anodic polarization of electropolished nickel, 
either with or without a prior cathodic reduction, for 
very long periods of time (--~24 hr) in  the passive 

potential  region (e.g., at 0.7V) will  not increase the 
fihn thickness above ,~12A. 

Thicker oxide films prepared by anodizing electro- 
polished nickel at 80 uA cm -2 for times >10 rain 
were analyzed by the Auger technique in conjunct ion 
with Argon ion sputtering. Figure 3 shows the ratio 
of the oxygen to nickel peak to peak intensities (de- 
noted by P /P )  of a number  of films, anodized for 
various periods of time, as a function of sputter ing 
time. Because the analysis comes from an area en-  
compassing about ten grains of the polycrystal l ine 
sheet, the signal intensit ies are average values. The 
same general  result  is obtained from analysis of only 
one grain, but  there is a gra in- to-gra in  var iat ion in 
the P / P  ratio of as much as a factor of three. There 
is an almost uniform decrease in the PIP ratio with 
sputter ing time for the anodically formed films (Fig. 

O 

d 

o 
5 10 i5 .?.o ~5 

SPUTTER{NG TIME (min) 

Fig. 3. Variation of the oxygen 510 eV (peak to peak) to nickel 
848 eV (peak to peak) Auger signal intensity ratio (P/P) with time 
of argon ion bombardment for electropolished nickel electrodes 
anodized at 80 #A cm - 2  in pH 7.65 borate buffer for the following 
times: curve a, 5 mln; curve b, 30 min; curve c, 24 hr; curve d, 200 
hr. Also shown is the sputter profile ( - - - )  for a thermally grown 
NiO film (curve el. Argon ion beam condition is 1 kV, .53 ~ from 
normal incidence; sputter rate is 0.07 #g oxygen cm - 2  rain - 1  for 
the thermal NiO film. 
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3, curves a-d) ,  a result  which is different from that 
normal ly  obtained wi th  a thick (>25A),  thermal ly  
formed NiO film (Fig. 3, curve e). With the latter, 
there is an ini t ial  decrease in P / P  represent ing dis- 
proport ionat ion due to sputtering, followed by a pe- 
riod of constant  P / P  ratio represent ing 90-95% of 
the t ime required to sputter  through the film. F ina l ly  
a rapid decrease is observed on sput ter ing through 
the metal-oxide interface. The most l ikely in terpre ta-  
tion of the "long" interface observed for the anodic 
oxide films is that  they are present  as an open-cel lular  
sponge with a large var iat ion in  point  to point mass 
on a lateral  scale in the 10A range. 1 

An  al ternate  but  less l ikely in terpre ta t ion  is that 
some form of severe disproportionation is occurring 
dur ing  sputtering. The ini t ial  P / P  ratio for specimens 
anodized for long times (curves c and d) is higher 
than  that for the thermal  NiO film (curve e), and 
indicates an oxygen to nickel ratio approaching 1.3. 
High oxygen-content  mater ial  is probably also present  
in  the films formed at shorter times of anodic t reat-  
men t  but  its analysis is masked by the "thinness" of 
the oxide in  some areas which allows a signal con- 
t r ibut ion from the under ly ing  metal. 

As indicated in  the Appendix, the oxide thickness 
can be est imated from the t ime required for the P / P  
ratio to decrease to ~2 /3  of its init ial  value. This is 
approximately  the t ime required to remove one-hal f  
of the oxide layer. Using this t ime and assuming that  
the anodic film sputters at the same rate as the 
thermal  film, i.e., 0.07 ~g oxygen cm -2 rain -1, oxide 
thicknesses calculated for the various anodic t reat-  
ments  are given in  Table I. 2 To verify that  the oxide 
thicknesses determined by this method are accurate, 
the samples anodized for 30 min, 24 hr, and 200 hr 
were also analyzed by O Ks  x - r a y  emission spectros- 
copy to determine the average oxygen uptake. The 
values, as seen in Table I, are in agreement  with 
those determined by Auger  analysis. 

The anodic film formed on electropolished poly- 
crystal l ine nickel after 24 hr at 80 ~A cm -'~ was 
examined in some detail by the Auger technique. The 
analysis from a number  of grains indicates that the 
average thickness of the oxide sponge is ~,1.3 ~g 
oxygen cm-2. To determine the oxide thickness var ia-  
t ion from one metal  grain to another, a large sample 
area was sputtered for set periods of time, after 
which oxygen Auger signal maps of the surface were 
obtained. In  this way, assuming a uniform sput ter ing 
rate f rom grain to grain, variations in oxide thickness 
over the surface could be obtained. The min imum 

1 Replica e lectron micrographs  of the  oxide surfaces  show a 
uni form roughening,  wi th  height  variat ions  of  ~50&. 

2 Oxide th icknesses  are  quoted as ~g oxygen cm-e. Whi le  it is 
reasonable  to convert  to angstroms the th ickness  of thin oxides  
produced in the transient  region (assuming a roughness factor of 
1 and an NiO densi ty  of 6.75, i.e., 1 /~g oxygen cm -2 = 69.2A NiO), 
it is not  so for  the ox ides  produced at long anodization t imes in 
the  plateau region which are open-cel lular sponges  of u n k n o w n  
density.  

Table I. Average oxide film thicknesses as a function of time of 
anodizing of electropolished Ni electrodes at 80 #A cm -2  in pH 

7.65 borate buffer solution determined by (o), Auger electron 
spectroscopy in conjunction with Argon ion sputtering, and (b), 

0 Ks x-ray emission analysis of some of the samples 

Oxide film th ickness  
(~g oxygen cm -~) 

Time (a) (b) 
of anodic A u g e r  X-ray emis- 

treatment  analysis  s ion analysis  

5 min 0.23 • 0.02* 
30 rain 0.5 __. 0.1 0.58 • 0.02 
24 hr 1.3 ~ 0.2 1.23 -'- 0.06 

200 hr 6.5 -- 1.0 > 5  

* Thickness  obtained by  quantitative thin film A u g e r  analysis  
( see  Appendix)  where  sputter ing is not  required.  

oxide thickness was found to be ~-0.6 ~g oxygen cm -2 
whereas the ma x i mum was ,-~1.7 ~g oxygen cm -2. 
The fact that the oxide thickness depends on the metal  
substrate orientat ion is an indication that the oxide 
does not form by a dissolut ion/precipi tat ion mecha-  
nism; also, the electron diffraction pa t te rn  for this 
oxide (Fig. 2, point  E) is not  as compatible with a 
precipitated oxide as it is with one formed via a 
surface oxidation process. It  thus appears that  growth 
of this oxide probably occurs at the metal  interface 
with electrolyte penetra t ing through the existing oxide 
to reach the bare nickel metal. Each new layer  of 
oxide forms beneath  the existing oxide and pushes 
the lat ter  fur ther  into the solution. The penetra t ion 
of electrolyte through the oxide should not be too 
difficult when the oxide is in the form of a sponge. 

Using the average thickness value of 1.3 ~g oxygen 
cm -2 for the oxide sponge, the current  efficiency for 
oxide growth at long times of anodic charging is 
extremely small  ( < 1 % ) .  The major i ty  of the charge 
must  be consumed by the oxygen evolution reaction, 
and the occurrence of this reaction may be cont r ibut -  
ing to the breakdown of oxide epitaxy in  going from 
the t ransient  to plateau regions. It is interest ing to 
note that the thickness of the oxide formed in the 
t ransient  region is l imited to ~12A (0.17 ~g oxygen 
cm -2) no mat te r  how long the t ime of anodizing. 
This l imit ing thickness may correlate with the fact 
that the oxide epitaxy is main ta ined  throughout  the 
t ransient  region and is only lost in  the plateau region 
(Fig. 2). Upon loss of the oxide epitaxy, the film 
thickness increases above the 12A l imit ing value, bu t  
with a very low current  efficiency for oxide growth. 

Summary 
The present  work shows that  the thickness a n d  

structure  of anodic oxide films formed galvanostatically 
on nickel in pH 7.65 borate solution change dramat i -  
cally at potentials more anodic than 0.9V. At lower 
anodic potentials, the NiO film thickness is l imited 
to --12A (0.17 ~g oxygen cm -2) whereas at the 
higher potentials the thickness can increase to more 
than 1.5 ~g oxygen cm -2. This increase in oxide 
thickness is correlated with a degenerat ion of the 
single crystal oxide epitaxy and a conversion of the 
oxide from a compact film to a porous, sponge-type 
oxide. The thickness "of this oxide film depends on 
the conditions of polarization and the metal  substrate 
orientation. At long times of polarization in the plateau 
region at 80 ~A cm -2, e.g., 24 hr, the oxide thickness 
variat ion from grain to grain is between --0.6 and 
--1.7 ~g oxygen cm -2. This anisotropy of film thickness 
indicates that  the oxide grows by a direct surface 
oxidation reaction rather  than a dissolut ion/precipi ta-  
tion mechanism. 
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APPENDIX 

Auger Analysis 
The quant i ta t ive  thin film Auger analysis used w a s  

based on the concepts of Gallon (16) and Ports et at. 
(17). In  the lat ter  t rea tment  for a sample containing 
various elements, the contr ibut ion from each atomic 
layer  (i) of a given element  I towards the overall  
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Auger peak to peak signal (P/P) for element I i s  
given by hi (1) = aikiiNi (i). In this equation, ai is t h e  
sensitivity coefficient for element I, ki i is the contribu- 
tion coefficient (also known as the absorption coeffi- 
cient) of layer (i) to the total signal, and N1 (i) is the 
number of atoms of element I in layer (i). HI is the 
sum of all the individual layer contributions for ele- 
ment I, which for a total of x layers is 

~----X i=X 

H ,  = h,c , ,  = [A-I] 

It should be noted that the contribution coefficient 
(of value <1) is raised to the power i; i.e., for the 
first atomic layer of the surface (which is not covered 
by any layer), i = 0 and ks -- 1. 

Using Eq. [A-l],  Auger analysis of bulk NiO of 
uniform composition gives a P/P ratio (5  HO/HNt) 

ao (1 -- k•l) 
equal to the ratio . For thin films of 

~n (1 - -  k o )  
NiO on Ni, the increase in P/P with increasing 
layer by layer NiO coverage can be calculated using 
this ratio (1.43) and Eq. [A-l] ,  in conjunction 
with the approximation of Ports et al. (17) for 
calculating the contribution coefficients. The results 
of these calculations are represented graphically in 
Fig. 4 for a total of 15 layers, or 3OA of NiO assuming 
1 layer of NiO is equivalent to 2A. Nickel samples 
were prepared with 6 and 12A of NiO [thicknesses 
were determined independently by x-ray emission 
spectroscopy (13, 14)] and the oxygen to nickel P /P  
Auger ratios were found to be in good agreement 
with those given by Fig. 4. Oxide film thickness up 
to ~16A can thus be accurately obtained from the 
measured oxygen to nickel P/P ratio. For thicker NiO 
films, this P/P ratio falls off significantly with increas- 
ing oxide thickness as seen in Fig. 4. Sputtering is 
required in order to determine the oxide thickness 
which is estimated from the time required for the 
P/P ratio to decrease to ~2/3 of its initial value. 
This is approximately the time required to remove 
1/2 of the oxide layer. 
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ABSTRACT 

Anodic  polar iza t ion  studies have been  conducted in an aqueous solut ion of 
2.5M NaOH + 0.423M Na~S, at  92~ and compared  wi th  s tudies  in 3.35M 
NaOH. Anodic  films were  examined  by  e lec t ron diffract ion and x - r a y  energy 
analysis  and all  resul ts  compared  with  publ i shed  da ta  on S-H20 and F e - S - H 2 0  
equi l ibr ia .  In  par t icu lar ,  it  was concluded tha t  the delay of pass iv i ty  in the 
sulfide solution, r e l a t ive  to NaOH, was due  to the  incorpora t ion  of S ~-  ions 
into the Fe304 la t t ice  to r ende r  i t  nonprotect ive.  Pass iv i ty  did not  occur unt i l  
the  la t t ice  S 2-  content  was decreased at  more  noble  potentials ,  this process 
being influenced by  anodic oxida t ion  of aqueous S 2-  ions. The polar iza t ion  be-  
hav ior  is r e l evan t  to corrosion and stress corrosion cracking in the pulp  and 
p a p e r  indust ry .  

Mild  steel  is f r equen t ly  exposed to hot  aqueous a l -  
ka l ine  sulfide solutions in the Kra f t  process (1) for  
conver t ing  (digest ing)  wood chips into pulp. The in-  
dus t r ia l  solutions, known as whi te  l iquors,  usua l ly  
contain  2.1-2.8M NaOH and 0.21-0.64M Na2S, together  
wi th  severa l  impur i t ies  and a room t empera tu re  pH 
nea r  14 (2). They  encounter  mi ld  steel  at  ~90~ in 
whi te  l iquor  clarif iers and s torage vessels, and at  150 ~ 
17O~ in digesters.  However ,  in spite  of the impor tance  
and l ong - t e rm  use (>50 years )  of the  Kra f t  process in 
the pulp  and pape r  indust ry ,  few elect rochemical  
polar iza t ion  studies have  been conducted on mild  steel  
in hot  a lka l ine  sulfide solutions, and no studies have  
been repor ted  on the  anodic films. 

The ma jo r  r epor ted  polar iza t ion  studies on mi ld  steel  
in s imula ted  a lka l ine  sulfide pu lp ing  solutions were  
conducted by  Muel ler  (2) at  30~176 and Kes le r  and 
Bakken  (3) at  35~ Elect rochemical  in te rp re ta t ion  of 
the i r  da ta  was l imi ted  and impor tan t  detai ls  at  low 
cur ren t  densi t ies  were  not revea led  by  thei r  data  plots 
of l inear  cu r ren t  dens i ty  vs. l inear  potent ial .  However ,  
they  demons t ra ted  an ac t ive-pass ive  t ransi t ion and 
the i r  work  has been used as the  basis for u n d e r s t a n d -  
ing corrosion in whi te  l iquors  (4), and the use of po ly -  
sulfide oxidants  (4, 5) and impressed  anodic cur ren ts  
(6) for  corrosion protection.  

The present  s tudy was designed to provide  a more  
thorough unders tand ing  of the anodic polar izat ion be-  
hav ior  of mi ld  steel  in a hot  NaOH + Na2S solution 
r ep resen ta t ive  of whi te  liquor. Polar iza t ion  curves 
were  obta ined  containing more  detai l  than  those p re -  
viously r epor t ed  (2-4), and were  compared  wi th  those 
obta ined in NaOH only. Anodic  corrosion films were  
identified,  and the resul ts  were  in t e rp re t ed  using the 
da ta  of Bierna t  and Robins on S-H20 (7) and F e - S -  
H20 (8) equi l ibr ia .  

Experimental 
Test-piece.--Studies were  conducted on mild  steel  

having a weight  percentage  composit ion of 0.22 C, 
0.55 Mn, 0.28 Si, 0.11 Ni, 0.10 Cr, 0.01 P, 0.032 S, and 
r ema inde r  Fe. I t  was in the form of cold d rawn 9.5 m m  
d iam rod, wi th  a Rockwel l  hardness  of RB78. Cyl indr i -  
cal test  pieces were  sectioned, each having a total  sur -  
face a rea  of 500 m m  2. The surfaces were  mechan ica l ly  
pol ished with  240 gr i t  paper ,  degreased in clorethane,  
c leaned in 10 volume percent  (v /o)  HC1, and r insed 
in water ,  alcohol, and dried. This p rocedure  gave 
reproducib le  corrosion potent ia ls  and polar izat ion be-  
havior.  

* Electrochemical Society Active Member. 
Key words: anodic films, passivity, stress corrosion, white liquor. 

SoZutions.--The a lka l ine  sulfide solut ion was s imi la r  
to that  used b y  Kes le r  and  Bakken  (3). I ts  mola r  com- 
posit ion was 2.5 NaOH + 0.423 Na2S ( total  Na + of 
3.35M). Compara t ive  tests were  conducted in 3.35M 
NaOH. All  solutions were  f resh ly  p repa red  f rom dis-  
t i l led wa te r  purged  wi th  ni trogen,  reagent  grade  NaOH, 
and h y d r a t e d  Na2S flake conta ining 59.4% Na2S by  
weight .  

Polarization.--Polarization tests were  conducted in 
800 ml of solut ion at  92~ using a Pr ince ton  Appl ied  
Research (PAR)  single compar tmen t  corrosion cell  
(Model 9700) wi th  two graphi te  countere lec t rodes  and 
Model  178 e lec t romete r  probe.  The cell  was hea ted  
with  a Corning hea t ing  mant le  connected to a var iab le  
t ransformer ,  a l lowing manua l  control  of t empe ra tu r e  
to wi th in  •176  The solut ion was cont inuously  s t i r red  
and purged  with  ni trogen.  

Test -pieces  were  in t roduced  into the  cell  a t  92~ and 
a l lowed to r ema in  under  free corrosion conditions for 
9(10 sec before  conduct ing a single anodic scan on each 
specimen. The potent ia l  was po ten t iodynamica l ly  in-  
creased at  1 mV/sec  wi th  a PAR poten t ios ta t  (Model  
173) coupled to a un iversa l  p r o g r a m m e r  (Model 175) 
and logar i thmic  cu r ren t  conver ter  (Model 376). The 
potent ia ls  were  measured  with  respect  to a sa tu ra ted  
calomel  e lec t rode  (aCE)  placed outside the  test  cell  at  
25~ A Luggin  capi l lary,  p laced  1 m m  from the tes t  
piece, was connected to the  reference  e lec t rode  via a 
KC1 salt  bridge. No a t t empt  was made  to correct  for 
the smal l  potent ia l  differences ar is ing f rom concent ra-  
t ion effects and the rmal  gradients  in the  salt  br idge.  
Potent ia l  and logar i thmic  cur ren t  were  p lot ted  auto-  
g raph ica l ly  on a Houston Omnigraph  2000 recorder .  
Al l  da ta  a re  r epor ted  as logar i thmic  cur ren t  dens i ty  
(i) vs. potent ia l  (E) wi th  respect  to the s t andard  hy -  
drogen e lect rode scale (VsHE), where  EscE ~- +0.2416 
VsHz. 

Film analysis.--Following polarizat ion,  anodic films 
were  inves t iga ted  b y  in situ elec t ron  diffract ion ana ly -  
sis a t  100 keV in the high resolut ion  diffract ion 
chamber  of an Hitachi  HU l l A  elect ron microscope. 
The tes t -pieces  were  washed in water ,  r insed in a l -  
cohol, dried, and placed in the  chamber.  Diffract ion 
pa t te rns  were  obta ined by  t ransmission th rough  p ro -  
tuberances  on the specimen surface. F i lms  benea th  
loose corrosion products  were  s tudied af ter  wiping 
away  the loose products  wi th  soft t issue in alcohol. In 
addit ion,  films were  s tudied via x - r a y  energy  analysis  
at  20 keV in an ETEC Autoscan scanning e lec t ron 
microscope using an Ortec S i /L i  detector  (7000 series)  
and mul t ichanne l  ana lyzer  (Model  6200). 
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Results 
Po~ar{zation behavior.~Representative anodic po- 

larizat ion curves for the NaOH and alkal ine sulfide 
solutions are shown in Fig. 1. In  both cases, mild steel 
exhibited a corrosion potent ial  (Ecorr) near  --0.89 VSHE 
in  the active state and underwen t  an active-passive 
transition. However, cur rent  densities were higher in 
the alkaline sulfide, the peak current  density exceeding 
that  in NaOH by a factor of ~35 and the m i n i m u m  
passivation current  density being in  excess by a factor 
of ..~25. 
The onset of passivity occurred above --0.77 VSHE in 

NaOH, whereas in the alkaline sulfide it commenced 
above the major current peak at --0.66 VSHE. A minor 
current peak occurred in the sulfide solution at --0.77 
VSHE. 

Anodic potentials near the major current peak in the 
alkaline sulfide solution were associated with a visible 
brownish discoloration of the solution around the 
specimen and formation of a loosely adherent  b rown-  
black corrosion film. This film ceased to thicken above 
--0.63 VSHE and the increased anodic currents  above 
--0.5 VSHE were not  associated with any addit ional  
discoloration of the solution. The onset of passivation 
in  the NaOH solution above --0.8 VSHE was accom- 
panied by format ion of an adherent  black film. 

Anodic /~lms.~Electron diffraction studies of speci- 
mens removed from the alkal ine sulfide solution a t  
--0.6 VSHE failed to disclose any diffraction spots or 
rings from the loosely adherent  b rown-b lack  film, 
indicat ing an  amorphous structure. Figure 2 is a 
scanning electron micrograph of the in situ film show- 
ing its porous and fine powdery nature.  Samples of the 
film were isolated from the specimen by carefully 
scraping with a wooden spatula. X- ray  energy spectra 
were obtained from samples mounted on a carbon 
substrate. These were compared with spectra obtained 
from FeS2 (pyrite) and FeS (pyrrhoti te)  under  
identical ins t rument  conditions. Ratios of the inte-  
grated intensit ies S/Fe  for the K~ peaks, after allowing 
for background subtraction, were FeS2 = 2.01, FeS = 
1.06, film = 1.03. Hence, the brown-black  film was 
identified as amorphous FeS. This conclusion was con- 
sistent with the fact that  freshly precipitated FeS has 
been shown by Berner  (9) to be both noncrystal l ine 
and black in color. 

In situ electron diffraction studies of anodic films 
formed in  the passive region beneath amorphous FeS 
were obtained after wiping away the loose FeS, as 
described in the "Film analysis" section. Studies were 
also conducted on the unwiped adherent  film formed in 
the passive region in NaOH. In  all cases, r ing pat terns 
were obtained characteristic of a cubic spinel structure. 
The details are shown in  Table I. The lattice pa ram-  
eters for i ron oxide spinels are reported to be ao = 
8.32-8.34 • 10-10m for ~/-Fe20~, and 8.39 • 10-10m 
for FesO4 (10). The lattice parameter  for the thio- 
spinel, Fe3S4, is reported to be ao = 9.876 • 10-10m 

+1'C i i i l l t l l  I i i I I I IH  I ~ -  i i i i i i ; [  i I ~ l l l l j  ; i i 111111  I~  i i i  

No  OH + Na 2 S~ 92 ~ C 
. . . . .  NoOH,  92~ .~ . . . . . . . . . . . . . . .  +0,5 I(/ / 

:= 
,_* / 

0.0 / - -  

FeaO~/Fe~O 4 ~'~ ~ ESzOZ'/Sa- 

-~EFe3 04/HFeO~ . . . . . . . . . .  ~ .  - - - . - - - - - - - -  

- I 'O I I ~ l l l h l  I I I I I 1 1 i l  ] I I I I I l l ] ~ 1  l l ! l i I T I  ' l l l l l l l [  ~'lC~rrl~ll 
10"2 10 -I I {0 I0 z I 03  IO  4 

CURRENT DENSITY (i) A i m  2 .  

Fig. 1. Anodic polarization behavior of mild steel in NoOH and 
NeOH -F Na2$ =o/=fians. 

Fig, 2. Scanning electron microgroph of loosely adherent, amor- 
phous FeS film. 

(11). Thus, at  --0.6 VSHE in  the a lkal ine  sulfide, the 
film is believed to be basically an Fe~O~ spinel contain-  
ing subst i tut ional  S 2- ions, e.g., FesO4-xS~, where x 

0.19 based on a weighted average of lattice param-  
eters. 

Discussion 
Aqueous equi~ibria.--Biernat and Robins (8) have 

calculated Fe-S-H20 equil ibr ia  at 100~ which are 
re levant  to the present  study. The data show that at 
the commencement  of the polarization test (Ecorr), the 
stable dissolved S species is S 2- and Fe dissolves in 
the active condition as HFeO~-.  Equations which are 
par t icular ly  useful are shown below 

Fes04 + 2H20 + 2e -  = 3HFeO2- + H + [1] 

EFe304/HFeO2-- = - -1 .74  + 0.037 pH -- 

0.037 log [HFeO2-]  3, VSHE [la]  

3Fe2Q + 2H + + 2e-  = 2FesO4 + H20 [2] 

EFe203/Fe304 = +0.261 -- 0.074 pH, VSHE [2a] 

FeS + 2H20 = HFeO2- + S 2- -~ 3H + [3] 

3 pH = 40.09 + log ( [HFeO2-]  IS 2 - ] )  [3a] 

With reference to Eq. [ la]  and [2a], the pH values 
of the test solutions were estimated from the dissocia- 
tion constant  for water  at 100~ [1.62 • 10 -z2 (12)], 
the activity of [OH-]  and the activity of [H20]. The 
value of COH-] was estimated by approximating molar  
concentrations to molalities (M) and extrapolat ing the 
activity coefficient data of Harned and Owen (13) to 
100~ The activity of water  was a s sume d t o  be ~0.95 
(14). The estimated pH values are shown in  Table II. 

Table I. Experimental lattice parameters of spinel passive films 

E r 
Solution (Vs•E) ( i0 -zo m) Probable film 

NaOH - 0 . 5  8.36 ~ 0.02 ~,-Fe2Os + Fe~O~ 
NaOH + Na2S - 0 . 6  8.46 ~- 0.02 Fe~O4 containing 

S 2- ions 
(Fe~O~-~S~) 

NaOH + NasS -0.5 8.39-4-0.02 FeaO~ 
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Table II. Calculated E values 

[HFeOf-] EFeaO4/HFeO 2- EFefOs/Fe304 
S o l u t i o n  p H  ( IV[ ) (VsH~) ( V s ~ )  

N a O H  ~12.1 6,83 x 10 -a -0.719 -0 .634 
N a O H  + N a 2 S  ~12.0 6,6 x 10 -~ -0 .721 -0 .627 

The activities of [HFeOf- ] ,  required for Eq. [ la] ,  
were calculated after t raversing the large current  peak 
in  NaOH and the minor  current  peak in alkal ine sulfide 
(see Fig. 1). The total coulombs passed was determined 
and the concentrat ion of HFeOf-  estimated by assum- 
ing all current  involved dissolution of Fe to form 
HFeOf- .  The concentrations were assumed to be the 
same as the activities, and are shown in  Table II. 

The potentials corresponding to Eq. [la] and [2a] at 
100~ are shown in Table II. Within the accuracy of the 
thermodynamic  data and activity estimates, the E 
values may be compared with the tests at 92~ and 
are placed on Fig. 1. 

Equat ion [3a] represents deposition of FeS from 
solution. The pH at which this occurs may be estimated 
from [S 2-]  and [HFeOf- ]  activities. In  the alkaline 
sulfide test solution, [S 2-]  was approximated to the 
molar  concentrat ion of S 2-  (i.e., 0.423) and the maxi-  
mum value of [HFeO 2-]  was estimated by de termin-  
ing the n u m b e r  of coulombs required to reach the major  
current  peak at --0.66 VsHE and assuming this repre-  
sented dissolution of Fe as HFeOf- .  In  this manner  
[HFeO e - ]  was found to be --1.04 • 10-4M, which upon 
insert ing in Eq. [3a] yielded a pH of ~12. Ti;is ~H 
value was in agreement  with the pH of the solution 
(see Table II) and shows that  formation of the amor-  
phous FeS film occurred via Eq. [3] and [3a]. In  
practice, concentrat ion gradient  effects in the diffusion 
layer  at the metal  surface (kinetic factors) could lo- 
cally raise the value of [HFeOf- ]  and produce forma- 
t ion of FeS before the major  current  peak was reached, 
as was f requent ly  observed. 

One addit ional reaction which must  be considered is 
the anodic oxidation of S 2- during polarization. Gener-  
ally, in  oxidation of white liquors, oxidation to S2Oa 2- 
is the first and most rapid stage (15, 16). Therefore, 
this reaction will be considered using the data of Bier- 
nat  and Robins (7) at 100~ as shown below 

$2032- 4- 6H + 4- Be- : 2S 2- 4- 3H20 [4] 

Es~osf-/se- ---- 0.034-0.056 pH 

+ 0.0093 log ( [ S 2 0 ~ e - ] / [ S f - ]  e) [4a] 

Consequently,  approximat ing IS 2-]  to the molar  con- 
centrat ion of S '~-, and using a value of [S~Oa 2- ] equiv- 
alent  to 10-6M, which is a reasonable activity to form 
dur ing  polarization without  inval idat ing the previous 
calculations, it is seen that Esfo32-/s2- is equal to 
--0.68 VsHe. This value is placed on Fig. 1. Thus, the 
marked  increase in current  above --0.5 VSHE is be- 
l ieved to be due to oxidation of S 2- via Eq. [4]. 

Overall events.--The present results and calculations 
suggest that the onset of passivation (reduction of cur-  
rent)  in NaOH is associated with formation of Fe~O~ 
films, with max i mum passivation being associated with 
formation of 7-Fe203 at EFe203/Fe304. This is consistent 
with Vetter 's  (17) view o2 the Flade potential.  

In  alkal ine sulfide solution, it appears that  Fe304 
starts to form, causing a minor  current  peak (near  
--0.77 VSHE), and then becomes nonprotect ive due to 
the incorporat ion of S 2- ions into the lattice to form 
Fe30~-xSx. Thus, dissolution of Fe continues with in- 
creasing E and is accompanied by deposition of amor-  
phous FeS when the solubil i ty product is exceeded 
(near  the major  cur ren t  peak at --0.66 VSHE). The onset 
of passivation occurs when the S 2- content of the 
Fe304-.~Sx film is decreased to x ~ 0.I9, ma x i mum 
passivation occurring when x ~ 0 and Fe304 is formed. 

NaOH +NozS,92=C 

-I< . . . . .  
I I0 I0 2: I0 ~' I0 4 

CURRENT DEN.~Tu ~i}, A/m ~ 

Fig. 3. Schematic diagram of anodic pMarization behavior of mild 
steel in NaOH 4- Na2S showing sequence of events. 

Stabil ization of the film by reduct ion of the lattice S 2- 
content appears to be re la ted to oxidation of aqueous 
S 2- to $2032-. The sequence of events is shown sche- 
matical ly in  Fig. 3. 

It  should be noted that the onset of passivity in the 
sulfide solution also appears coincident with EFe203/Fe304 
(see Fig. 1). However, this is believed to be fortuitous 
because the electron diffraction data do not  reveal the 
presence of -y-FefO~ (Table I) .  Furthermore,  the higher 
m i n i mum current  densities observed at max imum 
passivation in the sulfide solution, relat ive to NaOH, 
indicate different passive films in the two solutions. This 
is consistent with the views of Foley et ak (18) on the 
higher electrical conductivi ty of FesO4 relat ive to 
7-FefO~. 

Stress corrosion craeking.--The occurrence of stress 
corrosion cracking of mild steel in highly alkal ine solu- 
tions has been  associated with a small  range of poten- 
tials near  the nose of the active-passive current  peak 
(19, 20). Thus, the displacement of the nose of the ac- 
t ive-passive current  peak to higher E values in the 
alkal ine sulfide solution, relat ive to NaOH (see Fig. 1), 
indicates that  stress corrosion cracking will  occur at 
more noble potentials in the sulfide solution. This pre-  
diction is being investigated further.  

Conclusions 
Anodic polarization studies on mild steel exposed to 

aqueous NaOH, and NaOH + NafS solutions at 92~ 
were consistent with the following conclusions: 

1. An active-passive t ransi t ion was observed in both 
environments .  Larger current  densities and displace- 
ment  of the active-passive t ransi t ion to higher poten-  
tials were observed in the sulfide solution. 

2. Fassivation commenced in  NaOH with formation 
of Fe304, max imum passivation occurring with forma-  
tion of 7-Fe203 at EFefO3/Fe304. 

3. Passivation was delayed in NaOH 4- Na~S, due to 
incorporat ion of S~- into the Fe304 lattice to form a 
nonprotect ive film, possibly FezO~-xSx. Fur ther  active 
dissolution of i ron occurred, exceeding the solubility 
product of FeS to deposit a nonprotect ive amorphous 
layer. 

4. Passivation commenced in NaOH + Na~S at higher 
potentials when the lattice S 2- content of Fe304-zSx 
was decreased to a critical value (probably at ~: ~ 0.I9), 
ma x i mum passivation occurring when Fe304 was 
formed. The decrease in lattice S 2- content was in-  
fluenced by anodic oxidation of aqueuos S 2- to $2082-. 
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Trapped Oxygen in Aluminum Oxide Films 
and Its Effect on Dielectric Stability 

Walter J. Bernard* and Philip G. Russell 
Bprague Electric Company, North Adams, Massachusetts 01347 

ABSTRACT 

Anodic oxide films formed on a luminum in aqueous bora te  solutions contain 
subs tant ia l  amounts  of t r apped  oxygen,  p r e sumab ly  in an  adsorbed  state 
wi th in  film cavities. Under  some conditions the film has re la t ive ly  s table  elec-  
t r ica l  propert ies ,  but  the release of the uncombined oxygen by  reac t ion  of the  
film wi th  hot wa te r  br ings about  a sudden and nea r ly  complete  loss of ba r r i e r  
propert ies .  The Fa rada ic  charge requi red  to res tore  high dielectr ic  s t reng th  to 
the film is re la ted  to the quan t i ty  of oxygen evolved. 

The anodic oxida t ion  of a luminum foil, on which a 
surface l aye r  of hydrous  oxide has been prev ious ly  
formed, resul ts  in the  growth  of a duplex  oxide film 
whose ba r r i e r  por t ion  suffers f rom an unusual  ins ta-  
bil i ty.  Alwi t t  and  Dyer  (1) re fer  to this phenomenon 
as " re laxa t ion"  and cite a number  of ways in which it 
may  be induced. In  some instances it appears  to occur 
spontaneous ly  in the  anodizing electrolyte ,  a f te r  a va r i -  
ab le  and i l l -def ined induct ion period. 

This instabi l i ty ,  if uncor rec ted  at  the t ime of process-  
ing, can resul t  in a serious reduct ion  of the ab i l i ty  of 
the  dielectr ic  film to susta in  a high electr ic  field, and 
the passage of a subs tant ia l  charge in a sui table  elec-  
t ro ly te  is needed to res tore  the ba r r i e r  oxide to its 
or ig inal  state. A prac t ica l  method  for correct ing this 
ins tab i l i ty  (wide ly  prac t iced  commerc ia l ly)  is th rough  
a br ie f  t r ea tmen t  of the f reshly  anodized fuji in hot 
d is t i l led  water ,  fol lowed the recharging  to the or iginal  
anodizat ion vol tage  (1-3).  The react ion of the wa te r  
wi th  the  oxide g rea t ly  accelerates  the complete  re -  
l axa t ion  of the  die lect r ic  and  reanodizat ion  resul ts  in a 
s table  oxide. 

The effect m a y  be be t te r  unders tood by  reference  to 
Fig. 1, in which i t  is g raph ica l ly  demonst ra ted .  A lu -  
minum foil is coated wi th  a hydrous  oxide l aye r  by  im-  
mers ion  for a shor t  per iod  ( typical ly ,  5-10 min)  in 
boil ing w a t e r  and is then  anodized to severa l  hundred  
volts  in an aqueous bora te  solution. If  the anode foil 
is held at  constant  potent ia l  (VA) for severa l  minutes,  
the  cur ren t  (irD) decays to a smal l  f ract ion of the  
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tric relaxation, 

anodizat ion cur ren t  (IA), showing the normal  behavior  
of a s table anodic oxide, But if the foil  is then  removed  
from the electrolyte ,  t r ea ted  in boi l ing wa te r  for, say, 
2 rain, and re tu rned  to the  anodizat ion cell wi th  the 
appl ica t ion  of the same cur ren t  (/D) tha t  was measured  
at  the t e rmina t ion  of the oxide format ion  step, i t  wi l l  
d isp lay  an ini t ia l  ba r r i e r  vol tage close to zero. A sub-  
s tan t ia l  passage of charge, of the  o rde r  of a few percent  
of the  anodizat ion charge, wil l  then  be requ i red  in 
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Fig. 1. Voltage and current-time curves for barrier oxide forma- 
tion on aluminum foil. The reanudization voltage-time curve was 
obtained after a 5 min barrier postboiL These curves are typical of 
the results obtained with both polished and etched foils. 
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order  for the anode to sustain the original  anodization 
voltage. An  impor tan t  conclusion d rawn from these 
observations is that  the dielectric damage incurred 
dur ing  relaxat ion is not un i form over the ent i re  surface 
of the anode, since the apparen t ly  complete loss of 
bar r ie r  properties can be restored by a re la t ively small  
degree of reanodization. 

An analysis of the process is complicated by the fact 
that  the bar r ie r  oxide itself can undergo hydrat ion in 
contact wi th  boil ing water  (4) and the repair  of di- 
electric damage from this reaction would also con- 
t r ibute  to the charge passed after relaxation. The hy-  
drat ion reaction alone, however,  cannot  account for 
the observations since it has been established that hy-  
drat ion of anodic oxide occurs with relat ive uni formi ty  
across the oxide surface (5) and not at isolated areas 
as is indicated by  the evidence in  this case. A quant i ta -  
tive measurement  of the re laxat ion effect must  there-  
fore separate these two contr ibut ions to the reanodiza-  
t ion charge. 

It has been suggested by Alwit t  and Dyer (1) that  
the cause of the uns table  dielectric is the presence of 
voids which are sealed off in the growing oxide dur ing 
the anodization process and subsequent ly  exposed dur -  
ing a boiling water  t reatment .  Through transmission 
electron microscopy, Kudo and Alwit t  (6) have de- 
tected the presence of fine vert ical  cracks in  the bar r ie r  
film, which may  possibly represent  the voids that have 
been postulated. Such oxide-free cavities or channels  
are consistent with our observations. However, it is our 
belief that  these cavities are not  empty  but  are filled 
with oxygen acting as a t rapped dielectric that the 
postanodization water  reaction releases as a gas. This 
belief is based on the observat ion of an apparent  evolu- 
t ion of a gas from the oxide surface wi th in  seconds of 
the immers ion of the foil in  boil ing water, and which 
has been identified by us as oxygen. The presence of 
gaseous oxygen in  the unre laxed film has also been 
detected by  Alwit t  and Dyer  (1) and by Crevecoeur 
and deWitt (7). In the la t ter  paper  the authors a t t r ibute  
the generat ion of oxygen dur ing  anodization to the 
presence of crystal l ine 7-A120~ in the film. They have 
shown that  at 90~ the development  of 7-A1203 can 
begin at voltages as low as 30V and that  beyond 150V 
the p redominan t  oxide i n  the bar r ie r  layer  is the crys- 
tal l ine form. 

In  this paper  we present  quant i ta t ive  measurementz  
on the amount  of oxygen t rapped in  the oxide film and 
relate these measurements  to the re laxat ion phenome 
non. 

Experimental 
Barrier film formation.--Barrier films were formed 

on both high pur i ty  (99.99%) electropolished foil and 
commercial ly  etched high voltage anode foil (99.97%). 
The p la in  foil was electropolished by a s tandard pro- 
cedure using an  acetic anhydr ide-perchlor ic  acid mix-  
ture. All samples had an apparent  surface area of 
77.4 cm 2. Deionized water  fu r the r  purified through dis- 
t i l lat ion was used in  all aqueous solutions, water  rinses, 
and for boil ing water  t rea tment  of the foil both before 
and after the format ion of bar r ie r  oxide, referred to as 
"preboil" and  "postboil," respectively. 

The anodization electrolyte (30 g / l i te r  H~BO3 Jr 2.1 
g / l i te r  borax) had a pH of ~6.3 and a resist ivity at 
90~ of 500 12-cm. Anodizations were carried out at 
90~ in a jacketed cell containing two p la t inum 
cathodes mounted  on a Teflon support. Pyrex  rods ex-  
tending f rom this support  into the electrolyte kept the 
anode foil well  centered be tween the cathodes dur ing 
anodization. A s tream of ni t rogen gas directed at the 
electrolyte surface minimized spattering. 

The folloWing procedure was established for pro- 
ducing barr ie r  films on foil samples: first, a hydrous 
oxide layer  (pseudoboehmite) was grown dur ing  a 10 
rain preboil  step. Anodizat ion was then carried out at 
constant  current ,  IA, to 350V (Fig. 1) and held at this 
voltage un t i l  the decay current ,  1D, was one- ten th  the 

value of IA. The cell was then disconnected from the 
power supply and the field was allowed to decay to 
zero. The slow field decay shown in  Fig. 1 was observed 
with barr ier  oxide formations on polished foil. The 
field decayed much faster with etched foil samples. 
After  a water  rinse, one of several  postanodization steps 
was carried out: (i) bar r ie r  hydra t ion (postboil);  (ii) 
high tempera ture  t rea tment  (500~176 (iii) storage 
in air at room temperature ;  and (iv) storage at 85~ 
in a glycol-borate electrolyte. This was then followed 
by reanodizat ion to the original  bar r ie r  voltage (350u 
which was carried out at constant  current ,  IR, (final 
value of In). When the sample was used for O2 analysis 
the reanodization step was omit ted in  most cases. The 
anodization current  was 1A and 100 mA for etched 
foil and polished foil, respectively. In  the case of etched 
foils where Ia was 100 mA the voltage drop across the 
electrolyte was less than  2.0V, and therefore the sub-  
sequent  measurement  of potent ial  at  100 mA provides 
an accurate estimate of the thickness of the bar r ie r  
oxide. The charge passed dur ing  the constant  voltage 
period was measured graphical ly on a recorder trace. 

The 10 rain preboil  step insures that  the bar r ie r  film 
on polished foil does not suffer from shor t - te rm in-  
stability; that  is, the relaxat ion of the dielectric can 
be delayed unt i l  i t  is del iberately induced by a pro- 
cedure such as postboiling. In most samples examined 
here it  was observed that  if the bar r ie r  film was given 
a water  r inse li t t le or no charge was required to reach 
the barr ier  voltage dur ing  the reanodizat ion step. 1 On 
the other hand, bar r ie r  films on etched foil show some 
instabili ty.  After  a water  r inse usual ly  1-2% of the 
anodization charge, qA, (see Fig. 1) is required to 
reach the bar r ie r  voltage dur ing reanodization. Fur -  
ther details on the s tabi l i ty  of bar r ie r  films is given 
later. 

Measurement of capacitance.--The capacitance of a 
given sample was measured at  120 Hz after three dif-  
ferent  steps in  the formation process: (i) anodization, 
(ii) postanodizing treatment ,  and (iii) reanodization. 
The sample cell contained two platinized p la t inum 
electrodes suspended from a Teflon support, approxi-  
mately  1.25 in. apart, and a measur ing  electrolyte (50 
g / l i te r  H3BO~ + 1.9 g/ l i ter  NH3; pH ~7.0) kept at 
25~ The sample was placed midway between the 
electrodes and the capacitance recorded after a 2 rain 
stabilizing period. 

Gas chromatographic analysis for Oe.--Quanti ta t ive 
measurement  of the total uncombined  oxygen (i.e., 
available in  the gaseous form) in the oxide film was 
made by gas chromatographic (GC) analysis of the 
gas evolved dur ing  chemical s tr ipping of the oxide 
from the a luminum substrate. The amount  of O~ lost 
from the film dur ing a relaxat ion process was then de- 
termined by difference. 

The oxygen gas was stored in  a sample storage tube. 
This storage tube consisted of a test tube made from 
heavy wall Pyrex tubing (~5 in. in length with an 
OD of 3/4 in.) and an O-ring seal (Cajon Ultra-Torr 
Fitting) connected to a needle valve outlet (Hoke 3700 
series with O-ring stem packing) which formed a gas- 
tight container with the test tube. During analysis a 
storage tube was connected to the sample loop of the 
chromatograph (F&M Model 729). After evacuation of 
the loop the stored gas sample was divided between the 
loop and the storage tube. In this way the sample loop 
contained the same molar fraction of oxygen that was 
contained in each sample storage tube before a given 
analysis. Separation of 02 and N~ was carried out with 
helium as the carrier gas on a column containing Linde 
molecular sieve 5A, 60-89 mesh, at 60~ Detection was 
made by a thermal conductivity bridge. 

A typical recorder trace made during 02 analysis is 
shown in Fig. 2 for both polished and etched foil sam- 

1 The preboil time w a s  var i ed  from 0 to 10 rain in a series of 
formation experiments on polished foil. A preboil of at least 5 
rain was found to he necessary for  t h e  formation of a s t a b l e  bar.  
r ier  film. 
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Fig. 2. Recorder trace from polished and etched foil samples 
prepared with freshly boiled and cooled stripping solution. The 
signal attenuation is given under each p_~ak. The variation in the 
strength of the N2 signal from sample to sample as shown here is 
due to small differences in the air content of the stripping solution 
just prior to the degassing step. Small variations in time of boiling, 
rate of boiling, and cooling time most likely account for changes in 
the air content of the stripping solution. 

ples. The area under  each curve is g iven by the prod-  
uct of the peak  height  above the base l ine t imes the 
half-width.  A correction to the observed O5 signal is 
made by subtract ing f rom this signal the O2 signal 
equivalent  to the observed N2 signal. This correction is 
especially impor tan t  for polished foil samples where  
the observed N2 signal may be as large as ~25% of 
the observed 02 signal. The N2 signal is the result  of 
dissolved air being released from the str ipping solution 
in the sample storage tube during the str ipping procesz 
which was carr ied out at 85~ for a period of severa2 
hours. 

The following procedure for sample prepara t ion was 
found to minimize the amount  of N2 present:  each 
sample is cut into 12 strips and placed in a sample tube 
along with  10 ml of str ipping solution (2% C r Q  + 
4.25% H3PO4) which has been boiled for 1 rain and 
cooled immedia te ly  before using. The storage tube is 
evacuated  and then backfilled wi th  purified hel ium 
(99.995%). This degassing procedure is repeated a 
second time. The storage tube containing a degassed 
sample is then placed in a wa te r  bath  at 85~ where  
str ipping of the bar r ie r  film occurs for a specified 
period of t ime pr ior  to GC analysis for O5 and N2, In 
some of the ear l ier  exper iments  where  the str ipping 
solution was not boiled just  before degassing, larger  
amounts  of N2 were  found to be present  during O2 
analysis. 

Correct ion factors for use in subtract ing the un-  
wanted  O2 component f rom dissolved air were  deter-  
mined f rom reference experiments.  In these exper i -  
ments polished foils wi thout  ei ther a preboil  layer  or 
bar r ie r  film and with both freshly boiled and nonboiled 
str ipping solutions were  used during sample prepara-  
tion. The results in Table I show that  a 1 rain boil of 
the str ipping solution just  prior  to degassing removes 
~73% of the dissolved air. In each case the 02 to i~2 

Table I. Determination of correction factor, 02/N2 

No. of Sample and 02 signal 
samples preparation* area (cm 2) O2/N~ 

6 Polished foil, strip- 11.30 ----- 1.62 0.533 ~- 0.012 
ping solution not  
b o o , e e l  

5 Polished foil, strip- 3.07 ----- 1.49 0,524 ----- 0.013 
ping solution 
freshly boiledt 

7 Polished foil  g iven 2.82 ~ 0.58 0.470 -4- 0.032 
10 rain preboil. 
Stripping solution 
not boiled 

4 Etched foil given 1.25 • 0.30 0.454 • 0.021 
10 rain preboil. 
Stripping solution 
freshly  boiledt 

* In these  exper iments  10 ml of stripping solution is added 
to the sample tube containing foil cut into 12 strips. The strip- 
ping process is carried out for 5 hr prior to GC analysis  for 
Oe and N2. 

The stripping solution was boiled for 1 rain and cooled just 
before addition to the sample tube. 

correction ratio does not va ry  much f rom t h e  m e a n  
value and is in close agreement  wi th  the value expected 
for air dissolved in water .  2 It  should be noted that  
when  the solution degassing process is carr ied out wi th  
fo i l -hav ing  a hydrous oxide layer, the 02 signal and 
the O2/N2 ratio are decreased. This has been at t r ibuted 
to the observat ion that  there  is a significant re tent ion 
of the H~ wi th in  the hydrous oxide produced by the 
react ion with  boiling water ;  this loosely t rapped gas 
escapes under  reduced pressure and helps to remove  
dissolved air, enhancing the solution degassing process. 
This enhancement  does not occur wi th  samples having a 
bar r ie r  film formed on a foil wi th  a hydrous oxide 
layer. In this case there is much less gas (dissolved 
air) escaping under  reduced pressure. 

A cal ibrat ion curve (Fig. 3) for convert ing the 02 
signal area to moles of O2 was constructed using eight 
a i r -he l ium gas mix tures  f rom Matheson (Certified 
Standards) ,  A wide range of gas mixtures  was requi red  
since the m a x i m u m  quant i ty  of 02 obtained f rom the 
etched foil samples was 9.6 t imes la rger  than the 
amount  f rom polished foil samples. (This number,  
which is a measure  of the increase in surface area of 
etched foil over polished foil, is in good agreement  
wi th  the value of 8.9 obtained by capacitance mea-  
surements) .  An expansion of the lower  port ion of this 
curve (4 points) was used in order  to obtain a more 
accurate cal ibrat ion factor for de termining the moles 
of O~ from Folished foil samples. The moles of O2 
present  in a cal ibrat ion sample were  calculated f rom 

2 The O.~ to N.~ signal ratio observed for air (~21.0% O~, ~78.1% 
N~) is 0.284. In water ~33.8% of the dissolved air is O~. Assuming 
that N_~ is the only other dissolved component the ratio expected 
for an air sample obtained from water  is 0.539. 
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Fig. 3. Calibratlon curve for conversion of the 02  GC signal area 
to micromoles of 02. 
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the ideal gas law. A mercury  manometer  was used to 
measure  pressure dur ing backfilling of the storage tube 
with one of the a i r -he l ium gas mixtures.  The volume 
of the gas space in  the storage tube was determined 
after Oe analysis. 

The amount  of O~ released from the bar r ie r  increases 
rapidly with s tr ipping time (Fig. 4 and 5). About  three-  
quar ters  of the total O~ from etched foil is released 
dur ing  the first 15 rain while the corresponding amount  
f rom polished foil is only one- third .  Fur thermore ,  since 
the results in  Table I show that chemical s tr ipping of 
the hydrous oxide alone does not resul t  in any  detect-  
able generat ion of O2, all the 02 that is measured must  
be contained wi th in  the bar r ie r  port ion of the final film 
structure.  After  3 hr  there is little if any increase in 
the Oe signal; however, in  all the experiments  re-  
ported here, the samples were str ipped for 5 hr prior 
to s analysis to ensure complete removal  of O~_ from 
the oxide. Even  wi th  such prolonged t rea tment  it was 
found that  a small  amount  of residual  oxide was not 
dissolved. Invest igat ion by reflection electron diffrac- 
t ion showed that  the a luminum substrate  was still 
covered in  places by crystal l ine -~-A12Oa. 

Results and Discussion 
In  Fig. 1 a 5 min  postboil on a 350V barr ie r  oxide 

on polished foil is shown to reduce the bar r ie r  to about  
10V. That  this reduct ion occurs over only a small  frac- 
tion of the surface is indicated by the fact that the 
voltage rises to 200V on the passage of only 0.39C, or 
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Fig. 4. O~ content of barrier films on polisfied foil. The mean 
value of the 02 content is 0.0357 ~mole/cm 2. This value was ob- 
tained with the results for 5 hr (except O) and 24 hr stripping. 
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Fig. 5. 0 2  content of barrier films on etched foil. The mean 
value of the 02 content is 0.343 #rnole/cm 2. This value was ob- 
tained from the results of samples stripped for more then 4 hr, 

1.0% of the original anodization charge. An addit ional  
2.37C is then required to restore the film to its original 
bar r ie r  thickness at the decay current  of 10 mA. Simi-  
lar  results were obtained with etched foil samples. In  
one case after a 4 min  barr ier  postboil only 11.4C or 
2.7% of the original  anodization charge was required 
for the voltage to reach 200V. 

The presence of cavities in the film containing un-  
combined oxygen can be postulated to explain the 
reanodizat ion curve. The first steps in  the curve, i.e., 
the region up to 200V, can be ascribed to the filling 
with fresh oxide of deep- lying film cavities exposed 
dur ing the boil ing water  t reatment .  The slower final 
stage is probably only par t ia l ly  due to the filling of 
cavities since at least some port ion must  be associated 
with the repair  of bar r ie r  oxide that  had been con- 
verted to hydrous oxide dur ing  the postboil (5). It  
would be difficult to determine how much hydrous 
oxide is generated since it is obviously not a un i form 
process but  only occurs at those locations where bar -  
rier oxide has been exposed on the opening of the 
cavities. The bulk of the barr ier  oxide is protected by 
a thick layer  of hydrous oxide and would not  undergo 
any significant attack dur ing the short postboil, but  the 
inter ior  of the barr ier  layer  would be susceptible to 
hydration.  

I t  is also apparent  f rom the rate of reanodizat ion that  
the process is not un i form over the ent i re  oxide sur-  
face. The original  rate of anodization is 0.96 V/sec, 
while the rate of reanodizat ion (normalized to IA) is 
6.76 V/sec. 

The relaxat ion of the dielectric oxide is accompanied 
by the release of oxygen gas. In  Fig. 6 and 7 the rate 
at which oxygen is evolved for polished and etched 

EVOLVED OXYGEN ANB ~ L I ~ R E A N O D I Z A T I O N  CHARGE FOR 
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Fig. 6. The percent of total 02 evolved and the percent of 
anodization charge required during reanodization for various post- 
boil times of barrier films on polished foils. 
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Fig. 7. The percent of total 02 evolved and the percent of 
anodization charge required during reanodization for various post- 
boil times of barrier films on etched foils. 
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foils is compared to the charge required to reanodize 
to the original  film thickness. The percent  of the total 
oxygen available that  was evolved during the postboil 
period was determined by measur ing the residual  oxy- 
gen and comparing it to the total amoun t  known  to be 
present  after anodization (Fig. 4 and 5). The fact that  
the amount  of reanodizat ion parallels the quant i ty  of 
oxygen evolved suggests that  the presence of oxygen 
is intrinsic to the phenomenon.  Capacitance measure-  
ments (Fig. 8 and 9) also show that  the reaction is not 
a uni form one but  must  involve penetra t ion through 
the dielectric near ly  to the substrate. Values of ca- 
pacitance after postboiling are many  times larger than 
can be accounted for simply on the basis of uni form 
hydrat ion of the dielectric. 

These observations are consistent with the following 
picture of the overall  process: in the anodization of 
a luminum,  par t  of the dielectric is grown through the 
conversion of low density hydrous oxide to barr ier  ox- 
ide (8), and the resul t ing reduct ion in volume result~ 
in shrinkage cavities which are filled with electro- 
chemically generated oxygen. Crevecoeur and deWitt 
have reported that  crystall ine ~-A1203 is formed when 
the anodization is carried out in hot solutions, as we 
have done here, and they a t t r ibute  the evolution of 
oxygen to the presence of this oxide (7). The oxygen 
trapped wi th in  the cavity also functions as a dielectric 
and thus permits  the continued growth of the oxide 
film. Although the final film displays an apparent  sta- 
bility, the presence of the oxygen-fil led cavities leaves 
it  susceptible to mechanical  damage and chemical at- 
tack that  may br ing about a sudden and catastrophic 
loss in dielectric strength. Boiling water, through its 

CAPACITANCE GAIN OF BARRIER FILMS ON POLISHED FOIL 
VERSUS POSTBOIL TIME 
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Fig. 8. Effect of postboil time on capacitance gain for barrier 
films on polished fail, The mean value of Co on polished foil is 
0.0239 ~F/cm ~. 

CAPACITANCE GAiN OF BARRIER FILMS ON ETCHED F01L 
VERSUS POSTBOIL TIME 
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Fig, 9. Effect of postboil time on capacitance gain for barrier 
films on polished foil. The mean value of Co on etched foil is 
0.213 ~F/cm 2. 

abil i ty  to hydra te  anodic oxide, apparen t ly  attacks 
singulari t ies in  the oxide associated with the oxygen-  
filled cavities. This action effectively ruptures  the 
"sealed" cavity and allows the oxygen to escape. We 
have shown that hydra t ion (or some other form of 
chemical attack) is a necessary step since the use of 
boiling aqueous phosphate solutions, which are known 
to prevent  hydrous oxide format ion (5), does not br ing 
about dielectric re laxat ion or the evolut ion of oxygen. 
For example, it  was found that  t rea tment  in boil ing 
0.1M NH4H~PO4 for periods up to 10 rain has a constant, 
and small, effect on the reanodizat ion charge. Little 
more than  1% of the original  charge required to form 
the oxide was needed, or about the same that  was mea-  
sured after a single cold water  rinse. The concentrat ion 
of uncombined oxygen in  the film was undis turbed  by 
this t reatment .  

The manne r  in which oxygen is retained wi th in  the 
oxide cavities is a mat ter  of some speculation. That  it 
cannot be contained as a gas at o rd inary  pressures is 
easily demonstrated by consideration of the volumes 
involved. In  Fig. 4 the total amount  of 02 from com- 
plete film str ipping was found to be 0.036 ~moles/cm 2, 
equivalent  to 8.06 • 10 .-4 m l / c m  2 at STP. Since this 
greatly exceeds the calculated volume of the oxide 
dielectric itself (4 X 10 -3 ml / c m 2) it is apparent  that  
the O2 before release must  be under  extremely high 
pressure or in a condensed state. I t  seems l ikely that it 
is strongly adsorbed on the surface of the oxide walls 
and is released upon reaction of the oxide with water. 
02 adsorption on a lumina  has been reported by a n u m -  
ber of investigators (9, 10) and has been shown to be 
stable at relat ively high temperatures.  We have found 
this to be the case with oxygen in  these films as well, 
a s  shown in Table II. Storage in  air or in  a glycol- 
borate electrolyte at 85~ results in  an extremely slow 
loss of O2 and barr ier  properties, while vacuum treat-  
ment  alone had no measurable  effect. However, heating 
to 600~ for 1 hr  allowed about  55% of the entrapped 
oxygen to escape. 

It was also observed that  the reanodizat ion charge 
after high tempera ture  t rea tment  was much less than 
that required after a postboil since there is no barr ier  
damage from hydration.  It should be possible to obtain 
a re laxat ion charge due to the release of entrapped O2 
dur ing the dielectric re laxat ion from this charge but  
only qual i tat ive measurements  are possible at this point 
because hea t - t r ea tment  introduces other complicating 
factors (hydrous oxide dehydrat ion and possible ther-  
mal oxidation of the a l u m i n u m  substrate)  that  can 
affect the results. 

Table II. Barrier stability on etched foil 

P e r c e n t  o f  P e r c e n t  
anodizatiorl of t o t a l  P e r c e n t  
charge re- barrier of  in i t ia l  

No. of Time quired to 02 re- capaci- 
samples (days) reanodize maining Lance* 

A .  S t o r a g e  in  a ir  a t  25~ 
4 212 1.52 92 94  
4 212 - -  87 ~ 

B.  S t o r a g e  in  g l y c o l - b o r a t e  e l e c t r o l y t e  a t  85~  
4 37 0.92 -- 97? 
2 102 1.54 - -  -- 

l 102 ~ 84 -- 

C. E f f e c t  o f  t e m p e r a t u r e  
T i m o  
(rain) 

a t  660~ 
i n  air 

1 15 4.15 - -  199 
2 15 - -  58 

1 30 3.81 ~ 2 ~  
$ 30 ~ 54  -- 

1 60 4.78 - -  309 
2 60 - -  44  - -  

* Capacitance m e a s u r e d  b e f o r e  r e f o r m a t i o n ;  u s e  m e a n  v a l u e  
for initial capacitance. (See l e g e n d  o f  Fig. 9.) 

t Average value of 2 s a m p l e s ,  



Vol. 127, No. 6 T R A P P E D  O X Y G E N  IN A L U M I N U M  O X I D E  F I L M S  1261 

Acknowledgment 
The authors  wish to express  the i r  apprec ia t ion  to 

Mr. John  E. B a r r y  for his assistance in the gas chro-  
ma tograph ic  measurements .  

Manuscr ip t  submi t t ed  Oct. 18, 1979; rev ised  m a n u -  
scr ipt  received Jan. 16, 1980. 

A n y  discussion of  this  paper  wi l l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the  December  1980 
Jotm~An. AI1 discussions for the December  1980 Dis-  
cussion Section should be submi t ted  by  Aug. 1, 1980. 

Publication costs of this article were  assisted by 
Sprague Electric Company. 

REFERENCES 
1. R. S. A lwi t t  and  C. K. Dyer,  E~ectrochim. Acta,  23, 

355 (1978). 
2. J. J. Randal l ,  Jr .  and W. J. Bernard ,  U.S. Pat.  

4,113,579 (1978). 
3. N. F. Jackson, in Proceedings  of Sympos ium of 

Bri t ish A luminum Foi l  Rol lers  Association, Uni-  
vers i ty  Aston  in Birmingham,  Sept.  24, 1979, 
p. 5{). 

4. W. J. Bernard and J. J. Randall, Jr., This Journal, 
198, 822 (1961). 

5. W. J. Bernard ,  Ibid., 109, 1082 (1962). 
6. "1". Kudo and R. S. Alwi t t ,  Etectrochim. Aeta,  23, 

341 (1978). 
7. C. Crevecoeur  and H. J. deWitt ,  Abs t rac t  174, p. 

413, The Elect rochemical  Socie ty  Extended  Ab-  
stracts,  Seatt le ,  Washington,  May  21-26, 1978. 

8. R. S. Alwit t ,  This Journal. 114, 843 (1967). 
9. I. N. Frantsevich ,  V. A. Lavrenko,  A. A. Chekhov-  

skit, V. A. Kravets ,  and K. V. Nazarenko,  Dokl. 
Phys.  Chem., 211, 563 (1973). 

10. V. A. Kote l 'n ikov and T. K. Ska le t skaya ,  High 
Energy Chem., USSR, 10, 239 (1976). 

The Polarographic and Potentiostatic Reduction 
of Dichloromalononitrile" A Carbene Intermediate 

Robert C. Duty and Barry V. Pepich 
Chemis t ry  Department ,  Illinois State Universi ty ,  Normal,  IIlinoi~ 61761 

ABSTRACT 

The  po la rographic  reduct ion  of d ichloromatononi t r i le  in ace toni t r i le  p ro -  
duced one po la rographic  wave  (E1/2 = 0.47V at 0~ vs. A g / A g B r  reference  
e lec t rode) .  A plot  of Edme VS. i/id -- i produced  a 1-e lect ron reduct ion  for the  
r a t e -con t ro l l ing  step. A pos tu la ted  mechanism suggested a d icyanocarbene,  
and  a l a rge-sca le  potent ios ta t ic  reduct ion  wi th  t e t r ame thy le thy t ene  as the 
t r app ing  agent  p roduced  the adduc t  of d icyanocarbene,  1,1-dicyano-2,2,3,3- 
t e t ramethy lcyc lopropane .  The y ie ld  of the cyclopropane ~dduct  was less than 
1%, and was identif ied by  chromatograph ing  the reduct ion  mix tu re  on two 
different  SCOT columns, OV-101 and OV-17. Dicyanocarbene  has been p re -  
pa red  prev ious ly  by  debromina t ion  of d ib romomalon i t r i l e  and de hyd rob romi -  
na t ion  of bromomalononi t r i le ,  but  this is the first r epor ted  genera t ion  of di-  
cyanocarbene  via e lec t rochemical  processes. 

The exis tence of d icyanocarbene  was proposed as 
ea r ly  as 1957 by  Cairns et aI. (1), who debromina ted  
d ib romomalonon i t r i l e  wi th  copper powder  in boi l ing 
benzene. Cairns was unable  to es tabl ish direct  proof  for 
the  carbene 's  exis tence because he was unable  to iso- 
l a te  the i r  p red ic ted  product ,  7,7-dicyanobicyclo[4.1.0] 
heptane.  In  the absence of a carbene acceptor,  t e t r a -  
cyanoe thy lene  was isola ted as the ma in  produc t  which 
led  Cairns to pos tu la te  the exis tence of d icyanocarbene.  
Since 1957, d icyanocarbene  has been examined  more  
closely. 

In  1965, Swenson et al. (2) p resen ted  more evidence 
for  the  carbene 's  exis tence by  p repa r ing  1,1-dicyano- 
t e t r ame thy lcyc lop ropane  f rom t e t r ame thy]e thy lene  
(TME) and bromomalononi t r i le .  The proposed  carbene 
was pos tu la ted  to form by the ex t rac t ion  of hydrogen  
b romide  f rom bromomalonon i t r i l e  using t r ie thylamine .  
However ,  Boldt  et al. (3) publ i shed  a paper  in 1966 
demons t ra t ing  that  Swenson 's  cyc lopropane  der iva t ive  
could be  ob ta ined  under  the  same condit ions wi thout  
the  fo rmat ion  of a d icyanocarbene  in termedia te .  Also, 
dur ing  1965, Ciganek (4) publ i shed  a comprehens ive  
manuscr ip t  on the react ions of d icyanocarbene.  He gen-  
e ra ted  the carbene  using d icyanodiazomethane  in two 
different  ways.  I t  was found tha t  s imple  hea t ing  at 
70~ or  i r r ad ia t ion  wi th  u l t rav io le t  l ight  were  both 
efficient ways  to genera te  the desired in te rmedia te ,  d i -  
cyanocarbene.  At  the present ,  these var ious  methods 
are  the  only  documented  ways  to genera te  the  proposed  
dicyanocarbene.  

Key words: polarography, chromatography, reduction. 

According to avai lab le  l i te ra ture ,  no e lec t rochemical  
studies have been conducted on the genera t ion  of di-  
cyanocarbene.  Dichlorocarbene has been genera ted  
e lec t ro ly t ica l ly  f rom carbon te t rach lor ide  by  Wawzonek  
et al. (5) who also repor ted  the genera t ion  of pheny l -  
carbene f rom the e lec t rochemical  reduct ion of benzal  
chlor ide (6). The  pheny lca rbene  was t r apped  as the 
1-phenyl -2 ,2 ,3 ,3- te t ramethylcyclopropane  adduct  wi th  
t e t r ame thy le thy l ene  a lbe i t  in ve ry  low yields.  A car-  
bene precursor ,9 ,9-d ich lorof luorene ,  was reduced  po-  
l a rograph ica l ly  and po ten t ios ta t ica l ly  and y ie lded  a 
d imer ized  produc t  of f luorenylidene,  a diradical ,  or 
t r ip le t  carbene (7). These two methods,  po la rograph  
and potent iostat ,  were  used to reduce d ich loromalo-  
n i t r i le  in the presence of t e t r ame thy l e thy l ene  to es tab-  
l ish proof  for  the existence of the d icyanocarbene  in t e r -  
mediate .  

Experimental 
Apparatus.---A Heath  Model  EUW-401 po la rograph  

wi th  Heath  Model E U W - I g - 2  opera t iona l  ampl i f ier  was 
used to record  the po la rograms  on a Hea th  Model Eu-  
20B recorder .  The po la rographic  cell  was a th ree  elec-  
t rode cell wi th  a p la t inum anode and an A g / A g B r  re f -  
erence electrode.  

The potent ios ta t  used in this exper imen t  was a 
Pr ince ton  Appl ied  Research Model  173 Po ten t ios t a t /  
Ga lvanos ta t  wi th  a Pr ince ton  App l i ed  Research Model  
178 E lec t romete r  Probe.  The reduct ion  mix tu re  was 
analyzed  using a Hewle t t  Pa c ka rd  Model 5830A Gas 
Chromatograph  with  a Hewle t t  P a c k a r d  Model  18850A 
G.C. Terminal .  To obta in  good separa t ion  two 50 ft 
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Perk in  Elmer  Scot Columns were used; subtrates OV- 
17 and OV-101. 

Reagents.--Aldrich dichloromalononitr i le  (97%) and  
Aldrich te t ramethyle thylene  (99+ %) were used in the 
reduction without  fur ther  purification. Eastman Re- 
agent Grade t e t r a - n - b u t y l a m m o n i u m  bromide (0.175M) 
was used as the support ing electrolyte after it had been 
recrystall ized from anhydrous ethyl acetate to insure 
a polarographically pure product. Three recrystal l iza- 
tions were required. 

In the preparat ion of 1,1-dicyano-2,2,3,3-tetramethyl- 
cyclopropane, Eas tman practical grade malononitrfle,  
Baker reagent  grade bromine (99.7%), and Mal- 
l inckrodt  reagent  grade t r ie thylamine  were used. Ace- 
tonitr i le (Mall inckrodt-Nanograde)  was refluxed with 
0.Sg sodium hydride per l i ter and distilled through a 
glass helice column (70 • 2 cm OD) under  a dry ni t ro-  
gen atmosphere. The distilled acetonitri le was stored 
under  dry ni t rogen in  brown bottles. 

PoIarographic procedure.--A polarogram was re- 
corded in  an acetonitri le solution of 1 • 10-3M in di- 
chloromalononitr i le  and 0.175M in support ing electro- 
l y t e ( t e t r a - n - b u t y l a m m o n i u m  bromide in  acetonitri le) .  
The capil lary had a drop time of 3.10 sec in distilled 
water at a mercury  height of 60 cm. The m2/3t 1/8 value 
for the capil lary was 4.56. The value obtained for an 
at 0~ equaled 0.42 and was in  the range (0.4-0.6) for 
the gain of one electron (8, 9). 

Potentiostatic reduction procedure.--An H-cell  (7) 
was used in which the cathode and anode were sepa- 
rated by a medium fine sintered glass frit. The volume 
of the cathode was 60 ml  and the anode volume was 50 
ml. The mercury  pool cathode was vigorously st irred 
throughout  the reduct ion by a small  magnetic stirrer. A 
coiled 12-gauge p la t inum wire was used as the anode 
with an Ag/AgBr  nonaqueous reference electrode which 
contained the support ing electrolyte. The cell resistance 
was approximately 30a as measured from the anode 
potential  (1.2V) and the ini t ial  cell current  (40 mA).  
The reduction was carried out in a thermostat  bath in 
the temperature  range of 0 ~ to +5~ under  a purified 
ni t rogen atmosphere. 

Five grams of dichloromalononitr i le  (0.0371M) w a s  
added to the cathode compar tment  which contained l0 
ml TME and 25 ml  of the 0.175M support ing electrolyte 
in  acetonitrile. The anode contained 40 ml of the aceto- 
ni t r i le  solution. The current  ranged be tween 100 and  
160 mA. The potentiostat  was tu rned  off after 4.5 hr 
with the current  reading 20 mA. 

The catholyte at the beginning  of the reduct ion im-  
mediately changed color from clear to yellow and fi- 
nal ly  to an opaque reddish-brown color. The catho- 
lyte was rotary evaporated, and the distillate and pot 
residue were collected. An ether extract ion of the pot 
residue ensured that  no product  was left behind. The 
yellow ether extract  and the distillate were combined 
and concentrated on a steam bath  for G.C. analysis. 

Preparation of 1,1-dicyano-2,2,3,3-tetramethylcyclo- 
propane (I).--Bromomalononitrite was star t ing mate-  
rial for the preparat ion of I, and 1.6g (2% yield) w a s  
prepared with a melt ing point  of 62.0~176 (Lit. mp 
640-65~ (10). Compound I was prepared by a scaled- 
down procedure of Swenson (11). Long needle- l ike  
clear crystals from hexane (0.1g) were obtained with a 
mel t ing point  of 49~176 (Lit. mp 51.5~176 (11). 

Gas chromatographic analyses.--The ini t ia l  G.C. col- 
umn, which was used to establish re tent ion times, was 
a Pe rk in -E lmer  Scot OV-17 column. The ins t rumenta l  
conditions used appear in Table I. A 0.1 ~1 sample of 
1,1-dicyano-2,2,3,3-tetramethylcyclopropane in hexane 
was injected and found to have a re tent ion time of 27.7 
min. The reduction mixture  was chromatographed, and 
only a single peak occurred within ___10 rain of the 
s tandard  peak at 27.7 rain. To establish whether  or not 
b o t h  p e a k s  corresponded  to the  compound in question 

Table I. Instrumental conditions used for gas chromatography 

Column or-17 OV-lfll 
Initial temp. 50~ S0~ 
Time at Tz 10 rain 5.0 min 
Rate 4~ 4~ 
Final temp. 200~ 140~ 
Time at T2 4 rain 2.0 min 
Carrier gas 7 mi/min (He) 6 ml/min (He) 

(1,1-dicyano-2,2,3,3-tetramethylcyclopropane),  the re- 
duct ion mix ture  was spiked wi th  a small  amount  of 
the s tandard  solution and injected again. The only peak 
found in the 20 min  window had a re ten t ion  t ime of 
27.7 rain. Thus, the cyclopropane s t ructure  had been 
formed as one of the reduct ion products and its yield 
as measured by spiking the sample was less than  1%. 
To fur ther  confirm the validity of this conclusion, the  
same procedure was util ized with a Pe rk in -E lmer  
OV-101 column under  different ins t rumenta l  conditions 
(see Table I). Again, the s tandard  solution, the  re -  
duct ion  solution, and the spiked reduct ion solution 
were run, and a retention time of 17.8 rain was re- 
corded. The closest peak in the reduction mixture 
was located at 27.06 rain. This peak exhibited no no- 
table change in retention time (0.06 rain) or peak area 
(701 area counts) as compared to the peak in question 
(8992-34,218 area counts). Consequently, with two 
different substrates producing different retention times 
for l,l-dicyano-2,2,3,3-tetramethylcyclopropane which 
agreed with unknown peaks in the reduction mixture, 
the generation of dicyanocarbene at the electrode sur- 
face was confirmed. This technique of identifying com- 
pounds with retention times from different chromato- 
graphic columns has been documented by a study of 
isomers of aromatic mono, di, and trichlorinated tolui- 
dines (12). 

Results and Discussion 
A Heath Polarograph Model EUW-401 (see Appara-  

tus section) was used to ascertain the reduct ion path-  
way for dichloromalononitri le.  In  Fig. 1, the polaro- 
gram is shown with the hal f -wave potent ia l  at 0.47V 
at 0~C. Only one polarographic wave was observed for 
which a reduct ion scheme is proposed 

N=_C-C-C~N -- - T I -cl / cN t~ I 

C1 

C le (fast) 

�9 -CI- 

[NC-~-CN] 12j 
) dicyanocarbene 

[~C-$-CN 1 ~E ) ~JC C/CH3 ,~. 
\~/ \% 

NC c 3 

CH 3 

or [NC-d-CN]. [NC-~-CN > ~C /~ C=C/~ CN 14d 

NC CN 

TCE 

This mechanism is supported by ascertaining the 
number of electrons involved in the rate-controlling 
step according to the procedure of Meites (13). In this 
method for irreversible polarographic waves, a plot of 
Edm e VS. i/i d -- i was constructed for dichlorodicyano- 
methane. The values of Edme and i (the current at each 
equal increment of 20 mV) were taken from the rising 
portion of the polarogram. The slope of this plot is 
equal to --0.0542/~n where ~ is the transfer coefficient 
and n is the number of electrons in the rate-controlling 
step. The value of an has been shown to fall in the 
range of 0.4-0.6 for a one-electron reduction in a rate- 
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Fig. I. Polarogram of dichlorodicyanomethane 

controll ing step (8, 9). Consequently,  since an was 0.42 
for dichlorodicyanomethane,  this is consistent, but  not 
absolute proof, for the mechanism shown above. In fact~ 
since a very low yield of t rapped product  was obtained 
(less than 1%), more than one mechanism is undoub t -  
edly occurring. A most plausible mechanism for reduc- 
t ion of organic halides is through a one-electron reduc- 
t ion to the free radical  which, subsequently,  is reduced 
to the carbanion.  

Simonet  (14) has published evidence of this for 
his ~-bromo acetylene compounds, and Erickson has 
demonstra ted an equivalent  mechanism with his ex- 
cel lent  s tudy of gem-dihalocyclopropane structures (9). 
In  addition, Casanova has shown this to be t rue for 
the reduct ion of a-bromoketones (15). 

The diffusion cur ren t  constant  ([d = id/cm2/Stl/6) as 
calculated from Fig. 1 was 1.38. This value has l imited 
significance because it is readi ly apparent  from ob- 
serving the solution prior to a polarographic run  that 
a reaction is occurring, undoubtedly,  with the mercury.  
These observations have been noticed previously with 
reactive halides by Wawzonek (16). This was confirmed 
in  our polarogram by runn ing  the same solution at 15 
rain intervals.  In  the second run  the diffusion current  
had decreased by approximate ly  25%. 

Addit ional  evidence for a react ion with mercury  was 
obtained by runn ing  the reaction at 25~ At this 
higher tempera ture  a very rapid increase in current  
(greater  than 20 ~amp) appeared at 0.1V. This ini t ia l  
wave had the same appearance as the prewaves which 
were shown for benzyl  mercuric  iodide (16) which 
was polarographed under  similar  conditions as the d i- 
chloromalononitri le.  The prewave had a ma x i mum 
current  which dropped back to the level of the residual 
current  after a few tenths of a volt. This ma x i mum 
could be caused by the adsorption onto the surface of 
the mercury  drop of the reduction product, an organo- 
mercur ia l  free radical, as explained by Wawzonek for 
benzyl  mercuric  chloride (16). 

The reduct ion of dichlorodicyanomethane was diffu- 
s ion-control led and did not exhibit  a kinetic or an ab- 
sorption current  at the electrode surface. The diffusion- 
controlled reduct ion current  was directly proport ional  
to the square root of the mercury  height. Thus, one 
would expect a rapid gain of the second electron in 
Step 2 leading to the formation of a carbene in termedi -  
ate. A similar  electrochemical mechanism has been 
proven for 9,9-dichlorofiuorene (7). A carbene formed 
in this m a n n e r  can add to a double bond yielding a 
cyclopropane derivative, or dimerize to form TCE. An 
explanat ion  of these two products is more easily ex- 
plained if one examines the dicyanocarbene spin states. 

It seems reasonable that the cyclopropane derivative 
was formed mostly from the singlet  state of the car-  

bene. Singlet states have been shown to be much more 
reactive toward substrate molecules and to react  
stereospecifically by Ciganek (4). Unfor tunately ,  there 
was no way to examine the stereospecificity of the 
reaction since TME was employed as the substrate. 

I t  is felt that  the TCE product  is formed via the t r ip-  
let or diradical spin state. Due to the na ture  of the ex- 
per imenta l  procedure it seems plausible that  some TCE 
would be formed. The reducing surface employed was a 
small  pool of mercury.  Thus, due to migra t ion of di- 
chloromalononitr i le  towards the cathode surface the 
concentrat ion of TME would be reduced. If two car-  
b e n e s  were formed and had time to relax to the tr iplet  
state, one could observe TCE as a product. At the pres-  
ent  only Cairns et al. (1) have observed TCE as a prod- 
uct of a proposed carbene intermediate.  

Cairns explains that the format ion of TCE was due 
to the absence of a suitable substrate  since benzene was 
employed as a solvent. If one accepts that  Cairns had 
actual ly formed a carbene intermediate ,  then it seems 
very  l ikely that  the TCE produced was also formed via 
t r iplet  dicyanocarbene since the benzene molecules 
would have aided in the s ingle t - t r ip le t  transition. 

It  has been shown that  the ground state for dicyano- 
carbene is a l inear  tr iplet  (17, 18). This tr iplet  is reso- 
nance stabilized by the two cyano groups which account 
for its extended lifetime and abi l i ty  to dimerize. Some 
work has been done with stabilized carbenes where  the 
carbene carbon is attached to two atoms each bear ing 
an unshared pair  of electrons. It  has been reported 
that I (19), II  (20), and III  (21) have long enough 
half- l ives to exist in equi l ib r ium with their  dimers, 
al though this conclusion has been proved incorrect in 
the case of I via crossover exper iments  (22) 

i 
% \ M~o j 

Ph 

I II III 

If this is in fact the ease, then one might  expect a very  
small  equi l ibr ium between dieyanocarbene and its 
dimer, TCE, al though it would not be expected to ex- 
hibit  as much stabil i ty as the above species. Fur ther  
work might  be at tempted on t rapping this diradical 
with a different substrate. If the diradical does exist 
in any residual amount  at all, it should be possible to 
shift this equi l ibr ium using miid conditions. A con- 
sideration might  also be made on a t tempt ing to gen- 
erate dicyanocarbene from TCE. 

Manuscript  submit ted May 8, 1979; revised m a n u -  
script received Jan. 14, 1980. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in  the December 198{} 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submit ted by Aug. 1, 1980. 
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Oxidation State Changes and Structure of 
Electrochromic Iridium Oxide Films 

J. D. E. Mclntyre,* W. F. Peck, Jr., and S. Nakahara* 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Oxidation state changes, completeness of oxidation, and densities of anodi-  
cally formed, electrochromic i r id ium oxide films have been determined by com- 
bined gravimetric, coulometric, and reflection spectroscopy analyses. The re-  
sults show that  the oxidation state of Ir ions in the oxide is changed from 
III  to IV during the anodic coloration process [0.25 to 1.25V(RHE)], ra ther  
than II to IV as previously postulated, and that  v i r tua l ly  all Ir  ions in the film 
are accessible for electrochemical oxidation and reduction. The mean  density 
of the oxide film is 2.0g cm -3, as compared to 11.68 for bulk  crystal l ine IrO2. 
The structure of the film was shown by electron microscopy to consist of 
oxide grains 0.05-0.1 ~m in diameter,  sur rounded by voids. In  addition, the 
presence of a high density of microvoids ~25A in diameter  was detected. The 
highly porous s t ructure  of the film permits ready access of the electrolyte to 
the oxide grains throughout  the entire film and facilitates the rapid coloration 
and bleaching (~40 msec) observed in aqueous electrolytes. The apparent  ac- 
cessibility of all Ir ions in the film also implies rapid transport,  wi thin  the 
oxide grains, of the mobile charge-compensat ing ions which must  be injected 
and ejected to preserve etectroneutral i ty.  Mechanisms of ion and electron 
t ransport  are discussed. 

In  recent communicat ions from this laboratory (1, 2), 
the results of studies of the anodic formation and elec- 
trochemical and spectroscopic properties of hydrous 
anodic i r idium oxide films have been presented. Owing 
to the rapid and reversible coloration and bleaching 
which these films exhibit  dur ing redox cycles ( t rans-  
parent  ~-- b lue-black) ,  this electrochromic system has 
potential  application in electro-optic display devices 
(1, 3). In  contrast  to other electrochromic oxides such 
as W Q  (4), coloration in  these films is produced by 
anodic oxidation rather  than cathodic reduction. 

The s t ructure  and composition of these hydrous oxide 
films and their  influence on the kinetics and mechanism 
of the electrochromic effect are of considerable current  
interest. In  addition, highly conducting i r id ium and 
ru then ium oxide films are excellent  electrocatalysts for 
O2 evolution (5-11) and serve as stable anode materials 
for C12 evolution (12-16). From analyses of the anodic 
oxygen layer  on i r id ium by x - r ay  emission, electron 
diffraction, and electron microscopy, Michell et at. 
(17,18) concluded that in the oxidation process 
Ir (OH)2 is converted to IrO2 on the i r id ium metal  elec- 
trode surface by a reaction involving t ransfer  of n ~ 2 
electrons to the metal  substrate and simultaneous ejec- 
t ion of an equal number  of protons into the electrolyte. 
For a film with a charge capacity of 24 mC ern -2, mea-  
sured with a l inear  potential  sweep extending from 
0.06V to 1.5V(RHE), the thickness was estimated to 

~ E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
K e y  woras :  ion transport ,  e l e c t r o c h r o m i s m ,  microscopy ,  an-  

odie f i lm.  

be 22 nm. In  their  soft x - r ay  emission measurements,  
de terminat ion  of the n -va lue  necessitated an est ima- 
tion of the parameters,  R~, the ratio of the peak height 
of the oxygen emission line to background for an oxide 
of infinite thickness, and ~, the absorption coefficient, 
from a cal ibrat ion for t an ta lum oxide (19). This 
method was stated to permit  the weight  of the oxide 
film to be determined wi th in  10% (17, 18). Fi lm thick- 
nesses were calculated by assuming the anodic oxide 
film density to be the same as that for bulk  IrO2 (11.68g 
am-3)  .1 

Although i r id ium forms a variety of chemical species 
in which the metal  ion oxidation state ranges from 0 to 
VI, only the I, III, and IV compounds are commonly 
found (20-23). The report  of the electrochemical for- 
mat ion of a stable divalent  oxide which could re-  
peatedly be cycled to a higher oxidation state was 
therefore surprising. Secondly, the film thicknesses cal- 
culated by Michell et al. (17) are smaller  by a factor 
of ~10 than those calculated on the basis of recent  
optical measurements  (11, 24, 25). In order to resolve 
these apparent  discrepancies we have determined the 
oxidation state changes, completeness of oxidation, 
and densities of anodic i r id ium oxide films by al ter-  
nat ive techniques, using combined weight-loss, cou- 
lometry, and reflection spectroscopy measurements.  In 
addition, the structures of these films were investigated 
by scanning and t ransmission electron microscopies. 

1 A t  t h e  t i m e  of  t h e  w o r k  o f  M i c h e l l  e t  a l . ,  opt ical  cons tant  data  
f o r  a n o d i c  i r id ium oxide  f i l m s  (11)  w e r e  not  y e t  available for  
d e t e r m i n a t i o n  of  f i l m  t h i c k n e s s e s  b y  e l l i p s o m e t r y  or re f i ec tometry .  
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Experimental 
I r id ium metal  is highly resis tant  to corrosion under  

static potent ial  conditions, but  a hydrous anodic oxide 
film can be grown on its surface by square-wave  or 
t r i angu la r -wave  potent ia l  cycling (2). Subsequently,  
this film can be completely removed from the electrode 
surface by cycling in 5M H2SO~ (18, 26), or by soaking 
in  hot 5M H2SO4 (2) or hot chromic acid (27). In  addi-  
tion, the oxide film can be removed by holding the elec- 
trode at an anodic potent ial  > l .63V(RHE)  in 1M 
H2SO4 or by repet i t ively cycling to ,--1.7V (28). This 
fact suggested that the weight  of the film could be 
determined directly by accurately weighing the elec- 
trode with a microbalance before and after film strip- 
ping. Al though the exact composition of the hydrous 
electrochromic oxide is not yet  known  with certainty, 
the atomic weight  of Ir  (192.22) is so high relat ive to 
those of O and H that  the total Ir  content  in the oxide 
film should be approximated quite closely by the 
weight  loss. Further ,  the amounts  of Ir lost from the 
metal  electrode due to dissolution in the electrolyte 
dur ing film growth can be estimated by also weighing 
the bare metal  electrode before film growth and after 
film stripping. 

In the present  studies, anodic i r id ium oxide films 
were grown on prec leaned-and-weighed  Ir metal  elec- 
trodes in 0.5M H2SO4 at 25~ by  cycling the potential  
with 0.5 Hz square waves be tween 0.0 and 1.5V (RHE), 
as previously described (2), un t i l  films with the desired 
charge capacity (20-25 mC cm -2) were obtained. The 
n u m b e r  of coulombs required to oxidize a film in color- 
bleach cycles with cathodic and anodic limits of 0.25 
and 1.25V(RHE), respectively, was measured with an 
analog coulometer dur ing  t r iangular  potential  sweeps 
at  150 mV sec-L As shown previously (2), these po- 
tent ia l  l imits p revent  changes in film thickness and also 
t h e  evolut ion of 02 and  H2 gases. After  completion of 
t h e  coulometric measurements ,  the sample electrode 
was removed from the electrolyte in the bleached state 
while under  potential  control at 0.25V (RHE). The elec- 
trode was then r insed in distilled water, a i r -dr ied  at 
room temperature,  and fur ther  dried in an oven at 
l l0~  for 1 hr to remove excess water. The electrode 
was then reweighed to determine the net  weight 
change produced by growth of the oxide film and dis- 
solution of Ir  metal  ions in  solution. 

The film was next  stripped from the electrode to de- 
termine the residual  weight of the Ir substrate.  Oven- 
dried oxide films were found not to be soluble in hot 
5M H2SO4 or chromic acid, even on long exposure. It 
was found, however, that the dried film could be 
stripped from the electrode by cycling in 0.5M H2SO4 
with 150 mV sec -1 l inear  potential  sweeps between 
0.25 and 1.75V(RHE) for ~5  min. This procedure "un -  
dermined"  the dehydrated oxide film and allowed it 
easily to be wiped off the surface. Final  s tr ipping of 
any residual  oxide was accomplished by soaking in hot 
5M HeSO~ at ~80 ~ for 1 hr. After  r insing and drying 
at l l0~ the electrode was weighed again to determine 
the weight of the bare  Ir substrate and hence the 
weight of the oxide film removed. Blank runs with 
nonoxidized Ir  metal  electrodes showed that there was 
negligible weight  loss of metal  (--~1 ~g) produced by 
this s tr ipping procedure. 

All  weights were determined with a Pe rk in -E lmer  
Autobalance Microbalance, Model AD2Z, employing a 
subst i tut ion weighing method which permit ted use of a 
20 mg full-scale range with a resolution of 1 ~g. The 
average precision of the weighings was _+1 ~,g. 

Scanning electron micrographs of an anodic i r id ium 
oxide film grown on an Ir  metal  substrate  were taken 
in  the secondary electron emission mode with an  
ETEC Corporation Autoscan Scanning Electron Micro- 
scope operated with an accelerating voltage of 20 kV. 
For t ransmission electron microscopy, an anodic oxide 
film was grown in 0.5M H2804 by  cycling the potential  
of a th in  (400 rim) Ir metal  film, which had been e l e c -  

t ron -beam evaporated onto a pyrolytic graphite sub-  
strate, unt i l  the metal  was completely converted to 
oxide. The oxide film was then lifted from the graphite 
surface with t ransparen t  adhesive tape. Subsequent ly  
this tape was dissolved in CC14 to free the film. TEM 
micrographs of the isolated film were taken with a 
Japan  Electron Optics Laboratory JEM-200 electron 
microscope operated at 200 kV. 

Results and Discussion 
The results of the weight-loss and charge measure-  

ments  on three different samples are summarized in 
Table I. The number  of coulombs of positive cl arge in-  
jected dur ing film coloration [0.25 to 1.25V(RHE ] was 
corrected for the component due to double- layer  charg- 
ing. This correction is small, amount ing  to only - - 3 %  
of the total charge passed. Its magni tude  (--0.7 mC 
cm-2) ,  however, indicates that  the real surface area of 
the oxide layer is very high. The oxidation state change 
per Ir atom was calculated assuming the composition of 
the bleached state to be I r (OH)3 ( - I r O O H .  H20). 
This composition is in  best  agreement  with the results 
of nuclear  reaction and Rutherford backscat ter ing 
analyses of the H and O contents of the film. measured 
by bombarding the film with 0.9 MeV 3He+ ions in a 
Van de Graaff ion accelerator (30). These analyses 
showed that there are significant amounts  of s trongly 
bound H contained in both bleached and colored states 
of the film, which are not removed by extended pump-  
ing under  high vaccum conditions (<10 -6 Torr) .  If the 
bleached film were assumed to consist of IrOOH �9 2H20 
units  bound in a network configuration, viz. 

H2~ HoO H,,O 
H =i H '~I .o\ =11o. i / o  l /  

r_ Ir Ir 
HO / ~ O ~ J  ~ O / I \  

H2O HE0 HE0 
I 
! 

Surface 
|r OOH. 21-120 

the molecular  weight would be increased from 243.3 to 
261.3 and the calculated oxidation state changes would 
be increased correspondingly from 0.99 to 1.06. Simi-  
larly, if foreign anions such as SO42- are incorporated 
in the oxide film dur ing growth, as shown to be the 
case by infrared spectroscopy measurements  (31), 
then the calculated oxidation state changes should 
also be slightly higher than the values shown in Table 
I. Since the anodic tail of the main  oxidation peak cen- 
tered at 0.98V(RHE) appears to overlap part  of an 
anodic peak at higher potentials (Fig. 1), the end point 
of 1.25V chosen for the coloration step must  also be re-  
garded as uncer ta in  to about this extent. 

Table I. Oxidation state changes of anodic iridium oxide films 
[0.25-1.25V (RHE)] 

Square- Weight 
wave of 

growth surface Oxidation 
Speci- cycles Q~* oxide state 
men (0.0-1.5V) (mC cm --~) (~g cm --~) change 

A 25,0 23.0 (24.4) 59.0 0.98 
B 250 23.1 (23.7) 59.2 0.98 
C 250 23.2 (23.9) 58.0 1,01 

* ( ) ,  before correction. 
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Fig. I. Cyclic valtammograms of an Ir electrode in aqueous 0.SM 
H2S04 electrolyte at 25~ - - - ,  oxide-free surface; , oxide- 
covered electrode after N growth cycles. Potential sweep rate = 
150 mV sec -1 .  

Oxidation state changes were also calculated from 
the weight differences of the bare  Ir electrodes before 
and after film growth and stripping. With this method, 
no assumption need be made concerning the actual film 
composition, since the measured weight loss is ent i re ly  
due to Ir. If, however, some of the Ir metal  dissolves 
into the electrolyte dur ing oxide film growth, as shown 
(18,26), then the net  weight loss will correspond to 
the sum of these processes and the calculated oxida- 
t ion state changes wil l  be too low. In the present  ex- 
periments,  the average n -va lue  calculated by this 
method was 0.87 __+ 0.015, indicat ing that  an amount  of 
Ir  metal  corresponding to 10-20% of that incorporated 
in the oxide is lost to the electrolyte by dissolution dur -  
ing film growth. 

The above results are in  very  good agreement  with 
an oxidation state change of 1 dur ing color-bleach 
cycles, ra ther  than 2 as postulated by Michell et al. 
(17, 18). The t ransformat ion of the color of the film 
from t ransparent  to b lue-b lack  dur ing oxidation 
strongly indicates that  this process corresponds to a 
change of oxidation state from III  to IV. The final blue 
color of the anodic film is very similar to that of thin 
IrO2 films formed by thermal  oxidation. The coloration 
of this mixed valence system may be a t t r ibutable  to 
in tervalence transit ions of the type 

hv 
I r (5d  6) -~ I r (5d  5) ---> Ir(Sd 5) W I r (5d  6) 

made possible by the in t roduct ion of holes into the 
5d(teg) subband of the oxide. The conclusion that  the 
final valence state is IV is fur ther  supported by Raman 
(32) and XPS (33) studies of the geometric struc- 
ture and electronic properties of the anodic films in  
both colored and bleached states. 

The anomalously high values of the oxidation state 
changes reported by Michell et al. appear to have 
arisen from their  choice of the potential  limits 0.06 
and 1.5V(RHE) for coulometry in 1M H2SO4. As noted 
previously (1, 2), such limits are suitable for film 
growth, bu t  not for color-bleach cycles. It  is evident  
from the forms of the cyclic vol tammograms of an I r  
electrode in acid solution (cf. Fig. 1) that  both a second 
redox process and Oe evolution can occur if the anodic 
l imit  is extended to 1.5V(RHE). In  the present  studies, 
the measured values of anodic charge passed dur ing 
l inear  potential  sweeps at 150 mV sec -1 from 0.25 to 
1.50V(RHE) were ~50% greater  than those recorded 
with a l imit  of 1.25V. Still  greater values might result  
from increased evolution of 02 dur ing  the slower (40 
mV sec -1) sweeps employed in  Ref. (17) and (18). 

From combined optical and coulometric measure-  
ments  (24,25), it is possible to determine the film 
thickness very  accurately. For  a film such as specimen 

A (Table I) ,  which had a charge capacity of 23.0 mC 
cm-2  (corrected), the thickness was calculated to be 
295 nm. The density of the hydrous oxide film is, 
therefore, ,~2.0g cm -3. This value is much lower than 
that of anhydrous  bu lk  IrO2 (11.68g cm -8) and reflects 
the very  porous na ture  of the anodic oxide layer  (see 
below). This high porosity is also evidenced by the low 
apparent  refractive index  of the anodic film (1.41- 
1.44), detel~nined by  in situ el l ipsometry (11). The 
lat ter  value is actual ly  a composite of the refractive 
index of the oxide grains and that  of the electrolyte 
contained wi th in  the film pores. 

If it is assumed that  the coulometric values of Michell 
et al. (17) are higher by  a factor of ~2  than  those mea-  
sured in  the present  studies for oxide films containing 
equal  amounts  of Ir, then  it  can be seen that  the film 
weight determinat ions by  the two independent  tech- 
niques are in quite good agreement.  Studies of contrast  
ratio enhancements  produced by optical interference 
effects in these electrochromic surface films (24, 25) 
have confirmed that  the films used in  the present  work 
were ca. one-half  the wavelength  of visible l ight in 
thickness. The film thickness estimates of Michell et al. 
(17) are apparent ly  low by a factor of 7-10, owing to 
their  use of the density of bu lk  IrO2 in  their  calcula- 
tions. 

The porous na tu re  of the film deduced from these re-  
sults was confirmed directly by scanning and t ransmis-  
sion electron microscopy studies. Figure 2 is an SEM 
micrograph of an  anodic oxide film grown on an Ir 
metal  substrate, which reveals a high density of pores 
0.05-0.07 ~m in diameter. Figure  3 is a TEM micrograph 
of an anodic i r id ium oxide film grown on a pyrolytic 
graphite substrate and stripped. It is evident  that the 
film structure consists of oxide grains 0.05-0.1 ~m in 
diameter  surrounded by voids. The oxide grain size 
determined in the present  studies is in close agreement  
with the TEM measurements  made by Michell et al. 
(5) using a replication technique. In  addit ion to macro- 
voids, the presence of microvoids ~25A in  diameter  
was detected in the present  study. Such structures are 
very similar  to those of chromate films grown by elec- 

Fig. 2. SEM micrograph of an anodic iridium oxide film showing 
the high density of pores. Original magnification: IO,O00X. 
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Fig. 3. TEM micrograph of an anodic iridium oxide film showing 
the large density of macrovoids and microvoids (arrows). Original 
magnification : 200,000 •  

t rochemical  precipi ta t ion (34). This suggests that  
anodic i r id ium oxide layers may be formed by a dis- 
solut ion-precipi ta t ion process induced by potential  
cycling. Results of a more detailed electron microscopy 
study of film structure  will be presented separately. The 
highly porous s t ructure  observed in the present  study 
permits  ready access of the electrolyte to the oxide 
grains throughout  the entire film and is presumed to 
be responsible in  large par t  for the rapid coloration and 
bleaching times (~40 msec) observed for electro- 
chromic i r id ium oxide films in aqueous electrolytes. 

The above results have significant implications for 
establishing the mechanism of charge neutra l izat ion 
wi th in  the oxide dur ing  coloration and bleaching. Dur-  
ing anodic coloration, electrons are t ransferred from 
the oxide to the Ir  metal  substrate. Simultaneously,  an 
equivalent  amount  of ionic charge is t ransferred across 
the oxide-electrolyte interface to main ta in  electro- 
neu t ra l i ty  inside the oxide (2). In  principle, this charge 
compensat ion can be accomplished either by ejection 
of cations or by inject ion of anions. From the close 
agreement  of the measured oxidation state change with 
tha t  expected on chemical grounds, we conclude that  
v i r tua l ly  all  of the Ir ions in  the oxide film are accessi- 
ble for oxidation and reduction. It would be highly im- 
probable  that  such close agreement  could be obtained if 
the oxidation state change were 2. This would require 
that  exactly half  of the Ir ions in  the film be oxidized 
and reduced in  each color-bleach cycle, the other half  
remain ing  inaccessible or inert.  

Refiectivity t ransients  observed dur ing bleaching in  
aqueous, unbuffered Na2SO4 (pH 3.5) electrolyte show 
that par t  of the film is bleached in an ini t ial  rapid step 
(2). At low cathodic overpotentials,  the remainder  is 
bleached in  a much slower process, controlled by dif- 
fusion of ionic species in solution. The relat ive mag-  
nitudes of these two components are dependent  on the 
ampli tude of the applied cathodic potential,  indicat ing 
that  the compensator ions required to ma in ta in  local 
charge neut ra l i ty  inside the bulk  oxide can be sunplied 
by three sources in this dilute acid solution: (i) bound 
H20 and OH groups on the oxide surface; (ii) free 
H20 in the electrolyte contained wi th in  the film pores; 
and (iii) hydrated H + species in the bulk  electrolyte. 
The rapid bleaching component  is a t t r ibuted to sources 
(i) and (ii), which do not require mass transport.  Now 
the charge-compensat ing ions must  be external ly  sup- 
plied to the bulk oxide phase, either from the oxide 
surface or from the bulk electrolyte. The oxide gra in-  
size determinat ions  in  the present  s tudy indicate that  

the major i ty  of the Ir  ions are si tuated wi thin  the bu lk  
of the oxide ra ther  than  at its surface. Also, it may be 
assumed that no more than  one or two OH or H20 
groups bound to the surface Ir  ions are exposed to the 
electrolyte at the interface (see above).  These facts 
imply  that  the major i ty  of the compensator ions must  
be supplied from the bu lk  electrolyte, i.e., sources (ii) 
and (iii). There are insufficient bound species in i t ia l ly  
present  on the surface [source (i) ] to satisfy the charge 
neutra l iza t ion requirements .  

Both cation (i ,  2, 35) and anion (36, 37) t ranspor t  
mechanisms have been postulated to occur in electro- 
chromic i r id ium oxide films. In  the first, protons are 
proposed to migrate  along a hydrated IrO2 chain ne t -  
work (see above),  by a Grot thuss- type  mechanism 
analogous to that  occurr ing in  water  and ice (35). This 
process may be assisted by qua n t um mechanical  proton 
tunnel ing.  Desolvated protons could also migrate  
through open tunnels  in  the oxide lattice s imilar  to 
those which occur in  anhydrous  crystal l ine IrO2 (38). 
The s t ructure  of the anodic i r id ium oxide film, however,  
is amorphous (32, 33) and it is not yet  known whether  
similar  tunnels  exist in the grains of this material .  
Tunnels  of the type occurring in the ru t i le - l ike  struc-  
ture of IrO2 are much too nar row (r ~ 0.65A) to permit  
inser t ion of anions such as F -  (r --~ 1.36A), O H -  (r 
1.53A), or C N -  (r ~ 1.9A). It  is therefore not evident  
how compensator ions such as these could be injected 
into the bulk  oxide, as proposed in the anion mecha-  
nism(36, 37), so that  all  Ir  ions are oxidized and re-  
duced in the solid-state electrochromic redox reaction. 
A high concentrat ion of point  defects in the amorphous 
oxide film, e.g., 0 = vacancies, might make such inser-  
t ion possible, but  normal ly  this process should be very 
slow at 25~ Nor is it clear why, in  a hydrous oxide/  
aqueous electrolyte system, the mobil i ty  of an O H -  
ion in the solid oxide should be greater  than that  of a 
free proton, which has the same absolute charge but  
much lower mass and no geometric barr iers  to prevent  
its migration. A lower proton mobil i ty  would imply  
that this species is more t ight ly bound in  the solid, e.g., 
to O = ions, than  are mobile O H -  ions to the Ir  cations. 
The rapid isotopic exchange of D and H observed in  
these hydrous oxide films (30) indicates that  the pro- 
tons are highly labile. 

Finally,  we not that  on the basis of measurements  of 
the small  ampli tude a-c response of anodic i r id ium 
oxide films, it  has been  suggested (39) that  the ki-  
netics of the redox reaction are controlled by the mo- 
bi l i ty of reduced lattice sites in  the oxide. The struc- 
tural  studies in the present  invest igat ion suggest an 
al ternat ive but  related phenomenon should also be con- 
sidered as a possible ra te - l imi t ing  factor, viz., electron 
t ransport  across oxide grain boundaries.  

Manuscript  submit ted  Nov. 16, 1979; revised m a n u -  
script received Jan. 22, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submit ted  by Aug. 1, 1980. 

Publication costs of this a'rticle were assisted by 
Bell Laboratories. 
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Metal Filmed-Semiconductor Photoelectrochemical Cells 

S. Menezes,* A. Heller,* and B. Miller* 
Bel~ Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Vol tammet r i c  and l ight  to e lect r ica l  energy  conversion character is t ics  of 
meta l l ized  semiconductor  Schot tky  junct ions wi th  redox solut ion contacts are  
repor ted.  Elect rodeposi ted  noble meta l  films on n -GaAs  establ ish contacts to 
revers ib le  aqueous redox couple solutions that  can sus ta in  solar  photocur ren t  
levels wi th  low loss, r equ i r ing  only a thin meta l  l ayer  adequa te  to photovol ta ic  
ba r r i e r  formation.  Possible advantages  in l a te ra l  conductivi ty,  re la t ive  to sol id-  
s ta te  Schot tky  devices, and in surface s tab i l i ty  and redox  e lec t ro ly te  indepen-  
dence, re la t ive  to semiconductor - l iqu id  junct ion  solar  cells, are  weighed against  
both  the absorpt ive  losses in the meta l  l ayer  and the prac t ica l i t ies  of obta ining 
sufficient in tegr i ty  in the film to serve the semiconductor  corrosion protec t ion  
function. Gold, p la t inum,  and rhod ium p la ted  n -GaAs  wi th  carbon counter -  
e lectrodes and f e r ro - f e r r i cyan ide  solutions give 2-6% conversion efficiency 
under  solar  i r radiance .  

S tab i l i t y  of the semiconductor - l iqu id  e lec t ro ly te  in-  
terface is essent ial  for prac t ica l  so la r - to -e lec t r i ca l  con- 
vers ion or e lect rosynthesis  wi th  cells based on the 
photovol ta ic  proper t ies  of these junctions.  Among the 
expedients  proposed to c i rcumvent  the chemical  or 
photoanodic  react ion of the semiconductor  wi th  the 
e lec t ro ly te  is the l imi t ing case of total  r emova l  of the  
active junct ion  f rom e lec t ro ly te  contact  by  in terpos i -  
t ion of a thin, unreac t ive  meta l  film be tween  the two 
phases (1-5). This requires  that,  in the h y b r i d  cell, the 
me ta l  and semiconductor  form a Schot tky  ba r r i e r  for 
the photoact ive  junction. In  this scheme, the e lect rolyt ic  
redox couple solut ion with  necessary  countere lec t rode  
becomes a s imple front  contact  (4). 

* Electrochemical Society Active Member. 
Key words: energy conversion, photovoltaic, solar, voltammetry. 

Pr io r  workers  have  repor ted  cyclic cur rent -vol ta f ie  
curves of meta l l ized  GaP at  s ta t ionary  electrodes (1-4).  
That  the photopotent ia ls  of such cells are  a function 
of the meta l - semiconduc to r  pa i r ing  and re l a t ive ly  in-  
dependent  of the redox couple was demons t ra ted  the re -  
in for go ld-coa ted  GaP and Si electrodes (1). Analyses  
of vo l t ammet r i c  behavior  and issues in l ight  to elec- 
t r ica l  power  conversion were  not described.  

Recent  suggestions in this a rea  (6-8) ut i l ize i l lumi -  
nated p -n  junctions,  meta l l ized  to form ohmic contacts 
at both the p and the n regions which, in contact  wi th  
an electrolyte ,  dr ive  a net  e lect rolyt ic  reaction. In this 
concept, based on silicon part icles,  the cur ren t  flow is 
local r a the r  than to an ex te rna l  load, but  the considera-  
tions of me ta l - semiconduc to r  in terface  s tabi l i ty  de te r -  
mining the l ong - t e rm per fo rmance  in corrosive e l e c -  
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trolytes are related, whether  this junct ion  is ohmic 
(6-8) or blocking (1-5). 

Schematic possibilities for these cells are given in 
Fig. 1. The hybr id  cell is B, containing elements of a 
Schottky bar r ie r  solid-state cell A, and a semiconduc- 
tor- l iquid  junc t ion  cell C. Cell A in practice has addi-  
t ional metal l izat ion and contact fingers on the metal  
layer  to supply a low resistance front  contact whereas 
cell C necessarily has a counterelectrode (CE) to com- 
plete the equivalent  function. In  all cases, the semi- 
conductors themselves would have an ohmic back con- 
tact, not indicated in Fig. 1. 

Cell B has a semiconductor-metal  bar r ie r  with two 
electrolytic contacts in series (anode and cathode). This 
implies that la teral  conductivi ty in the metal  plane is 
less of a constraint  on overall  device series resistance 
than in  cell A, since the electrolytic solution provides 
a paral le l  path. The electrolytic par t  of the hybr id  
depends in its dynamic contact resistance (I-V slope) 
on both anode and cathode vol tammetry,  but  the Fermi 
level (Nernst  potential)  of the solution itself ought 
not  to influence open-circui t  voltage. If the solution 
presents a low enough resistance, the M layer  in cell B 
may be made as th in  (for improved light transmission) 
as needed for its funct ioning in  a Schottky junc t ion  and 
for isolation of the semiconductor from the electrolyte. 
The electrolyte interface in cell C is profoundly differ- 
ent. It  is involved in defining the bar r ie r  height, band 
bending, cell voltage, and power output. 

The arrows in Fig. 1 indicate the light path through 
the respective cells to the photoactive junction.  The 
light must  traverse the metal  layer  and /o r  the solution 
plus cell window in the respective cases. Contact fingers 
in  cell A s t ructure  cause fur ther  light loss. The dashed 
lines over the counterelectrede of Fig. 1 indicate that 
the losses will  vary  to the extent  that the counterelec- 
trode affects light transmission. This loss is a function 
both of geometry and electrode material .  All the pres- 
ent  experiments  employ configurations in which the 
counterelectrode does not block the l ight  path. 

When the hybr id  cell contains a kinet ical ly reversible 
redox couple, the exchange currents  at both the 
Schottky barr ier  metal  and counterelectrode can be 
higher than the photogenerated currents.  If, in addition, 
the electrolyte is highly conducti-e,  the hybr id  cell 
will have an ohmic contact characteristic and low im- 
pedance. With sui tably t ransparent  redox couples, not 
now restricted by the severe requirements  of competing 
against  semiconductor corrosion, and with appropriate 
counterelectrode design, this "contact" might absorb 
very li t t le light. Then, if the metal!ization of the semi- 
conductor did not produce too severe light absorption 
and reflection, or if t ransparen t  conductive electrodes 
such as S n O J S b  or I n2OJSn  were used, a hybr id  cell 
like B might  have interes t ing properties as an energy 
converter  relat ive to both the conventional  solid-state 
(A) and l iquid junct ion  (C) counterparts.  This work is 
an examinat ion  of some characteristics of the meta l -  
lized semiconductor-electrolyte  structure,  with such 
possibilities in mind.  

Our  previous consideration (5) of type B cells was 
restricted to their use for modeling light and mass 
t ransfer  flux l imitat ions in  liquid junc t ion  cells, C, in a 
case where the interface was not subjected to parallel  

Cell 

TYPE A SC I M 

e SCl M I R -OI  CE 

c s c l  R-OI CE 

Fig. 1. Schematic of photocell structures. Arrows indicate light 
path. SC = semiconductor, M ~ metal, CE ~ counterelectrode, 
and R-O - -  redox electrolyte. 

photocorrosion. In  this paper, we are drawing the first 
quant i ta t ive  comparison between the hybr id  cell B 
and the metal  Schottky cell A with respect to their im-  
pedance and kinetic characteristics. We have continued 
in the present  effort to prepare all metal  films by elec- 
trodeposition (5, 9) as the method of choice for large 
areas, ra ther  than by evaporat ion (1-4). 

Experimental 
n-Ga l l i um arsenide of 2.4 • 10 I~ cm -~ carrier  con- 

centration, not del iberately  doped, was cut in  ei ther 
(111) or (100) directions. Back ohmic contacts were 
applied prior to shaping specimens into disks and at-  
taching them to steel shafts with silver epoxy. Elec- 
trodes were potted in insulat ing epoxy and the n-GaAs 
surface was repo]ished to a Linde A (0.3 micron) finish, 
followed by 1:1 H2SO4-H202 etch to a semimatte (gray) 
condition. 

The plat ing solutions and conditions employed for 
Au, Pt, and Rh films were, respectively, 20 g/ l i ter  
KAu (CN)2-50 g / l i te r  d iammonium citrate at 70~ and 
10 mA/cme, "Pla t inex  III" (OxyMetal Industr ies)  at 
80 C and 20 mA / c m 2, and "Rhodex" (OxyMetal Indus-  
tries) at 50~ and 10 mA/cme. The la t ter  two are 
propr ie tary baths. Plate  thicknesses were calculated 
from the faradaic efficiency, near ly  100% for deaerated 
gold baths, and the supplied manufac turer ' s  plat ing 
rate estimates for Pt  and Rh. They were not otherwise 
measured. 

A front  contact for Au-pla ted  GaAs type A electrodes 
was made by pressing on a r ing of ind ium with an inner  
opening just  less in  diameter  than that of the gold film. 
For the size of the active electrode disks in these and 
also type B cells, 0.5 cm or less, imperfect circulari ty 
and the nonuni formi ty  of the incident  laser beam lead 
to perhaps • 10% relat ive uncer ta in ty  in  power effi- 
ciency determination.  

Electrochemical experiments  were performed in two- 
or three-electrode configurations, with potential  con- 
trol, in a cell with an optical window at its bottom, 
under  ni trogen atmosphere. In  three electrode runs  
either the saturated calomel electrode (SCE) or the 
poised electrolyte redox potential  from carbon or plat i-  
num electrodes was used as reference. 

Radiant  sources were either a 10 mW He-Ne laser or 
a 100W tungs ten-ha logen  lamp. Light in tensi ty  was 
varied by a Glan prism polarizer based optical a t tenua-  
tor (Karl  Lambrecht  Corporation) with a rotatable 
e lement  dr iven by a 1 rpm motor. A pellicle beam 
split ter (Oriel Corporation) inserted in the l ight  beam 
directed 8% of the light to a silicon detector (Metro- 
logic Corporation) whose analog output  was l inear ly  
or logari thmical ly recorded. The 100W lamp, a 160 Hz 
choplcer (Bulova Corporation) and an Oriel Corpora- 
t ion 7240 grat ing monochromator  comprised the spec- 
tral source. Photocurrent  response was synchronously 
detected (PAR 128) and corrected for light source and 
grat ing output  wi thin  the • 10% flat region of the 
power detector, between 400 and 1000 nm. For t rans-  
mission spectra Au or Pt films evaporated on glass 
slides were inserted between the spectral source and 
the detector. 

Electrolytes were prepared with reagent  grade chem- 
icals and tr iply distilled water. 

Solar power conversion efficiency data were obtained 
as previously described (10). Rotat ing disk electrode 
methodology was also identical  to established practice 
(11). 

Results and Discussion 

The current -vol tage  curve of a type A cell of elec- 
trodeposited Au on a n-GaAs single crystal disk, with 
circumferent ial  ind ium contact to the Au at the disk 
edge, is shown in Fig. 2, curve a. The open-circui t  
voltage of a different specimen, s imilar ly  prepared, is 
displayed as a funct ion of laser beam power, P, in curve 
b. 
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Fig. 2. Behavior of electroplated Au on n-GaAs diode with indium 
front contact under 632.8 nm laser illumination; (a) photocurrent- 
voltage characteristic with open-circuit voltage (Voc), sl~ort-circuit 
current (Ise), and maximum power product (ImVm) defined on figure 
and (b) Voc as a function of illumination intensity, P, normalized to 
approximate intensity of (a). 

The current -vol tage  curve has a fill factor, ImVm/ 
Voclsc, of 0.7 and a power conversion efficiency of about  
6%. The open-circui t  voltage increases by 67 mV for 
each tenfold increase in i r radiance over the l inear  re-  
gion of the plot, corresponding to a qual i ty  factor (ratio 
to 2.3 kT/q) of 1.1 for the Schottky barrier.  The ab- 
solute value of the voltage (not shown) varies with 
film thickness, average irradiance, and light spot size. 

These data indicate that  the electroplated structure 
operates as anticipated for an Au-n -GaAs  Schottky de- 
vice. When employed as a rotat ing disk electrode 
(RDE), it shows the behavior of Fig. 3. curve a, with a 
2 mm Fe(CN)6-4 -pH 5 buffer solution under  con- 
trolled potential  scan and laser i l luminat ion.  The level 
of i l luminat ion  is so main ta ined  that the l imit ing cur-  
rent  is due to mass t ransfer  of Fe(CN)6 -4, not l ight 
flux (5). The dark current  of the electrode is essen- 
t ial ly nil  through the potential  region of Fig. 3. The 
curve for a conventional  gold disk, under  the same 
exper imental  conditions, save i l luminat ion,  is shown 
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Fig. 3. Current-voltage curves at 1600 rpm rotatlng disk elec- 
trodes of (a) electroplated Au on n-GaAs (laser illuminated) and 
(b) Aa (unilluminated), both in 2 mm Fe(CN)6 -~  + pH S 0.SM 
acetate buffer. Log [(IL - -  I ) / I ]  vs. disk potential, Eo, plots are 
superimposed on the respective curves, with IL ~ convective diffu- 
sion limited current. 

as curve b of Fig. 3. The curves are displaced in poten-  
tial by the Schottky bar r ie r  voltages expected for the 
junct ion  in Fig. 1, cell type B. 

Logari thmic analysis of the two waves, also included 
in Fig. 3, confirms their  s imilar  shape, log[ ( IL  - -  I ) / I )  ] 
VS. ED plots giving 59 and 62 mV/decade values for the 
Au and i l luminated  Schottky junct ion  electrodes, re- 
spectively. These logari thmic slopes are those of one- 
electron reversible redox couples, as normal ly  found 
for Fe (CN) 6 -4 on gold. 

Open-circui t  voltage, Voo, and short-circui t  current ,  
Isc, for a typical A u- n - G a A s  type electrode in  a 
Fe(CN) 6-4/Fe(CN)6 -8 solution, recorded separately 
as a funct ion of input  power, are shown in  Fig. 4. The 
0.25M concentrat ion of Fe (CN) 6 -4 is more than suffi- 
cient to produce a l ight - l imi ted  short-circuit  cur rent  
condition at laser source or solar i r radiance levels. Isc 
is l inear  (uni ty  slope in the tog-log coordinates) with 
beam intensi ty  over the more than  three decades dis- 
played, showing constant quan tum efficiency. The slope 
of the Voo plot in  the l inear  region at higher intensit ies 
is 65 mV/decade, in good agreement  with the equi-  
va lent  data of Fig. 2 for the solid-state cells. 

Electrodeposited Schottky barr iers  have been made 
on the n-GaAs single crystal substrate with nominal ly  
200A thick Pt  and Rh, as well  as Au. Examples of each 
of the three are shown in the V-I plots collected in  
Fig. 5 for the 0.25M Fe(CN)6 -4 electrolyte, with the 
appropriate  ma x i mum power conversion efficiency for 
632.8 nm light indicated on the respective curves. Open- 
circuit voltages in the 0.6-0.7V range are obtainable for 
all three metals, which are sufficiently noble (have 
high enough work function) to act as stable anodes in 
the oxidation of Fe(CN)~ -4 in an acetate buffer, as 
needed in hybr id  (type B) cells. 

For Au and Pt  electroplates, the photocurrent  spectra 
for both type A (classical Schottky) and B (hybrid)  
cells and the transmission spectra of the respective 
metal  films, evaporated on glass, are compiled in Fig. 
6 and 7. Since the thickness of metal  layers for each of ~ 
the traces for the same e lement  differs, the results 
wi thin  the figures cannot be rigorously compared. The 
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Fig. 4. Isc and Voc each as a function of the intensity, P, of the 
632.8 nm laser beam with a gold-plated n-GaAs electrode and car- 
bon counterelectrode. Isc and P scaled logarithmically with P 
normalized to maximum intensity. Solution is 0.25M Fe(CN)6 -4 -  
0.01M Fe(CN)8 - 8  in pH 5 acetate buffer. 
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Fig. 5. Current-voltage characteristics of n-GaAs plated with 
Au, Pt, or Rh as run in the cell of Fig. 4 and with the laser ir- 
radiance. Maximum power conversion efficiency of each cell indi- 
cated on the curves. 
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Fig. 7. Curves identical to those of Fig. 6 with Pt substituted for 
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Fig. 8. Experiments as in Fig. 5 but with solar irradlances of 69, 
93, andg0 mW/cm2; respectively, for Au, Pt, and Rh plated n-GaAs 
electrodes. 

Of the three solutions used to plate the electrodes of 
Fig. 8, the gold plat ing bath is the least corrosive to 
the GaAs substrate and yields the most reproducible 
electrodes. The other, proprietary,  baths are acidic and 
sensitive to contaminat ion by the corrosion reaction 
products, Ga(ILI) and As( I I I ) .  Such effects add to the 
porosity and thus to substrate at tack in  the hybr id  
solar cells. 

The behavior  of the gold bath is reproducible enough 
to investigate the behavior  of the hybrid (B) cell as a 
funct ion o~ metal  thickness. The data obtained are 
shown in Fig. 9. The abscissa is calculated from the 
coulombic increments  of constant  current  electroplat-  
ing. For each point the short-circui t  cur rent  was mea-  
sured after an added layer  of gold was plated. As ex- 
pected, the short-circuit  current  drops with thickness. 
However, a straight line for Beer -Lamber t  law con- 
formity with the data of Fig. 9 requires constant re-  
flectivity and absorptivi ty of the gold film and  constant  
current  efficiency and film uni formi ty  in the deposition. 
Extrapolat ion of the exper imental  plot to zero thick- 
ness yields an intercept  corresponding to a 60% _ 10% 

spectra indicate, however,  the loss in type B cells due 
to electrolyte absorption at short wavelengths and, for 
the gold case, the increase in t ransmission for the 
metal  a round 500 nm. The choice of the colored 
Fe(CN)6 -3 / -4  solution reflects our inabi l i ty  to find 
completely t ransparen t  redox solutions in which the 
meta l  filmed semiconductors would be stable under  
prolonged photoanodic use. Attack by some colorless 
redox media is a t t r ibuted to residual  porosity and 
undercut t ing,  leading to eventual  adhesive fai lure of 
the metal  film (4), when the exposed GaAs does not 
form sufficiently protective anodic products (passivat- 
ing oxides). This process is often evidenced in a cur-  
rent  peak prior to a t t a inment  of the l i m i t i n g  current  
in  rotat ing disk potent ial  scans. 

Current -vol tage  curves under  solar i rradiance for a 
set of Au, Pt, and Rh electroplates are showp in Fig. 
8. The conversion efficiencies are indicated on the 
curves. Values in the range 2-6% are typical. These 
values are difficult to reproduce closely because of 
deficiencies in  control of the plat ing step. 
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Fig. 9. Short-circult current, Isc, plotted logarithmically as a 
function of the thickness of Au electroplate on the n-GaAs sub- 
strate for the conditions of Fig. 4. 
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quan tum efficiency for the  inc ident  laser  beam. (The 
i r r ad iance  was measured  by  replac ing  the cell  by  a 
detector .  The quan tum yie ld  or  cur ren t  efficiency for  
the meta l  thickness corresponding to that  of the elec-  
t rode used in obta in ing the solar  efficiency in Fig. 8 is 
about  32%). 

I t  has been  suggested above tha t  the A u - n - G a A s  
electrode operates  s tab ly  in the pH 5 Fe (CN)6 -4 solu-  
tion. The observed change in pho tocur ren t  under  tung-  
s ten-ha logen  i l lumina t ion  is shown in Fig. 10. Isc is 
s table  under  these condit ions on ly  for  about  an hour  
before significant decl ine is apparent .  However ,  r e -  
p lacement  of the solut ion f rom a reservoir ,  wi thout  
doing anyth ing  fu r the r  to the electrode,  at  in terva ls  
m a r k e d  by  the ar rows o n  F igure  10, restores  the ini t ia l  
activity.  Thus, the decline is due to pho todegrada t ion  
of the e lec t ro ly te  r a the r  than  the electrode.  

Other  solutions tha t  were  used, e.g., colorless Fe ( I I ) -  
F e ( I I I )  phosphate  media  at pH 2, p roved  corrosive and 
the output  decline wi th  t ime was indeed associated 
with  meta l  l aye r  d is rupt ion  and GaAs at tack.  Ac t iv i ty  
could not be res tored  wi thout  etching and replat ing.  

Passage of cur ren t  in the cathodic direct ion for type  
B cells and the equiva len t  fo rward  conduction curve 
for the type  A s t ruc ture  a re  shown in Fig. 11. The es- 
sent ia l ly  s t ra ight  (log c u r r e n t ) - v o l t a g e  regions have 
v i r t ua l ly  the same decade slopes (65 mV for B, 67 mV 
for A) over  severa l  orders  of magni tude.  The type  B 
cell  begins to devia te  f rom l inea r i ty  at  the highest  cur -  
rents  when mass t r ans te r  of Fe (CN)6  -8 exer ts  influ- 
ence and the cathodic cur ren t  approaches  a limit.  Sub-  
ject  to this t r anspor t  effect, the e lec t ro ly t ic  contact  
operates  wi thout  in t roducing ex t raneous  behavior  and 
the exponent ia l  factors are  in agreement  wi th  those 
ear l ie r  observed for the open-c i rcu i t  vol tage  shift  wi th  
l ight  intensi ty,  as is expected  for such Schot tky  junc-  
tions. 

Conclusions 
Hybr id  cells wi th  meta l l ized  semiconductors  and 

e lec t ro ly t ic  contacts ( type  B) have in teres t ing  char -  
acter is t ics  as photovol ta ic  power  sources. The power  
conversion efficiencies of the examples  cited are, how-  
ever, below those of semiconductor - l iqu id  junct ion cells 
of type C. The majo r  loss is in shor t -c i rcu i t  current ,  
which is roughly  half  that  of the p resen t ly  leading 12% 
n -GaAs  se len ide-polyse len ide  cell (12). However ,  the 
behavior  of the series junc t ions  (photoact ive semicon-  
duc tor -meta l ,  m e t a l - r e d o x  plus redox-counteve lec-  
t rode)  yields r e l a t ive ly  high fill factors even under  in-  
tense i l luminat ion.  The opera t ing  character is t ics  prove 
the expected  low resis tance of the m e t a l / r e d o x  couple 
contact. 

The cell  output  is independen t  of redox potent ia l  and 
dependent  on the e lec t ron t ransfer  kinet ics  at both 
meta l  and countere lec t rode  e lec t ro ly te  interfaces.  This 
behavior  is shown by logar i thmic  analysis  of the I-V 
t race in the ro ta t ing  disk e lect rode regime to be re-  
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Fig. 10. Stability curve (Isc vs. total coulombs/cm 2 passed) for a 
gold-plated n-GaAs electrode in the electrolyte of Fig. 4 under 
fixed tungsten-halogen illumination approximating at least solar 
levels. Arrows indicate times at which solution in cell was renewed; 
dotted line is the maximum current attained in fresh solution. 
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Fig. 11. Forward (cathodic) conduction current vs. voltage for the 
electroplated Au on n-GaAs structure with curve 1 (dashed) indium 
contact as in Fig. 1 and curve 2, 0.20M Fe(CN)6-3-0.01M 
Fe(CN)e-4-pH 5 acetate solution with carbon counterelectrode. 
Electrode in curve 2 rotated at 1600 rpm and potential is given 
with respect to saturated colomel electrode. Data taken without 
electrode illumination. 

versible  for the Fe (CN)6  -4 / -3  couple at  the gold-  
p la ted  n -GaAs  surface and therefore  to contr ibute  
negl ig ib ly  to cell  loss wi th  dec imolar  redox  couple 
concentrat ions (plus suppor t ing  e lec t ro ly te  for in-  
creased conduct iv i ty) .  Cell  character is t ics  are  bas ica l ly  
de te rmined  by the qual i ty  of the as -p la ted  me ta l - s emi -  
conductor  interface.  Open-c i rcu i t  vo l t age - l igh t  in ten-  
si ty and fo rward  conduct ion V-I plots both  give ,~1.1 
(2.3 kT/q)  decade slopes, ve ry  close to ideal  for 
Schot tky  barr iers ,  and  independen t  of whe the r  the 
e lec t ro ly te  contact  is present  or not. This fu r the r  con- 
firms the low loss at  the e lec t ro ly te  interfaces,  unt i l  
mass t ransfe r  l imi ta t ions  are  reached.  

P la t ing  thickness studies show that,  on the single 
c rys ta l  substrate,  quan tum efficiencies of 50% ought  to 
be obta inable  wi th  very  thin (tens of angst roms)  films 
for the type  B cell. P l a t i num films, though more difficult 
to reproduce  than  gold wi th  ava i lab le  e lec t rodeposi t ion 
methods,  show be t te r  quan tum efficiencies at  sufficient 
meta l  thickness for e lec t rode  s tab i l i ty  in pH 5 acetate  
buffered solutions. 

Poros i ty  in the deposi ted layers  and photoanodic  at.. 
tack at the base of the pores appea r  to be the mecha-  
nism of the thin film fa i lure  in the e lec t ro ly te  solutions. 
This is reflected vo l t ammet r i ca l ly  by  peaks  in the RDE 
cur ren t  response on ini t ia l  vol tage scan under  i l l umina -  
t ion and f rom the n -GaAs  subs t ra te  behavior  in the 
different  electrolytes .  Only  da ta  from the pH 5 ace ta te -  
Fe (CN)6  -4 / -3  system is shown here, a l though the in i -  
t ia l  curves in other  electrolytes ,  aside f rom poros i ty  ef-  
fects, are  comparable  to the extent  tha t  the redox 
couples in quest ion are  k ine t ica l ly  revers ible .  Photo-  
degrada t ion  in the acetate  buffer is due to react ions of 
the F e ( C N ) 6 - 4 / - 3  couple ra the r  than  fa i lure  of the 
go ld -p la t ed  n -GaAs  electrode.  
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Improvements  in  the in tegr i ty  of t h e  m e t a l  film, 
e i t h e r  by modification of the electrodeposition step or 
by the use of other preparat ive  procedures, are neces- 
sary to find a combinat ion of electrode and electrolyte 
that has useful  photostabili ty.  Applying  a mat te  etch 
(12) to reduce the semiconductor  reflectance and thus 
to increase the short-circui t  cur ren t  (as done in the 
n-GaAs-se len ide  cells) is not feasible in the present  
work as the surface becomes too rough for the electro- 
deposited products to cover the semiconductor protec- 
t ively at the desired metal  thickness. 

Manuscr ipt  received Dec. 17, 1979. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the December 1980 
JOVaNAL. All  discussions for the December 1980 Dis- 
cussion Section should be submit ted by Aug. 1, 1980. 

Publication costs of this article were assisted by 
Bell Laboratories. 
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P-Type GaP as a Semiconducting Photoelectrode 

M. A. Butler* and D. S. Ginley* 
Sandia Laboratories, Albuquerque, New Mexico 87185 

ABSTRACT 

The nature of p-type GaP photocathodes as employed in photoelectro- 
chemical cells has been explored in some detail. These cathodes are found to 
be unstable in both acid and base. The flatband potential has been measured, 
using capacitance techniques, as well as the pH for zero surface charge, the 
point of zero zeta potential (PZZP). These data provide a measure of the elec- 
tron affinity which is in excellent agreement with that calculated using our 
electronegativity model. The onset of photocurrent occurs at ,-,0.7V negative 
of the flatband potential. It is demonstrated that this is due to a localized 
state acting as a recombination center. Experimental evidence for this state 
comes from the infrared photoresponse of these photoelectrodes. It is sug- 
gested that this is the same bulk state which controls the efficiency of GaP 
electroluminescence diodes. 

While a n u m b e r  of groups have examined p -GaP  
with respect to its fundamenta l  properties (1) and as 
a photocathode for use in photoelectrolysis (2-5), there 
exists in the l i terature  considerable conflicting in-  
formation. This is especially true with regard to its 
s tabil i ty as a photoelectrode. Therefore we have under -  
taken a detailed s tudy of the properties of p -GaP  
photocathodes. In  addit ion to the stabil i ty question we 
wished to s tudy the discrepancy which exists between 
the f iatband potent ial  as measured by capacitance data 
and the potential  for photocurrent  onset. For p-GaP,  
this difference is ~0.7V. While such effects have not 
been observed for the metal -oxide  semiconductors in 
aqueous media, they appear to be more prevalent  in the 
nonoxide semiconductors, par t icular ly  p- type  mater i -  
als, and will obviously play an impor tan t  role in deter-  
min ing  the usefulness of these materials.  This study of 
p -GaP  electrodes also provided the first check of our 
electronegat ivi ty  model (6) for predict ing flatband 
potentials in  a nonoxide p- type  semiconductor. 

The samples were single crystals of GaP cut per-  
pendicular  to the [111] axis, and Zn doped to a density 
of ,~5 • 10 ~7 cm -3 as determined by Hall mobil i ty  and 
conduct ivi ty  measurements .  The contacts were made 
by alloying in In :2  weight percent  Zn. All electro- 
chemical measurements  were made using a conven-  
tional three-electrode electrochemical cell with a PAR 

* Electrochemical Society Active Member. 
Key words: interfaces, infrared, energy conversion. 

173 potentiostat  and 174 programmer.  II]uminotion was 
by a 150W Schoeffel xenon lamp with Schoeffel g r a t -  
i n g  monochromator.  The list of electrolytes used in 
these exper iments  is shown in  Table I. All were pre-  
pared from spectral qual i ty  reagents and solvents. 

Stability 
Since stabil i ty is of crucial importance in de te rmin-  

ing the eventual  ut i l i ty  of any  photoelectrode for pho- 
toelectrolysis, we took par t icular  care in ascertaining 
the electrode's s tabil i ty in both acidic and basic solu- 
tions. The normal  techniques for evaluat ing stabil i ty 
were employed: photocurrent  stability, observation of 
the electrode surface, mass loss, and analysis of the 
electrolyte. Table ! summarizes some of the stabil i ty 
experiments.  In  general  with no stabilizing redox 
couples present  it is found that the p -GaP  photocath- 
ode is unstable.  Approximate ly  one to three electrons 

Table I. Stability of p-GaP 

Fraction of current contributing to 
Electrolyte decomposition and end products. 

0.1M NaOH 
0.1M H2S04 

0.1M HCIO~ 
0.1M HaPO~ 

10 -~ current produces Ga s+ in solution 
3 • 10-~ current produces Ga 3§ in solution and 

grayish surface layer 
Similar to H~SO~ but more active surface etching 
Deposition of Ga metal  on surface 
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per thousand in the photocurrent  take par t  in a decom- 
position reaction in all of the electrolytes. 

In teres t ingly  the photocurrent  degradation rate de- 
pends strongly on the na ture  of the electrolyte as is 
i l lustrated in Fig. 1. Here we plot photocurrent  vs .  
total charge through the external  circuit. Note the 
expanded scale at the top of the figure which refers to 
the H2SO4 results. In  general  the HC104 results (not 
shown) closely paral lel  those in  H2SO4, though de- 
tailed differences do show up in vol tammetr ic  mea-  
surements.  All of the experiments  were run  under  
identical conditions. In  a 0.1M NaOH electrolyte the 
photocurrent  was observed to decay very rapidly with 
time. Analyt ical  atomic absorption results indicate 
that Ga was going into solution probably as the hy-  
droxide. The rapid decay of the cur ren t  implies that  as 
surface Ga is' leached a passivating phosphate layer  is 
formed which is insulating.  Etching of these electrodes 
in  aqua regia restores their  performance. 

In  0.1M H3PO4 we again observe a rapid decay of the 
photocurrent.  However, in this case, no Ga is observed 
in solution. Instead a dark gray surface layer  forms on 
the electrode. We feel that  this layer  is Ga metal  
caused by the reductive decomposition reaction. This is 
substant ia ted by l inear  sweep vol tammetry  as shown 
in  Fig. 2. Here trace one represents the ini t ial  photo- 
current  and trace two the photocurrent  after aging. If 
at this point  we scan from the cathodic regime (trace 
2) to the anodic regime, a peak is observed centered 
between 40.25 and +0.5V v s .  SCE. The larger  peak 
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Fig. 1. Photocurrent for p-GaP illuminated with white light as a 
function of total charge passed through the interface. Note the 
different scales for different electrolytes. 

I Virgin 
2 Cathodically Aged - 5. 0 V vs S CE 20 h r. 
3 AnodicaHy cyclect once 20 mVlsec 

V 4 3= 2 ] 

2 

1 

All Illuminated 

�9 1 M H3PO 4 

mA 

Fig. 2. The current-voltage characteristics for Zn-doped GaP in 
0.1M H3P04 illuminated with white light. The data were taken in 
the order shown. The potential is measured vs. SCE. The peak at 
+0.4V observed only for the first scan after cathodic aging corre- 
sponds to stripping of Ga metal from the surface. The peak ob- 
served in all scans around -t-2V is not light sensitive. 

at  a more positive potent ial  is discussed below. After  
one scan through this oxidative peak the electrode sur-  
face re turns  to its original orange color and the ini t ial  
photocurrent  is restored as shown in trace 3. The peak 
cannot be reproduced unt i l  the electrode has been aged 
again. This peak corresponds well  with the potential  
for Ga oxidation and we feel that  the metall ic gall ium 
on the surface is being oxidized into a soluble form. 

The decrease in the photocurrent  in Fig. 1 most 
probably  comes from adsorption of the l ight by the 
Ga metal  surface film. The observed l inear  decrease in  
photocurrent  with total  charge is only an approxima-  
tion. Assuming a film thickness X proport ional  to total 
charge and a f requency independent  optical absorption 
coefficient a for the Ga film, we would expect an  ex- 
ponent ia l  decay of the form 

iphoto = io exp ( - -aX)  [1] 

However, the ini t ia l  form of the decay will  appear 
l inear  wi thin  the accuracy of the data. 

In  the more oxidizing acids, HC104 and H2SO4, a 
slightly different behavior  is observed. Again Ga is ob- 
served in solution but  the photocurrent  decreases more 
slowly. The reason for this is that the Ga produced is 
reoxidized into the electrolyte at the interface by the 
acids and leaves an essentially fresh electrode surface. 
The fact that  the surface remains  essentially virgin and 
that  the photocurrent  does not decline rapidly explains 
the previous observations in the l i tera ture  indicat ing 
that  this electrode is stable in  H2SO4. For HC104 l inear  
sweep voltametric measurements  show oxidative cur-  
rent  peaks after aging in  the potential  range for which 
they were observed for HsPO4. This may be gal l ium 
metal  or other gal l ium compounds on the surface. The 
apparent  darkening of the electrode surface in these 
electrolytes may be due to formation of such gal l ium 
compounds and /o r  surface roughening. 

It  is clear from this data that  p -GaP  is uns table  in 
acidic or basic media and that  the observed relat ive 
stabil i ty of the photocurrent  is a function of the elec- 
trolytes '  abi l i ty  to remove the gal l ium products from 
the electrode surface. Since the actual  rate of decompo- 
sition, approximately  one part  in a thousand, is ba-  
sically independent  Of the electrolyte, it might  be 
possible to modify the electrode surface to stabilize the 
electrode as has been recent ly shown for ZnO (7) and 
Si and Ge (8, 9). 

The above results are all for cathodically biased 
p-GaP,  as it would be operated in a photoelectrochem- 
ical cell. For  anodic bias another  effect of interest  is 
observed. Figure  2 shows that  for scans to anodic po- 
tentials in 0.1M H3PO4 a peak in the I-V characteristics 
is observed around +2V (SCE). We believe that  this 
is evidence of passivation of the GaP surface by growth 
of an insulat ing film. This behavior  is also observed in 
0.1M HC104 but  not in  0.1M H2SO4 or O.IM NaOH for 
our part icular  exper imental  conditions. When scanning 
in  the reverse direction, the peak is smal ler  and the 
electrode can be cycled back and forth many  times 
with reproducible results. 

Flatband Potent ia l  
The flatband potential  VFB has been measured using 

the Mott-Schottky technique (9). As i l lustrated in  Fig. 
3 the data are well behaved and show little f requency 
dependence. The doping density extracted from the 
slope agrees well  with the value from solid-state mea-  
surements.  Our measured VFB agrees well  with previ-  
ous data (10) as shown in  Fig. 4. 

An impor tant  question is whether  our electronega- 
t ivity model (6) that has been previously applied to 
n - type  semiconductors would work as well for this p-  
type main  group semiconductor. The relat ionship 
which exists between VFB and the semiconductor elec- 
t ron affinity E A  is given by 

eVFB = E A  + Eg - -  Eo - -  eAFC -- ehpx [2] 
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Fig. 3. Mott-Schottky plot for Zn-doped GaP in 0.1M HsP04. 
The data were taken by modulating the potential with a sawtooth 
and detecting the square-wave component of the current. The slope 
corresponds to a doping density of ,~7 X 1017/cm 8 for the elec- 
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Fig. 4. Variation of the flatband potential with pH. The solid 
llne has a slope of 59 mV per pH unit. The open circle is the cal- 
culated VFB at the measured PZZP. 

where Eg is the semiconductor bandgap, Eo is the posi- 
t ion of the reference electrode (SCE) with respect to 
the vacuum level (4.75 eV), arc is the difference be-  
tween the doped Fermi  level and the top of the valence 
band, and apx the potential  drop in the Helmholtz layer  
due to adsorbed ions. Note that  for p- type  materials  
the addit ional  te rm Eg occurs in this relat ionship to 
account for the position of the Fermi  level in the p- 
type semiconductor. For Zn-doped GaP the term AFC 
is <0.1V and may be neglected. 

The various po ten t ia l -de te rmin ing  ions in the elec- 
trolyte will contr ibute  charge to the Helmholtz layer  

as a function of the relat ive equi l ibr ium constants for 
chemisorption on the electrode surface. For aqueous 
electrolytes and semiconductors where the hydroxyl  
and the proton are potent ial  de termining  there will 
exist a un ique  pH, which is a funct ion of the intr insic  
pKa of the electrode, where equal numbers  of H+ and 
O H -  are adsorbed. At this point, the zero zeta poten-  
tial (PZZP),  the net  charge of the ions adsorbed on 
the electrode surface is zero and therefore the potential  
drop across the Helmholtz layer, ~,• is also zero. This 
point  may be evaluated by a number  of techniques, the 
simplest of which is the pH drift  technique. Here, the 
pH of the solution is monitored while adding powdered 
semiconductor material .  The pH will drift  to the PZZP 
from either side, and at the PZZP the addit ion of more 
powdered semiconductor results in n o  net  change in  
pH. The data for a series of drif t  exper iments  on GaP 
are i l lustrated in  Fig. 5. As can be seen the PZZP is 
observed to be at a pH of approximate ly  4.3. Thus, at  
this pH the correction term /,p• wil l  be equal  to zero. 
It  is in teres t ing that  a well-defined PZZP is observed 
for this electrode in contrast  to m a n y  nonoxides which 
do not show a clearcut pH dependence of VFB. This is 
most probably  due to the fact that  the phosphide ions 
on the GaP surface are oxidized to phosphates which 
interact  s trongly with the aqueous media. 

The electron affinity (EA) of the semiconductor is 
given by (6) 

EA : [ x ( G a ) x ( P ) ]  z/~ -- � 89  [3] 

where x is Mull iken 's  atomic electronegativity.  Using 
a bandgap of 2.2 eV (12) we obtain a value for EA of 
3.1 eV. Thus the flatband potential  at the PZZP (pH _-- 
4.3) is predicted to be +0.55V (SCE). As we can see in 
Fig. 4, this calculated value is in  excellent  agreement  
with the measured flatband potential.  This result  fu r -  
ther confirms the general  applicabil i ty of the electro- 
negat ivi ty  model to semiconductor-electrolyte in te r -  
faces. 

Photoresponse 
GaP is a semiconductor with an indirect  gap at ~2.2 

eV and a direct gap at -,2.8 eV (12). These character~ 
istics are clearly evident  in its spectral response shown 
in  Fig. 6. The small  quan tum efficiency is related to 
the small  depletion layer  thickness (less than 0.1 ~m 
for this sample) and short diffusion length ( typically 
1 /~m or less for these poor qual i ty samples).  The op- 
tical absorption depth for photon energies below the 
direct gap is several  microns�9 Therefore improvements  
in the quan tum efficiency should be possible by de- 
creasing the doping level to increase the depletion 
layer  thickness to near  the optical absorption depth. 

A more interes t ing question is the dependence of the 
photoresponse on applied potential.  Genera l ly  one 
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Fig. 5. A series of experiments where the pH of the solution as 
a function of the amount of powdered GaP added has been demon- 
strated. The data shows that zero net surface charge occurs at 
about pH = 4.3. 
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Fig. 6. The spectral response 
of GaP:Zn in 0.1M H3PO4 biased 
at - - I . 0V  (SCE). The data is un- 
corrected far reflection .and ad- 
sorption losses. 
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would expect that the photocurrent  onset should oc- 
cur at the flatband potential.  This is t rue for the metal  
oxide semiconductors, such as WO3 in aqueous elec- 
trolytes (13). However we see in Fig. 7 that  the photo- 
cur ren t  onset occurs ~0.TV negative of the flatband 
potential  for p-GaP.  This behavior has been previously 
noted (14). The obvious explanat ion for this behavior  
is the existence of a recombinat ion center at or near  
the semiconductor surface which short circuits the 
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Fig. 7. Comparison of the fiatband potential as determined by 
capacitance measurements (C -2) and the photocurrent (i 2) onset 
for Zn-doped GaP in 0.1M NaOH. The discrepancy between the 
two is about 0.7V. 

photoelectrolysis process (15). This mechanism is i l-  
lustrated more clearly in  Fig. 8. In  Fig. 8a the empty  
localized state allows the photoexcited electron in the 
conduction band to take path 1 as well  as path 2. Path 
1 short circuits the photocurrent.  In Fig. 8b the localized 
state is filled and path 1 is not available to the photo- 
electron in the conduction band. Thus we would ex- 
pect the photocurrent  through the interface to drast i-  
cally decrease or stop when the Fermi level falls below 
the energy of the localized state in the gap. The dis- 
crepancy be tween the flatband potential  and photocur- 
ren t  onset in p -GaP could be explained by such a 
localized state ,--0.7 eV above the top of the valence 
band. 

Confirming evidence for this picture can be obtained 
by considering Fig. 8b. Since the localized state is filled 
with electrons, it should be possible to photoexcite them 
into the conduction band, where  they can contr ibute 
to the photocurrent.  The exper iment  has been done and 
the results are shown in Fig. 9. The peak occurring at 
1.4 eV is very near  where it would be expected. Since 
the localized state is ~0.7 eV above the valence band  
and the bandgap is ~2.2 eV, the IR peak should occur 
at about 1.5 eV. The measurements  were extended down 
to 0.4eV and no other IR photoresponse was observed. 
The IR photocurrent  has the same t u r n  on potential  as 
the photocurrent  induced by  bandgap radiation. This is 

~ E l e c t r o l y t e  

(b) 

e ~  

. . . . . .  

p-GaP ELectrolyte 

Fig. 8. The p-GaP electrolyte interface for two different bias 
conditions. (a) Here the Fermi level is below the localized state and 
thus it is empty. It can act as an electron recombination center. 
(b) Here the Fermi level is above the localized state and here the 
localized state cannot act as an electron recombination center. 
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Fig. 9. Infrared photoresponse of p-GaP in 0.1M HClO4 at --1.5V 
($CE). The resolution of the monochromator is indicated. 

exac t ly  wha t  would  be  expected  if the same state  were  
responsible  for  both  effects. 

A n  impor t an t  quest ion to ask is the  na tu re  of this 
local ized state.  To act  as an  efficient recombina t ion  cen-  
t e r  it  mus t  occur  near  the  GaP surface. The s t rength  of 
the  IR photoresponse  (up to 0.6 ~ A / m W  cm 2) shown in 
Fig. 9 would  be ve ry  difficult to exp la in  for states con- 
fined to the in ter face  ( t rue  surface s ta tes) .  A s ta te  re -  
la ted to the bu lk  proper t ies  of the ma te r i a l  is thus im-  
plied. However  we not iced tha t  the  IR response is en-  
hanced  if the  sample  is p rev ious ly  aged ca thodica l ly  
in HC104 wi th  inc ident  whi te  l ight,  again  suggest ing 
tha t  the  phenomenon is somehow t ied to the surface. 

There  was a poss ib i l i ty  tha t  the  localized s tate  is r e -  
l a t ed  to the  oxygen  content  of the p -GaP .  Exper imen t s  
were  pe r fo rmed  on ep i t ax ia l  single c rys ta l  p - G a P  sam-  
ples in which  oxygen  was in ten t iona l ly  excluded.  The 
f la tband poten t ia l  and  pho tocur ren t  onset  potent ia l  
were  not  s ignif icant ly shif ted f rom those where  oxygen 
was present .  

The  most  l ike ly  exp lana t ion  of the  recombina t ion  
cen te r  is the following.  A bu lk  s tate  is k n o w n  to exist  
0.75 eV above  the valence  bandedge  (16). This s ta te  is 
not  r e la ted  to any  known  i m p u r i t y  but  by  act ing as a 
nonrad ia t ive  recombina t ion  center  i t  p lays  an impor -  
tan t  role  in de te rmin ing  the efficiency of GaP e lec t ro-  
luminescence diodes. The number  of these recombina-  
t ion centers  has been found to be d i rec t ly  re la ted  to the  
concent ra t ion  of ga l l ium vacancies (17). This does not  
necessar i ly  imp ly  tha t  the center  is a ga l l ium vacancy,  
but  r a the r  tha t  the possible complexes  (18) forming  
the defect  center  m a y  involve  ga l l ium vacancies.  F u r -  
ther  evidence for this s ta te  comes f rom photoemiss ion 
and e lec t ron energy  loss spectroscopy which show a 
"surface  s ta te"  0.8 eV above  the valence band  in phos-  
pho rus - r i ch  GaP  (19). We bel ieve  that  this bu lk  s tate  
is the one responsible  for  the d iscrepancy  be tween  the 
f la tband poten t ia l  and pho tocur ren t  onset  po ten t ia l  in 
p - G a P  photocathodes.  The increased  IR response and 
thus concentra t ion  of recombina t ion  centers  wi th  aging 
p robab ly  comes f rom the ga l l ium leaching dur ing  the 
photocorros ion of the  p - G a P  as was discussed in the  
s tab i l i ty  section. 

Summary 
In  this  pape r  we have  a t t e m p t e d  to explore  the p r o p -  

er t ies  of p - G a P  as a photoca thode  in a photoelec t ro lys is  
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cell. Our  resul ts  indicate  tha t  this ma te r i a l  is uns tab le  
in both acid and base wi th  essent ia l ly  the  same decom- 
posi t ion p a t h w a y  in both but  tha t  the pho tocur ren t  s ta -  
b i l i ty  depends  s t rongly  on the na tu re  of the  e lectrolyte .  
Pass iva t ion  of the e lec t rode  was observed  for aging in 
the  anodic regime.  The pH at which the net  surface 
charge  is zero (PZZP)  was found to be 4.3. These r e -  
sults, toge ther  wi th  the  capac i t ive ly  measured  f la tband 
potent ial ,  a l lowed the first test  of our  e lec t ronega t iv i ty  
model  for  p - t y p e  semiconductors .  The good agreement  
found fu r the r  suppor ts  the content ion tha t  the e lec t ro-  
nega t iv i ty  model  is appl icable  to a l l  semiconductor -  
e lec t ro ly te  interfaces.  The d iscrepancy  be tween  the flat-  
band  potent ia l  and  the pho tocur ren t  onset  po ten t ia l  was 
shown to be due to a bu lk  recombina t ion  center  located 
0.7 eV above the valence band. This localized state w a s  

observed  d i rec t ly  by  optical  exci ta t ion of e lectrons f rom 
this s tate into the conduct ion band. We suggest  tha t  this 
s ta te  is the same recombina t ion  center  which controls  
the efficiency of so l id-s ta te  e lect roluminescence in 
LED's  made  f rom GaP. 

These resul ts  offer some encouragement  for  the  
prac t ica l  appl ica t ion  of p - G a P  photocathodes.  The 
sens i t iv i ty  of the  pho tocur ren t  s tab i l i ty  to the elec-  
t ro ly te  composi t ion suggests  tha t  modification of the 
decomposi t ion kinet ics  m a y  be possible. Identif icat ion 
of the recombina t ion  center  as the bu lk  s tate  which 
de te rmines  the  efficiency of e lect roluminescence diodes 
means  that  the  same techniques m a y  be used to im-  
prove the pe r fo rmance  of both devices. 
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Transient Studies of Glucose, Oxygen, and 
Hydroquinone at a Membrane-Covered 

Rotated Disk Electrode 
David A. Gough and John K. Leypoldt 

Department of Applied Mechanics and Engineering Sciences, Bioengineering Group, 
University of California at San Diego, La Jolla, California 92093 

ABSTRACT 

The membrane-covered  rotated disk electrode was used to evaluate  t rans-  
port  and reaction of three representat ive solutes after a step change in elec- 
trode potential.  An analysis is proposed that  allows complete characteriza-  
t ion of solute t ranspor t  properties in  the membrane  from a single measure-  
ment  for diffusion-l imited processes. For par t ia l ly  react ion- l imited processes, 
certain kinetic constants can be estimated provided that  t ranspor t  properties 
are known from independent  experiments.  Using a well-character ized mem-  
brane, reactions of oxygen and hydroquinone were studied as examples of 
diffusion-limited processes. Glucose oxidation, a process in which there is a 
complex dependency on reaction kinetics, was also studied and certain rate 
constants estimated. These results provide a foundat ion for characterization 
of t ransport  in  novel membranes.  

In  previous papers (1-3), we described a membrane -  
covered, rotated disk electrode that may be useful  in 
the development  of membranes  for use with new chem- 
ical-specific sensors. In  this device both a disk electrode 
and a reference electrode are mounted  on a rotat ing 
shaft over which a hydrophilic membrane  is placed. 
With such a configuration the current  distr ibution be- 
tween the working electrode and the nonrotated coun- 
terelectrode can be made symmetr ical  by using a high 
conductivi ty background electrolyte. This allows the 
disk electrode to be uni formly  accessible to both re- 
actant and electrolyte, thus ensur ing a uniform Foten- 
tial dis t r ibut ion across the disk surface. Under  these 
conditions, a well-defined mass t ranspor t  regime is 
established in  which the diffusion boundary  layer  
thickness in solution is precisely determined by elec- 
trode rotat ion rate and the l imit ing current  reflects 
combined membrane  and solution mass t ransfer  resist- 
ances. At low rotat ion rates the diffusion boundary  
layer is relat ively large, making t ranspor t  through so- 
lut ion the major  contr ibut ion to total diffusional re-  
sistance. Under  such conditions, the current  is ana-  
logous to the convent ional  Levich current  (4) and 
proport ional  to the square root of rotation rate. At high 
rotat ion rates, however, where the solution diffusion 
boundary  layer is small, the resistance of the solution 
becomes negligible. Here, the diffusion current  is inde-  
pendent  of rotat ion rate and l imited by permeabi l i ty  
of the membrane.  

The steady-state  diffusion current  ia is given by the 
following equation (1) 

id : iL Ps [I] 

~ + --~- 

Key words: membrane  characterization,  rotating disk electrode, 
chemical  analysis. 

where iL is the Levich current  without  membrane  (4) 

iL -~ 0.62nFxR2D2/3~,-1/%I/2CB [2] 

in which n is the n u m b e r  of electrons transferred,  F 
is the Faraday constant, R is the electrode radius, D is 
the molecular  diffusion coefficient in solution, ~ is the 
kinematic  viscosity, ~ is the angular  rotat ion rate, and 
CB is the bulk solute concentration. Ps is the solution 
permeabi l i ty  or mass t ransfer  coefficient given by 

D 
Ps -- [3] 

8d 

where 84 is the diffusion boundary layer thickness (4) 
in solution 

5d ---- 1.61D1/3vl/6w-1/2 [4] 

and Pm is the membrane  permeabi l i ty  

aDm 
Pm -- - -  [5] 

6m 

in which ~ is the par t i t ion coefficient or equi l ibr ium 
ratio of solute concentrat ion in  the membrane  to solute 
concentrat ion in  solution, Dm is the solute diffusivity in  
the membrane,  and am is the membrane  thickness. 

We used the relat ionship in Eq. [1] to estimate the 
permeabi l i ty  of Cuprophane PT-150, a commercial hy-  
drophilic membrane,  to Fe(CN)6 -8 (1) and to 02 and 
hydroquinone (2). Steady-sta te  diffusion currents  were 
measured over a range of rotat ion rates and the mem-  
brane permeabi l i ty  for each solute was calculated from 
plots of 1/ia vs. 1/~1/2 by extrapolat ion to infinite rota- 
t ion rate. The values of permeabi l i ty  thus determined 
were in agreement  with results for solutes of compar-  
able molecular  weight obtained by conventional  me th-  
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ods. It was not possible to fur ther  resolve the perme-  
abi l i ty  into its components of the par t i t ion  coefficient 
and diffusivity without  addi t ional  independent  mea-  
surements.  

In  another  paper  (3), we developed a method for es- 
t imat ion of solute diffusivity in  the membrane  based 
on analysis of the t rans ient  cur ren t  after  a step change 
of bu lk  solute concentration.  This method is analogous 
to s tandard  t ime lag methods commonly used for gas- 
membrane  systems except tha t  the concentrat ion 
boundary  layer  in  solution was taken into account. Thus, 
with values for diffusivity obtained by  this method 
and of membrane  permeabi l i ty  from steady-state  mea-  
surements,  the par t i t ion  coefficient and diffusivity in 
the membrane  can be calculated, al lowing a complete 
characterization of t ranspor t  properties of the mem-  
brane  from a single experiment .  

In  the present  paper  we analyze the t rans ient  pro-  
duced after abrup t ly  imposing the measurement  po- 
tential. Exper imenta l  results are reported for oxygen 
and hydroquinone as examples of processes that are 
strictly diffusion limited, and for glucose, where there 
exists a complex dependence on electrode kinetics. The 
analysis of this t rans ient  is proposed as an a l ternat ive  
method of characterizing solute t ranspor t  in  the mem-  
brane  for diffusion-l imited processes or, in the case of 
k inet ic- l imi ted  processes, for est imation of certain ki-  
netic constants. 

Previous Work 
It  has been shown by Levich (4) that the conven-  

t ional rotated disk electrode has some unique advan-  
tages for the invest igat ion of k inet ic- l imi ted  proc- 
esses. The concentrat ion boundary  layer  is of constant  
thickness across the disk making the electrode surface 
un i formly  accessible to the diffusant. Since conditions 
for mass t ransfer  are therefore identical  at any point  on 
the disk surface, the concentrat ion of reacting species 
and the reaction rate are also un i form over the entire 
surface. For  a given concentrat ion boundary  layer 
thickness, there exists a s ingle-valued relationship be- 
tween the concentrat ions at the surface and in the bulk. 
Thus, the thickness of the concentrat ion boundary  layer 
is not a funct ion of reaction kinetics. Although these 
features are not general ly  characteristic of other mass 
t ransfer  regimes, they are obtained when the electrode 
is covered by a hydrophil ic membrane  and great ly sim- 
plify the analysis of k inet ic- l imi ted processes. 

Some fixed-potential  studies have been previously 
conducted with the solutes employed in this invest iga-  
tion. In  our previous studies on steady-state  oxygen re-  
duction at a p la t in ized-p la t inum electrode both with 
and without  a membrane  (2), it was found that elec- 
trode prepolarizat ion is helpful  for obtaining highly 
stable and reproducible oxygen diffusion currents.  In 
the absence of oxygen a small  bu t  significant anodic 
background cur ren t  was observed at the working po- 
tent ial  of --200 mV vs. a saturated silver, silver chloride 
electrode (SSCE). This current  was independent  of ro- 
tat ion rate and quant i ta t ive ly  the same with or without  
the membrane.  Taking the background current  into ac- 
count, a Levich current  corresponding to a four-elec-  
t ron process was obtained and membrane  permeabi l i ty  
was determined as before. 

Some re levant  previous work has also been reported 
on electrochemical glucose oxidation. Lerner  et aI. (5) 
employed a p la t in ized-p la t inum rotated disk electrode 
without  a membrane  to study glucose oxidation over 
the potent ial  range of --200 to 200 mV vs. SSCE. An 
electrode prepolarizat ion t rea tment  was used for sur-  
face activation in which the electrode was polarized 
first at 900 mV for 2 min, then at --300 mV for 3 min  
before recording each cur ren t - t ime  curve at the speci- 
fied measurement  potential.  These investigators found 
that the cur ren t - t ime  curves were strongly dependent  
on electrode potential  and that excellent  reproducibi l i ty  
could be obtained wi th  this measurement  protocol. 

Nevertheless, they found that  the current  constant ly 
decayed and did not a t ta in  a s teady-sta te  value even 
after several  hours, suggesting the existence of a slow 
electrode deactivation process occurring in  paral le l  
with glucose oxidation. Over a l imited potential  range 
of --200 to --50 mV the current  decay exhibited a 
logari thmic dependence on time. In  this potential  region 
the current  i was described by the following re la t ion-  
ship 

i = keC(1 --  O) [6] 

where ke is a constant  at a par t icular  electrode poten-  
tial, C is the glucose concentrat ion at the electrode 
surface, and 8 is the fraction of the electrode surface 
covered by deactivating species as a funct ion of time, 
given by 

0 : ks In (t/k3) for 1 --~ t / k8  < e 1/k2 [7] 

where t is t ime and ks and k8 are constants having, re-  
spectively, no units  and dimensions of time. Variable  
electrode rotat ion rate had li t t le effect on the glucose 
current  showing that the process was predominate ly  
kinetic controlled. The overall  charge t ransfer  n u m b e r  
for glucose oxidation was dependent  on potent ial  and 
time, and under  the conditions studied ranged from 4 
to 20. Gebhardt  et  al. (6) obtained similar  results. 

The oxidation of hydroquinone at a rotated disk elec- 
trode has also been studied previously both with (2) 
and without  (4) a membrane.  This process involves 
uncomplicated reaction at the electrode surface and the 
diffusion coefficient has been reported (4). We found, 
as did previous investigators (7), that without  the mem-  
brane  the electrode surface roughness had no effect on 
diffusion-l imited processes, suggesting that electrodes 
with high roughness factors can be employed without  
precluding application of the Levich analysis. 

Theoretical Analysis 
We consider a disk electrode rotat ing at constant  

angular  f requency ~, covered by  a homogeneous gel 
membrane  of thickness 5m. As before (1), we let z ~ 0 
at the membrane-so lu t ion  boundary  with z positive 
in the direction normal  to the plane of the membrane  
away from the membrane  surface. Init ial ly,  the elec- 
trode potential  is such that  there is no reaction of the 
chemical of interest  at the electrode surface. Thus, 
there is no flux of that  solute across the me mbrane -  
electrode interface and the solute is distr ibuted at equi-  
l ib r ium between the membrane  and solution. At t ime 
t ~ 0 the electrode potent ial  is abrupt ly  adjusted to a 
new value at which the chemical of interest  can now 
react at the electrode surface. For a th in  membrane,  
neglect ing mass t ransfer  at the edge, the governing 
equat ion wi th in  the membrane  is 

0C~ O2Cm 
----Din --~m-~z~--0 [8] 

8t 8z 2 

where Cm is the chemical concentrat ion in the mem-  
brane and Dm is the molecular  diffusion coefficient 
within the membrane.  If the ini t ial  bulk  solute concen- 
t ra t ion is CB, then 

Cm(z, 0) = aCB [9] 

where  ~ is the par t i t ion coefficient of the solute in  the 
membrane.  For t > 0 we assume that  the reaction fol- 
lows a first-order kinetic law with a first-order reac- 
tion constant  k. The boundary  condition at the elec- 
t rode-membrane  interface is therefore 

Dm OCm(__6m, t) --k Cm (--6re, t) [I03 
8z a 

where the rate constant depends on the roughness fac- 
tor and takes into account any differences between the 
membrane geometric area and the effective electrode 
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area. In  cer ta in  cases, the rate constant  may also de- 
pend on electrode potential.  The par t i t ion coefficient is 
included in this expression to account for the equi l ib-  
r ium concentrat ion difference between the membrane  
phase and the thin, aqueous layer adjacent  to the elec- 
trode surface. The boundary  condit ion at the mem-  
brane-solu t ion  interface is more difficult to model ex- 
actly and we therefore assume a l inear  concentrat ion 
profile in  solution with a boundary  layer  thickness 
equal to the Levich diffusional boundary  layer  thick- 
ness given previously in  Eq. [4]�9 Thus, at the mem-  
brane-solu t ion  interface we have the following bound-  
ary  condition 

OCt(O, t )  D 
D ~  - -  [~CB - c ~  (0, t )  ] [11] 

cgZ abd 

The above equations can be expressed in nondimen- 
sionalized form by introducing the following variables 
and parameters 

Dins 
--- [12]  

~)m z 

C--~ --  aCB - -  Cm 
[13] 

aCB 

y = 1 + Z/bm [14] 

kSm 
h : , [15] 

aDm 

DSm 
Bi -- ~ [16] 

aDm{)d 

Equations [8], [9], [10], and  [11] then become 

 C--N 
- -  : 0 - - y - - ~ l  [17] 
8~ OY 2 

Cm(y, 0) = 0 [18] 

0Cm (0, z) -- hC~m (0, "0 = -- h [19] 
OY 

OCm 
"OY (1, z) + BiCm (1,3) ---- 0 [20] 

A method for solving equations of this form has 
been given elsewhere (8). The solution is 

I 1 1 [26] /ss = nF~R2Jss = iL Bi 

1 -}- Bi -}- -~-- 

where  iL is the l imit ing Levich current  given in  Eq. 
[2]. From Eq. [25] it can be seen that  the steady-state 
current  is reduced by the presence of membrane  and 
finite electrode kinetics. The parameter  Bi is the Blot 
number  (9) and represents the ratio of membrane  to 
solution mass t ransfer  resistance. The parameter  Bi /h  
in Eq. [25] represents the ratio of finite kinetic to 
solution resistances. 

The anticipated results of a par t ia l ly  k inet ic- l imi ted 
process can be obtained from conversion of the flux de- 
scribed by Eq. [23] into current  density. Figure  I is a 
plot of t ime-dependent ,  normalized current  density for 
various values of h at constant  Blot number .  Experi-  
mental ly,  these conditions could be realized for differ- 
ent values of the rate constant obtained by operat ing 
at different electrode potentials or by varying  the elec- 
trode roughness factor. The figure shows that  the t ime 
to reach steady state increases with decreasing values 
of h and that  the s teady-state  current  decreases wi th  
h. The effect of different Blot numbers  at constant  h is 
plotted in  Fig. 2. Such results might  be obtained in  
practice by vary ing  rotat ion rate or by using mem-  
branes of different molecular  permeabil i ty.  With in -  
creasing values of Bi, where t ranspor t  through solution 
becomes relat ively rapid, the time to reach steady state 
decreases and the u l t imate  current  density increases. 

An impor tant  special case of the above equations is 
when  kinetics of the electrode are very  rapid compared 
to diffusion wi th in  the membrane.  This corresponds to 
the parameter  h becoming very  large and therefore in  
the l imit  as h -~ ~ the t ime-dependent  current  becomes 

i '(~) j ' ( r )  1 

nF~R2PmCB PmCB 1 + Bi -1 

+ 2 ~ k'2 + Bi2 e-k'~r [26] 
k, k '2 + Biz + Bi 

where values for k' are the roots of the following equa-  
t ion 

k' cot k' -- -- Bi [27] 

This provides a means of de termining the solute dif- 
fusivity in the membrane.  For T of order 1, Eq. [26] can 
be approximated by the following monoexponent ia l  
expression 

C'-m(y,~) = --1 [ y - -  ( 1 +  Bi -1 ) ]  - - 2  
1 + Bi -1 + h-1  

kn 

where the summat ion  is over the roots of the following 
equat ion 

ka(h + Bi) 
tan  kn -- [22] 

kn 2 - -hBi  

The measurable  quant i ty  of interest  is the flux j (T) at 
the electrode surface, which in  nondimensional ized 
form is 

h (kn  2 -{- Bi 2) (kn cos kny -}- h sin kny) 
e-k ,~  [21] 

kn{(kn 2 -{- h2) (kn 2 -}- Bi 2 + B i ) +  h(kn 2 -}- Bi2)} 

i ( t )  1 k ' l  2 -{- Bi 2 
- -  F 2 e - ~ ' 1 ~  

nF;tR2PmCB 1 + Bi -1 k'l  2 + Bi 2 + Bi 
[28] 

where k'~ is the smallest  root of Eq. [27]. At  s teady- 
state Eq. [26] becomes 

- - - - - - ~  (3)  - - 0 C m  (0, 3) = 1 - } - 2 ~  
PmCB ~gy 1 + Bi -1 + h -1 

kn 

h2(kn 2 + Bi 2) 
e -k-  ~ [23] 

{(kn s -}- h 2) (kn 2 + Bi 2 + BOW h(kn 2 + Bi2)} 

From this equation it can be seen that  after a suffi- 
c ient ly long t ime the flux approaches a s teady-state  
value given by 

j ~  1 
[24] , - -  

PmCB 1 + Bi -1 -}- h -1 

The s teady-state  current  is therefore 

1 ] [291 
itss = ~L 1 + Bi  

which is equivalent  to Eq. [1]�9 
In  Fig. 3 the normalized cur ren t  density for a solute 

that  reacts under  strict diffusion control as described by 
Eq. [26] is plotted as a funct ion of dimensionless time. 
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Fig. 1. The effect of variable h at constant Bi on the normalized, 
time-dependent current density. 
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Fig. 2. The effect of variable Bi at constant h on the normalized, 
time-dependent current density. 

The curves are given for different values of Bi that, in 
practice, could be obtained with the same membrane  
at  different rotat ion rates or with membranes  of various 
permeabili t ies.  The values of Bi chosen represent  a 
l inear  increase in  =z/2, and it can be seen that the 
s teady-s ta te  cur ren t  densities yield the characteristic 
non l inear  dependency on rotat ion rate described pre-  
viously (1). The figure demonstrates  that  the t ime to 
reach steady state increases with decreasing values of 
Bi, as would be anticipated from the contr ibut ion of the 
concentrat ion boundary  layer. 

We now- consider a special case in  which the effective 
electrode area is a slowly varying  funct ion of time, as 
is observed in  glucose oxidation (5). 

The expressions for the effective electrode area, the 
rate constant, and the par t ia l ly  k inet ic- l imi ted current  
are modified to include a t ime dependency. The effec- 
tive electrode area as a funct ion of t ime Aefr(t) is de- 
scribed by  Eq. [6] and [7], which state that  

Aefr(t) -- Ao(1 -- k21n t/k~) [30] 

where  Ao is the original  effective surface area a} t ime 
t = k3. The kinetic parameter  is wr i t t en  as 

2.0 I 

1.6 

=E 1.2 

Y- 0.8 

0.4 

Bi = 6.0 
/ B/= 5.0 

~,(~/  Bi = 3.0 

iB i  = 2.0 

0 ' i ' ' i ' ' ' O 0 5 1.0 1 5 2.0 2.5 
r 

Fig. 3. The effect of variable Bi under strict diffusion control on 
the normalized, time-dependent current density, 

k l A o ( 1  - -  8) 8m 
h* = [31] 

aDmAg 

where Ag is the electrode geometric area, kl is a rate 
constant  for glucose oxidation, and e is given by Eq. [7]. 
The par t ia l ly  k inet ic- l imi ted cur ren t  given by Eq. [25] 
then becomes 

iCt) = 
nFAokzCs 

(1 --  ks In 
A g  

+ k~ In  k3)  h* 

1+ h* +~T 
[32] 

Consequently, a l though the current  decays approxi-  
mately  with the logari thm of time, the slope of the de- 
cay would be affected by a re la t ively impermeable  
membrane.  Assuming that  the kinetic constants /ca, 
k2, and k~ are not al tered by the presence of the mem-  
brane, the anticipated ratio r of the current  slope wi th-  
out membrane  to the current  slope with membrane  is 
given by the equation 

h* 
-- [33]  

r Bi 

Equations [32] and [33] provide a means for est ima- 
t ion of either certain kinetic constants or mass t ransfer  
properties, provided that  values for the complementary  
process are known  from independent  experiments.  

Exper imentol  
Apparatus and electrode construction.--A disk elec- 

trode 0.80 cm in diameter  was machined from 0.5 mm 
thick p la t inum plate and spot welded at the center  to a 
length  of p la t inum wire. The disk and wire were 
cemented into an electrode body fashioned from 1.9 cm 
diam Lucite rod and the disk surface polished to a 
mir ror  finish. A cavity in the electrode body with a 
small  opening at the inactive portion of the disk 
surface near  the edge of the p la t inum electrode was 
the receptacle of the reference electrode. This cavity 
was filled with saturated KC1 and a chlorided silver 
wire inserted. The l iquid junct ion at the edge of the disk 
electrode was par t ia l ly  occluded with a l inen  fiber to 
minimize convective outflow of electrolyte. A conven-  
tional Luggin capil lary reference electrode was em- 
ployed in studies without  a membrane.  In  either case, 
electrode potentials are reported with reference to the 
saturated silver, si lver chloride electrode, which is 
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-5600 mV vs. the reversible hydrogen electrode under  
these conditions. The counterelectrode was a high sur-  
face area p la t inum wire that  had been sealed in an 
adjustable  glass tube and mounted  to the vessel lid. 

The rotat ing shaft was mounted  on a Teflon bear ing 
and attached to the vessel lid. Electrical contact was 
made between the rotat ing electrodes and the potentio- 
stat through concentric, mercury-f i l led channels. Fur -  
ther  details of electrode construction have been given 
elsewhere (1). 

The electrochemical cell was a single compartment,  
water - jacketed  vessel in which all three electrodes 
were placed. The lid was mounted  to the vessel with a 
gas-t ight  seal and provision was made for passage of 
the purge gas through the cell. 

The rotat ing shaft was directly coupled to a stepper 
motor (Model M-062, Minar ik  Corporation) and rota-  
t ion rate controlled by a complementary  regulator  
(Model TBM of the same manufac ture r ) .  The appara-  
tus was adjusted so that each complete revolut ion of the 
shaft was made in  200 equal steps, each step being 
ini t iated only after a t ra in  of 4 pulses from a voltage- 
controlled oscillator (Model 180, Wavetek Corpora- 
t ion).  The voltage input  for de terminat ion  of oscilla- 
t ion frequency was supplied by a voltage programmer  
(Model 176, Pr inceton Applied Research Corporation).  
Thus, the electrode rotat ion rate could be precisely 
main ta ined  over a range of 0-8000 rps. 

The electrochemical measurements  were made with 
a potentiostat  (Model 173, Pr inceton Applied Research 
Corporation),  equipped with a digital coulometer 
(Model 178). Measurements  were recorded on an X-Y 
recorder (Model 7037, Hewle t t -Packard  Corporation).  
Thermostat ic conditions were main ta ined  by a constant  
temperature  water  circulator (Model FE, Haake Cor- 
porat ion).  

All  solutions were prepared from analyt ical  grade 
reagents and distilled, deionized water. Studies in-  
volving glucose and oxygen were conducted at 37~ 
with a support ing electrolyte of 0.1N KC1 in 10-2M 
sodium phosphate buffer, pH 7.8. In experiments  with 
oxygen, the support ing electrolyte was equi l ibrated 
with the atmosphere and concentrat ion calculated using 
s tandard solubil i ty tables. In  all other experiments  the 
solution was purged with prepurified nitrogen. Glu- 
cose solutions were made from anomerical ly  equili-  
brated stock solutions. Studies with hydroquinone were 
conducted with 20 X 10-3M solute in 0.1N KC1 con- 
ta ining 5 X 10-4M H2SO4 at 37~ 

Properties of the membrane,  Cuprophane PT-150 
were characterized elsewhere (10) by conventional  
methods. The membrane  ionic resistivity measured pre-  
viously (1) was negligible compared to the membrane  
resistance to reactants. Thickness of the hydrated 
membrane  was estimated to wi thin  --+0.0005 cm with a 
precision micrometer.  

Procedures . - -A  pla t in ized-p la t inum electrode was 
used in all but  specifically ment ioned experiments  
with the in tent  of operating under  diffusion control. 
The following method was employed for plat inization 
(7). After polishing and cathodic cleaning in 1N HC], 
the electrode was platinized in a solution containing 
5% (w/v)  chloroplatinic and 0.03% (w/v)  lead acetate. 
Six al ternate anodic and cathodic galvanostatic pulses 
of 100 mA/cm~ current  density, each 1 min in duration, 
were applied to the electrode while rotating. This 
t rea tment  was followed by a thorough rinse with dis- 
tilled water. This plat inizat ion method typically pro- 
duced an ini t ial  electrode roughness factor of approxi-  
mately 2000. However, the surface area dropped dra-  
matical ly dur ing the first several days of use to a 
stable value of approximately 650. We found, as did 
previous investigators (7), that the surface area re- 
mained remarkably  stable over a period of months after 
the ini t ial  aging phase, provided that care was taken 
during the membrane  mount ing  procedure to avoid dis- 
turb ing  the deposit. Surface area was determined wi th-  

out a membrane  in place by  galvanostatic hydrogen 
str ipping in  1N H2SO4. A value at 210 X 10-6C was 
used for the equivalent  charge of 1 cm 2 adsorbed hy-  
drogen. 

A suitable working potential  for each solute was 
first determined without  the membrane  using a Luggin 
capil lary reference electrode. This was done by re-  
cording cur ren t - t ime  curves at fixed potentials in incre-  
ments of 50 mV over the potent ia l  range of interest.  
For oxygen and glucose, each measurement  was im-  
mediately preceded by  a sequence of electrode pre-  
polarizations for surface activation consisting of an-  
odization for 2 min  at +900 mV followed by cathodiza- 
t ion for 3 min  at --300 mV. The background current  in 
the absence of reactant  was s imilar ly  recorded. With 
hydroquinone,  prepolarizat ion was not necessary and 
exper iments  were conducted by stepping the potential  
from approximately  +300 mV where the current  was 
insignificant to the working potential. Some acceptable 
working potentials were: oxygen, --200 mV; glucose, 
--100 mV; and hydroquinone,  +700 mV. For oxygen 
and hydroquinone,  s teady-state  measurements  at var i -  
ous rotat ion rates and concentrations were also made. 
Calculations of diffusion coefficients in  solution were 
based on the l imit ing Levich currents  or, in  the case of 
glucose, est imated from other studies (11). It  was not 
necessary to activate the electrode before individual  
measurements  of solutes that  a t ta ined steady state. 
Moreover, a reproducible Levich cur ren t  was obtain-  
able for several hours after a single act ivation t reat -  
ment. In  certain measurements ,  slight compensation 
for iR drop was necessary. 

These experiments  were then repeated with the 
membrane  in  place using the in te rna l  reference elec- 
trode. Steady-state  membrane  permeabi l i ty  for oxygen 
and hydroquinone was calculated from plots of id -1 
VS. ~--1/~ by extrapolat ing to the intercept  at ~,-1/2 _-- 0, 
taking the background cur ren t  into account. No signifi- 
cant IR drop was observed using the in te rna l  reference 
electrode with the membrane  in place. 

Results and Discussion 
Hydroquinone . - -Trans ien t  results for hydroquinone 

are shown in Fig. 4. The dashed lines are recordings 
without  a membrane  of current  density normalized by 
concentrat ion for several values of ~1/2. The steady- 
state current  densities were l inear ly  proport ional  to 
~1/2 and used in  determinat ion of the diffusion coeffi- 
cient of hydroquinone in solution. The time required 
for the current  to reach steady state decreased slightly 
with increasing values of ~1/2, as predicted by previous 
models of the current  t rans ient  at rotated disk elec- 
trodes without membranes  (12, 13). The normalized 
current  density with the membrane  for two values of 
~1/2 is recorded in the solid lines. With a membrane,  the 
current  density at comparable values of ~/2 was re-  
duced, and longer time was required to reach steady 
state. Nevertheless, the shape of the curves with or 
without  the membrane  was similar, with the exception 
of the ini t ial  slope at less than  1 sec. Init ial ly,  the back- 
ground current  density with membrane  decayed rap-  
idly, then slowly approached steady state. The back- 
ground cur ren t  density was independent  of rotat ion 
rate and the presence of the membrane .  

O x y g e n . - - A s  shown in Fig. 5, the results were qual i -  
tat ively different with oxygen. The anodic movement  
of the electrode potential  from the prepolarizat ion po- 
tential  of --300 mV to the working potential  of --200 
mV caused the transients  to come from the anodic di- 
rection and cross through zero before finally ar r iv ing 
at cathodic steady-state values. In  addit ion to the 
direction of the transients,  the time to reach steady 
state for the background currents  was substant ia l ly  
greater than for the oxygen currents. Moreover, the 
t ransient  component of the background current  was 
strongly dependent  on the rotat ion rate and working 
potential  and was affected by the presence of the mem-  
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Fig. 4. The transient response with hydroquinone 

brane.  Nevertheless, the t ransient  background currents,  
both with and wi thout  the membrane,  eventual ly  
reached a common steady-state  value that  was inde-  
pendent  of rota t ion rate. 

The use of these data for de terminat ion  of the diffu- 
sion coefficients of oxygen and hydroquinone in the 
membrane  is shown in  Fig. 6. Here, the logari thm of 
individual  values of normalized current  density minus 
the normalized s teady-state  current  density was plot-  
ted as a funct ion of time. Data points were calculated 
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Fig. 5. The transient response with oxygen 
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Fig. 6. The determination of the diffusion coefficient in the 
membrane for oxygen and hydroquinone. 

from Fig. 4 and 5 for the same rotat ion rate. The dif- 
fusion coefficients were est imated from the slopes ac- 
cording to Eq. [28]. 

Although the oxygen data points closely approxi-  
mated a straight line, the hydroquinone  data points 
deviated significantly from l inear i ty  dur ing the first 
2 sec. Some degree of non l inear i ty  was representat ive 
of most trials. Depar ture  from l inear i ty  suggests the 
possibility that various electrochemical process with 
dist inguishable re laxat ion constants may have been 
involved in the t rans ient  response. While the physical 
na ture  of such processes and their significance to the 
eventual  operat ion of chemical-specific sensors are not  
present ly  clear, these results may provide a point  of 
depar ture  for future  studies. Thus, a l though the method 
proposed here is useful  for the de terminat ion  of diffu- 
sion coefficients in membranes,  the analysis is based 
on a monoexponent ia l  t rans ient  and must  be acknowl-  
edged as an approximat ion in certain cases. 

The exper imenta l ly  de termined t ranspor t  properties 
for oxygen and hydroquinone are summarized in Table 
I and compared to previous results for ferrocyanide 
(1). Values of the membrane  molecular  resist ivity Rm, 
of membrane  permeabil i ty ,  and of the diffusivity in  
solution were obtained from steady-state  measure-  
ments. The effective diffusivity in the membrane  Deft 
is the product  of the par t i t ion coefficient and the solute 
diffusivity in the membrane  and was calculated from 
the steady-state  permeabil i ty.  In  our previous s tudy 
(1), Deft was resolved into the components of ~ and 
Dm by an independent  measurement  of ~, but  in the 
present  s tudy Dm and Deft were measured directly and 
a calculated. 

Since t ransport  of these solutes in  cellulosic mem-  
branes has not been characterized previously there is 
no s tandard  for direct comparison of these results. 
Nevertheless, indirect  comparison based on other so- 
lutes (10, 11) can be made by reference to the ratio 
Deff/D and the solute molecular  weight. The present  
results are consistent with predictions based on such 
comparisons. In  addition, the values reported here are 
comparable wi th in  exper imental  error to our other re-  
sults (3) obtained with a t ime lag method. 

G l u c o s e . - - T h e  t rans ient  glucose current  with the 
membrane  in  place is shown in  Fig. 7. The cur ren t  
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Table I. Mass transfer properties in cuprophane 

Rm Pm (cm/  D (cm~/ D ~  ( c m /  Dm (cm' /  
Solute  and condit ions  ( m i n / c m )  sec • 10~) sec x 10~) sec x 10D D ~ f / D  sec X 10 7) a 

Oxygen; O.1N KC1, 0.01M phosphate  buffer, 12.0 13.9 23.2 34.7 0.15 41.0 0.85 
pH 7.3, 37~ 27.6 (3) 

Hyroquinone;  0.1N KC1, 10-4M H~SO~, 30~ 26.2 6.37 11.6 15.8 0.14 24.1 0.66 
8.5* (4) 

Ferrocyanide  (1); 1N KCI, O.01M phosphate 99.7 1.67 6.3 4.2 0.07 5.6 0.74 
buffer, pH 7.3, 30~ 

* 15"C. 

ini t ia l ly  dropped rapidly, then began a logari thmic 
decay analogous to that  described previously without  
the membrane  (5). The current  density at any given 
time was nonl inear  with concentration, indicat ing that 
the process was still par t ia l ly  reaction limited. The 
background current  shown by the dashed line decayed 
exponent ia l ly  ra ther  than logari thmical ly and was com- 
parable to or larger than the glucose current  at low 
concentrations. This is probably  a result  of the com- 
plex glucose oxidation process and invalidates the 
simple subtract ion of the background current.  Kinetic 
control of this process was evident  from the nonl inear -  
ity of the current  with concentration, the dependence 
of the current  on the electrode roughness factor, and 
the relat ively small  effect of rotat ion rate. 

The logarithmic na ture  of the glucose current  decay 
is shown in Fig. 8. Values of glucose current  density 
taken from Fig. 7 without  subtract ion of the back- 
ground current  density were plotted against  the loga- 
r i thm of time. While most values at greater than 75 
s e c  closely fit a straight line, the current  density at 
shorter times was f requent ly  higher than expected. 
The deviation was probably due to ini t ial  glucose oxi- 
dation by an al ternate mechanism involving a greater 
charge t ransfer  number .  Such an explanat ion would 
be consistent with the observations of Lerner  et al. 

- B A C K G R ~  
0 , I I I I I 

0 1.0 2.0 3.0 

TIME (seconds • 10 -2) 

Fig. 7. The transient response to glucose with a membrane 
present. 

(5) of a decreasing charge t ransfer  n u m b e r  dur ing the 
ini t ial  phase of fixed potential  glucose oxidation with-  
out a membrane.  The time dur ing which this ini t ial  
oxidation phase was significant is represented by the 
constant  k3 in Eq. [32] and was estimated from Fig. 8 
to be approximately  75 sec. Thus, for times greater 
than  k~, characterization of the glucose cur ren t  decay 
as l inear  with the logari thm of t ime seems reason- 
able. 

In  Fig. 9 a comparison is made of the glucose current  
density with and without  a membrane  for two electrode 
roughness factors. Both with and without  the mem-  
brane, the current  density was substant ia l ly  greater  
at the higher roughness factor, reflecting reaction con- 
trol. However, with the membrane,  the current  den-  
sity at a given time was reduced by proport ional  
amounts  for both roughness factors. Although the proc- 
ess was clearly under  reaction control, the membrane  
had a slight effect on the slope of the current  density 
decay, thus permi t t ing  the use of Eq. [33]. Since the 
reaction and t ranspor t  properties could not be deter-  
mined independent ly  in  these experiments,  we chose 
to estimate the t ranspor t  properties by l inear  in terpo-  
lat ion from Table I on a basis of molecular  weight and 
to use Eq. [31] and [33] to calculate values of the 
kinetic constants. These values could then be used in 
future  studies with other membranes  for determinat ion 
of relat ive t ransport  properties. The values used were: 
D, 9.0 X 10-6 cm2/sec; Deft~D, 0.1; and ~, 0.75. For the 
conditions of our experiment,  this led to values of 
3.60 X 10 -4 and 2.91 X 10-4 cm/sec for Prn and Ps, re-  
spectively, and 8.08 for Bi. Results of the calculations 
are summarized in  Table II. Values of @ were deter-  
mined from averages of several measurements .  At 
either roughness factor the magni tude  of h* was sub- 
s tant ial ly  smaller  than  that  of Bi, as expected for a 
process under  reaction control. There was no measur-  
able dependence of ,~ on time, suggesting that  e in  Eq. 
[31] may be negligible, thereby permit t ing de te rmina-  
t ion of values for the product  klAo. Fur the r  resolu- 
tion of kl and Ao on the basis of roughness factor was 
not war ran ted  because the roughness factor as de- 
te rmined by hydrogen str ipping was not  expected to 
be equivalent  to the surface area after prepolarizat ion 
in  the presence of the reactant.  Values of k2 were de- 
termined from the slopes of the current  decay without  
membrane  in  Fig. 9 a t  greater  than 75 sec using Eq. 
[32]. For this calculation, the charge t ransfer  number  
was assumed to be 4, as suggested by previous studies 
(5). The values of k2 shown in Table II  were small  
compared to unity,  just i fying the t rea tment  above in 
which # was neglected. Rate constants have not been 
reported in  the l i terature  so that  quant i ta t ive  compari-  
sons with previous  studies could not  be made. How- 
ever, the glucose current  density without  the m e m -  

Table II. Reaction constants for glucose oxidation 

klAo 
(cmS/ ks ks 

Rt Bi �9 h* sec x 104) (x I0 ~) (see) 

1550 8.08 3.17 2.48 4.46 16.52 75 (approx) 

640 8.08 2.91 1.70 3.06 2.34 75 (approx) 
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Fig. 8. The transient response 
to glucose with a membrane pres- 
ent plotted as a function of the 
logarithm of time. 
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Fig. 9. The effect of roughness 
factor on glucose oxidation, with 
and without a membrane. 

brane  observed throughout  our s tudy was about 50% 
that reported by Lerner  et al. (5) when  adjusted for 
roughness factor, rotat ion rate, and concentration. This 
discrepancy may be due to the differences in iR drop 
compensat ion and may have an effect on the value of 
k2. Nevertheless, the rate of current  decay as calcu- 
lated from the values of k2 and ks obtained in our 
s tudy was comparable to previous exper imenta l  find- 
ings (5). 

The na tu re  of the glucose current  can depend on the 
electrochemical technique employed. In  another  s tudy 
(3), we analyzed the fixed potent ial  glucose current  
at a membrane-covered  rotated disk electrode after 
incrementa l  increases in glucose concentration. A 
t rea tment  for surface act ivat ion was not employed. 
The cur ren t  decayed l inear ly  with t ime after each 
addit ion of glucose and al though the current  density 
with the membrane  for a given concentrat ion was 
much higher, the process was still  non l inea r  with con- 
centrat ion and l imited by reaction. Thus, the kinetic 
constants and logarithmic decay described in the 
present  s tudy are not  necessarily observed for other 
modes of electrode operation. 

One general  feature of the analysis  is the assumption 
that t ransients  in  solution are sufficiently rapid to pro-  
duce a l inear  concentrat ion profile in  the concentra-  

t ion boundary  layer. It has been shown elsewhere (13, 
14) that t ransients  wi th in  the concentrat ion boundary  
layer at a rotat ing disk electrode decay with a time 
scale 

8d 2 
ts ~ ~ [34] 

3.10D 

whereas t ransients  in the membrane  die out  with a 
t ime scale 

5m 2 
ira ,-" k,z.~D m" [35] 

For the assumption of a l inear  profile wi thin  the con- 
centrat ion boundary  layer  it is necessary that  

t= 
�9 > >  1 [36 ]  

ts 

The plausible values for t ranspor t  parameters  ob- 
ta ined for oxygen and hydroquinone suggest that  this 
assumption is reasonable. However, the a t t a inment  of 
this condition may be in question where the analysis 
is applied to more highly permeable membranes.  

An essential condition in  the analysis was the as- 
sumption of an equi l ibr ium dis t r ibut ion of the reactant  
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in  the m e m b r a n e  at  the t ime of imposing the measu re -  
men t  potential .  In  the  case of oxygen and glucose 
significant reac t ion  was l i ke ly  dur ing  the p repo la r i za -  
t ion t rea tment ,  wi th  the resul t  that  this condit ion may  
not  have  been comple te ly  satisfied. Never theless  e r ror  
due to the ini t ia l  r eac tan t  d i s t r ibu t ion  was expected  to 
be minor  for membranes  of high permeabi l i ty .  

These studies p repa re  the  w a y  for charac ter iza t ion  of 
new membranes  tha t  m a y  even tua l ly  be incorpora ted  
in novel, biochemical-specif ic  sensors. 

Conclusions 
1. A n  analysis  of  cu r ren t  t rans ients  a f te r  ad jus t ing  

the  e lec t rode  potent ia l  at  the  m e m b r a n e - c o v e r e d  ro-  
ta ted  disk e lec t rode  is given. Cases are  descr ibed in 
which the process is s t r ic t ly  diffusion l imited,  pa r t i a l l y  
react ion l imited,  and  p a r t i a l l y  react ion l imi ted  wi th  the 
effective surface a rea  decreas ing wi th  the logar i thm of 
time. 

2. The  m e m b r a n e - c o v e r e d  ro ta ted  disk e lec t rode  and 
the t rans ient  analysis  can be employed  to eva lua te  the 
permeabi l i ty ,  the  pa r t i t ion  coefficient, and the diffusion 
coefficient in membranes  f rom a single expe r imen t  for 
solutes tha t  a re  r ead i ly  consumed at  the electrode.  The 
sys tem m a y  also be useful  to analyze  t r anspor t  and  re -  
act ion of solutes tha t  are  pa r t i a l l y  reac t ion  l imited.  

3. This s tudy confirms previous  repor ts  of the  effec- 
t iveness of cer ta in  e lect rode prepola r iza t ion  procedures  
for  obta in ing h igh ly  reproduc ib le  glucose oxida t ion  
currents.  At  a potent ia l  of --100 mV vs. Ag/AgC1 wi th -  
out a membrane ,  the glucose oxida t ion  cur ren t  decays 
wi th  the  logar i thm of time, as p rev ious ly  repor ted .  
Moreover,  we find tha t  these proper t ies  a re  also ob-  
ta ined  wi th  a m e m b r a n e  cover ing the electrode,  a l -  
though the m e m b r a n e  decreases  the cur ren t  densi ty  
and the slope of cur ren t  decay. 

4. The  analysis  deve loped  here  is useful  to descr ibe  
the process of glucose oxida t ion  at  the m e m b r a n e - c o v -  
e red  e lect rode and to es t imate  cer ta in  react ion ra te  
constants.  
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L IST  OF SYMBOLS 
Aeff effective e lect rode surface area  (cm 2) 
Ao original  effective electrode surface a rea  (cm ~) 
Bi Blot number ,  a dimensionless  t r anspor t  p a r a m -  

e ter  
CB solute concentra t ion  in the bulk  (mole/cmS) 
Cm solute concentra t ion in the membrane  (mole /cm 3) 
Cm dimensionless  solute concentra t ion in the  mem-  

b rane  
D solute diffusion coefficient in the bu lk  (cm2/sec) 

Dm solute diffusion coefficient in the m e m b r a n e  
(cm2/sec) 

h dimensionless  reac t ion  p a r a m e t e r  defined in Eq, 
[15] 

h* dimensionless  reac t ion  p a r a m e t e r  for  glucose 
i d diffusion cur ren t  (A) 
iL Levich cur ren t  (A) 
i t ime-dependen t  glucose cur ren t  (A) 
i '  t ime -dependen t  cur ren t  wi th  no reac t ion  l imi ta -  

t ion (A) 
iss s t eady-s t a t e  cu r ren t  (A) 
i'ss s t eady-s t a t e  cu r ren t  wi th  no react ion l imi ta t ion  

(A) 
Jss s t eady- s t a t e  flux (mo le / cm 2 sec) 
j'ss s t eady - s t a t e  flux wi th  no reac t ion  l imi ta t ion  

(mole / cm 2 sec) 
k, kl, k2, k3, ke, kn, k', k'l ,  constants,  va r ious ly  defined 
Ps solut ion pe rme a b i l i t y  or  mass t ransfe r  coefficient 

(cm/sec)  
Pm m e m b r a n e  pe rmeab i l i t y  (cm/sec)  
R e lec t rode  radius  (cm) 
t t ime (sec) 
ts t ime constant  of t rans ien t  in solut ion (sec) 
tm t ime constant  of t r ans ien t  in m e m b r a n e  (sec) 
vz so lu t i onve loc i t y  (cm/sec)  
y dimensionless  dis tance f rom the e lec t rode  surface 
a par t i t ion  coefficient (cm3/cm 3) 
~d concentra t ion b o u n d a r y  l aye r  thickness (cm) 
am m e m b r a n e  thickness (cm) 

f ract ion of e lec t rode  surface covered by  adsorbate  
r ra t io  of the  glucose cu r ren t  slope wi thout  and 

wi th  a membrane  
dimensionless  va r i ab le  defined in  Eq. [12] 

v k inemat ic  viscosi ty (cm2/sec) 
angu la r  ro ta t ion  ra te  ( s e c - D  
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Influence of Electrolyte Composition on 
Electrode Kinetics in the Molten Carbonate 

Fuel Cell 
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ABSTRACT 

Electrode kinetics of fuel oxidation on nickel and cobalt e lec trodes  is dis- 
cussed for three selected mol ten carbonate mixtures.  The measurements  were 
made using a potent ial  step technique. The highest  exchange cur ren t  values 
were found on nickel anodes in all  melts, and the highest of these values 
were found in  the melt  comprised of 43.5 mole percent  Li2COa-31.5 mole 
percent  Na2CO3-25 mole percent  K2CO3. In  this t e rnary  melt  the exchange 
current  density on nickel  var ied from 78 m A / c m  2 for in te rmedia te -BTU fuel 
to 22 mA/cm 2 for low-BTU fuel at 650~ The exchange current  density was 
found to have an electrochemical reaction order parameter  at constant  over-  
potent ial  of a round 0.25 for hydrogen, carbon dioxide, and water. Electro- 
chemical per formance  of the two anode materials  in  the three melts is dis- 
cussed, a n d  a tenta t ive  reaction mechanism is s u g g e s t e d  for the oxidation 
react ion.  

T h e  m o l t e n  carbonate fuel cell (MCFC) operates at 
650~ and  consists of a porous nickel anode together 
with a porous nickel cathode, both of which are pressed 
against  what  is called the electrolyte tile. This tile 
contains both an iner t  mat r ix  into which can be sup- 
ported a var ie ty  of alkali  carbonate mixtures  which, 
at  the fuel cell operat ing temperature,  are molten. 

T h e  empirical  electrode reactions taking place in this 
ce l l  are  

Anode: H2 + CO82- --> CO2 + H20 + 2e- 

CO + CO~ 2- -> 2CO2 + 2e- 

Cathode: 2e- -5 CO2 + I/2 02--> CO32- 

The CO present at the fuel cell anode may react elec- 
trochemically as indicated above, but at the cell operat- 
ing temperature of 650~ the water-gas shift equilib- 
rium CO + H20 ~ CO2 + H2 will be attained more 
rapidly, Hence the major contribution of CO to the fuel 
cell anode performance may be in hydrogen produced 
via the water-gas  shift reaction. 

Several  factors must  be considered in the selection of 
a mol ten carbonate mix ture  supported on the l i th ium-  
a lumina te  (LiA1Of) mat r ix  of the tile. These factors 
are (i) ionic conductivity, (ii) solubil i ty of reactants 
and reaction products, (iii) the diffusion coefficients of 
reactants  and products, (iv) the rate of the anodic and 
cathodic reactions, (v) electrolyte vapor pressure, and 
(vi) stabil i ty of the l i t h ium-a lumina te  matrix. Electro- 
lyte vaporization losses appear  to be related to the hy-  
droxide content  in  the mol ten  carbonate mixture,  with 
the highest concentrat ions occurring in l i th ium car- 
bonate  (1). Projected electrolyte tile lifetimes have 
a l ready been  reported (2). Reactant-gas  solubil i ty has 
general ly  been found to decrease with increasing l i th-  
ium carbonate content. Maximum solubilities have been 
found in t e rnary  mixtures  rich in  K2CO3 and lean in 
Li2CO8 (3). 

Polarizat ion data for hydrogen oxidation has shown 
lit t le dependency on the na ture  of the metal  (4). Ex- 
per imenta l  evidence has indicated that  polarization at 
such electrodes for the hydrogen-oxidat ion  reaction in 
molten carbonates may be controlled more by the local 
bui ldup of reaction products (H20, CO2). than  by  the 
diffusion of hydrogen in the melt  (5). Some work has 
a l ready been reported for hydrogen oxidation on fully 

�9 Electrochemical Society Active Member. 
Key words: electrode kinetics, molten carbonate fuel cell. 

immersed (6, 7) and par t ia l ly  submerged anodes in  
mol ten carbonate  melts  (8, 9). This la t ter  work has 
shown that  diffusion of reactants through the th in  
film electrolyte meniscus can play a significant role 
in the overall  rate of the anodic reaction. Determinat ion  
of the electrode kinetics for fuel oxidation requires the 
use of techniques that  will  enable  effective separat ion 
of act ivation overpotent ial  from any  diffusion over-  
potential  that may  exist at the anode under  the experi-  
menta l  conditions. 

Experimental 
Anode materials  (nickel and cobalt rod) were p u r -  

chased  from commercial  sources (Materials R e s e a r c h  
Corporation, Orangeburg,  New York).  The nickel and 
cobalt were Marz grade with purit ies of 99.995% and 
99.99+%, respectively. All measurements  were per-  
formed in an electrochemical half-cell.  Fuel  gas mix-  
tures were purchased premixed from Matheson Gas 
Company. The ini t ia l  and after humidification gas com- 
positions were de termined by gas chromatographic 
analysis and were in  agreement  wi th  predicted values. 
Humidification of the inlet  gas was performed by pass- 
ing it through a column of water  in a large test tube. 
A gold wire in  equi l ib r ium with  33.3% 02-66.7% CO2 
inside an a lumina  tube served as a reference electrode 
(10, 11). The wire communicated wi th  the melt  
through a small  hole (0.015 in. diam) at the bottom of 
the tube. The potential  of the working electrode was 
controlled by a Wenking  ST72 potentiostat. The po- 
tentiostat  had a risetime of about 1 ~sec when  a s tep 
voltage was applied. A piece of round  gold foil was 
used as the counterelectrode. Electrolyte mixtures  were 
prepared from a mixture  of Li2CO3, Na2CO3, and K2CO3 
(Mallinckrodt,  Analyt ical  Reagent) .  Compositions used 
in the study were Li2CO3-38 mole percent  (m/o)  K2CO3 
(Li /K) ,  which has a high ionic conductivi ty and a 
reasonably high reactant-gas  solubili ty;  52 m/o  
Li2CO3-48 m/o  Na2CO3(Li/Na), which combines good 
electrolyte conductivi ty and a high sodium content  for 
low vapor pressure to minimize electrolyte vaporization 
losses; and the t e rna ry  43.5 m/o Li2CO3-31.5 m/o 
Na2CO3-25 m/o KfCO3(Li /Na/K)  to evaluate electro- 
chemical performance at temperatures  below 650~ 

A Tacussel Type GSTP2B pulse-sweep generator  w a s  
used to control the potentiostat. The output  voltage of 
the Tacussel generator  was monitored with a digital 
vol tmeter  (Fluke, Type 8020A). Steady-state,  l inear  
voltage sweep, and t rans ient  pulse techniques were 
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used to s tudy the current /vol tage  relationships of the 
electrode. The signals were recorded on a Hewlet t -  
Packard 7046 X-Y recorder. Signals from the t rans ient  
techniques were displayed and photographed on a Tek-  
t ronix Type 547 oscilloscope. To el iminate errors caused 
by mass- t ransfer  effects, the t rans ient  potentiostatic 
technique was used so that  more precise kinetic infor-  
mat ion  could be obtained. Electrode measurements  
made with this t rans ient  potentiostatic technique were 
performed using appropriate  IR compensation wi th in  
the potentiostat. Without  such compensation, a large 
t ransient  capacitive current  was usual ly  seen. Such an 
effect can cause some error in the current  extrapolated 
to t ime zero. In  order to achieve IR compensation, part  
of the voltage at the current  recorder te rminal  of the 
potentiostat  was picked up from an external  potentio-  
metric voltage divider (250~) and fed back into one of 
the potentiostat  control inputs. The feedback voltage 
was then adjusted unt i l  the system almost started to 
oscillate. The positive feedback resul ted in an increase 
of ~he control voltage proport ional  to the cell current .  
A Lindberg Hevi -Duty  SB furnace with 3-zone tem- 
pera ture  control was used to heat the cell. The tem-  
perature  of the melt  was read by an a lumina-shea thed  
thermocouple and was displayed on a digital readout 
(Newport Laboratories, Incorporated, Model 267A- 

KC1-07). Fuels used in the course of this work are listed 
in  Table I. 

Results and Discussions 
Before kinet ic  data could be obtained for the hydro-  

gen-oxidat ion reaction, it was essential to determine 
whether  the rate of the anodic reaction was controlled 
by diffusion- or mixed-control .  Linear  voltage sweep 
measurements  at various sweep rates are shown in Fig. 
1 for a completely immersed nickel wire anode in  the 
te rnary  Li /Na/K melt  at 650 ~ C under  conditions of fuel 
( in termedia te-BTU) bubbl ing  (50 m l / m i n ) .  Figure  2 
shows the voltage sweep measurements  taken with the 
fuel bubbl ing  turned off immediate ly  prior to the l inear  
voltage sweep. In  both cases, we can see a dependency 
of the current  density measured on the voltage sweep 
rate; the higher the sweep rate, the higher the ob-  
served current  density. If we compare the measured 
current  at a fixed voltage sweep rate, higher values 
are obtained for the melt  subjected to continuous 
bubbling.  Linear  sweep measurements  were also per-  
formed on a nickel wire par t ia l ly  submerged in the 
melt  (approximately  50%) so that  the half of the 
nickel wire above the electrolyte bulk  would be cov- 
ered with a th in  film of the melt  and would, therefore. 
approximate those electrochemical conditions present  
wi thin  the fuel cell porous electrode. With continuous 
fuel bubbling,  l inear  voltage sweep measurements  
were performed with sweep rates between 0.15 and 
150 mV/sec, and  a dependency of the current  density 
on the voltage sweep rate  was again observed, indicat-  
ing the continued presence of diffusion- or mixed-con-  
trol effects at a par t ia l ly  submerged nickel wire. The 
l imit ing current  density obtained with a sweep rate of 
0.15 mV/sec at an overpotential  of approximately 150 

Table I. Fuel gas composition calculated from the water-gas 
shift equilibrium reaction a t 6 5 0 ~  

H= CO= H=O CO CH4 N= 

Htgh-BTU (53~ * 60,0 7.42 22.47 10.11 - -  
Intermediate-BTU 

(71~ * 40,5 16,4 32.8 10.3 - -  - -  
Low-BTU (36~ * 21.16 9.16 5.54 17.76 1.13 45.25 
Very  low-BTU 

(36~ * 11,71 5.71 4.40 7.75 0.57 69.86 
HIEh-BTU (71~ * 53,68 8.08 31.11 7.12 -- -- 

* N u m b e r  in parentheses  corresponds  to  the humidifier tem- 
perature.  
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Fig. 1. Dependency of polarization curve on linear voltage sweep 
for a fully immersed nickel wire (fuel continuously bubbled 
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Fig. 2. Dependency of polarization curve on linear voltage sweep 
rate for a fully immersed nickel wire (no fuel bubbling into melt ot  
time of measurement). 

mV is a round 3 m A / c m  2. In  a porous electrode where 
the ratio of real to apparent  area can be expected to be 
about  400, this current  density would correspond to an 
apparent  value of 1.2 A /cm 2. 

Steady-state  polarization measurements  for com- 
pletely immersed nickel and cobalt are shown in  Fig. 3 
and 4, respectively. 

These steady-state  polarization curves differ f rom 
those obtained ini t ia l ly  on new electrodes by exhibi t ing 
rapidly increasing currents  at high anodic overpoten-  
tials (,-,150 mV for nickel and ~100 mV for cobalt) .  

Upon removal  of the high anodic potentials, approxi-  
mately 30 rain was required to reach the ini t ia l  open- 
circuit potential. However, if upon removal  of the 
anodic overpotential  the working electrode was poten-  
tiostated back to its ini t ial  open-circui t  potential,  large 
(several mA/cm2) cathodic currents  were observed. It 
can be speculated that the sudden increase in  currents  
at high anodic overpotentials is a consequence of elec- 
trode surface oxidation. The oxidation potentials of 
nickel and cobalt are expected to be wi th in  the poten-  
tial range of these steady-state  experiments.  

In  order to gain some mechanist ic unders tand ing  of 
the electrochemical process occurring it  was of in te r -  
est to make electrode kinetic measurements .  

The measurement  of the electrode kinetic param-  
eters under  the mixed-control  conditions have been 
performed using t ransient  potentiostatic techniques 
(12) on both nickel and cobalt electrodes under  con- 
ditions of total and part ial  immersion in  the candidate 
mol ten carbonate electrolytes. This technique involves 
applying a potent ial  step to the nickel or cobalt work-  
ing electrode, and recording the current  as a function of 
time. Under  such conditions of mixed control, the as- 
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Fig. 4. Steady-state polarization curYes for cobalt in LI/Na/K 
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sumption is made that at t ime zero only  activation con- 
trol wi l l  be present; t h a t  is, sufficient supply of electro- 
active species wi l l  be present, together wi th  m i n i m u m  
reaction products, so that any mass-transfer effects 
w i l l  be minimized.  A typical oscil lograph obtained 
using this transient potentiostatic technique is shown in 
Fig.  5. A 20 m V  anodic voltage step (from the resting 
potential)  is shown for a nickel  electrode (top traces).  
The bottom traces show the current variations on three 
different t ime scales between 0.05 and 2.0 msec/div .  
Highest  reproducibil ity of the kinetic current, i (0) ,  w a s  
obtained by extrapolating currents between 0.3 and 0.5 
m s e c  to t ime zero. Here, the kinetic  current is found 
to be 39 m A / c m  2 for the L i / N a / K  m e l t  a t  650~ in the 
intermediate-BTU fuel. C a r e  w as  taken so that the ex -  
trapolated current values were free of interference 

/.2.00 m s / d i v  
j ;  / /  0 . 2 0  m s / d i v  
'~ E I / ~ / / 0 . 0 5  m s / d i v  

/11 u 
._> 

z ~ 
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~:._> ~ 

( . 3~  'L 

I . ~  T IME 

Id ly  

. . . .  0 . 0 5  m s l d i v  
_ _ _ 0 . 2  0 m $ / d i v  

- -  2 . 0 0  m s l d i v  

Fig. 5. IR-compensated potentiostatic measurement on nickel 
wire in Li/Na/K at 6S0~ with intermediate-BTU fuel [three time 
scales were used for potential (top traces) and current (bottom 
traces)]. 

from capacitive currents. With appropriate I R  compen-  
sation the capacitive current can be clearly distin- 
guished. Fol lowing the transient capacitive spike, the 
current can be seen to decrease because of diffusional 
processes. 

This potential  step technique has been applied to 
both nickel  and cobalt electrodes in the three candidate 
molten carbonate mixtures  discussed earlier. Various 
fuel  compositions and different temperatures were used 
so that comparative kinetic  data could be obtained f r o m  
the three candidate melts. Extrapolated current den- 
sities at t ime zero i (0 )  were plotted vs .  the applied 
potential  steps 11. Figure 6 shows a representative acti- 
vation polarization plot for nickel  in the L i / N a / K  ter- 
nary melt  using intermediate-BTU fuel. For an acti- 
vat ion-control led process the current-voltage is g iven 
by the relationship 

i (0)  : io [e  c~A€ --  e -aO'F/RT] [1] 

In the low overpotential  region, this equation can be 
approximated by 

i (O)  ~ io(~A + c ~ c ) ~ F / R T  
o r  

RT di(0)  
io ~__ - [2] 

( ~ A  + ~c)F d~ 

Thus, the exchange current density, io, can be calculated 
f r o m  the slope of the current density, i ( 0 ) ,  v s .  overpo- 
tential, ~], curve. We assume a value of 2 for the sum 
of the apparent transfer coefficient aA and ~c based on 
a total of two electron transfer processes and a stoi- 
chiometric number 1. For the specific case above io was 
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Fig. 6. Polarization curve at a nickel electrode from i(0) values 
extrapolated via potential step technique (fuel: 40% H2, 17% 
CO2, 10% CO, and 33% H20 at 650~ 
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calculated using Eq. [2] to be 78 m A / c m  2 for a nickel 
electrode. This potential  step technique was applied 
to electrodes that  were both ful ly and par t ia l ly  im-  
mersed in  mol ten carbonate mixtures.  Under  each ex- 
per imenta l  condition, the extrapolated kinetic current  
densities agreed wi th in  20%, the major  source of inac- 
curacy being caused by ins t rumenta t ion  noise effects 
in the fuel bubbled, par t ia l ly  raised, electrode case. This 
gave good support  to the val idi ty  of this technique for 
separating activation kinetic data under  the mixed-con-  
trol conditions present. 

Exchange current  density values were also obtained 
from Al len-Hickl ing  plots of the potent ial  step data. 
For the Al len-Hickl ing plot, Eq. [1] can be rewr i t ten  as 

i acTIF 
log = log io [3] 

e~A+ ~cJ~'/Rr _ 1 2.303RT 

If we assume aA ~- ac ~-- 2, then a plot of 

i 
log vs.  ~ [4] 

e (aA+ac)~g/RT-  1 

can give the value of ac from the slope and a value of 
io  from the intercept. 

Typical  Al len-Hickl ing plots at 650~ for nickel and 
cobalt are compared in Fig. 7 using in te rmedia te -BTU 
fuel. From the intercept  at zero overpotential ,  exchange 
current  densities were general ly  found to be higher for 
nickel (85 m A / c m  2) compared with those for cobalt (28 
mA/cm2).  

Agreement  between 10 and 20% was general ly found 
between exchange current  density values obtained from 
low overpotential  data and Al len-Hickl ing plots. The 
curves for the anodic and cathodic side of the Al len-  
Hickling plots shown in Fig. 7 differ for both cobalt 
and nickel, probably indicat ing a change in the reac- 
tion mechanism between the anodic and cathodic direc- 
tion. The cathodic reaction mechanism has yet to be 
clarified. 

From the anodic slope shown in  Fig. 7 for nickel, 
we obtain ~A ---- 0.7 and ac ~ 1.3, and for cobalt 
a A : 0.74 and ac ---- 1.26. From the cathodic slope, 
for nickel we obtain ~c = 0.48 and aA ---- 1.52, and 
for cobalt ~c ---- 0.59 and ~A ---- 1.41. 

The above charge- t ransfer  coefficients given for 
the te rnary  melt  are representat ive of values obtained 
for all three melts with the temperatures  and fuel 
compositions used in  this work. 

In  the high anodie overpotential  region, oxidation 
of the electrode surface may become significant, giving 
currents  higher than that  caused by fuel oxidation 
only (see Fig. 3 and 4). T h i s  would result  in higher 
~A values in the anodic region. As a consequence, only 
data obtained from the low overpotential  region was 
used for mechanistic interpretat ions.  To gain more 
insight into the validity of the aA and ac values cor- 
responding to fuel oxidation at nickel and eobalt 
electrodes, activation data were generated on a gold 
electrode in the L i /K  melt  at 650~ using in te rme-  
diate-BTU fuel, as shown in Fig. 8. The corresponding 
Al len-Hickl ing plot from this activation data is shown 
in  Fig. 9. Here we obtain io ----- 16 m A / c m  2, ~c ---- 1.56, 
and aA ---- 0.44. These values of aA and ac on a gold 
electrode where gold dissolution is absent  are in  
close agreement  to values obtained using nickel and 
cobalt electrodes. We can, therefore, tenta t ively  con- 
clude that nickel and cobalt anodic dissolution at low 
applied overpotentials is min imal  and consequently 
the oxidation of fuel proceeds with ac ~- 1.5 and ~A -- 
0.5 in the absence of electrode oxidation effects. 

The dependency of the io on hydrogen content  is 
shown for both nickel and cobalt for the Li/K, Li /  
Na/K, and Li /Na melts at 650~ in Fig. 10, II ,  and 
12, respectively. In  these figures, a straight line was 
d rawn through the data points; however, those points 
fall ing off these lines should not be interpreted as 
exper imental  error, but  ra ther  as reflecting the in ter -  
dependency between H2, CO2, H20, and CO by way 
of the water-gas shift reaction 

E O 

:-'~'_~oo~_,~o -~'o -" 'o ,'o ,~o 
OVERPOTENTIAL, ~, mV 

Fig. 8. Current-voltage characteristics from transient potentio- 
static experiments on gold in 650~ Li/K melt with intermediate- 
BTU fuel. 
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H20 + CO ~--- He + CO2 [5] 

The slope of these lines would suggest an electro- 
chemical reaction order parameter at constant over- 
potential of approximately 0.5 for hydrogen, However, 
this value could not be considered reliable since it 
is not possible to independently vary the hydrogen 
content without changing the overall gas composition 
(see Table I). The open-circuit potential of the work- 
ing electrode upon changing the gas composition was 
observed to vary by around 60 mV, in agreement 
with calculated values. 
An estimation of these electrochemical reaction order 

parameters at constant overpotential (13, 14) for hy- 
drogen, carbon dioxide, and water in the fuel were 
calculated from the following equation 

io = k* (H2)a(CO2)b(H20) c [6] 

where k* is a proport ional i ty  constant;  a, b, and c 
are, to a first approximation,  the electrochemical reac- 
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Fig. 12. Dependency of exchange current densities of nickel and 
cobalt on hydrogen content using various fuels (Li /No melt) ot 
650 ~ C). 

tion order at constant overpotential  for H2, CO2, and 
H20, respectively. 

Knowing the respective concentrat ions of I'-I2, CO2, 
and H20, then, by the water-gas  shift reaction (Eq. 
[5]) the CO content  is automatical ly  fixed. If io is 
measured in four different fuels, then the four un -  
knowns k*, a, b, and c can be determined. The above 
equation can be wri t ten  in the logarithmic form 

log io = k + a log (H2) + b log (CO2) + c log (H20) 

[7] 

where k = log k*. Using io values obtained with fuel 
gas compositions corresponding to high-, medium,-  
low-, and ve ry- low-BTU fuel (Table I),  Eq. [8] can 
be wri t ten  in a matr ix  form, e.g., for nickel in L i /K  

1.62 1 --0.39 --0.79 --0.48 a 
1.34 = 1 --0.67 --1.04 --1.26 b [8] 
1.20 1 --0.93 -- 1.24 -- 1.36 c 

These linear simultaneous equations were solved on 
a programmable calculator to find the solution 

a 0.258 
b = 0.275 
c 0.178 

Thus, Eq. [7] can be wri t ten as 

io = 104.7 (H2)~ (CO2)~ 0'iTs [9] 

A var ie ty  of approaches can be pursued for the 
development  of the reaction mechanism (13-15). We 
have followed the general  procedure described by 
Newman (13). 

We considered several reaction mechanisms for fuel 
oxidation that might  give the io dependency shown in 
Eq. [9]. These mechanisms have been discussed by 
us at length in our earlier report  (16). We have found 
the following reaction mechanism to satisfy this cri- 
terion 

klA 

He + 2M ~ 2 MH [10] 
klo  

k~2, 

MH -5 CO3 = ~ O H -  -5 CO.~ + M + e -  [11] 
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kSA 
MH + O H -  ~--H20 + M + e -  [12] 

k~c 

This mechanism assumes that  (i) Eq. [11] is the ra te -  
de termining step; (ii) Langmuir  adsorption isotherm; 
and (iii) there is low coverage, e, of MH. 

At equil ibrium, one can wri te  for Eq. [10] 

_8 ~ / kl--~-klA ,~ _)�89 = ~ ~H2 -- K1�89189 [13] 
1 

The net  current  f rom Eq. [12] is 

i~ = F ( k~A OCoH-e~Fv /Rr 

-- kacCH2o(l -- 0)e -(I-/]DFv/RT [14] 

V is the potential difference between the electrode 
and the electrolyte. A,t equilibrium, when i3 ~ 0 

kac 1 
COH -- OH20 e -FV/RT [15] 

k3A (K1CH2) �89 

For  Eq. [11] the net cur ren t  is 

i2 -~ F[k2AoCcoa=e ~FV/aT 

-- k2cCoH-Cco2(l -- o)e -(I-~-)Fv/RT] [16] 

Upon substitution for Coil- from Eq. [15] into the 
equilibrium expression for Eq. [16] for the equilibrium 
potential Vo, we can write 

eFVo/RT=[kse  kac 1 CH2~176 ] */' [17] 

k2h k3A K1CH2 Ccoa = 

Replacing V for Vo + n in Eq. [16], where  ~ is the 
overpotential ,  we obtain 

is -~ F ~ k2AOCcos=e~=F~/RT [ k2c kac 1 

[ L k2A ksA K1CH2 

CH2oCco2 ]B2/2 k3c C H 2 0  Ccoo (1 -- O) 
' 0c03 = J -- k2c k3~- (K1CH2) �89 " 

e(-2+r kaCk~A K1CB21 CH2OCC02 ] -~+Dz } C c 0 3  = 

[18] 

From Eq. [13] for low coverage we have 8 = K1�89 �89 
and 1 -- e ___ 1. Thus, Eq. [18] becomes 

ie = F k2AK1�89189176 k2A kaA K~CH------~ 

CHsOCCO21 B~/2 k3c CHSO 
Cco3 = , e~sF~/Rr_ k2c k3A (K1CH2) 1/~ Cco2 

--2+~2 t [k2ck3c 1 CH2oCco2 ] 2 e(_2+B~)Fn/R T 
k2A k3A K1CH2 Cco3 = 

[19] 

Comparing this wi th  the general  relat ionship for ac- 
t ivat ion polarizat ion 

i _~ iv(eaAF'/RT -- e -c~cF~/RT [20] 
we obtain 

aA=B2  assuming B2----0.5 we obtain ~A--0.5  

ac = 2 -- Bs- -  1.5 

The dependency of io on the gases (for ~2 ~- 0.5) is 

iO "~ [CH2]0'25[Cco2]~ 0"25 [21] 

The theoret ical  value  of aA = 0.5 compares reason-  
ably well  wi th  our exper imenta l ly  determined aA of 
0.7 for nickel  and cobalt and 0.5 for gold. Table  I I  
compares exper imenta l ly  de termined  io values at 650~ 
with  those calculated, assuming electrochemical  reac-  
tion order  parameters  at constant overpotent ia l  of 0.25 
for H2, COx, and H20 on nickel anode in three different 
melts and with four  gases. S imi lar  data for cobalt 
is shown in Table III. 

The highest  exchange current  densities were  mea-  
sured on nickel  and cobalt in the L i / N a / K  te rnary  
melt  wi th  all fuel compositions used. In these tables, 
we can see that  good agreement  exists be tween exper i -  
menta l  and calculated io values. 

We have seen in Fig. 1 and 2 that  currents  were  
dependent  upon the rate of fuel  bubbling through the 
melt. The current  increased fur ther  when the nickel 
wire  was par t ia l ly  raised from the electrolyte.  This 
suggests that  in this system the current  is l imited by 
the rate of fuel  gas de l ivery  through the mel t  into 
the electrode. In the porous electrode of an actual 
fuel  cell, the si tuation is ra ther  different, however .  
Fuel  gas is de l ivered  direct ly  at the electrode f rom 
the rear  side while  the f ront  side is facing the e lectro-  
lyte tile. Thus, the gas can reach electroact ive sites 
directly, or through a layer  of melt, or by diffusion 
through the metal. Diffusion of hydrogen through 
nickel may be quite significant (17). Thus, there  may 
be a ve ry  high local concentrat ion of hydrogen in 
the porous electrode. The solubil i ty of hydrogen in 
nickel at 650~ has been shown to be around 2.5 • 
10-s g mo]e /cm 3 arm (18), and its diffusivity to be 
3 X 10 -5 cmS/sec (19). 

We have seen f rom Eq. [9] that  the exchange cur ren t  
density does not  depend only on hydrogen concentra-  

Table II. Exchanqe current densities, io, for nickel in different 
melts and using various gases at 650~ 

Measured Calculated 

mA/cm~ 

Li/K k* = 110 
High-BTU 35.0 34.70 
Medium-BTU 42.0 42.17 
Low-BTU 21.0 19.84 
Very Iow-BTU 16.0 14.37 

Li/Na/K k* = 299.09 

High-BTU 57.0 55.34 
Medium-BTU 78.0 66.~0 
Low-BTU 30.0 31.44 
Very low-BTU 22.0 22.78 

Li/Na k* = 135 

High-BTU 44.0 41.70 
Medium-BTU 64.0 50.70 
Low-BTU 23.0 23.85 
Very low-BTU ~ 17.30 

Table III. Exchange current densities, io, for cobalt in different 
melts and using various gases at 650~ 

Measured Calculated 

mA/crn ~ 

High-BTU 30.0 22.60 
Medium-BTU 26.0 27.50 
Low-BTU 17.4 13.00 
Very low-BTU 10.5 9.40 

Li/Na k* = 55.2 

High-BTU 15.0 17.40 
Medium-BTU 11.0 21.00 
Low.BTU 8.0 9.90 
Very Iow-BTU 6.7 7.20 

Li/K k* = 45 

High-BTU 12.5 14.10 
Medium-BTU 17.0 17.18 
Low-BTU 10.7 8.08 
Very low-BTU 6.5 5.90 

Li/Na/K k* = 71.59 
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t ion but  also on the o ther  fuel  components.  In  pa r -  
t icular ,  the  significance of wa te r  p resen t  in the  mel t  
appears  to p l a y  an impor t an t  role  in the  overa l l  
reac t ion  rate.  

Some p r e l i m i n a r y  work  was pe r fo rmed  on the t em-  
p e r a t u r e  dependency  of the exchange  cur ren t  dens i ty  
on n ickel  and cobal t  e lect rodes  in the  L i / N a / K  mel t  
over  the  t e m p e r a t u r e  range  of 550~176 No cor-  
rect ion was made  for  changes in hydrogen  concen-  
t ra t ions  caused by  the t e m p e r a t u r e  dependency  of 
Eq. [5]. However ,  the  ca lcula ted  changes over  this 
t e m p e r a t u r e  range  were  be low 10%. F igure  13 shows 
plots  of log io vs. 1/T for  n ickel  and cobal t  using low-  
BTU fuel. 

The ac t iva t ion  energy  (5E) was ca lcula ted  f rom 
the re la t ionship  

R d (log io) 
~E = - -  [22] 

0.434 d(1/T)  

Here we get  ac t iva t ion  energies  of 6.65 kca l /mo le  and 
7.31 k c a l / m o l e  for  n ickel  and  cobalt,  respect ively .  

Of the  th ree  mol ten  carbonate  composit ions eva lu -  
ated, the  h ighest  k inet ic  ra tes  for fuel  ox ida t ion  were  
found in the  t e r n a r y  me l t  of 43.5 m / o  Li2CO3-31.5 m/o  
Na2CO~, and 25 m / o  K2CO3 wi th  both nickel  and  
cobal t  anodes. The  h igher  -A and io values  found for 
n ickel  and cobal t  compared  with  those found for gold 
m a y  indica te  tha t  s table  surface oxide species m a y  
be responsible  for  the  enhanced kinet ics  in the fo rmer  
two anode mater ia ls .  

Compar ison  of the ionic conduct ivi t ies  at  600~ for 
all  th ree  mel ts  gives values  of 1.20 12 -2 cm -1, 1.15 
ft -1 cm -1, and  1.79 ~t -1 cm-~  for, respect ively ,  the  
Li/Na/K, Li /K ,  and L i / N a  melts.  I f  ionic conduct iv i ty  
were  the  on ly  considerat ion,  then c lear ly  the  L i / N a  
mel t  would  be favored.  This melt ,  however ,  does not  
have such favorab le  kinet ics  as the t e rna ry  melt .  

F r o m  a considera t ion of gas solubi l i ty  of the three  
candida te  melts,  the  highest  values  for  both  fuel and 
ox idan t  appear  to occur in the  t e r n a r y  mel t  (20, 21), 
t he r eby  poss ibly  giving h igher  l imi t ing  cu r ren t  dens i ty  
values  than  the o ther  two candidates .  ~Come work  has 
been repor ted  (22) on the expected  l i fe t imes of each 
of these melts ,  based upon pro jec ted  carbonate  vapor -  
izat ion losses and the corresponding ex t rapo la t ed  cell 
l i fet imes.  For  the  L i / N a / K ,  L i /K ,  and L i / N a  carbonate  
mel ts  at  600~ pro jec ted  cell l i fe t imes were, respec-  
t ively,  6.4 • 105, 6.3 • 105, and 10.3 • l0 ,~ hr. Clearly,  
the L i / N a  mel t  has  a 40% grea te r  p ro jec ted  l i fe t ime 
compared  wi th  the o ther  two melts.  

The L i / N a / K  mel t  is wor thy  of fu r the r  considera t ion 
because of a h igher  fuel and ox idan t  solubil i ty,  fas ter  
e lec t rode  react ions for fuel oxidat ion,  and, par t icu la r ly ,  
because its lower  mel t ing  point, compared  wi th  the 
o ther  two candidates ,  offers the poss ibi l i ty  of ope ra t -  
ing the  mol ten  carbonate  fuel cell at  t empera tu res  
somewhat  below the normal  opera t ing  t empe ra tu r e  of 
650~ This lower  opera t ing  t empe ra tu r e  may  not  only  
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I I I I I .c 
700 650 600 550 
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Fig. 13. Dependency on temperature of io values obtained using 
transient potentiostatic measurements (nickel and cobalt electrodes 
in Iow-BTU fuel).  

extend  the e lec t ro ly te  t i le  life, but  also tha t  of the  
other  fuel  cell  components.  The r e l a t ive ly  low ac t iva-  
t ion energy  values  ( ~ 7  kca l /mo le )  f rom the t e r n a r y  
melt,  using both nickel  and cobal t  electrodes,  also acts 
as fu r the r  encouragement  for  low opera t ing  t e m p e r a -  
tures  wi thout  sacrificing too much kinet ic  pe r fo rmance  
for the  fuel  ox ida t ion  reaction.  However ,  at  lower  
opera t ing  tempera tures ,  diffusional factors may  be-  
come p redominan t  under  the p robab le  mixed-con t ro l  
condit ions present .  

Manuscr ip t  submi t ted  Feb. 6, 1979; rev ised  manu-  
scr ip t  received ca. Dec. 15, 1979. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1980 
JOURNAL. Al l  discussions for  the  December  1980 Dis-  
cussion Sect ion should be submi t ted  by  Aug. 1, 1980. 

Publication costs of this article were assisted by 
the Institute o] Gas Technology. 

LIST OF SYMBOLS 
i cur ren t  dens i ty  
i (0) kinet ic  cur ren t  a t  t ime zero 
io exchange cur ren t  dens i ty  

overpoten t ia l  
F F a r a d a y ' s  constant  
R gas constant  
T absolute  t empe ra tu r e  
k* p ropor t iona l i ty  constant  
k log k* 
a react ion o rde r  p a r a m e t e r  for H2 
b react ion o rde r  p a r a m e t e r  for CO2 
c react ion order  p a r a m e t e r  for H20 
0 degree of e lec t rode  coverage 
V potent ia l  difference be tween  e lec t rode  and elec-  

t ro ly te  
Vo equi l ib r ium elect rode potent ia l  
aA anodic t ransfe r  coefficient 
ac cathodic t ransfer  coefficient 

s y m m e t r y  coefficient 
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Electrochemistry of Uranium (IV) in Acidic 
AICI -NaCI Melts at 175~ 

F. Meuris, L. Heerman, and W. D'Olieslager 
Laboratorium voor Radiochemie,  Kathol ieke  Universi te i t  te Leuven ,  Celest i jnenlaan 200 F, 3030 Heverlee,  Be lg ium 

ABSTRACT 

Solutions of u ran ium (IV) in acidic A1C18-NaC1 melts (52-70 mole percent 
A1C18) at 175~ were prepared by dissolving u r a n i um (IV) oxide or chloride. 
The electrochemistry of u ran ium (IV) in these melts, investigated by pulse 
polarography and cyclic vol tammetry,  corres!conds to two reversible one- 
electron reactions. For the U ( I V ) / U  (III) redox couple, the reaction is given by 

UCI~ (4-~)+ -t- e -  -* U ~+ + xC1- 

where 3 ~ x ~ 1, the lower values of x being found for the most acidic melts. 
Thus, u r an ium (IV) exists in solution as UC18 +, UC122+, and UC13+. For the 
U ( V ) / U  (IV) redox couple, the reaction is wr i t t en  a s  

UCly(~-~)+ -t- e -  -> UCI~(4-x)+ -t- (Y -- x ) C l -  

where (y -- x) : 3 over almost the entire pC1 range covered in  this work. 
Therefore, the u r an ium (V) species in solution are formuIated as UCls- ,  
UC15, and UC14 +. However, since some oxide impuri t ies  are probably  always 
present  in molten chloroaluminates,  the existence of a UOCI~ r species 
cannot  be totally excluded. 

The electrochemical behavior  of u r an ium (IV) oxide 
(UOf) and u r an i um (VI) oxide (UO3) in  the NaC1- 
saturated A1C13-NaC1 melt  at 175~ was reported pre-  
viously (1). This paper reports some results on the 
electrochemistry of u r an ium (IV) in acidic melts 
[52-70 mole percent  (m/o)  A1C13] at the same tem- 
perature.  Morrey (2) investigated the absorption spec- 
t rum of UC14 in A1CI~-KC1 melts and concluded that  
his data are consistent with the postulate that  the 
species is U(A1C14)x (4-x)+ (such as U(A1C14)62-; the 
coordination number  of the u ran ium species is six 
or less) is present  in solutions containing an excess 
of A1C18. The same author  also determined the solu- 
bil i ty of UC14 in A1C13-KC1 melts as a function of 
the tempera ture  (250~176 A rough extrapolat ion 
of the data given in his paper indicates a solubil i ty 
of approximately  2 • 10-2M (after conversion from 
mole fraction to molar  concentrations) for a melt  
with a 55 m/o  AIC13-45 m/o  KC1 composition at 175~ 
In  this work, solutions of u r an ium (IV) were pre-  
pared by dissolving either u r an ium (IV) oxide (UOf) 
or u ran ium (IV) chloride (UC14) and it was found 
possible to use concentrat ions as high as 4 • 10-fM, 
at  least in  more acidic solutions. 

Experimental 
All experiments  were carried out in Pyrex glass 

cells (with a tight fitting Teflon top) (3) under  a 
purified ni t rogen atmosphere (VAC dry box equipped 
with a Model HE-493 Dr i -Tra in  for constant recircula-  
tion of the iner t  gas through a column of activated 
copper and molecular  sieves). A homemade propor-  
t ional temperature  controller  with a Chromel-Alumel  

Key words: uranium, fused salts, A1C13-NaC1 melt, pulse polar- 
o~raphy, cyclic voltammetry.  

Pyrex-sheathed thermocouple was used to main ta in  
the temperature  of the melts at 175 ~ • 1~ 

The NaCl-sa tura ted A1C13-NaC1 melt  was prepared 
and purified by the procedure described by Boxall 
et al. (3). The melts were acidified by adding solid 
A1C18 (Fluka AG; puriss.) which was purified by 
subl imat ion in sealed glass ampuls (samples which 
remained colored after subl imat ion were rejected).  
The pC1 of the melts was calculated from the potent ial  
of an a luminum wire electrode (Alfa Inorganics; m5N) 
using the equi l ibr ium constants given by Boxall et al. 
(4). 

The working electrodes used for cyclic vo l tammetry  
and pulse polarography were made by sealing a 3 mm 
diam tungsten  rod (Alfa Inorganics;  m3N8) or a glassy 
carbon rod (Le Carbone-Lorra ine)  in a Pyrex glass 
tube. A tungs ten  foil electrode (3 • 3 cm; Alfa In-  
organics; m3NS) was used for the coulometry experi-  
ments. The reference electrode was a 1 mm diam 
a luminum wire spiral placed in a separate compart-  
ment  with a leak-free ceramic filter tip. The reference 
electrode compartment  was filled with a NaCl-sa tu-  
rated A1CIs-NaC1 melt. The potential  of this reference 
electrode against  an a luminum electrode in a 1:1 melt  
(50 m/o  A1C13) was calculated as --0.176V and cor- 
responds well  with the value quoted by Bartak and 
Osteryoung (5), --0.175 • 0.001V [for the calculation, 
the composition of the NaCl-saturated melt  was taken 
as 49.75 m/o  A1C13 (6)]. The a luminum counterelec- 
trode was also placed in separate compartment.  

Uran ium (VI) oxide (UOs), u r a n i um (IV) oxide 
(UO~.), and u r a n i um (IV) chloride (UC14) (all ob- 
tained from Alfa Inorganics) were used as received. 
The u r a n i um content  of the melts was determined 
by s tandard analyt ical  procedures and converted to 
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molar  concentrat ions using the density data of F a n n i n  
et al. (7). 

A PAR Model 173/176 potentiostat, a PAR Model 
1 7 5  funct ion generator, and a Houston Model 2000 X-Y 
recorder were used for cyclic vol tammetry.  A PAR 
Model 379 digital coulometer was used for controlled- 
potential  coulometry. A Tacussel uni t  UAP-4 was 
used for pulse polarography. Potentials  were measured 
with a Beckman Model 4500 digital pH meter. 

Results and  Discussion 
E x p e r i m e n t s  w i t h  solut ions o~ u r a n i u m  ( IV)  oxide  

( U O z ) . - - T h e  cyclic vol tammograms of u r an ium (IV) 
oxide solutions for different melt  acidities, shown in  
Fig. 1, exhibit  tw.o well-defined reduct ion-oxidat ion 
waves (peaks A / A '  and B/B ' ) .  Control led-potent ial  
coulometry at 1.1V indicates a one-electron reduct ion 
(n = 1.01 __+ 0.04) and, therefore, peaks A /A '  are 
a t t r ibuted  to the U ( I V ) / U  (III)  redox couple. 

The separat ion between the cyclic vol tammetr ic  
peaks, approximately  0.090V, is very close to its 
theoretical value (0.086V) and is independent  of the 
scan rate, as is expected for a reversible electrode 
reaction (results obtained with either tungsten  or 
glassy carbon electrodes are identical) .  The peak po- 
tentials shift toward more positive values as the acidity 
of the melt  is increased, but  quant i ta t ive  data  on 
this point  are given in a separate section. The peak 
heights (ipA/ip A" ~-- 1) increase l inear ly  with vl/, (v -- 
scan rate;  0.020-0.400 V/sec) and with the concentra-  
t ion (0.93-4.25 X 10-2M). Furthermore,  the peak 
heights are independent  of the acidity of the melt. 

The second reduct ion-oxidat ion wave, peaks B/B ' ,  
is observed at ra ther  positive potentials, very close 
to the potent ial  l imit  of the solvent. For this reason, 
only the height of the anodic peak B' can be measured 
accurately (and then only if the acidity of the melt  
is not too high).  This peak has almost the same height 
as peaks A / A '  and, therefore, peaks B/B'  are a t t r ib-  
uted to the U ( V ) / U ( I V )  redox couple. 

The peak separation is again independent  of the 
scan rate and close to its theoretical value for a 

A 
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2.500 2.000 1.500 

Fig. 1. Cyclic voltammogram of uranium (IV) oxide solution. Area 
of tungsten indicator electrode ----- 7.07 mm 2. Scan rate ~ 0.1 V /  
sec. (a) Mole percent AICI.~ ~ 59.0; uranium concentration _-- 
3.13 X 10 - 2  mole/liter, (b) m/o AICI~ ~ 65.0; uranium concen- 
tration _--- 1.63 • 10 - 2  mole/liter. 

reversible one-electron process. Solutions of u ran ium 
(V) can be prepared by the control led-potential  oxi- 
dation of u ran ium (IV) solutions but  some evolution 
of chlorine is difficult to avoid at the positive poten- 
tials necessary for the reaction to be complete. 

A normal  pulse polarogram and a differential pulse 
polarogram of a u r a n i um (III) solution (prepared by 
the control led-potential  reduction of u ran ium (IV))  
are shown in Fig. 2. The plots of log (i/id -- i) VS. E, 
shown in Fig. 3, have slopes of 0.088V for the U ( I V ) /  
U( I I I )  couple and 0.085V for the U ( V ) / U ( I V )  couple, 

2.500 2.0 00 
J 

/ soo pA 

1.5 O0 

Y (a} 

E(V) 

(b) 

Ai 

Fig. 2. Normal pulse polarogram (a) and differential pulse 
polarogram (b) of uranium (111) solution. Area of tungsten indica- 
tor electrode ~ 7.07 mm 2. Scan rate ---- 2 mV/sec. Mole percent 
AICI8 ~ 59.2. Uranium concentration ----- 2.88 X 10 - 2  mole/liter. 
Normal pulse polarogram: pulse width ----- 50 msec; pulse delay 
200 msec; current sampling = 80-85%. Differential pulse 
polarogram: puke width - -  50 msec; pulse delay ~ 300 msec; 
current sampling ~ 40-60%; pulse amplitude - -  10 mV. 
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Fig. 3. Logarithmic analysis of the normal pulse polarogram of 
Fig. 2. (a) U(V)/U( IV)  wave, (b) U( IV) /U( I I I )  wave. 
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indicat ing the reversibi l i ty  of the electrode reactions 
(the Nernst  slope for a one-electron process is 0.089V 
at  175~ The peak heights determined from differ- 
ential  pulse polarography increase l inear ly  with the 
concentrat ion and with the pulse ampli tude as is 
shown in Fig. 4. From the data of this figure, the 
diffusion coefficient of the u ran ium (IV) species was 
calculated as D = 2.98 • 0.24 • 10 -6 em2/sec (cyclic 
vo l tammet ry  gives D = 2.85 _ 0.30 • 10 -6 cm2/sec; 
since ipA/ip A' _~ 1, the diffusion coefficient of the 
uranium (III)  species has approximately the same 
value) .  

Experiments with solutions of uranium (IV) chloride 
(UCI4).--A series of experiments  was performed with 
solutions of u r a n i u m  (IV) chloride. The cyclic vol tam- 
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Fig. 4a. Peak height of differential pulse polarograms vs. uranium 
(IV) oxide concentration for the U(V)/U(IV) wave. Pulse amplitude 
- -  10 mV (a) 20 mV (b). Other conditions as for Fig. 2. 

mogram of such a solution, shown in Fig. 5, exhibits 
the same reduct ion-oxidat ion waves as described in  
the preceding section. It  turns  out indeed that  the 
results obtained with solutions of u r a n i u m  (IV) chlo- 
ride and u ran ium (IV) oxide are identical. This in-  
dicates that  the same u r a n i um species (for the dif- 
ferent  oxidation states part icipat ing in the electrode 
reactions) are present  in  solution, irrespective of 
whether  the solutions are prepared by dissolving 
either the oxide or the chloride. 

Experiments with uranium (VI) oxide (UOa).-- 
Uran ium (VI) oxide (UCh) reacts with the mel t  to 
give solutions of u ran ium (V) as can be expected 
from the results presented in the preceding sections. 
Normal and differential pulse polarograms of the 
resul t ing solution are shown in Fig. 6 (these polaro- 
grams were recorded approximately 90 min  after add-  
ing u r a n i um (VI) oxide to the melt) .  The waves for 
the reduct ion of u r a n i um (V) to u r a n i u m  (IV) and 
u r a n i um (III) are already described in the preceding 
section. However, an addit ional  wave is observed at 
about  1.87V (for the polarograms of Fig. 6). This 
wave is much higher when  a polarogram is recorded 

i 
E (V) 

I l I 
2.500 2.000 !,500 

Fig. 5. Cyclic voltammogram of uranium (IV) chloride solution. 
Area of tungsten indicator electrode = 7.07 mm 2. Scan rate = 0.1 
V/see. Mole percent AICI3 = 58.5. Uranium concentration = 3.00 
X 10 -2  male/liter. 
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Pig. 4b. Peak height of differential pulse polorograms vs. 

uranium (IV) oxide concentration for the U(IV)/U(I I I )  wave. Pulse 
amplitude - -  10 mV (a) 20 mV (b). Other conditions as for Fig. 2. 
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Pig. 6. Normal pulse polarogram (a) and differential pulse 
polarogram (b) recorded approximately 90 min after the addition 
of uranium (VI) oxide to the melt. Mole percent AICI3 = 56.8. 
Uranium concentration - -  2.79 X 10 - 2  mole/liter. Other conditions 
as for Fig. 2. 
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immed ia t e ly  af te r  adding  u ran ium (VI) oxide  to the  
me l t  but  decreases r ap id ly  wi th  t ime and finally dis-  
appears  completely .  Therefore ,  i t  is be l ieved tha t  this 
wave  is due to the reduct ion  of a p roduc t  formed in 
the  react ion be tween  UO3 and the melt .  However ,  
because of i ts t rans ient  nature ,  this species has not  
been identified. 

Effect of mel t  composition on hal f -wave  potentials.--  
Nerns t  plots const ructed f rom potent ia l  measurements  
dur ing  the con t ro l l ed -po ten t i a l  reduct ion  or  ox ida t ion  
of u r an ium (IV) solutions are  shown in Fig. 7. The 
s t anda rd  potent ia ls  de t e rmined  f rom these measu re -  
ments  and the ha l f -wave  potent ia ls  obta ined  f rom 
different ia l  pulse  po l a rog raphy  and cyclic vo l t ammet ry  
are  p lo t ted  vs. pC1 (molar  f ract ion scale) in Fig. 8 
and 9 for  the U ( I V ) / U ( I I I )  and  U ( V ) / U ( I V )  redox  
couples, respect ively.  The values obta ined  with  e i ther  
u r an ium (IV) oxide  or  u ran ium (IV) chlor ide  solu-  
tions fit n ice ly  on the same lines for both redox couples. 
Numer ica l  da ta  a re  given in Table  I. 

P o t u r a j - G u t n i a k  (8) concluded f rom spectra l  da ta  
tha t  u r an ium (III)  exists  in acidic A1CI3-NaC1 mel ts  
e i ther  as U a+ or  as a ch lorocomplex  (he fo rmula ted  
the  species qui te  genera l ly  as U(AI,_,ClT),Cl,~-,; for  
the  sake of brevi ty ,  solvat ion by  A l f C l r -  ions is 
omi t ted  fu r the r  in this pape r ) .  Gi lber t  et al. (9) s tudied  
the  prec ip i ta t ion  of u ran ium (I [ I )  and u ran ium (IV) 
f rom acidic AIC13-NaCI melts  a t  175~ by  cyclic 
v o l t a m m e t r y  and pulse  po l a rog raphy  and concluded 
tha t  the react ions are  given by  

U a+ + 3C1- --> UCI~ (solid) [1] 

UC13 + + C1- --> UCI~ (solid) [2] 

Accord ing  to these authors  (9), the differences ob-  
served  b y  Morrey  (2) be tween  the spec t rum of u ra -  
n ium (IV) in basic and acidic ch loroa lumina te  mel ts  
can be accounted for by  the t rans i t ion  f rom UC102- 
to UCl~ + species. 
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Fig. 7. Nernst plot obtained from potential measurements during 

the coulometric titration of uranium (IV) oxide solutions. (a) Re- 
duction of uranium (IV) solutions (circles) and reoxidatlon of the 
reduced solution (squares); m/o AICI3 ---- 61.4; uranium concen- 
tration ----- 2.29 X 10 -2  mole/liter. (b) Oxidation of uranium (IV) 
solution (the potential was kept constant during the oxidation at a 
value slightly more positive than the half-wave potential of the 
U(V)/U(IV) wave; m/o AICI3 ---- 58.2; uranium concentration ~- 
i.57 X 10 -2  mole/liter. 
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Fig. 8. Effect of the melt composition on the half-wave potentials 
of the U(IV)/U(I I I )  wave. Values of pCI are given in the molar 
fraction scale. The broken lines are drown with slopes of 0.267 and 
0.089V, respectively. O ,  Differential pulse polarography of UCI4 
solutions, other experiments with UO2 solutions; e ,  pulse 
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[~ig. 9. Effect of the molt composition on the half-wave potentials 
of the U(V)/U(IV) wave. Values of pCI are given in the molar 
fraction scale. The broken line is drawn with a slope of 0.267V. 
O ,  Differential pulse polarography of UCI4 solutions, other experi- 
ments with U02 solutions; 0 ,  pulse polaragraphy; ]-3, cyclic voltam- 
merry; I I ,  emf measurements. 

If  one accepts tha t  u r an ium (I I [ )  exists  in solut ion 
as the U ~+ ion, then the e lec t rode  react ion for the  
U ( I V ) / U ( I I I )  couple can be wr i t t en  as 
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Table I. Half-wave potentials of the U(V) /U( IV)  and U( IV) /U( I I I )  
redox couples in acidic AICI3-NaCI melts at 175~ (a) 

Mole  % AIC18 pC1 Ell2 ( V / I V )  Ex/2 ( I V / I l l )  R e m a r k  

70.75 7.76 2.745 1.795 (b)  
67.65 7.48 2.711 1.672 (b)  
66.65 7~38 2.692 1.661 (b)  
64.25 7.17 2.653 1.631 (b)  
61.75 6.99 2.625 1.603 (b) 
60.35 6.91 2.599 1.6u4 (b) 
59.30 6.83 2.560 1.582 (b) 
58.30 6.76 2,565 1.575 (b) 
56.05 6.57 2.516 1.540 (b)  
53.70 6.28 2.451 1.488 (b)  
62.65 6.10 2.396 1.445 (b) 

66.25 7.35 - -  1,650 (c)  
65.05 7.24 ~ 1.643 (c)  
63.80 7.14 2.652 1.628 (c)  
60.95 6.94 2,610 1.595 (c)  
59.45 6.85 2.590 1.582 (c)  
58.40 6.77 2.577 1.572 (c) 

61.40 6.97 - -  1.601 (e )  
60.80 6.88 - -  1.595 (e) 

61.90 7.00 2,612 -- ( f )  
59.60 6.86 2.583 ~ ( f ) 
58.20 6.75 2.559 -- ( f )  

70.70 7.74 2.743 1.705 (g )  
67.10 7.42 2.705 1.660 (g )  
63.40 7.10 2.b28 l,b20 (g)  
63.25 7.o7 2.645 1.62o (g)  
61.45 6.97 2.580 1.595 (g)  
60.85 6.94 2.607 1.600 ( g ) 
59,50 6.85 2.575 1.570 (g) 
66.80 6.64 2.533 1.525 (g) 
54.95 6.45 2.505 1,510 (g )  
54.60 6.41 2.480 1.490 (g)  
53.50 6.26 2.442 1.465 (g )  
53.25 6.21 2.410 1.455 (g)  

(d)  
(d) 

(a) Potent ia l s  are  g i v e n  in vo l t s  aga ins t  the AI(III)/AI(O) 
e l e c t r o d e  in the NaCl-saturated A1Cla-NaC1 melt; pC1 values are  
expressed in the molar fraction scale .  

(b) F r o m  d~fferenual  pu~se polarography of  u r a n i u m  (III) so- 
lutions prepared by controlled potential reduction of uranium 
{iV> oxide smutio~s; concentration 9.;~0 x 16-~M; precipitation 

of  UCh (and UCh) is observed  for  pCl < 6.1. 
(e) F r o m  c y c h c  v o l t a m m e t r y  of uranium (IV) oxide solutions; 

c o n c e n t r a t i o n  1.62 • 10-2M. 
(d) Yeaks for t9 (V)/U(IV) couple  are  d i s tor ted  by  ch lor ine  evo- 

lution. 
~ej From emf measurements; coulometric reduction of uranium 

(IV) oxide solutions. 
(f) worn era/ measurements; c o u l o m e t r i e  ox idat ion  of uranium 

(IV) ox ide  solut ions.  
(g} ~'rom u ~ e r e n t i a l  pu l se  p o l a r o g r a p h y  of uranium (IV) 

chlor ide  solut ions.  

U C I z ( 4  - x ) +  + e -  --> U 8+ q-  x C l -  [ 3 ]  

The slope in  Fig. 8 diminishes from approximately  
0.267V (x = 3) to 0.089V (x = 1) as the acidity of 
the mel t  increases in  the range 6.1 ~ pC1 ~ 7.8. The 
slope of 0.267V, which is obtained as a l imit ing value 
for the lowest pC1 values used in this work, is in 
agreement  with the work of Gilber t  et at. (9). Thus, 
the results reported here confirm the existence of 
UC13 + in the less acidic solutions used in this work 
(just before the precipitat ion of UC14). In  the more 
acidic region, however, the species in solution must  
be formulated as UC122+ and UC1 ~+. It  is perhaps 
worthwhile to note that  a vapor complex between 
u r an ium tetrachloride and a luminum chloride, 
UC12 (A1C14)2, has been described by Gruen  and MeBeth 
(i0, 11). 

The electrode reaction for the U(V)/U(IV) redox 
couple can be wr i t ten  s imilar ly as 

UCLj(~-~)+ + e - ~  UClx (4-x)+ + (y - x )C1-  [4] 

The slope in  Fig. 9 is 0.267V (y -- x = 3) in the range 
6.1 -~ pC1 ~ 7 and diminishes somewhat as the acidity 
of the melt  is increased. The u r an ium (V) species in 
solution can then be formulated as UC16-, UC15, UCl~ +, 
and UCI32+ (with increasing acidity of the melt) .  
However, since some oxide impuri t ies  are probably 
always present  in molten chloroaluminates (12), reac- 
tions such as 

UO2Clu(1-u)+ + 2AIC14- + e- -> UClx( 4-x)+ 
-t- 2A1OC1 -p (6 "t- Y -- x )C1-  [5] 

and 

UOCly (3.y)+ q- AICI4- + e--> UCIx (4-~)+ 

+ AIOCl + (3 + y -- x) Cl- [6] 

cannot be excluded a priori [AIOCI is the aluminum 
oxochloro complex most likely present in acidic melts 
(13)]. The variation of the half-wave potentials ex- 
pected for reaction [5] (dE1/2/dpC1 = 6 + y -- x) 
is much greater  than was actual ly found in  the experi -  
ments. On the same basis, however, reaction [6] a n d  
thus the existence of UOCly(3-~)+ species cannot b e  
total ly excluded. Nevertheless, the existence of u ra -  
n ium (V) chloro complexes is not al together unex-  
pected. A vapor complex between u r a n i u m  pentachlo-  
ride and a l u m i n u m  chloride, formulated as UC15.A1C13, 
has been described by Gruen  and McBeth (11). Fu r -  
thermore, UC16- is a we l l -known  species in a number  
of nonaqueous solvents. For  example, solutions of UC18- 
in  thionyl  chloride are readily obtained by dissolving 
u r a n i u m  trioxide in  the refluxing solvent (14, 15); 
these solutions are quite stable toward hydrolysis 
and /o r  disproport ionation (16) and a number  of hexa-  
chloro-uranates  (V), MUC16, can be obtained from 
these solutions (15, 17). Since the spectrum of UC16- 
is we l l -known (18), spectroscopic measurements  would 
be helpful  to confirm the existence of the u r an ium 
(V) species postulated in this paper. 
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Fluoride Electrodes with Reversible Solid-State Contacts 
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ABSTRACT 

Fluoride-select ive LaF3 membranes  with reversible solid-state contacts 
have been prepared as layered structures of LaF3, AgF, and Ag. In  this report  
the preparat ion and properties of such contacts are discussed. All-sol id-state  
fluoride electrodes with the present  membrane  structures have been tested, 
and the results compare favorably with those of convent ional  electrodes with 
in te rna l  filling solution. 

With the advance of microelectronic techniques in 
the manufac ture  of ion-selective electrodes, a growing 
need for sui table solid-state inner  membrane  contacts 
has emerged. Solid contacts are more compatible with 
microelectronic manufac tu r ing  techniques than the 
conventional  solution contacts, but  also offer ad- 
vantages in terms of minia tur iza t ion  and electrode 
ruggedness, and permit  the construction of electrodes 
that  can wi ths tand high tempera ture  and pressure (i.e., 
autoclaving) .  

In order to achieve the desired electrode qual i ty  in 
terms of sensitivity, response time, and stability, it is 
essential to use reversible membrane  contacts. Reversi-  
bi l i ty is assured when a unique electrode reaction oc- 
curs when the electrode operates as an anode, and the 
inverse of the same reaction takes place when it op- 
erates as a cathode. Fur thermore,  at zero current,  the 
contacted materials  should be in thermodynamic  
equi l ib r ium (1). Thus, nonrevers ibi l i ty  does not as- 
sure thermodynamic  equil ibrium, and long- term 
potent ial  drift  can general ly  be expected (2). These 
effects depend on the rate of relaxat ion processes, for 
instance at the blocked interface between an electronic 
and an ionic conductor (3). In the basic ISFET (ion 
sensitive field effect t ransistor) ,  like in conventional  
glass membranes,  deviation from thermodynamic  
equi l ibr ium within  the membranes  is responsible for 
increased response t ime (4). With a regular  MOSFET 
(metal  oxide field effect transistor) connected 
properly to an ion-selective membrane  (4-6), the 
potential  gradient  across the oxide layer  also repre-  
sents a lack of thermodynamic  equil ibrium, but  here 
the re laxat ion processes proceed extremely slowly and 
will normal ly  not interfere  with the measurements.  

For  the case of a solid junct ion  between an electronic 
and an ionic conductor, reversibi l i ty  is normal ly  
achieved when the parent  metal  M is in contact with a 
solid electrolyte MX. The reversible reaction taking 
place at the interface is then 

MX -k e -  ~ M ~- X -  [1] 

Other metal  contacts are also possible provided their 
salt formation free energies are positive relative to the 
paren t  metal  (7). Thus, the construction of proper 
contacts is s t raightforward in the case of the silver salt 
membranes  (5, 7), where silver metal  is convenient ly  
used. 

Similarly,  the na tu ra l  choice in the case of LaF3 ap- 
pears to be l an thanum metal. However, this mater ia l  
is difficult to handle  since it oxidizes rapidly in air. 

�9 Electrochemical Society Active Member. 
Key worsts: ~oa-selective electrodes, contacts. 

Accordingly, the fabrication of such contacts will have 
to involve either a mu]ti]ayer vacuum-deposi ted thin 
film structure,  where the l an thanum is sealed from 
contact with air, or possibly the use of a l an thanum 
amalgam. 

Another  approach, which is the one used here. is to 
consider the LaF3 as an ordinary  electrolyte and con- 
struct  a proper compound electrode of the second kind 
with which to contact it. The most obvious choice 
seems to be the s t ructure  (6) 

Ag [ AgF I LaF~ [2] 
which has the overall  reversible reaction 

AgF -{- e -  ~ Ag -k F -  [3] 

In  this case F -  ions are exchanged reversibly at the 
AgF-LaF3 interface and electrons are exchanged re- 
versibly at the Ag-AgF interface, as indicated in Fig. 1. 
The par t icular  advantage of the Ag-AgF contact is that  
AgF itself is an Ag + ionic conductor (8), assuring a 
reasonably low overall  ohmic resistance in the system. 
In this paper special a t tent ion has been given to the 
preparat ion and properties of this part icular  contact. 
But, other systems of the basic design, i.e. 

M1 I MIX I MeX ] [4] 

are also possible. Thus, contacts were also constructed 
based on a layered s t ructure  with Cu and CuF2 �9 2H20. 
Recently a Czech patent  appeared, report ing the use of 
a Bi-BiF2 contact (9). 

Preparation of the Contacts 
In  a first a t tempt  at constructing an Ag-AgF contact 

on LaF3, a near -sa tura ted  solution of AgF was applied 

Fig. 1. Structure of the reversible solid-state contact on LaF8 



1300 J.  E lec t rochem.  Soc.:  E L E C T R O C H E M I C A L  SCIENCE AND TECHNOLOGY J u n e  Ig80 

dropwise  to the membrane  surface. The water  was 
evaporated by gent ly  heating the membrane.  Final ly,  
a silver conducting epoxy contact was applied. Al l -  
solid-state ion-selective electrodes based on such mem-  
brane  structures at first performed quite satisfactorily, 
bu t  after a few days the contact deteriorated, presum- 
ably  due to residual  water  left in the hygroscopic AgF. 

By a similar procedure, C u - C u F .  2H20 contacts 
were also prepared, i.e., by heat ing drops of CuF. 2H20 
solution to dryness on the surface of LaF3. In  this case 
the outer  contact consisted of silver conducting epoxy 
admixed  with copper metal  powder. Solid-state ion-  
selective electrodes prepared from these structures 
performed satisfactorily for months, bu t  eventual ly  
also deteriorated, for reasons unknown.  

Satisfactory contacts were prepared by again tu rn -  
ing to AgF. This t ime AgF, admixed with small  
amounts  of LaF3 (both Lab. grade chemicals from 
Merck),  were melted on the surface of LaF~ mem-  
branes at a tempera ture  of about 450~ This procedure 
served a dual purpose: a high qual i ty  fused contact 
was established and, at the same time, water  was 
effectively expelled from the AgF. This process re-  
quired great  care, and the mel t ing had to be performed 
in  an inert,  dry  atmosphere in  order to avoid excessive 
decomposition of AgF through the reaction path (10) 

2AgF -F H~O ~ Ag20 -}-- 2HF [~]  

Ag20 - ,  2Ag + 1~ 02 [6] 

Apparent ly ,  some reduction of silver still took place, 
and in  a separate analysis on the contacts, about 80% 
water  soluble fluoride was found to be re ta ined through 
the melting. Metallic silver is therefore probably  dis- 
perged throughout  the AgF. 

Immedia te ly  upon cooling, the AgF was sealed by the 
application of a s i lver-conduct ing paint  or epoxy, 
which also served to complete the contact. 

The properties of the melted junct ions were tested 
electrically and evaluated after incorporation into 
solid-state ion-selective electrodes. For the electrical 
measurements  LaF~ specimens with symmetrical ,  
double-sided contacts were prepared. For comparison, 
s imilar  s tructures with blocked silver contacts and 
with conventional  solution contacts were also tested. 
The contact areas were in all cases about 10 mm 2. 

Electrical Measurements 
Electrical properties such as the f requency-depen-  

dent  admit tance and the low frequency current -vol tage  
characteristics were measured with the symmetr ical ly  
connected LaFz specimens. 

Complex impedance and admit tance plots have been 
shown to be useful for de termining the equivalent  cir- 
cuit for electrochemical systems (11-14). In  the present  
case, s imilar  measurements  are useful to determine the 
electrical properties of the contacts. The complex ad- 
mit tance Y(~,) (~ is the angular  f requency) of a system 
is the inverse of the impedance Z(~) ,  and may be 
wr i t ten  as 

Y(~) _-- G(~) H- jB(~)  [7] 

The real part, G (~), is the conductance and the imag-  
inary  part, B (~), is the susceptance. 

Figure 2 shows an admit tance plot for the Ag-AgF-  
LaF~-AgF-Ag structure,  measured in  the frequency 
range 50 Hz to 4 MHz. The measurements  were mostly 
performed with automatic LCR meters of the type: 
Hewle t t -Packard  Models 4275A and 4261A. The data 
points below about 100 kHz can be fitted with the arc 
of a circle centered slightly below the conductance 
axis. 

Since the effects of the contacts and of the membrane  
substrate  can be regarded as sequential  physical proc- 
esses, the consistent choice of an equivalent  circuit re-  
quires that  appropriate network elements be coupled 
in  series (11). To a good approximat ion each such ele- 
men t  can be represented by a resistance and a capaci- 

- - 3  

2 

A g - A g F - L a F  3 - A g F -  Ag 

II- 
[o 

I R2 

f 
fMAX 

~ MHz 
5'~Hz~. c , ^ " , E \ 

6 (lO-5ohm -~ ) 

Fig. 2. Admittance plat for an LaF3 membrane with symmetric Ag- 
AgF contacts. Dots indicate measured admittance at the frequency 
50 Hz (curve tracer) and between 1 kHz and 4 MHz (LCR meters). 

tance in parallel.  At high frequencies the whole 
sequence will  be shorted by the geometric capacitance. 
Based on such a model the admit tance plot of the pres-  
ent sample suggests an equivalent  circuit as shown in 
Fig. 2. The upper  circuit  branch, which contains a re-  
sistance in series with a paral le l  R-C network, gives 
rise to a semicircle centered somewhere along the 
positive conductance axis. The sharp increase in the 
susceptance at high frequencies results from Co, a 
lumped combinat ion of geometric and stray capaci- 
tance, represented by the lower branch of the equiva-  
lent  circuit. In  terms of the present  s tructure it seems 
reasonable to associate the parallel  R-C network in the 
upper  branch with the two identical contacts (here 
lumped together for simplicity),  while the series re-  
sistance is that  of the LaF3 substrate. There is no 
measurable  paral le l .capaci tance wi thin  the substrate. 
Such capacitance is often associated with grain bound-  
aries in polycrystal l ine samples (11), and is not to be 
expected in the present  LaF3 single crystals. 

As noted, the admit tance arc of Fig. 2 was depressed 
somewhat below the ideal semicircle of the suggested 
equivalent  circuit, indicat ing that the present  model 
for the contacts may be too simple. A more complete 
model should incorporate the fact that each contact 
possesses two interfaces, one at either side of the AgF-  
layer. Furthermore,  the mater ial  boundaries  are not 
well defined, both as a result  of part ial  reduction of 
AgF to metall ic silver, and because of the fused junc-  
tion between AgF and LaF~. Thus, at the next  level of 
refinement the equivalent  circuit  model for the contacts 
should contain three R-C paral lel  circuits in series 
which, along with possible nonsymmet ry  in the system, 
would account for the observed distortion in the ad- 
mit tance plot. But numerica l  values for the electrical 
parameters  can only be obtained for the simplest cir-  
cuit model, for which a resul tant  ohmic resistance of 
R1/2 ,-- 12 k.e, and an effective paral lel  capacitance of 
2C1 ___ 2.5 n F  are found for each contact. The series 
resistance of the 2 mm thick LaF3 substrate is deter-  
mined to be R2 N 18 klf. 

The main  source of the ohmic contact resistance is 
probably the overall  electrode reaction of Eq. [3]. The 
ohmic resistance in the thin (~0.05 mm) AgF layer is 
expected to be quite negligible (8). The paral lel  
capacitance probably  originates at the smeared out 
mater ial  interfaces of the contacts. 
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Fig. E Admittance plot for an LaF3 membrane with symmetric 
silver contacts. Dots indicate measured admittance at frequencies 
between 120 Hz and lO MHz (LCR meters). 

Figure  3 shows the admit tance plot for an LaF3 sub-  
strate with blocked si lver contacts. Qualitatively,  this 
plot looks very  much like the foregoing, except for the 
notable  difference that  the low frequency port ion of the 
a r c  now passes through the origin. This suggests a 
s i m i l a r  equivalent  circuit  as before, bu t  this t ime with 
negligible conductance in  the contacts. The relat ive 
simplici ty of the resul t ing circuit  yields a par t icular ly  
s t ra ightforward expression for the admit tance behavior  

s =  cl i--G------R- + ~ ( i - - O R )  [8] 

T h e  first t e rm represents  the steep increase at  high 
frequencies as G approaches l /R ,  and the second term 
is the semicircle passing through the origin and with 
d iameter  1/R. The analysis of the exper imenta l  ad-  
mi t tance  plot yields an ohmic resistance of 16 k~  for 
the substrate,  in  good agreement  with the previous 
result.  The relat ively high f requency associated with 
the m a x i m u m  point  of the semicircle yields an effective 
paral lel  capacitance per contact of 2C1 _~ 0.14 n F  
( e l  --  (2~R ;fma~)-1). The reason for this small  value 
is not immedia te ly  obvious, but  it may be associated 
wi th  the use of s i lver-conduct ing epoxy for the con- 
tacts. 

The admit tance behavior  was also measured for a 
commercial  fluoride electrode with a convent ional  in -  
te rna l  filling solution. The outer surface of the LaF3 
membrane  was contacted with a solution of 0.5M 
NaC1 and 0.5M NaF, in  which a silver wire electrode 
w a s  introduced. The resul t ing admit tance plot for this 
s t ructure  is shown in  Fig. 4. Presumably,  the abrupt  
increase in  the imaginary  par t  of the admit tance is 
again caused by the geometric capacitance. The in te r -  
cept with the conductance axis suggests a total  series 
resistance of 102 kl~ for the system. Using previous 
results for the LaF~ bulk  contribution,  the effective 
single contact resistance is found to be about  40 kg~ 
for this case. At  the frequencies considered, the effec- 
tive paral lel  capacitance of the contacts appears to be 
quite small  (Ci < <  [Rz=(10 kHz)]  - i  ~-- 0.1 n F ) .  
There has been some speculation on the possible forma-  
t ion of a gel layer  on the surface of LaF3 exposed to 
aqueous solutions (15). If so, this will have a signifi- 
cant  bear ing on the extent  of the effective width of the 
interracial  space charge, and tend to reduce the double 
layer  capacitance. On the other hand, a large in te r -  
facial capacitance will  represent  a short at the fre-  

5 .  

4 / LoF 3 with liquid contacts 

LoQ << 1/R~ << I /R 2 

m 2 elMHz 

o o 

1. Co 

~kHz 
0 lOkHz 

2 3 t+ S 6 

R1+7 2 (~ ( 10 -5 ohm -1 ) 

Fig. 4. Admittance plot for an LaF3 membrane with liquid contacts 
(see text). Dots indicate measured admittance at frequencies be- 
tween 10 kHz and 2 MHz (LCR meters). 

quencies considered, and may  instead combine with 
Warburg  behavior  to produce s t ructure  at low fre-  
quencies (16). 

In  applications, the low frequency behavior  of the 
membrane  s t ructure  is of par t icular  interest,  since it  
governs the electrode response times typical ly of in -  
terest in  practical analysis. As an i l lus t ra t ion of this 
behavior, Fig. 5 shows a 50 Hz curve tracer  (Tektronix,  
Type 576) current -vol tage  characteristic for each of 
the three membrane  structures discussed above. In  
general,  the shape of the loop reflects the relat ive size 
of the real and the imaginary  parts  of the admittance.  
Thus, the loop degenerates into a straight l ine when  
the admit tance is purely  real and nonrectifying,  i.e., 
when the contacts are t ru ly  ohmic. It  is interest ing to 
note that  the membranes  with Ag-AgF and l iquid con- 
tacts both give rise to similar, near  degenerate loops 
while the blocked silver contacts produce a pro-  
nounced, elliptical shape. 

Solid-State Fluoride Electrodes 
Solid-state fluoride electrodes were prepared in two 

versions, one with a microelectronic impedance t rans-  
forming network contained within  the sensor body, and 
one with a direct electrical connection to an external  
high impedance voltmeter.  The electrodes manufac-  
tured according to the microelectronic approach have 
a single chip preamplification circu.it positioned in 
close proximity  to the membrane ,  in order to reduce 
noise pick-up. Details of the electrode construction 
have previously been discussed (5, 6). 

The electrodes were evaluated by de termining  their  
response in fluoride standards (i.e., potential  response 
vs. fluoride concentrat ion) ,  as well  as their  response 
t ime and stability. Lifetime is of vital  importance, and 
is cur ren t ly  being investigated by continuous exposure 
of electrodes to fluoride solutions. So far, this test has 
lasted for five months without  signs of electrode 
failure. 

In  Fig. 6 are shown typical response curves obtained 
with the present  fluoride electrodes. The response was 
measured by pipet t ing known additions of NaF s tan-  
dard into st irred buffer solutions of ei ther TISAB or 
1M HC1. The curves are in  close agreement  with 
theory, with sensitivities of about  59 mV/decade (1M 
HC1) and 58 mV/decade (TISAB) at 24~ The log- 
ari thmic Nerns t ian  response extends down to about 
2 • 10-6M NaF when using the 1M HC1 buffer, and to 
about 8 • 10-6M NaF in  the TISAB buffer. Both values 
are in  reasonable agreement  with the reported solu- 
bil i ty of LaF3 (17), and are in  the same range as 
commercial  electrodes with in te rna l  filling solution. 
The higher detection l imit  in  TISAB is p resumably  the 
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Fig. 6. Calibration curves obtained with LaF3 electrodes with 
Ag-AgF contacts. Curves (a) are for electrode with integral im- 
pedance transforming network and curves (b) are for electrode 
with direct electrical connection to an external high impedance 
voltmeter. Reference electrode: Orion 96-01. 
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Fig. 5. 50 Hz curve-tracer current-voltage characteristics for LaF8 
membranes with different contacts. 

r e s u l t  of complexing of lanthanum, which is compen-  
sated for by increased dissolution of membrane  
mater ia l  (18). 

The response times of the electrodes were  measured  
both with  an inject ion technique and in a regular  
analyt ical  setup. With the inject ion technique the 
fluoride electrode and a reference electrode were  
pointed against  each other  (6). A small  drop of a n  
init ial  solution provided contact be tween the elec-  
trodes, and a new solution with  a different fluoride 
content was rapidly injected into the gap to displace 
the init ial  solution. With a suitable t r igger  a r range-  
ment  the t ime response of the system could be moni-  
tored on a storage oscilloscope (Tektronix,  Type 549). 
With this technique t ime constants in the range 20- 
100 msec, depending on the exper imenta l  c i rcum- 
stances, were  measured  for the present  fluoride elec- 
trodes as wel l  as for a commercial  electrode (Orion, 
Model 94-09). Fur the r  details on these exper iments  
will  be published elsewhere (19). 

In the regular  analyt ical  setup a st irred sample solu- 
tion (50 ml 1M HC1 buffer) was monitored under  suc- 
cessive additions of known quanti t ies of NaF. The t ime 
response was recorded on an x - t  recorder  (Watanabe 
Servo Recorder,  Type 652) wi th  a highest  recording 
speed of 0.4 cm/sec. Typical  results for a fluoride elec- 
t rode with  the A g - A g F  contact are shown in Fig. 7. 
For  the highest  concentrations (accumulated NaF con- 
centrat ion shown to the right) potential  stabil i ty was 

10 sec. 
_~,, 

I0 -s M NoF 

10 -4 M 

10 -3 M 

10 -2 M 

Ag - A g F -  LaF 3 etecfrode 

Fig. 7. Total response time of LaF~ electrode with Ag-AgF con- 
tacts and integral impedance transforming network measured in o 
regular analytical setup (see text). 

achieved within one or two seconds, probably l imited 
by the mixing and reaction times (i.e., F -  + H + 
HF and HF + F -  e~- HF2- )  in the liquid. Below about 
10-4M NaF, however ,  a steady increase in the response 
t ime became evident.  It  appears that  under  identical 
circumstances the present  electrodes and the electrode 
with internal  filling solution responded about equal ly  
fast (19). In contrast  to these results Fig. 8 shows the 
response of an LaF3 electrode with a blocked si lver 
contact (3). In this case the response t ime was typi-  
cally several  minutes and, in addition, a long- te rm 
potential  drift  on the order of mil l ivolts  per minute  
was observed. It is reasonable to assume that  this effect 
is associated with the lack of revers ibi l i ty  at the inner 
contact. In a comparable  t ime scale (i.e., up to 10 rain) 
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Fig. 8. Total response time of LaF3 electrode with silver contacts 

the potent ia l  dr i f t  in the A g - A g F - L a F 3  elect rode was 
an o rde r  of magni tude  less. 

Summary 
Revers ib le  so l id-s ta te  contacts on LaF3, based on the 

use of A g F  and Ag, have been p repa red  and tested. 
The e lec t r ica l  p roper t ies  of the  contacts  were  inves t i -  
ga ted  by  means  of the f r equency-dependen t  complex  
admit tance.  This y i e lded  values  for  the  effective ohmic 
res is tance (~1.2 k~2/cm 2) and the pa ra l l e l  capaci tance 
( ~  25 n F / c m  2) of the contacts. For  comparison,  
s imi la r  analyses  were  also pe r fo rmed  on samples  wi th  
convent ional  solut ion contacts and wi th  b locked si lver  
contacts. A low f requency  (50 Hz) curve t racer  plot  
indicates  that  the  cu r r en t -vo l t age  character is t ics  for 
both  the A g - A g F  contacts and for the solut ion con- 
tacts  a re  a lmost  p u r e l y  ohmic, i.e., degenera te  and 
nonrect i fying.  

F luor ide  e lect rodes  using the presen t  A g - A g F  sol id-  
s ta te  contacts  behave  very  sat isfactori ly .  In  tests on 
sensi t ivi ty,  response time, s tabi l i ty ,  and l i fe t ime they  

compare  f avo rab ly  wi th  commercia l  solut ion contact 
electrodes,  whi le  e lectrodes wi th  b locked s i lver  con- 
tacts suffer f rom increased  response t ime, and lack  
of l ong - t e rm  stabi l i ty .  

Manuscr ip t  rece ived  Nov. 26, 1979. This was Paper 
669 presented  at  the Los Angeles,  California,  Meet ing 
of the Society, Oct. 14-19; 1979. 

A n y  discussion of this pape r  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  December  1980 
JOUaNAL. Al l  discussions for  the December  1980 Dis-  
cussion Sect ion should be submi t ted  by  Aug. 1, 1980. 

Publication costs of this article were assisted by 
The University of Trondheim and The Royal Nor- 
wegian Council for Scientific and Industrial Research. 
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Primary Current Distribution on a Sinusoidal Profile 

Peter Fedkiw* 
Department 05 Chemical Engineering, North Carolina State University, Raleigh, North Carolina 27650 

ABSTRACT 

The pr imary  current  dis t r ibut ion at a sinusoidal profile has been solved as 
a per turba t ion  problem in  the ampl i tude- to -wave leng th  parameter .  The re-  
sults are also applicable to diffusion-limited reactions on sinusoidal surfaces. 
The solution for the potential  has been developed to the fourth order term. 
Wagner 's  solution to this problem can be recovered by including only the first 
two. terms in the per turbat ion  expansion. The expansion technique enables 
an estimate of the error caused by the neglected terms. The leveling efficiency 
of a mass- t ransfer  controlled dissolution reaction is predicted to be always 
less than that given by Wagner 's  equation. Applications of the per turbat ion  
technique to other re levant  problems are discussed. 

The surface of any real metal  on the microscopic 
scale is not smooth and will  contain low and high spots. 
The greater  accessibility to the counterelectrode of the 
high areas in  comparison to the low areas causes these 
protrusions to preferent ia l ly  receive more current  dur-  
ing an electrochemical reaction. For a metal  deposition 
reaction in  the absence of leveling agents these peaks 
may grow with a consequent increase in  surface rough-  
ness. It has been proposed that leveling agents induce a 
smooth metal  deposit by preferent ia l ly  adsorbing and 
reacting at the high points of the surface and thereby 
increasing the polarization required for the metal  dep- 
osition (1-3). In the anodic direction (electropoli~hing), 
the high points of the surface preferent ia l ly  dissolve 
in  comparison to the low points. Wagner  (4) examined 
the ini t ial  dissolution of a sinusoidal surface whose dis- 
solution rate was controlled by the diffusion of an ac- 
ceptor species for the metal  ions from the bulk  of the 
solution to the surface. Wagner 's  solution of the diffu- 
sion equation was l imited to a sinusoid with an am- 
pli tude which was much less than the wavelength. His 
solution satisfied the boundary  condition of zero ac- 
ceptor concentrat ion at the metal  surface only in an 
approximate manner .  In  this paper a parameter  per-  
turbat ion in the ampl i tude- to-wavelength  is applied to 
the pr imary  current  dis t r ibut ion at a sinusoidal surface. 
This is the electrical analog of the diffusion-limited 
dissolution of the profile. The current  distr ibution is 
found for a uni form potential  at the surface and the 
counterelectrode at infinity. The per turba t ion  solution 
developed here identical ly satisfies all boundary  con- 
ditions and furthermore,  the error of the neglected 
terms can be assessed. It  is demonstrated that Wag- 
net ' s  solution can be recovered from the first two 
terms in the expansion. The parameter  per turbat ion  
solution technique may be used in other re levant  prob- 
lems. A short discussion is given on the application of 
this technique to computing the potential  variat ion in 
the electrolyte adjacent  to a sinusoidal surface at which 
a uniform current  density is applied. This is physically 
relevant  to the action of potential  dependent  adsorption 
of leveling agents on metal  surfaces. A discussion on 
applying the solution technique to pulsat ing potential  
deposition is also presented. Work at this laboratory is 
cur rent ly  in progress in these two areas. 

Problem Statement 
Figure 1 is a plot of the sinusoidal profile under  con- 

sideration. The profile consists of a single frequency 
with a period length l' and an ampli tude A'. (The 
prime signifies a dimensional  length.) The origin of the 
coordinate system is placed such that the val ley corre- 
sponds to x'  = 0. The profile shape is described by the 
equat ion 

* Electrochemical Society Active Member. 
Key words: diffusion, current distribution, potential. 

Yw' = - -A '  cos (2~x'/[) [1] 

The potential  at the sinusoidal surface is uniform and 
the counterelectrode at which a uni form current  den-  
sity is applied is at infinity. The potential  in the solu- 
tion will satisfy Laplace's equation subject  to appro- 
priate boundary  conditions 

~ - - - - 0  
Ox'2 Oy'2 

r (Y' ---- Yw', x') = 0 

--K 0~b 1 

[2] 

[3i] 

-- iA [3ii] 

O* I = 0 [3iii]  
"'~X'" I Y ',x'~-O,~/2~l 

Condition [3iii] results from the symmetry  of Laplace's 
equation and its boundary  conditions. We therefore will 
only need to consider the region 

Y' ~-- Yw', O ~-- x' ~-- l/2 

The concentrat ion of a species which is controlled by 
diffusion to (or from) the electrode surface will also be 
governed by Eq. [2] and [3]. One need only replace 
the potential  by the properly defined concentration, 
the conductivity by the diffusivity, and the applied 
current  density by an expression for the diffusion flux 
which is usually wr i t ten  

j =  --D~CI~ [4] 

where 5 is the diffusion layer  thickness and hC is the 
driving force of bulk  concentrat ion minus the surface 
concentrat ion of the reacting species. In order to formu-  
late the concentrat ion field problem in terms of the 
diffusion layer  thickness however, it must  be assumed 
that 5 > >  A'. This follows if the concentrat ion analog 
of Eq. [3ii] is to apply. Consequently,  we prefer to 
consider the potent ial  field problem in  our discussion 
and to t ranslate  the results to the concentrat ion field 
problem at the end of the analysis. Kr ichmar  (5) has 

L '1 I" 
X--9 X = I  

Fig. 1. Profile of a sinusoidal surface 
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ana lyzed  in  an  app rox ima te  m a n n e r  the  s i tua t ion  where  
6 is a funct ion of posi t ion a long the s inusoidal  surface. 

Mathematical Development 
Define the  fol lowing dimensionless  quant i t ies  

X : x ' / l ,  Y : ( y ' - -  y J ) / 1 ,  r : ( ~ ) / ( l i A )  [5] 

Laplace ' s  equa t ion  and its b o u n d a r y  condit ions then  
t r ans fo rm to 

0 2 ~  02r 
+ O--~-/+ AL~(r + A2L~(r : 0  [6] 

oXz 

r  = 0, X) = 0 [7i] 

0r [ -- --I [7ii] 

O Y I x,Y--> 

--  0 [7iii] 
0X x,r=0. ~/~ 

The opera tors  L~ (~) and  L2 (r a re  g iven  by  

O ~r 0r 
L ,  (r  = --4;~ sin 2=X - -  4n 2 cos 2nX [8] 

OXOY O~" 

L~ (r  = 4=~ sin~ 2~X [9] 
0Y~ 

The solut ion for  r m a y  be wr i t t en  as a pe r tu rba t ion  
in the dimensionless  a m p l i t u d e - t o - p e r i o d  length  rat io  A 

r : r  + A %  + A ~ %  + . . .  [ 1 0 ]  

[Pe r tu rba t ion  methods  are  discussed in the tex t  by  
Nayfeh  (tO.] Equat ion  [10] is subs t i tu ted  into Eq. [6]. 
Equat ions  governing  each of the  expansion functions 
are  found oy equat ing equiva len t  te rms in the A ex-  
pansion 

02r ~r 
- -  - 0 [11] 

02r @2r 
- -  -~ - -  - -  L ~ ( r  [ 1 2 ]  OX'~ Ox~ 

{92r 02r 

OX z Oy '~ 
- -  -- --L1(r -- L~(r n - - ~ 2  [ 1 3 ]  

The b o u n d a r y  condit ions on the ze ro -o rde r  solut ion 
m a y  be wr i t t en  

r ---- 0, X) = 0 [14i] 

O~o 

OY 
X , Y ~  

: --1 [14ii] 

,0r [ : 0 [14iii] 
OX I Y,X=O. 1/9. 

Consequent ly  the  h igher  o rde r  solut ions sat isfy homo-  
geneous condit ions 

4 'n ( r  : 0,X) : 0 

OCn I =-- 0 

~ Y  [ x,Y-~ 

0% 

[15i] 

[15ii]  

: 0 [15iii] 
OX' y,x=o, 1/~ 

Equat ions [11]-[15] have been solved th rough  the 
four th  o rder  term. The calculat ions are  tedious but  
s t r a igh t fo rward  

�9 (X ,Y )  - - Y  + A [1 --  e - ~ r ) c o s  2gX] 

+ ~A~[ (1 --  e - 2 ~ r )  + ( e - 4 ~ r  - -  e - 2 ~ r )  cos 4~X] 

+ ~2A~ [ 2(e  -4~Y -- e--2~tY) COS 2~X 

( ) ] ~- 2e -4~Y -- -- e -2try -- -- e -6~s cos 6~X 
2 2 

+ ;~3A4 [ (1 --  5e-2=Y + 4e-4=Y) 

( l e _ s I r y  13 -]- - -  4,~'Ye -4TRY --}- ~ e-47ru 

- -  ~ e - 6 ~ r Y  c o s  4 ~ X  + - -  e - 2 ~ x  + 2 e  - 4 ~ r Y  

2 Y 

9 o ) ] 
- - - - e  - 8 ~ r + ~ - e  - s~ r  cosSxX + 0 ( A  5) [16] 

2 

The cur ren t  a long the wal l  can be eva lua ted  by  t ak -  
ing the no rma l  de r iva t ive  of Eq. [16] 

in 0r 
- -  = -- - -  [ 1 7 ]  
iA On 

The normal  der iva t ive  is eva lua ted  according to the  
p rocedure  p resen ted  in the Appendix .  We find 

% 
- -  : k/1 + 4 ~ A  2 sin s 2~X [1 --  2~A c o s  2aX 
iA 

+ 2(~A)2 cos 4=X -- 1) --  2(hA)  3 (cos 6=X -- 2cos 2=X) 

( 16 ) ] 
+ (=A)4 6 - - - - c o s 4 ~ X + 2 c o s S = X  + 0 ( A  5) 

3 

[18] 

In order to track the change in the surface roughness 
during a reaction, we are particularly interested in the 
current at X = 0 (valley) and X = ~/z (peak). These 
are given by 

i, 8 
: 1 + 2~A -- 2(~A) a + ~ -  (~A) 4 + 0(A)  5 [19] 

iA 

iv 8 
--- 1 - -  2 ; ~  + 2 ( h A )  s -t- - -  ( ~ A )  4 + 0 ( A )  5 [ 2 0 ]  

iA 3 

The shape of the profile wi l l  change in the  course of 
the deposi t ion (or dissolut ion) reaction.  An  in i t ia l  s inu-  
soidal  profile wil l  become dis tor ted  to h igher  harmonics.  
Riggs (7) has deve loped  a numer ica l  rout ine  which  
has included this shape change phenomenon.  As a first 
approximat ion ,  however ,  let  us assume tha t  the profile 
re ta ins  its s inusoidal  shape. The ra te  of change of the 
ampl i tude  wil l  be p ropor t iona l  to the difference be-  
tween the peak  and va l l ey  current .  The ampl i tude  of 
the profile can be t r acked  dur ing  the deposi t ion (or 
dissolut ion) react ion by  solving the fol lowing mass 
balance  equat ion 

dA" 1 Vlsi 
_ - -  ( ip  - -  i v )  [ 2 1 ]  

dt  2 nRF 

where  si is the s toichiometr ic  coefficient of the r eac tan t  
f rom the genera l  react ion under  considera t ion  

Y, 8iMi zi -> nRe-  [22] 

and V~ is the solid phase  molar  volume of r eac tan t  i. 
(The cur ren t  is negat ive  for a cathodic react ion and si < 
0, therefore  dA ' / d t  > 0, whereas  for  the  anodic case, 
dA ' /d t  < 0.) 

Equat ion  [21] m a y  b e s o l v e d  for  A ( t )  by  use of Eq. 
[19] and [20] 
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- -  A [ __ e4=v.t/z) ]z/s [23] 
Ao 1 -- x-~Ao 2 (1 -- e4~,tn) 

where Ao is the ini t ia l  dimensionless ampli tude and vs 
is the equivalent  velocity of the solid phase if the cur-  
ren t  density iA is applied at  a fiat surface 

v,= Vi s j  'ZA [24] 
~ R ~ "  

Results and Discussion 
Equat ions [16], [18], and [23] are the ma in  results of  

this analysis. The per turba t ion  solution in  the param-  
eter A has enabled us to estimate the accuracy of the 
solution. Table I demonstrates  the convergence of this 
solution for A = 0.10. It  shows the normal  current  
evaluated at  the val ley and the peak. The current  is 
given using various orders of the solution. The normal  
current  at  the val ley has converged to wi th in  at least 
6% with use of the highest order term. Wagner 's  solu- 
tion for the same profile is given by  the A 1 term in 
the expansion (see following discussion). The poten-  
t ial  field (which is not i l lustrated)  shows a greater 
convergence rate than its derivative, the current.  

I t  can be demonstrated that  Wagner 's  solution can 
be recovered by including only the first-order term in  
t h e  per turba t ion  solution, i.e. 

r = r + Ar + 0 (A 9-) [25] 

Due to the na ture  of the r funct ion at X = 0 and 1/2, 
the second order  contr ibut ion to the current  at these 
two points is zero. Thus even though Wagner 's  solution 
for the potential  is accurate to 0(A2), the peak and 
val ley current  which is calculated from his solution is 
accurate to 0(A~). The na tu re  and approximation of 
Wagner 's  solution to this problem have been developed 
and expanded upon. In  Wagner 's  development  the de- 
nominator  of Eq. [23] is equal  to 1. 

Figures 2 and 3 are plots of the potential  var ia t ion 
in  the solution and the current  dis t r ibut ion at the sur-  
face, respectively. These plots are for a dimensionless 
ampli tude of 0.1. The abscissa length  scale for both 
figures is measured in terms of the number  of ampli-  
tude lengths above the average wall  position. 

Figure  2 shows that  the potential  in the solution 
quickly becomes independent  of X. The three lines be-  
come indist inguishable on the scale of this graph for 
y/A values much larger than indicated. Equat ion [16] 
evaluated at  y /A  = 6 demonstrates that  the ma x i mum 
variat ion in  the dimensionless solution potential  (val-  
ley-peak)  is --0.56347-- (--0.56797) = 0.00450. This cor- 
responds to a deviat ion of _ 0.40% about the average 
potential  at this elevation. The counterelectrode may be 
placed anywhere  above y/A = 6 and have very little 
effect on the profile's cur rent  distribution. We can 
utilize this result  to in terpre t  a diffusion-limited reac- 
t ion at a sinusoidal surface. Thus if the concentrat ion 
boundary  layer  for a mass- t ransfer  controlled reaction 

Table I. Convergence of perturbation solution for the normal 
current distribution on a sinusoidal surface with A = 0.10 

t./tA 

Order of solution 
X = 0 1/2 

0.6 

O.S 

0,4 

- - ~  0.3 

I I I I I I 
/ 

/ 
(~=-A. YlA ~ /  

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

, j  - 

,S 
o.2i 

A =0.10 

0.1 

X:O / 114 1/2 | 

. , : / /  , , ] 
0. 0 1 2 3 4 5 6 

Y/A 

Fig. 2. Potential distribution above a sinusoidal surface with a 
primary current distribution. 

I I I I I i 

1.5 

1.0 

IA 
i. / / i y  

0.5 

A= 0.10 

A ~ 1.0000 1,0000 
(-62.8) (62.8) 

A I 0.3717 1,6283 
(o) (o) 

A = 0,3717 1,6283 
(Z6.7) (-3.8Z) 

A s 0.4337 1.5663 
(5.90) 1.66) 

A~ 0.4597 1.5923 
t erm (An+~) -- term (A n) 

oL_ .  I I I I 
O.I 0,2 0.3 0,4 0.5 

x 

Fig. 3. The normal and y component of the current for the 
primary current distribution at a sinusoidal surface. 

extends much above y/A = 6, the thickness of t h e  
b t u n d a r y  layer  will  have li t t le effect on the current  
dis t r ibut ion at the surface. Of course the greater the 
5oundary  layer  thickness for a given system, the lower 

( ) = x I00. 
term (An) 
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will  be the resul t ing current.  The analysis of this work 
enables us to quant i fy  the s ta tement  6 > >  A'. The 
dashed l ine on Fig. 2 indicates the dimensionless solu- 
t ion potent ial  if the current  was applied at a flat sur-  
face. Less energy wil l  be required to dis t r ibute  the 
current  to the peak areas in  comparison to a flat sur-  
face. Fur thermore ,  more current  is dis t r ibuted to the 
high points of the profile (X > 1 / 4 )  t han  to the low 
points of the profile (X < 1/4). Therefore for the same 
applied current ,  the dimensionless solution potential  
drop is greater  ( in absolute value) for the flat surface 
than the sinusoidal surface. Equat ion [16] shows that  
this difference is given by  ~tA 2 -t- ~t3A4 + 0 (A6). 

Figure  3 shows that at the average wall  position (X 
= 1/4) nei ther  the normal  current  nor the y component  
of the current  equals the average applied current  den-  
sity. This would follow from Eq. [18] only if the first- 
order  term is re ta ined which is 0 (A) after the square 
root term is expanded. 

As an application of the analysis in this paper, the 
level ing efficiency of an anodically dissolved surface 
is discussed. Consider the sinusoidal  profile of Fig. 1 
to be anodically react ing under  the mass- t ransfer  con- 
trolled condition of an acceptor species diffusing from 
the bulk to the surface. This is the case discussed by" 
Wagner.  Following Wagner 's  nomenclature ,  let u repre-  
sent the displacement of the surface from the ini t ia l  
position if the ent i re  surface were flat. If trt represents 
the react ion time, it follows that  

-- VstR 

Equat ion [23] may  be plotted to i l lustrate  the leveling 
efficiency. The ordinate  of Fig. 4 is the quant i ty  In 
(A/Ao)/ (2~tu/ l )  and the abscissa is the ini t ia l  ampl i -  
tude Ao. Inclusion of the higher order correction terms 
i l lustrate  that  the level ing efficiency is dependent  upon 
the ini t ia l  ampl i tude  and the parameter  u/I  which is a 
measure of the n u m b e r  of wavelengths of the surface 
reacted. The leveling is always less than  that  predicted 
by Wagner 's  solution. 

1.0 

t-WAGNER'S 
SOLUTION 

ull --" 0 

in A/Ao 
2 'n" ull 0.9 

0.8 I I I I 
0 0.05 0.10 0.13 

A0 

Fig. 4. Leveling of a s~nusoldal surface as a function of the initial 
omplitude and the equivalent displacement of a flat profile. 

As the surface is dissolved away u/ l  increases. In i -  
t ially the deviat ion between the level ing predicted by 
Wagner 's  solution and the per turba t ion  solution can 
be significant for nonzero Ao. However, as more and 
more of the surface is dissolved away, regardless of the 
ini t ia l  amplitude, Wagner 's  solution is again a good 
approximation. As u/l  -~ ~ ,  all of the curves on Fig. 3 
approach the value one for their abscissa. 

The per turba t ion  analysis given in  this work may be 
applied in other physically impor tant  situations. If the 
normal  current  is un i form along the sinusoidal surface, 
a solution of the form assumed in  Eq. [10] may still be 
applied to the potential. Laplace's equation will apply;  
however, the boundary  conditions must  be changed. 
The zero of potential  may be defined to be at some 
reference plane located at y = YR. This can be t rans-  
lated to the Y coordinate system by fur ther  assuming 
that yR' > >  A'. The wall  boundary  condit ion on the 
current  will involve the parameter  A as can be seen 
from the Appendix. Since the per turba t ion  parameter  
appears in  both the governing equation and its bound-  
ary conditions, this problem is mathemat ica l ly  more 
complicated than that  developed here, but  it is solvable. 
The solution of this problem will quant i fy  the potential  
variat ion in the solution adjacent  to the surface. This 
var iat ion has relevance for the potential  dependent  
adsorption of leveling agents. 

The per turba t ion  solution technique out l ined here 
may also be applied to the t ransient  problem of a 
pulsat ing potential  applied to a sinusoidal profile. The 
various orders of the solution will thus be t ime-  
dependent  in addition to their spatial dependence. Vari-  
ous boundary  conditions at the surface can be applied. 
The surface concentrat ion might  respond in a Nerns t ian  
manne r  to the applied potential. Linear  kinetics will 
be another  l imit ing case of interest.  

Manuscript  submit ted May 29, 1979; revised m a n u -  
script received Dec. 18, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1980 
JOURNAL. All  discussions for the December 1980 Dis- 
cussion Section should be submit ted by Aug. 1, 1980. 

Publication costs o] this article were  assisted by 
North Carolina State University. 

APPENDIX 

A. Normal derivative 
Let (n', t ')  be a local normal  and tangent  coordinate 

system along the surface 

" " t  ~176 = + ~ t' "ow t' ox' ," ~ t' 7 x' 

but:  Ox" Oy' ] 
"-- -- sin 0 -- cos 0 

0~,' t' On' [ t" 

where 
Therefore 

- -  " - -  C O S  0 

Since tan  0 = dyw'/dx'  
1 

it  follows that  cos 0 _ 

V I I  + \ dx----- 7- 

B. Normal derivative in (X,Y) coordinate system 
The derivatives t ransform as 

~176 ~176 ~ ~x y OX y Ox y Y 

8 is the angle between the tangent  and x axis. 

[A-I] 

(dyw, oo 
dX ~x' / OY 



1308 J. EIectrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  June 1980 

Also 

OY x OY x 

Subst i tu t ion of these two terms into the nondimensional  
Eq. [A- l ]  gives 

- :  [ (  I 0~# cos 0 1 + 
On \ dx' / / - ~  x 

k dx'  

If this is evaluated along the surface for the p r imary  
dis tr ibut ion 

LIST OF SYMBOLS 
A dimensionless ampli tude,  A'/1 
F Faraday 's  constant, C/equiv. 
i current  density, mA/cm" 
iA cur ren t  density applied at counterelectrode, 

A /cm 2 
l period length, cm 
nR n u m b e r  of electrons t ransferred in reaction 
n dimensionless normal  coordinate, n'/l  
si stoichiometric coefficient of reactant  i 
t time, see 
u equivalent  displacement of flat profile, cm 
Vi solid phase molar volume of reactant  i, cm3/mole 
Vs plane solid phase velocity, ViSiiA/(nF), cm/sec 
x dimensionless coordinate, x' / l  

X dimensionless coordinate, x' / l  
y dimensionless coordinate, y' / l  
Y dimensionless coordinate, (y' -- yw')/ l  

Greek 
8 diffusion layer  thickness, em 

potential,  V 
dimensionless potential,  CK/(iAl) 
conductivity, ~-* cm-1 

Superscript 
' denotes a dimensional  length  

Subscript 
n normal  
p peak 
v val ley 
w wall  
y y coordinate 
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Technica  Notes 

Glassy Electrolyte Galvanic Cells 
Tsutomu Minami, Tadashi Katsuda, and Masami Tanaka 

Department of Applied Chemistry, University of Osaka Pre]ecture, Sakai-Shi, Osaka-Fu 591, Japan 

Solid-state batteries have been studied extensively 
because of their advantages such as long shelf life, 
no cell leakage, wide temperature  range of operation, 
miniaturizat ion,  and so on, compared with aqueous 
systems. These batteries are based on polycrystal l ine 
superionic conductors. Solid-state batteries using 
glassy superionic conductors have been reported in 
only a few papers (1-3), in spite of the fact that  
glasses have higher potentialit ies than polycrystals in 
the use as electrolytes in solid-state batteries;  for 

Key words: sol id-state  bat tery ,  superionie conductor, glassy 
e lec tro ly te ,  sol id-state  ionics .  

example, higher conductivities than crystals (4, 5), 
isotropic properties, ease of forming no-gra in  boundary  
disks, formation of thin films, and especially min ia -  
turization. 

In  previous papers (4, 5), we have reported glass- 
forming regions and conductivities of the glasses i n  
the systems AgI-Ag20-MoO3 and AgI-Ag20-P~_Oj; 
some of these have conductivities as high as 10 -2 ~t -~ 
cm-* at room temperature.  The purpose of this paper  
is to present  electrolytic properties of these glasses 
used in galvanic cells. Three compositions were chosen, 
as shown in Table I; two of these have very high 

Table I. Properties of glassy electrolytes at 25~ 

Glass 
No.  

Composition 
(mole percent) 

Total con- 
d u c t i v i t y  a 
(~-* cm-J) 

Electronic 
conductivity 

(p,-i cm-1) 

Silver ion transport n u m b e r  b 

Emf method Tubandt's method 

Decomposi- 
tion voltage 

(V) 

75AgI �9 25Ag~MoO~ 
60AgI �9 40Ag~MoO, 
80AgI �9 20Ag3PO~ 

1.1 • lO -~ 

6.0 • 10-~ 
1.2 • 10 -~ 

8.7 • 10 -~ 

4.7 • 10 -9 

0.9996 0.992 ~-- 0.001 
0.9996 0.972 • 0.021 
0.c~972 

0.72 

0.74 

�9 Ref .  ( 4 6 ) .  
b Ref .  (4[). 
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conduct ivi t ies  and  are  the  most  promising,  and the 
other  one a lower  conduct ivi ty ,  for  compar ison  wi th  
t h e  above  two. In the  tab le  severa l  p roper t ies  a r e  
summar ized ,  some of which  were  ci ted f rom previous  
papers  (4-6) ,  and some wi l l  be shown below. 

Pu lver ized  samples  were  used in this  exper iment ,  
as a first s tep toward  min ia tu r i zed  thin  film bat ter ies ,  
on account  of easy  assembl ing  of r eproduc ib le  cells. 
The impedance  of in te rg ranu les  was repor ted  to be 
smal l  in these g lassy  super ionic  conductors  (5-7).  

As a l r e a d y  r epor t ed  (4, 5), the t r anspor t  n u m b e r  
of the  glasses s tudied was de te rmined  to be p rac t i ca l ly  
un i ty  by  the emf  and the Tuband t  method.  In  the  
presen t  inves t iga t ion  the smal l  va lues  of e lectronic  
t r anspor t  n u m b e r  were  measu red  by  the Wagner  d -c  
polar iza t ion  technique (8). The cell  used was the  type  

(--) Ag/GE/Pt (+) [I] 

where GE denotes the glassy electrolyte. According 
to Wagner ' s  analysis,  the to ta l  e lectronic  current ,  I, 
is g iven b y  

RTA ~ e [ 1 -  exp ( - -  - ~ - ) ]  I=Ie+I~=~ 
EF 

+ o h [ e x p ( - - ~ - - ) - - l ]  ) [1] 

where  Ie and  /11 are  the  cur ren t  due to e lectrons and 
holes, respect ively ,  R the gas constant,  T the absolute  
t empera tu re ,  A the e lec t rode  area,  L the sample  th ick-  
ness, F the  F a r a d a y  constant,  E the appl ied  voltage, 
and Oe and Oh the conduct iv i ty  due to e lectrons and 
holes, respect ively .  I f  ~e > >  ~h, the second te rm in 
the  braces  is negl ig ible  and I becomes independen t  
of E. If  ~e < <  =h, the  first t e rm is negl ig ib le  and I 
var ies  exponen t ia I ly  wi th  E. The expe r imen ta l  resul ts  
shown in Fig. 1 indicate  that  Oe > >  Ch holds for the  
presen t  g lassy  e lec t ro lytes ;  Oe ---- 8.7 • 10-0 ~ - 1  cm-1  
for  curve 1 (Glass No. 1) and ere ---- 4.7 X 10-9 n - 1  cm-1  
for  curve 2 (Glass No. 3) were  obta ined  (Table  I ) .  

When  the vol tage  i s  fu r the r  increased,  the  decom- 
posi t ion vol tage  is de te rmined .  F igure  2 shows the 
cu r r en t -vo l t age  curve of cell  [I] at  25~ for Glass 
No. 1; the decomposi t ion vol tage  of 0.72V is obtained.  
The vol tage  for  Glass No. 3 was 0.74V (Table  I ) .  

Open-c i rcu i t  vol tages (OCV) were  measured  for 
t h e  cell  

(--) Ag/GE/I2, C ( + ) [II] 

The anode (silver powder) and the electrolyte layer 

| 
| 

A 

E 10 -'~ 

I -  

Z 
UJ 
r r "  

r r  

O 10_ 6 

i i ! / i i , i J 1 i I i i 

0 50 I00 150 
VOLTAGE ( rnV ) 

Fig. I .  D-C polarization behavior of glassy electrolytes in cell 
[ I ]  at 25~ i: Glass No. 1, 2: Glass No. 3. 
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Fig. 2. Decomposition potential of Glass No. 1 at 25~ 
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were pressed under  2 t / c m  2 to form a pe l le t  of 13 mm 
in diameter .  The cathode mix tu re  of iodine and carbon 
black (4:1 in weight  ra t io)  was pressed to form a 
pellet .  The  cell was sealed wi th  epoxy  resin af te r  the 
above two pel lets  were  t igh t ly  contacted wi th  screw 
bolts. The t ime dependence  of OCV is shown in Fig. 3; 
the  curves 1, 2, 3 a re  respec t ive ly  for  Glass No. 1, 2, 3. 
The ini t ia l  values  a re  687.0, 687.0, and 685.4 mV for 
curves 1, 2, and 3, respect ively ,  which were  measured  
by  the combinat ion  of a high impedance  (>1014~) 
e lec t rometer  wi th  a d igi ta l  vol tmeter .  These values 
are  ve ry  close to the theore t ica l  value,  687.3 mV (9), 
for the s t anda rd  emf of the format ion  of AgI  by  the 
reac t ion  

Ag  + 1/2 I~ --  AgI  [2] 

The OCV are  s table  and decrease by  1-2 mV in 30 days. 
F igure  4 shows the vo l t age -cu r r en t  character is t ics  

of the cell 
( --  ) Ag, GE/GE/I2,  GE, C ( -+- ) [III]  

The anode was a m ix tu r e  of s i lver  powder  and the 
sample  e lec t ro ly te  (1:1 in weight  ra t io)  and the 
cathode was a mix tu re  of I2, carbon black,  and the 
e lec t ro ly te  (5:1:5 in weight  ra t io ) .  The cell  was c o n -  
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Fi~. 5. Discharge curves of cell [III] under different loads at 
25~ 1: Glass No. 1, 2: Glass No. 2, 3: Glass No. 3. 

Fig. 4. Current-voltage curves of cell [111] at 25~ 1 : Glass No. 
1, 2: Glass No. 2, 3: Glass No. 3. 

s t ruc ted  by  the same way  as cell [II].  The vol tage  
shown in the  figure is p lo t ted  af te r  30 sec discharge 
at  each cur ren t  density.  The curves 1, 2, and 3 are  
respec t ive ly  for Glass No. 1, 2, and  3. The cells for  
Glass No. 1 and 3 give the cur ren t  densi ty  of 1 m A /  
cm 2 wi thout  serious polarizat ion.  The reason for the 
vol tage  decrease at h igher  cur ren t  densi t ies  is p robab ly  
a t t r i bu ted  to cathodic and anodic polar iza t ion  (3);  
the  improvemen t  of the  cathode and anode assembly  
wil l  serve  the  h igher  cur ren t  density.  

Discharge curves of cell [III]  under  different  loads 
are  shown in Fig. 5. The cell of Glass No. 1 (curve 1), 
for  example ,  showed the ini t ia l  cur ren t  densi ty  of 
73, 137, and  600 ~A/cm 2 for the load of 10, 5, and 1.1 
1~,  respect ively.  

F igure  6 shows the s teady cur ren t  d ischarge curves 
of cell [III] for Glass No. 1; under  0.5 mA, for example ,  
the cell had  the capaci ty  of 7.0 m A - h r  and the energy  
dens i ty  of about  1.7 W - h r / k g .  The discharge p a r a m -  
eters  are  summar ized  in Table  II. These pa rame te r s  
are  comparab le  to the cell using crys ta l l ine  e lec t ro-  
ly tes  (10). In  view of the fact tha t  the presen t  resul ts  
were  obta ined  f rom handmade  l abora to ry  type  cells, 
resul ts  f rom product ion type  cells using the good 
qual i t ies  inheren t  in glasses would  be expected to 
be even bet ter .  

Acknowledgment 
This research was f inancial ly suppor ted  by  a Gran t -  

i n -A id  for Deve lopmenta l  Scientific Research from 
the Minis t ry  of Educat ion  of J a p a n  and by  the Asahi  

Table II. Characteristics and performances of cell [111] 
(Glass No. 1) at 25~ 

Dra in  

0.2 m A  0.5 m A  

Cell weight  (g) 2.12 2.12 
Electrolyte 

Thickness (cm) 0.11 0.11 
Diameter (cm) 1.3 1.3 

Operating t ime from OCV to 
0.3V (rain) 2300 840 

_Discharge capacity (mA-hr) 7.7 7.0 
(~10% theoret ical  of 

anode capacity) 
Energy density (W-hr/kg) ~2.1 ~1.7 
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Fig. 6. Time dependence of voltage of cell [111] for Glass No. 1 
at 25~ 
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Some Aspects on the Self-Discharge of 
LiAI/FeS Experimental Cells with 

Molten Salt Electrolyte 
Reinhard Kn~dler* and Gotthold BShme 
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and Waldemar Borger 
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The LiA1/FeS ba t te ry  with mol ten KC1-LiC1 elec- 
trolyte operates at a tempera ture  of about 450~ and 
is a promising candidate for load-level ing and trac- 
t ion applications (1-4). 

As par t  of the general  R&D program of VARTA 
Batterie AG, Kelkheim, Bat te l le- Ins t i tu t  e.V., F rank -  
fur t  am Main was commissioned to conduct invest iga-  
tions into the self-discharge behavior  of LiA1/FeS 
cells. Al though it is well  known  from the measure-  
men t  of coulomb efficiencies that  the self-discharge 
rate  is relat ively low, quant i ta t ive  data on this im-  
por tant  property are not available. The objectives of 
the work described were therefore (i) to determine 
quant i ta t ive ly  the rate of self-discharge, (it) to dis- 
cover the reasons for self-discharge, and (iii) to 
examine the effect of cell leakages on the rate of 
self-discharge. In  order to isolate the principal  effects, 
the invest igat ions were carried out in cell types in 
which self-discharge reactions caused by contacts be-  
tween the electrodes could be excluded from the start. 
Thus, i t  was possible to determine the smallest pos- 
sible self-discharge rate of this ba t te ry  system. Since 
this work is in a p re l iminary  stage, an explanat ion of 
possible mechanisms of self-discharge is not given. 
Work in  this direction is now in progress. 

Experiment 
The cells had a utilized capacity of 6 A-hr,  l imited 

by  the positive electrode. They were assembled in an 
argon atmosphere in a glove box and operated in  
open air. 

Figure  1 shows the cell configuration. The electrodes 
were about  6 mm thick. The positive electrode was 
in  contact with the stainIess steel casing. I t  was pre-  
pared in  the uncharged state by hot-pressing a mix-  
ture  of Li2S, Fe, and electrolyte powders. In  order 
to prevent  mass losses, the electrode was wrapped in  
a 300-mesh stainless steel screen. The preparat ion 
of the negative electrode is described in detail else- 
where (5). This electrode consists of a porous alu-  
m i n u m  disk, also wrapped in a stainless steel screen. 
The distance between the electrodes was about 10-15 
m m  (investigations involving smaller  spacings are 
now in progress).  The capacity of the negative elec- 
trode was made about 30% higher than  that  of the 
positive electrode. Thus, the ~-field of the Li-A1 phase 
diagram has not been reached. The observed increase 
in  voltage (see Fig. 2) therefore may be due to the 
formation of small  amounts  of FeS2. 

After  having been assembled in the glove box the 
cells were soldered with a special solder. Conventional  
current  feed throughs with ceramic bodies or spark 
plugs were used, which were carefully sealed with a 
ceramic cement. As the feed throughs were not in 
contact with the melt  (see Fig. 1), it was possible 
to use 99.9% A1203 for the insula t ing ceramic. No 
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Key words: lithium m e t a l  sulf ide battery, self-discharge, molten 
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attack was observed at these materials  after the 
experiments.  After  heat ing to the operating tempera-  
ture of 430~ the cells were charged to 1.6V with 
constant  current  ( in most cases at a 20 hr rate) .  

The actual rate of self-discharge was determined 
by operat ing the cell for some time at OCV (i.e., 
without  current)  and subsequent ly  recharging it  to 
1.6V with a constant current  density of 20 m A / c m  2. 
The capacity loss, expressed in  percent  per day, has 
been calculated from the amount  of charge needed 
for this procedure. This is called the self-discharge 
rate of the cell. 

Results 
Figure 2 shows an example of the behavior  of the 

OCV as a funct ion of the operat ing time. The decrease 
of the OC'V to its final value of 1.33V was relat ively 
rapid at the beginning of the exper iment  and slowed 
down as the operat ing time progressed. The self- 
discharge rate, as calculated from the various amounts  
of charge indicated in Fig. 2, is shown in Fig. 3a. This 
is a typical behavior which was observed in  a series 
of cells. It  shows that  (i) at  the beginning  of the 
experiment  the self-discharge rate is relat ively high; 
it may reach values of up to 10% per day, (it) the 
self-discharge rate decreases in  the course of the 
exper iment  to values below 1% per day. This low value 
can be main ta ined  even if the cell is cycled between 

stainless steel 

positive etectrode 

Fig. I. Cell configuration 
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Fig. 2. Open-circuit voltage after repeated charging to 1.6V with 10 mA/cm ~" 

0.8 and 1.6V wi th  cu r ren t  densi t ies  of up to 50 mA/cm% 
The decrease  of the  se l f -d ischarge  ra te  can also be  
seen f rom the upward  t rend  both in the s ta r t ing  vol t -  
age and the final voltage.  

Exper imen t s  were  car r ied  out  in o rder  to de te rmine  
the influence of a gas leakage  into a cell  on the  self-  
discharge rate.  Fo r  this  purpose  the  cell  a tmosphere ,  
no rma l ly  consist ing of argon, was rep laced  succes- 
s ively  by  ni trogen,  oxygen,  and air. F igure  3b shows 
the effect of these opera t ions  on the se l f -d ischarge  
rate.  With in  the  accuracy of measurement ,  n i t rogen  
did not  influence the  rate,  whereas  oxygen and ai r  
had  a subs tan t ia l  effect. Ai r  is obviously  more  dele-  

"/, 
per dc 

lO c 

tO-1 
20O toO' ~ h 

OperatiP~ tim, e 

Fig. 3. Rata of self-discharge of different cells: curve a, argo, 
atmosphere (pure electrolyte); curve b, nitrogen, oxygen, and air 
atmosphere (pure electrolyte); curve c, argon atmosphere and ad- 
dition of 2 weight percent Li20 to the electrolyte. 

ter ious than  oxygen.  This m a y  be a t t r i bu ted  to the 
mois ture  in the  air. These observat ions  were  con- 
firmed by  examining  the cell  by  x - r a y  spectroscopy 
af ter  the  exper iment .  Li3N or re la ted  ni t r ides  have 
not  been detected wi th in  the l imits  of error ,  bu t  con- 
s iderable  amounts  of Li202 were  present.  The effect 
of H~O is cu r ren t ly  under  study. 

A fu r the r  confirmat ion of the finding indicat ing tha t  
the occurrence of LifO2 is responsible  for the enhanced 
se l f -d ischarge  ra te  was obta ined  by  an exper imen t  in 
which 2% by weight  of L i fo  was added  to the elec-  
t ro ly te  before the exper iment .  F igure  3e shows tha t  
in this case the se l f -d ischarge  ra te  is considerably  
h igher  than  in the absence of Li20. I t  decreases as 
the  opera t ing  t ime progresses,  bu t  the final va lue  is 
s t i l l  as high as about  5% per  day. Af te r  the  exper i -  
ment,  examina t ion  of the  cell  r evea led  that  Li20 was 
no longer  present  in the e lec t ro ly te  bu t  LifO2 was 
formed instead. Thus, in the  case of a cell leakage,  
an increase in the  se l f -d ischarge  ra te  to about  5% 
per  day  has to be expected,  p robab ly  as a resul t  of 
the  format ion  of Li202. This s ta tement  is, of course, 
only valid if--as in the experimental cells used in 
this c a s e - - t h e  electrodes are  covered wi th  e lectrolyte .  

In  o rder  to confirm these findings, the electronic 
conductivi t ies  of pure  LiC1-KC1 melts  and of melts  
wi th  Li,20 and Li202 add igons  were  measured  in con- 
duct iv i ty  cells wi th  b locking electrodes (made  of 
mo lybdenum) .  These measurements  were  car r ied  out  
by  de te rmin ing  the f requency  dependence  of the celt 
impedance.  In  o rder  to r ema in  in the  l inear  reg ion  
of the cur ren t  vol tage curve according to the PIebb- 
Wagner  theory  (6), the s inusoidal  vol tage was a lways  
kept  be low RT/F. This is the  reason w h y  we were  
not  able to dis t inguish be tween  elect ron and hole 
conduct ivi ty.  

F igure  4 shows measurements  in pure  LiC1-KCI mel ts  
and in melts  wi th  addi t ions  of Li20 and Li202. At  
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Fig. 4. Frequency dependence of the specific resistance of a cell 
with blocking molybdenum electrodes. 

high frequencies  the value  for  the  pure  ionic con- 
duc t iv i ty  of the mel t  was obta ined  independen t  of 
the  substances added.  In  the case of the pure  mel t  
and the mel t  wi th  Li20 the curve  can be ex t rapo la t ed  
to low frequencies  to obta in  a va lue  of the  order  of 
magn i tude  of about  I0 ~ 12.cm. This corresponds well  
wi th  da ta  a l r e ady  ava i lab le  on the electronic  con- 
duc t iv i ty  of the mel t  (7). If, however ,  Li202 is added  
ins tead of Li20, the specific resis tance is about  two 
orders  of magni tude  lower.  According  to these find- 
ings, the  reason for  the h igher  se l f -d ischarge  in 
the  presence of a i r  m a y  be the electronic conduct iv i ty  
of the mel t  caused by  the fo rmat ion  of Li2Q.  How-  
ever,  o ther  possible  mechanisms m a y  be considered,  
e.g., shutt]e mechanisms as observed in the Ni -Cd  
ba t te ry .  In  this case an " in te rmedia te"  product ,  e.g., 
Li20, would migra te  be tween  the two electrodes,  be-  
coming a l t e rna t e ly  oxidized and reduced  thus causing 
se l f -d ischarge  effects. Inves t igat ions  in this d i rect ion 
are  being continued.  

Conclusions 
The findings descr ibed above a l low the fol lowing 

conclusions: 
1. The se l f -d ischarge  ra te  of L i A I / F e S  cells is less 

than  1% per  day. The ra te  decreases dur ing  opera t ion  

of the cell and can be kep t  low even i f  the cell  is 
being cycled. 

2. The electronic conduct iv i ty  of the mol ten  e lec t ro-  
ly te  is d ras t ica l ly  increased  by  the addi t ion  of Li202. 
In  contrast,  this effect does not  occur wi th  LifO. In  a 
complete  cell, Li20 wil l  be oxidized to Li202, thus 
causing se l f -d ischarge  due to electronic conduct ivi ty.  

3. The presence of a i r  or  oxygen  in the cell  a tmo-  
sphere  causes an increase in the se l f -d ischarge  rate.  
Ni t rogen  has no effect. The consequence of the  pres -  
ence of a i r  (or oxygen)  is the format ion  of LifO2 in 
the electrolyte .  Thus, increased conduct iv i ty  of the 
mel t  m a y  be one of the reasons for the enhanced self-  
discharge.  

Acknowledgment 
This work  was suppor ted  by  the Bundesmin is te r ium 

ffir Forschung und Technologie wi th in  the Energy  
Research p rog ram di rec ted  by  Kernforschungsanlage  
Jfi l ich (project  No. ET 5138 A) and by VARTA Bat te r ie  
AG. We wish to thank  Prof.  Dr. Winsel, Dr. Voss, and 
Dr. Binder  for  many  va luab le  discussions in the  
course of this  work.  

Manuscr ip t  submi t ted  Sept.  10, 1979; rev ised  m a n u -  
scr ipt  rece ived  Dec. 5, 1979. 

A n y  discussion of this paper  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the December  1980 
JOURNAL. Al l  discussions for the December  1980 Dis- 
cussion Sect ion should be submi t ted  by  Aug. 1, 1980. 

Publication costs o$ this article were assisted by 
Battelle-Institut e.V. 

REFERENCES 
1. P. A. Nelson et al., Argonne  Nat ional  L a bo ra to ry  

Report ,  ANL 79-1 (March 1979). 
2. R. J. Rubischko, L. W. Eaton, Y. M. F. Marikar ,  

E. J. Chancy, and R. E. Thompson, Abs t rac t  92, 
p. 245, The Elect rochemical  Society  Extended  A b -  
stracts,  P i t t sburgh,  Pennsylvania ,  Oct. 15-20, 1978. 

3. R. Hudson and K. Gentry ,  Abs t rac t  91, p. 242, The 
Elect rochemical  Society  Ex tended  Abstracts ,  P i t t s -  
burgh,  Pennsylvania ,  Oct. 15-20, 1978. 

4. L. R. McCoy and S. Sudar,  Abs t rac t  90, p. 240, The 
Elect rochemical  Society  Extended  Abstracts ,  P i t t s -  
burgh,  Pennsylvania ,  Oct. 15-20, 1978. 

5. R. KnSdler ,  W. Baukal ,  and G. B5hme, This Journal, 
126, 1853 (1979). 

6. H. Rickert ,  "Einff ihrung in die Elek t rochemie  fester  
Stoffe," Spr inger  Verlag, Berlin,  Heidelberg,  New 
York (1973). 

7. R. J. Heus and J. J. Egan, J. Phys. Chem., 77, 
1989 (1973). 

Electrochemical Deionization Via Ion Adsorption Electrodes 
Arnold Factor 
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and Thomas O. Rouse 
General Electric Large Transformer Technical Resources Operation, Pittsfield, Massachusetts 01201 

This repor t  describes the first successful  example  
of e lec t rochemical  deionizat ion using ion adsorpt ion  
electrodes based on organic redox  polymers .  In  this 
sys tem cations are  revers ib ly  bound to e lec t rochem-  
ica l ly  genera ted  anionic groups and anions to e lec t ro-  
chemica l ly  genera ted  cationic groups. The requ i re -  
ments  for this type  of e lec t rochemical  ion adsorpt ion  
are  i l lus t ra ted  in Eq. [1] and  [2]. In  these reactions,  

Key words: redox polymers, desalinization, water deionization, 

A and B must be insoluble and, when fabricated into 
an electrode, be able to undergo electrochemical reac- 
tion leading to the reversible formation of an insoluble 

A ~- iV[sol'n + -}- e ~ AMinsoluble 

Cation adsorption (cathode) [I] 

B --~ X s o l ' n -  ~ B X i n s o l u h l e  -}- e 

Anion adsorpt ion  (anode)  [2] 
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product  wi th in  the electrode.  Cations M + and anions 
X -  must  be removed  from the wa te r  e lec t ro ly te  in 
t h e  format ion  of these insoluble  products.  Cation and 
an ion-adsorb ing  electrodes together  form an e lec t ro-  
chemical  cell  which under  an appl ied  vol tage  is capable  
of deminera l iz ing  wa te r  for prac t ica l  use. As i l lus t ra ted  
in Fig. 1, the e lec t rochemical  react ions should proceed 
in e i ther  di rect ion so tha t  the cell can be r e juvena ted  
by  revers ing  the cell  vol tage  and the adsorbed  cat-  
ions and anions re jec ted  into a waste  s t ream. On 
repe t i t ive ly  revers ing  the voltage, ions can be r e -  
pea t ed ly  removed  from one s t r eam and re jec ted  into 
another .  

Previously,  this type  of ion adsorpt ion cell w a s  
examined  by  Arno ld  and Murphy  (1) using ac t iva ted  
carbons as the  insoluble  reactants .  However ,  these 
cells showed l imi ted  adsorpt ion  capacit ies and  poor 
cycle life. 

I t  has been found that  a deionizat ion cell could 
be  successful ly produced based on the prev ious ly  
repor ted  redox polymers ,  polyviologens (2). In  this 
cell, the ca t ion-absorb ing  cathode involved the reduc-  
t ion of the  neutral ,  wa te r - inso lub le  po lye lec t ro ly te  
complex  of po lyxyly lv io logen  and po ly ( s ty rene  sul-  
fonate)  (PXV(PSS)2 )  (2) to its anionic form, Eq. 
[3]. The an ion-absorb ing  anode involved the ox ida -  
t ion of the c ross - l inked  radica l  cation on po lvmes i ty l -  
viologen (PMV-V2) (2) to its dicationic form, Eq. [4] 

e + 0 + M SOL'N 

,t , , I  CHz ~2 
CHz CH2 

1 I. I I 

CH z 

CH 2 

[3a] 

Msol'n+ + (PXV+ +) ( P S S - ) 2  + e 

(M +) (PXV +) ( P S S - ) e  [3b] 

cH H ~ | 

~C'H2 ~ 2 - ~ ~ ! n  
[4a] 

(PMV+)  (X--)  + Xsol'n- ~ (PMV ++)  (X-).~ + e [4b] 

Experimental 
Electrode preparation.--Electrodes were p repared  by  

in t ima te ly  mix ing  weighed amounts  of Pet t inos  6427 
graphi te  powder  (surface area-10 m2/g) and ground 
(to pass 400 mesh)  redox polymer.  The usual  p ro -  
por t ions  were  two par ts  g raphi te  to one pa r t  e lec t ro-  
act ive mater ia l .  A n  anhydrous  solution of po lyv iny l -  
idene fluoride (PVF)  (Pennsa l t  Corporat ion)  in di-  
me thy lace tamide  (DMA) was added  to the mix tu re  
as a binder .  The resul t ing  paste  was pa in ted  on the 
lower  section of one side of a 10 rail th ick rec tangu la r  
g raphi te  foil (Union Carbide  Company) ,  and immersed  

Fig. 1. Reversible ion absorption 

in dis t i l led  wa te r  to leach out the DMA and set the 
binder .  Leaching was cont inued in severa l  f resh po r -  
tions of wate r  for  a m in imum of 12 hr. The b inder  
content  of the final porous body was no rma l ly  5%. 
The e lect rode no rma l ly  consisted of 25 mg of porous 
ma te r i a l  per  cm 2 of foil. A contact  was r ive ted  to 
the foil pr ior  to e lect rode fabricat ion.  

The e lect rode capaci ty  was found to grea t ly  depend 
on the degree  of dispers ion of g raphi te  in the  polymer .  
The highest  e lect rochemical  capacit ies were  achieved 
by  forming the redox po lymer  in the presence of 
graphi te  fol lowed by the addi t ion  of more  graphi te  
in the gr inding step. In  the case of the P X V ( P S S ) 2  
electrode,  the most efficient e lectrodes were  p repa red  
by  prec ip i ta t ion  of the complex onto an equal  weight  
of g raphi te  by flash vacuum evapora t ion  of acetone 
f rom a NaBr / ace tone /H20  (30/55/15 by  weight)  t e r -  
na ry  solut ion (2, 4) of the complex.  In  this manner ,  
e lectrodes wer~ obta ined with  capacit ies up to 0.5 
m e q / g  in 0.1M NaC1 or 80% of the theore t ica l  capacity.  
In  the  case of the e lectrodes formed f rom the cross- 
l inked  PMV(Br)2 ,  the most efficient e lectrodes were  
formed by  polymer iz ing  the redox po lymer  in the 
presence of graphite .  Capacit ies  up to 0.5 m e q / g  were  
obta ined  for electrodes containing 50% graphite ,  half  
of which was added  dur ing  the gr inding  step. 

ElectroZysis--e~ectrode optimization.--In this work, 
the  final cell was constructed wi th  a cathode and 
anode which had been separa te ly  opt imized using 
constant  cur ren t  e lectrolysis  (3). The e lec t rochemical  
cells used in this s tudy consisted of two compar tments  
separa ted  by  a medium f r i t t ed  glass disk and an 
agar-KC1 plug. Genera l ly ,  the e lec t ro ly te  in the test  
e lectrode compar tmen t  was 0.5M NaC1. A reference  
e lect rode dipped into this same compar tment .  The 
e lec t ro ly te  solutions were  deaera ted  wi th  n i t rogen 
and covered with  flowing n i t rogen dur ing  electrolysis.  
The solutions were  not st irred.  

Electrolysis  was pe r fo rmed  at  constant  cur ren t  
against  a s i lver  sheet preanodized in chlor ide  solution. 
Potent ia ls  were  measured  against  a Beckman s i lver -  
s i lver  chlor ide reference  electrode. No evidence of 
s i lver  migra t ion  into the test  compar tmen t  was ob-  
served on pro longed cycling. Electrolysis  currents  



V o l .  127,  No .  6 E L E C T R O C H E M I C A L  D E I O N I Z A T I O N  1 3 1 5  

E V, vs AgCl 

-0.4 / 

I 

I 

--- REDUCTION----~ "--OXIDATION--" 

I 

+o4 i 1 
t " ' -  

Fig. 2. Potential-time curve for poly-p-xylylviologen polystyrene 
sulfonate [PXV(PSS)~], electrolysis time ,~5 hr per half-cycle. 

were in  the range of 0.3-2 m A / c m  2, usual ly  the former. 
Provision for automatical ly  reversing the current  at 
preset values of working electrode potential  was made 
through a circuit  activated by an  optical meter  and 
controller  (Assembly Products, Incorporated) as i l lus-  
t rated in  Fig. 2. Electrodes prepared without  redox 
polymers gave only rapid and l inear  potential  changes 
in  the potential  range of interest  on current  applica- 
t ion and reversal.  The coulombs consumed in these 
charging processes were subtracted in the data below. 

Sodium and calcium analyses were done by atomic 
adsorption. 

D e m o n s t r a t i o n  o f  r e v e r s i b l e  d e i o n i z a t i o n . - - T h e  cell 
used was assembled with a silver electrode be tween 
the cation and anion electrodes. The silver electrode 
was a fine screen, heat-sealed into a double wrap 
of nylon screen. The cell was filled with 0.0125M 
NaBr and the solution was deaerated by bubbl ing  
with ni t rogen gas presaturated with water. The elec- 
trolysis current  was held constant  at 5.65 mA. The 
potent ia l - t ime curves for the electrode of interest  
were recorded against a s i lver-si lver  chloride ref- 
erence electrode. In  addition, the cell potential  was 
recorded when the ion adsorption electrodes were 
electrolyzed against  each other. Duplicate analyt ical  

Table I. Electrolysis of (PXV + +)(PSS-)2 a 

Elec tro ly t e  - -  0.028M NaCP 

Cycle  
No. %Ce Ce Ce~a/Cc %C. C~ C=~a/CJ 

1 46 0.32 0.84 37 0.20 0.88 
2 37 0.25 0.80 30 0.20 1.00 
3 35 0.24 0.87 30 0.20 1.00 

30 19 0.13 0.77 16 0.11 0.91 
31 19 0.13 0.77 16 0.I1 0.91 

E lec t ro ly t e  ~ 0.0125M CaCI~ b 

Cycle  
No. %Cc Cc Cec~/cc %C~ C, C.c'/c~ 

1 34 0.33 0,85 25 0.25 0.80 
2 27 0.27 0.81 23 0.23 0.87 
3 26 0.26 0.77 21 0.21 0.90 

E lec t ro ly t e  - -  0.0125M NaC1 + 0.0125M CaCI~e 

Cycle  
NO. %C~ C~ Cr C~CalCc %Ca C, C~alCa Ctca / ca  

1 24 0.21 0.05 0.90 17 0.15 0.08 0.87 
2 18 0,17 0.00 0.82 16 0.14 0.00 0.93 
3 18 0.17 0.06 0.82 16 0.14 0.00 0.93 

51 11 0.12 O.O0 0.92 11 0.10 0.02 1.10 

a E l e c t r o d e  mater ia l  - -  50% P X V ( P S S ) ~  50% graphi te  in pre- 
c ip i tate ,  no  added graphi te ,  5% PVF;  area  - -  6.0 Lu.~; so lut ion  
v o l u m e  - -  30.0 ml ;  potent ia l  l imi t s  +0 .2  and - 0 . 7 V  vs. AgC1. 

b E lec t ro de  w e i g h t  m 200 m g / c m  r c u r r e n t  0.3 mA/cm~ .  
e E l ec t ro de  Weight - -  100 m e q / c m  2, c u r r e n t  0.15 mA/cm=.  

samples of electrolyte were removed at each step 
of the electrolysis and stored in  polyethylene bottles. 

Results and  Discussion 
In  report ing the results of this work, the following 

abbreviat ions were used: %C ---- percent  of theoretical 
coulombic capacity; Cc,a - -  coulombic capacity in mil l i -  
equivalents  calculated from the coulombs passed dur -  
ing the cathodic, c, or anodic, a, half-cycle; Cc,a A = 
adsorption capacity in mil l iequivalents  calculated for 
ion A from the change in solution concentrat ion;  and 
Cc,aA/Cc,a -~ coulombic efficiency for removal  (or re-  
placement)  of ion A from solution. 

As indicated above, the electrode capacity was found 
to great ly depend on the degree of dispersion of 
graphite in the polymer. The highest percent  capacities 
(%C) were achieved by forming the redox polymer  
in the presence of graphite followed by the addit ion 
of more graphite in the gr inding step. While experi-  
menta l  electrodes were not subjected to exhaustive 
cycle life tests, the electrochemical capacity was ob- 
served to remain  constant over a large n u m b e r  of 
cycles. For example, the capacity of a PXV(PSS)2  
electrode cycled in a solution of 0.0125M in NaC1 and 
in  NaBr was 0.39 meq/g  in the first cycle, and 0.33 
meq/g  in the second through 160th cycle. Generally,  
s imilar  behavior  was found for both PXV(PSS)2  and 
PMV(X)2 electrodes in  even more concentrated NaC1 
or CaC12 for as many  as 300 cycles. 

In the case of the PXV(PSS)2  electrode, cations 
were shown to be electrochemically removed and 
replaced in solution with a coulombic efficiency of 
greater  than 80%. The results of three electrolyses 

Table II. Electrode characteristics a 

DMA,  Co, 
E l e c t r o d e  Mater ia l  wa ~b ~e w~ m l  Ac= 2 m e q  %CI %C= 

Cation-adsorbing Meta-PXV (PSS)  2 0.488 0.488 0.588 0.078 1.75 55 0.68 26 2L 
Anion-adsorbing  P M V ( B r ) 2  0.129 0.101 0.125 0.018 0.41 18 0.307 70 72 

a w= = w e i g h t  of  p o l y m e r  in grams;  wb = weight of  graphi te  p o w d e r  in prec ip i ta ted  sample ;  ~c = w e i g h t  of  graphi te  p o w d e r  added 
during  fabr icat ion;  Wd ---- w e i g h t  of  po lyv iny ld ine  f luoride;  D M A  = to ta l  v o l u m e  d i m e t h y l a c e t a m i d e ;  Co = ca lcu la ted  e l ec t ro de  capac- 
ity, meq;  %C1 = p e r c e n t  actual ly  avai lable  c o ~ l o m b i c  capaci ty  fo und  for  s imi lar  smal l  t e s t  e l ec trodes ,  %C= = p e r c e n t  actual ly  avai lable  
r  capac i ty  f o u n d  for  th i s  e x p e r i m e n t .  
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a r e  given in  Table  I. The last  electrolysis ,  which  
contained both  sodium and calcium ions, demons t ra ted  
that  calcium ions were  se lec t ive ly  removed  and re -  
p laced  wi th  90% coulombic efficiency even in the  
presence of a fourfold  excess of sodium ions. 

Addi t iona l  chemical  effects were  appa ren t  in this 
exper iment .  Dur ing  equi l ib ra t ion  of the e lec t rode  in 
t h e  mixed  e lec t ro ly te  p r io r  to the  s ta r t  of electrolysis,  
t h e  s o d i u m  ion  in solut ion increased by 0.14 meq while  
the  calc ium ion decreased by  a l ike  amount.  This is 
d u e  to the r ep lacemen t  of res idual  sodium ions in the 
e lec t rode  by  calc ium ions. Dur ing  the 50 cycles, the 
calc ium ion in solut ion had  decreased by  an addi t ional  
0.27 meq. The e lec t rode  was ca lcula ted  to contain 
0.86 meq of PXV(PSS)2 .  Thus af te r  50 cycles the 
sys tem lost  48% of its in i t ia l  capaci ty  to r eve r s ib ly  
absorb  ions. 

The  revers ib le  adsorpt ion  of anions by  a PMV (Br)2 
e l e c t r o d e  a n d  the  demons t ra t ion  of revers ib le  demin-  
e ra l iza t ion  by  a cell  made  of a PMV(Br )2  anode and 
a P X V ( P S S ) 2  cathode was demons t ra ted  in the same 
exper iment .  The character is t ics  of the  e lect rodes  used 
are  given in Table  II. 

In  the first pa r t  of this exper iment ,  anion adsorpt ion  
by  the P M V ( B r ) 2  e lec t rode  was demons t ra ted  in a 
cell  whe re  a s i lver  screen was used as the  counter -  
e lec t rode  (Steps 2 th rough  4 in Table  I I I ) .  The theo-  
re t ica l  cell  reaction, shown in Eq. [5], predic ts  no 
ne t  change in bromide  ion concentra t ion  

(PMV ++)  ( B r - ) ~  -t- Ag  ~ ~ -  ( P M V + ) B r  - ~- AgBr  
[5] 

The occurrence  of o ther  react ions of the an ion -ab -  
sorbing mate r i a l  would  cause changes in b romide  
ion concentrat ion.  The ana ly t ica l  resul ts  for  b romide  
ions show that  the  pos tu la ted  react ion did take  place 
and b romide  ions were  removed  f rom and re tu rned  
to the  solut ion nea r ly  quant i ta t ive ly .  

Demineral iza t ion,  Eq. [6], was demons t ra ted  in the 
second segment  of the  expe r imen t  consist ing or elec-  
t rolys is  of the an ion-adsorb ing  e lec t rode  agains t  the 
ca t ion-adsorb ing  e lec t rode  (Steps 6 and 7 in Table I I I )  

(PMV +) ( B r - )  ~ (PXV ++)  ( P S S - ) 2  ~ Na + -}- B r -  

~=~ (PMV ++)  ( B r - ) 2  + (Na +) (PXV +) ( P S S - ) 2  [6J 

In Step 6, the  reac t ion  proceeded  as wri t ten,  bo th  
sodium and bromide  ions were  removed,  and demin-  
era l iza t ion  was demonst ra ted .  In Step 7, the react ion 
was reversed  and both cations and anions were  r e -  
tu rned  to the electrolyte .  The resul ts  for Step 6 r e in -  
force the ea r l i e r  conclusion tha t  the react ion of the 
anion adsorbing  ma te r i a l  proceeded as ant ic ipated.  

Conclusions 
These p r e l i m i n a r y  exper iments  demons t ra te  tha t  

an ion adsorpt ion  cell based on polyvio logen redox 
po lymers  is feasible.  In  addit ion,  the  high se lect iv i ty  
shown for calc ium ions over  sodium ions for  the 
P X V ( P S S ) e  e lec t rode  would  be pa r t i cu l a r ly  useful  
in appl icat ions  requi r ing  the select ive r emova l  of 
mul t iva len t  ions in the  presence  of monovalen t  ions, 
e.g., wate r  softening. F u r t h e r  work  wil l  be requ i red  
to fu l ly  define the  requ i rements  needed to use the  
above cell  in a prac t ica l  applicat ion.  
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The Morphology of Viologen Films 
on Transparent Oxide Electrodes 

Gabriel G. Barna* 
Texas Instruments Incorporated, Dallas, Texas 75265 

Viologens, the  d ia lky l  der iva t ives  of 4 .4 ' -d ipyr i -  
d in ium salts, have been wide ly  inves t iga ted  for pos-  
sible use in e lec t rochromic  displays.  Al though e lec t ro-  
chemical  studies have  been pe r fo rmed  on the various 
a lky l  der iva t ives  (1), the 1 ,1 ' -d ihep ty l -4 -4 ' -d ipyr id in ium 
sal ts  have been typ ica l ly  employed  in d isp lay  deve lop-  
ment.  The kinet ics  of the cathodic deposi t ion of this 
species, and the subsequent  reox ida t ion  of the  purp le  
film, have been s tudied (2, 3). Other  work  has been 
pe r fo rmed  on the effect of the  anions on the film 
format ion  and its adherence  to the e lec t rode  (4). 
These papers  have also addressed  the quest ion of 
the nucleat ion of the film (2) and have shown indi rec t  
evidence for  the recrys ta l l i za t ion  of the deposi ted 
film (5). 

* Electrochemical Society Active Member. 
Key words; electrochromics, viologen films~ reorientation. 

During  our  deve lopment  of a d i sp lay  package,  a 
procedure  was genera ted  which resul ted  in the un i -  
form deposi t ion of this hepty lv io logen onto t rans-  
pa ren t  oxide  electrodes (6). By fol lowing the r igorous 
cleaning and surface ac t iva t ion  procedures,  sealed 
pa t t e rned  cells could be constructed such tha t  the  
deposi ted viologen film would be typ ica l ly  un i form 
in appearance.  However ,  these cells genera l ly  degraded  
by  a mechanism that  p reven ted  the complete  e rasure  
of the deposi ted film. 

This paper  describes the exper imen ta l  technique 
tha t  was employed  to show that  there  is an open-  
circuit  reor ien ta t ion  of the  deposi ted hepty lv io logen  
film. The demons t ra ted  change in the b i ref r ingence  
of the film proves tha t  the ma te r i a l  g radua l ly  assumes 
a g rea te r  degree  of opt ical  anisotropy.  The na tu re  of 
this o rdered  phase can only be surmised.  Consider ing 



1318 J. E l e c t r o c h e m .  Soc.:  E L E C T R O C H E M I C A L  SCIENCE AND TECHNOLOGY J u n e  I980 

tha t  the molecular  geometry of this species is very 
s imilar  to the class of biphenyl  l iquid crystals, it is 
possible that  the film gradual ly  reorients itself into 
a l iquid crystal- l ike phase, with some degree of in te r -  
molecular  or ientat ion between adjacent  molecules. Or, 
the film can assume a t ru ly  crystall ine form. The data 
g e n e r a t e d  cannot distinguish between these two eases. 
Therefore, in  this paper, the less constraining term 
of "reorientat ion" will  be employed. The "recrystal-  
lization" terminology sometimes used in the existing 
l i terature  to describe this phenomenon is deemed to 
have more rigorous implications than can be supported 
by the available data. It  is postulated that an accumu- 
la t ion of this reoriented mater ia l  is responsible for 
the i n c o m p l e t e  e r a s u r e  o f  t h e  film. 

Exper imental  

The data were collected in sealed, pat terned cells. 
The front  plate was a piece of Nesatron 20 (PPG 
Industr ies)  i nd ium- t in  oxide glass etched to form the 
usual  seven segment "1888" pattern,  with an insula t ing 
layer  of SiO2 then deposited over the leads. The 
backplate was a piece of regular  soda-l ime glass, with 
Pd thermal ly  evaporated around its perimeter.  Pd-  
black was subsequently electroplated onto this film, 
this per imeter  electrode serving as the counterelectrode 
in  the sealed cell. Prior  to assembly, the backplate 
was extracted with deionized water  and the front  
plate was cleaned and treated as previously described 
(6). The cell was assembled with an epoxy perimeter  
seal and filled, under  nitrogen, with a 0.1M n-hep ty l -  
viologen phosphate/1M dihydrogenphosphate solution. 
The fill hole was then epoxy filled. 

Leads were attached to the counterelectrode and 
several individual  segments on the front  plate. One 
segment was tu rned  on by applying --1 VDC between 
it and the counterelectrode. This viologen-deposited 
segment  (poised by the equi l ibr ium potential  between 
the solid and dissolved radical cation) was then 
employed as the reference electrode in all the sub-  
sequent electrochemical experiments.  

The cells were driven with a Wenking Model ST72 
potentiostat  and a Wenking VSG Voltage Scan Gener-  
ator. The t iming was obtained from an HP 3311A Func-  
tion Generator  and the charge measured with a PAR 
Model 379 digital coulometer. The electrooptical mea-  
surements  were all performed in the three-electrode 
potentiostatic drive mode. For the cycling experiments,  
the viologen film was deposited dur ing a 5 sec cathodic 
pulse at variable potentials, and reoxidized at -}-400 
mV for 5 see. 

With the described per imeter  counterelectrode, op- 
tical measurements  could be made, in transmission, 
with a Leitz Wetzlar polarizing microscope. Using the 
25X objective, the field of view was contained ent i rely 
wi th in  the dr iven segment. The t ransmit ted  light 
was fed directly, via the vertical optics of the trioptic 
head, into a Gamma Scientific photomult ipl ier  tube 
equipped with a photopic filter. The signal was ana-  
lyzed by a Gamma Scientific DR-2 Digital Radiometer. 
I l luminat ion  was provided by a tungsten  lamp powered 
by a Leitz power supply. When the cell was first 
examined optically, it was noticed that  the deposit 
was visible between crossed polarizers while the field 
of view was dark in the absence of the film. This 
proves that  the film is birefringent,  and hence that 
there exists an optical anisotropy in the individual ly  
visible 1-5 ~m "crystallites." Since the purpose of 
this study was to monitor  the change in the morphology 
of the film, all measurements  were performed with 
t h e  cell between crossed polarizers. The beam focuser 
was not used so as to keep the cell t empera ture  at 
30~ The electrical and optical responses were mon-  
itored s imultaneously on a two-channel  s t r ip-char t  
recorder. The mechanical  offset between the two pens 
has been left unretouched in Fig. 1, i.e., there is no 
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Fig. 1. Electro-optical response of a single segment under cycling 
and open circuit (O.C.) conditions: (A) - -25 mV/H-400 mV 
pulsing at 0.1 Hz (B) - -30 mV/+400  mV pulsing at 0.1 Hz. 

delay time between the charge accumulat ion and the 
optical response. 

Results and Discussions 
Cyclic voltamograms inside the sealed cells exhibited 

the typical reversible one-electron reduction and oxi- 
dation peaks. With respect to the in terna l  reference 
electrode, the reduction and oxidation peaks are a t  
--38 and -}-28 mV, respectively, at a 5 mV/sec scan rate. 

The typical response of a single segment to the 
cathodic/anodic cycling is shown in Fig. I. The top 
tracing is the charge response (AQ), the one on the 
bottom is the optical response. The exper iment  con- 
sisted of cycling the segment a few times, at a given 
cathodic potential  limit, and then pul l ing the working 
electrode lead. This places the system on open circuit, 
at around 4 sec into the 5 sec cathodic pulse. 

The optical response demonstrates the following 
sequence in the morphology of the growing film. When 
the film is first formed, part  of it is immediate ly  bire-  
fringent.  However, the significant aspect of the data 
is the optical response of the deposit, after the segment 
has been placed on open circuit. For films deposited 
at the lowest overpotential  (--25 mV vs. the in terna l  
reference segment) ,  the optical response is constant  
on open circuit [Fig. I ( A ) ] .  Films deposited at the 
higher overpotentials (--30, --50, and --75 mV vs. 
the same reference) exhibit  a cont inual ly  increasing 
optical leakage through the crossed polarizers [Fig. 
I (B) ] .  This leakage cannot be due to the cont inual  
deposition of the viologen film, since at the open- 
circuit  potential  there is no dr iving force to plate 
more material.  In  addition, the amount  of the optical 
t ransmission through the film at the t ime when the 
segment is placed on open circuit, as a funct ion of 
the increasing cathodic potentials, is tabula ted in Table 
I. During the approximately same time periods, more 

Table I. Electro-optical characteristics of a deposited viMogen film 
placed on open circuit, under crossed polarizers 

Cathodic 
potent ia l  AQ Optical 

(mY) ( • I0-~ C) A Intensity leakage 

-- 25 0.12 0.88 N o n e  
- 30 0.34 0.40 Continuing 
- 50 0.4_7 0.18 Continuing 
--75 0.53 0.12 Cont inuing 
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charge is deposited at  the more negat ive cathodic 
potentials. This results in  a denser film, which is 
characterized by a proport ional  relationship between 
the charge passed and the calculated absorbance of 
the film between paral lel  polarizers. However, the 
l ight  t ransmit ted  through the crossed polarizers, when 
the segment  is placed on open circuit, is inversely  
related to AQ. This implies that  dur ing  the faster 
deposition of the film, there is less of a tendency for 
it  to deposit in an oriented fashion. Left on open 
circuit, the film reorients itself to a phase with a 
higher  degree of order ing and hence a greater  optical 
anisotropy. The final morphology of films deposited 
at various overpotentials  is not the same. The higher 
the overpotential,  the less the optical t ransmission 
at steady state, implying  a less ordered film. 

These data firmly support  the previous hypothesis 
(5) that the "aging" of the heptylviologen radical 
cation film involves a reorientat ion process. However, 
it  is now clear that  in addit ion to other influencing 
factors, this phenomenon is very dependent  on the 
overvoltage at which the film is deposited. The data 
also confirm previous arguments  (2, 6) that the n u m -  
ber  of active sites available for film nucleat ion is 
potent ia l -dependent .  Visual examinat ion of the depos- 
ited films shows that the --25 mV film contains larger 
"crystallites" (3-5 ~m) ar ranged in a discontinuous 
fashion, while the --50 mV film contains smaller  
"crystalli tes" (<1 gin) spaced more densely together. 
Hence films formed at more negative potentials nu -  
cleate at a larger n u m b e r  of sites, providing a greater 
n u m b e r  of less oriented deposits. 

From a device point  of view, these data can be 
used to postulate a cause for the commonly observed 

erasure problem. The typical t imekeeping mode re-  
quires that  the segments be switched as fast as pos- 
sible, and that they be then placed on open circuit 
for 1 min. Hence the film is formed at high over-  
potential, which provides a dense deposit of small  
aggregates. Dur ing  the open-circui t  time period, the 
deposit reorients into an ordered phase. It  can be 
postulated that  this reoriented film is more difficult 
to erase, leaving after a large number  of cycles, a 
visible residue on the segments. 
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D I S C U S S I O N  

S s  

This Discussion Section includes discussion of papers appearing 
in the Journal of The Electrochemical Society, Vol. 126, No. 4, 
5, 9, I0, and 12, April, May, September, October, and December 
1979. 

Electrochemical Potential Spectroscopy 
J. Thompson (pp. 608-616, Vbl. 126, No. 4) 

Brian E. Conway9 In  a recent paper by Thompson, 
in teres t ing effects associated with sorption of l i th ium 
ions into layer  lattices leading to intercalat ion com- 
pounds, for example with TiS2 and MoS2, have been 
reported. 

Special a t tent ion was directed to a "spectrum" of 
capacitance maxima which arise as the host lattice 
becomes progressively occupied by the guest ion, Li +, 
on account of the electrode potential  being sequential ly  
changed in small  steps. The response of the system 
was referred to as Electrochemical Potent ial  Spec- 
troscopy. 

We would like to ment ion  that  very similar phe- 
nomena  have been known for some years 24 with the 
occupation in two dimensions of two-dimensional  la t -  
tices 4 on the surface of various noble metals, leading 
to mult iple  states of adsorption. The study of this 
kind of two-dimensional ,  mul t i - s ta te  surface corn- 

1 Chemistry Department,  Universi ty  of Ottawa, Ottawa, On- 
tario, Canada. 

-~ G. Will and C. A. Knorr, Z. Elektrochem., 64, 258 (1960). 
a T. Takamura,  F. Watanabe, and K. Takamura,  Electrochim. 

Acta, 18, 933 (1974). 
4H. Angerstein-Kozlowska and B. E. Conway, J. Elcctvoanal. 

Chem. IntcrSacia~ ElecSrochem., 43, 9 (1973). 

pound formation has usual ly  been followed by l inear -  
sweep potent iodynamic methods2 which lead directly 
to the observation of the corresponding capacitance 
measured as the current  § sweep-rate. 

The characteristic of most two-dimensional  lattice 
occupation processes is that  mul t iple  capacitance peaks 
arise, corresponding to a series of dist inguishable states 
of adsorption below a monolayer.  24 Thus, the concept 
of electrochemical potential  spectroscopy has existed 
with regard to the response of two-dimensional  sys- 
tems to a l inear  potential  sweep for some time, real ly 
commencing with the exper imental  work of Will and 
Knorr  in 1960. 2 

Various explanations of the mult iple  state adsorp- 
tion which arises in a number  of systems in mono- 
layer  formation on noble metals such as plat inum, 
gold, rhodium, or palladium, have been offered) -v 
The obvious possibility of polycrystal l ini ty  arises but  
mult iple  state adsorption is near ly  always still ob- 
served on wel l -prepared  single crystal surfaces, s,9 
Hence some kind of indirect  heterogenei ty  at the 
atomic level must  arise, ~,6 even on single crystal 

B. E. Conway, H. Angerstein.Kozlowska, and W. B. A. Sharp, 
"Eleetrocatalysis," M. W. Breiter,  Editor, p. 94, The Electro- 
chemical  Society Softbound Proceedings Series, Princeton,  N. J. 
(1974). 

'iT. Toyoshima and G. Somorjai, CataZ. Rev., 19, 105 (1979). 
B. E. Conway, H. Angerstein-Kozlowska, and F. C. Ho, J. Vac. 

Sci. Tech~ol., 14, 351 (1977). 
s A. T. Hubbard, R. Ishikawa, and J, Katekaru,  J. Electroanal. 

Chem. Inter]acial Electrochem., 86, 271 (1978). 
' A .  Bewick and B. Thomas, ibid., $4, 127 (1977); 65, 911 (1975). 
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planes, so that  an adsorbate exists in dist inguishable 
states and experiences a range of energies of adsorp- 
t ion as the monolayer  is filled up. These can corres- 
pond to different overlay lattice structures with dif- 
ferent  geometrical a r rangements  4,5 of the adsorbate 
on the host lattice, uti l izing different groupings of 
hybr id-orb i ta l  bonds emerging from the surface, as 
the surface sites are occupied. In  the case of lead 
deposition in a monolayer  on gold, 10 there appears 
to be a sharp t ransi t ion which could correspond (cf. 
11) to a rear rangement  of the surface lattice struc- 
ture  at about 55% of full  final coverage, as is indicated 
by the reversibi l i ty of the sharp peak observed at 
this coverage. Reordering amongst  various overlay 
structures is believed n to be involved, i.e., similar 
to the effects in three dimensions. 

We thought it  would be worth directing at tent ion 
to the relat ion between the three-dimensional  lattice 
observations of Thompson and those found in  two- 
dimensions for a number  of elements as reported in 
recent  and earlier papers, using cyclic voltammetry.  

A .  H.  T h o m p s o n :  12 In  his discussion, B. E. Conway 
compares measurements  on LizTiS2 to previous studies 
on surface adsorption and suggests that  similar effects 
have been known for a number  of years, In par t icular  
he states " . . .  the concept of electrochemical potent ial  
spectroscopy has existed with regard to the response 
of two dimensional  systems to a l inear  potential  sweep 
for some time . . .". This s ta tement  shows that  there 
is some confusion about what  I have called Electro- 
chemical Potent ia l  Spectroscopy (ECPS) that I would 
like to clarify. 

I agree with Professor Conway that differential 
capacity curves have been used for a number  of years 
to analyze surface studies of the type that he de- 
scribes. They have also been used to study electro- 
chemical cells such as Zn/MnO2,18 to study the double 
layer  capacitance 14 and to s tudy l iquid metal  alloys. ~5 
The differential capacity is clearly not a new feature 
of ECPS. 

As I have defined ECPS, it is a method involving 
a sequential  stepping of the electrochemical potential. 
The constant  voltage steps are te rminated  when the 
current  decays to a small  value. The series of voltage 
steps produces not only the voltage-charge relat ion 
but  also a discrete, precise measure of the derivative 
of V vs. Q. The derivative used is called the incre-  
menta l  capacity to dist inguish it from the differential 
capacity obtained by continuous techniques such as 
l inear  sweep voltametry.  The following are compari-  
sons of the method and fur ther  definition. 

With ECPS the effective rate discharge may be very 
low so as to obtain quasi thermodynamic results. The 
data were taken at a rate equivalent  to a l inear  sweep 
in  voltage at a rate of 10 -2 ~V/sec, It would require 
three years for l inear  sweep vol tametry  to give equiv-  
alent  data at the same effective rate. 

The ECPS measurement  is not simply another  coulo- 
metric t i t rat ion since no at tempt  is made to obtain 
ideal equi l ibr ium conditions. Rather, by stepping the 
voltage at a fixed cur ren t  level, data are obtained 
under  quasi thermodynamic  conditions with the devia-  
tion from equi l ibr ium being well defined. On a typical 
voltage step in my paper, it would require more 
than 36 hr to obtain a voltage that is constant  wi thin  
the voltage resolution employed of 1O0 ~V. "True open- 

so j. Horkans, B. D. Cahan, and E. Yeager, This JournaZ, 122, 122 
(1975). 

I~A. Bewick and B. Thomas, J. Electreanal. Chem. Interracial 
Electrochem., 85, 329 (1979). 

Exxon Research and Engineering, Corporate Research Scien- 
tific Laboratories Company, Linden, New Jersey 07036. 

~3 y. Balewski and J. P. Brenet, This Journal, 5, 527 (1967). 
~4E. Gileadi, E. Kirowa-Eisner, and J. Penciner, "Interracial 

Electrochemistry," Addison-Wesley Publishing Co., Reading, Mass. 
(1975). 

1~ j. C. Thompson, K. Ichikawa, and S. M. Granstaff, Jr., Phys. 
Chem. Liq., $, 157 (1976). 

circuit data" would then require a m i n i mum of o n e  
year  to collect. 

T h e  ECPS measurement  gives both quasi thermo-  
dynamic and kinetic data on each step. 

The small  voltage steps and low cutoff currents  
apply mild per turbat ions to the cell. These conditions 
are required in  organic electrolyte based systems 
where large voltage excursions and high current  levels 
may easily cause irreversible damage to the system. 

With regard to the s t ructural  effects on surfaces 
as compared to those in  intercalate  systems, it would 
be quite interest ing to compare two-dimensional  depo- 
sition on a surface to the two-dimensional  intercala-  
tion problem since the intercalate does not permit  
mult iple  layers to form. In  fact, ECPS may provide 
useful  data for the surface problem since measure-  
ments can be made at low rates which would be 
par t icular ly  at tract ive for low temperature  measure-  
ments  where equi l ibrat ion times may be large and 
surface structures well  formed. 

Quantity of the Metal Deposited in Pulsed Plating vs. 

Direct Current Plating 
Richard Haynes (pp. 881-882, Vo[. 126, No. 5) 

P. Radhakr i shnamur tyP  6 The author tr ied to show 
that the condition ~lP > ~1~c must  be satisfied to get a 
higher weight of the metal  in pulse plat ing compared 
to d-e plating. That  there exist several  possibilities to 
achieve this result, besides ~lP > ~]dc can be shown by 
means of a tr ivial  exercise from basic principles. 

It  should be ment ioned first of all that  nei ther  the 
mechanism of the deposition reaction nor  the mode of 
control of the reaction is needed for the calculation of 
the weight of the deposit, as has been done in the paper 
under  discussion. Thus the whole discussion regarding 
the presence of simultaneous HER/some other paral lel  
reaction at the electrode surface, is of first order or 
second order etc., whether  the metal  deposition is under  
pure diffusion control, pure activation control, etc., a r e  
all i rrelevant .  

Secondly subst i tut ion of (ip) 1/(/de) 1 : 3.76 in Eq. [1] 
of Haynes paper is incorrect because (ip)1, (ida)1 refer 
to the current  densities at a par t icular  ins tant  of t ime 
during the deposition whereas ip, idc refer to the con- 
stant  or average values of current  density in  pulse plat-  
ing and d-c plating. 

F rom basic principles, we have: weight  of metal  de- 
posited = rate of metal  deposition • time of deposi- 
tion 

W = I M X E X t  

: I T  X ~I x E x t 

" - - i T X A X ~ I X E X t  

In  the case of pulse plat ing 

01 
W p = i T X I X t  xflJ. x E  X~]p 

O 

Thus the necessary and sufficient condition for Wp 
Wdc is 

O1 
iT X ~ X t X  A X E X ~]P > iT X "~ X A X E X ~dc 

0 

Since 01/0 < i, Wp < Wdc if all other parameters 
are same in both d-c and pulse plating. However, by 
choosing the parameters conveniently Wp can be made 
greater than Wdc. Of a number of combinations of pa- 
rameters available for example 

l ip "] r~]p O ]  l A p  0" ]  

are some to achieve Wp > Wdc. 
16 Central Electrochemical Research Institute, Karaikudi 623006, 

India, 
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In  conclusion, it may be said that  to get a higher 
weight of metal  deposited in  pulse plat ing than in d-c 
plat ing there exist several  possibilities to compensate 
for the drawback e l / e  ~ 1 present  in  pulse plat ing 
and one need not  know about the mechanism of deposi- 
t ion for the above purpose. 

LIST OF SYMBOLS 
W weight of the metal  deposited (g) 
IM part ial  cur ren t  uti l ized for meta l  deposition re- 

action of interest,  ampere 
IT total cur rent  passing through the cell, ampere 
E electrochemical equivalent  of the metal, g /A.sec 
t t ime of deposition, sec 
e period of the pulse, sec 
el  t ime for which pulse is on, s e c  

current  efficiency of the metal  deposition reaction 
of in teres t  

A the surface area of the electrode, cm 2 
Subscripts P and dc denote pulse plat ing and direct 

cur rent  conditions. 

R i c h a r d  H a y n e s P  7 What I have shown is a condition 
where pulsed current  plat ing can yield a greater  quan-  
t i ty of deposited metal  than direct cur rent  plat ing when 
both are compared at the m a x i m u m  possible rates. I 
have used the quant i ty  of the deposit only as a simple 
indicator  of the m a x i m u m  possible deposition rates. 
The l imit  for the m a x i m u m  possible reaction rate in  my 
model is considered to be mass t ransport  of the deposit- 
ing metal  for both pulsed and direct current  plating. A 
paral lel  reaction scheme is always imposed when the 
current  efficiency is less than  100% efficiency. The ex- 
ample given is easily shown to become the same as my 
equations when  the weights are compared at the maxi-  
m u m  possible rates of the deposition reaction 

�9 e l  " E 
~T1P y AE~lp > tTldeA ~de 

For comparison at the max imum possible rates: A and 
E drop out and 

/TIP becomes/TIP) max 
and 

iTldc becomes iT ldc)  max 

For my model the rate l imit ing step is mass t ransport  
controlled so  

iWlP) max -~ iWlP) L 
and 

iWldc) max ~ i T l d c ) L  

which then becomes the same as my equation once sub-  
st i tuted above. A definition of (iF)1 is given by K. Vis- 
wana than  et aI.Is 

In  summary,  I have shown that  there can, in theory, 
exist electrochemical conditions such that  pulse plat ing 
can yield a greater quant i ty  of metal  when  compared at 
the max imum plat ing rates which in my model is mass 
t ransport  limited. I thank P. Radhakr i shnamur ty  for 
asking for clarification on these points. 

H. Y .  C h e h  ( D i v i s i o n a l  E d i t o r ) : 2 9  The assumption 
that the upper  l imit  of ip/idc is equivalent  to (ip)l/ 
(/de) 1, which has been made by Haynes is of doubtful  
validity. On the other hand, Radhakr i shnamur ty ' s  anal -  
ysis is not conclusive either. This is because Ep and Edc 
are general ly both functions of applied current  density. 
Without kinetic information,  there is no knowledge on 
the magni tude  of Ep and Edc. The three conditions pre-  
sented are therefore meaningless.  We have completed a 
more rigorous analysis on the current  efficiency for 
s imultaneous reactions by pulsed electrolysis. This 

17 Western  Electric,  Princeton,  N e w  Jersey  08540. 
ls K. Viswana than ,  M. A. F a r r e l l  Eps te in ,  and  H. Y. Cheh,  

Paper  156 presented  at The  Elec trochemica l  Society  Meeting,  
P i t t sbu rgh ,  Pa., Oct. 15-20, 1978. 

~ D e p a r t m e n t  of Chemmal  Engineer ing  and Appl i ed  Chem- 
is t ry ,  Co lumbia  Univers i ty ,  New York,  N. Y. 10027. 

DISCUSSION SECTION 1321 

work has been submit ted to T h i s  J o u r n a l  for publ ica-  
tion. 

The Potential Distribution at the TiO2 
Aqueous Electrolyte Interface 

Micha Tomkiewicz (pp. 1505-1510, Vol. 126, No. 9) 
D a v i d  L. Ul lman:  20 In  this article, the author  a t -  

t r i b u t e s  nonl inear i ty  in the Mott-Schot tky plot of an 
unetched sample of TiO2 to surface states that  change 
their charge state in the course of vary ing  the elec- 
trode potential. He then proceeds to present  an analysis 
that  ostensibly shows these to be fluctuating levels 
energetical ly located approximately  in  the center of 
the bandgap. 

However, it  appears from the author 's  Fig. 3 that  
these supposed states exchange charge most rapidly 
when there are practically no electrons at the surface. 
From data the author supplies, ns : nl  at the peak of 
this curve, and these may  be calculated as follows 

nl  ---- ns ---- 3.8 • 10 t9 exp((--0.48-0.8)/0.0256) 

---- 7 • 10 -8 cm -3 [1] 

The intr insic carrier  concentrat ion may be estimated 21 
to be not much more than 2 • 10-~ cm -3, so it is clear 
that holes could not play much of a par t  in this process, 
either. 

From the usual ly  accepted model of trap kinetics, 2~ 
it is clear that  if t ransport  through the space charge 
region is sufficiently rapid that  ns stays constant  after 
the electrode potential  has been changed, that  as the 
traps exchange electrons to come into equi l ibr ium 
with the surface potential,  the equi l ibrat ion will  be a 
first-order process. A simple analysis shows that the 
re laxat ion t ime for this process is 

1 
-- [2] 

t n V t h ( n s  "~- n l )  

To evaluate this expression, we shall take for an the 
value that  Morrison 28 suggests as an upper  l imit  for 
capture cross section, 10 -12 cm~. Assuming uni t  effec- 
tive mass, we shall take the electron thermal  velocity 
to be 10 v cm/sec. We thus find 

z ----- 7 • 106 sec ---- 2000 hr [3] 

This a rgument  applies whether  we speak of filling 
or emptying the traps. Obviously, this is too long a 
time for the measurements  to be made in any  reason- 
able length of time. The slow rate of filling may be 
seen in tu i t ive ly  as due to the excessively low concen- 
t rat ion of electrons at the surface at this potential ;  
the slow rate of emptying, as due to the great energy 
difference between the states and the conduction band 
(on the order of 1.3 eV) and the resul t ing improbabi l -  
i ty of the transition. 

In  answer to these arguments,  one might  claim that 
the fluctuating na ture  of the energy levels causes 
them to exchange charge at a much faster rate than 
my analysis above shows. However, I will show that  
this is impossible. 

In  the case of filling empty traps, a "downward" 
fluctuation of t rap energy would not change the si tua-  
tion, since both nl  and ns would remain  infinitesimal. 
An "upward" fluctuation of energy might  raise nl  to 
some reasonable value, but  only thereby making the 
probabi l i ty  of filling nil  for thermodynamic  reasons, 
since the trap energy would now be far above the 
surface Fermi  level. 

20 Littleton,  Colorado 80120. 
21 W. Huybrech t s  and  J. Devreese ,  Solid State Commun., 17, 

401 (1975). The  r a t h e r  tentat ive  value  of effective mass  ratio 
given  h e r e  was  used  to calculate  an es t imate  of the intrinsic 
c a r r i e r  concentration.  

e~ A. S. Grove,  "Phys ics  and  Techno logy  of Semiconduc to r s , "  
Chap. 5, John  Wiley,  New York  (1967). 

S. R. Morr ison,  "The  Chemica l  Phys ics  of Surfaces ,"  p. 44, 
P l e n u m  Press ,  New York  (1977). 
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For the case of emptying, one might  argue that  when 
a filled trap fluctuates upward,  it  is both thermody-  
namical ly  and kinetical ly capable of emptying (from 
my  Eq. [2]), and what  is actual ly implied by my  
arguments  is that the traps can empty going from cath- 
odic to anodic potentials, but  going from anodic to 
cathodic, will  fill only as flatband is approached (that 
is, when ns becomes substant ia l ) .  Thus what would be 
implied by my arguments  is a hysteresis in the capaci- 
tance v s .  potential  curves. 

Unfortunately,  this leads to a thermodynamic  in -  
consistency. We see that these arguments  lead to a 
mechanism of rapid emptying when ns is low, but  no 
comparably rapid method of refilling. Since the traps 
must  be half-filled, and the rate of emptying equal to 
the rate of filling when ns ----- nl, this si tuation is im-  
possible. 

Yet another  a rgument  might  be that  the traps do 
indeed rapidly empty as they rise in energy, but  refill 
by extracting electrons from (inject ing holes into) the 
valence band upon downward fluctuation. However, it 
is a principle of catalysis (actually thermodynamics)  
that  a route of forward reaction must  also be a route 
of  backward reaction. Thus the electrons and holes 
must  be able to recombine through these states. But 
w e  have shown that t rapping rates at vanishing carrier 
concentrat ion is excessively slow, and reasonable car- 
rier concentrations for this process to occur must  imply 
an "equi l ibr ium" n-p product  far greater than  ni 2, and 
this is again thermodynamical ly  impossible. 

Tunne l ing  is another  relat ively rapid prodess that  
might  be contemplated, but  while my knowledge of 
quan tum mechanics is rather  nil, it does seem to me 
that  tunne l ing  to and from a state near  the intrinsic 
level is ra ther  improbable.  Rapid tunne l ing  to and 
from an "upward" fluctuated state is impossible for 
the thermodynamic  reasons discussed earlier. 

Another  defense that might  be relied upon could be 
that  there was error  in the potential  determination.  
Shift ing the peak of the curve 180 mV cathodically 
would decrease the relaxat ion time by a factor of 
1000, although 2 hr still seems unacceptably slow. 
However. it is difficult to see how such an error could 
be justified, par t icular ly  with modern measur ing 
equipment.  F la tband potentials are quoted to wi thin  
20 or 30 mV, and the curve appears well behaved on 
the cathodic side. 

Finally,  the crux of the mat ter  appears to be this: 
at this range of potential  there are practically no car- 
riers at the surface, and whatever  the mechanism, it is 
difficult to envision any physical ent i ty  responding so 
sharply to such vanishing concentrations, as required 
by the in terpre ta t ion  of Tomkiewicz. 

As an a l ternat ive  in terpre ta t ion of the author 's  Fig. 
2, I suggest that it is interesting, and perhaps not i r -  
relevant,  to note that the "nonl inear"  portion of the 
upper  curve is almost a straight line with a slope equal 
to that of the lower curve. However, I cannot say 
whether  or not the roughness factor changed dur ing 
the etching. If we hypothesize that the upper  curve is 
the  result  of a l ightly doped layer  on top of the more 
heavi ly  doped substrate, depletion region theory 24 
allows us to estimate this thickness, noting that the 
break occurs at about 1V positive of flatband, and 
using other data we find in the article. This yields a 
top layer  thickness of about 0.22 ~m. Just  how much 
the etch might  have removed is impossible to say 
without knowledge of the etching time and kinetics. 

The scatter in  the "nonlinear"  portion could be due 
to unavoidable  error in the extraction of the capaci- 
tance element  by relaxat ion analysis. 25 We note that 
the points showing greatest deviation represent  the 
smallest values of capacitance, in series with an as- 
sumed constant resistance. 

~ A .  S. Grove, "Physics and Technolobgy of Semiconductors," 
Chap. 6, John Wiley,  New York (1967). 

M. Tomkiewicz ,  This Journal, 126, 2220 (1979). 

However, we must  confess that  we do not know w h y  
there should be a thin layer  of l ightly doped mater ial  
on top of a more heavily doped substrate, with an 
abrupt  junct ion  between the two. 

Another  criticism I have concerns the author 's  ap-  
parent  assumption that flatband potential  is invar ian t  
with doping level. This is inconsistent  with the fact 
that  two differently doped samples of a semiconductor 
must  display an electronic potential  difference when 
brought  into int imate  contact; they cannot  then have 
the same potential  relat ive to a third potential.  The 
conclusion is that it is the bandedges that  will remain  
constant when the Helmholtz potential  is constant;  
flatband potential  must  vary  Nerns t ianly  with the bulk  
electron concentration. 

The author  also assumes that the various samples 
will have the same Helmholtz potentials in the same 
electrolyte. Considering that  different samples may 
respond differently to the etching procedure due to 
different dopant  concentrations, etc., this assumption 
seems to us to be ra ther  dangerous. 

M. T o m k i e w i c z :  26 While not ful ly agreeing with the  
authors detailed discussion on the possible mechanism 
of charge exchange between the bulk of the semicon- 
ductor and the surface or bulk  states which reside near  
the middle of a gap of wide band semiconductors, his  
comments i l lustrate  well our deficiency in unders tand-  
ing these processes. The existence of surface states on 
TiO2 at this energy range was implied before, 27 with 
even more pressing need for efficient charge exchange 
between the surface and the bulk. This does not pre-  
clude the possibility of different in terpre ta t ion but, 
just  points to the fact that  addit ional work is needed 
to clarify this problem. My data did not address the 
kinetic problem but  it did demonstrate that under  
certain conditions the potential  of the Helmholtz layer  
does not remain  constant dur ing a potential  scan. The 
change in potential  indicates charging and discharging 
in the layer. Because of the dimensions of this layer  in 
concentrated aqueous solutions every state that  lies in 
the layer in the potential  range wi thin  the gap is at-  
t r ibuted to surface states. The fluctuating level model 
explained the exper imental  energy distr ibution of the 
state but  as I have shown in a later  publicat ion 2s this 
model is not unique in explaining the energy dis t r ibu-  
tion. As to the authors comments on the dependence of 
the flatband potential  on doping, it should be empha-  
sized that the intercept  to "zero doping" is at relat ively 
high doping level and puts the flatband potential  ap- 
proximately  0.15V below the conduction bandedge. 

Aside from this, there is some basic difference of 
in terpre ta t ion of the flatband potential  between the 
author  and myself. It is t rue that the difference in 
energy between the Fermi level and the bottom of the 
conduction band will change with the doping level but  
the result  will be shift in the conduction bandedge 
relat ive to the electrolyte. The fiatband potential  is the 
only measurable  quant i ty  which establishes the energy 
relationship of the semiconductor electrolyte system 
provided that the only potential  drop in the system is 
across the space charge layer. 

Occurrence of the Salt Film during Initiation and 
Growth of Corrosion Pits 

T. R. Beck and R. C. Alkire (pp. 1662-1666, Vol. 126, No. 10) 
J. Tou~ek: 29 In  the last years considerable at tent ion 

has been paid to the mechanism of localized corrosion 
of metals. Among others persuasive arguments  have 
appeared about the presence of a thin salt layer  along 

26 D e p a r t m e n t  of Physics, Brooklyn College of the City Uni-  
ve r s i t y  of New York ,  Brooklyn, New York 11210. 

~TS. N. F r a n k  a n d  A. J. B a r d ,  J. Am.  Chem. Soc. ,  97, 7427 (1975). 
M. Tomkiewicz ,  Sur~. Sci., To be published. 

~ l n s t i ~ u t e  of l~hysical  M e t a l l u r g y ,  Czechoslovak Academy of 
Scie~ce,  616 62 Brno, Czechoslovakia. 
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the pit surface. 8044 The paper  discussed deals with the 
kinetics of pi t t ing corrosion based on the salt film 
theory. Because the results of this work may be im-  
por tant  for a fur ther  development  of the localized cor- 
rosion mechanism, a discussion concerning this prob-  
lem may  be useful. 

According to the authors, the purpose of their  paper  
w a s  to employ simple t ranspor t  laws to gain a per-  
spective of events which occur dur ing  early stages of 
pit in i t ia t ion and growth. Under  the presumption that  
the  corrosion current  in  pits is controlled by the mass 
t ranspor t  of corrosion products out of the pit, they have 
derived for the pit  radius the equat ion 

[ 2DCsM ] 1/2 
r : rl  2 + - - t  [1] 

p 

a n d  for  the  current  density in  the pits the equat ion 

nFDCs 
jL = [2] 

[ 2DCsM ]I/~ 
r12 + - -  t 

p 
T h e  pit growth at  re la t ively long exposition times h a s  

been measured in our  laboratory and the calculation of 
pi t  radii  and of actual  rates of metal  dissolution in the 
pits has been made. Corresponding kinetic equations 
have been derived from the relat ion for the pit growth 
and  from the exper imenta l ly  ascertained time depen-  
dencies of the total current  density j and of the pit 
n u m b e r  z. The pit growth is expressed by the general  
equat ion 

; t--tl 

(2/3) nabc : (VM/zF) ,, o Idt [3] 

in which a, b, c are dimensions of the pit, VM is the 
molar  volume of metal,  F is the Faraday constant, I 
is the current  from one pit, tl is the t ime at which the 
pit was initiated, and t -- ti is the age of the pit. When 
measur ing the localized corrosion of i ron in the Na2SO4 
H- KC1 solution, the following equations were found to 
be valid for the time dependence of the pit n u m b e r  
and  of the total cur rent  density 35 

z = Kt [4] 
a n d  

j -- At 2 [5] 

In  these equations, K and A are constants. The pits 
have a hemispherical  shape. From Eq. [3], [4], and [5], 
it is possible to calculate the pit radius as has been 
shown, e.g., i n  36,37 

r ---- "~(3VM/4rrF) ~/(At2/K) [6] 

The correlat ion be tween the pit growth given by Eq. 
[6] and [1] and the exper imenta l ly  found pit radii  is 
i l lustrated in Fig. 1. The comparison was made for 
macro-size and also for micrometer-size pits whose 
radii  were taken from the paper published by Vetter 
and Strehblow. From Fig. 1, a good agreement  follows 
between exper imenta l  values and those calculated from 
Eq. [6], which, as it  is evident, expresses well  the pit 
growth both for long and short exposition times. On the 
other hand, the values of pit radii gained from Eq. [1] 
do not agree well  with those found experimental ly.  

According to Eq. [6], the pit growth is characterized 
by the slope d log r/d log t = 2/3. This value fits well  
the exper imental  time dependence obtained for both 
large and micrometer-size pits. Equat ion [1] requires 

~ K .  J. Vetter and H.-H. S t r e h b l o w ,  Bur. Bunsenges. Phys. 
Chem., 74, 1024 (1970). 

~ H . - H .  S t r e h b ! o w  a n d  K. J .  V e t t e r ,  ibid., 75, 822 (1971}. 
~ H . - H .  S t r e h b l o w  a n d  J.  W o r m e r s ,  Z. Phys. Chem. N.F. 98, 

199 (1975). 
H A L  S t r e h b l o w ,  Werkst .  Korros., 27, 792 (1976). 

3~I. L. Rosen fe ld ,  L S. Dani lov ,  a n d  R. N. O r a n s k a y a ,  This 
Journal, 125, 1729 (1978). 

J. Tout 'ok ,  Corros. Sci., 12, 15 (1972). 
. .  ~ ! !  . . . .  
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Fig. 1. Pit growth on iron in the KCI + Na2S04 solution. 
. . . . . . . . . .  pit radius r and current density in the pits JL 
predicted by Eq. [1] and [2]. ~ pit radius r and current 
density in the pits JL predicted by Eq. [6] and [7]. Experimental 
values: �9 Vetter and Strehblow, �9 Tou~ek. 

for the slope [for sufficiently high exposition time, 
when rl 2 < <  (2DCsMt/p)] the value 1/2, which is at 
variance with the exper imenta l  results. 

If we know the current  from one pit and its area, the 
corrosion current  in  the pit can be evaluated a8 

jL = 3"x~(16F2/9~VM2)~/(A/Kt) [7] 

The drop of the current  density jL with t ime is given 
by the slope d log jL/d log t = --1/3, whereas the slope 
calculated from Eq. [2] yields the value --1/2. 

In  the connection with Eq. [1] and [2] it is necessary 
to emphasize the exper imental  results, according to 
which the time dependence of pit radius and of current  
density in  the pits varies with the corrosion envi ron-  
ments  composition and concentration.36.3s, 39 In  some 
cases, the corrosion current  remains constant  and the 
pit radius rises l inear ly  with time. These facts are not 
involved in Eq. [1] and [2] according to which the t ime 
dependence of localized corrosion should be always the 
same. 

It  is possible to conclude that  al though the paper of 
Beck and Alkire brings many  remarkable  facts about 
the localized corrosion mechanism, some results pre-  
sented here must  be taken  with care. Very probably,  
the salt film along the pit surface does not influence 
the metal  dissolution kinetics in that way as it is as- 
sumed by the authors. According to our opinion, the 
salt film theory is not clear enough to explain the 
localized corrosion phenomena (kinetics and mecha-  
nism in general)  as it has been supposed. 

T. R. B e c k  ~o a n d  R. C. A l k i r e :  41 Our publ icat ion e x -  
p r e s s e d  a salt-fi lm hypothesis which led, by application 

3s j .  Tou~ek,  Werkst  Korros., 25, 406 (1974). 
3~ G. H e r b s l e b  a n d  H.-J.  Enge l l ,  Z. Phys. Chem., 215, 167 (1960). 
~0Elec t rochemica l  Technology Corporation, Sea t t l e ,  W a s h i n g -  

t o n  98107. 
~ D e p a r t m e n t  of C h e m i c a l  Engineering, University of  I l l inois ,  

U r b a n a ,  l l l inois  61801. 
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of  first-principles, to Eq. [4] and [5] therein. This re- 
sult, w h i c h  in troduced  no adjustable parameters,  gave 
agreement  to within an order of magni tude  o~ l i tera-  
ture data obtained in  several pit systems. It  was there-  
fore concluded that  the hypothesis was reasonable, al-  
though several differences between data and hypothesis 
were yet to be resolved. In  this work, the mathematical  
model represented the scientific hypothesis, and gave 
thereby a quant i ta t ive  f ramework for incorporat ion of 
addit ional  refinements in concept. 

By contrast, the foregoing discussion by Tousek il- 
lustrates that  an empirical fit to pit growth data can 
be achieved with ad jus tment  of two parameters,  K and 
A, along with exper imental  observations which support  
the  exponents on t indicated in  both Eq. [4] and [5] in 
the  above discussion. Evaluat ion of the foregoing dis- 
cussion indicates that;  

1. In Eq. [3] in  the above discussion, the quant i ty  z 
should not appear but  should be replaced by n, g equiv /  
gmole. With in  the integral,  the current  to a single pit. 
I, is also given by j / z .  

2. For such conditions that empirical  Eq. [4] and [5] 
are observed, then Eq. [6] follows provided that  t~ = 0. 
This procedure, however, yields no unders tand ing  of 
the processes occurring in the pit. 

3. Evaluat ion of the ten data points provided in Fig. 
1 of the discussion indicates that the slope of the line 
which best fits the data by a least-squares analysis is 
0.60, a value which lies between that put  forth by 
Tou~ek (0.67) and by ourselves (0.50). If the single 
data  point at 10 -~ sec is disregarded, then the slope 
through the remain ing  nine points is 0.55. 

While addit ional  empirical  manipulat ions  could per-  
haps yield an improved fit of the data, we would en- 
courage also the method by which hypotheses of 
mechanism are expressed in a fashion which permits a 
more rigorous comparison with first-principles and 
which gives, thereby, a clearer insight into the physical 
events which actual ly occur dur ing pit ini t iat ion and 
growth. 

The Electrochemical Behavior of Alkali and Alkaline 
Earth Metals in Nonaqueous Battery Systems-- 

The Solid Electrolyte Interphase Model 

F. Peled (pp. 2047-2051, Vol. 126, No. 12) 
I. Warshawsky:  42 In  connection with Peled's thesis 

concerning the presence of a solid electrolyte in ter -  
phase, SEI, between the metal  anode and electrolyte, 
a complicating factor in in terpre t ing the kinetic data 
may  be the presence of water  as an impur i ty  in many  
nonaqueous solvents. This ubiquitous impur i ty  can be 
present  in trace amounts even when the most s t r ingent  
purification procedures and precautions have been 
used, including using vacuum line manipulat ions.  
Hence, in many  bat tery systems util izing alkali metals, 
a reaction can occur between the alkali metal  and the 
aqueous impur i ty  in the solvent, leading to hydroxide 
film formation at the metal - l iquid  interface. 

In addition, the aqueous impur i ty  can react with the 
SEI affecting both its thickness and texture, fur ther  
complicating the problem of in terpre t ing kinetic data 
obtained electrochemically during discharge. 

The author 's  idea that a thicker more polarizable SEI 
occurs dur ing  discharge when the anion transference 
number ,  t - ,  is greater than zero compared to the si tua- 
tion in which it is zero, with the electron transference 
number ,  re, being zero, can also be challenged. Con- 
sider, for example, the discharge process at the anode. 
According to the author 's  reasonable model for t -  > 0 
and te ~ 0, film formation occurs cont inuously at two 
in ter faces--a t  the alkali metal-solid electrolyte in te r -  
face and at the solid electrolyte-l iquid interface. Con- 

Southfield, Michigan 48075. 

sequently, dur ing discharge a process of bond-making  
and bond-break ing  takes place continuously at the 
alkali  metal-solid electrolyte interface, affecting the 
interact ion between these two contiguous phases. 
Hence, we have a possible mechanism for a loosening 
and a flaking off of the solid electrolyte film from the 
alkali  metal  surface, exposing new metallic surface 
to the liquid. This then leads to a less polarizable 
electrode than would be the case if the film adhered to 
the metal  surface cont inuously dur ing discharge. 

As Poled points out, the polarization process is com- 
plex. The above conclusion may need modification for 
systems where other factors, such as stresses and 
strains, are significantly involved in the formation of 
the SEI, affecting its s t ructure and stability. That is, 
ordinary  thermodynamic  considerations may not pre-  
vail for the temperature  and peculiar circumstances 
under  which the SEI is forming while the bat tery  is 
functioning. For instance, it is possible that the cation, 
anion, and vacancy concentrations at the metal-solid 
electrolyte interphase can be characteristic of a high 
temperature  while fur ther  away from the interphase 
in the SEI, they may be characteristic of a low tem- 
perature,  and their  respective mobilities throughout  
the film also characteristic of a low temperature.  

In any event, it is not as obvious as the author seems 
to imply that dur ing discharge in which t -  > 0 and 
te ~ 0 that a thicker and more polarizable film forms 
compared to the si tuation in which t -  = 0 and te = 0. 

A Finite Difference Numerical Analysis of Galvanic 
Corrosion for Semi-Infinite Linear Coplanar Electrodes 

P. Doig and P. E. J. Flewitt (pp. 2057-2063, Vol. 126, No. 12) 
D. J. Astley: 4~ I would like to indicate an inaccuracy 

in  the paper by P. Doig and P. E. J. Flewitt.  On page 
2063 the authors refer to the parameter  (io/wC)l/2, 44 
and state that as the magni tude  of this parameter  in-  
creases so the "approximation of unidirect ional  cur-  
rent  flow becomes more accurate." In fact although the 
approximation improves with decreasing w, the un i -  
directional current  flow model becomes more appro- 
priate as (io/C) decreases. This follows from first 
principles in that as the solution becomes less resistive 
and /or  the electrochemical reaction becomes more 
polarizable, so the potential  gradient  normal  to the 
electrode surface decreases. 

I have demonstrated that the unidirect ional  current  
flow model approximation improves with decreasing 
(io/C) by comparing the predictions of this model 

with those obtained from Waber 's  series solution of 
Laplace's equation for both semi-infinite l inear  co- 
p lanar  electrodes, ~5 and for tubular  coplanar electrodes 
with junct ions perpendicular  to the axis, 46 assuming 
l inear  polarization kinetics in all cases. Comparisons 
clearly indicate that, for a fixed anode/cathode size, 
corrosion potential  difference (_~E) and solution depth /  
tube radius, the approximation involved in using the 
unidirect ional  current  flow model improves as io 
decreases and C increases. Thus for io = 0.01 A m - ~  
and C = 4 11-1 m - I  (values typical for copper-base 
alloys, t i tanium, and seawater) ,  the unidirect ional  
model predicted inter  facial potentials typically within 
1 mV of those calculated from the series solution of 
Laplace's equation for electrode length = solution 
depth = 30 cm (AE = 150 mV). For io ----- 0.07 Am -2 
and C = 0.6 ~ -1  m - l ,  the approximation involved 
in  using the simpler model worsened, al though still 
tolerable, so that the greatest difference between in ter -  
facial potential  predictions was about 5 mV. 

IMI Limited, Birmingham, England. 
4;io = the free corrosion current density, w = the depth of 

-~olution above the corrosion couple surface, and C = specific con- 
ductance of the solution. 

J. T. Waber and B. Fagan, This Journal, 103, 64 (1956). 
4~ j. T. Waber and J. M. Ruth, Los Alamos Scientific Laboratory 

Microfich LA-1993 (Physics) July 1956. 
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Bare Surface Reaction Rates and Their Relation to 
Environment Controlled Cracking of Aluminum Alloys 

I. Bare Surface Reaction Rates on Aluminum-7 Weight Percent 
Magnesium in Aqueous Solutions 

F. P. Ford, ~ G. T. Burstein,* and T. P. Hoar 
Department of Metallurgy and Materials Science, University o] Cambridge, Cambridge CB2 3QZ, England 

ABSTRACT 

Data have been obtained for electrode reaction rates on bare a luminum-7  
weight percent  magnes ium immersed in aqueous solutions. The reactions in -  
vestigated were metal  dissolution, proton reduction, and oxide growth in sul-  
fate and chloride containing solutions in the pH range 1.0-6.5. The bare metal 
surface was produced by rapidly and lightly scratching a potentiostatically 
controlled rotating disk electrode. The resulting current transients were mea- 
sured under various conditions of electrode potential, electrolyte composition, 
temperature, and electrode rotation rate. Current densities of up to 8 Acm -2 
on the scratch were measured in this way. The rates of metal dissolution and 
proton reduction are increased by many orders of magnitude by removing the 
high impedance surface oxide. Dissolution of the bare surface occurs with the 
following rate-determining step: A1 + H20 --> AIOHads + I-I+ + e-, the rate 
being independent of pH and sulfate (0.5M) or chloride (I-4M) content. 
Proton reduction occurs with the discharge step being rate controlling. The 
rate of nucleation and growth of the oxide film follows the empirical law 
/at ~ /am exp(--~tn). Initially n ---- I, but at longer times changes to 0.5, the 
changeover occurring earlier with increase in anodic polarization and by the 
presence of C1-. 

The generalized theory of stress-corrosion cracking, 
original ly suggested by Mears, Brown, and Dix (1) and 
expanded upon by others (2-4) has long been accepted 
for a luminum alloys since it is capable of explaining 
qual i ta t ively the var iat ion of cracking rate with sec- 
ond-phase morphology and, possibly, wi th  e lementary  
changes in electrochemical conditions at the crack edge. 
In essence this theory proposes that crack propagat ion 
progresses from a nucleat ing notch (usually formed 
by in te rg ranu la r  attack associated with discrete second- 
phase particles) when sufficient stress concentrat ion 
exists to cause ductile tear ing at the notch edge. Ac- 
celerated dissolution then occurs preferent ia l ly  at the 
resu l tan t  fi lm-free regions and continues unt i l  the dis- 
solution rate is decreased by oxide formation or the 
in te rgranu la r  penetra t ion is hal ted at a grain boundary  
of unfavorable  orientation. Thereupon the cycle of slow 
in te rgranu la r  corrosion followed by rapid growth of the 
oxide film starts again. 

Recently, however, there is increasing evidence (5, 
6) that an a l ternat ive  mechanism involving hydrogen 
embr i t t l ement  may be valid in  humid and aqueous en-  
vironments.  This evidence is based pr imar i ly  on the 
s imilar i ty  between the potential  dependence of stress- 
corrosion susceptibil i ty and of hydrogen permeat ion (7, 
8), the fact that the tensile ducti l i ty may be reversibly 

* Electrochemical Society Active Member. 
Present address" General Electric Company, Research and De- 

velopment Ce~ter, Schenectady, New York 12301. 
Key words: metal dissolution, proton reduction, oxide growth. 

reduced by cathodic charging (8), the observation of 
hydrogen gas bubbles nucleated at grain  boundary  pre-  
cipitates (9, 10), and by the fact that slow cracking may 
occur at humidi ty  levels where a bulk aqueous phase 
cannot theoretically exist in the crack (6, 11). 

It  is the prime object of this invest igat ion to provide 
data that relates quant i ta t ive ly  the accelerated elec- 
trode reaction rate accompanying film rupture  to the 
crack propagation rate of a luminum-7  weight percent  
(w/o) magnesium in aqueous solutions. Specifically, the 
rates of dissolution, proton reduction, and oxide growth 
on an ini t ia l ly bare metal  surface are determined and 
these data enable theoretical propagation rates for both 
slip dissolution and hydrogen embr i t t l ement  models to 
be calculated for various conditions of electrode poten-  
tial, anion content, and temperature.  These theoretical 
rates are then compared with l i terature  values of the 
crack propagation rate under  static and cyclic stress 
conditions. 

In Par t  I the data on the bare surface reaction rates 
are reported, and in Par t  II a comparison is made be- 
tween the calculated and observed envi ronmenta l ly  
controlled crack propagation rates. 

Experimental 
The alloy investigated was a high pur i ty  b inary  of 

nominal  analysis A1-7 w/o Mg (supplied by Alcan In-  
ternat ional  Research Laboratories, Banbury,  England)  ; 
spectrographic analysis gave: 7.03% Mg, 0.001% Si, 
0.001% Fe, 0.001% Cu, 0.004% Zn, 0.002% Ti, 0.001% 
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Mn, and the balance A1. The original  ho t - ro l led  sheet 
was hea t - t rea ted  at 370~ for 4 hr and water  quenched 
to re ta in  a single phase magnes ium supersaturated con- 
dition; this ensured that  the measured current  on the 
potentiostat ical ly control led specimen emanated f rom a 
homogeneous s tructure of known area. Results showed 
that  there was no difference be tween mechanical ly  pol-  
ished and electropotished (in HC104, CH3OH, glycerol) 
surfaces; for convenience exper iments  were  conducted 
on surfaces polished to 6 ~m diamond finish. These were  
degreased wi th  alcohol. 

Solutions were  made uP from AR grade NaCI or 
Na2SO~, to strengths 0.5-4M in doubly dist i l led water  
(conductivi ty 1 X 10 -6 ~1-1 cm-1) .  The pH was ad- 
justed to the requi red  value in the range 1.0-6.5 by ad- 
dition of HC1 or HeSO4; after an exper iment  the pH was 
within  0.1 pH units of the init ial  value and the solutions 
were  thus not  fu r the r  buffered. Pr ior  to introduction to 
the exper imenta l  cell the solutions were  ei ther aerated 
(8 ppm oxygen)  or deaerated to <0.01 ppm oxygen 
by flushing with  ni t rogen which had been previously 
purged of oxygen by the technique of Gilroy and 
Mayne (12). The electrolyte  t empera tu re  was normal ly  
21 ~ • 3~ but in exper iments  wr~ere the tempera ture  
was purposely altered, control was achieved ei ther by 
a Teflon-coated immersion heater  or by the addition of 
l iquid ni t rogen to the cell. 

The specimen, in the form of a disk of area 0.50 cm 2, 
was force-fi t ted into the end of a cylindrical  Lucite 
holder and the interface sealed with  lacquer  (Fig. 1). 
Electr ical  contact be tween the specimen and the stain- 
less steel shaft (external ly  coated with  Teflon) was 
made with  a compression spring and that  be tween  the 
revolving shaft and an externa l  terminal  made with a 
mercury  seal, which minimized spurious effects due to 
contact noise. The use of mercury  as an electrical  con- 
tact did not introduce any effects vis & vis possible re-  
action wi th  the working electrode (which was sepa- 
rated f rom the contact by the glassware) as indicated 
by similar current  dens i ty / t ime results obtained u~ing 
a convent ional  carbon-brush  contact. The solution flow 
was visibly turbulent  for w > 100 Hz, al though de- 
par ture  f rom laminar  flow probably occurred at lower 
speeds. The Pt  counterelectrode (area --10 cm") was 
mounted on a Teflon base and placed symmetr ica l ly  
below the specimen surface in order to give a uniform 

f 

1...... 
otution 

; ~  level 5 

Fig. I .  Rotating disk electrode equipped for scatching. 1, Speci- 
men holder; 2, specimen; 3, Luggin capillary; 4, counterelectrode; 
5, diamond stylus. 

potent ia l  field. The Luggin  probe emerged f rom the 
center of the counterelectrode and was aimed at a point 
midway  between the center  and the per iphery  of the 
specimen. P re l iminary  results based on the dependence 
of current  response on the probe position and size, and 
on in te r rup te r -ga lvanos ta t  experiments,  indicated that 
negligible shielding and impedance effects were  ob- 
ta ined using a 0.7 m m  OD probe tip placed 1.0 m m  
from the specimen surface. 

The electrode potential  was potent iostat ical ly con- 
trolled, the potent ial  being moni tored  wi th  respect to 
a saturated calomel electrode. A colorimetr ic  check was 
made that  no chloride was diffusing into the cell over  
t ime periods far  in excess of those normal ly  used. 

in order to achieve a bare meta l  surface the surface 
oxide was mechanical ly  removed by scratching the ex-  
posed circular  surface of the rotat ing disk electrode 
with  a diamond stylus. The diamond assembly, shown 
in Fig. 1, consisted of a gramophone stylus of tip radius 
13 ~m cemented to a Lucite holder which was mounted  
r igidly on a double bearing assembly. By the use of a 
cal i0rated screw the diamond could be made to t raverse  
the specimen surface to create  up to 10 separate con- 
centric scratches during an exper imenta l  session. The 
diamond was normal ly  held away f rom the specimen 
surface by a solenoid at t ract ing a steel bolt  le t  into the 
Teflon rod connected to the Lucite diamond holder. 
When appropriate  the diamond was raised a height  of 
~2  mm onto the specimen by opening the solenoid cir-  
cuit; the tracking weight  was 2g. The diamond was 
al lowed to bounce on um surface ~o produce individual  
scratches approximate ly  13 ,urn wide, 2 ~m deep, and a 
length that  was calculated ~rom the l inear veloci ty  of 
the scratch vs and the contact time. The contact t ime 
was controlled by the inert ia  of the diamond assembly 
and was independent  of ~ for ,~ > l0 Hz; the contact 
t ime used in these exper iments  was 1 msec. 

This method of product ion of a known area of bare 
surface is a modification of the technique developed by 
Lees (13), who rel ied on the product ion of a continuous 
scratch on a rotating disk to give a regenera ted  bare 
annulus. This la t ter  method is powerfu l  in that  it pro-  
vides an indication when  a bare  surface is mainta ined 
over  the whole of the scratched area by monitoring the 
cell current  wi th  rotat ion speed, i.e., the cell current  
becomes independent  of rotat ion speed when the rota-  
t ion periodici ty is less than the nucleat ion t ime for 
oxide growth. Al though this technique has been suc- 
cessful for such systems as stainless s tee l /chlor ide  and 
brass /ammonia  it is unsuitable for systems having nu-  
cleation times for oxide growth  less the 5 msec, since 
it is exper imenta l ly  difficult to achieve the requi red  
rotat ional  f requency (>200 Hz) and mainta in  mechani -  
cal stability. Hence the modification in these exper i -  
ments is a discontinuous scratching mode with  a con- 
tact t ime ~1  msec. 

In exper iments  which were  to be conducted in 
deaerated solutions the ceil was flushed wi th  n i t rogen 
and the previously deaerated solution then pumped 
into the cell unti l  the rotat ing specimen was ,--2.5 cm 
below the l iquid surface. The corrosion potential  was 
moni tored for 3 hr  by which t ime an approximate ly  
s teady-sta te  potent ial  was achieved. The specimen was 
then potentiostat ical ly controlled and the current  re-  
corded unti l  a s teady value was obtained on the filmed 
surface. The diamond was then dropped onto the sur-  
face and the current  surge due to oxide removal  was 
photographical ly  recorded on the oscilloscope. A typical  
osci l logram is shown in Fig. 2. In this example  the cur-  
rent  surge deviates f rom the init ial  l inear  t ime re la -  
tionship (shown dotted in Fig. 2). At less noble po- 
tentials this deviat ion does not occur; the reason for 
this is discussed below. The t ransient  was quantified 
in terms of the init ial  current  density on the filmed 
surface, the m a x i m u m  anodic or cathodic current  den-  
sities on the scratch (/am and icm, respect ively)  dur ing 
the first bounce and the subsequent  rate  of decay in 
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Fig. 2. Current transient caused by scratching electrode at 
constant E : - -825 mV (SCE). Vs ~-- 384 cm sec -1.  1.0M HCI, 
pH = 1.0. Ip = 0.0165 mA. 

current  density. The  current  densi ty on the scratch was 
calculated as (Is -- Ip)/A, where  Is is the current  
recorded dur ing the transient,  tp the current  recorded 
before scratching, and A the measured  area of the 
scratch. There  is a degree  of uncer ta in ty  in this calcula-  
tion due to an unknown surface-roughness  factor on 
the scratch; this uncer ta in ty  is bel ieved to be small, 
however ,  since the surface profile appears smooth when 
observed at magnifications of X10K. 

Resul ts  
Polarization characteristics on filmed surfaces (steady 

state before scratching ).--Figures 3a and 3b i l lustrate  
the polarizat ion characterist ics in deaerated 0.5M 
Na2SO4 and 1M NaC1, respect ively,  at pH 1.0 and 6.5. 
The curves were  produced potent iodynamical ly  at a 
sweep rate  of 0.225 mV sec -~. Reduct ion of H + with  a 
l inear  E/logl0 ic predominates  in the cathodic region; 
at  more  noble potentials  anodic oxidat ion of A1 occurs. 
The high degree of polarizat ion of the la t te r  ceases at 
--800 mV (SCE) in halide solutions when  pi t t ing is ob- 
served on the specimen. Reduct ion of 02 was observed 
in aera ted solutions; all  results presented here  were  
f rom deaera ted  solutions. 

The addit ion of halide ions to the e lect rolyte  in-  
creased i~ at constant E; in acid solutions this increase 
is approximate ly  threefold  and is constant over  the 
range 1-4M NaC1. At  more noble potentials pi t t ing oc- 
curs in the halide solutions; the pi t t ing potent ial  varies  
be tween  --805 mV (SCE) in 1M NaC1 and --880 mV 
(SCE) in 4M NaC1. 

The reduct ion react ion rate  at constant E decreases 
wi th  bulk pH and, in s t rongly acidic solution, is almost  
independent  of halide content. At h igher  pH, however ,  
the reduct ion rate  is s l ightly h igher  in chloride solu- 
tions. The t empera tu re  dependence of ic in the potent ia l  
range --1200 to --1700 mV (SCE) gives an act ivat ion 
energy be tween  31 and 42 kJ  mole -1. Tafel  plots are 
l inear  over  some orders of magni tude  of ic, but  changes 
in slope are observed at h igher  current  densities. Values 
of bc ~ aE/O log10 ic in the l inear  region vary  f rom 
--200 mV at pH = 1 to --120 mV at pit = 6.5. 

Maximum dissolution and proton reduction rates on 
an oxide-free surSace.~Figure 4 i l lustrates the var ia -  
tion of the m a x i m u m  anodic current  density iam, on the 
scratched surface at --900 mV (SCE) with  the l inear 
veloci ty  of the scratch Vs, for 1 < ~ < 200 Hz. (Com- 

- 6 0 0  

~ - 1 0 0 0  
8 

u j ' - 140G 

- 1 8 0 0  

,,,,.,I 

i, A c m  - 2  

. . . . . . . .  I . . . . . . . . . . . . . . .  q " """ 

lal 

- - 2 0 0  

-1400 

,,,I , , r , , , . , I  , , J , , . , , l  I , , , . , . . I  , . . . . . .  I 
- " ' 1  ' ' ' ' " "1  ' ' ' ' ' " ' 1  ' ' . . . . . .  I . . . . . . .  I 

--200 

-600 
pH = 6 ,5  

I I  J pH = 1,1 

~1000 

' i l l . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I 

10-7 10-6 10-5 10-4 10-3 
i, A cm -2  

Fig. 3. Steady-state polarization of AI-7 w/o Mg. dE/dt = 0.225 
mV sec-i ;  ~ = 10 Hz. (a) 0.SM Na2SO4; (b) 1.0M NaCI. 

100- 

10- / 

0,1. 

('4 
I 
E 
o 

<~ 

1 

.._o 

o o o ~ ~  o " ~  
, ~  / •  x~ - -yx -x  

I I I 
0 10 

v2, , cm0, 5 s-0.5 
20 

Fig. 4. Dependence of /am on Vs at E ----- - -900 mV (SCE) for 
electrolytes of different pH and anion content. |  4M NaCI, pH 
= 1.0; C), 1M NaCI, pH = 1.0; X ,  0.SM Na2SO4, pH = 1.0; 
A ,  1M NaCI, pH ---- 4.0; F-I, 1M NaCI, pH = 6.0. 

pare the magni tudes  of/am with  ia in Fig. 3.) Vs is de- 
fined at 2~r~, where  r is the distance be tween  the 
center  of rotat ion of the disk and the scratch. Al-  
though the react ion rate varies wi th  anion content  and 
electrolyte  pH (Fig. 4), it is constant for vs > 100 cm 
sec -1. At  lower  vs there  is a small  dependence of iam on 
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Vs. Similar  relat ionships were  observed at --1000 mV 
(SCE) and --1300 mV (SCE).  All  subsequent  exper i -  
ments  were  conducted at vs > 200 cm sec -L  

The dependence of /am on E is summarized in Fig. 5 
for 1M NaC1 solutions at various pH values and in Fig. 6 
for acid solutions of various anion contents. Also shown 
in these figures are the data of Hagyard  and Ear l  (14), 
who rapidly scratched pure  A1 in 1M KC1 at pH ----3.2. 
The graphs i l lustrate  two major  points. First,  iam at 
constant E is the same in all solutions over  some po- 
tential  range, the extent  of which is specific to the solu- 
tion pH and anion content; this common characteris t ic  
is denoted by the dot ted line. (Note that  this line is 
ext rapola ted  beyond the exper imenta l  data at approxi-  
mate ly  6 A cm-2.)  Second, at potentials  just  noble to 
this common range /am may decrease or remain  con- 
stant, before increasing upon fur ther  anodic polar iza-  
tion; this is most pronounced for the more acidic elec- 
trolytes. 

The fact that  the dotted l ine corresponds to the con- 
dition where  a bare surface is mainta ined throughout  
the 1 msec scratch period is discussed in more detail  
below. Deviat ion f rom the dotted l ine at more noble po- 
tentials is due to the format ion of a surface film of ap- 
preciable coverage wi th in  the 1 msec scratch time. It  
cannot be due to an ohmic potent ial  drop since this was 
measured  (using an in te r rup te r -ga lvanos ta t )  and found 
to have a m a x i m u m  value of 10 mV. Nei ther  can it  be 
due to diffusion control at the high velocities used 
(Vs > 200 cm sec -1, see Fig. 4). In addit ion the act iva-  
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Fig. 5. Anodic polarization curve for bare metal dissolution in 
1M NaCI as a function of pH. vs = 200-400 cm sec -1 .  Numbers 
give the electrolyte pH. Hatched area represents scatter of results 
which occurred at pH = 1 only. Error bars give the maximum 
deviation. Data points ( O )  are for pure aluminum in 1M KCI at pH 
3.2 (14). 

I . . . . . . . .  I . . . . . . . .  i . . . . . .  " - - 4 0 0  

m 

-1600 

- 6 0 0 -  

-1000 

:~  - 1 4 0 C  

-1800 

I . . . . . .  I , , , L , , , , I  . . . . . . . .  I , , , , , , , , I  
t ; ; ; ; ; ;  I ; . . . . . .  I ' ' ' ' " " 1  ' ' '  . . . .  I , i , , , , ,  - - 4 0 0  

�9 ,+...- 

, ~ , , , , I  
i , , . |  

0,01 

IM NoCl , ~  

I . e m l  . 
NaCt 

l : , , ::tt: l  I : t , , , , , , t  , , , , , , , , l  . . . . . .  t l + , , ~  �9 i ~l+,,, I i . . . . . . .  I 
0,1 1 10 100  

io. m ,  A c r n - 2  

v 

- 1 6 0 0  

t ion enthalpy for dissolution on the scratched surface in 
the potential  region --1500 to --1000 mV (SCE) is low 
(15) in the range 12-17 k J  mole -1, in contrast  to 84- 
92 kJ  mole -1 observed on dissolving surfaces wi th  an 
ini t ia l ly  a i r - fo rmed  film at pH 6.5. 

At potentials more negat ive than --1500 to --1600 
mV (SCE) the net  current  density on the scratch is 
dominated by the cathodic reaction. The m a x i m u m  
cathodic current  density /cm is shown as a function of 
pH and anion content in Fig. 7a and 7b. At high icm 
and less acidic pH, the react ion rate  tends to become 
potent ial  inde!cendent; under  these conditions the rate  i3 
l imited by diffusion of H + since the l imit ing va lue  of 
~cr~ is inverse ly  proport ional  to pH (Fig. 7) and depends 
on ~1/2 (15). However ,  l inear  regions in E/loglo /~m 
are apparent  which are independent  of ~ and have a 
slope bc ---- --290 to --320 mV in both sulfate and chlo- 
r ide electrolytes.  Note that  a s imilar  bc value  was ob- 
served by Hagyard  and Ear l  (14) for the proton re-  
duction react ion on oxide- f ree  pure  a luminum in 1M 
KC1 at pH 3.2. 

Decay o# react ion rate  of scratched surSaces . - -The  
change in react ion rate  due to oxide growth on the 
scratch was examined in terms of the t ime dependence 
of the ratio iat/iam, w h e r e / a t  iS the anodic current  den- 
sity at t ime t af ter  the diamond has bounced off the 
surface. The choice of this was based on the assump- 
tion that  the decay would  follow a law of the type 
iat - -  iamf ( t ) . 

Figure  8 i l lustrates the effect of potent ia l  on the elec- 
trode react ion rate  for various anion contents at pH -- 
1.0. In 0.5M Na2SO4 the decay rate  due to oxide growth  
on the scratch increases as E becomes more noble (i.e., 
as the overpotent ia l  for oxide format ion increases).  The 
same dependence is noted in the solutions containing 
C1- except  that  anomalous behavior  is observed as the 
potent ial  approaches the pi t t ing potential.  This is shown 
in Fig. 8 by the dotted lines and is character ized by a 
significantly s lower  decay ra te  than that  observed in 
sulfate solutions. The  effect becomes more marked  as 
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Fig. 6. Anodic polarization curve for bare metal dissolution in 
electrolytes of pH - -  1 for different anion contents. Vs - -  200-400 
cm sec - z .  Hatched area represents scatter of results which oc- 
curred in 1M NaCI only. Error bars give maximum deviation. Data 
points ( O )  are for pure aluminum in 1M KCI at pH 3.2 (14). 

Fig. 7. Cathodic polarization curves for reduction of H + on bare 
metal surface. (a) 1M NaCh I, pH = 2.0; II, pH ---- 1.5; Ill ,  pH 
= ].0. (b) pH - -  1.0: I, 4M NaCI;  II, 2M NaCI; I l l ,  1M NaCI; IV, 
0.SM Na2SO4. Bare surface anodic dissolution is shown as the 
broken line. 
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Fig. 8. Decay of iat/iam with t as a function of E (mV (SCE)) at 
pH ~ 1.0. (a) 0.5M Na2SO4; (b) 1M NaCI; (c) 2M NaCI; (d) 4M 
NaCI. 

the C1- concentrat ion increases, and in 4M NaC1 
"breakaway" current  surges are observed during decay. 
It  is expected that  the decay rate should increase as 
the pH increases (i.e., as the oxide becomes more 
thermodynamica l ly  stable at a given potent ial) .  In  gen- 
eral this was observed, bu t  the effect was not repro-  
ducible, possibly owing to the bui ldup of localized 
acidity associated with oxide formation. 

Figure  9 shows the decay in cathodic reaction rate 
after scratching in  various solutions at potentials ap- 
proaching the reversible potential  for solid-state oxide 
formation (-~ --1800 mV (SCE) at pH -~ 1.0). As E 
becomes more cathodic and the oxide becomes less 
stable, so the effect of C1- in slowing down the 
decay rate becomes more appreciable, in a manne r  
similar  to that noted as the pi t t ing potential  is ap- 
proached. 

Discussion 
Metal dissotut~on on a bare surface. The l inear  re-  

gions in Fig. 5 and 6 (shown dotted) are summarized in 
Fig. 10, together with the data of Hagyard and Earl  
(14) (who used a 5 ;~sec contact t ime).  That  the data 
shown in  Fig. 10 do in fact correspond to the condition 
where a bare surface is maintained throughout the 1 
msec scratch period is indicated as follows. First, the 
E/In ia relationship is independent of sulfate (0.5M) 
and chloride (I-4M) content and solution pH and is 
linear. This is expected for a simple charge-transfer 
rate-controlled anodic dissolution reacion. Second, the 
data form a direct extrapolation of the work of Hagyard 
and Earl, whose scratch period was far shorter and thus 
even more likely to maintain a bare surface. Finally, 
the extent of the potential range over which the bare 
surface is maintained (Fig. 5 and 6) depends inversely 
on the expected stability of the oxide, i.e., the potential 
range increases as the pH decreases, and as the eon- 
centration of C1- increases. 

Figure I0 shows that the dissolution kinetics obey 
Tafel's law and gives a slope ba -- 118 +__ 25 mV. Lin- 
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Fig. 10. Anodic Tafel line for dissolution of bare metal showing 
independence of reaction on electrolyt e composition, ba ---- 118 -4- 
25 mV. A ,  4M NaCI, pH ~- 1.0'; Q ,  1M NaCI, pH ---- 1.0; A ,  1M 
NaCI, pH ~ 4.0; X ,  1M NaCI, pH ---- 6.0; Ig, 0.5M Na2SO4, 
pH ~- 1.0; @, 1M KCI, pH 3.2 (14). 

eari ty is achieved over almost 4 decades of current  
density. 

Since the bare surface dissolution rate is independent  
of sulfate or chloride content (within the concentrat ion 
ranges investigated) the react ion does not involve com- 
plexes of these anions, at least in the ra te -de te rmin ing  
step. It is also independent  of pH. We thus conclude that  
the ini t ial  single electron t ransfer  is rate de termining 

A1 -5 H20 --> A1OHads -F H + -5 e -  [1] 

Reaction [1] proceeds with a rate given by 

ia : 3Fkl exp (~aFE/RT) [2] 

which gives ba ---- 118 mV and a log10 ia/O log10 H + : 0, 
in good agreement  with experiment,  for /~a ~ 0.5. 

Reaction [1] is probably the ini t ia l  step in both the 
dissolution and passivation processes (which occur in 
paral lel  un t i l  the surface is completely covered with 
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oxide).  The net  remaining  reactions may be, r e s p e c -  
t i v e l y  

A1OHads 4- 5H20 4- H + --> A18+ �9 6H20 4- 2e -  [3] 

2AIOHads 4-4- H20 --> A1203 H- 4H+ H- 4e-  [4] 

The mechanisms of reactions [3] and [4] are unknown,  
but  they are probably electrode reactions since ob- 
servations of S t raumanis  and Poush (16) and Spooner 
(17) have shown that, from the stoichiometry of the 
overall  reaction, there are 3 electrons detected per 
atom of a luminum oxidized. Reaction [4] is probably 
a solid-state reaction with no in termediate  dissolved 
phase at least in  the early stage of oxide growth 
(t < 2 msec) ; the lack of dependence of iam on Vs for 
Vs > 100 cm sec -1 (Fig. 4) indicates that, at these high 
solution flow rates, passivation does not occur by a dis- 
solut ion-precipi tat ion process, despite the very high 
current  densities. 

Repassivation.--The rate of decay of ia was in ter-  
preted in terms of the rate of oxide growth after 
scratching, and obeys the following law 

iat ---- iam exp (--~t n) [5] 

and n have values determined by plott ing log10 
(in(Jam/fat)) against  logz0 t, shown in Fig. 11. fat is the 
anodic current  density at t ime t after the diamond 
stylus has left the suriace. Two values of n are revealed 
in Fig. 11: an ini t ial  region where n ---- 1 and at longer 
times a region in  which n = 0.5. The fact that some 
coverage of the bare scratch suriace has in  some cases 
(at more positive E) already occurred when the stylus 
leaves the surface is un impor tan t  since, al though it 
affects the surface area of bare metal, analysis of the 
data via Eq. [5] involves only ratios of current  density. 
Figure 12 shows plots of Eq. [5] as a function of electro- 
lyte composition and potential.  As E becomes more 
noble the t ransi t ion between the two laws for the sul-  
fate electrolyte system occurs at shorter times. Increas-  
ing the C1- concentrat ion also decreases the t ransi t ion 
time, especially as the pit t ing potential  is approached. 
A possible explanat ion for the change in n value is that  
the n ~ 1 decay law represents growth of a continuous 
oxide film, probably of monolayer  coverage, that  is 
relat ively defect-free, whereas the n ---- 0.5 law repre-  
sents thickening of the film, which also becomes in-  
creasingly defective, perhaps because of inclusion of 
a l ternat ive anions (C1- or SO42-) in the solid lattice 
(18). It  must  be emphasized however, that when the 
oxide is ruptured  in solutions containing C1- even as 
concentrated as 4M, rapid film growth always ensues; 
the  effect of the C1- is merely to accelerate the onset 
of growth of the subsequent  defecUve film. As indicated 
in Fig. 8 by the periodic current  surges, part ial  break-  
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Fig. 11. Decay of anodic reaction rate in 0.5M Na2SO~ at pH ---- 
1.0, E = - -1100  mV (SCE), vs ---- 33B cm sec -1 .  (a) Logarithmic 
plot and (b) double logarithmic plot of Eq. [5] .  Broken lines show 
slopes, n, of 1.0 and 0.5. 
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down of the film may occur at  high concentrations of 
C1-. 

The exper imental  results presented are in quali tat ive 
agreement  wth those of Adams and Foley (19) and of 
Foley and Trzaskama (20) who investigated the change 
in uncontrol led open-circui t  potential  of various alu-  
m i num alloys upon continuously scratching the speci- 
men in solutions containing different concentrations of 
anions, For instance, their observed open-circui t  values 
on the scratched surface are in approximate agreement  
with those computed from the individual  anodic and 
cathodic current  densities in  Fig. 5, 6, and 7, and their 
resul tant  change in  open-circui t  potent ial  with time 
and its dependence on, for instance, sulfate and chloride 
anions, is in  agreement  with the expected effect from 
Fig. 8 and 9. However a direct quant i ta t ive  comparison 
is not possible since the use by these authors of a 
continuous scratching technique with a rotation 
periodicity > 5 msec will  not ma in ta in  a bare surface 
over the whole of the scratched area, as discussed in 
the Exper imental  section above; thus there is some 
question as to the surface condition ini t ia l ly being ex- 
amined in these other investigations. 

Although the exper imental  results of these authors 
(19, 20) and the present  work are in  quali tat ive agree- 
ment, there is a divergence in interpretat ion.  Adams 
and Foley (19) and Foley and Trzaskama (20) sug- 
gest that the effect of anions on the passivation rate 
is due solely to the following reaction occurring in  the 
liquid 

A13+ 4- x X -  4- y O H -  4- 2H20 = AI (X)x(OH)y(H20)z  

[6] 

were X -  is any  anion. The in terpre ta t ion  from the  
present  work is that, a l though the above reaction may 
well  occur at longer times or in more s tagnant  solu- 
tions, the oxide forms first by an overall  reaction given 
by Eq. [4], followed by incorporat ion of the anions into 
the film after a finite time period, which is dependent  on 
the potential  and the anion. The precise reaction se- 
quence must  await  fur ther  experimentat ion.  

C o n c l u s i o n s  

1. The rates of dissolution of A1-7 w/o Mg and of 
proton reduct ion are increased by several orders of 
magni tude  when  the high- impedance surface oxide is 
mechanical ly removed. 

2. The anodic dissolution kinetics of the bare alloy 
surface follow Tafel 's law, the rate being independent  
of pH and sulfate (0.5M) and chloride (1-4M) con- 
tent. The ra te -de te rmin ing  step is 

A1 4- H20 --> A1OHads 4- H + 4- e -  
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3. By compar ison  wi th  previous  resul ts  on pure  A1 
the anodic and cathodic react ion kinet ics  for  the pure  
meta l  and for A1-7 w/o  Mg are  s imilar .  

4. Growth  of an oxide  film on the in i t i a l ly  bare  a l loy 
surface occurs r ead i ly  in acid sulfa te  and chlor ide solu-  
tions and follows the empir ica l  l aw /at ---- iam exp 
( - - a t " ) ,  where  n -~ 1 in i t i a l ly  bu t  changes to 0.5 af te r  
some time. The changeover  t ime is a funct ion of both  E 
and C1- concentrat ion.  
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Effect of CO on the low Temperature Diffusion 
of Cr and Si Through Thin Gold Films 

Chin-An Chang* 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

Low t empera tu r e  diffusion of Cr and Si th rough  thin gold films is s tudied 
in N2 and in (N2 + CO) ambients .  The out-dif fus ion of both Cr and Si to the 
gold surface is suppressed  in the presence of CO. The resul ts  are  discussed in 
te rms of a model  which considers the roles of both  the gold film and  the am-  
bients  used. 

Recent ly  there  have been studies of ambien t  effects 
on low t e m p e r a t u r e  diffusion in thin gold films. The 
diffusing species include both meta ls  and Si (1-4).  
The  out-diffusion rates  can be e i ther  enhanced or 
suppressed  depending  on the ambien t  used. An  en-  
hanced diffusion is often observed in an oxidizing 
ambient ,  whereas  a reduced  one is observed in the 
presence of H2. An unders tand ing  of such ambien t  
effects is useful  not  only  for  the de te rmina t ion  of 
the  diffusion mechanism involved,  but  also for  the 
control  of m e t a l - m e t a l  contacts, me ta l -S i  contacts, 
Schot tky  barr iers ,  and in such appl icat ions  as the 
g rowth  of large  gra in  po lycrys ta l l ine  Si films (5). 

In  this p a p e r  we s tudy the effect of CO on the 
out-diffusion of Cr and Si in thin gold films. As will  
be  discussed la ter ,  CO is chosen because changes it 
produces  in the work  function of gold are  different  
f rom those produced  by oxidiz ing ambients ,  e.g., s team 
a n d  air. We are  in te res ted  in s tudying  whe ther  this 

* Electrochemical Society Active Member. 
Key words: diffusion, gold, ambient effects, model. 

difference p lays  any role on the diffusion of Cr a n d  
Si through gold. We have found that  the outdiffusion 
of both Cr and Si through thin gold films is suppressed  
in the presence of CO. This resul t  is discussed in 
connection with  other  ambien t  effects on the var ious  
species diffusing th rough  gold. A surface potent ia l  
model  is proposed for the observed ambien t  effects 
by considering the roles of both the go]d film and 
the ambients  used. 

Experimental and Results 
For  the s tudy of outdiffusion of Cr through gold, 

Cr and Au films, 2000-3000A each, were  successively 
evapora ted  on sapphi re  substrates.  Fo r  that  of Si  
through gold, thin films of gold, ,-,2000A, were  evap-  
ora ted  on (111)Si. The samv]es were  annealed  at  
250~ for 1 h r  in a flowing N2 ambien t  and in an  N~ 
+ CO(5:1)  mixture .  [[he N~ flow ra te  was kep t  the 
same in both ambients .  The samples  were  analyzed 
using both H e +- ion  backsca t te r ing  spec t rome t ry  and 
Auge r  spectroscopy. 
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Figure  1 shows the backsca t te r ing  spect ra  for the 
A u / C r  samples.  I t  shows significant out-diffusion of 
Cr to the  gold surface, and also diffusion of Au into 
Cr. Less accumula t ion  of Cr on the gold surface is 
observed  in the  presence of CO. F igure  2 shows the 
Auge r  depth  profi l ing using A r + - i o n  spu t te r ing  for 
the sample  annea led  in N2. I t  shows both Cr and 
oxygen  near  the surface, indica t ing  oxida t ion  of the  
accumula ted  Cr on the gold surface.  The spu t t e r ing  
t ime needed  for  the d i sappearance  of the Cr s ignal  
is 50 min  for this sample.  In  contrast ,  the Cr s ignal  
for the  sample  annea led  in N.2 Jr CO mix tu re  d i sap-  
pea red  af te r  7 rain of sput ter ing.  

F igure  3 shows the backsca t te r ing  spect ra  for the 
out-diffusion of Si th rough  gold. Accumula t ion  of Si 
on the gold surface is observed  for  the  film heated  
in N2, but  not  for tha t  in the N2 Jr CO mixture .  This 
is also confirmed b y  Auge r  analysis.  The smal l  amount  
of Si accumula t ion  observed  on the gold surface is 
expected in a nonoxidizing ambien t  (2). The broad  
peak  located near  channel  310 in Fig. 3 corresponds-  
to the res idual  Ar  f rom p lasma etching c leaning of 
the Si subs t ra tes  p r io r  to gold evaporat ion.  

We have also evapora ted  go]d films on GaAs and 
s tudied the out-diffusion of Ga and As th rough  gold. 
Using N2 and N2 Jr CO ambients ,  the  diffusion rates  
for both  Ga and As are  reduced  in the  presence of 
CO. Detai ls  of this  s tudy  wil l  be repor ted  elsewhere.  

Discussion 
We have shown tha t  the out-diffusion of both  Cr 

and Si th rough  thin  gold films is suppressed in the 
presence of CO. This resul t  is now compared  wi th  
the known ambien t  effects on the  out-diffusion of 
various  meta ls  and Si th rough  gold. Table  I l ists both  
the  known ambien t  effects f rom l i t e ra tu re  and resul ts  
of this study.  Our  resul ts  on Ga and As a re  also 
included for comparison.  

As Table  I shows, in an oxidiz ing ambien t  such 
as steam, air, and oxygen,  an enhanced out-diffusion 
ra te  is observed over  that  in vacuum or nonoxidizing 
ambients .  The presence of CO or  He, however ,  reduces 
the out-diffusion rates.  In  oxidizing ambients ,  the  
out-dif fused species on the gold surface were  often 
found to be in the oxide form. This is thought  to act 
as a s ink for the out-di f fused species and is responsible  
for the  enhanced diffusion observed.  Such a s inking 
effect is consis tent  wi th  the observed h igher  diffusion 
ra te  of Si through gold in s team than  in air, and that  
for Cu in the  presence of chlor ine (4). This effect 
alone, however ,  considers only the role of the ambients  
on the oxidat ion  of the  out-di f fused species. I t  does 
not  take  into account the ambien t  effect on the p rop-  
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er t ies  of the  me ta l  film, nor  the  role  p l ayed  by  the 
meta l  film itself. We wil l  show tha t  the  l a t t e r  con- 
s iderat ions  provide  an a l t e rna t ive  exp lana t ion  to the 
observed ambien t  effects. They also a l low a genera l -  
izat ion of the known ambien t  effects using s imi lar  
meta l  films, such as gold and silver. For  example ,  no 
Si accumula t ion  on a s i lver  surface is observed  when  
the  A g / S i  system is hea ted  in an oxidizing ambien t  
(2). However ,  using sequent ia l  A g / A u  or  A u / A g  
films on Si, accumula t ion  of Si  is observed on the  
s i lver  surface for  the A g / A u / S i  system, but  not on 
the  gold surface for the A u / A g / S i  one. A s imi lar  
resul t  has been observed  for Cr (6). 

Here  we propose a model  to consider  the roles of 
both the ambien ts  and the me ta l  films. We show tha t  
this model  correlates  v e r y  wel l  the observed ambien t  
effects on the var ious  diffusing species in both gold 
and s i lver  films. I t  is also consistent  wi th  the h igher  
out-diffusion ra te  of Si in s team than  in air. For  the  
role of the  me ta l  films, we consider  the  e lec t ronega-  
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Table I. Observed ambient dependence of the out-diffusion rates in 
thin gold films 

Diffusing Difference in diffusion 
species rates in different ambients Remarks 

Cr in o~ > in vacuum Ref. (1) 
in No. > in N2 + CO This work 

Si in steam > in air > in oxygen; Ref. (2) 
negligible in forming gas (N2 
+ H.~} 

in N.~ > in No. + CO This work 
Ca in N2 > in No_ + Ho. Re~. (3J 
Cu in air > in vacuum Ref. (4) 
Ga,As in N~ > in No. + CO This work 

t ivi ty difference between the metal  film and the dif- 
fusing species; for that of the ambients  we consider 
the ambien t - induced  surface potential  changes of 
the metal  film. Since the metal  films studied are poly- 
crystalline, it has been suggested that  grain boundary  
diffusion is the dominant  mechanism in these films 
(1-4). The grain  boundary  diffusion scheme plays a 
central  role in our model. 

All the diffusing species listed in Table I have 
smaller  electronegativities than gold. The electronega- 
tivities of Cr and Si, for example, are 1.6 and 1.8, 
respectively, that  of gold is 2.4 (7). The ionicity of 
Cr and Si in gold can be approximately estimated 
using Paul ing 's  ionicity relat ion (7). It gives one- 
seventh and one- ten th  of a positive un i t  charge for 
Cr and Si in gold, respectively. Such positively charged 
species in  gold would be attracted to the gold surface 
if the ambien t - induced  surface potential  changes are 
favorable. Indeed, upon exposure to air and steam, 
a decrease in  work function of 0.5 and 1.2 eV, respec- 
tively, is observed for gold (8, 9). Such a decrease 
in work funct ion is equivalent  to an increase in the 
negative surface potential  of the same magni tude  
(10). No work funct ion data are available for gold 
in  dry oxygen, but  the resist ivity measurement  of 
gold in dry oxygen also shows an induced negative 
surface potential  (11). These changes result  from the 
corresponding increases in electron charge density on 
the gold surface due to adsorption of the ambient  
species. The extra  charge will penetrate  into gold 
and establish an electric field under  the surface for 
some layers (12). For a polycrysta]line gold film, this 
effect can be much more pronounced due to the small  
grains present. The ambient  species are often known 
to diffuse into the metal  film along the grain bound-  
aries (13). This would create an electric field under  
the surface of each grain, similar to that described 
above for the film surface. The dissolved Cr and Si 
in  gold, for example, would be attracted to the grain 
surface due to the attracti~Te force in an ambient  of 
steam, air, or oxygen. Once they reached the grain 
surface, rapid diffusion through the grain boundaries  
to the film surface would follow (14). Th.e larger 
surface potential  change of gold in steam than in 
air  is also consistent with the higher diffusion rate 
of Si observed in the former ambient.  Hydrogen and 
CO ambients,  on the other hand, increase the work 
funct ion of gold by 0.18 and 0.9 eV, respectively (15). 
The ambien t - induced  surface potential  changes of gold 
in  hydrogen and CO are, therefore, unfavorable  to 
the out-diffusion of Cr, Si, etc., and this out-diffusion 
should be suppressed. Thus, we have shown a good 
correlation between the different out-diffusion rates 
observed and the ambient - induced  surface potential  
changes of gold in these ambients.  

This model is also consistent with the work using 
Ag and sequential  Au-Ag films. The electronegativi ty 
of  silver is 1.9, and the ionicity of Si in silver, for 
example, is less than one- ten th  of that in gold. Much 
less ambien t -enhanced  out-diffusion of Si in silver 
is expected even in an oxidizing ambient.  For the 
Au-Ag  sequential  films, since Si mixed with the metal  
only near  the Si -meta l  interface at temperatures  below 
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the Si -meta l  eutectic point  (2), our m o d e l  s h o w s  that  
it is the metal  film which is in  direct contact with 
Si that  determines whether  the dissolved Si could 
be pulled to the grain surface or not. Thus, one expects 
an accumulat ion of Si on the si lver sur face  for  the 
A g / A u / S i  case, but  not  on the gold sur face  for  the 
Au /Ag /S i  one. 

It is encouraging that  our  model, descr ibed  in a 
simplistic way ,  correlates well the observed ambient  
effects on a var ie ty  of diffusing species in gold a n d  
silver films. The diffusion m e c h a n i s m  in  these  s y s t e m s  
can, of course, be much more complicated. Other 
factors could also play impor tant  roles in d e t e r m i n i n g  
the observed diffusion rates. The s i n k i n g  effect  men-  
tioned earlier, for example, is clearly an addit ional  
favorable factor to enhancing the out-diffusion rates  
using oxidizing ambients. The effect of film t h i c k n e s s  
on the out-diffusion rate could also be incorporated  
into our model by considering a concentrat ion grad ient  
of the in-diffused ambient  species along the grain 
boundaries.  With increasing gold film thickness, f e w e r  
ambient  species would be distr ibuted along the grain  
surface near  the interface which would weaken the 
described ambient  effect. In  addition, the in-diffused 
ambient  species could also affect the ini t ial  in ter face  
mixing process which is very impor tant  to any  sub-  
sequent out-diffusion through the metal  films. Fur the r  
studies are in progress to unders tand  this last process.  

Summary 
We have shown that  the presence of CO in  an N~ 

ambient  suppresses the out-diffusion of Cr, Si, Ga, 
and As through thin gold films. A surface potential  
model is proposed by considering the roles of both 
the ambients  and the metal  films used. This model 
is shown to correlate both our results and the known 
ambient  effects on a variety of diffusing species in 
both gold and silver films. Extension of this s tudy 
to different ambients  and to different metal  films can 
be both interest ing and useful to the semiconductor 
technology. 
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Autodoping Effects in Silicon Epitaxy 
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ABSTRACT 

This paper  reviews some of the recent  autodoping deve lopments  which have 
contr ibuted  to a quant i ta t ive  unders tand ing  of this phenomenon.  Special  em-  
phasis  is p laced on bur ied  layer  studies tha t  a re  pe r t inen t  to the fabr ica t ion  of 
in tegra ted  circuits. The paper  also presents  new data  concerning the origin 
of autodoping,  flow effects, au todoping differences be tween  si lane and SIC14 
depositions, and the effect of HC1 vapor  etch on autodoping.  An  a t t empt  is 
made  to provide  a theore t ica l  f r amework  wi th in  which  these and o ther  effects 
can be in te rpre ted .  

Autodoping  in ep i tax ia l  silicon was first discovered 
in 1961 (1, 2), and numerous  studies have appeared  
since then in l i t e ra tu re  (3-28) descr ibing various as-  
pects  of this phenomenon.  The te rm autodoping refers  
to the t rans fe r  of dopants  from the subst ra tes  to the  
ep i tax ia l  layers  dur ing growth.  The studies in the  pas t  
have identif ied var ious  mechanisms tha t  are  involved 
in this dopant  t ransfer .  For  example ,  Thomas etal.  (3) 
and Grossman (5) considered the t ransfe r  of dopants  
in the gas phase,  whereas  Rice (6) and  Grove  et al. 
(7) focused on the so l id-s ta te  diffusion of the dopants  
f rom the subs t ra te  into the ep i tax ia l  layers.  However ,  
the  c lear  separa t ion  of the so l id-s ta te  and gas phase  
effects was not made  unt i l  r ecen t ly  (13, 20, 24, 25, 28) 
when studies using high res is t iv i ty  subs t ra tes  wi th  
localized bur ied  layers  were  begun. The use of such 
subs t ra tes  has a l lowed quantif icat ion of au todoping in 
terms of var ious  process and subs t ra te  parameters .  In  
this paper ,  we l imi t  our  discussion to the bur ied  l aye r  
studies,  which are  also more  pe r t inen t  to the fabr ica-  
t ion of in tegra ted  circuits  in which bur ied  l aye r  
s t ructures  are  used as device elements.  Fur ther ,  this  
wil l  also s impl i fy  the  discussion, since complicat ions  
ar is ing out  of back surface autodoping can be neglected 
for this case. 

The ver t ica l  cross section of a bur ied  l aye r  s t ructure  
is shown in Fig. la.  F igure  l b  shows typical  ver t ica l  
profiles of dopant  concentra t ion f rom this s t ructure .  
These profiles correspond to sections on and off the 
bur ied  layer .  There  are  some character is t ic  s imilar i t ies  
be tween  the two profiles. Both show a peak  near  the  
s ubs t r a t e - ep i t axy  interface,  a l though the peak  in the 
"on" profile is a few orders  of magni tude  h igher  than  
tha t  for the "off" profile. We can also observe tha t  in 
the top layers  of the ep i t axy  the two profiles tend to 
merge,  which shows tha t  the d is t r ibut ion  mechanisms 
must  be common for the two cases in these layers.  In  
fact, this common region in the "on" profile corre-  
sponds to the so-cal led  autodoping tail, which is a re -  
sul t  of ver t ica l  autodoping.  I t  is cus tomary  to re fer  to 
the "off" profile as the l a te ra l  autodoping peak.  The 
region close to the s u b s t r a t e - e p i t a x y  interface  in the  
"on" profile is dominated  by  so l id-s ta te  out-dif fus ion 
of the  dopant,  whereas  the d is t r ibut ion  in the auto-  
doping ta i l  is caused by  dopant  t r anspor t  in the vapor  

* Electrochemical Society Active Member. 
Key words: arsenic, buried layer, out-diffusion, prebake, in- 

corporation, CVD. 

phase. F igure  2 shows the resolut ion of the "on" profile 
into var ious  components.  We consider  first the out-  
diffusion models, fo l lowed by  a discussion of gas phase 
autodoping,  which includes both the l a te ra l  and ve r t i -  
cal autodoping.  
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Out-Diffusion Models 
Rice (6) and  Grove et ak (7) have solved the one-  

dimensional  l inear  diffusion equation, which describes 
the out-diffusion of dopants into the epi taxy from 
uni formly  doped substrates. Their  solution simolifies 
to a complementary  error function (erfc) distr ibution 
for cases for which Vt > 2~/Dt, where V is the epi- 
taxial  growth rate, D is the solid diffusivity of the 
dopant  in  the epitaxy, and t is the growth time. This 
dis t r ibut ion has been verified for several cases of un i -  
formly doped silicon substrates which have dopant 
concentrat ions up to 101~ cm -~ (8). 

In  order to extend the diffusion model to the case of 
bur ied layers, one must  consider the redis t r ibut ion of 
an existing nonuni fo rm profile. One such at tempt  was 
made by Hu (11), who considered the redis t r ibut ion 
of an ini t ia l  erfc distribution. He was able to show 
that  satisfactory analyt ical  solutions can be obtained 
for cases where the ini t ial  erfc distr ibution is approxi-  
mated by a Gaussian. However, his model requires the 
assumption of zero surface concentrat ion at the grow- 
ing surface, which evident ly  needs to be modified in 
view of the autodoping component.  Also, in view of 
the high dopant  concentrat ions that are typical of the 
bur ied layers, concentrat ion dependence of the diffu- 
sion coefficient needs to be taken into account. In  ad- 
dition to these complexities, one must  also consider the 
redis t r ibut ion that  would occur in the bur ied layer  
dur ing  the heat cycle prior to deposition. Quite evi- 
dently, the above-ment ioned complications render  it 
impossible to obtain an analyt ical  solution to the diffu- 
sion equation. Therefore, it is necessary to solve 
numer ica l ly  the nonl inear  cont inui ty  equat ion 

0~ 0 [ 0~ ] 
= - -  D ( c ) - - - -  V C  [1] 

Ot Ox Ox 

with  appropriate moving boundary  conditions. Com- 
puter  programs such as SUPREM (29) have been 
wr i t ten  to solve the above one-dimensional  equation, 
and it is found that close agreement  between theory 
and exper iment  is possible for at least the out-diffu- 
sion port ion of the dopant  profile. 

Lateral Autodoping 
Previous studies (13, 21, 24, 25, 28) have clearly 

established that lateral  autodoping is brought  about by 
the gas phase t ransport  of the dopant vapor in the 
reactor. In  what  follows, we examine the lateral  auto- 
doping process in terms of the dopant  evaporat ion 
dur ing  pre-epi taxia l  thermal  cycle, arid its redis t r ibu-  

tion in the reactor flow system and, finally, its reincor-  
porat ion into the substrate and epitaxy. 

Origin of autodoping.--Before we at tempt  to under -  
s tand the detailed mechanism of autodoping, it is 
necessary to establish the t ime sequence in  the epi- 
taxial  process at which most of the dopant  t ransfer  
occurs. Clearly, since the ma x i mum in the lateral  
autodoping profile occurs near  the subs t ra te-epi taxy 
interface, a major  port ion of the dopant  redis t r ibut ion 
must  occur in  the ini t ial  stages of epitaxial  growth. In  
order to fur ther  define this stage of m a x i m u m  auto- 
doping, the following experiments  were conducted. A 
P -  silicon wafer  which had a localized (2.5 mm 2) 
arsenic diffusion at the center, was cut into parts, A 
and B, such that part  A had the diffusion region and 
par t  B did not. The two parts were then placed on the 
susceptor of a horizontal epitaxial  reactor. The cut 
between parts  A and B was made close to the edge of 
the diffused area such that  par t  B can be placed very  
close to, but  not in  contact with, the diffused region in 
par t  A. The spacing be tween parts A and B could be 
varied in order to obtain informat ion on the depen-  
dence of the lateral  autodoping with lateral  distance 
from the edge of the diffused area. 

The exper iment  consisted of prebaking  parts A and 
B together in the epitaxial  reactor using typical epi- 
taxial  H2 flow conditions. The prebake was at 1150~ 
for 10 rain without  deposition. After  cooling to room 
temperature,  par t  A was taken out and was replaced 
by another P -  silicon wafer (C) which did not have 
any localized arsenic diffusion in it. The reactor was 
heated again to 1150~ with wafers B and C, and a 
s tandard 2 ~m thick silicon epitaxy was deposited. 1 In  
a separate experiment,  another  P -  silicon wafer (D), 
which had an arsenic-diffused region as in A, was 
given a normal  epitaxial  deposition using the same 
growth and flow conditions as in the previous experi-  
men t  bu t  without  any in te r rup t ion  between the pro- 
bake and deposition cycles. The wafers B, C, and D 
were subsequent ly  profiled for several lateral  distances 
from the diffused area by the spreading resistance 
technique. It was found that the profile from wafer C 
did not show any p -n  junct ion (i.e., the epitaxy was 
p- type) ,  thus indicat ing that there was no autodoping 
on this wafer. On the other hand, wafer B showed 
substant ia l  autodoping. In addition, wafer D showed 
arsenic autodoping, as expected. It was also found 
that the autodoping peak ma x i mum concentrat ion 
decreased with increased lateral  distance from the 
diffused region for wafer D and also with the increase 
in lateral  distance from the cutoff edge in wafer B. 

In  order to facilitate a comparison of these autodop- 
ing results, profiles are shown in Fig. 3 for wafers B 
and D, measured 2 mm la tera l ly  from the diffused re-  
gion. We can see from this figure that the peak maxi-  
mum concentrat ion is about the same for both wafers 
B and C within  the exper imental  uncer ta inty,  al-  
though the in tegrated dose for wafer D is ,-~20% larger  
than that  for wafer  B. 

On the basis of these observations, we draw the 
following conclusions: (i) since wafer C did not show 
any autodoping while wafer B did, al though both were 
together dur ing the deposition cycle, the autodoping 
in B is the result  of its prebake with the diffused wafer 
A; (ii) the near  equali ty of autodoping in wafers B 
and D show that the bulk of autodoping has already 
occurred at the prebake stage. We recall that wafer D 
had the diffusion area through the entire epitaxial  
cycle, whereas wafer B had the diffused silicon source 
only during the prebake part  of the epitaxial  cycle. 

The fact that the major  portion of autodoping occurs 
in the prebake cycle has also been noted by Joyce 
et al. (8) and by Deines and Spiro (34). Recently, 
Tabe and Nakamura  (40) have also reported similar  
results. It  is clear, then, that any satisfactory model for 

1 Unless  otherwi se  noted,  all ep i t ax ia l  depos i t ions  in t he  auto- 
dop ing  e x p e r i m e n t s  descr ibed  in th~s paper  are  intr ins ic  depo- 
sit~o~,~ w~tno,,t  the  add i t ion  of an  e x t e r n a l  dopant .  
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autodoping has to take into account the dopant  t rans-  
port  that  occurs dur ing prebake. In  the next  section, 
we describe such a model developed by the present  
author (25). 

Another  interest ing observation drawn from the 
above experiments  is that autodoping occurred even 
when the source wafer A and the autodoped wafer B 
were not in physical contact. This fact rules out surface 
diffusion as the mechanism of dopant  t ranspor t  in-  
volved in lateral  autodoping. Similar  conclusions were 
reached by Pogge et al. (13), who found that auto- 
doping from a diffused wafer occurred even when the 
diffused region was surrounded by an oxide ring. 

Evaporation kinetics during hydro~gen prebake.-- 
This aspect of autodoping has been considered in some 
detail by the present  author (25) who found that  the 
max imum in a lateral  autodoping profile is a decreas- 
ing function of both prebake time and temperature.  
This analysis showed that  the autodoping peak maxi -  
m u m  concentrat ion can be related to these prebake 
parameters  on the basis that the max imum in a lateral  
autodoping profile is directly proportional to the sur-  
face concentrat ion over the diffused layer that  existed 
just  prior to epitaxial  deposition. This expression for 
the autodoping peak concentrat ion due to an init ial  
rectangular  dopant  dis t r ibut ion in the diffused layer  is 
given by (25) 

C(T,t) = A exp(/~2t) �9 erfc (fit 1/2) [2] 

where A is a constant of proport ionali ty independent  
of temperature,  T and t are prebake temperatures  and 
time, respectively. ~ = K / ~ D ,  where K and D are, 
respectively, the evaporation velocity and solid diffu- 
sivity of the dopant in silicon. Both K and D were 
assumed to be Arrhenius  functions of temperature.  
The above expression gave a good fit to the data yield-  
ing values for the arsenic evaporation velocity as a 
function of temperature.  We also note that since the 
evapol'ation rate, r, is given by r = KCo(t), where 
Co(t) is the surface con~en~a~clon, which can also be 
described by an expression similar  to Eq. [2], the 
above equation describes the var iat ion of evaporat ion 

rate with prebake time and temperature.  The results 
of this study thus support  the view that  the dopant  
redis t r ibut ion dur ing a pre-epi taxia l  bake cycle is con- 
trolled by the evaporat ion of the dopant  from the 
buried layer. 

E~ect o,f HCI vapor etch during prebake.--In the 
previous section, we considered the release of dopants 
dur ing  prebake in He. The dopant  redis t r ibut ion could 
conceivably change if there were other etchants in the 
system dur ing  prebake. HC1 vapor etching is a common 
practice for silane epitaxial  deposition, and hence it is 
instruct ive to study its effect on autodoping. Maeda and 
Takayama (17) studied this effect in the silane epitaxy 
grown on ant imony-diffused silicon substrates. They 
found that  the etched samples had less out-diffusion 
than  the controls. They argued that the amount  of sili- 
con etching was not enough to account for this differ- 
ence and in terpre ted this decreased out-diffusion as 
evidence for decreased arsenic diffusivity in  silicon 
near  the surface. 

The effect of HC1 etching on substrates with an 
arsenic buried layer  has not been reported in the l i ter-  
ature. To study this effect, the following experiments  
were conducted: P -  (100) silicon wafers of 10-20 flcm 
resist ivity were diffused with arsenic (Co ~1.5 X 1021/ 
cm ~, xj HI  ~m) to cover 62% of the wafer surface area 
in  a dense pa t te rn  which had buried layers varying in 
size from 50 • 100 to 200 X 400 ~m. A s tandard 1150~ 
epitaxial  deposition of 2 ~m thickness was made on one 
of these substrates in an rf heated horizontal reactor. 
The pre-epi taxial  bake cycle used was 10 min  at 
1150~ in  flowing He. In subsequent  runs, HC1 vapor 
etching (0.04% by volume) was included in the middle 
of the prebake cycle while keeping all other conditions 
unchanged.  The HC1 etching times used were 10 sec, 20 
sec, and 1 min. The samples were profiled, both on and 
off the buried layers, using the spreading resistance 
technique. Profiles were made at the same distance and 
direction with respect to flow in  all cases. 

The autodoping results are shown in Fig. 4. We ob- 
serve that  while there is no significant change in auto- 
doping due to the 10 sec etching, fur ther  increase in 
etching time caused a decrease in the autodoping peak 
max imum concentration. Since etching is also expected 
to produce changes in the buried layer  characteristics, 
we show these data in Table I. We note from these 
data that  (i) the decrease in  off-profile max imum is 
accompanied by an increase in the bur ied layer  sheet 
resistance, and (ii) the junct ion depth of the buried 
layer  decreases with an increase in etching time. These 
two facts show clearly that the top layer of the bur ied 
layers are being etched away during the HC1 etch, 
which, in turn,  implies a change in the surface concen- 
tration, Co, over the buried layers. Thus, it would ap- 
pear that  changes in autodoping due to HC1 etching 
can be related to changes in  Co. In  fur ther  experiments,  
we varied the etch cycle such that HC1 was injected for 
10 sec at different times in the prebake cycle and 
found no significant change in autodoping. 

We conclude from the above results that  the effect of 
tIC1 etching in the prebake cycle can be understood in 

Table I. Autodoping effects of pre-epitaxial HCI vapor etch 
(0.04% HCI by volume, 1150~ deposition temperature, 0.25/~m/min 

growth rate) 

Buried 
layer 

charac- Lateral autodoping 
teristics characteristics 

S h e e t  Junc- 
Etch resist- tion Peak  m a x  EPI s h e e t  
time ance  depth  ( atoms/ res i s tance  
( s e c )  (~/[:]~ (/s.m) cmb (~/V1) 

0 9.01 4.24 2.2 x 1017 1340 
10 9.96 4.03 2.2 x i 0 ~  1370 
20 15.70 4.01 1.37 x 10 ~ 1730 
60 94.30 3.35 7.6 x 1016 2780 
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t e rms  of a change in Co, which is consistent  wi th  the 
model  deve loped  in the previous  section. We point  out  
here, however ,  that  HC1 (or any  o ther  e tchant)  p res -  
ent  dur ing  the deposi t ion cycle could a l te r  the au to-  
doping character is t ics  th rough  a different  mechanism 
tha t  involves  changes in dopant  incorporat ion.  We shall  
consider  this aspect  later ,  when we discuss the auto-  
doping differences be tween  si lane and SIC14 deposi-  
tions. 

Vapor distribution and gas flow effects.--The dopant  
vapor  tha t  is p roduced  dur ing  the p rebake  is car r ied  
a w a y  by  the reac tor  flow system which red is t r ibu tes  
this vapor  onto different  areas  of the subs t ra te  as wel l  
as to different  subs t ra tes  in the reactor .  The fact  tha t  
l a t e ra l  t r anspor t  of dopant  occurs over  la rge  distances 
has been wel l  documented  (13, 20, 24). I t  is also known 
tha t  t r anspor t  in the direct ion of flow (i.e., downs t ream 
autodoping)  is l a rge r  than  that  aga ins t  the  ma in  gas 
flow (ups t r eam autodoping) .  A de ta i led  unders tand ing  
of this r ed i s t r ibu t ion  requi res  a knowledge  of the  flow 
pa t t e rn  tha t  exists  in any pa r t i cu l a r  reactor .  Evers teyn  
et al. (30) have  proposed  a bounda ry  l aye r  concept 
according to which  there  is a r e l a t ive ly  s tagnant  l aye r  
of gas above  the susceptor.  The b o u n d a r y  l aye r  is es t i -  
ma ted  to be a few mi l l imete r s  th ick in a typica l  epi-  
tax ia l  run, and dopant  impur i t ies  could become t r apped  
in this layer .  This model  has been used to exp la in  the 
qua l i t a t ive  fea tures  of au todoping  in si l icon ep i t axy  
(13) ; however ,  this concept has not  been quan t i t a t ive ly  
deve loped  for  autodoping.  

A t t e m p t s  have  recen t ly  been made  to character ize  
the  flow sys tem in te rms of t e m p e r a t u r e  and concen-  
t ra t ion  profiles that  exist  in the  gas of an ep i t ax ia l  
reactor .  Sedgwick  et al. (31) have  measured  the t em-  
p e r a t u r e  profiles using Raman  l ight  sca t te r ing  in an rf  
hea ted  hor izonta l  ep i tax ia l  reactor .  They found tha t  a 
the rmal  bounda ry  l aye r  exists  in the flow sys tem above 
the hea ted  susceptor  and tha t  the  ver t ica l  t empe ra tu r e  

d is t r ibut ions  in the gas v a r y  along the gas flow. Thei r  
resul ts  indica ted  a l inear  veloci ty  d is t r ibut ion  in the 
l aye r  a t  the leading  edge, and this d is t r ibut ion  became 
more  complex fu r the r  downst ream.  Ban (32) has es- 
sen t ia l ly  confirmed these findings. At  present ,  however ,  
there  is no good mathemat ica l  model  tha t  describes 
the flow d is t r ibu t ion  in an ep i tax ia l  reactor .  

The effect of the  var ia t ions  in the main  gas flow 
ra te  on l a te ra l  au todoping has been observed before.  
Bozler (21) r epor ted  a decrease in ver t ica l  autodoping 
of arsenic  in sil icon ep i t axy  as the flow ra te  was in-  
creased. However ,  Pogge et  al. (13) repor ted  that  
arsenic l a t e ra l  autodoping in ep i tax ia l  silicon was re l a -  
t ive ly  insensi t ive  to changes in the main  gas  flow. In 
o rde r  to c la r i fy  this point  and to provide  a quant i ta t ive  
under s t and ing  of the flow effects, a sys temat ic  s tudy 
was unde r t a ke n  by  the presen t  author.  The detai ls  of 
this s tudy  wil l  be repor ted  e l sewhere  (33a, b, and c). 

Briefly, the exper iments  consisted of silicon ep i tax ia l  
deposi t ions made  at  1150~ on P -  (100) silicon sub-  
s t ra tes  which had  a d iamet r ica l  s t r ipe  of arsenic diffu- 
sion. The H2 flow ra tes  used in these exper iments  va r i ed  
f rom 7 to 30 l i t e r s / r a in  whi le  o ther  deposi t ion condi-  
t ions were  kep t  constant.  The g rowth  ra te  was ma in -  
ta ined constant  at  0.13 ~m/min  for al l  different  hyd ro -  
gen flow ra tes  by  su i tab ly  ad jus t ing  the SiC14/H2 ratio.  
Epi tax ia l  ver t ica l  profiles for arsenic were  measured  at  
severa l  distances f rom the stripe, both  along the flow 
direct ion (downs t ream)  and agains t  i t  (ups t ream) .  

F igure  5 shows the var ia t ion  of the autodoping peak  
concentra t ion wi th  l a te ra l  dis tance for a 15 l i t e r s /m in  
flow rate.  I t  can be seen tha t  au todoping decreases 
wi th  increase  in the l a te ra l  distance, both for ups t ream 
and for downs t ream flow. This decrease is much fas ter  
in the ups t ream direct ion than for the downs t ream 
case. The presen t  au thor  has shown (33b) that  the  
fol lowing equations descr ibe the var ia t ion  of au todop-  
ing peak  m a x i m u m  concentrat ion wi th  dis tance x 
f rom the s t r ipe  for both  ups t ream and downs t ream 
cases 
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Fig. 5. Variation of autodoping peak maximum with lateral dis- 
tance. (Deposition temperature 1150~ growth rote 0.13 /~m/min, 
H2 flaw rate 15 liters/rain.) 
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C(ups t ream)  = (A/u)  (r/~/~){erf~/u(x + h) /D 

- -  e r f~ /u (x  -- h/D} [3] 

C(downst ream)  -- (AA/u)(r/~/~--D) 

{~/x + h - -  ~/x - -  h} [4] 

where C and D are the concentrat ion and diffusivity of 
arsenic vapor in H2, u is the l inear  velocity of He flow, 
r is the evaporat ion rate per uni t  length of the stripe, 
x is the lateral  distance from the edge of the diffused 
region, and 2h is the width of the stripe. A is a constant 
of proport ional i ty that is constant  for identical epi- 
taxial deposition conditions. We can see from Eq. [3] 
and [4] that  the gas concentrat ion decreases roughly 
as l / u  for the upstream case and as 1/~/u for the 
downstream case. The solid lines in Fig. 5 represent  the 
plot of Eq. [3] and [4], respectively, for the upstream 
and downstream cases. This analysis yields a value of 
D (As/H2) = 2.5 cm2/sec, which is in reasonable 
agreement  with the kinetic theory estimation of D. 
Figure 6 shows the variations of autodoping with gas 
velocity for both the upstream and downstream flows 
as measured at 4 mm distance from the stripe source. 
The solid lines represent  Eq. [3] and [4] for D : 2.5 
cm2/sec. Once again, the agreement  between the theory 
and exper iment  is quite good. 

Autodoping under low pressure.--It is clear from the 
preceding discussion that changes in the flow patterns 
could significantly alter the dopaot redistribution. One 
of the effective means to change the flow dynamics in 
an epitaxial reactor is to change the pressure. There 
have been several studies in l i terature (24, 27, 34-36) 
which show that lateral  autodoping can be significantly 
reduced by lowering the reactor pressure to ~5 kPa 
(~40 Torr) .  It is found (27) that the reduced pres- 
sure also results in sharper profiles over buried layers. 

Ogirima et al. (24) have studied recently the effect 
of pressure variat ion on autodoping and on growth 
kinetics for the case of silicon epitaxy using silane. 
They found that, for substrates with arsenic buried 
layers, autodoping decreases with increasing lateral 
distance from the buried layer region for all pressures 
studied. However, this variation is more isotropic with 
respect to the flow direction for pressures below 20 kPa 
(~150 Torr). Above 40 kPa (~300 Torr) pressure, the 
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Fig. 6. Variation of autodoping peak maximum with carrier gas 
velocity. (Deposition temperature 1150~ diffused stripe 4 mm.) 

autodoping was found to be anisotropic, s imilar  to the 
case for atmospheric pressure as discussed in the pre-  
ceding section. They found, in addition, that  lateral  
autodoping decreased l inear ly  with the decrease in 
pressure. That  is, a factor of I0 decrease in autodoping 
occurred when pressure was reduced to about I0 kPa 
(~80 Torr) .  Since autodoping is l inear ly  proportional 
to reactor pressure, it is also proport ional  to the dopant  
part ial  pressure, providing that the dopant  evaporat ion 
rate is itself not a funct ion of pressure. This propor-  
t ional i ty is to be expected when Henry 's  law is obeyed 
(25) which, in turn, implies that  autodoping at reduced 
pressures may be controlled by the equi l ibrat ion of 
arsenic at the vapor-solid interface. 

The observation that  there is considerably less flow- 
induced anisotropy in lateral  autodoping at reduced 
pressures indicates that vapor diffusional t ransport  is 
the dominant  mechanism involved. The t ransport  
equation under  such conditions yields an exponential  
decrease in vapor concentrat ion with increasing dis- 
tance from the vapor source, as indeed was the case in 
Ogirima's experiments.  

Dopant incorporation and growth parametric 
ef]ects.--In the preceding sections, we considered the 
production of dopant vapor dur ing prebake and its 
redis t r ibut ion in the reactor flow system. We now 
examine the effects of growth parameters  on the in -  
corporation of the dopant vapor into the crystal. 

Effect of deposition temperature.--Although the effect 
of epitaxial deposition tempera ture  on the out-diffu- 
sion profiles is well documented in the l i terature,  there 
was, unt i l  recently, very little informat ion available 
on the temperature  dependence of lateral  autodoping. 
In a recent report  (25), the present author has de- 
scribed the details of this effect for arsenic in  silicon 
epitaxy using SIC14 depositions. Silicon substrates with 
localized arsenic diffused layers were used in this in-  
vestigation, which allowed a separation of out-diffusion 
and lateral  autodoping effects. It was found that lateral  
autodoping increased with decreasing deposition tem- 
perature,  and that the slope in the autodoping vs. tem-  
perature curve was a function of deposition rate. 
These results indicated that lateral  autodoping is not 
determined by the thermodynamic  equi l ibr ium be-  
tween arsenic in the vapor and the arsenic incorporated 
into the epitaxy. The analysis suggested a kinetic l im-  
i tat ion for the incorporation process. 

Ogirima et al. (28) have recent ly repeated these 
measurements.  They also found that the logari thm of 
the ma x i mum concentrat ion in the autodoping peak 
varies inversely as the deposition temperature.  To ac- 
count for this variation, they propose that the dopant 
incorporated into the epitaxy is directly proport ional  
to that adsorbed on the substrate as given by the 
equat ion 

C = (A/RT)  exp(E /RT)  

where A is a constant, R is the gas constant, and E is 
the adsorption energy. However, the si tuat ion could 
be more complex than that  suggested by the above 
equation, for the tempera ture  var iat ion of autodoping 
has to include both the prebake as well as the growth 
effects. It is also quite l ikely that  these two compon- 
ents may be controlled by ent i rely different mechan-  
isms (25), and hence it is necessary to separate out 
these two effects. Experimental ly ,  it  can be done by 
keeping one of these constant, while changing the 
other. As indicated in the section on Evaporat ion 
kinetics dur ing hydrogen prebake, the autodoping 
var iat ion due to changes in prebake suggests an evap- 
oration mechanism. The autodoping changes due to 
changes in deposition temperature,  on the other hand, 
may be due to the temperature  var iat ion of dopant 
t rapping in the epitaxial  layer. This aspect is consid- 
ered next. 

Effect of growth rate.--It has been known for some 
time that a reduction in the epitaxial  growth rate has 
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a beneficial effect in  reducing the vertical  autodoping 
(21) as well as la teral  autodoping (37). In  a recent  
s tudy (25) the present  author  had made quant i ta t ive  
measurements  of the effect of growth rate on lateral  
autodopJng using substrates with arsenic diffusions 
covering 20% of the wafer  surface. These measure-  
ments  showed that  arsenic la teral  autodoping in silicon 
epi taxy decreases almost exponent ia l ly  with a decrease 
in  growth rate  down to a growth rate value of 0,2 ~m/  
rain. Below this value, the autodoping had remained 
insensi t ive to growth rate changes. We repeated these 
exper iments  using substrates which had 62% of the 
s u r f a c e  a r e a  covered by arsenic diffusion in a dense 
p a t t e r n  as described previously. Autodoping results are 
shown in  Fig. 7 in which the autodoping peak maxi-  
m u m  concentrat ion is plotted as a funct ion of growth 
r a t e ,  The figure also shows a plot of the integrated 
dose in  the la tera l  autodoping curve as a funct ion of 
growth rate. We note from this figure that both the 
peak max imum as well  as the total amount  vary  sim- 
ilarly, and that  the growth var iat ion extends to much 
lower growth rates for these high densi ty buried layer  
wafers than  for the case reported earlier. 

The results were analyzed as before (25) on the 
basis of an impur i ty  t rapping model. The var iat ion of 
the autodoping peak concentrat ion is described by the 
following equat ion 

C -- Cb + (Cs -- Cb) exp (--V~/V) [5] 

where Cb and Cs are the equi l ibr ium dopant  concen- 
t rat ion in the bu lk  and surface, respectively, and V~ is 
a characteristic velocity for which the diffusional re-  
laxat ion t ime at the surface is equal to the t ime for the 
growth of one monolayer  of epitaxy. The model pre-  
dicts an  excess dopant  concentrat ion (C -- C~) over 
the equi l ibr ium value due to trapping, and this excess 
increases with the increase in growth rate, as described 
by  Eq. [5]. A least squares fit to the peak concentrat ion 
data, as shown by the solid l ine in Fig. 7, yields: Cb -- 
2.3 • 10 ~6 cm -~, Cs - :  9.7 • 1017 cm -3, and Vi : 0.14 
/~m/min. These values for densely pat terned sub-  
strates are different from those obtained earl ier  for 
substrates with only 20% of the surface covered by the 
bur ied layers. For  the present  case, the results indicate 
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a saturat ion effect, at modera te ly  low growth rates, 
which was not observed for wafers with low densi ty 
buried layers. 
Ef]ect of silico~ source s?3ecies.--Eoitaxial depositions 
of silicon use either silane or chlorosilanes as the 
source species. The two most common species are Sill4 
and SIC14. In  the l i tera ture  there is some indicat ion 
that there is a difference in  autodoping between the 
two. Many of the experiments,  however, had used 
different growth conditions for the two cases, so that a 
one- to-one  comparison was not  possible. However, 
Suzuki and Endo (14) have compared the autodoping 
differences between silane and SIC14 using identical  
growth conditions. Their  results showed that, for a 
growth temperatui 'e  of 1100~ a growth rate of 0.7 
~m/min,  and an H2 flow rate of 3 l i ters /min,  the silane 
produces a sharper  profile than SIC14 on arsenic-doped 
substrates. They a t t r ibuted  this result  to the absence 
of chlorine in the ~ilane system which was presumed 
to be the dopant carrier. We have made detailed com- 
parison of autodoping between Sill4 and SIC14 deposi- 
tions using localized buried layer  substrates. Since our 
results are at variance with those of Suzuki and Endo, 
we will describe them here. 

In  our buried layer  experiments,  we used 10-20 ~cm 
P -  (100) silicon substrates, which had arsenic diffu- 
sions (Co ~ 1.5 • 1027 cm-~, x~ ~ 1.0 ~m) to cover 
20% of the surface area in  a 5-square pat tern.  Two- 
micron thick intr insic epitaxial  depositions were made 
at 0.08 ~m/min  and at 0.25 ~m/min  growth rates using 
an rf heated horizontal reactor. The main  gas flow rate 
used was 20 l i ters /min.  Results of these exper iments  
are shown in Fig. 8-10. Figure  8 shows the autodoping 
peak ma x i mum concentrat ion as a funct ion of deposi- 
tion tempera ture  for both silane and SIC14 depositions 
and for the two growth rates. Figure 9 shows the var ia-  
tion of the integrated area under  the autodoping peaks 
with deposit/on tempera ture  for the cases shown in 
Fig. 8. It  is clear from these figures that  autodoping 
for silane is worse than that  for SIC14 for all the 
temperatures  and growth rates tested. In  Fig. 10 we 
show a typical comparison of on-profiles for silane and 
SIC14 depositions made at 1050~ and 0.08 ~m/min  
growth rate. 

The fact that SIC14 epitaxy produced a lower auto-  
doping than silane epitaxy can be understood in terms 
of s t ra in-enhanced etching of the depositing film that 
might  occur at the impur i ty  lattice sites by  HC1 (or 
C12) released by the H2 reduction of SIC14. Such an  
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in situ etching could reduce the dopant  incorpora t ion  
in  the  film and, hence, autodoping.  In  s i lane deposit ion,  
such a mechanism for in situ etching does not  exist�9 I t  
would be in teres t ing  to see if reduct ion  in autodoping 
would  occur when HC1 is inc luded wi th  si lane dur ing  
the ent i re  deposi t ion cycle�9 In  fact, such an expe r imen t  
was conducted by  Langer  and Goldste in  (38) who ob-  
served  a reduct ion in boron autodoping due to the 
addi t ion  of HC1 dur ing  si lane ep i tax ia l  growth.  This 
resul t  is consistent  wi th  the  above model.  

Dependence of autodoping on substrate parameters.-- 
Among the p r i m a r y  factors  tha t  influence ep i tax ia l  
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autodoping are  the  character is t ics  of the substrate ,  
which  include the a rea  of the  bu r i ed  layers  on the 
wafe r  surface, the  in i t ia l  dopant  d is t r ibut ion  in the  
bu r i ed  layers ,  the presence of o ther  compensat ing  im-  
pur i t ies  in the subs t ra te  and, finally, the  number  of 
subs t ra tes  used in any  given deposi t ion run. Qual i ta -  
t ively,  these factors a re  s imple  to account for in te rms 
of the  to ta l  amount  of the  dopan t  vapor  produced  dur -  
ing the  p rebake  stages. Fo r  example ,  Fig. I1 shows the 
l a t e ra l  autodoping peak  obta ined  for two wafers,  one 
wi th  20% of the wafer  surface covered by  arsenic 
diffusion, and the o ther  wi th  62% covered.  The ep i t ax-  
ia l  deposi t ion condit ions on these wafers  were  ident ical  
(deposi t ion t empera tu re ,  1050~ growth  rate,  0.08 ~m/ 
rain, species, SIC14), and profiles were  made  at  100 ~m 
f rom the edge of the  diffused region�9 I t  is c lear  f rom 
this figure tha t  au todoping  increases wi th  an increase 
in  the surface area  of the  bu r i ed  layer .  A theore t ica l  
model  has been recen t ly  developed b y  the p resen t  au -  
thor  (33a, c) to account  for this effect, which  shows 
tha t  autodoping increases as t he  square  root  of  the 
bur ied  l aye r  dens i ty  in  the substrate .  

F u r t h e r  we found, by  etching a diffused arsenic 
l aye r  to different  depths  and then growing epi taxy,  
tha t  the  logar i thm of the m a x i m u m  concentra t ion in 
the autodoping peak  was d i rec t ly  p ropor t iona l  to the 
logar i thm of the surface concentra t ion  over  the bur ied  
layer .  

The effect of the  var ia t ion  on autodoping wi th  the 
number  of subs t ra tes  in the  run  is wel l  known.  The 
l a rge r  the number  of substrates ,  the  l a rge r  is the 
autodoping (21). However ,  we found a sa tura t ion  
effect�9 That  is, autodoping in i t ia l ly  increases wi th  the 
number  of wafers  in the load up to a point  beyond 
which i t  does not change wi th  any addi t ion to the load. 
At  this level  of saturat ion,  we assume tha t  the gas 
l aye r  region is sa tu ra ted  wi th  the  dopant  vapor.  

Autodoping profile modeling.--We have  seen severa l  
process and wafer  var iab les  tha t  factor  into the auto-  
doping effect. The next  step is to use this informat ion 
to a r r ive  at  a comprehens ive  model  that  al lows an ac-  
cura te  dopant  profile predic t ion  in the ep i t axy  for a 
given set of process and subs t ra te  conditions. 

The p rob lem is qui te  complex,  not  so much for the 
number  of factors that  have to be included into any 
given model, bu t  for  the way  in which these factors 
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in teract .  For  example ,  as discussed in the section on 
Dopant  incorpora t ion  and growth  pa rame t r i c  effects, 
the g rowth  ra te  effect due to t r app ing  is also a function 
of deposi t ion tempera ture .  I t  is the re fore  necessary  
to decouple  these effects as much as possible before  
fo rmula t ing  a genera l  au todoping model. 

There  have been severa l  previous  a t tempts  to model  
the autodoping profile. A s tudy  by Thomas et al. (3) 
represents  the first a t t empt  at such a modeling,  and 
they  were  able  to obta in  an exponent ia l  decrease  in 
dopant  concentra t ion with ep i tax ia l  thickness on the 
assumpt ion  that  silicon and the dopant  atoms are  
deposi ted in the rat io  that  is p resen t  in the gas phase. 
Grossman (5) ob ta ined  a s imi la r  express ion by  assum- 
ing that  the dopant  vapor  re incorpora tes  into the 
ep i t axy  wi th  a ra te  p ropor t iona l  both  to the growth  
r a t e  and to the concentra t ion at the surface. His ex-  
press ion for  gas" phase autodoping is given by  

C -= Co exp( - -aKZ)  

where  a is a constant,  K is the d is t r ibut ion  coefficient 
be tween  the solid and the adsorbed  phase, and Z is the  
ep i tax ia l  thickness.  However ,  i t  is known (39) that  K 
i tself  is a funct ion of g rowth  ra te  and, indeed, i t  is this 
effect t ha t  gives r ise to the  dopant  t r app ing  discussed 
ear l ier .  

Var ia t ions  of this approach  have  also been used re -  
cen t ly  to model  the autodoping profile. Bozler (21) 
considered the var ia t ions  in vapor  concentrat ion due 
to flow and t rea ted  the dopant  escape into the flow as a 
f i r s t -o rder  k inet ic  equation. The vapor  concentra t ion 
in the flow s t ream thus fal ls  off exponen t i a l ly  in t ime 
which, in turn,  th rough  a d i rec t  p ropor t iona l i ty  to the 
dopant  concentra t ion incorpora ted  at  the  growing sur -  
face, yields  an exponent ia l  decay of the dopant  concen-  
t ra t ion  with  the film thickness.  Bozler 's  model  is a t -  
t rac t ive  for its s implici ty ,  but  i t  does not consider  the 
molecu la r  diffusion of vapor  in the gas flow. In addit ion,  
as before,  the  model  does not  include a g rowth  ra te  
effect on the par t i t ion  coefficient. 

Recently,  T a b e  and N a k a m u r a  (40) have proposed 
an adsorp t ion  model  to account for the dopant  profi]e 
in  sil icon ep i tax ia l  growth.  Thei r  model  assumes, in 
cont ras t  to the i m p u r i t y  t r app ing  model  discussed 
earl ier ,  a t he rmodynamic  equi l ib r ium be tween  the 
i m p u r i t y  in the adsorbed  l aye r  and that  in the bulk 
epi taxy.  However ,  the i r  model  yields a decrease,  r a the r  
than  an increase,  in au todoping  wi th  increased g rowth  
rate,  which is con t ra ry  to observat ions  in the bur ied  
l aye r  studies. 

Yet another  model  for  dopant  profile is due to 
Lange r  and Goldste in  (18). In  this numer ica l  approach,  
t hey  consider  dopant  fluxes ar is ing out of the subs t ra te  
th rough  evapora t ion  and solve the one-d imens iona l  
l inea r  diffusion equation. When they  appl ied  this to the 
ease of boron au todoping  (38), they  found that,  whi le  
a good agreement  be tween  the expe r imen ta l  and cal-  
cu la ted  profiles was found for a reas  at  the center  of a 
un i fo rmly  doped wafer,  the model  could not account 
sa t i s fac tor i ly  for  the l a t e ra l  var ia t ion  of au todoping in 
the  wafer.  

One w a y  of deal ing wi th  the complex  p rob lem of 
au todoping  model ing  is to isolate var ious  kinet ic  steps 
such as descr ibed  in the preceding  sections. The evap-  
oration, redis t r ibut ion,  and incorpora t ion  should be 
fac tored  into the total  equation.  The wafer  effects 
could then be inc luded into the equat ion as a scal ing 
factor.  We a re  at  p resen t  proceeding  in this d i rect ion 
and hope to communicate  our  resul ts  in the near  
future.  

Autodoping Control Techniques 
Previous  discussion on the pa rame te r s  tha t  influence 

autodoping leads us to devise ways to reduce au todop-  
ing in ep i tax ia l  processes. These are:  (i) low pressure  
ep i tax ia l  deposit ion,  (it) prolonged baking  pr ior  to 
epi taxy,  (iii) use of high deposi t ion and bak ing  t em-  
pera tures ,  ( iv)  use of low growth  rate ,  (v) use of high 

flow rates, (vi) use of low vapor  pressure  species such 
as an t imony  over  arsenic,  (vii) reduced batch size, 
(viii) use of low surface concentra t ion and surface 
dens i ty  of the  bur ied  layers,  and f inal ly (ix) use of 
compensat ing  doping. Obviously  a whole range of these 
options is not ava i lab le  in any given si tuation.  Fo r  ex-  
ample,  use of deposi t ion t empe ra tu r e  m a y  be dic ta ted 
by  the amount  of out-diffusion a l lowed in the ep i t axy  
and by  the abruptness  of the profile. Also, select ion of 
the  k ind  of dopant  species m~v be res t r ic ted  by  o ther  
considerat ions such as so lubi l i ty  l imit ,  la t t ice  strain,  
and the resu l tan t  ep i tax ia l  quali ty.  Reduced batch size 
is a th roughput  consideration.  Use of low growth  ra te  
is l imi ted  by  the amount  of out-diffusion and th rough-  
put  considerations.  As far  as the  flow rates  a re  con- 
cerned, the  commercia l  reactors  use flow ra tes  which 
have been opt imized in terms of thickness and dopant  
un i fo rmi ty  in the ep i tax ia l  films, and, as such, any  
significant change in the flow ra te  wil l  have adverse  
impact  on these parameters .  The bur ied  l aye r  charac-  
terist ics such as surface concentra t ion and the surface 
densi ty  a re  ma in ly  dic ta ted by  the device design con- 
straints.  The use of a purge  in the deposi t ion cycle is 
only  s l ight ly  effective in reducing autodoping.  

One of the  promis ing  ways  to deal  wi th  autodoping 
problems  is the low pressure  technique.  This technique, 
as discussed earl ier ,  reduces autodoping in direct  p ro-  
por t ion to the reduct ion in pressure.  Even here,  there  
r ema in  serious concerns r ega rd ing  ep i tax ia l  qua l i ty  
and the rma l ly  induced slip. Ano the r  technique tha t  
combines the advantages  of both low pressure  and low 
t empera tu r e  is molecular  beam epi taxy.  I t  has been 
demons t ra ted  that  a tomica l ly  ab rup t  l aye r  composi-  
tions can be obta ined  using this technique.  However ,  
the molecu la r  beam technique as appl ied  to silicon 
technology is stil l  in its infancy,  and fu r the r  progress  
in terms of ep i tax ia l  qual i ty  and dopant  un i fo rmi ty  is 
needed before  it becomes an effective tool for fabr ica t -  
ing in tegra ted  circuits.  

Concluding Remarks 
In the discussion presented  here,  we have a t t empted  

a quant i f icagon of the effects of var ious  process p a r a m -  
eters on autodoping in silicon ep i tax ia l  growth.  We 
have examined  severa l  p laus ib le  models  that  a re  ca-  
pable  of quant i ta t ive  exp lana t ion  of these effects. While  
at  present  no comprehensive  autodoping model  exists, 
a reasonable  amount  of unders tand ing  has begun to 
develop,  which should resul t  in  one in the near  future.  
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Electrochromism of Anodic Iridium Oxide Films 
III. Anion Mechanism 

G. Beni,* C. E. Rice, and J. L. Shay* 
Bell Laboratories, Holmdel, New Jersey 07733 

ABSTRACT 

We examine the electrochromic effect of anodic iridium oxide films 
(AIROF's) in aqueous and nonaqueous electrolytes. All experimental data in 
aqueous electrolytes are consistent with the hypothesis that electrochromism 
in AIROF's can occur via hydroxide ions, without insertion-extraction of 
protons from the electrolyte. We also report new experiments in which elec- 
trochromism of AIROF's takes place by insertion-extraction of anions (OH-, 
F - ,  CN-)  from nonaqueous electrolytes. 

Several recent papers (1-7) have described the elec- 
trochromic properties of anodic iridium oxide films 
(AIROF's). Electrochromics are promising materials 
for passive display devices (8). They have a wide view- 
ing angle and an open-circuit memory. They are suit- 
able for large character displays and for all-solid-state 
devices. Earlier electrochromic research focused pri- 
marily on WO3 in which coloration (9-12) takes place 
by simultaneous insertion of electrons and cations, e.g., 
H +, Li +, Na +, etc. The fastest response times (~0.1 
sec) are obtained with protons in a humid environment. 
However WO3-based devices degrade (13) in the pres- 
ence of water. Thus, current research in WQ-based 
displays is centered around Li + [Ref. (14)] and Na + 
[Ref. (15)] insertion devices employing nonaqueous 
electrolytes. Although these devices are more stable 
than those based on protons in humid environments, 
they have considerably longer coloring and bleaching 
times (~-.1.0 sec). 

�9 Eleetrochenflcal Society Active Member. 
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AIROF's do not degrade in contact with water. They 
have been operated in aqueous solutions for ~-106 
cycles with no detectable degradation and no electro- 
lyte decomposition. AIROF's also have fast coloring- 
bleaching times (~20 msec) and good contrast through- 
out the visible. All-solid-state <diffuse reflection) dis- 
play cells have been demonstrated recently (7). 

Initial descriptions of the mechanism of electro- 
chromism in AIROF's were based on simultaneous elec- 
tron and proton insertion, similar to electrochromism 
in WO3, albeit with opposite polarity (1, 5). However, 
since we observed (2) that the speed of coloration 
and bleaching in AIROF's is independent of pH, this 
interpretation seemed questionable. Although the lack 
of dependence of color/bleach speed on pH was con- 
firmed by the detailed studies of Gottesfeld and Mc- 
Intyre (5) (hereinafter referred to as II), they never- 
theless retained a proton injection description since 
they found all alternative mechanisms unacceptable. 

The purpose of this paper is twofold: (i) to demon- 
strafe that all available experimental data concerning 
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AIROF electrochromism in  aqueous systems is satis- 
factori ly explained by a hydroxide in ject ion mecha-  
nism; and (ii) to report  new exper iments  using non-  
aqueous electrolytes which demonstra te  that  AIROF 
color ing/bleaching in  fact takes place by anion in-  
ser t ion/ext rac t ion  in  these systems. 

I n  the next  section we s tudy the electrochromism of 
A1ROF's in  aqueous electrolytes. We reanalyze previous 
exper iments  and discuss tne point  of zero zeta poten-  
tial. By a thermodynamic  analysis of the isotherms, 
we show that  electrochromism in  AIROF's  is well  ex- 
p la ined by the hydroxide ion mechanism, i n  the section 
"Wate r -Free  Electrochromism" we present  results of 
exper iments  performed in  water - f ree  electrolytes. We 
show that  the anions OH- ,  F - ,  or C N -  are sufficient 
for electrochromism to occur in  the nonaqueous sys- 
tems studied. In  "Discussion and  Conclusions" we dis- 
cuss the na tu re  of the an• mechanism for electro- 
chromism and its relat ionship to anodic film growth 
and electrocatalysis, 

Electrochromism in Aqueous Solutions 
During coloration (bleaching) an anodic (cathodic) 

potent ia l  typical ly removes (1) (injects) ~101~ elec- 
t rons /cm 2 from (into) a ~3000A thick AIROF in 
< 40 msec. Preservat ion  of e lect roneutra l i ty  requires 

a s imul taneous in ject ion (ejection) of negative charge 
or ejection ( inject ion) of positive charge at the AIROF/  
electrolyte interface. Assuming fast interfacial  proc- 
esses and fast diffusion wi th in  the AIROF, coloring- 
bleaching times are de termined by the diffusion of the 
charged species from the electrolyte to the AIROF sur-  
face. For  ions with bu lk  electrolyte diffusion coefficient 
D, the (unbuffered) ion concentrat ion C necessary to 
in ject  N ions per un i t  surface in  a t ime t is (16) 

N 
C = [i] 

-%/(4Dr) 

For protons in aqueous solutions D -- 10 -4 cm2/sec 
[Ref. (17)] so that, with N = 1.6 10 -~ mole/cm 2 and 
$ ----- 40 rnsec, we have C = 4 10 -5 mole /cm s or pH ---- 
1.4. Thus, at pH _> 1.4 there are not enough protons 
avai lable in the bulk  electrolyte to bleach the AIROF in 

40 msec. But, as shown in  Ref. (2), bleaching times 
of ~20 msec are regular ly  obtained at pH as high as 14. 

Following similar  arguments,  it was concluded in II 
that  AIROF electrochromism in basic and mildly acidic 
aqueous solutions can be due to proton injection, only 
if the source of protons is free H~O molecules and /o r  
bound H20 or OH groups on the oxide surface. In  the 
la t ter  case, the bleaching process is effectively a proton 
desorption from the surface into the AIROF. Since none 
of the electrochemical measurements  discussed in II 
can dist inguish be tween the desorption of a proton and 
the adsorption of a hydroxide ion (16), the question 
remains  open as to whether  protons or hydroxide ions 
give rise to the electrochromic effect in  AIROF's. 

To proceed fur ther  we begin by considering the na-  
ture of the water  bound to the AIROF surface. In  II it 
has been  speculated that  "owing to polarization by  the 
coordinated meta l  ion," the bound H20 has a higher 
concentrat ion of H + than  the free water. We shall see, 
however, that  the opposite is true, and in fact, there is 
in most cases a preponderance of O H -  on the surface of 
an AIROF in an aqueous solution. 

Point  of zero zeta potent ia l . - -The  point  of zero zeta 
potential  (pzzp) is the pH at which the net  surface 
charge is zero. There is a sizable l i tera ture  on the pzzp 
(18-24). For metal  oxides the pzzp usual ly  refers to 
specific adsorption of protons or hydroxide ions. Thus 
the pzzp is the p H  at which the concentrat ions of ad-  
sorbed H + and OH:- are equal. At pH =/= pH(pzzp)  a 
net  charge is present  on the oxide surface. 

Most investigators (25-29) of the properties of the 
oxide/aqueous-solut ion interface suggest that  the 
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mechanism by which the surface charge is established 
may be viewed qual i ta t ively as a two step process: 
surface hydra t ion  followed by dissociation of the sur-  
face hydroxide. The hydra t ion  step is an at tempt  by the 
exposed surface atoms to complete their coordination 
shells of nearest  neighbors. Exposed cations accomplish 
this by  pul l ing O H -  ions from the aqueous phase; oxy- 
gen ions accomplish this by  pul l ing  H + from the aque-  
ous phase. 

The equil ibria  at the surface of a metal  oxide MO can 
schematically be represented (18) by 

MO �9 HfO ~ MO �9 O H -  + H + [2] 

MO �9 H+ + O H -  ~ MO �9 HfO [3] 

where �9 means "bound at the surface." Adding Eq. [2] 
and Eq. [3] we obtain 

M O ' H  + +OH-~ZMO'OH-+H + [4] 

From which, at equilibrium 

a F + k T l o g  [H+]s k T l o g =  [ O H - ]  = 0  [5] 
LOn-]~- + [H*j 

where AF is the standard free energy of the reaction; 
[H+]s and [OH-]s  are the concentrat ions of protons 
and hydroxide ions at the surface; k is the Bol tzmann 
constant; and T is the absolute temperature.  By defini- 
tion, at the pzzp, [H+]s -~ [OH-]s  so that  at room 
tempera ture  

AF (eV) 
pH(pzzp)  -- 7 [6] 

0.12 

Although AF is not known, it has been found (30) em- 
pirically that Eq. [6] is well satisfied by all studied 
metal oxides if one sets aF(eV) _-- AM(eV) -- 5.9 
where AM is the Mulliken electronegativity of the ox- 
ide. The Mulliken electronegativity of an element is 
the arithmetic mean of the atomic electron affinity A 
and the first ionization energy I, i.e. 

aM -- (A + I ) / 2  [7] 

The Mul l iken  electronegativi ty of a compound is the 
geometric mean of the e lect ronegadvi ty  of the const i tu-  
ent  atoms. 

For  IrOf, AM ---- 6.7 eV [Ref. (31)] and thus from Eq. 
[6], pH(pzzp) : 0.33. Similar ly  for Ir2Os, AM ---- 6.54 
eV [Ref. (31)] and pH(pzzp) ---- 1.66. Therefore, assum- 
ing that AIROF's have compositions close to IrO~ or 
Ir203, the AIROF surface has a high concentrat ion of 
hydroxide ions and a ve ry  low concentrat ion of protons 
at all pH except for pH < 1. Moreover, it is obvious 
that by applying an anodic potential  to the AIROF the 
equi l ibr ium on the surface is fur ther  shifted toward 
enriching the hydroxide ion concentration. 

It is clear therefore that the AIROF surface is usual ly  
covered predominant ly  with OH- ,  and thus there is not 
a reservoir of H + as stated in II in support of the proton 
inject ion model. The extremely low value of the pzzp 
for the AIROF's also explains the insensi t ivi ty  (2) to 
pH of the hydroxide ion inser t ion-ext rac t ion  electro- 
chromic process. 

Fur ther  thermodynamic  data support ing the hydrox-  
ide mechanism of electrochromism are presented in  the 
next  section. 

I so therms . - -From measurements  of the in te rna l  emf 
of AIROF's in aqueous solutions over the pH range 0-14 
and tempera ture  range 0~176 it is apparent  that  (i) 
AIROF's develop an in terna l  emf E dur ing coloration 
and have the external  properties of thin film batteries; 
and (ii) that their in te rna l  emf is a funct ion only of 
the charge per uni t  volume Q. As a consequence of (i) 
and since the charging process is sufficiently fast, cyclic 
vol tammograms for AIROF's yield directly dQ/dE vs. 
E, and thus provide the most convenient  way to obtain 
the isotherm, E (Q). 
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Fig. I .  pH dependence of maxima in cyclic voltammograms for 
AIROF's at room temperature measured at a sweep rate of 100 mV/ 
sec. The two solid curves are anodic scans and measure dq/dE (in 
arbitrary units) as a function of the internal emf E (in volts vs. a 
saturated calomel electrode) at pH = 0.3 and pH = 14. The square 
(round) points trace the pH dependence of the A(B) peaks. Both 
peaks shift at the rate of 59 mV/pH (solid lines). 

We find tha t  Eq. [8] is expe r imen ta l l y  verif ied wi th  
n --  2 to high accuracy for  0.02 ~ q ~ 0,98. I t  fol lows 
f rom Eq. [8] tha t  the  shape of the cur ren t  peak  a round  
the  equi l ib r ium value  EB is r e l a t ed  to the  in te rna l  
emf E by  

dq 
~ . . . .  --- ( 4 n k T )  - l  cosh-2  [ (E --  EB) /2nkT]  [9] 

dE 

where  i is the  cu r ren t  measu red  by  cyclic v o l t a m m e t r y  
unde r  revers ib le  and fas t -dif fusion conditions,  and ab-  
sence of o ther  react ions (we set the electronic charge 
e = 1). We find tha t  the B peak  has the form of Eq. [9] 
wi th  n --  2. Values  of d q / d E  calcula ted  f rom Eq. [9] 
using a configurat ional  exponent  n = 2 are  compared  
wi th  expe r imen t  in Fig. 2. Al though  the re  a re  no ad -  
jus tab le  pa r a me te r s  (except  for  the t r iv ia l  EB) and no 
base l ine corrections,  the  agreement  be tween  theory  
and expe r imen t  is exce l len t  over  the  ent i re  range  
0.02 ~ q -~  0.98.  

The exponent  n = 2 is also found (32, 33) for the  
configurat ional  en t ropy  of protons and electrons in 
WOs. In WO3 however ,  the  dominant  pa r t  of the  in te r -  
na l  emf is not  the configurat ional  en t ropy  bu t  an in te r -  
act ion te rm l inear  in q. In  genera l  this in terac t ion  te rm 
dominates  the in te rna l  emf of cat ion inser t ion  e lec t ro-  
chromics (34). AIROF's  are  ins tead  a lmost  ideal  en-  
t ropy  cells (4).  

When  the hydrox ide  ions are  suppl ied  by  wa te r  
bound  at  the surface, i.e., in acidic solutions, the inser -  
t ion process involves  an addi t ional  s ta t i s t ica l ly  inde -  

pH = 14 

exp. 

�9 . �9 theory n=2  

Figure  1 shows the pH dependences  of the  m a x i m a  in 
the  cyclic vo l t ammograms  over  the pH range  0-14 at  
room tempera tu re .  The  two curves super imposed  are  
anodic scans for pH = 0.3 and 14, respec t ive ly  (the 
processes a re  h ighly  revers ib le  and the cathodic scans 
are  a lmost  m i r ro r  images about  the  abscissa) .  The 
square  points  t race  the  pH dependence  of the A peak  
which  dominates  the v o l t a m m o g r a m  in acidic solutions. 
I t  can be seen that  this  peak  shifts a t  a ra te  of 59 
mV/pH,  which, f rom the Nerns t  equation,  is in agree -  
men t  (16) wi th  inse r t ion -ex t rac t ion  of hydrox ide  ions 
dur ing electrochromism.  At  high pH a new peak  B 
appears  in the  vo l t ammogram.  Its dependence  upon pH 
is shown by the round  points  which also shif t  a t  a ra te  
of 59 mV/pH.  Simul taneous  ref lect ivi ty measurements  
show tha t  for  pH = 14 the e lec t rochromic  react ion takes  
place  p r i m a r i l y  a round  B. 

The exis tence of two dist inct  e lec t rochromic  processes 
can be unders tood s t r a igh t fo rward ly  in t e rms  of the h y -  
droxide  mechanism.  At  low pH, the hydrox ide  ions are  
suppl ied  by  the h ighly  basic wa te r  bound at the  surface. 
At  h igher  pH, however ,  the O H -  are  suppl ied  p r i m a r i l y  
by  the bu lk  e lectrolyte .  We show below tha t  these two 
ways  of supply ing  hyd rox ide  ions correspond to two 
the rmodynamica l ly  dist inct  processes. 

When  hydrox ide  ions are suppl ied  d i rec t ly  f rom the 
e lec t ro ly te  (B process) ,  the A I R O F  in te rna l  emf is 
g iven by  (neglect ing in terac t ions)  

E -- EB --~ k T l o g [ ( q / ( 1  --  q ) ] ,  [8] 

where EB is the inser t ion energy  per  hyd rox ide  ion and 
the second t e rm is T t imes the configuration en t ropy  
per  normal ized  charge  q = Q/Qmax per  uni t  volume. 
The configurat ional  exponent  n is 1 or 2 according to 
whe the r  or  not  the inser ted  hydrox ide  ion and the ex-  
t rac ted  e lec t ron are  spa t i a l ly  correlated.  
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Fig. 2. The derivative of the electrochromism isotherm of process 
B (cf. Fig. 1) at pH = 14. The solid curve was obtained experi- 
mentally by cyclic voltammetry under reversible conditions and fast 
diffusion. The points are theoretical values from Eq. [9] using a 
configurational exponent n = 2. No other parameter enters the 
theory and no base line adjustments were made. For clarity in this 
figure we show only a few points rather than a continuous line. 
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pendent  event:  the removal  of an O H -  from the sur-  
face. Thus, the configurational entropy term must  have 
an  exponent  n ----- 3 or 4, according to whether  or not  
the O H -  removed from the surface is spatial ly corre- 
la ted with the O H -  adsorbed on the surface from the 
bu lk  electrolyte. Moreover, since at the end of the proc- 
ess the surface has a modified configuration, the inser-  
t ion energy EA will  be, in general, larger  than EB. This 
is clearly shown in Fig. 1, where EA -- EB = 0.3V. In  
addition, Fig. 3 shows that  indeed the configurational 
exponent  for the A process is n _ 3. This figure shows 
exper imenta l  data (solid l ine) and two theoretical 
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Fig. 3. The derivative of the etectrochromism isotherm of process 
A (cf. Fig. 1) at pH ~ 0.3. The solid curve was obtained experi- 
mentally by cyclic voltammetry under reversible conditions and fast 
diffusion. The dotted (dashed) lines are theoretical values from 
Eq. [9] using a configurational exponent n = 3 (4). No other 
parameter enters the theory and no base line adjustments were 
made. 

curves using Eq. [9] with EB <--'> EA. The dotted l ine 
corresponds to n -- 3 and the dashed line to n -- 4. 
There are no adjustable  parameters  and no base l ine 
corrections. Taking the la t ter  into account and sub-  
tracting out both the spurious component  at high volt-  
ages and the small  shoulder (origin unknown)  at 
~0.45V (SCE), the best fit is obtained with n ~ 3. 
This result  was independent ly  checked by  measur ing 
the temperature  dependence of the isotherms which is 
in good agreement  with n -- 3 (Fig. 4). As expected 
there is no l inear  term in q also for this process. An 
upper l imit  on the coefficient of the l inear  term is 0.01 
eV for both A and B. 

From Eq. [1] we estimate that the bu lk  electrolyte 
c a n  supply enough free hydroxide ions for colora- 
t ion at pH ~ 8. Consequent ly  w-e expect the B peak 
to appear a round this value of pH and to increase with 
pH relat ive to the A peak. This effect is clearly seen in  
Fig. 5 which shows the significant portions of cyclic 
vol tammograms recorded in buffered solutions at var i -  
ous pH. To i l lustrate  the emergence of the B peak we 
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Fig. 4. Temperature dependence of the slope of the A-electro- 
chromism isotherm at q = 0.5. The solid lines are theoretical 
values from Eq. [9] for configurational exponents n = 4, 3, and 
2, respectively. 
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of the B peak is clearly visible in the cathodic scan at pH ~ > 
8. 
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have plotted the B peak par t  of the vol tammogram as 
a dashed line. Especially in the cathodic scan, it  is 
clearly visible that  around pH ---- 8 the A peak is dis- 
appearing while the B peak is emerging. 

In  conclusion, all the exper imenta l  data in aqueous 
electrolytes are consistent with the hypothesis tha t  
electrochromism in AIROF's takes place via hydroxide 
ions. 

Water-Free Electrochromism 
In  order to establish the relat ive role of protons and 

hydroxide ions independent ly  of water  we have studied 
the electrochromic performance of AIROF's  in various 
water- f ree  solutions. In  these experiments  the AIROF's 
were grown on i r id ium electrodes in  aqueous 0.5M 
H2SO4 as described in  Ref. ( i ) .  In  this solution the 
normal- incidence reflectivity (~, -~ 633 nm) of the elec- 
trode in  the colored state was 50% of that in the 
bleached state. After growth the electrodes were placed 
in a desiccator over Drieri te at atmospheric pressure 
for at least one day to remove gross surface water. 
However, no at tempt was made to rigorously remove 
all traces of water  from the AIROF's. 

Attempts to operate these dried AIROF electrodes in 
nonaqueous solutions of strong proton acids, HC104 or 
H2SO4 in dimethylsulfide (DMSO) or acetonitri le 
(AN), produced no evidence of electrochromic activity. 
For these experiments,  the potential  of the electro- 
chromic electrode vs. an Ag/Ag + reference electrode 
(potential  : 0.253V vs. aqueous SCE) was swept cycli- 
cally while gradual ly  increasing the potential  limits 
unt i l  a significant s teady-state  current  flow signaled the 
onset of electrolyte breakdown. [A detailed description 
of a representat ive exper iment  has appeared in a pre-  
vious communicat ion (35)]. Figure 6(a) shows a cyclic 
vol tammogram obtained with an AIROF working elec- 
trode in 0.01M HC104/DMSO. Over the entire 2.2V 
potential  window scanned, no appreciable current  was 
observed other than that due to electrolyte breakdown 
near  the limits of the scan. The application of a 2.2V 
square wave potential  with a pulse width of hundreds  
of seconds [Fig. 7 (a)]  produced no change in electrode 
reflectance. The same results were observed in all other 
nonaqueous acid solutions investigated. All solutions 
contained substantial  concentrations of free protons as 
confirmed by t i t rat ion with base, and by the fact that 
W Q  electrodes could be electrochemically colored and 
bleached in these solutions [Fig. 6(c), 7(c)] .  Thus in 
the absence of water, a supply of free protons is not 
sufficient for AIROF electrochromism. 

A mater ial  which exhibits electrochromism by proton 
inser t ion-extract ion may be expected to exhibit  elec- 
trochromism also by other small  cations. Indeed WO3 
can be colored not only by proton insert ion but  also by 
insert ion of Li + [Ref. (14)] or Na + [Ref. (15)]. In 
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Fig. 6. Cyclic voltammograms of typical AIROF's and WO3 films 
in aqueous and nonaqueous acid solutions. Scan speeds: (a) 20 
mV/sec; (b) 100 mV/sec; (c) 20 mV/sec; (d) 50 mV/sec. 
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Fig. 7. Spectral response (~. - -  633 nm) to abrupt potential 
change of AIROF's and WO3 films in aqueous and nonaqueous acid 
solutions. Normalized reflectance R/Ro -~ R/Rbleached; normalized 
transmission T/To ~ T/Tbleached. 

contrast, " l i thiat ion" by cathodic reduct ion in  a non-  
aqueous electrolyte (0.5M LiAsF~ in acetonitrile) does 
not produce any electrochromic effect in AIROF's (II) .  

It is tempting to generalize tl~e~e results and suggest 
that  proton inject ion is equal ly un impor tan t  for AIROF 
electrochromism in aqueous solutions. However, given 
the negative na ture  of these findings, several objections 
can be raised about this suggestion. For example, it is 
possible that electrochromism was not observed be-  
cause the AIROF's color/bleach potent ial  lies outside 
the available potent ia l  window in DMSO and AN. This 
explanat ion is improbable given the wide potential  
limits which were scanned. As fur ther  evidence against 
this possibility, the addit ion of trace amounts  of water  
to these solutions causes electrochromism to be ob- 
served, with a color/bleach potential  roughly equiva-  
lent  to the coloration potential  in  totally aqueous acid 
solutions. 

Another  more serious objection is that the non-  
aqueous solvents may "deactivate" the AIROF by re- 
moving necessary water  of hydrat ion from within  the 
oxide film. indeed it is known that proton conduc- 
t ivity is inhibi ted or destroyed in solid-state proton 
conductors when all water  is removed (36). In order 
to remove the objection that  perhaps the AIROF can- 
not operate in any water - f ree  solution, and to establish 
the role of hydroxide ions in the electrochromic process 
independent ly  of water, we have studied AIROF elec- 
trode performance in nonaqueous solutions containing 
hydroxide ions. 

The nonaqueous base experiments  were performed 
in exactly the same way as the water - f ree  acid studies 
described previously; in this case the solutions used 
were KOH or (CH3)4NOH in ethanol or AN. Hydroxide 
ion concentrations ranged from 0.1 to 1M. (Ful l  experi-  
menta l  details and results for these studies will  appear 
in a separate paper.) In  contrast to the results in non-  
aqueous acid, electrochromism could always be ob- 
served when AIROF electrodes were operated in these 
water- f ree  hydroxide solutions. Figure 8 (a) shows the 
cyclic vol tammogram obtained with an AIROF in  0.1M 
(CH3)4NOH in AN; clear evidence of coloration and 
bleaching peaks can be seen. This result  contrasts 
sharply with the completely flat vol tammograms ob- 
tained with solutions of acids in this solvent. Figure 
8 (b) shows the response of the electrode reflectance to 
the application of a square wave potential. The magni -  
tude of the reflectivity change is similar to that  ob- 
tained in aqueous solutions. The reslconse time is slower 
due to the higher resist ivity of the electrolyte. These 
results prove that the AIROF electrochromic reaction 
can indeed occur in nonaqueous electrolytes as long as 
the proper ion (hydroxide) is present. 
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Fig. 8. (a) Cyclic voltammogram of AIROF electrode in 0.1M 
(CHs)4NOH + 0.1M (CH3CH~)4NClO4/acetonitrile. Scan speed 
10 mV/sec. (b) Changes in AIROF electrode reflectance with 
abrupt potential change. The electrolyte is the same as in (a). 

One might  ant ic ipate  tha t  a ma te r i a l  which exhibi ts  
e lec t rochromism by hyd rox ide  ions should also exhibi t  
e lec t rochromism by  other  anions of s imi la r  size and 
charge. Indeed we have found that  co lora t ion-b leaching  
of AIROF's  occurs in w a t e r - f r e e  solut ions containing 
F -  or  C N - .  Thus a l though no e lec t rode  reflectance 
changes occur when  a d ry  NH4Br/e thanol  solut ion is 
used (p r e sumab ly  B r -  is too la rge  to inser t  r ead i ly  
into the  A I R O F ) ,  e lec t rochromism does occur in 
NH~F/ethanol .  K C N / e t h a n o l  is also an effective elec-  
t ro ly te  for  A I R O F  elect rochromism.  Detai ls  of these 
exper imen t s  wi l l  be publ i shed  elsewhere.  

Discussion and Conclusions 
The hyd rox ide  ion mechanism of e lec t rochromism is 

also consistent  wi th  the  close connection be tween  
A I R O F  growth  and e lect rochromism.  The g rowth  of 
an hydrous  oxide film in aqueous solut ion requires,  in 
genera l  (16), the ha l f - r eac t ion  

2 O H -  ~ H 2 0  + O = [10] 

which implies  diffusion of hyd rox ide  ions a n d / o r  meta l  
cations th rough  the forming  oxide. F rom Ref. (3) there  
is evidence that  I r  ions do not diffuse eas i ly  through 
the AIROF's .  Thus hydrox ide  ions mus t  diffuse through 
the A I R O F  dur ing  its growth.  

AIROF's  a re  g rown typ ica l ly  (1) in aqueous solutions 
of 0.5M I-t2SO4 by cont inuously  sweeping the potent ia l  
of the I r  e lec t rode  be tween  --0.25 and +1.25V (SCE).  
Dur ing  the anodic (cathodic)  sweep, the g rowth  reac-  
t ion Eq. [10] is shif ted to the r ight  ( lef t ) ,  cor respond-  
ing to O H -  inser t ion (ex t rac t ion) .  Since colorat ion 
(b leaching)  is observed dur ing  the anodic (cathodic)  

g rowth  sweep, the  e lec t rochromic  process is associated 
with  the inse r t ion -ex t rac t ion  of O H - .  

The hydrox ide  mechanism for A I R O F  e lec t roehrom-  
ism can be represen ted  b y  a half -react ion of  the  form 
(37) 

I r ( O H ) n  + x O H -  ~=~ I t ( O H ) n + =  + z e -  [11] 

The exact  e lec t rochromic  reaction,  however ,  must  r e -  
ma in  specula t ive  unt i l  the exact  AIROF composit ion 
is known. The A I R O F  composi t ion is p robab ly  a form 
of h y d r a t e d  i r id ium oxide. I r i d ium forms var ious  kinds  
of oxides (38), the most  common being Ir2Os and IrO2. 
In  h y d r a t e d  form they  correspond to 

Ir~Os(SH20) ~- 21r(OH)s [12] 
and 

IrO2 (2H20) ~=~ Ir (OH) 4 [13] 

which descr ibe  the  equi l ib r ia  be tween  the h y d r a t e d  
oxide form and hydrox ide  form of Ir2Os and IrO2, r e -  
spectively.  Al though AIROF's  a re  hydrous,  the  amount  
of molecu la r  wa te r  is not  eas i ly  ascer ta ined.  In  fact  
we can now take  as gene ra l ly  accepted (39) tha t  meta l  
hydrox ides  are  "po lymers"  in which the me ta l  ions are  
l inked  by  br idges  of hyd roxy l  pairs.  The closeness of 
the  hydroxy l s  in these diol br idges  causes the latter to 
be uns table  as they  are  conver ted  to oxobr idges  wi th  
l ibe ra t ion  of wa te r  (40). The quest ion m a y  be ra ised  
as to whe the r  or  not  the  amount  of hyd ra t ion  is r e la ted  
to e lectrochromism.  

Hydra t ion  (dehydra t ion)  is indeed a part of the 
O H -  inser t ion  (ext rac t ion)  process as shown by Eq. 
[10]. I t  seems unl ikely ,  however ,  that  the hyd ra t i on -  
dehydra t ion  step of Eq. [10] is the fundamen ta l  pa r t  
of the e lec t rochromic  process. In  fact  this would  be 
inconsis tent  wi th  the  exper iments  in which colorat ion 
is obta ined  by  inser t ion of F -  or  C N - .  On the o ther  
hand, since dehydra t ion  of a mixed  valence  compound 
gene ra l ly  gives r ise to colorat ion (41), i t  is possible 
that  colorat ion of the A I R O F  might  be obta ined by  
dehydra t ion .  

The fundamen ta l  pa r t  of the e lec t rochromic  process 
is l ike ly  to be associated not  wi th  h y d r a t i o n - d e h y d r a -  
tion, but  wi th  the in jec t ion-ex t rac t ion  of the oxygen 
anions. The inser t ion of oxygen  ions could cause colora-  
tion: (i) by  changing the valence or i r id ium from 3 to 
4, I r  TM coordinat ion compounds being typ ica l ly  more  
s t rongly  colored than  the i r  I r  m counterpar t s ;  (ii) by 
creat ing a mixed  valence oxide, the colorat ion being 
due to in te rva lence  t ransi t ions;  or  (iii) by  crea t ing  de-  
fects. None of these mechanisms can be excluded at  
this s tage and more  de ta i led  invest igat ions  are  neces-  
s a ry  to c lar i fy  the deta i led  na tu re  of the  e lec t rochromic  
mechanism in AIROF's .  

In  summary ,  al l  ava i lab le  da ta  in aqueous and non-  
aqueous solutions show tha t  e lec t rochromism in 
AIROF's  takes  place v ia  anions. This contrasts  wi th  the  
cation mechanism of e lec t rochromism which has been 
wel l  es tabl ished for WOs and other  ca thodica l ly  colored 
oxides. On the o ther  hand, s ' has r ecen t ly  been shown 
(42) that  in lu te t ium d iph tha locyan ine  "colorat ion" 
f rom green  to red  occurs by  inject ion of C1- ions f rom 
the e lec t ro ly te  into the  e lec t rochromic  film. 

Anion e lec t rochromism is of pa r t i cu la r  significance 
for so l id-s ta te  d i sp lay  devices. So l id - s ta te  fluorine fas t -  
ion conductors  a re  known (36) and can conceivably  be 
used in conjunct ion with  AIROF's .  P r e l i m i n a r y  resul ts  
to be repor ted  e lsewhere  have shown that  this is pos-  
sible. 

Final ly ,  in addi t ion  to d i sp lay  device applicat ions,  
hydrox ide  ion e lec t rochromism is of fundamenta l  im-  
por tance  for its re la t ion  to oxygen  electrocatalysis .  In 
most  mater ia ls ,  h igh ca ta ly t ic  ac t iv i ty  for oxygen evo-  
lut ion f rom the spl i t t ing  of wa te r  has been found (43) 
to be associated wi th  high affinity for hydrox ide  ions. 
As we have seen, AIROF's  have high affinity for hy -  
droxide  ions and indeed they  have  super ior  ca ta ly t ic  
ac t iv i ty  for oxygen  evolut ion (44). The deta i led  r e l a -  
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tionship between electrochromism and electrocatalysis 
remains a problem for future investigations. 
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ABSTRACT 

Studies of the oxidative softening of additive-free and cobalt-hardened 
gold lead to the conclusion that lattice strain is a major contributor to the 
hardness of these electrodeposits. Since strain hardenin~ is not observed in 
gold from the melt, its occurrence in hard gold is claimed to derive from the 
polytypic structures, which seem to be characteristic of all high purity hard 
golds, plated as well as sputtered. Structural similarities of the gold polytypes 
and cobalt dicyanoaurate may be the reason for their electrolytic codeposi- 
tion, which generates a distorted gold lattice. Oxidation or reduction of the 
light elements promotes the relaxation of lattice strains and leads, conse- 
quently, to the softening of eleetroplated hard gold. 

Electroplated hard gold has been the subject of sus- 
tained fundamenta l  studies ever since its use became 
preeminen t  in the electronics industry.  This is not to 
say that  the mechanical  and physicochemical behavior  
of hard gold is thoroughly understood. Rather, new 
aspects of this mater ia l  crop up occasionally when an 
indust r ia l  application fails to produce or to main ta in  
the desirable properties. One case in point is the recent 
observat ion that  cobal t -hardened gold loses its hard-  
ness wi th in  a few seconds when heated to 350~ in air. 

The hardness of electroplated hard gold has been 
a t t r ibuted  to its small  grain size (1). Grain  growth was 
observed in cobal t -hardened gold at temperatures  as 
low as 100~ but  significant softening of the deposit 
was found only after prolonged heat ing (1 hr) at 
temperatures  in excess of 300~ (2). Nickel-hardened 
gold required 600~ to produce some grain enlarge-  
men t  and 700~ to slightly decrease the hardness (3). 
Isochronal annea l ing  experiments  in both invest iga-  
tions (2, 3) preclude, however, any  judgment  about 
the rate of the softening process. Koch (2) indicates 
that there is no mechanism by which hard gold could 
change metal lurgical ly  at 85~ to affect its perform- 
ance as contact material.  St ructural  changes of hard 
gold were also measured by Mohrnheim (4) in de- 
pendence of time and temperature,  but  no hardness 
data were taken. 

The object of this invest igat ion was to provide an 
adequate data base on the kinetics of the reactive 
softening of various electroplated hard golds. Hardness 
tests, in  combinat ion with electron microscopic in -  
spections and x - r ay  diffractometer scans, were chosen 
as analyt ical  tools, temporar i ly  disregarding the 
chemical na tu re  of the process. 

Heat -Treatment  of Plated Hard Gold 
A series of experiments  was designed to estimate the 

rate at which s t ructural  changes occur in  cobalt-  
hardened gold in response to various heat- t reatments .  
Samples were prepared by plat ing 15-20 ~m of gold on 
0.5 • 15 cm strips of nickel sheet, using a Selrex 
Aut ronex  CI bath (Oxymetal  Industries,  Nutley, New 
Jersey) ,  under  s tandard  conditions. Each strip was cut 
into 15 pieces, and each piece was used for a different 
hea t - t rea tment .  In  the as-plated condition x - r ay  dif- 
fraction analysis yielded the lattice parameter  ao -- 
4.059 ~ 0.001A, as calculated from the (422) peak. 
After  heat ing in air at 340~ for 10 min, the lattice 
parameter  was a = 4.076. Heat ing at the same tem- 
perature  for 1 hr  yielded the same result. Numerous 
samples were consequent ly  heated at different temper-  
atures for various times t, such that the resul t ing 
parameters  at were evenly spaced over the range from 

Key words: polytypism, strain hardening.  

ao to a. Plot t ing (a -- ao ) / ( a  -- at) on a logari thmic 
scale vs. t yields curves as shown in Fig. 1. These 
curves provide a convenient  way of interpolat ing the 
t ime required for any degree of completion of the 
change in the lattice parameters.  Alternat ively,  the 
relaxat ion time tR may be defined as the inverse slope 
of the l inear  par t  of the curves in Fig. I. These re laxa-  
tion times are plotted in Fig. 2 to summarize  the re-  
sults of various hea t - t rea tments  in air  and forming gas 
(N2-10% H2). 

The data are best fitted to two straight lines, sug- 
gesting that two distinct processes are operative, i.e., 
oxidation and reduction. The lack of curvature  indi -  
cates that no change of mechanism occurs wi thin  the 
range of temperatures  studied. 

The data presented in  Fig. 2 reflect p r imar i ly  a 
surface effect, because of the l imited penetra t ion 
depth of x-rays  in  heavy metals. For copper Ka radia-  
tion the ha l f -va lue  layer  in gold is about 1.7 ~m. This 
thickness value corresponds, approximately,  to twice 
the reaction zone characterized by ta. For s t ructural  
changes occurring at depths greater  than ,-~0.5 #m, 
x - r ay  diffraction is no longer a suitable tool for ana ly-  
sis. Scratch hardness tests (5) on cross sections of 
par t ia l ly  reacted hard gold were used, therefore, to 
monitor  the continued progress of softening with time. 
This approach was also expected to elucidate the rela-  
tionship between softening and the s t ructural  effects 
described above. 
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Fig, I. Relaxation of the gold lattice in dependence of time and 
temperature. 
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Fig. 2. Arrhenius plot of the relaxation time of structural changes 
in cobalt-hardened gold due to heating in air and forming gas. 

The scratch hardness test is capable of detecting a 
hardness gradient  with a spatial resolution of 1-2 ~m. 
Within  this l imit  numerous  repetit ions of the expert-  
meat  indicated that  a hardness step exists, ra ther  than 
a cont inuum, between the reacted and unreacted 
regimes of the gold layer, Fig. 3a. Trea tment  of the 
cross section with a KCN-H202 solution led to pre-  
ferred etching on the reacted par t  of the gold, giving 
rise to the formation of a spongy structure, Fig. 3b. 
Figure 4a shows the sharp boundary  between the re-  
acted and unreacted zones of the gold layer  after pro- 
longed etching, which in first approximation agrees 
wi th  the location of the hardness step. The spongy gold 
shows no signs of crystallographic etching, apparent ly  
because recrystall ization has not progressed very  far, 
Fig. 4b. These observations suggest that the softening 
of hard gold is caused by the removal  of nonmetal l ic  
mater ia l  from the gold and by the formation of a 
spongy structure,  ra ther  than by grain growth alone. 

The progress of the reaction boundary  at 300~ was 
measured microscopically by means of the hardness 
step and thereafter  by means of the etch pattern.  Ac- 
cording to Fig. 5 a systematic difference exists be- 
tween the two measurements  which is probably caused 
by erroneous readings of the hardness step. There is no 
evidence for a decrease in the velocity of the moving 
boundary  with time as should be expected for a diffu- 
sion-controlled process. Hence it is concluded that  
reaction control prevails. Using the slope of the line in 

Fig. 3. Scratch hardness test on the cross section of partially softened hard gold: (a, left) polished surface, (b, right) etched surface 

Fig. 4. (a) Boundary in partially oxidized hard gold, exposed by prolonged etching. (b) Gold sponge generated by etchin9 oxidized 
hard gold. 



1"ol. 127, N o .  6 X-RAY D I F F R A C T I O N  S T U D I E S  1351 

20 I 
_ T =300 ~ o Etch Pattern 

Diamond Track 

o 

-Q 
0 
e. 10 

o 

0 i i i 
1000 2000 3000 4000 

Time ( s e c )  

Fig. 5. Progress of the moving reaction boundary with oxidation 
time as measured by the etch pattern and by the scratch hardness 
test on cross-sectioned gold samples. 

Fig. 5 one estimates a veloci ty  of 0.004 ~m/sec. This 
resul t  is in good agreement  wi th  the re laxat ion t ime 
ta  -- 200 sec, which follows f rom Fig. 2 for 300~ Re-  
fer r ing  this t ime to one-ha l f  of the x - r ay  penetra t ion 
depth of 1.7 ~m yields 0.0043 ~m/sec. 

Fu r the r  studies of the anneal ing characterist ics of 
plated gold were  carr ied out with deposits f rom an 
"add i t ive - f ree"  cyanoaurate  solution at high over -  
vo l tage .  This bath, which contained no hardening 
agent,  was composed of 0.5 mo le / l i t e r  monopotassium 
ci trate  and 0.5 mole / l i t e r  potassium cyanoaurate.  
When operated at 30~ and 100 m A / c m  2 under  vigorous 
agitation, deposits resul ted whose hardness approached 
that  of coba l t -hardened  gold, but  had a lower  content  
of impurit ies.  Heat ing in air  at 350~ followed by 
etching produced, accordingly, no spongy structure.  
However ,  a decrease in hardness  was observed, as 
shown in Fig. 6. These data were  obtained on the 
plated surface using a Knoop indenter  at various loads. 
Both the as-plated and the annealed gold exhibi t  in-  
creasing hardness with increasing load. This behavior  
is opposite to that  of cobal t -hardened  gold (5) and 
could indicate a lesser hardness of the surface. How- 
ever,  scratch hardness tests ~ on cross sections yielded 
uni form hardness throughout  all test samples, regard-  
less of their  hea t - t rea tments .  F igure  7 presents the 
var ia t ion  of the Knoop hardness wi th  t ime at 350~ as 
percent  deviat ion f rom the as-plated values at 1 and 
25g load. Also shown is the increase in latt ice pa ram-  

1 In scratch hardness  tests, a Vickers  indenter  is loaded onto 
the surface and remains stationary, whi le  the spec imen  is slowly 
pulled in the  direct ion parallel to the diagonal  of the square, 
pyramidal indentatmn. Yarlations in the rate of relative motion 
were suspected to influence the results  due to "hydroplaning," 
but were never found to actually do so in a systematic evalu- 
ation. 
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Fig. 6. Hardness of additive-free gold in dependence of the load 
at various stages of heat-treatments at 350~ 
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Fig. 7. The variation of hardness with anneal time at 350~ and 
the corresponding lattice relaxation. 

eter, which accompanies the decrease in hardness. It  
is noted that  50 sec of heat ing causes a significant 
change in the latt ice parameter ,  but  affects only the 
hardness at lg, not at 25g load. Continued heat ing 
produces a decrease of the higher  load hardness as 
wel l  and is associated wi th  an additional expansion of 
the gold lattice. 

A single principle emerges in two ways f rom these 
exper iments  wi th  addi t ive- f ree  hard gold: (i) Electro-  
deposited gold can be strain hardened,  contrary  to gold 
f rom the melt. This follows f rom the load dependence 
of the hardness in Fig. 6, where  increasing the strain 
imposed by the Knoop indenter  produces an increase 
in hardness. (ii) Hard gold electrodeposits have a 
compressively strained lattice. Relaxat ion of the 
stress, due to heating, leads to a decrease in hardness, 
as demonstrated in Fig. 7. 

It  is concluded that  hardness and latt ice strains are 
correlated, even though strain hardening  is not ob- 
served in gold f rom the melt. The capabil i ty of strain 
hardening of ("pure")  plated gold appears to depend 
on the par t icular  s t ructure  described in the fol lowing 
paragraph.  

Detection of po~gtypism in hard gold.--Transforming 
cobal t -hardened gold into a gold sponge has been re-  
ported previously (6). Combined wi th  the new ob- 
servations, sponginess seems to indicate that  inclusions 
of carbonaceous mater ia ls  in as-pla ted gold are located 
in voids. F rom there  they may  be removed  by reaction 
wi th  oxygen (to form CO2, N2) or wi th  hydrogen (to 
form CH4, NH3), thus exposing the a l ready exist ing 
spongy structure.  F rom the density of cobal t -hardened 
gold (17.8 g / c m  3) one estimates that  the impuri t ies  
occupy 8% of the deposit volume. If the pores contain 
a crystall ized material ,  its characteris t ic  reflections 
may  be detectable in the x - r a y  diffraction pattern.  
Accordingly,  the previously  proposed hypothesis may  
be tested that  cobal t-gold cyanide coordination com- 
plexes are incorporated into hard gold during electro-  
deposition (7). 

Sel rex  Aut ronex  CI gold was plated under  s tandard 
conditions on a 6 cm 2 X 4 mm polished nickel sub- 
strate, to yield a thickness of approx imate ly  20 ~m. 
This specimen was scanned on the x - r a y  diffractometer  
f rom 28 _-- 2 ~ upward.  The reason for selecting this 
small  diffraction angle was the fact that  the hypothe-  
sized inclusions are character ized by large uni t  cells. 
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Confirmation of the hypothesis appeared to be a t  
hand when  reasonably strong, but  diffuse and asym- 
metr ic  reflections were  observed at the 20 angles 8.5 ~ 
17 ~ and 26 ~ (Cu K~ radiat ion) .  These diffraction lines g .  
coincide wi th  the strongest  reflections of Co[Au 
(CN)212 �9 10 H20, which is known to decompose into 

gold and cobalt cyanide at 350~ in iner t  a tmosphere  
(7), This informat ion may be combined with  the ob- 
servat ion that  cobal t -hardened  gold changes its s truc- 
tural  and mechanical  propert ies  under  oxidizing con- 
ditions at 350~ The ext ra  diffraction lines were,  there-  "~ Uo 
fore, expected to disappear in the course of such a | 
heat - t rea tment .  Instead, the re la t ive  intensities 
changed, the peak breadths and the asymmet ry  de- 
creased, and addit ional  reflections became evident.  ~ v 
Fur ther  sequential  hea t - t r ea tmen t s  at h igher  t empera -  ,~-~ 
tures produced even tua l ly  a decrease of the peak 
intensities, p r imar i ly  because nickel diffused to the --~ 40o. 
surface to form a dense layer  of nickel  oxide, which 
could not be removed wi th  hydrochloric  acid. The 
presence of nickel as surface oxide was concluded 
from electron probe measurements  of the par t ia l ly  
abraded surface. A strong nickel signal was obtained 
on the unabraded surface, but the abraded surface 
yielded no nickel signal at all. 

These observations are inconsistent wi th  the v iew ~0 ,  
that  the ext ra  diffraction lines are caused by a code- 
posited cobalt-gold cyanide coordination complex. In 
fact, Cohen and others (9) claim outright,  on the basis 10o, 
of Mbssbauer studies, that  cobal t -gold cyanide coor- 
dination compounds are not present  in cobal t -hardened 
gold. Yet, these authors analyzed only the bonding 
state of gold, ra ther  than that  of cobalt, in just  two of 
at least four compounds wor thy  of considerat ion (10). 
With the precise nature  of the contaminants  in cobalt-  
hardened gold unresolved,  a l ternat ives  for the origin 
of the ext ra  diffraction lines were  considered. 
Especially a t t ract ive appeared the possibility that  a 
new modification of gold was formed due to the Jr- 
revers ibi l i ty  of the electrocrystall ization.  Sput te red  
gold should then also crystall ize wi th  this s t ructure 
because ex t reme i r revers ib i l i ty  characterizes this dep- 
osition process. Numerous  diffraction lines at low 
Bragg angles were  indeed recorded for sput tered gold, 
as shown in Fig. 8. A sample of sput tered gold was 
removed from its substrate and annealed at 700~ for 
56 hr. The diffraction pa t te rn  yielded then the d spac- 
ings listed in Table I, which al low indexing in the 
cubic system with the cell constant ao ---- 38.72A. This 
value  is, with good accuracy, nine times larger  than 
the cell constant of the fcc gold lattice. Because of this 
relationship, the ext ra  lines in the diffraction pa t te rn  
of sput tered gold are bel ieved to indicate polytypism. 
As i l lustrated by silicon carbide (11), polytypes are 
formed by stacking identical  layers in different ar-  
rangements.  

The breadth  and the asymmet ry  of the reflections at 
low Bragg angles precluded meaningful  intensi ty  
measurements .  None of these lines exceeded 3% of the 
intensity of the strongest l ine in the pattern,  the (111) 
reflection of the basic fcc gold lattice. Continued an- 
neal ing at up to 1000~ for 15 min was found to have 
l i t t le effect on the intensities. 

To clarify whe ther  or not the hardness of gold de- 2.3 
posits is in any way tied to the polytypic structure, two 8.3 
addit ional  series of tests were  carr ied out wi th  the 13.6 
fol lowing results. 14.2 

1. All  sput tered samples wi th  hardness values rang-  17.2 
ing f rom 60 to 200 k g / m m  (measured at 10g load) (1) 22.4 

25.6 showed numerous polytype reflections of varying in- 31.2 
tensities. However ,  no relat ionship to the as-deposited 33.2 
hardness data was evident.  The effect of anneal ing on 41.2 
hardness was not evaluated.  48.~s 

77.65 
61.72 2 Oxidation decomposi t ion  of cobalt-hardened gold has been re- 

ported to lead to a cobalt oxide film at the surface of the gold 
and to a depletion of cobalt in the grain boundaries of the de- 
posit (6). Accordingly, the intense purple  discoloration observed 
on the  present  test  sample was  assumed to be cobalt oxide. It 
was removed with hydrochloric acid before the x-ray analysis. 

6 g 1~ 1~ 18 2'1 2~4 ~ 3~0 33 
2e (Degrees) 

Fig. 8. tow Bragg angle reflections in as-spattered gold 

2. Various types of e lectroplated gold were  tested 
for low angle reflections. High pur i ty  soft gold proved 
to be wi thout  addit ional  reflections. All  hard golds 
showed ext ra  lines, though no correlat ion be tween  the 
hardness and the intensi ty of these reflections was 
evident.  Tested were  cobalt-  and n icke l -hardened  as 
well  as "addi t ive- f ree"  hard golds plated f rom standard 
and from high speed baths. Typical pat terns  are listed 
in Table II and may  be compared with  that  of sput-  
tered gold in Table I. 

It  is surmised that  polytypism in gold is a pre-  
requisi te  but not a proport ional  factor in the develop-  
ment  of hardness in high pur i ty  gold due to strain 
hardening. 

An a t tempt  was made to index the ext ra  reflections 
of plated golds. Al though the d spacings agree la rge ly  
wi th  those of sput tered gold, there  is a conspicuous 
absence of the spacing d ~ 36.7A. Also, there is clear 
evidence of the in terp lanar  spacing d :-  9.6A, which is 

Table I. X-ray diffraction pattern of sputtered gold after annealing 
at 700~ for 56 hr 

Bragg angle 20" 

Experimental Calculated d (A) h k 1 

2.41 36.41 1 O O 
8.34 10.652 2 2 0 

13.66 6.511 4 4 0 
14.26 6.237 5 3 1 
17.41 5.155 7 1 1 
22.46 3.969 9 2 0 
25.44 3.480 10 3 2 
31.58 2.640 10 6 2 
38.20 2.3559 9 9 9 
41.21 2.1910 16 5 0 
48.58 1.8751 16 S 8 
77.60 1.2296 27 9 9 
81.76 1.1784 16 18 18 

* For copper Ks radiation. T h e  calculated Bragg angles  cor- 
respond to a cubic unit cell with ao = 36.721A. 
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Table II. Diffraction patterns of electroplated hard golds after 
annealing at 350~ in air 

Additive-free 
Co-hardened Ni-hardened hard gold 
gold [d (A) ]  gold [d (A)] [d (A) ]  

10.28 10,65 
9.51 9.61 
7.20 
5,16 5.13 

4.13 
4.04 3.99 
3.47 3.45 
3.39 
3.39 3.31 

3.15 

2.91 2.92 
2.88 

2.83 2.84 
2.79 

2.45 2.46 
2.35 2.36 
2.20 2.19 

2.13 
1.88 1.87 

1.74 
1.73 1.73 

1.60 

9.61 

5.01 

3.44 

3.00 
2.96 
2.36 
2.34 
2.80 
2.67 
2.53 
2.45 
2,36 

1,87 

inconsis tent  wi th  a cubic cell  constant  of 36.72A. Fur- 
ther studies a re  necessary  to c lar i fy  these differences. 

Updating the model of hard go~d electrodeposition.-- 
A causa t ive  re la t ionship  has been cla imed to exist  be-  
tween  the chemis t ry  of cobal t  (and nickel)  cyanoaura te  
c o m p l e x e s  a n d  t h e  deposi t ion character is t ic  of  hard  
gold (7). These compounds were  assumed to be in-  
corpora ted  in the gold deposi t  at  gra in  bou.ndaries or, 
more  specifically, in the pores of a gold sponge. X - r a y  
diffract ion measurements  did  not  confirm this pa r t i cu -  
l a r  composite  s t ruc ture  but  led ins tead to the  discovery 
o f  po ly typ i sm in gold. Therefore,  the model  of ha rd  
gold e lect rodeposi t ion should be revised to account for 
this feature.  

Previous  studies showed tha t  the e lect rode re laxa t ion  
a f te r  cathodic p repola r iza t ion  at  constant  cu r ren t  
dens i ty  is s ignif icantly s lower  for  (cobal t )  ha rd  gold 
than  for  soft gold deposi t ion (12). This effect indicates  
the enhancement  of an adsorpt ion  process, poss ibly  the 
change f rom AuCN to Co [Au (CN) 2]2 in the adsorpt ion  
layer .  Concurrent ly ,  the  act ivat ion energy  for soft gold 
deposi t ion was found to decrease  wi th  time, whi le  i t  
r ema ined  constant  for  ha rd  gold deposition. I t  was 
suggested tha t  the  increased  act ivat ion energy  gener -  
ates hardness  via an increased nucleat ion ra te  which 
resul ts  in gra in  ref inement  (1). In  v iew of  the resul ts  
of the presen t  s tudy  i t  s tands to reason that  high 
energy  levels  dur ing  gold depos i t ion  are  responsible  
for  the  polytypism,  which by  i tself  is insufficient to 
increase  the hardness.  Accordingly ,  some of the spu t -  
t e red  golds showed s t rong low angle x - r a y  reflections 
bu t  were  ac tua l ly  soft. Po ly typ i sms  in gold seems, 
however ,  to pe rmi t  s t ra in  hardening.  The s t ra ins  in 
p la ted  ha rd  gold or ig inate  from the incorpora t ion  of 
impur i t i es  and cause ex t r eme  broadening  as wel l  as 
an angu la r  shif t  of the x - r a y  diffract ion peaks.  Most 
l ikely ,  adsorpt ion  mixed  crysta ls  a re  formed by  reason 
of s t ruc tura l  equal i t ies  of the gold poly types  and the 
impuri t ies .  Suppor t  for  this concept is der ived  for the  
case of coba l t -ha rdened  gold f rom the observat ion  that  
Co[Au(CN)2]2,  the hypothes ized impur i ty ,  grows 
ep i t ax ia l ly  on spu t te red  gold. 

The x - r a y  diffraction pa t t e rn  of the ep i tax ia l  l aye r  
is s ignif icantly different  f rom tha t  of the  crys ta l l ine  
powder  which prec ip i ta tes  f rom homogeneous solution. 
This  is shown in Table  III.  Therefore,  i t  is concluded 
tha t  sufficient analogies exist  be tween  the po ly typ ic  
gold and cobal t  d icyanoaura te  to pe rmi t  solid solution. 
Mismatched  dimensions, on the  o ther  hand, would  
account for  the la t t ice  s t ra in  in hard  gold. 

The upda ted  model  of the e lect rodeposi t ion of cobal t  
ha rdened  gold presents  i t se l f  as follows. 

Table III. Diffraction patterns of Co [Au(CN)2] 

Precipitated 
Co[Au(CN)2]~ �9 10 H~O Grown on polytypic gold 

d (A) I/R hkl* d (A) I/R 

10.4 100 100 10.4 22 
7.83 109 

6.417 3 001 
5.170 60 200 5.185 11 

4.732 2 
3.909 39 

3.433 14 300 3.450 2 
3.207 47 002 3.132 1 
3.058 37 102 
2.983 95 220 2.964 $ 
2.880 52 310 
2,726 21 202 2.770 3 
2,585 48 400 2.609 Au ( I l i )  CuK~ 
2.347 16 302 2.356 Au (111) 
2.257 18 410 
2.010 13 402 
1,953 20 420 1,951 5 

* Indexed in hexagonal  system with ao = 11.930A and Co -- 
6.416A, 

High overvol tage  ini t ia tes  the  deposi t ion and p ro -  
duces polytypism.  Chemical  adsorpt ion  of Co[Au 
(CN)212 in ter feres  wi th  the crys ta l l iza t ion of the fcc 
s t ructure .  In  o rde r  to pe rmi t  e i ther  the  ove rg rowth  or  
the e lec t rochemical  b reakdown  of the  adsorbed 
species, the e lec t rode  potent ia l  has to remain  high com- 
pa red  to the  condit ions in soft gold plat ing.  As a result ,  
nucleat ion and cont inued g rowth  of the  po ly typ ic  
s t ruc ture  t ake  place. 

Summary and Conclusion 
Hea t - t r ea tmen t s  of e lec t rop la ted  coba l t -ha rdened  

gold in a i r  and in forming gas produced s t ruc tura l  
changes which  were  eva lua ted  by  x - r a y  diffraction, 
hardness  tests, and meta l lograph ic  cross sectioning. 
The expe r imen ta l  resul ts  suggest  tha t  the  l ight  e lement  
impuri t ies ,  which  are  commonly  present  in this type  
of ha rd  gold, a re  removed  by  oxida t ion  or by  reduction,  
causing a thorough re laxa t ion  of the gold la t t ice  and a 
loss of hardness.  Above  250~ the  oxida t ion  reac t ion  
proceeds at  a h igher  ra te  than  the reduct ion  reaction,  
though the l a t t e r  is less t e m p e r a t u r e  dependent .  
Scratch hardness  tests on cross sections of gold 
samples, which were  hea ted  in a i r  at  300~ revea led  a 
hardness  step. Etching of the  cross sections confirmed 
tha t  the  oxida t ion  react ion advances  th rough  the gold 
l aye r  wi th  a sharp  boundary ,  indica t ing  reac t ion  con- 
trol  of the process r a the r  than diffusion l imitat ion.  

The anneal ing  of add i t ive - f r ee  ha rd  gold resul ted  in 
a s imi lar  r e laxa t ion  of the  gold la t t ice  and caused a 
reduct ion in hardness.  No hardness  g rad ien t  was ob-  
served, however .  S t ra in  ha rden ing  was considered to 
account for  the  observed load dependence  of the  ha rd -  
ness data. 

Test ing a p rev ious ly  proposed hypothesis  about  the 
na tu re  of the impur i t i es  in ha rd  golds led to the ob-  
serva t ion  tha t  al l  p la ted  hard  golds show signs of 
po ly typ i sm while  p la ted  soft gold does not. Spu t t e red  
gold exhibi ts  polytypism,  regardless  of its hardness.  
Evidence is discussed tha t  hardness  in e lec t rodeposi ted  
gold is due, in part ,  to the la t t ice  s t ra in  in t roduced by  
the inclusion of contaminants  in po ly typ ic  gold. 

I t  is concluded tha t  al l  ha rd  gold pla tes  f rom cyan-  
oaura te  e lect rolytes  a re  subject  to p r inc ipa l ly  the same 
deposi t ion kinet ics  and, therefore,  to the same ha rden -  
•ng mechanism. Loss of hardness  due to the  reac t ive  
removal  of the  codeposi ted species wi l l  be s imi lar  in  a l l  
of these ha rd  golds, a l though the ra te  of softening m a y  
v a r y  in dependence  of the i m p u r i t y  levels. However ,  
not  even add i t ive - f r ee  hard  gold wi th  its low i m p u r i t y  
level  is immune  f rom the loss of hardness  caused by  
shor t  t e rm hea t ing  at  350~ 
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Radial Wafer-to-Wafer Uniformity 
of Plasma-Deposited Si-N Films 

Frank D. Egit to *,1 

Texas Instruments Incorporated, Dallas, Texas 75265 

ABSTRACT 

A multidimensional model relating the effects of reactor pressure and rf 
power to wafer-to-wafer radial uniformity for plasma deposited SiN~ films 
has been developed for a radial flow plasma reactor. The effects of pressure 
from 0,4 to 1.6 Torr (53.3 to 213.3 Pa) and power from 30 to 90W on percent 
nonuniformity are analyzed for constant gas flows. Inward radial depletion 
of silane can affect uniformity of deposition rate and index of refraction. The 
experimental technique used to obtain a "uniformity surface" and the theo- 
retical considerations employed in analyzing the results are described, 

In  using a r ad ia l  flow p lasma reac tor  (1) (see 
schematic,  Fig. 1) for  deposi t ing s i l icon-conta ining 
films, r ad ia l  un i fo rmi ty  of deposi t ion ra te  can be 
a t t r ibu ted  ma in ly  to th ree  control l ing factors. These 
are  the  rad ia l  gradients  of e lec t ron densi ty  he, res idence 
t imes  ~ of the r eac tan t  gases, and res idual  concentra-  
tions Ci (number  of molecules of gas i pe r  uni t  
volume)  of the reac tan t  gases (2). Since the  gases 
a re  cont inual ly  dep le ted  as they  flow inward,  Ci ( r l )  
refers  to tha t  por t ion  of gas i which is not  consumed 
at  radi i  g rea te r  than  r~. These gradients  a re  i l lus-  
t r a t ed  in Fig. 2. The e lect ron densi ty  is de te rmined  

* Electrochemical Society Active Member. 
1 Present address: Applied Materials, Incorporated, Plasma Dry 

Processing Systems Division, Santa Clara, California 95051. 
Key words: radial flow plasma reactor, silicon nitride deposi- 

tion, silane depletion, reactor balancing. 
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Fig. 1. Schematlc of radial flow reactor used for SiNx film 
depositions. 

Fig. 2, Factors which affect radial uniformity: residua| gas con- 
centration (C), electron density (ne), and residence time (T). After 
Reinberg (2). 
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gas flows, is a funct ion solely of pumping  speed. 
Residual gas concentration, al though influenced by gas 
flows, is also a funct ion of both rf  power and reactor 
pressure. Thus, at a given radius and constant  inlet  
gas f lows  

me - "  i ( r f  power) 

T = g(reactor  pressure) [1] 

C -- h (rf power, reactor pressure) 

Near  the outer  wall, the electron density falls ott 
approximately  as a zeroth order Bessel funct ion (3), 
promoting higher  deposition rates near  the center 
of the reactor. However, v decreases l inear ly  with 
decreasing radius (2). Ideally, a balance between 
the effects of power and pressure is sought in  order 
to obtain radial  uniformity.  

The object o~ this paper  is to analyze the effects 
of  power and pressure on SiNx film deposition at con- 
s tant  gas flows and to develop a three-dimensional  
un i formi ty  surface which can be used as a basis for 
a rout ine  to obtain the opt imum combination of these 
parameters.  Each point  on the un i formi ty  surface will  
ident ify the radial  wafer - to-wafer  uni formi ty  of depo- 
sition rate (vertical  axis) corresponding to a given 
combinat ion of power and pressure settings (horizon- 
tal axes).  

Experimental  
Depositions were performed in the radial  flow reac- 

tor (1) shown schematically in  Fig. 1. The outer 
diameter  of the plates which were separated by  2.5 
cm was 40.6 cm. Two silicon pilot wafers were cen- 
tered at radii of 10.2 and 16.5 cm, respectively, and 
along a common radial  line. The positions were held 
constant  to 0.2 cm between runs. The substrate plate 
was heated to 300~ by resistance heaters adjacent  
to its underside. The pla ten temperature  was mon-  
itored and controlled via a thermocouple positioned 
at  its underside. 

A SiH~ flow of 12 SCCM, 14 SCCM of NH3, 315 
SCCM of N2, and 362 SCCM of argon were admit ted 

t o  the reactor chamber  from below the substrate plate. 
These flows provided a reasonable film index of re-  
fraction throughout  the power range of 30-90W and 
the pressure range of 0.4-1.6 Torr  (53.3-213.3 Pa) .  
The rf  power was varied in 10W increments  and at 
each of these power settings the pressure was varied 
in  0.2 Torr  (26.7 Pa) increments  by adjust ing the 
pumping speed via a throttle valve. Pressure was 
monitored by a Validyne diaphragm vacuum gauge. 2 

An ellipsometer operat ing at 6328A was used to 
measure film thickness and index of refraction of all 
films. Deposition times were adjusted for various pow- 
ers and pressures in order to produce film thicknesses 
more easily measured by this technique. Measure-  
ments  were taken at the centers of all  test wafers. 

Percent  nonuniformity ,  PNU, was determined as 
follows 

PNU = [(R--R~)/-R] X 1O0 [2] 

where Rl is the deposition rate on the inside wafer 
and R is the average of the inside and outside deposi- 
tion rates. Thus, a positive value for PNU implies a 
greater  rate on the outside wafer, a negative PNU 
indicates a greater  rate on the inside wafer, and a 
PNU of zero defines a perfect radial ly  uni form deposi- 
tion rate. 

PNU is plotted as a function of pressure for various 
rf  powers in  Fig. 3. The same data is i l lustrated as 
PNU vs. power for various pressures in  Fig. 4. The 
three-dimensional  uni formi ty  surface is i l lustrated in 
Fig. 5. All points at which the uni formi ty  surface 
intersects the power-pressure  plane represent  zero 
PNU, i.e., possess radial ly  uni form deposition rates. 
These power-pressure  pairs constitute the balance 
sought in making uni form depositions. However, as 
explained below, not all of these uni formly  thick 
films are suitable for semiconductor device manufac-  
ture and it  is necessary to filter out those which are not. 

-" Th e  AP10 Val idyne  Absolute  Pressure  Transducer  is a vari-  
able  r e luc t ance  t r ansduce r .  P r e s s u r e  d isp layed on the Model 
DM56A digital  m a n o m e t e r  is not  a funct ion of  gas species.  
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Discussion 
T h e  d e g r e e  to  w h i c h  d e p o s i t i o n  r a t e s  v a r y  r a d i M l y  

due to radial  variations in  electron densi ty ne or gas 
residence times z depends on the reactor chamber  
pressure. At high pressures, gas velocities are lowest 
and residence times are longest. As a result, ne is the 
controll ing mechanism, encouraging relat ively higher 
deposition rates at small  radii  than at large radii. 
At low pressures, residence times are shorter and 
the effect of ne is diminished. �9 becomes the controll ing 
factor, encouraging relat ively higher deposition rates 
a t  large radii  than at small  radii. Hence, as pressures 
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Fig. 5. Uniformity surface 

are increased at a given power, a decrease in PNU 
is expected. 

However, this behavior is observed only over a 
limited pressure range. As the pressure is increased 
to values above this range, the outside rate is en- 
hanced, relative to the inside rate, producing a quad- 
ratic dependence of PNU on pressure (Fig. 3). At the 
highest pressures shown, the relat ive deposition rate 
is increasingly greater on the outside wafer. For lower 
powers, uni formi ty  is obtainable  at two pressures 
while at higher powers uni formi ty  may not be ob- 
ta ined at any pressure. The reason for this becomes 
apparent  when one observes the behavior  of the re-  
fractive index of the two test wafers as i l lustrated 
in  Table I and Fig. 6. In  Fig. 6, percent  nonuni formi ty  
of index was determined as for deposition rates. I t  
is observed that, when  a uni form deposition rate is 
obtained at higher pressures, a large nonuni formi ty  
in  index of refract ion can occur; At these points, the 
index of the outer film is consistently and significantly 
larger than the inside index. This effect is produced 
by a rapid inward ly  radial  depletion of silane at 
pressures which are too high. At these pressures, the 
reactant  gases move too slowly over the outer port ion 
of the substrate plate and are deposited at an abnorm-  
al ly high rate. The depletion of the ra te-control l ing 
silane leads to the behavior  of PNU i l lustrated in  
Fig. 3. 

It  has been demonstrated (2) that  for rf powers 
from 10 to 80W, the percentage of silane depleted in  
the reactor is greater  than the percentage of ammonia  
depleted (as measured downst ream from the reactor 
chamber) .  In  addition, silane is more easily disso- 
ciated than  nitrogen. Since the silane concentrat ion 
controls the silicon content  of the film, silicon de- 
ficient films are deposited on inner  wafers when the 
pressure is too high. As a result, inner  wafers exhibit  
the lower index characteristic of a lower silicon to 
ni t rogen ratio in the film. As pressure is increased 
even further,  the effect of depletion can be observed 
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Table I. Deposition rates and refractive indexes of SiN~ films for inner and outer reactor radii at 
various rf powers and reactor pressures 

RF POWER 
' tW) 

4T~ . ~., 
INSIDE 

8.4 
OUTSIDE 

[NEIOE 
0.6 

OUTSIDE 

INSIDE 
0.8 

OUTSIDE 

INSIDE 
1,0 

OUTSIDE 

INSIDE 
1.2 

OUTSIDE 

INSIDE 
1.4 

OUTSIDE 

INSIDE 
1.6 

OUTSIDE 

3O 
RATE I INDEX 

($JMIN} I 

28 I 1.98 

28 I" 1.97 
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37 I I 2.01 

40 L ;L06 
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I 
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f 
62 I 2.02 
60 ~ 2.01 
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67 I 1 2,07 

65 I t 2,08 

- ; o - -  T -  2.OE 
I 
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56 i 2.09 

55 --I. 2.13 
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[ ,, 

RATE 5 i INDEX 

{~/MIN) i 
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42 I I 2,03 

I I 
so ~ 209 
54 I 2,10 
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83 I 2.12 
r 

75 I 2.10 
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110 ~t 2.16 

- - ~ - T  2.15 
i, 

100 I 2.18 
$5 ~ 2,16 

I 
I 

80 ~ 2,18 

98 T 2.18 
I 

12 tt 2,01 
104 ~ 2,19 

l 

on outer wafers. In this pressure region much silane 
is consumed below the substrate plate. 

As rf power is increased, the effects of silane deple-  
tion are observed at lower and lower pressures (Fig. 
6). The gas flow shield reported by Sinha et al. (4) 
promotes uniform deposition at powers much greater 
than otherwise possible. This results from confinement 
of the discharge to the region above the substrate 
plate and, hence, reduced consumption of silane below 
the plate. 

As rf power is increased, the increase of ne at the 
outer edge of the reactor exceeds the increase at the 
center, a l though ne remains ma x i mum at r = 0. Thus, 
higher powers promote greater relative outside deposi- 
t ion rates. This is in agreement with the curves of 
Fig. 4 except at the lowest powers. At powers less 
than 50W, decreasing power tends to increase PNU 
toward zero. At these powers, a radial ly uniform depo- 
sition rate is obtained at all pressures. It is possible 
that this effect is due to the fact that at very low 
powers, ionization occurs primarily near the electrodes 
where  the gas velocities are near zero, independent  
of radius. This fol lows from the expression for gas 
veloci ty  g iven by (5) 

~ X  

~ ' r r  

4 .0  

3 .0  

2.0 

1.0 

- 1 . 0  

I I I I I I ' 

I I | I I I I 
4 0 0  8 0 0  1 2 0 0  1 6 0 0  

P R E S S U R E  | m T O R R )  

Fig. 6. Percent nonuniformity of SiN~ film refractive index as a 
function of pressure at various rf powers. 
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where Q is the vo lume rate of flow, 2b is the electrode 
separation, z is the distance from the midplane be-  
tween electrodes, and r is the radius. The negative 
sign indicates that flow is radially inward. A slow, 
steady, laminar, incompressible Newtonian flow is as- 
sumed. Hence, at low power, pressure variations have 
l itt le effect on uniformity.  

Figure 5 can be used as a basis for a computer 
program to aid in obtaining depositions which  are 
radial ly uniform in rate and index of refraction. Two 
techniques have been considered: one involv ing  a 
l inear approximation with the use of appropriate 
filters and the second employing a quadratic approx- 
imation. 

It is obvious that the uniformity surface is not 
planar and a l inear approximation may, at first, seem 
unsuitable. However,  by using filters such as refrac- 
tive index nonuniformities and variations in PNU as 
a function of variations in rf power or reactor pressure, 
one can arrive at a region of the uniformity surface 
where  a l inear approximation can be applied. A sample 
calculator flow diagram i l lustrating this routine is 
shown in Fig. 7 and such a program has been written 
for the Texas Instruments SR-60 programmable 
prompting calculator. 

As shown in Fig. 3, the dependence of PNU on 
pressure (power constant) is quadratic in nature. Us- 
ing three data points ,  i.e., three PNU-pressure pairs, 
the zeros of the parabola at a given power can easi ly 
be obtained. These zeros are the pressures at which 
radial ly uniform deposition rates are obtained. Imag-  
inary zeros imply  a power which is too large to 
obtain uniformity  at any pressure. In addition, when  
real zeros exist, their proximity  is an indication of 
the amount by which the power may  be raised with-  
out exceeding the max imu m power at which uniform- 
i ty  is obtainable. Figure 3 shows that as rf power 
is increased, the zeros of the parabola become closer. 
The index of refraction wi l l  almost always be more 
uniform at the lower of the two pressures at which 
a uniform deposition rate is achieved. 

C o n c l u s i o n s  

Silane depletion, as wel l  as reactor pressure and 
rf power, acts in determining radial uniformity  of 
plasma-deposited silicon nitride films. For a given 
power and constant gas flows, uniformity  of deposi- 
tion rate is possible at two pressures (assuming the 
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Fig. 7. Sample flow diagram 
employing linear approximations 
with appropriate process filters. 
Symbols are: DR, desired rate; rf, 
power; PR, pressure; R, rate; N, 
refractive index. Subscripts in- 
dicate inner (I) and outer (O) 
radii and test run number (1 or 
2). M is the slope of the line 
containing PNU, and PNU2. 
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I / '  " MAKE TEST / 
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power is not too great) ,  the higher pressure usually 
accompanied by a large radial  nonuniformity of re-  
fractive index. At very high powers, uniformity of 
rate is not achievable. 

The three-dimensional uniformity surface can be 
used as a basis to develop a routine to optimize the 
SiNx deposition process. Since the routine employs 
data taken as the process is set up, it will be reactor 
independent, although the shape and position of the 
surface may vary slightly for various radial  flow reac- 
tors and reactor configurations. 

Compensating for silane depletion by adjustment 
of inlet gas flow rates is possible, yet not straight- 
forward. It appears obvious that the flow rate of SiH~ 
should be increased. However, a corresponding increase 
in NH3 flow rate would be required to avoid unde- 
sirably high refractive indexes. Assuming that pump- 
ing speed and residence times do not vary appreciably 
with the resulting pressure increase (throttle valve 
conductance remaining fixed), deposition rates at inner 
radii may increase relative to those at outer radii  as 
the effects of depletion are diminished. An additional 
correction in reactor pressure or rf power may then 
be required. 
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LIST OF SYMBOLS 

ne electron density in the plasma 
residence times of reactant gases 

C residual gas concentration 
PNU percent nonuniformity of deposition rate (radial)  
Rt deposition rate at inner radius 
R average of R, and outer deposition rate 
v radial  gas velocity 
Q volume rate of gas flow 
2b reactor electrode separation 
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Spectroscopic Analysis of the Interface Between 
Si and Its Thermally Grown Oxide 
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Bell Laboratories, Murray Hill, New Jersey 07974 

and J. B. Theeten 
Laboratoire d'Electronique et de Physique, LimeiI-Brevannes 94450, France 

ABSTRACT 

Spectroscopic ellipsometric data from 1.5-5.8 eV has been analyzed to 
determine the in situ optical response of the interface between Si and its 
thermally grown oxide. Results for <I00>, <II0>, and <Iii> sample orienta- 
tions show an interface of width dox ---- 7 _.+ 2A consisting of atomically mixed 
Si and O of average stoichiometry SIO0.4_+0:2. The optical data are not con- 
sistent with either microroughness at the interface or an abrupt transition be- 
tween crystalline Si and SiO2 or a significant accumulation of amorphous Si 
at the interface, but rather support a gradual transition region. The thickness 
and the average i5461 refractive index n _ 3.2 ~- 0.5 of this region are in 
agreement with the fixed-wavelength results, d --~ 6A and n ~ 2.8, of Taft and 
Cordes. The oxide on the <ii0> surface is shown to have a density about 
1.2% less than that of corresponding oxides on <100> and <Iii> surfaces. 

There  has been  much recent  in te res t  in  s tudying  the 
proper t ies  of the  in ter face  be tween  Si and  its t he rma l ly  
g rown oxide, not  only  because of i ts technological  im-  
por tance  but  also because i t  is the  chemica l ly  simplest ,  
most  eas i ly  managed  semiconduc tor -ox ide  sys tem and 
hence the  one most  l i ke ly  to be unders tood in funda -  
menta l  terms (1). Recent  expe r imen ta l  resul ts  have  
been summar ized  by  Wager  and Wi lmsen  (2). In  short, 
the in ter face  is too n a r r o w  to be ana lyzed  by  conven-  
t ional  ion-mi l l ing  techniques,  which not  only  have in-  
adequa te  depth  resolut ion  bu t  also des t roy  the in ter face  
dur ing  the measu remen t  process. The most re l iab le  in-  
fo rmat ion  has come f rom recent  exper iments  using 
nondes t ruc t ive  techniques. K r i v a n e k  and co-workers  
(3) used t ransmiss ion e lec t ron microscopy wi th  3A 
resolu t ion  to show tha t  the c rys ta l l ine  Si (c-Si)  sub-  
s t ra te  t e rmina tes  a b r u p t l y  (wi th in  one monolayer )  
wi th  a 4-8A modula t ion  of a per iod  of 200-500A, 
Ru the r fo rd  backsca t te r ing  (RBS) was used b y  F e l d -  
m a n  and co -worke r s  (4) to show the exis tence of about  
two monolayers  equiva len t  of excess Si, which could 
occur for  example  as two layers  of nonregis te red  Si 
under  s toichiometr ic  SiO~, or  as a single nonregis te red  
l aye r  of Si together  wi th  ~ 5 A  of SiO under  s toichio-  
met r ic  SiO2. F i x e d - w a v e l e n g t h  k5461 null  e l l ipsomet ry  
(NE) by  Taft  and  Cordes (5) ind ica ted  an interface  
about  6A wide of effective index about  2.8. XPS mea -  
surements  on u l t r a th in  or  chemica l ly  profiled oxides. 
show a g radua l  t rans i t ion  region ~ 5 A  (6) or  7-10A (7) 
wi th  evidence tha t  the SiO2 bonding is affected up to 
40A from the in ter face  (6). 

In  this paper ,  we present  resul ts  of a spectroscopic 
e l l ipsometr ic  inves t iga t ion  of the  S i - S i Q  in ter face  
f rom 1.5 to 5.8 eV. Our  objec t ive  was to take  advan tage  
of the sens i t iv i ty  of e l l ipsomet ry  to thin films and of the  
wide ly  different  dielectr ic  proper t ies  of c-Si, a m o r -  
phous Si ( a -S i ) ,  SiO2, and  the i r  mix tures  in the v i s i b l e -  

* Electrochemical Society Active Member. 
Key words: silicon, Si02, interface, e]lipsometry. 

nea r  u.v. spec t ra l  region to pe r fo rm  in situ spect ros-  
copy on the  p ro tec ted  in ter face  and to de te rmine  in-  
fo rmat ion  about  its micros t ruc ture  and chemical  bond-  
ing f rom its v i s ib le -near  u.v. opt ical  response. TEM, 
RBS, and NE can provide  genera l  in format ion  about  
micros t ructure ,  bu t  not  about  chemical  bonding which  
requires  some form of spectroscopy.  XPS  in pr inc ip le  
can provide  the l a t t e r  information,  but  its i n t e rp re t a -  
t ion is dependent  on e lec t ron escape depths.  Because 
spectroscopic e l l ipsomet ry  does not depend on t r ans -  
por t  assumptions,  requires  only  a t r anspa ren t  ambien t  
(as, for example,  SiO2), and is sensi t ive to monolayers ,  
i t  is a na tu ra l  technique to app ly  to this problem.  The 
resul ts  demons t ra te  also tha t  spectroscopic e l l ipsomet ry  
can be used to s tudy  layers  as thin as a few angst roms 
even though bur ied  under  hundreds  or even thousands 
of angstroms of t r anspa ren t  overburden.  

Analys is  of the  e l l ipsometr ic  da ta  shows tha t  the 
in te r face  is best  r epresen ted  as a 7 • 2A reg ion  of Si 
and  O of average  s to ich iomet ry  SiO0.4__+o.2. These  da ta  
show c lear ly  tha t  the mix ing  is on a atomic scale 
r a the r  than occurr ing as regions ident if iable  exp l i c i t ly  
as a -S i  and SiO2 as might  be expected  f rom micro-  
roughness or  incomple te  ox ida t ion  of par t i cu la te  ma-  
terial .  Also re jec ted  is an abrup t  junct ion  be tween  Si 
and SiO2 or an accumula t ion  of a -Si  at  the interface.  
No difference in the in ter face  region is observed for  
the three  different  in ter face  or ientat ions inves t iga ted  
here, a l though the SiO2 ove r l aye r  on the <110>  in t e r -  
face is about  1.2% less dense than  tha t  on the <100>  
or  <111> interfaces.  The micros t ruc ture  that  emerges  
is a l a t e ra l ly  uniform, g raded  t rans i t ion  region of 
a tomica l ly  mixed  Si and  O of thickness  and composi-  
t ion as ment ioned above. The resul ts  a re  consistent  
wi th  the RBS a l t e rna t ive  of a monolayer  of a -S i  fol -  
lowed by  5A of SiO. The g raded  na tu re  is in agree -  
men t  wi th  XPS measurements  (6, 7). F ina l ly ,  because 
the  k5461 re f rac t ive  index  of SiOo.4___o.2 is 3.2 _+ 0.5, the  
present  resul ts  a re  also in agreement  wi th  the f ixed-  
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wave leng th  ~.5461 null  e l l ipsometr ic  measurements  of 
Taft  and Cordes (5). Thus a comple te ly  consistent  
p ic ture  is obtained.  

Experimental 
Spectroscopic eLlipsOmeter.--The spectroscopic ro-  

t a t ing -ana lyze r  e l l ipsometer  (RAE) used to obta in  
these da ta  has been discussed in deta i l  e l sewhere  (8). 
In  brief ,  the essent ia l  fea tures  include a Xe 75W shor t -  
arc source for high luminos i ty  and efficient collection 
at  r e l a t ive ly  low power  dissipation,  a Cary  14 spec t rom-  
e ter  for exce l len t  sca t tered  l ight  reject ion,  quar tz  
Rochon pr isms for  ex tended  spect ra l  range  and source /  
detector  depolar izat ion,  and  computer ized  Four i e r  proc-  
essing of the  digi t ized detector  output  for high p re -  
cision. The detector  circui t  includes a feedback loop to 
achieve system l inea r i ty  to at  least  one par t  in l0 s over  
the ent i re  opera t ing  range.  A shut te r  per iod ica l ly  in-  
t e r rup t s  the  l amp output  to a l low component  dr i f t  and 
s t r ay  l ight  contr ibut ions to be eva lua ted  and e l imina ted  
at  each wavelength .  The da ta  a re  corrected (9) for the 
optical  ac t iv i ty  of the quar tz  Rochon prisms. 

While  precis ion of a few par ts  in l0 s is achieved 
rou t ine ly  accuracy l imits  a re  more difficult to assess. 
Nevertheless,  the fol lowing observat ions  are  suggestive. 
In  s t r a igh t - th rough  operat ion,  the  ca lcula ted  polar iza-  
t ion plane is constant  to wi th in  _0.02 ~ f rom 1.5 to 5.8 
eV. Over  the same range,  the appa ren t  a - c / d - c  ra t io  
is constant  to wi th in  +--0.001. At  a fixed wavelength ,  
the ana lyzer  and polar izer  azimuths  t rack  to wi th in  
• ~ over  the ,~anges used, showing that  the polar izer  
d iv ided  circle dr ive  and the detector  sys tem is l inear,  
and  that  source /de tec to r  res idual  polar izat ion effects 
a re  negligible.  F ina l ly ,  ca l ibra t ion  for a va r ie ty  of sam-  
ples rou t ine ly  yields  p lane-of - inc idence  azimuths  which 
are  invar ian t  to wi th in  • ~ shovcing accurate  re-  
p roduc ib i l i ty  for sample  a l ignment  and also accurate  
compensat ion  for the  opt ical  ac t iv i ty  of the quar tz  
Rochon prisms. Thus in d i rec t  angu la r  measurements ,  
the presen t  photomet r ic  system is comparab le  to tha t  
of a good null  e l l ipsometer ,  but  somewhat  less accurate  
than  the • ~ f ixed-wave leng th  ins t rument  used by  
Taf t  and Cordes (5). The a - c / d - c  rat io uncer ta in ty  has 
no direct  analog in null  e l l ipsometry ,  but  corresponds 
roughly  to an uncer t a in ty  of • ~ in ~ under  wors t -  
ease condit ions where  the l ight  leaving  the sample  i~ 
l inea r ly  polarized.  These uncer ta in t ies  are  not  la rge  
enough to affect the conclusions reached  here  on the 
basis of the data.  

Sa~nple preparation.--Three n - t y p e  single crys ta l  Si 
wafers  of 24-29 ~ cm res is t iv i ty  and <100>,  <110>,  
and <111> surface or ientat ions  were  Syton  polished to 
provide  high qual i ty  specular  surfaces. The wafers  
were  prec leaned by  s t andard  ga te -ox ide  procedures,  
then  cleaning oxides  were  grown in d ry  Oe at 
1000~ to a <111>  thickness of 1000A. These oxides 
were  s t r ipped,  and  final oxides were  r eg rown  under  
the  same condit ions to a <111>  thickness of about  
2000A. Al l  th ree  wafers  were  processed s imul taneous ly  
to e l iminate  any possible  differences due to s l ight  va r i -  
at ions in processing and growth  conditions. Al l  p roc-  
essing was done on equ ipment  used rou t ine ly  for the 
product ion  of high qual i ty  gate  oxides. 

The resul t ing oxides on the K100> and K l l l >  wafers  
were  about  2100 and 2300A thick, respect ively,  and  ap-  
pea red  absolu te ly  un i form on visual  inspection, a l -  
though  e l l ipsometr ic  measurements  showed a s l ight  
(5A) nonuni formi ty  in thickness over  the  wafers.  The 
subs tan t ia l ly  th icker  2800A ( 1 1 0 >  oxide showed an 
obvious thickness grad ien t  over  pa r t  of the surface, 
but  about  half  the wafer  was found to be sufficiently 
un i form for interface de te rmina t ions  to be performed.  

To provide  sel f -consis tency checks, and pa r t i cu l a r ly  
to es tabl ish condit ions (10) for de te rmin ing  accura te ly  
ind iv idua l  model  pa rame te r s  such as the  densi ty  of the  
SiO~ over layer ,  the samples  were  etched af ter  the ini-  
t im measurements  to obta in  fu r the r  da ta  a t  severa l  d i f -  

fe rent  oxide thicknesses.  We  used a 5% HF-95% H~O 
solut ion (5), which  was observed  to etch the  <100>,  
<110>,  and <111>  sample  oxides  at  190, 120, and  200 
A/rain, respect ively.  The <110>  oxide also exhib i ted  
a different  dens i ty  than  the  < i 0 0 >  and <111> oxides, 
as is discussed below. 

Data Processing 
Determination of savnp~e parameter~.--Our genera l  

clara reduct ion  p rocedure  has been  discussed e lsewhere  
(11). Briefly, we measure  the complex  reflectance rat io  
(optical  impedance)  of a composite sample  f rom 1.5- 
5.8 eV and then  compare  these da ta  ob jec t ive ly  to 
model  spect ra  ca lcula ted  for a g iven hypothe t ica l  con- 
f iguration by  using s t andard  equat ions (12) and l inear  
regression analysis  (13). The specific configurat ion 
s tudied here consists of a c -Si  substrate ,  a possible 
interface,  an  oxide over layer ,  and  the a i r  ambient .  
These const i tuents  can be descr ibed  by  means of d i -  
electr ic  functions, thicknesses,  possible void fract ions 
and b i re f r ingence  in the oxide, etc. 

Because a s ing le -wave leng th  e l l ipsometr ic  measu re -  
ment  provides  only two constraints,  the pa rame te r s  of 
the composite sys tem are hopeless ly  unde rde t e rmined  
unless fu r the r  condit ions can be established.  We gener-  
ate the necessary constraints  by  making  spectroscopic 
measurements  and by  including spec t ra l ly  dependent  
and independen t ly  measurab le  data, such as the d ie lec-  
t r ic  response of c-St  and SiO2, as known quanti t ies.  
This leaves  only a few spec t ra l ly  independen t  p a r a m -  
eters  such as oxide  thickness to be de te rmined  by  com- 
pa r ing  model  spec t ra  to measured  spectra.  Thus a g iven 
model  becomes h igh ly  overde termined ,  and its va l id i ty  
can be judged  read i ly  by how wel l  it  fits the ent i re  spec-  
trum, not jus t  a t  a single wavelength .  L inea r  regress ion 
analysis  (13) provides  an object ive  and systemat ic  way  
of minimiz ing  the differences be tween  the da ta  and 
spect ra  computed  for  specific models  and  express ing  
the resul t  in terms of best-f i t  model  pa rame te r s  and the 

A 
unbiased  est imator ,  ~, of the mean  square deviat ion,  8. 
We have shown prev ious ly  (11) tha t  l inear  regression 
analysis  can be app l ied  in this context  not  only as a 
sys temat ic  means of provid ing  best-f i t  parameters ,  bu t  
also as a means  of es tabl ishing correla t ions  and con- 
fidence levels to show which  pa rame te r s  are  wel l  de-  
t e rmined  by  the da ta  and consequent ly  should be em-  
phasized and which  pa rame te r s  cannot  he wel l  de te r -  
mined by  the da ta  and consequent ly  should be ignored.  

Dielectric 5unction data of constituents.--c-Si sub- 
strate.--No previous ly  publ i shed  c-St dielectr ic  func-  
t ion da ta  exis t  tha t  are  sufficiently accurate  a n d / o r  
cover a sufficiently wide energy  range  to de te rmine  
in ter face  parameters .  The best  ava i lab le  low energy 
da ta  a re  those of Hul th6n (14), de te rmined  below 3 eV 
by t ransmiss ion measurements .  The best  w ide - r ange  
da ta  a re  those of Phi l ipp  (15), de t e rmined  b y  K r a m e r s -  
Kron ig  analysis  of complex  reflectance measurements ,  
f rom 0-27 eV, wi th  subsequent  correct ion for  the  effect 
of oxide over layers .  The Hul th6n da ta  a re  p robab ly  
sufficiently accurate  bu t  do not  cover an adequate  
spect ra l  range. The Phi l ipp  da ta  are  p robab ly  accurate  
wi th  respect  to genera l  ampl i tude  values but  a re  not 
ava i lab le  over  a sufficiently fine gr id  and consequent ly  
show substant ia l  shifts of threshold  energies  for i n t e r -  
band transi t ions.  

Accordingly,  a c-St  spec t rum was genera ted  by  ac-  
cura te ly  measur ing  the pseudodie lec t r ic  funct ion of a 
piece of the  oxidized <110> sample  that  had been 
s t r ipped  in HF. Al though  the t rad i t iona l  approach  is to 
correct  these da ta  by  ma themat i ca l ly  removing  an 
over layer  of SiO2, consistent  in terface  resul ts  could be 
achieved only by  ma thema t i ca l l y  removing  the se l f -  
consistent  6A over layer  of chemical ly  mixed  
~Si0.75 (SIO2).0.25 tha t  was de te rmined  by  the interface 
analysis  itself. This is in qua l i ta t ive  agreement  wi th  
the  resul ts  of Phi l ipp  (15), who noted  prev ious ly  tha t  
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Fig. 1. Dielectric functions of c-Si and a-Si 

the presence of an SiO2 overlayer  on stripped c-Si 
would lead to reflectance s t ructure  near  10 eV that is 
not observed. 

Our resul t ing spectra are shown in  Fig. 1. The el 
spectrum below the direct gap agrees with that  of 
Hul th~n (14) to wi th in  11/2% and with that of Philipp 
(15) to wi th in  ~ % .  The max imum value of e2, 47.87, 
is sl ightly less than  Phil ipp's  value, 48.25, in  agreement  
with discrepancies observed for Ge (16). Finally,  the 
e2 values below the direct gap, which are exceptionally 
difficult to determine with an  RAE, agreed with 
Hulth~n values to wi thin  3%. However, because the 
transmission data are more accurate, our e2 data were 
replaced with Hulth~n's  data below 2.5 eV. We thus 
believe these data to be the most accurate ever deter-  
mined for c-Si over the vis ib le-near  u.v. quartz-optics 
range. 

SiO~ oxide.--The data base is the dispersion equation 
determined by Malitson (17) for fused silica. Taft  (18) 
has shown that  thermal ly  grown oxides on c-Si differ 
at ~5461 from the Malitson data in  at least two sig- 
nificant respects. First, thermal ly  grown oxides show 
birefringence. Second, the index values depend on the 
growth temperatures  and slightly on crystal or ienta-  
t ion (only <100> and <111> data were given).  The 
birefr ingence was shown (18) to arise ent i re ly  from 
the compressive stress in the thermal ly  grown oxide, 
which in  t u r n  derives almost ent i re ly  from the mis-  
match in  thermal  expansion coefficients (19). Less clear 
is the origin of the index differences, which below 
1200~ growth temperatures  suggest the presence of 
different SiO~ polytypes (18) and thus may not  be re-  
lated ent i re ly  to density differences. 

For  simplicity, we suppose that  refractive index dif- 
ferences between our oxides and Malitson's data arise 
f rom density differences, which can be described ac- 
curately in the Bruggeman effective medium approxi-  
mat ion (20). But this implies an assumption about the 
na ture  of the SiO2 dispersion which present ly  cannot 
be tested. However, such effects do not appear to be 
impor tan t  as is discussed more ful ly  later. 

Birefr ingence in  the SiO2 overlayer  is incorporated 
by supposing different threshold shifts, d- ;~E and --0.5 
AE, for p- and s-wave polarizations, respectively, in the 
two higher energy Sel lmeyer  oscillators in  the Malitson 
expression. The value ~E = +0.017 eV was chosen to 
give no -- no = 0.0007 at ~5461 in agreement  with the 
accurate measurements  of Taft  and Cordes (5). The 
effect on the complex reflectance ratio in model cal-  
culations was included by s tandard  equations (12, 21). 

Si-Si02 interface.~To determine the interface compo- 
sit ion we require dielectric funct ion spectra for the 

complete range Si~(SiO2)1-z = SiO2-2z, 0 <_ x < i. 
Exper imental  spectra are not available, but  suitable 
interpolat ions can be obtained as follows. 

First, we recognize two possible types of mixtures:  
physical, where optically identifiable regions of a-Si  
and SiO2 coexist as, e.g., microroughness or inclusions 
and host, on a scale small  compared with the wave-  
length of light, and chemical, where the Si and O are 
mixed on an atomic scale. The former case is described 
by heterogeneous dielectric theory. We use the Brugge- 
ma n  model together with data for a-Si  that  we ob- 
tained previously (22) and which are also shown in 
Fig. 1. The Malitson dispersion equat ion is used for 
SiO~. 

Specifically, the Bruggeman approximation (20) gives 
the effective dielectric function, <e>,  of a heterogene- 
ous mater ial  as 

�9 a- <e> ~- <,> 1 -- <e> 
0=~ + ~ b "  I-f, [1] 

~a + 2<e> ~b + 2<e> 1 + 2<e>  

where fx, r x = a, b, v are the volume fractions and 
dielectric functions of the separate phases a, b, and v = 
void, respectively; 1a + fb + fv = 1. For the interface, 
we take fv ---- 0. Because the volume associated with an 
S i Q  molecule is 1.55 times larger than that associated 
with an Si atom in a-Si, the relat ion between atomic 
fraction x and the parameters  of Eq. [1] are 

ea = ,a-Si; fa=X/[X+1.55(1- -x ) ]  [2a] 

• esio2; fb = 1.55(1 -- X)/[X + 1.55(1 -- z ) ]  [2b] 

Spectra calculated for x in  increments  of 0.125 are 
shown in  Fig. 2. 

Spectra for chemically mixed Si and O are calculated 
in a model that  we developed previously for another  
application and which is completely described else- 
where (23). Results for x values in increments  of 0.125 
are also shown in Fig. 2. The physical and chemical 
models differ in that the peak value of e2 remains at 3.5 
eV unt i l  a relat ively large SiO2 fraction is present  in  
the former case, but  immediate ly  starts shifting to 
higher energies with increasing O content  in the la t ter  
case. This is a result  of the electronegativi ty difference 
between Si and O which moves the average oscillator 
s trength to higher energies in  the blended material.  
Also, boundary  screening inhibits the di lut ion effect of 
O in physical mixtures,  requir ing more O to achieve a 
given reduction in the long-wavelength  refractive index 
than for atomically mixed material.  The qual i tat ive dif- 
ference can be seen immediate ly  by  comparing the 
spectra for the x = 0.75 physically mixed and x = 0.875 

45 

0 ~ 
z 3 4 5 

r (ev) 

Fig. 2. Comparison of e2 spectra for physical and chemical mix- 
tures of a-Si and Si02 for atomic fractions of a-Si in Si02 as 
indicated. 
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chemically mixed materials,  which are essentially iden-  
tical up to 3 eV and differ appreciably only in  the u.v. 
Both cases have been observed: the former behavior  
describes spectra (24) of the composite mater ial  SIPOS, 
while the lat ter  describes the atomically mixed mate-  
r ial  evaporated silicon monoxide (25). 

We reemphasize that  physical and chemical mixtures  
cannot be dist inguished opt icany witl~out determining 
the dielectric response in the near  u.v. Thus the n = 2.8 
value for the interface at ~5461 obtained by  Taft  and 
Cordes (5) corresponds to either a physical mixture  of 
x -- 0.65 or a chemical mix ture  of x = 0.73. No fur-  
ther  informat ion can be obtained at  a single wave-  
length. 

Results 
1-, 2-, and 3-parameter models.--Typical t an  ~, cos A 

data for an oxidized Si wafer of <100> orientat ion 
and oxide thickness 1360A are shown in  Fig. 3. These 
data exhibit  the characteristic interference pa t te rn  with 
increasing energy as the optical s tanding waves in  the 
oxide pass through increasing periods. Interface sensi- 
t ivi ty  is maximized for the p- and s-wave components 
near  min ima and maxima, respectively, in tan  4 as 
m i n i m u m  reflectance implies m a x i m u m  energy density 
at the interface as previously discussed (11, 26). 

The results of least squares fitting 1-, 2-, and 3-pa-  
rameter  models to these data are shown in Fig. 4. The 
fitting was done at 83 points equal ly spaced over the 
1.5-5.8 eV in terva l  to the real and imaginary  parts of p 
calculated from tan x and cos A. Rather  than  compare 
spectra directly in  terms of tan  4 and cos A, we show 
the differences because in  every case these are small  
and would not be seen on the scale of Fig. 3. 

Figure 4 shows that  a one-parameter  model consist- 
ing of an ideal c-Si substrate, no interface, and an ideal 
SiO2 overlayer  does not reproduce accurately the peak 
in  tan  4. For this model the least squares procedure 

yields dox : 1368.6 _ 0.4A and ~ = 0.0567. The uncer -  
ta in ty  shown here, and those which follow, refer to 
90% confidence limits based on the mismatch between 
model spectra and data and do not include possible sys- 
tematic errors. By allowing the void volume density to 
vary, most of the tan  4 discrepancy near  2 eV disap- 
pears al though the phase spectrum, cos ~, and the 
higher tan  4 mismatch are not  improved. The param-  
eters obtained in  this two-parameter  model are dox ----- 
1363.6 *- 0.3A, void fraction fv ---- --0.0062 ___ 0.0004, and 
A A 

a = 0.0166. Thus the fit as measured by ~ is improved 
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Fig. 3. Typical tan 4, cos A data for an oxidized Si wafer. The 
orientation is < 1 0 0 ~  and the oxide thickness is 1360A. 
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Fig. 4. Differences between theoretical and experimental tan 4 
and cos A spectra for 1-, 2-, and 3-parameter models of the ~ | 0 0 >  
$i02 interface for an $i02 oYerloyer of approximately 1360.~. 

significantly, by more than  a factor of 3. The negative 
void fraction simply means that  the thermal ly  grown 
oxide is e~ectively more dense than  the fused-quartz  
reference, a result  that  has been well  characterized for 
oxides on ~100~  and <111~  wazers (18). 

In  terms of an equivalent  refractive index at ~5461, 
where no = 1.4602 for fused quartz, the above void frac- 
tion corresponds to n ----- 1.4631 • 0.0002. This is less than 
the Taft value of 1.4678 obtained for <100> samples 
oxidized in  dry 02. Lower values obtain if traces of 
H20 are present  in  the oxidizing atmosphere (18), 
whence the result  is physically reasonable. Note that 
the tnickness has decreased as n has increased to main-  
ta in  the optical thickness, nd, essentially unchanged. 
The two-parameter  model as used here includes bi-  
refringence, al though its effect is relat ively minor. 

By incorporating an interface of chemically mixed 
Si0.7~(SiO2)o.25, the periodic discrepancy between data 
and model computations for cos A and the remaining 5 
eV discrepancy for t an  4 are both largely eliminated. 
Specifically, we find dox = 1359.9 __+ 0.5A, the interface 
thickness dmt ---- 6.6 • 0.9A, fv -- --0.0065 ~ 0.0002, and 
A 

r -- 0.0098 in  this three-parameter  mode l  Thus the 
presence of an  interface improves the overall  fit by 
near ly  another  factor of 2. The void fraction is essen- 
t ial ly unchanged but  dox has decreased by near ly  4A, 
showing that  the oxide is t ry ing to simulate the effect 
of the interface in the two-parameter  model. The above 
improvement  constitutes the existence proof for the 
interface. 

Interface composition and thickness.mHaving dielec- 
tric funct ion spectra for the possible interface composi- 
tions, one can now use l inear  regression analysis in  a 
4-phase model with three free parameters  (dint, Iv, dox) 
to determine the "best" interface. Figure 5 shows the 

^ 
variat ion of r for three oxide thicknesses on the <100> 
sample for the ful l  range of interface composition 
Si~(SiO2)l-x from no interface (x = 0) to pure a-Si  
(x ---- 1) for both chemical and physical mixture  
models. General ly  speaking, a consistent set of values 
of dox, dint, and Iv was obtained near  the residual min i -  
m u m  for each oxide thickness, al though values away 
from the mi n i mum showed wide variations as the least 
squares approach a t tempted to compensate the in te r -  
face compositional error imposed by the model through 
various combinations of the three free parameters.  
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Table I. Interface compositions determined by requiring consistency 
in fv among all data far a given sample. Due to insensitivity to 

interface parameters, the value of fv for dax ~ 1400A. is chosen 
as reference unless otherwise noted by parentheses (see text). 

S a m p l e  dox (A) dSv/dx .fv z dint (A) 

<100> 2120 - 0.028 -0.0065 • 0.0002 0.78 --. 0.06 8.3 +-. 1.0 
1360 - 0.003 (0.75) 6.6 --. 0.9 
584 -0.016 0.81 --- 00.3 5.4 --. 0.9 

<111> 2282 -0.028 -0.0059 • 0.0008 0.83 ~ 0.08 7.7 • 1.4 
1445 - 0.002 (0 .75)  6.0 - -  3.7 
659 -0.023 0.83 • 0.06 6.0 • 1.1 

<110> 2805 -0.034 + 0.0065 • 0.0005 0.74 • 0.06 8,3 ---. 1.5 
2318 -0.037 (0.75) 0.6 --. 1.5 
2142 -0.031 0.82 • 0.05 8.8 - 1.1 
1407 0.000 (0 .75)  4.7 - -  2.1 

604 - 0 . 0 1 4  0.91 - -  0.09 6.3 - -  3.4 

Fig. 5. Variation of 3-parameter 4-phase model residuals with 
interface composition for ~ 1 0 0 ~  Si-SiO2 interface for Si02 over- 
layers of approximately 580, 1360, and 2120A. Limits corresponding 
to physical and chemical mixtures are shown. 

Conclusions immediate ly  obvious from Fig. 5 are as 
follows. First, an  interface is present, in  agreement  with 

^ 
previous work (1-7). ~ always decreased for a finite 
interface, regardless of oxide thickness or assumed 
interface composition. Second, a chemically mixed Si-O 
interface gives bet ter  results than  a physical mixture  of 
Si and SiO2. For the or ientat ion shown, the difference 
is greatest for the thicker oxides al though this is not 
general ly  true. Third, the statistically favored interface 
composition range is approximately  0.3 < x < 0.8 based 
on Fig. 5. 

The re la t ively  broad compositional range allowed 
by Fig. 5 can be nar rowed significantly by requir ing 
consistency of the free parameters  determined by the 
individual  least squares fits on samples that  differ only 
by etching the oxide to new thicknesses. In this context 
dox is clearly a meaningless  parameter.  However, fv 
is the key to the analysis because its value is deter-  
mined  at dox ~ 1400A with an order -of -magni tude  less 
sensit ivi ty to interface properties than  at other thick- 
nesses, owing to a par t icular  favorable combinat ion of 
parameters  and measurement  conditions (10). This 
occurs because of exceptionally good impedance-match-  
ing characteristics for s -wave polarization near  2 eV 
for the given combinat ion of materials  and measure-  
men t  conditions, which for the small  interface thick- 
nesses used here depends almost ent i rely on the re-  
fractive index of the oxide overlayer.  The independence 
on interface composition can be understood immedi-  
ately by not ing that  at 2 eV all mixtures  are t rans-  
parent,  as shown in  Fig. 2. 

If one requires that  the values of fv determined for 
overlayer  thicknesses near  1400~. must  also apply at 
other thicknesses, the results shown in  Table I are ob- 
tained. Here, d f v / d x  is calculated from least fit spectra 
for x = 0.625, 0.75, and 0.875, and the interpolated 
values of x obtained by requir ing all Iv values to be 
equal  to that  at dox ,~ 1400A, for which d f v / d x  ~ 0, are 
also shown. Uncertaint ies  in  x are calculated from 
equivalent  uncertaint ies  in  Iv. The values of dmt are 
then obtained by interpolat ion from solutions for x = 
0.625, 0.75, and 0.875. 

The results of the analysis are shown in  Table I and 
plotted in Fig. 6 and 7. We repeat  that  the error bars 
shown derive from 90% confidence levels based on the 
fits of specific models to the data, and do not include 
systematic errors. Nevertheless, all data are consistent 
wi th  an interface 7 ___ 2A wide composed of a chemical 
(atomic) mix ture  of Si and O of average stoichiometry 

Si0.s• (SiO2),0.2• ~- SiOo.4• The three points cor- 
responding to dox -~ 1400A are shown without  error  
bars in  Fig. 7 because they cannot be determined from 
Iv and the residual  m i n i m u m  (see Fig. 4) is too broad 
to yield a definitive result. All three actual ly have a 
weak residual  m i n i mum near  x = 0.6, bu t  this value is 
not consistent with the well-defined values obtained at 
other oxide thicknesses. In  deference to this tendency 
we have shaded the average x value slightly to lower 
values for these points. A second <110> point  also 
failed to provide an Sv value consistent with the re-  
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Fig. 6. Calculated interface thicknesses for ~ 1 0 0 ~ ,  < :110~ ,  
and ~ 1 1 1 ~  samples after initial growth and at various stages of 
etching, from Table I. 
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Si~(SiO2)l-z after initial growth and at various stages of etching, 
from Table I. 
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main ing  data. Its contr ibut ion was defined similarly and 
its datum also shown in Fig. 7 without  error limits. 

The values of interface width determined here agree 
with that  given in  our ini t ial  report  (11), which dis- 
cussed data obtained on a single sample at a single 
v a l u e  of oxide thickness. The uncer ta in ty  in the pre-  
viously determined stoichiometry, SiO, could not be 
established from the single-thickness data and should 
be considered as superceded by  the present  results. All  
work, however, supports the conclusion that  the in ter -  
face Si and O are atomically mixed. 

Discussion 
Systematic errors.--If the data and analysis were 

exact and totally self-consistent, the interface param-  
eters would be invar i an t  with respect to oxide thick- 
ness and the residuals would reach negligibly small  
values. It is clear that  this ideal has been approached 
but  not completely reached; while the compositional 
data of Fig. 7 are reasonably constant, the results given 
in  Fig. 6 show a t rend of decreasing interface thickness 
as the oxide overlayer is gradual ly  removed by etching. 
Because the interface is protected and cannot be af- 
fected by etching, this suggests that a small systematic 
error may be present. 

The most probable sources of systematic errors are 
ins t rumenta l  accuracy, nonuni formi ty  (either in thick- 
ness or composition) of the oxide overlayer both in  
the as-grown and etched conditions, the e spectrum for 
c-Si, or  the E spectrum for SiO~. In  self-consistent tests 
we have shown that  the ins t rument  accuracy ap- 
proaches nul l  el l ipsometer accuracy as discussed in the 
Exper imenta l  section. Taft  and Cordes have discussed 
the oxide uniformity  problem at length and have con- 
cluded that  the overlayer is uni form to the extent  
needed to analyze the interface problem (5). More- 
over, their  data show d e a r l y  that  the etching procedure 
used there (and followed here) yields consistent re-  
sults for 200A increments  from 7000A to zero. 

We next  consider the ~ data bases. With respect to 
that  of c-Si, the effect of removing mathemat ica l ly  
compositions and thicknesses from the stripped <110> 
sample data other than the self-consistent 6A of chemi- 
cally mixed ~Sio.75(SiO2)0.25 has been examined. No 
difference results if physically mixed spectra are used 
in  place of chemically mixed spectra. Decreasing the 
removed thickness causes a general  shift of all interface 
widths to lower values but  does not affect either the 
t rend or the conclusion that  a chemically mixed in te r -  
face is preferable to a physically mixed interface. Thus 
in  principle the width data are subject  to a general  sys- 
tematic uncer ta in ty  of no more than  2/k depending on 
possible future  improvements  of the e data for c-Si. But  
we do not feel the possibility l ikely because of the 
agreement  of the ~ data with the Hulth&n and Philipp 
work as discussed in  the section on Data Processing, 
and the fact that  our interface results agree at ~5461 
with those of Taft  and Cordes. 

We are left with the SiO2 e data. Taft has shown that  
the n values at L5461 cannot be described below 1200~ 
as a simple compression of fused quartz and has sug- 
gested that  other polymorphs of SiO2 may  be present  
in  the oxide (17). Because these polymorphs should 
have different  absorption thresholds and /o r  oscillator 
strengths, this implies that  the Malitson dispersion 
equat ion wil l  have only approximate validity:  the dis- 
persion in  el at higher energies for thermal ly  grown 
oxides may  well  deviate from the Malitson values. In  
principle, if sufficiently thick oxides can be grown this 
hypothesis can be checked directly with spectroscopic 
ell ipsometry by reducing the data for the oxide el 
values assuming the presence of a known substrate and 
interface. If the oxide thickness approaches 1 micron, 
one could expect that  the spectra are dominated by the 
oxide and that  substrate and interface discrepancies 
would be minor. 

A better  SiO2 representat ion was at tempted by re -  
ducing the 2120A <100> oxide data wi th in  the three-  
phase model and fitting the resul tant  spectrum to a 
th ree- te rm Sel lmeyer  oscillator with energies at the 
Malitson values and using the ampli tudes as free pa- 
rameters. The smoothly vary ing  Sel lmeyer terms aver-  
age over the interference oscillations arising from the 
interface and  extract  the background, which is the in-  
tr insic response of SiO2. The results showed ampli tudes 
of 12.73 • 0.35, 4.36 • 0.18, and 0.17 • 0.10 eV for the 
oscillators at 18.2, 10.67, and 0.125 eV, respectively, 
compared to the Malitson values 12.617, 4.351, and 0.112 
eV. The differences are not  statistically significant, al-  
though the t rend indicates a shift of the oxide absorp- 
tion edges to lower energy. But  the revised values 
changed interface thickness values by less than a few 
percent  and did not  affect the systematics of the results. 
Therefore, oxide effects alone appear to be ruled out. 

Thus systematic errors cannot  be traced to individual  
sources but  ra ther  may  be an  accumulat ion of effects 
from several sources. A fur ther  ass ignment  of their  
origin would require  more accuracy than present ly  at-  
tainable. 

Microscopic structure o] the interface.--The unusua l  
effective average composition SIO0.4• suggests that  
the layer  whose effective thickness is 7 • 2A is actual ly 
graded in composition (6, 7), though la teral ly  uniform. 
The connection between effective average and actual  
posi t ion-dependent  dielectric functions, where the spa- 
tial var ia t ion is restricted to one dimension, has been 
considered in many  contexts and most recent ly by 
Plieth and Naegele (27). In  short, the spatial depen-  
dence can be replaced by a spatial average if the region 
is sufficiently thin, as is the case here. Specifically, for a 
thin layer  on a uni form substrate ( three-phase model) 
the change in  the complex reflectance ratio is given by 

f 4~inad cos ~ es(~s -- ~0) (e0 --  ~a) s in 2 
P ' -  po 1-~ 

L e0(es -- ca) [es cos~ ~ -- ea sin2 r 

X 1 (,s -- ~0)(~0-- ~a) 5e [3] 

where es and ea ~- na 2 are the dielectric functions of the 
uni form substrate and ambient,  respectively, and 

l f_O 
�9 o -" "if" -a dz.(z) [4a] 

1 ~ 0 
~eO = a | ddZ[~ (Z) - -  'O--U [4b] 

I t  is supposed that  the nonun i fo rm response extends 
only over - -d  < z < 0. 

The term involving 5~o is a correction that  does not 
appear in  the classical three-phase model, that  is, if 
the dielectric response of the interface is spatial ly in-  
variant.  If the interface is graded, it arises because the 
funct ional  dependence on e(x) of the wave equation 
for p-polarizat ion is different from that  for the s-po- 
larization, leading to a different weighting in the spatial 
average (27). We express it as in  Eq. [3] to estimate 
more easily its relat ive effect. Using the data of Fig. 1 
and 2, it  is s t raightforward to show that  its magni tude  
is of the order of 0.2 for an assumed l inear  var ia t ion in 
dieIectric response. Since we are concerned only with 
est imating possible limits to the variation, this is small  
enough to be neglected and the effective dielectric re-  
sponse obtained in the previous section can be taken to 
be the simple spatial average of the actual variation. 

We consider next  the probable location of the in ter -  
face as determined by optical measurements.  The in te r -  
face is operat ionally defined as that  region whose opti- 
cal response is measurably  different from that  of the 
c-Si substrate and the SiO2 overlayer.  Considering the 
c-Si side first, the atoms in  the outermost  c-Si plane 
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have neither lattice nor lateral symmetry because they 
are bonded on one side to the adjacent disordered re- 
gion. Moreover, at least some of those atoms will be 
involved in oxygen bonding to the disordered region 
even though the total oxygen concentration there may 
be small. Their dielectric response should therefore be 
more like a-Si than c-Si. Thus optical measurements 
would view the interface as containing the outermost 
c-Si plane. On the SiO2 side, the optical interface would 
terminate before full stoichiometry is reached because, 
by Fig. 2, it is not possible to distinguish between SiO~.5 
and SiO~ in the 1.5-6.0 eV region with presently attain- 
able accuracy. We should not expect to distinguish from 
SiO~ a possible slightly perturbed ~40A SiO~ region as 
suggested by XPS measurements (6). As mentioned 
earlier, the preference for chemical, rather than physi- 
cal, mixing rules out microroughness and the possibility 
of small Si inclusions near the interface resulting from 
nonuniform oxidation. 

From the spatial average argument, Fig. 2, and the 
results of the preceding section, it is apparent that no 
more than one-third (,~2A) of the interface could ap- 
pear as a-Si if the remainder were at least as oxygen- 
rich as SiO. We can reject the case of a-Si followed 
by stoichiometric SiO2 because the optical data would 
have shown a narrower interface, and in any event a-Si 
is not the favored stoichiometry. Thus the accumulation 
of a-Si at the interface does not occur. Because the 
outermost Nc-Si plane is fulfilling optically the func- 
tion of an a-Si layer, we are left with a region that is 
effectively about 5A of SiO, in agreement with one of 
the RBS alternatives. Although the interface is un- 
doubtedly graded, the width is small enough for the 
spatial-average limit to be valid whence the optical 
data can provide no further information on its distri- 
bution. 

We note finally that the average refractive index of 
the 7 • 2A region of SIO0.4_0.2 at ~5461 is 3.2 • 0.5, as 
compared to the Taft-Cordes ~5461 value of ~2.8 de- 
termined for their ,-~6A interface. Thus the fixed-wave- 
length null ellipsometric and spectroscopic ellipsometri~ 
results are in agreement at the wavelength at which 
they overlap. 
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GaAs Oxidation and the Ga-As-O Equilibrium 
Phase Diagram 
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ABSTRACT 

The phases formed from the oxida t ion  of GaAs have been considered in 
the  l ight  of an es t imated  equ i l ib r ium G a - A s - O  condensed phase diagram. 
Thermal  ox ida t ion  leads to phases consistent  wi th  the  phase  diagram.  P lasma  
oxidat ion  and anodic oxida t ion  lead to phases inconsis tent  wi th  the  phase  d ia-  
gram. Thermal  anneal ing  of the p lasma  and anodic oxide layers  leads to 
react ions producing phases consistent  wi th  the phase diagram. I t  is concluded 
that  p lasma and anodic oxides are  produced far  f rom equ i l ib r ium and tha t  the 
es t imated  phase d iag ram is a sa t is factory  approx ima t ion  to the  equ i l ib r ium 
t e r n a r y  phase diagram.  

The ga l l i um-a r sen ic -oxygen  equi l ib r ium phase d ia-  
g r am is not  known. We have been able  to es t imate  an 
impor t an t  por t ion of i t  f rom a combinat ion of exper i -  
ments  and thermodynamics .  Condensed phase equi -  
l ib r ia  below the mel t ing  point  of As208 (278~ have 
been considered. The s table  phases occurr ing in this 
t empe ra tu r e  region are  assumed to be Ga(1, s),  
G a A s ( s ) ,  A s ( s ) ,  As203(s) ,  As2Os(s),  GaAsO4(s) ,  and 
Ga2Os(s) based on an evalua t ion  of ava i lab le  l i t e ra -  
tu re  informat ion  (1).1 

Two different  approaches  have been taken to obtain 
a n  es t imate  of the low t empera tu re  condensed phase 
t e rna ry  diagram.  Both rest  on the key  assumption 
that  all  equi l ibr ia  a re  be tween  near ly  pure  phases. 
This implies  tha t  the  solubi l i ty  ranges of each of the 
eight  phases a re  sufficiently na r row to assure  they  
a r e  pure  phases insofar  as thei r  the rmodynamic  p r o p -  
er t ies  a re  concerned. In  par t icular ,  i t  follows tha t  
the  Gibbs energy  of format ion  of each phase  is tha t  
of the pure  phase to an acceptable  degree  of app rox -  
imation.  An addi t ional  consequence of this assumpt ion 
is tha t  al l  t e r n a r y  equi l ibr ia  a re  pseudobinary .  

The first approach  is based on the fact  that  there  
a re  13 possible phase d iagrams under  the  pure  phase 
assumption.  Only a few exper iments  a re  needed  to 
o b t a i n  a reasonable  approx imat ion  to the  equ i l ib r ium 
phase diagram. 

The second approach makes  use of the Gibbs energy  
of format ion  of each compound phase to calculate  
the  equi l ib r ium phase diagram.  The Gibbs energy of 
format ion  of GaAsO4 and As205, however ,  are  not  
known. Never theless  an impor tan t  section of the  phase 
d i ag ram obta ined  f rom the first approach  can be tested 
wi thout  this information.  

Experimental and Results 
At  a chosen t empe ra tu r e  below the mel t ing  point  

o f  As208, seven phases wil l  make  up the G a - A s - O  
condensed phase  diagram.  Various crys ta l l ine  modifica-  
tions of both  Ga203 and As208 are  known as wel l  as 
a vi t reous  phase for As208. Cubic As203 (arsenol i te)  
and ~-Ga203 were  selected because the rmodynamic  
da ta  for the  o ther  s t ruc tura l  modifications were  e i ther  
not  ava i lab le  or the differences in thei r  Gibbs energies  
of format ion  were  sufficiently smal l  (a few ki localories  
p e r  mole)  to enable  only  one phase to be considered. 
The assumpt ion  is made  tha t  a t  equ i l ib r ium these 

* Electrochemical  Society  Act ive  Member.  
Key words:  thermal  oxidation,  plasma oxidation,  ternary  phase 

diagram. 
i A l though  Ga~O is a wel l -documented gas  phase  species,  there  

is as yet  no conclus ive  s tructure  data to substantiate the assign- 
ments  of Brukl  and Ortner and Klemm and Von  Vogel  ( I )  that 
the brown-black powder  which results  from the reaction be tween  
Ga~O~ and Ga actual ly const i tutes  s ingle  phase  stoichiometric  
Ga20. 

condensed phases are  essent ia l ly  pure  in al l  react ions 
wi th  o ther  phases. This means  that  the t e rna ry  d ia-  
g ram wil l  be made  up of s t ra ight  l ines connecting 
one phase to another .  The lines are  cal led pseudobinary  
l ines and the proposed t e rna ry  d i ag ram wil l  consist 
en t i re ly  of such lines. 

We wil l  take advan tage  of the fact  that  there  a re  
only 13 possible t e r n a r y  phase d iagrams  that  can 
occur f rom seven phases each of which is nea r ly  pure.  
One of the 13 t e rna ry  phase d iagrams wil l  be the 
equ i l ib r ium phase diagram,  and an es t imate  can be 
made  of which it is f rom the resul ts  of severa l  exper i -  
ments. The 13 possible t e rna ry  d iagrams are  shown 
in Fig. 1 and have  been  found by  inspection. 

o 
GaAs04. A ~As205 
G a ~  3 

Ga GaAs As 

Fig. 1. The 13 ternary phase diagrams passible for the seven 
phases (Ga(s, I), GaAs(s), As(s), As203(s), As2Os(s), GaAsO4(s), 
and Ga203(s). All phases are assumed to be pure. 

1 3 6 6  
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Experiments with binary mixtures.--The first expe r i -  
men t  was to anneal  a mix tu re  of powdered  GaAs and 
As2Os in an evacuated  (5 • 10 -7 Torr )  quar tz  tube 
for 48 h r  a t  630~ The mola r  ra t io  of GaAs to As2Os 
was  3 to 1. X - r a y  diffract ion identif ied the  resul t ing  
products  as c rys ta l l ine  As (hexagonal ,  A7 s t ruc tu re ) ,  
~-Ga2Os and unreae ted  GaAs which was in i t ia l ly  p res -  
en t  in  excess. The absence of As2Os in the recovered  
products  was taken to indicate  that  the  reac t ion  had 
proceeded to completion.  The expe r imen t  was r e -  
pea ted  wi th  the same resultS. 

The kinet ics  of the  react ion were  sufficiently slow 
that incomple te  react ion occurred in 48 h r  for t em-  
pe ra tu res  of ,-,500~ Al though 630~ is above the 
mel t ing  point  of As~O~, i t  is st i l l  be low the t empera -  
ture  at  which GaAs ceases to evapora te  congruent ly ,  
i.e., d i rec t  t he rmal  decomposi t ion of GaAs is not in-  
volved in genera t ing  arsenic. In addit ion,  no evidence 
for  meta l l ic  Ga is obta ined  a f te r  reaction.  The  only  
significant modification expected  in the t e rna ry  phase  
d iag ram for some t empe ra tu r e  range  above the mel t ing  
point  of As~Os (278~ is the dissolution of o ther  
solid phases in the As203-rich liquid. We assume tha t  
the  amount  of dissolution of the other  phases in l iquid 
As208 is smal l  and  consequent ly  the h igher  t empera -  
ture  anneals  we have used give the phases that  are  
s table  at  the  lower  tempera tures .  The fact that  the  
react ions  involved  a re  for  condensed phases implies  
tha t  the heat  capacit ies  for the  react ions wil l  be 
smal l  and therefore  the  Gibbs energies of the react ions 
wil l  not depend much on tempera ture .  We conclude 
f rom the resul ts  of the  first expe r imen t  that  As and 
G a 2 0 3  a r e  the  phases in equi l ib r ium with  GaAs. 
There  are  only  two of the 13 possible d iagrams  tha t  
have  this feature,  the last  two d iagrams  of Fig. 1. 

A second expe r imen t  was carr ied  out to dis t inguish 
be tween  the two remain ing  phase diagrams.  Thermal  
react ion of a 1:1 molar  mix ture  of GaAs-As.~O~ should 
produce  GaAsO4 according to one d iagram;  the o ther  
predic ts  Ga203 and As. Table  I shows tha t  As (hexag-  
onal ) ,  /~-Ga203, and vi t reous  As203 were  detected.  
Fo r  the molar  rat io  ut i l ized (1:1) ,  the  l a t t e r  product  
represents  excess unreac ted  As203. Raman scat ter ing  
was used to iden t i fy  this vi t reous phase. GaAsO4 
was not  observed by  e i ther  x - r a y  diffract ion or Raman  
scat ter ing.  In  addit ion,  the  absence of GaAs indica ted  
that  the react ion had  gone to completion. F igure  2 
thus emerges  as the phase d iag ram suggested by  
these exper iments .  

A n  addi t ional  expe r imen t  was used to check the 
condit ions pred ic ted  by  the der ived  phase d iag ram 
to give GaAsO4. A mix tu re  of As20~ and GaAs in 
the  mole rat io  2 to 1 was hea ted  to 600~ for 48 hr. 
Raman  sca t te r ing  showed tha t  the products  were  
GaAsO4 and vi t reous  As20~. These a re  jus t  the  p rod -  
ucts an t ic ipa ted  f rom the phase  d iag ram according 
to the  react ion 2 A s 2 0 5  -{- GaAs ~ GaAsO4 -t- 2As203.  

Thermodynamic calculations.--A check on the phase 
d iag ram of Fig. 2 can be made  if  the  Gibbs energies  
of fo rmat ion  of the compound phases, GaAs, As20~, 

1367 
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Fig. 2. An estimate of the Ga-As-O ternary condensed phase dia- 
gram for temperatures below the melting point of As203 (278~ 
arsenolite). A portion of this phase diagram, the oxygen-rich region 
above the line Ga20~-GaAsO4-As205 and bounded at the sides by 
the dashed lines, has not been studied and is an excluded part of 
the Ga-As-O ternary diagram. 

As2Os,  GaAsO4, and Ga203 ,  w e r e  known. In fact, the  
Gibbs energy of format ion  is not  known for GaAsO4 
and is not  ve ry  cer ta in  for  As2Os.  The der ived  phase 
d iag ram Fig. 2 shows, however,  that  the por t ion of 
the d iagram below the Ga20~-As2Os pseudobinary  l ine 
does not involve the GaAsO4 and AseO5 phases. There-  
fore, i t  is possible to calculate  that  por t ion of the  
phase d i ag ram from the the rmodynamic  informat ion  
ava i lab le  for  GaAs,  As203 ,  and Ga203. 

The to ta l  number  of pseudob inary  l ines possible 
for the  lower  por t ion of the phase d iag ram of Fig. 2 
is five and they  are  Shown in Fig. 3. The equi l ib r ium 
pseudobinar ies  can be found in a s imple way from 
the three  points  where  pseudobinar ies  cross. Such 
crosspoints have been used for many  years  to guide 
exper iments  in the de te rmina t ion  of phase d iagrams 
(2). They can also be used to obta in  the s table  pseudo-  
b ina ry  of the crossing pa i r  f rom the Gibbs energies  
of format ion  of GaAs, As20~,  a n d  Ga203 .  

The composit ion of a crosspoint  can be expressed 
in terms of the components  of e i ther  of the pseudo-  
binaries.  This is equiva lent  to wr i t ing  a s toichiometr ic  
equat ion giving the t ransformat ion  of one set of com- 
pounds into the other. The conservat ion of a toms 
corresponds to the crosspoint  composition. The three  
equations represen t ing  the three  crosspoints of Fig. 3 
a re  given in Table  II. The s table  pseudob ina ry  m a y  
now be obta ined by  calculat ing the s t andard  Gibbs 
energy  for each of these equations from the Gibbs 
energies of format ion  of the comnound phases. For  
the first crosspoint  equat ion of Table II, the s tandard  
Gibbs energy is given by  

Table I. Pseudobinary reactions 

Composition Temper.  
Pseudobinary (mole ratio) ature (~ 

Time Detect ion 
(days) Products  method* Comments 

1. As2Os-GaAs 1:3 652 2 Arsenic XRD 
Ga~O8 XRD, XRF 
GaAs XRD 

2. As=Oa-GaAs 1:1 630-650 2 Arsenic XRD 
Ga2Oa XRD 
As~Oa Raman 

3. As=Os-GaAs 2:1 630-650 2 Arsenic XRD 
Ga~Oa XRD 
As~O~ Raman 

4. As=Os-GaAs 2:1 630-650 2 GaAsO4 Raman 
As208 Raman 

As.,Os not detected 

GaAsO~ not detected 
GaAsO4 not detected 

GaAsO4 not detected 
GaAsO~ not detected 

Ga~Os not detected 

* XRD = x-ray diffraction, XRF ~- x-ray fluorescence. 
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Go 03 

Ga GaAs As 

Fig. 3. The three crosspolnts below the Ga203-As_~O3 pseudo- 
binary generated by the four pseudohinaries Ga-As203, GaAs-Ga203, 
GaAs-As~O~, and As-GasO~. 

~G ~ = 2AGt(GaAs) ~- AG~(Ga20~) --  AGf(As203) 

If  AG ~ is g rea te r  than  zero the react ion wil l  not p ro -  
ceed and the Ga-As208 pseudobinary  would be more  
s table  than  the  GaAs-Ga203 pseudobinary .  In  fact, 
as shown in Table  II, ~G ~ is less than  zero and con- 
sequent ly  GaAs-Ga208 is the  s table  pair .  A s imi lar  
procedure  was used for the other  two crosspoint  
equations.  The s tandard  Gibbs energies have been 
calcula ted for the two t empera tu re s  300 ~ and 500~ 
The Gibbs energies  of fo rmat ion  used are  given in 
Table I I I  wi th  the  reference states  indicated.  The 
conclusion is reached tha t  the  s table  pseudobinar ies  
a re  Ga~O~-GaAs and Ga203-As. These are  the two 
shown in Fig. 2 previous ly  deduced f rom exper iment .  

F ina l ly  i t  is impor t an t  to note tha t  the  two inde-  
penden t  es t imates  of the  d iag ram employ ing  b ina ry  
mix tu re  exper iments  run  at  T _ 630~176 and 
the rmodynamic  calculat ions appl icab le  to the  con- 
densed phase  (T < 278~ d i ag ram were  observed to 
yield equiva len t  resul ts  in  a l l  phase  fields which 

Table II. Standard Gibbs energies for crosspoint reactions 

AG~ 

Crosspoint react ions  30,0~ 500~ 

I. 4Ga + As~Oa = 2GaAs + Ga=Oa 
2. 2Ga + As=Os = 2As + Ga=Os 
3,. 2GaAs + As~O8 = 4As + Ga=O8 

- 142  - 134  

- 102  - -  9 8  

- 6 2  - - 6 2  

Table III. Gibbs energies of formation 

Format ion  react ion T~ oK ~G~/keal 

Ga(s,l) + As(s) = GaAs(s) 300 -20c=,b,r 
500 - 18 (=,~176 

2Ga(s,l) + 3/20=(g)  = Ga=O=(s,~) 300 -240c=,~) 
500 _ 223(=, e) 

2As( s )  + 312 O, (g)  = As=O=(arsenollte) 300 -138(t)  
500 -125(t) 

= B. D. Liehter  and P. Sommele t ,  Trans. Met. Soc. AIME, 245, 
1021 (1969), and for  a correctzon, Met. Trans,  I, 1087 (1970). GaAs 
free  energy  function.  

0 It. Huitgren er a t ,  "Selected Values  of  the  Thermodynamic  
Propert ies  of the Elements ," Amer ican  Society  for  Metals (1973). 
Ga and A s  s energy  functions.  

r J. It. Arthur, d. Phgs. Chem. Solids, 28, 2257 '(1967). Table I for  
A H ~  t (GaAs) ,  

d j .  p.  Coughlin, Bull. No. 542, Bureau of Mines, p. 21 (1954). 
e A.  Mall, Re•. Invest., 5965, U~S. Dept .  of Interior,  Bureau of 

Mines (1962). 
t Ref.  ~ p, 9. 

were  examined.  In  the  fol lowing section, we assume 
tha t  the the rmal  oxidat ion  products  of GaAs genera ted  
at  e levated  t empera tu res  a re  consistent  wi th  the  de -  
r ived  condensed phase  diagram.  

A p p l i c a t i o n s  of the  D i a g r a m  
Despite  the  fact  tha t  a t e r n a r y  phase d iag ram com- 

posed solely of pseudob inary  tie lines consti tutes a 
somewhat  l imi ted  the rmodynamic  descr ipt ion of a n y  
rea l  system, i t  is s t i l l  possible to ex t rac t  useful  in-  
format ion  f rom such a diagram.  In this sect ion we 
w i s h  to consider  the appl ica t ion  of the phase  d iag ram 
t o  predic t ing  the  oxide phases which  resu l t  f rom the  
oxida t ion  of GaAs. 

Phases and the i r  composi t ions . - -The G a - A s - O  dia-  
g ram of  Fig. 2 can be  used to give the  equ i l ib r ium 
phases expected  under  cer ta in  condit ions used to oxi-  
dize GaAs. The composit ion of the  phases can be 
de te rmined  by  construct ing a line which  connects 
the  ox idant  to GaAs and examin ing  the intersect ion 
of this  l ine and the phase field boundar ies  i t  crosses. 

The pred ic ted  phase composit ions appropr ia t e  to 
ox ida t ion  using e i ther  O2(g) or As20~(s) are  given 
in Fig. 4. As an  example ,  consider  O2(g) oxidat ion.  
T h e  chemical  potent ia l  of 02 wil l  be lowest  at  the 
GaAs in ter face  and increase  monotonica l ly  to its gas 
phase value  across the thickness of the  growing oxide 
film. Consequent ly  in  descr ibing the phases formed 
dur ing  oxidat ion,  movement  along the l ine f rom GaAs 
toward  the O apex of the d i ag ram wil l  descr ibe the  
format ion  o f  interface,  bulk,  and  surface  layers  in 
tha t  order.  The process t e rmina tes  a t  a poin t  on the 
GaAs-O l ine which is fixed by  the oxida t ion  potent ia l  
of the  gas phase, i.e., by  the t e m p e r a t u r e  and par t i a l  
pressure  of 02. The three  oxidizing conditions (weak, 
in termedia te ,  and s trong) given in F ig  4 correspond 
to te rminat ions  wi th in  the GaAs-Ga2Os-As,  Ga~Oa- 
As203-As, or Ga~Os-GaAsO4-As20~ phase  fields, r e -  
spect ively.  The mola r  rat ios  of the  pseudob inary  
pairs  (As, Ga~O3; 2:1) and (As~O~, Ga2Os; 1:1) a re  
fixed at  thei r  in tersect ion point  values  wi th  the  GaAs-O 
line. 

O2 oxidat ion can y ie ld  one, two, or  three  dis t inct  
composit ion regions depending on the oxidizing con- 
dit ions (Fig. 4). For  the  case of As203(s) oxidation,  
only  a single composit ion is p red ic ted  under  a l l  oxi -  
dizing conditions. F ina l ly  i t  should be r e m a r k e d  tha t  
the phase d iag ram cannot  predic t  the  re la t ive  th ick-  
ness of the oxide film layers ;  Fig. 4 po r t r ays  a sche-  
mat ic  represen ta t ion  of the  oxidat ion  of GaAs wi th  
emphasis  on phase  composit ions not  re la t ive  th ick-  
nesses of oxide layers .  

Exper imenta l  oxidation resu l t s . - -S ix  condit ions are  
f r equen t ly  employed in the oxida t ion  of GaAs. Data  
pe r t inen t  to the var ious  condit ions have been d iv ided  
into two tables  comprised  of the rmal  oxida t ion  under  
O3, As~Os, air,  or OJAs203 (Table  IV) and anodiza-  

OXIDATION BY 02 

WEAK INTERMEDIATE STRONG 
CONDITIONS CONDITIONS CONDITIONS 

GO 203 GO203 GOt O3 GoAsO 4 
AS AS 2 03 AS AS203 

1:2 t:2 I:1 1:2 I:1 

OXIDATION BY AS203 

1:4 

Fig. 4. Schematic diagrams of the phases formed in the oxidation 
of GaAs by oxygen and As20~ under various oxidizing conditions 
according to the Ga-As-O phase diagram of Fig. 2. The predicted 
molar ratio of the upper to lower phase constituents is given 
beneath the oxide phase. 
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Table IV. Experimental results on thermally oxidized GaAs 

Analysis Refer- 
Conditions Interface Bulk Surface  technique* ence  Comments  

I. 02/air 

Os/600~176 fl-Ga~Os fl-Ga2Os ~-Ga20~ 

O~/740~176 ~-GasOs (90%) ~-GasO~ (90%) ~-Ga~Oa (90%) 
GaAsO~ (10%) GaAsO~ (10%) GaAsO~ (10%) 

0~/840~ ~-Ga~Os (85%) ~-G~O~ (85%) fl-Ga=Oa (85%) 
GaAsO~ (15%) GaAsO~ (15%) GaAsO~ (15%) 

O~/450~176 fl-Ga=Os fl-Ga~O~ fi~Ga~O~ 

O~/61O~ fl-Ga~O~ fl-Ga~O~ fl-Ga2Oa 

Air/530~ Ga~Oa (major) Ga~O~ (major) Ga~O~ (major) 
As (minor) As (minor) As~O~ (minor) 

As20~ (trace) GaAsO~ (?) 
Air/530~ GagO~,As Ga~O~ (major) Ga~Oa (major) 

As (minor) As203 (minor) 
Air/900 ~ C Ga~O~ Ga~Os 

GaAsO, (?) GaAsO~ 

0~/450~ Crystalline As - -  

O~/450~ ~ Crystalline As 

ED, XRD 

XRD 
XRD 
XRD 
XRD 
TEM 

ED, XPS 

XPS 

XPS 
xPs 
xps  

Raman 

Raman 

II. AS~O~IO~; As~Oa 

As~OMOs Ga2Oa (major) Ga203,As208 (major) GaAsO4 RHEED, XPS 
500~ Asses,As (minor) As (minor) Ass03 RHEED, XPS 
AssOJO~ Ga~O8 (major) Ga20~,AssOa (major) GaAsO~ RHEED, XPS 
750~ As (minor) RttEED, XPS 
As2Os/O~ Ga~O8 Ga~Oe,As~O8 GaAsO~ XPS 

AssOs,As GasO~,As~O~ XPS 
AssOs/5OO~ fl-GasO8 (major) ED 

Arsenic species (minor)  ED 
( form not identified) 

As~Oa Crystalline As Raman 
350~176 

(4) Crystalline, no arsenic-containing 
phases detected 

(5) 
(5) 
(8) 
(8) 
(7) Amorphous  films at 450~ no evi- 

dence for  crystall ine arsenic- 
containing phases 

(8) Arsenic  present  as a minor con- 
st ituent ( form net  identified) 

Linewidth evidence  for  both As  ~ 
(9) and As  § at the  surface 

Broad As 3d l inewidth on sur- 
(1O) face, indication of As+S/As +5 
(10) Argon beam reduction of GaAsO4 
(lO) obscures bulk content  of that 

product 
(11) Chemical etching shows arsenic 

is at the  interface  
(12) Identification of  crystal l ine As,  

spatial location of deposits not 
analyzed 

(9) Amorphous film by RHEED 
(9) 
(9) Interface phase not complete ly  
(9) profiled 

(18) Retention of AssOa in bulk oxide 
(1o) 
(i3) Auger detects  arsenic species in 
(13) bulk film whose  concentrat ion 

increases  at the  interface 
(14) Arsenic detected at all  temper- 

atures,  spatlal  location not  ana- 
lyzed 

* ED, electron diffraction; TEM, transmission electron microscopy; RHEED, reflection high energy ED; IIXE, ion-induced x-ray emis- 
sion; ELLIP, ellipsometry; XRD, x-ray diffraction; XPS, x-ray photoelectron spectroscopy; RBS, Rutherford backscattering; MS mass 
spectroscopy. 

t ion via  e lec t rochemical  and  p lasma methods  (Table  
V).  Two points  should be ment ioned  pr io r  to compar -  
ing the  expe r imen t a l  da ta  wi th  the  phase d i a g ra m 
predict ions.  Such a comparison involves the  impl ic i t  
assumpt ion  tha t  oxide  g rowth  is sufficiently slow for 
phase  fo rmat ion  to occur under  "near  equ i l ib r ium" 
conditions.  Final ly ,  care  mus t  be taken  to account 
for  vola t i l iza t ion  phenomena  which  can a l te r  the  con- 
cen t ra t ion  of cer ta in  film components  such as As208 
and As. 

Thermal  oxidat ion. - -Table  IV presents  a compi la t ion  
of expe r imen t a l  resul ts  for  the  t he rma l  ox ida t ion  of 
GaAs ut i l iz ing O2, air, As203, or  As~Oa/O2 mix tures  
as oxidants .  The scope of the  table  has been  l imi ted  
somewhat  to emphasize  those ana ly t ica l  techniques 
which  provide  e i ther  direct  bu lk  c rys ta l l ine  phase  
ident i f icat ion or spat ia l  profi l ing informat ion  wi th  
concomitant  valence s ta te  ident i f icat ion of the  chem-  
ical  components.  An  extens ive  processing rev iew and 
b ib l iog raphy  containing I I I -V  oxida t ion  da ta  up to 
1977 can be found in Ref. (3). 

F o r  oxida t ion  wi th  02 or air,  Table  IV indicates  
that  GaAsO4, Ga2Oa, As, and  As20~ have al l  been 
detected as phases resul t ing  f rom the  oxida t ion  p roc -  
ess. The diffract ion techniques have identif ied g-Ga~O3 
as the  m a j o r  film const i tuent  (4-7) for al l  t empera tu re s  
sufficiently high to produce  c rys ta l l ine  products  (7) 
(T ---~ 500~ S imi la r  observat ions  are  ava i lab le  f rom 

x - r a y  photoelec t ron spec t ra  (XPS)  profiles (8-10). 
In  the  case of GaAsO4, r e l a t i ve ly  s t rong oxidiz ing 

condit ions (high t empera tu re s )  are  requ i red  before  
this p roduc t  is observed by  the diffract ion techniques.  
The reasons for this a re  essent ia l ly  twofold:  XPS (9) 
resul ts  indicate  tha t  for  low t e m p e r a t u r e  g rowth  an 
amorphous  modificat ion m a y  exis t  which  would  not  

be identif ied by  diffraction techniques;  second, the  
measuremen t  volume involved in x - r a y  diffract ion 
requi res  that  a significant quan t i ty  of tha t  phase  b e  
genera ted  before  detect ion is possible.  XPS (9, 10), 
on the o ther  hand, provides  evidence tha t  GaAsO4 
m a y  be formed at  lower  tempera tures ,  p r i m a r i l y  as 
a surface product .  The spa t ia l  ex ten t  to which  GaAsO4 
extends  into the  bu lk  oxide is difficult to ascer ta in  
due to ar t i fac ts  associated wi th  ion mill ing,  but  a 
conservat ive  es t imate  would  be less than  150A for 
g rowth  be low 600~ 

As20~ is genera l ly  not  observed  in the bu lk  films 
except  in t race  amounts  [a few mole  pe rcen t  ( m / o ) ]  
a l though XPS does detect  smal l  quant i t ies  of this 
p roduc t  (~10 m / o )  r igh t  at  the  gas /ox ide  surface  
where  i t  is no rma l ly  accompanied  b y  an addi t ional  
pen tava len t  arsenic species. Since As203 is r ead i ly  
identif ied via  XPS even when presen t  in v i t reous  form, 
its absence throughout  the bu lk  of t he rma l ly  oxidized 
films is p r i m a r i l y  associated with  its h igh vapor  p res -  
sure and subsequent  loss th rough  volat i l i ty .  

Final ly ,  Raman  sca t te r ing  (1t, 12) has unambigu -  
ously  identif ied the  presence of c rys ta l l ine  arsenic 
in t he rma l ly  oxidized films, and chemical  e tching 
exper iments  have  shown tha t  its concentra t ion in-  
creases in the  in te r rac ia l  region. S imi la r  concentra t ion 
gradients  of e lementa l  arsenic have been observed 
by  XPS (8-10) in conjunct ion wi th  ion mill ing.  The 
fa i lure  of the diffraction techniques to observe  this 
c rys ta l l ine  phase  is be l ieved  to be due to the  low 
tota l  concentrat ions ac tua l ly  presen t  fo l lowing ex ten -  
sive vola t i l i ty  losses. 

Oxidat ion  wi th  As2OJO~ mix tu res  in closed tube 
(10) and " l eaky  box" (9) configurations both resu l ted  
in the incorpora t ion  of As~O8 i n  the outer  sections 
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Table Y. Experimental results on anodic oxides 

June 1980 

Refer -  
E l e c t r o l y t e  Interface  Bulk  Surface Technique  ence Comments  

I. Electrochemical  

Tartaric  acid-glycol ~-Ga203 on  t h e  ~ ~ ED (15) 
GaAs  s u r f a c e  

Tartaric  acid-glycol Insuf f ic ien t  s t r u c t u r a l  o r d e r  to  i d e n t i f y  p h a s e s  ED (16) 

AseOs saturated and Ga~O~/As:O~ GazOs/As2Os Ga~Os/AssOa 
buffered ~ 1 : 1  mole  r a t i o  t h r o u g h o u t  t he  ox ide  

Tartaric  acid-glycol Ga~.O3/As~O:, Ga~Os/As.-,O:~ Ga-~Oa/As~O8 
~ 1 : 1  mole  r a t i o  t h r o u g h o u t  t he  ox ide  

Dilute  phosphoric  acid A s  (?) t r a c e  - -  - -  
solut ion levels  

N e u t r a l  b o r a t e  F i l m  f o r m e d  f r o m  Ga+8 a n d  As+S 

Not given 

Tartaric  ac id -g lyco l  

H~PO4-glycol 

L o w  p r e s s u r e  r f  dis- 
charge ~ 2  x 10 -~ 
T o r r  oxygen  

L o w  p r e s s u r e  r f  dis- 
c h a r g e  

L o w  p r e s s u r e  r f  dis- 
c h a r g e  

L o w  p r e s s u r e  r f  dis- 
c h a r g e  

D-C d i s c h a r g e  (0.1-0.3 
T o r r )  

G a : A s  r a t i o  c o n s t a n t  ( ~ 1 : I )  t h r o u g h o u t  t h e  ox ide  
e x c e p t  f o r  s u r f a c e  (~200A)  a r s e n i c  d e p l e t i o n  

G a : A s  r a t i o  c o n s t a n t  (1:1)  t h r o u g h o u t  t h e  oxide  
including the surface  

A r s e n i c  be low d e t e c t i o n  l imi t s  of R a m a n ;  eliip- 
s e m e t r i c  ana lys i s  i n d i c a t e s  ~ 2 5 A  i n t e r f a c e  w i t h  
r o u g h l y  6A of  arsenic 

II. Plasma 

A m o r p h o u s  b u l k  f i lms 

O : G a : A s  3:1.07:1 f o r  oxides  greater  t h a n  100OA 
t h i c k  

Bu lk  ox ides  c o n t a i n  1-2 v / o  e l e m e n t a l  a r sen ic ,  
8~%A w~de i n t e r f a c e  c o n t a i n s  ~ 2 5 A  a r s e n i c  

T h i c k  i n t e r r a c i a l  d e p o s i t s  of  arsenic detected in 
thermally  annealed samples  

R a m a n  detects  arsenic in  b u l k  f i lms,  t h e r m a l  gen-  
e r a t i o n  of  thic~ arsenic d e p o s i t s  ver i f ied  

XPS (9) 

XPS (10) 

XPS (17) 

C o u l o m e t r y  (18) 

RBS, IIXE (19) 

RBS, MS (20) 

R A M A N  (21,22)  
ELLIP  (23) 

TEM (24) 

RBS, IIXE (25) 

ELLIP  (26) 

ELLIP  (27) 

XPS, R A M A N  (28) 

Bu lk  ox ides  a m o r p h o u s  

Structural  differences in 
oxides  g r o w n  at high 
and low current  densi- 
t ies  

C h e m i c a l l y  s t r i p p e d  films 

E l e c t r o n  n u m b e r  of  6.0 
m e a s u r e d  p e r  g r a m  
mole  of GaAs  c o n s u m e d  

A r s e n i c  c o m p o n e n t  de- 
creases  r a p i d l y  with  
t h e r m a l  anneal ing 

H~O, AsiA3, a n d  A s  
evo lved  on  heat ing 

T h e r m a l  a n n e a l i n g  in  
v a c u o  g e n e r a t e s  in t e r -  
f ac ia l  a r s e n i c  

C r y s t a l l i n e  a r s e n i c  ob- 
s e r v e d  at interface 
a f t e r  t h e r m a l  anneal- 
ing 

I n c o m p l e t e  o x i d a t i o n  in 
t h i n n e r  f i lms 

Q u a n t i t y  of i n t e r r a c i a l  
arsel~lC a e p e n u s  o n  
g r o w t h  r a t e  

E v i d e n c e  f o r  m i x e d  A s ~ /  
As  ~5 s u r f a c e  s i g n a l  

of the film. In the lat ter  configuration the As2Q: Ga203 
ratio was near ly  1:1 and the outermost surface 
(~150A.) of a film grown at 750~ was identified by 
reflection high energy electron diffraction (RHEED) 
as a single phase layer of GaAsO~ (9). Complete pro- 
filing of the th inner  films of Ref. (10) indicate that 
elemental  arsenic was present throughout  most of the 
bulk  film and exhibits a concentrat ion gradient  which 
increases toward the substrate. Evidence for the re-  
tent ion of some As~Q in the inter  facial region is 
also present  (10). 

Limited data are available concerning the oxidation 
of GaAs under  pure As203. Electron diffraction has 
identified beta phase Ga203, and Auger sputter  pro- 
filing indicates that the major  film consti tuents are 
gal l ium and oxygen with evidence for a weak arsenic 
signal which increases substant ia l ly  in the inter  facial 
region (13). The chemical form of the arsenic (ele- 
menta l  or As203) was not identified. Raman scattering 
explicit ly demonstrates that  elemental  crystal l ine ar-  
senic is present  in these films (14). 

The fundamenta l  pat terns observed in the experi-  
menta l  data on thermal ly  oxidized GaAs are seen 
to be general ly consistent with the phase predictions 
of the proposed phase diagram. In particular,  GaAsOr 
surface layers can be formed under  strong oxidizing 
conditions followed by a region composed pr imari ly  
of Ga208 and As20~ when conditions are such that 
volatil ization of As20~ is suppressed. The interracial 
region is dominated by the presence of Ga.zO~ and As, 
al though the lat ter  product always exhibits a strong 
concentrat ion gradient  result ing from its high dif- 
fusivity and volatility. For -As20;~ as an oxidant, both 
Ga203 and As have been shown to be present, again 
with a strong concentrat ion variat ion in the lat ter  
product  which increases toward the substrate. 

Anodic and plasma oxidation.--The situation for elec- 
trochemically (9-10, 15-23) and plasma (24-28) oxi- 

dized GaAs (Table V) stands in distinct contrast  to 
what  was observed for the case of thermal  oxidation. 
Room tempera ture  electrochemical anodization leaves 
amorphous oxide films (15, 16) whose major  phase 
consti tuents are Ga20~ and As20~ (9, 10, 24). Water 
and As2Q have been observed to volatilize from films 
anodized in aqueous base electrolytes dur ing  heating 
(20). Coulometry supports the t r iva lent  assignments 
of the bulk  film consti tuents with a measured electron 
number  in the passive film formation regime of 6.0/g 
mole of GaAs consumed (18). Electrochemically ano- 
dized films appear to contain elemental  arsenic only 
at the trace level (9-10, 17, 21-22) ; recent ellipsometric 
evidence suggests an unobservable  concentrat ion in 
carefully prepared bulk  films and perhaps 6A of ab- 
sorbing mater ia l  (assumed to be arsenic) in a 25A 
wide interface (23). 

Plasma oxides are likewise amorphous (24) and 
can be prepared as approximately 1:1 molar  mixtures  
of Ga~O3 and As203 (25). Films prepared at high 
current  densities contain ,-,1-2 volume percent  (v/o) 
arsenic in the bulk  films with an estimated in ter -  
facial arsenic concentrat ion of 25A in an approximately 
84A wide interface (26). Low current  density (slow) 
growth has been observed ell ipsometrically to yield 
significantly thicker arsenic deposits in the interracial  
region (26). Thermal ly  annealed  plasma oxides have 
been examined by TEM (24), el l ipsometry (27), and 
Raman scattering (28) and were observed to contain 
thick, crystal l ine arsenic deposits in the interracial  
region in all cases. The implications of thermal  an-  
neal ing are considered in detail  later. 

The exper imental  data found in Table V thus in -  
dicate that  the room tempera ture  electrochemical or 
plasma oxidation of GaAs results in  a reasonably 
uniform mixture  of Ga20~ and As203 which extends 
from the surface to the interface. Elemental  arsenic 
has been detected as a component  of very low con- 
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centration in plasma oxidized films (1-2 v /o ) ;  its 
presence in electrochemically anodized samples is be- 
low that level. The low arsenic concentration is in 
direct contradiction to the expectations of the phase 
diagram under any set of oxidizing conditions using 
02. For room temperature growth, loss by diffusion 
and volatilization would not be expected to account 
for the absence of this component. Finally, an inter-  
facial mixture of GaAs, Ga~Oj, and As203 is not con- 
sistent with the equilibrium phases predicted by the 
proposed phase diagram. Although the phase diagram 
is not appropriate  for predicting phases grown from 
oxidants containing hydrogen (H20, OH-,  HjO+),  the 
vir tual  equivalence of the observed products for 
electrochemical (aqueous electrolyte) and plasma (O2 
gas) anodization suggests that  this is not the source 
of the noted discrepancies. One is led to conclude that 
either the proposed phase diagram is in error  or that 
the oxidation products evolved in electrochemical and 
plasma anodizations form under conditions far  from 
thermodynamic equilibrium. 

The phase diagram indicates that As20~ in contact 
with GaAs should react according to the equation 

As208 -}- 2GaAs-> Ga203 + 4As [I] 

yielding at  the interface Ga203 and As as the stable 
phases which can coexist at equilibrium with GaAs. 
The annealing experiments on anodic and plasma 
grown oxides previously mentioned support the above 
reaction. Chemical etching experiments in conjunction 
with Raman scattering (21, 22) have revealed that 
metallic arsenic deposits are being generated next to 
the GaAs substrate as they must if Eq. [1] is assumed 
to hold. TEM (24) measurements on thermally an- 
nealed plasma oxides likewise reveal the existence 
of crystall ine arsenic domains next to the substrate. 
Anodic and plasma oxide films thus seem to grow 
under strongly nonequilibrium conditions; thermal an- 
nealing is observed to drive the system toward the 
favored equilibrium phases. 

Summary 
An estimate of the Ga-As-O phase diagram has been 

made from a combination of experiments and free 
energy calculations. The experiments were carried 
out at temperatures above the melting point, 278~ 
of As203 (arsenolite) whereas the thermodynamic 
estimates were made for temperatures below the melt-  
ing point of As2Oj. A number of regions of the 
estimated phase diagram were explored by the higher 
temperature anneals. The phases found on cooling 
were in accord with the low temperature phase dia- 
gram. Thermal oxidation of GaAs by 02 or As203 
produces phases in the grown layer agreeing with the 
estimated phase diagram. Low temperature e]ectro- 
chemical and plasma oxidation of GaAs lead to phases 
which are not in agreement with the estimated phase 
diagram. Thermal anneals of these layers do produce 
phases consistent with the phase diagram, suggesting 
that  the phases produced by electrochemical and plasma 
oxidation are due to nonequilibrium reactions. Ex- 
perimental  analysis of oxide layers by a number of 
complementary techniques are reported including rel-  
evant work reported in the literature. 

Manuscript received Sept. 24, 1979. 

Any discussion of this paper  will appear in a Dis- 
cussion Section to be published in the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submitted by Aug. 1, 1980. 
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ABSTRACT 

Deleterious changes in  the electrical and optical properties of lead-sal t  
semiconductor diode lasers have been traced to the diffusion of In  into the 
surface layer  of the lead-sal t  crystals. New contacting methods have been 
developed to el iminate  this mode of degradation for Pbl-=Sn=Te and PbSl-zSe= 
d i o d e  lasers. 

For lead-sal t  diode lasers made in  our  laboratories, 
we have observed two major  modes of contact deg- 
radation. They are catastrophic fai lure (operation 
ceases abrupt ly)  and  a slow change in  electrical and 
optical properties dur ing  room tempera ture  storage. 
The first mode o~ degradation can be el iminated by 
using a properly designed mount ing  package (1). The 
second mode of degradat ion is manifested by a slow 
increase in contact resistance. In  order to unders tand  
this la t ter  mode of degradation, an investigation of 
contacting procedures was under taken.  The lasers 
used in this s tudy were fabricated from single crystals 
of PbSl-=Se= (2) and PbL-=Sn=Te (3) grown from 
the vapor phase. 

Contact Degradation 
For cw operat ion at temperatures  approaching 40~ 

we find that a contact resistance of 10 -4 l~-cm 2 or less 
is necessary. This is a t t r ibuted to the low thermal  
conductivi ty of lead-sal t  materials  ( typically 0.07 
W / c m - K  vs. 3.0 W / c m - K  for GaAs at 77~ (4). 
Since lead-sal t  crystals have very high electron affin- 
ities, low resistance, ohmic contact to the n - type  
side of diodes can be obtained easily by using either 
Au, In, or I n -Au  combinations. It is the p- type  contact 
that  normal ly  causes problems. 

For the p- type  side I n - A u  (5), I n - P t  (6), and 
I n - P t - A u  (7) structures have been reported as pro- 
ducing low resistance, ohmic contacts. More recently 
only In -Au  combinations have been used (8, 9). We 
are not aware of any systematic studies on the long- 
term rel iabi l i ty  of I n -Au  contacts. However, we found 
that  they are not stable in our devices. Dur ing  storage 
at  room tempera ture  over periods that  range from 
days to months, the resistance of I n -Au  contacts can 
increase. Such increases are typical ly accompanied by 
increases in cw threshold current  densities and laser 
emission frequencies, while at the same time laser 
output  powers tend to decrease (10). 

Figure 1 shows the I-V characteristics of a laser 
that  has been subjected to life testing. It is evident  
that once a laser is mounted  and tested, slow degrada- 
t ion occurs dur ing  room tempera ture  storage, ra ther  
than dur ing  cw operation ( including thermal  cycling).  

PbSl-=Se~ Lasers 
We found that the increase in contact resistance is 

caused by  the diffusion of In  into the surface layer  
of the p- type  side. Figure 2 shows an electron micro- 
probe analysis of In  and Pb concentrat ion profiles 
near  the metal-semiconductor  interface before and 
after degradation. The samples were prepared with 
In -Au  as the p- type contact. The degradation was 
accelerated by  heat ing the sample to 100~ for 1 hr. 
This test condition is equivalent  to room tempera ture  
storage of approximately one week (11). Both the 
degraded and the control samples were angle- lapped 
at a 3 ~ incl inat ion to provide a twentyfo]d improvement  
in  spatial resolution normal  to the interfaces. 

Key words" contacts, IV.vI, lasers, reliability, interdiffusion. 

The typical  electron beam penetra t ion depth is 
about  1-2 ~m. The x- rays  generated by the E-beam 
(the signal s t rength shown in  Fig. 2) are absorbed 
part ial ly by the contact metals before being detected. 
Au and Pt are good absorbers for the x-rays. We 
calculated that 70% of the x-rays  generated in the 
crystal are absorbed by Au in a distance of 0.2 ~m. 
This explains the sharp change in the Pb x- ray  signal 
near  the interface (and hence the good accuracy in 
ident ifying the interface) .  From Fig. 2 it is also noted 
that  for a degraded sample, traces of In were found 
in the first few microns of the crystal below the con- 
tact. Since In is a donor in lead-sal t  materials,  a 
reduction in hole carrier concentrat ion near  the sur-  
face is expected. We th ink that this is the reason for 
the increase in contact resistance (12). 

Fur the r  study revealed that  Au or Pt  alone cannot  
form a bar r ie r  against In  penetrat ion,  but  a combina-  
tion of P t - A u  does (1). It  was also noticed that  the 
rel iabi l i ty  of the lasers depends on the thickness of 
the Pt  and Au layers. We found that  both layers 
have to be at least 0.2 ~m thick in order to form a 
barr ier  against  In  diffusion. After depositing the Au 
and Pt  layers on the p- type  side of the diode a 10 ~m 
layer of In  is added. The n- type  contact consists of 
a 0.2 ~m layer  of Au plus 5 ~m of In. The entire 
contact s t ructure  is shown in Fig. 3. The p- type side 
of the crystal surface was purposely oxidized by expo- 
sure to air  before evaporat ing the first layer  of Au. 

800 I I 

600 - (I) Before and After 3 Weeks 
of cw Operation 

(2) After 3 Days Storage at RT 
(3) After 6 Days Storage at RT 
(4) After 9 Days Storage at RT 

- ! 
~ 4oo 
_ (1) 12) 

(3) 

2O0 

0 
I00 200 

V (mY) 

Fig. 1. I-V characteristics of a Pbo.92Sno.osTe laser during op- 
eration and after storage at room temperature. 
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Fig. 2. Electron microprobe analysis of a crystal-contact inter- 
face for PbSo.s2Sea.ls. 

This increases the hole carrier concentrat ion near  the 
surface and tends to stabilize the contact resistance 
(13). 

Pbl-=Sn=Te Lasers 
The same three- layer  s t ructure  of I n - P t - A u  did 

not produce consistent results for Pbl -xSnxTe lasers. 
Different results were obtained for Pbl -xSn=Te with 
different x values. It  is apparen t  that  the Au-  
Pbl-=Sn=Te interface properties vary  as x changes. 
We have studied this interface and found methods 

for making  low resistance, reliabIe contacts for all  
compositions of Pbl-=Sn=Te. 

As shown in  Fig. 4(a) ,  the work funct ion of a metal  
(qcM) is defined as the energy difference between 
the vacuum level and the Fermi  level (EF). In  semi- 
conductors, the equiva]ent  energy uni t  is called the 
electron affinity (qx). It  is defined as the energy 
difference between the vacuum level  and the con-  
duction band  minimum.  A semiconductor is also char-  
acterized by  its bandgap (Eg) and its quas i -Fermi  
level [EFp for p- type  mater ia l - -F ig .  4 (a ) ] .  When a 
metal  makes in t imate  contact with a semiconductor,  
the Fermi levels in  the two materials  must  coincide 
at  thermal  equi l ibr ium. Whether  the contact is ohmic 
or a bar r ie r  depends on the energy difference be tween 
the metal  work funct ion and the total of the semi- 
conductor electron affinity and bandgap. 

In  a p- type  semiconductor, the bar r ie r  height (@m') 
is defined as (14) 

q~bBp : (Eg -}- qx) -- q~bM [I] 

where the effect of surface states has been ignored 
(15). This is consistent with the high dielectric con- 
stant. If r is positive, as shown in Fig. 4(b), charge 
carriers (holes) are depleted in the surface and the 
contact is a barrier. However, if #BP is negative, as 
shown in Fig. 4(c), an accumulation layer is formed 
in the surface and the contact is ohmic. 

It has been reported that Au makes barrier con- 
tacts on p-type PbTe (15). It is speculated that, since 
the work function of Au and the electron affinity of 
PbTe are both 4.6 eV, the contact is not ohmic. AI- 
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q@'BP 
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,, 
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q(PM > (qx + Eg) 
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Fig. 3. Contacts for PbSl-xSex lasers Fig. 4. Energy levels of a metal-semiconductor interface 
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though the exact  value  of the work  function for Au 
is not certain (16), the approximate  equal i ty  of work  
funct ion and electron affinity could explain the barr ie r  
contacts. F rom Eq. [1], it is seen that  the barr ier  
height  would be posit ive and equal  to the energy 
bandgap E~. It is interest ing to note that  as SnTe is 
added to PbTe to form Pbl-xSnxTe,  the bandgap of 
the semiconductor  decreases. This tends to lower  the 
barr ie r  height  and improves the contact  resistance. 
However ,  in order  to change the contact f rom barr ier  
to ohmic (r goes from positive to negat ive)  the 
electron affinity of the Pbl -~SnxTe system would 
have to decrease. The crossover be tween barr ier  con- 
tact and ohmic contact should then occur at a certain 
SnTe concentration. This has been observed in our 
exper iments  as will  be discussed later. 

F rom the previous analysis it is clear that  the best 
contact metal  for p - type  Pbl -xSnxTe is not Au, but  
a meta l  wi th  a higher  work  function. Among the 
metals, P t  is the one with  the highest  work  function 
(5.4 eV). Therefore  it was selected for exper imentat ion.  

P la t inum can be applied to Pb~-xSnxTe by e i ther  
vacuum deposition or e lectroplat ing techniques. Al-  
though the former  is done in a cleaner  environment ,  
there  are several  practical  problems. Fi lms deposited 
a t  room tempera tu re  have very  poor adhesion. At -  
tempts to heat  samples during evaporat ion lead to 
fu r the r  degradat ion in contact resistance. For  these 
reasons, only the electroplat ing method was used in 
o u r  work. 

T h r e e  Pt-p la t ing  solutions have been tried. Charac-  
teristics of these solutions and the results are sum- 
marized in Table I. The alkal ine solution is not de- 
sirable because it attacks the sample surface and 
produces high contact resistance. The strong acid solu- 
tion is also undesirable,  because the results are not 
consistent (contact resistance varies widely) .  Best 
results have been obtained with  the moderate  acid 
solution. 

Al though proper ly  plated Pt rout inely  produces low 
resistance (,~10 -5 ~ - c m  2) contacts on p - type  
Pb~-~Sn.~Te (17), the simple addition of a l i t t le In 
to faci l i tate mount ing lasers on heat  sinks did not 
provide rel iable contacts. The P t - In  contacts degraded 
(resistance increased) af ter  storage at room tempera -  
ture for a few days. As found previously, the resistance 
increase was due to diffusion of the In through the 
Pt  and into the Pbl-xSnxTe.  Therefore  a more com- 
plex s t r u c t u r e  w a s  tried. 

The p - type  mater ia l  was or iginal ly  plated with  
0.15 ~m of Au, fol lowed by 0.2 ~m of Pt  and 10 ~m 
of In. The contact resistance was 1-2 • 10 -5 ~ - c m  2 
for Pb l -xSnxTe  with  x ~ 12%, but was much higher  
(8-15 • 10 -5 Q-cm 2) for x ~ 8%. This is con- 
sistent wi th  the physics of meta l -semiconductor  in te r -  
faces as applied to Au and Pbl-xSnxTe.  However ,  
the contacts were  ve ry  stable. No significant degrada-  
tion was observed over  extended life tests. 

The results for the lower  Sn concentrat ion sug- 
gested that  Pt  should be applied first. We found that  
the best method starts wi th  0.2 ~m of Pt  fol lowed 
by 0.15 ~m of Au and 10 ~m of In. The n - type  side 
of the diode is contacted wi th  Au and In. Typical  
contact resistance for diodes fabricated this way  is 
in the 8-15 • 10 -6 Q-cm 2 range for P b l - ~ n x T e  
with  all  values of x. 

Laser Tests 
Over  a period of ten months, groups of PbSl -~Sex  

and Pbl -xSnxTe lasers (made with th ree - l aye r  con- 
tacts on the p - type  side) have been tested for thermal  
cycling, room tempera tu re  storage, and cw operation. 
For  up to sixty the rmal  cycles and five hundred  hours 
of cw operation, no significant changes in contact 
resistance, threshold current  density, or optical prop-  
erties were  observed. The test results are summarized 
in Table II. This is a significant improvement  over  
lasers that  have been fabricated in the past, whose 
performance  could degrade in a mat te r  of a few days 
at room temperature .  

However ,  we found that  contact degradat ion can 
be induced by heat ing lasers to tempera tures  above 
160~ even for only a few seconds. Degradat ion can 
also be induced by operat ing lasers at cw current  
densities above 3 k A / c m  2. We bel ieve that  both of 
these processes enhance the diffusion of In through 
the P t -Au  barr ier  and change the surface properties 
of the p - type  side of the laser. With proper  handl ing 
and avoidance of high temperature ,  high current  oper-  
ation, these lasers should be rel iable devices. 

It  is also noted that  interdil~usion be tween In and 
Au, which has received much at tent ion recent ly  (18), 
cannot account for the change in contact resistance 
discussed in this paper  (Fig. 1). The problem we are 
dealing with  is In diffusion into the semiconductor  
surface. We found that  the use of mul t i layered  s truc-  
tures of P t -Au  or A u - P t  has significantly re tarded 
this process. Fur the r  improvements  over  this con- 

Table I. Pt plating parameters and results 

T e m p e r -  Current  dens i ty  T i m e  to  plate  Contact  resist-  
pH values  a ture  (~ ( m A / c m  2) Ag i ta t ion  200 n m  ( m i n )  ance  ( m ~ )  

Strong  acid 
( T e c h n i c  Pt  TP)  * 1.2 45 10 N o n e  30 20-50 

Modera te  acid 
(Enge lhard  E-401) ** 4.0 45 1 Modera te  10 8-15 

A lka l ine  
(Enge lhard  E.209) * �9 8.0 45 5 Modera te  20 80-100 

* Technic  Incorporated ,  Prov idence ,  Rh od e  Island. 
* * Engelhard,  N e w a r k ,  N e w  Jersey .  

Table II. Laser test results (ten-month test period) 

R~ (fl-cm 2) x 10~ 
Contact  re s i s tance  

Jth ( A / c m  2) 
Thresho ld  cur- 

rent  densi ty  

P (roW) 
Tota l  output  p o w e r  
at I = 1A, T = 20�9 

Initial  Final  Initial  Final  Init ial  Final  R e m a r k s  

No. 1 1.10 1.18 260 280 0.85 0.80 
PbSo.s~Seo.~ 

No. 2 0.87 0.91 365 380 3.2 2.6 
No. 1 0.74 0.80 95 105 0.65 0.58 

Pbo.~Sno.uTe 
No. 2 0.85 0.73 125 135 0.90 0.86 

�9 500 hr  c w  operat ion  
�9 T h e r m a l  cyc l ing  26 t i m e s  
�9 T h e r m a l  cyc l ing  45 t i m e s  

�9 300 hr c w  operat ion  
�9 T h e r m a l  cyc l ing  25 t i m e s  
�9 420 hr c w  operat ion  
~ T h e r m a l  cyc l ing  33 t i m e s  
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tac t ing method have since been developed and wil l  
be publ i shed  e l sewhere  (11). 

Conclusions 
Slow degrada t ion  for l ead - sa l t  diode lasers has been 

a t t r i bu t ed  to a slow increase  in contact  resistance.  
This mode of degrada t ion  has been t raced  to mig ra -  
t ion of In into the  surface  l aye r  of the p - t y p e  side 
of the  lasers. By using combinat ions  of A u - P t  or 
P t - A u  as ba r r i e r s  to p reven t  In migrat ion,  we have 
s u b s t a n t i a l l y  increased the l i fe t ime of these lasers.  
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The Growth of, and the Formation of Grain Boundaries in, 
Cu S Films Grown on Faceted Single Crystal CdS Substrates 

C. H. Cheng and K. A. Jones* 
Electrical Engineering Department, Colorado State University, Fort Collins, Colorado 80523 

ABSTRACT 

It  is shown tha t  large  angle  gra in  boundar ies  a re  formed in the Cu2S film 
at  the  in tersect ion of ad jacen t  pr i smat ic  CdS planes  and tha t  smal l  angle  grain 
boundar ies  a re  formed at  the in tersect ion of ad jacent  pr i smat ic  and  non-  
p r i smat ic  CdS planes  and at  the  in tersect ion of a nonpr i smat ic  p lane  wi th  the  
basal  plane.  The large  angle  gra ins  a re  fo rmed  because the or thorhombic  CufS 
c-axis  is at  most  a 2-fold axis whereas  the CdS axis is a 6-fold axis. I t  is 
shown tha t  the  open-c i rcu i t  vol tage is reduced  in the v ic in i ty  of these gra in  
boundaries .  The smal l  angle  gra in  boundar ies  form because the effective c /a  
axis of Cu2S is different  than  the c /a  axis of CdS so that  the CufS is d is tor ted  
when  it  is made  to conform wi th  the CdS substrate ,  The open-c i rcu i t  vol tage 
in the v ic in i ty  of these gra in  boundar ies  did  not not iceably  decrease.  I t  is also 
shown tha t  the g rowth  ra te  and morpho logy  of the  CufS films depend  on the 
or ienta t ion  and morpho logy  of the  CdS substrate .  

The Cu2S-CdS solar  cell  is usua l ly  made  by  growing 
a CufS film on a t ex tu red  po lycrys ta l l ine  CdS subs t ra te  
film. Because the CdS film is so h igh ly  textured,  i t  is 
f r equen t ly  assumed tha t  the  CufS-CdS in ter face  is 
pa ra l l e l  to the basal  p lane of each. However ,  the  in te r -  
face p lane  is usua l ly  pa ra l l e l  to a number  of different  
p lanes  because the CdS grains  a re  h igh ly  faceted (1, 2). 
In  addi t ion  they  can contain  hexagona l  flat tops and 
py ramids  (3, 4) and  hexagonal  etch pits (5, 6), and 
even or ig ina l ly  smooth CdS surfaces can be roughened  
by  the p re fe ren t i a l  g ra in  bounda ry  a t t ack  by  the CufS 
(1, 7). Somet imes  the  CdS film is also purpose ly  
roughened  using an HC1 etch in o rder  to reduce the 
reflection losses (8). 

I t  has been shown tha t  increas ing the surface rough-  
ness increases  the amount  of la t t ice  mismatch  at the 

* Electrochemical Society Active Member. 
Key words: growth rate, morphology, orientation, open-circuit 

voltage. 

in ter face  (9, 10) and  therefore  the dens i ty  of in terface  
recombina t ion  centers  (11, 12). These recombina t ion  
centers  have the undes i rab le  effects of decreas ing the 
shor t -c i rcu i t  cu r ren t  via  in terface  recombina t ion  and 
of decreas ing the open-c i rcu i t  vol tage  by  increas ing 
the reverse  sa tura t ion  cur ren t  by  increas ing the gen-  
e ra t ion- recombina t ion  and the tunnel ing  currents  (13). 

In  this pape r  we show tha t  gra in  boundar ies  form 
in the CufS when it  grows on a faceted CdS surface, 
even though the CdS is a single crystal ,  and that  these 
gra in  boundar ies  can reduce the cell  efficiency (14). 
Gra in  boundar ies  a re  fo rmed  because the CufS (or tho-  
rhombic)  and CdS (hexagonal )  crys ta ls  belong to di f -  
fe rent  crys ta l  systems. That  the Cu2S grows at differ-  
ent  ra tes  (1, 15-17) wi th  different  morphologies  is also 
confirmed. This has impor t an t  impl icat ions  for the 
manufac tu re  of Cu2S-CdS cells us ing a rough CdS 
subs t ra te  because a CufS film of un i fo rm thickness  
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cannot  be  grown on i t  and the ref lect ivi ty  of the d i f -  
fe ren t  exprosed Cu2S surfaces  can be  different.  

This  s tudy  was done by  growing the Cu2S on a n u m -  
ber  of faceted single c rys ta l  surfaces. Growth  on the 
pr i smat ic  surfaces, which occurs dur ing  gra in  bound-  
a r y  penet ra t ion ,  was s tud ied  b y  growing  the Cu~S on 
CdS pla te le ts  conta ining r idges (18) and  hexagona t ly  
shaped c -o r ien ted  needle  s ingle crysta ls  of  CdS. 
Growth  on the  rough subs t ra te  surface was mode led  by  
growing the C u ~  on the t ape red  t ip  of  the c -o r i en ted  
needles  and  on an  e tched (0:0.01) single c rys ta l  surface. 

Theore t ica l  Background 
I t  has been shown tha t  the (100), (010), and  (001) 

Cu~jS planes  g row respec t ive ly  pa ra l l e l  to the (2110), 
(0110), and  (001) CdS planes (1, 1~). Using the equi -  
va len t  lengths  of  the  Cu~S uni t  cell, a/3.  b/4, and c/2, 
and  the  three  index nota t ion for the CdS, i t  can be 
shown that  the  p l ana r  or ien ta t ion  re la t ionsh ip  is given 
by-ho = Ahh where  hh is the  CdS p l ane  normal ,  ho is 
the  equiva len t  Cu~S plane normal ,  and  A is (9 

[,001 = 4 8 0 :[1] 
0 0 2  

The d spacings for the equ iva len t  planes  are  s l ight ly  
different  because  the equ iva len t  la t t ice  pa rame te r s  a re  
s l igh t ly  different,  and most  of the equiva len t  planes  are  
not qui te  para l l e l  because the  mismatch,  Aa/a, Ab/b, 
and  Ac/e, in the  direct ions p a r a l l e l  to the  Cu~S la t t ice  
pa rame te r s  is s l igh t ly  different.  This l ack  .of para l le l i sm 
is wha t  causes the smal l  angle  gra in  boundar ies  dis-  
cussed be low to form. 

As is shown in Fig. 1, a smal l  angle  gra in  bounda ry  
can form at  the  intersect ion of ad jacen t  p r i smat ic  
planes.  The (08'0) CueS plane is pa ra l l e l  to the (0t]O) 
CdS p lane  but  the (340) Cu2S plane is not  qui te  pa ra l l e l  
to the  equiva lent  (1010) Cc~S plane  since Aa/a is a bi t  
sma l l e r  t han  Ab/b.  The  Cu2S must, however ,  conform 

to the  CdS subs t ra te  so tha t  the (340) Cu2S p lane  must  
be ro ta ted  ~0 in  a clockwise ro ta t ion  about  the  basa l  
p lane  n o r m a l  This ro ta t ion  can be  accomplished b y  a 
t i l t  bounda ry  which  has a l inea r  dis locat ion density,  p 

A8 
p ~ M [ 2 ]  

b 

where  b is the  Burger ' s  vector.  For  the p r i smat ic  p lanes  
Ao = 0.0075 ~ If  one assumes tha t  b = 4A, which  is 
about  equa l  to the  a - l a t t i ce  vec tor  of CdS, then  p 
3.2 • l0 s dis locat ions/cm.  This, in turn,  y ie lds  a dan-  
gling bond densi ty  of 8 • 1020 dangl ing  bonds / cm 2 
when i t  is assumed tha t  the  repea t  d is tance along the 
dislocat ion l ine is 4A and there  is one a tom wi th  one 
dangl ing bond in the  repea t  dis tance (19). 

Smal l  angle  g ra in  boundar ies  a re  fo rmed  a t  the  i n t e r -  
sections of  a nonpr i smat ic  p lane  wi th  the  basa l  p lane  
and wi th  a p r i smat ic  p lane  p r i m a r i l y  because the  effec- 
t ive c /a  = c / 2 / a / 3  rat io  (1.69) is different  than  i t  is 
for CdS (1.63). The lack  of pa ra l l e l i sm of a l l  the  p r i s -  
mat ic  planes  also has an effect, but  the  effect of the  d i f -  
fe rent  c /a  (~) ra t ios  is enough l a rge r  so tha t  this effect 
can essent ia l ly  be ignored.  As is shown in Fig. 2, the  
nonpr i smat ic  Cu2S film can be made  to conform b y  a 
rotat ion,  A0~, about  the  l ine  formed by  the in tersec t ion  
of the nonpr i smat ic  and basa l  planes.  The amoun t  of 
ro ta t ion  is found f rom the difference in the  angle,  8, 
that  hh and ho make  wi th  the  c-axis  whe re  0 is found 
f rom the equat ion (9) 

c o s  ei - [ 3 ]  
2-~i(h2 -~ h k  ~- k 2 -~ 312/4~i 2) ,/2 

where  h, k, and 1 are  the  Mi l le r  indexes  r e fe r red  to 
the CdS la t t ice  and  the ~'s a re  those of Cu2S and CdS. 
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ho 

\ \  

\ 
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Fig. 1. The angular misorientation in the Ca2S film at the inter- 
section of adjacent prismatic CdS surfaces due to the difference in 
the mismatch in the a and b directions. 

Fig. 2 (a) Schematic diagram illustrating that the effective ~ for 
Cu2S is larger than ~, for CdS and (b) the tilt boundaries formed at 
the intersections of a nonprismatic CdS plane with a prismatic 
plane and with the basal plane when the Cu2S is compressed to 
conform to the CdS. 
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The value of aer depends on which nonprismat ic  CdS 
plane is paral lel  to the interface. This is shown in Fig. 
3 where Ae~ is plotted as a funct ion of 0 for the (hO1) 
type planes. There it is seen that  the m a x i m u m  tilt  
occurs for 0 -- 45 ~ where it is 1.15 ~ Values for speci/ic 
planes are shown in Table I. For  a tilt  of 1 ~ the t i l t  
boundary  will  contain ~4.4 • 105 dislocations/cm 
which, in  turn,  corresponds to a dangl ing bond densi ty 
of 1.1 • 1013 per cm 2. 

Small  angle grain  boundaries  will  also form at the 
intersections of adjacent  nonpr ismat ic  planes. They 
form because the Cu~,S hexagonal  flat top is "split  
down the seams" when  it  is compressed in  order to 
conform to the hexagonal  flat top. This is shown in  
Fig. 4. It has been shown elsewhere (20) that  the tilt  
due to this splitting, ~es, is found from the equat ion 

A0 V~  
sin ~ ---- . sin r (cot r --  cot r [4] 

2 2 

where r is the angle formed by the l ine that  is paral le l  
to the intersection of adjacent  nonprismat ic  planes an6 
the l ine that  is paral lel  to the intersect ion of the non-  
prismatic and basal planes. It is found from the equa-  
t ion (20) 

21[hi 2 + hlkl + kl ~ -- hzh2 -- I/2 hlk2 -- ~ h2k~ -- klk~] 
cot r -- 

(h2kl -- hlk2) [312 + 4712 (hi 2 + hlkl  ~- kz2)] '/2 

where  the subscripts designate the nonprismat ic  planes 
hi and h2 described in Fig. 4a. Aes is also plotted as a 
funct ion of e in  Fig. 3. There it is seen that  it is less 
than  ASr and it peaks near  e ---- 60 ~ where it  has a value 
~0.85. The values for specific CdS planes are shown in  
Table I. Also, the dislocation and dangl ing bond den-  
sities are determined in exactly the same way as they 
were in the previous discussion. 

Large angle grain boundaries  can also be formed at 
the intersect ion of adjacent  prismatic planes and ad- 

1.2 

I.C 

0.8 

A 0  o 
0.6 

0.4 

0.2 

0 

/ -. \ 
i / \ 

. / ( , ,  , ,  l , \ 
20 40 60 80 
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Fig. 3. The angular misorientation in the Cu2S film at the inter- 
sections of a nonprismatic CdS plane with a prismatic plane or 
with the basal plane, A0r, and the angular misorientation at the 
intersection of adjacent nonprismatic planes that is due to splitting, 
ASs, that is plotted as a function of the angle between the non- 
prismatic (hOI) type planes and the basal plane. 

Table I. The amount of tilt due to rotation about the axis parallel 
to the intersection of a prismatic CdS plane and the basal plane, 
Mr ,  and that due to splitting along the intersection of adjacent 

nonprismatic planes, Aes, for selected CdS planes 

hkil ~ o  ASso 

(3~2)  0.720 0.669 
(1~1)  0.952 0.816 
(3~4)  1.087 0.848 
(1~2) 1.158 0.739 
(3038) 1.098 0.580 
( 1 f21) 0.641 0.606 
(11~2) 1.026 0.842 
(1123) 1.153 0.798 

jacent  nonprismat ic  planes because the basal plane 
normal  for the CdS is a 6-fold axis whereas the equiv-  
a lent  Cu2S direction is only a 2-fold axis. As is shown 
in Fig. 5, the (021) Cu2S plane grows on the (0112) 
CdS plane and the (344) Cu2S plane grows on the 
(10i2) CdS plane if the or ientat ion relationship is 
obeyed. However, the (01i2) and (1012) CdS planes 

[e ]  

Ao( 

(h,k,  J~) 

Fig. 4a. Schematic illustration of the splitting of the Cu2S hex- 
agonal flat top at the intersection of adjacent nonprismatic CdS 
planes, hi and h2, when it is compressed to conform with the Cd$ 
hexagonal flat top. 
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Fig. 4b. &n enlargement of the split section 
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la t ter  it is seen that  the intersect ion is preferent ia l ly  
attacked by the etch much as it would if there was 
a gra in  boundary  there. 

The effects of growing CueS on a rough plateIet  sur-  
face is shown in  Fig. 8 where there are photographs 
of a CueS-coated CdS platelet  cleaved paral lel  to the 
(0001) plane. There it  is seen that  the CueS films 
growing on the different CdS planes appear to have 
different orientations, and there are boundaries  at the 
intersections of the CdS planes. These boundaries  could 

Fig. 5. The basal and (1012} type CdS planes and their equiva- 
lent Cu2S planes. 

are crystal lographically equivalent,  but  the (021) and 
(344) Cu2S planes are not. If, as is more likely, crystaI- 
lographically equivalent  Cues planes grew on these 
CdS planes, a 60 ~ grain  boundary  would form at the 
intersect ion of these two planes. 

Experimental Procedure and Results 
The CdS needle single crystals were grown using 

five 9's pure CdS powder by placing the powder in  a 
25 cm evacuated quartz tube and then put t ing the tube 
in a tempera ture  gradient  of ~2~  with the hot 
end being at 1200~ The platelets were grown using 
a modified Frerich 's  technique with the five 9's pure 
CdS being evaporated at ~ l l 0 0 ~  t ransported by an 
argon carrier  gas flowing at ,~1 cm/sec and then being 
deposited at ,~900~ (18). The bulk  CdS crystals were 
donated to us by the 3M Company. 

The bulk  crystals were cut with an (0001) or ienta-  
tion, the positive (0001) face was identified after the 
crystal had been etched in  HC1, and then it was 
mechanical ly polished with the last polish being made 
wi th  0.3 micron alumina.  The surface was par t ia l ly  
covered with a protective layer of black wax and the 
unprotected area was then etched for ,-,5 rain in  con- 
centrated HC1. The prismatic surface.~ of the CdS 
needles were left as is, and the nonprismat ic  surfaces 
were formed by polishing the tip so that  the nonpr is -  
matic plane made an  angle of 45 ~ with both the (10i0) 
and the (0001) planes. The nonprismat ic  plane was 
then almost paral le l  to the low energy (1012) plane 
(3). 

Some of the crystals were examined in  an  optical 
microscope and a SEM, and then the Cues was grown 
using the dipping technique described by Lindquist  and 
Bube (17). Usually some of the crystal surfaces were 
protected with black wax, and they were dipped for 
times ranging from 5 min  to 2 hr. 

Photographs of the z-oriented CdS and Cues are 
shown in  Fig. 6. As is seen in  Fig. 6a, the etched z 
CdS surface is composed of small  hexagonal  flat tops. 
Figure 6b shows how the surface morphology changes 
when  a CueS film covers the CdS substrate. There it  is 
seen that the Cues appears to nucleate on the different 
exposed CdS surfaces, and that  grains appear to form 
when the film on the different surfaces grows together. 
In  Fig. 6c and 6d it is seen that  the morphology of the 
Cues grown on the etched face (Fig. 6c) is very dif- 
ferent  from that  grown on the smooth face (Fig. 6d). 

Photographs of the Cues film growing on adjacent  
prismatic surfaces of a CdS needle are shown in Fig. 7. 
The intersection of the Cu2S film growing on adjacent  
prismatic CdS planes is shown in Fig. 7a and the same 
intersection after it  had been treated with a KCN etch 
is shown in  Fig. 7b. In  the former it appears as if the 
Cu~S film does not grow together perfectly, and in  the 

Fig. 6a. A photomicrograph of a typical protuberance on an 
etched (0001) CdS surface (5000 X) .  

Fig. 6b. The growth of the Cu2S over the protuberance (5000 X)  

Fig. 6c. A Cu2S film grown on an etched (0001) CdS surface 
(2000 • ). 
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Fig. 6d. A Cu2S film grown on a polished (0001) CdS surface 
(2000 •  

Fig. 7a. A photomicrograph of the Cu2S film growing together at 
the intersection of adjacent CdS prismatic planes (200• 

A photograph of the Cu2S growing near  the in te r -  
section of the (10i0) and (10i2) CdS planes is shown 
in  Fig. 9a. There it is seen that  the morphology on the 
two surfaces is different and that the film on the (1012) 
plane is thinner .  That  it  is th inner  is shown by the 
ridge formed at the intersection, the Cues film on the 
(1012) is thin enough to still  replicate the scratches 
on the CdS substrate,  and  the film on  the (1012) sur-  
face is thin enough so that  growth cracks have not yet  
formed. That  the Cu2S has substant ia l ly  different 
growth rates on the different CdS surfaces is also shown 
in  Fig. 9b where it is seen that  the Cues growing on 
the basal plane (horizontal) is thicker than  it is grow- 
ing on a prismatic plane (vert ical) .  

The rocking curves for the (10~0) and (0002) CdS 
planes and the corresponding (080) and (004) Cu2S 
planes made using a CueS fine focus tube and a Lang 
camera are shown in Fig. 10. The dotted lines are paral -  
lel to the x - r a y  l ine source, and the tall, nar row double 
peaks are the al and a2 CdS peaks and the short, broad 
peaks are the CueS peaks. An  impor tant  point  to be 
elaborated on in  the next  section is that the al and ae 
CdS peaks for the (10i"0) reflection in  Fig. 10a and 
10b are all  located in the same position, but  the (080) 
Cu2S peaks shift or do not exist. Also, in Fig. 10c the 
(0002) CdS peaks are fixed but  the (004) Cu2S peaks 
are not and there is more than one peak. 

A back wall  cell was fabricated from a needle crystal 
that  had one prismatic surface polished flat, bu t  the 
back surface contained two sets of intersect ing pris-  
matic planes. These intersections are represented by  
dotted lines in  Fig. l l a  and l lb .  Ind ium contacts were 
evaporated on to the front  surface and ohmic contacts 
were made by anneal ing  in  ni t rogen at 200 ~ C for 5 min. 
The front  surface was then covered by black wax and 
the crystal was dipped into a CuC1 solution for ~2  hr. 
The black wax was removed and then a contact to the 
rear  wall  was made using silver paint.  The results of 
a scanning light spot scan using a He-Ne laser is shown 
in Fig. i lc .  There it is seen that  the open-circui t  voltage 
is less in  the front wall  contact area and, more signifi- 
cantly, in the vicini ty of the intersecting prismatic CdS 
planes. This is what  one would expect if a grain 
boundary  was formed paral lel  to the lines of in te r -  
section. 

Another  back wall  cell was constructed in a similar  
manner .  The only difference is that  the rear  side of the 
CdS crystal contained a 45 ~ beveled edge. This is repre-  
sented by a dotted l ine in  Fig. 12a. The solid curved 
line in the lower r igh t -hand  corner shows that the 
sides of the crystal were not everywhere  normal  to the 
front surface. The scanning light spot scan shown in 
Fig. 12b differs from that  in  Fig. l l c  in  that  there is 
not a l ine of lower output  that  corresponds to the in te r -  
section of the two CdS planes on the back wall. 

Fig. 7b. A photomicrograph of the Cu2S film at the same inter- 
section after being treated by a KCN etch (500X). 

only be cracks formed by stress concentrat ions at the 
notches, bu t  they could also be caused by Cues films 
with different orientat ions growing together. 

Discussion and Conclusions 
The photographs in  Figs. 6-9 support  the idea that  a 

grain  boundary  forms in  the Cu2S film at the in te r -  
section of adjacent  planes in  the CdS substrate. In  
Fig. 6a and 6b it appears that grain boundaries separate 
sections of the CueS film that  nucleate on different 
nonprismat ic  planes of the CdS hexagonal  flat top. In  
Fig. 7 the CueS film growing on adjacent  prismatic 
planes of a CdS needle appears to grow together im-  
perfectly at the intersect ion (Fig. 7a). That  this is the 
case is supported by the observation that  the Cu2S at 
the intersection is preferent ia l ly  attacked by an etch 
(Fig. 7b). In  Fig. 8 there also appears to be an angular  
mismatch in the CueS film at the intersect ion of pris-  
matic CdS planes, and the CueS growing on the differ- 
ent  CdS surfaces has a different orientation. 

One can also see from these photographs that  the 
morphology of the Cu2S depends on the surface prep-  
arat ion and or ientat ion of the CdS substrate and that  
the Cu2S growth rate has an or ientat ion dependence. 
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In  Fig. 6c and 6d one sees that  the Cuss film is much 
rougher when it is grown on an etched z-face (Fig. 
6c) than it is when the face is not etched (Fig. 6d). 
In  Fig. 9a it is seen that  the morphology of the CusS 
growing on a prismatic CdS surface is different than it 
is growing on a nonprismatic  surface. For  reasons 
given in the previous section the film on the nonpr is -  
matic surface is also thinner.  That  the Cuss growth 
rate has an orientat ion dependence is also shown in 
Fig. 9b where it  is seen that  the film growing on the 
basal CdS surface is thicker than  the one growing on 
the prismatic surface. An addit ional  observation we 
maple is that the rate of growth of the Cu2S decreases 
with time more rapidly when  growth occurs on pol- 
ished z-face than it does on an etched z-face.. This could 
be due to the fact that the growth of Cuss is diffusion 
limited, and the diffusion rate is greater  for films grown 
on an etched surface because these films contain more 
grain boundaries due to the fact that  growth occurs 
on a rough substrate  surface. 

Fig. 8a. A photomicrograph of a (0001) cross section of a CdS 
platelet with a Cu2S film growing on it (100X).  

The x - ray  rocking curve data in Fig. 10 can be ex-  
plained by the formation of small  angle grain  bound-  
aries at the intersections of a nonprismatic  plane with a 
prismatic plane and with the basal plane, and the for- 
mat ion of large angle grain boundaries at the intersec-  
tion of adjacent  nonbasal  planes. That  small  angle 
grain boundaries form can be seen in Fig. 10a. The 
angular  separation (~0.3 ~ of the (01i0) CdS and (080) 
Cu2S rocking curves for g rowth  on the prismatic (0110) 
surface (lower curves) is such that  the two planes must  
be parallel.  The (080) curve has a larger e value since 
its d spacing is less. However, when the same reflec- 
tions are recorded in  the tapered region the (080) curve 
is shifted about a degree. It is shifted because the Cu2S 
on the nonprismatic  plane is related to the Cu2S on the 
prismatic plane by a rotat ion of 1 ~ about the horizontal  
axis. This is about what  was predicted in the section on 
Theoretical Background. 

It  should also be pointed out that  there is only 
one (080) reflection from the CueS on the nonprismat ic  
planes so that  there is no spli t t ing between adjacent  
nonprismatic  planes. Rather, the sections of the Cuss 
film on the adjacent  nonprismat ic  and prismatic planes 
make an angle of 60 ~ with each other. This is due to the 
fact that a (010) CeuS plane grows paral lel  to all six 
of the crystal lographically equivalent  {01i0} type CdS 
planes and this is shown in  Fig. 10b. There is no (080) 
reflection from the Cu2S growing on the top CdS plane  
because the (010) plane has been rotated 60 ~ away from 
the (010) plane on the middle CdS plane in  order 
to conform with the CdS Crystal. When the crystal is 
rotated 60 ~ about the c-axis, the reflections from the 
section that  was or iginal ly  the top section and is now 
the middle section are identical to those of the original 
middle section. 

It  should also be pointed out  that  there is only  one 
(080) reflection from the middle section. Thus the Cuss 
growing on the nonprismatic  CdS plane is not mis-  
aligned from the Cu2S growing on the prismatic CdS 
plane by a rotat ion about the c-axis; it  is only mis-  
aligned about an axis normal  to the c-axis a s  w a s  
shown in Fig. 10a. 

Fig. 8b and c. Enlargements of two regions at the intersection of two CdS planes (5000X) 
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(a) 

Fig. 9a. A photom;crograph of the C.2S growing near the inter- 
section of a prismatic (lower) plane and a nonprismatic (upper) 
plane (500X).  

Fig. 9b. A photomicrograph of the Cu2S film growing on the 
(0001) CdS plane (horizontal) and on a prismatic plane (vertical) 
(500 • ). 

The large angle rotations about the c-axis do not 
change the or ientat ion of the basal plane, only rota-  
tions about  axes in  the basal plane do, and this is shown 
in  Fig. 10c where the (0002) CdS and (004) Cu2S rock- 
ing curves are recorded. There it is seen that  the Cu2S 
(001) plane in  the sections of the Cu2S film growing 

on the nonprismat ic  surfaces is related to the (001) 
Cu2S growing on the basal surface by a rotat ion of 1 ~ 
about the intersect ion of the nonprismat ic  and basal 
planes. The (004) reflection to the left of the (0002) re-  
flection for the lower set of rocking curves is for a film 
with its (001) plane growing paral lel  to the (0001) CdS 
plane. The second (040) peak must  be due to reflections 
from the Cu~S growing on the nonprismat ic  planes. 

, r q  

(b) 

(c) 

A 

A A .  

Fig. 10. (a) (01~0) CdS and (080) Cu2S rocking curves with the 
x-ray beam normal to the c-axis for growth on the prismatic (lower) 
and nonprismatic (upper) CdS planes. (b) (0110) CdS and (080) 
Cu2S rocking curves with the x-ray beam parallel to the c-axis for 
growth of Cu2S on a prismatic surface parallel to the plane of 
the paper (lower) and for growth on on adjacent prismatic plane. 
(c) (0002) CdS and (004) Cu2S rocking curves for Cu2S growth on 
the CdS basal plane and two nonprismatic planes (lower) and on 
three nonprismatic planes (upper). 

inCon   - - C u z S  

~, CdS Contact 
L ~ - -  i'- 

~PIonor Intersections 
b. a. 

Fig. 11. The top (a) and side (b) view of the back wall cell with 
the Cu2S film growing on adjacent prismatic CdS planes. (c) A 
scanning light spot scan of this cell. 

There is a shift since there is a component of the rota-  
tion axis that  is paral le l  to the x - r ay  line. 
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Fig. 12. (a) The top view of the back wall cell with the Cu~S 
growing on adjacent prismatic and nonprismatic CdS planes. (b) A 
scanning light spot scan of the portion of this cell dotted in (a). 

There  are  two (040) peaks,  both of them shif ted away  
f rom para l le l i sm,  in the uppe r  set of curves.  The 
closer peak  is f rom the two sections of the film that  
have  a component  of the  ro ta t ion  axis pa ra l l e l  to the 
x - r a y  beam, and the more  dis tant  peak  is f rom the sec- 
t ion of the film for which  the ro ta t ion  axis is pa ra l l e l  to 
the x - r a y  beam. 

That  the large  angle g ra in  bounda ry  formed at  the 
in tersect ion of ad jacent  pr i smat ic  p lanes  has a de t r i -  
menta l  effect on the  cell character is t ics  is shown in the 
scanning l ight  spot scan in Fig. 11c. There  i t  is seen 
tha t  the open-c i rcu i t  vol tage in the v ic in i ty  of the gra in  
boundar ies  is reduced.  I t  is l ike ly  that  the reduct ion  is 
due to an increased leakage  cur ren t  due to the shunts 
fo rmed  at  the in tersect ion of the gra in  bounda ry  and 
the junction.  

There  is no equiva len t  de t r imen ta l  effect in the open-  
circuit  vol tage at  the  in tersec t ion  of the pr i smat ic  and 
nonpr ismat ic  planes  in Fig. 12b. This could be due to 
the fact  tha t  the smal l  angle  g ra in  bounda ry  at  the in-  
tersect ion does not  have as de t r imen ta l  effect as the 
large  angle  g ra in  bounda ry  formed at  the intersect ion 
of ad jacen t  pr i smat ic  planes.  I t  could also be due to the 

fact  tha t  the in tersec t ion  was fo rmed  b y  pol ishing so 
that  the in tersect ion was a bi t  rounded.  Therefore  the  
change in or ien ta t ion  could occur over  a l a rge r  dis-  
tance. 
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Generation Mechanism of Dislocations 
in Local Oxidation of Silicon 
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ABSTRACT 

Local oxidat ion conditions and film thickness combinations of Si3N4 and 
SiO2 are studied to investigate the generat ion mechanism of dislocations using 
(001) oriented silicon wafers. The na ture  of dislocations in  Si is examined by 
Secco etching and t ransmission electron microscopy is used for the de te rmina-  
t ion of Burgers vectors. Dislocations have been generated in  the film combina-  
tions with more than  2000A Si3N4 or with less than 78A SiO2 at  1000~ oxida- 
t ion in wet 02. Edge and screw dislocations are found unde rnea th  and close to 
Si3N4 film, respectively. These dislocations are generated in  the ini t ia l  stage 
of oxidation. 

Applicat ion of silicon local oxidation technology for 
the fabricat ion of in tegrated circuits has various sig- 
nificant advantages,  such as packing densi ty increase, 
re l iabi l i ty  improvement  in metal  interconnection,  and 
a capacitance reduct ion of the active regions. This 
technology has been increasingly advanced and 
adapted to LSI fabrications. At present, however, there 
are still a few problems to be solved. Local oxidation 
of silicon is performed by masking a part  of the silicon 
surface with a chemical vapor deposited Si~N~ film. 
As is well  known,  high density dislocations are induced 
in  the silicon substrate  dur ing local oxidation process- 
ing, if the intr insic  stress of the Si3N4 film exceeds the 
yield stress for silicon. A few works have been carried 
out on the crystallographic analysis of the disloca- 
tions (1) and on the processing method to reduce the 
defects (2-4). The induced defects were reported to be ( a )  
60 ~ type dislocations (1). 

In  this paper, the na ture  and dis tr ibut ion of disloca- 
tions induced by local oxidation are studied in detail, 
for various combinations of local oxidation conditions 
and film thicknesses of Si~N~ and pad SIO2. It  has been 
analyzed by t ransmission electron microscopy that  two ( b )  
types of dislocations are induced, that  is, edge disloca- 
tions located undernea th  SisN4 film and screw dislo- 
cations near  the Si3N4 film edges. On these results, the 
generat ion mechanism of dislocations is discussed. 

Experimental ( c ) 
Substrates used were boron-doped, P-type,  (001) 

silicon wafers of 6 N 8 ~-cm. The sample preparat ion 
and exper imenta l  procedure employed in this study are 
shown in  Fig. 1. Silicon substrate surfaces were cov- 
ered with thermal  SiO2 films (pad SIO2) ranging from 
0 to 330A thick, grown at 1000~ in dry 02. Subse- (d)  
quently,  SiaNa films ranging between 500 and 3000A in 
thickness were deposited chemically onto the pad SiO2 
films by SiH4-NH3 reaction at 800~ After pa t te rn ing  
these films as shown in Fig. 1, the exposed regions of 
silicon substrate  were oxidized locally from 1.0 to 1.5 
#m at temperatures  of 900 ~ 1000 ~ and l l00~ in  wet 
02. The film edges of SisN4 were aligned paral lel  to 
<110> Si directions on the (001) surface. 

After  removing all the films, crystal l ine defects in -  
duced in  the silicon substrate were examined by etch ( e )  
pits revealed by Secco etching (5). Fur thermore,  
t ransmission electron microscopy (TEM) at 100 keV 
was used for the analysis of Burgers vectors and dislo- 
cation characterization. The samples for TEM observa-  
tions were prepared by th inn ing  the silicon substrates 
by chemical etching from the back side. 

Results 
Effects of pad SiOz and SigN4 film thicknesses.--High 

intr insic  tensile stress (6) of Si3N4 film generates 

Key words: local oxidation, integrated circuit, silicon nitride, 
silicon dioxide, dislocation. 

crystal l ine defects in silicon substrates, if it exceeds the 
yield stress for silicon dur ing thermal  oxidation. In  
this work, in order to s tudy this stress effect, the re-  
lat ionship between the pad SiO2 and Si3N4 film thick- 
nesses on crystal defects was examined. Figure 2 shows 
the Secco-etched Si surface for a combinat ion of no 
pad SiO2 and 2000A SigN4 film as an example. In Table 
I, the degree of crystal l ine damage induced in the 
silicon substrates is summarized for various thickness 
combinations. These results were obtained from the 
etch pit observations by Secco etching. "Yes" a n d  

I llql 
i (001)  Si 

~dislocation 

. CVD SizN 4 
I R ~ P  ad Si02 

I 
~ 1 SiO 2 

tch pits 1 
u-v 

]., 150Fm 

[llO]si 

[ T I o ] s l  '* 

Fig. 1. Sample preparation and experimental procedure: (a) after 
patterning Si3N4 and SiO~ films, (b) local oxidation, (c) sample for 
optical microscope inspections, (d) sample for transmission electron 
microscope inspections, (e) dimensions of top view observed. 
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Fig. 3. Oxidation temperature dependence for 1000A SisN4 film 
with no pad Si02. 

I:ig. 2. Secco-etched Si surface for a combination of no pad SiO2 
and 2000A Si3N4 film. 

"Yes*" in  this table indicate the amounts  of etch pits 
in  increasing order. The following results are obtained 
from Table I: (i) no dislocation is generated under  
SigN4 thickness less than  2000A except for no pad SiO~, 
(ii) in  the case of 3000A SiaN4 film thickness, disloca- 
tions are generated regardless of pad SiO2 thickness, 
and (iii) in the case of no pad SiO2, a high density of 
dislocations is generated along Si3N4 film edges regard-  
less of the SiaN4 film thickness, as seen in Fig. 2. These 
results ment ioned above were studied in detail by 
transmission electron microscopy. The detailed exam- 
inations of these dislocations wil l  be discussed later. 

Ef]ects of oxidation temperature and time.--No pad 
SiO2 case was examined because the influence of oxida- 
t ion conditions on the crystal l ine damages remarkab ly  
appear. The oxidation was carried out at 900 ~ , 1000% 
and l l00~ in  wet O~. Figures 3 and 4 show optical 
micrographs of Secco-etched silicon surfaces oxidized 
under  the conditions of 1000 and 3000A thick Si3N4 
films, respectively. In  the case of 1000A Si3N4 film, a 
marked dependence on the oxidation tempera ture  can 
be observed (Fig. 3). For a 900~ local oxidation, etch 
pits due to dislocations are randomly distr ibuted in the 
vicinity of Si3N4 film edges. The amount  of etch pits 
and the randomly disfributed ones are decreased with 
increasing oxidation temperature,  as seen in Fig. 3 (b). 
It  should be noted that  no dislocations are formed in  
regions apart  from the SigN4 film edges at a higher 
oxidation temperature.  On the other hand, in the 
case of 3000A thick SiaN4 films, there is no significant 

Table I. Crystalline damage degree induced in the silicon substrotes 
far various thickness combinations of pad SiO2 and Si3N4 films. 

"No" indicates no dislocations are generated. "Yes" and "Yes*" 
indicate the amount of etch pits in the increasing order. 

i3N 4 

o~ 

78 

143 

Z40 

330 

500A I000 

-- Yes 

No No 

No No 

No No 

No No 

2000  3000 

-- Y e s  

No Y e s  

No Y e s  

No Y e s  

- -  Ye~ 

Fig. 4. Oxidation temperature dependence for 3000A Si~N4 film 
with no pad Si02. 

difference due to the oxidation temperature,  as shown 
in  Fig. 4. Fur thermore ,  it can he seen that  many  
dislocations are arrayed along the SisN4 film edges and 
generated even in the region away from the Si3N4 film 
edges. These results are summarized in Table II. The 
localization degree of the generated dislocations' in -  
creases in  the order  "E", "L", "VL", and "VVL." Table 
II shows the dislocations are localized with increasing 
oxidation tempera ture  and with decreasing Si3N~ film 
thickness. 

In  the following, the oxidation time dependence is 
examined. It was found that  density of dislocations does 
not depend upon the oxidation t ime (i.e., local oxide 
thickness) in the range more than 20 min, for any oxi- 
dation temperatures  and any combinations of pad 
SiO2 and'SisN4 film thickness. This result  suggests that  
the density of dislocations saturates wi thin  20 min, 
and that the silicon substrate which has not been 
damaged at early stages of oxidation remains  disloca- 
t ion-free.  The generat ion mechanism of dislocations 
can be explained by these results. It  will  be discussed 
later. 

Observations of crystalline de~ects by transmission 
electron microscopy.--In Fig. 3 and 4, we divided the 
generated dislocations into two types, that  is, one is 

Table II. Localization degree of the generated dislocations for 
various oxidation temperatures and Si3N4 film thicknesses. 

"E'; "L', "VL", and "VVL" indicate the localization degree 
increases in the order. 

Si 3 N4 I 

I 
Temperature 

900 ~ C 

i000 

II00 

IO00A 

E 

VL 

VVL 

ZOO0 

E 

L 

L 

3000 



Vo[. 127, No. 6 L O C A L  O X I D A T I O N  O F  S I L I C O N  1385 

Fig. 5. Transmission electron 
micrographs of edge dislocations 
(A-type) underneath the Si3N4 
film: in (a), (c), and (d), dislo- 
cations named A, B, C, and D 
are visible taken in [220], 
[400], [040] reflection vectors, 
respectively; in (b) they are in- 
visible taken in [22"0] reflection 
Yector. 

a r r a y e d  close to the  Si3N4 film edges and the o ther  is 
a r r a y e d  undernea th  the Si3N4 films which is apa r t  f rom 
the  film edges. Transmiss ion e lec t ron microscopy was 
used for the de ta i led  inspect ion of the dislocations and 
the analysis  of thei r  Burgers  vectors.  Four  different  
reflections of [220], [2-20], [400], and [04-0] were  used 
to de t e rmine  the c rys ta l lograph ic  na tu re  of the dis lo-  
cations. F igure  5 is composed of four  b r igh t  field images 
on the four  different  reflections in the same silicon re -  
gion undernea th  the  SigN4 film which is apa r t  f rom the 
film edges. In  these  micrographs ,  there  a re  severa l  

s t ra igh t  dislocations pa ra l l e l ed  to the SigN4 film edges 
along a <110>  direct ion of  silicon. In  Fig. 5 (a ) ,  (c) ,  
and (d) ,  all  of the dislocations are  visible,  but  in Fig. 
5 (b) ,  the dislocations named  A, B, C, and D in Fig. 
5 (a) have  vanished.  This observa t ion  proved  tha t  these 
dislocations consist of pure  edge component  having  
the a/2 [110] Burgers  vector, and are  named A - t y p e  
dislocation hereaf ter .  

F igu re  6 shows b r igh t  field image  t ransmission elec-  
t ron  micrographs  on the reflections of [2--20] and ~20] 
in the  region near  the  Si3N4 film edges. These mic ro-  

Fig. 6. Transmission electron 
micrographs of screw dislocations 
(B-type) close to SiaN4 film 
edge (indicated by arrows): in 
(a) dislocations are visible clearly 
in [520] reflection vector; in 
(b) they are almost out of image 
in [220] reflection vector. 
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graphs show both oxidized and unoxidized regions close 
to the film edge. High density dislocations tangl ing 
with one another  have been observed along the Si3N4 
film edges. This fact suggests that very high shear 
stress acts on silicon substrate, and leads to high 
del~sity dislocations, which differ from A-type  disloca- 
tions, and are identified as follows. As seen in Fig. 6, 
the dislocations close to the film edges have a clear 
contrast  on the [220] reflection and are almost out of 
image on the [220] reflection, perpendicular  to the dis- 
location lines. Therefore, these dislocations have the 
screw components, having the a/2 [110] Burgers 
vector, and are named B-type dislocations hereafter. 
In  conclusion, low density edge component  dislocations 
(A-type)  are generated in the regions undernea th  the 
SigN4 films which are distant  from the film edges. On 
the other hand, high density screw component  dislo- 
cations (B-type) are generated in the region close to 
the film edges. 

Discussion 
In the case o~ no pad SiOz.--High density disloca- 

tions are introduced in silicon substrates dur ing high 
tempera ture  local oxidation using a Si.~N4 film, 
especially for the condition of no pad SiO2 film. This 
generat ion mechanism of dislocations is explained by 
high intr insic stress of the Si3N4 film. It is suggested 
that  the stress acting on the silicon substrate dur ing 
the high temperature  oxidation exceeds the yield stress 
for silicon. It  has been found in this work that  the 
dislocations introduced by the Si3N4 film stress can be 
divided into two types, A- type  and B-type. From this 
finding, it is considered that the stress state in the 
region close to the Si.~N4 film edges is different from 
that  far away from the film edges. Serebr insky (7) 
reported the stress concentrat ion near  Si3N4 film edges 
by an elastic two-dimensional  model. Therefore the 
stress acting on the silicon substrate undernea th  the 
SigN4 film is considered to be low compared to that  
near  SigN4 film edges, and to be of the same order as 
the yield stress for silicon, which leads to the genera-  
tion of low density edge (A-type)  dislocations. In this 
region the movement  and mult ipl icat ion of dislocations 
and their interactions could not take place easily, be- 
cause the stress is not high and, in addition, the silicon 
subsirate  surface is fixed by the Si3N4 film. On the 
other hand, in the region close to Si3N4 film edges, the 
stress acting on the silicon substrate exceeds the yield 
stress for silicon by far, and generates high density 
dislocations which are confirmed to be screw ones. 
These results are obtained by TEM observation of the 
samples which are prepared by th inn ing  the silicon 
wafers from the back side. This means that disloca- 
tions located near  the surface of silicon substrate after 
the local oxidation are screw ones. 

It  is probable that  another  type of dislocation dis- 
t r ibute  in  the deeper region of the silicon substrate. In  
view of the aim to examine the depth profile of dislo- 
cations, the cross section of the silicon substrate is 
observed with etch pits. It  can be seen from this result  
that  numerous  dislocations are generated at the SiaN4 
film edges and the plastic deformation occurred by 
the drastic motion of dislocations. The dislocation 
mobil i ty  should be considered to study the dislocation 
motion in detail. 

The mobi l i ty  of edge dislocations is larger than that 
of screw ones, and 60 ~ dislocations move faster than 
screw ones in  germanium as representat ive of crystals 
with a high Peierls energy especially at higher stress 
and tempera ture  (8). The same results would be ex- 
pected in silicon, since the crystal s t ructure of silicon 
is the diamond lattice and the same as that  of germani-  
um. Therefore the distance of dislocation motion from 
the dislocation sources which located in  the silicon 
surface tends to increase with edge, 60% and screw dis- 
locations in  that  order, and it is reasonable that screw 
dislocations are observed in the surface region of the 
silicon substrate after the local oxidation. 

It  has been found in this work that  the generated 
dislocation density in silicon does not depend upon the 
time for more than 20 rain. Therefore, silicon sub- 
strate remains dislocation-free, if it has not been 
damaged at the beginning of oxidation. It  is consider- 
ed that the dislocations are not introduced dur ing the 
cooling down process at the end stage of oxidation, be-  
cause the dislocation density is not influenced by the 
local oxide thickness. 

These discussions lead to the following conclusions 
on the generat ion mechanism of dislocations: (i) A- 
type dislocations are formed in the silicon region 
undernea th  Si3N4 films due to intr insic SigN4 film stress 
in the ini t ial  stages of oxidation if the film stress is 
over the yield stress for silicon at a high temperature,  
(it) the screw (B-type) dislocations are mult ipl ied 
from the SigN4 film edges since the stress of Si3N4 film 
is extremely high compared to yield stress for silicon. 
Tkis mult ipl icat ion stops wi th in  20 min  during local 
oxidation. 

In the case oS pad SiOz ex is tence . - -EerNisse  (9) and 
Patel (10) showed that  the viscous flow of thermal ly  
grown SiO2 occurred above 960~ Therefore, the stress 
acting on silicon substrates by the SigN4 film can be 
relieved above 1000~ during local oxidation if there 
exists a sufficiently thick pad SiO2. At a lower temper-  
ature of 900~ the stress is not relieved because the 
viscous flow of pad SiO2 cannot occur, so that  the 
crystal l ine damage is induced in the silicon substrate. 
The following results are obtained from this work: in 
the case of Si3N4 film thickness less than 2000A, pad 
SlOe film at least 78A thick is necessary in  order to 
make the silicon substrate free of dislocations. How- 
ever, in the case of Si3N4 film thickness more than 
3000A, the dislocation-free silicon substrates are not 
obtained even if a 330A SiO2 film are used. This result  
indicates that  the stress acting on silicon substrates 
overcomes the yield stress for silicon in  spite of the 
viscous flow of the pad SiO2 for more than 1000~ 
oxidation. 

Conclusion 
The generat ion mechanism of the crystall ine defects 

in silicon associated with the local oxidation technology 
has been investigated. Defect observations were carried 
out by Secco etching and t ransmission electron 
microscopy techniques. 

It  has been found by transmission electron micro- 
scopy observations that two types of dislocations are 
generated in silicon substrate by high intr insic stress 
of Si3N4 films. A-type dislocations which have the edge 
component are paral lel  to Si3N4 film edges and to the 
<110~ directions. These dislocations locate in the 
region covered by the Si3N4 film. On the other hand, 
B-type dislocations are o L a  high density and locate 
near  the SigN4 film edges, and have main ly  the screw 
component. These dislocations are generated in silicon 
substrates at the beginning of high temperature  local 
oxidation. 

The stress in silicon due to SisN-4 films can be re-  
duced by viscous flow of pad SiO2 lying under  the Si3N4 
films at local oxidation temperatures  above 960~ The 
amount  of induced dislocations decreases with pad 
SiO2 film thickness and increase with Si3N4 film thick- 
ness. The dislocation-free conditions have been found 
in combinations of less than  2000A Si3N4 and more 
than 78A SiO2 films. 
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ABSTRACT 

The effect of lubr icant  envi ronments  on the s t ructure  of the surface damage 
induced in  Si dur ing  the wafer sawing process was tested for four different 
lubricants:  water, methyl  silane solution, Kleenzol B, and dielectric oil. The 
na tu re  of the saw damage was characterized by t ransmission electron micros- 
copy and the depth profile of the damage determined by a taper-sect ioning 
method. The results showed that  the n u m b e r  and depth of surtace damage is 
sensitive to the chemical na ture  of the saw lubricant .  Lubricants  that  are good 
catalysts for breaking Si bonds can induce more fracture cleavage and produce 
less surface damage. Lubricants  that can dampen more effectively the out-of-  
plane blade v ibra t ion can also reduce the surface damage. The chemome- 
chanical effect of the lubr ican t  env i ronment  was also tested by applying 
different potentials on Si crystal dur ing the sawing. Correlat ion be tween the 
applied potent ial  and the depth of damage in the dielectric oil env i ronment  
was observed and possible mechanisms involved were discussed. 

The sawing of boules into wafers is the most violent  
process to which semiconductor materials  are sub-  
jected in the course of device fabrication. The damage 
introduced by this process into single crystal Si is 
so extensive that typical ly 90 ~m must  be etched off 
each side of the wafer  in order to obtain practical 
yields for integrated circuit products. Careful and 
expensive procedures must  be employed after sawing 
to achieve an adequate degree of wafer flatness. As 
the most advanced Si solar cell designs require start-  
ing wafers only 50 ~m thick, this waste of a ra ther  
expensive commodity is a significant economic factor 
in  the a l te rnant  energy field. 

The na ture  and depth of surface damage induced 
in Si wafers as they are sawed from the single crystal 
is known to be sensitive to several operat ional  var i -  
ables, such as blade size, feed rate, blade tension, 
direction of sawing, etc. (1-5). When the wafers are 
subjected to subsequent  lapping and polishing t reat -  
ments, the depth of the induced damage depends 
main ly  on the abrasive particle size (6, 7). Previously 
these sawing, lapping, and polishing (the so-called 
wafer shaping processes) were treated as physical 
processes in which the mechanical  condition of the 
operat ing system is the controll ing factor. Litt le 
a t tent ion was paid to the relat ion between the physico- 

* Electrochemical Society Active Member. 
Key words: sil-con wafers, saw damage profiles, lubricant ef- 

fects, transmission electron microscopy (TEM). 

chemical conditions of the system and the surface 
damage structures. The purpose of this s tudy is to 
show that  the chemistry and electrochemical potential  
of the saw lubr icant  are impor tan t  operational  var i -  
ables, and the depth of surface damage can be re- 
duced by improving the lubr icant  environment .  

The na ture  of the surface damage due to mechanical  
abrading has been shown to consist of a layer  of 
chipped and cracked mater ial  at the surface and a 
layer  containing varying  density of dislocations under -  
neath the surface (7, 8). The processes which intro- 
duce the dislocations into the damaged layers during 
the abrading process have not yet been determined 
in the literature. However, several mechanisms in- 
cluding the effects of local heating (8), hydrostatic 
pressure (6, 9), and formation of dislocation cracks 
(i0) have been suggested. Although saw damage 
structures identified as microcracks have been reported 
(4, 5), the detailed structure of damage at different 
depths due to the sawing process has not been studied 
at high magnification. 

The sawing process involves rupturing oK chemical 
bonds to create new surface. For brittle materials, 
such as Si, this is believed to be largely a cleavage 
process although plastic flow is also possible at the 
surface (ii). Any environment that can either reduce 
the surface free energy or increase the mobility of 
near-surface dislocations and the speed of the crack 
propagation should reduce the energy expended in 
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the sawing operation (12). On the other hand, the 
depth of damage, which depends on the detailed 
pa t te rn  of crack propagation and the dislocation mo- 
t ion in  the plastically deformed region, can also be 
changed in different environments .  

In  this s tudy four different lubr icant  envi ronments  
were tested: (i) tha t  of the s tandard  production 
process--water ,  which is a strong catalyst for the 
making  and breaking of Si covalent bonds (13); (ii) 
dielectric oil, which is chemically inert ;  (iii) a com- 
mercial  cutting oil (Kleenzol-B);  and (iv) a solution 
of methyl  silane in 80 parts water, which is an even 
more active catalyst (13) for making and breaking 
Si and other covalent bonds than pure water. The 
methyl  silane solution has been used in the oil dri l l ing 
and bal lmii l ing industr ies to minimize the energy of 
comminution.  

Since the depth of saw damage is determined by the 
extent  to which cracks, single dislocations, or disloca- 
t ion networks can propagate into the bu lk  mater ial  
from the surface (7, 8), any change in the mobil i ty 
of dislocations in the Si crystal could affect the n u m -  
ber  and configuration of dislocations introduced dur -  
ing the sawing process. It  has been suggested that  
for covalent crystals in a l iquid lubricant ,  the elec- 
trical influence of the zeta potential  can be felt at 
several microns below the surface, and the induced 
redis t r ibut ion of the carriers could change the charge 
state of dislocations and point  defects in these near-  
surface regions (14). It  has also been predicted that  
the velocity of dislocations in Si or Ge crystal with 
the diamond structure is related to the dislocation 
charge (15). If these assumptions are valid, then we 
would expect the damage s t ructure  to be dependent  
on the surface potential. To test this effect, we applied, 
in the dielectric oil environment ,  a positive or negative 
potential  on the Si crystal  during the sawing and 
looked for the changes in the depth of damage. 

In  the previous studies of mechanical ly  induced 
surface damage in Si, the depth of damage has been 
measured using a var ie ty  of techniques, e.g., the 
x - r ay  rocking-curve method (6), the etching rate 
method (8), the photomagnetoelectric method (6), 
the photoconductivity decay method (6), step-etching 
with x - r ay  topography (1, 2, 16), t ransmission electron 
microscopy (5, 7), metallographic taper-sect ioning 
method (17), etc. Only the last three methods can 
show the actual  damage distribution. In this study 
the improved taper-sect ioning method (18) was chosen 
because a ra ther  accurate damage density profile from 
a large sample area can be obtained quite easily by 
this technique. Transmission electron microscopy was 
also used to s tudy the na ture  of the saw damage. 

Exper imenta l  Procedures 
Test wafers were sawn from one vert ical ly mounted 

Czochralski (100} oriented, p-type,  100 fl-cm, Si single 
crystal on a commercial HAMCO ID-diamond saw 
with feed speed 2.54 c m / m i n  and rotat ion speed 2100 
rpm. The operat ional  parameters  of the six experi-  
ments  are listed in Table I. The saw blade was brand  
new at the beginning of Exper iment  1. The experi-  
ments  were performed in the order listed and a total 
of 30 wafers were sawn in each experiment.  The 
dielectric oil was used when the saw blade was most 

worn. The wear of the diamond saw blade was con- 
sidered not impor tant  since typically 3000-4000 wafers 
can be sawn on a new saw blade before blade replace- 
men t  is required. 

Since the surface damage in the wafers from dif- 
ferent  experiments  will  be compared directly to each 
other, all the operation variables, except the lubr icant  
environments ,  were carefully controlled to be con- 
stant. All six exper iments  were performed on the 
same Si crystal and on the same saw. Thickness and 
warpage measurements  were then carried out by an 
ADE 6043 microsense capacitance gauge, and the 
surface features were observed by optical microscopy. 

With the modified taper-sect ioning method, the six 
samples from different experiments  were mounted  at 
a t ime on a 5 ~ bevel ing fixture using quartz sticky 
wax (see Fig. 1). Before the rough lap the samples 
were covered with another  Si wafer and thin layer  
of epoxy mixed with 0.3 ~m a lumina  powder to pro- 
tect the sharp edges from chipping off. Then, by use 
of 12 ~m a lumina  particles suspended in water, the 
specimens were hand-pol ished unt i l  a fiat taper sur-  
face was attained. This was then followed by a finer 
polish using 5 um a lumina  powder to obtain a shiny 
surface. This mechanical  polishing is known to gen- 
erate surface damage. This damaged layer  newly  int ro-  
duced from polishing was removed so as not  to ob- 
scure the pre-exis t ing saw damage. This was done 
by chem-mech polishing which does not generate 
addit ional surface damage. The polish solution used 
was 1 part  Syton 1 HT-40 and 2 parts deionized (D.I.) 
H20. After  polishing, samples were demounted and 
cleaned using t r ichlorethylene followed by acetone 
and ethyl alcohol. To reveal the saw damage, samples 
were etched for 25 sec in dilute Sirtl  etch solution. 
The etch solution consists of one part  HF and one 
par t  dilute Sirt l  etch mix, which was prepared by 
mixing  one gram C r Q  with 4 ml D.I. H,,O. Imme-  
diately after the etch, the samples were rinsed for 
5 rain in D.I. HeO. The distr ibution of saw damage 
was read directly from optical micrographs of the 
etched surfaces. The number  of damage pits and their 
distances from the wafer  surface were recorded and 
damage dis tr ibut ion profiles were plotted for each 
sample. The na ture  of saw damage structures were 
observed by transmission electron microscopy. Here 
the as-sawn wafers were etched from the back side 
to ~1 ~m thickness by  H F / H N Q  solution so that the 
damage in the very top surface layer can be observed 
by TEM. In order to obtain a cross-sectional view of 
the saw damage, TEM samples were also prepared 

1 Monsan to  trade name.  

Table I. The order and the different lubricant environments used 
in the six experiments 

Flow meter  
Experi-  reading 

ment  Environments  (ram) 

W a t e r  150 
Solut ion  of methy l  silane in 80 p a r t s  w a t e r  ].20 
Kleenzol  B ( c o m m e r c i a l  cu t t i ng  oil) 150 
Die lec t r i c  oil w i th  no po ten t ia l  ].50 
Die lec t r i c  oil w i th  + 6V on c ry s t a l  150 
Dielectric  oil w i t h  - 6 V  on crystal  150 

Fig. 1. 5 ~ beveling fixture with wafer sections from six experi- 
ments mounted and polished. 
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by slicing the wafers along the plane perpendicular  
to the as-sawn surface and th inned down from both 
sides by an Ar- ion  mil l ing machine  (19). A JEOL 
2 0 0 B  electron microscope was used in this study. 

Exper imenta l  Results 
T h e  results of thickness and warpage measurements  

on  as-sawn wafers are listed in Table iI. The thickness 
measurements  indicated that  sawing in  dielectric oil 
c a n  result  in  wafers with more un i form thickness in 
each wafer  than sawing in water. However, the applied 
potent ial  on the crystal dur ing sawing would increase 
the taper to a value larger  than that  with water. The 
t a p e r  values for Kleenzol B and methyl  silane solution 
are about the same as that for water. The measured 
absolute thickness values of wafers from different 
experiments  showed that  sawing in water  leaves 
about  6-10 ~m more mater ia l  on the wafer than with 
any  other process. In  general, the dis t r ibut ion of wafer 
thickness is nar rower  in water  than in  any other 
lubr icant  except methyl  silane, which gives a thickness 
dis t r ibut ion curve about  a factor of two nar rower  
than that  for water. It is in teres t ing to note that saw- 
ing in dielectric oil would on the average, leave about 
8 ~m less mater ia l  on the wafer if a positive potential  
is applied to the crystal and about 4 ~m more mater ial  
for a negative potential,  as compared to sawing with-  
out potential  applied. The applied potential, positive 
or negative, also increases the warpage value as in -  
dicated in  Table II (b).  Here it is shown that Kleenzol 
B gives the largest  warpage value. 

The surface morphologies of wafers sawn in dif- 
ferent  envi ronments  are shown in Fig. 2. These optical 
micrographs indicate two kinds of surface structure:  
the br ighter  regions with scratches lying in the direc- 
t ion of blade motion are relat ively flat, and the darker  
regions are places where larger  pieces of silicon had 
chipped off. These chipped off regions are not in 
focus on the micrographs, bu t  the through focus pic- 
tures showed that  they are about 1 ~m deep. When 
the saw blade cuts through the crystal, cracks are 
generated at the blade edge and as they propagate 
and meet  in the crystal, small  pieces of Si are knocked 
off and removed by the rotat ing blade. The diamonds 
plated on the edge and sides of the blade also abrade 
the newly  cleaved surface. The cleavage and abrasive 
processes could give rise to two kinds of surface 
s t ructure  observed above. The surface morphologies 
of wafers sawn in  Kleenzol B and in  dielectric oil 
with -{-6V are very  similar  to that for methyl  silane 
and dielectric oil with no potential,  respectively, and, 

Table II (a). Thickness measurements (/~m) on wafers sawn in 
six different lubricant environments 

Thickness  variations Absolute thickness  
in each wafer (Taper) (center)  

Number  
Exp. of wafers  
No. measured Average  Range Avei"age Range 

1 11 3.3 1.6-10.2 602.4 594.3-610.4 
2 11 5.5 1.5-10.5 593.0 590.6-594.8 
3 12 4.7 2.5-7.7 595.8 587.3-619.3 
4 12 2.6 1.5-4.1 592.5 562.9-601.6 
5 12 7.2 3.0-13.2 584.5 562.0-596.0 
6 12 8.8 1.6-26.9 596.7 576.4-659.8 

Table Ill. The periodicity distance of the saw mark on wafers sawn 
in six different lubricant environments and the corresponding 

saw blade vibration frequencies 

Periodic dis. In unit Corresponding 
Exp. No. tance (~m) of ~* frequency  (rpm) 

1 21.6 1.79 1173 
2 20.4 1.69 1242 
3 22.5 1.86 1129 
4 19.8 1.64 1280 
5 23.8 1.97 1065 
6 23.1 1.91 1099 

feed  speed 
*X = = 12.1~m. 

rotational speed 

therefore, they are not shown in Fig. 2. The continuous 
diamond scratches in  the abrasive region have a long- 
range ordering with periodicity of about twice the 
feed distance per rotat ion as can easily be  seen in  
a low magnification micrograph [Fig. 2 (b) ]. 

The periodicity distance was found to be the same 
on the two wafer surfaces that  are on opposite sides 
of the saw blade, but  different for different lubr icant  
environments .  The periodicity distances for the six 
lubr icants  are listed in  Table III. These ordered 
scratches might  be due to the out -of -p lane  blade vi -  
bra t ion and /o r  the noncircular i ty  of the center hole 
in  the blade (4). The la t ter  should give rise to ordered 
s t ructure  in  un i t  of k, feed distance per rotation. This 
is not  observed. Therefore the periodic s t ructure  on 
sawn surface must  be p redominant ly  from the out-  
of-plane blade membrane  vibration. This is believed 
to be the major  damage mechanism dur ing ID sawing 
of silicon wafers (4). Different envi ronments  can 
result  in  different vibrat ion frequencies as indicated 
in  Table III. The size and dis tr ibut ion of the abrasive 
areas (br ighter  areas) in  Fig. 2 is sensit ive to the 
original depth of the chipped off region and the ampli -  
tude of the blade vibration.  By comparing the micro- 
graphs in Fig. 2, it is noted that  dielectric oil lubr icant  
(with zero potential)  increases, while the Kleenzol B 
and methyl  silane decrease, the abrasive area. It  is 
noted that an applied negative potential  markedly  
decreases this area as well. 

All  the observations ment ioned above were made 
on the "A" surface, which is the wafer surface still 
attached to the bulk  crystal dur ing sawing. The wafer  
surface on the opposite side of the blade is designated 
"B." The rup ture  features on both A and B surfaces 
are very  similar  to each other for the water, Kleenzol 
B, and methyl  silane solution cases. But the B surface 
in  dielectric oil with no potential  s h o w s  much less 
abraded area than the A surface. This might  be  due 
to the greater  v ibrat ion ampli tude of the blade and 
wafer in  this par t icular  lubr ican t  dur ing the sawing 
process. 

Figure 3 (a) shows a cross section TEM micrograph 
of the saw damage in the wafer sawn in  water. To 
the left side of the micrograph is the surface l ine of 
the as-sawn wafer. This surface is protected by an 
epoxy layer  and another  Si wafer dur ing  the sample 
th inn ing  process. This micrograph and many  others 
taken indicate that the surface damage induced by 
the sawing is main ly  an a r ray  of cracks extending 

Table II (b). Warpage measurements (/~m) on wafers sawn in six different lubricant environments 

Number  Centerline warpage Top surface warpage Bottom surface warpage 
of wafers  

Exp. ] N o .  measured Average  Range Average  Range Average  Range 

1 11 16.6 7.9-24.1 17.5 8.4-25.5 11.2 7.4-22.5 
2 11 19.1 19.5-21.3 19.1 17.3-22.8 19.3 16.7-22.6 
3 12 30.0 26.4-34.3 31.0 26.1-39.5 29.1 25.6-33.0 
4 12 11.2 8.2-13.7 11.8 8.0-14.6 10.7 8.0-13.5 
5 12 15,6 7.7-36.7 16.4 7.9-36.4 16.0 7.1-38.9 
6 I2 20,0 8.9-39,5 21.5 8.8-43.6 19.7 8.5-40.1 
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Fig. 2. (a) Surface morphology of the wafer sawn in water. The 
surface structure consists of cleaved or chipped off areas (the 
darker area such as A) and abrasive areas (the brighter and 
scratched area such as B). (b) The same as (a) but at lower mag- 
nification showing the periodic saw mark. (c) The surface of the 
wafer sawn in methyl silane solution at the same magnification as 
in (a) shows much less abrasive regions. (d) Surface structure of 
the wafer sawn in dielectric oil with no potential applied at the 
same magnification as in (a). The deep scratches and large abra- 
sive areas indicate bigger amplitude of the blade vibration than in 
(a). (e) The same as (d) but with - -6V applied on the Si crystal 
during the sawing. The abrasive areas are markedly decreased. 

from the surface to the bulk. Dislocations were found 
only at the very  top ~1 ~m layer. The cracks propa- 
gate main ly  along the {110} plane [e.g., cracks A, 
B, and C in  Fig. 3 (a ) ]  and the {111} plane [e.g., 
cracks D and E in  Fig. 3(a) ] .  In  Fig. 3(a) ,  the 
lengths of those cracks observed are less than 5 ~m, 
however, this length  cannot be considered as the 
typical depth of the damaged zone, since the TEM 
observation is l imited to a very t iny sample area 
[0.5 X 10 t~m in Fig. 3 (a ) ] .  Cracks were also found 
by TEM technique in  the sample where the top ~30 
#m layer  has been removed by Syton polishing. The 
more accurate statistics of the dis tr ibut ion of the crack 
depth should be obtained by other methods which 
cover bigger sample area, e.g., the taper-sect ioning 
method used in this study. 

Since the dislocations are found at the "hill top" 
area in  the top i ~m layer  [e.g., dislocation loops 
at F and G in  Fig. 3 (a ) ] ,  it is believed that the 
occurrence of dislocation is related to the abrasive 
motion of the blade. This point  becomes clearer if 
these dislocations are observed along the direction 
normal  to the {100} wafer surface. For this purpose 
the samples were prepared by etching away from 
the back side of the wafer the whole wafer except 
the top ,~1 ~m thick layer  on the front side. Figure 
3(b)  shows a group of dislocation half loops distr ib- 
uted along a straight diamond scratch at the wafer 
surface. These loops all lie on the {111} plane with 

their  Burgers vectors also on this glide plane which 
demonstrates that they are punched into the surface 
by the diamond on the blade. 

The depth profiles of the number  of defects obtained 
by the taper-sect ioning method for different saw lu-  
br icant  envi ronments  are shown in Fig. 4(a) and (b). 
The defect numbers  for each case were observed di- 
rectly from 10 optical micrographs which represent  
the total defect undernea th  one l ine with length of 
8.95 mm on the sawn wafer. Three micrographs, one 
for the water  case and the others for the dielectric 
and methyl  silane solution are shown in  Fig. 5 ( a ) -  
(c) as examples. The depth d was calculated from 

d = b sin 5 ~ [1] 

where b is the distance measured from the surface 
edge to the defect on the micrograph. The number  
of defects shown in  Fig. 4 can be converted to crack 
or dislocation density D by 

D(cm -2) = 5.2 X 103 X N cm-e  [2] 

where N is the number  of defects shown in Fig. 3. 
As shown in Fig. 5, the density of defects close to 

the surface is very high, thus the accuracy of the 
observation is l imited by the size of the etch pits. 
Those defects that are too close to each other cannot 
be resolved in the micrograph, and, as shown by the 
TEM results, at the very edge (closest to the surface) 
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Fig. 4 in the top ,~4 #m layer  are smaller  than the 
actual  values. 

The damage profiles in Fig. 4 indicated that the 
n u m b e r  of defects drops markedly  in the first 20 ~m 
in the water  case, and main ta ins  a constant  low value 
to about 50 ~Lm. In  the case of K]eenzol B and methyl  
si lane solution, the n u m b e r  of cracks decreases by  
~20% and ~50%, respectively, as compared to the 
water  case in  the top 10 ~m. In  Fig. 4(b)  the dielectric 
oil increases the number  of cracks by a factor of ,--3 
as compared to water  in the first 10 ~m but  has the 
rest of the profile similar  to that  of water. The applied 
positive potential  very obviously increases the number  
of defects in the 15-30 ~m range by a factor of ~2  
and also mainta ins  a higher value from 30 ~m to the 
depth of 90 ~m. On the other hand, the applied negative 
potential  decreases the n u m b e r  by a factor of ~2  
in the first 15 ~m as compared to the zero potential  case. 

It  is noted that in  all six experiments,  etch pits 
were observed in the area deeper than 50 ~m, where 
the defect concentrat ion main ta ined  at a value ap-  
proximately  equal to 5 • 103 cm -2. These defects 
can be the very deep cracks induced dur ing the sawing 
process or they can be the dislocations (e.g., swirl  
defects) or iginal ly present  in  the Si crystal. By com- 
par ing Fig. 4(a) and (b) ,  we find that  the defect 
density in the 50-100 ~m range is sl ightly higher in 
the dielectric oil case than in the three cases plotted 
in  Fig. 4(a) ,  which seems to suggest that at least 
par t  of the etch pits observed in this depth range 
must  come from the saw damage, otherwise they should 
main ta in  at the same concentrat ion since all the ex- 
per iments  were performed on the same Si crystal. 

Fig. 3. (a, top) Cross-sectlonal TEM micrograph of the saw dam- 
age in tee wafer sawn in water. (b, bottom) Dislocations in the 
top 1 /Lm surface layer of the wafer sawn in methyl silane solution, 

the densi ty of damages and the etch rate are so high 
that  m a n y  defects are etched away from the wafer. 
I t  is therefore expected that  the numbers  plotted in 

Discussion 
Most of the previous investigations on saw damage 

in  Si were concentrated on measur ing  the depth of 
damage so that  the damaged layer  can be removed 
before fur ther  processing. Due to the differences in 
crystals, operational  parameters,  measurement  meth-  
ods, and the definitions of damage used in these in -  
vestigations, the depth of damage reported varies 
from 7 ~m to more than 50 ~m (20). In  this study 
the optical microscopy observat ion on etched taper-  
sectioned surfaces showed that  the saw damage dis- 
t r ibut ion can extend to 90 ~m or more under  the 
surface. Schwuttke has reported previously that  some 
of the saw damage structures are so deep in the 
crystal that  they can affect the rel iabi l i ty  of the 
finished MOS device even after 90 ~m of mater ia l  
has been etched off both sides of the wafer  (5). 

The na ture  of saw damage is not understood in  
detail  prior to this work because li t t le work on me-  
chanically induced surface damage had been done 
at high magnification. Stickler and Booker (7) have 
reported that  the damage due to different abrasive 
particle size consists of indiv idual  dislocations for 
fine abrasive and s trained dislocation networks  and 
cracking for coarser abrasives. The dislocations ob- 
served in their work indicated that plastic deformation 
occurs in  the abrasion process. Since plastic flow can- 
not usual ly occur in Si below 600~ the presence of 
dislocations were explained as due to local heat ing 
(8), hydrostatic stress from sharp corners of the 
particles (6, 9), or developed from healed cracks 
(10). The sawing of Si crystal  into wafers at ,--2.5 
c m / m i n  feed speed and 2100 rpm rotat ion speed is 
certainly a more violent  process than the abrading 
process. Meek and Huffstutler (4) argued from their  
etching and fracture stress measurements  that the 
saw damage zones are p redominant ly  microcracks 
ra ther  than  dislocations. Schwuttke  (5), using TEM 
observation, characterized the very deep saw damage 
as microcracks. In  this work, we observed the saw 
damage from both the top and the cross-sectional 
view angles at 30,000X magnification by TEM and 
characterized the damage s t ructure  as main ly  cracks 
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Fig. 4. (a, left) The depth profiles of the number of defects obtained by the taper-sectioning method for three different saw lubricants: 
water, methyl silane solution, and Kleenzol B. (b, right) The depth profiles of the number of defects induced by the sawing in dielectric 
oil with different potentials applied on the Si crystal. 

extended roughly along both {t10} and (111} planes. 
Dislocations were found only at the top ,~1 ~m layer  
and their  occurrence was a t t r ibuted to the abrasive 
motion of the saw blade. 

One question that  is being speculated about sawing 
is whether  plastic flow occurs at the surface when  
we saw Si at room temperature.  The presence of 
dislocations strongly suggests that  it  does. With a 
constant  flow of lubr icant  it  is very unl ike ly  that  the 
surface tempera ture  ever reaches 600~ the tempera-  
ture  at which Si starts to deform plastically. However, 
detailed TEM observation on Si after microhardness 
indenta t ion  at room tempera ture  by Nikitenko and 
Eremenko (11) and by Hill  and Rowcliffe (21) and 
the observation of saw damage in this work indicate 
clearly that  dislocations are produced by a slip proc- 
ess in  the vicini ty of indenta t ion  as a result  of high 
local shear stress. Gr idneva et al. (22) concluded from 
their  resist ivity measurement  that  the surface layer  
of Si can t ransform into metallic phase if the hydro-  
static pressure unde r  the indenter  has reached the 
critical phase t ransi t ion pressure, which is about 140 
kb (1.4 • 10 I~ N / m  2) at room tempera ture  [critical 
pressure goes as low as 9 • 109 N / m  2 at about 600~ 
(23)], and that  Si deforms plastically when it is in 
the metall ic state. However, as pointed out by Hill 
and Rowcliffe (21), dislocations were observed to 
extend to several microns which is much deeper than 
the expected thickness of the metall ic layer. Fur the r -  
more, shock wave compression experiments  on Ge 
by Graham et al. (24) indicated that  plastic flow can 
occur at stress levels less than half that required  for 
the phase transformation.  Hill and Rowcliffe (21) 
estimated the shear stress for plastic flow in Si to be 
~,22.5 kb. 

Although the observed dislocation loops indicate 
that  the local shear stress that the diamond particles 
on the ID blade can introduce on the Si surface 
during the high speed cutt ing has reached the value 
for plastic flow to occur, the major  event that  creates 
the kerr and governs the depth of damaged zone is 
the ini t ia t ion and propagation of cracks. If we use 
the water  case as a standard,  we can make a detailed 
comparison be tween the effects of different saw lu-  
bricants and speculate on the possible mechanisms 
involved. The Kleenzol B and methyl  silane solution 
are very good catalysts for breaking Si bonds and 
therefore could enhance crack nucleat ion and propa- 
gation (13). This is evident  from the presence of more 
chipped off regions in Fig. 2(c).  The scratches in 
Fig. 2(c) are shallower than those in (a) and (d) 
which might  indicate that  methyl  silane solution and 
Kleenzol B impar t  less drag to the saw blade so that  
there is less out -of -p lane  blade v ibra t ion than when 
water  or dielectric oil are used. These two effects 
would contr ibute to less damage produced dur ing 
the sawing. [Fig. 4 (a) ]. 

On the other hand, the noncatalyt ic  na ture  of the 
dielectric oil would be expected to make crack nu -  
cleation and propagat ion more difficult and, thereby, 
impar t  more drag on the saw blade than does water  
and increase the ampli tude of vibration. This argu-  
men t  is in good agreement  with the observation that  
the scratches in dielectric oil [Fig. 2 (d) ]  are deeper 
than  in  water  and  also the number  and depth of 
cracks are substant ia l ly  increased [Fig. 4 (b)] .  

No correlation was found between the blade v ibra-  
tion frequency (Table III)  and depth of damage (Fig. 
4). It  is the ampli tude of the vibrat ion that  can affect 
the depth of crack propagat ion the most. The sig- 
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on the B surface. It  seems to suggest that  the --6V 
potential  applied on the crystal can reduce the ampl i -  
tude of the blade out -of-p lane  vibrat ion and the W6V 
potential  does the reverse. This can explain the in -  
crease of crack numbers  in  the depth ranges 10-50 
~m for the ~ 6 V  case and the reduct ion of crack n u m -  
bers in the depth range under  15 ~m for the --6V case. 

How the surface potential  affects the blade out-of-  
plane vibrat ion is not clear at present, bu t  a possible 
explanat ion can be offered if we follow the Westwood 
theory (14) which states that  dislocation mobil i ty  is 
least on a surface when  the zeta potential  is zero. 
The dielectric oil molecule may decompose dur ing  
the sawing and become an electrolyte. The adsorption 
induced zeta potential  may also be changed by  the 
potential  applied on the crystal and this change in 
tu rn  affects the fracture processes. But the detailed 
mechanism, such as how the new charge env i ronment  
affects the propagation of fast moving cracks, still 
needs to be worked out. 

Conclus ion  
Six different lubr icant  envi ronments  were tested 

for the sawing of Si wafers: (i) water, which is used 
in  the s tandard production process; (ii) a solution 
of methyl  silane in  80 parts water;  (iii) a commercial  
cutt ing oil (Kleenzol B);  (iv) dielectric oil with no 
potentials; (v) dielectric oil with -t-6V applied on Si 
crystal; (vi) dielectric oil with --6V applied on  Si 
crystal. The results showed that  the saw lubr icant  
is an impor tant  operational  variable, and the depth 
of damage can be reduced by improving the lubr icant  
environment .  

TEM observations indicated that  cracks are the 
main  surface damage induced by the sawing process. 
Dislocations were found only at the very top layer  
(several microns) and were related to the abrasive 
motion of the saw blade. 

Results of the optical microscopy on angle- lapped 
specimens of the cut surfaces indicated that the n u m -  
ber and depth of the saw damage are less for Kleenzol 
B and methyl  silane, but  are much more for dielectric 
oil than for water. By combining the damage depth 
profile and the surface s tructure observations, it was 
determined that  the lubricants  that  are good catalysts 
for breaking Si bonds can dampen more effectively 
the out -of-p lane  blade vibrat ion and produce less 
surface damage. 

The application of a potential  on the crystal should 
change the barr ier  for dislocation or for crack propa- 
gation in Si. We have observed, in the case of dielectric 
oil, that  the applied positive potential  increases the 
depth of damage and the negative potential  decreases 
the depth of damage, as compared to the sawing 
process without  applied potential. 

Fig. 5. (a) The beveled and etched sample section from the 
wafer sawn in water. The etch pits indicate the number and dis- 
tribution of defects. (b) The sawing in dielectric oil introduces 
more surface defects than in (a). (c) The sawing in methyl silane 
solution introduces less surface defects than in (a). 

nificance of the depth profile of crack dis tr ibut ion 
shown in Fig. 4 is that  some of the cracks can extend 
to more than  90 ~m deep. This seems to be in agree- 
ment  with the finding of Schwuttke  (5). As ment ioned 
above, the blade vibrat ion in the dielectric oil envi ron-  
men t  with no potential  is such that there is more 
abrasion on the A surface than  the B surface. Apply-  
ing a positive potential  does not significantly change 
the surface morphology or the depth of scratch on 
both A and B surfaces. But applying a negative po- 
tent ial  does markedly  decrease the abrasion on the 
A surface and slightly increase the depth of scratch 
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ABSTRACT 

A genera l ized  mass t r anspor t  model  is developed for  p red ic t ing  the  ra te  of 
deposi t ion in chemical  vapor  deposi t ion (C~/D) systems. This combines the  
genera l ized  method  of obta in ing equ i l ib r ium composition, wi th  e lementa l  flux 
balance  expressions.  This p rocedure  avoids the usual  p roblems  encountered  in 
calculat ing the rates  in mul t icomponent  systems, l ike wr i t ing  overa l l  react ion 
schemes. The dependence  of mul t i component  diffusivit ies on the fluxes is ac-  
counted in this model  using an i t e ra t ive  procedure .  The model  developed is 
app l ied  to the  deposi t ion of t i t an ium carbide  on cemented  carbide  tool bits 
f rom a gas mix tu re  of t i t an ium te t rachlor ide ,  toluene, and hydrogen.  Expe r i -  
men ta l  deposi t ion rates  were  obta ined  using a the rmograv ime t r i c  assembly.  
Mass t r anspor t  contro l led  ra tes  give an o rde r  of magn i tude  es t imates  of the 
observed  rates.  

Chemical  vapor  deposi t ion (CVD) is a complex 
process wi th  many  var iab les  to be contro l led  for ob-  
ta ining a solid produc t  wi th  des i red  propert ies .  Effec- 
t ive process control  needs an unders tand ing  of the  
following: (i) nuclea t ion  (ii) thermodynamics ,  and 
(iii) kinetics.  The theories developed for nuclea t ion  
of the  deposi t  in physical  vapor  deposi t ion (1) can-  
not  be successful ly employed  for chemical  vapor  dep-  
osit ion (2). However  Campbel l  (3) showed tha t  the 
supersa tura t ion  ra t io  can be used to predic t  the 
g rowth  morpho logy  in CVD systems. A t h e r m o d y -  
namic analysis  helps  in e lmina t ing  some of the unde-  
s i rable  systems and also in ident i fy ing the systems 
having potent ia l  for deposi t ing a requ i red  solid. How-  
ever  the  the rmodynamic  possibi l i t ies  m a y  have to be 
accepted wi th  rese rva t ion  on account of the kinet ic  
l imitat ions.  

In  CVD the deposi t ion ra te  is e i ther  control led  b y  
the chemical  react ion ra te  at  the subs t ra te  surface or 
by  the mass t r anspor t  th rough  the gas film. If  the  
chemical  reac t ion  ra te  is assumed to be high, mass 
t r anspor t  controls  the process. To predic t  the mass-  
t r anspor t  Controlled rates, equi l ib r ium composit ion 
is to be assumed at  the subs t ra te  surface. In  CVD a 
number  of reac tants  and products  a re  presen t  and i t  
is difficult to wr i t e  an overa l l  reac t ion  scheme. In 
addit ion,  for  each react ion scheme wri t ten,  a new 
flux va lue  can result .  Recent ly  Nolang and Richardson 
(4) developed a mass t r anspor t  model  for the ra te  of 

1 Present  address: Bharat Heavy Electricals Limited, Materials 
Science Laboratory, Corporate Research & Development  D i v i s i o n ,  
Vikasnagar,  Hyderabad - -  500593, India. 

K~y words: mass transport,  general ized equil ibrium computa- 
tion, f l u x  b a l a n c e ,  t i tanium carbide. 

chemical  t r anspor t  in closed systems assuming equi -  
l i b r ium composi t ion at  the  surface. These authors  used 
f r ee - ene rgy  minimiza t ion  technique for comput ing the 
equi l ib r ium composition. Average  diffusivi ty values  
were  used in thei r  t rea tment .  Their  model  cannot  be 
d i rec t ly  appl ied  to chemical  vapor  deposi t ion process. 

Chemical  vapor  deposi t ion of t i t an ium carbide  on 
cemented  tungs ten  carb ide  tool bits is an es tabl i shed  
indus t r ia l  process. Lee and Richman (5) s tudied the 
effect of subs t ra te  ma te r i a l  on the  growth  morpho logy  
of t i t an ium carbide  f rom t i t an ium te t rachlor ide ,  to lu-  
ene, and hydrogen  gas mix ture .  They had collected 
some kinetic da ta  and showed tha t  mass t ranspor t  
controls  the process at  t empera tu res  exceeding 1100~ 
and chemical  reac t ion  at  lower  tempera tures .  

In  the present  pape r  a mass t r anspor t  model  is 
developed for  de te rmin ing  the deposi t ion rate,  ap -  
pl icable  for al l  possible CVD systems. This combines 
the  e lementa l  flux ba lance  expressions  wi th  gen-  
era l ized equi l ib r ium computat ion.  Moreover,  more  
real is t ic  mul t i component  diffusivities a re  used in the 
present  model  in obta in ing the rates.  Exper imen ta l  
work  was carr ied  out to obta in  the rates  of chemical  
vapor  deposi t ion of t i t an ium carbide  f rom t i t an ium 
te t rachlor ide ,  toluene, and  hydrogen  gas mix tu re  on 
cemented tungsten carb ide  tool bits, using a t he rmo-  
grav imet r ic  assembly.  The expe r imen ta l  resul ts  a re  
compared  wi th  the ca lcula ted  mass t r anspor t  con- 
t ro l led  rates. 

Mass Transport Model 
The fol lowing assumptions  are  made  in developing  

the mass - t r anspor t  model :  
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1. The  deposi t ion occurs f rom a flowing mul t i com-  
ponent  gas m ix tu r e  on a hea ted  substrate .  

2. The heterogeneous  reac t ion  ra te  is fast  so tha t  
reac t ion  a t ta ins  equ i l ib r ium on the  subs t ra te  surface.  

3. No homogeneous  reac t ion  occurs wi th in  the  gas 
film. 

4. The rma l  diffusivi ty  is negl ig ible  compared  to 
chemical  diffusion. 

The genera l  express ion  for  the  flux of a species i 
in  an n component  gaseous mix tu r e  is g iven b y  (6) 

Ni = --Ki(Xi b -- Xl eq) n u Xi av ~ Ni [i] 
i=l 

For each species Eq. [i] can be written, but only 
(~ -- I) of them are independent since the flux of ~th 
species can be obtained from the fluxes of other species 
and the equation 

~ X l  = 1 [2] 

Equat ions  [1] and  [2] cannot  be  solved to ob ta in  Nt 
values  since Xi eq values  are  also unknown.  X~ b can be 
ob ta ined  f rom the input  composit ion.  

For  the  fo rmat ion  of a compound AXn f rom elements  
A and X, we can wr i t e  

A + nX = AXn 

equ i l ib r ium constant  
aAXn 

K-- -  
aA " ax n 

or  
aAxn = ~--AFtRT . fl A . (~X n 

Generalizing this expression for gaseous species and 
t ak ing  

aAXn = Xi eq 

Xie~ = exp  ( - -Ci  -{- ~ Yeaie g) [3] 
@ 

where  exp (Ye) is the  ac t iv i ty  of the e th  e lement  in 
the  sys tem and Ci = AF/RT 
S i m i l a r l y  for  solids 

e 

o r  

--Cj + Z.r Yeajes = 0 [4] 
@ 

By assuming a film model at the deposition site and 
making an elemental flux balance within the film we 
can write 

~ aiegNi -}- ajesrj = 0 [5] 
i= l  j=l 

for  e = I, 2 . . . .  NE 

Now subst i tu t ing  Eq. [1] and  [3] in [5] we get  

~=~1 aieg [ K i e x p ( - - C i + ~  Yeaie') 

~- Xiav ~ Ni ] ~- a~egNn-} - ~ ajesrj 
j= l  

= ~_ aiegKiXi b [6] 

for  e : 1, 2 . . . .  NE 

where  Nn is the  flux of n th  species, whose flux is ob-  
ta ined  f rom the fluxes of res t  of the  species and Eq. [2]. 
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Now Eq. [ i ] ,  [2], [4], and  [6] can be solved together  
(n + m + :NE number  of equat ions)  for  the unknowns  
Ni, rj, and Ye. 

in  most  of the  CVD processes,  h y d r o g e n  is the  p r e -  
dominant  species and the bu lk  flow t e rm 

is insignificant for  a l l  o ther  species. By negleet ing b u l k  
flow t e r m  for al l  e the r  species except  hydrogen,  Eq. 
[6] reduces  to 

n--1 

i=l e i 

+ ano  n + aje'rj = ale'' K," Xi" [7] 
j= l  ~=i 

where hydrogen is the only predominant species, Eq. 
[6] can also be simplified as 

i=l e 

j= l  ~=I 

Eq. [I], [2], [4], and [7] form a set of (n + m + NE) 
equations with unknowns Ye, rj, and Ni. The unknowns 
Ye, vj, and the flux of the nth species Nn can be ob- 
tained from a solution of Eq. [2], [4], and [8] forming 
(1 + m -{- NE) number of equations. In the latter 
case, the fluxes of species other than nth species can be 
obtained from the following equation 

e 

In this case the n u m b e r  of s imul taneous  equations to 
be solved is reduced  by  (n --  1). The solut ion to the 
set of nonl inear  equat ions was a r r ived  at  b y  using the 
Newton-Raphson  method.  

The  mul t i component  diffusivi ty  Dim of a species i in 
the gas mix tu re  depends  on the fluxes of a l l  the species 
(5),  as can be seen f rom Eq. [1O] 

Nl - -  X1 ~ Nl 
i 

Dim -- [i0'] 
1 

(XjNi - XINj) 
Dij 

Since hydrogen is the only predominant species in 
CVD systems, the binary diffusivity of ith species with 
hydrogen (Dill2) gives a good approximation for the 
multicomponent diffusivity. Hence these diffusivity val- 
ues were used to get a solution for the set of simul- 
taneous equations [2], [4], and [8]. The fluxes ob- 
tained from this solution were used in Eq. [i0] to im- 
prove the mul t i component  diffusivities. The solut ion 
procedure  is exempli f ied  for TiC deposi t ion in  the  fol-  
lowing sections. 

Experimental 
Materiab.--The hydrogen  gas (99.98% pur i ty )  was 

suppl ied  b y  Ind ian  Oxygen  Limited,  Bangalore.  T i ta -  
n ium te t rach lor ide  (99.99% pur i ty )  was suppl ied  by  
Nuc lea r  Fue l  Complex,  Hyderabad .  The cemented  ca r -  
bide tool bits  were  suppl ied  by  Widia  ( India)  Limited,  
Bangalore.  These inserts  were  t r i angu la r  in shape 
(composition): WC 70%, TIC-7%, Ta(Nb)C-13%, and 
cobalt 10%). 

Apparatus.--A conventional thermogravimetric setup 
with a quartz spring assembly was used to note the 



1396 J. Electrochem. S'oc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  June 1980 

weight  changes dur ing  the  deposition. The  cemented  
carb ide  tool bits were  suspended using a mo lybde num 
wire  f rom the ca l ib ra ted  quar tz  spr ing (sensi t ivi ty:  
3.48 cm/g  m a x i m u m  load:  5g). The weight  changes 
in the sample  were  noted at  r egu la r  in te rva ls  of t ime 

by  means  of a ca the tomete r  (accuracy:  • ram) .  A 
ca l ib ra ted  opt ical  p y r o m e t e r  was used to measure  the  
tempera ture .  The vapors  of t i t an ium te t rach lor ide  and 
toluene were  t r anspor t ed  to the reac t ion  site b y  pass-  
ing hydrogen  over  the  respect ive  l iquids kep t  i ra-  

J New guess values 

-READ : Thermodynamic values, Mass transfer - ' ~  
fficients, Initial guess values for yr Nn and Yj ) 

(Yi' i=1 to 6) y 

_1 

I NT=I 
J_ 

CALCULATE FUNCTIONS 

AND DERIVETIVES 

Solve Matrix J 

I i I i NT= NT+I 

~E I A~Y'~ < 10-4 

I I 

, 

~d i f fus iv i t ies  / 

Yes 

No 

Fina[ values of Y i I 

,1 
Modify Multi- 

Component diffusitives 

C rint" Final fluxes, diffusitives~'~ 
ye. Nn and Yj J 

/:|g. 1. Flow diagram 
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m e r s e d  in  constant  t e m p e r a t u r e  ba ths  (control led  to 
• 1 7 6  The flow ra te  of hydrogen  was measured  using 
a ca l ib ra ted  f lowmeter.  The exper imen t s  were  con- 
ducted  at  a tmospher ic  pressure .  

Theoretical Deposition Rates 
A the rmodynamic  analys is  of the TiC14-CTHs-H2 

sys tem (7) r evea led  tha t  on ly  the  fo l lowing gas e ous  
species a r e  presen t  in  significant amoun t  at  equi l ib -  
r ium:  TIC14, TiCI~, TiCls, C~H4, H2, and  HC1. In  add i -  
tion, to luene was also considered as one of the  species 
in  the  calcula t ion since toluene was an  input  gas. The 
sys tem consists of seven gaseous species and foSr  e le-  
ments  (Ti, C, H, C1). TiC is the on ly  solid tha t  can be 
fo rmed  in the  t empe ra tu r e  range  considered.  F o r  TiC 
deposi t ion Eq. [8] can be expressed  as 

6 

~ ateg[Kiexp<--Ct'-~Yeaieg) ]'-paH2eg'NH2 
i = l  e 

F 

- t-  ac ic  e s"  ~'TiC = ~ aie g " K i "  X p  [ 1 1 ]  
1-----1 

for  e = 1, 2, 3, 4 

w h e r e  rTic is the  r a t e  of deposi t ion of t i t an ium carbide.  
Equat ion  [11] toge ther  wi th  Eq. [2] and  [4] forms a 
set of 4 + 1 + 1 ---- 6 equations.  The quant i t ies  r equ i red  
to solve these equat ions  a re  the the rmodynamic  func-  
tions, and  the mass  t rans fe r  coefficients. The the rmo-  
dynamic  funct ions were  taken  f rom Bar in  and Knacke  
(8).  Mass t rans fe r  coefficient is g iven by  Km = Dim/6, 
where  ~ is the  b o u n d a r y  l a y e r  thickness.  I t  was difficult 
to eva lua te  the  b o u n d a r y  l aye r  thickness  for  the com- 
p lex  shape of the specimens used, f rom the ava i l ab le  
correlat ions.  Hence independen t  exper iments  were  ca r -  
r i ed  ou t  using naph tha lene  specimens to eva lua te  film 
thickness.  These  detai ls  a re  p resen ted  in  the  Appendix .  

To s ta r t  the  i terat ion,  the mul t i component  diffusivi ty 
(Dim) values  were  app rox ima ted  to Dill2 as ment ioned  
ea r l i e r  and the solut ion to the  set of equat ions [11], 
[2], and  [4] was obtained.  The solut ion to these equa-  
t ions gives Y values  for the  four  elements,  flux of h y -  
drogen, and  ra te  of  deposi t ion of t i t an ium carbide,  rTic. 
The fluxes of a l l  o ther  species were  obta ined  f rom the 
Y values  using Eq. [9]. These  flux values  were  sub-  
s t i tu ted  in  Eq. [10] toge ther  wi th  the b i n a r y  diffusivi-  
ties, to get  the  improved  values  of the  mul t icomponent  
diffusivities.  These improved  va lues  were  used to eva lu -  
ate the  mass  t rans fe r  coefficient in the next  i terat ion.  
The b i n a r y  diffusivit ies were  ca lcula ted  using Su the r -  
land ' s  fo rmula  (6) for a l l  gas pa i rs  except  for pai rs  w i th  
TiClz and TIC12. Lenna rd - Jone ' s  pa rame te r s  r equ i red  to 
u s e  in  Su ther land ' s  fo rmula  were  not  ava i lab le  for 
TiCI~ and  TiCI~. Therefore ,  Gi l l i l and ' s  fo rmula  was 
used to a r r ive  a t  the b i n a r y  diffusivit ies wi th  these 
species. The  scheme of solut ion is p resen ted  in  the 
fo rm of a flow d i ag ram in Fig. 1. 

Results and Discussion 
Exper imen ta l  resul ts  a re  shown in Fig. 2-5 as weight  

increase  wi th  t ime. A n  e r ro r  analysis  of the  exper i -  
men ta l  da ta  points  showed tha t  the  s t anda rd  devia -  
t ion in the  deposi t ion ra te  is 0.1 mg/min .  This dev ia -  
t ion in deposi t ion ra te  corresponds to an e r ro r  of 15~ 
in t empera tu re ,  which can be e i ther  due to f luctuation 
in the  t e m p e r a t u r e  of the  subs t ra te  or  due to an error 
in  t e m p e r a t u r e  measurement .  

As shown in Fig.  2-5 the  deposi t ion ra te  is inde -  
penden t  of t ime because the a rea  of  depos i t ing  surface  
nea r ly  remains  constant  th roughou t  the exper iment .  
In  heterogeneous  systems l ike  CVD an incubat ion  
per iod  is possible  due to difficulties associated wi th  
nuclea t ion  of deposit.  However  in  the p resen t  work  no 
incubat ion  per iod  was observed.  

F igures  6 and 7 show Ar rhen ius  plots  of the logar i thm 
of the  observed  deposi t ion ra tes  as a funct ion of re -  

CHEMICAL VAPOR DEPOSITION 
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ciprocal  t e m p e r a t u r e  at  flow rates  of 450 and 950 cm3/ 
rain, respect ively .  Diffusion-control led ra tes  calcu-  
l a ted  using the mass t r anspor t  model  developed are  
also p resen ted  in Fig. 6 and 7. Assuming  a f i r s t -order  
heterogeneous  chemical  reac t ion  to occur on the sub-  
s t ra te  surface s imul taneous ly  wi th  mass t rans fe r  
th rough  the film, the overa l l  r eac t ion  ra te  r m a y  be  
wr i t t en  as (9) 

1 1 1 
m = _ _  .{- ~ [ 1 2 ]  
T r l  r2 

where  r l  : mass t r anspor t  contro l led  ra te  and  r2 : 
chemical  react ion rate.  Chemical  reac t ion  ra tes  (r2) can 
be obta ined  f rom the expe r imen ta l  values  and the ca l -  
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culated mass t ranpor t  controlled rates using Eq. [12]. 
From Fig. 6 it is seen that  at high temperatures  and 

at a flow rate of 450 cm3/min, the deposition rate is 
controlled by diffusion. It  would appear that at lower 
temperatures  both diffusion and chemical reaction are 
impor tant  in  controll ing the process. At higher flow 
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Fig. 6. Comparison of experimental and theoretical results at the 
flow rate of 450 cm3/min. 

rate, 950 cm~/min, as can be seen from Fig. 7, the 
calculated mass t ranspor t  controlled rates give an order 
of magni tude  estimates of the observed rates. 

It  will  be noted from Fig. 6 and 7 that  the chemical 
reaction rates are different at the two flow rates 450 
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and 950 cmS/min. This can be a t t r ibuted  to the fact 
that  in  ar r iv ing at  Eq. [12] it is assumed that  a first- 
order chemical reaction occurs s imul taneously  with 
mass t ransfer  at the react ion site. If the reaction is not 
first order such an equat ion cannot  be wri t ten.  In  such 
a case chemical react ion rate r2 calculated from Eq. 
[12] depends on flow rate (7). 

Conclusion 
A generalized mass t ranspor t  model has been de- 

veloped for CVD systems, combining the generalized 
equi l ib r ium computat ion with the e lemental  flux 
balance expressions. This avoids a number  of complica- 
tions in  calculating mass t ransport  controlled rates in 
mul t icomponent  and mult iphase systems encountered 
in chemical vapor deFosition. Kinetic exper iments  were 
conducted on the deposition of t i t an ium carbide on 
cemented tungs ten  carbide tool bits in the tempera-  
ture  range 950~176 and at two flow rates of hy-  
drogen: 450 and 950 cmS/min. Theoretical  deposition 
rates, obtained using the mass t ranspor t  model, com- 
pare well with the observed rates. 

Manuscr ipt  submit ted Dec. 1, 1978; revised m a n u -  
script received Nov. 15, 1979. 

Any  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in  the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submit ted by Aug. 1, 1980. 

APPENDIX 
The specimens used for the kinetic experiments  were 

t r iangular  in  shape. As it was difficult to obtain mass 
t ransfer  correlations for such a shape, independent  
exper iments  were conducted to evaluate  the mass 
t ransfer  coefficients. 

Naphthalene was used as the sample mater ia l  in 
these exper iments  since it has been established (10) 
that  mass t ransfer  is rate controll ing in  its evaporation. 
Naphthalene specimens of near ly  the same size and 
shape as that  of cemented carbide tool bit  were pre-  
pared from the commercial ly available naphthalene  
balls. The specimen was weighed and placed in  the 
reaction chamber  in  the same fashion as the original  
samples. The hydrogen gas was passed at a constant  
flow rate for a specific t ime period. Then the flow 
was stopped and the sample was quickly removed and 
weighed again. From the weight loss, the flux NA was 
calculated. The dr iving force (CA -- 0) was obtained 
from the vapor pressure of naphtha lene  at the tem-  
pera ture  of experiments.  From the flux and dr iving 

force, the mass t ransfer  coefficient and hence 8, the 
film thickness can be calculated. 

LIST OF SYMBOLS 
a• act ivi ty of e lement  A. 
aie g stoicniometrm coemcient of the eth e lement  in  

the ith gaseous species 
aje s stoichiometric coemcient of the eth e lement  in  

the j th  condensed species 
Ci AF~ where AF ~ is Gibbs free energy change 

for the reaction, (cal /mole)  
Dij b inary  diffusion coefficient, cm2/sec 
D ~  effective b inary  dif~usivity of species i in a mul t i -  

component  gas mixture  cm2/sec 
Ki kmP/RT effective mass t ransfer  coefficient, g. 

moles/cm 2. sec 
Km Dim/O mass t ransfer  coefficient, cm/sec 
m number  of condensed phases 
n number  of gaseous species 
NE number  of elements 
Ni molar  flux of species i with respect to s tat ionary 

coordinates, g.moles/cm2.sec 
Nn flux of n th  species, g .moles /cm 2 sec 
P total pressure, arm 
r~ rate of production of solid j, g.moles/cm2.sec 
R gas constant, cal /mole.  ~ 
T temperature,  ~ 
Xi b mole fraction of i th species in the bulk  stream 
Xie~ equi l ibr ium mole fraction of ith species 
Xi av (xj b + Xieq)/2 
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ABSTRACT 

The intensi ty  dependence of photochemical reaction rates, and thus the 
exposure reciprocity, is investigated in terms of a kinetic model. This model 
assumes a two-step photochemical reaction and reactions that are first order in 
the concentrations of each of the various species. The model is applicable to 
both positive and negative photoresists and is specifically applied to the photo- 
active s~ecies of a typical negative phoioresist with the efficiency of the polymer 
cross-l inking assumed constant. The model predicts that  there is a saturat ion 
effect at high intensit ies which serves as a ra te - l imi t ing  step, thus l imit ing the 
applicabil i ty of exposure reciprocity. Calculations using this model indicate 
that  exposure reciprocity should be obeyed for exposure times of 10 #sec or 
greater. 

Photoresist films are exposed to ul t raviolet  light 
to produce images for microelectronic device fab- 
rication. These exposures are general ly about 10 sec 
in  duration. While this durat ion is not par t icular ly  
long, the possibility of rapid, high in tensi ty  exposures 
to reduce this t ime to a fraction of a second is appeal-  
ing from the aspect of increased throughput  on a 
mask al igner  or other exposure unit .  

A kinetic model is presented in which the photo- 
chemical reactions take place through an intermediate,  
photoexcited state. This model is investigated to assess 
the effects of the intensi ty  dependence of the reaction 
kinetics of photochemical reactions. To this end, a 
system of first-order kinetic equations is postulated 
to take into account the photon intensi ty  as well as 
the presence of the intermediate  excited state. This 
system of equations is solved exactly using Laplace 
t ransform and matr ix  techniques and is carried out 
for a two-step photochemical reaction. Approximate 
solutions are obtained from the exact solutions using 
well-defined mathemat ical  approximations.  The ap- 
proximate solutions show a separation of time scales: 
one associated with the rapid equi l ibrat ion of the 
grour~d and excited states of the photoactive species 
and the other associated with the formation of the 
product. An effective rate constant governing the 
formation of the final reaction product is defined and 
its dependence upon the photon intensi ty  is invest i -  
gated. At high photon intensity,  there is a photon- 
induced saturat ion of the equi l ibr ium between the 
ground and excited states of the photoactive species. 
This saturat ion serves to l imit  the production of the 
photolysis product on a pseudo time scale defined by 
the in tens i ty- t ime product  and thus l imit  the val idi ty 
of resist exposure reciprocity. 

Kinetic Model 
Consider a system of photochemically active mole-  

cules whose species is denoted by M. The system is 
exposed to monochromatic radiat ion of in tensi ty  I 
which causes a t ransi t ion from the ground state of M 
to an  excited state denoted by  M*. Once in  the 
excited state, the molecule may either re tu rn  to the 
ground state or undergo a chemical reaction to form 
the final reaction product  which is denoted by P. 
The kinetic model which describes the effect of the 
radiat ion upon the photochemically active species and 
the production of the final photolysis product may 
be represented by 

kl ka 
M ~ M* "-> P [1] 

k2 

Key words: exposure, kinetics, photochemistry, photoresist. 

where kl is the rate constant  associated with the ex-  
citation of M to M* due to photon absorption, k2 is 
the rate constant  associated with the decay of the 
excited state species back to the ground state, and k3 
is the rate constant  associated with the chemical 
reaction in  which the final reaction product, P, is 
formed, i n  general, the rate constants kl and k~ may 
be wr i t ten  as 

k l  = k f I  [2] 

k2 = k f I  -t- ks -1- kq [3] 

where kf is the Einstein coefficient associated with 
the induced photon absorption (emission),  k~ is the 
rate constant associated with the spontaneous photon 
emission (1), kq is the rate constant  referr ing to all 
other l inear  decay modes of the excited state, and I 
is the photon intensity.  

The concentrations of the three molecular  species 
are denoted by M( t ) ,  M* (t), and P ( t ) .  If the photon 
energy is large compared to thermal  energy ( h v / k B T  
> 1), then the ini t ial  conditions are 

NI(0) = M o  M*(0) = P ( 0 )  = 0  [4] 

It  is convenient  to define a set of dimensionless con- 
centrat ions as 

M(t)  M* (t) P ( t )  
r e ( t )  = m*( t )  - -  p ( t )  = 

Mo Mo Mo 

[5] 

If the processes involved in  the model are first order, 
then the equations governing the temporal  evolution 
of the dimensionless concentrat ions may be wri t ten  as 

d~(t) 
- -  - -  - -  k l m ( t )  + k~m* ( t )  [6a] 

d t  

d in* ( t )  
= k l m ( t )  - -  (k2 + ka)m* (t) [6b] 

dt 

dp( t )  
- -  - -  k sm*  (t)  [6c] 

dt 

While systems of coupled l inear  differential equations 
of the above form can be solved by using assumed 
par t icular  solutions and solving the associated secular 
equations (2), the use of Laplace transforms offers 
a simpler and more s traightforward technique for 
obtaining the solution. For this reason, salient details 
of the solution are presented here. In t roducing the 
Laplace t ransform 

1400 
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'S(s)  = F~I(t) - e-st$(t)dt [7] 

Eq. [6] b e c o m e s  

A A A 
sin(s) -- 1 = -- klm(s)  + k2m* (s) [8a] 

A A A 
sm*(s) = kzra(s) -- (k2 -t- k~)m*(s) [eb] 

A A 
sp(s) = kam* (s) [8el 

This set  of simultaneou-~ equat ions m a y  be 8olved 
to oDtain 

A s + k 2 + k 3  
m(s)  = [Oa] 

( s  + K + )  (s  + K - )  

A kl  
m* (s) - -  [9b] 

(s + K+) (s + K - )  

klka 
p(s)  = [9e] 

s ( s  + K +) (s + K - )  
w h e r e  

and 

L _ (L 2 -- 4M) '/, 
K • = [1O] 

2 

L = k l  q- k2 -I- ks [11]  

M = kxk3 [12] 

Making  use of Laplace  t r ans fo rm invers ion  fo rmula  

A 
1(t) = ~:~ est,(s) [13] 

residues 

where  the  res idues  a re  eva lua ted  at  the  s ingular i t ies  

m* (t)  = W { 

A 
of ] (s) leads  to the  resu l t  tha t  

Y - ~  I f L + G  re(t) ---- exp  
2 2 

Y - - 1  I - -  exp 
2 

e x p  { 

p( t )  = 1 --k 

where  

L- -G 

2 

- -  exp { 

Z - - 1  f L - i - G  exp 
2 2 

Z-{-I { 
~ exp 

__t} 
L--G t'~ [14a] 

2 J 

2 

L - - G  t \ [14c] 
2 J 

G = (L~ --  4M)'/2 [15] 

Y = N/G [16] 

Z = L/G [17] 

W - -  k l /G and [18] 

N = ki -- k 2 - -  k3 [19] 

In  order  to inves t iga te  the dependence  of the fo rma-  
t ion of the final photolysis  p roduc t  upon the l ight  
intensi ty,  it  is convenient  to develop approx ima te  
solut ions f rom the above exact  solutions. This m a y  
be  achieved by  consider ing the exponent ia l  functions 
in Eq. [14]. I t  m a y  be shown for all  cases of phys ica l  
i n t e r e s t  tha t  L 2 > 4M. Then 

4M }1/2 
G = (L 2 --  4M)~/~ = L 1 --  L------ ~ 

f 1 4M 1 (4M/L2) 2 
= L  1 

2 L 2 4 2! 
"~ " " * i 

2M 
[20] 

L 

neglected.  Therefore  
Lnu G 

- - ~ _ _ L  
2 

and 
L -- G M klk3 

2 L kl --}- k2 -~- k~ 

[21] 

[22] 

In  a s imi lar  manner ,  the  coefficients m a y  be app rox i -  
ma ted  by  

Y-t-  1 kl  
[23] 

2 L 

Y --  1 k2 ~ k3 
- -  ~ [24]  

2 L 

kl  
W ~ - -  [25] 

L 

Z - - 1  
- -  0 [26]  

2 

Z - t - I  
~-~ 1 [27]  

2 

Using the above approx imat ions  and assuming tha t  
there  is no quenching of the  photoexe i ted  species I 
(kq = 0), the  expl ic i t  form of /~i and  k2 given in Eq. 
[2] and [3], respect ively ,  yields  

kfl kfl q- ks q- k3 
m (t) - -  - -  exp  ( - - L t )  -t exp ( - -~ I t )  

L L 

[28] 
kfI 

ra* ( t)  - - -  {exp(- - -y l t )  - -  e x p ( - - L t ) }  [29] 
L 

p (t)  - -  1 - -  exp ( - -~ I t )  [80] 
whe re  

ktka 
-- [31] 

(2kfl + ks + ks) 

There are two time scales associated with the solu- 
tion. These are:  the  "fast" t ime scale which  is de te r -  
mined  b y  the t ime constant  1/L which is typ ica l ly  
in the  regime of 1O - s  sec for  s t rongly  absorbing species 
such as the photoact ive  components  of photoresis ts ;  
and the "slow" scale which is de te rmined  by  the t ime 
constant  1/~I. Physical ly ,  the  "fast" t ime scale is 
associated wi th  the  equi l ib ra t ion  of the M-M* system 
in the presence of the  rad ia t ion  field. The "slow" t ime 
scale is associated wi th  the decay of the  M-M* sys-  
tem into the  final reac t ion  product .  Once t > 1/L, 
the  "fast" t ime scaIe exponent ia ls  go to zero and then  

r e ( t )  -t- m* (t)  --  exp(- - -~I t )  [32] 
and  

m* (t)  kfI 
- -  = [ 3 3 ]  
re(t) (kfI + ks -}- k3) 

Equat ion  [33] states, on the  "slow" t ime scale, tha t  
the  rat io  m * ( t ) / m ( t )  is t ime independen t  and hence 

1 I t  shou ld  be n o t e d  t h a t  for  rea l  p r o c e s s e s  at  r o o m  t e m p e r a t u r e  
apprec iab le  q u e n c h i n g  o f t en  occurs ,  i.e., kq ~ O. The  a s sumpt ion  
t h a t  k,, = 0 is  made  for  the  p u r p o s e  of  c a l c u l a t i n g  t h e  m i n i m u m  
in t ens i t y  a t  which  r ec ip roc i ty  f a i l u re  c a n  o c c u r  and  is d i s c u s s e d  
later in this paper. 

where  te rms of second o rde r  and  h igher  have been 
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has equilibrated. If M* produces P by means of the 
chemical reaction, then M undergoes a t ransi t ion to 
M* to make up the difference and hence main ta in  
the equil ibrium. Hence, the M-M* subsystem, in a 
restricted sense, may be viewed as decaying in a 
coherent manne r  to the reaction product on the 
"slow" time scale. 

Reciprocity 
Simply stated, the principle of reciprocity ma in -  

tains that p ( t )  is a universal  function of the exposure 
I . t .  That is to say, if I i ' t l  = I2.t2 -- . . .  = In ' tn  then 

p ( I i ' t l )  : p(I2"t2) : . . .  = p( In ' tn )  [34] 

and the t ime dependence of the final reaction product  
is dictated by the product I . t .  As I . t  is a measure of 
the total number  of photons incident  upon the sample 
dur ing the time, t, the concentrat ion of the photolysis 
product would, if reciprocity holds, depend only upon 
this number .  This would indicate, as far as the con- 
centrat ion of the final photolysis product is concerned, 
that  long exposures at low intensi ty  are equivalent  
to short exposures at high intensity.  

The impor tant  thing to remember  is that  Eq. [33] 
shows that for the "slow" time scale reaction, the 
effect of the in tensi ty  dependence of the m * / m  equi-  
l ibr ium ratio becomes noticeable in the exposure proc- 
ess when k f / ( k s  ~- k3) ~-- 10 -2. At intensit ies smaller  
than this, 7 ------ k f k J ( k s  -~ k3), p ( t )  : p ( I . t ) ,  and 
reciprocity holds. 

The under ly ing  physical reason for reciprocity fail-  
ure may be found by considering Eq. [33] 

m* (t) kfI 
- -  -- [33] 
re ( t )  (krI + k~ + k~) 

and Eq. [6c] 
dp(t> 

= k3m* (t) [6c] 
dt 

Equat ion [6c] states that  the rate of production of p 
may be increased by increasing m* (t). Equat ion [33] 
states that  this may be achieved by increasing I at 
low I. However, if I is made sufficiently large, then 
m * ( t ) / m ( t )  ---- 1. Increasing I fur ther  does not in-  
crease the concentrat ion of M* and hence does not 
increase the rate of production of the final reaction 
product in a m a n n e r  dictated by reciprocity. In effect, 
the M-M* equi l ibr ium saturates at high I. This satura-  
tion effect is then the ra te- l imi t ing  step at high I 
thus leading to reciprocity failure. 

Application to Photoresist 
The photokinetic data published by Blais (3) for 

a negative photoresist are used to estimate the values 
of the kinetic constants used in this model. An assump- 
tion made is that  all photons absorbed in the absorp- 
tion band of the photoactive species of the photo- 
resist are responsible for populat ing the same elec- 
t ronical ly excited state from which photolysis to the 
final product  occurs. This assumption should assure 
a conservative estimate of the high in tensi ty  reciproc- 
ity l imit  predicted by this model. 

The constant ks of Eq. [2] corresponds to the Ein-  
stein coefficient for spontaneous emission from an 
excited state and may be calculated by integrat ing 
the area under  the absorption curve for this state. 
The value of k~ with the radiat ion wave number  and 
the resist extinction coefficient in reciprocal length 
units  of ;~m -~ takes the form (4) 

ks = 2880 ~o2n2.[ed~ - [35] 

where ro is the wave number  at the max imum of the 
absorption band, e is the extinction coefficient, and n 
is the refractive index of the photoresist. A value of 
1.5 is used which is representat ive of the refractive 
indexes of many  photoresists (5, 6). Using the value 

of ~o = 2.82 ~m - I  which corresponds to the ma x imum 
of the ext inct ion coefficient, a value of ks -~ 2.2 • 
109 sec - I  was obtained from graphical in tegrat ion 
of the data of Blais (3). 

The rate constant  kf is calculated from the Einstein 
coefficient B for s t imulated radiation. The probabi l i ty  
per second for s t imulated transi t ions over this absorp- 
t ion band is given by .[~vBd~ = kfl where the in tegra-  
t ion extends over the entire absorption band. The iso- 
tropic energy density ~v at f requency v is related to 
the in tens i ty  (7) by  ~v = 4 ~ n l J c  where Iv is the 
spectral power dis tr ibut ion at the exposure plane p e r  
uni t  area per f requency interval  at v. Assuming the 
in tensi ty  to be constant  across the adsorption band, 
which approximates the spectrum of a xenon flash 
lamp, and using B = (~8o/8~n3h)ks (8), the following 
relat ion is obtained 

kf = ~,o3ks/[2c2(1/ks -- 1/k~)n2h] -- 4.4 • 108 cm 2 j - 1  

[36] 
where: 

~o = band  center wavelength,  3.65 • 10 -5 cm, 
~s = short wavelength edge of the adsorption band, 

3.05 • 10 -5 cm, and 
~, = long wavelength edge of the adsorption band, 

4.25 X 10 -5 c m .  
The value of k3 = 3.6 • 107 sec -1 is calculated 

from Eq. [31] and the data of Blais (3) of 7 = 70 
cm 2 j -  I. 

The high in tensi ty  l imit  for the onset of reciprocity 
failure is now calculated from the cri terion kf l / (ks  
~u k3) :~ 10-2. From this, it is found that  reciprocity 
will fail for intensit ies of If ~ 5 • 10 ~ W/cm 2. Assum- 
ing an exposure of 50 m J / c m  2 to be typical for com- 
plete exposure of photoresist films, If corresponds to 
exposure times of 10 #sec or less for reciprocity 
failure to occur by this mechanism. 

The assumption that no quenching occurs (i.e., 
kq = 0 in Eq. [3]) made in applying this model to 
photoresist exposure and photolysis may not be obeyed. 
Quenching would cause the onset of reciprocity failure 
to occur at even higher intensit ies than those calcu- 
lated. This is because kq would now appear in the 
denominator  of Eq. [33] reducing the value of m* ( t ) /  
re ( t )  and requir ing larger intensities to satisfy the 
above criterion for reciprocity failure. Thus, from 
the values calculated using this model, it appears that 
this mechanism will not account for any reciprocity 
failures that may occur in the photolithographic fab- 
rication of microelectronic circuits where the l ight 
intensities are general ly less than 5 mW / c m 2 and 
exposure times are of the order of seconds. 

Conclusions 
Using a k~netic model, the in tensi ty  dependence of 

photochemical reaction rates has been investigated. 
At in termediate  to high intensities, the equil ibrat ion 
of the ground and excited state concentrations of the 
photoreactive molecule saturates, thus l imit ing the pro-  
duction of the photolysis product on the pseudo t ime 
scale defined by the I . t  product. Exposure reciprocity 
failures due to this mechanism do not occur in current  
photolithographic fabrication processes of microelec- 
tronic circuits. However, this model does provide a 
possible explanat ion of reciprocity failure if observed 
for very large I and small t. 
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Techn ca]l Notes 

Spreading Resistance Calibration for 
Gallium- or Aluminum-Doped Silicon 

J. R. Ehrstein*  

National Bureau of Standards, Electron Devices Division, Washington, D.C. 20234 

Quanti ta t ive resist ivity or doping density profile 
analysis by spreading resistance requires several con- 
siderations. The use of a sampling volume correction is 
required to account for the effects of layer  nonun i -  
fortuity on the measurements  (1, 2). The use of calibra- 
tion data accounts for the effects of the metal  semi- 
conductor contact interface on the relat ion between 
specimen resistivity and measured spreading resistance 
(3). Cal ibrat ion response for any set of probes is 
known to depend on specimen conductivi ty type, 
crystallographic orientation,  and specimen surface 
preparat ion (4). Although it is advisable to choose and 
prepare  cal ibrat ion specimens in as equivalent  a man-  
ner  as possible to the specimens being profiled, it  is 
common practice to ignore possible effects due to 
dopant species and to use boron and phosphorus-doped 
silicon for all cal ibrat ion work. 

This note reports the results of a n  exper imental  test 
of the acceptabili ty of using boron-doped silicon to 
calibrate spreading resistance measurements  of a lumi-  
n u m -  or gal l ium-doped silicon. Specimens of boron-,  
a luminum- ,  and gal l ium-doped Czochralski-grown 
silicon were obtained with resistivity values appropri-  
ate to the use of gall ium and a l u m i n u m  for diffusions 
in  thyristors a n d  other high power devices. The four-  
probe resistivity values of slices cut from the crystals 
are given in Table I. Resistivity variat ions along one 
diameter  of each slice were measured by spreading 
resistance. In the region measured by the four-point  
probe, the spreading resistance data indicated that the 
max imum nonuni formi ty  ranged from 3 to 13% de- 
pending upon the specimen. 

Subsequent  to sawing, all specimens were etched in 
a DI water  solution of KOH (15% by weight) at 100~ 
for 10 rain which removed about 15 ~m of silicon from 
each side of the slices. All slices were mounted for 
s imultaneous polishing to minimize extraneous effects 
d u e  to differences in surface preparation.  Polishing 
was done with colloidal silica, 3-4 ~m nominal  particle 
s i z e ,  12% by weight in water, which was brought  to 
pH 10.4-10.6 with ethylene diamene. Polishing was 

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  Me m b e r .  
Key  worus:  s e n u c o ~ a u c t o r ,  concacts ,  c o n d u c t a n c e ,  res is t iv i ty .  

done at a nominal  load of 4 psi of specimen surface for 
90 min. The polishing removed 25-35 ~m of silicon 
from each of the slices. Following dismount ing from 
the polisbSng fixture, the slices were degreased using a 
s tandard NH4OH/H202/H20 process (5) and then 
baked at 150~ for 15 min  in room ambient  prior to 
measurement ,  as recommended for stabilizing p- type 
silicon surfaces following aqueous polishing (6). 

A set of 25 spreading resistance measurements  was 
taken over a 2.5 mm scan length near  the center  of 
each specimen and the average spreading resistance 
values calculated. Repeat measurement  sets were then 
made for all specimens at locations adjacent  to the 
original  scan but  at sufficient distance so as to sample 
a different portion of the specimen resist ivity s tructure 
sensed by the four-probe technique. After  all speci- 
mens had been aged for two weeks and then been 
freshly baked, a third set of measurements  was taken 
on each specimen. All specimens were then repolished 
and baked, and a single set of spreading resistance 
measurements  was taken. Two addit ional  sets of 
measurements  were taken on the gal l ium- and alu-  
minum-doped  specimens, one after repolishing and 
baking, the second within  24 hr  of the first. In this 
manne r  a range of measurements  over specimen non-  
uniformity,  polishing replication, and time between 
polishing and measurement  was obtained. 

The spreading resistance data, summarized as the 
ratios of average spreading resistance to four-probe 
resistivity values, are shown in Fig. 1 for each measure-  

Table I. Four-probe resistivity values of silicon specimens used 
in test 

D o p a n t  

Boron (~ �9 c m )  A l u m i n u m  (~ . c m )  Gal l ium (~ �9 cm)  

0.121 0.692 1.54 
1.072 1.14 2.31 
4.99 4.62 

10.5 9.30 
17.6 
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Fig. 1. Spreading resistance normalized to resistivity vs. resistivity 
for boron-, aluminum-, and galtium-doped (111) silicon. 

ment  set. This manne r  of representat ion gives a good 
visual magnification of variations due to resistivity or 
dopant species. Each point at a given resistivity rep- 
resents the average of a set of spreading resistance 
measured over the 2.5 mm scan length. The s tandard 
deviations of the individual  measurement  sets ranged 
from less than 1% to near ly  3.5% of the measurement  
average. Consequently, the error bars for the sets are 
general ly  comparable to, or smaller  than, the plot 
symbol and are not shown in  the figure. The overall 
resistivity dependence of the plotted values is in good 
agreement  with the response typically obtained in this 
laboratory on an a l l -boron composite specimen cali- 
bra t ion block (4). The scatter between measurement  
sets for any specimen general ly correlates with the 
magni tude  of resistivity var iat ion seen in the radial  
profiles for that specimen. The scatter is also caused 
in  part  by small, but  measurable,  changes in the 
response of the probes which occurred dur ing the t ime 
span of the experiment.  However, it is noted that the 
highest values measured for all a l uminum-  and gal- 

l ium-doped specimens and for all but  two boron-doped 
specimens occurred when the specimens were aged for 
two weeks and then rebaked before measuring. 

Within  the limits imposed by the measurement  scat- 
ter, no difference can be detected between the spread- 
ing resistance response of boron-,  a luminum- ,  or 
gal l ium-doped specimens. The use of spreading re- 
sistance cal ibrat ion data obtained on boron-doped 
silicon specimens for in terpre ta t ion of measurements  
on a l u m i n u m -  or gal l ium-doped silicon appears to be 
an acceptable procedure. 
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Characterization of Dicing Process 
by X-Ray Section Topography 

S. Yasuami 
Toshiba Corporation, Toshiba Research and Development: Center, Saiwai-ku, Kawazaki 210, Japan 

The dicing process usual ly  consists of grooving a 
wafer  with a diamond saw and then separating it by a 
roller into chips. The first process causes damage on 
the surface and this damage induces elastic strains in 
the wafer. Even after separating the wafer into chips, 
the chips are not free from these. la t t ice  distortions. 
I t  is often required that these distortions are checked 
in  a fabrication process with nondestruct ive methods. 
X- r ay  diffraction topography (1) is the most suitable 
technique, because it is highly sensitive to the strain of 
crystal lattice. Schumaker  and Rozgonyi (2), for 
example, studied the damage due to dicing by Berg- 
Barret t  topography (3) and investigated the effects on 
quan tum efficiency in GaP electroluminescent  diode. 
In this paper, the effects of dicing with different kinds 
of diamond saw blades were studied by means of x- 
ray section topography (4) and the connection with 
the breakdown voltage of the p -n  junct ions was in-  
vestigated. 

Let us assume the (001) surface of the silicon wafer; 
t h e  diameter  and the thickness were about 76 mm and 

Key words: defects, diodes, stress-strain. 

395 ~m, respectively. For the comparison of the effects 
of different blades, several lines were drawn on a 
single wafer using different diamond saw blades. The 
grooves were drawn along the [ l l0] .d i rec t ion .  A fine 
focused x - r ay  generator  with an Ag target  was used at 
0.7 kW; the effective focus size was 40 ~m square. The 
technique of taking se2tion topographs was s tandard 
except that a fine slit of 10 ~m width was used for l imi t -  
ing the width of the incident  beam. Topographs were 
obtained using the 440 Bragg reflection. It took about 
3 hr using the ILFORD L4 nuclear  emulsion plate. 

In Fig. 1, the grooves of (a) and (b) were made by 
20 ~m thick blades with different sizes of diamond 
abrasive particles [2-6 ~m ~ for (a), and 4-8 ~m ~ for 
(b)] .  The grooves of (c) were d rawn by the 40 ~m 
thick blade with the same abrasive particles as that  
used for (b). Other conditions are listed in the figure 
caption. In the vicinity of the grooves, black and white 
in tensi ty  contrasts were observed. The resul tant  sur-  
face damage and its associated lattice strain are the 
causes of. these contrasts (5). By observing the dis- 
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Fig. 1. Section topographs of a (001) silicon wafer grooved by 
different kinds of diamond saw blades. The thickness of the 
blades are 20, 20, and 40 /~m for (a), (b), and (c), respectively. 
The abrasive particle sizes are 2-6, 4-8, and 4-8 /~m r for (a), (b), 
and (c), respectively. The common data are as follows: revolution 
rate of blades: 30,300 rpm, table leading rate: 76 mm/sec, flow 
rote of water for cooling: 0.5 liter/rain, and groove depth: 150 #m. 
Reflection 440, AgKa radiation. 

torted Pendel lgsung fringes, one can see that  the [110] 
component  of s t ra in gradient  is extended more than  
four times of the groove width. Clearly, the s t ra in field 
is weaker  for the th inner  blade and /or  for the finer 
abrasive particles. Here, the grooves appear nar rower  
for the coarse abrasive particles, probably  because of 
photographic effects. 

Following the grooving process, the wafer was fur -  
ther  pressed by a roller  and separated into chips. The 
top of Fig. 2 (a) shows the damage after the separation 
in  the case of a groove of Fig. 1 (c). The s t ra in  still 
remained to the same extent  as before the separation. 
The surface damage could be removed wi th in  1 min  in 
the etchant  (HF:CHaCOOH:HNOa = 1:2:3) at 0~ 
Figure 2 (b) is the section topograph of the same spec- 
imen as that  shown in Fig. 2(a) after etching. It  is 
in teres t ing that  the net amount  of etching is about 1 ~m 
whereas the contrasts over 100 ~m disappear. This fact 
is good indicat ion that the lattice distortion induced by 
dicing in the bulk  is pure ly  elastic. The dark contrasts 
indicated by the arrows are caused by bending due to 
gravitation.  

Often, some electric properties of solid-state devices 
are changed by the surface damage. A p -n  junct ion  
was formed by diffusing boron dopants all over the 
face of an n - type  wafer. The thickness of the p-region 
was about 50 ~m. Grooves of about  40 ~m in width, and 
about 160 ~m in  dep th  were drawn, and filled with 

Fig. 2. (a) Section topograph of the wafer after the separation 
at a groove of Fig. 1(c). See the top part and compare with the 
grooves. (b) Section topograph after etching. Surface damage due 
to dicing is removed by slight etching. Reflection 440, AgK~ 
radiation. 

glass materials  for passivation. At  this stage, the 
breakdown voltage of the p -n  junct ion  was extremely 
low. If, however, the grooves were etched for about 
10-60 see, the breakdown voltage was increased by as 
much as 1000V. At t h i s  stage, section topographs 
showed that  the surface damage was completely re-  
moved, al though the residual  s train as indicated by the 
arrows in Fig. 2(b)  remained in  the bu lk  crystal. 

The experiments  of this type are useful for the char-  
acterization of the crystals after the dicing process and 
the device designing. 
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Diffusion of Indium in Hg,_ Cd Te 

S. Margalit and Y. Nemirovsky 
Department oJ Electrical Engineering, Technion-Israel Institute of Technology, Haifa, Israel 

The semiconductor alloy system Hgl-xCd~Te has 
become the most useful and impor tant  mater ia l  for in-  
frared photon detectors. This alloy is very versatile: 
it  can cover a wide wavelength  range in the infrared 
by al ter ing the mole fraction x of CdTe and is suitable 
for both photovoltaic and photoconductive detectors. 
An addit ional  at tract ive feature of the system is the 
fact that  the processing and technology do not vary  
appreciably for a wide range of composition x. 

It  is interest ing to note that devices of Hgl-xCdxTe 
have been widely used as practical detectors long be-  
fore their  basic properties have been fully understood. 
Among the topics that should be fur ther  studied are 
the defect s t ructure  and the properties of dopants in 
Hg1-~Cd~Te. 

Ind ium is commonly used in n - type  Hg~-~Cd~Te de- 
vices to form evaporated ohmic contacts. It can also be 
introduced into the Hgl-xCdxTe lattice dur ing growth 
to control the conductivi ty of the "as grown" crystals, 
as has been done in CdTe (2, 3). Johnson and Schmit 
(4) have found that ind ium is a metal  sublattice sub- 
sti tuted donor and a very fast diffuser. During the low 
temperature  anneal ing  cycle of device processing and 
technology the indium which is present  in the contacts 
diffuses into the lattice. Concentrat ion gradients and 
consequently bu i l t - i n  electric fields (5) of the order 
of 10-20 V �9 cm -1 are formed. The dis tr ibut ion and the 
surface recombinat ion velocity of photoexcited minor -  
i ty carriers are modified by these fields. Precise knowl-  
edge of the ind ium diffusion is therefore needed for the 
analysis of the photoresponse of the devices. 

In view of the practical and theoretical interest  in 
diffusion of indium in Hg1-xCdxTe, this subject has 
been investigated and is reported in this note. The 
s tudy describes the diffusion of ind ium from evap- 
orated layers of ind ium into unor iented crystals of 
Hg~-xCd~Te with x : 0.215 and x ~ 0.29, in the 
tempera ture  range of 70~176 The tempera ture  
range under  study is re levant  for the technology of the 
devices and, in addition, it can be assumed that stoi- 
chiometry changes do not take place. Diffusion pro- 
files are given as well as diffusion constants, the diffu- 
sion energy of activation, and the surface concentra-  
tions. 

Exper iments  were performed on Hg0.TsjCdo.2~Te and 
Hg0.7~Cd0.29Te with approximately 0.1 and 0.25 eV 
bandgap at 77~ respectively. P- type  wafers of low 
carrier  concentrat ion (approximately 1.1015 cm -3) 
and of random orientat ion were used. The samples 
were epoxied to a flat sapphire substrate which served 
as a reference surface and also masked the bottom face 
of the Hgl-xCdzTe. The wafers were mechanical ly 
polished with 0.3 ~m A1203 unti l  a mir ror- l ike  flat sur-  
face was achieved. The front surface was then etched 
for 1-2 sec in  20% bromine  in methanol  to remove the 
polishing damage and thoroughly rinsed in methanol  

to get rid of the bromides. The thickness of the semi- 
conductor was determined wi th in  _ I  ~m. 

The diffusion process was carried out in two steps: 
first, a layer  of 5000A of ind ium was vacuum evapo- 
rated on the freshly etched surface of Hgl-xCdxTe. In  
the second step the sample was diffused in  vacuum. 

In  order to get reproducible results the samples were 
brought  to room tempera ture  in a manne r  that  was 
repeatable from r un  to run. Abrup t  quenching was 
avoided in order to preserve excess minor i ty  carrier 
lifetimes. Finally,  the ind ium was removed in concen- 
trated HC1 and after that the properties of the diffused 
layer  were evaluated. 

The diffusion profiles were plotted by carrying out 
van der Pauw measurements  (6) at 77~ on the sur-  
face, then lapping off a thin layer of typically 1-2 ~m, 
and repeat ing the process. Petritz 's (7) two layer  
formulat ion was used to determine the major i ty  carrier 
concentrat ion and the effective mobil i ty  of each lamina. 
Since the ind ium is believed to be electrically active 
subst i tuted on metal  lattice sites (4), the profile of 
electron concentrat ion gives the profile of diffusion. 

Typical diffusion profiles which were measured using 
the method outl ined above are shown in Fig. 1. The 
calculated solid lines are the fit to the measured points, 
assuming the simplest possible model of a constant  
diffusion coefficient and an "infinite" source of de- 
posited indium. These assumptions lead to a profile of 
the form of a complementary  error funct ion (5), 
C(x)  --_ Cs erfc[x/2(Dt)l/2], where Cs is the surface 
concentrat ion and D is the diffusion coefficient and 
their values are determined from the best fit. It  is 
shown in Fig. 1 that as the diffusion time progresses 
the surface concentrat ion remains constant  within the 
exper imental  error. It  was also observed that  the sheet 
conductance increases with the square of the diffusion 
time. It is therefore reasonable to assume that in the 
temperature  range under  s tudy the simple model may 
be used. The surface concentrat ion of ind ium which is 
obtained is (3-6) X 1015 cm -3. 

The measured sheet conductance as a function of the 
reciprocal of the diffusion tempera ture  is shown in Fig. 
2. The diffused sheet conductance is given by r ---- 
(2q~Cs) (Dot/=) lz2" e-EA/2kT where ~ is the average 
mobi l i ty  of the diffused layer, EA is the diffusion 
energy of activation, and Do is the preexponent ia l  te rm 
of the diffusion coefficient. The data Doints for x ---- 
0.215 are best fitted with the relat ion ~,G[:] -- 

25.7 �9 e -0.37/2kT leading to a diffusion energy of activa- 
tion of 0.37 eV. 

The energy of act ivation is practically the same for 
x _-- 0.29. However, the preexponent ia l  term of the 
sheet conductance differs by a factor of 2.7. It  is known 
that  the electron mobil i ty  at 77~ of bulk Hgl-xCdzTe 
decreases with increasing x (1). For x =. 0.215 and x = 
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sions were carried out for 2 hr. The points ere for Hgl-rCdxTe 
with x = 0.215. The squores are for x = 0.29. 

0.29 t h e  m o b i l i t y  r a t i o  is a p p r o x i m a t e l y  2.5. T h e  r e -  
d u c e d  p r e e x p o n e n t i a l  t e r m  fo r  x _-- 0.29 is t h e r e f o r e  
due  to a l o w e r  a v e r a g e  m o b i l i t y  a n d  p r o b a b l y  to a 
s l i g h t l y  l o w e r  s u r f a c e  c o n c e n t r a t i o n .  

F r o m  t h e  s lope  of  t h e  l i ne s  of  Fig. 2 a n d  t a k i n g  ~ = 
1.5 �9 105 c m  2 �9 V - I  �9 sec -1 a n d  Cs : 6 �9 101~ cm - s  t h e  
p r e e x p o n e n t i a l  t e r m  of  t h e  d i f fus ion  coeff ic ient  Do is 
o b t a i n e d :  Do (/~m 2 �9 sec - I )  ----- 5.1 �9 102. 

T h e  m e a s u r e d  t e m p e r a t u r e  d e p e n d e n c e  of  t h e  d i f fu -  
s ion  coeff ic ient  is g i v e n  in  Fig. 3. T h e  c a l c u l a t e d  b e s t  
fit  is D ( # m ) 2 / s e c  = (5.25 �9 10-~)e -~ T h e  d i f fus ion  
e n e r g y  of a c t i v a t i o n  a n d  t h e  p r e e x p o n e n t i a l  t e r m  of 
t h e  d i f fus ion  coeff ic ient  c o r r e s p o n d  to t h a t  of Fig. 2. I t  
s h o u l d  be  n o t e d  t h a t  t h e  d a t a  p o i n t s  of  Fig. 2 a r e  b a s e d  
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Fig. 3. The diffusion coefficients of indium in Hg1-xCd.~Te for 
x = 0.215 as a function of the reciprocal of the absolute diffusion 
temperature. The lines are best fitted to the form D 
Do" e-Ea/kT. The diffusions were carried out for 2 hr. 

o n  s i m p l e  a n d  s t r a i g h t f o r w a r d  m e a s u r e m e n t s  a n d  a r e  
t h e r e f o r e  t h e  l ea s t  s u s c e p t i b l e  to e x p e r i m e n t a l  e r ro r s .  

I t  is i n t e r e s t i n g  to n o t e  t h a t  t h e  a c t i v a t i o n  e n e r g y  of  
t he  d i f fus ion  is t h e  s a m e  fo r  x = 0.215 a n d  x ----- 0.29 
a n d  does n o t  d e p e n d  o n  t h e  b a n d g a p .  H g l - x C d x T e  w i t h  
x _-- 0.215 ha s  a b a n d g a p  w h i c h  v a r i e s  b e t w e e n  0.215 
eV a t  100~ a n d  0.229 e V  a t  140~ (9) .  T h e  b a n d g a p  of  
Hg0.71Cd0.29Te v a r i e s  in  t h e  s a m e  t e m p e r a t u r e  r a n g e  
b e t w e e n  0.329-0.340 eV. T h e  a c t i v a t i o n  e n e r g i e s  of a 
p u r e l y  s u b s t i t u t i o n a l  m e c h a n i s m  of  d i f fus ion  a r e  t h r e e  
to f o u r  t i m e s  t h e  e n e r g y  gap  of  t h e  s e m i c o n d u c t o r s .  
S u c h  a m e c h a n i s m  w o u l d  h a v e  s h o w n  a d e p e n d e n c e  on  
t h e  c o m p o s i t i o n  x c o r r e s p o n d i n g  to t h e  b a n d g a p  v a r i a -  
t i on  w i t h  x. T h e  f ac t  t h a t  s u c h  a d e p e n d e n c e  is no t  o b -  
s e r v e d  a n d  t h e  f ac t  t h a t  i n d i u m  is a f a s t  d i f fu se r  i n -  
d i c a t e  t h a t  i n d i u m  di f fuses  t h r o u g h  t h e  i n t e r s t i c e s  in  
t h e  m e t a l  sub l a t t i c e .  T h e  m e c h a n i s m  of  t h e  d i f fus ion  
a n d  i t s  d e p e n d e n c e  on  t h e  de fec t  c o n c e n t r a t i o n  fo r  t h a t  
p a r t i c u l a r  c r y s t a l  h a v e  n o t  b e e n  e s t a b l i s h e d .  

I n d i u m  u n d e r g o e s  a c h e m i c a l  r e a c t i o n  w i t h  
H g l - ~ C d x T e .  T h e  m i r r o r - l i k e  s u r f a c e  a c q u i r e s  a g r a y -  
m a t t e  a p p e a r a n c e  a f t e r  t he  r e m o v a l  of  t h e  i n d i u m ,  
e v e n  w i t h o u t  a n n e a l i n g  t h e  s a m p l e s  a t  h i g h e r  t e m p e r a -  
tu res .  T h e  p h a s e  d i a g r a m s  of  In  a n d  t h e  c o n s t i t u e n t s  of  
Hg~-xCdxTe  i n d i c a t e  a l l o y i n g  e i t h e r  a t  r o o m  t e m p e r a -  
t u r e ,  o r  in  t h e  t e m p e r a t u r e  r a n g e  u n d e r  s t u d y  (8) .  
S i n c e  H g l - ~ C d x T e  is ea s i l y  oxid ized ,  t h i s  f e a t u r e  of  
t h e  d i f fus ion  s y s t e m  is v e r y  f a v o r a b l e  a n d  e n s u r e s  r e -  
p r o d u c i b l e  resu l t s .  

T h e  p roce s s  of  d i f fus ion  of  i n d i u m  in to  H g l - x C d ~ T e  
f o r m s  a d i s t r i b u t i o n  of i o n i z e d  d o n o r s  n e a r  t h e  su r face .  
T h e  ion ized  d o n o r  s i t es  c r e a t e  a n  e l e c t r i c  f ie ld w h i c h  is 
g i v e n  b y  d v / d x  = k T / q  �9 1 / n ( d n / d x )  w h e r e  n is t h e  
loca l  c o n c e n t r a t i o n  of ions  a n d  k is t h e  B o l t z m a n n ' s  
c o n s t a n t .  F o r  s h a l l o w  d i f fus ions  t h e  r e s u l t i n g  s u r f a c e  
fields a r e  (10-20)  V �9 cm -1 a t  77~ Excess  p h o t o e x -  
c i t ed  m i n o r i t y  c a r r i e r s  (ho les  in  a n  n - t y p e  s e m i c o n -  
d u c t o r )  a r e  p u s h e d  a w a y  f r o m  t h e  s u r f a c e  a n d  e lec -  
t r o n s  a r e  a t t r a c t e d  the re .  T h e  s u r f a c e  r e c o m b i n a t i o n  
v e l o c i t y  of  excess  c a r r i e r s  in  n - t y p e  s a m p l e s  w h i c h  
w e r e  s u b j e c t e d  to a s h a l l o w  i n d i u m  d i f fus ion  is t h e r e -  
f o r e  r e d u c e d .  T h e  m e a s u r e d  e f fec t ive  l i f e t i m e  of  ho l e s  
in  n - t y p e  s a m p l e s  w a s  s h o w n  to i n c r e a s e  b y  a p p r o x i -  
m a t e l y  a f a c t o r  of two  as a r e s u l t  of s u c h  a s h a l l o w  
dif fus ion.  

I n  s u m m a r y ,  t h e  d i f fus ion  of i n d i u m  f r o m  e v a p o r a t e d  
l a y e r s  of  i n d i u m  in to  r a n d o m l y  o r i e n t e d  c r y s t a l s  of  
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Hgl-xCdxTe with the composition x = 0.215 and x ----- 
0.29, in  the tempera ture  range of 70~176 has been 
investigated. For x ---- 0.215 the diffusion sheet con- 
ductance at 77~ of the resul t ing n - type  layer  in mho 
per  square is AG = 0.3 ' t 1 / 2  �9 e - 0 . 3 7 / 2 k T  where t(sec) 

[] 
is the diffusion time and T(~ is the diffusion tempera-  
ture. The energies of act ivation and the diffusion co- 
efficients are the same within  the exper imental  error 
for x = 0.215 and 0.29 and are shown to follow 
D[(;Lm)2/sec] : (5.25" lO~)e -o.Js/kT giving the value 
of 0.37 __ 0.01 eV for the diffusion energy of activation. 
The surface concentrat ion of ind ium is of the order of 
(3-6) �9 1015 cm -3. The diffused ind ium forms bu i l t - in  
fields of the order of 10-20 V �9 cm -1 which reduce the 
surface recombinat ion velocity of photoexcited excess 
carriers. 

Final ly,  it should be noted that  the exper imental  
conditions under  which the results were obtained were 
in ten t ional ly  chosen so as to be suitable for device 
processing and applications. 

Manuscr ipt  received Sept. 10, 1979. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the December 1980 
JOURNAL. All discussions for the December 1980 Dis- 
cussion Section should be submit ted by  Aug. 1, 1980. 
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D I S C U S S I O N  

' S E C T I O N  @ 
This Discussion Section includes discussion of papers appear- 

ing in the Journal o2 The Electrochemical Society, Vol. 126, No. 
7, 11, and 12, July, November, and December 1979. 

The Strain Distribution of the Interface between 
Substrate and Epitaxial Layer of Silicon by 

X-Ray Double Crystal Method 

N. Miyamoto and E. Kuroda (pp. 1228-1234, Vol. 126, No. 7) 

3. N i s h i z a w a ,  M.  F u k a s e ,  a n d  H .  T a d a n o 9  I t  seems to 
us that the paper  under  discussion was intended to 
describe the exper imental  results of s train dis t r ibu-  
tions in the epitaxial  crystal silicon layer as the sub-  
strate by measur ing the lattice constant  in the <111> 
direction using an x - ray  double crystal method.2.3 
However, we cannot be convinced of the results for the 
following two main  reasons. 4 

(i) Lattice strain varies depending not only on the 
depth direction but  also on the lattice plane parallel  to 
the substrate surface as a funct ion of the position 
wi th in  the sample investigated. But the authors of the 
paper have not described the i r radiat ing point of the 
input  x - r ay  beam on the surface of the sample. The 
radius of the crystal bending, and phenomena,  lattice 
spacing, and the angle of bonding are known to vary  
with the direction and position of the sample. 

(ii) There is no logical explanat ion ~ of their conclu- 
sion that  the subpeaks appearing in the rocking curve 
of the highly doped crystal layer  epitaxially grown on 
the high resist ivity silicon substrate is phenomenologi-  
cally the same as Pendel lJsung fringes. Such fringes 
can be observed in the x - ray  diffraction curve of a thin 
crystal film as a substrate from which the epitaxiaI 
layer  is removed. We will examine in some detail the 
content  of the paper under  discussion. 

Shape of the sample.--Since the elastic constant  
shows a var iat ion with crystal orientation,  the lattice 
s t ra in exhibits very complicated changes. Therefore, 

1 Research Institute of Electrical Communication, Tohoku Uni- 
versity, Sendal 980, Japan. 

2 E. Kuroda, N. Miyamoto, and J. Nishizawa, Technical Group 
on Semiconductor Transistor, IECE of Japan, No. SSD 72-23 (1972). 

3 N. Miyamoto, E. Kuroda, and J. Nishizawa, Technical Group on 
Semiconductor Transistor, IECE of Japan, No. SSD 73-29 (1973). 

Private communication. 

the measurement  of lattice strain should be carried 
with a highly symmetr ical  sample with respect to 
crystal orientation.  The crystal surface of the sample 
used in the paper is parallel  to the (111) plane. The 
crystal  has three kinds of symmetry  with respect to the 
axis of the <111> direction as shown in our Fig. 1. 
However, the shape of the sample in the paper is 
rectangular.  In this case, the sides of the sample differ 
from each other. Sides A and B are {112} planes, and 
C and D are {110} planes. Therefore there is poor sym- 
metry  in the rectangular  shape. When the surface of 
the sample is the (11I) plane, it is easiest for the 
analysis to make the shape of the sample tr iangular .  
When the surface is parallel  to the (100) plane, it is 
possible to make the side of the sample equivalent  to 
the (100) plane by making the shape rectangular .  
Hence, it is easy to measure the lattice strain because 
the dis tr ibut ion of lattice strain is highly symmetric  
and the lattice strain does not show any radical change 
with the direction in the symmetric center. It  would 
be interest ing to measure such a sample. 5 We have 
urged the authors of the paper to carry out measure-  
ments  at the axis. 

Measured point by x-rays.--Lattice strain depends 
on the position wi thin  the sample even if the shape of 

J. Nishizawa et al., To be published. 

C {110} 

A 
{112) 

\ 
e �9 
(111> 

B 
{112} 

o {11o} 

Fig. I. Shapes of the sample and the symmetric axis of the 
sample, Arrow indicates the equivalent direction with the < ]11>  
direction. 
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the sample is a triangle. The paper merely  introduces 
the idea which was suggested by one of us concerning 
the change of lattice spacing in depth direction. But 
there is no description about the point  of x - r ay  i r radia-  
tion, though the sample is not symmetr ic  to the axis 
owing to the non t r i angu la r  shape and the complicated 
dis t r ibut ion of lattice strain. It  seems that the authors 
have not considered the lattice s t ra in in the direction 
paral lel  to the interface. 

Since the change of the lattice strain in the crystal 
is interconnected three-dimensional ly ,  it is necessary 
to measure the strain in the x, y, and z directions in 
order  to determine the lattice strain, especially, when 
the shape of the sample is not symmetr ic  in terms of 
crystal orientation. It  is possible that the lattice strain 
in the center direction differs from that in the per-  
pendicular  direction including the center of the crystal. 
For this reason it is necessary to measure the strain in 
at least two directions. 

The atoms in  the diamond s tructure  are in te t ra-  
hedral  coordination. If the length and angle of each 
bonding are not clear, we cannot state the true lattice 
strain which is measured. For this reason, it  becomes 
necessary to measure plural  lattice planes and to 
analyze the data mul t i -dimensional ly .  

Figure 2 shows a s imulat ion 6 of the change of the 
lattice spacings by using a two-dimensional  simple 
cubic lattice. The change of the lattice spacing in 
the epitaxial  layer  in both directions is small  near  
the symmetr ic  center and becomes larger with the 
distance from the symmetric  center. The degree of 
the change at the edge is more than ten times that 
at the symmetr ic  center. Along with this change, the 
differential s train (the gap between the lower atomic 
plane and lattice spacing) also becomes larger with 
the distance from the symmetric  center. Therefore 
the lattice constant  in the vertical  direction that  is 
obtained from Young's constant or Poisson's ratio 
also changes widely depending on positions, though 

J.  N i s h i z a w a  et al., T o  b e  p u b l i s h e d .  
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Fig. 2. Lattice spacing distribution in the lateral direction for the 
growing epitaxial layer made up of the atoms whose atomic radius 
is somewhat large. 

the value is assumed to be constant in  our  approximate 
calculation. Figure 2 seems to be well  suited to the 
actual case in  spite of the simplicity of the analysis 
performed. 

As described above, it appears that the change in 
lattice strain cannot  be described only in terms of 
the findings in the depth direction, but  the three-  
dimensional  s t ra in dis t r ibut ion should also be taken 
into consideration. 

In  a private communicat ion with one of us the 
authors of the paper  stated that  the results presented 
are at ta ined by measur ing a crystal in which disloca- 
tions are not induced. However, the dis tr ibut ion of 
s train and stress should depend on position wi thin  the 
crystal. If the dislocation is induced wi th in  the sample, 
s train and stress around the dislocation are decreased 
(i.e., the dis t r ibut ion of stress and  s t rain around 
changes). But the dis t r ibut ion of s t ra in and stress 
wi thin  the sample shows a similar  dis t r ibut ion between 
dislocations or dislocation and free edge to the case 
between free edges where dislocations are not induced. 

Curvature radius of the bending.--There is no de- 
scription about the position of points xl and x2 where 
Bragg angles 01 and e2 are measured to represent  the 
bonding. Therefore it is not clear where and which 
direction is indicated by the value calculated from 
Eq. [2]. Lattice strain has a three-dimensional  dis- 
t r ibut ion as already described. 

Moreover, the sample used in the paper has poor 
symmetry  as discussed previously. Therefore the curv-  
ature radius of the bending must  differ with the 
direction and point  on the crystal surface, and their 
specific description should be made. For example, a 
sample grown on a thick substrate produces a large 
lattice strain especially in the epitaxial  layer owing 
to the difference in lattice constant. Therefore the 
change in lattice s t ra in with position is large and 
there should also be a difference in the curvature  
radius between the epitaxial  layer  and the substrate. 

Even if a sample of the so-called "nonbending 
crystal" is macroscopically nonbending,  it  has con- 
siderable deformation as viewed from the crystal 
plane, and it na tura l ly  causes the s t ra in which changes 
as a funct ion of position. A s train in the vertical  
direction should result. The radius of the bending of 
the crystallographic plane is not infinite and the 
radius should also change vertically. Qual i ta t ively 
there is no difference between the "nonbending"  and 
bending of the crystallographic plane. 

Strain distribution in depth direction.--Figure 9 is 
the sole result  of the strain dis tr ibut ion in the paper. 
It  is shown that  the lattice s t ra in  is not constant  near  
the interface in the range whose order is the same 
as the thickness of the epitaxial  layer. There is a 
marked difference in  curvature  radius between the 
epitaxial  layer  and the substrate, which means that  
the lattice strain greatly changes with increasing layer  
thickness. So, the result  shown in Fig. 9 seems to 
be reasonable. But the authors have given the follow- 
ing explanat ion by using the idea proposed by one 
of us: "For high concentrat ion phosphorus-doped epi- 
taxial  layers, the lattice constant  shrinks, because the 
covalent radius of phosphorus is smaller  than  that  of 
silicon. The grown layer at the interface is pulled 
by the silicon substrate. Therefore, the grown layer  
expands in the direction paral lel  to the silicon surface 
and shrinks in the direction of the thickness. Con- 
sequently, the lattice constant  dis t r ibut ion at the in ter -  
face becomes more abrupt  compared with isotropically 
strained samples. The actual  dis t r ibut ion of the grown 
layer  is considered to be more abrupt  than shown in 
Fig. 9." But the results of Fig. 8 which constitute the 
basis of Fig. 9 are measured in the crystal after epi- 
taxial growth and it shows a result  of the measure-  
ments  of the sample whose lattice has already been 
in  the state of s t ra in distribution. Therefore the lattice 
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strain determined from Fig. 8 is the value after the 
lattice has been already distorted (i.e., Fig. 9 indicates 
the strain distr ibution of the lattice which involves 
s t ra in to a certain extent) .  Therefore the authors '  
explanat ion about Fig. 9 is inconsistent with the as- 
sumption used in solving Fig. 9. 

In terpre ta t ion  of s u b p e a k s . - - T h e  authors have shown 
the correlation between the thickness of the crystal 
and the period of "PendellSsung fringes" appearing 
on the diffraction curve of the reflected x-rays  by 
Eq. [5], and stated that  a series of the subpeaks ob- 
served between the two main  peaks is due to the 
occurrence of PendellSsung fringes among x-rays  
reflected wi thin  the epitaxial  layer. This conclusion 
is based on the fact that the correlation between the 
in terval  of neighboring subpeaks and the thickness 
of the epitaxial layer is analogous to that  calculated 
from the equation. "PendellSsung fringes" appearing 
on the reflected x-rays  are essentially some weak 
reflections of x- rays  which appear across the strong 
reflection peak at the Bragg angle when the absorp- 
t ion of x-rays  can be neglected dur ing  the impinge-  
ment  of x-rays  on the crystal surface through the 
bottom. This raises two questions. In  the first place, 
if "PendellSsung fringes" are observed on the rocking 
curve of x- rays  reflected from the epitaxial  layer, 
x-rays  reflected at the lattice planes of the in terna l  
substrate should be included in the former reflected 
x-rays,  because the substrate made of the same ma-  
terial exists under  the epitaxial crystal layer. As one 
of us has advised the authors, it is very improper 
to neglect the x-rays  reflected from the substrate, 
even if the lattice constant  in the vertical direction 
changes abrupt ly  at the interface. In effect, the peak 
of the x - ray  rocking curve reflected from the sub-  
strafe has been observed with the appearance of sub- 
peaks in the immediate  vicini ty of the peak. The 
authors have only taken into account the thickness 
of the epitaxial  layer  and neglected the effect of the 
x-rays reflected from the substrate crystal, when the 
equation of "PendellSsung fringes" is applied. They 
have considered only the reflections from the epi- 
taxial layer. We cannot unders tand  such an approxima-  
tion which is not fitted to the real situation. Even 
if the spacing of the lattice plane that causes reflections 
changes rapidly at the interface, it is unreasonable  
to take into account only the x-rays  reflected from 
the epitaxial layer and to neglect the x-rays  reflected 
from the substrate. When a large amount  of x- rays  
are absorbed in the substrate and x-rays  do not reach 
the bottom of the substrate, only a strong main peak 
appears and "PendellSsung fringes" should not emerge. 

In  the second place, if PendellSsung fringes appear 
in  the rocking curve of x- rays  reflected from the 
lattice plane of the epitaxial  layer, subpeaks must  
appear at both sides of the main  peak. But, judging 
from the authors '  experiment,  the subpeaks appear 
at only one side of the main  peak in the rocking curve. 

The interference of the x - ray  reflected from the 
substrate and the x- rays  reflected from the surface 
epitaxial  layer is most l ikely to induce the subpeaks. 
Another  possibility is that  the deflection angle is 
distr ibuted and causes a mutua l  interference due to 
a gradual  change of the atomic surface distance as 
a funct ion of position. 

In  conclusion, we would like to point  out again 
here that the content  of the paper under  discussion 
is incomplete in the following respects. The distr ibu-  
tion of lattice strain is considered solely in terms of 
the depth direction of the epitaxialIy grown crystal, 
though lattice s t ra in has a three-dimensional  dis- 
tr ibution.  We cannot agree with the view that the 
subpeaks appearing in the rocking curve of the 
epitaxial ly grown crystal is phenomenologically the 
same as PendellSsung fringes observed in the x - r ay  
diffraction curve of a thin crystal film. We hope that  

the authors of the subject  paper  will reexamine  our 
comments. 

Techniques of Lapping and Staining 
Ion-Implanted Layers 

C. P. Wu, E. C. Douglas, C. W. Mueller, and R. Williams 
(pp. 1982-1988, Vol. 126, No. 11) 

R. S. T u r n e r  a n d  C. L. Aleyff The portion of the 
paper by Wu et  al describing his research and theory 
of the s taining mechanism using HF H20 Cu stain 
seems well executed, and we agree with his conclusions 
wi thin  the f ramework of his study. However, his exam- 
inat ion of junct ion  depths in the article was l imited to 
a few wafers of a very specific type. In addition to the 
variables that  the authors define, there are other con- 
siderations that  affect s taining and subsequent  junct ion 
depth determination.  We have found in the course of 
measur ing several thousand junct ions with commer-  
cially available staining solutions somewhat similar to 
the Wu type stain, that  some other variables include 
dopant concentrat ion and type, semiconductor mater ial  
type, crystal orientation, junct ion depth range, number  
of junctions, and their relative positions. We feel that  
because of the huge number  of variables that  are 
present, the Wu process is a good start, yet his con- 
clusions have not necessarily been proven to be 
applicable to the wide range of s taining applications in 
the industry.  

In  his paper, Wu goes into great detail explaining 
the need for, and the advantages of the geometric 
mul t ip lying effect created by beveling. Although his 
statements and rat ionale are correct, he has overlooked 
a measur ing  method in wide use in indus t ry  and re- 
search that employs the same principle to a greater  
advantage. Happ s and McDonald 9 described a method 
wherein  a radial  section is machined into the wafer, 
penetra t ing the junct ion (see Fig. 1). After  staining, 
the width of the groove at the surface and at the 
junction,  W1 and W2, respectively, in Fig. 2, is measured 
through a microscope. 

Junct ion depth, Xj, is then calculated per the follow- 
ing equation 

7 Philtec Instrument Company, Philadelphia, Pennsylvania 19119. 
s W. W. Happ and W. Shockley, Bull. Am. Phys. Soc., Set. II, 

1, 382 (1956). 
B. McDonald and A. Goetzberger, This Journal, 169, 141 (1962). 

Fig. 1. Grooving apparatus: 1. grooving cylinder; 2. mounting 
block; 3. silicon slice; 4. spring; 5. glass cover plate. 

( 

t 
A 2 

Fig. 2. Groove cross section 
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Xj = A2 -- AI 

The mul t ip ly ing  factor increases as the depth de- 
creases, e.g., for the 540A layer  described in the Wu 
paper, the 50:1 geometric mul t ip ly ing  advantage of 
the 1 ~ angle lap is credited along with a 1009• micro- 
scope as being an impor tant  factor in achieving his 
200A repeatabil i ty.  With a s tandard  sectioning ma-  
chine employing a groove radius of 19 mm, the mul t i -  
plying effect is greater  than 2000:1 for a junct ion  of 
that  depth, resul t ing in  an equivalent  angle of 0.05 ~ . 
This geometric mul t ip ly ing  factor, when used in con- 
junct ion  with only a 200• microscope, provides mag-  
nification of more than 400,000• This results in an 
operator- to-operator  repeatabi l i ty  of __+10A. 

Although the grooving method is essential ly l imited 
to use on undiced wafer material,  and therefore the 
bevel  lap techniques is more suited for individual  chip 
fai lure analysis, the grooving method offers some dis- 
t inct  advantages other than the greater  mul t ip ly ing  
effect, such as: (i) as Wu correctly emphasized, when 
using the angle lap technique, laser angle verification 
is absolutely necessary. This is not required when 
de termining  junct ion depth by measur ing penetra t ion 
of a known radius. (ii) Because the groove is exposing 
the same layer  twice (once on each side), the resul tant  
Xj is an average of two separate bevel readings. (iii) 
When considering accuracy of the measur ing method, 
it  is general ly  best to discuss percentage of repeatabi l -  
ity: 540 • 200A for the angle lap method results in a 
•  potential  error;  this can be compared to results 
of studies done using the grooving method on ion- 
implanted,  laser annealed  layers of 360 • 10A, or op- 
era tor- to-opera tor  repeatabi l i ty  of •  

C. P. Wu: 10 If the manufac turers  of the grooving ap- 
paratus  for junct ion  depth determinat ion want  an op- 
por tun i ty  to describe the advantages and accuracies of 
their  method, they should do so by submit t ing  a paper 
for proper review by referees. Turne r  and Aley would 
need much more exper imental  data and theoretical 
a rguments  to substant iate  their claim concerning their  
capabil i ty to determine junct ion depths to • 
roughly  two atomic layers. 

High Field Intrinsic Ionic Conduction in Solids 

Michael J. Dignam (pp. 2188-2195, Vol. 126, No. 12) 

Lawrence Young: lI In considering the alleged possi- 
bil i ty of a quite large dependence on film thickness of 
the field at constant  ionic current  density under  steady- 
state conditions, Dr. Dignam reproduced some of my 
data on the anodization of tantalum. TM I wish to sug- 
gest that  anyone interested in this point  should also 
look at the extensive data for a range of current  
densities and temperatures  which I gave in the second 
paper  ~3 of the series, in which a very precise optical 
method was used for the thickness. Dr. Dignam (page 
2193) refers to the "assumption" that the field was 
constant. In fact, it was just  that the results came out 
that  way. As explained, 13 I had expected a t ransi t ion 
from a thin film case (Mott-Cabrera) ,  in which, with a 
l imited space charge density, the film thickness is 
supposed to be too small  to allow a significant total 
charge to be present, to the bulk or thick film case in 
which the condition of e lectroneutra l i ty  would deter-  
mine  the carrier  concentration. 

On page 2188 Dr. Dignam refers to the quadrat ic  field 
term in the ionic t ransport  equation "which was first 
demonstrated exper imental ly"  by Young. He quotes 

lo RCA Labora to r i e s ,  P r ince ton ,  New Jersey 08540. 
1~ Elec t r ica l  E n g i n e e r i n g  D e p a r t m e n t ,  Un ive r s i t y  of  Bri t ish Co- 

lurnbia,  Vancouve r ,  B.C., Canada  V6T 1W5. 
L. Young,  Proc.  R. Soe. ,  London ,  Ser.  A ,  244, 41 (1958). 

13 L. Young~ ibid. ,  256, 496 (1960). 

the paper  on s teady-state  data. TM However, on a defect 
model the field dependence of both the defect concen- 
t ra t ion and the drif t  velocity affect the current  under  
s teady-state  conditions. In  a later  paper  14 I used a 
stepped field method, which, as Vermilyea had pointed 
out, should give direct informat ion on ionic velocity at 
constant  defect concentration. In this connection there 
is also a question of the significance of the quadrat ic  
field terms. I invented  this term for the s teady-state  
case as the most na tu ra l  way of describing my experi-  
mental  results. What  I found exper imenta l ly  was that  
log J was not quite l inear  in E for s teady-state  condi- 
tions in dilute sulfuric acid. Also, O log J/OF, was al-  
most independent  of tempera ture  if calculated for a 
constant  current  bu t  showed the expected tempera ture  
dependence if calculated for constant  field. The curva-  
ture of log J vs. E plots was much more pronounced 
for film made in  more concentrated sulfuric acid. I 
considered a range of explanations in this paper. 13 In  
the stepped field experiments  1~ I found (Fig. 5) that  
O log J/OE was to a first approximat ion l inear  in  the 
ini t ia l  (s teady-state)  field and had the expected tem- 
perature  dependence if calculated for a fixed ini t ial  
field. Although I did not find or establish (Fig. 4) the 
required curvature  of plots of log J VS. E for stepped 
fields, the nonl inear  dependence on field of the activa- 
tion energy for ionic t ranspor t  was proposed as "the 
simplest suggestion" to explain the results. This de- 
pendence of act ivation energy on field is the basis of 
Dr. Dignam's  and others '  models. Quite different possi- 
bilities exist and Dr. Dell 'Oca and 115 proposed an 
explanat ion of the s teady-state  curvature  of log J vs. E 
plots in terms of the two layer  model of these films 
which is indicated by tracer and el l ipsometry experi-  
ments. Mr. D. J. Smith is present ly reinvest igat ing the 
kinetics of ionic conduction in these films. 

On page 2189, Dr. Dignam refers to "equations pro- 
posed by Young" in which conducting species are 
generated "at a rate proport ional  to JnE".  The in te r -  
ested reader will not find such equations in the two 
references which Dr. Dignam quotes ~4,16 but  should 
instead consult  two much more recent papers. 17,1s 

M. J. Dignam9 9 In  response to the comments by Dr. 
Young on the above paper, I am grateful  for these for 
par t ly  redressing any negligence on my part  for not 
fully document ing the many  impor tant  contr ibut ions 
Dr. Young has made to the entire field of anodic films. 
I par t icular ly  regret  the omission of his references 17 
and 18. 

Otherwise, I can find only one mat ter  of disagree- 
ment  arising between us in relat ion to this article, and 
that  relates to whether  or not there exist data of suffi- 
cient precision to rule out a dependence of field 
s trength on film thickness (for thin films at constant 
current  density and temperature)  which for Ta205 
would be of the order of a 7% decrease in field per 
factor of 10 increase in film thickness. Dr. Young ap- 
parent ly  believes his data do rule out such a depen-  
dence while I am not convinced. The purpose of the 
paper, however, was not to contest this matter,  but  
ra ther  to examine certain consequences of the high 
field conduction model proposed by Bean, Fisher, and 
Vermilyea, 20 that had not been previously examined. 
Whether  or not the behavior  of anodically formed 
Ta20~ is or is not in accord with a par t icular  equation 
arising from this analysis is a mat ter  of some interest,  
but  is not the central  issue in the paper. To make in-  
tel l igent choices between al ternat ive  mechanisms, the 
full consequences of these mechanisms must  be known. 
This paper makes a contr ibut ion in this direction. 

:~ L. Young,  ibid. ,  263, 395 (1961). . . 
C. J. Del l 'Oca and  L. Young,  This  Journae 117, 1548 (1970). 

16 L. Young,  Can. J. Chem. ,  50, 574 (1972). 
17 L. Young  and D. J. Smith ,  This  Journal ,  126, 765 (1979). 
is L. Young  and D. J. Smith ,  ibid. ,  126, 1972 (1979). 
l~JDepartment  of Chemis t ry ,  Un ive r s i t y  of Toronto ,  Toronto ,  

Ontario,  Canada  M5S 1A1. 
�9 ..o C. P. Bean,  J. C. Fmher ,  and D. A. Vormi lyea ,  Phys .  Rev . ,  101, 

55 (1956). 
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Effects of Chloride Ion 
Impurities on the High Voltage Barrier 

Anodization of Aluminum 

D. J. Sharp and J. K. G. Panitz 

Sandia Laboratories, Albuquerque, New Mexico 87185 

INTRODUCTION 

Anodic oxide films grown on aluminum 
are divided into two categories: I) 
thick, porous films generally applicable 
for dye adsorption, and 2) high di- 
electric-strength barrier films for 
capacitor device application. It has 
long been recognized that the specific 
dielectric strength of anodic barrier 
oxides depends critically on the purity 
of the aluminum and the anodization 
bath. Halides (especially chlorides) 
at concentrations in the range of parts 
per million have been reported to 
greatly increase the defects in anodic 
oxide films (I). 

This work reports the use of constant 
current anodization curves using 99.99% 
purity aluminum specimens for evaluating 
bath purity and the effects of chloride 
ion contaminants as low as 50 parts per 
billion. 

EXPERIMENTAL 

The anodization bath used in this 
study consisted of 0.23 gms. of ammonium 
tartrate, 47 ml, of deionized water and 
2000 ml. of spectroscopic grade ethyl 
alcohol. The solution was made by 
first dissolving the ammonium tartrate 
in water and then adding ethyl alcohol. 
Unannealed high purity aluminum wire 
(99.99%) of 0.5 mm diameter was cleaned 
in 2.0 normal NaOH and rinsed in de- 
ionized water immediately prior to use. 
The anodization cell consisted of a 

350 ml. bath using a 99.99% pure gold 
cathode. Anodization was performed at 
room temperature (23~ usin~ an anodic 
current density of 1.0 mA/cm z. The 
constant current curves illustrated in 
Figure I show the effect of increasing 
amounts of chloride ion (from HCI) on 
the rate of rise of anodic potential. 

( 1.0 mA / cm 2) 
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Fig. I. Constant current anodization 
curves illustrate the effect of trace 
amounts of chloride contamination in 
parts per billion. 
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Chloride ion was introduced by aliquot 
dilutions of the original stock solution 
and added to the working bath so as to 
produce concentrations of 50, 100, 200, 
and 330 parts per billion respectively. 

DISCUSSION 

The first measured effect of chloride 
additions was noted at a concentration 
of 50 parts per billion, as an inflec- 
tion in the rate of voltage rise. 
Scintillation of the aluminum wire 
sample was also observed at this point. 
At chloride ion concentrations above 
100 parts per billion the potential did 
not rise above 400 volts, during the 
period of anodization (2-I/2 hrs.). 

Normally during the anodization 
process, hydroxyl ions dissociate at 
the anode to produce oxygen and hydrogen 
ions. Chloride ions may compete with 
oxygen to form soluble aluminum com- 
pounds, such as AICI3, forming heavily 
defected dielectrics rather than the 
insoluble AI20 3 barrier films. 

Low power microscopic examination of 
the samples (Figure 2) clearly revealed 
increasing degradation in the form of 
flaking and formation of poorly adherent 
oxide film. 

SU~LMARY 

The use of high purity aluminum wire 
samples to evaluate the effect of 
impurity concentrations of chloride ion, 
as low as 50 parts per billion, was used 
to provide a useful technique for 
trouble shooting or certifying an 
anodization bath. Contaminants at these 
low levels are easily introduced by 
careless handling and inadequate speci- 
fication of materials used in conjunc- 
tion with barrier layer anodization for 
capacitor applications. 
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Phosphosilicate Glass Bridge Structures* 
A. Naumaan** and J. T. Boyd 

Solid State Electronics Laboratory, Department of Electrical and Computer Engineering t 
University of Cincinnati, Cincinnati, Ohio 45221 

We report herein the formation of phos- 
phosil icate glass (PSG) bridge structures 
which span across V-grooves formed in s i l icon 
by anisotropic etching. These bridge struc- 
tures consist of a PSG layer which has been 
deposited by chemical vapor deposition and 
then shaped by surface tension during heat 
treatment ( I ) .  Open space is c lear ly appar- 
ent beneath these bridge structures. The 
bridge structure has been observed to span 
V-grooves notches over lengths o f  25 mm. 
Formation of the bridge structures has occur- 
red on a number of samples for  several d i f f e r -  
ent preparation conditions. 

Experimental.--The standard techniques 
of photolithographic def in i t ion  and aniso- 
tropic etching (2,3) were used to form 
V-grooves (having surface dimensions of 
247.45~m x 25.4mm) in {I00} oriented s i l icon 
wafers. The resul t ing grooves were then 
about 175~m deep. Following groove formation 
a .75~m thick layer of SiO 2 was thermally- 
grown on the wafer surface. PSG layers of 
12~m or 22~m were then deposited by chemical 
vapor deposition at 400~ Conditions for  
deposition were selected by considering pub- 
lished data (4-6). The deposited layers con- 
tained lOm% P205 . Final ly,  the wafers were 
annealed for periods of e i ther 60 or 120 mins. 
at IIO0~ Ambients during anneal consisted 
of ei ther dry 02, or 02 or N2 bubbled through 
95~ deionized water. After annealing sam- 
ples were cleaved perpendicular to the groove 
axis and the cleaved cross sections were ob- 
served in a scanning electron microscope 
(SEM). Photomicrographs of the samples were 
taken and used to obtain measurements of the 

*Research sponsored by the Air Force Office of 
Scientific Research, Air Force Systems Com- 
mand, USAF, under Grant No. AFOSR-76-3032 and 
the University of Cincinnati Research Council. 
The United States Government is authorized to 
reproduce and distribute reprints for Govern- 
mental purposes notwithstanding any copyright 
notation hereon. 

structures under examination. 

Results and Discussion.--We have ob- 
served that for some samples surface tension 
during PSG flow resulted in the formation of 
bridges which span across the V-groove about 
15~m away from the apex of the groove from 
one sidewall to the other sidewall leaving 
empty space below. One such bridge structure 
is apparent in the SEM picture in Fig. I.  
Since al l  samples exhibited considerable flow 
of the PSG layers, we conclude that bridge 
formation results for a restr ic ted set of 
flow conditions. The fact that bridge forma- 
t ion did not occur for al l  samples is be- 
lieved to be due to local variations in phos- 
phorous concentration. Wafers were loaded 
ver t i ca l l y  in the annealing furnace with 
groove axes paral lel  to the horizontal plane. 
The prof i le  of the bridges is a function of 
the viscosity of the flowing PSG, surface 
tension and gravitat ional drag. In struc- 
tures such as that shown in Fig. I ,  surface 
tension has dominated gravitat ional drag 
whereas the converse is true in the case of 
the structure shown in Fig. 2. Fig. 3 i l l u s -  
trates the open space between a PSG bridge 
and the V-groove from a d i f fe rent  angle. The 
lack of any supporting material between the 
bridge and the V-groove is c lear ly evident in 
this SEM photograph. 

Thickness of the bridges at the i r  th in-  
nest point ranged from 3.4~m to 7.5~m. The 
length, considered to be the shortest dis- 
tance between end points of the bridge side 
facing the groove apex, was in the range 
lO.l~m to 42.6um. Length to thickness rat ios 
varied from 1.7 to 7.8. Grooves containing 
the bridge structure were about 25mm long. 
They exhibited a smooth, continuous PSG layer 
surface under the microscope. Upon cleavage 
into samples 5mm or longer, the bridge struc- 
ture was observed at both ends. This leads 
us to believe that the bridge extends along 
the fu l l  length of the groove. Radii of cur- 
vature of the bridge surfaces ranged from 
lO.4~m to 37.2~m. 

Summary.--PSG layers were deposited 
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which flowed in response to high temperature 
annealing in such a way as to form bridge 
structures which span V-grooves etched in 
si l icon. Formation by flow is supported by 
SEM observations of bridge profi les. Based 
on observations of a number of samples, we 
speculate that the bridge prof i le is a func- 
tion of PSG viscosity, surface tension, and 
gravitational forces. However, further work 
remains to be done before the bridge forming 
process is completely characterized. 
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Fig. 2. SEMmicrograph showing 
asymmetric bridge profile due to 
gravitational force dominating during 
flow of phosphosilicate glass. 

Publication costs of this article were 
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Fig. 3. Micrograph of a bridge structure 
taken at a different angle. The apex 
of the V-groove and open space under the 
bridge are clearly evident. 

Fig. i. SEM micrograph showing a 
PSG bridge structure spanning a 
V-groove. Bridge thickness is about 
6 2am at the central region. The dark 
area is a clear passage under the 
bridge. 



In Situ Identification of Surface Phases 
on Lead Electrodes by Laser Raman Spectroscopy 

R. Varma,* C. A. Melendres,* and N. P. Yao* 
Argonne National Laboratory, Chemical Engineering Division, Argonne, Illinois 60439 

INTRODUCTION 

There is need for "in-situ" character- 
ization of electrode surfaces to determine 
the details of processes occuring at elec- 
trodes and facilitate the interpretation of 
current-potential measurements. Laser 
Raman Scattering appears promising in this 
application (i). In the work described here, 
we have used the technique to examine the 
solid phases formed on lead electrodes dur- 
ing anodic oxidation in sulfuric acid solu- 
tion. Monitoring of surface phases on lead 
electrodes during cycling may provide valu- 
able information regarding the factors af- 
fecting their cycle life and failure mech- 
anism in lead-acid batteries (2). 

Lead foils (0.5 cm x 6 cm x 0.05 cm, 
99.999% purity) were anodized in 0.1N H2S04 
at constant potentials in a 3-compartment 
spectroelectrochemical cell using a PAR 
Model 173D Potentiostat. A Hg/Hg2S04 ref- 
erence and a platinum counter electrode 
were used. The laser beam was incident at 
the working electrode surface at an angle 
of 60~ the scattered light collected using 
a 90 ~ illumination-collection optics and 
analyzed using a Spex Model 1401 double 
monochromator with photomultiplier tube 
detection. Coherent Radiation Model 52G 
Argon and Krypton Lasers were used for 
optical excitation. Following recording 
of spectra of the anodic films "in-situ", 
the electrode was taken out of the cell 
washed with distilled water, acetone, then 
dried, and spectra taken again. Samples 
of various oxides of lead were run as 
standards for comparison. Film composition 
was also determined by X-ray diffraction 
and the morphology examined by scanning 
electron microscopy (SEM). 

*Electrochemical Society Active Member. 
Key words: Lead Electrode, In-Situ Raman 
Spectroscopy 

Figure la shows the Raman bands 
observed from scattering off the surface of 
a lead foil anodized in 0.i N H2S04 solution 
at -0.451 V vs. Hg/Hg2S04 for 12 to 72 
hrs. Under this condition the electrode is 
expected to be coated with a layer of 
PbS04 (3,4). Raman spectrum of a compressed 
pellet of reagent grade PbS04 is shown in 
Fig. lb. Excellent correspondence is 
evident for the bands at 436, 450 and 980 
cm -1 of the 2 samples. The weaker bands 
at 1060, 1159, 607 and 641 are understand- 
ably not visible for the "in-situ" sample in 
Fig. la due to intensity loss by absorption 
and diffuse scattering. These bands were, 
however, also observed when the electrode 
was examined "ex-situ". X-ray diffractiQn 
analysis of the surface coating shows 
conclusively that the material is PbSO 4 
with a rhombic crystal habit. 

S=IX]O "9 

,200 ,,;0 ,,;0 ,0;0 ,~,| 980 9~0~s0 ,4~ ~20 
RAMAN SHIFT, Av(crn "1) 

(b) 

S=IXIO "9 

HAMAN SHIFT, Av(cm "1) 

Figure I. Raman Scattering with Ar + Ion Laser, 
k= 4879.86 A (a) In-Situ Spectrum 
Observed on Lead Electrode Anodized 
in 0.1N H2S04 at -0.451V __vs" Hg/ 
Hg2S04 (b) Spectrum Observed on Com- 
pressed Pellet (Commercial Sample) 
of PbS04. Laser beam power = 280 mW 
(s = detector sensitivity setting). 
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On anodizing a Pb foil at + 1.335 V 
vs~ Hg/Bg2S04 (following initial forma- 
tion of the PbS04 film at -0.451 V) the 
white PbS04 coating transforms to a greyish 
black material. Raman scattering from the 
surface "in-situ" yields the spectrum shown 
in Fig. 2. with bands at 103, 113, 122, 138 
and 286 cm -1 occasionally appearing. There 
also appeared to be an induction period of 
several minutes following laser irradiation 
before we would observe a spectrum. From 
the Pourbaix diagram of Pb in H2S04 (4), one 
anticipated obtaining a surface coating of 
fl-Pb02 on the electrode under the present 
condition of electrolysis. X-ray diffraction 
analysis of the coating obtained and SEM 
study showed it to be fl-Pb02. It, however, 
appeared necessary to see if the lines 
observed can indeed he assigned to fl-Pb02 in 
view of previous reports that no infra- 
red (5) and Raman (6) bands have been ob- 
served for ~-PbO 2. Moreover, application 
of the selection rules for lattice and 
molecular vibrations, indicate that only 4 
vibrational modes should be Raman active. 
Standard samples of fl-Pb02 were obtained from 
the ESB Battery Company and examined "ex- 
situ". Initial scans of the samples at 
laser power of less than 175 mW yielded only 
a very weak band at 150 cm -I. On increasing 
the laser power to 350 mW, relatively stron~ 
bands at 84, 144, 288, 385, 424 and 550 cm -I 
are observed (Fig. 3). 

10-9 

I i i i / v  
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I , I , I , I , I , I ~ I 
~ 140 130 120 I10 I00 90 BO 

RAMAN SHIFT, Av  (cm -t)  

Figure 2. Raman Scattering, Ar + Ion Laser, 
A= 4879.86 A, In-Situ Spectrum 
Observed on Lead Electrode Anodized 
for 72 hours at +1.335 V vs. Hg/ 

Hg2S04 

Rotation of the sample causes these 
peaks to either disappear (with reappearance 
of the 150 cm -I band) or to shift by 2 to 
8 cm -I towards lower frequency. At times, 
on prolonged laser irradiation of the 
stationary sample, we find the disappearance 
of the band at 84 cm -I and the appearance 
of medium weak bands at 80, 92 and 104 
cm -I. The band at 134 cm-i also shifts 

I I I 0 510 4~5 ;;50 575 550 440 430 420 410 400 390 380 370 360 350 340 330 
RAMAN SHIFT, z~v(cm -~} 

RAMAN SHIFT, Ap(cm -I } 

Figure 3. Raman Scattering from fl-Pb02 in 
KBr Pellet (60 : 40 By Weight), 
Ar + Ion Laser, % = 5145 A, Power 
= 300 mW. 

to 140 cm -I with significant loss in 
intensity. On removal of the sample from 
the spectrometer, we find peach-colored 
spots where the laser beam had impinged on 
the sample. It is evident that Laser 
irradiation has perturbed the sample 
significantly causing presumably some phase 
transformation of the fl-Pb02 to other 
lead-oxides which give rise to the bands 
observed. The bands at 92, 144 and 288 
cm-i are, within experimental error, the 
same as found by Reid (7) and Heidersbach 
et al (6) for Pb0. We are at this point, 
however, unable to assign the other bands. 
It is evident that the bands found "in-situ" 
cannot be unequivocably assigned to fl-Pb02. 
This lends credence to other workers (6) 
findings that no Raman active bands for 
this molecule have been observed. 

Finally, we have applied the technique 
for in-situ monitoring of phase transforma- 
tions on an actual lead-positive battery 
plate during discharge. A fully charged 
Pb02 plate was cathodically potentiostated 
at -0.451V vs. Hg/ Hg2S04. Bands at 980, 
436 and 450--cm -I were observed to grow in 
intensity as the fl-Pb02 layer was being 
converted into PbS04. 

In summary, we have found the technique 
of Raman Spectroscopy to be useful for 
"in-situ" identification of anodic films on 
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lead electrodes. Caution must, however, be 
exercised in the assignment of observed 
Raman bands to a particular surface composi- 
tion since laser irradiation of the sample 
may induce chemical and phase transformation 
in it. The need for supplementing "in-situ" 
measurements with "ex-situ" studies is 
evident. 
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XI. SOCI Reduction Mechanism in a Supporting Electrolyte 

W. L. Bowden* and A. N. Dey* 
P. R. Mallory & Company, Incorporated, Laboratory for  PhysicaZ Science, Burlington, Massachusetts 01803 

ABSTRACT 

The e lec t rochemical  reduct ion of SOC12 has been inves t iga ted  in organic  
solvents  wi th  suppor t ing  electrolytes ,  using cyclic vo l t ammet ry ,  coulometry ,  
and UV-VIS spectroscopy.  An  overa l l  2.0F reduct ion  was observed.  Compar i -  
son of vo l t ammograms  of SO2, S, and 82C12 wi th  those of reduced  SOC12 solu-  
tions demons t ra ted  tha t  in te rmedia te  species a re  formed in the  reduct ion  
of SOC12. These in te rmedia tes  decompose s lowly  to form S and SO2. React ion 
mechanisms  consis tent  wi th  these findings are  discussed. 

The Li/SOC12 inorganic  e lec t ro ly te  cell  is the  highest  
ene rgy  dens i ty  sys tem known  to da te  (1-4).  I t  consists 
of a l i th ium anode, a carbon cathode, and th ionyl  
chloride, which funct ions both as solvent  and ca th-  
ode act ive mater ia l .  Whi le  this sys tem has been subjec t  
to intense development ,  there  exis t  questions wi th  
r ega rd  to cell  chemis t ry  and cell safety.  The cell s toi-  
ch iomet ry  [1] suggested or ig ina l ly  b y  Dey and 
Sch la ik j e r  (4) is the  most genera l ly  accepted one. 
The reac t ion  involves the format ion  of sulfur  and sul-  
fur  d ioxide  in equ imolar  amounts,  and the quan t i t a -  
t ive  prec ip i ta t ion  of LiC1 (13) based on 2 F / m o l e  of 
SOC12 

2SOC1~ + 4Li--> S + SO2 + 4LiC1 [I] 

Other  formula t ions  which include S2C12, SC12, Li2S204, 
and  Li2SO~ have also been proposed.  These (1, 2, 5, 6) 
proposed  reduct ion processes are  accompanied  by  
s toichiometr ies  ranging  f rom 2 F / m o l e  to 2.67 F / m o l e  
SOC12. 

Calor imetr ic  (7) and  DTA studies (8, 9) of Li/SOCI2 
D cells showed that  chemical  react ions occur, which 
l ibe ra te  hea t  a f te r  the discharge of the cell. Since 
these react ions do not  occur in an undischarged  cell, 
i t  is reasonable  to assume tha t  the reduct ion  of SOCI2 
is responsible,  at  least  in part ,  for these spontaneous 
exothermic  reactions.  The r epor t ed  spontaneous explo-  
sions of pa r t i a l l y  discharged Li/SOC12 cells on casual  
s torage m a y  also be in i t ia ted  by  react ions involving 
SOC12 reduct ion  in termedia tes .  Thus, knowledge  re -  
gard ing  the na tu re  of the  uns table  in te rmedia tes  of 
SOC12 reduct ion  may  be useful  as a guide for the  im-  
p rovemen t  of the safe ty  of the  Li/SOC12 cells. We 
pos tu la ted  (10, 11) the  ini t ia l  overa l l  cell  react ion to 
be 

SOC12 + 2Li--> SO + 2LiC1 [2] 

where  SO m a y  dimer ize  and then  decompose to S and 
SO2 or form polymers .  Al though  there  is subs tant ia l  
evidence (12, 13) in favor  of cell  s to ich iomet ry  [1] 
and  the quant i t a t ive  fo rmat ion  of LiC1 and qua l i ta t ive  
fo rmat ion  of S and SO~, l i t t le  is known regard ing  the 
in te rmedia tes  formed dur ing  the discharge of SOC12. 

* E l e c t r o c h e m i c a l  Soc i e ty  A c t i v e  M e m b e r .  
Key words: cathode, v o l t a m m e t r y ,  spec troscopy .  
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At tempts  to use cyclic v o l t a m m e t r y  (6, 14, 15) in nea t  
SOC12-LiA1C14 solutions to s tudy  the discharge reac-  
t ion were  compl ica ted  by  e lect rode pass ivat ion  due 
to the prec ip i ta t ion  of LiC1 which  is insoluble  in  
SOC12. We have  c i rcumvented  this e lect rode pass iva-  
t ion p rob lem by using a suppor t ing  e lec t ro ly te  con- 
sisting of t e t r a b u t y l a m m o n i u m  hexaf luorophosphate  
(N(C4Hg)4PF6) (TBAPF6) in organic  solvents  such 
as d imethy l  fo rmamide  (DMF),  me thy lene  chloride,  
d imethy lsu l fox ide  (DMSO),  and  acetoni t r i le  (AN) 
for s tudying  the SOC12 reduction.  The e lect rode passi-  
vat ion was absent  in the  above solutions since both  
t e t r a b u t y l a m m o n i u m  chlor ide  and S are  soluble in the 
above solvents. We car r ied  out  cyclic vo l t ammet ry ,  
coulometry,  and UV-VIS  spectroscopy in the  above 
electrolytes .  The resul ts  a re  r epor t ed  here.  

Experimental 
Elect rochemical  exper imen t s  were  pe r fo rmed  using 

a PAR 173 potent ios ta t  and PAR 175 funct ion genera -  
tor  wi th  associated anc i l l a ry  equipment .  Data  were  
collected using convent ional  X - Y  and s tr ip  char t  
recorders .  P l a t i num work ing  e lect rodes  were  p r e -  
t r ea ted  by  chromic acid fol lowed by  a wash  wi th  dis-  
t i l led wa te r  and  ai r  drying.  Expe r imen ta l  solut ions 
were rou t ine ly  degassed wi th  argon before  the sub-  
strafes were  added.  A s i lver  chlor ide  coated s i lver  
wi re  was used as a reference  electrode.  This e lect rode 
has a potent ia l  of 3.30V vs. Li in P F 6 - - D M F  solutions. 

Exper iments  were  pe r fo rmed  in cells of convent ional  
design. Coulometr ic  exper iments  were  car r ied  out  in a 
two compar tmen t  H-ce l l  using a glass f r i t  to p reven t  
passage of ma te r i a l  f rom the work ing  and aux i l i a ry  
e lect rode compar tments .  

Organic  solvents  were  e i ther  Burd ick  and Jackson  
"Dis t i l led  in Glass" DMF, CH2C12, and DMSO or Eas t -  
man  Spectro  Grade  acetonitr i le .  Suppor t ing  e lec t ro ly te  
was p repa red  by  meta thes is  of t e t r a b u t y l a m m o n i u m  
chlor ide  and l i th ium hexaf luorophosphate  in ace tone /  
wa te r  and purif ied by  mul t ip le  recrys ta l l iza t ions  f rom 
hot ethanol.  

Results 
The e lec t rochemical  character is t ics  of some of the  

impur i t i es  and  proposed  reduct ion  products  of SOC12 



1420 J. E lec t rochem.  Soc.: ELECTROCH EMI C A L SCIENCE AND TECHNOLOGY J u l y  I980 

were examined by cyclic vol tammetry  in  the organic 
support ing electrolyte solutions. In  particular,  sulfur, 
sulfur  monochloride, and sulfur  dioxide are materials  
of interest,  while chloride ion is known  (13) to be a 
reduct ion product. 

Chlor ide . - -A cyclic vol tammogram on  a Pt  electrode 
in  T B A P F d A N  is shown in Fig. 1 which demonstrates 
the clean background. A suitable chloride source was 
found in t e t r ame thy lammonium chloride (N(CHa)4C1; 
TMAC1) which is both soluble and ionized in aceto- 
ni tr i le  solution. A cyclic vol tammogram obtained with 
a p la t inum wire electrode of a solution of TMAC1 and 
TBAPF6 in AN is shown in Fig. 2. The oxidat ion of 
free chloride to chlorine and the associated reduct ion 
to chloride are clearly located about  1.1V positive of 
the reference potential.  

Sul fur  dio:cide.--The electrochemical reduct ion of 
sulfur  dioxide is itself of practical importance and 
reasonably stable solutions of sul fur  dioxide in  organic 
solvents are easily obtained. The reduct ion of SO2 in  
DMF, acetonitrile, and methylene  chloride has been 
examined. In acetonitrile, SO2 is reduced in  a diffusion 
controlled process at Ez/2 --'-- --1.15V vs. the silver 
reference as shown in Fig. 3. The oxidation wave with 
Ep near  +0.35V is much diminished at lower sweep 
rates and represents the oxidation of a product  of the 
SOs reduction, viz. $2042- according to the reactions 

SOs + e -~ SO~- [3] 

2 (SO2) - --~ S~O42- [4] 

Even at the re la t ively high sweep rate of 1 V/sec 
there is l i t t le evidence for any other oxidation peaks 
corresponding to the oxidation of species such as SOz-.  
A similar  vol tammogram of SO2 in d imethylforma-  
mide solution is shown in  Fig. 4. Once more E1/2 is 
near  --1.15V and there is a kinetic oxidation wave 
due to SO2 reduction products, bu t  there is also a 
small  wave near  --0.13V which is due to a new prod- 
uct species. Finally,  SO2 was also examined in methyl -  
ene chloride solution, where two oxidation peaks cor- 
responding to the oxidation of SO2- and $2042- are 
more apparent,  as shown in  Fig. 5. In  general  the in i -  
tial reduction behavior  of SOs in organic solvents was 
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Fig. I. Cyclic voltommograms of TBAPF6 solution in acetonitrile 
on Pt electrode, background, scan rate 200 mV/sec. 
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Fig. 2. Cyclic voltammogrom of TMACI in acetonitrile/TBAPF6, 
scan rote 200 mV/sec. 
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Fig. 3. Cyclic voltammogram of SOs in acetonitrile/TBAPFe, 
scan rate ! v/see. 

consistent with the established mechanisms (16) b u t  
the oxidation of the reduct ion products was substan-  
t ial ly affected by the solvent, probably  due to va ry-  
ing degrees of solvation of the two reduced species, 
S(92- and $2042-. 

Sul]ur . - -The  cyclic vo l tammetry  of sul fur  was ex- 
amined in dimethylformamide and methylene  chlo- 
ride because of the difficulty of dissolving sulfur  in  
acetonitrile. In both methylene  chloride and DMF, 
the reduct ion of sulfur  is a ra ther  complex phenome-  
non. The reduct ion of sul fur  in  CHfC12 as shown in  
Fig. 6 consists of two successive reduct ion waves whose 
relat ive heights are sweep rate dependent  (as V in -  
creases the second wave becomes less prominent )  at 
ca. --1.1 and --1.5V with an oxidation near  0.2V which 
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Fig. 4. Cyclic voltommogram of SOs in DMF/TBAPF6, scan rote 
200 mV/sec. 
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Fig. 5. Cyclic voltammogram of SO2 in methylene chloride/ 
TBAPFe, scan rate 100 mV/sec. 

i s  also sweep rate dependent  and becomes more promi-  
nen t  as the sweep rate increases. Both of these reduc-  
t ion processes appear  to be quite irreversible.  The 
reduct ion of sul fur  in DMF, as shown in  Fig. 7 again 
consists of two irreversible,  but  more widely spaced 
waves near  --0.6 and --1.15V. The shape of this sec- 
ond reduct ion wave is dependent  on sweep rate. F in -  
al ly there is an  oxidation wave, also irreversible,  at 
+0.25V. The species responsible for this oxidation has 
been shown by other vol tammograms to be the prod- 
uct of the first reduct ion wave. The height of this 
oxidat ion wave is also a funct ion of the sweep rate 
and becomes much more obvious at high sweep rates. 
In  acetonitr i le the cyclic vol tammogram for sulfur  is 
somewhat  similar  to that  for DMF, al though the sec- 
ond wave is much less well  defined and the oxidation 
wave is near  0V. 

Mixture of sulfur and sulfur dioxide.--Since both S 
and SO2 are known to form in  the cell, the cyclic 
vo l tammogram of a mix ture  of S with trace amounts  
of SO2 in  TBAPF6-DMF electrolyte was obtained, and, 
as shown in Fig. 8, it contained only the two peaks 
corresponding to the reduct ion of S. Cyclic vol tam- 
mograms of the same solution with slightly higher 
concentrat ions of SO2, as shown in  Fig. 8 curve (b) ,  
contain three reduct ion peaks, the middle one repre-  
sents the SO2 reduction. There  was no noticeable in -  
teract ion between S and SO2 that  could be detected 
by the cyclic vol tammetry.  

Sulfur monochloride.--In contrast  to the other prod- 
ucts examined,  $2C12 showed a complicated electro- 
chemical behavior  in  organic solvents. As shown in  
Fig. 9, the vol tammogram of $2C12 in acetonitri le is 
dominated by an adsorption wave near  --1.15V. This 
wave is followed by an apparent ly  reversible reduc-  
t ion near  --1.75V. On the r e tu rn  sweep there is 
peculiar  behavior  suggesting adsorption of $2C12 or 
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Fig. 6. Cyclic voltammogram of S in methylene chloride/TBAPF~, 
scan rate 200 mV/sec. 

its products on the electrode surface. At + I . I V  we see 
the oxidation of the chloride generated dur ing  the re-  
duction of S2Cla. 
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Fig. 7. Cyclic voltammogram of S in DMF/TBAPF6, scan rate 
500 mV/sec. 
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Fig. 8. Cyclic voltammograms of curve (a) S + trace S02 in 
DMF/TBAPFe, curve (b) S + more S02, scan rate 200 mV/sec. 

Thionyl chZoride.--A series of vol tammograms for 
,~10 mM SOC12 in  CI-I3CN/0.1N TBAPF6 are shown 
in Fig. 10. In  these voltammograms,  on a constant  
cur ren t  scale of 25 ~A/cm, the sweep rate, V, w a s  

varied from 0.20 to 2.0 V/sec. As the sweep rate in-  
creases, the peak current  increases, bu t  an  oxidation 
process near  0.0V appears at 500 mV/sec and becomes 
more prominent  at 1.0 and 2.0 V/sec. The chemical 
ent i ty  which is being oxidized at this potential  is not 
present  in  the solution original ly since there is no 
anodic cur ren t  at this potent ial  unt i l  some of the 
thionyl  chloride has been reduced. The sweep rate 
dependence of this oxidation wave shows that  the 
species responsible for the oxidation is reacting fairly 
rapidly  in  solution. The oxidation and coupled reduc- 
tion near  + I .0V is due to oxidation of chloride ion 
to chlorine. The chloride itself is generated by reduc-  
t ion of thionyl  chloride. 
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Fig. 9. Cyclic voltammogram of S2CI2 in acetonitrile/TBAPF6, 
scan rate 500 mV/sec. 
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Fig. 10. Cyclic voltammogram of SOCI2 in acetonitrile/TBAPF6 

at a Pt wire electrode showing the effect of sweep rote: curve a) 
0.20 V/sec, curve b) 0.50 V/sec, curve c) 1.0 V/sec, curve d) 2.0 
Y/sec. 

The effect of concentrat ion on the SOC12 reduction 
has been examined. Cyclic vol tammograms of SOC12 
at various concentrat ions at a Pt  electrode are shown 
in Fig. 11. For a given sweep rate of 500 mV/sec the 
oxidation near  0.0V becomes less prominent  as con- 
centrat ion increases. From the sweep rate depend- 
ence of this oxidation, we can conclude that  the 
species responsible for this oxidation wave is reacting 
either with thionyl  chloride or with itself. Change in  
the reduct ion behavior  was also noted as the wave 
near  --0.65V became less p rominent  and the one near  
--1.0V more prominent  as the concentrat ion increased 
in  CH3CN solution. 

For fur ther  comparison we ran  cyclic vol tammo- 
grams in  dimethylsulfoxide (DMSO), a solvent which 
is regarded as very good for reduced species because 
of its abi l i ty  to stabilize reactive materials  by com- 
plexation. DMSO is also known  to have a ra ther  low 
activity of residual  water  because of the sulfoxide's 
coordinating ability. A cyclic vol tammogram for 
SOC12 in  DMSO/TBAPF6 is shown in  Fig. 12. The pat-  
te rn  of two successive reduct ion waves and an oxida- 
tion near  0.0V are very s imilar  to that  observed in 
DMF. The oxidation near  0.0V is quite p rominen t  even 
at the 0.05 V/sec sweep rate, indicat ing that  the reac- 
tion species involved is greatly stabilized by the DMSO 
solvent. The definition of the two reduct ion waves is 
very  clear and there is little evidence for the appear-  
ance of the third wave near  --1.0V which we noted 
in  other solvents. 

We have continued our work on the thionyl chloride 
reduction in DMF where the reduction appears to 
take place by the same mechanism. The better  separa-  
tion of the two reduction waves in  DMF makes it a 
more attractive solvent for use in  strictly electro- 
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Fig. 12. Cyclic voltammogrom of SOCI2 in DMSO/TBAPF6 at a 
Pt wire electrode (0.05 V/sec). 

present  in  the background and presumably  due to a 
trace impur i ty  in  the DMF. Both of the reduct ion 
peaks due to thionyl  chloride are due to diffusion 
controlled processes as shown by  the l inear  re la t ion-  
ship of the peak cathodic current  im and ~/V, where  
V is the sweep rate. Under  similar  circumstances an  
adsorption controlled process would show ipc l inear  
with V and a kinetic controlled process that  is not a 
simple function of V (17). 

chemical studies on this system. Exper iments  in which 
sweep rate and concentrat ion were systematical ly 
varied in  DMF/TBAPF6 gave similar  results for the 
reduct ion of SOC12 to those found in acetonitrile. The 
second reduction wave remained more prominent  in  
DMF, suggesting that coordination with DMF was 
stabilizing the species responsible for the reduction 
process. 

To examine the formation of the intermediate species 
more closely we also examined the reduction at higher 
sweep rates than usual, recording the current/voltage 
trace on a storage oscilloscope. At sweep rates as high 
as 100 V/sec no qualitative change in the voltammo- 
gram could be observed. Except for uncompensated IR 
losses, the voltammogram was similar to those gen- 
erated at lower sweep rates. We were also able to use 
the storage oscilloscope with multiple sweeps of the 
same voltage range to examine the relationships of 
the two reduction waves and the oxidation near 0V. 
Using this method we were able to generate a "steady- 
state" voltammogram of reduced thionyl chloride 
species. This voltammogram was unique in that the 
first thionyl chloride reduction wave was absent while 
the second reduction wave and the oxidation near 0V 
were still present. This indicates that the oxidation 
near 0.0V does not regenerate thionyl chloride since 
the first reduction wave, corresponding to the reduc- 
tion of SOC12, is absent and as such the reduction of 
thionyl chloride is irreversible. 

A cyclic voltammogram for 50 /~l SOC12 in approxi- 
mately 75 rnl DMF (~14 n%l~) with 0.1M N(C4Hg)4 PF6 
at a platinum wire electrode is presented in Fig. 13 
curve (a). The reduction of thionyl chloride shows 
two successive reduction waves with EI/2 at --0.20V 
for the first wave (17), with a peak potential which 
is sweep rate dependent, but near --0.37V, while the 
peak potential for the second reduction is near --0.65VI 
In addition to these reduction processes, there is an 
irreversible and broad oxidation on the return sweep 
near 0.0V. The small reduction wave near --1.25V is 
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Fig. 13. Cyclic voltammograms of SOCI2 in DMF/TBAPF6, curve 
a) before electrolysis, curve b) immediately after exhaustive elec- 
trolysis at --0.25V, curve c) after worming solution, scan rate 
0.2 V/see. 
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This solut ion of  DMF and th ionyl  chlor ide  is suffi- 
c ient ly  s table  tha t  an exhaus t ive  e lect rolys is  of the  
th ionyl  chlor ide can be pe r fo rmed  at  a p l a t inum foil  
electrode.  I t  is difficult to get  comple te ly  reproduc ib le  
n values  f rom coulomet ry  because of the  closely 
spaced second reduct ion wave,  bu t  reduc t ion  at  --0.25V 
gives an apparen t  n of 1.7-1.9 equivalents  pe r  SOC12. 
A cyclic vo l t ammogram of this  r educed  SOC12 solut ion 
is shown in Fig. 13 curve (b) .  This reduced  produc t  
is charac te r ized  b y  a reduct ion  wave  near  --0.63V 
wi th  l i t t le  c lear  evidence for any  oxida t ion  processes. 
If  this reduced  solut ion is e i ther  a l lowed to s tand or  
is s l ight ly  w a r m e d  wi th  a wa te r  bath,  some th ionyl  
chlor ide is regenera ted ,  as shown in Fig. 13 curve (c) .  
If  this ma te r i a l  is then  fu r the r  reduced  at  --0.25V, n 
is 2.04 or  ve ry  n e a r l y  2.0, while a shoulder  appears  
near  --0.9V. 

We have examined  the  coulometr ic  reduc t ion  of 
SOC12 in DMF, acetoni tr i le ,  and me thy lene  chloride.  
In  al l  three  solvents  we have observed  the r egene ra -  
t ion of th ionyl  chlor ide  by  des t ruc t ion  of an i n t e r -  
media te  species and have confirmed the Fa rada ic  cur-  
ren t  of 2 equivalents  of charge  for each mole  of 
SOC12 reduced.  In  par t icu lar ,  the  reduct ion in aceto-  
n i t r i le  is of in te res t  since the UV-VIS solvent  cutoff 
of 190 nm gives a much be t t e r  spec t ra l  window than  
DMSO (268 nm) ,  DMF (270 nm) ,  or  me thy lene  chlo-  
r ide  (230 nm) .  We were  able  to moni to r  the course 
of a coulometr ic  reduct ion  by  using both cyclic vol-  
t a m m e t r y  and UV-VIS  spectroscopy to moni tor  
changes in the solution. Fo r  compara t ive  purposes,  
spect ra  of SO2 and S in  acetoni t r i le  a re  r eproduced  
in Fig. 14 and 15, respect ively.  The wave lengths  of 
m a x i m u m  absorbance,  279 nm for SO2 and 277 for  S 
are  ve ry  s imi lar  to tha t  of SOC12, 277 nm as shown in 
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Fig. 16, however ,  there  is a second band  in the spec-  
t rum near  234 nm which  is not  p resen t  in the  spec t ra  
of SO2 and S. In  this pa r t i cu l a r  expe r imen t  10 ~1 of 
SOC12 was used in 75 ml  of CH~CN to give a concen- 
t ra t ion  of 1.83 mM SOC12 in CH3CN. We expe r imen-  
t a l ly  de te rmined  tha t  this concentra t ion  of ,~ 2 mM 
was sui table  for  UV-VIS  spectroscopy,  cyclic vo l t am-  
merry,  and  coulometry.  Changes in  the  u l t rav io le t  
spec t rum as a funct ion of charge passed in the ex -  
haust ive  electrolysis  a re  shown in Fig. 17. F r o m  ~ A x  
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Fig. 16. UV-VIS spectrum of 1.8 mM SOCI2 in acetonitrile/ 
TBAPF6, path length I cm. 
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272, A -- 0.628 at n _-- 0 the kMAX gradual ly  change~ 
to 282, 288, 289, 290, 291 nm as A first increases then 
decreases to 0.764, 1.312, 1.752, 1.944, 0.764 correspond- 
ing to n of 0.30, 0.84, 1.33, 1.33, and 1.76, respectively. 
At n ----- 2.0 this absorption band  is completely absent  
after  storage for 1 week at room temperatures.  Dur-  
ing this reduct ion the small  band near  234 n m  in 
SOC12 also disappeared. The gradual  change of A from 
1.75 to 1.94 for n ---- 1.33 on overnight  s tanding indi-  
cates that  the in termediate  species, corresponding to 
the absorption band, must  be forming as a result  of a 
slow secondary reaction of the intermediates  of the 
SOC12 reduction. Accordingly, we cannot expect to 
see a simple relat ionship between absorbance and 
progress of the reduction. 

Changes in cyclic vol tammograms throughout  the 
reduct ion are shown in  Fig. 18. In  Fig. 18 (a) the solu- 
t ion was scanned before reduction (n ~- 0.0) in 18 (b) 
at n ---- 0.30, in  18(c) at n ---- 0.84 and 18(d) at n ---- 
1.33. In  these vol tammograms there is a consistent de- 
crease in  the first wave and relat ive enhancement  of 
the second reduct ion wave. The wave due to electro- 
generated chloride also increases. In  the final vol tam-  
mograms for n ---- 1.76 and n = 2.0, the ini t ia l  wave is 
completely absent, while a third wave appears at 
more negat ive potentials. 

To examine whether  the reduct ion processes in bu lk  
thionyl  chloride electrolytes are comparable to those 
observed in  dilute solution, we removed an aliquot of 
electrolyte from a par t ia l ly  discharged Li/SOC12 cell 
and examined the vo l tammetry  of this sample in 
DMF solution. The resul t ing vol tammogram was iden-  
tical to one observed in  the reduct ion of 8OC12 in  
DMF. 

D i s c u s s i o n  
The coulometric data demonstrate  an overall  n value 

of 2.0 for the reduct ion of thionyl  chloride. Reduc- 

tions for extended times have given green, a i r -sensi -  
t ive solutions possibly inc luding polysulfides, but  there 
is no evidence to suggest that  this reflects any  process 
occurring in  SOC12 reduct ion since the cyclic vol tam- 
mograms show that  no fur ther  unreduced  SOC12 is 
present. 

The spectroscopic evidence shows that  S and SO2 
are not formed dur ing  the reduct ion process itself. 
Instead a different species is formed with an absorp- 
t ion band near  291 nm. This is confirmed by the cyclic 
vol tammograms which show only a slow format ion of 
species reducing at potentials near  those for S and 
SO2. This in termediate  species is reasonably stable and 
decomposes only slowly to generate  more SOC12. 

We propose the following reduct ion mechanism for 
SOC12 to explain the above cyclic vol tammetr ic  and 
UV-VIS spectroscopic observations. SOC12 undergoes 
two successive, one-elect ron transfers  to generate SO 

SOCI~ + e -> SOCl + C1- [5] 

sac1 + e-~ SO + Cl- [6] 

It is likely that the Eo of the second step [6] may be 
positive of Eo of the first step [5] and as such both the 
electron transfers may occur at the first reduction 
wave (I) shown in Fig. 13 curve (a). The highly Un- 
stable nature of SO (18) and the presence of excess 
SOC12 at the early stages of the discharge, may lead 
to the complexation of SO with SOC12 

SO + SOCI~-> SO.SOCI~ [7] 

This species is sufficiently stable and is reduced in the 
second reduction wave (II) shown in Fig. 13 curve 
(a) and the unstable reduced product is oxidized at 
0V corresponding to the oxidation wave shown in 
Fig. 13 curve (a). The complex dissociates to form 
SO and SOCI~ on standing or warming of the solution 

S o . s a c 1 2 - >  SO + SOC12 [8] 

This explains the regenerat ion of the first reduct ion 
wave [Fig. 13 curve (c)] on overnight  standing. Dur-  
ing the lat ter  par t  of the discharge, when  the concen- 
t ra t ion of SOC12 has decreased considerably, dimeri-  
zation and polymerizat ion of SO may  occur 

2SO --> (SO)~ [9] 

(SO)2 + nSO-> (SO)n [10] 

These dimers and polymers may  decompose on 
s tanding or heat ing to form S and SO2 (18) 

(SO)2--> S + SO2 [11] 

Observations regarding delayed pressure rise (20) and 
thermal  activity in  discharged cells (7) as well  as 
lower cell capacity at lower tempera ture  (19) are 
consistent with the above reaction scheme. 

Al though the above experiments  were carried out 
on smooth Pt  electrode, we believe that  the results 
are applicable to the carbon substrates as well, par-  
t icular ly  in the absence of any  catalyst  (homogeneous 
or heterogeneous).  Addi t ion of catalyst may alter  the 
stabil i ty of the in termedia te  and as such may  have 
significant effect on the performance and safety of the 
cells. We are in the process of invest igat ing this aspect 
of the problem and the results will be reported la ter  
o n .  
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Fig. 18. Cyclic voltammograms 
of 1.8 mM SOCI2 in acetonitrile/ 
TBAPFe (a) n = 0.00, (b) n = 
0.30, (c) n = 0.84, (d) n = 
1.33, (e) n = 1.76, (f) n - -  2.03 
after 1 week stand. 
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The Reduction of Sulfuryl Chloride 
at Teflon-Bonded Carbon Cathodes 
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ABSTRACT 

Polarizat ion and discharge curves were measured for sulfuryl  chloride r e -  
d u c t i o n  at Teflon-bonded carbon cathodes fabricated using a n u m b e r  of differ- 
ent  carbon powders. Li th ium chloroaluminate  was util ized as electrolyte 
solute. At moderate  current  densities cathode polarization tends to normalize 
with respect to Brunauer ,  Emmett ,  Tel ler  (BET) surface area of the carbon. 
Cathode life increases with increased porosity of the electrode. The porosity 
is required for good accommodation of product  LiC1. A formulat ion incor-  
porat ing both high BET area and porosity was developed and found to pro- 
vide good electrochemical performance against  l i th ium counterelectrodes. 
When sulfuryl  chloride is reduced at the optimized cathode (against  a l i th ium 
anode),  the main  products of reaction are LiC1 (which is quant i ta t ive ly  de- 
posited wi th in  the electrode's pores) and SO2. This suggests the overall  cell 
reaction: 2Li + SO2C12 --> 2LiC1 + SO2. The addit ion of C12 or SO2 to the 
electrolyte causes decrease or increase of cathode polarization, respectively. 
This may be taken as evidence that the reduction, at moderate current  den-  
sities, occurs through a C12 intermediate  resul t ing from heterogeneous decom- 
position of SO2C12. Reduction of undissociated SO2C12 may occur at high cur-  
ren t  densities or after  the active area of the electrode is significantly reduced 
through deposition of product  LiC1. 

The potent ial  usefulness of sulfuryl  chloride for 
l i th ium inorganic electrolyte cells was recognized a 
n u m b e r  of years ago (1-3). However, development  of 
a practical l i th ium-su l fu ry l  chloride cell has general ly 
been assigned lower priority, by both governmenta l  
and industr ia l  organizations, than the corresponding 
l i th ium- th iony l  chloride system. One reason for the 
relat ive ina t ten t ion  to sulfuryl  chloride cell technology 
has been the observed dissipation of the apparent  high 
voltage and capacity advantage (observed at low cur-  
ren t  densities) when  exper imental  cells uti l izing 
Teflon-bonded carbon (Shawinigan black) cathodes 
are discharged at high rates (4). It  was the purpose 
of this work to improve the per formance- l imi t ing  
Teflon-bonded carbon cathode and to gain mechanis-  
tic insights which will  suggest fur ther  refinements in 
technology. The present  work was performed using 
neut ra l  l i th ium chloroaluminate  solution (1.5 molar)  
in  which l i th ium anodes are fa i r ly  stable and which 
is therefore suitable for p r imary  cell use. As is the 
s i tuat ion for the analogous thionyl chloride system, 
acidic (e.g., A1Clz-rich) solutions allow higher voltages 
and cathode service life under  load, but  are suitable 
only for reserve cell use. 

Experimental 
Preparation o~ e~ectrolyte.mSulfuryl chloride was 

refluxed over Li r ibbon for several  hours and then 
distilled unde r  a positive pressure of argon, re ta ining 
the middle fraction. Li th ium a l u m i n u m  chloride was 
prepared by fusion of the salts as described previously 
(5). The 1.5M solutions were prepared in  an argon 
atmosphere, in a glove box, and were stored in a 
t ight ly  stoppered bottle. Electrolyte was used within 
a day of prepara t ion  or argon-degassed just  before 
use. 

Preparation of cathodes.--"Uncompressed" cathodes 
were prepared as described previously (5) by wet-  
blending of du Pont  TFE-30 emulsion, carbon powder, 
and a sufficient amount  of water  to yield a stiff paste. 
The la t ter  was then applied to a 2.5 >< 2 cm Exmet  

Key words: polarization curves, discharge curves, cathode po- 
larization. 

(Exmet Corporation) support. The la t ter  support  was 
prepared by welding two thicknesses of (Type 5 
Ni7-2/0) screen together, wth  the mesh out of regis- 
t ra t ion so as to provide ma x i mum tortuosity for good 
anchoring of the Teflon-carbon mix ture  and to pro- 
vide high electronic conduction. While still moist, the 
electrode was pressed to whatever  thickness (depend- 
ing on the par t icular  carbon powder used) required 
for a final thickness of 0.89 +_ 0.05 m m  after vacuum 
drying for approximately  24 hr at 99~ All  cathodes 
were t r immed to the 2.5 X 2 cm dimensions of t h e  
Exmet  support. 

"Compressed" (the fabricat ion procedure finally de- 
veloped for United Carbon) cathodes were prepared 
as described above, but  compressed to an in termedia te  
thickness of 1.56 mm while still moist. After  vacuum 
drying the electrode was pressed in  a 0.635 m m  frame 
and after re-expansion (due to electrode resilency) 
had a final thickness of 0.89 mm. The "uncompressed" 
electrodes made with Shawinigan  black or Darco G-60 
were of good, uniform appearance and possessed good 
adherence after the vacuum drying step. The uncom-  
pressed electrodes made of Columbia or United Carbon 
were badly cracked and fragile after the drying stage. 
The compressed United Carbon electrodes presented 
a good appearance and were sturdy. 

Preparation of cells.mCells were assembled in  a n  
all-Teflon jig with the planes of the electrodes paral lel  
to the bottom of the jig. The cathode was placed be- 
tween two Li anodes. An Li foil electrode placed in 
the same plane as the cathode served as reference. A 
0.30 mm thick glass "fi l ter-paper" provided mechani -  
cal separation between the cathode and the Li 
counterelectrodes facing it on each side. The l i th ium 
anodes were fabricated by pressing nickel Exmet  into 
a 1.3 mm thick l i thium foil and t r imming  to the same 
(2.5 X 2 cm) length and width as the cathodes. After  
assembling the cell and adding electrolyte, a Teflon 
weight was applied to the cell to help ma in ta in  good 
contact be tween the cell components. Unless other-  
wise specified, the electrolyte volume was 5 cm ~. Elec- 
trical connections were made to P t  wires sealed in  the 
cap of a glass outer container  having a s tandard taper  
ground glass joint,  and the cell assembly was then 
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enclosed in  the outer  container.  All assembly steps 
were accomplished in  the glove box. 

Electrochemical meaasurements.--Discharge and po- 
larizat ion curves were recorded on a Moseley Strip 
Chart  Recorder at 22 ~ • 2~ The discharge curves 
were obtained while applying constant  current  from 
a power supply. The polarization curves were mea-  
sured by applying predetermined constant  currents  
(starting from 0.02 m A / c m  2) for a period of 3 rain 
before recording each cathode potential.  

Cathode porosity determination.--The percent  poros- 
ity is defined as the percent  of wet cathode volume 
available for absorption of SO2C12. The volume of 
SO2C12 absorbed was determined by weighing a cath- 
ode before and after immersion in  SO2C12 and "blot-  
ting" on a glass surface. The wet volume of the cath- 
ode was determined by measur ing its l ineal  dimensions 
with calipers. The porosity measurements  were con- 
ducted in  the glove box. 

Chemical analysis.--The solubil i ty of l i th ium chlo- 
ride at 25~ in  SO2C12 was determined by prepar ing 
a saturated solution at 30~ allowing equi l ibra t ion/  
precipitat ion to proceed for several days at 25~ and 
then weighing the LiC1 residue after taking 10 cm3 of 
solution to dryness. 

Determinat ion of sulfuryl  chloride-insoluble chlo- 
ride in  discharged cathodes was accomplished as fol- 
lows. The cathode was extracted with five 20 cm~ 
volumes of SO2C12 (with vigorous magnetic s t i rr ing) 
dur ing a 24 hr period. The cathode was then vacuum-  
dried, first at room tempera ture  and then at 100~ 
The cathode was then extracted with a total volume 
of 100 cm 3 of water  and aliquots of the extract  t i t rated 
potentiometrical ly with standardized silver ni t ra te  
solution. 

A l u m i n u m  was determined quant i ta t ive ly  to correct 
for occluded l i th ium a l u m i n u m  chloride in  the sulfuryl  
chloride-insoluble ( l i thium) chloride cathode product  
residue. The aur in t r icarboxyla te  colorimetric method 
(6) was employed, and a l u m i n u m  concentrat ions were 
read off from a Beer's law plot at the absorption maxi -  
m u m  of 525 m~. 

Volumetric determination of (S02) gas release dur- 
ing cell discharge.--The cell was prepared for dis- 
charge as described above. Before use, a volume of 
electrolyte was presaturated with SO2 for 45 min by 
bubbl ing  the gas through the solution. To minimize 
gas-supersatura t ion effects, only 2 cm 3 of the pre-  
saturated electrolyte were inser ted in  the cell. After  
assembling the cell and closing the gas-t ight glass 
outer  envelope, the la t ter  was flushed with SO2 through 
its two stopcocks. The glass envelope was then con- 
nected to a manifold and gas buret te  assembly by 
means of s tandard  taper joints. Before opening the 
stopcock separat ing the cell from the mani fo ld-bure t te  
assembly, the la t ter  was evacuated and backfilled with 
SO2. Measurements  were made more or less f requent ly  
depending on observed rate of change of volume, and 
a rate of gas release was derived from each pair of 
adjacent  volume determinations.  

Determination of solubilities of SOe and CIz in 
S02Cl2.--In an alkal ine aqueous solution, SO2 or C12 

when individual ly  dissolved can be t i t rated through 
iodimetry or iodometry, respectively (7). If both gases 
are introduced into an alkal ine solution, they will 
react, resul t ing in  quant i ta t ive  oxidation of the SO2, 
by C12, to S O 4 - -  and C1- plus the balance of the com- 
ponent  present  in  higher normali ty.  Therefore, only 
the excess of equivalents  may be determined iodo- 
metr ica l ly / iodimetr ica l ly  for such a mixture.  Pure  
sulfuryl  chloride can be expected to behave like a 
stoichiometric mix ture  of SO2 and C12 when dissolved 
in alkaline solution as was confirmed. 

Solutions of ei ther gas in SO~C12 were prepared by 
bubbl ing  the gas through the l iquid for 1/2 hr. A 1 cm s 
aliquot of ei ther  of the solutions was then  placed in  
an ampul  which was supported above 40 cm3 of 1-5M 
aqueous KOH solution in a flask with a gas-t ight 
stopper. The ampul  was dropped into the KOH solu- 
t ion and the lat ter  shaken vigorously. A sample of 
a rgon-sa tura ted  SO2C12 gave a negligible iodimetric 
or iodometric b lank  determination.  Iodimetric/ iodo- 
metric determinat ions were conducted on the saturated 
solutions of the pure gases. 

Results and Discussion 
Dependence of cathode polarization and discharge 

capacity on cathode physical properties.--A Teflon 
content  of 16% was chosen for p re l iminary  compara-  
tive evaluat ion purposes, because it was found to pro- 
vide adequate coherence of the Teflon-carbon mix-  
tures and adherence to the screens even though this is 
not the opt imum Teflon loading for each individual  
carbon powder. 

Table I identifies the carbon powders used in  for- 
mula t ing  cathodes, along with their  BET surface 
areas. Shawinigan  black possesses the lowest area of 
the entries listed, but  has been a f requent  choice of 
l i th ium bat te ry  technologists because of its good me-  
chanical working properties and porosity. The la t ter  
qual i ty  is due in  par t  to its extensive chain- l ike  micro- 
structure. Darco G-60 is a re la t ively high-area  acti- 
vated charcoal. The United and Columbia carbon 
blacks listed possess par t icular ly  high surface areas 
and were originally produced for use in  exper imental  
aqueous p r imary  cells (8, 9). 

The cathodes were compared at the same thickness 
(0.89 ram) (rather  than  at the same weight) since that  
allows the best comparison wi th  respect to overall  
performance of a practical cell. The carbon loadings 
obtained reflect the different packing tendencies of the 
Teflon-carbon mixtures  when  accommodating to the 
same volume. Previous studies revealed that  the 
BET surface area of such electrodes is approximately 
the same as that of the original  carbon utilized (10). 
On that  basis, Table I presents the BET areas for the 
electrodes computed from the powder areas and the 
carbon loadings (of representat ive  electrodes). Be- 
cause the variat ions in  carbon loadings of the elec- 
trodes tend to compensate for the variat ions in surface 
areas of the powders, the only large var iat ion in elec- 
trode BET area is that for Shawinigan black when 
compared with the other three carbons. 

The electrode porosity or, more precisely, the abil i ty 
to absorb SO2C12 depends on the original microstruc-  
ture of the powder and its in teract ion with the Teflon 

Table I. Teflon-banded carbon cathodes (16% TFE) 

Type  of  carbon Derivat ion 

BET surface  area of carbon: meter  2 

Carbon Per  g r a m  P e r  cm'-' of 
loading* of ca rbon  e lec t rode  geo- 
( g / c m  ~) p o w d e r  m e t r i c  area* 

% e lectrode  
poros i ty  

Shawinigan--50% compressed  
Darco-G60 
United  XC-6310-4 
Columbia HR 1670 

Decomposi t ion  of acety lene  0.0194 66 1.28 87 
Steam-activation of charcoa l  0.0048 301 14.4 64 
Decompos i t ion  of oii 0.0146 1000 14.6 81 
Decomposi t ion  of oil 0.0104 1200 12.5 75 

* Based  on ( l e n g t h  x w i d t h )  area  o f  e l e c t r o d e ,  one  side. 
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binder .  As a l r e a d y  ment ioned  above, the  l a t t e r  p r o p -  
er t ies  a re  pa r t i cu l a r l y  favorab le  for  Shawin igan  b lack  
and p r o b a b l y  account  for  the  h igher  than  average  
cathode poros i ty  l is ted in  the  tab le  and the fact  tha t  
the  e lect rodes  have a s t u rdy  and un i fo rm appearance .  
The Darco cathodes have  the lowest  poros i ty  and fa i r  
mechanica l  in tegr i ty .  The Columbia  and Uni ted  car -  
bon cathodes p r e p a r e d  b y  this method  are  c racked 
and fragile ,  bu t  possess m e d i u m  porosi ty.  When  
swol len  wi th  e lectrolyte ,  the l a t t e r  e lect rodes  acqui red  
a more  un i form appearance .  

F igure  1 shows the polar iza t ion  curves  obta ined  for  
the  four  different  carbon samples,  wi th  the recorded  
cu r ren t  dens i ty  based  on the geometr ic  cathode a rea  
( length  • width,  one s ide) .  F r o m  the prac t ica l  point  
of view, i t  can be concluded tha t  the Uni ted  carbon 
would  p rov ide  the  best  and Shawin igan  b lack  the poor -  
est  in i t ia l  vol tage  in a p rac t ica l  cell. 

The  resul ts  of Fig. 1 a re  rep lo t ted  in Fig. 2 bu t  wi th  
the  cur ren t  densi t ies  computed  f rom the to ta l  currents  
and  the  BET carbon areas  of the  electrodes.  I t  is now 
appa ren t  tha t  po lar iza t ion  for  th ree  of the carbons 
(covering more  than  an order  of magni tude ' s  spread  
in  BET area)  is v e r y  s imi lar  in the  range  of cur rents  
whe re  "ac t iva ted"  processes predominate .  The Darco 
cathode shows signif icant ly more  polar iza t ion  than  the 
o ther  th ree  in tha t  range.  This m a y  poss ibly  be a t -  
t r ibu ted  to the  fact  tha t  Darco G - 6 0  is an "ac t iva ted  
charcoal"  wi th  pa r t  of the  BET area  i n t r a g r a n u l a r  in 
na tu re  and consequent ly  not  r ead i ly  accessible to 
so l id / l iqu id  reactions.  The s teep decl ine of ca{hode 
poten t ia l  a t  h igh  cu r ren t  densi t ies  m a y  be a t t r i bu ted  
[as appl ies  also to the  s imi la r  th ionyl  chlor ide  ca th-  
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Fig. 1. Polarhation curves for Teflon-bonded carbon cathodes 
(16% TFE, uncompressecl). 
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( |6% TFE uncampressed) normalized with respect to BET area. 
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ode (10, 11)] to t r anspor t  l imi ta t ions  in pores  p a r -  
t ia l ly  b locked by  a solid produc t  of cell  discharge.  

Cathodes made  f rom the four  different  carbon sam-  
ples were  d ischarged at  a constant  cu r ren t  dens i ty  of 
5 m A / c m  2 in cells conta ining the " s tandard"  1 m m  of 
e l ec t ro ly t e / cm 2 of cathode geometr ic  area. The "ful l  
d ischarge capaci t ies"  were  de t e rmined  f rom the dis-  
charge curves by  d rawing  the  app rop r i a t e  tangents  
nea r  the "knee"  of the  curves.  In  Fig. 3, the  capacit ies  
a re  p lo t ted  agains t  the pe rcen t  poros i ty  values  t aken  
f rom Table  I. The re la t ionship  is a p p r o x i m a t e l y  l inea r  
for the pa r t i cu l a r  cur ren t  dens i ty  employed.  The slope 
can be conceptual ized as incorpora t ing  a pore  "chok-  
ing coefficient" as proposed  b y  Marincic  (11) for  the  
th iony l  chlor ide  cathode. The  s imi l a r i t y  exists  because 
the  same ma jo r  p roduc t  of cathode reac t ion  (Lie1)  is 
involved  in both cases as discussed below. I t  m a y  also 
be ant ic ipated,  as observed  for  the  th ionyl  chlor ide  
cell (12), that  the d i s t r ibu t ion  of LiC1 in the  cathode, 
and its effect on the  discharge curve, wi l l  v a r y  wi th  
the  cu r ren t  density.  

F rom Fig. 1 and 3 i t  can be concluded tha t  Shawin i -  
gan b lack  affords the best  cathode capacity,  but  the  
poorest  cathode voltage.  Uni ted  Carbon  black,  which  
affords the highest  cathode vol tage  per formance ,  p ro -  
vides second-bes t  capacity.  The l a t t e r  carbon b lack  
was selected for  fu r the r  exper imentat ioIL 

Improvement of the United Carbon cathode.~Figure 
4 presents  discharge curves for  expe r imen ta l  modifi-  
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Fig. 3. Capacity-porosity relationship for Teflon-bonded carbon 
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cations of the  cathode fabr ica t ion  process (16% TFE)  
for  compar ison wi th  those obta ined  by  the or ig inal  
( "uncompressed")  process (curves 1 and 2). Al l  ca th-  
odes were  const ructed to the same final thickness (0.89 
mm) ,  bu t  incorpora ted  different  amounts  of carbon. 
Admix tu re  of the two carbons (curve  3) resul ts  in the  
high capaci ty  associated wi th  Shawin igan  black,  bu t  
only  par t  of the increased vol tage  associated wi th  
Uni ted  Carbon black. Also, the phys ica l  in tegr i ty  of 
the e lec t rode  is not  good. Hea t -compress ion  of the  
Uni ted  Carbon cathode a t  300~ (curve  4) g rea t ly  
improves  its s turdiness  and s l igh t ly  improves  the  
voltage, bu t  causes decreased capacity.  The "co ld-  
compression" process (curve 6) resul ts  in a cathode 
of highest  d ischarge vol tage and longest  life. This 
co ld-compressed  Uni ted  Carbon formula t ion  was 
therefore  selected for fu r the r  opt imizat ion.  

F igure  5 shows the d ischarge  curves obtained,  a t  a 
cur ren t  densi ty  of 5 m A / c m  2, for different  concent ra-  
tions of TFE in the  dr ied  Uni ted  Carbon-Tef lon mix -  
tures. A m a x i m u m  in cathode l ife ("ful l  discharge 
capaci ty")  is obta ined for  a TFE concentra t ion of  
10.7%. Dupl ica te  runs for 9.7% and 10.7% are  p re -  
sented to show typ ica l  va r ia t ion  of resul ts  a t t r i bu tab le  
to fabr ica t ion  technique var iabi l i ty .  

The 10.7% formula t ion  was selected for the fu r the r  
invest igat ions r epor t ed  below. A typ ica l  e lect rode had  
a carbon loading of 0.024 g / cm 2 and a poros i ty  of 87%. 
The e lec t rode  swel led  11% when  immersed  in e lec t ro-  
lyte.  

Solubilities of LiCl, S02, and Cl2 in suIfuryl chloride. 
- - T h e  solubi l i ty  of LiC1 in su l fury l  chlor ide  at  25~ 
was de te rmined  to be less than  0.009M. This cor re-  
sponds to a so lubi l i ty  produc t  of less than  8 • 10-5 
and leads to the  conclusion tha t  LiC1 is, p rac t i ca l ly  
speaking,  insoluble  in the  1.5M l i th ium chloroalu-  
mina te  concentra t ion of our  e lectrolyte .  

The solubil i t ies  of C12 and SO2 at  24 ~ were  de te r -  
mined to be 0.62 and 1.09 molal ,  respect ively,  when 
ind iv idua l ly  dissolved in pure  SO2C12. The analysis  
for  SO2 corre la tes  wel l  wi th  publ i shed  resul ts  (13) 
for  o ther  tempera tures .  

Analysis of cell discharge products.--A discharged 
cathode, af ter  r ins ing in su l fury l  chlor ide and drying,  
was crushed and analyzed  wi th  an x - r a y  spectrometer .  
Diffract ion l ines were  obta ined  for  LiC1 only. Two 
cathodes, A and B ( formula ted  wi th  6.7% and 10.7% 
TFE, respec t ive ly) ,  were  d ischarged to a cut-off  po-  
tent ia l  of 2V, t r ea ted  as descr ibed in the  Expe r imen ta l  
section above, and ana lyzed  for  both  C1- and A1 +s. 
Table  II  presents  the resul ts  of the  analyses,  assuming 
tha t  a l l  chlor ide  in the cathode is e i ther  LiC1 or  

14.3 12,5 i0,7 
6,7 
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Fig. 5. Discharge curves (I = 5 mA/cm ~) for cathodes formu- 
lated with varying amounts of TFE (uncompressed). 
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Table II. Chloride determination for discharged cathodes 

Cathode A Cathode B 

Total equivalents of C1- determined 
argent imetr ica l ly  0.0146 0.02036 

4 • equivalents  of Al§ determined 
colorimetrical ly 0.00093 0.00103 

Equivalents of Cl- as LiCI 0.0137 0.0193 
Equivalents of electr ici ty consumed 

in cathode discharge 0,0141 0.0189 

LiA1C14. I t  can be seen tha t  ag reement  be tween  the 
equivalents  of charge passed and LiC1 fo rmed  is wi th in  
2%, which  is t aken  as evidence that  LiC1 is the only  
ionic product  of cathode discharge  for the  p redomi -  
nant  discharge reaction. Quant i t a t ive  prec ip i ta t ion  of 
the LiC1 in the cathode is a resu l t  of its insolubi l i ty  as 
a l r eady  noted above. In  this  respect  the s i tua t ion  is 
ident ica l  to tha t  for  th ionyl  chlor ide  cells (14). 

One of the possible non- ionic  products  of cell  dis-  
charge is e lementa l  sulfur,  as p roposed  p rev ious ly  (2). 
A cathode was fu l ly  d ischarged (20 hr )  at  a cur ren t  
dens i ty  of 5 m A / c m  2. Ext rac t ion  of the  v a c u u m - d r i e d  
cell  components  wi th  CS2 y ie lded  on ly  15 mg of a ye l -  
low w a x y  substance wi th  no dis t inct  mel t ing  point. 
The substance dissolved in benzene and, therefore,  
was a ppa re n t l y  not  sulfur.  

The s imples t  cell d ischarge reac t ion  involv ing  LiC1 
as the  ionic product  would  produce  SO2 as the  neu t ra l  
product .  Cells were  a lways  observed  to develop posi-  
t ive pressure  dur ing  discharge.  The resul t ing  gas phase 
contained SO2 and C12 which  are, in any  case, p resen t  
above an  SO2C12 volume (15). To avoid  the  difficulty 
of ana lyz ing  for SO2 re leased  in the presence of C12, 
volumetr ic  de te rmina t ion  of gas re lease  dur ing  dis-  
charge was made  af ter  sa tura t ing  the solut ion wi th  
SO2. This p rocedure  has the  benefit  of suppressing C12 
release  while  forcing e lec t rochemica l ly  produced SO2 
into the  gas phase. The resul ts  of a de te rmina t ion  ap-  
pea r  in  Fig. 6. The figure compares  the  observed ra te  
of gas product ion  wi th  tha t  an t ic ipa ted  based  on the 
react ions 

anode: 

cathode: 

cell: 

2[Li--> Li + + e - ]  L]'I 

S02C12 + 2e- --> 2C1- + S02 [2] 

2Li + SO2C12 ~ 2LiC1 + SOs [3] 

E ~ = 3.909V (30~ 

A "background"  product ion  of gas of app rox ima te ly  
0.06 cm3/min was measured  at  open circuit.  That  
"background"  may, for instance, correspond to in i t ia l  
reac t ion  (corrosion) of the  f resh  l i th ium elec t rode  

0,5 

0,4 

0,3 

0,2 

0,1 

[ 
0 

,, , r, 

~ - 9 
�9 0 

I I I [ 
i00 200 300 400 500 

~ ' E X P E R I M E N T A L  

. . . .  THEORETICAL 

. . . . . . . . . .  THEORETICAL + "BACKGROUND" 

. . . . . .  T . . . . . .  - ' - "  . - -  

I I f 
600  700  800  

ELASPE;) T IME ,  MINUTES 

Fig. 6. Gas release during cathodic reduction of $02CI2 

900  



VoL 127, No. ? R E D U C T I O N  O F  S U L F U R Y L  C H L O R I D E  1431 

surface wi th  the  solvent.  When  the "background"  and 4 
theore t ica l  ra tes  are  added,  t hey  compare  fa i r ly  wel l  
wi th  the expe r imen ta l  ra tes  even tua l ly  es tabl ished 
when  the cu r ren t  is increased  or  decreased.  The  r e -  
sults imp ly  tha t  the  cell  react ions  proceed,  a t  leas t  
la rge ly ,  according to Eq. [1] and  [2]. 

>.  

Ef]ect of dissolved gases on cathode dischavge.--Sul- ? 
fu ry l  chlor ide  dissociates r ead i ly  into SO2 and C12 ~ 3 

(15), and  tha t  react ion m a y  be suspected of p l ay ing  a 
ro le  in  the  cell  e lec t rochemis t ry .  The  equ i l ib r ium con-  -~ 
s tan t  a t  3 0 ~  is 0.0288 for  the reac t ion  

SO~Cl2 ~ SO2 + Cl~ [4] 

The chlorine produced by reaction [4] could then be ~< 
consumed as follows 
cathode: 2 

CIr. + 2e- + 2Li+ -~ 2LiCl [5] 

The s t anda rd  potent ia l ,  E ~ for  reac t ion  [5] vs. an  
Li  re ference  e lec t rode  is 3.979V (30~ However ,  the  
ac t iv i ty  of C12 in solut ion wil l  a lways  be equal  to or  
less than  d ic ta ted  by  the equ i l ib r ium constant  of Eq. 
[4] and, therefore,  a lways  lower  than  unity.  Cor re -  
spondingly,  the  cell  po ten t ia l  can never  exceed tha t  of 
Eq. [3] unless molecu la r  Cls is in t roduced  f rom an 
ex te rna l  source. 

React ion [4J could proceed e i ther  homogeneous ly  or 
heterogeneously.  However ,  for pure  SO2Cls, the  homo-  
geneous reac t ion  is slow, whi le  the  heterogeneous  de-  
composi t ion is r e l a t ive ly  r ap id  at  a carbon surface 
(15). 

Figure  7 compares  the  polar iza t ion  curves obta ined  
when  the  e lec t ro ly te  is sa tu ra ted  wi th  e i ther  argon, 
SO2, or C12. Results  for solutions p repa red  in the  
glove box and s tored  for  a few days  resemble  the  
" a rgon - sa tu ra t ed"  example .  Clearly,  Cls and SO2 serve 
to enhance or  d iminish  the current ,  respect ively ,  at  
any  pa r t i cu la r  cathode potent ial .  The effect of C12 sa tu-  
r a t ion  demons t ra tes  tha t  molecu la r  C12 is k ine t i ca l ly  
more  act ive than  SO2C12 in this e lectrolyte ,  a l though 
reduct ion  occurs wel l  be low the appropr i a t e  t he rmo-  
dynamic  cell po ten t ia l  (3.979V). Since SO2 is i tself  
not  reduced  at  these high potent ials ,  and since i t  could 
not  produce  any significant decrease in CI~ bu lk  con- 
cen t ra t ion  over  tha t  in the  a rgon - sa tu r a t ed  solution, i t  
is proposed  tha t  i t  exer t s  its effect on the polar iza t ion  
curve b y  decreas ing the surface concentra t ion  of the 
chlor ine  which  (a t  modera te  cur rents  and  high po ten-  
t ia ls)  n o r m a l l y  serves as an  in t e rmed ia te  in  the  re -  
duct ion of SO2Cls. In  prac t ica l  si tuations,  (smal l  vol -  
ume of e lectrolyte ,  ex tended  per iods  of d ischarge)  the  
e lec t ro ly te  wi l l  become SOs rich and the tendency  
for  the  resul ts  for  the  argon and SO2-sa tura ted  elec-  
t ro ly tes  to converge (a t  h igher  cur ren ts )  is also ap -  
p a r e n t  f rom the figure. 

Discharge curves (constant  cu r r en t  of 5 m A / c m  2) 
appear in  Fig. 8. The resul ts  for  the  SOs-sa tura ted ,  4 
a rgon-sa tu ra t ed ,  and  "aged"  e lec t ro ly tes  a r e  a lmos t  
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Fig. 7. Cathode polarization curves for optimized cathode elec- 
trolyte presoturated with different gases. 
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Fig. 8. Cathodic discharge curves (I = 5 m&/cm2) .  Electrolyte 
saturated with different gases. 

indis t inguishable  in the first few hours  (as might  be 
expected  due to bui ldup of p roduc t  SO2) in the  first 
two cases. The var ia t ions  dur ing  the l a t e r  per iod  of 
discharge a re  wi th in  the  no rma l  span  for any  p a r -  
t icu lar  (e.g., a rgon- sa tu ra t ed )  s ta r t ing  condition. The 
signif icant ly shor te r  d ischarge  for  C12 sa tu ra t ion  was 
found reproducible .  A possible exp lana t ion  is that  the  
d i rec t  reduct ion  of chlor ine  f rom the bu lk  of the  so-  
lu t ion occurs near  the ou te r  surface  of the  e lec t rode  
and has a g rea te r  t endency  to clog pores  than  the 
he terogeneous ly  p roduced  C12 in t e rmed ia t e  which 
would  be produced  and consumed th roughout  the  
e lect rode volume. 

The discharge curves for  cells wi th  e i ther  a r g o n /  
SO2-satura ted  or  "aged"  e lec t ro ly te  exhib i t  an  in t e r -  
media te  vol tage decl ine suggest ing a two-s tep  r educ -  
tion. This is p robab ly  analogous to the  t w o - w a v e  r educ -  
t ion observed by  Behl  (16) dur ing  vo l tage-sweep  studies 
of carbon  microelectrodes.  Behl  a t t r i bu ted  the first and 
second waves  to reduct ion  of C12 and undissocia ted  
SO2C12, respect ively.  A s imi la r  i n t e rp re t a t ion  for  the 
second t rans i t ion  in  the  discharge curve is t en ta t ive ly  
adopted  here.  The t rans i t ion  to reduct ion  of molecu la r  
SOsC12 might  come about  as the  ava i lab le  surface a rea  
ava i lab le  to ca ta lyze  SOsCI~ dissociat ion is d iminished  
th rough  coating wi th  product  LiC1. 

Dependence of discharge curves (optim{zed United 
Carbon cathodes) on electrolyte volume and current 
density.--Figure 9 presents  discharge curves for  sev-  
era l  cur ren t  densi t ies  a t  the  " s t andard"  rat io  of e lec-  
t ro ly te  volume to cathode geometr ic  a rea  of 1 ml/cm% 
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As for thionyl chloride cells, the efficiency of cathode 
utilization tends to drop off with increased current 
density. The relatively efficient discharge current den- 
sity of 2 mA/cm2 was selected for exploring the effect 
of varying the electrolyte volume. Curves for several 
different volume/area ratios appear in Fig. 10. From 
such curves, a charge Q was estimated for "full dis- 
charge" and for discharge to a first "high voltage" 
transition point and the results plotted in Fig. 11. 
Based on Eq. [3], the values of charge, and the volume 
of solution in the cell, a "percent solvent utilized" was 
derived and plotted in Fig. 11. For volume/area rates 
of 0.14 or less, cell components are visibly incom- 
pletely wetted at the beginning of the experiment. No 
attempt has yet been made to analyze the rather sharp 
dependence on electrolyte volume/area ratio. Maxi- 
mum solvent utilizations at "high voltage" and for 
"full discharge" were not observed to exceed 20% and 
30%, respectively. 

Let us consider how the 20% "high voltage" effi- 
ciency compares with the percentage of equivalents of 
CI~ available from the dissolved phase only. Corre- 
sponding to the C12 (0.62 molal, as reported above) in 
a saturated solution at 24~ 7.8% of the reducible 
equivalents are available from predissolved CI~. For 
degassed sulfuryl chloride, allowed to dissociate to 
equilibrium with the gas phase, the partial pressure of 
Clz is approximately 0.05 arm [based on the vapor 
pressure of SO2C12 and dissociation constant of SO2C1~ 
at 30~ (15)]. The corresponding percentage of equiv- 

h i - .  , \ 

i 

~2 
< VOL, ELECTROLYTE (ML) 

GEOMETRIC AREA ELECTROOE (CM 2) 

0.2 0,41 1,0 
I I I 

] I ! I I I  I I I 
10 20 30 q0 50 60 70 

DISCHARGE TIME (HOURS) 

Fig. lO. Discharge curves for optimized cathode using various 
volumes of electrolyte. 
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Fig. 11. Dependence of cathodic charge end solvent utilization 
on electrolyte volume. 
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Fig. 13. Comparison of cathodic discharge curves for SO~CIs and 
SOCI2. 

alents available from C12 can be as low as 0.4% (if 
Henry's law is obeyed). Hence the "high voltage" 
solvent utilization reported above cannot be attrib- 
uted to a "reservoir" of C12 resulting from dissociation 
of the solvent before cathodic discharge is begun, but 
must be supplied during the cathodic process. 

Comparison of S02CI~ with SOCI~ eathodes.--The 
polarization and discharge curves are compared in 
Fig. 12 and 13, respectively, for cathodes utilizing 
SOC12 and SO2C12 and an electrolyte volume/cathode 
geometric area of 1 ml/cm 2. Shawinigan black cath- 
odes were used as representing the "state-of-the-art" 
for SOC12 and the optimized United Carbon cathodes 
were utilized for so~cI~. It can be seen from the fig- 
ures that SO2C12 appears to offer an advantage in ter- 
minal voltage over SOC12 at high current densities, if 
the optimized cathodes are utilized. The comparison 
may be expected to vary, of course, for different pro- 
portions and concentrations of electrolyte, different 
temperatures, etc. 

Manuscript submitted Oct. 19, 1979; revised manu- 
script received Feb. 8, 1980. This was Paper 33 pre- 
sented at the Los Angeles, California, Meeting of the 
Society, Oct. 14-19, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1981 
JOURNAL. All discussions for the June 1981 Discussion 
Section should be submitted by Feb. 1, 1981. 

Publication costs of this article were assisted by 
the U.S. Army Electronics Technology and Devices 
Laboratory (ERADCOM ). 

REFERENCES 
1. G. E. Blomgren and M. L. Kronenberg, German 

Pat. 2,262,756 (1973). 
2. J. J. Auborn, R. D. Bezman, K. W. French, A. 

Heller, and S. F. Lieberman, in Proceedings of 
26th Power Sources Symposium, p. 45 (1974). 

3. S. Gilman, in ibid., p. 29. 
4. J. J. Auborn and N. Marincie, in "Power Sources 

5," D. H. Collins, Editor, p. 683, Academic Press, 
London (1975). 

5. W. K. Behl, J. Christopulos, and S. Gilman, Th~ 
Journal, l~O, 1619 (1973). 



*Col. I27, No. 7 REDUCTION 

6. E. B. Sandell, "Colorimetric Determination of 
Traces of Metals," p. 146, lnterscience Publishers 
Inc., New York (1950). 

7. I. M. Kolthoff and E. B. Sandell, "Textbook of 
Quantitative Inorganic Analysis," p. 614, The 
Macmillan Co., New York (1948). 

8. Final Report by Columbian Carbon Co. Contract 
No. DA-36-039-AMC-03239 (E) (1964). 

9. J. B. Doe and D. B. Wood, in Proceedings of 22nd 
Annual Power Sources Conference, p. 97 (1968). 

10. J. A. Christopulos and S. Gilman, in Proceedings 
of Tenth Intersociety Energy Conversion Con- 
ference, p. 437 (1975). 

OF SULFURYL CHLORIDE 1433 

11. N. Marincic, J. Appl. Electrochem., 5, 313 (1975). 
12. A. N. Dey and P. Bro, This Journal, 125, 1574 

(1978). 
13. M. Aubry, B. Gilot, and C. Jayles, "Annales Genie 

Chimique," VoL 3, p. 33 (1967). 
14. J. R. Driscoll, G. L. Holleck, and D. E. Toland, in 

Proceedings of 27th Power Sources Symposium, 
p. 28 (1976). 

15. "Encyclopedia of Chemical Technology," Vol. 14, 
K. Othmen, Editor, p. 398 (1969). 

16. W. K. Behl, Paper 31 presented at The Electrochem- 
ical Society Meeting, Los Angeles, Calif., Oct. 
14-19, 1979. 

Voltage Losses in Fuel Cell Cathodes 
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ABSTRACT 

A model of the air diffusion electrode used in fuel cells was developed 
which accounts for the diffusion of oxygen in the gas-filled pores as well as 
diffusion into the liquid-filled pores, electrochemical reaction, and electrical 
conduction. The model was applied to a PTFE-bonded, platinum-on-carbon 
cathode in acid electrolyte to evaluate the relative contribution of these 
effects. Gas diffusion contributed 38% and ohmic loss in the electrolyte con- 
tributed 48% to the voltage loss other than activation. Knudsen diffusion 
was found to be as important as molecular diffusion. Diffusion of dissolved 
oxygen and ohmic conduction produced small voltage losses. Diffusion con- 
tributes to the utilization loss, especially at high oxygen utilizations, b u t  
ohmic effects do not. 

The purpose of this study was to evaluate the im- 
portance of all of the sources of polarization in a 
polytetrafluoroethylene-bonded fuel cell cathode. In 
order to accomplish this purpose, a complete mathe- 
matical model of the electrode was required. 

The type of electrode under consideration is shown 
in Fig. 1. The porous backing of the electrode consists 
of an inert, electronically conducting material which 
holds the catalyst layer. The catalyst layer consists 
of platinum supported on carbon powder which is 
sintered with du Pont Teflon. Air flows past the por- 
ous backing material and concentrated phosphoric 
acid electrolyte is present in the catalyst layer of the 
electrode. A microscopic view of a small ~egion of the 
catalyst layer (also shown in Fig. 1) shows some pores 
filled with gas and other regions filled with electrolyte. 
The latter regions are referred to as agglomerates and 
consist of platinum crystallites (shown as dots), car- 
bon (shown as grains) with electrolyte between the 
grains of carbon. The agglomerates can also be covered 
by a film of electrolyte. 

The basic processes occurring in the electrode are 
shown in Fig. 2. In the first step, oxygen diffuses 
through the porous backing. Next, it diffuses into the 
catalyst layer, where it is transported through the gas 
filled pores. The oxygen then dissolves in the outer 
layer of the film of electrolyte which covers the ag- 
glomerates. The dissolved oxygen diffuses across the 
film and then diffuses into the pores of the agglomer- 
ates. By electrical conduction, electrons move through 
the carbon and hydrogen ions migrate through the 
phosphoric acid which is in the pores of the ag- 
glomerates. Finally, the oxygen reacts with the hydro- 
gen ion and the electron. The resulting water evapo- 
rates into the gas pores and diffuses through the cata- 
lyst layer and the porous backing into the gas stream. 

2 Deceased. 
Key words: fuel cells, mathematical models, polarization. 

Mathematical Model 
For each of these transport processes, there is a 

physical law and a mathematical equation which de- 
scribes that process quantitatively. 

Dif]usion in the porous backing.mFick's law was not 
used for diffusion in the porous backing because it 
applies only to the interdiffusion of two gases. In the 
present case, there are three gases: oxygen, water 
and, since the oxygen comes from air, nitrogen is also 
present. Therefore, the Stefan-Maxwell equations (1) 
for multicomponent diffusion were used 

d P  RT 
= AmP [1]  

dz P 

GAS PORE 

I AGGLOMERATE PtaT, N u M ~ ~ ~ / ~ / / ]  
E L E C T R O ~ ~  

"~'~'~'~~/, ~ ~/~//////~// 

AIR POROUS :ATALYST ACID 
BACKING ~ ELECTROLYTE 

Fig. 1. Fuel cell cathode and its microstructure 
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Fig. 2. Basic processes occurring in the cathode 

H + 

where P represents the total pressure, P is the n-tuple 
(P1, Ps, P~) whose components represent the partial 
pressures of oxygen, P1, water vapor, Ps, and nitrogen, 
P3. The distance inside the porous backing is given by 
z, where the origin is at the gas stream-porous back- 
ing interface. The matrix As is given by 

The solution of this equation is 

P(z )  -- eARTN10z/EPPm [6] 

where Pm is the n-tuple (Plm, P2m, P~m) whose com- 
ponents are the partial pressures of oxygen, water, 
and nitrogen, respectively, at the interface between 
the flowing gas stream and the porous backing. The 
fundamental matrix can be computed from the formula 

8 $ 
A XjIu 

.fC,~-t) = 1 
where Iu is the unit matrix and the Li are the eigen- 
values of A, which are 0, (m Jr 1)/Di2 ~ and 1/D1a o Jr 
1/D~ ~ 

The purpose of solving these multicomponent dif- 
fusion equations is to obtain Pc, whose components 
(Plc, P2c, P3c) are the partial pressures of oxygen, 
water, and nitrogen at the interface between the por- 
ous backing and the catalyst layer. This value of Pc 
is obtained by setting z equal to Zp in Eq. [6], where Zp 
is the thickness of the porous backing. This value of 
Po then serves as the boundary condition for the next 
step, which is diffusion in the catalyst layer. 

Gas diffusion in the catalyst layer.~The diffusion in 
the porous backing material was entirely molecular 
diffusion, in which the retardation of the flow of oxy- 

A, = 

N2o Nso Nlo Nlo - - 4  
D12p Dlsp D12p D13p 

Nso N1o Nso N~o 

D12p Dlsp D28p D~p 

N8o NSo NlO 

D13p D23p D18p 

~2o 

D~3p 

[21 

The effective binary diffusion coefficients at pressure, 
P, are given by Dlzp for oxygen and water, Dt~p for 
oxygen and nitrogen, and D~p for water and nitrogen. 

The rate of diffusion of oxygen through the porous 
backing, N10, can be found from the current density 
of the electrode, Ira, and is equal to Im/(4F). Water 
generated by the electrochemical reaction in the cata- 
lyst layer diffuses in a direction opposite to that of the 
oxygen at a rate N~0. Since nitrogen is neither pro- 
duced nor consumed, the flux of nitrogen is zero: Na0 
--0.  

The effective diffusion coefficients in the porous 
backing, Dijp, are equal to the gas-phase diffusion co- 
efficients times a porosity-tortuosity factor, Ep, which 
is characteristic of the particular porous backing used. 
Furthermore, the gas-phase diffusion coefficients are, 
to a good approximation, inversely proportional (1) to 
the total pressure, P. Therefore 

Dijp = D~~ [3] 

where Dij~ is the gas phase diffusion coefficient at 
ordinary pressures extrapolated to unit pressure. With 
these substitutions, the multicomponent equations 
simplify to 

dP RTNIo 
- = AP [4] 

dz Ep 

where A is the matrix 

i m/D12o - -  1/DlsO- i/D,~o ] 

A -- -- re~D12 ~ I/D12 ~ -- m/Dz~ ~ [5] 

0 0 I/DI~ ~ + m/D~ ~ 

and where m = Nso/NIo = --2. 

gen was due to collisions with other molecules. The 
diffusion in the catalyst layer is also partly molecular 
diffusion, but the pores in the catalyst layer are very 
narrow. The walls of the gas pores are so close together 
that their distance apart is nearly equal to the mean 
free path of the molecules. Therefore, oxygen mole- 
cules are slowed up by collisions with the walls of the 
pores as well as by collisions with other gas molecules. 
This added component of diffusion is called Knudsen 
diffusion. Therefore, for the catalyst layer, the Stefan- 
Maxwell equations must be modified (2) by adding 
a term for Knudsen diffusion 

dz = RTN1 P, -- Dl~p 

1 P8 [8] 
-- Dl~p Dkle 

dPs = R T N 1  . . . .  P1 Jr ~ Ps 
dz D12p D12p 

m P8 [01 
D23p Dkae 

dP8 _ RTNI ~ + - -  P3 [101 
dZ ' ~ T  D13p D23p 

where PT is the totaI pressure, /'1 + P2 Jr Ps, inside 
the catalyst layer and Nt is the flux of oxygen. The 
porous-backing, catalyst-layer interface is chosen for 
z = 0 and the catalyst-layer, electrolyte interface is at 
z = zl. For a given flux ratio, m, the total pressure 
will not remain constant inside the catalyst layer, as 
was the case for entirely molecular diffusion in the 
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porous backing,  bu t  wi l l  v a r y  f rom point  to point  in 
accordance wi th  the  above  equations.  

These equations can be simplif ied in a manne r  s imi-  
l a r  to tha t  used for  the porous backing.  The molecu la r  
diffusion coefficients a re  app rox ima te ly  inverse ly  p ro -  
por t iona l  to the  to ta l  pressure  and are  equal  to the gas 
phase values  t imes a poros i ty - to r tuos i ty  factor,  ET, 
which is charac ter i s t ic  of the ca ta lys t  l aye r  

Dim = Du~ [11] 

The Knudsen diffusion coefficient for the ith component, 
Dkie is similarly approximated by the Knudsen diffu- 
sion coefficient for a straight cylindrical tube, Dkis, cor- 
rected with  the  poros i ty - to r tuos i ty  fac tor  

Dkie --  ETDkis [12] 

and Dkis, in  turn,  as g iven in Ref. (1), is r e la ted  to the  
rad ius  of the tube, Rt, by  

Dkis : 0.97 Rt(T/~i) V= [13] 

where  ~i is the  molecu la r  weight  of the diffusing mole-  
cule. With  these subst i tut ions, the equat ions become 

dP RTN1 
= - -  (C + A P )  [14] 

whe re  A is the  same ma t r i x  as was given prev ious ly  
for  diffusion in the porous backing  and C is equal  to 
( - -  1/Dkls, --m/Dkss, 0). 

The pa r t i a l  pressures  of oxygen,  P1, and wa te r  vapor ,  
Ps, can be expressed  in terms of the  pa r t i a l  p ressure  
of ni t rogen,  P3, by  d iv id ing  the equat ions for  dP1/dz 
and dP2/dz by  the equat ion for dPJdz. The resul t ing  
equations are  independen t  of Ni  

dp 
~.sP8 = Bp + Psb + e [15] 

where p and c are the vectors formed from the first 
two components of P and {3. B is the matrix formed 
from the first two rows and columns of A and b is the 
vector formed from the first two components of the 
third column of A. The solution is 

P -- Y(Ps) [Y-i(Psc)Pc + G(Ps) 

- -  G(Psc) + H(Ps) -- H(P~)] [16] 
w h e r e  

Y(Ps)  = Iu + (P8 �9 --  1)B/~2 [17] 

Y - i ( P s ~ )  : Iu + ( P ~ - ~  --  1)B/12 [18] 

G(P3)  : {Iu + [ P s - ~ / ( 1  --  7) - -  1]B/12}Psb/k3 [19] 

H(P3)  : { ( lnP3) Iu  --  [P~-~/7 + lnPs]B/~2}c/~s [20] 

Pc = (Pic, P2c) [21] 

7 = ~s/~s [22] 

Only one of the  three  or ig inal  di f ferent ia l  equat ions 
for  gas diffusion remains  to be solved. 

dPs RTN,Xs 
- -  - -  Ps [23] 

dz ET 

Diffusion o~ dissolved oxygen and electrochemical 
r eac t ion . - -As  oxygen  diffuses th rough  the electrode,  
some of the oxygen  reacts  a long the way.  The flux of 
oxygen  diffusion pas t  any  poin t  in  the e lec t rode  d i -  
minishes in p ropor t ion  to the  ra te  of reac t ion  pe r  uni t  
volume of electrode,  NR, at  tha t  po in t  

dN1 (z) 
- -  = - -  NR [24] 

dz 

Before the  oxygen  can react,  i t  mus t  first dissolve 
in the  ou te r  surface of the film cover ing the agg lomer -  
ates, diffuse across the  film, and diffuse th rough  the 
agglomerates .  The oxygen  dissolved in  the  outermost  

CELL C A T H O D E S  1435 

l aye r  of the film m a y  be t aken  to be in equ i l ib r ium 
wi th  the  oxygen  in the  gas pores  at  tha t  point  and 
therefore  has a concentrat ion,  P i ( z ) C i  ~ where  C1 o is 
the  concentra t ion of dissolved oxygen  in equ i l ib r ium 
wi th  oxygen  at  a pa r t i a l  pressure  of one a tmosphere .  
If  the film is thin in  compar ison  wi th  the  rad ius  of 
the cyl indr ica l  agglomerates ,  the equat ion  descr ib ing 
this diffusion can be a pp rox ima te d  by  Fick ' s  l aw for  
a fiat fi lm 

P1 (z) Cl ~ - -  Cl (ra, Z) 
NR = aD [25] 

b 

where  C1 (ra, z) is the  concentra t ion of oxygen  at  the  
f i lm-agglomera te  interface,  a is the a rea  of the  film 
per  uni t  volume of electrode,  6 is the  th ickness  of the  
film, D is the  diffusion coefficient of oxygen  in the 
electrolyte ,  and ra is the  radius  of the  agglomerate .  

Af te r  the oxygen  has diffused across the  film, i t  d i f -  
fuses r ad ia l ly  into the pores  of the agglomerates .  Some 
of the  oxygen  reacts  a long the way. The cu r ren t  den-  
s i ty has been found to be first o rde r  in  the  oxygen  
concentra t ion f rom exper imen t s  a t  constant  potent ia l .  
The ra te  of react ion in the agg lomera te  can be ob-  
ta ined  (3) by  mul t ip ly ing  the ra te  constant,  K~ for the  
react ion by  the concentra t ion of dissolved oxygen,  
Ci(ra,  z),  a t  the surface of the  agg lomera te  and b y  an  
effectiveness factor,  ec, which  depends  on the re la t ive  
rates  of diffusion and reac t ion  

NR = ecKeCi (ra, z) [26] 

The fo rmula  for  the  effectiveness fac tor  (3) is 

ec = I1 (2M~) / [Mclo (2Me) ] [27] 

where  Io and I1 are  modified Bessel functions of the  
first k ind  and 

r a (  Ke ) ~ 
Me - - ~ -  En~aD [28] 

where  E a is the poros i ty - to r tuos i ty  fac tor  for  the  ag-  
g lomera tes  and En is the  volume f rac t ion  of the  ag-  
g lomera tes  in the electrode.  The effectiveness fac tor  
can be approx ima ted  (3) by  the fo rmula  

3Me coth  (3Me) - -  1 
~ [29] 

31V/c ~ 

f rom which i t  is more  eas i ly  computed.  
The var iab le  Cl(ra,  z) can be e l imina ted  be tween  

the two different  equat ions [25] and [26] for  NR above.  
Since diffusion in  the film and diffusion and reac t ion  
in  the  agglomera tes  occur  in  series,  the resul t ing  e x -  
press ion is the  rec iprocal  of the  sum of reciprocals  of 
te rms re la t ing  to diffusion in  the  film and diffusion 
and reac t ion  in  the agglomera tes  alone. The resul t  is 
subs t i tu ted  into the di f ferent ia l  Eq. [24] for  N1 to y ie ld  
the  final different ia l  equat ion for  the  effect of diffusion 
of dissolved oxygen  and  e lec t rochemical  reac t ion  

dN, P* (z) 
= [30 ]  

dz 6 1 

aDC1------ ~ -~ ,cKeCl o ' 

The  ra te  constant,  Ke, can be expressed  in te rms of 
IT(E) ,  the cur ren t  dens i ty  which  the e lec t rode  would  
have if ac t iva t ion  were  the only source of vol tage  loss 

IT(E)  
Ke -" [31] 

4FZtPlmC1 ~ 

For  cu r ren t  densi t ies  g rea te r  than  10 A / m  s, IT can 
be represen ted  by  

IT(E) = IT(Er) expl0 [ (Er  --  E)/Ts] [32] 

where  Er is some reference  potent ia l ,  u sua l ly  0.9V, and 
IT(Er) is the  cur ren t  dens i ty  at  tha t  potent ia l .  Ts is 
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the Tafel  slope which  is app rox ima te ly  90 mV/decade  
at  190~ (4). 

Electrical conduction.---Ohm's l aw governs  the cur-  
ren t  of electrons th rough  the ca ta lys t  l aye r  

dEe Ie (z)  
-- [33] 

dz ~'e 

and the cur ren t  of hydrogen  ions in the  e lec t ro ly te  

dEl I t (z )  
= [34] 

dZ ~r i 

where  le and  l i  a re  the  electronic and ionic cur ren t  
densit ies and ~c is the electronic conduct iv i ty  of the 
cata lys t  l aye r  mater ia l .  The effective conduct iv i ty  of 
the e lec t ro ly te  in  the  pores,  r is equal  to the  poros i ty-  
tor tuos i ty  factor  for  the agglomerates ,  Ea, t imes En, 
the volume f rac t ion of agglomerates ,  t imes the con- 
duc t iv i ty  of the e lectrolyte .  Ee and Ei a re  the poten-  
t ials in the ca ta lys t  l aye r  and the electrolyte .  The flux 
of oxygen flowing th rough  the p lane  at  z is consumed 
in producing  the electronic cur ren t  dens i ty  at  z, flow- 
ing in the opposi te  d i rec t ion  

le(z) = - 4FNI(z) [35] 

The ionic current density li(z) is equal to the differ- 
ence between the total electronic current density 
through the plane at z = 0 and the electronic current 
density at z 

Ii = le(0) - I,(z) [38] 

The rate of electrochemical reaction, NR, depends only 
on E, which is the difference between the potentials 
in the electrode and in the electrolyte 

g(z) = ge(z) -- gi(z) [37] 

Therefore, the two differential equations for Ec and Ei 
can be combined into a single differential equation for 
E 

dE Ie(O) t- 4F + NI [38] 
dz ~1 ~i 

The above  equations const i tute a model  which ac-  
counts for gas diffusion, diffusion of dissolved oxygen,  
and  ohmic effects. Previous  models  considered only 
diffusion of dissolved oxygen  and ohmic loss in elec-  
t ro ly te  (5, 6), or  only  gas diffusion and diffusion of 
dissolved oxygen  bu t  not  ohmic resis tance (7). 

Solution o5 the equations.--The elec t rode  behavior  
can be charac ter ized  by  solving the three  s imul taneous  
equat ions [23], [30],  and  [38]. Fo r  a g iven va lue  of 
E(0) ,  the  va lue  of NI(0)  must  be va r ied  by  t r ia l  and 
e r ro r  to give a solut ion of the equations for which the 
flow of oxygen  th rough  the ca ta lys t  l aye r - e l ec t ro ly t e  
interface,  N1 (Zl), is equal  to zero. [Al terna t ive ly ,  N~ (0) 
could be fixed and E(0) varied.]  The resul t  is N1, E, and  
P3. F rom P3, the values  of P ,  and P2 can be obta ined  
using Eq. [16]. Ie and  I~ can be obta ined f rom N1 using 
Eq. [35] and [36]. Ee and Ei can be obta ined  b y  quad ra -  
ture  f rom e i ther  Eq. [33] o r  Eq. [34] toge ther  wi th  Eq. 
[37]. Since Ee and Ei are  not  i ndependen t ly  observable ,  
the  bounda ry  condi t ion for Ei is a r b i t r a r y  and Ei(0) 
is convenient ly  chosen as zero. The expe r imen ta l ly  
measurab le  potent ia l  corresponds to the difference be-  
tween  the potent ia l  in the  ca ta lys t  l aye r  at  the poin t  
of cur ren t  collection, z = 0, and  the potent ia l  of the 
reference  e lect rode in the solut ion at  the  ca ta lys t  
l aye r - e l ec t ro ly t e  interface,  z --  zl or  Ee(0) - -  Ei(zl). 
The expe r imen ta l l y  observed per formance  curve cor-  
responds  to a p lo t  of  Ee(0) - -  Ei(Zl) vs. Ie(0) .  In  the  
presen t  case, the above equations were  subst i tu ted 
into the  IBM CSMP p rog ram to ob ta in  the solution. 

Approximate equations.--The par t i a l  pressure  of 
w a t e r  in the gas phase  var ies  wi th  the  posi t ion be -  
tween  the two surfaces of the ca ta lys t  layer .  The con- 
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cent ra t ion  of the e lec t ro ly te  at  var ious  points  in the 
ca ta lys t  l aye r  wi l l  be de te rmined  by  equ i l ib r ium wi th  
the  wa te r  vapor  p resen t  at  tha t  point.  Therefore,  the 
concentra t ion of e lec t ro ly te  wil l  va ry  inside the cata-  
lys t  layer .  The conduct iv i ty  of the  e lectrolyte ,  ~i, the 
solubi l i ty  of oxygen,  C1 ~ and the diffusion coefficient 
of oxygen  in the e lectrolyte ,  D,. a re  functions of the  
concentra t ion of e lec t ro ly te  and  therefore,  they  wil l  
also va ry  wi th  position. The diffusivi ty and so lubi l i ty  
do not  occur independent ly ,  bu t  only  as the  product ,  
DC1 o, in the  above equations.  This p roduc t  var ies  less 
r ap id ly  wi th  concentra t ion than  e i ther  the diffusivi ty 
or the  so lubi l i ty  alone. The var ia t ion  of diffusivi ty-  
so lubi l i ty  and conduct iv i ty  were  t aken  into account  
in calculat ions made  wi th  this model.  

If  the dependence  of the conduct iv i ty  ~i on posi t ion 
is ignored, the number  of s imul taneous  different ial  
equat ions can be reduced  f rom three  to two. This can 
be done e l imina t ing  N1 be tween  Eq. [23] and [38] for  
P3 and to y ie ld  

dE le(0) -}- 4.F -- ~- [39] 
dz ~i ~e RT~3 dz 

By in tegra t ing  this equation,  P8 can be expressed  in 
terms of E 

Ps=Pscexp I 4FET (RT;~sr + ell I [ E-E(0) 

Io(0) ] } 
- -  z [403 

r 

In this  case, only  two s imul taneous  different ia l  equa-  
tions, [30] and  [38], r ema in  to be solved. 

Appl icat ion  to a Particular Electrode 
In o rder  to app ly  this model  to a pa r t i cu l a r  e lec-  

trode, pa rame te r s  which  a re  character is t ic  of tha t  elec- 
trode must  be subs t i tu ted  into the  model  equations.  
The ra te  constant  for  the  e lec t rode  can be de te rmined  
f rom its behavior  a t  low cur ren t  densities,  where  only 
act ivat ion losses a re  impor t an t  and diffusion and ohmic 
losses a re  negligible.  The observed  Tafel  slope, Ts, and  
the cur ren t  dens i ty  IT(Er) a t  a re ference  potent ial ,  
Er, of 0.9V can be subs t i tu ted  into Eq. [32] to give the 
electrode behavior ,  IT, wi th  only ac t iva t ion  losses. IT 
can then be subst i tu ted  into Eq. [31] to y ie ld  the  
ra te  constant. The Knudsen  diffusion coefficient, Dkis, 
can be es t imated  f rom Eq. [13] and the average  pore  
radius,  Rt, can be es t imated  to be 70 nm, using elec-  
t ron  micrographs  of the ca ta lys t  layer .  In  a s imi lar  
way, most  of the  pa r a me te r s  used i n  the  model  such 
as the conduct iv i ty  of the carbon, the effective di f -  
fus iv i ty  in the porous backing,  etc., can be eva lua ted  
exper imenta l ly .  

Four  pa rame te r s  exist  which  cannot  be de te rmined  
di rec t ly :  (i) the radius  of the  agglomerates ,  ra (ii) the  
thickness of the  e lec t ro ly te  film cover ing the agg lomer -  
ates, 8, (iii) the po ros i ty - to r tuos i ty  factor  for gas di f -  
fusion in the ca ta lys t  layer ,  ET, and (iv) the  produc t  
of the  poros i ty - to r tuos i ty  factor  for  diffusion and 
e lec t r ica l  conduct ion in the  pores  of the  agglomera tes  
t imes the fract ion of the e lec t rode  consist ing of ag-  
glomerates ,  EaEa. These four  pa r a me te r s  were  de te r -  
mined  by  ad jus t ing  the i r  values  unt i l  the  solut ion of 
the model  equat ions agreed  wi th  four expe r imen ta l  
per formance  curves over  the  range  of cur ren t  densi t ies  
f rom one to 3700 A / m  2. These per formance  curves  
were  obta ined  using four  different  humidif ied gas 
mixtures :  (i) air,  (ii) pure  oxygen,  (iii) 4% oxygen  
in ni trogen,  and  (iv) 4% oxygen  in helium. By chang-  
ing f rom a i r  to pure  oxygen,  the  diffusion losses a re  
p rac t ica l ly  e l iminated  and only ohmic and act ivat ion 
losses remain.  Therefore,  this change of gases is effec- 
t ive in separa t ing  the ohmic losses f rom the diffusion 
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losses. Changing f rom pure  oxygen  to 4% oxygen  in 
n i t rogen reverses  the si tuation.  Diffusion losses p re -  
dominate  to such an ex ten t  that  they  cause a l imi t ing 
current .  This  l imi t ing  cu r ren t  can be caused by  the 
porous backing or  b y  the e lec t ro ly te  film covering the 
agglomerates .  Therefore,  changing to 4% oxygen  in 
n i t rogen  is he lpfu l  in obta in ing  the effect of the  back-  
ing and the film. The effect of the  backing alone is ob-  
ta ined  f rom the measured  effective diffusivi ty of the  
backing mater ia l .  Changing f rom 4% oxygen in n i t ro-  
gen  to 4% oxygen in he l ium changes only  the  mo-  
lecu la r  diffusion coefficient for  gas diffusion in the  
porous backing  and in the  gas pores  of the  ca ta lys t  
layer .  Other  factors r ema in  the  same. In par t icu lar ,  
the  Knudsen  diffusion coefficient remains  the  same, 
since i t  is independen t  of the o ther  gases in the mix -  
ture.  Therefore,  changing f rom 4% oxygen  in n i t rogen 
to 4% oxygen  in he l ium is effective in  separa t ing  the 
effect of o rd ina ry  molecu la r  diffusion f rom that  of 
Knudsen  diffusion. 

Calculation of Voltage Losses 
This model  is useful  to eva lua te  how much vol tage  

loss is caused b y  each of the  basic t r anspor t  processes, 
such as gas diffusion, diffusion of dissolved oxygen,  
ohmic losses, etc. Ident i f icat ion of the most impor t an t  
sources of vol tage  loss al lows research  and deve lop-  
men t  efforts to be d i rec ted  toward  the minimiza t ion  of 
these vol tage  losses. 

A given loss was eva lua ted  ma thema t i ca l l y  by  cal -  
cula t ing the  pe r fo rmance  curve wi th  one p a r a m e t e r  
changed in such a w a y  as to make  its cont r ibut ion  to 
the  to ta l  vol tage  loss equal  to zero. Fo r  example ,  an 
ohmic loss would  be made  equal  to zero by  set t ing the  
e lec t r ica l  res is tance equal  to zero in the calculation.  
F igu re  3 gives an  example  of a pe r fo rmance  curve 
ca lcu la ted  wi th  the diffusion loss in the  agg lomera te  
made  equal  to zero by  mak ing  the diffusion coefficient 
for  diffusion into the l iquid  filled pores  of the agg lomer -  
ates ve ry  la rge  in Eq. [28]. The vol tage  loss cor re-  
sponding to the p a r a m e t e r  which was changed (in this 
case, diffusion in the  agg lomera te )  is equal  to the di f -  
ference be tween  the vol tage  ca lcula ted  in this w a y  and 
the base l ine curve in which  al l  pa rame te r s  have  the i r  
no rma l  values.  Vol tage losses for al l  of  the  t r anspor t  
processes were  ca lcula ted  in this w a y  for an a i r  ca th-  
ode a t  a cur ren t  dens i ty  of 2000 A / m  2. 

The  total  ohmic and diffusion losses a re  represen ted  
by  the dis tance f rom the base  l ine to the act ivat ion 
only  Tafel  line. The ac t iva t ion  loss is r epresen ted  by  
the  dis tance f rom the Tafel  l ine to the  theore t ica l  
equ i l ib r ium potent ia l .  
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The re la t ive  contr ibut ions  of diffusion and ohmic 
losses to the  to ta l  vol tage  loss for t r anspor t  processes 
a re  summar ized  in Fig. 4 for  a typica l  e lect rode made  
in 1974 at  the Power  Sys tems Division of Uni ted  Tech-  
nologies Corpora t ion  (4). Act iva t ion  loss is not  shown, 
being much  l a rge r  than  the losses for  the  t r anspor t  
processes. The conclusions are  that ,  for the  e lec t rode  
studied, 54% of the vol tage loss due to t r anspor t  p roc-  
esses was due to ohmic resis tance in the  ca ta lys t  layer .  
Most of this ohmic loss occurred in the acid e lec t ro ly te  
and only  a smal l  pa r t  was due to the res is tance of the 
ca ta lys t  mater ia l .  Next  most impor t an t  was diffusion 
in the  gas phase  which accounted for 38% of the vo l t -  
age loss for al l  the t r anspor t  processes. Both the  porous 
backing and the ca ta lys t  l aye r  a re  impor t an t  for gas 
diffusion. For  the ca ta lys t  l aye r  alone, Knudsen  diffu- 
sion is s l ight ly  more  impor t an t  than  molecu la r  diffu- 
sion. Least  impor t an t  were  the  losses due to the  d i f -  
fusion of dissolved oxygen which  accounted for  only  
8% of the total  vol tage  loss due to t r anspor t  processes. 
The ve ry  smal l  vol tage  loss ca lcu la ted  for  the  e lec t ro-  
ly te  film indicates  that  such films are  v e r y  thin or 
nonexis tent  a t  the  cathode. 

The vol tage  loss caused b y  Knudsen  diffusion can 
be reduced  by  opera t ing  the cell  at  h igher  to ta l  p res -  
sure. However ,  the loss caused b y  molecu la r  diffusion 
is p rac t i ca l ly  unchanged  because the benefits of the  
increase in oxygen  concentra t ion outs ide the  e lec t rode  
are  compensated  for  by  the decrease in the  molecu la r  
diffusion coefficient wi th  pressure  shown in Eq. [3] 
and [11]. 

Optimum Electrode Thickness 
The ca ta lys t  is composed of p l a t i num par t ic les  dis-  

persed  among par t ic les  of nonca ta ly t ic  conduct ing filler. 
For  a fixed amount  of p la t inum,  increas ing the amount  
of filler increases  the  thickness  of the  ca ta lys t  layer .  
As shown in Fig. 5, the gas diffusion and e lect r ica l  con- 
duct ion paths  a re  longer  for a th icker  e lec t rode  than  
for a th inner  electrode,  resu l t ing  in  l a rge r  gas diffu- 
sion and ohmic losses. On the o ther  hand, reducing  the  
amount  of fi l ler reduces the  thickness  of the  ca ta lys t  
l aye r  and  decreases the  to ta l  surface a rea  of the  ag-  
glomerates .  Since, f rom Fick 's  law, the  g rad ien t  of 
oxygen concentra t ion is i nve r se ly  p ropor t iona l  to the  
a rea  across which the diffusion is occurring,  a r educ -  
t ion of the  surface a rea  of the  agglomera tes  reduces  the  
concentra t ion of oxygen  in the in te r io r  of the  ag-  
g lomera tes  (at  constant  overa l l  cur ren t )  and  the re -  
fore increases the  vol tage  loss due to the  diffusion of 
dissolved oxygen.  ~ The fact  tha t  the  vol tage  losses be -  
come large  if  the e lec t rode  is v e r y  th ick  o r  ve ry  thin  
indicates  tha t  there  is an  op t imum amount  of fi l ler 
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and an op t imum thickness  for  which  the to ta l  vol tage  
loss is a minimum.  

Utilization 
The losses given above are  the only  ones tha t  app ly  

in the  l abo ra to ry  si tuation,  in which  much more  oxy-  
gen is made  to flow pas t  the e lect rode than  is used to 
produce  current .  In  a prac t ica l  fuel  cell, a subs tant ia l  
pa r t  of the  oxygen  in the  a i r  flow past  the  porous 
backing  is consumed along the electrode.  The  par t s  
of the  e lec t rode  which  are  downs t r eam opera te  on ai r  
which  has less oxygen  than  the par t s  which  are  up -  
s t ream. This dep le ted  a i r  increases the  ac t iva t ion  and 
diffusion losses in  the electrode.  Also, the downs t ream 
par ts  of the  e lec t rode  ca r ry  a lesser  than  average  cur-  
rent,  whi le  the par ts  nea re r  the in le t  ca r ry  a g rea te r  
than  average  current .  The cell  voltage,  which  is kep t  
constant  across the  face of the  cell  by  h igh ly  conduc-  
t ive cur ren t  collectors,  is less than  i t  would  be if  a l l  
par t s  have access to the concentra t ion of oxygen at  the  
in le t  and al l  pa r t s  were  opera t ing  at  the average  cur -  
ren t  density.  

The f ract ion of the  inpu t  flow of oxygen,  which  is 
consumed to produce  current ,  is ca l led  the  a i r  u t i l iza-  
tion. The d is t r ibu t ion  of pa r t i a l  pressures  of oxygen  
in contact  wi th  the  e lec t rode  at  a g iven value,  U, of 
the  ut i l iza t ion can be obta ined  by  first re la t ing  the  
pa r t i a l  pressure  of oxygen  to the ut i l iza t ion and then 
re la t ing  the  u t i l iza t ion  to posi t ion be tween  the inlet  
and outlet .  The pa r t i a l  pressure  of oxygen,  Pi, a t  any  
poin t  across the  face of the  e lect rode is r e la ted  to the 
molar  flow of oxygen  M1 by  

P1 : P M 1 / M t  [41] 

where  P is the  to ta l  p ressure  and/V/t is the  to ta l  mola r  
flow of a l l  components,  oxygen,  water ,  and  nitrogen.  
Since the  molar  flow of oxygen  decreases in  d i rec t  p ro -  
por t ion  to the uti l izat ion,  i t  is g iven b y  

M1 = P10 (1 --  U) Mt0/P [42] 

where  P10 and Mr0 a r e  the  pa r t i a l  pressure  of oxygen  
and the to ta l  mola r  flow, respect ively,  at  the inlet.  Fo r  
every  mole  of oxygen  consumed, two moles of wa te r  
a re  formed,  which  en te r  the gas s t r eam to p roduce  a 
ne t  increase  in the mola r  flow 

Mt = [1 --  (1 -5 m)  PloU/P]Mto [43] 

where  m --  --2 for  the  case where  al l  of the  produc t  
wa te r  is r emoved  by  evapora t ion  into the ox idant  gas 
s t ream.  By e l imina t ing  Ml and /~t, the  u t i l iza t ion  can 

be expressed  in te rms of the pa r t i a l  p ressure  of oxy -  
gen 

1 - -  P x / P l o  
U = [443 

1 -- (i + ~n)P1/P 

The utilization can be related to the position, z, along 
the electrode between the inlet at x -- 0 and the outlet 
at x = I. The overall utilization, U(I), is the value of 
U at the outlet. The utilization at any point is related 
to the distribution of current densities across the elec- 
trode,/, b y  

s h I g z  

U(x) = [453 
4FMlo 

where h is the height of the electrode. Introducing the 
overall utilization, U (l), yields 

s U(D Ic~z 

U(z) = [463 

where  Im is the average  cur ren t  dens i ty  produced  by  
the  electrode.  E l imina t ing  U be tween  the above equa-  
tions yields  

1 --  (1 + m) ( l / P )  dP ,  = - -  d [47] 
[I -- (I + m) (P1/P)]2I Im ['- 

For the  range  of cur ren t  densi t ies  in which  the e lec-  
t rochemical  effects a re  much l a rge r  than  ohmic effects, 
the  cu r ren t  density,  I, is r e la ted  to the  oxygen  pa r t i a l  
p ressure  by  

I ~ I (Plo) P1/Plo [48] 

where I(Px0) is the  cur ren t  dens i ty  at  the  inlet ,  o r  
at  zero uti l ization.  The d is t r ibu t ion  of pa r t i a l  pressures  
of oxygen  is obta ined  by  subs t i tu t ing  for  I in Eq. [47] 
and integrat ing.  The resul t ing  express ion wi th  x set 
equal  to the  wid th  of the  electrode,  l, is used to e l imi-  
na te  the  quan t i ty  U ( I ) I ( P l o ) / I m  in favor  of Pn, the  
pa r t i a l  pressure  of oxygen  at  the  out le t  of the  cell  to 
y ie ld  

P,oP' { = s p + e x p  In - - - - s p  

z ) 1 - z l~  
+ 1 - - ~ -  I n ( l - s p )  1 - - S p  

+ 1 -- spP1/Plo 1 -- SpVp 

-1 
[493 

where  sp : (1 + m)P1/P ,  rp - -  Pn/P10, and Pll  is 
calcula ted  f rom Eq. [44] using the k n o w n  va lue  of the 
uti l izat ion,  U(1). This equat ion can be  solved nu mer i -  
ca l ly  to ob ta in  the oxygen  pa r t i a l  pressure,  P1, as a 
funct ion of position, x, in  the  cell. The oxygen  pa r t i a l  
pressure ,  in  tu rn  can be  in t eg ra t ed  numer ica l ly  to ob-  
ta in  the  average  pa r t i a l  p ressure  of oxygen  flowing pas t  
the  electrode,  Plm. If  the  increase  in  the  volume of 
reac t ing  ai r  caused by  the fo rmat ion  of wa te r  had  been 
neglected in the above der ivat ion,  the  express ion  for  
the average  pa r t i a l  p ressure  of oxygen  would  have 
reduced  to 

Pim ( P I I / P * o ) -  1 
= [503 

P10 in (Pn/P10) 

The pa r t i a l  p ressure  of wa te r  vapor,  P2, is r e l a t ed  to 
the pa r t i a l  p ressure  of oxygen  by  using the  fact  t ha t  
two moles  of wa te r  a re  p roduced  for eve ry  mole  of  
oxygen  consumed 

P~o[P --  (1 -5 re)P1]-- m(Plo  --  P*) 
P2 = [5I]  

P -- (1 + m)Pio 

where  Pzo is the pa r t i a l  p ressure  of wate r  a t  the  inlet .  
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When Plm is substituted for P1 in this formula, then 
the average water  part ia l  pressure, P2m, is obtained. 
The average part ia l  pressure of nitrogen, P3m, is the 
difference between the oxygen and water  par t ia l  pres-  
sures and the total pressure, P 

Psm = P - -  P*m - -  P2m [52] 

The average part ia l  pressures of oxygen, water  vapor, 
and nitrogen found in this way serve as the boundary 
conditions for diffusion into the porous backing for 
the model of electrode behavior described above in 
Eq. [6], from which the performance curve can be 
calculated. 

Calculations made in this way involve the approxi-  
mation to the current density distribution in Eq. [48]. 
This approximation can be removed by dividing the 
cell into rectangular regions. From an initial  assumed 
current density distribution, the flows of gases into and 
out of each of the nodes and the part ia l  pressure dis- 
tributions were calculated. Diffusion of water  across the 
matr ix  was also considered. These part ia l  pressures 
serve as the boundary conditions for diffusion into the 
porous backing for the above model of cathode behavior. 
The cathode potential was calculated at each node. A 
similar model was used to find the anode potential at 
each node. The voltage drop across each rectangular 
region was found from the anode and cathode poten- 
tials and the potential drop across the matrix. The 
difference in voltage from the average voltage is a 
measure of how much the current density at each node 
should  be changed in order to improve the currrent  
density distribution. Successively more accurate dis- 
tributions were calculated and the process was re-  
peated until  the potential difference was the same 
across each rectangular  region. The cell voltage ob- 
tained in this way using 144 nodes differs by less than 
2 mV from the approximate treatment of utilization 
given above when the current density was 2610 A / m  2 
and the air  utilization was 70 %. 

The utilization loss can be broken down into contri- 
butions from separate effects. The air activation com- 
ponent is the amount by which the activation Tafel 
line is shifted to lower potentials due to the decrease 
in oxygen part ial  pressure caused by utilization. Air 
activation is the largest component of the utilization 
loss. It depends only on the Tafel slope and the partial  
pressure of oxygen and is equal to -- Ts log (PI/Plo).  
Its value averaged over all the nodes of the cell is 20 
mV at 60% utilization and 31 mV at 80% utilization. 

The diffusion loss in the porous backing and catalyst 
layer  increases as the part ial  pressure of oxygen in the 
air  decreases as a result of utilization. Unlike the acti- 
vation component, the diffusion component of the uti l i-  
zation loss is different for different electrodes. This dif- 
fusion component is small at  low utilizations but in- 
creases steeply at high utilizations amounting to about 
14 mV at 90% utilization. 

As the oxygen part ial  pressure decreases due to uti l i-  
zation, the part ia l  pressures of water  and nitrogen in-  
crease because the total pressure remains essentially 
constant. In addition, water  from the fuel stream 
migrates and diffuses from the anode across the matr ix 
to the cathode and water  is produced at the cathode 
by electrochemical reaction. When dry air  is used, a 
drying effect occurs which is confined to a small neigh- 
borhood around the inlet for all but very low util iza- 
tions. The ohmic component of the utilization loss in- 
creases by 6 mV when the utilization of dry air is re-  
duced from 10%to nearly zero. This effect is eliminated 
by using humidified air  at low utilization. As the uti l i-  
zation is varied under practical operating conditions 
the concentration changes in the electrolyte are small, 
and since the electrical resistance of the acid does not 
change much with concentration, the ohmic loss in the 
cathode and matr ix  does not change significantly. Ex- 
cept for dry air  at very low utilization, the ohmic com- 
ponent is not an important  factor in the utilization loss. 

Manuscript submitted Nov. 5, 1979; revised manu- 
script received Jan. 18, 1980. This was Paper 32 pre-  
sented at the Las Vegas, Nevada, Meeting of the 
Society, Oct. 17-22, 1976. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1981 
JOURNAL. All discussions for the June 1981 Discussion 
Section should be submitted by Feb. 1, 1981. 

Publication costs 05 this article were assisted by 
United Technologies Corporation. 

LIST OF SYMBOLS 
A matr ix  defined by Eq. [5] (sec/m~ Pa) 
As matr ix  defined by Eq. [2J (kmole/m 4) 
a area of electrolyte film per m3 of electrode 

( m - l )  
B matr ix  composed of the first two rows and 

columns of A (sec/m 2 Pa) 
b vector composed oK the first two components 

of the third row of A (sec/m 2 Pa) 
C vector representing the effect of Knudsen 

diffusion in Eq. [14J (sec/m 2) 
C, concentration of oxygen dissolved in the 

electrolyte (kmole/m~) 
C1 o solubility ' oxygen in the electrolyte 

(kmole/m 8 ~a) 
c vector composed of the first two components 

of C (sec/m 9) 
D diffusion coefficient of oxygen dissolved in 

the electrolyte (m2/sec) 
Dij ~ gas diffusion coefficient for components i and 

j at one atm total pressure extrapolated to 
one Pa (Pa m2/sec) 

Du~ effective gas diffusion coefficient for compo- 
nents i and j in the porous backing or cata-  
lyst layer  at the given pressure (m2/sec) 

D k t e  Knudsen diffusion coefficient in the catalyst 
layer  (m2/see) 

D k i s  Knudsen diffusion coefficient for a straight 
cylindrical tube (m2/sec) 

g electrode potential  (V) 
Ea porosity-tortuosity factor for diffusion and 

electrical conduction in the agglomerates (di- 
mensionless) 

Ee potential in the catalyst layer  (V) 
Ei potential in the electrolyte (V) 
Em fraction of the electrode consisting of ag- 

glomerates (dimensionless) 
gp porosity-tortuosity factor for gas diffusion in 

the porous backing (dimensionless) 
Er reference potential (V) 
Et porosity-tortuosity factor for gas diffusion 

in the catalyst layer (dimensionless) 
F Faraday  (C/equiv.) 
G function defined by Eq. [19] 
H function defined by Eq. [20] 
h height of the electrode (m) 
I current density along the electrode between 

the gas inlet and the gas outlet (A/m 2) 
Ie current density in the catalyst layer  (A/m S) 
Ii current density in the electrolyte (A/m 2) 
Im average current density for the cathode (A/  

m 2 ) 
IT current density assuming the only source of 

voltage loss is activation (A/m2) 
Iu unit matr ix (dimensionless) 
Io Bessel function of the first kind (dimension- 

less) 
I ,  Bessel function of the first kind (dimension- 

less) 
Ke rate constant for the electrochemical reaction 

of oxygen (sec -1) 
width of the electrode (m) 

Me modulus for diffusion and reaction in the ag- 
glomerates defined by Eq. [28] (dimension- 
less) 

Ms molar  flow of component i (kmole/sec) 
Mio molar flow of component i which was input 

to the cell (kmole/sec) 
Mt total molar flow of all  components (kmole/  

sec ) 
m ratio of water  flux to oxygen flux (dimen- 

sionless) 
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flux of gaseous component  i diffusing pas t  
any  point  in the  ca ta lys t  l aye r  (kmole/m2 
sec) 
flux of gaseous component  i diffusing in  the 
porous backing ( k m o l e / m  2 sec) 
ra te  of reac t ion  of oxygen  pe r  m s of elec-  
t rode  at  a g iven point  ( k m o l e / m  3 sec) 
to ta l  pressure  in the  gas s t r eam and porous 
backing  (Pa)  
vector  whose components  a re  the  pa r t i a l  
pressures  of oxygen, wa te r  vapor ,  and  n i t ro-  
gen (Pa)  
the  value  of P at  the in terface  be tween  the 
porous backing  and the ca ta lys t  l aye r  (Pa)  
pa r t i a l  pressure  of component  i (Pa)  
pa r t i a l  pressure  of component  i a t  the  in le t  
(Pa)  
pa r t i a l  pressure  of component  i at the  out le t  
(Pa)  
average  pa r t i a l  p ressure  of component  i in 
the  gas s t r eam (Pa)  
average  va lue  of P in the  gas s t r eam (Pa)  
total  p ressure  in  the  ca ta lys t  l aye r  (Pa)  
vector  whose components  a re  the  pa r t i a l  
pressures  of oxygen  and wa te r  (Pa)  
the va lue  of p at  the  in ter face  be tween  the 
porous backing  and the ca ta lys t  l ayer  (i~a) 
gas constant  ( J / d e g  kmole)  
average  radius  of the gas filled pores in the 
ca ta lys t  l aye r  (m) 
radius  of the agglomera tes  (m) 
Pn/Plo 
(1 ~- m)P1/P 
t e m p e r a t u r e  (~ 
slope of the semilog plot  of the uer formance  
curve a t  low currents  (V/decade)  
f rac t ion of the amount  of oxygen  which  was 
input  into the  cell  which  is consumed in p ro-  
ducing cu r ren t  (dimensionless)  

x posi t ion along the e lect rode be tween  the gas 
inlet  and the gas out le t  of the cell (m) 

Y fundamen ta l  ma t r i x  of the homogeneous pa r t  
of Eq. [15] 

z posi t ion in the porous backing  or  ca ta lys t  
l aye r  (m) 

zl thickness of the ca ta lys t  l aye r  (m) 
zp thickness of the porous backing (m) 

Greek  le t te rs  
~2/~3 (dimensionless)  

8 thickness of the  e lec t ro ly te  film (m) 
ec effectiveness factor  for  diffusion and react ion 

of oxygen  in the agglomera tes  (d imens ion-  
less) 

~.l e igenvalues  of A ( sec /m 2) 
~i molecu la r  weight  of component  i ( kg /kmole )  
~c conduct ivi ty  of the ca ta lys t  l ayer  (12-1m -1)  
~i conduct iv i ty  of the  e lec t ro ly te  ( ~ - i m - 1 )  

Subscr ipts  
i = 1,2,3 oxygen,  wa te r  vapor,  and  ni trogen,  respec-  

t ive ly  
p at  pressure  o ther  than  uni t  pressure ,  or  for  

a porous solid 
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The Effect of Ammonia on Hydrogen-Air 
Phosphoric Acid Fuel Cell Performance 

S. T. Szymanski, G. A. Gruver, M. Katz,* and H. R. Kunz* 
United Technologies Corporation, Power  System~ Division, South Windsor, Connecticut 06074 

ABSTRACT 

Labo ra to ry  exper iments  and tests conducted on phosphor ic  acid  fuel  cells 
have indica ted  tha t  ammonia ,  when  presen t  as an i m p u r i t y  in e i ther  the fuel  
or  ox idan t  s treams,  wi l l  react  wi th  the  e lec t ro ly te  to form (NH4)H2PO4. A m -  
monia t ion  of the acid to g rea te r  than  0.2 mole  percent  resu l ted  in a loss in 
pe r fo rmance  due p r i m a r i l y  to a lower ing  in the  ra te  of O3 reduct ion  on the 
the cathode catalyst .  Complete  recovery  of the per formance  loss was achieved 
a f te r  the remova l  of the con taminant  source. The degree of e lec t ro ly te  con- 
vers ion and, hence, s t eady-s ta te  per formance  loss were  found to be dependen t  
on the ra te  of ammonia  addi t ion  to the  cell  re la t ive  to the  ra te  of ammonium 
ion oxidat ion  at  the  cathode. This oxida t ion  process was found to be potent ia l  
dependent ,  wi th  an increase  in cathode poten t ia l  resul t ing  in the  ab i l i ty  of the  
cell to to le ra te  n igher  NI-I3 concentrat ions  in the  r eac tan t  gas s treams.  

Smal l  amounts  of ammonia  m a y  be presen t  as a con- 
t aminan t  in the  processed fuel  or  ox idant  s t reams of 
hyd roca rbon -a i r  fuel  cell  systems. The ammonia  might  
be formed in a r e fo rmer  used to conver t  a hydroca rbon  
fuel  into a hyd rogen- r i ch  gas if n i t rogen is present .  
Ammonia  might  also be in t roduced  into the  fuel  be -  
cause of i ts use as a t r ace r  gas in na tu ra l  gas d i s t r ibu-  
t ion systems. I t  is also present  at  low concentrat ions  
in  the  air.  Al though  the ammonia  concentra t ion wil l  
be on the o rde r  of a pa r t  pe r  mill ion,  the  presence of 
the  ammonia  is of concern to l ong - t e rm opera t ion  of 

* Electrochemical  Society Act ive  Member. 
Key words: cathode catalystj e lectrolyte  conversionj oxidation. 

acid e lec t ro ly te  fuel  cell  systems, since the  ammonia  
wi l l  reac t  w i th  the electrolyte .  This potent ia l  p rob lem 
is an analog of carbon dioxide  in the fuel  and  ox idant  
reac t ing  wi th  the  e lec t ro ly te  in a lka l ine  fuel  cell  sys-  
tems. A n  expe r imen ta l  and  theore t ica l  s tudy  was un -  
de r t aken  to define the sever i ty  of the  per formance  loss 
associated wi th  ammonia  and the to lerance  level  of 
acid cells to ammonia.  

Ammonia  reacts  wi th  phosphor ic  acid e lec t ro ly te  to 
form ammonium d ihydrogen  phosphate.  E lec t rochemi-  
cal exper iments  were  pe r fo rmed  wi th  s ta t ionary  and 
ro ta t ing  electrodes to de te rmine  the effect of ammo-  
n ium d ihydrogen  phosphate  concentra t ion on the pe r -  
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formance of fuel cell cathodes in  phosphoric acid elec- 
trolyte. Post- test  chemical analyses were performed on 
subscale fuel cells, which had operated for various 
periods of time, to determine the rate at which the 
electrolyte was converted in tests in  which no am- 
monia  was in ten t ional ly  added to the reactants. Other 
subscale cell tests were performed with controlled am-  
monia  inject ion in  the fuel gas. The t rans ient  per-  
formance data of these subscale cell tests were com- 
pared with the results of a mathemat ical  model that  
was derived to describe the cell behavior. This ap- 
proach provided the definition of the effect of ammonia  
on the subscale fuel cell performance. 

Experiments 
Half-cell tests.--In order to determine the effect of 

(NI~)HaPO4 concentrat ion in the t-IsPO4 electrolyte 
on the performance of fuel cell cathodes, floating elec- 
trode exper iments  were performed using the experi-  
menta l  apparatus  and electrodes described in  Ref. (1). 
Electrode performance for the reduct ion of oxygen was 
measured as a funct ion of current  density under  both 
oxygen and air. The electrodes contained about  0.5 mg 
P t / c m  2 supported on Vulcan XC-72 with a concentra-  
t ion of 10 weight  percent  (w/o)  Pt  on the carbon 
support.  The electrolyte in the working electrode 
chamber  was main ta ined  at 191~ and the water  vapor 
pressure above the electrolyte main ta ined  constant  
at a level in equi l ibr ium with pure 99 w/o  HsPO4. 
Data were obtained when  various quanti t ies  of 
(NI-IDHaPO4 were added to the electrolyte in  the 
working electrode chamber.  

Addit ional  half-cel l  experiments  were conducted to 
determine the rate of oxidat ion of (NH4)H2PO4 from 
I-I~PO4 electrolyte containing 1, 3, and 10 w/o 
(NHOHaPO4. The tempera ture  and water  vapor pres- 
sure of the electrolyte were main ta ined  the same as in 
the previous half-cel l  tests. Oxidation currents  were 
measured under  N2 over the potential  range of 0.650- 
0.900V with respect to the hydrogen reference elec- 
trode in  uncontamina ted  I-I~PO4 electrolyte. This po- 
tent ial  range was selected since it  is the operat ing 
potent ial  range of fuel cell cathodes. The electrode 
used in this exper iment  consisted of a p l a t inum-b lack-  
Teflon-bonded electrode supported on a gold-plated 
t an ta lum screen. The surface area of the Pt  was de- 
te rmined electrochemically by hydrogen adsorption 
at room tempera ture  in  50% H3PO4. Exper iments  were 
performed both with the electrode s ta t ionary in the 
electrolyte and rotat ing at 2100 rpm. 

Subscale cell tests.--Tests were performed on 2 X 2 
in. active area fuel cells to determine the effect of the 
presence of ammonia  in  the fuel gas on the cell per-  
formance and decay. Some tests were performed with 
no ammonia  introduced into the fuel and oxidant  
streams. Post- test  chemical analyses were performed 
on the cells to determine the amount  of (NH4)H~_PO4 
present  in  the cell after  various periods of operation. 
Reactant  gas analyses and chemical analyses of un -  
tested cell components were also performed to deter-  
mine  the source of any (NI-IOH~PO4 found after the 
cell tests. 

Other cell tests were performed with about  1 mole 
percent  (m/o)  (NHOHaPO4 added to the electrolyte 
prior to the commencement  of the test. Tests were per-  
formed at two different cell voltages, 0.616 and 0.750V, 
to determine the effect on cell operat ing voltage on 
the cell performance history. Two cells were tested at 
each cell voltage. One of each pair  was tested for about  
150 hr and the other for about  350 hr to determine the 
effect of operat ing t ime on the final (NH4)HaPO4 con- 
tent  in  the cell. A control cell in  which no (NI-ID HaPO4 
was ini t ia l ly  added was also tested for about  350 hr  
at 0.616V and analyzed for post- test  (NH4)HaPO4 
content. 

In  addition, cell tests were performed on the sub-  
scale cells with controlled quanti t ies  of NI-I8 in t ro-  

duced into ~he fuel stream. The ammonia  was in t ro-  
duced using permeat ion  tubes which were placed in  
a dead-ended and thermal ly  controlled branch to the 
inlet  fuel line. The ammonia  contents were set at 1, 2, 
and 6 ppm in  the dry fuel gas in three separate cells 
by control l ing the tempera ture  of the permeat ion 
tubes. A control cell in  which no N I ~  was introduced 
was also tested. 

All  subscale cell tests were performed at 191~ 
atmospheric pressure, and 215 mA/cm% The fuel con- 
tained 80% Ha, 18.3% CO2, and 1.7% CO and was pro- 
vided at a flow rate such that  80% of the H2 was con- 
sumed by the electrochemical reaction at the anode. 
The" air  flow was set at 40% 02 utilization. Water  was 
added to the cells using a saturator  on the cathode 
gas stream. 

Finally,  three addit ional  cell tests were performed. 
One test was conducted using a mixture  of 20% Ha 
and 80% Na as the fuel to determine whether  NH3 
could possibly be formed wi th in  the cell. The other 
two tests were performed wi th  167 ppm NI-I~ added 
to the fuel gas and Nt-I4OH injected into the fuel 
s tream to obtain addit ional  data on the effect of high 
levels of electrolyte ammonia t ion  on cell performance. 

All  cells were constructed of the same materials.  
Both anode and cathode were Teflon-bonded electrodes 
of Pt  supported on Vulcan XC-72. The electrode P t  
loadings were nomina l ly  0.25 and 0.50 mg/cma, re-  
spectively. The electrode spacing was approximately  
125 microns. 

Theory 
Since some of the exper imenta l  data indicated that 

(NH4) HaPO4 was oxidized at fuel cell cathode poten-  
tials, the mathemat ical  model conceived was based on 
the conservation equat ion for (NI-I4)HaPO4. This 
species was considered to be introduced by NH~ pres- 
ent  in the reactant  gases and consumed by the oxida- 
t ion of (NI-I4)HaPO4 in the cell. All  NI-Is enter ing the 
cell was assumed to react. In  equat ion form 

input  -- output  + generat ion = accumulat ion 
or  

9" ( dCNz~4 + ) 
~C*NH3 " F -- 0 --  kAptCNH4+ --  [1] 

dt  

where :~C*NH3 �9 F is the sum of the products of am- 
monia  concentrat ions and reactant  flow rates for the 
two reactant  streams (g moles N H J h r ) ,  k is the oxi- 
dation rate constant  (cm 3 ac id /hr  cm 2 Pt ) ,  Apt is the 
real Pt  area of cathode (cm a Pt) ,  CNH4+ is the concen- 
t ra t ion of NI-I4 + in  the cell at any  time, (g moles/cm 3 
acid),  V is the volume of acid in  the cell at 191~ 
(cm~), and t is the t ime (hr) .  In  Eq. [1] the rate of 
consumption of NH4 + wi th in  the cell was assumed 
to be controlled by the rate of its electrochemical oxi- 
dation at the cathode and to be proport ional  to the 
Pt surface area. 

The solution to this equat ion is 

ZC*NHs 'F  [ 1 . 0 _ e x p < - - k A p t t > ]  
CNH4+ = k A p t  " V 

+ C~ exp 9" [2] 

where C ~ NH4 + is the ini t ia l  value of CNH4 +. 
The oxidation rate constant  was calculated from 

subscale cell data on preammonia ted  electrolyte. The 
resul t ing expressions were 

k = e x p  [ E c - 1 " 0 3 4  ] for E ~ 0 . 6 7 3  [3] 
0.0273 

and 
Ec--2.625 ] 

k = exp 0.1474 for Ec = 0.673 

where Ec is the cathode potential. 

[4] 
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Results 
The per fo rmance  loss due to e lec t ro ly te  ammonia -  

t ion was found to be a funct ion of the  amount  of am-  
mon ium ion found in the e lectrolyte .  The da ta  ob-  
ta ined  in both the  ha l f -ce l l s  and  ful l  cells are  shown 
in Fig. 1. Al l  of the  expe r imen ta l  da ta  indicate  tha t  
10 m / o  conversion of I-I~PO4 to (NH4)H2PO4 resul ts  
in a pe r fo rmance  loss of about  70 mV at 215 mA/cm~. 
Only about  0.2 m/o  conversion can be to le ra ted  wi th -  
out  a significant pe r fo rmance  loss. The per formance  
loss was found to be due to loss of cathode pe r fo rm-  
ance as can be seen by  the good ag reemen t  be tween  
cathode ha l f -ce l l  da ta  and ful l  cell  results.  An  in-  
spect ion of the cathode Tafel  plots  f rom the ha l f -ce l l  
tests indica ted  tha t  the p r i m a r y  mode of per formance  
loss is a reduc t ion  in the  ra te  of the  O~ reduct ion  on 
the cathode catalyst .  F igu re  2 shows the re la t ive  ca th -  
ode ca ta lys t  ac t iv i ty  for  ammonia t ed  e lec t ro ly te  com- 
pa red  to the  pure  e lectrolyte .  A loss of 84% in ac t iv i ty  
resul ts  wi th  on ly  1% conversion of the  HsPO4. 

The da ta  f rom the cell  which  was tes ted wi th  an  
H~/N2 mix tu re  as the  fuel  is also shown in Fig. 1. 
This test  resu l ted  in no per formance  loss due to am-  
monia t ion  and on ly  a smal l  degree  of ammonia t ion  
which  was typica l  of a cell  in  which  no ammonia  was 
introduced.  Therefore,  N~ does not  reac t  wi th  H2 in a 
cell  to form (NI-I4)H2PO4. 

The resul ts  of the e lec t ro ly te  analyses  for  cells which 
were  endurance  tes ted  wi thout  NH~ de l ibe ra te ly  added  
to the fuel  or  NI-I4 + added  to the  e lec t ro ly te  are  shown 
in Fig. 3. The  (NH4)H~PO4 content  in the  cell  d id  not  
increase  l inea r ly  wi th  t ime as might  be expected  if  
NH8 were  in the  reactants ,  comple te ly  reac ted  wi th in  
the cell, and not  re jected.  The (NH4)H2PO4 content  
reached a constant  va lue  af te r  about  1000 hr, ind i -  
cat ing that  the cell  has a capac i ty  to re jec t  the 
(NH4)H~PO4. Analyses  of the r eac tan t  gases for  NH~ 
and of the  pre tes t  cell  components  ind ica ted  tha t  much 
more  (NI-I4)H2PO4 was in t roduced  in  the cell  than  was 
found by  pos t - t es t  analyses,  aga in  indica t ing  re jec t ion  
capabi l i ty .  
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The resul ts  of the  exper iments  to inves t iga te  the  
e lect rochemical  ox ida t ion  of (NI-I4)HzPO4 are  shown 
in Fig. 4 for  1 w /o  (NI-I4)H2PO4 at  a ro ta t ion  ra te  of 
2100 rpm. Significant ox ida t ion  currents  were  found 
for  the p robab le  reac t ion  

NI-I4 + -~ �89 N2 § 4H + + 3e- [5] 

The reac t ion  ra te  for  this react ion was found to be 
s t rongly  potent ia l  dependent ,  increas ing b y  a factor  of 
about  60 in  the  potent ia l  range  f rom 0.65 to 0.85V. 
Resul ts  at  o ther  e lec t ro ly te  concentra t ions  at  0.75V are  
shown in Table  I. These resul ts  show tha t  the  ra te  of 
ox ida t ion  increases  wi th  the  concent ra t ion  of a m -  
mon ium ion in solut ion and the ra te  of rotat ion.  

Because of this s t rong effect of cathode poten t ia l  on 
the oxida t ion  ra te  of (NI-I4)H~PO4, the ra te  of e lec-  
t ro ly te  purif icat ion for the  cells containing p r e a m -  
monia ted  e lec t ro ly te  would  be expec ted  to be depend-  
ent  on the cathode opera t ing  poten t ia l  in the  cells. 
These  resul ts  a re  shown in Fig. 5. In  a l l  cases, the  
in i t ia l  concentra t ion  of (NI-I4)H2PO4 in the  e lec t ro ly te  
was about  1 m/o.  Fo r  the  two cells which  were  tested 
a t  0.616V, the  (NI-L~)H2PO4 content  decreased to 0.342 
m / o  in 141 h r  for  cell  D and to 0.068 m/o  in 334 h r  
for  cell  E. F o r  the  two cells tes ted  at  0.750V, the 
(NI-IOH~PO4 content  decreased more  r a p id ly  to 0.034 

Table I. Summary of half-cell data 

Measured current (ms.) at mV R I ~  

1 s t  E x p e r i m e n t  ~ n d  Experiment  
Concentra- 

tion w / o  W i t h  W i t h o u t  W i t h  W i t h o u t  
ammonlat ion rotation rotation rotation rotation 

0 0 . 0  - 0 . 1 0  + 0 . 2 7  0 .0  

1 - 0 . 3 7  - 0 . 3 0  - 0 . 2 5  - 0 . 3 8  

3 - -  - -  - -  0 . 6 8  - -  0 . 6 6  

1 0  - -  1 . 2 0  - -  0 . 7 5  - -  1 . 0 8  - -  0 . 8 0  

Notes: 
1. Eiectrode (Pt  black, screen electrode) surface area = 11,407 

c m  ~. 
2.  M i n u s  s i g n  i n d i c a t e s  a n o d i e  c u r r e n t  ( o x i d a t i o n ) ,  p l u s  s i g n  

indicates cathodic current  (reduct ion) .  
3.  D a t a  taken  after  2 0  m l n .  
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Fig. 5. $ubscale cell current density at constant voltage vs. op- 
erating time. 

m / o  in 142 hr  for  cell  A and 0.050 m / o  in 361 h r  for  
cell  B. Fo r  cells E and B, the  concentra t ion  af te r  about  
334 and 361 hr, respect ively ,  was about  the  same as 
tha t  of the  control  cell  (0.077 m / o )  a f te r  336 hr. The  
amount  of ammonium ion in the  p r eammon ia t ed  cells 
had  there fore  been  reduced  to the  low level  of 
(NH4)HzPO4 content  of the control  cell. F igure  5 
shows also tha t  the  cur ren ts  of the  cells had  also 
reached  tha t  of the  control  cell  a t  the  same potent ial .  
I t  is assumed tha t  the  pe r fo rmance  had  been improved  
b y  e lec t ro ly te  purif icat ion prov ided  by  the cell  ca th-  
odes. The da ta  f rom these tests a re  summar ized  in 
Table II. This tab le  shows tha t  the  percen t  of a m -  
mon ium ion oxidized is a funct ion of opera t ing  t ime, 
in i t ia l  concentrat ion,  and  the potent ia l  of the cell. 

Expe r imen ta l  da ta  for  the  subscale  cells in which  
NHs was in jec ted  into the  fuel  s t r eam is shown in 
Fig. 6. In t roduc t ion  of 2 p p m  NHs into cell  G at  about  
150 h r  resu l ted  in a decay  in  performance.  Af te r  about  
560 hr, the  ammonia  in jec t ion  was s topped and a 
g radua l  res to ra t ion  of pe r fo rmance  resu l ted  unt i l  i t  
r eached  tha t  of the  control  ceil  a t  about  1500 hr. A t  
this  t ime,  1 ppm NI-I~ was added  to the  fuel  gas and 
a smal le r  decay aga in  began. Analys is  of the NH8 
content  in the  fuel  gas of the control  cell  indica ted  
0.08 ppm. Fo r  cell  H, in t roduct ion  of 6 ppm was 
s ta r t ed  at  about  150 h r  and  removed  a f te r  pe r fo rm-  
ance decay to about  560 hr. Again,  res tora t ion  in pe r -  
fo rmance  to tha t  of the  control  cell  resul ted.  These 
resul ts  c lear ly  show the ab i l i ty  of cells in which  NI-I8 
is in t roduced  to se l f - res to re  per formance .  

F igure  7 shows the  loss in  pe r fo rmance  at  215 m A /  
cm 2 of cells G and H due to the in t roduct ion  of NH3 
as a funct ion of the  NH~ content.  Two lines a re  shown 
since the in i t ia l  per formances  of the  th ree  cells were  
s l igh t ly  different.  Less than  10 mV per fo rmance  loss 
a t  215 m A / c m  z resul t s  i f  1 p p m  NHs is p resen t  in the  
fuel  gas. 

The  resul ts  ob ta ined  us ing the ma themat i ca l  model  
a re  compared  wi th  the resul ts  of cells G, H, and  the i r  
control  in Fig. 8 and 9. In  app ly ing  the ma themat i ca l  
model,  the  re la t ionship  be tween  (NI-I4)H~PO4 content  

Table II. Test results from preammoniatecl electrolyte cells 

Oper-  m / o  F ina l  esti- % 
s t i n g  A m m o n i a t l o n  m a t e  of N I ~  

Volt .  t i m e  p e r f o r m a n c e  oxi- 
age  (h r )  In i t i a l  F ina l  loss  (mY)  dized 

142 1.380 0.034 0 98 
361 1.380 0.061 0 95 
336 0.127 0.077 0 71 

( B ack- 
g round )  

141 1.120 0.342 5 71 
334 1.120 0.068 0 94 

Cel l  

A 0,750 
B 0.750 

Control 0.616 

D 0.616 
E 0.610 
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in the  e lec t ro ly te  and  cell  pe r fo rmance  shown in  Fig.  1 
was used. In  al l  t h r ee  cases, ag reemen t  be tween  the 
p red ic ted  and measu red  pe r fo rmance  changes w a s  

found to be sat isfactory.  
The  expe r imen ta l  da ta  and  ma the ma t i c a l  analysis  

show tha t  I-IsP04 fuel  cells can become contamina ted  
due to NHs presen t  in  the  reac tan t s  and  be  ser iously  
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CELL 0.020 F~ �9 CELL D-~., DC, 
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Fig. 5. Effect of ammonia on cell pedormonce 
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affected in  performance.  However ,  they  have  the 
ab i l i ty  of se l f -pur i f ica t ion because of the  oxida t ive  
capabi l i ty  of the  cathodes. Therefore,  the per formance  
loss depends  on the re la t ive  ra tes  at  which NHz en-  
ters  the  cell and is r emoved  by  oxidation.  This means  
that  the  pe r fo rmance  loss would  be s t rong ly  depend-  
ent  on the  opera t ing  load profile of the fuel  cell. 

Conclusions 
This s tudy  indicates  tha t  NH3 presen t  in  the  fuel  or 

ox idan t  gases suppl ied  to an I-I~PO4 fuel  cell wi l l  react  
wi th  the  e lec t ro ly te  to form (NH4)HsPO4 and could 
have  a severe  de t r imen ta l  effect on the  cell  pe r fo rm-  
ance. The conversion of the  e lec t ro ly te  mus t  be l imi ted  
to less than  about  0.2 m/o  to avoid  a significant pe r -  
formance loss. This per formance  loss is due p r i m a r i l y  
to a reduc t ion  of the ra te  of 02 reduct ion  on the 
cathode catalyst .  The  cell  has the  capaci ty  to re jec t  
(NI-I4)H2PO4 by  oxida t ion  at  the cathode. Therefore,  
a cell  can to lera te  sus ta ined low levels  of NH~ in the  
reac tan ts  wi th  l i t t le  pe r fo rmance  loss. Also the  pe r -  

formance lost  due to ammonia t ion  can  be re s to red  i f  
the  N I ~  supply  to the  cell is s topped.  The se l f -c lean-  
ing fea ture  is dependent  on the opera t ing  potent ia l  of 
the cathode. Therefore,  the  to lerance  of I-IsPO4 cells 
to NI-Iz in the reac tan ts  is dependen t  on the load  p ro -  
file that  the cell  is following. A mathemat i ca l  model  
was developed to pred ic t  the  loss in per formance  for 
any  load profile. 

Manuscr ip t  rece ived  Aug. 3, 1979. This was Pape r  
316 presented  at  the  Pi t t sburgh,  Pennsylvania ,  Meet -  
ing of the  Society, Oct. 15-20, 1978. 

A n y  discussion of this  pape r  wi l l  appea r  in  a Dis-  
cussion Section to be  publ i shed  in the  June  1981 
JOURNAL. Al l  discussions for  the  June  1981 Discussion 
Sect ion should be submi t ted  b y  Feb. 1, 1981. 
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ABSTRACT 

The e lec t rochemical  reduct ion  and oxida t ion  of su l fu ry l  ch lor ide  in 1M 
LiA1C14-SO2Cl~ solutions were  s tudied  at  glassy carbon electrodes using the 
technique of cyclic vo l tammetry .  I t  was found tha t  the  reduct ion  of chlorine,  
which  is fo rmed by  the decomposi t ion of su l fury l  chloride,  precedes  and ob-  
scures the reduct ion of su l fury l  chloride.  Thus, in ch lor ine- r ich  solutions, 
su l fury l  chlor ide  reduct ion  peak  in the  cyclic vo l t ammograms  is comple te ly  
masked  b y  the chlor ine reduct ion  peak.  However ,  in solut ions sa tu ra t ed  wi th  
sul fur  dioxide,  the  chlor ine reduct ion  lzeak is r e la t ive ly  smal le r  than  the su l -  
fu ry l  chlor ide reduct ion peak.  The  reduct ion  of both chlor ine  and su l fury l  
chlor ide  leads to the  deposi t ion of  insoluble  l i th ium chlor ide  at  the e lec t rode  
surface and resul ts  in its passivation.  The e lec t rochemical  oxida t ion  of LiAIC14- 
SOzCI~ solutions leads  to the  fo rmat ion  of chlorine,  first b y  the  ox ida t ion  of 
A1C14- ions fol lowed b y  the oxidat ion  of su l fu ry l  chloride.  

Dur ing  the pas t  few years,  a number  of studies have  
been repor ted  on the ambien t  t empe ra tu r e  l i th ium-  
inorganic  e lec t ro ly te  ba t t e ry  systems. However ,  on ly  
a few of these studies have  been devoted  to the l i th -  
i um-su l fu ry l  c h l o r i d e  system. The scarce l i t e ra tu re  
includes studies of the discharge character is t ics  (1-4) 
and discharge reac t ion  s to ichlometry  (4) of l i th ium-  
su l fury l  chlor ide  cells, conduct ivi t ies  (5), and vol t -  
amme~rie reduct ion  of su l fu ry l  chlor ide  (6) in 
LiA1C14-SO2C12 solutions. The e lec t rochemical  r educ-  
t ion and oxida t ion  of su l fu ry l  chlor ide in 1M LiA1C14- 
SO2C12 solutions and in solut ions containing excess of 
chlor ine or sul fur  d ioxide  were  also inves t iga ted  in 
this  l abo ra to ry  employ ing  the technique of cyclic 
vo l t ammet ry .  This paper  summarizes  our  results .  

Experimental 
The p repa ra t ion  and purif icat ion of l i th ium t e t r a -  

eh loroa lumina te  have been descr ibed e lsewhere  (7). 
Su l fu ry l  chlor ide  (Matheson,  Coleman and Bell  Com- 
pany)  was ref luxed over  l i th ium meta l  and  dis t i l led 
as colorless liquid. However ,  on storage,  the color 

* Electrochemical Society Active Member. 
Key words: electrolyte, battery, voltammetry. 

s lowly  changed to l ight  yel low.  Solut ions of l i th ium 
te t rach loroa lumina te  in su l fu ry l  chlor ide  were  l ight  
ye l low in color. 

A three  e lec t rode  sys tem was used for  al l  measu re -  
ments. The reference  (1 • 5 cm) and counter  (3.5 X 
6 cm) electrodes were  both  made  by  pressing l i th ium 
r ibbon (0.38 m m  thick;  Foote  Minera l  Company)  onto 
a n ickel  screen. The reference  e lec t rode  was con- 
ta ined  in a P y r e x  tube  (10 m m  diam)  wi th  a coarse 
poros i ty  f r i t t ed  glass bottom. Both  the  reference  and 
the countere lec t rodes  were  thorough ly  washed  wi th  
carbon te t rachlor ide  before  use. The work ing  elec-  
t rode consisted of a 3.18 mm diam glassy carbon rod 
(Beckwi th  Carbon Company)  hea t - sea l ed  in a sh r ink-  
able  Teflon tub ing  and the end g round  flush wi th  the  
seal  so as to expose the  cross sect ion of the  rod. The 
glassy carbon elect rode was then  pol ished to a mi r ro r  
finish using a 0.3 ~m size powdered  a lumina  and had  
an area  of 0.079 cm 2. 

Al l  exper iments  were  pe r fo rmed  inside a Dry - t r a in ,  
D r y - l a b  (Vacuum Atmosphere  Corpora t ion)  in a pu re  
d r i ed  argon atmosphere .  O t h e r  expe r imen ta l  deta i ls  
(8-10) were  s imi lar  to those used for the  vo l t am-  
metr ic  studies in phosphorous oxychlor ide  and th ionyl  
chlor ide  solutions. 
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I n  o r d e r  to ob ta in  reproduc ib le  vo l t ammograms ,  the  
pass iva t ing  l i th ium chlor ide  film on the work ing  elec-  
t rode  was dissolved, a f te r  each scan, in  acidic A1CI~- 
SO~C12 solut ion fol lowed by  washing  wi th  su l fury l  
chlor ide  and carbon te t rachlor ide .  The e lec t rode  was 
then  wiped  clean and mechan ica l ly  polished.  The  elec-  
t rode  could also be cleaned,  in situ, by  holding the 
e lec t rode  potent ia l  I a t  ~ 4.5V for 1-2 min. However ,  
this  p rocedure  was not  employed  since i t  led to the  
contamina t ion  of the solut ion by  the oxida t ion  p r o d -  
ucts, namely ,  chlorine,  a l u m i n u m  chloride,  etc. (see 
Discussion) .  

Results 
Typica l  cyclic vo l t ammograms  obta ined  in 1M 

LiA1C14-SO2C12 solution, th rough  which pure  dr ied  
a rgon  was bubb led  for  16 hr, a t  a scan ra te  of 0.1 
V/sec,  a re  presented  in Fig. 1. Vo l t ammogram A was 
ob ta ined  b y  scanning the e lec t rode  f rom 4:0 to 0.25V 
and vo l t ammogram B by scanning the e lec t rode  f rom 
4.0 to 5.0V. Cyclic vo l t ammogram A shows a la rge  in-  
crease in cathodic  cur ren t  beginning  at  ~ 3.6V wi th  a 
shoulder  (peak  I) a t  -~ 3.05V and peak  (peak  II)  a t  
,~ 2.85V. A minor  peak  (peak  I I I )  is observed  at  ~ 2V 
before  a r ap id  increase  in  reduct ion  cur ren t  is ob-  
se rved  a t  ,-- 015V. On revers ing  the  d i rec t ion  of po-  
la r iza t ion  at  0.25V, only one smal l  anodic peak  (peak  
IV) is observed  at  ,-, 1.0V. The anodic peak  IV is not  
observed  if  the  d i rec t ion  of polar iza t ion  is r eve r sed  at  
potent ia ls  posi t ive to 0.75V. S imi la r  cyclic vo l t ammo-  
grams  were  observed at  scan ra tes  of 0.01 to ,-, 0.2 
V/sec.  At  h igher  scan ra tes  peaks  I and I I  merged  to-  
ge ther  and  peak  I I I  was s l ight ly  more  discernible.  The 
peak  currents  increased wi th  increas ing scan ra te  and 
peak  potent ia ls  shif ted to less posi t ive potent ials .  

Cyclic vo l t ammogram B shows a smal l  anodic peak  
(peak  V) at  ,.~ 4.6V before  a sharp  increase  in anodic 
cu r ren t  is observed  at  ,-, 4.75V. Cyclic vo l t ammograms  
did not  show any  reduct ion  peak  dur ing  the reverse  
scan. S imi la r  cyclic vo l t ammograms  were  obta ined  at  
scan ra tes  of 0.01-2 V/sec.  

In  LiA1C14-SO2C12 solutions containing excess of 
chlor ine  or  sul fur  dioxide,  cyclic vo l t ammograms  for  
the  anodic processes were  s imi lar  to the vo l t ammo-  
g r a m  B presented  in Fig. 1. However ,  vo l t ammograms  
for the cathodic processes were  d is t inc t ly  different  
f rom vo l t ammogram A. 

Thus, in sa tu ra t ed  solutions of chlor ine  in 1M 
LiA1CI~-SO2C12, cyclic vo l t ammograms  (Fig. 2) showed 
only  one m a j o r  reduct ion  peak  at  scan ra tes  of 0.01- 
2 V/sec. The peak  potent ia l  for this reduct ion peak  
was closer to the  peak  potent ia l  for peak  I in the cyclic 
vo l t ammograms  shown in Fig. 1. While  peak  I I  was not  

* All  potentials are reported with respect to l i thium reference 
electrode. 
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Fig. 1. Typical cyclic voltammograms at glassy carbon electrodes 
in argon purged I M  LiAICI4-SO~CI2 solutions at a scan rate of 
0.1 V/sec. Roman numerals refer to the different peaks and letters 
a-d indicate the potential of scan reversal of different sweeps. 
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Fig. 2. Typical cyclic voltommograms at glassy carbon electrodes 
in saturated solutions of chlorine in 1M LiAICb.-S02CI:~ at a scan 
rate of 0.1 V/sec. 

observed  a t  a l l  scan rates,  the  m i n o r  peak  IH became 
discernible  only a t  scan ra tes  g rea te r  than  1 V/sec.  

Typica l  cyclic vo l t ammograms  obta ined  in  1M 
LiA1C14-SO2C12 solutions, th rough  which  sul fur  d ioxide  
was bubb led  for 16 hr, at  a scan ra te  of 0.1 V/sec  are  
shown in Fig. 3. In  these solutions, peak  I appears  as 
a smal l  step at  ~ 3.3V and peak  II  is the  ma jo r  peak  
at  ,-~ 235V. Peak  I I I  appears  as a wide peak  beginning  
at  ,~ 2V. Again  no anodic peak  corresponding to r e -  
duct ion peaks  I, II, and  I I I  is observed  on the reverse  
scan. S imi la r  cyclic vo l t ammograms  were  observed at  
scan rates  of 0.01-2 V/sec. Aga in  the peak  heights  for  
peaks  I, II, and I I I  increased  w i th  increas ing  scan ra te  
and peak  potent ia ls  shif ted to less posi t ive potent ials .  
Addi t ion  of chlor ine  to sul fur  dioxide sa tu ra t ed  
LiA1C14-SO2C12 solut ion caused an increase  in peak  
height  for  peak  I (Fig. 4) and  a corresponding de-  
crease in peak  height  for  peak  IL 

Discussion 
Sul fu ry l  chlor ide is k n o w n  (11) to decompose to 

sul fur  dioxide and chlor ine  according to the equat ion 

SO2C12 ~ SOs + C12 [1] 

Both  su l fur  dioxide and chlor ine  a r e  soluble  (I1)  in  
su l fury l  chlor ide and r ema in  in  solution. While  solu-  
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Fig. 3. Typical cyclic vohammograms at glassy carbon electrodes 
in saturated solutions of sulfur dioxide in 1M LiAICI4-S02CI:~ at a 
scan rate of 0.1 V/sec. Roman numerals refer to the different peaks 
and letters a-d indicate the potential of scan reversal of the dif- 
ferent sweeps. 



1446 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  July 1980 

I I I 

II 

~ 0 

I I 1 
5 2 1 0 

ELECTRODE POTENTIAL VERSUS LITHIUM REFERENCE, VOLTS 

Fig. 4. Typical cyclic voltammograms at glassy carbon electrodes 
at a scan rate of 0.1 V/sec in 1M I.iAICI4-SO2CI2-S02 solutions to 
which a small amount of chlorine is added. 

t ions of sul fur  dioxide in  f reshly  dis t i l led  su l fury l  
chlor ide  are  colorless, solutions of chlor ine  are  l ight  
ye l low in color. Solut ions of l i th ium te t rach lo roa lu -  
minate  in  f resh ly  dis t i l led  su l fury l  chlor ide  were  a l -  
ways  found to be l ight  ye l low in color. Both su l fury l  
chlor ide  and its solutions containing l i th ium t e t r a -  
ch loroa luminate  became da rk  ye l low in color on long 
storage. The ye l low color in these solutions is a t t r i b -  
u ted  to chlor ine  which is fo rmed by  the decomposi t ion 
of su l fury l  chlor ide  according to Eq. [1]. I t  was not  
possible to comple te ly  remove  the dissolved chlor ine 
and the ye l low c o l o r  by  purging  the LiA1CI4-SOsC12 
solutions wi th  argon,  especia l ly  in the  presence of 
l i t h ium electrodes.  I t  was, however ,  possible to shif t  
the  equ i l ib r ium in Eq. [1] to the  lef t  by  bubbl ing  sul-  
fu r  d ioxide  and remove  the dissolved chlorine. Thus, 
the  LiA1C14-S02C12-S02 solutions were  almost  color-  
less. 

Electrochemica~ reduction of sulfuryl chloride.-- 
Cyclic vo l t ammograms  (Fig. 1, vo l t ammogram A) ob-  
ta ined  in LiA1C14-SO2C12 solutions show three  reduc-  
t ion peaks  before  a r ap id  increase  in  cathodic cur ren t  
is observed at  ,~ 0.75V due to the  deposi t ion of l i th -  
ium meta l  at  the e lec t rode  surface. On the reverse  
scan only one anodic peak  (peak  IV) is observed at  

1.0V. Since peak  IV is not observed if  the  di rect ion 
of polar iza t ion  is reversed  pr io r  to l i th ium deposit ion,  
i t  m a y  be rega rded  due to the  dissolution of the de-  
posi ted l i th ium metal .  S imi lar ly ,  the r ap id  increase  in 
the cathodic cur ren t  a t  ,~ 0.75V and the anodic peak  
IV at  ~ 1.0V in LiAICI4-SO2CI2-CI2 (Fig. 2) and 
LiA1CI4-SO~C12-SO2 (Fig. 3) solut ions m a y  also be 
rega rded  due to the  deposi t ion and dissolution of l i th -  
ium metal ,  respect ively .  

In  o rder  to iden t i fy  the  o ther  reduct ion  peaks,  le t  
us first consider  the cyclic vo l t ammograms  in LiA1C14- 
SO2C12-SO2 solutions (Fig. 3). Peak  height  for l~eak I 
in these vo l t ammograms  is s t rongly  dependent  on the 
concentra t ion of dissolved chlor ine as demons t ra ted  
by  the addi t ion  of chlor ine  to LiA1C14-SO2C12-SO2 so- 
lutions (Fig. 4). Fur the r ,  if these solutions a re  a l lowed 
to s tand  for  a few hours  or if  a rgon is bubb led  th rough  
the solutions to remove sul fur  dioxide,  the equ i l ib r ium 
in Eq. [1] is shif ted to the r ight  resul t ing in an in-  
crease in the  chlor ine  concentra t ion and a cor respond-  
ing increase  in peak  height  for  peak  I. Thus, peak  I 
m a y  be r ega rded  as due to the reduct ion  of chlor ine 

�89 CI~ 4- Li + 4- e ~ LiC1 [2] 

The ma in  reduct ion  peak  (peak  II )  in  LiA1C14- 
SO2C1~-SO2 solutions m a y  be rega rded  as due to the  re -  
duct ion of su l fury l  chloride.  F r o m  a s tudy  of the  dis-  

charge  products  in l i t h ium-su l fu ry l  chlor ide  cells, 
G i lman  and Wade  (4) have identif ied l i th ium chlor ide  
as  the only  solid react ion product .  The reduct ion of 
su l fury l  chlor ide  may, therefore,  be  r ep resen ted  a s  

SO~C12 + 2Li + + 2e ~ 2LiC1 + SO~ [3] 

The reduct ion  of both  chlor ine  (Eq. [2]) and sul-  
fu ry l  chlor ide  (Eq. [3]) leads  to the  deposi t ion o f  in-  
soluble  l i th ium chlor ide  at  the  e lec t rode  surface  and 
causes its passivation.  Since i t  would  requ i re  a fixed 
amount  of l i th ium chloride,  a t  a fixed scan rate,  to 
cover the  e lect rode surface, the  combined peak  height  
for  peaks  I and I I  remains  constant  and  independen t  
of the  chlorine concentra t ion  in the  solution. Thus, 
the  peak  heights  for peaks  I and  II  a re  i n t e rdependen t  
and  an increase  in  chlor ine  reduct ion  peak  (peak  I)  
due to increased  chlor ine concentra t ion  resul ts  in  a 
cor responding decrease  in  su l fu ry l  chlor ide  reduct ion  
peak  (peak  I I ) .  

S imi lar ly ,  peaks  I and  II  in  LiA1C14-SO~C12 solutions 
(Fig. 1) m a y  be a t t r i bu ted  to the  reduct ion  of chlo-  
r ine  and su l fury l  chloride,  respect ively.  Since the  
chlor ine  reduct ion  peak  appears  as the ma jo r  reduct ion  
peak  even in LiA1CI4-SO2Cl~ solutions pu rged  wi th  a r -  
gon for 16 hr, i t  seems l ike ly  tha t  chlor ine  is suppl ied  to 
the  glassy carbon e lec t rode  not  only  by  the migra t ion  
of bu lk  chlor ine but  also b y  the decomposi t ion of su l -  
fu ry l  chlor ide  at  the  e lec t rode  surface. Thus, a t  more  
ca ta ly t ic  surfaces such as p l a t inum (12), the  decom- 
posi t ion of su l fury l  chlor ide  at  the e lect rode surface 
is fac i l i ta ted  and the e lec t rochemical  reduct ion  of sul-  
fu ry l  chlor ide proceeds ma in ly  th rough  chlor ine  even 
in sulfur  dioxide sa tu ra t ed  LiA1C14-SO2C12 solutions. 

The minor  reduct ion  peak  I l I  (Fig. 1 th rough  4) in  
the  cyclic vo l t ammograms  m a y  be assigned to the re -  
duct ion of sul fur  d ioxide  

2SO2 + 2Li + + 2e-* Li2S~O4 [4] 

While  peak  HI is h a r d l y  discernible  in LiAIC14-SO2C12 
and LiAIC14-SO2C12-C12 solutions, i t  is eas i ly  dis-  
t inguishable  in LiAIC14-SO2C12-SO2 solutions. Since 
the  e lec t rode  is a l r e a dy  pass iva ted  due to the deposi -  
t ion of l i th ium chloride,  the reduct ion  of sul fur  d ioxide  
does not  occur s ignif icant ly in these solutions and re -  
sults in only  a ve ry  smal l  peak  in the  cyclic vol tamrno-  
grams. 

In  o rde r  to fu r the r  di f ferent ia te  be tween  peaks  I, 
II, and I I I  in the cyclic vo l tammograms,  a smal l  
amount  of a luminum chlor ide  was added  to the 
LiAIC14-SO2C12 solutions prev ious ly  pu rged  wi th  a r -  
g o n .  Since the excess of a luminum chlor ide  increases 
the  corrosion of l i t h i u m  countere lec t rode  by  dissolving 
the pro tec t ive  l i th ium chloride film and even tua l ly  re -  
sults in its complete  dis integrat ion,  the  cyclic vo l t am-  
mograms were  recorded  immed ia t e ly  af ter  the  add i -  
t ion of a luminum chlor ide  and are  shown in Fig. 5. 
The excess of a l u m i n u m  chlor ide  in LiAICI4-SO2CI2 
solutions also pa r t i a l l y  dissolves the l i t h ium chloride 
film on the g lassy  carbon e lec t rode  surface due to 
complex fo rmat ion  

LiCl + AICI3 ~ Li + + AICI4- [5] 

Thus, the electrode surface continues to be partially 
regenerated during the life of the voltage scan and 
results in distinct reduction peaks for the reduction 
of chlorine (peak I), sulfuryl chloride (peak II), and 
sulfur dioxide (peak Ill). The peak heights are also 
slightly higher than those obtained in neutral LiAICI4- 
SO2C12 solutions. Further, due to the partial regenera- 
tion of the electrode surface, a small cathodic current 
is observed during the reverse scan of the cyclic 
voltammograms (Fig. 5) in contrast to almost no cur- 
rent in neutral LiAICL~-SO2CI2 solutions (Fig. 1). 

In LiAICI4-SO2CI2-CI2 solutions (Fig. 2), the re- 
duction of chlorine completely obscures the reduction 
of sulfuryl chloride so that only one major reduction 
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Fig. 5. Typical cyclic voltammograms at glassy carbon electrodes 
at a scan rate of 0.1 V/sec in 1M LiAICI4-SO2CI2 solutions con- 
taining slight excess of aluminum chloride. 

peak is observed in the cyclic voltammograms. Thus, 
in these solutions, the electrode surface is completely 
covered by lithium chloride produced as a result of 
chlorine reduction (Eq. [2] ) and is not available for 
the reduction of sulfuryl chloride and sulfur dioxide. 
Cyclic voltammograms similar to those presented in 
Fig. 2 are also obtained in aged LiA1C14-SO2C12 solu- 
tions. The chlorine concentration in the aged solutions 
is rather large due to the decomposition of sulfuryl 
chloride and thus the chlorine reduction peak com- 
pletely masks the sulfuryl chloride reduction peak. 
If the excess of chlorine in aged LiA1C14-SOaC12 or 
LiA1C14-SO2C12-C12 solutions is removed by bubbling 
argon, cyclic voltammograms similar to those pre- 
sented in Fig. 1 (voltammogram A) are obtained. 

The total charge passed under peaks I and II of the 
cyclic voltammograms in LiA1C14-SO2C12, LiA1C14- 
SO2C12-C12, and LiA1C14-SO2C12-SO~ solutions was 
measured as a function of scan rate by integrating 
the area under the peaks. From the total charge 
passed, the thickness of the lithium chloride film on 
the glassy carbon electrode was then calculated tak- 
ing the density of lithium chloride to be 2.068 g/cm 8 
at 25~ These results are plotted in Fig. 6. The total 
charge passed and hence the thickness of the lithium 
chloride film in all three solutions was found to de- 
crease with increasing scan rate. However, at all scan 
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Fig. 6. Total charge passed under peaks I and II of the cyclic 
voltammograms and the thickness of lithium chloride film as a 
function of scan rate. 

rates, the film thickness in LiA1C14-SO2Cl2-SO2 solu- 
tions was found to be slightly higher than that obtained 
in LiA1C14-SO2C12 or LiA1C14-SO~C12-C12 solutions. 

Electrochemical oxidation of sulfuryl chloride.-- 
Cyclic voltammograms (voltammogram B, Fig. 1) for 
the oxidation of LiA1C14-SO2C12 solutions at glassy 
carbon electrodes were similar to those obtained in 
LiA1C14-SOC12 solutions (9, 13). Thus, analogous to 
LiA1C14-SOCI2 solutions, anodic peak V at ~ 4.6V and 
the sharp increase in anodic current at ~ 4.75V in 
these voltammograms (Fig. 1) may be regarded as due 
to the oxidation of A1C14- ions and SO~CI~, respec- 
tively 

A1C14- -.-> A1Cls + �89 CI~ -I- e [6] 

SO2C19 + AID14- -~ SO2CI+AICI4 - + �89 C l~ + e [7] 

Thus, if the potential of the glassy carbon electrode is 
held at ~ 5V for few minutes before scanning it in 
fhe cathodic direction, the formation of chlorine at 
more positive potentials (Eq. [6] and [7]) causes an 
increase in peak height for the chlorine reduction 
peak (peak I) in the cyclic voltammograms. At the 
same time, aluminum chloride formed in Eq. [6] par- 
tially dissolves the lithium chloride film on the elec- 
trode surface and causes an overall increase in com- 
bined peak heights for peaks I and II. 

Manuscript submitted Oct. 15, 1979; revised manu- 
script received Feb. 14, 1980. This was Paper 31 pre- 
sented at the Los Angeles, California, Meeting of the 
Society, Oct. 14-19, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1981 
JOURNAL. All discussions for the June 1981 Discussion 
Section should be submitted by Feb. 1, 1981. 

Publication costs of this article were assisted by 
the U.S. Army  Electronics Technology and Devices 
Laboratory (ERADCOM). 
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ABSTRACT 

Severa l  mixed  aqueous e lect rolytes  have been charac te r ized  for zinc oxide 
solubil i ty,  ionic conduct ivi ty,  density,  and nickel  hydrox ide  uti l ization.  These 
e lec t ro ly tes  were  made by  reducing the usual  potass ium hydrox ide  concent ra-  
t ion and by  adding  the salts such as potass ium fluoride or  potass ium phosphate  
to pa r t i a l l y  compensate  for the lower  ionic conductivi ty.  These mixed  e lec t ro-  
ly tes  m a y  be useful  in pro longing  the cycle l ife of the  zinc e lec t rode  in  sec- 
ondary  bat ter ies .  

Secondary  ba t te r ies  wth  zinc anodes and a lka l ine  
e lectrolytes  offer the  promise  of high energy  dens i ty  
and high ra te  capabi l i ty .  Zinc-n ickel  oxide ba t te r ies  
under  deve lopment  for  e lect r ic  vehicles have  h igher  
energy dens i ty  than  l e ad - l ead  dioxide and n ickel -  
cadmium bat ter ies .  If  the cycle l ife of z inc-n ickel  ox-  
ide  ba t te r ies  can be subs tan t ia l ly  improved,  they  could 
be cost effective in electr ic  vehicles. However ,  present  
s t a t e - o f - t h e - a r t  z inc-n ickel  oxide ba t te r ies  do not  
meet  the  cos t - l i f e -energy  ctensity goals. 

The zinc e lect rode is responsible  for the l imi ted  cycle 
life of z inc-nickel  oxide  bat ter ies .  Dur ing  cycling, 
zinc tends to concentra te  in the center  of the elec-  
t rodes (shape change) ,  th icken and lose poros i ty  
(densif icat ion),  and grow t r ee - l ike  s t ructures  (den-  
dr i tes)  on charge which cause in te rna l  shorting. Gen-  
era l  discussion of the secondary  zinc e lect rode can be 
found in Ref. (1) and (2). References (3), (4), and 
(5) specifically address  zinc e lec t rode  shape change. 
Zinc e lect rode the rmodynamics  and e lec t ro ly te  p rop-  
ert ies a re  found in Ref. (6), (7), and (8). 

Shape change, densification, and dendr i te  g rowth  on 
secondary  zinc electrodes are  al l  resul ts  of the high 
solubi l i ty  of zinc hydrox ide  in s t rong KOH and NaOH 
electrolytes .  Uneven cur ren t  dis tr ibut ion,  e lec t ro-  
osmotic pumping  in separa to r  membranes ,  diffusion, 
and na tu ra l  convection can combine to cause mig ra -  
t ion of dissolved zinc hydroxide .  Supersa tu ra t ion  of 
dissolved zinc hydrox ide  dur ing discharge also ag-  
gravates  these problems  wi th  zinc electrodes.  One ap-  
proach to improving  the l ife of rechargeab le  zinc elec-  
t rodes would  be to uti l ize an  e lec t ro ly te  in which zinc 
hydrox ide  would  be subs tan t ia l ly  less soluble. Such 
an  e lec t ro ly te  must  sa t isfy  severa l  requirements .  Ionic 
conduct ivi ty  mus t  be high enough to give a reasonable  
cell  resistance. Both the zinc and nickel  hydrox ide  
active mater ia l s  must  have good ut i l iza t ion at  prac t ica l  
discharge rates. The  se l f -d ischarge  rates  of both  elec-  
t rodes must  be low. P r e f e r ab ly  the  cost of the e lec t ro-  
ly te  should be not  much more  than  tha t  of the nor -  
m a l l y  used KOH and should not  contain  any  toxic 
mater ia l .  

Considerable  research  has been done on the solu-  
b i l i ty  of zinc oxide and hydrox ide  in aqueous potas-  
s ium hydrox ide  and sodium hydrox ide  solutions and 
on the na tu re  of the dissolved species. Good sum-  
mar ies  of this  work  are  found in (1),  (2), and (6). 
The species p resen t  in  a lka l ine  solutions is the  zincate  
ion, Zn(OH)4  = (7). 

The concentra t ion of zincate in a lka l ine  solutions 
depends  on the solid species in contact  wi th  the  solu-  

* Electrochemical Society Active Member. 
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tion, the method  used to in t roduce  the dissolved zinc, 
and the h is tory  of the solution. Data  f rom P. R. Mal-  
lory  Company repor ted  in  (8) include for  31% KOH 

Solubi l i ty  
Sol id  Species mg ( Z n ) / m l  

ZnO 54 
ZnO. ~ H20 92  

Zn (OH) 2 114 

Solutions p r e p a r e d  by  e lec t rochemica l ly  d ischarging 
zinc into solut ion can be subs tan t ia l ly  supersa tura ted ,  
and the decay of these solutions to sa tura t ion  can be 
very  slow (9). Solutions s a tu ra t ed  wi th  Zn(OH)2 also 
age, and even tua l ly  the dissolved zinc content  reaches 
that  of ZnO saturat ion.  The Zn(OH)2 decomposes to 
ZnO re leas ing  wa te r  (8, 9). Aging of solut ions can be 
acce lera ted  by  in t roducing  finely d iv ided  ZnO and 
agi ta t ing  the solut ion (9).  

Experimental 
Solutions were  made  using reagen t  grade chemicals  

and  dis t i l led water .  Components  were  weighed to 
wi th in  ~/2%. Care was t aken  to minimize  the amount  
of carbonate  bu i ldup  f rom absorpt ion  of CO2 f rom the 
air. The ac tua l  amounts  of ca rbona te  in the  solutions 
were  not  measured.  

Specific conduct ivi t ies  of solut ions were  measured  
using a Beckman Model RC16B2 conduct iv i ty  me te r  at  
1000 Hz and a conduct iv i ty  cell  wi th  p la t in ized elec-  
trodes. The cell  constant  was 0.90 _+ 0.01 cm -1. Densi -  
ties were  measured  b y  weighing  the amount  in a 25 
or  50 ml  volumet r ic  flask. Accuracy  is p r o b a b l y  _ 
0.1%. A Fisher  pH mete r  was used to measure  the  pH 
of some of the solutions, bu t  these values  a re  ap -  
p rox ima te  because of the high a lkal in i ty .  

Dissolved zincate was p roduced  in two ways:  (i) by  
dissolut ion of ZnO powder ,  New Je r sey  Zinc USP12; 
and (ii) by  e lec t rochemical  d ischarge of zinc meta l  
into solution. The fo rmer  solutions were  agi ta ted  con- 
s tan t ly  wi th  magnet ic  s t i r r ing  bars  whi le  hea t  f rom 
the s t i r r ing plates  w a r m e d  the solutions. Af t e r  s t i r r ing  
was discontinued,  the  solutions sat  a t  room t e m p e r a -  
ture  for a t  least  one day. The l a t t e r  method  was a c -  
c o m p l i s h e d  b y  mix ing  l g  of n ickel  powder  (made  by  
the carbonyl  process)  and an  amount  of zinc me ta l  
powder ,  New Je r sey  Zinc 1223, sufficient to more  than  
sa tura te  the  Solution wi th  zincate. The powder  mix  was 
added  to 50 ml of solut ion and a l lowed to s tand wi th  
occasional mix ing  unt i l  a whi te  p rec ip i ta te  appeared.  
Zinc was discharged according to 

Zn + 4 OH- -* Zn(OH)4 = + 2e- 

1 4 4 8  
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whi le  wa te r  decomposed on the n ickel  surface and 
hydrogen  was evolved  

2 e -  -}- 2H~O (Ni) --> Ha -{- 2 O H -  

The appearance  of the  p rec ip i t a t e  ind ica ted  tha t  sa tu-  
ra t ion '  had  been reached  or  exceeded  and tha t  solut ion 
aging had  begun. To acce lera te  aging of these solu-  
tions, ZnO (NJZ USP12) was added  and the solutions 
agi ta ted  continuously.  Al iquots  of c lear  supe rna tan t  
were  t aken  at  var ious  t imes for zinc analysis.  

Separa t ion  of solut ions f rom solids was accompl ished 
by  sett l ing,  centr i fuging,  or  f i l ter ing th rough  0.6 mi -  
cron pore  po lyv iny l  chlor ide  fi l ter media.  The last  
method  is the  most  r ap id  and leas t  t roublesome.  

De te rmina t ion  of the  dissolved zinc content  was 
done by  an EDTA-Cu back  t i t ra t ion  method  (10). Zinc 
solutions, d i lu ted  and buffered wi th  NH4C1-NH4OH 
buffer, were  complexed  wi th  an excess of EDTA and 
then  back  t i t r a t ed  wi th  copper  sul fa te  using P A N  
indicator .  The method  was reproduc ib le  to wi th in  
___ �89  and accura te  to the l a rge r  of ___ 3% or  __+ 0.03 
mg/ml .  The concentra t ions  of KOH, KF, etc., r epor ted  
are  the  s ta r t ing  values,  uncor rec ted  for  zinc oxide 
dissolut ion or  zinc discharge.  

The effects of the  e lec t ro ly tes  on the capaci t ies  of 
n ickel  hyd rox ide  e lect rodes  were  tes ted in  smal l  
flooded cells. A test  e lec t rode  15 cm 2 in a rea  was 
p laced  in a 30 ml  cell  wi th  a countere lec t rode  on each 
side. Test e lect rodes  were  cut f rom s t anda rd  s in tered 
n ickel  hyd rox ide  electrodes,  and the capac i ty  was 
about  0.5 A - h r  at  0.6A discharge.  The test  cells were  
au tomat i ca l ly  cycled using a 150 m A  (5 m A / c m  2 on 
each side) charge for 4.2 h r  fol lowed by  a discharge at  
600 m A  (20 mA/cm2 on each side) to a cutoff of 0.22V 
vs. an Hg/HgO reference.  Af te r  a test  e lec t rode  had  
been cycled in 31% KOH severa l  t imes, the cell  was 
c leaned and refi l led wi th  a test  e lect rolyte ,  and cycl ing 
was continued. 

The open-c i rcu i t  potent ia ls  of Zn /ZnO elect rodes  
and of Zn /NiOOH cells were  measured  in the var ious  
electrolytes .  A pas ted  zinc oxide  e lec t rode  was charged  
in a test  e lec t ro ly te  and then  p a r t i a l l y  discharged.  A 
nickel  e lec t rode  was fu l ly  charged in the  same e lec t ro-  
lyte.  The e lect rodes  were  then  t r ans fe r red  to ano ther  
cell  conta ining f resh  e lec t ro ly te  s a tu ra t ed  by  dissolu-  
t ion of zinc oxide. M e r c u r y / m e r c u r i c  oxide reference  
e lect rodes  were  p r e p a r e d  and vacuum filled, some wi th  
the  test  e lec t ro ly tes  and  some wi th  31% KOH. Two 
reference  e lect rodes  were  used for a test, one filled 
wi th  the  test  e lec t ro ly te  in the  cell  wi th  the n ickel  and 
zinc electrodes,  and  one fi l led wi th  31% KOH in a side 

compar tmen t  isola ted f rom the cell  w i th  a sa l t  bridge.  
Ni t rogen was bubb led  th rough  the cell  to deaera te  
the  e lectrolyte .  Open-c i rcu i t  vol tage  measurements  
were  made  af te r  a 16-20 h r  s tand  in an  incubator  set 
to 26.5~ 

Results 
Elec t ro ly te  compositions,  densities,  conductivit~es, 

and  nickel  hyd rox ide  e lec t rode  u t i l iza t ion  are  shown 
in Table I. The da ta  a re  for  z inca te - f ree  solutions. 
E lec t ro ly te  specific conduct ivi t ies  fa l l  in  the range  of 
0.1-0.64 (12-cm)-1 wi th  31% KOH the highest.  Adding  
K F  or  K3PO4 to 5% KOH signif icant ly increases  the  
ionic conduct ivi ty .  

The nickel  hyd rox ide  ut i l iza t ions  a re  r epor ted  as a 
percentage  of the  d ischarge  capac i ty  of the same elec-  
t rode  in 31% KOH. Phys ica l  degrada t ion  of the  n ickel  
e lect rode did not  seem to be a p rob lem except  wi th  
e lec t ro ly te  O. The e lec t rode  in  this test  b l i s te red  and 
shed act ive mater ia l .  The cause for  the  increase  in 
u t i l iza t ion  in e lec t ro ly tes  C, I, and K is unknown.  

The effect of most  of the e lec t ro ly tes  on the charge 
and discharge vol tages of the nickel  e lect rodes  was 
small ,  less than 20 InV. In the 26.8% K F  -{- 4.8% KOH, 
F, and in the 30% K F  -{- 21% KOH, G, electrolytes ,  the  
spread  be tween  the mid -c ha rge  and mid -d i scha rge  
vol tages increased by  about  30 mV re la t ive  to the 
spread  in 31% KOH, A, e lectrolyte .  In  the  32.7% 
K3PO4 -{- 4.3% KOH, L, e lect rolyte ,  the  mid -cha rge  
vol tage  increased 50-70 mV. In  the  30% K3PO4, M, in  
the 20% K~PO4, N, in the  16.1% K2HPO4 ~- 19.6% 
I~PO4, O, and in the  30% K F  ad jus ted  to pH 13.5, H, 
e lectrolytes ,  the depress ion of the  discharge vol tages 
and the e levat ion  of the  charge  vol tages  were  unac-  
cep tab ly  large.  

Zinc solubi l i ty  da ta  a re  shown in Table  II. Many  of 
these values  a re  not  equ i l ib r ium values  because of the  
slow dissolut ion ra te  of ZnO or  the  slow aging of solu-  
tions sa tu ra ted  wi th  respect  to Zn(OH)2.  The ac tua l  
ZnO solubi l i ty  is b racke ted  by  the highest  va lue  ob-  
ta ined  by  ZnO dissolut ion and the lowest  va lue  ob-  
ta ined  by  zinc discharge and solut ion aging. Because 
the  purpose  of the  s tudy  was screening and compar i -  
son of e lect rolytes  for  secondary  zinc cells, tests were  
not cont inued unt i l  equ i l ib r ium had been def ini t ively 
at ta ined.  The test  resul ts  for e lec t ro ly te  A, 31% KOH, 
fa l l  wi th in  the  range  of the da ta  (8) shown in the first 
section. The 104 m g / m l  found in the  f reshest  solut ion 
sa tu ra t ed  by  discharge is close to the r epor t ed  va lue  
for  equ i l ib r ium wi th  Zn(OH)2,  and  the aged solution, 
88 m g / m l  compares  wi th  the r epor ted  value  of 92 
m g / m l  for equ i l ib r ium wi th  Z n O . � 8 9  H20. The  46 

Table I. Electrolyte properties 

E l e c t r o l y t e  Conduct iv i ty  N i  e l e c t r o d e  
No.  Compos i t ion  ( w e i g h t  p e r c e n t )  Density (g/ml) (9-cm) -1 utilization (%) 

A 31% KOH 1.301 at  15~ 0.64 at  26.4~ 100 
0.38 at  2~ 

B 5% KOH 1.044 at 25~ 0.20 at  25~ 100 
C 20.1% KOH + 10% KF 1.286 at  26 ~ --+ 1~ 0.53 at  27~ llO 
D 22% KF + 10% KOH 1.307 at 23.2~ 0.46 at 24.0~ 99 
E 24.3% KF + 7.5% KOH 1.303 at  23.6~ 0.36 at  24~176 nd  

0.22 at  2~ 
F 26.8% KF + 4.8% KOH 1.301 at  24" ----. I~  0.35 at 24~176 95 

0.21 at  2~ 
G 30% KF + 2% KOH 1.300 at  23.3~ 0.37 at 24.0~ 75 
H 30% KF ( + K O H  to  pH 13.5) 1.286 at 24 ~ - -  0.5~ 0.36 at  24~176 28 
I 23.9% IGBOa 1.270 at 26 ~ ---+ I~  0.41 at  26.3~ 110 
J 32% K2HBO~ 1.343 at  24 ~ • 0.5~ 0.36 at 24~176 96 
K 21.1% KOH + 11.6% If~PO, 1.268 at "~6 ~ - -  I~ 0.49 at  27~ 104 
L 32.7% KsPO, + 4.3% KOH 1.416 at 24 ~ ~- 0.5~ 0.28 at  24~176 81 

0.13 at 2~ 
M 30% IGPO, 1.331 at  23.2~ 0.24 at  24.0~ 60 
N 20% IGPO4 1.208 at 23.2~ 0.21 at  24.1~ 59 
O 16.1% K2HPO~ + 19.6% I~PO4 1.362 at  23.3~ 0.22 at  24.2~ 49 
P 12% KF + 16% IGPO~ + 7.5% KOH 1.293 at  23.6~ 0.33 at  23.6~ nd  

0.21 at 2~ 
Q 10% Na~SiOa + 1% NaOH 1.114 at  24~176 0.14 at  25.2~ nd  
R 30% Na~SiOs + 1% NaOH* 1.36 at  24~176 0.10 at 25.2~ nd 
S 10% Na~$iO8 + 5% NaOH 1.161 at 22.2~ 0.22 at 25.3~ nd  
T 25.5% Na2SiOa + 5.3% NaOH* nd  nd nd  

* Smal l  crysta l l ine  res idue  a f t e r  dissolut ion.  
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Table II. Summary of solubility results 

Solution saturated 
by discharge Solution s a t u r a t e d  

by  ZnO dissolut ion 
Days  Days  

Elec- MgZn/  since s t i r r e d  MgZn/  Days 
t ro ly te  ml  pp t  wi th  ZnO ml  s t i r r ed  

A 104 18 0 46.0 10 
88 55 0 

B 2.00 8 0 1.17 10 
1.61 19 11 

C 43.2 4 0 20.9 10 
40 17 0 
35.3 15 11. 

D 11.1 1 0 5.52 8 
11.1 6 5" 5.59 25 
8,7 32 4"* 

E 4.8 32 0 3,3 19 
4.7 32 12 

F 2.6 30 0 1.4 > 4  
2.41 185 0 

G 1.15 0 0 0.25 8 
0.53 5 5" 0,33 25 
0.33 31 4"* 

I 30.5 3 0 13.9 10 
27 14 0 
23.5 14 11 

J 22.5 15 0 11.4 5 
16.8 170 0 

K 48 8 0 22.9 10 
48 17 0 
40.5 19 11 

L 10.4 7 0 2.7 5 
7.1 10 O 
3,6 41 29 

M 1.35 7 0 0.51 8 
2.17 8-9 1-2" 0,51 25 
1.38 38 7-8 * "  

N 0.50 7 0 0.17 8 
0.52 12 5* 0.19 25 
0.42 38 4 * * 

O 0.II 7 0 0.09 8 
0.31 12 5* 0.11 25 
0.26 38 4 * * 

P i0.i 32 0 4.8 19 
i0.0 32 12 

Q ~ -- -- 3.9 20 
R -- -- -- 39 ~ 2 20 
S -- -- -- 15 • i 20 
T . . . . .  

* Solution stirred, no ZnO added, solution contained Ni powder 
and precipitate. 
** ZnO added after �9 and stirring continued. 

m g / m l  produced by  ZnO dissolut ion compares  wi th  
the r epor ted  value  of 54 m g / m l  equi l ib r ium wi th  ZnO. 

Prec ip i ta tes  f rom some of the  solutions sa tu ra ted  b y  
discharge and pa r t i a l l y  aged were  gent ly  dr ied  and 
analyzed  for m a j o r  phases by  x - r a y  diffraction. Table  
I I I  l ists the  results .  

Open-c i rcu i t  potent ia ls  of zinc e lect rodes  and Z n /  
NiOOH cell  vol tages  in the  var ious  e lect rolytes  a re  
presented  in Table  IV. S tab le  vol tage  readings  were  
obta ined  f rom al l  the  zinc electrodes bu t  one. In  elec-  
t ro ly te  O, the zinc e lect rode corroded and dis in te-  
g ra ted  overnight .  The poten t ia l  readings  in  this e lec-  
t ro ly te  were  taken  wi th in  a few minutes  of immers ion  
of the  electrodes.  Zn /NiOOH cell  vol tages  al l  fa l l  in 
the  range  1.72-1.80. Most of the  va r ia t ion  is in  the  
n ickel  posi t ive e lect rode whose poten t ia l  is a funct ion  
of s ta te  of charge.  

The pH's  of the test  e lec t ro ly tes  were  ca lcula ted  us-  
ing the  poten t ia l  differences be tween  Hg/HgO re fe r -  
ence electrodes in 31% KOH and in the  test  e lec t ro-  
lytes.  F r o m  P o u r b a i x  (11) Eo = 0.926 --  0.0591 pH 
for the  Hg /HgO electrode in a lka l ine  e lectrolyte .  The 
pH of the  31% KOH at 25~ was ca lcula ted  to be 15.26 
using the mean  mola l  ac t iv i ty  coefficient, 1.93, the dis-  

Table III. X-ray diffraction results 

Species found in 
Electrolyte dried precipitate 

sociat ion constant  for water ,  1.008 • 10 -14, and  the 
act iv i ty  of wa te r  in 31% KOH, 0.575. In  the  ca lcula-  
tions of pH of test  e lectrolytes ,  junct ion potent ia ls  
were  ignored, and  the assumpt ion  was made  tha t  the  
presence of anions in addi t ion  to h y d r o x y l  ions did  not  
in te r fe re  wi th  the  Hg /HgO reac t ion  mechanism. The 
potent ia l  differences and ca lcula ted  p i t  values  are  
shown in Table  IV. The zinc e lec t rode  potent ia ls  m e a -  
sured  at  26.5~ would  be wi th in  1 mV of those a t  25~ 
because (OE/~T)p for  the  Zn /HgO cell  is -{-0.033 m V /  
~ The overa l l  unce r t a in ty  in the ca lcula ted  p.H values  
is about  ___ 0.2. For  the e lec t ro ly tes  in which pH could 
be measured,  the ag reemen t  wi th  ca lcula ted  values is 
wi th in  the  uncer ta in ty .  

The measured  zinc e lec t rode  potent ia ls  were  ad-  
jus ted  by  0.025V (the potent ia l  of Hg/HgO at  pH 15,26 
vs. the NHE) to the i r  va lues  vs. the  NHE. The ad -  
jus ted  values are  l is ted in Table  IV and are  p lo t ted  
against  the  ca lcula ted  pH in the  P o u r b a i x  d i ag ram 
(11) in Fig. 1. The points  fal l  wi th in  or  close to the 

band  of potent ia ls  ca lcula ted  by  Pourba ix  for var ious  
forms of ZnO and Zn(OH)2.  Because solid discharge 
product  was present  in a l l  of the tes t  electrodes,  only  
the  po ten t i a l -pH curves for  z inc-sol id  zinc oxide  r e -  
actions were  plot ted.  

Discussion 
The goal  of this  s tudy  was  to screen a number  of 

e lec t ro ly te  mix tu res  and select  a few tha t  appea red  
promis ing  for use in n ickel -z inc  bat ter ies .  

The ideal  addi t ive  to an  e lec t ro ly te  would  be one 
which combines wi th  the  dissolved zincate  ion to form 
insoluble  species in ana logy  to the s i lver  chlor ide  p r e -  
cipitation.  Ceneck et al. (12) used  this approach  by  
adding  up to 10 weight  percen t  potass ium fluoride to 
the  e lec t ro ly te  or  by  using zinc oxa la te  or zinc fluoride 
in the anode. Their  asser t ion tha t  zinc fluoride is in-  
soluble  in  the  e lec t ro ly te  is not  consis tent  w i th  the  
analysis  in this s tudy  showing that  ZnO is the  solid 
species in equ i l ib r ium wi th  30% K F  + 2% KOH. The 
reduct ion  in solubi l i ty  of ZnO in these e lect rolytes  is 
appa ren t ly  a funct ion of the  avai lab le  hyd roxy l  ions. 
Note that  the ZnO solubi l i ty  in 5% KOH is close to 
that  in 26.8 K F  -~ 4.8% KOH and in 32.7% K3PO4 -l- 
4.3% KOH. In  phospha te -con ta in ing  solutions wi th  
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Fig. 1. Varlatlon of zinc electrode potential with the calculated 
pH of the electrolyte. 
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Table IV. Z inc electrode potentials and electrolyte pH 

V l ( Z n / Z n O )  vs .  
(Hg/1-1gO i n  

Electrolyte  31% K O H )  

V4 ( H g / H g O )  vs. 
Vs ( Z n / Z n O )  ( H g / H g O  i n  

vs.  N H E  V s ( N i / Z n )  31% K O H )  
p H  calc. 
f r o m  V ,  p H  m e t e r  

A - 1.355 - 1.330 1.742 0.002 15.2 
B - 1.305 --  1.280 1.796 0.061 14.2 
C -- 1.342 -- 1.317 1.765 0.015 15.0 
D -- 1.330 -- 1.305 1.762 0.022 14.9 
F -- 1.307 -- 1.282 1.758 0.042 14.5 
G --  1.269 - 1.244 1 2 5 6  0,070 14.1 
I --  1.338 - 1.313 1.776 0.023 14.9 
J --  1.339 - 1.314 1.777 0.018 15.0 
L -- 1.316 -- 1.291 ~1.722 0.038 14.6 
M --  1.225 --  1,200 1.770 0.107 13.4 
N - 1.187 - 1.162 1.743 0.125 13.1 
O --  1.131" -- 1.106 - -  0.225 11.8 

13.3 ,I, 
13.0 
11.8 $ 

* I m m e d i a t e  r e a d i n g ,  see  text .  
$ D r i f t i n g  r e a d i n g .  

low enough KOH concentrat ions,  KZnPO4 appears,  but  
in  these electrolytes ,  n icke l  hyd rox ide  e lec t ro ly te  
u t i l iza t ion  is undes i r ab ly  reduced.  

Bora t e -based  e lect rolytes  were  s tudied by  Schneider  
and  Dominiczak  (13) for  a b ipo la r  N i /Zn  ba t te ry .  The 
conduct iv i ty  and zinc solubi l i ty  resul ts  of this  work  are  
roughly  consistent  wi th  theirs.  The analysis  of the  p re -  
c ip i ta te  f rom the KsBO3 solut ion again  showed tha t  
ZnO is the  s table  species and tha t  compounds l ike  
KZnBO3 are  not  p re fe ren t i a l ly  precipi ta ted .  There  is 
an  appa ren t  anomaly  in the  test  resul ts  for  the  two 
bo ra t e -based  electrolytes ,  I and  J. Al though  the com- 
posi t ions are  subs tan t ia l ly  different,  the  zinc elec-  
t rode  potent ia ls  and  ca lcula ted  pH values  are  essen-  
t i a l ly  equal,  and  zincate solubil i t ies  a re  close. This m a y  
be a mani fes ta t ion  of a buffering act ion in  the bora te -  
based electrolytes .  

No anions were  found which  form insoluble zinc com- 
pounds at  pH values  compat ib le  wi th  n ickel  hydrox ide  
electrodes.  Therefore  the most  promis ing  e lect rolytes  
a re  those in which  the KOH concentra t ion is min i -  
mized, and a h igh ly  soluble  sal t  added  to raise  the  con- 
duct ivi ty .  The three  sal ts  found most  sui table  a re  po-  
tass ium borate,  phosphate,  and fluoride. Other  salts  
such as potass ium aluminate ,  sulfate,  and chlor ide  do 
not  have  sufficient so lubi l i ty  to be interest ing.  The 
mixed  sodium hydrox ide - s i l i ca te  solutions combined 
low conduct iv i ty  wi th  low zincate so lubi l i ty  and the re -  
fore did  not  appea r  as desirable .  Si l icate  is also re -  
por ted  to s tabi l ize  supe r sa tu ra t ed  zincate solutions 
(14.) 

Because of the slow approach  to equ i l ib r ium in these 
systems, exper iments  could not be cont inued unt i l  equi-  
l i b r ium was es tabl i shed  wi th  cer ta inty .  However ,  the  
equ i l ib r ium value  for  the  so lubi l i ty  of zinc oxide is 
bounded  be low by  the m a x i m u m  value  found by  ZnO 
dissolut ion and is bounded above by  the min imum 
va lue  found af te r  sa tura t ion  by  zinc discharge into solu-  
tion. These da ta  can serve as guidel ines  for  select ion 
of e lec t ro ly tes  for secondary  cells. 

There  is good agreement ,  i l l u s t r a t ed  in  Fig. 1, be -  
tween  the po ten t i a l -pH values  for  zinc electrodes in 
the  test  e lec t ro ly tes  and  the theore t ica l  re la t ionship  
for  zinc e lect rodes  in  a lka l ine  media.  This ag reemen t  
indicates  tha t  the presence of fluoride, borate,  or phos-  
pha te  anions do not  a l t e r  the  reac t ion  mechanism. The 
x - r a y  diffract ion da ta  which  found ZnO in most  d is-  
charge  products  confirm this for  al l  points  except  N 
and O. 

Plots  of the  log of ZnO so lubi l i ty  (mg Z n / m l )  agains t  
ca lcu la ted  pH are  shown in Fig. 2. The values  p lo t ted  
were  the highest  obta ined  by  di rec t  dissolution of ZnO. 
F o r  comparison,  the  dot ted  l ine shows the so lub i l i ty -  
pH re la t ionship  p resen ted  by  Pourba ix  for ~-Zn (OH)2. 
The expe r imen ta l  da ta  tend  to pa ra l l e l  this l ine ex -  
cept  for the  e lec t ro ly tes  M, N, and  O which  contain 
phosphate  wi th  l i t t le  or no KOH. The  da ta  suggest  tha t  
above a pH of 14, h y d r o x y l  ion ac t iv i ty  controls  the 

zinc solubil i ty.  The phosphate  e lec t ro ly tes  be low a pH 
of 13.5 show evidence of zinc complexing.  

When  the nickel  hyd rox ide  e lect rode u t i l iza t ion  is 
p lo t ted  agains t  the  ca lcula ted  pH some t rends  appear .  
F luor ide  and phosphate  both reduce the e lec t rode  u t i l i -  
zat ion below a pH of 14.5, but  a t  lower  pH phosphate  
has an apparen t  buffering action. 

F igures  2 and 3 provide  a means  for  p r e l i m i n a r y  se-  
lect ion of which e lec t ro ly tes  might  be tested in zinc- 
n ickel  oxide cells. Elec t ro ly tes  wi th  a pH g rea te r  than  

2 , , , , i , ~ , , i i i , , I , , , i / I  , , , , - 

_ El KOH / , , P A  
z~ KF+KOH /..~'C 
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~, ' ~ H 3 P O 4 + K O H  / / ~ d  

I I I I I I I I I- 
- I I '  " I;2 13 14 15 16 
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Fig. 2. Solubi l i ty  of  Z n O  in various e lectro lytes  
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Fig. 3. Ut i l i za t ion  of  the n ickel  oxide e lect rode in various 

e lectrolytes.  



1452 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY July  1980 

14 are required for acceptable functioning of the nic- 
kel electrode. If one chooses only those electrolytes 
with more than a factor of 3 reduction in zinc oxide 
solubility, the electrolytes would be in the composition 
ranges represented by 

D 10% KOH ~- 22% KF 

E 7.5% KOH W 24.3% KF 

G 2% KOH q- 30% KF 

I 24% I~BOa 

J 32% K2HBOa 

L 4.3% KOH -t- 32.7% IQPO4 

P 7.5% KOH q- 16% I~PO4 ~- 12% K F  

One might also consider somewhat more acidic borate- 
based electrolytes than I and J. 

Cycling tests of zinc-nickel oxide cells using some 
of these electrolytes will be described in a later  report. 

Conclusions 
Several mixed electrolytes have been selected as 

promising for use in secondary cells with zinc elec- 
trodes. Alkaline electrolytes containing major  amounts 
of potassium fluoride, phosphate, or borate show low 
solubility for zinc oxide and conductivity reduced in 
most cases by less than a factor of two. These electro- 
lytes should suppress shape change, slumping, and den- 
drite growth during cycling of cells with zinc elec- 
trodes. Cells using these electrolytes may show higher 
cell resistance and lower electrode utilization. This 
compromise between energy or power density and cycle 
life could be adjustable by varying the ratio of KOH 
to other salts in the electrolyte. 

Manuscript submitted Oct. 29, 1979; revised manu- 
script received Jan. 28, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1981 
JOURNAL. All discussions for the June 1981 Discussion 
Section should be submitted by Feb. 1, 1981. 

Publication costs of this article were assisted by 
the General Electric Company. 
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The Behavior of the Zinc Electrode in Alkaline Solutions 
IV. The Effect of Ionic Strength in the Tafel Region 

T. P. Dirkse* 
Calvi~ College, Grand Rapids, Michigan 49506 

ABSTRACT 

Potentiostatic pulses have been used to obtain information about the be- 
havior of the zinc electrode in the Tafel region. The form of the current t ran-  
sients obtained has been analyzed and an interpretat ion of it  is given. Changes 
in the current density of zinc at  a given potential have been noted as the ionic 
strength of the electrolyte is altered. This has been done for solutions con- 
raining high and low concentrations of OH-  ion. The current density values 
are only slightly affected by changes in ionic strength except that  as the ionic 
strength increases, the results tend to become more erratic. 

For some time work in this laboratory has dealt  with 
the kinetics and the mechanism of the zinc electrode in 
alkaline solutions, The exchange current density for 
this process has been measured by different methods 
(1-3). However, the experimental  information was all  
obtained within 10 mV of the equilibrium potential .  
Attempts to get overpotential-current  information be- 
yond this equilibrium potential region were unsuccess- 
ful because of the unusual shapes of the transients ob- 
tained. Consequently, no information was obtained in 
the Tafel region. 

* Electrochemical Society Active Member. 
Key words: electrolyte, electrode, potentiostatic pulses, T a f e l  

slope. 

Our earl ier  work has also shown that  the exchange 
current density is influenced by the ionic strength of 
the solution (4-6). This observation appeared to re-  
solve the unexpected result that  the exchange current 
density does not increase monotonically with increas- 
ing KOH concentration, but  reaches a maximum in 
about 3-8M KOH and then decreases. 

While much work has been reported on the kinetics 
of the zinc electrode processes, most of this has been 
concerned with the cathodic ra ther  than the anodic 
par t  of the process. As a result, the cathodic or electro- 
deposition process is fair ly well understood. This is not 
so true of the anodic process. There still is a difference 
of opinion, e.g., as to whether the cathodic and anodic 
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pa ths  a re  the  reverse  of each other.  There  is also the  
p rob lem of whe the r  the  process is the same in the  
Tafel  region as in the  v ic in i ty  of the  equ i l ib r ium po ten-  
tial.  A good rev iew of the  p resen t  under s t and ing  of 
the  zinc e lec t rode  react ions has appea red  recen t ly  (7). 

There  were  severa l  reasons for unde r t ak ing  the  pres -  
en t  work.  F i r s t  of all, an  a t t empt  was made  to shed 
some l ight  on the  anodic pa r t  of the process. In  doing 
so, an a t t empt  was made  to ga ther  in format ion  in  the  
Tafel  region. I t  was suggested ear l ie r  (1) tha t  the 
"pecu l ia r"  shapes of the t rans ients  migh t  be due to 
meta l lu rg ica l  effects, i.e., lack  of sufficient act ive sites 
on the zinc metal .  I t  was also shown tha t  a cathodic 
p repu lse  overcomes these difficulties. Wi th  this in 
mind, a t tempts  were  made  to p rov ide  sufficient such 
sites. This was accomplished in pa r t  by  a cathodic p re -  
t r e a tmen t  and  in par t  by  the use of repe t i t ive  pulses. 
Wi th  this expe r imen ta l  approach  we were  able  to get  
in format ion  in the  Tafel  region for  solid po lyc rys t a l -  
l ine  zinc electrodes.  No w o r k  was done wi th  ama lgam 
electrodes.  

The second purpose  of this work  was to a t t empt  to 
explore  more  sys temat ica l ly  the effect of ionic s t reng th  
on the anodic process in the Tafel  region and to 
compare  this  wi th  in format ion  ob ta ined  in the equi -  
l i b r i um poten t ia l  region. A l a t e r  a r t ic le  wi l l  deal  wi th  
the  de te rmina t ion  of reac t ion  orders  in  the Tafel  r e -  
gion. 

Much of the  work  dea l ing  wi th  the  behav ior  of the  
zinc e lec t rode  in the Tafel  reg ion  has been ob ta ined  
galvanosta t ica l ly .  Very  l i t t le  has been repor ted  on 
the use of potent ios ta t ic  pulses in s tudying  the be -  
hav ior  of the zinc electrode.  Potent ios ta t ic  pulses were  
used in  this work.  The  in tent  was to add  the resul ts  
of this approach  to the  l i t e r a tu re  a l r e ady  ava i lab le  on 
the  s t u d y  of the zinc electrode.  

Experimental 
Stock solutions of KOH, KOH ~ Z n ( I I ) ,  and K F  

were  p r e p a r e d  b y  using ana ly t i ca l  reagent  g rade  solids 
and doubly  dis t i l led  deionized water .  The Z n ( I I )  was 
in t roduced  b y  dissolving ZnO in a KOH solution. 
These s tock solutions were  then  used to p r epa re  the 
work ing  solutions. This was done by  tak ing  prescr ibed  
volumes  of the  stock solutions and quan t i t a t ive ly  d i -  
lu t ing them. The ionic s t r eng th  of the  solutions was 
contro l led  by  the add i t ion  of KF. Three  solut ion v a r i -  
ables  were  considered:  KOH concentrat ion,  Z n ( I I )  
concentrat ion,  and  to ta l  ionic strengtl~ Two series of 
solut ions were  p repared .  In each series the  O H -  ion 
and Z n ( I I )  concentrat ions were  he ld  constant  whi le  
the  ionic s t reng th  was varied.  These  two series r ep re -  
sented O H -  ion concentrat ions  on e i ther  side of the  
m a x i m u m  in the  io vs.  O H -  ion concentra t ion plots. 

The Tafel  region in format ion  was obta ined  by  sub-  
jec t ing  the e lec t rode  to repe t i t ive  potent ios ta t ic  pulses 
f rom a Tacussel  GATP Funct ion  Generator .  These 
pulses were  fed into the  e lec t rode  by  way  of a 
Wenk ing  Potent iostat .  The pulse sequence consisted of 
a cathodic prepulse ,  an  equ i l ib r ium pulse, fo l lowed by  
the work ing  pulse. This series of pulses  is shown on 
Fig. 1. Al l  work  was done at  room tempera tu re ,  21 ~ • 
I~ 

Results 
The effect of repe t i t ive  pulses is shown on Fig. 2. 

Trace  "a"  was obta ined  f rom one of the  first pulses. 
I t  is s imi la r  to the t rans ients  ob ta ined  wi th  single 
potent ios ta t ic  pulses (3). I t  does not show the  char -  
acter is t ic  spike for such pulses. Trace  "b" was ob-  
ta ined  a f te r  puls ing  r epe t i t ive ly  for  a few seconds. 
Dur ing  this t ime a fo rm of spike  deve loped  on the 
trace. Longer  puls ing did not  a l t e r  the  shape of t race  
"b." Consequently,  al l  the da ta  were  t aken  as soon as 
the  t race  stabil ized.  These were  then  ex t r apo la t ed  to 
zero t ime in the  usual  way. Changing the ampl i tude  
of the cathodic  prepulse  d id  not  change the t rans ien t  
ob ta ined  dur ing  the  work ing  pulse. The  change in  

Fig. 1. Typical potentiostatic pulse sequence 

Fig. 2. Current-time transients from potentiostatic pulses in 2.04M 
KOH. 

shape of the t rans ients  suggests  tha t  the  e lec t rode  
needs to be worked  (or cycled)  be fo re  the  so-ca l led  
no rma l  effects appear .  A single cathodic prepulse  alone 
is not  sufficient to b r ing  this about---see t race  "a"  on 
Fig. 2. 

Repet i t ive  puls ing has at  least  two effects: (i) the  
ampl i tude  of the  cur ren t  is increased;  and ( i i )  the  
leading  edge of the  cu r ren t  t r ans ien t  undergoes  a 
change in shape. In  addi t ion  to this there  is ano ther  
fact  tha t  should be noted. When  the puls ing  is t e r -  
mina ted  a f te r  the shape of the t r ans ien t  has s tabi l ized 
( t race "b", Fig. 2), then  dur ing  open ci rcui t  the  elec-  
t rode undergoes  some sort  of change  so tha t  when  
puls ing is r esumed  the sequence of t rans ients  obta ined  
is aga in  the  same as tha t  shown on Fig. 2. 

On Fig. 3 a re  shown two of the  Tafel  plots  ob ta ined  
in a series of solutions whose ionic s t rengths  ranged  
f rom 2.05 to 6.55M. The plots  a re  a l l  v e r y  similar .  A p -  
parent ly ,  the  change in ionic s t reng th  has l i t t le ,  if  any,  
rea l  effect on the  Tafel  plots. A l l  of these plots  showed 
a tendency  to level  off a t  overpotent ia l s  g rea te r  than  
140 mV. This has also been observed  b y  others  (7) 
and  i t  was sugges ted  tha t  this  is due to the  a t ta in ing  
of ful l  surface coverage by  the anodic un iva len t  i n t e r -  
media te  which was considered to be s t rongly  adsorbed.  

F igure  4 shows a Tafel  p lot  for  a solut ion in which  
the O H -  ion concentra t ion  was 6.27M, i.e., the  solu-  
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Fig. 3. Tafel plots for solutions containing 2.0M OH-  and 
0.01M Zn(ll). Ionic strength is 2.05M for the open circles and 
6.55M for the closed circles. 
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Fig. 4. Tafel plot for a solution containing 6.27M OH-  and 
0.023M Zn(ll). Total ionic strength is 8.65M. The open and cJosed 
circles refer to results obtained from two different cells. 

t ion was on the high side of the m a x i m u m  in the 6o 
vs. KOH concentrat ion plot, while  the O H -  ion con- 
centrat ion in  the solutions of Fig. 3 was on the low 
side of this maximum. Again, a change in  the ionic 
s t rength  from 6.38 to 8.65M has very  li t t le effect on 
the shape of the Tafel plot on Fig. 4. As on Fig. 3, the 
plots have a tendency to level off at the higher over-  
potentials. 

The effect of changing ionic s t rength on the zinc 
electrode process is shown on Fig. 5. The potential  in  
each case is chosen as 100 mV anodic to the equi l ib-  
r ium potential.  Earl ier  work (8) has shown that  the 
equi l ibr ium potential  of the zinc electrode is fa i r ly  
insensi t ive to changing ionic strength. Consequently,  
selecting cur ren t  densities at a given overpotential  
is equivalent  to the selection of current  densities at 
a given electrode potential,  provided the concentra-  
tions of the O H -  and Zn( I I )  ions remain  constant. 
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Fig. 5. Effect of ionic strength on current density in the Tafel 
region. Open circles, 2.0M OH- ,  O.01M Zn(ll); closed circles, 
6.27M OH-  and 0.023M Zn(II). The potential is 100 mV anodic to 
the equilibrium potential. 

Discussion 
Shape of transients .--The stabilized t ransients  (trace 

"b" on Fig. 2) do not have the classical shape of a 
current  t rans ient  resul t ing from a potentiostatic pulse. 
Although they do have a ma x i mum at the leading 
edge of the transient,  they do not have the sharp 
spike characteristic of double layer  charging. There-  
fore it is necessary to analyze the t ransients  fur ther  to 
de termine  what  sort of informat ion they do contain. 

The first t rans ient  (trace "a," Fig. 2) appears to 
be the result  of increasing surface area. The current  
increases with t ime which suggests that  the ini t ia l  
potentiostatic pulses are a l ter ing the surface condi-  
t ion of the electrode. There are several possible ex- 
planatiozls for this. First, it is possible that  the sur-  
face area is increasing due to the  formation of etch 
pits (9). However, the i vs. t relationship for trace 
"a" does not agree with that  developed for each pit 
formation (9). Another  objection to this explanat ion 
is that  it would not readi ly  account for the fact that  
on open circuit the electrode surface loses its increased 
area, i.e., the etch pits disappear or fill in. Ordinarily,  
when  etch pits are formed they tend to grow and thus 
increase the surface area (and the current)  further.  

A second explanat ion is related to the observation 
that the zinc electrode equi l ibr ium potential  is a 
mixed potential  (10). As a consequence, the surface 
of a zinc electrode at its equi l ibr ium potential  may  
have hydrogen atoms adsorbed on it. The cathodic 
prepulse would then serve to reduce any  oxide pres-  
ent  as well  as cause the adsorbed hydrogen to be 
evolved from the surface. This explanat ion  would ac- 
count  for the fact that  when  the active surface is al-  
lowed to rest at the equi l ibr ium potent ial  the surface 
again becomes inactive, i.e., it would again be covered 
with adsorbed hydrogen. However, as noted earlier, 
changing the ampli tude of the cathodic prepulse had 
no effect on the shape of the stabilized pulse. If this 
explanat ion were correct then it would seem that  in-  
creasing the ampli tude of the cathodic prepulse would 
cover the surface wi th  still  more hydrogen and reduce 
the activity of the surface dur ing  the anodic working 
pulse, unless all  the hydrogen so produced would be 
evolved. 

A third explanat ion assumes that  the anodic pulse 
produces active sites or centers on the zinc surface. 
These would disappear dur ing the cathodic prepulse 
bu t  dur ing  a series of repeti t ive ,cycles more anodic 
than  cathodic charge is given to the electrode and 
so the net  result  is an increase in the n u m b e r  of active 
sites with time, causing an increase in  current  un t i l  
a stabilized or equi l ibr ium (or s teady-state)  condi-  
t ion is reached. On open circuit  these active sites 
would be the first ones destroyed and hence the elec- 
trode would again revert  to its relat ively inactive 
form. T h i s  explanat ion appears to be the most l ikely  
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one of those presented here, especially since poly-  
crystal l ine ( ra ther  than amalgam) zinc electrodes 
were used. 

The discussion above had to do pr imar i ly  with the 
shape of the first t rans ient  ("a" on Fig. 2) and the 
fact that  dur ing  repet i t ive pulsing the current  in -  
creases. However, this still does not account for the 
changes in  the shape of the leading edge of the t r an-  
s ient  dur ing  cycling. An  explanat ion for this is that 
both traces on Fig. 2 are composites of at least two 
processes occurring simultaneously.  One of these proc- 
esses is that  discussed above, i.e., the increase of re-  
active area on the electrode dur ing  repeti t ive cycling. 
This is the dominant  process in  trace "a" on Fig. 2. 
The other process(es) is. the one associated with a 
classical potential  step experiment,  i.e., the double 
layer  charging spike followed b y  the charge t ransfer  
process and then tapering Off as concentrat ion polari-  
zation sets in. A combinat ion of such a classical t r an-  
sient with one such as "a" will give a t rans ient  hav-  
ing the shape of "b" on Fig. 2. 

This means that  extrapolat ion of the current  t r an -  
sients in  the usual  way to t ime zero is not real ly  
s t ra ightforward and may include a bit  more informa-  
t ion than  that  of charge transfer.  However, as will  be 
indicated below the informat ion  obtained by  using 
the usual  method is consistent with that  obtained by 
other techniques. 

Effect  of ionic s t r eng th . - -For  the more dilute so- 
lut ions with respect to the O H -  ion, Fig. 5, the ionic 
s t rength has no effect on the electrode process. For 
solutions more  concentrated in  O H -  ion the results are 
not so c l ea r - cu t  There is a good deal of scatter in the 
results and no par t icular  ' t rend is apparent.  This is 
l ikely due to the excessive ionic crowding in these 
solutions. The increase in  ionic s t rength of these so- 
lut ions was done by adding KF, and this increases the 
viscosity of the solutions markedly  (11). 

The results of Fig. 5 may be compared with those 
reported earl ier  for the zinc electrode processes in the 
vicini ty of the equi l ibr ium potential  (5). There the 
increasing ionic s t rength had no effect on the proc- 
esses at the lower O H -  ion concentrat ions but  caused 
a decrease in io at the higher O H -  ion concentra-  
tions. This la t ter  effect is not  observed here, Fig. 5 
(closed circles). The difference in  behavior  is l ikely 
due to the fact that  here an overpotential  is applied 
which offsets the effect of increasing ionic strengths. 
This is borne out by considering data from these same 
Tafel plots bu t  at a higher overpotential ,  Fig. 6. On 
Fig. 6 the current  density is definitely higher for the 
solutions more concentrated in  O H -  ion (closed 
circles) while at the lower overpotential,  Fig. 5, there 
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Fig. 6. Effect of ionic strength on current density in the Tafel 
region. Symbols the same as for Fig. 5. The potential is 200 mV 
onodic to the equilibrium potential. 

is no marked difference in current density between 
the different OH- ion concentrations. 

Tafel slopes.--Although there probably is no really 
linear portion to these Tafel plots, slopes were mea- 
sured as shown on Fig. 4 and extrapolated to zero 
overpotential to determine io. The results are given 
in Table I. The slopes for the solutions that were more 
dilute in OH- ion concentration are fairly constant, 
and are larger than the others. The exchange current 
densities also are substantially constant for the solu- 
tions that are more dilute in OH- ion and are in 
fairly good agreement with the results obtained by 
other methods (5, 6). 

The Tafel slopes in Table I are almost double those 
obtained by Despic, et aL (7). Those authors obtained 
their Tafel information from galvanostatic pulses. It 
has been noted before that the values obtained for 
the parameters of the zinc electrode processes are de- 
pendent on the method used for obtaining the infor- 
mation (3). The exchange current densities obtained 
by Despic and co-workers by extrapolation of Tafel 
slopes are at least an order of magnitude smaller than 
the values measured in the region of the equilibrium 
potential (3). 

For the solutions that have a higher OH- ion con- 
centration, (B) in Table I, the Tafel slopes show some 
variation but this is likely due more to difficulties in 
determining the slopes than to any real effect. The 
exchange current densities, likewise, show more scat- 
ter and are much lower than those obtained by other 
methods. 

No significant kinetic information will be deduced 
from these Tale1 slopes for two reasons: ({) the diffi- 
culty in determining the slopes; and (ii) the inten- 
tion here is merely to note the effect of ionic strength 
on the process and to ascertain whether it is as im- 
portant to control this variable in the Tafel region 
as it is in the region of the equilibrium potential. In 
a subsequent article the effect of changing OH- and 
zincate ion concentration on the Tafel slopes will be 
used to extract kinetic and mechanistic information. 

Conclusions 
Changes of ionic s t rength have li t t le effect on the 

zinc electrode processes in  alkal ine solutions in  the 
Tafel region. However, at concentrat ions of O H -  ion 
above the max imum in the io vs. KOH concentrat ion 
plot, i.e., above about  3-6M, increasing the total ionic 
s t rength of the solutions causes the results to be ra ther  
erratic. A l ikely reason for this is that  at these higher 
ionic strengths normal  hydra t ion  numbers  of the ions 
cannot be satisfied and the physical na ture  of the so- 
lu t ion is changing. There may be significant ion pair  
formation as well  as other accommodations to the 
increasing dearth of solvent  molecules. 
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(B) (OH-) = 6.27M (Zn(II))  : O.023M 
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8.20 74 16 
8.65 69 10 
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A B S T R A C T  

The effect of a l loying b i smuth  on the e lec t rochemical  behav ior  of lead  
has been  inves t iga ted  at  th ree  levels  of bismuth.  L inear  sweep v o l t a m m e t r y  
and potent ia l  step exper iments  have been car r ied  out  in sulfuric  acid solut ion 
of ba t t e ry  s trength.  The  resul ts  show tha t  b i smuth  addi t ions  accelera te  the 
ra te  of corrosion of the lead  and confirm tha t  the re la t ionship  be tween  t h e  
exten t  of the  anodic a t t ack  and b ismuth  content  is not  l inear  but  goes th rough  
a min imum value. F r o m  the potent ia l  s tep behavior  it  appears  tha t  b i smuth  
differs in effect f rom tha t  of ant imony,  the  most  obvious difference being the 
absence of a second cur ren t  peak  in the s tep response for  the deve lopment  of 
PbO~ wi th  the  b i smuth-con ta in ing  electrodes.  

Despi te  recent  concent ra ted  efforts t oward  the de -  
ve lopment  of small ,  l i gh t -we igh t  secondary  e lec t ro-  
chemical  power  sources, the  l ead -ac id  ba t te ry ,  first 
in t roduced  in 1859, remains  unsurpassed  at  the fore-  
f ront  of ma jo r  ba t t e ry  systems today.  Numerous  
a t tempts  have been  made, however ,  to replace  an t i -  
mony  as the  gr id  a l loying  ingredien t  for reasons we 
out l ined in  a previous  publ ica t ion  (1), not  least  of 
these being the deleter ious  effect of the  a l loy on the 
hydrogen  overvol tage  of the  cell. Mater ia ls  suggested 
as a subst i tu te  include al loys of Ca, Sn, Mg, A1, and 
Ti, and severa l  workers  have considered the effect of 
a l loying  lead  wi th  var ious  amounts  of b i smuth  (2-7). 
Recent  work  car r ied  out in this l abo ra to ry  by  Casson 
(8) in which a whole  range  of al loys were  subjec ted  
to extens ive  cycl ing conditions has suggested tha t  a l -  
loying wi th  b i smuth  produces  favorable  recharge  
character is t ics  which are  wor th  fu r the r  investigation.  

Smal l  quant i t ies  of Bi (<0 .3%)  do not seem to have 
any  significant effect on the  meta l lu rg ica l  proper t ies  of 
lead;  as the quan t i ty  of Bi is increased  the l ead  is 
found to harden,  its bending  s t rength  being consider-  
ab ly  reduced.  The effect of Bi on the hydrogen  evolu-  
t ion react ion has been s tudied b y  Ki l imnek  et aL (9) 
who found tha t  the  kinet ic  constants  a and b in  the  
equat ion ~ = a + b log10 i depend on the magni tude  
of the  charge  on the e lec t rode  surface. The values  

* Electrochemical Society Active Member. 
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given in Table  I for  Bi in 1M H2SO4 (9) indicate  the  
slow ra te  of hydrogen  gas formation.  

I t  has been repor ted  tha t  the s tab i l i ty  of b i smuth-  
containing al loys to corrosive a t tack  passes th rough  
a m in imum at app rox ima te ly  3.5 weight  percent  (w/o)  
Bi (10). These curves were  based on studies of the  
weight  loss of a corroding anode, the amount  of s ludge 
formed, and the cathode weight  gain over  a per iod  of 
70 days. The authors  offer no explana t ion  for  the  e f f e c t  
of b i smuth  in promot ing  the corrosion of the  lead  
lattice.  A deta i led  s tudy  of the  effect of b i smuth  on 
ba t t e ry  per formance  (11) has shown tha t  the  presence 
of b i smuth  resul ts  in  an increase  in the amount  of 
posi t ive shedding (i.e., loss of act ive ma te r i a l  as 
s ludge in the cell  case) and promoted  grid growth.  
These increases,  h o w e v e r ,  do not  appea r  to be l inear  
wi th  increasing b i smuth  content.  

There  seems to be  some d iscrepancy  in the  l i t e ra -  
ture  concerning the to le rab le  level  of Bi, wi th  one set 
of workers  repor t ing  tha t  as l i t t le  as 0.01% Bi in Pb  
increases i ts cor rodab i l i ty  (12). For  this reason i t  was 
deQided to ca r ry  out  our  own invest igat ion using va r i -  

Table I. Surface charge 

Positive (V) Negative (V) 

a 0.93 1,15 
b 0.12 0.115 
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ous levels  of Bi in  the  form of b ina ry  weight  a l loys 
wi th  pu re  lead. 

This p a p e r  records  the  LSV and poten t ia l  s tep m e a -  
surements  and  compares  the  da ta  obta ined wi th  tha t  
f rom our  previous  w o r k  on the Pb/I-IsSO4 and P b - S b /  
H2SO4 systems. 

Exper imental  
The e lec t ro ly t ic  cell, e lec t rode  p re t rea tment ,  and  

e lec t r ica l  c i rcu i t ry  have  al l  been adequa te ly  descr ibed 
in  a previous  publ ica t ion  (1). L inea r  sweeping and 
potent ios ta t ic  pulse  exper imen t s  were  made  wi th  
b i s m u t h / l e a d  b ina ry  al loys in 5M H2SO4 using a K e m i -  
t ron  PS-40 potent ios ta t  and funct ion generator ,  the  
ou tput  being moni to red  on an (X-Y-T)  recorde r  
(Bryans,  Ser ies  26000). The rods used in the  p r e p a r a -  
t ion of the  d isk  e lect rodes  were  precas t  and  aged for  
a month  in an  a t t empt  to s imula te  the  indus t r i a l  s i tu -  
a t ion as fa r  as possible.  "Stabi l ized"  e lect rodes  were  
obta ined  by  cycl ing to a constant  response be tween  
the  l imits  1 400 and 1520 mV for app rox ima te ly  1�89 hr. 
As before  (1),  i t  was found necessary  to " ini t ia te"  the  
reac t ion  b y  sweeping  to a posi t ive  l imi t  of 2000 mV 1 
in the  first cycle;  this  provides  the considerable  ini t ia l  
overpo ten t ia l  first emphas ized  by  F le i schmann  et al. 
(13), o therwise  negl ig ib le  produc t  lead  dioxide  was 
fo rmed  wi th  a posi t ive  l imi t  set a t  1520 inV. The th ree  
b i n a r y  al loys used in the  exper imen t s  contained,  r e -  
spect ively,  0.063%, 0.127%, and  0.267% Bi. 

Results and Discussion 
L{near sweep  exper iments . - -Rate  of attainment  of 

constant  response.--Noticeable fea tures  of the  ea r ly  
cycle  pa t t e rn  were  the  two anodic cu r ren t  peaks  ob-  
ta ined  dur ing  the  nega t ive -go ing  sweep wi th  the  posi-  
t ive  poten t ia l  l imi t  set  a t  2000 inV. This was to be 
expec ted  f rom our  previous  work  on lead  and an t i -  
monia l  lead  al loys (1),  and  we have  a t t r i bu ted  this 
to l ead  sul fa te  fo rmat ion  a t  a surface  p rev ious ly  pas -  
s iva ted  by  oxygen.  The quan t i ty  of charge  contained 
in the  in t eg ra ted  anodic a rea  of these peaks  was inde-  
penden t  of  b i smuth  concentra t ion  in the  r ange  studied, 
confirming our  findings tha t  the  response is due to 
the  base  me ta l  (Pb)  i tself  and  is also connected wi th  
oxygen  and o ther  re la ted  species because  of the  upper  
l imi t  required .  

The ex ten t  of fo rmat ion  of p roduc t  lead  dioxide  
showed a l a rge  va r ia t ion  wi th  b i smuth  content  such 
tha t  as the  Bi level  was increased the corresponding 
a l loy  r equ i r ed  a l a rge  number  of cycles to give a con- 
s tan t  response (negl ig ib le  change in  peak  cur ren t  
va lues ) .  

Constant response curves.--Stabil ized potent ia l  curves  
for  each a l loy  unde r  test  a re  shown in Fig. 1. The 
in t e rmed ia t e  Bi concent ra t ion  (0.127 w /o )  appears  to 
p roduce  the s tab les t  a l loy  wi th  peak  cu r ren t  values  
(/p in PbOs fo rmat ion  peak)  apprec iab ly  less than  
those for  e lect rodes  conta in ing h igher  (0.267 w /o )  and 
lower  (0.063 w /o )  levels  of bismuth.  The posi t ion of 
this  cu r ren t  m a x i m u m  also changes wi th  va ry ing  Bi 
content ,  the  in t e rmed ia t e  a l loy  having  an /p va lue  at  
the  more  nega t ive  potent ial .  This suggests  tha t  the  
k inet ic  b a r r i e r  to the  oxida t ion  of PbSO4 varies  wi th  
the  quan t i t y  of  Bi in the  test  e lectrode.  The fo rm of 
the  m a x i m u m  cur ren t  (cor rodib i l i ty )  and  peak  po-  
t en t i a l  va r i a t ion  wi th  b i smuth  concentra t ion  is i n t e r -  
est ing; a m a x i m u m  s tab i l i ty  to anodic a t t ack  occurs  
wi th in  the  range  s tudied  here.  F igu re  2 depicts  this  
t r end  as a plot  of ip vs. Bi content  for  s tabi l ized  elec-  
trodes.  A possible  exp lana t ion  for  this  can be given 
in  te rms of g ra in  ref inement  caused by  the incorpora -  
t ion of Bi into the  lead  lat t ice.  As the  amount  of Bi is 
increased,  the  quan t i t y  of l ead  ava i lab le  for  surface 
reac t ion  is depleted,  hence the  s tab i l i ty  of the  a l loy  
in i t i a l ly  r ises  wi th  increas ing Bi levels.  Zener  (14) 

z All  potentials were measured against the Hg~SO~/Hg electrode 
in  the same solu t ion .  
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Fig. 1. Stabilized potential curves for (a) 0.063% Bi, (b) 0.127% 
Bi, (c) 0.267% Bi. (400-1520 mV; 50 mV/sec -1, A = 0.0707 crag".) 
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Fig. 2. Plot of ip vs. 5i content tar electrodes cycled to constant 
response: (a) 100 mY sec -1 ,  (b) 80 mV sec -1,  (c) 50 mY sec -1 ,  
(d) 30 mY sec -1 ,  (e) 10 mY sec-;. 

has shown tha t  g ra in  g rowth  should cease when  the  
average  gra in  size Dm is g iven by  Eq. [1] 

d 
Dm = - -  [1] 

F 

where  d signifies the  average  d iamete r  of an  inclusion 
and F the f rac t ion of the  volume in the  al loy.  I t  is 
possible  tha t  this condit ion applies  when  the concen-  
t ra t ion  of Bi in the  a l loy lies be tween  0.14 and 0.19 
w / o  and so accounts for  the  min imum in Fig. 2. These 
resul ts  contras t  wi th  those of Bryn t seva  (10) and 
Gonzales (15); Bryn t seva  has r epor ted  an increase  in  
the  e lec t rochemical  corrosion of lead  anodes conta in-  
ing concentrat ions  of Bi up to 2% and Gonzales has 
c la imed tha t  the  corrosion ra te  can be doubled  b y  in-  
creasing the Bi content  f rom 0.01% to 0.1%. The l a t -  
te r  au thor  emphasized tha t  the  precise  increase  de -  
pended  on the condit ions of the  tes t  which  g rea t ly  
differ f rom those used here  and p robab ly  account  for  
the  difference be tween  the i r  resul ts  and ours. 

The re la t ionship  be tween  peak  p o t e n t i a l  (E , )  and  
sweep r a t e  (v) is shown in Fig. 3 as a plot  of Ep vs. 
log10 v for  each a l loy  under  test. This da ta  is in ag ree -  
men t  wi th  tha t  ob ta ined  by  Canagara tna  et  al. (16) 
and  us (17) (for  both  pure  and an t imonia l  lead)  for  
the g rowth  of a s ingle l aye r  on an  e lect rode surface. 
F igure  4 shows the  re la t ionship  be tween  the  peak  cu r -  
ren t  ( i p ) a n d  sweep ra te  (v) in the  form of a plot  of  
ip vs. ~/v. In  each case ( three  b i smuth  concentra t ions)  
the  peak  cu r ren t  va lues  a re  much l a rge r  than  cor re -  
sponding da ta  on Pb and P b - S b  (5%) e lect rodes  (1) 
indica t ing  tha t  concentra t ions  as low as 0.06% Bi in  
l ead  resul t  in the  fo rmat ion  of an a l loy  which  is much  
more  suscept ible  to anodic a t t ack  than  one conta ining 
a r e l a t ive ly  high propor t ion  of ant imony.  

A s u m m a r y  of the in t eg ra ted  anodic charge  for  
s tabi l ized electrodes is g iven  in  Table  II. An  in te res t -  
ing  f ea tu re  here  is the  s imi l a r i t y  be tween  P b - S b  and  
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Fig. 3. Plot of peak potential vs. logic sweep rate for (a) 0.063% 
Bi, (b) 0.127% Bi, (c) 0.267% Bi. (Electrodes cycled to constant 
response.) 
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Fig. 4. Plat of peak current vs. (sweep rate) 1/2 for stabilized 
electrodes containing (a) 0.063% Bi, (b) 0.127% Bi, (c) 0.267% Bi. 

Pb-Bi electrodes, both exhibiting a much larger sweep- 
rate dependency of charge than pure lead. As before 
(1) this can be attributed to the constant thickness of 
the oxidized layer on pure lead which discharges to 
approximately the same extent throughout. The Pb- 
Sb and Pb-Bi alloys, on the other hand, form a layer 
which is more porous than that on pure lead, and so 
the reaction is driven deeper into the spongy mass at 

Table II. Calculated anodic charge during positive-going sweep 
(400-1520 mV) for stabilized electrodes 

Anodic charge (mC cm -~) 
Sweep rate 
(mY see-~) 0.063% Bi 0.127% Bi 0.267% Bi 

10 35A 6.2 32.2 
30 23.0 4.9 20.5 
50 18.0 3.9 16.0 
60 16.7 3.2 14.5 
80 15.3 2.9 12.7 

100 14.1 2.9 11.7 

l ower  ra tes  of sweeping.  The lack  of a n y  ro ta t ion  speed 
dependence  dur ing  the  e lec t rochemical  cycl ing indi -  
cates tha t  the  diffusion of species th rough  the elec-  
t rode  occurs via  a so l id -s ta te  process s imi lar  to tha t  
for  Pb and P b - S b  electrodes.  

Potential sweep experiments . - -These  were  pe r -  
fo rmed  af te r  fo rmat ion  of PbSO4 by  cyclic potent ia l  
sweeping and a s tabi l iz ing per iod at  400 mV when  the 
cur ren t  became negl ig ib le  ( E l  #A).  We have a l r eady  
shown (17) tha t  the  length  of t ime the electrodes a re  
he ld  in the  sulfa te  region has a significant effect on 
the  oxida t ive  behav ior  of the  lead  sulfa te  deposi t  and 
have  suggested this is due to the  remova l  of nuc lea-  
t ion sites formed dur ing  the s tabi l iz ing sweep. Fo r  this  
reason the reduct ive  per iod  pr io r  to potent ia l  s tepping 
was kep t  constant  at  app rox ima te ly  20 rain. 

F igu re  5 shows a typica l  cur ren t  response ~ curve 
when  a lead  sulfate  deposi t  ( formed b y  continuous 
cycl ing on a Pb-Bi  base)  is s tepped into the  lead  d i -  
oxide  region. The  form of the  t rans ien t  is s imi lar  to 
tha t  for  pure  lead (17) where  the  in i t ia l  double  l aye r  
charging  sp ike  is fol lowed by  an increase in cur ren t  
due to the  fo rmat ion  and g rowth  of nuclea t ion  centers.  
The presence of a single oxida t ion  peak  is indica t ive  of 
a comple te ly  pass iva ted  film (PbO2) wi th  most  of the  
res idual  cur ren t  flow due  to the  oxygen  evolut ion 
react ion because of the  high overpoten t ia l  used. These 
observat ions  contras t  w i th  our  previous  work  on an t i -  
monia l  lead  when  a th ickening  of  the  oxidized deposi t  
does occur and a second r ise in  t rans ien t  is obta ined  
as a fu r the r  l aye r  of p roduc t  PbO~ is formed. 

Al though  at  the s ta r t  of the  t rans ien t  response ( P b /  
Bi) the  cur ren t  did  not  r ise  f rom zero ( indicat ing the 
presence of some growth  centers)  we were  able to 
iden t i fy  a two-d imens iona l  g rowth  process b y  the  
res idual  l inear  i - t  cor re la t ion  represen ted  b y  Eq. [2] 

i -- (ZF~Mlp)NokSt exp (--~MSNokSts/pS) [2] 

We have  concluded (17) tha t  the  cycled e lect rode con- 
rains sufficient nuclei  for  e lec t rocrys ta l l iza t ion  to p ro -  
ceed a t  a speed sufficient to change the process f rom 

1 8  

~4 

10 J I 
40 s 

Fig. 5. Potential step experiment (400-1100 mV) on stabilized 
Pb-Bi (0.127%) electrode (A - -  0.0707 cm2). 
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the relatively slow three-dimensional one reported by 
Fleischmann and Thirsk (13) and later by Casson 
(8) to the faster two-dimensional process. 
Figure 6 shows a typical series of current-time 

curves for the rise in transient as a cyclically formed 
PbSO4 deposit is stepped to various overpotentials in 
the PbO~ region. The slopes of these lines are seen 
to increase with increasing overpotential which is to 
be expected from Eq. [2] (di/dt~k2No at short times). 
The potential dependency of k~No is shown in Fig. 7 
as a plot  of overpo ten t ia l  vs. log10 ( d i / d t ) .  I t  is i n t e r -  
es t ing to note tha t  as the  e lect rodes  are  s tepped  to a 
series of increas ing overpoten t ia l s  the  peak  cur ren t  
va lues  r ise  to a l imi t ing  va lue  then  s ta r t  to fall. I t  
can be  shown (18) tha t  for ins tantaneous  nuclea t ion  

im --  (2~No) ~12nFkhe-~ [3] 

which, when  compared  wi th  the  da ta  in Fig. 7, shows 
tha t  for  a s imple  two-d imens iona l  process the value  of 
im should not  decrease.  This fal l -off  in peak  cur ren t  
values  is accompanied  by  a cor responding fa l l  in the  
charge  contained in the  oxida t ion  peak  (ca lcula ted  
b y  a s imple  in tegra t ion  process) .  A possible exp lana -  
t ion for  this  can be given in  te rms of a reduct ion  in 
effective surface a rea  of the e lec t rode  due to pa r t i a l  
coverage of the  surface  by  gaseous oxygen  (again  be -  
cause of the high overpoten t ia l s  u sed ) :  surface a rea  
before  potent ia l  step _-- A, surface a rea  af te r  po ten-  
t ia l  s tep = A(1  --  0), whe re  0 represents  the  a rea  of 
the  e lec t rode  covered wi th  oxygen.  (As the overpo-  
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Fig. 6. Current - t ime plots (rise in transient)  for potential  step 
experiments on Pb-Bi (0.127%) stabilized electrodes. 
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Fig. 7. Plot of oYerpotential vs. Iog~o (di/dt) for 0.127% Bi 

t en t ia l  is increased the  va lue  of 0 wi l l  also increase  
and im subsequent ly  fa l l s ) .  F igu re  8 confirms the 
presence of oxygen  on the e lec t rode  surface wi th  a 
reduced plot  of i/ira vs. t/tin. The  cur ren t  values  at  
the ta i l  end of the  curve  (t/tin > 1.5) a re  l a rge r  than  
expected  due to the  cont r ibut ion  of the  oxygen  evolu-  
t ion current .  A fu r the r  proof  tha t  the  react ion s tudied  
here  follows a s imple  two-d imens iona l  g rowth  mecha-  
nism is p rov ided  in Fig. 9 wi th  a typica l  p lot  of In  
(i - -  i r ) / t  vs. ts with  a correc t ion  for  the  oxygen  
evolut ion  cu r ren t  being made.  The s t ra igh t  l ines ob-  
ta ined  a re  in good ag reemen t  wi th  Eq. [2]. 
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Fig. 8. i/Jm vs. t / tm for potential step transient (0.127% Bi, 
400-1 !00 mY). 
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Pig. 9. in (i - -  4 ) / t  vs. t~ for (a) 0.06~% ei, (b) 0.127% Bi, (c) 
0.267% Bi at long times (t /tm ~> 1). 
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These resul ts  a re  of  grea t  impor tance  to i ndus t ry  
and ba t t e ry  manufac ture rs  in pa r t i cu la r  since they  
give the  op t imum level  of b i smuth  for use as a gr id  
a l loying  ingred ien t  in the  l ead-ac id  ba t t e ry  system. 
They  do not, however ,  provide  any  informat ion  con- 
cerning the reacharge  character is t ics  of such an a l -  
loy. Dewit t  and  Myers  (19) found Bi to have  a less 
ha rmfu l  effect than  Sb on se l f -d ischarge  and gassing 
rates. These beneficial  p roper t ies  of b i smuth  if  com- 
bined wi th  the  op t imum level  of the  a l loy (min imum 
anodic corrosion) in the posi t ive ba t t e ry  gr id  could 
go a long way  in promot ing  Bi as a r ep lacement  for 
Sb in the  l ead -ac id  sys tem today.  

Conclusions 
1. The  incorpora t ion  of b i smuth  into lead  does not  

produce an a l loy  wi th  the same e lec t romet r ic  behavior  
as an t imonia l  lead  (viz., the  second cur ren t  peak  in 
the  s tep response for the deve lopment  of PbO2 is 
absent ) .  

2. The oxida t ion  of PbSO4 to PbO2 on a l e ad -b i smu th  
e lec t rode  resul ts  in the  fo rmat ion  of a comple te ly  pas -  
s ivat ing layer .  

3. Concentrat ions as low as 0.06% Bi in lead r ende r  
the a l loy much more  suscept ible  to anodic corrosion 
than  a pure  lead  or  an t imonia l  (5%) lead  electrode.  

4. The re la t ionship  be tween  b i smuth  content  and  
dep th  of corrosive a t tack  is not  l inear  but  parabolic .  

5. A m a x i m u m  s tabi l i ty  concentra t ion of b i smuth  in 
lead was found in the  range  studied. 
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Structure-Reactivity Relationships of Methylated 
Tetrahydrofurans with Lithium 
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ABSTRACT 

Tetrahydrofurans methylated in the ,~-position manifest remarkable  chem- 
ical and electrochemical stabili ty toward Li. While te t rahydrofuran (THF) 
distilled off benzophenone ketyl  and stored with Li at 71~ reacts in two days, 
2-methyl tetrahydrofuran (2-Me-THF) treated similarly was stable for over 
1O months. Electrolytes comprising either 2-Me-THF or 2,5-dimethyltetra- 
hydrofuran (2,5-di-Me-TI-tF) were subjected to cycling studies in half-cell  
configurations. Average Li on Li cycling efficiencies exceeded 96% for Q = 1 
C/cm 2. Unlike the a-methylated ethers, 3-methyltetrahydrofuran (3-Me-THF) 
was as reactive towards Li as THF. Thus, the position of the methyl sub- 
stituent with respect to the cyclic ether's oxygen atom is critically important, 
and several mechanisms are considered. 

Ambient  temperature Li secondary bat tery tech- 
nology has been actively pursued for more than 20 
years (1-4). Potential applications of such batteries 
run the gamut from vehicular propulsion to power 
sources for digital watches. Transition metal chalo- 
genides such as TiS2 (5-7) and VI-~ MxS~ (M -- Fe 
or Cr) (8, 9) have proved to be suitable cathode ma- 
terials for ambient temperature cells. More recently, 
transition metal  oxides with perovskite-related struc- 
tures such as V8018 show promise as rechargeable 
cathode materials (10). Yet, as is generally agreed, 
the key technical problem preventing the realization 
of such batteries is the cycling behavior of the Li elec- 
trode. 

While Li may be plated onto a conducting substrate 
from a variety of aprotic organic electrolytes with 
100% efficiency (2, 11). subsequent anodic dissolution 
is invariably less (11-14). The difference reflects Li 
metal  electrically isolated from the substrate by pas- 
sivating, albeit Li + conducting films (3, 14-18). These 
films arise from the reduction of impurities at high 
rate, and electrolyte itself at a lower rate by freshly 
deposited Li. The underlying metal  is thereby pro-  
tected f rom further attack. The presence of such 
filmed or "encapsulated" Li particles results in an i r -  
regular  surface which seriously distorts the morphol-  
ogy of subsequent plates. On the second plate, for 
example, Li nucleation and growth proceed i r regular ly  
forming dendrites; the surface area of the plate cor- 
respondingly increases, the rate of reaction with elec- 
t rolyte  increases, and more Li is isolated. Thus, the 
effect of a small morphological perturbat ion on the 
first cycle becomes compounded over several cycles, 
leading to ult imate electrode failure. 

Our approach to electrolyte development has been 
to choose solvents expected to manifest low reactivi ty 
toward Li, and then refine electrolytes based on these 
solvents via stringent purification procedures. In se- 
lecting a solvent, one may be guided by Selim and 
Bro who have pointed out that  polar solvents are 
necessarily reactive with Li due to the presence of a 
molecular dipole ( l l a ) .  The dipole results from an 
unequal distribution of electron density about a car- 
bon-heteroatom bond which facilitates electron trans-  
fer from Li into the bond. More recently, a thermo- 
dynamic analysis of the possible direct interaction be-  
tween Li and a var ie ty  of aprotic organic solvents 
demonstrated that  all may be reduced by Li (19). We 
suspected, therefore, that cyclic ethers afforded the 

* Electrochemical Society Active Member. 
Key words: organics electrolyte, l ithium, electrode. 

best chance of retarding Li/solvent  reactivity, since 
the C--O bond is far less polar than C--,O (methyl 
acetate, methyl formate, and propylene carbonate),  or 
S----O (dimethylsulfite and dimethylsulfoxide),  other 
solvents in which the Li electrode has been cycled. 
Lower Li/solvent reaction rates should permit  more  
uniform Li plate morphology on charge, and smooth, 
nondendritic plates are a prerequisite for discharge 
with high efficiency. Accordingly, te trahydrofuran 
(THF) /Li  reactivity was investigated in depth (14, 
20). We found that while LiAsF6/THF electrolytes 
outperformed LiAsF6/propylene carbonate (PC) (12, 
13) and methyl  acetate (21) in terms of Li electrode 
cycling efficiency, THF media were nonetheless too 
reactive for use in a practical secondary battery. 

On the basis of isolated reaction products and 
earl ier  mechanistic work, we postulated a reduction 
mechanism involving an initial transfer of an electron 
from Li to the lowest unfilled molecular orbital  
(LUMO) centered on the oxygen atom of THF (20) 
(Eq. [1]) 

+ Li slow ~ ~--~o 1 ~+ 
[1] 

--~ 

r ing-opened  produc ts  

If Eq. [1] accurately describes the ra te-determining 
step in the reduction of THF by Li, one can envisage 
modifying reaction kinetics by raising the activation 
energy of the slow step. This may be accomplished by 
perturbing the energy of the LUlVIO upward. Thus, 
locating an electron donating group, e.g., alkyl, in the 
2-position adjacent to the oxygen atom raises the 
activation energy required to form the anion-radical  
by localizing additional electron density on the oxy- 
gen atom. In a recent patent (9.2) and paper (23), we 
showed that 2-Me-THF and 2,5-di-Me-THF were less 
reactive toward Li than THF itself. In this pape~ we 
elaborate upon these findings and present data indi-  
cating that 3-Me-THF is as reactive as THF toward 
Li. 

Experimental 
General . - -All  purification procedures subsequent to 

distillation and the electrochemical experiments were 
conducted at ambient temperature under an Ar atmo- 
sphere in a Vacuum-Atmospheres Corporation dry 
box equipped with a Model HE-493 Dri-Train. 
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Materials.--Tetrahydrofuran (THF)  (Burd ick  and 
Jackson,  d i s t i l l ed - in -g lass ) ,  l i t h ium hexaf luoroarsen-  
a te  (LiAsF6) (U.S. Steel  Agr i -Chemicals ,  e lec t rochem-  
ical  g r ade ) ,  and l i th ium perch lora te  (LiC1OD (A nde r -  
son Physics,  h ighest  pu r i ty )  were  used as-received.  
L i th ium foil  (15 mi l )  was obta ined  f rom Foote  M i n -  
e ra l  Company  sealed under  Ar. 2 -Me thy l t e t r ahyd ro -  
fu ran  (2 -Me-THF) ,  3 - m e t h y l t e t r a h y d r o f u r a n  (3-~IVle- 
THF) ,  2 ,5 -d ime thy l t e t r ahydro fu ran  (2 ,5 -d i -Me-THF)  
cis/trans mixture ,  t e t r ahyd ropy ra~  (THP) ,  2 -me thy l -  
t e t r a h y d r o p y r a n  (2 -Me-THP) ,  2 ,5 -d ime thy loxy- t e t r a -  
hyd ro fu ran  (2 ,5 -d i -OMe-THF) ,  and  1,3-dioxolane 
(Aldr ich)  were  dis t i l led off Call2 under  A r  f rom a 
P e r k i n - E l m e r  Model  251 Auto  Annu la r  Still .  The r e -  
flux ra t io  was 5: 1; only  the middle  60% fract ion was 
collected. For  some exper iments ,  solvents were  dis-  
t i l led  off sodium benzophenone ketyl ,  and detai ls  r e -  
gard ing  this p rocedure  m a y  be found e lsewhere  (20). 

Ac t iva ted  n e u t r a l  a lumina  (Woelm 200 neu t ra l ,  ac-  
t iv i ty  g rade  Super  1) was used as received,  and  ex -  
posed on ly  to the d r y  box atmosphere .  A p p r o x i m a t e l y  
lg  desiccant  pe r  5 ml  solvent  was used in a given 
purif icat ion procedure.  The first 10% of solvent  e lut ing 
th rough  the column was discarded.  

Detai ls  regard ing  e lec t ro ly te  p repa ra t ion  and purif i -  
cat ion and subsequent  s torage at  e leva ted  t e m p e r a -  
tures wi th  Li m a y  be found e l sewhere  (14, 20). 

Cells and electrodes.--Glass r ec t angu la r  cells (10 • 
40 • 60 mm, Vitro Dynamics)  were  used for  the  ga l -  
vanostat ic  cycling of Li  in  a ha l f -ce l l  configuration. 
The work ing  e lec t rode  was a 5.5 cm • 3.8 cm • 5 rail  
s t r ip  cut f rom Ni 200 shee t  (Robl inger) .  The counter -  
e lec t rode  was fabr ica ted  f rom 15 rai l  Li  r ibbon. Detai ls  
r egard ing  cell  assembly,  Li cycl ing exper iments ,  and  
the galvanosta t ic  pree lec t ro lys is  technique may  be 
found e l sewhere  (14). 

L inear  sweep exper imen t s  employed  a 5 m m  diam 
vi t reous  carbon disk work ing  e lec t rode  (Tokai)  sea led  
in  Pyrex .  Li counter  and  reference  electrodes d ipped 
into  the  e lec t ro ly te  under  invest igat ion,  and these ex-  
per iments  were  accomplished in an und iv ided  cell. 

Chronopotent iomet r ic  p la t ing  and s t r ipping  of Li  
were  conducted wi th  a constant  cu r ren t  power  supply  
and an au tomat ic  cycler  (both  const ructed in -house) .  
The l a t t e r  a l l o w e d  p la t ing  for  a g iven per iod of t ime, 
then  s t r ipped  to a p rese t  potent ia l  (1.0V anodic of the  
s t r i p p i n g  poten t ia l ) .  Upon reaching this potent ial ,  
s t r i p p i n g  w a s  t e rmina ted  and the cell  r eve r t ed  to open 
c i r c u i t  u n t i l  p l a t i n g  a g a i n  commenced.  

L inear  sweep exper iments  were  accomplished wi th  a 
P i n e  P o t e n t i o s t a t  Model  RDE2 equipped  wi th  a t r i ang le  
wave  genera to r  and a Houston Mode l  2000 Omni -  
graphic  X - Y  recorder .  

Conduct iv i ty  measu remen t s  were  pe r fo rmed  wi th  a 
YSI Model  31 br idge  in  a med ium range  Jones - type  
conductance cell  equipped  wi th  P t  electrodes.  The 
cell  constant  was de te rmined  wi th  s t andard  0.1D KC1 
s o l u t i o n .  

NMR measurements.--l~C NMR spec t ra  of  the  cyclic 
e thers  wi th  and wi thout  LiAsFe were  run  nea t  wi th  
an ex te rna l  re ference  tube  compris ing 75% De acetone 
and 25% 1~C enr iched TMS on a JEOL FX-60 spec-  
t rome te r  (Nor theas te rn  Univers i ty ) .  Spec t ra  were  re -  
corded at  ambien t  t empe ra tu r e  (- ,30~ in  p u l s e /  
Four i e r  t r ans form quadr i tu re  mode and were  pro ton  
decoupled.  Spec t ra l  r e s o ! u t i o n w a s  g rea te r  than  • 
Hz (__.0.02 p p m ) .  Chemical  shifts a re  r epor ted  as ppm 
d o w n f i e l d  f rom TIvIS. 

Results and Discussion 
MethyIated te trahydrofurans.--The n u m b e r i n g  

scheme of the  oxolane r ing  is shown in I. On the basis 
of the LUMO a rgumen t ,  2-Me and 2 ,5 -d i -Me-THF are  
p r e d i c t e d  to be more  s tab le  to Li  than  THF. 3-Me-THF,  
o n  t h e  o t h e r  h a n d ,  s h o u l d  

4 3 

5 J2 
o 

I 
be about  as s table  as THF, since the  induct ive  effect 
of the  methy l  group is r a p id ly  a t t enua ted  th rough  
sa tu ra t ed  C-C bonds (24). To test  this hypothesis,  a 
series of m e t h y l a t e d - T H F ' s  were  ob ta ined  and exposed 
to Li  under  s ta t ic  and  dynamic  conditions.  Stat ic  tests 
involved the incubat ion of Li foil  wi th  e lec t ro ly te  at  
71~ The onset of L i - e l ec t ro ly t e  r eac t i on  v i sua l ly  
manifests  i tself  in terms of corrosion on the Li  foil and 
concurrent  ye l lowing  of the e lectrolyte .  Dynamic  con- 
ditions were  achieved by  ga lvanos ta t ica l ly  cycl ing Li  
to and f rom Li and Ni subs t ra tes  a t  25~ A fresh Li  
surface, therefore,  came into contact  wi th  e lec t ro ly te  
on eve ry  cycle. L i -e lec t ro ly te  reac t iv i ty  was noted i n  
te rms of a loss of cycl ing ef f ic iency (Li  s t r i pped /L i  
p la ted)  wi th  increas ing cycle number .  

Li storage experiments.--Tables I and II  summar ize  
the resul ts  of the s ta t ic  tests. I t  is r ead i ly  appa ren t  
tha t  those solvents and e lec t ro ly tes  compris ing 2-Me-  
THF or 2 ,5-d i -Me-THF are  m a r k e d l y  super ior  to THF 
or 3 -Me-THF on exposure  to Li  a t  e leva ted  t empera -  
ture.  We see that  purif ied 2 - M e - T H F  i tse l f ,  as wel l  as 
e lec t ro ly te  p r e p a r e d  f rom it, requi re  months before  
any  sign of reac t ion  wi th  Li is noticeable.  In  fact, the  
ampul  containing Li and 2 - M e - T H F  off benzophenone 
ke ty l  was de l ibe ra te ly  opened af te r  10 months  of s tor -  
age pr io r  to the  onset of reaction.  The  u.v. spec t rum of 
this solvent  was essent ia l ly  super imposable  wi th  f reshly  
dis t i l led  2-Me-THF.  The Li  corrosion observed for un -  
purif ied 2 -Me-THF and 2 ,5 -d i -Me-THF was due to the  
reac t ion  be tween  Li  and  BHT (bu ty l a t ed  h y d r o x y -  
toluene)  added  to the  cemmerc ia l  p roduc t  as a ~ta- 
bilizer.  On the o ther  hand, THF is qui te  react ive  
towards  Li, regardless  of purif icat ion procedure.  Sol -  
vent  d is t i l led  off benzophenone ke ty l  is effect ively free 

Table I. The onset of Li reaction with cyclic ethers at 71 ~ 

Time, days 

Purification 2-Me- 3-Me- 2,5-di- 
procedure THF THF THF Me-THF 

None 1 (3) a 1 (2) 1 (1) 1 (1) 
A b 4 (7) 300 1 (1) 1 (2) c 
Benzophenone 3 (2) >300 ~ m 

ketyl  

i Observable Li corrosion after I day; observable solvent  color- 
ation after 3 days. 

b Solvent  passed through activated alumina. 
Culture tube leaked.  

Table II. The onset of Li reaction with cyclic ether based 
electrolytes at 71~ 

Time, days 

Purifi- 1M livl 1M 1M 
cation 1M LiAsF~/ LiCIO4/ LiAsF6/ LiAsF6/ 

pro- LiAsF6/ 2oMe- 2-Me- 3-Me- 2,5-di- 
cedure THF THF THF THF Me-THF 

None  2 (16) a . . . .  
A b 25 (28) 390 - -  
DAPAr 4 (7) 300 180 10"~) 360 

Observable Li corrosion after 2 days; observable e lectrolyte  
coloration after 16 days. 

b Solvent  passed through activated alumina. 
c Solvent  distilled; passed through alumina; salt added in the  

cold fol lowed by preelectrolysls;  e lectrolyte  passed through alu- 
mina. 
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of H20 and O2--subs tances  tha t  can form pro tec t ive  
films on Li (14). Yet even this ex t r eme ly  pure  THF 
reacts  wi th  Li. E lec t ro ly te  p r e p a r e d  f rom THF is more  
stable,  reac t ing  af te r  25 days  of storage.  P resumably ,  
impur i t i es  in t roduced  in the e lec t ro ly te  form pro tec -  
t ive fi lms, or the sal t  i t se l f  can to some ex ten t  scavenge 
react ive  in termedia tes .  The m a j o r  reduct ion  product  
in the  reac t ion  of T H F  wi th  Li was found to be n - b u -  
tanol  f rom l i th ium n -bu tox ide  af te r  hydro lys i s  (20). 

Electrolyte conductivities.--The specific conduct iv i -  
ties of the me thy l a t ed  cyclic e thers  were  de t e rmined  at  
va ry ing  concentrat ions  of LiAsF6. These da ta  are  
p lo t ted  in Fig. 1 and compared  wi th  l i t e ra tu re  values  
for  the  L iAsF6 /THF system (25). We see tha t  the  in-  
t roduct ion  of me thy l  groups on the oxolane r ing  lowers  
e lec t ro ly te  conduct ivi ty .  Wi th  3-Me-THF,  loss of mo-  
lecu la r  s y m m e t r y  m a y  inhibi t  the  ab i l i ty  of these 
molecules  to solvate  Li+ re la t ive  to tha t  of THF re -  
sul t ing in a h igher  rat io  of contact  ion pai rs  to solvent  
s epa ra t ed  ion pairs.  Wi th  2-Me and 2 ,5-d i -Me-THF,  the 
conduct iv i ty  is more  ser iously  a t tenuated .  An  a t t r ac -  
t ive  ra t iona l iza t ion  involves  s ter ic  c rowding of the 
oxygen  a tom by  the a - m e t h y l  group (s) ,  and this model  
has been advanced  b y  us (23) and others  (26). How-  
ever,  recen t  carbon-13 NMR measurements  by  us 
(vide  inf ra)  discount  this explanat ion.  In  fact, f rom 

a -ca rbon  chemical  shif t  da ta  we infer  that  Li+ in t e r -  
acts more  s t rong ly  wi th  the  oxygen  a toms of 2-Me and 
2 ,5 -d i -Me-THF than  THF, as would  be p red ic ted  on the 
basis of a lky l  group induct ive  effects. I t  is therefore  
l i ke ly  tha t  a - m e t h y l  subs t i tuents  s imply  p e r t u r b  t h e  
efficient packing  of solvent  molecules  about  Li + l ead-  
ing to an  increased  number  of contact  ion pairs,  as has 
been  observed  ea r l i e r  (27). 

Because LiAsF6/2,5-di-lVIe-THF elec t ro ly tes  have 
much lower  conduct iv i ty  than  L iAsF6/2-Me-THF,  most 
of our e lec t ro ly te  deve lopment  effort was focused on 
the  l a t t e r  system. 

L~ cycling experiments.--A more  s t r ingent  test  of 
e lec t ro ly te  iner tness  involves  the dynamic  cycl ing o f  
Li  to and f rom a conduct ing substrate .  As ind ica ted  
ear l ier ,  good cycl ing efficiency can only  be achieved 
if the reac t iv i ty  of e lec t ro ly te  wi th  Li is minimal .  This 
requi res  the  absence of reac t ive  impur i t ies  as wel l  as 
the chemical  compat ib i l i ty  of sal t  and  solvent  wi th  Li. 
In  Fig. 2, the cycling efficiencies of THF and 2-Me-  
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Fig. 1. Specific conductance of several tetrahydrofurans at vari- 
ous LiAsF8 concentrations. 
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Fig. 2. Efficiencies of cycling Li on an Ni substrate. 1M LiAsF~ 
cyclic ethers; Qp = 1.1 C/cm2; ip - -  is = 1 mA/cm 2 (2,5-di-Me- 
THF), and 5 mA/cm 2 (other ethers). 

THF elect rolytes  (1M LiAsF6) are  p resen ted  as a func-  
t ion of cycle number  for  1.1 C/cm ~ Li  on Ni plates.  On 
the 10th cycle run  in  T H F - b a s e d  electrolyte ,  80% of 
the Li p la ted  is encapsula ted  by  films and lost to anodic 
dissolution. By comparison,  only  7% of Li  p l a t ed  f rom 
2 -Me-THF based e lec t ro ly te  is e lec t r ica l ly  isolated.  
This e lec t ro ly te  never the less  does degrade  wi th  cycle 
number ,  as evidenced by  the slow decay in cycl ing 
efficiency. E i ther  reac t ive  impur i t i es  a n d / o r  a ve ry  
slow react ion of 2 - M e - T H F  wi th  Li  y ie ld  products  
which pe r tu rb  the  morpho logy  of subsequent  plates.  

F igu re  2 also compares  the  cycl ing efficiency of 2,5- 
d i - M e - T H F  and 3-Me-THF,  1M in LiAsF6. There  is a 
s t r ik ing  s imi la r i ty  be tween  these curves which  is in 
qua l i ta t ive  ag reemen t  wi th  the s tat ic  s torage tests, i.e., 
tha t  me thy l  groups a to the  oxygen  a tom improve  the 
e lec t ro ly te ' s  s tabi l i ty .  

Our  expe r imen ta l  work  wi th  cyclic e the r  e lec t ro-  
ly tes  a t t empts  to mimic  the  charge  and discharge 
character is t ics  of the  secondary  Li  e lec t rode  in a p r a c -  
t ical  ba t te ry .  A k e y  expe r imen t  employed  by  us to 
eva lua te  e lec t ro ly te  s tab i l i ty  involved cycling Li to 
and f rom a IA ra the r  than  Ni subs t r a t e  in  a ha l f -ce l l  
configuration. This was accompl ished b y  p la t ing  a 
known  amount  of Li  onto a Ni electrode,  and  then  
sequent ia l ly  s t r ipping  and p la t ing  a lesser  charge  of  
Li. The amount  of excess Li determines,  in  par t ,  the  
number  of "100%" cycles to be achieved.  Fo r  example ,  
a typica l  Li on Li  cycl ing expe r imen t  consists of p l a t -  
ing 4.5 C /cm 2 Li  onto a Ni electrode;  1.1 C /cm 2 a re  
then  s t r ipped  leaving  3.4 C /cm 2 of the  excess IA. Sub -  
sequent  p la t ing  and s t r ipping  cycles employ  1.1 C/cm~. 
Were  each cycle  100% efficient, the  cell  wou ld  cycle 
indef ini te ly  wi th  a 3.4 C /cm 2 reserve  of Li  (efficiency 
_-- Q s t r i pped /Q  p l a t ed ) .  Of course, each s t r ipp ing  
cycle is <100% efficient which means  tha t  each s t r ip  
cuts into the  Li reserve  y ie ld ing  an appa ren t  "100%" 
cycle unt i l  the  Ni subs t ra te  is reached.  At  this point  
the  excess Li  is exhaus ted  and one m a y  ca lcula te  t h e  
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Fig. 3. Functional dependence of ~-on n, where Qs : 1.1 C/cm 2 
and Qex - -  3.4 C/cm 2. 

average efficiency per  cycle, E (Eq. [2]) 

Qe x  Q s m ~  ~% 
E = [2] 

Q, 

where Qs is the charge of Li stripped, Qex is the amount 
of excess Li, and n is the number of "i00%" cycles. 
Beyond i00 "100%" cycles, large increases in n pro- 

vide only a fractional increase in E as seen in Fig. 3. 
Li on Li cycling efficiencies for LiAsFJTHF and 

2-Me-THF were determined at three salt concentra- 
tions. The cycling results and conductivity measure- 
ments are summarized in Table IIL Electrolytes con- 
raining 2-Me-THF significantly outperformed those 
prepared with THF, even though the conductivities of 
the former were much less than the latter. In addition, 
Li plates from 2-Me-THF electrolyte were much less 
dendritic than those from THF electrolyte. Thus, good 
conductivity and throwing power alone do not neces- 
sarily insure regular Li plate morphology. 

The average cycling efficiency of 1.5M LiAsFd2-Me- 
THE electrolyte was also assessed as a function of cur- 

rent density. As seen in Table IV, E increases to 97.4% 
as i is lowered to 0.9 mA/cm 2 presumably due to better 
Li plate morphology at lower current densities. 

In an earlier paper (20), we noted the formation of 
a brown film on the surface of the Li electrode when 
it was cycled in LiAsFdTHF media. Elemental and 
ESCA analyses suggested that the film was composed 
of LiF and a (--As--O--As--)n polymer formed from 

I I 
the reaction of THF and AsF6- reduction products 
(20). This film was also observed to form on the Li 
electrode after cycling in LiAsFd2-Me-THF electro- 
lyte. However, the rate of formation in 2-Me-THF is 
substant ial ly lower  than t h a t  in THF again indicating 
that  2 -Me-THF is less react ive toward Li than THF. 

Table IV. Variation of average cycling efficiency with current 
density for 1.5M LiAsF6/2-Me-THF a 

Number of 
i, mA/cm~ "100%" cycles E (%) 

5.0 80 96.3 
2.5 95 96.8 
0.9 116 97.4 

a Qex ---- 3.4 C/cm~; Q, = I.I C/era'; t = tv = t,. 

Anodic limits of cyclic ethers.--We believe L i -e ther  
react iv i ty  to be de termined  by the ease wi th  which a 
solvent  molecule  acccpts an electron from Li (Eq. 
[1]). Data presented in ear l ier  sections of this paper  
show that  cyclic ethers incorporat ing methyl  group (s) 

to the oxygen atom resist reduct ion in consonance 
with  the LUMO argument .  If the electrophore (that 
par t  of a molecule accepting or giving up an electron) 
is involved in both one-e lec t ron  oxidat ion and reduc-  
tion, one would predict  that  those ethers more difficult 
than THF to reduce shou ld 'be  correspondingly easier 
to oxidize. In Scheme I, for  example  

-e + e 

III II IV 

R = H, Me Scheme I 

the oxidation potential of II -> III (R ---- Me) should be 
less than II -> III (1% = H). Accordingly, the reduction 
potent ial  of II --> IV (R : Me) should be grea ter  than 
II-~ IV (R = H).  

Now oxidat ion o f  the e ther  e lectrophore ensues at 
the highest  occupied molecular  orbital  (HOMO). And, 
for al iphatic ethers, the HOMO comprises an orbi tal  
includin~ the nonbonding electrons on oxygen as has 
been de termined  ear l ier  (28). 

In order  to ver i fy  the anodic side of Scheme I, a 
var ie ty  of cyclic e ther /LiAsF6 electrolytes were  sub- 
jected to l inear  sweep vol tammetry .  Star t ing f rom the 
rest potential  ( typical ly -5 2V vs. Li),  the working  
electrode was anodically polarized. Potentials  at which 
the anodic current  density reached an a rb i t ra ry  value  
of 100 ~A/cm 2 were  recorded and are tabulated 
in ascending order (Table V).  Al though only 300 mV 
separate the extremit ies  of this scale, it is clear that  
those compounds wi th  e lec t ron-donat ing a -methy l  
groups oxidize more readi ly  than unsubst i tuted THF 
or THP. Conversely,  r ing systems wi th  e lec t ron-wi th-  
drawing substi tuents ( - -OMe)  or wi th  an e lectronega-  
t ive oxygen atom in place of a methy lene  group (1,3- 
dioxolane) are more difficult to oxidize. 

These data support  tr~e LUMO concept of cyclic 
e ther  reduct ion whereby  t ransfer  of an electron f rom 

Table III. Comparison of conductivity and cycling efficiencies for 
LiAsFo/THF and 2-Me-THF electrolytes at 25~ a 

N u m b e r  
[LiAsF6] K,p • 10 -2 of  "100%" "E 
(mole/l) (~ cm)-~ cycles (%) 

THF 1.0 1.37 b 18 83.3 
1.5 1.65 b 25 88.0 
2.0 1.45 b 17 82.4 

2-Me-THF 0.5 0.14 30 90.0 
1.0 0.30 45 93.3 
1.5 0.40 84 96.4 

�9 Qex = 3.4 C/era2; Q, = 1.1 C/cm~; iD = i ,  = 5 mA/cm~.  
bRes (28) .  

Table V. Anodic limits of selected cyclic ethers 

Ether  a E10o, V b 

2,5-dimethyl-THF 4.04 
2-methyl -THP 4.14 
2-methy1-THF 4.15 
THP 4.20 
THF 4.25 
3-methyl-THF 4.29 
1,3-dioxolane 4.31 
2 ,5-dimethoxy-THF 4.35 

a 1M in LiAsFe. 
b Potential vs. Li at w h i c h  the  c u r r e n t  dens i ty  r e a c h e d  190 

~A/cm z on a v i treous  carbon w o r k i n g  e l ec t rode ;  A = 0.196 cm 2, 
v = 100 m Y / s e e .  
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Li  to an orb i ta l  app rox ima ted  b y  a l inear  combinat ion  
of sp 3 C and 2p O places  excess e lec t ron  dens i ty  in  the  
C - - O  bond (20). The excess e lec t ron  density,  f o rma l ly  
a rad ica l -an ion ,  predisposes  the  C - - O  bond to c leav-  
age, or  r ing-open ing  as in  the  case of cyclic ethers.  

Knowledge  of a solvent 's  anodic l imi t  is c r i t ica l ly  
impor t an t  to Li ba t t e ry  technology,  as has been noted 
prev ious ly  by  Dey and Rudd (29). They found tha t  a t  
+4.0V vs. Li THF rap id ly  unde rwen t  anodic oxida t ion  
wi th  subsequent  polymerizat ion.  Thus, the  potent ia l  at  
which  an e lec t ro ly te  oxidizes de te rmines  the  m a x i -  
m u m  charging potent ia l  as wel l  as influencing the 
choice of the  posi t ive e lect rode for secondary  Li ba t -  
teries.  

When  1M L iAsF6 /2 -Me-THF was po ten t ios ta ted  at  
4.15V vs. Li for s e v e r a l  hours,  no po lymer ic  ma te r i a l  
was observed  to form on the Ni work ing  e lec t rode  
surface. This is consistent  wi th  ea r l i e r  work  which 
demons t ra t ed  tha t  2 - M e - T H F  and 2 ,5 -d i -Me-THF do 
not  po lymer ize  under  condit ions which  r ead i ly  po ly -  
merize T H F  (30). Nevertheless ,  ~ -me thy la t ed  THF's  
oxidize i r r eve r s ib ly  at  potent ia ls  lower  than  THF, and 
this mus t  be t aken  into account  in set t ing ba t t e ry  
charging  limits.  

Al terna t ive  mechanisms :for cyclic e ther  r educ t i on .~  
While  the  LUMO a r g u m e n t  is consistent  w i th  the  
chemical  and  e lec t rochemical  results,  o ther  possible 
reac t ion  mechanisms requ i re  considerat ion.  

Bates and co -worke r s  found tha t  n - b u t y l l i t h i u m  
(BuLi) ,  a s t rong base, abs t rac ted  the a -pro ton  f rom 
THF (Eq. [3]) (31). Accordingly ,  a me thy l  

+ BuLi -> ~ , Li+ + Bull 

[3] 

ring-opened products 

group in the 2-posi t ion might  effect ively shield one 
side of oxolane r ing  f rom at tack.  At  best, this halves  
the n u m b e r  of abs t rac tab le  protons which in  tu rn  re-  
ta rds  the  observed reac t ion  rate.  This effect is typ ica l ly  
accounted for  by  mu l t i p ly ing  the ra te  express ion b y  
the  s ta t is t ical  factor  (0.5 for 2 -Me-THF)  (32). How-  
ever,  on the  bas is  of the  s torage and cycl ing da ta  p re -  
sented earl ier ,  i t  appears  tha t  the  reac t ion  ra te  of 2 -  
M e - T H F  wi th  Li  is much  more  than  ha lved  compared  
to tha t  of THF. 

Szwarc  and co-workers  have  suggested tha t  a p ro -  
ton in the 3-posi t ion of 2 - M e - T H F  m a y  be  sufficiently 
acidic so as to be abs t rac ted  by  a s t rong base (Eq. [4]) 
(a3) 

+ ~S-, Na + -~ + ~ SH 

CH 3 C~ 3 [4] 

where  ~ S -  - po lys ty ry l  carbanion.  Unde r  the  same 
conditions,  however ,  Szwarc  found that  THF is iner t  
to po lys ty ry l  carbanlons  (33). This indicates  that  a 
p ro ton  abs t rac t ion  mechan i sm is not  in force when 
these solvents  are  reac ted  wi th  IA. 

Ano the r  poss ib i l i ty  is tha t  the  observed  reac t ion  
ra te  differences are  due to var ia t ions  in  the phys ico-  
chemical  p roper t ies  of films on the Li  surface. In  the  
case of the cyclic ethers,  such films a re  expec ted  to be 
composed of Li a lkox ide  sal ts  f rom solvent  reduct ion  
b y  Li, e.g., l i th ium n -bu tox ide  f rom THF (20). P ro -  
py lene  carbonate  (PC) is "s table"  t oward  Li due to a 
coherent ,  insoluble  Li2CO~ film which  protects  the 
unde r ly ing  Li  f rom PC (34). Unl ike  Li2COz, however ,  
l i th ium n -bu tox ide  is soluble in  hydroca rbon  solvents  
a t  ambien t  t empera tures - -0 .66M in n - h e x a n e  (25~ 
(35). Now, L i - so lven t  reduc t ion  products  f rom a l k y l -  

a ted  oxolane r ings are  expected  to y ie ld  e i ther  longer  
or  b ranched-cha in  a lkox ide  salts. These compounds 
have  been shown to have even h igher  solubil i t ies  in  
a lkane  and cyclic e ther  solvents than  l i th ium n - b u t -  
oxide (35). Therefore,  the  chemical  s tab i l i ty  of the 
~ -methy la t ed  THF's  cannot  be due to the  in te rven t ion  
of pro tec t ive  a lkox ide  films. I t  is also difficult to in-  
voke other, as ye t  unisola ted  reduct ion  products  or  
in te rmedia tes  f rom 2 -Me-THF which pass ivate  Li, 
since s t ruc tu ra l ly  s imi lar  3 - M e - T H F  affords react ion 
products  which  c lear ly  do not  pass iva te  Li. 

I t  is known  tha t  corrosion ra tes  gene ra l ly  acce le ra te  
wi th  increas ing e lec t ro ly te  conduct iv i ty  (36). And  we 
have  shown ea r l i e r  tha t  L i A s F J T H F  media  a re  s ig-  
nif icantly more  conduct ive than  L iA sF6 /a -me thy l  
THF's. In  o rde r  to demons t ra te  tha t  solvent  r eac t iv i ty  
wi th  Li (corrosion of Li)  is not  s imply  an a r t i fac t  of 
e lec t ro ly te  conduct ivi ty,  we  have cycled the  Li  elec-  
t rode in e lect rolytes  composed of L i A s F d T H F  and  
L iAsF6 /2 -Me-THF wi th  ident ica l  conductivi t ies ,  i.e., 
1.4 • 10-~ ~ - 1  cm-1.  With a 3.4 C /cm ~ excess, only  
seven "100%" 1.1 C /cm 2 p la t ing  and s t r ipping  cycles 
(i ---- 5 m A / c m  2) were  ob ta ined  wi th  the THF e lec t ro-  
ly te  (E _: 57.1%); whi le  31 "100%" cycles were  ob-  
ta ined wi th  the  2 - M e - T H F  e lec t ro ly te  (E --  90.3%). 
These sizable var ia t ions  in  cycl ing efficiencies reflect 
changes in the reac t iv i ty  of the oxolane r ings on go-  
ing f rom THF to 2-Me-THF,  and not  in  a conduct iv i ty  
effect. 

A recent  pape r  (37) and pa ten t  (38) suggest  tha t  
the addi t ion  of a macrohe te rocyc le  (such as a c rown 
e ther )  to an organic  e lec t ro ly te  re ta rds  the ra te  of 
so lven t -L i  reaction.  According  to the  authors,  this 
phenomenon involves  the  select ive complexa t ion  of 
Li  + by  the macroheterocycle  r a the r  than  by  the sol-  
vent ' s  e lec t ronegat ive  he te roa tom (oxygen,  in  the case 
of THF) .  On the basis of this i n t e rp re t a t ion  and in the  
absence of a macroheterocycle ,  one would  pred ic t  t ha t  
Li  + should be more  s t rong ly  associated wi th  THF 
than  wi th  e i ther  of the  ~ -me thy la t ed  THF's  since 
THF elec t ro ly tes  a re  more  reac t ive  towards  Li t han  
2-Me and 2 ,5-d i -Me-THF electrolytes .  

Now the affinity of Li  + for a be te roa tom is l a rge ly  
r e l a t ed  to the bas ic i ty  of tha t  he te roa tom in a homo-  
logous series of compounds,  as ca lcula ted  by  Hinton 
and co-workers  (39). Thus, the  computed  in terac t ion  
be tween  Li + and an e ther ' s  oxygen  a tom increases  
wi th  a lky l  subst i tut ion.  However ,  expe r imen ta l l y  de-  
t e rmined  basic i ty  orders  of cyclic e thers  va ry  wi th  the  
exper iment .  Sis ler  and Perkins ,  for  example ,  deduced  
tha t  the oxygen a tom of 2 -Me-THF and 2 ,5 -d i -Me-THF 
was much more  basic than  the oxygen  a tom of THF on 
the basis of the  reac t ion  of these e thers  wi th  NaO4 (40). 
Al te rna t ive ly ,  Arne t t  and  Wu found THF to be a 
s l igh t ly  more  basic molecule  than  e i ther  of the  a - m e t h -  
y l a t ed  THF's  when these e thers  were  reac ted  wi th  I-Iz + O 
(41). Nicholls  and  Szwarc  measured  the change in  
a -p ro ton  chemical  shifts (hS) of THF and 2 - M e - T H F  on 
going f rom 0 to 10 mole  percent  Li + (42). They obta ined  
h8 values of 5.0 Hz for  2 - M e - T H F  and 3.7 Hz for T H F  
indicat ing a s t ronger  in te rac t ion  of the  fo rmer  e ther  
wi th  Li +. We have  measu red  the chemica l  shi f t  of  
a -ca rbon  atoms in THF, 2-M% 3-Me, and 2 ,5-di -Me-  
THF on going f rom 0 to 1M Li* .  The chemical  shif t  
data, p resented  in Table  VI, c lear ly  indicate  tha t  Li  + 
more  s t rong ly  pe r tu rbs  the  electronic env i ronment  of 
the ~ -methy la t ed  THF's .  

On the basis of Hinton 's  ab init ib calculat ions (39) 
and the NMR work,  we conclude tha t  Li + in terac ts  
more  s t rongly  wi th  a - m e t h y l a t e d  THF ' s  than  wi th  THF. 
In  addit ion,  the na tu re  of this in te rac t ion  has b e e n  
es tabl ished as being ionic r a the r  than  covalent  (39, 
43). These resul ts  cast doubt  on the proposed  mecha-  
nist ic role  p l ayed  b y  macrohe te rocyc les  in  s tav ing  off 
e lec t ro ly te  reduct ion  b y  Li. More impor tan t ly ,  the  
NMR work  coupled wi th  ab  init io calculat ions of Li  +-  
solvent  in teract ions  i l lus t ra te  the impor tance  of funda -  
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Table VI. Downfield shift of cyclic ether a-carbon atoms on 
going from 0 to 1M LiAsF6 at 30~ 

Cyclic  e t h e r s  ~ • 3 Hz a 

THF 29 
3-Me-THF 34 
2-Me-THF 41 
2,5-di-Me-THF 41 

a ~6 =- ~c G (1M Li§ -- 6c 6 (OM Li§ 

mental studies in helping to elucidate the complex 
chemistry of Li-electrolyte reactivity. 

Summary and Conclusions 
In this paper, we have shown that a-methylated 

oxolane rings are more resistant to reduction by Li 
compared to THF itself. With regard to the secondary 
Li electrode, cycling efficiencies in excess of 96% can 
be routinely achieved in LiAsF6/2-Me-THF electrolytes 
for thin (1 C/cm 2) plates. On the basis of storage re- 
sults at elevated temperatures, cycling data, linear 
sweep voltammetry, and a consideration of alterna- 
tive reaction mechanisms, we believe that our results 
may be rationalized as follows: cyclic ether reduction 
is initiated by a rate-determining one-electron trans- 
fer from Li to the LDMO o~ the solvent molecule. Rais- 
ing the activation energy of that initial step retards 
the rate of reduction o~ solvent by Li. Methyl groups 
bonded to a-carbon atoms inductively donate addi- 
tional electron density into the LUMO making electron 
transfer from Li to the solvent molecule more difficult. 

The use of methylated T~F's  as solvents in practical 
ambient temperature Li secondary batteries requires 
that high cycling efficiencies be maintained for thick 
(>50 C/cm 2) plates. While these anode efficiencies 
have not been reported in the open literature, it is 
nevertheless encouraging to note that LiAsF6/2-Me- 
THF has found use as an electrolyte in a variety of 
Li/TiS2 cells. Thus, Holleck and co-workers have in- 
dicated that 500 mA-hr  Li/TiS2 batteries may be de- 
signed for 100-200 deep cycles (44). Malachesky re- 
ported obtaining 25 deep cycles in a 90 mA-hr Li/TiS2 
button cell (45). Finally, Jet Propulsion Laboratory 
has tested 4.5 A-hr Li/TiS2 D cells supplied by EIC 
Corporation (46). The major problem limiting cycle 
life was found to be short circuits, presumably caused 
by Li dendrite growth through the separator. 

Although more work is needed to better understand 
Li-solvent-salt interactions, we believe that a practical 
secondary Li electrode is at hand. Problems associated 
with the design and manufacture of ambient-tempera- 
ture rechargeable Li batteries appear to be ones of 
optimization and engineering, rather than a problem 
with the electrochemistry itself. 
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The A-C Response of Iridium Oxide Films 
S. H. Glarum* and J. H. Marshall 

Bel~ Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The dependence of the a-c response of iridium oxide films upon thickness, 
potential, and pH was explored in sulfuric and perchloric acid solutions. For 
concentrations greater than 0.1M, the response function closely resembled 
that for an injection process diffusively spreading from one interface through- 
out the film. The response time shifted by a factor of 10 5 with the potential 
drop across the film. A porous film model is suggested in which response is 
determined by the mobility of reduced lattice sites, the diffusion coefficient 
being controlled by a hydrogen ion exchange current within the pores. 

Metal oxide films which shift color with applied po- 
tential are attractive possibilities for electrochromic 
display applications. Tungsten oxide has received much 
attention (1-4), and the discovery of analogous be- 
havior in iridium oxide films has prompted several 
recent studies of their properties 65-8). At present the 
electrochemical kinetic response of these films is 
poorly understood. Most kinetic exper iments  have 
dealt with responses to large potential excursions, a 
property readily measured and important from a de- 
vice-oriented viewpoint, but one difficult to interpret 
mechanistically. Analysis requires the assumption of 
an explicit model, such as the space-charge limited 
bleaching process described by Faughnan, Crandall, 
and Lampert for WOs (9). 

In contrast to large potential transient studies, small 
amplitude modulation experiments, such as a-c im- 
pedance measurements, may be analyzed in consid- 
erable detail through complex-plane representations 
without recourse to any assumed model. With suffi- 
cient relaxation data it is possible to determine the 
requisites of a suitable model. The only a-c measure- 
ments on electrochromic films of which we are aware 
is a recent brief examination of WO8 (10). We would 
emphasize that there need be no unique correspond- 
ence between large and small signal measurements. 
The former may introduce nonlinear effects absent in 
the latter. As one example, large perturbations could 
introduce nonuniform film states, whereas with small 
perturbations one always deals with states infinitesi- 
mally displaced from uniform, equilibrium configura- 
tions. 

Figure 1 shows a cyclic voltammogram of an iridium 
oxide film grown in H2SO4. On passing from 0.1VscE 
to 1.1VscE the electrode's appearance shifts from metal- 
lic to dark blue. In this study we shall examine 
changes in the electrode's response function across 
this potential region, its dependence upon film thick- 
ness and solution pH, and "aging" or slow changes 
which take place when a film is moved between dif- 
ferent solutions. Our computerized instrumentation 
facilitates the rapid acquisition and analysis of large 
amounts of a-c data, allowing a more systematic study 
than is feasible with manual procedures. 

* Electrochemical Society Active Member. 
Key worr impedance, anodic films, electrochromism. 

This paper encompasses a vast amount of experi- 
mental data, and it may be helpful to the reader to 
outline its course and content. Our philosophy for the 
interpretation of a-c measurements is somewhat un- 
conventional. Rather than starting with a proposed 
kinetic scheme, deriving an equivalent circuit, and 
evaluating its parameters from the data, we prefer 
first to deduce an equivalent circuit description from 
the data and then proceed to possible interpretations. 
Our section on results is therefore largely a phe- 
nomenological presentation, while the discussion ex- 
amines physical interpretations. 

The most expedient path to find an equivalent cir- 
cuit is through examination of the shape of complex- 
plane plots. Thus Fig. 2 indicates a series R-C circuit 
at low frequencies and a ~ i~  response at high fre- 
quencies. Empirical parameters can then be defined, 
and their dependence upon film thickness and potential 
determined (Fig. 3 and 4). A finite R-C transmission 
line is shown to have a response function close to that 
of the film (Fig. 5), and this simple two parameter 
function satisfies a test in which the characteristic 
relaxation time varies by a factor of 105 (Fig. 6). With 
the response function established, it is then feasible to 
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Fig. 1. Cyclic voltammogrom of on iridium oxide film token at 
50 mY/see in O,$M H2S04.  
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make continuous studies vs. potential  to i l lustrate  sol- 
ven t  and aging effects (Fig. 7, 9, and 10). In  dilute 
acid solutions the response funct ion changes (Fig. 8). 
The dominant  dispersion is characterized by a War-  
burg element  which varies with concentrat ion as ex- 
pected if the supply of solute H + ions is rate deter-  
mining.  

Our discussion focuses upon the in terpre ta t ion  of 
the response function. A simple model in  which a 
neut ra l  species is in  electrochemical equi l ib r ium at 
one film interface, bu t  spreads diffusively through 
the film unt i l  blocked by the other interface, leads to 
the equivalent  circuit previously deduced. In  a more 
complex calculat ion we consider the influence on the 
relaxat ion process of finite diffusion constants for 
both species in  a double in ject ion process. In  the 
space-charge-free limit, justified by inject ion densi- 
ties and measured capacitances, a more complicated 
re laxat ion funct ion is found, which reduces to ob- 
served behavior when  one species is much more mo-  
bile. Whether  electron or ion motion in the film is 
rate determining cannot be deduced wholly from 
the data. Because the l imit ing diffusion coefficient 
shifts with potent ial  by a factor greater  than 105, we 
favor a "slow" electron interpretat ion,  and speculate 
upon a mechanism in  which electron motion is blocked 
by  hydroxyl  groups whose l ifetime is controlled by  
an electrochemical exchange process with electrolyte 
in  film pores. 

Experimental 
MateriaIs.--.Sulfurie and perchloric acids were ob- 

ta ined from J. T. Baker (Ultrex) .  The end of a 20 rail 
i r id ium wire (0.002 cm 2) embedded in  epoxy resin 
formed the working electrode. Use of a very  small  
electrode was manda ted  by the large surface capaci- 
tance of an oxide film (0.05 F/cm2).  With larger  sur -  
faces the response is dominated by the combinat ion 
of this capacitance with electrolyte resistance. 

Even with such a small  surface the lat ter  resistance 
leads to a nonuni form current  dis t r ibut ion which is 
manifest  in complex plane plots at kilohertz fre-  
quencies. For each exper iment  the previous film was 
removed by  abrasion wi th  SiC paper. The electrode 
was then briefly polished with 15, 5, and 1 micron 
alumina.  Extensive polishing tended to raise the metal  
above the resin surface. The response then appeared 
intermediate  between that  of a disk and a hemisphere.  
This ambigui ty  was e l iminated by the above procedure. 
Films were grown on the electrode by pulsing as de- 
scribed by Gottesfeld and McIntyre  (8). 

Ce~L--Details of the cell have been  previously d e -  
scribed (11). The cell was thermostated at 25~ and 
all solutions were sparged with argon. All  data were 
taken and are referenced with respect t~ a saturated 
calomel electrode. 

Measurements.--Apparatus for this work has also 
been described previously (11). For sweep-frequency 
admit tance measurements  taken at a fixed potential,  
Y,* (~), combinations of three decade sweeps covered 
the range between 150 ld-Iz and 0.1 Hz. Below 1 kHz a 
calibrated capacitor shunted by a 1M resistor was 
used as a reference admittance. This led to greater 
accuracy over a wider  f requency range, for the ref-  
erence then bet ter  matched the u n k n o w n  admittance. 

Modifications of the phase-detector  and the sweep 
circuitry expedited acquisit ion of data below 100 Hz. 
To avoid prolonged t ime constants, pulses a t  0 ~ , 90 ~ , 
180 ~ , and 270 ~ tr iggered four sample-and-hold  cir-  
cuits fed by the unfil tered phase detector outputs. 
Analog combinat ion of these signals gave the required 
voltages for admit tance computation. These pulses were 
also used to control the sweep rate, so that most t ime 
was spent at the low frequency end of the sweep. A 
single sweep from 100 to 0.1 Hz took 35 sec, and four 
such sweeps provided sufficient signal averaging for 
each run.  

Pr ior  to each series of experiments  electrolyte re-  
sistance was determined from high frequency mea-  
surements,  preferably at a high anodic potential.  Fol-  
lowing each measurement ,  the 500-}- data points were 
corrected for the current  dis t r ibut ion pa t te rn  of a disk 
electrode, electrolyte resistance was subtracted, and 
results plotted as a complex capacitance, C* = Y*/i~. 
Fif ty  points were listed for la ter  identification and 
numerica l  analysis. Typical ly measurement ,  correc- 
tions, and output  required 8-10 min  per run.  

In  a l ternat ive  experiments,  admit tance was mea-  
sured vs. potent ial  at a fixed frequency, Y~* (~]). Data 
were taken on the anodic traces of 50 mV/sec cyclic 
sweeps. At this sweep rate the lowest usable fre-  
quency was 5 Hz. After  current  dis t r ibut ion correc- 
tions and electrolyte resistance subtraction,  data were 
plotted and listed in  terms of an equivalent  series 
capacitance and conductance. Each such r un  required 
a total period of about  10 min. 

All reported data have been normalized with re-  
spect to the geometric electrode area. 

Results 
The relaxation iunction.--Figure 2a shows a com- 

posite complex-plane plot of measurements  between 
100 kHz and 0.2 Hz on an i r idium oxide film charging 
0.02 C/cm 2 be tween 0.0 and 1.2VscE. Data were taken  
at 0.?0VscE ~ in 0.5M H2SO4, i.e., at the reversible ca- 
pacitance m a x i m u m  (Fig. 1). An en la rgement  of the 
high frequency branch appears in  Fig. 2b. Empir ical ly  
this l inear  behavior  is described by  

C* = C~ + W ( i ~ ) - a  [1] 

where W is a constant  and C| the intercept, equals 
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Fig, 20. Composite complex-plane plot of C* token at O.7VscE 
in 0.SM H~$04. F~equencies are in hertz. The dotted curve is a 
theoretical function. 
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750 ~ F / c m  2. F rom the angle  of 47.5 ~ ~ --  0.53. Below 
20 Hz the plot  shifts towards  a semicircle,  and one m a y  
fo rma l ly  define a r e l axa t ion  t ime, r - -  u ~Jm~x, a ca-  
paci tance  2Cmax", and a conductance 2Cmax"/T. A t  low 
frequencies  the plot  approaches  an in te rcept  on the  
rea l  axis which  rough ly  equals  the capaci tance in-  
f e r r ed  f rom cyclic vo l t ammet ry .  

Measurements  on this film at  0.1 VscE y ie lded  much 
smal l e r  capaci tance values.  Be tween  100 kHz and 100 
Hz we find a b road  C* plot, indica t ive  of a wide  dis-  
t r ibu t ion  of r e l axa t ion  times, wi th  measu red  values  
for  C' ranging  be tween  90 and 225 ~]F/cm 2, and  an  
ex t r apo la t ed  va lue  for C+ of 60-70 ~F/cm~. 

The va r ia t ion  of z wi th  th ickness  was fo l lowed b y  
subjec t ing  the e lec t rode  to a number  of 1 Hz pulses 
be tween  --0.25 and 1.25VscE, cycl ing 10 min  be tween  
0.0 and 1.1VscE to minimize  a s l ight  dr i f t  in the  r e -  
sponse funct ion fol lowing film growth,  measurement ,  
fu r the r  pulsing,  etc. Cyclic vo l t ammograms  had  s imi-  
l a r  shapes as the film thickened,  and  the he ight  of the  
revers ib le  peak  was p ropor t iona l  to the  number  of 
pulses. The posi t ion of the  i r r evers ib le  anodic peak  
shif ted anodica l ly  wi th  increas ing  thickness,  whi le  
tha t  of the revers ib le  peak  r ema ined  unchanged.  F ig-  
u re  3 plots T and 2Cmax" vs. the  peak  capaci tance of 
the  cyclic vo l t ammogram.  Assuming  the l a t t e r  to be 
p ropor t iona l  to film thickness,  the  dispers ion amp l i -  
tude  is seen to be p ropor t iona l  to the first power,  whi le  
the r e l axa t ion  t ime increases  as the  second power  of 
thickness.  

In  a separa te  series of expe r imen t s  da ta  were  taken  
at  50 mV intervals .  Be tween  0.4 and 1.0VscE the shape 
of C* plots r e sembled  tha t  seen in Fig. 2. The amp l i -  
tude  of the  dispers ion pa ra l l e l ed  the  cyclic vo l t ammo-  
gram, bu t  the  r e l axa t ion  t imes va r ied  substant ia l ly .  
Below 0.4VscE, ~max was  less than  0.2 Hz, whi le  above 
1.0VscE the equ iva len t  res is tance was more  than  an 
o rde r  of magn i tude  less than  the e lec t ro ly te  resistance,  
and could not  be accura te ly  de termined.  Resul ts  for 
and  G ---- 4~fmaxCm~" are  p lo t ted  in Fig. 4. Both anodic 
and cathodic por t ions  of the  plot  show exponent ia l  
var ia t ions  wi th  potent ia l ,  ~120 mV/decade ,  w i th  an 
inflection nea r  0.7VscE. 
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Fig. 3. Log-log plot of �9 and 2Cmax" vs. the peak capacitance 
found from a cyclic voltammogram. The respective slopes are 
1.95 and 1.16. Data were taken at 0.7VscE in 0.5M H~O4. 
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Fig. 4. Potential dependence of T and G calculated from maxima 
in C* plots. Data were token in 0.5M Hp, S04. 

The shape of the dispers ion in the  complex  p lane  
(Fig. 2) is reminiscent  of the  response funct ion for  a 

finite R-C t ransmiss ion l ine of l ength  l 

C*/Co = tanh-x/ i~ '~ /~/ i~  

Co = I �9 OC/Ox 

-~ = 12 (OR/Ox) (OC/Ox) [2] 

This funct ion is p lo t ted  in Fig. 5. At  the  m a x i m u m  
2C " ' C +r : 2.54, max /Co = 0.834, and  Cr, a x /  o = 0.582. 

Al though  this shape is a good app rox ima t ion  to the ex -  
pe r imen ta l  function,  i t  is not  exac t  as shown b y  the  
dot ted  plot  in Fig. 2a. This difference m a y  reflect a 
nonun i fo rmi ty  in the  film, for the  film was grown in a 
ma t t e r  of minutes  and its thickness is be l ieved  to be 
severa l  thousand  angstroms.  I m m e d i a t e l y  af te r  f o rma-  
t ion the angle  of the high f requency  b ranch  exceeded 
50 ~ , and i t  g r adua l ly  decreased to the cited va lue  af te r  
an hour  of cycling. 

The tanh  funct ion m a y  be tes ted by  a compar ison of 
W, der ived  f rom high f requency  da ta  using Eq. [1], 
wi th  ~maxl/2Crnax ". This compar ison  in Fig. 6 shows g o o d  
agreement  over  severa l  orders  of magni tude  and sup-  
por ts  the  hypothesis  tha t  the dis t inct ive  h igh  and low 
f requency  regimes reflect a common re l axa t ion  func-  
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Fig. 5. Complex-plane plot of the function tanK "~ix/ -~ ix .  
Values for x are given. 
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Fig. 6. Comparison of W and X/ooCmax" vs. potential. Data were 
taken in O, SM H2S04. Ordinate units are mho-secl/2/crn ~. 

t ion and are  not  the  for tui tous superposi t ion  of inde-  
penden t  semic i rcu lar  and c i r cu la r -a rc  dispersions. 
Theoretically, W/~maxl /2Craax  " should equal  1.50. The 
ac tua l  ra t io  appears  closer to 1.0 over  most of the  po-  
tent ia l  range. In  view of the much  l a rge r  var ia t ions  
seen in these pa ramete rs ,  however ,  it  appears  tha t  the 
tanh  funct ion furnishes  a meaningfu l  r epresen ta t ion  
for  film response. 

F igures  7a and 7b show the resul ts  of exper imen t s  
in which da ta  were  t aken  at  a fixed f requency  dur ing  
the anodic por t ion  of a cyclic, l inear  po ten t ia l  sweep. 
The admi t t ance  was resolved into series G and C com- 
ponents ,  and  resul ts  a re  p lo t t ed  vs. potent ia l .  A t  low 
frequencies  the  capaci tance p lo t  fol lows the cyclic 
vo l t ammet r i c  curve, bu t  the  i r revers ib le  peak  is not ice-  
ab ly  absent.  Wi th  increas ing f requency  the ampl i tude  
of the  plot  decreases,  first at  cathodic potent ia ls  and 
then  spread ing  across the  plot. The equiva len t  series 
conductance shows an  exponent ia l  va r ia t ion  wi th  po-  
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Fig. 7a. Equivalent series capacitance for a film in 0.SM H2S04. 
Data were taken at a fixed frequency indicated in hertz. The 
dashed curve was derived from the cyciic~volCammogram. 
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Fig. 7b. Equivalent series conductance for data in Fig. 70 

ten t ia l  s imi lar  to tha t  found in Fig. 4, bu t  wi th  a dis-  
pers ion in values  over  most of the poten t ia l  range.  

Some caut ion is requ i red  in in te rp re t ing  such plots, 
for  the dispersion appears  only because  plots  such as 
Fig. 2a are  not  semicircles.  The f requency  at  which  
the capaci tance is hal f  its equ i l ib r ium value  does not  
reflect the  r e l axa t ion  time, bu t  r a the r  a f requency  at  
which  deviat ions from a series R-C circui t  a re  signifi- 
cant. For  this da t a  at  0.TVscE, a complex  capaci tance 
plot  would  have a m a x i m u m  near  7 Hz, whereas  Fig. 
7a shows a 50% drop at  25 Hz. 

At  more  anodic potent ia ls  the  frequencies  a re  com- 
pa rab le  or  less than  the r e l axa t ion  frequency,  and one 
is in the low f requency  reg ime where  C* plots a re  
semicircular .  Correspondingly ,  the dispersions in Fig. 
7a and 7b decrease.  In  pr inciple ,  a t  low frequencies 
Fig. 7a should revea l  the  revers ib le  por t ion  of the  film 
capaci tance and Fig. 7b should correspond to the  con- 
ductance  plot  in Fig. 4. A t  cathodic  ,voltages, however ,  
r e l axa t ion  frequencies  a re  less than  5 Hz, the min i -  
m u m  f requency  which could be used in these exper i -  
ments,  and G values exceed those found b y  a p roper  
complex-p lane  analysis.  At  the  anodic ext reme,  the 
r e l axa t ion  f requency  exceeds 1 kHz, and  the devia t ion  
of 5 Hz values  f rom asymptot ic  behav ior  seen at  h igher  
f requencies  is r e l a t ed  to the minor  devia t ions  f rom a 
no rma l  low f requency  in te rcep t  in Fig. 2a. 

Solute el~ects.--In unbuffered di lu te  acid_ sohrt%ns 
C* plots  a l t e r  the i r  form. To s tudy  this change, a film 
was grown in 0.1M HC104 and examined  in var ious  
mix tures  of 1M HC104 and 1M NaC104. Cyclic vo l t am-  
mogram waveforms  ind ica ted  no ma jo r  changes in the 
desorpt ion  i so therm o ther  than  a 60 m V / p H  shif t  for 
10 -3 to 1M [H + ] solutions. At  the  lower  concent ra-  
tions slow sweeps (10 mV/sec)  and s t i r r ing  were  
necessary  to de te rmine  the potent ia l  of the  capaci tance 
m a x i m u m  where  these measurements  were  car r ied  
out. F igure  8 shows our resul ts  for a 5 mM solution. 
The plot  has c lear ly  shif ted f rom a semic i rcu lar  func-  
tion at  low frequencies  to a 45 ~ c i r cu la r - a rc  funct ion 
indicat ive  of a W a r b u r g  admi t t ance  (A/i-~W). This 
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Fig. 8. Complex capacitance for a film in 1M NaCIO4/5 m M  
HCIO4. Frequencies are given in hertz. Insets A and S are two 
electrically indistinguishable equivalent circuits fitting the major 
dispersion. 

may, in  turn,  be related to a bu lk  diffusion coefficient 

W ": ( eF /kT)k /D  [c] [3] 

Two distinct equivalent  circuits reproduce the ob- 
served dispersion and they are identified in the inserts 
in  Fig. 8. Using either circuit for analysis, one finds a 
l inear  relat ionship between W and [H + ] for 1-50 mM 
solutions. Circuit  A gives D _-- (3.8 ___ 0.4) • 10 -5 cm2/ 
sec, while B yields (6.5 ___ 0.4) • 10 -~. The error indi-  
cates the spread in  results obtained for 1, 2, 5, 10, 20, 
and 50 mM solutions. A separate measurement  of H + 
diffusion in a 1M NaC104/1.5 mM HCIO4 solution with 
a p la t inum rotat ing disk electrode gave D __: 6.5 • 
10 -5 cm2/sec. Circuit  B is therefore favored, and it 
seems clear that  in  these dilute acid solutions the re-  
sponse is p r imar i ly  determined by the diffusion of H + 
ions in  the electrolyte phase. For concentrat ions greater  
than 50 mM, C* plots reverted to a semicircular  low- 
f requency shape. F rom the f requency of the ma x i mum 
we find T = 1.1 msec for 0.1M, and 0.6 msec for 0.2, 
0.5, and 1.0M H + concentrations. 

Para l le l  studies in H2SO4/Na2SO4 solutions also 
showed a diffusion controlled response in dilute acids, 
al though the ra te -de te rmin ing  ion appears to be HSO4-. 
In  more concentrated acid sulfate solutions response is 
significantly slower and much more dependent  upon 
[H +] than in corresponding perchloric acid solutions. 
Figure 9 shows data for a film grown and measured in 
0.SM HC104. Direct comparison with Fig. 7a suggests a 
response t ime 20 times greater  for the H2SO4 film. 

e l  
E 
u 

M. 

E 

3 0  I ,~ 

. . . . . . .  

/111 / =  
-~ J / J ~  ' ~  

ioK 
o , i i I 

0.2 0.4 0.6 0.8 t 

V sce 

Fig. 9. Equivalent series capacitance for a film in 0.5M HCIO4. 
Frequencies are given in hertz. The dashed curve was derived from 
the cyclic voltammogram. 
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Fig. 10. Aging curves of equivalent series capacitance taken at 
100 Hz after transferring a film from 0.1M H2SO4 to 2M H2SO4. 
The solid curves span a 2 hr period. The dashed curve Was taken 
after 18 hr. 

While in Fig. 7a the peak response is halved at 25 Hz, 
in 0.1 and 2.0M H2SO4 the corresponding frequencies 
are 250 Hz and <5 Hz. Figure 10 shows series capaci- 
tance results at 100 Hz for a film t ransferred to 2M 
I-I2804 after being grown in 0.1M H2SO4. A steady 
deteriorat ion in  response at  all potentials is evident, 
and after 18 hr the electrode appears quite inactive. 
The level of response is quite similar  to that  of a film 
directly grown in 2M H2SO4. Nevertheless, upon re-  
placement  in 0.1M acid the original response curve was 
resurrected, al though its ampli tude had uni formly  de- 
creased 50%. The solubil i ty of these films in concen- 
trated H2SO4 has been noted by Gottesfeld and 
Mclntyre  (8). 

Discussion 
Cyclic vol tammograms (Fig. 1) exhibit  three distinct 

features: an irreversible prepeak at 0.4VscE, a reversi-  
ble max imum at 0.7VscE, and a reversible plateau be-  
tween 0.8 and 1.1VscE. A-C measurements  (Fig. 7a and 
9) show no indications of the prepeak. One cannot  
decide from Fig. 1 whether  the reversible features rep-  
resent the superposition of two uncoupled processes or 
a common process with a free energy dependent  upon 
the level of oxidation. Admit tance  data favor the lat ter  
interpretat ion.  Complex-plane plots show no signs that  
the capacitance can be resolved into two components 
with differing response functions. Throughout  the po- 
tential  range where overlap would be anticipated, 0.7- 
0.9VscE, these plots main ta ined  the funct ional  form 
seen in  Fig. 2. Correspondingly,  Ca(~]) plots (Fig. 7a 
and 9) do not exhibit  the clustering of traces at a non-  
zero capacitance value expected for a superposit ion of 
different processes. The a-c results in fact suggest that  
the response is controlled by  a single, potent ia l -de-  
pendent  parameter.  Even the aging curves in  Fig. 10 
follow the behavior  seen in  Fig. 7a for an "active" 
electrode, implying that  aging is the t ime-dependent  
var iat ion of this parameter .  

Although low frequency capacitance measurements  
are closely correlated with cyclic vol tammograms (Fig. 
7a and 9), differences beyond the bounds of systematic 
errors are discernible above 0.TVscE, a region where 
the response is sufficiently rapid to preclude the domi-  
nan t  relaxat ion process from being too slow. Quant i ta-  
tive comparison of cyclic vol tammograms shows a 
slight asymmetry  be tween anodic and cathodic cur-  
rents, and together these facts may indicate a degree 
of i r revers ibi l i ty  in the redox process. The discrepancy 
between a-c and vol tammetr ic  capacitances is reduced 
in  more dilute solutions, and is less in perchlorate so- 
lutions than in sulfate solutions of the same concen- 
tration. 

An explanat ion for the response funct ion is na tu ra l ly  
the pr ime object of a kinetic analysis. The thickness de- 
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pendence of �9 (Fig. 3) rules out charge- t ransfer  proc- 
esses as rate determining.  Should suCh a process be 
l imit ing at either the metal /oxide  or oxide/electrolyte 
interface, the resul t ing resistance would be indepen-  
dent  of thickness, and T would then be directly propor-  
t ional to film thickness. If, a l ternat ively,  l imit ing were 
due to charge-transfer  occurring uni formly  through-  
out the film, ~ would be independent  of thickness. 

We have noted that  the response funct ion closely 
resembles that  for a finite R-C t ransmission line, and 
a direct in terpre ta t ion  would be that  the dispersion 
resistance arises from either  the conductance of ions 
or electrons wi th in  the film. The possibility that  it 
might  reflect electrolyte conductivi ty wi th in  a porous 
film may be discounted, for increasing [H + ] in sulfate 
solutions increases both electrolyte conductivi ty and 
the dispersion resistance, and it is ra ther  difficult to 
rationalize a porous resistance change with potential  
by five orders of magni tude (Fig. 4). 

Optical studies of films with comparable charging 
currents  indicate thicknesses of order 10 -5 cm (6). 
The max imum value of G measured then corresponds 
to a bulk  conductivi ty of order 10 -2 mho/cm. The con- 
duct ivi ty of 0.5M H2SO4 is 0.3 mho/cm,  while crystal-  
line IrO2 displays a metall ic conductivi ty of 104 mho/  
cm (12, 13). Whether  metall ic behavior  is expected for 
electrochemically formed i r id ium oxide films is ques- 
tionable, for the s t ructure  of these films may be quite 
different from that  of crystal l ine IrO2 (14, 15). 

Electronic conductivities of amorphous hydrogen 
tungsten  oxide films, H~WO3, removed from electro- 
lyte, show ambient  conductivities of 10 -3 to 101 mho/  
cm, with a t ransi t ion to metall ic behavior  near  x = 0.3 
(16). Although this inject ion level approximately  
equals the fraction of the i r id ium oxide film oxidized 
at 0.7VscE, our results cannot be directly interpreted 
in terms of such a t ransi t ion because of the continued 
increase in  conductivi ty with increasing film oxidation. 
Recent experiments  by Zeller and Beyeler uti l izing an 
amorphous WO3 film with separated metall ic and H2SO4 
contacts suggest that  the electronic conductivi ty of 
this film is small  in comparison with its ionic conduct-  
ance and that  electron mobil i ty  is s trongly dependent  
upon the degree of film reduct ion (3). Should this 
s i tuat ion also prevai l  in  i r id ium oxide films, it  could 
account for the changes in relaxat ion t ime found with 
potential. 

An alternative,  bu t  closely related in terpre ta t ion  for 
the funct ion represented by Eq. [2] is a model involv-  
ing diffusion through a layer  of finite thickness. Let 
us assume the current  to be a funct ion of the concen- 
t rat ion of a reduced species, c, formed at the interface 
x = 0 and the overpotential,  ~, at this interface 

I* = (OI/O~)~* -b (OI/Oc)c* (0) =--FD(Oc*/OX)x=O 

[4] 
Solving the basic diffusion equat ion 

i~c* = Dd2c*/dx 2 [5] 

with a reflecting boundary  at x = l, one obtains as a 
solution for the film impedance 

Z* -- G -1 + [i~C tanh ~/i~rr/N/i~] -1 

G : OI/O~ 
[6] 

c = --Fl (ac/a~)~ 

�9 ~ = I~ /D 

The second term is identical with the R-C t ransmission 
l ine response function. The quadrat ic  dependence of 

upon I fits our findings, and assuming l ~ 10-~ cm, 
values for D vary  with potential  from 10 -~0 to 10-~ 
cm~./sec. 

Applied to i r id ium oxide films, this model does not 
tell  us where the interface is or to what  species c refers. 
In  acid solutions we believe electrons enter  across one 

interface and hydrogen ions across the other. Our 
simple calculation does not take into consideration the 
complications of a double- in ject ion process involving 
charged species, save possibly as a l imit ing case. 

For a more realistic analysis of our  films let  us 
therefore consider a film containing positive and nega-  
tive carriers with uni t  charge, p and n. In addit ion we 
shall assume a certain density, c, of immobile, neut ra l  
traps formed by the 1:1 combinat ion of p and n. We 
fur ther  assume that  species p may pass across the in te r -  
face x = l wi thout  hindrance,  but  encounters  a re-  
flecting boundary  at x = 0. Converse boundary  con- 
ditions apply to species n. Local equi l ibr ium between 
c(x) ,  p ( x ) ,  and n(x)  is also assumed, so that  the 
model contains no kinetic constants and is wholly dif- 
fusive. The l inearized kinetic equations we shall  em-  
ploy are 

d P _ D  a I OP ( OP le 0@ ] dc 

d"? o~ - ~ -  ~ dt Iv] 
c(x)  = K ( c ) p ( x ) n ( x )  

The subscript e denotes a derivat ive following local 
equi l ibr ium configurations and @(x) is the potential  
wi thin  the film. @(x) satisfies Poisson's equat ion 

= (4~e / , )  [n (x )  - p (x )  ] [8] 
ax 2 

Before a t tempting a calculation of the small  signal 
a-c response for these equations, we must  first examine 
the na ture  of the equi l ibr ium configurations to be per-  
turbed. Their solution leads to an ant isymmetr ic  func-  
t ion for @(x), with equal polarizations at each in te r -  
face localized wi th in  a Debye length, i (17). When 
< <  1 the inter ior  of the film becomes an equipotential,  
space-charge free region (p = n) and @ = ~/2, ~ being 
the total metal-electrolyte  potential  difference. 

High frequency capacitance measurements  indicate 
that  this approximation is valid for i r id ium oxide films. 
At a potent ial  of O.IVscE, a nomina l ly  bare i r id ium 
surface exhibited a capacitance of 40 ~ / c m  2. Repeat-  
ing this exper iment  after a film had been grown on 
the surface gave 60 #F/cm 2. Both values indicate a 
potential  drop localized wi th in  a short distance of a 
p lanar  interface and require  a large concentrat ion of 
mobile charges. 

We shall therefore consider the solution of Eq. [7] 
and [8] for a small  a-c per turbat ion,  taking the l imit  
as ~ -~ 0. The nar row regions of polarization at x -- 0, 
I are excluded, and we shall  redefine x : 0, l to be 
the boundaries  of the space-charge free region. The 
re levant  modulat ion equations become 

0x.= ~ 1+ + -~  p' 

L s 2Dp 

1 

_(1 ) 
d2~b * 

= (I/~,2,~D ( n *  - -  p * )  
d x  2 

where  
~i  ---- ( a n l O ~ ) e  ---- - -  (0p /a r  

~2 = (Oclop)o = (OclOn)e 

I / k  2 : ( ~ e / e ) K l  

[9] 

[1o] 



VoL 127, No. 7 IRIDIUM OXIDE F I L M S  1473 

At  x -- 0 three boundary  conditions are given by 

M,* 
Op*/Ox + ~ = 0 Ox 

x = 0 [11] 

p*(0)  = n*(0)  = -- ~[~* -- r  

while the remain ing  three are set at x = l 

On* 0~* 
~t - - ' -  0 

Ox Ox 
x = I [12] 

p* (l) = n* (1) = -- ~ *  (1) 

The total cur rent  across the meta l /oxide  interface 
is the sum of that  injected and that  charging surface 
polarization at this interface 

imo, = eDn ( On* 0~* ) - -  ~ + i~,~* (0)  
OX ~X x=0 

(On* e~K12.) 
"-eDn k - ~ ) x = o -  (eDnKl-~-ieJ ( ~ x  )x=O 

Similarly,  at the oxide/electrolyte  interface 

OP* 
Ioe* -- --eDp \-~-x )x=~ 

[13] 

The preceding differential equations automatical ly  lead 
to the equivalence of these currents.  

A formal solution for Eq. [9] yields 

p* -- A sinh #ix + B sinh ~1(l -- x) 

-- 72C sinh mx -- 72D sinh #2 (l -- x) 

n* -- 71A sinh #ix + 71B sinh #1 ( / - -  x) 

+ C s inh#~(x)  + D s i n h ~ ( / - -  x) 

[15] 
~ * = ~ x + ~ ( l - - x ) - -  ( 1 - - 7 1 )  

ki 
[A s i nh# lx  + B s inh# l  (l -- x ) ]  + (1 + 72) 

#12 
k2 

[C s inh ~2x + D sinh ~2 (1 -- x) ] 
~2 2 

A, B, C, D, a, and ~ are the in tegrat ion constants. 
In  the l imit  k -~ 0 

#12 = (2/k 2) + (iw/2) (1/Dp + 1/Da) 

#22 = (iw/2) (1 + K2) (1/Dp + 1/Dn) 
[16] 

71 = --1 + (i~L2/2) (1/Dp -- 1/Dn) 

72 = --1 + (/~L2/2) (1 + ~2) (1/Dp -- 1/Dn) 

After  a stretch of thoroughly tedious algebra fitting 
boundary  conditions to the in tegrat ion constants, one 
finds 

Y*--I*/~i*:e. l (Dn+Dp)#9,  / (I~9.1 

Dn 2 + Dp2 
coth #21 + 2 csch #2l ) [17] 

+ DnDp 
At low frequencies 

Y* = i~el(O(n + c)/0~)e [18] 

which is the required differential isotherm capacitance. 
If one diffusion coefficient is much greater, i.e., DD ~ 
Dn 

Y* = eDn (On/O~) e ~2 t anh  ~ l  [19] 

This expression is essentially identical  with our  pre-  
vious result, less r igorously derived. The effect of 
traps, aside from increasing the low frequency capaci- 
tance, is to reduce the effective diffusion coefficient by 
a factor (1 + K2). 

When Dn = Dp the normalized admit tance is given 
by 

Y* (i~)/Y* (0) = (~//2) -1 (#I/2 + coth ~1/2) -1 [20] 

A complex-plane plot of this funct ion lies very  close 
to the full  semicircle. Not finding such behavior  at any  
potential  in our experiments,  we conclude that  over 
the potential  range studied either Dp > >  Dn or Dp ~<:  
Dn, with no t ransi t ion between these limits taking 
place. Equat ion [17] predicts deviat ion from a 45 ~ 
slope towards a normal  intercept  at high frequencies 
in  C* plots when 

W/~max '~" (D1/D2) 2 [21] 

Figures 2a and 2b show no break below 10 kHz, and as 
]max is 4 Hz, the diffusion coefficient ratio mus t  exceed 
102 . 

This model leads to two physically distinct pictures 
of film oxidation and reduction. If hydrogen ions are 
the more mobile species, then following a potent ial  
change, a density change of electrons, free and trapped, 
first occurs at the meta l /oxide  interface and spreads 
diffusively through the film. A n  ample supply of hy-  
drogen ions is available to neutral ize any incipient  
space charge. Conversely, if the film is a good electron 
conductor, changes will  first appear  at the oxide/  
electrolyte interface. The Zel ler-Beyeler  experiments  
with -WO3 films show the former si tuat ion prevails 
there (3). Repeti t ion of that  exper iment  wi th  an 
i r id ium oxide film could resolve this choice. 

A serious problem with the double- in ject ion model 
just  analyzed is the potent ial  dependence of the diffu- 
sion coefficient or the re laxat ion t ime (Fig. 4) which 
shows slopes at high and low potentials tempt ingly  
close to a value of 120 mV/decade.  This is perplexing 
since, according to this model one is dealing with the 
diffusion of charges in  a field-free region, and the only 
influence of potential  is indirect ly  through the density 
of charges in  the film. One might  simplist ically assume 
that  n ~ exp(--er -- exp(--e~/2kT) and that  
c cc n2. When c > >  n, the t rapping coefficient, K2, con- 
venient ly  leads to the correct potent ial  dependence for 
the effective diffusion coefficient, but  the requisite ex- 
ponent ial  decrease of c with ~ is in  no way compatible 
with the cyclic vol tammogram. An addit ional  difficulty 
with this model is the reversible change found when a 
film is t ransferred between dilute and concentrated 
acid solutions. It  does not explain why, at correspond- 
ing points on the desorption isotherm, corresponding 
presumably  to equivalent  inject ion levels, the diffu- 
sion coefficient of the slow species is so greatly affected. 

Both difficulties may be c i rcumvented if one postu-  
lates a model of a highly porous film with essentially 
all  oxide sites accessible to an electrolyte phase. At 
equi l ibr ium this phase, containing both anions and 
cations, is electrically neut ra l  and adopts the potential  
of the external  electrolyte. The electrochemical poten-  
tial of oxide sites is determined at the meta l /oxide  in -  
terface. In  contrast  to the preceding model, the total 
applied potential  is felt  by  all sites wi th in  the film. 
Consider the process idealized in  Fig. 11 as the path 
by which redox changes propagate. With a s ta t ionary 
t ransi t ion state approximat ion 

db/dt = ka(a + c) -- 2k~b -- 0 
[22] 

da/dt = kcb -- kaa -- ka(c -- a)/2 

where ka and kc are anodic and cathodic electrochemi- 
cal rate constants for the interfacial  release and up-  
take of hydrogen ions. Let A represent  the distance the 
reduced site moves in this transit ion,  so that  its effec- 
t ive diffusion coefficient is ka&2/2. If only nearest  
neighbor transi t ions are allowed, ~ will  be of the 
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Fig. 11. Hypothetical electrochemical mechanism to describe the 
motion of a reduced lattice site. 

order  of a m e t a l - m e t a l  dis tance in the  oxide. The 
potent ia l  dependence  of diffusion wil l  be domina ted  by  
ka, and is in accord wi th  the observed  120 mV/decade  
slope. 

The slow, bu t  revers ible ,  aging effects observed  sug-  
gest  tha t  s t ruc tu ra l  changes are  t ak ing  place wi th in  
the  film which  a l te r  r educed  site mobil i t ies .  To r a -  
t ional ize these changes we mus t  speculate  on the na -  
ture  of the film. Indicat ions  are  tha t  they  differ f rom 
crys ta l l ine  IrO2 in being amorphous  and having a h igh  
wa te r  content  (6, 14, 15). The IrO2 ru t i l e - l i ke  la t t ice  
can be descr ibed in te rms of l inear  chains of edge-  
shar ing octahedra ,  wi th  adjacent ,  pa ra l l e l  chains 
coupled at  t r i p ly  coordinated oxygen vert ices  (13, 18). 
Direct  hydro lys i s  of these in te rcha in  connections would  
lead  to a s t ruc ture  I r (OH)4  which might  r ea r r ange  to 
IrO2.2H20 

OH H H20 H20 
H oH H I / o - - -  o I / o . I  / o  / o . , ~  I / o \  / "~ \ 

Ir Ir , Ir Ir " 

"~ \~ I \~ "~ i \~ i \~ 
H OH H OH H H20 H20 

S t ruc tures  of this form have  been  proposed  for po ly -  
nuclear  i r i d ium complexes  (19). We m a y  fu r the r  
speculate  that,  dur ing  the process of film growth,  octa-  
hedra  are  c rea ted  at  the me ta l / ox ide  in ter face  and 
combine to form chains, not  necessar i ly  l i nea r ly  con- 
nected. Random crossl inking be tween  chains wi th  a 
local bonding s t ruc ture  of t r i p ly  coordinated  oxygen 
a toms s imi la r  to tha t  found be tween  chains in the IrO2 
la t t ice  wil l  p robab ly  occur. 

The aging seen in s t rong acids may  reflect the  fu r -  
ther  hydrolys is  of this s t ruc ture  by  the in t roduct ion  
of addi t iona l  H20 or H2SO4. This would  reduce  the 
connect iv i ty  of  the  ne twork  and the reby  decrease  the 
mobi l i ty  of reduced  sites res t r i c ted  to motions along 
the chains. The revers ib i l i ty  of the aging process 
shows tha t  a dynamic  equ i l ib r ium exists,  and  the 
interconnect ions  must  be cont inua l ly  forming and 
breaking,  even in a s table  film. Under  such c i rcum- 
stances one should be w a r y  of direct  comparisons be-  
tween  measurements  made  on dessicated films in high 
vacuum exper imen t s  and  measurement s  made  on 
"l ive" films. Both s t ruc ture  and phys ica l  p roper t ies  
m a y  be s ignif icant ly a l t e red  by  dehydrat ion .  

One aspect  of our  measurements  which  remains  un -  
exp la ined  a re  the values  for  C=. Fo r  the da ta  in Fig. 2 
this value,  750 ~ F / c m  2, is subs tan t i a l ly  l a rge r  than  the 
doub le - l aye r  capacitance,  a l though bu t  a f rac t ion of 
the to ta l  film capacitance.  Fo r  1-10 mM solutions, c.f. 
Fig. 8, a capaci tance of 5200-5800 ~ F / c m  2 is seen to 
character ize  a high f requency  re l axa t ion  process. 
Wi th  the d imensional  expression,  C = Ne2/kT, the 
equ iva len t  number  of charges is 6 • 1014/cm~. The 

equiva len t  circui t  (Fig. 8) requires  tha t  these charges 
correspond to an H + reservoi r  wi th in  the film. Qual i -  
ta t ive  observat ions  of an unbuffered NaC104 solut ion 
show a rap id  pa r t i a l  response despi te  the  absence of a 
significant number  of hydrogen  ions. The cyclic vo l t am-  
mogram is compara t ive ly  featureless ,  as expected  for  
a s luggish reaction,  but  upon s topping or revers ing  
the sweep in the redox  po ten t ia l  region one sees the 
superposi t ion of a ve ry  rap id  and a ve ry  slow re l axa -  
tion. The  opt ical  response of an unbuffered  di lute  acid 
solut ion also indicates  this  composite  behavior  (8). 
We mus t  conclude that,  a l though in acid solutions, pH 

3, the  dominan t  r e l axa t ion  is governed by  the sup-  
p ly  of hydrogen  ions, an  addi t iona l  mechanism arises 
in neu t ra l  solutions. Rapid  kinet ics  in a lka l ine  solu-  
tions have been found (20), bu t  in a nomina l ly  neu t ra l  
solut ion both hydrogen  and hydrox ide  ion concent ra-  
tions are  too low to suppor t  r ap id  and revers ib le  k i -  
netics. We have pos tu la ted  two s t ruc tures  which might  
resul t  f rom the hydro lys i s  of an  IrO2 lattice,  and i t  is 
conceivable that  the ba lance  be tween  these configura-  
tions is pH dependent .  F u r t h e r  s tudies a re  needed  to 
reconcile  the  proper t ies  of films in neu t ra l  and  a lka l ine  
solutions wi th  the  effort  here in  r epor ted  for  acidic 
media.  
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Porphyrin Modified Tin Oxide Semiconductor 
as Photocathode 

H. Ti Tien and John Higgins 
Department of Biophysics, Michigan State University, East Lansing, Michigan 48824 

ABSTRACT 

A new sensitized semiconductor photoelectrochemical cell is described. 
The semiconductor is n - type  SnO2, a wide-band  mater ia l  inheren t ly  less sus- 
ceptible to anodic dissolution. When sensitized by a th in  layer  of t e t raphenyl -  
porphyr in  (TPP) ,  the SnO2 electrode acts as a photocathode. The TPP layer  
is considered as a p- type  organic semiconductor whereas the interface be-  
tween the TPP layer  and redox solution is l ikened to that  of a Schottky 
bar r ie r  with the aqueous solution playing the role of a metal. Under  i l lumi-  
nation, the TPP-SnO2 electrode vs. Pt (or SnO2) displays a potential  of 400 
mV and a current  density of 20 #A/cm~. 

One of the major  problems for photoelectrochemical 
(PEC) cells using nar row bandgap n - type  semiconduc- 
tors such as CdS is anodic decomposition. The wide 
bandgap semiconductors such as TiO2 and SrTiO8 are 
stable against  photoanodic decomposition (1-4), but  
unfo r tuna te ly  are poor absorbers of the solar spec- 
t rum (5). These semiconductors may be sensitized to 
enhance their  absorption characteristics ei ther  by in -  
corporating impuri t ies  into the semiconductors (6) or 
by absorbing dyes onto the semiconductor surface 
(7, 8). The la t ter  approach has the advantages of sim- 
plicity of construction and modification and the avail-  
abi l i ty  of a wide range of dye absorption bands, but  a 
PEC so sensitized has a low energy conversion effici- 
ency because only the molecular  layers near  the semi- 
conductor can inject  charge into the semiconductor,  
the more distant  molecules losing most of their  energy 
of excitation in  other ways (9, 10). Thus dye or pig- 
men t  in  a thick layer  general ly  has a high electrical 
resistance and low quan tum yield. 

We report  here a new sensitized semiconductor PEC 
ce l l  which shows promise of overcoming the above 
problems. The semiconductor is n - type  SnO2, a wide-  
band mater ia l  (Eg = 3.5 -- 3.8 eV) inheren t ly  less 
susceptible to anodic dissolution, and previously 
studied as a photoanode for possible application to 
solar  ce l ls  (11-13). We have found that, when sensi- 
tized by a layer  of the pigment  meso-tetraphenylpor- 
phine (herein abbreviated TPP) ,  the SnO2 electrode 
acts as a photocathode, thereby obviat ing the anodic 
dissolution problem of the sensitized photoelectrode. By 
depositing only the small  amount  of p igment  that  can 
be electroactive, the electrode remains essential ly an 
optically t ransparen t  electrode. This permits  stacking 
of cells (or diodes) to form a bat tery  capable of high 
absorption of visible light, and thereby overcomes the 
weakness of low absorption of the individual  cells. 

In  addit ion to its potential  for conversion of solar 
energy, our coated electrode may be of interest  in the 
s tudy of the electrochemical properties of porphyrins  
(and other pigments)  owing to the direct chemisorp- 
t ion of the photoactive compound itself to the elec- 
trode without  the need for l inking molecules or modi-  
fication of the pigment.  

Experimental 
A piece of window glass coated on one side with 

heavi ly  doped SnO2 (Nesa glass, PPG Company, Pi t t s -  
burgh, Pennsylvania)  with a resistance of 60 ~l/square. 
This is cleaned in acid, r insed successively in water  
and chloroform, and heated to 80~176 before being 
dipped into the coating solution of meso-tetraphenyl- 
porphine (TPP, from Strem Chemicals, Danvers, 

Key words: photoelectrochemieal cell, solar cell, photosensiti- 
zation. 
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Massachusetts) in CHCI~. The normal  concentrat ion is 
0.65% (w/v) ,  but  we have exper imented with concen- 
trations ranging from 0.2% to 3.25%, reported here. 
After  10 sec (not critical) of immersion,  the electrode 
is quickly and smoothly withdrawn.  The TPP solution 
dries to a smooth, hard film that does not  noticeably 
dissolve into the aqueous electrolyte (at pH < 7) if 
the coat is given sufficient t ime to dry, usual ly  2-5 rain 
at room temperature  in  air. The preheat ing of the glass 
appears only to decrease the required drying time, as 
Nesa glass dipped at room tempera ture  works about  as 
well if given longer time to dry. The electrolyte is 
10-4M Fe2(SO4)5, 10-2M FeSO4, and 10-2M H2804 
(pH 2.0). For counterelectrodes we have tried plat i -  
num, glassy carbon, and SnO2 (Nesa glass). SnO2 was 
used for the data reported here. The electrical power 
of the cells with Pt  or glassy carbon was about  the 
same as for SnO2. Electrical connection was made by 
t inned aligator clips, which also held the electrodes in 
a glass container  of electrolyte. The electrodes Were 
2.5 by 5.0 cm, with the immersed, i l luminated  area 
being 3.2 cm 2. I l luminat ion  was from a 500W tungsten  
projector lamp, with spectral measurements  made by 
a Bausch and Lomb High In tens i ty  Monochromator  
(Model 33-86-02, grat ing 1350 grooves/mm, 350-800 
nm).  Both whi te- l ight  and monochromatic i r radiat ion 
were measured by the photocurrent  from a silicon 
solar cell through a 1.0~ load, whose response was 
calibrated by a radiometer  (Yellow Springs Ins t ru -  
ments, Incorporated).  

Results 
From the current -vol tage  (I/V) curves of two cel ls  

(Fig. 1), it can be seen that  under  i r radiat ion of 200 
mW cm -2 from tungsten  lamp the cell is equivalent  to 
a potential  of 0.35-0.40V in series with a resistance of 
7-15 kF~-cm 2 with a short-circuit  cur rent  densi ty of 
1.6-2.0 X 10 -5 A-cm 2. The fill factor is 0.2-0.3, and 
typical power is 1.0-2.0 • 10 -6 W cm -2. Total power 
conversion efficiency (maximal  power del ivered di-  
vided by i rradiat ion)  is a ma x i mum of I0 -5 in tung-  
sten white l ight and 4 • 10 -5 at 420 nm. Due to differ- 
ences between energy spectra, conversion efficiency is 
expected to be somewhat higher in sunl ight  than that  
in tungsten  light. The photovoltage risetime is related 
to the exchange current  density and the physical l imits 
on the power such a cell can deliver. The time course 
of the photopotential  exhibits three exponential  t ime 
constants: 11 sec risetime and two decay constants of 
38 and 100 sec. These were measured at 420 nm, but  
the values of all three are independent  of wavelength 
within our error of measurement  (1 sec). All the above 
data are for SnO2 counterelectrode, 0.65% TPP:CHC13 
coating solution, and no external  potential.  In  the dark 
the same cell has zero potential  and current  (on the  
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irradiation of tungsten white light. The abscissa shows voltage 
difference between the electrodes when the cell is loaded by a 
resistor. 

scale of Fig. 1) with resistance of 2-5 times that  in the 
light. Both the photovoltaic and photoconductive effects 
arise solely from the sensitized electrode. Thus, the 
currents  of Fig. 1 are a combinat ion of a photovoltaic 
effect (which is the source of overpotential  dr iving 
the current)  and a photoconductive effect, whose 
presence was shown by measurement  of the dark TPP-  
SnO2 electrode, which passed about 50% less current  at 
the same overpotentials  (provided by an external  
potent ial  source). In  both cases, overpotential  was 
measured against a saturated calomel electrode. If 
excited TPP is considered the dominant  electroactive 
species, electrochemical theory shows that a photo- 
potential  general ly  leads to increased exchange current  
density, equivalent  to photoconductivity.  

The open-circui t  photovoltage and the short-circuit  
photocurrent  spectra are shown in Fig. 2. They exhibit  
the strong violet absorption (Soret band)  typical of all 
porphyrins.  The spectra are uncorrected for the 
spectral dis t r ibut ion of i r radiat ion so that  the s tructure 
below 450 nm can be seen easily. The combined tung-  
sten lamp-monochromator  spectrum rises in  three 
near ly  l inear  segments, from 0.05 to 1.29 mW cm -2 over 
375 to 550 nm, peaking to 1.78 mW cm -e  at 750 nm, and 
fall ing to 1.71 mW cm -2 at 800 nm. Therefore the l ight 
source does not introduce any  structure. The quan tum 
efficiency (electron flux divided by absorbed photon 
flux) and absorption spectra are shown in Fig. 3. The 
peak positions of the action spectrum are those of the 
corrected voltage and current  spectra. The absorbance 
peaks of the absorption spectrum of a dilute TPP: 
CHC13 solution differs from the peaks of relat ive ab- 
sorption of the porphyr in  film on an SnO2 electrode. 
The electrode was coated exactly as that  for which the 
action spectra were measured. The absorption of the 
TPP film was measured by  subtract ing from the inci- 
dent  radiant  energy flux the amounts  t ransmit ted  and 
reflected by the coated electrode as well as the amount  
absorbed by the SnO2-glass substrate (measured 
separately) .  

With respect to electron transfer,  Fig. 4 shows the 
importance of a thin layer  of p igment  in  maximizing 
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Fig. 3. Quantum efficiency ( Q E )  spectrum (A and B) of cell and 
absorption spectra of TPP: CHCI~ solution (C) and dry TPP film 
on SnO2 (D, in % on right-hand scale). Note that beyond 500 nm 
the QE curve (B) has been expanded tenfold with respect to the 
illustrated scale. The scale for the solution absorption is relative. 

the photovoltage and photocurrent,  both of which in-  
creased as the concentrat ion of the TPP  in the coating 
solution decreased, and they had not reached apparent  
maxima even at 0.2% (w/v) ,  at which concentrat ion 
the cell was not stable for more than a few hours. We 
have not  examined closely the relationship between 
the concentrat ion of the coating solution and the mass 
of TPP deposited onto the electrode, al though at all 
concentrations studied it was less than 10 -4 g /cm 2 and 
there was a visible increase of p igment  density with 
concentration. 

We observed that  the electrical output  of batteries 
of 2-6 cells added approximately in series or paral lel  
for corresponding electrical connection. That  is, for a 
ba t te ry  of cells connected in series, the observed bat-  
tery voltage was close to the theoretical value pre-  
dicted by the potentials and in te rna l  resistances of the 
individual  cells. Similarly,  the total current  from a 
bat tery of cells connected in  paral lel  was the sum of 
currents  measured in isolated cells and the bat tery 
voltage was close to the average of cell voltages. These 
observations were made on batteries whose cells were 
physically ar ranged behind one another  along the opti- 
cal axis, so that a single beam of l ight passed through 
each cell in sequence, thus increasing the amount  of 
electrical power extracted per beam area. This bat tery 
a r rangement  was permit ted by the optical t ransparency 
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(open circles) vs. concentration of TPP coating solution. Bars indi- 
cate standard deviations (4-10 samples). 

of the  SnO2 and the incomple te  absorpt ion  of l ight  by 
the  films of TPP. 

Discussion 
We have  descr ibed a new photosensi t ive  electrode,  

SnO2 coated wi th  an insoluble  film of t e t r apheny lpo r -  
phine, tha t  can funct ion as a photocathode under  its 
photopotent ia l ,  in cont ras t  to the  more  common anodic 
behav ior  of sensi t ized semiconduct ing electrodes.  I t  has 
a quan tum efficiency of 1% at 425 nm, 0.31 m W  cm -2 
i r radia t ion .  Exp lana t ion  of the posi t ive potent ia l  of the 
TPP-SnO2 e lec t rode  wi th  respect  to three  appa ren t ly  
iner t  electrodes,  clean SnO2~ pla t inum,  and glassy 
carbon, in the  i ron sulfa te  e lec t ro ly te  solut ion requi res  
more  in format ion  on the re la t ive  energy  levels. I t  is 
p r e s u m a b l y  due to the  inject ion of a hole by  exci ted  
TPP  into the  semiconductor ' s  valence band, whi le  the 
exci ted  e lec t ron  is b locked by  the bandgap.  The actual  
mechanism p robab ly  involves the bandgap  because the 
photoresponses  r epor ted  here  are  very  much grea te r  
than  those of var ious  meta ls  coated wi th  TPP (16). 

Regard ing  spect ra l  character is t ics  of the electrode,  
the  solut ion absorpt ion  (curve  C of Fig. 3) changes and 
broadens  upon deposi t ing the TPP as a coat  of p igment  
on SnO2 (curve  D of Fig. 3). Band broadening  is ex-  
pected in the condensed state. Quan tum yie ld  decreases 
wi th  wave leng th  fas ter  than  does absorpt ion  of rad ian t  
energy  by  the film. This m a y  be due to the h igher  
p robab i l i t y  for e lec t ron t ransfe r  f rom the valence  band 
of SnO2 to the  lowest  vacant  levels  of the energy  band 
of a g iven g round-s t a t e  valence orb i ta l  of TPP, the  
ava i l ab i l i ty  of more  exc i t ed - s t a t e  TPP  orbi ta ls  to the  
e lect rons  of h igher  exci ta t ion  energy,  and the ab i l i ty  of 
the h igher  ene rgy  charge  carr iers  genera ted  in TPP  by 
the shor te r  wave lengths  to migra te  or  diffuse th rough  
molecu la r  layers  of TPP. The dependence  of QE on 
wave leng th  was repor ted  for monolayers  of chloro-  
phy l l  on SnO2 (13). 

As the spect ra l  in tensi t ies  used to measure  quan tum 
efficiency (QE) of Fig. 2 approach  the intensi t ies  p res -  
ent  in 200 m W  cm -2  of tungs ten  l ight  used to measure  
I /V curves (Fig. 1), we es t imate  upper  l imits  of 40% 
to 50% decrease  in QE as follows. The theore t ica l  cur -  
ren t  dens i ty  is p ropor t iona l  to both QE and irradiation 

distr ibut ions,  a l though both are  unknown at  the  h igher  
intensit ies,  the fact  tha t  the  i r r ad ia t ion  d is t r ibu t ion  of 
the  monochromat ic  source has the  shape of a typica l  
tungsten spec t rum (at most 17% devia t ion)  suggests 
that  the in tens i ty  scal ing factor  (S) is app rox ima te ly  
independen t  of wavelength .  Also, our  monochroma-  
tor 's  bandwid th  (BW) is independen t  of wave leng th  
for  fixed geometr ica l  a r rangement .  Consequent ly  S 
can be eva lua ted  by  numer ica l ly  in tegra t ing  the i r -  
r ad ia t ion  spectrum, to give 

S ---- (0.40 __ 0.04) B W ( n m )  [1] 

Because BW cancels in the final equat ion for  current ,  i t  
need not  be known, but  Eq. [1] provides  a check on our  
approach  if we use a va lue  5 nm for BW, es t imated  by  
the change in wave leng th  read ing  to make  the same 
hue appear  successively at  the two edges of the elec-  
t rode  (2.0 cm across) .  We find S _-- 2.0 __ 0.2, in agree -  
ment  wi th  the  monochromator ' s  specified efficiency of 
55% at  the blaze wave leng th  (i.e., of ma x ima l  effici- 
ency)  of 550 nm (an exact  check depends  upon the 
unknown efficiency spectrum, but  efficiency is specified 
as high throughout  the  vis ible  spec t rum) .  The in tens i ty  
scal ing factor  is then  mul t ip l ied  by  the va lue  of 
numer ica l  in tegra t ion  over  wave leng th  of the produc t  
of i r r ad ia t ion  (descr ibed in tex t )  t imes  absorpt ion  
(curve  D of Fig. 3) t imes quan tum efficiency (Fig. 3) 
d iv ided  by  the energy  quantum.  The resul t  is mu l t i -  
p l ied  by  the electronic charge to give a theore t ica l  
cur rent  dens i ty  of 34 _+ 8 X 10 -6 A - c m  -2, compared  
wi th  measured  values of 16 and 20 • 10 -6  A - c m  -2 
f rom Fig. 1. Assuming al l  the difference is due to a 
decrease in QE upon doubl ing i r r ad ia t ion  permi t s  cal-  
culat ion of the  QE decrease.  Al though  we expect  most  
of the decrease  in cur ren t  to be accounted for by  QE, 
the  absorpt ion  percentage  should also decrease  a l i t t le,  
so the ca lcula ted  QE decrease  is only  an upper  l imit .  

We compare  the quan tum efficiency resul ts  wi th  
those of a s t ruc tu ra l ly  analogous electrode:  chloro-  
phy l l - l ec i th in  monolayers  on SnO2 (13). For  a given 
photon flux at  the r e l evan t  sensi t ive wavelengths  (420 
and 673 nm)  of each electrode,  the TPP-SnO2 elec-  
t rode  has factors of 406 more  photons absorbed,  7.4 
more  electrons pe r  incident  photon, and 0.018 as many  
electrons pe r  absorbed photon. The g rea te r  number  of 
photons absorbed  s imply  reflects the g rea te r  thickness  
of our  film. The low rat io  of e lectrons to photons ab -  
sorbed is due to the  inab i l i ty  of exci ted  p igment  mole-  
cules too far  f rom the semiconductor  to in jec t  a charge  
(9, 10). F rom Fig. 3 and knowledge  of the r ad ian t  
energy  absorbed  by  the subs t ra te  ( app rox ima te ly  4% 
at 425 rim),  i t  is seen tha t  77% of the incident  photon 
flux reached the molecular  layers  near  the semiconduc-  
tor. If  only  the  ad jacent  p igments  can in jec t  charge, the  
efficiency of TPP must  be ten t imes tha t  of chlorophyl l .  
Lower  charge in jec t ion  efficiency impl ies  tha t  charge  
car r ie rs  migra te  or  diffuse f rom regions of p igment  
near,  but  not  ad jacen t  to, the semiconductor .  

P rev ious ly  we have used Mg-meso-tetraphenylpor- 
phr in  and me ta l - f r e e  t e t r a p h e n y l p o r p h y r i n  (TPP)  to 
coat  v i t reous  (glassy) carbon e lect rodes  for  use in a 
photogalvanovol ta ic  cell (15, 16). The photoact ive  
TPP-e l ec t rode  behaves  as a photocathode.  Owing to its 
opaqueness,  cells made  of glassy carbon electrodes 
cannot  be s tacked for  be t te r  l ight  ut i l izat ion.  There -  
fore, for the construct ion of a ba t te ry ,  e lec t rode  
mate r ia l s  mus t  be as t r anspa ren t  as possible  in the  
vis ible  region  of the solar  spec t rum and have  good 
conductivi ty.  

On the basis of ob ta ined  data,  the  fol lowing mech-  
anism m a y  be given to account for  the  observed photo-  
cathodic cur ren t  of the  TPP-coa t ed  SnO2 electrode.  
The doped SnO2 serves as a conduct ing subs t ra te  wi th  
the  appropr i a t e  bandgap  for the TPP  l aye r  which  is 
considered as a p - t y p e  organic semiconductor .  The 
in ter face  be tween  the TPP l aye r  and redox  e lec t ro ly te  
is l ikened  to tha t  of a Schot tky  ba r r i e r  wi th  the  aque-  
ous solut ion p lay ing  the role of a metal .  Upon exc i ta -  
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t ion  by light,  charge car r ie rs  are  genera ted  in the TPP 
layer .  The exci ted  TPP most  l ike ly  decays first to the 
lowest  s inglet  s ta te  and then crosses to the t r ip le t  
state,  a t  which the t r ip le t  s ta te  exci ton t ransfers  an  
e lec t ron to an acceptor  in the ba th ing  solution. The 
vacant  hole lef t  in  the  TPP l aye r  is filled by  an elec-  
t ron  f rom the doped SnO2 substrate,  t he reby  giving 
rise to the  observed direct ion of photocathodic  current .  

The present  s tudy  has been res t r ic ted  to iner t  coun- 
terelectrodes,  bu t  the  behavior  of this TPP-coa ted  
SnO2 as a photocathode r a the r  than  a photoanode 
makes  possible the  use of a photoanode as the coun- 
te re lec t rode  to increase  power  output.  I t  should also 
be possible to sensit ize this opt ica l ly  t r anspa ren t  cell 
to o ther  vis ible  bands  by  adding e lect roact ive  dye to 
the e lec t ro ly te  solution. This is the photoga lvano-  
voltaic concept and has been observed f rom po rphy r in -  
coated g la s sy -ca rbon  electrodes wi th  th ionine in solu-  
t ion (15-17). Thionine did not  work  wel l  in the  T P P -  
SnO2 cell. We are  cu r ren t ly  searching for o ther  dyes 
and pigments  tha t  (i) also bond t igh t ly  to SnO2 to 
produce a photocathode of different  spectra l  sens i t iv i ty  
or  a photoanode a n d / o r  (ii) make  use of dye solut ion 
to construct  a photogalvanovol ta ic  cell. We wil l  look 
at  more  quant i ta t ive  methods  of coating the SnO2 
elect rode wi th  po rphyr in  using Langmui r -B lodge t t  
molecu la r  layers ,  or  by  evapora t ing  a known amount  
of TPP onto the  SnO~, a technique successful wi th  
surface act ive po rphyr in  (8). 

In  summary ,  we feel tha t  our  t e t r apheny lpo rph ine -  
t in oxide e lect rode is a good candida te  for fu r the r  
inves t igat ion as the photocathode for a solar  cell. 
Chemical  a t t ack  on the sensit ized e lect rode appears  to 
be negligible.  One p rob lem common to sensit ized semi-  
conductors,  low absorpt ion  of the incident  radiat ion,  
can  be a l lev ia ted  by  the ba t t e ry  design discussed 
above, which is made  possible by  the t r anspa ren t  sub-  
strafe.  No component  of our cell presents  an obvious 
cost or  product ion  l imitat ion.  Pyrol i t ic  deposi t ion of 
po lycrys ta l l ine  t in  oxide onto glass does not requi re  
the s t r ingent  control  of pu r i ty  requ i red  by  single 
crysta ls  or  some other  types of po lycrys ta l l ine  m a t e -  
rials;  and me ta l - f r ee  po rphy r in  can be read i ly  
s y n t h e s i z e d  (14). 

Manuscr ip t  submi t ted  Ju ly  17, 1979; revised m a n u -  
scr ip t  received Dec. 20, 1979. 

Any  discussion of this  paper  wi l l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in  the June  1981 
JOURNAL. Al l  discussions for the June  1981 Discussion 
Sect ion should be submi t ted  by  Feb.  1, 1981. 

Publication costs of this article were assisted by 
Michigan State University. 
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Ammonia High Temperature Solid Electrolyte 
Fuel Cell 

Roger D. Farr and Costas G. Vayenas* 
Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 0213g 

ABSTRACT 

A s tudy  was made of the  overpo ten t ia l  and  produc t  se lec t iv i ty  char -  
acter is t ics  of the  high t empera tu re  solid e lec t ro ly te  fuel  cell  

NHs,NO,N~,Pt/ZrO2 (8 % Y203) /P t ,a i r  

I t  was found tha t  NO is the p r i m a r y  oxida t ion  product ,  a l though significant 
amounts  of by -p roduc t  N2 are  also formed due to the ca ta ly t ic  reac t ion  be -  
tween  NHs and NO on Pt. The influence of this side reac t ion  can be minimized  
under  op t imal  opera t ing  condit ions and yie lds  of NO exceeding 60% can be 
achieved.  Two dimensionless  numbers  have been  identif ied which  govern  
produc t  se lect iv i ty  and power  output .  The cell  is a promis ing  candida te  for  the  
c o g e n e r a t i o n  of electr ic  energy  a n d  n i t r i c  acid.  

T h e  o x i d a t i o n  o f  a m m o n i a  to n i t r ic  oxide  over  a 
P t - R h  a l l o y  is the basic s tep for the manufac tu re  of 
ni tr i c  acid (1). I t  is a h igh ly  exothermic  react ion wi th  

* Electrochemical Society Active Member. 
Key words: soitd electrolyte, fuel cell, ammonia, nitric oxide. 

hG _-- --64.5 kca l /mo le  NH3 at  100O~ More t h a n  
7.106 tons of HNOs are  produced  annua l ly  in t h e  
U.S. alone. Due to the  high exo the rmic i ty  of the  
react ion la rge  amounts  of the rmal  energy  are  gen-  
erated.  I t  has been  a long sought  goal  to ob ta in  this  
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energy as electric ra ther  than  thermal  energy by 
oxidizing ammonia  to NO in  a fuel cell (2). 

Low and in termedia te  tempera ture  ammonia -a i r  
cells have been  invest igated using strong KOH solu- 
tions (3, 4) or fused KOH in an MgO mat r ix  (5) as 
the electrolyte. However N2 was found to be the only 
oxidat ion product. 

High tempera ture  solid electrolyte fuel cells oper-  
at ing on H2, CO, or CH~ as the fuel have been tested 
for years (6, 7). With P t  electrodes and H2 as the 
fuel, pure  resistance polarization has been observed, 
but  with CO some activation overpotent ial  also ap-  
pears (7). 

Stabilized zirconia cells have been used to moni tor  
the act ivi ty  of oxygen on meta l  oxidation catalysts 
(8) and to dissociate oxygen-conta in ing compounds, 
inc luding NO (9, 10). 

Al though the catalytic NH3 oxidation is h ighly  
efficient and, under  industr ia l  conditions, mass t ransfer  
controlled (1), there have been several in teres t ing 
recent  studies of the intr insic  NH3 oxidation kinetics 
on Pt  (11, 12). 

In  this research NH3 was used as the fuel in  a 
high tempera ture  stabilized zirconia fuel cell with 
Pt  electrodes in  order to examine the product dis- 
t r ibut ion  of the cell and explore the possibility of 
NO and electric energy cogeneration. 

Experimental Apparatus 
A schematic diagram of the exper imental  apparatus 

is shown in  Fig. 1. It  consists of a gas feed system, 
the fuel cell, and the analyt ical  system. The fuel cell 
design is shown in  Fig. 2. It  consists of an 8 mole 
percent  (m/o)  yt t r ia  stabilized zirconia tube with an  
ID of 16 m m  and 1.8 m m  wall  thickness. P l a t inum 
electrodes were deposited inside and outside to the 
dimensions given in  Fig. 2 using Englehard Pt  ink 
A3788 followed by air drying and calcining at 1300~ 
for 4 b_r. This procedure was repeated twice with 
Englehard  Pt  ink A3788 and once with Englehard 
Pt  6926. Scanning electron micrographs showed elec- 
trodes prepared in  this manne r  to be evenly applied 
and porous. Each electrode had a resistance of 0.24~ 
and BET area of 300 cm2/cm 2 of superficial catalyst 
area. Thickness was estimated to be 3 ~m. The anode 
was extended to one end of the tube in order to 
ensure  good contact with the P t  wire  lead. All  power 
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Fig. 2. Fuel cell design and electrode configuration 

values reported here are based on the cathode length 
of 22.2 cm. 

To complete the cell assembly and support  the 
weak zirconia tube, Dylon C-3 cement cylinders were 
cast a round the zirconia tube where it  entered and 
exited the furnace. Thermocouple and cathode leads 
as well as air  supply and removal  tubes were set 
into the cylinders as shown in  Fig. 2. The fuel  cell 
tempera ture  was held constant  wi th in  2~ by  means 
of an on-off type controller. Stainless steel fittings 
with Viton O-rings were adapted to fit the ends of 
the zirconia tube. The assembly passed a hel ium leak 
test to 4.46 • 10~ Pa. All  tubing  and fittings were 
316 stainless steel. The product gas from the cell was 
immediate ly  cooled by  the exit fitting to 298~ for 
analysis. 

Reactants and products were analyzed using Beck- 
ma n  864 and 865 infrared analyzers for NH3 and NO, 
respectively. The feed and exit  streams were sampled 
as shown in  Fig. 1. Cell voltage and current  were 
measured by two digital mul t imeters  (Fluke 8600A). 
A decade resistance box was used to vary  cell load. 
In  addit ion to this load a residual resistance of 0.873~2 
was present  at all t imes in  the circuit  due to con- 
necting wires and mult imeters .  Addit ional  details of 
the apparatus appear elsewhere (13). 

Reactants used were Matheson certified s tandards 
of 4.59% ammonia  in  hel ium and 8550 ppm NO in 
helium. They could be fur ther  diluted wi th  Matheson 
zero gas s tandard  helium. The fuel cell was operated 
at atmospheric pressure. 

Constant  potentials could be applied to the cell, 
when necessary, using an AMEL 549 Potentiostat.  

Results 
Close agreement  was observed (___0.5%) be tween 

measured and theoretical emf values when  O~, Nm or 
He mixtures  of known Pc2 were fed through the zir-  
conia tube. This verified the pure ionic conductivi ty 
of the solid electrolyte. 

Cell resistance.--With both Pt  electrodes exposed 
to air, the potentiostat  was used to apply to the cell 
voltages between --2 and 2V. In  agreement  with pre-  
vious work (7) it was found that  current  is l inear  
in  voltage and therefore only resistance polarization 
appears. The cell resistance was thus determined from 
the slope of the vol tage-current  lines which have 
been shown to coincide with the a-c resistance of 
the cell (7). Results obtained in  this m a n n e r  are 
shown in  Fig. 3. The dashed line between 1000 ~ and 
1200~ corresponds to single point d-c resistance mea-  
surements.  Over the tempera ture  range investigated 
(700~176 the cell resistance R can be approx-  
imated by the expression 
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I 
1.7 

R - -  0 .48  + 7 . 7 . 1 0  - 5  e x p  ( 1 0 , 6 0 0 / T ) 1 2  

T h e  first te rm roughly corresponds to the resistance 
of the electrodes, and the second is due to the solid 
electrolyte. 

Fuel cell per]ormance.mTypical current -potent ia l  
plots at constant  feed composition (4.59% NHa in  He) 
are given in  Fig. 4a and b. The current  IL correspond- 
ing to 100% ammonia  conversion to N2 is also shown 
for comparison. It  is defined by IL -- 3FGNH3,F, where 
F is the Faraday constant  and GNH3,F is the feed molar  
ammonia  flow rate. Clearly the current  IM corre- 
sponding to 100% ammonia  conversion to NO equals 
1.67 IL. 

T h e  current -potent ia l  plots indicate s trongly that  
above 1000~ ohmic overpotential  is the dominant  
source of polarization. Taking into account the residual 
resistance of connecting wires (,-~0.87Q) one finds that  
the straight l ine portions of these curves correspond 
wi th in  30% to the cell resistance. The ini t ial  nonl inear  
decrease in the cell potential  can be accounted for by 
the "Nernst  loss" due to increasing conversion to 
products with increasing current.  This gradual ly in-  
creasing "Nernst  loss" with increasing current  causes 
the slopes of the quasi - l inear  portions of the curves 
to be systematically higher (10%-30%) than the cell 
resistance. 

The potential  values observed (Fig. 4), including 
the open-circui t  emf value, would indicate that  NO 
is the pr imary  anodic product according to the reaction 

2NH3 + 5 0 2- ---> 2NO -5 3H20 -5 10e- [1] 

Assuming [1] to be the dominant  anodic reaction and 
using the cell resistance values one can approximate 
fair ly well the poten t ia l -cur ren t  behavior. I f  O 2- or 
oxygen adsorbed on Pt were involved in N2 forma-  
tion, then the absolute emf value would be at least 
250 mV higher than what  is observed. This is fur ther  
discussed below. 

Using ammonia  feed molar  flow rates GNH3,F in  
excess of 7.10-7 mole NHJS ,  i.e., roughly 20 cm 3 
S T P / m i n  of 4.59% NH3 in He, resulted in power out-  
puts on the order of 10 -8 W / c m  2 of electrolyte and 
almost zero selectivity to NO, ni t rogen being the only 
oxidation product. However, a decrease in  GNHa.F 
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Fig. 4. Current-voltage behavior of the cell with YNH3,F - - "  

0.0459. a (top). Flow rate 26 cm 3 STP/min. b (bottom). Flow rate 
176 cm 3 STP/min. 

below that  value, by either increasing di lut ion or 
decreasing total flow rate, resulted in a dramatic in -  
crease in selectivity (moles NO formed/mole  NHs 
reacted).  

Accordingly, the fuel cell selectivity and power out-  
put  were studied extensively at temperatures  between 
900 ~ and 1200~ NI~  feed mole fractions YNH3,F be- 
tween 0.01 and 0.0459, and total flow rates between 
5 and 25 cm s STP/min .  At l l00~ YNH3,F : 0.02 
and with a total flow rate of 5 cm 8 S T P / m i n  the 
ma x i mum selectivity was obtained (97%), al though 
the power output  had dropped to 7.10 -6 W/cm 2 due 
to the very long residence t ime employed. Under  
these low flow rates the fuel cell, al though tubu la r  
in shape, behaves almost exactly as a continuous 
flow stirred tank reactor (CSTR). This was predicted 
on the basis of the axial and radial  Peclet numbers ,  
but  was also verified exper imental ly  (Fig. 5). 

Although the dependence of selectivity on tempera-  
ture, YNH3,F, and flow rate ini t ia l ly appears complicated, 
it  was found that  selectivity is almost un ique ly  de- 
fined at any T, YNH3.F, and flow rate by a dimensionless 
parameter  M defined as 

Go2 I 

GNH3,1~ 4FGNH3,F 

where Go2 is the molar  oxygen flux, in  the form of 
O 2-, through the electrolyte (Fig. 6). For  M values 
below 0.75 the selectivity is very low but  with M _-- 
1.0, up to 97% selectivity can be obtained. 

In  light of this no distinct t rend exists on plot t ing 
selectivity vs. conversion (13), i.e., selectivity does 
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not decrease with increasing conversion, and this is 
an attractive feature of the cell. 

In order to examine if the dramatic dependence 
of selectivity on M is characteristic of NH8 fuel cell 
only or if it is a general characteristic of the NHs 
oxidation on Pt, the following experiment was made. 
Small concentrations of oxygen were admixed with 
NHs fed in the cell. It was observed that when the ratio 

M' -- GO2,F/ GIc.I-I2,,F 

is below 0.75 again the selectivity is practically zero, 
but increases sharply when M' > 0.75 (Fig. 7). It was 
thus verified that the origin of 02 (through the zirconia 
or from the gas phase) plays no role on the selectivity 
of the cell. 

With long residence times (several minutes) and 
with M values near 0.7 it was observed that the fuel 
cell voltage, current, and product concentrations ex- 
hibit self-sustained oscillations. This is shown in Fig. 
8 for M -- 0.7, T -- ll00~ and 8 min residence time. 
An extended study of this phenomenon will be pre- 
sented in a later communication. Only steady-state 
data have been presented here. 

The platinum electrodes performed well over long 
periods of time (.~500 hr). Scanning electron micro- 

hour 
I I 

- 0 . 4 0 %  

Mole f ract ion - 0 . 0 0 %  

NO in ex i t  s t ream 

Fig. 8. Cell voltage and product oscillations. Flow rate 12.7 cm 3 
STP/min, T 1100~ M N 0.69, N N 8.6, Y N ~ , F  --" 0.0459. 

graphs of the anode and cathode after 100 hr of con- 
tinuous operation are shown in Fig. 9. Extensive sin- 
tering and faceting has occurred at the anode similar 
to that observed during the normal catalytic oxidation 
of NHa on platinum (12). 
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Fig. 9. Scanning electron micrographs of cathode (a, top) and 
anode (b, bottom). 

Discussion 
Pigne t  and Schmid t  (11) have  s tudied the kinet ics  

of NH3 oxida t ion  on Pt  wires  and found the ma in  
react ions  occurr ing  to be  

NH8 ~- 5 /40~  -~ NO ~- 3/2 H20 [2] 

NI-I~ -t- 3/2 NO --> 5/4 N2 -t- 3/2 H20 [3] 

NH8 --> 1/2 N2 -]- 3/2 H2 [4] 

NO --> 1/2 N2 -k 1/2 02 [5] 

The re la t ive  impor tance  of react ions [4] and [5] 
in the  fuel  cell  was examined  by  passing sepa ra t e ly  
NO and NI-I8 th rough  the cell  under  open-c i rcu i t  con- 
ditions. Decomposi t ion of NO, as repor ted  by  Chil ton 
(1), was found to be negl igible  at  the t empera tu re s  
and residence t imes employed  in this study.  In  agree -  
men t  wi th  previous  work  by  Mason and Huggins 
(9, 10) we found tha t  the  ra te  of NO decomposi t ion 
can be enhanced d rama t i ca l ly  by  appl ica t ion  of an 
ex te rna l  voltage.  Decomposi t ion of NH3 was found 
to be significant only above l l00~ therefore,  the  
ma jo r  source of by -p roduc t  N2 is reac t ion  [3]. This 
is l u the r  suppor ted  by  the magni tude  of the observed 
emf which would  be cons iderably  h igher  if  0 2 -  or  
adsorbed oxygen were  d i rec t ly  or ind i rec t ly  involved 
in N2 formation.  That  NO ra the r  than  N2 is the p r i -  
m a r y  anodic oxidat ion  product  is not  surpr is ing  in 
v iew of the fact  tha t  P t  catalysts  conver t  a lmost  

quan t i t a t ive ly  NHs to NO at  t empera tu res  be tween  
700 ~ and 1200~ (1). 

On the basis of these observat ions  i t  is safe to 
conclude tha t  the dominant  anodic reac t ion  is 

2NH3 ~- 5 O2- -~ 2NO ~- 3H~O ~- 10e-  [1] 

while  N2 is mos t ly  fo rmed  by  the ca ta ly t ic  side reac- 
tion 

NH3 ~- 3/2 NO -~ 5/4 N2 + 3/2 H~O [3] 

Because of the  p r edominan t ly  ohmic na tu re  of the  
overpotent ia l ,  the ra te  of react ion [1] is contro l led  
b y  the ra te  of O 2-  diffusion th rough  the zirconia 
e lectrolyte .  

The observed se lec t iv i ty  behavior  can be expla ined  
in terms of these two react ions in a quant i t a t ive  
manner :  mass balances  of the three  components  NI-Is, 
NO, and N2 in the CSTR yie ld  

CVYNH3,f = (4/5) ( i /4F)  -t- ~SyNH3,eYNO,e -~- GYNH3,e [6] 

O -- ( - -4 /5 )  ( i /4F)  ~- (3/2)~r Dr. G~NO,e [7] 

O --  ( - -5 /4 )  kS~NH3,eYNO,e "~ GYN2,e [8] 

where  k is the  specific constant  of reac t ion  [3], as-  
sumed first o rder  in both NH8 and NO, S is the  P t  
anode  surface area,  G is the to ta l  molar  flow rate,  
and  the y 's  represen t  mole  fract ions in the feed (f) 
and  exi t  (e) streams.  Wri t ing  these in te rms of d imen-  
sionless var iab les  and solving for  the exi t  concent ra-  
t ion gives 

0 = xD 2 -~ (I/N -- 2M + 3/2)XD -- (4/5) (Id/N) [9] 

(4 /5 )M --  XD 
zA = [10] 

(3/2) NXD 

XF ---- (5/4)NXAXD [11] 

where XA = ~NH3,e/~NH3,f, XD --" ~NO,e/YNH3,f, XF --" 
YN2,e/YNH3.f, M = Go2/GNH3,5 GO2 "-- i/4F, a n d  N = 
k'S'yNHs.f/G. 

In  te rms of these dimensionless  parameters ,  the  
se lec t iv i ty  is defined as 

S' -~ XD/(I -- XA) [12] 

For  ve ry  la rge  values  of N the se lec t iv i ty  is equal  
to XD, and Eq. [9] and  [10] y ie ld  

S'=O for M < 0 . 7 5  

S ' - - 2 M - - 3 / 2  for 0 . 7 5 < M < 1 . 2 5  

S ' = I  for  1 . 2 5 < M  

The solut ion of Eq. [9], [10], and  [11] for var ious  
finite values  of N are  shown in Fig. 10 where  the  
p red ic ted  se lect iv i ty  is compared  wi th  the  expe r imen ta l  
results.  At  constant  M, Eq. [9], [1O], and [11] pred ic t  
a decrease  in se lec t iv i ty  wi th  increas ing N. This is 
shown in Fig. 11 where  the  model  predic t ion  is com- 
pa red  wi th  the  observed se lect iv i ty  at  constant  M = 
0.75. 

The excel len t  ag reemen t  be tween  expe r imen ta l  r e -  
sults and  model  predic t ion  shows that  the cell  pe r -  
formance  can be adequa te ly  descr ibed in te rms of 
the  two dimensionless  groups M and N. The group M 
has a much more  pronounced effect on se lec t iv i ty  
than  N. Due to the large  thickness of the  solid e lec t ro-  
ly te  employed  in the presen t  fuel  cell  design, ma in -  
ta ining values  of M above 0.75 was difficult and r e -  
qui red low values  of GNH3 since Go2 was l imi ted  to 
a low value  because of the high e lec t ro ly te  resistance. 
Power  product ion f rom this cell was also grea t ly  
l imi ted  due to the  high e lec t ro ly te  resistance.  

Thinner  e lec t ro ly te  wal ls  mus t  be employed  to 
main ta in  high se lect iv i ty  at  h igher  NH8 molar  flow 
rates. This would  also increase the power  output  p ro -  
por t iona l ly  to the reduct ion  in the  e lec t ro ly te  wal l  
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thickness. Work is currently being conducted in this 
direction. 

Conclusions 
Nitric oxide is the primary electro-oxidation prod- 

uct of the ammonia high temperature stabilized zir- 
conia platinum electrode fuel cell. However the yield 
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of NO can be severely decreased due to the undesir- 
able catalytic side reaction between NH3 and NO on 
the Pt anode. The product selectivity is completely 
determined by the values of two dimensionless groups 
that can be used as a guide for design and operation 
of this fuel cell. Improving the existing technology 
of thin stabilized zirconia film deposition on mechan- 
ically strong cathodes has a high probability of making 
the high temperature NHs fuel cell a commercially 
attractive means for nitric acid and electric energy 
cogeneration. 
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A B S T R A C T  

The  reac t ion  of e lec t rogenera ted  superoxide  ion wi th  2-, 3-, and  4-n i t ro -  
ani l ine  and N ,N-d ime thy l -4 -n i t roan i l i ne  was s tudied  as a funct ion of t e m -  
p e r a t u r e  in N ,N-d ime thy l fo rmamide  containing t e t r a - n - b u t y l a m m o n i u m  pe r -  
ch lora te  as the  suppor t ing  electrolyte .  Techniques used for  the inves t iga t ion  
were  cyclic vo l t ammet ry ,  ch ronoamperomet ry ,  and  absorp t ion  spectroscopy. 
The resul ts  ob ta ined  indicate  tha t  superoxide  ion behaves  as a s t rong base, 
effecting pro ton  t ransfe r  f rom the amino group of 2- and 4-ni t roani l ine .  No 
react ion of superoxide  ion was observed  wi th  3-n i t roani l ine  or  N ,N-d ime thy l -  
4-n i t roani l ine  on the t ime scale of vo l t ammet ry .  Pseudo- f i r s t -o rde r  ra te  con- 
s tants  for  the  chemical  s tep in the  ECE mechanism involving depro tona t ion  of 
2- and  4-n i t roani l ine  by  superoxide  ion were  es t imated  f rom chronoampero-  
met r ic  da ta  to be 0.14 and 0.13 sec -1, respect ively ,  a t  25.0~ and 0.46 and 0.30 
sec -1, respect ively ,  a t  40.0~ 

E l e c t r o c h e m i c a l  studies (1-7) have es tabl ished tha t  
molecu la r  oxygen  undergoes  a one-e lec t ron  quas i re -  
vers ib le  reduct ion in aprot ic  solvents to the s table  
superoxide  ion, 02 ~. E lec t rogenera t ion  of this species 
by  reduct ion  of molecu la r  oxygen  in aprot ic  solvents  
provides  a convenient  method for producing  i t  in high 
concentra t ions  wi thout  accompanying  react ive  species. 
In  addit ion,  var ious  e lec t rochemical  techniques can be 
used advan tageous ly  to s tudy  the kinet ics  of the  reac-  
ti0n of O2 ~ genera ted  in this fashion wi th  subs t ra tes  
of interest .  

The chemical  r eac t iv i ty  of this unusua l  oxygen 
species, inc luding its effective nucleophil ici ty,  reduc-  
ing power,  and p ropens i ty  to act as a s t rong base 
effecting pro ton  t ransfe r  f rom organic substrates ,  r e -  
cen t ly  was summar ized  (8). The l a t t e r  p rope r ty  was 
pos tu la ted  as the  ini t ia l  s tep in the  "oxida t ion"  of 
organic  subs t ra tes  by  02 ~ (8). 

R e a c t i o n s  of 02 "~ wi th  var ious  organic  subs t ra tes  
have been rev iewed  (9). Re la t ive ly  few invest igat ions  
have  been concerned wi th  react ions be tween  O2 ~ and 
aromat ic  hydrocarbons  subs t i tu ted  wi th  basic n i t rogen 
funct ional  groups. Chern and San Fi l ippo (10) used 
chemical ly  in t roduced  02 ~ to oxidize  hydrazines,  
hydrazones,  and re la ted  compounds to azo compounds,  
N-ni t rosoamines ,  and azines. In  a recent  s tudy  Crank  
a n d  Makin  (11) examined  the react ion of 02 ~ wi th  
aromat ic  amines  subs t i tu ted  with  e l e c t r o n  donat ing  
funct ional  groups. These workers  found tha t  the  2- and 
4- isomers of pheny lened iamine  and aminophenol  were  
conver ted  by  02 ~ to the i r  d iaminoazobenzenes  and di-  
hydroxyazobenzenes ,  respect ively .  The react ion p ro -  
cess was pos tu la ted  to involve  hydrogen  abs t rac t ion  
f rom the amino group of these compounds by  O2 ~. 

In  o rde r  to obta in  addi t ional  in format ion  about  the 
react ion of 02 ~ wi th  aromat ic  amines, pa r t i cu l a r ly  
those subs t i tu ted  wi th  e lec t ron wi thd rawing  funct ional  
groups, react ions of e lec t rogenera ted  02 ~ wi th  2-, 3-, 
and  4-n i t roani l ine  and N ,N-d ime thy l -4 -n i t roan i l i ne  
were  studied.  The resul ts  of this inves t iga t ion  are  re -  
por ted  in  this paper .  

Experimental 
Chemicals.u2-Nitroaniline (Eas tman) ,  3 -n i t roan i -  

l ine (Eas tman)  4-n i t roani l ine  (Eas tman) ,  and N,N- 
d ime thy l -4 -n i t roan i l ine  (Pfal tz  and Bauer)  were  re -  
c rys ta l l ized  twice f rom 95% ethanol  and dr ied  in a 
vacuum for severa l  days. Spec t rophotometr ic  grade  
N,N-d imethy l formamide ,  DMF (Burd ick  and J a c k -  

* Electrochemical Society Active Member. 
Key words: free radicals, organic, kinetics. 

son),  wi th  a specified w a t e r  content  of less than  0.004% 
was used wi thout  fu r the r  t rea tment .  Tetra-n-butylam- 
monium perchlorate ,  TBAP,  was p repa red  and pu r i -  
fied using es tabl ished procedures .  Potass ium super -  
oxide, KO2 (Pfal tz  and  Bauer ) ,  potass ium hydroxide ,  
KOH (Fisher,  certified A.C.S.),  and 18-crown-6 e ther  
(Aldr ich)  were  used as received.  Dry  grade  oxygen  

gas (Linde)  was passed th rough  a l abo ra to ry  gas d r y -  
ing unit  (Ace Glass) containing Dr ie r i te  before  i t  w a s  
in t roduced  into D M F - T B A P  solutions. Solvent,  sup-  
por t ing  electrolyte ,  and solutions for s tudy  were  
s tored in  a d ry  box in a d ry  n i t rogen a tmosphere  
pr io r  to use. 

Instrumentation.--Cyclic vol tammet ry ,  ch ronoam-  
perometry ,  and control led  potent ia l  e lectrolysis  were  
pe r fo rmed  using an AMEL Model 551-MWR ul t ra fas t  
potent ios ta t  equ ipped  wi th  a posi t ive feedback  IR 
compensat ion circuit.  The potent ios ta t  was p ro -  
g r a mme d  by means  of an AMEL Model  566 funct ion 
genera to r  dur ing  cyclic vo l t ammet r i c  and chronoam-  
peromet r ic  exper iments .  Cyclic vo l t ammograms  and 
potent ios ta t ic  c u r r e n t - t ime  t ransients  were  recorded  
using a Houston Model 100 X - Y  recorder  or  photo-  
g raphed  f rom the d i sp lay  of a Tek t ron ix  Model  7844 
dual  beam oscilloscope. Resistance compensat ion  was 
employed  dur ing  al l  e lect rochemical  exper imen t s  ac-  
cording to the p rocedure  descr ibed  b y  Whitson et al. 
(12). 

Ul t rav io le t -v i s ib le  absorpt ion  spect ra  were  recorded  
on a CARY-17 UV-VIS spec t rophotometer  (Var ian  
Associates) .  Gas chromatographic  analysis  was pe r -  
formed using a Beckman GC-45 gas chromatograph  
equipped wi th  6 ft • 1/4 in. columns packed  wi th  
12% OV-101 on Gas Chrom-Q,  opera ted  over  a t em-  
pe ra tu re  range  of 150~176 using he l ium car r i e r  gas. 

Electrodes and cells.--A glassy carbon work ing  elec-  
t rode was constructed by  forcing a smal l  length  of 0.5 
cm Tokai  GC-30 grade glassy carbon rod (Cont inenta l  
Ore)  into an undersized,  hea ted  Teflon sleeve. A male  
14/20 s tandard  t ape r  jo in t  was machined into the op-  
posite end of the  Teflon sleeve. Elect r ica l  contact  wi th  
the  glassy carbon was accomplished by  inser t ing  a 
smal l  spr ing into the s leeve and forcing an oversized 
brass  rod into the s leeve unt i l  contact  was established.  
The end of the Teflon rod containing the glassy carbon 
was cut  flush and pol ished to a final m i r ro r  finish wi th  
0.1 #m meta l lograph ic  pol ishing alumina.  The geo- 
met r ica l  a rea  of the e lec t rode  was 0.22 cm 2. 

The countere lec t rode was a p la t inum wire  spi ra l  
held  in a 14/20 s t andard  t ape r  Ace Glass min i -e lec t rode  

1 4 8 4  
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adapter .  Potent ia l s  were  measured  agains t  a sa tu ra ted  
calomel  electrode,  SCE, isola ted f rom the bu lk  solu-  
t ion by  means  of a Vycor - t ipped  br idge  tube  equipped 
wi th  a 14/20 s t anda rd  t ape r  joint.  

Cyclic vo l t ammet r i c  and chromoamperomet r i c  ex-  
pe r iments  were  conducted  in a sealed Met rohm t i t r a -  
t ion vessel. In  addi t ion  to the  work ing  electrode,  
countere lect rode,  and reference  e lec t rode  br idge  tube,  
gas dispers ion and out le t  tubes were  provided.  The 
cell  and reference  e lec t rode  br idge  tube were  filled 
inside the d r y  box, removed,  and the rmos ta ted  in a 
constant  t empe ra tu r e  ba th  to wi th in  _0.2~ of the 
des i red  t e m p e r a t u r e  before  e lec t rochemical  measu re -  
ments  were  made.  

Results and Discussion 
V o l t a m m e t r y . - - A  represen ta t ive  cyclic vo l t ammo-  

gram, i l lus t ra t ing  ,the reduct ion  of oxygen to O2 ~ at  
a g lassy  carbon elect rode in DMF containing 0.1M 
TBAP, sa tu ra t ed  wi th  oxygen  gas at  25.0~ is shown 
in Fig. 1. Oxygen  reduct ion at  glassy carbon exhibi ts  
a degree  of r evers ib i l i ty  comparab le  to that  of oxygen 
reduct ion  at  me rcu ry  or  mercu ry -coa t ed  o la t inum.  Use 
of glassy carbon to s tudy  oxygen  reduct ion  in aprot ic  
solvents,  for  the  most  par t ,  appears  to have been ig-  
nored.  

Cyclic vo l t ammograms  corresponding to the  r educ -  
t ion of oxygen  in DMF containing 2-, 3-, and  4- n i t ro-  
an i l ine  and N ,N-d ime thy l -4 -n i t roan i l i ne  a re  shown 
in Fig. 1, 2, 3, and 4, respect ively .  As can be seen in 
t h e s e  figures, cyclic vo l t ammograms  represen t ing  the 
O2/O~ "~ couple appea r  no tab ly  different  in  the  presence 
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Fig. I. Cyclic voltammograms at a glassy carbon electrode in 
DMF -+- 0.1M TBAP at 25.0~ (dashed line) saturated with 02 at 
1 at=,, (solid line) saturated with 02 at 1 arm and 0.05M in 2- 
nitroaniline. Sweep rates were 0.02 Vsec -1. 
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Fig. 2. Cyclic vo|tammograms at a glassy carbon electrode in 
DMF - I -ElM TBAP at 25.0~ (dashed line) saturated with 02 at 
1 arm, (solid line) saturated with 02 at 1 arm and 0.05M in 3- 
nitroaniline. Sweep rates were 0.02 Vsec -1.  
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Fig. 3. Cyclic voltammograms at a glassy carbon electrode in 
DMF + 0.1M TBAP at 25.0~ (dashed line) saturated with 02 at 
I otto, (solid line) saturated with 02 at 1 atrn and 0.05M in 4- 
nitroaniline. Sweep rates were 0.02 Vsec -1. 
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Fig. 4. Cyclic voltammograms at a glassy carbon electrode in 
DMF ~- 0.1M TBAP at 25.0~ (dashed line) saturated with 02 at 
1 atm, (solid line) saturated with 02 at 1 atm and 0.1M in N,N- 
dimethyl-4-nitroaniline. Sweep rates were 0.02 Vsec - I .  

of 2- and 4-n i t roani l ine  (Fig. 1 and 3), bu t  v i r t ua l l y  
unchanged  in the  presence of 3-n i t roani l ine  and N,N- 
d ime thy l -4 -n i t roan i l i ne  (Fig. 2 and 4). A t  s low scan 
ra tes  the  peak  potent ia l  for O2 reduct ion is shif ted posi-  
t ive ly  in D M F - T B A P  conta ining 2- or  4-n i t roani l ine  
(Fig. 1 and 3). The cathodic cur ren t  due to O~ 
reduct ion is s ignif icant ly increased compared  to 
the cur ren t  observed for  the 02 reduct ion  p ro -  
cess in D M F - T B A P  which does not contain these 
ni t roani l ines .  The posi t ive shift  of the 02 reduct ion  
ha l f -peak  potent ia l  in the  presence of 2- or  4 -n i t ro -  
ani l ine  ave raged  about  29 ___2 mV at a scan ra te  of 
0.020 V/sec at  25.0~ The potent ia l  shift  decreased in 
va lue  as the scan ra te  was increased.  Al though  re la -  
t ive ly  smal l  in magni tude ,  this potent ia l  shif t  was a l -  
ways  observed  at  slow scan rates  when 2- or  4 -n i t ro -  
ani l ine  was present ,  but  was not  observed in the pres-  
ence of 3-n i t roani l ine  or  N ,N-d imethy l -4 -n i t roan i l ine ,  
In  Fig. 1 and 3 the  cur ren t  corresponding to 02 ~ 
oxida t ion  is g rea t ly  d iminished and a smal l  peak  
represen t ing  the oxida t ion  of a product  formed dur ing  
the in i t ia l  02 reduct ion  process can be seen at  po ten-  
t ials  posi t ive of the peak  represen t ing  O2 ~ oxidat ion,  
The produc t  peaks  did  not  exhib i t  corresponding re -  
duct ion peaks  as ascer ta ined  f rom repe t i t ive  cyclic 
vo l t ammet r i c  scans. When  the scan ra te  was increased 
above ca. 5-10 Vsec -1, vo l t ammograms  for the O2 
reduct ion process in  the  presence of 2- o r  4-n i t roard-  
l ine were  ident ica l  to those observed  for O2 reduct ion 
wi th  no n i t roani l ine  p resen t  and  no product  peaks  
were  observed.  
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The effect of changing the scan rate on the value of 
napp for 02 reduction, where napp is calculated from 
t h e  ratio of the vol tammetr ic  peak current  for 02 re-  
duction with added ni t roani l ine  to the respective 
vol tammetr ic  peak current  without  added ni t roani l ine  
at the same scan rate, for solutions containing 2- or 4- 
n i t roani l ine  is shown in Fig. 5. At slow scan rates na,~ 
increases toward a value of 2.0 for O2 saturated DMF- 
TBAP solutions containing 2- and 4-ni troanil ine.  This 
is especially evident  for data obtained at 40.0~ where 
the rate of reaction between 02 ~ and added n i t roani -  
l ine is enhanced and indicates that  the Oe reduct ion 
process in the presence of 2- or 4-ni t roani l ine  may in-  
volve two electrons. 

The cyclic vol tammetr ic  behavior  observed for the 
O2 reduct ion process in  the presence of 2- or 4-ni t ro-  
ani l ine suggests that the process may proceed via an 
ECE mechanism (13). In  this par t icular  type of ECE 
process the charge t ransfer  arising from the product 
of the coupled chemical step involves one electron and 
occurs at a potential  positive of the original charge 
t ransfer  step (13). 

Addit ion o~ KO~ and 18-crown-6 e t h e r . ~ T h e  fai lure 
of N,N-dimethyl -4-n i t roani l ine  to react with O2 ~, un -  
like 4-nitroanil ine,  suggests that the hydrogens at-  
tached to the amine ni t rogen of 2- or 4-ni t roani l ine  
may be impor tan t  in the reaction of 02 ~ with these 
compounds. To deduce the na ture  of the products 
formed as a result  of the reaction of 02 ~ with 2- or 
4-ni troanil ine,  large quanti t ies of O2 ~ were introduced 
into DMF solutions ca. 0.1M in these nitroanil ines.  
Superoxide ion was most convenient ly  added using 
KO2 and 18-crown-6 ether. Solutions containing 2- 
ni troanil ine,  ini t ia l ly  yellow, tu rned  red when O~'- 
was added. Greenish-yel low solutions of 4-ni t roani l ine  
became orange when treated with 02 ~. Colors ident i -  
cal to these also could be observed to form in the elec- 
trode diffusion layer  in  DMF-TBAP solutions saturated 
with O2 containing 2- or 4-ni t roani l ine  upon applica- 
tion of a potential  step of sufficient magni tude  to form 
02"-. Examinat ion  of both solutions using thin layer  
and gas-l iquid chromatography revealed no detectable 
product species, only the star t ing material.  However, 
the quant i ty  of s tar t ing mater ia l  was ~reatly d imin-  
ished in  02 ~ treated solutions. It could be restored 
simply by the addit ion of a small  amount  of proton 
donor (water  or acetic acid). 

Absorption spectra were recorded for dilute solutions 
of 2- and 4-ni t roani l ine  in DMF both before and after 
the addition of KO2 and 18-crown-6 ether. Figures 6 
and 7 show the spectra that  were obtained. The ab-  
sorption peaks which appear  at  516 nm (Fig. 6) and 
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,, '-.. 
,.',,,-,;;.......-, 

; /  \ 

7,-, \ 
I o., /V 

/ 

,7! 
,,')' / 

I I I I / I I 
350 400 450 500 

X ( n m )  

t~ 

t\ 

\ ' . \  

' t  
%, %, 

K'- 

~ o  ' 600 650 

Fig. 6. Absorption spectra for 2-nitroaniline in DMF, (solid 
line) no base, (dashed line) addition of excess KO2 + 18-crown-6 
ether, (dotted line) addition of excess CHaONa, and (dashed-dotted 
line) addition of excess KOH + 18-crown-6 ether. The initial 
concentration of 2-nitroaniline in each solution was 1.0 X 10 -4M.  
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Fig. 7. Absorptlon spectra for 4-nitroaniline in DMF; (solid line) 
no bose, (dashed llne) addition of excess K02 + 18-crown-6 ether, 
(dotted llne) addition of excess CHaONa, and (dashed-dotted line) 
addition of excess KOH + 18-crown-6 ether. The initial concen- 
tration of 4-nitroeniline in each solution was 2.8 X 10 -5M.  

464 n m  (Fig. 7) after the addition of 02 ~ are in excel- 
lent  agreement  with l i tera ture  values (14) of kmax for 
the anions of 2- and 4-nitroanil ine,  respectively, as 
shown in Table I. Unfortunately,  published spectra for 
the 2- and 4-ni t roani l ide ions do not appear to be 
available. Values of emax were calculated from the 
spectra shown in Fig. 6 and 7 for both the neu t ra l  and 
ionized nitroanilines.  It was assumed that the addit ion 
of excess O2 = to dilute solutions of 2- or 4-ni t roani l ine  
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Table I. Summary of spectroscopic data 

Neutral  
molecule Anion 

~max cmax 
kmax (M -1 ~kma~ (M -1 B a s e  

Compound (nm) cm-~) (nm) cm-~) added Ref. 

2-Nitroani- 413 5400 516 8700 O2"-" This work 
line 410 4590 515 8400 OH-- ( 14 ) 

4-Nitroani- 382 19,000 464 32,800 O~" This work 
line 378 16,900 467 32,300 O~- (14) 

r e s u l t e d  in  complete ionization of the ni t roanil ine.  The 
values of emax calculated, summarized in Table  I, also 
are in  good agreement  wi th  values of emax reported in  
the l i te ra ture  (14) for the neut ra l  and ionized ni t ro-  
anilines. 

Addi t ional  support  for the O2 ~ induced generat ion 
of the anions of 2- and 4-ni t roani l ine  was obtained 
from experiments  in  which CH3ONa or a l te rnate ly  
KOH + 18-crown-6 ether were added to dilute solu- 
tions of 2- or 4-ni troanil ine.  Both CH30-  and O H -  have 
been used extensively to generate the anions of weakly 
acidic organic compounds (14-16) in aprotic solvents. 
Absorpt ion spectra for these solutions (Fig. 6 and 7) 
are identical  to those obtained after the addit ion of 02 ~. 
Thus, the products of the reaction of the three bases, 
02 ~, CH~O-, and O H -  with 2- or 4-ni t roani l ine  ap- 
pear  to be equivalent  for each aniline. 

Mechanism of the reaction of 02 ~ wi th  2- and 4- 
nitroaniLine.--The results obtained from exper iments  
employing the addit ion of O2 ~ and other bases to solu- 
tions of 2- or 4-ni t roani l ine  in  DMF suggest that  2- 
and 4-ni t roani l ine  undergo proton t ransfer  to O2 ~ in  
DMF to form their  respective stable ni t roani l ide ions. 
An  overall  reaction sequence for the reaction of 02 ~ 
with these ni t roani l ines  can be wr i t ten  on the basis of 
the reaction of 02 ~ with other proton donors (8) and 
is represented by Eq. [1] 

202 ~ + RNH2 ,-~ 03 + HO2- + R N H -  [1] 

The overall  process for oxygen reduct ion in  the pres-  
ence of these ni t roani l ines  can be obtained by com- 
b in ing  the Oz reduct ion half-react ion with Eq. [1] to 
give 

02 + RNH2 + 2e -  ~ HO2- + R N H -  [2] 

The ECE process observed for O2 reduct ion in the 
presence of 2- or 4-ni t roani l ine  must  therefore corre- 
spond to a stepwise series of reactions whose overall  
sequence involves two electrons and is represented by 
Eq. [2]. A series of reactions that  would produce an 
ECE response and yet meet  other criteria imposed by 
Eq. [2] are represented by Eq. [3]-[5].  An ECE 
process, s imilar  to that represented by Eq. [3]-[5],  
has been postulated to account for the electrochemical 
behavior  observed dur ing  the reduct ion of oxygen in 
nonaqueous solvents in  the presence of organic and in-  
organic acids (4, 7, 17). 

02 -t- e -  ~ 02 ~ E1 ~ [3] 

k 
O2 ~ + RNH2--> HO2" ~ R N H -  C [4] 

HO~" -~ e --> HO2- E2 ~ [5] 

An  addit ional  equi l ibr ium involving homogeneous 
electron t ransfer  also must  be considered for an ECE 
mechanism of this type (18) since E2 ~ is positive of E1 ~ 

K 
O~. ~ + HO~- ~ 02 + HO2- [6] 

The homogeneous electron transfer reaction repre- 
sented by Eq. [6] is rapid with a k2 value of 9 X 107 
M -I sec -I (8). Estimation of the rate constant, k, for 
the chemical step represented by Eq. [4] and the 

equi l ibr ium constant  K, for the process represented by 
Eq. [6] is reported below. 

The product  peaks observed at 0.23 and 0.19V in  Fig. 
1 and 3, respectively, most l ikely correspond to the 
oxidation of the respective ni t roani l ide ions. Oxidat ion 
peaks were observed at the same potentials in degassed 
DMF-TBAP containing 2- or 4 -n i t roan ihne  to which 
KO2 was added. Oxidation of ni t roani l ide ion should 
occur more readi ly than oxidation of the paren t  n i t ro-  
aniline. Oxidation of peroxide ion, HO2-,  was not con- 
sidered in the reaction represented by Eq. [5] since no 
vol tammetr ic  peak a t t r ibutable  to HO2- oxidation w a s  
observed. This finding is in  good agreement  wi th  a 
previous s tudy (19) in  which oxidation of HOz- w a s  
not observed in  1M NaOH at gold, glassy carbon, or 
pyrolytic graphite electrodes. It  also was found to 
rapidly decompose in  aprotic solvents (19). 

Proton transSer rate measurements .NIn  order  to 
estimate rate constants for the chemical step repre-  
sented by Eq. [4] and equi l ibr ium Constants for the 
process described by Eq. [6], chronoamperometr ic  
measurements  were employed. The resul t ing data were 
analyzed according to the procedure described by 
Hawley and Feldberg (18). Chronoamperometr ic  ex- 
periments  were run  under  pseudo-first-order condi- 
tions, i.e., with a large excess of n i t roani l ine  present. 
The amount  of n i t roani l ine  necessary to impose pseudo- 
first-order conditions was determined by observing the 
increase in vol tammetr ic  peak current  for O2 reduc-  
tion at a fixed scan rate of 0.010 Vsec -1 with increasing 
concentrat ions of ni troanil ine.  Concentrat ions of n i t ro-  
ani l ine greater  than  0.05M produced no measurable  
increase in  the peak height at 25.0~ while concentra-  
tions greater  than 0.10M produced similar  results at  
40.0~ No change in  potentiostatic cur ren t - t ime  t ran-  
sients could be detected either, as the ni t roani l ine  con- 
centrat ions were increased above these values. The 2- 
and 4-ni t roani l ine  were reduced to their  respective 
radical  anions at peak potentials of --1.30 and --1.45V. 
It was possible, however, to observe the foot of t h e s e  
reduction waves at potentials sl ightly negative of 
--1.05 and --1.10V, respectively, especially when  the 
ni t roanil ines were present  in high concentrations. To 
avoid any possibility of the s imultaneous reduct ion 
of the n i t roani l ine  to its radical  anion dur ing these rate  
measurements,  potential  steps of 1.00 to --1.05V were 
employed for 2-ni t roani l ine  and 1.00 to --1.10V for 4- 
ni t roanil ine.  Studies of 02 reduction without  added ni -  
t roani l ine using potential  steps of 1.00 to --1.05V 
showed the O2 reduct ion process to be diffusion con- 
trolled at elapsed times greater  than  0.1 sec, whereas 
significant effects due to convection were noticeable at 
times exceeding 8 sec. For  this reason, chronoampero-  
metric experiments  were restricted to a t ime window 
of 0.1-8 sec. 

Plots of napp vs. log t for the reduct ion of 02 in solu- 
tions containing 2- and 4-ni t roani l ine  are shown in  
Fig. 8 and 9, respectively. Chronoamperometr ic  values 
of napp were calculated according to Hawley and Feld-  
berg (18). These plots were matched to napp vs. log kt 
working curves calculated using various values of K 
and the best fit was determined on the basis of 
s imilar i ty  of shape. The best fit was general ly  obtained 
for curves generated with values of K less than 0.1. 
This is most vividly demonstrated for data acquired at 
40.0~ (Fig. 8 and 9). Unfortunately,  the method used 
to estimate K in  the present  invest igat ion is too im-  
precise to allow determinat ion  of a more exact value 
for K or to s tudy the effect of tempera ture  on K. How- 
ever, the avai lable evidence tends to support  a value 
of K for Eq. [6] which is close to 0 for the present  sys- 
tems. Values of log kt corresponding to exper imental  
values of log t from Fig. 8 and 9 were obtained and 
used to calculate the pseudo-first-order rate constant, 
k, for the proton t ransfer  reaction represented by Eq. 
[4]. Values of k estimated in this fashion are given in  
Table II. Using the estimates of k given in Table II, 
plots of napp vs. log t were generated for values of 
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Fig. 8. Dependence of napp on log t for 02 reduction at a glassy 
carbon electrode in DMF -I- 0.1M TBAP, saturated with 02 at 1 
atm for a potential step of 1.00 to --1.05V vs. SCE. Upper figure: 
O.05M in 2-nitroaniline, 25.0~ Lower figure: 0.1M in 2-nitroaniline, 
40.0~ 
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Fig. 9. Dependence of napp on log t for 02 reduction at a glassy 
carbon electrode in DMF -t- 0.1M TBAP, saturated with 02 at 
1 arm for a potential step of 1.00 to --1.10V vs. SCE. Upper figure: 
0.05M in 4-nitroanifine, 25.0~ Lower figure: 0.1M in 4-nitroaniline, 
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K = 1.0 and are shown in Fig. 8 and 9 for compara t ive  
purposes. 

Examinat ion  of the data given in Table II reveals  
that  the rate  of deprotonation of the respect ive ni t ro-  
anil ine correlates wel l  wi th  the pKa of the compound 
in the two cases studied. The fai lure  of 3-ni t roani l ine 
to react  wi th  O2 ~ is not surpris ing since it  should be 
much more basic than the 2- and 4-isomers. The re-  
sults of the present  invest igat ion also are in good 
agreement  wi th  the calculations of Sawyer  et al. (8), 
who predict  that  superoxide ion solutions can promote  
proton t ransfer  f rom substrates wi th  PKa values as 
large as 23. 
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The Electrochemical Oxidation of Substituted Catechols 

Michael D. Ryan,* Alice Yueh, and Wen-Yu Chen 
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ABSTRACT 

The oxida t ion  of subs t i tu ted  catechols was s tudied  by  cyclic vo l tammet ry ,  
chronoamperomet ry ,  ro ta t ing  r ing -d i sk  electrode,  and  coulometry.  The resul ts  
showed that  the quinones that  were  formed f rom the oxida t ion  of subs t i tu ted  
catechols reac ted  wi th  the basic forms of the  s ta r t ing  ma te r i a l  to y ie ld  the  
d imer ic  product .  These products  were  gene ra l ly  uns table  and r ap id ly  po ly -  
mer ized  or  unde rwen t  some other  i r revers ib le  react ion to form an  e lec t ro-  
inact ive  product .  Fo r  3 ,4-d ihydroxyace tophenone  and propr iophenone,  the  in-  
t e rmed ia te  was s table  long enough to be observed in cyclic vo l tammetry .  The 
ra te  of the coupling react ion was found to corre la te  wel l  wi th  the H a mme t t  
p-r pa rame te r s  and indica ted  that  there  was subs tant ia l  negat ive  charge in 
the  t rans i t ion  state. F inal ly ,  an analysis  of the  coulometr ic  n -va lues  along 
wi th  the iatl/2/C values  ind ica ted  tha t  the in i t ia l  coupl ing product  was a 
d iphenyl  ether.  Analys is  of the  cou lomet ry  products  showed extens ive  p o l y m -  
erization.  

Many  workers  have  shown tha t  o- and p-d iphenols  
can be oxidized e lec t rochemica l ly  to o-  and p-quinones,  
respect ively .  The quinone tha t  is fo rmed is qui te  
reac t ive  and can be a t t acked  by  a va r i e ty  of nucleo-  
philes. Adams  and co-workers  (1-3) have shown tha t  
4 -me thy l -o -benzoqu inone  can react  wi th  nucleophiles  
such as ammonia ,  chloride,  and su l fhydry l  compounds 
to form the addi t ion  products.  In  addit ion,  Adams  
(4, 5) has shown that  p-benzoquinones  wi th  e lec t ron-  
w i t h d r a w i n g  subst i tuents  can be nucleophi l ica l ly  a t -  
t acked  by  wate r  to y ie ld  a t r i hyd roxy  compound,  which 
can be fu r the r  oxidized to the hydroxyquinone .  Sev-  
e ra l  o ther  workers  (6-9) have inves t iga ted  the reac-  
tions of o-quinones  f rom Dopa, catechol,  and 4 -me thy l  
catechol  in aqueous solutions, but  the emphasis  has 
been most ly  on acidic solut ions and at  low concent ra -  
tions, which  s ignif icant ly suppress  the coupl ing reac -  
tion. Outside of the  work  by  S tum and Suslov (1O), 
there  has been l i t t le  e lec t rochemical  work  done on 
the coupl ing react ions of quinones. 

By contrast ,  the re  have been extensive chemical  
s tudies on the oxida t ive  coupling react ions of phenols,  
and  this  a rea  has been rev iewed  in a book by  Musso 
(11). The u l t ima te  products  of catechol  oxidat ions  
is a m e l a n i n - t y p e  produc t  (12-14), but  i t  is ve ry  
difficult to charac ter ize  the  ma te r i a l  or  to unde r s t and  
its coupl ing mechanism.  There  are  severa l  possible 
react ions  which  the o-quinone  can undergo.  The first 
poss ib i l i ty  is the reac t ion  of the  o-quinone  wi th  w a t e r  
( react ion [1] ) 
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Key words: cyclic voltammetry,  chronoamperometry,  rotating 

ring-disk electrode, coulometry. 

OH 

~ +  ) [i] 

OH 

Because a p -qu inone  is formed when  1,2,4-trihy- 
d roxybenzene  is oxidized,  t r ihydroxybenzene  is eas ier  
to oxidize than catechol.  Thus, react ion [2] wi l l  occur  
when the t r i hydroxybenzene  is fo rmed 

/ OH 41 /OH 

) + 2 e" + 2H + [2] 

OH 
This species may  then undergo a po lymer iza t ion  reac-  
t ion (15). Al te rna t ive ly ,  the o-quinone can react  wi th  
the  s ta r t ing  mater ia l ,  as shown in react ion [3] 

~ / 0  OH 

+ 

OH 0 

HO 

) HO ~ ~ O H  H [3b] 
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Both of these products can be fur ther  oxidized to 
form o-quinones.  In  the above reaction, the reactive 
phenol  may also be one of the anionic forms of cate- 
chol, which is formed by the acid dissociation reaction. 
Finally,  the coupling reaction may occur by way of 
a semiquinone intermediate.  

Electrochemical methods are un ique ly  suitable to 
provide informat ion on the kinetics of the coupling 
reaction. The rate of disappearance of the o-quinone 
can be monitored by the use of double-step chrono- 
amperometry  or the rotat ing r ing-disk  method. The 
ident i ty  of new electroactive species can be monitored 
by cyclic vol tammetry.  By this approach, it is possible 
to unders tand  the ini t ia l  steps that  are involved in  
the coupling reaction. 

Experimental 
Equipment.--Most of the electrochemical experi-  

ments  were performed on a homemade three-electrode 
potentiostat  of conventional  design. Some of the cyclic 
vol tammetr ic  experiments  were done on a Pr inceton 
Applied Research Corporation (PAR) Model 174A 
polarographic analyzer.  The reference electrode was 
a saturated calomel electrode (SCE) and the working 
electrode was a carbon paste electrode. A p la t inum 
wire was used as an auxi l iary  electrode. ']:'he chrono- 
amperometr ic  and cyclic vol tammetr ic  data were re-  
corded on a Hewlet t -Packard  7045A X-Y recorder 
or a Tektronix  Model D15 storage oscilloscope. The 
u.v.-visible spectra were recorded on a Cary 14 spec- 
trometer.  The coulometry was performed on a PAR 
Model 173 potentiostat  with a Model 179 integrator.  
The r ing-disk  electrode rotator was a Pine Ins t rument  
Company Model ASR, the r ing and disk were plat inum, 
and a homemade bipotentiostat  was used as described 
in Ref. (16). 

Catechol (CAT), 3,4-dihydroxacetophenone (DHAP),  
3-methyl  catechol (3MC), 4-methyl  catechol (4MC), 
3,4-dihydroxybenzoic acid (DHBA), and 3,4-dihy- 
droxyphenylacet ic  acid (DHPA) were purchased from 
Aldrich Chemical Company. 3,4-Dihydroxypropriophe- 
none (DHPP) was obtained from ICN Pharmaceut ica l  
Incorporated. 3,4-Dihydroxybenzoic acid, ethyl ester 
(DHBE) was obtained from Pfaltz and Bauer, Incor-  
porated. Catechol and 3-methyl  catechol were purified 
by sublimination.  DHBE was recrystallized from hot 
water, and pale yellow crystals were obtained with 
a mel t ing point  o f  198~176 3,3',4,4'-Tetramethoxy 
biphenyl  (TMBP) was synthesized by the U l lmann  
reaction, as described in Ref. (17), and the TMBP 
was reacted with boron t r ibromide (18) to yield the 
3,3' ,4,4 '- tetrahydroxybiphenyl (THBP).  

All  solutions were prepared from deionized water. 
The pH 1 solutions were made with sulfuric acid. 
The solutions that  were buffered around p i t  5 were 
made from acetic acid/acetate mixtures,  while phos- 
phate buffers were used for solutions above pH 6. 

Results 
Cyclic voltammetry.--Only one oxidation peak was 

observed for all the catechols studied except for 
THBP, DHAP, and DHPP. With the same exceptions, 
only one reduct ion peak was seen, except in basic 
solutions where  the quinone was unstable.  In  that  
case, the reduct ion peak disappeared. The quasi-  
reversibi l i ty of the electron t ransfer  reaction makes 
it  difficult to obtain quant i ta t ive  kinetic data from 
the cyclic vol tammograms but  one can see qual i ta t ively 
that the quinone becomes progressively less stable 
as the pH is raised. The effect of ~H on the cyclic 
vo l tammetry  of catechol is shown in Fig. 1. In  addition. 
the second-order na ture  of the reaction process can 
be seen by the decrease in the peak current  ratio, 
ipc/ipa, as the concentrat ion is increased at a given pH 
and scan rate. A quant i ta t ive  measurement  of this 
effect is described later  in this work. 

0 

40  

| I I I 

I I I I, 

0.4 0.2 0 - 0 .2 

E. V vs SC, E 

Fig. 1. Cyclic voltammetry of 0.3 mM catechol. Solid line pH 2. 
Dashed line pH 8. Scan rate 10 rnV/sec. 

The oxidation of DHAP and DHPP gives addit ional  
features that  are instruct ive in unders tanding  the 
reaction process. In  solutions with a pH less than  5, 
the cyclic vol tammetry  of these two compounds is 
s imilar  to the other catechols. But, for pH values 
between 5 and 7, a new redox couple is seen in  the 
voltammograms, as shown in  Fig. 2. For DHPP, the 
new oxidation wave is not seen unt i l  the second scan 
because its peak potential  is less than  the peak poten-  
tial for catechol, while the new oxidation peak for 
DHAP is more positive than  the catechol peak and 
hence is seen in the first scan. In  Fig. 2, curve C, one 
can see that this new peak is reduced relat ive to the 
first peak as the scan rate is increased. At first glance, 
this behavior  looks s imilar  to the behavior  seen for 
2,5-dihydroxyacetophenone (4), where water  adds to 

I I I I I ~ I ! 

T 
20pA 

~ "  ~ 

I I i I i I I i 
0,8 O~ 0.4 0.2 0 

E V vs SC~ 

Fig. 2. A (first scan) and A' (second scan): cyclic voltammetry of 
1.0 mM dlhydroxypropiophenone, pH = 5.8; scan rate 30 mV/sec. 
B (first scan) and B' (second scan): cyclic voltammetry of 1.0 mM 
dihydroxyacetophenone (DHAP), pH = 6.0; scan rate 10 mV/sec. C 
(first scan) and C' (second scan): cyclic voltammetry of 1.0 mM 
DHAP; pH = 6.0; scan rate 100 mV/sec. Solid lines are the zero 
current for each voltammogram. 
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- 45 
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0.4 0.2 0 - o. 2 - 0.4 

E. V vs SCE 

Fig. 3. Cyclic voltammetry of 0.1 mM :3,:3', 4,4'-tetrahydroxy- 
biphenyl; pH 7.0; scan rate 100 mV/sec. 

the quinone. But, on quant i ta t ive  examination,  the 
peak current  function, ipa/Vl/2C, does not increase but  
remains  constant  at the value for two electrons. This 
wil l  be examined in  more detail  la ter  by chronoamper-  
ometry. In  more basic solutions, both reduct ion waves 
and the new oxidation wave disappear. 

The oxidation of THBP is shown in Fig. 3. Two 
oxidation waves occur, and on the basis of previous 
work, the following scheme can be proposed 

First Wave 

HO HO 

H O ~ H .  ---~ 0 ~ O  + 2e" + 2H + [4] 

0H OH 
I II 

Second Have 

. 0 ~ 0  + 2e- + 2H + [5] II �9 

~II 0 

The peak potential of the second wave is approx- 
imately at the same potential as the peak potential 
of catechol at the same pH. It should be noted that, 
except for catechol and 3-methyl catechol, none of 
the other biphenyls formed from their respective 
catechols can form structure II because of the repul- 

sion of the 4-substituents on-the rings. As a result, 
it is impossible for the biphenyl to form the planar 
configuration needed for the extended p-quinone struc- 
ture. 

Chronoamperometry.--In order to calculate the rate 
of react ion of the electrochemically generated quinone, 
double-potent ia l  step chronoamperometry  (DPS) was 
used to el iminate  the effect of the electron t ransfer  
rate. The chronoamperometr ic  behavior  of catechol 
was typical  of all  the subst i tuted catechols where no 
new peaks were observed in  the cyclic voltammograms.  
The current  decay of the oxidat ion current  for cate- 
chol obeyed the Cotrell equat ion for all the pH values 
studied (1 < pH < 12). The value of the current  
constant, iatV~/C, was equal to the value expected for 
a two-elect ron oxidation, even for times when there 
was substant ia l  reaction of the quinone. The current  
ratio ic/ia, was dependent  on the step time, T, the 
concentrat ion of catechol, and the pH. The first two 

Table I. The chronoamperametric data for catechol at pH 8 

Cone Time t 
(m_,'~') (see)  (/.~A) iatZ/2/C it / is  RI 

0.30 0.50 97.5 230 0.275 0.951 
1.0 67.8 209 0.262 0.904 
2.0 46.9 221 0.264 0.912 
6.0 29.4 219 0.260 0.876 

lO.O 20.8 219 0.223 0.769 

1.00 1.0 209 207 0.274 0.943 
2.0 148 209 0.256 0.882 
5.0 93.6 207 0.199 0.688 

i0  66.6 210 0.135 0.466 
15 54.1 209 0.128 0.425 
20 47.2 211 0.083 0.288 

3.00 0.5 1087 256 0.268 0.926 
1.0 679 226 0.228 0.786 
2.0 454 214 0.221 0.762 
5.0 278 222 0.131 0.450 

10 210 221 0.073 0.250 
15 171 220 0.048 0.165 
20 148 221 0.037 0.127 

effects can be seen in Table I for three different con- 
centrat ions of catechol at pH 8. In  all cases, the cur-  
ren t  ratios are divided by 0.2928 to normalize the 
values. This new parameter  is called RI. These data 
demonstrate  the second-order na ture  of the reaction 
process. The current  ratio data from Table I can be 
correlated with the theoretical working curve for the 
following coupling mechanism 

A ~ B -F 2e- + 2H+ [0] 

kd 

B 4- A ~ D [7a] 

D ~ D' + 2e- ~- 2H + [8] 

D+B~A+D' [9] 

It is assumed that reaction [8] is i rreversible because 
no new wave is seen for the D/D'  couple. Since reac- 
tion [8] is favorable, reaction [9] must  also be occur- 
r ing and may very well  be the most probable means 
of forming D'. The current  ratio data from Table I 
is shown in Fig. 4, along with the theoretical lines. 
It should be pointed out that an alternate coupling 
scheme could be 

k'd 

2B > D' [7b] 

The chronoamperometric working curve for RI as a 
function of z is somewhat different for this case, but 
the difference is not large. As will be seen later, 
though, the pH variation of the rate constant is more 
consistent with reaction [7a]. 

The variation of the coupling rate constant, kobs, 
with pH is shown in  Table II, along with the iatl/2/C 
values. This var iat ion was consistent with the follow- 
ing coupling mechanism 

I I I I I 

O8 

O~ 

o | 1 I I I 
-4 -3  -2 

LOG C~" 

Fig. 4. Chronoamperometry of catechol at pH 8. Concentration of 
catechol: ( 0 )  0.30 mM, ( I )  1.00 mM, and ( 5 )  3.00 raM. Line is 
theoretical line for a second-order coupling mechanism with a rate 
constant of 30 M-Zsec -1 .  



1492 J. Electrochem. Soc.: ELECTROCH EMI CA L SCIENCE AND TECHNOLOGY July  1980 

Table II. Variation of the rate of the coupling reaction as a 
function of pH 

p H  

/~ob. kl k= /r 
(M-1 (M-1 (M-1 (M-1 

see -z ) =z* see-D ,~2" sec-~) s e e  -1 ) 

8.0 30 0.059 507 1.18 x 10 -5 - -  29 
9.0 158 0.387 410 7.71 x I0-~ - -  188 

10.0 456 0.848 537 1.69 x 10-= ~ 411 
11.0 1398 0.823 802 0.164 4500 764 
12.0 1610 0.333 (485)$ 0.666 2175 1605 

* pK~ = 9.2, pI% = 11.70, Ref.  (20). 
t Calcula ted value of /Cob, f rom the  best  fit of  the  data. 
$ Calcula ted  f r o m  the  pH 8-11 data. 

0 OH 

§ ) D [10] 

0 -0 O0  0k2 + ) D [11] 

The value of kobs is then 

kobs = alkl  -]- a s k s  [12] 

where al and ~2 are the fraction of the catechol in  
the first and second ionized forms, respectively, as 
defined in  Eq. [13] and [14] 

{Xl - -  K z [ H + ] / ( [ H + ]  2 + K i [ H  + ] + KIK2) [13] 

~s : K1Ks/( [H + ] 2 + K1 [H + ] + KIK2) [14] 

where K1 and  K2 are the first and second acid dis- 
sociation constants, respectively. If k2 is not  much 
larger than kl, then, when  the pH < pK2, a2k2 is neg-  
ligible compared to alkl, as a result, kl is then 

kl ~ kobs/C=l 

The calculated values of ki are shown in  Table II, 
along with the k2 values calculated from the best 
values of ki and Eq. [12]. In  Table II, the best values 
for kz and k2 are used with Eq. [12] to calculate the 
value of kobs at each pH, and this will  be called kcalc. 
The values of kobs as a funct ion of pH are shown in  
Fig. 5 along with the theoretical l ine based on the 
known  a values and the measured rate constants. 

This same procedure can be used to calculate the 
values of kz and k2 for other catechols, except for 
DHPP and DHAP. The values of kobs are small  enough 
so that  kl and k2 can be calculated for 3MC, 4MC, and 
DHPA. The coupling reaction is too fast to measure 
the values of kobs in  very basic solutions which are 
necessary to calculate k2 for DHBA, DHAP, DHPP, 
and DHBE. The var iat ion of kobs as a funct ion of pH 
for these compounds are shown in  Fig. 5 and 6. The 
values of kl and k2 are given in  Table III  for all the 

Table III. Values of kl and k2 for substituted catechols 

kz ~s 
Com. ( M-~ (M-~ 

pou nd  sec -z ) sec -1) pKt  pK2 

CAT 485 2170 9.2 
3MC 82 580 9.3 
4MC 440 660 9.5 
D H P A  140 1500 10.0 
DHBA 4,900 - -  10.2 
D H A P  60,000 ~ 8.20 
DHBE 1,800 - -  8.06 
D H P P  66,000 ~ 8,ZO 

I I I I I 

! I ! 

8 10 12 

Fig. $. Variation of the observed rate constant, kobs, as function 
of pH. (<)) catechol, (1"1) 3-methyl catechol, ( l )  4-methyl catechal 
using chronoamperometry, ( � 9  4-methyl catechol using rotating 
ring-disk method, ( •  dihydroxyphenylocetic acid. Solid lines are 
the theoretical curves using Eq. [12]. 

I I i I I i I 
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Fig. 6. Variation of the observed rate constant kobs, as a function 
of pH. (O) dihydroxypropiophenone, ( O )  dihydroxyacetophenone, 
(r'l) dihydroxybenzoic acid, ethyl ester; (O) dihydroxybenzoic acid. 
Solid lines are the theoretical curves using Eq. [12]. 

catechols studied, along with the l i terature  values for 
pK1 and pK2. 

The measurement  of kobs for DHAP and DHPP must  11.7 
11.3 take into account the electroactivity of the reaction 
11.9 product. The working curve for an electroactive D/D'  
11.6 couple was derived by the use of the finite-difference 
-- approach (19). The fol lowing reaction mechanism was 
-- numer ica l ly  solved 

11.65 
- [6]  A~B§ 



/e 
B + A-> D [Ta] 

D ~ D' + 2e-  + 2H + [15] 

D + B ~ A + D '  [9] 
kt 

D' + A'-> T [16] 

T-> T' -I- 2e -  -t- 2H+ [17] 
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where T and T'  are the reduced and oxidized forms 
of the tr imer,  respectively, and kt is the rate of the 
t r imer  reaction. Quali tat ively we can see from cyclic 
vo l tammetry  that  the stabil i ty of the dimer  peak de- 
pends on the concentrat ion of the catechol. The work-  
ing curve for this mechanism for different ratios of 
kd/kt is shown in  Fig. 7. 

The analysis of the DHPP data is i l lustrated in  Fig. 8 
for the chronoamperometr ic  data at pH 6.8 for three 
different concentrations. For  RI > 0.5, the value of 
kobs depends mostly on the dimerization rate while 
the value of kt can be calculated most accurately for 
Rr values less 0.5. From this information,  it was found 
that  kd was 1.0 X 103 .~r-1 sec-Z and kt was 1.0 X 102 
M-1 sec- i .  One must  remember  that  both kd and kt 
depend on pH and are observed rates that depend on 
~l and =2. Data for different pH values are shown in  
Fig. 9, and the var ia t ion of kd with pH is shown in  
Fig. 6. From this, kl was found to be 6.6 • 104 M -1 
sec-~ and kl.t or kl for the t r imer  reaction was 1.3 • 
104 M - i  sec- i .  Similar  data were obtained for 

I i I i i I 

'lo 

l i I I ~"'--,~ I I 

- 1  o 1 

Fig. 7. Theoretical working carve for a dimer-trlmer coupling 
reaction. ~ = kdC'~, where kd is the rate of dimerization reaction. 
~t -" ktCT, where kt is the rate of the trlmerization reaction. 
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Fig. 8. Doable potential step chronoamperometry of dlhydroxypro- 
plophenane at pH 6.8. Concentration of DHPP: (D)  0.5 raM, ( e )  
1.0 raM, ( O )  2.0 raM. 

R I 

1.0  
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Fig. 9. Double potential step chronoamperometry of 1.0 mM di- 
hydroxyproprophenone. ( e )  pH --  5.8, ( � 9  pH = 6.2, (V) pH = 
6.8. 

DHAP. The potent ial  for the anodic step was always 
chosen positive of the second peak. I t  is interest ing to 
note that  the value of iat~/2/C remained at the value 
indicative of two electrons even when there was sub-  
s tant ial  reaction for the quinone. 

Rotating ring-disk experiments (RRDE).--4MC was 
studied by RRDE in order to verify that  surface film- 
ing or other such effects were not  occurring. The ap-  
pearance of s teady-state  currents  (especially for the 
r ing) and the obta ining of kinetic data consistent with 
the chronoamperometry  were a fur ther  verification 
that  the homogeneous reactions were being monitored. 

Only one oxidation wave was observed on the disk 
as the disk potent ial  was scanned (Fig. 10). If the r ing 
potential  was held at a potential  where the quinone is 
reduced, a reduct ion wave was seen as the disk poten-  
tial was scanned through the oxidation wave (Fig. 10). 
In  addition, if the disk potent ial  was held in  the l imi t -  

i ' I ' 

- 5 0  
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- 1 0 0  
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Fig. 10. Rotating ring-disk voltammogram of 0.93 mM 4-methyl 
catechol, ir = ring current, id = disk current, pH = 1 2 . .  = 
10.5 sec- 1. 
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ing current  region and the ring potential  was scanned, 
only one wave corresponding to the quinone reduc-  
t ion was observed. For all pH values studied, the disk 
l imit ing current,  iD, was proport ional  to the square 
root of the rotat ion rate, ~i/2. For n ---- 2, the diffusion 
coefficient, D, for 4MC was calculated to be 4.64 • 
10-8 cm2/sec. 

In  acidic solutions, the collection efficiency, Nk, was 
independent  of the rotat ion rate, ~, and was equal to 
0.17, which was the max imum collection efficiency. In  
neutra l  and basic solutions, the collection efficiency 
decreased and was dependent  on rotat ion rate. A typi-  
cal set of data is shown in  Fig. 11, along with the theo- 
retical curve for the coupling mechanism. The second- 
order rate constant  was calculated for different pH 
values and the results are shown in  Fig. 5. These re-  
sults were quite consistent wi th  chronoamperometry.  

Coulometry.--The eoulometric oxidation of 4-methyl  
catechol was studied most extensively with less work 
being done on catechol, DHBA, and DHPP. All  of 
these compounds gave similar  results. The oxidation 
of these compounds leads to extensive polymerizat ion 
as has been seen by previous workers (11). In  part ic-  
ular, in  this work the products of the oxidation of 
DHBA and DHPP were isolated and were found by 
mass spectrometry to be highly polymerized. Frag-  
ments  were seen in the mass spectra for monomers,  
dimers, and tr imers and the high mel t ing point 
(>200~ indicated even larger polymers. This is con- 
sistent with the chronoamperometr ic  work which 
showed the poor stabil i ty of the dimer. 

The current  decay curve for the oxidation of 4MC 
depended somewhat on pH. In  very basic solutions 
such as pH 11.2, the coulometric n -va lue  was 2:12 which 
is consistent with the vol tammetr ic  and chronoampero-  
metric data. An analysis of the log i-t curve at this pH 
also gave a slope with an n -va lue  of 2.07. In  less basic 
solutions, the log i - t  curve tended to flatten out at 
long times and the overal l  coulometric n -va lue  rose 
to 3.03 at pH 9.42. Still, for the first 10-15 min  of the 
electrolysis, the slope of the log i - t  curve yielded a 
value of 2.05. This indicated that  in  less basic condi-  
tions and at longer times an electroactive product was 
slowly being formed. This is at much too long a t ime 
scale to be observed in chronoamperometry  or volt-  
ammet ry  and is probably related to the polymeriza-  
t ion reaction. Dur ing  the t ime scale for the chrono- 
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Fig. 11. Variation of the collection efficiency, Nk, as a function 
of the reciprocal of rotation rate for 0.93 mM 4-methyl catechol. 
pH - -  12. Points are experimental points and solid line is the 
theoretical curve for kf = 620 M -1  sec -z .  

amperometric  work, though, an overall  n ---- 2 process 
occurred. Similar  results were observed for DHBA 
where an n -va lue  for the log i-t curve was ini t ia l ly  
2.13 while the overall  n -va lue  was 2.91 at pH 10.62. 
Once again, the increased n -va lue  was due to some 
slowly formed electroactive product  which occurred 
dur ing  fur ther  polymerization. 

Discussion 
The oxidation of all  the catechols studied involved 

ini t ia l ly the oxidation of the catechol to the o-quinone 

OH 0 

- ,  + 2e" + 2H + [18] 

l R2 R 2 
R l 

The next  step was the coupling between the star t ing 
material,  catechol, and the quinone 

-0 0 

+ ) D [19] 

Rl 
R 1 

R 2 R 2 
R l R l 

k 2 
> D [20] 

R2 OH OH 
R T _ ~  0 _ ~ 0  H H~---X R ~  2 

~l R 2 H O ~  OH 

D l D2 

There are also several other isomers that  can be 
formed by coupling at other positions. Dimer D1 can 
be fur ther  oxidized as shown in  reaction [21] 

R2 OH 

R O r - ~  OH ~ RI 0 + 2e- + 2H + [ 2 1 ]  

R l R 2 

and D2 can be oxidized as follows 

HO R1 R2 0 

There is an intermediate  two-elect ron oxidation state 
for these catechols such as D2' for catechol (R2 = H) 
or 3-methyl  catechol (R2 = CHa) or De" for the other 
catechols 

HO R 2 R 

D 2 ~ D 2" 

Since D2 can be oxidized by  four electrons at the po- 
tent ial  that the oxidation occurred the overall  oxida- 
t ion of catechol by the C-C coupling is given in  reac- 
t ion [23] 

OH 0 

> I/2 0 + 3H+ s" 3o- [23] 
R 2 

R1 R2 R1 0 

The ident i ty  of D can only be inferred because of its 
poor stabili ty and the great tendency of the quinones 
to polymerize. Two general  types of D, which are 
formed by C-O or C-C coupling, can be visualized 



Vol. 127, No. 7 O X I D A T I O N  O F  S U B S T I T U T E D  C A T E C H O L S  

Conversely,  the  overa l l  oxida t ion  of catechol  to Dz' is 

OH R1 R2 

..... > 1/2 R o +2H+*~e- [24] 
R2 

R 1 R 2 OH 0 

Thus, i f  reac t ion  [23] were  occurring,  the  iatz/2/C 
values should increase  by  50% when  the coupl ing re -  
act ion occurs to a significant extent .  But  if reac t ion  
[24] were  occurring,  the iatl/2/C values  should r ema in  
constant ,  as was observed.  In  addit ion,  the  coulometr ic  
n -va lues  were  consistent  wi th  an  n : 2 oxidat ion  
process. I t  is only  when  the coupling process is s low 
(low pH) and when  the catechol  concentra t ion is de-  
p le ted  ( long electrolysis  t ime)  tha t  the  coulometr ic  
n -va lue  increases.  In  those cases, ex tens ive  p o l y m e r -  
izat ion is Occurring and the decreases  in  the  catechol  
m a y  cause changes in the  po lymer iza t ion  mechanism. 
In  general ,  though, the  fo rmat ion  of d imer  D1 is the  
most  p robab le  s tep in in i t ia t ing  the po lymer iza t ion  
process for  catechol. The e lec t ro inac t iv i ty  of the  p rod -  
uct  is p robab ly  due to the  r ap id  po lymer iza t ion  or  
some ye t  uncharac te r ized  i r revers ib le  reaction. Dimer  
D2 has been  shown in this work  to be e lec t roact ive  and, 
in al l  p robabi l i ty ,  d imer  D1 should also be electroact ive.  
I t  is only  for DHAP and DHPP  tha t  the  reac t ion  of 
the d imer  is s low enough to be observed  in vo l t am-  
merry.  

The coupl ing reac t ion  is qui te  sensi t ive to subs t i tu -  
en t  effects as was seen in  Table  III. The ra te  of the  
coupl ing reaction,  kl, can be re la ted  wi th  the  Ham-  
met t  p-r parameters ,  where  the H a m m e t t  equat ion is 

log ki : log ko + p~ 

where  kt is the  ra te  constant  for  the  subs t i tu ted  ca te-  
chol, ko is the ra te  constant  for catechol,  �9 is a constant  
character is t ic  of a g iven subs t i tuent  group, and  p is 
the slope of the log ki-~ graph.  The H a m m e t t  plot  is 
shown in Fig. 12. The p value  was 6.2. This posi t ive p 
va lue  means  tha t  the  t rans i t ion  s tate  has a subs tant ia l  
negat ive  charge  because the reac t ion  ra te  is increased  
signif icant ly for e l ec t ron -a t t r ac t ing  substi tuents .  This 
resul t  is consis tent  w i th  the  a t t ack  of the  catechol  an-  
ion on the quinone. The  only  except ion is the coupl ing 
of DHBE, which  devia tes  s ignif icant ly f rom the log 
ki-er line. This devia t ion  m a y  be due to s ter ic  effects. 
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Fig. 12. Hammett ~-p plot for the catechols studied 
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The best  fit was obta ined  for  ~m values,  a l though ~p 
gave s imi la r  resul ts  bu t  w i th  somewha t  more  scatter .  
This m a y  be a reflection of the  point  of a t t ack  b y  the  
anion, a l though it  is difficult to m a k e  any  f irm con- 
clusions on this basis alone. 

Conclusions 
The resul ts  of this work  show tha t  subs t i tu ted  ca te-  

chols a r e  oxidized to the i r  respect ive  quinones. The 
quinone is then a t t acked  by  the var ious  anionic forms 
of the catechol  to form a d ipheny l  ether.  The overa l l  
oxida t ion  is a two-e lec t ron  process,  bu t  the  coulometr ic  
n -va lue  increases  at  long electrolysis  t imes due to 
some s lowly formed po lymer ic  products  and  also 
changes in the reac t ion  mechanism due to the  dep le -  
t ion of catechol. F ina l ly ,  the  H a mme t t  p-~ plot  is con- 
s is tent  wi th  a subs tan t ia l  negat ive  charge  in  the  t r ans i -  
t ion state. 

Acknowledgment 
The authors  would  l ike to acknowledge  the  Research  

Corpora t ion  and the Marque t te  Univers i ty  Commit tee  
on Research for pa r t i a l  suppor t  of this research.  In  
addit ion,  the  authors  would  l ike  to t hank  the Com- 
pu te r  Services  Division of Marque t t e  Univers i ty  for  
computer  time, Dennis H. Evans for his generous  help 
in a l lowing the use of some of his equipment ,  and  
Ben jamin  A. Fe inberg  for  ob ta in ing  the mass  spectra.  

Manuscr ip t  submi t ted  Sept .  28, 1979; revised m a n u -  
scr ipt  received Feb.  14, 1980. This was Pape r  321 p re -  
sented at  the  Boston, Massachusetts ,  Meet ing of the 
Society,  May 6-11, 1979. 

Any  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  June  1981 
JOURNAL. Al l  discussions for the June  1981 Discus-  
sion Section should be submi t ted  by  Feb.  1, 1981. 

REFERENCES 
1. R. N. Adams,  M. D. Hawley,  and S. W. Fe ldberg ,  

J. Chem. Phys., 71, 851 (1967). 
2. M. D. Hawley,  S. V. Ta tawawadi ,  S. P iekarski ,  

and R. N. Adams,  J. Am. Chem. Soc., 89, 447 
(1967). 

3. A. W. Sternson,  R. McCreery,  B. Feinberg ,  and  
R. N. Adams,  J. Electroanal. Chem. Interracial 
Electrochem., 46, 313 (1973). 

4. L. Papouchado,  G. Petr ie ,  and  R. N. Adams,  ibid., 
38, 389 (1972). 

5. L. Papouchado,  G. Petr ie ,  J. H. Sharp,  and R. N. 
Adams,  J. Am. Chem. Soc., 90, 5620 (1968). 

6. T. E. Young, J. R. Griswold,  and M. H. Hulber t ,  
J. Org. Chem., 39, 1980 (1974). 

7. A. Brun and R. Rosset, J. Electroanal. Chem. In- 
terracial Electrochem., 49, 287 (1974). 

8. J. Doskocil,  Coll. Czech. Chem. Commun., 15, 780 
(1950). 

9. G. S iva ramiah  and V. R. Kr ishman,  Indian J. 
Chem., 4, 541 (1966). 

10. D. I. S tom and S. N. Suslov, Biofizika, 21, 40 (1976). 
11. H. Musso, in "Oxidat ive  Coupling of Phenols,"  

W. I. Taylor  and A. R. Bat ters ley,  Editors,  pp. 
1-94, Marce l  Dekker ,  Inc., New York  (1967). 

12. W. G. C. Forsy th  and V. C. Quesnel,  Biochim. 
Biophys. Acta., 25, 155 (1957). 

13. A. C. Waiss, Jr., J. A. Kuhnle ,  J. J. Windle,  and  
A. K. Wiersema,  Tetrahedron Lett., 6251 (1966). 

14. D. E. Hathway,  J. Chem. Soc., 519 (1957). 
15. C. R. Dawson and W. B. Tarpley,  N.Y. Acad. Sci. 

Ann., 100, 937 (1963). 
16. P. J. Kinlen,  D. H. Evans, and  S. F. Nelsen, J. 

Electroanal. Chem. Interracial Electrochem., 97, 
265 (1979). 

17. E. Ritchie, J. Proc. R. Soc. N.S. Wales, 78, 134 
(1945). 

18. J. F. W. McOmie, M. L. Watts,  and D. E. West, 
Tetrahedron, 24, 2289 (1968). 

19. S. W. Feldberg ,  in "Elec t roanaly t ica l  Chemist ry ,"  
Vol. 3, A. J. Bard,  Editor,  pp. 199-296, Marcel  
Dekker ,  Inc., New York  (1969). 

20. P. J. An t ika inen  and U. Wit ikainen,  Acta Chem. 
Scand., 27, 2075 (1973). 



The Electrochemichromic Properties of 
4-Benzoylpyridinium Derivatives 
Nobuyuki Yoshiike, Shigeo Kondo, and Masakazu Fukai 

Centra~ Research Laboratories, Matsushita Electric Industrial Company, Limited, Moriguchi, Osaka, 570 Japan 

ABSTRACT 

The e lec t rochemis t ry  and e lec t rochemichromism of a number  of  4-benzoyl -  
py r id in ium der iva t ives  (BpX) have been s tudied in aqueous electrolyte .  Cyclic 
vo l t ammograms  demons t ra te  tha t  the first reduct ion  wave  is revers ib le  and 
contro l led  by  diffusion. The  rad ica l  compound (Bi~) formed at  the  first 
reduct ion  is f a i r ly  s table  in the absence of oxygen.  The second reduct ion  peak  
potent ia l  is i r revers ib le  and i t  has a pH dependence.  A l inear  re la t ion  be tween  
the first reduct ion  potent ia l  of subs t i tu ted  4-benzoylpyr id ines  and the number  
of carbon atoms in normal  a lky l  subst i tuents  is found. The first reduct ion  
wave  is shif ted to posi t ive region by  using longer  a lky l  subs t i tuents  increasing 
the separa t ion  f rom the second wave. The possibi l i ty  of an e lec t rochromic  
d i sp lay  based on BpX is also discussed. 

Severa l  e lec t rochromic  displays  (ECD) have been 
s tudied in the last  ten years.  In  genera l  they differ f rom 
other  d isp lay  devices in that  they  are  based  on an elec-  
t rochemical  react ion which br ings about  a revers ib le  
color change. They  have been demons t ra ted  having a 
m e m o r y  effect, good contrast ,  low switching voltage, 
low mean  power  consumption,  and no v iewing angula r  
dependence.  

They can be classified into two main  groups; one 
using organic mate r ia l s  (1-5) such as viologen 

and the other  using inorganic  mater ia l s  (6-13) such as 
W03. 

For  the studies of appl ica t ion  to ECD, i t  is ve ry  im-  
por t an t  to make  c lear  the e lec t rochemical  proper t ies  
of these e lec t rochromic  mater ia ls .  Po l a rog raphy  a n d / o r  
cyclic v o l t a m m e t r y  are  useful  methods for  this pu r -  
pose. For  example , the  polarographic  behavior  of methyl  
viologen (MVX2) was examined  (1) in an aqueous 
solution. The first reduc t ion  wave  of MV + + has been 
repor ted  to be revers ib le  and pH independen t  whi le  
the second wave  is i r revers ib le .  In  another  example ,  
the cyclic vo l t ammet ry  of WO3 has been repor ted  (9) 
to be used for the  inves t iga t ion  of e lect rochemical  
propert ies .  

In  this paper ,  the cyclic v o l t a m m e t r y  of 4-benzoyl -  
py r id in ium der iva t ives  (BpX) was s tudied  and BpX 
were  found to give a purp l i sh  blue colored s table  r ad i -  
cal deposi t  by  reduct ion  reaction. The e lect rochemical  
and e lec t roopt ica l  behaviors  of BpX for a new e lec t ro-  
chromic ma te r i a l  a re  described.  

degassed wi th  n i t rogen to remove  oxygen  before each 
measurement .  

Reagent.--4- (p -a lky lbenzoy l )  pyr id ine  der ivat ives  

O 
II R 

were p repa red  by  the fol lowing gelaeral p rocedure  
(14). 

(i) N ~ - C O O H  + socl 2 - N~-COCI 

(,i) N ~ - C O C l  + O R 1  - N ~ : ~ - ! O R  1 

The da ta  of e l e m e n t a r y  analyses,  mel t ing  points, 

C.E -W.E 

N2 i ~ 
~ E~_____ ==%1.1 Luggin C~E _/Luggin Capillcry 

I I1 -  - ,  en, 

~ : _  ~ : ~  Te, Io n - - _ ~ ~ / ~  

a) Cell- i. b) Cell-z 

Experimental 
Apparatus.--The elect rochemical  cell  is shown in 

Fig. 1 (a) .  The work ing  e lect rode was a p l a t inum p la te  
(1.0 cm2), the countere lec t rode  was a p la t in ized p la t i -  
num pla te  (15 cm 2) and a sa tu ra ted  calomel  e lect rode 
(SCE) was used as the reference  electrode.  The cell 
(made  of Teflon) used for e lect roopt ical  studies is 
shown in Fig. l ( b ) .  The work ing  electrode was a 
t r anspa ren t  In203 e lec t rode  coated wi th  a th in  P t  l aye r  
(ca. 20 ~ / c m  2, 0.79 cm2). The e lect rochemical  a n d / o r  
e lect roopt ical  measurements  were  made  wi th  the as-  
sembly  shown in Fig. 2. The opt ical  measurements  
fi t ted for luminos i ty  factor  were  made  wi th  a fi l ter 
(Hoya Glass Works,  LB-200),  a gela t in  fi l ter (Kodak  
No. 106), and others  as in Fig. 2. Test  e lectrolytes  were  

Key words: electrochromic, electrochemichromic, electrochemi- 
cal reduction, benzoylpyridine, displays. 

l:ig. i. Schematic diagrams of electrolysis cell 

Spectrometer / , - B l a c k  Box 
I I Ec~ co''' 

I "1~------~ j ]11 I~/~".L--< -'/Ph~176 , u be 

W. Light Source Filter j ~ i 
~l( ZIReo~ I 

Function HP~176 ~ |oscilloscope Generator :1 Strege 

I 

Fig. 2. Instrumental setup employed in electrochemical and elec- 
trooptical measurements. 
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Deriva- 

Table I. The data of elementary analyses, yields, melting points, and boiling points of prepared 4-5enzoylpyridine derivatives 

tives 

O 

Analyses ( % ) 

R 

1 CH 3 

2 C2H 5 

3 C3H7 

Calcd, 

C H N 

79.78 5.63 7,14 

79,77 6.24 6,48 

80.00 6.76 6,14 

Found 

C H N 

!79.19 5.58 7.11 

!79.62 6.16 6.64 

80.00 6.67 6.22 

yield 
(%) 

m.p 

(~ 
b.p 

(~ 
/(m 

93 81-82 145-151/2 

75 49-56 175-181/5 

74 44-48 156-158/3 

mHg) 

yields,  and  boi l ing points  of  p r e p a r e d  mate r i a l s  a re  
shown in Table  I. 4 -Benzoylpyr id ine  was suppl ied  by  
Tokyo  Kasei  Kogyo Company,  Limited.  The 4 - ( p -  
alkylbenzoyl) pyridines were distilled under vacuum, 
and then refluxed with n-alkyl halide (R2X) in alcohol. 
The solid obtained by filtration was washed thoroughly 
with acetone until washings were colorless and ex- 

( ]  ,I 
i i  
ta ti 
J 

I J I ~ '. t I 
-i,o / / / , , '  / -o:5 

E (V vs. SCE 

-I0 

8 

6 

4 

2 

0 

-2 
E 

' - 4  

b 

, L i i , 

3 

2 

O 

- I  E 

" - 2  

--3 

--4 

Fig. 3. Cyclic voltammograms of O.OIM 

0 
in 0.3M KBr aqueous solution. (a). Scan rate at 0.1 V/sec. (b). Scan 
rate (V/sec); 1, 0.10; 2, 0.05; 3, 0.025; 4, 0.01; 5, 0.005; 6, 0.002. 
(r Scan rate (V/sec); I, 0.2; 2, 0.10; 3, 0.05; 4, 0.033; 5, 0.0167; 
6, O.OO83. 

t rac ted  wi th  water .  The aqueous solut ion was evapo-  
r a t ed  to dryness in a rotary evaporator. The solid 

x-, 
0 

c 

 -05 E(V vs. SCE) 

] 

J 

12 

10 

4 

2 

0 

< 

-2 
' 4  

- 4  
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obta ined  f rom aqueous solut ion was recrys ta l l i zed  
twice f rom ethanol,  confirmed by  e l emen ta ry  analyses  
and used in the exper iments .  

The da ta  of analyses  a re  shown in Table  II. Po tas -  
s ium bromide  (guaran teed  reagent )  was used as the  
suppor t ing  electrolyte .  

Results and Discussion 
Electrochemical properties.--A typica l  cyclic vo l t am-  

mogram for N - h e p t y l - 4 - b e n z o y l p y r i d i n i u m  bromide  
is shown in Fig. 3. I t  has two wel l -def ined  reduct ion  
waves.  A purp l i sh  blue deposi t  was formed on the  
work ing  e lec t rode  at  the  first reduct ion  wave.  I t  was 
fa i r ly  s table  in the absence of oxygen  and r eve r t ed  to 
the ini t ia l  s ta te  by  an e lec t rochemical  oxidat ion;  how-  
ever, the deposi t  fo rmed at  the second reduct ion  wave  
was not  r e tu rned  to the ini t ia l  s ta te  and  remained  on 
the work ing  electrode.  The anodic cur ren t  peak  corre-  
sponding to the first reduc t ion  wave  was sharp  as 
shown by  the dot ted  l ine in Fig. 3 (a ) ,  on the  o ther  
hand, the  anodic peak  cor responding  to the  second 

wave  was not  observed.  In  o rde r  to de te rmine  the 
revers ib i l i ty  of each reduct ion  wave,  cu r r en t -po ten t i a l  
character is t ics  were  examined  by  cyclic vo l tammet ry .  

Cyclic vo l t ammograms  of N - h e p t y l - 4 - b e n z o y l p y r i -  
d in ium bromide  were  measured  at  var ious  scan ra tes  
and are  shown in Fig. 3 (b)  and  (c).  The scan ra te  
(v) dependence  of the  first peak  potent ia l  (Epl), the 
second peak  potent ia l  (Ep~) and the first peak  cur ren t  
(ip ~) a re  obta ined  f rom the resul ts  as shown in Fig. 4 
and give the  fol lowing 

AEpZ/A log (v) : 0, AEp2/A log (v) v~ 0 [1] 

ipl/v I/s : 9.9 X I0 -~ [2] 

In the case tha t  the reduct ion  process is revers ib le  
and the ac t iv i ty  of the deposi t  is equal  to uni ty,  the  
peak  poten t ia l (Ep)  is given by  De lahay  (15) as 

RT RT 
Ep --  Eo 4- --~-- in ~oC - -  (0.942)~ nF [S] 

where  Eo is the s t andard  potent ial ,  R is gas const., T is 

Table II. The data of elementary analyses and melting points of prepared 4-benzoylpyridinium derivatives 

x-, 
0 

Derivatives 
Calcd 

R R X C H 

l C7H7 H Br 63.63 4.50 

2 C8H17 CH S Br 63.89 7.23 
i 

3 C 4H 9 H Br 59.75! 5.48 

4 C5H11 C2H5 Br 63.07 6.63 

5 C7H7 CH3 Br 65.09 4.83 

6 C6H11 H GI 73.98 5.85 

7 c2H5 CHs T 51.30! 4.45 

8 C3H7 CH3 Br 60.39 5.58 

9 C5H11 CH3 Br 60.76 6.15 -d 

14 C7H15 CH S Br 61.83 6.53 

1] C2H 5 C2H5 I 53.24 4.87 

12 C2H5 C$H7 I 53"39 5.24 

l~ C5H11 C3H 7 Br 62.1L 7.09 

1L C7H15 C3H 7 Br 63.97 7.36 

l~ C7H15 H Br 62.85 6.7~ 

1E C7H15 CHSr Br 61.64 6.82 

Analyses (%) 
m.p ( ~  

Found 

N X C 

4.05 23.94 64.4] 

3.69 20.51 64.62 

4.54 24.94 60.0( 

3.95 21.33 62.9~ 

3.75 21.5~ 65.22 

4.09 i0.55 74.67 

4.04 35.25 50.99 

4.35 23.9~ 60.0( 

4.14 23.11 62.07 

3.58 22.52 63.85 

3.83 32.77 52.32 

3.78 33.0] 53.52 

3.77 21.12 63.85 

3.60 18.1C 65.3~ 

3.85 21.7] 62.9~ 

3.81 20.1~ 61.22 

H 

4.52 

7.18 

5-63 

6.63 

4.89 

5.93 

4.53 

5.63 

6.32 

6.91 

4.90 

5.25 

6.91 

7.43 

6.63 

6.63 

N X 

3.95 22.60 185-187 

3.59 20.51 194-196 

4.38 25. O0 143-146 

3.87 22.11 175-177 

3.80 21.74 188-189 

4.15 lO. 22 189-192 

3.97 35.98 191-194 

4.38 25.00 151-152 

4.02 22.99 130-133 

3.72 21.28 158-165 

3. 81134.60 125-130 

3.67 33.33 i10-i12 

3.72 21.28 124-128 

3.47 19.80 I08-110 

3.87 22.10 166-168 

3.57 20.41 190-192 
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Fig. 4. Scan rate (v) dependence of the peak potential (Ep) and 
the first peak current (ipl) for 

+ 

Data as in Fig. 3, Ep 1, the first peak potential, Ep 2, the second 
peak potential. 

absolute  t empe ra tu r e  (~  n is the number  of e lec-  
t rons involved,  F is F a r a d a y ' s  constant,  ]o is the ac-  
t iv i ty  coefficient of the  reactant ,  and  C is the  bu lk  
concentrat ion.  The peak  cur ren t  (ip) is g iven by  

ip = 3.67 X 105ns/~SCD1/2vl/2 [4] 

whe re  S is the  a rea  of work ing  electrode,  D is the d i f -  
fusion coefficient and v is the  scan ra te  (V/sec) .  

Empi r ica l  relat ions,  [1] and  [2] re la t ing  to the  first 
reduc t ion  wave  agree  wel l  w i th  the  theore t ica l  equa-  
tions, [3] and [4], respect ively ,  so tha t  the  first r e -  
duct ion wave  is revers ib le  and contro l led  by  diffusion. 
The revers ib i l i ty  of the  first reduct ion  is suppor ted  by  
o ther  e x p e r i m e n t a l  da ta  tha t  show tha t  the  anodic-  
cathodic peak  poten t ia l  difference for  the redox couple 
involved  is independen t  of scan ra tes  of  cyclic vo l t am-  
met r i c  behav ior  [Fig. 3 (c)]  and tha t  i t  is smal l  (about  
35 mV) .  The sharp  anodic peak  m a y  indicate  film 
s t r ipp ing  dur ing  the anodic process. The same resul ts  
were  obta ined  wi th  o ther  4 -benzoy lpyr id in ium de r iva -  
tives. The t abu la t ion  of these results ,  Ep 1, Ep 2, EpV 
log (v) and  ipl/vl/2C (A.secl/2.cm3/V1/2.mole)  is 
made  in Table  III. 

The  number  of e lect rons  involved  at  the  first r e -  
duct ion wave  m a y  be ca lcula ted  f rom theore t ica l  Eq. 
[4] and an empir ica l  re la t ion  be tween  ED 1 and log C. 
F o r  instance, Fig. 5 shows the Ep 1 --  log C plot  of N-  
h e p t y l - 4 - b e n z o y l p y r i d i n i u m  bromide  and Eq. [5] the 
fol lowing 

Ep I - -  0.055 log C + K [5] 

where  K is constant ,  and  n --  1.06 ___ 1 is ca lcula ted  
f rom Eq. [3] and  [5]. There fore  the first reduct ion  

- I000 

> -800 

~ -tO0 

%. 

i I 
0.001 001 Q 

Concentration C ( Mol/9. ) 

Fig. S. Plots of the peak potential (Ep) vs. IogCC) for 

in 0.3M KBr solution at 20~ 

waves of these der iva t ives  proceed wi th  one-e lec t ron  
reduct ion  process. The same re la t ions  were  ob ta ined  
on others.  

The second reduct ion  process is i r revers ib le ,  because 
the second reduct ion wave  had  the scan ra te  depend-  
ence of the peak  potent ia l  (Ep 2) and  the anodic cur ren t  
peak  corresponding to the second reduct ion  wave  was 
not  observed c lea r ly  as shown in Fig. 3. 

The pH dependences  of reduc t ion  waves  were  m e a -  
sured  in various H3BOs-KCI-Na2CO~ buffer  solut ions 
and Na2HPO4-NaOH buffer  solutions. The r ep re sen t a -  
t ive resul t  of N - h e p t y l - 4 - b e n z o y l p y r i d i n i u m  bromide  
is shown in Fig. 6. 

The peak  potent ia l  of the  first reduc t ion  is inde-  
penden t  of pH over  a pH range  of 8-12, and the sec- 
ond reduct ion  wave  var ies  43 mV per  pH unit.  The re -  
fore the  first reduct ion,  

- 

o o 

is not  affected by  protons  in the  e lec t ro ly te  system. 
The s t ruc ture  of the first reduc t ion  produc t  is ac tua l ly  
a resonance s t ruc ture  wi th  the rad ica l  delocal ized over  
both  the aromat ic  r ings and the ca rbonyl  group;  such 
resonance contr ibutes  to the  radica l  s tabi l i ty .  The ex -  
t rac t ion  of pro ton  f rom the e lec t ro ly te  fol lows p re -  
sumably  the  second reduct ion  and the process is i r -  
revers ible .  

-I000 L~ 

- 9 0 0  

- 8 0 0  
E 

v 

- 700 
{ 3 .  

h i  

- 6 0 0  

Ep2 

o A Ep I �9 ,,-e ,3 & 

I I I I I I I 
7' 8 9 I0 l i 12 13 

pH 

Fig. 6. Plots of the peak potential (Ep) vs. pH for O.OiM 

in buffer solution H3BO~-KCI-Na2COa, No2HPO4-NaOH. 
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Table IlL Cyclic voltammetric results for 4-benzoylpyridinium derivatives 

c I 

0 
Ep at scan rate v = 0.1 V/sac; supporting electrolyte, 0.3M KBr 

No. R I R2 X 

I CH3 C2 H5 I 

2 C3 Hz Br 

3 C5 Hi1 Br 

4 C7 HI5 Br 

5 C8 H ~z Br 

6 ~ C H z -  Br 

7 C2H5 C2 H5 I 

8 C3H7 C2 H5 I 

9 C5 H,I Br 

I0 Cz H ~5 Br 

I I H C 4  H 9 Br 

12 CTHj5  Br 

13 CH30 C7 Ht5 Br 

C 

(M/s  

5 x I0 -3 

--3 
5 x I0 

5 x I0 -3  

- -3  
5 x l O  

- -3  
2.5 x I0 

EP I mv 

vs. SCE ) 

-820 

- 7 9 0  

- 7 3 0  

- 6 8 0  

EP 2 mv 

(vs. SCE) 

-922 

- 9 4 0  

- I 0  I0 

- 9 4 5  

~ E p  f 

Z~log v 

0 

0 

0 

0 

- 6 7 0  - 9 5 0  0 

1.5 x I0 -2  - 7 0 0  - 8 4 0  0 

1.0 x 10 -2  - 7 6 0  

5 x I0 -3  

2.5 x 10-3 

- 1 0 5 5  0 

- 7 6 0  - 9 6 0  0 

- 7 1 0  - 8 8 0  0 
- 3  

2.5 x I0 - 5 9 0  - 8 9 0  0 

5 x 10 .3  - 7 6 5  - 8 7 5  0 

ID x 1.0 - z  - 6 9 0  - 8 9 5  0 

2.5 x 10-3 - 6 6 0  - 7 1 0  0 

ip 

v ] / 2  C 

1.0 x 103 

I. 2 x 10 3 

8.8 x I02 

8.0 x I0 z 

1.2 x l O  3 

1.2 x 103 

1.0 x 103 

1.2 x 103 

9.2 x 102 

8.0 x I02 

9.9 x I0 z 

1.2 x 103 

Consequently,  to use BpX as an ECD mater ia l ,  i t  is 
necessary  to use only the first reduct ion  react ion du r -  
ing wr i t ing  t ime for the purpose  of revers ib le  color 
change. Therefore,  i t  is des i rable  to separa te  the first 
reduct ion  potent ia l  f rom the second i r revers ib le  re -  
duct ion potent ia l  as much as possible. 

The appa ren t  s t andard  potent ia l  (Eo) for the couple 

Bp + - -  Bp was ob ta ined  f rom the expe r imen ta l  data,  
where  each ac t iv i ty  coefficient is equiva len t  under  the 
expe r imen ta l  conditions. Fo r  example ,  for  the  4 - ( p -  
methy lbenzoyl )  py r id in ium der ivat ives  

(R2-N CH3.X , 

O 
R2 = n - a l k y l  g roup) ,  the  l inea r  re la t ion  be tween  m, 
the  number  of carbon a toms in the  N - a l k y l  subs t i tu-  
ents, and  the s t anda rd  potential ,  Eo 1, is given by  Eo 1 u 
= 28 m + b (mV) ,  w h e r e  b is a constant ,  and  is shown 
in Fig. 7. 

The effect of p - a l k y l  subs t i tuents  

(R2-N "X-, 

0 
R1 : n - a l k y l  group)  on the appa ren t  s t andard  po-  
ten t ia l  is the same as the effect of N - a l k y l  subs t i tu-  
ents. For  N - p e n t y l - 4 - ( p - a l k y l b e n z o y l )  py r id in ium de-  
r ivat ives ,  the  re la t ion  be tween  m', the  number  of car -  
bon a toms in p - a l k y l  subst i tuents ,  and Eo 1 is a lmost  
l inea r  and given by  Eo 1 = 15 m" + b' (mV) where  b" 
is constant  and shown in Fig. 8, 

These resul ts  demons t ra te  tha t  the  s t anda rd  poten-  
t ia l  Eo of the  first reduc t ion  shifts  to more  posi t ive 

potent ia ls  wi th  increasing carbon atoms in the  a lky l  
subst i tuents  and tha t  i t  is more  efficient to use long 
a lkyl  groups, i.e., n -hexyl ,  n -hepty l ,  for N-subs t i tuen ts  
than  using these groups for p-subst i tuents .  They  are  
suppor ted  by  the fact  tha t  the  reduct ion  potent ia l  shifts  
to a more  posi t ive region wi th  decreasing nucleophi l ie  
effect of the subs t i tuents  (16-18). The  subs t i tuent  ef-  
fect on the second reduct ion  potent ia l  is not  c lear  
(see Table  I I I ) .  

The first reduct ion  poten t ia l  m a y  be  shif ted to posi-  
t ive poten t ia l  regions and separa ted  f rom the second 
reduct ion  potent ia l  by  using la rge  a lky l  subst i tuents ,  
for example ,  the potent ia l  difference be tween  Epi a n d  
Ep2 is more  than  200 mV for N - h e p t y l  subst i tuents ,  so 
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Fig. 7. The relationship between the standard potential and m 
for 
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Table IV. Quasi-extinction coefficients which were obtained from 
the luminous transmittance (TI) and the following equation, 

K - -  - - ( F S I q )  log (TI) 

I 2 3 4 

R i H Ca H5 CHs H 

R2 C7 H i s - -  C5 H t l - -  ~=,~-CHz- C z H s . - - ~ H z -  

K 5 8 0 0  6 2 3 0  5 2 4 0  7 4 2 0  

it  ~s easier to use the first reduction reaction dur ing  
wri t ing time, and possible to use BpX as an ECD ma-  
terial  by using long alkyl groups for substi tuents.  

The optical properties of BpX.--The electrooptical 
properties were measured by a potentiostatic pulsed 
mode with cell 2 of Fig. 1 and the assembly of Fig. 2. 
The reduct ion potent ial  for the wri t ing state was con- 
trolled wi th in  the first reduct ion peak potential  (Epl). 

The wri t ing state of ECD is achieved by the deposi- 
tion of reduced electrochromic materials  on the work-  
ing electrode. Absorpt ion spectra of the deposit were 
obtained from the t ransmi t tance  (Tr) at each wave-  
length  (k) and the following equation. A ---- -- log Tr  
= kq/FS where A is the absorbance at each wave-  
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Fig. 8. The relationship between the standard potential and m' 
for 

C5HII- Cm'H2m'+l'X . 
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Fig. 9. Absorption spectra of radical states of 

o 

2, R 2 = C2H 5 CH2- , 

I, R 2 = C7H15- , 

3, R 2 = OCH2-. 

length, k is the ext inct ion coefficient, q is the amount  
of charge consumed for writ ing, and S is the area of 

the working electrode. The absorption spectra of Bp 
show broad bands around 5800A as shown in  Fig. 9. 

Light absorption of Bp is based on ~-electron resonance 
of benzoylpyridine ring, so that a small  amount  of ad-  
sorption spectrum shift may be achieved by changing 
the substi tuents R1 and R2 in  

+ 

o 

A 0.11 eV shift was observed between R2 = C7H15 and 

R 2 = ( O C H 2 - )  

The contrast  at wri t ing state is directly determined 
by absorbance fitted for a luminosi ty  factor. For con- 
venience, constants (K) which correspond to a quasi-  
ext inct ion coefficient fitted for luminosi ty  factor were 
obtained from the luminous t ransmi t tance  (T1) and 
the following equation, K _-- -- (FS/q)  log (T1) and 
shown in Table IV for a comparison of the absorbance 
fitted for luminosi ty  factor. 

Absorption spectra of the radical state of BpX are 
ma in ly  fitted for luminosi ty  spectrum having peak at 
5550A, hence great contrast  changes at wri te-erase 
cycles can be expected, so that  absorption spectra of 
wri t ing states of BpX are suitable for a display de- 
vice. 

From the above-ment ioned results, BpX has a pos- 
sibil i ty as a new electrochromic mater ia l  for ECD. 

Manuscript  submit ted Nov. 27, 1978; revised m a n u -  
script received Jan. 23, 1980. 

Any  discussion of this paper  will  appear in  a Dis- 
cussion Section to be published in  the June  1981 
JOURNAL. All discussions for the June  1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 

Publication costs o5 this article were assisted by 
the Matsushita Electric Industrial Company, Limited. 
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Photoanodic Dissolution Reaction of an n-Type 
Gallium Phosphide Electrode and Its Effect on 

Energies of the Electronic Bands at the Surface 

Yoshihiro Nakato, Akira Tsumura, and Hiroshi Tsubomura* 

Department of Chemistry, Faculty oJ Engineering Science, Osaka University, Toyonaka, Osaka 560, Japan 

ABSTRACT 

Mot t -Scho t tky  plots  ob ta ined  at  d a r k  and unde r  weak  i l lumina t ion  h a v e  
shown tha t  the  energies  of the  electronic bands  at  the  surface of an  n - G a P  
e lec t rode  are  sif ted downward ,  t oward  more  negat ive,  by  i l lumina t ion  unde r  
anodic polarizat ion.  The magni tude  of the  shif t  for the  ( l l l ) - f a c e  of the  
e lec t rode  was somewhat  smal le r  than  tha t  for  the ( l l l ) - f a c e .  The r e s u l t s  a r e  
expla ined  by  tak ing  account of photoanodica l ly  formed surface in termedia tes ,  
causing a change in the poten t ia l  difference at  the  semiconductor -so lu t ion  
interface.  These in te rmedia tes  were  found to decay  in severa l  minutes  at  
da rk  under  anodic polar izat ion.  I t  is suggested that  these in te rmedia tes  also 
act  as effective surface recombina t ion  centers.  

The  f la tband poten t ia l  (UFB) is the  e lec t rode  po-  
ten t ia l  of a semiconductor  electrode,  at  which  the 
e lect ros ta t ic  potent ia l  inside the  semiconductor  is flat. 
The quant i ty ,  --eUFB, reflects the Fe rmi  level  of the  
semiconductor  a t  the f la tband condition, in the  sense 
tha t  the Fe rmi  level  of the semiconductor  is given wi th  
respect  to the e lec t ron  energy  (the F e r m i  energy)  of 
a re ference  electrode.  The lower  energy  l imi t  of the 
conduct ion band of an n - t y p e  semiconductor ,  des ig-  
na ted  as Ec, is s l ight ly  h igher  (less negat ive)  than  the 
Fe rmi  level. Therefore,  a t  the f la tband condit ion we 
can express  Er by  tak ing  a smal l  va lue  ~, 

Ec s : --eUFB -~- A 

where Ec s is the Ec value at the surface of the semi- 
conductor, Ec s and --eUFs being measured with re- 
spect to the same reference electrode. 

I t  is of ten tac i t ly  assumed tha t  Ec s is a constant  in-  
dependent  of the  e lec t rode  potent ia l .  Under  such an 
assumption,  Ec s is v i r t ua l ly  equal  to (--eUFB -~ A). 
SO, UFB can be de t e rmined  f rom the so-cal led  Mot t -  
Schot tky  plots (1, 2). In  the  case of p - t y p e  semicon-  
ductors,  the  uppe r  energy  l imi t  of the  valence  band 
at  the  surface, des ignated  as E,. s, is in  a s i tua t ion  
s imi la r  to Ec s in the  above. 

I f  Ec s takes  different  values  a t  e lec t rode  potent ia ls  
(U) different  f rom UFS, i t  should be dis t inguished 
f rom (--eUFB + A). In  this case, we can define Us a s  
Ec s --  --eUs + ~ (Fig. 1). If  Us (or Eta) remains  nea r ly  
constant  in a cer ta in  range  of U, a Mot t -Scho t tky  plot  
should give a s t ra ight  l ine in this potent ia l  range,  
f rom which Us (or Ec s) can be de termined.  

Ger ischer  and  co-workers  r epor ted  tha t  the  "flat-  
band"  potent ia l  of an intr insic  ge rman ium elec t rode  
changes wi th  e i ther  anodic or cathodic prepolar iza t ion  
(3). They exp la ined  the resu l t  as due to a chemical  
change at  the surface f rom hydrox ide -  to h y d r i d e - l i k e  

�9 Electrochemical Society Active Member. 
Key words: semiconductor, photoelectrochemistry, reaction in- 

termediate. 

s t ructure .  This means  tha t  the  energies  of the  elec-  
tronic bands  at the surface change w i th  U in an in t e r -  
media te  potent ia l  range  be tween  the anodic and ca th-  
odic polarizat ion.  

Measurements  of the Mot t -Scho t tky  plots  under  i l -  
lumina t ion  have so far  been  repor ted  only  for  a few 
semiconductors  under  l imi ted  condit ions (4, 5). I t  was 
repor ted  that  the "f latband" potent ia l  of an  n-TiO2 
elect rode was not shif ted by  i l lumina t ion  (5). For  an  
MoSe2 elect rode in an  iod ide-conta in ing  solution, t h e  
shif t  of the surface band  energies  b y  i l lumina t ion  was 
suggested f rom capaci t ive  phase-sh i f t  measurements  
(6). The photo-sh i f t  of the  surface  band  energies  w a s  
also suggested f rom analysis  of cu r ren t -po ten t i a l  c u r v e s  
for a CdS elect rode in a low concentra t ion s u l f i d e  s o -  
l u t i o n  (7). Capaci tance changes b y  i l lumina t ion  w e r e  
also repor ted  for an SrTiO3 e lec t rode  (8). 

i , i  

E F = - eU 

E S 

_ eU s 

s 
E v 

Fig. 1. A schematic figure showing a retation between Us and 
EcS~ 
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I t  is somet imes found tha t  the  onset potent ia ls  of 
anodic photocur ren ts  for  n - t y p e  semiconductors  devia te  
f rom the "f la tband" po ten t ia l  or  above -men t ioned  Us 
at  da rk  to the posit ive.  These resul ts  were  exp la ined  
in te rms of e lec t ron-hole  recombina t ion  v ia  a p re -  
exis t ing surface s tate  wi th in  the  bandgap  (9). 

We have routed tha t  the  band  energy  at  the surface 
of an  n - G a P  e lec t rode  is shif ted b y  weak  i l lumina t ion  
unde r  anodic  polar izat ion.  In  the presen t  paper ,  we 
wil l  r epor t  on these expe r imen ta l  resul ts  and  discuss 
the effect of e lec t ron or hole dens i ty  at  the  surface on 
the surface chemical  s t ruc ture  and band  energies.  

Experimental 
The n - t y p e  GaP  used was a single c rys ta l  in the  

form of wafers,  99.999% pure,  doped wi th  sul fur  at  the  
concentra t ion of 2-3 • 101v cm-3  obta ined  f rom 
Yamanaka  Chemical  Indust r ies  Limited.  The p - t y p e  
GaP used was doped wi th  zinc a t  3.7 • 1017 cm -~, 
ob ta ined  f rom Sanyo Electr ic  Company,  Limited.  Both 
were  cut  pe rpend icu la r  to the  [ l l l ] - a x i s .  The elec-  
t rodes were  p r e p a r e d  in the same w a y  as r epor ted  
e l sewhere  (10). Before the exper iment ,  they  were  
pol ished and e tched wi th  w a r m  aqua  regia  in o rde r  to 
remove  oxide layers  at the  surface. The ( l l l ) - f a c e  
(Ga face) and  the ( l l l ) - f a c e  (P face) were  dis-  
t inguishable  by  microscopic inspect ion of the e tched 
surfaces, the  former  ve ry  rough and the l a t t e r  smooth, 
as r epor ted  in the  l i t e r a tu re  (11). 

The cu r r en t -po ten t i a l  curve was obta ined  wi th  a 
Hokutodenko HA-101 potent iostat .  The different ia l  ca-  
paci tance was measu red  mos t ly  wi th  a Yokogawa-  
H e w l e t t - P a c k a r d  Universa l  Br idge 4265B, having a 
modula t ion  f requency  of 1 kHz and a modula t ion  am-  
p l i tude  of 20 mV (peak  to peak) .  The f requency  de-  
pendence  of Mot t -Scho t tky  plots  were  checked by  con- 
nect ing a funct ion genera to r  wi th  this bridge.  The 
e lec t rode  was i l l umina ted  th rough  a quar tz  window, 
wi th  a 250W high pressure  me rcu ry  lamp. The l ight  
in tens i ty  was a t t enua ted  by  use of neu t ra l  dens i ty  fil- 
ters  made  of me ta l  nets. 

Solut ions were  p repa red  f rom deionized wa te r  by  
using reagent  grade  chemicals,  in  most  cases, wi thout  
fu r the r  purification. They  were  deaera ted  by  bubbl ing  
n i t rogen  and s t i r red  wi th  a magnet ic  s t i r rer .  The pH 
of the  solutions in  the  range  of 3-11 was contro l led  by  
using buffer mix tures ;  acetate,  phosphate,  borate,  or 
carbonate,  each at  about  0.OlM, where  M means  mo le /  
dm 3. This abbrev ia t ion  is used th roughout  the presen t  
paper .  

Results 
Figure  2 shows the cu r ren t -po ten t i a l  ( i -U)  curve 

for  the  ( l l l ) - f a c e  of the n - G a P  e lec t rode  in an  a lka -  
l ine solution. Da rk  anodic currents  were  less than  
0.1 #A/cm 2. The i -U  curve under  i l lumina t ion  shows 
hysteres is  in the  poten t ia l  range  be tween  --2.0 and 
--1.0V vs. SCE. The hysteres is  is qui te  s t rong at  low 
i l lumina t ion  intensi t ies  or  a t  h igh potent ia l  sweep rates.  

U s (dark) 

I 

a 

Usat 

1 a illumination ;p._ 
U o 

. . . . .  _d_ark..___ L_ ~ f, 
-1.5 -I.0 -0.5 

U / V vs SCE 

L0. 5 

0 

As the cathodic cu r ren t  observed  in the range  be low 
- 2 . 0 V  vs.  SCE corresponds to hydrogen  fo rmat ion  
(12, 13), the e lect rode surface in this range  is thought  
to have a reduced  (hyd r ide - l i ke )  s t ructure .  The photo-  
anodic cur ren t  in the  range  above  --1.0V corresponds 
to the oxida t ive  dissolut ion of the e lec t rode  (12-16), 
and  therefore  the e lec t rode  surface is expected  to have  
an oxidized s t ructure .  Accordingly ,  the  anodic and 
cathodic currents  observed in the in t e rmed ia te  po ten-  
t ia l  range  can p a r t l y  be a t t r i bu t ed  to ox ida t ion  of 
ca thodica l ly  formed surface  hydr ide  and reduct ion  of 
photoanodica l ly  fo rmed  surface hydrox ide  or oxide, 
respect ive ly  (12). S imi la r  hysteres is  was r epor t ed  in 
the  case of Ge and GaAs e lect rodes  (17). 

Based on the above in te rpre ta t ion ,  the  i - U  curve  ob-  
ta ined  by  scanning f rom the anodic to the  cathodic 
potent ia l  arises f rom the n - G a P  e lec t rode  covered 
wi th  the  photoanodica l ly  fo rmed  surface hydrox ide  or 
oxide. Its shape and posi t ion can be charac te r ized  by  
two potent ia ls :  Usat a, at which  the anodic pho tocur ren t  
begins to devia te  f rom the sa tura t ion  value,  and Uo a, 
a t  which  i t  is zero, as is shown in Fig. 2. I t  is to be 
noted tha t  these potent ia ls  shif t  l a rge ly  from Us at  da rk  
[Us ( d a r k ) ] ,  de te rmined  f rom the  Mot t -Scho t tky  plot  
in the  present  work.  

F igure  3 shows the pH dependence  of Uo a and tha t  
Of Usat a for  the ( l l l ) - f a c e  of the n - G a P  electrode,  as 
compared  wi th  tha t  of Us (da rk)  descr ibed in de ta i l  
later .  Uo a and Vsat a w e r e  measured  at  a low i l l umina -  
t ion intensi ty,  wi th  the  anodic sa tu ra t ion  currents  kep t  
at  15 ~A/cm 2. I t  is seen tha t  Usat a and Uo a shif t  l a rge ly  
f rom Us (da rk)  in the range  of pH ~ 4. The differ-  
ence be tween  Uo a and Usat a increases  at  a round  pH 4, 
conceivably  due to the fo rmat ion  of a hyd rox ide  or  
oxide layer ,  p robab ly  exceeding  one -mono laye r  cover-  
age because of its low solubi l i ty  a round  this pH. I t  is 
thought  tha t  no such th ick  hydrox ide  or  oxide  l aye r  is 
fo rmed except  w e a k l y  acidic solut ions unde r  weak  
i l luminat ion,  because such layers  dissolve easi ly  in 
solut ion (13, 14). 

The large  deviat ions of Uo a and Usat a f rom Us (da rk )  
suggest  tha t  Ec s (or Us) of the  n - G a P  e lec t rode  is 
shif ted by  i l luminat ion.  We there fore  de te rmined  the 
Us values  under  i l lumina t ion  a t  var ious  pH. F igure  4 
shows some examples  of Mot t -Scho t tky  plots for  the  
n-  and p - t y p e  GaP electrodes at  dark ,  and Fig. 5 those 
under  i l luminat ion.  The e lect rode was i l lumina ted  at  
a low intensi ty,  so as to avoid d is turbance  in the  space 
charge l aye r  by  the flow of photocurrents .  Very  good 
s t ra igh t  lines were  ob ta ined  both at  da rk  and under  
i l luminat ion,  showing app l i cab i l i ty  of the  Mot t -  
Schot tky  method  to w e a k l y  i l lumina ted  electrodes.  As 

- 2 . 0  

-1 .0  

I I I I I I I I I I I I I 

0 _ 

,'" sat 

I I l [ l l l l l l l l l  
1 3 5 7 9 11 13 

pH 

Fig. 2. A current-potentlal curve for the (111)-face of an n-GaP 
electrode under illumination. Sweep rate: 120 sec/V. Electrolyte: 
0.1M NaOH. 

Fig. 3. Us (dark), Uo a, and Usat a for the (111)-face of an n-GaP 
electrode as functions of pH. Electrolyte: 0.05M HsSO4 (pH 1), 
0.05M Na2SO4 ~- buffer (pH 4-10), and 0.1M NaOH (pH 13). 
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Fig. 4. Mott-Schottky plots for the (111)-face of n- and p-type 
GaP electrodes at dark. Electrolyte is the same as in Fig. 2. The 
modulation frequency: ! kHz. 
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Fig. 5. Mott-Schottky plots for the ( l iD- face of an n-GaP elec- 
trode under illumination. The anodic photocurrents flowing under 
measurements are shown in unit ~A/cm 2. Electrolyte: 0.1M NaOH. 
The modulation frequency: 1 kHz. 

seen in Fig. 4 and 5, the lines have slopes s l ight ly  di f -  
ferent  f rom each other, due p robab ly  to var ia t ions  in 
the roughness factor  of the e lec t rode  surface, caused 
by  the mechanica l  polishing. 

The values  of Us for the  ( l l l ) - f a c e  of the GaP elec-  
trodes,  de te rmined  by  ex t rapo la t ing  the inverse  square 
of the different ia l  capaci tance to zero, a re  shown in 
Fig. 6. Fi rs t ly ,  i t  is seen that  the Us values  of the n-  
and the p - t y p e  GaP  electrodes at  dark,  cal led Us n 
(da rk )  and  Us p (da rk ) ,  change l inea r ly  wi th  pH with  
a slope of ca. --60 mV/pH.  The onset po ten t ia l  of the 
da rk  cathodic currents  changes wi th  pH in para l l e l  
wi th  Us n, showing the va l id i ty  of the Us n values  de te r -  
mined  f rom the Mot t -Scho t tky  plots. Secondly,  it  is 
seen tha t  the  difference be tween  Us n (da rk)  and Usp 
(da rk)  is about  2.1V throughout  the p H  range,  nea r ly  
equal  to the  bandgap  of  the  GaP  semiconductor  (2.26 
eV).  This is a reasonable  result ,  which means  tha t  
Ec s and Ev s a re  nea r ly  the same in the n - G a P  e lec t rode  
under  anodic polar iza t ion  and the p - G a P  elect rode 
under  cathodic polar izat ion.  The  Us values  in the  p res -  
ent  work  are  also in good agreement  wi th  the values  
r epor ted  as the  "f latband" potent ia l  at  da rk  (18), 
ly ing ve ry  close to the Us vs. pH l ines d r a w n  in 
Fig. 6. 

The values  of Us for  the  n - G a P  elect rode under  
i l luminat ion,  Us n (i l l .) ,  shif t  def ini tely f rom Us n (da rk )  
to the posi t ive (Fig. 6). The magni tude  of the shift  in-  
creases wi th  the  i l lumina t ion  intensi ty,  reaching about  
0.4V at  the photocur ren t  dens i ty  170 ~A/cm 2 at  pH 13. 
The values  of both  Us (da rk)  and U~ (ill .) were  con- 
f irmed to be independen t  of the  modula t ion  f requency  
in the range of 1-10 kHz for  the  measurements  of the 
different ia l  capacitance.  

F igure  6 also shows tha t  the  va lue  of U~ (da rk )  of 
the n - G a P  e lec t rode  at  each pH is constant  i r respect ive  

-2 .0  

- I .  0 

- A ~ ~ o  (1.7)- 
II n fdarki ~ " ~ - .  o (17) 
~ ' s ~  _ ._.- . . . . . .  ~ (170) 

~ /  . . . .  ~17)" US(ill.) 

. - o  (17) 

j Y  

Y 
4 I I I I I I I I I I I I I I 

1 3 5 7 9 t t  13 
pH 

Fig. 6. Us for the (111)-face of n- and p-GaP electrodes: ( t )  
measured at dark after chemical etching, (A )  at dark in 10 min 
after the flow of cathodic currents, (A )  at dark in 10 min after 
the flow of anodic photocurrents, and ( O )  under illumination. The 
anudic photocurrents flowing under measurements are shown in 
parenthesis in #A/cm z. Electrolyte: the same as in Fig. 2. 

of whe the r  i t  was measured  a f te r  the chemical etching, 
a f te r  the  flow of anodic photocurrents ,  or  af ter  the flow 
of cathodic currents .  This means  tha t  both  the  photo-  
anodica l ly  formed oxides  or  hydrox ides  and the ca th-  
odical ly  fo rmed  hydr ides  at  the  surface d isappear  at  
da rk  under  anodic potent ials ,  t h rough  reac t ion  wi th  
the e lec t ro ly te  solution. The surface of the  n - G a P  elec-  
t rode at  da rk  under  anodic polar iza t ion  is then  thought  
to be in an equi l ib r ium state  in the e lec t ro ly te  solu-  
tions, i r respect ive  of p re t r ea tmen t s  of the  electrode.  

We can roughly  es t imate  the  average  decay ra te  of 
the photoanodica l ly  formed oxides or hydroxides  f rom 
the shift  of the i-U curve under  i l lumina t ion  in  a way  
descr ibed below. In Fig. 7, b roken  l ines show the i -U  
curves under  i l lumina t ion  af ter  10 min  p re i l l umina -  
t ion at  0V vs. SCE, whi le  solid l ines a re  those obta ined 
by  10 min  p re i l lumina t ion  at  0V vs. SCE, followed, 
a f te r  a cer ta in  per iod  of da rk  time, b y  a po ten t ia l  
sweep at  10 sec/V to the nega t ive  at  dark,  and re -  
i l lumina t ion  at  --1.0V vs. SCE. Al though  few examples  
a re  shown in Fig. 7 for s implici ty,  the i -U curve shifts 
to more  negative,  the longer  the da rk  period, td, a n d  
beyond 660 sec no shift  was observed.  This resu l t  shows 

h u on hu off 
t d / sec ~/ 

t . . . .  . . . . . . . . .  

! ~ . . ~  . . . .  "" U/VvsSCE 

i �9 
i i*  

-5  

Fig. 7. The i-U curves for the (111)-face of an n-GaP electrode 
in a 0.1M NaOH solution, obtained under various illumination con- 
ditions. 
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Fig. 8. Us (dark), Us (ill.), and Usat a for the ( l l l ) -face of an 
n-GaP electrode. Us (ill.) and Usat a were obtained at a constant 
illumination intensity, with the photoanodic saturation currents 
kept at 17 #A/cm% 

tha t  the photoanodica l ly  formed oxides or hydroxides  
decay  at  da rk  in  severa l  minutes.  

F igure  8 shows Us (da rk ) ,  Us (il l .) ,  and  Usat a for 
the ( l l ~ ) - f a c e  of the  n - G a P  electrode.  Values of Us 
(da rk )  for  this face are  in agreement  wi th  the  re -  
por ted  ones (2), and  are  nea r ly  equal  to (or  only  
s l igh t ly  more  posi t ive  than)  those for the ( l l l ) - f a c e .  
Us for  the  ( i i l ) - f a c e  is also shif ted to the  posi t ive b y  
i l luminat ion,  s imi la r  to the  ( l l l ) - f a c e ,  bu t  the mag-  
n i tude  is somewha t  sma l l e r  t han  tha t  for  the  ( I l l ) -  
face. 

Discussion 
The posi t ion of Ec s and  Ev s of semiconductor  e lec-  

t rodes  are  de t e rmined  not  on ly  b y  the e lec t ron affinity 
(EA) and the bandgap  (Eg) of semiconductors  but  also 
by  the poten t ia l  difference (%i) a t  the semiconductor -  
solut ion interface,  ar is ing f rom electr ic  double  layers  
fo rmed  by  adsorbed  ions a n d / o r  po la r  bonds at  the 
surface (19, 20). The  change of %i, des ignated  as A%i, 
should therefore  cause the  change of Us equal  to 
_ (• 

As descr ibed  before,  the  Mot t -Scho t tky  plots ob-  
se rved  at  da rk  showed good s t ra ight  lines in the range  
of U where  the  band bending  is large  (Fig. 4). This in-  
dicates tha t  Eo s (or Us) of  the GaP electrodes remains  
unchanged  in this po ten t ia l  range.  This is unders tood 
as  follows. Fo r  the  semiconductors  wi th  the size of the 
bandgap  of GaP, the surface densit ies  of e lectrons in 
the  conduct ion band and holes in the  valence band  
a re  both qui te  smal l  at  d a r k  when the band  bending  
is large.  Also, the  surface in te rmedia tes  such as oxides 
or  hydr ides ,  which  m a y  be fo rmed  by  the electrons 
or  holes at  the  surface,  decay  re l a t ive ly  fast  th rough  
react ions  wi th  the e lec t ro ly te  solution, as ment ioned 
in the  preceding  sect ion (Fig. 6 and 7) .Therefore,  the  
concentra t ion  of such surface in te rmedia tes  is negl i -  
g ib ly  smal l  at  d a r k  under  la rge  band  bending.  This 
means  tha t  the  chemical  s t ruc ture  of the  e lect rode sur -  
face and therefore  ~i a re  kep t  nea r ly  the  same, inde -  
penden t  of U under  the above  condition. The accumu-  
la t ion of ox ide-  or h y d r i d e - t y p e  in te rmedia tes  (and 
there fore  the  change of %i) is expected  only when  the 
electrons or  the  holes come to the  surface fas ter  than  
the decay  of these surface in termedia tes ,  as can be 
the  case for smal l  band  bending  or  e lec t rode  i l l umina -  
tion. 

F r o m  the above  considerat ion,  we can also expect  
tha t  the posi t ions of  Ec s and Ev s for the  n - t y p e  GaP 
e lec t rode  under  anodic polar iza t ion  are  a lmost  the  
same as those for  the p - t y p e  G a P  elect rode under  
cathodic  polar izat ion.  This is r ea l ly  observed  exper i -  

m e n t a l l y  (Fig. 6). The pH dependence  of Us (da rk )  of 
the  GaP electrodes can be a t t r i bu t ed  to an ac id-base  
equi l ib r ia  on the surface, as po in ted  out  in the  case of 
me ta l  oxides  (21) or ge rman ium electrodes (3). 

On i l lumina t ion  of the  n - G a P  e lec t rode  under  anodic 
polar izat ion,  a number  of pho togenera ted  holes come 
to the  surface,  and induce photoanodic  dissolut ion re -  
act ion of the electrode.  Many  kinds  of  ox ide -  or h y -  
d r o x i d e - t y p e  reac t ion  in te rmedia tes  m a y  be formed 
at  the surface, but  a re  thought  to be in a s t a t ionary  
state in the range  of U unde r  which  the constant  sa tu-  
ra t ion  pho tocur ren t  is observed.  This means  tha t  ~i 
(or  Us) remains  constant  in this potent ia l  range.  Very  
good s t ra ight  l ines observed  for the  Mot t -Scho t tky  
plots  under  i l lumina t ion  (Fig. 5) show tha t  this is 
ac tua l ly  the  case. 

I t  was r epor ted  tha t  s ix holes a re  consumed pe r  a 
pa i r  of Ga and P a toms in the  photoanodic  dissolution 
react ion at  both  the  (111)- and  ( l l l ) - f a c e s ,  p robab ly  
producing G a ( O H ) s  and H3PO3 or  the i r  analogues  
(11, 13-15). Also, the format ion  of a l aye r  of h y d r o x -  
ides or  oxides  of Ga and P is of ten assumed for ex -  
p la in ing  qui te  hys tere t ic  pho tocur ren t -po ten t i a l  curves 
or  product ion  of whi te  films on the e lect rode surface, 
especia l ly  in the in t e rmed ia te  pH range  (10, 13, 14, 
16). As to the reac t ion  mechanism,  Ger i scher  proposed  
that  the first s tep is a nucleophi l ic  a t tack  of bases l ike  
O H -  or t-I20 on the holes at  the  surface (1, 22, 23). 
Therefore,  the fol lowing reac t ion  in termedia tes ,  I, II, 
III, etc., are  expected  to exis t  a t  the  e lec t rode  surface 
under  i l lumina t ion  

-Ga~ OH -P~ OH 
/ , \  

- Ga--OH -P~Ga-- OH -P~Ga-- OH -Ga~-- P--OH 

- %  -~, %- -G~ / 

I II III IV 

Then the shif t  of ~l (or  Us) is expected  by  the ac-  
cumula t ion  of e i ther  the charged species l ike  I or  the  
h ighly  po la r  Ga-O or  P -O  bonds p resen t  in  H, III, 
and IV. The l a t t e r  mechanism is essent ia l ly  the same 
as proposed  in the  case of the Ge elect rode (3). The 
posi t ive shift  of Us can be a t t r ibu ted  to the  pos i t ive ly  
polar ized Ga or  P a tom being more  or less d i rec ted  
toward  the inside of the  semiconductor .  The magn i -  
tude of the  shift  is thought  to depend  on the na tu re  
and the concentra t ion of the in termedia tes .  

In  the  discussion made  so far, the  la rge  deviat ions 
of Uo a and Usat a f rom Us(dark )  (Fig. 3 and 8) were  
main ly  a t t r ibu ted  to the shif t  in ~i (or  Us) by  i l lumi -  
nation. However ,  as is seen f rom compar ison of Fig. 3 
and 6, the differences be tween  Us(da rk )  and  Uo a a r e  
much l a rge r  than those be tween  Us (da rk)  and Us (i l l . ) ,  
tha t  is, Uo a st i l l  deviates  cons iderab ly  f rom Us(i l l . )  
to the positive. The photoanodica l ly  formed surface 
in te rmedia tes  are  thought  to cap ture  effect ively elec-  
t rons in the conduct ion band when  the band  bending  
is smal l  (12, 17, 24). This means  tha t  they  act as ef-  
fect ive recombina t ion  centers  for  e lectrons and holes. 
The large  shifts of Uo a f rom Us(ill .)  for  the n - G a P  
e lec t rode  can therefore  be a t t r ibu ted  to accumula t ion  
of such in te rmedia tes  at  anodic  polar iza t ion  under  i l -  
luminat ion.  
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A Mechanistic Study of 02 Reduction on 
Water Soluble Phthalocyanines Adsorbed on 

Graphite Electrodes 
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Case Western Reserve University, Cleveland, Ohio 44106 

ABSTRACT 

Co and Fe tetrasulfonate phthalocyanines (IVI-TSP), adsorbed at monolayer 
levels on graphite surfaces, have been found to have a pronounced catalytic 
effect on the O3 reduction process in both acid and alkaline solutions. The 
kinetics have been examined with the rotating ring-disk electrode technique. 
Co-TSP promotes the 02 reduction process via two electrons to give peroxide 
whereas Fe-TSP promotes a four-electron reduction to give water. 

The catalytic properties of metal phthalocyanines 
for the electroreduction of 02 have been examined ex- 
tensively in the literature (see e.g., 1-10, 40). In gen- 
eral, macrocyclic transition metal complexes of this 
type have been found to have catalytic activity for the 
O2 reduction process. A comprehensive review on this 
field has been published recently (1). Basic kinetic 
and mechanistic studies of the process, however, are 
less available. A direct correlation has been found (2- 
4) between the first oxidation potential of the metal 
phthalocyanine and its catalytic activity for O2 reduc- 
tion. Beck (4) has recently proposed a mechanism 
for the process based on data for O2 reduction on Co 
tetraazaannulene (Co-TAA), which gives Tafel slopes 
of --60 mV/decade in acid solution. This author pro- 
posed that the metal complex reacts with oxygen ac- 
cording to the reaction 

H+ 
M n + O 2 ~  M m - O 2 H  [a] 

�9 Electrochemical Society Active Member. 
t On leave of absence from Universidad Technica de1 Estado, 

Santiago, Chile. 
Key words: oxygen electrode, transition metal macrocyclics, 

oxygen electrocatalysis, phthalocyanines. 

where 02 undergoes partial reduction with simultane- 
ous oxidation of the metal center. The 02 adduct, ac- 
cording to Beck, then undergoes a two-electron re- 
duction as the rate-determining step, regenerating the 
catalyst. For a transfer coefficient a = 0.5, the Tafel 
slope could then be --60 mV/decade. Simultaneous 
two-electron steps, however, are unlikely on energetic 
grounds. 

A mechanism has been recently proposed by Appleby 
and Savy (5, 8) based on studies of 02 reduction on Fe 
phthalocyanines. According to these authors, the rate- 
determining step is the breaking of the O-O bond and 
the proposed mechanism in basic media is 

02 ~- O2aas [b] 

O~ads + H20 + e- ~- O2Hads + OH- [c] 

O2Hads + e -  ~- O2H-ads [d] 

OzH-ads + H20 -+ 2 OH-ads + OH- [el 

Even though this mechanism explains the experimental 
data, it does not explain the specific involvement of 
the catalyst and particularly the valency state of the 
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t rans i t ion  meta l  in the  reac t ion  sequence. Fur the r ,  i t  
is un l ike ly  tha t  the superoxide  species (O2H)ads is 
p ro tona ted  in a lka l ine  e lec t ro ly tes  in view of the  ioni-  
zat ion constant  (pK = 4.83) for the O2H species in 
solut ion (41). 

The presen t  work  has involved  the ca ta ly t ic  p rop -  
er t ies  of wa te r  soluble t e t rasu l fona ted  ph tha locyanines  
adsorbed  on graph i te  substrates .  As prev ious ly  re -  
por ted  (9, 11), cons iderable  ca ta ly t ic  ac t iv i ty  can be 
achieved by  adsorbing  these complexes  f rom aqueous 
solutions. The redox  proper t ies  of the  cata lys ts  can 
be de t e rmined  using cyclic v o l t a m m e t r y  under  the 
same condit ions (pH, solvent)  a t  which  the 02 reduc-  
t ion exper imen t s  a re  car r ied  out. This type  of ap-  
proach is fac i l i ta ted  by  use of the  basa l  p lane  of 
s t r e ss -annea led  pyro ly t ic  g raph i te  (SAPG)  wi th  x - r a y  
diffract ion rocking  angles as smal l  as ~01/2 = 0.4 ~ 
This ma te r i a l  provides  a near  idea l  surface for  s t udy -  
ing the  r edox  proper t ies  of adsorbed  species because 
of i ts low background  currents  (22) and ve ry  low 
ca ta ly t ic  ac t iv i ty  for  the  O2 reduct ion  process (23). 

Experimental Procedure 
A disk electrode,  exposing the basa l  p lane  of SAPG 2 

(9-23) wi th  an a rea  of 0.20 cm 2, was used for most of 
the  ro ta t ing  disk measurements .  For  the r i ng -d i sk  elec-  
t rode  measurements ,  the  disk was constructed wi th  
o r d i n a r y  pyro ly t ic  g raph i te  (OPG) 2 ( radius  = 0.250 
cm) wi th  gold (99,99% pure)  as the r ing  ( inner  radius  
0.272 cm, outer  rad ius  0.357 cm).  The OPG had  an 
x - r a y  rocking  angle  of Mu2 = 45 ~ Unfor tuna te ly  the  
f ragi le  na tu re  of the S A P G  preven ted  its use as the 
disk in  the  r ing -d i sk  exper iments .  Unless o therwise  
indicated,  a~l measurements  on S A P G  and OPG were  
on the basa l  plane.  

The r ing -d i sk  e lect rode was ca l ib ra ted  wi th  the 
f e r rous / f e r r i c  couple using 10 -2 and 10-3M Fe2 (SO4)3 
in  0.05M H2SO4. The va lue  of the collect ion efficiencyp 
N, de te rmined  in this manne r  was 0.882. This va lue  
compared  f avo rab ly  wi th  the  ca lcu la ted  value  of 0.38 
ob ta ined  f rom the geomet ry  of the e lectrodes using the 
tables  of A l b e r y  and  Bruckens te in  (12). The Teflon 
cell had separa te  compar tments  for the  reference  [sa tu-  
r a t ed  calomel  (SCE)]  and countere lec t rode  (Au-fo i l )  
wi th  an addi t ional  isolat ion compar tmen t  be tween  the 
work ing  and reference  compar tments .  A Teflon Lug-  
gin cap i l l a ry  was used to minimize  IR drop wi th  i ts 
t ip ~3  m m  below the center  of the ro ta t ing  disk elec-  
trode. The polar iza t ion  curves for the kinet ic  measu re -  
ments  were  obta ined  b y  s ta r t ing  at  the open-c i rcu i t  
po ten t ia l  and scanning t oward  more  negat ive  values  at  
a ra te  of 10 mV/sec.  The hysteresis  on reverse  of sweep 
was negl ig ible  at  these scan rates.  Smal l  cur rents  (i.e., 
< 10 ~A) were  measu red  point  by  poin t  by  wai t ing  
at  each potent ia l  for the dr i f t  r a te  to become negligible.  
Al l  measurements  were  made  at  20~176 

The surface of the  basal  p lane  of S A P G  was r e -  
newed by  use of the  adhesive tape  technique wi th  care  
to avoid contamina t ion  of the Teflon mount ing  wi th  
the adhesive of the tape (9, 21, 23). The OPG electrodes 
were  pol ished using 0.3 #m a lumina  suspended in 
wa te r  wi th  wa te r  on microclo th  for  the  final polish. 
The M - T S P  was adsorbed  on the graphi te  surface b y  
placing a drop of solut ion of the complex (10-SM)on 
the electrode.  S imi la r  resul ts  were  ob ta ined  when the 
adsorbed  l aye r  was app l ied  by  submerg ing  the elec-  
t rode in a 10-sM solut ion of the  complex.  The e lect rode 
w a s  subsequen t ly  washed  wi th  purif ied w a t e r  (py ro -  
lyzed  over  P t / R h  at  800~ For  exper iments  in acid 
solut ion some of this complex  was added  to the elec-  
t ro ly te  to p rese rve  the adsorbed  ca ta lys t  l aye r  dur ing  
the  measurements .  In  the o ther  e lec t ro ly t ic  solutions 
the  adsorpt ion  was sufficiently s t rong to r ende r  the  

2 The SAPG and OPG were  provided by the  Union Carbide Cor- 
poration through Dr. A. Moore of the Parma Technical  Research 
Center, Parma,  Ohio. 

a N = IR/ID,  where  la  is the  ring current  and ID is the disk 
current.  
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loss of the  adsorbed  complex negl ig ib le  over  the  d u r a -  
t i o n  of the measurements .  

Basic (0.1M NaOH) and acid (0.05M H2SO4) solu- 
tions were  p repa red  as descr ibed  before  (9). Other  
solutions of var ious  pH were  as follows: 1M NaOH, p H  
= 13.8; 0.1M NaOH, pH = 12.9; 0.1M Na2COs, pH = 
11.5; 0.005M Na2COa + 0.05M Na2SO4, pH = 10.8; 
0.0015M NaOH + 0.05M HsBOa + 0.05M Na2SO4, pH = 
8.7; 0.10M NaOH + 0.05M HsBO3 + 0.05M Na2SO4, pH 
= 6.3; and 0.1M NaH~PO4, pH = 4.4. Specia l  precaut ions  
were  t aken  to minimize COs = in the  a lka l ine  e lec t ro-  
lytes. The Co-TSP and F e - T S P  were  p r e p a r e d  and 
purif ied by  the procedures  descr ibed  by  Weber  and 
Busch (38). 

Results 
Cyclic voltammetry measurements.--Figure 1 s h o w s  

the cyclic vo l t ammet ry  curves obta ined  at  different  
potent ia l  scan ra tes  for Co-TSP p r e - a d s o r b e d  on t h e  
basal  p lane of SAPG.  A Teflon hood, s imi la r  to tha t  
descr ibed by  Randin  and Yeager  (39) was used to 
e l iminate  edge effects and  leakage  of the e lec t ro ly te  
be tween  the Teflon and the side of the  disk electrode,  
which  o therwise  cause a pronounced  s lant  in the  
v o l t a m m e t r y  curves.  The peak  currents  are  d i rec t ly  
p ropor t iona l  to the scan rate,  which  is typica l  of a 
Fa rada ic  process involving an adsorbed  species. (For  
the  adsorpt ion  of a diffusing species the  peak  currents  
a re  d i rec t ly  p ropor t iona l  to the  square  root  of the scan 
rate .)  

F r o m  the area  under  the  peak,  the  charge involved  
in the process can be est imated.  An  expe r imen ta l  va lue  
of 3 ~C/cm 2 has been de termined,  which corresponds 
to a surface concentra t ion of 3 X 10 -11 moles /cm 2 of 
adsorbed  meta l  complex assuming tha t  a one-e lec t ron  
t ransfe r  process is involved.  Assuming tha t  the  sur -  
face redox couple obeys the  Nerns t  equation,  the peak  
cur ren t  for the v o l t a m m e t r y  is g iven by  

n2F2rv 
~, = . ~  [13 

4RT 

where  r is the to ta l  surface concentra t ion  of the a d -  
s o r b e d  complex in moles / cm 2, v is the  poten t ia l  scan 
rate,  and n is the number  of electrons pe r  adsorbed  
molecule.  The charge under  the  peak  is known  and i s  
equal  to Q = nFr .  E xpe r ime n t a l  values  of Q and ip 
give n = 0.9 or ~ 1, indica t ing  that  one e lec t ron is 
involved  in the surface redox process, which  is l ike ly  
to involve the  me ta l  center  (13-14) ; i.e. 

(ConTSP)  ads ~ (ConFrSP)  ads + e -  [f] 

The smal l  devia t ion  of n f rom un i ty  is p robab ly  c a u s e d  
by the approx ima te  na ture  of Eq. [1], which  a s s u m e s  

~ +40 
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-40  
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I I I I i I I 
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0 +0.2 +0.4 +0.6 +0.8 § 
P O T E N T I A L  ( V ) v s  SCE 

Fig. 1. Cyclic voltammograms at different scan rates for Co-TSP 
adsorbed on SAPG. Electrolyte: 0.05M H2SO4. Sweep rates: (a) 1 
V/sec, (b) 0.5 V/sec, (c) 0.2 V/sec. (No Co-TSP in solution; ob- 
tained with hood to block electrolyte at edge of disk.) 
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that the Nernst  equat ion is followed with the activities 
for the adsorbed species in  the two different valence 
states replaced by the surface concentrations. 

Co-TSP readily adsorbs on other carbon substrates 
including glassy carbon, the edge-orientat ion of SAPG, 
and ordinary  pyrolytic graphite (OPG).  Because of the 
high background currents  of graphite surfaces other 
than the basal p lane of SAPG, however, less well-  
defined cyclic vo l tammetry  curves result. For Co-TSP 
adsorbed on the basal plane of OPG, the charge esti- 
mated from cyclic vo l tammetry  is ca. 13 gC/cm 2 which 
is about four times that  found on the basal p lane of 
SAPG. 

The iron derivat ive also readi ly  adsorbed on the 
basal plane of SAPG as evidenced by  the vol tammetry  
curve shown in  Fig. 2. From the scan rate dependence 
of both peaks 1 and 2, it was established that  a one- 
electron transfer  is involved in  each case. The charge 
under  each peak, est imated from the area between the 
solid and the dotted lines in Fig. 2, is ~3.0 gC/cm2, 
which is the same as found for Co-TSP. This charge 
is independent  of potent ial  scan rate over the range 
investigated (50-1000 mV/sec) .  Even though this value 
is only approximate,  it suggests that  the surface cover- 
ages by Co-TSP and Fe -TSP  species are essentially 
the same. For F e - T S P  adsorbed on the basal p lane of 
OPG, the charge unde r  both peaks 1 and 2 is 13 gC/ 
cm 2 each, which is the value found for Co-TSP ad-  
sorbed on the same graphite  material.  

The vol tammograms obtained at various pH indicate 
that  the potentials of peaks 1 and 2 shift with pH. Peak 
1 appears to involve the process Fe III + e -  -~ Fe n. 
This process is pH dependent  over a range of pH de- 
pending on pKA of the M-TSP. The fact that  macro-  
cyclic complexes of t ransi t ion metals in the oxidation 
state III  undergo hydrolysis in water  solutions is a 
we l l -known phenomenon [see, e.g., Ref. (15 and 16)]. 
The redox reaction can be wr i t ten  as 

S -- [F~ IIIOH + H20 + e -  ~ S -- h ~  IIOH2 + O H -  

[g] 
where S represents the graphite substrate. 

The potential  of the Fezn/Fe II redox couple, accord- 
ing to reaction [g], should shift with pH as &E/ApH = 
--0.059 V/pH. Figure 3 shows a plot of peak potential  
(peak 1) vs. pH. The slope of the l inear  region is 
--0.057 V/pH, suggesting that a process such as re-  
action [g] is involved. 

The position of peak 2 shifts with pH only at low pH 
values. It  is not  clear what  type of process is involved 
in  this case. The vol tammetry  curves suggest that  the 
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Fig. 2. Cyclic voltammograms with (solid line) and without 
(dashed line) Fe-TSP pre-adsorbed on SAPG. Supporting electro- 
lyte: 0.1M NaOH, He saturated. Scan rate: 500 mV/sec. (Obtained 
without hood.) 
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Fig. 3. pH dependence of the potential of peak 1 in the voltam- 
metry (see Fig. 2) for Fe-TSP adsorbed on OPG. 

process is reversible. Perhaps in  the reduced form t h e  
t ransferred electron is delocalized in  the ~ system of 
the macrocyclic l igand or a l ternat ively  the Fe is in the 
equivalent  of the I valent  state. Lever and Wilshire 
(17) have reported that  i ron (II) phthalocyanine 
(FeIIPc) can be electrochemically reduced in non-  
aqueous solvents to give FeIpc in which Fe has been 
shown to be five coordinated on the basis of its elec- 
t ron spin resonance spectrum. 

02 reduction on graphite with adsorbed Co-TSP.-- 
The 02 reduction currents  on graphite surfaces other 
than the basal plane of graphite in  alkal ine solution 
are large even in  the absence of adsorbed t ransi t ion 
metal  macrocyclics. This makes the in terpre ta t ion  of 
the electrocatalytic properties of the Co-TSP adsorbed 
on these surfaces difficult. On all of these surfaces, the 
presence of the macrocyclic greatly increases the O2 
kinetic reduction current  (ik). The observed cur ren t -  
voltage curves are compared with and without  the 
adsorbed Co-TSP in Fig. 4. The re la t ively  low ap-  
parent  l imit ing current  for the basal plane of ord inary  
pyrolytic graphite is the resul t  of combined diffusion 
and kinetic control with a potential  insensi t ive chemi- 
cal step (23). 

For a process which is first order  in  a diffusing reac- 
tant,  the disk current  is related to the rotat ion rate 
by the expression (28) 

1/i : (1//z) -}- 1/(Bf  1/~) [2] 

where B is related to the diffusion l imit ing current  by 

iL = Bf lz9 [2a] 
and is given by 

B : 0.20 (Do~)2/zv-1/SnFACos [2b] 

where Dos and Co2 are the diffusion coefficient and 
solubil i ty of 02, v is the kinemat ic  vis~osity, f is the ro- 
tat ion rate in radians, A is the area, F is the Faraday,  
and n is the number  of electrons t ransferred per mole- 
cule of 02 diffusing through the Nernst  boundary  layer. 
The plot in  Fig. 5 for Co-TSP/SAPG in 0.1M NaOH 
clearly follows Eq. [2], thus confirming first-order de- 
pendence of the kinetics on O3. Similar  behavior  has 
been observed in  0.05M H2SO4. This l inear i ty  also pro- 
vides evidence for reasonable uni formi ty  of the current  
dis t r ibut ion on the disk even at potentials other than  
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Fig. 5. Plots of 1 / I  vs. 1 / f  1/2 for Co-TSP adsorbed on SAPG in 
0.1M NaOH -]- 10-SM Co-TSP. 

corresponding to the diffusion l imit ing value [see dis- 
cussion in  Ref. (29, 32) ]. 

The B values evaluated from the slopes in these plots 
are 1.47 X 10 -2 mA (rpm)-1/2,  which compares well  
wi th  the theoretical value of 1.42 X 10 -2 
(rpm)-Z/2,  calculated with Eq. [2b] for n _-- 2, using 
the following values for both 0.05 H2SO4 and 0.1M 
NaOH: Co2 -~ 1.38 • 10 -6 moles /cm 2 (24); the dif- 
fusion coefficient reported by Gubbins  and Walker  (25) 
at  25~ (Do~ = 1.90 X 10 -5 cm2/sec) corrected to 20~ 
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(Do2 ---- 1.67 X 10 -5 cm2/sec), using the mean  tem-  
perature  coefficient est imated from the data of Davies, 
Horvath, and Tobias (26) [d In D o 2 / d t  - -  2.4%/~ 
v ---- 9.97 X 10 -3 cm2/sec, est imated from the viscosity 
of 1.002 • 10-2g cm -1 sec -1 and densi ty p = 1.005 
g /cm ~ (27); and A = 0.196 cm 2. This agreement  con- 
firms that  the O2 reduct ion catalyzed by adsorbed Co- 
TSP is the 2e-  reduct ion to the peroxide as the main  
product. 

Kinet ic  data for 02 reduct ion in  0.05M H2SO4 with 
Co-TSP adsorbed on various substrates using the ro- 
tat ing disk technique are summarized in  Fig. 6. The 
kinetic current  densities have been corrected for dif- 
fusion by mul t ip ly ing  by the factor {L/(/L - - i )  where 
ix, is the diffusion l imit ing current  density obtained 
directly from the i v s .  E plots. The Tafel plots are es- 
sential ly identical  (--155 mV/decade)  for all  of the 
substrates except the basal plane of SAPG with  a low 
rocking angle (Ael/2 ---- 0.4 ~ for which the slope is 
--135 mV/decade. The lower slope on this surface may 
reflect the semiconductor properties (22) which influ- 
ence the potential  dis t r ibut ion at the surface or differ- 
ences in the ionic double layer  for the SAPG basal 
plane compared to other carbon surfaces. 

Figure 7 indicates the Tafe l - type  plots for 02 re -  
duction on Co-TSP adsorbed on SAPG of A01/2 = 0.4 ~ 
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using the correct ion fac tor  (I/IL ~ I) where  I and Is  
a re  the cu r ren t  and  diffusion l imit ing current .  This 
factor  has been  used r a the r  than  [IL/IL --  I] in o rder  
tha t  the  da ta  for severa l  ro ta t ion  ra tes  may  be c lear ly  
represented.  The slope is --120 mV/decade  at  25~ 
corresponding to an a p p a r e n t  a = 0.5. 

Rota t ing r ing -d i sk  da ta  for Co-TSP adsorbed  on 
OPG is shown in Fig. 8 for  0.1M NaOH. The gold r ing 
was ma in ta ined  at  a po ten t ia l  in the diffusion l imi t ing  
cur ren t  range for  the  oxida t ion  of perox ide  (0.10V vs. 
SCE).  Difficulty was encountered  in obta in ing  we l l -  
defined diffusion l imi t ing  currents  for pe rox ide  ox ida -  
t ion on the Au r ing  in 0.05M H2SO4 and consequent ly  
r ing-d i sk  exper iments  are  not  r epor ted  for this e lec-  
t rolyte .  

To analyze  the ro ta t ing  r ing -d i sk  e lec t rode  da ta  
(Fig. 8), consider  the  fol lowing se r i es -pa ra l l e l  react ion 
scheme for 02 reduc t ion  (19) 

02 '~I' +4e" 

~ k  H20 Solution d k ~ l l  " ~  

H20 '~ Ĥ O~ " 
2 -  ks ' z L(ads) 

The d i sk - r ing  cur ren t  rat io for  the O2 reduct ion 
process is as fol lows 

NID/IR : 1 Jr (2kl /k2)  Jr X Jr [k6/(ZH2oJ1/2)] X [3] 

where  

X -- (2kl /k2ks)  ( k - 2  + k3 + k 4 ) + [ ( 2 k a  + k4) /ks]  [3a] 

and  
ZH2O~ -- 0.62DH2o~2/a~ -I/6 [3b] 

If  we assume tha t  adsorp t ion  equi l ib r ium exists  be -  
tween  H202 on the e lect rode surface and in the solu-  
tion, Eq. [3] becomes (18) 

NID/IR -" 1 + (2k1/k2) + [1/ZH20J 1/2) ] 

[2k'3 + k'4 + (2kl /k2)  (k ' -~  + k'~ + k'4)] [4] 

0.6 

 -O2 o,i -- 
0 -0.2 -0.4 -0.6 -0.8 
DISK POTENTIAL(V) vs SCE 

Fig. 8. Rotating ring-disk data for O2 reduction on I~o-TSP pre- 
adsorbed on OPG in 0.1M NaOH. Disk current indicated by solid 
lines; ring current by dashed lines. Scan rate: 10 mY/sac. Ring 
potential: + 0 , i V  vs. SCE. Ring currents are anodic. Collection 
efficiency: N = 0.38. 

where  

k ' -2  -- K~6k-~; k'~ = K56ks; ~'4 = K56k4 [4a] 

wi th  K56 = k6/ks. 
The diffusion l imi t ing cu r ren t  for  a four -e lec t ron  

reduct ion  of 02 to y ie ld  O H -  or  H20 is given by  

I'L - -  4AFZo2CoJ 1/2 [5] 
where  

Zo2 = 0.20Do22/s~ -1/6 [5a] 

It  should be noted tha t  I'L is a theore t ica l  va lue  and 
not d i rec t ly  observed.  Combining Eq. [4] and [5] 
yields  (18), we obta in  

(I'L --  ID)N 2(k'z  + k'a + k ' -~)  
= 1 +  

Za k2 

2Zo2 Zo~ + ~ l u  2 [6] 
ZH~o2 k2 

A plo t  of (ID/IR)N VS. f - z /2  is shown in Fig. 9. The  
scat ter  of the  points  is caused by  the expans ion  of the 
ordinate ,  necessary  as a resu l t  of the surpr i s ing ly  l ow 
slope. This low slope and the closeness of the in te rcept  
to un i ty  indicate  tha t  ve ry  l i t t le  of the  peroxide  gen-  
e r a t ed  a t  the  e lec t rode  is fu r the r  r educed  and  tha t  k l  
is smal l  compared  to k2. F u r t h e r  analysis  of the  da ta  
can be done by  plot t ing ( I ' L - - I D ) N / I a  vs. f1/2. This 
g raph  is shown in Fig. 10. The l ines are  s t ra igh t  as ex-  
pected f rom Eq. [6]. F r o m  the slopes i t  is possible to 
evalua te  k2. The ra te  constant  kl  can be  eva lua ted  f rom 
the in te rcept  in Fig. 9, using Eq. [4]. The  scat ter  of the 
points  in Fig. 9 is too g rea t  to p e r m i t  the indepen-  
den t ly  d r a w n  s t ra igh t  l ines th rough  the da ta  to be 
used to eva lua te  the intercepts .  Consequent ly  al l  of 
the  l ines in Fig. 9 have  been  d rawn  th rough  the da ta  
wi th  the  same slopes. This assumpt ion  m a y  not  be 
fu l ly  just if ied and can influence the  potent ia l  depen-  
dence of kl. 

The Tafel  slopes eva lua ted  f rom the E vs. log k plots 
(Fig. 11) a re  dE/d  log kl = ~ --0.15 V / d e c a d e  and 
dE/d  log k2 = ~ --0.12 V/decade ,  as compared  wi th  
an appa ren t  Tafel  slope --0.12 V /decade  f rom the E 
vs. log i / ( iL  -- i) plots (Fig. 7). The slope of the dE/d  
log k~ plot,  however ,  is based on the assumpt ion  tha t  
the  slopes in Fig. 9 a re  not po ten t ia l  dependent .  In  
addition, the uncer ta in t ies  in the  in tercepts  in  this fig- 
ure  a re  subs tant ia l  even wi th  this  assumption.  Most 
l ike ly  the potent ia l  dependence  of kl  is essent ia l ly  the  
same as tha t  of k2. 

02 reduction on adsorbed F e - T S P . ~ F i g u r e  12 shows 
the polar izat ion curves as sol id  l ines ob ta ined  at d i f -  
fe rent  ro ta t ion rates  on a r i ng -d i sk  e lec t rode  wi th  a 
p ro -adsorbed  l aye r  of F e - T S P  on the OPG disk. The 
same figure shows the O2 reduct ion  currents  observed  
on this g raph i te  ma te r i a l  wi thout  F e - T S P  adsorbed  on 

1.4 / , t , , |  

Nt2U------ 

0 0.1 0.2 0.3 0.4 

Fig. 9. Plots of ID N/IR ",'S. ] / f l / 2  constructed from ring-disk 
data in Fig. 8. 
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the surface. Also shown is the r ing cur ren t  measured 
at the diffusion l imit ing HOu- peroxide oxidation con- 
dition on the Au ring. 

The r ing currents  at disk potentials more positive 
than --0.32V are zero, which indicates that  the O~ re-  
duction occurs via four-electrons with no detectable 
amount  of peroxide at those potentials. The small  
amounts  of HO2- detected at higher polarizations may 
be due in  par t  to the O2 reduct ion process on zones of 
the graphite uncovered by the Fe-TSP.  The ma x i mum 
in IL for the OPG substrate occurs almost at the same 
potent ial  as that  for the Fe -TSP/OPG.  On the other 
hand, the m a x i m u m  in IL for the la t ter  is far too pro- 
nounced to be caused jus t  by  IL for the substrate. This 
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Fig. 11. Potential dependence of the heterogeneous rate con- 
stants for the 4 e -  reduction (kl) and 2e-  reduction (/(2) of O2 
on CuJSP adsorbed on OPG in 0.1M NaOH. 
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maximum in [L for Fe -TSP/graph i t e  correlates well  
with the second peak in the vo l tammetry  curve (see 
Fig. 2). 

Plots of l l I  vs. 1/~ 1/2 (Fig. 13) yield paral lel  s traight 
lines at potentials anodic to the m a x i m u m  in  Fig. 13 
as expected for a f irst-order process on 02. The cur-  
rents at --0.6V correspond to pure diffusion control 
for the 4e -  reduction, based on the in tercept  and slope 
in Fig. 14 [B(exp)  = 2.4 • 10 -2 mA rpm-U2 as com- 
pared with B(theor)  : 2.8 • 10 -2 mA rpm - u 2  for 
n ---- 4]. The deviat ion of the points at higher rotat ion 
rates and more anodic potentials on F e - T S P / O P G  is 
not fully explained but  may be related to a change in  
ra te-control l ing step in  this potent ia l  region as dis- 
cussed later. 

Plots of 1/I  vs. l/]U2 for potentials cathodic to 
--0.6V (Fig. 14) have slopes which increase wi th  po- 
tential ;  i.e., B decreases indicat ing that  the 4e -  proc- 
ess tends to revert  to a 2e -  process. This correlates 
well  with the sharp increase in  the product ion of 
hydrogen peroxide at these potentials as indicated by 
the r ing currents  in  Fig. 12 and with the second peak 
in  the vol tammetry  curves (Fig. 2) which indicates a 
second reduct ion process at ,~ --0.6V. This reduced 
form of the catalyst seems to be less effective for the 
4e -  reduct ion process. 

Figure  15 shows a plot of NID/IR VS. 1/] 1/2 for the 
potential  range where some peroxide is detected. The 
marked  deviat ion from l inear  behavior  at low values 
of 1/f i n  may be caused by shaft eccentricity, i.e., 
wobble. Independent  of whether  the deviations at 
low values of 1/] 1/2 are real or an exper imental  ar t i -  
fact, the data indicate a large potent ial  dependent  
value of NID/IR at infinite rotat ion rate. This suggests 
a paral lel  mechanism. Such behavior  appears reason-  
able since a port ion of the ord inary  pyrolytic graph-  
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ite surface is probably not  blocked by the adsorbed 
Fe-TSP and will support  the O2 reduction principal ly 
to peroxide. The Fe-TSP may still support  at least in 
par t  the overall  42-  reduction. 

The effect of pH on the O2 reduct ion currents  on 
Fe -TSP  adsorbed on ordinary  pyrolytic graphite was 
studied and the results are summarized in Tafel plots 
in  Fig. 16. The solubil i ty of 02 in  the different solu- 
tions varies sl ightly and is considerably smaller  for 
the 1M NaOH solution according to the different IL 
obtained for a given rotat ion rate. This will  give dif-  
ferent  concentrations of O2 for the different solutions 
used, which will  be reflected directly in  the currents 
since the process is first order in  02. The plots in  Fig. 
16, however, include a correction for these differences 
since the parameter  / / ( IL  -- I) is independent  of the 
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O~ concentrat ion in solution for f irst-order kinetics. 
This is verified in  Fig. 17 where data obtained in  O2 
and a i r -sa tura ted  solutions also have been plotted in  
the form I / ( IL -- I) VS. E and superimposed. 

The l inear  region of low polarization in Fig. 16 is 
s trongly dependent  on pH in  contrast to the l inear  
region of high polarization. The slopes of the l ines in  
the pH range 13.8-10.8 are essentially the same and 
have values in the range --30 to --35 mV/decade. At  
lower pH values, these slopes increase reaching a 
value of --65 mV/decade at pH ---- 4.4. It was not 
possible to obtain reproducible data at pH values 
lower than  4.4 since the Fe-TSP complex decomposes 
when the potential  of the electrode is scanned cath- 
odically in acid media. This is accelerated by the 
presence of 02 and produces a rapid decrease in  ac- 
t ivi ty with time. 

Plots of log [I/(IL -- I ) ]  VS. the overpotential  ~] = 
E -- Erev (Fig. 18) show some features which are not 
clearly evident  in  Fig. 16. Figure 18 shows that  the 
02 reduct ion process becomes more i r reversible  w i th  
decreasing pH (i.e., the process takes place at higher 
overpotentials in  acid media) .  This is also observed 
on other carbon surfaces. 
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Another interesting feature that  is clearly noted in 
this figure is that  a limiting current is reached at log 
[I/(IL -- I ) ]  = ,~0.1. This limiting current is associ- 
ated with the pre-wave observed in the polarization 
curves (see Fig. 12). This current is independent of 
pH for the whole range studied, and independent of 
potential and first order in O2 concentrations. A 
chemical l imiting process with essentially potentially 
independent kinetics appears to be involved. 
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Fig. 18. Tafel plots of overpotential vs. log C I / ( I L  - -  i ) ] .  Con- 
ditions are the same as for Fig. 16. 

Reaction order in O H -  at low polarization on ad- 
sorbed Fe -TSP . - -S ince  the reaction is first order in 
O2 concentration and the activity of water  for the 
solutions of different pH is essentially constant, the 
rate  of the reaction expressed as a kinetic current  is 

/k -- k[O2] [OH-]"* [7] 

with the back reaction negligible. From Eq. [7] the 
reaction order for OH-  is 

m =  ( O l o g l K ) =  (Olog[I/(IL--I)])E, [8] 
alog E 71U i 

where IK is given by 

I 
I ~  = IL ~ [9] 

(IL -- I) 

for a first-order reaction in O2 
The plots of log [I/(IL -- I ) ]  VS. log [OH-]  for the 

low polarization-Tafel l inear region in Fig. 18 yield 
straight lines in the pH range from 13.8 to 10.8 (Fig. 
19). In some instances it was necessary to extrapolate 
the low polarization-Tafel l inear region to lower and 
higher values of I / ( IL -- I) to obtain the data in Fig. 19. 

The slopes of the l inear portion of the curves in this 
figure range from --0.87 to --1.1 indicating a reaction 
order of --1 for OH-.  For pH values lower than 10.8 
the order in OH-  decreases numerically. This cor- 
relates with an increase of the slope at  low pH values 
in the Tafel plot of Fig. i6. 

Plots of the potential  vs. pH for constant I~ (IL -- I) 
values in the low polarization-Tafel l inear regions 
yield straight lines for high pH values (13.8-8) with a 
slope of --30 mV/pH unit. This is compatible with a 
Tafel slope of --30 mV/decade and m = --1. 

Oz reduction on F e - T S P  adsorbed on SAPG. - -Essen -  
t ial ly the same behavior has been observed for the 
disk currents for O2 reduction on Fe-TSP adsorbed on 
SAPG. On the basis of the observed B values, the 02 
reduction appears to proceed vir tual ly  entirely by the 
overall  4e-  process without any peroxide generation 
at potentials anodic to --0.SV. The B values indicate 
that peroxide generation becomes quite substantial at 
more cathodic potentials. 02 reduction to peroxide or 
OH-  ion is grossly inhibited on the basal plane in the 
absence of the adsorbed complexes. Consequently this 
provides evidence that much of the peroxide is gen- 
erated on the adsorbed Fe-TSP at more cathodic po- 
tentials and not just on the exposed graphite surface. 

Tafel plots of log [ / ] ( IL --  I ) ]  VS. E are given in 
Fig. 20 for Fe-TSP adsorbed on the basal plane of 
both SAPG and OPG. The chemical l imiting currents 
are about eight times smaller for the SAPG than for 

0 fl . . . . . . . . .  13 
" d  E = + 0 ,2  E -+0 .1V E - 0V E .0  10 

ioo[oH/  o. j, pH 

, : - g  0 

0 

Iog(I/(IL- I)) 
Fig. 19. Plots of log [ I / ( I L  ~ I ) ]  vS. log [ O H - ]  (or va|ues of 

I / ( I L  ~ I )  taken from the Tafel linear region of low polarization 
in Fig. 16, extrapolated, if necessary, at a constant potent ia l .  
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the ordinary  pyrolytic  graphite and about  twofold 
smal ler  for the high polar izat ion-Tafel  l inear  region, 
bu t  almost  the same for the low polarizat ion Tafel 
l inear  region. 

From the cyclic vo l t ammet ry  curves for these two 
surfaces the surface concentrat ion of Fe -TSP  on the 
SAPG is about  four to five t imes smaller  than  that  ob- 
served on ordinary  pyrolytic  graphite, expressed in  
terms of superficial area. 

Discussion 
Oz reduction on Fe -TSP . - -On  the basis of the ex-  

per imenta l  results for 02 reduct ion on Fe -TSP  ad- 
sorbed on the basal planes of SAPG and OPG, the 
mechanisms of O~ reduct ion at low and high polariza- 
tion are not the same. Evidence for this is the differ- 
ent Tafel  slopes and pH dependence. The reaction at 
low polarization is strongly dependent  on pH and has 
an order of --1 in  O H -  ions over the pH range 13.8- 
10.8. In  contrast, the process at high polarization is 
practically pH independent  over the entire range 
studied (13.8-4.4). Both processes are first order in  
o2. 

The current  potential  data can be deconvoluted 
into two component  processes as shown in Fig. 21. The 
exper imental  cur rent  density i corresponds to the sum 
of the values for each individual  process, i.e., / ( total)  
= ia + lb. The process corresponding to ib has been 
assumed to follow Tafel l inear i ty  only at more cath- 
odic potentials and to approach zero current  at po- 
tentials  negative to the reversible value for the over-  
all  4 e -  reduct ion in  order to fit the exper imental  data. 
Such behavior  may occur if process b corresponds to a 
hydrogen peroxide producing react ion wi th  the bulk  
peroxide concentrat ion finite bu t  very low (e.g., 
10-TM). Small  residual  currents  were observed on 
the r ing after several  cathodic potential  sweeps, pro- 
viding evidence for such peroxide. The curve corre- 
sponding to ib then  approaches the reversible poten-  
tial for the O J H O 2 - ,  O H -  couple for whatever  is the 
bulk concentrat ion of HO2-. 

Mechanism at low polarization at pH > 8 (mechanism 
I ) . - -The  more anodic peak in  the vol tammetry  curves 
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Fig. 21. Graphical representation of the combination of two 
processes for 02 reduction on adsorbed Fe-TSP in basic media. 

for Fe-TSP in  Fig. 2 occurs at potentials in the low 
polarization region (Fig. 16) where deviations from 
Tafel l inear ly  become evident. This suggests an in -  
volvement  of the [Fe( I I I )OH TSP]ads/[Fe(II)  TSP]a~s 
couple in  the reaction mechanism responsible for this 
portion of the polarization curves. The following 
mechanism explains the O2 reduct ion kinetics at pH 
> 8 for the region below the apparent  chemical l imi t -  
ing current ,  corresponding to component  ia in  Fig. 21 

FeIIIOHads -~- e -  ~ FelIads + O H -  fast [i] 

k~ 
Fenads + 02 ~ (Fe III - -  O 2 - ) a d s  fast [j] 

k -2  
ks 

(Fem -- O2-)ads + e -  ----> intermediates  slow [k] 
rds 

where the TSP groups have not  been shown for s im- 
plicity. Reaction [k] would then be followed by fur -  
ther fast steps yielding finally O H -  as the product  of 
the 02 reduct ion with a total of 4e -  per O2 consumed. 
For this reaction scheme, the rate of the reaction 
expressed as a current  density is given by 

[+" ] 
ia -- 4Fk3[Fe llI -- 02--] exp -- -~- (E -- Eo) [i0] 

where [Fem -- O2-]  is the surface concentrat ion of 
this adsorbed species, ~ is the symmet ry  factor, and ks 
is the rate constant  at the s tandard  electrode poten-  
tial for reaction [k] ; i.e., at E = Eo. 

Applying the Nernst  equat ion to reaction [i] and 
assuming ideal behavior  

RT [FeII] ( O H - )  
E + Eo -- - -  In [11] 

F [FemOH] 

where  [ ] represents surface concentrat ion and ( ) 
solution phase concentration. Brown and Anson (20) 
have called a t tent ion to the deviat ion of adsorbed 
complexes from Nernst  behavior  when  using concen- 
trations ra ther  than  activities or coverage-dependent  
s tandard free energies or Eo values (i.e., non-Lang-  
mui r  behavior) .  The deviations, however, should be 
small  in the present  work since the concentrat ion of 
the adsorbed macrocyclic and, hence, the change in  
charge densi ty are low. 

The surface concentrat ion of the Fe species can be 
expressed in  terms of coverage 0, i.e. 
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Tafel l inear  region of higher slope should be observed. 
F 

For ( O H - ) - 1  exp -- - -  (E -- Eo) > >  1 and K exp 
RT 

a F  
- -  - -  (E -- Eo) < <  1, then the Tafel slope of - - R T /  

RT 
(aF) or ~ --120 mV/decade would be expected while  
for the reverse situation, the slope should be --60 
mV/decade.  Neither of these slopes has been observed 
at high pH. The l imit ing current  (ia)L is achieved with 
a gradual  change in  the slope and an in termediate  
l inear  region is not observed. It  is possible that  the 
log l inear  region occurs only close to the l imit ing cur-  
rent  (ia)L over tOO small a potent ial  range to be 
evident. 

Acid-base equilibrium oS Fe-TSP.--At  more acid pH 
it  is necessary to consider the acid-base equi l ibr ium 

K s  
FenIOH - ~- FelII W O H -  [1] 

The redox process may be represented as 

e -  
FeInOH ~ FelI W O H -  

F e m - [m] 

or a l te rna t ive ly  

+ e -  
Fe m -  O H -  + H + ~ F e  H + H~O 

Fe Iu + H~O [n] 

[Fe II] = #m; 0 < 0 < 1 [12] 

[FemOH] = ( 1 -  O)m [13] 

where m is the total  surface concentrat ion of Fe-TSP 
species. In t roducing Eq. [12] and [13] into Eq. [11] 
and solving for 0 

F 
( O H - )  -1 exp -- ~ (E -- Eo) 

O : .  [14] 
F 

1 + ( O H - )  -1 exp --  ~ (E -- Eo) 

Assuming steady state for step [j], the concentra-  
t ion of [Fem -- Oa-]  adsorbed species is given by 

-d* 

k2[O~]om -- ia 
[Fe IiI -- O2-] = [15] 

4- 

k,. 

Replacing [FenIO2 - ]  in  Eq. [10] with Eq. [15], re-  
placing k3/~r by K and  rear ranging  

aF  
K e x p  - -  - -  ( E  - -  Eo)  

RT 
ia = 4Fks (02) ~ n  [16] 

aF 
1 + K exp --  - ~  ( E  - -  Eo )  

- - a F  
W h e n  0 - r  1 a n d  K e x p  ~ ( E  - -  Eo)  > >  1, t h e n  

approaches a l imit ing value, given by  

(ia) L -- 4Fk~(Os) m [17] 

The coverage 0 of FeH-TSP approaches one at poten- 
tials cathodic to Eo, i.e., all Fe-TSP on the surface 
becomes FeII-TSP. For example, when E -- Eo = 
--0.1V, o = 0.93; and when E -- Eo = --0.2V, 0 
0.999. 

Combining Eq. [10]-[16] and rearranging 

with 

[ , ] ( O H - ) - 1 K  exp -- (1 + a) ~ (E --  Eo) 

i a : -  ( i a )  L [ " ][ 1 + (OH-) -i exp -- ~ (E -- Eo) i 

This equat ion predicts the essential features of the 
exper imenta l  data below the high polar izat ion-Tafel  
l inear  region in  the pH range from 8.7 to 13.8. The re-  
action rate is first order in  (02), --1 in  ( O H - ) ,  and 
predicts a l imi t ing current  densi ty (ia)L that  is di-  
rectly proport ional  to 02 concentrat ion and to Fe -TSP  
surface concentrat ion and independent  of pH. The 
quantity (ia)L is not a diffusing l imit ing current  den-  
sity, bu t  is due to a potent ial  insensi t ive chemical 
process, reaction [j], which becomes rate controll ing 
when  the Fe n species approach saturat ion and the 
cathodic polarization has increased the rate  of reac- 
t ion [k] to a re la t ively high value. According to 
this proposed mechanism, the Tafel slope for t h e  
lirmar Tafel region of ia should be - -RT/[(1  + ~)F].  
The value of the slope will  depend on the value of ~. 
For  a = 0.5 the slope is --RT/(1.5F) or --40 mV /  
decade and for a = 1 is - -RT/(2F) ,  or --30 mV/dec-  
ade as compared with an exper imenta l  value of 
,~ --35 mV/decade.  A Tafel  l inear  region of slope 
- -RT/[(1  + a)F]  should be observed only if both 

F 
t e r m s  ( O H - )  -1 exp --  - -  (E -- Eo) and K exp 

RT 
aF 

( E  - -  Eo)  a r e  small  compared to unity.  If 
RT 

either term becomes much larger  than  un i ty  while the 
o t h e r  is still very  small  compared to unity,  a second 

[Fe m] ( O H - )  1 --  z 
KB = = ( O H - )  [18 ]  

[FeulOH] x 

+ K e x p - -  ~ (E -- go) 
[17a] 

with x the fract ion of the surface adsorbed Fe III com- 
plex as FenIOH. Solving for x 

(OH - ) /KB 
x -- [19] 

1 + ( O H - ) / K B  

Expressing the concentrat ions as coverage, the 
Nernst  equat ion for reaction [m] becomes 

RT 0 ( O H - )  
E -- Eo -- , In [20] 

F (1  - -  0 ) x  

Solving Eq. [20] for 0 

F 
x ( O H - )  -1 exp --  ~ (E --  Eo) 

0 = [21] 
F 

1 + x(OH-) -i exp -- ~ (E -- Eo) 

Mechanism at low polarization in acid media (mecha- 
nism II).--It is possible that  the uptake of O2 by FeII 
becomes rate controll ing when  the pH of the solution 
is lowered. The following mechanism for acid media 
is proposed 

k2 
[FeII] + O~. --~ [FelIIO~ - ] slow [n] 

[FenI02 - ] + H + + e -  ~ in termedia te  fast [o] 
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where Fe n is generated by reaction [m]. The rate of 
the reaction expressed as a current  is 

ia : 4Fk~[Fe n] (02) [22] 

Expressing [Fe H] as coverage, using e from Eq. [21], 
and replacing 4Fk2m(O2) by (ia)L as before, the final 
expression becomes (21) 

F 
x ( O H - )  -1 exp -- - ~  (E -- Eo) 

ia ~ -  ( i a )  L [23] 
F 

1 "t- x ( O H - )  -1 exp -- ~ (E -- Eo) 

This mechanism predicts a Tafel slope of - -F/RT or 
--60 mV/decade at 25~ It  also predicts a l imit ing 
current  directly proport ional  to (OD and to the sur-  
face concentrat ion of [Fe-TSP] species. This l imit ing 
current  is independent  of pH. 

The terms x and ( O H - )  -1 are in terdependent  ac- 
cording to Eq. [19]. At alkal ine pH values, [ O H - ]  
~ KB and x in  Eq. [19] becomes unity. At more 
acid pH values, the behavior  of Eq. [19] will depend 
on the value of KB. Figure  3 predicts an approximate 
value for the acid dissociation constant of KA ~ 10 -4 
and hence KB ~ 1010. 

When ( O H - )  -- --~19-~~ x = 0.5 and when 
( O H - )  ( (  KB, X = 0. According to this, at pH ~ 4 
Eq. [20] becomes independent  of ( O H - ) ,  and 

I/KB 
x ( O H - ) - 1  -- : 1/KB [24] 

1 -~ ( O H - ) / K B  

Equat ion [23] becomes 

F 
KB - I  exp -- - ~  (E -- Eo) 

i a  = ( i a ) L  [25] 
F 

1 + KB -1 e x p - - - ~ - -  (E -- Eo) 

Equations [19] and [23] fit the exper imental  observa- 
t ion (Fig. 19) that, at low pH, ia has relat ively little 
or no pH dependence. 

Mechanism I and II are expected to be competitive 
in the p.tt range be tween 10 and 4. This would explain 
the gradual  change in  the Tafel slope over this pH 
range. Equations [19] and [23] do not include a cor- 
rection for the mass t ranspor t  of O2 to the electrode 
surface. This correction is small  in the current  range 
where ia is predominant .  At high current  densities the 
correction can be made with the equation 

(i~. - i) 
( 0 2 )  - - - -  ( 0 2 ) b u l k  [ 2 6 ]  

iL 

where iL corresponds to the diffusion l imit ing current  
density. At more cathodic potentials the fraction of the 
current  corresponding to peroxide generat ion becomes 
quite substantial.  Since this fraction is potential  de- 
pendent,  iL also becomes potential  dependent.  The 
value at any  par t icular  potent ial  can be evaluated 
from the B values calculated from the 1/I vs. 1/JI/2 
plots (Fig. 14). 

Mechanism at high cathodic polarizaztion (mechanism 
III).--Tafel slopes close to --120 mV/decade observed 
at high polarizations strongly suggest that  a first one- 
electron t ransfer  step becomes rate controll ing at those 
potentials with mechanistic features analogous to 
those for Co-TSP. The process becomes practically 
pH independent  as shown in  the Tafel plots of Fig. 
16. The rate of reaction can then be expressed by 

~F 
ib -~ 4Fkm0(O2) exp -- ~ (E -- Eo) [27] 

o r  

iL -- i aF 
ib -- 4Fkm~(O2)bulk iL exp -- - - ~  (E -- Eo) [27a] 

where Eq. [27a] contains the correction for mass 
t ransport  of O~ from the data. 

The pH independence of the process indicates that 
protons or O H -  ions are not  involved before or in  the 
ra te -de te rmin ing  step. 

A mechanism which explains the behavior  at high 
polarization is as follows 

O2 
(M 1~ TSP)~d~----~ [ ( M  m --  T S P )  - -  Os - ]aus  f a s t  [p]  

0 e -  [ ( M m  _ T S P )  - -  2-]~as  ---> [ ( M  I~ - -  T S P )  - -  Os - ] ads  s l o w  [q]  

[ ( M  H --  T S P ) ]  --  O2-]~d~ e---U.~ (IPIH - -  TSP)~,d~ § Q H -  f a s t  [ r ]  
H O H  

Reactions [p] and [q] may be either separate steps as 
shown or a single step. This same mechanism probably 
is also operative for O2 reduction on (Co-TSP)ads and 
is to be preferred to the mechanism suggested earl ier  
(9) since it accounts for the zero reaction order de- 

pendence on O H -  ion concentration. 
A redox mechanism similar  to mechanisms I and II  

is not observed on the adsorbed Co-TSP. This is 
probably related to the differences in the redox prop- 
erties of Fe-TSP and Co-TSP. At pH 1, the C o n / C o  I I I -  

TSP couple occurs at +0.78V vs. SCE and the F e n /  
Fe m couple at +0.40V. Therefore it should be much 
easier for 02 in  b inding  to the t ransi t ion metal  of the 
TSP complex to oxidize Fe H to F e m than  Co II to 
C o I I I ,  

Some caution must  be exercised in  comparing the 
behavior of the adsorbed M-TSP at monolayer  levels 
with that  of thick layers of the corresponding phthalo-  
cyanine on carbon substrates or that  of the bu lk  com- 
plex. Nonetheless, the exper imental  results of the 
present  study may explain the different Tafel slopes 
found by various authors for 02 reduct ion on metal  
chelates. For  example, the Tafel slopes reported for 
02 reduction on iron complexes at ~25~ include --30 
(6-8), --45 (30), and --60 (31) mV/decade. For co- 
balt  chelates, slopes of --40 (37), --60 (4), and --120 
(9, 10, 30, 33) mV/decade have been found. On the 
basis of the present  work, this dis t r ibut ion of Tafel 
slopes appears to result  from differences in  the redox 
potentials and pK's of the couples and pH of the elec- 
trolytes. Despite the obvious importance of the redox 
properties of the surface species, re la t ively few au-  
thors have placed much emphasis on them in  their  
studies (see, e.g., 2-4, 34). 

Manasseh and Bar - I l an  (2) measured the redox 
potentials of metal  phthalocyanines by solubilizing 
them in  te t rabutyl  ammonium perchlorate solutions. 
Randin  (3) used the data for the homogeneous couple 
to rationalize the catalytic behavior  of t ransi t ion 
metal  phthalocyanines in alkal ine solutions. Aside from 
the question of the redox potentials for the hetero- 
geneous vs. homogeneous Fe phthalocyanine couple, 
the difference in pH is expected to shift the potent ial  
very substantial ly.  Similar  behavior  has been ob- 
served for i ron porphyrins  (35) and v i tamin  B-12 
(36). 

Appleby and Savy (6-8) have reported Tafel slopes 
of --30 mV/decade for O2 reduction on layers of Fe 
phthalocyanine on carbon in  alkaline media wi th  an 
O H -  reaction order of --1. This is s imilar  to the results 
found in  the present  work with Fe -TSP  on graphite. 
It is very l ikely that  the potential  of the FeH/Fe m 
phthalocyanine couple falls in  the same range of po- 
tential  where these slopes are observed. A recently re- 
ported value for the FeH/Fe m phthalocyanine couple 
by Beck (4) at pH : 0 is +0.7V vs. SHE. If we as- 
sume that  the PKA of F e m p c - O H  is approximately  4, 
then at pH : 14 the redox potential  for i ron phthalo-  
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cyanine should be approximately -b0.10V, which is 
in the region of the --30 mV/decade slope. 

In summary the present study provides an explana- 
tion for the different experimental  results reported in 
the l i terature in terms of: 

1. One mechanism is predominant for alkaline media 
with a Tafel slope close to F/2RT and another mecha- 
nism is predominant in acid media with a Tafel slope 
close to F/RT. These two mechanisms can become 
competitive at intermediate pH values. This explains 
the gradual increase of the slopes at more acid pH 
values found by several authors (6-8, 37) and in the 
present work. These two mechanisms are controlled by 
the MII/M m couples and are only observed when the 
potential of these redox couples is close to that where 
02 reduction takes place. This is the case for Fe-TSP 
and on the basis of l i terature data also for Fe-Pc and 
Co-TAA (6, 8, 37). 

2. At potentials far cathodic to those of the transi-  
tion metal redox couple, a redox type of mechanism is 
not operative since all of the catalyst is in the lower 
valency state and the chemical s t ep  M II ~- 02 --) 
MmO2 - does not occur because the formation of the 
M m species is thermodynamically unfavorable even in 
the 02 adduction. In this case a first one-electron 
transfer step becomes rate controlling via a different 
pathway, and the Tafel slopes are close to RT/(aF)  
(--120 mV/decade for a : 0.5). This is the case for 
adsorbed Fe-TSP and Co-TSP in the present study 
and for Co-TAA, Co-Pc, Ni-Pc, and Cu-Pc reported in 
the l i terature (30, 33, 37). 
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ABSTRACT 

Two important  parameters  which strongly influence the flatband potential  
of a semiconductor in  electrolytic solutions are the electron affinity of the 
semiconductor and the net  charge on the surface. An a t tempt  to modify these 
parameters  by  chemical derivat izat ion of the surface of the semiconductor will  
be described. When the surface of TiO~ is modified with alkylsilanes, impe-  
dance and photocurrent  measurements  indicate that surface states are in t ro-  
duced at the semiconductor-electrolyte interface. These states have broad 
Gaussian distribution, with a ma x i mum near  the bottom of the conduction 
band. The states act as effective recombinat ion centers for l ight-generated 
minor i ty  carriers. When the alkylsi lane is derivatized with a phosphonate group, 
the Gaussian dis tr ibut ion of the states is re ta ined but  with reduced width, 
and the max imum is shifted considerably to more positive potentials. These 
states do not act as recombinat ion centers. An at tempt also was made to 
change the electron affinity of the surface by fluorination. The only measured 
result  was an increase in surface recombinat ion of minor i ty  carriers, which 
resulted in  a decrease in the anodic photocurrent.  

The position of the flatband potential  of a semicon- 
ductor in contact with an electrolyte, relat ive to the 
oxidat ion-reduct ion potential  of the solvent, is one of 
the key parameters  de termining the solar energy con- 
version efficiency of a photoelectrolytic cell (1). 

According to Butler  and Ginley (2) the electron af- 
finity E e and the flatband potential  UFB are related by 

Ee : Eo - -  EFC -J- e(UFB ~ Vc) [1] 

where Eo is the difference between the vacuum level 
and the reference electrode (4.5 eV for SHE),  EFc is 
the energy difference be tween the Fermi  level and the 
bottom of the conduction band in the bulk  of the semi- 
conductor, and Vc is a correction to the fiatband poten- 
tial due to absorption of charges on the surface. The 
last term vanishes if the measurements  can be made 
at, or corrected to, the zero point of charge (ZPC). 
Butler  and Ginley found very good agreement  be- 
tween the measured flatband potentials for oxides and 
the values calculated by Eq. [1] from electron affini- 
ties and measured ZPC values. 

This paper describes our first effort at influencing 
the potential  dis t r ibut ion at the semiconductor-electro-  
lyte interface relat ive to the potential  of the hydrogen 
electrode in the actual env i ronment  in  which photo- 
electrolysis takes place. We chose TiO2 as the semicon- 
ductor because its behavior  in  photoelectrochemical 
cells is the best understood; its bulk  and surface prop- 
erties have been extensively studied and its reported 
flatband potential  is only a small  fraction of a volt 
too positive for efficient photoelectrolysis under  short-  
circuit conditions (1, 3). The strategy was to attach 
chemically funct ional  groups on the surface and to 
monitor  the effects of those groups on the potential  
dis t r ibut ion and on the l ight - induced anodic photo- 
current .  

A detailed s tudy of the potential  dis t r ibut ion at 
the unmodified T iOJaqueous  electrolyte interface is 
reported separately (3, 4). For  an effective improve-  
men t  in  the performance of a photoelectrolytic cell a 
modified surface has to meet  the following conditions: 

1. The modified surface has to be stable in the dark 
and under  photoelectrolyt ic  operation. 

2. The oxidat ion-reduct ion potential  of the attached 
group has to be significantly more positive than  the 

" Electrochemical  Society Active Member. 
i Present  address: Department  of Physics, Brooklyn College of 
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potential  of the oxygen electrode, so that  l ight -gen-  
erated holes will tend to oxidize water  and not the 
functional  groups. 

3. It should not act as a surface recombinat ion cen- 
ter for the l ight generated minor i ty  carriers. 

4. The modified surface should not add a potential  
barr ier  or a resistive layer  to the cell. 

5. The modified surface should be negat ively charged 
at a potential  more positive than the oxygen poten-  
tial. 

Thus we seek a chemically attached monolayer  of 
acidic groups with the pK much lower than water  
that  will oxidize at potentials more positive than  
+1.23V vs. SHE and that  will  not form a recombina-  
t ion center. 

For tuna te ly  dur ing the last few years an extensive 
research effort has been carried out aimed at derivat i-  
zation of electrode surfaces by chemical modification 
(5-46). Some of the efforts in this area already have 
been applied to photoelectrochemical systems (40-46). 
Based on the expected stabil i ty we have l imited our 
choice to silane derivatives (5, 6, 11, 12). A var ie ty  of 
funct ional  groups can be synthesized and attached to 
the surface. 

A demonstrat ive example of such an a t tachment  is 
i l lustrated with the following reaction 

0 
rT 

TiO~]--OH + (EtO)3 -- Si CH2 CH~ P (OEt)2 

1 
TiO~]--O -- Si 

I 

Y5727 

anhydrous  conditions 
0 
11 

-- CH2 CH2 P (OEt)2 

oL_ I o f f II 
TiO2]--O --Si  -- CH2 CH2 P -- O or -- CH~ P --  O -  

I I I 
OEt 0 - 

[2] 

The net  result  is the replacement  of an - - O H  group by  

1518 
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O 
II 

- - P - - O H  group. 
I 
OH 

The ZPC for TiO2 in  the rut i le  form was reported to 
be at pH = 5.8 (47). The first pKa of phosphoric acid 
is 2.12. If we assume that  the ionization constant  of 
phosphoric acid does not change with the subst i tut ion 
of the silane group and the a t tachment  to the surface 
of the semiconductor, the result  should be changed in 
the ZPC from 5.8 to 2.1 which will  result  in a negative 
shift of 225 mV in the flatband potential.  Larger shifts 
can be expected from acidic groups with lower pK 
attached to semiconductors with a higher ZPC. 

Alkylsi lanes were used to investigate the interactions 
of the - - T i - - O - - S i - -  funct ional  group with the minor -  
i ty and major i ty  carriers in the semiconductor.  

In  addition, we will  describe an at tempt  to change 
the electron affinity of the semiconductor at the sur-  
face by surface fluorination. 

Exper imental  

TiO2 single crystals were purchased from Atomergic 
and sawed perpendicular  to the c axis. The resul t ing 
wafers (1 m m  thick) were mechanical ly polished, 
etched in  NaOH at 500~ for 1 hr, r insed in r unn i ng  
distilled water, boil ing HC1, and washed again. The 
wafers were doped with an He/Ar mix ture  at 600~ 
for 30 min. The alkyl  silanes were purchased from 
Petrarch Systems and distilled in  vacuum. Toluene 
was distilled over Na in  benzophenone. The diethyl  
[ (~- tr ie thoxysi lyl)  ethyl] phosphonate (Y5727) was 
k indly  donated by Dr. K. G. Weinberg from the Chemi- 
cal and  Plastic Division of Union Carbide. The sam- 
ples were reacted with silane derivatives in the ap- 
paratus  shown in  Fig. 1 which is based on a similar  
design by Cullen et al. (32). The procedure for elec- 
trode modification is s imilar  to the one used by Mur-  
ray  et al. (6). Two samples were introduced into the 
modification apparatus and soaked in  heptane over-  
night, then heated to 450~ for 4 hr  in flowing Ar. 
One of the samples was soaked in  5% silane in  toluene. 
Both samples were washed extensively with dry tolu-  
ene, dried in flowing Ar for 30 min  at room tempera-  
ture, washed in  distilled water, and dried with forced 
air. 

The samples modified with alkylsi lanes changed 
from hydrophylic  to hydrophobic and the contact angle 
formed between the surface and a small  drop of water  
served as the ini t ia l  indicat ion of the a t tachment  of 
the alkylsi lane to the surface. 

ESCA-Auger  analyses of the surfaces were per-  
formed using a Physical Electronics Model L 550 SAM- 

FLOW METERS i 

II ~= L ~ -  ~ ~' SAMPLE HOLDER 

II 

Fig. 1. The apparatus for surface derivatization of the electrodes 

ESCA System spectrometer equipped with an  Mg x - ray  
excitat ion source. All  spectra were r un  at pressures 
less than 2 • 10 - s  Torr. ESCA spectra signal averag-  
ing was performed using a Nicolet Model NIC-1072 
computer. 

Impedance measurements.--The electrochemical cell 
used for measurements  of impedance and l ight - induced 
current -potent ia l  curves is shown in  Fig. 2. Samples 
were held between two silicon gaskets pressed against  
the cell wall. The front  gaskets had holes with an ex-  
posed area of 0.1 cm 2. The back side of the samples 
was rubbed  with an I n / G a  alloy for ohmic contact. 
A Pt wire attached to a th in  Pt  disk was pressed 
against the ohmic contact through a hole in the back 
gasket and through a hole in  a pressure-fit  Teflon 
piston to the outside measur ing apparatus. The walls 
that  were not fitted with electrode compartments  were 
fitted with quartz windows. The cell was sealed and 
purged with N2 or Ar. The two electrodes were con- 
nected to the ne twork  analyzer  and to a d-c power 
supply as described previously (3, 4, 48). The poten-  
tials of the two electrodes, one modified, the other not, 
were monitored cont inuously against  the SCE and 
kept identical. The network analyzer  was switched from 
one sample to the other and the re laxat ion spectrum 
analysis, as a funct ion of the electrode potential, was 
carried out using the same procedure as previously 
described (3). 

The current -potent ia l  measurements  were made 
with a PAR Model 173 potentiostat, Model 175 un i -  
versal programmer,  and 150W xenon lamp at tenuated 
with neut ra l  density filter to produce light in tensi ty  of 
50 mW/ c m 2. The light in tensi ty  was kept  low to pre-  
vent  bubble  formation. 

Surface ]Zuorination.--Samples were fluorinated us-  
ing a Union Carbide proprie tary procedure (49). 

Results and Discussion 

Electrodes Modified with Alkylsilanes 
In  a set of p re l iminary  experiments,  no noticeable 

difference was found be tween alkyl t r imethoxysi lanes  
and alkyltrichlorosilanes. A detailed s tudy was per-  
formed with methyl t r imethoxysi lane,  hexyl t r imeth-  
oxysilane, and eicosyltrichlorosilane. All three silane 
derivatives changed the surface of the electrode from 

(al 

(cl 

r (kl 

(el f 

(f) (g){h) (~} (J} 

Fig. 2. The photoelectrochemical cell: a, counterelectrode; 5, 
reference electrode (SCE); c and d, inlet and outlet for Ar; e, 
optical windows; f and i, silicon rubber gaskets; g, sample; h, 
platinum disk attached to Pt wire and is pressed against the 
ohmic contact on the sample; j, Teflon screw; k, electrical con- 
nector. 



1520 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY July  1980 

hydrophylic to hydrophobic. The modified surfaces re-  
tained their  hydrophobic properties after exposure, for 
as long as 90 hr, to aqueous solution with pH values 
varying  from 1 to 14. The derivatized surface was re-  
stored to its unmodified state by boiling the sample in 
10M NaOH. ESCA results showed that the silane was 
attached to the surface. The Si was not  present  on un -  
modified surfaces. The Si(2P)  peak with a b inding ~ 
energy (BE) of 102 eV was compared to Ti (3P) with ~ 
a BE of 37 eV. The theoretical cross sections for ioni-  
zation at these levels are 0.865 and 0.789, respectively 
(50). Typical molar in tensi ty  ratios of these two peaks 
were 1:1, but  this ratio varied near ly  30% between 
different preparations. Analysis of the LMM and KLL 
Auger  transit ions showed that  the Si is dis tr ibuted 
wi th in  a layer  of 10A. 

The variations in  ESCA and Auger  spectra, between 
various alkylsi lane derivatives, were wi th in  the scatter 
for indiv idual  silanes. 

Impedance and relaxation spectrum analysis (3, 4, 
48).--The equivalent  circuit of the derivatized TiO2 
was found to be the same as that  of underivat ized 
samples (3, 4). Over certain potential  ranges, the 
capacitance values for the modified samples were 
found to be higher than  those for the unmodified 
surface. Possible explanations that  can account for dif- 
ferent  capacitive values in  the derivatized surfaces 
are: 

Formation o~ an insulating film on the surface.--This 
will introduce an addit ional  capacitive element,  smaller  
than  the space charge capacitance and connected in  
series with it. This will  result  in reduct ion of the ob- 
served capacitance in the modified surface which is 
contrary to observation. 

Dif]erent surface area and/or different doping l e v e l . -  
In  spite of precaut ionary measures taken to ensure 
identical surface areas and doping levels, nevertheless 
these two parameters  varied from sample to sample. 
If the difference in capacitance is due to this variation, 
the ratio of the two capacitances should be indepen-  
dent  of potential, from the following argument :  

The unmodified sample obeys the Mott-Schot tky 
relat ion (51) over the potent ial  range which is being 
measured 

--" U-- UFB - - - -  [ 3 ]  
Cu 2 Au2ee~D u e 

where Ca is the capacitance of the unmodified sample, 
Au its area, ND u the doping level, e the dielectric con- 
stant, e the electronic charge, U the electrode poten-  
tial, and UFB the flatband potential. A similar  expres- 
sion will hold for the modified sample. If the flatband 
potential  is the same, then  

Cm Am _ / ND m % 
- -  = - -  V [4] Cu Au ND u 

which is independent  of potential.  The exper imenta l ly  
observed potential  dependence of the ratio indicates 
that this is not the p r imary  reason for the difference 
in  capacitance. 

Surface states.--If derivatizat ion of the surface does 
introduce surface states, their capacitance is in  paral le l  
with the space charge layer  and an increase in  the 
overall  capacitance is expected (52). This increase in  
capacitance should be potent ial  dependent  according 
to the energy and energy dis t r ibut ion of the states, in 
agreement  with our observations. 

The ratio of the modified to unmodified capacitance 
was plotted as a funct ion of potential, as shown in  
Fig. 3. The region of capacitance ratios which was 
found to be potential  independent  was subtracted from 
the ratio over the entire potential  range and the result  
was mult ipl ied by the capacitance of the unmodified 
sample. This procedure can be summarized in  the 

3 �9 �9 

t, -o!5 ; 0'5 : 
POTENTIAL (V vs SCE) 

Fig. 3. The ratio of the capacitance of Ti02 modified with 
hexyltrimethoxysilane and unmodified Ti02, as a function of 
potential. (0.3M phosphate buffer, pH = 6.6.) 

following way 
C m = Cs~ m + C~s [5]  

C" = Cs~" [6] 
and therefore 

( C m  A m  " ~ / ' N D m  ) 

Css = Csc" C" A. v ~ [7] 

The magni tude  of Css as a funct ion of potential,  for 
TiO2 which was modified with hexyltr imethoxysi lane,  
is presented in Fig. 4. 

The surface states are spread over a broad potent ial  
range near  the bottom of the conduction band. The 
potential  dis t r ibut ion of the capacitance fits a Gaus-  
sian l ine shape with the following parameters  

Css : 5.4 exp (--1.9 (U + 0.9)2)~F/cm 2 [8] 

0 0,8 I I I w v 
--0.5 --0,2 +0,1 +0.4 +0.7 

POTENTIAL (V vs SCE) 

Fig. 4. The surface-states capacitance of Ti02 which was modi- 
fied with hexyltrimethoxysilane, as a function of potential. The 
experimental data were taken from Fig. 3 by using Eq. [7]. The 
solid line is the theoretical fit to Eq. [8].  
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This l ine shape can be in t e rp re t ed  as due to s imi la r  
d i s t r ibu t ion  of surface s tates  a t  the  semiconductor -  
e lec t ro ly te  interface,  which  can be expressed  in  the  
fol lowing w a y  

Nt 
Nss(E) - -  ~ exp  [ - -  (Et - -  E)2/2(eo') 2] [9] 

w h e r e  E is the energy,  Et is the  most  p robab le  energy,  
er the  s t anda rd  devia t ion  in ene rgy  dis t r ibut ion,  and  
Nt the  concentra t ion  of surface  states. Based on equi -  
va l en t  dis t r ibut ion,  i t  was shown (3) tha t  the  n u m -  
ber  of  pos i t ive ly  charged  donor states is g iven by  

Nt N.+(E)----~-~erf (U-~/~ Ut ) 

.o ,  

where  U is the e lec t rode  potent ia l ,  Ut the  poten t ia l  of 
the  surface states, and  UFB the f la tband potent ial .  

The different ia l  capaci tance due to these s ta tes  is 
g iven  by  

edNss + eNt 
C s ; = - -  = ~ e x p  (--(U-- Ut)2/2~ 2) [11] 

dA~s 
where  

U "- UFB "-- A~bs 

From Eq. [8] and [11] we obtain the following pa- 
rameters: lit = --0.9V vs. SCE; ~ = 0.52V; and Nt = 
4.4 X I013/cm 2. This surface concentration of impuri- 
ties corresponds approximately to 5% of a monolayer. 

Photoactivity.--The modified semiconductors showed 
considerably reduced photoactivity compared to un- 
modified ones. A typical example of the ratio of the 
light-induced anodic current of an unmodified sample 
to one which was modified with hexyltrimethoxysilane, 
as a function of potential, is shown in Fig. 5. The modi- 
fied and the unmodified electrodes are identical except 
for their surface composition. Therefore, the difference 
in the photoinduced anodic current is attributed to 
surface recombination. As with the surface-state ca- 
pacitance, the surface recombination takes place in a 
broad potential range around the flatband. 

Understanding these results requires invoking cer- 
tain assumptions about the origin of the photoinduced 
anodic current and the mechanism of surface recom- 
bination due to the modified surface. The proposed 
mechanism for the surface recombination reaction is 
illustrated in Fig. 6. The energy diagram of TiO2 is 

E= 

I I I 
0 0 5  0 05 1 

POTENTIAL {V vs SCE) 

Fig. 5. The ratio of the light-induced anodic current of an un- 
modified "l'iO~ to one which was modified with hexyltrimethoxy- 
silane, as a function of potential. (Phosphate buffer, pH = 6.6.) 
The photocurrents were normalized to the same light intensity. The 
solid line is the theoretical fit to Eq. [3] ]  with parameters given 
in the text. 
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Fig. 6. The proposed mechanism for surface recombination on 
TiO~ which was modified with hexyltrimethoxysilane (HTS). The 
distribution of the surface states was obtained from the capaci- 
tance data in Fig. 4. 

i l lus t ra ted  toge ther  wi th  the  normal ized  d is t r ibu t ion  
of the surface states, ob ta ined  f rom the capaci tance 
data  which were  descr ibed in the  previous  section. 
When l ight  is absorbed  by  the semiconductor ,  holes 
in the valence band  wil l  be d r iven  to the  surface. 
E i ther  electrons wi l l  be dr iven  by  the field to the in-  
ter ior  of the  semiconductor  or, at  potent ia ls  which  are  
not too posi t ive compared  to the f la tband potent ial ,  
they  wil l  tunnel  th rough  the ba r r i e r  to the  surface 
states. We wil l  assume that  this  process is ve ry  efficient 
and not  ra te  l imit ing.  The l ight - induced,  m ino r i t y -  
ca r r i e r  cur ren t  at  the surface is g iven by  ( l e )  

J--  eF (1-- R) [1 e x p ( - - a d )  ] 
aLp -~- 1 [12] 

whe re  ~ is the absorpt ion  coefficient, R the reflectivity,  
F the  photon flux, e the  electronic charge, d the  th ick-  
ness of the space charge layer ,  and  L~ the  minor i ty  
ca r r i e r  diffusion length.  This cur ren t  wi l l  be  d iv ided  
into the  anodic current ,  Ja, and  a current ,  Jr, due to 
the  recombina t ion  processes be tween  the  minor i ty  ca r -  
r iers  and  the occupied surface states. 

If the  anodic oxida t ion  process involves  only  a single 
e lec t ron or hole the  anodic cur ren t  dens i ty  m a y  be 
expressed  as (53) 

Ja = ekp*CR [73] 
where  CR is the  concentra t ion  of the  r educed  species 
tha t  is being oxidized,  k is the  r a t e  constant,  and  p* 
is the  s t eady- s t a t e  excess concentra t ion  of holes at  the  
surface. The react ions tha t  occur at  the  anode, r esu l t -  
ing in the  evolut ion  of oxygen  f rom water ,  a re  more  
complex.  Various  mechanisms have  been  suggested 
(54). One series of react ions  tha t  has been  proposed  
is (55) 

S 
h + 4 - M + e - ~ M  [14] 

k,  
h + -t- M + O H -  --> MOH [15] 
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k2 
h + ~- MOH + O H -  --> MO + H~O [16] 

ks 
2MO-> 2M + 02 [17] 

React ion [14] represents  the surface recombina t ion  
wi th  a ra te  constant  S. MOH and MO are  in te rmedia te  
radicals  involving the e lect rode ma te r i a l  M. Since the 
anodic reac t ion  is not  l imi ted  by  the da rk  reversed  
react ion we wil l  neglect  the la t ter .  If  reac t ion  [15] is 
the r a t e - l imi t ing  step we may  app ly  the  s t eady-s t a t e  
method (55), by  assuming that  the concentrat ions  of 
the in te rmedia te  species do not  change w i th  t ime. The 
s t eady- s t a t e  concentra t ion of the l i gh t -gene ra t ed  holes 
p* at  the surface is found from [12-17] to be 

p, F(1--R) [ e x p ( - - ~ d )  ] [18 ] 
S "~ TkT[O"H- ] 1 ~Lp -t- 1 

The anodic cur ren t  Ja may  be expressed  as 

d[O~] 
Ja = 4e = 2eklp* [ O H - ]  

dt  

_ 2ekl[OH-]F(1--R) [ ~ . ~ z ~ _ _  i e x p ( - - a d )  ] ~ L p ~ _ l  [19] 

The rat io of the  anodic  currents  of two ident ica l  sam-  
ples, one wi th  and the o ther  wi thout  surface recom-  
bination,  wi l l  be 

Ja ~ S 
- -  = + 1 [20] 
Ja 2kl [ O H -  ] 

In  complete  analogy to Eq. [13] the hole recombina-  
t ion cur ren t  is g iven by  

J r  h = ekrhp*nt * [21] 

where  nt* is the  concentra t ion of the  occupied surface 
states given by  

nt* = nt + 5nt [22] 

where  nt is the equ i l ib r ium concentra t ion of the  oc- 
cupied states  and 8nt the  nonequi l ib r ium increment .  
The hole recombina t ion  cur ren t  wil l  be compensated  
by  an e lect ron recombina t ion  cur ren t  given by  

Jr e = ekrept*ns [23] 

where  Pt* is the concentra t ion  of the  unoccupied sur -  
face states g iven b y  

Pt* = Pt ~- 5Pt [24] 

and ns is the e lec t ron concentra t ion at  the surface. 
The fol lowing re la t ion  wil l  also hold 

Pt* + r~t* = Pt "+- nt = Nt  [25]  

where  Nt is the total  surface s tate  concentrat ion.  
Fo r  surface s tates  wi th  energies  close to the f la tband 

potential ,  the e lec t ron exchange be tween  the surface 
s tates  and  the conduct ion band  wi l l  be ve ry  efficient 
and  the surface recombina t ion  cu r ren t  wi l l  be l imi ted  
by the ava i l ab i l i ty  of holes, under  those conditions 

6nt < <  nt [26] 
a n d  

S = krhnt * = krhnt [27] 

F rom Eq. [10] we obta in  

erfc ( g --  g t  = --~V ~ ) - - e r f c (  UFB-Ut~v ~ ) nt 

[28] 

where  erfe (x) = 1 --  err  (x) .  Subs t i tu t ing  Eq. [28] 
into [27] wi l l  resu l t  

[29] 

For  states which are  s i tua ted  ve ry  close to the  bo t tom 
of the conduct ion band,  such tha t  

krhNt ( UFB - U t  ) 
4 k l [ O H - ]  erfc ~r  < <  1 [30] 

Equat ions [20] and [29] wi l l  y ie ld  

krhNt ( U-- Ut ) 
Ja~ ~ 1 erfc [31] 
Ja 4kl [ O H -  ] a ~  

The solid l ine in Fig. 5 demons t ra tes  the  fit of Eq. 
[31] to the expe r imen ta l  resul ts  which  are  m a r k e d  by  
the da rk  circles. The  expe r imen ta l  da ta  were  t aken  
f rom the same samples  used to obta in  the  capaci tance 
da ta  shown in Fig. 4. Ut and  r were  taken  f rom the 
capaci tance da ta  and the only ad jus tab le  p a r a m e t e r  
was 

krhNt 
- -  = 6.6 [32]  

4 k l [ O H - ]  

Equat ion [32] indicates  tha t  the  minor i ty  carr iers  r e -  
act  with  surface states more  than  six t imes fas ter  than  
the ra te  of react ion of holes wi th  wa te r  to evolve oxy -  
gen. This in te rp re ta t ion  of the  p a r a m e t e r  which  is d e -  
s c r i b e d  by Eq. [32] is as good as the  approx imat ion  
which is descr ibed by  Eq. [30]. 

Electrodes Modified with Diethyl [fl-(Triethoxysilyl) Ethyl] 
Phosphonate (Y5727) 

Stability and coverage.~ESCA was used  for  c h a r -  
a c t e r i z a t i o n  of the surface coverage and s tab i l i ty  of 
the  modified surfaces. The P ( 2 P )  t ransi t ions,  w i th  a 
b inding energy  of 134 eV, were  used in addi t ion  to the  
Si and Ti t ransi t ions  tha t  were  descr ibed  in the p r e -  
vious section. The P ( 2 P )  t ransi t ions  are  close enough 
in energy  to the Ti (3P)  and the S i (2P)  t ransi t ions  so 
that  dil~erences in escape dep th  and geometr ica l  fac-  
tors can be neglected.  The theore t ica l  cross sect ion for  
the  photoionizat ion of the  P (2P)  level  is 1.25 (50). 
Based on this and the theore t ica l  cross sections of the  
corresponding Si and Ti peaks,  the  mola r  ra t io  of the  
e lements  were  calculated.  These rat ios va r i ed  consider-  
ab ly  f rom exper imen t  to exper iment ,  but  a few gen-  
e ra l  t rends  became apparent .  Typical ly ,  a f te r  de r iva -  
t izat ion the P / T i  rat io  was found to be be tween  0.2- 
0.4; a f te r  exposure  of the sample  to phosphate  buffer 
for  40 hr, this ra t io  was reduced  by  50%. The rat io  of 
S i / P  also var ied  f rom expe r imen t  to exper iment .  This 
rat io  was sometimes as high as 6/1 and as low as 1/1. 
When  a sample  wi th  in i t ia l  ra t io  of S i / P  = 1/1 w a s  
exposed to 0.1M H2SO4 for 24 hr  this rat io  i n c r e a s e d  to 
2/1. We do not  have an explana t ion  for  these results.  
They  can be caused b y  impur i t ies  or  by  chemical  r e -  
actions on the surface which  have ye t  to be elucidated.  
I t  is ve ry  p robab le  tha t  the  r eac t ion  sequence which 
we descr ibed in Eq. [2] wiI1 have  to be modified. Much 
more  work  is needed to under s t and  the react ions which  
take  place on the surface before any  definite conclu- 
sions could be drawn.  The resul ts  tha t  wi l l  fol low wi l l  
have to be t r ea ted  wi th  this unce r t a in ty  in  mind.  

Surface state.--The capaci tance of the surface states 
tha t  were  in t roduced  due to the surface modification 
was measu red  using the same procedure  tha t  was de-  
scr ibed in deta i l  in the sect ion on alkyls i lanes .  A rep -  
resenta t ive  resul t  of these measurements  is shown in 
Fig. 7. The solid l ine is a theore t ica l  fit of these resul ts  
to Eq. [11] wi th  the  fol lowing paramete rs :  Ut = 
+0.85V vs. SCE; ~ = 0.13V; and Nt = 4 X 1012/cm 2. 
The reproduc ib i l i ty  in Ut and ~ is much  be t t e r  than  
that  which  was obta ined wi th  the  a lkyls i lanes  but  the  
coverage, as a rule,  is o rder  of magni tude  smaller .  



Vol. 127, No. 7 N A T U R E  OF S U R F A C E  STATES 1523 

E 1 
LL 

o 
- 0 . 2  0,2 0.6 t 1.4 1,8 

POTENTIAL  (V vs SCE) 

Fig. 7. The surface-states capacitance of Ti02 which was modi- 
fied with Y5727, as a function of potential The solid line is the 
theoretical fit to Eq. [11] with parameters that are given in the 
text. (Phosphate buffer, pH = 6.6.) 

Based on these results, the normalized dis t r ibut ion 
of the surface states relat ive to the position of the TiO2 
bands and the reversible oxygen electrode is shown in  
Fig. 8. The str iking result  which is evident  in Fig. 8 
is that  the surface state energies, compared to a lkyl-  
silanes, were shifted to potentials even more positive 
than the reversible oxygen potential.  This result  indi-  
cates that a key requ i rement  of a derivatized electrode 
was satisfied by  the phosphonate derivative. The po- 
tent ial  of the surface states ensures that in the compe- 
t i t ion be tween water  and the silane, l ight-produced 
holes will  tend to oxidize water. In  agreement  with 
this, the photoactivi ty of derivatized and underivat ized 
electrodes shows no reproducible difference in  photo- 
current.  The potent ial  of zero photocurrent  was also 
the same at both electrodes, under  l ight of equal  in -  
tensity. 

In  addit ion to the large positive shift in  the potential  
of the surface states, compared to the surfaces that  
were derivatized with alkylsilanes, the energy distri-  

but ion  of these states is narrowed.  In  view of the u n -  
certainties in the chemistry of the derivatized surfaces 
after prolonged exposure to electrolytes, a serious at-  
tempt  to hydrolyze the phosphonate ester groups was 
not made. A few pre l iminary  experiments,  in  which 
we have tried to hydrolyze the ester groups in various 
concentrat ions of H2SO4, resul ted in  i r reproducible  
changes in  coverage, but  the potent ial  and  energy dis- 
t r ibut ion of the states remained unchanged.  Finally,  
the fiatband potent ial  of TiO2 derivatized with Y-5727 
remained unchanged.  

Fluorinated Electrodes 
To investigate the possibility of a l ter ing the flatband 

potent ial  of TiO2 by changing the electron affinity of 
the surface, we have fluorinated the doped TiO~ The 
F (1S) ESCA peak was used for the surface analysis. 
It  was found that  the atomic ratio of F/Ti ,  at the sur-  
face, was 3.1. This ratio was reduced to 0.2 upon  sput-  
ter ing to a depth of 10A and to 0.14 upon sput ter ing 
60A. Fluor ine  was observed on the surface after ex-  
posure to an electrolyte for a period in excess of 1 
week, bu t  in  a great ly reduced amount.  Only two sam- 
ples were fluorinated; one was used for the ini t ial  
ESCA measurement  while the other one was used for 
the electrochemical measurements .  

The impedance measurements  showed identical  be-  
havior for fluorinated and unmodified samples. Both 
showed the same flatband potential  and a l inear  Mott-  
Schottky plot over potentials exceeding 2/3 of the 
bandgap. The fluorinated sample showed considerably 
reduced photoactivity compared to that  of the unmodi -  
fied sample. 

Figure 9 shows the ratio of the photoanodic current  
of an unmodified to a fluorinated sample, both normal -  
ized to the same light intensity.  The solid l ine is a 
theoretical fit to Eq. [31]with the following pa ram-  
eters: ~ = 0.64V; Ut = --0.6V vs. SCE; (krhNt)/ 
( 4 k l [ O H - ] )  = 2.7. These results are qual i ta t ively 
similar to those obtained with alkylsilanes. This might  
be due to the close proximity  of the semiconductor sur -  
face to the groups which directly participate in the 
electron transfer  process. However, in  view of the pre-  
l iminary  na ture  of these results fur ther  speculation is 
premature.  

TiO 2 + Y5727 
E (eV vs SCE) / 
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Fig. 8. Combined energy diagram of Ti02 which was modified 
with Y5727 in phosphate buffer, pH = 6.6. The energy distribu- 
tion of the surface states was taken from the data in Fig. 7. 
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Fig. 9. The ratio of the light-lnduced anodic current of an un- 
modified Ti02 to one which was modified by surface fluorination, 
as a function of potential. (Phosphate buffer, pH ~ 6.&) The 
solid line is a theoretical fit to Eq. [31] with parameters given in 
the text. 
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Reproducibility 
The resul ts  for  the  var ious  surface t rea tments  a re  

qua l i t a t ive ly  reproduc ib le  in the  na ture  of the  d is t r i -  
but ion of the  densi ty  of states and the poten t ia l  of 
these states. Procedures  for reproduc ib le  coverage of 
the  surface were  not achieved and, even more  dis-  
turbing,  there  was large  i r r ep roduc ib i l i ty  in the s tan-  
da~rd devia t ion  of the Gauss ian  d is t r ibut ion  of the  sur -  
face  states. The s t anda rd  devia t ion  appears  to increase  
wi th  increas ing coverage. The exac t  na tu re  of this cor-  
re la t ion  is being fu r the r  invest igated.  

Comment on the Origin of the Gaussian Distribution of the 
Density of Surface States 

One possible i n t e r p r e t a t i o n  of the energy  d i s t r ibu-  
t ion of the surface states is based on changes in the 
polar iza t ion  of the solvent  molecules  near  the  de r iva -  
tized surface, upon ionizat ion of the  funct ional  groups 
a t  the  surface. The broadening  of surface energy  s ta tes  
by  this mechanism was descr ibed  by  Morr ison (56), 
as the f luctuating energy  level  mechanism.  According  
to this model,  the p robab i l i t y  tha t  the energy  levels  of 
the  species on the surface wi l l  have a va lue  E less than  
the m a x i m u m  probab i l i t y  is given by  the Bol tzmann 
factor  

W(E)  : ( 4 n ~ k T ) - l / ~ e x p [ - - ( E t -  E)2/4kkT] [33] 

where  Et is the  most p robab le  energy  and k is the re -  
organiza t ion  energy.  Compar ing  this wi th  Eq. [9] wi l l  
y ie ld  

er = (2~kT) 1/~ [34] 

Based on this relat ion,  the  values  of ~ for the  sam-  
ples that  were  eva lua ted  here  are:  1 h e x y l t r o m e t h o x y -  
s i lane --  5.2 eV; ~ Y5727 ---- 1.3 eV; and XF2 --  6.4 eV. 
These values of t a re  l a rge r  than  any comparab le  re -  
organiza t ion  energies  for  ions in  solut ion (57). This 
model  also predicts  tha t  the  s t andard  devia t ion  of the 
ene rgy  d is t r ibu t ion  wil l  be independen t  of the  cover-  
age. 

Based on these a rguments  we tend to ru le  out  the  
f luctuat ing energy  levels  mechanism as the source oi 
the sur face-s ta tes  l ine broadening,  but  we cannot  ye t  
offer an a l t e rna t ive  model.  

Conclusions 
The resul ts  show no shift  in f la tband potent ia l  of 

chemical ly  modified TiO2 surfaces. Pe rhaps  of g rea te r  
impor tance  is the  observa t ion  that ,  in  spi te  of the  di f -  
ficulties in obta in ing reproduc ib le  surface coverage and 
the lack  of unders tand ing  of the  chemis t ry  of the modi -  
fied surface wi th  the electrolyte ,  we could obta in  qual i -  
ta t ive  and quant i t a t ive  measurements  of the  effects of 
der iva t iza t ion  on the potent ia l  and charge d is t r ibut ion  
at the  semiconduc tor -e lec t ro ly te  in ter face  and on the 
photoac t iv i ty  of photoe lec t rochemical  devices. 

Of pa r t i cu l a r  impor tance  is the observat ion  tha t  in-  
t roduct ion  of a funct ional  group which  is r emoved  
f rom the surface can s t rong ly  influence the potent ia l  
and  potent ia l  d is t r ibut ion  of the  surface states.  This 
should encourage ut i l iz ing organic chemis t ry  in  the  
design of funct ional  groups on si lane der iva t ives  or 
o ther  chemical  backbones  l ike  phtha locyanines  (58) 
which  can be covalen t ly  a t tached  wi th  a s table  chemi-  
cal bond to the semiconductor  surface in devices which  
are  used e i ther  in solar  energy  conversion or  in  the  
semiconductor  industry .  We bel ieve  that,  for the  first 
t ime, methods  have  been  demonst ra ted ,  tha t  can t ie  
together  the  chemis t ry  and physics  of surface states, 
in systems which  are  not  under  high vacuum. Tt. 
methods  could help  under s t and ing  and control l ing 
surface proper t ies  of semiconductor  devices. 
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Polarography of Sn(IV) and Ge(IV) Chloride in 
Acetonitrile 

L. K. Young, h4. E. Coles, J. W. Meux, S. D. Sorey, R. J. Williams, and J. W. Rogers 
Department of Chemistry, Midwestern State University, Wichita Falls, Texas 76308 

ABSTRACT 

Spectrophotometric and polarographic data demonstrate that  the normal 
Sn(IV) and Ge (IV) chlorides are nonelectrolytes in the aprotic solvent aceto- 
nitrile. Both form the corresponding hexachloro species in the presence of 
chloride ion. Sn(IV) chloride is quanti tat ively converted to the hexachloro- 
stannate ion while Ge(IV) chloride behaves as a weaker  Lewis acid and 
exists in an equilibrium with the hexochloro ion in the presence of excess 
chloride. Each of the normal metal  halides acts as a Lewis acceptor toward a 
test pyridine-N-oxide ligand in acetonitrile. Sn(IV) and Ge (IV) chloride are 
polarographically reduced in a 4e-  step at which the production of the corre- 
sponding hexachloro ion, reducible only at higher potentials, controls the 
plateau current. 

Interest in the coordination chemistry of the group 
IV A metals has increased in recent years. However, 
this area remains one of the least characterized and 
understood segments of inorganic chemistry. The 
metals, germanium, tin, and lead may act as Lewis 
acids, much like transit ion metal  ions. Examples of 
this behavior include the formation of halide adducts 
of tetravalent  germanium (1, 2) and tetravalent  and 
divalent tin (3, 4). 

Polarographic and spectrophotometric data presented 
previously show that the two cathodic current plateaus 
observed in the reduction of Sn (II) chloride in aceto- 
nitri le (ACN) solvent containing te t ra -N-propylam-  
monium perchlorate (TPAP) are at t r ibutable to the 
2e-  reduction of SnC12 at the lower potential wave 

Key words: polarography, hexachlorostannate ion, aprotic sol- 
vent. 

and to the 2e-  reduction of the trichlorostannate ion 
(SnC13-) at the higher potential (5, 6). The plateau 
current of the lower potential wave is controlled by 
the formation of the very stable SnC13- species which 
is only reducible at potentials of the second wave. 
Stannous chloride was found also to act as a Lewis 
acid toward various pyr idine-N-oxide ligands; forming 
1:1 adducts in ACN (5, 7, 8). 

Even though the polarographic reduction of SnC12 
occurs via irreversible steps, the importance of these 
data in determining its electrolyte and ligand acceptor 
properties in low basicity media has prompted similar 
studies of other chlorides of the group IV metals; spe- 
cifically Sn and Ge in the -~4 oxidation state. A por-  
tion of the work presented herein parallels that  re-  
ported by Thomas and Kolthoff in their  survey of the 
polarographic behavior of the group IV metal  halides 
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in  ACN (9). This work has been expanded with spee- 
trophotometric and addit ional  polarographic invest iga-  
tions. The results are reported herein. 

Exper imental  
Apparatus.raThe ins t rumenta t ion  and polarographic 

cells were of conventional  design and have been de- 
scribed elsewhere (4). 

Chemicals . - -Spectroqual i ty  acetonitri le containing 
less than  0.03% water  (Aldrich),  polarographic-grade 
t e t r amethy lammonium chloride (Southwestern Ana-  
lytical Chemicals),  and reagent -grade  anhydrous 
Sn( IV)  and Ge(IV)  chloride were used. The support-  
ing electrolyte, t e t r ap ropy l -ammonium perchlorate 
(Eastman Organic Chemicals) was recrystall ized from 
acetoni t r i le-water  solution before use. 

All polarographic and spectrophotometric solutions 
were prepared and t ransferred under  a ni t rogen atmo- 
sphere. 

Results 
Polarography . - -T in ( IV)  chloride, reduced in  TPAP 

support ing electrolyte in  ACN, exhibits a polarogram 
similar in  appearance to that  of SnC12 [Fig. 1 (a)]  (5). 
The total cur rent  of the two cathodic 1 plateaus appear-  
ing at +0.3V and --1.06V vs. saturated calomel (SCE) 
varies in  proport ion to the square root of the corrected 
mercury  head height. The individual  plateau currents  
deviate slightly from this behavior  and are i r rever-  
sible. 2 The cur ren t  m a x i m u m  associated with the posi- 
t ive potential  pla teau has been discussed by Thomas 
and Kolthoff (9). The diffusion current  constants (Id) 
measured at 25~ and 1.0 mM concentrat ion are 3.90 
and 9.25, respectively, for the positive and negative 
reduction plateaus.S 

The anodic cur ren t  [not pictured in  Fig. l ( a ) ] ,  ap-  
parent ly  a double wave wi th  an il l-defined p o i n t  of 
separation, appears a t / - 0 . 5 V  vs. SCE. The plateau cur-  
rent  deviates from pure ly  diffusion-controlled be-  
havior. 

Addit ion of controlled quanti t ies  of t e t ramethy lam-  
monium chloride (TMAC) to the test solution as a 
source of free (noncomplexed) chloride increases the 
current  of the higher potential  wave systematical ly 
at the expense of the lower (Fig. 1, Table I) .  At a 
ratio of 2/1 TMAC to Sn( IV)  chloride a residue of the 
lower potent ial  pla teau remains  and a weak anodic 
current  a t t r ibutable  to the oxidation of free chloride 
is noted. The absence of detectable quanti t ies of free 
chloride in  Sn( IV)  chloride or Sn( IV)  chloride-chlo- 
ride solutions of a lower ratio is noted and is a sig- 
nificant observation (5). The E1/2 of the lower poten-  
tial wave is shifted negat ively vs. SCE and the higher 
potential  wave positively upon addit ion of TMAC. The 
total cathodic current  remains  approximate ly  constant  
at all TMAC concentrat ions (Table I) .  

Ge(IV) chloride also exhibits two cathodic and one 
anodic polarographic current  pla teau in  the ACN- 
TPAP med ium [Fig. 2 (a ) ] .  S imilar  to Sn ( I I )  and 
Sn( IV)  chloride behavior, the total cathodic current  
appears to be diffusion controlled and both cathodic 
processes are i rreversible in  nature.  The higher poten-  
tial plateau is ext remely  broad and the establ ishment  
of a rel iable E~/2 value is consequent ly  difficult. At  
1.0 mM concentrat ion of Ge (IV) chloride the Id of the 
low and high potent ial  plateaus are 4.80 and 10.02, re-  
spectively. 

Addit ion of TMA~ to the test solution of Ge(IV) 
chloride brought  about variat ions in the polarograms 
qual i ta t ively similar to those noted in  the cases of 
Sn ( I I )  and Sn( IV)  chloride. An  oxidation current  a t -  
t r ibutable  to free chloride is not  found in  polarograms 
of 1 mM Ge(IV) chloride [Fig. 2 (a ) ] .  Addit ion of 
TMAC in a ratio of 0.5/1 TMAC to Ge(IV) chloride 

1 Cathodic is used throughout to signifiy a current response con- 
sistent with a reduction process. 

~Slopes of log(id-i)/i vs. plots are 497 mV and 114 mV, respec- 
tively. 

8 DME characteristics of open circuit  and 50 cm I-Ig head: m = 
0.993 mg/sec ,  t : 6.42 see. 

Fig. 1. Polarograms of ACN-TPAP solutions containing (a) 1 mM 
Sn(IV) chloride, (b) 1 mM Sn(IV) chloride plus 1 mM TMAC, and 
(c) I mM Sn(IV) chloride plus 3 mM TMAC. 

diminishes the plateau current  at  the lower potential  
cathodic wave (Table I) wi thout  affecting the total  
cathodic current  of both plateaus. The addit ion of 
TMAC concentrat ions higher than  2.0 mlVI to the 1 mM 
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Table I. Polarographic data for reduction of tin(IV) and 
germanium(IV) chloride in acetonitrile-tetramethylammonium 

chloride mixtures a 

Tin(IV) C h l o r i d e  

Total 
Cathodic wave Cathodic wave cathodic 

current 
[C1-] b E L/2 id E l/2 id id 
(re_M) (V) (~a) iV) (tin) (p,a) 

0.00 + 0.3 8.77 - 1.06 14.96 23.73 
0.50 + 0.2 8.00 - 1.05 16.50 24.50 
1.00 0,0 5.70 - -  1.04 18.79 24.45 
2.00~ -- 0.6 3.70 -- 1.03 21.25 24,95 
3.00 -- 0.00 -- 1.02 24.75 24.75 

I 0 . 0 0  - -  0 .00 - -  1.00 a 24.75 24.75 

Germanium(IV) C h l o r i d e  

T o t a l  
Cathodic wave Cathodic wave cathodic 

current 
[CI-] b E1/~ id El/2 id id 
(mM) (V) (,aa) (V) (,~a) (tin) 

0.00 --  0.24 6.96 - - ~  8.99 15.95 
0.50e - -0 .30  4:70 - -~  11.25 15.95 
1.00 -- 0.32 4.50 __e 10.60 15.10 
2.00 -- 0.36 3.00 -- 1.50 12.00 15.00 
3.00 - 0.38 3.00 -- 1.50 12.00 15.00 

10.00 -- 0.40 3,00 -- 1.50 12.00 15.00 

~Tin(IV) and germanium(IV) chloride 1 mM in a c e t o n i t r i l e  
containing 0.1M TPAP. 

b tctra-N-methylammonium p e r c h l o r a t e  s u p p o r t i n g  electrolyte. 
c Oxidation of chloride first d e t e c t a b l e  a t  t h i s  c o n c e n t r a t i o n .  
a E~/~ c o r r e s p o n d s  to tetra-N-methylammonium h e x a c h l o r o s t a n -  

h a t e  i n  A C N  c o n t a i n i n g  0.1M TPAP. 
e V e r y  b r o a d  w a v e .  

Ge(IV)  chloride solution did not  significantly affect 
the current  ratio of the two cathodic plateaus (Table 
I) .  

The  role of Sn ( IV)  and Ge( IV)  chloride as Lewis 
acids toward organic l igands in ACN solvent  was in-  
vest igated by adding 4 -me thoxypyr id ine -N-ox ide  
(MPNO) to the polarographic  test solution containing 
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the meta l  species. F igure  3 summarizes  the effects of 
increasing concenrtat ions of MPNO on polarograms of 
Sn( IV)  chloride. An  i r revers ib le  p la teau  appearing at 
--0.83V is a t t r ibutable  to the reduct ion of an Sn ( IV)  
chlor ide-MPNO adduct. At  concentrat ions of l igand in 
twofold excess of Sn ( IV)  chloride or grea ter  the lower  
potent ial  plateau is complete ly  replaced by this cur-  
rent. The  higher  potent ia l  p la teau is unal te red  and the 
low intensi ty reduct ion pla teau appear ing at --2.08V 
in Fig. 3(d~ corresponds to the reduct ion of uncom- 
plexed MPNO. The polarographic  behavior  of Ge( IV)  
chloride in the presence of MPNO parallels  that  of 
Sn (IV) chloride. 

Even though s tandard quant i ta t ive  methods cannot 
be applied to an analysis of the i r revers ib le  current  
plateau, the concentrat ion dependence of the polaro-  
graphic wave  a t t r ibuted to the reduct ion of the 
meta l ( IV)  chlor ide-MPNO adduct  and the low po- 
tent ial  reduct ion wave  of the me ta l ( IV)  chloride sug- 
gests the format ion of a neut ra l  complex having the 
formula  MC14.2MPNO. 

Fig. 2. Polarograms of ACN-TPAP solutions containing (a) ! mM 
Go(IV) chloride and (b) 1 mM Ge(IV) chloride plus 2 mM TMAC. 

Fig. 3. Polarograms of ACN-TPAP solutions containing 1 mM 
Sn(IV) chloride plus (a) 0.3 mM MPNO, (b) 0.5 mM MPNO, (c) 1.0 
mM MPNO, and (d) 2.0 mM MPNO. 
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Spec t ra l  observat ions:  u.v. spec t ra  of Sn ( IV)  chlo- 
r ide  and S n ( I V )  ch lor ide-TMAC mix tures  were  re-  
corded to es tabl ish  da ta  r e la tab le  to the e lec t ro ly te  
behavior  of S n ( I V )  chlor ide in  ACN. The spec t rum 
of a 0.8 mM solut ion of TMAC exhibi ts  one absorpt ion  
band centered  a t  198 nm [Fig. 4, curve (a ) ] .  A 0.4 
mM solut ion of S n ( I V )  chlor ide  in  ACN consists of 
only  one absorpt ion  band at  200.4 nm [Fig. 4, curve 
(b ) ] .  Solutions containing TMAC and Sn ( IV)  chlo-  
r ide  in va ry ing  ratios,  but  a t  a constant  total  concen- 
t ra t ion  exhib i t  one absorpt ion  peak  which shifts to 
longer  wavelengths  wi th  increas ing TMAC to Sn ( IV)  
chlor ide  rat ios (Fig. 4). A s t andard  continuous va r i a -  
t ion plot  of these da ta  is consistent  wi th  the coordina-  
t ion of two chlor ide  ions pe r  me ta l  ion. These da ta  
and the absence of a po la rographic  wave  and a u.v. 
absorpt ion  band a t t r i bu tab le  to chlor ide ion in Sn (IV) 
chlor ide soh~tions are  consistent  wi th  the format ion  of 
the  hexachloros tanna te  ion (SnCl6 -2)  via  the com- 
p lexa t ion  of free chlor ide  wi th  the  neu t ra l  Sn(1V) 
chlor ide  complex.  Nei ther  Go( IV)  chlor ide  nor  the  
products  f o r m e d  upon the addi t ion  of TMAC exhibi ts  
an absorpt ion  m a x i m u m  detec table  in ACN solvent. 

The l igand MPNO exhibi ts  absorpt ion  m a x i m a  at  
206.3 and 281.0 nm in ACN solvent,  Fig. 5, curve (b) .  
The u.v. spect ra  of ACN solutions conta ining S n ( I V )  
chlor ide  and MPNO exhib i t  an addi t ional  absorpt ion  
maximum.  The m a x i m u m  appears  a t  270.4 nm when 
spect ra  of solutions containing a 2/1 rat io  of l igand to 
meta l  a re  recorded,  Fig. 5, curve (c).  Continuous va r i -  
a t ion plots of u.v. da ta  recorded  at  a to ta l  constant  
concentra t ion (meta l  chlor ide  plus l igand)  of 1.2 mM 
revea l  the  format ion  of an adduct  composed of two 
l igands per  m e t a l ( I V )  chloride.  

S imi la r  studies deta i l  the effects of Ge (IV) chlor ide 
on the spec t ra  of MPNO in ACN solvent.  A n  absorp-  

CO m 
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Fig. 4. IJ.V. spectra of ACN solutions conta|nlng: curve (a) 0.8 
rnM TMAC, curve (b) 0.4 rnM Sn(IV) chloride, curve (c) 0.6 mM 
Sn(IV) chloride plus 0.6 mM TMAC, curve (d) 0.4 rnM Sn(IV) 
chloride plus 0.8 mM TMAC. 

t ion m a x i m u m  4 appear ing  be tween  the bands associ- 
a ted  wi th  pure  MPNO m a y  be reasonably  a t t r ibu ted  to 
a Ge( IV)  ch lor ide-MPNO adduct.  Continuous va r ia -  
t ion studies using the absorbance  of this band do not  
conclusively revea l  the  presence of  a single s table  
complex.  

Discussion 
The polarographic  and spec t rophotometr ic  da ta  show 

tha t  Sn ( IV)  and Ge( IV)  chlor ide  are  nonelect rolytes  
in ACN solvent.  Previous  studies have  shown that  
S n ( I i )  chlor ide behaves  in  a s imi lar  manne r  (5). Each 
o~ these neut ra l  complexes  acts as a l igand acceptor.  
Data  presented  here in  demons t ra te  tha t  both meta l  (IV) 
chlorides form the hexach lor ide  anion in  the presence 
of free chtoride. T in ( IV)  chlor ide  forms 2/1 complexes 
wi th  py r id ine -N-ox ides  in ACN solvent.  

Kolthoff considered the first cathodic wave  of both 
Sn~IV) and Go( IV)  to be two-e lec t ron  reduct ions 
since the  values  of the diffusion cu r ren t  constants  of 
the  waves  are  in the range  repor ted  for  two-e lec t ron  
reduct ions in ACN (10). I t  was noted tha t  the some-  
wha t  "suppressed" cur ren t  of the  first reduct ion  wave  
is analogous to the  effect observed  in acidic aqueous 
chlor ide solutions of S n ( I V )  (11). Po la rographic  and 
spec t rophotometr ic  da ta  p resen ted  here in  and the 
s imi la r i ty  of the e lec t ro ly te  p roper t ies  and  the po la ro-  
graphic  behavior  of S n ( I V )  chlor ide  and S n ( I I )  chlo-  
r ide in ACN (5, 6) suggest  a different  reduct ion 
mechanism. The polarographic  and spec t rophotometr ic  
behavior  of S n ( I V )  and Go( IV)  chlor ide  in  the  pres -  
ence of added  chlor ide  ion demonst ra tes  conclusively 
that  the most  negat ive  polarographic  wave  cor re -  
sponds to the reduct ion of the  hexachloros tanna te  ion 
of each. The direct  conversion of the  meta l  (IV) chlo-  
r ide  into the hexachloro  species by  added  chlor ide  ion 
is confirmed by  the spect rophotometr ic  and po la ro-  
graphic  data. These observat ions  show tha t  the low 
potent ia l  cathodic wave  resul ts  f rom the reduct ion  of 
the  neu t ra l  te t rachloro species. I t  seems un l ike ly  tha t  
the  te t rachloro species would be reduced  via  a two-  
e lec t ron step and the hexachloro  via  a single four -  
e lec t ron step. Addi t ional ly ,  the  behavior  of S n ( I I )  

,239.6 nm from solutions containing a 2/1 ratio of l igand to 
lnetal.  
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Fig. 5. U.V. spectra of ACB solutions contalnlng: curve (o) 0.4 
mM Sn(IV) choride, curve (b) 0.8 rnM MPNO, curve (c) 0.4 mM 
Sn(IV) chloride plus 0.8 mM MPNO. 
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(5, 6) chloride suggest that a two-electron reduction of 
the tetrachloro species would generate the trichloro- 
metal (II) anion at the electrode surfaces. No evidence 
of such species is detected in the polarograms of 
Sn(IV) and Ge(IV) chloride. 

The behavior of the higher potential plateau is ex- 
actly analogous to the corresponding wave observed 
in polarograms of Sn(II)  chloride in ACN at which 
formation of a higher chloride-coordinated species, re- 
ducible only at more negative potentials, controls the 
wave current of the lower potential plateau (5,6). This 
similarity and data presented herein suggest that the 
polarographic and complexation behavior of both 
Sn(IV) and Ge(IV) chloride may be best explained 
with the following reduction mechanism 

First polarographic step 

MC14(S) -4- 4e- + Hg-)  M(Hg) -4- 4C1- 

MC14(S) + 2C1- ~=~ MClo-2(S) 

Second polarographic step 

MC10-2(S) + 4e-  + H g ~  M(Hg) "4- 6C1- 

In the presence of an organic ligand, the polarographic 
reduction process may be summarized 

First polarographic step 

MC14 �9 2L + 4e-  + Hg ~ M (Hg) + 2L +4- 4C1- 

MCl4 �9 2L + 2C1- ~=~ MC16 -~ + 2L 

Second polarographic step 

MC16 -r + 4e-  + Hg-)  M (Hg) -t- 6C1- 
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Technica]l Note @ 
A Preliminary Investigation for an 

AI/AICI -NaCI/FeS  Secondary Cell 
N. Koura* 

Faculty o] Science and Technology, Tokyo University of Science, Yamazaki, Noda, Chiba 278, Japan 

A secondary or rechargeable cell is an attractive 
energy storage device as well as an efficient electrical 
power source. Wide markets have already been estab- 
lished for several secondary cells, e.g., lead-acid, 
nickel-cadmium, and nickel-iron. In recent years, ac- 
cording to the rapid growth rate in electric power 
demand, as well as the projected shortage and rising 
cost of petroleum, it has become very important to 
actively consider potential alternative energy 
sources. Secondary cells, among many potentially 
promising energy storage devices, are particularly at- 
tractive because their technical and economical feasi- 
bility appear to be within reach. Of the advanced 
secondary cells being developed in the world for ap- 
plication to utility load-leveling and electric-vehicle 
propulsion, major efforts are presently concentrated 

* E l e c t r o c h e m i c a l  Society Act ive  Member. 
K e y  w o r d s :  A1/FeS2 cell ,  h i g h  t e m p e r a t u r e  cell ,  m o l t e n  sal t ,  sec- 

o n d a r y  cell .  

on the following five systems: Li-A1/LiC1-KCl/metal 
sulfide, Na/~-A12OJS, Zn/aq.ZnC12/C12, Zn/aq.KOH/ 
~-NiOOH, and so-called lead-acid. In the past several 
years, significant progress has been made in developing 
each of these systems, especially Li-A1/FeS2 or FeS, 
lead-acid, and Na/S for both load-leveling applica- 
tions and electric vehicles. However, these systems still 
possess many technical and economic problems (1). 

The objective of this investigation is to develop an 
A1/A1CI3-NaC1/FeS2 cell as a potential candidate for 
the advanced secondary cells. Aluminum has a con- 
siderably negative potential, --2.08V vs. C12/C1- at 
450~ (2), in a molten salts system and a high theo- 
retical capacity, 2.98 A-hr/g. The A1C13-NaC1 system 
has a relatively low melting point (the lowest: 107.2~ 
(3)) and is stable as molten salt not in the presence of 
air or moisture. Therefore, material corrosion prob- 
lems are not so severe because of the low operating 
temperature of the cell. FeS~ is highly promising as 
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the  act ive ma te r i a l  for  the  posi t ive e lec t rode  of a 
mol ten  salts  cell  as inves t iga ted  ex tens ive ly  wi th  the 
Li-A1/LiC1-KC1/FeS2 cell  (4). Fur the rmore ,  FeS2 as 
wel l  as A1, A1Cls, and  NaC1 are  a l l  inexpensive.  In  
addi t ion  to these, an  inves t iga t ion  for  a secondary  
mol ten  sal t  cell  having an A1 negat ive  e lec t rode  is 
scarcely  seen except  A1/C12 (5) and  A1/S or  oxida t ion  
states  of S (6-9) systems.  

A1Cls was reduced  to fine powder  in a glove box 
under  an A r  a tmosphere ,  and  hea ted  at  180~ for  10 
hr  in vacuo, then  mixed  in  the  glove box wi th  NaC1 
dr ied  at  180~ for  24 hr. The mix tu r e  was placed 
along wi th  A1 wire  in a P y r e x  tube (~b60 • 200 mm)  
and hea ted  at  250~ for  30 h r  unde r  a d r y  NB a tmo-  
sphere  in o rde r  to remove  smal l  amounts  of impur i -  
ties, i.e., Fe 2+, Pb  2+, and H20. FeS2 powder  of 325 
mesh, which  has been k ind ly  offered by  C. E. Minera ls  
(Pennsy lvan ia )  was purif ied 20 t imes b y  a s ink-f loat  

separa t ion  wi th  s- te t ra  bromoethane  and the pu r i t y  
was checked by  x - r a y  analysis.  An  Mo mesh cur ren t  
collector  was su r rounded  wi th  the FeS2 powder  ( theo-  
re t ica l  capaci ty:  3 A - h r ) , l  covered wi th  a SiO2 cloth 
and then  Ni mesh, as shown in Fig. 1. The FeS2 elec-  
t rode  was degassed for 15 min and immersed  for 15 
rain at  200~ in the mol ten  salts  ba th  in vacuo to wet  
both  the FeS2 powder  and the cur ren t  col lector  com- 
p le te ly  wi th  the mol ten  salts. The cell, as shown in Fig. 
1, which  had  an  A1 negat ive  e lec t rode  (a disk of 3 m m  
thick and 50 m m  wide, 99.99% puri ty ,  theore t ica l  
capaci ty:  15 A - h r )  2 an A1C13 [54.5 mole  percen t  
(m/o ) ] -NaC1  (45.5 m/o )  mol ten  salts  e lectrolyte ,  an 
SiO2 cloth separator ,  and  an FeS2 posi t ive  e lec t rode  
(area:  7 cm2), was placed in the  the rmos ta ted  furnace  
wel l  l oca ted  in the  floor of the  A r  a tmosphere  glove 
box. Cell  pe r fo rmance  was observed dur ing  repea ted  
cycles of d ischarge  (cutoff: 1.60 V ) a - - p a u s e  (30 m i n ) - -  
charge (cutoff: 0 .35v)a - -pause  (30 min) .  

Discharge curves at  var ious  t empera tu re s  a re  p re -  
sented in  Fig. 2, where  the  cell  vol tage  ( /R-f ree ,  and  
so on) is shown as a funct ion of discharge capacity.  
The cycle was repea ted  a round  20 times. Af te r  severa l  
cycles the cell  pe r formance  was steady,  therefore,  the 
da ta  of each 10th cycle are  presented.  Al though  
charge  curves a re  not  shown, the  coulombic  effi- 
ciencies were  nea r ly  100%. The IR vol tage  dur ing  
charge and discharge was 15-40 mV (R = 0.2-0.6~). 4 
The cell  was first ope ra ted  at  180~ The  discharge  
curve showed two plateaus,  i.e., a high p la teau  at  
about  0.gv and a low p la teau  (not  shown in Fig. 2) 
a t  about  0.6V. The opera t ing  t e m p e r a t u r e  was then 
increased to make  the high p la teau  capaci ty  spread.  
At  300~ it  became 0.7 A - h r  ( inc luding the h igher  

1 This capacity corresponds with the change from FeS2 to FeS 
as mentioned later. 

The excess  A1 capacity allows the cell performance to be 
limited by the positive electrode. 

IR included value. 
4 The relatively high resistance should be reduced markedly by 

appropriate modifications of the cell design. 

i , i i i i i 

1.5 

1,0 
~o 

0,5 

' ' 0,'3 ' i ' 17 0 0,1 0,2 0,4 0 5 0,6 0 
CAPAC ITY/AH 

Fig. 2. Discharge curves (/R-free) at 10 mA/cm ~ and various 
temperatures. Lower cutoff voltage is 0.70V. Curve A, 180~ curve 
B, 210~ curve C, 240~ curve D, 250~ and 15 rome AI rod 
electrode; curve E, 270~ curve F, 300~ 

pla teau  capac i ty) ,  i.e., about  23% of theore t ica l  c a -  
p a c i t y ,  where  i t  was assumed tha t  FeS2 was reduced  t o  
FeS. On the other  hand, a h igher  p la teau  c lear ly  ap -  
pea red  at  t empera tu re s  above  270~ The increase  in  
t empe ra tu r e  affects not  only  the react ion ra te  but  also 
the  diffusion ra te  of A13+ ions in the  cell. When  the 
diffusion is slow, i t  is be l ieved  tha t  a pass iva t ing  sal t  
l aye r  forms at  the  A1 e lec t rode  due to enr ichment  i n  
A1C13 upon discharging and tha t  an  insoluble  p a s s i -  
v a t i n g  salt  l aye r  forms due to a decrease  in A1C13 u p o n  
charging (5). I t  might  be the  reason w h y  the resul ts  i n  
Fig. 2 showed significant effect of t e m p e r a t u r e  on the  
cell  performance.  Moreover ,  when  a sp i ra led  A1 rod  
(r mm, 99.99% pur i ty ,  35 cm2-area) was used as the  
negat ive  electrode,  the h igher  p la teau  capaci ty  in-  
creased as seen in  Fig. 2 curve D. Improvemen t s  of 
the A1 elect rode are  u n d e r  way. 

Hereaf ter ,  da ta  at  240~ wil l  be discussed as a t yp i -  
cal example .  

Discharge curves a t  var ious  cur ren t  densi t ies  a re  
shown in Fig. 3. The more  the  cur ren t  dens i ty  i n -  
c r e a s e d ,  the g rea te r  was the h i g h  p la t eau  capaci ty.  
However ,  the  cur ren t  dens i ty  could not  be increased  
more  than  30 m A / c m  ~ due to a p rob lem involv ing  the 
Al  electrode.  

Sn 2+, Pb  2+, or  Fe 2+ was added  into the mol ten  sal ts  
e lec t ro ly te  in o rde r  to improve  the qua l i ty  of A1 deposi-  
t ion (10-13). As shown in Fig. 4, SnC12 addi t ive  showed 
significant effect on the  cell  performance.  In  the case 
of 1.0 m/o  addi t ion  both h igh  and low p la t eau  ca-  
pacit ies increased  about  60%. Effects of the  addi t ive  
on react ions in the FeS2 e lec t rode  are  not  c lear  now. 

Addi t ives  to the FeS2 e lec t rode  (14) were  also in-  
vest igated.  I t  is known f rom Fig. 5 tha t  an addi t ion  of 
CoS, CuS, or  g raph i te  was effective. In  the case of 
CoS the high p la t eau  capaci ty  l eng thened  about  twice. 

Fig. I. Schematic diagram of experimental cell. A, positive lead 
(Mo); B, negative lead (AI); C, Pyrex tube; D, Ni mesh basket; E, 
FeS2 electrode; F, SiO2 cloth; G, Mo mesh current collector; H, AI 
electrode; I, stainless steel beaker; J, electrolyte (AICI~-HaCI). 
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Fig. 3. Discharge curves (/R-free) at 240~ and various current 
densities. Lower cutoff voltage is 0.40V. Curve A, 10 mA/cm~; 
curve B, 20 mA/cm2; curve C, 30 mA/cm 2. 
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Fig. 4. Discharge curves (/R-free) at 240~ and 7 mA/cm 2 with 
SnCI2 additive. Curve A, none; curve B, 0.4 m/o; curve C, 1.0 m/o. 
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Fig. 5. Discharge curves (/R-free) at 10 mA/cm 2 and various ad- 
ditives. Lower cutoff voltage is 0.70V. The theoretical capacity value 
excludes that of additive. Curve A, none, 3.13 A-hr; curve B, 15 
m/o CoS, 2.76 A-hr; curve C, 15 m/o CuS, 2.74 A-hr; curve D, 10 
w/o graphite, 2.81 A-hr; curve E, 30 w/o graphite, 2.19 A-hr. 

Moreover, the graphite additive strongly improved the 
cell performance at relatively low temperature as like 
240~ On the 30 weight percent (w/o) addition, the 
higher plateau capacity reached about 10% of theo- 
retical, and the high plateau capacity included the 
higher capacity also reached about 25%. 

On the other hand, three plateaus appeared in the 
discharge curve as known from above results. A stable 
compound of A1 and S is only A12S3 (15). Cell reac- 
tions concerned with FeS2 and A12S3 are considered 
to be primarily those shown below 

FeS2 + 2/3 AI ~ FeS -}- I/3 Al~Ss [I] 

FeS --I- 2/3 A1 ~ Fe -t- 1/3 Al~S~ [2] 

Namely, two plateaus should appear in the discharge 
(also charge) curve. Although there are few thermo- 
dynamic data for A12S3 and these are somewhat in- 
definite, a theoretical electromotive force for Eq. [1] 
and [2] can be estimated according to the data of 
Elliot and Gleiser (16) 

Ecalc [1] : 1.18V (at 500~ 

Ecalr [2] : 0.99V (at 5O0~ 

In addition to above facts, FeS was detected (but not 
A12S8) from the FeS2 electrode discharged up to 0.65V 
(IR included), while A12S8 was detected up to 
0.20V (IR included) by x-ray analysis. Moreover, 
open-circuit voltage of the cell charged up to 1.60V 
(IR included) increased strongly with temperature 
as seen in Fig. 2; however, that estimated from ther- 
modynamic data decreases with temperature. These 
contradictions as stated above cannot be clearly ex- 
plained. It should be considered that some complex 
compounds are formed in the positive electrode by the 
interaction of A12S~ with iron-sulfur compounds such 
as in the Li-A1/FeS2 cell (17). 
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ABSTRACT 

The thermodynamics of a luminum ni t r ide formation in  the A1CI3-Nt-I~-H2 
a n d  A1Brs-NI-I3-H2 systems have been studied at 1200 ° and 1400°K. The na ture  
of the condensed phase and the equi l ib r ium gas phase composition have been 
determined. A l u m i n u m  nitr ide was the only condensed phase formed under  
the entire range of the gas phase composition investigated. With a gas phase 
composition in  stoichiometric proportions (POAlx3 _~ P°NH3) , the yield of a lu-  
minum nitr ide decreased rapidly when the halide or ammonia  vapor pres- 
sure was higher than 10 -3 arm. At high hydrogen concentration, the forma-  
tion of monohalides always reduced the yield of a luminum nitride. A l u m i n u m  
nitr ide films have been deposited on various substrates between 500 ° and 
900°C, using an ini t ia l  composition of the A1Br3-NH3-H2 system correspond- 
ing to a thermodynamic  yield of a luminum nitr ide higher than 90%. The 
films have been confirmed to be a luminum nitr ide by  x - r a y  diffraction tech- 
nique and by Rutherford backscattering spectroscopy. The deposition rate 
has been investigated with respect to the temperature  and the gas phase 
composition. At an a luminum tr ibromide vapor pressure of 8 × 10-~ atm, the 
deposition rate of a luminum nitr ide decreased with increasing deposition tem- 
perature.  At an a luminum tr ibromide vapor pressure of 2.3 × 10 -4 atm, the 
deposition rate increased between 500 ° and 600°C. Above 600°C, the deposition 
rate decreased with increasing deposition temperature.  A mechanism of the 
deposition process has been proposed. 

A l u m i n u m  ni t r ide has chemical, physical, and elec- 
trical properties suitable for several applications as 
active and passive components in  semiconductor de- 
vices and for the fabricat ion of surface wave acoustic 
devices. Preparation,  physical and chemical properties 
of a luminum nitr ide films have been reviewed lately 
(1). A l u m i n u m  nitr ide films have been prepared by 
chemical vapor deposition from the following star t ing 
materials:  organo-metal l ic  compounds, AI(CHs)3 and 
Al(C2Hs)3, adduct  compound, A1C18"NH3, and a lumi-  
num chloride, A1C13. The deposition temperatures  were 
always higher than  800°C and the plasma activation of 
low pressure gas phase did not allow deposition at 
lower temperature.  Hence, the chemical vapor dep- 
osition of a l u m i n u m  nitr ide films could not be used 
with many  semiconductor substrates uns table  in this 
temperature  range. Recently, using the A1Br3-NH3-H2 
system, a luminum nitr ide films could be deposited be-  
tween 500 ° and 900°C and some properties of these 
films have been examined (2). A decrease of deposi- 
t ion rate was observed with increasing deposition tem- 
perature,  and a l u m i n u m  nitr ide films could not be de- 
posited above 900°C. 

In  this work, thermodynamics and kinetics of chem- 
ical vapor deposition processes have been investigated 
in  order to determine the origin of the decrease of the 

* Electrochemical Society Active Member. 
Key words: equilibrium, film growth insulator, a luminum ni- 

tride. 

deposition rate. The na ture  of condensed phases a n d  
the equi l ibr ium gas phase compositions have been de- 
termined as a funct ion of the ini t ia l  gas phase compo- 
sitions at a given tempera ture  for the A1C18-NH3-H2 
and A1Br3-NH3-H2 systems. The thermodynamic yield 
of a luminum nitr ide has been calculated vs. the ini t ia l  
gas phase composition, and the domains of formation 
of a luminum nitr ide have been determined.  A l u m i n u m  
nitr ide films have been deposited on various substrates 
(monocrystal l ine silicon wafers, nickel and vitreous 
carbon plates) using an ini t ia l  composition of the 
A1Br3-NH3-H2 system corresponding to a thermody-  
namic yield of a l u m i n u m  nitr ide higher than 90%. The 
a luminum nitr ide deposition rate was investigated with 
respect to the temperature  and the gas phase composi- 
tion. A mechanism of a luminum nitr ide film deposition 
is proposed in this paper. 

Thermodynamic Calculations 
Procedure.--The computat ion procedure is based on 

the minimizat ion of the total Gibbs energy of the sys- 
tem. Assuming that  the behavior  of the gas phase and 
the condensed phases is ideal, the free energy of the 
system is given by the equat ion 

N 

' "l- ai  lOge P i  [1] 
RT .= qi ~ i 
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where qi is the number  of moles of the const i tuent  i, 
~o is the s tandard  chemical potential  of the const i tuent  
i, N is the total number  of constituents,  Pi is the pres-  
sure of the gaseous const i tuent  i and ai is a coefficient 
(ai = 1 for an ideal gas and ai ---- 0 for a condensed 
const i tuent) .  

The N chemical consti tuents considered in  the equi-  
l i b r ium computat ion are given in  Table I. The prob-  
abi l i ty  of existence of these consti tuents at equi l ibr ium 
was estimated by considering the values of their  free 
energy of formation, the temperature,  and the pres- 
sure. The ini t ia l  exper imental  parameters  ( tempera-  
ture, total pressure, and ini t ia l  gas phase composi- 
tion) and the thermodynamic  data (3) (free energy 
funct ion and s tandard  heat  of formation of each con- 
st i tuent)  were introduced in  the computat ion program 
of minimizat ion of Eq. [1] detailed in  previous papers 
(4, 5) and used for other gaseous systems (6-8). The 
part ial  vapor pressure of each gaseous compound and 
the n u m b e r  of moles of each const i tuent  present  at 
equi l ibr ium could be calculated. The equi l ibr ium yield, 
o, of each a l u m i n u m  compound (a luminum nitr ide and 
a luminum halides) with respect to the ini t ia l  a lumi-  
n u m  tr ihal ide comPosition could be determined.  The 
a l u m i n u m  ni t r ide yield is defined by the ratio 

Neq A1N 
"~A1N : • I00 [23 

N%lx8 

where Neq A1N is the n u m b e r  of moles of a luminum 
ni t r ide formed at equi l ibr ium and NOAIxa is the ini t ia l  
n u m b e r  of moles of a luminum trihalide. The yield of 
a l u m i n u m  halide is given by an analogous equation. 

Results and discussion.~The calculations for the 
A1C13-NH3-H2 and A1Br3-NH3-H2 systems were car- 
ried out at 1200 ~ and 1400~ and at a total pressure of 
I atm. These temperatures  were chosen in  order to 
compare the results of the theoretical analysis with the 
exper imenta l  data known  for the AIC18-NH3-H2 sys- 
tem [using this system, a l u m i n u m  ni t r ide films were 
deposited be tween 1000 ~ and 1600~ (1)].  For  a total 
n u m b e r  of mole close to 1, at equi l ibr ium, a compound 
can be considered absent  when its number  of moles is 
lower than  10 -v. That  is the accuracy of calculation. 
The concentrat ion of the consti tuents preceded by one 
dot in  Table I has been found lower than  the accuracy 
of calculation and, consequently,  these consti tuents are 
not existing in the system at equil ibrium. A l u m i n u m  
nitr ide is the only condensed phase formed under  the 

Table I. Chemical compounds considered in the thermodynamic 
calculations. The constituents preceded by one dot are net existing 

in the system at equilibrium 

~ t e m  
A1Cls-NHs-H~ A1Brs-NH3-I-IJ 

Solid 
Liquid 
Gas 

AIN AIN 
.AI .AI 
H~ H= 
NHs NHs 
AIClz AIBr8 
AhCI~ AhBr6 
AICI~ 
AICI AIBr 
HCI HBr 
.Cb .Br= 
C1 Br 
N2 N2 

.N .N 
H H 
.NH .NH 
.NH~ .NH~ 
.N2H~ .N~I~ 
.N2H~ .N~-I~ 
.At .AI 
.AIN .AIN 
.AIH .AIH 

entire range of the gas phase composition investigated. 
The var ia t ion of the yield of a l u m i n u m  nitr ide has the 
same aspect for both systems studied (Fig. 1). For  a 
given ini t ial  gas phase composition and temperature,  
the chloride and bromide systems yielded similar  va l -  
ues of the yield of a l u m i n u m  nitride. The domain of 
ini t ia l  compositions corresponding to a yield of a lumi-  
n u m  nitr ide higher than  90% is located between the 
horizontal axis and curve (A).  At 1400~ and at low 
a luminum tr ihal ide and ammonia  concentrations,  curve 
(A) (dashed line) is sl ightly shifted away from the 
bisector because of the formation of other a luminum 
halides (Fig. 2 and 3). At 1200 ~ or 1400~ using in i -  
tial concentrations located between curves (A) and 
(B), the yield of a luminum nitr ide decreases from 90 
to 10%; between curves (B) and (C), the yield de- 
creases from 10 to 1% and beyond curve (C), it is less 
than  1%. 

With a high hydrogen concentrat ion and a low alu-  
m i num tr ihal ide concentrat ion in  the ini t ia l  gaseous 
mixture,  the yield of a l u m i n u m  monohalide is high 
and increases with increasing temperature.  For ex-  
ample, at 1200~ the yield of a luminum monobromide 
is higher than 60% when the ini t ia l  composition is lo- 
cated between the vertical  axis and curve (D) in Fig. 
1; be tween curves (D) and (E), this yield decreases 
down to 5% and beyond curve (E) it is less than  5%. 
At 1400~ the surface area of these domains increases; 
the yield of a luminum monobromide is higher than  
60% between the vertical  axis and curve (F) and de- 
creases down to 5% between curves (F) and (G).  

The ini t ial  gas phase compositions of the A1C13-NI-I3- 
H2 system used by several  investigators are repre-  
sented in Fig. 1. The ini t ial  compositions used by Chu 
and co-workers (9) (striped area) and by  Noreika 
and Ing (10) (dark area) correspond to a yield of 
a l u m i n u m  ni t r ide higher than  90%. The domains of 
ini t ia l  compositions of Arnold and co-workers (11) 
and Bauer and co-workers (12) cannot  be located ex-  
actly in the diagram because the vapor pressure values 
were not provided with accuracy. Nevertheless, f rom 
these investigators '  data it is possible to locate the 
ini t ia l  composition domains between curves (A) and 
(B) where the yield of a luminum ni t r ide is be tween 
90 and 10%. Assuming that the a luminum trichloride 
vapor pressure is equal  to the saturat ion vapor pres-  

~ '  / I l I i ] i 
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Fig. 1. Deposition domains of aluminum nitride in the initial gas 
phase composition diagram with the AICI3-NH3-H2 and ArBrs- 
NH3-H2 systems. Solid lines, T = 1200~ dashed lines, T 
1400~ 
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sure, the composition of gaseous mixture  used by Yim 
and co-workers (13) is represented by one point  in  
Fig. 1. The actual  halide vapor pressure is cer ta inly 
lower than the saturat ion vapor pressure, and then 
the yield of a l u m i n u m  ni t r ide is higher than 15%. 

The yields of a l u m i n u m  nitr ide and a luminum 
halides as a functi+on of the tr ihalide vapor pressure or 
the ammonia  vapor pressure are plotted in Fig. 2 and 
3. The tr ihal ide and ammonia  vapor pressures are 
equal with an  ini t ia l  gaseous mix ture  carried out in  
stoichiometric proportions corresponding to the reac- 
t ion of a luminum ni t r ide formation. The value of the 
yield of a luminum monohalide reaches a ma x i mum 
with an a l u m i n u m  tr ihal ide vapor pressure of about 
10 -~ arm and this m a x i m u m  yield increases rapidly 
with increasing temperature.  For  chloride system, the 
abscissa of the m a x i m u m  yield of a l u m i n u m  mono-  
chloride shifts from about  10 -~ to 2 X 10-~ a tm of 
a luminum trichloride as the tempera ture  changes from 
1200 ~ to 1400~ The increase of the yield of a luminum 
monochloride (Fig. 2) or a l u m i n u m  monobromide (Fig. 
3) corresponds to the decrease of the yield of a lumi-  
n u m  nitride. The yield of a l u m i n u m  ni t r ide decreases 
rapidly at an  ini t ia l  a l uminum trihalide vapor pressure 
higher than  10 -~ a tm when  the dissociation of am-  
monia  at  equi l ibr ium is important .  The yield of dimers 
(AlsCI~ and A12Br6) is always less than 1%. The yield 
of a luminum dichloride (Fig. 2) is also very  low. 

These thermodynamic  calculations show that  both 
systems studied are ana logouswi th  respect to the yield 
of a l u m i n u m  nitr ide at equil ibrium. The prevision of the 
thermodynamic  analysis inserts with the exper imental  

results obtained for the A1CIs-NH~-H~ system (9-13). 
The thermodynamic  estimations can be limited. Indeed, 
the condensed phases considered are only  stoichio- 
metric consti tuents and the thermodynamic  equi l ibr ium 
is not always established at high gas flow rate. Never-  
theless, the thermodynamic  calculations give an op- 
t imizat ion of deposition conditions from the point of 
view of yields and condensed phase compositions. 

Experimental Procedures 
The deposition of a l u m i n u m  nitr ide films by chemi- 

cal reaction in  the A1Bra-NHa-H~ gas flow system was 
carried out by using an apparatus described in  a pre-  
vious paper (2). Briefly, the deposition was carried out 
in  a horizontal  reaction tube and the substrates (sili- 
con, nickel, or vitreous carbon plate) were supported 
by a silicon carbide coated graphite susceptor heated 
by an rf generator. The composition of ammonia -hy-  
drogen mixtures  was adjusted and main ta ined  at a 
constant  value by means of flow meters and flow regula-  
tors. The total flow rate was always equal to 12 l i ters /  
min. The a l u m i n u m  bromide was contained in  a Pyrex  
evaporator main ta ined  at a constant  tempera ture  and 
the vapor was carried in  the reactor by a hydrogen 
s t ream at a constant  flow rate of 50 cm~/min. The 
evaporator was weighed before and after each run.  
With the evaporator temperatures  of 121 ~ and 147~ 
the molar  flow rate of a l u m i n u m  tr ibromide in  the 
reaction tube was 4 X 10 -~ and 1.1 X 10 -4 mole /min  
and the a l u m i n u m  tr ibromide vapor pressure was 
8 X 10 -5 and 2.3 • 10 -4 atm, respectively. The ki-  
netic s tudy of deposition was carried out  with gas 
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phase composit ions located in  the  rec tangle  ABCD 
(Fig. 1) in the  in i t ia l  gas phase  composi t ion d iag ram 
where  the  t he rmodynamic  y ie ld  of a luminum n i t r ide  is 
about  99%. The mix ing  zone be tween  ammonia  and 
a luminum bromide  vapors  was hea ted  at  300~ in o rde r  
to avoid  the  fo rmat ion  of solid adduct  compounds,  
A1Br3.nNHz. A l u m i n u m  ni t r ide  films were  deposi ted 
at  subs t ra te  t empera tu re s  in the  range  500~176 
Above  900~ the deposi t ion ra te  was low and the 
thickness  of films was not  uniform. The deposi t ion t ime 
was de t e rmined  by  the t ime of hydrogen  s t r eam on 
a luminum bromide .  

The c rys ta l lograph ic  s t ruc ture  of deposi ted ma te r i a l  
was de t e rmined  by  removing  the l aye r  f rom the n ickel  
p la te  subs t ra te  and  ident i fy ing  the x - r a y  pa t te rns  ob-  
ta ined  by  means  of a D e b y e - S c h e r r e r  powder  tech-  
nique. In  al l  the cases, the pa t t e rn  revea led  the  pres -  
ence of po lycrys ta l l ine  a luminum nitr ide.  The films 
deposi ted on vi t reous  carbon subs t ra tes  were  ana lyzed  
by  Ru the r fo rd  backsca t te r ing  spectroscopy (14). The 
a c c u r a c y  on the a luminum a tom numbers  pe r  square  
:cent imeter  was 0.8%. The deposi t ion ra te  of a luminum 
ni t r ide  was expressed  by  the  number  of a luminum 
atoms deposi ted per  square  cent imeter  pe r  minute.  

Kinetic Study 
Resu~ts . - -At  an  a l u m i n u m  bromide  vapor  pressure  of 

8 • 10-5 atm, the  deposi t ion ra te  was low and almost  
independen t  of the a m m o n i a - h y d r o g e n  composition. 
The measured  values  fal l  wi th in  the l imits  of r ep ro -  
duc ib i l i ty  of the  exper iments .  The  deposi t ion ra te  
decreased wi th  increas ing deposi t ion t e m p e r a t u r e  (Fig. 
4a). At  an  a luminum bromide  vapor  pressure  of 2.3 • 
10 -4 atm, the  deposi t ion ra te  was h igher  and the r e -  
p roduc ib i l i ty  was bet ter .  The  ra te  increased  be tween  
500 ~ and 600~ above 600~ i t  decreased wi th  increas-  
ing deposi t ion t e m p e r a t u r e  (Fig. 4b).  The var ia t ion  
of deposi t ion ra te  wi th  the  a m m o n i a - h y d r o g e n  com- 
posi t ion was not  continuous. The dec imal  loga r i thm of 
the deposi t ion ra te  vs. the rec iprocal  absolute  t em-  
pe ra tu re  is p lo t ted  in Fig. 5. Below 600~ the ac t iva-  
t ion energy  was about  9 kcal  mole  -1. The dashed 
s t ra igh t  l ine (Fig. 5) represents  the resul t  obta ined  
by  K e l m  (15) for  the deposi t ion of a luminum ni t r ide  
films b y  pyrolys is  of adduct  compound,  A1CI~-NH3. 
Using the AlBr3-NH~-H2 gas flow system, the deposi-  
t ion ra te  of a luminum ni t r ide  films had  the same value  
but  in a lower  t empe ra tu r e  range.  

Discussion.--Thermodynamic analysis  has shown 
tha t  the  y ie ld  of a luminum ni t r ide  at  equ i l ib r ium in -  
creased wi th  increas ing t empera tu re ;  this y ie ld  was 
h igher  than  98% at 1200~ wi th  an ini t ia l  gas phase 
composi t ion located in the rec tangle  ABCD (Fig. 1). 
Then, the decrease  of  deposi t ion ra te  wi th  increas ing 
deposi t ion t e m p e r a t u r e  (Fig. 4) can be only a t t r i bu t ed  
to the  kinet ic  character is t ics  of the deposi t ion process. 
This decrease  is suggest ing of a homogeneous  react ion 
in the gaseous phase and can be ana lyzed  using the 
model  proposed  by  S ladek  (16). Schemat ica l ly ,  the 
deposi t ion process can be rep resen ted  under  the fol-  
lowing fo rm 
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and Suvorov  (17), a t he rmodynamic  calculat ion has 
shown that  the a luminum t r ib romide  vapor  in t roduced  
into the reactor  could be comple te ly  t r ans formed  into 
the adduct  compound according to the fol lowing equi -  
l i b r i um 

homogeneous> 
A1Br3 (g) + NH3(g)  A1Br3 �9 NI-~ (g) 

reac t ion  

diffusion towards  
> AlN film 

the subs t ra te  

homogeneous 

reac t ion  
> A1N powder  

Under  our exper imen ta l  conditions, the  gaseous ad -  
duct  compound,  A1Br3 �9 NI%, was p robab ly  formed at  
300~ in the mix ing  zone be tween  ammonia  and a lu-  
minum bromide  vapor.  Using the da ta  given by  Trusov  

(i) A1Br3(g) + NHs(g)  ~ A1Brs �9 NHs(g)  

and the concentra t ion of the adduct  compound at  equi -  
l i b r ium was independen t  of the a m m o n i a - h y d r o g e n  
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composit ion used. The the rmodynamic  calculat ion has 
also shown tha t  the reverse  react ion was possible 
above 300~ s imul taneous ly  wi th  the react ion of a lu-  
minum ni t r ide  fo rmat ion  

(ii) A1Br~ �9 NH3(g)  --> A.IN(s) + 3HBr (g) 

At  low deposi t ion t empera tu re ,  react ion (ii) occurred 
in an adsorbed  phase on the subs t ra te  surface. The ac-  
t iva t ion energy  of the surface react ion was low (9 
kcal  mole  - i )  p robab ly  because of the configurat ion of 
the adduct  compound;  a luminum and n i t rogen  atoms 
are  a l r e ady  bonded in the molecule  A1Br~- NHs. Si-  
mul taneously ,  a smal l  pa r t  of the  films could g row 
by the deposi t ion of a luminum ni t r ide  powder  formed 
by  nucleat ion in the  gaseous phase. 

Under  the expe r imen ta l  condit ions used, the t em-  
pe ra tu re  g rad ien t  i'n the gaseous phase was high and 
the homogeneous react ion could only occur in a ve ry  
thin l ayer  located on the subs t ra te  surface. The high 
roughness  of films deposi ted at  low t e m p e r a t u r e  
[curves (A) and (D),  Fig. 6] was p robab ly  due to this  
deposi t ion of powder .  The ac t iva t ion  energy  of homo-  
geneous react ion is h igher  than  tha t  of surface reac-  
tion. Wi th  increas ing tempera ture ,  the  ra te  of homoge-  
neous reac t ion  increased more  r ap id ly  than  the ra te  of 
surface reac t ion  and the y ie ld  of homogeneous reac-  
t ion also increased  because the volume of gaseous 
phase where  the reac t ion  could occur was larger .  At  
high t empera tu re  (above 700~ the a luminum ni t r ide  
powder  was formed at  a l a rge  dis tance f rom the sub-  
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Fig. 6. Surface profites of mumn, um n,tride films. Films deposited 
at (A) 550~ (B) 750~ and (C) 850~ with a 2:1 ammonia-hydro- 
gen mixture and an aluminum bromide vapor pressure of 8 X 10 - 5  
atm. Films deposited at (D) 550~ (E) 750~ and (F) 850~ with 
a 2:1 ammonia-hydrogen mixture and an aluminum bromide vapor 
pressure of 2.3 X 10 - 4  arm. Films deposited at 650~ with an 
aluminum bromide vapor pressure of 8 X 10 -5  atm and an am- 
monia-hydrogen composition of (G) 1:9, (H) 2:1, and (F) 9:1. 

s t ra te  surface and could not  be deposited. The films 
had  a smooth surface [curves (C) and (F) ,  Fig. 6]. 
The concentra t ion of reactants  close to the subs t ra te  
surface was reduced  and the g rowth  ra te  of film by  
the surface reac t ion  decreased.  

The deposi t ion ra te  dependence  wi th  a m m o n i a - h y -  
drogen composit ion at  the h igher  a luminum bromide  
vapor  pressure  and the independence  at  the  lower  
vapor  pressure  cannot be easi ly  in terpre ted .  At  an  a lu -  
minum bromide  vapor  pressure  of 8 X 10 .5  atm, the  
deposi t ion ra te  (Fig. 4a) and  the surface profiles of 
films [curves (G) ,  (H) ,  and  (D,  Fig. 6] were  not  
affected by  the var ia t ion  of ammonia  concentra t ion 
in the  gaseous phase p robab ly  because the  concentra-  
t ion of the adduct  compound remained  constant. The 
na ture  of subs t ra te  can change some proper t ies  of de-  
posit. The effect of the three  subs t ra tes  used (silicon, 
nickel, and vi t reous  carbon)  could not  be inves t iga ted  
because the na ture  of subs t ra te  was appropr i a t ed  wi th  
the p r o p e r t y  of film studied. Sometimes,  the effect of 
total  flow ra te  might  provide  insight  into the mecha-  
nism of deposition. This effect could not be s tudied be-  
cause wi th  a total  flow rate  lower  than  10 l i t e r s /min ,  
the thickness of films was not  un i form and, then, the 
kinet ic  s tudy  of deposi t ion was not  possible. 

Summary and Conclusions 
The thermodynamics  of a luminum ni t r ide  format ion  

in the A1C13-NH3-H~ and A1Br3-NH~-H2 systems have  
been studied. The equi l ib r ium gas phase composit ion 
and the the rmodynamic  y ie ld  of a luminum ni t r ide  
have been de termined.  A l u m i n u m  ni t r ide  films were  
deposi ted in the A1Br3-NH3-H2 sys tem be tween  500 ~ 
and 900~ Wi th  the h igher  a luminum bromide  vapor  
pressure  (2.3 X 10 -4  a tm) ,  the deposi t ion ra te  in-  
creased wi th  increas ing subs t ra te  t empera tu re  up to 
600~ above 600~176 the deposi t ion ra te  decreased.  
Wi th  the lower  a luminum bromide  vapor  pressure  
(8 X 10-~ a tm) ,  the deposi t ion ra te  was decreasing 
in the ent i re  t empe ra tu r e  range studied. The deposi-  
t ion ra te  did  not depend on the gas phase composition. 
The roughness of surface of a luminum ni t r ide  films de-  
posi ted at  lower  t empera tu res  was a t t r ibu ted  to the  
deposi t ion of a luminum ni t r ide  powder  formed by  gas 
phase nucleat ion.  At  h igher  tempera tures ,  the  g rowth  
of a luminum ni t r ide  films was only due to the  ad -  
sorbed gas phase react ion on the surface of substrate .  
A model  for the deposi t ion mechanisms of a luminum 
ni t r ide  films was proposed.  These resul ts  show the in-  
fluence of homogeneous react ions in a chemical  vapor  
deposi t ion process. Using the A1C13-NH3-H~ system, 
Arno ld  and co-workers  (18) have shown the effect of 
the  gaseous adduct  compound formation,  A1C13 �9 NHs, 
o n  the kinet ics  of a luminum ni t r ide  deposition. The 
a luminum ni t r ide  deposi t ion mechanisms in the A1C13- 
NHa-H2 and A1Brs-NH~-H2 systems are  ve ry  similar .  
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Deformation in Dielectric-Isolated Substrates 
and Its Control by a Multilayer Polysilicon 

Support Structure 
Takaya Suzuki, Akio Mimura, Tatsuya Kamei, and Takuzo Ogawa 

Hitachi Limited, Hitachi Research Laboratory, Hitachi, Ibaraki 319-12, Japan 

ABSTRACT 

Curved deformations in the dielectric-isolated substrate with a conven- 
tional, single polysilicon support structure occur mainly during two processes. 
One is deposition of the polysilicon support region and the other is thermal 
oxidation and diffusion for junction formation. The former is concave toward 
the polysilicon support layer side. The latter, however, has a tendency to bow 
convexly toward the polysilicon layer side and seems to be caused by expan- 
sion stress generated through penetration or diffusion of high concentrations 
of oxygen into the surface region of the polysilicon support region. These 
deformations can be successfully controlled by adopting a multilayer poly- 
silicon support structure consisting of alternating polysilicon layers and  
silicon oxide films for the support region and also by providing a preven- 
tive film for oxide diffusion into the surface of the polysilicon support 
region. During the formation of the multilayer structure, it is proposed that 
contraction stress, caused by polysilicon deposition, and expansion stress, 
caused by silicon oxide deposition, are occurring alternately and are compen- 
sating each other to form a wafer with little deformation. 

Dielectric-isolated (DI) substrates are used in high 
voltage power IC's and radiation-hardened devices be- 
cause of their excellent characteristics, including high 
isolation voltages, isolation capability for an alternat- 
ing current, diminished parasitic capacitances, and less- 
ened photodiode currents in radiation environments (1, 
2). One of the most serious problems in DI manufac- 
ture is complicated wafer deformation originating from 
the use of a relatively thick polysilicon layer as a 
support structure for single crystal silicon regions (3, 
4). The deformation of the DI substrate takes place 
mainly during the deposition of the polysilicon support 
region and during the formation of junctions in the 
single crystal silicon regions, i.e., the processes of ther- 
mal oxidation and diffusion. The former kind of 
deformation has been reported to be caused by the 
tensile growth stress generated through contraction of 
the growing polysilicon layer at high temperatures (5, 
6). No investigation has apparently been reported as to 
the latter kind of deformation. These severe macro- 
scopic deformations create undesirable effects in the 
subsequent grinding process for substrate fabrication 
and in the photolithography process for junction for -  

Key words: dielectric isolation, polysilicon, deformation, sup- 
port structure. 

mation. Therefore, it is very important to control these 
deformations in order to improve process yield and 
accuracy. Although it has been reported that doping of 
a small amount of an impurity, such as oxygen into 
polysilicon, is effective in minimizing the deformation 
during polysilicon deposition (7, 8), a successful con- 
trol method of deformation throughout the whole de- 
vice fabrication process has not been reported. 

This paper first describes the deformations of the DI 
substrate with a conventional, single polysilicon sup- 
port structure and then describes a novel method for 
controlling both kinds of deformation in which a multi- 
layer polysilicon structure consisting of alternating 
polysilicon layers and silicon oxide films is adopted for 
use in the support region of the DI substrate. 

Experimental 
Preparation of DI substrates. - -The DI substrates 

were fabricated by the conventional single poly method 
(1), as shown in Fig. 1. The single crystal silicon used 
was CZ type, (100) surface oriented, 50 mm in diam- 
eter, about 290 ~m in thickness, n-type, and had 10-15 
llcm resistivity. V-shaped isolation moats were formed 
by using anisotropic etch with KOH solution (9). Iso- 
lation oxide (about 1.7 #m) was grown by thermal 
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Fig. 1. Fabrication process for DI substrates 

oxida t ion  at  l l00°C. Two different  s t ruc tures  of po ly -  
si l icon suppor t  reg ion  were  fo rmed  in these exper i -  
ments:  a single l aye r  polysi l icon s t ruc ture  and a mu l t i -  
l aye r  polysi l icon s t ructure .  The polysi l icon was depos-  
i ted  in a convent ional  ep i tax ia l  reac tor  wi th  a g rowth  
ra te  of about  6 ~m/min  at  1200°-1250°C (opt ica l ly  ob-  
served)  using an  SiHCI~-H2 reduct ion  process. Af t e r  
the  polysi l icon was deposited,  the  po ly  surface was 
ground.  The  slice was then  inver ted  and the or ig inal  
single c rys ta l  subs t ra te  was ground back  and polished 
unt i l  the s i l i con  oxide  isolat ion films on the grooves 
were  exposed. The thickness of the  single c rys ta l  s i l i -  
con islands ranged  be tween  60-80 ~m. Af te r  polishing, 
the subs t ra te  was r e a d y  for  convent ional  device proc-  
essing (oxidat ion  and diffusion).  

Deposition of multilayer polysilicon structure.--Fig- 
ure  2 shows cross-sect ional  examples  of the  mul t i l aye r  
polysi l icon suppor t  s t ructure .  This suppor t  s t ruc ture  
consists of an a l t e rna t ing  l amina te  of polysi l icon layers  
and  sil icon oxide  films. The a l t e rna t ing  deposit ions 
were  car r ied  out  in  a conventional ,  ve r t i c a l - t ype  epi- 

Fig. 2. Cross-sectional views of the mnltilayer polysilicon support 
structure. 

t ax ia l  reactor  having  a ro ta t ing  d isk  300 m m  in d iam-  
eter.  The  deposi t ion t empera tu res  were  1200°-1250°C 
(opt ica l ly  observed) .  The SiHCI~-H~ reduct ion  process 
was used for  polysi l icon and the SiHCh-CO~-H~ proc-  
ess, for sil icon oxide. The deposi t ion ra tes  of the  po ly -  
sil icon layers  and the sil icon oxide  films were  about  
6 and 0.3 #m/min,  respect ively .  The qua l i ty  of the  
oxide film was examined  and found to be a lmost  the  
same as tha t  of the oxide  film g rown  by  the rmal  oxi -  
dation. The thicknesses of the  sil icon oxide films were  
the  same th rough  the s t ructure ,  whi le  var ious  oxide  
thicknesses ranging  f rom 0.3 to 1.4 #m were  used in 
the  exper iments .  The to ta l  thickness  of the  suppor t  
region ranged  about  f rom 200 to 500 ~m. 

The steps for  producing  such mu l t i l aye r  polysi l icon 
suppor t  a re  as follows. In i t ia l ly ,  a p r ede t e rmined  
thickness of the  first polysi l icon l aye r  was deposi ted by  
in t roducing  t r ichloros i lane  and  hydrogen  into the  re -  
actor. Then, the  in t roduct ion  of t r ich loros i lane  was 
s topped and the reac tor  was pu rged  wi th  hydrogen  for 
5 min. Next,  a sil icon oxide  film was deposi ted by  in-  
t roducing t r ichloros i lane  and carbon dioxide  together  
wi th  hydrogen.  Af te r  the  deposi t ion of the  sil icon ox-  
ide film, the reac tor  again  was pu rged  wi th  hydrogen  
and the second polysi l icon l aye r  was deposited.  In  this 
way,  the steps of polysi l icon deposit ion,  reac tor  purge,  
sil icon oxide  deposit ion,  and reac tor  purge  were  re -  
pea ted  according to the  number  of layers  required.  

Degree of wajer bowing. ---In the  DI process, two 
types of deformat ion  were  observed.  One is the type  
in which the polysi l icon suppor t  l aye r  side of a wafer  
is concave whi le  the  o ther  is reversed.  Therefore,  the 
sign of the  bowing direct ion is defined as "plus" for  
the  former  and as "minus" for  the  lat ter ,  The degree  
of bowing is expressed by  the rec iprocal  of the radius  
of cu rva tu re  R ca lcula ted  f rom the devia t ion  h f rom 
a flat p lane 50 mm in length, assuming that  the con- 
f igurat ion of the deformat ion  is a lmost  spher ica l  (5). 
The devia t ion  was measured  wi th  a surface measur ing  
ins t rument  (Dek tak) .  The va lue  h is the average  of 
the two values  measured  in the  x and y direct ions on 
a wafer.  The re la t ion  be tween  1/R and h is given as 
1/R -- (2/r~)h, where  r is the  radius  of the  wafer .  

Results and Discussion 
Deformation of substrates with single polysilicon 

support structure.--It was observed  ~ tha t  the  defor -  
ma t ion  of wafers  took place ma in ly  dur ing  the fo l low-  
ing two processes. One is the  deposi t ion of the po ly-  
sil icon suppor t  region and the o ther  is the fo rmat ion  
of junct ions  in  the single c rys ta l  si l icon region,  i.e., the  
processes of the rmal  oxida t ion  and diffusion. 

F igure  3 shows the var ia t ion  in  the  degree  of defor -  
mat ion  (bowing)  dur ing  the var ious  wafe r  processes. 
Results  a re  shown for th ree  different  polysi l icon th ick-  
nesses. The polysi l icon deposi t ion t e m p e r a t u r e  was 
1230°C. Thermal  ox ida t ion  was pe r fo rmed  at  1200°C in 
a we t  oxygen  a tmosphere  for 5.7 hr. Boron diffusion 
was car r ied  out  a t  1200°C for 9 h r  a f te r  a BN p r e d e -  
posi ted process at  1000°C. I t  can be seen that  the waf -  
ers unde rwen t  curved deformat ions  in the  plus d i rec-  
t ion a f te r  the  deposi t ion of the polysi l icon suppor t  
l aye r  and had  a t endency  to deform in the  minus  d i -  
rect ion dur ing  the the rmal  ox ida t ion  process. The 
fo rmer  k ind  of deformat ion  has been  discussed p re -  
v iously  (5) and  hence wil l  not  be descr ibed in  detail .  
The degree  of bowing af te r  the  deposi t ion of the  po ly -  
sil icon l aye r  increases wi th  increas ing thickness of the  
deposi ted polysi l icon l aye r  and  tends to increase  wi th  
lower ing  of the  deposi t ion t empera tu re .  I t  can be  con- 
s idered  tha t  this k ind  of bowing is caused by  the ten-  
si le g rowth  stress genera ted  th rough  the contract ion of 
the growing polysi l icon l aye r  a t  h igh tempera tures .  
This contract ion of the  polysi l icon l aye r  m a y  be in-  
duced by  a mechanism s imi la r  to s in ter ing  (5). The 
l a t t e r  k ind  of deformat ion  has appa ren t ly  not been  r e -  
por ted  prev ious ly  and hence is examined  here  in more  
detai l .  
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Fig. 3. Effect of process steps on wafer deformations 

As seen above, the DI substrate  has a tendency to 
deform convexly toward the side of the polysilicon 
support  layer, i.e., the minus  direction, dur ing the sub-  
sequent  thermal  oxidation process. The degree of bow- 
ing shows a remarkable  change, especially in  the case 
of the substrate  with a th inner  polysilicon support  
layer. The change in  bowing is smaller  as the thickness 
of the polysilicon support  layer  increases. It  was also 
observed that the change in bowing dur ing  the thermal  
oxidation process was greater  at higher tempera ture  
and for longer hea t - t r ea tment  times. Figure  4 indicates 
the effect of the t ime of oxidat ion t on the amount  of 
the change in  the reciprocal of the radius of curvature  
( l / R ) ,  where, A(1/R) -- (1/R before oxidation) -- 
(1/R after oxidation).  I t  is seen that  A(1/R) is ap- 
proximately  proport ional  to the square root of the oxi- 
dat ion time. This is very  s imilar  to the so-called para-  
bolic relat ionship in the rate of thermal  oxide growth. 
These deformations toward the minus  direction did not 
change even if the oxide film formed on the polysilicon 
surface was removed by etching. In addition, it  was 
found that  this k ind  of deformation occurred only 
dur ing  the high tempera ture  hea t - t r ea tment  in  an oxy- 
gen-conta in ing  atmosphere and not  in  atmospheres 
such as argon or hydrogen. 

From the above results, i t  appears that  the bowing 
which occurred dur ing  thermal  oxidation may be 
caused by  the expansion stress generated through 
penet ra t ion  or diffusion of high concentrat ions of oxy-  
gen along the gra in  boundaries  of polysilicon into the 
surface region of the polysilicon support  region. The 
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time dependence of A(I/R), see Fig. 4, can be qualita- 
tively explained as follows. The reciprocal of the radius 
of curvature 1/R is proportional to the expansion stress 
in the polysilicon surface region. This expansion stress 
can be assumed to be proportional to the amount of 
oxygen penetrated or diffused into the polysilicon sur- 
face. Therefor e , since the amount of oxygen which will 
reach and diffuse into the polysilicon surface region is 
controlled by the diffusion through the oxide film 
formed on the polysilicon layer and is proportional to 
the square root of the oxidation time (10), it may be 
considered that A(1/R) shows the same time depen- 
dence. 
Figure 5 shows the profile of oxygen concentration 

in the polysilicon support layer of the DI substrate 
which has been subjected to the thermal oxidation 
process. The oxygen concentration was determined by 
successively etching the surface and measuring the 
ratio of 44SiO+/total ion by secondary ion mass spec- 
troscopy (Hitachi, IMA-2). Although the absolute 
values of concentration are not known, it can be seen 
that high concentrations of oxygen exist in the poly- 
silicon support layer ranging from the surface to a 
depth of about 30-40 ~m. Next, the change in bowing 
of DI substrates which had been deformed by thermal 
oxidation was measured by successively etching off the 
surface of the polysilicon layer side. These results are 
shown in Fig. 6. It was found that, by etching off the 
polysilicon surface of about 30-40 ~m, bowing in the 
minus direction is almost restored to the initial bow- 
ing in the plus direction that had been observed before 
thermal oxidation. The etched thickness necessary to 
return to the initial bowing is roughly consistent with 
the range of high oxygen concentration. 

As mentioned above, the DI substrates have a ten- 
dency to deform in the minus direction during heat- 
treatment in an oxygen-containing atmosphere. The 
change in this bowing can be reduced by increasing 
the thickness of the polysilicon support layer. How- 
ever, the degree of bowing during the deposition of the 
polysilicon support layer becomes larger as the thick- 
ness of the polysilicon support layer is increased. 
Therefore, from the standpoint of practical use, it is 
necessary to establish a method for controlling defor- 
mation, even during thick polysilicon deposition, and 
also for minimizing deformation during thermal oxida- 
tion. In the next section, a novel fabrication method 
for DI substrates that meets such requirements is 
described. 
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Fig. 5. Profile of oxygen concentration in the polysilicon support 
region of the DI substrate subjected to thermal oxidation. 
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Control o] de]ormation by a multilayer poIysilicon 
support structure.--Control o] de]ormation during dep- 
ositio,n o] a polysilicon support structure.--It was found 
that the magni tude  and cdrection of bowing due to 
the deposition of a polysilicon support  layer  can be 
controlled by applying the mul t i l ayer  s tructure con- 
sisting of a l te rnat ing  polysilicon layers and silicon ox- 
ide films. Figure 7 shows a relat ion between the n u m -  
ber of polysilicon layers in  a mul t i l ayer  s t ructure  and 
the magni tude  of bowing of the subst ra te  for two 
different total thicknesses of the support  region. The 
degree of bowing decreases with increasing numbers  of 
polysilicon layers. Above a certain n u m b e r  of layers, 
the direction of bowing is inver ted  so that  the poly- 
silicon support  region side of the wafer  begins to take 
the form of a convex surface. For  the two cases in 
which the total thicknesses of the support  regions are 
210-260 and 430-480 ~m, the thickness for one polysili- 
con layer when the degree of bowing is almost zero is 
about the same, i.e., 40-50 ~m. Figure 8 shows typical 
interference pat terns of the deformation for three dif- 
ferent  numbers  of polysilicon layers. The pat terns 
were observed with a commercial  flatness tester 
(Speedlap, Check Fla t ) .  The thicknesses of the poly-  

silicon support  regions of these samples were 430-460 

Fig. 8. Typical interference patterns of the deformation for 
wafers with different numbers of polysilicon layers. 

~m. Figure 9 shows the effect of the thickness of the 
silicon oxide films between the polysilicon layers on 
the degree of bowing of wafers with a mul t i layer  
polysilicon structure. The degree of bowing was hardly 
affected by the thickness of the silicon oxide films in  
the range from 0.3 to 1.4 ~m. 

Next, in  order to investigate the cause of the bow- 
ing reduct ion effect by the mul t i layer  structure, the 
manne r  of changes in  bowing dur ing  the deposition of 
the support region was indirect ly observed by measur ing 
the curvature  of the wafers when  taken out of the re-  
actor at various deposition steps dur ing the mul t i layer  
s tructure fabrication. The results are shown in  Fig. 10. 
The curvature  measurements  were done at the first, 
second, fourth, and eighth depositions of polysilicon and 
silicon oxide. The dashed line indicates an approxima-  
tion of the bowing variation. It  is seen that  the degree 
of bowing which occurred at the first polysilicon layer  
deposition decreases in the following deposition of the 
silicon oxide film. Although the magni tude  of the bow- 
ing increases at the deposition of the second polysil i-  
con layer, it again decreases with the following sill- 
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Fig. 10. Curvature variation of the wafers during the formation 
o f  a m u l t i l a y e r  p o l y s i l i c o n  s u p p o r t  s t r u c t u r e .  

c o n  oxide film deposition. The reduction in bowing, 
however, is somewhat smaller than that of the first 
deposition step. In this manner, the wbote polysilicon 
support region seems to grow thicker with the repeti-  
tion of increases and decreases in bowing, according to 
the alternating polysilicon layer and silicon oxide film 
depositions. It appears that  the penetration or diffusion 
of high concentrations of oxygen into the polysilicon 
layer also takes place in the case of the chemical vapor 
deposition of silicon oxide film at high temperatures 
just as in the case of thermal oxidation. Therefore, it  is 
proposed that  during the formation of the mult i layer  
polysilicon support structure, contraction stress, caused 
by polysilicon deposition, and expansion stress, caused 
by silicon oxide deposition, are occurring alternately,  
and these stresses of opposite direction are successfully 
compensating each other to form a wafer with litt le 
deformation. 

Control o] deformation during thermal oxidation.--The 
DI substrate with a mult i layer  polysilicon support 
structure was also deformed convexly toward the side 
of the polysilicon support region, i.e., the minus direc- 
tion, due to high temperature heat - t rea tment  in an 
oxygen-containing atmosphere. It was observed, how- 
ever, that the degree of this kind of deformation w a s  
affected by the thickness of the extreme outer poly- 
silicon layer. Therefore, the magnitude of bowing 
change after thermal oxidation was measured using 
the sample wafers in which the thickness of the ex- 
treme outer polysilicon layer  was intentionally varied 
by lapping. Figure 11 shows a schematic cross-sectional 
view of such a DI wafer used ~or the experiments. 
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Figure 19. graphs the experimental  results and s h o w s  
the relation between the ult imate thickness of the 
extreme outer polysilicon layer  after polishing and 
the change in the magnitude of bowing toward the 
minus direction, ~ ( l /R ) ,  due to thermal  oxidation. The 
thermal oxidation was performed at 1200~ for 3 4 0  
rain in a wet oxygen atmosphere. Although scatter in 
the measured values is seen, i t  is evident that the 
change in the magnitude of bowing A(1/R) decreases 
as the thickness of the extreme outer polysilicon layer 
is decreased. The scatter may be due to the uncertainty 
of the amount of lapping of the extreme outer poly- 
silicon layer, which is caused by wafer bowing after 
the deposition of the polysilicon support region. Sim- 
ilar experiments, that  is, the thermal oxidation of the 
DI substrates in which the whole extreme outer poly- 
silicon layer was removed by etching and the silicon 
oxide film was exposed, showed litt le change in bow- 
ing toward the minus direction. Therefore, it  is con- 
cluded that  the deformation of the DI substrate with 
mult i layer  polysilicon support structure due to thermal 
oxidation and diffusion processes is caused by the same 
mechanism as in the case of the DI substrate with a 
single layer  polysilicon support structure, and that the 
extreme outer silicon oxide film is acting as the pre-  
ventive film for oxygen diffusion into the polysilicon 
support region. 

As mentioned above, it  is found that the bowing oc- 
curr ing during thermal oxidation or diffusion processes 
is able to be minimized by providing a film for pre- 
venting the penetration or diffusion of oxygen into the 
surface region of the polysilicon support region. For 
the DI substrate with a mult i layer  polysilicon struc- 
ture, this preventive film is realized by lapping the ex- 
treme outer polysilicon layer to a thickness as thin as 
possible. 

Summary 
The DI substrate with a single polysilicon support 

structure is deformed during two processes. One is the 
deposition of the polysilicon support region and the 
other is the high temperature heat- t reatment  in an 
oxygen-containing atmosphere, i.e., thermal oxidation 
and diffusion. The deformation after deposition of the 
polysilicon support region is bowing in a direction such 
that  the polysilicon support region side of the substrate 
is concave, while the deformation after the thermal 
oxidation and diffusion is bowing in a direction such 
that the polysilicon support region side of the sub- 
strate tends to become convex. The former bowing 
seems to be caused by the tensile growth stress gen- 
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Fig. 11. Schematic cross-sectional view of the multilayer poly- 
silicon support structure in which the thickness of the extreme 
outer polysilicon layer was thinned. 

Fig. 12. Relation between the ultimate thickness of the extreme 
outer polysilicon layer after polishing and the change in the de- 
gree of bowing, ~(1/R), due to thermal oxidation. 
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erated th rough  contract ion of the  growing polysi l icon 
l aye r  a t  h igh tempera tures .  The l a t t e r  bowing seems 
to be caused by  the expans ion  stress genera ted  through 
pene t ra t ion  or  diffusion of high concentrat ions  of oxy -  
gen into the surface region  of the polysi l icon suppor t  
region. 

The magni tude  and di rec t ion  of bowing due to the 
deposi t ion of a polysi l icon suppor t  l aye r  can be con- 
t ro l led  by  app ly ing  the mu l t i l aye r  s t ruc ture  consist ing 
of a l t e rna t ing  polysi l icon layers  and  sil icon oxide films. 
The magni tude  of bowing decreases  wi th  increas ing the 
number  of polysi l icon layers  ~or a g iven to ta l  th ick-  
ness of the  suppor t  region. The thickness for  one po ly -  
si l icon l aye r  in which the magni tude  of bowing is 
almost zero is about  40-50 ~rn. I t  is proposed  tha t  du r -  
ing the format ion  of the mu l t i l aye r  polysi l icon suppor t  
s t ructure,  contract ion stress, caused by  polysi l icon 
deposition, and expans ion  stress, caused by  sil icon ox-  
ide  deposition, a re  occurr ing  a l te rna te ly ,  and  these 
stresses of opposite d i rec t ion  are  successful ly com- 
pensat ing  each o ther  to form a subs t ra te  wi th  l i t t le  
deformation.  

The DI subs t ra te  wi th  a mu l t i l aye r  polysi l icon sup-  
por t  s t ruc ture  also tends to bow convexly  toward  the 
side of the  polysi l icon suppor t  region due to the rmal  
oxida t ion  and diffusion. This type  of deformat ion  can 
be minimized  by  provid ing  a film for  p reven t ing  the 
pene t ra t ion  or  diffusion of oxygen into the surface re -  
gion of the polysi l icon suppor t  region. This p revent ive  
film was rea l ized by  lapping  the ex t r eme  ou te r  po ly -  
si l icon l aye r  to a thickness as th in  as possible. 

The deformat ions  which  take  p l a c e  dur ing  the DI 
process can be successful ly cont ro l led  b y  adopt ing the 
m u l t i l aye r  polysi l icon suppor t  s t ruc ture  and by  pro-  
viding a p reven t ive  film for oxygen  pene t ra t ion  or  
diffusion into the  surface  of the  polysi l icon suppor t  
region. 
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Electronic States of Ni-Silicides and Its 
Relation to MetaI-Silicide/Si Interfaces 

M. Iwami, K. Okuno, S. Kamei, T. Ito, and A. Hiraki 
Department o~ Electrical Engineering, Osaka University, Suita, Osaka 565, Japan 

ABSTRACT 

Electronic  states of Ni-s i l ic ides  (Ni2Si, NiSi, and NiSi2) and potent ia l  b a r -  
r i e r  heights  (~B'S) of Ni - s i l i c ide /S i  junct ions were  s tudied by  nuclear  mag-  
netic  resonance (NMR) and by  capac i tance-vo l tage  (C-V) measurement ,  
respect ively.  I t  was de te rmined  that  the  electronic s ta te  of sil icon is meta l l ic  
in al l  Ni-s i l ic ides  and tha t  at  the site of S i - a tom the 3s-e lec t ron dens i ty  
wi th  Fe rmi  energy  [ps(EF, S i ) ]  becomes l a rge r  wi th  increas ing Si concentra-  
tion. F r o m  C-V measurements ,  al l  of th ree  Ni - s i l i c ide /S i  junct ions  showed 
a lmost  the same ba r r i e r  he ight  (~B) of ~0.7 eV. These and o ther  expe r imen ta l  
resul ts  are  discussed, and a proposal  is made  on the na tu re  of the  Schot tky  
ba r r i e r  height  a t  the t r ans i t i on -me ta l - s i l i c ide /S i  interfaces.  

Many  invest igat ions on meta l - semiconduc to r  (M-S)  
interfaces  (contacts)  have been done for  a long pe-  
riod. Above all, so-ca l led  contact  p roblems  such as the 
format ion  of Schot tky  ba r r i e r s  or ohmic contacts  a re  
also p rac t i ca l ly  ve ry  impor t an t  f rom the i r  role  in 
semiconductor  device technology. The meta l - semicon-  
ductor  po ten t ia l  ba r r i e r  (Schot tky  ba r r i e r )  can be 
classified into two groups whe the r  the ba r r i e r  height  
(~B) is meta l  dependent  or  not  (1). Al though the 
meta l  dependent  case can be unders tood  ve ry  clearly,  
the meta l  independen t  case has s t imula ted  many  ex-  
pe r imen ta l  (2-5) and  theore t ica l  s tudies (6-9);  the 
M-S  in ter face  p rob lem is as ye t  unset t led.  

Key words: interfaces, junctions, magnetism. 

On the other  hand, in  t rans i t ion  meta l - s i l i c ide  
( t m S i ) / S i  contact  diodes, there  is a proposal  that  the 
ba r r i e r  height  (~B) m a y  be de te rmined  by  the elec-  
t ronic state of tmSi  (10). T mSi /S i  junct ions  have been  
ut i l ized for thei r  r e l i ab i l i ty  owing to the fact  tha t  they  
are  formed through  the low t e m p e r a t u r e  so l id-phase  
react ion of t m / S i  contacts  (11) and tha t  the  react ion 
removes impur i t ies  and defects exis t ing at  the or iginal  
t m / S i  interfaces  to form new and clean t m S i / S i  junc -  
tions. Because of thei r  potent ia l  appl icabi l i ty ,  the  
mechanism of rect if icat ion in t m S i / S i  diodes has been 
s tudied but  has not  ye t  been fu l ly  elucidated.  How-  
ever, i t  is na tu ra l  to expect  tha t  the mechanism of rec -  
tification of a t m S i / S i  junc t ion  depends upon the elee-  
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tronic state of tmSi. In  order  to clarify this possibility, 
including the proposal given in  Ref. (10), direct and  
microscopic in format ion  is required  on the electronic 
state of tmSi. 

In  this respect, we studied the electronic state of 
silicon in  Ni-silicides (Ni2Si, NiSi, and  NiSi2) and 
barr ie r  heights (r of Ni-sil icide (Ni2Si, NiSi, or 
NiSi2)/Si  junct ions  by means of nuclear  magnet ic  reso- 
nance (N1VIR) and by capacitance-voltage (C-V) mea-  
surement ,  respectively. 

E x p e r i m e n t a l  
Crystals of Ni-silicides (Ni2Si, NiSi, and NiSi2) for 

NMR measurements  were prepared by  mel t ing ap-  
propriate  amounts  of nickel  powder  and polycrystal -  
l ine silicon in  an  induct ion furnace under  an  argon 
atmosphere (~1  a tm) .  The crystals were identified by 
the x - r ay  diffraction method, and then they were filed 
or crushed into powder. The measurements  of T1 of 
29Si in  Ni-silicides were carried out by spin-echo tech- 
nique be tween  1.4 ~ and  4.2~ at the resonance fre-  
quency of 10 MHz. 

Schottky diodes of Ni-s i l ic ide/Si  junct ions were 
prepared as follows. A wafer of n - type  silicon, phos- 
phorus-doped with resist ivity of ~10 ~ �9 cm, was 
cleaned by  chemical process, and  then an SiO2 layer  
left on the surface of the wafer  was removed by  dip-  
ping it in  di lute HF. Then  an Ni-fi lm (~1000A) was 
deposited on the cleaned Si-subst ra te  under  oil-free 
vacuum (~10 - s  Tor t ) .  Silicides of Ni2Si, NiSi, and 
NiSi2 on Si substrate  were formed by heat ing the 
Ni ( f i lm) /S i ( subs t ra t e )  specimens under  conditions 
given in  Table I. Barr ier  heights (r of the Schottky 
barriers,  i.e., Ni-s i l ic ide/Si  junctions,  were deduced 
from the measurements  of diode capacitance as a func-  
t ion of bias voltage. 

Results 
Spin- la t t ice  re laxat ion times (Tl's) of 29Si in  three 

Ni-silicides are shown in Fig. t as a funct ion of Si -con-  
centration.  Two features are deduced from the figure: 
(Q T{s of 29Si in  the silicides fall  be tween 0.7 and 7 sec 
at 4.2~ which are very short and comparable with 
those of pure metals  (12); (ii) T1 of 29Si is shorter in  
Si-r icher  silicides--T1 decreases along wi th  the change 
of composition from Ni2Si to NiSi2. Another  result  ob-  
ta ined by NMR measurement  which is not shown in  
the figure is that  T{s of these Ni-silicides satisfy the 
relat ion of T1 �9 T = const, wi th in  exper imental  errors 
between 1.4 ~ and 4.2~ where T is absolute tempera-  
ture. In general,  Tl's of metals and nonmetal l ic  semi- 
conductors have characteristics as follows: (Q in  
metals, T~ is very  short ( < 1 sec at 4.2~ due to a 
high densi ty of conduc t ione lec t rons  and proport ional  
to [ps(EF)] 2 and T-~;  (ii) in  nonmetal l ic  semiconduc- 
tors, T~ is very  long (~,106 sec at 4.2~ and propor-  
t ional  to N, the density of conduction electrons per un i t  
volume, and  T -1/2 (13). Therefore, the above results 
for the Ni-silicides, T1 is very  short and T1 �9 T --- 
const., demonstrate  that  the local densi ty of 3s-elec- 
trons with the Fermi  energy at the nucleus of silicon 
[ps(EF, Si)]  is so high that  the electronic state of 
silicon can be concluded to be metallic. 

The second result,  T~ becomes shorter  with increas-  
ing Si concentration, indicates that  ps (EF, Si) is larger  
---we te rm in  the present  paper this tendency for sil i-  
con to be more meta l l i c - - in  Si- r icher  silicides. 

Table I. Conditions to prepare Ni-silicide/Si junctions by solid phase 
interfacial reaction 

Temperature Time 
("C) (min) 

Ni~Si 300 10 
NISi 550 10 
NISiJ 800 8 
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Fig. 1. Spin-lattice relaxation time (T1) of 2oSi in Ni-silicides 

As for Schottky barriers,  a typical  resul t  of a C-V 
measurement  is shown in  Fig. 2 for a Ni2Si/Si j une -  
tion. CB'S of Ni-silicide (Ni2Si, NiSi, or NiSi2)/Si  di-  
odes deduced from the C-V measurement  are shown in  
Fig. 3 as a funct ion of Si -concentra t ion in  Ni-silicides; 
the formation of the corresponding Ni-silicides by the 
hea t - t rea tment  (shown in  Table  I) was ascertained by 
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Fig. 2. 1/C 2 of Ni2Si/Si Schottky diode as a function of bias 
voltage. 
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Fig. 3. Schottky barrier height (r in Nig.Si/Si, NiSi/Si, and 

NiSi2/Si junctions. 

Ruther fo rd  backsca t te r ing  spectroscopy (RBS).  An  
example  for NiSi2-1ayer format ion  on a silicon surface 
is shown in Fig. 4. The r values  a re  d i s t r ibu ted  around 
0.7 eV in a l l  specimens i r respec t ive  of the difference 
in Si concentra t ion in the si l icide over layers .  There  is 
no apparen t  funct ional  re la t ion  be tween  r and x in 
Ni1-~Six, which  is a c lear  contras t  for the NMR m e a -  
surement ,  where  T1 decreases wi th  increas ing x. 

Discussion 
The present  resul ts  b y  NMR measu remen t  are  sum-  

mar ized  in Table I I  wi th  da ta  of previous  works  for  
comparison.  Our  da ta  show tha t  ps(EF, Si) is so high 
compared  wi th  tha t  of semiconductor  silicon, not  only  
that  of pure  sil icon bu t  also tha t  of degenera te  silicon, 
heavi ly  doped wi th  impur i t y  atoms (14), that  S i -a toms 
are  concluded to be mak ing  meta l l ic  bonding (here 
we t e rm such si l icon as "meta l l ic  si l icon") in the  Ni-  
silicides. The electronic na tu re  of sil icon is meta l l ic  
when Si a toms are  dissolved s l ight ly  in the host  3d- 
meta l  (the concentra t ion of si l icon is so low that  an 
Si a tom is ~ considered to be a single i m p u r i t y ) ,  which 
has been expla ined  theore t ica l ly  in terms of the red is -  
t r i bu t i on  of 3s- and  3p-e lec t rons  a t  s i l icon sites 
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Fig. 4. Rutherford back-scatterlng examination of the formation 
of NiSi2 layer on Si(substrate) by heating a specimen of Ni(film)/ 
Si(substrate) for 8 rain at 800~ Dotted lines show the expected 
spectra for the distribution of nickel and silicon. 

Table II. T1 values and temperature dependence of T~ of 29$i in 
NigSi, NiSi, and NiSi2. Those of n-Si crystals doped with donor 

impurities are also shown for comparison 

Temperature  
T~ at 4.2~ dependence  

Specimen (see)  of T~ Reference  

Ni~Si 5.5 T-~ Present  s tudy  
NiSI 8 T-I Present  s tudy 
NiSL~ 0.7 T-~ Present  s tudy 
n-Sl (rid = 2.5 

x lOl l /ca a) 6 x 10 ~ T -I (14) 
n-S! (nD = 4 

x lO~Icm 8) 5 x i0 e T-I/~ (13) 

th rough  the hybr id iza t ion  wi th  3d-elect rons  of host  
meta ls  (15). Severa l  expe r imen ta l  resul ts  have con- 
f i rmed the above theory  (16, 17). I t  is p laus ib le  that  
the  metal l ic  silicon in Si-def ic ient-Ni-s i l ic ides ,  for ex-  
ample,  in NisSi, is also exp la ined  in the same w a y  
(17). However ,  the meta l l ic  sil icon in S i - r i che r -N i - s i l i -  
cides, as in the  presen t  study,  cannot  be exp la ined  b y  
the above theory  because of ex t r eme ly  high Si con- 
centrat ion.  Therefore,  i t  is an in teres t ing  quest ion 
which mechanism metal l izes  sil icon in those Ni-s i l i -  
cides. 

For  the  sake of discussion, we wi l l  re fer  to the da ta  
by  soft x - r a y  spectroscopy (SXS)  measurements .  
F igure  5 i l lus t ra tes  measured  Si-K~ emission spect ra  
f rom severa l  Ni-s i l ic ides  and pure  silicon, which  p ro -  
vide informat ion  on the electronic s t ruc ture  of 3p-e lec-  
t rons of silicon (18). One appa ren t  point  to be noted 
about  the sil icides is tha t  each spec t rum has a finite 
in tens i ty  at  the Fe rmi  energy,  which  indicates  that  
the 3p-e lec t ron  densi ty  of sil icon [pp(Ef, Si)] is la rge  
to show tha t  Si atoms have meta l l ic  bonding. Also 
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Fig. 5. Si-Kfl emission spectra from Ni-silicides and from pure 
silicon (]8). The date for NiSi is unpublished. 
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the  inc remen t  of the in tens i ty  at  EF, which  is roughly  
p ropor t iona l  to pp(EF, Si) ,  in Si-K~ emission spect ra  
wi th  increas ing Si concentra t ion f rom Ni3Si to NiSi  is 
observed  to coincide wi th  the  resul ts  of T~ measu re -  
men t  in Ni-si l icides,  i.e., the inc remen t  of ps(EF, Si) 
with  the  increase  of Si concentrat ion.  Ano the r  fea ture  
of the  resul ts  (Fig. 5) is tha t  K~-emission spect ra  
g r adua l l y  change the i r  shapes f rom single peaked  one 
of Ni0.gSi0.z into the spec t rum wi th  a c lear  shoulder  of 
NiSi. S imi l a r  spect ra l  change of K~-emission was re-  
por ted  for  the Ni-A1 sys tem as shown in Fig. 6 (18). 
These resul ts  of the  A1-K~ emission spec t ra  in the  
Ni-A1 sys tem mus t  be the reflection of the  fact  tha t  the 
electronic s t ruc ture  of 3s-electrons  of a luminum is ap -  
proaching  tha t  of pure  me ta l  a luminum wi th  increas-  
ing Al -concent ra t ion ,  i.e., the  appearance  of the shoul-  
de r  in NiA1 is considerd to be an  appearance  of the 
f ree  e lec t ron na ture  of pu re  me ta l  a luminum.  The 
s imi la r  change in K~-emission spect ra  of Ni-s i l ic ides  
(Fig. 5) to tha t  of Ni-A1 sys tem (Fig. 6), i.e., a clear  
shoulder  appears  in the  spec t rum of NiSi, is thought  to 
be an indica t ion  of the  appearance  of meta l l ic  silicoh, 
which can be observed  only  when  sil icon is e i ther  in 
a l iquid  s ta te  or  exposed to an  u l t r ah igh  pressure  
( ~ 2 0 0  kb) .  There  is a suggest ive repor t  about  ger -  
man ium being metal l ic ,  i.e., the  r ad ia l  d i s t r ibu t ion  
funct ion of g e r m a n i u m  is a lmost  the  same as tha t  of 
l iquid  (meta l l ic )  Ge, in the  N i -Ge  sys tem wi th  Ge- r i ch  
a l loys  (19). 

Next,  we wil l  discuss our  p resen t  conclusion wi th  
the proposa l  g iven  by  Andrews  and Phi l l ips  (10). 
They  in tended  to exp la in  the  re la t ion  be tween  ~B and 
,~Hf (hea t  of fo rmat ion  of tmSi  pe r  t m - a t o m )  f rom the 
v iew point  of the degree  of sp3-hybr id iza t ion  of d -e lec -  
t rons of tm-a toms  wi th  ne ighbor ing  Si atoms. Namely,  
they  assumed tha t  tm-a toms  in tmSi  wi th  h igher  ~Hf 
va lue  would  have more  sp3-1ike covalent  bondings.  On 
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Fig. 6. AI-K~ emission spectra from AI-Ni alloys and from pure 
aluminum (18). 

ELECTRONIC STATES 1545 

the  o ther  hand, the p resen t  NMR s tudy  c lea r ly  indi-  
cates tha t  S i -a toms  in Ni-s i I ic ides  have  meta l l ic  bond-  
ings r a the r  than  spS-like covalent  bondings.  Therefore,  
the present  conclusion suggests some different  model  is 
necessary for the  electronic p r o p e r t y  of Schot tky  ba r -  
r iers  in tmS i /S i  interfaces,  especia l ly  for Ni - s i l i c ide /S i  
junctions.  On this point, the resul ts  in Fig. 3 can be a 
clue. Namely,  CB'S are  a lmost  constant  for  th ree  di f -  
fe rent  diodes, i.e., in Ni2Si/Si,  NiSi /Si ,  and NiSi2/Si  
junctions.  Possible exp lana t ions  for the resul ts  on the  
CB'S are  the exis tence of some kind  of a l loy  phase at  
the in ter face  region as wi th  A u / S i  contacts  (2),  the  
band  closure of si l icon at  the  t m S i / S i  contact  region 
(6-9),  and  others  (3-5).  F u r t h e r  s tudies  wi l l  be neces-  
sa ry  to decide which mechanism is appl icab le  for  Ni -  
s i l ic ide /Si  junctions.  

Conclusions 
NMR measurements  of the electronic s t ruc ture  of 

Ni-s i l ic ides  (Ni2Si, NiSi, and  NiSi2) show tha t  Si 
atoms in the silicides are  considered to have meta l l ic  
bondings wi th  sur rounding  atoms ra the r  than  to have  
sp~-like covalent  bondings and tha t  S i -a toms  are  more  
metal l ic  in S i - r icher -Ni -s i l i c ides .  E i ther  this fact  or  
the invar iance  of Schot tky  ba r r i e r  heights  (r shows 
tha t  some different  exp lana t ion  f rom previous  ones 
must  be considered for the electronic p r o p e r t y  of Ni -  
s i l ic ide /Si  junctions,  such as Fe rmi  level  pinning due 
to the band  closure of sil icon at  the  M-S  contact. 

Manuscr ip t  received Nov. 12, 1979. This was Pape r  
347 presented  at  the Los Angeles,  California,  Meet ing 
of the Society,  Oct. 14-19, 1979. 

A n y  discussion of this pape r  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the  June  1981 
JOURNAL. Al l  discussions for the  June  1981 Discussion 
Sect ion should be submi t ted  by  Feb. 1, 1981. 

Publication costs of this article were assisted by 
Osaka University. 
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Boron Diffusion into Si from CVD-BN Covered 
with SigN4 and Application to Master Slice 

p-MOS IC 
Katsufusa Shohno,* Tejin Kim, ~ and Chol Kim 
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ABSTRACT 

A boron ni t r ide (BN) film was deposited on an n - type  Si w a f e r  at about  
500~ by  the thermal  reaction of diborane and ammonia  in nitrogen. The 
boron diffusion into Si was performed in  nonoxidizing ambients  both dur ing  
the deposition of the BN on the Si and the subsequent  heat - t rea tment .  To 
obta in  the reproducibi l i ty  of the boron surface concentrat ion at its solid solu- 
bi l i ty  at the diffusion temperature,  the BN has to be covered wi th  SigN4, 
which is deposited at about  750~ in  a s i l ane -ammonia -n i t rogen  system. No 
si l icon-boride formation at the interface of the BN and Si was confirmed. The 
resist ivity of the BN was determined as p -- 101a-1014 ~l-cm. The BN can be 
used not only as a boron diffusion source but  also as a surface passivation of 
integrated circuits when  the BN and Si3N4 remained  after the boron diffusion. 

Boron  diffusion into Si from CVD-BN films as a dif- 
fusion source was reported previously (1). The BN 
had been deposited in  a hydrogen carrier  gas at a high 
deposition tempera ture  range of 700~176 When 
the BN was used in  a practical in tegrated circuit proc- 
ess, the authors found that less reproducible boron sur-  
face concentrat ions were often observed due to the 
change of the BN during the boron diffusion heat-  
t rea tment  in nitrogen. In  addition, the writers  also 
found that  the low tempera ture  deposition of the BN 
at about  500~ in n i t rogen and the over-coat deposition 
of SigN4 on the BN were effective in  main ta in ing  the 
reproducibi l i ty  of the boron surface concentrat ions 
at its solid solubility. 

Fai r  summarized the boron diffusion into Si from 
various diffusion sources (2). When the boron surface 
concentrat ion exceeds the intr insic  carr ier  concentra-  
t ion at a diffusion temperature,  the effects of electric 
field enhancement  caused by the increase of donor- 
type vacancies have to be taken into account. Fair 's  
analysis was employed in  this work to determine the 
boron diffusion characteristics f rom BN in nonoxidiz-  
ing ambients.  

In  the final section of this report  an application of 
the BN to master  slice p-MOS IC is shown, in  which 
the resistivity of the BN was determined,  and the BN 
was used not  only as a diffusion source of boron but  also 
as a surface passivation when  it remained after  the 
boron diffusion. 

Experimental 
T h e  exper imenta l  apparatus  for the BN and  Si3N~ 

deposition has been described previously (1). A quartz 
reaction chamber  used in  this work had an  in te rna l  
width of 35 mm, a height  of 20 mm, and a length  of 
400 mm. The reactant  gases used for the BN deposition 
were high pur i ty  diborane (B2H6) diluted to 5% in  
ni t rogen and ammonia  (NHs), and those gases for the 
Si3N4 deposition were high pur i ty  silane (SiH4) di- 
lu ted to 5% in  n i t rogen and ammonia.  The carrier  gas 
was high pur i ty  nitrogen. 

First, the BN was deposited on the n - type  (100) Si 
wafer with a resist ivity of 3-5 f~-cm (ND = 0.9-1.5 • 
1015 cm-~) .  The deposition conditions were: (i) a 
wafer  temperature  of 500~ and (ii) flow rates of the 
B2H6-N2, the NI-I3, and the N2 carrier gases of 50, 70, 
and 2000 cm3/min, respectively. Under  those conditions 

* Electrochemical Society Active Member. 
1 On leave from Fatuity of Engineering, Korea University, 

Kodaira, Japan. 
Key words: boron diffusion, CVD.BN, p-MOS IC. 

the average deposition rate of  the  B N  w a s  about  300 
A/rain.  

The SigN4 was then  deposited on the BN after  the 
wafer tempera ture  was increased to 750~ The flow 
rates of the SiH4-N2, the NH3, and the N2 carrier  gases 
were 20, 70, and 2000 cm3/min, respectively, and the 
average deposition rate of the Si3N4 was about  500 
A/min .  

With hea t - t rea tment  in  n i t rogen for 10-300 min  at  
1200~ the boron diffusion layer  was formed in  the 
Si wafer. To measure the diffusion depth and the sheet 
resistance, the SigN4 was removed by etching in  conc 
HF at room tempera ture  and the BN was removed in 
hot I~PO4 (~160~ After the complete removal  of 
the films, the hydrophobic or hydrophil ic na ture  of the 
wafer surface was observed. 

The diffusion depth xj (cm) was measured by 
spherical dri l l ing and s ta ining (3) and the sheet re-  
sistance Rs (~ / [ ] )  was measured by four-point  probe. 
The boron surface concentrat ion Cs (cm-~) ,  the total  
amount  of boron diffusing into Si Q (cm-2) ,  and the 
intr insic  diffusion coefficient Di (cm2/sec) were all  
determined by using the following relations given by  
Fair  (2) 

2.78 X 1017 
Cs -- [ i ]  

RsXj 

Q = 0.4Csxj [2] 

( CsDit ~119 
2.45 [Sl 

The effects of electric-field enhancement  caused by  
the increase of donor- type vacancies were taken into 
account. The intr insic  carrier density is ni -- 2 X 1019 
cm-~ at the diffusion tempera ture  of 1200~ 

Results and Discussion 
Uniformity and reproducibility.--The uni formi ty  

and reproducibi l i ty  in  a r u n - t o - r u n  of a boron dif-  
fusion layer  in Si become impor tan t  when  the BN is 
used in  a practical Si p lanar  process as a boron dif-  
fusion source. After  the hea t - t r ea tment  for boron 
diffusion from the BN, the Si3N4 and the BN were 
removed, resul t ing in  the hydrophobic na ture  of the Si 
surface. To obta in  the dis tr ibut ion of the sheet re-  
sistance of Che boron diffusion layer, a convent ional  
four-point  probe was moved from one point  to the next  
at an interval  of 2 mm for about  240 points over the 
ent i re  surface of the Si wafer  with a 40 m m  diam. 
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The measurements  were repeated five times and the 
average values were obtained for each of the points. 
Representat ive examples of the dis t r ibut ion are shown 
in Fig. 1 for 29 representat ive  points. The m a x i m u m  
value is 1.70, the m i n i m u m  one is 1.55, the average is 
1.63 ~/[:], and the ,distribution is wi th in  the range of 
--+4%. The r u n - t o - r u n  distr ibut ions are also satisfac- 
tory and wi th in  the same range. 

Characteristics of boron diffusion.--Auger spectro- 
scopic analysis  of boron in  the BN gives the boron an  
atomic densi ty of about 2-3 • 1022 cm -3. When the 
thickness of the BN was more than  about  500A, that  is, 
when  a sufficient amount  of boron was given as a dif- 
fusion source, the boron diffusion characterisics are 
summarized in Fig. 2 for exper imenta l ly  measured 
values and in  Fig. 3 for calculated values from Eq. [1], 
[2], and [3]. 

The junct ion  depth xj increases in  proport ion to the 
square root of the diffusion t ime and reaches 10 ~m 
for the diffusion t ime 80 min. The sheet resistance Rs 
decreases in  proport ion to the square root of the dif- 
fusion time. Consequently,  the average resist ivity p, 
which is a product  of the junc t ion  depth and the sheet 
resistance, becomes constant  for the diffusion time and 
it is as low approximate ly  as p -- 1.2 • 10-~ ~-cm.  
The constant  average resist ivi ty corresponds to a con- 
s tant  boron surface concentrat ion C~ ---- 2.7 • 1020 
cm -3, which is obtained from Eq. [1] and is almost in 
agreement  wi th  the solid solubil i ty reported by Vick 
and White (4). The total amount  of boron diffusing 
into Si given by  Eq. [2] increases in  proport ion to 
the square root of the diffusion t ime and approaches 
to about  10 ~7 cm -2, wi th  expectation of the continuous 
supply of a sufficient amount  of boron from the BN. 
The intr insic  diffusion coefficient obtained from Eq. [3] 
becomes constant  for the diffusion time, and the value 
is Di ---- 1.0 X 10 -12 cm2/sec, which is almost in  agree-  
men t  with that  a l ready reported (4-6). 

When the BN with a thickness of about  200A was 
used as a boron diffusion source, the supply of boron 
from the BN becomes apparent ly  poor in  relat ion to 
the long- t ime diffusion, as shown in  Fig. 4. For  a dif- 
fusion t ime of less than  30 rain the boron surface con- 
centra t ion is main ta ined  at the solid solubil i ty Cs -- 2.7 

1,70 1.63 1.60 1,55 1.60 ] 

1,55 1,60 

1,70 1.65 

Rs ( ohra/E] ) 

1,65 / 

1 , 6 y  

I I 
0 i0 m~ 

Fig. 1. Sheet resistance of boron diffusion layer. The diffusion 
temperature was 1200~ and the time was 50 rain. 
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Fig. 2. Junction depth, sheet resistance, and average resistivity 
of boron diffusion layer of the BN when thicker than about 500A. 
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Fig. 3. Surface concentration, total amount, and intrinsic diffu- 
sion coefficient of boron diffusing into Si as a function of diffu- 
sion time. 

X 1020 cm -s,  and the total amount  of boron increases 
in  proport ion to the square root of the diffusion time. 
On the other hand, for a diffusion t ime of more than  
30 rain the boron surface concentrat ion decreases, and  
the total amount  of boron tends to saturate  to 8 • 1016 
c m - 2 .  

To determine the boron profile, the change of the 
sheet resistance is measured by repeated dry plasma 
etching of the boron diffusion layer. An  approximately  
independent  hole mobi l i ty  of ~ -- 55 cm2/V sec was as- 
sumed for a boron concentrat ion larger  than  5 • 1019 
cm -3. Dry plasma etching was carried out in a gas 
mixture  of CF4 (98%) and O2 (2%).  The etching rate 
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Fig. 4. Surface concentration and total amount of boron dif- 
fusing into Si from the BN when thinner than about 200A.  

was 1000 A/rain,  and, after every etching cycle, a 
measurement  was made of the sheet resistance. The 
thickness of the silicon removed was determined with 
an interference microscope. 

The boron profile obtained is shown in Fig. 5. The 
black points show exper imenta l ly  obtained values. For 
comparison, the we l l -known error function comple- 
ment  (erfc) curve is shown and the solid l ine is a 
curve of the form 

C(x)  = C ~ ( 1 -  (x/xj)  2/~) [4] 

which was given by Fair,  and in  which the junct ion 

depth of 7.5 ~m is measured at I0 I~ cm -3. I t  is clearly 
seen that the boron diffusion was accelerated due to 
the effects of electric-field enhancement ,  compared 
with the erfc curve. 

Interface of BN and Si.--To investigate the interface 
between BN and Si, diffusions involving two steps 
were performed. After the deposition of the BN and 
Si3N4, the prediffusion was done at a temperature  be-  
tween 750 ~ and 1250~ for I0 rain. For the samples of 
the boron diffusion at 750~ the I0 rain prediffusion 
had to be a total of the Si3N4 deposition t ime at 750~ 
for 2 rain and the prediffusion t ime for 8 rain. In Fig. 6 
the solid l ine is an expected curve of the amount  of 
boron which is calculated by Eq. [2], in which the 
boron surface concentrat ion Cs is a solid solubil i ty of 
boron at each of the temperatures  (4), and the junc -  
tion depth xj is given by Eq. [3]. 

After  the prediffusion, the SisN4 and BN were suc- 
cessively removed. The hydrophobic na ture  of the Si 
surface was confirmed. 

Before the postdiffusion, the Si surface was newly 
covered with Si3N4 at a deposition temperature  of 
750~ The postdiffusion was the hea t - t rea tment  for 
the samples in ni t rogen at 1200~ for 30 rain. When 
the prediffusion was done at above 1000~ the junct ion  
depth and sheet resistance could be measured and the 
amount  of boron in Si was determined both after the 
pre-  and postdiffusions. The same amount  of boron 
was obtained for both measurements ;  the values are 
shown with black circles in Fig. 6. When the 10 min  
prediffusion was done below 950~ the boron diffu- 
sion layer  was formed of such shallow depth that  the 
direct measurement  of the junct ion depth was diffi- 
cult. After  the shallow boron profiles were extended 
out by postdiffusion at 1200~ for 30 min, the junct ion 
depth and sheet resistance could be measured and the 
amount  of boron determined. The values are shown 
with white circles in Fig. 6. 

The solid line in Fig. 6 is in good agreement  with 
the exper imental  points, wi th  the result  that the 
amount  of boron given in the prediffusion step can 
be main ta ined  during the postdiffusion step. This re-  
sult leads to the conclusion that by etching off the BN 
diffusion source an  addit ional  boron diffusion source 
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did not remain  on the Si surface and no si l icon-boride 
(SiB4) layer  was formed at the interface be tween the 
BN and St. 

Resistivity o] BN and application to master slice 
p-MOS IC.- -The fabricat ion sequence of the polycrys-  
tal l ine St-gate self-al igned p-MOS transistor  is shown 
in  the cross-sectional view of Fig. 7. The n- type  Si 
wafer  with a resist ivi ty of 3-5 ~ -cm was thermal ly  
oxidized in dry  oxygen at 1070 r C for 50 rain, resul t ing 
in  a 700A layer  of SiO2. A 3 0 0 A  layer  of SisN4 and a 
8000A layer  of polycrystal l ine Si were deposited at 
750 ~ and 650~ respectively. This wafer is the s tar t ing 
mater ia l  for us (A). The windows of both source and 
dra in  were opened in  the first photolithographic step 
by  successively etching the polycrystal l ine St, the 
SisN~, and the SiO2 layers in  a plasma of CF4 (98%) 
and O2 (2%) (B). :& 200A layer  of the BN and a 3000/k 
layer  of Si3N4 were deposited over the ent i re  surface 
of the wafer. Boron diffusions in  Si to a junc t ion  depth 
of 3 ~m and also in  polycrystal l ine Si gate were s imul-  
taneously accomplished by an 80 min  hea t - t rea tment  
at 1100~ in  nitrogen. The boron surface concentrat ion 
in  Si is 2.5 • 1020 cm -3 and the resist ivity of polycrys- 
ta l l ine Si is 2.0 • 10-a ~ - c m  (C). The second photo- 
l i thographic step is for the opening of the contact win-  
dows. Successive dry plasma etching was used to 
selectively remove the SisN4 and BN layers. Slight at-  
tacks on the Si surface and the polycrystal l ine Si layer  
make it easy to form the ohmic contacts (D). A 5000A 
layer  of AI was evaporated over the wafer surface at a 
wafer  tempera ture  of 230~ The third photoli tho- 
graphic step is for the del ineat ion of the A1 (E). The 
AI is etched in a solution of HsPO4 and DI-H20 in 
equal parts at 55~ (F).  In  this fabricat ion process, 
the BN was used not only as a diffusion source of boron 
but  as a surface passivation of MOS transistors. 

The square- type  inver ter  circuits are a un i t  of the 
master  slice p-MOS IC's, and an overview microphoto- 
graph of a par t  of a chip including six inver ter  cir-  
cuits is shown in Fig. 8. The inver ter  circuit layout  has 
the load transistor  at its center, sur rounded by the in-  

(3000~) POLY. 
....................... .................................... : .............. (300A) 

(A) I N-SI (3-5 oh .... ) ~XSi02 (7OOA) 

(B)~ ~ ~ MASK 1 

~SI3N 4 (300OA) 
~<~ I~\ __~"'iBN (200A) (C) p+.__] k__ p+ 

(D) 
r-/. ":~ ................................ !"!"~ 

I k J k J ~ MASK 2 

(E) \ ..,' k. ) / 
(5000A) 

(F) k 2 k 3 ~MASK 3 

/////////////////////////{-AL 

Fig. 7. Fabrication sequence of polycrystalline Si-gate self-aligned 
p-MOS transistor. 
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Fig. 8. Overview microphotograph of six inverter circuits. Five 
inverter circuits, !-5, are connected to a ring oscillator with a 
buffer stage, 6. 

verter  transistor. The source of the load transistor  
serves as the dra in  region of the inver ter  t ransistor  
and also as the output  of the inver ter  circuits. The 
contact windows of A1 interconnections are opened at 
each of the corners. In  our  practical device fabricat ion 
process of the master  slice p-MOS IC's, two A1 
evaporations and delineations are employed. The first 
A1 delineation forms the pads at each of the contact 
windows to measure the VG-ID characteristics of each 
of the MOS transistors in  advance. The second A1 
delineation makes A1 interconnect ions for the selected 
inver ter  circuits. The photomasks for the A1 intercon-  
nections are designed for each of the chips using the 
authors '  easy method of photomask fabricat ion (7). 

A cross-sectional view of our  fabrication process 
shown in Fig. 7 (F) has a s t ructure  showing that  the 
BN covers the edge wall  of the gate insulator,  the 
double layers of SiO2, and Si3N4 between the polycrys- 
tal l ine Si gate and the source or d ra in  p-region. To 
determine the resistivity of the BN, once the amount  of 
negative charge was given on the polycrystal l ine Si 
gate of the inver ter  transistors, the gate charge decay 
time r was obtained from the decrease of the dra in  
current.  The decay time was simply given as 

~ei~pBN 
"~ = C i R  - - -  [ 5 ]  

2dBN 

where (i) the gate capacitance is Ci ---- 4,oeiwl/di, (ii) 
the resistance through the current  pa th  is R -- dipB~/ 
8WdBN, (iii) the average dielectric constant  of gate 
SiO2 and SigN4 layer is ,i = 4.4, and (iv) the total 
thickness of gate SiO2 and SigN4 layer  is di = 1000i. 
The charge decay time and the resist ivity of the BN 
are shown in  Fig. 9 as a funct ion of the deposition 
tempera ture  of the BN, The current  path was assumed 
through the BN along the edge wall  of the gate in -  
sulator, as shown in the insert ions of the figure. The 
resist ivity of the BN was about 101~ ~ -cm for the 
deposition tempera ture  of the BN at 500~ This value 
can be compared with the resist ivity of SiO2 and Si3N4 
of about 1015-1016 ~ - c m  (8). 

An example of the application of the p-MOS IC 
device using the BN in the fabricat ion process is a r ing 
oscillator circuit with several inver ter  stages, as shown 
in  Fig. 8, where the output  of the inver te r  circuit  is 
directly connected to the input  of the next  inver ter  
circuit stage. The VG-ID c u r v e  of each of the MOS 
load and inver ter  transistors is measured in advance. 
The inver ter  circuits are characterized by the threshold 
voltage VT of the gate and the conduction factor k, 
which has a relat ion wi th  the surface mobil i ty  ~, of 
each of the load and inver ter  transistors. The r ing 
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Fig. 9. Charge decay time and resistivity of the BN as a func- 
tion of the deposition temperature of the BN. 

osci l la tor  c i rcui t  was fo rmed  and connected wi th  the  
selected number  of i nve r t e r  circuits.  Taking  into ac-  
count the  load  capaci tance CL be tween  each of the  
inve r t e r  c i rcui t  stages, the osci l la t ion wave  forms are  
ca lcula ted  and are  compared  wi th  the  observed ones. 
The observed  frequencies  are  about  15% less in ave r -  
age than  the ca lcula ted  ones. The leakage  cur ren t  of 
the  inver t e r  t rans is tor  th rough  the BN is as smal l  as 
about  10-14A for the design in  Fig. 8, and  the d ra in  
cur ren t  unde r  the  r ing osci l la tor  opera t ion  is in the 
range  of f rom 10-5-10-4A. No effect of the  leakage  
cur ren t  th rough  the BN was observed  in our  prac t ica l  
device applicat ion.  I t  can be concluded tha t  the  BN 

can be used as a surface passivat ion,  except  for  the  
special  devices which  need a long charge holding t ime,  
such as the FAMOS m e m o r y  devices. 

Conclusion 
The BN deposi ted at  500~ in the B2H6-I~I~-N2 s y s -  

t e m  and covered wi th  SiaN4 acts as a reproduc ib le  di f -  
fusion source of boron in Si. The boron surface con- 
cen t ra t ion  was ma in ta ined  at  its solid solubil i ty,  when 
th e  BN thickness was above 500A. Af te r  the  boron 
diffusion no s i l icon-bor ide  fo rmat ion  was observed at  
the  in ter face  of the  BN and Si. An  appl ica t ion  example  
to the MOS IC device is a mas te r  slice po lycrys ta l l ine  
S i -ga t e  se l f -a l igned  p -MOS IC. The charge  decay 
t ime on the gate  gives the  BN res i s t iv i ty  of 1013-1014 
~-cm,  and the BN can be concluded to be useful  as a 
surface pass ivat ion  of the devices when  the BN r e -  
m a i n e d  af te r  the boron diffusion in  Si. 

Manuscr ip t  submi t ted  Dec. 27, 1979; rev ised  m a n u -  
scr ip t  received Feb.  25, 1980. This was P a p e r  418 p re -  
sented at  the  Los Angeles,  California,  Meet ing of the 
Society,  Oct. 14-19, 1979. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Section to be pub l i shed  in the  June  1981 
JOURNAL. Al l  discussions for  the  June  1981 Discussion 
Section should be submi t ted  b y  Feb.  1, 1981. 

Publication costs o] this article were  assisted by 
Sophia University. 
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The Systems Y20 -P O  and G&Oo-P20  
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The Pennsylvania State University, University Park, Pennsylvania 16802 

ABSTRACT 

The systems Y203-P205 and Gd2Os-P205 each contain six in t e rmed ia t e  
compounds of 4: 1, 3:1, I :  l, 1:2, 1:3, and  1:5 ratios.  The  systems were  inves t i -  
ga ted  by  so l id-s ta te  react ions and also by  quenching methods  in the  glass-  
fo rming  region be tween  the I: 2 and l :  5 compounds.  The 4: I, I:  2, I: 3, and  1:5 
compounds in the two systems appear  to have  ident ica l  or  s imi lar  s t ructures ,  
whereas  the 3:1 and I: 1 compounds differ in s t ructure .  I t  was found tha t  the  
4:1 and 3:1 compounds in the  r e f rac to ry  por t ion  of the systems have lower  
t empe ra tu r e  l imits  of s tabi l i ty .  The newly  discovered 1:2 compounds in  each 
sys tem are  r e l a t ive ly  stable,  Y203-2P205 decomposing to 1:1 and 1:3 near  
1450~ and Gd203 .2P205  mel t ing  incongruen t ly  to 1:1 and l iquid nea r  
1305~ The 1:3 compounds me l t  congruent ly  and the l :  5 compounds me l t  in-  
congruen t ly  to 1: 3 and l iquid.  

I t  is a l r e ady  known that  YP04, and  the u l t r aphos -  
phates  YP5014 and GdP~O14 a re  of  in te res t  for  the i r  
luminescent  behavior  when ac t iva ted  by  var ious  ra re  

Key words: inorganic, refraction, phases. 

earths ,  especia l ly  Eu 3+. Various  o ther  compounds in  
the  systems have  been  r epor t ed  such as 4:1, 3:1, and  
I:  3 but  ne i the r  sys tem has been comple te ly  exp lored  
and the exact  the rmal  behavior  of the  known  corn- 
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pounds  has not  been  de te rmined .  Therefore ,  the p u r -  
pose of this s tudy  was to de te rmine  the phase  re la t ion-  
ships in both  systems, inc luding the r e f r ac to ry  por t ion 
be tween  the  oxide  end m e m b e r  and the or thophos-  
pha te  Ra+PO~ and the g lass - fo rming  region  be tween  
Ra+PO~ and the 1:5 compound,  thus  provid ing  a f irm 
basis for  fu r the r  luminescence studies.  

Literature 
End member rare earth oxides.--The RE20~ r a r e -  

ea r th  oxides have  been  shown to exis t  in hexagonal  
(A) ,  monocl inlc  (B) ,  and  cubic (C) forms (1-3). 
Many  de ta i led  s tudies  have  been made  on the c rys ta l  
s t ructure ,  t e m p e r a t u r e  and ra te  of t ransformat ion,  and  
the effect of p ressure  on the t e m p e r a t u r e  of t r ans fo r -  
mation.  

In  this s tudy,  the  cubic fo rm of Y203 and the cubic 
and monoclinic forms of Gd203 were  observed  in  the  
phase  analysis.  The  high t e m p e r a t u r e  hexagonal  and 
another  form of Gd203 observed  by  Foex  and Traverse  
(4) above 2360~ were  not  r e l evan t  to this work.  

The 4:1 and 3:1 compounds.--Kizilyalli (5) p r epa red  
3Gd203.  P205 by  reac t ion  of GdPO4 and Gd2Oa at  
960~ and c la imed the compound to be or thorhombic  
wi th  a = 11.35A, b = 9.75A, and c = 8.80A. Serra ,  
Coutures,  and  Rouanut  (6) synthes ized  3Y2Oa-P205 and 
3Gd2Oa.P205 by  hea t ing  the oxide  and phosphor ic  acid 
in  a i r  be tween  800~176 Dur ing  fu r the r  research  
(7) they  p r e p a r e d  the 3:1 and 4:1 compounds of bo th  

Y and Gd  by  reac t ing  the or thophosphates  wi th  Y2Oa 
or  Gd2Oa be tween  1200~176 

The orthophosphates.--The na tu ra l  mine ra l  xenot ime 
(YPO4) and m a n y  other  ra re  ea r th  or thophosphates  
have been known  and examined  for  many  years.  Xeno-  
t ime is s t ruc tu ra l ly  re la ted  to zircon, ZrSiO4, which 
has been synthesized as a gemstone and used as a r e -  
f r ac to ry  ceramic mater ia l .  

YPO4 is t e t r agona l  and op t i ca l ly  posi t ive wi th  nv --  
1.7207 and ne --  1.8155 (8). GdPO4 is hexagona l  and 
isomorphic  wi th  LaPO4~ CePO4, and NdPO4. Above 
500~ a t r ans fo rma t ion  to a monoclinic  form ( isostruc-  
tu ra l  wi th  monazi te)  takes  place  (in the  presence of 
H20) .  As in the  case of the  r a r e - e a r t h  oxides,  the 
l i t e r a tu re  on the or thophosphates  is ve ry  extens ive  and 
eas i ly  avai lable ,  and i t  need not  be r epea ted  here.  

The 1:2, 1:3, and 1:5 compounds.--The 1:2 compound 
was appa ren t l y  unknown  before  the presen t  s tudy and 
therefore  no l i t e r a tu re  was found. Gd(PO3)3 was re -  
por ted  (9) ~to undergo a po lymorph ic  t rans i t ion  be-  
tween  800~176 and mel t  incongruen t ly  to GdPO4 
and liquid. 

Bag ieu-Beucher  and Duc (9) descr ibed the p r e p a r a -  
t ion of ra re  ea r th  u l t raphospha tes  of the  fo rmula  
LnP~O~ (Ln = La  --  Lu, Y) .  Mix tures  of r a re  ea r th  
oxides and d i ammonium phospha te  were  calcined at  
500~ for one day. Al l  of the  u l t raphospha tes  were  re -  
po r t ed  to mel t  incongruen t ly  to metaphospha te  and 
P2Os-rich l iquid  be tween  800~176 They  c la imed 
tha t  the u l t raphospha tes  ex is ted  in  three  s t ruc tura l  
types  in space groups:  (i) P21/a, (ii) Cc or  C2/c, or  
(iii) Pc2/n  or Pcmn. YP~O~ exis ted  (9, 10) in or tho-  
rhombic  and monoclinic  forms, bu t  the  or thorhombic  
form was not  i sola ted  and occurred  only  in smal l  quan-  
t i t ies w i th  the  monoclinlc  form. GdPsO~4 exists only  in 
the  monoclinlc form (9, 10). 

Materials, Apparatus, and Experimental Procedure 
Y203 (99.99%) f rom Apache  Chemicals,  Incorpora ted ,  

Gd20~ (99.9%) f rom Vent ron  A L F A  Products ,  and 
NH~H2PO4 f rom F isher  Scientific were  used as s ta r t ing  
mater ia ls .  Ten composit ions (Table  I) in each sys tem 
were  thorough ly  mixed  in acetone in an agate  mortar ,  
hea ted  to 300~176 for 24 hr  in  covered P t  crucibles  
to e l imina te  volat i les  NHs and H20, and  then  given 
the final h e a t - t r e a t m e n t  as shown. So l id - s ta te  react ions 
were  done in SiC Globar  furnaces.  In  the  phospha te -  

Table I. 
A. Compositions, heat-treatments, and phase analyses 

for the system YsOs-PsO~ 

Mole % P20~ 

Temper- 
ature Time 
(~ ( h r )  Phases  present 

I0 1050 150 Y~O~ + YPO~ 
1400 24 Y~Oa + Y2PsOz~ 

20 (4:1) 1050 160 YsOa + YPO~ 
1150 60 YsOs + YPO~ 
1160 60 Y2Oa + YPOt 
1180 48 YsP2017 + YsOs 
1400 24 YsPsO~7 

22.5 1500 24 YsP2017 + YaPO~ 
25 (3:1) 1300 48 YsP2O~ + YPO~ 

1400 50 YsP~O~ + YPO~ 
1430 18 YsP~O~ + YPO~ 
1435 15 YsP~O~ + YPO~ 
1450 18 Y~PO~ 
1500 i0 Y~PO~ 

30 1000 72 Y~Oa + YPO~ 
1400 24 YsP~O~ + YPO~ 

40 800 120 Y20~ + YPO~ 
1000 72 YsO~ + YPO~ 
1400 24 YsP~O~7 + YPO~ 

50 (1:1) 1050 48 YPO~ 
1400 24 YPO, 

66.66 (1:2) 1200 800 Y2P~O~ 
66.66 (1:2) 800 180 YsP4O~ 
(Crysta l l ized 1250 72 YnP~O~ 

f r o m  glass)  1335 72 Y~P~O~ 
1395 24 YsP~O~ 
1430 24 Y2P~O~ 
1470 24 YPO~ + Y(POa)a 

75 (1:3) 1430 24 Y(PO~)a 
144.5 24 Y(PO~)s 
1480 24 Glass 

83.33 (1:5) 800 24 YP~O~ 
850 24 YP~O~ 
870 24 Y(POa)a + glass 
900 24 Y(POa)a + glass 

B. Compositions, heat-treatments, and phase analyses 
for the system Gd~Oz-P~Os 

T e m p e r -  
a t u r e  Time 

Mole % P20~ (~ (h r )  Phases  present 

10 590 20 Gd~O8 + GdPO~ 
1000 75 GdaO8 + GdsPO,r 
1400 20 Gd~Oa + GdsP2On 

20 (4:1) 600 72 Gd208 + GdPO,  
I000 72 Gd208 + GdnPO7 
1200 80 Gd2Oa + Gd3PO~ 
1280 100 Gd~Oa + GdaPO~ 
1290 I00 GdsP~Ol7 + GdsPO7 

+ Gd20s 
1300 150 GdsP2Ol~ + Gd~O8 
1450 20 GdsP~O17 

22.5 1350 90 GdsP2Ol~ + GdsPO~ 
25 (3:1) 600 200 GdaOa + GdPO~ 

800 160 GchPO~ + GdPO~ 
+ GdsOa 

680 I00 GdzPO~ + Gd~O~ 
900 140 GchPO7 + GdsOa 

( t r a ce )  
1200 72 Gd3PO7 
1450 5 Gd3PO7 
1480 10 GdaPO~ 

30 610 24 GdsOa + GdPO4 
1000 75 Gd~PO7 + GdPO~ 
1200 80 Gd3PO~ + GdPO~ 
1400 24 Gd3PO7 + GdPO~ 

40 610 24 GdPO~ + Gd203 
1000 75 GdPO~ + GdsPO~ 
1200 80 GdPO~ + GdnPO~ 
1400 24 GdPO4 + GdsPO7 

50 (I:i) 600 20 GdPO~ 
1000 75 GdPO4 
1200 80 GdPO~ 
1400 24 GdPO~ 

66.66 (1:2) 1100 40 Gd2P~O~ 
(Crysta l l ized 1200 50 Gd2P~O~ + GdPO,  

f r o m  glass)  1275 60 Gd~P40~ + GdPO,  
1300 96 Gd2P40~n 
1315 60 GdPO~ + liq. 

75 (1:3) 750 400 Unident i f ied  
800 400 Unident i f ied  

1100 72 Gd(PO~)3 
1200 50 Gd (PO8)8 
1225 65 Gd (POa) 3 
1250 65 Gd (POa) s 
1270 4~ Gd(PO~)a 
1300 65 Glass 

83.33 (1:5) 800 155 GdP~O~t 
840 220 GdP~O~ + liq. 

rich, glass forming pa r t  of the system, glasses were  
mel ted  in P t  crucibles  for 20 min  to avoid loss of P205 
and then  quenched to room tempera tu re .  The  s ta r t ing  
mate r ia l s  for p r epa ra t i on  of glasses were  p re reac ted  
c rys ta l l ine  compounds or  mix tu res  of compounds,  an-  
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other technique which was used to minimize or avoid 
loss of P205 dur ing melting. A P t -wound  quenching 
furnace was used not only for quenching of composi- 
tions in  the glass-forming region, but  also for deter-  
minat ion  of upper  and lower tempera ture  limits of sta- 
bil i ty of compounds in the refractory region of the 
system. Samples for quenching studies were encap-  
sulated in sealed Pt  tubes (2.5 or 5 mm diam) and 
temperatures of solid-state and quenching studies were 
measured with P t /P t -10% Rh thermocouples. 

Phase identification was made with Ni-filtered 
CuK~ radiat ion from a Norelco diffractometer oper- 
ated at 40 kV and 15 mA. For rout ine studies samples 
were run  at l~ and for s tandard pat terns of 
the various b inary  compounds, the speed was reduced 
at ~/4~ A polarizing microscope was used to 
measure the refractive indexes of the phosphate-r ich 
glasses using the Becke l ine method. 

Results and Discussion 
General.~The phase diagrams shown in Fig. 1 were 

constructed from the data given in Table I. Both sys- 

tems contained six (4:1, 3:1, i : i ,  1:2, 1:3, and 1:5) 
b inary  compounds, five of which were previously re- 
ported. The 1:2 compound in  each system was dis- 
covered by careful analysis of compositions which had 
been prepared by solid-state reaction and by crystal-  
lization from glass. Both systems are divided into a 
refractory portion between the oxide and REPO4 and 
a glass-forming port ion between REPO4 and the u l t ra -  
phosphate, which is customary for many  systems in-  
volving a refractory oxide and P205. 

In  the glass-forming region be tween the 1:2 and I: 5 
compounds, it was easier to prepare the 1:2, 1:3, and 
1:5 compounds by crystall ization from glass, but  they 
can also be prepared as phase-pure  crystall ine ma-  
terials by solid-state reaction if sufficient t ime is pro- 
vided at the required tempera ture  levels. 

The Y~Oz-YP04 subsystem.~(i) Y2Oj.~UP to 1450~ 
YeO3 was observed to exist only in the cubic form. The 
monoclinic to cubic t ransformat ion at 900~ was not 
observed, probably  because y t t r ium carbonate or oxa- 
late was not used as a s tar t ing mater ia l  or because no 
H20 was present  dur ing reaction. 

Fig. I. The systems Y203- 
P205 and Gd2Os-P20~. 
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(ii) YsP2017 (4:1).--The 4:1 compound was found to 
have a lower tempera ture  l imit  of s tabil i ty at 1170 ~ • 1.620 
5~ When  a single phase 4:1 sample prepared at 
1300~ was held at 1100 ~ for 72 hr, it  decomposed to 
Y20s and YPO4. 

(iii) YsP07 (3:l).--The 3:1 compound has a lower tem- 
perature l imit  of s tabi l i ty  at 1445 ~ • 5~ Serra  et al. 
(6) claimed it could be prepared by reaction of Y~O~ 1.6oc 
and NH4H2PO4 between 1200 ~ and 1400~ but  the 
present  work shows that  it  would be metastable in  
tha t  tempera ture  range. A single-phase sample pre-  
pared at 1475~ decomposed to 4:1 and YPO4 when  
held at 1300~ for 30 hr. 

X1.58C 
(iv) YPO4.--The compound existed as the te tragonal  c~ 
zircon type s t ructure  from RT to 1400~ -- 

i,i 
The YPO4-P205 subsystem.~(i)  Y2P4Olz.--Forma- > 

t ion of the compound was very  difficult by solid-state 
reaction and its existence could ea s i l y  be overlooked ,.'~ 

u_ 
if sufficient t ime was not allowed for reaction. I t  was ~ L56o 
prepared by holding for 800 hr at 1200~ However, 
glass of the 1:2 composition melted at 1550~ crystal-  
lized to the 1:2 compound wi th in  72 hr. Using the 
compound prepared by crystal l izat ion from glass, 
Y2Os'2P20~ was found to dissociate to 1:1 and 1:3 at 
1450~ Ls4o 

(ii) Y(PO3)8.--The 1:3 compound existed as a single 
s t ructure  from RT to its congruent  mel t ing point  of 
1460 ~ • 5~ Earl ier  it  had been reported (9) to melt  
incongruen t ly  to YPO4 and  a P2Os-rich liquid. 

(iii) YP~O14.--The 1:5 compound was found to exist 
only in  the monoclirdc form and to mel t  incongruent ly  1520 
at 860 ~ _ 10~ to 1:3 and a P20~-rich liquid. No 
orthorhombic phase was observed as previously re-  
ported (9). 

The GdzO~-GdP04 subsystem.--(i) GdeO~.--The re-  
ported (1) polymorphic t ransformat ion was briefly in-  
vestigated. Below ll00~ only the cubic form could 
be detected. When heated at 1300~ for 500 hr, the 
monoclinic phase coexisted with the cubic phase. Per -  
haps longer times would produce a pure monoclinic 
phase. 

(ii) GdsPz017 (4:1).--The 4:1 compound was found to 
have a lower l imi t  of s tabi l i ty  at  1290 ~ _ 5~ When  
a single phase 4:1 sample prepared at 1350~ was 
held at l l00~ for 50 hr, it decomposed to Gd203 and 
3: i. 14.47 
(iii) GdsPO7 (3:I).--The lower tempera ture  l imit  of 17.03__ 
stabi l i ty  was 8500 -- 10~ Below 850~ G d 2 0 3  and 20.36 
GdPO4 coexist. A phase pure sample of 3:1 prepared 22.35 22.86 
at 1100~ for 72 hr decomposed to Gd203 and GdPO4 23.02 
when held at  800~ for 120 hr. 23.10 24.78 

(iv) GdPO4.--The compound was found to exist only 25.25 27.74 
in  the monoclinic form and no phase t ransformat ion 29.22 
was observed, as had previously been reported (11). ~0.34 30.42 
Samples were held at 1000~ for 100 hr. Kuznetsev 30.57 
et al. (11) reported a change f rom hexagonal  to mono-  30.74 32.47 
clinic near  500~ when gadol inium chloride and phos- 32.58 
phoric acid were used as s tar t ing materials  in  aqueous 34.14 34.33 
solution. 35.49 

37.22 
The GdPO4-P205 subsystem.--(i) Gd2P4013.--The 37.55 

39,72 
compound behaved in  a m a n n e r  similar  to the y t t r i um 40.10 
analogue as far as reaction rate was concerned. I t  was 41.60 

42.19 
prepared by solid-state react ion at 1100~ for 800 hr, 42.7 
and from glass by crystall izing for 60 hr. The glass 44.14 

44.21 
had been melted at 1500~ Using the 1:2 compound 47.06 
which had been prepared  by  crystal l ization from glass, 50.15 
it  was determined that  it mel ted incongruent ly  at 50.25 50.38 
1305 ~ • 5~ into GdPO4 and liquid. 51.40 

51.46 
(ii) Gd (PO3)3 . - -The  1: 3 compound melted congruent ly  51.77 52.32 
at 1280 = • 5~ in  contrast  to the reported incongruent  52.65 
mel t ing (9). In  earl ier  l i te ra ture  (9), a t ransi t ion was 53.3o 53.52 
reported to take place be tween  800~176 In  the 54.62 
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present  work, the t ransi t ion was detected when  the 
sample was held near  750~ for 400 hr. 

(iii) GdP~Ol~.--The diffraction pa t te rn  agreed well  
with the monoctinic indexing given in  the l i tera ture  

Table II. X-ray diffraction data for the 1:2 compounds 

Gd~Oz �9 2PsO~ Y=Oa �9 2P~O~ 

20 d , A  I/Io 28 d ,A I/Io 

6.118 40 14.36 6.168 25 

5.206 5 16.97 5.223 5 

-- 17.81 5.065 2 

4.362 100 29.33 4.368 100 

3.978 10 -- -- -- 

3.890 50 22.91 3.882 lOO 
3.862 18 -- -- 

3.850 14 -- -- -- 

3.593 50 24.77 3.593 99 
3.527 75 25.29 3.522 100 
3.216 12 
3.055 18 3. 8 10 
2.946 6 -- -- -- 

2.938 6 -- -- 

2.924 10 -- -- -- 

2.908 25 - -  -- 

2.757 30 
2.746 30 32"~4 2.7'35 20 
2.626 30 34.22 2.620 50 
2.6121 15 34.42 2.605 20 
2.600 20 - -  - -  - -  
2.416 25 37.32 2.409 25 
2.395 6 
2,269 15 39,-'95 2 . ~ 7  5 
2.248 12 40.32 2.236 5 
2.171 12 -- -- -- 

2.142 6 42.13 2.145 5 
2.117 30 42.97 2.104 20 
2.052 24 44,46 2.038 29 
2.049 24 ~ -- -- 

1.931 10 47.33 1.921 5 
1.819 25 50.6 1.804 20 
1.816 25 ~ - -  

1.811 25 -- -- -- 

1.778 18 -- -- 

1.776 18 5 ~ 0  1.752 l0  
1.766 iO -- -- -- 

1.748 1O -- -- 

1.738 10 5~3 1.727 15 

1.719 1O -- -- 

1.712 10 53.'~0 1.704 l0  
1.680 19 54.56 1.682 19 
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(9). The 1:5 compound mel ted  incongruen t ly  to 1:3 
and a P2Os-rich l iquid at  800 ~ • 10~ 

Refractive index data.raThe RI of the  glasses be -  
tween  the 1:2 and 1:5 composit ions are  shown in Fig. 
2. The r e l a t ive ly  constant  index be tween  the 1:3 and 
1:5 composit ions is interest ing.  However ,  the e r ro r  in 
measurement  was __ 0.004 and i t  is un l ike ly  tha t  the  
i n d e x  actua l ly  increased  be tween  the 1:3 and 1:5 com- 
posit ions in  the  case of the  Y203-P205 system. 

X-ray  difJraction data.--Patterns for the 1:2 com- 
pounds are  given in Table  II. Analys is  of the da ta  in-  
d ica ted  tha t  the  4:1, 1:2, 1:3, and 1:5 y t t r i u m  and 
gadol in ium compounds had  s imi lar  s t ructures  and 
would  form e i ther  complete  or  pa r t i a l  solid solut ion 
systems, whereas  the 3:1 compounds had different  
s tructures.  To fu r the r  confirm this analysis,  50:50 mix -  
tures  of the 4:1, 3:1, 1.2, 1:3, and  1:5 y t t r i u m  and 
gadol in ium compounds were  p r e p a r e d  and hea ted  at  
1400~ hr, 1475~ hr, 1100~ hr, 1100~ hr, and  
700~ hr, respect ively.  The x - r a y  da ta  confirmed the 
p robab le  i somorphism of 4: 1, 1: 2, 1: 3, and 1:5 and the 
coexistence of the 3Y203"P205 and 3Gd2Os'P205 s t ruc-  
tures. 

Manuscr ip t  submi t t ed  Oct. 10, 1979; rev ised  m a n u -  
scr ip t  received Dec. 27, 1979. 

A n y  discussion of this pape r  wil l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the  J u n e  1981 
JOURNAL. Al l  discussions for the  June  1981 Discussion 
Sect ion should be submi t ted  by  Feb.  I, 1981. 

Publication costs of this article were assisted by the 
Pennsylvania State University. 
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Sulfur Substitution during Operation of 
CdSe Photoanodes and Mechanism of 

Surface Protection 
K. T. L. De Silva and D. Haneman 

School of Physics, University of New South Wales, Kensington, Australia, 2033 

ABSTRACT 

The concentrat ions  of S, Se, and Cd dur ing  opera t ion  of a po lycrys ta l l ine  
CdSe photoanode in  1M Na2S, 1M S, 1M NaOH solutions were  measured  by  
x - r a y  photoelec t ron spectroscopy as a funct ion of to ta l  charge passed. Su l fur  
had  reached half  the final concentra t ion in the XPS probed  l aye r  a f te r  only  
5 C cm -2, a l though there  was l i t t le  change in  cell  output .  These and o ther  
phenomena  are  analyzed  to suggest  tha t  the Cd-S  l aye r  tha t  forms does not  
es tabl ish a semiconductor  he te ro junc t ion  but  mere ly  a chemical ly  pro tec t ive  
l aye r  which  is of low semiconductor  qua l i ty  and has l i t t le  ba r r i e r  to cur ren t  
flow. At  high cur ren t  densi tes  the l aye r  thickens and becomes obstruct ive,  
r equ i r ing  Se in solut ion to p reven t  its g rowth  to obt rus ive  proport ions.  The 
XPS resul ts  also show tha t  when the e lec t rochemica l ly  deposi ted Cd-Se  film 
is annealed,  chemical  shifts of the  Cd and Se peaks  occur, indica t ing  fo rmat ion  
of the  compound CdSe dur ing anneal ing,  f rom codeposi ted bu t  not  reac ted  
e lements  in the in i t ia l  film. 

Sustained,  efficient convers ion of solar  energy  to 
e lec t r ic i ty  has been demons t ra ted  using photoe lec t ro-  
chemical  (PEC) cells based on CdSe photoanodes 
(1-5).  In  these PEC cells, pho togenera ted  holes oxidize 
the reduced  component  of the redox  couple, a f te r  
which these oxidized species migra te  to the cathode to 
be reduced  back  again  by  electrons. The semicon-  
ductor  CdSe which  has many  potent ia l  advantages  as a 
solar  energy  conversion photoanode,  can be s tabi l ized 
agains t  photocorrosion by  adding su l fur  ions to the  
e lec t ro ly te  

hv 
CdSe---> Cd 2+ + Se + 2 e -  [1] 

Cd 2+ ~- S 2-  -~ CdS [2] 

Key words; solar cells, photoelectrochemical, cadmium selenide, 
photoanodic protection. 

CdSe is oxidized under  i l lumina t ion  in  the  PEC cell, 
to Cd 2+ and Se. Cd 2+ ions p robab ly  react  to give 
CdS wi th in  a very  shor t  t ime of its formation,  because 
of the high surface concentra t ion of sulfide ions. This 
means that  the  surface of the  CdSe elect rode wil l  be 
replaced  by  CdS dur ing  i l luminat ion.  Su l fur  was 
found to depths up to I0 nm from the surface in XPS  
studies by  Cahen et al. (6) and  b y  Noufi et al. (7). 
However ,  the  ra te  at  which the surface subs t i tu t ion  of 
Se by  S occurs, was not  de termined.  This is of in teres t  
in checking the format ion  of a pos tu la ted  he te ro junc-  
t ion be tween  the CdSe bu lk  and thin (6-12 rim) CdS 
layer ,  and how this affects opera t ion  of the electrode.  

Experimental 
Measurements  were  made  wi th  a Var ian  IEE-15 

photoelec t ron spec t romete r  using !~IgKa r a d i a t i o n  
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(1253.6 eV), with a resolution of 1.8 eV FWHM (full 
width half maximum) on gold 4s peaks. The Mg x-ray 
source was operated at 8 kV and 80 mA. Scanning the 
spectrum was performed by varying the retarding 
voltage, with the analyzer set to detect retarded elec- 
trons of 100 eV (this gives the above resolution). 
Preliminary wide scans were carried out over a 90V 
region (500 channel and 12 sec per scan). The scans 
were then repeated with 30V scan width (200 channel 
and 40 sec per scan), so that peak positions could be 
measured accurately. 

Various preparation methods of polycrystalline CdSe 
are given in the literature (1-4). The polycrystalline 
CdSe samples (ten) used in this study were prepared 
by electrolysis of 1M HCI solution containing 1M CdC12 
and 1M SeO~. The nickel substrate was cleaned with 
acetone in the ultrasonic cleaner, then etched in nitric 
acid and rinsed thoroughly with distilled water. A 
carbon plate was used as the anode, spaced 1 cm from 
the Ni substrate. The solution was stirred continuously 
using a magnetic stirrer. A thick film (about 40 mi- 
crons) of Cd-Se was formed on the Ni substrate and 
then annealed in an N2 atmosphere at 400~ for i hr and 
kept under N~ until cool. CdSe and CdS single crystals 
were used as the XPS standards. They were polished 
and cleaned prior to analysis. Evaporated Se on an AI 
substrate was also used as a standard. 

IM Na2S, 1M S, and 1M NaOH solutions were used 
as the electrolyte in the PEC cell. The counterelectrode 
was prepared by applying aquadag and cobalt acetate 
on to a stainless steel gauze and subsequently heating 
it in an N2 atmosphere. The short-circuit current of 
this ce11, ihitially 4 mA cm-2, was measured under 
illumination by a 250W tungsten filament quartz iodine 
lamp operated at 16V (rated for 24V). The photo- 
anodes, after photolysis, were washed with 0.5M Na2S 
solution, to prevent precipitation of elemental sulfur 
from the absorbed electrolyte. Then they were 
washed five times with distilled water to remove 
physically adsorbed electrolyte, before the analysis. 

Resu l ts  
Prior to annealing, Cd-Se films showed the presence 

of Cd and Se as shown in Fig. 1, curve I. Scans were 
made of the Cd-3d region, Se-3p region, S-2p region, 
and the S Auger peak at ,-,151 eV kinetic energy. 
There was no evidence for the presence of sulfur. The 
positions of Cd, Se, and S peaks obtained from XPS 
results are given in Table I. Figure 1 shows the spectra 
obtained from CdS single crystals and CdSe films 
under various conditions described in the caption. A 
reduction of the Se concentration on the CdSe surface 
occurred during the annealing process (curve If). At 
the same time an increase of the Cd peak intensity 
was observed. Quantitative analysis showed a reduc- 
tion of the ratio Se/Cd by ~60%. 

As shown in Fig. 1 curve III, after operation as an 
i11uminated photoelectrode, a strong peak at 161.1 eV 
is observed, due to sulfur (2pi/2 and 2p3/2) on the 
CdSe surface. This peak at 161.1 eV overlaps with the 
Se peak at 160 eV. The overlapping of the peaks is 
confirmed by the larger FWHM of this peak (~3.2 eV) 
compared with the FWHM of the Se-3p3/2 peak (~2.6 
eV) of a fresh CdSe film. The reduction of the Se-3pl/2 

~66.7eV} 

v I 

Se-3p~ I 
(160.geV) 

I 

II o.oevl \ \ i 

(1664eV) 

Se-3p~jz 
1166.1eV) 

I I 
170 165 

BINDING 

[161.11eV} \ 
I 
I 
1 i 

16o 

ENERGY {eV) 

Fig. 1. X-ray photoelectron spectra of CdSe electrode: curve I, 
before heat-treatment; curve II, same film after heat-treatment; 
curve III, same film after illuminating as a photoelectrode in 
PEC cell (after passage of 60 C cm-2); curve IV, CdS single 
crysta[s. The quantity AV represents the difference in position 
of the Se-3p peaks before and after annealing. 

peak  at  166.1 eV c lea r ly  shows the S /Se  subst i tut ion.  
The posi t ion of the S-2p peak  of CdSe is ident ica l  
wi th  the  S-2p peak  of pure  CdS, as shown in Fig. 1 
curve I I I  and IV. The Cd peaks  showed no significant 
change before  and af ter  photolysis.  

The rat ios  of S / C d  and S e / C d  of the e lect rode sur -  
face were  measured  as a funct ion of charge passed 
th rough  the photoanode and are  shown in Fig. 2. This 
g raph  was d rawn  using the peak  heights  of Cd-3d, 
Se-3p, and  S-2p. The heights  were  ad jus ted  for  r e l a -  
t ive XPS sensi t ivi t ies  as given by  Ber thou and 
Jorgensen  (9). The in i t ia l  overa l l  efficiency (,-~2%) of 
the cell  was constant  to wi th in  5% dur ing  the S / S e  
subst i tut ion.  

Table I. Electron binding energies (eV) 

Cd-3ds/2 Cd-3d~/~ Se-3pl/s Se-3ps/2 S-2pl/2 a n d  2pa/2 

K.E. of  suHur 
LaMs,sMs,8 

A u g e r  p e a k  

CdSe f i lm ( u n a n n e a l e d )  411.2 404.5 166.7 160.9 w 
CdSe f i lm ( a n n e a l e d )  411.7 405.0 166.1 160.0 
CdSe  f i lm ( a f t e r  i l l umina t -  

i n g  as a photoelectrode) 411.7 405.0 166.1 -- 161.1 
CdS single crystals 411.7 405.0 -- -- 161.1 
Se  f i lm - -  - -  167.4 161.5 
Values  g iven  i n  Res (8) 411 404 168 162 165 164 

151 

151 
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Fig. 2. Dependence of the Se and S concentrations of the CdSe 
surface on the charge density passed through photoanode. Solid 
lines are for the ratios Se/Cd and S/Cd; dashed line is for depth 
of S penetration, drawn using the 2 values in Ref. (7) and, when 
extrapolated, passing through the value of 10 nm at approximately 
540 C cm -~  inferred from Ref. (6). 

Discussion 
After  the annea l ing  process we observed (i) a de- 

crease of the ratio Se/Cd, (ii) a negative shift of the Se 
peak position by 0.9 eV, (iii) a positive shift of the Cd 
peak position by 0.5 eV. We also observed a very large 
improvement  of the photocurrent  after the hea t - t rea t -  
ment,  by a factor of about 100. Several  reasons have 
been forwarded to explain this improvement  (10). 
These include the l iberat ion of excess Se and forma-  
t ion of crystallites of large sizes. The l iberat ion of ex- 
cess Se is confirmed by (i) above. The increase of 
photocurrent  may be due to the formation of CdSe 
from Cd and Se, dur ing the anneal ing  process. A con- 
sistent explanat ion is that the electrolysis process de- 
posits Cd and Se on the substrate but  these do not 
form CdSe. During anneal ing the two materials  react 
to form Cd-Se complexes. This is supported by the ob- 
served chemical shifts after annealing.  Also the photo- 
current  wavelength response is characteristic of CdSe. 

The reduction of Se/Cd occurred after a relat ively 
small  amount  of charge had passed as shown in Fig. 2. 
The ratio S/Cd was increased at the same time. Be- 
cause the Cd peak heights did not reduce, the increased 
sulfur  peaks cannot be explained by a deposited sulfur  
or contaminant  over layer  (11). Fur thermore  the b ind-  
ing energy of the sulfur  peak is the same as that  in  
CdS (curves III  and IV in  Fig. 1). Therefore we con- 
clude that the sulfur  is present together with Cd, con- 
sistent with the conclusions of Heller et al. (11) that 
CdSe in the surface is replaced by CdS. Previous mi-  
croprobe studies (12) have shown that  the S/Se ratio 
of the CdSe surface, after photolysis for several  hours, 
was about 1:1 in  the top micrometer  of the layer. Our 
measurements  show that  this ratio is about 1.8:1 in  
the thin layer (,~2-3 rim) probed by XPS, showing 
that  the sulfur  concentrat ion is highest at the surface 
itself. 

An  EIS (electrolyte- insulator-semiconductor)  band 
scheme has been proposed by Cahen et al. (6) for the 
S / S f - - C d S - C d S e  system, by considering CdS as a thin 
insulat ing layer  bonded to the CdSe. For insula t ing 
layers of > N2 n m  thickness, a significant increase of 
series resistance has to be expected (13). The thick- 
ness of the CdS layer  on the CdSe electrodes is very  
much larger than 2 nm (11). However , the constancy 
of photocurrent  (-.-4 mA cm-2)  of our cells dur ing  
substant ial  S/Se substitution, does not accord with 
an increase of such a series resistance, and indeed 
implies no significant change in mode of operation. 
Therefore we feel the evidence does not support  the 
growth of an EIS s t ructure  over a substant ial  port ion 
of the surface. 

The deteriorat ion of CdSe PEC cells can be pre-  
vented by working at low current  densities (6, 10). 
At such densities, (<10 m A c m  -2) all  holes are cap- 
tured by the redox couple and a decrease in  free Cd 2+ 
concentrat ion can be obtained because oxidation of 
CdSe by reaction [1] does not take place. Fur the r -  
more at large current  densities, (10-40 mA cm-2)  the 
rate of deteriorat ion can be decreased with addit ion 
of a small  amount  of Se solution, as shown by Heller 
et al. (10) for polycrystal l ine hot-pressed and single 
crystal CdSe photoanodes. This effect is due to the de- 
crease of x in the series of compounds CdSel-~S~ on 
the surface of CdSe. The barr ier  to hole t ransfer  to the 
solution interface is said to be lowered as x decreases. 
NIiller et aI. (3) and Cahen et al. (6) have reported 
an increase in stabil i ty of sintered disk and single 
crystal CdSe electrodes with increasing S 2- concentra-  
tion in solution. This minimizes the time that  free Cd 2+ 
can exist by precipi tat ing CdS on the surface. 

For electrodeposited polycrystal l ine electrodes the 
deactivation is much less (6). According to this ex-  
planation, decrease of photocurrent  can be prevented 
by rapid formation of CdS on CdSe. This however 
appears to contradict  the above proposal (10) that  
CdS causes a barr ier  to hole t ransfer  and should be 
reduced by Se addition in  order to prevent  deteriora-  
tion at high current  densities. 

Clearly the si tuation is complex and all phenomena 
cannot be accounted for by  a single simple explana-  
tion. However the results reported here would show 
that during the ini t ial  states of cell operation, S 
rapidly enters the surface, mostly in the form of Cd-S, 
without  much effect on cell output. We believe this can 
be accounted for if the Cd-S layer  shows substant ia l  
leakage through to the under ly ing  CdSe crystals; in -  
deed it is highly unl ike ly  that a high qual i ty  hermetic  
s tructure could form. A very schematic diagram is 
shown in Fig. 3. From a topography point of view, 
scanning microscope pictures of the surface of an elec- 
trode after operation show a very uneven  surface, as 
also do those of a CdS electrode (7). The Cd-S layer  
is presumed to contain many  defects and be very con- 
ductive, much more than a normal  CdS semiconductor. 
There are impur i ty  and defect levels which are suffi- 
ciently closely spaced in the approximately  6 nm Cd-S 
layer to form impur i ty  bands and hence negligible 
potential  barr ier  to carriers. Of course carrier recom- 
binat ion will be high, but  not necessarily higher than 
that at the CdSe-electrolyte interface. 

At high current  densities, the Cd-S structure be-  
comes sufficiently thick and pervasive to cause cur ren t  
obstruction, and also significant l ight absorption, and 
hence the addit ion of Se to the solution would help 
to keep any such structures to the lesser form that 

CdSe 

E C 
E F 

:'.'i Z'_"_ 
~ A . ~  :.:-Z 

E v _ ~ .. ....... 

~ c~s C d - $  E l e c t r o l y t e  C d S e  - Electrolyte 

(a) (b) 

Fig. 3. Schematic diagram showing the CdSe:Cd-S electrolyte 
interface. The Cd-S layer, about 3-6 nm thick is of poor electrical 
quality and highly conductive via impurity-defect hands, shown 
dashed in (b). The "band edges" of the Cd-S are indicated by 
dotted lines. 
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develops at  lower  cur ren t  densit ies.  This lesser  l a y e r  
does not  seal  agains t  cur ren t  flow bu t  reduces  corro-  
sion. Al though  this exp lana t ion  is necessar i ly  qua l i t a -  
t ive, i t  appears  to be in accord wi th  a number  of phe -  
nomena.  
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Electrochemical Sectioning and Surface Finishing 
of GaAs and GaSb 

C. R. Elliott and J. C. Regnault 
British Post Office Research Centre, Martlesham Heath, Ipswich IP5 7RE, England 

ABSTRACT 

The character is t ics  of  a new anodic dissolut ion process for sect ioning and 
removing  damage  f rom monocrys ta l l ine  GaAs and GaSb are  described.  Dis-  
solut ion proceeds  in the  presence of a solid anodic film, which l imits  local 
var ia t ions  in etch rate,  so the flatness and mic ro topography  of in i t i a l ly  smooth 
surfaces a re  p r e s e r v e d .  The high anodic efficiency permi ts  accura te  moni to r -  
ing of ma te r i a l  removal .  Etch ra tes  m a y  be va r ied  f rom be low 0.01 ~m hr  -1 
to over  10 ~ n  hr  -1 on GaAs and to 4 #m hr  -1 on GaSb. Appl ica t ions  discussed 
inc lude  ep i tax ia l  l aye r  thickness t r imming  and p repa ra t ion  of subs t ra tes  for  
ep i t axy  and samples  for  c rys ta l lographic  defect  studies.  

Smooth,  flat, damage - f r ee  surfaces a re  of ten r e -  
qui red for  both  g rowth  and charac ter iza t ion  of single 
c rys ta l  semiconductor  mater ia ls .  Fu r the rmore ,  an ab i l -  
i ty  to ma in ta in  such surfaces dur ing  r emova l  of small ,  
accura te ly  known, thicknesses of ma te r i a l  permi t s  
profi l ing and l aye r  thickness t r imming  to be car r ied  
out. In i t ia l  flatness in cut  slices is best  achieved by  
mechanica l  l apping  and pol ishing;  thereaf te r ,  e lec t ro-  
chemical  pol ish ing is po ten t i a l ly  the  best  process for 
damage  remova l  and for  sectioning, because  e lec t ro-  
chemical  dissolut ion m a y  be moni to red  and contro l led  
readi ly .  However ,  a l though e lec t ropol ishing of meta ls  
is we l l  es tabl i shed  (1) and e lec t ropol ishing of semi-  
conductors  has been  repor ted  (2-6),  the  l a t t e r  p roc-  
esses a re  l imi ted  in appl ica t ion  to low res is t iv i ty  ma-  
terials ,  as r e l a t i ve ly  high cur ren t  densi t ies  are  re -  
quired.  Also, the  compl ica t ion  of a scanned je t  has 
been  found necessary  for  producing  ex tended  flat 
areas  (7). Compound semiconductor  subs t ra tes  a re  
commonly  chemo-mechan ica l ly  pol ished (8-11) and 
then  etched chemical ly  to remove the  res idual  damage  
(12). This process is not  we l l  su i ted  to the  r emova l  
of small ,  wel l -def ined  thicknesses of ma te r i a l  and i t  
tends  to give beve led  edges and "orange peel" type  

Key words: anodization, etching, defects, gallium arsenide, gal- 
lium antimonide. 

of surface topography,  w i th  the chemical  e tching 
quickly  degrad ing  surface flatness (13). 

Discontinuous processes a re  employed  for  profi l ing 
semiconductors  accura te ly  (14, 15). In  these processes 
ma te r i a l  is r emoved  stepwise,  by  repea ted  growth  and 
select ive dissolution of anodic oxide films, whose 
thicknesses a re  de te rmined  by  the appl ied  voltage.  
Care is requ i red  in order  to achieve a re l iab le  th ick-  
ness /vo l tage  re la t ionship  (16) and the m a x i m u m  th ick-  
ness of each step is typ ica l ly  l imi ted  to a few hundred  
nanometers .  

A novel  approach  to the problems  of surface p r e p -  
a ra t ion  and control led  r emova l  of ma te r i a l  was re -  
por ted  recen t ly  by  Fak to r  and Stevenson (17), w o r k -  
ing on ga l l ium arsenide.  By anodizing in an ox ide-  
forming phosphate  e lectrolyte ,  to which  a control led  
addi t ion  of a chemical  complexan t  (Tiron)  had  been  
added,  they  achieved continuous dissolution of GaAs 
in the presence of about  100 nm of anodic oxide, 
which, by  t r anspor t  l imi ta t ion  of the anodic current ,  
ensured a un i form dissolut ion ra te  over  the semicon-  
ductor  surface. As the  ini t ia l  surface topography  was 
p rese rved  the process was descr ibed as repl ica t ion  
etching. We have been concerned wi th  the es tabl i sh-  
men t  of improved  processes of this type,  both  for  
GaAs and for  o ther  compound semiconductors ,  for 
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Fig. 1. Apparatus for anodic dissolution of n-type semiconductors 
of larger area. 

the  purposes  of sectioning ep i tax ia l  layers  and the 
r emova l  of damage  f rom mechan ica l ly  pol ished slices. 
We  repor t  here  the character is t ics  of a process which  
is app l icab le  to GaAs and GaSb and has significant 
prac t ica l  advantages  over  tha t  in t roduced  by  F a k t o r  
and  Stevenson for  GaAs. 

Table 1. 

Charge 
trans- Weight  

pH ferred  (C) loss (rag) x + y 

7.2 966 242.9 5.96 
9.5 618 151.9 6.10 

Experimental 
The apparatus of Fig. 1 was employed for larger 

a rea  specimens,  such as subs t ra tes  for  ep i tax ia l  g rowth  
o r  whole  wafers  for  mic ros t ruc tu ra l  evaluat ion.  Be-  
cause charge  t ransfe r  in  anodic dissolut ion of GaAs 
and GaSb is v ia  holes (18), in tense i l lumina t ion  (400 
m W  cm -2)  f rom a tungs ten-ha logen  l amp  was p ro -  
v ided  for  genera t ing  a p lent i fu l  supp ly  of holes at  
the  surface of n - t y p e  mater ia ls .  The anode was ro -  
ta ted  at  50-500 r p m  to es tabl ish a un i form diffusion 
l aye r  in the  e lec t ro ly te  at  the  in ter face  (19). A 
me rc u ry  back  contact  was usua l ly  sa t i s fac tory  for  n -  
and p - t y p e  mater ia ls ,  but  any  es tabl ished contact ing 
method  m a y  be used. The cathode was p l a t inum foil 
a n d  a porous m e m b r a n e  p reven ted  any  gas bubbles  
fo rmed  at  its surface f rom reaching  the anode. A n o -  
dizat ions were  car r ied  out  a t  constant  voltage,  using 
a s tabi l ized power  supply  which  could provide  up to 
100V d.c. and  had ad jus tab le  cu r ren t  l imitat ion.  The 
to ta l  charge  passed was recorded  by  means  of a d igi ta l  
in tegrator .  The e lec t ro ly te  consisted of 0.2M e thylene  
d iamine  te t raace t ic  acid disodium sal t  (EDTA),  wi th  
ammonium hydrox ide  added  for  pH control.  Smal l  

10-' 

10 

~--, 10 -~ 

z 

hi 

Q~ 

0 

ttl 

g 
~ 10 -~ 

b 

4 6 8 lO 

p H  

Fig. 2. Variation of steady-state current with pH for a GaAs 
anode in O.2M EDTA/ammooium hydroxide. 
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selected areas were anodized using a microscope- 
mounted  electrochemical cell of the type described 
by Faktor  and Stevenson (17). 

Results and  Discussion 
On applying about  50V between the electrodes a 

re la t ively large t rans ient  f i lm-forming current  flowed. 
As the thickness of the anodic oxide increased, this 
current  decreased rapidly, reaching a steady value 
wi th in  a few seconds. Figure 2 shows the var iat ion 
of the s teady-state  current  with pH for a GaAs anode. 
At pH 4.5, the na tu ra l  pH of 0.2M EDTA, the low 
current  density of 20 ~A cm -2 indicates negligible 
oxide solubility. Above pH 10 the cur ren t  density 
could reach levels at which l imitat ion by the semi-  
conductor could occur, sometimes resul t ing in uneven  
dissolution of the anode. Between these values of ptI  
the correlation of weight loss with charge passed 
(Table I) confirmed that  the anodic reaction was of 
the form 

GaAs + xe+ .--> GaS+ ~ As3+ -t- y e -  

where x ~r Y -~ 6 and x > >  y (20, 21), corresponding 
with a dissolution rate of 1.69 ~m mA -1 cm 2 h r - L  
Results for GaSb were similar  up to pH 8, with a dis- 
solution rate of 2.1 ~m mA -1 cm 2 hr -1, but  above pH 
8 the current  densi ty fell, as shown in Fig. 3, and the 
film became dull  in appearance. 

At pH values greater  than  2.5 EDTA reacts with 
gal l ium ions at room tempera ture  to form a strong 

complex (formation constant  1020 ) (22). The increas-  
ing solubil i ty of the anodic oxide with pH at near  
neut ra l  pH's is thus associated with the increasing 
ionization of the EDTA with~ pH. At higher pH's the 
formation of soluble arsenite, antimonite,  and gallate 
species will  also be involved. The difference in  be-  
havior of GaAs and GaSb above pH 8 probably  results 
from the different solubilities and stabil i ty regions 
of AsfO,~ and Sb203 (23). 

Figures 4a-d are interference contrast micrographs of 
GaAs and GaSb surfaces before and after anodization 
in EDTA/ammonium hydroxide. Figure 4a shows a I/4 
~m diamond polished n-type GaAs (100) surface and 
4b the same, after anodic removal of a 20 ~m thick 
layer at 2 mAcm -2. Figure 4c shows a bromine/meth- 
anol polished GaSb surface and 4d the same, after an- 
odic removal of 10 ~m at 1 mA cm -2. The topographies 
of the initial surfaces are still evident after anodization 
and no new surface structures are present, hence the 
process fulfills the essential requirements for damage 
removal and sectioning. Retention of flatness on a 
macro scale was confirmed by interferometry. Figure 5a 
shows the interference fringes obtained on a diamond 
polished GaAs (I00) surface and 5b the same after 
removal of 20 ~ anodically. Damage removal was 
confirmed by etching surfaces electrochemically in a 
defect-sensitive mode (17) before and after anodiza- 
tion in EDTA/ammonium hydroxide. Figures 6a and 6b 
show, respectively, defect revealed (100) surfaces of 
GaAs after bromine/methanol polishing and after an- 

Fig. 4. interference contrast micrographs of surfaces before and after anodizatlon in EDTA/ammonium hydroxide: (a, top left) ~/~ ~m 
diamond polished n-type GaAs (100) surface, and (b, top right) the same after removal of 20 Fm at 2 mA cm-2;  (c, bottom left) bro- 
mine/methanol polished undoped GaSh (100) surface, and (d, bottom right) the same after removal of 10 p.m at 1 mA cm -2.  
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odic removal  of 20 #m from a 1/4 ~m diamond polished 
surface. 

I t  was noted that  the surface of Fig. 4b was sl ightly 
smoother than that of 4a. As this implied a possibility 
of subst i tut ing the simple anodization process for one 
or more of the final stages of mechanical  polishing 
of substrates, which r equ i r e  great care, an addit ional  
exper iment  was under t aken  to fur ther  evaluate the 
smoothing effect. A GaAs (100) surface lapped with 
25 ~m a lumina  was anodized at 2 mA cm-2  unt i l  10 ~m 
had been removed. Figure 7a shows the characteristic 
"cellular" surface obtained. Within  each polygon 
boundary  the surface was smooth and slightly con~ 
cave. Al though the average size of the "cells" in -  
creased with anodization time, the s tructure persisted, 
even after remo~val of 105 ~m of material,  Fig. 7b. 
An electron channel l ing pattern,  Fig. 8, obtained in 
the scanning electron microscope, indicated that the 
surface at this stage was essentially free from damage. 
Figures 7a and 7b were obtained by interference con- 
trast  microscopy, which greatly accentuates the appar-  
ent  surface irregulari ty.  A Talystep profile, Fig. 9, of 
the surface shown in  Fig. 7b confirmed that  the ver-  
tical ampli tudes of the features were no more than  
1 ~m, and mostly only 1/2 ~m. The mechanism of 
formation of this interest ing surface structure,  under  
the conditions used here, is not yet understood. Sim-  
i lar ly  s t ructured surfaces in  other semiconductor-  

etchant  systems have been reported (7, 24), but  not 
investigated in  detail. The relat ionship between ano- 
dized surface s t ructure  and polishing medium particle 
sizes between 25 and 1/4 ~m was not pursued in this 
investigation, but  a vapor phase epitaxial  layer  20 ~m 
thick was grown on the surface shown in Fig. 7b. The 
morphology of this layer is shown in Fig. 10. 

No electrical breakdown at specimen edges or at 
surface features was observed dur ing  anodization in  
ED TA / a mmon i um hydroxide, whereas, in our experi-  
ence, this does tend to occur in the phosphate /Tiron 
electrolyte. A fur ther  significant practical advantage 
of the E D T A / a m m o n i u m  hydroxide system over the 
la t ter  is its considerably wider  range of usable current  
densities, simply obtained by adjus tment  of pH. 

Applicat ions 
The process described has been shown to be satis- 

factory for prepar ing diamond polished or chemo- 
mechanical ly  polished GaAs substrates for l iqud phase, 
vapor phase, and molecular  beam epitaxy, no fur ther  
etching being required before growth (25). Figure 11 
fs an interference contrast  micrograph of an ]VIBE 
layer  1 ~m thick, grown on a GaAs substrate prepared 
by this process. It has also been used successfully for 
t r imming n - type  epitaxial  layers to the desired thick- 
ness for device fabricat ion and for prepar ing surfaces 
for defect-sensit ive etching. In the first of these 

Fig. 5. Interference micrographs of a diamond polished GaAs (100) surface, (a, left) before and (b, right) after removal of 20 /~m 
anodlcally. 

Fig. 6. GoAs (100) surfaces electrochemically etched to reveal defects; (a, left) residual abrasion damage after bromlne/methanol pol- 
ishing delineated, (b, right) damage-free surface after removal of 20 ~m anodically following polishing with �88 diamond. 
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[:Ig. i .  interference contrast m~crogrophs of a GaAs (100) surface lapped with 25 #m alumina, after removal of (a, left) 10 ~m and 
(b, right) 105 ~m anodically. 

appl ica t ions  one advan tage  of the  technique is t ha t  
the  oxide  m a y  be  lef t  on the  subs t ra te  as a p ro tec t ive  
film unt i l  i m m e d i a t e l y  before  growth.  The oxide on 
GaAs is r ead i ly  soluble in d i lu te  hydrochlor ic  ~acid 
or  ammonium hydroxide ,  and tha t  on GaSb is soluble 
in  2M aqueous potass ium hydroxide .  In  the  case of 
l iquid  phase epi taxy,  where  subs t ra te  thicknesses a re  
cr i t ica l  and edge bevel ing is undes i rable ,  the  process 
has  obvious advantages .  

Summary 
A technique  is descr ibed for  the  smooth anodic dis-  

solut ion of GaAs and GaSb.  The process has the  ad-  
van tages  of r e t en t ion  of  surface  flatness, easy  and  
close control  over  the  quan t i ty  of ma te r i a l  removed,  
insens i t iv i ty  to s t ruc tu ra l  defects, and a var iab le  dis-  
solut ion rate.  I t  has been shown to be sa t i s fac tory  
for  t r imming  ep i tax ia l  l aye r  thicknesses accura te ly  

and for  p repa r ing  damage- f r ee  surfaces both for  ep i -  
t ax ia l  g rowth  and  for  c rys ta l lographic  defect  studies.  

Fig. 10. GaAs layer 20 ~m thick, grown by vapor phase epl- 
taxy on the surface shown in Fig. 7b. Interference contrast micro- 
graph. 

Fig. 8. Electron channeling pattern from the surface of Fig. 7b 

Fig. 9. Talystep profile of the surface of Fig. 7b 

Fig. 11. GaAs layer 1 ~m thick, grown by molecular beam epi- 
taxy on a GaAs (100) surface prepared by anodlzation in EDTA/ 
ammonium hydroxide. Interference contrast micrograph. 
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Lateral Definition of Monocrystalline GaAs Prepared 
by Molecular Beam Epitaxy 

S. Hiyamizu, K. Nanbu, T. Fu]ii, T. Sakurai, H. Hashimoto, and O. Ryuzan 
Fujitsu Laboratories Limited, 1015 Kamikodanaka, Nakahara-ku, Kawasaki, Japan 

ABSTRACT 

Using a thermal oxide of GaAs for masking, excellent planar structures 
of monocrystalline and polycrystalline GaAs were prepared on GaAs sub- 
strates by molecular beam epitaxy. Micron-sized monocrystalline GaAa of 
device quality with sufficient electrical isolation by semi-insulating poly- 
crystalline regions were obtained. Planar-type MESFET's were successfully 
fabricated to confirm the application potential of this technique. 

Selective epitaxial deposition of GaAs has been long 
investigated for application to integrated circuits by 
vapor phase epitaxy (VPE) (1-4), liquid phase epi- 
taxy (LPE) (5-7), and molecular beam epitaxy (MBE) 
(8-16). MBE has an apparent  advantage over VPE 
and LPE to achieve lateral  definition because of its 
feature of crystal growth in high vacuum. Therefore, 
many attempts have been made to obtain two- or 
three-dimensional structures of GaAs and A1GaAs 
with various techniques, such as deposition with me- 
chanical shadowing using tungsten (8), tantalum (9, 
10), and silicon masks (11, 12), deposition on SiO2 
masked substrates (13, 14), and preferential ly etched 
substrates (15, 16). One of the most promising methods 
among them is planar  growth of monocrystalline 
and polycrystall ine GaAs using SiO2 masking (13, 
14), since the well-established and developing tech- 
nique of l i thography can be used to obtain fine pat-  
terning with good reproducibility. 

In this study we present another promising method, 
i.e., selective growth of GaAs with the use of a GaAs 
thermal oxide for masking, which provides a similar, 
but superior planar  structure of monocrystalline and 

Key words: FET, isolation, mobility, polycrystalUne GaAs, ther- 
mal oxidation. 

polycrystall ine GaAs. Thermal oxides of GaAs have 
been extensively investigated (17), but they have not 
been applied to practical devices due to their poor 
dielectric properties (18) and poor characteristics for 
surface passivatien af GaAs (19). Notwithstanding, 
when a thermal oxide was used as a masking film 
for selective growth by MBE, it exhibited rather  
favorable features compared with SiO2 masking, e.g., 
extremely uniform and thin native oxide with a thick- 
ness of about 300A could be easily obtained with 
high reproducibil i ty over a large area of GaAs sub- 
strates, even up to a 2 in. diam or more, and con- 
sequently lateral  definition with a micro-sized pattern 
could be accomplished with superior planar feature. 

The electrical properties of high resistivity poly- 
crystalline GaAs grown on the thermal oxide film 
and those of monocrystalline GaAs isolated by the 
polycrystalline regions were extensively studied to 
assess the application potential of this technique. 
Fabrication of p lanar- type MESFET's was demon- 
strated. 

Crystal Growth 
A (1O0) oriented, Cr-doped semi-insulating G a A s  

substrate was chemically etched in a solution of 
H2SO4:H202:H20 ---- 18:1:1 to remove any mechan- 
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ically damaged layer. After  being rinsed in  deionized 
water,  the substrate  was oxidized in  a s tream of 
oxygen (0.5 l i t e r /min )  at 550~ for 30 rain. An oxide 
layer  with a thickness of about 300A and exhibi t ing 
excellent  un i formi ty  up to an area of 2 in. diam or 
more was formed with good reproducibil i ty.  This 
nat ive  oxide was dissolved in  HF, bu t  it  was hardly  
at tacked by H2SO4, HC1, and H202. The oxide film 
on areas of the substrate  in tended for growing mono-  
crystal l ine GaAs, was removed selectively using a 
convent ional  photolithographic technique and HF. Sub-  
sequently,  the As-r ich layer, which inheren t ly  exists 
at the interface of the thermal  oxide film and GaAs 
(20), was also etched off with H20~ to expose the 
GaAs in  the window areas. After  photoresist removal  
the exposed areas of the substrate were lightly etched 
again wi th  a solution Of H2SO4:H202:H20 = 1:1:125 
to remove a ~300A layer  of GaAs and rinsed in  
deionized water  to clean the GaAs surface. The sub-  
strate was then loaded in an MBE system described 
previously (21). 

Immedia te ly  before MBE growth, the substrates 
were preheated to about 600~ for a few minutes  
in  an As4 ambient  with 1 • 10 -T Torr. Auger electron 
spectra of the substrate after preheat ing are shown 
in  Fig. 1. It  can be seen that  the exposed surface 
area [Fig. 1 (a)]  exhibits the cleanliness of nonmasked 
GaAs substrates. In  a spectrum from a coated area 
[Fig. l ( b ) ] ,  we can see large peaks for oxygen and 
gal l ium bu t  none for arsenic, which is consistent with 
that  previously reported in  GaAs thermal  oxides 
(20, 22). The thermal  oxide layer  still remained even 
after  the hea t - t rea tment .  

GaAs was deposited on such a substrate at growth 
temperatures  be tween 460 ~ and 530~ Monocrystal l ine 
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Fig. I .  Auger electron spectra for (a) an exposed-GaAs area 
and (b) a thermal oxide coated area on a GaAs substrate after 
preheating to about 600~ in vacuum of 1 X I 0 - ~  Torr just 
before MBE growth. 

and po]ycrystal l ine GaAs were deposited s imul ta-  
neously on exposed GaAs areas and on the thermal  
oxide coated areas, respectively. Pure  graphite cells 
were used for Ga, As, and Sn evaporation. Effusion 
cell temperatures  were 1050 ~ (Ga),  330 ~ (As), and 
800~176 (Sn).  The growth rate was 0.3-0.5 ~m/hr  
and the background pressure was about  1 • 10 . 6  
Torr  dur ing growth. 

Results and Discussion 
Properties of poIuerystalline GaAs.--Figure 2 shows 

a scanning electron micrograph of a cleaved c r o s s  

section of a 1 ~m thick deposited film, which includes 
the boundary  between the polycrystal l ine and mono-  
crystal l ine regions. The film thicknesses were mea-  
sured with a Talystep. Surfaces of both regions were 
almost on the same level with each other, that  is, 
the surface was near ly  planar.  Careful observation, 
however, revealed that  polycrystal l ine films were 
about 5% thicker than the monocrystal l ine GaAs. 

An electron micrograph of a p la t inum-shadowed 
carbon replica of a 1 ~m thick polycrystal l ine GaAs 
film deposited at 460~ is shown in Fig. 3(a) .  The 
grain  size of this film seems to be around 0.5 ~m in 
diam at the surface. Figure 3(b)  is a t ransmission 
electron micrograph (TEM) observed in  the region 
near  the surface of the same sample. Specimens for 
TEM, which have a 1-1.5 mm diam hole through 
the substrate and the oxide layer, were prepared by 
etching with the use of a solution of NH~OH:H202 
= 1:10 followed by Ar + sputtering. This figure shows 
that  grain size of the film is 0.3-0.5 ~m in  the region 
near  the surface, which agrees well  with that of the 
carbon replica. The grain  size did not  depend on the 
growth tempera ture  in the range of 460~176 

The I-V characteristics shown in Fig. 4 were mea-  
sured through polycrystal l ine GaAs deposited at 500~ 
To measure the electrical resist ivity of polycrystal l ine 
GaAs, we prepared samples with a p lanar  s t ructure  
as shown in  the inset. The deposited films with 1.1 
and 2.3 ~m thickness were Sn-doped to a concentra-  
t ion of 1 • 10 is cm -3, in which case the resist ivi ty 
of the monocrystal l ine  region became 2 • 10 .3  tlcm. 
The doping concentrat ion in polycrystal l ine GaAs was 
supposed to be the same as that  of monocrystal l ine  
regions prepared in  the same wafer. Gold-germanium 
ohmic contacts wi th  20 ~m width were applied to 
the monocrystal l ine stripes, and the I -V characteristics 
between these contacts were measured at room tem- 
pera ture  (Fig. 4). Assuming that  cur ren t  flows un i -  
formly and only through the polycrystal l ine film, we 
obtained resistivities of 2 • 108 ~lcm for the 1.1 ~m 
thick film and 4 • 10 ~ ~lcm for the 2.3 ~m thick 
film from the gradient  of the I-V curves in  the ohmic 
range (<10V) and the geometry of the samples. The 
resist ivi ty decreased by a factor of 5 when the thick- 
ness increased from 1.1 to 2.3 ~m, suggesting that  
the films are considerably inhomogeneous in  the 
direction of the thickness. 

Fig. 2. Scanning electron mlcrograph of cleaved surface of a 
1 ~m thick film. The cleaved edge surface was lightly stain-etched. 
The boundary between polycrystalline and monocrystalline GaAs 
shows excellent planarity. 
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Fig. 3. (a) Electron micrograph of platinum-shadowed carbon 
replica of a ! /~m thick polycrystalline GaAs film deposited on 
the thermal oxide of GaAs at 460~ showing grain size of about 
0.5 #m. (b) Transmission electron micrograph of the surface region 
in the same po!ycrystalline GaAs, showing grain size of 0.3-0.5 p.m. 

The var ia t ion of resist ivi ty in these polyerystal l ine 
films was then measured,  by s tep-etching the samples, 
as a function of d, the distance from the interface 
of the thermal  oxide and polycrystal l ine film (Fig. 5). 
In the 2.3 #m film the resis t ivi ty in the region near  
the surface (d ~ 2 ~m) became more than one order  
of magni tude  lower  than that  in the region wi th in  
1 #m from the interface. In the la t ter  region, almost 
constant resistivities, about  2 • 106 ~cm, were  ob- 
served in both films. The above assumption on current  
flow seems to be correct  for the 1.1 p.m film. 

Figure  6 shows electron micrographs of p la t inum-  
shadowed carbon replicas of the as-grown surfaces 
for four  polycrystal l ine films with thicknesses of 
0.2, 0.5, 1.1, and 2.3 ~m and almost the same doping 
concentrat ion of about 1 • 10 TM cm -3. A significant 
increase in grain size f rom 0.2 to 1 #m can be seen 
with  increasing film thickness f rom 0.2 to 2.3 p.m. 
It  is likely, therefore,  that  such a var ia t ion in grain 
size might  be realized in the direction of the thickness 
through the 2.3 #m film, and that  this is the main 
cause of the rapid decrease in resis t ivi ty wi th  in-  
creasing polycrystal l ine GaAs film thickness as seen 
in Fig. 5. The resis t ivi ty in polycrystal l ine silicon has 
been reported (23) to decrease wi th  increasing grain 
size. 

Resistivit ies at room tempera ture  of about 1 #m 
thick polycrystal l ine films deposited at 480~176 
are plot ted as a function of doping concentrat ion 

L , = i f ' ' = ' l  i , ~ w i , , , |  

Poly. GaAs 
16E _Sn doped--lxld~rfi 3 . 

ot=2.3pm �9 8 
o 1.1pm 

~4 lU-~Z ! --x'"5"-cm" �9 o~ ..,, ~ 10 ? - oo 
~" o 

8 
8 

�9 ~2xlO6g._cm) 
�9 0 0 

o m m  

i 

, . . . . .  , , 

10 100 
BIAS VOLTAGE ( V O L T S )  

Fig. 4. I-V characteristics of Sn-doped polycrystalline GaAs films 
with thicknesses of 1.1 and 2.3 /~m at room temperature. A sample 
for measurements is schematically illustrated in the inset. Ohmic 
relation was obtained ever the range of bias voltage less than 
10V in both films. 
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Fig. 5. In-depth profiles of resistivity in 1.1 end 2.3 #m thick 

polycrystalline GaAs with doping concentration of 1 X 10 ts cm -~ ,  
measured by step-etching at room temperature. The resistivity 
decreases considerably with increasing distance from the interface 
between thermal oxide and polycrystalline layer. 
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over a range  of 2 • I01V-l.2 • l0 is cm -3 in  Fig. 7. 
The high resist ivi ty of about  2 • 106 ~cm was ma in -  
tained up to the doping level of 4 • l0 is cm-~, and 
above this point  resist ivi ty dropped sharply. This 
resul t  suggests that  this p lanar  growth technique can 
be applicable for isolation be tween n+ contact areas 
(n  -- 3 • 1018 cm -3) employed in GaAs power FET's 
(24). In  these films we could not find an appreciable 
increase in  gra in  size with increasing doping concen- 
t ra t ion as seen in  polycrystal l ine silicon (25). 

Properties o] monocrystalline GaAs.--Electrical 
properties of monocrystal l ine  GaAs in  small  regions 
la tera l ly  defined by  the semi- insula t ing  polycrystal l ine 
GaAs were characterized by  Hall  measurements .  A 
Hall  bar -shaped monocrystal l ine  region with a film 
thickness of 0.5 ~m (prepared at 500~ is shown in  
the inset  of Fig. 8. The length of the nar row stripe 
region was 210 ~m, and the width, w, was varied 
from 50 to 4 #m. Hall  mobilit ies and carrier  concentra-  
tions at  room tempera ture  are plotted as a funct ion 
of stripe width in  Fig. 8. Electron mobi l i ty  remained 
at  a constant  25D0 cm2/Vsec (n ,~ 1.4 • 10 is cm-3) ,  
even when the stripe width decreased to 4 ~m. This 
suggests that  high qual i ty  GaAs can be grown selec- 
t ively with na r row stripe widths down to 4 ~m. The 
qual i ty  of monocrystal l ine regions with lower carr ier  
concentrat ion is described in  the next  section. 

P~anar-type MESFET's.--In order to test application 
of this technique, p lanar - type  MESFET's were fab-  
ricated. A 0.13 ~m thict~ active l a y e r . w i t h  a carr ier  

lo j ly 
Po . GaAs 

�9 300 K 
1061_ t--1 ium 

lO' 

102o 
DOPING CONCENTRATION (crfi 3) 

Fig. 7. Resistivity vs. doping concentration in about 1 Fm thick 
polycrystalline GaAs films at room temperature. 

Fig. 6. Electron mlcrograph of platinum-shadowed carbon replicas 
of as-grown surface for polycrystalline GaAs films with thicknesses 
of 0.2, 0.5, 1.1, and 2.3 ~m. The grain size increases with in- 
creasing film thickness. 

Fig. 8. Carrier concentration and Hall mobility as a function of a 
stripe width of monocrystalline GaAs region. The inset is a photo- 
micrograph of a Hall-bar-shaped monocrystalline region with a 
stripe area of 4 • 210 ~m. The film is 0.5 Fm thick and Sn doped 
to a concentration of 1.4 • 10 TM cm -3.  Electron mobility re- 
mained at a constant 2500 cm~/Vsec, even when the stripe width 
decreased to 4 ~m. 

concentrat ion of 2.4 X 1017 cm -3 was subsequent ly  
deposited on a 1.1 #m thick, un in ten t iona l ly  doped 
buffer layer at 520~ The un in ten t iona l ly  doped mono-  
crystal l ine layer  showed p- type  conduction with re-  
sistivity of 4 • 108 ~cm at room temperature.  

In -dep th  profiIes of electron mobi l i ty  and carr ier  
concentrat ion in this wafer were measured by a 
Schot tky-barr ie r  Hall  technique (26) in  a rec tangular  
monocrystal l ine region with dimensions 400 • 50 ~m 
surrounded by the polycrystal l ine GaAs (Fig. 9). 
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:Fig. 9. In-depth profiles of carrier concentration and electron 
mobility in a rectangular monocrystalline GaAs region (400 X 
50 ~m), laterally isolated by the polycrystalline GaAs, showing 
that device quality of monocrystalline GaAs could be obtained in 
small region. A 0.13 #m thick, Sn-doped layer (n = 2.4 X 1017 
cm -~)  was grown on a 1.1 #m thick unintentionally doped, high 
resistivity buffer layer. 

The electron mobi l i ty  remained almost constant, 4000 
cm2/Vsec at room temperature,  through the active 
layer  and also at the interface between the active 
and buffer layers. 

Figure  10 shows an  as-grown surface of an area 
for p repar ing  MESFET's on the same wafer. Very 
clear boundaries  and featureless surface of mono-  
crystal l ine regions can be seen. Figure  l l ( a )  shows 
the same area of the wafer  after fabrication of de- 
vices. Resistance between two rectangular  monocrys-  
ta l l ine regions separated by  24 ~m [Fig. 11 (a) lower 
right],  was 1.6 X 10912 at room temperature,  i.e., 
sufficient electrical isolation by the potycrystal l ine 
region in  between them was obtained. P l ana r - type  
MESFET's were fabricated in the smallest, rec tangular  
monocrystal l ine regions with dimensions of 150 X 18 
#m, which is i l lustrated with greater magnification 
in  Fig. l l ( b ) .  Source (S) and drain (D) contacts 
(with 5 ~m separation) were formed by applying 
go ld-germanium and gold. The Schottky gate (G) 
was made of a luminum.  Gate length is 1.5 ~m and 
width is 300 ~m. 

To test electrical isolation by the polycrystal]ine 
regions and their boundaries,  over which the Schottky 
gate crosses, the current -vol tage  characteristics of the 
p lana r - type  MESFET [Fig. l l ( b ) ]  were compared 
with those of a conventional  r ing MESFET, which 
was fabricated in  the largest  monocrystal l ine  region 
[Fig. l l ( a )  upper  left] and did not  contain poly-  
crystal l ine regions. Typical I-V characteristics of these 
FET's  are shown in  Fig. 12(a) and (b). Both are 
free from hysteresis. There seems to be no significant 
difference between them. In  the p lanar - type  MESFET, 
the dra in- to-source  current  was readily controlled 
by the gate voltage and was pinched off at a gate 
bias of --3V. There existed no substant ial  leakage 
current  between the source and drain  contacts not  
only through the polycrystal l ine regions but  also the 
boundaries.  Consequently,  we believe that  this growth 
technique could be successfully applied to fabrication 
of p lanar - type  FET's. 

Conclusion 
Using a thermal  oxide of GaAs for masking, p lanar -  

type selective growth of polycrystal l ine and mono-  

Fig. 10. (a) Photomicrograph of as-grown surface of an area for 
preparing MESFET's of a selectively grown 1.23 #m thick film, 
showing clearly defined monocrystalllne regions with featureless 
surface. (b) Scanning electron micrograph of the smallest rec- 
tangular monocrystalline regions (150 X 18 #m) shown with larger 
magnification. 

Fig. 11. (a) Photomicrograph of planar-type MESFET's (lower 
left) and a conventional ring MESFET (upper left). (b) Photo- 
micrograph of a planar-type MESFET. Schottky gate (G) is 1.5 ~m 
long and 300 F,m wide. The distance between source (S) and drain 
(D) contacts is 5 ~m. 

crystal l ine GaAs has been achieved by MBE. The 
polycrys ta l l ine  GaAs was semi-insulat ing,  and exhib-  
ited a resistivity of 2 X 106 ~cm for 1 ~m thick film 
with a doping concentrat ion of less than 4 X 10 TM 

cm -8 which is of same order as that of polycrystal-  
l ine GaAs on SiO2 mask (13). This resistivity is almost 
9 orders of magni tude  higher than that  of a corres- 
ponding monocrystal l ine film, 2 X 10 -8 12cm (n -- 1 
X l0 ts cm-8) .  It  should be noted, however, that the 
resistivity of the polycrystal l ine film decreases con- 
siderably with increasing film thickness or with in -  
creasing dopant  concentrat ion above 4 X l0 ts cm :8. 
High qual i ty monocrystal l ine GaAs, i.e., GaAs having 
high mobilit ies (2500 and 4000 cm2/Vsec for n _-- 1 
X l0 ts and 2.4 X 10 IT cm -8, respectively) were ob- 
tained in small  regions isolated by the semi- insula t ing  
polycrystal l ine GaAs. In  addition, p lanar - type  
MESFET's were successfully fabricated by this tech- 
nique. Consequently, this p lanar  growth by MBE can 
be considered to have promising features for applica- 
t ion to the fabrication of GaAs integrated circuits, 
i:e., excellent p lanar  structure,  sufficient electrical 
isolation provided by the polycrystal l ine GaAs, and 
device qual i ty of monocrystal l ine regions. 
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I:ig. 12. Current-voltage characteristics of (a) a planar-type MESFETand (b)a ring MESFET. 
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ABSTRACT 

The condit ions for  equ i l ib r ium LPE growth  of exac t ly  and nea r ly  la t t ice-  
matched  In l -xGaxAs  ep i tax ia l  layers  on InP (100) subs t ra tes  were  de te r -  
mined  at  650~ by  la t t ice  constant  measurements .  I t  was found that  the  ha l f -  
wid th  of the diffract ion peak  of the  t e rna ry  l aye r  was much smal le r  than  tha t  
of an In l -xGaxAs l -~Py  layer ,  and tha t  the composi t ion of the  t e rna ry  l aye r  
scarcely  va r ied  along the thickness. The threshold  region for the format ion  of 
misfit dislocations into the t e rna ry  layers  were  expe r imen ta l l y  de te rmined  by  
using an x - r a y  topograph.  This region can be d i sp layed  by  both the la t t ice  
misfit and the thickness. I t  was found that  the layers  th icker  than  10 ~m 
wi thout  misfit dislocations could be grown s tar t ing  f rom 650~ only when the 
la t t ice  misfit at  room t empera tu re  was be tween  --6.5 • 10 -4  and --9 • 10 -4. 
I t  is most  impor t an t  for the  growth  of misfit d i s loca t ion- f ree  thick layers  tha t  
the layers  should be l a t t i ce -ma tched  to the subs t ra tes  at  the growth  t em-  
pe ra tu re  and tha t  tensile stress should not  be incur red  at  the growth  t empera -  
ture. The re la t ionships  be tween  the photoluminescence peak  wave leng th  or 
solid composit ion and the la t t ice  misfit were  de te rmined  exper imenta l ly .  

The g rowth  of l a t t i ce -ma tched  In0.53Gao.4~As on InP 
subst ra tes  has been inves t iga ted  ma in ly  to fabr ica te  
ava lanche  photodiodes (APD's)  for l ight  whose wave -  
length  lies be tween  1.0 and 1.65 ~m. Severa l  repor ts  
(1-4) were  made  on the t e r n a r y  APD's.  For  the f ab r i -  
cat ion of opt ical  devices such as APD's,  th ick and mis-  
fit d i s loca t ion-f ree  ep i tax ia l  layers  a re  required.  The 
thin t e r n a r y  layers  wi thout  any  misfit  dislocations 
have genera l ly  been obta ined by  exact  l a t t i ce -ma tch -  
ing on the subs t ra tes  at  room tempera ture .  However ,  
we found that  misfit  dislocations appea red  in the ex-  
ac t ly  l a t t i ce -ma tched  th icker  In0.53Ga0.47As layers  
than  4 #m, which  were  grown by l iquid phase ep i tax ia l  
(LPE) method  s ta r t ing  f rom 650~ These misfit dis-  
locations are  in t roduced  by  the in te r rac ia l  stress which  
is caused by  the difference of the rmal  expansion co- 
efficients be tween  the ep i tax ia l  l aye r  and the sub-  
strates.  Therefore,  the condit ions for the g rowth  of 
th ick  and misfit d is locat ion-f ree  layers  must  be s tudied 
in o rder  to fabr ica te  APD's  of In0.53Ga0.47As. Such 
conditions had ever  been de te rmined  only for  the 
Ga l -=AlxAs l -yPy  sys tem on GaAs subst ra tes  (5). 

In this work, the condit ions for the g rowth  of the  
misfit d i s loca t ion- f ree  th ick In0.53Ga0.47As layers  on 
InP(100) subs t ra tes  were  expe r imen ta l l y  de termined.  
Under  these conditions, the misfit d is locat ion-f ree  l ay -  
e r s  th icker  than  10#m could be grown. These resul ts  
were  analyzed.  In  o rde r  to de te rmine  the accura te  
wave leng th  of the exac t ly  l a t t i ce -matched  In0.53- 
Gao.47As on InP, the  re la t ionship  be tween  the photo-  
luminescence peak  wave leng th  and the la t t ice  misfit 
was measured.  The composi t ion var ia t ions  of the layers  
wi th  distance f rom the surface of the  subs t ra te  were  
also studied.  

Experimental Procedure and Results 
LPE growth conditions.~The previous ly  de te rmined  

l iquidus i so therm at  650~ (6) was used to g row 
In l -xGaxAs on InP under  equ i l ib r ium conditions. The 
conditions for  equ i l ib r ium LPE growth  of exac t ly  and 
nea r ly  l a t t i ce -ma tched  layers  on InP (100) subs t ra tes  
were  found by  la t t ice  constant  measurements  o f  these 
layers  grown from mel ts  wi th  composit ions On the 
l iquidus isotherms.  Supe r sa tu ra t ed  melts  were  not used 
in this growth.  Layers  were  grown s ta r t ing  f rom 
650~ at  a constant  cooling ra te  of 0.5~ by  the 

Key words: misfit dislocation, InGaAs, lattice-matching, photo- 
diode. 

r amp  cooling technique. Lat t ice  constants were  de te r -  
mined  f rom the (400) reflection of the  CuKal  r ad i a -  
t ion by  the double  crys ta l  x - r a y  diffract ion technique.  
They are  la t t ice  constants  of the ep i tax ia l  la t t ice  pe r -  
pendicu la r  to the wafer  surface. 

F igure  1 shows the la t t ice  misfit at  room t e m p e r a -  
ture, ~a/a as a funct ion of XGa 1. Where,  ~a is equal  to 
the la t t ice  constant  of In l -xGazAs  minus  the  la t t ice  
constant  of InP, a = 5.86875A (7), and  XGa ~ represents  
the  a tomic fract ion of Ga in the t e rna ry  melt .  The me l t  
composit ions for  the  g rowth  of layers  wi th  var ious  
~a/a can be de te rmined  f rom Fig. 1 and prev ious ly  
de te rmined  l iquidus i so therm (6). 

Composition variation along the growth direction. 
- - T h e  existence of composit ion var ia t ions  along the 
growth  direct ion is undes i rab le  because i t  causes va r i -  
ations of the la t t ice  constant  and genera tes  misfit dis-  
locations. Uniform layers  wi thout  composi t ion va r i a -  
tions are  also necessary t o  de te rmine  accura te ly  the 
la t t ice  constant.  F igure  2 shows the CuK~z rocking 
curves for the (400) reflection of (curve a) In0.TGao.3- 
As0.64P0.38 and (curve b) In0.53Ga0.47As layers  g rown 
on InP  (100) substrates.  These layers  were  g rown 
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Fig. 1. Lattice misfit ~a/a of the Inz-xGaxAs ternary alloys 
grown on InP (100) substrates at 650~ as a function of Xoa 1. 
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Fig. 2. CuK=l rocking curves for the (400) reflection of (curve a) 

Ino.TGao.3Aso.64Po.36 and (curve b) no.53Gao47As layers grown on 
InP (100) substrates at 650~ 

star t ing from 650~ at a constant cooling rate of 0.5~ 
min  by using just  saturated melts at 650~ The thick- 
nesses of the t e rnary  and qua te rnary  layers were 4.0 
and 4.3 ~m, respectively. The ha l f -wid th  of the diffrac- 
tion peak of the te rnary  layer  (about 34 sec) is much 
smaller  than  that  of the qua te rnary  layer  (about 250 
sec). This indicates, as also previously pointed out 
(8, 9), that  the composition of the qua te rnary  layer  
has the gradient  of P concentrat ions as a result  of the 
depletion of P in  the qua te rnary  melt  near  the grow- 
ing interface, bu t  this also indicates that the te rnary  
layer  does not have such a large composition variation. 
From results shown in  Fig. 2, the lattice misfit, ~a/a 
of the t e rnary  layer was found to be --6.85 X 10 -4, 
bu t  that  of the qua te rnary  layer  were estimated be-  
tween 6.2 • 10 -4 and --9.9 • 10 -4. 

Figure  3 shows how the photoluminescence (PL) 
peak wavelength  of In0.5aGa0.4~As and In0.7~Ga0.28- 
As0.sP0.~ layers with the distance d (~m) from the 
interface between the layers and the InP  substrate. 
PL measurements  (8) were used to determine wave-  
lengths on step etched surfaces at various distances of 
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d (~m) from the substrates. The ternary and quater -  
na ry  layers were grown from 650~ at constant  cooling 
rates of 0.2 ~ and 0.1~ respectively. The thick- 
nesses of the te rnary  and qua te rnary  layers were 26.5 
and 8.5 ~m, respectively. As shown in  Fig. 3, the 
wavelength of the t e rnary  layer  is almost constant  
with the layer thickness, bu t  that  o f  the qua te rnary  
layer  varies largely despite its slower cooling rate. 
This indicates, as also shown in  Fig. 2, that the compo- 
sition of the te rnary  layer  hardly  varies with the layer  
thickness because the t e rnary  system does not include 
elements like P. Therefore, the lattice constant  of 
Inl-xGaxAs layers can be determined accurately. 

Misfit dislocation-free region.ult has been general ly  
expected that thick layers without  misfit dislocations 
can be obtained by exact lattice matching to InP  at 
room temperature.  It was found that  this idea was not 
correct. In  this work, (422) reflection x - r ay  topographs 
using CuK~I radiat ion and double crystals were used 
to determine whether  misfit dislocations are generated 
or not in epitaxial  layers. The generat ion of interracial  
misfit dislocations depends on both the lattice misfit 
and the layer thickness under  a fixed s tar t ing growth 
temperature  (10). Therefore, a series of Inl -xGaxAs 
layers with different ha/a and thicknesses were grown 
on InP  (100) substrates in order to determine the con- 
ditions for the growth of misfit dislocation-free layers. 
Ill this growth, a constant  cooling rate of 0.2~ 
the star t ing growth tempera ture  of 650~ and jus t  
saturated melts at 650~ were used. The results are 
shown in Fig. 4. Open circles show the misfit disloca- 
t ion-free layers and crosses show the layers with mis-  
fit dislocations. The samples are divided into two 
groups depending on whether  misfit dislocations were 
present  or not. Line forming these areas define the 
threshold for the formation of misfit dislocations. Thus, 
the area where misfit dislocations do not generate was 
determined. If the lattice constant  of the te rnary  layer  
matches that  of InP  at room temperature,  the thick- 
ness of the layer without  misfit dislocations is less 
than 3.6 ~m. In order to obtain misfit dislocation-free 
layers thicker than 3.6 ~m, these layers must  have a 
negative lattice misfit. It was found that misfit dislo- 
cation-free layers thicker than  10 ~m could be grown 
start ing from 650~ only when  ha/a was between 
--6.5 • 10 -4 and --9 • 10 -4. The surface morphology 
of these te rnary  layers was as good as that of layers 
with IAa/a I =< 1 • 10 -4. 

The ma x i mum at tainable thickness in misfit dislo- 
cation-free region was not determined in this wqrk. 
Thicker layers than  11.5 #m were not grown in  ~hiS 
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experiment,  bu t  there is a possibility of obta ining mis- 
fit dislocation-free and thicker layers than  11.5 #m. The 
misfit dislocation-free region for th inner  layers than 
1 #m is not shown in  Fig. 4. For th in  InGaAsP layers 
of 0.4 ~m, it was reported that  misfit dislocations were 
not found if ha/a was between 5 • 10-3 and --5 • 
10-~ (11). 

In  t e rnary  layers whose thicknesses are just  above 
the demarcat ion lines for misfit dislocation generation, 
it was observed that  the density of misfit dislocation 
was very low and general ly  less than  several h u n -  
dreds. Most of these misfit dislocations were introduced 
from edges of wafers in  the ear ly  stage of their for- 
mat ion  and formed unidirect ional  arrays. As far ther  
from the demarcat ion lines to the outside of the re-  
gion, a cross-grid of misfit dislocations was present. 

Wavelength and solid composition vs. lattice mis f i t .u  
The wavelength  and solid composition of Inz-xGaxAs 
with lattice constants near ly  matched to InP  were de- 
termined. Figure 5 shows the wavelength  ~ (#m) of 
t e rnary  layers as a funct ion of the lattice misfit ha/a. 
The wavelength  was determined by PL measurements  
which were previously reported in  detail  (8). As 
shown in  Fig. 5, the wavelength is approximately  
1.685 ~m when  the lattice constant  m a t c h e s  that  of 
InP, and the wavelength  is approximately  1.65 #m 
when the lattice misfit is --5 • 10 -4. The previously 
reported wavelengths of the la t t ice-matched te rnary  
layer  on InP  were 1.65 (12, 13) and 1.68 /~m (14, 15). 
The cause of the difference has not been explained. 
Degrees of the lattice misfit of samples used for wave-  
length measurements  were not  clearly described in  
most of these reports. In Fig. 5, it  can be known  that  
the difference of the reported wavelengths was caused 
by the difference of degree of lattice matching among 
them. Pollack et al. (13) reported that  ~ : 1.656 ~m 
at ha/a : .  --5 • 10 -4. Their  data is consistent with 
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Fig. 5. Wavelength ~ (#m) of In l -xGaxAs layers as a function of 
the lattice misfit Aa/a. �9 is the data reported by Pollack et al. 
(13). 

present  results. Figure  6 shows the solid composition 
x of Inl-xGaxAs as a funct ion of ,~a/a. The solid com- 
position was determined by electron-probe micro- 
analysis (EPMA) (6, 16) performed on surfaces of 
Inl-xGaxAs epitaxial  layers grown on InP  (100) sub-  
strates. Just  saturated melts at 650~ were used in this 
growth, x is almost constant in the lattice misfit range 
from 3 • 10-4 to --1 • 10 -8, and it is about 0.47. 

Discussion 
The reason why the thickest layer  without  misfit 

dislocations have the negative lattice misfit at room 
tempera ture  as shown in  Fig. 4 can be explained by 
the difference of the thermal  expansion coefficients of 
InP  and In0.53Ga0.4~As. The lattice constants of InP,  
InAs, and GaAs at 18~ are 5.86875 (7), 6.0584 (7) and 
5.6535A (17), respectively. The lattice constant  of 
In0.5~Ga0.47As can be derived from these values on the 
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Fig. 6. Solid composition x of lnl-xGaxAs grown on InP (100) 
substrates as a function of the lattice misfit ~a/a. 



Vol. I27, No. 7 L P E  G R O W T H  1571 

basis of Vegard ' s  law, and i t  is 5.8681A. (S t r i c t ly  
speaking,  the  composi t ion of the t e r n a r y  a l loy which  is 
exac t ly  l a t t i ce -ma tched  to InP a t  18~ is 
In0.5316Ga0.~s4As.) The  the rma l  expans ion  coefficients 
of InP  and Ino.53Ga0.47As r epor t ed  by  Bisaro et at. 
(18) a re  (4.56 _ 0.10) X 10-6/~ and (5.66 _ 0.10) 
• 10-6/~ respect ively .  Assuming the re la t ion  be -  
tween  t h e  la t t ice  constant  and  t empe ra tu r e  to be 
l inear ,  the fo rmula  for the  the rmal  expans ion  is as 
fol lows 

aT = ao(1 + aT) [1] 

whe re  aT is the la t t ice  constant  a t  any  t empe ra tu r e  T 
(~ ao is the  la t t ice  constant  a t  0~ and ~ is the  
t he rma l  expans ion  coefficient. The ca lcula ted  la t t ice  
constants  of InP and In0.58Ga0.4~As at  650~ by  using 
this fo rmula  are  5.8856 and 5.8891A, respect ively .  The 
t e m p e r a t u r e  dependence  of the la t t ice  constants  of 
InP and In0.5~Gao.47As ca lcu la ted  by  Eq. [1] is shown 
by  the l ines (a) and (b) ,  respect ive ly  in Fig. 7. 
In0.53Ga0.4~As has the  posi t ive la t t ice  misfit equal  to 
6 X 10 -4  at  650~ (In0.53t6Ga6.46s4As exac t ly  la t t i ce -  
matched  to InP at  room t e m p e r a t u r e  has the  posi t ive 
la t t ice  misfit equal  to 7 X 10 -4  at  650~ This shows 
tha t  misfit  dislocat ions are  in t roduced  in la t t i ce -  
matched  th ick  layers  b y  the compressive stress due to 
the posi t ive la t t ice  misfit  at  the g rowth  tempera ture .  
The thickest  l aye r  wi thout  misfit dislocations has the 
negat ive  la t t ice  misfit be tween  6.5 X 10 -4  and --9 X 
10 -4 at  room t e m p e r a t u r e  as shown in Fig. 4, and  such 
a l aye r  a lmost  l a t t i c e -ma tched  to InP  at  the g rowth  
t empera tu re ,  650~ as shown by  the b roken  l ine (c) 
in Fig. 7. Therefore ,  misfit dislocat ions are  more  easi ly  
in t roduced  in a l a t t i ce -ma tched  l aye r  at  room t em-  
pe ra tu re  than  in a l a t t i ce -ma tched  l aye r  at  the g rowth  
t empera tu re ,  tha t  is to say, they  are  eas i ly  formed at  
h igh  t empera tu re .  

Fo r  the growth  of th in  layers  wi th in  the misfit d i s -  
loca t ion-f ree  region shown in Fig. 4, it is des i rable  tha t  
the la t t ice  misfit at  room t e m p e r a t u r e  should be as 
smal l  as possible not  to cause the  la rge  elast ic  stress 
at  the in terface  of the he te roboundary .  The l ine (b) in 
Fig. 7 shows such a case. As the  l aye r  thickness be -  
comes large,  the  la t t ice  misfit a t  room t empera tu r e  
must  be l a rge r  in o rde r  to obta in  misfit d is locat ion-  
free layers ,  tha t  is to say, the  g rowth  condi t ion must  
approach  f rom the l ine (b) to (c) in Fig. 7. When  the 
s tar t ing growth  t empera tu re  is changed f rom 650~ to 
the lower  t empera tu re ,  the  la t t ice  misfit  at  which  the  
th ickest  l aye r  wi thout  misfit dislocations can be ob-  
ta ined  as shown in Fig. 4 becomes smaller .  This case 
is shown by the dot ted  l ine (d) in  Fig. 7. 

Severa l  authors  (10, 19) have repor ted  expressions  
for hc, the cr i t ica l  ep i tax ia l  l aye r  thickness above  
which  misfit dislocations are  expected  to generate.  
Jesser  and K uh lma nn-Wi l sdo r f  (10) gave the exp res -  
sion for cubic crysta ls  and an inf ini tely th ick sub-  
s t ra te  in  the  l imi t  of smal l  strains.  For  semiquant i t a -  
t ive est imate,  the i r  r a the r  fo rmidable  equat ion can be  
rep laced  by  

b 
he - -  2l/I [S'I 

where  b is the magni tude  of the  Burgers  vector,  and  f 
is the la t t ice  misfit, ha/a (20). This is the  simplif ied 
equation,  but  i t  keeps the essent ia l  character is t ics  of 
the or iginal  expression,  hc was ca lcula ted  by  using 
Eq. [2] for b : 4.15A at room t e m p e r a t u r e  and b ---- 
4.16A at 650~ as shown in Fig. 8. The solid l ine (a)  
and  (b) a re  the ca lcula ted  resul ts  a t  room t e m p e r a -  
ture  and 650~ respect ively.  The l ine (b) was ca l -  
cula ted  on the basis of the fact  tha t  a l aye r  l a t t i ce -  
matched  to InP at  650~ has the  negat ive  la t t ice  misfit, 
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--7 • 10-4 at room temperature. The broken lines 
are the experimentally determined demarcation lines 
for misfit dislocation generation as shown in Fig. 4. 
The experimental ly determined region is asymmetric, 
but the calculated region is symmetric. In all equations 
to calculate the critical thickness, it  was not considered 
that the mechanism of generation of misfit dislocations 
in tension and in compression are different from each 
other. 

The experimental ly determined misfit dislocation- 
free region has a perpendicular edge on the negative 
side as shown in Fig. 4. This shows that at the growth 
temperature, misfit dislocations were much more 
easily introduced by tension than by compressiom 
This result is consistent with the previously reported 
results at room temperature for InGaP/GaAs (21) and 
InGaAs/InP (22) systems that layers in tension cracked 
at smaller misfit than those in compression. At room 
temperature, however, misfit dislocations were not 
formed in greater tension and the ternary layers 
yielded elastically even with a negative lattice misfit 
of --8 X 10 -4. It is most important  for the growth 
of thick and misfit dislocation-free epitaxial  layers 
that at the growth temperature, layers should be lat-  
t ice-matched to the substrates and that tensile stress 
should not be incurred at the growth temperature. 

Summary 
The equilibrium conditions for the LPE growth of 

exactly and nearly lat t ice-matched Inl-xGaxAs layers 
on InP (100) substrates were determined at 650~ by 
lattice constant measurements. The half-width of the 
diffraction peak of the ternary layer is much smaller 
than that of an Inl-zGa~Asl-yP~ layer, and the com- 
position of the ternary layer scarcely varies along the 
growth direction. The threshold region for the forma- 
tion of misfit dislocations into the ternary layers were 
experimental ly determined. The conditions for the 
growth of misfit dislocation-free layers thicker than 
10 #m were found. These layers can be grown starting 
from 650~ only when the lattice misfit is between 
--6.5 X 10 -4 and --9 X 10 -4 at room temperature. It 
is most important  for the growth of thick and misfit 
dislocation-free epitaxial layers that  the layers should 
be latt ice-matched to the substrates and tensile stress 
should not be incurred at the growth temperature. The 
relationships between the photoluminescence peak 
wavelength or composition and the lattice misfit were 
determined experimentally. 
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Electrical Defects in Silicon Introduced by 
Sputtering and Sputter-Etching 

E. Grusell, S. Berg, and L. P. Andersson* 
Institute ol Technology, University of Uppsala, Uppsala, Sweden 

ABSTRACT 

Sput te r ing  a gold contact on n-s i l icon or sput ter -e tching the silicon sur-  
face prior to deposition of gold results in  a Schottky bar r ie r  which shows a 
bar r ie r  height which depends on the sput ter ing voltage and time, and is lower 
than a corresponding barr ie r  obtained by evaporat ion of a gold contact. On 
p-si l icon a sputtered gold contact also shows a bar r ie r  height influenced by 
the sput ter ing conditions. The modifications of the bar r ie r  height are caused 
by a th in  positively charged layer  formed in  the semiconductor near  the 
metal -semiconductor  junction.  During sputter  etching the silicon surface is 
subject  to bombardment  by Ar ions with energies of about  the sput ter ing 
voltage. If this voltage is high enough charged centers will  be introduced. 
These centers are also observed after sputter  deposition at high voltage. We 
found that  damage is caused by etching at 500V but  not at 100V. This indicates 
that  the damage found after sput ter  deposition was caused by rebounded Ar 
atoms. 

I t  is well  known  that  the properties of a th in  film 
strongly depend on the sput ter ing or evaporat ion 
deposition parameters  as well  as on the original  
substrate  conditions. However, drastic changes of sur-  
face condit ion of the substrate dur ing  deposition may 
also be impor tan t  (1-6). During the sput ter ing process 
the substrate is bombarded by  several kinds of par-  
ticles: low energy Ar ions from the plasma, sputtered 
metal  atoms with energies up to 20 eV, electrons with 
e n e r g i e s  up to twice the sput ter ing voltage, and 
neu t ra l  Ar  atoms which have been neutral ized at 
the target  and backscattered without  losing their  
energy. It  has been found that in silicon the sput ter ing 
process creates damage which is electrically active 
at a few nanometers  below the surface of the wafer 
(2, 4, 5). Of the particles ment ioned above the elec- 
trons are un l ike ly  to produce any  damage because 
of their  low mass. It  is known that  an electron needs 
more than 250 keV to displace a silicon atom (6). 
It  is shown in this work and by  other authors that  
the sput te r - induced damage depends strongly on the 
sput ter ing voltage. Of the particles bombarding  the 
substrate  dur ing  the deposition, only the electrons 
a n d  the rebounding  neut ra l  Ar atoms have energies 
proport ional  to the sput ter ing voltage. The energies 
of the low energy Ar ions from the plasma and of 
the sputtered metal  atoms depend only weakly on 
the sput ter ing voltage. Therefore, we conclude that  
the rebounding  neut ra l  Ar atoms must  be main ly  
responsible for the observed damage. The na ture  and 
extent  of the defects produced in an n- type  or p- type 
single crystal  silicon wafer dur ing  deposition of a 
metal  film or sput ter -e tching followed by deposition 
of a metal  film have been invest igated earlier by 
measur ing  the electrical characteristics of the result ing 
metal-s i l icon junction,  i.e., I -V (2, 4, 5), C-V (2, 3), 
and  t empera ture  act ivation measurements  (4, 5). 
DLTS (3) (deep level t ransient  spectroscopy) mea-  
surements  have also been made. 

In  the DLTS studies of Andersson and Evwaraye 
(3) they showed that  the sput ter ing- induced defects 
formed a band  of defect states that  are located from 
Ec -- 0.3 eV to Er -- 0.5 eV. The measured capture 
cross section for major i ty  carriers was 1.3.10 -1o cm 2. 
The C-V and I -V characteristics showed that  the de- 
fects were donorlike. The concentrat ion Nt(x)  of 
the sput te r ing- induced traps at a distance x from the 
surface was shown to be 
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Nt(x)- Nts exp <-- L) 

where Nts is the trap density at the surface and L 
is a characteristic length. L and Nts depend on the 
sputtering voltage and on the sputtering time. As 
found from the DLTS measurements L is of the order 
of 160A and Nts of the order of 10 Is crn -a. When the 
metal n-silicon contact is reverse biased we assume 
all the traps to be positively charged. On n-silicon, 
with L and Nts as stated above this will give a sig- 
nificant probabi l i ty  for electrons to tunne l  through 
the bar r ie r  (T-F  emission) (7), so that  a reduced 
effective bar r ie r  height will  be observed. As the  
sput ter ing process creates donorlike traps also on 
p- type silicon, a sputtered metal  contact wil l  c r e a t e  
a metal  contact followed by an n -p  junct ion  c lose  to 
the surface. This will  affect the band  bending so 
that  the hole bar r ie r  will be higher than it would 
have been if there were no n - type  layer. The b a n d  
bending will also be dependent  on the applied voltage 
so that  the reverse current  is not expected to saturate. 

Experimental 
N-type silicon of 50 ~cm was used. A few samples 

were made on 350 ~cm n- type  silicon. The p- type  
silicon used was of 500 ~cm resistivity. The silicon 
wafers were etched in CP-6 and on their  back s ides  
ohmic contacts were formed. On n-si l icon this w a s  
done by sput ter-e tching followed by deposition of 
A1 and Au, and on p-si l icon by sput ter ing of Au at 
a low voltage. The sput ter ing was performed in  an  
rf sput ter ing system using an Ar atmosphere of p r e s -  
sure  0.7 Pa. The target  to substrate distance was 7 
cm. Before ini t ia t ing the plasma the vacuum vessel 
was evacuated to 6.10 -4 Pa by an oil diffusion pump. 
The use of rf sput ter ing means that  the Ar ions have 
energies up to the peak rf voltage. 

The contacts to be investigated were sputtered 
through a very thin gold-coated stainless steel mask 
with holes of 3 m m  diam. The sput ter-e tching was 
also done through this mask. The forward and reverse 
characteristics of the diodes were measured at dif- 
ferent  temperatures  ranging from --35 ~ to 60~ C-V 
measurements  were made with a capacitance bridge 
working at 500 kHz. The DLTS spectra were obtained 
with a setup similar  to the one described by Lang (8). 

Theory 
As first suggested by Mull ins  and Brunnschwei ler  

(2) and later  ve r i f ed  exper imenta l ly  by  Andersson 



1574 J.  EZectrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY July  1980 

and Evwaraye (3), we assume the density of the sput-  
te r ing- induced traps near  the surface to be 

x 
Nt(z) = N~exp ( -- ~- > 

where Nts iS the t rap densi ty at the surface and L a 
characteristic length. L was estimated to 160A in  Ref. 
(3). The traps and the ionized donors give a space 

charge in  the deplet ion region of 

X p(x) = q (N=exp (--  ~.)  + N, ) 

where Nd is the doping of the n - type  semiconductor. 
When we integrate  the Poisson equat ion 

d2@ p 
, - - - - _ _  

d ~  "o 
where ~ is the position of the conduction bandedge, as- 
suming that  the t rue bar r ie r  height is CBo, we get 

r  = - - . / . ~  exp -- - - 1  
, o  ~" 

- -  z w - -  + ~,~o 

where w is the width of the depletion region. For 
p- type  mater ia l  Nd is of course negative. (See Fig. 1 
and 2). The condit ion 

r = ~Bo -- Vbi -- V 

where V is the applied reverse bias and Vbi the band 
bending at zero bias gives 

METAL "-'~P-- 

q~Bo - _ 

SEMICONDUCTOR 

Eoo-  
Ef/// / / , ,  

Ef n 

T-F EMISSION 

>X 
Od 

Fig. 1. Schematic energy diagram of a reverse biased sputter- 
damaged Schottky barrier. The damaged region is 0 < x < d. The 
thermionic field emitted electrons are indicated by the arrow. Ef 
is the Fermi level in the metal and Efn is the quasi-Fermi level for 
electrons in the semiconductor. 

Ef 
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I 
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Fig. 2. Schematic energy diagram of a reverse biased sputter- 
damaged Schottky barrier formed on a p-type semiconductor sur- 
face. qr - -  E f  iS the effective barrier height for holes from the 
metal to the semiconductor. 

f2..[ ]},,, w =  ~ V b t + V - -  eeo L2 

This formula gives the expected value of the junc t ion  
capacitance C which is 

Aeeo 
C - - -  

w 

The barr ier  height as est imated by plott ing 1/C 2 
against  V will  thus for n - type  mater ia l  be given by 

qNts 
ibB = CBo -- - -  "/-'2 

eeo 

When Nts has a high value there wil l  be tunne l ing  of 
carriers through the bar r ie r  both for reverse and  for-  
ward bias. In Ref. (4) it is shown that  this will give an 
apparent  barre i r  as est imated from a reverse act iva-  
t ion plot lower than  CBo, but  not  as low as CBo -- 

qNts L2 ' On p- type  mater ia l  r is heightened by  
e $  o 

qN~ L 2. 
eea 

Results and Discussion 
In Table I and Fig. 3 and 4 we summarize the results 

from the bar r ie r  height measurements.  Corresponding 
measurements  on Schottky barr iers  made by evapo- 
rat ion of Au onto n - type  silicon show barr ie r  heights 
of 0.7-0.8 (10). 

It  is clear that the contacts which were sputtered 
at 500V with or without  being sput ter-e tched a t  100V 
show a similar  behavior with a barr ier  height o~ 0.70 
eV. If there is any slight damage in these diodes one can 
at least say that  the etch at  100V did not introduce an  
appreciable number  of extra traps. The substrate tem- 
pera ture  was estimated not to exceed 100~ Deposit- 
ing at 2.5 kV on the other hand  lowers the barrier ,  and 
it  is interest ing to note that the depositing for 2 min  
results in  a lower bar r ie r  than does depositing for 30 
sec. This means that  the particles responsible for 
creating the damage act through the gold layer  which 
is a l ready deposited after 30 sec. Sput ter -e tching of 
the surface at 500V gives a fur ther  lowering of the 
barr ier  and an increase of the etching voltage gives 
still lower barriers.  

The contacts which were etched for 30 sec at 0.5, 1, 
and 1.5 kV showed a decreasing bar r i e r  height as mea-  
sured by the forward I -V characteristics. The differ- 
ences are not very large though. This shows that  there 
is a tendency towards a sa turat ion in the number  of 
active traps. 

As shown in the preceding section the expected 
lowering of the barr ier  as measured by a C-V plot is 
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T h e r m a l  actl-  Barr ier  h e i g h t  
D e p o s i t i o n  volt-  ra t ion  r e v e r s e  I.V for-  

a g e  and t i m e  c u r r e n t  ( e V )  w a r d  (eV) C.V (eV) 

I 

10-2 

10 -4 

10 6 

3 v, __ 
4 n IOOV, 30 see  
5 n IOOV, 10 rain 
6 n 500V, 30 s e e  
7 n 1 kV, 30 see 
6 n 1.8 kV. 30 see 
9 p - -  

10 p 1.6 kV,  30 see  

500V, 15 mln 0.70 0.70 0.70 
2.5 kV, 30 see 0.61 0.61 0.56 
600V, 15 rain 
2.3 kV, 2 rain 0.55 0.65 0.52 
500V, 15 rain 0.70 0.71 0.70 
soov ,  15 mln 0.7O 0.71 O.6S 
500V, 15 mln 0.43 0.51 0,45 
500V, 15 rain 0.47 0.49 0.48 
500V, 15 rain 0.45 0.46 0.25 

2.5 kV, 2 rain 0.23 0.60 - -  
500V, 15 ~ 0.23 0.74 - -  

propor t iona l  to NtsL 2. This makes  i t  possible to es t i -  
mate  this product ,  or  if  a va lue  for  L is known,  to 
es t imate  Nts. Fo r  L - -  160A, for example ,  a b a r r i e r  
lower ing  of 0.1 eV is g iven  b y  

N~, = 2.5 �9 1017 cm-~  

One resu l t  f rom a photoelec t r ic  measu remen t  was 
ob ta ined  for  a contact  which  was spu t t e red  at  500V. 
The resul t  was 0.73 eV, in ag reemen t  wi th  the resul ts  
ob ta ined  by  the o ther  methods.  However ,  i t  p roved  
impossible  to use this  method  on  the diodes which  
showed a la rge  lower ing  of the  bar r ie r ,  because  the  
photoe lec t r ic  s ignal  was then  too small .  This indicates  
a high recombina t ion  ra te  near  the  surface in these 
diodes. 

The low values  found for the t he rma l  ac t iva t ion  en-  
ergies of the  reverse  cur ren ts  in  the  contacts  made  
on p-s i l icon  can be exp la ined  by  a genera t ion  current ,  
which, when  the b a r r i e r  is high, wi l l  comple te ly  
domina te  the  reverse  current .  The fact  tha t  the  spu t -  
te r  e tching of the  samples  at  100V did not  give any ap -  
p rec iab le  damage  shows tha t  ne i ther  spu t te red  neu t r a l  
me ta l  a toms nor  Ar  ions f rom the p lasma  can cause 
the  damage  observed  when deposi t ing at  2.5 kV. The 
fo rmer  have  energies  be low 20 eV, and the l a t t e r  have  
energies  be low 100 eV (9). Among  the remain ing  pos-  
s ibi l i t ies  a re  neu t ra l  A r  a toms which  have  been neu-  
t ra l i zed  at  the  t a rge t  and  which  rebound  wi thout  los-  
ing much  of the i r  energy,  and  negat ive  me ta l  ions ac-  
ce le ra ted  b y  the po ten t ia l  drop in  the  ca thode d a r k  

space. I t  is not  possible to make  any  conclusive s ta te -  
men t  about  the  re la t ive  impor tance  of these two 
mechanisms f rom the expe r imen t s  r epor ted  here.  

The  DLTS spec t rum of the  diode which  was spu t t e r -  
e tched at  500V is shown in Fig. 5. There  are  two peaks  
nea r  each other,  cor responding to energy  levels  of 0.3 
and 0.22 eV below the conduct ion band.  The to ta l  con- 
cen t ra t ion  is 3 �9 1017 cm-8  at  the  surface.  These  peaks  
were  observed also in  spect ra  f rom samples  2 and  3, 
giving concentrat ions  of about  5.1016 cm - s  a t  the  sur -  
face. The concentrat ions  a re  computed  according to 
the  model  presented  above, i.e., i t  is assumed tha t  the  
t raps  are  d i s t r ibu ted  so tha t  the i r  concentra t ion  de-  
creases exponen t ia l ly  near  the  surface  wi th  a charac-  
ter is t ic  l ength  of 160A. The cap ture  cross sect ion was 
es t imated  to 6 - 1 0  -17 cm% These  resul ts  a re  s imi la r  
to the  resul ts  r epor ted  by  Andersson and E v w a r a y e  
(3),  a l though the cap ture  cross sect ion r epor t ed  here  
is larger .  

I t  was not  possible  to obta in  any  DLTS spect ra  
f rom the  diodes which had  been  e tched at  h igher  
vol tages because of the h igh  leakage  currents .  The  
concentrat ions  measured  by  DLTS a re  low compared  
to the  concent ra t ion  of t raps  es t imated  f rom the b a r -  
r i e r  he ight  da ta  wi th  the  a id  of the  mode l  ment ioned  
above. One possible reason for this is tha t  the  t raps  
nea r  the  junc t ion  can un load  themselves  b y  tunne l -  

10"8 
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Fig. 3. Forward I-Y characterlstlcs of diodes 1, 2, 3, and I at 
--38~ 
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Fig. 4. Temperature activation plots of reverse sat-ration c-r- 
rents of samples 1, 2, 3, and 7. 
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Fig. 5. DLTS spectrum of sample 6 with initial delay equal to 0.2 
msec and the rate window equal to 1 msec. 

ing, which  is a fas t  process, and  they  are  thus not  
seen in the  DLTS spectrum.  

Summary 
It  is shown that  the defects found af te r  spu t te r  dep-  

osition of gold on Si at  a sput te r ing  vol tage  of 2.5 
k V  are  not produced dur ing  spu t t e r -e t ch ing  of the  Si 
surface at  100V. F rom this the  conclusion is d rawn  tha t  
t h e  defects a re  produced  by  par t ic les  more  energet ic  
than  both the  A r  ions acce lera ted  by  the p lasma  po-  
ten t ia l  and  the spu t t e red  meta l  atoms. We suggest  tha t  
the  damage  is p roduced  by energet ic  A.r a toms re -  
bounding f rom the target .  As the difference in  ba r r i e r  

he ight  be tween  the samples  e tched at  0.5, 1, and  1.5 k V  
is not  ve ry  la rge  i t  is c lear  tha t  there  is a sa tu ra t ion  in  
the  number  of act ive t raps  produced.  When the sur -  
face is more  severe ly  damaged  the resul t  is an a m o r -  
phiza t ion  of the surface wi th  h igh  genera t ion  and  re-  
combination ra tes  of the surface. This expla ins  the  
imposs ib i l i ty  of photoelectr ic  measurements  on the 
spu t t e red  contacts  and  also the insens i t iv i ty  of DLTS 
when  appl ied  to the contacts  made  on heav i ly  damaged  
surfaces. 

Manuscr ip t  submi t ted  May  31, 1979; revised manu-  
script received Feb.  25, 1980. This was Pape r  148 pre- 
sented at  the  Boston, Massachuset ts ,  Meet ing of the 
Society,  May  6-11, 1979. 

A n y  discussion of this  p a p e r  wi l l  appea r  in  a Dis-  
cussion Section to be publ i shed  in  the  June  1981 
JOURNAL. Al l  discussions for  the June  1981 Discussion 
Section should be submi t t ed  by  Feb.  1, 1981. 

Publication costs o] this article were assisted by 
Uppsala University. 
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ABSTRACT 

The effect of different  dopants,  chosen among t rans i t ion  elements ,  on the 
photoelectrochemicaI  behavior  of po lycrys ta l l ine  n - t y p e  TiO2 elect rodes  was 
invest igated.  Except  for Cd doping, a l l  o ther  impur i t ies  s tudied are  shown to 
induce a drast ic  decrease of quan tum efficiency of the  photoanodes s imul ta -  
neously wi th  a shift  of the photoresponse  towards  the vis ible  light.  

I m p u r i t y  doping, which is known to induce subs tan-  
t ia l  modifications in the phys ica l  p roper t ies  of semi-  
conductor  mater ials ,  has been, up to now, only sporad-  
ica l ly  inves t iga ted  in connection wi th  semiconduct ing 
electrodes for l iquid junct ion  solar  cells or for photo-  
e lectrolysis  devices (1-6).  The purpose  of such studies 
was essent ia l ly  to t ry  to ex tend the photoresponse of 
some stable,  wide  bandgap  elect rode mate r i a l s  to the 
vis ible  pa r t  of the solar  spec t rum wi th  a v iew to in-  
crease the overa l l  conversion efficiency of the photo-  

Key words: photoelectrochemistry, semiconductor electrodes, 
quantum efllciency. 

elec t ro ly t ic  process. This approach  was ma in ly  con- 
s idered wi th  r ega rd  to n - t y p e  TiO2 photoanodes em-  
p loyed for  the photoelect rolys is  of water ,  which, due 
to a r e la t ive ly  la rge  bandgap  ( ~  3.05 eV),  can absorb  
only a smal l  percentage  of the solar  l ight.  

Thus, doping a single c rys ta l  of TiO2 wi th  tungsten 
has been found (7) to resul t  in the  shif t  of the photo-  
response towards  the u.v. region, whi le  the  addi t ion  of 
chromium has been  r epor t ed  (8, 9) to ex tend  the a b -  
sorpt ion spec t rum of TiO2 f rom the fundamenta l  b a n d -  
edge at  ~ 400 nm to near  550 nm. Recent ly  we have  
shown (10) tha t  doping po lycrys ta l l ine  TiO2 elect rodes  
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wi th  severa l  a tom percent  ( a / o )  of cadmium ex tended  z,L 
their photoact ive  range  into the  vis ible  l ight ;  these 
electrodes exhib i ted  at  the same t ime h igh  qua n tum 
efficiencies in the  photoelec t ro lys is  cell. 

In  the  p resen t  pape r  we discuss the  effects of doping 
po lycrys ta l l ine  TiO2 photoanodes  wi th  three different 
cationic e lements :  nickel,  chromium,  and zinc. We also 
report on resul ts  ob ta ined  when  doping TiO2 s imul -  ~ 1,c 
t aneous ly  wi th  two fore ign e lements :  n ickel  and  b e r y l -  
l ium or  ch romium and bery l l ium.  

Experimental 
The electrodes were  p r e p a r e d  b y  deposi t ing a 15-20 

~m th ick  film of doped TiO2 on the cross section (~0.28 
cm2) of 99.8% t i t an ium rods obta ined  f rom Kobe Steel  
Limited.  The iron. content  in the  t i t an ium was less 
than  0.024%. The films were  fo rmed  by  app ly ing  onto 
the Ti subst ra te ,  l aye r  by  l aye r  (usua l ly  f rom 10 to 15 
l aye r s ) ,  and  t h e r m a l l y  decomposing in a i r  a t  400 ~ 
450~ the solutions of  the salts of corresponding metals .  
Al l  these compounds were  reagen t  grade  qual i ty :  TiCI4 
puriss.  ( f rom Fluka ,  conta ining less than  0.001% of 
F e ) ;  NiC12 �9 6 H20, Cr(NOs)8 �9 9 H20, ZnC12-pro ana l -  
ysi, and  Be(NO3)2 �9 4 H20 ex t r a  pure  (al l  f rom Merck) .  
The solut ions of d r ied  salts  were  p r e p a r e d  wi th  a pro 
analys i  qua l i ty  e thanol  and  methanol .  In  o rde r  to in-  
duce a pa r t i a l  reduc t ion  of the oxide  by  t i t an ium 
meta l  f rom the subs t ra te  al l  the  e lectrodes were  f inal ly 
heated dur ing  40-60 min  in  a rgon at  550~176 

The wave l eng th  response of  the e l ec t rode s  was 
determined using a 450W xenon  lamp (Osram)  set  in 
an Orie l  Model  6141 housing, and a J a r r e l l - A s h  Model 
82-410 monochromato r  equipped  wi th  six Corning 
filters for  the  remova l  of unwan ted  orders  of the  spec-  
t rum. The  absolute  in tens i ty  of the incident  l ight  f rom 
the monochromator  was measured  wi th  a Model  730 A 
r a d i o m e t e r / p h o t o m e t e r  f rom Optronie  Labora tor ies ,  
Incorpora ted .  Photoe lec t rochemica l  measurements  were  
pe r fo rmed  wi th  a 1M NaOH solution, a p l a t inum coun- 
tere lect rode,  and  a mercur ic  o x i d e / m e r c u r y  (HgO/Hg)  
reference  electrode.  Photocur ren t s  used to calculate  
the  quan tum efficiencies were  de termined,  in a l l  cases, 
at  a potent ia l  of --0.1V v s .  HgO/Hg,  i.e., a t  about  0.4V 
below the revers ib le  po ten t ia l  for oxygen  evolut ion 
in the  dark.  

Results and Discussion 
The  TiO2 layers  forming  the photoanodes contained 

f rom 0.4 a /o  I to 10 a /o  of doping elements;  these 
amounts  were  even h igher  for TiO2-Be-Ni and TiO2- 
Be -Cr  electrodes.  The choice of dopant  concentrat ions  
was based  on our  previous  results ,  pa r t i cu l a r ly  on 
those ob ta ined  for  TiO2-A1 (11) and TiO2-Be (12) 
electrodes,  which  have demons t ra ted  tha t  the opt i -  
m u m  doping levels,  in the case of the  po lyerys ta l l ine  
samples,  were  f requen t ly  much l a rge r  than  equi l ib-  
r i um solubi l i t ies  of the  corresponding oxides. Since the 
character is t ics  of the TiO2 electrodes were  s t rongly  
dependen t  not  only  on the na tu re  and the amount  of 
dopant  bu t  also on the t e m p e r a t u r e  of t he rma l  t r e a t -  
ment,  the  samples  of a given composi t ion were  gener -  
a l ly  annea led  in a rgon at  two different  t empera tu res :  
~550~ and ~700~ X - r a y  diffract ion analyses  of all  
the  doped samples  have shown essent ia l ly  anatase  
s t ruc ture  except  for the  Be-conta in ing  electrodes 
which  consisted of a mix tu re  of ru t i l e  and  anatase.  

A percep t ib le  shif t  of the photoresponse  towards  
the  vis ible  l ight,  wi th  respect  to the  undoped  TiO2, 
was ma in ly  observed  for  modera t e  doping levels  (ex-  
cept, however,  for Zn-doped  electrodes)  and  the lower  
t empe ra tu r e  (550~ hea t - t r ea tmen t .  The most  p ro-  
nounced effect was found for  TIO2-0.4 a /o  Cr, TIO2- 
5 a /o  Zn, and  TIO2-0.4 a /o  Ni photoelect rodes  which  
d i sp layed  a measurab le  pho tocur ren t  up to 500-550 nm 
(Fig. 1), i.e., 100-150 nm beyond  the fundamen ta l  
absorpt ion  edge of TiO2. In  this sense our  resul ts  con- 

Given with respect to the total amount of metals. 

1,C 

0, .  c 

. . . .  I . , , . I . - 

450 500 
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Fig. 1. Quantum efficiency vs. wavelength curves for curve 1, 
TiO~-5 a/o Zn(560~ curve 2, Ti02-4 a/o bli(560~ curve 3, 
Ti02-0.4 a/o Ni(560~ and curve 4, TiO~.-0.4 a/o Cr(560~ 
photoanodes. 

firm previous  observa t ion  of Ghosh and Maruska  (8, 9) 
on the  ex tended  photoresponse  of the Cr -doped  ru t i l e  
single crystal .  However ,  as v isual ized by  the expanded  
scale in Fig. 1, quan tum efficiencies of the  photocur -  
rents  corresponding to the wave lengths  >400 nm were  
ve ry  poor and thus would  cont r ibute  only in a negl i -  
gible manner  to the  overa l l  so l a r - to -chemica l  con- 
vers ion efficiency. Moreover ,  the presence of dopants  
affected cons iderab ly  also the  response of the  photo-  
e lectrodes to the wave lengths  ~400 nm, i.e., located 
in the main  pa r t  of the TiO2 absorp t ion  spectrum. A 
pa r t i cu l a r ly  dras t ic  decrease of the qua n tum efficiency 
was observed  (Fig. 2) for heav i ly  Zn and Ni -doped  
samples,  but  even for r e l a t ive ly  wel l  behav ing  TIO2- 
0.4 a /o  Ni photoanode ~q did not  exceed the half  of tha t  
of the undoped TiO2 photoanode.  In  a genera l  w a y  the 
decrease of quan tum efficiency was more  pronounced  
h igher  the Ni, Cr, and Zn doping level;  in the l a t t e r  
case, however ,  i t  was a t t enua ted  b y  the h e a t - t r e a t -  
ment  in a rgon at  ~700~ These t rends  are  wel l  r ep re -  
sented by  ~q v s .  ~ curves for  a series of Ni -doped  TiO2 
photoelectrodes,  shown in Fig. 3. I t  is also in teres t ing  to 
note tha t  for  a l l  the  e lect rodes  ment ioned  above the 
h e a t - t r e a t m e n t  a t  ~700~ suppressed  p rac t i ca l ly  the 
photoresponse to the  vis ible  l ight  (k > 400 nm) .  These 
observat ions  suggest  tha t  a possible in t e rp re t a t ion  of  
the  effect of ex tended  photosens i t iv i ty  i l lus t ra ted  in 
Fig. 1 would  involve  the  s t ruc tu ra l  defects induced by  
the  presence of dopants  in TiO2. However ,  since the 
modera t e ly  Ni, Cr, or Zn-doped  photoelect rodes  (as 
wel l  as the undoped  TiO2) exh ib i ted  essent ia l ly  ana-  
tase s t ruc ture  (12), one could consider  a t  this point  
the  decrease  of the quan tum efficiency, character iz ing 
the doped samples,  as inheren t  to the  above  form of 
TiO2. In o rder  to set t le  this quest ion we have p re -  
pa red  a series of TiO2 electrodes containing s imul t ane -  
ously two addi t ives :  b e r y l l i u m  and nickel  or  be ry l l i um 
and chromium. In fa~ct, the  Be doping has recen t ly  
been r epor t ed  (12) as not  on ly  to enhance the quan tum 
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Fig. 2. Effect of the doping on the quantum efficiencles of TiO2 
phetoanodes (wavelengths corresponding to the fundamental absorp- 
tion spectrum of TiO~): curve 1 TiO2-0.4 a/o Cr(560~ curve 2 
TiO~-5 a/e Zn(560~ curve 3 undoped TiO2(560=C); and curve 
4 TiO~-5 a/o Cd(710~ 
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Rg. E Effect of the nickel content and of the temperature of 
the heat-treatment an the quantum efficiencies of TiO~-Ni pha~- 
anodes: curve 1 TiO~-0.4 a/o Ni(560~ curve 2 TiO2-0.4 a/o 
Ni(700~ curve 3 TiO2-4 o/o Hi(700~ and curve 4 TiO~-4 a/o 
Ni(560~ 

efficiency of the TiO~ photoresponse but also to pro- 
mote the anatase-rutile transformation. For testing 
the influence of Ni and Cr doping on the behavior of 
this kind of photoelectrodes we have chosen the opti- 
mum (from the point of view of the conversion effi- 
ciency) 15 a/o beryllium content. Principal results 
concerning TiOz-Be-Ni electrodes are summarized 

in Fig. 4; those for TiO2-Be-Cr samples were quite 
similar and are not shown separately. The only effect 
practically observed was a general decrease of the 
quantum efficiency which followed the same trends 
discussed above. 

In conclusion, it appears clearly that the predomi- 
nant result of doping the polyerystalline TiO~ photo- 
anodes with nickel, chromium, or zinc is a more or 
less marked loss of quantum efficiency of the photo- 
current relative to the fundamental absorption region 
of TiO2; this effect overcompensates the gain in overall 
optical-to-chemical conversion efficiency which would 
be expected from the extension of the photoresponse 
towards the visible part of the spectrum. This kind of 
behavior is very likely consistent with the formation of 
intermediate levels in the bandgap, which can origi- 
nate from impurity cations or/and from defects in- 
duced by the doping, and which act as recombination 
centers in the depletion layer. Such effects have, for 
example, been previously observed for iron-doped 
TiO2 photoelectrodes (10) and, in less drastic form, for 
copper, cobalt, and manganese-doped TiO2 (13). It is 
interesting to note that the role played by the above- 
mentioned dopants is basically different from that of 
the cadmium addition to TiO~. The latter also produces 
a modification in the spectral photoresponse of TiO2, 
consisting in its extension up to 430 nm and in the 
appearance of the photocurrent maximum at 390 nm 
(Fig. 2). Nevertheless, in contrast with other dopants 
from transition and post-transition series, the Cd dop- 
ing results in a slight enhancement (instead of the de- 
crease) of quantum efficiency with respect to the un- 
doped TiO2. Thus, for TiO~-5 a/o Cd photoanode ~lq 
exceeds 60%, the value quite comparable with those 

a .  

\ 
c~ 

300 350 400 

wavelength, nm 

Fig. 4. Quantum efficiency vs. wavelength characteristics of a 
series of TiO2-Be-Ni photoanodes: curve 1 TiO~-15 a/o Be-4 a/o 
Ni(700~ curve 2 TiO~-15 a/o Be-0.4 a/o Ni(700~ curve 3 
TIO2-15 o/o Be-10 o/o Ni(700~ curve 4 TiO2-15 a/o Be-0,4 a/o 
Ni(560~ and curve 5 TiO2-15 o/o Be-4 o/o Ni(560~ 
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obtained for the best polycrystalline (AI- or Be-doped) 
TiOs electrodes. 

Unfortunately, due to a partial decomposition of the 
coatings at the temperatures required for annealing, 
we were unable to prepare the electrodes containing 
more than 5 a/o of cadmium, and to establish whether 
the increase of its content in TiO2 could lead to a f u r -  
ther shift of the photoresponse. Actually, although us- 
ing the TiO2-Cd photoanode enables only limited im- 
provement of the solar-to-chemical conversion effi- 
ciency (which is evaluated as twice that of an undoped 
TiO2 photoanode) the qualitative result seems more 
promising than those obtained with chromium, nickel, 
and zinc dopants. 
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Lubrication and Pattern Improvement in Photolithography 
D. L. Flowers* and J. H. Smith 

Motorola Semiconductor Research and Development Laboratory, Phoenix, Arizona 85008 

ABSTRACT 

A photoresist overcoat formulation (SLI) has been developed which sig- 
nificantly reduces photolithographic, induced defects and produces improved 
definition. The overcoat is composed of a surfactant, lubricant, and free radical 
inhibitor in solvent. The surfactant and lubricant function to decrease photo- 
mask-photoresist interactions which decreases defect densities. The free radi- 
cal inhibitor absorbs stray light energy under opaque mask areas. This im- 
proves fine line resolution and definition, with particularly beneficial results 
when used over reflective metal films. The interaction of the overcoat with the 
mask light energy are discussed and a mechanism is proposed. It was also 
found that the incidence of scum film formation (smog effect) in developed 
areas was  reduced. 

Photolithographic processing is one of the principle 
areas in semiconductor manufacture where major ex- 
pense and yield loss occur. Some of these problems 
have  been discussed in considerable detail by Kern 
and Schnable et al. (1, 2). Photodefects caused by 
m a s k  and resisted wafer sticking due to chemisorp- 
tion (3, 4) are of prime importance. On separation 
after exposure, pieces of photoresist are torn from 
the wafer and adhere to the photomask. This results 
in pinholes in the substrate when it is later etched. 
Additionally, opaque pieces of photoresist on the 
mask are responsible for latent pinholes on further 
mask use and result in limited useful mask life. 

Recently reported work addressed these problems 
with lubricating mask coatings (5) and a resist protect 
coat (6) in which longer photomask life and significant 
pinhole reduction were demonstrated. The above resist 
protect coat formulation was polyvinyl alcohol-based 
and hence had to be removed from the exposed, nega- 
tive photoresist by a water rinse and dry before nor- 
mal pattern development. As such, it constituted a 
process inconvenience. Because of these considerations, 

* E l e c t r o c h e m i c a l  S oc i e ty  A c t i v e  M e m b e r .  
Key words: photolithography, resist overcoatj defect reduction, 

definition improvement, smog film. 

attention was turned to developing a resist protect 
coat that would not change exposure times and would 
be quickly removable in the normal development 
cycle and solvent. 

Other problems are also important factors control- 
ling acceptable photolithographic processing. Fine line 
pattern definition with negative photoresist is fre- 
quently limited by reflected light closing narrow spaces 
and enlarging lines. Metal bridging adjacent runners 
in IC devices is often responsible for rework or low 
yields. This is due to reflection of incident light by 
the shiny metal surface. Using resist films as thin as 
possible has been common practice to solve this prob- 
lem but film integrity may be compromised so that 
resist tears and the incidence of pinholes increase 
unacceptably. Using commonly accepted principles of 
free radical chemistry, additives to a new protect coat 
formulation were investigated to absorb the reflected 
light causing these problems. The same class of addi- 
tives that can improve definition was expected to be 
effective in inactivating those ambient materials 
causing "smog" films periodically plaguing the in- 
dustry. It is the purpose of this paper to present the 
results of the resist overcoat approach to minimize 
the above problems. 
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Exper imenta l  
Materials.--Polished 7.62 cm silicon substrates were  

used for the definition improvement  study. For  meta l  
br idging experiments ,  1 Knm of A1 (Si) was E -beam 
deposited on the oxide. To evalua te  pinhole improve-  
ments, a gate circuit, '  3.0 • 3.7 m m  wi th  1 Knm of 
phosphosil icate glass, PSG, passivation over  pa t te rned  
first layer  meta l  was used. For "smog" film reduct ion 
experiments ,  chips were  3.8 • 3.8 m m  with  a 0.25 mm 
grid. One lot of wafers  was pa t te rned  for mesa (sili- 
con) etch, one lot was pa t te rned  for meta l  (gold) 
etch. 

The SLI, resist  protect  coat solution, applied by 
spinning at 3K rpm for 10 sec, contained a surfactant  
(S),  a lubr icant  (L),  and f ree  radical  inhibi tor  (I) 
dissolved in electronic grade isopropanol. F i lm thick= 
ness was est imated to be 5-10 rim. Typically, 0.03% 
w / v  Tri ton X-100 (Rohm and Haas) surfactant,  0.1% 
w / v  glyceryl  monosteara te  (C. P. Hall  Company, I l -  
l inois),  and 0.1% w / v  hydroquinone inhibi tor  were  
used. One protect  coat, SL, containing only the sur-  
factant  and lubr icant  was tested to confirm the effect 
of the inhibitor.  

Photoresist processing and evaluation.--Negative 
photoresist  was applied by spinning to give a thick-  
ness of 1 Knm and soft baked for 30 min at 80 ~ _ 2~ 
in ni t rogen unless otherwise  noted. Contact (5-6 psi) 
exposures were  made for times noted in the text. A 
20 sec xylene-20 sec butyl  acetate spray develop-  
ment  cycle was used. This was fol lowed by a 60 min 
"hard"  bake in ni t rogen where  necessary for subse- 
quent  etching. 

To evalua te  pinhole  reduct ion wi th  the SLI resist  
coat a luminum metal l ized wafers  wi th  PSG passiva-  
t ion were  used. Af te r  photol i thographic  processing of 
the PSG glass, pinholes in the PSG layer  were  ex-  
tended through the meta l  by etching for 2.5 rain at 
65~ in a standard, phosphoric acid-ni t r ic  acid, a lu-  
minum etch. Twenty  selected die on each wafer  were  
visual ly  inspected and pinholes counted. 

A high resolution test mask was used in the defini- 
t ion improvement  exper iments  to de termine  the effect 
of the inhibi tor  in the SLI  coating layer. This mask 
had a "checkerboard"  pa t te rn  in the center  of each 
die and anci l lary bar  and space pat terns  ranging down 
to 0.1 mil  (2540 rim). Each mask was used for only 
six contacts. Twen ty  die per  wafer  were  inspected 
af ter  development  and the percent  of bars and spaces 
defined as a function of width  is reported. It  was found 
that  a 10 sec exposure  at 2500 /~W/cm~ was optimum. 
Exposures ranged f rom 11-15 sec to increase the 
amount  of reflected l ight  and emphasize the effect of 
the inhibi tor  in the SLI protect  coat formulation.  

Results and  Discussion 
Defect reduction studies.--Comparative pinhole re-  

sults as a function of the process step and use of SLI 
are shown in Table I. Set  A shows the pinholes present  
in the as-deposited PSG passivation. A 95% pinhole-  
f ree  die yield was achieved on this large chip, one 
third of which is covered wi th  pat terned metal.  Set  B 
i l lustrates the number  of pinholes introduced by twice 
contacting the photomask and photoresisted wafer.  
Af te r  photoresist  was removed,  the wafers  were  "a lu-  
minum" etched with  no pr ior  passivation etch to de- 
fine pinholes caused by mechanical  damage in the 
glass. This step gives an 87.5% pinhole- f ree  die yield, 
thus a 10% yield loss is brought  about  by twice con- 
tacting the mask and wafer.  In Set C, six photoresisted 
wafers  were  each contacted twice,  exposed, developed, 
and given a s tandard passivation etch s imulat ing nor-  
mal  device processing. Af te r  resist strip and a lumi-  
num etch to define a reference  pinhole yield, the num-  
ber of p inhole- f ree  d i e w a s  reduced to 5%. The average  
number  of pinholes in the re ject  die had more  than 
doubled due to resist damage. Set D shows the ira- 

Table I. Comparative pinhole formation in processing with and 
without SLI and 11.1 mm 2 die 

Set 

Average 
Wafer Pinhole- No. pin- 
num- free  die holes  per  
bers  per  2,0 reject  die Condition 

1 19 3 
A 2 19 1 

3 19 10 
B 4 16 3 

D 

5 2 10 
6 1 7 
7 1 6 
8 S 6 
9 0 6 

10 0 6 
11 5 2 
12 4 2 
13 4 2 
14 2 3 
15 5 2 
16 1 2 

PSG glass + "AI" etch, no 
photores is t  

Resisted, 2 contacts  and 
expose ,  strip photores is t  
---no PSG etch, just "Ar' 
etch  

Standard photo  process ing  
and etching. No SLI coat  

Same as (C) but with SLI 
spun at 3K rpm. 

p rovement  achieved by using the SLI overcoat  on the 
photoresist. The percentage  of p inhole- f ree  die h a s  
increased by more  than a factor of three  to 17.5%. In 
addition, the average  number  of pinholes in the re ject  
die has decreased by more  than a factor of three. This 
is a significant improvement  compared to the results  
obtained f rom standard photol i thographic  processing. 

It  should be pointed out that  in the SLI fo rmula -  
tion, the inhibi tor  is not necessary for the pinhole 
reduct ion achieved with  this formulat ion.  I t  was ex-  
per imenta l ly  verified that  only the lubricat ion com- 
position and concentrat ion in conjunct ion with  the 
surfactant  accomplished this improvement .  It  was also 
found during the course of this work  that  the soft 
bake cycle dramat ica l ly  affects the results. That  is, if  
the bake t ime is shortened or if  the bake t empera tu re  
is lowered residual  solvent  remains in the resist  film 
and lubricat ion benefits are not  achieved. 

Inhibitor ef]ect on resolution over thermal oxide.--  
The purpose of these exper iments  was to show that  
the presence of the inhibi tor  in the coating formula-  
tion does increase resolut ion l imits even  at various 
degrees of overexposure.  Six sets of twelve  wafers  
were  used for this study. Six wafers  f rom each set 
were  controls and were  processed in an identical  man-  
ner  as the exper imenta l  wafers  except  no coating was 
applied. Three of the exper imenta l  sets were  coated 
with  SLI and three  wi th  SL. 

Results of each group of six wafers  were  averaged 
to give the values shown in Table  II. A significant 
imDrovement  in resolution is evident  af ter  develop 
inspection for the first three  exper imenta l  sets which 
were  coated with  SLI. With an 11 sec exposure, set 1 
Expt  showed a 13% increase of 0.1 mil  spaces open 
vs. the control set. With a 12 sec exposure  a lower  
overal l  yield due to overexposure  was observed, but  
wi th  the inhibi tor  present  the percent  open spaces 

Table II. Effect of SLI on resolution over PSG as a function of 
exposure time 

Set  

Exposure Coating Spaces  
time formu- 
(sec) lation 0.1 mil 0.15 rail 0.2 rail 

1 Control 11 None 70 100 100 
1 Expt 11 SLI 83 100 100 
2 Control 12 None 40 90 100 
2 Expt 12 SLI 70 100 100 
3 Control 15 None 10 50 80 
3 Expt 15 SLI 10 100 100 
4 Control 11 None 75 100 100 
4 Expt II SL 70 90 100 
5 Control 12 None 38 96 100 
5 Expt  12 SL 39 95 100 
6 Control 13 None 32 74 92 
6 Expt 13 SL 42 93 99 



Vol. 127, No. 7 P H O T O L I T H O G R A P H Y  1581 

increased from 40% to 70% for 0.1 mil, and from 90% 
to 100% for 0.15 mil  spaces. In the case of the 5 sec 
overexposure (15 sec exposure) the inhibi tor  action 
was overcome on the 0.1 mil  spaces and no improve-  
men t  was observed. However, in  the case of 0.15 rail 
spaces a 50% increase was observed and with 0.2 mil  
spaces a 20% increase was observed. The relat ionship 
of percent  open spaces to the l inewidth  and overex-  
posure t ime is a logical one, and is confirmed by the 
data. 

The last three sets of experiments  were conducted 
wi thout  the inhibi tor  in  the solution to confirm that  
the presence of the inhibi tor  in the coating formula-  
t ion was indeed responsible for resolution improve= 
ment.  The results, though scattered show no definition 
improvement  wi thout  the inhibitor.  

I n h i b i t o r  e/~ect o n  r e s o l u t i o n  o v e r  a l u m i n u m . ~ B e -  
cause the A1 surface is highly reflective, greater  prob-  
lems with definition and "bridging" of fine lines and 
s p a c e s  would be expected. To evaluate  the perform= 
ance of SLI over A1, it was tested on wafers that  had 
1 K n m  of E-beam AI(Si)  on them. Variations in  the 
bake cycle were also examined to optimize perform- 
ance of the overcoat. As shown in Table III, the total 
bake t ime of 30 min  was held constant  while the 
order of the bake wi th in  the process was varied. That  
is, in  Set 2 the overcoat was applied directly after 
photoresist and both were baked for 30 rain, while in  
Set 4 the photoresist was baked 30 rain prior to SLI 
coating, with no bake after coating; and in Set 3 the 
bake was split  be tween the two layers. Within  the re-  
producibi l i ty  of reading the pat terns  (___ 5%), Sets 2 
and 4 appear to be equivalent.  Set 3 with 20 min  bake 
after  photoresist spin and a 10 min  bake after SLI 
coating is not quite as satisfactory. Thus, from the 
results and process efficiency the procedure of Set 2 
would be preferred. 

Comparison of the control Set 1 to the SLI coated 
Sets, 2, 3, and 4 shows a very  significant improvement  
in  the fine l ine and space definition due to SLI. For  
example, considering 0.1 mil  geometries with no over-  
coat, Set 1, all of the photoresist bars were bridged 
and only 17% of the spaces were open. With SLI over-  
coat however, Set 2, 26% of the bars and 35.4% of 
the spaces were clear. This represents an increase of 
26% and 19% for 0.1 mil  bars and spaces, respectively. 
The percentage improvement  i,s considerably greater 
over a luminum than  it is over oxide, cf., Set 2, Table 
II, which is presumably  due to the greater  reflectivity 
of the a luminum surface. In  general, these data indi-  
cate that  the greatest improvement  occurs in bar  pat= 
terns which decreases the amount  of br idging be-  
tween adjoining stripes of photoresist. Shr inkage of 
space openings is also significantly improved, however. 
Similar  bu t  smaller  improvements  are noted for larger 
geometries up to 0.2 mil. 

I n h i b i t o r  m e c h a n i s m . - - T h e  mechanism for improved 
photoresist definition described above depends on re-  
flected light being much less intense than  the inci-  
dent  l ight and the presence of an inhibi tor  which ab-  
sorbs (inactivates) reflected light under  the opaque 

portions of the photomask. Thus, the presence of the 
inhibi tor  el iminates polymerizat ion of photoresist due 
to reflected light and is not present  in  high enough 
concentrat ion to effectively change the in tensi ty  of 
the incident  light in  the clear areas of the photomask. 

The funct ion of the inhibi tor  is readi ly  explained 
if one considers the free radical  chemistry of po lym-  
erization reactions. A general  sequence for photo- 
chemical crosslinking of negative photoresist may  be 
wr i t ten  

I. catalyst 

or C h v ) C �9 Initiation 
KI 

sensitizer 

2. C. ~c R (resist) KA .... > CNR �9 Addition 

Kp 
3. C--R. -{- R ) C--RPR �9 Propagation 

(crosslinking) 
KT 

4. 2C--R--R. > C--R--RPR--R--C 

Termination 

Here, the rate constants KA and Kp are much larger 
than K~ or KT sO that Steps 2 and 3 proceed a number 
of times for each time Step 1 or 4 occurs. Thus, a 
typical free radical chain reaction is involved. This is 
the reaction sequence that, in general, occurs when 
light of the proper energy exposes negative resist. 
If the light is not perfectly collimated or the under- 
lying surface is not planar, light reflections between 
the mask and underlying surface are set up. These 
multi-reflections a11ow some light energy to reach 
under the opaque portions of the photomask which 
will cause crosslinking of photoresist in these areas. 
Any overexposure of the resist film will of course in- 
tensify this effect and cause lines in the pattern to 
enlarge and spaces to shrink. When the free radical 
inhibitor is placed as a very thin film on top of the 
photoresist, attenuation (absorption) of the refected 
light can be achieved. That is, the inhibitor has a very 
high extinction coefficient for the wavelength of light 
used and does not itself produce active free radicals 
that produce crosslinking of the resist. Under these 
conditions, polymerization under opaque areas of the 
mask is decreased. Among those substances which 
act as inhibitors are those compounds that, on ab- 
sorbing light energy form highly resonance stabil- 
ized free radicals. Their normal reaction mode is to 
stabilize by combination with another free radical, i.e. 

h 
5. I ( inhibi tor)  > I 

Ks 
6. I . - { - I . o r R  ) I - - I  or I - - R  

(no crosslinking) 

Kv 
7. I .  -{- R ~ ) I - - R  Addit ion 

with Ks ~ K7 

Table IlL Effect of SLI on resolution over aluminum as a function 
of bake cycle 

Soft bake cycle (80~ N2) 

After  photo- After SLI 
Set  resist  (rain) coating (min) 

Percent  pattern open 

0.10 mil 0.15 mil 0.20 rail 

Bars Spaces Bars Spaces Bars Spaces 

1 30 No coating 
2 0 30 
3 20 10 
4 30 0 

0 17 20 74 67 93 
26 35 54 91 89 100 
22 26 43 93 80 100 
28 30 59 93 93 100 

Exposure t ime constant at 12 sec. 
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That is, reaction 6 is much more probable than re-  
action 7. Some compounds used as free radical in- 
hibitors include: a) hydroquinone, b) pyrocatechol, 
c) pyrogallol. Also, alkyl  or amine substituted com- 
pounds of the above type materials may be used, 
e.g., 2-methyl-4-ethyl  hydroquinone or orthoamino 
phenol. 

Summary and Conclusions 
This study has resulted in a negative resist overcoat 

5-10 nm thick which is readily removed in the de- 
velop cycle. The overcoat, composed of a surfactant, 
a lubricant, and a free radical  inhibitor is applied 
by spinning from an alcohol solution. Use of the over- 
coat process has resulted in a more than threefold 
decrease in pinholes and a similar increase in pin- 
hole-free die yields on large, 11.1 mm2 chips over those 
obtained in standard, contact mode photoresist proc- 
essing. Fine line and space definition, part icular ly in 
patterning reflective metal surfaces were significantly 
improved. A free radical mechanism to explain pattern 
definition improvement is proposed. 
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Photoelectrochromic Characteristics of 
Photoelectrochemical Imaging System with a 

Semiconductor/Solution (Metallic Ion) Junction 
Tooru Inoue, Akira Fujishima,* and Kenichi Honda 

Department of Synthetic Chemistry, Faculty of Engineering, The University of Tokyo, Tokyo 113, Japan 

ABSTRACT 

Photoelectrochemical reactions at semiconductor electrodes in solutions 
containing metallic ior/s have been applied to a reversible imaging system. 
Clearly visible images were formed on the surfaces of TiO2, SrTiO3, and ZnO 
(n-type)  and GaP (p- type)  semiconductor electrodes in solutions with metal-  
lic ions such as T1 +, Pb 2+, Co 2+, and Ag + as image-forming agents. Image 
formation occurs under irradiation with light absorbable by the semicon- 
ductors, while semiconductor electrodes are polarized either anodically (for 
n- type)  or eathodically (for p- type) .  Erasing can be accomplished only by 
polarizing the semiconductor electrodes cathodically (n-type) or anodically 
(p- type) ,  or the image can be held if desired by opening the circuit after the 
image formation process. For example, a brown image pattern was formed on 
a sintered n- type ZnO photoelectrode in an aqueous solution containing T1 + 
when the electrode was anodically polarized (1.0V vs. SCE) under irradiation 
with absorbable light. The image was stable for more than 20,000 hr in air, 
but faded immediately when cathodic polarization of --0.SV vs. SCE was 
applied at a ZnO electrode. This imaging process has good reversibil i ty during 
image formation and erasing. Electrochemical characteristics based on the 
semiconductor photoelectrode reactions were investigated and discussed fo- 
cusing on charge transfer across the semiconductor/solution junction. 

The photoelectrochemistry of semiconductors has  
been extensively studied in recent years, with the main 
interest focused on the establishment of heterogeneous 
charge transfer mechanisms, the development of 
radiant  energy converters to the electrical energy 
and/or  chemical energy, and the development of func- 
tional devices. Most recently, electrochemical photo- 
cells (EPC's) with a semiconductor/solution junction 
have been investigated in order to utilize solar energy 
in chemical and/or  electrical form (1-14). The photo- 
electrocatalytic synthesis of fuels has been also carried 

* Electrochemical Society Active Member. 
Key words: photoelectrochemistry, semiconductors, photoelec- 

trodes, reproducible imaging, display. 

out in semiconductor powder/solution or semiconductor 
powder/gas systems (15-18). 

When, in such a photoelectrochemical system w i t h  
semiconductors, the semiconductor is i r radiated w i t h  
an absorbable light of shorter wavelength than the 
bandgap frequency, electrons are excited from the  
valence band to the conduction band while positive 
holes are generated at the valence band. Thus it fol- 
lows that these photogenerated carriers (electrons or 
holes) react with redox agents in solution at  the semi- 
conductor/solution interface. 

If metallic redox agents (M n+) are oxidized or re -  
d u c e d  by the photogenera~ed carriers (e-con& an e l e c -  
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tron in the conduction band or P+val, a hole in the 
valence band) and the species produced deposited on 
the electrode surface, as we have reported previously 
(19, 20), a photoimage can be obtained by the reaction 

Mn+sol Jr Re--rand-> Msurf [1] 
or 

M m + sol Jr rp + val Jr kH20 -> MxO~surf Jr zH + [2] 

where iV[n+sol and Mm+sol denote metallic ions in solu- 
tion, Msurf a metal deposited on the electrode surface, 
and MxOysurf a metal oxide deposited on the electrode 
surface. When the deposited layer of metal or metal 
oxide is distinguished in color from the semiconductor 
substrata, a visible image can be recognize& 

A variety of new image display methods (21-29) 
have recently been reported employing nonsilver 
halides, but silver halides (AgX) continue to be the 
most widely used as the light sensitive material in 
photographs. Their initial imaging reactions are (30) 

AgX Jr hv-~ AgX* (e-cond Jr P+val) [3] 

Ag+la Jr e-eond'-> Ag 

AgX* Jr p+val'-> Ag+,- Jr �89 Xs [4] 

where AgX* denotes a silver halide excited by light 
and Ag+in an interstitial silver ion. These photographic 
imaging processes are irreversible photochemical re- 
action, and it is thus impossible to erase an image and 
to reconstitute the silver halide. One method that gives 
promise of overcoming the irreversibility of imaging 
uses a semiconductor electrode/solution system in 
which one can control the reaction by shifting elec- 
trode potential. 

McLeod (23) has reported the photographic process 
by the photocatalytic reduction of metallic ions on 
nonsilver halide semiconducting materials. 

Memming e t a [ .  (24) have described the electro- 
chemical characteristics on the photographic processes 
which took place by the action of the photocatalytic 
deposition of Pb on TiO2. 

In this report we have investigated semiconductor 
electrode reactions under light irradiation in the course 
of imaging processes by means of electrochemical tech- 
niques and we discuss them focusing on the charge 
transfer across the interface of the semiconductor/ 
solution junction. 

Experimental 
The photosensitive semiconductor materials used in 

this experiment were n-type TiO2 (single crystal from 
Fuji Titan Company, sintered polycrystal with 0.1% 
Nb as dopant, and evaporated thin film from Mitorika 
Company) which had donor densities of 101~-1019 cm -3, 
n-type ZnO (single crystal from 3M Company, sintered 
polycrystal) with donor density of ca. 10 TM cm -3, n- 
type SrTiO3 (single crystal from Fuji Titan Company) 
with donor density of ca. l0 TM cm -3, and p-type GaP 
(single crystal with Zn as dopant from Mitsubishi 
Kinzoku Kozan Company) which had acceptor density 
of 3.10 ~7 cm -3. For the ZnO polycrystal electrode, a 
ZnO substrate was prepared by pressing ZnO powder 
(1000-2000 mesh) at ca. 1.0 ton/era 2 and then heating 
it at 1300~ for ca. 3 hr in air. Procedures for the 
preparation of electrodes, such as ohmic contact and 
connection with the copper lead, are described else- 
where (8-17). A semiconductor electrode was fixed in 
the aqueous electrolyte solution together with a Pt 
counterelectrode and a saturated calomel electrode 
(SCE). Electrode potentials were controlled using a 
potentiogalvanostat (Nikko Keisoku). Light was ir- 
radiated on the electrode surface through the standard 
test mask (Japan Electronic Photograph Society) from 
a 500W Xe lamp. Figure 1 is a schematic of the ex- 
perimental image formation and measuring system. 
The supporting electrolyte was an aqueous solution of 
a 0.2 mole/dm 3 Na2SO4 or 0.5 rnole/dm 3 KNOB. The 
metallic ions used as image formation agents were 

9 [ 

8 ,~ 10 

2 3 1 4 

m 

5 6 

Fig. 1. Schematic of the electrochemical measuring apparatus for 
photoelectrochemical imaging processes. 1, Semiconductor elec- 
trode; 2, Pt electrode; 3, electrolyte; 4, mask; 5, glass filter; 6, 
light source; 7, saturated calomel electrode (SCE); 8, potentio- 
galvanostat; 9, potential sweeper; 10, X-Y recorder. 

obtained from T12SO4, Pb (CH3COO) 2, MnSO4, COSO4, 
and AgNO3. Electrolyte solutions were deaerated be- 
fore measurements by bubbling with purified N2 gas. 
Identification of the images formed were carried out 
by x-ray diffraction. 

Results 
Figure 2 shows the current-potential characteristics 

of an n-type TiO2 electrode in an electrolyte of 0.2 
mole/din3 Na2SO4 + 0.01 mole/dm 8 T1SO4. When the 
TiO2 electrode is set in the supporting electrolyte (0.2 
mole/din 3 Na2SO4) solution, a positive photocurrent 
appeared under irradiation with wavelengths of 300- 
400 nrn at the anodic polarization at potentials more 
positive than the flatband potential of TiO2, where 
water in solution was oxidized by photogenerated 
positive holes (minority carriers) at the valence band, 
in accordance with equations 

TiO2 Jr hv ") TiO~* (e-cond Jr P+val) [5] 

I 'i I I I ...... 

500- i/---- -~ - ~--" 
<I=. , / 2  / LIGHT 

v _ J / 4 DARK 

- 5 0 C  - 

I I ,I I , i 
- 1.0 0 .5 0 .0  0 .5  1.0 

POTENTIAL ( V vs. SCE ) 
Fig. 2. Current-potential characteristics of an n-type Ti02 single 

crystal electrode. 1, In 0.2 mole/din 3 Na2S04 aq. soln.; 2, 3, in 
0.2 mole/din 3 Na2S04 Jr 0.01 mole/din 3 TI2S04 aq. soln.; 4, in 
the clark. 
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H20 -I'- 2 P+vaX "-> ~ 02 "I- 2H + [6 ]  

where h denotes the Planck constant, e the frequency 
of light,  whi le  negl ig ible  cur ren t  flows at  Tie2 dur ing  
darkness  (12, 16) (see 1 in Fig. 2). 

When the meta l l ic  ion (TI+)  was added  to the elec-  
t ro ly te  an  anodic pho tocur ren t  (2 in Fig. 2) also ap -  
pea red  at  potent ia ls  more posi t ive than  the f la tband 
potent ia l  ( the value  of which was the  same as when 
there  was no T1 + in the  solution, indica t ing  tha t  ad -  
sorpt ive  in terac t ion  of T1 + agains t  the surface o f  TiO~ 
was ve ry  smal l ) ,  and  dur ing  the appearance  of this 
anodic photocurrent ,  the  por t ion  of the Tie2 i l l umi -  
na ted  th rough  the mask  tu rned  brown.  Hence, i t  is 
possible to obta in  an image  th rough  pho to-ox ida t ion  
at  a semiconductor  electrode.  When af te r  f ixation of 
an image  on the e lec t rode  surface, the e lect rode po-  
tent ia l  was swept  to the  negat ive  side, cathodic cur -  
ren t  appea red  even at  potent ia ls  more  posi t ive than  
the f la tband potent ial ,  and  the b rown  image  g radua l ly  
d isappeared  wi th  the surface of the Tie2 e lec t rode  re -  
turn ing  to the  condit ion before  image  formation.  There -  
fore, the imaging  react ions are  revers ib le  and we can 
wr i t e  the fol lowing equat ions:  for an image  format ion  

2T1 + + 3H20 + 4p+vaz--> T12Oa + 6H + [7] 

and for  an  image  eras ing  

T12Os + 6H + + 4e-canal--> 2T1 + + 3H~O [8] 
o r  

TlzOs + 3H20 + 4e--cond--> 2T1 + + 6 O H -  [9] 

The species oxidized f rom TI+ b y  the posi t ive holes 
was identif ied as t ha l l i um oxide (T1203) by  x - r a y  
diffraction. That  is, the  imaging  step is the  fo rmat ion  
of a l aye r  of T1208 on the Tie2 surface, and  the de -  
colorat ion step is the  eras ing of this l aye r  f rom the 
TiO~ substrate .  

F igure  3 shows the cu r ren t -po ten t i a l  character is t ics  
of the ZnO elec t rode  in e lec t ro ly tes  containing PbSO4 
at  var ious  concentrations.  The ZnO elect rode is photo-  
corrosive in  the  course of the photoelec t rode  reac t ion  
in  the suppor t ing  e lec t ro ly te  (e.g., a 0.2 mole/dm3 
Na2SO4 aqueous solut ion) ,  resu l t ing  in  the  reac t ion  

I I i i 

500  - -  ~ . -  

"-" 0 y DARK 

, _  /"1 
Z 
uJ 

- 5 0 0  

- 1 0 0 0  I I I I 

- 0 . 5  0 .0  0 .5  1.0 

POTENTIAL (V vs  SCE)  

Fig. 3. Current-potential characteristics of an n-type ZnO poly- 
crystal electrode. 1, In 0.2 mole/din 3 Na2S04 -t- 2 X 10 - 3  
mole/din 3 PbS04 aq. soln.; 2, in 0.2 mole/din 3 Na2S04 -F 5 X 
10 - 3  mole/din 3 PbS04 aq. soln.; 3, in 0.2 mole/din 3 Na2S04 
|0 -2 mole/din s PbS04 aq. soln. 

(11, 13) 
ZnO -t- 2p+val --> Zn ~+ ~- � 8 9  [10] 

When  the meta l l ic  ion (Pb 2+) is dissolved in  the  
solut ion as the imaging agent,  both  the anodic photo-  
current ,  based on the image  formation,  and the r educ -  
t ion current ,  based on the image  erasing, a re  obta ined  
in a w a y  s imi lar  to the case of Tie2. As shown in Fig. 
3, the e lect rode react ions are:  for image  fo rmat ion  

Pb 2+ -}- 2H20 ~ 2P+val "-> Pb02 ~- 4H + [11] 

and for  image  eras ing  

PbO2 ~- 4H + -k 2e-cond --> Pb 2+ ~ 2H20 [12] 

The l imi t ing anodic photocurrent ,  for image  fo rma-  
tion, is constant  because i t  is cont ro l led  by  the supply  
of photogenera ted  holes in the valence band  of the  
semiconductor  to the  e lec t rode  surface. The reduct ion 
cur ren t  for the image  erasing, on the  o ther  hand, 
varies  wi th  the Pb 2+ concentrat ion,  which can be de-  
t e rmined  on the basis of compet i t ive  oxida t ion  at  the  
ZnO electrode.  That  is, in solutions containing Pb  2+, 
the  image format ion  reac t ion  [11] competes  wi th  the 
photocorrosion react ion of ZnO [ i0] ,  and  the cur ren t  
efficiency (compet i t ion ra t io)  of reac t ion  [11] is en-  
hanced over  that  of reac t ion  [10] when  Pb  2+ concen-  
t r a t ion  is increased (13). Hence, the  quan t i ty  of PbO2 
formed on the ZnO elec t rode  de termines  the  to ta l  
amount  of e lec t r ic i ty  of the reduct ion current .  

F igure  4 shows the cu r ren t -po ten t i a l  curves when  
Mn e+ or  Co 2+ is dissolved in  the  solut ion as the  imag-  
ing agent.  The  character is t ics  obta ined  were  s imi la r  to 
those for  T1 + and Pb 2+, but  the  reduct ion  behav ior  of 
the oxides fo rmed  on the semiconductor  e lectrodes 
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Fig. 4. Current-potentlal  characteristics of an n-type ZnO poly- 
crystal electrode under light irrocliotion, (A) In 0.2 mole/clm 3 
No2SO4 -I- 10 -2  rnole/d rn3 COSO4 a,q. soln.; (B) in 0.2 rnole/dm 3 
Na2SO4 ~ 10 -2  raole/dm 3 MnSO4 aq. soln. 
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were slightly different, a fact that  may be at tr ibutable 
to a junction of oxide on the semiconductor surface 
and on the reduction reactivi ty of the oxide layers. 

Figure 5 shows the current-potent ial  characteristics 
at  a p - type  GaP electrode in an electrolyte solution 
containing Ag +. As this is a p- type  semiconductor, 
the minori ty carriers are electrons in the conduction 
band, so that  the photoelectrode reaction is reduction 
electrolysis by photogenerated electrons. In the sup- 
porting electrolyte water  was reported to be reduced 
at the GaP electrode, resulting in the evolution of hy-  
drogen 

2H~O -t- 2e-cond "> H2 -~- 2 O H -  [13] 

When metallic ions were present in the solution, they 
were also reduced by electrons during cathodic polari-  
zation of an electrode, resulting in metal  deposition 
on p- type semiconductor electrodes. Hence, at  a p - type  
GaP electrode the imaging reaction is 

Ag + q- e-cond-> Ag [14] 

When the image is formed on the surface of the GaP 
electrode, the i l luminated par t  of the reddish brown 
GaP substrate turns white based on Ag deposition 
[14]. To erase the image, the Ag image layer  on the 
GaP is oxidized to Ag + by the holes as the majori ty  
carr ier  in the valence band. Thus, the anodic corrosion 
reaction of Ag is a decoloration reaction 

Ag -t- P+va1"-> Ag + [15] 

The formation and erasing characteristics and the 
color are listed in Table I for the images formed in the 
course of the current-potential  measurements. 

Figure 6 shows the time dependence of photocurrent 
at the TiO2 electrode in solutions containing TI+ when 
the i rradiat ion intensity and TI+ concentration is 
varied, where the electrode potential of TiO2 is fixed 
at 1.0V vs. SCE. The phenomena of decreasing photo- 
current depend upon the filtering effect that the image 
layers formed on the TiO2 surface have against the in- 
cident light, and the fact that  after sufficient electroly- 
sis the surface is completely covered with image-mak-  
ing oxide. When irradiation intensity is varied and the 
T1 + concentration is kept constant, the photocurrent 
decreases with time and this decrease is more rapid 
at  higher irradiat ion intensities [Fig. 6(A)] .  And 
when the TI+ concentration is varied and the i r radia-  
tion intensity is kept  constant, the photocurrent again 
decreases more rapidly at higher concentrations of 
T1 + [Fig. 6(B)] .  This indicates that  the formation 
rate  ( V ( t ) )  of an image-making layer  becomes the 
larger  under conditions of the increased irradiation 
intensity and T1 + concentration, and thus, we can as- 
sume that the initial  formation rate (Vt=0) of an image 
may be approximately described as a function of the 
i rradiat ion intensity (Q) and the metallic ion concen- 
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Fig. 5. Current-potential characteristics of a p-type GaP single 

crystal electrode in a 0.5 mole/dm 3 KNO3 ~ 10 - 2  mole/dm s 
AgNOs aq. soln. 

tration (C), as follows 

Vt=0 : lim V ( t )  : lira r . i ( t )  = k . Q . C  [16] 
t-~0 t,-~0 

where k denotes the image formation rate constant, 
i ( t )  the photocurrent depending on time, and r the 
competitive ratio of the image formation reaction. 

Figure 7 shows the reproducibil i ty of an imaging 
system with a ZnO electrode/metall ic ion (T1 +) in 
the solution, where the factors of light intensity, elec- 
t rode potential (V vs. SCE), optical density (OD), 
and current are expressed as a function of a common 
time scale. The hatched areas on the optical density 
curve indicate the appearance of the image; the posi- 
tive portions of the current curve correspond to image 
formation, and the negative portions to image erasing. 
The results in Fig. 7 for an n- type semiconductor elec- 
trode show that image formation requires both anodic 
polarization of the ZnO electrode and light i r radia-  
tion, while image erasing needs only cathodic polari-  
zation of ZnO. The time response of current in both 
image formation and erasing is rapid. Image formation 
requires both cathodic polarization of the electrode 
and light irradiation, while image erasing needs only 
anodic polarization of the electrode, if a p- type  semi- 
conductor is used. Reversible characteristics analogous 
to those for an n- type semiconductor are obtained. 
The image can be held by opening the circuit after the 
image formation process, or erased by shorting the cir- 
cuit with a reverse bias against image formation, as 
desired. 

Table h Imaging characteristics in semiconductor/metallic ion 
system 

Type of 
semicon- Metallic 

ductor Semiconductor ions in Color of Color of 
electrode substrate solution substrate image Formation* Erasing* Contrast 

TiO~ (n) Single crystal TI + "I 
pb=+ 
Mn2+ Gray 
Co~§ 

Evaporated film TI + Green 
TI § Blue 

ZnO (n) Single crystal T1 § 
Polyerystal T1 § 

Pb =+ White 
Mn=+ 
Co=+ 

SrT|Os (n) Single crystal T1 + Light gray 
GaP (p) Single crystal Ag § Reddish brown 

Yellow Good Good 
Brown Good Good 
Brown Fairly good Fairly good 
Brown Fairly good Fairly good 
Yellow Good Good Good 
Yenow Good Good Good 

Yellow or brown I t O  black } 1 

I Brown Good Good Good 

Brown Good Good Good 
White (gray) Good Good Good 

* In the course of current-potential measurement with the potential sweep rate of 3 V/rain. 
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Fig. 6. Time-dependence of photocurreats at an n-typo TiO~ 
electrode in a 0.2 mole/dm s Na2SO4 aq. soln. with TI2SO4. (A) At 
constant TI~SO4 concentration (10 - ~  mole/din s) and light in- 
tensity (a.u.): curve 1 - -  4, curve 2 - -  2, and curve 3 - -  1. (B) At 
constant irradiated light intensity and TI2SO4 concentration (mole/ 
dinS): curve ! - -  0, curve 2 = 10 -4 ,  curve 3 "- 10 -s ,  and curve 
4 - -  10-s.  

Figure 8 shows a photograph of an image obtained 
on a sintered ZnO electrode with a diameter of 10 cm. 
The image is negative because the illuminated part of 
the electrode was colored brown by the formation 
T12Os. Illumination was carried out for 1 rain through 
the standard testing mask with a resolution of ca. 15 
lines per ram. As can be seen, a fairly clear image was 
obtained on the semiconductor substrate and stable 
for more than 20,000 hr in air, but erased immediately 
when cathodic polarization of --0.SV vs. SCE was ap- 
plied at a ZnO electrode. 

Discussion 
The redox behavior of chemical species in solution at 

irradiated semiconductor electrodes depends upon the 
interfacial mode of the semiconductor/solution junc- 
tion. The reactivity of solution species with photo- 
generated carriers (electrons and holes) in a semi- 
conductor are due to the correlation between the en- 
ergy levels of the semiconductor and the redox poten- 
tials of the species. Figure 9 shows the energy correla- 
tion of the imaging systems employed in this study. As 
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Fig. 7. Dependence of irradiated light intensity and electrode 
potential on currents at a ZnO electrode in a 0.2 mole/din s 
NasS04 + 10 - ~  mole/din 3 TI2S04 aq. soln. Light intensity and 
optical density are expressed in arbitrary units. Hatched portions 
denote the appearance of images. 

previously reported in connection with competitive 
redox reactions at semiconductor photoelectrodes (8- 
13), the soIution species with redox potentials within 
the bandgap potential region were oxidized at n-type 
semiconductor electrodes and reduced at p-type elec- 
trodes, and the current efficiency of the redox r e a c -  
t ions  of the solution species depended upon their stan- 
dard redox potentials. In these imaging systems, the 
standard redox potentials of oxide-formation for 
n-type semiconductors, and of metal-deposition for 
p-type semiconductors lie within the bandgap potential 
region, analogous to the previous results (8-13), with 
the result that image-formation (reactions [7], [11], 
[14], [17], and [18]) proceeds in competition with the 
decomposition of water or of the electrode itself (reac- 
tions [6], [10], and [13]). As for the formation of im- 
ages with respect to the difference of redox potentials 
of solution metallic ions, it was qualitatively recog- 
nized that an image was formed more favorably in the 
system with the more negative metallic redox poten- 
tial than in the system with the more positive metallic 
redox potential, partly as shown at the term of Forma- 
tion in Table I, where the systems with T1 + and Pb s+ 
have the faster reaction rate for the image formation. 
In a higher concentration of an imaging agent in a 
solution, as one can recognize from the result in Fig. 
6 (B), when there are imaging agents in higher con- 
centrations in the solution imaging reactions surpass 
the decomposition reactions. However, when a reducing 
agent such as hydroquinone (H2Q) or potassium ferro- 
cyanide (K4Fe(CN)e) was added to imaging systems 
using an n-type semiconductor, no image could be 
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Fig. 8. Photograph of an image formed on a ZnO polycrystal 
electrode. 
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Fig. 9. Schematic correlation of energy levels between semicon- 
ductor electrodes and redox couples. 

obtained. This can be attributed, with respect to the 
interfacial redox reactions, to the fact that  the redox 
potentials of the oxidation of H2Q and K4Fe(CN)e are 
more negative than those of oxide formation reactions 
and to the fact that the oxidation of reducing agents 
surpasses any other reactions (imaging or the decom- 
position of water  or the electrode itself),  resulting in 
suppression of imaging reactions (12, 13). 

Figure 10 (A) is a schematic presentation of image 
formation on a typical n- type semiconductor electrode 
(e.g., ZnO) due to a photoelectrode reaction. The i l -  
luminated par t  alone is covered with an oxide layer. 

cB hv 

~ T[203 

TI*+H20 

vs ,<< 
SOLUTION T 12 03 

ZnO ZnO 

Rg. 10. Schematic of o typical light-writing image display 
process with a ZnO-TI + system. An image appears at an irradiated 
part of the ZnO electrode. 
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Fig. 11. Schematic of image formation and erasing processes in 
reversible photoelectrochemicol imaging systems with a semicon- 
ductor/solution junction. (A) n-type semiconductor electrode, (B) 
p-type semiconductor electrode. 



I588 3. Electrochem. ~oc.: SOLID-STATE SCIENCE AND TECHNOLOGY JuZy 1980 

Figure 10 (B) simply shows the charge transfer across 
the interface. 

Figure 11 is schematic summarizing the reversible 
photoelectrochemical imaging processes. For an n- type 
semiconductor electrode, the image formation process is 
the oxidation of metallic ions by photogenerated posi- 
tive holes as minority carriers at the valence band 
under anodic polarization of the semiconductor, and 
the image erasing process is the reduction of the oxide 
layer by electrons as majori ty carriers at the conduc- 
tion band under cathodic polarization. For a p- type 
semiconductor electrode, the polarization conditions of 
image formation and erasing are reversed, i.e., image 
formation is by the reduction of metallic ions by 
photogenerated electrons as minority carriers, and 
erasing is by oxidation of the metal layer by valence 
band holes as majority carriers. 

Image evaluations from the view of displaying points 
are dealt with in a subsequent report  (31). 
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ABSTRACT 

The a im of the  work  was to s tudy  the r eg rowth  behav ior  of th ree  different  
damage  s t ructures ,  namely,  a bur ied  amorphous  layer ,  a continuous a m o r -  
phous l aye r  ex tend ing  f rom the surface of the specimen,  and a bur ied  l aye r  of 
clusters  in  P+ implan ted  (111) Si. These s t ructures  were  ob ta ined  b y  im-  
p lan t ing  P+ at  120 k e V t o  doses of 5 X 10 i4, 1015 , and  5 • 10i~/cm 2 at  im-  
p lan ta t ion  t empera tu re s  RT, 150 ~ and 350~ respect ively.  A Q-swi tched  ruby  
laser  wi th  a wave leng th  of 0.695 nm and at  an  energy  e i ther  0.7 J / c m  2 or  1.5 
J /cm~ was used for  laser  annealing.  TEM was used to examine  the damage  in 
a 90 ~ "cross-sect ional"  view. At  0.7 J / c m  2, two- th i rds  of the continuous a m o r -  
phous l aye r  r eg rew  to give a po lycrys ta l l ine  layer .  The bur ied  amorphous  
l a y e r  r eg rew  leav ing  dis locat ion loops and clusters and the bur ied  l aye r  of 
c lusters  r emained  unaffected. However ,  a t  1.5 J / c m  2, dislocations and s tack-  
ing faul ts  ex tended  f rom the surface for  al l  the s t ructures  and were  in d i rec t  
contact  wi th  the  deeper  ly ing  damage  containing clusters.  The dens i ty  of dis-  
locations,  s tacking faults ,  and deeper  ly ing  clusters  p rogress ive ly  increased  
wi th  the  dose of the imp lan ted  phosphorus.  

T h e  p o t e n t i a l  appl ica t ions  of high energy  pulsed 
laser  beams for  the r eg rowth  of damage  layers  in ion-  
imp lan t ed  semiconductors  has d r a w n  wor ldwide  in te r -  
est  because  of the  s impl ic i ty  of the  process. By sui table  
choice of  l ase r  parameters ,  such as the energy,  pulse  
length,  etc., ep i tax ia l  r eg rowth  of the  damaged  layers  
resu l t ing  f rom implan ta t ion  can, in  pr inciple ,  be ca r -  
r ied  out  e i ther  in the  solid phase or mol ten  phase 
(1-3).  However ,  the mechanism of r eg rowth  is not  ye t  
fu l ly  understood.  The presen t  s tudy  is therefore  a imed 
at  s tudying  the r eg rowth  behavior  of three  different  
types  of damage  s t ructures ,  n a m e l y  a bur ied  amor -  
phous layer ,  a cont inuous amorphous  layer ,  and  a 
bur ied  l a y e r  of damage  clusters in P+ imp lan ted  Si 
on subsequent  pulsed laser  anneal ing  at  different  en-  
ergies. The or igin of the  fo rmat ion  of different  damage  
s t ruc tures  has been exp la ined  e lsewhere  (4). F o r  al l  
of the  work  descr ibed here,  TEM was used to examine  
the  damage  s t ruc tures  in 90 ~ "cross-sect ional"  and  
"plan"  views before  and af te r  the laser  anneal ing.  A 
mechanism for the  r eg rowth  has been suggested based  
on the observat ions  made  here. 

Exper imenta l  

Implantation.--p-Type 17 Q-cm (111) Si wafers  of 5 
cm d iam were  implan ted  in a nonchannel ing  direct ion 
wi th  120 keV P+ ions using doses of e i ther  5 X 1014, 
1015, or  5 • 1015/cm 2. The implan ta t ion  energy  of 120 
keV cor responded  to an LSS pro jec ted  range  of 1510 
• 690A. The  implan ta t ion  t ime in al l  instances was 10 
min. The implan ta t ion  t empera tu re s  in the  three  cases 
were  RT, 150 ~ and 350~ The increases  above  RT in 
the l a t t e r  two cases being due to ion beam heating.  

Laser.--A Q-swi tched  r u b y  laser  opera t ing  at  a 
wave leng th  of 0.695 n m  was used. The mul t ip le  beam 
ou tpu t  was passed th rough  a diffusing screen coupled 
to a l ight  guide in o rde r  to achieve a flat and un i fo rm 
in tens i ty  d i s t r ibu t ion  (5). The  laser  energies  of 0.7 and 

* Electrochemical Society Active Member. 
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dislocations, stacking faults. 

1.5 J / c m  2 were  used for  each specimen.  The p u l s e  
length  for al l  the  specimens was ,`30 nsec. 

TEM.--For TEM studies,  90 ~ "cross-sect ion" and 
"plan" view specimens were  prepared .  The  "cross- 
section" specimens were  ob ta ined  by  c leaving the 
slices and then mechanica l ly  pol ishing fol lowed by  
low energy  ion beam thinning as descr ibed p rev ious ly  
(6). The micrographs  f rom these specimens correspond 
to the ( l i '0)  p lane  pe rpend icu la r  to the  or ig inal  (111) 
specimen surface plane.  Al l  of the TEM examina t ions  
descr ibed here  were  pe r fo rmed  using br igh t  field 
s t rong beam diffraction contras t  conditions. Transmis -  
sion e lect ron diffraction (TED) pa t te rns  were  also ob-  
ta ined  to a id  in the  identif icat ion of the  damage,  using 
e i ther  the s t anda rd  selected a rea  method  or  microdi f -  
f ract ion techniques.  

Results 
Buried amorphous layer.--For the  specimen im-  

p lan ted  to a dose of 5 • 1014/cm2, the  TEM "cross-  
section" mic rograph  showed an ,~llSOA wide bur ied  
amorphous  l aye r  "A" located at  a mean  dep th  of 
,~850A f rom the surface (Fig. l a ) .  The region be tween  
the surface and the top edge of damage  l aye r  "A" had  
sparse ly  d i s t r ibu ted  clusters.  

Af te r  the specimen had  been  laser  annea led  at  0.7 
J / c m  2, the  region be tween  the surface and ~-,1600A 
dePth , m a r k e d  as "B" in Fig. lb,  consisted of dis lo-  
cation loops (mean d iamete r  ~100A) and clusters.  The 
dens i ty  of dislocation loops obta ined  f rom "plan" view 
mic rograph  (not inc luded in the  tex t )  was --6 • 1010/ 
cm 2. The  regrown region "B" was fol lowed by  a second 
damage  l aye r  "C" ,`250A wide, consist ing of dense fine 
s t ruc ture  and was located at  a dep th  immed ia t e ly  be -  
low the bot tom edge of l aye r  "A" in the  a s - imp lan t ed  
specimen (Fig. l b ) .  

Af te r  the specimen had  been  l a se r  annea led  at  1.5 
J / c m  2, the first damage  l aye r  "B" in the previous  
specimen was no longer  present .  The previous  second 
l aye r  "C" was much  less in evidence and consisted 
ma in ly  of smal l  damage  clusters  in  the  l aye r  "D" 
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Fig. I. TEM "cross-section" micrographs showing the laser annealing sequence for P+ implanted (111) Si. (Tt = RT, Np+ = 5 • 
1014/cm =, E| = 120 keY). 

(Fig. lc). Occasionally, single dislocations extending 
from the surface to the clusters layer were observed. 

C o n t i n ~  amorphous layer.--For the wafers im- 
planted to a dose of 1015/cm 2, the TEM "cross-section" 
micrographs showed a continuous amorphous layer 
"E" extending from the surface to a depth of ~1800A. 
At the lower edge of this layer there was a narrow 
irregular zone ~250A wide corresponding to heavily 
damaged but not amorphous material (the narrow 
dark layer in Fig. 2a). 

After the specimen had been annealed at 0.7 J /cm 2, 
a first damage layer "F" comprising polycrystalline 
material with mean grain size ~1000A extended from 
the specimen surface to a depth of 1500A (Fig. 2b). A 
second damage layer "G" consisting of dense fine 
structure and ~500.~ wide occurred and was in direct 
contact with the first damage layer (7). 

After the specimen had been laser annealed at 1.5 
J /cm ~, a first damage layer "H" comprising single 
crystal material containing mainly stacking faults but 
also dislocations extended from the surface to a depth 
of ~1800A (Fig. 2c). The stacking faults density (from 
"plan" view micrographs) at the surface was ,,,109/ 
cm 2. A second damage layer 'T '  consisting of dense fine 
structure and ,.~200A wide occurred and was in direct 
contact with the first damage layer. 

Buried clusters ~ayer.~For the specimens implanted 
to a dose of 5 • 1015/cm 2, the TEM "cross-section" mi- 
crographs showed a buried layer of clusters "J," 
~1200& wide, in single crystal material that was lo- 

cared at a mean depth of ~2000A (Fig. 3a). There were 
"visible damage" free regions on either side of layer 
"J" (the term "visible damage" refers to the damage 
visible by TEM). After the specimen had been laser 
annealed at 0.7 J /cm 2, no noticeable change in the 
damage structure or distribution occurred (Fig. 3b). 

However, for the specimen laser annealed at 1.5 
J /cm 2, the results were similar to that of 1015/cm 2 ex- 
cept that the densities of dislocations and stacking 
faults (from "plan" view micrographs) were now 
~1010/cm 2 and ,-,7 • 1011/cm 2, respectively. The first 
damage layer containing stacking faults and disloca- 
tions is marked as "L" and the second damage layer 
containing small clusters is marked as "M" in Fig. 3c. 

Discussion 
A striking feature of the laser annealing is that two 

distinctly different annealing zones are sometimes 
present within individual specimens (Fig. 2b, 2c, and 
3e). We suggest the following mechanism for the for- 
mation of the observed regrown structures. 

For the as-implanted specimens with buried dam- 
age layers (Fig. la and Fig. 3a), the near-surface re- 
gion, although damaged, is still single crystal as shown 
by TED's (not included in the text). However, for 
the 1015 P+/cm 2 specimen, the near-surface region is 
amorphous. As a result, the energy absorption in the 
"buried layer" specimens occurred over a larger vol- 
ume as compared to the "continuous amorphous layer" 
specimen. This is because of different absorption co- 
efficients for amorphous and single crystal Si. There- 

Fig. 2. TEM "cross-section" micrographs showing the laser annealing sequence for P+ implanted (111) Si. (Tl = 150~ Hp+ = 
101"/cm =, El - -  120 keY). 
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Fig. 3. TEM "cross-section" micrographs showing the laser annealing sequence for P+ implanted (111) Si. (Ti ---- 350~ Np+ = 5 • 
10ZS/cm 2, Ei - -  120 keV). 

fore, at lower energies, i.e., 0.7 J /cm 2 the "buried dam- 
age layers" either partially recover (Fig. lb) or re- 
main unaffected (Fig. 3b) depending on the thickness 
and the extent of damage in the near-surface region. 
However, for "continuous amorphous layers" strong 
absorption of energy nearer to the surface causes melt- 
ing of the surface layer, but the deeper lying damage 
still remains amorphous or heavily damaged. The 
molten upper layer in this case regrows on a heavily 
damaged or amorphous substrate forming the poly- 
crystalline layer. 

At 1.5 J /cm 2, the laser energy absorption is high 
enough to melt the main damage layer in all three 
specimens but the solidification of the molten material 
on deeper lying clusters still gives rise to the forma- 
tion of the dislocations and stacking faults. The density 
of these clusters increases progressively with the dose 
of the implanted P+ ions. Consequently, the density of 
dislocations and stacking faults in the regrown layer 
also increases. 

Conclusions 
1. The regrowth structures from damaged layers in 
P+ implanted Si resulting from laser annealing at 0.7 
J /cm 2 critically depend on the crystallinity of the 
specimen in the near-surface region. 

2. At a laser energy of 1.5 J /cm 2, the regrowth of the 
damage layer occurs via melting for all cases. The per- 
fection of the regrown material then depends on the 
depth of melting relative to the depth of the original 
implantation damage. 
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ABSTRACT 

This paper describes the growth and etching characteristics of phosphorus- 
doped tin oxide films, prepared by the simultaneous oxidation of tetramethyl- 
tin (TMT) and phosphine gas in the 400~176 range. Both the growth and 
etch rates of these films are found to be relatively constant until the P/Sn 
ratio exceeds 3.2%, at which point they fall off and eventually become negli- 
gible. In addition, films grown by this technique are found to undergo a rapid 
transition from the polycrystalline to the amorphous state when their P/Sn 
ratio exceeds 3.2%. Possible mechanisms for this behavior are outlined, 
based on the relative strength of the P-O and Sn-O bonds and on the network 
former properties of P205. It is proposed that the mechanism of film growth 
and dopant incorporation is the direct (and independent) reaction of phos- 
phine and TMT with oxygen adsorbed on the substrate surface. The transport 
properties of these films are discussed in a companion paper. 

Tin  oxide is a promising mater ia l  for heterojunc-  
t ion solar cells, because it  combines the unusual  prop- 
erties of high conductivi ty and excellent  t ransparency 
in  the visible spectrum. In  addition, its large energy 
gap (,--3.5 eV) and its suitable index of refraction 
(~1.9) make it  not  only an excellent upper  window 
for solar cells, bu t  also a good antireflection coating. 
An  addit ional  advantage is its durabi l i ty  under  harsh 
env i ronmenta l  conditions. For example, t in  oxide is 
not attacked at room tempera ture  by either concen- 
t ra ted acids or bases. 

Many techniques have been developed for its depo- 
sition. Among these, chemical vapor deposition or 
spray hydrolysis of t in  te t rachlor ide-ant imony chlo- 
ride mixtures  ( i -5)  are the commonly used methods. 
High substrate  temperatures  ranging from 500 ~ to 
750~ are usual ly  required for these processes. In  ad- 
dit ion films tend to be unstable  because of the incorp-  
orat ion of volatile chlorine in  them. 

In  a previous paper  (6), we have developed a sim- 
ple preparat ion technique for phosphorus-doped t in  
oxide films formed by the simultaneous oxidation of 
t e t ramethyl t in  (TMT) and phosphine (PHi) ,  at rela-  
t ively low temperatures  (400~176 TMT is a stable 
l iquid with a relat ively high vapor pressure (100 m m  
Hg) at room temperature.  It can be readi ly t rans-  
ported to the reaction chamber  in vapor form by 
bubb l ing  argon gas through l iquid TMT. Because  of 
the absence of volati le chlorine, films made by  this 
technique are more stable than  those prepared by 
a l ternate  methods. 

Our past work has emphasized the kinetics of growth 
of undoped SnO2 films, and shown that  phosphorus 
doping results in  a significant increase in their  conduc- 
tivity. The results were anomalous however, in that  
the conductivi ty fell off rapidly once a critical ratio 
of PHa/TMT was exceeded. 

This paper  and its companion extend our work into 
this regime, and investigate both the growth and t rans-  
port  properties of these films as a funct ion of dopant  
incorporation. All other process parameters  (substrate 
temperature,  argon and oxygen flow rates, and bubbler  
parameters)  were held constant  dur ing the course of 
this work. 

* Electrochemical Society Active Member. 
Key words; tin oxide, tetramethyiUn, chemical vapor depo- 

sition. 

Experimental 
Apparatus.--The deposition of tin oxide films w a s  

performed in an open tube vertical  reactor. The re-  
actants were introduced into a 130 mm ID, 160 mm 
long, vert ical ly positioned reaction chamber  contain-  
ing a tungsten  susceptor (50 mm diam) which was 
main ta ined  at the deposition tempera ture  by conven-  
tional resistance heating. UHP argon gas 1 was bub-  
bled through the te t ramethyl t in  2 (TMT) at room tem-  
pera ture  to t ransport  its vapor to the heated sub-  
strate. Phosphine 3 gas, di luted to 500 ppm in  a r g o n ,  
was used to dope these films. A baffle plate was used 
to mix the TMT vapor with phosphine a n d  a r g o n  
prior to their  reaction with oxygen. 4 A separate inlet  
was brought  in close to the substrate  to introduce oxy-  
gen into this chamber, so that  the reaction took place 
near  the surface. All  depositions were conducted using 
an argon carrier gas fl0w of 2.0 l i ters /min.  

Deposition procedures.--Deposition of doped a n d  
undoped t in  oxide films was carried out on oxidized 
silicon slices which were positioned on the susceptor. 
Prior  to the deposition, the slices were degreased in  
trichloroethylene, acetone, and isopropyl alcohol, fol- 
lowed by a thorough rinse in  deionized water. The 
substrates were fur ther  cleaned in  Caro's etch [1:1 
solution of H2SO4 (97%) and H202 (47%)] and given 
a final rinse in methanol.  Subsequently,  SiO2 was 
grown on the wafer to a thickness of 5000A in  w e t  
oxygen at 1090~ Next, the chamber  was pumped 
down and flushed with argon gas. Once the deposition 
temperature  was reached, argon gas with flow rate 
of 16 cm3/min was bubbled  through the TMT bubble r  
at 25~ to t ransport  its vapor to the substrate. At the 
same time, oxygen was also introduced at a flow r a t e  
of 50 cm3/min, followed by phosphine gas. Immedi -  
ately after SnO2 growth, a 2000A layer  of SiO2 w a s  
deposited on this film, at the same temperature.  This 
was done by the oxidation of silane 5 which was u s e d  

1Ultra High Purity 99.999%, Matheson Gas Products~ East 
Rutherford, New Jersey. 

25N Electronic grade, Alpha OrganometaUics, Danvers, Massa- 
chusetts. 

3 Electronic Grade 99.999% purity, Matheson Gas Products, East 
Rutherford, New Jersey. 

Research Purity 99.99%, Matheson Gas Products, East Ruther- 
ford, New Jersey. 

Semiconductor grade, Matheson Gas Products,  East Ruther- 
ford, New Jersey. 
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in  a 3% di lut ion in  argon. The silica layer  was pat-  
terned by  conventional  photoli thographic techniques 
and used as a mask for etching the t in  oxide. 

A n u m b e r  of different types of substrates were used 
in this work. These included microscope cover slides 
(Corning No. 2940), semi- insula t ing  Cr-doped GaAs, 
and thermal ly  oxidized silicon. The results for these 
substrates were v i r tua l ly  identical,  bu t  are presented 
here for the oxidized silicon slices. 

Thickness determination.--The silica layer  was pat -  
terned by convent ional  photolithography, and served 
as a mask for the t in  oxide film. Electrochemical etch- 
ing (7) was used to remove exposed regions of highly 
conductive films. Etching was carried out in a bath  
of dilute hydrochloric acid [1 part  of concentrated HC1 
(37%) in 5 parts of deionized water]  with a p la t inum 
anode, and using the t in  oxide as the cathode. In  this 
system, nascent  hydrogen is generated at the cathode 
by the passage of current,  and probably  reduces the 
SnO2 to tin, which is cont inuously dissolved in  the 
electrolyte as etching proceeds. 

The electrochemical technique was found to be un-  
suited for low conduct ivi ty films, due to the formation 
of isolated unetched patches of t in oxide on the sub- 
strates. Therefore, an etching solution (8) was pre-  
pared by dissolving lg  of chromium metal  into dilute 
HBr [20 ml of concentrated HBr (48%) with 20 ml of 
deionized water]  at 98~ In this system, it is believed 
that  chromium is first dissolved to chromous ions 
which can be fur ther  converted to chromic ions by 
reaction with SnO2. In this way, the SnO2 is reduced 
to Sn which is removed by the hydrobromic acid. This 
solution was found to be satisfactory for etching the 
exposed t in oxide, if used as soon as it was prepared. 
Dur ing  etching, the addit ion of extra chromium was 
sometimes necessary to main ta in  the chromous ion 
concentrat ion when the action slowed down. 

After  etching, the silica mask was removed in hy-  
drofluoric acid. The t in oxide film and substrate were 
next  covered with evaporated a luminum,  and the step 
measured by means of a mul t iple  beam interferometer  
(Varian Model 980-4012). 

X-ray difIraction.--Films were subjected to Cu-Ka 
radia t ion (~ _-- 1.5405A) in a General  Electric XRD-7 
Diffractometer system, in order to s tudy their crystal 
structure.  The in tens i ty  vs. 2e plots were directly ob- 
ta ined in a plotter a t tachment  and compared to s tan-  
dard values available in the l i terature  (9). All of 
these films were at least 1 ~m thick so that  the x - r ay  
diffraction signals of sufficient in tens i ty  could be ob- 
tained. 

Results and  Discussion 

The behavior  of t in  oxide films as a funct ion of 
TMT, oxygen flow, and temperature,  has been studied 
earlier (6). Here, we confine ourselves to a s tudy of 
film behavior  as the incorporat ion of phosphorus is 
increased. As a result, all data presented here are for 
films grown at 450~ with 16 cm3/min flow rate of 
argon through the TMT bubb le r  held at 25~ This 
corresponds to a part ial  pressure of 0.7 Torr, assum- 
ing that  equi l ibr ium t ranspor t  is achieved. A flow 
rate of 50 cm3/min of oxygen was used for these ex-  
periments.  F i lm composition was varied by al ter ing 
the P I ~ / T M T  mole ratio, while keeping a constant 
part ial  pressure of TMT and oxygen. 

Composition.--The actual  composition of the films 
was determined by microprobe analysis. Figure 1 
shows the oxygen to t in  atomic ratio as a funct ion 
of PH3/TMT mole ratio in the vapor phase. We note 
that, for low PH3 concentration, the film is essentially 
in  the form of SnO2 with a small  oxygen deficit. As 
the PH~ concentrat ion is increased, some of the phos- 
phorus replaces the tin, so that  there is a small  in -  
crease of the O /Sn  atomic ratio. 
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Fig. 1. Oxygen/tin atomic ratio vs. PHa/TMT mole ratio 

The P / S n  atomic ratio in  the t in  oxide films is 
plotted in Fig. 2 as a funct ion of the P H J T M T  mole 
ratio in the vapor phase, and is seen to be l inear  over 
the entire range of interest,  with a proport ional i ty  
factor of 3.2. This type of behavior  would be expected 
if the incorporat ion of phosphorus and t in into the 
growing film is both by absorption of oxygen on the 
surface, and reaction with the incoming t in  and phos- 
phorus species at a rate which is directly proport ional  
to their  part ial  pressures. The adsorbed oxygen has 
a greater  affinity for the phosphorus than  for the tin, 
so that its effective sticking coefficient is larger. 

Some phosphorus was found to be present  in  the 
undoped SnO2 films. This is bel ieved to be due to the 
residual  impur i ty  in  the reaction chamber  and the 
inlet  lines. 

Morphology.--All films grown with a P H J T M T  
mole ratio less than 0.01 showed x - ray  diffraction 
peaks corresponding to those obtained for polycrystal-  
l ine SnO2. Some differences were observed for films 
grown under  different conditions, as indicated by 
the change of relat ive in tens i ty  of those  peaks. How- 
ever, peaks were at the same reflection angle, and 
no new peaks were formed. Thus, the or ientat ion of 
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Fig. 2. Phosphorus/tin atomic ratio vs. P H J T M T  mole ratio 
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crystals ,  as wel l  as the  la t t ice  parameters ,  seemed to 
be independen t  of the  var ia t ion  of phosphorus  content.  

F igu re  3a shows a typica l  diffract ion pa t t e rn  for a 
film grown wi th  a PI - I JTMT rat io of 0.01. Peaks  cor-  
responding to 20 values  of 26.5 ~ (110), 51.7 ~ (211), 
and  54.7 ~ (220) a re  c lear ly  seen in this  figure. Crys ta l  
size could not  be resolved by  scanning e lect ron mi -  
croscopy wi th  a magnif icat ion of 20,000X. However ,  
calculat ions based on the  b roaden ing  of the  (110) 
peak,  using Scherer ' s  fo rmula  (10) and Jones '  con- 
vers ion curves  (11), gave an average  gra in  size of 
370A. This gra in  size was r e l a t ive ly  constant  for P H J  
TMT ra t ios  be low 0.01, and  was independen t  of the  
type  of  subs t ra te  used. 

Nei ther  SnO nor  Sn~O4 peaks  have been observed.  
This is in ag reemen t  wi th  the  resul t  of microprobe  
analysis,  namely  tha t  the  films a r e  essent ia l ly  SnO2 
wi th  some oxygen  deficit. I t  is consis tent ly  found tha t  
the  (110) peak  was the s t ronges t  one. These resul ts  
a re  qui te  different  f rom those obta ined for  films grown 
by the pyro ly t ic  decomposi t ion and oxida t ion  of  
(CH~)2 SnCls (5), where  the  (200) peak  was seen to 
be the  strongest.  I t  is in te res t ing  to note tha t  this 
(200) peak  was a lways  missing in our  samples.  

The magni tude  of the  x - r a y  diffract ion peaks  fell  
off r ap id ly  for  PH3/TMT rat ios in excess of 0.01. In  
fact. no peaks  were  observed (see Fig. 3b) for P H i  
TMT ~ 0.023, so tha t  films were  essent ia l ly  amorphous  
beyond this point.  We bel ieve  tha t  this comes about  
because of the large  phosphorus -oxygen  bond s t r eng th  
(88-111 k c a l / m o l e ) .  As a result ,  phosphor ic  oxide  is 
a glass ne twork  fo rmer  (12-13) having the unusual  
p rope r ty  of high viscosity, which  increases r ap id ly  at  
concentrat ions in the  1-2% range  (14). Its in t roduc-  
t ion into the  t in oxide g rea t ly  reduces  the mobi l i ty  
of  the  r eac tan t  species on the surface, so tha t  the  
"cri t ical  nucleus" r equ i red  to form a c rys ta l l ine  film 
becomes increas ing ly  ha rd  to achieve. This favors  
the  fo rmat ion  of amorphous  t in  oxide  as the phos-  
phorus content  increases.  

The  incorpora t ion  of phosphorus  and  t in into these 
films r ema ined  l inea r  wi th  r eac tan t  mole  ratios,  even 
though the film s t ruc ture  went  th rough  a rap id  change 
f rom the po lycrys ta l l ine  to the  amorphous  state. This 
would  indicate  tha t  the  incorpora t ion  mechanism ou t -  
l ined ear l ie r  is in effect over  this ful l  range,  and tha t  
chemical  compound format ion  is not  the process for  
in i t ia t ing  the t rans i t ion  to the amorphous  state.  

H e a t - t r e a t m e n t  at  h igh t e m p e r a t u r e  was a t t emoted  
to recover  the  crys ta l l in i ty .  Annea l ing  the amorphous  
t in  oxide films at  900~ in a n i t rogen ambien t  for 20 
h r  was found to resu l t  in  pa r t i a l  recovery  as evidenced 
by  the r eappea rance  of x - r a y  peaks  of SnO~. However ,  
the i r  intensi t ies  were  not  as s t rong as those obta ined  
for  films grown wi th  PHs /TMT rat ios be low 0.01. 

Growth r a t e . - - F i g u r e  4 shows the g rowth  ra te  as a 
funct ion of P H J T M T  rat io  at  the deposi t ion t e m p e r a -  
ture  (450~ This is seen to be r e l a t ive ly  constant  
unt i l  a P H J T M T  rat io  of 0.0t is reached,  b u t  fa l ls  off 

wi th  increas ing concentra t ion  unt i l  i t  becomes essen-  
t i a l l y  zero for  a mole  ra t io  of 0.09. Comparab le  be -  
havior  has been  noted for a r sen ic -doped  t in  oxide  
films (15), grown b y  the s imul taneous  oxida t ion  of 
ars ine  gas and te t ramethyl t in .  

A falloff in g rowth  ra te  of po lycrys ta l l ine  si l icon 
films as a funct ion of arsenic  doping has also been  
noted b y  o ther  worke r s  (16) and has been exp la ined  
by  using the  concept of ca ta ly t ic  poisoning by  Group  
VB elements.  We do not bel ieve  tha t  this is the  case 
in  our  films since the  h igh  P - - O  bond s t reng th  would  
favor  the  presence of phosphorus  in the  form of te t ra~  
hed ra  where  the  n o r m a l l y  toxic phosphorus  a tom is 
shie lded by  four oxygen  atoms (17). We note, how-  
ever,  tha t  the  phosphorus  is more  s t rongly  bound  to 
the adsorbed  surface oxygen  than  the  t in  ( the  S n - - O  
bond s t rength  is 46 kca l /mo le ) .  As a result ,  an in-  
creasing phosphorus  concentra t ion should increas ing ly  
inh ib i t  the a t t achment  of t in  to adsorbed  oxygen  atoms, 
resul t ing  in  the observed  falloff in growth  rate.  

Etch rate.--Figure 5 shows the  etch ra te  of phos-  
phorus -doped  films as a funct ion of the P H J T M T  mole  
ratio.  The same e tchant  (C r -H Br  sys tem descr ibed 
ea r l i e r )  was used for  a l l  samples  as a basis of com-  
parison.  Here, we note  tha t  the  etch ra te  is r e l a t ive ly  
constant  unt i l  a P H J T M T  rat io  of 0.01, and  falls  
beyond this point, becoming essent ia l ly  zero for a 
mole  rat io  of 0.05. This is quite s imi lar  to the g rowth  
ra te  behavior ,  and can also be expla ined  in te rms of 
the  la rge  P - - O  bond strength,  as compared  to tha t  
for the  t i n -oxygen  bond. This is because the e tching 
process essent ia l ly  involves  the  rup tu re  of these bonds, 
and  the subsequent  dissolut ion of the  reac t ion  p rod-  
ucts. 

Conc lus ions  
The g rowth  and e tching proper t ies  of phosphorus-  

doped t in  oxide have  been described,  and  exp la ined  
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on the basis of the relative strengths of the P--O and 
Sn--O bonds. These arguments also explain the rapid 
transition of these films from the crystalline to the 
amorphous state at low phosphorus incorporation lev- 
els. Finally, a relatively simple model for the film 
growth is proposed, based on the direction reaction 
of the phosphorus and tin species with the surface 
adsorbed oxygen. 
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The Effect of Phosphorus Doping on Tin Oxide Films 
Made by the Oxidation of Phosphine and 

Tetramethyltin 
II. Electrical Properties 

Yar-Sun Hsu* and Sorab K. Ghandhi* 

Electrical and Systems Engineering Department, Rensselaer Polytechnic Institute, Troy, New York 12181 

ABSTRACT 

The electrical properties of tin oxide films have been measured as a func- 
tion of phosphorus doping. It is shown that the electron concentration in- 
creases monotonically with phosphorus doping, with about 7.7% of the in- 
corporated phosphorus being active. An oxygen deficiency is also present in 
these films, and is found to be about 0.1 eV below the conduction bandedge. 
The mobility increases with phosphorus doping to a maximum of 26 em2/V 
sec, and then falls off with further doping, as the film undergoes a crystalline 
to amorphous transition. Film behavior in these two regimes can be explained 
by the established theories for current transport in polycrystalline and amor- 
phous films, respectively. 

A simple technique for the preparation of tin oxide 
films by the oxidation of tetramethyltin (TMT) has 
been reported in a previous paper (1). Although un- 
doped, these films are conducting due to the deficiency 
of oxygen; typically, their undoped conductivity is 

* Electrochemical  Society Act ive  Member. 
Key words: doping, oxidation, films. 

on the order of 1.0 (12-cm) -1. This conductivity can be 
further increased by doping with Group V elements, 
such as phosphorus (1), antimony (2-6), and arsenic 
(7). 

This paper describes the effect of phosphorus doping 
upon the conductivity of tin oxide films. An anomalous 
feature of this doping behavior is that the conductivity 
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increases  wi th  phosphorus  content  unt i l  i t  reaches  a 
m a x i m u m  value, and then  r ap id ly  fal ls  wi th  fu r the r  2oc 
phosphorus  doping. S imi la r  behav ior  has been ob-  '~ 
se rved  in Sb-doped  (6-9) and  As -doped  SnO2 (7).  
However ,  no deta i led  explana t ions  have  been  p rev i -  ~15C 
ously  given for this phenomenon.  

Here,  we show tha t  the  change in conduct iv i ty  be -  _> 
havior  of phosphorus -doped  t in  oxide  films is r e la ted  ~1oc 
to the i r  t rans i t ion  f rom the c rys ta l l ine  to the a m o r -  
phous  state,  as demons t ra t ed  in a companion  p a p e r  
(10). The separa te  contr ibut ions  of mobi l i ty  and 5c 
ca r r i e r  concentra t ion have been  de te rmined  in this 
work,  and the t r anspor t  proper t ies  of the  films re la ted  
to the  change in these pa rame te r s  wi th  phosphorus  
concentrat ion.  

Experimental 
Tin oxide  films were  p r e p a r e d  on glass microscope 

slides, oxidized silicon, and on semi- insu la t ing  GaAs 
wafers.  The resul ts  were  essent ia l ly  the  same, and are  
presented  here  only wi th  specific re fe rence  to films 
made  on oxidized si l icon substrates .  F i lms  were  grown 
at  450~ wi th  typ ica l  gas flow rates  of 50 m l / m i n  
oxygen and 16 m l / m i n  argon flow through  a TMT bub-  
bler.  Phosphine  gas, d i lu ted  in argon, was used to 
dope the films as descr ibed ea r l i e r  (10). 

The mobi l i ty  and ca r r i e r  concentra t ion of these films 
were  measured  b y  using br idge  samples  in a Hal l  effect 
appara tus .  These samples  were  obta ined  b y  coat ing 
the ShOe l aye r  wi th  silicon dioxide  at  450~ fol lowed 
b y  convent ional  photo l i thographic  de l inea t ion  o f  the  
oxide. This oxide  was used as a mask  for etching the 
SnO2 l aye r  using e i ther  an e lec t rochemical  technique 
(11) or  a hot  HBr  + Cr solut ion (10). Ohmic con- 
tacts were  made  to the arms wi th  s i lver  epoxy, fol-  
lowed~ by  cur ing at  100~ for 1 hr. The t e m p e r a t u r e  
dependence  of e lect r ica l  conductivi ty,  ca r r i e r  concen-  
t rat ion,  and  Hal l  mobi l i ty  were  s tudied be tween  96 ~ 
and 373~ Hal l  vol tages were  measu red  by  a p p l y -  
ing a magnet ic  field of 4.5 KG. 

Results and Discussion 
A number  of phosphorus -doped  t in oxide films were  

made  on this p rog ram wi th  a va r i e ty  of c rys ta l l ine  
and amorphous  substrates .  The resul ts  t ha t  follow a re  
out l ined for one specific set of films, l abe led  A - H  for 
ease of reference.  

Conductivity.--Both undoped  and phosphorus -doped  
t in oxide  films were  found to be n- type .  Undoped 
SnO2 wi th  conduct iv i ty  ranging  f rom 0.5 to 5 (12- 
c m ) - ~  could be  obta ined  b y  va ry ing  the oxygen  to 
TMT ratio. Increas ing the oxygen  flow whi le  keeping  
constant  TMT flow resul ts  in films wi th  low conduc-  
t ivity.  This suggests tha t  conduct ion of undoped films 
arises f rom the lack  of s toichiometry,  i.e., an oxygen  
deficiency. 

The addi t ion  of Group V elements  increases  the  
conduct iv i ty  of SnO2 films. In  this work,  phosphine  
gas was in t roduced  dur ing  the g rowth  of SnO2 for ~o 2~ 
this purpose.  Since the  ionic radius  of ps+ (0.35A) is 
different  to tha t  of Sn 4+ (0.71A), the in t roduct ion  of 
phosphorus  into SnO2 leads to the  r ep lacemen t  of 
some Sn 4+ ions b y  ps+ ions. This resul ts  in the  for-  
mat ion  of a new donor level, and  enhances the con- 
duc t iv i ty  of the  films. The res t  of the phosphorus  is 
incorpora ted  in the film in inact ive  form. In al l  
probabi l i ty ,  this  takes  the  form of phosphorus -oxygen  
polyhedra ,  because  of the  s t reng th  of the  P - - O  bond 
and the ne twork  former  charac te r  of phosphor ic  oxide. 

F igure  1 shows the change in conduct iv i ty  as a 
function of P H J T M T  mole  ratio.  The conduct iv i ty  
wi th  no phosphine flow (film A) was 0.9 ( ~ - c m ) - I .  
As ment ioned in the  preceding  paper  (10), micro-  
p robe  analysis  has indica ted  the  presence of a small  
amount  of res idual  phosphorus in the  undoped films. 
This was a lways  present ,  in spi te  of repea ted  flush- 
ing of the  sys tem with  argon. Thus, this  conduct ivi ty  
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Fig. 1. Conductivity vs. PH~/TMT mole ratio 

value is pa r t l y  due to the  cont r ibut ion  of phosphorus,  
as wel l  as the oxygen  deficiency. 

The conduct iv i ty  of doped films increased  wi th  the  
in t roduct ion  of phosphorus,  reaching a m a x i m u m  of 
210 ( ~ - c m ) - I  for a P H J T M T  mole  ra t io  of 0.01 (film 
E) .  Increas ing the flow ra te  beyond  this point  r e -  
sul ted  in a r ap id  drop in conduct ivi ty.  This is con- 
t r a r y  to wha t  is expected f rom the contro l led  va lency  
mechanism.  

X - r a y  diffract ion da ta  showed tha t  films A - E  were  
polycrys ta l l ine ,  whereas  films F - H  were  amorphous.  
Thus, the  unusual  behavior  of conduct iv i ty  is r e -  
la ted  to this change in film state. 

Carrier concentration.--Figure 2 shows the  ca r r i e r  
concentra t ion as a funct ion of the amount  of phos-  
phorus  incorpora ted  in the  film. Note tha t  the un-  
doped SnO2 film a l r e a dy  has a high ca r r i e r  concen- 
t ra t ion  ( ~  1.5 • 101S/cmS). This has been  a t t r ibu ted  
to the  combined contr ibut ions  of the  res idual  phos-  
phorus  and  the oxygen  deficiency. The in t roduc t ion  
of phosphorus  leads to a fu r the r  increase  of this car -  
r ie r  concentrat ion.  At  high phosphorus  concentrat ion,  
the  ca r r i e r  dens i ty  approaches  saturat ion.  As a r e -  
sult, the  r ap id  drop in conduct iv i ty  is p r i m a r i l y  due 
to changes in the  e lect ron mob i l i t y  of these films. 

I t  is impor t an t  to note  tha t  a Hal l  effect m e a s u r e -  
ment  of a nonsingle c rys ta l l ine  sample  only  gives an  
effective va lue  of ca r r i e r  concentrat ion,  n~rr, which is 
at  bes t  a measure  of the  ba r r i e r  to cur ren t  flow th rough  
it. Nevertheless ,  an es t imate  of the  ac tua l  ca r r ie r  con- 
cen t ra t ion  can be made  b y  considerat ion of the  theory  
of cur ren t  flow in po lycrys ta l l ine  films (12). F i lms  of 
this type  consist of smal l  grains  jo ined toge ther  a t  
gra in  boundaries .  These gra in  boundar ies  r epresen t  
a t rans i t ion  region be tween  crys ta l l i tes  of different  
or ientat ion,  and have a la rge  defect  dens i ty  due to 
incomple te  bonding.  Cur ren t  t r anspor t  be tween  crys-  
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Fig. 2. Effective carrier concentration vs. phosphorus concentra- 
tion. 
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tallites is impeded by these defects which capture mo- 
bile carriers. This creates a potential barrier between 
crystallites, and reduces the effective mobility. Using 
this model, it can be shown that the effective barrier 
height initially increases with doping concentration 
until all the traps are filled. Further increase in the 
doping concentration reduces the potential barrier 
height and therefore increases the mobility. At very 
high doping levels there is an additional (apparent) 
reduction of barrier height due to tunneling effects. 

Figure 3 shows the temperature dependence of ~eff, 
from 96 ~ to 373~ We note that film E is the most 
heavily doped polycrystalline film and should have the 
lowest value of barrier height at the grain boundaries. 
Assigning (for the present) a value of Eb : 0 to this 
film, the ac tua l  ca r r i e r  concentra t ion wi th in  the  gra in  
is found to be 5 • 10~9/cm 3. The phosphorus  content,  
however ,  is 6.5 • 10~0/cm s. Thus, app rox ima te ly  7.7% 
of this phosphorus  is act ive for this film whi le  the res t  
is p r o b a b l y  incorpora ted  in  the  form of phosphorus-  
oxygen  polyhedra .  

F rom Fig. 3 it  is seen tha t  there  a re  two slopes for  
the  l igh t ly  doped SnO2 films (A and B) ,  and  donor 
levels can be associated wi th  each. One level  has been 
assigned to the  oxygen  vacancy,  and  has a slope cor-  
responding to about  0.1 eV below the conduct ion band. 
The o ther  level  is assigned to the  phosphorus impur i ty ,  
which is a t  the  conduct ion bandedge.  As expected,  the  
level  a t t r i bu ted  to oxygen  was not observed in films 
grown at  increas ing  phosphine flow rates.  

MobiHty.--Figure 4 shows the room t e m p e r a t u r e  
Hal l  mobi l i ty  as a funct ion of the  phosphorus  concen- 
t ra t ion.  This mobi l i ty  was found to increase as the  
rat io  of P H J T M T  was increased,  whi le  keeping TMT 
flow constant.  The  highest  mobi l i ty  value,  26 cm~/Vsec, 
was observed  for  a phosphorus  concentra t ion of 6.5 • 
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1020/cm 8. Note tha t  films (A-E)  were  po lycrys ta l l ine  
up to this point. 

F u r t h e r  increas ing the phosphine  flow ra te  produced  
a r ap id  drop in mobi l i ty  as the films became amorphous  
( F - H ) .  Since the  ca r r i e r  concentra t ion increases mono-  
tonica l ly  wi th  increas ing phosphine  flow rate,  the  drop 
in conduct iv i ty  is p r i m a r i l y  due to the fa l l  of this  
parameter .  The mobi l i ty  behavior  of these films can 
be exp la ined  by  consider ing these two types  of be -  
havior  sepa ra te ly  and recognizing tha t  the Hal l  effect 
measurements  give only an effective va lue  of mo-  
bi l i ty.  

FiZm,~ A - E . - - T h e s e  a re  po lycrys ta l l ine  wi th  a g ra in  
size of about  370A. Here,  the  conduct iv i ty  increases  
monotonica l ly  wi th  P H J T M T  mole  ratio.  This increase  
is due to the enhancement  of both  the  neff and  ~tf. 
Aga in  invoking the model  for cur ren t  t r anspor t  in 
po lyerys ta l l ine  mater ia l ,  this effective mobi l i ty  c a n  

be expressed  as 

#eft = A T-'~ exp (-- Eb/kT) 

where Eb is the potential barrier height and A is a 
function of the grain size and the effective electron 
mass. A plot of In (#eft TV2) vs. 1/kT should yield a 
straight line with a slope of Eb. Figure 5 shows that 
our experimental results fit this expression very well. 
Therefore, it is concluded that grain boundary trap- 
ping effects dominate carrier transport in the poly- 
crystalline SnO2 films. 

From this figure, the barrier height for film E is 
obtained as 7 meV. Thus, the previous assumption that 
it was negligible is a reasonable one, in view of the 
crude nature of the calculation. 
The model for current transport in polycrystalline 

films also predicts that 

q Nt ~ 
Eb -- 

8,N 

where N is the doping concentration in the grain, and 
Nt the trap density per unit area at the interface be- 
tween grains, and, __~ 9 for tin oxide. For highly doped 
films with low barrier height, neff "~ N. For these films, 
the Ebneff product should be constant, and can be 
used to calculate the trap density per unit area. Re- 
sults are shown in Table I, where the E b neff product 
is reasonably constant for films C-E, so that these 
assumptions are justified. 

Fil~n~ F-H.--In this region the films are amorphous and 
the above model is no longer applicable. We note that 
the carrier concentration is still high, and that the 
drop in conductivity at high PH3/TMT ratio is due 
to the fall in electron mobility, and results from a 
transition to the amorphous state. 
In noncrystalline material, the lowest states in the 

conduction band are "localized" because of fluctuations 
of potential due to disorder (13, 14). There is a con- 
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t inuous range  of such localized states f rom the  bo t tom 
of the  band  up to a cr i t ical  energy  Ec' ( the mobi l i ty  
edge) ,  which  separa tes  the  high mobi l i ty  region in 
the  ex tended  states f rom the low mobi l i ty  region in 
the  localized states. Wha t  one expects  for  this s i tuat ion 
is tha t  charge  t r anspor t  is by  "hopping" f rom one 
localized s tate  to another  a t  low tempera tures .  Typ i -  
cally,  the  range  of opera t ion  of hopping behavior  is 
be tween  1 ~ to 2O~ At  h igher  tempera tures ,  cur ren t  
is ca r r ied  by  electrons exci ted  to the  mobi l i ty  edge; 
to a first order ,  the effective mobi l i ty  wi l l  v a r y  as 
~o exp ( - -  AE/kT),  where  hE is the  difference be tween  
E j  and F e r m i  level EF. 

This model  has been verif ied for amorphous  doped 
SnO2 in the h igher  t empe ra tu r e  range.  F igure  6 shows 
the effective mobi l i ty  f rom 96~176 p lo t ted  as a 
funct ion of 1/T. The l inear  re la t ion  be tween  In Ueff 
and 1/T indicates  tha t  band conduct ion of electrons 
exci ted  above Ec' dominates  the  cont r ibut ion  to the  
conduct iv i ty  over  this  range.  

Conclusions 
In a companion paper ,  we noted that  t in  oxide  films 

undergo a r ap id  t rans i t ion  f rom the po lycrys ta l l ine  to 

Table I 

Eb n e f f  N t  
Film (cm ~) (cm-S) Ebne~f (cm -2) 

A 0.05 1.6 x I0 Is 8 • 1016 ? 

B 0.025 2.3 x 1019 5.75 x I0 I~ ? 

C 0.018 2 X 1019 3.6 x 10 I~ 3,78 x 102 

D 0.01 4 x 1019 4 x 101~ 3.99 • 10 ~ 
g 0,007 5 x 10 TM 3.5 x i0 I~ 3.73 X I0 I~ 
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the  amorphous  state, once a cr i t ical  level  of phosphorus  
doping is exceeded.  Here,  i t  is shown tha t  the t r ans -  
por t  p roper t ies  of these films exhib i t  a cor respond-  
ing ly  ab rup t  change in behavior.  The behavior  has 
been expla ined  in terms of es tabl ished models  for  
po lycrys ta l l ine  and amorphous  films, and is shown 
to fit these theories quite well.  In  addit ion,  we have  
expla ined  the anomalous,  ab rup t  falloff in conduct iv i ty  
at  high doping levels,  as wel l  as its t empera tu re  be -  
havior .  The ba r r i e r  height  to cur ren t  flow has been 
shown to be smal l  ( ~  7 meV) ,  in the  heavi ly  doped 
po lycrys ta l l ine  films, and about  7.7% of the incorpo-  
ra ted  phosphorus  is shown to be e lec t ronica l ly  ac-  
t i re .  I t  is p resumed tha t  the  res t  is in shie lded form 
as phosphorus -oxygen  polyhedra .  
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ABSTRACT 

The e lec t r ica l  t ime response of ion sensi t ive f i e l d  e f f e c t  t r a n s i s t o r s  to an 
app l ied  step change in bias vol tage  is examined.  The resul ts  show tha t  ISFET 
t ime response is de te rmined  by  the ion select ive m e m b r a n e  and the condit ions 
at  the  associated intermces.  La te ra l  charge d is t r ibu t ion  at  the  m e m b r a n e /  
insu la tor  in ter face  and its effect on t ime response is discussed. A n  unde r s t and -  
ing of the  t rans ien t  character is t ics  of ISFET's  is advantageous  in  designing 
systems where  Dias vol tages  are  switched,  i.e., mul t ip l ex ing  and te lemet ry .  

The  ion sensi t ive field effect t rans i s to r  ( ISFET)  is 
one of the  f ami ly  of chemical ly  sensi t ive semiconduc-  
tor  devices which  has been  the object  of considerable  
research  and deve lopment  (1). S t ruc tura l ly ,  the ISFET 
is an  insu la ted  gate field effect t rans is tor  ( IGFET)  in 
which the me ta l  gate  is rep laced  by  an  e lec t rochemical  
s t ruc ture  consist ing of a reference  electrode,  e lec t ro-  
ly te  solution, and  an ion sensi t ive membrane .  A change 
in the  chemical  env i ronment  to which  the m e m b r a n e  is 
exposed or  in the app l ied  e lec t r ica l  vol tages wi l l  cause 
a change in the  e lect r ica l  po ten t ia l  a t  the  m e m b r a n e /  
t rans i s tor  interface.  This change is d i rec t ly  re la ted  to 
the  charge d is t r ibu t ion  in the semiconductor ,  which is 
reflected in a change in current .  The t ime requ i red  to 
reach  equ i l ib r ium fol lowing a chang e in  appl ied  vo l t -  
age is examined  in this study.  

The  t ime response of an  I G F E T  is de te rmined  by  its 
ga te  impedance  and the t rans i t  t ime of charge car r ie rs  
in the  channel.  F o r  a MOSFET, the  smal l  va lues  of 
these  factors  give typ ica l  t ime constants  of 10-100 nsec. 
The t rans ien t  character is t ics  of  ISFET 's  wi th  var ious  
membranes  depend  on four  processes:  r e l axa t ion  of 
the  space charge  of the  m e m b r a n e  at  the  so lu t ion/  
m e m b r a n e  interface,  the  bu lk  impedance  of the  m e m -  
brane,  the  r e l axa t ion  of space charge  at  the m e m b r a n e /  
insula tor  (or meta l )  interface,  and  the t ime response 
of the  insu la to r / semiconduc to r  s t ruc ture  (2). The t ime 
constant  of  the  MOSFET indicates  tha t  the  las t  impe-  
dance is the  lowest  and  can be neglected.  Therefore ,  
the  t ime response of an I S F E T  wi l l  be a funct ion of 
the m e m b r a n e  and its associated interfaces,  which can 
be modeled  by  a series of pa ra l l e l  combinat ions  of 
capaci tors  and  resistors.  

A series of exper imen t s  has been conducted to p ro -  
vide in i t ia l  da ta  on the r e l axa t ion  t ime of different  
ISFET's .  A vol tage step method  was used in o rder  to 
obta in  a r ap id  survey  of the t rans ien t  behavior  of the  

* Electrochemical Society Active Member. 
Key words: field effect transistors, interface, charge distribu- 

tion. 

membranes  used on our  t ransistors .  However ,  this  
technique is not  r ead i ly  sui table  for the  ass ignment  of 
t ime constants  to the appropr i a t e  phys ica l  processes. 
The measu remen t  of the rea l  and  imag ina ry  par t s  of 
the impedance  at  var ious  frequencies  (Cole-Cole plots)  
was found to be most sui table  for tha t  purpose  (3). 

The possible effects of po ten t ia l  va r ia t ion  along the 
channel  of an ISFET on charge d is t r ibu t ion  at  the  
m e m b r a n e / i n s u l a t o r  in ter face  has been sugges ted  by  
Zemel  (4). By mak ing  step changes in bo th  the  d ra in  
and the gate  vol tages  of ISFET devices, these  effects 
were  observed.  

Experimental 
Devices.--The fabr ica t ion  and pr incip les  of opera t ion  

of ISFET's  have been descr ibed prev ious ly  (1). The  de-  
vices tes ted in  this s tudy  can be d iv ided  into four  
groups according to the i r  gate  s t ructure .  The first type  
is the MOSFET. Second is the bare  gate sil icon n i t r ide  
ISFET which has been  shown to be  p H  sensi t ive (5, 6). 
The th i rd  group consists of ISFET 's  wi th  homogeneous  
polymer ic  membranes .  Calcium ion, K +, and  H + sen-  
si t ive membranes  of this type  were  used. The charac -  
ter is t ics  and  method of fabr ica t ion  of these devices 
have been repor ted  (7). 

The four th  group consists of ISFET's  wi th  he te ro -  
geneous membranes  (8), sensi t ive to C1- and I - .  

The t ransis tors  were  tes ted for  the i r  chemical  r e -  
sponse before  they  were  used for  t rans ien t  e lec t r ica l  
character is t ic  studies.  

Other equipment.--A Tek t ron ix  TM-503/FG-501 
funct ion genera to r  was used to produce  a symmet r i ca l  
square  wave  wi th  va r i ab le  ampl i tude ,  bias, and f r e -  
quency. The rise t ime of this s ignal  was on the o rde r  
of 50 nsec. 

A double  junct ion Ag/AgC1 ( sa tu ra ted  KC1) r e fe r -  
ence e lec t rode  (METROHM EA-437) was used for  
solut ion (gate)  bias ing of the ISFET's .  Dis t i l led  de-  
ionized w a t e r  and  reagen t  g rade  chemicals  were  u s e d  
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in  all  experiments.  All  measurements  were made at 
an ambient  temperature  of 22 ~ • 2~ 

The dra in  current  was measured by connecting the 
source lead of the ISFET to the input  of an  OP AMP VD 
electrometer and tracing the output  voltage on a Tek-  
tronix 7623-A storage oscilloscope. An oscilloscope 
camera was used to photograph the tracings. The ap-  
paratus used to measure t rans ient  response is i l lus-  
t rated in  Fig. 1. 

The Pr ince ton  Applied Research Electrochemistry 
System was used to obta in  the steady-state I -V char-  
acteristics. 

Results m D 
The voltages which are applied to an ISFET device 

establish the equi l ibr ium charge and potential  distri-  
but ion in the device. This dis t r ibut ion determines the 
measured drain  to source current,  ID. The exper imental  
procedure consisted of making  step changes in  either 
of the applied voltages (VG or VD) while measur ing ID 
as a funct ion of time. 

The ISFET's were biased as shown in Fig. 1 with 
the substrate and the source kept at zero volts. The 
gate voltage was main ta ined  above threshold for all  
measurements  to insure that the time response mea-  
sured would not include the t ime required to form an 
inversion layer  in  the device. A square wave was used 
to generate the applied step changes in  dra in  or gate VG 
voltage. To measure the response to changes in gate 
voltage (VG) a square wave with an ampli tude of ap- 
proximately 500 mV was added to the gate bias voltage 
while holding the dra in  voltage constant  at 2V. To 
measure the response to changes in drain  voltage 
(VD) a square wave with ampli tude of approximately 
1.SV was added to the dra in  bias voltage while hold- 
ing VG constant. The d-c biasing of the drain  and gate i D 
were such that  the value of ID was always wi thin  the 
operat ing range general ly  used for these devices which 
is from 0.25 to 1.0 mA. 

Typical applied voltage waveforms and the corre- 
sponding changes in ID are shown in  Fig. 2 with defini- 
tions of the measured parameters:  Tva, TVD, and over-  
shoot. The curves in  Fig. 2 show the response to a 
voltage pulse applied to the dra in  (a) or to the gate 
(b), respectively. 

As seen in Fig. 2, the current  response to a step 
change in VG is different than that  to a step change 
in VD. When VG is stepwise increased, ID increases 
monotonical ly to its final steady-state value with a 
time constant  of Tvc. When VD is increased stepwise, ID 
increases to a value greater than its final s teady-state  
value, thus producing an overshoot. It  then decays 
with a t ime constant of TVD. When these two time con- 
stants are compared they are found to be near ly  iden-  
tical for any one par t icular  device (see Fig. 3). The 
t ime constants of each device are independent  of 

--~Va 

J l  
I FUNCTION 

GENERATOR 

1 

�9 
- I + trigg~ 

Fig. 1. ISFET biasing and measuring apparatus. (1) ionic solution, 
(2) reference electrode, (3) ISFET. 
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Fig. 2. Definition of terms. (a) ISFET current response to step 
changes in drain voltage; (b) ISFET current response to step 
changes in gate voltage. 

whether  an increasing or decreasing step change in  
voltage is made. The time response data for all de- 
vices is enumera ted  in  Table I. 

During the course of study it  was found that a sym- 
metrical  pulse applied to VD produced a nonsymmet r i -  
cal degree of overshoot in comparison to undershoot  
of ID. Since ID is a nonl inear  funct ion of VG and /or  VD, 
the degree of overshoot will be a funct ion of ini t ia l  
bias, size, and direction of the VD step. Evidence of 
this was seen in ISFET's when  a t ra in  of pulses with in-  
creasing pulse height was applied to the drain  of a 
C1- ISFET. The result ing ID showed an increasing de- 
gree of overshoot with step size. The applied wave-  
form and resul t ing drain  cur ren t  are shown in Fig. 4. 

The interposi t ion of an electrically floating layer  be- 
tween the insulator  and membrane  reduced the over-  
shoot for all  membranes  and affected the t ime response 
of most. The results obtained from t ime response mea-  
surements  made with gold gate devices provided some 
insight  into the effects of interracial  conditions on the 
t ime response of ISFET's. The presence of gold drasti-  
cally reduces the time response of the heterogeneous 
membranes  ( I -  and C1-) and slightly increases that  
of the homogeneous membranes  (Ca + +, K +, and H +) 
('Table i ) .  

The time response measured for bare  gate and 
MOSFET devices were three to four orders of magni-  
tude less than that measured for membrane  devices. 
Comparing each type of membrane  reveals a time con- 
s tant  hierarchy; the devices with homogeneous PVC 
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Fig. 3. Log-log plot of the time response to a step change in 
gate voltage (TVG) VS. the time response to a step change in 
drain voltage (~VD) of various ISFET's. 

based membranes  (Ca + + and K+)  were found to have 
the shortest  t ime constants, followed by  those with 
heterogeneous membranes  and finally those with p i t  
membranes .  

Discussion 
The characteristic cur ren t  response to pulsed gate 

or dra in  voltages of ISFET's can be explained in  terms 
of the lumped parameter  model shown in Fig. 5. Ac- 
cording to IGFET theory, the dra in  current  is deter-  
mined by the effective gate voltage (i.e., the voltage 
at the i n su l a to r /membrane  interface) ,  the dra in  vol t-  
age, and the geometry of the semiconductor s t ructure  
(9). The model represents a cross-sectional segment  of 
an ISFET in  which the dra in  voltage is assumed con- 

Table I. Time response data for various MOSFET and ISFET 
gate structures 

Over- 
Device  %vG r~VD shoot  

D e v i c e  NO. G o l d  ( ~ m )  ( m s e c )  ( m s e c )  ( m A ) *  

1 A l u m i n u m  g a t e  1.0 • 10 -4 1.0 • 10 -4 0.0 
M O S F E T  2 G o l d  g a t e  1.0 • 10 -4 1.0 • 10 -4 0.0 
B a r e  S i  3 - -  1.0 • 10 -a 1.0 • 10 -3 0.0 

nitride 4 1.0 1.8 • 10 -~ 1.0 • 10 -~ 0.0 
5 - -  0.45 0.47 0.75 

C a l c i u m  6 - -  0.5 0.5 0.75 
m e m b r a n e  7 0.9 0.9 0.80 

8 ~..0 1.4 1.2 0.15 
9 1.0 1.5 1.5 0,20 

10 - -  2.5 2.5 0.80 
11 ~ 6.0 6.0 0.60 

Potass ium 12 1.0 16.0 16.0 0.40 
m e m b r a n e  13 1.0 15.0 15.0 0.40 

14 I0.0 2.0 2.5 0.45 
15 10.0 7.0 7.0 0.45 
16 - -  7.5 7.5 0.75 

Iodide 17 18.0 18.0 0.45 
m e m b r a n e  18 ~'.0 1.3 1.0 0.20 

19 - -  12.0 12.0 0.40 
20 - -  60.0 60.0 0.75 

C h l o r i d e  21 80.0 80.0 0.5 
m e m b r a n e  22 ~.0 0.4 0.4 0.10 

23 1.0 0.0 0.5 0.24 
24 - -  150.0 200.0 0.75 
25 1.0 400.0 400.0 0,4 

p H  m e m b r a n e  26 10.0 400.0 400.0 0.38 

~ For step increase  i n  Up.  

I D 

T i m e  

Fig. 4. ISFET current response to consecutively increasing step 
changes in drain voltage. 

V G EFFECTIVE 

R1 R B R2 Cox Cdep 

+ 

tll 
VG 

Fig. 5. I$FET lumped parameter model. R1 11 C1 represents the 
membrane/solution interface impedance; R2 11 C2 represents the 
membrane/insulator interface impedance; RB 11 CB represents the 
membrane bulk impedance, where CB > >  C1, C2. 

stant  dur ing steady-state  conditions. When the applied 
gate voltage is increased stepwise, the effective gate 
voltage is also increased stepwise to a value deter-  
mined by the capacitor divider ne twork  of C1, C2, and 
Cox while VD remains constant. For ISFET's this in -  
crease is small  due to the large value of Cox compared 
to C1 and C2. As the voltage across C1 and C2 de- 
creases due to R1 and R2, the effective gate voltage 
continues to increase unt i l  the applied gate voltage 
appears across Cox. In  response to the change in  effec- 
tive gate voltage, the dra in  current  increases and 
reaches its final s teady-state  value wi th  a t ime constant  
characteristic of the membrane  and the interracial  
impedances. From the VG-ID curve of a typical ISFET 
in  Fig. 6 (a),  the magni tude  of change in ID can be esti- 
mated as a funct ion of device parameters.  If VG is 
stepped from A to B, ID will  increase from A' to B'. 
The t ime constant of the response measured was found 
to be independent  of step size or direction which is 
fur ther  evidence that  it is determined by the mem-  
brane and associated interfaces. 

When the drain  voltage is pulsed, the response in  ID 
is more complex. A step increase in  VD wil l  be capaci- 
t ively coupled through Cox to the gate resul t ing in  a 
stepwise increase in  the effective gate voltage of ap- 
proximately  the same amount.  The resul t ing change in  
dra in  current  will  be a large stepwise increase to a 
value which can be estimated by the V D - I D  curves of 
the device which are shown in  Fig. 6(b) .  If VD is 
stepped from C to D, and VG also in i t ia l ly  increases ap-  
proximately  the same amount,  ID wil l  go from C' to D'. 
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Fig. 6. Typical ISFET I-V characteristics. (a) ID vs. gate voltage 
(VG); (b) Io vs. drain voltage (VD). 

As the increase in effective gate voltage is dissipated 
through the membrane  model network of RiC1 and 
R2C2, and the effective gate voltage re turns  to the 
value of V~ which is applied, ID decays with a t ime 
constant determined again by the membrane  imped-  
ance. The final value of ID is determined by the value 
of VG applied and the new final value of VD as indi -  
cated by E in  Fig. 6(b) .  The difference between the 
values of ID at D' and E is the overshoot defined in 
Fig. 2 (a).  

We have found that interposi t ion of gold between 
the membrane  and the insulator  of CHEMFET devices 
reduces the overshoot of the current  response to a step 
increase in VD (Table I, devices No. 8, 9, 12-15, 18, 22, 
23, 25, and 26). The reduced overshoot of the gold de- 
vices cannot  be explained solely by the CHEMFET 
model in Fig. 5. It should be remembered  that the 
model is of an incrementa l  section of the device and 
does not take into account the fact that  VD varies from 
dra in  to source as a funct ion of y or distance from the  
source. A schematic diagram of the overall  channel  
and  the section (dy) considered in the model is shown 
in  Fig. 7. From this figure, it can be seen that  in  order  
to represent  the entire channel,  a series of models 
could be connected by a lateral  impedance with a dif- 
ferent  VD at each node. The ini t ial  explanat ion of 
overshoot assumes an equipotential  at the m e m b r a n e /  
insulator  interface in  a lateral  direction. This must  be 
t rue in steady state for equi l ibr ium conditions to be 
met at the interface. However, if the lateral  imped-  
ance at the membrane / insu la to r  interface is large, a 
la teral  distr ibution in  potent ial  will  be in i t ia l ly  formed 
there in response to a step change in  VD. This potential  
dis t r ibut ion will match that  which is formed along 

Fig. 7. An ISFET cross section indicating an incremental length 
along the channel (dy) where VD may be assumed constant. The 
space charge and channel geometry for (a) VD < VDsat and (b) 
VD ~- VDsat are shown. (1) insulator, (2) membrane, (3) solution. 

the insula tor /semiconductor  interface. Dur ing  this in i -  
tial state, the field across the insulator  does not change 
and therefore the channel  resistance will  r emain  ap-  
proximately  the same. The expected response in ID will  
be a step increase which can be i l lustrated on the 
VD-I  D c u r v e s  if the slope of the curve is kept con- 
stant, as shown in  Fig. 6 (b) f rom C' to D". From D" In 
will  decay back to E with a decay time determined by  
the longer of two relaxat ion t imes- -one  in  the vert ical  
direction and the other in  the lateral  direction. As- 
suming the membrane  is an isotropic material ,  the 
impedance over any uni t  length will  be the same in all 
directions. Therefore, the t ime response measured wil l  
be the same as that  which was measured for a step 
change in  VG. 

When a layer of gold or any  conducting mater ia l  is 
placed be tween the membrane  and the insulator,  the 
effect is to short out the lateral  interracial  potential  
distribution. When a step increase is applied to VD, 
the effective gate voltage will  un i formly  increase, in-  
dependent  of position along the channel. The field 
across the insulator  then will not remain  constant and 
the channel  resistance wil l  increase. The current  over-  
shoot will  therefore be less, and can be estimated in  
the manner  described for the sectional model. 

This hypothesis was tested using a series of 
MOSFET's connected as shown in Fig. 8. Two tests 
were performed. In  the first test, RE was el iminated 
and the gates were shorted together. This corresponds 
to the devices with a gold layer  as described above. 
In  the second test, RL was made very large (10 M~).  

V G 

~ IOMD ~IOMO OM~ 
> 

Ial 

[bl RL [bl 

]--g -F---F - I - - F  o vo 

Fig. 8. Electrical circuit used to model effects of lateral potential 
distribution in the channel on time response of ISFET's (a) with 
and (b) without gold at the membrane/insulator interface. 
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When a step increase was made in VD, an overshoot 
was observed which was approximately 40% larger  
than in the first test. This difference in overshoot is 
comparable to that  which was measured on ISFET's 
(see Table I) .  

As stated earlier, current overshoot was reduced for 
all  membrane devices when gold was introduced at 
the membrane/ insula tor  interface. The time response, 
however, was not always reduced. Instead, it  was 
membrane dependent (see Table I) .  This suggests that 
the effect on time response of the gold layer is not due 
to the change in la teral  charge distribution but ra ther  
is dominated by the change in the vertical impedance 
at the interface. This change in impedance is repre-  
sented by a change in the value of R2 and C2 in the 
lumped parameter  model. Whether the impedance in- 
creases or decreases will  depend on the properties of 
the gold/membrane interface. 

Conclusion 
The results of this study show that the time response 

of an ISFET is determined by membrane and gate 
structure. There are several applications of ISFET's 
where electrical time response information is im- 
portant. Multisensor operation is one example. If sev- 
eral devices were to be operated in the same solution 
simultaneously, mult iplexing of bias voltages may be 
necessary. The maximum rate of multiplexing would 
be determined by the number and types of membranes 
used. 

Another application is in ISFET telemetry systems 
where power consumption is a major concern. To con- 
serve power, switching of bias voltages to low values 
after sampling may be desired. The time response of 
the devices will then determine the maximum sam- 
piing rate  possible. 
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Conduction Properties of Chemically Deposited 
Polycrystalline Silicon 
T. Yoshihara, A. Yasuoka, and H. Abe 

Mitsubish~ Electric Corporation, LSI Development Laboratory, Itami, Hyogo 664, Japan 

ABSTRACT 

The relation between the conduction properties of the polycrystall ine sili- 
con films and process parameters such as the dose of implanted impurities, the 
deposition temperature,  and heat- t reatment  were investigated. The doping 
concentration in polycrystal l ine silicon film was precisely controlled by Ion 
implantation techniques. The trapping state density at the grain boundary 
which was the most important  factor for the conduction properties of poly- 
crystalline silicon was calculated using the doping concentration and experi-  
mental ly  obtained potential barr ier  height. It was found that the trapping 
state densities were 3.5 • 10r2/cm 2 for the boron-implanted polycrystall ine 
silicon deposited at 700~ and 5.2 • 1012/cm 2 for the phosphorus-implanted 
polycrystal l ine silicon, respectively. The trapping state density was found to 
be reduced by increasing the deposition temperature or by the heat- t reatment  
of the film at high temperature after the deposition of the polycrystall ine 
silicon. I t  was also revealed that even a very small amount of oxygen caused 
the increase of the trapping state density. 

Pyrolytic  polycrystall ine silicon has been widely 
used in silicon technology as gate electrodes, load re-  
sistors, and interconnections of silicon gate MOS de- 
vices, dielectric isolation, and polycrystall ine silicon 
devices. Kamins (1) measured extensively Hall mo- 
bil i ty of polycrystall ine silicon films doped by a 
diffusion method and proposed the grain boundary 
trapping model in which the electrical conduction 

Key words: conduction, impurity, deposition. 

properties of the polycrystall ine silicon were deter-  
mined by  the potential barr ier  of the space charge 
region originated from the trapping of carriers at the 
grain boundary of the films. Seto (2) measured the 
dependence of Hall mobility on temperature and 
reported the trapping state density of about 3.3 • 
i012/cm 2 for the boron-implanted polycrystall ine sili-  
con films. In this paper, the relation between the elec- 
trical conduction properties of the polycrystall ine sill- 
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c o n  films and the dose of implan ted  impuri t ies ,  the  
deposi t ion tempera ture ,  h e a t - t r e a t m e n t  and so on, wi l l  
be descr ibed by  observing the t r app ing  s tate  density.  

Experimental 
Polycrys ta l l ine  sil icon films of 0.5 ~m in the  th ick-  

ness were  deposi ted on sil icon dioxide  films t h e r m a l l y  
grown on sil icon wafers  by  the the rmal  decomposi t ion 
of si lane di lu ted  in hydrogen  ambien t  at  a tmospher ic  
pressure  at  a deposi t ion t e m p e r a t u r e  be tween  700 ~ 
and 1050~ The deposi t ion of the po lycrys ta l l ine  s i l i -  
con films was car r ied  out  using the ve r t i c a l - t ype  reac-  
t ion sys tem (Model  AMVS00), in which an r f  hea ted  
carbon susceptor  was used and gas was injected ve r t i -  
cally. Boron (B) or  phosphorus  (P) impur i t ies  whose 
doses were  f rom 4 • 1013/cm 2 to 1 • 1015/cm 2 were  
implan ted  into the  a s rg rown po lycrys ta l l ine  sil icon 
films at  50 keV and 80 keV in energy,  respect ively .  
In  some exper iments ,  the  anneal ing  of the  a s -g rown  
polycrys ta l l ine  sil icon films was carr ied  out  in n i t rogen 
ambien t  in the  t empe ra tu r e  range  f rom 700 ~ to 1180~ 
before  ion imp lan t a t i on .  B or  P - i m p l a n t e d  po ly -  
c rys ta l l ine  sil icon films were  annea led  to ac t ivate  
these impur i t ies  in the films at  l l00~ for  30 min in 
n i t rogen ambient .  The resistors  were  fabr ica ted  by  
a process flow shown in Fig. 1. The value  of the  r e -  
s is t iv i ty  was obta ined  f rom the Ohm's l aw region of 
I -V character is t ics  of the  resistors,  because, in the  case 
of l igh t ly  doped polycrys ta l l ine  silicon films, I-V 
character is t ics  dev ia ted  f rom the Ohm's l aw at  the  
region of high electr ic  field (3). 

Experimental Results and Discussion 
Trapping state density.--In Fig. 2 is shown the act i -  

va t ion energy  obta ined f rom the slopes of logar i thmic  
plot  of res i s t iv i ty  vs. 1/kT for B or P - i m p l a n t e d  po ly -  
c rys ta l l ine  sil icon films as a function of the  doping 
concentra t ion Nd, whose va lue  is ca lcula ted  by  d iv id-  
ing the total  dose by  the thickness of the po lyc rys ta l -  
l ine silicon films. Since the thickness of the  po lyc rys -  
ta l l ine  silicon is 0.5 ~m, the va lue  of the doping con- 
cent ra t ion  Nd is f rom 8 • 101~ to 2 • 1019/cm 3. I t  is 
noticed from Fig. 2 that  the act ivat ion energy  Ea is in-  
verse ly  propor t iona l  to the  doping concentra t ion Nd. 

This exper imen ta l  resul t  can be in te rp re ted  by  the 
gra in  bounda ry  t r app ing  model  proposed by  Kamins  
(1), Seto (2), and other  authors  (4) as descr ibed in 
the  following. 

The o ther  model  concerning the electr ical  p rope r -  
ties of po lycrys ta l l ine  sil icon is the  segregat ion model  
(5), according to which  the gra in  bounda ry  acts as 
a s ink for i m p u r i t y  atoms due to impur i t y  segregation.  
I t  is descr ibed by  Seto (2) and Baccarani  et at. (5);  

Sample Preparation 

o silicon wafer 

o oxidation (lum) 

o polycrystalline silicon deposition (0.5um) 

o ( heat treatment ) 

o ion implantation (B or P) 

o annealing (I,100~ or 1,000~ for 30 min. in N2) 

o photolithography (polycrystalline silicon) 

o SiO 2 deposition (430~ 0.Sum) 

o photolithography (SiO 2 ething for contact window) 

o B or P diffusion (970~ for Ohmic contact) 

o metallization (AI) 

o photolithography (AI) 

Fig. 1. Process flow chart of the sample preparation 
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Fig. 2. The relation between the activation energy Ea of the B or 
P-implanted polycrystalline silicon and doping concentration Nd. 

the l imi ta t ion  of this model  is tha t  i t  cannot  exp la in  
the  t empe ra tu r e  dependence  of res is t iv i ty  of films 
which exhibi t  a negat ive  t empe ra tu r e  coefficient. 

According to the  gra in  bounda ry  t r app ing  model,  
there  exis t  a la rge  number  of t r app ing  states at  the 
gra in  bounda ry  in the  po lyerys ta l l ine  sil icon film. 
These t r app ing  states a re  supposed to resul t  f rom 
the incomplete  atomic bondings. A space charge  region 
is formed in the  film by t rapp ing  free carriers ,  then a 
potent ia l  ba r r i e r  is generated.  

The height  of this potent ia l  ba r r i e r  can be obta ined 
b y  solving the Poisson's  equat ion under  the  appro -  
pr ia te  bounda ry  conditions. In  our measuremen t  of 
the res is t iv i ty  of the films, as the  appl ied  vol tage to 
the films is low, most of the measured  cur ren t  tha t  
flows across the  gra in  bounda ry  is expected  to be 
caused by  the thermionie  emission over  the  potent ia l  
barr ier .  

Seto (2) presented  two kinds of the  expressions for 
the  res is t iv i ty  due to the thermionic  emission cur ren t  
across the gra in  bounda ry  depending on the doping 
concentrat ion.  

In  case I, in which the crys ta l l i te  is pa r t i a l l y  de-  
pleted,  that  is, LNd > Nt, where  Nd is the  doping con- 
centrat ion,  !Vt is the  t rapp ing  s ta te  density,  and L is 
gra in  size, the res is t iv i ty  and the ac t iva t ion  energy  Ea 
can be wr i t t en  as follows 

kT 
D- exp (Ea/kT) [I] 

q2LNdVc 

Ea -- r ---- q~Nt2/8,Nd [9] 

where  r is the  potent ia l  ba r r i e r  he ight  a t  the  g r a i n  

bounda ry  and equal  to the  ac t iva t ion  energy  Ea in 
this  case, Vc is the  collect ive velocity,  and �9 is the  
pe rmi t t i v i ty  of silicon. 

In  case II, in which the crys ta l l i te  is comple te ly  
deple ted  the  t rapp ing  states a re  pa r t i a l l y  filled, tha t  
is, LNa < Nt, the res is t iv i ty  p and the act ivat ion energy  
Ea a re  wr i t t en  as follows 

2kT (NtLNd) 
p _  exp (Ea/kT) [3] 

q2L2NcNdVc 

Ea = �89 E~ -- Et [4] 

where Et is the energy level of the trapping state 
referred to the intrinsic Fermi level, Nc is the effective 
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dens i ty  of state, and  Eg is the  bandgap  energy.  In  this  
case, the poten t ia l  ba r r i e r  he ight  ~b is g iven b y  

r = q2L~Nd/8, [5] 

which is proportional to the doping concentration Nd. 
The experimental result that the resistivity depends 

exponen t ia l ly  on 1/kT can be in te rp re ted  by  Eq. [1] 10/* 
or  [3], because the  t empe ra tu r e  dependence  of the  
t e rm preceding  the exponent ia l  t e rm in the  equations "" 
is small .  -,a 

The resul t  shown in Fig. 2 tha t  the  act ivat ion energy  
is i nve r se ly  p ropor t iona l  to the doping concentra t ion  
corresponds to Eq. [2], and  then the crys ta l l i te  is 
found to be p a r t i a l l y  dep le ted  for the  range  of the  .~ 103 
doping concentra t ion  in our  exper iment .  Thereaf ter ,  '~ 
this  expe r imen ta l  resu l t  is considered to mean  tha t  .~- 
the  ac t iva t ion  energy  Ea is equiva lent  to the potent ia l  
b a r r i e r  he ight  ~ at  the  gra in  bounda ry  in the  films, a: 

Among  the factors which  re la te  to the poten t ia l  
ba r r i e r  he ight  as shown in the  Eq. [2], the t r app ing  �9 2 
s ta te  dens i ty  is the most  impor t an t  one, because i t  ~ 10- 
de te rmines  the  character is t ics  of po lycrys ta l l ine  s i l i -  
con, whi le  the  doping concentra t ion can be va r ied  in-  
t en t iona l ly  by  changing the ion implan ta t ion  dose. 

The  t r app ing  s tate  dens i ty  at  the gra in  b o u n d a r y  
can be ob ta ined  f rom the Eq. [2] using the doping 
concentra t ion  Nd and the measured  potent ia l  ba r r i e r  
height  r In  calculat ing the t r app ing  s tate  density,  the 
amount  of a toms which  segregate  at  the  gra in  bound-  
a r y  is assumed to be smal l  for the  range of dop ing  
concentra t ion in this expe r imen t  (2, 4). The ca lcula ted  
t r app ing  s tate  dens i ty  Nt a re  3.5 X 1012/cm 2 for B- 
implan ted  po lycrys ta l l ine  sil icon and 5.2 X 10~2/cm 2 
for  the  P - i m p l a n t e d  one, respect ively.  The difference 
of t r app ing  s tate  dens i ty  be tween  t h e  B and P - i m -  
p lan ted  po lycrys ta l l ine  sil icon is considered due to 4 
the  difference of the energy  level  of the  t r app ing  
s tate  dens i ty  in the energy  band  (6). The value  of Nt 
3.5 • 1012/cm 2 for the  B- imp lan ted  sample  is in good 

u 

agreement  wi th  the  va lue  repor ted  by  Seto for the  
B- imp lan t ed  sample  deposi ted at  650~ (2). 

Deposition temperature.~The elec t r ica l  p roper t ies  of 
the  po lycrys ta l l ine  silicon film as wel l  as the g rowth  "~ c 3' 
ra te  depend on the deposi t ion tempera ture .  In this ex-  c~ 
per iment ,  the  deposi t ion t e m p e r a t u r e  was var ied  f rom 
700 ~ to 1050~ F igure  3 shows the dependence  of the  
sheet  res i s t iv i ty  on the deposi t ion tempera ture .  

The implan ted  dose of B is 1 • 10~4/cm 2. I t  is found c 
tha t  the  sheet  res is t iv i ty  decreases as the deposi t ion "aa 

2 t e m p e r a t u r e  is increased f rom 700 ~ to 1050~ (7). 
The potent ia l  ba r r i e r  he ight  can be ca lcula ted  f rom 

the dependence  of the  sheet  res i s t iv i ty  on the measu r -  
ing t empera tu re .  In  Fig. 4, the  re la t ion  be tween  the 
t r app ing  s tate  dens i ty  Nt obta ined  by  using the Eq. 
[2] and  the deposi t ion t empe ra tu r e  is shown. In  Fig. 4, 
the  potent ia l  ba r r i e r  he ight  is also shown. It  is found 
f rom Fig. 4 tha t  the  t r app ing  s ta te  dens i ty  Nt decreases 
when the deposi t ion t empe ra tu r e  is increased.  In this 
exper iment ,  the va lue  of t r app ing  s tate  dens i ty  var ies  
f rom 3.5 X 101~ to 2.0 X 1012/cm 2 for the range  of 
the  deposi t ion t e m p e r a t u r e  f rom 700 ~ to 1050~ These 
facts suggest  tha t  the incompleteness  at  the gra in  
bounda ry  of the gra in  b o u n d a r y  of the po lycrys ta l l ine  
sil icon can be improved  by  ra is ing the deposi t ion 
t empera tu re .  

I t  is p robab le  the  facts that  the  gra in  size becomes 
la rge  (8) and the deposi t ion ra te  is l imi ted  r a the r  by  
the diffusion of the  reac tants  than  by  the surface 
react ion (9) when the deposi t ion t e m p e r a t u r e  is in -  
creased a re  re la ted  to the  decrease of the  t r app ing  
s ta te  density.  

Ef]ects o~ heat-treatment.~In this exper iment ,  the 
effects of the h e a t - t r e a t m e n t  on the e lect r ica l  charac-  
ter is t ics  of the  po lycrys ta l l ine  silicon before  ion im-  
p lan ta t ion  were  invest igated.  The t e m p e r a t u r e  of the  
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Fig. 4. Trapping state density and potentitd barrier height of the 
B-implanted polycrystalline silicon as a function of deposition 
temperature. 

h e a t - t r e a t m e n t  of the po lycrys ta l l ine  si l icon films was 
va r ied  f rom 700~ (as -g rown)  to 1180~ 

The anneal ing  af te r  ion implan ta t ion  was car r ied  out  
at  1000~ in n i t rogen ambien t  for  30 min  to dis t inguish 
the  effect of the h e a t - t r e a t m e n t  before  ion imp lan t a -  
t ion f rom tha t  of the  anneal ing  by  lower ing  the annea l -  
ing t e m p e r a t u r e  f rom l l00~ The imp lan ted  dose of 
B was 1 X 10t4/cm 2. Sheet  res i s t iv i ty  decreases s imi-  
l a r ly  as in the  case of increas ing deposi t ion t e m p e r a t u r e  
when  the t empe ra tu r e  of the  h e a t - t r e a t m e n t  is in-  
creased. The dependence  of the  t r app ing  s tate  dens i ty  
and the poten t ia l  ba r r i e r  height  r on the  t empera tu re  of 
the  h e a t - t r e a t m e n t  of the  po lyc rys ta l l ine  sil icon is 
i l lus t ra ted  in Fig. 5. 
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Fig. 6. The relation between sheet resistivity of the B-implanted 
palycrystalline silicon measured at 70~ and the flow rate of 
C02 gas mixed in reaction gas. The dose is | X lO14/cm 2. 

I t  is observed tha t  the t r app ing  s tate  dens i ty  Nt d e -  
c r e a s e s  f rom 4.5 X 10 TM to 2.6 X 1012/cm 2 wi th  increas-  
ing h e a t - t r e a t m e n t  t empe ra tu r e  up to 1180~ I t  seems 
tha t  the  r ea r r angemen t  of the po lycrys ta l l ine  silicon at  
gra in  bounda ry  occurs and causes the  decrease of 
the  t r app ing  s tate  dens i ty  by  h e a t - t r e a t m e n t  before  
ion implan ta t ion  as wel l  as in the case of increas ing 
deposi t ion tempera ture .  

Influence of oxygen.--The influence of oxygen  on 
the  c rys ta l lographica l  s t ruc ture  (10) and the e lec t r i -  
cal proper t ies  of the oxygen- r i ch  po lycrys ta l l ine  s i l i -  
con (11, 12) have  been repor ted.  In  this exper iment ,  
CO2 gas was mixed  in react ion gas in o rder  to inves t i -  
gate  the influence of oxygen  on the t rapp ing  s tate  den-  
sity. 

CO~ gas flow ra te  was changed up to 425 sccm whi le  
the  flow ra te  of 5% si lane di lu ted  by  Ar  was 2500 
sccm and tha t  of H2 ca r r i e r  gas was 45 slpm, respec-  
t ively.  

In  Fig. 6, the sheet  res i s t iv i ty  of the  B - i m p l a n t e d  
po lycrys ta l l ine  sil icon is p lo t ted  as a funct ion of the  
CO2 gas flow rate. The dose of B is 1 • 1014/cm% It  
is observed tha t  the existence of a smal l  amount  of 
oxygen  causes the  ab rup t  increase of resist ivi ty.  In  
Fig. 7 are  shown the re la t ion  be tween  the t r app ing  
s tate  dens i ty  and the CO2 gas flow rate.  I t  can be seen 
tha t  the t r app ing  state dens i ty  increases ab rup t ly  s imi-  
l a r ly  wi th  the  case of sheet  resist ivi ty.  In  the  range  
where  CO2 gas flow ra te  is small,  as the ini t ia l  s tate 
of po lycrys ta l l ine  silicon is pure,  so even a ve ry  smal l  
amount  of oxygen  has a serious effect on the  e lect r ica l  
p roper t ies  of po lycrys ta l l ine  silicon. When  CO2 gas 
flow ra te  is increased,  the e lect r ica l  proper t ies  of the 
po lycrys ta l l ine  sil icon is considered to change to tha t  
of semi- insu la t ing  mater ia ls ,  and then the ra te  of in-  
crease of t r app ing  s tate  is thought  to become small.  

Conclusions 
The e lect r ica l  conduction proper t ies  of the pyro ly t ic  

po lycrys ta l l ine  sil icon have been inves t iga ted  by  ob-  
serving the t r app ing  s tate  densi ty  at  the gra in  bound-  
ary.  The doping concentra t ion in the film was p re -  
cisely control led  by  the ion implan ta t ion  techniques,  
and its range  was f rom 8 • 1017 to 2 • 1019/cm 2. For  
this range  of the doping concentration,  it  is revea led  
tha t  the act ivat ion energy  Ea obta ined from the t em-  
pe ra tu re  dependence  of res is t iv i ty  is inverse ly  p ropor -  
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Fig. 7. Trapping state density and potential barrier height of 
polycrystalline silicon as a function of the flow rate of CO2 gas. 

t ional  to the  doping concentra t ion  Nd and therefore  
the  act ivat ion energy  Ea is found to be equiva lent  to 
the  potent ia l  ba r r i e r  height  ~ at  the gra in  bounda ry  of 
the film. The t r app ing  s tate  densi ty  es t imated  f rom 
the potent ia l  ba r r i e r  height  is about  3.5 X 1012/cm 2 
for the  B- imp lan ted  film and 5.2 X 1012/cm 2 for the  P -  
implan ted  film, respect ively .  

The t r app ing  s tate  dens i ty  is found to be reduced  
by  increas ing the deposi t ion t e m p e r a t u r e  of the po ly -  
c rys ta l l ine  silicon film or  b y  the h e a t - t r e a t m e n t  of 
the  film af ter  deposition, which seems to be a t t r ibu ted  
to the  decrease of the incompleteness  of the  bondings 
of silicon at  the  gra in  bounda ry  in the  film. I t  is also 
found tha t  even a small  amount  of oxygen caused 
the increase of the t r app ing  s tate  density.  The P -  
doped polycrys ta l l ine  silicon films also exhib i t  the  
same behavior  as the  B-doped  films as functions of 
deposi t ion tempera ture ,  hea t - t r ea tmen t ,  and oxygen.  
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Infrared Absorption and Microstructure of 
I.i-Saturated Si-Doped GaAs 

R. T. Chen* and W. G. Spitzer 
Departments of Materials Science and Physics, University of Southern California, Los Angeles, California 90007 

ABSTRACT 

In f r a r ed  absorpt ion,  free ca r r i e r  densi ty,  and t ransmiss ion e lec t ron micros-  
copy measurements  have  been cor re la ted  for n - t ype  S i -doped  GaAs samples  
wi th  1 • 10 is cm-~  < [Si] < 5 X 1019 cm -3. The in f ra red  absorp t ion  of the 

local ized v ib ra t iona l  modes was measured  af ter  the samples  were  compen-  
sa ted  by  e -  i r r ad ia t ion  or  by  6Li sa tura t ion  diffusion. Comparisons of the  r e -  
sults of the  two compensat ion methods  indicate  that :  (i) the  L i -na t ive  defect  
acceptor  complex  is responsible  in  large  pa r t  for the compensat ion  af te r  a 
750~ Li diffusion; (ii) the  degree  of the  Si site t ransfe r  f rom Ga to As la t t ice  
sites as a resul t  of the  Li sa tu ra t ion  diffusion at  950~ is a funct ion of [Si] 
and  the L i -na t ive  defect  donor is p robab ly  responsible  for  this  t ransfer ;  
(iii) samples  tha t  a re  heav i ly  S i -doped  have  S i - r i ch  fau l ted  loops produced  
by  a h e a t - t r e a t m e n t  or Li  diffusion at  750~ and this excess Si t ransfers  to As 
sites if Li is diffused at 950~ (iv) absorpt ion  cross sections of the  L i -na t ive  
defect  donor  and acceptor  bands can be de te rmined  which  account  for the  
compensat ion  of  the  Li-di f fused S i -doped  samples  and also fit p rev ious ly  pub-  
l ished da ta  for  L i - s a t u r a t e d  pure  GaAs. There  is also the suggest ion that,  a t  
least  in the  nondiffused, nonannea led  more  heav i ly  S i -doped  mater ia l ,  not  
a l l  of the  Si  shows up in the localized mode measurements  even though the re  
is no observable  micros t ructure .  

Results  a re  p resen ted  here  of an inves t igat ion of the  
behav ior  of Si and  Li when  they  are  s imul taneous ly  
presen t  as impur i t i es  in GaAs. This sys tem is a compl i -  
ca ted one since the behavior  of e i ther  Si or  Li when  
ind iv idua l ly  present  as an i m p u r i t y  in GaAs is com- 
plex. However ,  a combinat ion  of optical,  electr ical ,  
and  mic ros t ruc tu ra l  measurements  yields  considerable  
ins ight  into the na tu re  of this doub le -doped  system. 
In this s tudy  one observes c lear ly  the  influence of Li  
sa tu ra t ion  diffusions in G a A s : S i  at  var ious  t e m p e r a -  
tures  on the concentrat ions  of both  Li and Si defects 
for  a va r i e ty  of Si concentrat ions.  The presence of the 
Si inhibi ts  the  format ion  of cer ta in  L i -na t ive  de -  
fect complexes  whi le  the  presence of the Li can cause 
the t rans fe r  of Si f rom one type  of la t t ice  site (Ga)  
to another  (As) .  The measurements  of compensated  
samples  pe rmi t  an es t imate  of the in f ra red  absorpt ion  
cross sections of the  p rominen t  localized v ib ra t iona l  
mode (LVM) bands  p rev ious ly  a t t r i bu ted  to the two 
most  impor t an t  e lec t r ica l ly  act ive L i -na t i ve  defect  
complexes.  

The Si site t r ans fe r  effect in Li-di f fused G a A s : S i  
has been  observed prev ious ly  bu t  was not  s tudied in 
any  deta i l  (1). The presen t  inves t iga t ion  demonst ra tes  
tha t  the site red i s t r ibu t ion  is a funct ion of Si concen- 

* Electrochemical  Society Act ive  Member.  
Key words: infrared absorption, n~crostructure,  gal l ium arse- 

nide, silicon impurity,  l i thium diffusion. 

t rat ion.  I t  also shows that  the observed LVM absorp -  
t ion bands  produced  by  S i - r e l a t ed  defects  in  low t em-  
pe ra tu re  Li-diffused,  heav i ly  S i -doped  samples  do not  
account for a l l  the Si. Transmiss ion e lec t ron mic ro-  
scope (TEM) measurements  of the heav i ly  doped sam-  
ples af ter  Li diffusion revea l  some micros t ruc ture  
which  could account for  the unobserved  Si. 

Background 
Gal l ium arsenide  doped wi th  Si has been  of pa r t i c -  

u la r  in teres t  in a number  of s tudies because of the  
amphoter ic  behavior  of the Si. Si l icon subst i tu t ion  on 
a Ga site, SiGa, is a donor  and on an  As site, SiAs, is 
an acceptor.  The d is t r ibu t ion  of Si on the  two sub-  
lat t ices is known to va ry  wi th  the Si concentra t ion 
(2-4),  the t empe ra tu r e  of g rowth  (2-7),  the t e m p e r a -  
ture  and t ime of h e a t - t r e a t m e n t  (8-12), the na tu re  
and concentra t ion of o ther  impur i t i es  (13-15), and  the 
vacancy concentrat ions  (1, 8-11). Elec t ro luminescent  
(16) and photo luminescent  (8-10) character is t ics ,  
LVM absorpt ion  band  s t rengths  (1-7,11-15),  and 
t r anspor t  p roper t ies  (17) of the  GaAs:  Si a re  dependent  
on the d is t r ibut ion  of Si on the  two la t t ice  sites. Other  
Si defects such as SiGa-SiAs neares t  ne ighbor  pai rs  a n d  
SiGa-native defect  complexes  have also been  proposed 
and studied. 

L i th ium is an e lec t r ica l ly  act ive i m p u r i t y  in  semi-  
conductors  and has been  the subjec t  of m a n y  inves t iga-  
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tions for both technological and scientific reasons. 
While l i th ium behaves as an  inters t i t ia l  donor in  the 
e lemental  semiconductors Si and Ge, it  is self-compen- 
sating in  GaAs. L i th ium can form either donor or a c -  
c e p t o r  defects in  GaAs and can be used electrically 
to compensate either n -  or p- type  material .  The re la-  
tive concentrations of the different Li defects are con- 
trolled by the ini t ial  concentrat ions of electrically ac- 
tive impurit ies and by the tendency for self-compen- 
sation. There has been a considerable volume of l i tera-  
ture (2, 18-29) dealing with the detailed behavior  of 
Li in  pure and doped GaAs, and as a result  of these 
studies a n u m b e r  of specific defect species involving 
Li either with nat ive defects or paired with other im-  
purit ies have been identified. 

The earlier studies of the GaAs: Si q- Li system arose 
because of the Li behavior  as an  electrical compensator. 
In  order  to make infrared measurements  of the LVM 
absorption bands in GaAs:Si  it  is necessary to reduce 
the free carrier  absorption. The free carriers are pres-  
ent  because heavily doped GaAs:Si  is strongly n - type  
when grown from a near ly  stoichiometric melt. One of 
the methods used for carrier  removal  was compensa- 
tion by Li saturat ion diffusion at an elevated tem- 
perature.  For reference Table I summarizes all  LVM 
bands observed in GaAs:Si  q- Li as deduced from a 
n u m b e r  of studies (1-7, 11-14, 25, 29-31). Table I gives 
the peak absorption frequency for each band  measured 
at l iquid ni t rogen tempera ture  and the defect respon- 
sible for the band, where XA refers to the species X 
on the A sites. According to the theory of localized 
vibra t ional  modes the integrated absorption for each 
band is proport ional  to the volume concentrat ion of 
the defect species responsible for the band. We refer to 
the constant of proport ional i ty as the absorption cross 
section; fbanda dv/[XA], where a is the absorption co- 
efficient and [ ] means concentration. The v : 384 and 
399 cm -z bands in Table I are due to SiGa and SiAs 
and their absorption cross sections have been estab- 
lished (3, 4). The v --~ 389 and 406 cm -1 bands are a t -  
t r i b u t e d  to two electrically active 6Li-native defect 
complexes, and the absorption cross sections for these 
bands are given in  a later  section of this work. These 
lat ter  bands do not involve Si as they occur in Li- 
diffused undoped GaAs samples. The Si concentrat ion 
does, however, p lay  a significant role in  de termining  
the concentrat ions of these Li defect species. In  Table  I 
the band at v ~ 367 cm - I  has not been assigned to a 
specific defect. It  was previously assigned to the 2SSiGa- 
2SSiAs nearest  neighbor pair  defect, however, recent 
exper imental  evidence has lead to the conclusion that  
this assignment is not correct (4, 32). 

The electrical compensation of GaAS:Si which is 
necessary for the inf rared studies has been accom- 
plished by saturat ion diffusions of either Li or Cu at 
elevated temperatures,  i.e., 700~ < TD < 1000~ or 

Table I. A list of all observed LVM bands in 6Li-diffused Si-doped 
GoAs 

Mode ire- Electrical 
quency (cm-~) character Impurity Defect 

389 Acceptor 
406 Donor QLi ~ defect 
410 complexes 
451 

) ) 480 OLiGa 
487 
374 ~ SiGa'~ 
379 SiGa 
405 
384 Donor Sioa SiG~ 
399 Acceptor SiA, SiA~ 
393 / 
464 ~ Si~a-Si~. Slaa-SiA. 
367 ? ~ Si-related defect 

by penetra t ing particle irradiation,  i.e., 1 to 2 MeV 
electrons or by neutrons  (31). In  a few cases part ial  
compensation was achieved (6, 12) by counterdoping 
with a compensating impur i ty  such as Zn dur ing crys- 
tal growth. If one wants to study the dis tr ibut ion of 
Si among the various defects then a major  difficulty of 
all the above procedures is that  the compensation 
process may alter  the Si dis t r ibut ion and even create 
Si-related defects which were not present in  signifi- 
cant concentrat ion prior to the compensation procedure. 
Ample evidence exists for such changes. Saturat ion 
diffusions of Li or Cu result  in the formation of SiGa- 
LiGa or SiGa-CuGa second neighbor pairs, and Li dif- 
fusion at TD > 900~ can cause the transfer  of substi-  
tut ional  Si from Ga to As sites (1). Also Li and Cu dif- 
fusions are done at temperatures,  i.e., TD ~ 4O0~ a n d  

times for which major  aging effects have been ob- 
served (11, 33), and these effects are a t t r ibuted to 
changes in Si defect concentrations as well  as the 
formation of new defects. The compensation by elec- 
t ron i r radiat ion is f requent ly  done with the sample 
main ta ined  near  l iquid ni t rogen temperature  dur ing  
the i rradiat ion to reduce thermal  annealing.  Subse- 
quent ly  the sample is allowed to warm to room tem- 
perature.  There is the concern that  nat ive defects in t ro-  
duced by the i r radia t ion might  pair  wi th  some of the 
Si defects and thus alter the defect concentrations 
(31). In  one study (3) the i r radiat ion was continued 
to fluences approximately five times that necessary to 
render the samples t ransparent  at frequencies where 
there is little lattice or LVM absorption. Essential ly no 
changes were observed in  the absorption at the Sica or 
SiGa-SiAs LVM frequencies as a resul t  of this extended 
i r radiat ion fluence. Fur ther  measurements  of the re-  
moval rate (31) for the SiAs band with increases in  
electron fluence indicate that  for the total fluences 
used in  the present  study there should be no significant 
change produced in this band. As will be discussed t h e  
present measurements  are in  accord with this view. 
From the evidence available the e - - i r r a d i a t i o n  method 
of compensation appears to be the least dis turbing to 
the precompensation distr ibution of Si defects and in 
the present  work it is assumed that  the Si defect con- 
centrations are the same as the precompensated values. 

The site t ransfer  of subst i tut ional  Si f rom Ga to As 
sites in  GaAs has been inferred in  severaI studies. Two 
reports (8, 9) describe thermal ly  related photolumi-  
nescence changes introduced in n- type  Si-doped GaAs. 
In one case the change was by heat ing heavily doped 
crystals (ne ~ 4 • 10 TM cm -3) in  hydrogen at 1050~ 
and the other case by heating l ightly doped mater ia l  
(ne ~ 3 • 10 TM cm -3) in  evacuated quartz ampuls at  
900~ These two studies indicate that  Si atoms may  
transfer from Ga to As sites via an As vacancy mecha-  
nism. One more recent photoluminescence measurement  
(10) of l ightly doped GaAs:Si  (he ~ 3.3 • 1016 cm - s )  

which was annealed in  vacuum at a tempera ture  of 
800~ has also resulted in the same conclusion. It  was 
also reported (13, 15) that  for heavily double-doped 
crystals of GaAs: Si -~ Te and GaAs:Si  § Se, the effect 
of the Te or Se is to substant ia l ly  enhance the fraction 
of the Si concentration, [Si], which resides on As s i t e s  
and thus to reduce the [SiGa]. The effect of redis t r ibu-  
t ion of Si between subst i tut ional  sites induced by the 
saturat ion diffusion of Li at elevated temperatures  h a s  
been previously observed (1) only for Si-doped GaAs 
with ne ___ 9.0 • 1017 cm -3 and was not  studied in  any  
detail. 

In  the present  s tudy a comparison is made of t h e  
LVM absorption and microstructure for ident ical ly 
doped samples compensated either by  6Li diffusion 
or by e -  i r radiat ion as well  as comparing the influence 
of different diffusion temperatures  on the degree of Si 
site transfer. These comparisons are made by using 
sets of identical  samples for the different t reatments.  
Different sets of samples are used to cover a r a n g e  o f  
values for ne and [Si]. 
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Experimental Method 
The samples were taken  from several horizontal  

Br idgman-grown ingots which were doped with dif-  
ferent  Si concentrations. Some ingots were single crys- 
tals while others were polycrystal l ine bu t  with very  
large single crystal  sections, i.e., typical  dimensions 
of centimeters.  The samples were always taken from 
the single crystal regions. The total Si concentrat ion 
was 1 X 10 TM cm -~ < [Si] < 5 X 1019 cm -~ as esti- 

mated from the dopant added during crystal growth 
by using the known segregation coefficient and also 
from spectrochemical analyses. In a few cases the [Si] 
was also measured by using an electron probe micro- 
analyzer. 

All samples were first heat-treated at 1200~ for 1 
hr and then quenched to room temperature, a process 
hereafter called HT + Q. The HT + Q treatment es- 
tablishes a common thermodynamic background for 
all samples. It avoids some of the known and pre- 
viously mentioned lower temperature aging effects 
for both the free carrier density, ne and the Si defect 
concentrations. These aging effects are generally pres- 
ent in the as-grown material because of a cool-down 
cycle in the growth process. The carrier densities after 
HT + Q ranged from 1.0 X 1019 cm -3 < ne < 8.0 

X 10 TM cm -a. The HT + Q procedure has essentially no 
effect on the ne for material with [Si] < i • 10 TM 

cm -8 but it substantially increases ne for samples with 
[Si] > 1 • 10 TM cm-~. This procedure also significantly 

improves the microstructural quality of the material, 
particularly for the heavily Si-doped samples. 

After the HT + Q treatment the free electron den- 
sity of each sample was measured by determining the 
frequency of the free carrier plasma minimum ob- 
served in the infrared reflectivity. This method has 
been compared previously (34) with Hall measure- 
ment results and very good agreement was obtained. 
Before taking the measured ne as the bulk value suffi- 
cient material was removed from the surfaces, ~0.1 
mn% that the infrared reflectivity measurements of the 
plasma frequency indicated that further removal of 
material did not change the carrier density. 

Several samples with nearly the same free carrier 
density were cut from the same section of each ingot 
and were divided into two groups. One group was 
compensated by e- irradiation while the other group 
of samples was saturation diffused with 6Li in an inert 
atmosphere, some at TD = 750~ for 18 hr  and others 
at TD = 950~ for 2 hr. The diffusions were done with 
a "sandwich" a r rangement  in  which the sample of 
interest  was placed between two pure GaAs blocks 
which had previously been surface alloyed wi th  eLi 
on the outer surfaces, i.e., the surfaces not in  contact 
with the sample to be diffused. This procedure sub-  
s tant ia l ly  reduced the loss of mater ia l  which occurs 
when  the sample of interest  is surface alloyed wi th  Li 
directly. The details of the procedure used for the Li 
diffusions have been reported elsewhere (22), The 
samples of the first group were compensated by 1.4 
MeV e -  i r radia t ion while at temperatures  < 140~ 
and with electron fluences of ~1  • 1019 e- /cm% 

The infrared absorption coefficient at l iquid ni t rogen 
tempera ture  of the Li-diffused and the e - - i r r a d i a t e d  
samples was measured. The spectral range covered was 
350 cm -1 < v < 500 cm - I  which contains the f requen-  

cies of all  the absorption bands of interest  in this 
study. The samples were general ly  about  ,~0.3 mm 
thick and had a wedge of ~0.2 ~ to el iminate mul t ip le  
reflection interference fringes. The absorption coeffi- 
cient ~ was calculated from the t ransmission T by us-  
ing the usual  formula  

T : Isample/Io : (1 -- R) 2 exp ( - -~x ) /1  -- R 2 exp( - -2ax)  

where  R is the reflectivity and x is the sample thick- 
ness. 

After  the infrared t ransmission measurements  all  
Si-doped samples, as well  as some pure GaAs samples 
which had been saturat ion diffused with 6Li, were 
used to prepare specimens for t ransmission electron 
microscope measurements  (35). The TEM specimens 
were examined by a Hitachi HU-125C microscope oper- 
ated at 125 kV. Measurements were also made of the 
I-IT + Q, Si-doped materials  before Li diffusion as 
welt as undoped samples and they were free of micro- 
s t ructure  except for an occasional dislocation loop. In  
par t icular  the samples showed no stacking faults or 
precipitates while the Si-doped samples which had not  
been given the HT + Q treatment ,  i.e., in the as-grown 
condition, were found to have f requent  extrinsic stack- 
ing faults, par t icular ly  those samples having the 
larger [Si] (36). 

Results and Discussion 
In  this section the results are presented in  the fol- 

lowing order: 
1. The changes introduced by Li diffusion into GaAs: 

Si at 750~ are examined by comparison with e - - i r -  
radiated samples. Some of the i r radiated samples wil l  
have no prior anneal ing while others were thermal ly  
aged at 700~ prior to the irradiation.  

2. A comparison is made of samples which have been 
Li-diffused at two different temperatures  and the Li-  
induced Si t ransfer  from Ga to As sites is examined 
including the [Si] dependence of the t ransfer  process. 

3. The possible role of the known Li -na t ive  defect 
complexes in the Si site t ransfer  process is explored. 

4. The LVM absorption measurements  of the Li satu-  
rat ion diffused GaAs:Si  samples are used with other 
data to estimate the absorption cross sections of the 
two bands arising from the two electrically active Li 
defect complexes. These cross sections are then tested 
by applying them to previously reported LVM mea-  
surements  of Li-sa tura ted undoped GaAs. 

5. TEM results for the microstructure of the Li-  
diffused samples are discussed and correlated to the 
LVM measurements  and the Si site t ransfer  observa-  
tions. 

Changes in defect structure and concentration re- 
sulting ]rom 6Li saturation dif]usion at 750~ of 
the p r imary  purposes of the present  study is to in -  
vestigate the site t ransfer  of Si in  GaAs:Si  which re-  
sults from 6Li saturat ion diffusions at an elevated tem-  
perature,  i.e., 950~ This effect is demonstrated by 
direct comparisons with samples diffused at a lower 
temperature  of 750~ where the t ransfer  process is 
found to be negligible. However, before reviewing the 
data for the above comparison it is of interest  to in -  
quire first into the changes introduced by Li diffusion 
at 750~ as compared to the prediffused state. The 
LVM spectra of the prediffused state is taken to be 
that  of the e - - i r r a d i a t e a  samples. As ment ioned pre-  
viously, the heavily doped GaAs: Si undergoes changes 
due to thermal  aging at temperatures  such as 750~ 
and therefore the effect of the diffusion on Si dis t r ibu-  
tion could be the result  of the 750~ diffusion tem-  
perature  and /o r  the presence of a large Li concen- 
tration. 

To demonstrate the changes three absorption curves 
are used, one for a sample which was Li saturated at 
750~ a second e -  irradiated, and a third annealed 
near  750~ and then e -  irradiated. These comparisons 
allow one to a t t r ibute  the changes-as due pr imar i ly  to 
Li saturat ion or due to thermal  anneal ing  at the dif- 
fusion temperature.  

Figure 1 shows the LVM absorption bands for three 
samples of near ly  equivalent  [Si] ~ 5 • 1019 cm-~ 
and ne ~ 8 • 10 ls cm -3 after the HT + Q treatment .  
Sample 7-a, see curve I, was compensated by 6Li 
saturat ion diffusion at 750~ and sample WA-2-3 was 
electron irradiated, see curve II. The data for these 
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Fig. 1. Infrared absorption spectrum at liquid nitrogen tem- 
perature for three GaAs:Si samples having nearly equivalent [Si] 
5 X 10 TM cm - 3  and with initial ne ~ 8 X 1018 cm - 3  after 
1200~ hr -1- quench (see Table II). Curve I: sample 7-o, 750~ 
6U diffused. Curve I1: sample WA-2-3, compensated by e -  irradia- 
tion. Curve II1: sample annealed at 700:C then compensated by e -  
irradiation. 

two samples inc luding the integrated absorption (ap~) 
of the LVNI are among those of Table II, where ~p is 
the peak LVM absorption coefficient with the back-  
ground removed and ~ is the bandwidth  at ha l f -maxi -  
mum. Curve I i I  of Fig. 1 is for the third sample which 
was annealed at 700~ before being compensated by 
electron irradiation. The (~p• is the same for the 
three samples indicat ing that  the [SiAs] is independent  
of the compensation method or thermal  aging as long 
as the temperatures  involved are ~750~ The SiGa- 
SiAs nearest  neighbor pair  band  at 393 cm -1 is the same 
for the annealed  sample and the diffused sample bu t  
they both are approximately  twice the value for the 
nonannealed,  nondiffused sample. This indicates that  
there is a substant ia l  increase in [SiGa-SiA~] for the 
diffused and annealed samples, and this increase is 
clearly a thermal  effect ra ther  than the result  of the 
presence of a large [Li]. The (aph)3s~ for the SiCa band 
of the annealed sample is 102.5 cm -2 which is below 

the 117.3 cm -2 of the nonannea led  sample, bu t  sig- 
nificantly larger than  the 78.3 cm -2 of the diffused 
sample. The decrease of [SiGa] in  the diffused sample 
therefore appears to be largely a combinat ion of ther-  
mal  aging and the formation of (SiGa-LiGa) pairs 
which give rise to the bands at 374, 379, and 405 cm -1, 
see Table I and Fig. 1-curve I. Several  other bands are 
observed in  the absorption spectra of Fig. 1. The weak 
bands near  374 and 379 cm -1 in  the nondiffused sam- 
ples are due to the LVM of the 30SiGa and 29Sica and 
they superimpose upon two of the 28SiGa-LiGa bands, 
see curve I. The 367 and 369 cm -1 bands are poorly 
resolved and are related to u n k n o w n  defects involving 
Si; see Ref. (4) for a discussion of these modes. The 
389 cm -1 band  in  the diffused sample is due to a Li-  
nat ive defect complex which is not  Si related, see 
Table I. 

These results necessitate a re in terpre ta t ion  of some 
previously published data in  which the samples were 
not given the HT + Q t rea tment  prior  to electron i r -  
radiat ion or 7Li diffusion at 700~ (30). This prior com- 
parison be tween Li diffusion and e -  i r radiat ion was 
therefore between samples which had been thermal ly  
aged in  an unknown  tempera ture  profile dur ing the 
growth process. Therefore, the effective annea l  tem- 
pera ture  is u n k n o w n  al though a tempera ture  zone o f  

~800~ was used after  the growth zone. 
A more complete comparison of the nonannealed,  e - -  

irradiated, and 750~ 6Li-diffused cases for different 
[Si] is given by the data of Table II. In  all cases the 
absorption was measured at l iquid ni t rogen tempera-  
ture. The data of Table II  were taken from samples 
such as those in  Fig. 1. The data for the i r radiated 
samples were also used in  Ref. (4) where they are 
discussed in detail. From Table II  it  is seen that  the 
changes observed in Fig. 1 and the conclusions based 
on those changes appear to apply general ly  with larger 
changes being observed at higher [Si]. In  part icular ,  i t  
can be concluded that  the saturat ion diffusion of Li at 
750~ produces no change in  the concentrat ion of SiAs 
acceptors, significant increases in  the concentrat ion o f  

SiGa-SiAs nearest  neighbor pairs, and decreases in the 
concentrat ion of SiGa donors with all changes being 
measured relat ive to the prediffused state. With this 
ins we may now examine the changes which 
occur when the saturat ion tempera ture  is increased. 

Si site transJer induced by Li saturation di~usion.~ 
Figure 2 and curve I of Fig. 3 show the absorption co- 
efficient of three samples having different [Si] which 
were 6Li diffused at 950~ Each of these samples is 
similar to one of those diffused with 6Li at 750~ The 
results of 750 ~ and 950~ saturat ion diffusions of 6Li 
are summarized quant i ta t ive ly  in Table III for pairs 
of ini t ia l ly similar samples. Comparisons indicate that  
the 384 and 399 cm -z bands of the SiGa and SiAs, 
respectively, have changed their relative strengths 
while the other Si-re la ted bands remain  essentially 
unchanged. The 384 cm -z  band  is reduced and the 399 

Table II. Comparisons of LVM results for e -  irradiation and 750~ eLi diffusion 

S a m p l e  n~* C o m p e n s a t i o n  (~p~)~8~ ( a p ~ ) ~  (~p~)~3  (ap~l)~gt (apA)~u7 (apA)~7~ (ap~)~7o 
No.  ( c m  -~) m e t h o d  ( c m  -~) ( c m  -~) ( c m  -=) (era -~) ( c m  -'~) ( c m  -~) ( c m  -~) 

KM-26-1 1.07 • 10 Is e -  i rradia t ion  20.8 3.6 0 0 0 
1-a 1.0 x 10 ~s eLi** diffusion 18.1 5.7 ~2 --  0 ~1.2 ~0.5 

KM-16-3 5.4 x 1018 e -  79.1 31.2 8.4 1.0 6,4 
4-a 5.3 x 10 TM GLi** 59.1 30.8 18.5 - -  1.8 11.6 8.6 

KM-16-4 6.1 x l0  ~8 e -  91.0 36.0 8.6 1.0 6.4 
6-a 5.7 x 10 TM GLi** 61.8 35.0 23.3 - -  2.8 11.2 8.0 

WA-Si-2-2 7.8 x 10 TM e -  129.9 57.2 28.4 1.2 8.6 
6-a 7.7 x 10 ~s ~Li** 82.5 53.2 45.5 - -  7.4 17.1 13.8 

WA-Si-2-3 8.0 x 10 ~s e -  117.3 57.4 21.6 7.0 16.4 
7-a 8.0 • 10 ~s 0Li** 78.3 55.2 41.2 - -  5.3 15.8 11.6 

* Measured .  
* * 6Li d i f fus ion  at 750~ for  18 hr.  

t 369 c m  -z b a n d  on ly  f o u n d  In e - - i rradiated  h e a v i l y  d o p e d  s a m p l e .  
N o t  observed .  
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Fig. 2. Infrared absorption spectrum at liquid nitrogen tempera- 
ture for two GaAs:Si samples having different [Si] and initial ne; 
both eli diffused at 950~ for 2 hr. Curve I: sample 6-b (ne '~  
7.7 • 10 TM cm-~). Curve I1: sample l-b (ne ~ i .0 • 10 ~s cm-~). 

cm-~  band  enhanced for  the h igher  diffusion t e m p e r a -  
ture  suggest ing si te t ransfe r  of Si  f rom Ga to As sites 
has been produced.  This re la t ive  decrease of the  384 
cm -1 band a f te r  the h igher  t empe ra tu r e  diffusion de-  
creases wi th  increas ing [Si] whi le  the  re la t ive  increase  
for the  399 cm-~  band increases.  The SiGa-SiAs pa i r  
band  s t rengths  at  393 cm -1 are  a lmost  the same 
for two diffusion t empera tu re s  for  each set of 
samples  indica t ing  tha t  the  la rge  annea l ing- induced  
increase  observed at  750~ does not  continue wi th  in-  
creased Li diffusion t empera tu re .  There  is no consistent  
pa t t e rn  of change and the observed changes are  smal l  
be tween  the two diffusion t empera tu re s  for  al l  o ther  
bands.  

One can examine  site t ransfe r  hypothesis  quan t i t a -  
t ive ly  if the  absorp t ion  cross sections of the  Si defect  
bands  are  known. In  a recen t  s tudy  (4) the cross sec- 
t ions of SiGa, SiA~, and two o ther  S i - r e l a t ed  defect  
bands were  measu red  for  a number  of me l t - g row n  
Br idgman,  HT + Q samples  having  [Si] and ne in the  
range  of those used here.  Al l  samples  were  compen-  
sa ted  by  e -  i r radia t ion .  Assuming the 28SiGa donor 
(384 cm -~ band ) ,  2sSiAs acceptor  (399 cm -~ band) ,  and 
two o ther  S i - r e l a t ed  defects (367 and 369 c m - i  bands)  
to be  e lec t r ica l ly  active defects  then  the rec iprocal  ab -  
sorpt ion cross sections were  de te rmined  to be a --  1O.0 
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Fig. 3. Infrared absorption spectrum at liquid nitrogen tempera- 
ture for four GaAs:Si samples having an identical initial ne ~--- 
5.3 • 10 TM cm-3. All were eli diffused and in one case subse- 
quently outdiffused. Curve I: sample 4-b, 950~ hr eLi diffused. 
Curve I1: sample 4-c, 900~ hr %i diffused. Curve Il l:  sample 
4-a, 750~ hr 6Li diffused. Curve IV: sample 4-c', 900~ hr 
el i  diffused ~ 700~ hr eLi outdiffused. 

• 10 ~6 c m  -1,  b : 12.7 • 10 is c m - 1 ,  e : 25.3 • 1016 
c m  -~,  a n d  d : 19.0 • 10 ,le c m - ~ ,  w h e r e  

no : a (~p~) 3s~ - -  b (~p~) 399 q- c (~p~)367 - -  d ( ~ ) ~ 9  

= [ S i ~ ]  - -  [SiAd + [ S i ] ~ -  [S i ]~o 

As indica ted  by  the signs the charge s ta tus  fotind for  
367 and 369 cm -~ bands  are donor and acceptor,  r e -  
spectively.  Fo r  al l  of the  Li-d i f fused samples  shown in 
Table I I I  the  369 cm -~ band  is not  observed  and  the 
367 c m - t  band is a lways  smal l  and has a lmost  no 
change in value  at  different  diffusion tempera tures .  
If  one assumes tha t  site t ransfe r  of S i G a  tO SiA~ is the 
only mechanism responsible  for the changes in ~he Si 

Table III. Comparisons of LVM results of 750 ~ and 950~ eli diffusion measurements 

S a m p l e  
S a m p l e  No./TD of  he* (aph)~s4 (a~A)89p 
se t  No. ~Li (~ (cm-~) ( c m  -~) ( c m  ~'~) ( cm-D ( c m  -~) ( a m  -~) ( c m  -~) (em-Z) 

1 1-a/750 1.0 x l0 TM 18.1 5.7 
1-b/950 1.0 • 1018 6.4 17,8 

2 2-a/750 1.3 x 10 is 34,8 10.5 
2-b/950 1.8 x 10 TM 26,3 20.0 

3 3-a/750 3.1 • 10 z~ 43,1 18.9 
3-b/950 3.1 • 101~ 24.5 41,8 

4 4-a/760 5.3 x 10~ 59,1 30.8 
4-b/950 5.3 x lO~S 44.2 64,0 

5 5-a/750 5.7 x 10 ~ 61.8 35.6 
5-b/950 5.7 x 10 ~s 47.0 71.4 

6 6-a/780 7.7 x 10 I~ 82.5 53,2 
6-b/950 7.7 x 10 ~s 73.4 110.7 

7 7-a/750 8.0 x 10 TM 78.3 55.2 
7-b/950 8.0 x 10 ~s 88,2 92.0 

~ 2  0 ~ 1 . 2  9.6 0 
~ 2  0 5.5 41.8 187.0 

4.8 O 5.0 16.1 O 
~ 4 . 8  9 3.0 15.5 56.1 
~ 8 . 0  0 9.9 21.6 0 
~8 .0  0 6.8 44.5 221.7 

18.5 1.8 11.6 23.0 O 
18.1 0 13.4 54.2 343.2 
23.3 2.8 11.2 27.6 0 
22.4 0 12.5 54,2 343.2 
45.5 7,4 17.1 34.6 0 
38.8 3.5 12.6 35.6 317.1 
41.2 5.3 15.6 34.8 0 
42.0 6.2 15,9 35.0 184,1 

�9 M e a s u r e d  va lues .  
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Table IV. The values of F calculated from Table Ill as a function 
of initial ne 

S a m p l e  he* ~(a~6)~** 6(apA) s~** ~ = 
set No. (era -~) (em -~) (cm -s) 5 (a~h)~ 

I 1.0 x i0 :is -11.7 +12.1 +0.97 
2 1.8 x i0 ~s -8 .5  +9.5 +0.39 
3 3.1 x I0  ~ -- 18.6 + 22.9 + 0.81 
4 5.3 x 10 ~s - 14.9 + 33.2 + 0.45 
$ 5.7 x 10 ~s - 1 4 . 8  +35.8 +0 .41  
6 7.7 • 10 ~s - 9 . 1  + 5 7 . 5  + 0 . 1 6  
7 8.0 x 10 ~s + 9 . 9  + 3 6 . 8  - -0 .27  

* M e a s u r e d  v a l u e s .  
** ~(apA) = (aphJ at 950~ - (aph) at 7500C. 

band strengths of the isolated Si species, then one has 
8[SiGn] -- -- 8[SiAs] and thus 

# : ~(~p~)384/5(~p~)~99 : -{- b/a : + 1.27 

Table IV gives the values for fl calculated from Table 
I I I  and Fig. 4 gives ~ as a funct ion of ~te. At the lower 
values of Re most of the change is indeed accounted 
for by Si site transfer.  However, as ne and [Si] in -  
crease the value of fl decreases and the change becomes 
progressively less due to SiGn ~ SiAs. Since the other 
Si defect concentrat ions do not appear to change sig- 
nificantly, the large increases in (~p~)~9~ must  be due 
to t ransfer  of Si to SiAs from some state or states not  
detected by the LVM measurements  made after 750~ 
Li diffusion. For the samples of largest [Si] this la t ter  
process dominates the change. From the TEM mea-  
surements  ment ioned previously it  is known that  there 
are no precipitates, inclusions, or extrinsic stacking 
faults in  the prediffused samples. Later, TEM mea-  
surements  will  be presented of both 750 ~ and 950~ 
Li-diffused samples which show that  Si-r ich loops 
form at 750~ and disappear at 950~ for the more 
heavily Si-doped material .  Also GaAs:Si  samples 
which were annealed at 900 ~ and 1000~ and then e -  
i r radiated showed no evidence for the Si site t ransfer  
process. The large Li donor concentrat ion present  
under  the conditions of the high tempera ture  sa tura-  
t ion diffusion apparent ly  enhances the format ion of 
SiAs acceptors. One may thus conclude that site t rans-  
fer of Si from Ga to As sites is indeed observed for the 
high tempera ture  Li diffusion. The site t ransfer  is not 
simply a thermal  process, i.e., the presence of the Li 
is required. Comparisons between low and high tern- 

1.0 

O~ 
0.8 

<3 
0.6 

0.4 

~ 0.2 
@ 

I 

- 0.2 

- 4' I 
0"0 I 

b/a : 1.27 

,~, 
%X 

% 

%. 

x~x.. 
%. 

%. 

I 
2 3 

I i I I 
4 5 6 7 

T/e ( ~-% 

x 

I Jx I018 8 

Fig. 4. A plot of/3 - -  --~(apA)384/~(ap~)399 VS. initial ne for 
all of the samples of Table IV. For site transfer only # =1.27. 

perature Li-sa tura ted samples indicate that  at the low 
[Si] almost all  of the [SiAs] gain for the high tem- 
perature  case is the result  of SiGa site t ransfer  while at 
the highest [Si] almost all the [SiAs] gain results f rom 
some other source of Si. 

Possible role of Li-native defect complexes in Si site 
trans]er.--From the preceding section we concluded 
that  the presence of the Li was required to produce 
the site t ransfer  and increase in  [SiAs]. It  is of interest  
to inquire  whether  one can detail  in  any way how the 
Li is ins t rumenta l  in  producing this effect and  why 
the higher diffusion tempera ture  is required. 

The strengths of the Li- lat t ice defect complex bands 
induced by 8Li diffusion of pure GaAs are very  small  
for a low diffusion tempera ture  (21), i.e., at TD < 
750~ and they increase monotonical ly  with TD. Wh~ 
389 cm -1 (acceptor) and 406 cm -1 (donor) bands are 
known to be the only two bands induced by Li-lat t ice 
defect complexes which are electrically active. For  
pure GaAs the ratio ( O ~ p ) 4 0 6 / ( ~ p ) 3 8 9  is approximately  2 
at higher diffusion temperatures,  TD ~ 800~ (21, 22). 

Examinat ion  of all absorption curves for 6Li-diffused, 
Si-doped GaAs samples with different ini t ia l  ne and 
[Si] which were diffused at lower temperatures,  i.e., 
TD ~ 750~ indicates that  the 389 cm -1 acceptor band  
is the only Li-lat t ice defect band  observed with sig- 
nificant s t rength and it increases in samples with higher 
ne and Si values as shown in Table V. This indicates 
that  the growth of the 389 cm -1 Li -na t ive  defect ac- 
ceptor band may be a significant factor in  the com- 
pensat ion of Si-doped GaAs for the lower tempera ture  
diffusions. As a comparison this result  is quite differ- 
ent  from that of Li-diffused p- type GaAs for a similar  
diffusion temperature.  In  this lat ter  case, no Li- lat t ice 
defect bands are observed. In  par t icular  the 389 cm-1  
band  is absent. The compensation is completely ac- 
complished (28) by forming Lii-MgGa (or -ZnGa, or 
-Cdoa, or -1VInGa) neut ra l  pairs. 

For the high tempera ture  diffusion, TD "-~ 950~ 
the Li-lat t ice defect complex bands in  the present  
samples have increased substantially.  To i l lustrate  this 
Fig. 3 shows the absorption curves for four GaAs:Si  
samples having a common origin and identical  ne val-  
ues but  6Li diffused or outdiffused at different tem- 
peratures. Comparisons be tween these curves indicate 
that  the saturat ion concentrat ion of Li increases due 
to a higher diffusion temperature,  the 389 and 406 cm -1 
Li-lat t ice defect bands both increase, however, the 
growth rate of 406 cm -1 Li-lat t ice donor band  is much 
larger than that  of the 389 cm -1 acceptor band. I t  is 
this donor formation which l ikely provides the mecha-  
nism producing Si acceptor formation by  the t ransfer  
of Si to As sites from other defects. When Li is outdif-  
fused at a lower tempera ture  the absorption curve 
tends to r e tu rn  to the curve it would have if indif-  
fused at that  temperature;  see curve IV of Fig. 3. In  
part icular ,  the site t ransfer  produced in  a 900~ dif- 
fusion has reversed and the 406 cm-1 band has disap- 
peared. Fur thermore,  a 950~ 6Li rediffusion after a 
750~ diffusion produces Si site t ransfer  with similar  
LVM curves as a sample diffused in i t ia l ly  at 950~ 

Table V. Comparison of the (ap)389 values for all 750~ 
SLi-diffused samples 

S a m p l e  N o . /  
TD o f  e l i  (~ he* (cm -s) (ap)~ (cm -1) 

P u r e  G a A s / 7 5 0  - -  N2.5 
1-a/750 1.0 • 10 ~s 4.0 
2-a/750 1.8 • 10 TM 5.8 
3-a/750 3.1 x 10 ~ 9.0 
4-a/750 5.3 x 10 ~a lO.O 
5-a/750 5.7 • 10~s 11.5 
8-a/750 7.7 • 10 TM 14.4 
7-a/750 8.0 x 10 ~ 14.2 

* M e a s u r e d  v a l u e s .  
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Table Vl. Comparison of the (ap)4c6/(ap)~69 ratios for oil 950~ 
eLi-diffused samp|es 

Sample No./  n~" (~,p)~s. (ap) ,~ 
Tv of "L! ('C) (em -~) (em-~) (em-~) ( ~ ) m  

Pure GaAs/980*C 0 ,-32 --64 ~ $  
1-b/950 1.0 X 10 js 18.2 55.0 ,-,3 
2-b/950 1.8 • 10 ~s 6.2 17.0 ,-,3 
3-b/950 3.1 x 10 TM 17.8 65.0 ,-.4 
�9 b/950 5.3 x lO:S 22.6 105.5 ,-,5 
5-b/9w 8.7 • 10 zs 22,6 104.0 ~ 5  
6-b/953 7.7 x 10 ~ 14.2 99.1 ~7 
7-b/950 8.0 • 10 zs 14.6 53.4 ..-4 

�9 Measured values. 

Table  VI shows that  the (ap)406/(~p)389 r a t i o  i n  gen-  
eral  increases with increases of ne for samples which 
are eLi diffused at 950~ for 2 hr. This observat ion is 
consistent with the resul t  that  in  more heavi ly  doped 
samples more Si transfers to As sites producing more  
acceptors. 

The conclusion here is that  the p r imary  Li d e f e c t  
responsible for the enhancement  of the S i ~  concen- 
t ra t ion is the IA donor responsible for the LVM band at 
406 cm -1 (for e l i ) .  The increase in  the concentrat ion 
of this Li defect with tempera ture  as measured by the 
LVM absorption is the reason why the site t ransfer  
requires the high diffusion temperature.  The concen- 
t ra t ion of this Li defect and  the SiAs both increase 
with the total [Si]. 

Absorpt ion cross sections o~ L i -na t ive  defect  com- 
p lex  bands .~From the discussion in  the previous sec- 
tion we see that  the electrically active defects in the 
Li -sa tura ted  samples are the SiGa donor, the SiAs 
acceptor, the Si-reIated donor responsible for the 367 
cm -1 band, the Li donor responsible for the 406 cm -1 
band, and finally the Li acceptor giving the 389 cm -1 
band. One can now use this informat ion  to obtain the 
absorption cross sections for the Li bands. For all of 
the 750 ~ and 950~ eLi-diffused samples of Table III  
one can use the fact that  the samples are highly com- 
pensated after diffusion to obta in  

ne = 0 - -  a(apA)384 -- b(apA)399 + C(~pA)367 

+ E('~p~)389 + F(~pA)406 

where  a, b, and c have been previously given. If the 
two Li defects are singly charged then E and F are 
the reciprocal cross sections for the Li defect bands. 
If either Li defect is a doubly charged donor or ac- 
ceptor then the corresponding coefficient contains a 
factor of 2. For the 389 and 406 cm -1 bands our best 
est imated values of ~ are 2.4 • 0.2 and 3.4 • 0.2 cm -1, 
respectively. Both of these bands overlap other bands 
which f requent ly  made determinat ions  of a difficult. 
Figure 5 shows a plot of (apA)406/~ vs. (~p~)3sg/~l. Here 

-- - - [ a ( a p h ) ~ s 4 -  b(apA)399 + C(apA)367] 

---~ E(apA)389 + F(~pA)406 

where all samples of Table III  except sample 2-b are 
included. Sample 2-b was omitted because ~ was orders 
of magni tude  smaller  than  for the other samples. Also 
note that  d(ap~)a69 is omitted as that  band  does not 
occur in  Li-diffused samples. The line in  Fig. 5 is a 
least squares fit which gives values for E and F of 

E = - - 9 . 7 X  1016cm -1 

F = + 2.8 X 10 TM cm -I 

where  the signs indicate the 389 cm -1 band  is an  ac- 
ceptor and the one at 406 cm -1 is a donor as expected 
from previous assignments. Applicat ion of these values 
for E and F and  the ne equat ion given above to the 
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Fig. 5. (ap~)4o6/~1 vs. (ap~)~s9/~l for the samples of Table t11. 
The line is a least squares fit which yields values of E = --9.7 X 
|0  Is r - 1  and F = + 2 . 8  X 101~ cm - 1  (see text). 

samples of Table III  yields ne values for all  cases save 
one which are <6% of the sum of all  the defect con- 
centrat ions used in the ne equation. The single excep- 
tion is sample 2-a where the figure is 11%. 

When VLi is used as the diffusant i n  place of eLi 
then the Li bands have an isotope shift (221 with the 
389 cm -1 ~ 364 cm-1 and the 406 cm -1 ~ 379 cm -1. 
For  the same Li concentrations there is also a change  
in ap with (~p)~sg/(ap)3~ = (~p)406/(~p)~79 = 1.30. 
Since the h shows almost no change with Li isotope one 
has 

E(TLi) = 1.30E(eLi) -- --12.6 • 101ecru -1 

F(TLi) ---- 1.30F(eLi) = +3.6 X 1016cm - i  

As a test of the val idi ty  of these values they can be 
applied to the LVM results previously published (22) 
for 7Li sa turat ion diffusion in  pure GaAs for 700~ 
< TD < 950~ Near 700~ the E and F values with the 

previous data indicate almost exact compensat ion in  
agreement  with experiment.  However, at 900~ the 
estimated ne is approximately  10% of the total Li 
donor and acceptor charge concentrat ion if one still  
assumes that  the 389 (364/ and 406 (379) cm -1 defects 
are the only  electrically active ones. Exper imenta l ly  the 
samples are highly compensated and high resistivity. 

One can also use the above values of E and F to 
estimate the total [Li] in  the saturated pure material .  
From previous work (22) it is know n  that  the 389 
(364) cm -1 acceptor complex has 2 Li per defect and 
the 406 (379) cm -1 donor defect has 3 Li. Therefore 
the total [Li] due to these two defect centers only is 

N : 2[E(TLi)](c~pA)864/n + 3[F(TIA/[ (apA)Z79/m 

where n and m are the acceptor and  donor defect 
charge states, respectively. Assuming n = m = 1 the 
calculated values for N are the points in Fig. 6 and 
they can be compared with the total  [Li] which is 
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Fig. 6. A plot of InN vs. 1/kTD for the 7Li diffused pure GaAs 
samples in Ref. (22). Here N = 21E(TLi) I (apA)364 -~ 
3 [ F(TLi) ] (apA)379 which is the total [Li] due to these two defect 
centers (assuming n - -  m : 1, see text). A straight line is the 
total [Li] measured by Fuller and Wolfstein [see Ref. (18)]. 

given by the straight l ine determined by  the flame 
spectrophotometric analysis measurements  of Ful le r  
and  Wolfst i rn (18). While there is reasonable agree-  
men t  between the calculated points and  the l ine there 
are several  difficulties. First, there is no independent  
evidence that  n = m = 1. Second, the LVM measure-  
meats  show addit ional  bands due to the other Li defects 
and they are not included in the calculated N values. 
Third, the de terminat ion  of E and F depends on the 
prior  knowledge of a, b, and c which means  that  the 
value of 17 involves a n u m b e r  of parameters  known  
with only l imited accuracy. In  view of the uncer ta in -  
ties the qual i tat ive agreement  in Fig. 6 is considered 
to be very satisfactory. Therefore the reciprocal cross 
sections for the Li -donor  and Li-acceptor defects are 
consistent with the data for the compensation of Li-  
saturated GaAs:Si,  the compensation of Li-sa tura ted 
pure GaAs and the total [Li] in  the Li-sa tura ted pure  
GaAs. 

Microstructures of ~Li-di~used samples.--The ex- 
tent  and na tu re  of the microstructure  of 6Li-diffused 
samples depend both on the s tar t ing material ,  par t icu-  
lar ly  the [Si], and on the tempera ture  of the diffusion. 
It  will  help to clarify the results if they are discussed 
by groups of samples as follows: 

(i) As previously ment ioned nondiffused, nonan-  
healed, HT + Q samples had no significant observable 
microstructure even for the highest [Si] used in  this 
study. 

(ii) Pure  GaAs samples 6Li diffused at TD --~ 750 ~ 
900 ~ and 950~ were measured and showed Li pre-  
cipitates and some dislocations which tend to be 
p inned by the precipitates. Some extrinsic stacking 
faults on {111} planes which may be related to the Li 
metastable phase were also observed in  the 750~ 
diffusion. The size and density of Li precipitates de- 
crease with decreases in  diffusion temperature.  In  the 
case of the 950~ diffused samples, the average size of 
Li precipitates is approximately 1000A and their  den-  
sity is approximately  9.5 • 1012 part ic les/cm 3. These 
observations are in  agreement  wi th  those reported 
previously (24). 

(iii) 6Li-diffused samples at TD "-- 750~ with low 
[Si] and ne < 3.0 • 10 TM cm -3, as in  sets No. 1 to 3 of 
Table III, have a microstructure which is s imilar  for 
the 750~ 6Li-diffused pure GaAs mater ia l  described in 
case (ii). There were however, no extrinsic stacking 
faults observed. Thermal  anneal ing  with TD > 400~ of 

nondiffused samples with [Si] ~ 1.5 • 10 TM cm-~, Le., 
set No. 1, resul ted in  no observable microstructure  as 
in the HT + Q state. 

(iv) eLi diffusion at TD = 750~ for the samples 
with high [Si] > 2 • 1019 cm -3 and ne > 5.0 • 10 TM 

cm -a, as in sets No. 4 to 7 of Table  III, induces a high 
concentrat ion of defects. Samples 4-a and 5-a with 
[Si] ~ 2 • 1019 cm -3 show a microstructure  with pr i -  
mar i ly  t r iangular -shaped faulted loops, as shown in  
Fig. 7a. The loops are on four {111} planes of a te t ra-  

hedron and have the displacement vector RF --- a /3 
[111]. To the best of our  knowledge this k ind  of defect 
has not  been reported previously. Similar  defects are 
also observed in  the mater ia l  with s imilar  [Si] ~ 2 • 
1019 cm-~ when  annealed at 750~ without  6Li diffu- 
sion, and their  densi ty is s imilar  to that  of 750~ 6Li- 
diffused samples, bu t  they are about three t ime smaller  
in  l inear  dimension. By using two different and inde-  
pendent  TEM analyses (37, 38) we have established 
that  these t r iangular  loops are extrinsic faults and mi-  
croanalysis with a scanning electron microscope (SEM) 
shows that  they have a large Si content. We therefore 
conclude that  these t r iangular  loops are due to Si 
precipitat ion from GaAs:Si  solution, however, the 
mechanism of their  format ion is u n k n o w n  as is the 
reason for the observed morphology. The microstruc-  
ture  of samples 6-a and 7-a which have the highest 
[Si] ~ 5 • 10 TM cm -3 show pr imar i ly  circular loops 
which are also on four {111} planes of a te t rahedron 
as shown in Fig. 7b. The TEM analysis (38) has estab- 
lished that  these circular loops are also of the extrinsic 
type. As seen in  Fig. 7b the loops here are much 
smaller  than those in  Fig. 7a making the SEM mea-  
surement  difficult. However it seems reasonable to as- 
sume that  the circular loops are due to Si precipitat ion 
from GaAs:Si  solution as in the case of the t r i angula r  
loops. Typical d imension of these loops is ~2500A for 
the sample with [Si] ~ 2 • 10 ~9 cm -~ (Fig. 7a), de-  
creasing to ~450A for the sample with the largest [Si] 

5 • 10 TM cm -8 (Fig. 7b). The loop density in  the 
former case is ~8.0 • l0 TM cm -3 and is roughly th i r ty-  
five times higher or ,~2.9 • 1014 cm -3 in  the la t ter  
case. This indicates that  the amount  of Si precipi tat ion 
through the format ion of these t r iangular  or circular  
loops increases with increasing [Si] in  the 750~ 6Li- 
diffused samples. Assuming that  these extrinsic t r i -  
angular  or circular loops are forming completely by Si 
with double interst i t ial  layers on {111} planes, one 
can estimate [Si] ~ 3.2 • 10 'is cm -3 for the t r iangular  
loops observed in sample 4-a (Fig. 7a) and [Si] ~ 6.6 
• 10 is cm -z  for the circular loops observed in  sample 
7-a (Fig. 7b). 

(v) 6Li-diffused samples at TD -" 950~ all sets in  
Table III, all had similiar  microstructure,  i.e., Li pre-  
cipitates and some dislocations which tend to be 
p inned by the precipitates. This is s imilar  to the 950~ 
6Li-diffused pure GaAs material .  However, the size 
~700A and density < 3.3 • 1012 par t ic les /cm 8 of pre-  
cipitates is small  compared to that  of the pure GaAs. 
One previous s tudy (18) concluded that the solid 
solubil i ty of Li in  doped GaAs is f requent ly  larger  than  
that  in  pure GaAs which can account for the reduct ion 
in precipitates in the Si-doped material .  A few large 
dislocation loops are also observed i n  samples wi th  
high [Si] > 2 • 10 TM cm -3 as in sets No. 4-7 in  Table 
III. The character of these large loops is not  known,  
however, they would account for only a very small  
amount  of [Si] even if one assumes their  origin is due 
to Si precipitation. As previously ment ioned 6Li re-  
diffusion at 950~ of sample 7-a after it  was 6Li dif-  
fused at 750~ also induces site t ransfer  and shows a 
s imilar  LVM curve as that  of sample 7-b with only 
950~ diffusion. After  this double diffusion the micro- 
s t ructure  does not show the high density of circular 
loops seen after the first lower tempera ture  diffusion. 
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Fig. 7. Bright field micrographs showing the presence of a high concentration of loops which are extrinsic and on four {]11} planes 
of a tetrahedron and observed after 750~ eLi diffusion. (a, left) Sample 4-a, n e ~-~ 5.3 X 10 TM cm - 3  shows triangular-shaped faulted loops 

with density ,~8.0 X ]012 cm - 3  and the displacement vector RF ~--- a/3 [111]. Half of these triangular faulted loops (% ~) de not shaw 
fringe contrast under the deflection condition being used here. Foil orientation ,~ ,~ ] ' ]4~ .  (b, right) Sample 7-a, initial ne ~ 8.0 • 1018 
cm - 3  shows circular loops with density ~2 .9  • 1014 cm -3.  Foil orientation , ~ < 1 1 2 > .  

The resul t ing final microstructure of sample 7-a is 
very similar  to that  of sample 7-b. 

The microst ructural  results described above can be 
correlated with the LVM measurements  and some of 
the results discussed in the four preceding sections. For 
the samples of lower [Si] no Si-r ich loops are observed 
at  any  point  in  the s tudy and the gain in  (~pA) for the 
399 cm - i  band  for SiAs is largely the resul t  of Si site 
t ransfer  from SiGa defects, i.e., ~ values of W0.97, 
~0.89, and ~-0.81 for sets No. 1-3 of Table IV as com- 
pared to the predicted value of -}-1.27. On the other 
hand, the higher [Si] samples show the Si-r ich loops 
after the 750~ diffusion, but  essential ly none after a 
950~ diffusion. These same materials  have very low 
values ihdicating that the increases in  [SiAs] come 
largely  from a source other than the SiGa defect con- 
centrat ion observed at 750~ Since no other Si-re la ted 
LVM bands show significant changes between the two 
temperatures  it is reasonable to inquire  into the possi- 
bi l i ty  that  the Si-r ich loops could be the source of the 
high tempera ture  increases in  [SiA~]. By using the 
reciprocal cross sections a and b given earlier, one can 
estimate the net changes in [Si] in the 399 and 384 
cm-~ band jo int ly  from the data of Table IV. For 
sample 4-b the increase in [Si] is 2.7 • 10 TM cm -3 and 
5.7 • 10 TM cm -~ for sample 7-b. These values are quite 
close to the estimated [Si] in  the loops, 3.2 • l0 TM 

cm -z  and 6.6 • l0 is cm -3, respectively, obtained in 
the previous section. Therefore we conclude that  the 
Si in the loops formed at 750~ is indeed the source of 
the addit ional  Si observed after the 950~ diffusion. 

There remains the fundamenta l  question of the 
original  source of the Si which appears as the Si-r ich 
loops after  a 750~ Li diffusion and as enhanced [SiAs] 
after 950~ Li diffusion. We know from the data of 
Table II that  the 750~ Li diffusion causes a reduct ion 
of [Siaa], a reduct ion of both the 367 and 369 cm -1 
Si-re la ted defects and  a substant ia l  increase in  the 

[SiGa-SiAs]. Also the Siaa-LiGa bands are created by 
the diffusion. The [SiAs] is unaffected. Since the cross 
sections of the SiGa-SiA~ band and the Siaa-LiGa bands 
are not known one cannot quant i ta t ive ly  determine 
whether  the total [Si] represented by  the bands re-  
mains constant. It  is conceivable that  the Si in  the 
loops and the enhanced [SiAs] comes from net  de-  
creases of Si in the Si bands observed in  the predif-  
fused samples. If this is the case then the source must  
be either the SiGa or the Si-related defects causing the 
367 and 369 cm -1 bands and cannot be the SiGa-SiAs 
defect. Also the Si in  the loops cannot come from the 
SiAs defects. 

An al ternate  explanat ion for the original source of 
the Si in  the loops or enhanced [SiAs] for the more 
heavily doped samples is the possibility that  some of 
the Si dopant  does not  give rise to LVIVI spectra in  the 
prediffused ( e - - i r r ad i a t ed )  samples. An  indicat ion 
of this possibility comes from a comparison of the mea-  
sured total [Si] with that calculated from LVM spectra 
by using the known  absorption cross sections. It is 
reasonable to estimate Si concentrat ion by assuming 
[Si]calculated ~'~ [SiGa] -}- [SiAs] ~- [SiGa-'SiAs] -]- [Si]86~ 
-~- [8i]369 ~ a(apA)3s4 ~ b(apA)399 -}- 2a(apA)393 -t- 
c(~pA)3sv ~- d(apA)3~9 for e - - i r r a d i a t e d  samples in  
Table II. The results for KM-16-3,4 and WA-Si-2-2,3 
show that  values for [Si]calculated account for only  
60%-70% of the total [Si] values measured by elec- 
t ron microprobe analysis which were 2.3 • 1019 cm -8 
and ,-~5 • 10 TM cm -8, respectively. In  addition, New- 
man  (37) and co-workers have recent ly studied i r radi -  
ated samples s imul taneously  doped with Si and a 
group VI donor. The (~pA)3s4 band of SiGa is about  the 
same as (apA)399 for SiAs. Prolonged i r radia t ion (31) 
can reduce the (~pA)z99. They have found that  af ter  
such an i r radia t ion and upon anneal ing,  [SiAs] recov- 
ers and (~DA)399 can overshoot its original value by as 
much as a factor of five even though the [SiGa] does 
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not change. F u r t h e r m o r e  in a most  recen t  communi-  
cation, t hey  have also observed that  anneal ing  Si -  
doped GaAs samples  ( [ S i ] ~ 2  • 10 'is cm -3)  a f te r  being 
i r r ad i a t ed  wi th  fast  neutrons,  the  s t rength  of the SiAs 
band  also increases and  m a y  overshoot  i ts or ig inal  
value  by  a factor  of three  bu t  wi thout  any  measurab le  
change in  the s t rength  of o ther  LVM bands involving 
silicon. They have  also concluded tha t  there  is some 
sil icon in a s -g rown  crysta ls  which does not  give r ise 
to LVM absorpt ion.  

Conclusions 
The use of measurements  of the  ca r r i e r  density,  the 

LVM absorpt ion,  and  the mic ros t ruc tu re  of G a A s : S i  
samples  has p rov ided  informat ion  which al lows one 
to descr ibe in considerable  de ta i l  the  behavior  of a 
number  of defects in L i - s a tu r a t ed  mater ia l .  Specifi-  
ca l ly  the conclusions which  have been  made  f rom the 
present  s tudy  are:  

1. The  effect of a sa tu ra t ion  diffusion of Li  a t  a t em-  
pe ra tu re  (750~ which is be low tha t  a t  which  Si 
t ransfers  f rom Ga to As sites resul ts  in significant 
changes in the  Si defect  concentrat ions as compared  to 
the  prediffused state. These changes are:  (i) a de -  
crease in [SiGa]; (ii) an increase  in [SiGa-SiAs]; and 
(iii) the  c rea t ion  of Sioa-LiGa defects. There  is no 
change in [SiAs]. The changes increase  wi th  increases  
in [Si]. 

2. For  samples  of lower  [Si],  i.e., [Si] < 5 • 1018 
cra -8 and ne < 3 • 10 Is cm -3, sa tura t ion  diffusion of 
Li  a t  a t e m p e r a t u r e  of 950~ does resu l t  in SiGa "-> SiAs 
and most of the increase  in  [SiAs] is a t t r ibu tab le  to 
the  decrease in [SiGa]. The Li defect  responsible  for 
inducing the Si site t ransfe r  is the  Li donor  which  
has an LVM band  at  406 cm -1 (for 6Li). The micro-  
s t ruc ture  of these lower  [Si] samples  includes  some Li  
prec ip i ta tes  and  some dislocations which  tend to be 
p inned by  the precipi ta tes .  There  is no evidence of Si 
p rec ip i ta t ion  or  ext r ins ic  faults.  

3. Fo r  samples  of h igher  [Si],  i.e., [Si] > 2 • 1019 
cm -3 and ne > 5 • l0 TM cm-~,  the comparisons of Li 
sa tu ra t ion  diffusion a t  750 ~ and 950~ a re  more  com-  
plicated.  The [SiGa] genera l ly  decreases and [SiAs] 
increases for the  h igher  t empera tu re  case, however ,  
SiGa ~ SiAs site t ransfer  is no longer  the dominant  p roc-  
ess. Af t e r  the 750~ saturat ion,  TEM measurements  
show faul ted  {111} ext r ins ic  loops which  are  Si  rich. 
These loops a re  not  present  a f te r  a 950~ sa tu ra t ion  
diffusion. Semiquan t i t a t ive  comparisons indicate  tha t  
the la rge  increase in  [SiAs] at  the h igher  t e m p e r a t u r e  
could come f rom the Si content  of these loops. The 
quest ion of the or ig in  of the Si in the  loops could not  
be answered  unambiguous ly  a l though two possible 
sources were  identif ied and discussed. 

4. By using the fact  tha t  the L i - s a tu r a t ed  samples  
a re  e lec t r ica l ly  compensated  and using the known 
values  of the absorp t ion  cross sections of the e lec t r i -  
ca l ly  act ive Si defects, the absorpt ion  cross sections of 
the  bands  for  the p r inc ipa l  L i -donor  and -accep tor  
defects were  determined.  These cross sections were  
used wi th  the knowledge  tha t  there  a re  3 Li  per  donor 
defect  and 2 Li pe r  acceptor  and some prev ious ly  
publ i shed  da ta  for  L i - s a tu r a t ed  undoped GaAs to es t i -  
mate  the  to ta l  [Li] as a funct ion of sa tu ra t ion  t em-  
pera ture .  The resul ts  a re  in reasonable  ag reemen t  
wi th  ea r l i e r  quant i t a t ive  analysis  data. 
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AES and PES Studies of Semi-Insulating 
Polycrystalline Silicon (SIPOS) Films 

T. Adachi 1 and C. R. Helms 
Stanford Electronics Laboratories, Stanlord University, Staniord, California 94305 

ABSTRACT 

SIPOS (semi- insu la t ing  po lycrys ta l l ine  si l icon) films wi th  40 atomic pe r -  
cent oxygen  have been s tudied  wi th  A u g e r  e lec t ron spectroscopy (AES) and 
photoe lec t ron  spect roscopy (PES) .  The compar ison of the  Si  LVV Auger  
spec t ra  wi th  the Si 2p l ines suggests that  the a s -g rown  SIPOS film contains 
l a rge  amounts  of SiOx (x  ~ 2) as wel l  as SIO2. Annea l ing  at  1100~ causes 
c rys ta l  g rowth  of Si and  the change of SiO~ towards  SIO2. An  addi t ional  peak  
a t  83 eV is found in the  Si LVV A u g e r  spectra,  which  has been  r epo r t ed  to 
exis t  at  the  Si-SiO2 interface,  and  can be a t t r i bu ted  to SiO. 

SIPOS (semi- insu la t ing  po lycrys ta l l ine  si l icon) films 
have  been ex tens ive ly  s tudied  (1-6) because of the i r  
p rac t ica l  impor tance  as a pass ivat ion  l aye r  on sil icon 
devices (7, 8). The SIPOS films, p r epa red  by  chemical  
vapor  deposi t ion (CVD),  have  a macroscopic chemical  
composi t ion expressed  as SiO~ (0 < x < 2). The films 
contain  polysi l icon gra ins  a f te r  anneal ing  at  t e m p e r a -  
tures  h igher  than  850~ whereas  as -depos i ted  films 
a re  r epor t ed  to be amorphous  (2). 

In  the  presen t  work,  we used Auge r  e lec t ron spec-  
t roscopy (AES)  and photoelec t ron spectroscopy (PES)  
to charac te r ize  the  SIPOS films wi th  40 atomic percent  
( a /o )  oxygen.  We have  found tha t  the  a s -g rown  films 
inves t iga ted  in this s tudy  were  composed of SiOx 
phases  and Si as wel l  as SiO2 and tha t  anneal ing  at  
l l00~ induced  a change of SiOx towards  SIO2. 

Experimental 
SIPOS films were  deposi ted on p - t y p e  (100) Si 

wafers  b y  a tmospher ic  p ressure  CVD at 650~ (7). 
The  r eac t an t  gases and  the i r  flow ra tes  were  Sill4 (30 
cm3/min) ,  N20 (93 cm3/min) ,  and N2 (ca r r ie r  gas, 
25 l / m ) ,  which  y ie lded  about  40 a /o  oxygen  concen- 
t ra t ion.  F i lms  300A th ick  were  p repa red  for  the m e a -  
surements  r epor ted  here  in o rde r  to p reven t  any  
charging  effects in the  e lec t ron spectroscopies used. 
Annea l ing  effects were  also examined  for samples  an-  
nea led  in N2 at  l l00~ for 30 min. However ,  the  expe r i -  
men ta l  resul ts  indicate  tha t  the  N2 gas used for  the  
annea l ing  m a y  have  contained enough O2 for a th in  
oxide  l aye r  to g row on the surface of the annea led  
films. 

We used a Var i an  Auge r  microprobe  wi th  a cy l indr i -  
cal m i r ro r  ana lyze r  (CMA) for AES measurements .  A 
p r i m a r y  e lec t ron beam energy  of 4.5 keV was em-  
p loyed  at  a beam cur ren t  of 2 ~A scanned over  ,~200 
~m square  area.  Both der iva t ive  [d (E.N (E))/dE] and 
nonder iva t ive  [E �9 N(E)] spect ra  were  examined.  A r -  
gon ion beam sput te r ing  wi th  0.5 keV ions at  ,-~10 ~A/  
cm 2 was used for  spu t te r  profi l ing of the  films. 

Present address: Sony Corporation Research Center, Hodogaya, 
Yokohama 240, Japan. 

Key words: films, interfaces, spectra. 

A s - g r o w n  films were  also examined  wi th  PES. The 
rad ia t ion  source at  the S tanford  Synchro t ron  Radia t ion  
Labora to ry  (SSRL) was employed.  Photon  energies  of 
180 and 100 eV were  used for  measurements  of Si 2p 
l ines and valence  electronic s t ructure ,  respect ively .  
These photon  energies  were  selected so that  photoelec-  
t rons would  have a pp rox ima te ly  the same kinet ic  en-  
e rgy  as the Si LVV Auger  electrons. Photoelec t rons  
were  analyzed  wi th  a PHI  double -pass  CMA, and the 
energies were  re fe r red  to the  valence band m a x i m u m  
of Si. 

Results 
Chemica~ depth profiZes.--Figure 1 shows su rvey  

Auger  spec t ra  of SIPOS films pr io r  to argon ion spu t -  
tering. Major  e lements  detected at  the surface a re  Si, O, 
and  C, both  for  the a s -g rown  and the annea led  films. 
Most of the  Si at  the surface is so heav i ly  oxidized tha t  
the  91 eV peak  (in der iva t ive  mode)  character is t ic  of  
pure  Si was ba re ly  observed in Fig. 1, especia l ly  for  the  
annealed  film. 

F igure  2 shows the chemical  dep th  profiles of the  
films. Carbon, p robab ly  due to surface contaminat ion  
af ter  deposit ion,  d isappears  ve ry  rapidly .  A heav i ly  
oxidized surface l aye r  was removed  by  5 and 15 rain 
sput te r ing  for  the  a s -g rown  and the annea led  films, 
respect ively.  The th icker  surface l aye r  of the annea led  
film m a y  be due to the  presence of ppm concentrat ions  
of oxygen  in the anneal ing  system. 

The in ter face  be tween  the SIPOS film and the  Si  
subs t ra te  exhibi ts  a peak  in oxygen  concentra t ion a f te r  
annealing.  This effect m a y  be due to the red is t r ibu t ion  
of oxygen  in the SIPOS film and indicates  tha t  the SiOx 
in the a s -g rown  film m a y  be unstab}e at  high t e m p e r a -  
ture,  wi th  an SiO2 l aye r  growing both at  the S i / S I P O S  
in ter face  and the SIPOS surface. 

Si LVV Auger spectra.--Close examina t ion  of the  
Auge r  spec t ra  was pe r fo rmed  using the nonder iva t ive  
mode. F igures  3 and 4 show the Si LVV spect ra  of the  
a s -g rown  and the annea led  films, respect ively,  at  va r i -  
ous depths.  The  posit ions where  these  spec t ra  were  
t aken  are  indica ted  in Fig. 2. At  the  surface, Si is al -  
m o s t  comple te ly  oxidized af te r  anneal ing  [Fig. 4 ( f ) ] .  
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Fig. 1. Auger spectra of as-grown (lower panel) and 1100~ - 
annealed (upper panel) SIPOS films prior to argon ion sputtering. 
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Fig. 2. Chemical depth profiles of as-grown (lower panel) and 
|100~ (upper panel) $1POS films. The profiles of Si are 
those of pure Si at ~91 eV in the d(E �9 N(E)) /dE mode spectra. 
Small letters, (a) through (j), in the figure indicate the positions 
where the Si LVV spectra (Fig. 3 and 4) and/or photoelectron 
spectra (Fig. 5 and 6) were examined. 

Even the as-grown film is heavily oxidized at the sur-  
face [Fig. 3 (a ) ] ,  and the Si LVV spectra of both 
samples are almost identical  to that  of SiO2. A small 
peak at 88 eV in  the as-grown film is probably  due to 
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Fig. 3. Si L W  Auger spectra in the E �9 N(E) mode at various 
depths of the as-grown SIPOS film. Each spectra corresponds to the 
position in Fig. 2 indicated by the same letter. The thick solid line 
in (d) is the measured Si LVV spectra, and the dashed line is the 
composed spectra using pure Si and (shifted) pure SiO2 spectra 
(thin solid lines) as basic components. The dotted line is the dif- 
ference curve between the measured and the composed spectra. The 
intensity ratios of the two basic components relative to the in- 
tensities of pure spectra are also indicated. 

the pure  Si which is one of the components of SIPOS 
film (2, 5). 

As shown in  Fig. 2, 5 min  of argon ion sput ter ing re-  
moves the surface contaminat ion of carbon and the S[ 
L W  spectra at this point [Fig. 3(c) and 4(g) ]  have at 
least two components - - tha t  is, pure Si and Si in  SiO2. 

In  another  15 rain of sputtering, spectra were re-  
corded that  represent  the bu lk  of the films in an as- 
sputtered condition [thick solid lines in Fig. 3(d) and 
4(h) ] .  The spectra of the as-grown film [Fig. 3 (d ) ]  is 
quite different from that  of the annealed  film [Fig. 
4 (h) ]. It  shows an Si LVV spectra composed of pure Si 
and SiO2, while the spectra of the as-grown film has 
an extra  peak at 83 eV. Another  difference is that  only 
the SiO2 component  in the Si LVV spectra of the as- 
grown film is shifted towards higher kinetic energy. In  
order to make these differences clear, we tr ied a semi- 
empirical fit of the Si LVV spectra of SIPOS films 
using spectra of pure Si and thermal ly  grown SiO2 as 
basic components. These two spectra were added to get 
the best fit to measured spectra with proport ional  co- 
efficients as parameters  determined by  the least squares 
method. Since we know, by visual examination,  that  
there is a contr ibut ion of the extra peak near  83 eV in  
the spectra, the data points near  this peak were ex-  
cluded intentionally.  As a result, the difference between 
the measured and the composed spectra gives an  
estimate of the contr ibut ion of the 83 eV peak. Fu r the r -  
more, to obtain a good fit, the SiOs component  was 
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Fig. 4. Si L W  spectra in the E �9 N(E) mode at various depths 
of the 1100~ SIPOS film. Each spectrum corresponds to 
the positions in Fig. 2 indicated by the same small letter. The thick 
solid line in (h) is the measured Si LVV spectra, and the dashed 
line is the composed spectra using pure Si and (shifted) pure Si02 
spectra (thin solid lines) as basic components. The dotted line is 
the difference curve between the measured and the composed 
spectra. The intensity ratios of the two basic components relative to 
the intensities of pure spectra are also indicated. 

shif ted towards  h igher  kinet ic  energy  to obta in  min i -  
m u m  error.  The resul ts  a re  i l lus t ra ted  in Fig. 3 (d) and 
4 (h ) ,  whe re  the  solid th ick  l ines a re  the  measured  
spec t ra  of the  films, the  dashed l ines a re  the composite 
spect ra  by  the method  descr ibed above, dot ted  l ines a re  
the  differences be tween  the two, and  the solid th in  
l ines a re  the  basic components  (pure  Si  and shif ted 
pure  SiOs) used in the  calculations.  The a s -g rown  
film has a l a rge  cont r ibu t ion  f rom the 83 eV peak,  
whereas  the  1100~ annea led  film has a lmost  none. The 
shif t  of the  SiO2 component  necessary  for the best  fit is 
l a rge r  for  the  a s -g rown  film, and the energy  difference 
be tween  the most  p rominen t  peaks  of the  Si and the 
SiO2 components  a re  12.5 and 14.0 eV for the  a s -g rown  
and the annea led  films, respect ively.  (Note tha t  the  
difference is about  15 eV when  pure  Si and  pure  
t he rma l  SiO~ are  measured  separa te ly . )  The intensi t ies  
of the  two components  a re  indica ted  in the  figures 
re la t ive  to the intensi t ies  of the  pure  s tandards .  

Ano the r  8 min  of spu t t e r ing  of the  annea led  film 
reaches  the  region where  the  oxygen  concentra t ion is 
increased wi th  respect  to the  "bu lk  value."  The spec-  
t r um at  this point  [Fig. 4 ( i ) ]  contains no new features,  
but  the in tens i ty  ra t io  of the  SiO2 component  increases  
re la t ive  to tha t  of the "bulk  spectra ."  

At  the  in ter face  be tween  the SIPOS film and the Si 
substrate ,  the  Si LVV spect ra  of both  the  a s -g rown  
[Fig. 3 ( e ) ]  and the annea led  [Fig. 4 ( j ) ]  films are  
s imilar ;  tha t  is, the  83 eV peak  appears  also in the  
spec t ra  of the  annea led  film. However ,  the  posi t ion of 

the  SiO2 component  in the  spec t rum of the annea led  
film remains  at  the  posi t ion found in the  bu lk  spectrum.  

Photoelectron spectroscopy.--An as -g rown  film was 
examined  also wi th  PES. F igures  5 and 6 show the 
resul ts  of the Si 2p spect ra  and the  valence  electronic 
s t ructures ,  respect ively.  Al though  these exper imen t s  
were  done sepa ra te ly  f rom the AES exper iments ,  each 
spec t rum shown in Fig. 5 and 6 were  t aken  at  the  same 
depths  as the Si LVV Auger  spec t ra  in Fig. 3 (a) ,  3 (b) ,  
and 3 (d) .  

The Si 2p spec t rum of the  surface p r io r  to spu t te r ing  
[Fig. 5 ( a ) ]  has the  highest  ene rgy  peak  wi th  the  
smal les t  FWHM. About  1 rain of spu t te r ing  induces a 
s l ight  shoulder  a t  the  r i gh t -ha nd  side of the  ma in  
peak,  which  is shif ted towards  lower  energy  [Fig. 
5 ( b ) ] .  In  the bu lk  of the  film, the  shoulder  observed  
in the  surface region becomes a resolved  peak  [Fig. 
5(d)]. 
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Fig. 5. Si 2p spectra of the as-grown SIPOS film at various 
depths indicated by the same small letters as in Fig. 2. The 
measured spectra (dots) are ftted by the five Gaussian peaks (solid 
lines) corresponding to five possible charge states of Si. Note that 
some of the five possible Gaussians do not contribute to the 
spectra. Energy scale refers to the valence band maximum of Si. 
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Fig. 6. Valence electronic structure of the As-grown $1POS film 
at various depths indicated by the same small letters as in Fig. 2. 
Energy scale refers to the valence band maximum of Si. 

The in te rp re ta t ion  of the SJ 2p spect ra  is compl ica ted  
and a ma t t e r  of considerable  cont roversy  (6, 9, 10, 11). 
In  this paper ,  we have used a leas t  squares  method  to 
fit the  measured  spect ra  by  five Gaussians cor respond-  
ing to five possible  charge states of Si atoms. The same 
l inewid th  was assumed for al l  five charge states, and 
the energy  differences be tween  ad jacen t  charge  states  
were  selected fol lowing the bond charge model  of 
Ref. (12). We t r i ed  severa l  different  values  for the  
chemical  shif t  to minimize the  e r ro r  for  al l  three  
spec t ra  in Fig. 5. The resul ts  a re  shown wi th  solid lines. 
We obta ined  3.75 eV for the  chemical  shift  of SiO2 
(Si+4),  r e fe r red  to the energy  of the  pu re  Si peak.  
This va lue  is ve ry  close to tha t  r epor ted  for th in  SiO2 
layers  formed in the  u l t r ah igh  vacuum on Si surfaces 
(3.8 eV) (11) and "near  in terface"  SiO2 as r epor ted  
by  Grun thane r  and Maser j i an  (3.9 eV) (10). One in-  
te res t ing  resul t  is tha t  there  is no contr ibut ion  of an 
S i+ l  charge  s tate  (corresponding to Si20) in any  of 
the  three  spec t ra  in Fig. 5. The shif t  and the b r o a d -  
ening of the  ma in  peak  in the  bu lk  spect ra  a re  ex-  
p la ined  by  the appearance  of Si +2 and Si +~ charge  
states in addi t ion  to the  Si +4 state. 

The valence s t ruc ture  at  the  surface [Fig. 6 ( a ) ]  is 
a lmost  ident ica l  to tha t  of SlOe, consistent  wi th  the  
resul ts  of the  Si 2p and Si  L W  Auger  spectra.  A l -  
though 1 min  of sput te r ing  induces a shift  of the ma jo r  
Si 2p peak,  the  O 2p nonbonding orb i ta l  in the  valence 
band  (the peak  at  --,9 eV in Fig. 6) does not  appea r  to 
shift. Only  the  s t ruc ture  near  the valence band m a x i -  
mum of SiO2 appears  in addition. In  the  bu lk  of the  
film, the valence s t ruc ture  [Fig. 6 ( d ) ]  has a con t r ibu-  
t ion f rom pure  Si corresponding to the  appearance  of 
the  Si 0 s ta te  in the  Si 2p spectrum. 

Discussion 
As shown in Fig. 3 (d ) ,  the Si LVV spect rum of the  

a s -g rown  SIPOS film is composed of pure  Si, shif ted 
pu re  SiO2, and the ex t ra  peak  near  83 eV, The Si 

component  in the  bu lk  was found to be about  one 
qua r t e r  as intense as pu re  Si. I f  the  oxide  in the  film 
is SiO2, the  in tens i ty  of the  Si component  should be as 
la rge  as 60% of pu re  Si  since the  average  oxygen  con-  
cen t ra t ion  of the  film is about  40 a/o.  This resul t  in-  
dicates tha t  the  SiO= in the  film has an  average  
s to ichiometry  wi th  x < 2. In  fact, the  Si  2p spec t ra  
[Fig. 5 ( d ) ]  indicate  tha t  the  oxide is a mix tu re  of 
SiO2, Si203, and SiO. The fact  tha t  the  Si LVV Auger  
spec t ra  of the film can be fitted wi th  the  spec t ra  of 
shif ted pu re  SiO~ could be in t e rp re t ed  as tha t  some 
SiO= phases give the  same spect ra l  shape of the  Si LVV 
spect ra  as SIO2, bu t  tha t  spec t ra  is shif ted due to the  
different  chemical  environment .  

The 83 eV peak  in  the Si L W  Auger  spec t ra  has  
r ecen t ly  been repor ted  at  the Si-SiO~ in ter face  of 
MOS s t ructures  by  severa l  researchers  (13, 14), and  
this peak  has been  a t t r i bu ted  to the  chemical  s t ruc-  
tu re  character is t ic  of the  connect ive l aye r  be tween  
Si  and  SiO2. The same idea might  be appl icab le  to the  
case of the  SIPOS films because both AES and PES 
da ta  indicate  the exis tence of both Si and SiO~ in the  
film, and there  mus t  be some connect ive species be -  
tween  them. Since the  appearance  of the  83 eV peak  in 
the  Si  LVV Auger  spec t ra  is accompanied  by  the  
growth  of the  SiO peak  in the Si 2p spectra,  the  83 eV 
peak  can p robab ly  be associated wi th  the  SiO bonding 
conf igura t ion .  

Annea l ing  at  l l00~ causes two changes in the  Si 
LVV spectra :  d i sappearance  of the  83 eV peak  and a r e -  
duct ion in  the  shif t  of the  SiO~ component .  The l a t t e r  
effect is p robab ly  due  to the  change in the oxide f rom 
SiO= (x < 2) towards  SiO~. This is consistent  wi th  the  
recent r epor t  by  Maxwel l  and  Knol l  (15) concerning 
the  change of in f ra red  absorpt ion  spec t ra  of SIPOS 
films by  annealing.  They  observed  the shif t  of the  9 #m 
absorpt ion  band  ( represents  S i -O -S i  v ibra t ion)  b y  the 
anneal ing  f rom the cons iderab ly  long wave leng th  posi-  
t ion of a s -g rown  SIPOS film towards  the  shor te r  w a v e -  
length  corresponding to SiO~. 

The d isappearance  of the  83 eV peak  by  anneal ing  
can be unders tood in te rms of the g rowth  of polysi l icon 
grains  and l a rge r  SiO~ par t ic les  in the  film. Since 
1100~ anneal ing  causes crys ta l  g rowth  of Si in the 
film from less than  10 to ~40A in d iamete r  (2),  the  
vo lume fract ion of the  connect ive l aye r  be tween  Si  
and SiO2 par t ic les  in the  escape depth  of Auge r  elec-  
t rons is reduced  by  annea l ing  and the contr ibut ion  to 
the  83 eV peak  in the  Si LVV spect ra  is reduced.  

The "p i le -up"  of oxygen  nea r  the  in ter face  be tween  
the SIPOS film and the Si  subs t ra te  can also be ex -  
p la ined  b y  the  g rowth  of an  SiO2 film at  tha t  i n t e r -  
face in which case the in tens i ty  of the  83 eV peak  in 
the Si L W  spect ra  at  the S IPOS-S i  subs t ra te  in ter face  
[Fig. 4 ( j)  ] would  be reduced.  

We used an argon ion beam for profi l ing in these 
exper iments .  Ion spu t te r ing  has been repor ted  to create  
an addi t ional  peak  at  ~91 eV in the  dEN(E)/dE spect ra  
of SiO2 (16). Since the posi t ion of the  peak  cor re -  
sponds to pure  Si, the  measured  spect ra  of S IPOS films 
might  contain addi t ional  contr ibut ions  f rom ion-  
induced components.  To minimize  these  effects, a low 
ion beam energy (0.5 keV)  was used. 

Even so, i t  is surpr is ing  tha t  ion beam effects a re  not  
more  severe  than  have  been observed.  For  example ,  
Thomas and Goodman (6) have  pe r fo rmed  profi l ing 
exper iments  both wi th  chemical  etches as wel l  as 
spu t te r  profil ing; there  are  differences in these PES 
spectra,  but  the  ma jo r  fea tures  a re  st i l l  present .  We 
therefore  feel  tha t  the ion- induced  ar t i facts  in the  
spect ra  presented  do not  a l t e r  the conclusions p r e -  
sented. 

In  the i r  work,  Thomas and Goodman (6) s tudied  
900~ annea led  SIPOS films wi th  AES and XPS using 
chemical  e tching wi th  buffered H F  to remove  the sur -  
face layer .  Al though the i r  samples  were  p repa red  b y  
low pressure  CVD, the Si 2p spec t ra  wi th  about  the  
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same oxygen concentration as those reported here 
have two major peaks separated by 3.7 eV. This is 
close to the value we derived for the chemical shift of 
SiO~. Based on a 4.4 eV for the chemical shift of SiO~, 
they interpreted their  data as indication of the exis- 
tence of Si +3 and Si 0 (pure Si),  as well as Si +z as a 
connective layer. 

This interpretat ion is not consistent with other re-  
cent work. Garner  et al. (11) reported a 3.8 eV shift 
for a thin SiO2 layer  on the Si surface. Grunthaner and 
Maserjian (10) have reported that the SiO~ peak in 
the Si 2p spectra shifts by 0.45 eV towards lower bind- 
ing energy as the Si-SiO2 interface is approached from 
the bulk SiO2. They interpreted this effect as due to 
the change in the Si-O-Si bond angle caused by stress 
at the interface which is not accompanied by a stoi- 
chiometry change. Since it is reasonable to believe that  
as-grown SIPOS films are a mixture of small Si regions 
and small SiOx regions, it  is l ikely that  the structure of 
the SiO2 in the film is very strongly distorted and that 
the chemical shift of the SiOe phases is much smaller 
than the value reported for bulk SiO2. We therefore 
believe that the major features in the data of Williams 
and Goodman are not due to Si +S and Si ~ but Si +4 
(SiOa) and Si 0, as in the present work. 

One can speculate about the effects of annealing on 
the SIPOS films using the foregoing arguments. The 
as-grown film contains very small or amorphous Si 
grains surrounded with "SiOx" which is a mixture of 
SiO2 and Si203. These two regions are connected with 
an SiO bonding configuration. Annealing at 1100~ 
causes crystal growth of Si, and mixed SiOx stabilizes 
to become SiO2. 

Conclusions 
40 a/o oxygen SIPOS films have been studied with 

AES and PES. The Si L W  Auger spectra of the as- 
grown films were found to be composed of the spec- 
trum of pure Si and SiO2 and a third peak at ~83 eV. 
The SiO~ component was found to be significantly 
shifted towards higher kinetic energy. The data were 
interpreted to indicate the existence of an SiO~ phase 
rather  than pure SiO2 by comparing the Si 2p PES 
spectra with the Si LVV Auger spectra. The shift of 
the SiO2 component is reduced by the ll00~ annealing 
at the same time the 83 eV peak disappears. These 
effects are explained by the growth of polysilicon 
grains and the change in the oxide from SiO~ phases 
towards stoichiometric SiO~. 
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ABSTRACT 

Oxidat ion  proper t ies  of Ni-2 and 6 w / o  A1 al loys were  inves t iga ted  in 1 
a tm  oxygen  at t empera tu re s  in the  range 1273~176 Ni-2 w /o  A1 oxidized 
parabol ica l ly ,  one order  of magni tude  more  r ap id  than  pure  nickel,  to a du-  
p lex  scale by  meta l  diffusion consisting of outer  and inner  layers  of A l -doped  
NiO and NiO-NiA1204, respect ively ,  and  an in te rna l  zone of rodl ike  A1203 
precip i ta tes  by  oxygen  diffusion th rough  the A l - d e p l e t e d  alloy. Oxidat ion  
kinet ics  of Ni-6 w / o  A1 al loy were  i r reproduc ib le  due to ea r ly - s t age  fo rma-  
t ion of an imperfec t  A12Os scale conta ining NiO nodules.  Imp ingemen t  of f avor -  
ab ly  or iented  rodl ike  Al~O3 precip i ta tes  growing benea th  the NiO nodules 
accompanied wi th  l a t e ra l  diffusion of a luminum to react  wi th  oxygen  at  the  
prec ip i ta t ion  front  even tua l ly  led to t rans i t ion  f rom in te rna l  ox ida t ion  to 
deve lopment  of a mu l t i l aye red  NiO INiA1204]A12Os scale. 

Nickel  supera l loys  are  used as construct ion mate r i a l s  
for  gas tu rb ine  engines, combust ion furnaces,  and high 
t empe ra tu r e  reactors.  These alloys, consist ing of a Ni -  
A1 7-sol id  solut ion m a t r i x  to which  severa l  e lements  
a re  added  to impa r t  des i rable  mechanical  p roper t ies  
by  solut ion and prec ip i ta t ion  ha rden ing  (1), a re  of ten 
pro tec ted  by  nickel  a lumin ide  coatings containing 
NisA1, NiA1, and Ni2AI~ in te rmeta l l i c  phases (2). The 
Ni-A1 system, nonetheless,  has been the subject  of only  
few oxida t ion  studies (3-9).  The condit ions under  
which A12032 is p rec ip i t a ted  in t e rna l ly  or is fo rmed 
as a scale a re  wel l  es tabl ished (3), but  the  g rowth  
mechanisms of A1203 in both  cases a re  not  ye t  unde r -  
stood. The presen t  pape r  defines the  mechanism of 
in te rna l  prec ip i ta t ion  and t rans i t ion  to g rowth  of a 
continuous A1208 film benea th  NiO [ NiA1204 layers.  

Experimental 
Alloys  of nominal  composit ions 2 and 6 weight  pe r -  

cent (w /o )  A1 were  p repa red  by  electr ic  arc mel t ing 
of nickel  (99.99 w/o  pure)  and a luminum (99.95 w / o  
pure)  in an argon a tmosphere  ge t te red  of oxygen  b y  
t i t an ium chips. Actua l  composit ions of the v-sol id 
solut ion phase al loys were  2.1 and 5.9 w /o  A1 corre-  
sponding to 4.4 and 12.0 atomic percent  (a /o )  A1, re -  
spectively.  Af te r  homogenizat ion at  1473~ for 24 h r  
in u l t r a p u r e  grade  argon, slices 1 m m  thick were  elec-  
t r ic  spa rk  cut  from the 1 cm d iamete r  a l loy  buttons.  
These slices were  subjec ted  to meta l lograph ic  pol ish-  
ing finishing wi th  1 um d iamond paste. 

Oxidat ion  runs were  car r ied  out  in u l t r apu re  flowing 
oxygen  at  1 arm in the  t empe ra tu r e  range 1273 ~ 
1473~ The react ion kinet ics  were  de te rmined  using 
an assembly  equipped wi th  a semiautomat ic  balance  as 
descr ibed e lsewhere  (1O). Severa l  Ni-6 w / o  A1 speci-  
mens were  also oxidized in s tat ic  1 arm oxygen  at  
1573~ Oxide phases were  identif ied by  x - r a y  diffrac-  
t ion powder  analyses  using Ni f i l tered Cu-K~ radiat ion.  
Light  and scanning e lect ron microscopy (SEM) were  
used to s tudy  the morphologies  of react ion products .  
Specimens were  mounted  in room-se t t ing  epoxy  resin 
and, wheneve r  etching was difficult, f rac ture  cross- 
section~ were  prepared .  Electron probe micro-ana lyses  
(EPMA) were  used to de te rmine  composit ion profiles 
wi th in  the react ion zone. I t  was necessary  to vapor  

* E l e c t r o c h e m i c a l  Society Active Member. 
1 Present  address: Lawrence Berkeley  Laboratory, Universi ty  of  

California, Berkeley,  California 94720. 
K e y  words: oxidation Ni-A1 alloys, A l ~ s ,  NiAhO~,  N i O .  
~- AhO~ is  used in the text  to designate a-AL~O~. 

deposi t  carbon on the specimens to avoid  electr ical  
charge  bu i ldup  dur ing  SEM and EPMA analyses.  

Results 
Ni.2 w/o AI Alloy 

Oxidation kinetics.--These kinetics  obeyed a para- 
bolic re la t ion  dur ing  the in terva ls  inves t iga ted  (up to 
50 hr ) .  Ar rhen ius  plots of the parabol ic  oxida t ion  ra te  
constants  of this a l loy  and those for pure  nickel  a re  
shown in Fig. 1. The values  of the act ivat ion energy  
for oxida t ion  of the  al loy and nickel  are  146 and 193 
k J / g  mole, respect ively .  

Scale morphology and structure.--Oxidation led to 
growth  of an in te rna l  dup lex  scale consist ing of outer  
da rk  g ray  and inner  l ight  green layers  and an in te rna l  
oxide prec ip i ta t ion  zone in the  alloy. The scale was 
f rac tu red  along the in ter face  be tween  these layers  to 
obta in  separa te  samples  for  x - r a y  analyses.  The in t e r -  
nal  precipi tates ,  which were  ex t r ac t ed  by  dissolving 
the al loy in 10% bromine-methano l ,  were  also sub-  
jected to x - r a y  analyses.  According to these de te r -  
minations,  the outer  l aye r  was NiO, the inner  l aye r  was 
ma in ly  NiO containing NiA1204 as a second phase  and 
the in te rna l  prec ip i ta tes  were  a-A1203. 

Different  regions of the  duplex  scale and in te rna l  
prec ip i ta t ion  zone are  shown in Fig. 2. F igure  2 (a) is 
an overa l l  cross section and (b) is a scale f rac ture  cross 
section i l lus t ra t ing  the coarse gra ined  co lumnar  NiO 
layer .  Wel l -def ined  closed pores, 1-5 ~m, were  located 
in the  v ic in i ty  of its in terface  wi th  the inner  layer .  The 
scale surface ad jacent  to t h e  gas phase  exhib i ted  a 
t e r raced  s t ruc ture  and gra in  size of ,~30 ~m [Fig. 2 (c) ]. 
The s t ruc ture  of the  inner  oxide l aye r  [Fig. 2 ( d ) ]  
consisted of rod - shaped  NiA1204 growths embedded  in 
a NiO mat r ix .  The rods l ay  pa ra l l e l  to the scale growth  
direct ion and ex tended  comple te ly  across this inner  
l aye r  as extensions of tl~e AltOs rods but  the i r  r e l a -  
t ive ly  small  extension benea th  the  a l loy surface could 
not  be expe r imen ta l ly  determined,  

Morphologies  of A120.~ prec ip i ta tes  were  not  com- 
p le te ly  revea led  by  mechanica l  pol ishing [Fig. 2 ( d ) ]  
or  chemical  e tching [Fig. 2 ( e ) ] ,  bu t  an appropr i a t e  
re l ief  was obta ined  b y  "deep etching" [Fig. 2 ( f ) ] .  I t  
is seen here  tha t  the  prec ip i ta tes  ex tend across the  
prec iu i ta t ion  zone as cyl indr ica l  rods. SEM images  in  
Fig. 3 fu r the r  document  these s t ruc tura l  features.  Thei r  
popula t ion  and size were  relativel.v un i form th rough  
the prec ip i ta t ion  zone [Fig. 3 ( a ) ]  except  a t  a l loy 
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Ni-2 w/o AI oxidation. 

grain  boundaries  where  they are more dense without  
forming a continuous layer  ~Fig. 3 (b)] .  These param-  
eters depended on tempera ture  and alloy composition: 
the precipitates formed at 1473~ were coarser and 
have a wider  spacing, 3 and 10 ~m, respectively, than 
at  1273~ This former precipitate size and spacing 
corresponded to a fract ional  surface coverage of 0.07. 
The cylindrical  shape of the precipitated rods was 
fur ther  ascertained by examining  a t ransverse section 
[Fig. 3 (c)].  It was not possible to establish if a bound-  
ary  existed at the precipitat ion front  [Fig. 3 (d)] .  

Nickel and A1 x - r ay  scans across the scale and in-  
ternal  oxidation zone are shown in  Fig. 4. The alloy 
was depleted of a l u m i n u m  ahead of the precipitat ion 
front. Amounts  of nickel dissolved in  A1203 precipi-  
tates or the composition of NiA1204 growths could not 
be de termined because their  la teral  dimensions were 
only  N5 #m. The outer  NiO layer  was doped with alu-  
m i n u m  but  quant i ta t ive  determinat ion of its amount  
was not possible because A1 x - ray  counts were only 
sl ightly above those of background. 

Layer thickness measurements.--It was possible to 
determine rates of growth for both oxide layers and 
penet ra t ion  of the in terna l  oxidation zone. The lat ter  
was measured by optically examining  etched cross 
sections while SEM was used to locate the interface be-  
tween the two oxide layers by  following A1 x - r a y  
counts using an energy dispersive analyzer  in  this in -  
s t rument .  The in te rna l  oxidation zone grew most 

Fig. 2. Ni-2 w/o AI alloy scale structure [SEM images except (e) 
light microscope image; 1473~ except (f), 1273~ (a) Overall 
cross section, (b) outer NiO layer, (c) outer scale surface, (d) inner 
NiO-NiAI204 layer, (e) internal precipitation zone, deeply etched 
(f). 

rapid ly  and the inner  NiO-NiA1204 two-phase layer  
grew most slowly. All  layers thickened according to a 
parabolic relat ion (Fig. 5), and values of the growth 
rate constants are given in  Table I. 

NI-6 w/o AI Alloy 
Oxidation kinetics.--These kinetics which were i r re-  

producible due to a phenomenon of nodular  growth are 
shown in  Fig. 6. Fur thermore ,  oxygen uptake dur ing  
ini t ial  stages was dependent  on alloy surface prepara-  
t ion since specimens polished to 1 ~m diamond ex-  
hibited smaller  uptake and formed fewer nodules than  
specimens abraded on coarse SiC papers. In  this la t ter  
case, NiO formed rapidly as an almost complete scale 
ra ther  than as scattered nodules. The oxidation k ine t -  
ics when  represented by parabolic plots (Fig. 7) ex-  
hibited an ini t ial  fast stage subsequent  to which the 
kinetics declined to u l t imate ly  approach a second 
slower parabolic rate. At 1473~ the value of the rate 
constant  dur ing  the first parabolic stage was kl -- 
2.5 • 10 -1 g2 cm-4  sec-1, and its value dur ing  the 
second parabolic stage was k~ = 8 • 10 -21 g2 cm-4  
sec -1. The balance sensit ivi ty did not  permit  accurate 
measurement  of reaction kinetics beyond this stage 
since the specimens oxidized at  an ex t remely  low 
rate. 

Scale morphology and structure.--As i l lustrated in  
Fig. 8, a thin A1208 film through which scattered NiO 
nodules protruded grew in  early exposure periods. 

Table I. Parabolic rate constants ko, ki, and kp for growth of outer 
oxide layer, inner oxide layer, and internal oxide precipitation 

zone, respectively, of Ni-2 w/o AI alloy 

kp (#m/hr'/2) 
~o (/Lm/hr~/-~) ki (~m/hr~/2) Precipitation 

T (~ Outer  layer  Inner  layer  zone  

1273 3.8 1.4 19.8 
1373 10.8 4.1 37.8 
1478 22.2 11.4 49.8 
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Fig. 3. Details of the AI208 
precipitation zone [SEM images, 
(a) and (b) 1273~ (c) and (d) 
1473~ (a) Deep-etched longi- 
tudinal section, (b) precipitation 
at grain boundaries, (e) deep- 
etched transverse section, (d) 
alloy precipitation front (etched). 

Fig. 4. Hi and AI electron microprobe x-ray scans across a scale formed on Hi-2 w/o AI alloy 
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Nodules formed preferent ial ly at alloy grain bound- 
aries [Fig. 8 (a) and (b)]  and at surface imperfections 
induced by polishing. In the region of a nodule, the 
scale was of the morphology observed for the Ni-2 
w/o A1 alloy consisting of an outer coarse grained NiO 
layer having a terraced surface, an inner NiO-NiA1204 
layer  and an internal A1203 precipitation zone [Fig. 
8 ( a ) - ( d ) ] .  Lateral  growth of the nodules led to re-  
gions of duplex structured scale over an internal  oxi- 
dation zone. In this alloy, nevertheless, a continuous 

A1203 film developed at the internal oxidation front 
[Fig. 8 (d) ]. 
This alloy underwent a long transient stage extend- 

ing up to 150 hr during which init ial ly formed reaction 
products transformed to continuous NiA1204 and 
AltOs layers. Light mierographs in Fig. 9 and SEM 
images taken from larger  areas of specimens in Fig. 
10 i l lustrate oxidation behavior during this transient 
stage. It can be observed that an A1208 film was 
formed at several regions of the precipitation front 
[Fig. 9(a) and Fig. 10(a)].  Lateral  growth of these 
film sections eventually led to development of a com- 
plete film along the highly i rregular  alloy interface 
which separated the internal oxidation zone from the 
alloy substrate [Fig. 9 (b) and Fig. 10 (b) ]. Subsequent 
reaction within this isolated alloy and A12Os precipi-  
tates resulted init ial ly in formation of an NiO-NiA1204 
conglomerate [Fig. 9 ( c ) - ( d ) ,  Fig. 10(b)] which was 
finally converted to a homogeneous NiA1204 layer 
laying between the outer NiO and inner A1203 layers 
[Fig. 10 (c) ]. 

Initiation of continuous A1208 film formation, which 
is indicated by arrows in Fig. 9 and 10, occurred at 
random sites within the alloy grains where the rod- 
like precipitates impinged. Confirmatory evidence for 
this mechanism for impingement of particles and lat-  
eral growth of AI~O.~ film at the internal oxidation 
front is depicted in Fig. I1. Figure 11 (a) i l lustrates that  
the rodlike precipitates tend to impinge while Fig. 
11 (b) shows a section of the A1203 film at the internal 
oxidstion front. Formation of A12Os depleted the alu- 
minum alloy concentration at precipitate tips but led 
to insignificant aluminum depletion from the alloy 
beneath the film since it acted as a diffusion barr ier  for 
reactants. This was verified by determining the alu- 
minum profile in these two alloy regions as shown in 
Fig. 12. It is evident that the alloy is more significantly 
depleted of aluminum in vicinity of the precipitates 
(line A-A)  than in the region where a continuous film 
was formed (line B-B). This lateral  concentration 
gradient gave rise to aluminum diffusion in the alloy 
from beneath the discontinuous film to neighboring 
precipitates where it reacted with oxygen migrating 
inward to cause continual lateral  film growth [Fig. 
11 (b).]. 

A fully developed scale at the highest investigated 
temperature of 1573~ was of duplex structure con- 
sisting of outer and inner NiA1204 and A1203 layers, 
respectively. This scale morphology is i l lustrated in 
Fig. 13 in conjunction with the A1 and Ni x - ray  maps. 

Discussion 
N;-2 wlo AI Alloy 

A schematic model depicting parabolic growth of 
the oxidation products on and in the alloy is i l lustrated 
in Fig. 14. The A12Oz rod precipitates beneath the 
duplex scale are shown to extend perpendicularly 
to the alloy surface through the internal oxidation 
zone independent of alloy grain orientation. There is 
,.~7 v /o  increase accompanying formation of A1208 in 
the alloy and its growth in the form of continuous 
rods rather  than as isolated precipitates decreases 
the oxide surface area and consequently total inter-  
facial energy. 

Growth of the columnar coarse-grained NiO layer  
is interpreted by predominant outward nickel diffu- 
sion since its diffusivity is at least two orders of 
magnitude larger than the oxygen diffusivity (11). 
The small density of fine pores found in the inter-  
mediate region of the scale [Fig. 2(b)]  did not form 
a continuous network and they are not regarded as 
effectively contributing to an inward oxidant flux. 
Formation of these pores possibly arise from ~6 v/o 
decrease iccompanying formation of NiA1204 from its 
parent  oxides. Part ia l  dissolution of A]~O.~ into NiO 
results in alteration of its defect structure according 
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Fig. 8. Nodular growth on Ni-6 
w/o A! alloy (SEM images, 
1373~ (a) Imperfect AI203 
scale containing NiO nodules 
localized at alloy grain bound- 
aries, (b) nodule outer surface, 
(c) scale cross section in the 
vicinity of a nodule, (d) structure 
of the region beneath a nodule 
(deeply etched cross section). 

to the following equation 

AltOs -- 2A1NI" q- VNi" -I- 30o x [1] 

where the symbols A1Ni', VNi", Oo x refer to aluminum 
dissolved in a nickel site, a nickel vacancy, and oxygen 
in an oxygen site of NiO, respectively. This increase 

in vacancy concentration enhances the nickel diffu- 
sivity and combined with the larger oxygen activity 
gradient across the NiO scale due to the presence 
of NiA1204 in its inner region enhances the oxidation 
rate of the alloy in comparison to pure nickel (Fig. 
1). The NiAl~O4 particles in the two-phase inner scale 

Fig. 9. Ni-6 w/o A! alloy transient oxidation stages (light microscope images, 1473~ (a) AI203 internal precipitation and development 
of a discontinuous AI203 film, (b) A1203 continuous film formation, (c) and (d) conversion of the alloy precipitation zone to NiO -~- 
NiAl~O+ 
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Fig. 10. Ni-6 w/o AI alloy transient oxidation stages (SEM images of deep-etched cross sections, 1373~ (a) and (b) as Fig. 9(a) and 
(b), respectively, (c) three-layered morphology. 

layer, nevertheless, offer a high resistance to outward 
nickel flux and therefore mask the complete effect 
of aluminum as a dopant in NiO on scale growth. 

Oxygen for growth of A12Os precipitates resulted 
from a solid-state displacement reaction between NiO 
and aluminum present in the alloy since the following 
equilibrium exists at the two-phase scale/alloy inter- 

Fig. 11. Development of a continuous AI203 film on Ni-6 w/o AI 
alloy. (a) impingement of AI203 rodlike precipitates, (b) lateral 
2rowth of AI20.~ film. 

face 

NiO~scale~ -- Ni(auoy) ~- Ocalloy) [2] 

Inward oxygen diffusion through the alloy in the 
internal oxidation zone to react with oxygen at the 
precipitation front can be represented as 

2Al(auoy) -]- 30(alloy) = A1203(alloy) [3] 

The net displacement reaction then becomes 

3NiO(se~ae) + 2Alc~o~) "> ~A2Os~auo~) + 3Ni [4] 

where the resultant nickel diffuses outward through 
the scale to react with atmospheric oxygen . I t  inward 
growth of the A1203 rod precipitates was controlled 
by oxygen diffusion in the aluminum depleted alloy 
matrix of the internal oxidation zone, the penetration 
depth, X, of this zone is given to a first approximation 
by 

L ~ )  } V~o.D,acot = kpt 

[5] 
where f is the fractional area covered by the A1203 
rods, V is the molar volume, Do is the oxygen diffu- 
sivity, aco is the oxygen concentration difference across 
the alloy precipitation zone, t is time, and /r is the 
parabolic penetration rate constant (Table I). Oxygen 
concentration in the alloy at the alloy/scale interface 
is assumed equal to its solubility in pure nickel since 
only trace amounts of aluminum, few ppm, remain 
in solution upon precipitation of A1203 (12). Due to 
the high oxygen affinity for aluminum, the oxygen 
concentration at the precipitation front is considered 
as nil. At 1273~ Co in nickel -- 0.051 a/o, Do in Ni 
= 4 • 10-9 cm2.sec - I  (14), f ---- 0.07 from measure- 
ments in this investigation. Substituting these values 
in the above equation gives/% = 18.7 ~m.hr-Y, which 
is in close agreement with the experimentally deter- 
mined value, /% -- 19.8 ~m.hr-'/2. Based on the tem- 
perature dependence of /% (Table I), the activation 
energy for oxygen diffusion in the alloy of the internal 
oxidation zone is 128 kJ/g.mole. 

The NiA1204 part of a rod precipitate was mainly 
confined to the inner conglomerate layer of the NiO 
scale. Al,~O3 in the region of the alloy/scale interface 
can be converted to NiA1204 by solid-state reactions. 
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Fig. 12. Ni and AI electron microprobe x-ray scans across a scale formed on Hi-6 w/o Ai alloy 

Fig. 13. Ni-6 w/o AI alloy 
steady-state morphology at 
1573~ 

Since the  scale re ta ined  in t ima te  contact  w i th  the  
receding  a l loy  surface dur ing  al l  s tages of oxidat ion,  
these react ions involved diffusion processes. In  NiO/  
AlzO8 diffusion couples (15), counter  diffusion of a lu-  
minum and nickel  ions give r ise to growth  of NiA1204 
b y  means  of the  fol lowing react ions  which occur at  
the  NiO/NiAI~O4 and NiA1204/Al~O3 interfaces,  r e -  
spec t ive ly  

2AIcAIsOa) a+ + 4NiO = NiAI204 + 3Ni(NIo) 2+ [6] 

3Ni(NiO) 2+ + 4AlzOa -- 3NiAI~O4 + 2AI(NiAI~O4) a+ [7] 

F o r  g rowth  of the  NiAI204 rods dur ing  the scal ing reac -  
tion, i t  would be expected  that  the Ni ~+ ions re leased  
b y  reac t ion  [6] would  diffuse ou tward  th rough  the 
scale under  the influence of the oxygen ac t iv i ty  g r a -  
dient  to form addi t ional  Ni0.  In order,  therefore,  for 
the  NiA1204 rods to cont inual ly  pene t ra te  i nward  
in the absence of a backward  Ni ~+ ionic flux, a sol id-  
s ta te  react ion of A12Oa wi th  n ickel  and  dissolved 
oxygen  in the a l loy would proceed as fol lows 

Ni(.noy) + O(anoy) + Al2Oa = NiAI~O4 [8] 
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Fig. 14. Schematic model for scale growth on Ni-2 w/o AI alloy 

A t  1273~ the NiAl~O4 growth  ra te  in a diffusion 
couple at  constant  oxygen  ac t iv i ty  (15) is only  ~0.1 
of the  observed  advance  ra te  of NiAl~O4 in the  scale 
(k --  0.6 vs. 11.4 #m.hr - ' /2 ) .  Hence, the growth  ra te  
of NiA1204 as rods in the  conglomera te  l aye r  of the  
scale and benea th  the  a l loy  surface according to 
react ions  [6] and [8] is p robab ly  de te rmined  by  both  
bounda ry  and la t t ice  diffusion of the reac tan ts  under  
the  influence of the  oxygen  and meta l  ac t iv i ty  g ra -  
dients.  

Ni-6 w/o AI Alloy 
Growth  of nodules  is a common t rans ien t  phenom-  

enon of a l loy  oxida t ion  when la rge  differences exis t  
in diffusion and the rmodynamic  proper t ies  of the  
oxides.  As examples ,  nodules of less s table  and 
usua l ly  less pro tec t ive  oxides have  been observed in 
films of more  s table  and pro tec t ive  oxides formed on 
Ni-A1 (6,7), N i -Cr  (16,17), Co-Cr-A1 (18), F e - C r  ( 19,20 ), 
Fe -AI (21) ,  and Fe -S i (22)  alloys. In  the  present  in-  
vest igat ion,  the oxida t ion  kinet ics  decreased cont inu-  
ously wi th  t ime suggest ing tha t  f rac ture  of the oxide 
film did not  occur. The r e l a t ive ly  r ap id  oxygen up -  
take,  however ,  r a the r  suggests tha t  A1203 does not  
fo rm in i t ia l ly  as a perfect  continuous film but  permi t s  
NiO to form as a t rans ien t  phase at  a l loy gra in  
boundar ies  and surface imperfect ions.  This oxide  sub-  
sequent ly  develops as nodules  exhib i t ing  a c i rcular  
base due to isotropic n ickel  diffusion. As reac tan t  
diffusion in NIO(23,24) is severa l  orders  of magni tude  
fas ter  than  in A1208(25,26), the former  overgrows 
and pa r t i a l l y  converts  the A120~ film into NiA1204. 

A mechanism can now be advanced  for the t r ans i -  
t ion f rom scale growth  wi th  concurrent  in te rna l  ox ida-  
t ion to solely ex te rna l  scale growth  under  these above 
ear ly  s tage conditions.  This oxida t ion  behav ior  is 
i n t e rp re t ed  by  the schemat ic  model  i l lus t ra ted  in Fig. 
15. In  the  region of nodules,  the scale g rew by  a 
mechanism s imi lar  to the  case of the Ni-2 w /o  A1 
a l loy  [Fig. 15(a) ] .  The value  of the parabol ic  ra te  
constant  dur ing  this in i t ia l  oxidat ion  stage, k~ = 
2.5 • 10-9 g~ cm-4  sec-1  at  1473~ was the  same 
o rde r  of magni tude  as that  for the l a t t e r  alloy. As 
oxida t ion  proceeded,  impingement  of the AloO~ rod 
prec ip i ta tes  a t  r andom sites of the oxidat ion  front  
led  to the format ion  of more  pro tec t ive  film sections 
[Fig. 15(b)]  and  to the observed decl ine in react ion 
ra te  (Fig. 6 and 7). Complete  deve lopment  of an 
i r r egu l a r  A120~ film resul t ing  f rom a luminum la te ra l  
diffusion from impingement  sites to ne ighbor ing  p re -  
eipi tates  [Fig. 15(c) and  ( f ) ]  isolated the  in te rna l  oxi-  
dat ion zone f rom the al loy substrate.  This behavior  led 
to the  onset of the second s lower  parabol ic  oxidat ion  
s tage wi th  k2 ---- 8 X 10 - n  g~ cm -4 sec -1 which is 
one o rde r  of magn i tude  less than  kl = 2.5 • 10 -9 g2 

NiO 

" ~ ~  NiAI204 / /  

�9 impingement sites / = 
alloy 

(e) Prec. Front (b) I /  
CAI' I //AI203 

1 
1203 ~ ( 

"  o,oy cooc P'r'io ', a,,,', 
8, (ill 

(C) (f) AI Lateral Diffusion 

Fig. 15. Schematic model for scale growth on Ni-6 w/o AI alloy 

cm -4 see -~. Dur ing  this oxida t ion  stage, n ickel  f rom 
the a luminum deple ted  a l loy in the isolated in te rna l  
oxidat ion  zone diffused ou twards  to the scale surface. 
S imul taneous  plast ic  deformat ion  of the scale and 
cont inued incorpora t ion  of A12Oa and NiO to form 
NiA1204 [Fig. 15(d)]  u l t ima te ly  led to deve lopment  
of the mul t i l aye red  NiOINiA12041A1203 scale [Fig. 
15(e) and 10(c)] .  

Summary 
High t empera tu re  oxida t ion  proper t ies  of di lute  

Ni-A1 al loys were  inves t iga ted  wi th  special  in teres t  
given to the  micros t ruc tures  and growth  kinet ics  of 
~-A1203. 

The a l loy of low a luminum concentrat ion,  Ni-2 w /o  
A1, oxidized parabol ica l ly ,  a-A12Os, which  was p r e -  
c ipi ta ted in te rna l ly  in the al loy benea th  a duplex  
NiOINiO-NiA1204 l aye red  scale, g rew as rods ex t end -  
ing th rough  the in te rna l  oxida t ion  zone pa ra l l e l  to 
the g rowth  direct ion and independen t  of a l loy gra in  
orientat ion.  Rod growth,  which was control led  by  
oxygen diffusion in the a luminum deple ted  a l loy  of 
the  in te rna l  oxidat ion  zone, arose f rom a d i sp lacement  
react ion be tween  NiO and a luminum in the alloy. A 
so l id-s ta te  react ion be tween  NiO and A1203 accounted 
for the cont inual  g rowth  of NiA1204. A ra te -con t ro l l ing  
step was not assigned to the  reac t ion  because the  
scale and in te rna l  oxida t ion  prec ip i ta tes  g rew in a 
cooperat ive  diffusion mode. 

The al loy of h igher  a luminum concentrat ion,  Ni-6 
w /o  A1, exh ib i ted  t rans ient  i r reproduc ib le  ox ida t ion  
before u l t imate  deve lopment  of a NiOINiA12041A120~ 
l aye red  scale. In  the  ea r ly  stages of this t rans ien t  
period, NiO-NiAI~O4 nodules accompanied  wi th  an 
internal  oxidat ion  zone of A1208 precip i ta tes  g rew 
through an imperfec t  A1203 film. Three  dis t inct  reac-  
t ion stages could be discerned:  a s tage dur ing  which 
a duplex  NiOINiO-NiA120~ l aye red  scale and an in-  
te rna l  oxidat ion  zone containing AI20~ rod prec ip i ta tes  
g rew by  a mechanism s imi lar  to tha t  for the Ni-2 
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w/o A1 alloy, a second and slower stage coinciding 
with the formation of an A1203 film at the precipita- 
tion front resulting from impingement of the A1203 
rods at random sites and conversion of alloy in the 
isolated internal oxidation zone to NiO[NiA1204, and 
a third stage, the kinetics of which are not reported 
here, controlled by reactant diffusion through the 
A12Os film. 

Scales formed on both alloys exhibited extraordinary 
resistance to spalling upon cooling. Scale adherence 
appeared to be improved by a pinning effect of the 
rodlike A1203 precipitates and, in the ease of the 
high aluminum content alloy after long exposures, 
by the highly irregular inner A1203 film. 
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Growth and Microstructure of a-ALOa on 
B -NiAI 

H. M. Hindam *'1 and W. W. Smeltzer* 

Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada LSB 4M1 

ABSTRACT 

Growth of a-A1203 films and scales on fl-NiA1 (Ni-32 w/o A1) was in- 
vestigated in oxygen at 1 atrn over the temperature range 1273~176 An 
initial sub-microcrystalline oxide film recrystallized during its growth to a 
textured a-A12Os film containing polycrystalline ridges. Inert marker mea- 
surements demonstrated that the initial film grew by inward diffusion of 
oxygen. Fully developed a-A12Os scales contained dissolved nickel (0.5 w/o 
at 1473~ Metallographic evidence indicated that these scales grew by 
counter-current aluminum and oxygen boundary diffusion and aluminum 
lattice diffusion. Cavities, which were generated at the alloy/AlsQa interface, 
did not influence scale growth since aluminum was transported a t a  sufficient 
sustaining rate by evaporation from the alloy substrate. The square of the 
average oxide grain size in a growing scale increased proportional to time. 
The nonparabolic growth kinetics of the a-A1203 scales were interpreted by 
a short-circuit diffusion model. 

Mechanisms for growth of internal A1203 precipi- 
tates in dilute Ni-A1 alloys and transformation of 
these precipitates to a continuous layer in alloys at 
intermediate aluminum concentrations were defined 

* Electrochemical  Society Act ive  Member. 
i P r e s e n t  a d d r e s s :  Lawrence Berke ley  Laboratory, Universi ty  of  

C a l i f o r n i a ,  B e r k e l e y ,  C a l i f o r n i a  94720. 
Key words: oxidation,/S-NiA1, AlsOi.  

in the preceding paper (1). Growth of AlzO3 scales 
on Ni-A1 alloys has been the subject of only a few 
investigations (2-4) but more intensive research has 
been carried out on the growth mechanisms of these 
scales on other aluminum-containing alloys (5-12). 
The purpose of this investigation was to obtain de- 
tailed information on the growth kinetics and morpho- 
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logical  deve lopmen t  of a-A1203 on the in te rmeta l l i c  
~-NiA1 phase  at  h igh t empera tu re s  in o rder  to ad -  
vance  a g rowth  model.  

Experimental Methods and Results 
Spec imen  p repa ra t i on  procedures  of the  ~-NiA1 bu t -  

ton conta ining 32.2 weight  pe rcen t  (w/o)  A1 [50.8 
atomic percen t  ( a / o ) ]  were  ident ica l  to those adopted  
in the  case of al loys wi th  low a luminum contents  (1). 
A hor izonta l  mul l i t e  tube  furnace  closed a t  one end 
was used for  ox ida t ion  runs  in s ta t ic  oxygen  at  1 a tm 
pressure .  Specimens  were  suspended in a recrys ta l l i zed  
a lumina  boa t  made  b y  cut t ing a cy l indr ica l  crucible  
pa ra l l e l  to i ts axis. A lumina  rods res t ing on grooves 
in the  boa t  wal l s  were  used to suppor t  P t - R h  hooks 
for  the  specimens.  Oxygen  was admi t t ed  to the  evacu-  
a ted  tube  a f te r  the  furnace  was b rought  to the des i red  
t empera tu re .  The boat  conta ining the ~-NiA1 disk 
shaped specimens,  1 cm d iam and 0.1 cm thick, was 
then  moved f rom the cold end of the  tube  to the  hot  
zone by  means  of a quar tz  rod s l iding through a s ta in-  
less steel  swagelock  fixed to the tube  b y  O- r ing  seals. 
Thin oxide  films were  s t r ipped  f rom the a l loy sub-  
s t ra te  using 10% b romine -me thano l  solution; th ick  
films and scales were  f r ac tu red  f rom the al loy.  

Oxide films fo rmed  at  exposures  less than  5 min at  
t empera tu re s  as high as 1473~ did not  exhib i t  d is-  
t inct  morphologica l  features.  F igu re  l ( a )  is a TEM 

Fig. 1. TEM images and selected area diffraction patterns of oxide 
films formed on Ni-32 w/o AI alloy: (a) initial sub-microcrystalline 
film (5 mln at 1273~ (b) film shown in (a) after reheating "in 
s/tu" to 1123~ 

image  and selected a rea  diffract ion pa t t e rn  of an 
,.,120 nm film formed at  1273~ in 5 min. The image 
exhibi ts  poor  contras t  and  the pa t t e rn  consists of 
halos which  can ar ise  f rom sub-mic rocrys ta l l i t e s  ~10 
nm in size. Hea t ing  this s t r ipped  film in the  mic ro-  
scope to 1123~ for ,~30 min  led to format ion  o f  
crys ta l l i tes  having  a wide size range,  50-250 nm, a s  

shown in Fig. 2 (b ) .  This s t ruc ture  gave r ise to a 
definite e lect ron diffract ion r ing  pat tern ,  which  could 
be indexed  as v-AI203. 

Thicker  oxide  films became nonuni form due to 
r idges  ex tend ing  ou twa rd  and i n w a r d  at  spacing dis-  
tances dependent  on al loy gra in  orientat ions.  The 
s t ruc ture  of this  type  of film (I  ~m thick)  formed 
af te r  30 min at  1473~ and the corresponding reflec- 
t ion e lect ron diffract ion pa t t e rn  a re  shown in Fig. 2. 
The pa t t e rn  exhibi ts  sharp  diffract ion r ings corres-  
ponding to those for  a-A120~, Fig. 2 (b) .  Face ted  cavit ies  
were  consis tent ly  observed  at  the a l loy / f i lm interface,  
Fig. 2 (c) ,  which tended to coalesce and form ex tended  
t roughs be tween  the film and a l loy substrate .  The 
oxide  film in the v ic in i ty  of an al loy gra in  bounda ry  
is shown in Fig. 2 (d )  where  the del ineat ion  be tween  
r idge  spacings is evident .  

Thicker  scales spal led  pa r t i a l l y  upon cooling which  
a l lowed close examina t ion  of the i r  s t ructure .  F igu re  
3 i l lus t ra tes  SEM images at  dif ferent  regions of a 
scale formed af te r  15 days at  1473~ I t  is appa ren t  tha t  
the  scale f r ac tu red  in te rg ranu la r ly ,  Fig. 3 (a ) .  Elec-  
t ron  probe  microanalys is  demons t ra ted  tha t  ~0.5 w /o  
Ni was dissolved in this scale. The r idge  pers is ted  
af te r  this  long oxida t ion  per iod  as evidenced by  micro-  
graphs  of the  scale outer  surface, Fig. 3 (b) ,  and  scale 
underside,  Fig. 3(c) .  The t o t a l  length  of the r idges 
ex tend ing  f rom both in terfaces  b y  means  of the oxide  
gra in  boundaries ,  nevertheless ,  accounted for  ~10% 
of the  scale thickness.  F e w  whiskers  w e r e  formed at  
the  scale ou te r  surface, Fig. 3 ( b ) .  The a l loy  in ter face  
exh ib i ted  impr in t s  f rom the scale cor responding to 
the  r idges  in its underside,  Fig. 3 (c ) ,  a n d  ox ide - f r ee  
faceted cavit ies  r evea l ing  c rys ta l lographic  a r r a n g e -  
ments,  Fig. 3 (d ) .  Sp i ra l  s teps on the a l loy  surface  
were  also evident  in some cavities,  Fig. 3 (e ) .  Though 
the  degree  of cavi ta t ion  va r ied  Over  different  a l loy 
grains,  the  total  volume increased  as oxida t ion  was 
pro longed  [compare  Fig. 2 (c) and  3 (d)  ]. 

Oxidat ion  kinet ics  of the  recrys ta l l i zed  a-A1208 scales 
were  de te rmined  at  1473 ~ and 1573~ b y  l aye r  th ick-  
ness measurements  of pol ished scale cross sections 
using SEM images  at  8000• magnif icat ion to an ac-  
curacy  corresponding to 0.1 ~m. The react ion kinet ics  
a re  shown in Fig. 4; each da ta  point  represents  the  
average  of 15 readings  taken  f rom three  samples  
oxidized in a batch. 

In  l ight  of the  above evidence for  reac tan t  t r anspor t  
being dependent  on the A1203 scale s t ructure ,  the  
gra in  size was de te rmined  f rom f rac ture  cross sec- 
tions of pa r t i a l l y  spal led  scale flakes. The gra in  d i am-  
e ter  was measured  pa ra l l e l  to the scale in terfaces  
wi th  the  same accuracy  as the  thickness  measurements .  
In  each case, 100 grains  chosen at  r andom from di f -  
fe rent  par t s  of the scale were  used to de te rmine  the 
gra in  size dis tr ibut ion.  The average  gra in  size increased 
wi th  cont inued oxida t ion  as shown in Fig. 5. 

I t  was feasible  to employ  iner t  Pd  marke r s  to 
iden t i fy  the  re la t ive  mobil i t ies  of the diffusing species 
dur ing  growth  of the th in  Uniform oxide  films. As 
has been  descr ibed e l sewhere  (13), AES in combina-  
t ion with  dep th  profi l ing by  A r  ion sput te r ing  can 
be employed  to de te rmine  the locat ion of e x t r e m e l y  
thin  (3-5 nm)  markers .  In  this  case, a specimen w a s  

oxidized at  1273~ for 5 min to form a sub -mic ro -  
c rys ta l l ine  oxide  film. AES analyses  of the  oxidized 
specimen pr io r  to and dur ing  sput te r ing  of the  film 
are  shown in Fig. 6. The  Pd marker ,  which  res ided 
at  the  ex te rna l  film surface, was spu t t e red  comple te ly  
a w a y  in less than  10 min. Dis regard ing  Pd, the  film 
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Fig. 2. Structure of recrys- 
tallized a-AI20~ film on Ni-32 
w/o AI alloy (SEM images; 30 
min at 1473~ (a) top view, 
(b) RHEED pattern, (c) fracture 
cross section, (d) film structure 
in vicinity of an alloy grain 
boundary. 

Fig. 3. Structure of thick ~- 
AI908 scale on Ni-32 w/o AI 
alloy (SEM images; 15 days at 
1473~ (a) fracture cross sec- 
tion, (b) scale outer surface, (c) 
scale underside, (d) and (e) al- 
loy/scale interface revealed by 
scale spalling. 
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consists of pure A1203 since Ni could only be detected 
in the vicinity of the a l loy /ox ide  interface. 

Discussion and Conclusions 
An init ial ly formed sub-microcrysta l l ine  film con-  

sisting of A1203 grew by inward migration of oxygen  
even  at temperatures as high as 1473~ under the 
eonclitions of experimentation.  Reheating to 1123~ 
of a stripped film caused its "reerystallization" to 
7-A1203. It is therefore conceivable that the sub- 
mieroerystal l ine  films, which transformed to a-A1203 
during their growth under isothermal conditions at 
temperatures  exceeding 1273~ involved the transient 
formation of the -y-A1203 allotropie phase. This trans- 
formation could lead to the occurrence of faulted 
regions in the reerystal l ized film since the conversion 
of 7 to a-A1203 is accompanied by a reduction of 14.3% 
in vo lume (14).  The a-A1203 films were  nonuniform 
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exhibit ing growth of polycrystal l ine oxide  extending 
inward and outward which  implies  that these regions 
contained a large density of boundaries acting as 
easy  diffusion paths for both reactants. The presence 
of these polycrystal l ine ridges be tween  the oriented 
thinner oxide film regions, Fig. 2 (e) ,  could be induced 
by faults as discussed above or by the influence of 
the al loy substructure. 

Origin of cavities at the alloy/A1203 cannot be 
unequivocal ly  defined. These cavities have also been 
observed in other investigations on A1203 forming 
al loys (2-10, 15). We conjecture that in the presence 
of a f ew  vacancy sinks, as in the case of coarse-  
grained alloys or foils having large surface /vo lume 
ratio (16-19),  the concentration of the vacancies in-  
jected to the al loy substrate during oxide growth 
exceeded the supersaturation l imit  and led to void 
formation by vacancy coalescence.  Transport of alu-  
minum across the  voids.by evaporation is g iven by 

- -  P A l  d~ 2~-r 
where  PA, and /~/ are the vapor pressure and atomic 
weight  of aluminum, respectively,  and R is the gas 
constant. At T _-- 1473~ vapor pressure of pure 
a luminum = 10 -5  atm (20) and a luminum activity 
in ~-NiA1 = 10-3 (21), the calculated a luminum 
evaporation rate is 0.2 • 10 - s  g c m - 2  sec-1 .  This 
rate, which  is equivalent  to 1.7 • 10 -7  gO cm -2  sec -1, 
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is much larger than the maximum observed oxygen 
uptake rate by the specimen equal to 1 X 10 -9 gO 
cm -~ see -1. An aluminum evaporative mechanism 
accompanied with outward aluminum migration 
through the growing scale leads to the conclusion 
that void formation does not interfere with scale 
growth and explains the development of relatively 
uniform thick scales. Aluminum evaporation from 
the substrate with limited inward boundary oxygen 
diffusion through the a-A1203 scale can also lead 
to the observed spiral steps, faeeting, and enlargement 
of voids, Fig. 3(d) and (e). 

The experimental evidence offers support to an 
oxidation mechanism for growth of the =-A120~ scales 
involving counter diffusion of aluminum and oxygen. 
Growth of polycrystalline ridges extending inward, 
Fig. 2(c) and 3(c), indicates that oxygen inward 
migration is mainly limited to regions of a large 
density of grain boundaries in the scale. Metallographie 
observations by previous investigations and those in 
this investigation suggest outward aluminum diffusion 
via grain boundaries: outward extension of the above 
polycrystalline oxide ridges (4,  11), Fig. 2(a), (c), 
and 3 (b); the spacing of these ridges at the scale/gas 
interface is less than at the scale/alloy interface, Fig. 
3(b) and (c), consistent with scale growth predom- 
inantly at its outer interface when nucleation of new 
grains and their subsequent growth are taken into 
account; growth of A1203 whiskers (3, 5, 10), Fig. 
3(b), which can result from metal transport through 
the scale by a type of line or surface defect (22-24). 
These considerations are consistent with measure- 
ments of tracer diffusivities (25, 26) which demon- 
strate that at temperatures exceeding 1923~ aluminum 
diffuses approximately at a rate one order of magni- 
tude higher than oxygen in polycrystalline A12Oa 
and that the ratio of these diffusivities DAI/Do de- 
creases with decreasing grain size (27). Oxygen dif- 
fusion in single crystal A1203 compared to the above 
aluminum diffusion rate is about two orders of mag- 
nitude less. This latter consideration and the continual 
growth of voids beneath the scales lead to the con- 
clusion that the oriented A1203 grains between the 
polycrystalline ridges grow by aluminum lattice diffu- 
sion to react with oxygen at the external scale surface. 
The findings from the comprehensive studies on the 
defect properties of high purity a-A120:~ single crystals 
(28, 29) are consistent with a point defect model in- 
volving aluminum interstitial ions and electrons as 
the major mobile species. This type of aluminum dif- 
fusion, moreover, would be enhanced by the doping 
effect of nickel since the thick scales contained ~0.5 
w/o Ni. Consequently, enhanced aluminum lattice 
diffusion accompanied with" oxide grain growth led 
to development of the observed relatively uniform 
thick scales, Fig. 3(a). As illustrated by the linear 
plots in Fig. 7, square of oxide average grain size 
vs. time, the A1203 average grain size during growth 
of the scales followed a general grain growth relation- 
ship. The activation energy for grain growth deter- 
mined from these measurements at two temperatures 
is 133 kJ /g  mole. 

The oxidation kinetics for scale growth can be 
interpreted to a first approximation by a short-circuit 
diffusion model similar to that advanced to interpret 
NiO growth on nickel (30, 31). An effective diffusion 
coefficient for aluminum and oxygen migration along 
grain boundaries and aluminum via lattice sites in 
polycrystalline alumina is expressed as 

Deff -- DL -}- IDB 

where DL is the aluminum lattice diffusion coefficient, 
/)B is an average diffusion coefficient for counter mi- 
gration of aluminum and oxygen along grain bound- 
aries in a scale, ~ is the fraction of grain boundary 
diffusion sites represented by ~ -- 2d/D where d is 
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Fig. 7. a-AI208 scale grain growth: parabolic presentation 
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18.0 

the grain boundary width and D is the average oxide 
grain diameter which was shown to obey the relation- 
ship D z -- Do 2 -- Gt where G is the grain growth 
rate constant. A modified parabolic rate equation 

t D B  ) d t  
= 2 : 2 " D L ~ C ~  ( i + ' - - ~ -  L 

where ~2 is the equivalent volume of alumina repre- 
sents the oxidation kinetics upon utilizing the approx- 
imation of a linear compositional gradient to define 
the flux of reactants across the oxide layer. This 
equation is placed on differential form 

dx2 
= kL + ksd/D 

dt 

where kL = 2QDL/~C and kB -- 2~DB~c to test t h e  
obeyance of the oxidation kinetics and alumina grain 
growth to this simple short-circuit diffusion model. 
The linear plots of dx2/dt vs. 1/D in Fig. 8 demon- 
strate the validity of the above relation. Assuming 
an Arrhenius relationship for kB and an independence 

200 

15C 

Lo 
~E IOC 

r 

50 

J I i i I | 

1573K o 

/ /X5 ~ SLOPE= 2KBd 
~ /  _ ~  1473 K " =4.8xlO2~.m3do 

/ / - 

I I I I i I 
0.2 0.3 0 .4  

(OXIDE AVERAGE GRAIN SIZE) -j (~rn) -t 

Fig. 8. Verification of short-circuit diffusion model: plot of 
d x 2 / d t  vs. D - I .  



VoL 127, No. 7 MICROSTRUCTURE 1635 

Table i. Comparison of observed and calculated grain size in the 
a-AlsO8 scale formed at 1573~ 

Average  oxidation grain size (#m) 

Oxidation 
time (days) Observed Calculated 

2 3.2 -*" 0.6 3.8 
3 3.6 ----. 0.8 4.7 
5 4.5 ~- 0.6 6.8 

of boundary width on temperature, the effective ac- 
t ivation energy for aluminum and oxygen boundary 
diffusion is 128 kJ /g  mole. This value is much smaller 
than the activation energies for aluminum diffusion 
in high purity polyerystalline (130,200 ~m) a-A1203, 
475 kJ /g  mole, and oxygen diffusion in single a-AlsO3 
crystals, 635 kJ /g  mole (25, 26). 

Since kB > >  kL, the scale grain growth rate can be 
predicted from the above equation using the oxidation 
kinetic data and knowing the average grain size at a 
given time. The calculated and measured grain size 
are given in Table I. The agreement between the ob- 
served and calculated values is reasonable when one 
considers the simple approximations utilized to de- 
scribe scale growth by a short-circuit diffusion model. 

The model schematically represented in Fig. 9 sum- 
marizes the present findings for growth of the a-A1208 
scale on ~-NiA1. Initially, a submicrocrystalline film 
was formed containing a large density of boundaries 
along which oxygen diffused inward. Film recrystal- 
lization led to development of an oriented a-A1203 film 
containing regions of disarrayed oxide induced by 
oxide faulting or by the influence of the alloy sub- 
structure. Boundaries in this disarrayed oxide-for  
c o u n t e r  diffusion of aluminum and oxygen resulted 
in the development of ridges extending inward and 
outward. Based on the recent findings on the defect 
properties of alumina, it is assumed that oxide within 
grains grew by outward migration of aluminum ions 
via an interstitial mechanism. Voids were formed at 
the NiA1/A1208 interface by coalescence of vacancies 

epitoxiol n u c l e ~ _ ~ , ~  mlcrocrystolline 
~ oxtde film 

i i / j  1 " / / / I / / , 4  r / l l / / / / / J  r i l l  

olloy 

(a) 

~ orlented oxide (grain) 
misoriented oxide(ridge) 

alloy 

(b)  / o x i d e  groin 
/ / o , ~ i d e  r,~e 

, 

AIl[o t'~ ~t o[ IA, 

cavity ~ alloy 

(C) 

Fig. 9. Schematic model for AI~O3 growth on Ni-32 w/o AI alloy 

generated by film growth. Aluminum evaporation from 
these voids in the presence of limited inward boundary 
oxygen migration in th~ a-Al~O~ scale led to develop- 
ment of faceted cavities. Eventually, counter diffusion 
of aluminum and oxygen through the boundaries pres- 
ent in the ridge and oxide grain growth coupled with 
aluminum outward diffusion partially enhanced by 
nickel doping led to uniform scale growth. 
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ABSTRACT 

Character is t ics  of the  deposi t ion process and  proper t ies  of the  resu l tan t  
films have been de te rmined  for  undoped  and ga l l ium-doped  spu t t e red  zinc 
oxide. The proper t ies  of in teres t  a re  film growth  rate,  res i s t iv i ty  of the as-  
spu t t e red  film, opt ical  t ransmission,  g ra in  size, and  ca r r i e r  concentra t ion a n d  
mobi l i ty  as de t e rmined  by  the Hal l  effect. The goal  of the inves t iga t ion  has 
been  to es tabl ish  how these proper t ies  depend  on sput te r ing  conditions, spe-  
cifically sput te r ing  ambien t  composit ion,  spu t te r ing  power,  and subs t ra te  t em-  
pera ture .  The pr inc ipa l  findings are:  (i) the  dependence  of film deposi t ion 
ra te  on appl ied  power  and ambien t  composit ion suggests a complex deposi t ion 
process involving the t r anspor t  of severa l  types of aggregates  of atoms; (if) 
films spu t te red  in an oxygen- f ree  ambien t  show s t rong optical  absorpt ion  in 
the  vis ible  region and a high concentra t ion of carr iers ,  whi le  films spu t te red  
in a pa r t i a l  p ressure  of oxygen  show absorpt ion  s imi la r  to tha t  r epo r t ed  for  
ZnO powder;(iii) subs t ra te  t empe ra tu r e  has a marked  influence on the elec-  
t r ica l  p roper t ies  of Ga -doped  films, wi th  films spu t te red  at  ce r ta in  t e m p e r a -  
tures  showing behav ior  suggest ing the exis tence of i n t e rg ranu l a r  potent ia l  
b a r r i e r s .  

Pas t  invest igat ions  have  shown tha t  zinc oxide  
proper t ies  a re  s ignif icant ly dependent  on sample  the r -  
mal  h is tory  and method  of prepara t ion ,  pa r t i cu l a r ly  in 
the  case of s in tered  specimens. The impor tance  of 
surface effects in this mater ia l ,  due p r i m a r i l y  to 
chemisorbed oxygen,  has also been demonst ra ted .  
Therefore,  measurements  of proper t ies  of single c rys-  
ta l  or  s intered samples  a re  not appl icab le  to spu t te red  
films. Because of the  recent  p rac t ica r  in teres t  in ZnO 
spu t te red  thin films for surface acoustic wave  (1) a n d  
so l id-s ta te  gas sensing devices (2), and  the unava i l -  
ab i l i ty  of da ta  for  these films, the  present  inves t iga-  
t ion has been car r ied  out. 

Zinc oxide  is an n - t y p e  ionic wide bandgap  semicon-  
ductor  (Eg = 3.2 eV) having a wur tz i t e  crys ta l  s t ruc-  
ture. I t  is genera l ly  agreed  that  a nonstoichiometr ic  
excess of in te rs t i t i a l  zinc which occurs in undoped ma-  
te r ia l  is responsible  for  the  free electrons. The t em-  
pe ra tu re  dependence  of the excess zinc concentra t ion 
for  ZnO in an ambien t  of a i r  (3) and zinc vapor  (4) 
have  been de te rmined  by  chemical  analysis.  Ea r ly  
e lect r ica l  measurements  on s in tered specimens (5) 
indica ted  the impor tance  of h e a t - t r e a t m e n t  in de te r -  
mining  conduct iv i ty  and Hal l  mobil i ty.  Ano the r  s tudy  
of s intered ZnO (6) revea led  tha t  a single shal low 
donor model  was unable  to descr ibe  the  t empera tu re  
dependence  of the  ca r r i e r  concentra t ion and suggested 
the  poss ibi l i ty  of deep - ly ing  acceptor  states. Hutson 
(7) was the first to r epo r t  comprehensive  single c rys ta l  
e lect r ica l  measurements .  Fo r  most of his zinc-, l i th -  
ium-,  and hyd rogen -doped  samples, the  da ta  could 
be fi t ted b y  a single shal low donor model.  The mobi l i ty  
t empe ra tu r e  dependence  could be descr ibed wel l  b y  
a combinat ion  of po la r  opt ical  mode, acoustic mode, 
a n d  ionized i m p u r i t y  scat tering,  wi th  the  fit being best  
be tween 200 ~ and 300~ La te r  studies (8) r evea led  
donor band conduct ion at  low t empera tu res  (below 
about  50~ 

In  contras t  to the  extens ive  l i t e ra tu re  for single 
c rys ta l  and  s in tered specimens, few studies of the  
e lect r ica l  p roper t ies  of spu t te red  ZnO films have been 
repor ted  (9, 10). A number  of authors  have  descr ibed 
character is t ics  of spu t te red  ZnO films in connection 
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with  surface acoustic wave  appl icat ions  (11). How-  
ever, the  emphasis  has been on film morphology,  which 
is impor tan t  for these devices, and not e lect r ica l  p rop -  
erties. Of pa r t i cu la r  in teres t  in the presen t  work  have 
been the influence of appl ied  sput te r ing  power,  spu t -  
ter ing ambien t  composition, and subs t ra te  t e m p e r a t u r e  
on film propert ies .  F i lm  growth  rate,  opt ical  t r ans -  
mission, gra in  size, res is t ivi ty ,  and Hal l  mobi l i ty  
were  examined  

Experimental Methods 
For  gas sensor applicat ions,  conduct ive ZnO films 

having we l l -con t ro l l ed  ca r r i e r  concentra t ion and gra in  
size a re  required.  A number  of film deposi t ion tech-  
niques, such as vacuum evapora t ion  of ZnO source 
mater ia l ,  pos t -depos i t ion  oxidat ion  of zinc th in  films, 
and firing of an aqueous suspension of zinc oxide  pow-  
der  have been inves t iga ted  by  us. However ,  none a l -  
lows incorpora t ion  of dopants  and  process reproduc i -  
b i l i ty  of the radio  f requency  sput te r ing  process. Ta r -  
gets for this s tudy  were  fabr ica ted  by  press ing and 
s inter ing high pu r i t y  powders ;  both  an undoped and 
ga l l ium-doped  ta rge t  (1% Ga: Zn rat io)  were  used. 
Fused  quartz  subs t ra tes  were  used for e lect r ica l  mea-  
surements ,  whi le  P y r e x  microscope slides were  used 
for opt ical  and growth  ra te  studies. The subst ra tes  
could be main ta ined  at  500~ dur ing  deposi t ion by  
rad ian t  heating.  

Optical  measurements  were  pe r fo rmed  wi th  a Cary  
14 Double  Beam Spect rometer .  F i lm  thickness  was 
de te rmined  wi th  a commercia l  stylus profile measur ing  
device. For  res is t iv i ty  and car r ie r  concentra t ion mea -  
surements ,  s i x - a r m  Hal l  specimens were  produced  by  
sandblas t ing  th rough  a meta l  mask.  Pressure  contacts  
were  then made  to evapora ted  a luminum pads. Mea-  
surements  at  o ther  than  room t empera tu r e  were  made  
in a meta l  Dewar  wi th  the sample  su r rounded  by  a 
vacuum. Except  near  100~ the ma:~imum t empera tu re  
employed,  no changes in e lect r ica l  p roper t ies  due to 
desorpt ion of chemisorbed ions were  detected.  For  
Hal l  effect and conduct iv i ty  measurements ,  a conven-  
t ional  d-c  technique was used. 

Effect of Composition of Sputtering Atmosphere on 
Growth Rate, Electrical, and Optical Properties 

Film growth r a t e . - -T he  na ture  of the  sput te r ing  
process for  compound mate r i a l s  has not  been  wel l  

1 6 3 6  
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character ized,  bu t  i t  is be l ieved that  both  ind iv idua l  
a toms and aggregates  of a toms are  spu t t e red  (12). In  
o rde r  to ma in ta in  s to ich iomet ry  in the deposi ted film, 
i t  has been found necessary  to mix  a smal l  pe rcen t -  
age ( , -40%)  of oxygen wi th  the argon spu t t e r ing  gas. 
P roper t i e s  of films spu t t e red  in less than  this pe rcen t -  
age of oxygen  are  sensi t ive to a tmosphere  composi-  
tion, whi le  films spu t te red  in a g rea te r  percentage  are  
not  sensit ive.  The impor tance  of ambien t  composi t ion 
in de te rmin ing  film proper t ies  has been discussed p re -  
v iously  (10). 

F igu re  1 shows film growth  ra te  vs. ambien t  compo-  
si t ion and appl ied  rf  power.  Addi t ion  of 10% oxygen  
is seen to reduce g rowth  ra te  b y  36%, while  fu r the r  
increase  to 100% oxygen  resul ts  in an  addi t ional  13% 
reduct ion.  This behavior  is not  due s imply  to the mass 
difference of the  argon and oxygen  atom, since a 
l inear  re la t ionship  be tween  growth  ra te  and  pe rcen t -  
age oxygen  would  then be expected.  One possible  ex -  
p lana t ion  is that ,  in  a tmospheres  containing less than  
10% oxygen,  ind iv idua l  zinc and oxygen atoms are  
sput tered,  whi le  in grea te r  than  10% oxygen  l a rge r  
aggregates  a re  spu t t e red  in addi t ion  to ind iv idua l  
atoms. Ignor ing  differences in b inding energy,  the  en-  
e rgy  t ransfe r  f rom the spu t te r ing  ion to the  e jec ted  
ta rge t  ma te r i a l  is grea tes t  when the mass of the  
e jec ted  par t ic le  equal  tha t  of the  ion. This would 
resul t  in  a g rea te r  spu t te r ing  ra te  in the absence of 
oxygen.  

F igure  1 (a) shows the dependence  of g rowth  ra te  on 
appl ied  rf  power.  In  both 0% and 10% oxygen,  an ap -  
pa ren t  threshold  in power  is seen be low which spu t t e r -  
ing does not occur. This behavior  has been repor ted  for 
d -c  spu t t e red  SnO2 (13). Nonl inear i ty  is seen in both  
curves;  however ,  i t  is most  pronounced in the 10% 
oxygen  curve. This would  be expected if (as conjec-  
tu red  above)  the  0% sput te r ing  process involved t r ans -  
po r t  only  of ind iv idua l  atoms, whi le  the  10% oxygen  
process involved  spu t te r ing  of a toms and aggregates  in 
var ious  propor t ions  depending on appl ied  rf  power.  
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Fig. 1. (a) Dependence of deposition rate of undoped ZnO on 
applied rf sputtering power; (b) dependence of deposition rate and 
resistivity of undoped as-sputtered ZnO on argon-oxygen ratio of 
the sputtering gas. RF deposition power was 0.75 kW. 
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Resistivity of undoped films.--Films spu t te red  in less 
than  10% oxygen  contain  a high concentra t ion of e lec-  
t r i ca l ly  act ive defects, as shown in Fig. 1 (b) .  Assum-  
ing s ingly  ionized sha l low donor defects and a con- 
duc t iv i ty  mobi l i ty  of 5 cm~/Vsec, typ ica l  of values  
found in Hal l  measurements ,  films spu t t e red  in  pu re  
oxygen  have  a ca r r i e r  concentra t ion  of about  4 • 10 TM 

cm -8, or  100 ppm atomic. H a g e m a r k  and Toren  (4) 
s tudied the so lubi l i ty  of in te rs t i t i a l  zinc for  single 
crysta ls  in equi l ibr ium;  the so lubi l i ty  was found to ex -  
ceed 100 ppm for t empera tu res  in excess of 1050~ 
The degree  of v ib ra t iona l  d isorder  of the surface of the  
growing film should in ~act be equiva len t  to a ve ry  
high tempera ture ,  since the  mean  energy  of the im-  
pinging par t ic les  is severa l  eV; therefore,  the defect  
densi ty  seen in the spu t te red  films could be of the  
order  of magni tude  measured.  

The conduct iv i ty  of a s - spu t t e r ed  undoped  films was 
found to be due in pa r t  to defects which  annea led  
r ap id ly  at  400~ F i lms  spu t te red  in pure  argon and 
in a pa r t i a l  pressure  of oxygen  both showed a r ap id  
resis tance increase  upon hea t ing  in air.  The high final 
resis tance values  made  quant i t a t ive  s tudy  of this effect 
difficult, bu t  an increase  of g rea te r  than  th ree  orders  
of magni tude  occurred  for the pure  argon films. The 
ra te  of diffusion of in te rs t i t i a l  zinc at  400~ is too low 
to account  for this anneal ing;  in the  so lubi l i ty  s tudy  
(4), two weeks  were  requ i red  to reach  equi l ib r ium 
be tween  a mi l l ime te r  size c rys ta l  and zinc vapor  at  
700~ A more  l ike ly  exp lana t ion  for the  400~ res is -  
t iv i ty  increase is chemisorpt ion  of oxygen  at  surface 
oxygen  vacancies.  

Optical transmission.--Figure 2 shows the  opt ical  
absorpt ion  spec t rum for single crystal ,  powder ,  and 
sput te red  ZnO. The 3700A absorpt ion  edge for  the s in-  
gle c rys ta l  corresponds to a bandgap  of 3.2 eV. Powder  
and spu t te red  samples  show absorpt ion  at  photon  en-  
ergies be low the bandgap.  Van Craeynes t  et al. (3) 
a t t r ibu te  the  behavior  of powder  samples  to F -cen te r s  
associated wi th  in te rs t i t i a l  Zn, which is s ingly  ionized 
be low 750~ and doubly  ionized at  h igher  t e m p e r -  
atures.  Curve 2 of Ref. (3) represents  powder  cooled 
s lowly in a i r  f rom l l00~ and p r e suma b ly  conta ining 
a min imal  amount  of excess Zn. Curve 1 shows a sam-  
ple  quenched f rom 920~ containing excess Zn 2+ cen- 
ters. The spu t t e red  films 1 and 2, spu t te red  in g rea te r  
than  10% oxygen,  show the same absorpt ion  band as 
powder  specimen 1, a l though s t ronger  in magni tude .  
The sl ight  shif t  (,,,0.08 eV) to lower  photon  energies  
in the  curve for the  Ga-doped  film (No. 2) is due to 
photo-exc i ta t ion  of carr iers  to the Ga levels as opposed 
to the  conduct ion band  in the  undoped sample.  The 
film sput te red  in pure  Ar, however ,  shows a spec t rum 
m a r k e d l y  different  f rom the other  spu t te red  or  p o w -  

I00 , , , , , 

" t 2 3  +O+o (~ i ~ - -  Smgle  Crysto l  (ref. 21) 
�9 Powder (ref. 3) 

Quenched from 920 "C  
Not Quenched 

8 
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2 0  I Undoped ,I II I 12 - - ~ l  II / + Go-Ooped 
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Fig. 2. Optical transmission spectrum of as-sputtered ZnO com- 
pared with single crystal and powder ZnO data. Sputtered film 
thickness is 1000A. Data for single crystal and powder samples 
have been normalized to transmittance of sputtered films 1 and 
2 at 7000A. 
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der samples. The absorption edge at 6000A is associated 
with the electrically active defects which anneal at 
400~ since the transmittance in the visible is in- 
creased with heat- t reatment  at 400~ It is reasonable 
that  the surface oxygen vacancy concentration, respon- 
sible for the high conductivity and strong optical ab- 
sorption, should be largest in this film. 

Effect of Deposition Temperature on Electrical 
Properties 

The results described in the following section are re -  
stricted to Ga-doped films, since these were found to 
have stable characteristics and resistivities which fa- 
cilitated measurement of the electrical properties. 
Substrate temperature can influence electrical char- 
acteristics through effects on grain size and doping 
concentration. Many polycrystall ine films, including 
ZnO, are known to contain a high concentration of ac- 
ceptor states in the grain boundary region; these states 
arise from point defects and departures from stoichi- 
ometry. In films of small grain diameter, the effective 
free carrier  concentration neff can become significantly 
smaller than the doping concentration because of 
trapping of carriers by grain boundary defects. This 
behavior has been termed autocompensation (14), and 
has been modeled by simultaneous solution of Pots- 
son's equation and the charge neutral i ty relationship 
in small spherical crystaUites (15). The t rapped car-  
riers in the grain boundary region give rise to poten- 
tial barriers  and mobili ty values which are much lower 
than single crystal values (16, 17). Change in carrier  
concentration with deposition temperature may be due 
to loss of volatile dopant during sputtering, as has 
been reported for Sn2CdO4 (18), or annealing of de- 
fects during deposition. 

Figure 3 shows that both grain size and doping con- 
centration vary with substrate temperature. Grain size 
is seen to increase fourfold between 120~ (no radiant  
heating) and 480~ A decrease in free carrier  con- 
centration of almost two orders of magnitude between 
270 ~ and 480~ is found. Since the amount of charge 
trapped in the grain boundary region is smallest at 
highest deposition temperatures, the loss of dopant at 
high temperatures is seen to be the predominant effect 
of substrate heating. 

Figure 4 shows the temperature dependence of car- 
r ier  concentration and mobility in Ga-doped films, 
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Fig. 3. Grain diameter as determined by scanning electron micros- 
copy and carrier concentration of as-sputtered Ga-doped ZnO vs. 

substrate deposition temperature. 

compared with single crystal and sintered sample mea- 
surements. Evidently the variation in doping level and 
grain size results in quite different behavior for sam- 
ples deposited at different temperatures. The 270~ 
sample most closely approximates single crystal be- 
havior in temperature dependence of neff and ~ ,  as 
well as magnitude of mobili ty in this temperature 
range. 

In Fig. 5, the neff vs. 1/T data are analyzed by plot-  
ting 

neff 
in [1] 

(ND - -  neff)Nc 
vs. 1/T, as was done by Hutson (7). Here Nc is the 
conduction band density of states, calculated using an 
effective mass of 0.3 too. ND was estimated from the 
carrier concentration above room temperature. Al-  
though previous authors have varied ND from this 
estimate to produce the best straight line fit to the 
data, such a procedure is not warranted here. The 
present discussion is concerned mainly with the slopes 
of the curves, which are insensitive to order-of-mag-  
nitude changes in the value assumed for ND. The heav- 
ily doped 270~ sample shows a considerably lower 
slope than the other two samples and additionally a 
possible break in slope near room temperature. Al-  
though onset of degeneracy can lead to such a slope 
change, the 270~ sample is at most weakly degenerate. 
Modification of Eq. [1] to reflect weak degeneracy 
(19) does not significantly alter the curve. From the 
data, the level scheme shown in Fig. 5 is inferred, 
with the Fermi level in this temperature range lying 
between the upper two donor levels from the 270~ 
sample and just above the third donor level for the 
350 ~ and 480~ samples. One or both of the upper two 
donor levels is due to Ga. The optical spectra of Fig. 
2 indicate a shift toward lower energy of t h e  absorp- 
tion edge of the Ga-doped sample compared with the 
undoped sample. The shift could be due to transitions 
to the middle donor level, since the magnitude (~80 
meV) is close to the 60 meV donor level measured. 
Regarding the lower donor level, it is not possible from 
the present data to establish whether it is due to Ga 
or is present in the undoped film. The deep-lying ac- 
ceptor levels which pull  the Fermi level down in the 
less heavily doped samples are probably due to chemi- 
sorbed oxygen, which forms acceptor states 0.72 eV 
below the conduction band (20). 

In the mobility plot [Fig. 4(b) ] ,  the 270~ sample 
shows mobility values approaching that  of sintered 
specimens, as well as a decrease with increasing tem- 
perature similar to the single crystal and sintered 
specimens. The mobility fall off near room temper-  
ature in single crystal ZnO is due to the predominance 
of polar optical mode scattering (7). That the mobil-  
tries of the sintered and 270~ sputtered samples are 
similar to the single crystal curves apart  from an 
approximately constant factor suggests that the current 
flow in the first two is through material  having the 
same electrical behavior as single crystal ZnO. The 
scaling of the mobility in sintered and 270~ sputtered 
ZnO implies that the cross-sectional area of the current 
path in these specimens is smaller than the measured 
cross-sectional area of the specimen. This would be ex- 
pected if the current flow is through narrow necks 
between adjacent grain~, with the electrical properties 
of the necks and material  within the grains being es- 
sentially the same as single crystal ZnO. 

The 350 ~ and 480~ samples have considerably lower 
inabilities at any temperatures than any of the other 
samples and moreover have strongly increasing ina- 
bilities with temperature. The slope cannot be due 
to ionized impuri ty  scattering, since this process is 
of comparable or larger magnitude in the heavily 
doped sample (270~ Rather, the slope is indicative 
of a mobility controlled by intergranular  potential 
barriers  due to t rapped impurities. From the ther-  
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mionic emission formula,  the ba r r i e r  mobi l i ty  m a y  
be wr i t t en  (16) 

e < v >  
# __ - -  e -'~b/kT [2] 

N z k T  

where  < v >  is the mean  the rmal  veloci ty  of carr iers ,  
N1 is the  number  of ba r r ie r s  pe r  uni t  length  along 
the  cur ren t  path,  and Cb is the  potent ia l  b a r r i e r  
height.  The exponent ia l  t empe ra tu r e  dependence  of 
#H is seen for both l igh t ly  doped samples,  the  s l ight ly  
grea ter  slope of the 480~ sample  indica t ing  a l a rge r  
ba r r i e r  height.  Seager  and Castner  (17) have theore t -  
ica l ly  and expe r imen ta l l y  s tudied  potent ia l  ba r r ie r s  
in ep i t ax ia l ly  g rown polysi l icon films. I t  was found 
tha t  a t  low doping levels,  the ba r r i e r  height  approaches  
(Ec --  EA), the  acceptor  energy  wi th  respect  to the 
conduct ion bandedge.  Above a cer ta in  doping level  
which depends  on the t rap  density,  the  potent ia l  ba r -  
r i e r  was found to go to zero. This is ev iden t ly  the 
case for the  270~ film. The ba r r i e r  he ight  for  the  
480~ sample  is 0.14 eV, which is cons iderably  less 
than  (Ec --  EA) for  chemisorbed oxygen.  Possible  
reasons for  this difference are:  (i) the ca r r i e r  con- 
cen t ra t ion  of the 480~ film is not  low enough to 

reach the l imi t ing va lue  for Cb; (ii) the donors a re  
nonuni fo rmly  d is t r ibu ted  throughout  the grains,  g iv-  
ing r ise  to an electr ic  field in  opposi t ion to the  field 
due to the gra in  bounda ry  charge. The l a t t e r  possi-  
b i l i ty  was avoided in Ref. ( 1 7 ) b y  doping the sil icon 
th rough  neu t ron  t ransmutat ion .  F u r t h e r  exper iments  
using less heavi ly  doped films are  in progress.  

Conclusions 
The proper t ies  o~ spu t te red  zinc oxide  films can 

in cer ta in  cases be s t rongly  dependent  on deposi t ion 
conditions. In par t icu lar ,  a s - spu t t e red  films deposi ted 
in less than 10% oxygen  show increased growth  rate,  
m a r k e d l y  increased opt ical  absorpt ion  in the  vis ible  
region, and a h igher  free car r ie r  dens i ty  than  films 
spu t te red  in g rea te r  than  10% oxygen.  The optical  
absorpt ion  and donor defects which  anneal  a t  400~ 
in the  oxygen-def ic ient  films were  a t t r ibu ted  to sur -  
face oxygen vacancies. F i lms  spu t te red  in  g rea te r  
than  10% oxygen possess opt ical  absorpt ion  s imi lar  
to that  seen in z inc-r ich  powder  ZnO and a t t r ibu ted  
to F -cen te r s  fo rmed  by  zinc inters t i t ia ls .  Fo r  films 
spu t te red  in an adequa te  oxygen  concentrat ion,  p rop -  
er t ies  a re  insensi t ive to precise  ambien t  composition. 
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Gal l ium doping was found to produce a s l ight  shif t  
in the absorpt ion  edge. 

Subs t ra te  t empe ra tu r e  affects g ra in  size and doping 
concentra t ion of the Ga-doped  films, wi th  the l a t t e r  
effect being of p r i m a r y  significance. Subs t ra te  t em-  
pe ra tu re  control  provides  a convenient  means for  v a r y -  
ing the ca r r i e r  concentra t ion by  more  than  two orders  
of magni tude  for films spu t te red  f rom one target .  
Analys is  of the  t empera tu re  dependence  of the ca r r i e r  
concentra t ion revea led  at  leas t  three  donor and one 
acceptor  levels.  The t r end  in the  mobi l i ty  da ta  is 
s imilar  to tha t  repor ted  for polysil icon. The mobi l i ty  
in  samples  doped in the  range  10 TM cm-3  appears  
to be control led  by  in t e rg ranu la r  potent ia l  barr iers ,  
whi le  samples  doped to grea te r  than  1019 cm -3  do 
not  have barr iers .  The l a t t e r  films, as wel l  as s intered 
samples,  show a mobi l i ty  t empera tu re  dependence  
s imi lar  to s ingle c rys ta l  ZnO but  scaled down by a 
constant  factor.  
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Interpretation of Hall Measurements 
R. D. Larrabee 

National Bureau o$ Standards, Washington, D.C. 20334 

ABSTRACT 

The temperature dependence of the Hall coefficient is the usual parameter 
measured to determine dopant energy levels and densities in semiconductors. 
However, this interpretation of Hall measurements is not necessarily unique. 
An example of current interest is indium-doped silicon, where a new 
acceptor level has been reported. It was found that the Hall data for an in- 
dium-doped silicon sample could be interpreted in two ways: one including, 
and the other without, the new level. A donor addition experiment was per- 
formed that clearly distinguished between these alternative explanations by 
supporting the new level interpretation and denying the alternative. It is 
suggested that donor addition is one example of a variety of techniques that 
can be used to supplement Hall measurements in order to resolve ambiguities 
of in te rpre ta t ion .  

The t empe ra tu r e  dependence  of the Hal l  coefficient is 
the usual  p a r a m e t e r  measured  to de te rmine  dopant  
energy  levels and densit ies in semiconductors.  How-  
ever,  the in te rp re ta t ion  of Hal l  measurements  in te rms 
of dopant  pa rame te r s  is not  necessar i ly  unique. An 
example  of an ambigu i ty  in the in te rp re ta t ion  of Hal l  
da ta  is observed wi th  samples  of i nd ium-doped  silicon. 
Evidence r ega rd ing  the existence of a new acceptor  
level  has been  r epor t ed  by  some observers  (1-4).  Since 
the appa ren t  ac t iva t ion  energy  of this level  (about  
0.11 eV) does not  correspond to any  known e lementa l  
dopant  or dopant  complex,  its na tu re  is not  immed i -  
a te ly  apparent ,  and i t  has been cal led the  "X"- level .  
One of the impor t an t  appl icat ions  for  i nd ium-dope d  
sil icon is in monoli thic  in f ra red  imaging a r r ays  (5);  

Key words: analysis, impurity, semiconductor, trans~ort. 

such a r rays  can be ser iously  degraded  b y  the p r e s e n c e  
of "X"-levels .  Therefore,  i t  became impor t an t  to de -  
te rmine  if wha t  is being seen is r ea l ly  due to a new 
acceptor  level,  or  jus t  an ar t i fac t  of the  measur ing  
techniques used. 

Alternative Interpretations of the Same Hall Data 
Figure  1 shows the resul ts  of some Hal l  measu re -  

ments  on a sample  of Czochra l sk i -grown ind ium-doped  
sil icon that  exhibi ts  the behavior  a t t r ibu ted  to "X"-  
levels. The appa ren t  hole dens i ty  (i.e., 1/qR, where  q 
is the electronic charge and R is the  measured  Hal l  
coefficient) is p lo t ted  as a funct ion of 1000/T on the 
assumpt ion of equal  Hal l  and dr i f t  mobil i t ies  [i.e., 
assuming un i ty  Hal l  sca t ter ing  factor  (6)] .  These ex -  
pe r imen ta l  points  were  fi t ted wi th  a theore t ica l  curve 
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Fig. 1. Hole density vs. IO00/T for an indium-doped silicon van 
tier Pauw sample. Points: calculated from the measured Hall coeffi- 
cients assuming a unity scattering factor. Curve A1 : computed curve 
with "X'-Ievels. (The five dopant parameters given in Table I 
were adjusted to fit this curve to these points.) Curve A2: computed 
curve without "X'-Ievels. (The two dopant parameters given in 
Table I were adjusted to fit this curve to these points.) 

(A1) derived on the assumption that  "X"-levels may 
be present, z The apparent  dopant parameters  so de- 
r ived are listed in Table I. These results give the large 
ind ium acceptor concentrat ion (expected because the 
mater ia l  was in ten t ional ly  doped with ind ium) ,  and 
also indicate the presence of another  acceptor level at 
0.109 eV above the valence band  (i.e., the "X"- level) .  

There is, however, one other in terpre ta t ion  of these 
data that  does not involve "X"-levels,  but  requires 
very  close compensation of the omnipresent  shallow 
acceptors (e.g., boron) by donor states. A theoretical 
curve based on this in terpre ta t ion  was fitted to the 
exper imental  points, and the result  is shown as curve 
A2 in Fig, 1 with the corresponding dopant  parameters  
given in Table I. Although this close compensation 
in terpre ta t ion  does not appear to fit the exper imental  
,points quite as well  as the new acceptor level in terpre-  
tat ion (compare curves A1 and A2 in Fig. 1), it has 
only two adjustable  parameters  (see Table I) ,  whereas 

z T h e  theore t i ca l  curves  in this  paper  w e r e  g e n e r a t e d  by  c o m -  
p u t i n g  the  carr ier  dens i ty  as a funct ion  o f  s p e c i m e n  t e m p e r a t u r e  
a n d  the  dens i ty ,  ener gy ,  and d e g e n e r a c y  of  the  d o p a n t  s t a t e s  as-  
s u m e d  to  be  present .  Th e  dopant  p a r a m e t e r s  w e r e  d e t e r m i n e d  
by a tr ial-and-error f i tt ing of  the  c o m p u t e r - g e n e r a t e d  c u r v e s  to  
th e  e x p e r i m e n t a l  data. 

Table I. Two possible interpretations of the Hall data in Fig. 1 

Indium Indium "X"-level "X"-level Compen- 
density energy density energy sat.'on* 

Curve  ( c m  -~) ( e V )  ( e m  -3) ( e V )  ( c m  -z) 

A1 2.3 x 1017 0.164 1.9 • 10 ~ 0.109 1.2 • 10 J4 
A 2  5.0 x 1017 0.176 0 - -  - -  

* C o m p e n s a t i o n  = ( D e n s i t y  of  donors )  -- ( D e n s i t y  of  s h a l l o w  
a c c e p t o r s ) .  T he  d e g e n e r a c y  of  th e  ind ium and " X " - l e v e l  s t a t e s  
w a s  a s s u m e d  equal  to 4 in  c o m p u t i n g  th e  c u r v e s  i n  F i g .  1. 

curve A1 has five adjustable  parameters.  The 
question then arises whether  the bet ter  fit of curve 
A1 is significant, or just  an artifact of the larger  n u m -  
ber  of parameters  available for fitting it to the experi-  
menta l  data. Further ,  the measurement  of the Hall  
coefficient is not a direct measure of carrier  concentra-  
tion without  a priori knowledge of the ratio of Hal l -  
to-drif t  mobilit ies as a funct ion of tempera ture  (6). 
The points in Fig. 1 represent  the case where this ratio 
was taken to be un i ty  at all  temperatures.  Since th i s  
is not  strictly true, these points are not  real ly  at their 
correct posit ions.  Finally,  the theoretical curves were 
computed on the assumption that  the activation energy 
of the dopant states relat ive to the nearest  bandedge 
was not a funct ion of temperature.  Therefore, the theo- 
retical curves may not t ru ly  correspond to the actual  
dopant si tuation in  the sample. In  view of uncertaint ies  
of this kind, the curve which appears to fit the points 
best may not necessarily be based on the correct in te r -  
pretation. 

Ident i fy ing Inval id In terpretat ions 
One approach to ident i fying the inval id  in te rpre ta-  

t ion(s)  would be to estimate the error  of measurement  
of the Hall coefficient, any  addit ional  errors introduced 
in  the computat ion of carrier  density, and the errors 
introduced by the assumptions made in  the computa-  
t ion of the theoretical curves. These errors could then 
be combined into an estimated rms error of fit be tween 
the measured points and the corresponding theoretical 
curve. A necessary condition for the acceptance of an 
in terpre ta t ion  would be that  its rms error  of fit be 
smaller than this value, and the error of fit of the 
a l ternat ive  curve(s)  be larger  than this value. The fit 
of curve A1 in  Fig. 1 is very good, but  the error of the 
fit of the a l ternat ive  curve (A2) is not clearly outside 
the estimated net  total error. Therefore, in  the present  
case, the close-compensation in terpre ta t ion  cannot be 
rejected on this basis alone. 

Another  approach to resolving this in terpre ta t ion  
problem would be to perform some addit ional  measure-  
ment  that would exper imenta l ly  resolve the ambiguity.  
A sensit ivity analysis of the two interpretat ions  shows 
that the close-compensation in terpre ta t ion  is much 
more sensitive to the introduct ion of addit ional  donors 
or shallow acceptors than is the "X"-level  in te rpre ta-  
tion. Donors can be added to silicon samples by several  
techniques: by neu t ron  t ransmuta t ion  of silicon to 
phosphorus (2, 7) ; by indiffusion of interst i t ial  l i th ium 
at 300~176 (8) ; or, if sufficient oxygen is present, by  
anneal ing in an  iner t  atmosphere at 450~ for a short 
time (9, 10). Since the mater ia l  of Fig. 1 had a mea-  
sured oxygen content  of about 2 • l0 TM cm -8 (de- 
duced from its 9 ~m absorption),  the last technique 
was used to introduce donors. Based on this measured 
oxygen content, it was estimated that  the 450~ anneals  
would activate oxygen donors at a rate in  the low 10 TM 

c m - 3 . m i n  -1 range (10). Therefore, anneal ing  times 
of about 100 min  would activate sufficient donors to 
completely compensate any  "X"-level  acceptors this 
sample might  contain. The tempera ture  dependence of 
the Hall coefficient was measured after  anneal ing  for 
16, 32, 128, and 256 min  at 450~ and the results com- 
pared with that predicted on the basis of the two al-  
ternat ive interpretat ions.  Prior to these 450~ anneals  
and the measurement  of the ini t ia l  Hall  data in  Fig. 1, 
this sample was annealed  at 650~ for 30 min  to in -  
activate any oxygen donors that  it might  have in i t ia l ly  
contained (10). 

Results of the Oxygen-Donor  Addi t ion  Experiment  
"X"-leveI interpretation.--Figure 2 shows the e x -  

p e r i m e n t a l  points and fitted theoretical curves before 
anneal ing (curve A),  after  anneal ing for 16, 32, 128, 
and 256 min  at 450~ (curves B through E),  and after 
anneal ing at 650~ for 30 rain to remove the activated 
oxygen donors to see if the ini t ia l  p reannea l  conditions 
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Rg. 2. Donor addition experiment--"X'-Ievel interpretation. 
Experimental points and fitted theoretical curves of hole density 
vs. ]O00/T as the compensation in the sample of Fig. ] is changed. 

could be res to red  (curve F) .  Curve A is a copy of 
curve A1 f rom Fig. 1 and has the  dopant  pa rame te r s  
l is ted for curve A1 in Table  I. Each of the  o ther  curves 
in  Fig. 2 was fi t ted by  va ry ing  only  the compensat ion 
(i.e., donor  concentra t ion) ,  and thus represents  a one 
p a r a m e t e r  fit to the  corresponding expe r imen ta l  points. 
The  remain ing  four  pa r ame te r s  were  held  constant  a t  
thei r  p reannea l  values  g iven  in Table  I for  curve A1. 
The values  of compensat ion  deduced in this w a y  are  
given in Table  II  and p lo t ted  as a funct ion of t ime in 
Fig. 3. The in i t ia l  ra te  of donor act ivat ion agrees wi th  
the ear l ie r  es t imate  based  on the measured  oxygen  
content  of this crystal .  The tendency  to sa tura te  at  the  
longer  anneal ing  t imes is also expec ted  (10). This, plus 
the  fact  tha t  the  theore t ica l  curves of Fig. 2 fit the 
measured  points  qui te  well,  leads to the  conclusion 
tha t  the "X"- l eve l  in te rp re ta t ion  provides  a sa t i s -  
f ac to ry  model  for  exp la in ing  these resul ts  w i th  added  
oxygen  donors. 

Close-compensation interpretation.--The dominant  
fea ture  of the  or ig ina l  Hal l  da ta  tha t  suggested "X"-  
levels was the  l inear  por t ion  of Fig. 1 at  low t empera -  

Table II. Compensation produced by the anneals of Fig. 2 

450~ 650~ Compen- 
annealing annealing sation* 

Curve time (rain) time (rain) (cm -~) 

A 0 0 1.2 x i0 I~ 
B 16 0 4.4 x 10 I' 

C 32 0 8.2 x I0 I' 
D 128 0 2.4 • 10 ~ 

E 256 0 3.3 x I0 ~ 
F 256 30 3.0 x i0 I' 

* Determined by fitting curves to the experimental points i n  
Fig. ~. 

0 ~  
0 4 0  8 0  120  160  2 0 0  2 4 0  2 8 0  

A N N E A L I N G  T I M E  ( m i n )  

Fig. 3. Addition of donors by 450~ anneals as determined in 
Fig. 2 and listed in Table II. 

tures  (i.e., high 1000/T) tha t  has a slope corresponding 
to an appa ren t  ac t iva t ion  energy  of about  0.11 eV. A n y  
a l t e rna t ive  exp lana t ion  wi thout  "X"- leve l s  mus t  also 
be capable  of exhib i t ing  a l inear  region wi th  this  slope 
at  these tempera tures .  The  c lose-compensat ion  i n t e r -  
p re ta t ion  achieves this as a t rans i t ion  be tween  the 
lower  slope of omnipresent  shal low acceptors  such as 
boron (undercompensa ted  case) and  the l a rge r  s lope 
of ind ium (overcompensa ted  case).  Therefore,  the  
c lose-compensat ion  in t e rp re t a t ion  would  be expec ted  
to predic t  this slope to increase  as donors a re  added  
to overcompensate  the shal low acceptors.  The theo-  
re t ica l  curves of Fig. 4 i l lus t ra te  this behavior .  Curve 
A of Fig. 4 is ident ica l  to curve  A2 of Fig. 1 and has 
pa rame te r s  for curve A2 in Table  I. Notice tha t  i t  does 
exhibi t  a l inear  region at  low t empera tu res  that  agrees  
wel l  wi th  the expe r imen ta l  da ta  points  in this t empera -  
ture  region (open circles) .  Curves B th rough  E were  
computed  using the same pa rame te r s  as curve A, but  
wi th  added  compensat ion  levels of 1012 , 1013 , 1014 , and  
10 ~5 cm -s ,  respect ively.  Notice tha t  as few as I012 cm - z  
addi t ional  donors a re  sufficient to change the slope sig- 
nificantly, and tha t  the  slope is r e l a t ive ly  insensi t ive 
to fu r the r  donor addition. Exper imenta l ly ,  however ,  
the slope did not  change for  the first two anneals  (see 
Fig. 2), so i t  becomes impossible  to achieve an accept -  
able fit for these two cases. This is i l lus t ra ted  in Fig. 
4 by  plot t ing the 16 min anneal  da ta  (sol id-c i rc le  da ta  
points)  and noting that  t hey  are  not  wel l  r epresen ted  
by  any  of the theore t ica l  curves in the  fami ly  of close- 
compensat ion  curves of this figure. In  addit ion,  based  
on the measured  oxygen  content  in  this crystal ,  i t  is 
expected  that  16 min  of anneal  would  add a few t imes 
101~ addi t ional  donors. Th is  would  be equiva len t  to a 
curve be tween  curves D and E in Fig. 4. Actua l ly ,  the  
change produced  by  the 16 rain annea l  was much  
smal le r  than  this. Consequent ly ,  these theore t ica l  
curves do not adequa te ly  descr ibe the changes or  the  
slopes for  shor t  anneal ing  times. Therefore,  the re  
seems l i t t le  doubt  that  the  c lose-compensat ion in t e r -  
p re ta t ion  is unable  to exp la in  the  observed  behav ior  
wi th  added  oxygen  donors.  
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Fig. 4. Donor addition experiment--Close-compensation inter- 
pretation. Theoretical curves of hole density vs. IO00/T as the 
compensation in the sample of Fig. 1 is changed. The curve labeled 
A (and the open data points) correspond to the initial conditions 
before annealing and are taken from Fig. I. The theoretica[ curves 
labeled B through E correspond to added compensation levels of 
1012, 1018, 1014, and 10 is cm -3 ,  respectively. The closed circles 
are the experimental data points after 16 min of anneal at 450~ 
Notice that it is impossible to find a value of compensation (i.e., 
theoretical curve) that will pass through these points. 

Conclus ions  Drawn from the Donor  A d d i t i o n  Exper iment  
The oxygen  donor  addi t ion  expe r imen t  has resolved  

the ambigu i ty  in the in t e rp re t a t ion  of the  Hal l  da ta  
of Fig. 1. As shown in Fig.  2 and 3, this sample  e x -  
hibi ts  behav ior  tha t  is wel l  descr ibed  by  *.he a s sump-  
t ion tha t  i t  contains an acceptor  s ta te  at  about  0.11 eV 
above the valence band. The  on ly  known  a l t e rna t ive  
in te rp re ta t ion  that  does not  involve  this new acceptor  
level  was unable  to exp la in  the  behav ior  wi th  added  
oxygen  donors (Fig. 4). Therefore,  in the  absence of 
any  da ta  ind ica t ing  otherwise,  one is forced to accept  
the "X"- l eve l  i n t e rp re t a t ion  of the Hal l  da ta  for  this 
sample.  More fundamenta l ly ,  however ,  i t  has been 
shown tha t  despi te  the assumptions  made  in the ana l -  
ysis of these Hal l  data, the best  fitt ing curve is based 
on the correct  in te rpre ta t ion .  Therefore,  the founda-  
t ion has been  la id  for  a s imi la r  t r ea tmen t  of the  Hal l  
da ta  f rom other  samples  of heav i ly  i nd ium-dop e d  s i l i -  
COIL 
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Discussion 
Donor add i t ion  is one example  of the  va r i e t y  of 

anc i l l a ry  techniques tha t  can be used to supp lement  
Hal l  measurements  in o rde r  to resolve  ambigui t ies  of  
in te rpre ta t ion .  Annea l ing  to ac t iva te  oxygen  donors is 
a ve ry  convenient  and r e l a t i ve ly  s t r a igh t fo rward  tech-  
nique tha t  can ut i l ize the same sample  used in  the  
or ig inal  Hal l  measurements .  However ,  i ts  use is l imi ted  
to si l icon crys ta ls  wi th  compara t ive ly  la rge  oxygen  
content  (g rea te r  than  about  20 p p m  a tomic) ,  thus 
ru l ing  out  a l l  f loat-zoned and some Czochralski  c rys-  
tals. L i th ium indiffusion and neu t ron  t r ansmuta t ion  
doping were  ment ioned  ea r l i e r  as a l t e rna t ive  donor  
addi t ion  mechanisms.  Looking for  the  presence (or  
absence)  of in f ra red  absorpt ion  or  de tec tor  spect ra l  
response f rom suspected dopant  states provides  a fun-  
damen ta l l y  different  type  of approach  to this i n t e rp re -  
ta t ion resolut ion problem.  The fields of t h e r m a l l y  s t im-  
u la ted  cur ren t  and capaci tance or capaci tance  t rans ien t  
spectroscopy might  also be used to resolve  i n t e r p r e t a -  
t ion ambiguit ies .  Wi th  so m a n y  a l t e rna t ive  approaches,  
i t  is suggested that  one first a t t empt  to apprec ia te  the  
na tu re  of any  a l t e rna t ive  in te rp re ta t ions  and, a r m e d  
wi th  this insight,  devise some s imple  measu remen t  
technique tha t  wi l l  d is t inguish  be tween  them. 
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Method for Determination of Diffusion Coefficients 
from Carrier Concentration Depth Profiles 

in Silicon 
A. Bakowski 
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ABSTRACT 

A method for the de terminat ion  of diffusion coefficients from carr ier  con- 
centrat ion depth profiles is presented. Carrier profiles created during diffusion 
from ion- implanted  sources were determined by differential conductivity 
measurements.  The exper imenta l ly  obtained dis tr ibut ion has been fitted for 
each sample by a smooth spline Iunct ion approximation. Then  applying the 
modified version of the Boltzmann transformation,  diffusion coefficients of 
boron, phosphorus, and arsenic in silicon were determined. A full  agreement  
between the measured and the calculated dis t r ibut ion was obtained when  the 
concentra t ion-dependent  diffusion coefficient was inserted into the numerica l  
solution of the diffusion equation. The tempera ture  dependence of the diffu- 
sion coefficient of boron was also calculated and the activation energy value 
Ea ---- 3.31 eV was obtained. 

For process control, device, and circuit characteriza- 
t ion in silicon semiconductors, an accurate knowledge 
of the diffusion profiles is essential. The use of ion 
implanta t ion  in semiconductor device manufac ture  
makes it possible to achieve the desired impur i ty  dis- 
t r ibut ion with great accuracy (1-6). As the implan t  
concentrat ion profiles of common dopants are fairly 
well known, knowledge of the diffusion and oxidation 
process parameters  becomes most important .  The dif- 
fusion coefficient has an especially great influence on 
impur i ty  profile shape. The exact diffusion process 
s imulat ion can be made if one knows the concentra-  
t ion-dependent  diffusion coefficient (7-14). 

Using the Bol tzmann-Matano method, an effective 
diffusion coefficient as a funct ion of carrier concentra-  
t ion can be calculated. This method may be applied 
when the surface concentrat ion of the diffused impur -  
i ty is invar ian t  with time. A convenient  formula ob- 
tained by the Bol tzmann t ransformat ion has previously 
been used for determining the diffusion coefficient of 
phosphorus (15-19) and arsenic (14, 20, 21) as a 
funct ion of concentration. 

When the diffusing dopant of fixed total amount  is 
redistributed, the Bol tzmann t ransformat ion may not 
be applied because the surface concentrat ion decreases 
with time, which implies a time dependence of the 
concentrat ion separate from the ratio of penetra t ion 
depth to square root of diffusion time postulated by 
Boltzmann. In  this case the Boltzmann t ransformat ion 
can be replaced by a suitable modification proposed by 
Ghezzo (22, 23). This modification leads to a depend- 
ence of diffusivity on the ratio of concentrat ion to sur-  
face concentration. This modified analysis was used 
by Fair  and Tsai (3) for de termining the diffusivity of 
arsenic from implanted,  diffused As profiles. 

In  this paper a simple method of diffusion coeffi- 
cient de terminat ion is presented. Dr ive- in  diffusion oc- 
curred from an ion- implan ted  source. Diffusion coeffi- 
cients were determined numer ica l ly  using a modified 
Bol tzmann-Matano transformation.  Dependence of the 
diffusion coefficients on the concentrat ion for boron. 
phosphorus, and arsenic and on the diffusion tempera-  
ture for boron were found. Then, using finite difference 
techniques, the diffusion equation with concentrat ion-  
dependent  diffusivity was solved and a comparison 
made between exper imental  and calculated redis t r ibu-  
tions of the implanted ions. 

Key words: ion implantation, diffusion coefficient, diffusion in 
silicon, spUne function. 

Experimental 
The samples used for electrical measurements  w e r e  

(111) oriented, 4-5 ~%-cm phosphorus-doped silicon 
wafers for the boron implantations,  and 10-12 ~ - c m  
boron-doped silicon wafers for arsenic and phosphorus 
implantations.  All boron implantat ions  were performed 
in the energy range 60-100 keV and in  the dose range 
3.6.101~-4.8 �9 101~ cm -2. All P and As implantat ions  were 
performed in  the energy range 60-150 keV and in  the 
dose range 2.5.101~-5 .1015 cm -2. Wafers were ti l ted 7 ~ 
during implanta t ion  in  order  to avoid channeling. 
Dr ive- in  diffusion was carried out in a dry  n i t rogen 
atmosphere. Anneal ing  of B- implan ted  samples w a s  
per iormed in the tempera ture  range 1000~176 
Arsenic- implanted  samples were annealed  at 1070~ 
and phosphorus- implanted samples at 920~ Concen- 
t rat ion profiles of electrically active impuri t ies  were 
obtained using sheet resistivity measurements  com- 
bined with an anodic sectioning technique. Anodiza- 
tions were performed in a mix ture  of 900 ml of e thyl-  
ene glycol, 10 ml of water, and 10g of potassium 
nitride. Oxide layers were stripped in  dilute HF and 
slices were rinsed in  deionized water. The sheet re-  
sistance was read using a four-point  probe with l ight 
probe pressure. 

After  several trials it was found that the var ia t ion 
in  thickness of the removed Si layers in  the case of 
different impur i ty  concentrations did not exceed 10%. 
The concentrat ion profiles were measured by removing 
500 ___ 50A of Si in each step (300 __ 30A in the case 
of shallow As and P profiles). The distance between 
the original silicon surface and the stripped region w a s  
measured for each sample with a stylus, after the con- 
centrat ion profile measurements  had been finished, to 
check the etching depth. 

Resistivity vs. carrier concentration.--Resistivity 
data from incrementa l  sheet resistivity analysis were 
converted to impur i ty  concentrations through the use 
of the expression for carrier concentrat ion dependence 
of mobil i ty  from the work of Coughy and Thomas 
(24). The hole mobilit ies given by Wagner  (25) and 
the electron mobilities given by Plunket t ,  Stone, and 
Leu (26) were used. The use of these mobil i ty  values 
resulted in calculated dose, QPs, 5-10% lower than the 
actual dose Q for boron and 10-20% lower for a r s e n i c  
and phosphorus. Similar  results were obtained for 
calculated and measured sheet resistances, RsPs a n d  
Re, respectively. The actual and calculated dose a s  
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wel l  as measu red  and ca lcula ted  sheet  resis tances are  
compared  in  Tables  I, II, and  III .  

The p - n  junc t ion  depths  were  also measu red  for  
each sample  using groove and  s ta in  techniques.  

Analys is  
I m p u r i t y  concentra t ion  red i s t r ibu t ion  f rom an  i o n -  

i m p l a n t e d  source can be t r ea ted  as diffusion f rom a 
funct ion source p laced  at  a dep th  equal  to the p ro jec ted  
range  of the  imp lan t ed  ions, Rp, f rom the  Si surface. 
I t  can be shown tha t  the  express ion for  the  de t e rmina -  
t ion of the concen t ra t ion-dependen t  diffusion coeffi- 
cient  which  is appl icab le  to a r ed i s t r ibu t ing  i m p u r i t y  
of fixed to ta l  amount  in the  case of an  i on - imp la n t e d  
source is g iven (6, 11) b y  

D{  N(xo, t) ) _  N(xo, t)'(xo--R~) [1] 

N (0, t )  8N 
2.t. 

where D is the diffusivity at a depth :Co from the sur- 
face. It must be emphasized, however, that because 
the initial profile after ion implantation is Gaussian, 
Eq. [i] is valid only when 

~<<Di.~ 
2 

where  ARp is the  range  s t ragg l ing  of the  imp lan ted  ions. 

Results and Discussion 
Spline iunction and Chebyshev polynom~a~ approxi- 

mation.--The resul ts  of the  expe r imen ta l  de t e rmina -  
tions of ca r r i e r  concent ra t ion  dep th  profiles in  Si a re  
shown in Fig. 1-3. 

The expe r imen ta l  points  for  al l  samples  were  fi t ted 
by  a smoothed th i rd  degree  spl ine funct ion (27). The 
w a y  of fi t t ing a smooth spline funct ion to a set of ex-  
pe r imen ta l  points  is shown in the  Appendix .  Compu-  
tat ions were  pe r fo rmed  using an a lgor i thm publ i shed  
by  Reinsch (28, 29). The spl ine funct ion a p p r o x i m a -  
t ion f idel i ty was evidenced by  compar ing  the spl ine 
funct ion in tegra l  QSPLINE with  the  exper imen ta I  points  
in tegra l  Qpp. These in tegra l  values  a re  combined in 
Tables I, II, and  IIL The spline funct ions app rox ima t ing  
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Fig. 1. Carrler concentration depth profile for boron implanted 

a t  60 keV (4.8 �9 1015 cm - 2 )  and annealed at 1180~  for 13 rain 

( Q ) .  Full curve, spline function approximation; dotted curve, 

Chebyshev polynomial approximation; dashed curve, calculated 

profile. 

exper imen ta l  ca r r ie r  concentra t ion  profiles a re  shown 
in Fig. 1-3. Excel len t  fi t ted curves  for a l l  samples  were  
obtained.  

The ca r r i e r  concentra t ion profiles were  also app rox i -  
ma ted  by  Chebyshev polynomia ls  (30). Po lynomia ls  

Table  I. Calculated and actual  boron dose and sheet resistance 

Dose ( j /cmD Sheet resistance (~/l"I) 

Q Q~p QSPIAN~ Qp, R, R, pp R,p, 

3.6 �9 10 TM 

1.5 �9 1014 
3.7 �9 10 ~4 
6.5 �9 lO It 
2.1 �9 lO ~ 
4.8 �9 10 ~ 

3.21 �9 10 ~ 3.35 �9 1018 3.49 �9 10 TM 1100 
1.39 �9 lO l~ 1.22 �9 1014 1.44 �9 1014 320 
3.25 �9 10 ~4 3 �9 I O  I~ 3.57 �9 i 0  I~ 155 
6.47 �9 1014 6.1 " 1014 6.24 �9 1O 1~ 120 
1.86 �9 lO ~ 1.97 �9 lO ~ 1.74 �9 10 ~ 50.5 
4.6 �9 10 TM 4.26 �9 10 ~ 4.66 �9 10 ~ 23.4 

Table  II. Calculated and actual phosphorus dose and sheet 

resistance 

1320 
332 310 
177 159.6 
120 119.1 

54.4 
24.4  24.1 

Q 
D o s e  ( j / e r a  =) 

Qpp 

S h e e t  r e s i s t a n c e  (s 

QSPLINE Qp, R, ~mpp 11~spl 

2.5 �9 10 ~ 
5 �9 10 ~ 

2.32 �9 10 m 
4.43 �9 10 m 

2 �9 10 ~ 2 . 4 6 . 1 0  ~ 38 
3.9 �9 10 ~ 4.9 - 10~ 19 

Table  I I I .  Calculated and actual  arsenic dose and sheet 

resistance 

44.3 34.5 
23.9 17.4  

Dose ( j /am =) S h e e t  r e s i s t a n c e  ( f l /E] )  

Q Qpp QsPLIN~. Q., R. R~pp R,p. 

1 2.4 �9 10 m 1.75 �9 10 m 1.61 �9 10 ~ 2.31 �9 10 ~ 41 50.7 36.7 
2 5 �9 10 ~ 4.1 �9 10 ~ 8.5 �9 10 m 4.69 �9 10 ~ 20 24.4 18.6 
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Fig. 2. Carrier concentration depth profiles for phosphorus im- 
planted at 60 keV (2.5 �9 101~ cm -~)  and annealed at 920~ for 
35 rain (~,),  and implanted at 150 keV (5 �9 101~ cm -2 )  and an- 
nealed at 920~ far 30 min ( Q ) .  Full curves, spline function ap- 
proximation; dashed carves, calculated profiles. 
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Fig. 3. Carrier concentration depth profiles for arsenic implanted 
at 60 keV (2.4 - 1015 cm -2 )  and annealed at 1070~ for 25 rain 
(A ) ,  and implanted at 150 keV (5 �9 10 t~ cm -2)  and annealed at 
1070~ for 30 min ( Q ) .  Full curves, spline function approximation; 
dashed curves, calculated profiles. 

from the 2nd to the 10th degree were tried. The best 
fitted curves were obtained with a fifth degree poly-  
nomial. Higher degree polynomials  gave better  fit but 
worse smoothness. For  some samples the results were 
not satisfactory, it being impossible to produce smooth 

curves that fit the exper imenta l  values well. I t  is 
a common observation that a polynomial  of moderately  
high degree fitted to a fair ly large number  of given 
data points tends to exhibi t  more numerous  and  more 
severe undula t ions  than  a curve d rawn  with a spline. 

The Chebyshev polynomial  approximat ion and spline 
funct ion approximations are compared in  Fig. 1. 

DifIusion coe~cient . - -Equat ion [1] has been used 
to determine the diffusion coefficient as a funct ion of 
the carrier  concentrat ion from the spline function ap-  
proximat ion to the profiles. These results are shown 
in  Fig. 4, 5, and 6. There are two concentrat ion ranges 
where determined diffusion coefficient values are not  
confident. 

Due to the use of an electrical measurement  tech- 
nique, a large degree of inaccuracy can occur near  a 
p - n  junc t ion  since the sheet resistance approaches in -  
finity at the junc t ion  asymptotically.  The drop of boron 
diffusivity for low concentrations ( <  10n cm-a)  prob-  
ably  arises from an  exper imenta l  error  in  this region 
(31). A large error  can be also made at depths close 
to the projected range of implanted ions (i.e., close to 
the m a x i m u m  of the carr ier  dis t r ibut ion) .  

Two factors in  Eq. [1], for x --> Rp, tend to zero 
simultaneously,  (x -- Rp) -> 0 and ON/Ox -* O. Thus, 
diffusion coefficient values, determined from a Boltz- 
mann-Matano  analysis in  this region, will  show a sharp 
decrease or increase depending on which factor reaches 
zero more rapidly. 
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Fig. 6. Arsenic diffusion coefficient vs. impurity concentration. 
The data points shown are from this work (1070~ 2.5" 1015 
cm -2 ,  60 keV A ) ,  (1070~ 5 �9 1015 cm -2 ,  150 keV Q ) ;  Fair and 
Tsai (1050~C . . . . . . .  ) Ref. (3); and Wang and Ghezzo (1050~ 
. . . .  ) (P, ef. (20). 

Al though  the boron diffusion coefficient tends  to de -  
crease for high dopant  concentrat ions,  as was repor ted  
b y  Brown and Kennico t t  (32), in our  case this effect 
is a resul t  of analysis  error .  

I t  is ve ry  difficult to define how re l i ab le  a re  resul ts  
ob ta ined  f rom a modified Bol tzmann-Matano  analysis.  
Only  the accuracy of the  profile measurements  method  
is known. Because the form of the under ly ing  func-  
t ion is not  known  a priori, accuracy of the spl ine 
funct ion approx imat ion  and spl ine funct ion di f ferent ia-  
t ion is a lmost  impossible  to est imate.  

Thus, the re l i ab i l i ty  of the technique is demons t ra ted  
by the fit of the  theore t ica l  profiles to expe r imen ta l  
data.  Boron, phosphorus,  and arsenic concent ra t ion-  
dependent  diffusivities are  also compared  wi th  p re -  
v ious ly  publ i shed  resul ts  (33, 20, 21, 3, 15). 

In  o rder  to compute  the  impur i t y  d is t r ibut ion  i t  was 
necessary  to find a funct ion which describes the  con- 
cen t r a t ion -dependen t  diffusivity da ta  for  each im-  
puri ty.  I t  is wel l  known  tha t  the diffusivi ty of phos-  
phorus has three  character is t ic  concentra t ion regions. 
I t  was shown tha t  in the high concentra t ion region 
D cc n 2, in the  t rans i t ion  region D cc n-2,  and  in the 
low concentra t ion  region ( tai l  region) ,  D _-- const. 
(34). Through  combinat ion  of ea r l i e r  publ i shed  resul ts  
(15, 34) wi th  the  resul ts  p resen ted  in  this paper ,  an 
empi r ica l  funct ion which  best  describes the  exper i -  
men ta l  points  was formed.  

In  the  ta i l  reg ion  

D : DTAIL : const. [2] 

In  the  surface and t rans i t ion  region at  929~ 

[ D --  h 3.59 �9 10 -16 + 3.2 �9 10 - i s  

+ 3.65 �9 10 -1~ [3 ]  

where  

h - -  I -}- ~ni  ~ -l- I [4] 

is the e lectr ic-f ie ld  enhancement  factor.  
A quant i ta t ive  model  of phosphorus  diffusion in si l i -  

con was proposed  by  Fa i r  and Tsai (19). But to obtain,  
based on the Fa i r  and  Tsai model,  the  theore t ica l  de-  
pendence  of D (N) in the  case of phosphorus  diffusion 
f rom an ion - imp lan ted  source requ i red  fu r the r  inves t i -  
gation. 

The express ion which  best  describes the  concent ra-  
t i on -dependen t  diffusivi ty  of arsenic  and boron is 

D - - D i ' h "  C I + A  n-~ ) [5] 

wi th  A --  0.1 for boron and A : 0.25 for  arsenic  

The intrinsic arsenic difJusivity D~.--From Eq. [5] 
the va lue  of the in t r ins ic  diffusion coefficient Di, for  
arsenic was ob ta ined  which best  describes the  da ta  in 
Fig. 6. 

Phosphorus dif]usivity in the tail region, DTAIL.mThe 
resul ts  obta ined  f rom Bol tzmann-Matano  analysis  for  
phosphorus  show the constant  ta i l  region diffusivi ty 
(see Fig. 5). However ,  a s t rong diffusion coefficient 
dependence  on imp lan ted  dose is observed in this low 
concentra t ion region. I t  was r epor ted  tha t  ta i l  diffusiv- 
i ty  is influenced by  the h igh ly  doped region near  the 
surface (34, 35). By the way,  the  in i t ia l  impur i t y  con- 
cent ra t ion  profile m a x i m u m  was a lmost  the same for 
both  implan ted  samples.  The increase  in ta i l  diffusivity 
observed for the high energy  (150 keV) imp lan ted  P 
profile is not a resul t  of channel ing as could be sup-  
posed. A s t rong increase  in phosphorus  ta i l  diffusion 
coefficient was also observed for  low energy  implan ted  
P profiles in the  dose range 2.5 �9 1015-7.5 �9 1015 before  
a r ap id  decrease for  h igher  dose (36). As can be seen 
in Fig. 2, the computed  and expe r imen ta l  profiles coin- 
cide, meaning  tha t  a Bol tzmann-Matano  analysis  e r ro r  
is not p lay ing  a significant role  here  either.  

To exp la in  the dependence  of DTAIL on ion dose, 
more exper iments  must  be done. 

The intrinsic boron dif]usivity Di. - - In  o rde r  to de -  
te rmine  values of Di f rom boron, expe r imen ta l  D (N) 
curves of the samples  in which the m a x i m u m  concen-  
t ra t ion af ter  d r ive - in  dose did  not  g rea t ly  exceed the 
intr insic  car r ie r  concentra t ion at  the diffusion t em-  

pe ra tu re  (in this case the fac tor  1 -t- ,%, in Eq. 

[2] is equal  to ~1 )  were  app rox ima ted  by  the least  
squares  method  as 

D : Di �9 h [6 ]  

With  Di values  obta ined  f rom Eq. [6], Eq. [5] describes 
the boron diffusivi ty expe r imen ta l  points  ve ry  well.  

Values of Di as a funct ion of diffusion t e m p e r a t u r e  
are  shown in Fig. 7. An ac t iva t ion  energy  of 3.31 eV 
wi th  a p reexponen t ia l  factor  of 0.205 cm2/sec is found 
to descr ibe boron diffusivi ty in (111) c rys ta l  o r i en ta -  
t ion sil icon in the t empera tu re  range  1000~176 in 
iner t  ambients .  Also shown in Fig. 7 are  examples  of 
the boron intr insic  diffusion coefficient as de te rmined  by  
other  workers  (7, 37-39). The differences are  main ly  
due to different  ambien t  a tmospheres .  Pr ince  and 
Schwet tmann ' s  diffusion was pe r fo rmed  in s team (7). 
Masset t i  et al. (37) used d ry  02. 

The resul ts  of the present  work  a re  in exce l len t  
agreement  wi th  the da ta  recen t ly  publ i shed  b y  An-  
toniadis et al. (40). They diffused boron f rom an ion-  
implan ted  source under  in t r ins ic  condit ions in a non-  
oxidizing atmosphere .  Al though thei r  technique of 
diffusivi ty de te rmina t ion  was quite different  f rom the 
one presented  in this paper ,  the resul ts  over  the range  
of common diffusion t empera tu re s  coincide. 

Computations of impurity profiles.--The diffusion 
equat ion was solved by  computer  by  finite difference 
techniques using a Crank-Nicolson  type  approach.  The  
non l inear i ty  engendered  by  the concentra t ion depen-  
dence of diffusivi ty r equ i red  the use of a two-s tep  
i t e ra t ive  solut ion algori thm, the so-cal led  p red ic to r -  
corrector  method of Douglas  (7, 41, 42). 

The ini t ia l  imp lan ted  profiles were  taken  to be Gaus -  
s ian with  pro jec ted  range  Rp and range  s t raggl ing  ARp 
according to ear l ie r  calculat ions (43) based on a 
method descr ibed by  Win te rbon  (44). 

The boron segregat ion  coefficient was t aken  f rom the  
Colby and Katz  paper  (45). Al though  they  used d ry  O2 
oxidations,  the i r  data  are  in genera l  agreement  wi th  
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our earlier results obtained by a fitting technique 
(46). When the segregation coefficients of phosphorus 
and of arsenic were changed during the computations 
from 0.01 to 0.1, no differences in  calculated curves 
were observed. 

The concentrat ion dependence of the diffusion co- 
efficient was assumed for boron and arsenic to be given 
by Eq. [2] with A ~- 0.1 for boron and A = 0.25 for 
arsenic. Calculated B and As profiles are shown in Fig. 
1 and 3. The empirical  expression for phosphorus con- 
cent ra t ion-dependent  diffusivity was obtained from 
the best fit of Eq. [2] and [3] to the exper imental  data. 
Calculated P profiles are shown in Fig. 2. 

It is shown in Tables I, II, and lII  that the differ- 
ences between the dose remaining  in the silicon calcu- 
lated from the exper imental  points Qpp and the in -  
tegral of the computed profile QPS do not  exceed 
10% for boron and 15% for phosphorus and arsenic. 
The same differences are observed between the sheet 
resistance calculated from the exper imental  points 
Rspp and from the computed profile RsPs. 

The Bol tzmann-Matano analysis presented gives dif- 
fusion coefficients that can be successfully used for 
calculations of impur i ty  diffusion profiles. 

Comparing the calculated boron or arsenic or phos- 
phorus profiles to exper imental  profiles, it  is seen that  
the agreement  is satisfactory. 

Summary 
1. A method was presented for the determinat ion of 

the diffusion coefficient from the exper imental  im-  
pur i ty  concentrat ion depth profile. This method is valid 
only when: (i) the total impur i ty  per uni t  area remains 
constant dur ing dr ive- in  and (ii) the diffusion length 
is much longer than  the straggling range of the im-  
planted ions. 

2. A spline funct ion is most useful for the approxi-  
mat ion of measured doping profiles. 

3. Activation energy obtained for boron diffusion is 
Ea : 3.31 eV. 

4. The diffusion profile from ion- implanted  layers 
after dr ive- in  can be successfully predicted by nu -  
merical  solution of the diffusion equation when  the 
concentrat ion dependence of the diffusion coefficient is 
well known. The use of a modified Bol tzmann-Matano 
analysis for diffusivity de terminat ion  leads to excellent 
profile calculations. 
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APPENDIX 
SpIine ]unctions.--Spline functions are a class of 

piecewise polynomial  functions that  have highly de- 
sirable characteristics for approximating,  in terpola t -  
ing, and curve-fitting. 

Let us define spline functions and na tu ra l  splines. 
Definition of a spline function (27).--Given a strictly 
increasing sequence of real numbers,  xl, x 2 , . . . ,  xn, a 
spline function S (x) of degree m with the knots xl, x2, 
. . . .  xn is a funct ion defined on the entire real l ine 
having the following properties: (i) in  each in terva l  
(x~,xi+l) f o r i  = 0, 1 . . . . .  n (whe rexo  = -- oo and 
xn+1 = + oo), S(x) is given by some polynomial  de- 
gree m or less and (i~) S(x) and its derivatives of 
orders 1, 2 , . . . ,  m -- 1 are continuous everywhere.  

Definition of natural splines (27).--A spline s(x) of 
odd degree 2m -- 1 with the knots xl, x2 . . . . .  xn is 
called a naut ra l  spline if it is given in each of the two 
intervals  (--  oo, Xl), (Xn, ~)  by some polynomial  of 
degree m -- 1 (rather  than 2m -- 1) or less (in gen-  
eral not the same polynomial  in the two intervals) .  

Thus, a spline function is a piecewise polynomial  
function satisfying certain conditions regarding con- 
t inui ty  of the funct ion and its derivatives. 

Smoothing by natural splines (28, 47).--In our problem 
of fitting a smooth curve to a set of exper imenta l  
points, (xi, Y0 i = 1 , . . . ,  n, we have to determine the 
smooth curve g (x) from the condit ion that  

s 1 [g(m) (x) ]2 dx [A- l ]  

is minimized for all  g (x) satisfying the smoothing con- 
s traint  

~ w~[y~ -- g (xi) ]2 ~__ S,geCm(xl, xn) [A-2] 
L=I 

where wi > 0, i = 1, 2, . . . ,  n, and S ~ 0 are given 
numbers.  

The choice of {wl}1 n and S for smoothing depends 
on the confidence we have in  the data {yi}l ~. The S 
constant is r edundan t  and is introduced only for con- 
venience. It allows for an implicit  rescaling of the 
quanti t ies wi which control the extent  of smoothing. 
Recommended values for S depend on the relat ive 
weights w~. 

It  has been suggested (28) that  wl should be chosen 
as 5y~ -2, where 5yl is an estimate of the s tandard devia-  
tion of the ordinate y~. In  this case, na tura l  values of S 
lie wi thin  the confidence in terva l  corresponding to the 
le f t -hand side of Eq. [A-2] (28) 

N--  (2N)I/2~S-~-N § (2N) ~/2 N = n +  l 

Small  values of {byi}l n and /or  S emphasize fidelity 
to the observed data at the expense of smoothness, 
while large values do the opposite. 

For many  problems a choice of a small  m is desir- 
able, e.g., m = 2 leads to cubic splines. Cubic splines 
are easily evaluated and give in general  satisfactory 
results. The solution of Eq. [A- l ]  and Eq. [A-2] may 
be obtained by the s tandard  method of the calculus of 
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variations. Thus, by introducing the auxiliary variable 
z together with the Lagrangian parameter p, we have 
to look for the minimum of the function 

~" Yi -- g(xO 
S~1 + p : - ~  + - [g,, (x) ]3 dx 

[A-3] 
It was shown in (28) that the extremal function g(x)  
is composed of cubic parabolas 

g(x)  = a~ + b~(x -- x0 + c~(x -- x0 2 
+ d~(x -- xO a 
x ~ - - x  < x~+1 [A-4] 

which join at their common endpoints such that g, g', 
and g" are continuous. Hence the solution is a cubic 
spline. The procedure that permits the computation of 
the spline coefficients and the evaluation of the splines 
can be found in Ref. (28, 47, or 18). 

LIST OF SYMBOLS 
D diffusion coefficient, cm +2 sec -1 
Dr intrinsic diffusion coefficient, cm 2 sec -1 
N impurity concentration, cm -S 
E implantation energy, keV 
Q implanted dose, cm -2 
Qpp implanted dose remaining in Si, calculated 

from experimental points, cm -2 
QSPLII~E spline function integral, cm -2' 
QPs theoretical profile integral, cm -z  
Rs sheet resistance, measured, 12/D 
Rspp sheet resistance calculated from experimental 

points, ~ /D  
RsPS sheet resistance calculated from theoretical 

profiles, ~ / [ ]  
xj p-n junction depth, ~m 
NB bulk concentration, cm -~ 
t drive-in diffusion time, sec 
Rp projected range of implanted ions, ~m 
~Rp straggling range of implanted ions, #m 
n free carrier concentration, cm-~ 
ni intrinsic free carrier concentration, cm -3 
k Boltzmann constant, eV �9 K -1 
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Carrier Concentration and Hall Mobility 
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The electrical characteristics in  high concentrat ion 10211 . 
arsenic-diffused silicon layers are an impor tan t  factor  F in  the design of silicon device structures. It  is well  
known (1, 2) that  electrically inactive arsenic atoms 
such as clusters are formed when  arsenic a t o m s  are  
diffused heavily into silicon and so the total arsenic 
concentrat ion (CT) differs f rom the electron concen- 
t ra t ion (n) at room tempera ture  for CT above 1030 
cm -8. The relationship between CT and n is usual ly  
determined using the data of resist ivi ty (p) vs. n, 20 
which are varied in  many  investigations (8-5) for n ~10  
above 1020 cm-~. Assuming that  the electrically active ~_ 
arsenic concentrat ion (CA) at the diffusion tempera-  
ture is equal  to n, the relat ionship between CT and CA 
has been also discussed (6). However, the diffusion r- 
temperature  dependence of the p-n curve and the re la-  
tionship between CA and n are not clear. 

In  this note, the dependences of Hall  mobi l i ty  ~H 
and p on n for various diffusion temperatures  are ob-  s 
tained from sheet Hall measurements  at room tern- 1018 
perature,  and the relationships among CT, n, and CA 
are also determined.  

Heavily arsenic-doped polycrystal l ine silicon was 
deposited as a diffusant on p- type silicon wafers of 
1-2 12-cm with mir ror  polished (111) surface. The ex-  
per imenta l  conditions of the deposition of arsenic-  
doped polycrystal l ine silicon have been described in  
detail previously (7). Diffusions were performed at  
9009, 950 ~ and 1000~ in  ni t rogen atmosphere where 
the surface of polycrystal l ine silicon was covered 1 n'~ 
with CVD silicon dioxide. The polycrystal l ine silicon v O 

on the diffusion layer  was removed by anodic oxida- 
tion in a solution of N-methylacetamide  and 0.04N 
potassium ni t ra te  and HF stripping. To obtain profiles 
of p, n, and /~H in the diffused layers, measurements  of 
sheet resistivity and sheet Hall coefficient by the va n  
der Pauw method at room tempera ture  and the re-  
moval  of a thin layer  of silicon by anodic oxidation 
method were repeated (8). The s trength of the mag- 
netic field was 6000G and the applied constant  current  
was 1 mA. Also, profiles of total arsenic concentrat ion 
were obtained by neu t ron  activation analysis (7). 

Typical profiles of CT, n, and ~H, which were ob- 
tained from the sample diffused at 900~ for 2020 rain, 
are shown in Fig. 1. The p-n and ~H-n curves, which 
are obtair~ed from the data presented in Fig. 1 and the 
data obtained at the diffusion temperatures  of 950 ~ and 
1000~ are shown in  Fig. 2. The Cw-n curves for sev- 
eral diffusion temperatures  were also obtained s imul-  
taneously and are shown in Fig. 8. I t  is found from 
Fig. 2 that  p and #H are almost independent  of the dif- 

Key words: semiconductor, diffusion, resistivity. 
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Fig. 1. Typical profiles of CT, n, and ~H in diffused layer for 
900~ 2020 min diffusion. 

fusion tempera ture  for any  n specified. On the other 
hand, the neut ra l  arsenic concentrat ion ( C T -  n) de- 
pends on the diffusion temperature.  For  example, 
(CT -- n) at n = 2.6 • 102o cm -~ for 950 ~ and 1000~ 
are 1.3 • 1020 cm -~ and 4.5 • 1019 cm -8, respectively, 
which are estimated from Fig. 3. This fact means that  
the effect on #H of the scattering of carriers due to 
neut ra l  atoms is negligibly small  in  the present  con- 
centrat ion range. Results of the p-n and gH-n curves 
are somewhat different f rom Irvin 's  curve and are 
similar  to Fair 's  and Mfiller's, which were obtained 
from the arsenic- implanted samples assuming CT = n. 
On the other hand, the p-CT and gH-CT curves differ 
from their  data on arsenic- implanted  samples because 
neut ra l  arsenic atoms exist in  the present  arsenic- 
diffused sample. 
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Fig. 2. p-n and ~H-n curves in di f fused layer  for  several  d i f fusion 
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Fig. 3. CT-n curves for  several  di f fusion tempera tures  

The re la t ionship  be tween  (CT -- n)/ni  and n/ni, 
which is ob ta ined  f rom the da ta  p resen ted  in Fig. 3, is 
shown in Fig. 4, where  ni is the  intr insic  car r ie r  con- 
cen t ra t ion  at  the diffusion tempera ture .  F r o m  Fig. 4, 
the re la t ionship  be tween  CT and n for concentrat ions  
above 1020 cm -3 can be app rox ima ted  by  

(CT - -  n)/ni  = 9.0 • 10 .6 (n/ni) 4 [1] 

The devia t ions  of expe r imen ta l  va lues  f rom Eq. [1] 
a re  la rge  for  n/ni be low about  25. 

Usually,  the  e lec t r ica l ly  act ive arsenic  concentra t ion  
a t  the  diffusion t empe ra tu r e  (CA) has been de te r -  
mined  by  res is t iv i ty  measurements  using the p-n curve  
ob ta ined  at  room tempera tu re .  That  is, CA has been  
tac i t ly  supposed to be equal  to n. On the other  hand, 
Murota  et al. (7) obta ined  the re la t ionship  be tween  
Cw and CA f rom the concentra t ion  dependence  of the  
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Fig. 4. Relat ionship between (CT-n)/ni and n/ni obta ined f rom 
the data  presented in Fig. 3. 

arsenic  diffusion coefficient wi thout  using the  p-n curve 

(CT - -  C A ) / n i  ~-~ 3.2 • 10-6(CA/• i )  4 [2] 

F r o m  the comparison be tween  Eq. [1] and  Eq. [2], 
i t  is found that  CA is not equal  to n for  concentra t ions  
above 1020 cm -a.  The re la t ionship  be tween  CA and n 
may  be obta ined  using Eq. [1] and  Eq. [2]. However ,  
this method  for  de te rmin ing  the CA vs. n amplifies the  
error,  since both Eq. [1] and Eq. [2] a re  a p p r o x i m a t e  
equations.  We de te rmined  the re la t ionship  be tween  
CA and n using the #-n curve of Fig. 2 and p-CA curve 
of Ref. (7). The CA-n  c u r v e  thus ob ta ined  is shown 
in Fig. 5. The re la t ionship  be tween  CA and n app rox i -  
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Fig. 5. Relat ionship between CA and n obta ined f rom the #-n 
curve of Fig. 2 and the p-CA curve of Ref, (7). 
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mated  b y  
CA -- n ~- 7.0 • 10-an~ [3] 

Recently,  Fa i r  et al. (9) have obta ined the re la t ionship  
be tween  the to ta l  phosphorus  concentra t ion (CTp) and 
n in diffused layer .  Here, no e lec t r ica l ly  inact ive  phos-  
phorus atoms such as c luster  in phosphorus-di f fused 
silicon is considered to be formed at  diffusion t empera -  
ture, differing f rom arsenic-di f fused silicon. Replacing 
CA wi th  CTp in Eq. [3], the Cwp-,n c u r v e  obta ined  
b y  Fa i r  et al. is app rox ima ted  wi th in  the i r  expe r imen-  
tal  e r ror  by  Eq. [3]. I t  is ve ry  in teres t ing  for  the  r e l a -  
t ionship be tween  e lec t r ica l ly  act ive i m p u r i t y  concen- 
t ra t ion  at  diffusion t empe ra tu r e  and n at  room t em-  
pe ra tu re  to be given by  Eq. [3] in spite  of the  k ind  
of impur i t y  (As or P) .  The above  resul t  cannot  be e x -  
p la ined  at  present .  Fo r  the analysis  of the difference 
be tween  CA and n, fu r the r  inves t igat ion should be 
done. 
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Erratum 
In the  paper  "Kinet ics  of Chemical  Vapor  Deposi-  

tion" by  J. Sub rahmanyam,  A. K. Lahir i ,  and  K. P. 
Abraham,  which appea red  on pp. 1394-1399 in the 
June  1980 JOURNAL, Vol. 127, No. 6, i t  has come to the 
authors '  a t tent ion  that  the free energy  of fo rmat ion  of 

C3H4 (ment ioned on p. 1397) t aken  f rom Bar in  (8) is 

in error .  Due to this, the ca lcula ted  diffusion contro l led  

rates given in Fig. 6 and 7 are  in s l ight  error ,  a l though 

no a l t e ra t ion  is requ i red  in the res t  of the text.  
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Lithium Closoboranes as Electrolytes in 
Solid Cathode Lithium Cells 

Jack W. Johnson and M. Stanley Whittingham* 
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Ambient temperature secondary l i t h -  
ium cells are presently l imited by low rates 
and l imited l i fet imes caused by s tab i l i t y  
problems at the l i th ium-elect ro ly te in ter-  
face. Often chemical reactions of l i thium 
with the non-aqueous solvent and the elec- 
t ro ly te  sal t  lead to reduced l i fet imes of 
secondary l i thium cel ls. Minimization of 
these chemical reactions is an important 
goal in the development of ambient tem- 
perature secondary l i thium batteries. Here- 
in we report the results of some studies of 
l i thium salts of closoborane anions dis- 
solved in ethereal solvents as electrolytes,  

Closoborane anions are closed poly- 
hedra of boron atoms bearing terminal hydro- 
gens or halogens. -BIoCIIo z- (Fig. I)  is a 
typical closoborane anion. In contrast to 
many boron compounds, salts of closoborane 
anions exhibi t  an extraordinary degree of 
k inet ic s t ab i l i t y  to oxidation, reduction, 
and thermal decomposition. These properties 
have been exploited for use in electrolytes 
in Li/SOCI2 l iquid cathode cells (1,2). In 
preliminary attempts to use.Li2BlOHlo, 
Li2BIoClIo, Li2BI2HI2, or LI2BI2CII2 as elec- 
t ro ly te  salts in l i th ium-sol id cathode cel ls,  
we were frustrated by problems of low solu- 
b i l i t y .  

_ 

Fig. 1 Structure of BIoCIIo Anion 

The salts are soluble in high po lar i ty  sol- 
vents such as water, methanol and aceton i t r i le .  
These solvents are unsuited for secondary 
l i thium battery applications because of the i r  
reaction with l i thium metal. The l i thium 
closoborane salts are very poorly soluble in 
ethereal solvents such as tetrahydrofuran, 
dimethoxyethane, diglyme, and dioxolane which 
are more desirable for secondary l i thium cell 
applications. However, by using suitable mix- 
tures containing the chelating ether dimethoxy- 
ethane and the cycl ic ketal dioxolane, stable 
solutions containing high concentrations of 
Li2BIoCIIo and Li2BI2CII2 can be formed. 

Li2BIoCIIo, obtained by modifica- 
ion (3) of the reported procedures (1,4,5) 
can be recrystal l ized from dioxolane/DME mix- 
tures as the solvate Li2BIoCIIo,6DME. This 
solvate is soluble in pure dioxolane in con- 
centrations from 32 to 50 wt%. At concentra- 
tions below this range, two clear l iquid lay- 
ers form, and i f  d i lu t ion is continued, a 
dioxolane solvate of the sal t  precipi tates. 
Li2BI2CII2 behaves in a similar fashion. 

When the electrolyte is suitably 
pur i f ied i t  demonstrates good chemical sta- 
b i l i t y  in the presence of both l i thium metal 
and titanium d isu l f ide,  a common cathode mate- 
r i a l ,  When a shiny piece of l i thium metal was 
sealed in tubes containing Li2BIoClIo.6DME/ 
dioxolane no vis ib le reaction was observed 
af ter  one month at 70~ Similar tests with 
high pur i ty TiS 2 also demonstrated the elec- 
t ro l y te ' s  inertness. The resistance of the 
electro lyte to electrochemical oxidation was 
demonstrated by voltammetric scans on inert  
electrodes. On a Ta working electrode, scan- 
ning posit ive from a Li reference electrode 
leads to an oxidation wave at 3.8 V. On a 
Pt working electrode, there is no s igni f icant  
oxidative current, as the electrode surface 
passivates at pOtentials above 4.0 V. 

*Electrochemical Society Active Member 
Keywords: closoborane, l i th ium, electro lyte 
battery 

Preliminary cel l  tests of the l i t h -  
ium closoborane electro lyte in l i th ium- t i tan-  
ium disul f ide cells have demonstrated i ts  
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u t i l i t y .  The f i r s t  discharge curve is shown 
in Figure 2. I t  closely resembles that ob- 
tained with LiClO 4 in similar cells ~6). The 
total cathode ut i l izat ion at 2 ma/cmZ was 
greater than 85% based on the reaction Li + 
TiS2= + LiTiS 2. On reducing the current to 
l ma/cm 2, 92% of the theoretical capacity was 
obtained. The cell was then recharged at 
l ma/cm 2, followed by discharge at l ma/cm 2. 
More than 90% of the f i r s t  discharge capacity 
was obtained on this second discharge. The 
charge-discharge cycle could be repeated 
more than twenty times. In contrast, at 
electrode concentrations where two liquid 
phases were present, cathode ut i l izat ion 
was low, <I0%. 
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In summary, we have found that by 
use of a suitable mixed ethereal solvent 
system, lithium closohorane salts can be 
dissolved to form useful non-aqueous elec- 
trolytes that exhibit chemical stability to 
the components of a lithium titanium disul- 
fide cell and show promise as electrolytes 
in those cells. 
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Solubilities of Oxygen and Carbon Monoxide 
in Carbonate Melts 
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ABSTRACT 

Physical CO solubilities and total O2 solubilities (as chemically formed 
02 -  and Os = ions) have been determined for a comparatively wide range of 
carbonate melt compositions, and some restricted data on nitrogen and COs 
solubilities have also been obtained. In general, the Uhlig-Blander equation 
in its simple form (without a correction term for gas molecule-melt  inter-  
action) does not apply to these melts. Care should be taken in interpreting 
hydrogen solubilities measured by chemical t i tration due to the formation 
of large amounts of chemically bound CO via the shift reaction. 

Previous work in this laboratory (1) determined the 
dissociation pressure of the ternary alkali carbonate 
melt [43.5 mole percent (m/o) Li, 31.5% Na, 25% K, 
mp 397~ both to verify results of previous authors 
(2), and to establish the minimum pressure to main- 
tain the melt in equilibrium with CO2, so that gravi-  
metric measurements of the solubility of this gas could 
be performed using a microbalance. Attempts were 
made to determine oxygen solubilities at various par -  
t ial  pressures at  700~ maintaining Pcos equal to the 
dissociation pressure of the melt. However, continuous 
weight losses were experienced, indicating loss of CO2 
(i.e., change of COs dissociation pressure) on absorp- 
tion of oxygen. This behavior is discussed in detail  in 
this paper. In view of the uncertainty in determining 
the absolute gas solubility under these conditions, it  
was decided to use an al ternative quenching or melt-  
chilling method for solubility determination. This 
method is applied for a variety of carbonate melt  com- 
positions for oxygen and carbon monoxide solubility, 
and for nitrogen and COs solubility in the ternary 
melt. 

Experimental 
Since gas solubilities in molten salts increase with 

temperature, quenching methods may be conveniently 
used to determine solubility by measurement of the 
quantity of dissolved gas released on freezing of the 
melt. Fur ther  advantages of such methods include 
rapid measurements, the possibility of determining 
solubilities of several gases simultaneously using ana- 
lytical techniques, and the possibility of absolute mea- 
surements if displacement of one gas by another occurs. 

The apparatus used is shown in Fig. 1. I t  was con- 
nected to the gas-mixing train and vacuum system 
described earl ier  (1), modified by the addition of a 
low permeabil i ty india rubber balloon linked with the 
main line via a vacuum stopcock to maintain atmo- 
spheric pressure during the periods of rapid tempera-  
ture and gas volume change occurring with melt cool- 
ing. All gas mixtures studies were introduced into the 
apparatus at atmospheric pressure, in the form of nitro- 

* Electrochemical Society Active Member. 
z Present address: E.P.R.I., Palo ARo, California 94,303. 

gen mixtures where necessary. Pco2 was maintained 
somewhat above the melt dissociation pressure for 
each measurement (see below). 

Melt preparat ion was as follows: (i) Mixed salts 
were melted, allowed to solidify, and then were main- 
tained under vacuum at temperatures just  below their 
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Fig. 1. Apparatus used for solubility measurements 
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melt ing points for approximately 90 h r  for p re l iminary  
d r y i n g  and outgassing. (ii) The salt was isolated and 
slowly heated to about  820~176 (iii) The melt  was 
evacuated unt i l  a stable pressure of about 8 m m  Hg 
was obtained. It  was then allowed to reach equi l ibr ium 
at 120 mm pressure with "Mattheson Research Grade" 
CO2. This was followed by solidification. (iv) Steps (ii) 
and (iii) were repeated three times in  sequence. 

P re l iminary  experiments  showed that  saturat ion of 
the melt  contained in  the a lumina  crucible with each 
gas mixture  was complete after 2 - 3  hr ma x i mum 
under  bubbl ing  conditions. After  saturation, a melt  
sample was wi thdrawn in  the small  A u - P d  crucible 
shown in  Fig. "1 and introduced into the upper  quench-  
ing compartment  by vert ical  t rans la t ion of the sup- 
port tube in  its sliding seal attached to the water -  
cooled stainless steel header. The in te rna l  sample tube 
(an Au-Pd  extension of a long stainless steel tube)  
containing a hel ium atmosphere, which trapped a pre-  
scribed volume of melt, that  l iberated its dissolved 
gas on chilling. The quench rate was relat ively slow to 
allow all the gases to escape. This gas was flushed by 
a stream of he l ium into the U- tube  containing a small  
amount  of activated Linde 5A molecular  sieve closed 
by a Hamil ton 4-way gas sample valve. The entire 
contents of the tube, after being allowed to reach room 
temperature,  were flushed with a s t ream of carrier  
gas into a F isher -Hamil ton  gas par t i t ioner  with Linde 
5A column and Katharometer  detector for analysis. 
This gas represented the whole of the solute in  the 
melt  aliquot. In  earl ier  work, only a fraction of the 
atmosphere above the mel t  was examined (1), which 
l e d  to some irreproducibil i ty.  

P re l iminary  experiments  established that  best re-  
sults were obtained by slowly cooling the sample to 
300~  by positioning the melt  in the correct par t  of 
the upper  zone of the furnace. This prevented crack- 
ing of the solidified electrolyte and leakage from the 
remainder  of the solid carbonate and the atmosphere 
above the melt  around the end of the sample tube, so 
that  a frozen melt  plug seal was produced. Very repro- 
ducible results were obtained by main ta in ing  the sam- 
pl ing crucible, which contained a small  amount  of 
solid carbonate to isolate the sample tube and external  
gas systems, in  the cooler par t  of the furnace. This 
was followed by p lunging  the crucible into the melt  
and wi thdrawing a sample. The volume of carbonate 
wi thdrawn was estimated by measur ing its upper  level 
with the sliding gas purge tube with a cathetometer. 
Care was taken to ensure that  equi l ibr ium was at ta ined 
in  each case. A number  of independent  determinat ions 
(typically 8-10) were carried out for each gas mix-  
ture. Henry  constants and s tandard deviations were 
thus determined,  and Henry 's  law verified. 

Results and Discussion 
COs solubilities (ternary ~el t ) . - -The major i ty  of 

CO2 solubil i ty determinat ions in  the t e rnary  melt  were 
carried out using dynamic weighing (1). However, in  
some cases the quenching method was used to obtain 
supplemental  data to serve as a confirmation of those 
obtained by weighing. At 700~ a mean  solubil i ty (six 
separate readings) of 3.60 X 10 -a m o l e - d m - a - a t m  -1 
was obtained by this method in  good agreement  with 
the value obtained by weighing [2.84 X 10-~ mole-  
d m - a - a t m  -1 (1)]. 

Nitrogen solubilities.--Nitrogen solubilities were de- 
termined only in  the te rnary  eutectic. The purpose of 
these measurements  was to allow a s tandard of com- 
parison with conventional  theories (3-5) of solubilities 
of noninteract ing gases in  mol ten  salts, since ni t rogen 
may be expected to possess li t t le affinity for the melt  
and certainly no chemical solubility. Results obtained, 
including s tandard deviations, are given in  Table I ,  
and these are expressed in  the form of an  Arrhenius  
plot in Fig. 2. 

According to the so-called Uhl ig-Blander  theory of 
gas solubilities in  mol ten salts (4) the free energy of 
solution is related to the creation of new mel t  surface 
in  the form of cavities in  the liquid, each of which is 
on the order of the dimensions of a gas molecule. For  
gases that  interact  wi th  the melt  by physical forces, a 
fur ther  free energy of solution term is required, repre-  
senting the energy of association of the gas molecule 
with the surrounding melt  ions. Overall, this theory 
proposes the following relat ionship 

AGs ~ : 4~Nr27 Jr aGa o 

where hGs o and AGa ~ are the s tandard  free energies 
of solution and association, respectively, r is the r a d i u s  
of the gas molecule, ~ is the "microscopic" l iquid sur -  
face tension, and N is Avogadro's number .  In  general, 
correlations based on the above equation give a reason- 
ably good agreement  (to wi th in  about one order of 
magni tude)  with experiment,  assuming 7 to be equal 
to the measured value of the melt  surface tension. Re- 
sults often are of a satisfactory order of magni tude  
agreement  for gases of larger molecular  radius, bu t  
correlations between measured and estimated Arts 
(heat of solution) values are poor in  most cases (5, 6). 
While modifications of the Uhl ig-BIander  theory which 
assume that gas molecules occupy holes already pres-  
ent  in the melt  ra ther  than create holes for solution 
(5) may give more consistent agreement  between 
theory and exper iment  for a wide range of solute 
radii, the expressions are complex and difficult to use, 
and they differ from the values given by the Uhlig 
Blander  expression only by  preexponent ia l  terms (5). 

TaMe 1. Carbon monoxide and nitrogen solubilities in carbonate 
melts (C02 pressures in atm in parentheses) 

Composition, m/o 

Melting 
point, 

"C 

Temperature, "C 

700 750, 800 
he x 10 t, mole-dm-8-atm -1 

850 AH, kJ 
mole-I 

LbCOs-Na2COs-I~COs 
(43.5:31.5:25.0) 
Li=CO~-K2COa 
(42.7:57.3) 
Li2COs-Na~CO8 
(53.3:46.7) 
NasCO3-KsCOa 
(58:42) 
Li~COa. 

LizCO~-Na2COs-K2COs 
(43.5:31,5:15.0) 

397 

498 

495 

710 

726 

397 

Carbon monoxide solubility in carbonate melts 

0.66• 1.30+0.10 1.75--0.09 
(0.50) (0.25) (0.15) 

3.25• 4.54~0.39 
(0.25) (0.15) 

3.04• 3.68• 
(0.25) (o.zs) 

13.30• 
(0.15) 

0.59-----0.09 
(0.2) 

Nitrogen solubility in the ternary eutectic 

0.69 -- 0.08 1.26 ~ 0.07 1.34 • o.Io 
(0.026) (0.026) (0.06) 

2.82• 
(0.15) 

5.36-----0.22 
(0.15) 

5.61~-0.2 
(O.lS) 

2O.lO--.1.6 
(o,15) 

2.25~0.36 
(0.4) 

1.71-----0.1,1 
(o.1o) 

69,5 

40 

58 

~80 

~250 

51 

" 825"C. 
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h c (mol/cm 3 -- atm) 
2X  10 "4 

X10-4 

5 X  10 .5 I I 
1.03 1 ,oo 0,90 

I 
0.95 

1/T(K) X 103 

I l I P 
7oooc zsooc 8oooc 8~ooc 

Fig. 2. Ioglo nitrogen solubility as a function of I/T(K), ternary 
melt. 

Considerat ions  based  on the s imple  Uh l ig -Blande r  
theory  can st i l l  be used in  first app rox ima t ion  c o r r e -  
l a t i o n s .  

If  we use the  Uh l ig -B lande r  equat ion  and assume 
tha t  for  n i t rogen  AGa o is equal  to zero, then  for  the  
t e r n a r y  eutect ic  at  1000r 7 ~ 0.215 j - -  m 2 (7), and  
using a va lue  of 0.190 nm for the  Lenna rd - Jones  radius  
of N2 (8), we obta in  a ca lcula ted  so lubi l i ty  of 1 X 
10-5 m o l e - d m - 8  a tm  -1. This is about  a factor  of 7 
lower  than  the va lue  obta ined  expe r imen ta l l y  (Table  
I and  Fig. 2). We therefore  conclude tha t  the phys ica l  
so lubi l i ty  of n i t rogen  in mol ten  carbonates  involves a 
smal l  negat ive  AGa ~ 

Carbon monoxide solubilities.--Carbon monoxide  
solubi l i t ies  were  obta ined  for the te rnary ,  b ina ry  42.7: 
57.3 m/o  L i /K ,  53.3:46.7 m / o  Li /Na ,  58:42 m / o  L i /Na ,  
58:42 m / o  N a / K ,  and pure  Li  carbonate  compositions.  
Results  obtained,  indica t ing  s t andard  deviations,  are  
g iven in  Table  I. Ar rhen ius  plots  for a l l  mel ts  a re  
g iven in Fig. 3. In  a l l  cases, a number  of different  CO 
pa r t i a l  pressures  were  used to de te rmine  the Henry  
constants,  n i t rogen  being used to b r ing  the to ta l  p res -  
sure  to one a tmosphere  to avoid carbon deposi t ion (8). 
In  the t e r n a r y  eutectic,  the expe r imen ta l  solubil i t ies  
a re  close to those of ni trogen.  This is reasonable  in 
view of the i r  molecu la r  radi i .  

An  immedia t e  p rob l em observed  is tha t  the  CO 
solubil i t ies  measured  above are  apprec iab ly  lower  than  
those ca lcula ted  f rom poten t ia l  sweep e lec t rochemical  
da ta  (9) assuming a reasonable  va lue  of the  diffusion 
coefficient (1 X 10 - s  m2-sec -1)  [c~. C1- ion at  s imi lar  
t empera tu re s  (10)].  These da ta  showed tha t  two CO 
species accounted for  the  to ta l  solubil i ty ,  one corre-  
sponding to CO phys ica l ly  dissolved in the mel t  ( ~  1.1 
X 10 -4  m o l e - d m  -3 for 0.318 a tm CO/0.682 a tm CO2 
at  800~ in the  t e r n a r y  eutect ic  mel t ) ,  the  other  be -  
ing CO in the  form of a chemical ly  dissolved species, 
CO2 = (concentra t ion about  1 t imes 10 -3 m o l e - d m  -3 
under  the above conditions,  or ~9  t imes the  phys ica l ly  
dissolved CO concentra t ion) .  This implies  a H e n r y  
constant  of ca. 3 X 1014 ( m o l e - d m - 3 - a t m  -1)  for p h y -  
s ical ly  dissolved CO in the t e r n a r y  mel t  at  800~ in 
qui te  good agreement  wi th  the  da ta  der ived  f rom the 
slow cooling exper iments  (Table  I ) .  Hence, in the 
method  used only phys ica l ly  dissolved CO is detected.  
P r e sumab ly  the  chemical ly  dissolved pa r t  (CO2 =) is 
sufficiently s table  to r ema in  in the sal t  dur ing  the 
chil l ing and pumping  operat ion.  Reducible  ma te r i a l  
has indeed been de tec ted  in chi l led mel ts  (11). On the 
basis of the resul ts  obta ined  in the t e rna ry  mel t  it  is 
reasonable  to assume tha t  resul ts  in  o ther  mel ts  also 
re fe r  to phys ica l  solubil i ty.  

Some data  were  obtained,  though at  only  two t em-  
pera tures ,  in  the N a / K  and pure  Li mel ts  (see Table  

Ix165 t 
TEMPERATURE,=C 

850=C 825~ 800~  775~ 750~ 
I I [ I I 

7OO~ 
I 

0 58 N o / 4 2  K/CO 3 

42 .7  L i / 5 7 . 3  K / C 0 3  

[] 55.3 L i / 4 6 . 7  No/CO 3 
V 43.5  L i /31.5 N o / 2 5 . 0  K/CO 3 

0 L i2  CO 3 

E 
o 

Z 

Ix16 6 

I x I0 7 

AH 
~ 60  kcol / mole  

0.90 0.95 1.00 1.05 

tO00/T ,  (=K)-I 

Fig. 3. Ioglo CO so|ubitlty as o function of I /T (K)  (Henry con- 
stants in mole-cm-~-atm - 1  units. 1 kcal ~ 4.184 kJ). 

I ) .  These resul ts  appea r  to be d is t inc t ly  anomalous.  In  
the N a / K  melt ,  much higher  solubi l i t ies  were  recorded  
than  in the  l i th ium-conta in ing  melts.  This pe rhaps  
impl ies  tha t  in the absence of l i th ium ion the CO2 = 
ion decomposes dur ing the quenching opera t ion  so that  
both  phys ica l  and chemical  solubil i t ies  are  detected.  
In  the  pure  l i th ium mel t  the  ve ry  low solubi l i ty  de-  
tected at 800~ and the appa ren t ly  l a rge  t e m p e r a t u r e  
coefficient of so lubi l i ty  (cL tha t  for oxygen, see below) 
m a y  show tha t  CO solubi l i ty  detected,  l ike the  oxygen  
solubil i ty ,  is en t i re ly  chemical  in this case, wi th  the  
s tab i l i ty  of the  CO2 = r a p id ly  increas ing wi th  t em-  
pe ra tu re  (see discussion of peroxide  ion, be low) .  No 
e lec t rochemical  da ta  on CO oxida t ion  are  cu r r en t ly  
avai lab le  in these two melts,  so the above conclusions 
must  be r ega rded  as tenta t ive .  

Oxygen solubility.--Determination of 02 so lubi l i ty  
by  the weighing method p roved  unsa t i s fac tory  due to 
d isp lacement  of CO2 dur ing  mel t  sa turat ion.  As shown 
below, this implies  chemical  so lubi l i ty  of oxygen  in 
the melt ,  but  at  the same t ime in t roduces  a fu r the r  
in te rp re t ive  difficulty concerning the s tab i l i ty  of the  
compounds fo rmed  by  associat ion of molecu la r  oxy-  
gen and the carbonate  melt ,  so tha t  complete  displace-  
ment  of oxygen  is ensured on cooling of the mel t  to 
lower  tempera tures .  A comparison of e lec t rochemical  
and quenching da ta  indicates  tha t  reasonable  ce r ta in ty  
of the re la t ive  revers ib i l i ty  of the oxygen  dissolution 
process may  be in fe r red  for a number  of the carbonate  
melts,  so tha t  the oxygen  solubi l i ty  figures re fer  to 
both  chemical ly  and phys ica l ly  dissolved oxygen.  The 
na ture  of the equi l ibr ia  involved  make  the chemical  
species predominant .  

Oxygen  solubil i t ies  were  obta ined  i n  a number  of 
carbonate  composit ions by  the quenching method 
( t e rna ry  a lka l i  eutectic,  53.3/46.7 m / o  L i / N a  eu tec-  
tic, 42.7/57.3 m/o  L i / K  eutectic, 58/42 m/o  N a / K  
eutectic, pure  Li2CO3, and 60 m/o  Na2COJ40 m / o  
NaC1). Results  are  g iven in Table  II  and Fig. 4. In  
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Table II. Oxygen solubility in carbonate melts 
(C02 pressures in atm in parentheses) 

August 1980 

Composition, m/O 

T e m p e r a t u r e ,  "C 
Melting 
point, 700 750 000 

"C he X 10 ~, mole-dm-S-atm -1 
850 AH, k J  

mole-J 

Li~COs-Na~:~Os-KK~Os 397 2.52 - -  0.24 5 . 1 0 ~  0.08 8.47 • 0.22 15.10 --  0.53 106.3 
(43.5:31.5:25.0) (0.026) (0.026) (0.06) (0.10) 
LisCOs-I~COa 498 4.18 - -  0.35 6.10 ~- 0.19 14.00 - -  0.80 25.90 • 1.60 120.0 
(42.7:57.3) (0.020) (0.026) (0.06) (0.10) 
Li~COa-Na~COa 495 3.57 • 0.61 5.57 • 0.27 8.36 • 0.46 83 
(53.3:40.7) (0.026) (0.06) (0.1O) 
NasCO~-K~Oa 710 "13.11 ~ 0.60 14.15 • 0.88 23.53 - -  1.88 7 9  
(58:42) (0.10) (0.10) (0.10) 
Li=CO= 726 "1.68 ~ 0.18 5.92 + 0.25 t10.30 - -  0.38 206 

(0.10) (0,20) (0.40) 
Na~CO~-NaCI 640 20.64 - -  1,31 29.15 "~ 1.70 ~ 7 0  
(60:40) (0.10) (0.10) 

" 776"C. 
t 825~ 

all  cases, COs pa r t i a l  pressures  equal  to or  somewhat  
g rea te r  than  the dissociat ion pressures  were  used 
(Table  I I ) .  Severa l  oxygen pa r t i a l  pressures  in the  
0.4-0.8 a tm range  were  examined  at  each t empera -  
ture  and for  each melt ,  so that  appa ren t  Henry  con- 
s tants  and s t anda rd  devia t ions  could be determined.  

Elec t rochemical  da ta  in the  pure  Li  and  N a / K  mel ts  
show that  oxygen  is p resen t  as perox ide  and super -  
oxide  ion in mol ten  carbonates,  superoxide  being ab -  
sent  in the pure  l i t h ium mel t  (12-14). Calculat ions 
assuming a diffusion coefficient of 10 -8 m2-sec -1 using 
the diffusion peak  he igh t / squa re  root  sweep ra te  r e l a -  
t ionships and da ta  genera ted  in  Li  (13) and N a / K  
(14) melts  give oxygen  so lubi l i ty  ( m o l e - d m - 3 - a t m - D  
of 7.10 -4  and 1.5.10 -8 , respect ively .  Compar ison of 
the  da ta  indicates  good ag reemen t  be tween  the elec-  
t rochemical  calculat ions and the quenching method,  
which suggests tha t  a l l  the perox ide  and superoxide  
decompose on cooling. Calculat ions based on the U h l i g -  

TEMPERATURE ,~ 

Ix l  "~Su 850~ 825~ 800~ 775~ 750"C 700~ 
I I 1 I I [ 

E 

3 
Ixl(J 6 

2 

0 60 No 2 C03 /40  NoCI 

.~ 58 Na/42 K/CO 3 
[] 42.7 L i /57 .3K/CO 5 
V 43.5 Li/31.5 No/25 .0  K/CO 3 
0 53.3 L i /46 .7  No~CO 3 

'~ LtzCO 5 

IxlO 7 I , I 
0.90 0.95 1.00 1.05 

IO00/T,(OK) "1 

Fig. 4. Ioglo 02 solubility as o function of I/T(K) (units as Fig. 3) 

Blander  equat ion predic t  physical  so lubi l i ty  values  at  
leas t  an order  of magni tude  lower  than  the chemical  
values  measured.  At t empts  to calculate  the solubi l i ty  
of oxgen as peroxide  and superoxide  based on the rmo-  
dynamic  da ta  [ JANAF,  Ref. (15)] a re  p robab ly  not  
meaningfu l  due to the app rox ima te  na tu re  of the  aG ~ 
values and the p robab le  s tabi l iz ing influence of the 
carbonate  ion on O2 = and O2- [for discussion see Ref. 
(16)]. The high so lubi l i ty  values  in Na2CO~-NaCI 
eutectie (Table  If)  are  of g rea t  interest ,  but  no e lec t ro-  
chemical  da ta  are  ava i lab le  at  present  to confirm the 
makeup  of the  species presen t  in the melt .  Results  in 
Li2CO8 are  comparable  wi th  those for CO given above, 
and  suggest  tha t  the compara t ive  s tabi l i t ies  of CO2-- 
and O2 = change in the same w a y  wi th  tempera ture .  
A ve ry  high ac t iva t ion  energy  for  O2 dissolut ion (175 
k J -mole  - I )  was es t imated  I rom elect rochemical  da ta  
in a previous  paper  (13). The p resen t  resul ts  suggest  
an even g rea te r  value,  but  i t  must  be poin ted  out  tha t  
a l l  the oxygen  so lubi l i ty  da ta  g iven here  a re  for  the  
processes 

02 + 2CO8 = -, 2 02 = + 2CO2 
and 

30~. -}- 2CO8 = -~ 4 02- + 2CO2 (except pure Li2CO3) 

so that ~H values will contain a component varying 
from 1.0-0.5 ~Hd, where ~Hd is the heat of decomposi- 
tion of the melt, depending upon which of the above 
reactions predominates. This results from the fact that 
the COs pressure above the melt was not held constant, 
but was maintained slightly over the dissociation value 
in each case. This effect is most marked for the pure 
Li melt .  

A number  of exper iments  were  conducted in  the 
t e rna ry  eutect ic  a t  800~ to de te rmine  the effect of Pc02 
on oxygen  solubil i ty.  Since the p redominan t  species is 
superoxide  ion in this melt ,  so lubi l i ty  should be ap -  
p r o x i m a t e l y  p ropor t iona l  to Pc02 -I/2. Changes were  
difficult to detect  on increas ing Pco2, since this r e -  
qui red  a decrease in  Po2 and consequent  fal l  of sensi-  
t ivity.  In  addit ion,  i t  is possible tha t  there  is a pa r t i a l  
compensat ion in tha t  phys ica l  O2 so lubi l i ty  m a y  re -  
place chemical  so lubi l i ty  as the mel t  is neut ra l ized:  
however  i t  is significant tha t  phys ica l ly  dissolved O2 
was not detected expe r imen ta l l y  in the  p rev ious ly  re -  
por ted  e lect rochemical  sweep w o r k  (12-14). La rge  
changes in  oxygen  content  of the mel t  were  only  
de tec ted  a t  low Pco2 and high Po2: these are  the  con- 
dit ions of the  presen t  work.  

Due to the chemical  so lubi l i ty  of oxygen,  the 
typ ica l  f i r s t -order  Henry ' s  law should not  be obeyed.  
This was first pointed out  by  Andresen  (17), who de-  
t e rmined  oxygen so lubi l i ty  in sodium carbonate  mel ts  
in a h igher  t e m p e r a t u r e  range  than  tha t  s tudied  here.  
In  al l  mel ts  except  pure  l i t h ium carbonate,  the e lec t ro-  
chemical  resul ts  (12-14) indicate  tha t  the p redominan t  
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chemical species should be superoxide ion. For this 
species, the solubility reaction order should be 0.75. 
The present results do not permit a test of this rela- 
tionship over only a twofold partial pressure change. 
In lithium carbonate, the corresponding order should 
be 0.5, with --1 for Pco2. Again, these were not de- 
tectable within the scatter of the data points at the 
low solubility levels observed for this melt. However, 
in calculating oxygen solubilities at other O2 or CO2 
partial pressures, the reaction orders given above 
should be used. 

It is interesting that results obtained by Broers 
(18) for oxygen solubility by an amperometric titra- 
tion method (which will detect both physically and 
chemically dissolved oxygen) agree well with the 
values determined here. They are shown for compari- 
son in Fig. 5, which includes total CO value obtained 
in the ternary eutectic. As expected, this value is 
several times higher than that for purely physical CO 
determined in the present work (Table I and Fig. 4). 
Broers' work (18) shows that hydrogen solubilities 
may be also high, but he did not distinguish between 
hydrogen and chemically bonded CO produced via the 
shift reaction. Work reported in Ref. (9) show that a 
nonlinear pressure-concentration relationship appears 
to apply in the case of the chemically bonded CO 
species. Results for H2 and CO solubility obtained by 
amperometric titration therefore require careful in- 
terpretation. 

Log h c (mol/cm 3 - atm) 

- 4  

- 5  - -  

- 6  - -  

- 7  
0.8 

C02(t) Jr 25 mol % K2CO 3 

(Li) = U2CO 3 
(Li+Na) = 53 mol % Li2C03 + 47 mol % Na2C03 

(Li+K) = 50 mol % Li2C03 + 50 mol % Na2C03 
(Na+K) = 60 mol % Na2C03 + 40 mol % K2CO 

(t) = 43 mol % LJ2C03 4- 32 mol % Na2CO 

H2(Na+K) I L  �9 H2(t) . 

CO(t) 

~ Na+K) 

I f f 1 
0.9 1.0 1.1 1.2 1.3 

103/T,K-1 

I I r I J 
900 800 700 600 500 

Temperature, ~ 

Fig. 5. Data in Ref. (18) (Broers, Schenke, and van 8allegoy) for 
comparison. 
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ABSTRACT 

A process is presented for the preparation of the electrolyte matrix, a 
poorly bonded assemblage of LiAIO2 erystallites, based on the use of a fugi- 
tive reaction medium, a molten mixture of alkali chlorides. Data on the char- 
acteristics of both the reaction and the product are presented. 

The electrolyte structure,  or tile, used in mol ten c a r -  
b o n a t e  fuel cells consists of a mixture  of l iquid a l k a l i  
metal  carbonates retained by capil lari ty in  the in te r -  
stices of an ar ray  of chemically iner t  inorganic crys- 
tallites. At cell operating temperatures,  the carbon-  
ates form an ionically conducting fluid held in  place 
by capillarity. The selection of the carbonate compo- 
sition is governed by consideration of, and balance be- 
tween, proper l iquid tempera ture  range, ionic conduc- 
tivity, reac tant /product  gas solubilities, volatility, etc. 
The most commonly used composition is 62 mole per-  
cent (m/o)  Li2CO3-38 m/o  K2CO3, having a l iquidus 
tempera ture  of ~764~ and represents a judicious 
balance of the critical factors (1). The present  matr ix  
mater ia l  is l i th ium metaaluminate ,  LiA102, which may 
exist as one, or all, of three crystallographic modifi- 
cations (2). 

The electrolyte-LiAIO2 matr ix  composite is most 
commonly prepared as an int imate  mixture  using 
either anhydrous techniques (3) or an ini t ial  aqueous 
so lu t ion/s lur ry  of the components (4, 5). It is a char-  
acteristic of these preparations that ei ther the electro- 
lyte phase, or its precursor, is present  throughout  the 
synthetic sequence. The presence of the electrolyte 
phase precludes the presence of addit ional chemical 
species which could beneficially modify the matr ix  
characteristics dur ing its formation, since the matr ix  
is not separated from these other species. The inclusion 
of the hygroscopic electrolyte also mandates  that  care 
be taken to ma in ta in  its chemical composition and 
pur i ty  throughout  the required processing operations. 

The product of this preparat ion is a mixture  of 
LiA102, average spherical equivalent  crystall i te size 
ranging from ~0.05 ~m to more than 1.0 ~m, and the 
mixed carbonates. It is general ly  recognized that min i -  
mization of the matr ix  crystall i te size will  maximize 
the volume fraction of mol ten electrolyte that can be 
properly retained, as well  as produce matr ix  porosity 
which properly complements that  of the fuel cell 
electrodes. However, the stabil i ty of small  crystal-  
lites in the highly aggressive env i ronment  of the mol-  
ten electrolyte is open to question, and will be more 
ful ly addressed in a companion paper. 

The e lectrolyte-matr ix  composite is fabricated into 
the electrolyte s tructure by hot-pressing at tempera-  
tures 5~176 below the electrolyte liquidus, and at 
pressures ranging up to 60 MPa (6). Densities ranging 
up to 99% of theoretical have been achieved in this 
fabrication process. 

An al ternate preparation,  the "chloride" synthesis, 
has been developed for the LiA102 matr ix  which does 
not involve the presence of the electrolyte or its pre- 
cursors. This preparat ion involves the use of a fugitive 
molten ionic solvent to promote the formation of the 
product from the reactants. This approach is predicated 
on the assumption that  the interact ion of the reactant  
and product species with the mol ten solvent are small  

* Electrochemical Society Active Member. 
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compared with the free energy of the product- forming 
reaction. Under  these circumstances, the product will 
have a smaller molten solvent solubil i ty than will the 
reactants. Reaction proceeds by saturat ion of the sol- 
ven t  by the reactants, resul t ing in precipitat ion of the 
product species unt i l  all reactants are consumed to a 
level consistent with the product 's melt  solubility. The 
presence of one reactant  in  excess will  effectively re-  
duce all other reactant  final concentrations to zero. 

A requi rement  of the ionic solvent is that it provide 
a small  solubil i ty for the reactants. This solubil i ty 
need not be great since the reaction "flux" is governed 
by the high mobil i ty of the dissolved species in ionic 
melts, coupled with the s m a l l  diffusion distances re-  
quired in  an int imate  mixture  of finely part iculate  re-  
actants. The quant i ty  of solvent required for complete 
reaction is a function of both the reactant  and product 
crystal sizes. Sufficient solvent is required to provide 
access of the reactants to each other, providing the re- 
quired reaction pathways. 

A fur ther  requi rement  of the molten solvent is that 
it can be separated from the products under  conditions 
which do not degrade the product. In  general, product 
compounds of interest  are relat ively water  insoluble. 
Therefore, water-soluble  salts, such as the alkali and 
alkal ine earth halides (except fluorides) are suitable. 
It has been found that the alkali  chlorides, and their  
mixtures,  satisfy these requirements.  A number  of 
technologically significant compounds have been pre-  
pared in this manne r  (7, 8). 

"Chloride" Synthesis of LiAIO~ 
The synthesis of LiA102 was achieved by the reac- 

t ion of A1203.3H20 (ALCOA C-33) with excess LiOH. 
H20 (J. T. Baker, reagent  grade) in the presence of 
50 m/o  NaC1-KC1 (J. T. Baker reagent  grade) at 935 ~ 
945~ A1203.3H20 represents the least expensive, com- 
mercial  A1 +~ source available;  alpha and gamma-A1203 
were also suitable reactants. The reaction mixture  was 
prepared by briefly bal lmi l l ing (a-A1203 system) to- 
gether the reactant  and solvent components to both 
homogenize and comminute any large agglomerates 
present  in these materials.  A 2 weight percent  (w/o)  
excess of LiOH.H20 was required to rel iably achieve 
complete A1203-3H20 conversion without  resorting to 
extreme homogenization procedures. A solvent content  
of > 50 w/o was empirical ly determined as necessary 
to achieve quant i ta t ive  conversion of the A1203.3H20 
used in these experiments.  

The homogenized reaction mixture  was placed in  
dense ~-A120~ crucibles and heated to 935~176 at 
100~ hr -1, main ta ined  at temperature  for 1 hr, then 
cooled to room temperature.  An ambient  air a tmo- 
sphere was main ta ined  throughout.  The reacted mass 
was noticeably compacted and hardened, and had lost 
mass consistent with the appropriate dehydrat ion re-  
actions. 

The product LiA102 was retr ieved from the chloride 
solvent and excess Li20/LiOH by dissolution of the 
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l a t t e r  in dis t i l led  H20, assuming a sal t  so lubi l i ty  of 
~250 kg  me te r  - s ,  a process requ i r ing  ,~30 min  wi th  
constant  s t i rr ing.  The dispersed,  smal l  c rys ta l l i te  sized 
powder  was flocculated using an aqueous solut ion of an 
organic  anionic flocculating agent  (Hercofloc 821, Her -  
cules Chemical  Company) .  The superna tan t  solut ion 
was decanted  and re ta ined  for chlor ide  solvent  recycle.  
The  p roduc t  was f i l tered to re t r i eve  the  remain ing  sal t  
solution, washed spar ing ly  wi th  dis t i l led H20, then  95 
volume percen t  (v /o)  e thanol  to faci l i ta te  drying,  and 
pa r t i a l l y  a i r  d r ied  on the filter. Af te r  more  complete  
d ry ing  in  a Teflon vessel  at  473~ the LiA102 was 
brief ly hea ted  to 773~176 to des t roy  traces of or-  
ganic ma te r i a l  as wel l  as reverse  any  hydra t ion  tha t  
had  t aken  place  in previous  processing. The mass loss 
observed  dur ing  this l a t t e r  hea t ing  was typ ica l ly  0.70 
w/o.  I t  was also de t e rmined  tha t  LiA102 (8-, ~- )  
possessed an effective H20 solubi l i ty  of ~1.0 kg m e t e r - 8  
wi th in  this processing scheme. 

The  re t a ined  a lka l i  chlor ide  solutions f rom MSLA-93,  
. . . .  98, conta ining the excess LiOH and dissolved 
LiA102, was recycled  into the  synthesis  of MSLA-99 
and 100 by  s imply  reducing i t  to drynesS. The  c rys ta l -  
l ine ma te r i a l  was brief ly comminuted  to reduce  its 
c rys ta l  size to tha t  of the v i rg in  chlor ide  salts. The 
p rope r  quant i t ies  of A12Oa.3H20 and LiOH-H20 (no 
excess) were  added  to the  solvent  and homogenized.  
The synthesis  was then  comple ted  as descr ibed above. 

P r o d u c t  C h a r a c t e r i s t i c s  
During  the deve lopment  of "chlor ide"  synthesis  for  

LiA1Oz, the  effects of m a x i m u m  react ion t empe ra tu r e  
and excess concentra t ion of L iOH.H20 were  inves t i -  
gated.  Al though  the b ina ry  chlor ide  mel t  had a l iq-  
uidus t e m p e r a t u r e  of 931~ the a d d i t i o n . o f  LiOH 
(mp ---- 723~ to the chlor ide  was ant ic ipa ted  to re -  
sul t  in an effect ively t e r n a r y  solvent  wi th  l iquidus be -  
low 931~ Minimizing the reac t ion  t empe ra tu r e  was 
expected  to minimize  the p roduc t  c rys ta l  size. The re -  
sults for  a constant  composit ion reac t ion  mix tu re  con- 
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Fig. I .  Product surface area vs. inverse reaction temperature 

ta ining 2 m / o  excess L iOH.H20  are  shown in Fig. 1. 
S imi la r  plots  were  genera ted  for  6 and  10 m / o  excess 
LiOH.HzO content  mixtures ,  the curves be ing  dis-  
p laced toward  lower  surface areas  ( < 2 0 % )  wi th  in- 
creasing excess LiOH.H20.  

Consider  first the circle  data, which  fol low the 
b roken  l inear  re la t ionships  indicated.  The ma te r i a l  
corresponding to the  h ighest  t empe ra tu r e  point  was 
analyzed  to be pure  7-LiA102. The remain ing  samples  
were  found to be p r e domina n t l y  8-LiA102, wi th  a 
smal l  amount  of a- and 7-LiA102. The two lowest  t em-  
pe ra tu re  samples  also showed the presence of poorly 
crys ta l l ized  7-A1203. In a separa te  set of exper iments ,  
omi t t ing  the LiOH.H20,  7-A1203 wi th  a surface a rea  
in excess of 120 m 2 g -1  resulted.  I t  was concluded 
f rom these da ta  tha t  the  change in slope, which  occurs 
ve ry  near  the b ina ry  chlor ide l iquidus  t empera tu re ,  
resul ted  from the admix tu re  of smal l  sized, poor ly  
crys ta l l ine  7-A1203 to a p r edominan t ly  LiA102 p rod -  
uct. The poor c rys ta l l in i ty  of the  7-A1203 rendered  i t  
de tec table  only at  ma jo r  concentrat ions.  

This conclusion was confirmed wi th  the square  da ta  
which resul ted  f rom samples  p r epa red  f rom a fine 
A1203.3H20 reactant ,  wet  mixed  wi th  the chlorides 
and LiOH.H20.  These samples  were  de te rmined  to be 
p redominan t ly  8-LiA102, wi th  no 7-A1203 in evidence. 
They correspond wel l  wi th  the  high t e m p e r a t u r e  seg- 
ment  line. Therefore,  to ob ta in  quant i t a t ive  conversion 
of A1203"3H20 to LiA102, e i ther  special  care in react ion 
mix tu re  p repa ra t ion  was required,  or  the  react ion mus t  
be conducted above the chlor ide  l iquidus.  The l a t t e r  is 
the p re fe r r ed  route  f rom an appl icat ions  point  of view. 
An addi t ional  benefit  is possible in tha t  the chlor ide 
l iquidus t empe ra tu r e  is ve ry  near  the fuel  cell ope ra t -  
ing t empera tu re ,  t he reby  giving a ma t r i x  ma te r i a l  
more  nea r ly  in equ i l ib r ium wi th  the  condit ions ex-  
pected in opera t ing  fuel  cells. 

Var ia t ion  of the l i th ium reac tan t  anion was also ex-  
plored. The t r iangle  da ta  in Fig. 1 were  for samples  in 
which Li2CO3 was equ iva len t ly  subs t i tu ted  for LiOH. 
H20. Both samples  were  composed of a-LiA102 and ~- 
A12Oa. No 8- or 7-LiA102 were  detected.  S imi la r  r e -  
sults were  obta ined wi th  subst i tu t ion of LiNO3 for 
for  L iOH.H20 in tha t  pure,  h igh surface a r ea  a-LiAiOa 
resul ted,  a l though conversion was appa ren t ly  complete  
in that  case. These da ta  ind ica ted  tha t  the  anion species 
can g rea t ly  effect the LiA102 a l lo t rope  s tab i l i ty  in an  
o therwise  constant  environment .  

The effects of increas ing excess of L iOH.H20  in an  
o therwise  constant  composit ion react ion mix tu re  are  
shown in Fig. 2. The react ion t e m p e r a t u r e  was in the 
in te rva l  923~176 Al l  products  were  p r edominan t ly  
/~-LiA102, wi th  no unreac ted  A1203 detected by  x - ray .  
Al though  the produc t  surface areas  decreased wi th  in-  
creasing excess, the effect was r e l a t ive ly  minor.  Based 
on these data, i t  was decided to use a 2 m/o  LiOH-H20 
excess in sca led-up  p repara t ions  of a p redominan t ly  
8-LiA102 ma t r i x  mater ia l .  This was done in o rder  to 
compensate  for expected  composi t ional  inhomogenei t ies  
in the l a rge r  tots of reac t ion  mix ture .  

Eight  1.5 kg  lots of LiA102 were  p repa red  using the 
"chlor ide"  synthesis,  the character is t ics  of which  are  
given in Table I. The first six lots were  p repa red  using 
vi rgin  chlor ide  solvent  components.  The las t  two lots 
used the recycled chlor ide  solvent  and  excess LiOH 
genera ted  by the first six lots. As indicated,  there  is 
no difference be tween  the two groupings.  The mate -  
r ia ls  a re  p r edominan t ly  8-LiA102 wi th  an average  
spher ica l  equiva lent  c rys ta l l i te  d iamete r  of 0.34 ~m, 
as de te rmined  by  BET surface a rea  measurements .  
The ma te r i a l  is, however ,  composed of crys ta l l i tcs  of 
wide ly  va ry ing  morpho logy  and size, as shown in 
Fig. 3 and 4. 

This  m ix tu r e  of crystaUite  sizes and  morphologies  
was expected  to y ie ld  m a t r i x  compacts  which  possessed 
smal l  sized, na r row poros i ty  dis t r ibut ions.  I t  was found, 
however ,  that  the a s - p r e p a r e d  ma te r i a l  contains suffi- 
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cient synthesis-generated agglomerates to yield a 
broadened, ill-defined porosity distribution. This topic 
is covered in detail in the companion paper. The ap- 
propriate porosity distribution was developed by wet 
comminuting the as-prepared LiAlO2 for 8 hr in an 
a-A1203 mill using absolute CHsOH as the fluid. Al- 
though the average spherical equivalent crystal size 
of the milled sample changes little, from 0.31 to 0.26 
~m, the porosity distribution was markedly altered. It 
became well defined about a maximum in the distri- 
bution located at 0.50-0.60 ~m. It should be noted ~hat 
a similar situation probably exists in conventionally 
prepared matrix-electrolyte composite mixtures. The 
deagglomeration of such mixtures is, however, made 
more uncertain by the presence of the relatively soft, 
hygroscopic electrolyte component. 

Conversion to Matrix-Electrolyte Composite 
The deagglomerated "chloride" synthesis LiA102 

was converted into a matrix-electrolyte composite by 
simply dry blending the LiA102 with the requisite 
quantities of Li2CO3 and K2CO3. This mixture was 
heated to 873~ for 1 hr in an air atmosphere using a 
dense ~-AI~Os crucible. The resultant cake was briefly 
dry comminuted to produce a powder suitable for 
fabrication into electrolyte structures by hot-pressing. 

Fig. 3. SEM micrograph of MSLA-95, 2000• 

Fig. 4. SEM micrograph of MSLA-95, 10,000• 

The behavior of this alternately prepared material 
during fabrication and subsequent fuel cell evaluation 
was equivalent to that experienced with conventionally 
prepared materials. 

Conclusions 
An alternate, relatively rapid process for the prepa- 

ration of LiA102 matrix material for molten carbonate 
fuel cells has been developed. The reaction conditions 
and processing operations required to generate fuel 
cell quality material have been defined. 
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Table  I. Characteristics of "chloride" synthesis I.iAtO~, 

Sample  n u m b e r  
Qual i ta t ive  

x -ray  di f fract ion 

AiLotrope compos i t i on  

BET sur- ~-LiAIO~ 
face  area  a.LiA10~ (volume 96) ~-LiA10~ 

MsLA~3 
94 
95 
96 
97 
98 
99 

100 

A v e r a g e  

In all cases ,  m a j o r  phase  
~-LiAIO~, minor to t r a c e  
amounts of a- and V- 
LiAlOs 

No a- or ~-Al~Os 

6.11 14 72 14 
7.38 8 SO 12 
6.43 11 72 17 
5.70 12 74 14 
6.89 10 75 15 
5.18 10 77 13 
9.13 
7.67 

6.81 11 75 14 
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ABSTRACT 

A process is p resen ted  for the p repa ra t ion  of re inforced  mol ten  carbonate  
fuel  cell  e lec t ro ly te  s t ruc tures  which does not  involve  a ho t -p ress ing  ope ra -  
tion. This process is based on the use of an e lec t ro ly te - f ree  LiA102 ma t r i x  
ma te r i a l  of p rede te rmined ,  t a i lo red  character is t ics .  The ma t r i x  is fabr ica ted  
into a "b lank"  using convent ional  ceramic techniques.  The "b lank"  is sub-  
sequent ly  inf i l t ra ted unde r  contro l led  condit ions w i th  mol ten  e lectrolyte .  

The e lec t ro ly te  s t ructure ,  or tile, used in mol ten  
carbonate  fuel  cells consists of a mix tu re  of a lka l i  
me ta l  carbonates  contained in the inters t ices  of an  
a r r a y  of chemical ly  iner t  inorganic  crystal l i tes .  The 
na tu re  and p r epa ra t i on  of the  components  of the elec-  
t ro ly te  s t ruc ture  were  discussed in a companion pape r  
(1). The subjec t  of the  presen t  pape r  is an a l t e rna te  
method  for  the  fabr ica t ion  of the  m a t r i x  (p resen t ly  
LiA102) and e lec t ro ly te  ( typ ica l ly  62 mole percent  
(m/o )  Li2CO3-38 m / o  K2COa) into the e lec t ro ly te  

s t ructure .  
The s t ruc ture  is convent iona l ly  fabr ica ted  by  hot -  

press ing (2) a f inely par t icula te ,  int imate,  m a t r i x - e l e c -  
t ro ly te  composite  mixture .  The processing involves 
hea t ing  the die and mix tu re  to t empera tu res  5~176 
be low the e lec t ro ly te  l iquidus  (,~764~ for the  62:38 
composi t ion)  and  app ly ing  pressures  of up to 60 MPa 
for 15-120 min. The ent i re  cycle, including hea t ing  and 
cooling of the  appara tus ,  requi res  a m in imum of 4 hr. 
S t ruc tures  in  excess of 0.30 m 2 ha~,e been successful ly  
p r epa red  in this fashion. However ,  commercia l  app l i -  
cat ion of mol ten  ca rbona te  fuel  cell wil l  requi re  tens of 
thousands of square  meters  of e lec t ro ly te  s t ruc ture  in 
uni t  sizes exceeding  1 m 2. These size requ i rements  m a y  
resul t  in significant lengthening  of the uni t  product ion 
time. The capi ta l  in tens ive  na tu re  of the  present  hot -  
press ing  fabr ica t ion  process indicates  a need  for  an 
a l t e rna te  fabr ica t ion  process. 

One possible  approach  to an a l t e rna te  fabr ica t ion  
process is to decompose the present  s imul taneous  ap-  
pl icat ion of pressure  and t empe ra tu r e  into two dist inct  
processes. In  such an a l t e rna te  approach,  a l l  pressure  
appl ica t ions  are  conducted at  ambien t  tempera tures ,  
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while  high t empe ra tu r e  processing is conducted at  a m -  
bient  pressure.  Wi th  a process decomposit ion,  i t  should 
be possible to both reduce uni t  process cycle t imes and 
in t roduce  continuous processing operations.  The de-  
ve lopment  of such a fabr ica t ion  process is the  subjec t  
of this paper .  

Impregnation Fabrication Process 
The a l t e rna te  process consists of fabr ica t ing  the 

ma t r i x  mater ia l ,  in the  absence of the e lec t ro ly te  phase,  
into a par t ic le  a r r a y  of appropr i a t e  poros i ty  charac-  
terist ics at  ambien t  tempera tures .  This a r r a y  is then 
impregna ted  wi th  mol ten  e lec t ro ly te  at  ambien t  p res -  
sure, using cap i l l a r i ty  to d r aw  the mol ten  phase into 
the ma t r i x  interst ices.  There  is, in pr inciple ,  no l imi t a -  
t ion on the na ture  of e i ther  the m a t r i x  or  the elec-  
t rolyte .  

The process was deve loped  using the deagg lomera ted  
"chlor ide" synthesis  LiA102 p rev ious ly  repor ted  (1). 
A n y  chemica l ly  s table  m a t r i x  source is sui table,  p ro -  
v ided it contains subs tan t ia l ly  no second phase content  
which would  prec lude  the es tabl i shment  of the ap-  
p ropr ia te  pore size d is t r ibu t ion  dur ing  the ma t r i x  fab-  
r icat ion operat ion.  In  the  presen t  case, co ld-press ing  
of the  m a t r i x  was used as a ma t t e r  of convenience. 
More continuous, high volume fabr ica t ion  processes, 
such as tape  casting, slip casting, or e lec t rophoret ic  
deposition, are  even more  a t t ract ive .  Wha t  is r equ i red  
of the ma t r ix  forming  process is the a t t a inment  of a 
stable, c lose-packing of the ma t r i x  crystal l i tes .  

The deagg lomera ted  "chlor ide"  synthesis  LiA102 
possessed insufficient se l f -b ind ing  charac te r  to a l low 
pressing of sufficiently s trong thin ( ~ 1 - 2  mm)  slabs 
to pe rmi t  handling.  This condit ion was remedied  by  
the addi t ion  of an organic  compound as a fugi t ive  
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binder .  In i t ia l  exper iments  wi th  the  aqueous addi t ion  
of po lyv iny l  alcohol (du Pont  Chemical  Company,  51- 
05) showed tha t  pa r t i a l  hydra t ion  of the  LiA102 re -  
sulted. The hydra t e  fo rmat ion  led to a de t r imen ta l  r e -  
agglomera t ion  of the in i t ia l ly  monodispersed  c rys ta l -  
lites, which  in tu rn  resu l ted  in an inappropr i a t e  poros-  
i ty  d is t r ibut ion  in  the pressed body. This point  wi l l  
be considered more  fu l ly  below. 

A sui table  b inder  sys tem was developed based on 
po lyv iny l  bu ty r a l  (Monsanto Chemical  Company,  
BUTVAR B-74 resin)  dissolved in absolute  methanol .  
The LiAIO2 was d ispersed in the b inder  solut ion [1 
weight  pe rcen t  (w/o)  resin on a d r y  basis] us ing in-  
tensive, h igh- shea r  blending.  The methanol  was evapo-  
r a t ed  b y  in f ra red  heat ing,  wi th  constant  s t i r r ing  of 
the mix tu re  to avoid segregat ion  of the  b inder .  The 
d ry ing  process was ha l t ed  before  complete  methanol  
removal ,  i.e., at  a point  where  a soft, a p p a r e n t l y  dis-  
persed  powder  mass resul ted.  Complete  r emova l  of the  
methanol  resu l ted  in  a r o c k - h a r d  mass  which  could 
not  be pressed  into an appropr i a t e  poros i ty  body  due 
to b inde r  genera ted  agglomera tes  of except iona l  
s trength.  Such ma te r i a l  could, however ,  be r egenera ted  
by  the re in t roduct ion  of methanol  th rough  the vapor  
phase. The r e s i n : m e t h a n o l  content  ra t io  requ i red  is 
1: 1-1:3 on a mass basis. The b inder  containing powder  
was screened --40 mesh  before  use. 

The  m a t r i x  b lanks  were  cold-pressed  in a steel  die 
at  14-35 MPa. The die was loaded wi th  half  the  r e -  
qui red  powder  charge  and leveled.  A single l aye r  of 
pressure- f la t tened  20 mesh Kanthal@ A-1 screen (0.127 
m m  wire  d iamete r )  was p laced  on the leve led  powder  
and the remain ing  LiA102 added  and leveled.  The 
pressed  bodies, reinforced,  measur ing  165.1 X 76.2 X 
2.3 ram, were  cut in half  to give two b lanks  sui table  
for fuel  cell  exper iments  in this labora tory .  The b lanks  
were  t r ans fe r red  to sui table  subs t ra tes  for mol ten  car -  
bonate  impregnat ion.  

The na tu re  of the subs t ra te  was impor tan t  to the  
impregna t ion  process. Since i t  contacted l iquid  e lec t ro-  
ly te  dur ing the process, the subs t ra te  had  to be chemi-  
ca l ly  iner t  t oward  mol ten  carbonate .  Another  r equ i re -  
ment  was that  the b l ank- subs t r a t e  in ter face  be poor ly  
ma ted  to a l low a tmosphere  displaced f rom the 
m a t r i x  inters t ices  to escape ahead of the advancing  
l iquid e lec t ro ly te  f ront  which  or ig ina ted  at  the opposi te  
b lank  face. Fa i lu re  to observe these condit ions resul ted  
in the  genera t ion  of l iquid enve lope-bounded  gas bub -  
bles which, in the  course of the  impregnat ion ,  led  to 
physical  d i s rupt ion  of the nonbonded  ma t r i x  crys ta l  
a r r a y  wi th  a t t endan t  loss of physical  shape and d imen-  
sion control  in the finished e lec t ro ly te  s t ructure.  I t  was 
found that  porous A1203 plaques  covered wi th  wrinkled ,  
and  pa r t i a l l y  flattened, gold foil  satisfied these r e -  
quirements .  

The  re inforced  m a t r i x  b lanks  were  impregna ted  
wi th  mol ten  e lec t ro ly te  by  loading the solid e lec t ro-  
lyte,  p reme l t ed  and ground, on top of the b lanks  in  an  
evenly  d i s t r ibu ted  pat tern .  The m a j o r i t y  of expe r i -  
ments  conducted dur ing  this deve lopment  used ag-  
g lomera ted  m a t r i x  ma te r i a l  so tha t  the  b lanks  pos-  
sessed broad,  poor ly  defined pore  size dis t r ibut ions,  as 
wi l l  be documented  below. These dis t r ibut ions  p r e -  
c luded adding the ent i re  e lec t ro ly te  charge wi th  a 
single impregna t ion  since no effective, p rac t ica l  means  
could be devised to th ro t t l e  the ra te  of in t roduct ion  of 
mol ten  ma te r i a l  to the blank.  I t  was found tha t  the 
ra te -con t ro l l ing  step was the absorpt ion  and d i s t r ibu-  
t ion of mol ten  e lec t ro ly te  wi th in  the m a t r i x  c rys ta l  
a r ray .  At t empts  to in t roduce  the ent i re  e lec t ro ly te  
charge  resul ted  in d i la t ion  of the  m a t r i x  a r r a y  to the  
point  where  the crys ta l l i tes  r ea r r anged  themselves  
physical ly .  This act ion d i s rup ted  the physical  shape 
and dimensions of the  b lank  and rendered  the product  
useless for fuel  cell  exper iments .  The p rob lem was 
e l imina ted  by  impregna t ing  wi th  only 50-75% of the 
r equ i red  electrolyte .  The remain ing  e lec t ro ly te  was 

added  in a second impregnat ion .  Fur the r ,  i t  was found 
necessary to l imi t  the ra te  of hea t ing  to ~ 40~ hr  -1 
near  the e lec t ro ly te  l iquidus  tempera ture .  Adherence  
to these requ i rements  resu l ted  in e lec t ro ly te  s t ruc tures  
which  were  sui table  for  fuel  cell  exper iments .  

When  a deagg lomera t ed  m a t r i x  ma te r i a l  was  used, 
and t h e  re inforc ing mesh omit ted,  the  ent i re  e lec t ro ly te  
charge could be added  in a single impregnat ion.  F u r -  
ther,  there  was no l imi ta t ion  on the ra te  of l iquid ad-  
di t ion to the blank.  The finer poros i ty  presen t  wi th  a 
deagg lomera ted  matr ix ,  and  the a t t endan t  un i form 
cap i l l a r i ty  of the  ar ray ,  p rov ided  for  more  rap id  and 
un i fo rm absorpt ion  of the  l iquid  phase.  

Incorpora t ing  a re inforc ing mesh into a deag-  
g lomera ted  m a t r i x  c rys ta l  a r r a y  resul ted  in a p rev i -  
ously  unobserved problem. The pressure - f la t t ened  
mesh was used wi thout  precondi t ioning i t  wi th  mol ten  
e lec t ro ly te  since i t  was fe l t  tha t  such t r ea tmen t  
would  r ende r  the  mesh too f ragi le  for the fabricat ion.  
When  the re inforced  b l a n k  was impregna ted  wi th  the  
ent i re  e lec t ro ly te  charge,  i t  was observed  tha t  the 
mesh in te rac ted  wi th  the  mol ten  electrolyte ,  both  
oxidizing and " l i th ia t ing"  of a surface l aye r  on the 
mesh, genera t ing  CO2. This gas was t r apped  in l iqu id-  
bounded  envelopes at the  mesh p lane  and caused 
separa t ion  of the  e lec t ro ly te  s t ruc ture  a t  this plane.  
The p rob lem was not  observed  using agg lomera ted  
m a t r i x  since the  wide pore  size d is t r ibu t ion  in tha t  
case l ike ly  p rov ided  e lec t ro ly te -vo id  channels  to vent  
the  gas generated.  

The  effects of the mesh -mo l t en  e lec t ro ly te  in t e r -  
act ion were  amel io ra ted  by  using two impregnat ions .  
The first impregna t ion  added  50% of the r equ i red  
electrolyte .  Since uniform, fine poros i ty  was presen t  
wi th  ~the deagg lomera ted  mat r ix ,  the  l iquid  e lec t ro-  
ly te  was subs tan t ia l ly  res t r ic ted  to the regions of the 
b lank  bounded by  the top surface,  the  point  of elec-  
t ro ly te  in t roduct ion,  and the midp lane  where  the 
mesh resided. The lower  half  of the b l ank  r ema ined  
subs tan t ia l ly  e lec t ro ly te - f ree  and provided  an escape 
pa th  for the CO2 genera ted  dur ing the in situ mesh 
conditioning.  The r ema in ing  e lec t ro ly te  was added  
using a second impregnat ion,  y ie ld ing  e lec t ro ly te  
s t ructures  sui table  for fuel  cell  evaluat ion.  

F u e l  C e l l  E v a l u a t i o n  
The first fuel  cell expe r imen t  (CRD-027) was con- 

ducted using a re inforced  e lec t ro ly te  s t ruc ture  con- 
ta in ing agg lomera ted  LiA102 m a t r i x  mater ia l .  The 
e lec t rochemical  pe r fo rmance  of this 0.44 • 10-2m 2 
act ive area  cell  is shown in Fig. 1. This expe r imen t  
involved more  than 20 the rmal  cycles of the cell  be-  
tween  923~ the cell  opera t ing  t empera tu re ,  and 
~650~ a t empe ra tu r e  be low the e lec t ro ly te  solidus, 
a t  cycle ra tes  of 50~176 hr  -1. The cell  was ma in -  
t a ined  at  the  lower  t empera tu re  for per iods  r andomly  
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rang ing  f rom 2 to 18 h r  before  r e tu rn ing  to the  oper -  5 
a t ing  tempera ture .  I t  was assumed tha t  the m a j o r  im-  
pac t  of t he rma l  cycl ing was involved  wi th  the  e l e c -  7 m 
t ro ly te  phase  t ransformat ion .  The  e lec t rochemical  pe r -  ~ 4 
formance  of the  cell  was be low (by  a fac tor  of 2-3) 
tha t  achieved in  this l abo ra to ry  using selected, con- 
ven t iona l ly  p r e p a r e d  e lec t ro ly te  s t ruc tu res  in  the  
same hardware .  The factors  respons ib le  for  this b e -  ~ 3 
hav io r  a r e  cons idered  below. < 

The gas managemen t  character is t ics  of this  cell  a re  ~_ 
shown in Table  I. The  wet  seal  pe r fo rmance  w a s  d e -  < 2  
t e rmined  f rom m e a s u r e m e n t  of in le t  and  out le t  gas 
flow rates.  The  c ross - leakage  was de t e rmined  using 
an  a rgon-doped  cathode s t r eam and mass  spe c tr o -  
metr ic  analysis  of the anode e x i t  s t ream.  T h e s e  data  I 
indica te  exce l len t  anode seal  pe r fo rmance  f rom the  
s t a r t  of the  expe r imen t ,  whi le  the  cathode seal  took 
severa l  days  to establish.  Both  seals ma in ta ined  in-  
t eg r i ty  over  the -~2000 h r  of the  exper iment .  T h e  
cross - l eakage  behav ior  was somewhat  more  var iable .  
The in i t ia l  behav ior  was good. The rma l  cycling in -  
c reased  the cross- leakage,  a n d  there  is indica t ion  tha t  
the  magn i tude  of l e a k a g e  is p ropor t iona l  to t he  f re -  
quency  of  cycling. Fur the r ,  cessat ion of cycling, 
when  coupled wi th  s t eady  cel l  operat ion,  appea red  to 
a l low the cyc l ing- induced  damage  to a t  least  p a r t i a l l y  
reverse  itself. 

Electrolyte Structure Diagnostics 
The  main tenance  of e lec t rochemical  pe r fo rmance  is 

dependent ,  in par t ,  on the  constancy of m a t r i x  m a -  
te r ia l  character is t ics  in the  funct ioning e lec t ro ly te  
s t ructure .  The effects of cell  opera t ing  condit ions on 
the ma t r i x  were  examined  by  measur ing  the crys ta l l i te  
surface area,  hence a v e r a g e  size, before  and a f te r  use 
in  a fuel  cell. Three  di f ferent  e lec t ro ly te  s t ruc tures  
were  examined.  The first was f rom the  p rev ious ly  
discussed expe r imen t  (CRD-027).  The  ma te r i a l  used 
was "chlor ide"  synthesis  LiA102 wi th  a surface a rea  
of 6.43 m 2 g - l ,  and the exper imen t  dura t ion  was more  
than  2000 hr. The o ther  two s t ruc tures  (DECP-010, 
CRD-028) were  p repa red  b y  convent ional  techniques 
(3),  the  ma t r ixes  having  surface areas  of 11.42 and 
9.09 m 2 g-~,  respect ively .  Their  cell  env i ronment  ex -  
posures  were  ,-~700 and ,-~192 hr, respect ively .  The 
ma t r i x  was separa ted  f rom the e lec t ro ly te  b y  dissolu-  
t ion of the  l a t t e r  in  an equal  vo lume mix tu re  of 
glacial  acetic ac id-ace t ic  anhydr ide ,  fol lowed b y  fil- 
t rat ion,  a wash  wi th  absolute  methanol ,  and  d ry ing  
a t  393~ The samples  analyzed  rep resen ted  quad-  
rants  of the  e lec t ro ly te  s t ructures .  

The  resul ts  of this  analysis  a re  g iven in  Fig. 2. 
These da ta  show tha t  the  average  c rys ta l l i t e  size has 
increased  as a resul t  of cell  exposure.  The in i t ia l  

Table I. Gas management in CRD-027 

Wet seal leakage 
Thermal Anode Cathode Cross leak- 

Day cycle (%) (%) age (%) 

1 0 0 . 0 0  8 . 0 0  0 . 0 0  
2 0 0 . 0 0  5 . 0 0  0 . 0 0  
5 1 - -  - -  0 . 0 0  

1 5  2 - -  - -  0 . 5 0  
2 2  3 ~ - -  0 . 2 5  
2 5  4 - -  - -  0 . 2 5  
2 8  5 - -  - -  0 . 4 0  
2 9  6 - -  - -  0 . 2 5  
3 2  7 - -  ~ 0 , 2 5  
3 5  8 - -  - -  0 . 2 5  
4 4  9 - -  N 1 . 8  

4 5  1 0  - -  ~ 0 . 7 5  
5 1  1 1  ~ ~ 0 . 0 0  
5 9  12  ~ ~ 1 . 0 0  
7 0  13 ~ - -  1 . 0 0  
70  1 4  ~ ~ 
71 15  ~ N - -  
73  1 6  - -  ~ 
7 8  17  ~ ~ 2 . 7 5  
79  18  1 - -  4 . 5 0  
8 0  19  ~ ~ 6 . 5 0  
8 4  2 0  0 . 0 0  0 . 0 0  4 . 2 5  
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Fig. 2. Matrix crystal growth in fuel cell environment 

crys ta l  size difference has given w a y  to one dependen t  
on t ime of exposure.  In  addit ion,  there  is no ind ica-  
t ion that  the  c rys ta l  g rowth  process has t e rmina ted  
at  2000 hr. These da ta  indicate  an  ins tab i l i ty  of the  
mat r ix ,  hence the e lec t ro ly te  s t ructure ,  unde r  cell  
opera t ing  conditions. 

Measuremen t  of the  m a t r i x  c rys ta l l i t e  pore  size 
d is t r ibu t ion  in  convent ional ly  p r e p a r e d  mate r i a l s  in -  
volves the  r emova l  of the  e lec t ro ly te  phase.  There  
is the a t t endan t  assumpt ion  tha t  the f reed  m a t e r i a l  
can be reassembled  into an a r r a y  represen ta t ive  of 
tha t  which  would  have exis ted  had  the e lec t ro ly te  
been present .  Such an  assumpt ion  is unecessary  in 
impregna t ion  fabr ica t ion  s t ruc ture  in  tha t  measu re -  
ments  can be made  d i rec t ly  on  the  m a t r i x  b lanks  
pr io r  to impregnat ion .  Such  measurement s  were  
m a d e  in  an  effort to de te rmine  reasons for  the  fa i l -  
u re  of cell  CRD-027 to give op t imum elec t rochemical  
performance.  

F igure  3 shows the cumula t ive  pore  vo lume f rac -  
t ion vs. pore  diameter ,  as measu red  b y  m e r c u r y  in-  
t rus ion  porosimetry ,  for  both  the  m a t r i x  b l a n k  and 
the v i rgin  Ni e lec t rode  used in the  fuel  cell  expe r i -  
ment.  The steepness of the  e lect rode curve is indica-  
t ive of the  wel l -def ined  pore  size d is t r ibu t ion  exis-  
tent  in tha t  body. The m a t r i x  b lank,  in  contrast ,  has 
a sha l lower  slope, indica t ive  of its poor ly  defined , 
b road  pore  size dis t r ibut ion.  The d i s t r ibu t ion  over -  
lap  be tween  m a t r i x  and e lec t rode  ind ica ted  tha t  a t  
wors t  ,-~10% of the  e lec t rode  pores  would  be  e lec-  
t rolyte-f i l led.  This condi t ion should not  have p r e -  
c luded sa t i s fac tory  e lec t rochemical  pe r fo rmance  of 
the  cell. 

F igu re  4 shows tha t  same m a t r i x  d i s t r ibu t ion  along 
wi th  the measu red  dis t r ibut ions  for  : the  anode and 
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cathode retr ieved from the cell experiment .  The used 
electrode distr ibutions are somewhat broadened re la-  
tive to the vi rgin  electrode material ,  resul t ing in an 
increased overlap with the mat r ix  curve. The s i tua-  
t ion in  an operat ing cell would be worse in  that  
matr ix  crystal growth would have increased the aver-  
age pore diameter, thereby fur ther  increasing the 
distr ibutions '  overlap. It  was concluded from these 
data that  the failure of the cell to perform properly 
was due in large measure to flooding of the electrodes 
with mol ten electrolyte resul t ing from excessive 
overlap of the mat r ix  and electrode pore size distri-  
butions. 

The cause of the poor matr ix  pore size dis t r ibut ion 
was determined with the aid of a "reference" ma-  
terial. An  alkal ine earth t i tanate,  synthesized by a 
va r ian t  of the "chloride" synthesis previously dis- 
cussed, was pressed into a mat r ix  b lank  and its pore 
size dis t r ibut ion measured. This mater ia l  possessed 
an average spherical equivalent  crystal diameter, as 
measured through the BET surface area, of 0.31 /~m, 
compared with 0.36 ~m for the LiA102. However, the 
"reference s mater ia l  crystall i tes were more sym- 
metr ical ly shaped and un i formly  sized than  those of 
the LiA102. Further ,  the "reference" crystallites were 
known  to be substant ia l ly  monodispersed, a charac- 
teristic uneva lua ted  in  the LiA102. 

Figure 5 shows the pore volume vs. size comparison 
of the "reference" wi th  the electrodes from the cell 
experiment.  Unlike the LiA10~ blank, the "reference" 
b lank  had a well-defined pore size dis t r ibut ion which 
produced only minor  overlap with the electrode dis- 
tributions,  a condition which should result  in proper 
electrode wetting. It was concluded from these data 
that agglomeration in  the "chloride" synthesis LiA102 
was the source of the poor pore size d is t r ibut ion in  the 
matr ix  blanks. To assess this conclusion, a sample of 
"chloride" synthesis LiA102 was deagglomerated, as 
previously reported (1). The average spherical equiva-  
lent  diameter  was reduced from 0.30 to 0.26 #m. More 
strikingly, a b lank  prepared from the deagglomerated 
mater ia l  possessed a pore size dis t r ibut ion ind is t in :  
guishable from that of the "reference" material ,  con- 
firming the interpretat ion.  
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Fig, 5. Porosity distributions of monodispersed "reference" 
crystalline material and used electrode materials. 

The anticipated effect of the documented IAA102 
crystal  growth under  cell operating conditions is to 
move the pore size distr ibutions of the mat r ix  and 
electrodes closer together, increasing their  overlap. 
However, the deagglomerated mat r ix  should be more 
tolerant  of this change than  was the agglomerated 
matrix.  Experiments  are unde rway  to assess the near  
and long- te rm performance of cells incorporat ing 
deagglomerated "chloride" synthesis LiA102, both as 
convent ional ly  and impregnat ion  fabricated electro- 
lyte structures. 

Conclusions 
A fabrication process for mol ten carbonate fuel 

cell electrolyte structures has been developed which 
el iminates the need for a hot-pressing operation. The 
requirements  and conditions required to prepare 
structures suitable for fuel cell application have been 
defined. 
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ABSTRACT 

Technological advances, latest state of the art, and ul t imate  achieved per-  
formance of p r imary  mercuric  oxide-zinc cells for biomedical  implantable  
applications are reviewed. The data presented in  this review should serve 
as a basis against  which long- te rm performance data of l i th ium batteries 
could be compared in the future. The different ce l l - in ternal  and cel l -external  
self-discharge processes are analyzed as to their  relat ive importance in causing 
capacity loss. Other aqueous electrolyte, a lkal ine p r imary  cells, such as the 
HgO-Cd cell, and secondary NiOOH-Cd batteries are also briefly discussed 
regarding biomedical  implan tab le  applications. 

In  recent  years, more and more cardiac pacemakers 
have used as a power source a l i th ium bat te ry  of 
some sort. In  the past, however, aqueous electrolyte, 
a lkal ine p r imary  batteries of the mercuric oxide-zinc 
type were used extensively. Fester et al. (I)  estimate 
that  99% of the 350,000 cardiac pacemakers implanted 
dur ing  the period 1969 to 1974 were powered by mer -  
curic oxide-zinc cells. By the end of 1976 over 700,000 
implan ted  cardiac pacemakers contained mercuric  
oxide-zinc cells as the power source (2). The first 
long- te rm use of mercuric  oxide-zinc cells in pace- 
makers  goes back to about  1960. 

The present  review describes the improvements  
made in  mercuric  oxide-zinc batteries over the past 
years, u l t imate  performance reached with this sys- 
tem, and finally some novel means to fur ther  opti-  
mize the system for long- te rm use. 

The results on long- te rm testing of mercuric  oxide- 
zinc cells reported in this review should serve as a 
basis of comparison with performance of various 
newer  l i th ium batteries. 

The major  self-discharge processes occurring in 
HgO-Zn cells are evaluated as a funct ion of tem- 
perature,  and an est imation of the act ivat ion energy is 
a t tempted for each individual  reaction. In analyzing 
self-discharge it is of importance to dist inguish be-  
tween ce l l - in terna l  and ce l l -external  processes. 

The two main  ce l l - in terna l  side-reactions leading to 
capacity loss are: (i) Solubi l i ty  of mercuric  oxide in  
alkal ine electrolytes and diffusion of dissolved mer-  
curic oxide species towards the zinc electrode. (ii) 
Hydrogen evolution at the zinc electrode. Reactions 
occurring ex te rna l ly  to the cells which may contr ib-  
ute substant ia l ly  to self-discharge are: (iii) Externa l  
electrolysis in  moisture films on cell surfaces or leads, 
including anodic oxygen evolution o r  anodic corro- 
sion of metal  parts, and cathodic hydrogen evolution. 
(iv) External  oxygen cycle, due to electrochemical 
reduct ion of oxygen on negative te rmina l  parts and 
oxygen evolution on positive te rminal  parts. 

Reliability, longevity, and uni formi ty  of mercuric 
oxide-zinc p r imary  batteries are de termined by the 
construction of the in ter-e lect rode separation, in  par -  
t icular  the prevent ion  of edge passage ways for mer-  
cury droplets, the type of separator  mater ia l  and 
n u m b e r  of separator  layers, the conception of the 
seal, and the precision of meter ing  anode, cathode, 
and electrolyte weights. 

Besides mercuric  oxide~zinc cells, some other aque-  
ous electrolyte alkal ine p r imary  ba t te ry  systems as 
well  as rechargeable types have been proposed for 

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  M e m b e r .  
Key  words :  a lka l ine  p r i m a r y  cel ls ,  m e r c u r i c  oxide-zinc cells ,  

m e r c u r i c  o x i d e - c a d m i u m  cel l s ,  n i c k e l - c a d m i u m  cel ls ,  b iomedica l  
p o w e r  source .  

implantable  application, in  par t icular  the pr imary  
HgO-Cd and the secondary NiOOH-Cd system. So 
far, these have been of l imited practical ut i l izat ion 
(3, 4). Their  behavior  dur ing long- te rm use is also 
briefly discussed in the present  review. 

Mercuric Oxide-Zinc Batteries for Biomedical 
Application 

Pr imary  mercuric oxide-zinc batteries for bio- 
medical use are i l lustrated in  Fig. 1 and 2. The Mal-  
lory RM 1 cell, shown to the left of Fig. 1 and 2, was 
for many  years the only  avai lable power source (5, 
6). I t  makes use of a cylindrical,  r ing-shaped elec- 
trode structure. The positive mercuric oxide electrode 
lines the inside can wall. The negative zinc electrode 
is contained in a central ly  located separator tube. 
With this design it was very difficult to achieve ul t i -  
mate safety against  short circuits a round the sepa- 
rator edges. 

In the period 1960-1970 pacemakers had to be re-  
placed typically after 18-24 months of service. Since 
the nominal  capacity of RM 1 cells was 1 A-hr,  and 
typical current  requirements  in a pacemaker  at that  
time were in the order of 30 ~A, only about  50% of 
the theoretically available capacity could be realized 
in  practice prior to premature  failures occurring due 
to in te rna l  short circuits (1, 7). 

In  order to immobilize the mercury  droplets formed 
dur ing discharge, silver powder was added to the 
positive electrode mix. The mercury  droplets readily 
form with silver a solid amalgam. However, even 
though an improvement  was noted, the short ing 
problem was still not solved satisfactorily. 

Fig. 1. Medical-grade HgO-Zn cells. Left, Mallory RM1 cell; 
right, Leclanch~ MR 81 cell. Dimensions and characteristics are 
given in Table h 
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Fig. 2. Construction of RM! (left) and MR 81 (right) cells. 1, 
Positive electrode; 2, negative electrode; 3, separators; 4, positive 
terminal (can); 5, negative terminal (cover) [from Ref. (9)]. 

In  the beginning of the seventies, a fur ther  im-  
provement  was made by introducing the "double 
wrap" separator barrier.  Better  than  5 years longevity 
has been achieved with cells incorporat ing this im-  
proved separator design (4). 

In  the MR 81 (Leclanch~) but ton cell design, shown 
to the r ight  of Fig. 1 and 2, the electrodes are pellets, 
ra ther  than cylinders (8). The separators are t ightly 
locked at  the edge between the grommet  seal and a 
support ing steel ring. This cell construction is char-  
acterized by extreme rel iabi l i ty  against in te rna l  
short circuits. Long term performance data achieved 
with this cell have been reviewed recent ly (9). MR 
81 cells have been available in  an absolutely unal te red  
construction since 1970. 

Dimensions and electrical data of RM 1 and MR 81 
cells are listed in  Table I. Obviously, for modern 
pacemaker designs, cells of lower height would be 
desirable. However, the basic design of the MR 81 
cell lends itself to the construction of flat but ton  cells, 
as used, for instance, in  watches. 

Most pulse generators have used 4 or 5 mercuric 
oxide-zinc cells of the RM 1 size connected in  series. 
The cells were cast into the epoxy resin together 
with the electronic circuit. As will be discussed later, 
cell packaging, and in par t icular  its effectiveness in  
prevent ing moisture and oxygen access to the cell 
surfaces, is of great importance for long- te rm use. 
One must  remember  that  the body presents an atmo- 
sphere of high humidi ty  and relat ively high tempera-  
ture (37~ 

A third type mercuric oxide-zinc cell, developed 
for biomedical use, was a relat ively large 3.4 A-hr  
uni t  (General  Electric).  Data reported on this cell, 
(10, 11) indicated a self-discharge rate of about 1.5% 
per year at 37~ and 15% per year  at 65~ After  
storage for 24 weeks at 72~ capacity on an acceler- 
ated six months discharge test was 3.0 A-hr,  which 
corresponds to 25%/yr  (3). The longest discharge 
tests reported so far were 5 yr  at 37 ~A, that  is to 
only about  50% depletion of cell capacity. 

Since in terna l  short circuits tend to occur only  
when  approaching complete exhaust ion of anode ca- 
pacity, it is not yet possible on the basis of the pub-  

Table I 

Mallory Leclanche 
RM 1 MR 81 

Average  discharge voltage,  V/ce l l  
Diameter,  mm 
Height,  mm 
Volume (by displacement) ,  cm 3 
Weight, g 
Anode capacity, A-hr 
Energy density,  W-hr/em 8 
Internal  resistance 20~ 

1.35 1.35 
15.8 15.8 
16.4 16.4 
3.0 3.0 

13.8 14.2 
1.19 1.25 
0.54 0.56 

~2 --5 

lished mater ial  to judge rel iabil i ty near  the end of 
discharge. 

In  the following, l i fe- l imit ing factors of mercuric 
oxide-zinc batteries are analyzed by using as a test 
vehicle the MR 81 cell. 

It should be understood that  data reported here 
on this cell could be extended sui tably to other mer-  
curic oxide-zinc cells when  taking into account rele- 
vant  geometric and other design features. 

Long-Term Performance of Mercuric Oxide-Zinc 
MR 81 Cells 

Typical  performance achieved wi th  MR 81 cells 
a r e  i l lustrated in Fig. 3-7 and Table II. It should be 
noted that  these data refer to the original MR 81 cell 
construction, as finalized in  1970. 

Mercuric oxide-zinc cells are characterized by their 
constant  discharge voltage (Fig. 3). Ini t ia l  higher 
voltage is due to the MnO2 addit ion to the positive 
electrode mix. It may serve as a safety indicator for 
absence of in terna l  shorts (Fig. 4). In te rna l  imped-  
ance remains low to the very end of discharge (Fig. 
5). The init ial  hump in in te rna l  resistance, shown in 
Fig. 3, is due to an electrolyte redis t r ibut ion phe- 
nomenon, which cannot  be discussed here in  detail. 
Extremely good uniformity  was achieved with this 
cell by very precise meter ing of anode mater ia l  
(Fig. 6) . '  

Long- te rm storage and discharge data are presented 
in  Table II  and Fig. 7. 

Analysis of the Cell- Internal Self-Discharge Processes 
Occurring in HgO-Zn Cells 

Solubility of mercuric oxide.--A major  cause of 
in te rna l  self-discharge is the solubil i ty of mercuric 
oxide in alkal ine electrolytes (12, 13). Solubil i ty 
may be suppressed, as will  be discussed later, by using 
a very high electrolyte concentrat ion (9). Only 
scarce data is avai lable concerning dependence of 
HgO solubili ty on temperature.  From one single 
l i terature value, reported for 100~ (14), the heat 
of dissolution for HgO in water can be estimated ap- 
proximately at 6 kcal/mole.  Solubil i ty of HgO at dif- 
ferent temperatures,  as evaluated from a 1/T plot, 
using an integrated Clausius-Clapeyron equation 
with AH : 6 kcal, is listed in Table III. Mercuric 
oxide dissolves in alkaline electrolytes probably in 
form of undissociated Hg (OH)2 (9). 

Self-discharge caused by mercuric oxide solubil i ty 
may be measured exper imenta l ly  by analyzing the 
amount  of mercury  present  in the anode after known 
periods of storage at a given temperature.  For such 
studies, it  is preferable to use HgO-Cd cells, ra ther  
than HgO-Zn cells. The cadmium sponge anode is ini-  
t ial ly mercury-free,  and its mercury  content  can be 
determined with good precision whereas with amal-  
gamated zinc anodes, the diffused mercury  must  be 
determined as the difference between two large 
numbers.  

Mercuric oxide diffusion may be expressed in 
terms of a self-discharge current.  The surface avail-  
able for diffusion is determined by the separator 
interface between positive and negative electrode. In  

Table II. Discharge of MR 81 HgO-Zn cells at 37~ 

(Epoxy encapsulated units)  
Lot size for each load resistance:  50 cel ls  

Load Discharge Capacity Standard 
resist- t ime (aver- (average) deviation 

ance (~) age)  (hr) (mA-hr) (mA-hr) 

1,200 1,135 1,230 22 
4,700 4,400 1,230 25 

10,000 9,170 1,230 12 
20,000 18,000 1,215 16 
47,000 41,800 1,200 19 
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Fig. 3. Voltage (V) and inter- 
nal resistance (Ri) spread of a 
typical test-lot of MR 81 cells, 
as a function of discharge time 
under 47 k ~  load. Capacity 
standard deviation (19 mA-hr) in- 
cludes variation of discharge 
resistors. 
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Fig. 4. I , i t ial  voltage decay of MR 81 cells during 100 k ~  dis- 
charge. 

RM 1 cells, this  surface amounts  to about  2.4 cm 2. In  
the  MR 81 cell  i t  is res t r ic ted  to the opening in the  
seal ing g rommet  and amounts  to on ly  0.8 cm ~. Rate  
of Hg(OH)2  diffusion depends  also on the type  of 
separa tor ,  n u m b e r  of s epa ra to r  layers  (dis tance be -  
tween  e lec t rode  surfaces)  and  on quan t i ty  and con- 
eont ra t ion  of a lka l ine  e lec t ro ly te  in  the  cell. 

140 

Sel f -d i scharge  cur ren t  densi t ies  in the  order  of 
0.1-0.3 ~A/cm 2 at  22~ have  been  r epor t ed  (15) for 
cells wi th  r a d i a t i on -g ra f t e d  and c ross - l inked  po ly -  
e thy lene  (Permian |  2291-40/60) and an e lec t ro ly te  of 
30% KOH. 

Se l f -d i scharge  due to Hg(OH)2  diff[usion increases  
r ap id ly  wi th  t empera tu re .  At  71~ for  two layers  of 
Permian|  a va lue  of 2.4 /~A/cm ~ has been  r epo r t ed  
(16). Measurements ,  car r ied  out  in our  l abora tor ies  
using HgO-Cd cells, a re  inc luded in Table  III. Using 
these values  one can ca lcula te  the  theore t ica l  self-  
d ischarge  due to H g ( O H ) z  diffusion in an  MR 81 
cell  ( theore t ica l  anode capac i ty  1230 mA-hr ,  diffu- 
sional  a rea  0.8 cm2). Resul ts  a re  given in the  last  col- 
u m n  of Table  I l l .  A n  Ar rhen ius  plot  wi th  these values  
indicates  an act ivat ion energy  of 12 kca l /mo le  (Fig. 
8, curve A) .  Se l f -d i scharge  due to Hg(OH)2  diffu- 
sion is pa r t i c u l a r l y  low in cells of the MR 81 design 
because of the res t r i c ted  diffusional area,  the  wide  
e lec t rode  separat ion,  and the high e lec t ro ly te  con- 
cen t ra t ion  used in these cells. Various novel  means  to 
reduce  mercur ic  oxide  diffusion are  discussed in a 
l a t e r  chapter .  

Hydrogen-evotution.--Hydrogen evolut ion  on zinc 
in a lka l ine  e lec t ro ly tes  according to Zn + H20 
ZnO + H~ m a y  be decreased  to e x t r e m e l y  smal l  
values  by  careful  ama lgama t ion  and by  using ve ry  
p u r e  zinc. 
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Fig. 6. Capacity distribution 
for discharge of 50 MR 81 cells 
at 47 kL]~. 
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Fig. 7. Capacity of MR 81 cells, measured under 12000, load, as 
a function of storage time at 22~ Each point average of 5 cells. 
(Cells stem from several different lots manufactured in 1970.) 

Gassing ra tes  of zinc powder  conta ining 10% Hg, 
as measured  in a P y r e x  glass cell  in 50% KOH, are  
given in Table  IV. F r o m  a plot  of log H2 evolut ion  
ra te  vs. I /T  an ac t iva t ion  energy  of 19 k c a l / m o l e  is 
der ived  (Fig. 8, curve  B).  I t  is a p p a r e n t  f rom a 
comparison of t he  da ta  in Tab le  I I I  and Table  tV  
and f rom Fig. 8 tha t  se l f -d ischarge  due t o  H2 evo lu -  
t ion becomes increas ing ly  i m p o r t a n t  in  re la t ion  to 
se l f -d ischarge  b y  Hg(OH)2  diffusion as the  t e m p e r a -  
ture  increases. 

In  the MR 81 cell the  zinc p o w d e r  is in contact  
wi th  an  ama lgama ted  copper  or  b ronze  surface,  l in -  
ing the  inside of the  cover (Fig. 2). I t  m a y  be s h o w n  
expe r imen ta l l y  tha t  the  presence of a clean ama l -  
gamated  copper  or  bronze surface, in contact  wi th  
zinc powder ,  does not increase  H2 evolut ion signifi-  
cantly.  On the o ther  hand,  if  impuri t ies ,  which  would  
lower  the hydrogen  overvol tage,  a re  presen t  wi th in  
the cell, se l f -d ischarge  due to H2 evolut ion  m a y  be 
increased  dras t ica l ly .  

Table I I I .  Solubility of HgO in 30% KOH (estimated) 
and self, discharge due torHg(OH)~ diffusion 

H g ( O H )  ~ Self-dis- 
diffusion charge due to 

Temper- Solubility current Hg (OH) 2 diff. 
ature (~ (mole/ l i ter)  0LA/crrJ) ( % / y r )  

1,2 Y 

37 ~ 

,2Y 13Y ,4Y 

i i _ _ l  i 
2 3 4 

TIME ON DISCHARGE ( 10 * H ) 

i 
In  the  RM 1 cell  (Fig. 2), the  inside wal l  of the  

cover  consists of t in p l a t ed  steel. H2 evolut ion in RM 
1 cells, p a r t i c u l a r l y  when  p a r t l y  discharged,  appears  
to be cons iderab ly  l a rge r  than  in MR 81 cells. Gas-  
s ing is increased  in p a r t l y  d i scharged  cells if the  
zinc anode has insufficient poros i ty  such tha t  e lec-  
t ro ly te  deple t ion  occurs loca l ly  wi th in  cer ta in  sections 
of the  e lec t rode  (17). The amount  of hydrogen  es- 
caping th rough  the seal  of RM 1 cells a t  37~ has 
been r epor t ed  to be 7.3 cmS per  cell  and  per  y r  (2). 
This would  r ep resen t  1.5% se l f -d i scharge  per  year .  

In  RM 1 cells the  seal  is const ructed  as to a l low 
hydrogen  venting.  Means to increase  hydrogen  ven t -  
ing th rough  the neoprene  seal  have also been p ro -  
posed (18). In  this  l a t t e r  reference,  H2 evolut ion  in 
RM 1 cells is r epor ted  to be about  5.5 cruZ/yr. F o r  
a g e d  and p a r t l y  d ischarged RiYI 1 cells gassing ra tes  
of  up to 17 cmS/yr  at  37~ have  been measured  (9).  

The MR 81 seal  does not  p rovide  for  H2 venting.  
The o n l y  w a y  of escape is by  diffusion th rough  the 
nylon  grommets .  H y d r o g e n  escape f rom MR 81 cells, 
measured  wi th  an appa ra tus  as shown in Fig. 10, is 
only 0.35 cm3/H2/yr  at  37~ (9), r epresen t ing  only 
0.07% se l f -d ischarge  per  year.  (To avoid  effects of 
P y r e x  leachants  on gassing, i t  is of advan tage  to r e -  
p e a t e d l y  clean the cell  wi th  hot conc. KOH solut ion 
for  severa l  days.)  However ,  ac tua l  H2 product ion  
wi th in  the  cell  is p r o b a b l y  higher,  as discussed below, 
wi th  a la rge  por t ion  of the  hydrogen  being r e - a b -  
sorbed (oxidized)  in the  posi t ive electrode.  

Total cell-internal self-discharge.wSelf-discharge 
of MR 81 HgO:Zn  cells was measured  expe r imen ta l ly  
by  l ong - t e rm  storage tests (2-9 yr ,  depending  on 
t e m p e r a t u r e )  a t  different  constant  s torage t e m p e r a -  
tures  (22~176 Af te r  storage, the cells were  dis-  
charged at  low rates  (1.2 k ~  load, 40 day  test, or 10 
k12 load, 360 day  tes t ) .  Results  a re  shown in Fig. 9 
and Table  V. P lo t t ing  log of percen t  capac i ty  loss pe r  
yea r  a g a i n s t  1/T yie lds  a s t ra igh t  l ine (Fig. 8 curve  
C),  f rom which a fo rmal  ac t iva t ion  energy  for  the 

Table IV. Gassinig rate of amalgamated zinc powder (10.3% Hg), 
in vitro 

(Average of five tests at each temperature)  

Self-discharge 
Zn + H~O~ZnO + H~ 

Temperature (~ (cm3I~STP/g/yr) (%/yr) 

22 2.3 �9 10 "4 0.26 
37 3.3 �9 10-I 0.'7 
75 9.6 �9 10-* 6.5 

100 1.7 ,10 -a 17.Z 

0,15 37 0.31 0.1 
0.40 45 0.62 0.2 
3.1 60 2.1 0.7 
9.8 75 8.2 2.7 
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overa l l  s e l f - d i s c h a r g e  p r o c e s s  of 19 k c a l / m o l e  m a y  be 
calculated,  

This  va lue  is ve ry  close to the  va lue  found  for  H2 
evolu t ion  in vi t ro (curve  B) ,  which  suggests  tha t  H2 
product ion  in the  ac tua l  cell  is s t rong ly  enhanced 
over  tha t  measu red  in a glass cell, and  is ac tua l ly  a 
major ,  if  not  dominant ,  cause of ce l l - in t e rna l  self-  
d ischarge  (ca ta lyzed  H2). 

The fact  tha t  se l f -d i scharge  fol lows a s imple  A r -  
rhenius  equat ion  was also found for  HgO-Cd  cells 
(19). F r o m  the da ta  r epor t ed  in this l a t t e r  re ference  
a formal  ac t iva t ion  energy  of 12 kca l /mo le  m a y  be 
derived,  ind ica t ing  tha t  Hg(OH)~  diffusion is the  
on ly  se l f -d ischarge  process of impor tance  in this type  
of  cell. 

Table V, Total cell-internal self-discharge of MR 81 HgO-Zn cells 

Temperature  (~ 

Self-discharge from Microcalorimetry 
capacity loss after literature data 
storage of MR 81 on RM1 cells 
cells (%/Yr) (%/yr) 

22 0.3 
37 1.6 4 (22); 3 (21) 
45 3.9 - -  
75 45 - -  

CELL 

15Y 1 

Fig. 9. Capacity loss of MR 
81 HgO-Zu cells during storage 
at different temperatures. Each 
point average of 5 cells. (All 
cells stem from the same lot, 
manufactured in 1970). 

Cata ld i  (11) has  r epor t ed  an  ac t iva t ion  energy  of 
15 kca l /mo le  for  the  se l f -d ischarge  process in  HgO-  
Zn cells. However ,  his se l f -d ischarge  ra tes  a r e  some-  
wha t  ques t ionable  since they  were  based  on the  as-  
sumpt ion  tha t  capaci ty  loss pe r  uni t  t ime  is p ropo r -  
t ional  to r emain ing  capacity.  Exper imen ta l ly ,  one finds 
tha t  se l f -d ischarge  ra tes  t end  to be  constant  over  
ve ry  long per iods  of t ime and are  f inal ly increas ing  
r a the r  than  decreasing,  due  to separa to r  and  seal  
degrada t ion  (9).  

Cataldi ' s  resul ts  indicate  tha t  a t  low t e mpe ra tu r e s  
a process of lower  ac t iva t ion  energy  (9 kca l /mo le )  
becomes dominant .  This is in  ag reemen t  w i th  Fig. 8. 

Microcalorimetric measurements.--Recently, the  use 
of microca lor imete rs  has been  proposed  to de te rmine  
self d ischarge of ba t te r ies  for  b iomedica l  imp lan t -  
able  appl icat ions  (20-22). Using this technique,  Un-  
t e reke r  (22) es t imated  se l f -d i scharge  loss of an RM 1 
cell  a t  7 ~W, which  would  correspond to a se l f -d is -  
charge cu r ren t  of 5 /~A, or about  4% capaci ty  loss]  
year.  I t  should be poin ted  out  tha t  microca lor imet r ic  
measurements  are  not easy to in terpre t ,  mos t ly  because 
t rue  s t eady- s t a t e  condit ions in a cell  a re  difficult to 
achieve, even on open circuit,  and  st i l l  more  so 
dur ing  discharge.  Many  ve ry  slow processes t ake  
p lace  in  the  cell which  are  not  d i rec t ly  r e l a t ed  to ca-  
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paci ty ,  such as e lec t ro ly te  equi l ib ra t ion  in micropores  
of anode, cathode, and  separators ,  bu i ldup  of soluble 
zincate concentra t ion gradients ,  nucleat ion,  c rys ta l -  
l izat ion and g rowth  of ZnO crystals ,  and so on. P r o b -  
ab ly  the  larges t  unknown side react ions  producing  or  
absorbing heat  are  due to the  addi t ion  of MnO2 in the 
HgO cathode. Elec t ro ly te  pene t ra t ion  into micropores  
of MnO2, up take  of K + or  Na + ions into the la t t ice  
(23) dehydra t ion ,  recrys ta l l i za t ion  and  equi l ib ra t ion  
of its oxidat ion  state, are  slow, capac i ty -un re l a t ed  
processes. Fur the rmore ,  i t  is known tha t  for  al l  
chemical  react ions  involving solids of high surface 
area,  the surface free energy  can cont r ibute  no t iceably  
to the  overa l l  f ree en tha lpy  change (24). 

A l l  the above-men t ioned  phenomena  are  more  or  
less un re l a t ed  to cell capacity,  bu t  wi l l  cont r ibute  
the rmal  effect. Fo r  this reason one mus t  be careful  
in mak ing  any  predic t ions  on self -discharge,  based  
on microca lor imet r ic  measurements ,  ca r r ied  out  over  
per iods  of days or  weeks  only. 

Cell-External Processes Influencing Self-Discharge 
External electrolysis.--Electrolysis in mois ture  films 

sur rounding  the cells and  br idg ing  the g rommet  
area  becomes theore t ica l ly  possible at  cell  vol tages 
above about  1.23V. 

In  most  pacemakers ,  used in the  past ,  mercur ic  
oxide-z inc  cells were  pot ted  in epoxy  resin. Mois ture  
films could form be tween  the epoxy  cast ing and ex-  
te rna l  cell  walls.  Considerable  concern exis ted wi th  
manufac tu re r s  and users as to the possible effect of 
the  presence of such mois ture  films, pa r t i cu l a r l y  when 
these l a t t e r  would  contain  KOH, s temming f rom a 
defect  seal  (25,26). However ,  Fe s t e r  et al. have 
shown (27) tha t  wi th  p rope r ly  encapsu la ted  cells 
(Hysol  or  Scotchcast  No. 15) ex te rna l  e lectrolysis  does 
not  cont r ibute  s ignif icant ly to self-discharge.  

In  o rde r  to s tudy  the m a x i m u m  sel f -d ischarge  ex-  
t e rna l  e lect rolys is  could possibly  provoke,  MR 81 
HgO-Zn cells were  p laced into a volumetr ic  glass ap -  
para tus  (Fig. 10) which was then filled wi th  50% 
KOH solut ion (oxygen- f ree ) .  Groups  of 2 cells each 
were  separa ted  by  insula t ing  Teflon spacers,  in o rder  
to avoid series connect ion of cells. Gas evolut ion,  
could be measured  to a precis ion of 0.001 cm ~ by  ob-  
serving the d isp lacement  of the meniscus in the capi l -  
lary.  Gas evolut ion rates, measured  at  different  t em-  
peratures ,  a re  given in Table  VI. Assuming tha t  ex-  
te rna l  e lectrolysis  p roduced  02 and H2 in stoichio- 
met r i c  ratios,  the  corresponding se l f -d ischarge  was 
calculated.  (Hydrogen  s temming  from the cell in te r io r  
is negl igible  wi th  respect  to gassing by  ex te rna l  e lec-  
t rolysis) .  As seen f rom Table  VI, se l f -d ischarge  due 
to ex te rna l  e lectrolysis  even under  these ex t r eme  
conditions, is st i l l  su rpr i s ing ly  small .  This mus t  be 
due to pass ivat ion  phenomena  on pure  n ickel  surfaces 

CALIBRA'-ED 
CAPILLARY 
100 rn m 3 

JOINT WITH 
TEFLON SLEEVE 

/ 1 0  CELLS MR81 ~ F] 

Fig. 10. Volumetric apparatus for measuring external electrolysis 
on HgO-Zn cells when submerged in KOH solution [from gef. (9)]. 

Table VI. External electrolysis on MR 81 HgO-Zn cells submerged 
in 50% KOH solution 

(Average of 10 cells at each temperature)  

Gas from 
electrolysis  Capacity loss 

Temper- ( c m  8 STP/  H~O ---> H2 + I/20~ 
ature (~ y r / ee l l )  ( % / y r )  

37 5.5 0.7 
47 8.9 1.1 
57 27 3.5 
75 I02 13 

in 50% KOH solution, causing a high overvol tage  for  
O2 evolution. 

With  epoxy-encapsu la t ed  cells only  ve ry  thin  
br idg ing  films could be  present ,  and the resul t ing  
se l f -d ischarge  f rom ex te rna l  e lectrolysis  should be 
smal le r  than  that  g iven in Table  VI due to h igher  
e lec t ro ly t ic  resistance.  

Ex te rna l  e lectrolysis  is enhanced,  however,  when  a 
continuous l iquid film forms over  the surface of two 
or  more  cells, connected in series. A vol tage of 2.7 
or more  volts is then ava i lab le  for electrolysis.  In  a 
pacemaker  package,  ind iv idua l  cells should  therefore  
be separa ted  f rom each o ther  b y  long, we l l - embedded ,  
welded  connections, having surfaces which inhibi t  elec-  
t ro ly te  creepage.  (See sect ion on ce l l -packaging . )  

Final ly ,  i t  should be ment ioned  tha t  the  presence 
of l iquid films of NaC1 solution, r a the r  than  KOH, 
provokes  severe  can corrosion, accompanied  by  a 
cor respondingly  increased capaci ty  loss (9). 

External oxygen cycle.--This type  of se l f -d ischarge  
mechanism was descr ibed for  the first t ime only very  
recent ly  (9). It involves oxygen  reduct ion  on the 
negat ive  cell t e rmina l  or  lead, and oxygen evolut ion 
on the posi t ive cell t e rmina l  or lead. 

Fo r  this mechanism to t ake  place, a l iquid med ium 
film, sur rounding  the cell, and oxygen  must  both  be 
present .  

The magni tude  of se l f -d ischarge  due to this p roc-  
ess depends on the  ra te  of oxygen  diffusion to the 
negat ive  te rminal ,  as given by  the geomet ry  of the 
l iquid med ium sur rounding  the cell, by  the so lubi l i ty  
of oxygen in this medium,  and by  oxygen access to 
the medium. E v e n  the low vol tage of an HgO-Cd cell 
(0.9V) would  be sUfficient to dr ive  an "oxygen cycle." 

Oxygen  di~usion at  37~ th rough  a 2 m m  th ick  
epoxy  encapsula t ion  m a y  not be en t i r e ly  negl igible  
(nei ther  is H20 diffusion).  Only  in he rmet ica l ly  
sealed pacemakers  could, of course, the  descr ibed 
"oxygen cycle" not  occur. 

In o rder  to s tudy the cont r ibu t ion  of the "oxygen 
cycle" to se l f -discharge,  MR 81 cells were  submerged  
in a i r - s a tu r a t ed  KOH solution. The e lec t ro ly te  level  
was 1 cm above the cell  covers. Capaci ty  loss, as 
measured  by  discharge tests a f te r  g iven s torage t imes 
under  these conditions, is shown in Fig. 11. Af t e r  
deduct ion of the loss due to ex te rna l  electrolysis,  as-  
sumed independen t  of KOH concentra t ion (Table  VI) 
and total  in te rna l  se l f -d ischarge  (Table  V),  the ap-  
p rox ima te  contr ibut ion  due to the  oxygen  cycle was 
es t imated  in Table  VII.  

With  increasing KOH concentrat ion,  oxygen  solu-  
b i l i ty  decreases s t rongly  due to sa l t ing-ou t  (28) which  
expla ins  why  the cont r ibu t ion  of the  "oxygen  cycle" 
to se l f -d ischarge  decreases wi th  increas ing KOH 
concentrat ions.  

Long-lasting cell-seals.--Much progress  has been  
rea l ized over  the past  years  in seal ing a lka l ine  cells. 
The  use of a one-piece cover, (Fig. 1 and 2, r igh t -  
hand  side) in p lace  of the ea r l i e r  double - top  con- 
s t ruct ion  (Fig. 1 and 2, l e f t -hand  s ide) ,  which  was 
spur red  by  the deve lopment  of min ia tu re  cells for 
watches, has resul ted  in a more  re l iab le  l ong - t e rm  



Vol. 127, No. 8 A L K A L I N E  AQUEOUS ELECTROLYTE CELLS 1673 

1,L 

1,2 

1,0 

.c 0.8-- 

U 0.6 

0,Z 

0,2 

0 �9 
0 

I I I I I 
LECLANCHE MR81 HgO-Zn CELL 

I I I I I 

50% KOH 
+ . _ 

30% KOH 

~ ' O  .~1% N OH 

~ o - . _ .  2 

I I x ~ ~ O % K O H  

i KOH 

37 ~ C 

I I I I I I I 
1 2 3 L 5 6 7 

STORAGE TIME (10 3h) 

I I I 
8 9 10 11 

Fig. 11. Self-discharge of MR 
81 cells submerged in KOH solu- 
tions of different concentrations 
at 37~ Each point average of 5 
cells [from Ref. (9)]. 

s e a l ,  based on the resiliency of the cover material  
(29). 

Factors affecting the creepage of alkaline electro- 
lytes along metallic parts have been the subject of 
several recent investigations (30-32). The presence 
of moisture and oxygen accelerate creepage and must 
thus be excluded from the cells as much as possible. 
Electrolyte concentration and viscosity, the nature of 
the metallic surface and the electric potential applied 
thereto are other factors affecting creepage rate. 

The seal of MR 81 HgO-Zn medical grade cells, as 
shown in Fig. 2, is constructed in a manner such as 
to take into account these parameters.  

Separators for long-life cells.--Separator degrada- 
tion has in the past been of concern as a life limiting 
factor. A recent investigation (9) has shown, how- 
ever, that cellophane separators become extremely 
stable against hydrolysis and oxidation when highly 
concentrated alkaline electrolytes are used. (See be- 
low under "Water-starved Cells.") 

In addition to cellophane, radiat ion-graf ted and 
cross-linked methacrylic acid polyethylene (33, 34) 
and Teflon-based separators (35) are available which 
show very good stabili ty in highly concentrated alka- 
line solutions. The results of Fig. 9 indicate that  no 
deterioration of (cellophane) separators leading to 
accelerated self-discharge, is taking place in MR 81 
cells even after prolonged storage at elevated tem- 
peratures. 

In MR 81 cells the mult i layer  cellophane separa- 
tor package is protected against the positive elec- 
trode by a nonwoven polypropylene fabric. The sepa- 
rators are t ightly clamped at the edge between sup- 
porting steel ring and grommet (Fig. 12), which as- 
sures that no internal  short circuit can occur. 

The relative importance of the cel l-external  self- 
discharge processes as measured under the extreme 

conditions shown in Fig. 10 and 11, are compared to 
cell- internal  self-discharge in Fig. 13. 

Importance of cell packaging.--In spite of the fact 
that external self-discharge processes appear to be of 
lit t le importance in properly engineered pacemakers, 
many failures have occurred in the past precisely be- 
cause of cel l-external  electrochemical phenomena, in 
part icular  electrochemical corrosion processes occur- 
ring in moisture films. It is interesting to note that  
not the cells themselves, but  pr imar i ly  electronic 
components in proximity thereto, had to suffer from 
such electrochemical corrosion processes. 

In some early pacemaker designs thin liquid films, 
present between epoxy encapsulation and cell com- 
ponents, became exposed to excessive voltage gradi-  
ents. Corrosion processes then would occur in these 
films, causing destruction of electronic components, 
or producing shorts (current interru]otions). 

Figure 14 shows a pacemaker (Vitatron) in which 
the print  plate touched three mercury cells in series. 
Moisture films present on the pr int  plate were ex-  

Table VII. External oxygen cycle on MR 81 HgO-Zn cells at 37~ 

Surrounding "Oxygen cycle" 
KOH concert- self-discharge 
tration (%) (%/yr) 

1 29 
10 15.5 
30 9.8 
50 3 A Fig. 12. Separator arrangement in MR 81 cells 
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Fig. 13. Relative importance 
of cell-internal and cell-external 
self-discharge processes. 
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posed to high vol tage  (4.6V), causing severe  corro-  
sion of electronic components.  The fact  tha t  this phe -  
nomenon occurred only in pacemakers  exposed to 
high humid i ty  ( implan ted  or  w a t e r - b a t h  tes ted units)  
makes  i t  l ike ly  that  the mois ture  film s temmed from 
body fluid. Had the cells been  separa ted  f rom the 
pr in t  plate ,  ea r ly  fa i lures  due to corrosion would  
not have occurred.  I t  is unfor tuna te  that  in this in-  
s tance the mercu ry  cells were  made the scapegoat  
for the fai lure,  r a the r  than  packaging  design. 

Another  corrosion phenomena,  known  under  the  
name of "dendr i te  format ion"  also occurs as the re -  
sult  of mois ture  films creeping along electronic cir-  
cuit  par t s  and  vol tage  drops occurr ing therein.  An 
electrostat ic  field presen t  in the film provokes  anodic 
dissolution at  the posi t ively  polar ized  part ,  and ca th-  
odic deposi t ion of me ta l  at  the  nega t ive ly  polar ized  
par t  of the interface.  A cr i t ical  area, where  this can 
occur, is for ins tance at  the lead exit.  
An impor tan t  observa t ion  concerning corrosion in 

thin wa te r  films on electronic components  was made  
recent ly  by  Koelman~ and Kre t schman  (36). These 
authors  found that,  in  the presence of sodium ions 
at  impur i t y  levels, concent ra ted  sodium hydrox ide  
would form at the nega t ive ly  polar ized  por t ion of the 
film, causing heavy  corrosion. This p roved  for the 
first t ime ve ry  c lear ly  tha t  a lka l in i ty  in the mois ture  
film does not need to s tem from the cells, but  could 
form in situ by electrolysis.  

These examples  show tha t  the electronic circui t  
mus t  be pro tec ted  as much as possible agains t  wa te r  

intrusion.  Herme t i ca l ly  sea led  packag ing  of the  c i r -  
cuit  is thus a necessity. Mois ture  does more  h a r m  
to electronic par t s  t h a n  it does to e lec t rochemical  
cells. I t  should  be ment ioned  in  this connect ion tha t  
the good s ta r t  l i th ium bat ter ies  have  been  able  to 
make in pacemaker  appl ica t ion  was p robab ly  a ided  
by  the fact tha t  the pacemakers  were  he rmet i ca l ly  
sealed and the i r  e lectronic circuits  be t t e r  p ro tec ted  
agains t  mois ture  effects. 

Also mercur ic  oxide-z inc  ba t te r ies  could be he r -  
me t ica l ly  encapsulated,  as shown in the expe r imen ta l  
model  of Fig. 15. For  safe ty  reasons, the  hermet ic  
enclosure should also contain  a hydrogen  absorber  
capsule, a long wi th  the  cells. The hydrogen  absorber  
can consist for  ins tance of s i lver  oxide (37) or  m a n -  
ganese dioxide (38). 

Newest  Innovat ions in Mercur ic  Ox ide -Z inc  Batteries 
for Long-Term Use 

Cells with "'filter electrodes."--Under the  t e rm "fil-  
te r  e lectrode" is unders tood  a porous, e lec t ronica l ly  
conduct ing l aye r  p laced  on top of the posi t ive elec-  
t rode surface in contact  wi th  the  separa to r  l ayers  
(9). The filter e lect rode may,  for  instance, consist of 
a bed of g raphi te  par t ic les  or of a s in tered  nickel  
mat r ix .  F i l t e r  e lec t rodes  should have a thickness  of 
at leas t  0.1 m m  and should have a high tor tuos i ty  
factor.  

The purpose  of the  "filter e lect rode"  is to decrease  
Hg(OH)2 diffusion to the negat ive  e lect rode by  p ro -  
longing the diffusion path.  The e lec t ronica l ly  con- 
duct ing ma te r i a l  in  the filter e lec t rode  should be 
chemical ly  iner t  and corrosion res is tant  in a lka l ine  
e lect rolytes  at  the potent ia l  of the posi t ive electrode.  
I t  has been found to be of advan tage  to incorpora te  
into the filter e lec t rode  finely d iv ided  substances of 

Fig. 14. Pacemaker package with epoxy-encapsulated print-plate 
touching three (plus 2) MR 81 cells in series. 

Fig. 15. Hermetically doable-sealed HgO-Zn cell with glass 
feed-throughs. The cell package contains a round button cell and 
a small cylindrical H2 absorber. 
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high surface a rea  which  are  insoluble  in a lka l ine  elec-  
t rolytes .  One substance of this type  which  has been  
found to be effective is, for instance,  manganese  di-  
oxide. In  addit ion,  the filter e lec t rode  m a y  contain  
iner t  b inders  and  th ickening  agents  for  the  a lka l ine  
e lect rolyte .  

In  spite  of the fact  tha t  in MR 81 cells the dominan t  
ce l l - in t e rna l  se l f -d i scharge  process  is a p p a r e n t l y  due 
to H2 evolut ion  (Fig. 12), f i l ter e lect rodes  have been  
found to have a not iceable  effect in reducing se l f -d is -  
charge  (9).  The reason  for  this could be, t ha t  not  
only  the  se l f -d ischarge  loss by  Hg(OH)2  diffusion, 
bu t  also "ca ta lyzed  He evolut ion" (due to " impur i t ies"  
or  " local  ac t ion  cells")  is decreased  in presence of a 
filter electrode.  

Diffusion of Hg(OH)~  p r o b a b l y  leads to local ized 
d ischarge  of the  Zn electrode,  jus t  as pa r t i a l  h igh - r a t e  
discharge does. I t  is known  tha t  under  such condit ions 
hydrogen  evolut ion (17) and associated se l f -d ischarge  
(39) is increased.  

"Water-starved" cells.--With increas ing NaOH or  
KOH concentra t ion  more  and more  wa te r  is t igh t ly  
he ld  in the inner  ionic hydra t ion  shells. Once a mola r  
ra t io  of w a t e r  to a lka l i  hyd rox ide  of about  3 is 
reached,  a l l  the wa te r  molecules  a re  bonded  d i rec t ly  
to the solute (40). Concent ra ted  e lect rolytes  have a 
ve ry  low wa te r  vapor  pressure  (41), which is of ad-  
van tage  when  it  comes to reducing the humid i ty  level  
in a package  containing also electronic components.  

So lub i l i ty  of HgO does not  decrease as s t rongly  
wi th  increas ing e lec t ro ly te  concentra t ion  as one would  
expect  for  comple te ly  nonionic solutes, such as H2 
(42), or  02 (28), whe re  the  sa l t ing-ou t  effect is v e r y  
pronounced.  Due to increased viscosi ty and decreased 
swel l ing  of the  cel lophane or Pe rmion  ba r r i e r  m e m -  
branes,  less Hg (OH)2 will ,  never theless ,  diffuse to the  
Zn e lec t rode  at  h igh e lec t ro ly te  concentrat ion.  

Exper imen ta l ly ,  one finds tha t  se l f -d i scharge  of 
HgO-Zn  cells decreases  d ras t i ca l ly  wi th  increas ing 
KOH concent ra t ion  (Fig. 16). This decrease  cannot  
be exp la ined  solely by  a decrease  in Hg(OH)2  d i f -  
fusion. Rather ,  at  ve ry  high e lec t ro ly te  concentra t ion 
"ca ta ly t ic  Hu evolut ion" on the zinc e lec t rode  mus t  
also be decreased.  One of the reasons why  the self-  
d ischarge  of RM 1 cells is h igher  than  tha t  of MR 81 
cells must  also be the  more  di lu te  e lec t ro ly te  used in 
the  former.  Capaci ty  of RM 1 cells begins to decrease  
for  discharge t imes g rea te r  than 104 hr  (42). 

"Cata ly t ic  hydrogen  evolut ion" is appa ren t l y  oc- 
cur r ing  when  Zn electrodes are  being local ly  and 
nonuni fo rmly  discharged by the  reac t ion  Zn 4- 

Hg(OH)~  -~ ZnO + Hg + H20 leading to a local 
di lu t ion of the  e lectrolyte .  This then  resul ts  in H20 + 
Zn --> ZnO + H2. At  h igh  e lec t ro ly te  concentra t ion 
this reac t ion  mechanism is suppressed.  

In  o rde r  to t ake  ful l  advan tage  of the  pr inc ip le  of 
a "wa te r - s t a rved"  cell, separators ,  posi t ive electrode,  
and g rommet  mus t  be  dr ied  pr io r  to cell  assembly  in 
o rder  to avoid  possible  d i lu t ion of the  e lec t ro ly te  
wi th  wa te r  contained in these components.  

"Wa te r - s t a rved"  cells have  a somewha t  h igher  in-  
t e rna l  impedance  than  s t a n d a r d  ceils. Fo r  "wa t e r -  
s ta rved"  MR 81 cells in t e rna l  res is tance at  37~ was 
found to be about  20~1. I t  should be  remembered ,  
however ,  tha t  "wa t e r - s t a rved"  cells cannot  be ut i l ized 
at  low tempera tures ,  because  of the  high f reezing 
point  of the e lectrolyte .  

"Punctured membrane" current ]ocusing.--Another 
approach  to reduce diffusion of mercur ic  oxide is 
depic ted  in Fig. 17. A ve ry  thin, iner t  m e m b r a n e  is 
t igh t ly  c l amped  at  the edge, be tween  g r o m m e t  and  
support ,  bu t  contains cen t ra l ly  one or more  mechan i -  
cal ly  produced  pinholes  of contro l led  diameter .  Al l  
the ionic cur ren t  fiow is focused across the  pinholes.  

At  first s ight  i t  appears  tha t  such an ex t r eme  com- 
pa r tmen ta l i za t ion  would  d ras t i ca l ly  increase  in t e r -  
na l  res is tance of a cell. 

However ,  when using an u l t r a th in  "punc tu red  m e m -  
brane"  this is not  the case. For  a m e m b r a n e  th ick-  
ness of 1 = 0.005 cm, a p inhole  d iamete r  of ri = 0.01 
cm, and a specific e lec t ro ly te  res is tance of p ---- 2 ~-cm,  
one calculates,  for  instance,  a p inhole  e lec t ro ly te  re -  
sistance of 

Fig. 17. Schematic illustration of current distribution in a cell 
with "punctured membrane." 
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p.Z 
Ri :-- :-- 32~ 

Elect ro ly te  res is tance outs ide the p inhole  m a y  be  
es t imated  at  

r r e = o o  d ( r e )  

R e  - -  p ~, re=O.O1 4~re 2 
16a 

Thus, total  e lec t ro ly te  resis tance associated wi th  the 
use of the "punctured  membrane"  would  st i l l  be below 
50n. 

"Mechanica l ly  punc tu red  membranes"  are  r ep ro -  
ducible  means  to prolong the average  length  of the 
diffusion pa th  of dissolved Hg(OH)2.  On the other  
hand, reproduc ib le  manufac tu re  of microporous  mem-  
branes  of ve ry  low" poros i ty  are  technologica l ly  much 
more  difficult to achieve. Mercur ic  oxide diffusion 
measured  expe r imen ta l l y  in cells hav ing  membranes  
wi th  mechan ica l ly  punc tu red  holes of different  d iam-  
eters  are  shown in Fig. 18. These resul ts  were  ob-  
ta ined wi th  HgO-Cd cells, containing Permion  2291 
40/60 separa tors  in addi t ion  to the  punc tu red  mem-  
brane.  Increase  of me rcu ry  content  of the Cd anode 
dur ing s torage at  75~ was de te rmined  by  atomic ab -  
sorption. The resul ts  a re  expressed in te rms of anode 
capaci ty  loss pe r  y e a r  ( m A - h r / y r ) .  Capaci ty  loss is 
not  exac t ly  p ropor t iona l  to diffusion surface p robab ly  
because of edge effects (spher ical  diffusion).  

Obviously,  capaci ty  loss through Hg(OH)~ diffu- 
sion is g rea t ly  minimized  in presence of a "punc tu red  
membrane . "  

Other Aqueous Alkaline Electrolyte Systems for 
Biomedical Implantable Applications 

Primary batteries.--Mercuric ox ide -cadmium pr i -  
m a r y  ba t te r ies  have been  of in teres t  for some t ime as 
u l t ras tab le  power  sources for  l ong - t e rm m i l i t a r y  a p -  
plications,  because of the i r  capabi l i ty  to pe r fo rm wel l  
a t  low t empera tu r e  even af ter  pro longed hot  storage. 

Cadmium electrodes are  en t i re ly  s table in a lka -  
l ine e lect rolytes  and do not evolve hydrogen.  This is 
of impor tance  when  it comes to s torage of cells a t  
ve ry  high tempera tures .  On the o ther  hand, at  low 
t empera tu res  and for cell  designs wi th  a large  sepa-  
ra to r  in ter face  be tween  posi t ive and negat ive  elec-  
trode, se l f -d ischarge  of HgO-Zn and HgO-Cd cells 
become ra the r  similar .  

That  diffusion of dissolved Hg(OH)2  is the only  
se l f -d ischarge  process of impor tance  in HgO-Cd cells 
is demons t ra ted  in Fig. 19. Capaci ty  loss as de-  
t e rmined  f rom me rc u ry  analysis  of the anode, and as 
de te rmined  f rom discharge tests a f te r  storage, agree  
wi th in  the  expe r imen ta l  e r ror  limits.  

Boden (44) and Weiss and P e a r l m a n  (19) repor t  
for HgO-Cd cells a t  21.1~ (70~ a se l f -d ischarge  
ra te  of 1.3%/yr.  Kle in  and  Eisenberg  (45) give for  

Fig. 18. Capacity loss (mA-hr/ 
yr) due to Hg(OH)2 diffusion at 
75~ as measured experimen- 
tally with HgO-Cd cells by Hg 
analysis of the anode, as a 
function of diffusion surface. 
Each point average of rain. 5 
determination. 
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74~ (165~ a figure of 21%/yr. Self-discharge de- 
pends strongly on design (interelectrode area) and 
could be kept extremely small for cells requiring 
only low discharge rates. 

Performance data of HgO-Zn and HgO-Cd cells are 
compared in Table VIII. The lower self-discharge rate  
of HgO-Cd cells does not offset the advantage of the 
higher initial energy density for the HgO-Zn cells, 
when it comes to long-term use at 37~ 

Silver oxide-zinc and manganese-dioxide zinc cells, 
optimized for long-term use at 37~ would have 
similar self-discharge rates as HgO-Zn cells. Their 
volumetric energy density would, however, be in-  
ferior. 

Silver oxide-cadmium and manganese dioxide- 
cadmium cells would have very low self-discharge 
rates, but again much smaller energy densities. One 
argument in favor of these cells could be that their 
safety is higher since no internal  or external elec- 
trolysis is possible. 

Rechargeable cells.--Nickel-cadmium secondary bat-  
teries have made their  appearance in implantable de- 
vices for some time (46). In recent years, the space 
programs have spurred technical progress in nickel- 
cadmium batteries. 

The nickel-cadmium bat tery used in the Johns 
Hopkins Pacemaker resembles a standard 225 mA-hr  
button cell (diameter 25 mm, height 8.6 mm). De- 
l iverable capacity at the 6 hr rate was 280 mA-hr  (3). 
Self-discharge was found to be 50 mA-hr /week  at 
37~ (3). Normally, the bat tery would be recharged 
1 hr a week (4). The capacity of the bat tery is po- 
tential ly sufficient to operate the pacemaker approxi-  
mately 8 weeks. It is hoped that it  will be possible to 
develop the system further and that, eventually, it 
will  be possible to charge the cells at less frequent 
intervals (47). By the end of 1977, about 3100 "Pace- 
setter" units had been implanted (48, 49). 

One problem, which must be given careful con- 
sideration when using nickel-cadmium batteries in 
a mode, involving relat ively quick charge and sub- 
sequent slow discharge at 37~ is growth of large 
Cd and Cd(OH)2 crystallites (Fig. 20) and resulting 
charge and discharge inefficiency. Cd(OH)2 crystal-  
lites can also grow into the separator, causing short- 
circuit failures (50-55). 

It has been suggested that a Teflon treatment could 
retard migration. Pressed-powder type cadmium elec- 
trodes appear to resist the described crystallization 
phenomena somewhat better  than sintered electrodes. 
Many additives have been studied to decrease crystal 
growth, without entire success, however. 

The so,called "memory effect" in nickel-cadmium 
batteries is also a phenomenon related to the nega- 
tive electrode. With repetitive part ial  discharge cy- 
cling, the same portion of the electrode keeps being 
called to work all the time while the rest of the 
(active)Cd becomes slowly insulated by resistive 
Cd(OH)2 layers. These lat ter  can only be broken 
down again by deep-discharge cycling with heavy 
overcharge. The relat ively shallow cycling, at rela-  
t ively high temperature,  present in pacemaker ap- 
plication, would be ideally suited for causing a strong 
"memory effect" which could reduce reserve capacity 
to an unacceptably low level. It appears that more 
progress is needed in this area to improve long-term 

Table VIII. Comparison of HgO-Zn and HgO-Cd long-life batteries 

Property HgO-Zn  HgO-Cd 

Discharge v o l t a g e  (V) 1.85 0.90 
A - h r / c m  8 0.4 0.2 
W - h r / c m  3 0.55 0.18 

S e l f - d i s c h a r g e  (37~ 
% / y r  2 0.2 

Available energy during 
10 y e a r s  ( W - h r / c z n  3) 0.440 0.176 

Fig. 20. Surface of a cadmium electrode in a Ni-Cd battery after 
aging for 5 years at 20~ [from Ref. (53)]. 

use of nickel-cadmium cells in a rechargeable pace- 
maker. 

Rechargeable nickel-cadmium batteries will  thus 
have to fight a long uphill  batt le if large-scale use 
should ever become a reality. 

Rechargeable mercuric oxide-zinc batteries (56) 
would have the advantage of very low self-discharge. 
This would hopefully necessitate recharge only once 
every few years. However, zinc electrodes are, after 
deep discharge, notoriously difficult to recharge. It 
also appears with this system that considerable tech- 
nological advance is still needed. Present resistance 
to the use of rechargeable bat tery systems could pos- 
sibly be overcome some day if recharge were carried 
out at the hospital, and not by the patient, at intervals 
of several years. 

Summary 
Self-discharge of alkaline pr imary HgO-Zn bat-  

teries is reduced to 1-2 %/yr  at 87~ when using an 
appropriate design. It appears that operating life 
spans of 10 years at 37~ are possible, with total 
cell- internal  self-discharge of less than 20%. Cell- 
external self-discharge by electrolysis and oxygen 
cycle must be avoided by careful, hermetic packaging. 
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Lead-Acid Battery Expander 
I. Electrochemical Evaluation Techniques 

B. K. Mahato* 
Globe-Union Incorporated, Milwaukee, Wisconsin 53201 

ABSTRACT 

'The role of lignosulfonate constituent of the lead-acid battery expander 
on the negative electrode performance is analyzed. Two quantitative electro- 
chemical techniques have been developed to monitor the expander activities 
on constant current discharge and capacity maintenance behavior of the elec- 
trode during cycling. Both these techniques are based on small electrodes and 
proved effective in evaluating expander candidate materials outside the test 
battery. Test results agree closely with the reported expander's influence on 
the pasted electrode. The plausible mechanisms of expander action during 
high rate discharge and deep discharge cycling are elucidated. 

The l ead -ac id  ba t t e ry  is p resen t ly  being cons idered  
for  the near  t e r m  electr ic  vehicle  applicat ion.  Its 
fu tu re  dominance  in the  EV m a r k e t  in re la t ion  to the  
newly  developing  high energy  systems such as Ni-Zn, 
Na/S ,  Li-A1/FeS2, and  Zn/C12 wil l  depend  upon sig-  
nificant pe r fo rmance  improvemen t  whi le  main ta in ing  
a r e l a t ive ly  low cost per  k i lowat t  hour. An  effort is 
u n d e r w a y  to improve  energy  dens i ty  of the l ead -ac id  
ba t t e ry  b y  opt imizat ion  of s t ruc tu ra l  pa rame te r s  and 
improved  fa rada ic  efficiency of the active mater ia l s  
(1). Under  deep discharge cyclic opera t ion  the cycle 
life of this sys tem is l a rge ly  control led  by  the active 
ma te r i a l  shedding  and the  gr id  corrosion of the  posi-  
t ive e lect rode (2, 3). However  the lead  or  negat ive  
e lect rode represents  a po ten t i a l ly  significant a r ea  
for  improvemen t  in specific energy  of the sys tem due 
to i t s  r e la t ive  smal l  decl ine in capaci ty  wi th  cycl ing 
and underu t i l i zed  act ive mass. 

The ma te r i a l  u t i l iza t ion  of the lead  e lect rode which 
has to da te  been g rea t ly  influenced by  the expande r  
incorpora ted  in the pas te  d u r i n g  e lec t rode  p repa ra t ion  
(2-16) has r ema ined  close to 40% at the 3 hr  ra te  
(1). This leaves behind  60% unut i l ized  mass of this  
e lec t rode  to account for, a t  leas t  par t ly ,  the low en-  
e rgy  dens i ty  of t h e  l ead -ac id  system. A n y  reduct ion 
of this nonut i l ized  (or  underu t i l i zed)  mass wi thout  a 
loss in exis t ing per fo rmance  requ i res  a p ropor t iona te  
increase  in the effective surface a rea  of the e lec t ro-  
act ive mass. The inclusion of expande r  in the  paste  is 
noted to increase  the act ive mass surface a rea  f rom 
0.23 m2/g to 0.50 m2/g (7). This suggests tha t  an a d -  
d i t iona l  i nc rease  in the act ive ma te r i a l  surface a rea  
and  its ma te r i a l  u t i l iza t ion is possible by  improv ing  
the qual i ty  of expande r  mater ia l .  

The  convent ional  expande r  is a mix tu re  of a l ignin 
compound,  ba r ium sulfate,  and carbon black (2, 3). 
Out of these the l ignin compound br ings out the most 
beneficial  influence (or expande r  act ion) to the  lead  
act ive mass by  a l te r ing  its s t ruc ture  dur ing  format ion  
(4-6) and b y  suppress ing the g rowth  of large  lead  
crysta ls  dur ing  repea ted  cha rge /d i scharge  cycling 
(7);  the  b a r i u m  sulfate  and  carbon b lack  have ve ry  
l imi ted  and somet imes quest ionable  influence on the 
e lec t rode  character is t ics  (4-6).  Thus the improve -  
ment  in expande r  qual i ty  rel ies  heavi ly  on obta in ing 
an improved  l ignin compound. The word  "expander"  
is used here  (as e l sewhere  in the paper )  to mean  the 
l ignin  const i tuent  of the expander .  

A significant difficulty exists in improving  the qua l -  
i ty  of the expander .  This is p r i m a r i l y  due to its i l l -  
defined chemical  nature ,  lack  of ana ly t ica l  means  in 
moni tor ing  its concentrat ion,  and  our l imi ted  knowl -  
edge of the  expande r  action, i.e., how the presence of 

* Electrochemical Society Active Member. 
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expande r  modifies the  e lectrode performance.  To date  
the expande r  evalua t ion  has been a t t empted  b y  mea -  
sur ing its influence on the overa l l  e lect rochemical  
per formance  of a pas ted  p la te  or the ba t t e ry  (4-13, 
15, 16). These test resul ts  being influenced by  the 
e lect rode p repara t ion  pa rame te r s  have  rendered  ve ry  
l imi ted  unders tand ing  of the expande r  action. I t  is 
therefore  suggested tha t  a mechanis t ic  unders tand ing  
of the expande r  act ion and means  of quant i ta t ive  
measurement  of expande r  ac t iv i ty  be developed to 
aid in the selective evalua t ion  of expande r  candidates.  
The object ive  of this work  has been to define ex -  
pander  ac t iv i ty  and develop techniques for quan t i t a -  
t ive de te rmina t ion  of expander  type  and concent ra-  
tion. 

Mechanism of Expander Action 
The negat ive  electrode of a l ead -ac id  ba t t e ry  con- 

sists of a high surface area  react ive lead mass and is 
charac ter ized  by  its ma te r i a l  u t i l iza t ion dur ing  dis-  
charge (Eq. [1]) and  the main tenance  of the elec-  
t rode  s t ruc ture  or  the  capaci ty  dur ing  r epea ted  
charge /d i scharge  cycling (Eq.  [2]) 

HSO4-  
Pb--> Pb 2+ + 2e .~ PbSO~ + H + + 2e [1] 

(PbSO4 deposits  on lead  surface)  

HSO4- ) 
Pb~-Pb 2+ +2e ~ " pbSO4+H + +2e 

< E l e c t r o d e > ~  ( E l e c t r o d e ~  [2] 

s t ruc ture  \ s t r u c t u r e  / 
charge  discharge 

The discharge process of  the lead e lect rode in sulfur ic  
acid solution is control led  by  the fo rmat ion  of a lead  
sulfate pass ivat ing l aye r  on the electrode surface (2, 
3, 17-19). Dur ing  repea ted  charge /d i scharge  cycl ing 
the lead electrode act ive mass, i.e., the high surface 
area  lead  part icles,  exper iences  a tendency to coalesce 
and the reby  lose its specific surface area. This in tu rn  
reduces cycling ab i l i ty  of the electrode. Presence of 
expander  in the  sys tem influences both the discharge 
behavior  (Eq. [1]) as wel l  as the capaci ty  ma in te -  
nance behavior  of the e lectrode dur ing  cycl ing (Eq. 
[2]).  No significant difference in e lectrode pe r fo rm-  
ance was observed wi th  the mode of inclusion of ex -  
pander  in the system (9). The mechanis t ic  unde r -  
s tanding of expander  act ion on the e lect rode pe r fo rm-  
ance has to date  r emained  h ighly  speculative.  

The convent ional  expande r  is a l ignosulfonate,  a 
na tu ra l ly  occurr ing po lymer  wi th  i l l -def ined s t ruc-  
ture  (20). Its molecular  weight  varies  f rom a few 
hundreds  to severa l  thousands. I t  is anionic and has 
sur fac tan t  proper t ies  (21). I t  adsorbs on solids ( lead 
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and lead  sulfate)  (22, 23) and has decreased so lubi l i ty  
wi th  increas ing acid concentra t ion (7). A reasonable  
unders tand ing  of the expande r  act ion is an t ic ipa ted  
f rom a grea te r  unders tand ing  of the expande r  ma te -  
r i a l  and its influence on the basic e lect rode kinet ics  
(Eq. [1] and  [2]) .  

Expander  action on discharge. - -The discharge proc-  
ess of the lead e lec t rode  as represen ted  by  Eq. [1] 
involves the  dissolut ion of l ead  me ta l  to PbZ+ ion 
control led by the g radua l  coverage of the e lec t roac-  
t ive surface by  resis t ive lead  sulfate  film. The anodic 
pass ivat ion of the l ead  e lec t rode  by  the format ion  of 
a permselec t ive  lead  sulfa te  m e m b r a n e  which l imits  
the t r anspor t  of react ing species and changes the in-  
te r fac ia l  pH has been  discussed by  Pav lov  (17), 
Ruetschi  (18), and Winsel  e t a l .  (19). The  kinet ics  of 
this pass ivat ion  process, i.e., the dissolut ion process 
(Pb --> Pb 2+ -t- 2e) as wel l  as the  lead  sulfa te  p r e -  
c ip i ta t ion  (res is t ive film format ion)  process a re  a f -  
fected by  the presence of the expander ,  e i ther  in the  
e lect rode ma t r i x  or  in the sur rounding  electrolyte .  

The  expande r  adsorbs  on lead (22) as wel l  as on 
lead  sulfate  (23). Dur ing  anodic dissolution, besides 
the concentra t ion of dissolved species, the p i t  of the 
in te r rac ia l  l ayer  increases  (17, 18). This br ings  the 
adsorbed expande r  into solution, promotes  the for -  
mat ion  of P b ( I I )  or " lead- l ign in"  complex  in t e r -  
mediate ,  and  poss ibly  a l te rs  the  sa tu ra t ion  concent ra -  
t ion of Pb 2+ ion at  the interface.  The adsorpt ion  of 
the expande r  on the f resh ly  p rec ip i t a ted  lead  sulfa te  
affects the par t ic le  size and the ion pe rmeab i l i t y  of 
the product  layer .  The decomposi t ion of t rans ient  
P b ( I I )  i n t e rmed ia te  upon the t e rmina t ion  of dis-  
charge and acid  diffusion provides  a mechanism of 
format ion  of a compact  lead  sulfate  l ayer  as wel l  as 
occlusion of the expande r  in the  discharge produc t  
matr ix .  The presence of  a labi le  quinoid s t ruc ture  in  
the  expande r  molecule  (24) also indicates  a poss ib i l i ty  
that  i t  might  act as an e lect ron t ransfe r  med ium when 
adsorbed in the lead  sulfate  mat r ix .  Al l  the above-  
ment ioned effects of the expande r  on the oxidat ion  
behav ior  of the lead  electrod~ resul t  in an  increased 
in tens i ty  of discharge or the longer  constant  cur ren t  
discharge period. The de layed  pass ivat ion  of the lead  
electrode in the presence of the expande r  has been 
r epor t ed  (2, 3, 5, 7, 9-13, 15, 16) and  expla ined  in 
terms of the expanders  cont r ibu t ion  in decreas ing the 
res is t iv i ty  of the  l ead  sulfa te  l aye r  (10), in a l te r ing  
the morphology  of the pass ivat ing  discharge produc t  
ma t r ix  (5, 6, 10-12, 15, 16), in commencing the sol id-  
phase react ion be tween  the Pb and SO4 = or  HSO4-  
anions under  the  influence of anodic potent ia l  (7, 12), 
and in the fo rmat ion  of P b ( I I )  soluble in te rmedia te  
(25). 

Expander  action on charge. - -The charging or the 
cathodic reduct ion of t,he l ead  e lect rode involves the 
e lec t roreduct ion  of the lead  sul fa te  to a meta l l ic  1cad. 
The convent ional  reduct ion  process occurs through the  
chemical  dissolution of PbSO4 to Pb 2+ ions fol lowed 
by  the e lec t roreduct ion  of Pb 2+ to. a meta l l ic  lead. 
The observat ion  of Popova  and Kabanov  (26) tha t  
the lead  electrode has l imit ing cur ren t  close to 2000 
A / c m  2 in 3-5.5M H2SO4 solut ion suggests that  the dis-  
solution process m a y  not be ra te  l imit ing.  The e lec t ro-  
reduct ion of lead is ve ry  efficient, pa r t i cu la r ly  in a pure  
system, due to high hydrogen  overpoten t ia l  on lead. 
Fo r  the  same reason, the  cathodic reduct ion  of the  
pas t ed - type  lead  e lect rode is known to progress  f rom 
the ex te rna l  surface to the in ter ior  of the pla te  ma t r i x  
(17). 

The obvious d isadvantages  of the high e lec t rore-  
duct ion efficiency are  the tendency of the h ighly  
energized,  f reshly  deposi ted lead par t ic les  to coalesce 
forming a low surface area  deposit  and  to cause in-  
complete  conversion of lead sulfate  par t ic les  to me-  
tal l ic  l ead  by  sheathing the lead  sulfate par t ic les  wi th  

impervious  meta l l ic  lead (3). The l a t t e r  is occasion- 
a l ly  observed at  high t empe ra tu r e  fo rmat ion  a n d / o r  
in a h igh ly  sul fa ted  e lec t rode  (2). 

The presence of the expande r  in the lead  e lect rode 
ma t r i x  or  in the sur rounding  e lec t ro ly te  influences 
the overa l l  e lec t roreduct ion  kinetics.  This is caused 
by  adsorpt ive  surface coverage of lead  sulfate and  the 
lead  deposi t ion sites by  expande r  molecules.  The 
former  controls  the  dissolut ion of PbSO~, inhibi ts  the 
complete  sheathing of lead  sulfate  par t ic les  b y  elec-  
t rodepos i ted  lead, and helps the overa l l  e lect rocon-  
version efficiency. The lat ter ,  by  blocking coverage of 
ac t ivat ion sites, p revents  the s inter ing of the  elec-  
t rodeposi ted  lead mass and helps to ma in ta in  or in-  
crease the surface a rea  of the e lect rode af ter  charging 
operation.  Mahato  (7) has noted that  the expande r  
p resen t  in the pas ted  lead e lec t rode  increases the 
specific surface area  of the act ive mass and 150A, 0~ 
capac i ty  a f te r  fo rmat ion  and h inders  the  agg lomera -  
t ion of the lead  act ive mass dur ing  SAE-J240 type  
cycling. Expande r  in the pas te  has also been shown to 
a l t e r  the lead crys ta l  s t ruc ture  a f te r  format ion  and to 
improve  the cycle l ife behav ior  of the lead  e lect rode 
(4-7).  

Definition of Expander Activity and 
Evaluation Techniques 

I t  has p rev ious ly  been  noted tha t  the  expande r  
influences both  the  discharge and  the charge  behav ior  
of the lead electrode.  Dur ing  discharge i t  a l ters  the 
morphology  of the lead sulfate  film and the in ter fac ia l  
e lect rode kinetics. Dur ing  charge i t  restr icts  the lead  
ada tom deposi t ion sites and the lead  sulfate  dis-  
solut ion process. Upon cycling the in tegra l  influence 
of expande r  on both discharge and charge wil l  domi-  
n a t e  the e lect rode behavior .  Consider ing the complex 
funct ioning of the expande r  on the e lec t rode  pe r -  
formance  an  unambiguous  definit ion of the e x p a n d e r  
ac t iv i ty  which  could t ru ly  reflect its influence on the 
e lect rode per formance  has been ex t r eme ly  difficult. 
However ,  as the in tens i ty  of discharge and the ma in -  
tenance of the e lectrode s t ruc ture  are  dominan t ly  in-  
fluenced by  the expander ,  a quant i t a t ive  es t imat ion 
of expande r  effect is possible by  de te rmin ing  its 
effect on the e lect rode performance,  i.e., the discharge 
behavior  and the capaci ty  main tenance  cha rac te r -  
istics dur ing  repea ted  cha rge /d i scharge  cycling. 

The  d i schargeabi l i ty  of a wel t -def ined lead  elec-  
t rode under  constant  t empe ra tu r e  and acid concen- 
t ra t ion  can be expresssed in te rms of the  effective 
capacity,  Ko as shown in Eq. [3] 

Into = Ko [8] 

Where  I, to, and n are  cur ren t  density,  dura t ion  of 
discharge,  and an empi r ica l  constant,  respect ively.  In  
the presence of the expande r  in the sys tem the du ra -  
t ion of discharge (t) and  effective capaci ty  (K)  
wi l l  change and the expande r  ac t iv i ty  can be mon-  
i tored by  fol lowing the absolute  value  of K and its 
re la t ive  change as defined in Eq. [4] 

( K - - K o  ) 
~aisch = [4] 

Ko T,C 

T and C being t empe ra tu r e  and acid concentrat ion,  
respect ively.  The ~disch can be t e rmed  as high ra te  in-  
dex also. 

Likewise  the  cycling ab i l i ty  or the  cycle l ife index  
of the expande r  (~cyc,e) can be defined as the  re la t ive  
capaci ty  change of the e lec t rode  cycled in acid elec-  
t ro ly te  wi th  and wi thout  the  expande r  as shown in 
Eq. [5] 

( Q f - Q o  ) [51 
~cycle ~-  Qo T,C,S,4~,m 

where  Qo is in i t ia l  e lect rode capacity,  Qf is e lect rode 
capaci ty  at  ruth cycle, C is e lec t ro ly te  concentrat ion,  
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S is concentrat ion of expander  in the electrolyte, 
T is temperature,  and ~ is mode of cycling. 

The precise de terminat ion  of the expander  act ivi-  
ties (K, ~disch, ~r p r imar i ly  depends upon  the 
re l iabi l i ty  of the electrode preparation.  The conven-  
t ional pasted electrodes as used in the lead-acid bat -  
tery has a high degree of uncer ta in ty  of being re-  
producible because of the complexities associated in  
its preparation.  The expander  activity evaluat ion by 
such pasted electrodes as used by Ritchie (8), Wil-  
l ihnganz (10), Pierson et al. (4,5,6) ,  Mahato (7), 
Simon (9), Zachlin (11), and Gi l l ibrand et aI. (15, 16) 
has remained highly qualitative.  These observations 
suggest that  the precise expander  activity deter-  
minat ion  must  involve a well-defined electrode and 
should preferably  be carried out outside the test ba t -  
tery. For simplicity we have selected small  electrodes 
with surface areas close to 1.57 am 2 for high rate 
index determinat ion.  For cycle life index de te rmina-  
tion we felt the need of having a geometrical ly well-  
defined porous high surface area electrode at the start. 
This we have achieved by  cycling the well-defined 
lead electrode in  low gravi ty  sulfuric acid solution 
similar  to "P lan te - type  electrode" preparat ion as will  
be outl ined in  the exper imenta l  section. To s imulate  
the conditions which approximate  the expander  ac- 
t ion in a practical ba t te ry  operation the electrode po- 
tent ial  range for anodic process of --960 to --500 mV 
(vs. Hg/Hg2SO4) was selected. For cyclic operation 
the potential  range between 100 mV anodic and 200 
mV cathodic overpotential  was selected. 

Experimental 

The test electrodes were made out of 2-2.2 mm 
diam cast wire of 99.999% pure lead (Cominco). The 
electrode length was 2 cm made from a 4 cm long 
section of the cast wire by isolating remainder  with 
a coating of hot wax followed by two layers of heat-  
shr inkable  Teflon tubing. An  electric connection was 
made to this end. A 1.27 cm diam cast rod was made 
from 99.999% pure lead and used as the counter-  
electrode. The electrodes were degreased by rub-  
bing with acetone soaked tissue paper  followed by 
chemical cleaning in  glacial acetic ac id /hydrogen 
peroxide mix ture  as out l ined by Burbank  (27). The 
test electrode, counterelectrode, and an H g / H g 2 S O j  
"m" H2SO4 reference electrode were assembled in a 
test cell with 50 ml  of "m" sulfuric acid electrolyte. The 
reference electrode was isolated from the bu lk  elec- 
trolyte by establishing a small  crack at the capil lary 
of the reference compar tment  through a soft glass 
bead melted in  it. This was very effective in  main-  
ta ining the electrolyte pur i ty  and the rel iabi l i ty  of 
the reference potential. The sulfuric acid electrolyte 
was prepared from reagent  grade sulfuric acid and  
deionized distil led water. The test expander  was 
Reax 80C l ignosulfonate obtained from Westvaco 
Incorporated, Charleston, South Carolina. This was 
prepared from Kraf t  l ignin  and had a wide molecular  
size distribution. The exact composition of this poly-  
meric mater ia l  was not known. Limited evaluat ion 
and  informat ion  obtained from Westvaco suggested 
that  it contains 11.4% Na, 33.7% ash, 2.9% organic 
sulfur, and 92% sodium sulfonated lignin. 

A "Precision Curren t  Source, Model CS-120, North 
Hill Electronics, Incorporated" with _0.1 ~A preci- 
sion was used to determine the constant  current  oxi- 
dat ion behavior  of the lead electrode. The discharge 
t ime to --500 mV (vs. reference)  was moni tored by 
an electric t imer  and the half-cel l  potential  was 
monitored by  a Soltec recorder, Model VP-6232S in  
conjunct ion with a Keithley electrometer Model 616. 
The cycle life index de terminat ion  was carried out 
by cycling a test electrode using a l inear  potent ial  
sweep cycling described elsewhere (28). The sweep 
was regulated by a funct ion generator  (PAR T M  175/ 
99) at 0.5 mV/sec between --1160 to --860 mV (vs. 

reference).  The current  was supplied to the electrode 
by a PAR T M  173 potentiostat  equipped with a Model 
179 digital coulometer. Dur ing  cycling, the peak 
cathodic current ,  peak anodic current ,  cathodic 
charge, and anodic charge were monitored by in ter -  
facing the Model 179 digital coulometer output  to a 
PDP-11 data acquisit ion system (Digital Equipment  
Corporation) through a KIM-I  microprocessor. The 
PDP-11 was also interfaced with the Honeywell  66/40 
and a "graphic display system" for graphic pr in t  out. 
The dura t ion of the exper iment  for cycle life index 
determinat ion was four days involving approximate ly  
290 cycles. In i t ia l ly  the electrode was cycled in  1.050 
sp gr H2SO4 for 2 days (,,-145 cycles), in  order  to 
prepare a porous electrode. This was followed by cy- 
cling the electrode in test solution, acid electrolyte 
with or without  the expander,  for 145 cycles. The 
current  and electrode potentials were also monitored 
by an Esterl ine Angus Model Ll102S two channel  re-  
corder. The vol tammograms dur ing cycling were re-  
corded by a Hewlett  Packard/Moseley Autograph 
Model 7000AM X-Y recorder. 

Results and Discussion 
The effect of l ignosulfonate expander  in  sulfuric 

acid solution on the constant  cur ren t  discharge pro- 
file of a lead electrode is shown in Fig. 1. It  is in  every 
respect similar  to the constant current  discharge pro- 
file of the pasted electrode (7, 10, 15, 16) and substan-  
tiates the fact that ba r ium sulfate and carbon black 
present  in  the conventional  expander  contributes very  
little on the discharge behavior  of the lead electrode. 
Nonetheless, the long term stabilizing effect of ba-  
r ium sulfate and /o r  carbon black on the lead elec- 
trode, par t icular ly  in  the indus t r ia l - type  cell which 
uses an appreciable amount  of ba r ium sulfate and a 
small  amount  of expander  may be significant but  
has not been thoroughly investigated. The presence 
of the expander  in  the system has caused higher 
polarizat ion at the start, bu t  a greater  depth of dis- 
charge. The la t ter  is noted from the longer discharge 
time. The adsorption of expander  on the lead elec- 
trode surface is responsible for higher electrode po- 
larization (22). The delay in the passivation process 
in the presence of expander  is associated in part  with 
its abil i ty to modify the morphology and resist ivity of 
the discharge product  layer  and in  par t  to its influence 
on the interracial  electrode kinetics. 

Figure 2 exemplifies the influence of expander  on 
the morphology or the particle size of the lead sulfate 
layer. The lead sulfate particle size is significantly 
smaller  in presence of expander  than  that  obtained in  
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200/~A, 72~ discharge time, ram. 

Fig. 1. Discharge characteristics of a lead microelectrocle in 
1.250 sp gr H2S04 with (a)and without 10 pprn Reax 80C lignosul- 
fonate (b) or 200 ~A. 
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Fig. 2. Influence of expander on the discharge product mor- 
phology. 1.57 cm 2 lead electrode was discharged at 200 ~A in 
i.250 sp gr H2S04 without (a) and with 10 ppm Reax 80C ex- 
pander (b). 

absence. The smaller particle size is the result  of 
the surface adsorption of expander  on the growing 
lead sulfate crystals. In the absence of the expander  
the growth of lead sulfate crystals remains unh in -  
dered and results in a larger size (Fig. 2). This is in 
agreement  with Yamporskaya et al. (29) who ob- 
served the chemically precipitated lead sulfate to 
be long and coarse, but  in the presence of l ignin fine 
leaflets were formed. The decreased resistivity of the 
lead sulfate product layer as observed by Will ihnganz 
by the polarization measurement  appears to be re- 
lated to the increased ionic permeabi l i ty  of the lead 
sulfate matr ix  in  presence of expander. The presence 
of a labile quinoid structure in  the expander  molecule 
(20) indicates a possibility that  it might act as an 
electron transfer  medium (24) when present  in  the 
lead sulfate matr ix  and reduce its electronic resistiv- 
ity. 

The lead electrode vol tammograms in  sulfuric acid 
solution without  additive (]~ig. 3) show a normal  be- 
havior, namely  the oxidation at potential  ~ --960 mV, 
passivation at ,-~ --860 mV, and reduction at ~ --960 
mV, all with respect to the H g / H g 2 S O J m  H2SO4 ref-  
erence electrode. These vol tammograms indicate that  

the oxidation kinetics of this electrode is influenced 
by the dynamic growth of the passivating lead sulfate 
layer  on the reacting surface whereas the reduction 
kinetics is controlled by the dissolution of lead sul-  
fate and the lead adatom deposition sites. In  the pres-  
ence of the expander  in solution (dotted l ine in Fig. 
3) the conventional  electrode kinetics is altered due 
to its affinity to adsorb on both the metallic lead and 
lead sulfate surface of the electrode. During anodie 
sweep or discharge an increase in  the discharge over-  
potential  is caused by the surface blocking effect of 
the expander;  the increased in tensi ty  is caused by 
the expander 's  influence on the lead sulfate product 
morphology and on the na ture  of the reactive in te r -  
face. On reverse scan the expander  in solution se- 
verely inhibits  the cathodic reaction as indicated by a 
reduction in cathodic peak current  and by  ma in ta in -  
ing a considerable reduction rate at higher cathodic 
potential  (long tail  be tween --1100 to --1160 mV).  
The reduction in  cathodic peak current  is associated 
with the lack of deposition sites controlled by adsorp- 
t ivi ty of expander  on the lead surface whereas the 
reduction process at the extended potent ial  range is 
controlled by the avai labi l i ty  of Pb 2+ species or the 
dissolution kinetic of the lead sulfate. The overall  
influence of expander  on the cyclic vol tammogram 
agrees well  with the recent  observation of Barradas 
et al. (30) who reported the effect of lignosol C-16 
(Lignosol Chemical Limited, Quebec) on the cyclic 
vol tammogram of Pb-Hg amalgam in  PbCI2 solution. 
In  agreement  with the present  observation, a de- 
creased charge acceptance of the lead electrode in  the 
presence of the expander  has been reported (2, 3, 31). 

Figure 4 shows that  the presence of the expander  in  
the test solution influences the morphology of the lead 
electrodeposit and increases the reactive surface area 
after  charge. This agrees with the reported increased 
surface area of the lead electrode in  the presence of 
the expander  (5, 7). This increase, as hypothesized 
earlier, results from the blocking coverage of deposi- 
tion sites and dynamic adsorptive behavior  of the ex- 
pander  on the electrode surface. Figure 5 shows that 
the capacity and peak discharge cur ren t  bui ldup of 
the lead electrode is faster when cycled in  the pres- 
ence of expander  than in absence. Both the capacity 
and the peak discharge current  reflect the increased 
electrode surface area upon cycling and suggest that 
the electrode capacity would be bet ter  main ta ined  in 
the presence of expander  in  the electrode in  agree- 
ment  with the reported observat ion (7). 

Table  I shows the reproducibi l i ty  of the lead elec- 
trode discharge data obtained at varied acid con- 
centrat ion with and wi thout  10 ppm Reax 80C ex- 
pander. A good repeatabi l i ty  of the test data is ap- 
parent. The value of effective capacity, K, and ex- 
ponential,  "n", as obtained from the curve fitting of 
test data in Int =- K equation as well as the value of 
K' equivalent  to I1.St are included in  the table. The 
exponential  "n" is seen to vary  from 1.45 to 1.64 with 
no apparent  dependency to either acid concentration~ 
or the expander  content in  it. The K'  values agree 
fairly well with the K indicat ing the possible use of 
K' f o r  the design of the appl icat ion-oriented cell. 
Fur ther  correspondence of the K' to the test data is 
shown in Fig. 6 in which the solid l ine is d rawn based 
on n ---- 1.5. It notes that the presence of the expander  
in solution shifts the log t -- log I line upwards and 
increases the K' value almost twice that of the control 
electrode. It also suggests the use of ei ther  K' or its 
relat ive ratio (Eq. [4]) as a quant i ta t ive measure of 
the expander  activity on discharge. 

The discharge activity of the lead electrode de- 
creases almost l inear ly  with increasing acid concen- 
trat ion and nonl inear ly  in the presence of expander  in  
the electrolyte are also shown in  Table I. The ex- 
pander  activity on discharge is highly pronounced 
in 1.050 sp gr H2SO4 but  not so in  1.350 sp gr H2SO 4. 
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Fig. 3. Effect of 10 ppm lignosulfonate expander on the lead 
electrode voltammogram between --1160 to --860 mV (vs. Hg/ 
Hg~S04) in 1.250 sp gr H2S04. ~ pure H2S04; - - -  H2S04 
solution with expander. 

The K'  values  were  found to increase  over  the no ex-  
pander  in solut ion b y  factors of 3.24, 1.97, 1.94, and 
1.18 for  1.050, 1.150, 1.250, and  1.350 sp gr  H2SO4, r e -  
spectively.  The exact  cause of the decreased expande r  
ac t iv i ty  on the e lec t rode  d i schargeab i l i ty  wi th  in-  
creas ing acid concentra t ion  is not  known. It  might  be 
r e l a t ed  to the  acid concentra t ion  dependen t  p rec ip i -  
ta t ion  kinet ics  of the  lead  sulfate  and  the adsorp-  
t ion-desorp t ion  behavior  of the l ignosulfonate  on the 
l ead  and lead  sul fa te  part ic les .  Fur the rmore ,  Table  I 
shows a cont inuous increase  in K '  values  wi th  increas-  
ing expande r  concentra t ion up to 10 ppm with  no sig- 
nificant changes be tween  10 and 40 p p m  concentra t ion  
in  the  test  solution. The lack  of increased  expande r  
ac t iv i ty  wi th  increas ing e x p a n d e r  concentra t ion ap -  
pears  to be  caused by  super sa tu ra t ion  a n d / o r  by  the  
fo rmat ion  of pa r t i a l  inact ive  e lec t rode  surface by  
mu l t i l aye r  surface adsorpt ion.  

Fig. 4. Morphology of electrodeposited lead on the lead electrode 
at --1160 mV (vs. Hg/Hg2S04) in 1.250 sp gr H2S04 without (a) 
and with 10 ppm Keax 80C expander (b). Deposition period was 4 
hr. 

Table  II  shows the reproduc ib i l i ty  of the cycle l ife 
test  data. I t  indicates  a poor reproduc ib i l i ty  of the  
in i t ia l  capac i ty  of the  tes t  e lec t rode  ob ta ined  a f te r  2 
days  cycl ing in 1.050 sp gr  acid and a good r ep ro -  
ducib i l i ty  of the cycle l i fe  index  va lue  as defined in 
Eq. [5] and noted in the las t  column of Table  IL The 
var ia t ion  in in i t ia l  capac i ty  is associated wi th  elec-  
t rode prepara t ion ,  i.e., our inab i l i ty  to control  the  in i -  
t ia l  e lect rode surface a rea  which  is influenced b y  the 
microroughness  and the precis ion of the length  of the  
cast lead  wire  electrode.  However ,  this va r i a t ion  in 
in i t ia l  capaci ty  does not  affect the sens i t iv i ty  of this 
technique in de te rmin ing  the capaci ty  main tenance  
behavior  of the electro~le dur ing  cycling. This is evi-  
dent  f rom the reproduc ib i l i ty  of the  cycle l i fe  index  
data. This table  also notes a decreased e lect rode ca-  
pac i ty  when  cycled in  pure  acid bu t  increased  e lec-  
t rode capaci ty  when  cycled in e lec t ro ly te  wi th  I0 ppm 
expander .  This closely agrees  wi th  the r epor t ed  ob-  
se rva t ion  of the  expander ' s  influence on the cycle 
l ife of the pas ted  negat ives  (5, 7) and va l ida tes  the 
use of cycle l ife index as de t e rmined  here  in  quan t i -  
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~ig. $. Capacity and anodlc peak current behavior of the lead 
electrode during linear potential sweep cycling between --1160 
to - -860 mV (vs. Hg/Hg2S04) at 0.5 mV/sec in ].050 sulfuric acid 
solution without ( A - A )  and with 10 ppm expander { O ,  e ) .  

ta t ive  moni tor ing  the expande r  ac t iv i ty  on the cyclic 
per formance  of  the  lead  electrode. I t  appears  tha t  this 
technique,  being free f rom the complexi t ies  of the  
pas ted  e lect rode prepara t ion ,  wi l l  offer unbiased in -  
format ion  on the qual i ty  of expande r  in  a l te r ing  the 
lead  electrode cyclic performance.  

The effects of acid concentrat ion and the influence 
of 10 ppm expande r  in an acid solut ion on the cycl ing 
ab i l i ty  of the  lead  electrode are  i l lus t ra ted  in Fig. 7. I t  
indicates tha t  the capaci ty  maintenance  behavior  of 
the lead electrode significantly decreases with increas-  
ing acid concentration. However ,  in the presence of 10 
ppm expande r  in 1.250 sp gr  H~SO4, a threefo ld  in-  
crease in capaci ty  is observed.  The cycle life index  
(CLI) values for 1.050, 1.150, 1.250, and  1.350 sp g r  
H~SO4 are  0.25, 0.I0, --0.30, and --0.68, respect ive ly  
(Fig. 7). The presence of 10 ppm Reax 80C l igno-  
sulfonate in 1.250 sp gr  has increased the CLI from 
--0.30 to ~0.69. The decreased cycle life index with  
ir~creasing acid concentrat ion appears  to be the re -  
sul t  of an increasing tendency of the e lect rode for  

50  - -  

~:- 20 - -  

• .39 ~ ' I Q  - 
.~ - 
> - -  

- / \ \  
~. 5 -- 1,5 

2 - a 1,250Sp, Gr. H2SO 4 

�9 1.250 Sp. Gr. H2SO 4 
wi th 10 ppm Reax 80C 

1 I I I I I I I I I  

.1 .2 .3 .4 .5 ,7 1.0 
Current density, mA/cm 2 

Fig. 6. Effect of 10 ppm Reax 80C lignasulfonate in 1.250 sp gr 
H~$04 on the log-log relationship between discharge time and 
current density. 

lead  sulfa te  pass ivat ion and the g rea te r  loss of  surface 
a rea  caused by  s inter ing of lead  par t ic les  dur ing  elec-  
t roconversion of lead sulfate to meta l l ic  lead. This is 
i l lus t ra ted  f rom the l inear  potent ia l  sweep vo l tam-  
mograms taken  at  the  end of the test  cycles (Fig. 8). 
The g radua l  d iminishing pa t t e rn  of the vo l t ammo-  
grams reflects the change in passivat ion behavior  
and /o r  the loss of effective surface a rea  wi th  in-  
creasing acid concentra t ion dur ing  cycling. In  the 
presence of the expander  in the  test  solution, how-  
ever, the shape of the vo l t ammogram is changed as 

Table I. Forced discharge of lead electrodes in sulfuric acid solution with and without expander at 72~ 

Electrolyte composi t ion 

Specific 
gravi ty  

Concentration 
os Reax 30C 

expander (ppm) 1000 

Discharge t ime Values obtained 
( to  -0.5V vs. Hg/Hg~O,} from curve fitting K' = P.~t 

in minutes  at current  iliA) (K -~ I,,t) ( mA ,~z.s . 
750 ~ 209 ~: ~ \ ~ ; ~ . j .  m m  

1.050 

1.150 

1.250 

1.350 

1.050 

1.150 

1,350 

0 

O 

0 

0 

10 

I0 

10 

10 

3.30 
3.60 
3.37 
2.75 
2.75 
2.95 
1.91 
2.10 
1.91 
2.38 
1.00 
1.10 
1.00 

II.93 
12,83 

6.13 
6.03 
4.70 
4.3O 
4.37 
4.87 
1.32 
1.31 
1.22 

6.38 18.40 43,60 
6,29 16.50 39.30 2,46 1.54 $.58 4- 0,31 
6,31 18.02 
5.17 14.75 35,89 
5.50 ]4.75 32.30 2.16 1.49 2.15 ~" 0,24 
5.00 
3.30 8,51 27.56 
3.40 7.50 26.50 
3.35 7.70 24.50 1.34 1.55 1.42 + 0,10 

1.60 3,93 12.10 
1.60 4,10 12.00 0,66 1,53 0.68 4- 0.02 
1,60 3.90 - -  

19.47 45.40 149.90 21,50 46.80 15kf.00 8.19 1.52 8.37 -~" 0,54 
9,53 25.30 73,00 
9.47 25.30 77.00 4.07 1.54 4.23 ~" 0.15 
6.60 16.60 60.75 
6,40 l&3O 63.50 
5.97 N 64.97 2.36 1.64 2,76 4- 0.40 

1,95 4.47 13,20 
1.85 4,47 13.25 0.63 1,45 0,30 4- 0.04 
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Table II. Reproducibility of cycle life index data 

Initial ca- Final ca- Cycle life 
pacity, Qo pacity, Q~ index 

System (coulombs) (coulombs) Qf/Qo - 1 

1.934 1.362 - 0.296 
1.250 sp g r  H2SO~ 1.953 1.371 - 0 . 2 9 8  

1.562 1.11O --  0.289 
1.250 sp  g r  H2SO,  w i t h  1.389 2.335 0.681 

10 ppm Reax 80/C 1.654 2.729 0.650 
lignoaulfonate 1.681 2.824 0.680 

s h o w n  i n  Fig.  9. T h i s  i n d i c a t e s  t h e  e x p a n d e r ' s  i n f l u -  
e n c e  o n  t h e  o v e r a l l  c h a r g e  a n d  d i s c h a r g e  k i n e t i c s  

1 . 0  - -  

0,8 - -  

D 0.6 --  

A 

V 0.4 

0.2 
ff 

._~ 
~ 0 

g 
o -0.2 

-0.4 

-0.6 
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No expander 

10 ppm Reax 80C 

I I I i I I 
1.150 1.250 1.350 

Sp. gr. of H2SO 4 solution 

Fig. 7. Effect of sulfuric acid concentration and expander con- 
tent in the acid electrolyte on the capacity maintenance behavior 
of the lead electrode. 
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Fig. 9. Lead electrode voltarnmograms taken at 145th test cycie 
in 1.250 sp gr H2S04 without ( ) and with ( - - - )  10 ppm 
Reax 80C lignosulfonate illustrate the role of expander on the 
cyclic performance. 

Fig. 8. Effect of sulfuric acid concentration on the lead electrode 
voltammograms carried out at 0.5 mV/sec between --1160 to 
--860 mV (vs. Hg/Hg2S04) after 145 cycles. (a) 1.050 sp gr, (b) 
1.150 sp gr, (c) 1.250 sp gr, and (d) 1.350 sp gr. 

w h i c h  in  t u r n  h a s  r e s u l t e d  i n  a s i gn i f i can t  g a i n  in  
c a p a c i t y  a n d  i n  m o d e  of  c a t h o d i c  r e d u c t i o n  b e h a v i o r .  

E x p a n d e r  a d d e d  to t h e  t e s t  s o l u t i o n  causes  c h a r g e  
i n h i b i t i o n  d u r i n g  c a t h o d i c  r e d u c t i o n  (Fig.  3) .  Th i s  is 
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caused p r i m a r i l y  b y  blocking of the lead  ada tom d e p -  
os i t ion  sites th rough  dynamic  adsorpt ive  coverage.  
Such e lect rodeposi t ion h indrance  favors  the fo rma-  ~6 
t ion of an e lect rodeposi t  wi th  increased surface a rea  
(Fig. 4). Dur ing  repe t i t ive  charge /d i scharge  cycl ing 4 
the  growth  of surface area  and subsequent  discharge 
behavior  in tensi fy  and resul t  in  an e lec t rode  as t yp i -  j 2 
fled in  Fig. 9. ~ 

SEM micrographs  of e lectrodes cycled in  1.250 sp ~ 0 
g r  H2SO4 wi th  and wi thout  10 ppm expande r  a re  
shown in Fig. 10. The format ion  and main tenance  of -~ 
the  high surface area  e lec t rode  in the  presence of ~-2 
expande r  is exemplif ied here. The size of the  lead  pa r -  
ticles of the test  e lec t rode  a r e  much finer compared  - ,  
to the  control  e lec t rode  cycled in pure  acid solution. 
This micrographic  observat ion  agrees  wel l  wi th  the  -6 
r epor ted  expander ' s  influence on the pas ted  e lect rode 
morphology  af ter  e lec t roformat ion  and to a l imi ted  
ex ten t  a f te r  cycling (4-7) and  signifies the  per t inence  
of the present  technique in  quant i fy ing  the expande r  
ac t iv i ty  on the e lect rode per formance  dur ing  cycl ing 
service. 

The effect of expande r  concentra t ion in 1.250 sp gr  
H2SO4 on the lead  e lec t rode  cycle life index is shown 
in Fig. 11. I t  notes a continuous increase  in  CLI wi th  
increas ing expande r  concentra t ion up to 10 ppm;  no 
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Fig. 11. Effect of Reax 80C lignosulfonote concentration in 1.250 
sp gr H2S04 on the lead electrode cycle life index. 

significant difference be tween  10 and 20 ppm; and 
concr  in excess of 20 ppm decreases sha rp ly  
the  CLI values. The appa ren t  presence of an op t imum 
expande r  concentra t ion in test  solut ion for  a m a x i -  
m u m  cyclic e lec t rode  per formance  indicates  the  sen-  
sitSvity of the overa l l  e lec t rode  kinetics on the ex-  
p a n d e r  concentra t ion in the test  solution. The ex -  
pander  when present  in test  solut ion at  concen t ra t ion  
~20 ppm loses its effectiveness in r ende r ing  beneficial  
influence and s tar ts  degrad ing  the e lect rode pe r fo rm-  
ance. This is a p p a r e n t l y  re la ted  to the excessive ad -  
sorpt ion of the  expande r  on the e lect rode surface 
causing a significant devia t ion  in  the no rma l  e lec t ro-  
chemical  behav ior  of the electrode.  This is c lear ly  
i l lus t ra ted  f rom the vo l t ammograms  of the test elec-  
t rodes cycled in 1.250 sp gr  H2SO4 solut ion wi th  40, 
60, and 100 ppm expande r  as shown in Fig. 12. The 
cr i t ical  examina t ion  of vo l t ammograms  given in Fig. 
9 and 12 indicates  tha t  the h igher  expande r  concen- 
t r a t ion  in the test  e lec t ro ly te  p r i m a r i l y  dominates  the  
reduct ion  kinet ics  of the  lead  electrode.  This r educ-  
t ion process is in par t  cont ro l led  by  the ava i lab le  dep-  
osit ion sites and in pa r t  by  the  Pb 2+ concentra t ion or 
the  dissolut ion ra te  of lead  sulfate  part icles .  The 
g rea te r  adsorpt ion of expande r  on lead  r a the r  than 
on the surface of lead  sulfate (22) suggests that  the 
overa l l  cathodic process is to b'e solely control led  by  
the ava i l ab i l i ty  of the deposi t ion sites. The g radua l  
decrease of the deposi t ion site a rea  of the lead  eler 

i a (b) Ic) 

Fig. 10. Morphology of the linear potential sweep cycled lead 
electrode at 145th cycle in 1.250 sp gr H2S04 without (a) and with 
10 ppm Reax 80C (b). 

Fig. 12. The effect of higher Reax 80C lignosulfonate concen- 
tration in 1.250 sp gr H2S04 on the lead electrode voltammo- 
grams obtained at 145th cycle point. (a) 40 ppm, (b) 60 ppm, and 
(c) 100 ppm. 
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trode with increasing expander concentration in test 
solution is qualitatively noted from the decrease in 
cathodic peak current at the onset of the cathodic 
sweep (Fig. 9 and 12). The follow up cathodic process 
is complex and appears to be controlled by the gen- 
eration of lead nuclei, coverage of the freshly formed 
nuclei with expander, and possibly the potential de- 
pendent adsorption-desorption process of the expander 
on the electrode material. 

In view of the limited information on the physical 
and chemical nature of the expander material which 
is known to have a highly complex polymeric struc- 
ture, more work is needed for a thorough definition 
of the structure-dependent expander action on the 
charge and discharge processes of the lead-acid bat- 
tery negative. 

Conclusions 
1. The expander action on the lead electrode per- 

formance has been defined in terms of its influence on 
the high rate discharge and capacitY maintenance be- 
havior during cycling. 

2. Two electrochemical techniques have been devel- 
oped for measuring expander activities outside the 
test battery. These techniques based on small elec- 
trodes are simple, free from the complexities of the 
pasted electrode, and provide unbiased information of 
expander activities. The test results agree well with 
the reported expander's influence on the pasted elec- 
trode performance. 

3. Expander influences the high rate discharge of 
the lead electrode by modifying the lead sulfate 
passivating layer which decreases with increasing acid 
concentration. 

4. The capacity maintenance behavior of the lead 
electrode is influenced by the presence of expander 
as it prevents the sintering of the lead mass during 
repeated charge/discharge cycling process. An opti- 
mum expander concentration exists for a maximum 
cyclic performance of the lead electrode. 

5. The charge inhibition of the lead electrode in the 
presence of expander is caused by the blocking cover- 
age of lead adatom deposition sites. 

6. In view of the structural complexities of the ex- 
pander material, a considerable difficulty exists in cor- 
relating the electrochemical activities of the expander 
to that of the molecular structure of this polymeric 
material. 
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ABSTRACT 

A p r e l i m i n a r y  s tudy  was made  of the effect of cer ta in  e lements  imp lan ted  
in  i ron  on the absorp t ion  of hydrogen  by  F e r r o v a c - E  iron. Using the p e r m e a -  
t ion technique,  i t  was found that  the  locat ion of imp lan ted  Pt, as modified 
by  select ive dissolut ion of i ron  f rom the surface, affects the kinet ics  of the 
hydrogen  evolut ion reac t ion  and, hence, of the  hydrogen  absorpt ion  process. 
The ra te  of hydrogen  absorpt ion  decreased wi th  increase  in P t  concentra t ion 
on the surface in both 0.1N NaOH and 0.1N H2SO4. A cata ly t ic  mechanism is 
proposed  to exp la in  the  m a r k e d  reduct ion  in hydrogen  permeat ion .  There  a re  
no significant differences in the  pe rmea t ion  behavior  of un implan ted  and 
he l ium-  or  i r on - imp lan t ed  i ron membranes  in  0.1N NaOH. The expe r imen ta l l y  
observed  Tafel  slope, the  pe rmea t ion -  (charging)  potent ia l  re la t ionship,  and 
the  p e r m e a t i o n - ( c h a r g i n g )  cur ren t  re la t ionship  indicate  a coupled d ischarge-  
recombina t ion  mechanism of hydrogen  evolut ion on He-, Fe- ,  or  P t - i m p l a n t e d  
iron. At  h igher  cathodic overpotent ia l s  in 0.1N NaOH, corresponding to po ten-  
t ia ls  more  negat ive  than  --1.0V (SHE) ,  another  mechanism of hydrogen  
evolut ion is indicated.  Select ive  dissolut ion of i ron f rom the P t - i m p l a n t e d  Fe  
surface l aye r  m a y  involve some p la t inum and i ron  interdiffusion according to 
Ru the r fo rd  backsca t te r ing  analyses.  

Hydrogen  absorpt ion  g rea t ly  reduces  the mechan i -  
cal p roper t ies  of s t ruc tura l  alloys. A number  of in-  
vest igators  have s tudied  the poss ib i l i ty  of reducing 
hydrogen  absorpt ion  by  coatings (1-4).  Besides func-  
t ioning as bar r ie r s  to hydrogen  entry,  coatings m a y  
also reduce hydrogen  absorpt ion  th rough  thei r  effect 
on the kinet ics  of the hydrogen  evolut ion react ion and, 
hence, of the hydrogen  absorpt ion  process. Cha t t e r j ee  
et al. (4) p rov ided  expe r imen ta l  evidence for  the  ca ta-  
ly t ic  mechanism of decreas ing hydrogen  en t ry  into 
iron. They found that  discontinuous e lec t rodeposi ted  
coatings of Pt, Ni, or Cu on i ron are  effective in re -  
ducing hydrogen  en t ry  into the membrane .  The  ion 
implan ta t ion  technique is another  method for  a l te r ing  
the surface chemical ly  and, thus, the mechanism and 
kinet ics  of the hydrogen  evolut ion reaction, wi thout  
affecting bu lk  phys ica l  or  mechanica l  propert ies .  

Ashwor th  and co-workers  (5) were  among the first 
to r epor t  the effect of implan ta t ion  on the polar iza t ion  
behavior  of iron. They  found tha t  there  a re  no sig- 
nificant differences be tween  the polarizat iorl  behav ior  
of un implan ted  and a rgon - imp lan t ed  i ron beyond tha t  
due to changes in surface roughness  associated wi th  
the  implan ta t ion  process. Other  implan ted  e lements  in 
iron, such as chromium and lead, were  shown to in-  
fluence the polar iza t ion  behav ior  (6, 7). 

This paper  repor ts  the resul ts  of in i t ia l  s tudies di-  
rec ted  at  eva lua t ing  the effect of implan ta t ion  on h y -  
drogen permeat ion.  No o ther  studies of hydrogen  pe r -  
meat ion  of imp lan ted  membranes  are  known to be re -  
por ted  in the l i te ra ture .  Specifically, the resul ts  p ro -  
vide  insight  on: 

1. Whether ,  and  to wha t  extent ,  implan ted  p la t inum,  
helium, or i ron  reduce hydrogen  pe rmea t ion  th rough  
iron. 

2. The effect of the na ture  and p rox imi ty  to the sur -  
face of the implan ted  species on the mechanism and 
kinet ics  of the hydrogen  evolut ion react ion and, hence, 
of the hydrogen  absorp t ion  process. 

~ Electrochemical Society Active Member. 
K e y  w o r d s :  ion implantation, hydrogen evolution, Fe-Pt ,  T a f e l  

slope, catalyst. 

3. The effect of implan ta t ion  on (effective) h y d r o -  
gen diffusivi ty which  m a y  be re la ted  to t r app ing  char -  
acteristics.  

The  ra t ionale  behind  choosing P t  for implan ta t ion  is 
tha t  P t  is one of the  best  e lec t roca ta lys ts  for  the  h y -  
drogen evolut ion reaction. In  o rde r  to sort  out any  
effects due to the implan ta t ion  process, itself, the ine r t  
element,  He, and  the subs t ra te  element,  Fe, were  also 
chosen for  comparison.  

Experimental Procedure 
The hydrogen  pe rmea t ion  measurements  were  car -  

r ied out  on Fe r rovac -E  iron. The Fe  membranes  were  
p repa red  by  co ld- ro l l ing  wafers  cut f rom a mas te r  
ingot  to-the requ i red  thickness (0.365 ram).  Af t e r  pol -  
ishing to 600 grit ,  they  were  degreased  using benzene 
and methanol  in a soxhle t  appara tus ,  and  then  an-  
nea led  for  2 hr  at  1273~ (1000~ in an argon-f i l led  
sil ica capsule. The l a t t e r  t r ea tmen t  p roduced  an etched 
surface. One side of some of these membranes  was 
exposed  to beams of Fe  +, He +, or  P t  + ions at  fluences 
and energies  given in Table  I. The samples  were  im-  
p lan ted  in a vacuum of 10 -4 Pa  (10 -8 Torr )  and were  
in close p rox imi ty  to a cold surface at  l iquid  n i t ro-  
gen t empera tu res  (77~ which  minimized  carbon 
contaminat ion.  The t empe ra tu r e  of the samples  dur ing  
implan ta t ion  did not  exceed 323~ The implan ted  
samples  were  s tored in an evacua ted  desiccator.  P r io r  
to the pe rmea t ion  runs, the  Pt  content  on the surface 
of the P t - i m p l a n t e d  membranes  was increased by  
select ive dissolution of i ron via  immers ion  in 1M 
H2SO4 for 20 sec. This amount  of e tching produced  no 
change in surface morpho logy  observable  b y  l ight  or 

Table h Energies and fluences of implanted ions in iron membranes 

Ion Energy, k e y  F l u e n c e ,  i o n s / c m  ~ 

Fe 15,0 1 x 10 z~ 
Pt  100 1.5 • 10 ze 
He 25 1.6 x 10 z~ 

1688 
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scanning electron microscopy. Permeat ion  measure-  
ments  were also made after subsequent  10 sec im-  
mersions in 0.1N H2SO4. Sulfuric  acid is known to 
selectively remove i ron from a F e - P t  solid solution 
(8). 

Electrolyte solutions were prepared from conductiv-  
i ty water  (doubly distilled) prepared by  the method 
of Powers (9) and reagent  grade chemicals. F ina l  
purification was made by pre-electrolyzing the solu- 
tions in an external  cell prior to admit t ing them to 
the permeat ion cell. 

The technique of Devana than  and Stachurski  (10) 
was used to measure the permeabi l i ty  of hydrogen 
through a membrane  While evolving hydrogen off the 
implanted surface. In this method, a thin metall ic 
membrane  is electrolytically charged with hydrogen 
on the implanted side, while on the other exit  side the 
hydrogen, which has diffused through the membrane ,  
is anodically oxidized. The orifice of the cell and, thus, 
the charging area was 0.785 cm 2. The measured anodic 
current  is a direct measure of the hydrogen flux 
through the membrane  for conditions at the exit  sur-  
face, which included a th in  pal ladium coating and an 
oxidizing potential  of 0.018V (SHE). These are the 
same conditions found previously to be suitable for 
oxidizing all of the hydrogen arr iving at the anodically 
polarized surface (4). The reported values are the 
measured values after correction for the residual  cur-  
rent  which is typical ly less than 1 ~A cm -2. The po- 
tent ial  of the charging surface was measured using an 
Hg/Hg2SO4 reference electrode in 0.1N H2SO4 and an 
Hg/HgO reference electrode in  0.1N NaOH, and that  
of the exit surface using an Hg/HgO reference electrode 
in  0.1N NaOH. Both chambers of the cell were de- 
aerated by bubbl ing  oxygen-free n i t rogen through the 
solutions. The permeat ion measurements  were per-  
formed unde r  conditions of cathodic protection. De- 
tails of the cell and circuitry are reported elsewhere 
(4). 

The permeat ion data were obtained as follows. The 
Fe-  and He- implan ted  iron membranes  were pre-  
charged at ic = 0.10 mA cm -2 for 45 min  by which 
t ime a quasi -s ta t ionary permeat ion cur ren t  was es- 
tablished. The P t - implan ted  membranes  were s imilar ly  
precharged at 1 mA cm -2 (~-,15 min  in 0.1N NaOH and 
~7  min  in  0.1N H2SO4). The membranes  were then 
charged galvanostat ical ly in  0.02 mA cm -2 steps in  
0.1N NaOH or in 0.2 mA cm -2 steps in 0.1N H2SO4 in  
descending and then ascending directions. Each charg- 
ing current  was main ta ined  for about  4 min  by which 
time a quasi -s ta t ionary permeation current  was es- 
tablished. This procedure has been found to give con- 
stant  and reproducible permeat ion t ransients  depend-  
ent only on the charging conditions for a given speci- 
men. 

Some of the concentrat ion profiles after implan ta -  
t ion were measured by means of high resolution 
Rutherford backscat ter ing of alpha particles with a 
depth resolution of 4 nm. For this measurement ,  the 
surface to be implanted  was first polished to a mir ror  
finish with 6 #m diamond paste. Details of this method 
may  be found elsewhere (11, 12). 
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Fig. 1. Hydrogen permeation transients for an He-implanted Fe 
membrane and for a Pt-implanted Fe membrane after a 20 sec 
dissolution in 1M H2S04. ic - -  0.1 mA cm -2  in 0.1N NaOH. 

Results 
Table II shows that  the s teady-state  hydrogen p e r -  

m e a t i o n  fluxes, it, and electrode potentials at the 
charging side, E, in 0.1N NaOH are the same for un im-  
planted Fe membranes  and identical  membranes  im-  
planted with He or Fe. These values and the t ransients  
themselves are also typical for these samples after  
various periods of immersion in  sulfuric acid. 

The permeat ion transients  prior to steady state were 
also the same wi th in  the exper imental  error  for these 
membranes ;  the half-r ise  t ime (tl/2) was 5.5 --~ 1.0 
sec. Typical permeat ion t ransients  are shown in Fig. 
1. The effective diffusivity, calculated using the ex- 
pression (13, 14) 

0.138 L 2 
D - - - -  

ti/2 

where L is the membrane thickness, is D _-- 3 • 10 -5 
cm 2 sec -I .  This value is in good agreement with l itera- 
ture values for well-annealed iron (15) and is also 
essentially the value obtained by extrapolation of 
high temperature  diffusion data to room tempera ture  
(16). The exper imenta l ly  observed Tafel slope is -- 122 
_+_ 5 mV (Fig. 4). This value is the same as that  r e -  

Table II. Variation of the steady-state hydrogen permeation flux and of the electrode potential at the charging side with the 
charging current density for an unimplanted Fe membrane and for an identical membrane implanted with He or Fe. Charging 

solution was 0.1N NaOH 

Steady-state permeat ion  rate and electrode potential  of the charging side 

Charging cur- Unimplanted  iron He-implanted iron Fe-implanted iron 
rent  density,  

m A / c m  ~ i~ , /~A/cm ~ --Ec, V(SHE)  i~ , /~A/cm 2 --Ec, V(SHE)  i~ , /~A/cm '~ --Ec, V(SHE) 

0.1 1.77 1.005 1.78 1.005 1.65 1.00 
0.08 1.50 0.990 1.46 0.969 1.45 0.990 
0.06 1.32 0.975 1.27 0.974 1.27 0.975 
0.04 1.02 0.950 1.02 0.950 1.01 0.950 
0.02 0.70 0.910 0.74 0.910 0.67 0.910 
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Fig. 2. Rutherford backscattering profiles of implanted Pt in Fe 

as a function of time of immersion of the implanted sample in 1M 
H2SO4 at room temperature. Depth of resolution is 4 nm (40A). 

ported for hydrogen evolution on Fe in  0.1N NaOH 
(17). 

Figure 2 shows dis tr ibut ion profiles of Pt  implanted 
in  Fe after different amounts  of dissolution in 1M 
I-I2SO4 at room temperature.  After  20 sec immersion 
in  the acid, the peak concentrat ion of Pt  is closer to 
the surface and the area under  the curve is essentially 
unchanged, indicat ing that  only iron is dissolved dur-  
ing this ini t ial  dissolution period; and the tail  of the 
profile extends fur ther  into the alloy as measured from 
either the peak or the original  surface position (not 
shown),  suggesting Pt  diffused into the alloy (during 
and /o r  following dissolution) to a distance roughly 
equal to the distance the surface has receded. 1 The 
(average) Pt  concentrat ion wi th in  a surface region of 
about 4 nm thickness as measured by Rutherford back- 
scattering is significantly higher (,~3% by weight) 
than in  the as- implanted  case (~0 .1%) .  

Profiles obtained after a second 20 sec dissolution 
period in 1M I-I2SO4 show that  the Pt  content  is much 
less and near ly  at background levels (Fig. 2), which 
indicates that most of the Pt  is lost from the meta-  

l This follows since the profile w i d t h  is  a b o u t  the  s a m e  before 
and after the initial 20 see immersion. An estimate is 10 nm af t er  
20 sec based on published corrosion rates (>10 -~ A cm -'~ at 298~ 
of  steel in sulfuric acid (18J. 

brahe dur ing this second dissolution process. Permea-  
tion measurements  were main ly  done, therefore, after 
an ini t ial  20 sec exposure of the P t - implan ted  mem-  
branes to 1M H2SO4. 

Figure 3 shows a l inear  dependence of the s teady- 
state permeat ion current  density on the square root 
of the charging current  density wi th  the curve passing 
through the origin for an un implan ted  Fe membrane  
and for a P t - implan ted  Fe membrane  following a 20 
sec immersion in  1M H2SO4. This is taken as an indi-  
cation of a diffusion-controlled hydrogen permeat ion 
process (17, 19). The permeat ion t ransient  for the 
la t ter  membrane  is shown in Fig. 1. The hydrogen 
permeabi l i ty  is less at all charging currents  for the 
Pt - implanted,  than for the unimplanted,  i ron mem-  
branes. Pt  profiles which were not modified by selec- 
tive iron dissolution were found to have an insig- 
nificant effect on the hydrogen evolution and perme-  
ation kinetics. 

The electrode potentials for hydrogen evolut ion on 
the P t - implan ted  membrane  (after immersion in  acid) 
are invar iab ly  more noble than those on the u n i m -  
planted membrane,  Fig. 4. The Tafel slope is --122 __ 
5 mV for both un implan ted  and P t - implan ted  iron. 
The relations between permeat ion and the electrode 
potent ial  of the charging surface for un implan ted  and 
P t - implan ted  Fe membranes  are given in  Fig. 5 for 
the 0.1N NaOH charging solution. The slopes of the 
straight segments of the curves of both the un im-  
planted Fe  and P t - implan ted  Fe membranes  are --255 
__ 5 mV. About  the same slope is also obtained in  
the 0.1N H2SO4 charging solution over a wide range 
of overpotential  for both charging surfaces, Table III. 

As with the Pt  content  of the surface (Fig. 2), both 
the measured electrode potential  of the P t - implan ted  
surface and the permeat ion rate of hydrogen through 
the P t - implan ted  membrane  dur ing  hydrogen charg- 
ing are functions of the pre t rea tment  immersion time 
in, and concentrat ion of, sulfuric acid. Figure 6 shows 
variat ions in potential  and permeat ion as a funct ion of 
addit ional  10 sec immersion periods (following the 
ini t ia l  20 sec immersion)  in  a di luted sulfuric acid. 
The trends of i| decreasing and E increasing in  a more 
oxidizing direction hold for an addit ional  40 sec im-  
mersion in 0.1N H2SO4. Then, a reversal  of the electro- 
chemical parameters  occurs. 

Discussion 
The electrocatalytic activity of a surface for the 

hydrogen evolution reaction can be estimated from the 
overpotential  required to evolve hydrogen at a given 
current  dens i ty - - the  lower the overpotential  or the 
more noble the electrode potential,  the more catalytic 
the surface. Figure 4 and Table III  show the electrode 
potentials measured in  a lkal ine-  and acid-charging 
solutions. It  is seen that  the electrode potential  for 
the hydrogen evolution reaction is more noble on P t -  
implanted than on un implan ted  surfaces. It  follows 
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Fig. 3. Steady-state permeation rate i| as a function of the 
square root of the charging current density ie for an unimplanted 
Fe membrane and a Pt-implanted and acid-treated Fe membrane. 
Charging solution was 0. iN NoOH. 
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Fig. 4, The polarization curve in the Tafel region for hydrogen 
evolutian in 0.1N NaOH on an unimplanted iron (Q)  and a Pt- 
implanted Fe membrane following a 20 sac immersion in 1M 
H2S04 (I-1). 

that the degree of hydrogen coverage, e, and the 
permeability of hydrogen should be less for Pt-im- 
planted, than for unimplanted, iron membranes (20, 
13, 4) in accord with the permeation results in Fig. 3 
and 5. 

The above reasoning also explains the decrease of 
the steady-state permeation and the more positive 
electrode potential with increasing pretreatment im- 
mersion time (Fig. 6), i.e., acid attack initially in- 
creases the Pt content of the surface as was shown by 

Table III. Variation of the steady-state hydrogen permeation flux 
and of the electrode potential of the charging side with the 
charging current density for an unimplanted Fe membrane 

and for a Pt-implanted Fe membrane. Charging solution 
was 0.1N H2$04 

Steady-state permeat ion rate  and electrode 
potent ial  af the charging side 

Charging Unimplanted iron Pt-implanted iron 
current  
density, i=, - E, i| -- E, 
n%A./ernS /~a-lcm 2 V (SI-I.E) #Alcm 2 V (SI-IE) 

1,0 22,0 0,425 16.2 0,407 
0.8 20.0 0.415 14,5 0.395 
O.G 17.5 0.400 12.5 0,380 
0.4 14.2 0.380 10.5 0.360 
0.2 10.2 0,345 7.5 0.325 
0.1 7.3 0.310 5.5 0.290 
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Fig, 5. Steady-state permeation rate i| as a function of the po- 
tential of the charging surface of the membrane, Ec. Charging solu- 
tion was 0.1N NaOH. 

Rutherford backscattering (Fig. 2). A correspondence 
of the electrochemical and the backscattering data 
also holds at longer pretreatment immersion times 
when a reversal in the trends of Ec and i| corresponds 
to a loss of Pt from the surface. Thus, it would seem 
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Fig. 6. Steady-state permeation rate 0-I) and charging potential 
( O )  as a functian of additional immersion periods in 0.1N HzSO4 
beyond the initial 20 sec immersion in 1M H~SO4 of the Pt-im- 
planted surface. Charging current was 0.6 mA cm -2  in 0.]N HaSO4. 
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tha t  as the  surface recedes and over takes  the P t  p ro -  
file, the  P t  concentra t ion  on the surface  reaches  a leve l  
for which  accumula t ion  of P t  into par t ic les ,  fo l lowed 
by  detachment ,  occurs. Such is known to happen  when 
an a l loy  contains low percentages  ( ~ 1 % )  of a noble 
meta l  in solid solut ion (21), and is in accord wi th  in-  
dus t r ia l  exper i ence ,  especia l ly  dur ing  e lect rolyt ic  re -  
fining of copper containing smal l  amounts  of gold. The 
reversa l  in the t rends  of Ec and i ,  occurs at  shor ter  
immers ion  t imes for h igher  concentrat ions  of sulfur ic  
acid (Fig. 2 vs. Fig. 6). This is in accord wi th  a fas ter  
r a t e  of a t tack  in the  more  concent ra ted  acid, and thus 
a fas ter  ra te  of recession of the surface.  That  con- 
t inued dissolut ion of the m e m b r a n e  even tua l ly  leads 
to P t  loss f rom the surface (Fig. 2) is suppor ted  by  the 
approach  a f te r  long t imes  of the  i| and  Ec values  to 
those for  un implan ted  Fe  membranes .  

In summary ,  the  mechanism by which implan ted  P t  
reduces hydrogen  absorp t ion  by  i ron  is r e la ted  to the 
different  ca ta ly t ic  tendencies of P t  and Fe for the hy -  
drogen evolut ion reaction. In  this case, the hydrogen  
evolut ion reac t ion  occurs more  r ead i ly  ( lower  over -  
vol tage  requ i red)  on P t  than  on Fe (s i tes) ;  thus, the 
coverage of hydrogen  on the composite P t - F e  surface 
is lower  and, consequently,  so also is the  absorpt ion  
rate.  Thus, these resul ts  indicate  tha t  for implan ta t ion  
in i ron to be effective for reducing hydrogen  absorp-  
tion, implants  should have a h igher  exchange cur ren t  
dens i ty  for  hydrogen  evolut ion than  tha t  for the sub-  
s t ra te  metal .  The da ta  also show for P t  implants  tha t  
modifications of the  implan ta t ion  profile, which  in-  
crease the concentra t ion of the implan t  in the ou te r -  
most surface layer ,  increase  evolut ion and decrease 
absorpt ion  of hydrogen.  

The  Ruther fo rd  backsca t te r ing  da ta  here  and else-  
where  ( t l )  give some indicat ion tha t  a l imi ted  amount  
of interdiffusion of the al loy components  occurs du r -  
ing ( and /o r  af ter )  select ive dissolution (of the  i ron) .  
While  this has ye t  to be shown to be the ac tua l  ex -  
p lana t ion  of the  backsca t te r ing  profiles obta ined be-  
fore  and af te r  the in i t ia l  (20 sec) dissolution per iod  
(Fig. 2), the exp lana t ion  i tself  is reasonable  for cer -  
ta in  condit ions of anodic dissolution which  genera te  
vacancies as ana lyzed  e lsewhere  (21-25). 

The da ta  in Table  I I  for  He-  and F e - i m p l a n t e d  i ron  
show tha t  there  a re  no significant differences in the 
polar iza t ion  or  pe rmea t ion  behavior  be tween  un im-  
p lan ted  and He-  or F e - i m p l a n t e d  iron. Fur the rmore ,  
the Tafel  slopes are  also the same. Thus, the imp lan t a -  
t ion process, itself, does not  modi fy  the mechanism of, 
or the ca ta ly t ic  charac te r  of the surface for, the hy -  
drogen evolut ion reaction.  Ashwor th  e t a l .  (5), also 
found tha t  once the a i r - fo rmed  oxide is removed,  the 
polar iza t ion  behavior  of un implan ted  and a r g o n - i m -  
p lan ted  i ron  is nea r ly  the same. A de lay  in the p e r m e -  
a t ion-kinet ics ,  on the other  hand, might  have been 
expected for  the implan ted  membrane  since the im-  
p lan ta t ion  process, itself, in t roduces defects to about  
the  dep th  of the  profile. In recen t  ion beam studies of 
deu t e r i um- imp lan t ed  iron, Myers  et at. (26) found 
tha t  the ac t iva t ion  energy of a deu te r ium t rap  p ro -  
duced by the implan ta t ion  process is 0.81 eV, tha t  
slow release f rom the t raps  occurs be tween  300 ~ and 
400~ and that  e i ther  implan ted  deu te r ium or i ron 
creates  the  traps.  The presence of effective hydrogen  
t raps  can, in principle,  be ind ica ted  by  a comparison 
of the  pe rmea t ion  rise t imes for un implan ted  and im-  
p lan ted  membranes .  That  the ha l f - r i se  t imes in the 
presen t  measurements  were  the same wi th in  the ex-  
pe r imen ta l  e r ror  m a y  be a t t r i bu ted  to (i) modifica- 
tions of the na ture  or dens i ty  of the t raps  dur ing  the 
long (,~9 month)  de lay  be tween  the implan ta t ion  
process and the pe rmea t ion  measurements ,  (if) filling 
of the  t raps  wi th  hydrogen  f rom other  sources dur ing  
the above-men t ioned  delay, a n d / o r  (iii) a lack of sen-  
s i t iv i ty  in the measurement .  Exper iments  a re  cur -  
ren t ly  u n d e r w a y  in an  a t t empt  to resolve this issue. 

Some of the  da ta  obta ined  in this work  are  of the  
type  no rma l ly  used for  eva lua t ion  of the  mechanism 
of the hydrogen  evolut ion reaction. I t  has been  shown 
e lsewhere  (13, 19, 20) that  if hydrogen  evolut ion oc-  
curs via  a coupled d i scharge- recombina t ion  mecha-  
nism, as is the case for  iron, the  fol lowing re la t ions  
are  obta ined at  low hydrogen  coverages,  e, for  ra te -  
control l ing diffusion th rough  the m e m b r a n e  

i| ~ ic I/2 [1] 

On 2RT 
- -  -- - -  -- --120 mV [2] 
intc F 

On On 4RT 
-- - -  = --240 mV [3] 

o In : = - -  = 0 In e F 

where ~] is the overpotential for hydrogen evolution, 
F the Faraday, R the gas constant, and T the tem- 
perature. In this investigation it was found that the 
steady-state permeation current is directly propor- 
tional to the square root of the charging current den- 
sity (Fig. 3 and Table II) for Fe-implanted, He-im- 
planted, and unimplanted iron membranes in accord 
with Eq. [I]. Furthermore, the Tafel slope (Fig. 4) is 

--122 ___ 5 mV and On/Olni~ = --255 -4- 5 mV (Fig. 5) 
in reasonably  good agreement  wi th  Eq. [2] and [3], 
respect ively.  At  h igher  cathodic overpotent ia l s  in  
0.1N NaOH, corresponding to potent ia ls  more  negat ive  
than  --1.0V (SHE) ,  there  appears  to be a change in 
the  mechanism of hydrogen  evolut ion for  the  un im-  
p lan ted  and F e -  and  H e - imp la n t e d  membranes  to 
slow d ischarge- fas t  e lec t rochemical  desorption,  as in-  
d ica ted  by  an increase  in On/Olni, ,  Fig. 5 (17, 20). 

Fo r  P t - i m p l a n t e d  Fe, as modified by  the 20 sec acid 
immers ion  the Tafel  s lope is --122 _ 5 mV and 
00/0 l n i s  = --255 +_ 5 mV, and the s t eady-s t a t e  pe r -  
meat ion  varies  l inea r ly  th rough  the or igin wi th  the 
square root  of the  charging cur ren t  density.  Thus, i t  
is concluded tha t  the  mechanism of hydrogen  evolu-  
t ion for  P t - i m p l a n t e d  Fe is also coupled d ischarge-  
chemical  desorpt ion  in both the 0.1N NaOH and 0.1N 
H2SO4 solutions wi th in  the overpoten t ia l  range studied. 
The Tafel  slope repor ted  in the l i t e ra tu re  for  hydro -  
gen evolut ion on Pt  surfaces is in two different  ranges,  
e i ther  --110 to --130 mV in NaOH solutions (27-30) 
or  about  --30 mV in H2SO4 solutions (29) for u l t r a -  
c lean systems. Tafel  slopes grea te r  than  --30 mV in 
H2SO4 have, however ,  been  observed in the  presence 
of impur i t ies  (31). 

Conclusions 
Implan ta t ion  by  the ion beam technique can be used 

to reduce hydrogen  en t ry  into iron. This was shown 
using the (model)  sys tem of P t  imp lan ted  into Fe. P t  
is known to g rea t ly  reduce hydrogen  en t ry  into i ron  
via  a cata lyt ic  effect of the hydrogen  evolut ion reac-  
t ion when the P t  is p resen t  on the  surface (4). The 
effectiveness of implan ted  P t  was g rea t ly  increased by  
control led  selective dissolution of i ron which increased  
the surface concentra t ion  of Pt. There  a re  no sig-  
nificant differences in the  pe rmea t ion  behavior  of un -  
implan ted  and He-  or F e - i m p l a n t e d  Fe  specimens. 

The expe r imen ta l l y  observed Tafe l  slope, the  pe r -  
mea t ion-charg ing  poten t ia l  re la t ionship,  and  the p e r -  
mea t ion-charg ing  cur ren t  re la t ionship  indicate  a 
coupled d i scharge- recombina t ion  mechanism of h y -  
drogen evolut ion  on Fe- ,  He-,  or P t - i m p l a n t e d  Fe  sur -  
faces in  0.1N NaOH or 0.1N H2SO4 charging solutions. 
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Impedance Measurements of the Anodic Iron Dissolution 
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Institute of Physical Chemistry and Electrochemistry, University ol Karlsruhe, Karlsruhe, Germany 

and H. Friedburg 
Institute 05 Microwave-Technics and Electronics, University of Karlsruhe, Karisruhe, Germany 

ABSTRACT 

The kinetics of the Fe /Fe  2+ electrode have previously been explained on 
the basis of either a consecutive or a catalytic charge transfer mechanism in- 
cluding adsorbed intermediates. In order to obtain more exact  kinetic infor- 
mation, pulse and frequency response measurements on polycrystall ine Fe in 
acidic sulfate solutions at T = 298~ have been carried out. The stationary 
current density-potential  curves already allow a preselection of the proposed 
reaction models. Dynamic parameters  were calculated from the measured 
electrode impedance. It is shown that the existing reaction models do not 
agree with the measured impedance behavior. However, the experimental  re-  
sults can be explained assuming a l~otential-dependent relaxation of the sur-  
face combined with a catalyzed dissolution mechanism. The mechanism of the 
iron electrode in the active, transition, and prepassive ranges can be described 
by the reaction scheme 

Fe ~ (FeOH) ads ~ [,Fe* (FeOH) ]ads ~ FeOH + -t- (FeOH) ads 

Jr 
~t Fe ~+ . aq. 

[Fe (OH) 2] ads ~ {Fe* [Fe (OH) 2] }ads-* FeOH + ~ (FeOH) ads 

The kinetic data of the anodic iron dissolution in 
acid solutions free of oxygen and surface active sub- 
stances have been interpreted for the active range 

Key words: iron dissolution kinetics, impedance measurements,  
surface structure, surface relaxation. 

assuming a consecutive mechanism [Bockris (1)] o r  
a catalyzed mechanism [Heusler (2)] which depend 
on the substructure of the electrode, i.e., the s u r f a c e  
activity (3-5). The kinetics of the iron dissolution 
processes in the transition, prepassive, and passive 
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layer  formation ranges have been explained taking 
into account different intermediates,  [Fe(OH)~]ads 
with n --  1, 2, 3, which are potent ia l -dependent ly  
adsorbed at the metal  surface (6-11). The proposed 
mechanism of i ron dissolution in  the different ranges 
is shown in  Table  I. 

Nonstat ionary methods have been used to fur ther  
clarify the electrode reaction mechanism, e.g., pulse 
techniques or sine wave measurements  (12-15). Single 
pulse measurements  have been performed on the i ron 
electrode (2, 16, 17). The galvanostatic double pulse 
(GDP) method has been applied only on the consecu- 
tive charge t ransfer  reaction of the Cu/Cu 2 + electrode 
(18). Impedance measurements  of i ron dissolution 
have been carried out extensively by Epelboin et al. 
( 1 9 - 2 8 ) .  

Transfer Function Measuring Methods 
The dynamic electrochemical electrode properties, 

i.e., the t ransfer  funct ion or the two-pole function, 1 
can be determined by analyzing the system response 
which can be measured either directly as a funct ion of 
t ime (time domain) or as a funct ion of the f requen-  
cies of the applied test signal ( frequency domain) .  
The system responses in  both domains are connected 
by the Laplace transformation.  The analysis of the 
system response is often more difficult in  the time do- 
main  than in  the frequency domain (29). Moreover, a 
greater resolution of the system response in the fre-  
quency domain can be achieved. Therefore, in many  
cases measurements  in  the f requency domain are more 
precise. 

For f requency response measurements  on electro- 
chemical systems a large frequency range from mHz 
up to MHz may be necessary and the correlat ion tech- 
nique~ appears to be the most convenient  one (23, 29). 

Neglecting t ransport  phenomena,  the measured im-  
pedance of the system, as well as that calculated for 
the reaction model, can be represented by a broken 
rat ional  funct ion 

m ~ t  

i----0 i---1 
Z(s)  : ~ : k [11 

~ qisi ~ (s--s| 
i-.mo i = 1  

where Pi and qi are the coefficients, while s denotes 
the Laplace variable  and s0i and s~ represent  the zeros 
and poles of this function. 

The impedance Z corresponds to a two-pole func-  
t ion and, therefore, the relat ion 

m - -  l ~ n ~ m  ~- I [2] 

must  be valid. Moreover, the two-pole function must  
be stable having no singulari t ies under  both potentio- 
static and galvanostatic control (30). The two-pole 
funct ion can be determined graphical ly or ana ly t i -  
cally. In  the case of more complicated electrode prop-  
erties, analyt ical  methods are to be preferred (29). 

Experimental 
The investigations were carried out in  the systems 

Fe (po lyc rys t a l l i ne ) /x  �9 M H2SO4 -k y �9 M Na2SO4 
(x ~- y = 0.5), 0.3 --~ pH --~ 6 at T = 298~ using con- 
vent ional  three-electrode techniques. Addit ionally,  a 
p la t inum probe was connected in paral lel  with the 
reference electrode (Hg/Hg2C12,KC1 sat.) by a capaci- 
tor in order to achieve a reference system of low re- 

T he  trans fer  funct ion  g e n e r a l l y  r e p r e s e n t s  the  corre lat ion  be- 
tween input and output  variables .  In the  case  of  electrochemical 
systems, the  i n t e r e s t  is m o s t l y  d i rec ted  to  the  corre lat ion  be- 
tween the  c u r r e n t  flux and th e  vo l tage  across  th e  electrode/elec- 
trolyte in terphase .  Th i s  spec ia l  t y p e  of  t r a n s f e r  function is called 
the two-pole function. 

'~ T h e  corre la t ion  teChnique g ives  d irect ly  th e  rea l  and imag-  
inary parts  of  the  t r a n s f e r  func t ion  ca lcu la ted  via the  cross-corre-  
lat ion func t ions  b e t w e e n  th e  t e s t  s ignal  and  the  s y s t e m  response .  

Table I. Mechanism of anodic iron dissolution and passivation in 
electrolytes free of oxygen and surface active substances at 

O ~ p H ~ 6  

Act ive  r a n g e  

Fe  + H ~ O ~ ( F e O H ) ~ d ,  + H +  + e -  

Catalyzed 
c h a r g e  t rans fer  

[I] 

Noncata lyzed  
charge  t rans fer  

r d s  
(FeOH)ads ~ FeOH + + e- [2] 

[3] Fe  + (FeOH)ad.  ~ [ F e ( F e O H )  ]ads 
r d g  

[ F e ( F e O H )  ]ads + OH- ---* 
FeOH§ + (FeOH)a~s + 2e -  [4] 

FeOH+ + H* .~ Fe 2§ �9 aq. + H20 [5] 

Trans i t ion  r a n g e  

(FeOH)~ds + H~O ~ [Fe(OH)2]ad.  + H + § e -  [6] 

Prepass ive  ra ng e  

r d s  
Fe  + [Fe(OH)~]Ids----~ FeOH+ + (FeOH)ad,  + e -  [7] 
[Fe(OH)2]ad.  + H20 ~ F e ( O H ) s -  ox ide  phase  + H § + e -  [8] 

Pass ive  layer  f o r m a t i o n  ra ng e  

2Fe(OH)3  - ox ide  phase  ~-- FeeO8 ~ ~H20 [9] 
[Fe(OH)~]ad~ + F e 2 0 3 . ~ F e s O ,  + ~ [10] 

sistance which is impor tan t  for avoiding phase shifts 
at high frequencies. 

A rotat ing disk electrode was used as the working 
electrode, the rotat ional  speed could be var ied be-  
tween 5 .  sec -1 ~ v ~ 160. sec -1. The polycrystal-  
line, highly pure i ron samples 3 were recrystallized 
under  vacuum (p ~ 10 .8 bar)  at T = 1400~ for 2 hr. 
The electrode was then embedded in  polyethylene 
holders with an epoxy resin. After  polishing and 
cleaning with acetone, the electrode was dipped in  
0.5M H2SO4 for 10 rain. Pr ior  to each experiment,  the 
electrode was polarized anodically by a cur ren t  den-  
sity of i = 70 mA �9 cm -2 for 5 min  in  the measur ing 
cell in  order to provide a reproducible ini t ia l  state 
of the electrode surface. 

The electrolytes with constant  ionic s t rength of 
cso42- = 0.5M were prepared of sulfuric acid, 4 so- 
d ium sulfate,4 and bidisti l led water.  The system was 
main ta ined  under  hydrogen atmosphere. 

The experiments  were carried out under  potentio-  
static as well  as under  galvanostatic conditions using 
a Wenking potentiostat, Type PCA 72 L, and a Mega- 
physik mul t ichannel  pulse galvan0stat  system MPI-  
IM 400, respectively. A Solartron Frequency Response 
Analyser  1172 was applied for t ransfer  locus measure-  
ments. The pulse responses were registered by a Tek-  
tronix storage oscilloscope, Type 549 with p lug- in  
uni t  W. 

In the t ransi t ion range, the iron dissolution is char-  
acterized by nonmonotonous current  dens i ty-poten-  
tial curves (7-9). Therefore, only potentiostatic mea-  
surements  can be performed in  this range in  order to 
get defined s tat ionary conditions. 

Fur the r  exper imenta l  details are publ ished else- 
where (31). 

Results 
The basic requirements  of nons ta t ionary  low signal 

measurements  is the s tabi l i ty  of operating points of 
the system under  investigation. First  informat ion  
about the reaction kinetics can be obtained by analyz-  
ing the s tat ionary cur ren t  densi ty-potent ia l  curves. 

Stationary measuremen t s .~The  stat ionary current  
densi ty-potent ia l  curves were registered point by  
point. Under  galvanostatic control, the s ta t ionar i ty  
was assumed when the condition [~e/~t[ ~ 1 m V .  
min  -1 was fulfilled. Under  potentiostatic control, a 
var iat ion of the cur ren t  less than  1% �9 mi n  -1 and an  
asymptotic cur ren t - t ime  t rans ient  were required.  

3 Marz grade  iron (Mater ia ls  R e s e a r c h  Corporat ion) ,  
4 Suprapur  grade  ( M e r c k ) .  
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Longer  wai t ing  per iods  caused no significant changes 
of the  s t a t ionary  values.  At  h igher  pH values,  the  
wai t ing  t ime for  s t a t ionar i ty  in  t rans i t ion  and p re -  
passive ranges  (i > 10 m A  �9 cm -2)  was about  15 rain. 

F igu re  1 shows the  measu red  s ta t ionary  cur ren t  
densiLy-potent ia l  curves in the active, t ransi t ion,  and  
prepass ive  ranges. The given potent ia ls  a re  correc ted  
for  the ohmic drop, IRa. The cur ren t  dens i ty  is r e -  
l a ted  to the geometr ica l  surface area.  

In  general ,  the ro ta t iona l  speed of the ro ta t ing  disk 
e lec t rode  does not  influence the anodic resul ts  (16, 
17). Only at  pH > 5.0 the cur ren t  densi ty  in the 
act ive range  decreased s l ight ly  wi th  increas ing ro ta -  
t ional  speed at  constant  e lect rode potent ial .  

As can be seen f rom Fig. 1, the act ive range  of i ron 
dissolut ion at  0 < pH < 3 is charac te r ized  by  Tafel  
slopes of b+ = (0~/0 log i+)ai = ~-40 • 2 mV. The 
index ai denotes constant  act ivi t ies  of a l l  species i, 
except  aFe2+ in the e lectrolyte .  The i ron  dissolution 
kinetics,  however ,  is independen t  of aFe2+ (3). The  
s t anda rd  devia t ion  of the Tafel  slopes was de te rmined  
by averag ing  different  cur ren t  dens i ty -po ten t i a l  mea -  
surements  at  each constant  pH value. 

The pH dependence  of the i ron  dissolut ion kinet ics  
is charac te r ized  by  the e lec t rochemical  reac t ion  o rde r  

( 010g i+  ) [ 3 ]  

l~+,pH " -  0PH e.aj 

where  the  index  aj denotes constant  act ivi t ies  of al l  
species i except  ale2+ and all+ in the  electrolyte .  I t  
can be shown using the Jacobian  rep resen ta t ion  of the 
pa r t i a l  der iva t ives  tha t  

" - ~  b +  +.aJ 

Inser t ing  the expe r imen t a l  resul ts  given in Fig. 2 and 
the  measured  Tafel  s lope of b+ = -I-40 • 2 mV into 
Eq. [4], one obtains  an e lec t rochemical  react ion o rde r  
of n+.pH = 1.1 ~ 0.1. 

In  contras t  to ea r l i e r  findings (7, 9), the  t rans i t ion  
range  is charac te r ized  by  a cur ren t  dens i ty  p la teau  I 
ins tead  of the prev ious ly  r epor ted  cur ren t  dens i ty  
m a x i m u m  I (7, 9-11). I t  can be shown tha t  the cu r -  
ren t  m a x i m u m  I appears  only  under  po ten t iodynamic  
polar iza t ion  condit ions using sweep rates  Ide/dt[ 
0.1 m V - s e c  - I .  Obviously,  the t ime  constants  of the 
reac t ion  kinet ics  in  the  t rans i t ion  range  are  r e l a -  

! 

-200 -100 

Fig. 1. Stationary anodlc cur- 
rent density-potential curves of 
the systems Fe(pelycrystalline, 
recrystallized)/x. M Na2SO4 -I- 
y" M H2SO4 (cso42- - -  0.SM); 
T - -  298~ galvanostatlc and 
potentiostatlc measurements, v 
- -  70 sec-Z: O, pH = 0.3; 
C), pH - -  1.45; I I ,  pH = 2; A ,  
pH - -  2.9; I-I, pH = 4; 4F, pH 
= 5. v = 70-150 see- l :  A ,  
pH " - 6 .  

t ive ly  high. The  p i t  dependence  of the cu r ren t  den -  
s i ty p la teau  I (Fig. 3) was found to be 

( 0 1 ~  = - -0 .6  -4- 0.05 [5]  
OpH j 

The ad jacent  prepass ive  range is charac te r ized  by  a 
Tafel  slope of b+ = 60 _ 8 mV (Fig. 1) and  a r eac -  
t ion order  of n+,pH = 0 _ O.1. This Tafe l  slope of 
about  60 mV contradic ts  previous  resul ts  of b+ = 
~-120 mV (7-10). I t  can be shown c lear ly  tha t  this 
d iscrepancy is caused by  the influence of the sweep 
ra te  on the anodic cur ren t  dens i ty -po ten t i a l  measu re -  
ments. A s teady  s tate  of the  i ron e lec t rode  in the p re -  
passive range can be achieved only at  sweep ra tes  
[d~/dt] < 0.1 m V .  sec -1. However ,  this lower  Tafel  
slope in '~he beginning  of the prepass ive  range  violates 
the react ion model  g iven in  Table  I. In  this  model,  
the prepass ive  range is charac ter ized  by  a dominat ing  
e lec t rochemical  equ i l ib r ium (step [6], Table  I)  and  

-10(} 

t 
E 
- I -  

uJ 

-200  

-30C 

- / . I X  

-50 (  
\ 

2.5 5.0 7.5 

pH 

Fig. 2. pH dependence of the stationary anodic current density- 
potential curves in the active range of the system Fe/x �9 M Na2SO4 
-4- y ' M  H2SO4 (cso42- = 0.5M); T = 298~ v = 70 sec -1.  
A ,  1 m A ' c m - 2 ;  , % 4  m A ' c m - 2 ;  e ,  10 m A ' c m - ~ ;  O ,  30 
mA �9 cm -2 .  
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Fig. 3. pH dependence of the current density i+,pl I at plateau 
I. System: Fe/x �9 M Na2SO4 -{- y ' M H2SO4 (cso42- = 0.5M); 
T - -  298 ~ K; v - -  70 sec-z. 

by a ra te -de te rmin ing  charge t ransfer  reaction (step 
[7], Table  I) which occur in  parallel.  The degree of 
coverage of the electrode surface wi th  [Fe(OH)2]ads 
- o2 has been assumed to be near ly  un i ty  and con- 
stant. Under  these conditions, the reaction model in  
Table I leads to a Tafel slope of b+ -- 2.303RT/=TF 
and an  electrochemical reaction order n+,pH -- 0 for 
the prepassive range (8-10). 

Impedance measurements.--Frequency response 
measurements  have been carried out in  the f requency 
range 5 �9 10 -3 ~-- $ --~ 104 Hz. In  order to get quanti t ies  
independent  of the geometrical  Surface area, a nor -  
malized and dimensionless impedance 

Is  
ZN = (Zm-- ~12) " "- RN ~- jXN [6] 

UN 

is used, where Zm denotes the measured impedance, 
Is is the s ta t ionary d-c current  in  the outer circuit, 
and the normal izat ion voltage UN is taken as 1 mV. 

Normalized reaction impedances ZN Of the systems 
Fe (po lycrys ta l l ine) /x  �9 M H2SO4 -t- y �9 M Na2SO4 
(cso42- ---- 0.5M) are shown in  Fig. 4-6 for the active, 
transition, and prepassive ranges. The impedance dia- 
grams agree qual i ta t ively  with the results previously 
published by Epelboin et al. (19, 20, 22, 27, 28). 

The steady-state  value ZN (] = 0), which is identical  
with the polarization resistance /~pN, w a s  calculated 
from the s tat ionary current  densi ty-potent ia l  curves 
by  

RpN = Rp �9 I~IUN [7] 
where  

d, 1 
Rp" Is  = �9 Is  = b +  �9 [8] 

dis 2.303 

The transfer  resistance Rt is defined as the real par t  
of the impedance Z at infinite f requency after  sub-  
t ract ion of the impedance arising from the double 
layer  capacity CD. 

From the impedance diagrams, the following facts 
can be derived: (i) Several  t ime constants exist in  
the inductive part. (ii) The capacitive part  differs 
from a semicircle, i.e., the f requency response in  the 
capacitive ha l f -p lane  is determined by more than one 
t ime constant. (iii) In  the t ransi t ion range, negative 
real parts of the electrode impedance were found. 
(iv) In the prepassive range, the extrapolat ion of the 
t ransfer  locus f ~ 0 yields a polarization resistance 
RpN which corresponds to a Tafel slope of b+ ---- 60 
mV. This finding agrees well  with the results of the 
s tat ionary measurements.  

The broken rat ional  funct ion Eq. [1] under  the re- 
striction of Eq. [2] was fitted to the normalized imped-  
ance diagrams obtained for the iron dissolution in the 
active range at different pH values. A satisfactory fit 
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Fig. 4. Transfer loci of the electrode impedance in the active 
range of iron dissolution. System: Fe/0.SM H2SO4; pH = 0.3; T ---- 
298~ ~ = 70 sec-1; frequencies in Hz. e ,  Stationary value Z 
(f --> 0) calculated from the Tafel slope. 

for the degree m / n  = 4/5 was obtained corresponding to 
the solid lines in  Fig. 3. This result  shows that  one has 
to expect five t ime constants for the system studied in  
the active range. Two of these t ime constants deter-  
mine the capacitive part  of the t ransfer  locus and three 
of them the inductive part. Obviously, one of the t ime 
constants in  the capacitive part  of the t ransfer  locus 
represents the influence of the double layer  capacity 
CD. 
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Fig. 5. Transfer locus of the electrode impedance in the transi- 
tion range of iron dissolution. System: Fe/x �9 M No2SO4 -t- Y �9 M 
H2SO4 (cso42- = 0.5 M); pH ---- 5; T ---- 298~ ~ =- 70 sec-1; 
eH = - -313 mV; is = 28 rnA �9 cm-2;  frequencies in Hz. 

100 

Figures  7 and 8 show the resul ts  for  the act ive dis-  
solut ion of iron. At  r e l a t ive ly  low overvol tages ,  a n  
appa ren t  Tafel  s lope of 

b t = (  0e )a = 56 • 5 mV [9 ]  
0 log (Rt �9 Is) i 

and a react ion o rde r  r e l a t ed  to the  pH va lue  

(olog(Rt'Is) ) 
nt.pH = = 0.81 __. 0.05 [10] 

OpH e,aj 

can be es t imated  f rom the resul ts  in Fig. 8. A t  r e l a -  
t ive ly  high overvol tages ,  RtIs becomes constant  a t  
about  30 _ 5 mV and the  reac t ion  o rde r  nt,pH reaches  
zero (Fig. 8). 

Discussion 
Kinetics with regard to previous modeIs.--The ex -  

pe r imen ta l  resul ts  of the i ron dissolut ion in the act ive 
range  are  usua l ly  exp la ined  on the  basis of the  con- 
secut ive (Bockris)  mechanism,  corresponding to the  
reac t ion  steps [1], [2], and [5] in Table  I. Under  the  
condit ions (i) s tep [1] is in equi l ibr ium,  (ii) step [2] 
is the r a t e - d e t e r m i n i n g  one, and  (iii) L a n g m u i r  ad-  
sorpt ion behavior  of the  in te rmedia te  (FeOH)ads is 
va l id  at  r e l a t ive ly  low degree  of coverage,  a theore t i -  
cal t r ea tmen t  of the  consecutive mechanism yields  a 
s t eady- s t a t e  Tafel  slope of b+ = 2.303RT/(1 + s2)F 
= +40  mV at ~2 ---- 0.5, T ---- 298~ and an e lec t ro-  
chemical  react ion order  of n+.pH ---- + 1  (32). These 
theore t ica l  values  agree  wel l  wi th  the  p resen t  data.  
For  this mechanism, the theore t ica l  f r equency  r e -  
sponse of the e lect rode impedance  mus t  be capaci t ive  
in the whole f requency  range  (31, 83). However ,  this 
pred ic t ion  is cont radic ted  b y  the expe r imen ta l  induc-  
t ive impedance  character is t ics  of the i ron  e lec t rode  
in the act ive range  at  lower  f requencies  [cf. Fig. 3, 
(19, 20, 22, 27, 28)].  

Impedance  measurements  on act ive i ron  e lect rodes  
showing induct ive  par t s  were  i n t e rp re t ed  by  Epelboin  

i l ; 
I 

25 SO ~3 100 12S 

2/, "/m)O 

/ 

R N 
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Fig. 6. Transfer locus of the electrode impedance in the 60 mV 
Tafel region of the prepassive range of iron dissolution. System: 
Fe/x. M Na2SO4 + y" M H2SO4 (cso42- ---- 0.SM); pH ---- 5; 
T = 298~ ~ = 70 sec-1; eH ---- - -293 mV; is ---- 63 mA �9 cm-2;  
frequencies in Hz. e ,  Stationary value Z(f -~ 0); calculated from 
the Tafel slope. 

Under  the assumpt ion tha t  the double  l aye r  capac-  
i ty  is in pa ra l l e l  wi th  the fa rada ic  impedance  Zf, the 
values  of CD and Rt"  Is have been  de te rmined  f rom 
the coefficients of the fitted b roken  ra t iona l  funct ion 
Eq. [1] ) as wel l  as by  graph ica l  analysis  of the t r ans -  
fer  loci a f te r  t ransformat ion  of the impedance  
d iagrams  into the  admi t t ance  p lane  (31). Both, CD 
and Rt have been ob ta ined  add i t iona l ly  app ly ing  
the  GDP method  (18). 
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Fig. 7. Potential dependence of the double layer capacity as n 
function of pH. System: Fe/x �9 M Na2SO4 + y �9 M H2SO4 
(cso42- - -  0.5M); T - -  298~ ~ = 70 sec -1 .  � 9  pH = 0.3; 
[-], pH = 2 .  
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Fig. 8. Potential dependence of Rt" Is as a function of pH. 
System: Fe/x �9 M Na2SO4 + y �9 M H2SO4 (eso42- --= 0.5M); T = 
298~ v ---- 70 sec-1; O ,  pH ---- 0.3; [ ] / p H  = 2; Z~, pH = 2.9; 
~, pH -- 5. 
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et aI. (22, 27, 28) using a modified consecutive Bockris 
mechanism. Their  theoretical considerations are based 
on exper imental  steady state Tafel slopes of b+ -- 63 
mV at low overvoltages and b+ ---- 220 mV at high 
overvoltages with corresponding electrochemical re-  
action orders of n+,pH = 1 and n+,pH = 0, respectively. 
In  the reaction model proposed, the reaction step [1] 
is assumed to be irreversible. This model is only able 
to explain anodic s teady-state  Tafel slopes of b+ - -  60 
mV at T -- 298~ leading to asymmetric  charge t rans-  
fer coefficients of al ---- 0.96-0.99 and ~2 = 0.18-0.27, 
respectively. Obviously, the relat ively high b+ and al 
values do not agree with the usual  results, and in te r -  
pretations (3, 32-36). 

Furthermore,  because of the occurrence of ca- 
pacitive reaction impedances, the disregard of all 
capacitive parts, as done by Epelboin et  aI. (22, 27, 28), 
seems rather  doubtful.  

Lorenz et  al. (4, 5) had previously suggested iron 
dissolution to be caused by the simultaneous t ransfer  
reactions of the consecutive and the catalyzed mecha-  
nisms given in  Table I. On the basis of this concept, 
the measured steady-state  values b+ = 40 mV and 
n+mH ---- 1 in the active range can only be explained 
by a dominat ing consecutive dissolution mechanism. 
However, a theoretical analysis of the corresponding 
impedance behavior  (31) leads to the addit ional  con- 
ditions bt -- 60 mV and Rt �9 Is ~ 5.2 inV. The experi-  
menta l  Rt �9 Is values (Fig. 7) were much greater  than  
5.2 mV showing that  the reaction cannot  be described 
by a dominat ing Bockris mechanism only. 

Consequently,  all theoretical models including a 
consecutive Bockris mechanism are not appropriate to 
explain both the s teady-state  kinetic data and the 
dynamic electrode behavior. 

K i n e t i c s  w i t h  r e g a r d  to t he  s u r f a c e  s t a t e . - - T h e  exist- 
ing reaction models have been based on the uni formi ty  
and potential  independence of the electrode surface. 
However, it is well known that  a polycrystal l ine metal  
surface is inhomogeneous and contains discontinuities 
such as grain boundaries,  atomic step lines, etc. Such 
a surface is subdivided in  different microregions with 
different electrochemical behavior  depending on the 
crystal orientation, microroughness, and dislocation 
density. For this reason, the anodic metal  dissolution 
process will take place preferent ia l ly  at active surface 
sites. It  has been demonstrated that k ink sites are 
main ly  responsible as active centers for the charge 
transfer  process of metal  ions (34, 37-47). Obviously, 
surface diffusion processes do not play an impor tant  
role in  the kinetics (40, 48). Kink  sites are localized at 
monoatomic steps which can be produced by 2-D 
nucleat ion and growth processes as well  as via screw 
dislocations. Emergency points of edge dislocations at 
the metal  surface are inactive for the metal  deposition 
processes, while they represent  active centers for 
metal  dissolution (49). 

Recently, Harr ison et al. (50, 51) assumed that  s truc-  
tura l  surface effects have to be taken into account for 
explaining the t ime dependence of copper and gold 
electrode kinetics. Fur thermore,  morphological and 
electrochemical investigations on single crystal faces 
of i ron electrodes showed a significant influence of the 
surface s tructure and the density of k ink  sites on the 
anodic dissolution process (44-47). 

Consequently, a reaction model of the i ron dissolu- 
tion, the charge t ransfer  of which is catalyzed by sur-  
face active Fe* centers, is proposed for the active, 
transition, and prepassive ranges. A relat ively simple 
reaction scheme for a polycrystal l ine iron surface is 
given in Table II. Moreover, a t ime dependence, as 
well  as a potential  dependence, of the surface state 
may  be assumed. This surface re laxat ion process will 
change both the n u m b e r  N of the adsorption sites and 
the number  N* of the active centers. The catalysts 
[Fe*(FeOH)]~ds and {Fe* [Fe (OH) 2] }ads are assumed 
to be formed at N* sites, only. 

Table IL Modified mechanism of anodic iron dissolution 

Active range 

Fe + H20.~ (FeOH)ads + H+ + e-  [1] 
Fe* + (FeOH) ads ~ [Fe* (FeOH) lad, [3] 

,ds 
[Fe*(FeOH)hds + OH-----~ FeOH + + (FeOH)ad ,  + 2e-  [4] 

Transition range and the beginning of prepassive ranger 

(FeOH)aas + H20 ~-[Fe(OH)2]ads + H + + e-  [6] 
Fe * + [Fe(OH)2]ads.~ {Fe*[Fe(OH)*]}a~, [7a] 

{Fe*[Fe(OH)~]}ad, - - ~  FeOH + + (FeOH)ad~ + e-  [7b] 

FeOH+ + H§ ~ Fe++ �9 aq. + ~ [51 

i- A t  h i g h e r  o v e r v o l t a g e s  in the prepassive range,  the increasing 
f o r m a t i o n  of F e ( O H ) s - o x i d e  p h a s e  (Eq. [81 in  T a b l e  I) c a u s e s  the 
m a x i m u m  II in the current  density-potential curves (8-11). The 
present  mvest igation does not regard this extended prepassive 
r a n g e .  

Next, the following notations wil l  be used 

N1 = number  of adsorbed species (FeOH) ads [11] 

N2 ---- number  of adsorbed species [Fe (OH)2] ads [12] 

Nkl ~- number  of adsorbed specfes [Fe* (FeOH)]ads [13] 

/u = number  of adsorbed species 
{Fe* [Fe (OH) 2] }ads [14] 

Clearly, the n u m b e r  of the free adsorption places on 
the electrode surface is given by N-N1-N2-Nk I -Nk2 .  
Normalizing the different N values with respect to the 
corresponding equi l ibr ium values, leads to 

N 
__ r - roughness coefficient [15] 

No 

N* 

No* 

N l  

No 

= ,I, = active center coefficient [16] 

~- oi - degree of coverage with [17] 

(FeOH) ads or [Fe (OH)2]ads, 
respectively 

Nkt 
-- Oki -- degree of coverage with [18] 

No 
[Fe* (FeOH) ]ads or 
{Fe* [Fe (OH) 2] }ads, respectively 

The index o indicates the values at the equi l ibr ium 
potential  Co of the Fe /Fe  2+ electrode. 

Assuming (i) Langmui r  adsorption behavior  and 
(ii) the reverse reaction of the ra te -de te rmin ing  steps 
[4] and [7b] in Table II to be negligible, the follow- 
ing reaction equations can be derived using the ex- 
change flux densities, vo,i (cf. Table II) 

I r  0 1 - -  Okl - -  0 2 - -  01{2 E t  

v z  ---- vo,  i 1 - -  010 - -  0kl0 - -  020 - -  ~k20 

ol E - 1  ~ [19 ]  
01o ] 

v3 = Vo,3 - - , I ,  - -  ~ [20] 
010 0kl0 

0kl 
v4 -- Vo,4 .... E4 [21] 

0kl0 

f , E8 - -  E - 6  
Ol 1 

V6 = Vo,6 ~10 b~20 J 
[ 22 ]  

V7a = Vo,7a f 02 ~ 2  t ,t, - -  - -  [ 23 ]  
020 0k20 
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wi th  

and 

yr ,  = Vo.~b E7 [24] 

ziaiF 
Ei = exp  ( - - - ~ 1 )  [25] 

E - i =  exp ( - z i ( 1  - a i )F  ~ )  [26] 

where  zi = e lec t rochemical  va lency and ~ = , - -  ,o. 
The flux balances  y ie ld  

No [ do1 , " : V l - - V 3 + V 4 - - V 6 + V T b  [ 2 7 ]  
dt 

dek~ 
-,'Vo - - ~ .  = v~ - v4 [28] 

de2 
N o - - ~ -  --  ve - -  vTa [29] 

dek2 
No dr = VTa -- v ~  [ 3 0 ]  

The surface  functions r and ,I, are  assumed to be 
s imple  exponent ia l  functions 

r  \ R T  [31] 

,I, : exp ( ~ / [32] 

where  a~ and a~, are  formal  parameters .  
F r o m  Eq. [19-32], a genera l  s ta t ionary  cur ren t  den-  

s i ty -po ten t i a l  re la t ion  of the i ron dissolution react ion 
in the  active, t ransi t ion,  and prepass ive  ranges  resul ts  

is : 2F~E1 ' 
vo,4E4~z 

and 

[(1 --  el0 --  ekl0)E-1 -k 01oE1] Vo:4. E4 + ekloElCz 
VO.3 

[41] 

R T  2,P 
,. [42] 

R t ' I s =  F Vo,1 
E-1  + 4 ~ , ,  

Vo,3 

Equat ions [41] and [42] can be compared  wi th  the  ex-  
pe r imen ta l  resul ts  of both  the s t eady- s t a t e  po lar iza-  
t ion measurements  (b+ = -F40 mV and n+,pH ~ 1.1) 
and the impedance  measurements  (b t  = 56 mV and 
nt,pit : 0.81 a t  l o w  o v e r v o l t a g e s  as  w e l l  a s  Rt  �9 Is N 30 
mV and nt,pH ~ 0 at  h igh overvol tages)  in  the act ive 
range  of i ron dissolution. F r o m  this compar ison resu l t  
the values  ~1 : 0.4, ~ 4 : 0 . 4 ,  ~ : 0.5, and av : 05). 
A complete  correspondence of al l  expe r imen ta l  resul ts  
wi th  the model  proposed  can be achieved for this set 
of p a r a m e t e r s  only. These ad jus ted  ~ pa r ame te r s  
seems to be more reasonable  than  those der ived  f rom 
the model  by  Epelboin  et al. (22, 27, 28) as ment ioned  
above. Therefore,  the  p resen ted  model  is sui table  for 
the in te rp re ta t ion  of the s t eady-s t a t e  as wel l  as the 
dynamic  e lect rode behav ior  for i ron  dissolution in  the 
act ive range. 

Fur the rmore ,  a fitt ing of the re la t ion  [33] to the 
s t eady-s t a t e  cur ren t  dens i ty -po ten t i a l  curve in the 
active, t ransi t ion,  and  prepass ive  ranges  at  0.3 ~ p H  

6 was pe r fo rmed  assuming (i) vo,3 < <  Vo,4E4, (ii) 
Vo,Ta ~ Vo,7DET, a n d  (iii) eo,Fe/Fe2+ = - -560  m V  6 a n d  
using the ad jus ted  ~ values for  the act ive range.  

The computer  s imula t ion  is demons t ra ted  in Fig. 9. 
The s imula t ion  resul ts  agree  wel l  wi th  the measured  
current  dens i ty -po ten t i a l  curves in  the overa l l  po ten-  

is = 2Fr 
Vo,4E4W3 -{- Vo,7bETW4 

{ (W1K + elo)W4 + ekl0"i'} W8 -F W4 (o2oW2 + ek~O'I') 
[33] 

where  ( ' )  
K - - - e x p  -- RT 11 [34] 

[35] 

[36] 

W1 = 1 - -  e lo  - -  e2o - -  0k10 - -  0k20 

Vo,Tb 
W2 -- 1 + E7 

Vo,7a 

W3=K'W221-v~ R T  ~1 [37] 

W4 -= 1 + _v~ E4 [38] 
re,3 

F r o m  the F a r a d a y  admi t t ance  only, the  genera l  r e l a -  
t ion 

t ia l  range  depending on the pH of the  e lec t ro ly te  a s  
can be seen by  compar ing  Fig. 1 and 9. At  pH > 5, the  
measured  Tafel  slope in the act ive range  of i ron dis-  
solut ion increases due to l a te ra l  in teract ions  be tween  
the adsorbed  in te rmedia tes  at  h igher  degrees of cov- 
erages,  where  the condit ions for a s imple  L a n g m u i r  
behavior  a re  no longer  val id  (32). The  genera l  ag ree -  
ment  be tween  the s imula ted  and the measured  cur -  
rent  dens i ty -po ten t i a l  curves shows that  the model  
proposed does not contradic t  the expe r imen ta l  find- 
ings. I t  should be ment ioned,  however ,  that  the  com- 
pu te r  s imula t ion  was car r ied  out  using severa l  fi t t ing 
pa rame te r s  included in the kinet ic  Eq. [19-26]. There -  
fore, the  agreement  be tween  s imula t ion  and exper i -  
ment  is only of qua l i ta t ive  nature.  

A re l axa t ion  behavior  of the active centers  can be 
descr ibed by  

R T  
R t  �9 Is = 

F 

2,I, [Vo,4E4W8 -- vo.TbETW4] 

F ] Vo,Tb 
[,,o.,E-lw, + + Vo.0 [ w, + + o,) j 

re,6 

[39] 

c a n  be ca lcula ted  (31). 
Res t r ic t ing  the  i ron  dissolut ion react ion to the  ac-  

t ive range  and assuming 

Vo,8 < <  vo.4E4 [40] 

one obtains the s t eady- s t a t e  cur ren t  dens i ty -po ten t i a l  
r e la t ion  

7.) 
A m ( s )  - -  , ~ ( s )  [ 4 3 ]  

l + s  . , c  

where  T represents  the r e l axa t ion  t ime constant.  

s a .  = 0 implies the potential  independence of the surface 
roughness.  

e Assuming aFe~+ ~ 10-~ in the  electrolyte.  
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Fig. 9. Simulated current density-potential curves of anodic iron 
dissolution, m e - - p H  - -  0.3; . . . .  pH - -  1.45; m . . . - - p H  "-  
2; ~ pH -"  2,9; . . . . .  pH - -  4; pH = 5; 
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For the reaction model proposed in Table II, the 
normalized impedance is a funct ion of many  variables 

( Vo,4 Vo,s No ) 
ZfN " -  ZfN 1]~ alp or.4, a~,, ,810, 8"k10, - - ,  - - ' ,  "$ 

Vo,3 Vo,1 V o , 3  

[44] 

The values of ~1, =4, ~,, Vo,s, Vo,4, #10, and #kl0, esti- 
mated above, and Vo,JVo.z : 10 -7, obtained by the 
analysis of Rt �9 Is, can be used for an impedance simu- 
lation in the active range of i ron dissolution. Assum- 
ing No/vo,3 -- l0 s sec and T -- 1 sec, the simulated 
transfer loci of the Faraday  impedance are shown 
in Fig. 10 as a funct ion of the overpotential  ~] ---- e -- 
eo, Fe/Fe2 +. 

This simple model of a surface relaxat ion and the 
proposed reaction mechanism given in Table II yield 
a Faradaic impedance with two time constants in the 
induct ive region of the t ransfer  locus and one time 
constant in the capacitive one. Taking into account 
the double layer capacity, the simulated curves in 
Fig. 10 are in reasonable agreement  with the mea-  
sured curves in Fig. 4. The addit ionally observed fifth 
time constant may be caused by cosorption phenomena 
and /o r  by surface nucleat ion and growth processes. 
However, a more precise analysis of such a complex 
dynamic electrode behavior requires the use of single 
crystal electrode surfaces. 

Recently, Heusler and Allgaier (44-47) carried out 
electrochemical measurements  on iron single crystal 
surfaces, assuming a catalyzed iron dissolution mecha- 
nism which is very similar to that in Table II. How- 
ever, in order to explain thc observed steady-state 
kinetic data b+ ---- 30 mV and n+.pH ~ 2 for the iron 
dissolution in the active range, the surface concentra-  
tion of the k ink sites was postulated by a different po- 
tential  dependence of ,t, ---- exp (F~]/RT). The devia- 
tions of the present  exper imental  results and the 
modified theoretical assumption in  Eq. [32] may be 
explained by a different crystal imperfection density 
of the electrode mater ia l  used (3-5, 44-47). The kink 
sites at the iron surface are assumed to be preferen-  
t ial ly covered by adsorbed O H -  ions which arise in  
acid solutions by deprotonation of adsorbed water  di- 
poles (3). Thus, an energetical ly nonfavored two- 
electron charge transfer  process start ing from such 
covered kink sites seems to be possible in the active 
range of iron dissolution (52). On this basis, the elec- 
trochemical reaction order related to the bulk  pH re-  
flects the degree of "stabilization" of the k ink  site 
density at the electrode surface which may depend on 
the crystal imperfection density of the bu lk  metal. 

T 0 
Z 

X 

-IC 
10 ~0 

R N 
Fig. 10. Simulated transfer loci of the Faraday impedance of 

anodic iron dissolution (frequencies in Hz). (a, top) ~1 ~ 330 mV; 
(b, center) ~1 ~ 370 mV; (c, bottom) ~ ~ 410 mV (values of 
parameters cf. text). 

C o n c l u s i o n s  
The impedance measurements  of the anodic i ron dis- 

solution reaction show clearly that  the electrode 
behavior is determined not only by charge t ransfer  
steps including different adsorbed intermediates,  but  
also by the influences of electrocrystall ization steps 
and surface relaxat ion phenomena. The number  of 
kink sites, which are responsible for the catalyzed dis- 
solution reaction, were found to be strongly depen-  
dent on the electrode potential. Moreover, the t ime 
behavior of the electrode kinetics at low frequencies 
can be explained assuming surface re laxat ion proc- 
esses. Both effects produce the observed impedance 
characteristics. 

So far, the kinetics of cathodic metal  deposition, 
as well as anodic metal  dissolution of polycrystal l ine 
metal  substrates containing a relat ively high density 
of crystal imperfections, has been interpreted by 
charge transfer  mechanisms only, disregarding elec- 
trocrystall ization and surface re laxat ion processes as 
ra te -de te rmin ing  steps. The present  invest igat ion 
shows, however, that  these assumptions do not hold 
in  the system studied. At this stage of the invest iga-  
tions, a reconsideration of the theory of polycrystal-  
l ine Me/Me~+-electrode kinetics with regard to elec- 
trocrystall ization and surface re laxat ion processes 
seems to be necessary. 

Manuscript  submit ted Sept. 4, 1979; revised manu-  
script received Feb. 26, 1980. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1981 
JOURNAL. All discussions for the June 1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 
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ABSTRACT 

The Pb-H20-C1 Pourbaix  diagram was investigated by examining  p o -  
t e n t i o s t a t i c a l l y  oxidized lead samples using Raman  and infrared spectroscopy. 
The surface films formed in 0.1M HC1 solution were those predicted by the 
potent ia l -pH diagram. In  neut ra l  and basic solutions, the film compositions 
were not as predicted by thermodynamic  calculations, al though potentiostatic 
results agreed very well  with potent iodynamic polarization curves. Two poly-  
morphs of PbO were found at different potentials in pH7 solutions, the ortho- 
rhombic form at low potentials and the tetragonal  form above ~0.18V vs. NHE. 
Infrared spectra gave indications that orthorhombic PbO is formed by deposi- 
t ion from solution while tetragonal  PbO forms from the reaction of water  
with the metall ic lead surface. 

Laser  Raman spectroscopy is an  effective technique 
for analysis of aqueous corrosion product  films on 
metal  surfaces. I t  can ident ify insoluble aqueous cor- 
rosion products in situ, without removing a sample 
from its corrosive env i ronment  (1). 

Raman  spectra of re la t ively thin surface films (50A) 
on metals can be observed (2). Since water  is a very 
weak Raman  scatterer, there is little difference be-  
tween spectra of dry samples and of those immersed 
in a reactive aqueous solution (1, 3). Metal samples 
can be examined undis turbed  in an electrochemical 
cell while oxidation proceeds under  controlled condi- 
tions in different regions of a Pourbaix  diagram. In situ 
Raman spectroscopy, in  combinat ion with the com- 
p lementary  and more sensitive technique, inf rared 
reflection-absorption spectroscopy, can unambiguous ly  
identify insoluble films formed at specific conditions 
of potential  and pH. 

A previous report  discussed investigations of the 
Pourbaix  diagram for the Pb-H20 system (1). The 
present report  describes spectroscopic results from ex- 
posures of lead under  similar conditions with O.IM 
chloride ions added to the solutions in  order to identify 
the effect of the chloride ion on lead oxide surface 
films. 

Experimental 
Raman spectra were recorded with a Spex Industr ies 

Model 1401 double monochromator  using a photon 
counting detection system. A Coherent Radiat ion Lab-  
oratories Model CR-3 argon ion Iaser was used as the 
excitation source. Both the 488.0 and 514.5 nm wave-  
length laser lines were used and the power at the 
sample was approximately  500 mW. 

Infrared reflection-absorption spectra were obtained 
with a Wilks Scientific Corporation Model 9 mult iple  
specular reflection a t tachment  in both the sample and 
reference beams of a Pe rk in -E lmer  Model 521 infrared 
spectrophotometer equipped with a grat ing polarizer. 
The reflection apparatus was adjusted to give 2-4 re-  
flections and a 65 ~ angle of incidence of the infrared 
beam. Details of the exposure apparatus and in s t rumen-  
tat ion used in this research are contained in a pre-  
vious report  (1). 

* Electrochemical Society Active Member. 
Key words: spectroscopy, corrosion, films. 

Lead foil (1.6 mm thick) supplied by  Alfa Products, 
Incorporated, at greater  than  99.9% pur i ty  was used 
for the investigation. I t  was cut into 2.8 • 5.7 cm 
rectangles to fit the sample holder of the electrochem- 
ical cell. This size was also required for the inf rared 
reflection attachment.  Prior  to placing a lead sample 
in solution, it was immersed in warm, concentrated 
ammonium acetate solution for 5 min  to dissolve the 
outer layer, leaving a clean, si lvery surface. The clean 
sample was washed with distilled water  and immedi-  
ately placed in  the exposure solution. 

The solutions were sparged with dry ni t rogen for 
30 rain before and throughout  the electrochemical ex- 
posures. The potential  of the working electrode, lead, 
was held constant relative to the saturated calomel 
reference electrode by a Wenking Model LT73 poten-  
tiostat for periods ranging from 1 to 24 hr. Upon com- 
pletion of an exposure period, an in situ Raman  spec- 
t rum was recorded. The sample was then removed 
from the cell, washed thoroughly with distilled water, 
and allowed to dry in air. The dry sample was re- 
turned to the Raman  spectrometer for examinat ion  
and then analyzed by the infrared spectrophotometer. 

The solutions used were made from reagent  grade 
compounds. The acid solution was 0.1M HC1. The pH7 
buffer was KH2PO4-NaOH solution and that  for pH1O 
was a NaHCOz-NaOH mixture,  both with KC1 added 
to make the solution 0.1M in C1-. Buffer solutions 
were desired to ma in ta in  pH constant  throughout  
periods of exposure as long as 24 hr, but  no suitable 
buffer was available in  the strongly acidic region. 

Results and Discussion 
The Pourbaix  diagram for the Pb-H20-C1 system 

was calculated in the m a n n e r  used by Appelt  (4) but  
employing more recent thermodynamic  data for some 
species (5). The newer  free energy values used in the 
calculations are given in  Table I. The positions of 
equil ibria  between species on the diagram depend 
strongly on the chloride concentration. A concentra-  
tion of 0.1M was chosen for the exposures as a reason- 
able ionic concentrat ion which should affect oxide 
film formation. The 0.1M C1- concentrat ion was used 
in  construction of the potent ia l -pH diagram shown in  
Fig. 1. 

In order to provide an experimental basis for choos- 
ing exposure potentials, as well  as the theoretical, 
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Table I. Revised free energy values used to calculate Pourbaix 
diagram 

AG~ ~ ( c a l / m o l e )  
S u b s t a n c e  NBS (5) U s e d  b y  A p p e l t  (5) 

Table II. Potentiostatic exposures conducted in 0.1M chloride 
solutions 

OH-  - 37,594 - 37,595 
C1- -31 .372  -31 ,350  
PbCls  - 75,080 - 75,040 
3PbO �9 PbCI= - 224,686 - 225,000 

S o l u t i o n  P o t e n t i a l ,  C u r r e n t ,  S u r f a c e  f i l m  
p H  V vs.  SHE /LA/cm 2 spectrum 

t he rmodynamic  basis  ( the  P o u r b a i x  d i ag ram) ,  po-  
t en t iodynamic  polar iza t ion  curves  were  recorded  for 
l ead  in the  three  solutions se lected for exposures.  The 
polar iza t ion  curves were  run  wi th  a s lowly  changing 
potent ia l ,  40 mV/min ,  to a l low the fo rma t ion  of a 
r e l a t ive ly  th ick oxide film, as would  be encountered  in 
potent ios ta t ic  oxidat ion.  

I t  can be seen f rom the polar iza t ion  curves,  Fig. 2, 
tha t  the re  is a definite re la t ion  be tween  these curves  
and the Pourba ix  diagram.  The lower  oxida t ive  wave  
occurs at  the app rox ima te  poten t ia l  of the  p red ic ted  
Pb/PbC12 or  P b / 3 P b O .  PbC12 t rans i t ions  and the 
wave  at  +0.96V (vs. NHE) in p i l l 0  corresponds 
roughly  to the 3 P b O .  PbC12/PbO2 transi t ion.  The 
P o u r b a i x  d i ag ram offers no reason for the waves  
found at  +0.17V in pH7 or  a t  --0.07V in p i l l 0 ,  how-  
ever. 

Poten t ia l s  to be used for  l ead  exposures  were  
chosen so tha t  a t  least  one was located in each region 
of the  theore t ica l  P o u r b a i x  d i ag ram and in a l l  po ten-  
t ia l  regions where  the polar iza t ion  curves indica ted  
the  possible fo rmat ion  of different  species. The ex-  
posure  condit ions se lected and the resul t ing  spec t ra  
ob ta ined  f rom these potent ios ta t ic  oxidat ions a r e  

f ~ 1 
J_ Pb § I 

0 7 1 4  

pH 

Fig. I .  Potential-pH diagram of the system Pb-H20-CI at 25~ 
for acl = 0.1. 
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CURRENT , mA//cm2 

1 - 0 . 4 6  11.2 �9 N o n e  b 
1 - 0.30 120 a None  b 
1 + 0.14 7300 PbCls  
1 + 0,69 6800 P b C h  
1 + 1.t~9 I0~000 P b C h  
7 - 0.62 = N o n e  
7 - 0 . 1 1  20 P b O  (o)  
7 - 0 . 0 1  22 P b O  (o)  
7 +0.18 19 P b O  (o+ +) 
7 + 0.49 P b O  ( + ) 
7 + 0.68 12 P b O  ( + ) 
7 + 0.99 22 P b O  ( + ) 

10 - 0.42 �9 N o n e  
10 - 0.26 6.5 (PbCOs)  2 �9 P b  ( OH ) = 
10 - 0 . 0 1  14 P b O  ( + ) 
10 + 0.08 12 PbO ( + ) 
10 +0.49 PbO ( + ) 
10 + 0.74 34 P b O  ( + ) 
10 + 1.07 28 Pb~O~ 

a C u r r e n t  f low in reducing direct ion.  
b S o m e  o r t h o r h o m b i c  P b O  found on dried sample;  (o)  indicates 

o r t h o r h o m b i c  s t r u c t u r e ,  ( + )  indicates  t e tragonal  structure.  

summar ized  in Table II. The  cu r ren t  densit ies l is ted 
are  those recorded  af te r  cu r ren t  became steady.  

p i l l  exposures.--In 0.1NI HC1 solution, l ead  is s table  
at  low potent ia ls  whi le  i t  is oxidized to PbC12 at  
h igher  potent ia ls  (3, 6). The R a m a n  spect ra  of l ead  
oxidized at  potent ia ls  of +0.14V and h igher  ind ica ted  
the presence of a PbC12 surface l aye r  as shown in Fig. 
3. The spec t rum of the  surface film is ident ica l  to tha t  
of a powder  sample  of pure  PbC12 wi th  bands  at  62, 
88, 126, 156, and  178 cm -1 (7, 8). No in f r a r ed  spec t ra  
of these samples  were  obta ined  because lead  chlor ide  
has no absorpt ion  bands  in the  in f ra red  region ex -  
amined  by  the spect rophotometer ,  1500-250 cm -1 (9).  
Current  densi t ies  for these samples  were  e x t r e m e l y  
h igh  and the lead quickly  became covered wi th  a l ight  
g ray  crys ta l l ine  coating. 

In  the  region  where  immun i ty  is predic ted,  ne t  
cu r ren t  flow was in the  reducing  d i rec t ion  and  sam-  
ples r ema ined  c lean in appearance .  In situ R a m a n  
spect ra  gave no indica t ion  of film format ion  bu t  upon 
dry ing  both R a m a n  and in f ra red  spect ra  indica ted  
the presence of or thorhombic  PbO on the lead  surface.  
I t  is un l ike ly  tha t  the  PbO was formed by  oxida t ion  
of the  l ead  under  gene ra l ly  reducing  conditions,  bu t  
i t  is p r o b a b l y  the resu l t  of d issolved lead  being re -  

>- 
I,- 

z 
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Fig. 2. Potentiodynamlc polarization curves for lead, scan rate Fig. 3. Roman spectrum of the surface film on lead exposed to 
40 mV/min. O.IM HCI at JrO.69V vs. SHE for 2.5 hr. 
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deposi ted f rom the solut ion as the oxide. I t  has been 
suggested (10) tha t  or thorhombic  PbO is formed from 
the p lumbous  ion by  the reac t ion  

Pb  ++ + H20--> PbO + 2H + [1] 

Due to the  so lubi l i ty  of lead  in 1.0M hydrochlor ic  
acid, sufficient quant i t ies  of Pb + + are  present  to form 
or thorhombic  PbO films on lead  undergoing  exposure  
for  severa l  hours.  

In  the potent ia l  region where  PbC12 was formed,  a 
g r ay  coating was deposi ted on the p l a t i num cathode. 
Af te r  drying,  the  ma te r i a l  gave the Raman  spec t rum 
of or thorhombic  PbO. A p p a r e n t l y  the oxide on the 
aux i l i a ry  e lec t rode  was formed b y  the same dissolu-  
t ion-depos i t ion  mechanism as that  found on the w o r k -  
ing electrode.  

Raman spect ra  of the  dr ied  cathode coating were  
recorded in two ways:  as a powder  in  a glass cap i l l a ry  
tube, or  pressed into a KBr  pellet .  As shown in Fig. 4, 
the  spect ra  a re  s l ight ly  different  for  the different  sam-  
ple  p repa ra t ion  techniques. While  both are  spect ra  of 
or thorhombic  PbO, the  pe l le t  spec t rum shows im-  
pu r i ty  bands at 84, 149, and 344 cm -1, the three  s t rong 
bands of t e t ragona l  PbO, l i tharge.  The same results  
were  obta ined  wi th  spec t ra  of reagent  grade  or tho-  
rhombic  PbO. The gr ind ing  requ i red  to make  a pe l le t  
t ransforms some of the or thorhombic  PbO to the lower  
energy,  t e t r agona l  form. The crys ta l  s t ruc tures  of the 
two oxides are  ve ry  s imi lar  (11) and at  room tem-  
pe ra tu re  the t e t ragona l  s t ruc ture  is t he rmodynamica l ly  
stable.  Or thorhombic  PbO is known to be s tabi l ized by  
the presence of smal l  quant i t ies  of var ious  i m p u r i t y  
anions (12), which  a l low i t  to r ema in  indefini te ly  
wi thout  r eve r t ing  to the te t ragona l  s t ructure.  I t  is 
l ike ly  the the presence of chlor ide  or some other  ion in 
the solut ion stabil izes or thorhombic  PbO so tha t  i t  can 
r ema in  in tha t  form unt i l  in tens ive  gr inding  br ings  
about  the t ransformat ion.  

pH7 exposures.--According to the  Pourba ix  d ia-  
g ram in Fig. 1, cont ro l led  potent ia l  oxidat ions of lead  
in  a pHT, 0.1M chlor ide  solut ion should show immuni ty  
at  potent ia ls  be low --0.26V vs. NHE, fo rmat ion  of 
3PbO.PbC12 be tween  --0.26V and +0.75V, and for -  
mat ion  of PbOg. at  h igher  potent ials .  The pred ic ted  
compounds were  not  found exper imenta l ly .  

In  the region where  immuni ty  is predicted,  i.e., be-  
low --0.26V, the  Pourba ix  diagram, polar iza t ion  curve, 
and  spectroscopic resul ts  al l  agree.  Potent ios ta t ic  ex-  
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Fig. 4. Raman spectra of dried material from the Pt cathode 
after lead exposure at +1.09V in 0.1M HCI for 17 hr. Bands 
marked "t" are due to tetragonal PbO. 

posure  resul ted  in a reducing current ,  the sample  re -  
mained  sh iny  and s i lver  in color, and  no in f r a red  or  
R a m a n  bands  could be observed.  

Above the potent ia l  where  Pb is the  s table  species, 
i.e., --0.34V according to the polar iza t ion  curve of 
Fig. 2, an insoluble  oxida t ion  product  film was formed. 
Current  flow, a l though small ,  was in the oxidizing di-  
rection. The sample  surface da rkened  and, a f te r  a few 
hours, became dull  g ray  in color. In situ Raman  spect ra  
and in f ra red  reflection spec t ra  of sample  surfaces in-  
d ica ted  that,  at  potent ia ls  be tween  --0.11V and +0.18V, 
or thorhombic  PbO was formed.  At  potent ia ls  above  
+0.18V, the film consists en t i re ly  of t e t ragona l  PbO, 
whereas  exposures  at  +0.18V showed both  types 
present ,  as spect ra  show in Fig. 5. There  was no diffi- 
cul ty  in ident i fy ing  which  PbO po lymorph  was pres -  
ent. While  the s t ructures  a re  s imilar ,  in f ra red  and 
R a m a n  spect ra  of the two po lymorphs  a re  m a r k e d l y  
different  (13, 14). 

We have no exp lana t ion  w h y  the two types  of PbO 
should be found at  different  potent ials .  The te t ragona l  
form is t he rmodynamica l ly  favored  under  al l  condi-  
tions at  room tempera ture .  I t  is l ike ly  that  the weak  
wave  at  app rox ima te ly  +0.16V on the polar iza t ion  
curve indicates  a PbO (0) to PbO ( + )  transi t ion,  but  
such a t rans i t ion  is not  reflected in the P o u r b a i x  d ia-  
g ram which is based solely on the rmodynamic  equi -  
l ibria.  

In f ra red  spectra  indicate  that  the or thorhombic  PbO 
films may  be formed b y  deposi t ion f rom the solution. 
Reflection spec t ra  of or thorhombic  PbO films recorded  
using two different  polar iza t ions  of the in f ra red  beam 
were  ve ry  similar ,  differing only  in in tens i ty  (15). 
However ,  spect ra  of te t ragonal  PbO films had differing 
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Fig. 5. In situ Raman spectra of lead surfaces exposed to pH 7, 
0.1M chloride solutions for 18 hr at 0.68% +0.18V, and --0.11V 
vs. SHE. The spectra indicate tetragonal, tetragonal plus ortho- 
rhombic, and orthorhombic PbO films, respectively. The feature 
marked with an asterisk is a grating ghost. 
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re la t ive  peak  heights  depending  on polarizat ion.  This 
is shown in Fig. 6. This indicates  that, whi le  o r ien ta -  
t ion of or thorhombic  PbO crysta ls  is p robab ly  random,  
there  is p r o b a b l y  some long- range  order  to the  t e t r ag -  
onal  films. Long- range  order  may  be expec ted  if the 
oxide is fo rmed d i rec t ly  on the lead surface by  the 
reac t ion  

Pb -J- H20 -+ PbO -t- 2H + + 2 e -  [2] 

Thus the t e t ragona l  PbO laye r  may  be a l igned wi th  
the  gra in  s t ruc ture  of the under ly ing  meta l  whi le  
or thorhombic  PbO, formed by  a d issolut ion-deposi t ion  
route,  is r andom in orientat ion.  

The effect of chlor ide ions was inves t iga ted  b y  con- 
duct ing exposures  at  --0.01V in pH7 solutions of di f -  
fe rent  KC1 concentra t ions:  0.01M and 0.1M. In 0.01M 
C1- solution, the oxida t ion  product  detected was te-  
t r agona l  PbO, the same compound observed in nil  
ch lor ide  exposures  (1). In  0.1M C1- or thorhombic  PbO 
was formed.  These results  indicate  that  i t  is indeed 
the chlor ide  presen t  in solut ion which al lows the for -  
ma t ion  of the t he rmodynamica l l y  uns table  or tho-  
rhombic  PbO layer .  

pHIO exposures.--According to the  Pourba ix  d ia-  
g r am the resul ts  of potent ios ta t ic  exposures  should be 
the same in p i l l 0  solut ions as in  pH7 but,  expe r imen-  
tal ly,  they  are  not. The differences are  due, in part ,  to 
the  composi t ion of the p i l l 0  buffer used. They  are  also 
due to the behavior  of soluble  lead  species in  basic 
solutions. 

The p i l l 0  buffer, a b icarbonate  solution, gave s l ight ly  
different  resul ts  from those p red ic ted  in the immuni ty  
region. As in ni l  chlor ide  exposures  (1), potent ia ls  in 
the region of Pb s tab i l i ty  ia  the po ten t i a l -pH dia-  
gram, but  above --0.42V, gave oxidizing currents  and 
a thin film of basic lead carbonate.  The oxidat ion  wave  
at  --0.35V appa ren t ly  corresponds to the Pb to 
(PbCOs) 2"Pb (OH) 2 t ransi t ion.  

At  potent ia ls  h igher  than  the carbonate  region, te-  
t r agona l  PbO was found, be tween  --0.07V and +0.96V. 
No trace of the  or thorhombic  form was detected.  The 
dissolved lead  species, Pb  ++ and HPbO2- ,  are  in 
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F;g. 6. Infrared reflection spectra of a tetragonal PbO surface 
film with two different polarizations of the incident beam. The 
PbO was formed by exposure of lead in pH lO, 0.1M chloride solu- 
tion at +0.49V for 17 hr. 

equ i l ib r ium at  a pJH of 9.34 (16). In  more  basic so lu-  
tions only HPbO2-  is present ,  the  Pb ++ needed to 
make  or thorhombic  PbO according to the mechanism 
of reac t ion  [1] is not  present .  

A l though  the t rans i t ion  to a h igher  oxida t ion  s tate  
pred ic ted  by  the Pourba ix  d i a g ra m wduld  give PbO2, 
none could be detected.  Ins tead  a thick, nonprotec t ive  
film of Pb304 was fo rmed  at  potent ia ls  above the 
+0.96V wave.  The  Raman  spec t rum of this compound 
has not prev ious ly  been r epor t ed  bu t  the composi t ion 
of the film was confirmed by  compar ison  of its R a m a n  
spec t rum wi th  tha t  of the pure  compound, as shown 
in Fig. 7, and by  its in f ra red  spec t rum which agrees 
wi th  a p rev ious ly  r epor t ed  in f r a red  spec t rum of  
Pb304 (17). 

Conclusions 
In situ Raman  spectroscopy and in f ra red  ref lect ion-  

absorpt ion  spectroscopy are  excel lent  methods for  the 
exper imen ta l  inves t igat ion of Pou rba ix  diagrams.  Ex-  
amining  two different  p o t e n t i a l - p i t  d iagrams,  we have 
found considerable  difference in the  oxida t ion  of l ead  
be tween  nil chlor ide and 0.1M chlor ide  solutions. Or tho-  
rhombic  PbO and PbaO4 were  formed only  in the pres -  
ence of chlorides. The re la t ionship  be tween  the t e t r ag -  
onal  and or thorhombic  PbO po lymorphs  is not  we l l  
understood.  Some potent ia ls  and chlor ide  concent ra-  
tions resul t  in fo rmat ion  of one type  whi le  o ther  po-  
tent ia ls  or concentrat ions give the  other. 

The expe r imen ta l  resul ts  of potent ios ta t ic  oxidat ions  
agree  ve ry  wel t  wi th  s low po ten t iodynamic  polar iza-  
t ion curves but  only  pa r t i a l l y  wi th  the ca lcula ted  P o u r -  
ba ix  diagram. The ma jo r  difference is that,  where  
3PbO.PbCI2 is predicted,  PbO was found. The com- 
pound 3PbO'PbCI2, which  p r o b a b l y  exists as 
3Pb(OH)2.PbC12 or  (Pbs(OH)12)n C14,, has a some-  
wha t  different  spec t rum (3) and  should have  been 
easi ly  detected.  In  calculat ing the regions of the  d ia-  
gram, the  presence of dissolved substances o ther  than  
lead or chlor ide  species was not  considered.  The  pres -  
ence of the buffer solut ions m a y  account for  the dis-  
crepancies  be tween  expe r imen ta l  resul ts  and  those 
p red ic ted  by  the Pourba ix  diagram.  In 1.0M HC1, a 
s impler  solut ion where  no unaccounted  for compounds 
were  present ,  the P o u r b a i x  diagram,  po la r iza t ion  
curve,  and  potent iosta t ic  exposures  a l l  agreed.  

68o ' 4oo' ' 28o 
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Fig. 7. Raman spectra of a KBr pellet of Pb304 and of the 
surface of lead after exposure in pH 10, 0.1M chloride solution at 
1.07V for 18 hr. 
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Automatic Corrosion Rate Monitoring of 
Metals in Solution 

Lindsay F. G. Williams 

Materials Research Laboratories, Department o~ Defence, Ascot Vale, Victoria, 3032, Australia 

ABSTRACT 

The paper describes a versatile computerized method for automatic corro- 
sion rate monitoring of metals in solution. Potentiostatic pulses of varying 
amplitude are applied to the metal and the current sampled after the initial 
decay has finished. These data are then computer fitted to the general equa- 
tion for corrosion of metals in solution and the corrosion current calculated 
together with the anodic and cathodic Tafel parameters. The corrosion of zinc 
in an aerated ethylenediaminetetra-acetic acid solution at a pH of 8.5 has been 
used to demonstrate the method. 

Previously,  the  corrosion ra te  of metals  in solution 
has been moni tored  using potent ios ta t ic  pulse methods 
such as those descr ibed recen t ly  ( i - 3 ) .  The advances  
in microcomputer  technology have enabled  the eco- 
nomic extension of computer  methods to the control  of 
the potent ios ta t  and data  acquisition. This, together  wi th  
computer  fitting methods of calculat ing corrosion rates  
(4-6), opens up the poss ib i l i ty  of au tomated  corrosion 
ra te  measurements .  

This paper  describes a microcompute r  system for 
au tomat ing  e lec t rochemical  corrosion ra te  measu re -  
ments. The sys tem is fitted wi th  two digi ta l  to ana -  
logue conver ters  and one analogue to d igi ta l  converter ,  
and is p rog rammed  to produce a polar iza t ion  curve 
around the corrosion potent ia l  and  then fit the da ta  to 
the  equat ion or ig ina l ly  der ived  by  Wagner  and Traud  
(7). The curve fit t ing p rograms  are  s imi lar  to those 
publ i shed  by  Mansfe ld  (4) and y ie ld  both  the Tafel  
pa rame te r s  and the corrosion current .  

The corrosion of zinc in an e thy lened iamine te t r a -  
acetic acid solut ion at a pH of 8.5 was chosen to demon-  
s t ra te  the  computer ized method for  two reasons. The 
cathodic process is di f fusion-control led oxygen  reduc-  
t ion as confirmed by  ro ta t ing  disk studies (8) and 
the cur ren t  response to short  dura t ion  potent ios ta t ic  
pulses is idea l ly  sui ted to these exper iments  (1). 

Key words: corrosion, zinc, nonlinear polarization, microcom- 
puter. 

Experimental 
Computerized system.--A block d iagram of the sys- 

tem is shown in Fig. 1. The microcomputer  was an 
In te l  Microdeve lopment  sys tem fit ted wi th  32 kbi ts  of 
memory,  and an I n p u t - O u t p u t  Board  (SPC 732) wi th  
one twelve bi t  analogue to d igi ta l  (A /D)  and t w o  

t w e l v e  bit  d igi ta l  to analogue ( D / A )  converters .  The 
other  per i fera ls  were  an Inte l  Double  Densi ty  Disc 
system, a Tek t ron ix  Oscilloscope, a Pr ince ton  Appl ied  
Research Model  174 Po la rograph ic  Ana lyze r  (PAR 
174), and a Te le type  Model 43. The ou tput  f rom the 

[OS?:LOSCOPE 

DISCS 

Fig. 1. Schematic diagram of the computerized system 
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D / A  converters was reduced to --+50 mV and  fed into 
the d-c external  input  on the PAR 174 while the cur-  
rent  output  on the PAR 174 was read by the A/D con- 
ver ter  every 2 msec. The converters were cal ibrated 
according to the manua l  prior to use. After  roughly  BASIC 
setting the potentiostat at the corrosion potential, one 
of the D/A converters was used to adjust the current 
to as close as possible to zero. The second converter 
was then used to apply the pulses. 

To check the system a dummy circuit consisting of INPUT RUN 
a 1O0 ~F capacitor across a 47~ resistor in series with a DATA 
fur ther  100l~ resistor was connected across the work-  
ing electrode te rmina l  and both the auxi l iary  and ref-  
erence terminals  of the PAR 174. The current  response 
to pulses of +--2, --+4 etc. mV can be seen in  the oscil- 
loscope traces in  ]~ig. 2 and gave the expected values 
wi th in  1%. 

ZER0 CURRENT 
Programming.--Subroutines in assembly language OUTPUT 

for applying single pulses of varying amplitude were 
developed for each pulse length (60 msec to i0 sec). 
Control of the experiment was achieved from a Basic 
Program as shown in  Fig. 3. After  sett ing the system I 
to the corrosion potent ial  by zeroing the current  output,  
pulses of *-2, +--4, -+6 etc. mV were applied to the cor- 
roding metal.  In  all experiments,  the 10 current  read-  
ings over the final 20 msec of each pulse were aver -  
aged and this was used in  subsequent  calculations. In  
this way 30 points on a polarizat ion curve wi th in  +-80 
mV of the corrosion potent ial  were obtained. 

Computer  fitting of the polarization curves was 
achieved by the methods previously described (4), re-  
sul t ing in  both Tafel parameters  and the corrosion 
current .  The program fits the polarizat ion data to the 
equat ion 

babe ~ exp ( 2.3AE ) 

2.a = b,  + b----7 

- -  exp -- ( 
2.3 AN 

where Rp is the polarization resistance, I the cur ren t  
at a potential  AE from the corrosion potential,  and ba 
and b~ are the anodie and cathodic Tafel parameters,  
respectively. This equat ion can be reduced to a l inear  
equat ion which enables a l inear  regression calculation. 
Programs were checked on theoretical data and on 
data obtained manual ly .  

Cell and electrodes.--The cell was similar  to that 
used in  previous experiments  (1) with a saturated 
calomel reference electrode (SCE) fitted in  a Luggin 
probe. Cylindrical  specimens of zinc (99.999%) with 
an  exposed area &66 cm 2 were mounted  in  a s tandard 
holder and immersed in  the solution at 20~ 

Fig. 2. Oscilloscope truces showing (a) the 60 msec pulses of 
•  mV, ___4 mV etc., and (b) the current response of the equivalent 
circuit described in the text. 

PROGRAMS 

1707 

ASSEMBLY SUBROUT.INES 

I INITIALISE 
CONVERTERS 

~ I ZER0 
SUBROUTINES 

CALCULATE PULSE I 
AMPLITUDES 

RETRIEVE DATA 

I 
COMPUTER FIT I 
POLARISATION CURVE 

OUTPUT 
RESULTS 

~ APPLY PULSES 
I STORE DATA 
i 

r I RETRIEVE 
SUBROUTINES 

Fig. 3. Flow chart for the computer program 

The solution contained 0.1 mole / l i t e r  e thylenedi -  
aminetetra-acet ic  acid (EDT A) (R grade) and adjusted 
to a pH of 8.5 by additions of NaOH (AR grade).  Air  
was passed over the solution to avoid the slight 
changes in  Ecorr caused by bubbl ing  through the solu- 
tion. 

Results 

The current  responses to the potent ial  pulses were 
similar  to those previously published (1). The po- 
larizat ion curves obtained using 60 msec pulses and 
averaging the currents  over the final 20 msec of each 
pulse are shown in  Fig. 4. The points are the experi-  
menta l  results while the l ine is the curve fit calculated 
by the computer. In  all instances the percentage fit of 
the regression was greater  than  99% and  the mean  
square deviation of the individual  points was typical ly 
1%. For example, the precentage fit and the mean  
square deviat ion for the data in Fig. 4 were curve (i) 
99.2% and 1.2%, curve (ii) 99.7% and 0.7%, curve (iii) 
99.6% and 1.0%, and curve (iv) 99.9% and 0.2%, re-  
spectively. 

Table I compares the anodic Tafel parameters  with 
previously published experiments.  A value of 80 -+ 2 
mV has been obtained from an IR compensated Tafel 
plot (1). However, values could be calculated from 
the previous work (I)  by LeRoy's method (9) and 
assuming a diffusion-controlled cathodic process (8). 
These previous results for the first 9 hr  of each ex- 
per iment  are compared wi th  the present  results in  
the table. The calculated error in the ba in the present  
work was less than 1 mV. The cathodic Tafel pa ram-  
eter was always greater than 300 mV as would be 
expected for a diffusion-controlled process. 
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Fig. 4. Polarization data obtained at potentials AE mV from the corrosion potential for a zinc electrode after curve (i) 10 min, curve 
(ii) !.5 hr, curve (iii) 10 min, and curve (iv) 2.5 hr immersion in a 0.1 mole/liter EDTA solution at pH 8.5; (a) from the first experiment 
and (b) from a duplicate run. 

A plot of the calculated corrosion currents  against  
t ime for duplicate experiments  is shown in  Fig. 5. The 
error calculated from the regression fit was less than 
1 ~A/cm 2 but  results obtained 2 min  apart  gave values 
of 16.8 and 14.8 ~A/cm 2 in the worst instance. Since 
this corrosion reaction is diffusion controlled (8), the 
current  would be expected to remain  fair ly  constant. 
Therefore, differences of 2 ~A/cm 2 probably  reflect the 
exper imental  errors ra ther  than  real changes in  corro- 
sion rates. 

Discussion 
Computerizat ion of the method for obta ining polari-  

zation data has enabled a polarization curve to be gen-  
erated very rapidly. The use of a 12 bit A/D converter  
means the currents  are obtained very accurately and 
s imilar ly  the potential  pulses are accurate to 0.03 mV. 
After  the pulse is applied, the t ime at which the cur-  
ren t  is recorded can be al tered to suit  the type of 
current  decay for individual  experiments.  For  ex- 
ample, in the latest experiments  on steel (10) pulses 
between 60 msec and 10 sec have been used. When the 
current  is sampled, I0 consecutive readings are aver-  
aged to give one data point. 

Once the data are obtained, curve fitting can be 
used to calculate the corrosion current  and the elec- 
trochemical parameters.  The microcomputer  can also 
be programmed to plot the results as shown in  Fig. 4. 
Automatic recording of corrosion rates over a period 
of t ime is now possible using appropriate t iming sub-  
routines or interrupts.  The automation of data collec- 
tion will improve the efficiency of experiments  in  the 
laboratory and can be used commercial ly to moni tor  
the corrosion rates of metals in  solution. 

The present  results for zinc in  an EDTA solution at 
pH 8.5 confirm that the cathodic reaction is diffusion 
controlled as evidenced by the large cathodic Tafel  

Table I. The anodic T a M  slopes for zinc in an EDTA solution at 
pH 8.5; (a) and (b) duplicate results calculated from previous 

experiments ( I )  using LeRoy's method (9); (c) and (d) duplicate 
results from these experiments 

Anodic  Tafe l  s lope (mY) 
T ime  of im- 

mers ion  (hr)  a b e d 

0.25 63 91 58 65 
1 66 67 56 55 
2 74 69 56 56 
3 61 67 54 57 
4 03 79 55 56 
5 07 77 54 51 
6 59 91 58 50 
7 54 116 62 56 
8 110 95 61 54 
9 126 96 

parameters  calculated from the curve fit. The ba values 
as shown in  the table are s imilar  to those calculated 
at similar times from previous experiments  where the 
values tend to a m i n i m u m  value after  3-7 hr  immer -  
sion and, thereafter,  tend to increase. Slightly differ- 
ent  ba values result  from only small, subtle changes in  
the shape of the polarizat ion curve and these small  
changes in  the curves are responsible for the spread of 
results observed in the Icorr values calculated (see Fig. 
5). As ment ioned above, two consecutive experiments  
2 m i n  apart  resulted in  a 2 ~A/cm 2 difference be tween 
the Icorr values calculated. The Rp values, however, 
remained fair ly  constant  at 1353 and 1317 ~ - c m  2 for 
the two sets of data bu t  ba varied from 57.0 to 60.2 
inV. Thus, variat ions observed in  the calculated corro- 
sion current  largely resul ted from small  variat ions in  
the shape of the polarizat ion curve. The computer  
fitting method seems to be sensitive to small  changes 
in shape which produce significant changes in  ba and 
bc calculated from the current  fit. 

The effect of random and systematic errors on the 
calculated Tafel slopes and the Ir values wil l  be the 
subject of a la ter  paper. In  some instances, the be val-  
ues were large negative numbers  and this resulted 
from a very  small  uncompensated resistance over-  
voltage (IR drop).  As the ohmic resistance was small  
compared with Rp it  would not have affected the Icorr 
calculated. 
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Fig. 5. Plots of corrosion current densities from duplicate runs for 
o zinc electrode immersed in an aerated 0.1 mole/liter EDTA 
solution at pH 8.5. 



VoL I27, No. 8 M E T A L S  IN S O L U T I O N  1709 

Conclusions 
Fu l l  computer iza t ion  of e lec t rochemical  corrosion 

ra te  measurement s  by  potent ios ta t ic  puls ing methods  
enables  au tomat ic  moni tor ing  not  on ly  of the  corro-  
sion ra te  bu t  also the  Tafe l  p a r a m e t e r s  which  give 
kinet ic  in format ion  on the  corrosion reactions. The 
corrosion of zinc in an ae ra t ed  EDTA solut ion has 
been  used to demons t ra te  the  capabi l i t ies  of the  sys-  
tem. 
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High Speed Electrodeposition of Chromium 
from Low Concentration Chromic Acid Solutions 

Mitchell A. LaBoda,* Arnold H. Holden, and James P. Hoare* 
General Motors Research Laboratories, E~ectrochemistry Department, Warren, Michigan 48090 

ABSTRACT 

The presence of t r i chromate  ions in the chromic acid solut ion is r equ i red  
to obta in  a cathodic film f rom which  meta l l ic  Cr m a y  be deposited.  Wi th  a 
h igh  flow ra te  p la t ing  system, i t  was p red ic ted  f rom this proposed  mechanism 
tha t  bright ,  smooth, adheren t  deposits  of Cr can be la id  down on Cu or  Fe  sub-  
s t ra tes  f rom solutions as d i lu te  as 25 g / l i t e r  CrO3 bu t  no deposi t  f rom 1 g / l i t e r  
CrOj. A high speed p la t ing  process ( l ISP ) ,  based on an a i r  p ressure  flow sys-  
t em (APFS)  propuls ion  of e lec t ro ly te  th rough  a n a r r o w  gap be tween  the 
ca thode and anode separa ted  by  about  4 mm, was used to p la te  chromium 
meta l  on copper samples  at  ra tes  uP to 50 t imes faster  f rom solutions 5 t imes 
as d i lu te  as convent ional  chromium pla t ing  techniques.  The l I S P  system, the  
A P F S  descript ions,  and some selected resul ts  are  presented.  

Dur ing  the convent ional  e lec t rodeposi t ion  of chro-  
mium,  the par t  to be p la ted  is immersed  in a p r o p e r l y  
ca ta lyzed  chromic acid ba th  under  a low, d-c, app l ied  
vo l tage  wi th  a Pb  anode, and the  deposi t  is la id  down 
at  cur ren t  densi t ies  ranging  be tween  0.16 and 0.3 
A / c m  2. Because of poor  cathode cur ren t  efficiency (12- 
15%), the process is slow, va ry ing  be tween  10 and 100 
#m/hr .  In  most  cases, pa r t i cu l a r l y  decora t ive  p la t ing 
applicat ions,  this sys tem is sa t i s fac tory  since i t  p ro -  
vides the  r equ i red  coat ing at  a reasonable  cost. 

F o r  indus t r i a l  "hard"  ch romium used for  wea r  and 
corrosion protect ion,  the  thickness  of the coating m a y  
be about  25 ~m. It  is desirable ,  consequently,  to de-  
velop a method  to improve  the efficiency, and  hence, 
the  ra te  of deposi t ion of chromium. 

A high ra te  process for the e lec t rodeposi t ion of 
chromium has been r epor t ed  by Sa f ranek  and L a y e r  
(1) which  ind ica ted  tha t  both the l imi t ing  cur ren t  and  
the deposi t ion ra te  could be increased by  increas ing the 
ra te  of ion t r anspor t  and  reducing diffusion l aye r  
th ickness  by  r a p i d  flow of solution. No descr ip t ion  of 
the cells or devices used for achieving the fast  solu-  
t ion flow was given, however .  Chin (2) has also 
s tudied  the  deposi t ion of Cr at  cur ren t  densi t ies  f rom 
1 to 70 A / c m  2 in  a smal l  flow cell  using steel  cathodes 
and a P t  anode at  a flow ra te  of 2 l i t e r s /m in  (Re = 
9000). 

�9 Electrochemical Society Active Member. 
Key words: coatings, cathode, current efficiency, kinetics. 

A high speed p la t ing  (HSP)  process consis t ing es- 
sen t ia l ly  of passing a s t r eam of e lec t ro ly te  under  high 
ai r  p ressure  (by rec iprocat ing  the flow be tween  two 
tanks  act ing a l t e rna t e ly  as a rese rvo i r  and a s ink)  
th rough  the na r row  gap (,--4 mm) be tween  the anode 
and cathode has been  developed by  LaBoda  (3). Wi th  
this a i r  p ressure  flow sys tem (APFS)  (4),  i t  is pos-  
s ible to deposi t  ha rd  Cr f rom chromic acid solutions 
ranging  f rom 1/10 to 1/25 of the convent ional  con- 
centra t ions  (250-300 g / l i t e r ) .  I t  is the purpose  of this 
r epor t  to discuss the  resul ts  of the  deposi t ion of ha rd  
Cr f rom di lute  chromic acid solutions using APFS.  

Theory 
F r o m  an analysis  of s teady-s ta te ,  galvanostat ic ,  and 

potent ios ta t ic  po lar iza t ion  curves ob ta ined  (5) on P t -  
bead  cathodes in a Teflon cell  in var ious  chromate  
and chromic acid solutions, i t  was concluded for con- 
vent ional  Cr -p la t ing :  (i) tha t  meta l l ic  Cr is deposi ted 
f rom a cathodic film wi thout  which  a deposi t  is not 
formed,  (ii) tha t  a cathodic film is de tec ted  only if a 
po lychromate  is present ,  (iii) tha t  po lychromates  a re  
formed in s t rong solutions of chromic acid at  low va l -  
ues of pH, (iv) tha t  the cathodic film is r equ i red  to 
protect  the Cr +,3 ion f rom forming the ve ry  s table  
complex wi th  water ,  Cr (H20) 6 + 3, f rom which  meta l l ic  
Cr cannot  be deposited,  (v) that  the cathodic film is 
decomposed by  an  acid ca ta lyzed  hydrolysis ,  (vi) tha t  
the  discharge of the  chromous ion decomposi t ion p rod -  
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uct  to metal l ic  Cr is ca ta lyzed  by  the HSO4-  ion, and 
(vii) that  the  HSO4-  also acts as a blocking agent  so 
tha t  the  p roper  cathodic film is generated.  

According to this model  for  convent ional  Cr  plat ing,  
the cathodic film is composed of a mix tu re  of various 
complexes be tween  HSO4-  ions and complex po ly -  
chromates.  Since these complexes can bond to one 
another  by  hydrogen  bonding through wa te r  molecules, 
a viscous l aye r  of hyd ra t ed  complex polychromates  is 
formed in the Nernst  diffusion layer  next  to the ca th-  
ode surface. This viscous l aye r  m a y  be identif ied wi th  
the  b locking fi lm of Mii l ler  (6), the  col loidal  film of 
the Russian workers  (7-9),  and  the viscous film of 
Sa iddington  and Hoey ( 10, 1 I ) .  

Because the  complex t r i chromate  ions f rom which  
metal l ic  Cr is even tua l ly  deposi ted mus t  diffuse 
through this viscous layer ,  the solut ion must  be s t i r red  
wel l  to reduce the thickness of the layer ,  and hence, 
shor ten  the  diffusion pa th  for  high ra te  deposi t ion of  
chromium. To reach HSP rates  (high cur ren t  den-  
sities) s t i r r ing  alone is not enough because of the large  
/R-d rop  over  the  solut ion pa th  be tween  the anode and 
cathode (12). Consequently,  this solut ion pa th  be -  
tween anode and cathode is reduced (to 3.8 ram, t yp i -  
cal ly)  pe rmi t t i ng  ve ry  high cur ren t  densi t ies  (up to 
15.5 A / c m  2 or  100 A/ in .  2) to be passed.  At  such high 
cur ren t  densities, the solut ion must  be passed th rough  
the gap at  ve ry  high ra tes  (up to 6.3 m/sec)  to (i) 
reduce the  t empe ra tu r e  of the solut ion in the gap 
(otherwise  the solut ion would boil  a w a y ) ;  (ii) sweep 
out the viscous film so tha t  the diffusion l aye r  wil l  be 
as thin as possible;  and  (iii) br ing  fresh solut ion into 
the gap so that  deple t ion  of the  act ive ma te r i a l  wil l  
not  occur. To obta in  this h igh solut ion flow the A P F S  
sys tem was invented  (4). 

Wi th  the A P F S  pla t ing system, the viscous l aye r  
is made  ve ry  thin  and la rge  quant i t ies  of f resh solu-  
t ion are  t r anspor ted  to the cathode surface cont inu-  
ously. Successful  high ra te  p la t ing  of hard  Cr should 
be possible f rom solutions wi th  concentrat ions of  
CrOa as low as 50 or  25 g / l i te r ,  since these solutions 
are  red  showing the presence of t r i chromate  ion. Also, 
polar izat ion studies show that  cathodic films are  
formed in these solutions. 

As a s trong solut ion of chromic acid is di luted,  the  
color of the solut ion changes, passing f rom deep red  
(250 g / l i t e r )  th rough  red  (100 g / l i t e r )  and orange 
(10 g / l i t e r )  to ye l low (1 g / l i t e r ) .  F r o m  the po la r i -  
zat ion studies (5), it  was found tha t  the e lec t rochemical  
behavior  of the 10 g / l i t e r  solut ion of CrO~ (orange)  
is s imi lar  to tha t  of a solut ion of 1M Na2Cr2OT. Here, 
the orange color is associated wi th  the d ichromate  ion 
and a cathodic film was detected.  

S imi la r  behavior  be tween  the ye l low solutions of 
CrO3 (1 g / l i t e r )  and  1M Na2CrO4 was found. In  these 
cases, the ye l low color is associated wi th  the monomer,  
I-ICrO4- ion, and the presence of cathodic films on the 
e lec t rode  surface was not  observed.  

According to this mechanism, one should expect  
only a very  thin deposit  of metal l ic  Cr to be la id  down 
on the cathode f rom the 10 g / l i t e r  solut ion in the 
APFS  sys tem under  the same expe r imen ta l  condit ions 
used in the  50 g / l i t e r  case. Even though cathodic films 
are  detected at  cathodes in orange solutions of C r Q ,  
this behavior  is p red ic ted  because the concentra t ion of 
t r i chromate  ions must  be ve ry  low. 

Since cathodic films were  not detected at  the elec- 
t rode surface in the ye l low 1 g / l i t e r  solution of CrO~ 
and since the concentra t ion of t r i chromate  most  l ike ly  
is negligible,  one should not  expect  to obta in  a deposi t  
of Cr meta l  under  this g iven set of expe r imen ta l  con- 
ditions. 

Experimental 
The samples  to be p la ted  were  copper  tubes 7.6 cm 

long with  an OD of 3.8 cm and a wal l  thickness of 
0.17 cm (cathode area  is 83.6 cm"). P r epa ra t i on  of the 
Cu samples  included polishing,  buffing e lec t roclean~ 

ing, acid dipping,  and drying.  Seventy- f ive  l i ters  of 
e lect rolyte  were  p laced  in t ank  No. 1 of the A P F S  
pla t ing sys tem shown in Fig. 1 and the Cu sample  was 
c lamped into posi t ion in  the f ixture presented  in  Fig. 2. 
A deta i led  account of the  opera t ion  of the A P F S  sys-  
tem may  be found e l sewhere  (3). The e lec t ro ly te  was 
heated by  a s team hea t  exchanger .  Samples  were  
p la ted  for i min. 

Fig. 1. HSP installation including APFS 

Fig. 2. HSP plating fixture open to load-unload position 
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Cur ren t  efficiency measurements  were  ob ta ined  f rom 
we igh t -ga in  de te rmina t ions  of the sample  and the 
to ta l  cur ren t  passed which was de te rmined  by  in te-  
g ra t ing  under  the  cu r r en t - t ime  t race recorded  on a 
s t r ip  chart .  In tegra t ion  was accomplished by  cut t ing 
out  the char t  trace,  weighing,  and  compar ing  tha t  
weight  wi th  the weight  of a uni t  a rea  of char t  paper .  

The outs ide surfaces of the  Cu- tube  samples  were  
p l a t ed  wi th  Cr agains t  a concentr ic  95% P b - S n  a l loy  
anode at  t empera tu re s  ranging  be tween  41 ~ and 91~ 
wi th  app l ied  vol tages  ranging  f rom 5 to 15V and solu-  
t ion flow ra tes  up to 6.15 m/sec.  In  al l  cases, the 
chromic  acid e lec t ro ly te  was made  up  so tha t  the rat io  
of CrOJH2SO4 was 100/1 since unca ta lyzed  CrO8 elec-  
t ro ly tes  did  not  give deposits  of meta l l i c  Cr. 

Results and Discussion 
According  to the  proposed  model  (5), b r igh t  Cr de-  

posits should be obta ined  f rom solutions as di lute  as 25 
g / l i t e r  of CrOs. In  Fig. 3, typica l  resul ts  of Cr deposi -  
t ion on Cu tubes f rom a solut ion of 25 g / l i t e r  of CrO3 
and 0.25 g / l i t e r  of H2SO4 are  given. 

At  this t e m p e r a t u r e  and flow rate,  the deposi ts  were  
br ight ,  smooth, and adheren t  be tween  appl ied  vol tage 
of 7.5 and 12.5V (see Fig. 3B-D).  Above  12.5V (Fig. 
3E), the  deposits  became dull  and were  of ten bl is tered.  
In  addit ion,  a thin, adherent ,  ye l low film was de-  
posi ted along wi th  pa r t i a l  coverage wi th  br igh t  Cr. 
This film was ana lyzed  with  the e lec t ron probe,  Auge r  
e lec t ron  spec t roscopy (AES) ,  x - r a y  photoe lec t ron  
spectroscopy (XPS) ,  and the scanning e lec t ron micro-  
scope (SEM).  The AES, XPS, and e lect ron probe  re-  
sults indicate  that  the  ye l low film is a lmost  comple te ly  
composed of Cr203. SEM micrographs  of the b r igh t  Cr 
surface are  shown in Fig. 4 A - C  and of the ye l low 
film in Fig. 4 D - F  at  three  different  magnifications.  

The proposed model  s tates  tha t  the cathodic film 
f rom which  Cr is even tua l ly  deposited,  is a h y d r a t e d  
complex  of I-{SO4- ion hydrogen  bonded to a chromous 
d ichromate  species. By an  acid ca ta lyzed  hydrolysis ,  
this film is decomposed to fo rm chromous hydrox ide  
which  complexes wi th  HSO4-  ion (5). The chromous 
b isul fa te  complex  m a y  then be d i s cha rged  to metal l ic  
Cr wi th  the  t rans fe r  of two electrons.  The resul t  is the 
deposi t  shown in Fig. 4A. Fo r  ve ry  high deposi t ion 
ra tes  (Fig. 3E, 9 # m / m i n ) ,  some hydrox ide  may  be 
codeposi ted wi th  the meta l l ic  Cr. When the sample  is 
r emoved  from the p la t ing  machine  and dried, the de-  
hyd ra t ed  hydrox ide  film decomposes to Cr and Cr208 

3Cr(OH)~--> Cr + Cr203 + 3H~O 

as detected in Fig. 4D. 
The  highest  p la t ing ra te  obta ined in the 25 g / l i t e r  

e lec t ro ly te  was 12/~m/min but  was whi t i sh  gray;  b r igh t  
deposi ts  were  obta ined only in the 3-5 ~m/min  range. 

A plot  of the cathodic cur ren t  efficiencies as a func-  
t ion of the  cur ren t  dens i ty  for three  t empera tu res  is 
g iven in Fig. 5. As the t empera tu re  is increased the 
cur ren t  efficiency for  Cr deposi t ion decreases  for  a 
g iven cur ren t  density.  The reason for this is the  fact  
tha t  a pa ra l l e l  reaction,  the reduct ion  of H +, can oc- 
cur. Al though  the ra te  of Cr deposi t ion increases wi th  

t empera ture ,  the  r a t e  of H2 evolut ion  also increases  
but  a t  a h igher  ra te  of increase  (Fig. 6). As a result ,  
the  cu r ren t  efficiency for Cr deposi t ion falls  off even 
though the ac tua l  amount  of Cr deposi ted pe r  uni t  
t ime at  a g iven cur ren t  dens i ty  m a y  be g rea te r  a t  the 
h igher  t empera tu re .  

The vol tage  range  ove r  which  b r igh t  Cr  m a y  be 
obta ined  is ex tended  wi th  h igher  tempera tures .  The 
deposi t  in Fig. 3E obta ined  at  79~ was g rea t ly  im-  
p rnved  when deposi ted under  the same condit ions a t  
91~ 

To de te rmine  the op t imum e lec t ro ly te  for  p la t ing  
f rom low concentra t ion chromic acid electrolytes ,  a 50 
g / l i t e r  CrO3 solut ion conta ining 0.5 g / l i t e r  H2SO4 was 
invest igated.  The  deposi t ion r a t e  for  b r igh t  deposi ts  
in this e lec t ro ly te  r anged  f rom 6 to 12 ;Lm/min, over  
twice the ra te  ob ta ined  in the  25 g / l i t e r  solution. 
F r o m  the 50 g / l i t e r  e lectrolyte ,  deposi t  thicknesses of 
18-20 ~m were  rou t ine ly  achieved in 1.5 min, a th ick-  
ness which  is the p r e s e n t - d a y  indus t r ia l  specification 
for the  chromium pla t ing  of MacPherson  struts.  De-  
posits up to about  12 ~m were  adherent ,  br ight ,  and 
smooth (s imi lar  to Fig. 3B or  C).  

As a fu r the r  test  of the pred ic t ions  made  f rom the 
proposed model,  Cu tubes were  p la ted  in the A P F S  
sys tem from ve ry  di lute  e lec t ro ly tes  composed of 10 
g / l i t e r  CrO3 + 0.1 g / l i t e r  H2SO4 and 1 g / l i t e r  CrO3 
+ 0.01 g / l i t e r  H2SO4. 

Three  copper  samples  p l a t ed  in the 10 g / l i t e r  CrO8 
e lec t ro ly te  a t  85~ a re  shown in  Fig. 7, since the bes t  
resul ts  were  obta ined  at  this  t empera tu re .  At  the high 
appl ied  vol tages (above 10V) the samples  were  cov- 
e red  wi th  the ye l low film. A l t h o u g h  the deposi ts  
were  th in  (about  1 #m) they  were  smooth, and  at  the  
h igher  appl ied  voltages, were  bright .  Since the  con- 
cent ra t ion  of t r i chromate  ion f rom which  the cathodic 
film is fo rmed is ve ry  low in this e lectrolyte ,  one 
would  expect  to find the observed  low deposi t ion rate.  

At  a concentra t ion  of 1 g / l i t e r  CrO3, Cr me ta l  de-  
posits were  not detected at  low appl ied  voltages.  Even 
at  h igher  appl ied  voltages,  v i r t ua l ly  no Cr deposits  
were  observed as noted by  a s l ight  loss in  weight  of 
the  copper  sample  indica t ing  some dissolut ion of the  
copper  tube in this e lectrolyte .  This observa t ion  agrees  
wel l  wi th  the polar iza t ion  curves obta ined  (5) in this 
solut ion showing no evidence for  cathodic film fo rma-  
tion. Consequently,  a Cr deposi t  should not be ex-  
pected. 

Use of the 50 g / l i t e r  CrOs e lec t ro ly te  in the  APFS,  
HSP sys tem offers one the oppor tun i ty  of p la t ing  me-  
tal l ic Cr 30-40 t imes fas ter  than  tha t  in convent ional  
Cr p la t ing  (25 ~m/h r  f rom 250 g / l i t e r  CrO3) f rom 
solutions containing only  20% of the CrOs. Not on ly  
does the  HSP have an obvious economic advantage,  
but  since i t  is a closed loop sys tem (opened only  for  
load and un load) ,  the chromic acid mist ing'  is con- 
ta ined  in the A P F S  sys tem provid ing  a reduct ion  
in the corrosion of vent i la t ing  systems and in env i ron-  
menta l  pol lu t ion  control.  

Manuscr ip t  submi t ted  Sept. 28, 1979; revised m a n u -  
scr ip t  received Feb.  18, 1980. 

Fig. 3. HSP of Cu-tube samples 
in a solution of 25 g/liter CrO3 
+ 0.25 g/liter H2SO4 for 1 min 
at 79~ with a flow rate of 
6.15 m/see and applied voltages; 
(A) 5V, (B) 7.5V, (C) 10V, (D) 
12.5% and (E) 15V. Deposit 
thicknesses are: (A) >1 #m, 
(B) 3 ~m, (C) 5 #m, (D) 8 ~m, 
and (E) 9 ~m. 
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Fig. 4. Scanning electron micrographs at three magnifications of a bright Cr deposit (A, B, C) and of a bright Cr deposit with the yellow 
film (D, E, F). 
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Fig. 5. Cathode efficiency as a function of the current density 
for Cr plating from 25 g/liter Cr08 + 0.25 g/liter H2S04 at 3 tem- 
peratures and a flow rate of 4.2 m/sec. 

Any discussion of this paper wi l l  appear in a Dis-  
cussion Section to be published in the June 1981 
JOURNAL. All  discussions for the June 1981 Discussion 
Section should be submitted by Feb. 1, 1981. 

Publication costs of this article were assisted by 
General Motors Research Laboratories. 
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Fig. 6. Idealized polarization curves for the deposition of Cr and 
evolution of hydrogen at two temperatures, T1 in A and T2 in B 
where T2 > T1; total current is fcr + IH2 at the given potential 
V. Using arbitrary units, Icr is assigned 0.80 A/cm 2 in A and 1.2 
A/era 2 in B. Then the current efficiency for Cr deposition decreases 
from 31.0% in A to 26.8% in B but the rate of Cr deposition in- 
creases from 0.80 C/see in A to 1.2 C/sec in B per unit area. 
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Fig. 7. HSP of Cr on Cu-tube samples from a solution of 10 
g/liter CrOs -}- 0.10 g/liter H2SO4 for I min at 85~ with a flow 
rate of 4.2 m/sec and applied voltages; (A) 5V, (B) 7.5V, and (C) 
10V. Deposit thicknesses are: (A) <1 ~,rn, (B) 1 #m, and (C) 
!.5 #m. 
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Photoelectrochemical Investigation on 
Trigonal Selenium Film Electrodes 

W .  Gissler 

Commission oi the European Communities, Joint Research Centre, Ispra Establishment, 21020 Ispra (Varese), Italy 

ABSTRACT 

The photoelectrochemical properties of trigonal selenium films were in- 
vestigated in view of a possible application in semiconductor liquid junction 
photo cells. A photo decomposition reaction of Se into hydrogen selenide was 
observed in acidic solutions. Only redox couples with a relatively anodic stan- 
dard potential can prevent the decomposition process. The results are inter- 
preted by a charge transfer process via interband states. Possible applications 
of Se-film electrodes are discussed. 

The  convers ion of solar  energy  into e lect r ica l  and 
s torable  chemical  energy  by  semiconductor  l iquid 
junct ion  solar  cells is a po ten t ia l  low cost technique 
prov ided  tha t  cheap semiconductor  mate r ia l s  of sui t -  
ab le  photoe lec t rochemica l  p roper t ies  can be found 
[see, e.g., Ref. (1)] .  So far  only  r e l a t ive ly  few semi-  
conductors  have been inves t iga ted  (2, 3) and  an in-  
ves t igat ion of less known  mate r ia l s  seems to be w a r -  
ranted.  In  this pape r  resul ts  of an  inves t igat ion on 
photoe lec t rochemical  p roper t ies  of t r igonal  se lenium 
are  repor ted .  F o r m e r l y  se lenium has been  used for  the 
produc t ion  of so l id-s ta te  photoe lements  and cur ren t  
rectifiers (4),  bu t  so far  no a t tempts  have  been  made  
to use i t  in semiconductor  l iquid junc t ion  solar  cells. 
Measurements  of the e lec t rochemical  behav ior  wi th  
and  wi thout  i l lumina t ion  have  been  repor ted  ea r l i e r  
(5 ) .  

In the solid state,  se len ium has severa l  a l lo t ropic  
forms. At  room t empera tu r e  the  only s tab le  phase is 
tha t  of t r igonal  se lenium which is a p - t y p e  semicon-  
ductor  wi th  a bandgap  energy  of Eg : 1.9 eV (6) ex -  
h ibi t ing a d i rec t  opt ical  t rans i t ion  wi th  a cor respond-  
ing ly  high absorp t ion  coefficient. Po lycrys ta l l ine  
se lenium films can be eas i ly  p roduced  e i ther  by  
evapora t ion  or b y  d ipping  meta l l ic  subs t ra tes  in the  
l iquid  phase  (mel t ing  point  220~ These proper t ies  
make  se lenium an in te res t ing  candida te  as photoelec-  
t rode  for solar  energy  conversion. 

Key words: semiconductor electrolyte, photocorrosion, elec- 
trode. 

Experimental 

Selen ium film electrodes were  made  e i ther  by  evap-  
ora t ion  or  f rom commerc ia l ly  ava i lab le  rectifiers. 
Evapora t ion  was pe r fo rmed  wi th  99.999 atomic pe r -  
cent (a /o )  Se at 240~ onto a gold film covered a lu -  
m i n u m  subs t ra te  which was kep t  a t  150~ Af te r  the 
evapora t ion  process the layers  were  annea led  at  
100~ for  a per iod  of 24 h r  in o rde r  to assure  a com-  
plete  t r ans format ion  of the  film into the  c rys ta l l ine  
state. The gold se len ium contact  showed a pure  ohmic 
behavior .  The se lenium film elect rodes  f rom rectif iers 
were  made  b y  removing  the Cd film by  etching. The 
thickness  of both  film elect rodes  was be tween  5 and 
10 ~m. 

The electrodes were  moun ted  in single compar tmen t  
cells wi th  a calomel  re ference  and p l a t i num counter -  
electrodes.  An  aqueous solut ion of 1F H2SO4 was used 
as an e lectrolyte .  Potent ios ta t ic  measurements  were  
pe r fo rmed  wi th  a PAR Model  173 potent ios ta t  in  
conjunct ion wi th  a P A R  Model  175 Universa l  P ro -  
grammer .  Fo r  the  measu remen t  of the  t rans ien t  cur -  
ren t  behavior  a PAR Model  4202 signal  ave rager  was 
used. I l lumina t ion  was f rom a 500W xenon lamp fil- 
t e red  b y  10 cm of water ,  and  the l ight  was in te r -  
rup ted  by  e i ther  a PAR Model 192 chopper  or a 
Sp ind le r  and Hoyer  r ap id  manua l  shut ter .  As mono-  
chromator ,  a Spex  Model  Minimate  was used. Capaci ty  
measurements  were  made  by  super imposing  on the 
po ten t ios ta t ica l ly  contro l led  d -c  vol tage  an  a -c  vo l t -  
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age of app rox ima te ly  100 mV ampl i tude  at  20-100 
kHz. The a -c  ampl i tude  and phase  angle  were  mea -  
sured  in a circui t  in which  the cell  was placed in 
series wi th  a res is tance (7). Gas analysis  was pe r -  
fo rmed  wi th  a Balzers  quadrupo l  res idual  gas ana -  
lyzer  Type QMG 111 B. 

Results 
The pho toeur ren t  wave leng th  dependence  of sele-  

n ium was measured  at  an e lect rode potent ia l  of U ---- 
--0.5V (SCE) and compared  wi th  the  l ight  source 
spectrum, f rom which  the photoresponse  spec t rum 
(pho tocur ren t /pho ton  flux) was der ived  (Fig. 1). The 
spec t rum is consistent  wi th  a d i rec t  opt ical  t rans i t ion  
for  a bandgap  energy  of Eg - -  1.9 eV. 

Space charge  capac i ty  (Csc) measurements  were  
pe r fo rmed  in a potent ia l  range U of --0.5-0.25V (SCE) 
where  the  electrodes showed only  a smal l  da rk  cur-  
ren t  (/d <~ 20 #A/cm2).  F requency  dispers ion was ob-  
served be low 50 kHz, indica t ing  the exis tence of 
"slow" energy  states (e.g., surfaces s ta tes) .  L inear  
Mot t -Scho t tky  plots  (1/Csc 2 vs. U) were  only  ob-  
ta ined  wi th  the  electrodes made  f rom selenium rec t i -  
fiers. F igure  2 shows such a plot  a t  100 kHz for a da rk  
and an i l lumina ted  e lec t rode  ( in tens i ty  ~-2 sun AM2).  
F rom the slope of the plot  for  the  da rk  e lect rode an 
acceptor  dens i ty  of 2.3 1017 cm -8 is obta ined  assum-  
ing a va lue  of 13 (8) for  the dielectr ic  constant.  For  
the f la tband potent ia l  a value  of UFB = 0.84V (SCE) 
is obta ined  by  ex t rapo la t ion  of 1/Csc 2 ---> 0. For  the 
i l lumina ted  electrode,  UFB is only  s l ight ly  increased.  
The obta ined  capac i ty  values  a re  about  2 t imes l a rge r  
than  for  the  da rk  electrode.  

Cur ren t -po ten t i a l  (i vs. U) curves were  measured  
wi th  in te rmi t t en t  l igh t  ( f requency  ~ 1 Hz) using a 

1.5' 

o c 1.0 

. 0 5  

o .  

etectrotyte: IF H 2 Z,~0 ' 5~50 ' ~ 7 ~ ; 0  

Fig. I. Photoresponse spectrum of an Se/0.1F H2SO4 junction 
measured at a potential of --0.SV (SCE). 
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scan speed of 20 mV/sec.  F igure  3a depicts  normal  b e -  
h a v i o r  of p - t y p e  ro ta t ing  disk semiconductor .  The  ap-  
pearance  potent ia l  of the photocurrent ,  however ,  is 
about  0.6V more  cathodic than  the f la tband potent ial .  
Such a d iscrepancy has been observed  also wi th  o ther  
p - t y p e  semiconductors  (9, 10). Measurements  on a 
s t a t ionary  e lec t rode  (Fig. 3b) r evea led  a qui te  
anomalous  behavior :  wi th  a posi t ive  potent ia l  scan 
direct ion and for  potent ia ls  U > 0.4V (SCE) an anodic 
pho tocur ren t  super imposed  on a r e l a t ive ly  la rge  da rk  
cur ren t  was observed.  The fact  that  this anomalous  
behavior  could be observed only wi th  the s ta t ionary  
e lec t rode  suggests tha t  i t  is due to an  e lec t rochemical  
react ion of the  produc t  of the  cathodic photo reaction. 
This hypothesis  is also suppor ted  by  the observat ion  
that  the anomalous  behav ior  d i sappears  wi th  reversed  
scan direction. Cyclic vo l t ammograms  (Fig. 4) e luci-  
da ted  this effect fur ther .  

The  t ime response of the  pho tocur ren t  to a t r ape -  
zoidal  l ight  pulse  has been  measured  wi th  the s ta -  
t ionary  and the ro ta t ing  e lec t rode  in  the potent ia l  
range  0.4 < U < 0.8V (SCE) (Fig. 5). Before eve ry  
measuremen t  the  e lec t rode  was kep t  for  1 m i n  at  a 
potent ia l  of --0.5V (SCE) and i l luminated .  In te res t -  
ingly  the  ro ta t ing electrode,  which  does not  exhibi t  a 
s t a t ionary  pho tocur ren t  in this potent ia l  region, r e -  
sponds l ike a capaci tor  to a po ten t ia l  step. The photo-  
cur ren t  response of the  s t a t ionary  e lec t rode  resembles  
the response of a sys tem where  diffusion enters  the k i -  
netics. 

The cathodic pho tocur ren t  causes a decomposi t ion 
of the electrode.  I t  is accomplished b y  a visible evolu-  
t ion of a gas of a s t rong unpleasan t  smell.  A mass-  
spec t rometr ic  inves t igat ion revea led  hydrogen  selenide 
as decomposi t ion product .  I t  is therefore  assumed tha t  
in acidic solutions the  cathodic pho tocur ren t  is due  
to the  reac t ion  

-I0.0 

8.0 

" ~  - 6.0 
hexago  la l  s e t e n i u m  

dor . , electroLy,e: 1F H 2 SO L 

light ~ ^ _ ~ . . .  

-o.s o o.s 11o 
V {SCE)  

Fig. 2. Mott-Schottky plot of an Se/0.1F H~SO4 junction in the 
dark and under illumination with 2 • AM2. The selenium electrode 
was made from an Se rectifier. Frequency 100 kHz. 

Fig. 3. Current-potential dependence measured wi~h intermittent 
light of a xenon lamp. (a) Electrode rotated with 30 C/sec; (b) 
stationary electrode. 



Vol. 127, No. 8 PHOTOELECTROCHEMICAL INVESTIGATION 1715 

dark 

I rnA/crn 2 

I 

-- Ore5 6 O: s 

potentinl V vs SCE - " 4 " - -  

Fig. 4. Cyclic voltammograms of Se, scan rate 2 V/see 
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Fig. 5. Photocurrent response of a stationary and rotated (30 
C/see) electrode on a trapozoidal light pulse. 

Se + 2H + + 2e -  -~ HzSe [1] 

From thermodynamic  considerations (11) Se is ex-  
pected to be decomposed into H2Se for potential  U < 
--0.46V (NHE) and into H2SeO3 for potentials U > 
0.69V (NHE) at pH 1. 

Exper iments  to stabilize the electrode by adding 
redox systems as Eu 2+/~+ and Cr 2+/3+ failed. The 
s tandard  potentials of both couples are slightly more 
positive than the potent ial  of the decomposition reac- 
t ion [1], and the unoccupied levels of both couples 
can be assumed to overlap well  with the conduction 
bandedge. Also the hydrogen evolution reaction can 
evident ly  not compete with the photodecomposition, 
a l though it cannot be completely excluded. With other 
p- type  semiconductors, e.g., GaP and GaAs, a photo- 
current  stabil ization due to hydrogen evolut ion has 
been obtained (9). 

Using redox systems of re la t ively positive s tandard 
potentials such as Fe (CN) 64-/~-, Fe2 +/3 +, and Ce3 +/4 + 
the odor of H2Se could no longer be detected and the 
photocurrent  became stable within --+5% over the 
measurement  period of 2 hr. Figure  6 shows the i - U  
curves in  the dark (full line) and under  i l luminat ion  
(broken line) obtained with a rotat ing electrode (30 
C/sec) for the pure electrolyte of 1F H2SO4 (curve 1) 
and for solutions to which the following redox sys- 
tems have been added: 0.1M K3Fe(CN)6 -5 0.01M 
KdFe(CN)6 (curve 2), +0.05M Fe2(SO4)3 + 0.01M 
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Fig. 6. Current-potential dependence of a dark (full) and il- 
luminated (dashed) Se electrode for different redox electrolytes. 
Curve 1: 1F H2SO~; curve 2: IF H2SO4 -5 0.1M Fe(CH)83- -5 
0.01M Fe(CN)64-; curve 3" 1F H2SO4 -5 0.1M Fe ~+ -5 0.01M 
Fe2+; curve 4: 1F H2SO4 -5 0.1M Ce 4+ -5 0.01M Ce 3+. 

FeSO~ (curve 3), and 0.1M Ce(SOD~ + 0.01M 
Ce2(SO4)3 (curve 4). It  is in teres t ing to note that  the 
more anodic the redox potent ia l  of the couple the 
more the appearance potent ial  Uap of the photocur-  
rent  is shifted towards the flatband potential.  T h e  
cathodic dark current  is large only in  the case of the 
Cea+/4+ redox couple which is probably  due to a di-  
rect charge t ransfer  from the valence band. A n  esti-  
mat ion from the rea r rangement  energy (12) shows 
that  the unoccupied levels overlap well  with the va-  
lence band. Also an anodic dark cur ren t  is observed. 
This is to be expected for U > UFB. However, for the 
Fe(CN)64- /8 -  and Fe 2+/3+ redox couples an  anodic 
dark current  is also observed for U < UFB. 

Discussion 
From thermodynamic  considerations (14), it  is ex-  

pected that  only those redox reactions can success- 
fully compete with the photodecomposition of p - type  
semiconductors having more positive s tandard  redox 
potentials. This is the case for all  redox couples used 
in our experiments.  However, only the redox couples 
with very anodic s tandard  potentials seem to compete 
with the photodecomposition, al though the oxidation 
levels in all cases are located wi th in  the bandgap of 
selenium [as estimated from the rea r rangement  en-  
ergies (12)]. Corresponding observations have been 
made on n - type  semiconductors (15). Whether  the 
direct electron t ransfer  model is an adequate descrip- 
t ion or surface states are involved is still an  open 
question. 

The observed difference be tween  s tandard  redox 
potential  and appearance potential  of the photocur-  
rent  can be understood by both types of t ransi t ions if 
large surface recombinat ion rates (in comparison to 
the rate of charge exchange between semiconductor 
and solution) are assumed (13, 16). 

It  is difficult to estimate the kinetics of the charge 
t ransfer  process via surface states for the redox couples 
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used in this exper iment .  However ,  the observed la rge  
values  of (UFB - -  U a p )  for the photodecomposi t ion re -  
act ion might  be indica t ive  of slow kinet ics  for  this r e -  
action, compared  to s imple  redox reactions.  

Recent ly  for  n - t y p e  semiconductors  i t  has been as-  
sumed tha t  the  decomposi t ion proceeds in different  
steps and that  the  energy  levels of the in te rmedia te  
states a re  located wi th in  the bandgap  (17). Only the 
last  step is the v i r tua l  decomposi t ion reaction,  which 
can be  p reven ted  if sui table  redox react ions can com- 
pete  wi th  it. I f  such a model  is appl ied  to se lenium the 
decomposi t ion might  be assumed to consist of the two 
steps 

S e + H  + + e - ~ H S e  [2] 

HSe + H + + e -  -~ H~Se [3] 

I t  is reasonable  to assume tha t  the ra te  constant  for  
reac t ion  [3] is smal le r  than  for  a compet ing redox  re-  
act ion of the t ype  

HSe + ox -, Se + H + + red [4] 

because the decomposi t ion process according to [3] 
p robab ly  also involves some geometr ical  res t ra in ts  
in contras t  to the redox  react ion [4].  If  the  s t andard  
potent ia l  for  react ion [3] is more  posi t ive than  the 
revers ib le  hydrogen  e lec t rode  i t  also becomes c lear  
tha t  only  the  redox  couples wi th  more  posit ive s tan-  
da rd  potent ia ls  p reven t  the decomposi t ion process. 
The existence of in t e rband  states in hexagonal  Se has 
been observed  ea r l i e r  by  capaci tance r e l axa t ion  mea -  
surements  (18). 

The observat ion  of an anodic da rk  cur ren t  (Fig. 3a 
and Fig. 6) a t  e lec t rode  potent ia ls  U < UFB suggests 
e i ther  a tunnel  mechanism or an avalanche  b r eak -  
down (19). An  es t imat ion using the expression for  the 
tunnel  p robab i l i t y  T given in (20) shows that  this 
process is f a i r ly  probable  even for the r e l a t ive ly  low 
charge ca r r i e r  dens i ty  of 2.3 1017 cm -3 if  i t  is assumed 
tha t  the occupied states are  located only a few tenths 
of an e lec t ron volt  above the valence bandedge.  The 
anodic dark  cur ren t  assumes large  values  only dur ing 
the anodic potent ia l  scan direct ion at  the i l lumina ted  
s ta t ionary  e lect rode (Fig. 3b and Fig. 4). I t  might  
therefore  be due to the product  of the  cathodic reac-  
t ion which  should be a solut ion species to be detected 
in the  anodic reaction.  A possible react ion is the back  
react ion of [3] which, however ,  can occur at  U < UFB 
only  assuming a hole in ject ion process via tunneling.  

The anomalous  anodic pho tocur ren t  is a lways  ac-  
companied by  a la rge  anodic da rk  current .  I t  might  
therefore  be due to an increase of the tunnel ing  p rob-  
ab i l i t y  under  i l luminat ion:  this is ac tua l ly  to be ex-  
pected because the observed capaci ty  increase under  
i l lumina t ion  (Fig. 2) can only be expla ined  in a po-  
tent iostat ic  exper imen t  b y  a reduct ion  of the space 
charge layer ,  leading  to an increase in the tunnel ing 
probabi l i ty .  In  the absence of a reactant ,  a pure  charg-  
ing and discharging cur ren t  of the space charge capac-  
i ty  should be observed.  This is ac tua l ly  the case (Fig. 
5). 

Due to the fact that  a s tabi l iza t ion can be reached 
only wi th  redox  couples of re la t ive  posit ive s t andard  
potentials ,  se lenium electrodes seem to be unsui table  
for  use in regenera t ive  solar celts: a large  par t  of 
the energy  which has been  gained b y  b a n d - b a n d  ex-  
ci ta t ion is lost by  t ransi t ions  f rom the conduction band 
into the  lower  in te rband  levels,  and correspondingly,  
only  smal l  cell  voltages can be obtained.  

However ,  se lenium photocathodes  might  be used in 
a novel  w a y  for hydrogen  product ion:  in contras t  to 
d i rec t  photolysis,  in a first s tep hydrogen  selenide is 
p roduced  by  ut i l iz ing the photodecomposi t ion react ion 
[1], and then  in  a subsequent  react ion step hydrogen  
se lenide  is t h e r m a l l y  dissociated in hydrogen  and 
selenium, which  has to be, however ,  r egenera ted  for  
use as electrode.  Since the fabr ica t ion  of se lenium 
elect rodes  f rom the  mel t  is a we l l - e s t ab l i shed  low 

cost technique (4) and the dissociation react ion occurs 
at  r e l a t ive ly  low t empera tu re s  (21) a more  de ta i led  
inves t igat ion of the feas ib i l i ty  of such a cycle would  
seem to be worthwhi le .  
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The Measurement of Sulfur Chemical Potential Differences 
Using a Calcium Fluoride Solid Electrolyte 
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ABSTRACT 

Calcium fluoride has been conventionally used as a solid electrolyte to 
measure fluorine chemical potentials in high temperature systems. However 
in this investigation, this electrolyte has been used as a sulfur sensor. Open- 
circuit emf measurements have been carried out with the following four gal- 
vanic cells 

Cu, CueS, CaSICaFe]Fe, FeS, CaS 

Cu, Cu2S, CaSlCaFe]Ag, AgsS, CaS 

Cu, Cu2S, CaSiCaFelMn, MnS, CaS 

Cu, CueS, C a S [ C a F I C r ,  CrS, CaS 

The cells were  inves t iga ted  in the  t empe ra tu r e  range,  500~176 Using 
Richardson and Ant i l l ' s  da ta  for the s t andard  Gibbs energy of format ion  of 
CueS, the s t anda rd  Gibbs energies of fo rmat ion  of FeS, Ag2S, MnS, and CrS 
have  been  de te rmined .  

Severa l  inves t iga tors  have  used a ca lc ium fluoride 
solid e lec t ro ly te  to de te rmine  the Gibbs energies  of 
format ion  of meta l  fluorides (1, 2). This e lec t ro ly te  
,has also been used to obta in  Gibbs energy  da ta  for 
carbides  and si l icates (3, 4). Recently,  calc ium fluo- 
r ide  has been used to measure  oxygen  chemical  po-  
tent ia ls  (5,6) .  This paper  reports  measurements  of 
the  sul fur  chemical  potent ia ls  of solid e lectrodes using 
a CaF2 solid electrolyte .  Mor iyama  and co-workers  
(7, 8) and Jacob, Rao, and  Nelson (9) have also used 
the CaF2 solid e lec t ro ly te  for sul fur  chemical  potent ia l  
measurements  a t  high tempera tures .  

Consider  the  e lec t rochemical  cell  

M, MxS, CaSICaFe]Me, M%S, CaS [A] 

,uS2'~ /'~F2' ,aS2"~ P'F2" 

where  M and Me are  different  metals.  The equi l ib r ium 
of the reac t ion  

xM + 1~ $2 ---- M~S [1] 

establ ishes a sulfur  chemical  potent ial ,  ~se', a t  the 
l e f t -hand  e lec t rode  of cell [A]. Fur ther ,  consider  
the  equ i l ib r ium 

CaFe(s) + ~ $2 ---- CaS(s) + F2 [2] 

The equ i l ib r ium constant,  Ke, of this reac t ion  is given 
by  

K2 = PF2/Ps21/~ [3]  

where  PF2 and Ps2 denote pa r t i a l  pressures  of fluorine 
and sulfur,  respect ively.  Since the chemical  potent ial ,  
;,s2', at  the l e f t -hand  e lec t rode  is fixed, the fluorine 
chemical  potent ia l ,  #Fe', is also fixed in accordance 
wi th  Eq. [3]. In a s imi la r  manner ,  the  chemical  po ten-  
tials, ~Fe" and  ;~s2" a re  fixed at  the  r i g h t - h a n d  e lec-  
trode. 

Calc ium fluoride is a sol id e lec t ro ly te  having anionic 
F r enke l  disorder.  Under  condit ions of negl ig ible  elec-  
t ronic conduction, the  t r anspor t  number  of fluorine 
ions is unity.  The open-c i rcu i t  emf of cell  [A] is then  
given by  

1 RT PF2" 
E = [~F2" -- #Fe'] = In-- [4] 

2F 2F PFe' 

�9 E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
1 Presen~ address :  E x xo n  R esea r ch  and  Eng inee r ing  Company,  

Corpora te  Resea r ch  Labora tory ,  Linden ,  New Je r sey  07036. 
Key words :  s o l i d  e l e c c r o l y t e ,  s u l f u r  s e n s o r ,  em.f  m e a s u r e m e n t s .  

with /~F2" ~ ~F2*. According to Hinze and Patterson 
(10), e lectronic conduct ion in CaF2 is negl ig ible  even 
at  uni t  ac t iv i ty  of calcium. Delcet,  Heus, and  Egan 
(11) have recen t ly  r epor ted  tha t  a t  t empera tu res  be-  
tween 800 ~ and 950~ n - type  electronic conduction 
is present  in single c rys ta l l ine  calcium fluoride at  ca l -  
cium activi t ies h igher  than  10 -2 . Combining this value  
wi th  da ta  for the Gibbs energy  of fo rmat ion  of CaS 
(12) one calculates a va lue  of 3.6 X 10 -26 a tm for the  
low Pse l imit  for p redominan t  ionic conduct ion (tioa ---~ 
0.99) in CaF2 at  l l00~ The lowest  Ps2 inves t iga ted  
in the presen t  work  was only 4.3 • 10 -20 a tm at  
l l00~ Thus no electronic cont r ibut ion  to the  conduc-  
t iv i ty  is expected.  On combining Eq. [3] and  [4] 

RT Ps2" 
E = I n -  [5] 

4F Ps2" 

If Pse' is known, then  Pse" m a y  be ca lcula ted  f rom 
the measured  open-c i rcu i t  cell  emf's using Eq. [5]. 
The s t andard  Gibbs energy  of fo rmat ion  of M%S is 
re la ted  to P'se" th rough  

(2~G~~ ( M e y S ) )  
Ps2" = exp RT [6] 

S imi lar ly ,  Pse' is given by  

( 2 A G r ~  ) 
Ps2' = exp RT [7] 

Thus if the  s tandard  Gibbs energy  of fo rmat ion  of 
MxS is known, then  that  of Me~S m a y  be determined.  

In  the present  s tudy,  the s t andard  Gibbs energies  
of fo rmat ion  of FeS, AgeS, MnS, and CrS were  de te r -  
mined using the cells 

Cu, CueS, CaSlCaFe[Fe,  FeS,  CaS [B] 

Cu, CueS, CaSICaFelAg, AgeS, CaS [C] 

Cu, CueS, CaSICaFe[Mn, MnS, CaS [D] 

Cu, CueS, CaS1CaF~ICr, CrS, CaS [El 

Materials and Experimental Procedure 
Metal  and sulfide powders  of 99.99% pur i ty  were  ob-  

ta ined f rom Cerac Incorpora ted .  Optical  grade  high 
pur i ty  single crysta ls  of CaFe (1/2 in. d iam and 1 in. 
length)  grown along the <111>  axis were  ob ta ined  

1717 
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from Harshaw Chemical Company. The electrolyte 
was cut into disks of % in. in  thickness with a dia-  
mond wheel. The electrolyte faces were finely ground 
and polished with 1 #m diamond paste. The metal, 
metal  sulfide, and calcium sulfide powders were mixed 
in  roughly equal amounts  by volume. The mixed pow- 
ders were pressed in  a 1 cm diam die into electrode 
pellets of approximately Y4 in. thickness at about 12 
tsi. The electrodes were not presintered. The cell 
was assembled in  an a lumina  cell holder as shown in 
Fig. 1. Light spring pressure was exerted to keep the 
electrode and electrolyte in  in t imate  contact. P l a t inum 
disks spot-welded to P t  wires were used as electrical 
leads. A Pt -P t (10% Rh) thermocouple, placed within  

cm of the cell, was used to measure temperatures.  
The cell was placed in  the constant  tempera ture  zone 
( _ i  ~ of a P t -Rh  wound resistance furnace. A flow- 
ing iner t  atmosphere of .purified argon was ma in -  
tained around the cell. The argon was purified by first 
passing through anhydrous  calcium sulfate, then 
through activated copper (BASF) main ta ined  at 200~ 
and then through t i tan ium sponge main ta ined  at 8O0~ 
Any final traces of oxygen were removed by having 
a t an ta lum foil a round the a lumina  cell holder up-  
stream from the cell. 

After  the cell was heated to the exper imental  
temperature,  the open-circui t  emf was measured 
using a high impedance digital electronic voltmeter. 
The cell emf was considered steady if the random 
var ia t ion was wi thin  • 0.5 mV over a 5 hr period. The 
emf's were independent  of the argon flow rate. CelI 
reversibi l i ty  was confirmed by passing a small  current  
(10-20 #A) for a few minutes.  After the current  pass- 
age, the open-circui t  emf's re turned to the original  
values wi thin  0.5 mV. 

Cell [B] was assembled and heated in purified argon 
atmosphere to a tempera ture  of 550~ The cell emf 
reached the equi l ibr ium value in about  15 hr. The cell 
temperature  was then raised by 50 ~ increments.  After  
changing the temperature,  the a t ta inment  of the new 
equi l ibr ium cell emf took approximately  5 hr. The 
highest tempera ture  used was 850~ Open-circui t  emf 
readings were also taken upon cooling at 50 ~ intervals.  
Equi l ibrat ion times for cell [C] were similar to those 
for cell [B]. The cell was investigated over the tem- 
pera ture  range, 500~176 Above 750~ the si lver-  
sulfide showed a tendency to decompose. Cell [D] was 
investigated in  the temperature  range, 700~176 
After heat ing the cell to 7O0~ the ini t ial  equi l ibra-  
tion took ~ 48 hr. Upon changing the cell tempera-  
ture, equi l ibr ium at the new tempera ture  was at-  
tained in about 15 hr. The a t ta inment  of equi l ibr ium 
was too slow at temperatures  below 700~ The ini t ial  
equi l ibrat ion with cell [El occurred wi th in  15 hr  at 

A 

B,C 

D 

E 

F 

G 

/ 

G / 

Ca F= ELECTROLYTE 

M E T A L - M E T A L  S U L P H I D E -  CaS ELECTRODES 

PT LEADS CONNECTED TO PT DISCS 

ALUMINA CELL HOLDER 

A L U M I N A  PUSHROD 

T H E R M O C O U P L E  

Fig. I. Experimental cell arrangement 

727~ subsequent  equil ibrat ions occurred wi thin  3 hr. 
X - r a y  diffraction pat terns  of the electrode pellets 

were taken before and after the experiments.  In  all  
cases, only the metal, metal  sulfide, and calcium sul-  
fide phases were observed. No mutua l  solubili ty be- 
tween calcium sulfide and the other metal  sulfides w a s  
detected. 

Results and Discussion 
The open-circui t  emf values obtained using cell [B] 

are shown in  Fig. 2, in  which the solid l ine fits the 
least squares expression 

E (mV) ---- --128.29 + 0.159T (_.+ 5 mV) [8] 

The uncer ta in ty  indicated in  brackets is twice the 
s tandard deviat ion of E about the regression line. Emf's 
calculated using Richardson and Anti l l ' s  data (13) for 
the Gibbs energy of formation of Cu2S and Rosen- 
qvist 's data (14) for the Gibbs energy of formation of 
FeS are also shown in Fig. 2. The uncer ta in ty  in  this 
calculated l ine is est imated to be _ 14 mV, which 
corresponds to about ~50 cal in the s tandard Gibbs 
energy change for the reaction 

FeS + 2Cu = Cu2S + Fe [9] 

The agreement between the two lines is excellent, 
within  5 mV at the lower temperatures  and wi th in  9 
mV at the higher temperatures.  

In  the four cells investigated in  the present  study, 
the Cu-Cu2S-CaS electrode was used as the reference 
electrode. The Cu-Cu2S equilibrium has been investi- 
gated by Richardson and Ant i l l  (13) over the tem- 
perature  range 800~176 The uncer ta in ty  in  their 
data is _+ 300 cal, and their data are in good agree-  
ment  with other results in  the l i tera ture  (12, 15). The 
s tandard Gibbs energy of format ion of Cu2S according 
to Richardson and Ant i l l  is given by the expression 

AGf ~ (Cu2S) = --31,390 + 7.33T (+-300) cal /mole 
[10] 

Using the Gibbs energy of formation for Cu2S, the free 
energy of formation of FeS can be calculated using 
Eq. [5]-[7]. Such a calculation yields the following 
expression for the standard Gibbs energy of forma- 
tion of FeS at temperatures between 550 ~ and 850~ 

AG~ ~ (FeS) = --37,310 + 14.66T (___ 500) cal/mole 
[ n ]  

The s tandard Gibbs energy of format ion of FeS ob- 
tained by various investigators are compared in  Fig. 3. 
The data of Alcock and Richardson (16) and of 
Rosenqvist (14) were obtained from gas-equi l ibrat ion 

I I I I I I I 

tO0 --o--PRESENT DATA FOR THE CELL, 
Cu, Cu 2 S, CoS/ CoF 2 1 Fe,FeS, CoS 

---- CALCULATED FROM FREE ENERGY DATA FOR 
8 0 -  Co~ S I~ AND FeS t4 

E (UNCERTAINTY +- IOmV) 

6 0 -  
u- o /  ~E 
ILl 0 0 /  

4 o -  j o  - 
LLI 
o 20 o 

o ~ 8 ~  ~ ~ - - 

0 - 
t I t I I I I 

550 600  650 700 750 800 850 

TEMPERATURE ~ 

Fig. 2. Temperature variation of the open-circuit emf for cell 
[B]. 



Vol. 127, No. 8 

- 2 6  

-25 

"~ -24  

~ - 2 3  

~ - 2 2  

- 2 C  

CHEMICAL P O T E N T I A L  D I F F E R E N C E S  

i I I i i i I - I , 5  

-14. 

- 

P R E S E N T  W O R K  "~%= "" . ~ = ' ~ .  

- - - - -  MORIYAMA El" AL. 7 ~ <I - I I  

-~---~- ALCOCK AND RICHARDSONle 

I I I I I I I - - IO 
550 600 650 700 750 800 850 

TEMPERATURE ~ 

Fig. 3. Comparison of the standard Gibbs energy of formation of 
FeS determined in this study with results from earlier investigations. 

studies using H2-H2S mixtures.  Moriyama and co- 
workers (7) used an electrochemical cell based on a 
calcium fluoride solid electrolyte. Our values are in 
good agreement  with those of Moriyama et at., but  are 
less negat ive than those of Rosenqvist by 200-500 cal 
and those of Alcock and Richardson bv 500-800 cal. 

The emf values obtained using cell [C] are plotted 
as a funct ion of tempera ture  in  Fig. 4. Also shown in 
Fig. 4 is the l ine calculated from the data of Richard-  
son and Ant i l l  (13) for the Cu-Cu2S equi l ibr ium and 
of Rosenqvist  (17) for the Ag-Ag2S equil ibrium. The 
solid l ine in Fig. 4 fits the least squares expression 

E (mV) ---- 231.75 4- 0.0126T ( •  4 mV) [12] 

On combining Eq. [10] and [12], the s tandard  Gibbs 
energy of format ion of Ag2S at tempera ture  be tween 
500 ~ and 750~ is calculated to be 

AGf ~ (Ag2S) = --20,700 4- 7.91T ( •  500) cal /mole 
[13] 

The standard Gibbs energy of formation of Ag2S has 
been plotted as a function of temperature in Fig. 5. 
Also shown in Fig. 5 are the results of Rosenqvist (17) 
and of Thompson and Flengas (18). Rosenqvist used a 
gas equilibration technique involving H2-H~S gas mix- 
tures for his investigations whereas Thompson and 
Flengas used an electrochemical technique based on a 
KCI-NaCI molten salt containing AgCI and Ag2S. Our 
results are in excellent agreement with those of Ros- 
enqvist and agree with those of Thompson and 
Flengas within 500 cal. 
The emf results of cell [D] are shown as a function 

of temperature in Fig. 6. The upper dotted line in 

0 PRESENT WORK ~ I , , 
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i 
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Fig. 5. Comparison of the standard Gibbs energy of formation of 
Ag2S determined in this study with results from earlier investiga- 
tions. 

Fig. 6 is based on the Mn-MnS equi l ibr ium data of 
Larson and Elliott  (19). The lower line comes from 
the Mn-MnS equi l ibr ium data reported by Richardson 
and Jeffes (20). Our data points in  Fig. 6 fit the least 
squares expression 

E (mV) ---- 720.65 --0.155T ( _  12 mV) [14] 

On combining Eq. [10] and [14], one calculates for 
the s tandard Gibbs energy of format ion of MnS at 
temperatures  between 700 ~ and 900~ 

AGf ~ (MnS) ---- --64,635 + 14.46T ( ~  900) cal /mole 
[153 

The s tandard  Gibbs energy of format ion of MnS h a s  
been plotted as a funct ion of tempera ture  in  Fig. 7. 
Shown also in  Fig. 7 are the results of Larson and E1- 
liott (19), of Moriyama et al. (8), of Richardson and 
Jeffes (20), and of Turkdogan et al. (21). Richard-  
son and Jeffes quote an uncer ta in ty  of _ 1500 cal in 
their  estimate for the free energy of formation of MnS. 
Larson and Elliott 's values are based on electrochem- 
ical measurements  of the MnO-MnS-SO2 equi l ibr ium 
using a stabilized zirconia solid electrolyte. Moriyama 
et al. (8) used an electrochemical technique based on 
a CaF2 solid electrolyte. The values reported by Tu rk -  
dogan and co-workers are derived from measurements  
of the MnO-MnS-H20-H2S equil ibrium. Our free en-  
ergy values are less negative than  those of Larson and 
Elliott by 500-900 cal, and of Turkdogan et al. by 
1700-2500 cal and more negative than those of Mori- 
yama et al. by 400-600 cal. 

The emf values obtained using cell [E] at tem-  
peratures between 500 ~ a n d  9 5 0 ~  are shown in  Fig. 

6OO 
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Fig. 6. Temperature variation of the open-circuit emf for cell 
Fig. 4. Temperature variation of the open-clrcuit emf for cell [C] [D].  
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Fig. 7. Comparison of the standard Gibbs energy of formation of 
MnS determined in this study with results from earlier investiga- 
tions. 

8. The solid line in Fig. 8 fits the least  squares expres -  
sion 

E (mV) = 368.72 --0.13T (__ 2 mV) [16] 

On combining Eq. [1O] and [16], one calculates for the 
s t andard  Gibbs energy  of fo rmat ion  of CrS at t em-  
pera tu res  be tween  550 ~ and 950~ 

AGt ~ (CrS)  = --48,400 4- 13.3T (4- 400) [17] 

As shown in Fig. 9, the  resul ts  for hGf ~ of  CrS are  in 
excel lent  agreement  (wi th in  100 cal) wi th  the  ex-  
t r apo la t ed  resul ts  of Hager  and El l iot t  (22), who used 
an H2/H2S gas -equi l ib ra t ion  technique at  1100~176 
Our resul ts  a re  also wi th in  the quoted uncer t a in ty  
(4- 2000 cal) of a single gas -equ i l ib ra t ion  measure -  

ment  at  700~ by  Young et al. (23). 
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Fig. 9. Comparison of the standard Gibbs energy of formation of 
CrS determined in this study with results from earlier investigations. 

C o n c l u s i o n s  
The CaF2 solid e lec t ro ly te  is sui table  for the mea -  

su rement  of sul fur  chemical  potent ia ls  in solid elec-  
t rodes at  t empera tu res  be tween  500 ~ and 950~ Mea-  
surements  wi th  m e t a l - m e t a l  sulfide electrodes have 
been used to de te rmine  the s t anda rd  Gibbs energy  
of fo rmat ion  of FeS, Ag2S, MnS, and CrS. The CaF2 
e lec t ro ly te  has also been used to measure  sulfur  po-  
tent ia ls  in gaseous a tmospheres  (9). F u r t h e r  expe r i -  
menta t ion  wi th  this  e lec t ro ly te  in the  measu remen t  
and control  of sulfur  potent ia ls  in melts  seems wor th -  
while.  However ,  the  influence of dissolved oxygen in 
the mel t  would  need to be established.  
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EMF and Vapor Pressure Measurements of 
Cadmium Activities over Dilute Solutions of 

Palladium in Cadmium 

Donald R. Conant 

L o s  Alamos Consultants, Los Alamos, New Mexico 87544 

and Barton I.. Houseman 1 

University of California, Los Alamos Scientific Laboratory, Los Alamos, New Mexico 87545 

ABSTRACT 

The activities of cadmium over alloys containing 0.0007-0.1454 mole fraction 
of pa l lad ium at 776~ have been determined from emf and from vapor pres-  
sure measurements.  In the range of Ncd ~ 1 to Ncd = 0.9648 the equat ion 

aCd = 1 -- Npd -- 2.538Npd 2 

fits the combined emf and vapor pressure results with a s tandard deviat ion of 
0.00043. In  the range of Ncd ~ 0.9648 to Ncd -~ 0.8546 a constant  value of 
0.9616 is observed for the activity, indicat ing the presence of a solid phase 
together with a saturated l iquid phase. 

This work forms part  of a cont inuing invest igat ion 
at this laboratory into the behavior  of solvent act ivi-  
ties in dilute alloys (1-11) ; i t  was under taken  in order 
to compare the activity of cadmium in  dilute pal la-  
d ium-cadmium solutions as measured by emf wi th  the 
same activity determined by vapor pressure measure-  
ments. 

Cadmium activities were determined from stirred 
H-cell  measurements  using mol ten  cadmium iodide as 
the electrolyte with cadmium and cadmium alloy elec- 
trodes. Ear l ier  work has indicated that  the value of 
n in  the equat ion - - n F ( d E ) m  RT(dlnacd)  is non-  
integral  for the Cd-CdI2 system (10, 16); this compari-  
son of emf activity with vapor pressure activity, using 
Pd as the solute, verifies the earlier work. 

Vapor pressure measurements  of cadmium activity 
in  solutions of the same concentrat ion range were 
made using the isopiestic ba lance  (1, 3, 4, 6, 7), which 
measures the tempera ture  difference needed to estab-  
lish a condition of zero t ransfer  of vapor between 
pure cadmium and a cadmium alloy. 

Procedures and Calculations 
EMF measurements.--The H-cell  shown in Fig. 1 

has been described (8). The lower port ion of the 
cell was attached to a P t /P t -10%Rh thermocouple and 
lowered into a furnace (2) designed to minimize tem- 
pera ture  fluctuations and gradients. Cadmium of 
99.999% purity,  as analyzed by the United Mineral  and 
Chemical Corporation, was melted and boiled, at 10 -7 
a tm pressure, in in t imate  contact with cadmium iodide, 
so that any traces of electrochemically in terfer ing ele- 
ments  (e.g., zinc) would be oxidized by the CdI2. 

1 Present address; Department of Chemistry, Goucher College, 
Towson, Maryland 21204. 

Key words: metals, electrode, potential, activity coefficient. 

Small, convenient ly  sized beads of Pd  were created 
by mel t ing the metal  (99.95% pure by  manufac turer ' s  

Fig. 1. EMF concentration cell 
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analysis) in an i f - furnace.  The tungsten  electrodes 
were cleaned by using them as electrodes to pass al-  
te rnat ing current  through concentrated NaOH solution 
( thereby removing the tungsten  oxide layer)  and 
washing them with distilled water. Reagent  grade 
CdI2 was loaded into the side tube shown in Fig. 1, 
boiled under  vacuum unt i l  the mol ten  CdI2 caused 
no higher pressure than 10 -~ Torr  to be registered on 
the pump side of the l iquid ni t rogen cold trap, then 
cooled. This was necessary to remove the substant ia l  
amounts  of adsorbed gas in the commercial ly available 
CdI2. The cell was backfilled to a pressure of 0.5 atm 
with argon which had been purified by distillation. 
The cell was loaded into the furnace, the cadmium in 
the legs melted, and the CdI2 fused by torch and al-  
lowed to run  into the H-cell  legs and cross arm. 

The l iquid metal  in  each leg of the cell are rela-  
t ively good thermal  conductors compared with the 
glass of the cell, and the conduction area of the metal  
was large, relative to the cross-sectional area of the 
cell walls. Therefore, one can expect good tempera ture  
uniformity  in each of the cell legs. However, because 
of the small diameter  of the cross a rm of the H-cell, 
thermal  conductance between the two legs was not as 
good, and, in  spite of the careful design of the fur-  
nace, evidence of a small  temperature  gradient  be- 
tween the two electrodes could be observed. 

Thermodynamical ly ,  the emf arising from this cell 
may be considered as the sum of two emf's, one aris-  
ing from Cd(T2) vs. Cd(T~), and the other arising 
from Cd(T1) vs. alloy(T1).  The second emf is required 
for de termining the activity of the Cd at tempera ture  
T~. Since ini t ia l ly  no solute had been added to the 
alloy side, the second emf was in i t ia l ly  zero, and the 
first was just  the measured emf before the addit ion 
of the first piece of Pd. This value, which remains  es- 
sential ly constant, must  be subtracted from emf read-  
ings obtained for the alloys to obtain that  value which 
arises f rom the cell Cd(T1) vs. alloy (T1). 

After  the cell was allowed to equil ibrate  for two 
days with occasional stirring, an ini t ia l  emf bias be- 
tween the two pure cadmium legs was recorded. For 
run  1 the cell was then tipped so that  when  the side- 
arm was tapped, a piece of pal ladium would slide 
down into the alloy leg. For run  2 a ground glass joint  
allowed the leg to be rotated to obtain the angle nec- 
essary for tapping a solute piece into the alloy leg. 
During run  2 the main  cell body was fixed rigidly to 
the furnace so that  the bias would remain  more near ly  
constant. 

After  each piece was added, both legs of the cell 
were st irred and the emf was observed unt i l  no fur-  
ther change occurred. The thermocouple and cell emf's 
were then recorded. 

For run  1, cell emf's were recorded to the nearest  
0.1 ~V and thermocouple emf's to the nearest  ~V. For 
r un  2, cell emf's and thermocouple emf's were both 
recorded to the nearest  0.01 ~V although the uncer-  
ta inty in absolute temperatures  was probably  as much 
as ___0.1~ A correction factor of 1.37 ~V was sub- 
tracted from the measured thermocouple emf to br ing  
the equation (12) 

E = --309.17 + 8.29558 t + 0.00144103 t 2 

+ 0.0000001634 t~ [1] 

into agreement  with more recent reference tables (13). 
For  Eq. [1], E is in  microvolts and t is in  degrees 
Celsius. 

Cadmium was weighed to the nearest  0.1 mg and 
pa l lad ium to the nearest  0.01 mg. The CdI2 over each 
leg was estimated to be about 35g. The uncer ta in ty  
in  cadmium added was less than one part  in 100,000. 
For the most dilute pal ladium piece added, the uncer-  
ta in ty  was approximately one part  in 2000. 

The exper imenta l  values of cell emf, temperature,  
and mater ia l  added are known to a high degree of ac- 

curacy as well as precision. The calculated values for 
alloy composition, electrolyte composition, and activ- 
ity are subject to fur ther  uncertainties,  however, which 
result  from the significant solubil i ty of cadmium in 
CdI2. 

For cells containing cadmium alloys in  the presence 
of mol ten CdI2 electrolyte, the evaluat ion of cadmium 
activities from the emf data depends upon the value 
assigned to n in  the equat ion - - n F  dE = l~t d In acd. 
The value of n, the average charge per mole of cad- 
mium transferred,  depends upon the solubil i ty of cad- 
mium in its iodide and upon the types, concentrations, 
and mobilities of the various chemical species present  
in the electrolyte. 

When the solubil i ty of cadmium in its iodide at 
775~ is assumed to be 6.5 mole percent  consistent 
with the cooling curve measurements  of Topol and 
Landis (14) and when the mobilit ies of the various 
cadmium ion species are assumed to be about the same 
as is t rue for the chloride system investigated by Herzog 
and Klemm (15), emf data taken on the Ni-Cd system 
yield activities which agree with Raoult 's  l imit ing law 
(10). The value estimated for n from these assump- 
tions is 1.87 at the l imit  of infinite dilution. This value 
agrees with a direct exper imenta l  de terminat ion of 
n by Houseman (16). 

Consistent with these results, the cadmium activities 
for the cell 

Anode A B Cathode 
Cd I Cd (sat) Cd (Ncd elec) Cd (Ncd all~ 

CdI2 I CdI2(Ncdi2 elec) I Pd(Npd an~ ! 

were calculated using the equat ion (10, 17) 

2F f E l T  E 
In acd = -- ~ ,,0 NCdI2 elec d -~ [2] 

where it was assumed for dilute alloy solutions that  
Ncd elec : 0.065 Ned all~ A change in  the coefficient 
0.065 by an amount  0.001 will cause a change in  the 
slope of the cadmium activity with concentrat ion by 
approximately one par t  per thousand. The variat ion 
of NcdI2 elec with E / T  is so slight over the range of the 
measurements  that the trapezoid rule may be em- 
ployed between the actual  exper imental  points instead 
of drawing a smooth curve through the data. As a 
consequence, the exper imental  uncer ta in ty  is essen- 
t ially re ta ined in the calculated activities. 

Vapor pressure measuremen t s . - -The  isopiestic bal -  
ance (Fig. 2) consists of a quartz tube with two legs, 
one of which contains the alloy and the other pure  
cadmium condensate. When vapor equi l ibr ium is es- 
tablished between the alloy and pure cadmium, mea-  
surement  of the tempera ture  difference between the 
two legs allows the reduction of cadmium activity 
over the alloy from that  for pure cadmium to be 
determined. 

The tube is suspended by a balance system and sur-  
rounded by a furnace. The leg and cross arm tem- 
peratures are separately controlled. 

Pa l lad ium and cadmium of the same purit ies as 
used in  the emf measurements  were cleaned in the 
same manne r  as previously described except that the 
cadmium was not boiled with CdI2. 

The pal ladium metal  was introduced directly into 
the balance tube. However, the cadmium was vapor-  
ized into the tube under  an ini t ia l  vacuum of 10 -5 
Tort  from an attached U-tube.  Half of the cadmium 
original ly loaded into the U- tube  remained in the tube 
after completing the evaporation. 

The run  started with all of the cadmium in the alloy 
leg. Lowering the temperature  of the other leg then 
allowed cadmium to condense while s imultaneously 
increasing the solute concentrat ion of the alloy. The 
temperatures  for equi l ibr ium between a par t icular  
alloy and the reservoir  were determined by slowly 
shifting the reservoir  temperature  unt i l  cadmium 
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Fig. Z Isopiestic balance (schematic) 

t r ans fe r  ceased, then  reversed.  Reversa l  points  were  
approached  f rom both  h igher  and  lower  t empera tu re s  
re la t ive  to the equ i l ib r ium tempera tu re .  

The  ba lance  sys tem was  ad jus ted  to a sens i t iv i ty  
sufficient to de tec t  weight  shifts of 0.02 mg at  the  ana-  
ly t ica l  ba lance  for  reversa l  detection.  However ,  the 
accuracy  of the ana ly t i ca l  balance  wi th  its weights  was 
p robab ly  on ly  ___0.2 mg or  less. Since the  balance  fac tor  
( the rat io  be tween  weight  shif t  r ead  at  the ana ly t ica l  
balance  and weight  shif t  occurr ing  in the ba lance  
tube)  is a p p r o x i m a t e l y  six, the unce r t a in ty  in the 
weight  of cadmium t r ans fe r red  is • mg. For  a lg  
sample  this gives an uncer t a in ty  of th ree  par t s  in 
100,000. The meta ls  were  weighed  to 0.01 mg before  
in t roduct ion  into and af te r  r emova l  f rom the ba lance  
tube. 

A Leeds  and Nor th rup  ga lvanomete r  and  Wenner  
po ten t iomete r  combinat ion  which  had  a sens i t iv i ty  of 
0.01 ~V was used to measu re  the P t / P t - 1 0 %  Rh the r -  
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mocouple  emf's. Tempe ra tu r e s  were  ca lcula ted  in the 
same manne r  as for the H-ce l l  measurements .  

Because the thermocouple  junct ions  be low the legs 
of the tube are  not  at  exac t ly  the  same t empera tu re s  
as the  tube  legs, a correc t ion  fac tor  mus t  be added  
to the  measu red  emf. This bias  correct ion also va r ies  
wi th  weight  of cadmium t rans fe r red  in the tube  due to 
the  fact  tha t  a smal l  t e m p e r a t u r e  g rad ien t  is p resen t  
along the  legs. When  the amount  of me ta l  in a g iven 
rese rvo i r  increases,  its he ight  increases,  changing the 
average  meta l  t empe ra tu r e  re la t ive  to the  thermocou-  
ple junction below. This effect has been measured 
(9) to be 

h emf = -- (0.075 __. 0.007) • bal. shift ~- const. [3] 

where the emf is in #V and the balance shift is in 
grams. The additive constant is determined for a given 
run by extrapolating an activity vs. mole fraction plot 
to infinite dilution. 

The act ivi t ies  a re  de t e rmined  b y  d iv id ing  the  sol-  
vent  vapor  pressure  over  the  a l loy  b y  the vapor  p res -  
sure  of pure  solvent  a t  the  same tempera ture .  Ac t iv -  
i ty  is used because i t  var ies  s lowly  wi th  a l low t em-  
p e r a t u r e  and is de t e rmined  by  the t empera tu re  di f -  
ference  be tween  the a l loy  and pure  solvent  reservoirs .  

The  vapor  pressure  over  pu re  cadmium was calcu-  
l a t ed  using the  equa t ion  

P c d ~  = e x p [ ( - - 1 3  l19 /T)  -t- 19.950 - -  1.05676 In T] 

[4] 

which is consistent  wi th  Hul tgren ' s  values  (18). The 
150 ca l -pe r -mo le  uncer t a in ty  in AHv, 29SoK indica ted  by  
is  corresponds  to an  unce r t a in ty  of one pa r t  
in 200 in the  slope of ac t iv i ty  vs. mole f rac t ion (1). 

More extens ive  descr ipt ions of the  expe r imen ta l  ap -  
paratus,  techniques,  and  uncer ta in t ies  a r e  ava i lab le  
(i, 3, 4, 7, 9). 

Results 
For the palladium-cadmium systems, the results 

taken by emf are listed in Table I and those taken 
by vapor pressure are listed in Table II. Figure 3 is a 
plot of cadmium activity vs. cadmium mole fraction. 
In the range of Ned = 1 to NCd ---- 0.9648 the equation 

aCd  = 1 - -  N p d  - -  2 . 5 3 8  N p d  2 [ 5 ]  

fits the  combined emf and vapor  p ressure  resul ts  wi th  
a s tandard  devia t ion  of • In  the  r ange  of Ned 

Table I. Activity of cadmium alloyed with palladium, emf measurements 

Palladium Cell emf~ TemP, b Cadmium alloy Cadmium Deviation 
Point No. ( moles ) (gV) ( ~ K) (mole fraction) o activity from calc, 

Run I 

1 0,0010699 119.9 776,43 0.99652 0.99665 0.00016 
2 0.0021391 245.1 777.64 0.99~U7 0.99318 0.00023 
3 0.0033650 388.5 777.64 0.98914 0.98921 0.00037 
4 0.0051782 619.6 778.96 0.98339 0.98287 0.00018 
5 0.0075274 920.0 779.15 0.97604 0,97464 0.00006 
6 0.0102651 1278.0 777.24 0,96762 0.96490 - 0.00006 
7 0.0137152 1384.8 777.74 0.95721 0,90204 0,00047 
8 0.0184210 1385.0 777.34 0.94337 0.96262 0.00945 

Run 9 

9 0.0002182 25.42 778,12 0.99927 0.09929 0.00002 
10 0.0008631 101.59 778.14 0.99712 0.99717 0.00008 
11 0.0016235 191.89 778,13 0.99460 0.99466 0.00013 
12 0.0026736 318.26 778.17 0.99113 0.99116 0.00023 
13 0.0038837 465.15 778.18 0.98717 0.98710 0.00035 
14 0.0052654 634.32 778.09 0.98269 0.98245 0,00052 
15 0.0066071 801.65 778.17 0.97838 0.97787 0.00068 
16 0.0080556 985,42 778.28 0.97377 0.97287 0.00085 
17 0.0095367 1177.99 778.20 0.96910 0.96764 0.00096 
18 0.0117167 1420.50 778.27 0,96230 0.96111 --0.00046 

All cell emf values reduced by 0 #V for run 1 and by 13.17 /~V for run 2 due to initial bias arising from slight temperature differ- 
ences between two legs. 
b Measured with Pt/Pt-10% Rh thermocoup c against ice junction. 
c For run 1, 0.313125 mole of Cd and 0.0956 mole of CdI~ were added to alloy leg. For run 2, 0,305494 male of Cd and 0,0956 mole of 

CdI~ were added to aUoy leg, The solubility of Cd in Cab was assumed to be Nca et~ = 0.065 Non ~LL~ 
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Table II. Activity of cadmium alloyed with palladium, vapor pressure measurements 

T e m p e r a t u r e  (~  b 
C a d m i u m  D e v i a t i o n  

Po in t  Balance  mole  Al loy C a d m i u m  C a d m i u m  f r o m  cal- 
No. sh i f t  (g)  f r a c t i o n .  Alloy C a d m i u m  c ross  a r m  cross  a r m  AT (~ ac t iv i ty  �9 eu la t ion .  

1 6.8499 0.99555 775.8 775.6 795.4 795.5 0.222 0.99548 --0.00002 
2 7.5304 0.99503 775.8 775.6 794.6 795.3 0.230 0.99531 0.00034 
3 8.6246 0.99388 775.1 774.8 792.8 794.7 0.304 0.99379 -- 0.O0000 
4 9.5826 0.99233 777.0 776.6 794.4 796.5 0.394 0.99200 - 0.00018 
5 10.1712 0.99092 776.9 776.4 794.2 796.1 0.476 0.99034 -- 0.00037 
6 10.6090 0.98948 776.8 776.2 794.0 796.2 0.560 0.98864 - 0.00056 
7 11.0179 0.98765 776.9 776.3 794.4 796.4 0.650 0.98683 - 0.00043 
8 11.1782 0.98674 776.4 775.7 793.6 795.9 0.698 0.98584 - 0.00045 
9 11.7072 0.98252 777.2 776.3 794.3 790.3 0.899 0.98184 0.00010 

10 11.9364 0.97972 777.4 776.4 794.1 796.2 1.069 0.97845 - 0.00023 
11 12.2630 0.97372 776.1 774.7 792.9 794.8 1.404 0.97169 - 0.00028 
12 12.4297 0.96905 776.6 774.9 793.3 795.4 1.708 0.96569 - 0.00093 
13 12.5274 0.96545 776.9 775.0 793.9 795.6 1.907 0.96179 - 0.00063 
14 12.7375 0.95393 776.5 774.6 793.2 795.0 1.909 0.96172 0.00015 
15 12.7290 0.95454 776.5 774.6 792.9 795.0 1.906 0.96177 0.00020 
16 12.8641 0.94234 776.5 774.6 792.8 795.0 1.918 0.96154 - 0.00003 
17 12.9164 0.93566 776.7 774.8 792.9 794.8 1.936 0.96120 -- 0.00037 
18 13.1468 0.86850 776.7 774.8 793.1 795.0 1.859 0.96272 - -  
19 13.1679 0.85460 776.6 774.8 792.9 794.9 1.810 0.96369 - -  
20 12.9805 0.92500 776.7 774.7 792.5 795.0 1.937 0.96117 - 0.00040 

6.0650g ba lance  sh i f t  = 1.00000g c a d m i u m  shif t .  In i t i a l  c a d m i u m  2.19926g, pa l l ad ium 0.00453g. 
b M e a s u r e d  w i t h  P t /P t -10% Rh t h e r m o e o u p l e  aga in s t  ice j u n c t i o n  to  n e a r e s t  0.1~ 

M e a s u r e d  w i t h  P t /P t -10% Rh t h e r m o c o u p l e  to 0.001~ t e m p e r a t u r e  d i f f e r ence  b e t w e e n  alloy and p u r e  c a d m i u m .  Dis t inc t  r e v e r s a l  of 
c a d m i u m  t r a n s f e r  o b s e r v e d  0.010~176 b e y o n d  e q u i l i b r i u m  va lues .  AT ca lcu la ted  f r o m  mi l l ivol t s  u s i n g  equa t ion  of R o e s e r  and  Wen-  
zel, a f t e r  s u b t r a c t i n g  a b i a s  co r r ec t ion  of  [0.00266-0.000075 • balance shift  ( g r a m s ) ]  mil l ivol ts .  The  f i rs t  cons t an t  is e s t ab l i shed  by  find- 
ing  t h a t  co r r ec t i o n  necessary  to make  the d a t a  e x t r a p o l a t e  to  u n i t  ac t iv i ty  at  p u r e  solvent ;  the  second  c o n s t a n t  is d e t e r m i n e d  f r o m  mea-  
s u r e m e n t s  on p u r e  cadmium runs. 

V a p o r  ac t iv i ty  r e l a t i v e  to  that  o v e r  p u r e  l iquid c a d m i u m ,  using equation cons i s t en t  wi th  H u l t g r e n ' s  (17) va lue ,  n a m e l y  Pc~ o = exp  
[ ( - 1 3  119/T) + 19.950 -- 1.05676 In T] .  

e Ca lcu la ted  using equat ions  in  tex t .  

--__ 0.9648 to NCd ~ 0.925 the cadmium activity is 0.96157 
with a s tandard deviat ion of • Better fits can, 
of course, be obtained if the emf and vapor pressure 
results are each fitted individual ly  to separate curves. 
In  this case the separate curves do not agree. How- 
ever, the discrepancy be tween the two curves is less 
than the absolute uncertaint ies  associated with various 
aspects of the two methods of measurement .  

Although the least squares fit to the three runs  
gives an indication of the accuracy of the results, the 
precision associated with the individual  emf runs is 
much higher than is indicated by the above fit. How- 
ever, because sa turat ion occurs at such dilute concen- 
trations, the pal ladium dissolved very  slowly in the 
cadmium. As a result, days rather  than  hours were in-  
volved in obta ining individual  emf measurements.  
Consequently, the emf .results for the Pd-Cd system 
are less precise and less accurate than those obtained 
for the Ni-Cd (10) or Au-Cd (19) systems. 

The scatter in  the data for the vapor pressure mea-  
surements tends to remain  constant  with solute con- 
centrat ion whereas the emf scatter tends to be pro- 
portional to solute concentrat ion due to the na ture  
of the measurements  taken. 

The solution is evident ly  saturated at a composi- 
tion corresponding approximately  to PdCd27 or N c d =  
0.9643. 
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Fig. 3. Cadmium activities for solutions containing small amounts 
of palladium. 

From the form of Eq. [5] it is apparent  that the 
dilute pa l lad ium-cadmium solutions are in agreement  
with Raoult 's  l imit ing law wi th in  the uncer ta in ty  of 
the data. As a consequence, we have obtained fur ther  
evidence that the assumption of 1.87 for the value of n 
at the l imit  of infinite dilution is justified. 
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The Coulostatic Method: Analysis of 
Error and Computation of Parameters 

H. Relier and E. Kirowa-Eisner 

Institute of Chemistry, Tel-Aviv University, Ramat-Aviv, Israe~ 

ABSTRACT 

Analysis  of error has been carried out for the coulostatic method. The op- 
t imal  t ime scale for the determinat ion of io has been shown to be equal to 
2To. The de terminat ion  of io is based on the computer  curve-fi t t ing of a set 
of points on the transients  to the analyt ical  equat ion of potent ial  decay. The 
uncer ta in ty  in the determinat ion of io depends only on the ratio Tc/~d. Highest 
accuracy is otbained for Tc/~d > 500, where the uncer ta in ty  in the de termina-  
t ion of io is 3.3 times that for the measurement  of the potential. Reasonable 
accuracy can be obtained for values of ~c/Td not less than 0.5. An  i terat ion 
method for the s imultaneous de terminat ion  of io and Cdl has been outlined. 

The state of the ar t  of the coulostatic method has 
been recent ly  reviewed by van  Leeuwen (1). Although 
the s t rength  of this method is suited well for the study 
of fast electrode reactions, its use is ra ther  limited. 

In  this work we have addressed ourselves to three 
problems encountered in  the s tudy of fast electrode 
reactions by the coulostatic method. 

1. The optimal exper imental  conditions for unde r -  
taking coulostatic measurements  and the est imation 
of the accuracy and the limits of the method must  be 
determined.  Some data on this subject  are given in 
the work of Kooi jman and Sluyters  (2). 

2. The common methods for de terminat ion  of Cdl 
are not operat ive for fast electrode processes, where 
the faradaic cur ren t  plays an impor tant  role from the 
very beginning  of the measurements .  However, it  is 
necessary to know Cdl for the de terminat ion  of io when 
diffusion corrections have to be made. In  this work, 
we propose an i terat ion method for the s imultaneous 
de terminat ion  of io and Cdl based on measurements  at 
different parts of the decay curve. 

3. The complex form of the mathemat ical  expres- 
sions impose difficulties on the evaluat ion of the ex- 
per imenta l  data. Methods based on approximation 
(3), nomograms (2), and t ransformat ion of the t ransi-  
ents data into an impedance plane (4) have been pro- 
posed. Our approach is based on the use of a com- 
puter  parameter  fitting program, which permits 
s t ra ightforward evaluat ion of the kinet ic  parameters  
from Eq. [2], wi thout  the need to use any approxima-  
t ion other than those made in  the derivat ion of the 
basic Eq. [2]. 

Discussion 
Fast electrode processes are controlled by charge 

t ransfer  and mass t ransfer  simultaneously.  Delahay 
(5) and Re inmuth  (6) derived a potent ia l - t ime ex- 
pression for single step reactions, taking the diffusion 
into consideration (Eq. [2]). Reller  and Kirowa-Eisner  
(7) t reated the case of mul t i - s tep  reactions of the 
type 

voO Jr ne-  _-- VRR [1] 

where the stoichiometric coefficients vo and vR are 
different than  unity.  

The equat ion of the potent ial  decay at small  per-  
turbat ions  from equi l ib r ium (J~l < <  RT/~F) is gen-  

K e y  words: coulostatic method, computer,  d e c a y .  

eral for single step and mul t i -s tep  reactions (7) 

1 
-- ~o {7 exp ( ~ t )  erfc (~tv2) 

-- ~ exp(72t)erfc(~/tv2)} [2] 

where ~1o is the overpotential  at the completion of 
the charge injection, and  

Td 1/a + (Td  - -  4To)v, 
= [33 

2zc 

*~d 1/~ - -  (Td - -  4Tc )  V$ 
-- [4] 

The parameters  vo, VR, and v (stoichiometrie coeffi- 
cients and stoichiometric number )  which alone char-  
acterize mul t i -s tep  reactions at small  per turbat ions  
from equi l ibr ium are incorporated in  "Cc and •d 

v R T  Cdl 
T~ - C5] 

F io 

RTCd, [ VO" I,'R 2 ] 
rd 1/2 -- n2F-----~- 2 CooDo------~/2 -~ CR~ '/2 [6] 

To and Td are the time constants for the charge- t ransfer  
and the diffusional relaxation, respectively. 

Equat ion [2] is derived on the assumption that  no 
faradaic current  is flowing dur ing  the charging step. 

The parameters  io and Cdl a r e  determined on the 
basis of Eq. [2]. The complexity of the equation has 
usual ly involved the use of approximations which 
introduce systematic errors. To avoid this type of 
error, we use a parameter-f i t t ing program, in  which 
equal ly weighted points along the t rans ient  are fitted 
into Eq. [2] (details at end of paper) .  

Optimal time scale and accuracy in the determina- 
tion of io.--It is impor tan t  to analyze the potent ia l -  
t ime Eq. [2] in terms of the level of informat ion  a n d  
the accuracy in  the de terminat ion  of io as a funct ion of 
the kinetic parameters  of the reaction and the t ime 
scale on which the t rans ient  is observed. 

The kinetic informat ion content  along the decay 
curve can be expressed by the absolute value of the 
first der ivat ive of the potent ial  O~/Oio. The level of in -  
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format ion is dependent  on the kinetic parameters  o f  
t h e  electrode reaction and on the t ime elapsed from 
the start  of the transient .  We define the ins tantaneous 
informat ion  content , / ,  a s  

Zero value for I means that  the measured p a r a m e -  
t e r  ~ is independent  of io or in  other words it  does n o t  
provide informat ion  about  io. Uni ty  value for I indi -  
cates m a x i m u m  informat ion  content  in  respect to a 
l inear  relationship between both parameters.  

The expression for I, which is too long to be pre-  
sented here, was analyt ical ly  derived on the basis o f  
Eq. [2] and calculated for specific values o f  exchange 
currents,  concentrations, and time by a computer pro- 
gram. The ins tantaneous informat ion  content, /, is in-  
dependent  of 00, while a~/aio is proport ional  to ~1o (Eq. 
[2]). The variat ions of the ins tantaneous informat ion  
content  with time, for different values of TC/T d a r e  
shown in  Fig. 1. The potential  decays for the condi- 
tions presented in Fig. 1 are given in Fig. 2.1 

Three regions can be dist inguished on the curves 
(Fig. 1): (i) for t < ~c, where the capacitance contr i-  
but ion is high, there is little ins tantaneous informa-  
tion, in  spite of the small  degree of diffusion control; 
(ii) for t ~ ~c, max imum instantaneous information;  
(iii) for t > To, where the measured signal has fal len 
to low values and where, in the case of fast reactions, 
the t ransient  is largely controlled by diffusion, again 
li t t le ins tantaneous information.  

The shape of the informat ion curve is s imilar  to the 
one derived for discharge of a condenser through a 
constant resistance (I -~ t / R C e x p  [ - - t / R C ] ) .  The 
max imum in this case is reached at a t ime equal to 
RC • 1 or in terms of the charge- t ransfer  t ime con- 
stant  to To • 1. The value of I at the max imum is 

1 T h e  p r e s e n t a t i o n  of  t h e  potential  decays in  a scale of t / r e  
gives  t h e  w r o n g  impression that the slowest decay belongs to the 
l a r g e s t  e x c h a n g e  c u r r e n t .  
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Fig. 1. Instantaneous information in respect to exchange current 
density, I(io) along the potential transient, for a set of electrode 
reactions with different Tc/Td. 
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Fig. 2. Potential decoys for a set of electrode reactions. Condi- 
tions as in Fig. 1. 

e -1 (0.37). That  will  be the l imit ing value reached 
in an electrochemical system with negligible diffusion 
control. The higher the contr ibut ion of diffusion (lower 
Tc/~d), the lower the maximal  value for I (see Fig. 1). 

This approach of present ing the instantaneous in -  
formation content  is s imilar  to that  used by Kooi jman 
and Sluyters (2). 

The a im of our work is to estimate the average in -  
formation content over a certain measur ing- t ime  in-  
terval. This is of practical importance in  computing 
parameters  from a considerable section of the t ran-  
sient, ra ther  than  from a single point  on it. The opti-  
mal  t ime scale does not necessarily coincide with the 
occurrence of a ma x i mum in the instantaneous infor-  
mat ion  curve. For the method of de terminat ion  of io 
we propose, based on fitting a set of points from the 
t ransient  into Eq. [2], the average value of the infor-  
mat ion  along the t rans ient  is of interest.  

The average informat ion  T is expressed as 

i o f T  O~ 

where T is the full  t ime-scale reading at which the 
t ransient  is observed. 

The average informat ion varies along different parts 
of the transient.  The t ime scale at which the potential  
decay provides the highest value of average informa-  
t ion is the optimal time scale from which data have to 
be used. 

Curves with average informat ion along the t ransient  
a r e  shown in Fig. 3 (the data correspond to the poten-  
t ial  decays shown in Fig. 2). For the purpose of deter-  
min ing  the optimal t ime scale, the max imum in these 
curves is searched. Characteristic to all curves, the 
ma x i mum is found at tlTc ---- i.8. Thus the t ime at which 
the ma x i mum of the average informat ion content is 
reached is about twice as long compared to the value 
for the instantaneous informat ion content. This stems 
from the need to compensate for the low instantaneous 
informat ion content at short times. The optimal time 
scale is determined solely by the value of the ex- 
change current  and the capacity as would be for a 
simple system of a capacitor discharged through a re-  
sistor. The diffusion rate has no effect on the optimal 
time scale. This was confirmed by determining the op- 
t imal  scale for a large set of systems in which io w a s  
varied in the range of 10-4-2 A/cm 2 and the concen- 
t rat ion in the range of 0.1-100 raM. 

One can fur ther  optimize the average informat ion 
by l imit ing the t ime scale at its lower extreme (up to 
0.2 To) as well  as at the upper  end (near  2 To), since 
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Fig. 3. Average information in respect to exchange current 
density,/'(io), along the potential transient. Conditions as in Fig. 1. 
Right-hand axis is calibrated as Aio/io, calculated for An/~loN 1/~ 
= 0.01. 

the data up to 0.2 zc contain a low level  of ins tantaneous 
informat ion  (Fig. 1). This modification brings about 
some improvement  in  the value of the average infor-  
mation, I (I is increased by  about 10%). 

It  is impor tan t  to compute the accuracy by which io 
can be determined and to s tudy the factors which de- 
te rmine  it. Thus the potent ial i ty  and the limits of the 
coulostatic method can be estimated. 

The accuracy in  the de terminat ion  of io is propor-  
t ional  to the average informat ion content, 1. The error, 
Aio, is proport ional  to the reciprocal value of I; be-  
fore using this relationship, one has to ensure that  the 
error, A/o, is determined solely by the first order 
derivat ive oio/On. The error  in  the exchange cur ren t  as 
a funct ion of the uncer ta in ty  in the overpotcnt ia l  can 
be expressed by  expanding  the funct ion io = F (n )  
into Taylor 's  series 

~io Oio An -~ O2i ~ns 
= an a~2 2--~-. + .... [g] 

We have calculated and compared the values of the 
first and second derivatives along the decay curve for 
a large set of systems in  which ~c/~d was varied be-  
tween 10+L10 -~. In all  cases, for a typical value of 
An = 10-4V, the second term on the rhs of Eq. [9] 
was found to be only 7% of the first term. How- 

Oio 
ever, the simplified equat ion Mo = - -  An cannot  b e  

On 
used in  its present  form because (i) oio/on varies along 
the par t  of the t rans ient  used for the computat ion of 

1 f T  Oio 
io; its average value T-~,0 ~ dt has to be used in -  

stead; (ii) An, which is the uncer ta in ty  in  the deter-  
mina t ion  of a single point  has to be replaced by i t s  
mean  value over the set of N points used for compu- 
tat ion of io, which is An/N'/~. 

The relat ive error  Aio/io is est imated by  

Aio An 1 I ~T  O~ 1 An 1 
io -- N'/~ T ,,'o ~ dt noNV~ I [10] 

The relat ive error can be estimated from Fig. 3, 
where  the r igh t -hand  side of the y-axis  is cal ibrated 
in  Aio/io uni ts  for a typical  case of no = 5 mV, A~ = 
0.15 mV, and N = 10. The error decreases with the 
decrease of the exchange current  (or the increase 

of ~c/~d). This na tu ra l ly  is expected as kinetic control 
predominated with the decrease of io. The relat ive 
error, at the optimal t ime scale T = 2~c, is shown in  
Fig. 4 and 5 as funct ion of exchange current  and con- 
centration. The y-axis  in  these figures are cal ibrated 
as 1 / I  and Aio/io. 

The maximal  value of the average informat ion  I, 
has been computed for different combinations of io, C, 
and Cdl, for the purpose of correlat ing the error Aio/io 
with the parameters  of an electrode reaction. Large 
sets of systems have been tested (over a concentrat ion 
range 0.1-100 mM; capacity range 5-40 ~F/cm 2 and ex-  
change current  range 10-4-5 A/cm2). It was found 
that  systems with the same value for the ratio Tr 
(or C2D/ioCd[ in the case Co ~ : Ca ~ : C and Do = 
DR = D) provide the same average information,  T, at  
the optimal t ime scale. Kooi jman and Sluyters  (3) 
have pointed out (by expanding Eq. [2] in the form 
of power series) that  the value Tc/~d, and not  io itself, 
determines the capabil i ty of the method. This knowl-  
edge permits us to generalize in  a useful-way, the de- 
pendence of the error on the parameters  characterizing 
the system. An empirical  equation, relat ing I" with 
�9 c/Zd, has been formulated (Eq. [11]) 

in Tc Y~m -- I- -- : 0.64 -- 1.5 In - -  [11] 

�9 d I- 

The relative error for any system complying with Eq. 
[2], can be calculated on the basis of Eq. [10]. 
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Fig. 4. Error curves as function of exchange current. Y-axis cali- 
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Ilim is the value of the average  instantaneous infor-  
mation, 7, reached for ~c/rd > 103. Its numerica l  value 
is 0.30,which is identical  to the average informat ion 
calculated for discharge of a condenser through a re-  
sistor. 

Equat ion [11] can also be expressed in terms of io, 
Cdl, and C, in v iew of Eq. [5] and [6]. For the simple 
case of Co ~ = Ca ~ = C and Do -- DR ~ 1.1 • 10 -5 0.5 0.03 0.01 o.1 

1 0.1 0.03 0.5 
cm2/sec, 1:c/1; d = Cf/ioCdi (C in m ~  io in A / c m  2, and s 3 0.8 5 
Dd! in ~F/cmf) .  The equat ion describes fa i thful ly  the 20 >5 >5 
correlat ion be tween  I- and the parameters  Tc and Td. 
This is demonstra ted in Fig. 6, where  the solid line of 
the I curve  corresponds to the empir ical  Eq. [11] and 
the points are calculated according to Eq. [8]. The 
correlat ion coefficient of the individual  points in re la -  
tion to the line fitted to these points is --0.9996. 

The error  curve (calculated on the basis of I and 

Eq. [11] for -- 0.01) is presented in Fig. 6, 
~o NY~ 

alongside the average  informat ion curve. Good ac- 
curacy can be reached only for values of ~c/~a larger  
than unity;  below uni ty  the er ror  s t rongly increases, 
al though satisfactory results can be obtained for ~c/~d 
---- 0.5. Highest  accuracy is obtained for ~c/~d > 500, 
where  the uncer ta in ty  in the determinat ion of io is 3.3 
times that  for the measurement  of the potent ial  (Eq. 
[11]). 

In addition, Eq. [11] was used to est imate the largest  
value  of the exchange cur ren t  that  can be measured at 
a given concentrat ion of reaction species within the 
limits of a p rede te rmined  error. These data are sum- 
marized in Table I. 

Practically,  the upper  l imit  of the obtainable ex-  
change current  density is de termined by (i) the in-  
s t rumental  problems of observing the potential  decay 
at short t ime scale [Train ~ 0.5 ~sec (8) ] ; (ii) the l imi ta-  
tions dictated by Eq. [2], which requires  that  no 
faradaic current  flows during the charging step. To 
fulfill this requ i rement  the charge inject ion should be 
completed at a t ime shorter  than 0.1 ~. Inject ion t ime have been found negligible)  

of 50 nsec have been used (8). Thus, the smal les t  value ACdl 1 A ~ l f o ~ O C d l d t  1 
of ~ that  can be exper imenta l ly  de termined  is about  
0.5 ~sec, which in terms of io is 0.5-2 A / c m  2 (for Cdi Cdi NW T 8~1 
I0-40 ~F/cm2). ~ I  [i 

An increase in the concentrat ion of react ing species = - -  
causes an increase in ~c/~a (decrease of hio/io), while 
s imultaneously decreasing ~c. Thus, there  is an upper  
concentrat ion l imit  imposed by the exper imenta l  re -  
qu i rement  of ~c > 0.5 ~sec. 

If the max imum values of io est imated above are 
combined with  a value  of %/~d -- 0.5, for which t ea -  

Table I. Maximal values of io measured with a predetermined error 
of 10% and 20%. A~I/~oN 1/':' ~ 0.01; Co ~ = CR ~ 

Cal/#F/ Aiolio = 10% Aiolio = 20% 

10 #F/cm ~- 40 ~F/cm~ 10 #F/cm ~ 40 ~F/cm 2 

0.3 
0.1 
3 

>5  

sonable accuracy in the determinat ion  of io can be 
achieved, it turns out that  a s tandard rate  constant, ks, 
up to 3 cm/sec  can be measured.  (In the calculat ion 
of ks we refer  to a simple electrode react ion for which 
ks ~- io [nF(Co~176 -1, Co ~ ~- CR ~ and ~a = ac 
---- 0.5.) 

It  should be stressed that  the above t rea tment  con- 
siders only the er ror  resul t ing f rom the measurement  
of the potential.  It  gives a general  informat ion of the 
factors on which the accuracy of the method is de- 
pendent.  It  can be used only when  the exchange cur-  
rent  is the only paramete r  that  has to be determined 
(Cdi is known from some other independent  method) .  

Analysis of error  for the single step and double step 
galvanostat ic  method is in preparat ion.  

Simultaneous determination o] io and Cdl.--In some 
cases there is no previous informat ion about Cdl and its 
value has to be de te rmined  s imultaneously wi th  the 
exchange current  density. But even when Cdl is known 
from some independent  method, it is impor tant  to con- 
firm that  its va lue  is constant along the coulostatic 
transient.  

For  the sake of simplicity, we shall consider first 
the hypothet ical  case in which Cdl is the only var iable  
to be determined,  while  io is known wi thout  error.  
The error, Aedi/Cdl, is de te rmined  on the basis of Eq. 
[12] analogous to Eq. [10]. Only first der ivat ives  a r e  

used in v iew of Eq. [9] ( terms with  higher  der ivat ives  

noN'/, T(Cdl) 
[12]  

The var ia t ion of the average information,  T(Cd]), a s  

a function of t ime scale T is given in Fig. 7. For  pure  
kinetic control (Tc/Td --> ~ ) ,  I(Cdl) ~ exp (-- t /~r  
When the t ime scale is short, T < <  To, the average i n -  

0 5 5  I . . . . . . .  q . . . . . . .  ' l  ' ' " ' " " 1  ' ' ' H ' " l  ' ' ' " " ' 1  i [ 1 1 1 1 1 1 1  9 0  \ 
8 0  

\ 
o~s \ . /  ~o 

0 2 0  \ 5 0  o~. _ \ A  . . . . .  / 

to, 5 \ / "  ,o~_O 

\ , " / '  ~o 
o,o  .o 

I 0  - 2  I 0  - I  I I01  1 0 2  1 0 3  104  

r c / r  d o r  C 2 / ~ o O d l  

Fig. 6. Average informaHon in respect to exchange current as 
function of "cc/r Relative error as a function of ~r (calculated 
for A~/~IoN1/2 ~ 0.01) X-axis calibrated also as C/ioCd] (Tc/~d 
C/ioCdl for Co ~ ~- CR ~ ---- C; Do ---- DR, ---- 1,1 X 10 - 5  cm2/sec; 
C[mM];  Cdl [#F/cm 2]; io [A/cm 2]). 
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Fig. 7. Average information curves in respect to double layer 
capacity at different ~e/'rd. A curve with average information in 
respect to exchange current density is given for comparison pur- 
poses. 
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format ion approaches unity,  independent ly  of Tc/Zd. For 
longer t ime scales, the informat ion  decreases with the 
rate of decrease depending on Tc/Td. 

Since the optimal t ime scales for the determinat ion 
of the individual  parameters  differ appreciably, the 
s imultaneous de terminat ion  of io and  Cdl for a par t icu-  
lar  t ime scale will  entai l  a large error. Our  approach 
to this problem is the use of an i terat ion method, com- 
bined with the parameter-f i t t ing program. In  principle, 
the complex-plane  analysis used by Sluyters  et al. (4) 
is another  solution to the problem. 

1. P re l imina ry  computat ion of io and Cdl. Potent ia l  
decays are recorded on several  t ime scales. F rom the 
data of each decay the parameters  io and Cdl are com- 
puted (with the use of the computer  curve-fi t t ing pro- 
gram).  The mean  and s tandard  deviat ion of the two 
parameters  are calculated. 

2. Computat ion of Cd~ as single parameter .  The data 
from the shortest exper imenta l ly  a t ta inable  t ime scale 
are used for the de terminat ion  of Cdi wi th  the prede-  
te rmined value of io, obtained from 1. (At short times, 
the high value of -[(Cdl)/I(io) ensures that  Cdl can be 
determined quite accurately in  the presence of large 
error  in  io.) 

3. Computat ion of io as single parameter.  Data from 
the opt imal  t ime scale, T = 2~c, for the de terminat ion  
of io, are used (zc is est imated f rom step 1). io is com- 
puted wi th  the predetermined value of Cdl, obtained 
from step 2. 

4. Steps 2 and 3 are repeated un t i l  io and Cdl remain  
unchanged wi th in  the expected errors (est imated from 
the value of ZJTd). 

The efficiency of the i terat ion method is demon-  
s trated in Table II by a s imulated exper iment  of a 
system wi th  a large diffusion cont r ibut ion  ('~c/Td = 
0.5). The data in  Table II were obtained as follows. 

Potent ia l  decays with an  ini t ia l  potent ial  of 5 mV 
were calculated according to Eq. [2]. Four  time scales 
have been used. At each t ime scale six experiments  
have been s imulated with different sequences of r an -  
dom errors. Sets of data for each decay~ were con- 
s tructed as follows: 10 points were selected at equal  
time intervals,  the first point  at 0.1T and the last at T. 
A normal ly  dis t r ibuted random error  with zero mean  
value and a s tandard  deviat ion of 0.15 mV was added 
to the calculated value of the potential  at each point. 

We shall add that  a two-indicator  electrode cell pro- 
posed by Sluyters  et al. (10) is suitable for the above 
out l ined experiment.  The cell provides an  excellent  
solution for most of the nonl inear i ty  problems which 
may arise when  the ini t ia l  potent ia l  is larger  than  1 
mV. 

The value of io and Cdl were calculated according to 
the i terat ion method out l ined above. The steps fol- 
lowed by the s imulated exper iment  are summarized i n  

Table II. First, io and Cdl were de termined by  two-  
parameter  curve-fitt ing. The s tandard  derivatives were 
large [~(io) = 50% from the mean  of io and ~(Cdl) = 
7% from the mean  of Cdl, both at T ~- 2Tc]. At sub- 

sequent  recalculat ion io and Cd] according to the i t e r a -  

t i o n  procedure, the s tandard  deviations decrease to 8% 
and 1%, respectively, in  good agreement  with the ex- 
pected values as calculated from I(io) and l(Cdl) at 
the respective t ime scales (,-~ 2~c for io and ~., 0.3~c 
for Cdi). 

The proposed method for computat ion of parameters  
is applicable to reactions controlled by charge t ransfer  
and by mass transfer. If a simple scheme is not opera- 
tive, the use of complex-plane method (4) is advised. 

Computation of parameters.--The evaluat ion of the 
parameters  io and Cdl from the potent ial  decay curves 
cannot be performed by a direct approach using Eq. 
[2]. Berzins and Delahay (3) proposed an approxima-  
tion method. Ko0i jman and Sluyters  (2) developed a 
numerica l  analysis  based on the use of nomograms 
and van Leeuwen et al. (4) int roduced a method based 
on t ransformat ion of the exper imenta l  re laxat ion curve 
into the impedance plane. 

Our approach is based on the use of a paramete r -  
fitting program [l ibrary program MINUIT (11)], in 
which the data f rom the exper imental  re laxat ion curve 
has been fitted to the analyt ical  expression of the 7l-t 
curve (Eq. [2]). The kinetic parameters  are computed 
on the basis of searching m i n i m u m  for the chi-square, 
x2 

x 2 : ~ (~i(cslc) --~]i(exP) ) 2 [13] 

i=l A~ 

where ~i(exp) is the measured potential at point i; 
T~i(catc) is the calculated value obtained from the curve- 
fitted parameters; and A~ is the standard deviation of 
the measured potential. 

The computer program supplies the following infor- 
mation: io, Cdl, T~, Td, Tli(catc); graphic comparison of 
exper imental  decay curve with calculated curve. A 
program for calculating the derivat ive (a~l/Oio)rc.Td is 
included for enabl ing the est imation of the error  Aio/io. 
The input  data are: the exper imental  points along the 
decay curve, the value of the injected charge, the con- 
centrat ion and diffusion coefficients of species O and  R, 
and the value of n. 

In  respect to the output, it  is suggested to perform 
a x2-test for the goodness of fit and to check if the 
exper imental  points of the decay curve are randomly  
distr ibuted along the calculated potential  decay curve. 

The computer  program is wr i t ten  in Fo r t r an  IV. The 
program is avai lable  upon  request  f rom the authors. 
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Table I I .  Simulated experiment for the determination of io and Cdl 

P a r a m e t e r s  o f  t h e  i n v e s t i g a t e d  r e a c t i o n :  /~ = 0 .25 A / c m ~ ;  Cr = 30 ~ F / c m ~ ;  (To = 3 ~ s e c ) ;  
r~l~'~ = 0.5 (Co ~ = C~ o = 1.94 raM; Do = DR = 1.1 x 10 ~ cm~/sec) 

Parameters  of  the decay curves: 7o = 5 mM;  AT = 0.15 mV;  N = 10; No. of simulated decays at each t ime scale: 6 

P o t e n t i a l  a t  f i r s t  a n d  l a s t  
p o i n t  o f  t h e  d e c a y ,  m V  T w o - p a r a m e t e r  c u r v e - f i t t i n g  S i n g l e - p a r a m e t e r  c u r v e - f i t t i n g  

T ( ~ s e c )  71 710 io ----- s t .  d e v .  Cd~ + st .  d e v .  F i x e d  p a r a m e t e r  F i t t e d  p a r a m e t e r  

1 4 .7  4.0 0.29 "4- 0.12 29.7 • 0.9 /~ = 0 .30 b 
2 4.6 3 .8  0.32 "4- 0.10 29.6 • 1.1 
5 4.3 2.9 0.33 "4- 0.15 29.4 -+" 2.0 Cdl = 29.5 ~ 

20* 3.8 1.6 0.24 -i- 0.25 31.1 ~ 3.2 

Cdl = 29.5 ----- 0.3 

/o = 0.26 +--.0.02 

a O n e  o f  t h e  s i x  d e c a y s  d i d  n o t  c o n v e r g e  i n  t h e  t w o - p a r a m e t e r  c u r v e - f i t t i n g .  
b io, a s  d e t e r m i n e d  f r o m  t h e  t w o - p a r a m e t e r  c u r v e - f i t t i n g  a t  a l l  s c a l e s .  
c Cd[,  a s  d e t e r m i n e d  f r o m  t h e  s i n g l e - p a r a m e t e r  c u r v e - f i t t i n g  at  t h e  s h o r t e s t  t i m e  s c a l e .  
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A n y  discussion of this  paper  wi l l  appea r  in a Dis-  
cussion Sect ion to be publ ished in the June 1981 
JOURNAL. All  discussions for the  June  1981 Discussion 
Sect ion should be submi t ted  by  Feb. 1, 1981. 

L IST  OF SYMBOLS 
c ~  
Co ~ (cR ~ ) 

DO, (DR) 

I 
I (I (Cdl)) 

io 
Aio 
N 

O,(R) 
T 
t 

~(,~) 

~o 

double  l aye r  capac i ty  
bu lk  concentra t ion of oxidized ( reduced)  
form in bu lk  of solut ion 
diffusion coefficient of oxidized ( reduced)  
fo rm 
ins tantaneous  informat ion  
average informat ion  in respect  to the ex -  
change cur ren t  dens i ty  (double  l aye r  ca-  
pac i ty )  
I a t  Tc/Td > 10 3 
exchange cu r ren t  dens i ty  
e r ror  in the de te rmina t ion  of io 
number  of points along the t rans ien t  used 
for the computa t ion  of io 
oxidized ( reduced)  form of react ive  species 
ful l  t ime scale read ing  
t ime e lapsed f rom the s ta r t  of the  poten t ia l  
t rans ient  
defined by  Eq. [3] (4) 
overpo ten t ia l  
the overpoten t ia l  a t  the complet ion  of the 
charge  in jec t ion  (at  t = 0). 
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vo (~u) 

TC 

~d 

s toichiometr ic  number  
s toichiometr ic  coefficient of O(R)  in the  
overa l l  e lec t rode  reac t ion  
cha rge - t r ans fe r  r e l axa t ion  constant  
diffusional r e l axa t ion  constant  
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Electrochemical Analysis of Copper Oxides 
Present in Cuprous Sulfide 

J. Vedel* and M. Soubeyrand* 
Laboratoire d'Electrochimie AnaZytique et Appliqu~e (associ4 au CNRS ), E.N.S.C.P., 75005, Paris, France 

ABSTRACT 

A t i t ra t ion  method pe rmi t t ing  the de te rmina t ion  of the products  of a i r  
oxida t ion  of thin layers  of cuprous sulfide containing copper  or not is de-  
scribed. I t  consists of a cathodic reduct ion  at  constant  cur ren t  wi th  poten t io-  
met r ic  de te rmina t ion  of the equiva lent  point  (cur ren t  density, 2 A m-~;  
e lectrolyte ,  0.1M aqueous solut ion of sodium ace ta te) .  Nonstoichiometr ic  cu-  
prous sulfide (CuzS) is reduced  to Cu2S at  --0.7V (vs. Ag/AgC1/KC1 1M elec-  
t rode)  and Cu2S to copper  at  --1.0V. When cuprous sulfide is hea ted  in air,  
cupric  oxide is fo rmed which is reduced  at --0.16V. If  an excess of meta l l ic  
copper  is present ,  cuprous oxide  is fo rmed and reduced  at  --0.45V. The t i t r a -  
t ion method  m a y  be used to character ize  the cuprous sulfide f rom CdS-Cu~S 
solar  cells. 

The  act ive e lement  in CdS-Cu2S solar  cells is the 
he te ro junc t ion  which  exists  be tween  the cadmium sul-  
fide and a l aye r  of cuprous sulfide formed on its sur -  
face. Most of the l ight  is absorbed  by  the cuprous 
sulfide, whose proper t ies  s t rongly  influence the output  
of photocells.  The proper t ies  of cuprous sulfide are  
governed by  its composi t ion or, more  precisely,  the 
depa r tu re  f rom the s toichiometr ic  composi t ion Cu2S 
which is thus a ve ry  impor t an t  p a r a m e t e r  (1, 2). 

A few years  ago we deve loped  a method of ana lyz ing  
cuprous sulfide, which pe rmi t t ed  the de te rmina t ion  of 
the  s toichiometr ic  rat io,  X, of CuxS (3), and  which 
cont r ibu ted  to the  manufac tu re  of r a the r  efficient CdS-  
Cuss  solar  cells (7.2%) (4). 

This method consists of the  cathodic reduct ion of 
the sulfide layer  a t  constant  current .  The progress  of 
the  reduct ion  is fol lowed by  recording the var ia t ion  
over  t ime of the potent ia l  of the e lec t rode  formed by  
the l aye r  of sulfide. Wi th  samples  of sulfide which  do 
not contain oxide, t i t ra t ion  curves l ike  the curve in 
Fig. 1 were  obtained.  These curves show two equi-  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member.  
x Present address: Photon Power, Incorporated, El Paso, Texas 

79935. 
Key words: copper, oxide, sulfide, titration, solar cells. 

va len t  points. Analys is  of layers  of control led  composi-  
t ion and the determinat ion,  by  chemical  analysis,  of 
the total  quan t i ty  of copper involved  has shown (3) 
that  the first s tep in reduct ion  corresponds to the  re -  
duct ion of nonstoiehiometr ic  cuprous sulfide, CuxS, to 
Cu2S, thus 

2--X X 
CuxS + (2 -- X) e- + - -  H~O -, -- Cu2S 

2 2 

2 - - X  2 - - X  
+ - 2 H S -  + 2 O H -  [1] 

The second step corresponds to the to ta l  reduct ion  of 
cuprous sulfide to copper  

X X X X 
--2 Cu2S + Xe- + -~ H20 -~ XCu + --2 HS- + --2 OH- 

[2] 

Finally the reduction of the water is observed. 
This total reduction of thin layers of cuprous sulfide 

(the thickness existing on solar cells never exceeds 
I /~m) is due to the great mobility of Cu + ions in the 
Cu2S lattice as observed by Etienne (5). He studied 
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the growth of copper sulfides on a copper anode in a 
sa turated acidic solution of H2S at constant  current.  

If tl and tl  -t- t2 are the values of t ime at the two 
equivalent  points, the deviat ion from stoichiometry 6 
is given by 

2tl 
5=2--X=-- [3] 

tl + t~ 

Certain treatments of solar cells involve heating the 
layers of CuxS, which can be overlaid with copper, in 
air  (6). Upon analysis, the t i t ra t ion curves of the 
layers which are thus treated show new plateaus, no 
doubt l inked to the presence of oxide. The aim of this 
work is to s tudy the influence of these t reatments  on 
the form of the t i t ra t ion curves and  to deduce from 
them a method for the Oete~-mination of the quanti t ies 
formed. Thus, samples of air-oxidized cuprous sulfide 
were analyzed. The quanti t ies  of oxide formed are 
very slight and cannot  be identified by  physical me th-  
ods. In  order to characterize the oxidation products, 
the samples were put  in  contact with solutions con- 
ta in ing appropriate reagents and the t i t ra t ion curves 
obtained with the samples thus treated were compared 
with those of the un t rea ted  samples. 

Exper imenta l  Sect ion 
The cathode reduct ion is carried out in  a closed 

glass cell permi t t ing  the l iberat ion of gas released 
from the electrolyte (0.1M sodium acetate solution).  
The auxi l ia ry  electrode, which serves as the anode, is 
a p la t inum wire placed in a separate compartment .  
The current  density used is 200 ~A cm -2. The refer-  
ence electrode is an Ag/AgC1/KC1M electrode. The t i-  
t ra t ion curves are obtained by means of a recording 
voltmeter  with high input  impedance. 

The samples are obtained by depositing a layer  of 
electrolytic copper on a p la t inum disk. This layer  is 
then anodically oxidized in an aqueous solution of 
sodium sulfide. The sulfide obtained is general ly  non-  
stoichiometric. The samples are equi l ibrated by cath- 
odically reducing the excess Cu (II) .  They are, for this 
purpose, placed in  the t i t rat ion cell and reduced, as 
in  the analysis, un t i l  point  A (Fig. 1) is attained. A 
known quant i ty  of copper can be deposited on the 
sulfide by cont inuing the electrolysis beyond point  A, 
for example point  B (Fig. 1). 

The oxidat ion consists of heating, in  air, at 100~ 
for 120 min. The quant i t ies  of oxide formed are repro-  
ducible at bet ter  than 1%. Layers of pure oxide were 
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Fig. 1. Potentlometrle titration curve at constant current of a 
layer of nonstoichiometric cuprous sulfide. 

prepared by heating, the copper layer  in  air under  the 
same conditions as above, for the cuprous oxide and  by 
anodic oxidation of copper in  an N solution of sodium 
hydroxide for the cupric oxide (7) (current  density, 
2A m- 2 ) .  

The solutions used to characterize the products 
formed are a 10-3M sodium sulfide solution (solution 
of sulfide) and a dilute perchloric acid solution, pH -- 
3.5 (acidic solution).  

Results 
Figure 2 summarizes the influence of oxygen on 

cuprous sulfide. Only the first par t  of the t i t ra t ion 
curve has been presented; the plateau at --1.0V cor- 
responds to the potent ial  observed dur ing  the reduc-  
t ion of Cu2S to copper (react ion [2]). Equi l ibra t ion 
gives the CuxS stoichiometric tcurve 1). Upon treat ing 
in air again a plateau appears at a higher potential  
(--0.16V vs .Ag/AgC1)  than  that  corresponding to re-  
action [1] (--0.70V vs. Ag/AgC1) (curve 2, Fig. 2). 
After immersion in  the sulfide solution, a plateau of 
the same length as the preceding one is observed, bu t  
at the level of reaction [1] (--0.70V). F ina l ly  the reac- 
tion of the acid solution leads to a plateau at the same 
potential  as the preceding one but  half  the length. 
The reduct ion of pure cupric oxide occurs at a differ- 
ent  potential  (--0.65V vs. Ag/AgC1) (curve 5, Fig. 2). 

If a layer of copper-enriched cuprous sulfide is 
t reated in the same way, the t i t ra t ion curves shown in  
Fig. 3 are obtained. For a sample which is only air-  
oxidized (curve 2), a plateau is observed at  --0.45V, 
next  to the plateau at --0.16V already observed after 
the heating, in  air, of the cuprous sulfide alone, whose 
length is exactly equal to the t ime of reduct ion dur ing 
which the reduct ion of equi l ibrated Cu2S was carried 
out. The action of the sulfide solution (curve 3) and 
the action of the acid solution (curve 4) e l iminate  this 
plateau and the previous behavior as is observed. 
Cuprous oxide alone is reduced at --0.75V. When the 
proport ion of reduced copper is increased, there is a 
decrease of reduct ion potential  of the supplementary  
wave, which tends toward this same value of --0.75V. 
(Fig. 4). 

Finally,  Fig. 5 represents t i t ra t ion curves recorded 
dur ing the analysis of a copper sulfide obtained by 
ion exchange on a layer  of vacuum deposited CdS 
[Shir land method (8)].  Curve 1 was obtained by  
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Fig. 2. Potentlometrlc titration curve at constant current of a 
layer of equilibrated cuprous sulfide. 1, After equilibration; 2, 3, 
and 4, after air oxidation. 2, Without treatment; 3, after contact 
with the sulfide solution; 4, after contact with the acid solution; 
5, reduction of a CuO layer. 
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Fig. 3. Potentiometric titration curve at constant current of o 
layer of equilibrated cuprous sulfide containing an excess of copper. 
1, After equilibration; 2, 3, and 4, after air oxidation. 2, Without 
treatment; 3, after contact with a sulfide solution; 4, after contact 
with an acid solution; 5, reduction of a Cu20 layer. 
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Fig. 4. Variation of reduction potential of the oxidation product 
of the excess copper (cf. Fig. 4) as a function of the proportion of 
transformed copper (oxidized copper/transformed copper/total 
copper). 

carrying out the analysis just  after the formation, and 
curve 2 after t rea tment  in  the sulfide solution. Curve 1 
shows three plateaus, a, b, and c, of which the latter,  
which corresponds to reaction [2], is si tuated at a po- 
tential  more negative than on the curve in  Fig. 1. 
Likewise, plateau b, which corresponds to reaction [1], 
is displaced toward the more negative potentials. This 
var iat ion of potentials of plateaus is f requent ly  ob- 
served with samples of different origins and can be 
a t t r ibuted to modifications of ohmic drop in  the under -  
lying layers. 

Discussion 
The action of oxygen on cuprous sulfide leads to 

the formation of cupric oxide and cupric sulfide 

Cu2S + z/2 02-* CuO + CuS 

For low ratios of oxidation, this transformation can 
be accounted for by writing the reaction of the inser- 
tion of oxygen in the cuprous sulfide. As a result of 
its electronegativity, oxygen is fixed to a sulfur site, 
by the reaction 

Yz O2(g) -~ Os + 2Vc~ ~ 

> -0,2 
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Fig. 5. Titration curve of a layer of cuprous sulfide obtained by 
ion exchange between a layer of vacuum-deposited CdS and a 
solution of cuprous salt. 1, After ion exchange; 2, after ion ex- 
change and contact with the sulfide solution. 

where, following the notat ion of KrSger, Os represents 
an oxide ion occupying a sulfur  site, and Vcu x, the neu-  
tral  vacancy of copper which, as in  the case of Cu20 
(9), can be considered as the association between a 
Cu 2§ ion at a place normal ly  occupied by a Cu + ion 
(Cucu') and a copper ion vacancy Vcu' (i.e., a Cu + 
ion is missing).  Upon oxidation by an  atom of oxygen 
two Cu 2 + ions and two copper ion vacancies appear in  
the solid. The reduct ion react ion for (Os -{- 2Vcu x) 
is wr i t ten  

Os -h 2Vcu x + 2e + H20 -~ 2 OH- (aq) [4] 

The copper sulfides are more insoluble than the 
corresponding oxides. The action of the sulfide solu- 
tion thus leads to an  exchange be tween the O 2- ions 
and the S 2- ions by the reaction 

Os + H S -  (aq) -> Ss + O H -  (aq) [5] 

which leaves the copper ion vacancy Vcu z unchanged 
and available for a later  reduct ion 

Ss + 2Vcu x + 2e + H20 --~ H S -  + O H -  [6] 

This is another  way of wr i t ing  reaction [1]. The action 
of the acid solution is wr i t t en  

Os + Cucu + Vcu x + 2H + (aq) -~ H~O + Cu 2+ (aq) 

[7] 

Reaction [7] consumes half the Vcu x vacancies 
formed dur ing the oxidation by oxygen. Their  sub- 
sequent reduction thus requires only half  the amount  
of charge as was previously necessary. Thus, the 
plateau at --0.16 (vs. Ag/AgC1) is a t t r ibuted to re- 
duction of cupric oxide introduced into the cuprous 
oxide s tructure dur ing the air-oxidation. 

The oxidation of excess copper leads to the forma- 
tion of cuprous oxide. Indeed, (i) as much electricity 
is necessary to reduce the oxidation product to copper 
as was necessary in preparing the copper from cu- 
prous sulfide; (ii) when the proport ion of Cu2S in  the 
analyzed mixture  is decreased, the reduct ion potential  
of the mater ial  formed tends toward the reduct ion po- 
tent ial  of pure Cu20; and (iii) the action of the sulfide 
solution and the action of the acid solution el iminate 
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Table I. Reduction potential of materials obtained after 
air-oxidation of copper-enriched cuprous sulfide 

C O P P E R  O X I D E S  IN C U P R O U S  S U L F I D E  

Reduct ion potential  (V) 
Material  

be ing  reduced  vs. Ag/AgC1 vs. Cu~S/Cu 

CuO (in Cu2S) - 0 . 1 6  + 0.84 
Cu20 (in Cu2S) -0 .45  +0.55 
CuS (in Cu2S, i.e.,  

Cu~S) - 0.70 + 0.30 
Cu~S - 1.00 0 
HsO - 1.21 - 0.21 

t h e  format ion  of the compounds  formed by  the fo l low- 
ing react ions  

Cu20 + S 2-  (aq) + H20 ~ Cu2S -t- 2 O H -  
and 

Cu20 + 2H + (aq) -~ Cua~ 2+ + Cu + H20 

To summarize,  the reduct ion  potent ia ls  of var ious  
mate r ia l s  p resen t  in cuprous sulfide are  assembled  in 
Table  I. In  o rder  to e l imina te  the var ia t ions  in po ten-  
t ials  observed  dur ing  the s tudy  of var ious  samples,  
the tab le  includes  the values  ob ta ined  by  taking,  as 
the reference  potent ial ,  the poten t ia l  corresponding 
to the  reduct ion  of Cu2S to Cu for the sample  being 
considered.  

The potent ia ls  of the p la teaus  a, b, c, and  d of the 
t i t ra t ion  curve No. 1 in Fig. 5 a re  0.84, 0.38, 0, and  
--0.14V, respect ively.  Compar ing  these values  wi th  
those in Table  I, the first p la teau,  a, can be a t t r i bu ted  
to the reduct ion  of cupric  oxide, the second to the re -  
duct ion of CuzS to Cues ( react ion [1]) and the th i rd  
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to the reduct ion of Cu2S to Cu (react ion [2]) .  This 
conclusion is confirmed b y  curve 2, Fig. 5, which  w a s  
obta ined af ter  immers ion  of the sample  in the sulfide 
solution. The first p la teau  d i sappeared  fol lowing r e -  
act ion [5] and a p la teau  b'  appears  whose length  is 
equal  to the  sum of the  lengths  of pIa teaus  a and  b. 
If to, tl, and  t2 a re  the t imes corresponding to the  
lengths of p la teaus  a, b, and  c, i t  is shown, according 
to react ions [1], [2], and  [4] tha t  the f ract ion of cupric  
oxide present  in the  sample,  in re la t ion  to the to ta l  
quan t i ty  of sulfur,  equals  to / ( t l  + t2). The f rac t ion of 
cuprous oxide  would  be ca lcula ted  in  a s imi lar  way.  

Manuscr ip t  submi t ted  Apr i l  2, 1979; rev ised  m a n u -  
scr ip t  received Dec. 12, 1979. 

Publication costs of this article were assisted by 
Centre National dela Recherche Scientifique. 
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Periodic Phenomena during Anodic Dissolution 
of Copper at High Current Densities 
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ABSTRACT 

Uni form and susta ined anode potent ia l  oscil lat ions (ampl i tude ,  10-20V) have  
been observed in galvanosta t ic  dissolution of copper  in chlora te  e lectrolyte .  
The oscil lat ions occur in the cur ren t  dens i ty  range  of 0.3-150 A / c m  2. F r e -  
quency increases  wi th  cur ren t  dens i ty  in this range f rom 10 -3 to 103 Hz. In-  
creases in e lec t ro ly te  t empera tu re ,  acidity,  and flow rate  were  found to resul t  
in a decrease of osci l lat ion frequency.  Large  ampl i tude  oscil lat ions were  also 
observed  in a na r rower  cur ren t  dens i ty  range and with  less cycle uni formi ty ,  
in a va r i e ty  of mixed  e lec t ro ly tes  containing smal l  concentrat ions  of halides.  
The rise and fal l  of potent ia l  reflects an a l t e rna te  growth  and dest ruct ion of 
an  adheren t  cuprous oxide surface layer .  A model  for the  oscil lat ions is p ro -  
posed based  on resis t ive switching t ransi t ions  wi th in  the  anode surface film. 

The anodic dissolut ion of copper  in sodium chlora te  
e lec t ro ly te  gives r ise to a r e m a r k a b l e  phenomenon.  On 
app ly ing  a constant  cu r ren t  to the  cell, the  anode po-  
tent ia l  fails  to reach  a s teady  level;  ra ther ,  the po-  
ten t ia l  undergoes  a per iodic  r ise and fal l  of about  10V, 
as shown by the sample  osc i l lograph recording (Fig. 
I ) .  The ind iv idua l  cycles a re  impress ive ly  un i form in 
per iod and ampl i tude.  Oscil lat ions are  found wi th  ga l -  
vanos ta t ica l ly  cont ro l led  cur ren t  densit ies in the range  
of 0.3 to over  150 A / e r a  2. Above  a p p r o x i m a t e l y  180 
A / c m  2, r andom fluctuations accompanied by  gassing 
and spark ing  were  observed.  F requency  increases wi th  

�9 Electrochemical Society Act ive  Member.  
1 Present address: University of California, Lawrence  Livermore 

Laboratory, Livermore, California 94550. 
Key words: oscillations, copper dissolut ion,  e lectrochemical  ma- 

chining. 

cur ren t  dens i ty  wi th in  this range  f rom 0.003 Hz to 
over  1000 Hz. In a n a r r o w e r  cur ren t  densi ty  range  and 
wi th  less cycle uni formity ,  la rge  ampl i tude  osci l lat ions 
m a y  also be produced  wi th  a va r i e ty  of mixed  e lec t ro-  
lytes  containing smal l  concentrat ions  of hal ide  ions. 
In  addit ion,  the  anodic dissolut ion of i ron  in the  chlo-  
ra te  e lec t ro ly te  occurs wi th  s imi lar  potent ia l  osci l la-  
tions. 

The oscil lat ions associated wi th  the  copper /ch lo ra te  
sys tem (1,2)  were  first encounte red  dur ing  a s tudy 
of e lect rolytes  commonly  used in e lec t rochemical  ma-  
chining, the technique which employs  anodic dissolu-  
t ion at  cur ren t  densit ies f rom 5 to 500 A / c m  2 to cut, 
shape, and polish meta ls  (3, 4). The poss ibi l i ty  tha t  
the oscil lat ions were  connected wi th  the  favorab le  r e -  
sults ob ta inab le  wi th  the chlora te  e lec t ro ly te  (5) 
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Fig. 1. Sustained cell voltage oscillations. Cell voltage recorded 
at three intervals during a dissolution experiment lasting over 
1000 see. Electrolyte composition, 2M NaCIO3; current density, 
3 A/cm2; electrode area, 0.32 cm2; ambient temperature; station- 
ary electrode, stirred electrolyte. 

prompted the thorough invest igat ion reported here. 
Large ampli tude oscillations reflect the al ternate 
growth and decline of the electrical resistance of 
passive or transpassive surface layers. A n  unders t and-  
ing of the per iod ic  growth and breakdown of such 
layers should lead to a better  general  unders tand ing  
of passive and transpassive electrode states. 

Earlier Interpretations of Periodicity 
Electrode reactions taking place with periodic 

changes in  current  or potential  are by no means un -  
common. A wealth of descriptive l i terature  dates from 
the early n ine teenth  century. The preponderance of 
the over one hundred  cases reported involves active- 
passive or act ive-transpassive transit ions occurring 
during the anodic polarization of metals. The older 
l i tera ture  has been reviewed by Hedges and Meyers 
(6) and by Indira  et al. (7). Wojtowicz reviewed 
recent exper imental  work with emphasis on the rela-  
t ively few cases where at tempts at rat ional  in te rpre-  
tations were made (8). 

Numerous schemes have been proposed for the 
periodic growth and breakdown of electrode resist- 
ance. The models fall into perhaps five general  cate- 
gories: (i) Changes in  local anolyte pH brought  about 
by electrode reactions coupled with diffusion may shift 
the Flade potential  for active/passive transitions. 
Franck  developed a general  theory along these lines 
(9, 10) and applied it to the Fe/H2SO4 system (11). 
(u) The sequential  deposition, oxidation, and chemical 
dissolution of a salt or oxide layer  may induce the 
transit ions (12). (iii) Active-passive transit ions may 
reflect the exhaustion, followed by the diffusion-con- 
trolled replenishment,  of an  acceptor anion necessary 
for active dissolution (13, 14). (iv) Dielectric or me-  
chanical disrupt ion of the resistive layer  may al ter-  
nate  with periods of film growth and repair  (15, 16). 
(v) Changes in electrode state may reflect solid-state 
t ransformations wi th in  the resistive layer, such as re-  
crystallization, transport,  and accumulat ion of ag- 
gressive anions wi thin  the lattice, insula tor - to-conduc-  
tor "switching" transitions, etc. 

In  this last category, Indira  and co-workers pro-  
posed that oscillations in  certain instances may arise 
from subtle changes in the stoichiometry of solid an-  
odically formed layers (7, 17). The gradual  and uni -  
form growth of the layer  (by ionic conduction) was 
said to terminate  in  a nondestruct ive dielectric break-  
down, which leaves behind a number  of discrete fila- 
ments  of highly defective and hence highly con- 
ductive material.  The repair  and bui ldup of the film 
then begins anew. The mechanism for restoring the 
high resistance state was not  identified by  the authors, 

nor  was the existence of the filaments verified experi -  
mental ly.  Nevertheless, f ield-induced insu la tor - to-con-  
ductor t ransi t ions are known to occur in  a wide var ie ty  
of materials  (18) including cuprous oxide (19, 20). 

A theory of periodicity must  first of all ident ify 
the individual  processes dominant  in  each phase of 
the cycle. The models described above present  rea-  
sonable mechanisms for the growth and destruction 
of current - res t r ic t ing  layers. As pointed out  by Woj-  
towicz, however, m a n y  authors have assumed that  
( ra ther  than explained why) growth and breakdown 
should occur in  sequence and in phase over an  ex- 
tended electrode surface. The possibility must  be ruled 
out that the same processes could occur s imul taneously  
(but  out of phase) on discrete sites on the electrode 
surface. With a sufficiently large n u m b e r  of such sites, 
the electrode potential  might  approach steady levels 
which reflect the mixed potential  of a large n u m b e r  
of sites in  different stages of the g rowth /b reakdown 
cycle. Thus, a second requi rement  of a theoretical 
model is that the processes involved must  occur in 
phase over the electrode surface. 

This paper reports an invest igat ion into the poten- 
tial oscillations associated with the copper/sodium 
chlorate system, which is t reated as a model for a 
wider range of high amplitude, sawtooth oscillations 
observed in certain hal ide-conta in ing electrolytes at 
high anodic cur ren t  densities. For purposes of com- 
parison, data on  these other systems are reported in 
Appendix A. 

Experimental Apparatus and Mater ials 
The potential  oscillations in  the chlorate electro- 

lyte occur over a broad and elevated range of current  
densities: 0.3-150 A/cm 2. Exper imenta l  studies under  
these conditions presented technical difficulties in the 
design of electrolysis cells. In  our invest igat ion (1), 
the p r imary  factors considered were: (i) the provi-  
sion of high rates of solution-side mass t ransfer  under  
reproducible and reasonably well-defined hydrody-  
namic conditions, (if) prevent ion  of excessive ohmic 
heating of the electrolyte, and (iii) a reasonably con- 
s tant  cell geometry despite the rapid changes in  the 
position and topography of the electrode surface dur-  
ing dissolution. No single exper imental  system met all 
of these requirements .  At the lower end of the current  
density range a rotat ing disk electrode was employed. 
The disk was formed by casting an epoxy cyl inder  of 
diameter  3.5 cm around a 0.56 cm diam copper rod. The 
0.25 cm 2 disk electrode was ground flush with the sur-  
face of the epoxy between experiments.  

In  an in termediate  current  density range (up to 
about 30 A/cm2), a rec tangular  duct flow channel  sys- 
tem was used. The flow system was designed for use 
under  reproducible hydrodynamic  conditions at Reyn-  
olds numbers  up to 10,000. The copper electrodes, 3 
m m  square, were positioned opposite each other and 
flush with the horizontal  walls of the flow channel. 
Electrode separation was 0.1 cm. The entrance length 
of 30 cm (200 hydraul ic  diameters) was sufficient to 
establish stable fluid velocity profiles in  the vicinity 
of the electrodes. Electrode potentials were measured 
against a saturated calomel electrode by means of 
capil lary openings drilled into the horizontal  channel  
walls just  0.01 cm upst ream of the leading edge of the 
electrodes. 

An electrolyte je t  apparatus provided the high 
rates of heat and mass t ransport  needed for invest i -  
gations in  the high current  density range. A 0.32 cm 
diam jet  of electrolyte was directed against the anode 
surface; the circular end of a 1.6 mm diam copper wire 
was held in a Teflon plug. The electrolyte flows radi-  
ally outward over the surface of the anode and plug 
and thence over a concentric cathode r ing (area, 10 
cm2). The wire was periodically advanced such that  
the electrode surface remained flush with the floor of 
the cell. 
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We have  chosen to inves t iga te  the  osc i l la tory  phe-  
nomena  unde r  ga lvanos ta t ic  conditions,  t he reby  a l low-  
ing an  impor t an t  expe r imen t a l  p a r a m e t e r  to be fixed 
and accura te ly  determined.  The ga lvanos ta t  (Elec t ron-  
ics Measurements  Power  Supply ,  Model  C618) de l iv -  
e red  a m a x i m u m  of 3A at  200V, wi th  a r ise  t ime of 1 
msec. Elec t r ica l  measurements  (cell  or  anode po ten-  
tial,  cur ren t )  were  recorded  e i ther  on a l ight  beam 
osci l lograph wi th  a f requency  response of 1 kHz or, 
when  necessary,  on an oscilloscope. 

F o r  the  j e t  e lec t rode  system, zone-ref ined high 
pu r i t y  copper  (99.999+ %) was used. Impur i t i es  quoted 
by  the manu fac tu r e r  (Mater ia ls  Research  Incorpora ted ,  
Orangeburg,  New York)  were  as fol lows (ppm, 
we igh t ) :  Zn < 5; Sn  < 1; Ni, P, Pb, < 1; O < 2; 
Mo < 5; ra re  ear ths  < 1; C1 < 0.01. In  a l l  o ther  ex -  
pe r imen ta l  systems,  oxygen- f ree ,  h igh conduct iv i ty  
copper  (OFHC, 99 .99+%) was used. Solut ions were  
p r e p a r e d  f rom reagen t  g rade  sodium chlora te  and 
doubly  d is t i l led  water .  

Exper imenta l  Results 
Electrical propertie, oS the oscillations.--Wave- 

]orm, cycle uniSormity, and persistence.--By separa te  
measurements  of anode and cathode poten t ia l  agains t  
a re ference  electrode,  i t  was de t e rmined  that  the  
osc i l la tory  phenomena  are  associated wi th  the  anode. 
Once i t  had  been  es tab l i shed  tha t  polar iza t ion  of the  
copper  cathodes used in  a l l  three  expe r imen t a l  systems 
was low and independen t  of time, the osci l la t ions in 
anode  poten t ia l  could convenien t ly  be moni to red  by  
measurement s  of cell  voltage.  

The osci l lat ions are  charac te r i s t i ca l ly  of a sawtooth  
waveform:  an u p w a r d - s w e e p i n g  poten t ia l  t e rmina tes  
in a r e l a t ive ly  sharp  peak,  fol lowed b y  an ab rup t  
fa l l  to lowest  po ten t ia l  of the  cycle, i.e., the t rough  
(see Fig. 1-4). Considerable  de ta i l  appears  wi th in  
each cycle at  the  lower  end of the cur ren t  dens i ty  
range  for oscillations. F igu re  2 depicts  the  first osci l la-  
t ion ob ta ined  fol lowing the s t a r t  of dissolut ion of a 
ro ta t ing  disk electrode.  A low potent ia l  phase  (V1) 
and a high poten t ia l  phase and peak  (V2-Vp) are  evi-  
dent  and  are  separa ted  by  a shor t  in t e rva l  of r andom 
poten t ia l  f luctuations of low (0.2-0.3V) ampli tudes .  
For  reasons which  wil l  become clear  l a t e r  (see discus-  
sion of morpho logy  be low) ,  we shal l  re fer  to the low 
and high potent ia ls  phases as, respect ively ,  "act ive"  
and " t ranspass ive"  dissolution. 

Below the m i n i m u m  cur ren t  dens i ty  at  which the 
peaks  are  observed (for g iven condit ions of flow rate,  
t empera tu re ,  etc.) ,  the e lec t rode  potent ia l  f luctuates 
r a n d o m l y  be tween  the act ive and t ranspass ive  levels 
(Fig. 3a).  As the cur ren t  dens i ty  is ra ised in the 
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Fig. 2. Details of oscillation waveform produced at low current 
density. Rotating disk electrode system, 360 rpm, current density 
= 0.32 A/cm 2. Vt = potential of active phase; V2 = potential 
at onset of transpossive dissolution; Vp = peak potential. 
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Fig. 3. Waveforms cltaracteristic of different current density 
ranges. Channel flow system. 2M NaCIO3 electrolyte. (a) Low cur- 
rent density extreme, no potential peaks; i - -  0.61 A/cm2; Re = 
425; (b) active and transpassive dissolution, showing potential 
peaks; 1.83 A/cm 2, Re = 6810; (c) transpassive dissolution only; 
6.57 A/cm 2, Re - -  6810; (d) 33.4 A/cm 2, Re = 6810. 

range 1-5 A / c m  2, however ,  the  peaks  appea r  and  the 
dura t ion  of the t ranspass ive  phase  increases  at  the ex -  
pense of the  act ive phase.  Above  a pp rox ima te ly  5 
A / c m  2, discrete  act ive phase  of the potent ia l  cycle is no 
longer  evident ,  and the cycles assume the charac te r -  
istic waveforms  shown in Fig. 3c and d. Above  about  
100 A / c m  2, another  wave fo rm is found, which  has the 
appearance  of a spike  of about  20V super imposed  on 
the more  rounded  peaks  as shown in the insets of 
Fig. 10. 

The oscil lat ions observed  in the chlora te  e lec t ro ly te  
represen t  a susta ined mode of dissolut ion and pers is t  
essent ia l ly  unchanged as long as the  expe r imen ta l  
condit ions (flow rate,  current ,  cel l  geomet ry )  a re  
maintained.  Recordings of po ten t ia l  agains t  t ime in 
var ious  in terva ls  of single dissolut ion exper imen t s  a re  
shown in Fig. 1 and 4. If the surface of the  e lec t rode  is 
d i s tu rbed  dur ing  dissolut ion (for  example ,  wi th  a 
glass p ick) ,  the  osci l lat ions first become disordered,  
then r ap id ly  rever t  to a un i fo rm per iod  and ampl i tude  
(see Fig. 4a). The cycling shows no t endency  to 
dampen  pe rmanen t ly  even a f te r  as m a n y  as 2500 cycles. 
The s t anda rd  devia t ion  in bo th  peak  ampl i tude  a n d  
per iod  over  twen ty  consecutive osci l la t ion cycles was 
less than  2 %. 

Dependence of period length on experimental param- 
eters.--Period l ength  shows a s t rong dependence  on 
cur ren t  density.  This is shown in the composite  p lo t  
of da ta  (Fig. 5) t aken  wi th  the  ro ta t ing  disk, channel  
flow, and j e t  systems over  the ent i re  range  of mass  
t ranspor t  cond i t ions  unde r  which  the phenomenon oc- 
curs. The re la t ionship  be tween  per iod  length  and cu r -  
ren t  dens i ty  is l inear  on the doub le - logar i thmic  plot,  
wi th  a change in slope f rom --2.5 to --1.5 occurr ing  
in the  range  3-10 A / c m  2. 

To a much lower  ex ten t  than  can be depic ted  on the 
scale of Fig. 5, the osci l la t ion per iod  also depends  on 
flow rate.  Below about  5 A / c m  2, the  per iod  is p ro -  
por t iona l  to the 0.3 power  of flow ra te  (450 < Re 
< 1500) in the flow channel  (Fig. 6). In  the  h igher  
cur ren t  densi ty  range  inves t iga ted  wi th  the j e t  (above 
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Fig. 4. Oscillation waveforms at different intervals of dissolution, 
showing persistence of phenomenon. Electrolyte, 2M NoC]O3. Chan- 
nel flow, Re = 6810. (o) i = 8.3 A/cm2; (b) 12.2 A/cm2; (c) 17.3 
A/cm2; (d) 19.9 A/cm 2. 

J. E~ectrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  August  1980 

1,0 I I I I I I I I  i 1 I I I I I _  

1000 J I i l I 
~ 2 ~ , ~  Z~Rotating disk, Re = 300 

I00 ' -  ~::k/n DChannel f low, Re = 200-7000- 

~" ~ O Jet,  Re = 700-1500 
v I 0 -  ~ 

"~ O. 1 

0.01 

0.001 I I I J I 
0.3 1.0 3.0 I0 30 I00 300 

Current density (A/cm 2) 

Fig. 5. Inverse relation between period length and current density. 
Composite of data from three different hydrodynamic systems. 
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Fig. 6. Increase of period length with average linear flow role. 
Channel flow system. Electrolyte 2M NaCIO~. (a) Current density - -  
1.2 A/cm2; (b) i.51; (c) 1.84; (d) 2.14; (e) 2.45; (f) 3.05. Range of 
flow rates correspond to Re = 450-15,000. 
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Fig. 7. Increase of period length wlth flow rote. Jet electrolyte 
flow system. Electrolyte, 2M NaCIO~. (a) Current density ---- 8.5 
A/cm2; (b) 10.9; (c) 21; (d) 31.5. 

10 A/cm2) ,  the dependence  of per iod on flow ra te  is 
compara t ive ly  weak  (Fig. 7). Genera l ly ,  the osci l la-  
t ion per iod  increases  wi th  increas ing e lec t ro ly te  flow 
rate,  and  the effect of flow ra te  decreases at  cu r ren t  
densi t ies  above 10 A / c m  2. 

The osci l lat ion per iod  increases  wi th  e lec t ro ly te  
t e m p e r a t u r e  (Fig. 8) in the range  of 4~176 T h e  
effect of e lec t ro ly te  pH was inves t iga ted  using solu-  
tions of 2M NaC103 containing addi t ions  of sodium h y -  
droxide  or  perchlor ic  acid. The osci l la t ion per iod  in-  
creases wi th  solut ion ac id i ty  over  a pH range  of 11.2- 
1.4, the influence of ac id i ty  being grea tes t  at  the lowest  
cu r ren t  densit ies (Fig. 9). 

Dependence Of oscillation amplitude and trough po- 
tentials on current density.--While the osci l lat ion pe-  
r iod length  showed a s t rong dependence  on cur ren t  
density,  the  osci l la t ion ampl i tude  was r e l a t ive ly  in-  
dependen t  of cur ren t  dens i ty  as shown in the  plots of 
cell  peak  and t rough  voltages agains t  cu r ren t  (Fig. 
10). The r i gh t -ha nd  inset  in Fig. 10 indicates  the high 
cur ren t  dens i ty  wave fo rm found above about  100 
A / c m  2. This waveform,  having  the appearance  of a 
spike  super imposed  on the wave fo rm of lower  cur -  
rent  densit ies,  is p r o b a b l y  the  resul t  of the fo rmat ion  
of a th in  gas l aye r  on the e lec t rode  surface fo l lowed 
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Fig. 8. Effect of temperature on period length. Channel flow, 
Re = 400; electrolyte, 2M NaCIO~. 
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Fig. 9. Dependence of oscillation period on bulk electrolyte pH. 
Channel flow system, Re = 400. V ,  pH - -  1.4; G ,  2.4; i-l, 4.6; 
A ,  !1.2. Electrolyte, 2M NaCI03. 

by  an e lect r ica l  d ischarge th rough  it. Spa rk ing  and 
gas evolut ion  are  c lear ly  evident  wheneve r  this w a v e -  
form occurs. Af te r  fa l l ing  f rom the peak,  the potent ia l  
pauses a t  the  level  ex t r apo la t ed  f rom the peaks  of 
lower  cur ren t  dens i ty  waveforms  ( indica ted  by  t r i -  
angle  da ta  points  in Fig. (10). The poten t ia l  spikes 
a re  p robab ly  unre la ted  to the  per iodic  phenomena  of 
in teres t  and are  not t r ea ted  fu r the r  in this paper .  

The t rough potent ia ls  (i.e., the lowest  po ten t ia l  of 
the cycle) p lo t ted  agains t  cur ren t  dens i ty  in the range  
of 40-150 A / c m  2 ex t r apo la t e  to 10V at zero current .  
This  poss ibly  indicates  tha t  the e lec t rode  is st i l l  cov- 
e red  wi th  a res is t ive f i lm the resis tance of which has a 
nonl inear  dependence  on current .  

Chemical aspects of the co,per~chlorate system. Ap- 
parent valence.--At the e lect rode potent ia ls  observed in 
this system, mono-,  di- ,  and even t r iva len t  copper  oxi-  
dat ion states may  be p roduced  (21). The average  ap-  
pa ren t  valence,  na, was de te rmined  f rom anode weight  
loss measurements  using the fol lowing equat ion 

na -- (It~F)~ (~W/M)  [1] 

Here, I is current ,  t is dissolut ion t ime (at  leas t  ten 
t imes the per iod  length,  F is F a r a d a y ' s  constant,  hW 
is weight  loss, and  M is the  atomic weight  of copper.  
Average  appa ren t  valence is p lo t ted  agains t  cur ren t  
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Fig. 10. Increase of trough and peak potentials with current 
density and appearance of potential spikes above |00 A/cm 2. Jet 
electrolyte system, Re = 1500. Anomalous woveform shown in inset. 
Electrolyte, 2M NaCIO3. 
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Fig. 11. Average apparent valence. Channel flow: ~7, Re - -  700; 
jet electrolyte flow: O ,  Re = 700; I--], Re - -  1500. Electrolyte, 
2M HaCIOs. 

dens i ty  in  Fig. 11 and is shown to approach  a nea r ly  
constant  level  of 1.2 _. 0.04 above 10 A/crn~. 

The poss ibi l i ty  tha t  the s to ich iomet ry  of dissolut ion 
might  change per iod ica l ly  made  i t  necessary  to m e a -  
sure the  ins tantaneous  appa ren t  valence  wi th in  a single 
cycle. To de te rmine  ins tantaneous  appa ren t  valence,  a 
copper  disk (9.6 cm 2) was anodica l ly  dissolved wi th  
the e lect rode surface facing u p w a r d  in a s t a t ionary  
e lec t ro ly te  cell of low volume (20 ml ) .  A number  of 
exper iments ,  conducted at  0.54 A/cm~, were  in t e r -  
rup ted  at  successive points  wi th in  the  first cycle. 
Weight  loss dur ing  each expe r imen t  was p lo t ted  agains t  
the quan t i ty  of charge  passed th rough  the cell, as 
shown in Fig. 12. The  de r iva t ive  of the  curve ob ta ined  
m a y  be re la ted  to the  appa ren t  valence,  na 

dhW/dQ = (M/na) [2] 

where  Q is the quan t i ty  of  charge passed (in equi -  
va lents ) .  Al though  the precis ion of the technique is 
insufficient to al low detect ion of changes wi th in  in te r -  
vals of less than  10 -5 equ iv . / cm 2, i t  is appa ren t  tha t  
the s to ichiometry  of dissolution is constant  wi th in  both 
the active and the passive phase.  The same resul t  was 
obta ined for dissolution at  1.33 A / c m  2. 

Production o] chloride.--In each ins tantaneous  a p p a r -  
ent valence de te rmina t ion  at  0.54 and 1.33 A / c m  2, the  
anoly te  was collected, filtered, and analyzed  for chlo-  
r ide by  means of po ten t iomet r ic  t i t r a t ion  wi th  a s tan-  
dard ized  solution of s i lver  ni t ra te .  The quan t i ty  of 
chlor ide in the anoly te  was found to be p ropor t iona l  
to the quant i ty  of charge passed. The  chlor ide is the 
product  of the reduct ion  of ch lora te  by  the cuprous ion 
according to the ne t  reac t ion  

Cu + + 1/6 C108- + 1/2 H~O = Cu + + 

+ 1/6 c1-  + OH-  [3] 
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Fig. 12. Total copper dissolved as o function of charge passed. 
Stationary copper disk, 9.6 cm2; i = 0.54 .&,/cm2; instantaneous 
apparent valence indicated, showing distinct values for active and 
transpassive phases. Cell voltage is plotted against charge passed, 
with active (Vz), transpassive (V~), and peak (Vp) cell voltages 
indicated. 
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Tak ing  into account the nonin tegra l  appa ren t  valence,  
the  quan t i t y  of chlor ide  p roduced  corresponded to 
rough ly  60% of the quan t i ty  of monova len t  copper 
produced.  These resul ts  are  consistent  wi th  those of 
Royer  et al. (22), who s tudied the dissolution of copper 
in 1.2M NaC1Os (at  15 m A / c m  2) and found an ap-  

p a r e n t  valence of 1.0 at  t empera tu re s  above 70~ and 
a quant i ta t ive  reduct ion of C103- to C1-. I t  may  be 
concluded tha t  the e lec t ro ly te  ad jacen t  to the anode 
surface and wi th in  any  pores  in the solid surface l aye r  
contains a high concentra t ion of the chlor ide  ion. 

Analysis of solid reaction products.--Solid react ion 
products  adher ing  to the  surface of the  anode  fol low- 
ing dissolut ion were  ana lyzed  by  x - r a y  diffraction. 
The copper  subs t ra te  served  as an in te rna l  reference.  
The water - in ,  soluble phases of products  resul t ing  f rom 
act ive dissolution, as wel l  as t ranspass ive  dissolution, 
showed only  diffract ion l ines for  cuprous oxide. Ex -  
t raneous l ines were  absent,  inc luding  those for  o ther  
possible products  such as Cu(OH)2,  CuCI, CuO, etc. 

Morphological changes occurring within the potential 
cycle.--As shown in Fig. 2, the osci l la t ion cycle at  low 
cur ren t  densi t ies  can be resolved  into a succession of 
dis t inct  potent ia l  p la teaus  and a potent ia l  peak. Dur -  
ing the low potent ia l  phase of the  cycle, the copper  
subs t ra te  becomes e tched and in  places  pi t ted,  whi le  
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an adheren t  l aye r  of a r ed -o range  substance ( identif ied 
as cuprous oxide)  accumulates  on the me ta l  surface. 
The appearance  of the e lec t rode  dur ing  the ac t ive  
phase wi th  dissolut ion at  0.3 A / c m  2 is c lear ly  shown 
in the pho tomicrograph  of Fig. 1Sa. The t e rm "act ive 
phase" has been given to this por t ion  of the  cycle be -  
cause of the e tched appearance  of the subs t ra te  and  
the low overpotent ia ls  for  dissolution. Act ive dissolu-  
t ion involves the passage of the meta l  cat ion d i rec t ly  
f rom the meta l  la t t ice  to an aqueous complex.  Con- 
t inued remova l  of cations f rom sites of lower  free en-  
e rgy  of dissolut ion gives r ise to the  fo rmat ion  of fine 
pits, the wal ls  of which  often consist of p lanes  of low 
index numbers  (23). Light  sca t te red  f rom the p i t ted  
surface accounts for the  dull,  ma t t  appearance .  A f rac-  
t ion of the cuprous ion prec ip i ta tes  f rom the aqueous 
complex to form the th ick (10-20~m) porous l aye r  of 
cuprous oxide. 

Beginning wi th  the onset  of t ranspass ive  dissolution, 
the copper  subs t ra te  becomes progress ive ly  smoothed 
and pol ished and a t ta ins  a nea r ly  specular  appearance  
as peak  potent ia ls  are  approached.  Sol id react ion p rod -  
ucts in this low cur ren t  dens i ty  range  are  found in 
two dist inct  layers :  (i) a th in  adheren t  l aye r  of sub-  
micron  thickness,  found to consist of cuprous oxide;  
and (ii) a th ick (10-100 ~m) loosely adhe ren t  l aye r  
consist ing of cuprous oxide and  wa te r - so lub le  copper  

Fig. 13. Sequence of changes 
of surface morphology during a 
potential cycle. Rotating disk 
electrode, i --- 0.32 A/cm 2, 360 
rpm. (a) Appearance of active 
phase electrode showing thick 
Cu20 layer (x) and roughened 
substrate (bright field illumina- 
tion). (b) Progression (right to 
left) of transpassive film; thick 
film has been removed; dark 
field illumination. (c) Electrode 
surface at peak potential (bright 
field). (d) Beginning of active 
phase of second cycle (dark 
field). 
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oxychlor ides .  The fo rmat ion  of the  th in  l aye r  begins 
a t  the p e r i p h e r y  of the  e lec t rode  and spreads  p rog re s -  
s ively  inward ,  unde rmin ing  and dis lodging the porous 
l aye r  fo rmed  dur ing  the act ive phase.  The advance  of  
the  t ranspass ive  l aye r  is shown in the d a r k  field photo-  
g raph  of Fig. 13b. 

I m m e d i a t e l y  before  the fal l  f rom peak  potent ials ,  
the e lect rode surface loses its pol ished appearance ,  be -  
coming dull  and  r e l a t ive ly  un i fo rm under  intense 
b r igh t  field i l lumina t ion  (Fig. 13c). At  the  beginning 
of the act ive phase  of the succeeding cycle, the  thin 
film peels  a w a y  from the surface (Fig. 13d), whi le  
crysta ls  of a new thick phase of cuprous oxide  are  be -  
ginning to form. 

The a l t e rna t ing  per iods  of film growth  and r u p t u r e /  
r emova l  were  recorded  using mot ion  p ic ture  photog-  
r a p h y  for  dissolut ion exper imen t s  a t  3 A / c m  2. The 
rup tu re  of the film and a r ap id  o u t w a r d  movement  of 
solid reac t ion  products  were  shown to coincide wi th  
the  fa l l  f rom peak  poten t ia l  wi th in  a t ime in te rva l  of 
less than  0.03 sec. 

Observations of resistive switching transitions in the 
transpassive f i lm.pMany electronic  insula tors  and  
semiconductors  a re  known to show an  ab rup t  decrease  
in res is tance on be ing  subjec ted  to a cr i t ica l  electr ic  
field s trength.  When  the  t rans i t ion  is accompanied  by  
the des t ruct ion  of the ma te r i a l  ( th rough  spa rk  dis-  
charge  and local vapor iza t ion) ,  the  t e rm  " b r e a k d o w n  
t rans i t ion"  is used. In  o ther  cases, cal led "resis t ive 
switching t ransi t ions,"  no r ead i l y  pe rcep t ib le  change 
occurs in  sample  morpho logy  as a resul t  of the  t r ans i -  
tion. Mater ia l s  showing the l a t t e r  behav ior  have  been 
used in  both  monos tab le  and b is tab le  electronic 
switches.  The  subjec t  of switching t ransi t ions  has been 
r ev iewed  by  Kle in  (24). 

Resist ive switching t rans i t ions  have  been  observed 
in samples  of cuprous oxide p roduced  b y  the high 
t e m p e r a t u r e  oxida t ion  of copper  in a i r  (19, 20, 25, 26). 
The schemat ic  s t eady-s t a t e  e lect r ica l  character is t ic  is 
shown in Fig. 14A. The  cu r r en t -vo l t age  plot  consists 
of a s table  high resistance,  low cur ren t  b ranch  (H) 
and a low resistance,  h igh cur ren t  b ranch  (L).  The 
vol tage  (Vs) and resis tance of the  ex te rna l  c ircui t  
( r epresen ted  by  a load l ine)  de te rmine  currents  be -  
fore  and a f t e r  t ransi t ion.  A l though  a low res is tance 
s tate  is fo rmed i m m e d i a t e l y  on the collapse of voltage,  
the stable,  r ep roduc ib le  charac ter i s t ic  (L) is es tab-  
l ished only  wi th  the  cont inued passage of  charge.  This 

A 

Load 
line 

Vs Voltage 

~ Load Sample 

Fig. 14. (A) Current-voltage characteristics of materials showing 
resistive-switching transitions. H, high resistance state; L, low re- 
sistance state. Vs, voltage of power supply. (B) Testing circuit 
used in the study of electrical breakdown in transpossive surface 
fires. A mercury-wetted re~ay and a dual beam oscilloscope (V, V) 
were used with a decade resistance load. 

10-2 

phenomenon  has been  cal led  "e lec t roforming"  (25). 
The th resho ld  field s t r eng th  for  such t rans i t ions  was 
found to be about  2 • (10) s V / e m  b y  Morgan  and 
Howes for  10 -5  cm thick samples  of  Cu~O (25). Re -  
sist ive switching in cuprous oxide  resul ts  in the  fo rma-  
tion of discrete  channels of a low res i s t iv i ty  copper  
oxide  which, when  fo rmed  at  sufficiently high currents ,  
contains f i laments of e lementa l  copper  (26). 

Exper imen t s  were  unde r t a ke n  to de te rmine  whe the r  
the  thin cuprous oxide  films fo rmed  dur ing  t r anspas -  
sive dissolution could undergo  res is t ive  switching 
t ransi t ions  at  vol tages  comparab le  to the  osci l lat ion 
ampli tudes .  Sample  e lect rodes  were  anodized at  va r i -  
ous points  wi th in  the  t ranspass ive  region.  The elec-  
t rodes were  then  removed  f rom the cell, washed in 
dis t i l led  water ,  and  d r i ed  in vacuum.  Breakdowns  
were  detected wi th  a movable  copper  whi ske r  p robe  
using the e lect r ica l  c i rcui t  depic ted  in Fig. 14B. The 
probe  was brought  to res t  on the  e lec t rode  surface and 
a potent ia l  step (1-10V) was then  appl ied.  

Resis t ive  switching t ransi t ions  occurred  dur ing  
which the res is tance of the  p robe-e lec t rode  assembly  
fel l  f rom 10~-108 to 1-10~ wi th in  less than  a microsec-  
ond. The observed t ime lag be tween  vol tage  app l ica -  
t ion and collapse (Fig. 15) depended  inverse ly  on the 
appl ied  voltage. The t ime lag va r ied  wide ly  f rom 
poin t  to point  on the  e lec t rode  surface;  an o rde r  of 
magni tude  sp read  in the  da ta  is consis tent  wi th  the  
s ta t is t ical  na ture  of the phenomenon  (25). E lec t ro-  
forming of the low resis tance s ta te  was also observed.  
There  is l i t t l e  doubt  tha t  the  t ransi t ions  observed  a re  
Similar to those repor ted  ea r l i e r  (19). In  addit ion,  the 
app l ied  voltages r equ i r ed  for  t ransi t ions  in  the dr ied  
samples  a re  comparab le  to vol tages  occurr ing dur ing  
t ranspass ive  dissolution. 

I n t e r p r e t a t i o n  of Exper imenta l  Results 

In this sect ion we first use the resul ts  of so l id-s ta te  
ionic conduct ion theory  to i n t e rp re t  the  po ten t i a l - t ime  
behavior  dur ing  the  g rowth  phase  of the cycle. Next,  
we offer an  exp lana t ion  for the nea r - cons t ancy  of the 
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Fig. 15. Dependence of lag time for resistive switching transi- 
tions on applied voltage. Lag time is the interval between the 
application of voltage to the sample and voltage collapse. Trans- 
passive film produced at 0.8 A/cm 2. Dissolution interrupted at a 
vohage of 5.9V above trough potential. Peak potential for these 
conditions is roughly 9V. 
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ampl i tude  over  a wide range  of cur ren t  densities,  based  
on the assumpt ion  tha t  the  p robab i l i ty  for  a switching 
t rans i t ion  is p ropor t iona l  to the  thickness of the  film 
and to the field strength.  Then a model  is p resen ted  
which a t t r ibutes  the osci l la tory  na tu re  to the a l t e rna -  
t ion of per iods  of film growth  by  high field ionic con- 
duct ion and field b r eakdown  resul t ing  f rom switching 
transit ions.  A pe rmanen t  mixed  e lec t rode  state, a l low-  
ing s imul taneous  ionic conduct ion th rough  the film 
and electronic conduct ion th rough  b r e a k d o w n  channels,  
is shown to be impossible  because of the wide ly  differ-  
ent  field s t rengths  requ i red  for  the  two processes. 
Final ly ,  the possible roles of the  chlor ide  and chlorate  
ions are  discussed. 

Ionic conduction in transpassive surface fi /m~.--The 
copper  subs t ra te  becomes p rogress ive ly  pol i shed  d u r -  
ing the in te rva l  in  which  the potent ia l  r ises f rom the 
lowest  level  to the  highest  level  of the  cycle. We re fe r  
to this in te rva l  as the "potent ia l  g rowth  phase." As 
suggested by  Hoar  (23) and Novak (27), such e lec t ro-  
pol ishing of copper  resul ts  f rom (i) the  genera t ion  of 
vacancies in the copper  subla t t ice  of the  anodic oxide 
film at  the f i lm/e lec t ro ly te  interface,  (ii) the t ranspor t  
of vacancies th rough  the film to the me ta l  surface, and 
(iii) the  annih i la t ion  of the vacancies by  combinat ion  
wi th  cations f rom the meta l  phase. The f lat tening and 
pol ishing of the anode subs t ra te  dur ing  this phase is 
a consequence of the large  resis tance of the thin film 
to ionic conduction. With  the onset of t ranspass ive  dis-  
solution, the  resis tance of the  th in  film controls  the  
d is t r ibu t ion  of cu r ren t  on a microscopic scale. I f  the  
th in  film is of un i form proper t ies  (ionic conduct iv i ty  
and thickness) ,  the  cur ren t  densi ty  wi l l  be un i form on 
the surface of any  asper i ty  having dimensions which 
are  large compared  to the thickness of the film. Con- 
t inued dissolut ion under  these ci rcumstances wil l  lead 
to a smoothing of an in i t ia l ly  rough surface. The 
mechanism descr ibed here is s imi lar  to that  which  is 
wide ly  he ld  responsible  for the  e lect ropol ishing of 
copper in, for  example ,  or thophosphor ic  acid solutions. 

The vacancies reflect the  nonstoichiometr ic  na tu re  
of cuprous oxide. The ma te r i a l  is a cat ion-deficient ,  
p - t y p e  semiconductor ,  and the vacancies migra te  wi th -  
in an e lect ros ta t ic  field as if they  were  nega t ive ly  
charged.  The cat ion deficiency, indica ted  by  y in the  
formula,  Cu2-~O, var ies  wide ly  wi th  sample  p r e p a -  
ration. [Values of y : 10 -3 (28), 0.5 (29), and 0.76 
(30) have been repor ted  for samples  showing the same 
unit  cell  s t ructure.]  I t  is therefore  not  possible to 
predic t  a priori the proper t ies  of the surface film 
dur ing  high ra te  dissolution. Nevertheless ,  i t  is reason-  
able to conclude that  the p r i m a r y  mode of ionic con- 
duction dur ing  the t ranspass ive  phase of the osci l lat ion 
cycle is the migra t ion  of nega t ive ly  charged cat ion 
vacancies f rom the e lec t ro ly te  to the  meta l  substrate.  

We can test the hypothesis  of vacancy  migra t ion  
wi th  the use of high field s t rength  ionic conduct ion 
theory,  as presented  by  Dignam (31). When diffusion 
can be neglected,  and for a sufficiently high field 
strength,  the  cur ren t  densi ty  i may  be expressed  as a 
funct ion of field s trength,  E 

i =- 2A sinh (BE) [4] 

A exp (BE) [5] 

where  the  approx ima t ion  [5] is va l id  for  BE > 1. A 
is p ropor t iona l  to the concentra t ion of charged va-  
cancies, whi le  B is p ropor t iona l  to the wid th  of the 
potent ia l  energy  ba r r i e r  encountered  by  the defect  
dur ing  migra t ion  th rough  the per iodic  field. The phy -  
sical  meanings  of A and B are  discussed fu r the r  in  
Append ix  B. 

In Fig. 16, we have p lo t ted  log (i) against  the mean  
field s trength,  E, es t imated  for  the  g rowth  phase  of 
the cycle. Mean field s t rength  was obta ined  wi thout  an 
independen t  measuremen t  of film thickness using the 
fol lowing equations 
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Fig. 16. Dependence of current density on mean field strength. 
Jet electrolyte flow system. Electrolyte, 2M HaCIOa. Flow rates: 
Q ,  93; I--1, 160; V ,  193 cm/sec. 

E = (Vp -- V2)/S [6] 

where  Vp and V2 are  peak  and t rough potent ia ls  and  
S is the corresponding change in film thickness 

S -- [ 2 -- na ] i~Mcu2o [7] 
na 2Fd 

Here  T is the  osci l la t ion period,  and Mcu2o and d are  
the formula  weight  and densi ty  of cuprous oxide, re -  
spectively.  T h e  quant i ty  in brackets  is the f ract ion of 
cur ren t  PrOducing monovalen t  copper, if only  Cu + and 
Cu ++ are  produced.  Equat ion  [7] resul ts  f rom the 
assumptions  tha t  a l l  monovalen t  copper  fo rmed  du r -  
ing dissolution is r e t a ined  wi th in  the film as Cu20 
and that  the film is pore  free. The plot  of log (i)  
against  /~ shown in Fig. 16 is l inear,  wi th  a slope of 
6.8 • 106 cm/V for field strengths,  1.5 • 105-4.5 • 105 
V/cm. This l inea r i ty  and the g r e a t e r - t h a n - u n i t y  values  
of BE tend to suppor t  the  high field s t rength  ionic 
conduct ion mechanism proposed for the growth  phase 
of the potent ia l  cycle. The slope is the same (6.8 • 
10 -6 cm/V)  as tha t  es t imated  by  Koj ima  (32) f rom 
impedance  da ta  and a film thickness va lue  of 60A 
es t imated  by  e l l ipsomet ry  (27) for e lect ropol ishing 
films produced in the  copper /phosphor ic  acid system. 
The proposed  mechanism is fu r the r  suppor ted  by  the 
re la t ive  magni tudes  of field s t rength,  slope, and  in t e r -  
cept, as discussed in Append ix  B. We conclude that  the 
p redominan t  mode of charge t ransfer  dur ing  the film 
growth  phase is ionic conduct ion th rough  a thin solid 
film. 

The occurrence of resistive breakdown transitions.-- 
The observat ions  of vol tage  b reakdowns  in the d ry  
films suggest  tha t  these can also occur in  the t r ans -  
passive films dur ing  anodic dissolution. In  addit ion,  
the b reakdowns  occur at  a pp rox ima te ly  the  same vol t -  
age (or field s t rength)  on d ry  and on immersed  elec-  
trodes. 

In  general ,  res is t ive switching t ransi t ions  begin  to 
occur when the field s t rength  is ra ised above a cr i t ical  
threshold.  The threshold  is inverse ly  re la ted  to the  
sample  thickness,  measured  in the d i rec t ion  of the  ap-  
pl ied field. The thickness dependence  is said to arise 
f rom the increase in p robab i l i t y  tha t  an e lec t ron in i -  
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t ia t ing an  avalanche of a critical magni tude  will  be 
si tuated along a l ine of b reakdown (24). The proba-  
bi l i ty  for a b reakdown should then be proport ional  to 
sample thickness. 

Assuming that  it is the acceleration of an  electron 
by the field that  causes the critical avalanche, the 
probabi l i ty  for a t ransi t ion should be proport ional  to 
field strength. The net  probabi l i ty  of the breakdown 
should then be proport ional  to the product  of film 
thickness and field strength, i.e., the voltage drop 
across the film. We have already noted the weak de- 
pendence of ampl i tude on exper imental  parameters.  

The exper imenta l ly  established dependence of film 
thickness at b reakdown field s t rength is shown in 
Fig. 17. The re la t ion be tween S and E is given by 

S exp ( K ~ )  = Ks 

where K1 = 3.2 • 10 -6 cm/V and K2 = 1.4 • 10 -4 
cm. Dur ing  the growth of the film, both S and maxi -  
m u m  field s t rength (i.e., as indicated by the slope of 
the potent ia l - t ime curves) increase very rapidly as the 
peak potent ial  is approached; therefore, the incidence 
of b reakdown transi t ions should also increase. 

A Model for the Potential Oscillations 
The model presented below is based on three as- 

sumptions:  (i) Dur ing  the potential  growth phase of 
the cycle, charge is passed through a growing non-  
porous film by ionic conduction. (ii) Channels  of low 
electronic resistance exist in  the film after the peak 
potent ial  is reached. (iii) The passage of current  
through these channels causes the removal  of adjacent  
film mater ia l  such that  the film becomes porous. The 
following sequence of film growth, channel  formation, 
and part ial  or complete film removal  is proposed. 

During the potential  growth phase of the cycle, a 
uniform, nonporous film increases in thickness and the 
charge carriers are predominate ly  ionic. Above a 
threshold voltage (i.e., above a critical product of 
field s t rength and thickness),  resistive switching 
transi t ions begin to occur in  paral le l  with film 
growth. These transi t ions result  in the forma- 
tion of channels of low electronic resistivity and 
provide a l ternate  paths for the current.  As film growth 
continues, the voltage rises and the incidence of such 
transi t ions increases. The accumulat ion of paral lel  cur-  
rent  paths of low resistance causes a progressive de- 
crease in electrode resistance and an eventual  drop in  
voltage at constant  current.  With the drop in  voltage, 
the flow of ionic current  and the growth rate of the 
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Fig. 17. Inverse relation between film thickness and mean field 
strength jet electrolyte flow system. Electrolyte, 2M NaCI03. Flow 
rates: O ,  93; I-I, 160; ~ ,  193 cm/sec. 
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film is great ly reduced because of the exponent ia l  
dependence of current  on voltage at constant  film 
thickness (see Eq. [4]). The formation of channels  
u l t imate ly  results in  a shift of current  from the bu lk  
of the film to the channels and a change in  charge 
carriers from ionic to electronic species. The cont inued 
flow of electronic cur ren t  through the channels  results 
in the removal  of the channels and adjacent  cuprous 
oxide by a mechanism described below. Following the 
complete removal  of the low resist ivi ty channels, the 
high field strengths can again be achieved as required 
for growth of a new nonporous film or for the repair  
of the existing film. 

It is an assumption of this model that  the flow of 
electronic current  in  the channels effects the removal  
of the channels and the adjacent  cuprous oxide. There 
are several l ikely mechanisms for promoting part ial  
or complete film removal. With a means for electron 
t ransfer  supplied, the film might  undergo localized 
anodic oxidation in  the presence of acceptor anions 
(CI-  or CIO8-) 

H20 + Cu20 -I- 4CI- = 2CuC12 + 2e- + 2 OH- 

Water could be oxidized at the trough potentials, pro- 
ducing a local drop in  pH 

2H20 : 02 + 4H + "t- 4 e -  

T h e  lowering of pH could accelerate the chemical oxi-  
dation and dissolution of Cu~O 

Cu20 + 1/3 C10~- + 4H + ---- 2Cu + + 

+ 1 / 3  C1- -~ 2H20 

It is also possible that  dur ing the potential  growth 
phase of the cycle space charge accumulates near  to 
the fi lm/electrolyte interface and that the capacitor 
thus formed is rapidly discharged through newly  
formed channels causing the channels to be vaporized, 
as in dielectric breakdown. The upward  sweeping po- 
tentials (i.e., d2V/dt 2 > 0) which are observed dur -  
ing film growth at constant  current  are support ing 
evidence for the existence of such space charge. Such 
a catastrophic breakdown,  however, is not required 
by the model. 

Once the channels are removed from the film, a 
process of film repair  or film growth can resume. It is 
necessary to remove all of the conductive channels in  
order to polarize the film of a given thickness to the 
field strengths required for ionic conduction. At low 
current  densities, the removal  of the cuprous oxide 
film is complete, as evidenced by the resumpt ion of 
active dissolution potentials, the restorat ion of an  
etched substrate, and the observed unde rmin ing  and 
removal  of the film. At current  densities above about  
10 A /cm 2, the removal  of the film is partial ,  and the 
lowest potentials of the cycle I trough potentials)  are 
roughly 10V above the potent ia l  for active dissolution. 

The Inabil i ty of the Anode to Reach a Stable Potential 
The widely different field strengths required for the 

two modes of current  flow (ionic conduction through 
the bu lk  of the film and electronic conduction through 
channels)  preclude the possibility that  both mecha-  
nisms can occur s imul taneously  over extended periods 
of t ime on the same electrode surface to produce a 
steady state. As long as the field s t rength and thick- 
ness have exceeded a critical combinat ion al lowing the 
transitions, the transi t ions wil l  occur and tend to 
lower the effective resistance of the electrode and 
ionic current  will  be effectively terminated.  Nor can 
electronic current  flow alone result  in  a stable state: 
the cuprous oxide film can only conduct electrons 
through electrochemical mechanisms which tend to 
destroy the film. Final ly,  no stable electrode state can 
be reached through ionic conduction mechanisms; as 
long as cuprous oxide is produced at a rate greater  
than  it dissolves in  the electrolyte, the film would 
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continue to thicken and the potential  would increase 
without  limit. 

This model differs fundamenta l ly  from those citing 
dielectric breakdown and repair  as mechanisms for 
potential  oscillations in anodically formed films. Un-  
like the resistive transitions, the dielectric breakdown 
leaves behind no pe rmanen t ly  conducting channels. 
Breakdown is followed by immediate  field restoration 
and film repair. In  this case, a stable potential  is 
reached when the rate of film growth just  equals the 
rate of film destruction. 

The Role of Chloride and Chlorate Anions 
Anode potential  oscillations of the na ture  discussed 

here may be produced in  various electrolytes by the 
addition of halide ions. The oscillations are par t icular ly  
uniform and occur over an exceptionally wide range 
of current  densities only in  the chlorate electrolyte, 
which contains some chloride as a result  of in situ re-  
duction of chlorate. To unders tand  the role of the chlo- 
rate or chloride we first examine two conditions of 
ionic conduction in  thin cuprous oxide films: with 
the chlorate electrolyte and in phosphoric acid solu- 
tions. On the basis of impedance data collected from 
numerous  publications, Koj ima (32) showed that  the 
thickness of cuprous oxide films in orthophosphoric 
acid was in the range of 15-125A, with a most probable 
thickness of 60~k as determined by  ell ipsometry (27). 
For the typical voltage drop through such films of 
1.OV, field strengths are in  the range of 106-107 V/cm 
and, therefore, the high field ionic conduction Eq. [5] 
should apply. Parameters  BE and A of the equation 
can be derived from exper imental  polarization curves. 
The exper imenta l ly  accessible parameters  for the two 
systems are compared in Table I. 

The most str iking difference between the polariza- 
tion equations of the two cuprous oxide films is in  the 
pre-exponent ia l  factor, A. As this factor is proport ional  
to the concentrat ion of mobile ionic defects, the differ- 
ence between two electrolyte systems is the concen- 
t rat ion of vacancies. Chloride and other "aggressive" 
anions have long been known to al ter  the resistance to 
corrosion of anodic oxide films, and incorporat ion of 
the anions into the crystal lattice of the film is a 
mechanism proposed to account for the phenomenon.  
If chloride displaces an oxygen ion from the lattice, 
the difference in the valences requires the removal  of 
cation (formation of a vacancy) to main ta in  charge 
neutral i ty .  The chlorate ion might  contr ibute to an in -  
crease in vacancy concentrat ion by the part ial  (non-  
stoichiometric) oxidation of cuprous oxide at the film 
electrolyte interface to form the divalent  ion. Electro- 
neut ra l i ty  requires the formation of a vacancy in  the 
copper sublattice for this mechanism as well. 

For the chlorate system, the large value of A allows 
current  densities of up to 150 A/cm 2 to be achieved 
with moderate field strengths (5 • 105 V/cm) ;  above 
150 A/cm 2, the increased field s trength begins to effect 

Table I. Comparison of parameters of high field ionic conduction 
for cuprous oxide films formed in chlorate and phosphoric acid 

electrolytes 

Cu/C103- Cu/HaPO4 

Fi lm thickness ,  S (era)  10~-10 -4 1.3 (10-7) -1.2 ( 10 .6 ); 
6(10-7)* 

Field strength, E ( V / e m )  10.~-5 x 105 106-107 
Exponen t ia l  t e r m ,  B ( c m / V )  6.8(10 -o) (1.5-14) • 10-6; 

6.8 ( 10 -6) * 
Exponential  term, B E  0.?-3.4 l l t  
Pre-exponential  fac tor ,  A 

(A/e ra  ~ ) 4 2 ( 10 -7 ) 

* Most probable film thickness,  based on ell ipsometric measu re -  
m e n t s  (27). 

? Based on e x p e r i m e n t a l  da ta  us ing  an equa t ion  de r i ved  f r o m  
[5] 

B E  = V p / i ( d V / d i )  l 

w h e r e  Vp is vo l tage  drop through the film and  V is e lec t rode  PO- 
tential  (32). 

destructive breakdown of the films. For the phosphoric 
acid electrolyte, not even current  densities of 10 A / c m  2 
can be achieved below field strengths of approximately 
2.5 • 10 s V/cm, at which level destructive breakdowns 
and stable mixed-electrode processes are encountered 

The high current  density oscillations in  the halide- 
containing electrolytes are apparent ly  the result  of 
dissolution through th in  films at field strengths which 
promote switching ra ther  than destructive breakdown. 

Conclusions 
The anode potential  oscillations in the chlorate elec- 

trolyte are in terpre ted as sequential  periods of film 
growth (by a high field ionic conduction mechanism),  
field collapse (following the onset of resistive switch- 
ing t ransi t ions) ,  and part ial  dissolution and removal  
of film mater ial  (at discrete sites adjacent  to the break-  
down channels) .  A stable electrode state with a con- 
s tant  potential  is inaccessible in this model, because 
of the large differences in  field strengths required for 
the separate processes of film growth and conduction 
through channels,  and because each process acting 
alone results in  conditions favoring the opposite proc- 
ess. 

The role of the chlorate or chloride ion has not been 
firmly established. Comparisons of the dissolution of 
copper in  phosphoric acid and in chlorate electrolytes 
leads to the conclusion that the lat ter  electrolyte pro- 
motes a high concentrat ion of mobile vacancies in  the 
copper sublattice. Consequently, the conductivi ty of 
the film is higher, and dissolution at current  densities 
from 10 to 150 A/cm 2 requires field strengths in the 
range giving rise to resistive switching transit ions as 
opposed to dielectric breakdown. Although this hy-  
pothesis is consistent with the exper imental  results 
obtained, firm proof of its val idi ty will  require more 
detailed knowledge of the effects of chloride ions on 
the properties of growing oxide surface layers. 
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APPENDIX A 

Large-Amplltude Anode Potential Oscillations in Electrolytes 
Containing Halide Ions 

Large-ampl i tude  oscillations in potential  were found 
during the constant  current  dissolution of copper in  a 
number  of mixed electrolytes containing halide ions. 
In  these electrolytes, the range of current  densities 
over which the oscillations were observed was nar -  
rower than in the chlorate electrolyte. Also, the cycles 
tended to lack uni formi ty  of ampli tude and period 
length. Oscillation parameters  are summarized in  Table 
A-I, and sample oscillographs of the more uni form 
oscillations are shown in Fig. A-1 and A-2. 

The anodic dissolution of i ron in  pure sodium chlo- 
rate electrolytes gave rise to uni form oscillations hav-  
ing the same waveform and uni formi ty  as in  the 
copper/chlorate system. 

APPENDIX B 

Ionic Transport and Space Charge in Crystalline Solids 
Fundamental equations of ionic transport.--In crys- 

tal l ine solids, ionic conduction occurs through the 
movement  of charge point defects: anion or cation 
vacancies and interst i t ial  anions or cations. With a 
simple kinetic model, a t ranspor t  equation may be 
derived which expresses the flux of a defect species 
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Table A-I. Large-amplitude anode potential oscillations in 
electrolytes containing halide ions* 

Current Ampll-  
Electrode/  density Period tude 
e lectrolyte  ( A / c m  2) (sec)  (V) Comments 

Cu/SM NaNOs, 
0.11K NaCI 20 0.025 20-25 Irregular waveform 

Cu/2M KNOs, 
0.03M KC1 3.1 0.54 8-10 Nearly  sinusoidal 

wave form 
Cu/2M KNOs, 

1M KI 3.2 0.24 5 Nearly  sinusoidal 
wave form 

Cu/IM I~SO,, 
1M KCI 9 0.33 25-30 Sharp peaks; O= eva. 

lution 
Cu/2.SM HsPO,, 

0.03M NaCI 19.6 0.01 25 
Cu/2M HCI 20 0.088 >50 Spark discharge ob- 

25 0.050 served during dis- 
30 0.032 solution 
35 0.020 
40 0.016 
45 0.021 
60 0.009 

Cu/4M NaOH, 
IM KCI 9.5 0.046 

Fe/SM NaCIOs 19 0.014 

30-50 Continuous Ot evo- 
lution, spark dis. 
charge 

5 Waveform similar to 
Cu/5~vl NaCl0~sys. 
tem.-Ahb'de metal 
was SAE-lbl8 steel  

�9 Investigations conducted by these authors. 

as a funct ion of field s t rength  and cer ta in  phys ica l  
constants.  A simplif ied der iva t ion  is g iven below. De-  
ta i led  der iva t ions  and fu l le r  discussion of t r anspor t  
theory  in solids a re  found in Young [Chap. II,  Ref. 
(33) ] and Dignam (31). 

Fo r  a solid free of any  ex t e rna l l y  appl ied  field, 
charged  defects a re  p ic tured  to diffuse th rough  a 
field of ident ica l  po ten t ia l  energy  ba r r i e r s  of height  W 
and wid th  2a. A defect  wi l l  su rmount  a ba r r i e r  if 
sufficient t he rma l  energy  is acquired.  F rom Bol tzmann 
statist ics,  the  p robab i l i t y  of a defect  possessing a k i -  
netic energy  g rea te r  than  W is p ropor t iona l  to exp 
( - -W/kT) .  When an e lect ros ta t ic  field is app l ied  to 
the  sample  in di rect ion x, the energy  of the defect  wi l l  
be the  sum of t he rma l  energy  and energy  acquired by  
movemen t  in the field. This s i tuat ion gives r ise to a 
skewing  of the  per iodic  po ten t ia l  profile such tha t  
the effective b a r r i e r  height  for  a defect  at  x wi th  
charge q and in a field s t rength  E, wil l  be (W Jr qaE) 
for  diffusion wi th  or agains t  the di rect ion of the  ap-  
p l ied  field. 
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Steel (SAE 1018) 
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(a) 

Fig. A-1. Oscillation waveforms for dissolution of Cu and Fe: cell 
voltage tracings. Current density = 19 A/crn2; stationary electro- 
lyte. (a) Cu/5M NaCIO~; (b) Fe/SM NaCIO~; anode metal, SAE 
1018 steel. 
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Fig. A-2. Oscillation waveforms in halide-containing electrolytes; 
stationary electrolyte; copper anodes. (a) 2M KNO3, 1M KI; 3.2 
A/cm2; (b) 2M KNO3, 0.3 MKCI; 3.1 A/cm2; (c) 5M NaHO3, 0.1M 
NaCI; 20 AJcm2; (d) 4M NaOH, 1M KCI; 9.5 A/cm2; (e) 2.5M 
H3PO4, 0.03M NaCI; 19.6 A/cm 2. 

F r o m  e l emen ta ry  ra te  theory,  the flux in the d i rec-  
t ion of the  field ( increasing x) is given by  (30) 

"~ = 2acv exp (-- (W -- qaE)/kT)  [B- I ]  

The flux agains t  the  field is g iven b y  

~ =  2a(c Jr 2a(dc/dx) )v exp  (-- (W Jr qaE)/kT)  [B-2] 

The net  flux in the d i rec t ion  of the field is 
-t. 4" 

j = 4ac~ exp ( - - W / k T )  s inh (qaE/kT) 

- -  4a2~ (dc /dx )  exp ( -- (W Jr qaE) / kT)  

Hfgh ]eld approxirr~atien.--As shown by  Dignam [p. 
142, Ref. (31)],  the  diffusion t e rm m a y  be neglec ted  
for  space charge  densit ies  less than  about  5 • (109) 
e/cm~ prov ided  qaE/kT ~ 1. Under  these conditions, 
Eq. (B-3) takes  the s imple form 

j = 2ac~ exp  ( - - W / k T )  exp (qaE/kT) [B-4] 

To conver t  the above express ion into uni ts  of A / c m  ~, 
we mul t ip ly  by  the factor,  qF /Na  

I = A exp (qBE) ( A / c m  ~) 

A =_ qc(2avF/Na) exp ( - - W / k T )  

B - a /kT [B-5] 

Despi te  the  s impl ic i ty  of the  model,  the  exponen t ia l  
dependence  of cur ren t  on field s t reng th  is we l l  es tab-  
l i shed by  expe r imen t  wi th  anodic oxide films fo rmed  
on a va r ie ty  of meta ls  (23, 33, 34). 

L IST  OF SYMBOLS 

c 
d 
i 
J 
k 
na 
q 
t 

ac t iva t ion  distance, cm 
concentra t ion  of mobi le  defects,  c m  - 3  
density, g / c m  3 
cur ren t  densi ty,  A / c m  ~- 
ionic flux, cm -2 sea -1 
Bol tzmann constant,  e V / ~  
appa ren t  valence 
charge  number  on mobi le  defect  
t ime, s e e  
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A 
A 

B 

E 
E 
F 
I 
M 
N~ 
q 
Re 
S 
T 
V~, V2, Vp 

W 
W 
P 

area, cm 2 
pre-exponential  factor in Eq. [4] and [5], 
A/cm 2 
coenicient of field strength in Eq. [4] and 
[5], cm/V 
field strength, V/cm 
mean field strength, V/cm 
Faraday constant, C/equiv. 
current, A 
atomic weight, g/g-mole 
Avogadro's number, equiv.-  1 
charge, C 
Reynolds number 
thickness of transpassive film, cm 
absolute temperature, ~ 
active, initial-transpassive, and peak po- 
tentials, V 
activation energy, eV 
weight, g 
characteristic vibration frequency of mo- 
bile lattice effect, sec -1 
oscillation period length, sec 
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The Measurement of pH in Aqueous 
Systems at Elevated Temperatures Using 

Palladium Hydride Electrodes 
Digby D. Macdonald, *.1 Paul R. Wentrcek, and Arthur C. Scott 

SRI International, Materials Research Laboratory, Menlo Park, California g~025 

ABSTRACT 

The use of pa l lad ium hydride electrodes (Pd black on Pd, Pt, and  Au) 
for the measurement  of pH in high tempera ture  aqueous systems (298~176 
is described. The electrodes were cal ibrated against  boric ac id / l i th ium hy-  
droxide buffer solutions, whose pHT vs. t empera ture  profiles have been calcu- 
lated using known dissociation constants for the components. Linear  potent ial  
vs. pH correlations are observed for all  temperatures  studied. However, the 
gradients of the correlations deviate from the predicted Nerns t ian  values. 
Fur thermore,  thermodynamic  analyses of the systems demonstrate  that  a b o v e  
373~ the observed potent ial  deviates significantly from the equi l ib r ium values 
calculated on the supposit ion that  the po ten t ia l -de te rmin ing  reaction is H + 
+ e -  ~ H(Pd,  ~ + ~). Possible reasons for the observed deviat ion f rom ideal  
behavior  are identified. 

A major  obstacle to the s tudy of physiochemical 
processes in aqueous systems at elevated temperatures  
is the lack of a rel iable and general ly  applicable 
method for measur ing  the activity of hydrogen ion 
in  this hostile environment .  Previous studies involving 
precise pH measurements  in high tempera ture  aque-  
ous systems have employed concentrat ion cells with 
t ranspor t  to compare the activity of H + in the solution 
of interest  with that  in a s tandard solution for which 
the pH can be calculated. This technique has been used 
extensively by Mesmer et al. (1-4) and by Macdonald 
and co-workers (5-7) to s tudy various hydrolysis reac- 
tions and t ransport  processes in  high tempera ture  
solution. Al though the technique is very  precise, it 
suffers two restrictive requirements :  First, an  over-  
pressure of hydrogen is required for the proper opera-  
t ion of the cell. Accordingly, the technique is applica- 
ble only to those systems that are stable to reduct ion 
by molecular  hydrogen. Second, due to a lack of rel i-  
able t ranspor t  data for various ions in high tempera-  
ture aqueous solution, it is usual ly  necessary to 
suppress the isothermal l iquid junc t ion  potent ial  be-  
tween the two electrode compartments.  This has been 
accomplished by  use of KC1 as the support ing electro- 
lyte in  both the working and reference compartments,  
a l though it should be noted that t he ' p rob lem of junc-  
t ion potential  is common to most electrometric tech- 
niques for the de terminat ion  of pH. 

In  this paper we describe the use of pa l lad ium hy-  
dride electrodes for the measurement  of pH ( =  -- log 
all+) in  aqueous systems at temperatures  as high as 
275~ Previous work by Dobson and co-workers (8- 
11) on this system has indicated that pa l lad ium hy-  
dride electrodes exhibit  Nerns t ian  pH responses at 
elevated temperatures.  However, their  work was re-  
stricted to highly acidic and highly basic systems, and 
no data were obtained for the technologically impor-  
tant  p H  range from ,--5 to ~13. In  the present  work, 
we have analyzed the pH response of palladized pal la-  
dium, palladized plat inum, and palladized gold elec- 
trodes in various l i th ium hydroxide-boric  acid buffer 
solutions ranging in  pH (25~ between 5 and 13. 

Experimental 
Apparatus.--The high tempera ture  recirculat ing loop 

used for these studies will  be described elsewhere 

* Electrochemical Society Active Member. 
X Present address: Fontana Corrosion Center, Department of 

Metallurgical Engineering, The Ohio State University, Columbus, 
Ohio 43210. 

Key words: pH, acidity measurements,  aqueous solution, ele- 
vated temperatures, palladium hydride electrodes. 

(12). Briefly, t h e  a q u e o u s  s o l u t i o n  w a s  p u m p e d  from a 
reservoir  through a preheater  and into the measur ing 
cell using a positive displacement d iaphragm pump. 
The exit ing solution was hea t -exchanged with the 
input  and then discharged back to the reservoir  via a 
pressure control valve. The pressure in  the circuit w a s  
mainta ined  at 74.3 kPa (1100 psig) to ma in ta in  a 
single (l iquid) phase wi th in  the loop. Both the pre-  
heater and the measurement  cell were thermostated 
with electrical heaters and controllers. Adjus tment  of 
these heaters permit ted  the cell t empera ture  to be 
controlled to wi th in  _ 2 ~  at temperatures  as high as  
548~ (275~ 

Details of the measurement  cell used in  this s tudy 
are shown in  Fig. 1. The solution enters the bottom 
of the cell and passes over the three pH probes that  
protrude into the s t ream from insulated lead-troughs.  
The porous ziconia l iquid junc t ion  of the reference 
electrode is located immedia te ly  downst ream (~0.5 
cm) from the three pH probes. The stainless steel 

:trode 

Type 
Counter 

Thermo 

,e 
a 
n 

~be 
bly /  
ig. 2) 

Type 
Meas~ 

Solution Entrance 

Fig. I. Design of cell used for the measurement of pH in aqueous 
solution at elevated temperatures (25~176 
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counterelectrode is also located in this region so that  
electrolysis products generated at this electrode will 
not interfere with the operation of the pH probes. A 
thermocouple for temperature  control and measure-  
ment  also protrudes into the fluid stream. 

The design of the pH probe assembly is shown in 
detail in Fig. 2. The fine wire pH probes (1 cm long • 
0.0254 cm diam), were sealed between two PTFE 
sleeves that  had been hea t - shrunk  onto a roughened 
central  steel shaft. The shaft was then inserted through 
a s tandard CONAX fitting in the normal  manner.  

The palladium, platinum, and gold pH probes were 
initially cleaned in concentrated nitric acid and were  
then palladized cathodically in acidified PdCl2 solution 
(2 weight percent PdC12 in 1M HC1) at a current  of 
23 mA for 60 sec. Microscopic examination of the sur-  
faces showed that the palladium deposit was highly 
porous and had the characteristic structure of palla-  
dium "black." The probes were cleaned and repalla-  
dized prior to each run. 

A major  problem in any electrochemical s tudy in- 
volving high temperature  aqueous systems is choosing 
a suitable reference electrode as reviewed by Mac- 
donald (13). In this work we have used a pressure- 
balanced external  reference electrode, ra ther  than the 
tradit ionally employed internal  reference electrodes. 
The design of the external reference electrode is shown 
in Fig. 3; details of the construction and operation of 
the electrode have been given recently by Macdonald, 
Scott, and Wentrcek (14). Briefly, the external silver- 
silver chloride electrode (25~ was calibrated against 
an identical internal  electrode in various KC1 solu- 
tions ranging in concentration f rom 0.005 to 0.505M. 
Thermodynamic  analyses then permit ted the evalua-  
tion of the correction parameter  AESHE (T) --  AEobs (T),  
where ~Eobs(T) is the observed potential of fhe pH 
probe vs. the external  reference electrode and 
AEsHE (T) is the corresponding potential vs. the hypo-  
thetical s tandard hydrogen electrode at temperature 
T. Numerical  values for this correction parameter  for 
an internal 0.102M KC1 solution in the reference elec- 
trode were found to be 0.287, 0.237, 0.185, 0.130, 0.069, 
and --0.001V for AT values of 0, 50 ~ 100 ~ 150 ~ 200 ~ 
and 250~ respectively, where hT = T -- 298.15~ 

Method.--At the start of each run, the solution in the 
reservoir was purged with 99.99% nitrogen overnight  
to remove traces of oxygen. After  pressurization and 
steady flow had been achieved, each of the p.H probes 
was charged cathodically at a total current  of 0.8 mA 
(1.6 A/cm 2 apparent  surface area) for various times 
between 5 and 15 rain; for most experiments, how- 
ever, a standard cathodic charging time of 5 rain was 
adopted, except for the Pd (b lack) -Pd  system. In this 
case, the substrate also absorbs hydrogen so that a 
longer charging time of 15 rain was adopted. We also 
found that  brief anodization (15 sec for Pd (black)-Pd,  
5 sec for P d - P t  and Pd -Au  at 0.8 mA) immediately 
after cathodization, or after the potential had decayed 

INSULATED PIN 
CONNECTORS (x3) 

HEAT-SHRINK 
PTFE TUBES 

WIRE pH PROBES / I  PTFE INS~Jx LATION 

: i : i  PP~O/ T CO~~NAX F !  !GT, I ~=~[Z] S SU R / 

/ 
STEEL SUPPORT 

PLATE 

Fig. 2. pH probe assembly 

CONAX FITTING 
WITH TEFLON 

INSERT BLEED VALVE 

TEFLON-COVERED 
SILVER WIRE- 

AgCI ON Ag WIRE SPIRAL ~ 

STAINLESS-- 
STEEL BODY 

BORED-THROUGH 
SWAGE LOK FITTING- 

WITH TEFLON 
FERRULES 

TEFLON INSULATOR 

1/4" ALUMINA TUBE 

CONAX (OR SWAGELOK) 
WITH TEFLON' 

INSERT 

~:LEXIBLE TEFLON TUBE 

KCl S O L U T I O N -  

LIQUID JUNCTION 

Fig. 3. Reference electrode assembly 

to an approximate steady state, f requent ly  reduced the 
response time for the electrode, par t icular ly if anodiza- 
tion was carried out without  delay on interrupt ion of 
cathodic deposition of hydrogen. 

Results and Discussion 
Potential decay.--Typical potential decay curves for 

Pd-Pd,  Pd-Pt ,  and Pd -Au  electrodes in 0.1M LiOH at 
298 ~ and 548~ after cathodization and subsequent 
anodization are shown in Fig. 4. In all cases shown, 
the potential eventually decayed to a steady value that  
was found to be independent  of the brief  anodization 
that  was applied after  the initial decay to the plateau 
observed on cessation of cathodization. However,  the 
decay times were generally much shorter  at 298~ 
than they were at 548~ and the plateau lifetimes 
were much greater  at the lower temperature.  Also, 
plateau lifetimes were found to be dependent on the 
pH of the solution. For example, in 0.1M LiOH at 548~ 
plateau lifetimes of several hours were  observed, 
whereas in 0.1M B(OH)3 the plateaus endured for 
generally less than i hr. 

System composition.--The calibration of pH probes 
for the use in high temperature  aqueous solutions re- 
quires calculation of the composition of the system 
and in part icular  the activity of hydrogen ion at the 
temperature of interest. For  the system B ( O H ) J  
LiOH/H20, the composition of a dilute solution 
(<0.1M) can be calculated by considering the follow- 
ing equilibria 

QB 
B (OH)a + OH-~---- B ( O H 4 ) -  [1] 

QL 
Li + + O H -  ~---LiOH [2] 

Q~v 
H~O ~:m H + + OH- [3] 

where QB, QL, and Qw are the ionic products for re-  
actions [1], [2], and [3], respectively. Thus 
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QB -= MB(OH)4--/MB(oH)3 " MOH- 

QL = MLioH/MLi + " MOH- 

QW = M �9 M o l l -  

I I I I I 

 C '"o"ze A 

Mass and  charge  ba lance  constra ints  p rovide  th ree  
add i t iona l  re la t ionships  

MB(OH)4-- = MOB --  MB(OH)3 [7] 

MLi+ "-- M%i  --  MLiOH [8] 

M ~ MLi+ ,"- MOH- - -  MB(OH)4-- = 0 [9] 

w h e r e  M~ is the to~al mo la l i t y  of e l emen t  x and M is 
the  mola l i ty  of hydrogen  ions in  the  system. F r o m  
Eq. [4] and  [9] we ob ta in  

M 4 -t'- A M  3 Jr BM2 -- CM --  D - -  0 [10] 
where  

A = QW(QL Jr QB) Jr M%i [11] 

B = Qw(QLQBQw Jr M~ --  1 ~- M~ [12] 

C -" Qw(QLQw Jr QBQw Jr M~ [13] 

D = QLQBQw 3 [14] 

Equat ion  [10] was solved i t e ra t ive ly  using the 
Newton-Raphson  technique.  Da ta  for  QB, Qw, and QL 
were  t aken  f rom the  w o r k  of Mesmer ,  Baes, and  
Sweeton  (3),  Sweeton,  Mesmer,  and  Baes (15), and 
Trema ine  (16), respect ively .  The first two quant i t ies  
a re  g iven as funct ions of both  t e m p e r a t u r e  and ionic 
s trength.  Accordingly ,  a double  i t e ra t ive  technique 
about  both  M and I = ~M~Zi 2 (Zi = ionic charge)  

t 
was employed.  Sa t i s fac tory  convergence of both  M and 
I (/~M and h i  per  i t e ra t ion  <0.01%) was gene ra l ly  ob-  
t a ined  in less than  ten i te ra t ions  for  I. Sa t i s fac tory  
convergence was also judged  f rom the va lue  for  the 

Anodized 

Reference  

excess charge,  defined here  as 

Zex ---- ZMiZi/ZMiIZi[ 

I I 

l l l t l  

I 

I 
I 
I 
I 
I 
I ! 

i ~ Cathodized 

l 
548K 

1 E S Anodized 

I I I I I I I 
2 4  0 8 16  24  

Fig. 4. Potential decay curves 
for bimetallic Pd-Pd, Pd-Au, Pd- 
Pt hydride electrodes in 0.1M 
LiOH at 298 ~ and 548~ after 
cathodic deposition of hydrogen 
and subsequent anodization. 
AEobs is the observed potential 
vs. the external Ag/AgCI ,  
0.102M KCI electrode (298~ 
Cathodization and anodizatioa 
parameters are given in the text. 

[4] This quan t i ty  was found to be a lways  less than  10-~, 
t he reby  indica t ing  excel len t  convergence for  the  solu-  

[5] t ion of Eq. [10]. 
[6] The ac t iv i ty  coefficient for  H + was ca lcula ted  using 

Debye -Hucke l  t heo ry  

In 71 "- --AZi~%/-[/(1 Jr Baok/-D [16] 

where  A and B are  the  D e b y e - H u c k e l  coefficients and  
ao is the  so-ca l led  "dis tance of closest approach-"  A 
value  of 4.5 X 10 - s  cm was adopted  for ao in accord-  
ance wi th  the r ecommenda t ion  of Naumov  et al. (17). 
Calcu la ted  ac t iv i ty  coefficients for  un iva len t  ions in  the  
systems employed  are  summar ized  in Table  L Combin-  
ing these da ta  wi th  the ca lcula ted  values  for  the  con- 
cent ra t ion  of hydrogen  ion yie lds  the  pH da ta  sum-  
mar ized  in Table  IL 

The accuracy  of these calculat ions  is difficult to as-  
sess since the input  da ta  (Qw, QL, and QB) were  t aken  
f rom three  different  sources ( two labora tor ies )  and  
complete  s ta t i s t ica l  in fo rmat ion  on the precis ion of 
the  da ta  is not  avai lable .  However ,  the  da ta  for  QB and 
Qw were  ob ta ined  using h igh ly  precise  p H  t i t ra t ions  
employ ing  concentra t ion  cells w i th  t ransference.  F u r -  
thermore ,  e r rors  in the p a r a m e t e r  of lowest  precis ion 
(QL) do not  have a ma jo r  effect on the  computed  va l -  
ues for  M, at  leas t  for  the  r e l a t ive ly  di lute  systems 
( <  0.1M LiOH) of in te res t  here.  F ina l ly ,  the  ca lcu-  
l a ted  and measured  pH values  at  298~ agreed  to w i t h -  
in _ 0.05, and i t  is be l ieved  tha t  this  leve l  of precis ion 
is typ ica l  for  a l l  t empera tu re s  considered.  

Liquid  junc t ion  po t en t i a l s . - -A  complete  t h e r m o d y -  
namic analysis  of the  po ten t iomet r ic  da ta  r epor ted  in 
this paper  requi res  es t imat ion  of the l iquid  junc t ion  
potent ia l  be tween  the in te rna l  KC1 solut ion of the 
reference  e lec t rode  and the B (OH)3 /L iOH/H20  sys tem 
at each composi t ion and t empera tu re .  Formal ly ,  the  
junc t ion  can be rep resen ted  as 

[H +] = M 1  , [H + ] - - M  
[K +] = 0.102 ' [ O H - ]  --  M o l l -  Solut ion 
[ C l - ]  - -  0.102 : [Li  +] - -MLi+ 
[ O H - ]  = M1 , [ B ( O H ) 4 - ]  = MB(OH)4-- 

whe re  M1 is t aken  as k/Qw---; tha t  is the  solut ion in the  
reference  e lec t rode  is assumed to be neutra l .  Accord-  

[15] ing to the  P l a n c k - H e n d e r s o n  theory  (18), the l iquid  
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Table h Single ion activity coefficient for various B (OH)JL iOH/  
H~O systems as a function of temperature and composition 

T (~  

M~ M%l 298 373 473 498 523 548 

0.I - -  0.997 0.995 0.994 0.994 0.993 0.993 
0.01 - -  0.998 0.997 0.996 0.996 0.996 0.995 
0.001 - -  0.999 0 . 9 9 8  0 . 9 9 7  0 . 9 9 7  0 . 9 9 6  0.996 
0.01 0.0001 0.989 0.986 0.981 0.979 0.977 0.974 
0.01 0.001 0.965 0 . 9 5 9  0.944 0 . 9 3 8  0 . 9 3 1  0.922 
0~1 0.01 0.903 0 . 8 8 6  0.848 0.834 0 . 8 1 7  0.795 

- -  0.01 0.904 0.887 0 . 8 4 9  0 . 8 3 5  0 . 8 1 7  0.795 
-- 0.1 0.786 0.752 0.681 0.656 0.626 0.689 

Table II. Calculated pH values for various B(OH)3/LiOH/H20 
systems as a function of temperature and composition 

T ( 'K)  
Moa M~ 298 373 473 498 523 648 

O.1 - -  5.11 4.96 4.99 5.03 5.08 5.15 
O.O1 - -  5.60 5.45 5.41 6.42 5.46 5.49 
0.001 - -  6.10 5.88 5.60 5.57 5.67 5.60 
0.01 0.0001 7.22 6.92 6.83 6.85 6.90 6.99 
0.01 0.001 8.27 7.96 7.86 7.88 7.93 8.02 
0.01 0.01 10.62 9.59 9.06 9.04 9.06 9.14 

- -  0.01 12.00 10.29 9.34 9.27 9.26 9.32 
-- 0.1 13.02 11.83 1 0 . 4 2  10.37 10.38 10.46 

junction potential is given by 

( 2"303RT ) ~ r176 t 

log ~~ i"17] 

where ~ol is the limiting equivalent conductance for 
ion i, and subscripts R and S designate the reference 
electrode and solution side of the junction, respectively. 

Limiting equivalent conductances for the ions of in- 
terest at temperatures to 548~ (275~ were inter- 
polated from the estimated values given by Quist and 
Marshall (19). No data are available for B(OH)4-;  
instead values listed by Quist and Marshall (19) for 
bisulfate ion were assigned to this species. 

Calculated liquid junction potentials for the refer- 
ence electrode/solution interface for various solution 
compositions as a function of temperature are listed in 
Table III. The liquid junction potentials become sig- 
nificant from a practical viewpoint (i.e., Ej > 0.010V) 
only at temperatures above 373~ (100~ particu- 
larly for pure boric acid and pure lithium hydroxide 
solutions. Also, the sign of the liquid junction potential 
changes as the concentration of lithium hydroxide is 
increased. This change in sign reflects a change in the 
dominant charge carrier from H + for boric acid solu- 
tions to OH-  for the alkaline systems. Finally, it 
should be noted that the Planck-Henderson equation 
is derived assuming a uniform variation in concentra- 
tion across the liquid junction. Since no techniques are 
currently available to examine the concentration pro- 
files at the junction, particularly for high temperature 
systems, the values listed in Table III must be regarded 
as approximate only. 

Table II I .  Calculated liquid junction potentials (volts) for the 
reference electrode/solution interface 

T (~ 
M~ M~ 298 373 473 498 523 548 

0.1 
0.01 
0.001 
0.01 
0.01 
0.01 

- -  0,0~4 0.011 0.013 0 . 0 1 6  0o019  0.022 
- -  0.005 0.012 0 . 0 1 4  0 . 0 1 8  0 . 0 2 0  0.024 
- -  0.005 0.013 0,015 0.018 0 . 0 2 1  0.024 

0.0001 0.004 0.009 0.010 0 . 0 1 2  0.014 0.016 
0.001 0.003 0.006 0.007 0 . 0 0 8  0.009 0.011 
0.01 0.0006 0.003 0.001 0,002 0.003 0.004 
0 .01  --0.005 --0.002 --0.001 0 . 0 0 0  0 . 0 0 1  0.002 
0,1 -0.019 -0.017 --0.016 --0.013 --0.012 --0.010 

Potential-pH correZatton~.--Plots of the observed 
potential of the three palladized pH probes corrected 
for the calculated liquid junction potential against 
pH are presented in Fig. 5a and 5b. Correction of the 
observed potentials to the SHE scale using the cali- 
bration factors discussed earlier yields the ESHE -[- Ej 
VS. pHT correlations summarized in Table IV. The 
least squares fits have been performed for each probe 
separately and for the combined set of data for a 
given temperature. The fitting coefficients, which are 
a measure of the success of the linear correlations, are 
also given in Table IV. 

Both the data plotted in Fig. 5a and 5b and the cor- 
relations reported in Table IV demonstrate that the 
plateau potentials observed during desorption of hy- 
drogen from palladium vary linearly with pH over 
the range of acidity considered in this study. Assuming 
that the potential-determining reaction is a one-elec- 
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Table IV. Experimental potential-pH correlations for various 
palladium hydride electrodes as a function of temperature 

AEsHI~ + E.T = a + bpHT 
E l e c t r o d e  N a b r e 

T = 2 9 8 ~  ( 2 5 ~  

P d  o n  P d  7 0.063 - 0,059 0,998 
P d  o n  P t  5 0.138 - 0 . 0 6 7  0.989 
Pd on A u  5 0.123 - 0 . 0 6 5  0,991 
7.* 17 0.106 - 0.064 0.989 

T = 373~ (100"C) 

Pd on Pd 6 0.024 -0.073 0.994 
Pd on Pt 4 -0.006 -0.070 0.995 
Pd o n  A u  4 0,029 -0.072 0.978 
Z 14 0.016 - 0.072 0.988 

T = 473~ (200"0) 

Pd on Pd 8 0.080 - 0.090 0.978 
Pd on Pt 5 0,093 -0.087 0.947 
Pd on A u  6 0.067 -0.090 0.979 
Z 19 0.079 -- 0.090 0.970 

T = 498~  ( 2 2 5 ~  

Pd on Pd 4 0.040 -0.092 0.994 
Pd o n  P t  5 - 0,008 - 0,095 0.980 
Pd o n  A u  5 0,006 - 0 . 0 9 5  0.980 
Z 14 0.015 -- 0.093 0.982 

T = 5 2 3 ~  ( 2 5 0 ~  

P d  o n  P d  5 - 0,031 - 0.095 0.996 
Pd on Pt 4 -0.061 --0.099 0.998 
Pd on Au 4 - 0.021 - 0.094 0.995 
Z 13 -- 0.037 -- 0.096 0.996 

T = 548~ (275~ 

Pd on Pd 5 0.001 -- 0,085 0.999 
Pd o n  P t  3 0.008 - 0.088 1,000 
P d  o n  A u  3 0.027 - 0 . 0 8 5  0.999 
~. 11 0.012 - 0.086 0.999 

* Correlation f o r  t h e  complete data set at each temperature. 

t ron process, then the slope of the ESHE -~ Ej  vs. pH 
correlat ion should be equal  to 2.303 R T / F .  Comparisons 
of the observed and theoret ical  slopes are  g iven in 
Fig. 6. Reasonable agreement  be tween  theory  and ex-  
pe r iment  is observed, except  at 548~ (275~ where  
the difference be tween  the theoret ical  and observed 
slopes is ~20 mV/pH.  This is considered to be wel l  
outside the es t imated er ror  in the exper imenta l  data. 

F rom a pract ical  viewpoint ,  the correlat ions g iven 
in Table IV can be used to measure  the pH of a solu- 
tion at e leva ted  temperatures ,  provided  that  the a p -  

p r o x i m a t e  composit ion is known so that  the l iquid 
junct ion  potent ia l  can be estimated. Reproducibi l i ty  of 
the measured  plateau potentials  f r o m  run  to run  was 
found to be bet ter  than _+10 mV which  indicates that  at 
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Fig. 6. Comparison of the measured dE/dpH values for the 
Pal-Pal (@), Pd-Pt (~ ) ,  and Pd-Au (D)  hydride electrodes and for 
the total data set (A )  with the theoretical value for a one-elec- 
tron equilibrium. 2.303 RT/F (0). 

I 

600 

pH IN A Q U E O U S  S Y S T E M S  1749 

548~ (275~ the pH of the solution can be deter -  
mined to wi thin  _+0.1. This level  of precision is suffi- 
cient for all but  the most accurate  acid-base t i t ra t ion 
work  and is only s l ight ly less than that  avai lable  at 
ambient  t empera tu re  using glass membrane  potent iom- 
e t ry  unless precautions are taken to ensure electrode 
stabil i ty and to compensate  for "a lkal ine  error ."  

T h e r m o d y n a m i c  c o n s i d e r a t i o n s . - - I t  has been sug- 
gested (20) that  the potent ial  of the pa l lad ium hydride 
electrode in aqueous solution is due to the equi l ibr ium 

H + + e ~ - - H  (Pd) [18] 

It is clear, therefore,  that  an unders tanding  of the 
origin of the potent ia l  requires  a br ief  analysis of the 
thermodynamic  propert ies  of the pal ladium hydr ide  
system. 

The phase d iagram for the P d - H  system as given 
by Lewis (21) is shown in Fig. 7. Each isotherm for 
T < 310~ exhibits  a plateau over  which equi l ibr ium 
exists be tween the ~ (solid solution of hydrogen in 

pal ladium) and the ;~ (PdzH, x given by the boundary  
be tween  the ~ + p and ;~ regions) phases. By defini- 
tion, the act ivi ty  of Pd~H is uni ty  so that  the act ivi ty  
of hydrogen in the latt ice in the ~ + ~ region is given 
by 

lnaH,a+~ ---- (#%azH -- X~~ - - - ~ ~  [19] 

where  ~opdzH, ~Opd , are the Gibbs energies per  mole of 
PdzH and Pd, and ~o~ is the s tandard par t ia l  molal  
Gibbs energy for hydrogen in the lattice. These quan-  
tities are functions of t empera tu re  only (at constant 
pressure) ,  so that  the act ivi ty  of hydrogen in the lat-  
tice is fixed for a given value  of T. 

In the present  study, hydrogen was discharged 
cathodically onto the pa l lad ium surface such that  the 
surface of the meta l  attains a composition that  is as-  
sumed to lie well  into the ~ region of the phase dia- 
gram. Fol lowing br ief  anodizat ion that  p resumably  
oxidizes some of the hydrogen f rom the latt ice and 
also oxidizes meta l  impuri t ies  that  may have  been 
electrodeposited during cathodization, the current  is 
in te r rupted  and hydrogen  is a l lowed to desorb spon- 
taneously into the solution (note that  PH2 in solution 
< <  p;~).  Consequently,  the composit ion of the sur-  
face layer  passes through the ~ + ~ region, during 
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which time the potential should remain constant. This 
is precisely what is observed (Fig. 4). 

Previous work (20) has shown that at  298~ the 
potential of the palladium hydride electrode is about 
50 mV more positive than that for the hydrogen elec- 
trode H2(PH2 -- 1 a t m ) / H  + in the same solution. 
In the present work at pH -- 8 this difference is 
found to be ~67 inV. The origin of this difference 
between the palladium hydride and the hydrogen elec- 
trode has been discussed by a number of authors (8- 
11, 20), and it is generally at tr ibuted to the difference 
in the "nature of the potential-determining reaction." 
However, if the pal ladium-hydride electrode were at 
equilibrium, the chemical potential of hydrogen in 
the lattice would be equal to the chemical potential of 
hydrogen in solution. That is, for the equilibrium 

2H(Pd, a + ;~) ~-  H2(p~, solution) [20] 

the activity of hydrogen in the lattice is given by 

In aH,a+;3 = [~~ + RT In p ~ ) / 2  -- ~OH,~+~]/RT 

[21] 

where p~a is the part ial  pressure of hydrogen for the 
appropriate isotherm in the plateau region (see Fig. 
7). Since the potential of the palladium hydride elec- 
trode is given by (see reaction [18]) 

Epd-H = - ( ~ ~  - -  ~ . ~  

- -  (RT/F) lnaH.a+~- (2.303RT/F)pH [22] 

then substitution of Eq. [21] for In aH.~+~ yields 

Epd-H = - -  (~~ - -  ~~ +.soln)/F 
-- (RT/2F) l n p ~ a -  (2.303RT/F)pH [23] 

which is, of course, the expression for the hydrogen 
electrode for a hydrogen part ial  pressure equal to P~a 
(by definition the first term is zero). The important  
point is simply that any meaningful thermodynamic 
comparison between the palladium hydride and hydro-  
gen electrodes must be made at equivalent  hydrogen 
part ial  pressures. 

Data for the equilibrium part ial  pressure of hydro-  
gen in the plateau region of the isotherm for the Pd-H 
system are not in good agreement; indeed, the values 
quoted by various works (21, 22) appear  to be some- 
what dependent on the technique employed for their 
determination. Furthermore,  hysteresis is frequently 
observed between the absorption and desorption iso- 
therms and values for Pa~ (absorption) and p ~  (de- 
sorption) frequently differ by as much as 50%. In the 
present study the plateau potentials were measured 
during desorption of hydrogen from the ~ phase so that 
the analysis given below employs values for P~a as 
quoted by Mueller et al. (22) 

l o g p ~  -~ 4.44698 -- 1835.4/T (0~ < T < 180~ [24] 

log p~= -- 4.602186 -- 1877.82/T (200~ < T < 300~ 

[25] 

Using the data for Pea given above and Eq. [23] with 
our experimental ly determined EPd-H we have cal- 
culated values for the potential difference between the 
palladium hydride electrode and the hydrogen elec- 
trode at equivalent part ial  pressures of hydrogen (p~ )  
at pHI -- 5, 8, and 11, as a function of temperature 
(Fig. 8). For temperatures below 373~ (100~ the 
potential difference is small indicating that the mea- 
sured potentials are consistent with reaction [18] be- 
ing the potential-determining process for the pal-  
ladium hydride electrode. However, at higher tem- 
peratures, the difference is substantial and fur ther-  
more depends on the pH of the medium. 

A number of hypotheses can be advanced to explain 
the apparent  discrepancy between the observed po-  
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tentials and those predicted at equilibrium for the 
palladium hydride system. First, i t  could be argued 
that the potential of the reference electrode deviates 
from that computed in a previous publication (14). 
For this to be so, the potentials for the thermocell 
(298) Ag/AgC1, KCI!KC1, AgC1/Ag(T) and/or  the 
isothermal potential for the cell H2/HC1, AgCl/Ag at 
373~ < T < 548~ would have to be in error  by as 
much as 0.2-0.3V. However, the potentials of both cells 
have been substantiated by a number of workers [see 
Ref. (14) and (23)], so that  we do not believe that this 
is a realistic explanation for the observed behavior. 
Furthermore, this hypothesis does not offer an ex- 
planation for the lack of Nernstian behavior shown in 
Fig. 6 (at least at 548~ the pH dependence of the 
potential deviation shown in Fig. 8. A second hypothesis 
can be advanced to the effect that the brief anodization 
employed after the cathodic deposition of hydrogen re-  
sults in the formation of surface oxide phases, and 
hence the establishment of a mixed potential. How- 
ever, anodization appeared to merely result in a more 
distinct plateau and did not appear to shift the plateau 
potential itself significantly. Finally, it must be recog- 
nized that, overall, the electrode is irreversible in 
that hydrogen is continually being desorbed from the 
palladium lattice. Thus, the potential of an irreversible 
or quasi-reversible electrode is expected to be less 
negative than that  for the reversible system (as ob- 
served), and the difference should become more ap- 
parent as the rate of desorption increases due to in- 
creasing temperature. Clearly, this explanation must 
be regarded as speculative in nature, and it is apparent  
that additional work is required if the potential-de- 
termining processes for the palladium hydride elec- 
trode in aqueous solution at elevated temperatures are 
to be understood. 
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Photoelectrochemical Compatibility of n-WSe  
and n-MoSes with Various Redox Systems 

S. Menezes,* F. J. DiSalvo, and B. Miller* 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Photoelectrochemical reactions at n-WSe~ and n-MoSe~ in several redox 
electrolytes have been resolved into hole transfer and photocorrosion compo- 
nents by hydrodynamically modulated rotating disk and ring disk electrode 
methods. Different n-WSe2 specimens show a range of current-potential be- 
havior, although parallel chemistry, with the better examples exceeding 
n-MoSe2 in photopotential. Both semiconductors show the same selectivity to 
redox couples with optimum photoelectrochemical output in I - / I2  solutions. 
Surfaces exposed to 1-/I2 have catalytic activity for B r -  oxidation. The ro- 
tating disk methods show examples ( I - ,  Fe(CN)6 -4) of efficient solution hole 
transfer, mixed solution oxidation-photocorrosion (Cu (I)-NI-I3, B r - ) ,  and 
photocorrosion (Ti '+3, Fe +~, Ce +3) at these semiconductors. The photopoten- 
tial-current characteristics indicate specific surface interactions strongly mod- 
ify redox potential ordering. 

A limiting problem with regenerative semiconductor- 
liquid junction cells is the extent of the competitive 
photodecomposition of the semiconductor surface. One 
of the more satisfactory efforts at surface stabilization, 
due to Tributsch, involves using transition metal di- 
ehalcogenides in which d-d photoexcitation does not 
break bonds (1). An extensive selection process for 
these compounds considering specific properties, such 
as maximum d-d splitting and smallest metal-metal 
distances, yielded MoS2, WS2, MoSe2, and WSe2 as the 
most promising (1). 

In addition to bandgaps near the optimum for solar 
conversion, increased stability in these materials per- 
mits use of redox systems with more positive potentials. 
Photoelectrochemical cells so far developed are gen- 
erally dependent on specific redox systems for stabili- 
zation (2-5) and are therefore affected by the restric- 
tions of the solutions such as light absorption, toxicity, 
and air sensitivity. A wider range of redox couples 

* E lec t rochemica i  Socie ty  Active  Member.  
K ey  words :  photovol ta ic ,  energy  conversion,  vol tammetry,  semi- 

conductor.  

with less limited properties would be expected to be 
open to inherently more stable semiconductors, if their 
flatband positions are also advantageous. These ma- 
terials also allow investigating the influence of several 
redox systems on a particular semiconductor. 

From photoelectrochemical studies on the transition 
metal diehalcogenides, the most efficient systems re- 
ported so far are based on the n-MoSe2 or n-WSe2/ 
I - / I2  junctions, but the results are very sensitive to 
crystal selection and orientation (6-10). In the present 
work we have examined the photoelectrochemical re- 
actions of n-MoSe2 and n-WSe2 in these and other 
electrolytes for a variety of specimens to gain further 
information on the factors which determine photo- 
efficiency and stability in these systems. 

Successful regenerative operation of a semiconduc- 
tor-liquid junction solar cell requires no net change in 
either the electrolyte composition or the semiconductor 
surface. Thus in an n-type semiconductor, the light 
separated holes should oxidize the solution species 
rather than the crystal surface. The resolution of the 
various reaction paths occurring at photoanodes can 
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be usefu l ly  s tudied  wi th  ro ta t ing  d isk  e lec t rode  (RDE) 
methodology,  pa r t i cu l a r ly  in i ts two extensions of the  
ro ta t ing  r i ng -d i sk  e lect rode (RRDE) technique (11- 
15), and s inusoidal  hyd rodynamic  modula t ion  (SHM) 
at  the RDE (14, 15). The former  provides  quant i t a t ive  
and qual i ta t ive  identif icat ion of the  var ious  reac tan ts  
and products  involved  in photochemical  react ions and 
the l a t t e r  m a y  be used to separa te  solut ion (e.g., re -  
genera t ive  r edox  react ions)  f rom surface processes 
(e.g., photocorros ion) .  We ut i l ize these methods  to 
inves t iga te  compat ib i l i ty  of n-WSe2 and n-MoSe2 wi th  
severa l  r edox  systems. 

Experimental 
WSe2 and MoSe2 crys ta ls  were  g rown by  C12 o r  

TeC14 t r anspor t  a t  t empera tu re s  rang ing  f rom 850 ~ 
1000~ (16). A p p r o x i m a t e l y  0.1 cm 2 disks were  
punched  out  f rom thin  crysta ls  i sola ted f rom as -g rown  
clusters  and  fabr ica ted  into RDE and RRDE (17) using 
s i l ve r - epoxy  for e lec t r ica l  contact. Surface  p r e p a r a -  
t ion or  r enewa l  involved  pee l ing  off the  damaged  and 
d i s rup ted  layers  wi th  an adhesive tape. Surface  or ien-  
ta t ion is • to the C axis (van de r  Waals  p lane  facing 
the e lec t ro ly te ) .  

The RRDE's were  p rov ided  wi th  a P t  r ing wi th  in-  
ner  rad ius  of  0.24 cm and outer  rad ius  of 0.31 cm. 
Ci rcu i t ry  for RRDE v o l t a m m e t r y  and SHM expe r i -  
ments  has been prev ious ly  descr ibed  (17, 18). E lec t ro-  
chemical  exper iments  were  pe r fo rmed  poten t ios ta t -  
i ca l ly  under  an  N2 a tmosphere  in a th ree -e l ec t rode  ceil  
equipped  wi th  an opt ical  flat window. Carbon  rod  
countere lect rodes  were  used wi th  e i ther  a sa tu ra ted  
calomel  e lec t rode  (SCE) o r  ano ther  carbon rod  as 
re ference  electrodes.  The disk was i l l umina ted  wi th  a 
100W tungs ten-ha logen  lamp. Elect rolytes  were  p r e -  
pa red  wi th  reagen t  g rade  chemicals  and t r ip ly  d i s t i l l ed  
water .  Pho tocur ren t  spect ra  were  taken  as before  (19). 

A center  ro ta t ion  speed of 1600 r p m  and scan ra te  of 
5 mV/sec  were  ma in ta ined  in a l l  exper iments  except  
for spect ra  ( s ta t ionary  e lec t rode) .  Peak  to peak  modu-  
la t ion h~l/2 = 2 rpml/2 was super imposed  on the ro ta -  
t ion speed at  a f requency  of 1 Hz in SHM exper iments .  

Results 
RDE voltammetry and photocurrent spectra.--Cur- 

r en t -vo l t age  curves for I - / I 2  solut ion were  recorded 
on severa l  samples  of n -doped  WSe2, wi th  and wi thout  
i l luminat ion.  These crysta ls  genera l ly  showed a nega-  
t ive shif t  in potent ia l  at  open circui t  when i l lumi -  
na ted  (n - type  response)  but  the magni tude  va r ied  and 
tha t  of the currents  a t  different  biases even more  so. 
The cu r ren t -vo l t age  curves of the two samples  shown 
in Fig. 1 i l lus t ra te  the  two ex t remes  of photoresponse 
found in the  n-WSe2 crystals ,  l abe led  Types  I and II. 
The anodic pho tocur ren t  and  open-c i rcu i t  photovol tage  
for the Type  I e lectrodes of k ig. 1 exceeded 24 m A / c m  2 
and 0.6V, respect ively,  under  the  c i rcumstances for  
which  Type  I I  behav ior  inc luded both  n - a n d  p - t y p e  
photocur ren ts  and  as low as 0.1V photovoltage.  Anodic  
da rk  cur ren t  is v i r t ua l l y  nil  in Type  I e lectrodes and 
the cathodic behavior  is essent ia l ly  independent  of i l -  
luminat ion,  as expected for  idea l  n - t y p e  electrodes.  
In t e rmed ia t e  behavior  var ious ly  includes lower  photo-  
cur rents  and photovol tage  than  Type I values,  as wel l  
as more  poor ly  defined steps for mass t ranspor t  l imi ted  
(MTL) react ions (observed when  mi l l imola r  concen- 
t ra t ions  of e lec t roact ive  species were  employed  wi th  
high l ight  f luxes).  A t  some specimens grouped  into 
Type  II, cathodic currents  which  decrease under  i l -  
lumina t ion  (n-d i rec t ion)  were  seen, opposi te  to the  
Fig. 1 Type  II behavior.  

Cur ren t -vo l t age  character is t ics  of different  n-MoSe2 
crys ta ls  under  Fig. 1 condit ions were  a l l  s imi la r  and  
qua l i t a t ive ly  l ike  tha t  of Type  I n-WSe2. The definit ion 
of the anodic steps for solut ion species on n-lYIoSe2 
was gene ra l ly  be t te r  than  that  of  WSe2. However ,  

Augus t  1980 

501 

2C 

10 

0 

-10 

- 2 0  

,~ - 3 0  
E 

- 4.0 

0 

-10 

-20  

- 5 0  

-4( 

T 

- r / y ~  m ~ - -  

-1 0 

ECELL (V) 

Fig. !. Current-voltage characteristics of Type I and II n-WSe2 
in I M  I -  @ 0.25M 12 under illumination ( ) and in dark ( - -  -). 
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potential. 

high da rk  currents  in  the anodic di rect ion for  MoSe2 
were  somet imes observed.  

In  Fig. 1 wi th  bias negat ive  of the  f la tband condition, 
the cathodic cur ren t  step ought  to be l imi ted  by  iodine 
mass t ransfe r  to the disk, unaffected by  light,  as i s t h e  
case for the Type  I sample.  In  this Type  II  specimen 
the step increases on i l luminat ion.  F igure  2 contains 
Levieh plots for a Type  I ( independent  of i l lumina t ion)  
and such a Type  II  e lec t rode  (wi th  and wi thout  i l lumi -  
nat ion)  in the  same iod ine-conta in ing  electrolyte .  The  
iD-W ~/2 traces for  Type  I a re  l inear  wi th  a slope of 45 
~A-rpm-1/2. Wi th  Type II, appa ren t  Levich behavior  is 
st i l l  a t ta ined,  but  the slope increases f rom 18 to 40 
~ A - r p m  -~/2 on i l luminat ion.  The l a t t e r  va lue  is in ac-  
cord wi th  tha t  of the Type  I electrode,  wi th in  exper i -  
men ta l  e lec t rode  geomet ry  matching.  

The pho toeur ren t  spec t ra  of Types  I and  I I  n-WSe2 
in 1M iodide solut ion are  shown in Fig. 3 [NIoSe2 spec-  
t ra  a re  ava i lab le  e l sewhere  (6)] .  Type  I has a normal  
response near  the bandedge  whereas  phase shifts and  
oscil lat ions occur in tha t  region for Type  II, and  the 
output  and sign above 850 nm are  phase  set t ing de-  
pendent.  The apparen t  bandgap  is o therwise  the  same 
for both  types,  1.4 eV, in ag reemen t  wi th  o ther  m e a -  
surements  (20). 

RRDE and SHM Measurements .~RRDE data  on 
these mate r ia l s  have not prev ious ly  been given. We 
presen t  studies on n-MoSe2, which resembles  Type  I 
WSe2, and on Type II  WSe2, as represen ta t ive  of the 
range  of chemical  behavior  that  was encountered.  

Redox processes in I - / I 2  solut ion at  an i l lumina ted  
MoSe2 disk wi th  P t  r ing  are  d i sp layed  in Fig. 4 for  the  
disk potent ia l  range  of --0.3 to +0.2V vs. SCE. Two 
separa te  scans wi th  different  fixed r ing  potent ials ,  ER + 
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Fig. 3. Photocurrent spectrum under short-circuit conditions of 
Type I ( - - - )  and Type II ( �9 ) n-WSe2 in 1M I - .  

and  ER-,  adjusted to oxidize I -  and reduce I~, respec- 
tively, at MTL rates were used to construct  the figure; 
the disk trace is reproducible.  The disk and r ing cur-  
rents are iD and iR + and iR-, the lat ter  corresponding to 
Ea + and  E a - ,  respectively. Disk oxidation of I -  to 
Is causes an  increase in  i a - ,  Aia-, and a concommitant  
decrease in  iR +, A/a +, as measured from the r ing val -  
ues at zero disk current  and at  the r ing  current  
plateaus at the positive ext reme of the disk scan. In  a 
similar  fashion the changes in  r ing currents  due to the 
cathodic reduct ion of iodine at the disk can be derived 
from the figure. In  either anodic or cathodic case the 
disk cur ren t  corresponding to the r ing flux change is 
related by the collection efficiency, N (21). Since a 
conventional ,  perfectly circular, and concentric RRDE 

E 
v 

o 

0.5 

-0.~ 

% 
\ 

\ 
. +  

\ \ I R  
\ 

ID 

N 
\ 

\ 
\ 

\ 

I I 
- 0.2 0 0,2 

E,v VSSCE 

t 
0.4 

0 . 3  

E 
E 

o 

-0.t 

Fig. 4. Disk current iD, ring oxidation IR +,  and ring reduction 
i a - ,  for MoSe2 disk potential scan in 2 mM I -  -]- 0.5 mM 12 -J- 
acetate buffer (pH 5) under illumination. ER + = 0.6V and ER-  = 
O.OV vs. SCE. 

was difficult to fabricate f rom the punched out disks of 
the layered crystals, N cannot  be accurately calculated. 
This factor was in te rna l ly  cal ibrated from the disk 
cathodic branch  of the plot which was assumed to be 
totally due to iodine reduction. 

Ring and disk current  data from Fig. 4 are tabula ted  
in  the MoSe2 column in  Table L The four values for N 
obtained from each of the AiR + and AiR- pairs for the 
cathodic and anodic disk processes are identical  and 
verify that  the photoassisted oxidation of I -  at MoSe2 
proceeds quant i ta t ive ly  wi th in  the accuracy limits, 
estimated as ___0.02 in  N. 

Analogous experiments  with a Type II  WSe2 d isk-Pt  
r ing  electrode are displayed in  Fig. 5 and the WSe2 
column in  Table I. Because the waves are less well  de- 
fined, the potential  scale is wider  than  in  Fig. 4. The 
d i s k  current  shows an inflection consonant  wi th  a 
t ransport  l imited current  for I -  oxidation, and then  
increases sharply. The r ing in  either moni tor ing mode 
tracks the I - / I 2  disk processes up to the inflection in  
iD in  a manner ,  from Fig. 5 and the Table  I calcula- 
tions, which leads to conclusions paral lel  to those given 
for MoSes. During the sharp increase in  anodic cur-  
r en t  at  the positive extremes of the disk scan, the 
levels of iR + and iR-- remain  unchanged,  thus imply-  
ing that  the addit ional  disk current  arises from surface 
processes occurring s imultaneously  with iodide oxida- 
tion. [Oxygen evolution would not be detected at the 
cathodic r ing because of iodide poisoning of its reduc-  
t ion at Pt  surfaces bu t  there is no visible gassing or 
other evidence (1) for such occurring.] It  is to be 

Table I 

MoSe= WSe= 

I-  I2 I -  I2 
iv, m A  0.33 0.12 0.70 0.20 
AiR +, mA 0,09 0.03 0.17 0.05 
AIR-, m A  0.08 0.03 0.20 0.06 
N + 0.27 0.25 0.24 0.25 
N -  0.24 0.25 0.28 0.30 
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noted tha t  the  appa ren t  compl ica t ion  in the  WSe2 
Type II  case of l ight  sens i t iv i ty  in both direct ions (Fig. 
1) wi l l  not  affect the  r ing  ca l ibra t ion  for  N since the  
mechanis t ic  or igin of I -  cathodic genera t ion  does not 
a l te r  the r ing  collection character is t ics  as long as the 
only  flux changing process at  the disk is iodine reduc-  
t ion at  100% cur ren t  efficiency. 

F u r t h e r  da ta  to dis t inguish among the processes oc- 
cur r ing  in the  WSe2 and  MoSe2 e lect rodes  in I - / I 2  
solut ion was ob ta ined  wi th  s inusoidal  hyd rodynamic  
modula t ion  at  the  respect ive  disk electrodes in Fig. 6. 
F o r  the  WSe2 e lec t rode  the  modu la t ed  cur ren t  corn- 

-it-2 w s e l ~  / .z,,~ .iD / "7 

/ /  0.1 rnA Cr~Z, A i~  " ' ' "  / 0.1 rn~A crUZ, Ai~ - " " "  

J I l 
0 0.2 0.4 

E,v v$ SCE 

Fig. 6. Average current iD ( ) and modulated current Ai~, 
( - - - ) ,  for potential scan in 5 mM I -  -F 0.5 mM 12 ~ acetate 
buffer for WSe2 and MoSe2. Rotation speed of 1600 rpm, A~1/2 = 
2 rpm x/~, modulation frequency of 1 Hz. 

ponent,  Ai~, wave  shape resembles  tha t  of the  r ing  
responses in Fig. 5 in tha t  i t  does not  drop to zero l e v e l  
in the photocorros ion region as long as the  to ta l  cur -  
rent,  iD, is not  l imi ted  by  photon  flux (15) ; s l ight  de -  
crease in Ai~ at  posi t ive potent ia ls  occurs as the  disk 
cur ren t  approaches  l ight  flux control.  (The difference 
in the  potent ia ls  for  the Fig. 5 and 6 t ransi t ions arises 
from the use of a Type  I c rys ta l  in the  la t ter . )  In  these 
systems, noise and spurious responses at  center  speed 
re la ted  frequencies,  caused b y  the imper fec t  c i rcular  
s y m m e t r y  of the disks ro ta t ing  in a pa r t i a l l y  focused 
beam, are  of more  than  usual  significance. The MoSe2 
resul ts  are, however ,  closer to mass t ransfer  control  
theory  for  which  the Fig. 6 iD and ~i~ • ~1/2/h~1/2 t races 
would  be coincident,  wi th in  the smal l  f requency  effects 
(22) and electronic gain er rors  (18) which  reduce the 
modula ted  par t  of the signal  by  about  5%. 

Poten t ia l  scan der ived  plots  of iD and Ai~ in Fig. 7 
f rom n-MoSe2 and WSe2 disks in B r - / B r ~  solut ion 
show the expected behavior  for the da rk  Br2 reduct ion  
(wel l -def ined waves)  bu t  an  absence of anodic SHM 
response unt i l  high levels of total  d isk  current ,  iD. The 
anodic disk cu r ren t  shows no p la teau  for  e i ther  semi-  
conductor  and mus t  be dominated  by  surface corrosion 
above 0.4V. Al though  the anodic hi~ response is in i -  
t ia l ly  nil, i t  becomes ev ident  posi t ive of corrosion cur -  
ren t  appearance.  Its magni tude ,  however ,  is much less 
than  tha t  seen for comparab le  iodide concentrations.  A 
s l ight ly  n a r r o w e r  potent ia l  region of no SHM response 
is obta ined wi th  MoSe2 under  the same conditions, but  
corrosion is st i l l  the dominan t  process for the  l a t t e r  
a t  any  significant anodic current .  Modula ted  response 
at  both  electrodes at  the high anodic cur ren t  appears  
not to be an art ifact ,  as i t  is found expe r imen ta l l y  to 
be a l inear  funct ion of h~l/2 at  the  anodic SHM plateau.  
Addi t iona l  confirmation tha t  pa r t  of the disk cur ren t  
at  MoSe2 proceeds to B r -  ox ida t ion  was p rov ided  by  
RRDE exper iments  of Fig. 8 pa ra l l e l  to the one shown 
in Fig. 4. The r ing traces in the B r -  case of Fig. 8 are  
s imi lar  to those for  iodide in te rms of the i r  indicat ions 
of ha l ide /ha logen  flux change dur ing  the cathodic and 
anodic steps. The addi t iona l  d isk  cur ren t  component  
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T -l. -- V.._. QSmA cm, I D / / /  - - I  

1 t  

o J . ,  �9 mAcm,A,~ / i ~  

I 1 I 1 I I 
- 0 . 2  0 0.2 0.4 0.6 
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Fig. 7. SHM experiment of Fig. 5 at WSe2 and MoSe2 in 2 mM 
Br- ~ 0.5 mM Br2 -1- acetate buffer. 
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at  posi t ive  potent ia ls  is not  accounted for  b y  the b ro -  
mide  oxida t ion  and  thus is a t t r i bu ted  to surface cor-  
rosion. 

The  power  ou tput  character is t ics  of the  n-MoSes-  
I - / I 2  based  cell  have  been ascr ibed  to specific i n t e r -  
ac t ion be tween  these solut ion species and the MoSe2 
surface  layers  (6). To test  whe the r  such effects can 
be used to ac t ivate  the  surface for  o ther  reactions,  an 
MoSe2 e lec t rode  was in i t i a l ly  cycled in I - / I s  solut ion 
and  the  Fig. 7 scans repeated .  The  resul t  is shown in 
Fig. 9. The iodide or  iodine species adsorbed  by  n-  
MoSe2 are  st i l l  effective in B r -  solut ion as seen by  the 
d is t inc t ly  improved  B r -  oxida t ion  step and its sepa-  
ra t ion  f rom the surface  photocorrosion.  That  the cur -  
ren t  in the  region 0-0.2V is due to B r -  and  not  ad -  
sorbed I -  oxida t ion  is shown b y  the SHM response 
and  the  fact  tha t  the  cu r ren t  can be ma in ta ined  for  
p ro longed  per iods  of t ime. However ,  scanning the elec-  
t rode  poten t ia l  posi t ive  of the  poin t  of act ive corrosion 
des t roys  the  cata lys is  due to the  I - / I 2  exposure,  as 
ind ica ted  by  a r ap id  decrease  in SHM response above 
O.4V vs. SCE in Fig. 9, not  here  due to photon  flux 
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Fig. 9. Experiment of Fig. 7 at MoSe~ predipped in I - / 1~  solution 

control.  The  ca ta ly t ic  p roper t ies  a re  comple te ly  lost  
a f te r  a few Fig. 9 scans (behav ior  rever t s  to tha t  of 
Fig. 7) and  can only be recovered  b y  another  i m m e r -  
sion into I - / I s  so lu t ion .  

F igure  10 shows iD and ~i~ plots  as  a funct ion o f  
l i nea r ly  scanned disk potent ia l  at  n-WSe.~ and n-MoSe2 
in an  acidified Fe (CN )6  -4  solution. The scaled SHM 
cur ren t  fol lows the to ta l  cu r ren t  wave  in the  mass 
t ransfe r  cont ro l led  region and continues unchanged  
dur ing  the corrosion process at  the sharp  r ise in iD, 
un t i l  the  l ight  l imi ted  cur ren t  reg ion  is approached  in 
both  cases. The onset of pho tocur ren t  is a t  a more  posi -  
t ive potent ia l  ,for MoSes. S imi l a r  data,  not  shown, a re  
ob ta ined  for  the redox  sys tem C u ( I ) - C u ( I D - N H 3  at  
these electrodes.  

The resul ts  wi th  three  o ther  redox couples in acid 
solution, Ti  ( I I I )  -Ti  ( IV) ,  Fe  (II)  -Fe  ( I I I ) ,  and  Ce ( I I I ) -  
Ce ( IV) ,  were  c lear ly  different  f rom those above. No 
evidence of Ti (III)  or  Fe  (II)  ox ida t ion  at  n-WSe~ was 
detected f rom SHM behavior ,  a l though such reac t ion  
was repor ted  for  p-WSe2 (23). Cathodic  reduct ion  of 
Fe  (III)  gives the expec ted  MTL cur ren t  s tep and SH1VI 
response, whereas  no anodic cu r ren t  appears  unt i l  
photocorrosion occurs. Large  photocur ren ts  and  open-  
c i rcui t  photovol tage  are  observed  wi th  the C e ( I I I ) -  
Ce (IV) couple at n-WSes,  but  no SHM response could 
be  ex t rac ted  on the anodic side indica t ing  tha t  the  cu r -  
ren t  was due to corrosion. In  tha t  case a d a r k  open-  
circui t  vol tage exists,  a l r e a dy  reflecting a mixed  cor-  
rosion process. 

Redox potentials and photovoltages.--The re la t ion  
of redox  potent ia ls  to photovol tages  in the above 
acid systems was invest igated.  A h igher  concen- 
t ra t ion  (up to 1M) of redox  species than  in SHM 
exper iments  ( low mi l l imola r )  was used. A set of four  
crysta ls  each of n-WSe2 and n-MoSe2 were  employed  
to average  the cell  potent ials .  The photopotent ia ls ,  
Eceu, are  p lo t ted  vs. the  measu red  redox  potent ia ls  a t  
a carbon electrode.  No d a r k  potent ia ls  were  observed  
in any of the  solutions outs ide of C e ( I I I ) - C e ( I V ) ,  
which  had about  0.15V. 

The photopoten t ia l  plot  in Fig. 11 is obvious ly  n o t  
a smooth funct ion of redox  potent ials ,  but  the  d i rec t ion  
of scat ter  is consistent  for  bo th  semiconductors ,  and  
suggests o ther  sys temat ic  factors are  of influence. To 
examine  this more  closely, cu r r en t -vo l t age  curves wi th  
n-WSe2 and MoSe~ in a l l  these redox  systems under  
i l lumina t ion  are  shown in Fig. 12 and 13, respect ively .  
(The slopes of the ind iv idua l  curves r e f l ec t  the ap-  

i . . . . - - / - - / 
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Fig. 10. Modulation experiments as in Fig. 6 in 10 mM Fe(CN)6 - 4  
-f- 1M HCIO4. 
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Fig. 11. Cell voltage under illumination at WSe2(e) and 
MoSe2(O) in (1) Cu(I)-Cu(II)-NH3, (2) T i+3/+4(1M HCI), (3) 
I - / I s ,  (4) Fe(CN)6 - 3 / - 4  (pH 5), (5) Fe+2/+3(1M H2S04), (6) 
Br-/Br2, and (7) Ce+81+4(1M H2S04). 
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Fig. 19. Current voltage curves at WSe2 in redox solutions of 
Fig. 11. 
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Fig. 13. Experiment of Fig. 12 at MoSes 

pa ren t  resistance,  charge  t ransfer ,  and  otherwise,  of 
the  pa r t i cu la r  samples  selected and are  not  impor t an t  
for  the p resen t  purpose.)  If  the  onset of the photocur-  
r en t  is an approx ima te  measure  of the f la tband poten-  
t ia l  and contr ibut ions  of surface s tates  thus ignored,  
the  shift  to most  negat ive  onset  potent ia ls  is observed 
for  the  1-/12 redox  couple, in agreement  wi th  the  h igh  
photovol tage  in Fig. 11 and the o ther  except ional  be-  
hav io r  ea r l i e r  noted for  this system. Correspondingly  
smal le r  shifts were  observed in Fe  (CN) 6 -8 / -4 ,  Cu (I) - 

Cu (II)-NH~, and  B r 2 / B r -  solutions, a l l  of which  a r e  
less r ead i ly  oxidizable  to the  ex ten t  ea r l i e r  ind ica ted  
by  the respect ive  SHM and RRDE results .  

Anodic  cur ren t  for  the  T i ( I I I ) ,  F e ( I I ) ,  and  Ce( I I I )  
ions is essent ia l ly  absent  in  the poten t ia l  range  of 
--0.4-0.4V vs. SCE. A sharp  r ise in cur ren t  is common 
to a l l  three  at  essent ia l ly  the  same potent ia l  when  the 
semiconductor  corrosion ac t ive ly  proceeds.  This is con- 
s is tent  wi th  SHM resul ts  where  modula ted  cur ren t  
output  was detected only  for the ( l ight  or da rk )  ca th-  
odic processes of F e ( I I I )  and  Ce( IV) .  

Discussion and Conclusions 
In genera l  this examina t ion  of a range  of n-WSes  

and n-MoSe2 samples  suggests tha t  c rys ta l  surface 
qua l i ty  de te rmines  the  quant i t a t ive  cu r ren t -vo l t age  
character is t ics  bu t  not  the  fundamen ta l  occurrence of 
g iven e lec t rochemical  processes. For  example ,  our  data  
show tha t  pho to -ox ida t ion  of I -  proceeds in an iden -  
t ica l  manner  at  both  Type  I and  Type  I I  WSe2. Thus 
phys ica l  imperfect ions  of Type  II  crystals  which  l imi t  
the i r  power  convers ion outputs  do not  a l t e r  the  a t t a in -  
able  in ter fac ia l  chemical  react ions but  r a the r  the  po-  
tent ia ls  at  which they  occur at  g iven rates.  

F r o m  the RRDE and SHM da ta  for  WSes and MoSes 
in the seven redox  couples invest igated,  the  vo l t am-  
met r ic  character is t ics  can be classified into regions  of 
potent ia l  domina ted  by  the fol lowing:  

(a) Cathodic  MTL reduct ion  wave  

(b)  Anodic  MTL oxida t ion  wave  

(c) Anodic  MTL oxida t ion  and surface corrosion, in 
p a r a l l e l  

(d) Surface  corrosion 

The sequence a - b - c  has been  quan t i t a t ive ly  identif ied 
for  the systems I - / I 2 ,  F e ( C N ) e  - ~ / - 4  and I -  sur face-  
c a t a lyz e d -Br - /B r2 .  In  the cases of B r - / B r s  and 
C u ( I ) - C u ( I I ) - N H 3 ,  the react ions bas ica l ly  proceed 
f rom a to c since, for the  first, no MTL oxida t ion  step 
and, for the second, only  pa r t i a l  separa t ion  of such a 
s tep were  observed.  Fo r  the  three  mu l t i va l en t  cations 
on ly  d is de tec tab le  in the  anodic region.  

:Figure 6 shows a dis t inct  pho to -ox ida t ion  s tep a in 
I - / I 2  before  the  onset  of corrosion. The wider  region  
of s tab i l i ty  is consistent  wi th  i ts cor re la t ion  to the  
most  negat ive  cur ren t  onset  potent ia l  shift,  as es t imate  
of f la tband position, observed  in Fig. 11-13, as we l l  as 
the op t imum photoconvers ion character is t ics  observed  
wi th  this sys tem for both  semiconductors .  

RRDE and SHM response at  posi t ive  potent ia ls  in 
Fig. 5 and 6 i l lus t ra te  tha t  pho to -ox ida t ion  and corro-  
sion can occur compet i t ive ly  and concurrent  surface 
dissolution of the e lect rode does not  necessar i ly  sup-  
press  i ts role  in the  hole t r ans fe r  process even a t  h igh 
re la t ive  levels of corrosion. This f ea tu re  complements  
the foregoing observat ions  tha t  d i f fus ion-control led 
pho to -ox ida t ion  of I -  can s t i l l  occur a t  Type  I I  s am-  
ples. 

The redox  potent ia ls  of B r - / B r 2  appear  too posi-  
t ive to res t ra in  photocorros ion in  the absence of a 
specific surface  in terac t ion  reflected in  a l a rge  negat ive  
f la tband shift. Thus iD-ED curves of Fig. 7 and 8 show 
no dif fus ion- l imited wave  for  ox ida t i on  of B r - .  Modu-  
la t ion and r ing  cur ren t  response resemble  the  processes 
occurr ing posi t ive of decomposi t ion ( indica ted  by  the 
sharp  rise in iD) in Fig. 5 and 6, whe re  surface corro-  
sion and oxida t ion  of I -  proceed s imultaneously.  

However ,  Fig. 9 shows tha t  i t  is possible  to a t t a in  
wel l -def ined  separa t ion  of solut ion and surface proc-  
esses in B r - / B r 2  when  the surface has been exposed to 
I - / I 2  and has acqui red  the f la tband shif t  charac te r i s t ic  
of tha t  medium.  The loss of this ac t iv i ty  a f te r  forced  
surface corrosion indicates  tha t  only  surface layers  
undergo changes, poss ibly  by  I -  adsorpt ion  on Mo at  
the more  react ive  exposed edges (6). 
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Specific surface interaction can also occur in the 
larger, mult iply charged Fe(CN)6 -3/ -4  ions which 
have redox potential close to that  of the I - / I 2  couple, 
and also a well-defined oxidation step, but less of a 
flatband potential shift at the solar equivalent levels 
investigated here. 

Absence of photo-oxidation and fiatband shifts in 
T i ( I I I ) -T i ( IV) ,  Fe ( I I ) -Fe ( I I ' I ) ,  and Ce( I I I ) -Ce( IV)  
suggest that  these mult ivalent  cations do not part ici-  
pate in any type of complex formation or intercalation 
with either W or Mo selenides. In the case of the 
Cu( I ) -Cu( I I ) -NH3 couple, which is as negative in 
potential vs. SCE as T i ( I I I ) - T i ( I V ) ,  but in alkaline 
medium, oxidation occurs at both WSe2 and MoSes. 
However, the low photoactivity and nearly degenerate 
behavior of WSe2 and MoSe2, respectively, with this 
system implies that  band bending is minimal with 
either crystal. Therefore the redox potential must be 
nearly coincident with the fiatband level of MoSes and 
only slightly positive of that  of wses .  

It is well  understood that 100% current efficiency 
for solution process b is essential for regenerative 
operation of a power conversion cell. Evidence of sub- 
stantial photovoltages or photocurrents is of course 
possible with mixed corrosion/oxidation or exclusively 
corrosion. The overall  corrosion reaction at MoSe2 (as 
WSe~) probably occurs via 

hv 
MoSe2 -t- 6HsO -t- 14h + ----> Mo(VI) W 2SeO8 -~" -{- 12H + 

or other closely related multiple electron reactions 
which involve passage of a large number of coulombs 
before signs of crystal deterioration are evident (6, 7). 
Stabil i ty over long periods observed at MoSe2 in redox 
systems such as Br - /Br2  may be misleading as the 
RDE methodologies show; 100% current efficiency in 
the uncatalyzed surface condition is unlikely. 

Negative potential  shifts of anodic current onset 
have been observed with the three anions investigated 
but the location of Br - /Br2  bandedges is not suffi- 
ciently favorable. The flatband shifts in I - / I 2  and 
Fe(CN)6 -3 / -4  are large enough to produce a distinct 
oxidation wave before the onset of corrosion. Cell re-  
sponse curves with I - / I s ,  however show definite su- 
periori ty to Fe(CN)6 -3 / -4  for power conversion effi- 
ciencies. 

Al l  experimental  results indicate that  semiconduc- 
tor-electrolyte interracial chemistry is similar for 
MoSe2 and WSes. Two differences between the semi- 
conductors are (i) negative potential shift of about 
0.15V for WSe2 relative to MoSes under similar con- 
ditions, and (ii) voltammetric curves with steeper 
slopes and higher dark currents for MoSe2. The former 
is consistent for all the redox couples investigated and 
implies that the conduction bandedges in WSe2 are 
situated higher (negative) than MoSe2. The second 
feature may relate to doping levels and morphological 
differences not well enough known in the individual 
exposed surfaces. 

Photoelectrochemical performance of W and Mo di- 
chalcogenides has already been shown to depend on 
the orientation of the crystal surface (8-10); rates of 
electron transfer vary  for surfaces [[ and j_ to the C- 
axis. Exposed edges have surface states that  provide 
recombination sites for minority carriers and reduce 
photoresponse. The range of photoactivity observed at 
WSe2 specimens (8) of the same origin as those ex- 
amined here can be correlated to surface morphology 
of the crystals. The extent of Type II character is 
probably dependent on the fraction of the surface com- 
prising exposed edges as opposed to the smooth van der 
Waals surfaces which ought to exhibit  Type I behavior. 

Surface orientation, however, does not account for 
the p and n character of Type II samples. To interpret  
these results we assume that inhomogeneous doping 
and occlusions (24), originating from the arb i t ra ry  
growth process, result  in crystals with p conducting 
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areas interspread on an surface with dimensions ~-- dif- 
fusion layer  thickness. In the absence of illumination, 
the p areas of the electrode are inactive under cathodic 
bias. Cathodic current contribution to the diffusion 
limited I2 reduction is exclusively from the n area 
with w 1/~ dependence still dominant (25). Il lumination 
photoactivates the p areas and the entire surface of the 
electrode then participates in the reduction process, 
yielding the expected geometric area diffusion-con- 
trolled currents. The lat ter  is confirmed by Fig. 2 
where the value of Levich slope at a Type II  crystal 
under illumination, about twice as much as in the 
dark, is equivalent to that of a Type I crystal of com- 
parable area. 

Crystals with both types of carriers in low concen- 
tration have been found among natural ly  occurring 
MoS2 samples (26). In the present synthetic procedure, 
the transport  agent used empirically determines the 
carrier type (16), along with the stoichiometry of 
W(Mo) and Se. Although it may be possible to alter 
growth of n-WSe2 to more reproducible Type I be- 
havior of wafer segments, it is difficult to conceive of 
also attaining high area coverage quali ty electrodes 
for the purpose of solar conversion with these mate-  
rials. 

Manuscript submitted Feb. 4, 1980; revised manu-  
script received March 15, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1981 
JOURNAL. All discussions for the June 1981 Discussion 
Section should be submitted by Feb. 1, 1981. 

Publication costs oi this article were assisted by 
Bell Laboratories. 

REFERENCES 
1. H. Tributsch, Z. Natur$orsch., Tell. A, 32, 972 

(1977). 
2. A. B. Ellis, S. W. Kaiser, and M. S. Wrighton, 

J. Am. Chem. Soc., 98, 1645 (1976). 
3. K. C. Chang, A. Heller, B. Schwartz, S. Menezes, 

and B. Miller, Science, 196, 1097 (1977). 
4. A. Heller, G. P. Schwartz, R. A. Vadimsky, S. 

Menezes, and B. Miller, This Journal, 125, 1156 
(1978). 

5. G. Hodes, J. Manassen, and D. Cahen, Nature 
(London), 261, 403 (1976). 

6. H. Tributsch, Bet. Bunsenges. Phys. Chem., 8~, 
169 (1978). 

7. J. Gobrecht, H. Tributsch, and H. Gerischer, This 
Journal, 125, 2085 (1978). 

8. H. J. Lewerenz, A. Heller, and F. J. DiSalvo, J. 
Am. Chem. Soc., 102, 1817 (1980). 

9. S. M. Ahmed and H. Gerischer, Electrochim. Acta, 
24, 705 (1979). 

10. W. Kautek, H. Gerischer, and H. Tributsch, Bet. 
Bunsenges. Phys. Chem., 83, 1000 (1979). 

11. A. Fujishima, E. Sugiyama, and K. Honda, Bull 
Chem. Soc. Jpn., 44, 304 (1971). 

12. T. inone, T. Watanabe, A. Fujushima, K. Honda, 
and K. Kohayakawa, This Journal, 124, 719 
(1977). 

13. R. Memming, Bet. Bunsenges. Phys. Chem., 81, 
732 (1977). 

14. B. Miller, S. Menezes, and A. Heller, in "Semicon- 
ductor Liquid Junction Solar Cells," A. Heller, 
Editor, p. 186, The Electrochemical Society Soft- 
bound Proceedings Series, Princeton, N.J. (1977). 

15. B. Miller, S. Menezes, and A. Heller, This Journal, 
126, 1483 (1979). 

16. H. Schafer, in "Chemical Transport Reactions," 
p. 57, Academic Press, New York (1964). 

17. B. Miller, This Journal, 116, 1117 (1969). 
18. B. Miller and S. Bruckenstein, Anal. Chem., 46, 

2020 (1974). 
19. A. Heller, K. C. Chang, and B. Miller, This Journal, 

124, 1019 (1977). 
20. L. C. Upadhyayula, J. J. Loferski, A. Wold, W. 

Giriat, and R. Kershaw, J. Appl. Phys., 39, 4736 
(1968). 

21. W. J. Albery and S. Bruckenstein, Trans. Faraday 
Soc., 62, 1920 (1966). 

22. K. Tokuda, S. Bruckenstein, and B. Miller, This 
Journal, 122, 1316 (1975). 



1758 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIE N CE  A N D  T E C H N O L O G Y  August 1980 

23. J. Gobrecht ,  H. Gerischer,  and H. Tributsch,  Bet, 
Bunsenges. Phys. Chem., 82, 1331 (1973). 

24. W. D. Sproul  and  M. H. Richman, Appl. Phys. Lett., 
23, 460 (1973). 

25. J. Landsberg  and R. Thiele,  Electrochim. Acta, 
11, 1243 (1966). 

26. H. Tr ibutsch and J. C. Bennett ,  J. Electroanal. 
Chem. Interracial Electrochem., 81, 97 (1977). 

A Determination of the Oxygen-Content of 
Platinum-Oxygen Alloys 

James P. Hoare 
General Motors Research Laboratories, Electrochemistry Department, Warren, Michigan 48090 

ABSTRACT 

Samples of Pt (99.97% pure) foil were converted to a Pt-O alloy either by 
anodizing at 16 ntA/cm 2 (,~2.0V) in 1IV[ H2SO4 or by soaking in concen- 
trated HNOs. The gain in weight during the conversion process, determined 
gravimetrically with corrections for the amount of dissolved oxygen, corre- 
sponds to an O/Pt atomic ratio of about 0.03 in agreement with AES depth 
profile values, both of which are less by an order of magnitude than the value 
expected for a saturated Pt-O alloy. The results are discussed in terms of two 
absorption sites for dissolved oxygen: intergranular oxygen and interstitial 
oxygen in octahedral sites of an fcc lattice. 

There  is good evidence in the  l i t e ra tu re  (1-9) tha t  
oxygen  can be dissolved in bu lk  pla t inum.  According  
to the  model  proposed (10) for a Pt/O2 elect rode at  
rest,  a local cell is set  up at  the e lec t rode  surface 
such tha t  oxygen is dissolved in the Pt  by  the  dr iv ing  
force of the local cell potential .  Consequently,  the 
revers ib le  potent ia l  cannot  be observed  because of 
the  presence of this local cell. If, however ,  the  Pt  
sample  could be charged to sa tura t ion  wi th  dissolved 
oxygen,  the adsorbed  oxygen  l aye r  genera ted  by the 
local cell  would  grow to a complete  monolayer ,  the 
local cell  would be e l iminated,  and the revers ib le  
oxygen  potent ia l  would be observed (10-13). 

Two ways  to charge Pt  wi th  dissolved oxygen  are:  
(i) s t rong anodizat ion (,~2.0V) for severa l  hours 
(11, 12) and (ii) t r ea tmen t  wi th  concent ra ted  ni t r ic  
acid (7, 13). Of these two methods,  t r ea tmen t  wi th  
HNO3 charges the Pt  wi th  dissolved oxygen to a 
g rea te r  ex tent  (7, 11-13). P l a t inum charged with  dis-  
solved oxygen is re fe r red  to as a P t -O  alloy. When a 
P t -O  al loy d i aph ragm was formed by  t rea t ing  a P t  
foil  on the back side wi th  HNO3, the  revers ib le  oxy-  
gen potent ia l  was observed on the front  side (13) 
and the foil was bulged by  la t t ice  expansion.  

I f  enough oxygen  can be dissolved in Pt  to cause 
the  Pt  foil to bulge  due to la t t ice  expansion,  it  would 
seem possible  tha t  the dissolved oxygen  could be 
detected by an increase  in weight  of the Pt  sample.  
In  this report ,  P t -O  al loys were  made  both by  ano-  
dizat ion and by  immers ion  in concent ra ted  HNO~, 
and the oxygen  content  of the al loys was de te rmined  
gravimet r ica l ly .  

Experimental 
Ear ly  work  was car r ied  out  in  Teflon cells but  

l a t e r  work  was done in glass beakers.  In both cases 
the resul ts  were  the same. Al l  measurements  repor ted  
here  were  obta ined in c leaned 30 ml  glass beakers  
over  which inver ted  150 ml beakers  were  placed.  
P l a t inum samples  were  cut from the same piece of 
P t  foil (0.0127 cm thick and 99.97% pure ) .  To each 
of the  1 • 1 cm square  Pt  samples,  a P t  lead wire  
was spot welded  for handling.  Each sample  plus lead 
wi re  was weighed on an analy t ica l  balance (to •  
~g). These samples  were  c leaned by  heat ing to a 
whi te  hea t  in a burn ing  je t  of H2 gas and quenching 

Key words: alloy, absorption, anode, ehemisorption. 

in concentra ted  HNOs. This p rocedure  was repea ted  
unt i l  the H2 flame was colorless a f te r  which the whi te  
hot  P t  was a l lowed to cool down in air. 

In  one 30 ml beaker ,  exac t ly  10 ml of 1M H~SO4 
solut ion was pipet ted,  and in another ,  exac t ly  10 ml  
of concent ra ted  HNO3. The lead  wires  were  bent  into 
the form of a hook so tha t  the Pt  foil  was suspended 
1 cm below the surface of the electrolyte .  The sample  
in 1M H~SO4 was anodized at  16 m A / c m  2 and ~2.0V 
against  a large  Pt  gauze counterelectrode,  and tha t  
in the HNO~ was soaked in the  a i r - s a tu r a t ed  concen- 
t r a ted  HNO8 under  open-c i rcu i t  conditions. Each day  
the Pt  samples  were  removed  from the beakers ,  
washed with  t r ip ly  dis t i l led water ,  b lo t ted  wi th  filter 
paper ,  and dr ied  in a vessel wi th  a i r  d r awn  over  
the  sample  by  a vacuum pump for at  least  30 min. 
Af te r  the samples  had  been weighed again  and the 
10 ml  solution samples  collected in sample  vials, the 
Pt  samples  were  t rea ted  as before newly  p ipe t ted  
10 ml por t ions  of H2SO4 and HNO3. This procedure  
was repea ted  each day  unt i l  seven determinations 
were  made (8 day  run) .  The 14 e lec t ro ly te  samples 
were  analyzed  for P t  in solution by  atomic adsorpt ion  
spectroscopy using a g raph i te  furnace  (flameless) 
(to ___0.5 #g). 

Results 
Near ly  al l  of the change in weight  occurred in  

the  HNO~-treated sample  in the first 50-70 h r  of 
t rea tment .  Dur ing  the first 48 hr, 0.8 X 10-sg of P t  
went  into solution, but  wi th  fu r the r  t ime of exposure  
to HNO~, addi t ional  P t  was not  detected in solution. 
In  contras t  to this behavior ,  the weight  of the anodized 
sample  changed each day  and about  equal  amounts  
of P t  were  found in solution. Over the 8 day  period, 
4.0 • 10-~g of P t  went  into solution. 

The increase in weight  of the sample  had to be 
corrected for P t  dissolution by  subt rac t ing  the weight  
of dissolved Pt  f rom the ini t ia l  sample  weight  to 
obta in  a corrected weight  gain value.  As seen in 
Table I, this correct ion is negl ig ib ly  smal l  and affects 
only  the es t imated  figures of the corrected values.  
I t  is of in teres t  to note tha t  ve ry  l i t t le  P t  is dissolved 
in the HNOs because the Pt  surface becomes passivated,  
whereas  Pt  is cont inuously dissolved dur ing  anodiza-  
tion. The weight  of the ini t ia l  sample  must  be cor-  
rec ted  by  subt rac t ing  the weight  of the lead  wi re  
above the solution. I t  is assumed tha t  the  P t  lead  
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Table I. Determination of O-content in two samples of Pt-O alloys 

Anodized sample HNO3-treated samples 

Initial wt 0.2295o*g 0.2323og 
Final wt 0.2296og 0.2325~g 
Weight gain O.O001og 0.00025g 
Total Pt in soln 0,000004og 0,000000sg 
Corrected gain in wt 0.000long 0.00025o~g 
Pt lead wire wt 0.1336og 0.1140og 
Corrected initial Pt wt 0.0959og 0.1183og 
O/Pt atomic ratio 0,013~ 0.025~ 

* Estimated figures are distinguished from significant figures 
by displaying them as subscripts. 

wire  above  the solut ion level  contr ibutes  negl ig ib ly  
to the  de te rmina t ion  of dissolved oxygen.  Using 16.00 
and 195.09 for  the a tomic weights  of oxygen  and 
p la t inum,  respect ively ,  the  o x y g e n / p l a t i n u m  rat io  in 
the  anodized P t  sample  was found to be 0.013, and  
in the  HNO3-t rea ted  Pt, 0.026 as ou t l ined  in Table  I. 

I t  is va l id  to assume tha t  the  increase  in weight  
is due  only  to oxygen  dissolved in the  Pt  me ta l  since 
oxygen  adsorbed  on the surface contr ibutes  negl ig ib ly  
as demons t ra t ed  by  the fol lowing calculations.  The 
vo lume of P t  in the  foil  samples  is 0.0127 cm 3 and 
the to ta l  a r ea  of the  samples  is 2.051 cm 2. Using values  
of 21.45 g / c m  3 and 195.09g for the  dens i ty  and molecu-  
l a r  weight  of Pt, one finds tha t  there  a re  8.40 • 1020 
a toms of Pt. Not ing tha t  a uni t  cell of face centered 
cubic (fcc) P t  contains 4 Pt  atoms, one calculates  
tha t  there  a re  2.10 • 1020 atoms of O atoms dissolved 
in the  P t  meta l  a t  sa tu ra t ion  if each oxygen occupies 
the  oc tahedra l  hole of the  unit  cell. Assuming  tha t  
420 ~C/cm e of adsorbed  oxygen  const i tute  a complete  
mono laye r  of adsorbed  oxygen,  one de te rmines  that  
this  va lue  represents  1.31 X 1015 O atoms/cm2 (5, 
11, 14). The number  of oxygen  atoms adsorbed  on 
the surface of the P t  foil  sample  is 2.69 • 1015 atoms. 
The O / P t  rat io  for  dissolved oxygen  is 0.25 and for 
adsorbed  oxygen  0.37 • 10 -5. Whe the r  the adsorbed  
l aye r  is P tO or  PtO2, adsorbed  oxygen  is less by  4 
orders  of magni tude  than  the dissolved oxygen  found 
in Table  I. 

Discussion 
Since the  P t  c rys ta l  is face cen te red  cubic (fee),  

the re  exists  one oc tahedra l  hole in the center  of 
each uni t  cube. I t  is possible for a dissolved oxygen  
a tom to res ide in the  oc tahedra l  hole and produce  
the observed la t t ice  expansion.  

Since  the  O / P t  atomic rat io  at  sa tu ra t ion  is 0.25, 
i t  is an o rde r  of magni tude  l a rge r  than  tha t  found 
in the  P t -O  a l loy  fo rmed  f rom HNO3 pass ivat ion  in 
Table  I. To account  for this observat ion,  one concludes 
tha t  O atoms dissolved in te rs t i t i a l ly  in the  oc tahedra l  
holes a re  uns tab le  in the dehyd ra t ed  state. Con- 
sequently,  when  the P t -O  al loy sample  is removed  
f rom the cell, washed,  and dr ied  for  analysis,  this 
in te r s t i t i a l  oxygen  escapes to the surroundings.  

I t  was observed  (7, 15) tha t  the e lec t roca ta ly t ic  
p roper t ies  of HNOs- t rea ted  P t -O  al loys were  re ta ined  
even af te r  appl ica t ion  of s t rong reducing  condit ions 
to the a l loy e lec t rode  (such as s t rong cathodizat ion 
in a hydrogen  a tmosphere)  if a source of oxygen 
dissolved in the e lec t ro ly te  was res tored  to the system. 
An  x - r a y  diffraction analysis  of a P t -O  al loy shows 
(16) tha t  the la t t ice  is expanded  compared  to un t rea ted  
P t  by  shifts in the  diffraction l ines even though Auger  
(AES)  spectroscopy dep th  profi l ing shows tha t  only  
about  3 a tomic percen t  oxygen is p resen t  in the 
in te r io r  of the  sample  (16). This oxygen concentra t ion 
corresponds to an O /P t  a tomic ra t io  of 0.031 which  
is in good agreement  wi th  the g rav imet r i c  analysis  
repor ted  in this  work.  These observat ions  indicate  
tha t  oxygen  can enter  the  expanded  la t t ice  of an HNO~- 
t r ea ted  P t -O  a l loy  in te r s t i t i a l ly  f rom the oxygen-  

sa tu ra t ed  e lec t ro ly te  as eas i ly  as in ters t i t ia l  o x y g e n  
can escape f rom the de hyd ra t e d  a l loy  wi thout  a 
collapse of the  expanded  lattice.  To r e t u r n  the  e x -  
p a n d e d  Pt  la t t ice  to i ts or ig inal  state, the  sample  
mus t  be hea ted  whi te  hot  causing the collapse of 
the  la t t ice  (15). 

Ano the r  absorpt ion  site for  dissolved oxygen  is  in  
the  g ra in  boundaries .  In  a different ia l  t he rma l  ana l -  
ysis (DTA) s tudy of P t -O  al loys (17), the  da ta  were  
in te rp re ted  in te rms of two types  of dissolved oxygen,  
i n t e rg ranu l a r  oxygen  occupying s i tes  in  the  grain  
boundar ies  and in te rs t i t i a l  oxygen  occupying o c t a -  
he dr a l  sites in the  latt ice.  In  the  case of P t -O  al loys 
formed by  modera te  anodizat ion,  most  of the  dissolved 
oxygen is i n t e rg ranu l a r  wi thout  expansion of the P t  
lattice.  Lat t ice  expans ion  ( in ters t i t ia l  oxygen)  of ano-  
dized P t -O  al]oys has been observed  (18, 19) only  
in  those instances where  the P t  was anodized severe ly  
for ex tended  per iods  of t ime. 

Ano the r  source of evidence for  i n t e rg ranu l a r  oxygen  
is obta ined  f rom studies of the  diffusion of oxygen  
through  P t  foils. By anodizing Pt  d iaphragms  on one 
side and detect ing oxygen  on the other,  the  diffusion 
coefficient for oxygen  th rough  Pt  was de te rmined  
(5, 18) to be about  10 -11 cm2 sec-1.  Such a va lue  
appears  to be too high (20) for the  diffusion of O 
atoms through  la t t ice  sites of bu lk  Pt. I t  is more  
l ike ly  that  oxygen  diffuses at  these high ra tes  a long 
the gra in  boundar ies  of these anodized Pt  foils. 

The difference be tween  P t - O  al loys made  b y  a n o -  
d i za t ion  and by  HNO3 t r ea tmen t  rests  in the  amount  
and locat ion of oxygen  dissolved in Pt. This s i tuat ion 
arises f rom the fact  tha t  anodizat ion produces  only  
genera l  corrosion of the  Pt  surface  whereas  t r e a t -  
ment  wi th  HNO:~ causes p re fe r r ed  e tching of the  P t  
surface as seen in Fig. 1. This e tched Pt  surface 
approx imates  the s tepped surfaces inves t iga ted  by  
Somor ja i  and co-workers  (21) which expose high 
index  planes  where  oxygen  can eas i ly  pene t r a t e  to 
the  P t  lattice. As a result ,  the  HNO~-trea ted  P t -O  
a l loy  can dissolve more  oxygen  per  uni t  t ime than 
the anodized P t -O  al loy which in the  absence of 
exposed high index planes  mus t  dissolve oxygen  by  
the s lower  p l ace -exchange  mechanism (22-24). I t  
seems, then, tha t  oxygen  dissolves in P t  i n t e rg ranu -  
l a r l y  wi thout  la t t ice  expans ion  first, and a f te r  reaching  
a cer ta in  concentrat ion,  oxygen  is dissolved in t e r -  
s t i t ia l ly  accompanied  by  la t t ice  expansion.  I t  follows, 
therefore,  that  i n t e rg ranu l a r  oxygen  is more  s table  
than  in te rs t i t i a l  oxygen.  The oxygen-con ten t  of P t -O  
al loys de t e rmined  g rav ime t r i ca l ly  (Table  I)  and by  
AES depth  profil ing analysis  (16) is p robab ly  most ly  
i n t e rg ranu la r  oxygen.  

I t  is surpr is ing  tha t  the expanded  la t t ice  of the  
HNO~-treated P t -O  al loy does not  col lapse wi th  the 
loss of in te rs t i t i a l  oxygen. Yet, because it does not  
and because the  surface is p re fe ren t i a l ly  etched, the  
e lect rode can regain  its ca ta ly t ic  ac t iv i ty  by  rep lac ing  
i t  in the cell in contact  wi th  o x y g e n - s a t u r a t e d  elec-  
t rolyte.  On the contrary ,  when  dissolved oxygen  is 
removed  from an anodized P t -O  a l loy  by  s t rong 
cathodizat ion (11), the ca ta ly t ic  ac t iv i ty  is not  re -  
gained by  exposure  to O2-satura ted electrolyte ,  bu t  
must  be reanodized.  

This observat ion  is in ag reemen t  wi th  tha t  of a 
number  of e lec t roana ly t ica l  chemists  (25-28) who 
noted tha t  the ca ta ly t ic  ac t iv i ty  of P t  indica tor  e lec-  
t rodes for cer ta in  reduct ion  processes was grea te r  
for  f reshly  anodized P t  electrodes.  
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Cation Effects on the Electrode Reduction 

of Molten Nitrates 

M. H. Miles* and A. N. Fletcher* 
Naval Weapons Center, Chemistry Division, China Lake, California 93555 

ABSTRACT 

Cyclic voltammetric, potentiostatic, and galvanostatic methods were used 
to investigate the electroreduction of molten alkali metal nitrates at 350~ 
on a platinum electrode. The cation of the nitrate salt plays a major role in 
the reduction reaction as well as in determining the ultimate fate of the oxide 
ion produced. Nitrate reduction occurs most readily in LiNO3 melts, and 
the Li20 formed appears to be relatively stable. Overvoltages for nitrate 
reduction increase with increasing size of the metal cation involved and 
the oxide ions produced by the reaction become more prone to oxidation to 
form peroxides or superoxides. The rate of water removal by purging the 
nitrate melt with helium gas was monitored by the water-wave on platinum. 
Surprisingly, no water-wave was detected using a nickel electrode. The 
solubilities of several substances were determined in LiNO8 and KNOB and 
compared with ideal solubility calculations. 

The chemistry of alkali  metal  compounds depends 
great ly  upon the na ture  of the metal  cation involved. 
For example, the alkali  metals bu rn  in  air to yield 
l i th ium monoxide, sodium peroxide, and potassium, 
rubidium,  and cesium superoxides (1). The strong, 
positive electric field around the small  l i th ium ion 
restricts the spread of negative charge from the oxy-  
gen anion towards another  oxygen atom, making the 
format ion of higher oxides difficult. The weaker  elec- 
tric field around the larger uniposit ive ions allows the 
formation of the peroxide, 02 =, or superoxide, 02% to 
take place. 

Oxide ions are produced by the electrochemical 
reduct ion of mol ten alkali  metal  ni trates  (2-5) 

MN'Oa + 2e-  ~ MNO2 + O-- [1] 

The role of the oxide ion produced by this reaction 
has been a controversial  ghost which has haunted  the 
chemistry of fused ni trates  (6, 7). A variety of studies 
(8-17), however, support  the conclusions that  the 
oxide ion in  n i t ra te  melts is an unstable  species due 
to the following reactions 

O = + NO~- ~ NO2- + 02 = [2] 

02 = + 2NO~- ~ 2NO2- + 202-  [3] 

in  which the oxide is converted to peroxide or super-  
oxide (6, 18, 19). 

Most of the previous studies were conducted in  
molten NaNOs-KNO3 mixtures  at about  230~ with 
very  li t t le consideration given to the role of the metal  
cation. By considering the strength of the electric 
field of the cation, it  seems that  the electrochemical 
reduct ion of mol ten alkali  metal  ni trates  would pro- 
duce Li20, Na202, KO2, RbO2, and CsO2 as stable prod- 
ucts in  mol ten LiNOa, NaNO3, KNO3, RbNOs, and 
CsNO3, respectively. Thermodynamical  data predict 
both solid Na202 and KO2 to be stable in equimolar  
NaNO3-KNO3 and that  with increasing K + content  
the formation of O2- ions will be favored at the cost 
of 02 = ions (14, 20). Studies in individual  n i t ra te  
melts show the preferent ial  formation of peroxide in 
NaNO3 and superoxide in KNOB (21). 

Just  as the positive electric field of a cation near  
a reacting species can make it  more difficult to remove 
electrons in anodic reactions such as 

20 = ~ 02 = + 2e -  [4] 

02 = ~ 0 2 -  + e -  [5] 

* Electrochemical Society Active Member. 
Key words: kinetics, solubility, voltammetry, water, molten 

nitrates. 

the cation field can also make it less difficult to add  
electrons in  cathodic reactions such as in  Eq. [1]. The 
rate of the electrochemical reduct ion of molten n i -  
trates is s trongly dependent  upon the cation radi i  a n d  
decreases in the order LiNO~ > NaNO3 > KNOB ,~ 
RbNO~ (22). Hills and Johnson (2) also noted that  
the presence of l i th ium ions facilitates the reduction 
of nitrates. The thermal  stabil i ty of the ni trates  them- 
selves with regard to decomposition into nitr i tes a n d  
oxygen decreases with decreasing cation radius (20). 
Catalytic effects produced by small  cations having 
large electric fields have also been observed for other 
electron t ransfer  reactions (23, 24). 

Our interest  in mol ten nitrates is related to their  
possible use as an oxidizing electrolyte in  thermal  
batteries (25-27). A previous "open-pan" s tudy of  
thin Ca/MNO8 cells exposed to the atmosphere reports 
the effect of vary ing  tempera ture  upon the cathodic 
potential  dur ing cell discharge at constant  currents  
(22). The present  s tudy reports half-cel l  invest igat ions 
of n i t ra te  reduction at fixed temperatures  under  a 
dry  hel ium atmosphere. In  addit ion to individual  i n -  
ves t iga t ions  of mol ten  LiNO~, NaNO~, KNOs, a n d  
RbNO3, studies were also made on the LiNO3-LiC1-KC1 
system [50-25-25 mole percent  (m/o) ,  mp ---- 160~ 
found to be promising in  thermal  ba t te ry  cell tes ts  
(27). 

Experimental 
The electrochemical cell and electrodes were similar 

to a previous study of the calcium anode (25) except 
that  p la t inum or nickel disks were used as the working 
electrode in place of calcium. Uncompensated solution 
resistance was minimized by posit ioning the working 
electrode wi th in  1-2 m m  of the Luggin capil lary tip. 
A glass tube for bubbl ing  hel ium gas through the 
ni t ra te  melt  to remove water  was added to the cell. 
The hel ium gas was passed through tubes of anhydrous  
calcium sulfate ( indicat ing Drierite) and P205 prior 
to enter ing the cell. Dur ing  all studies in  this cell, 
a b lanket  of flowing hel ium gas was main ta ined  above 
the melt. An Ag/AgNO~ (0.1m) reference electrode 
in KNO~-NaNO8 was used as before. Tempera ture  
control was main ta ined  wi th in  _5~ by  the use of a 
fiuidized sand bath (Tecam).  

All electrochemical measurements  were obtained 
with a PAR Model 173 potentiostat /galvanostat .  For  
cyclic vol tammetr ic  measurements,  a PAR Model 175 
programmer  was also used and results were recorded 
with an X-Y recorder (Houston 2000 or Hewle t t -Pack-  
ard 7047A). Results for potentiostatic and galvano-  
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stat ic  exper iments  were  recorded using a s t r ip  char t  
r ecorder  (HP 7100B). 

Approx ima te  values  for the solubil i t ies  of severa l  
oxides, peroxides ,  and superoxides  were  obta ined using 
the  method of successive additions.  Solut ions were  
genera l ly  equi l ibra ted  overn ight  to insure  tha t  t rue  
sa tura t ion  l imits  were  obtained.  These measurements  
were  made in a glass tube equipped for  he l ium bub -  
b l ing  through the mel t  to remove any wa te r  and to 
provide  s t i r r ing  action. 

Al l  of the  n i t ra te  salts  used were  reagent  grade  
except  for rub id ium n i t ra te  ( f rom Pfal tz  and Bauer ) .  
The cyclic vo l t ammograms  for  this  sal t  suggested con- 
s iderable  n i t r i te  was present ,  and its mel t ing  point  
(291~176 also indica ted  impuri t ies .  Since most  
s tudies showed tha t  the cathodic behavior  of RbNO3 
was qui te  s imi lar  to KNO3, results  for this sal t  wi l l  
genera l ly  not  be shown. Al l  salts were  used wi thout  
fu r the r  purif icat ion except  for  d ry ing  in a vacuum 
oven overnight  a t  130~ 

Results 
The presence of dissolved wa te r  in n i t ra te  melts  

can be read i ly  detected on a p l a t inum electrode using 
cyclic vo l tammet ry .  F igure  1 (solid l ine) shows the 
w a t e r - w a v e  tha t  occurs jus t  p r io r  to the main  n i t ra te  
reduct ion  wave  in mol ten  LiNO3 despi te  using LiNO3 
tha t  had been oven-d r i ed  as descr ibed above. This 
w a t e r - w a v e  has been repor ted  by  other  authors  (3, 
8, 28-31) and is not  due to t r iv ia l  e lectrolysis  of wa te r  
since no hydrogen  or  oxygen is formed (8). P r e l im-  
ina ry  s tudies  indicate  that  the  w a t e r - w a v e  can also be 
detected in LiNOs on i r idium, si lver,  and gold elec-  
t rodes at  about  the  same potent ia l  as on pla t inum.  

Surpr is ingly ,  no w a t e r - w a v e  was detected when a 
nickel  e lect rode was subst i tu ted  for the p la t inum elec-  
t rode  as shown by the dashed l ine in Fig. 1. In add i -  
tion, the  anodic peak  at  --0.36V due to the  oxida t ion  
of insoluble  Li20 to LifO2 became much more  c lear ly  
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Fig. I .  Cyclic voltammograms showing the difference in the 
water-wave on platinum and nickel in molten LiNO8 at 350~ The 
solid line is the trace using a platinum electrode while the dashed 
line is the trace with a nickel electrode. Potential sweep rate was 
100 mV/sec. Electrode area was 0,32 cm% 
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defined on nickel. The absence of this w a t e r - w a v e  on 
nickel  g rea t ly  simplif ied the  analysis  of the "open-pan"  
studies repor ted  prev ious ly  (22). 

Studies  of the w a t e r - w a v e  on p la t inum at 350~ 
showed tha t  the bubbl ing  of dr ied  he l ium gas th rough  
the mol ten  LiNOs for about  1 hr  was requi red  to 
remove the wa te r  re ta ined  by  this salt, whereupon  
the cyclic vo l t ammogram became prac t ica l ly  ident ical  
to the resul ts  shown for nickel  in Fig. 1 (dashed l ine) .  
In  other  a lka l i  me ta l  ni t rates ,  the w a t e r - w a v e  is 
smal le r  and tends to shif t  to more  negat ive  potent ia ls  
as the  size of the  cat ion increases. The  re tent ion  of 
wa te r  by  the mol ten  sal t  is much less a p rob lem wi th  
NaNOs and KNO3, since the  small  amounts  of wate r  
present  in these sal ts  a t  350~ can be removed  wi th in  
5-10 min  by  purging  the mel t  wi th  the dr ied  he l ium 
gas. 

F igure  2 shows typica l  cyclic vo l t ammograms  for  
w a t e r - f r e e  melts  of LiNOs, NaNO~, and KNOa obtained 
at  350~ using a p l a t inum electrode and a potent ia l  
sweep ra te  of 100 mV/sec.  These resul ts  were  obta ined 
in quie t  solutions (no s t i r r ing)  under  a he l ium a t -  
mosphere.  The cathodic wave  c lear ly  shows the ca-  
t ion effect on the e lect rochemical  reduct ion of mol ten  
ni trates .  At  100 mV/sec,  this ma jo r  reduct ion wave  
represen ted  by  Eq. [1] reaches 70 m A  (220 m A / c m  -~) 
at  potent ia ls  of --0.90V, --1.36V, and --1.82V for 
LiNO~, NaNOz, and KNO:3, respect ively.  Nei ther  the 
main  anodic wave  at  about  1.1V resul t ing  f rom n i t ra te  
oxida t ion  (32-39) 

NOB- --> NO2 + �89 + e -  [6] 

nor  the anodic process having  a peak  potent ia l  of 
about  +0.5V reflecting ni t r i te  oxida t ion  (3, 18, 19, 
38, 40, 41) 

NO2- -> NO2 + e -  [7] 

appear  to be g rea t ly  affected b y  the na tu re  of the 
cation. For  LiNOs, the anodic peak  due to the ox ida -  
t ion of Li20 to Li202 is again  observed at  --0.36V. 
Other  peaks  in Fig. 2 a re  more  difficult to define, 
but  they  l ike ly  involve react ions of peroxides  or  super -  
oxides (15, 19, 21). The addi t ion  of KO2 to KNOs 
produced  a large  increase in the anodic cur ren t  be-  
g i n n i n g  at  about  --0.5V; however ,  gas evolut ion in-  
dicates that  some decomposi t ion of the KO2 occurs 
at  350~ 

Cyclic vo l t ammet r i c  studies provide  a means  of 
de tec t ing  the presence of insoluble  oxide on the elec-  
t rode  surface by  use of the anodic reac t ion  

2M~O ~-M202 + 2M+ + 2 e -  [8] 
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Fig. 2. Cyclic voltammograms for molten LiNO3, NaNO3, and 
KNO3 obtained at 350~ in a helium atmosphere using a platinum 
electrode (A = 0.32 cmS). Potential sweep was begun at 0.0V and 
swept first cathodicaUy, then anodicaliy, and finally cathodically to 
the starting potential. Potential sweep rate was 100 mY/sec. 
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where in  the  p rec ip i t a t ed  oxide  is e lec t rochemica l ly  
oxidized to the  more  soluble  peroxide.  By g radua l l y  
increas ing  the cathodic sweep l imit ,  anodic peaks  
cor responding  to this  reac t ion  are  first observed  at  
about  --0.35V in LiNOs and at  about  --1.2V in NaNOs. 
F lee t ing  evidence was also ob ta ined  for  a s l ight  anodic 
peak  at  about  , 1 . 6 V  in KNOs. These resul ts  a re  
consis tent  wi th  the  decreas ing  s tab i l i ty  of the oxide  
wi th  increas ing  radius  of the  a lka l i  meta l  cation. In  
a vo l t ammet r i c  s tudy  on p l a t inum using a th in  Ca /  
LiNOs cell  tha t  genera tes  Ca ++ ions, a new anodic 
peak  develops  at  about  --0.1V indica t ing  the oxida t ion  
of insoluble  calc ium oxide. Due to its h igher  charge,  
the  e lect r ic  field about  the smal l  Ca ++ ion is even 
s t ronger  than  tha t  about  the  Li+ ion, hence a more  
s tab le  oxide  is to be expected.  Cyclic vo l t ammet r i c  
s tudies  of the  e lec t rochemical  reduct ion  of LiNOa, 
NaNOs, RbNOa, Ca(NOs)2, and Sr(NOa), ,  mix tu res  
wi th  KNOs indicate  tha t  insoluble  oxides  form in the  
presence of al l  cations except  K + and Rb + ions. 
These exper imen t s  suggest  tha t  the  ca ta ly t ic  effect 
of the cat ion on n i t ra te  reduct ion decreases  in the  
o r d e r  Ca ++ > S r  ++ ~ L i +  > N a +  > K  + , ~ R b  +. 

Cyclic vo l t ammograms  of LiNO3 and NaNO3 obta ined  
using a smal l  p l a t inum work ing  e lec t rode  (A = 
0.006 cm 2) to minimize  uncompensa ted  IR effects a re  
shown in Fig. 3. The usual  re la t ionship  be tween  peak  
cu r ren t  (Ip) and  potent ia l  sweep ra te  (~) was ob-  
served,  Le., /par'in, whi le  the peak  potent ia l  (Ep) 
tended  to v a r y  wi th  the ra te  of potent ia l  change. The 
g rea te r  s tab i l i ty  of Li20 compared  wi th  Na20 is 
ref lected by  the more  posi t ive potent ia l  r equ i red  for 
Li20 oxidat ion.  Despi te  the shor te r  potent ia l  excur -  
sions in NaNOs, most  of the  Na20 formed is app a re n t l y  
lost  dur ing  the sweep cycle. A t  the  s lower sweep 
rates,  the  anodic peak  in NaNO3 disappears  ent i re ly .  
I t  is also in te res t ing  to note tha t  the  res idual  cur ren t  
fol lowing the cathodic peak  is smal le r  in LiNOs 
where  the  more  s table  LhO is formed.  The cyclic 
vo l t ammograms  in mol ten  KNOs and RbNO8 at 350~ 
do not  show such in t e r re l a t ed  peaks  involving n i t ra te  
reduct ion.  

i i L , i i * i i ~ ,  , i 

T = 350~ 

!i ii 
I t j  
15or 
i I  

IO0 

NaNO 3 

--2.0 --1.8 --1.6 --1.4 --1.2 --1,0 --0.8 -0.6 4 . 4  -0.2 0 0.2 
POTENTtAL vs. Ag+/Ag (V) 

Fig. 3. Effect of the potential sweep rate on the cyclic vohnm- 
mograms for molten LiNO3 at sweep rates of 5, 10, 20, 50, and 
100 mV/sec. Voltammograms for NoNO8 at 50 and 100 mV/sec are 
shown for comparison (dashed lines). Results were obtained at 
350~ in a helium atmosphere using a small platinum electrode 
(A = 0.006 cm2). Potential sweep was begun at 0.0V and swept 
cathodically to --2.0V then anodically to 0.2V. 

1763 

m i , , , , , , , i , , , , , , , , , , , , , , , 

100 mVls 

7 / !  I i 

/ / s 

0 - 2 0  /#/ / �9 

-40 

--6O 

- 80  300~ 400~ 500~ 

-10o . . . . . . . . . . . . .  ' ' ' ' I ' [ ' ' ' ' --1.0 --0.8 --0,6 ~D,4 --0.2 0 0,2 0,4 0 6 0 8 I ,O 1.2 

POTENTIAL VS. Ag§ (V) 

Fig. 4. Effect of the temperature upon the cyclic voltammograms 
in molten LiNO8 under a helium atmosphere. Results were obtained 
at 300 ~ 400 ~ and 500~ using a platinum electrode (A -" 0.32 
cm2). 

Figure  4 shows the effect of t e m p e r a t u r e  upon the 
cyclic vo l t ammogram obta ined  in LiNOs. In  addi t ion  
to the  300 ~ 400 ~ and 500~ resul ts  shown, exper imen t s  
were  also conducted at  350 ~ and 450~ The la rge  
shifts in potent ia l  for  the n i t ra te  reduc t ion  wave  r e -  
flect the improved  kinet ics  for this reac t ion  at  the  
h igher  tempera tures .  At  a selected constant  cu r r en t  
of 50 m A  for this reduct ion  reaction,  the  potent ia l ,  E, 
var ies  l inea r ly  wi th  the  t empe ra tu r e  (cor re la t ion  
coefficient = 0.988) wi th  aE /aT  ---- 2.31 • 10 -8  V/K.  
This shows good agreement  wi th  previous  "open-pan"  
cathode studies obta ined  wi th  Ca/LiNOs cells under  
condit ions of va ry ing  t empe ra tu r e  and constant  cur -  
ren t  (22). The n i t ra te  ox ida t ion  wave  (Eq. [6]) also 
shows a la rge  shif t  in potent ia l  be tween  300 ~ and 
400~ The n i t r i te  oxida t ion  peak  (Eq. [7]) increases  
wi th  t empe ra tu r e  such tha t  i t  dominates  the  anodie  
react ions  at  500~ This is l ike ly  due to the  n i t r i te  
formed by  the increas ing the rmal  decomposi t ion 

NOs- -* NO~- + Yz 02 [9] 

with  increas ing  t empe ra tu r e  (7, 20, 42-44). 
Chronopotent iometr ic  studies of n i t r a te  reduct ion  on 

p l a t inum in uns t i r r ed  solutions are  shown in Fig. 5. 
Sharp  t rans i t ion  t imes were  a lways  observed  in  the  
LiNO8 and NaNO8 mel ts  as wel l  as in the  mixed  sal t  
solution. The observed  t rans i t ion  t imes a re  much  
shor te r  than  expec ted  for a react ion cont ro l led  b y  
the  diffusion and migra t ion  of n i t r a te  ions, hence the  

~ --OA 

! --0~ 

> 

--1.2 

--I .6 

CURRENT DENSITY = 310 mA/cm 2 
T - 3 s o ~  

. . . . . . . . . . . . . . . . . . . . . . .  " ,  LiN03 

~ LiNO 3 -- KCI -- LiCI 

. . . . . . .  ~ NaNO 3 
. . . . . . . . . . . . . . . . . . . . . . . .  ~. . . . . . . . . . .  . " ~  

0 10 20 30 40 
TIME (s) 

Fig. 5. Chronopotentiometric studies of nitrate reduction using a 
constant current of 310 mA/cm% Results were obtained at 350~ 
in a helium atmosphere using a platinum electrode (A = 0.32 
cm2). 
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Fig. 6. Potentiostatic studies of the electrochemical reduction of 
molten nitrates at 350~ in a helium atmosphere using a platinum 
electrode (A = 0.32 cm2). 

ab rup t  changes in potent ia ls  a re  l ike ly  caused b y  
blocking effects of insoluble  oxides. There  were  no 
ab rup t  changes in potent ia l  dur ing  the constant  cur -  
ren t  reduct ion  of KNO~ even for t ime periods exceed-  
ing I00 sec. 

Potent ios ta t ic  studies of~ni t ra te  reduct ion on p l a t -  
i num at  350~ are  shown in Fig. 6. Measurements  
were  made  under  condit ions of a s teady  s t i r r ing  ac-  
t ion produced  by  bubbl ing  he l ium through the melt .  
The expe r imen ta l  cur rents  d ropped  when  the s t i r r ing  
was stopped,  suggest ing concentra t ion polar iza t ion  due 
to the  bu i ldup  of react ion products  (13). L inear  Tafel  
behavior  was usual ly  observed be tween about  2-100 
mA/cm~. Tafel  and kinet ic  pa rame te r s  ca lcula ted  f rom 
these studies a re  given in Table  I. Exper imenta l  cur -  
ren t  densi t ies  genera l ly  reached l imi t ing values be -  
tween  100-200 mA/cm2;  even the studies in mol ten  
KNOz showed this l imi t ing cur ren t  effect under  po ten-  
t iostat ic  conditions. The l imi t ing cur ren t  is l ike ly  
caused by  blockage of the  e lect rode surface by  in-  
soluble  react ion products.  A potent iosta t ic  s tudy of 
the  reduct ion of mol ten  LiNO3 on nickel  gave resul ts  
ve ry  s imi lar  to those obta ined  with  a p l a t inum elec-  
trode. 

Since oxides,  peroxides,  and  superoxides  are  so 
entwined wi th  the e lec t rochemis t ry  of mol ten  ni-  
t rates,  approx ima te  values  for the solubil i t ies of a 
few of these compounds were  measured.  Results  a re  
given in Table  II  where  solubi l i ty  measurements  of 
KC1 are  also included and show good agreement  wi th  
publ i shed  values.  Data  on solubi l i ty  values in fused 
a lka l i  meta l  n i t ra tes  repor ted  in the l i t e ra tu re  are  
sparse  (7, 45), hence in the absence of exper imenta l  
data, ideal  solubi l i ty  calculat ions provide  rough ap-  
proximat ions  for the  solubi l i ty  of substances that  do 
not  reac t  wi th  the mol ten  ni t ra te .  The ideal  solubi l i ty  
given by  

~Hf,s ( 1 1 ) [10] 
In X : ~ TM T 

Table I. Tafel and kinetic parameters for the electrochemlcol 
reduction of molten nitrate on platinum at 350~ under a 

helium atmosphere 

Salt a* / V  b / V  ac io* / A  c m  -~- 

LiNO3 --0,98 --0.22 0.57 3,5 x I0 -~ 

LiNO~-KC1- 
LiCU'* --1.17 -0.25 0.50 2.1 x I0 -5 

NaNOs --1.60 --0.22 0.57 5.3 x 10 -s 
KNOs --1.96 --0.32 0.40 7.5 • 10 -~ 

* A s s u m i n g  an equi l ibr ium potent ia l  o f  0.0V vs. A g + / A g  for  
the nitrate reduct ion  reac t ion  (22). 

** 50-25-25 m/o. 

Table II. Solubilities in molten nitrates at 350~ in an 
atmosphere of helium 

Solubi l i ty  Solubi l i ty  Ideal  
Substance  in LiNOa in KNOs solubi l i ty  * 

added ( m / o )  ( m / o )  ( m / o )  

CaO 0.1 0,005 0.04 
Ll.L~ 0.1 0.005 0.06 
Na~O 0.4 0 2 , r  0.60 
Li~a 0.25,r 0.5,r w 
KO= 1.6,r 1.O,r? 46 
KCI 55 14~ I0 

�9 Reacts .  Gas evo lu t ion  w a s  v i s ib le  in  e a c h  reac t ion  e x c e p t  f or  
Nasa  w h i c h  f o r m s  a y e l l o w  product  (probably  KO2). 

" Calculated f r o m  In X = ~ -- �9 
R 

? Phase  d iagram va lue  is 58 m / o  (48) .  
�9 Phase dmgram value is 1~.8 m/o (55). 

demonst ra tes  tha t  the  lower  the  mel t ing  point,  T~, 
and the lower  the hea t  of fusion, ~Hfus, of the  sub-  
s tance concerned, the  grea te r  wil l  be its ideal  solu-  
b i l i ty  in mole  fraction,  X, a t  any  given tempera ture ,  T 
(46, 47). The phase d iag ram of the  KNOa-KO2 sys-  
tem (20, 48) shows a high solubi l i ty  for  KO2 as in-  
d ica ted  by  the ideal  so lubi l i ty  calculated.  The low 
exper imenta l  values  shown in Table  II  suggest  a 
low solubi l i ty  for some react ion produc t  formed. In-  
sufficient oxygen  concentra t ion m a y  cause KO2 to de -  
compose into K202 or even K20 (17, 48). A decreasing 
s tab i l i ty  of superoxide  ions wi th  r is ing t empe ra tu r e  
has been p red ic ted  (20). Expe r imen ta l  solubi l i t ies  in 
mol ten  KNOB are  genera l ly  closer to ideal  so lubi l i ty  
values  than  are  the  measured  solubil i t ies  in LiNO3. 
Idea l i ty  in a solut ion requi res  un i formi ty  of the  
in te rmolecu la r  forces be tween  the var ious  components.  
In  LiNOs, interact ions  involving the smal l  Li + ion 
a re  l ike ly  much s t ronger  than  in teract ions  involving 
the NO~- ion whereas  in KNO3 the interact ions  in-  
volving K + and NO3- are  more  equal.  

Discussion 
The exper imen ta l  t ransfe r  coefficient of about  0.5 

found for the  e lect rochemical  reduct ion of mol ten  
ni t ra tes  (Table  I) is in agreement  wi th  a previous  
s tudy where  the addi t ion  of the first e lectron to 
undissocia ted MNO8 and b reakage  of the N - - O  bond 
was pos tu la ted  to be the slow step (22). Cation effects 
for this reduct ion arise f rom the in terac t ion  of the 
posit ive meta l  ion with  the n i t ra te  ion that  weakens  
the N - - O  bond and aids the  e lec t ron transfer .  The 
lack  of obvious cat ion effects on the  e lectrochemical  
oxidat ion  of NOB- and NO2- (Fig. 2) could resul t  
f rom react ion mechanisms that  do not  involve bond 
rup tu re  in the slow step. Ni t r i te  oxida t ion  may  s imply  
involve  an e lect ron t ransfe r  to form NO2 as r ep re -  
sented by  Eq. [7]. 

Results  shown in Fig. 2, 5, and 6 show a s t rong 
corre la t ion  be tween  the expe r imen ta l  potent ial ,  E, for 
n i t r a t e  reduc t ion  and the radius,  r, of the  cation. 
Theoret ical ly ,  the electr ic  field of the  cat ion acts to 
reduce the free energy  of ac t ivat ion such that  E wil l  
v a r y  wi th  r -1  of the  cat ion (22). Using potent ia ls  
taken  at  100 m A / c m  2 in Fig. 2 and 6 and potent ia ls  
taken  at  10 sec in Fig. 5, aE/O(r -1) = 1.30, 1.24, and 
1.36 V.A,  respect ively.  The corre la t ion  coefficient is 
be t t e r  than 0.99 in each case. 

The ra the r  low {o values  as wel l  as the large t em-  
pe ra tu re  effect (Fig. 4) suggest  the  need for ca ta lyzing 
the  n i t ra te  reduct ion react ion even at  e levated  tem-  
peratures .  Open-pan  cyclic vo l t ammet r i c  studies of 
mol ten  LiNO.~ at  350~ on var ious  metals  suggest  
a cata lyt ic  o rder  for  n i t ra te  reduct ion of Ag  ~ Au 
I r  ,~ Ni ~ P t  ~ Mo ~ Ti ~ Ta. Fo r  many  metals,  
n i t r a te  reduct ion for a g iven mel t  occurs at  about  
the same potent ia l  (2, 3, 22). The large  concentra t ion 
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of added  chlor ide  in the  LiNO3-KC1-LiC1 mix tu re  
(Table  I) does not  appea r  to g rea t ly  affect the  reduc-  
t ion of LiNOs. 

Lover ing  e t a l .  (31) propose  tha t  the  e lec t ro reduc-  
l ion of wa te r  in n i t r a t e  melts  is coupled wi th  n i t r i te  
reduc t ion  

H20 -5 NO2- -5 2 e -  ~- 2 O H -  -5 N O -  [11] 

In  ag reemen t  wi th  the i r  s tudy,  we found the w a t e r -  
wave  to be smal le r  on the in i t ia l  cathodic sweep bu t  
qu ick ly  increased  as n i t r i t e  is p roduced  b y  the  ma in  
n i t ra te  reduct ion  wave. Cyclic vo l t ammet r i c  studies 
of the  w a t e r - w a v e  on p l a t inum showed tha t  Ipa~ 1/2 
while  Ep is not  dependen t  on e i ther  the  sweep ra te  
or  the  concen t r a t i on  of water .  This is the  expec ted  
behav ior  for  a d i f fus ion-control led  revers ib le  reac t ion  
wi th  soluble  reac tants  and products  (49, 50) and is 
consistent  wi th  Eq. [11]. The  fact  tha t  Lover ing ' s  
reac t ion  does not  y ie ld  measurab le  currents  on nickel  
e lect rodes  could be re la ted  to the  observed  tendency  
of da rk  oxide  films to form on nickel  in mol ten  n i -  
t rates.  Such films could g rea t ly  res t r ic t  the  involve-  
ment  of chemisorbed  wa te r  or  hydrogen  in the reac-  
t ion mechanism.  The dissolut ion of Li20 by  wa te r  
adsorbed  on p l a t i n u m  could also exp la in  the smal le r  
anodic peaks  observed wi th  this eIect rode in mel ts  
conta ining water .  

The res idual  cur rents  fol lowing the n i t ra te  reduct ion  
peaks  (Fig. 3) have  been noted by  o ther  worke r s  who 
propose  tha t  the l imi t ing  process is the  ra te  of dissolu-  
t ion of the  oxide  prec ip i ta te  (2, 13, 19) or  tha t  this 
cur ren t  depends  upon the pe rmeab i l i t y  of the solid 
deposi t  (20). We suggest  tha t  the  a f t e r - p e a k  cur ren t  
m a y  resul t  f rom the oxida t ion  of the meta l  oxide  by  
the mol ten  n i t ra te  (Eq. [2]) fol lowed by  the e lec t ro-  
chemical  reduc t ion  of the perox ide  formed. The smal le r  
a f t e r - p e a k  currents  in LiNO~ can then be cor re la ted  
wi th  the  fact  tha t  Li20 is more  s table  than  Na20 wi th  
respect  to ox ida t ion  to the peroxide.  

The lack  of an observed  reduct ion  peak  in mol ten  
KNOB is l ike ly  re la ted  to the  r ap id  conversion of the 
uns tab le  K20 to K202 and KO2 (19). In  cyclic vo l t am-  
met r ic  exper imen t s  at high cur ren t  densities,  the  cur -  
r en t -po ten t i a l  t race  becomes quite i r r egu la r  suggest ing 
r a t e -con t ro l  by  surface processes. The e lec t rochemical  
reduct ion  of the h igher  oxides formed on the surface 
helps  to sus ta in  the  high cathodic currents  observed 
when  the potent ia l  is a l lowed to vary.  

Other  expe r imen ta l  resul ts  also show the impor t an t  
role  of the  cat ion in the  e lec t rochemis t ry  of mol ten  
ni trates .  Dur ing  the cathodic reduct ion  of n i t ra te  melts  
on pla t inum,  mu l t i l aye r  oxide  films grow rau id ly  in 
KNO~, s lowly  in NaNO~, and not at  al l  in LiNO3 (13). 
We also observed  a corrosive a t t ack  on p l a t inum and 
n ickel  wi th  the  fo rmat ion  of b lack  par t ic les  dur ing  the 
e lec t roreduct ion  of KNO3 whereas  any such a t tack  was 
much  less ev ident  in NaNO8 and LiNOj. These resul ts  
a re  consis tent  wi th  the oxide  s tab i l i ty  o rder  of Li20 > 
Na20 > K20 in the  corresponding ni t ra te .  Conversion 
of the  oxide  to peroxide  and superoxide  in NaNO.~ and 
KNOs gives r e m a r k a b l e  oxidiz ing power  and reac t iv i ty  
to the  mol ten  n i t r a t e  (8, I3) such tha t  even corrosive  
a t t ack  of p l a t inum can occur (13, 51). Cation effects 
were  also r ead i ly  appa ren t  in the ra te  of a t tack  of the 
n i t ra te  mel ts  upon the P y r e x  glass cell  used. Crazing 
and etching of the  glass surface contact ing the mel t  
was much more  rap id  wi th  LiNO3 than  wi th  NaNO3 or  
KN03. 

Thermodynamic  calculat ions suppor t  the  conclusions 
regard ing  the impor t an t  role of the  cat ion in react ions  
involv ing  mol ten  ni trates .  Considering,  for example ,  
the  reac t ion  

M20(s) + MNOs(1)~ M202(s) + MNO2(1) [12] 

the standard free-energy change, AG o, at 350~ is 
es t imated  to be about  10.2 kca l /mo le  in  LiNOs, 1.8 

kca l /mo le  in NaNO3, and --3.4 kca l /mo le  in KNOs 
from ava i lab le  da ta  (14, 52-54). These values  show 
tha t  Li20 is qui te  stable,  the rmodynamica l ly ,  in LiNO8 
at  350~ and tha t  the s tab i l i ty  of the  me ta l  oxide  in i ts 
corresponding n i t ra te  mel t  decreases wi th  increas ing 
size of the  cat ion involved.  Observat ions  dur ing  so lubi l -  
i ty  measurements  (Table  I I )  also suppor t  these cat ion 
effects. Li20 appea red  to be s table  in both  LiNOs and 
KNO~ whi le  Na20 was s table  in LiNOs but  reacts  in  
the  KNOs melt .  

Manuscr ip t  submi t ted  Sept .  4, 1979; rev ised  m a n u -  
scr ipt  received Feb. 8, 1980. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Sect ion to be publ i shed  in the  June  1981 
JOURNAL. Al l  discussions for the  June  1981 Discussion 
Sect ion should be submi t ted  by  Feb. 1, 1981. 

Publication costs of this article were assisted by 
the Naval Weapons Center. 
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Technical Notes 

Testing of Sintered LiAIO  Structures 
in Molten Carbonate Fuel Cells 

J. W. Sim,* R. N. Singh, and K. Kinoshita 1 
Argonne National Laboratory, Argonne, Illinois 60439 

Molten carbonate fuel cells are under development 
for use in generating electricity for ut i l i ty networks 
(1). The operating cycle of such cells will inevitably 
require that they be thermally cycled from the oper- 
ating temperature (650~ to ambient temperature. 
The electrolyte component of the cell must withstand 
the thermal cycling without developing large cracks, 
which would permit  cross-mixing of the fuel and oxi- 
dant and lead to decreased operating efficiency. This 
note describes work on electrolyte structures contain- 
ing sintered LiA10~; these structures resist cracking 
during thermal cycling and prevent cross-mixing of 
reactant gases. 

Porous sintered structures of MgO infused with 
molten alkali carbonates were previously used by 
many investigators (2-6) as the electrolyte component 
in experimental fuel cells. Use of such structures was 
discontinued because the low porosities and coarse 
pores of the sintered bodies gave rise to high cell re-  
sistance and poor retention of the molten carbonates. 
Paste electrolytes formed by hot-pressing finely di- 
vided MgO powder and alkali carbonates were then 

* E l e c t r o c h e m i c a l  Society  Act ive  Member.  
1Present  address:  SRI International ,  Menlo Park,  California 

94025. 
Key  w o r d s :  e l e c t r o l y t e ,  c r a c k i n g ,  f a i l u r e ,  ceramics.  

used to overcome the problems associated with sin- 
tered MgO structures. The use of MgO in paste struc- 
tures was subsequently abandoned in favor of LiA102 
because MgO proved to be soluble in the carbonate 
melt. In this study, electrolyte structures were fab- 
ricated by sintering LiA102 powders and impregnating 
the resultant porous bodies with molten carbonates. 
One structure of this type was tested in a cell and 
sustained five thermal cycles with no cross-mixing of 
reactant gases. The high porosities (64%) and low 
mean pore size (0.1 ~m) obtained with some sintered 
LiA102 bodies suggest that the problems associated with 
sintered MgO structures ca~ be minimized by using 
sintered LiA102 structures instead. 

The LiA102 powders used to fabricate the sintered 
structures were prepared by heating mixtures of 
Li2CO3 and A12Os, first at 600~ for 66-82 hr to form 
a-LiA]O2, then at 900~ for 16-20 hr to convert the 
~-LiA102 to 7-LiA102. Porous bodies of 7-LiA102 were 
formed by pressing the powders at 6895 kPa and firing 
the compacted powders at 1000~176 for 0.5-4 hr. 
A screen (20 mesh) of Kanthat e wire (Type A1, 0.I3 
mm diam) was incorporated into some of the struc- 
tures at midplane. A typical pore-size distribution 

-~ The Kanthal Corporation,  Bethel ,  Connecticut.  
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Fig. 1. Pore size distribution of sintered LiAI02 

Fig. 2. Microstructure of porous sintered LiAIO~ 

(de termined by  mercury  porosimetry) for a s t ructure  
prepared by this method is shown i n  Fig. 1, and a typi-  
cal microstructure  is shown in  Fig. 2. The porosities of 
the s tructures tested in  cells ranged from 52 to 57%, 
bu t  porosities up to 64% were obtained in some speci- 
mens which were too small  for cell testing. Impregna-  
t ion by the carbonates was accomplished by evacuating 
the porous structures, and then dipping them into the 
mol ten  carbonate eutectic [62 mole percent  (m/o)  
Li2CO3-38 m/o  K2.CO3]. The ent i re  fabricat ion process 
is described in more detail elsewhere (7). 

The impregnated  structures (nominal ly  70 • 70 • 
1.8 mm) were e x a m i n e d  for defects by  x - r ay  radiog- 
raphy  before cell testing. The cell hardware  and re-  
actant  gases used are described elsewhere (8). Cross- 
leakage of reactant  gases through the electrolyte struc-  
tures was moni tored by measur ing  the amount  of n i -  
t rogen in  the anode exhaust  while varying  the differ- 
ential  pressure be tween the cathode and the anode. 
Because the cathode gas contained ~57 volume per-  
cent ni t rogen while the anode gas was pure hel ium 
dur ing  the cross-leakage measurement ,  any  increase 
in  ni t rogen in  the anode exhaust  with increasing dif- 
ferent ia l  pressure was taken  as an indicat ion of cross- 
leakage. When the level of n i t rogen did not increase 
with differential pressure, the ni t rogen that  was de- 
tected was caused by diffusion of air  through imper-  
fections in  the "wet-seal" (8) formed between the 

anode housing and  the electrolyte structure.  This was 
verified by main ta in ing  a constant  differential pres-  
sure between the cathode and the anode while increas-  
ing the anode pressure; the level of n i t rogen decreased 
with increasing anode pressure. Each thermal  cycle 
consisted of cooling the cell f rom 650 ~ to 25~ at a rate 
of ,~3~ and reheat ing to 650~ at the same ap-  
proximate  rate. 

Three structures were tested: two were reinforced 
wi th  a Kantha l  screen and one was not reinforced. One 
of the reinforced structures,  which had no detectable 
flaws under  radiographic examination,  unde rwen t  five 
thermal  cycles. After  the second thermal  cycle, 0.5% 
ni t rogen was detected in  the anode exhaust,  with and 
without  6.9 kPa  differential  pressure be tween  the 
cathode and the anode, clearly indicat ing the absence 
of cross-leakage. The anode wet-seal  efficiency dur ing 
these measurements  was 99%, which is consistent with 
the low level of n i t rogen detected. After  the third and 
subsequent  thermal  cycles, the anode wet-seal  effi- 
ciency increased to 100%, and the ni t rogen levels, with 
and without  6.9 kPa differential pressure, were less 
than 0.03%. Thus, no cross-leakage was detected after  
five thermal  cycles, when  the cell was vo lun ta r i ly  
te rminated  to inspect the cell components. 

The second reinforced structure,  which contained 
two small  cracks (~0.01 mm wide) prior to cell as- 
sembly, was tested to determine whether  such small  
cracks would permi t  cross-leakage. Two thermal  cycles 
were performed before the cell was terminated,  due 
to obstruction of the anode inle t  tube. The level of 
ni t rogen in  the anode exhaust  after the first thermal  
cycle increased from 1.2 to 2.7% when the differential  
pressure be tween  the cathode and  the anode was in-  
creased from 0 to 2.5 kPa, clearly indicat ing cross- 
leakage. The anode wet-seal  efficiency was 96%. Simi-  
lar  levels of n i t rogen (1.4 and 2.7% at 0 and 2.5 kPa, 
respectively) were detected after  the second thermal  
cycle, indicat ing that  the amount  of cross-leakage was 
essentially unaffected by  the second cycle. Thus, cross- 
leakage was detected with the second reinforced s t ruc-  
ture, possibly due to the small  cracks observed under  
radiographic inspection prior to cell assembly. 

The nonreinforced structure,  which contained four 
larger  cracks (~0.03-0.06 mm wide) before ceil as- 
sembly, showed cross-leakage upon startup. At  0 and 
2.0 kPa differential pressure, the ni t rogen level was 
0.3 and 1.4%, respectively, and the wet-seal  efficiency 
was 99%. After  two thermal  cycles, however, severe 
failure of the s tructure occurred, as indicated by a 
drop in open-circui t  voltage to less than  1V (1.096V 
theoretical).  Examina t ion  of the s intered s t ructure  
after  cell testing indicated that  the fai lure was caused 
by enlargement  of one of the cracks present  before 
testing. 

In  summary,  this s tudy demonstrated one of the ad- 
vantages of using a s intered LiA102 s tructure  impreg-  
nated with carbonates as an electrolyte component in  
fuel cells. When the s t ructure  contained no cracks 
prior to cell assembly, cross-leakage of reactant  gases 
through the s tructure was not detected, even at a dif- 
ferent ial  pressure of 6.9 kPa  and after five thermal  
cycles. When cracks were present  in  the structures 
before testing began, cross-leakage occurred dur ing 
cell operation. Addit ional  testing is necessary to ful ly 
demonstrate the feasibili ty of uti l izing sintered LiA102 
structures in  mol ten carbonate  fuel cells, however. 

Manuscript  submit ted Nov. 26, 1979; revised m a n u -  
script received Feb. 15, 1980. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in  the June  1981 
JOURNAL. All  discussions for the June  198t Discussion 
Section should be submit ted by Feb. 1, 1981. 

Publication costs o] this article were assisted by 
Argonne National Laboratory. 
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Spectroelectrochemistry in Melts: 
Applications to Molten Chloroaluminates 

G. Mamantov and V. E. Norvell 
Department o] Chemistry, The University o] Tennessee, Knoxville, Tennessee 37916 

and L. Klatt 
Oak Ridge National Laboratory, Analytical Chemistry Division, Oak Ridge, Tennessee 37830 

The use of spectroelectrochemistry as a tool for 
studying redox chemistry in solutions has developed 
rapidly over the last several years (1). This technique 
yields simultaneous spectral and electrochemical in- 
formation useful in the elucidation of mechanisms of 
redox reactions. By using appropriate experimental  
designs, short- l ived intermediate species, which may 
be undetectable electrochemically, can be studied. 

The transmission mode spectroelectrochemical ex- 
periment involves the use of an optically transparent 
electrode (OTE), i.e., an electrode which is t ransparent  
in the spectral region of interest. Radiation of the de- 
sired wavelengths is passed through the solution and 
the OTE where a portion is absorbed by the solute 
species. The attenuated radiation is then measured to 
give a spectrum. Spectroelectrochemistry most com- 
monly involves the u.v.-visible-IR spectral regions, but 
it  has been applied to ESR, NMR, and mass spectrom- 
e t ry  as well (1). 

We are currently developing u.v.-visible spectroelec- 
trochemical techniques for studying redox systems in 
molten chloroaluminates (mixtures of A1C13 and alkali 
halides). Solute chemistry in these melts is quite de- 
pendent on the melt acidity (2-4). The acid-base prop- 
erties of the chloroaluminate melts near the 1:1 A1Cla- 
NaC1 mole ratio can be described by the equilibrium 
(5-9) 

2A1C14- = AI~Clr- -t- C1- 

A1C14- is the predominant anion in the equimolar 
A1Ch-NaC1 melt. As the acidity is increased, A12C17- 
becomes more abundant (5-9). 

To date we have examined by  spectroelectrochem- 
istry the reduction of niobium (V) and the oxidation of 
sulfur in chloroaluminate melts. The use of OTE's to 
study species in melts spectroelectrochemically has not 
been reported previously. 

Experimental 
A block diagram of the spectrometer/data  acquisi- 

tion system used to carry out spectroelectrochemical 
experiments is shown in Fig. 1. The spectrometer is a 
silicon-vidicon based rapid-scan spectrometer (RSS) 
which is controlled by the PDP-8/ I  minicomputer. To 
obtain an absorption spectrum of a sample, white light 
is passed through the sample and into a polychromator 
where it is dispersed by a grating. A 400 nm wide seg- 
ment of this spectrum is directed across the face of the 

Key words: spectroeleetrochemistry, ehloroaluminate melts, sul- 
fur, niobmm, molten salt electrochemistry. 

vidicon detector, where it is read as light intensity v s .  
wavelength by an electron beam. The sweep frequency 
of this beam can be adjusted so that  spectra may be 
acquired at time intervals varying from 50 msec to 5 
sec. Since the spectrometer operates in a single-beam 
mode, a 100% transmission spectrum (with no sample 
in the beam) is also acquired and the absorbance spec- 
trum is calculated using the computer. Spectra are 
stored either on disk or cassette tape. An absorption 
spectrum can be viewed either on a CRT display, or 
displayed on an X-Y recorder. A potentiostat is also 
interfaced to the system; this makes it possible to syn- 
chronize the start  of spectral data acquisition with the 
initiation of the electrochemical experiment as well as 
to simultaneously acquire and store both spectral and 
electrochemical data. A more detailed description of 
the spectrometer and the computer interface system is 
available (10). 

A typical cell used to carry out molten salt spectro- 
electrochemical experiments is i l lustrated in Fig. 2. 
The optically transparent  electrode consists of a piece 
of reticulated vitreous carbon (11) (RVC-4, 80 or 100 
pores per inch porosity, the Fluorocarbon Company, 
Anaheim, California), a tungsten grid (Buckbee Mears 
Company, St. Paul, Minnesota), or a piece of 80 mesh 
plat inum screen. The electrical contact to the tungsten 

COMPUTER 
PDP-8/I 

16K MEMORY 

RSS ~ TAPE J - 

SIH AN~ ADC I PAPER TAPE [ i 
�9 READER - 

12 BITS AND PUNCH 
m ~  

_ _I REAL TIME r 

_I PR,NTE  k - - - - - - ]  CRT 
F 1 TERMINAL I - 1 65K WORDS 

Fig. 1. Block diagram of the system used for spectroelectrochem- 
ical experiments. 
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Fig. 2. Typical spectroelectrochemical cell used in the molten 
salt studies. The reference electrode is isolated from the bulk melt 
by a porous ceramic frit. 

or  p l a t i num elect rodes  is made  by  spot  we ld ing  to a 
p l a t inum or  tungs ten  wi re  which  was prev ious ly  sealed 
into 1,4 in. OD cap i l l a ry  tubing. Elec t r ica l  contact  to 
the re t i cu la ted  vi t reous  carbon e lec t rode  is accom- 
p l i shed  by  inser t ing  a p l a t i num wire  app rox ima te ly  1 
cm into the top of the e lect rode and cement ing i t  in 
p lace  wi th  carbon cement  (UCAR C-34, Union Carbide  
Corporation,.  New York) .  The cement  connection is 
carbonized by  heat ing to app rox ima te ly  900~ under  
vacuum. The p l a t inum wire  is then spot we lded  to a 
tungs ten  wi re  sealed in cap i l l a ry  tubing  as descr ibed 
above. The OTE is inser ted  into the quar tz  cuvette,  the 
pa th leng th  of which ranges f rom 0.25 m m  (for p l a t i -  
num or tungs ten  OTE's)  to 2.00 m m  (for re t icu la ted  
vi t reous  carbon OTE's) .  The comple ted  OTE assembly  
is he ld  in  place  b y  a Cajon  vacuum fitting. The coun-  
te re lec t rode  is a p l a t i num foil  e lect rode and the re fe r -  
ence e lect rode is an  a luminum wire  in a separa te  
f l i t t ed  compar tment .  

Other  electrodes,  not  shown for clar i ty,  include a 
p l a t inum or tungs ten  wi re  work ing  e lect rode for cyclic 
vo l t ammet ry ,  and an e x t r a  p l a t i num foil  electrode.  
The mel t  is added  via  a filling tube (not  shown) in the 
top of the cell  which  is then  sealed under  vacuum. 
The cell  is mounted  in a suspension assembly  by  means  
of the  suppor t  ring, and  this assembly  is then  lowered  
into an opt ica l  furnace.  The furnace  consists of a glass 
tube w r a p p e d  wi th  a Nichrome heat ing  element,  and  
contains two quar tz  windows th rough  which  spect ra  
a re  taken.  The furnace  t e m p e r a t u r e  is contro l led  by  
using a var iab le  vol tage t ransformer .  A tungs ten  l amp 
and a xenon arc l amp serve as l ight  sources. 

Spectroelectrochemical Study of the Reduction of 
Niobium (V) 

The redox  chemis t ry  of t rans i t ion  meta ls  in Groups  
IVB-VIB in ch loroa lumina te  mel ts  is unusua l  because 
of the  t endency  to form meta l  clusters  in which  the 
meta l  exists  in an unusua l ly  low oxida t ion  s tate  (2, 4, 
12-14). The  e lec t rochemical  reduct ion  of Nb(V)  in  
both acidic [mole percen t  (m/o )  A1Cls > 50] and 
basic (m/o  A1Cls < 50) ch loroa luminates  has been 
prev ious ly  r epor ted  (4).  Poten t iomet r ic  and spec t ro-  
scopic studies of N b ( V )  in A1C13-KC1 mel ts  have also 
been pe r fo rmed  (15). In  basic  melts  the first s tep of 
the reduct ion  of the  b r igh t -ye l l ow  Nb(V)  resul ts  in 
the  format ion  of purp le  N b ( I V ) .  The spec t roe lec t ro-  
chemis t ry  of this reduct ion  was s tudied at  a P t  screen 
OTE in an NaCl-saturated (basic) melt at 225~ Fig- 
ure 3 illustrates the spectra obtained during the course 
of the reduction. At t = 0 sec, an absorption band at 
300 nm due to Nb (V) is observed. Following a poten- 
tial step to the diffusion plateau of the first reduction 
wave, two new absorption bands appear at 275 and 
,-,350 nm. Previous spectra of Nb (IV) obtained in this 
melt (14), in solid phase (16), and in another solvent 
(17) show bands near 285 and 325 nm, plus other 
lower wavelength bands. The reported band positions 
vary by as much as 10-15 nm. Figure 4 shows a thin- 
layer coulogram of this reduction calculated from 
chronoamperometric data obtained simultaneously with 
spectral data. The charge value obtained from this 
curve yields an n value of 0.99, thus confirming a sim- 
ple electrochemical reduction. 

In acidic melts, the reduction of Nb(V) proceeds 
through an ECE mechanism to produce an Nb(IIl) 
species (4) as shown below 

Nb (V) 4- e ~ Nb (IV) 

2Nb (IV) ~ Nb2 s+ 

Nh~S+ ~ 2 e ~  Nb~6+ 

Reduction Of Nb(V) In A 
N c C I - S e t u r G t e d  M e l t  

0.9 
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0.7 
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21 s e c  
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Fig. 3. Spectra obtained dur|ng the reduction of Nb(V) in the 
NaCI-saturoted chloroalumlnate melt. Potential stepped from 1.5V 
to 1.0V vs. the AI( I I I ) /AI  reference electrode in the NoCI-saturated 
melt. OTE: Pt screen; pathlength: 0.25 mm; conc. Nb(V): 0.0015M. 
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T h i n - L G / e r  C o u l o m e t r i c  R e d u c t i o n  
Of Nb(V)  In A N @ C r - S a t u r a t e d  Mel 

/ 
t = 175 ~ 

E = 0.9V 

ncALc = 0.99 

, , , ,  8 , 8 , ,  , , 8 
0 100 200 3 0 4- 0 500 6 0 7 0 

Time, sec 

Fig. 4. Charge vs. time plot for the thin-layer coulometric reduc- 
tion of Nb(V) in the NaCI-saturated chloroaluminate melt. Po- 
tential stepped from 1.5 to 0.gv vs. the AI(II I)/AI reference elec- 
trode in the NaCl-saturated melt. OTE: Pt screen. 

This reduction was studied spectroelectrochemically in 
an acidic melt (A1CI.~-NaC1 63-37 m/o)  at 225~ and 
the resulting spectra are shown in Fig. 5. The Nb(V) 
band at 300 nm disappears as the reduction is carried 
out, and no new bands are observed. The slight in- 
crease in absorbance seen at the longer wavelengths is 
probably due to the formation of a precipitate con- 
taining Nb(I I I )  (14). Because this precipitate ap-  
parent ly was deposited on the screen OTE, it could be 
reoxidized completely to Nb(V),  as indicated by the 
reappearance of the band at 300 nm. Thin- layer  cou- 
lometry carried out simultaneously with spectral ac- 
quisition gave an ~ value of 2.2. Although this value 
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deviates from the expected value of 2.0, it  should be 
considered as a prel iminary result because an exhaus- 
tive coulometric study of this system has not been 
undertaken. 

Spectroelectrochemical Study of Sulfur Oxidation 
The electrochemistry of sulfur in molten chloroalu- 

minates is of considerable importance to the develop- 
ment of a molten salt bat tery using a sodium anode 
and positive oxidation states of sulfur as the cathode 
(18, 19); it has been investigated in both basic and 
acidic melts (20-22). Because sulfur can be oxidized 
to higher oxidation states in acidic melts, its chemistry 
in these melts is of greater  importance to the bat tery 
work. In acidic A1C18-NaCI melts sulfur is oxidized in 
three steps, the final product being S (IV) as indicated 
by voltammetry and controlled-potential  coulometry 
(22). Both Raman (23) and potentiometric (24, 25) 
studies have indicated that S(IV) is present as SCls +. 

We are using spectroelectrochemistry to study fur-  
ther the mechanism of the oxidation of sulfur in acidic 
chloroaluminates. By oxidizing elemental sulfur in the 
melt to S( IV) ,  at least five intermediate oxidation 
states can be produced (24,25). Several  of these 
species have characteristic absorption maxima which 
can be used to ascertain the species present as a func- 
tion of the potential applied to the OTE. 

Elemental sulfur was dissolved in an acidic chloro- 
aluminate melt (A1CI~-NaC1 63-37 m/o) ;  this solution 
was studied spectroelectrochemically at plat inum and 
carbon OTE's at 225~ Thin- layer  coulometry was 
carried out on the first oxidation wave by holding 
the potential of a Pt O T E  at 4-1.65V. N values ranging 
from 0.14 to 0.16 were obtained. These results agree 
with those obtained through exhaustive bulk cou- 
lometry (22). An n value of 0.125 would correspond to 
the formation of $162+ (or Ss+), while an n value of 
0.25 would indicate formation of Ss 2+. The intermedi-  
ate value suggests that  a mixture of these species is 
formed. The spectra shown in Fig. 6, obtained at a 
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carbon OTE, substantiate this supposition. As the oxi- 
dation takes place, three absorption bands appear ap- 
proximately simultaneously at 16,600 cm-~ (600 nm), 
13,700 cm -1 (730 nm), and 10,200 cm - I  (980 nm). 
The latter two bands achieve a maximum absorbance 
after about 4 rain and begin to decrease as the fi~st 
band continues to increase. This can be seen clearly 
from the absorbance-time profiles illustrated in Fig. 7. 
According to previously published work (24, 25), it is 
reasonable to attribute the 600 nm band to Ss z+ and 
the 73(} and 98(} nm bands to $1~ +. This first oxidation 
~tep then produces a mixture of 8~62+ (or Ss* } and 
$8 s+. l~arassi et aL (22) have proposed mechanisms in- 
volving chemical reactions which could account for 
these results. 

The spectra shown in Fig. 8 were obtained by step- 
ping the potential of the carbon OTE from 1.65V 
(plateau of the first wave) to 1.BSV (just past the 
plateau of the second wave). The band at 13,700 cm-L 
due to $162+ (or Ss + } immediately vanishes while the 
band at 16,600 cm -1 (S~ ~+ ) initially increases. This 
band then slowly disappears as Ss 2+ is oxidized to 
S(I) .  In a ~imilar experiment carried out at a Pt 
screen OTE, but recording spectral data at shorter 
wavelengths, bands at ca. 26,300 cm -~ (3B~ rim) and 
~31,(}(}G cm -1 (323 nm) appeared as the oxidation pro- 
ceeded. At least one and perhaps both of these 
bands can be attributed to the formation of S(I)  (as 
$2~+) (25). The third sulfur oxidation wave is not 
very interesting for spectroelectrochemical study be- 
cause the S(IV) product does not exhibit any absorp- 
tion in the visible region (25). 

Conclusion 
We have demonstrated that spectroelectrochemistry 

can be carried out successfully in melts using optically 
transparent electrodes. The correlation of the spectral 
data with the electrochemical results has proved very 
helpful in determining what species are formed during 
the reduction or oxidation, thereby yielding insight 
into the mechanisms of the electrochemical processes 
in melts. 
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Erratum 
In the paper "Primary Current Distribution on a 

Sinusoidal Profile" by Peter Fedkiw which appeared 
on pp. 1304-1308 in the June 1980 JOURNAL, Vol. 127, 

No. 6, Eq. [16] should read as follows 

r Y) = -- Y -}- A [(1 -- e -2=Y) cos 2xX] . . .  
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ABSTRACT 

The  ox ida t ion  of a two-phase  i ron-copper  a l loy  has been s tudied  as an  
example  of the behav ior  of mul t iphase  systems wi th  s imple  composit ions of 
the  component  single phases. The a l loy  oxidizes more  s lowly  than  e i ther  of 
the  pu re  metals ,  pa r t i cu l a r ly  iron, and the scale contains both components ,  
copper  being pa r t i cu l a r ly  accumula ted  close to the sca le-gas  interface.  A 
deep region of in te rna l  oxida t ion  is also present ,  whe re  the i ron- r i ch  pa r t i -  
cles have been conver ted  into FeO. Possible reasons for the  observed  reduc-  
t ion of the oxida t ion  ra te  in compar ison wi th  pure  i ron are  examined :  by  
means  of an app rox ima te  calculat ion based on the theory  of the  growth  of 
mu l t i l aye r  scales i t  is concluded tha t  a m a j o r  fact  is the t he rmodynamic  
des tabi l iza t ion  of the fast  growing wust i te  phase,  due to the  low i ron  ac t iv i ty  
at  the a l loy-sca le  interface.  No pa r t i cu l a r  effect of g rowth  stresses, due to the  
an t ic ipa ted  differences in oxida t ion  ra te  of the  component  phases,  has been 
observed.  Instead,  in agreement  wi th  the  observat ion  tha t  the scale com- 
posi t ion is r a the r  un i fo rm l a t e ra l ly  and shows the larges t  changes pe rpe n -  
d icu la r ly  to the a l loy  surface, the  two-phase  na tu re  of the a l loy does not  
s e e m  to exe r t  a s t rong influence on the overa l l  oxida t ion  behavior .  

Dur ing  the high t e m p e r a t u r e  oxida t ion  of al loys the  
scales tha t  form often conta in  a n u m b e r  of different  
phases,  each of which m a y  contain  more  than  one 
a l loy component .  Thus,  the  rat io  of the  meta ls  in the  
scale is different  f rom the i r  ra t io  in the a l loy because 
the  var ious  components  have different  affinities for 
oxygen,  and  the ra te  of t r anspor t  in the  scale is differ-  
ent  for  each cat ion and in each phase. The composi-  
t ion of the scale m a y  also v a r y  wi th  posi t ion due 
to these differing diffusivities. Some success has been 
achieved in a t tempts  to cor re la te  the  theories  of a l loy 
oxida t ion  kinet ics  wi th  diffusional, s t ruc tura l ,  and 
composi t ional  pa rame te r s  of the me ta l  oxides in sys-  
tems in which  a solid solut ion scale is fo rmed  (1-4).  
This pape r  continues tha t  theme in a t t empt ing  to ana-  
lyze the  behav ior  of the F e - C u  al loys where  the 
oxides of the const i tuent  meta ls  a re  v i r t ua l ly  im-  
miscible,  and c lear ly  the  overa l l  ox ida t ion  ra te  wi l l  
depend  heav i ly  on the d is t r ibu t ion  of the  var ious  
oxide  phases in the  scale. In  addit ion,  Fe  and Cu a re  
r e l a t ive ly  immisc ib le  in the  meta l l ic  phase  and la rge  
composi t ional  changes in the a l loy  due to any  p r e f e r :  
ent ia l  ox ida t ion  are  therefore  p rec luded  even though 
there  a re  considerable  differences in s tabi l i t ies  be-  
tween i ron and copper  oxides. Thus, some in te rna l  
oxida t ion  is ant ic ipated.  

There  are  also subs tan t ia l  differences in oxidat ion  
ra te  of two pure  meta ls  and, hence, p r e suma b ly  be-  
tween  the two const i tuent  phases in the  alloy. Or ig i -  
nal ly,  i t  was an t ic ipa ted  tha t  this could give r ise to 

�9 Electrochemical  Society Active Member. 
Key words: two-phase alloy, iron-copper, oxidation. 

complex  g rowth  stress deve lopment  in the  growing 
scale: this does not  seem to be the case, as wi l l  be seen 
later .  

Experimental 
The al loy used in the  presen t  s tudy  was p repa red  

by  mel t ing  99.998% Fe and 99.9996% Cu in a high f re -  
quency induct ion furnace  and cast ing into a w a t e r -  
cooled mold. Analys is  gave an  average  composit ion of 
44.1 weight  percen t  (w/o)  Cu. The ingot  was me-  
chanica l ly  worked  into a cy l indr ica l  shape and sam-  
ples in the form of disks about  0.8 m m  th ick  were  cut 
f rom it. The disks were  subsequent ly  pol ished on SiC 
papers  and were  then  annea led  for  24 hr  at  850~ in 
vaeuo (_~10 -5 Tor r ) .  I m m e d i a t e l y  p r io r  to oxida t ion  
they  were  l igh t ly  r e - a b r a d e d  on 6/0 e m e r y  pape r  to 
remove the ta rn ish  film produced  dur ing  the anneal ing  
process. 

Oxidation tests were performed in pure, dry oxy- 
gen at 760 Torr pressure under static conditions in a 
Mettler thermoanalyzer; weight gain was continuously 
recorded. At the end of the experiments the samples 
were cooled down in vacuo in the balance chamber; 
no fu r the r  changes in weight  were  detected.  

Cross sections of oxidized specimens were  examined  
by  s t anda rd  methods  of opt ical  and  e lect ron micros-  
copy. Concent ra t ion  profiles were  measured  by  an 
EDAX a t t achment  to a JEOL SEM. Phases were  iden-  
tified by  x - r a y  diffraction. 

Results 
Alloy microstructure.--Figure 1 shows the mic ro-  

s t ruc ture  of the  a l loy a f te r  anneal ing:  essent ia l ly  the  
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Table I. 

Parabol ic  rate  cons tant s  (g= c m - '  see-S) kcu k~,  
T 

(~ CU Fe (8) Alloy k=]l. k=ll. 

700 1.72 • 10-0 (6)  6.0 • 10-o 2.61 x 10 -zo 6.6 23 
800 5.53 • 10-' (6)  5.7 • 10-s 8.61 • 10 -lo 6.4 66 
900 2.80 x 10 '-s (7) 2.5 • 10 -~" 4.73 x 10 -9 5.9 53 

lOOO 8.1 x 10 4 (7) 1.I • 10 ~ ~3.11 x lOS 2.6 35 

Fig. !. Microstructure of the alloy 

as-cas t  dendr i t ic  s t ruc ture  is mainta ined.  The dendr i tes  
a re  the i ron - r i ch  phase which  according to the  phase  
d i ag ram contains 5.8I w /o  Cu; the  copper - r i ch  ma t r i x  
contains 2.06 w/o  Fe  at  1000~ (5). The  average  size 
of the i ron - r i ch  phase par t ic les  is a round  20-30 ~m. 

Kinetics.~Plots of squared  weight  gains pe r  uni t  
a rea  vs. t ime are  r epor ted  in Fig. 2 for the different  
t empera tu re s  (one ind iv idua l  curve for  each T).  They  
show tha t  oxida t ion  of this a l loy follows, to a reason-  
able  approximat ion ,  a parabol ic  ra te  law, especia l ly  if 
the  complex na ture  of the a l loy and the scale is con- 
sidered.  This is pa r t i cu l a r ly  t rue  for r e l a t ive ly  shor t  
react ion t imes (6 h r ) ,  wi th  a sca t te r  of Kp values  of 
~-10% at 800~ and __+2% at the o ther  tempera tures .  
For  longer  t imes increas ing deviat ions are  observed,  
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Fig. 2. Parabolic plot of the weight gain as a function of time: 
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the  ra te  constant  up to 18 h r  showing on the average  
an  increase  wi th  t ime at  900 ~ and 1000~ and a de -  
crease at  700~ there  is no definite t r end  at  800oC. 
Average  values  of the parabo l ic  ra te  constant  calcu-  
la ted  for  6 h r  ox ida t ion  a re  r epor ted  in  Table  I (g2 
c m - 4  s e e - l ) .  

A compar ison of the a l loy  ox ida t ion  kinet ic  con- 
s tants  w i th  those of the pure  base meta ls  (Table  I) 
shows an improved  resis tance of the a l l o y  to ox ida -  
tion; the  a l loy oxidizes ma rg ina l l y  more  s lowly  than  
pure  copper, but  subs tan t i a l ly  more  s lowly  than  iron. 
The rat io  be tween  a l loy and pure  copper  parabol ic  
ra te  constants  remains  a lmost  constant  up to 900~ 
and then decreases sharply,  whereas  for  a s imi lar  ra t io  
be tween  the a l loy  and i ron  a m a x i m u m  is observed at  
800~ 

Identi~cation of scale products.--X-ray diffraction 
analysis  of the scale st i l l  adheren t  to the a l loy  reveals  
the presence of CuO and two i ron  oxides (FeO and 
Fe~O4) : sometimes also o ther  l ines a re  observed  which  
can be a t t r ibu ted  to a mixed  oxide  CuFeO2 (delafossi te) .  
Al though this compound is wel l  known (9) and its 
x - r a y  diffraction pa t t e rn  es tabl ished (10), more recent  
studies (11) th row some doubts on its existence,  a 
conclusion which is p robab ly  re la ted  to the ins tab i l i ty  
of this compound under  high oxygen pressures.  In the 
scale examined  in the presen t  work,  the mixed  oxide is 
a lways  presen t  under  an outer  CuO laye r  and  the re -  
fore  can be s tabi l ized by  the r e l a t ive ly  low oxygen  po-  
tent ia l  at tha t  location. Point  microanalys is  a lways  
gives a copper / i ron  mola r  rat io  ve ry  close to that  ex-  
pected for this phase. 

The d is t r ibu t ion  of the different  phases in  the scale 
can be found by  a combined use of different  tech-  
niques, such as observat ions  under  the opt ical  mic ro -  
scope, the e lec t ron microscope in  the  backsca t te red  

Fig. 3. Cross section of the scale formed on the alloy oxidized 
for 18 hr at 700~C, optical micrograph. C: Fe304; D: FeO. 
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electron-image mode which is sensitive to composition 
(BED, and by the use of x - r a y  maps. The two iron 
oxides are clearly differentiated under optical observa- 
tion, while copper oxide and the mixed oxide are very 
similar  in appearance and can be distinguished from 
iron oxides only under very favorable conditions. BEI 
micrographs, on the other hand, do not differentiate 
between the iron oxides, but clearly show the differ- 
ences between copper oxide (light gray) ,  mixed oxide 
(intermediate gray) ,  and the iron oxides (dark gray) :  
this is confirmed by the corresponding x - r ay  maps and 
by point microanalysis performed in the various 
phases. 

Scale microstructure and composition.--7OO~ 
essential features of the scale formed at this tempera-  
ture are independent of exposure time and are shown 
in Fig. 3 and 4. The outermost scale layer  is pr imari ly  
CuO; in many cases it becomes detached from the re-  
mainder of the scale, and also its thickness varies i r -  
regularly around the sample section. Quantitatively 
the Fe content is difficult to measure, because of the 
l imited thickness of the layers; it appears to be quite 
low. Beneath this outer layer  is a layer containing a 
light intermediate zone (Fe8OD and an inner darker  
zone (FeO), although these differences are not detected 
in the BEI image of Fig. 4 as indicated earlier. In a 

Fig. 4. Cross section of the scale formed on the alloy oxidized 
for 18 hr at 700~ 
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few locations the magnetite phase appears to extend 
right up to the alloy/scale interface; normally it is 
separated from the alloy by an intervening FeO layer 
(Fig. 3). Point analysis of the Fe304 layer  indicates a 
low solubility of Cu, 0.5 w / o C u  in Fe304. 

The interface between the scale and the alloy is 
very undulating due to the preferential  oxidation of 
the Fe-r ich islands in the alloy; the Cu grains remain 
intact up to the scale/al loy interface and can even 
be incorporated unoxidized into the scale. The oxida- 
tion of the Fe-r ich grains in the alloy completely en- 
circles the unoxidized Cu grains, and these can extend 
up to hal f -way across the scale before the~ are con- 
verted to oxide. 

800~ scales formed at 800~ are similar in 
many aspects to those formed at 700~ except for the 
appearance of an additional phase sometimes between 
the FeO and FesO4 layers, but more normally be- 
tween the outer CuO layer and the underlying Fe~O4 
phase; Fig. 5 and 6 show typical examples. Microanal- 
ysis identifies this phase as the mixed oxide  CuFeO~, 
referred to earlier. It appears as an intermediate shade 
of gray in the optical micrograph, Fig. 5, and more 
clearly in the BEI image and x - r a y  images of Fig. 6. 

In the optical micrograph of Fig. 5, in which the 
various oxides of iron can be distinguished [FeO 
(dark) ,  FarO4 ( l ight)] ,  it  seems that  FeO separates 
the magnetite layer from the alloy along much of the 
interface and is also formed within the Fe-r ich grains 
of the alloy. However, where the mixed oxide CuFeO2 
forms below the magnetite, then this can extend up to 
the alloy surface. The numerous voids at and under the 
alloy/scale interface appear to be a result of scale 
pull-out  during polishing. Finally, the outer CuO layer 
tends to vary  in thickness around the sample section 
as observed at lower temperatures; generally however 
it is thicker. 

At longer oxidation times, the mixed oxide appears 
to be largely confined to a region immediately below 
the outer CuO layer. In addition, FeO is mainly present 
only in the internal ly oxidized region and most, of the 
iron in the outer scale is present as magnetite. Other-  
wise the scale morphology changes litt le with time. 

It was possible to measure the Fe content of the 
outer CuO layer at this temperature and EPMA gave a 
value of 8-9 w/o. The solubility of Cu was around 

Fig. 5. Cross section of the scale formed on the alloy oxidized 
for 6 hr at 800~ optical micrograph. A, CuO; B, CuFeO~; C, 
Fea04; D, FeO. 

0.75 w/o in the magnetite, but  up to 2.5 w/o in the 
inner FeO layer. 

900~ 7 shows a typical scale cross section 
at  900~ enabling the four principal scale layers to be 
identified: outer CuO, a layer of CuFeO2 or magnetite 
layer, and an inner wustite layer. In addition, as at 
the lower temperatures, there is a form of internal 
oxidation Of the Fe islands within the alloy. After 
longer oxidation times, 18 hr, at this temperature,  the 
outer CuO zone develops considerable porosity, which 
tends to be elongated in the growth direction and is 
shown in Fig. 8. The amount of Fe dissolved in this 
layer  is about 7 w/o and the Cu concentration in the 
inner layers is 3.5 and 1.0 w/o in FeO and Fe304, re- 
spectively. 

1000~ distinctive feature of the scale present on 
the alloy at this temperature and not at the lower 
temperatures is the porosity which has developed in 
the outer CuO layer. Some of the porosity is clearly 
accentuated during metallographic preparation, but 
nevertheless a large portion of it  is inherent. The pores 
are elongated in the growth direction and seem to ini- 
tiate at the inside of this layer. In most locations the 
CuO layer is completely detached from the underlying 
scale. This is i l lustrated in Fig. 9 and 10. The accom- 
panying x - r ay  maps also indicate the layer  of mixed 
oxide, CuFeO2, immediately below the outer CuO 
layer, and also the presence of this phase as elongated 
precipitates within the inner Fe-r ich oxides, mainly 
FeO. At some positions an intermediate layer  of FeaO4 
is also observed, formed inside the FeO layer, probably 
as a consequence of scale cracking, not evident in the 
micrograp~ After  18 hr oxidation the scale structure 
is rather  similar although internal oxidation of the Fe-  
rich phase of the alloy is very pronounced; Fig. 11 and 
12. Surprisingly most of the internal oxide has been 
lost, presumably during metallographic preparation. 
Where the oxide does remain near to the alloy/scale 
interface, it is pr imari ly  FeO. Cu solubilities in FeaO4 
and FeO at this temperature were 2.5 and 8.0 w/o, re- 
spectively; Fe solubility in the CuO was not measur- 
able using EPMA because of the high porosity. 

Discussion 
Although the scale structures described in the pre-  

vious section are rather  complex, they essentially con- 
sist of an outer layer of CuO, containing a small con- 
centration of dissolved Fe, and inner layers of mag- 
netite and wustite, both containing Cu in solution, 
whose concentration increases with increasing tem- 
perature. In part icular the wustite layer, with the ex- 
ception of samples oxidized at 1000~ has a smaller 
relative thickness than in the oxidation of pure iron, 
where it amounts to about 0.95 of the entire scale from 
700 ~ to 1200~ (12). In addition, at the higher tem- 
peratures a layer  of the compound oxide CuFeO2 
forms between the CuO and magnetite layers and as a 
precipitate within the magnetite. Beneath the scale 
there is a region of internal oxidation, having a thick- 
ness comparable to that  of the external  scale, and 
where the Fe-r ich dendrites in the alloy have been 
oxidized to FeO. 

The outer layer  of CuO presumably formed in the 
early transient stages of oxidation (13) when on ini- 
tial exposure of the alloy both alloy components will 
form their respective oxides. However, because of its 
higher relative affinity for oxygen, iron is eventually 
selectively oxidized from the alloy and continuous 
layers of magnetite and wustite will develop at the 
alloy/scale interface. In effect, the copper oxide is 
then cut off from its direct supply of Cu ions from the 
alloy, although there may be a reduced continuing flux 
of copper through the scale, since it is soluble in the 
iron oxides. 

Below the outer CuO region the scale contains prin-  
cipally iron oxides. Magnetite is not stable, however, 
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Fig. 6. Cross section of the scale formed on the alloy oxidized for 
6 hr at 800~ 

in contact with CuO since the lowest value of the oxy- 
gen activity at the inner interface of CuO corresponds 
to the CuO/Cu20 equilibrium and amounts of 5.88 • 
10 .3 at  700~ and to 0.374 at 1000~ while the highest 
activity of oxygen at the outer interface of magnetite 
is much smaller, amounting to 2.85 • 10-~ at  700~ 
and to 2.62 • 10-~ at 1000~ Therefore, the two 
phases must be separated by either Cu~.O or Fe20~ or 
both. These compounds are never observed, however, 
either because CuO and magnetite are separated by 
an intervening layer  of the mixed oxide CuFeO~ formed 
by chemical interaction between copper oxide and iron 
oxide, as it  occurs at high temperatures, or even be- 
cause the effective thickness of these layers is too 
small to be detected. 

In any case oxygen is supplied to the inner iron 
oxides from the outer CuO layer  either directly or 
through the intermediate mixed oxide, producing an 
outward flux of copper in the CuO layer. At  high tem- 
peratures the corresponding inward flux of vacancies 

through CuO is not completely incorporated into the 
underlying mixed oxide and can condense out in a 
porous region at the interface. Eventually the CuO 
layer  may become completely detached and a dissocia- 
t ive- type mechanism for the supply of oxygen to the 
inner scale region can take over. An extreme situation 
of this kind would correspond to the formation of a 
continuous porous network in the outer layer, with 
oxygen being supplied directly from the gas phase 
to the inner scale regions. This seems part icular ly 
li~:ely at 1000~ in view of the high porosity in CuO. 

At the alloy/scale interface oxygen is supplied by  
part ial  dissociation of the scale and dissolves into the 
alloy. In view of the very large difference between 
the thermodynamic stabil i ty of the oxides of the two 
metals, iron is preferent ial ly oxidized producing FeO, 
while copper cannot be oxidized due to the low oxygen 
potential established there, and the network of copper- 
rich grains remains re la t ively intact. As the scale 
grows and encroaches into the alloy, copper particles 
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the  expe r imen ta l  resul ts  on the  oxida t ion  of i ron  and 
has  been repor ted  in an  ear l ie r  paper  (16). Unfor -  
t una te ly  the re  was an e r ro r  in the  quoted value  and 
the  correct  va lue  is given as a function of t empera -  
ture  as (17) 

kp(FesO4) = 2.08 exp (--40.8/RT) 

Fig. 7. Cross section of the scale formed on the alloy oxidized 
for 6 hr at 900~ optical microgroph. A, CuO; B, CuFeO~; C, 
Fe304; D, FeO. 

are  incorpora ted  into i t  and  are  subsequent ly  oxidized 
when  exposed to a sufficiently high oxygen  act ivi ty.  
Copper  is oxidized in the  scale main ly  to CuFeO2 
which pa r t ly  dissolves into the sur rounding  i ron  oxides 
and pa r t l y  remains  as isola ted part icles .  

I t  is appropr ia t e  at this  poin t  to consider  how the  
fea tures  of the scale fo rmed  on this alloy, repor ted  
above, would affect the overa l l  oxida t ion  rate,  which at  
any  t empera tu re  is smal le r  than  for e i ther  of the pure  
metals.  The reduct ion  in ra te  in compar ison wi th  that  
of pure  Fe is especia l ly  significant since the scale con- 
sists ma in ly  of the oxides of Fe. Undoub ted ly  i t  is due 
to many  concurrent  effects in  view of the complex i ty  
of the s t ruc ture  of the a l loy and also of the scale. 
These are  now considered individual ly .  

The absence of an outer  hemat i te  l aye r  should not  
have a g rea t  influence, since i t  grows ra the r  slowly,  
even on pure  iron. The r educ t i on  of the  re la t ive  th ick-  
ness of the wust i te  l aye r  could ins tead  have a marked  
effect, since this oxide has a la rge  defect  concent ra-  
t ion and a cor respondingly  high cat ion diffusivity. The 
effect of this on the reac t ion  kinet ics  has been dis-  
cussed in g rea te r  deta i l  in a s tudy  of the oxida t ion  of 
an i ron- r ich  monophase  F e - C u  a l loy  publ i shed  else-  
where  (14), which  has a s impler  scale composition, 
where  i t  is shown that  the  reac t ion  ra te  can be s t rongly  
decreased in this way. The s i tuat ion of the two-phase  
a l loy is more  complex,  however ,  not only  because of 
the presence of CuO and the mixed  oxide in the outer  
region of the scale, bu t  also because the in ter face  be-  
tween  FeO and Fe304 regions is often ve ry  i r regular .  
Moreover  f rom 700 ~ to 900~ the wust i te  l aye r  is even 
discontinuous,  since at  some posit ions magnet i te  
reaches the scale interface,  whi le  at  1000~ a continuou~ 
thick layer  of FeO is developed.  

A rough  es t imate  of the influence of this aspect  of 
the scale s t ruc ture  on the scal ing constant  can be ob-  
ta ined  by  ignoring the presence of FeO and eva lua t ing  
the growth  ra te  expected  in presence of magne t i t e  
alone. The ra te  constant  for  the direct  fo rmat ion  of 
magnet i te  on an i ron a l loy having a meta l  ac t iv i ty  at  
the a l loy /sca le  in ter face  corresponding to the equi l ib-  
r ium FeO/Fe304 and an oxygen ac t iv i ty  at  the ou te r  
magne t i t e  in terface  as requ i red  for  the equ i l ib r ium 
Fe304/Fe203 is one - four th  of the so-ca l led  t h i r d - k i n d  
ra te  constant  for the magne t i t e  g rowth  (15), as shown 
in the Appendix .  The l a t t e r  has been ca lcu la ted  f rom 

Thus, the  requ i red  ra te  constant  k '  ---- k~14 amounts  
to (g2 e ra -4  sec-1)  3.517 X 10 -1~ a t  700~ 2.517 • 
10 -9  at  800~ 1.288 X 10 -8 a t  900~ and 5.097 • 
10 - s  a t  1000~ These values  a re  somewhat  h igher  than  
the expe r imen ta l  ra te  constant  for  this alloy, in spite  
of . the presence of some FeO, pa r t i cu l a r ly  at  1000~ in 
the  scales. The presence of FeO should imp ly  tha t  the 
above ca lcula ted  ra te  constants  represent  min imum 
values,  and  the o ther  factors a re  p r e sumab ly  involved.  
In  par t icu lar ,  the  oxygen ac t iv i ty  at  the outer  magne-  
t i te  in ter face  could be  lower  than  tha t  for  the  FesO4/ 
Fe203 equ i l ib r ium as assumed above. Indeed, Fe203 
is not  observed in  the  scale. This s i tuat ion would  lead  
to a decrease  of the  ra te  constant  for  the  g rowth  of 
magne t i t e  and  the reby  of the  overa l l  r a te  constant.  

A cont r ibut ion  to the decrease  of the  scal ing ra te  can 
also come f rom the dissolut ion of copper  in i ron  oxides. 
In  fact FeO, in spite  of the  l a rge  devia t ions  f rom stoi-  
ch iomet ry  and the complex na tu re  of i ts defects, is es- 
sent ia l ly  a p - t y p e  semiconductor ,  so tha t  the  presence 
of copper,  most  p r o b a b l y  in the  form of Cu + ions ow-  
ing to the low oxygen  act ivi ty,  should produce a de -  
crease of the vacancy concent ra t ion  and hence slow 
down the diffusion of iron. Ac tua l ly  la rge  addi t ions  
would  be thought  necessary  for  this effect due to the 
high concentra t ion of nat ive  defects in FeO as com- 
pa red  to s imi lar  oxides l ike  NiO or CoO (18) : observa-  
tions on the influence of Li20 on the ra te  of format ion  
of FeO (19) and on the ra te  of oxida t ion  of Fe -Cr  
al loys (20) a re  in subs tant ia l  ag reement  wi th  this p re -  
diction, even if  the  effect is small .  In  addit ion,  the 
presence of foreign ions in  magne t i t e  is known to p ro -  
duce a s t rong decrease  of the  i ron  mobi l i ty  (21). 

The two-phase  a l loy oxidizes more  s lowly even than 
the monophase  i ron- r ich  alloy, since the reduct ion  fac-  
tor  of the parabol ic  ra te  constant  w i th  respect  to i ron 
for the  l a t t e r  sys tem ranges f rom 4 to 9 according to 
the t empera tu re  (14), so tha t  addi t ional  factors are 
opera t ing  to reduce the react ion ra te  fu r the r  in this 
alloy. The main  differences be tween  the scale s t ruc ture  
of the mono-  and two-phase  al loys are  the absence of 
the outer  layers  of CuO and mixed  oxide, the g rea te r  
re la t ive  thickness of the FeO layer ,  except  a t  1000~ 
and the absence of the in te rna l  oxida t ion  region in the 
former  system. In addi t ion  the  copper  concentra t ion in 
the i ron oxides  is much l a rge r  for  the two-phase  alloy. 
Al l  these aspects can affect the oxida t ion  rate,  but  in 
view of the previous  discussion the des tabi l iza t ion of 
wust i te  and copper dissolution in  i ron  oxides seem to 
be the most  impor t an t  factors.  

Possible  stress effects associated wi th  the develop-  
men t  of different  oxides growing at  different  ra tes  on 
the a l loy seem to be  absent  f rom this system. In fact, 
the scale appears  compact  and of un i form thickness 
and shows no l a t e ra l  var ia t ions  in s t ruc ture  or com- 
position, at  least  none which can be d i rec t ly  associated 
wi th  the  two-phase  s t ruc ture  of the  a l loy only. The 
thickness of the  wust i te  l aye r  sometimes shows large  
var ia t ions  a round  the surface of the sample  where  at  
some positions i t  is confined to the in te rna l  oxidat ion  
region whi le  in others  i t  ex tends  far  into the  scale. 
The re la t ive  un i fo rmi ty  of the scale s t ruc ture  is pos-  
s ibly re la ted  to the smal l  gra in  size of the  alloy, so 
tha t  Cu-r ieh  and Fe - r i ch  regions in the  a l loy  a l t e rna te  
f r equen t ly  at  the a l l oy /ox ide  interface  and l a t e ra l  d i f -  
fusion is sufficiently r ap id  to even out  these f luctua-  
tions: differences in the scale s t ruc ture  a re  in fact  con- 
fined ma in ly  in a di rect ion pe rpend icu la r  to the a l loy 
surface r a the r  than  pa ra l l e l  to it. 
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Fig. 8. Cross section of the scale formed on the alloy oxidized 
tot 18 hr at 900~C. 

Conclusions 
The results obtained in  this s tudy on the oxidation 

of a two-phase alloy lead to the following conclusions. 
1. The alloy oxidizes more slowly than the con- 

s t i tuent  pure  metals, especially, Fe, at al l  tempera-  
tures  in  the range 700~176 

2. A n u m b e r  of factors are involved in the reduction 
in  rate but  that  of par t icular  importance is the par t ia l  
destabil ization of wusti te  due to a large decrease in  
the i ron activity at the al loy/scale interface. 

3. The inne r  regions of the scale contains main ly  
i ron-r ich  oxides and the outer scale layer  is CuO. This 
CuO layer  is v i r tua l ly  cut off from the alloy after the 
ini t ia l  t rans ient  stages. Porosity, more pronounced at 
1000~ develops between the outer  CuO and Fe304 
layers, as a result  of an exchange reaction at that  
interface and the cont inued flux of copper through 
the outer CuO layer. This can lead to complete de- 
t achment  of the outer layer  and a dissociative-type 
mechanism. 

4. In te rna l  oxidation of the i ron- r ich  phase in  the  
alloy is always observed to a thickness comparable 
with that  of the externa l  scale. This also produces a 
depletion of i ron in  the sur rounding  Cu-r ich matr ix,  
as evidenced by  the destabil ization of FeO and the 
concomitant  reduct ion in  the relat ive thickness of the 
FeO layer  in the scale in  comparison with the oxide 
scales formed on pure Fe. 

5. The two-phase na tu re  of the alloy does not s e e m  
to have any  part icular  effect on the scale properties. 
This is presumably  related to the ra ther  regular  and 
closely spaced dis t r ibut ion of the two phases in  the 
alloy. Certainly, stress development  due to the ac- 
commodation wi th in  the scale of two phases oxidizing 
at different rates are not evident.  
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APPENDIX 

Fig. 9. Cross section of the scale formed on the alloy oxldized 
for 6 hr at 1000~ optical micrograph. A, CuO; B, CuFe02; C, 
Fe304; D, FeO. 

The re la t ionship  be tween  the ra te  constant  for the  
direct  g rowth  of magne t i t e  on an i ron  al loy at  a su r -  
face i ron ac t iv i ty  corresponding to the equi l ib r ium 
FeO/Fe304 and an oxygen  ac t iv i ty  at  the outer  surface 
corresponding to the  equ i l ib r ium Fe~O4/Fe208 and the 
ra te  constant  of th i rd  k ind  for magne t i t e  g rowth  (15) 
is obta ined as follows. 

The  systems to be considered are  r e fe r red  to as A 
and B and are  schemat ized be low 

Fig. 10. Cross section of the scale formed on the alloy oxidized 
for 6 hr at 1000~ 
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Fig. i i .  Cross section of the scale formed on the alloy oxidized 
for 18 hr at IO00~ optical micrograph. A, CuO; B, CuFeO,; C, 
Fe304; D, FeO. 

02 02 
I I  I I  

Fe304 (A) FeaO4 (B) 
I I 

Alloy FeO 

The oxygen activity in the gas phase is assumed to 
correspond to the magnet i te /hemati te  equilibrium in 
both cases, while the iron activity at the interface I 
corresponds to the equilibrium FeO/FesO4, so that FeO 
is completely destabilized in system A. If the oxida- 
tion rate is controlled by diffusion through the magne- 
tite layer, the flux of iron ions J fo r  both systems is 
related to the parabolic rate constant kt (molecules 
cm -1 sec -1) by (22) 

J dn kt 
-- = - -  = - -  [A-l] 
3 dt x 

where dn is the number of FeaO4 formula units formed 
in the time dt per  unit area at the interface II  by the 
reaction 

3Fe + 2 02 ---- FeaO4 [A-I] 

and x is the instantaneous thickness of the magnetite 
layer. For an exclusive cation diffusion in an oxide 
MaOb one has (28) 

co [oo" In ao EA-2] 
k t - -  a ,~ao' 

The relationship between the weight of oxygen of the 
magnetite layer  per unit area q, the corresponding 
number of moles n, and the thickness x are 

4M(O) 4dM (0)  
q = n = z [A-3] 

NA M (FeaO4) 

(NA = Avogadro's number, d _-- oxide density, M(O) 
---- atomic weight of oxygen, M(Fe304) = molecular 
weight of magnetite). Deriving Eq. [A-3] with respect 
to t and using Eq. [A-3], [A-9], and [A-10] results 
in, the system A 

dq(A)  k (A)  4M(O) dn(A)  

dt 2q (A) NA dt 

4M (O) kt 16rim 2 (O) kt 

N A x (A)  NAM (FeaO4) q(A)  
o r  
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[A-4] 

1781 

2dM2 (0 )  
k(A)  = 16 ~ [A-5] 

NAM (FeaO4) 

On the contrary, deriving Eq. [A-3] with respect to 
t and using Eq. [A-3], [A-9], and [A-13] results in 
the system B 

dq(B) k(B) 4/I//(O) dn(B)  
, - - - ,  - -  

d r  2q (B) NA dt 

4M (O) kt 16riM2 (O) 
- -  = 4 [A-6] 

N A X (B) NAM (FeaO4) 
= 4 - -  

or 
q(B) 

2dM 2 (O) 
k(B)  = 64 kt [,%-7] 

N AM (Fe~O4) 

Comparing Eq. [A-5] and [A-7] gives finally 

k(A) = k(B)/4 [A-8] 

where DM is the self-diffusion coefficient of the metal  
ions in the oxide, Co the concentration of oxygen in 
the oxide (ions cm-a) ,  and ao i and ao e are the oxygen 
activities at the metal /scale and scale/gas interfaces, 
respectively. 

If ao i and ao �9 are the same for the two systems, as 
assumed here, kt will be the same in both, since D~ 
depends on ao in the same way. However, in spite of 
the equality of kt, the parabolic rate constants as func- 
tions of the weight of oxygen in magnetite per  unit  
area for the two systems, denned by 

q2(A) = k ( A ) t  and q2(B) = k ( B ) t  [A-9] 

differ. In fact, for the system A Fe304 forms only at 
the interface II with the rate defined by Eq. [A-I]  
and controlled by the iron flux J in the form 

dn(A)  J kt 
- - = - - = - -  [A-10] 

dt 3 x (A)  

while in the system B Fe304 forms at the interface I 
by the reaction 

4FeO ---- FeaO4 + Fe [A-II]  

creating the flux J diffusing through the magnetite 
layer and oxidized at the interface I1 according to re-  
action [A-I].  Reaction [A-iI]  requires however, that 
one formula unit of magnetite forms at the interface I 
for every Fe ion diffusing in magnetite. The rate of 
formation at the two interfaces are 

and 

dn(B) (II) J kt 
-- -- -- ~ [ A - I f ]  

dt 3 x(B)  

dn(B) (I) J kt 
---- 3 -  = 3 -  [A-12] 

dt 3 x(B)  

and the overall  rate of formation of magnetite results 

dn(B) dn(B) (I) dn(B)  (II) 4 kt 
- - _  + = - - J = 4 - -  

dt dt dt 3 x (B) 

[A-13] 
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ABSTRACT 

Crystal l ine Si wafers oriented in  the ~100~  and ~111> planes were oxi- 
dized in  ambients  containing low oxygen par t ia l  pressures to examine the 
role played by oxidant  pressure on relat ive oxidation rates. The grown oxide 
films were formed at temperatures  between 850 ~ and 1050~ and were less 
than  3002k thick. Substrates wi th  <111> oriented surfaces are general ly  
oxidized more readi ly than substrates wi th  ~100~  orientat ions at the same 
oxidation tempera ture  and oxidant  pressure. However, a reversal  in the 
relat ive oxidation rates of these crystal l ine Si substrates was observed at 
low oxygen par t ia l  pressures. This reversal  was near ly  independent  of oxida- 
t ion tempera ture  and also of oxidant  di luent  gas. A quali tat ive model is pro- 
posed to account for these results. 

Thermal  growth of SiO2 films on Si substrates in  
an oxygen ambient  takes place at an SiO2-Si interface 
(1) after  oxygen is diffused to the substrate. The 
oxidation reaction occurs at the substrate a n d  goes 
to completion in  the par t ia l ly  oxidized t ransi t ion re-  
gion located between the crystal l ine substrate and 
the amorphous SiO2 film. Oxygen reacts with acces- 
sible, nonoxidized Si-Si  bonds to form siloxane groups. 
At a fixed temperature,  the Si oxidation rate is altered 
by changes in  the part ial  pressure of oxygen, Po2 
(1-4), in  oxide film thickness, and in  the crystal l ine 
substrate  or ientat ion (2, 5, 6). 

Si oxidation rates are ra te-control led by the crystal-  
l ine substrate  surface or ientat ion in the thin (~300A) 
film thickness region. The oxidation rate wi thin  the 
interfacial  reaction zone is dependent  upon the oxygen 
concentrat ion in this region. The oxygen concentrat ion 
in  this zone is directly proport ional  to the oxygen 
par t ia l  pressure in  the oxidizing ambient  (1, 7, 8). 

The dependence of Si oxidation kinetics upon sub-  
strate or ientat ion has been observed in the thin film 
range at temperatures  below, but  not at, 1200~ (2-6). 
At a given oxidat ion tempera ture  and oxidant  pres- 
sure, single crystal Si substrates with ~111~  oriented 
surfaces (2, 5, 6) general ly  oxidize more readi ly  in 
oxygen and in  water  vapor ambients  than substrates 
wi th  ~100~  orientations. The number  of accessible, 
nonoxidized Si-Si  bonds at the substrate  surface and 
wi th in  the SiO2-Si t ransi t ion regions is greater on 
~111~  Si than  on ~100~  Si (5, 9-11). As a con- 
sequence of this difference in observed oxidation kin-  
etics at a constant  Po2 for substrates with ~ lO0>  and 
~111> orientations, a relationship between thermal  
oxide growth rates and the accessible Si-Si  bond 
concentrat ion at the interface was proposed (5, 11). 

Si oxidation kinetics in  this thin film range are 
often approximated by l inear  growth. The l inear  rate 
constant, klin, for oxidation of <111~  and ~100~  
oriented Si decrease with Po2 at 850~ and at 1000~ in 
O2/N2 ambients  (2). At a given oxidation temperature,  
s traight  line plots of kiln vs. Po2 indicate a stronger 
pressure dependence on oxidation of ~111> oriented 
substrates than on oxidation of ~100> oriented sub- 
strafes. The plots are not parallel  but  intersect at 
a nonzero value of Po2. The relat ive magni tudes  of 
In k l i n ~ l l l >  and of In kl~n~100> reverse when one 
extrapolates to low oxygen part ial  pressures. 

I P r e s e n t  address :  T h o m a s  J. Watson Research Center ,  York-  
t own  Heights ,  New York  10598. 

Key  words :  silicon, silicon dioxide, thermal  oxidation, oxidation 
kinetics,  pressure dependence.  

Cabrera and Mott (12) have proposed a steric argu-  
ment  in  which the order of increasing oxidation rates 
is the same as the densi ty of decreasing atoms on the 
crystal l ine faces. This model predicts that the ~100~  
face of Si should oxidize faster than the ~111>  face. 
Kamigaki  and Itoh (13) have fit their  Si oxidation 
rate data to the Cabrera-Mott  oxidation equation for 
oxide films ~200A thick and p o ~ 1 0  -2 atm. They 
have observed pressure-dependent  Teversals i n  rela-  
tive oxidation rates of oriented Si substrates after 
oxidizing at ll0O~ in OJN2 ambients.  Much of their  
data is obtained at 02 pressures at which the N2 
diluent,  which can react with Si (14, 15), may  affect 
the Si oxidation kinetics. 

The extent  to which ni t rogen interact ion with Si 
alters the oxidation kinetics at low oxygen part ial  
pressures is unknown.  Nitr idat ion reactions are known 
to occur at the SiO2-Si interface provided that  the 
oxidant  concentrat ion is sufficiently low (14, 15). In 
order  to determine whether  a reversal  in  oriented 
Si oxidation kinetics will occur in ambients  free of 
nitrogen, oxidation kinetics of <111~  and ~100> 
oriented Si substrates at low Po,2 were examined in 
O2/Ar, O#He,  and O2/N2 ambients  in this thin Si 
oxide growth range. 

Experimental 
Si single crystal wafers that were chem-mech pol- 

ished, p or n- type,  1-2 ~-cm, ( 1 0 0 ~  and <111> 
oriented, were used in this investigation. They were 
cleaned in  (i) NH4OH, t-I202, H20 (1:1:5) at 65~ 
(ii) H~O, (iii) HC1, H202, H20 (1:1:5) at 65~ (iv) 
H20, and (v) etched in  HF:H20 (1:1) followed by 
a (vi) deionized water  rinse. In  some cases, the 
wafers were subjected to a c lean-up oxidation step. 
An SiO2 film about  2000A thick was first grown at 
1050~ in dry oxygen and then removed by etching. 
This step was later  discontinued since no difference 
in  oxidation kinetics was detected as a result  of its 
omission. 

Oxidations were carried out at atmospheric pressure 
in  furnaces containing single walled, high purity, fused 
silica tubes at temperatures  of 850~176 Total gas 
flow velocities were 1-3 cm sec -1. High pur i ty  n i t ro-  
gen, argon, and  hel ium gases with ( 2 ppm H20 
were used as diluents to reduce the oxidant  par-  
tial pressures. The oxidant  was general ly  dry 02 
( ~  2 ppm H20) but  some experiments  were per-  
formed using H.,O vapor as the oxidant  by bubbl ing  
a fraction of the N2 carrier gas through H20 kept at 
25~ The water  vapor content  of the N2 carrier  gas 
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in  the lat ter  experiments  was estimated (16) to be 
about 750 ppm and about 2000 ppm. 

During oxidation, the wafers were vert ical ly ar -  
ranged on a quartz carrier  with <100> and <111> 
oriented wafers symmetr ical ly  positioned. Several 
wafers with each or ientat ion were oxidized at a given 
time. Positions of oriented wafers were often reversed 
to e l iminate  errors in oxide film thickness due to 
small  gradients in temperature  in the oxidation zone 
within the furnace tube. Wafers were warmed to 
temperature  in  the di luent  gas and then oxidized for 
a desired length of t ime at a fixed oxidant  part ial  
pressure, Pox. 

Oxide film thickness was general ly  measured by 
ell ipsometry at the center  of each wafer  after al igning 
the ellipsometer. All data points were measured in  
2 zones at a wavelength of 5461A and with an angle of 
incidence of 70.00 ~ . In some cases, oxide film thick- 
nesses were derived from x - ray  photoelectron spec- 
troscopy (XPS) in tensi ty  data and were compared 
with corresponding ellipsometric measurements.  

Results 
In  Fig. 1, changes in oxide film thickness of <111> 

and <100> oriented Si substrates oxidized at 850 ~ 
and 1O50~ for 10 min  intervals  are plotted vs.  oxygen 
part ial  pressures, Po2. The oxygen is di luted with 
ni t rogen gas. At Po2 "- 0.07 arm, the <100> and 
<111> oriented substrates are oxidized at the same 
rates independent  of oxidation temperature.  At higher 
Po2 values, the commonly observed or ientat ion de- 
pendence occurs with <111> oriented substrates oxi- 
dizing faster than <100> oriented substrates. At 
lower Po2, this or ientat ion dependence on oxidation 
rates is reversed. 

N2 gas interacts  with Si at the SiO2-Si interface 
when  the oxygen concentrat ion is low (14, 15). The 

I00 

0 

p, I - 2 Q,-cm Si 

OXID AMBIENT: 02+ N 2 
tOXlD : I0 min 

x ( II I> ~ x  1050~ 
o<100> x ~  ~ _o 

} _/ 

~ x  850~ 

2 I 1 I I I 
I 0.2 0.4 0.6 0.8 1.0 
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Fig. 1. The effect of 02 partial pressure on $i02 film thickness 
after thermally oxidizing < 1 0 0 ~  and ~ 1 1 1 ~  oriented substrates 
for 10 min at 850 ~ and 1050~ in 02/N2 mixtures. 
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Table I. Effect of diluent gas on Si oxide growth 

doxlde (A) 
Dil- 
uent T Sub- 0.5% 1% 5% i0~ 
gas (~ strate 02 Os Os O~ 

Na 850 <111> 16.2 19.0 22.0 25.8 
850 <100> 19.5 20.1 22.7 25.8 

N~ 1050 <Iii> -- 33.8 65.7 96.6 
1050 <1 0 0 >  - -  37.9 69.3 92.0 

Ar 1050 <iii> -- 37.9 69.8 - -  
1050 <I00> -- 42.4 69.9 

He 1 0 5 0  <III> -- 41.2 83.5 -- 
1050 <I00> -- 47.4 84.0 -- 

I-2 ~-cm, n-SL 
toxid: i0 min. 

reversal  in relat ive oxidation rate of the two crystal-  
l ine Si surfaces was reexamined at 1050~ with re-  
spect to di luent  gas used in the oxidation ambient.  
F i lm thicknesses are given in  Table I for <111> and 
<100> oriented substrates oxidized for 10 min  in ter -  
vals in ambients  containing either N2, Ar, or He with 
Po2 ranging from 0.01 to 0.1 atm. A reversal  in or ienta-  
t ion dependence is detected for Pos "- 0.05 to 0.1 atm 
for 0 2 / N 2  mixtures  and at Po2 "- 0.05 a tm for O J A r  
or O2/He mixtures.  

In  Fig. 2, thicknesses of oxide films on <111> and 
<100> oriented substrates formed at 1050~ are plotted 
vs.  oxidation t ime with Po~ = 0.01 atm in N2, At, 
and He diluents. With each diluent, the oxide formed 
on the <100> oriented substrate is thicker than the 
oxide formed on the <111> oriented substrate. Small  
differences in  film thickness are observed with change 
of di luent  gas but  these differences are l ikely to be 
associated with small  exper imental  errors in  mixing 

8 0 - -  

6 o -  

40  

n, 1,12-cm Si 
TOXID : 1050 ~ C 

o (Ioo)~lO, 
X ( l l l ) f " ~  02 +N2 

�9 (100)1.  ,o, 
�9 (111 ) j"  '~ 02 + Ar 

A ( I I I  )}1 go02 He A ( 1 0 0 )  o + 

A 

A �9 
x 

A il 

2 0 0  i I I I 
20 40  

t (min) 

Fig. 2. The effect of change in oxygen ambient diluent at P o 2  - -  

0.0! atm on Si02 film growth at 1050~ on ~ I 0 0 ~  and < 1 1 1 >  
oriented substrates. 
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Fig. 3. Long-term SJ oxidation of < 1 0 0 >  and < 1 1 1 >  oriented 
substrates at p ~  = 0.01 atm and at an oxidation temperature of 
1000~ compared with corresponding 8 rain oxidation at Po2 "- 
i .0 arm. 

of the gases. From this comparison of oxidation rates 
in  different di luent  ambients,  no evidence of N2 
react ivi ty  with Si are apparent  at oxygen part ial  
pressures as low as 0.01 arm. However, as the oxygen 
part ial  pressure is decreased further,  competit ion be-  
tween  the n i t rogen reaction and  the oxygen reaction 
with Si may complicate the oxidation kinetics. 

In  Fig. 3, thicknesses of oxide films on <111>  and 
<100> oriented substrates formed at 1000~ are plotted 
vs. oxidation t ime with Po2 -- 0.01 atm in an N2 diluent.  
Oxidation times are from 4 to 16 hr  and yield film 
thicknesses in  the 100-300A range. Again, oxide films 
formed on <100> oriented substrates are thicker than 
the films formed on <111> oriented substrates. 
Changes in  film thickness for oxides formed on <100> 
and d i l l >  oriented substrates with Po2 ---- 0.01 atm 
are summarized in Table II. Oxidation rates decrease 
with t ime indicat ing that  the reaction has progressed 
beyond a l inear  oxidation range. After oxidation at 
Po2 ---- 0.01 arm in  an  N2 di luent  for 10 min  at 850~ 
ellipsometric thickness measurements  show oxide 
films on <100> oriented substrates to be 0.5-2A thicker 
than  oxides formed on <111> oriented substrates. 
XPS intensi ty  measurements  of Si 2p photoelectrons 
from the oxide film yield oxide film thickness data 
consistent with those obtained from the ellipsometric 
measurements .  

Oxide films were also formed by oxidizing <111> 
and <100> oriented Si substrates in H20/N2 mixtures  
at  850 ~ and 1050~ The N2 stream was par t ia l ly  di-  
ver ted and bubbled  through deionized water  at 25~ 
In  the first experiment ,  about 750 ppm of water vapor 
was added to the N2 stream. In  the second experiment,  
about  2000 ppm of water  vapor was added to the N2 
stream. The water  vapor oxidation results are i l lus-  
t ra ted in Fig. 4. After oxidation had occurred for 
10 rain at  850~ and at 1050~ a reversal in the re la-  
t ive oxidation rates of <111> and <100> Si is ob- 

Table II, Comparison of oxide growth on < 1 0 0 >  and < 1 1 1 >  
oriented Si surfaces at Po2 ---- 0.01 arm 

do.<100> - -  dos<Ill> (A) 

t T (~ N2 A r  He 

5 r a i n  1050 2.9 2 4.5 

10 3.8 4.2 6.5 

20 7 6 7.2 
40 7 6.5 I0  

4 h r  100O 14 - -  - -  

6 12 - -  - -  
16 10 N 

160 

120 

~ 8O 

40 

30 

p, 2~,-cm Si 
DILUENT GAS: N 2 

x < l l l >  - 

- o (100> 
/ 

X 

_- /~~~. 1 0 5 0 ~  

2 0 -  : 

I0 I I 
A B 

PH20 

Fig. 4. Effect of low partial pressures of water vapor on relative 
oxidation kinetics of < 1 1 1 >  and < i 0 0 >  Si. 

served that is dependent upon the partial pressure 
of water vapor. At the low water vapor partial pres- 
sures, <100> Si is oxidized more rapidly than <111> 
Si. 

Discussion 
The <111> and <100> Si surfaces exhibit  different 

dependencies upon oxidant  part ial  pressure in the th in  
�9 Si oxide film range. A consequence of this difference 
is that  the relat ive oxidation rates of <111> and 
<100>  oriented Si substrates reverse at Po2 < 0.1 
arm. The part ial  pressure of 02 at which this reversal  
is observed is unaffected by change in di luent  gas 
from N2 to Ar to He. This reversal  is only weakly 
affected by change in tempera ture  from 850 ~ to 1050~ 
A similar reversal is observed in  our  pre l iminary  
oxidation studies with low water  vapor part ial  pres-  
sures. Changes in the relative oxidation rates of 
<111> and <100> oriented Si surfaces are associated 
with changes in the part ial  pressure of the oxidant  
(O~ or H~O). 

Other chemical reactions that  are faster on <100> 
than on <111> Si surfaces have previously been ob- 
served. Addit ion of 10% HC1 to an 02 oxidizing am-  
bient  appears to alter the relat ive oxidation rates of 
<100> and <111> oriented Si substrates (17). The 
<111> surface is less chemically reactive when  etched 
in wet ambients  (18), but  is more reactive when  
oxidized in  water  vapor. The chemistry affecting the 
relat ive reaction rates on these substrate orientations 
requires fur ther  clarification for the different reactions. 

The pressure-dependent  reversal  in oxidation k in-  
etics on Si substrates with different surface or ienta-  
tions are nei ther  accounted f o r  by comparison with 
Si-Si  bond accessibility in the t ransi t ion region (5, 11) 
nor by a steric a rgument  proposed by Cabrera and 
Mott (12). These models can be fit to separate 
portions of the oxidation rate-Po2 or -P}~2o data. 
Neither model explains the observed dependence of 
the relat ive oxidation rates of the crystal l ine Si su r -  
faces upon oxygen pressure. 



1786 J. Electrochem. Soc.: S O L I D - S T A T E  SCIE N CE  A N D  T E C H N O L O G Y  Augus t  1980 

The oxygen  t ranspor ted  to the SiO2-Si t rans i t ion  
regions is de te rmined  by  the oxygen  pa r t i a l  pressure  
in the  ambient .  The rat io  of S i -Si  bond densit ies  
wi th in  the t rans i t ion  regions of <111> and <100>  
or iented  subst ra tes  is expected to remain  nea r ly  con- 
s tant  dur ing  the oxidat ion  process, pa r t i cu l a r ly  as 
Poa is decreased.  Oxygen  t ranspor t  through an a m o r -  
phous oxide  film to the t rans i t ion  region is e i ther  
to ta l ly  independen t  of the subs t ra te  or ien ta t ion  or 
differs by  a small ,  constant  rate.  The reversa l  in 
oxida t ion  ra tes  of the di f ferent ly  or iented subst ra tes  
p r e sumab ly  occurs wi thout  significant change in the  
re la t ive  concentrat ions  of e i ther  accessible S i -S i  bonds 
or  of ox idant  at  the t ransi t ion regions. The observed 
oxidat ion  kinetics,  i.e., the  s t ronger  dependence  of 
oxidat ion  ra te  wi th  oxygen  pa r t i a l  pressure  of a 
<111> than a <10O> or iented  surface, are  associated 
wi th  differences in in t r ins ic  proper t ies  of the two 
or iented  subs t ra tes  and a re  made vis ible  by  changes 
in t rans i t ion  region oxidant  concentrations.  

To account for  the oxida t ion  kinetics,  the chemical  
envi ronment  of the pa r t i a l l y  oxidized t rans i t ion  region 
in which the oxidat ion  react ion occurs must  be con- 
sidered. This region is a th ree -d imens iona l  s t ruc ture  
where  S i -S i  bonds are  conver ted  to s i loxane (S i -O-S i )  
groups dur ing  oxidat ion.  A volume change occurs 
upon oxida t ion  in which the Si a tom surface dens i ty  
in an or iented  subs t ra te  is decreased by more  than 
50% when  SiO., is formed. Grea te r  than  50% of this 
t rans i t ion  to SiO2 occurs wi th in  2-3A from the sub-  
s t ra te  (9, 10). 

Despite the h igher  Si a tom dens i ty  on <111>  Si 
than  on <100>  Si, the first t ransi t ion region oxide  
l aye r  appears  to be less comple te ly  oxidized on <111> 
Si than  on <100>  Si subs t ra tes  (9, 10). The t ransi t ion 
region width  be tween  crys ta l l ine  Si and SiO2 is 
g rea te r ,on  <111>  Si than  on <100> Si. The es t imated 
number  of nonoxidized S i -S i  bonds located wi thin  
the  t rans i t ion  regions are  equiva lent  to 1-2 layers  of 
Si  subs t ra te  atoms. XPS studies  of the SiO2-Si in t e r -  
face (9, I0) indicate,  wi th in  detect ion limits,  that  the 
composit ion and width  of the t ransi t ion regions of 
a given crys ta l l ine  or ienta t ion  are  independent  of 
the oxida t ion  condit ions (e.g., oxidat ion  tempera ture ,  
oxygen par t i a l  pressure,  oxide film thickness,  etc.) 
for oxide films formed at  t empera tu res  --~1050~ The 
dependence  of t rans i t ion  region width  on subs t ra te  
or ienta t ion  represents  the  different  volume over  which 
the two subst ra tes  convert  Si into SiO2 and suggests 
the possibi l i ty  tha t  oxidat ion  of crys ta l l ine  Si is 
occurr ing l aye r  by  layer.  

The microscopic detai ls  of the in ter fac ia l  Si ox ida -  
t ion react ion are  not known. A mul t i s tep  Si oxidat ion 
react ion h a s  been proposed (19) in which oxygen 
in i t ia l ly  reacts  wi th  and b reaks  S i -S i  covalent  bonds. 
A the rma l ly  ac t iva ted  react ion step follows in which 
s i loxane groups form. The ini t ia l  react ion between 
nonoxidized Si and oxygen depends upon thei r  con- 
centra t ions  as reac tants  wi th in  the t ransi t ion region. 
Since the oxygen concentrat ion is significantly lower  
than  the Si -Si  bond concentrat ion,  the ra te  of this 
in i t ia l  react ion is p ropor t iona l  to the ox idan t  concen- 
t ra t ion  wi th in  the  t rans i t ion  region and, therefore,  
to the  ox idant  pa r t i a l  pressure.  

Format ion  of s i loxane groups requi res  insert ion of 
an oxygen  atom be tween  chemical ly  bound  Si a toms 
at  the Si surface and wi thin  the t ransi t ion region. 
Nonoxidized subs t ra te  Si a toms accessible to ox idant  
are  p r i m a r i l y  constra ined by  t e t r ahedra l  bonding to 
the crys ta l l ine  substrate.  These constraints  are  re -  
duced for nonoxidized,  or  pa r t i a l ly  oxidized, Si atoms 
wi th in  the t ransi t ion region. For  oxidat ion  to proceed, 
s i loxane format ion  requi res  d isp lacement  of those Si 
subs t ra te  a toms at which react ion is occurr ing as 
wel l  as of the ne ighbor ing  la t t ice  atoms (20). Com- 
plet ion of the  react ion requires  a reduct ion in the 
subs t ra te  la t t ice  constra ints  that  act to p reven t  the 

requ i red  volume expansion upon oxidat ion.  This is 
accomplished by  break ing  of ~ i -Si  covalent  bonds 
at  the subs t ra te  surface. The oxidat ion  ra te  depends 
upon the local dens i ty  os broken  Si -Si  bonds and is 
d i rec t ly  dependent  upon the oxygen par t ia l  pressure.  
Oxidat ion is thus a cooperat ive  phenomena involving 
severa l  oxygen  atoms. Synchro t ron  radia t ion  studies 
indicate  that  tlle ini t ia l  oxidat ion  process on < i i i >  
or iented Si occurs about  2A below the free Si surface 
(21). Subsurface  oxidat ion  can detach Si surface 
atoms from the subs t ra te  the reby  l i f t ing the lat t ice 
constraints  for  oxidat ion  at  a subs t ra te  surface. 

Subs t ra te  la t t ice  constraints  cause oxidat ion  at  a 
crys ta l l ine  Si surface to be anisotropie.  Si -Si  bonds 
pe rpend icu la r  to the surface are  read i ly  oxidized 
whereas  S i -S i  bonds para l l e l  to the surface are  con- 
s t ra ined  by  the crys ta l  lattice. Oxidat ion  is ra te  
l imi ted  by  the oxida t ion  ra te  in the plane of the sub-  
strafe.  The kinet ics  of react ion on the two or iented 
Si surfaces are  re la ted  to, but  h a v e  different  depen-  
dencies upon, the oxygen par t i a l  pressure.  Three  sub-  
surface S i -S i  bonds must  be broken  at  a <111> sub-  
s t ra te  compai 'ed wi th  two S i -S i  bonds at  a <100>  
surface, Nonoxidized Si -Si  bonds at  <111>  surfaces, 
or ien ted  p r i m a r i l y  in the p lane  of the subs t ra te  sur -  
face, a re  accessible to the ox idan t  whereas  S i -S i  
bonds at  <10O> subs t ra te  surfaces are  d i rec ted  in 
a more  incl ined direct ion to the subs t ra te  (5). The 
molecu la r i ty  for oxidat ion  of Si a toms in the p lane  
of a <111>  surface is h igher  than  for oxida t ion  of 
Si a toms in a <100>  Si plane. As a consequence, 
there  is a s t ronger  dependence  upon the oxygen  pres -  
sure  for  <111> oxidation.  At  low Po2, this resul ts  
in a reversa l  of the commonly  observed re la t ive  ox ida-  
t ion rates  of the crys ta l l ine  subs t ra te  surfaces. As Po2 
is increased,  the g rea te r  accessibi l i ty  of nonoxidized 
Si -Si  bonds at  the <111> surface and the re la t ive ly  
high oxygen concentrat ion at  the in terface  cause the 
<111> oxidat ion  ra te  to be h igher  than  that  for 
<100> Si. A s t rong dependence  upon oxidat ion  tem-  
pe ra tu re  in the range considered or  upon di luent  gas 
is not expected and is consistent  wi th  the exper i -  
men ta l ly  obta ined  results.  
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The Growth and Characterization of Very Thin 
Silicon Dioxide Films 

A. C. Adams, T. E. Smith, and C. C. Chang 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Very th in  oxides (30-140A) have been prepared by oxidizing s i l i con  at  
900~176 at reduced pressure (0.25-2.0 Torr) .  The oxidation rate is para-  
bolic. The oxides have been characterized by ellipsometry, inf rared  spectros- 
copy, Auger spectroscopy, etch rate variation, and breakdown voltages. The 
thin, low pressure oxides have properties similar  to those of thicker oxides 
prepared at atmospheric pressure. The intr insic breakdown fields are high 
(10-13 MV/cm) and distr ibuted over a very nar row range. The ellipsometric, 
etch rate, and Auger data indicate a thin interracial  region <15A thick, but  
such a region is not detected in the infrared spectra. 

Very th in  silicon dioxide films, in the range of 40- 
100A, are being investigated for applications in sev- 
eral  types of silicon devices. These thin oxides are 
usual ly  prepared by oxidation of silicon with oxygen 
or steam at low temperatures  (400~176 (1, 2) or 
by  oxidation at higher temperatures  with the oxygen 
or s t ream diluted with an iner t  gas (3-5). Al ternat ive  
methods for the oxidation of silicon to produce very 
th in  films have used nitr ic oxide and hydrogen at 
950~176 (6); hot nitr ic acid (7); boiling water  
(8); and room temperature  air (9, 10). Except for 
the oxidations with ni tr ic  oxide and hydrogen, these 
a l ternat ive  methods produce max imum film thick- 
nesses of only 20-40A and thus are too thin for many  
device applications. Oxidations at reduced pressure 
have been reported (11, 12), bu t  these oxidations 
have used specialized exper imental  equipment  rather  
than  furnaces suitable for device fabrication. In this 
paper, we describe the growth of thin (30-140A) 
oxides at temperatures  of 900~176 in a furnace 
main ta ined  at low pressure (0.25-2.0 Torr  oxygen).  

The very thin oxides described in this paper have 
been characterized by ellipsometry, infrared spec- 
troscopy, Auger electron spectroscopy, etch rate de- 
terminat ion,  and electrical measurements.  Thicker 
oxide films on silicon have been analyzed by many  
techniques. Much of this work, which has been re-  
cent ly  summarized (13-15), has been directed at de- 
t e rmin ing  the thickness and composition of the in ter -  
facial region between the oxide and the silicon. The 
results tend to support  a very thin interracial  region 
with a max imum thickness of <30A and a composi- 
tion that is silicon-rich, SiO~ where x < 2; however, 
other interpretat ions  for the data have been suggested 
(13, 14, 16). The na ture  of the interface s t ructure  
is re levant  to the present  work since the thicknesses 

Key words: silicon oxidation, dielectrics, interfaces, integrated 
circuits. 

of the oxides considered in this paper  are comparable 
to some of the thicknesses proposed in the l i tera ture  
for the interracial  t ransi t ion layer. 

Electrical characterizations of oxide films have been 
reported (4, 17), and it has been suggested that  oxides 
grown in dry  oxygen may  have an increased defect 
density caused by mieropores in  the oxide (17). Again, 
an a l ternat ive  in terpre ta t ion  of the data has been 
suggested (18). In this paper, electrical, physical, and 
chemical data have been used to compare the very thin 
oxides grown at reduced pressure with thicker oxides 
grown at atmospheric pressure. 

Experimental 
The th in  oxides are grown in a low pressure chemi- 

cal vapor deposition reactor (19, 20). The oxidation 
takes place in  an 11.5 cm diam quartz tube heated by ' a  
3-zone furnace. Temperatures  are uni form within  
•176 over the central  55 cm zone. The furnace has a 
capacity of 110 wafers. The reduced pressure is ob- 
tained with a Roots blower backed by a mechanical  
pump. Ultrahigh pur i ty  oxygen is metered through a 
calibrated flowmeter. The pressure is measured with a 
capacitance manometer .  

Unless stated otherwise, the silicon substrates are 75 
mm in diameter, 20 mils thick, (100) orientation,  
boron-doped, with a resist ivity of 8-30 ~l-cm. The sub-  
strates are chemically etched on the back to reduce 
roughness and polished on the front surface to give a 
mir ror  finish. Pr ior  to oxidation, the substrates are 
cleaned in  a sequence of acidic and basic hydrogen 
peroxide solutions (21), etched in dilute hydrofluoric 
acid (100:1 H20:49%HF),  r insed in  deionized water, 
and spun dry. The samples are loaded into the furnace 
in  a ni t rogen ambient  and the furnace evacuated to 
0.002 Torr  for 15 rain while thermal  equi l ibr ium is 
reached. The oxidation is started by  admit t ing oxygen, 
and the pressure main ta ined  by adjust ing the oxygen 
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flow. At  the  end of the  oxidat ion,  the  furnace  is evacu-  
a ted  to 0.002 Tor r  for  5 min and then  backfi l led to 
a tmospher ic  pressure  wi th  ni trogen.  The samples  a re  
removed f rom the  hot  zone in n i t rogen and un loaded  
after cooling. 

Several control  oxidat ions  have  been  pe r fo rmed  b y  
leav ing  samples  in  the  furnace  under  vacuum (0.001- 
0.002 Torr)  for  4 h r  or  under  2 Torr  n i t rogen for  4 hr. 
These samples have  25-27A of oxide af te r  t rea tment .  
This smal l  amount  of ox ida t ion  m a y  resul t  f rom oxy -  
gen or  wa te r  vapor  in t roduced  dur ing  loading,  f rom 
impur i t i es  in  the  ni trogen,  or  f rom smal l  leaks  in  the  
system. 

The e l l ipsometer  measurement s  a re  made  wi th  a 
Rudolph  Model  43603-200E e l l ipsometer  a t  an angle  of 
incidence of 70.00 ~ and a wave leng th  of 0.5461/~m. The 
ins t rument  is a l igned using s t andard  procedures  (22) 
and checked by  making  measurements  on fused si l ica 
(23). Psi  and  de l ta  a re  obta ined  f rom measurements  
made  in two zones (24). The r epor t ed  da ta  a re  a v e r -  
ages of a t  leas t  two measurements  pe r  sample.  The 
reproduc ib i l i ty  is genera l ly  wi th in  • ~ for  psi and 
_ 0 . 0 5  ~ for  delta.  

In f r a red  measurements  a r e  made  wi th  a P e r k i n -  
E lmer  Model 580 spec t rophotometer  using an ord ina te  
expans ion  of 5, 10, or  20•  Samples  a re  c leaved and 
the  oxide  r emoved  f rom one pa r t  by  etching in d i lu te  
hydrof luor ic  acid. The  resul t ing  ba re  sil icon is used in  
the  reference  beam. This p rocedure  gives exact  com- 
pensat ion  for  the  substrate .  Some spect ra  have  been 
obta ined  using th icker  sil icon subst ra tes  (30 mils  
th ick)  pol ished on both sides. These spec t ra  a re  com- 
p l ica ted  by  in te r fe rence  fr inges which are  evident  a t  
the  high ord ina te  expansions.  The best  da ta  a re  ob-  
ta ined  b y  us ing sil icon subs t ra tes  tha t  a re  pol ished on 
the front  and  etched on the back  to reduce  roughness.  
A p p a r e n t l y  the  sca t ter ing  f rom the back  is large  
enough to e l iminate  the  in te r fe rence  fr inges but  st i l l  
smal l  enough so tha t  spect ra  can be measured.  

The expe r imen ta l  p rocedure  for the  A u g e r  analysis  
has been descr ibed prev ious ly  (25). The ini t ia l  analysis  
measures  the  contaminat ion,  if  any,  on the  surface and  
in the  film. The oxide  thickness is de te rmined  using the 
chemical ly  shif ted sil icon peaks,  and the in ter face  
chemis t ry  is examined  ut i l iz ing ion-mi l l  depth  profi l-  
ing .  Etch ra tes  a re  measured  at  25~ using di lu te  h y -  
drofluoric acid (100:1 H20: 49%HF).  

Samples are  p repa red  for e lect r ica l  measurements  by  
evapora t ing  7000A of a luminum on the  oxide  and using 
standard pho to l i thography  and etching techniques to 
form dots wi th  a 0.0'76 cm (30 mi l )  d iameter .  The 
oxide is removed  from the back  of the  sample  b y  e tch-  
ing and a luminum is evapora ted  for  a back  contact.  
The samples  a re  not  annea led  af te r  metal l izat ion.  Two 
hundred  measurements  of the  b r eakdown  vol tage  a re  
made  for  each sample.  The measurements  a re  made  
wi th  the  top a luminum dot b iased nega t ive ly  so the  p -  
t ype  si l icon subs t ra tes  a re  in accumulat ion.  The b r eak -  
down is ind ica ted  b y  a cur ren t  >10 #A. 

Oxidation Kinetics 
The oxida t ion  ra te  a t  953~ and 1.0 To r t  oxygen  has 

been  de te rmined  by  measur ing  the film thickness  on 34 
samples  oxidized for  different  t imes (0.5-24 hr ) .  Seven  
ra te  laws, al l  of which have been  p rev ious ly  suggested 
to descr ibe  the  oxida t ion  of sil icon to form ve ry  th in  
oxides, have  been considered.  

l i nea r -pa rabo l i c  t - -  Ao -b Aid -I- A2d= 

linear t : Ao -t- Aid 

parabol ic  t : Ao -]- Aid2 

logar i thmic  d --  Ao -{- AI In t 

inverse  logar i thmic  1/d = Ao -t- A1 In t 

va r i ab le  power  d ----. AotAt 

cubic d - -  Ao Jr Altl/a 

S C I E N C E  A N D  T E C H N O L O G Y  Augus t  1980 

Table !. Coefficients for seven rate laws a 

Ao A1 A~ 

L i n e a r - p a r a b o l i c  -- 1440 -- 184 8.47 
Parabolic  - 7630 7.25 
Linear - 42,800 1070 
L o g a r i t h m i c  - 154 22.6 
I n v e r s e  l o g a r i t h m i c  0.0721 - 0.00562 
V a r i a b l e  p o w e r  2,20 0.342 
Cubic - 5.24 2.59 

T h i c k n e s s  m e a s u r e d  i n  A a n d  t i m e s  i n  sec; for  oxidat ions  a t  
953~ a n d  1.0 Torr  oxygen.  

where  d is the  oxide  thickness,  t is the oxida t ion  t ime, 
and the  A's  a re  coefficients which are  de te rmined  by  
l inear  least  squares and are  given in Table  I for oxide 
thicknesses measured  in  angst roms and t imes mea -  
sured in seconds. 

Plots  of thickness vs. t ime show tha t  the  l inear  and  
the logar i thmic  ra te  laws give a ve ry  poor fit to the 
da ta  (Fig. 1). The remain ing  five ra te  laws a re  al l  
much be t te r  (Fig. 2 and 3). The parabol ic  and l inear -  
parabol ic  laws are  a lmost  ident ical  except  a t  ve ry  shor t  
t imes where  the  parabol ic  l aw overes t imates  the oxide  
thickness  (Fig. 2 ) .  The inverse  logar i thmic  l aw  over -  
es t imates  the  thickness at  long times, whi le  the  va r i -  
able  power  l aw and the cubic l aw give fa i r ly  good fits 
for  a l l  t imes (Fig. 3). 

The ra te  laws have been fu r the r  eva lua ted  by  ex -  
amin ing  the res iduals  ( the ca lcula ted  thicknesses 
minus  the  measured  thickness  for  each sample) .  The 
res iduals  a re  compared  using four  pa ramete r s :  the  
range,  the  midspread,  the median  absolute  devia t ion  
(mad) ,  and the s t andard  deviation,  which are  given in 
Table  II. The res iduals  for the l inear  and the log-  
a r i thmic  laws are  ve ry  large,  agree ing  wi th  the  poor 
fit observed graphical ly .  The res iduals  for  the o ther  
five laws are  smal le r  showing be t t e r  agreement  be -  
tween  the  expe r imen ta l  and  p red ic ted  thicknesses.  The 
ra te  laws in Table  II  have been  ordered;  the  laws giv-  
ing the best  fit a re  l is ted first. I t  must  be r emembered  
tha t  the l i nea r -pa rabo l i c  law has th ree  ad jus tab le  co- 
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Fig. 1. Film thickness vs. oxidation time; the lines are calculated 
for the logarithmic and the linear rate laws. 
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Fig. 2. Film thickness vs. oxidation time; the lines are calculated 
for the parabolic and the linear-parabolic rate laws. 

efficients and  the improvemen t  observed  wi th  this l aw 
is due  in pa r t  to the  addi t iona l  coefficient. 

Previous  w o r k  has descr ibed the oxida t ion  of sil icon 
a t  h igh t empe ra tu r e  to form ve ry  thin oxides  as fol-  
lowing a l inea r  (17), a l i nea r -pa rabo l i c  (11), or  an in-  
verse  logar i thmic  ra te  l aw (4, 5). Fo r  the  condit ions 
used in this  work,  the  r a t e  is c lear ly  not  l inear.  The 
l i nea r -pa rabo l i c  l aw gives a negat ive  l inear  ra te  con- 
s tan t  (agree ing  wi th  previous  work)  (4, 5), bu t  as 
discussed by  others  the  de te rmina t ion  of the l inear  ra te  
constant  is ve ry  difficult, especia l ly  when  the oxida t ion  
is p r edominan t l y  parabo l ic  (11, 26). Also, ca lcula t ion 
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Fig. 3. Film thickness vs. oxidation time; the lines are calculated 
for the variable power, the cubic, and the inverse logarithmic rate 
laws. 

Table II. Analysis of residuals for seven rate laws a 

Range Std. dev. Mld-spread Mad 

Linear-parabolic I0 2.2 4 2 
Parabol ic  11 2.4 4 2 
Cubic 11 3.5 6 3 
Variable  p o w e r  13 3.6 6 3 
Inverse  logari thmic  19 4.1 3 2 
Linear 19 5.0 6 3 
Logari thmic  26 6.8 14 6 

a Residuals  are  measured  in A. 

of a negat ive  l inear  ra te  constant  is not  just i f icat ion for  
re jec t ing  the  parabol ic  ra te  law. Calcula t ion of the  
parabol ic  ra te  constant  f rom the leas t  squares  coeffi- 
cients gives 0.12 A2/see ( l /A2)  for the  l i nea r -pa rabo l i c  
l aw  and 0.14 A2/sec ( l /A1)  for the  parabol ic  growth.  

Compar ison  of these ra te  constants  wi th  publ i shed  
values  is difficult because of differences in ox ida t ion  
conditions. Parabo l ic  ra te  constants  ca lcu la ted  f rom 
publ i shed  da ta  for  oxidat ions at  953~ and 1.0 Torr  
oxygen,  assuming a l inear  p ressure  dependence  (12, 
27), a re  g iven in Table  III. The va lue  measu red  in 
this  work  is nea r  the  middle  of the  publ i shed  da ta  
ex t r apo la t ed  to 1.0 Torr .  

Since a parabo l ic  ra te  l aw impl ies  tha t  diffusion 
th rough  the oxide  is the  r a t e - l im i t i ng  step, the  ra te  
constant  should be independen t  of subs t ra ta  effects 
(27, 28). Expe r imen ta l l y  de t e rmined  parabol ic  ra te  
constants  for  oxidat ions  at  1.0 Torr  oxygen  are  given in 
Table  IV for  different  substrates.  No var ia t ion  is ob-  
served for  different  dopants,  doping levels,  or  o r ien ta -  
tions. This is addi t ional  evidence for  be l iev ing  tha t  the  
parabol ic  ra te  l aw is valid.  

A n  inverse  logar i thmic  l aw  resul ts  if  ox ida t ion  oc- 
curs b y  cat ion migra t ion  in a s t rong field caused b y  the 
potent ia l  difference be tween  the sil icon and absorbed  
oxygen  (1, 31). This ra te  law has been used to descr ibe  
the oxidat ion  of sil icon to form ve ry  thin oxides (1, 4, 
5, 7);  however ,  an upper  t emue ra tu r e  l imi t  of 500~ 
has been es t imated  for  inverse  logar i thmic  growth.  (1) 
Tn view of this t e m p e r a t u r e  l imi ta t ion  i t  is un l ike ly  
tha t  the  inverse  logar i thmic  law is va l id  for  oxidat ions  
a t  953~ in spite  of the  fa i r ly  good empir ica l  ag ree -  
ment  shown in Fig. 3. As a fu r the r  check, values  for the  
potent ia l  difference can be ca lcula ted  f rom the leas t  
squares  coefficients (1). Assuming  tha t  the  migra t ing  
sil icon has a charge of plus four, and  tha t  the  j u m p  
dis tance is 5A, then the ca lcula ted  poten t ia l  is about  
2V. This is about  an o rde r  of magni tude  l a rge r  than  
values  observed for  sil icon oxidat ions  at  low t e m p e r a -  
tures  (1) and observed for  ge rman ium oxida t ion  (32). 
This la rge  ca lcula ted  potent ia l  also makes  the  inverse  
logar i thmic  l aw (cat ion migra t ion  in a s t rong poten t ia l  
field) unl ikely .  

Deta i led  models  for  sil icon oxida t ion  lead ing  to the  
cubic or  the  var iab le  power  laws have  not  been deve l -  

Table Ill. Parabolic rate constants for oxidations at 953~ and 
1.0 Torr oxygen 

P r e s s u r e  Temper- k 
(Torr) Ambient ature (~ (A2/sec) R e f e r e n c e  

760 02 900-1150 0.08 (12) 
50-1200 O~ 700-950 0.10 (11) 
20-400 O2 950-1100 0.11 (12) 

760 N~-O~ 700-1100 0.13 (4) 
1 02 953 0.14 This  w o r k  

769 02 900-1300 0.19 (28) 
760 02 800-1000 0.20 (29) a 
760 N2-O2 780-980 0.22 (30) 
760 02 700-1300 0.25 (27) 

a ~ is calculated f rom data reported  in Ref.  (30). 
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Table IV, Parabolic rate constants for different substrates 

Resistivity Orien. Rate  constant 
Dopant (s tation (A~/sec) 

As 4-6 1.0.0 0.14 
As 6-12 1"0'0 0.16 
P 1-2 1.0"0 0.1@ 
P 540 l 'O '0  0.1@ 
Sb 0.01-0.03 1.0'0 0.14 
B 8-30 1.0.0 0.14 
B 8-20 1-1.1 0.16 

oped. However ,  i t  has been suggested tha t  the  var iab le  
power  l aw m a y  resul t  if  a revers ib le  react ion occurs 
be tween  the diffusing species and the oxide (12), and 
the cubic l aw  m a y  resul t  for room t empera tu r e  ox ida -  
tions af te r  ve ry  long t imes (33). 

The  best  descr ip t ion  for  the  oxidat ion  kinet ics  a t  low 
pressure  to form ve ry  thin  oxides is p rovided  by  the  
parabol ic  ra te  l aw (or the  l i nea r -pa rabo l i c  law wi th  
the  parabol ic  t e rm domina t ing) .  The parabol ic  ra te  
constants  agree  wi th  those observed for a va r ie ty  of 
oxidat ion  conditions. Difficulties exist  for the r ema in -  
ing ra te  laws. Cation migra t ion  ( inverse  logar i thmic  
g rowth)  is un l ike ly  at  h igh tempera tures ;  mechanisms 
leading to the  var iab le  power  law and the cubic l aw 
have  not  been developed;  and, the l inear  and log-  
a r i thmic  laws give a ve ry  poor fit to the  data. 

Oxide Characterization 
Ellipsometry.--Although e l l ipsomet ry  is a we l l - e s -  

tab l i shed  technique for  measur ing  the thickness and 
the re f rac t ive  index of t r anspa ren t  films, there  a re  
l imi ta t ions  when  the films are  ve ry  thin. The measured  
values  for the  thickness and the re f rac t ive  index of 
ve ry  thin films are  s t rongly  influenced by  the choice of 
opt ical  constants  for the  subs t ra te  and by  the model  of 
the in ter face  s t ruc ture  (3, 34, 35). The procedure  we 
have  used to minimize  these effects is s imi la r  to that  
descr ibed by  van  der  Meulen (3). Briefly, the  in terface  
is assumed to be abrupt ,  so there  a re  only five quan t i -  
ties tha t  must  be  k n o w n  or  measured:  the complex  
re f rac t ive  index of the  sil icon substrate ,  ns~-iksi; the  
complex  re f rac t ive  index of the film, nF-ikF; and the 
film thickness,  d. These quant i t ies  a re  de te rmined  as 
follows. I t  is assumed tha t  the film is nonabsorb ing  
(the imag ina ry  pa r t  of the  film re f rac t ive  index,  kF, is 
zero) .  The imag ina ry  pa r t  of the  sil icon re f rac t ive  in-  
dex, ksi, is obta ined f rom optical  t ransmiss ion measu re -  
ments  and  has a va lue  of 0.031 at  a wave leng th  of 
0.5461 #m (23, 36). The va lue  for the  rea l  pa r t  of the  
sil icon re f rac t ive  index,  nsi, is obta ined using e l l ip-  
sometr ic  measurements  f rom samples  wi th  ve ry  thin 
films (d < 50A). The re f rac t ive  index of the  oxide  film 
is ca lcula ted  using samples  containing th icker  films 
(d > 100A). Once the  optical  constants  of the  silicon 
subs t ra te  and the  oxide  film are  known, the  film th ick-  
ness can be ca lcula ted  for  each sample. This p rocedure  
assumes tha t  the opt ical  constants  are  the  same for al l  
samples,  and that  the  on ly  sample  var iab le  is the  film 
thickness.  

This p rocedure  is i l lus t ra ted  in Fig. 4 and 5. Values  
of the measured  quanti t ies,  psi  and delta,  a re  shown in 
Fig. 4 for  samples  oxidized at  900~176 to form ve ry  
thin films (d < 70A). The solid lines a re  ca lcula ted  for  
different  film thicknesses  and different  values for  nsi 
assuming tha t  the  film ref rac t ive  index is 1.50. The 
average  value  for  nsi ca lcula ted  f rom 28 samples  wi th  
d < 50A is 4.040; the s tandard  deviat ion is 0.0022. N o  
var ia t ion  wi th  oxidat ion  t empe ra tu r e  is observed.  The 
complex re f rac t ive  index  for the  sil icon samples  used 
in these exper iments  is t aken  as 4.040-0.03li Data  f rom 
samples  wi th  th icker  films are  shown in Fig. 5. The 
lines a re  calcula ted for  different  values  for the film 
ref rac t ive  index using 4.040-0.031i for the silicon sub-  
strate.  The average  va lue  for  the  film ref rac t ive  index 
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Fig. 4. Ellipsometric data for thin (d < 70A) oxides; the lines 
are calculated for different values of nsi and d assuming that 
ksi = 0.031 and nF = 1.50; the samples have been oxidized at 
902 ~ 953 ~ and 999~ 

f rom 19 samples  wi th  thicknesses be tween  100 and 
140.~ is 1.55; the  s t andard  devia t ion  is 0.063. The film 
thickness can be ca lcula ted  for  each sample  using the 
average  re f rac t ive  index of 1.55. 

The va lue  for  the  si l icon re f rac t ive  index,  4.040- 
0.031i, is s imi lar  to r epor ted  values  for  e tched silicon, 
a pp rox ima te ly  4.05-0.028i (24, 37, 38) or  4.08-0.028i 
(3, 23, 39). Mechanisms for  var ia t ions  in nsi have been 
proposed and invoke a thin l aye r  at  the  sil icon surface 
wi th  opt ical  proper t ies  different  f rom bulk  sil icon (40). 
The value  for  the  film ref rac t ive  index is cons iderab ly  
higher  than  expected;  oxide  films usua l ly  have an in-  
dex of 1.46 (24, 37-39). However,  s l igh t ly  h igher  values 
(1.47-1.48) have  been r epor t ed  (3, 23). Recent  e l l ip -  
sometr ic  (34, 35), XPS  (16), and Auge r  (15) da ta  in-  
dicate an in ter rac ia l  l aye r  app rox ima te ly  6A thick 
(wi th  an  effective ref rac t ive  index  of about  2.8) be -  
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Fig. 5. Ellipsometric data for thicker (50A < d < 140A) oxides; 
the lines are calculated for different nF assuming that the complex 
refractive index of Si is 4.040-0.031i; the samples have been oxi- 
dized at 902 ~ 953% and 999~ 
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tween  the si l icon subs t ra te  and  the  t he rma l  oxide.  I f  
the  e l l ipsometr ic  da ta  in Fig. 5 a re  reca lcu la ted  using 
a s imi lar  in te r rac ia l  layer ,  the  re f rac t ive  indexes  for  
the  oxide  films a re  reduced  to 1.460-1.465, in  good 
ag reemen t  wi th  the  r epor ted  values.  

Etch r a t e s . - -The  etch ra te  of an oxide film is s t rong ly  
dependen t  on the  oxide  composi t ion and s t ruc tu re  
(41). In  general ,  s t ra in  or  poros i ty  causes an increase  
in  e tch rate ,  whi le  an oxygen  deficiency (a s i l icon-r ich  
film) causes the  etch ra te  to decrease.  Compar ing  the 
etch ra te  of the  th in  oxides  wi th  th icker  oxides  p r e -  
pa red  by  ox ida t ion  at  a tmospher ic  pressure  provides  
in format ion  on the  composi t ion of the  th in  oxides. In  
addit ion,  changes in e tch ra te  wi th  film thickness  m a y  
indica te  the  presence of surface or in te r fac ia l  layers .  

F i l m  th icknesses  a re  shown vs. etch t imes in  Fig. 6 
for  th ree  samples  e tched at  25~ in d i lu te  hydrof luor ic  
acid (100:1 H20:49% HF) .  The solid points  show the 
thicknesses measured  a f te r  the  samples  become h y d r o -  
phobic;  the  samples  a re  hydrophi l i c  for  al l  o ther  
points.  The average  etch ra te  de t e rmined  f rom the 
slopes is 25.6 A/ra in .  For  comparison,  samples  of 
t he rma l  oxide, app rox ima te ly  1000A thick, p repa red  by  
oxida t ion  at  950~ in d ry  oxygen  at  a tmospher ic  p res -  
sure  have  an etch ra te  of 25.3 A/min .  The s imi la r  etch 
ra tes  show tha t  both  oxides have  s imi lar  s t ruc ture  and 
composit ion.  There  is no indica t ion  of increased poros-  
i t y  in the  thin, low pressure  oxides.  

The samples  in Fig. 6 show a decrease  in etch ra te  
s ta r t ing  at  15-20A. This m a y  rep resen t  the  beginning  of  
an  S i - r i ch  in te r fac ia l  layer .  Such a l aye r  is in good 
ag reemen t  wi th  resul ts  ob ta ined  by  o ther  methods  
(16, 42). However ,  the  decrease  in etch ra te  m a y  also 
resu l t  f rom an ab rup t  in ter face  wi th  a nonun i fo rmly  
th ick  oxide, as has been suggested (13). If  this is the  
case, the  sil icon surface s tar ts  to be exposed when the 
average  film thickness  is about  15A. As etching con- 
tinues, more  of  the  surface becomes exposed causing an 
a p p a r e n t  decrease  in etch rate.  

Infrared spectra.--An i n f ra red  spec t rum for a film 
l l 0 A  th ick  is shown in Fig. 7. Since the  spec t rum is 
measu red  in t ransmission,  th rough  the sil icon substrate ,  
the  to ta l  film thickness  is assumed to be 220A ( l l 0 A  
on the  f ront  and  also on the back) .  The  spec t rum 
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Fig. 7. Infrared spectrum for an oxide 110A thick; the ordinate 
expansions is 1ON. 

shows the th ree  SiO2 la t t ice  absorpt ions  at  app rox i -  
ma te ly  I080, 800, and 450 cm - I  (43). A smal l  peak  at  
880 cm - I  is observed for  most  samples.  This peak  is 
also observed  when  clean sil icon is p laced  in the  sample  
and the re fe rence  beams, and is p robab ly  caused b y  
sl ight  differences in the incident  angles for  the sample  
and re ference  beams. Absorpt ions  associated wi th  OH 
or wi th  S i l l  have  not  been  observed  (44, 45). 

The absorbance  at  1080 cm-1  is p lo t ted  agains t  the  
to ta l  film thickness ( f ront  and  back)  in Fig. 8. The 
solid points  a re  measured  f rom samples  wi th  oxide  on 
the front  and the back. The to ta l  film thickness is as-  
sumed to be twice the thickness  measured  on the f ront  
surface. The open points  a re  measured  f rom samples  
wi th  the  film removed  from the back  by  etching in 
d i lu te  hydrofluoric  acid. For  these samples  the  film 
thickness is the  thickness measured  for  the f ront  su r -  
face plus 10A (the thickness of the na t ive  oxide  on a 
sil icon surface af te r  etching, r insing, and d ry ing) .  The  
s t ra igh t  l ine is ca lcula ted  by  least  squares assuming the 
L a m b e r t - B o u g u e r  l aw  
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Fig. 6. Thickness vs. etch time for three samples oxidized at 
953~ and 2.0 Torr. 
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the samples have been oxidized at 902 ~ 953 ~ and 999~ 
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where  A is the  absorbance,  ~ is the  appa ren t  absorpt ion  300 
coefficient, d is the  to ta l  film thickness,  and  do is the  
to ta l  oxide  thickness  on the sil icon sample  in the  r e fe r -  
ence beam. The values  for a and do obta ined  f rom the  
least squares fit a re  3.4 X 104 cm -1 and 19A. The value  25o 
of = is ident ica l  to values  r epor ted  for  much th icker  
oxide  films: 3.3-3.7 X 104 cm-1  (43, 46-48). The va lue  
for  do is also in ve ry  good ag reemen t  wi th  exper imen ta l  z 
values.  F i lm  thicknesses  measured  on sil icon wafers  ~ 2oo 
immedia t e ly  a f te r  cleaning, rinsing, and  d ry ing  range  v 
be tween  8 and l l A ,  giving values  for  do be tween  16 ,- 
and 22A. 

The in f ra red  spect ra  show no indica t ion  of an inter= ~ 15o 
facia l  layer .  Absorp t ion  peaks  for spect ra  o ther  than  ~- 
SiO~ a re  not  ob.served; in addit ion,  the re  is no t endency  
for  the  absorpt ion  peaks  to shift  wi th  film thickness.  ~, IO0 
However ,  spect ra  of the  in ter fac ia l  l aye r  wil l  be can-  
celed if  the  two samples  ( reference  beam and sample  
beam)  contain  ident ica l  interfaces.  

Auger analysis.--Three samples  have  been  examined  50 
b y  Auger  spectroscopy in combinat ion  wi th  in situ ion-  
mi l l ing  to provide  depth  information.  Al l  three  samples  
have  carbon on the surface;  the amount  of carbon is 
estimated at  about  0.6A. This is only  s l ight ly  h igher  
than  for  c lean samples  exposed to a i r  (0.3A) and p rob -  
ab ly  represents  contaminat ion  of the  samples  a f te r  
oxidat ion.  No o ther  impur i t ies  a re  observed on the 
surface, and  no impur i t ies  a re  observed wi th in  the  
film. The Auge r  spect ra  a r e  essent ia l ly  ident ica l  to 
spec t ra  obta ined  f rom th icker  the rmal  oxides  grown at  
a tmospher ic  pressure.  Oxide thicknesses have  been cal-  
cula ted  f rom the chemical ly  shif ted Auger  spectra  (25) 
and are  about  10A less than  the thicknesses measured  
by  e l l ipsometry.  A la rge  pa r t  of this d iscrevancy can 
be expla ined  by  the exis tence of an in ter face  l aye r  
containing most ly  SiO. The chemical  depth  profiles at  
the sil icon interface  have been obta ined  and are  essen-  
t i a l ly  the same as those obtained from the rma l  oxides 
grown at  a tmospher ic  pressure.  Based on the Auger,  
infrared,  and etch ra te  data,  we conclude tha t  these 
ve ry  thin, low pressure  oxides contain no de tec table  
impur i t ies  and are  essent ia l ly  ident ical  to much th icker  
the rmal  oxides, 

Dielectric breakdown.--Breakdown measurements  
have been made  on severa l  samples  wi th  oxide th ick-  
nesses be tween  30 and 140A. Represen ta t ive  resul ts  are  
shown in the  h is togram in Fig. 9 showing da ta  for a 
sample  wi th  93A of oxide, and  in the  cumula t ive  dis-  
t r ibu t ion  plots  in Fig. 10 showing da ta  f rom three  
samples  wi th  oxide  thicknesses  of 56, 73, and 94A. 
Severa l  fea tures  are  appa ren t  f rom these figures. 

Most b reakdowns  occur at  h igh fields and wi th in  a 
ve ry  na r row  range. Except  for  one sample  56A th ick  
(shown in Fig. 1O), more  than  75% of the  b reakdowns  100 
occur at fields be tween  11-13 MV/cm. One sample,  69A 
thick, has more  than  90% of the  b reakdowns  be tween  
11.6 and 12.2 M V / c m  showing a very  n a r r o w  d i s t r ibu-  ~ 80 
tion. The high fields and n a r r o w  dis t r ibut ions  indicate  z 
an ex t r eme ly  un i form and homogeneous oxide  (49). o 
The d is t r ibut ion  of in t r ins ic  (high field) b reakdowns  is c~ 
ne i ther  Gauss ian  nor  l og -norma l  (50), but  there  are  ~ 60 
insufficient da ta  f rom the  present  samules to de te rmine  "' 
the  ac tual  dis t r ibut ion.  The median  b r eakdown  fields 
a re  dependent  on the oxide  thickness  (51). The ob-  "' > 
served b r eakdown  fields a re  10.5-11.0 M V / c m  for ~ 40 
oxides about  100A thick;  11.5-12.0 M V / c m  for oxides 
75A thick;  and 12-13 M V / c m  for 50A oxides. The so- 
cal led secondary  b reakdowns  (at  fields of 1-3 MV /c m) ,  20 r 
bel ieved to be caused by  smal l  c rys ta l l ine  regions in 
the  amorphous  oxide  (52) are  not observed.  These sec- 
onda ry  b reakdowns  are  not  expected since the samples  0 
have  not  been hea ted  to high enough t empera tu re s  to O 
cause crystal l izat ion.  

Low field breakdowns,  caused by  s t ruc tura l  defects 
such as pinholes or  pa r t i cu la te  contaminat ion  (the ox-  
ide  samples  a re  not  p r epa red  in a clean envi ronment )  
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Fig. 9. Histogram showing breakdown fields for an oxide 93A 
thick; the sample has been oxidized at 953~ and 2.0 Torr. 

are  observed for  al l  samples. Be tween  1 and  30% of the  
b reakdowns  for each sample  occur at  fields less than  
0.5 MV/cm. These low field b reakdowns  have  a ve ry  
s t rong (exponent ia l )  dependence  on oxide thickness 
as shown in Fig. 11. The point  a t  150A is t aken  f rom 
Ref. (17) for oxides p repa red  at  a tmospher ic  pressure .  

Comparisons wi th  oxides p repa red  at  a tmospher ic  
pressure  are  difficult because of differences in oxide 
thickness.  Data  have  been repor ted  for samples  150A 
thick p repa red  wi th  d r y  oxygen  and no pos toxidat ion  
anneal ;  a m a x i m u m  in the  b r eakdown  dis t r ibut ion  oc- 
curs at  about  9 MV/cm, but  wi th  the b reakdowns  rang-  
ing be tween  6 and 15 MV/cm, and wi th  about  20% of 
the b reakdowns  occurr ing below 6.5 M V / c m  (17). 
Samples  p r e p a r e d  wi th  s team are  much be t t e r  wi th  the 
b reakdowns  occurr ing be tween  8 and 14 MV/cm (17). 
The thin low pressure  oxides r epor ted  in this paper  
a re  comparab le  to the th icker  s team oxides. The per -  
cent of intr insic  (high field) b reakdowns  for silicon 
oxidized in oxygen at  a tmospher ic  pressure  is repor ted  
to decrease wi th  decreas ing thickness,  and less than  
30% of the  b reakdowns  are  intr insic  for oxides less 
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Fig. 10. Cumulative distribution plot showing breakdown voltages 
for three samples oxidized at 953~ and 2.0 Tort. 
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Fig. 11. The % low field breakdowns vs .  oxide thickness; the 
point at 150A is taken from Ref. (17) for an oxide prepared at 
atmospheric pressure. 

than  200A thick (49). As a l r eady  stated,  the low pres-  
sure  oxides have  a much h igher  percen t  of in t r ins ic  
b reakdowns  even though the films are  ve ry  thin. The 
ve ry  n a r r o w  dis t r ibut ion,  h igh b r e a k d o w n  fields, and 
high percen t  of in t r ins ic  b reakdowns  observed for the  
presen t  samples  indicate  tha t  the ve ry  thin low pres -  
sure  oxides are  high quali ty,  low poros i ty  films and 
are  more  homogeneous than  th icker  samples  oxidized 
at  a tmospher ic  pressure.  

Capac i tance-vo l tage  measurements  have been made  
on severa l  samples.  No a t t empt  has been made  to in-  
vest igate  the  effects of oxide thickness or  of processing 
pa rame te r s  (anneal ing  and c leaning)  on the MOS 
propert ies .  Typical  values  are:  fixed charge, 1-5 X 1011 
cm-2;  mobi le  charge,  <2  X 1020 cm-2;  fast  s ta te  
dens i ty  at  midgap,  4-6 • 1010 cm -2 V -1. 

S u m m a r y  and  Conclus ions 
Silicon samples  have  been  oxidized at 900~176 

using oxygen  at  reduced  pressure  (0.25-2.0 Torr)  to 
give films 30-140A thick. The growth  of these ve ry  thin  
films is eas i ly  control led  because of the low oxida t ion  
rate.  The low pressure  oxidat ion  follows the parabol ic  
r a t e  l aw (or the  l i nea r -pa rabo l i c  l aw  with  the p a r a -  
bolic t e rm domina t ing) .  The parabo l ic  ra te  constants  
ca lcula ted  for  the reduced  pressure  oxida t ion  are  in 
good ag reemen t  wi th  values  ex t rapo la t ed  f rom a t -  
mospher ic  pressure.  Other  ra te  laws have  been eva lu -  
a ted  but  are  not  as sui table  as the parabol ic  law. 

The v e r y  thin  oxides have  been  charac te r ized  by  
in f ra red  spectroscopy,  Auge r  spectroscopy, etch ra te  
var ia t ion,  e l l ipsometry ,  and b r eakdown  voltage. The 
film proper t ies  a r e  independen t  of the  oxida t ion  t em-  
pe ra tu re  over  the range  studied. Auger  spectroscopy 
shows a smal l  amount  of carbon on the oxide  surface, 
which  is only  s l ight ly  h igher  than  observed for typica l  
oxidat ions  at a tmospher ic  oressure.  No impur i t i es  a re  
detected wi th in  the film. The in f ra red  spect ra  have  
th ree  absorpt ions  due to the SiO2 lat t ice;  absorpt ions  
caused b y  S i l l  or OH are  not observed.  The absorbance  
at  1080 cm -1 is a l inear  function of the oxide thickness 
and agrees  wi th  values  obta ined  f rom th icker  samples.  
The in f ra red  da ta  show no indica t ion  of an in ter fac ia l  

region. The effective film re f rac t ive  index,  de te rmined  
by  e l l ipsometry ,  is high, 1.55. This high va lue  m a y  be 
caused by  a th in  in te r rac ia l  l aye r  wi th  a high r e f rac -  
t ive index (34, 35). The etch ra te  (in di lute  hyd ro -  
fluoric acid) of the  thin, low pressure  oxides is iden t i -  
cal  to tha t  of th icker  oxides p repa red  at  a tmospher ic  
pressure .  The etch ra tes  a re  un i form throughout  the  
film, indica t ing  a homogeneous oxide, except  for  a de -  
crease in etch ra te  about  15A from the sil icon interface.  
This decrease m a y  be caused by  a s i l icon-r ich  in t e r -  
facial  layer .  The d is t r ibut ion  of b r e a k d o w n  vol tages is 
charac te r ized  b y  high b r eakdown  fields (10-13 MV/  
cm),  a na r row  range,  and a high percen t  of in t r ins ic  
breakdowns,  ind ica t ing  a ve ry  uniform, homogeneous  
oxide. The percen t  of  low field b reakdowns  (p robab ly  
caused b y  pinholes  or pa r t i cu la te  contaminat ion)  in-  
creases exponen t ia l ly  wi th  decreas ing thickness;  how-  
ever, the percen t  of low field b reakdowns  m a y  be re -  
duced by  oxidizing the samples  in a c leaner  env i ron-  
ment.  The chemical,  physical ,  and  e lect r ica l  da ta  ind i -  
cate  tha t  the ve ry  thin oxides p repa red  at  low pressure  
a re  ve ry  s imi lar  to th icker  oxides p r e p a r e d  at  a t -  
mospher ic  pressure .  
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Behavior of Phosphors under Low Voltage 
Cathode Ray Excitation 

Kinichiro Narita, Akiyasu Kagami, and Yoshiyuki Mimura 
Ka,sei Optonix, Limited, Odawara 250, Japan 

ABSTRACT 

The behavior of phosphors under low voltage (less than 100V) cathode 
ray excitation is investigated. A phosphor coated on an anode plate is ex- 
cited by low voltage cathode rays from two line cathodes. Brightness in- 
creases as the distance between the anode and the cathodes decreases. Most 
phosphors used here show high brightness when mixed with conductive 
materials such as In203 or SnO2. The smaller diameter of ln203 mixed with 
Y202S:Eu, the lower added amount of In203 necessary for maximum bright- 
ness. ZnS:Cu,AI coated with SnO2 shows maximum brightness when the 
added amount of SnCI4 is 100 w/o and the sample is fired at 700~ 
(Lax,Lul-x)InO3:Eu shows spectrum variations according to the change of 
x and Eu concentration. The peak wavelength of LalnO3:Eu changes to 
longer wavelength when the phosphor is sulfurized into LalnO2S:Eu, which 
is a similar phenomenon to that shown by Y203:Eu and sulfurized Y202S:Eu 
under conventional high voltage cathode ray excitation. 

Currently, various display devices are being actively 
studied. Among them fluorescent display tubes (1), in 
which phosphors are excited by cathode rays of sev- 
eral tens of volts, are one of the best display devices 
and are widely used for hand or desk top calculators 
and other digital display applications. However the 
only emission color is bluish green, peaked at 520 nm, 
because only ZnO:Zn has been available for low volt- 
age cathode ray tubes. Multi-color fluorescent tubes are 
needed for further development, for example, panel 
meters, flat television sets, and large area display de- 
vices. Phosphors for the tubes were first reported by 
Hiraki, Kagami, Hase, Narita, and Mimura in 1976. 
The phosphors were mixed with conductive materials 
such as ZnO or In203 to lower threshold voltage for 
emission (2). Nitta, Matsuoka, Tohda, Wasa, and Haya- 
kawa reported on SnO2:Eu. This phosphor shows 60 
f-L at 20V without any conductive materials (3). 
Kukimoto, Oda, and Nakayama reported on ZnS and 
ZnSe activated by Cu or Ag together with A1. They 
used single crystals subjected to the Zn-extraction 
treatment (4). 

However, there are few reports about other phos- 
phors, the relation between brightness a n d  applied 

Key words: inorganic, cathodoluminescence, phosphor. 

voltage or current, and the luminescent mechanism 
under low voltage cathode ray excitation. In this paper 
the behavior of phosphors under low voltage excita- 
tion is reported. 

Experimental 
The apparatus for phosphor evaluation under tow 

voltage cathode ray excitation is demountable. Eight 
anode plates (2 • 2 cm 2) coated with phosphors can 
be mounted on a ceramic disk. Two line cathodes are 
used for electron sources. The distance between the 
plate and the cathodes is variable. In operation, the 
anode voltage is applied to only one anode just below 
the cathodes thus preventing electrons from diverging. 
Evacuation is carried out by a rotary pump with 
trap and a noble pump (Nichiden-Varian).  The phos- 
phors are coated on the anode plates by the sedimen- 
tation method. Brightness is measured by a photom- 
eter (Pri tchard).  The emission spectrum and CIE 
chromaticity coordinates are obtained by a grating 
monochrometer, an optical multi-channel analyzer 
(OMA-Princeton Applied Research), a micro-com- 
puter, and a four color plotter (Yokogawa-IIewlett  
Packard).  Figure 1 shows the block diagram. A syn- 
chroscope is used for a spectrum monitor. In order to 
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Fig. 1. Block diagram to obtain emission spectrum and ClE 
chromaticity. Synchroscope is used for a spectrum monitor, 

measure the resistivity, phosphors are pressed into 
disks of 17.5 mm in diameter and 0.5 mm thick at a 
pressure of 200 kg/cm 2. The measurement is carried 
in the evacuated vessel at a pressure of I0 -3 Torr. 

Results and Discussion 
Figure 2 shows brightness v s .  applied voltage. The 

parameter  is distance be tween an anode plate with a 
phosphor and the two l ine cathodes in  ram. The phos- 
phor used here is ZnO:Zn.  These curves show that  the 
brightness is more strongly dependent  on the applied 
voltage and that the threshold voltage for emission 
goes down when the plate and the cathodes are closer. 
Figure 3 shows brightness (solid l ine) and anode cur-  
rent  density (dotted l ine) v s .  distance between elec- 
trodes in ram. These curves show that brightness and 
current  density increase rapidly as the distance nar -  
rows. The density is t h ree  orders of magni tude  higher 
than that of conventional  high voltage cathode ray 
excitation. Anode-cathode diode characteristics in 
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Fig. 2. Brightness vs. applied anode voltage. Parameter is dis- 

tance between the anode and the cathodes in ram. 
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Fig. 3. Brightness and anode current vs. distance between 
electrodes. Applied anode voltage is 15V. 

vacuum usual ly show I : K .  V 3 /2"  d - 2  (I: current,  
K: constant, V: applied voltage, and d: distance be- 
tween electrodes) because cur ren t  is space charge 
limited. In  this experiment,  the power of V from a 
log-log plot (not shown here) is not 3/2 bu t  5/2. This 
difference seems to be due to the fact that  the anode 
plate is coated with a phosphor, and so the current  
flows through the l imited area at low voltage region 
(below 10V) and at large distances (above 3.0 ram),  
resulting in the fact that the phosphor emission is 
not uniform. In commercial tubes a mesh grid for the 
diffusion and the drawing of the current is placed be- 
tween the cathode and the anode to get uniform 
phosphor emission. It may be said, however, that in 
this diode construction space charge limited current 
flows and the brightness depends largely on the cur- 
rent through the phosphor. 

Phosphors generally have high resistivity (for ex- 
ample, I0 TM ~" cm orders of magnitude in Y20~S:Eu 
disk), so that under conventional high voltage cathode 
ray excitation the phosphor screen of television tubes 
is metal-backed to prevent charge-up. On the other 
hand certain phosphors with relatively low resistivity, 
for example, ZnO:Zn, SnO:Eu, and (Zn,Cd)S:Cu or 
Ag, emit brightly under low voltage cathode ray ex- 
citation. Some phosphors can also show high brightness 
when mixed with conductive materials such as ZnO, 
In20~, or SnO2. Figure 4 shows brightness vs. In203 
content. The phosphor used here is u the 
particle diameter being 8 ~m. The parameter is the 
diameter of the In203 conductive material. The curves 
show that the content for maximum brightness de- 
creases as the diameter of In203 becomes smaller, and 
that the maximum brightness is nearly constant. Fig- 
ure 5 shows brightness vs. applied voltage, in which 
the parameter is the diameter of Y202S:Eu. Mixture 
ratio of Y202S:Eu to In2Oz is 1.0. The brightness of 4 
~m Y202S:Eu is much higher than that of 8 ~m. 

Figure 6 shows brightness vs. diameter ratio of ZnS: 
Cu,Al to In203. The parameter is the phosphor diam- 
eter. Curves in this figure also show that the mixture 
of the phosphor and the conductive material with 
small diameter can show higher brightness than that 
with large diameter, and that the mixture of a phos- 
phor and a conductive mater ia l  wi th  the same diam- 
eter emits more br ight ly  than  that  with different 
diameters. The penet ra t ion  depth of electrons into 
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phosphors,  according to Leverenz  (5), Young (6), and 
Fe ldman  (7), is less than  a few tens of angstroms at  
100V anode voltage. This shows tha t  the phosphors 
p r e f e r r ed  for low vol tage cathode r ay  tubes should 
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be of smal l  d iamete r  in o rder  to obta in  large  surface 
emi t t ing  a rea  and thin and uni form to obtain high 
brightness.  Fur the rmore ,  i t  can be said tha t  the same 
smal l  d iamete r  is gene ra l ly  p r e f e r r ed  for m a x i m u m  
br ightness  of se t t led  powder  screens. 

F igure  7 shows br ightness  and anode cur ren t  den-  
s i ty  vs. SnC14 content  for conduct ively coated ZnS: 
Cu,A1. The phosphor  is d ipped in a solut ion containing 
SnC14 and then baked  at  700~ for  10 min in air. This 
resul ts  in an SnO2 coating on the phosphor.  Max imum 
brightness  is obta ined at  100 weight  percent  (w/o)  of 
SnC14, whi le  the cu r ren t  continues to increase  as the  
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Fig. 7. 15rightness vs. SnCI4 content. ZnS:Cu,AI is dipped in 
SnCI4 and fired at 700~ for 10 rain in air. Applied anode voltage 
is 30V. 
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SnC14 content  increases.  This resul t  shows tha t  there  is 
an  o p t i m u m  conduct iv i ty  for  m a x i m u m  br ightness  
under  low vol tage cathode r a y  excitat ion,  and tha t  
any  addi t iona l  increase  in conduc t iv i ty  is only  effec- 
t ive to d r a w  space charge l imi ted  cur ren t  wi thou t  ex-  
c i ta t ion of the  phosphor  itself.  

Most oxides  inc luding  phosphors  have gene ra l ly  
ve ry  h igh  resis t ivi ty,  so tha t  Y20~: Eu is not  as b r igh t  
as Y202S:Eu under  low vol tage  c a t h o d e  r ay  exc i ta -  
tion, even if In20~ is added.  But  (Lax ,Lul -x ) InOs :  Eu is 
a compound a l r eady  containing In208. Hence i t  shows 
b r igh t  emission (see the  spec t ra  of Fig. 8) when  it  is 
mixed  wi th  In20~. Curves 1, 2, 3, and  4 are  for  x 
0.75, 0.50, 0.25, and  0.00, respect ively .  The in tens i ty  of 
the  810 nm peak  increases  as x decreases.  This fact  
shows tha t  LaInOs and LuInOs form a solid solut ion 
and the t rans i t ion  p robab i l i t y  of Eu levels changes 
corresponding to the  mix tu re  rat io  of La  and Lu ions. 
F igure  9 shows the dependence  of emission spec t rum 
on Eu concent ra t ion  in LaInO~. An  increase  of Eu con- 
cen t ra t ion  f rom 2 mole  percen t  (m/o )  (curve 1) to 6 
m/o  (curve  2) decreases  the  in tens i ty  of the 550 nm 
subpeak.  According to this spec t ra l  change the CIE 
chromat ic i ty  coordinates  change f rom x = 0.570 and 
y = 0.389 to x =  0.621 and  y ~ 0.364. This spec t ra l  
change is also observed  for  Y20~S:Eu under  conven-  
t ional  high vol tage  ca thode r a y  exci tat ion,  as is wel l  
known. S imi la r  spec t ra l  change is also observed  when 
the phosphor  is fired at  different  tempera tures ,  even if 
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Fig. 8. Emission spectra of (Lax, Lul-x)lnO3:Eu. Curves I, 2, 3, 
and 4 are of x - -  0.75, 0.50, 0.25, and 0.00, respectively. 
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the Eu concentra t ion is not  changed. The subpeak  is 
h igher  when  the phosphor  is fired at  1000~ than  when 
fired at  1400~ not  shown here.  This is due to the  fact  
tha t  Eu ions are  in t roduced  more  effect ively at  1400~ 
than  at  1000~ the effect s imi lar  to tha t  of adding  ex -  
cess Eu. 

F igure  10 shows the difference of spec t ra  be tween  
LaInO3:Eu (curve 1) and  LaInO2S:Eu (curve  2). The 
l a t t e r  shows a ma in  peak  at  longer  wave leng th  than  
the former.  The same re la t ion  exists  be tween  the 
spec t rum of Y208: Eu and tha t  of Y~O2S: Eu under  con- 
vent ional  h igh vol tage  cathode r a y  excitat ion,  as is 
wel l  known. 

Conclusion 
In  the  case of low vol tage  (less than  100V) cathode 

r ay  luminescence,  tha t  which  is p roduced  by  a phos-  
phor  coated on an anode and subjec ted  to e lec t ron 
shower  f rom line cathodes, the  cur ren t  th rough  the 
phosphor  s t rongly  affects the brightness.  Since the cur -  
ren t  is space charge l imited,  the  high cur ren t  densi ty  
for high br ightness  is obta ined wi th  the  lower ing  of 
the threshold  vol tage by  na r rowing  the dis tance be -  
tween  the anode and the cathode. Exper iments  show 
that  phosphors  for  f luorescent tubes should be of smal l  
d iameter ,  a fact  which can be exp la ined  using the elec-  
t ron  range equations.  The emission spec t rum of 
(La~,Lu1-x)InOs:Eu var ies  according to x va lue  and 
Eu concentrat ion.  The re la t ion  of the  spec t ra l  change 
be tween  LaInOs :Eu  and su l fur ized  LaO2S:Eu under  
low vol tage  cathode r ay  exci ta t ion  is the same as tha t  
be tween  Y203: Eu and Y202S: Eu under  convent ional  
h igh vol tage exci tat ion.  
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Annealing Technique for LEC 
Grown Twin-Free InP Crystals 

W. A. Bonner 

BeZL Laboratories, Murray HiLl, New Jersey 07974 

ABSTRACT 

An in situ, postgrowth annealing technique for liquid encapsulated 
Czoehralski (LEC) grown twin-free InP crystals is reported. The procedure 
described minimizes the effects of both growth-induced stress and that re-  
sulting from differential thermal contraction between the InP crystal and 
the  B~O8 skin adhering to i t  after growth. 

A systematic study and control of crystalline de- 
fects and growth related problems associated with InP 
substrate preparat ion has until  recently been difficult 
due to the limited availabil i ty of constant quality 
twin-f lee  InP crystals. A new liquid encapsulated 
Czochralski (LEC) growth technique which limits the 
rate of diameter enlargement while a near ly  planar  
crystal-melt  interface is maintained has essentially 
eliminated the problems related to twinning and poly- 
crystalline growth (I) .  Using the apparatus employed 
in Ref. (1, 2), ~100g InP single crystals, (30 mm 
diam • --.80 mm long) of constant quality suitable 
for quaternary alloy device studies can be routinely 
grown. Twin-free crystals so grown, however, have 
been found to exhibit evidence of somewhat greater 
internal stress than previously observed in twinned 
crystals. In this paper, an in situ, postgrowth annealing 
technique is reported, which has been found effective 
in minimizing the effects of both growth-induced 
strain and that resulting from differential thermal con- 
traction between the InP crystal and the B203 skin ad- 
hering to it after growth. 

Experimental and Results 
LEC growth of In_P crystals is accomplished using 

an inert gas pressure of ,~38 atm to prevent dissocia- 
tion of the compound at the melting point and molten 
B~Oz as the encapsulant to seal the melt. As the crys- 
tal is pulled through the encapsulant layer a thin skin 
of B~O3 adheres to the boule surface. Differential ther-  
mal contraction between this B~O~ skin (1.5 • 10 -5 
~ -z)  (3) and the InP crystal (5.3 • 10 -6 ~ -z)  (4) 
during cooling can introduce mechanical strain as well 
as impede the relief of growth-induced stress unless 
properly annealed as discussed below. 

Previous conventional procedures suggest, at the 
conclusion of growth, InP crystals be cooled without 
decreasing pressure in the growth chamber to pre-  
vent decomposition. Prior to the growth technique 
reported in Ref. (1), most InP "single" crystals con- 
tained twins which appear as a sequence of closely 
spaced parallel  (111) planes. For crystals grown in a 
~111~ direction, three geometrically similar (111) 
planes occur at  70.32 ~ to the growth direction sym- 
metrically spaced 120 ~ apart. 

Key words: semiconductors, crystal growth, III-V compounds. 

Recent studies (1) have shown that if the rate of 
diameter enlargement is such that the angle the grow- 
ing crystal makes with the ~111~ growth direction 
exceeds ~19.68 twins form which are paral lel  to the 
~111~ surfaces expected at 19.68 ~ However, if the 
rate of diameter enlargement results in an angle less 
than 19.68 ~ so (111) surfaces are avoided, initial twin 
formation is prevented. So limiting the rate of diam- 
eter enlargement while employing growth parameters 
which result in a nearly planar  crystal melt interface 
reproducibly yields twin-free crystals. 

An example of a typical, twinned, crystal is shown 
in Fig. 1. The surface of this crystal has been sand- 
blasted using 3 ~m alumina to produce a uniform 
matte finish and subsequently etched with concen- 
trated HC1 to reveal twins. Conventional cooling pro-  
cedures alluded to above appear to have been sufficient 
to prevent strain in crystals of this morphology as 
stress relief can occur pr imari ly  through deforma- 
tion twinning and slip. 

Evidence for the presence of internal stress in twin- 
free InP crystals was the observation that crystals 
cooled prior to decreasing the pressure exhibit a 
greater  tendency to crack during wafering. 

Twin-free InP crystals (example shown in Fig. 2) 
cooled to room temperature while a pressure of 38 
atm is maintained in the chamber show a rough and 

Fig. 1. InP so-called "single" crystal showing ~ !11~  parallel 
twin planes. 
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Fig. 2. Surface feature typical of twin-free InP crystal cooled at 
38 arm pressure. 

mot t led  surface. I t  is a resul t  of spal l ing of the B203 
sk in  r ema in ing  on the c rys ta l  af ter  growth.  Spal l ing  of 
the crys ta l  surface also occurs due to the deve lopment  
of surface microcracks  caused by  different ia l  t he rma l  
contract ion and adhesion of the  B203. A < I I I >  slice 
th rough  such a c rys ta l  is shown in Fig. 3, and reveals  
the ex ten t  to which surface damage  can occur. F u r -  
ther,  fa i lure  to re l ieve  g rowth - induced  s t ra in  causes 
c racking  dur ing  wafer ing.  Nominal ly ,  15% of the 
wafers  cut  f rom tw in - f r ee  crysta ls  imprope r ly  an-  
nea led  crack.  

F igure  4 shows a tw in - f r ee  crys ta l  cooled at  the 
same ra te  as tha t  in Fig. 3, af ter  the  p ressure  was r e -  
duced to 1 arm. In contrast ,  the surface does not  spall  
and  is smooth and free of surface cracks. The B~O~ 
skin  remain ing  on crysta ls  annea led  in  this manner  
was also smooth and continuous. In  the  example  shown 
the  B203 has been removed  by  washing.  Twin- f r ee  
crys ta ls  so annea led  show no tendency  to c rack  dur ing  

Fig. 4. Surface feature typical of twin-free InP crystal cooled at 
! arm pressure. 

wafering,  qua t e rna ry  a l loy devices p r epa red  on sub-  
s t ra tes  f rom these crystals  exhib i t  less va r i ab i l i t y  in 
device character is t ics  (5),  and  subs t ra te  c leavage is 
sharper  and c leaner  (6). 

Growth - induced  in te rna l  stress responsible  for  
cracking can be re l i eved  and s t ra in  p r even t ed  in tw in -  
free crystals  p rovided  the t e m p e r a t u r e  of the  g rown 
crys ta l  is ma in ta ined  sufficiently high so tha t  the  B208 
skin remains  somewhat  fluid whi le  the ambien t  p re s -  
sure is g r adua l ly  reduced.  This is eas i ly  accomplished 
in our appara tus  wi thout  the use  of aux i l i a ry  a f t e r -  
hea ters  by  proper  posi t ioning of the crysta ls  above 
the crucible  and main ta in ing  rf  power  to the susceptor.  
In  this  regard ,  i t  is essent ia l  tha t  the  ent i re  InP me l t  
be ex t rac ted  f rom the crucible  dur ing  c rys ta l  growth,  
as ma te r i a l  r emain ing  in the  crucible  wi l l  decompose 
at the decreased pressure.  Hea t ing  of the crys ta l  then  
occurs by  rad ia t ion  and conduct ion by  the iner t  gas 
a tmosphere .  S t r a in  anneal ing  is accomplished when  
the iner t  gas pressure  is g r adua l ly  decreased  to 1 a tm 
and the  c rys ta l  subsequent ly  cooled b y  decreas ing 
power  to the  susceptor.  The  ra te  of p ressure  decrease  
is un impor tan t .  In  these s tudies  a p p r o x i m a t e l y  i a t m /  
min  was found convenient.  S lower  ra tes  d id  not  im-  
prove the final c rys ta l  qual i ty .  Cooling ra tes  be tween  
40~ and 2~  were  examined.  Qual i ta t ive ly ,  
stress re l ie f  appea red  comple te  if ra tes  20~ or 
s lower  were  used. 

A t empe ra tu r e  profile of the  g rowth  chamber  at  38 
arm and  I a tm a re  shown in Fig. 5. R - f  power  to the  
susceptor  was ma in ta ined  a t  the  same level  dur ing  
crys ta l  growth.  The posi t ion of the  crys ta l  and  crucible  
(susceptor)  dur ing  annea l ing  is indicated.  Al though  a 
significant t he rma l  g rad ien t  exists  a long the c rys ta l  
l ength  i t  has not  been  found de t r imenta l .  

Fig. 3. < 1 1 1 >  slice through twin-free lnP boule cooled at 38 
arm pressure, 5 X  showing extent to which surface damage can 
Occur. 

Fig. 5. Temperature profile of growth chamber for 38 atm and 1 
arm pressure prior to cooling. 
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Discussion 
In the case of twinned "single" crystals (Fig. 1), 

differential thermal contraction between InP and the 
B~O3 skin does not present a serious problem. The 
effects are manifested pr imari ly  in the rough surface 
texture due to spalling, surface cracks, and the forma- 
tion of above average dislocations near the surface. A 
plot depicting typical dislocation densities, as revealed 
by etch pitt ing on (100) surfaces, for crystals cooled 
while at 88 atm and cooled after the pressure was re-  
duced to 1 atm, is shown in Fig. 6. The (100) wafers 
were cut from twin-free crystals grown in a <111> 
direction. Although the density of dislocations is quite 
similar for the bulk of material  the density near the 
surface is about ten times greater for crystals cooled 
prior to decreasing the chamber pressure. TEM studies 
by Mahajan (7) indicate some of the dislocations near 
the surface are slip generated. 

Fig. 6. Idealized plot of dislocation density across (100) InP 
wafers from crystals cooled at 38 arm and ! atm. 

No attempt has been made to measure the magnitude 
of the stresses due to differential thermal contraction. 
A smooth, continuous B2Os skin has, however, been 
observed on twin-free InP crystals cooled prior to 
lowering the pressure provided very slow cooling rates 
(< l~  were used. However, in such cases, the 
B203 skin and crystal surface decrepitate with some 
degree of violence upon simply touching or washing. 
Crystals annealed in this manner also crack severely 
during wafering, suggesting relief of growth-induced 
strain was restricted. It is apparent  then that cooling 
of twin-free InP crystals at low ambient pressure in 
the growth chamber is essential in order to minimize 
the effects of growth-induced stress and prevent sur-  
face deformation resulting from differential thermal 
contraction of the encapsulant. 
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Epitaxial Growth of Cubic ZnS Se,-x by 
Vapor Phase Transport 
D. Etienne, L. Soonckindt, and G. Bougnot 

Centre d'Etudes d'Electronique des Solides (associ~ au C.N.R.S.), 

Universitd des Sciences et Techniques du Languedoc, 34060 Montpellier Cedex, France 

ABSTRACT 

Films of cubic ZnSxSel-z have been grown epitaxial ly on cleaved CaF2 
substrates by vapor phase transport  in flowing hydrogen and the conditions 
to obtain epitaxial deposits of these compounds have been determined. The 
effects of gas flow rates and both source and substrate temperatures on the 
composition x have been investigated. The composition dependence of the 
bandgap was determined by photovoltage measurements. 

I I -VI  compound semiconductors and their  alloys 
cover a wide range of electrical and optical properties 
which make them potentially useful for a variety of 
practical applications. These include luminescence, 
photoconductive, acoustoelectric properties and p-n 
junction l ight  emitting diodes. Unfortunately, the 
synthesis of these materials is frequently complicated 
by the combination of high melting temperatures and 
dissociation pressures. However, many of the diffi- 

Key words: chemical  vapor deposition, semiconductors,  elec- 
tronlcs. 

culties associated with these complications are mini-  
mized when vapor phase crystal growth methods are 
employed, primari ly because of the low growth tem- 
peratures involved with this technique. 

Among the different possible approaches to the vapor 
deposition of I I-VI compounds, only open-tube flow 
methods offer the flexibility and control needed to 
prepare compounds or alloys, with widely varying 
composition, doping, and geometries. 

For ZnSe, ZnS, the l i terature describes many meth- 
ods dealing with the growth of ZnSe (1-5) or ZnS 
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(6-9),  bu t  in format ion  on the zinc sulfoselenide sys-  
tem, however ,  is r a the r  ske tchy (4, 10-12) and the 
crysta ls  obta ined  are  r epor ted  to be inhomogeneous.  

Recent ly  a method  has been  deve loped  (13) for  
growing ZnS~Sel -x  boules wi th  un i fo rm composit ion 
and consist ing in severa l  grains,  using the iodine vapor  
t r anspor t  technique in  a sealed ampul.  

In  a previous  paper ,  we had  brief ly descr ibed  the 
appl ica t ion  of an open - tube  sys tem for the p repa ra t ion  
of ZnSzSe l -x  (14). In  tha t  system, deposi t ion of ep i -  
t ax ia l  films of ZnSzSe l -x  composit ion in  the range  0 - -  
x --~ 1 was car r ied  out  on calc ium fluoride (CaF2) sub-  
s t rafes  by  reac t ion  of hydrogen  wi th  the compound in 
powdered  form. In  the presen t  paper ,  we wish to give 
more  detai ls  on the  resul ts  thus obtained.  

Growth Procedure 
The g rowth  appa ra tus  p rev ious ly  descr ibed  for  ZnS 

and ZnSe (15, 16) was modified for growing ZnSxSe l -x  
b y  flowing H2 over  two independen t  sources (Fig. 1). 

The  react ion chamber  consisted of a 30 m m  inner  
d iameter ,  l m  long quar tz  tube. I t  was posi t ioned in  a 
hor izonta l  two-zone  furnace  which  provided  the t em-  
p e r a t u r e  profile needed  for  the  sources and for  the 
ep i tax ia l  deposit ion.  

The CaF2 subs t ra tes  (1 • 1 cm 2 area)  were  c leaved 
in a (111) plane,  mechan ica l ly  pol ished to a m i r r o r -  
smooth finish and etched wi th  a HC1-HNOa (1: 1) solu-  
tion. The  opera t ion  of the sys tem may  be summar ized  as 
follows: the  tube is first flushed wi th  hydrogen,  then  
the sources and deposi t ion zone a r e  brought  to the re-  
qui red  tempera tures ,  and b y  means of a quar tz  push 
rod, the  subs t ra te  is moved  into the deposi t ion zone 
and etched in situ in flowing H2. The hydrogen  flow 
and deposi t ion is commenced when  the t empera tu re  of 
the  subs t ra te  is r easonab ly  stable.  

Growth  t imes were  be tween  1 and 8 hr, y i e ld ing  
films be tween  5 and 40 ~m thick. At  the end of the 
run  the furnace  was s lowly cooled (100~ to room 
t e m p e r a t u r e  in  o rde r  to avoid  cracks  ar is ing f rom the 
difference in  the t he rma l  expans ion  coefficients. This 
difference is bne of the  most  impor t an t  factors to be 
considered in  select ing sui table  subs t ra te  mate r ia l s  in 
add i t ion  to the room t e m p e r a t u r e  la t t ice  constant.  In  
fact, CaF2, in spite  of its good la t t ice  match  (5.482A 
for CaF2, 5.6687A and 5.4093A for ZnSe and ZnS) 
shows a r e l a t i ve ly  la rge  difference in the the rmal  ex-  
pansion coefficients (19.10 -6  ~ -1 for CaF2, 6.7.10 -6 
~ -1 for  ZnSe and ZnS at  room t empera tu r e ) .  The 
ep i tax ia l  deposi t ion was car r ied  out  at  a source t em-  
pe ra tu re  wi th in  the 800~176 range  (usual ly  850~ 
for  both  ZnS and ZnSe sources) ,  to ta l  hydrogen  flow 
rates  of about  100-300 cm 8 min  -1, and  subs t ra te  t em-  
pe ra tu res  wi th in  the 630~176 range. The l inear  
veloci ty  (defined as the  ra t io  of the ca r r i e r  gas flow 
rate  to the cross sect ion of the reac t ion  tube)  of the  
sys tem depends  on the flow ra te  over  the two sources. 

Theoretical Determination of Composition in ZnSzSe~-~ 
The composit ion x was de te rmined  by  a s imple  

formula ,  based on the the rmodynamics  of the equi -  
l ibria,  

e x h a u s t  

800~ // ,,/ 
, ,o=c e o=o 

780~  

Fig. 1. ZnSxSel-x vapor growth system: experimental arrange- 
ment and temperature profile during growth. 
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The mechanism for the ZnSxSel -x  fo rmat ion  involves  
six chemical  react ions 

Z n ( g )  + (1 --  x) H~Se(g) + x H 2 S ( g )  

-- ZnSxSe l -x ( s )  + H2(g) [1] 

H~(g) + 2Zn(g)  ---- 2ZnH(g)  [2] 

H2(g) -t- �89 Se2(g) - - H 2 S e ( g )  [3] 

H2(g) + Yz S2(g) - -  H2S(g)  [4] 

3Se2(g) ---- SeG(g) [5] 

4S2(g) --  Ss (g)  [6] 

Equat ion [1] may  be considered as the  superposi t ion  of 
two chemical  react ions due to hydrogen  over  two inde-  
penden t  solid sources 

Z nSe ( s )  + H~(g) --  Z n ( g )  + H2Se(g)  

ZnS(s )  + H2(g) = Zn(g)  + H2S(g) 

Lever ' s  pr inc ip le  (17) of resolution,  which  is based 
on Gibb 's  phase rule  and which  was improved  b y  
Hur le  and Mul l in  (18) was used (19) for  the  de te r -  
mina t ion  of the equi l ibr ia  constant  K p  

The values  of the  pa r t i a l  pressures  are  ca lcu la ted  for  
each chemical  substance able  to exis t  in a vapor  s ta te  
on the basis of a t he rmodynamica l  equ i l ib r ium be-  
tween  solid and vapor  phase. I f  "pj" represents  the 
pa r t i a l  pressure  of the gaseous species "j", and  if "hi" 
s tands for the to ta l  number  of a toms per  uni t  volume 
of the const i tuent  'T '  in an  e lementa l  or compound 
form in the gaseous mix tu r e  at  the ou tput  of  the two 
sources, the equations enabl ing  us to give an  over -  
a l l  descr ip t ion  of the sys tem are:  

The six re la t ions be tween  pa r t i a l  pressures  corre-  
sponding to the chemical  equi l ib r ia  [1]-[6] .  

The constancy of the  total  p ressure  

Po ---- ~ Pj wi th  Po ---- 1 atm. 

The  s to ichiometry  conservat ion  

Pzn -~- PZnH -- 2Pse2 + 6Pse6 + PSeH2 

+ PSH2 + 2Ps2 + 8Pss 

The  concentra t ion x in zinc sulfide in  the  vapor  phase  
wi th  source at t empera tu re  Tx, g iven by  

x ns 2Ps2 + 8Pss -t- PSH2 
m 

1 --  X rise 2Pse2 + 6Pses -~ PSeH2 

F r o m  these conditions, the pa r t i a l  pressures  of each 
gaseous species a re  ca lcula ted  in a l l  the  range of t em-  
pe ra tu re  and composit ion (Fig. 2, 3). 

One concludes that  the main  gaseous species a re  Zn, 
H2Se, HeS, and  to a less extent ,  $2, Se2, and ZnH. 

Let  7 = (D~176 where  (D~ 
(DoH2)znse are, respect ively ,  the hydrogen  flow ra tes  
over  the ZnS and ZnSe sources, as measured  at  room 
tempera ture .  

A t  the source t e m p e r a t u r e  T1 

( D ~ )  zns Vzns 

(DH2) ZnSe VZnSe 

Vzns and VznSe a r e  the  l inear  veloci t ies  over  the sepa-  
ra te  sources, (DH2)ZnS and (DH2)ZnSe the H2 flow ra te  
a t  T1. Atomic  fluxes leaving  the  sources regions a re  
given b y  

Jl = N,. Vzns o, znse, N,  = X 
j = l  ~ , ~ 1  

Ni is the  to ta l  number  of 'T '  a toms over  each source 
and ~jj is the s toichiometr ic  coefficient of the i th  e le-  
ment  in the j t h  specie. F o r  the  ZnS and ZnSe sources 
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Fig. 2, Partial pressure in the system ZnSxSel-=-H~ as a func- 
tion of temperature for x - -  0.3. 

[2Pss -t" PSH2]TI/ZnS 

Jse - -  

Vzns 
J s  = ' ~ - 1  

~ZnSe 
RT~ 

[2Pse2 -~- PSeH2]T1/ZaSe 

1 VZnS 
---- - -  �9 ~ [2Pses + PSeH2]T1/ZnSe 

RT1 

where  the  pa r t i a l  pressures  a re  now ca lcula ted  in  the 
systems ZnS/H~ and ZnSe/H~, s epa ra t e ly  considered at  
t empera tu re  T1. Then, the composi t ion x is de te rmined  
b y  

x J s  [2Pss + PH2S] T1/ZnS 
= : -~ �9 [7]  

1 --  x Jse [2Pse2 -t- PH2Se]T1/ZnSe 

So. i t  is possible  to ca lcula te  the  theore t ica l  composi-  
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Fig. 3. Partial pressure in the system ZnSxSez-x-H2 as a func- 
tion of composition x for T - -  1100~ 

t ion x, m terms of the  ra t io  ~ of the  hydrogen  flow 
ra tes  over  the ZnSe and ZnS sources and  wi th  va r i a -  
t ion of sources t e m p e r a t u r e  Tz. 

Experimental Results 
Morphology and crystal structure.--The growth  t em-  

pe ra tu re  is one of the impor t an t  pa rame te r s  which  de-  
t e rmiae  the  c rys ta l  quaI i ty  and morphology.  The epi-  
tax ia l  qua l i ty  of the ind iv idua l  films was eva lua ted  
p r i m a r i l y  by  means  of microscopic studies of the  film 
surfaces. These studies were  in i t i a l ly  checked agains t  
x - r a y  and e lect ron diffract ion results.  

F igure  4a and b are  photomicrographs  of the as-  
g rown surfaces of two ZnSxSel=x films, wi th  var ious  
parameters .  In  bo th  cases, the  l ayers  deposi ted  di-  

Fig. 4. Photomicrographs of ZnSxSez-x layers grown on (111) CaF2 substrates: (a) x = 0.22, source temperature 850~ substrate tem- 
perature 780~ "y = 0.1; (b) x = 0.86, source temperature 850~ substratetemperature 730~ ~ - -  2. 



Vol. I27, No. 8 VAPOR 

rectly on ( l l l ) - C a F 2  substrates showed well-defined 
microstructure,  and  revealed wel l -or ien ted  t r i angula r  
growth pat tern,  characteristic of the (111) epitaxy. 

Reflection electron diffraction was used to determine 
the crystal l ine qual i ty  of the layers. The investigations 
give s t ructural  informat ion  about  highly localized areas 
of the deposited layers. Figure 5 shows reflection elec- 
t ron diffraction pat terns of the alloy layer  with var i -  
ous composition and various growth temperatures.  The 
diffraction pa t te rn  consists in  strong spots which indi -  
cates a good crystal l ine structure.  The alloy layers 
were single crystals with the some or ienta t ion as the 
substrate.  

In  some cases (substrate tempera ture  < 650~ the 
diffraction pa t te rn  indicates a good single crystal s truc-  
ture  al though the superimposed satelli te spots do sug- 
gest the inclusion of s t ruc tura l  defects such as twins 
or stacking faults. For  substrate  tempera ture  of 630 ~ 
the dif f ract ion pa t t e rn  shows so-called Debye rings; 
this indicates a polycrystal l ine structure.  Figure 6 
shows x - r ay  (CuKa) diffraction pat terns  from the films 
deposited on CaF2 substrate.  The layers investigated 
were between 5 and 15 ~m thick and were not etched 
before the measurements .  I t  shows only a reflection 
from the (111) planes. By using this growth method, 
ZnS, ZnSe, and ZnSxSel=x high qual i ty  films are ob- 
ta ined with high reproducibi l i ty  and these x - r a y  dif- 
f ractometer  scans proved the results of the reflection 
electron diffraction. 

Results on the x variation.--Figure 7 shows the var i -  
ation of composition x vs. the ratio 3' for the same 
source tempera ture  850~ and  for two substrate tem-  
peratures  730 ~ and 780~ It  is possible, at a substrate 
tempera ture  T~ -- 730~ to obta in  a composition x in  
the range 0 <: x < 0.5; with the tempera ture  T2 = 
780~ the composition range is 0.5 <~ x < 1. 

The composition x was determined from lat t ice- 
constant  measurements  on the basis of Vegard's law 
or by  electron probe microanalyzer.  The solid curves 
represent  the theoretical variat ions of x, in  funct ion 
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of 7, which were obtained from calculations using Eq. 
[7]. Good agreement  is found wi th  the exper imenta l  
values, it  confirms that  the S content  in  the vapor 
phase is increasing with increasing flow over the ZnS 
source (high 7 values) .  

With the source tempera ture  T1, the var ia t ion of 
composition x is shown on Fig. 8 for different sub-  
strafe temperatures  and different values of 7. The solid 
curves represent  the theoretical values of x (Eq. [7]),  
and good agreement  is found with the exper imenta l  
values. We observe that  a wide range of, x values may 
be obtained by varying  7, bu t  these x values are 
ra ther  insensit ive to the sources temperatures.  

Figure 9 shows the var ia t ion of composition x with 
substrate  tempera ture  T~. Such a var ia t ion is not ex- 
pected from the theory;  the composition x should de- 
pend only on T1 and  not  on T2, since from the equat ion 
of continuity,  the concentrat ion of ZnS must  be the 
same at the source and substrate  temperatures.  This 
var ia t ion of composition x with T2 can be explained by  
the nucleat ion on the wall  of the reaction chamber. At 
high temperature,  the Se is the first deposit experi-  
menta l ly  observed, and at low tempera ture  the S con- 
centrat ion is higher than  the Se one. In  this case the 
composition x is a funct ion of the substrate tempera-  
ture  and the composition x decreases with the increas-  
ing of T2. However, these exper imenta l  results show 
that  the composition remains  constant  wi th  the sub-  
strate tempera ture  for two ranges of temperature.  For  
7 ~ 0.5, the composition is constant  with T~ > 750~ 
and for T~ < 750~ the composition is vary ing  in  
funct ion of Ts. The same results are observed for T2 
< 750~ and 7 > 0.5. In  this range of temperature,  the 
composition for different 7 remains  constant  vs. T2. 

This result  is consistent with the curve of Fig. 7. 
For T2 = 780~ (T2 > 750~ the composition is well  
defined and any  var ia t ion occurs wi th  the substrate  
tempera ture  according to the theory. For T~ = 730~ 
(T2 < 750~ in  the range 0.5 < 7 < 4, any  influence 
of substrate tempera ture  occurs. 

Fig. 5. Reflection electron diffraction pattern: (a) x = 0.22, sub- 
strate temperature 780~ 7 = 0.1; (b) x = 0.6, substrate tem- 
perature 730~ 7 = 0.5; (c) x = 0.9, substrate temperature 
730~ 7 - -  2. 
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Fig. 6. X-ray diffraction scae: (a) ZnSe layer, substrate t~mpera- 

lure 7300C; (b) ZnSo.46Seo.~t layer, substrate temperature 780~ 
"- 0.3; (c) ZaS layer, substrate temperature 750~ 

Electro-Opt ica l  Charac ter i za t ion  of the Samples 
Method of mea~urement.--The technique used is 

based on the Kelvin  method (20). It  consists in mea-  
suring the contact potent ial  Vcp be tween  the surface 
and a reference electrode. From the var iat ion of Vcp it  
is possible to obta in  the var ia t ion of the surface po- 
tential  Vs. To increase the sensit ivi ty of the systems, 
we used a wavelength  modulat ion technique (21), so 
as to get directly the derivative dVcp/dk : dVs/dk of 
the signal with respect to the wavelength.  The mea-  
surement  cell is a capacitance constituted by the sam- 
ple in  front of which a semit ransparent  electrode is 
placed paral lel  to the semiconductor surface, about 
0.2 mm away. In  series with the capacitance is a high 
input  impedance amplifier. The i l luminat ion  of the 
sample with pulsed radiat ion of energy h~ > Ec -- Ev 
gives variat ions of dV~ of the bar r ie r  potent ia l  Vs. In  
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Fig. 7. Variation of the composition with the ratio ~,: (a) source 
temperature 850~ suhstrate temperature 780~ (b) source tem- 
perature 850~ substrate temperature 730~ 

the circuit  then appears a pulsed current  whose ampli -  
tude is proport ional  to dVs. 

The method can be used over a wide tempera ture  
range and does not need any  contact or evaporat ion of 
a semit ransparent  electrode on the sample. It  does not 
require the measurement  of the incident  or reflected 
light in tens i ty  and any optical detector is not re- 
quired for the measurement  of dVc~/dL The sensit ivity 
is good and the s ignal- to-noise ratio is bet ter  than the 
field electroreflectance for the same conditions of sur-  
face states. 

Experimental resu~ts.--The composition dependence 
of the fundamenta l  bandgap at 300~ is given on Fig. 
10. Our results fit with good approximation the qua-  
dratic expression in  x 

go(x)eV -" 2.721 ur 0.352X + 0.630x ~ 

given by Ebina et ul. (11) from reflectivity measure- 
ments on cleaved sin~ie crystals. We have studied the 
variation of the fundamental bandgap with tempera- 
ture on samples of different composition. 

Figure 11 shows the wavelength modulated surface 
photovoltage spectra of zinc selenide epitaxial layers 
near  the fundamenta l  edge for different temperatures;  
the width of the curve at midheight  is close to 35-40 
meV. 

The variat ions of the fundamenta l  bandgap were 
studied on samples of composition x - :  0; 0.4; 0.6; 1. 
Figure  12 shows this var ia t ion for zinc selenide and 
zinc sulfo-selenide epitaxial  layers wi th  x -= 0.4. The 
variations are found to be l inear  in the temperature  
range studied. The values of the var iat ion of the gap 
are listed on Table I. 

Conclusion 
The investigations carried out indicate that  the tech- 

nique described can be successfully used for obtaining 
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source t empe ra tu r e  T1. The expe r imen ta l  resul ts  show 
good ag reemen t  wi th  the  theore t ica l  va lues  ca lcula ted  
on the  basis of a t he rmodynamic  analysis.  The resul ts  
of the energy  bandgap  var ia t ion  ob ta ined  b y  a new 
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Fig. 10. Variation of the fundamental bandgap at 300~ as a Fig. 11. Variation of the wavelength modulated surface photo- 
function of composition x. voltage spectra of ZnSe epitaxial layer. 
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method are compared with similar ones obtained by 
previous methods. 

Manuscript submitted Nov. 12, 1979; revised manu- 
script received March 1, 1980. 

Any discussion of this paper will appear in a D~s- 
cussion Section to be published in the June 1981 

Table I. 

x = O  
x = 0 . 4  
x = O . 8  
x = l  

- -  ( 4 . 8  ..T- 0 . 2 )  �9 i 0 - ~  e V / ~  

- ( 5 . 1  ~ 0 . 2 )  �9 I 0  ~ e V / ~  

- ( 5 . 2  ~ 0 . 2 )  �9 I 0  -~ e V / ~  

- ( 5  T- 0 . 2 )  �9 i 0  -~ e V / ~  

JOURNAL. All discussions for the June 1981 Discussion 
Section should be submitted by Feb. 1, 198L 

Publication costs of this article were assisted by 
the Universit~ des Sciences et Techniques du Lan- 
guedoc. 
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ABSTRACT 

New data for the reslstivity-dopant density relationship for phosphorus- 
doped silicon have been obtained for phosphorus densities between 1013 and 
1020 cm -3 and temperatures of 296~ (23~ and 300~ For dopant den- 
sities less than I0 zs cm -s, results were calculated from resistivity and junc- 
tion capacitance-voltage measurements on processed wafers. For more 
heavily doped material, data were obtained from Hall effect and resistivity 
measurements on specimens cut from bulk silicon slices. The results differ 
by 5-15% from the commonly used Irvin curve, always in the direction of 
lower dopant density for a given resistivity. For comparison with the electri- 
cal measurements, phosphorus densities were also obtained by neutron ac- 
tivation analysis and the photometric technique. The values from these 
methods were within 10% of the electrical results. Analytical fits were deter- 
mined for the resistivity-dopant density product as a function of resistivity 
and dopant density for temperatures of 23~ and 300~ Similar fits were ob- 
tained for the calculated electron mobility as a function of resistivity and 
electron density. 

The conversion between resistivity and dopant 
density of silicon is widely used in the semiconductor 
industry. In device design, the calculation of various 
parameters such as breakdown voltage involves relat- 
ing resistivity, which can be readily measured, to 
dopant density, which is the desired quantity but very 
difficult to measure directly. Applications using the 
conversion over many decades of dopant density in- 
clude the calculation of the surface dopant density of a 
diffused layer from the sheet resistance-junction depth 
product and the determination of a dopant density 
profile from anodic oxidation/incremental sheet re- 
sistance measurements. Significant error in the results 
of these measurements occurs when incorrect expres- 
sions are used to relate resistivity and dopant density. 

During the past decade, the most frequently used 
conversion curves for both n- and p-type silicon are 
those formulated by Caughey and Thomas (1) based 
on the curves of Irvin (2). Irvin's curve for n-type 
material includes measurements on silicon doped with 
arsenic, antimony, and phosphorus. More recently 
Baccarani and Ostoja (3) published a conversion for 
phosphorus-doped silicon which agrees with that of 
Irvin at low phosphorus densities but departs at high 
densities with a difference of 30% at 102o cm-S. This 
paper describes the results of a comprehensive redeter- 
ruination of the resistivity-dopant density relationship 
for phosphorus-doped silicon. Differences of 5-15% 
from the n-type Irvin curve were found, always in the 
direction of lower dopant density for a given resistiv- 
ity. A preliminary report on this work was presented 
earlier (4). 

Elect r ica l  M e a s u r e m e n t s  
For dopant densities of I0 zs cm-S or less, data were 

obtained from test structures fabricated on silicon 
slices. The resistivity was measured directly on planar 
four-probe square array structures described in detail 
elsewhere (5). A cross-sectional view of this structure 
is shown in Fig. 1. The dopant density was determined 
from capacitance-voltage (C-V) measurements (6) on 
p+n junction diodes. These test structures and other 

* Electrochemical Society Active Member. 
Key words: electron mobility, Hall effect, neutron activation 

analyses, photometric technique, semiconductor. 

diagnostic structures were assembled on microelec- 
ironic test patterns NBS-3 (7) and NBS-4 (8) which 
were prepared especially for this work. 
The starting material, in both ingot and slice form, 

was obtained from several different suppliers and 
was selected for minimum resistivity gradients by 
mechanical four-probe measurements prior to fabrica- 
tion of the test patterns by bipolar processing (9). The 
difference between center and half radius resistivity 

! I COLLECTOR 
EMITTER 

BAS E 

ili  I OXIDE 

ALUMINUM 

IIIIIIIIIIlil GOLD 

2 5,u. 
Fig. 1. Schematic cross-sectional view of the four-probe resistor 

test structure. The pipes are arranged in a square configuration 
with a center-to-center spacing of 57.2 #m (2.25 mil). 
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values ranged from --3% to + 7 %  with an  average 
absolute difference of +2.5% for the mater ial  used in  
this study. The resistivity data obtained from the 
square ar ray  structures after processing agreed to with-  
in  a few percent  with the mechanical  four-probe mea-  
surements  prior to fabrication. Most of the results on 
high resistivity mater ia l  were obtained on neut ron  
t ransmuta t ion  doped silicon which was much more un i -  
form than mater ia l  doped by conventional  techniques. 
Leakage current  measurements  were made on the 
processed wafers to verify the fabrication and to as- 
sure proper operation of the test structures. 

The dopant densi ty of the collector region was ob- 
tained by the junct ion C-V method (6) on the gated 
base-collector diode s t ructure  shown schematically in  
Fig. 2. This method gives the net  dopant density, i.e., 
the number  of dopant  atoms in excess o f  any  com- 
pensat ing atoms. For the C-V measurements,  the gate 
was biased at the flatband voltage which was deter-  
mined from Cmin'Cmax measurements  on an MOS capac- 
itor s t ructure  on the test pa t te rn  (10). The dopant  
density calculated from the C-V method is sensitive 
to the value used for the diameter  of the diode as the 
diameter  enters as the fourth powe r . The diameters 
(nominal ly  432 #m) of several diodes were measured 
by a scanning interferometer  (11). These results were 
then used as a cal ibrat ion for determining from photo- 
micrographs the diameters of other diodes from each 
processing r u n  of wafers. The uncer ta in ty  in  the diam- 
eter  is estimated to be less than  1 ~m. The base 
junct ion  depth, used in the analysis of the C-V data, 
was measured by the groove and stain technique 
(12) with an estimated error of _0.1 ~m. 

Dopant density values were calculated from the 
C-V data pairs using a computer  program which in-  
cludes corrections for peripheral  effects and for back 
depletion into the diffused base region (13). A fitting 
procedure (14) was incorporated into the program 
in which a Gaussian shape is assumed for the base 
diffusion near  the junction,  and the surface concen- 
[ration of the diffusion and the background dopant 
density are adjusted to give a best fit to all  the C-V 
data. The fitting procedure made it  possible to obtain 
results on wafers with dopant  densities greater  than 
I017 cm -3 which otherwise could not be measured 
because of compensation by the diffusion tail wi thin  
the obtainable  depletion depth. Errors in the dopant 
density due to uncertaint ies  in the surface dopant  
densi ty of the diffusion, junc t ion  depth, and random 
measurement  error were examined in  idealized data 
studies (14). Based on these studies, the errors caused 
by  uncertaint ies  in  these parameters  for the wafers 
in  this work are expected to be less than 1%. In  
the calculations, a value of 11.7 (15) was used for 
the relative dielectric constant  of silicon. For a few 
of the l ight ly doped wafers, it was not necessary 
to use the fitting procedure for reducing the C-V 
data to dopant density. 

The square ar ray  resist ivi ty results were corrected 
to 23~ and 300~ from the actual measurement  tem-  
peratures using published coefficients (16). The C-V 
measurements  were made at room temperature ;  no 
correction for tempera ture  is required because the 
dopant is completely ionized in the depletion layer. 

The procedure used for correlating the resist ivity 
and dopant  densi ty values was slightly different for 
the two test patterns. On test pa t te rn  NBS-3, the 
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Fig. 2. Cross-section.I view of the base-collector dlode used for 
the junction C-V measurements of dopant density. 

one four-probe resistor s t ructure  on the pattern,  which 
is repeated over the entire wafer, is located about 
2.5 m m  from the diode used for the dopant density 
measurements.  In  order to minimize the influence 
of resistivity variat ions over the wafer, the average 
of the resistivities measured on the two four-probe 
resistors on either side of the diode was taken as 
the resist ivity corresponding to the dopant  density 
at that  diode site. On test pat tern  NBS-4, there are 
three four-probe resistor structures (with different 
collector pipe sizes for measur ing a wide range of 
resistivities) located wi thin  1.2 mm of the base-col-  
lector diode. On this pattern,  an average resistivity 
was obtained from measurements  on two or more 
of these structures for correlat ion with the dopant  
density determined from C-V measurements  on the 
diode. Typically, for wafers fabricated with either 
test pattern,  data were collected for six sites near  
the center  of each wafer and the results averaged. 
Mobili ty values calculated for a small  number  of 
the wafers were judged significantly below those from 
other wafers with similar  dopant  densities. Data from 
these wafers were omitted from the analysis so that 
the curves would represent  good mater ial  without 
compensation or other problems. 

For dopant  densities greater  than 10 TM cm-~, Hall  
effect and resist ivity measurements  were made on 
van  der Pauw specimens ul t rasonical ly cut from bulk  
silicon slices. The shape of the specimens is shown 
in  Fig. 3. The measurements  were made at controlled 
temperatures  of 23~ and 300~ for a magnetic  flux 
density of 0.6 T (6 kG) following s tandard procedures 
(17). The commercial Hall probe for measur ing the 
flux densi ty was calibrated using an NMR gaussmeter. 
The integrat ing digital vol tmeter  used for all the 
voltage measurements  was calibrated using a s tandard 
voltage source and a s tandard cell. The s tandard re-  
sistors used for the determinat ion of the current  
through the specimens were calibrated against other 
s tandard resistors with known values. 

The electron density, n, was calculated from the 
expression n -- --~'/qRH, wh~re q is the electronic 
charge, RH is the Hall  coefficient, and r is the Hall 
scattering factor which is un i ty  for heavi ly  doped 
material.  The Hall  effect was not used for mater ial  

2 8 0  mil (7.1 mm) 

Fig. 3. Shape of van der Pauw specimens ultrasonically cut from 
bulk silicon slices. 
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doped  less than  10 TM em -~ because  of the  unknown  
va lue  of the  Hal l  sca t ter ing  factor.  

Chemica l  Techniques  
Chemical measurements of phosphorus density were  

made  for  compar ison wi th  the  e lec t r ica l  da ta  as a 
check on sys temat ic  e r rors  and  to de te rmine  the 
ag reemen t  be tween  to ta l  and  e lec t r ica l ly  act ive den-  
sities. The chemical  techniques were  also used for  
confi rmat ion of the  curve  fit in  the  region be tween  
the Hal l  effect and C-V measurements .  

Neutron activation analysis.Z--Neutron act iva t ion  an-  
alysis was used to de te rmine  the phosphorus  content 
in  about  20 si l icon slices wi th  phosphorus  densit ies  
be tween  10 is and  102o cm-S  (18). The  m a j o r i t y  of 
these  slices were  cut  f rom ingots  used for  the  other 
measurements .  The slices and sui table  phosphorus  
moni tors  were  i r r ad i a t ed  for 14 h r  a t  a nominal  flux 
of 1 X i0 zs n'cm-S'sec -~ in the Texas A&M reactor. 
After removal from the reactor, the slices were cleaned 
and placed on x-ray film to check the dopant uni- 
formity by autoradiography. Using the autoradiograms 
as guides, a uniformly doped region about 2 cm square 
was scribed from the center of each slice for beta 
counting, and the specimens were dissolved in 1:3 
HF: HNOs. Three  or  four  al iquots  of the solut ion were  
dr ied  on filter pape r  and  counted for each slice. The 
monitors ,  NH4H2PO4, were  dissolved in deionized wa te r  
and  a l iquots  were  p ipe t ted  onto fi l ter pape r  for  count -  
ing  b y  the same method  used for  t h e  slices. The 
samples  were  a l lowed to decay  for e i ther  17 or  21 
days  af te r  i r r ad ia t ion  before  be ta  count ing to decrease  
the  considerable  ~zSi act ivi ty.  G a m m a  ray  surveys  
dur ing  the  decay  per iod  did not  detect  any  majo r  
interferences .  Ha l f - l i f e  de te rmina t ions  (T1/~. = 14.4 
days)  were  made  for  posi t ive identif icat ion of the  
8~p isotope. Phosphorus  counts f rom both the  slices 
and moni tors  were  correc ted  for  background  and 
decay over  the  count ing time. The phosphorus  con- 
cent ra t ions  in a toms/cm3 were  ca lcula ted  f rom the 
weights  of the  samples  counted and the rat ios of 
the  ~-P ac t iv i ty  f rom slices and monitors.  

Photometric technique.~--The photometr ic  technique 
(19), also known as the color imetr ic  method,  was 
used to analyze  nine sil icon slices wi th  phosphorus  
densit ies  f rom 2 • 101~ to 5 • 1019 cm -3. The slices 
were  dissolved in p la t inum dishes in ni t r ic  acid wi th  
the  addi t ion  of smal l  amounts  of hydrof luor ic  acid. 
The solutions were  d i lu ted  wi th  perchlor ic  acid and 
hea ted  to evapora te  the  ni t r ic  and hydrofluoric  acids. 
They  were  then di lu ted  wi th  water ,  reduced  by  hea t -  
ing wi th  bisulfite, and the phosphorus  color was de-  
veloped by  the successive addi t ion of b i smuth  sulfate,  
ammonium molybdate ,  and ascorbic acid solutions. 
Spec t rophotomet r ic  measurements  were  made  in a 
1 cm cell. For  the  smal le r  amounts  of phosphorus,  
the  phosphomolybda te  complex  was ex t rac ted  into 
10 ml  of i so -bu ty l  alcohol and  the  absorbance  mea -  
sured  against  synthe t ic  s tandards  which went  through 
al l  s teps of the  p rocedure  including the ex t rac t ion  
part .  Each dissolved slice was d iv ided  into at  leas t  
two and sometimes three  or  four  por t ions  for analysis.  
For  heav i ly  doped mater ia l ,  ind iv idua l  values  had a 
spread  of less than  2%. At  the l ight ly  doped end, 
the  spread  increased to 10%. Fo r  two slices, addi t ional  
phosphorus  was added  to the solut ion for one port ion 
of each slice. The added phosphorus  was deducted  
f rom the final resul t  which was in excel len t  ag ree -  
men t  wi th  tha t  f rom the unadu l t e ra t ed  port ions of 
each slice. 

Results 
Figu re  4 is a g raph  of the  p roduc t  of  res i s t iv i ty  

and dopant  dens i ty  as a funct ion of res i s t iv i ty  at  

Work performed under  the  direction of Dr. Joseph A. Keenan 
at Texas Instruments, Incorporatedj Dallas, Texas.  

Work done by Ledoux and Company, Teaneck,  New Jersey. 
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the right ordinate. 

300~ Since to the  first approx ima t ion  res is t iv i ty  
is inverse ly  p ropor t iona l  to dopant  density,  a p lot  
of the  product  a l lows devia t ions  f rom this re la t ion-  
ship to b e  seen, pa r t i cu l a r ly  for  low res is t iv i t ies  where  
the  product  is large.  As seen in Fig. 4, the re  is a 
sys temat ic  difference be tween  the resul ts  f rom neu t ron  
act ivat ion analysis  and  those f rom the photomet r ic  
technique.  The da ta  points  f rom the Hal l  effect, which  
measures  only  e lec t r ica l ly  act ive phosphorus,  l ie be -  
tween  the two chemical  techniques.  Even though the 
chemical  techniques are  less sensi t ive for low dopant  
densities,  the da ta  f rom these techniques are  in good 
ag reemen t  wi th  the  junct ion  C-V results.  A more  
deta i led  comparison of the chemical  and e lec t r ica l  
resul ts  is ava i lab le  e l sewhere  (20). The da ta  of 
Mousty et al. (21), obta ined  f rom res is t iv i ty  measu re -  
ments  and e i ther  neu t ron  ac t iva t ion  analysis  or  Hal l  
effect for phosphorus  density,  a re  also p lo t ted  in 
Fig. 4. Thei r  resul ts  a re  in reasonable  ag reemen t  wi th  
this work  except  a t  the low res is t iv i ty  end where  
differences are  as la rge  as 15%. Both the  I rv in  (2) 
curve and the computer  fit to the da ta  of this work  
are  also shown in Fig. 4. Throughout  the res is t iv i ty  
range  the fit to the da ta  presented  here  is d isplaced 
f rom the I rv in  curve in the di rect ion of lower  dopant  
dens i ty  for  a g iven resis t ivi ty.  The difference var ies  
be tween  5 and 15% over  the  res i s t iv i ty  range  wi th  
somewhat  l a rge r  devia t ions  be low 1 12.cm than  above. 

F igure  5 is a g raph  of e lect ron mobi l i ty  at  300~ 
as a funct ion of e lec t ron density.  The junct ion C-V 
resul ts  of the present  work  were  conver ted  to e lec t ron 
dens i ty  using the percen t  ionizat ion calculat ions of 
Li and  Thurbe r  (22). For  example ,  at a dopant  dens i ty  
of 10 is cm -3 about  10% of the  phosphorus  atoms a re  
not ionized in equ i l ib r ium but  they  are  counted b y  
the C-V method  as a l l  a toms are  ionized in the 
deple t ion  layer .  Consequently,  the dopant  dens i ty  
measured  by  C-V must  be reduced  by  the f ract ion 
of a toms not ionized to obta in  the  e lect ron dens i ty  
before  the ca r r i e r  mobi l i ty  is calculated.  No such 
reduct ion  is needed  for resul ts  f rom Hal l  effect mea -  
surements  as the  Hal l  effect is a t r anspor t  phenomenon 
for which equ i l ib r ium condit ions exist.  In  addit ion,  
for heavi ly  doped mater ia l ,  conduct ion is meta l l i c -  
l ike and each dopant  a tom contr ibutes  an e lect ron 
for  conduction. 
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The theore t ica l  curve of Li  and Thurbe r  (22) in 
Fig. 5 is in good ag reemen t  wi th  the  expe r imen ta l  
results.  The Caughey  and Thomas mobi l i ty  expres -  
sion for n - t y p e  si l icon (1) gives signif icantly lower  
mobi l i ty  at  low elect ron dens i ty  as shown in Fig. 5. 
The Caughey  and Thomas express ion is a fit to the  
I rv in  curve wi th  the assumpt ion tha t  the  e lect ron 
dens i ty  equals the dopant  density.  This is t rue  except  
for  modera t e ly  doped ma te r i a l  pr ior  to the  onset of 
meta l l ic  conduct ion at  about  3 • 1018 cm -~. Fo r  phos-  
phorus densi t ies  g rea te r  than  about  5 • 10 ~9 cm -8, 
the format ion  of phosphorus -vacancy  pa i rs  gives 
r ise to e lec t r ica l ly  inact ive atoms (23). 

Also shown in Fig. 5 is the mobi l i ty  express ion of 
Baccarani  and Ostoja (3) based on the da ta  of Mousty  
e t a l .  (21) wi th  the assumpt ion  that  e lect ron and 
dopan t  densi t ies  a re  equal.  Fo r  compar ison wi th  the  
o ther  curves,  the Baccarani  and Ostoja express ion 
has been corrected to 300~ since the Mousty data 
were taken at 23~ At low dopant densities, the 
Baccarani and Ostoja curve is about 7% below the 
data of this work. In the range i0 Is to 5 • 10 z7 cm -s, 
their curve is parallel to, but about 5% above, the 
results of this work. At high dopant densities, the 
Baccarani and Ostoja curve gives values between 10 
and 20% larger than those obtained in this work as 
is seen more clearly in Fig. 6. 

For detailed comparison with the results of other 
workers, the electron mobility for densities greater 
than  10 TM cm - s  is p lo t ted  in Fig. 6. Al l  of the resul ts  
shown were  obta ined  by  Hal l  effect and res is t iv i ty  
measurements  wi th  the  assumpt ion tha t  the  Hai l  scat-  
te r ing  factor  was unity.  In this dopant  range, the 
Caughey  and Thomas curve is lower  and the Baccarani  
and Ostoja curve is h igher  than the resul ts  of this 
work.  The modification of the Caughey  and Thomas 
express ion shown in the figure consists of mul t ip ly ing  
the constant  ~mtn by  a t e rm which decreases ~m~n at  
high e lect ron densit ies (24). The computer  fit to the 
data, discussed in the next  section, is also shown in 
Fig. 6. 

Wi th  the except ion of the da ta  point  of Fa i r  and 
Tsai  (25), a l l  of the resul ts  in Fig. 6 were  obta ined 
on sil icon doped dur ing  crys ta l  growth.  Recent ly  Ma-  
set t i  and Solmi (26) have  made  extens ive  measu re -  

ments  on silicon heav i ly  doped by  the rmal  diffusion. 
Thei r  mobi l i ty  values  obta ined  f rom incrementa l  sheet  
resis tance and Hal l  effect measurements  a re  in good 
agreement  wi th  those of this  work.  They concluded, 
f rom a comparison of thei r  da ta  wi th  those of Mousty  
et a[., tha t  the  mobi l i ty  in diffused phosphorus -doped  
silicon is a lways  lower  than  that  in un i fo rmly  doped 
si l icon for ~ > 10 TM cm -3. However ,  when the resul ts  
of Mosett i  and Solmi a re  compared  wi th  those of this 
work,  the  conclusion is tha t  the  mobi l i ty  is the same 
in diffused and un i fo rmly  doped silicon. 

Computer Curve Fits 
The curve fits of the da ta  were  done using the 

DATAPLOT language  (27) for  the nonl inear  leas t  
squares fitting. The s implest  express ion which gave 
a fit of the  same precis ion as the  unce r t a in ty  in the  
exper imen ta l  da ta  was a th i rd  degree  polynominal  
d ivided by  a th i rd  degree  polynominal .  The equat ion 
for fitting the  r e s i s t iv i ty -dopan t  dens i ty  product  is 
of the  form 

AO Jr- A 1 X  -{- A2 X2 "Jr" A 3 X  s 
log10 (P/Po)  = [1] 

1 + BIX + B2X 2 + B3 X3 

with P -- qpN where q is the electronic charge, p is 
the resistivity, and N is the electrically active dopant 
density. The normalization factor, Po, was taken equal 
to 1 V . sec / cm 2. Fi ts  were  made  for both X = lOgl0 
(p/po) and X = loglo(N/No) with  p0 = 1 r t .cm and 
No = 1016 cm -s.  Wi th  the  use of these normal iz ing  
values,  the  magni tude  of X is usua l ly  less than  4. 
This is be t te r  from a computa t iona l  s tandpoin t  because 
the  computa t ion  is much less sensi t ive to the  number  
of significant figures re ta ined  for the coefficients. 

The da ta  used for the fits consisted of 26 points  
obta ined f rom the C-V measurements ,  four  points  
based on the photometr ic  and NAA results,  twelve  
points de te rmined  f rom the Hal l  effect measurements ,  
two points f rom Esaki  and Miyaha ra  (31) at  1.2 • 
102o and 1.6 • 102~ cm -3, and one poin t  f rom Fa i r  
and Tsai  (25) at  3 • 102~ cm -3. The l a t t e r  th ree  
points a re  shown in Fig. 6 and were  included to in-  
crease the  range  of the fit at  the high dens i ty  end 
beyond  tha t  just if ied by  the da ta  of this  work  alone. 
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In  addition, a point  was added at N = 1 • 101~ cm -a  
to improve the fit for calculat ing values in the low 
dopant  densi ty range. This point  was taken equal 
to the average of the four lowest dopant  density 
data points since the pN product  is essentially constant  
in  this region. Also, the inclusion of this point  helps 
insure  that  the fits as a funct ion of loglo(p/po) and 
loglo(N/No) both give essential ly the same calculated 
values in  this region. All  seven coefficients as deter-  
mined by the fit are given in  Table I for 23~ and 
300~ The approximate  s tandard deviation is given 
for each coefficient and the residual s tandard deviation 
(R.S.D.) for the fit is listed in uni ts  of V.sec/cmf.  
The R.S.D. is the square root of the quotient  of the 
sum of the squared residuals divided by the n u m b e r  
of degrees of freedom. 

The plot of the data used for the curve fit, with 
the exception of the point  at 1012 cm -3, and the least 
squares fit of the qpN product  vs. N for 300~ are 
shown in  Fig. 7. This figure clearly shows that  the 
"min-max"  expressions of Caughey and Thomas (1) 
are not  suitable for this data as there is no plateau 
or m a x i m u m  at high dopant  densities. The curve ob- 
ta ined for the product  as a function of resistivity is 
plotted in  Fig. 4 along with the exper imental  data 
of this work and other results. 

The two expressions, one a funct ion of logl0(p/p0) 
and the other a funct ion of log~o(N/No), have a worst 
case self-consistency of 8% for all values of N (and 
corresponding values of p) wi thin  the range 1 • 10 ~2 
to 4 • 102o -cm -3. That  is, when the product qpN is 
calculated for a given N, a p is derived which can 
be used in the qpN vs. p expression to again calculate 
the product. The la t ter  product  will  be wi thin  8% of 
the former. The max imum difference occurs only in 
the low 10 is cm -3 range and elsewhere the fits are 
consistent wi th in  4%. When the self-consistency is 
calculated s tar t ing with a given p, the fits have a 
m a x i m u m  difference of 4% for resistivities f rom 2 • 
10 -4 to 3 • 103 ~.cm.  

Fits were also obtained for electron mobi l i ty  as a 
funct ion of both electron density, n, and resistivity. 
It  was found that bet ter  and more self-consistent fits 
were possible if the data point  at 3 • 102o cm -3 were 
omitted. Otherwise the data used for the mobil i ty fits 
corresponded to that used for the product  fits. As 
ment ioned previously, the percent  ionization calcula- 
tions of Li and Thurber  (22) were used to obtain 
the electron densi ty from the measured dopant density 
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Fig. 7. Groph of the qpN product as a function of N for 300~ 
The curve is the least squares f it  to the data. 

prior to the computat ion of mobility. The expression 
for calculating the electron mobil i ty  is of the form 

Ao -{- AIX ~- A2 X2 + A~XS 
logz0 (M#o) = [2] 

1 ~ BIX  -~- B2 X2 -~ B3X 3 

where ~ is the mobil i ty  and ~0 ---- 1 cm2/V.sec. As 
before, fits were made for both X _-- loglo(p/po) and 
X = loglo(n/no) for temperatures  of 23~ and 300~ 
Values for the coefficients are given in  Table II. The 
plot of the mobil i ty  data and fitted curve as a func-  
t ion of resist ivity for 300~ is given in Fig. 8. The 
fit of mobil i ty vs. electron density is shown in Fig. 
5 and 6 for comparison with exper imental  data. An 
expression of the form suggested by Mosetti and Solmi 
(26) was also tried for the mobil i ty  fits, but  the 
percent  residuals in  the low mobi l i ty  range were sig- 
nificantly larger than with Eq. [2], par t icular ly  for 
the fit as a function of resistivity. 

The mobi l i ty  fits are self-consistent within 6% for 
electron densities in the range 1012-]02~ cm -3. The 
expressions rapidly diverge for densities greater  than 
2 • 102o cm -3. The fit as a function of resistivity is 
the bet ter  choice for approximat ing  mobi l i ty  values 
beyond the range of the fitted data. When the self- 

Table I. Coefficients and residual standard deviation (K.S.D.) for the f i t  of the product qpN using Eq. [ 1 ]  

T e m p .  23~ 23~ 300~ 300~ 
X 1oglo (p/po) lOg10 (N/No) loglo (p/p0) loglo (N/No) 

Ao -3.1083• -3.0769--+0.0027 -3.0951• -3.0652-+0.0026 
Ax - 3 . 2 6 2 6 •  2.2108• -3.2303• 2.1853• 
A~ --1.2196__.0.0341 - 0 . 6 2 2 7 2 •  -1 .2 0 2 4 -+0 .0 3 2 5  --0.61080• 
As --0.13923-+0.00468 0.057501• - 0 . 1 3 6 7 9 •  0.056189• 
B1 1.0265-+0.0318 -0.68157-----0.0134 1.0205• -0.67642--+0.0141 
B~ 0.38755• 0.19833-+0.00507 0.38382• 0.19542• 
B8 0.041833• -0 .018376---- -0 .000986 0 . 0 4 1 3 3 8 •  -0.018100__-0.00112 
R.S.D. 2.78 x 10-4 2,21 x 10 -4 2.67 x 10 -4 2.09 x 10 -4 

Table II .  Coefficients and residual standard deviation (K.S.D.) for the f i t  of electron mobility using Eq. [ 2 ]  

T e m p .  23~ 23~ 300~ 30O~ 
X loglo (p/po) Ioglo (n/no) loglo (plpo) Ioglo (n/no) 

Ao 3.1122-----0.0034 3.0746-----0.0025 3 .0965•  3.0629-----0.0025 
Az 3 .3347--0 .0951 - 2 . 2 6 7 9 •  3.3257----.0.0923 - 2 . 2 5 2 2 •  
As L2610- -0 .0511  0 .62998•  1 .2581•  0.62327----.0.00249 
As 0.15701•  - -0 .061285•  0 .15679•  -0 .060415•  
Bz 1.0463• --0.70017• 1.0485• --0.69851• 
B~ 0.39941• 0.19839• 0.40020• 0,19716• 
Bs 0.049746• - - 0 . 0 2 0 1 5 0 •  0.049883----.0.00512 --0.019950• 
R.S.D. 14.9 11.6 14.8 11.2 
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Fig. 8. Graph of electron mobility as a function of resistivity 
for 300~ The curve is the least squares f it  to the points. 

consistency is ca lcula ted s ta r t ing  wi th  a given resis-  
t ivi ty,  the fits have a m a x i m u m  difference of 3% for 
res is t ivi t ies  f rom 6 • 10 -4 to l0 t 12.cm. Graphs  show-  
ing the se l f -consis tency and o ther  detai ls  of the curve 
fit t ing wil l  be included in a for thcoming NBS Special  
Publ ica t ion  on this work. 

C o n c l u s i o n s  
The re la t ionship  be tween res is t iv i ty  and dopant  

densi ty  has been de te rmined  for phosphorus-doped 
sil icon for  densi t ies  be tween  10 TM and 102o cm -3. The 
resul ts  differ f rom the n - type  I rv in  curve by  5-15%, 
a lways  in the  di rect ion of lower  dopant  densi ty  for 
a given resist ivi ty.  The work  is in agreement  wi th  
the  mobi l i ty  curve of Baccarani  and Ostoja in the 
1OZS-10 TM cm -3 range  but  differences exis t  for lower  
and for h igher  doping levels. The phosphorus densit ies 
measured  by  neut ron  act ivat ion analysis  and the photo-  
met r ic  technique were  wi thin  ___10% of those obta ined 
f rom the electr ical  methods on the same crystals .  
Using a model  convenient  for engineer ing calculations,  
ana ly t ica l  fits were  de te rmined  for the res i s t iv i ty -  
dopant  dens i ty  data  as a function of res is t iv i ty  and 
dopant  densi ty  for t empera tu res  of 23~ and 300~ 
S imi la r  fits were  obta ined for the calcula ted electron 
mobi l i ty  as a function of res is t iv i ty  and electron 
density.  
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Enhanced Diffusion of Implanted Arsenic and Boron in 
Silicon by Low-Temperature Heat-Treatment 

G. J. van Gurp, J. W. Slotboom, F. J. B. Smolders, W. T. Stacy, I and Y. Tamminga ~ 
Philips Research Laboratories, Eindhoven, The Netherlands 

ABSTRACT 

The parameters of high frequency transistors with implanted arsenic 
emitter and boron base were found to change significantly on annealing at 
temperatures between 600 ~ and 900~ with a maximum change at about 
700~ The change can be interpreted as a decrease of boron concentration in 
the base and of the donor concentration gradient at the emitter-base junc- 
tion. Determination of the concentration profiles by secondary ion mass 
spectrometry and by Rutherford backscattering spectrometry (RBS) showed 
that these decreases were due to enhanced diffusion of both arsenic and 
boron. Electron microscopy showed precipitation which was probably pre- 
ceded by arsenic clustering, in agreement with RBS channeling results. 
These showed that the substitutional fraction of arsenic, which was be- 
tween 95% and 98%, decreased by a few percent on annealing at 700~ The 
enhanced diffusion is thought to be caused by vacancy generation by either 
one of two precipitation-induced processes: dissociation of As-vacancy 
complexes or growth of interstitial defects. 

Implan ted  arsenic is now widely used as a donor-  
type impur i ty  in  silicon. For example, bipolar  t r an-  
sistors are made with implanted  boron base and arsenic 
emitter.  After  implan ta t ion  the As and B are elec- 
t r ical ly  activated by an appropriate hea t - t r ea tment  
a round 1000~ In  a process which involved a subse- 
quent  annea l ing  at 650~ we found that  the pa ram-  
eters of high f requency transistors wi th  shallow As 
emit ter  (0.2 #m) and B base (0.35 #m) were drast ically 
a f f e c t e d  by this annealing.  The current  gain, for ex- 
ample, was great ly increased. 

The effects of low tempera ture  hea t - t rea tments  on 
Si with As diffused into it have been studied earlier. 
Osvenskii  et al. (1) found inters t i t ia l  dislocation loops 
by  t ransmission electron microscopy on As-doped Si 
crystals which had been annealed at 800~ in vacuum 
after  quenching from 1250~ The loops were at-  
t r ibuted  to As precipitation. Schwenker  et al. (2) 
found for As diffused at 1050 ~ and l l00~ to a depth 
of 6-9 #m into Si that  hea t - t rea tment  between 500 o 
and 970~ in  argon caused the sheet resistance to in-  
crease. Around 750~ this increase was maximum,  be-  
ing a factor of 2 at a surface concentrat ion of 1.2 • 
1021 cm -3 and less at lower concentrations. Transmis-  
sion electron microscopy showed dark spots and in te r -  
sti t ial  hexagonal  F r ank  dislocation loops. The effects 
on sheet resistance were ascribed to As clustering or 
vacancy-complex formation. An increase in sheet re-  
sistance due to hea t - t rea tment  between 500 ~ and 800~ 
in vacuum was also found by Miyamoto et al. (3) who 
observed an increase of the lattice constant, which was 
supposed to be due to SiAS formation.  Haskell  et aI. 
(4) studied Rutherford backscat ter ing on As in Si and 
found from channel ing that  90% to 95% of the As was 
on lattice sites. Hea t - t rea tment  be tween 650 ~ and 
900~ in  argon increased the al igned As yield, show- 
ing As to be displaced from subst i tut ional  lattice sites. 
Shibayama et al. (5) observed an enhancement  of both 
B and As diffusion in Si for As surface concentrat ions 
above about  1020 cm -3, due to hea t - t rea tment  between 
500 ~ and 800~ in nitrogen. The effects were ascribed 
to As precipi tat ion and subsequent  vacancy generation. 

All  this previous w o r k  was carried out on Si with 
chemically deposited As. In  the present  paper we re-  

I Present address: Philips Research Laboratories, Sunnyvale, 
California 94086. 

2Permanent  address: Philips Research Laboratories, Amster- 
dam, Netherlands. 

Key words: clustering, precipitation, impurity profiles in silicon, 
vacancy diffusion, 

port a study on the effect of low tempera ture  heat-  
t rea tment  on the electrical parameters  of high fre- 
quency transistors with shallow As emit ter  and B base 
both made by ion implantat ion.  These effects are cor- 
related with changes in  the chemical As and B pro- 
files as measured by secondary ion mass spectrometry 
(SIMS) and by  Rutherford backscattering spectrom- 
etry (RBS) and with precipi tat ion effects as studied 
by transmission electron microscopy (TEM) and by 
the RBS channel ing  technique. 

Experimental Procedures 
Electrical measurements  were carried out on npn  

test transistors made in  epitaxial  N- type  Si (3.3 ~m, 
phosphorus 3 • 1015 cm -3) grown on N+-Si  <100> 
wafers (10 -2 F~-cm). The base (65 • 65 #m) was 
made by B implanta t ion  (25 keV, dose 1.3 • 1014 
cm-2) ,  followed by 40 ' ra in  annea l ing  at 950~ in  dry 
N2. Two emitters (4 • 32 ~m) were made by As im-  
p lanta t ion  (60 keV, dose 6.5 • 1015 cm-2) ,  followed 
by 12 min  anneal ing at 990~ in  dry N2. In  both cases 
the anneal ing was followed by  fast cooling (pull ing 
out of the furnace) .  The process yielded an emitter,  
with a sheet resistance of about  30~ and a depth of 
0.2 #m, and a base, with a sheet resistance of about 
600~ and a depth of 0.35 ~m. 

For the measurement  of the As and B profiles and 
for the TEM observations two types of wafers were 
used. One series had had a t rea tment  identical  to that 
of the wafers in  which transistors were grown, except 
for the masking operations (type I) .  The other series 
(type II) were N- type  <100> Si, 1 F~-cm (2-3 • 10 t~ 
cm-~ phosphorus) substrates without  an  epitaxial  
layer. These received two B implantat ions:  20-25 keV, 
dose 1.3 • 1014 cm -2 and a lower dose with 60 or 80 
keV. The implanta t ion  was followed by  anneal ing  for 
30 min  at 875~ in  dry N2. Subsequent ly  As was im-  
planted at 60 keV, dose 1016 cm -2, followed by an-  
neal ing for 24 min  at 990~ in  dry N2 and fast cooling. 
The implanta t ion  and anneal ing  t reatments  are sum- 
marized in Table I. These s tandard  t reatments  were 
given to all  samples. 

The effect of a low tempera ture  hea t - t rea tment  was 
studied by an addit ional  anneal ing  in  dry N2 at a tem- 
pera ture  between 500 ~ and 1000~ On the test t r an -  
sistors this t rea tment  was carried out after opening 
of the contact windows, bu t  before metallization. 

SIMS profiles were de termined with the CAMECA 
IMS 300 using a 5.5 keV, 1 ~A, 60 ~ incident  02 + pr i -  

1 8 1 3  
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Table I. Implantation and standard annealing treatments 

Type- I  

B: 1.3 x 10 ~4 era-=, 25 keV;  40 m i n  950~ N= 
As: 6.5 x 10 ~s cm-~, 60 keV;  12 rain 990~ N2 

Type-II  

B: 1.3 x 1 0 ~ 4 c m - % 2 0 k e V  + 1 . 6 x  1 0 = c m - - = , 6 0 k e V  ( sampleA)  
1.25 • 10 ~4 c m  -2, 25 keV + 1.1 • 10 ~ c m  -~, 80 keY ( s a m p l e  B)  

30 m i n  875~ N~ 

As: 10 ~8 em-~  60 keY,  24 r a in  990~ Ni  

mary  beam. Oxygen gas was introduced into the sam- 
ple chamber  at a pressure of about 3 X 10-~ Torr, 
except for one arsenic profile, which was measured 
in  the 10 -7  Torr  residual  vacuum. The p r imary  beam 
was rastered over 1.5 • 1.5 mm, leading to an erosion 
rate of about 5 A/sec. Secondary ion acceptance was 
restricted by a 300 ~m field aper ture  to the center of ~ 
the sputtered crater. Signals monitored were UB+ and 
75As+, the lat ter  with a target  Potential  shift of typi-  
cally 50V to minimize the contr ibut ion from Si20 + at 
mass number  75. The boron and arsenic profiles were 
measured in separate runs at different sample loca- 
tions. The secondary ion currents  were converted into 
concentrat ions (accuracy --+12%) via calibration from 
standard implants,  and the depth scale was obtained 
by l inear  extrapolat ion from the final crater depth 
measured with a mechanical  stylus ins t rument .  The 
detection l imit  was determined by  the 3 decades dy-  
namical  range. Uncertaint ies  in  Crater depth determi-  
nat ion are caused by  curvature  of the crater bottom 
(i.e., nonuni fo rm pr imary  ion current  density) and 
nonplanar i ty  of the sample surface. 

Arsenic profiles were also measured with RBS using 
the Van de Graaff accelerator at Phil ips Research 
Laboratories, Amsterdam, with 2 MeV He + ions and 
using a scattering angle of 170 ~ and target angles be- 
tween 0 and 65 ~ The detector resolution was 15 keV. 
Depth determinat ion was done using published values 
of stopping cross sections (6). These are accurate to 
within a few percent. With channel ing in <100> and 
<110> directions the same values were used as for a 
random direction. The number  of arsenic atoms per 
square cent imeter  was determined from the area of the 
As peak and the height of the Si signal for scattering 
in  a random direction. The concentrat ion was then ob- 
tained from the n u m b e r  of counts per channel  and the 
channel  width (7). The accuracy of this determinat ion 
is a few percent. 

TEM observations were made using a Philips EM 
400 or the high voltage microscope at the T.N.O., Apel-  
doorn, on samples that were wet-chemical ly  th inned 
from the back. 

Electr ical  Measurements  
We measured the sheet resistance, Rb, of the base 

undernea th  the emit ter  and the current  gain on the 
t r a n s i s t o r ,  hFE, as a function of the t ime of anneal ing  
at 700~ The results are shown in  Fig. 1, which shows 
a change of both parameters  by an order of magni tude  
after 16 hr. Even relat ively short anneal ing  times had 
a strong effect. The ratio between hFE and Rb remained 
constant. 

The base sheet resistance is given by 

Rb-* = f q#pNBdz [1] 

where ~ i s  the hole mobi l i ty  in  the base, NB is the ac- 
ceptor concentration, and the integrat ion is taken over 
the base. The current  gain hFE ~ Ir where the col- 
lector current  Ic is given by 

Aeqnio 2 
Ic = - - -  exp (qVeb/kT) [2] 

G b  

/ a  i 

~a 
- 100 

' 10 

! 

100 

I I 
0.1 10 Hours 

-- Time at 700~ 

Fig. 1. Buried base sheet resistance Rb and current gain hFE for 
two transistors (a and b) as a function of annealing time at 700~ 
The values before annealing are indicated by broken lines. 

and Ib is the base current.  In Eq. [2] Ae is the emit ter  
area, nio is the intr insic  carrier concentrat ion for low 
impur i ty  concentrations, Veb is the applied emit ter-  
base voltage, and GD is the Gummel  number  of the 
base. This is given by 

N~ nio ~2 
Gb= f - - ~ - (  n~, ~x [3] 

where Dn is the diffusion coefficient for electrons in the 
base, ni is the dope-dependent  intr insic  carrier con- 
centration, and the integrat ion is carried out over the 
base (8). GD can be derived from the Ic (Veb) charac- 
teristics at low currents. 

Figure 2 shows the dependence of hfE, Rb, and Gb 
on the tempera ture  of the addit ional  hea t - t rea tment  
at constant anneal ing  time. I t  appears that hfE and Rb 
are ma x i mum after annea l ing  at 700~ while Gb is 
m i n i m u m  at the same anneal ing temperature.  It was 
found that the base current  was not significantly 
affected by the anneal ing  treatment ,  so that  the 
change of hF]; is only caused by a change in  Ic. For  

3O 
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Fig. 2. Buried base sheet resistance Rb, current gain hFE, and 
base Gummel number Gb as a function of annealing temperature 
(I hr annealing). 
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constant  base current  hFE is inversely  proport ional  to 
Gb, according to Eq. [2]. This was also found experi-  
mental ly.  The fact that  hFE and Rb go through a maxi -  
m u m  while Gb goes through a m i n i m u m  strongly sug- 
gests that  the total n u m b e r  of acceptors in  the base is 
a m i n i m u m  on annea l ing  at 700~ as follows from Eq. 
[1] and [3]. A rough estimate, using Eq. [3] and 
taking into account the dope dependence of Dn and hi, 
gives for the integrated base impur i ty  concentrat ion 

I NBdx a value of about  6 X 1012 cm-~ before an-  

neal ing and about  2 x 1012 cm-2  after  annea l ing  at  
700~ 

We also made measurements  of the emit ter -base  
capacitance and  the cut-off f requency ST, in  order  to 
invest igate the annea l ing  effect on the behavior  of the 
impur i ty  dis t r ibut ion in  the junc t ion  region. As can 
be seen in Fig. 3, the capacitance C at Veb = 0 changes 
by a factor of two, whereas the cut-off f requency 
hard ly  changes. These results may  be in terpre ted  in  
terms of a change of the impur i ty  concentrat ion gradi-  
ent  at the emi t te r -base  junction,  dN/dx. This can be 
calculated from the emit ter -base  capacitance C using 
the expression for a l inear  doping profile (9) 

1 2 ( V g -  Veb) Ae -3 
C-Z = [4] 

qae%o~ 

where  Vg is t h e  so called bu i l t - i n  gradient  voltage and 
a = dN/dx, which can thus be derived from a C -3-  
(Veb) plot. This is the usual  procedure for de termining 
the impur i ty  gradient  in  the emit ter-base  junct ion.  
This gradient  is also shown in  Fig. 3. We learned from 
numer ica l  s imulat ions that  for steep arsenic-boron 
profiles the gradient  so obtained may differ by  a factor 
of up to 3 from the actual  gradient.  However, we th ink 
that  the large var iat ion of the slope of the C - L  (V~b) 
plots that  we measured indicates a s imilar  change in  
the impur i ty  gradient.  

The insensi t ivi ty  of IT on low tempera ture  anneal ing  
may be explained by a ra ther  long and constant  col- 
lector delay time, which is not affected by  annealing,  
and by the fact that  the influence of the varying  gradi-  
ent  on the charge storage in  the emit ter -base  junct ion  

8 
x ~  

dN/dx 
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Fig. 3. Emitter-base capacitance at zero voltage C(O), cut-off 
frequency IT, and donor concentration gradient at the emitter-base 
junction dN/dx, as a function of annealing temperature (1 hr 
Qnnealing). 

I M P L A N T E D  As AND B IN Si 1815 

[the neut ra l  charge capacitance (10,11)] is par t ly  
compensated by the var ia t ion  of the Gummel  number .  

Profiles 
Type I wa~ers.--Boron profiles were measured wi th  

SIMS before and after  low tempera ture  annea l ing  be-  
tween 600 ~ and 1000~ Profiles as measured before 
and after anneal ing  for 1 hr  at 700 ~ and 800~ are 
shown in Fig. 4. The boron concentrat ions in  the pro- 
files were equalized at the value at 500A depth. This 
involved shi~ts of the order of 10% or less, which is 
wi th in  the accuracy of the concentrat ion de te rmina-  
tion. The maximum in the boron concentration at about 
850A is a remainder  of the implan ta t ion  maximum. 
The m i n i m u m  around 0.2 ~m is l ikely to be located at 
the p - n  junction.  Because of the electric field at this 
junction,  ionized boron is dr iven toward the N-type 
area and this causes a m i n i m u m  in  the boron concen- 
t ra t ion (12, 13). This provides a means of de termining 
the depth of the p - n  junct ion.  The effect of anneal ing  
is much larger  at 700 ~ than  at 800~ The profile has 
shifted to greater  depth. As the m i n i m u m  in  the pro- 
file is located at the p - n  junct ion,  this means that  the 
arsenic profile has also shifted. We measured the loca- 
t ion of the m i n i m u m  d and also the location where the 
boron concentrat ion had decreased to 3 • 1016 cm -z, 
which is about the lower l imit  of boron detection, dl, 
as a measure of the base-collector junc t ion  depth. 
Figure 5 shows the dependence of d and d 1 on an-  
neal ing temperature.  The curves are s imilar  and ex- 
hibit  a ma x i mum at 700~ and a m i n i m u m  between 
800 ~ and 900~ 

The integrated dopant  concentrat ion in  the base is 
an impor tant  parameter ,  as was discussed in  the pre-  
vious section. Assuming the p - n  junc t ion  to be si tuated 
at the boron min imum,  we determined the value of the 
integrated boron concentrat ion below the m i n i m u m  in 
the profile, QB, which is approximate ly  equal  to 

f NBdx. The result  is also shown in  Fig. 5, where the 

value of Q•, expressed as a fraction of the total boron 
density Qo, measured on the same profile, is d rawn as 
a funct ion of anneal ing temperature.  QB goes through 
a m i n i m u m  at 700~ in agreement  with the electrical 
measurements.  It  can be seen from the difference be-  
tween d and d 1, which has a more or less constant  
value of about 0.22 ~m at most anneal ing temperatures,  

\ 

0 0.1 0.2 0.3 OJ. 05jura 
- -  D e p t h - ~  

Fig. 4. Boron profiles as measured with SIMS on type I samples 
without additional annealing and annealed for I hr at 700~ and 
at 800~ 
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Fig. 5. Depth of the minimum in the boron profile, d, and of the 
boron concentration of 3 X 10 TM cm -3 ,  d', and the boron density 
below the minimum QB, as related to the total boron density Qo 
as a function of annealing temperature (1 hr annealing). 

that  the change in  QB is not due to a smaller  base 
width, bu t  main ly  to a lower boron concentration. The 
value of QB after  1 hr  at 700~ is a factor of 1.5 
smaller  than  that  before anneal ing,  which is about  
8 X 1012 cm -2. 

The effect of annea l ing  time at 700~ is shown in 
Fig. 6, where d is seen to increase and QB/Qo is seen 
to decrease with time. 

The values of d and d 1 and of QB/Qo show some 
scatter. This is par t ly  caused by the possible error  in  
the depth de terminat ion  in SIMS experiments,  which 
is about 5%. Other possible causes of scatter are real 
differences between the samples owing to variat ions 
in, for example, tempera ture  dur ing  implantat ion,  
dislocation density, and cooling rate after  anneal ing.  
The results of measurements  made on samples that  
were all cut from the same wafer are shown in  Fig. 6 
by open symbols. 

Arsenic profiles were also determined with SIMS. 
Figure 7 shows the profile for a sample that  had not 
undergone low tempera ture  annealing.  The profiles 
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Fig. 6. d and QB/Qo, as defined in Fig. 5, as a function of the 
time of annealing at 700~ The open symbols correspond to 
measurements an one wafer. 
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Fig. 7. Arsenic profile as measured with SIMS on a type I sample 

taken on samples annealed  at various temperatures  
exhibi ted li t t le difference. However, for these samples 
the uncer ta in ty  in  the depth de terminat ion  due to 
asymmetric  sputter  effects or samples that were not 
sufficiently flat, was about 8%. Therefore, it could not 
be shown that  the m i n i m u m  in  the boron profile was 
indeed at the depth where As and B concentrat ions 
were equal. Other uncertaint ies  are caused by  the fact 
that  the arsenic and boron profiles were measured on 
different sites. 

Arsentic profiles as de termined by RBS do not suffer 
from uncer ta in ty  in depth de terminat ion  as caused by 
sputter  etching. Figure  8 shows As profiles measured 
by RBS on samples before and  after annea l ing  at 700 ~ 
and 800~ The measurements  show that  after annea l -  
ing a tail is found at concentrat ions below about 8 • 
1019 cm -3. The shift of the profile due to the annea l -  
ing at 700~ is of the order of 300A. The appearance of 
a tail  means that  after anneal ing  the profile is less 
steep than  before annealing.  This causes a decrease 
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Fig. 8. The effect at an additional annealing treatment (1 hr at 
700 ~ and at 800~ on arsenic profiles, as measured with RBS an 
type I samples. 
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of the impur i ty  gradient  at the p -n  junct ion,  as was 
also found by  electrical measurements .  The effect of 
anneal ing  at 800~ is smaller  than  at 700~ in  qual i ta-  
t ive agreement  with the boron profiles. 

Our results on the shift of As and B profiles are 
similar to those of Shibayama et al. (5j f rom electrical 
measurements .  However, they found a m a x i m u m  at a 
lower anneal ing  tempera ture  a round 600~ 

Type H wa]er$.--Boron profiles were also measuered 
on type II  wafers, where the profile is deeper than  in  
type I wafers. They are shown in  Fig. 9 for no low 
tempera ture  anneal ing  and anneal ing  for 1 hr  at 650 ~ 
and 800~ on sample A (see Table I).  Figure !0 shows 
profiles before and after anneal ing for 17.5 hr at 700~ 
on sample B (see Table  I) .  Again, the min ima  in  the 
boron concentrat ion are found to shift on annea l ing  
at 650 ~ and 700~ and less so at 800~ They are also 
deeper than  for type I wafers. The value of QB/Qo 
decreases ' f rom 3.6% before annea l ing  to 1.6% after 
anneal ing for 1 hr  at 650~ for sample A and from 
4.6% before anneal ing  to 0.6% after anneal ing for 17.5 
hr at 700~ for sample B. 

Arsenic profiles were measured on sample B with 
the same anneal ing  t rea tment  using SIMS, as also 
shown in  Fig. 10. The arsenic profile of the annealed  
sample was measured in vacuum. The shift of the As 
profile on annea l ing  is larger  than  for type I wafers 
and is in agreement  with the shift of the boron min i -  
mum. The uncer ta in ty  in  the depth de terminat ion  for 
both arsenic and  boron was about  3%. 

Transmission Electron Microscopy 
Type I wafers were found to contain dislocations 

with density of about  l0 s cm -2, as shown in  Fig. 11. 
These may have originated as a result  of implanta t ion  
damage. From the number  of ext inct ion fringes at the 
edge of the crystal, it was found that they were located 
at about  0.3 ~m below the surface. Annea l ing  at tem- 
peratures  between 600 ~ and 800~ did not change the 
dislocation density and also no precipitates were found, 
when  using the weak-beam technique (14) which set 
an upper  l imit  to precipitate diameters of about 50A. 

The effect of anneal ing  at various temperatures  
was also invest igated on type II wafers. On sample B 
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Fig. 9. The effect of an additlona! annealing treatment (1 hr at 
650 ~ =nd at 800~ on boron profiles, as measured with SIMS on 
type II samples (A). 
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Fig. 10. The effect of an additional annealing treatment (17.5 hr 
at 700~ on arsenic and boron profiles as measured with SIMS on 
type II samples (B). 

which was annealed for 18 hr at 700~ rod-shaped 
defects were present  as shown in  Fig. 12. This type of 
defect has been reported to be associated with boron 
implanta t ion  and is probably  of an inters t i t ia l  type (15, 
16). Also particles of about  100-200A in  diameter,  as 
well  as dislocation segments between particles, were 
observed. No defects were found on an  unannea led  
sample. 

On sample A no defects were seen before anneal ing  
and after anneal ing for 1 hr at 800~ but  extensive 
defect formation had occurred after anneal ing  for 1 hr  
at 650~ The micrograph is shown in Fig. 13. The 
anneal ing  produced small  defects, about  200A in  diam- 
eter which were too small  to determine unambiguous ly  
whether  they were precipitates or dislocation loops 
and a smaller  n u m b e r  of precipitates between 400A 
and 1500A in diameter.  Annea l ing  at 700 ~ produced 
similar precipitates bu t  fewer than  at 650~ The mi -  
crograph also shows dislocation segments between 
some of the particles. 

Assuming the composition of the precipitates to be 
SiAs and assuming that  the contrast  in  the micro- 
graphs is caused ent i re ly  by the particle, thus ne-  
glecting the strain field of the precipitate,  the densities 
of the larger precipitates at 650 ~ and  700~ correspond 
to densities of about  1015 and 3 X 1014 As a toms/cm 2, 
respectively. If the s t ra in field of the precipitates was 
taken  into account, smaller  densities would be ob-  
tained. 

The results on sample A are in quali tat ive agree- 
ment  with the change in electrical parameters  and in  
the profiles, which is m a x i m u m  after annea l ing  a round 
700~ 

The main  differences compared with sample B, 
which exhibited the rod-shaped defects, are  the higher 
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Fig. !1. Transmission electron micrograph of a type I sample 
after annealing for 1 hr at 650~ 

Fig. 12. Transmission electron micrograph of a type II sample (B) 
after annealing for 18 hr at 700~ 

Fig. 13. Transmission electron micrographs of a type II sample 
(A) after annealing for ! hr at 650~ 

boron implanta t ion  energies and the longer anneal ing 
t ime for sample B. 

The absence of precipitates in  type I wafers may be 
caused by the presence of dislocations, which may act 
as nucleat ion sites for very small  precipitates. 

Channe l ing  
The fraction of As not on lattice sites fns was deter-  

mined  by RBS with the p r imary  ion beam aligned in 
the ~100> or the ~110> direction (channel ing) .  This 
can be calculated from the m i n i m u m  backscattering 
yield related to the yield in  a random direction XAs for 
As and Xsi for Si (7) 

X A s  ~ Xsi 
fns : 

1 --  Xst 

The values of XAs and Xsi were determined from the 
integrated yields in  an in terval  500-2000A below the 
surface. This in terval  was based on the stopping cross 
section for the beam in a random direction. As the 
stopping cross section for perfectly aligned He ions is 
less than that for nonal igned particles by about 20% 
(7), this may introduce an  error in  the calculated val-  
ues of Xsi, XAs, and fns. However, since we are main ly  
interested in  the change of these quanti t ies by annea l -  
ing, we may neglect this error. 

In  the experiments  the beam was aligned with the 
proper crystal l ine direction to give a m i n i mum yield 
and the sample was then displaced in  order to make 
the measurements  on a noni r radia ted  spot. This was 
done to minimize As displacement by the ion beam 
(17). For  each measurement  this was carried out a 
n u m b e r  of times unt i l  subsequent  measurements  
yielded approximately  the same value of XAs. 

Table II gives values of Xsi and fns, averaged over 
2 to 4 measurements  in  which the spread was about  
20%. For type I wafers the nonsubst i tu t ional  fraction 
of As, which was 5.1% in the ~100> direction and 
2.0% in the <110> direction, increased by about 2% 
on anneal ing at 700~ corresponding to an As dose 
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Table II. RBS channeling results in two directions 

�9 <100> <II0> 

xst* (%) l . . t  (%) xsi* (%) i,,.'~ (%) 

Type  I 

Not annealed 3.7 5.1 2.2 2.0 
1 h r  700~ 3.6 5.1 2.2 4.1 
20 h r  700~ 3.5 6.5 2.2 4.1 

Type II (sample B) 

Not annealed 3.8 2.6 2.1 2.3 
17.5 h r  700~ 5.1 5.6 2.8 5.2 

* Xsi = minimum yield for Si. 
~n,, = nonsubstitutional fraction of As. 

of 1.3 X 1014 cm -2. Table  II also shows that for type 
I I  wafers (sample B) annea l ing  at 700~C changed the 
values of Sns, which were 2.6% in the <100> direction 
and 2.3% in the <110> direction, by about 3%, cor- 
responding to an As dose of 3 • 1014 cm -2. This is 
about  a factor of 3 less than  the max imum amount  of 
precipi tated arsenic obtained from TEM micrographs, 
assuming the contrast  to be due completely to precipi-  
tate particles. As the s t ra in  field of these particles also 
causes contrast, a bet ter  agreement  would be obtained 
be tween the two methods, if this were taken into ac- 
count. These results show that  most of the As is on 
subst i tut ional  lattice sites. The change that is observed 
on anneal ing  is in  agreement  with earlier work by 
Haskell  et al. (4) and is ascribed to precipitation. 

There is a difference be tween type I and type II  
wafers, as regards the var ia t ion of Xsi on annealing.  
It  increases only for type II wafers. This is presum- 
ably caused by lattice defects introduced by precipi ta-  
tion. In  type I wafers precipitat ion may have taken 
place on dislocations already present  before the heat-  
t reatment .  

Discussion 
The measurements  on the As and B profiles have 

shown that  low tempera ture  anneal ing gives rise to a 
shift of these profiles to greater  depths, which is maxi-  
m u m  for anneal ing  around 700~ These results are in 
qual i ta t ive agreement  with those of Shibayama et al. 
(5) on chemically deposited As and B, for which a 
m a x i m u m  in  the shift was found around 600~ The 
shift of the profiles can be correlated with the change 
of electrical parameters.  These were shown to be due 
to two effects, both of which were max imum after 
anneal ing  at 70O~ a decrease of the total number  of 
impuri t ies  in the base and a decrease of the impur i ty  
gradient  at the emit ter-base  junction.  The profile mea-  
surements  indeed showed that  the shifts led to such 
changes, a l though there is some discrepancy between 
the values of the chemical impur i ty  density in  the 
base QB, as measured with SIMS, and the carrier  
density f NBdx, as calculated from the G u m m e l  n u m -  
ber. For  example, after 1 hr at 700~ QB has changed 
by about a factor of 1.5 and f NBdX by a factor of 3. 

We ascribe this discrepancy to the scatter in  the 
measurements ,  to uncer ta in ty  in the values of Dn and ni 
in  Eq. [3], and to the fact that  in  electrical measure-  
ments  the effective base width is determined by  the 
depletion layers on either side of the base. These are 
wider  at lower impur i ty  concentrations, so that  they 
extend fur ther  into the base after annealing.  The fact 
that the bur ied base resistance changes by a factor of 
10 on annea l ing  for 16 hr  at  700~ bu t  the boron den-  
sity only by a factor of 2, can only par t ly  be explained 
by the above-ment ioned causes. Perhaps there are 
differences between the chemical profile, as measured 
by SIMS, and the electrical profile. 

The question that remains is what  causes the shift 
of the As and B profiles. In  agreement  with Shiba-  

yama's  proposition, our TEM and RBS results support  
a mechanism of enhanced diffusion due to generat ion 
of point  defects caused by precipitat ion of As. The 
number  of precipitates as found by TEM, assuming 
them to be SiAs, corresponded reasonably well  wi th  
the n u m b e r  of As atoms not  on lattice sites, as deter-  
mined with RBS. The number  of precipitates was 
m a x i m u m  around 650~ This can be understood qual i -  
ta t ively from the phase diagram in  Fig. 14, which shows 
the total and the electrically active As solubilities (18). 
The As solubil i ty at the tempera ture  at which the 
wafers were annealed  after  implantat ion,  990~ is 
about  i0 ~I cm -a. Due to the re la t ively fast cooling to 
room temperature,  most of the implanted  As remains  
in  solution (approximately 95-98%, according to RBS 
measurements) .  Since the solubil i ty at room tempera-  
ture  is negligible, the As is in  supersaturation.  By 
subsequent  anneal ing  at a temperature,  where dif- 
fusion is possible, the equi l ibr ium si tuat ion can be 
restored by precipitation. 

The rate of precipitat ion is the product  of the nu -  
cleation rate and the growth rate. For homogeneous 
precipitation, the energy barr ier  that  must  be over-  
come to nucleate a precipitate is proport ional  to 
~/AFv 2, where 7 is the interface free energy per un i t  
area between particle and matr ix  and AFv is the  bu lk  
free energy change per un i t  volume on precipi tat ion 
(19). This is to a first approximation proport ional  to 
the degree of undercooling and, therefore, the nuclea-  
tion rate increases with the amount  of undercooling, 
i.e., with decreasing temperature.  On the other hand, 
the growth rate is l imited by  diffusion and therefore 
decreases with decreasing temperature.  So the pre-  
cipitation rate will  have a m a x i m u m  at some in te r -  
mediate temperature .  

In  the case of precipitat ion on dislocations the nu -  
cleation rate will  be larger than  with homogeneous 
precipitat ion and the tempera ture  of m a x i m u m  pre-  
cipitation will be higher. This may have caused the 
precipitat ion rate in type II wafers to be m a x i m u m  at 
a lower tempera ture  than in type I wafers. In the 
la t ter  case, the shift of the profiles was ideed maxi -  
m u m  at a somewhat higher temperature.  The absence 
of visible precipitat ion in  type I wafers and the fact 
that  the m i n i m u m  yield of Si changed li t t le on an-  
nealing could be related to very small  precipitates on 
dislocations. 
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Fig. 14. Solid solubility of As in Si (As) and electrically active 
As concentration (As +) for implanted As as a function of diffusion 
temperature. After Fair and Tsai (18). 
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If  the  p rec ip i ta t ion  is diffusion l imited,  the  As dif -  
fusion length  should be la rge  enough to reach  the dis-  
locations or the  prec ip i ta t ion  nuclei.  F r o m  ex t r apo la -  
t ion of the values repor ted  by  Masters  and Fair f ie ld  
(20) for  the diffusion coefficient of As in Si a t  concen-  
t ra t ions  be tween  10 e0 and 10~1 cm-~  we find for  the 
diffusion length  in 1 h r  a t  70O~ a v a l u e  Of the order  
of 10A, whica  is much too low to provide  a diffusion 
cur ren t  for p rec ip i ta t ion  both in type  I and in type  I i  
wafers.  I t  is the re fore  l ike ly  that  there  is a first s tage 
in the prec ip i ta t ion  where  As c lus ter ing occurs or 
smal l  coherent  prec ip i ta tes  a re  formed,  too smal l  to 
be observed  in  TEM. wi th  these clusters or  prec ip i ta tes  
a ve ry  smal l  in ter face  energy  and thus a smal l  energy  
b a r r i e r  for  fo rmat ion  a re  associated. The fo rmat ion  of 
As4Si clusters  wi th  As on Si la t t ice  sites was ea r l i e r  
proposed  by  Hu (21) and evidence for cluster  fo rma-  
t ion was p resen ted  by  Chu and Masters  (22). F o r m a -  
t ion of such clusters  would  not change Ins significantly. 
If  c luster  of coherent  p rec ip i ta te  format ion  gives r ise 
to genera t ion  of point  defects, then  diffusion is en-  
hanced and prec ip i ta t ion  is speeded. 

A shif t  of As profiles over  a dis tance of the order  of 
300A corresponds to a diffusion coefficient of  about  
3 X 101~ cm~/sec, which is a fac tor  of about  3 X 10 ~ 
l a rge r  than  the va lue  at  700~C, obta ined  f rom ex t r apo-  
la t ion of high t empe ra tu r e  values.  

Enhanced  diffusion of var ious  e lements  in Si has 
also been obta ined  by  rad ia t ion  wi th  protons  (23, 24). 
This rad ia t ion  p robao ly  genera tes  la t t ice  vacancies at  
a depth  comparab le  to the pro ton  range.  The profiles 
acquire  a ta i l  by such t rea tment .  

Since at  low t empera tu res  diffusion of As in Si p rob -  
ab ly  takes  place  by  a la t t ice  vacancy  mechanism (25), 
i t  is p laus ib le  to assume that  the point  de~ects gener -  
a ted  by  cluster  format ion  or  precipi ta t ion,  a re  la t t ice  
vacancies. The fact  that  the  a tomic size of As is ve ry  
s imi lar  to tha t  of Si and the high degree of subs t i tu-  
t ional i ty  of both  Si and  As show tha t  a supersa tura t ion  
of se l f - in ters t i t ia l s  is unl ikely .  

Two mechanisms of vacancy genera t ion  b y  As clus-  
ter ing and prec ip i ta t ion  m a y  be act ive:  dissociat ion of 
a r sen ic -vacancy  complexes and the g rowth  of in te r -  
s t i t ia l  defects,  

Arsen ic -vacancy  complexes  were  first pos tu la ted  by  
Schwenker  et al. (2) to exp la in  the  fast  conduct ivi ty  
change dur ing  low t empera tu re  anneal ing  on samples  
tha t  had been quenched f rom a high t empera tu re  and 
the difference be tween  the e lec t r ica l ly  act ive and the 
total  As concentrat ions.  These complexes would  p re -  
sumab ly  involve  two arsenic  a toms and a vacancy. RBS 
showed the a toms to be on la t t ice  sites. This model  was 
worked  out  b y  Fa i r  and Weber  (26) for  chemical ly  de-  
posi ted and diffused As. Fa i r  and Tsai (18) bel ieved tha t  
this model  was not  t rue  for  i on - imp lan t ed  As, because 
at  not too high concentrat ions,  m a x i m u m  act iva t ion  of 
As could be obta ined  in that  case. However ,  the solu-  
b i l i ty  of As+ is s t i l l  much  lower  than  tha t  of As and 
the RBS resul ts  show tha t  here  too most  of the As is 
on la t t ice  sites. Dissociat ion of a r sen ic -vacancy  com- 
plexes,  caused by  As cluster ing and precipi ta t ion,  gives 
r ise to vacancy  generat ion.  These h ighly  mobi le  va -  
cancies wil l  diffuse both  toward  the surface and into 
the bulk.  Some of these vacancies wil l  be ava i lab le  to 
enhance As and B diffusion. Since dislocations wi l l  
t rap  some vacancies,  the  effects of enhanced diffusion 
m a y  be somewhat  l a rge r  in d is locat ion-f ree  Si. 

An  a l te rna t ive  mechan i sm of vacancy  genera t ion  is 
the growth  of in ters t i t ia l  defects. These may  be smal l  
in ters t i t ia l  dislocation loops as found ea r l i e r  in t r ans -  
mission e lec t ron microscopy (1, 2). Also a c l imbing 
dislocation is a source of vacancies by  the g rowth  of 
the ex t r a  ha l f -p lane .  

The r a t e - l imi t ing  step in the  successive processes:  
c lus ter ing and p rec ip i t a t ion -vacancy  genera t ion-As  
diffusion m a y  be de te rmined  f rom the t ime depend-  
ence, In  th ree -d imens iona l  d i f fus ion- l imi ted  p rec ip i t a -  
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t ion the  amount  of i m p u r i t y  p rec ip i t a t ed  is in i t i a l ly  
p ropor t iona l  to t n, wi th  n depending  on the shape of 
the precipi ta tes ,  in genera l  n --~ 1 (19). A s imple one-  
d imensional  diffusion has a t'/2 t ime dependence.  A 
plot  of the increase  of the  bur ied  base sheet  res is tance 
wi th  anneal ing  t ime gives a t ime  dependence  with  n 
0.55, as can be deduced f rom Fig. 1. This suggests 
tha t  the  As diffusion is ra te  l imit ing.  The shift  of the 
boron m i n i m u m  d wi th  anneal ing  t ime exhibi ts  too 
much scat ter  for  its t ime dependence  to be de te r -  
mined, but  Fig. 6 shows i t  to be subl inear .  

The r e l a t ive ly  large  amount  of scat ter  in d, QB/Qo, 
and Yns be tween  different  wafers  may  be due to va r i -  
ous causes: var ia t ion  of  p rec ip i ta t ion  nucleat ion ra te  
by  var ia t ion  of dis locat ion densi ty,  var ia t ion  of cool-  
ing  ra te  f rom 990~ and thus of the amount  of As and 
vacancy  supersa tura t ion ,  and  var ia t ions  in t empera -  
ture  dur ing implanta t ion ,  which  m a y  cause var ia t ions  
of the profile (27). 

The effect of low t e m p e r a t u r e  t r ea tmen t  on diffu- 
sion of As is ve ry  s imi lar  to the same process wi th  
phosphorus where  the increase of the base resistance 
and the change of the P and B profiles can be corre-  
lated. The effect is ascr ibed to dissociat ion of P -  
vacancy complexes (E centers)  (28, 29). 

Our  resul ts  suggest  tha t  the  base push-ou t  effect 
tha t  is sometimes observed  wi th  arsenic emi t te rs  (30) 
is re la ted  to the  prec ip i ta t ion  of arsenic.  

Conclusions 
1. Annea l ing  at  t empera tu re s  be tween  600 ~ and 

900~C changed the pa rame te r s  of high f requency  t r a n -  
sistors wi th  imp lan ted  arsenic emi t t e r  and boron base, 
wi th  a m a x i m u m  change at  700~ The bur ied  base re -  
sistance and the cu r ren t  gain increased,  the base 
Gummel  number ,  the donor concentra t ion g rad ien t  at  
the emi t t e r -base  junct ion  and the emi t t e r -base  capaci -  
tance decreased,  and the cut-off f requency  did not  
change. These changes are  in t e rp re t ed  as a decrease 
of the boron concentra t ion in the base and the donor 
concentra t ion grad ien t  a t  the emi t t e r -base  junction.  

2. Arsenic  and boron profiles as measured  wi th  SIMS 
or RBS indeed showed these effects by  shifts of the 
profiles to g rea te r  depth.  

3. TEM observat ions  showed prec ip i ta t ion  in  dis-  
loca t ion- f ree  mater ia l ,  bu t  not in dis located Si. 

4. RBS channel ing in <100> and <110> direct ions 
showed that  the subs t i tu t ional  f ract ion of As, which 
was be tween  about  95% and 98%, decreased by  a 
few percent  on annealing.  

5. The resul ts  are  exp la ined  in  terms of arsenic 
cluster ing and prec ip i ta t ion  causing vacancy genera -  
t ion and thus enhanced diffusion. Prec ip i ta t ion  is max i -  
mum at about  700~ At  h igher  t empera tu re s  the 
supersa tura t ion  is too smal l  and at  lower  t empera tu res  
the  diffusion is too slow. Vacancy genera t ion  is as-  
sumed to be due to dissociation of a r sen ic -vacancy  
complexes  or  to g rowth  of in te rs t i t i a l  defects. 
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Section should be submi t ted  by  Feb. 1, 1981. 
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L I S T  O F  SYMBOLS 

a donor  concentra t ion  grad ien t  a t  emi t t e r -base  
junct ion,  cm -4 

Ae emi t t e r  area,  cm~ 
C emi t t e r -base  capaci tance,  F 
d depth  at  m in imum in boron concentrat ion,  cm 
d'  dep th  at  boron concentra t ion  of 3 • 1016 cm -~, 

cm 
D ,  diffusion coefficient of e lectrons in the  base, 

am 2 see-1  
Ins nonsubs t i tu t iona l  f rac t ion of As in Si 
]T cut-off  f requency  (hFE ~--- 1), HZ 
Gb Gummel  number  of the base, cm -4 sec 
hFE cur ren t  gain of t rans i s tor  (Ic/Ib) 
Ib base  current ,  A 
Ic col lector  current ,  A 
k Bol tzmann 's  constant,  cat ~K -1  
ni dope -dependen t  in t r ins ic  ca r r i e r  concentrat ion,  

cm-3  
nio in t r ins ic  ca r r i e r  concent ra t ion  for  low i m p u r i t y  

concentrat ion,  cm-3  
N donor concentrat ion,  cm -3 
NB acceptor  concentrat ion,  cm-3  
q electronic  charge, C 
QB boron dens i ty  in the  base, cm -2  
Qo tota l  boron density,  cm -2  
Rb sheet  res is tance of the  base  unde rnea th  the 

emit ter ,  
T absolute  t empera tu re ,  ~ 
Feb emi t t e r -ba se  voltage,  V 
Vg bu i l t - i n  vol tage  at  e -b  junct ion,  V 
x dis tance pe rpend icu la r  to the  surface,  cm 
,y in ter face  f ree  ene rgy  pe r  uni t  a rea  be tween  

prec ip i t a te  and  mat r ix ,  cal cm -2  
e d ie lect r ic  constant  
eo pe rmi t t i v i t y  of free space, F cm -1 
~Fv bu lk  free energy  change per  uni t  volume on 

precipi ta t ion,  cal cm-~  
hole mobi l i ty  in the  base, cm 2 V -1 sec -1 

XAs m i n i m u m  al igned RBS yie ld  of As 
Xsi ~ l in imum al igned RBS yie ld  of Si 
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ABSTRACT 

We have  inves t iga ted  the pho tocur ren t  induced by  subbandgap  l ight  
i r r ad ia t ion  at  the  n -S i -aqueous  e lec t ro ly te  junction. ,  The observed effect is 
s h o w n  to arise f rom optical  processes involving in ter face  states, and ma in ly  
f rom elect ron t ransi t ions  f rom the filled in terface  s tates  to the conduct ion 
band.  The dependence  of the photocur ren t  upon anodic vol tage  is accounted 
for  quan t i t a t ive ly  by  consider ing the Schot tky  ba r r i e r  lower ing effect, a l -  
r eady  measured  f rom the da rk  I-V character is t ics .  The  dependence  of the 
pho tocur ren t  upon photon energy  enables  us to ex t rac t  a dens i ty  of states 
curve for the  occupied in ter face  states. I t  suggests tha t  these s tates  a re  
bound states on the semiconductor  side, due to the coulomb poten t ia l  of ad -  
sorbed ions. Complemen ta ry  observat ions  on oxidized and bandgap  i r r a d i -  
a ted  junct ions  are  discussed and are  found to fit wel l  in the above  picture .  

Experimental  evidence for the  role of in terface  
states a t  the  semiconduc tor -e lec t ro ly te  junct ion  has 
been brought  in many  instances, most ly  th rough  ca-  
paci tance  and recombinat ion  studies (1, 2). These 
techniques however ,  h a r d l y  pe rmi t  a sys temat ic  in-  
vest igat ion of in terface  states th rough  the semicon-  
ductor  gap. A t rue  spectroscopy of these s tates  might  
r a the r  be obta ined  by  observing the pho tocur ren t  
induced b y  subbandgap  opt ical  t ransi t ions  be tween  
these levels and  the semiconductor  bands (3, 4). This 
technique however ,  suffers f rom two drawbacks :  (i) 
the expected  effects a re  r a the r  small ;  (ii) l a rge r  
effects may  be present  in the same photon energy  
range,  for example  onset  of bandgap  absorpt ion,  t r ans i -  
tions involving deep levels in the bu lk  or the  space 
charge region, and also the rmal  effects (5). We p re -  
sent  here  the resul ts  of an invest igat ion of the photo-  
cu r ren t  induced by  subbandgap  l ight  at  the n-s i l icon-  
aqueous e lec t ro ly te  junction,  where  in ter face  states 
a re  known to be present  (2, 6). We show tha t  they 
are indeed responsible  for the  observed effect and 
the i r  ene rgy  d is t r ibu t ion  can be a t ta ined  f rom the 
expe r imen ta l  data. 

Experimental 
The elect rochemical  cell was s imi lar  to a prev ious ly  

described one, a l lowing t rans ient  measurements  when 
the sample  is put  into contact  wi th  the  e lec t ro ly te  (6). 
The opt ical  a r r angemen t  is shown in Fig. 1. The de-  
sign had  to provide  a m a x i m u m  subbandgap  l ight  
intensi ty,  together  wi th  r igorous exclusion of bandgap  
light,  because the  inves t iga ted  subbandgap  signal  can 
be ve ry  smal l  and any  paras i t ic  bandgap  l ight  might  
obscure it because of the la rge  associated photoe lec t ro-  
chemical  current .  The l ight  source was a 250W tung-  
s ten l amp  and the monochromator  was single beam, 
1:5 aper ture ,  equipped wi th  a 2 #m blazed grating.  
Al l  the l ight  f rom the ou tput  slit  was focused onto 
the sample with  an e l l ip t ica l  mirror .  The sample  was 
shaped as a Weiers t rass  sphere,  to provide  re l iab le  
concentrat ion of the l ight  on t h e  smal l  S i -e lec t ro ly te  
in ter face  area. Rigorous exclusion of bandgap  l ight  
was obta ined by  inser t ing an 8 mm thick pure  silicon 
filter in the l ight  path;  this ma te r i a l  was hea ted  at  
100~176 to increase s l ight ly  its cutoff wave length  
(7). Wi th  this a r r angemen t  the  l ight  in tens i ty  on 
the sample  was a few mi l l iwat t s  for a typica l  50 nm 
resolution and re ject ion of bandgap  l ight  was about  

Key words: photoelectrodes, surface states, semiconductor elec- 
trochemistry. 

105 . Addi t iona l  filters were  used to measure  the w e a k -  
est signals at  wavelengths  l a rge r  than 1.5 ~m. The 
l ight  was chopped at a typical  f requency  of 30 Hz 
and the smal l  pho tocur ren t  was measured  by  using 
a s t andard  th ree -e lec t rode  potent ios ta t ic  a r r angemen t  
and a lock- in  amplifier.  

The min imum detec table  pho tocur ren t  is l imi ted  b y  
the background  noise cur ren t  IN, which is due to the 
shotnoise fluctuations of the da rk  cur ren t  I. This gives 
for a f requency in te rva l  ~v (8) 

<~/N2> = 2 Ie~v 

with  ~ ~ 1 Hz and I ,~ 10-SA, this gives a m in imum 
detec table  signal  ~r Ie~v ,~ 10-12A which corresponds 
to a quan tum yie ld  (number  of detected electrons pe r  
incident  photon)  n ~ 10 -9. In  pract ice  for carefu l ly  
p repa red  surfaces the  sens i t iv i ty  was indeed close to 
this theore t ica l  l imi t  but  any  defects left  on the surface 
upon polishing were  found to increase the noise dras t i -  
ca l ly  (flicker noise) ,  due to localized avalanche  b r e a k -  
down near  the defects. 

The sample  was cut f rom a d is locat ion-f ree  single 
c rys ta l  doped wi th  ND : 2.4 • 1016 cm -~ phosphorus.  
This doping was chosen as a compromise  to a l low a 
smal l  concentra t ion of bu lk  defects, together  wi th  a 
th in  space charge layer ,  in o rder  to minimize the un-  
wan ted  photocur ren ts  that  might  arise f rom photoion-  
izat ion of t raps  in the bu lk  or the space charge region. 
The flat surface of the sample  was p repa red  using the 
mechanochemical  procedure  descr ibed ear l ie r  (6) in 
o rder  to obta in  a defec t - f ree  surface. [111] and [100] 
surfaces were  inves t iga ted  and were  found to give 
s imi la r  results.  The e lect rolytes  used were  aqueous 
solutions of 1M HC1 or 1M buffered KC1. As repor ted  
ea r l i e r  (6) there  is no evidence for anion adsorpt ion  on 
n -S i  e i ther  wi th  C1- or  wi th  the various 0.05M buffer 
anions. 

Results and Discussion 
The observed photocur ren t  is independen t  of the  

f requency  of l ight  chopping in the inves t iga ted  10-100 
Hz range.  This rules out  the rmal  effects as the exp lana -  
t ion for  the effect (5). The effect, expressed as a quan-  
tum yield,  is p lo t ted  in Fig. 2 as a funct ion of photon 
energy for a fixed e lect rode potent ia l  V : 1VscE. The 
sharp  rise a round 1 eV corresponds to the onset  of 
bandgap  absorpt ion and the associated large  photocur -  
rent. The change of slope near  0.95 eV indicates that  
the  observed effect be tween  0.6 and 0.9 eV is of a di f -  
fe rent  nature.  This conclusion is fu r the r  suppor ted  by  

1822 
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Fig. 1. Scheme of the optical arrangement (see text) 
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the dependence of the effect upon  electrode potential, 
which shows a different behavior  for hv _--'1 eV and 
0.8 eV, see Fig. 3. When pH is changed the bandgap 
effect remains  the same, except for a t r ivia l  shift of the 
voltage scale (Nernst  law) (6) but  the subbandgap 
effect is found to increase by about  a factor of 5 when  
going from pH = 0.1 to pH : 4.7. This large sensit ivity 
of the subbandgap effect to pH is taken as marked  
evidence for a surface process. 

One can imagine two e lementary  processes involving 
interface states (4); these processes are sketched as 
(a) and (b) in Fig. 4. Process (a) is electron excita- 
t ion from the valence band into empty interface states; 
process (b) is electron excitat ion from occupied in te r -  
face states into the conduction band  (similar  to in ter -  
nal  photoemission in metal -semiconductor  junct ions) .  
Whether  the observed effect is due to process (a) or 
(b) can be tenta t ive ly  answered on the basis of the 
model we have used previously to account for the 
dark I -V  and C-V characteristics (6). According to 
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Fig. 2. Quantum yield as a function of photon energy. The points 
are experimental and the full curve is a fit with the energy dis- 
tribution of interface states (see text). The fast increase of vl near 
h~ ~ 0.95 eV is due to the onset of bandgap transitions. The 
dotted curve is the expected yield from a single type of surface 
states at energy Ec - -  0.6 and the dashed curve is for a constant 
density of surface states through the gap with EF ~- Ec - -  0.6 and 
T = 297~ 

this model, charge t ranspor t  through the interface 
proceeds via two serial steps, also sketched in  Fig. 4: 
step 1 electrochemical t ransfer  from the electrolyte to 
the interface states and step 2 electron t ransfer  f rom 
the interface states to the semiconductor bulk. Step 2 
has been shown to proceed via thermal  act ivation of 
the electrons over the Schottky barr ier  (6); al though 
our unders tanding  of step 1 is far less advanced 
one may think of it as an ionic t ransfer  (e.g., O H -  
ions) through the Helmholtz layer and eventual ly  the 
oxide layer created as the net  result  of the two steps. 
The associated overvoltages for "1 and 2 are, respec- 
tively, of the form (6) 

6Vt = (~r [1] 

6V2 = - - ( k T / e ) l n ( 1  -- I / I t )  [2] 

where Iex and Is are two constant  currents,  and/~ ,~ 0.2. 
In  the f ramework  of this model, the effect of i l lumina-  
tion is to provide an a l ternat ive  pathway for step 1 
[process (a)]  or for step 2 [process(b)] .  Since the 
total overvoltage is fixed and the two steps are in  
series, i l luminat ion  may induce a new repar t i t ion of 
the overvoltage between steps 1 and 2. This effect 
is summarized in  Fig. 5; the net  result  is that  the 
photocurrent  (a) associated with step 1 will  be 
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Fig. 3. Photocurrent as a function of electrode potential. Sub- 
bandgap light is hv ~ 0.8 eV, intensity ~- -10-~W; bandgap light 
is hp ~ 1.0 eV, intensity ~ 1 0 - 4 W  (vertical sensitivity is 10 ~ times 
smaller). Notice the different shape of the two curves. 
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Fig. 4. Scheme for anodle cur- 
rent flow at the n-Si-electrolyte 
junction in the dark, with band- 
gap light, and with subbandgap 
light. The curve near the semi- 
conductor surface sehematlzes 
the energy distribution of inter- 
face states and the hatched area 
is for the occupied ones. The 
dotted line is the bulk Fermi 
level. The vertical wiggly and 
dashed lines are for thermal ex- 
citation and light excitation, re- 
spectively. Steps 1 and 2 are the 
two steps for dark current from 
Ref. (6) (see text). 
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affected by a factor Rff(Rf + R2) and the photocur-  
rent  (b) by R2/(R1 + Re), where R1 and R2 are the 
differential resistances associated with step 1 and 
2, respectively. In  the anodic region the current  
reaches its l imit ing value and R2 is orders of magni tude  
larger  than  R1 so that  process (a) should have a much 
smalIer efficiency than (b) ( in other terms, the rele-  
vant  process will  be that  associated with the l imit ing 
step). For  electrode potentials less anodic than a 
certain potential  Vo, (6) step 2 is no more the 
l imit ing step, R~ and R2 are of comparable magnitude,  
and processes (a) and (b) may both participate in the 
photoeffect. A quant i ta t ive  analysis of the data in  Fig. 
3 is however difficult in this region, because the band 
curvature  gets small  and the photoeffect (bandgap as 
well  as subbandgap)  subsequent ly  decreases to zero. 
We will therefore l imit  our quant i ta t ive  analysis to the 
strongly anodic region (V > Vo). 

Effect of anodic voltage.--As Fig. 3 shows, the band-  
gap photoeffect is near ly  independent  of electrode po- 
tent ial  through the anodic range; in contrast  the sub- 
bandgap photoeffect appreciably increases with anodic 
voltage. This can be understood as a consequence of 

/ //// / / I  
/ 

0 5Vl i ' 5V2 5V V 

Fig. 5. Graphical discussion of processes (a) and (b) of Fig. 4. 
According to Ref. (6) the dark current flows through two serial 
steps. Here curve 1 is the I-V characteristic for step 1 and curve 
2 is that for step 2, this last curve is plotted backwards starting 
from ~V so that the current for a given overpotential ~V is given 
by the ordinate of the intersect M of curves 1 and 2. In the 
presence of subbandgap light, process (a) enhances step 1 and 
curve 1 must be replaced by curve 1' (upwards shift by Ipha). 
The new current is given by the ordinate of the intersect a of 1' 
and 2. The current increase is seen to be much smaller than the 
initial Iph a. The effect on process (b) is similar: curve 2 is replaced 
by 2' and M by b. The current increases are related to the inverse 
slopes of curves 1 and 2 at point M, i.e., the differential re- 
sistances for processes 1 and 2 (see text). 

Schottky barr ier  lowering: it has been previously 
deduced (6) from the da rk-cur ren t  characteristics that  
the Schottky bar r ie r  height CB decreases with anodic 
voltage V following the law 

q~R -= ~B ~ -- -~r = CB ~ -- [2(V -- VFB -- 
kT/e) eNn/eeo] I/2ed [3] 

where -~r is the barr ier  lowering, V~.~n is the flatband 
potential, ~ is the dielectric constant of silicon, ND is 
the donor concentration, and d ~ 13.s (6). If the sub-  
bandgap photoeffect is due to process (b), decreasing 
the barr ier  height will result  in enhancing the photo- 
current  Iph; i.e., to the first order in ~ B  

'~Iph Olph 
5Iph = - -  (--hCB) ~ -  ~r [4] 

O~B ~(h~) 

where we have made the reasonable assumption that 
Iph depends on *B only through the photon energy 
above threshold (h,  -- CB). Since the quant i ty  OIph/ 
~(hv) can be measured separately, Eq. [4] provides a 
good checkpoint for the above explanat ion of the de- 
pendence of Iph upon V. Figure 6 shows /ph plotted as 
a function of -~r as given by Eq. [3], for typical ex- 
per imental  conditions. In  spite of the 30% variat ion of 
Iph the l inear  approximation (Eq. [4]) is well obeyed 
and the slope is in good agreement  with the measured 
OIph/~(hv) (see the dashed line in Fig. 6). As a fur ther  
verification we have investigated the photoeffect in a 
sample with a smaller donor concentrat ion ]VD ~--- 
1.8 • 101~ cm -3. Due to this smaller  doping the barr ier  
lowering effect was near ly  four times smaller for this 
sample and the dependence of Iph upon V was found 
to be reduced accordingly. This good agreement  of the 
results with Eq. [4] gives a verification that  the photo- 
effect in  the anodic region is due to process (b) as 
process (a) would not give such a voltage dependence. 

Effect of photon energy.--A typical dependence of 
the photocurrent  Iph VS. photon energy hv is shown in  
Fig. 2. If a single type of interface state, at a well-  
defined energy Et in the bandgap, were responsible for 
the photoeffect, one would expect for the photocurrent  
near  threshold a dependence 

I ph  cc (by  + E t - -  E c )  ~ [ 5 ]  

where Ec is conduction band energy. The most appro- 
priate value for the exponent  should be ~ : 3/2.1 

T h e  cho ice  a = 3 /2  can  be  briefly just i f ied as fo l lows:  the  final 
d e n s i t y  o f  s t a t e s  is that  of  the  conduct ion  band [~r (hv + Et -- 
Ec)~/~] b u t  t h e  m a t r i x  e l e m e n t  f o r  t h e  t r a n s i t i o n  p r o b a b i l i t y  in- 
t r o d u c e s  a f u r t h e r  f a c t o r  (hp + E t  -- Ec)  b e c a u s e  a conduct ion  
b a n a  w a v e f u n c t i o n  h a s  t o  f a l l  to  zero n e a r  the  in ter face ,  h e n c e  
t h e  a m p l i t u d e  w i l l  be  a t  m o s t  ~kLa a t  a d i s t a n c e  a f r o m  t h e  sur-  
face ,  i f  k 1 i s  t h e  n o r m a l  c o m p o n e n t  of the  w a v e v e c t o r ;  t h i s  l e a d s  
to  t h e  f a c t o r  k-" or (by + E t  -- Eo) in the  trans i t ion  probabil ity.  
T h e  f ina l  a is t h e r e f o r e  1/2 + 1 = 3/2.  
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Fig. 6. Effect of barrier lowering on the photocurrent. The 
crosses represent the data of Fig. 3 (pH - -  3.3; ND = 2.4 • 1016 
cm--3; hv = 0.8 eV) plotted as a function of barrier lowering 
~ B ,  calculated from Eq. [3] .  The full line has been drawn 
through the experimental points. The dashed line is the calculated 
slope, from Eq. [4] and the measured Olph/a(h~). The circles are 
data from a sample with ND = 1.8 • 1015 cm - ~  (the vertical 
scale has been adjusted to the same extrapolated photocurrent at 
~ B  - -  0). 

However the observed dependence cannot  be fitted 
with Eq. [5] whatever  the value given to a. The ob- 
served behavior  is more suggestive of a broad energy 
dis t r ibut ion of surface states; if such is the case, then 
one expects s176 

Iph cc v g (Et)  (by -]- Et - -  Ec)  a dEt [6] 

where Ev is valence band energy. We have tried to 
determine the dis t r ibut ion g (Et) by fitting the experi-  
menta l  data in  Fig. 2 with Eq. [6]. The interface 
state energy dis t r ibut ion was taken  as a histogram and 
the ampli tudes  of the histogram were used as the 
parameters  for the fit. It  was found that  the Iph(h~) 
curve is not  very  sensitive to the details of the g(Et)  
distr ibution,  and the cell for the histogram can hardly  
be taken smaller  than 50 meV. A typical result  for 
g(Et) is shown in Fig. 7. An exponent  ~ ---- 3/2 was 
assumed for Eq. [6] bu t  values of a ranging  between 
1 and 2 yield very  similar  shapes for g(Et). The 
quant i ty  g(Et) corresponds to the density of occupied 
states per un i t  energy in terval  and as expected goes 
to zero for Ec -- Et ~ ~bB ~ 0.60 eV. The most prom- 
inent  feature of g(Et)  is its increase near  the valence 
bandedge;  this feature may be somewhat exaggerated 
by  mat r ix  element  effects that  we do not consider 
here; however, this behavior is very similar  to that  re-  
ported from field effect data for the dry Si-SiO2 in ter -  
face (9). The interface states there have been a t t r ib-  
uted to localized states inside the semiconductor due 
to the coulomb potential  of charged impuri t ies  in the 
oxide. With regard to our problem, this may suggest 
a synthetic picture for the anodic process: if, e.g., 
O H -  ions are adsorbed onto the surface upon step 
1, such localized states will  resul t  in  the silicon. 
These, after  being emptied via step 2, will be left 
with localized holes, allowing neutra l izat ion of the 
O H -  with formation of Si-OH bonds. 

Effect of the oxide.--The effect of oxidation on the 
dark  current  I has been investigated earl ier  by using 
a t rans ient  technique (6). The same technique has 
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Fig. 7. Dens|ty of occupied interface states as deduced from 
the fit in Fig. 2. The vertical scale is only given as an order of 
magnitude; assuming a cross section ~ = ~o[(hv - -  Ec + Et)/ 
Eg] 3/2 with ~o = 10 -15 cm 2. The two curves are obtained from 
fits with two different meshes. 

been  used here in  the presence of chopped light, 
al lowing in  principle the separate recording of I and 
Iph dur ing  the oxide growth. We have been able to 
m e a s u r e  /ph in this way for bandgap photon energies. 
The effect of oxide growth is found to be much smaller  
than for the dark  current :  in  the first minu te  the 
decay for Iph is less than  a factor of two, while for I 
it  is more than  one order of magni tude;  and only at 
larger  oxide thicknesses (for example after anodie 
oxidation under  strong i l luminat ion)  is the bandgap 
photocurrent  drastically reduced. The same technique 
could not be applied to the measurement  of the sub-  
bandgap photocurrent  because it is a small  effect and 
a lock- in  detection is necessary; this makes t rans ient  
measurements  impossible, at least for times shorter 
than  a few seconds. Recordings of the lock- in  output  
for times between a few seconds and a few minutes  
seem to show that  the decay of the subbandgap effect 
is in termediate  between the large decay of the dark 
current  and the small  decay of the bandgap current.  2 
No significant change of shape of the Iph(hv) curve 
was observed with time, so that  the role of the oxide 
seems to be unessent ia l  and the measurements  shown 
in  Fig. 2 are thought  to be representat ive of the 
oxide-free surface, wi thin  a scale factor of a few units.  

An interest ing point is the t ime evolution of the 
shape of the Iph(V) curves for the subbandgap effect. 
While the anodic photocurrent  decreases a peak de- 
velops near  Vo after a few minutes  (see Fig. 8) and 
slowly increases with oxide growth. We th ink this 
peak can be accounted for by an increase of process 
(a) in Fig. 4, due to the increase of the resistance Rt 
associated with step 1 under  the influence of the 
oxide. This peak exhibits about the same dependence 
upon hv as the anodic photocurrent;  this possibly im-  
plies that  the dis tr ibut ion of empty  surface states has 
a shape similar to the symmetric  of Fig. 7 around 
rnidgap. We th ink  this qual i tat ive informat ion is the 
most we can obtain from such strongly oxidized in te r -  
faces. 

EfJect of double illumination.--We have been looking 
for crossed effects between bandgap and subbandgap 
i l luminat ion.  The subbandgap photocurrent  is orders 
of magni tudes  smaller  than the dark current  and 
therefore constitutes a negligible dis turbance for the 
system, but  the bandgap photocurrent  can be very 
large and may affect the populat ion of the interface 
states, thereby changing the subbandgap effect. A 

-~ All  t hese  obse rva t ions  are  cons i s t en t  w i t h  the  s imple  expecta-  
t ion tha t  the  d e e p e r  in e n e r g y  is the  ho le  c rea ted  at  the  in ter-  
face,  the  m o r e  easily wil l  the  resu l t ing  reac t ion  take  place,  i.e., 
the  w e a k e r  is the  e f f e c t  o f  oxidat ion.  
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Fig. 8. Voltage dependence of the subbandgap photocurrent. 
Curve A: freshly immersed surface; curve B: oxidized surface (1 hr 
immersion); curve C: oxidized surface in the presence of bandgap 
light; curve D: surface with defects; the signal decrease correlates 
with avalanche breakdown; notice the associated increase of the 
noise. The anodic shift of curves B and C (and possibly D) relative 
to A is due to the large oxide thickness, pH = 3.3; h~ ---- 0.85 eV. 

small 0.SW lamp was added to the experimental setup 
a few centimeters below the sample, allowing a small 
continuous bandgap irradiation. The corresponding 
bandgap photocurrent (~1 ~A for a useful surface 
of ,~1 mm 2) is found to decrease the subbandgap 
photocurrent, weakly (,~10%) for a freshly immersed 
surface, but with increasing effectiveness as oxide is 
growing; after 30 min the subbandgap effect in the 
anodic region is almost completely quenched (~,90%) 
by a bandgap photocurrent as small as 0.1 ~A. In con- 
trast the peak near Vo attributed to process (a) is 
unaffected by bandgap irradiation. 

These observations are quite consistent with our 
interpretation of the photocurrent: the main effect of 
bandgap irradiation is to create holes near the surface; 
instead of being directly transferred to the electrolyte, 
these holes will have some probability of being trapped 
on the occupied surface states, thereby decreasing 
their density and quenching process (b). The same 
detrimental influence of holes on the subbandgap pho- 
tocurrent has been verified when holes are created 
by avalanche breakdown near surface defects (see 
Fig. 8). A thick oxide layer hinders hole transfer 
to solution and favors hole trapping, hence the in- 
creased quenching effect in the presence of oxide. On 
the other hand, the insensitivity of the peak near Vo 
to these holes is not surprising, since this peak has 

been attributed to process (a), which should not be 
affected by hole trapping. 

Conclusion 
We have measured the photocurrent arising from 

subbandgap light irradiation of the n-Si-electrolyte 
junction. The measured effect is shown to arise from 
interface states and processes involving transitions to 
the conduction band and from the valence band are 
separately identified. The dependence of the photo- 
current upon anedic voltage is accounted for quanti- 
tatively by the Schottky barrier lowering effect. The 
spectral dependence of the photoeffect allows us to 
deduce the energy distribution of the occupied inter- 
face states. The result suggests that these states are 
localized states on the semiconductor side, bound by 
the coulomb potential of adsorbed ions. 
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ABSTRACT 

Transmiss ion electron microscopy was used to c h a r a c t e r i z e  s t r u c t u r a l  d e -  
f e c t s  in  annealed  InP  implanted  both at room tempera ture  and at 200~ with 
1014 SiH2+/cm 2 at 150 keV. Dur ing  implanta t ion  at room tempera ture  an  
amorphous layer  was formed to a depth of ,..1850A, whereas no such layer  
was formed on the specimen implanted  at 200~ Upon recrystal l izat ion of 
the amorphous layer  at 650~ or higher shear dislocations were observed 
as well  as loop structures up to 2000A in  diameter  on {111} and (II0} planes 
wi th in  that  region. Smaller,  inters t i t ia l  loops were present  on (110} planes 
throughout  the implan ted  region. The specimens implanted at 200~ did n ot  
go through a recrystal l izat ion stage. Therefore, no shear dislocations were 
formed in  this case. However, these specimens when annealed to 650~ or 
higher contained loops under  i00.~ in  size. The s t ructural  differences ob- 
served between the room tempera ture  and 200~ implants  may  account 
for the higher carrier  mobil i ty  measured for the 200~ implant .  

S t ruc tura l  damage resul t ing from ion implanta t ion  
in  e lementa l  semiconductors such as silicon (1-5) and 
the I I I -V semiconductors, notably  GaAs (6), has been 
studied extensively by t ransmission electron micros- 
copy. A correlat ion was sometimes found between the 
extent  of damage formed and the electrical behavior  
of the mater ia l  after post implanta t ion annea l ing  to 
obtain m a x i m u m  electrical activity. 

In  ion implantat ion,  damage results from displace- 
men t  of atoms in the crystal lattice, causing the in t ro-  
duction of inters t i t ia l  atoms and vacancy sites. When 
the specimen is annealed  these defects, aggregate to 
form dislocation loops. At high fluences, the  damage 
may be severe enough to form an amorphous layer  
near  the surface of the specimen.  When this  occurs, 
the postanneal  tempera ture  must  be sufficiently high 
to br ing  about epitaxial  regrowth of the layer. Earl ier  
work on S i - implan ted  InP  in  w h i c h  the substrate was 
heated to 200~ dur ing  the implanta t ion  suggested that 
an  amorphous layer does not form under  these condi- 
tions (7). The present  work shows that, for room tem- 
pera ture  implants,  not only does an amorphous layer  
form at the surface but, also, that  following post- 
implan ta t ion  anneal ing  the loop structures for these 
implants  are much larger than the defects found in 
the hot implants  under  similar  anneal ing  conditions. 

Whether  the ion implanta t ion  method is used to 
form semi- insula t ing  regions in InP  or for conven-  
t ional doping it is impor tant  to know the s t ructural  
damage that occurs because of the effect it may have 
on device performance. To this end, t ransmission elec- 
t ron microscope studies were made of annealed  InP  
implanted  at room tempera ture  and at 200~ Defects 
formed under  various annea l ing  conditions have been 
characterized and the results of electrical measure-  
ments  are presented to show how they may be af- 
fected by the defects. 

Experimental 
The InP  used in these experiments  was grown in 

these laboratories by  the Czochralski encapsulat ion 
method and was doped with 1016 Fe /cm 3. Wafers were 
cut and polished to obtain specimens oriented 3 o from 
the (001) plane. The concentrat ion of g rown- in  dis- 
locations was ,-,104/cm 2. Ext reme care was exercised 
in  handl ing  the specimens because of the room tem- 
pera ture  plasticity exhibited by the mater ia l  (8, 9). 
Specimens were implanted  with Sill2 + at room tern- 

Key words: InP, ion implantation, transmission electron micros- 
copy. 
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perature  or at 200~ The fluence was 1014 ions/cm2 at 
150 keV. Postanneal ing was done isothermally in  a 
P H J H ~  ambient  to p reven t  deteriorat ion of the InP  
surface (10). Anodic oxidation and str ipping of the 
oxide layer was carried out on some specimens to ob- 
ta in  an estimate of the depth of the amorphous layer  
formed dur ing  the room tempera ture  implan t  (11). 
F inal  th inn ing  of the specimen for electron microscopy 
was done by the je t -e tching method of Booker and 
Stickler (12) using 0.5% bromine  in  methanol  for the 
solvent. 

Specimens were examined in a JEM-100CX/ASID 
transmission electron microscope equipped with a • ~ 
goniometer and a • ~ t i l t ing stage. The ins t rumen t  
was operated at 100 kV. All  micrographs were pr inted 
with the emulsion side up. Kikuchi  pat terns  were u s e d  
to establish beam directions ~and diffracting vectors. 
Extensive use of stereomicrographs was made to deter-  
mine loop planes or sense of tilt, and to measure dis- 
tance of defects from the top or bottom surfaces of the 
specimen. To aid in these determinations,  a 5A thick 
layer of gold was evaporated onto the top or bottom 
surface for identification, and to establish a reference 
point  for the measurements .  The angle and direction of 
tilt  was controlled by using Kikuchi  patterns.  

Results and Discussions 
Room Temperature Implants 

At a fluence of 1014 SiH2+/cm 2 at 150 keV an  a m o r -  
p h o u s  layer forms near the surface of the specimens. 
This layer  was detected by both re fec t ion  electron 
diffraction and selected area diffraction. Similar  amor-  
phous layers have been reported for ion- implan ted  Si, 
Go, and GaAs. They are derived from overlapping dis- 
ordered zones in the crystal caused by atomic displace- 
ments  (1-6, 13). An oxidation and str ipping technique 
(11) was applied to the present  specimens to remove 
from 100 to 750A of mater ia l  in  each of several  suc- 
cessive steps. After  each step, the specimen was ex-  
amined by reflection electron diffraction at 100 keV and  
electron channel ing pat terns at 20 kV. From these, it  
was estimated that  the amorphous region extended to a 
depth of ,~1850A. 

Recrystallization of the amorphous layer.---Some re-  
crystall ization of the amorphous layer  occurred as t h e  
result  of specimen heat ing caused by the electron beam 
during examinat ion  in the electron microscope. This 
was seen in  the selected area diffraction mode where 
the diffuse rings, characteristic of the amorphous ma-  
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terial ,  g r adua l l y  changed to sharp  r ing  pa t te rns  show- 
ing some p re f e r r ed  or ienta t ion but  no ep i tax ia l  r e -  
growth.  Other  specimens were  examined  af te r  annea l -  
ing i so the rmal ly  at  t empera tu res  ranging  f rom 400 ~ to 
750~ for per iods  of 15 min. Al though recrys ta l l iza t ion  
occurs wel l  be low 400~ ep i tax ia l  r eg rowth  is not  ob-  
se rved  unt i l  the specimen is hea ted  to 650~ or higher .  
Below 640~ the rec rys ta l l i zed  ma te r i a l  was poor ly  
or ien ted  and the e lect ron micrographs  exh ib i ted  Moir~ 
fr inge pat terns .  Diffract ion pa t te rns  contained "ex t ra"  
spots due to double  diffraction; s t r eak ing  th rough  
the spots indica ted  the  presence of th in  platelets .  A 
mic rograph  of ma te r i a l  recrys ta l l i zed  a t  600~ is shown 
in Fig. 1. 

Dislocations associated with epitaxial regrowth.m 
Severa l  examples  of imperfec t  ep i tax ia l  r ec rys ta l l i za -  
t ion have been repor ted  in the l i t e r a tu re  for  i on - im-  
p lan ted  Si and  GaAs (3, 6, 13). Davidson and Booker  
(3) observed  a dis locat ion ne twork  in annea led  N + 
implan ted  Si which they  bel ieve  formed at  the in te r -  
face be tween  crysta ls  of ve ry  s l ight ly  different  la t t ice  
spacings resul t ing  f rom the s imul taneous  rec rys ta l l i za -  
t ion of two amorphous /c rys t a l l i ne  interfaces  on e i ther  
side of  a bur ied  amorphous  layer .  They  suggest  tha t  
imprope r  match ing  of the la t t ice  could be due to v a r y -  
ing i m p u r i t y  concentrations.  In  the  present  study,  
specimens annea led  up to 650~ often contained re -  
gions where  ep i tax ia l  r eg rowth  was not  complete.  
Contras t  wi th in  these regions was different  than  in 
the sur rounding  ep i t ax ia l ly  recrys ta l l i zed  mate r i a l  and 
Moir~ fr inges were  observed.  Some of these regions 
were  present  as is lands wi th in  the epi taxiaUy regrown 
mater ia l .  Whi le  i t  is p robab le  tha t  the  Moir~ fr inges 
are  due to ro ta t ion of one la t t ice  wi th  respect  to an-  
o ther  ident ical  one, this has not been proved.  There-  
fore, the poss ib i l i ty  tha t  they  a re  caused b y  sl ight  
differences in uni t  cell  dimensions resul t ing  f rom non-  
s toichiometr ic  condit ions cannot be ru led  out. I t  is cer-  
tain, however ,  that  on hea t ing  to 700~ or  h igher  no 
Moir6 fr inges r ema in  and e lec t ron diffract ion shows 
good ep i tax ia l  regrowth.  Before this s tage is reached,  
a t  650~ or  below, l ine dislocations extend f rom the 
poor ly  or iented ma te r i a l  into the ep i t ax ia l ly  r eg rown 
regions as shown in Fig. 2. Some of the dislocations are  
a l igned along <110> directions. Where  is lands of in -  
complete  ep i tax ia l  g rowth  exist,  as in Fig. 3, the  dis-  
locations spread  out  radia l ly .  Often these islands,  which  
are  sources of dislocations, were  removed  by  p re fe r -  
ent ia l  e tching while  th inning the specimen for  elec-  
t ron  microscopy. In al l  cases, the dislocations have  
Burgers  vectors of the type  b = a/2 <110> incl ined to 
the (001) specimen plane. A de te rmina t ion  of the 
Burgers  vectors of dislocation segments A and B is 
i l lus t ra ted  in Fig. 3. Segment  A is out of cont ras t  for  
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Fig. 2. This micrograph of a specimen annealed to 650~ shows 
regions of complete and incomplete epitaxial regrowth. The disloca- 
tions introduced at this stage have Burgers vectors of the type 
a/2  < 1 1 0 >  inclined to the (001) plane of the specimen. 

= 040 a n d ' g  ---- 1-31 (Fig. 3c and 3e) but  is in con- 
t ras t  for all  o ther  reflections. App ly ing  the inv is ib i l i ty  
cr i ter ion for  g .  b = 0, i t  was de te rmined  tha t  b = 
• [101] for  this segment.  S imi lar ly ,  the  Burgers  
vector  of segment  B which is out  of contras t  for  g = 
4"00 and g = 311 (Fig. 3d and 3f) was de te rmined  
to be b = • [011]. The dep th  of these dislocations 
was N700A below the surface,  or  wi th in  the  region re -  
crys ta l l ized  f rom the amorphous  state. With in  the 
is land are  Moir~ fringes, one set of which is shown in 
Fig. 3b. 

Fig. 1. Bright field electron micrograph illustrating a recrystal- 
lized amorphous layer after annealing at 600~ Moir~ fringes and 
other contrast effects are due to incomplete epitaxial regrowth. 

Fig. 3. Electron micrographs illustrating Burgers vectors deter- 
mination of dislocations emitted from circular "islands" of poorly 
oriented regrown material. (a) g = 22-0; (b) enlarge__ment of area 
within box in (a); (c) g~--  040; (d) g = 400; (e) g = 13|'-; and 
(f) g ~ 311. Beam directions were close to [001] for (a), (b), (c), 
and (f), and close to [11-4] and [-114] for (e) and (d). 
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Loop structures.--Half-loops were found in  some 
specimens annealed at 650~ I n  Fig. 4 the Ioop in  the 
center of the field was found by stereomicroscopy to 
lie on the (111) plane. It  goes out of contrast  when  the 
diffracting vectors are g _-- 400 or 311 and is in  con- 
trast  for the vectors -220, 040, 220, and 131_ From these 
observations, it was determined that  b ---- +_a/2 [011], 
with b paral lel  to the loop plane. This is a shear loop 
containing both screw and 60 o dislocation segments. 

Other dislocation s tructures  resul t ing from the re-  
crystal l ization consist of large loops with meander ing  
dislocations lines about  500-1000A below the specimen 
surface. These loops, some of which are shown in 
Fig. 5, are not confined to a par t icular  plane. An area 
of interest  in  Fig. 5 contains segments labeled A, B, and  
C. Points where  the dislocation l ine rises sharply to 
the surface are shown by the arrows. In comparing 
images of the three segments for the opera t ing  re-  
flections 220, 131, 400, and 222 (Fig. 5a-Sd), loop A is 
out of contrast  only for the 131 reflection, B is out for 
the 400 and 222 reflections only, and C is out for 131. 
From this, the Burgers vectors are found to be +_a/2 
[101], • [011], and +_a/2 [101], respectively. 

In  a specimen annealed to 750% shown in Fig. 6, 
the larger loops, 500-2000A in  diameter, lie on both 
{111} and {110} planes. These loops lie closer to the 
surface than the small  loops which are uni formly  dis- 
persed throughout  the specimen thickness. Intersect ing 
loops on {111} planes share a common dislocation seg- 
ment  shown by the arrow in  Fig. 6a. Stereomicroscopy 
shows that the loops are in  a "butterfly" configuration 
with A on the (111) and B on the (111) plane. Images 
were formed with the reflections 220, 220, 040, 222, 400, 
and 311. Since loop A is out of contrast only for the 
400 reflection, the Burgers vector is • [011]. Loop 
B is out of contrast  for 040 and 22-2, therefore b" ---- 
• [101-]. The shared dislocation segment  is a screw 
type with b ~ +_a/2 [11-0] and is out of contrast only 
for the 220 reflection. Similar  results were obtained 
for other pairs of intersect ing loops on {111} planes. 
The Burgers vector of loop A on the (111) plane does 
not  lie on the loop plane, whereas that of loop B on 
the (111) is paral le l  to the loop plane. Thus, A is a 
prismatic loop, and B is a glissile loop. The probable 
reaction between the two dislocations is: a/2 [10i-] + 
a/2 [011] ---- a/2 [110]. The vector of this screw dis- 
location is paral le l  to the (001) specimen plane. 

In  Fig. 2-5 it is clear that  many  of the loops are 
under  500A in diameter,  and are un i formly  distr ibuted 
from top to bottom of the region of the specimen under  
examination.  The concentrat ion is ,~2 X 101~ 2. 

Fig. 5. Micrograph showing meandering loops in specimen an- 
nealed at 650~ Segments A, B,'and C are all in contrast for g 
2-2"-0 in (a). Other reflections are: (b)g = 131; (c) g ---- 400; and 
(d) g ~ 2~2. Beam directions are close to [001] for (a) and (c), 
and close to [112] for (b) and (d). The dislocation line bends up 
sharply at points indicated by the arrows. 

These loops form on anneal ing by aggregation of point  
defects. Unlike the larger  loops associated with s t ra in 
introduced by the recrystal l ization of the amorphous 
region, they lie ma in ly  in  {110} planes and are pris-  
matic. The loops shown in  Fig. 7 are all under  500A. 
except for the ones labeled A. These lie on the (101) 
plane, and the Burgers vector is b ---- +_a/2 [101]. 
Smaller  loops, B and C, on the (11-0) and (110) planes, 
have Burgers vectors of b ---- a/2 [11-0] and b ~_ • 
[110]. 

NatuTe o] ~oops.--Analyses were made to determine 
whether  the prismatic loops were of the interst i t ial  or 
vacancy type. The method used was that  applied by 
Groves and Kel ly  to the analysis of loops in  MgO (14). 
For the product (g " b)s  ~ 0, where s is the deviat ion 
parameter,  the loop exhibits outside contrast  and for 
( g - b ) s  ~ 0 it exhibits inside contrast. In  applying 
this method the sense of incl inat ion of the loop was first 
determined by stereomicroscopy to establish the direr 

Fig. 4. Half-loop on (111) in contrast for g - -  220 in (a), and out of contrast forg ~ 31"1 in (b) 
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Fig. 6. Electron micrographs showing interaction between loop A 
on the (I11) plane and loop B on the (111) plane. The following 
diffracting vectors were used: (a )g  ~- 22-0; (b) g ~ 220; (c) g 
040; (d) g ---- 222; (e) g ~ 400, and (f) g ~ 311. Beam directions 
were close to [001] for (a), (b), (c), and (e) and were [1-12] and 
[114] for (d) and (f). 

tion of n, the u p w a r d - d r a w n  normal  to the loop. Then, 
images were obtained for ~ g  and - -g  conditions while 
keeping s ~ 0. By noting whether  the image exhibited 
outside or inside contrast  the sense of b was deter-  
mined. When b is in the same sense as that of the up-  
w a r d - d r a w n  normal  to the loop, (n  �9 b) is greater than 

Fig. 8. Effect on loop size of tilting from g - -  040, s ~ 0 in (a) 
to g - -  040, s ~ 0 in (b). Loops h and C shrink. Loop B expands. 

0 and the loop is interst i t ial  in na ture ;  if it is opposite 
in sense, the loop is of the vacancy type. In  Fig. 8, 
loops A, B, and C were found by  stereomicroscopy to 
lie on the (011), (011), and (011) planes and have 
Burgers vectors of ___a/2 [011], ___a/2 [011], and •  
[011]. In  Table I the results obtained on imaging the 
layers with g ---- 040 and 040 are summarized. The re-  
sults indicate that the Burgers vectors are in  the same 
upward  direction as the loop normals  and by definition 
are inters t i t ia l  in  nature.  Similar  results were obtained 
on other specimens annealed in  the same manner .  

Implants at 200~ 
When the specimen was held at 200~ dur ing the im-  

p lanta t ion  no detectable amorphous layer  formed. On 
anneal ing  at 650~ the only defects found were "black 
spots," considered to be unresolved loops, and  a few 
defects recognized as loops. The concentrat ion of these 
defects was of the same order of magni tude  as those 
for the room temperature  implants.  However, even 
after anneal ing  at 750~ the average size of the defects 
was only 50-100A in diameter  as shown in  Fig. 9 
whereas loops above 2000A in diameter  were found in  
room tempera ture  implants.  A detailed analysis of the 
spots was not attempted. However, an estimate of the 
na ture  of the defects was made by applying a tech- 
nique described by  Wilkens (15). The bottom, or 
etched surface, of the specimen was coated with 5A 
of evaporated gold so that  it  could be identified in 
stereomicrographs. Stereo pairs of micrographs were 
obtained using Kikuchi  pat terns to guide the t i l t ing 
around a ~220~  axis, and to obtain accurate measure-  
ments  of the tilt  angle. Images of stereo pairs were 
obtained with a 220 reflection. A stereometer was used 
tc measure the height of defects above the bottom sur-  
face so that those defects under  60A in diameter  lying 
between 0-100A from the bottom could be selected for 

Fig. 7. Bright field mlcrographs of specimen annealed to 700~ showing loops on {110} planes derived tram aggregatmn at point de- 
Fects. Diffracting vectors are: (a) g __- 040; and (b) g ~- 220. Loops A, B, and C lie on the (101), (11-0), and (110) planes, respectively. 
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Table I. Nature of prismatic loops on (110} planes 

Loop contras t  
on chang ing  

f r o m  g = 040, S ign  
Loop s > 0 to  g = of  Loop 

Loop p lane  040, s > 0 n �9 b na ture  

A (011) Inside, ( g  - b ) s  < 0 > 0  interstitial 
B (0-11) O u t s i d e ,  ( g  - b ) s  > 0 > 0  Interstitial 
C (011) Inside, ( g  �9 b ) s  < 0 > 0  Interstitial 

observation. For these defects, the direction of black-  
to-white  contrast  on positive prints  made from micro- 
graphs under  bright-field conditions pointed in  the same 
direct ion as the g vector. This type of contrast  is ex-  
pected for inters t i t ia l  defects where the distance of the 
defect is less than  one- th i rd  of the ext inct ion distance 
from the bottom of the specimen. 

Effect of implantation temperature on carrier mo- 
bility.--The difference in  the physical s t ructure of the 
mater ia l  is also reflected in  the electrical properties. 
In  some recent work with 1 MeV Si + implants  into 
InP, it was shown that  the electron mobi l i ty  was 
greater  by a factor of ,~2 on implan t ing  at 200~ 
ra ther  than  at room tempera ture  (7). This applied 
after  anneal ing  at the temperatures  ranging from 650 ~ 
to 800~ While measurements  on lower energy im-  
plants  are less extensive, the same appears to hold in 
this case as well. For 4 • 1014 Si + cm -2, 200 keV im-  
plants  at RT and 20O~ the corresponding sheet mo-  
bilities were 1130 and 860 cm2/Vsec. This was after 
annea l ing  to 750~ in  a P H J H 2  ambient  without  en-  
capsulat ion and where the active sheet carrier  concen- 
t rat ions were 1.91 • 1014 cm -2 and 1.96 • 1014 cm -2. 
Other similar  concentrat ion room tempera ture  im-  
plants at 1O0 and 200 keV have yielded mobilit ies rang-  
ing from 500 to 740 cm2/Vsec. The peak concentrat ions 
wi thin  such layers are N1019 cm -3. As s imilar ly doped 
epitaxial  layers yield mobilit ies ,-~1000 cm2/Vsec, it is 
apparent  that  factors other than  dopant  impur i ty  scat- 
ter ing again limits the mobil i ty  wi thin  room tempera-  
ture  implan ted  layers at these lower energies. 

Summary and Conclusions 
When InP  is implan ted  wi th  1014 Sill2 + at room 

tempera ture  at an energy of 150 keV an amorphous 
layer  is formed near  the surface to a depth of ~1850A. 
However, s imilar  implants  into specimens at 200~ 
do not produce this layer, 

For  room tempera ture  implants,  epitaxial  regrowth 
of the amorphous layer at ~-,650~ introduces shear 
dislocations generated at the interface be tween single 
crystal and poorly oriented material .  These form closed 

loops about 500-100A below the specimen surface. The 
dislocation l ine enclosing the loops meanders  and  does 
not lie in  any  par t icular  plane. At  700~176 the 
larger loops are replaced by smaller  ones, still over 
500A in  diameter, lying on both {111} and {110} planes. 
Both prismatic and shear loops were found on the 
{111} planes. In teract ion be tween two such loops r e -  
s u l t s  in the formation of a screw dislocation common 
to both loops. The Burgers vector was of the type b 
a/2 <110> paral lel  to the (001) specimen plane. The 
other impor tant  defects observed first at 650 ~ along 
with the shear dislocations were prismatic loops of an  
interst i t ial  na ture  lying on {110} planes. These were 
main ly  under  500Jk in  diameter  and were un i formly  
dispersed throughout  the depth of the region under  
examination.  Thei r  concentrat ion was ~ 2  • 1010/cm 2. 
These loops are believed to be formed by  aggregat ion 
of point defects. 

The specimen implanted at  200~ did not have to go 
through a recrystal l izat ion stage upon  postannealing.  
Therefore, shear dislocations, as observed in  the room 
tempera ture  implants,  were not formed. On anneal ing,  
damage resul t ing from the implan ta t ion  appeared as 
black spots, some of which could be recognized as 
loops. These are believed to form by aggregation of 
point defects. The concentrat ion of these defects was 
of the same order of magni tude  as the loops found in  
the room tempera ture  implants.  The size of the loops, 
even after a 750~ anneal,  was only  50-100A in  diam- 
eter. These defects also appear to be inters t i t ia l  in  
nature.  

That  dislocations can affect the electrical properties 
of semiconductors has been known  for some time (16), 
and recent papers by Booyens, Vermaak, and Proto 
(17, 18), and Esquivel, Sen, and Lin  (19) have dis- 
cussed the electrical anisotropy of a and ~ dislocations 
in III-V compounds as they affect carrier  mobility. In  
the present  case, an increase in  electrical carrier  mo-  
bi l i ty by a factor ~1.3 was demonstrated for hot im-  
plants at 150-200 keV and, earlier, an increase by a 
factor of ~.,2 (7) for 1 MeV implants.  F rom these re-  
sults, we conclude that the reduct ion in s t ructural  
damage observed for the high tempera ture  implants  
may account in part  for the increase in  carr ier  mo-  
bility. 
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ABSTRACT 

The  s tudy  was car r ied  out  on the gas adsorpt ion  and the = ~ ~ phase 
t rans i t ion  in me ta l  ph tha locyanine  (Pc) crystals  at  different  degrees of 
pur i ty .  The up take  of NH3, 02, or H2S on CuPc crystals  decreased r e m a r k -  
ab ly  wi th  the degree  of purification, but  the  up take  of tIC1 did not  change. 
The ~ --> ~ phase t ransi t ion of CuPc crystals  was acce le ra ted  by  purifying,  
and  i t  was cons iderably  affected by  the ambien t  gases in the low pu r i t y  
crystal ,  and ha rd ly  at  all  affected in the high pur i ty  crystal .  The a --> ~ phase 
t rans i t ion  of ZnPc crystals  in NH3 gas began upon decomposi t ion of th'e NHs- 
ZnPc addi t ion  complex (near  220~ which formed read i ly  at  25~ The 
resul ts  of NiPc crysta ls  were  most ly  s imi lar  to that  of CuPc crystals .  

The phase t rans i t ion  phenomenon in meta l  ph tha lo-  
cyanine (Pc) crystals  has been ex tens ive ly  inves t i -  
gated, since the crysta ls  are  used as organic semi-  
conductors exhibi t ing  different  proper t ies  due to crys-  
ta l lographic  modification (1-3).  

The dependence  of some proper t ies  of meta l  Pc 
crysta ls  on i m p u r i t y  presence is s t i l l  an open quest ion 
because of the difficulty in obta in ing the high pur i ty  
crystals  in spite of purif icat ion by  combined procedures  
of vacuum sublimation,  acid washing, and ex t rac t ion  
by organic solvents (3-7).  Recently,  K i r y u k h i n  et al. 
(6) and Sadaoka  et al. (7) repor ted  the dependence  of 
e lectr ical  conduct iv i ty  of CuPc crystals  on crys ta l  
pur i ty .  Also Sakaguchi  et al. (8) observed  the ~ --> 
phase t rans i t ion  in CuPc crystals  to be apprec iab ly  
affected by chemisorpt ion  of ambien t  gases on the 
crystal .  

In the present  work,  we repor t  a s tudy  on gas ad-  
sorpt ion and the ~ -> /~ phase t rans i t ion  in CuPc crys-  
tals at different  degrees of pur i ty .  S imi la r  examina -  
tions are  r epor ted  for ZnPc and NiPc crystals .  

Experimental 
Materials.--Commercial ~-CuPc crystals  1 (suppl ied 

by  Toyo Ink Manufac tur ing  Company,  L imi ted)  were  
p re t r ea t ed  by washing  wi th  sulfuric  acid [2 weight  
percen t  ( w / o ) ]  and NaOH aqueous solut ion (2 w / o ) ,  
and fol lowed b y  washing wi th  pure  wa te r  (deionized 
and d is t i l led) ,  then the crysta ls  were  vacuum dr ied  
and ground; this is our source sample  A. This source 
sample  A was fu r the r  purif ied by  ext rac t ion  with  
organic solvents and by  vauum subl imat ion;  the detai ls  

* Electrochemical  Society  Act ive  Member.  
Key words: phase transformation,  phthalocyanine,  adsorption,  

semiconductor.  
1 I R  spectroscopic analysis  indicated that commercia l  B-CuPc 

crystals  contained as impurit ies  the  synthes is  raw materials  and 
by-products.  

are given in Table  I. Sample  B (a -CuPc)  was p re -  
pa red  by  recrys ta l l iza t ion  f rom concent ra ted  sulfuric  
acid solution using source sample  A fol lowed by  wash-  
ing successively in pure  water ,  NH4OH (2 w / o ) ,  and 
pure  water ;  then the res idue was vacuum dr ied  for 2 
hr  at  110~ and ground (200 mesh through) .  Sample  C 
was purif ied b y  Soxhle t  ex t rac t ion  with  me thy l  a lco-  
hol (MeOH).  Samples  D, E, and F were  purif ied by 
repea ted  consecutive Soxhle t  ex t rac t ions  wi th  di-  
me thy l fo rmamide  (DMF) and MeOH, and subl imat ion 
in vacuo (10 -3 m m  Hg at 480~ each sample  was 
fu r the r  subjec ted  to s imi lar  recrys ta l l iza t ion  process 
as for sample  B. ~-ZnPc and ~-NiPc crysta ls  (suppl ied 
by  Eas tman  Kodak  Company)  were  p r e p a r e d  by  a 
s imi lar  p r e t r ea tmen t  as sample  F. In  the highest  pur i ty  
sample  F, the high pure  a-ZnPc,  and the high pure  
~-NiPc, no organic  impur i t y  was c~etected by  gas chro-  
matographic  and l iquid chromatographic  analyses,  and 
the total  amount  of the foreign meta ls  did  not ex-  
ceed 15 ppm according to atomic absorp t ion  spec t rom-  
etry.  

The reagents  (DMF, MeOH, sulfur ic  acid, aqueous 
ammonia)  used in these exper iments  were  guaran teed  
reagent  grade (suppl ied  by  Junse i  Chemical  Company,  
L imi ted) .  

The gases used for the adsorpt ion  and the heat ing 
a tmosphere  of phase t rans i t ion  react ion were  p repa red  
as follows: high pur i ty  He was fu r the r  purif ied by  
passage through a glass tube conta ining the molecu la r  
sieve 5A at --196~ high pur i ty  HC1, H2S, and NIt3 
were  fu r the r  purif ied by  vacuum dis t i l la t ion using 
both Dry  Ice-a lcohol  and l iquid Oo baths;  02 was p re -  
pared  by evapora t ion  of pure  l iquid O2. 

Apparatus.--The appara tus  used for h e a t - t r e a t m e n t  
and adsorpt ion measurements  in var ious  ambien t  gases 
and BET surface a rea  measurements  was of the s tat ic  
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Table |. Purification of CuPc crystal 

T r e a t m e n t  t i m e  ( h r )  

Extrac t ion  1 Extrac t ion  2 E x t r a c t i o n  3 
V a c u u m  V a c u u m  V a c u u m  

Sample*  D M F  MeOH s u b l i m .  1 s u b U m .  2 D M F  MeOH s u b l i m .  3 D M F  M e O H  

S . . . . . . . . .  
C ~ 10 . . . . . . .  
D 5 1.3 7 7 5 1.3 - -  ~ - -  
E 10 2.5 30 5 10 2.5 5 10 2.5 
F 20 5 30 10 20 5 10 20 5 

* A l l  s a m p l e s  a r e  t r a n s f o r m e d  i n t o  a - f o r m  crystal .  

type  const ructed of borosi l ica te  glass. The  sys tem dead 
space was ~100 ml. The sample  chamber  was p ro -  
tec ted  f rom m e r c u r y  and grease  contaminat ion  by  
presence of cold t r ap  (0~ 

Procedure.--(a) Gas adsorp~ion.--The weighed  sam-  
ple  (2.0g), a f te r  p r e l im ina ry  evacuat ion a t  25~ for 1 
hr, was fu r the r  evacua ted  under  h igh  vacuum at  250~ 
for  1 hr. The adsorba te  gas ( in i t ia l  pressure :  100 m m  
Hg, i.e., 5.2 • l0 s ~mole) was then  admi t t ed  to the  
sample.  The surface a rea  of each sample  was de t e r -  
mined  b y  BET method  using N~ as adsorbing  gas a t  
--196~ The up take  of gases (NH3, 02, HsS, HC1) b y  
a l l  me ta l  Pc crysta ls  was i r r evers ib le  under  the  p re s -  
en t  e x p e r i m e n t a l  conditions,  i.e., these  gases were  
sorbed on the crystals .  
(b) Phase transition.--The sample  (1.0g) was hea ted  
at  200 ~ N 30OoC for 1 h r  in  var ious  gases (1 a tm)  a f te r  
evacua t ing  under  h igh  vacuum for 1 h r  a t  25~ The 
t ime in te rva l  requ i red  to reach  the hea t ing  t e m p e r a t u r e  
was 20 min  in a l l  cases. Af te r  hea t ing  the sample  was 
r ap id ly  cooled at  the  ra te  of about  50 ~ C/min.  The x - r a y  
powder  diffract ion pa t t e rn  of each hea ted  sample  was 
ob ta ined  using C u ( N i ) K a  radia t ion,  and the ~ - fo rm 
content  was de te rmined  by  the  method  r epor t ed  by  
Sui to et al. (9).  The ra te  of the a -* F phase t rans i t ion  
of me ta l  Pc crys ta ls  d)zring hea t ing  in  var ious  gases 
was de t e rmined  by  using an appara tus  which  enabled  
s imul taneous  m e a s u r e m e n t  of h igh  t empe ra tu r e  x - r a y  
diffract ion and di f ferent ia l  the rmaI  analys is  (DTA) 
(Rigatcu Denki  Company,  L imi t ed ) .  

Results 
The sorpt ion  character is t ics  of var ious  gases on sam-  

ple  B are  shown i n  Fig. 1. The lower  in i t ia l  up take  of 
O~ is in  s t r ik ing  contras t  to HC1 and NH~ sorption. 

The sorpt ion character is t ics  of NH3 on each =-CuPc 
c rys ta l  (samples  B ~ F)  of va ry ing  pu r i t y  a re  shown 
in Fig. 2. The up take  of I~H~ decreased cons iderab ly  
wi th  the pur i ty .  

The sorp~ion character is t ics  of var ious  gases on the 
highes~ pu r i t y  crysta l ,  sample  F, a re  shown in Fig. 3. 
The up take  0f HCI wi th  t ime is in s t r ik ing  cont ras t  
to NH3, HsS, 02. 

The effect of the ambien t  gases on the a -~ /3 phase 
t rans i t ion  in sampms B and F at  different  t empera -  
tures  is g iven  in  Fig. 4. The not iceable  effect of the  
ambien t  gas on the t rans i t ion  is evident  for sample  B 
whereas  for  the h ighest  pu r i ty  sample  F the  effect of 
the  gas is ba r e ly  discernible,  i t  was r epor t ed  by  Taka -  
hashi  (10) tha t  the  t rans i t ion  t empe ra tu r e  in a i r  was 
at  250 ~ ,~ 300~C. I t  is no tewor thy  tha t  in the most  
pure  crystal ,  the phase t rans i t ion  was least  affected by  
the sorpt ion of HC1, never theless  the  c rys ta l  sorbed  
HC1 gas readi ly .  

The ambien t  gas phase t rans i t ion  effect on samples  
B and F in NHs, 02, and He was examined  in more  
deta i l  2 by  using s imul taneous  high t empe ra tu r e  x - r a y  
diffract ion and DTA as shown in Fig. 5 and 6. The  
t empe ra tu r e  for a ~ /~ convers ion ( in tersect ion of a 
and  /~ l ine intensi t ies)  in sample  B decreases in the  

HC1 and HsS g a s e s  w e r e  no t  i n c l u d e d  b e c a u s e  of corros ive  ac- 
t ion  on  in s t rument .  

order  O2 > He > NIQ whereas  no such o rde r  is recog-  
nizable  in sample  F; these resul ts  a re  consis tent  w i th  
Fig. 4. In  the case of hea t ing  sample  F in 02, the  d i f -  
f rac t ion  peaks  charac ter i s t ic  o f /~ - fo rm crysta ls  d i sap-  
pea red  near  300~ wi th  the s imul taneous  increase  i n  
exo thermic i ty  on the D T A  curve;  these resul ts  a re  in  
d i rec t  contras t  to sample  B hea ted  in  O2. We in t e rp re t  
these resul ts  to indicate  tha t  sample  F is more  reac t ive  
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Fig. 3. Sorption of various gases on sample F (the reaction con- 
dition is the same as Fig, 1). 

than  sample B in an oxidizing a tmosphere  at  300~ 
For comparison purposes, we examined two other com- 
mercially avai lable  CuPc crystals 3 (Eastman Kodak 
Company, Tokyo Kasei  Industr ia l  Company)  and we 
obtained s imilar  results. 

Para l le l  exper iments  carr ied out on the high pur i ty  
=-ZnPc and =-NiPc crystals obtained using the purifi-  
cation procedure  detai led for sample  F gave the re -  
sults shown in Fig. 7. In v iew of the high sorption 
for NH3 on =-ZnPc crystals it was desirable to extend 
the study of gas sorption (NH~, 02, He) on a-ZnPc 
crystals by simultaneous high tempera ture  x - r a y  dif-  
fract ion and DTA; the curves are presented in Fig. 8. 
He and O2 presence show no effect on the characteris t ic  

The data for the impurity contained in these  commercial CuPc 
crystals was similar to that of the  CuPe crystal supplied by Toyo 
Ink Manufacturing Company, Limited. 
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peak height  of a-ZnPc crystals up to 220~ at which 
t empera tu re  a sl ight rise in diffraction peak intensi ty 
and weak  endotherm is observed. On the o ther  hand, 
the presence of NH3 on a-ZnPc affects an immedia te  
disappearance of a-ZnPc diffraction peak and appear-  
ance of a high diffraction peak at a lower angle with a 
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Fig. 6. The ~ --> /~ phase transition of sample F by high tempera- 
ture x-ray diffractometry-differential thermal analysis (the reaction 
condition is the same as Fig. 5). 
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analysis (the reaction condition is the same as Fig. 5). 

s imul taneous  exothermic  effect on the  DTA curve. The  
charac ter i s t ic  fea tures  of the  assumed NHs-ZnPc add i -  
t ion complex  d i sappeared  at  220~ fol lowed by  the 
r eappea rance  of the  a -ZnPc  peak  and the  onset of 

-~ ~ phase t rans i t ion  which is a lmost  complete  at  
350~ The endo the rm at 320~ is a t t r i bu ted  to a re -  
c rys ta l l iza t ion  or  s in ter ing  effect. The effects of ambi -  
ent  gases on the in i t ia l  and  final t empera tu re s  of the  
phase t rans i t ion  in =-ZnPc crysta ls  showed a s imi la r  
t rend  to sample  F. 

The resul ts  of the  phase  t rans i t ion  s tudy  on the 
~-NiPc crysta ls  using the same method did not fol low 
the pa t t e rn  of behavior  in a -ZnPc  crystals ,  bu t  were  
s imi la r  to tha t  of the highest  pu r i ty  sample  F. 

Discussion 
The impur i t i es  p resen t  in  CuPc crys ta ls  a re  i n t e r -  

p re t ed  to be bound as a complex  or  some s table  con- 
f igurat ion because the  impur i t i es  res is ted  ex t rac t ion  
by  no rma l  p rocedures  (cf. Table  I and  Fig. 2). As 
shown in Fig. 2, the h igh  p u r i t y  CuPc crysta ls  did  
n o t  exhib i t  the sorpt ion capac i ty  for  NHs, bu t  the  low 
pu r i t y  CuPc crys ta l  complex showed an increased 
ab i l i ty  for  gas sorption. S te inbach  et  a~. (11) poin ted  
o u t  tha t  the  enhanced gas sorp t ion  ab i l i ty  of the  com- 
p lex  must  resul t  f rom the  change of e lec t ron  dens i ty  
of the  Cu a tom in the  CuPc molecule  due to the s t rong 
in te rac t ion  of ~ e lec t ron be tw e e n  the CuPc molecule  
and incorpora ted  impuri t ies .  

In  the  case of O2 sorption, the  s l ight  in i t ia l  increase  
of Oz up take  reflects a net  effect resu l t ing  f rom genera -  
t ion of volat i le  products  f rom the oxidized surface, 
i.e., surface cleansing action. The subsequent  02 u p -  
t ake  is enhanced  by  surface oxide  layer .  

Because of i ts h igh ly  ionic po la r  cha rac te r  HC1 
would  be expected  to be sorbed not  only  on the Cu 
a t o m  but  also on the edge benzene group in CuPc 
molecule  as shown by  Shigemi tsu  (18). Accordingly ,  
the sorpt ion ab i l i ty  of HC1 should not be affected by  
the pu r i t y  of the crys ta ls  (Fig. 3). 

The phase t rans i t ion  in sample  B was p romoted  b y  
NI-I3 or  HCI, bu t  inh ib i ted  by  O~ or H~S exh ib i t ed  an  
inhibi t ing  effect in compar ison  wi th  He or  vacuum. 
These  resul ts  suggest  tha t  the  sorbed gas affects the  
in te rmolecu la r  force wi th in  the  CuPc crystal .  That  is, 
the in te rmolecu la r  force of CuPc crys ta ls  would  be 
weakened  by  the sorpt ion of NI-I~ or HC1 and s t r eng th -  
ened by  the sorp t ion  of O2 or HrS. Accordingly ,  the  
ra te  of phase  t rans i t ion  wi th  negl ig ib le  gas sorpt ion on 
sample  F, except  for HC1 was s imi lar  in  a l l  ambien t  
gases (Fig. 4);  HC1 would  not  be expec ted  to be as 
effective on the phase t rans i t ion  of sample  F even if  
i t  were  t aken  up b y  sample  F. Fu r the rmore ,  the  phase 
t rans i t ion  in h ighest  pu r i t y  sample  F occurred  at  lower  
t empera tu re s  than  in sample  B since the s tabi l iz ing 
effect due to bound impur i t i es  in the  CuPc c rys ta l  was 
absent.  The negl ig ib le  effect of ambien t  gas on  the  
phase t rans i t ion  t e m p e r a t u r e  for  sample  F, is consistent  
wi th  this fact. 

The resul t  tha t  the h igh  sorpt ion of NH8 was in-  
s tantaneous  on the high pu r i t y  =-ZnPc c rys ta l  is a t -  
t r ibu ted  to the  format ion  of NI-Is-ZnPc complex  (Fig. 
8). This in te rp re ta t ion  is suppor ted  by  x - r a y  diffrac-  
t ion p a t t e r n  and  DTA the rma l  peaks  along wi th  the  
pa ra l l e l  fo rmat ion  of the  n - h e x y l a m i n e  complex  of 
ZnPc c rys ta l  as r epor ted  by  Kobayash i  et aL (14). 

The  basis for  NH~-meta l  Pc  complex  fo rmat ion  in 
ZnPc crys ta l  only  might  be found in the charac te r  of 
d iva len t  zinc ion to adopt  a t e t r ahed ra l  configurat ion 
by  use of sp 3 hyb r id  orbi tals ,  bu t  the  detai ls  mus t  awa i t  
fu r the r  work.  

A c k n o w l e d g m e n t  
The authors  a re  gra te fu l  to Professor  E. A. Secco of 

St. Franc is  Xav ie r  Univers i ty  for he lpfu l  suggestions 
and Mr. K. Uematsu  of Ni iga ta  Univers i ty  for  his as-  
sistance in x - r a y  analysis  work.  

Manuscr ip t  submi t t ed  Aug. 20, 1979; rev ised  m a n u -  
scr ipt  received March  4, 1980. 

A n y  discussion of this paper  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  June  1981 
JOURNAL. Al l  discussions for the  June  1981 Discussion 
Section should be submi t ted  by  Feb. 1, 1981. 

Publication costs o~ this article were assisted by 
Niigata University. 

REFERENCES 
1. K. Wihksne  and A. E. Newkirk ,  J. Chem. Phys., 

34, 2184 (1961). 
2. Y. Sakai ,  Y. Sadaoka,  and H. Yokouchi,  Bull. 

Chem. Soc. Jpn., 47, 1886 (1974). 



1836 J. Electrochem. Soc.: S O L I D - S T A T E  

3. E. Suito and N. Uyeda,  Kolloid Z., 193, 97 (1963). 
4. O. K. Kru toyarova ,  M. I. Al 'yanov,  Ya. I. Yashin, 

V. F. Vorodkin,  V. A. Benderski i ,  and Yu. I. 
Khoinov,  Izv. Vyssh. Uchebn. Zaved., Khim. 
Khim. Tekhnol., 14, 1379 (1971). 

5. J. Luczak and J. Budzisy, Barwniki-Srodki Pom- 
ocnicze, 19, 268 (1975). 

6. I. A. Ki ryukhin ,  K. N. Lobanova,  Yu. A. Popov, 
Yu. Kh. Shaulov, and V. A. Benderskii ,  Zh. 
Fiz. Khim., 50, 649 (1976). 

7. Y. Sadaoka  and Y. Sakai ,  J. Chem. Soc., Faraday 
Trans. 2, 72, 379 (1976). 

8. M. Sakaguchi ,  T. Hirabayashi ,  and  T. K o y a m a ,  
Nippon Kagaku Kaishi, 1975, 1428. 

SCIENCE AND TECHNOLOGY August I980 

9. E. Sui to and N. Uyeda,  Nippon Kagaku Zasshi, 86, 
969 (1965). 

10. H. Takahashi ,  Shikizai, 36, 550 (1963). 
11. F. Steinbach,  H. H. Schmidt ,  and M. Zobel, in 

"Proc. Int. Symp. on Relat ions be tween  He te ro -  
geneous and Homogeneous Catalyt ic  Phenom-  
ena," Brussels, 1974, p. 417, Elsevier,  Ams te rdam 
(1975). 

12. T. Sekiguchi,  E. Yamazaki ,  and Y. Bansyo, Kogyo 
Kagaku Zasshi, 70, 503 (1967). 

13. M. Shigemitsu,  Bull. Chem. Soc. Jpn., 32, 607 
(1959). 

I4. T. Kobayashi ,  T. Ashida,  N. Uyeda,  E. Suito, and  
M. Kakudo,  Bull. Chem. Soc. Jpn., 44, 2095 
(1971). 

The Nucleation of CVD Silicon on SiO  and 
Si.N  Substrates 

II. The Sill CI -H -N System 

W. A. P. Claassen and J. Bloem* 
Philips Research Laboratories, Eindhoven, The Netherland~ 

ABSTRACT 

A descr ipt ion is g iven of nuclea t ion  exper iments  wi th  sil icon on SiO2 
and SigN4 subst ra tes  in the  SiH2C12-H2-Nz system, pe r fo rmed  at  t e m p e r a -  
tures  be tween  800~ and ll00~ The sa tura t ion  cluster  densit ies were  de te r -  
mined  for  different  mix tures  as a funct ion of t empe ra tu r e  and could be 
va r ied  be tween  105-1010 cm-2.  A react ion scheme is proposed  in which sil icon 
ada toms reach a s t eady-s ta te  concentra t ion before  nuclea t ion  occurs. Com- 
par ison  of the  expe r imen ta l  da ta  wi th  exis t ing nucleat ion theories  gives 
approx ima te  values  for  the size of the cr i t ica l  cluster.  A s t rong adsorpt ion  
of atomic hydrogen,  especia l ly  on SiO2 surfaces, m a y  expla in  the subs tant ia l  
differences in nuclea t ion  on SiO2 and SigN4 surfaces at  t empera tu re s  be low 
lO00~ 

Polycrys ta l l ine  sil icon layers  are  finding extensive 
appl ica t ion  in the fabr ica t ion  of in t eg ra ted  circuits, 
e.g., as gate ma te r i a l  in MOS (meta l -ox ide-s i l i con)  
field effect t rans is tors  (1). Fo r  this purpose  CVD wi th  
SiI-I4 as input  gas is most wide ly  used, bu t  chloro-  
silanes too, such as SiHC13 and SIC14 and recen t ly  
SiH2C12, are  becoming increas ingly  impor t an t  as s t a r t -  
ing mate r ia l s  for the deposi t ion of sil icon layers  (2). 
Reports  of nuclea t ion  exper iments  wi th  silicon on 
amorphous,  polycrys ta l l ine ,  and monocrys ta l l ine  sub-  
s t ra tes  are  r e l a t ive ly  scarce. The present  authors  dis-  
cussed such exper imen t s  in a previous  pape r  deal ing 
wi th  nucleat ion of sil icon on SiO2 and SigN4 subst ra tes  
in the SiH4-HC1-H2 sys tem (3). The p resen t  pape r  
deals  wi th  nucleat ion in the SiH2C12-H2-N2 system on 
SiO2 and SisN4 substrates .  The expe r imen ta l  resul ts  
are descr ibed and compared  wi th  exis t ing nucleat ion 
theories.  

Experimental 
The nuclea t ion  exper imen t s  were  pe r fo rmed  in a 

hor izonta l  r f  hea ted  reactor ,  consisting of a r ec tangu-  
la r  a i r -coo led  fused sil ica tube,  p rovided  wi th  a py ro -  
g raph i t e -coa ted  carbon susceptor  covered with  a thin 
l aye r  of silicon. Nuclea t ion  of sil icon was pe r fo rmed  
on sil icon slices (wafer  0.5 in. square)  covered wi th  
an  amorphous  IS00A thick LP-CVD SiO2 or  SigN4 layer .  
The effective cross section of the reac tor  tube was 
about  11 cm2. The gas sys tem was p rov ided  wi th  au to-  
mat ic  mass flow control lers  for  the  hydrogen  and 
n i t rogen ca r r i e r  gas and the SiH2C12 source. Some ex -  
per iments  were  pe r fo rmed  wi th  SiHCI~, in which case 
the input  concentrat ions were  control led  by  passing a 

* Electrochemical Society Active Member. 
Key words: polysUicon, nucleation, CVD. 

flow of hydrogen,  moni to red  by  means  of an automat ic  
mass flow control ler ,  th rough  a bubb le r  filled wi th  
SiHCI~ at  a constant  t empera ture .  The car r ie r  gas was 
purified; both  wa te r  vapor  and oxygen  concentrat ions  
were below 1 ppm. The slices were  cleaned pr ior  to a 
deposi t ion expe r imen t  in an H2SO4-H202 mix tu re  fol-  
lowed by  r ins ing in wa te r  of u l t r ah igh  puri ty .  Af t e r  
spin drying,  the slices were  fu r the r  c leaned in the re-  
ac tor  tube wi th  0.2 volume percen t  (v /o)  HCI in h y -  
drogen at  I000~ for 5 min. Af te r  this, the reac tor  was 
pu rged  by  a hydrogen  flow, while  the subs t ra te  t em-  
pe ra tu re  was brought  to the  des i red  nuclea t ion  t em-  
perature .  P r io r  to deposi t ion the  reac tor  was flushed 
wi th  the  pa r t i cu la r  H2-N2 mixture ,  which  is also used 
dur ing the nucleat ion expe r imen t  for  about  5 min. 
Dur ing  the nucleat ion expe r imen t  the H2-Nz mix tu re  
loaded wi th  SiH2C12 was passed over  the slices. In  
o rder  to obta in  s table  gas flow conditions a room tem-  
p e r a t u r e  gas veloci ty  of about  60 cm/see  was chosen. 
The t empera tu re  of the slices was measured  with  an 
optical  py rome te r  focused on the surface of an un-  
coated silicon slice, and the values  were  corrected for  
the emiss ivi ty  of silicon and the absorpt ion  and reflec- 
t ion of the system. Af te r  t e rmina t ion  of the exper imen t  
the  subs t ra tes  were  cooled wi thout  SiH2Cl2 addi t ion 
and inspected at  room tempera ture .  The densi ty  of the  
nuclei  formed was de te rmined  f rom e i ther  SEM or 
TEM photomicrographs .  

Experimental Results 
A series of short  deposit ions was car r ied  out wi th  

different  concentrat ions of SiH2Cl2 in H2, N2, or m ix -  
tures  of H2 and N2 at t empera tu res  be tween  800 ~ and 
1100~ As in the  SiIQ-HC1-H2 system (3), i t  was 
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found tha t  a f te r  an incubat ion  per iod  the dens i ty  of 
s tab le  clusters  ve ry  qu ick ly  reached  a sa tu ra t ion  den-  
s i ty  of nuclei  w i th  respect  to exposure  time. Af te r  this  
per iod  the clusters m e r e l y  increased  in size unt i l  
coalescence occurred.  The exis t ing clusters showed a 
ve ry  na r row  size dis t r ibut ion,  f rom which  i t  m a y  be 
concluded that  the clusters a re  fo rmed  in a ve ry  shor t  
per iod  of time. 

Nucleat ion on an SiO~ s u b s t r a t e . ~ T h e  expe r imen-  
t a l ly  observed  sa tu ra t ion  densit ies  of Si clusters  in the 
SiH2C12-H2-N2 sys tem have been  collected in Table  I. 
In  Fig. 1 the sa tu ra t ion  densit ies  of sil icon clusters on 
SiOs subs t ra tes  at  1000~ are  p lo t ted  for 0.1 v /o  
SiH2C12 for some H2-N2 mixtures ,  the l a t t e r  expressed  
as PHs/(P'H2 n u PN2). The highest  sa tura t ion  dens i ty  
can be observed  for  pu re  ni t rogen,  whi le  the  in t roduc-  
t ion of hydrogen  s t rongly  reduces  the sa tura t ion  den-  
s i ty of Si clusters  on SiO2 substrates .  F igure  2 gives a 
plot  of the sa tu ra t ion  dens i ty  of nuclei  vs. the rec ipro-  
cal t e m p e r a t u r e  in the t empe ra tu r e  region 925~176 
(wi th  the except ion of ni t rogen,  where  resul ts  at  
800~ are  also g iven) .  For  n i t rogen  the format ion  
process is b a r e l y  a funct ion of t empera tu re .  If  hydro -  
gen is added  to the mix tu re  the t e m p e r a t u r e  depend-  
ence of the  fo rmat ion  process increases wi th  increas-  
ing hydrogen  concentrat ions.  F igure  3 shows photo-  
micrographs  of nucleat ions  on SiO2 subst ra tes  at 
1000~C, for  an input  concent ra t ion  of 0.1 v /o  SiH2C12 in 
pure  H2 (a) and pure  N2 (b) .  

I t  is shown below tha t  the expe r imen t a l  da t a  on 
sa tu ra t ion  densi t ies  of nuclei  (Ns) on an  SiOe sub-  
s t ra te  at  II00~ as a funct ion of gas phase composit ion 
can be descr ibed  by  

Ap SiH2C12 (b) 
N~ = [1] 

1 -I- BpH2 V" 

where  PsiH2Cle(b) is the  input  concentra t ion  of SiH2C12 
and A and B are  constants.  For  BPH2 w > 1 a plot  of 
log [Ns/PSiH2Cl2(b)] vs. log (PH2) should show a 
l inear  dependence,  as ind ica ted  in Fig. 4. For  t empera -  
tures  be low 1100~ the tangent  in Fig. 4 differs f rom 
z/z for high hydrogen  pressures.  In  this figure the  points  
at  PH2 around  10 -3 represen t  the sa tura t ion  densit ies  
of nuclei  for the SiH2C12-N2 sys tem (no hydrogen  
added) .  As descr ibed  la ter ,  in  a n i t rogen  med ium 
SiHzCI2 decomposes a lmost  comple te ly  in the gas phase 

to SIC12 and H2. This means  tha t  an input  concent ra -  
t ion of 0.1 v /o  SiH2C12 gives PH2 ~- 10-3 bar .  

Nucleation on an SisN~ substrate: difIerence com- 
pared w i th  an Si02 subs tra te . - -Table  II  gives the ex -  
pe r imen ta l  da ta  for the sa tura t ion  densit ies of s table  
clusters  on SigN4 subs t ra tes  in  the SiH2C12-H2-N2 sys-  
tem. F igure  1 also shows sa tu ra t ion  densit ies  of sil icon 
clusters for  Si3N4 subst ra tes  as a funct ion of PHil (PH2 
"~- PN2) at  1000~ The difference be tween  SiO2 and 
Si3N4 subst ra tes  is r emarkab le .  In t roduct ion  of hyd ro -  
gen to the sys tem reduces the  sa tu ra t ion  dens i ty  of 
nuclei  for  the  SigN4 substrate ,  but  for  the  SlOe sub-  
s t ra te  the var ia t ion  is much stronger.  In  Fig. 5 sa tu-  
ra t ion densit ies of nuclei  on SisN4 subs t ra tes  a re  given 
for 0.1 v /o  SiH2CI~ in hydrogen  and n i t rogen as a func-  
t ion of t empera tu re .  As for the SiO2 sys tem (Fig. 2) 
the exper iments  in hyd rogen  give the lowest  sa tu ra -  
t ion densi ty  of nuclei  and  the s t rongest  t e m p e r a t u r e  
dependence  of the  fo rmat ion  process. I t  appears  tha t  
if the hydrogen  content  is ve ry  low there  is h a r d l y  any  
difference be tween  an SiO2 and an Si3N4 substrate .  
The expe r imen ta l ly  found express ion for the  sa tura t ion  
densi ty  of s table clusters  (Eq. [1]) as a funct ion of 
t empera tu re  and gas phase composit ion could also be 
used for  SigN4 substrates .  In  Fig. 6 log (Ns/PsiH2Cl2) 
vs. log (PH2) is p lo t ted  at  1000~ for Si on Si3N4, giv-  
ing a l inear  dependence  be tween  the two parameters .  
F u r t h e r  i t  can be observed  tha t  the  tangent  in this fig- 
u re  is smal le r  than  z/~, indica t ing  tha t  the assumpt ion 
BpHs */2 > 1 is not  acceptab le  in this case. 

Nucleation oJ Si  on Si02 and Si3N4 substrates: com- 
parison of the SiHzClz-H2 sy s t em  wi th  other silicon- 
containing compounds in hydrogen.- -Figures  7 and 8 
give sa tura t ion  densit ies of silicon clusters for  SiO2 
and Si3N4 substrates ,  respect ively,  as a funct ion of 
t empera tu re  for  Sill4 (3), SiH~CI2, and  SiHC13 (al l  
concentrat ions about  0.1 v /o )  in hydrogen  as a car -  
r ie r  gas. The difference in the sa tura t ion  nucleus den-  
s i ty be tween  SiI-I~ and SiH2C12 as the  s i l icon-conta in-  
ing compounds for both  subs t ra tes  is remarkable .  The 
sa tura t ion  dens i ty  of nuclei  in the  SiH4-H2 sys tem in-  
creases wi th  decreas ing tempera tures ,  whereas  for 
the other  systems the opposi te  occurs. On SiO2 sub-  
s t rates  SiHCI~ behaves  in much the same way  as 
SiH2CI~, whereas  on Si~N~ subs t ra tes  this  is only  t rue  
at  h igh t empera tu res  (Fig. 8). 

Table I. Saturation nucleus density (cm - 2 )  for the SiH2CI2-H2-N2 system on SiO2 substrates 
between 800 ~ and 1100~ t is the exposure time. 

Temperature ( ' C )  

1100 1000 925 900 800 

Partial pressure (bar) 

IDS[ lI2Cl 9 ~)ll 2 PN 2 

t Ns t N, t N, t N, t N, 
(sec) (cm-~) (sec) (cm ~) (sec) (cm -~) (see) (cm-~) (see) (cm -2) 

I x 10 "~ I 
2 x 10 -~ 1 
4 x 10 -~ 1 
1 x 10 -~ 0.76 0.24 
I x I0 -8 0,44 0.56 
1 x 10 ~ 0,18 0.82 
1 x i0 -~ 0,03 0,97 
2 x 10-~ -- 1 
5 x i0  -~ ~ I 
1 x 10 -a -- 1 

10 4 x 10 s, I0 5 • 10' 120 8 • 10" -- -- 
3 9 • 108 5 1.1 • 10 s 15 2.5 • 10' -- -- 

-- 5 1.8 • i0 s 15 5 x 107 -- -- 
- -  5 7 x 1 0 '  - -  - -  
-- 5 4 x 10 s -- ~ -- 

3 1 . 4 x  l0 s 5 6 • 10 s 15 4 x  10 s - -  - -  
3 4 x  i0  D 5 3 x 109 15 2 x 109 -- -- 

-- 10 4 x 109 -- -- -- 
5 1.1 x 101o 5 I.i x 10 ~o 30 1.2 x 10 ~o ~ -- 
3 1.2 x 10 ~o 5 1.5 x 10 ~o - -  15 1.3 x 10 ~o 60 1.7 x 1019 

Table II .  Saturation nucleus density (cm - 9 )  for the SiH2CIg-H2-N2 system on SisN4 substrotes 
between 800 ~ and 1100~C. t is the exposure time. 

P a r t i a l  p r e s s u r e  ( b a r )  

PS/HgCI 2 ~H~ ~N~ 

T e m p e r a t u r e  ( ' C )  

1100 1000 900 800 

t N. t /V. t N. t N. 
( s e c  ) ( c m  -'~ ) ( s e c  ) ( e m  -~ ) ( s e e )  ( c m  -~) ( s e c )  ( c m  -~) 

1 • 10 -~ 1 
1 • 10 -a 0.18 0.82 
1 • 10 -a 0.03 0.97 
5 • 10 -~ - -  1 
1 x 10-s ~ 1 

5 6 x 109 10 4 x 10 g 15 1.4 x 10 g 120 7 x 10 s 
5 4 x  10 ~ - -  
5 7 x 10' - -  - -  

$ 1.1 x 10 lo 5 1.1 x 10 m 
3 1.1 x 101~ 5 1.2 x 101~ 15 1.6 ~-101~ 60 1.7 ~-101~ 
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Fig. 1. The saturation nucleus density for some H2-N2 mixtures 
and 0.1 v/o SiH2CI2 on SiO2 and SigN4 substrates at 1000~ 

It  was observed that  the growth rate of silicon on 
silicon for a mix ture  of 0.1 v/o Sill4 and 0.2 v/o  HC1 is 
almost equal to tha t  of 0.1 v /o  SiH2C12, both systems 
having hydrogen as a carrier gas and a tempera ture  
of 1000~ (4). It  is therefore interest ing to compare 
the saturat ion densities of nuclei  on SiO2 and Si3N4 
substrates in  the SiH2C1B-H2 system with the results 
of nucleat ion experiments  in  the SiH4-HC1-H2. sys- 
tem. In  Fig. 9 saturat ion densities of silicon clusters are 
given for SiO2 and Si3N4 substrates as a funct ion of 
tempera ture  for 0.1 v /o  SiH2C12 and a mix ture  of 0.1 
v/o Sill4 and 0.2 v/o HC1 (4), both systems in a hy-  

I0 s 

10 7 

1100~ 1000~ g00~ 800~ 
i i i 

X=0 
~ O  O - -  O 

" "+~ . .  X=O.03 
+ ~  

~x 
~ .  X = 0.18 

X=l 

SionSiO2 

0.1 vo[.% S i H2CI 2 
. X = pH2 

X PH2 § PN2 

104 
T(K) 

Fig. 2. The saturation nucleus density as a function of tempera- 
ture on Si02 substrates for some H2-N2 mixtures and 0.1 v/o 
SiH2CI2. 

drogen medium. I t  c a n  b e  o b s e r v e d  on  b o t h  s u b s t r a t e s  
that  for the SiH~CI2-H2 mixture  the saturat ion density 
of nuclei  decreases with decreasing temperature,  
whereas for the SiH4-HC1-H2 mixture  the opposite oc- 
curs. 

Discussion 
Adatom concentration and surface coverage.--In 

order to arr ive at an expression describing the adatom 
concentrat ion of silicon on the substrate it would be 
very  helpful  to have thermochemical  data of the 
Si-I-I-N-CI system. With this in  view thermochemical 
data of the Si-H-CI  and Si-N-C1 systems have been 
calculated for CI/H~. = 10 -3 and CI/N2 = 10 -3, respec- 

Fig. 3. Photomicrographs of 
the nucleus density for 0.1 v/o 
SiH2CI2 in pure H2 (a) and pure 
N~ (b). 
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Fig. 5. The saturation nucleus density on Si3N4 substrates for 
0.1 v/o SiH2CI2 in pure H2 (-f-) and pure N2 ( O )  as a function 
of temperature. 

tively, in  the tempera ture  range of 900~176 using 
the procedure reported by Van der Put te  et al. [5] 
(Fig. 10). In  equi l ibr ium with solid silicon the most 
a b u n d a n t  species are H2, HC1, SIC12, SiH2C12, SIC14, 
and SiHCls, in  accordance with mass spectrometric 
analysis results reported by Ban and Gilbert  (6). With 
the aid of thermochemical  data a n u m b e r  of reactions 
that  can take place on or near  the substrate are sum-  

13 
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O3 El 

Z 
D 3  
O 

11+ + 
~ , +  

12 

11 

I I I I 

0 -1 -2 -3 
< log (PH2) 

Fig. 6. Log (Ns/PSiH2Cl2) VS. 10g (PH2) at 1000~ for Si on 

S i o n Si 3 N~ 

T=IO00~ 

SiaN4. 

marized in the Appendix. As discussed in  the Appendix,  
reasonable assumptions could be made for the ini t ia l  
states of nucelation, leading to an expression for the 
silicon adatom concentrat ion [A-15] 

nl  K3psicl2 
- -  = [ 2 ]  
no ks(1 --}- K3PsIc12 -~- KlOPH21/2) 

The dissociation of SiH2C12 to SIC12 and H2 [A-1] fol- 
lowed by a very strong adsorption of SIC12 compared 
to SiH2C12 plays an impor tant  role in  obtaining this 
expression. The decomposition parameter  ~ of reaction 
[A-lJ  can be defined by 

PsiH2Cl2 ---- (1 -- a)PsiH2Cl2 (b) 

PsiCl2 -- aPsiH2Cl2 (b) [3] 

where PSiH2Cl2 (b) is the input  concentrat ion of SiH2C12. 
If the equi l ibr ium part ial  pressure of SIC12 is much 
higher than that  of SiH2C12 i t  can be assumed that  
the decomposition of SiH2C12 into SIC12 and H2 is 
almost complete (~ ----- 1) (Fig. 10). For an H2-N2 mix-  
ture we obtain, by in t roducing the decomposition pa-  
rameter  ~ into Eq. [2] 

n l  AaPsiH2Cl2 (b) 
- -  = [ 4 ]  
no (1 + KsaPSiH2C]2(b) -}- KloPH21/2) 

where A = Ks~ks. Equation [4] for the silicon adatom 
concentrat ion can also be used if no H2 is added delib- 
erately. In  that  case PH2 is given by the equi l ib r ium 
part ial  pressure of H2 (proport ional  to c~PsiH2C12 (b) ) .  

Interpretation oy results.--The SiH2CIz-Hz-N2 sys- 
tem.--I t  was concluded that  expressions given by 
Venables (3, 7) can be used to characterize the satu-  
ra t ion density of stable clusters (Ns) in the present  
case where incomplete condensation of silicon has to 
be assumed. Because of the existence of an incubat ion  
period before the actual nucleat ion starts, it is thought 
probable that an equi l ibr ium concentrat ion of silicon 
adatoms can build up prior to the first nucleation. In  
this period, therefore, a strong incomplete condensation 
regime applies. For this s i tuat ion the re levant  expres-  
sion given by Venables can be rewr i t t en  as 
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Fig. 7. Saturation densities on SiO2 substrates as a function of 
temperature for Sill4, SiH2CI2, and SiHCI3 (all concentrations about 
0.| v/o) in H2 as a carrier gas. 

i+1 

-- ~_ exp [(El -I- Em -- Ed)/2kT] [5] 
no 

where i is the number  of atoms in  the ini t ia l  cluster, 
nl  the monomer  or adatom concentration, and no de- 
notes the number  of surface sites (~10  t4 cm-2) .  Ei is 
the heat of formation of a cluster consisting of i atoms, 
Em is the activation energy for surface diffusion of mo-  
bile clusters, and Ed is the activation energy for sur-  
face diffusion of adatoms. As discussed above nl/nD 
can be given as a first approximation by Eq. [4], lead- 
ing to 

i+1 
Ns { AapSiH2C12 (b) ) 2  
no (1 -}- K3apsis2c]2(b) -}- KloPHe '/2) 

exp [ (Ei 4- Em -- Ed)/2kT] [6] 

where A is a constant, ~ is the decomposition param-  
eter, and PsiH2Cl2(b) is the input  concentrat ion of 
SiH2C12, the other parameters  being as defined before 
(Eq. [5] ). 

Star t ing with the experiments  done on SiO2 sub- 
strates, it  can be observed in  Table I that Ns in the 
SiH2C12-H2 system is almost proport ional  to PSiH2C12 (b).  
It can thus be concluded that in Eq. [6] K3aPSiH2C12(b) 

(1 4- KloPn2X/2), and moreover i = 1 for thc tem- 
perature  range be tween 925 ~ and ll00~ If i = 1 for 

101o 
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Fig. 8. Saturation densities on Si3N4 substrates for Sill4, SiH~CI2, 
and SiHCI3 in H2 as a carrier gas (all concentrations about 0.| v/e) 
as a function of temperature. 

the SiHeC12-H2 system, i t  is acceptable that  in all  
other cases where the saturat ion nucleus density is 
higher one wil l  also have i = 1. If, furthermore,  
K3aPsiH2Cl2(b) ~ (1 -~- K10PH2 y~) for all H2-N2 mix-  
tures, we obtain, from Eq. [6], for a fixed temperature  

Ns AaPSiH2CI2 (b) 
- -  = . . . .  [ 7 ]  

no 1 n u K10PH2 '/2 

The exper imental  data given in  Fig. 4 by plott ing log 
[Ns/PSiH2C12 (b)]  vs. log (PIle) can now be analyzed. At 
l l00~ we observe a tangent  which is almost 112 for 
all H~-N2 mixtures,  from which it may be concluded 
that adsorption of atomic hydrogen plays an impor tant  
role in nucleat ion kinetics on SiO2 substrates (KloPH21/2 
> 1). Equat ion [7] can be used for the SiHaCI2-N2 sys- 
tem by introducing the equi l ibr ium part ial  pressure of 
H2. This is done in Fig. 4, and the results show that  
is close to un i ty  in  accordance with the thermochemi-  
cal data in Fig. 10 [PH2 ~- P sin2c12(b)] . At lower tem- 
peratures the tangent  in Fig. 4 is only 1,2 for the low- 
est hydrogen pressures and the deviat ion from the 
slope ~ is strongest at 925~ Especially at the 
lower temperatures  the assumption KloPH21/2 > [1 + 
K3~PSiH2C12 (b)]  remains  acceptable. For  SiO2 substrates  
an addit ional  decrease in  Ns then has to be found in  
a lower value of ~. 

At lower temperatures  and the highest hydrogen 
pressures, therefore, hydrogen adsorption is no longer 
the only factor that determines the saturat ion density. 
According to Fig. 10, the dissociation of SiH2CI2 into 
SIC12 and H2 becomes more difficult under  these ex-  
per imenta l  conditions, leading to the smaller  value of 
a. If the decrease in saturat ion density is only caused 
by a decrease in  ~ and if a --~ 1 at ll00~ we calculate 
al. effective value of ~ = 10 -2 at 925~ using Fig. 4. 

For the SisN4 substrates Eq. [6] can also describe 
the exper imental  data given in  Fig. 1, 5, and 6. If we 
compare Fig. 2 and 5, where the sa turat ion nucleus 
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Fig. 9. Saturation nucleus densities on Si02 and Si3N4 substrates 
as a function of temperature for 0.1 v/o SiH2CI2 and a mixture of 
0.1 v/o Sill4 and 0.2 v/o HCI. 

dens i ty  is p lo t ted  for  hydrogen  and n i t rogen as a car -  
r i e r  gas, on SiO2 and Si3N4 substrates ,  i t  can be ob-  
served  that  hydrogen  adsorp t ion  on Si3N4 subst ra tes  
could p l ay  a role, but  to a lesser  degree  than  on SiO2 
substrates .  By p lo t t ing  log [Ns/PSiH2Cl2(b)] vs. 10g 
(PH2) (Fig. 6) we observe  tha t  the tangent  in this 
figure is less than  1/2 at  1000~ leading  to the con- 
clusion tha t  the  assumpt ion  KloPH2 '/2 > [1 -5 
K3aPsiH2Cl2(b)] is not  acceptable  in this case, adsorp-  
t ion of SIC12 thus cannot  be neglected.  

I t  m a y  be concluded tha t  the difference in sa tura t ion  
nucleus densi t ies  be tween  SiO2 and Si3N4 subs t ra tes  
in a hydrogen  med ium is caused by  s t rong adsorpt ion  
of a tomic  hydrogen,  especia l ly  on SiO2 substrates .  Ac-  
cording to the J A N A F  tables  (8) the OH bond energy 
is s t ronger  than  the NH bond by  about  20 kca l /mole .  
This difference in bond energy  is sufficient to exp la in  
the expe r imen ta l  data. 

Comparison between diJIerent silicon-containing com- 
pounds in an H2 medium.--Figures 7 and 8 give sa tu ra -  
t ion densit ies of sil icon clusters  for SiO2 and  Si3N4 
substrates ,  respect ively ,  for S i I~ ,  SiHaC12, and  SiHCI3 
(a l l  concentrat ions  about  0.1 v /o )  in hydrogen  as a 
ca r r i e r  gas. If  we s ta r t  wi th  the SiO2 subs t ra te  a re -  
m a r k a b l e  difference be tween  the SiH4-I-I 2 and the 
SiH2C12-H2 sys tem is observed.  As discussed above, 
the  presence of hydrogen  hampers  the dissociat ion of 
SiH2C12, and moreover  adsorpt ion  of atomic hydrogen  
on SiO2 blocks the  adsorpt ion  for sil icon species, as 
a consequence of which the sa tu ra t ion  dens i ty  decreases 
wi th  decreas ing t empera tu re .  In  the SiH4-H2 system, 
hydrogen  adsorpt ion  does not  de te rmine  nucleat ion 
kinet ics  in  the  t e m p e r a t u r e  range  under  discussion. 
At  t empera tu re s  be low 900~ hydrogen  adsorpt ion  also 
becomes impor t an t  for SiI-I4 on SiO2 substrates ,  which  
resul ts  in a decrease  of the  sa tura t ion  dens i ty  wi th  
decreas ing t empera tu res  for the SiH4-H2 sys tem as 
wel l  (3). The SiHCI~-H2 sys tem behaves  l ike the 
SiH2C12 system, bu t  shows a lower  sa tura t ion  nucleus 

Si-H-C[ SYSTEEM Si -H-CI-N SYSTEEM 

3 
u') 
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900 1000 1100 1200 1300 1400 
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Fig. 10. Thermodynamic data for the Si-H-CI and the Si-N-H-CI 
systems as a function of temperature and an input of 0.1 v/o HCI. 

densi ty  than  the fo rmer  system. Nuclea t ion  is more  
difficult than  for  the SiH2C12-H2 system, p robab ly  be-  
cause of a lower  SiCI~ concentra t ion  in the gas phase  
due to a smal le r  decomposi t ion pa ramete r .  Fo r  Si3N4 
subst ra tes  the difference be tween  the SiH2C12-H2 sys-  
tem and the SiI-I4-H2 sys tem is smal le r  than  for  the 
SiO2 subst ra tes  (Fig. 8). This can be unders tood  be -  
cause we have seen tha t  hydrogen  adsorp t ion  p lays  
& less impor t an t  role on Si3N4 subst ra tes  in the  
SiH2C12-H2 system, and in the SiH4-H2 sys tem h y d r o -  
gen adsorp t ion  does not  come into play.  The s t rong 
decrease  of the sa tura t ion  dens i ty  at  t empera tu re s  be -  
low 1000~ in the  SiHC18-H2 sys tem also has to be ex-  
p la ined  by  a decrease of the SIC12 concentra t ion  in the 
gas phase.  

In t roduct ion  of HC1 to the S i I~-H2 sys tem de-  
creases the sa tura t ion  nucleus density,  but  down to 
900~ this densi ty  st i l l  increases wi th  decreasing t em-  
pe ra tu re  (Fig. 9). In  the SiH4-HC1-H2 sys tem e tch-  
ing of Si adatoms b y  HC1 occurs, whereas ,  in the 
SiH2C12-H2 sys tem as discussed in the Append ix  
h a r d l y  any  free HC1 is p resen t  before  the onset  of 
nucleat ion.  The g rea te r  cr i t ical  c luster  size, which 
var ies  f rom 1 to app rox ima te ly  4 for the  SiH4-HC1-H2 
system, could also be exp la ined  in te rms of the  etching 
of Si ada toms by  HC1, giving SIC12 (3). The differences 
in nucleat ion on SiO2 and Si3N4 subs t ra tes  in the SiH4- 
HC1-H2 and SiH2C12 systems are  u l t ima t e ly  t raced  
back  to the difference in the s t eady-s t a t e  concent ra -  
t ion of sil icon adatoms on the subs t ra tes  p r io r  to the 
ac tual  nucleat ion.  

Conclus ions 
In an a t t empt  to under s t and  and be able  to moni -  

tor the crys ta l l i te  size of po lycrys ta l l ine  silicon layers  
we have s tudied the nuclea t ion  of silicon on var ious  
subs t ra tes  for different  s i l icon-conta ining compounds 
as a funct ion of gas phase composi t ion and t e m p e r a -  



1842 J. EIectrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY August  I980 

ture. Exper iments  wi th  nucleat ion of silicon on SiO2 
and SigN4 substrates were reported for the SiH2C12- 
H2-N2 system in the tempera ture  range of 800~176 
The differences and conformities between the SiH4-H2- 
HC1, SiHCI~-H2, and the SiH2C12-H2 systems were 
also discussed. As far  as the SiH2C12-H2-N2 system is 
concerned it is observed that  the saturat ion nucleus 
densities on SiO2 and SisN4 substrates are almost the 
same for n i t rogen as a carrier gas, and these densi-  
ties are barely  a funct ion of temperature.  Introduct ion 
of hydrogen strongly reduces the sa turat ion nucleus 
density and this decrease is much stronger for SiO2 
than for Si3N4 substrates, resul t ing in a decrease of the 
sa turat ion nucleus density with decreasing tempera-  
tures. Fur the r  the tempera ture  dependence of the for- 
mat ion  process increases with increasing hydrogen pres-  
sures. The exper imental  data can be explained from an 
analysis of the silicon adatom concentrat ion on the sur-  
face as a function of gas phase composition and tem- 
perature.  Application of an expression for the sa tura-  
t ion nucleus density as obtained by  Venables gives 
an indication of the size of the critical cluster, which 
seems to be 1 for all SiH2C12 mixtures  under  discus- 
sion. The differences between the SiH4-H2-HC1, the 
SiH4-H2, the SiHC13-H2, and the SiH2C12-H2 systems 
are remarkable.  For SiHC18 and SiH2CI~ the saturat ion 
density of silicon clusters decreases with decreasing 
temperature,  whereas for the SiH4-HC1-H2 and SiH4-H2 
systems the opposite occurs. Format ion  of SiC~ by dis- 
sociation of SiH~CI~ or SiHCI~ becomes more difficult 
at decreasing temperatures,  leading to a smaller  
s teady-state  concentrat ion of silicon adatoms at lower 
temperatures.  
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APPENDIX 

Reaction Scheme for the SiH2CI2-H~-N~ System 
According to the thermochemical  data in Fig. 10 

the main  processes which take place on or near  the 
surface can be summarized as follows: 

Supply of SiH2C12 by means of gas phase diffusion 

SiH2C12 (b)/ca SiH2C12 (g) [A-0] 

SiH2C12(b) is the input  concentrat ion of SiH2C12 and 
SiH2C12(g) the concentrat ion of SiH2Ct2 near  the sur-  
face. 

Dissociation of SiH2C12 in  the gas phase 

ks 
SiH2C12(g) ~ SiC12(g) -5 H2(g) [A-1] 

k - s  

Adsorption of SiH2C12 and SiCl~. on a free surface 
site (denoted by an asterisk) and dissociation of 
SiH2C12* 

ks 
* -5 SiH2C12 (g) ~ SiH2C12* [A-2] 

k -  2 

ks 
* -b SiC12(g) ~ SiC12" [A-3] 

k -  3 

k4 
SiH2C12* ~ SIC12* -5 Ha (g) [A-4] 

k -  4 

Format ion  of Si adatoms on the surface 

k5 
SiH~C12* ~ Si* + 2HC1 (g) [A-5] 

k-5  

k6 
SIC12* + H2(g) ~ S i *  + 2HCI(g) [A-6] 

k-6  

Format ion  of stable silicon clusters by diffusion of 
Si adatoms on the surface 

k~ 
Si* -> Si(s)  [A-7] 

Reaction of Si adatoms with hydrogen 

ks 
Si* + H2 ~ Sill2* [A-8] 

k-s 

Adsorption of hydrogen and chlorine 

k9 
* -5 HCl(g) ~- Cl* -5 ~/~ H2(g) [A-9] 

k-9 

k10 
H~(g) -5 * ~- H* [A-10] 

k-s0 

Format ion of chlorosilanes other than SiCl2, such as 
SilqCls and SIC14, can be left out of consideration, at 
least in  the ini t ia l  stage of nucleation, where pract i -  
cally no HC1 is present. The notat ion (g) wil l  only be 
used when comparison with bulk values of the vapor 
pressure is made. 

The total number  of reactions can be decreased by 
judging the various parameters  in  view of exper imen-  
tal  results and thermochemical  data. The following 
assumptions can be made: 

Because hardly  any  HC1 is present  in  the ini t ia l  
stage of nucleation, the back reaction k-5  and k -8  can 
be neglected and also [CI*] can be treated as small. 

Nucleation and growth experiments  in  the SiH~- 
HC1-H2 system lead to the conclusion that  silicon 
adatoms [Si*] are needed to arr ive at nucleat ion (3). 

Gas phase dissociation of SiH2Cl2 to SIC12 and H2 
occurs at temperatures  above 800~ This is according 
to Smith and Sedwick (9) who performed in situ 
measurements  using inelastic l ight scattering and ob- 
tained spectra of SIC12 in  an rf heated reactor in the 
SiH2C12-H2 system. 

The nucleat ion starts via the adsorption of SIC12 or 
via adsorption of SiHaC12. 

In  order to discriminate between adsorption of 
SiH2C12 and SIC12 we have to notice that  SiH2C12 is a 
ful ly coordinated molecule with four atoms bonded 
in a te t rahedral  configuration. If SiH2C12 adsorbs with-  
out dissociation, then a peripheral  hydrogen or chlorine 
atom has to come into contact with the surface. In  the 
nonl inear  SIC12 molecule the silicon atom is not steri-  
cally blocked from the surface of the substrate, and 
the presence of the unbonded  electrons on the silicon 
greatly enhances its adsorption by interact ion with the 
dangling bonds on the surface (10). I t  can therefore 
be concluded that  the adsorption energy of SiH2C12 
is much smaller  than that  of SIC12. This means that 
[A-2], [A-4], and [A-5] can be left out of considera- 
tion. With the above approximations the steady-state  
concentrations of [Si*] and [SiCI2*] will  be given by 

k6[SiC12*]PH2 -5 k-s[SiH2*] 
nl---- [Si*] = [A-Ill 

k7 + kSPH~ 

k3PsiCl2 [ * ] 
[SIC12*] = [A-12] 

k - z  -5 k6PH~ 

As for the SiH~-HC1-H2 system (3) the nucleus density 
very quickly reaches a saturat ion density, with respect 
to exposure time, after an incubat ion period. On the 
basis of these experiments  it  was assumed that  the t ime 
needed to a t ta in  the populat ion of adatoms is small, 
giving a constant value of ns before nucleat ion occurs. 
This means that  k~ can be omitted unt i l  nucleat ion 
takes place. The second term in the nominator ,  the 
indirect  formation of Si*, can be assumed to be small  
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compared to the first te rm and can be neglected. The 
silicon adatom concentrat ion will  be much smaller  
than  the concentrat ion of adsorbed SIC12 molecules, 
therefore, it can be assumed that k-3  > k6PH~. With 
these approximations one obtains. 

k6K~psic~[*] 
h i =  [A-13] 

ks 

For the concentrat ion of free s u r f a c e  s i t e s  w e  c a n  
write  

[*] = n o  -- [Si*] -- [SIC12*] -- [H*] -- [SiH2*] 

where no is the total n u m b e r  of sites per  uni t  a r e a .  
With [H*] = KloPH2'/2[*]; K10 = klo/k-lo, [SIC12*] 
= K3Psic12[*]; K3 = k3/k-~ and [Si*], [SiH2*] < <  
[SiC12*], this leads to 

no 
[*] = [A-14] 

(1 + K3Psicl2 + KIoPH21/2) 

The silicon adatom concentrat ion can now be given by 

nl K3k6Psici2 
= [ A - 1 5 ]  

no ks(1 + K3Psic,2 + KloPHa 1/2) 
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Growth of Epitaxial ZnO Thin Films by 
Organometallic Chemical Vapor Deposition 

Chi Kwan Lau,* Shiban K. Tiku,* and K. M. Lakin 
University of Southern California, Los Angeles, California 90007 

ABSTRACT 

Organometal l ic  chemical vapor deposition of ZnO on sapphire, using the 
react ion of diethylzinc with H20/H2, N20/N2, and CO2/H2 oxidizing g a s  
systems, has been studied. Epitaxial  films have been achieved at tempera-  
tures of 400 ~ and 730~ respectively, in the first two systems. The films have 
been  characterized using scanning electron microscopy (SEM), reflection 
electron diffraction (RED), and surface acoustic wave techniques. 

ZnO is one of the most versati le and useful  thin film 
materials  for acoustoelectric, acousto-optic, electro- 
optic, and photoconductive device applications (1). The 
heteroepitaxial  system, (1120) ZnO//(0112)  A1203 with 
the c-axis of ZnO in the plane of the R-p lane  sapphire, 
is highly desirable for surface acoustic wave (SAW) 
device applications because of the high electrome- 
chanical coupling coefficient of ZnO and low acoustic 
wave ProPagation loss of sapphire. Fur thermore,  R- 
plane sapphire is the or ientat ion used in si l icon-on- 
sapphire (SOS) technology and for the growth of 
m a n y  I I I -V and I I -VI  compounds, implying the po- 
tent ial  for integrat ing ZnO and semiconductor devices 
on a single substrate. Finally,  substrates with good 
epitaxial  qual i ty  surfaces are available commercially.  

Growth methods.--RF sput ter ing is the most popu- 
lar technique for ZnO thin film fabricat ion and re-  
cently p lanar  magne t ron  sput ter ing has been success- 
ful in producing 5-10 micron thick films on glass sub-  
strates in  an hours growth time (2, 3). These sputtered 
films have a tendency of growing with c-axis perpen-  
dicular  to the substrate surface and only at very low 
growth rates (100 A / m i n )  and high substrate tem- 
peratures  (~450~ have (112"0) ZnO films on R- 
plane sapphire been  achieved by sput ter ing (4). 
Growth of ZnO from the vapor phase has also been 
widely investigated. Most of the methods reported to 
date are essentially based on ZnO t ranspor t  using the 
t ranspor t  agents H2/HC1 (5) and H2/H20 (6) or con- 

* Electrochemical Society Active Member. 
Key words: organometallic, CVD of ZnO, ZnO for SAW devices, 

ZnO thin films. 

trolled oxidation of zinc vapor. Growth rates of about  
1.2 ~m/min  have been achieved at substrate tempera-  
tures around 775~ However, because of the nuclea-  
t ion problems associated with the use of zinc vapor, 
film growth is nonuni fo rm and nonreproducible.  This 
problem can be solved by the in t roduct ion of a pre-  
sputtered layer  of ZnO on the substrate. Using this 
technique with the ZnO/H20/O2/H2 t ranspor t  system, 
Ohnishi et al. (7) have grown films with excellent  
uni formi ty  and surface finish. Growth rates of 1 ~m/ 
min  were achieved at a ra ther  high substrate  tempera-  
ture  of 975~ However, extensive corrosion of the 
quar tzware takes place in all  these t ransport  systems. 
The corrosion problem has been mit igated by employ- 
ing the reaction of zinc vapor and H20 (8). 

ZnO films grown by any  of the vapor phase tech- 
niques show low resistivity, making postgrowth com- 
pensat ion necessary. Diffusion of l i th ium (and polish- 
ing to remove the damage due to etching by the l i th-  
ium source) must  be done before the films can be used 
for piezoelectric applications. Since the resist ivity of 
ZnO films has been seen to increase in  the presence of 
CO2 (1), the Zn(v ) /CO2 react ion was recent ly invest i -  
gated for the growth of ZnO films on sapphire (9). 
Here an as-grown resist ivity of 106 12-cm resulted, bu t  
degraded on fur ther  process handl ing  and exposure to 
the atmosphere. 

Organometallic growth.--In recent  years, the organo-  
metallic process for semiconductor thin fihn growth 
has received increasing attention,  because of certain 
distinct advantages largely associated with the ease of 
handl ing the metal  sources (10). Growth of compound 
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semiconductor films using organometal l ic  reactions has 
been reviewed by Manasevit  (11) and the heteroepi- 
taxial  growth has been successful for a number  of 
I I I -V semiconductor materials  on various oxide sub-  
strates (10). The successful growth of I I -VI  compounds 
based on zinc has been reported by  Manasevit  and 
Simpson (12). The only organometal l ic  growth method 
reported for the deposition of ZnO is by the decompo- 
sition of zinc propionate and zinc acetyl-acetonate 
(13). Oriented films were obtained at extremely low 
growth rates (27 A /min )  on mica substrates. 

In  this paper, we report  the results on the growth 
of ZnO thin  films in R-plane  sapphire, using the oxi- 
dation of diethylzinc, (C2Hs)2Zn (DEZ), by the three  
oxidizing gas mixtures,  H20/H2, COJH2, and NOJN2 
(14). Hydrogen, which plays a dominant  role in the 
growth process, was used as the carrier  for the H20 
and CO2 reaction systems and N~ was used for the 
DEZ/N20 system. 

Experiment 
Growth system.--Both horizontal and vertical  quartz 

tube reactors were used in the present  s tudy as shown 
schematically in  Fig. 1. The vertical  gas flow system 
with substrate rotation proved to be advantageous in  
the DEZ/N20 growth system, as more uni form films 
could be grown. In  the case of the DEZ/H20 reaction 
system, solid ZnO particles were formed on the inside 
walls of the inject ion tube. In  the vertical  geometry, 
these particles can be blown by  the carrier gas onto 
the substrate, causing spurious growth problems. The 
horizontal  growth system gave bet ter  qual i ty films 
due to the absence of this problem. In both geometries 
the gas flow was at near  normal  incidence to the sub-  
strate surface. The tempera ture  was monitored by a 
thermocouple with its tip placed inside a small  hole 
in the susceptor. The inject ion tube- to-subs t ra te  dis- 
tance was adjustable.  The exhaust  was connected to a 
scrubber  through a rotary  vacuum pump main ta in ing  
a pressure of about 400 Torr  inside the react ion cham- 
ber. 

The entire gas flow system for both the horizontal 
and the vertical  reactors was assembled using s ta in-  
less steel tubing, stainless steel bubblers  for DEZ and 
deionized H20, and with provisions made for purging 
the system with nitrogen. The quartz reaction cham- 
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Fig. |. Schematic diagram of the growth system used for ZnO, 
OM-CVD growth, (a, top) vertical geometry, (b, bottom) horizontal 
geometry. 

ber is 40 m m  ID, 40 cm long tube. The susceptors used 
were 30 mm diam graphite disks capable of holding 
20 mm square substrates. 

Nitrogen gas was obtained directly from liquid ni -  
trogen boil-off, and H2, N20, and CO2 were of four-  
n ine  purity.  Electronic grade DEZ was chined with 
melt ing ice to get bet ter  control over its flow rate. 
(The vapor pressure of DEZ at 20~ is 15 Torr.) 

Substrate preparation.--R-plane sapphire (3.3 cm 
diam and 1.23 m m  thick) of epitaxial  surface qual i ty  
was purchased from Union Carbide. A s tandard  pol- 
ishing and cleaning procedure consisted of Syton 
(Monsanto) polishing for 10 min  followed by cleaning 
with tr ichloroethylene,  acetone, and methanol.  Deion- 
ized water  was used for the final wash before the dry 
ni t rogen blow-off. 

Experimental procedure.--To start  a growth run, the 
reactor was evacuated and the carrier gas was admit-  
ted. The preparatory sequence continued by heating 
the substrate to the deposition temperature,  followed 
by introduct ion of the oxidizing gas. After  about  5 
rain, growth was ini t ia ted by in t roduct ion of DEZ and 
continued for a specified time. After the growth run, 
the substrate was cooled slowly. 

As-grown films were examined visual ly under  an 
optical microscope and a small  port ion of the film 
was etched away with dilute HC1 and the remaining  
film thickness measured across the etched step using 
a s tylus- type profile meter  (Dektak) .  Fur ther  physical 
characterization was carried out using SEM and RED. 

Electrical characterization consisted of a four-  
point probe resist ivity measurement  followed by ca- 
pacitance and electromechanical  coupling coefficient 
measurements  using a surface acoustic wave interdigi-  
tal electrode transducer.  

Results and Discussion 
Reactions.--DEZ is an electron deficient compound 

with two vacant  orbitals. The presence of these vacant  
orbitals available for bonding explains its high chemi- 
cal reactivity. Thus, DEZ forms complexes easily with 
compounds containing free electron pairs. DEZ forms 
complexes at temperatures  near  ambient  or higher 
with H20, CO2, and N20 (15). The reactions of in ter -  
est in the present  study are: 

1. DEZ/H20/H2 system (15) 

At room temperature,  in  the gas s t ream 

(C2Hs)2Zn + 2H20 ---- Zn(OH)2 + 2C2Hs 

At  the surface at  high tempera ture  (400~ 

Zn(OH)~ -- ZnO + H20 

ZnO -}- H2 ~- Zn (V) + H20 

2. DEZ/CO2/H2 system (16) 

At 1500C, in the gas stream 

(C2H~) 2Zn + 2CO~-~ (C2H5COO) 2Zn 

At high temperature, on the substrate (500~ 

(C2HsCOO)2Zn-, ZnO -}- gaseous product 

ZnO + H~ ~ Zn (V) + H~O 

3. DEZ/N20/N2 system (15) 

low temp. 
(C2H~)2Zn + N20 > "complex" 

~700~ 
"complex" ~ ZnO + gaseous products 

Growth kinetics.--Because of the formation of 
organo-zinc complexes [or Zn(OH)~ in the DEZ/H~O 
system] at low temperature,  it is necessary to keep 
the reactants separate unt i l  they are a short distance 
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Table I. Growth parameters and properties of ZnO films grown 
by OM-CVD 

Optimum gas flow 
Optimum rates, l/rain 

growth Growth 
temper- rate, Oxidizing 

Process ature, ~ A/rain H~ N2 DEZ gas 

DEZ/H20/H= 400 300-850 2.7 -- 0.015 H.~O = 0.02 
DEZ/CO2/H2 500 300-500 2.5 --  0.015 CO2 = 0.05 
DEZ/N~O/N2 730 80-120 --  2.5 0.021 N20 = 0.05 

Reactor pressure:  400 Tort.  

away f rom the substrate.  Homogeneity of mixing  and  
del ivery of the reactants  un i formly  to the substrate is 
difficult to achieve. The reactor mus t  be geometrical ly 
optimized to achieve growth uni formi ty  and low pres- 
sure must  be used in order to accelerate complex dis- 
sociation and removal  of reaction products from the 
growth surface. 

Table I shows the growth parameters  for the three 
reaction systems. The rate of growth as a funct ion of 
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Fig. 2. Growth rate as a function of temperature, with other 

parameters constant at the optimum values given in Table I. 
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tempera ture  (with nil  other parameters  being con- 
stant  and equal to the op t imum values given in  Table 
I) is shown in  Fig. 2. The opt imum temperatures  for 
the three systems are 400~ for the H20/H2, 500~ 
for the CO2/H2, and 730~ for the N20/N2 process. 
The shapes of the curves indicate that  the growth is 
kinet ical ly controlled at low tempera ture  because of 
the activation energy needed to dissociate Zn(OH)2 or 
the complexes. At  high temperatures,  the growth rate 
drops due to thermodynamic  factors, including the 
instabi l i ty  of ZnO in the presence of hydrogen. In  addi-  
tion, the growth rate was observed to decrease as the 
DEZ/oxidizing gas ratio was increased and at very  
high DEZ concentrat ion growth stopped in  all  the 
three reaction systems. This indicated poisoning of 
the growth surface by excess complex molecules. 
Thus, the desorption of large organic species may be 
the ra te- l imi t ing  step under  such conditions. Figure 3 
shows the dependence of the growth rate on the oxi- 
dizing gas flow rate with constant  flow rates of other  
gases (equal to the opt imum values of Table  I) .  
Maxima are observed in  each case. Thus adsorption of 
H20, CO2, and N20 by the ZnO surface may also lead 
to a drop in the growth rate. 

Growth morphology.mFilms obtained with the 
DEZ/H20/H2 process were pale white t rans lucent  with 
a rough surface. The SEM micrograph for a typical  
film, shown in  Fig. 4, does- not reveal  any obvious 
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Fig. 4. SEM/RED for a 2 ~m thick ZnO film grown at 400~ by 
the DEZ/H20/H2 growth process. 
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Fig. 5. SEM/RED for a 2 ~m thick ZnO film grown at 500~ by 
the DEZ/CO~/H2 growth system. 

a l ignment  of crysta l l i tes ,  a l though  the RED confirms 
an or iented  film. F i lms  g rown by the DEZ/CO2/H2 
sys tem were  po lycrys ta l l ine  (Fig. 5). F i lms  grown 
by the N20/N2 process were  t r anspa ren t  wi th  ve ry  
smooth surfaces and the SEM/RED data, Fig. 6, show 
that  the crys ta l l i tes  a re  a l igned along the  c-axis  of 
ZnO crysta l l i tes  in the R-p lane  sapphire .  ZnO has a 
m a r k e d  tendency of growing fast  along the c-axis  and  
i t  appears  tha t  in the presence of H2 any  needles  tha t  
are  not  in the  g rowth  p lane  become unstable.  In  the 
DEZ/N~O/N~ system, because of the absence of hy -  
drogen, spurious g rowth  can become impor tant .  Thus, 
if the a r r iva l  ra te  of the complex  is increased  by  r e -  
ducing the d is tance  be tween  the in jec t ion  tube and 
the substrate ,  g rowth  ra te  increases  and  spur ious  
growth,  wi th  hexagona l  needles  growing  out  of the  
plane,  resul ts  as shown in Fig. 7. Thus, the g rowth  
ra tes  must  r ema in  low in order  to r e ta in  epi taxy.  

Electrical characterization.--Resistivity of the  films 
was measured  by  the four?point  probe method.  The 
resul ts  a re  l is ted in Table  If. F i lms  grown by  using 
CO2 have  a high res is t iv i ty  of 106 ~ - c m  and those 
g rown by  H~O and N20 react ions exhib i t  low res is t iv-  
ity. For  SAW applications,  a res is t iv i ty  of g rea te r  than  
106 ~ - c m  is necessary.  L i th ium diffusion for  increas-  
ing the res is t iv i ty  was car r ied  out  for  some films, by  
coating the film wi th  Li2CO3 solut ion and hea t ing  them 
in a i r  at  700~ for  12 hr. The film had to be pol ished 
af ter  the diffusion to remove the surface damage due to 
the  e tching of Li~CO3. 

Fig. 6. SEM/RED for a 1.5 ~m thick ZnO film grown at 730~ 
by the DEZ/N20/N2 growth system. 

A l u m i n u m  in te rd ig i t a l  t ransducers  (IDT) of 15 #m 
wave leng th  were  fabr ica ted  on the film surface using 
the " l i f t -of f '  technique (17). The impedance  of the  
IDT was then measured  as a funct ion of f requency  
using an HP8410 ne twork  analyzer .  The S A W  elec t ro-  
mechanica l  coupling coefficient (K2) for  the c-axis  
p ropaga t ing  ZnO/A1203 s t ruc ture  was then  ca lcula ted  
using the express ion (18) 

Fig. 7. SEM picture of film grown by the N20/N2 process under 
high flux conditions, showing spurious growth. 
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Table 11. Properties of ZnO films grown by OM-CVD 

Electrical  
resistivity, SAW propert ies  

~-cm 
Film Reso- Cou- 

After thick- nant pling 
As- Li dif- hess,* freq_, coef.  

Process  g r o w n  fus ion ~m MI~z t /k  K 2 

DEZ/HeO/H~ 1-10 ~106 1.0 351.17 0.067 0.22% 
DEZ/N20/N~ 10~ ~I0 ~ 1.2 343.43 0.08 0.61% 

~ After polishing, the film th ickness  w a s  uni form within  • 
#m over an area of 1 • 2 cm. 

KS : ~21oRaCs/2 

where  fo --  resonant  f requency,  R~ : r ad ia t ion  res is t -  
ance, and  Cs : capac i tance / f inger  pair .  

The coupling coefficient and o ther  r e l evan t  p a r a m -  
eters  a re  t abu la t ed  in Table  IL The films grown by  the 
H20 and N20 reac t ion  systems were  found to be piezo-  
electr ic  as expec ted  f rom the RED data.  The films 
grown by the CO2 process were  found to be of poor  
quali ty,  and severa l  a t tempts  to measure  the SAW 
proper t i e s  were  unsuccessful.  For  the  DEZ/N20/N2 
process, a K 2 value of 0.61% at a thickness  to wave -  
length  rat io  ( t /h)  of 0.08 was de te rmined  which  is 
be t t e r  than  the va lue  obta ined  by  Pizzarel lo  using the 
ZnO/HC1/H2 c losed-space  t r anspor t  process (19), and  
is comparab le  to the theore t ica l  va lue  ob ta ined  by  
Lak in  and Penunur i  (20). The  coupling coefficient for 
films g rown by  the  DEZ/H20/H2 process is lower  
(0.22% at t/h : 0.067), but  reasonat)le for a low growth  

t e m p e r a t u r e  of 400~ 

Conclusion 
The organometa l l i c  react ion systems using the  reac-  

t ion of DEZ wi th  H20/H2, CO2/H2, and  N20/N2 were  
inves t iga ted  and these show promise  as low t e m p e r a -  
tu re  growth  techniques for ep i tax ia l  ZnO thin films. 
The films were  eva lua ted  by  SEM, RED, and by  surface 
acoustic wave  measurements .  The films grown by the 
H20 and N20 react ions  at  t empera tu re s  of 400 ~ and 
730~ showed e lec t romechanica l  coupl ing coefficients 
of 0.22% at  a thickness to wave leng th  (t/h) rat io  of 
0.067 and 0.61% at t/h = 0.08, respect ively.  

Methods to increase  the g rowth  ra te  and the res is t iv-  
i ty  a re  under  invest igat ion.  
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Silicon Oxidation in Fluoride Solutions 

Kenneth M. Sancier and Vijay Kapur *'1 
SRI International, Menlo Park, California 94025 

ABSTRACT 

Silicon is produced in  a NaF, Na2SiF6, and Na matr ix  when  SiF4 is reduced 
by metall ic sodium. Hydrogen is evolved dur ing  acid leaching to separate 
the silicon from the accompanying reaction products, NaF and Na2SiF6. The 
hydrogen evolution reaction was studied under  conditions s imulat ing leach- 
ing conditions by making  suspensions of the dry silicon powder in aqueous 
fluoride solutions. The mechanism for the hydrogen evolution is discussed in  
terms of spontaneous oxidation of silicon resul t ing from the cooperative 
effects of (i) e lemental  sodium in the silicon that  reacts with water  to re-  
move a protective silica layer, leaving clean reactive silicon, and (it) fluoride 
in  solution that complexes with the oxidized silicon in  solution and retards 
formation of a protective hydrous oxide gel. 

A process for producing silicon has been developed 
at SRI In terna t ional  and is based on the reaction be-  
tween sodium and silicon tetrafluoride 

4Na -p SiF4---> 4NaF ~ Si [1] 

The reaction is ini t ia ted at temperatures  above 500~ 
and is highly exothermic. Reaction temperatures  lower 
than 900~ favor formation of some sodium fluosilicate 
according to the reaction 

2NaF -~ SiF4 --> Na2SiF6 [2] 

The reaction product  from the SiF~-Na reaction is a 
solid mixture  of St, NaF, Na2SiF6, and, occasionally, 
unreacted sodium. 

The silicon can be recovered from the reaction prod- 
uct mix ture  by aqueous leaching of the soluble NaF, 
Na2SiF6, and unreacted Na. Acidic solutions are used 
for leaching to neutral ize unreacted sodium and to 
avoid the spontaneous oxidation of silicon that occurs 
rapidly in  alkal ine solutions 

Si § 2H20 ---> SiO2 -~ 2H2 [3] 

Si W H20 ~ 2 O H -  --> SiO3 = ~- 2H2 [4] 

However, even when a strong acid solution is used for 
leaching, hydrogen evolution may continue for sev- 
eral days. In  this paper we discuss the conditions under  
which hydrogen evolution occurs when silicon powder 
that is recovered by leaching is added to fluoride solu- 
tions to simulate addit ional leaching. 

Experimental Details 
Three types of silicon powder were used to study 

hydrogen evolution. Most of the experiments  were per-  
formed with silicon that had been recovered by rapid 
leaching of the soluble fluoride salts from the SiF4-Na 
reaction products and then dried. Typically, a 100g 
batch of the reaction products of the SiF4-Na reaction 
was suspended in  4 liters of 1.2N HeSQ, agitated for 
30 min, and then centrifuged. Eight successive leach- 
centrifuge steps requir ing a total of about 4 hr were 
sufficient to decrease the fluoride ion concentrat ion in 
the wash solution to less than 10-4N. The silicon was 
then washed with deionized water, dried at 380~ for 
1 hr, and stored in a capped polyethylene bottle; in the 
following discussion this mater ial  is referred to as 
SRI silicon. The average particle diameter was 0.1 ~m, 
as indicated by a measurement  of surface area by the 
BET method. Some of the above reaction products 
were stored in a plastic bottle, and 122 days later  the 
silicon was recovered by leaching. 

* E l e c t r o c h e m i c a l  Soc ie ty  Act ive  M e m b e r .  
1 Pre~en~ a ~ u r e s s :  A k C o  ~oiar ,  Cha~sworth ,  Ca l i forn ia  91311. 
Key  wo~'ds: s m c o n ,  s i l icon ox laatmn,  f luoride,  sodium,  

Silicon produced by Union Carbide Company by 
pyrolysis of Sill4 (with a particle diameter  of 0.1 ~m) 
and silicon obtained from Alfa Products (99.5% pure  
with a particle diameter  of less than 44 ~,m) were 
also used. 

To study hydrogen evolution, we added silicon pow- 
der to solutions that w e r e  similar to those used dur ing 
leaching of the reaction products. Typically, 1.0g of 
silicon powder was added to 100 ml of solution con- 
ta in ing H2804, NaF, or Na2SiF6 (Baker, reagent  
grade).  The suspension was contained in a 125 ml  
plastic bottle that  was capped and connected by tub ing  
to an inver ted graduated cylinder so that  hydrogen gas 
could be collected by water  displacement. The room 
temperature  solubil i ty of hydrogen in the water  was 
neglected. The fluoride ion concentrat ion of the sus- 
pension was measured with a fluoride ion-specific 
electrode (Orion).  

The gas evolved from the SRI silicon-fluoride sus- 
pension was ident i fed  to be hydrogen by mass spec- 
trometry. The SRI silicon was also examined by mass 
spectrometry at temperatures  of up to 1070~ to deter-  
mine if e lemental  sodium was present  in the silicon. 

Results 
The SRI silicon powder used in the main  part  of the 

study was recovered by rapidly leaching reaction prod- 
ucts which had been stored in ~iir for approximately  30 
days after the SiF4-Na reaction was performed. Be- 
cause gas evolution occurs dur ing leaching, the leach- 
ing process was carried out as rapidly as possible to 
minimize loss of silicon by oxidation (e.g., within  4 
hr).  Gas evolution studies were first made after the 
SRI silicon had been stored in a capped bottle for 7 
days. The rate of hydrogen evolution increased with 
increasing the concentration of NaF in the suspension 
containing SRI silicon and 1.2N 1-12SO4, as shown in 
Fig. I. The hydrogen evolution behavior of a suspen- 
sion containing 0.060M NaF and 1.2N H2SO4 was re- 
markably similar to that containing water saturated 
with Na2SiF6 for which the fluoride ion concentration 
is comparable. In all cases, the rate of hydrogen evolu- 
tion decreased with time. The percentage of silicon 
oxidized, as calculated from the amount of hydrogen 
evolved (reaction [3]), is indicated on the right-hand 
ordinate of Fig. I. 

Table I gives, as a function of solution composition, 
the initial rate of hydrogen evolution indicating that 
fluoride ions are required in the mechanism of hydro- 
gen evolution. 
The hydrogen evolution characteristics of the SRI 

silicon stored 7 days in air were essentially independent 
of pH in the range of --0.08 to 9.7 for solutions con- 
taining 0.60N NaF, as shown in Fig. 2. However, when 
this silicon was introduced into IN NaOH, the rate of 
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Fig. I. Hydrogen evolved by SRI silicon in NoF solutions contain- 
ing 1.2N H2SO4 and in water saturated with Na~SiF6. Si stored in 
air 7 days after recovery by leaching, then 1.0g Si added to 100 ml 
solutions containing a fluoride salt. 

hydrogen evolution was 100 times greater  than the 
highest rate observed in acid fluoride solutions. 

The evolution rate of hydrogen from SRI silicon in an 
acid fluoride solution decreased with the storage t ime 
of the silicon powder in air  (in capped plastic bottle) 
following leaching. This result  is i l lustrated in Fig. 3 
for a given sample of silicon powder that  was stored 
for 7, 94, and 154 days before the hydrogen evolution 
measurement  in  a solution containing 0.60N NaF and 
1.2N H2SO4. To determine whether  a protective silicon 
oxide layer was inhibi t ing  the hydrogen evolution, the 
154-day-old sample (Fig. 3) was treated with 50% I-IF 
for 1 hr to remove surface silica. The hydrogen evolu- 
t ion behavior  was again measured in a solution con- 
ta in ing  0.60N NaF and 1.2N H2SO4 and was comparable 
to that  original ly observed for the 154-day-old sample 
before the HF treatment .  This result  shows that  the 
decreased hydrogen evolution rate of aged silicon was 
not the result  of a thick protective silicon oxide layer. 

A sample of SRI silicon was also recovered by 
leaching the products of the SiF4-Na reaction which 
had been stored for 122 days. The hydrogen evolution 
rate of this silicon powder was about the same as that 
of the 94-day-old silicon (Fig. 3). This result  suggest~ 
that  in  silicon that is stored over a given period of 
time, s imilar  chemical changes occur, ei ther in  the 
reaction products or in  the dried silicon powder that  is 
recovered by leaching. 

Table I. Initial rate of hydrogen evolution from aqueous suspensions 
of SRI silicon 1 

F l u o r i d e  s a l t  I n i t i a l  
H~SO4 r a t e  o f  

Concert -  concert -  F l u o r i d e  i on  H~ evo-  
t r a t i o n  t r a t i o n  c o n c e n t r a -  l u t i o n  3 

S a l t  (M)  (N)  t i o n  2 (M)  ( c m ~ / m i n )  

N a F  0.60 1.2 2.00 x 10-~ 0.50 
0.060 1.2 1.02 x, 10-* 0.014 
0.0060 1.2 1.05 x 10 -~ 0.0060 
0.000 1.2 m 0.000 

Na~SiFe S a t u r a t e d  0 8.00 x 10 -5 0.0015 

1 1.00g S RI  s i l i c o n  p o w d e r  i n  100 m l  s o l u t i o n .  
2 M e a s u r e d  w i t h  a s p e c i f i c  i o n  e l e c t r o d e .  

D e t e r m i n e d  f r o m  t h e  s l o p e s  o f  t h e  c u r v e s  1 h r  a f t e r  m i x i n g  
t h e  s u s p e n s i o n .  
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Fig. 2. Hydrogen evolved from reaction between SRI silicon 
powder and solutions containing 0.60N NaF at 20~ Si stored in 
air 7 days after recovery by leaching, then 1.0g Si added to 100 ml 
of solution. 

The results in Fig. 1 through 3 demonstrate  that  
oxidation of the silicon can be appreciable in  acid 
fluoride solutions, for example, at least 16 weight  per-  
cent (w/o)  per day. If the silicon is in  continuous con- 
tact with such acid fluoride solutions for 8-10 days, 90 
w/o of the silicon can be lost by oxidation. 

When the other two silicon samples (nonfluoride 
process) were introduced separately into solutions 
containing 0.60N NaF and 1.2N H2SO4, the rate of gas 
evolution, presumed to be hydrogen but  not analyzed, 
was much less than that  for the SRI silicon. The Alfa 
Products silicon produced 11 cm 3 of gas in the first 
hour, and evolution then ceased over a moni tor ing 
period of 5 days. The Union Carbide silicon produced 
44 cm 3 of gas slowly over a period of 5 days, and 
thereafter  evolution ceased. 

The SRI silicon contained 0.75 w/o sodium (by emis- 
sion spectroscopy), par t  of which could be Na, NaF, or 
Na2SiF6 that  was not completely removed by leaching. 
The SRI silicon that  had been stored 154 days was 
examined by high temperature  mass spectrometry. At 
sample temperatures  above 575~ the evolved gases 
contained sodium atoms, as indicated from the peak at 
mass 23 and the low appearance potential  of 5.5 eV, in  
agreement  with the reported value of 5.1 eV for sodium 
(2). Above a sample tempera ture  of 650~ SiF4 mole- 
cules were detected in the gas, indicat ing that  Na2SiF6 
was present  in the silicon. The mass spectrometric 

300 I I I I 
Si STORED IN AIR 7 DAYS t 15 

/ 200 

:z~ STORED 94 DAYS --~ 10 

N = 
o> 1 |  

0 |o 
0 5 10 

TIME (day) 

Fig. 3. Hydrogen evolved by SRI silicon powder in acid fluoride 
solution after storing silicon in oir. 1.0g Si in 100 ml  solution of 
0.60N NaF and 1.2N H2SO4. 
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measurements  indicated semiquant i ta t ively  that  the 
amount  of Na2SiF6 in the silicon was greater  than  that  
of the elemental  sodium. 

When the SiF4-Na reaction is carried out so that the 
reaction products contain no unreacted sodium, hydro-  
gen evolution is not observed when the reaction 
products are immersed in acid fluoride solutions. 

Discussion 
Hydrogen evolution is known to occur spontaneously 

when silicon is placed in a s trongly alkal ine solution, 
but  such evolution has not been observed in  acid solu- 
tions (3). The evidence discussed here indicates that  
the SRI silicon is oxidized by the combined effects of 
sodium in  the silicon and high concentrat ions of 
fluoride in solution. 

The high temperature  mass spectroscopy measure-  
ments  demonstrate  that the elemental  sodium was 
dr iven off from the SRI silicon. These sodium atoms 
could have originated either from metall ic sodium or 
from sodium silicide. Sodium in the elemental  state 
would be expected to appear in  the gas phase at 
sample temperatures  as low as 425~ (4). Although 
sodium silicide is reported to decompose significantly 
at temperatures  greater than 675~ (5), vapor pres- 
sure data are unavailable.  In the present  discussion the 
term sodium refers either to the elemental  form or to 
sodium silicide. It should be noted that the sodium 
atoms observed by high temperature  mass spectro- 
scopy could not arise from thermal  decomposition of 
the Na2SiF6 impur i ty  in  the silicon s ince  the products 
are SiF4 and NaF, which is very stable thermal ly  and 
would have an appearance potential  much higher than 
that of Na. 

Hydrogen evolved dur ing simulated leaching did 
not originate solely from the reaction between sodium 
and water. If all the sodium in the sample (0.75 w/o by 
emission spectroscopy) was present as e lemental  
sodium and reacted with water to produce hydrogen, 
the max imum amount  of hydrogen would be about 8 
cm 3 or about  3% of the greatest amount  shown in  
Fig. 1. 

The mechanism for hydrogen evolution by  the SRI 
silicon in  fluoride solutions should take into account 
the evidence that the rate of hydrogen evolution is re- 
lated to (i) the presence of sodium in the silicon, (it) 
the fluoride ion concentration, and (iii) the age of the 
silicon after preparation.  We propose that a small  
amount  of sodium is incorporated in the silicon, either 
dissolved in the silicon or trapped in a microporous 
structure resul t ing from sinter ing of small crystallites 
of silicon. When this sodium reacts with water, 
hydroxyl  ions and hydrogen are produced, and these 
species can remove the protective surface oxide from 
the silicon: hydroxyl  ions will dissolve silica and will 
react with silicon to produce more hydrogen. Also, 
some silica may be dislodged from the surface by the 
bubbl ing  action of hydrogen evolution, especially in 
restricted volumes wi th in  the microporous structure. 
The role of sodium in hydrogen evolution is fur ther  
supported by results from studies with reaction prod- 
ucts containing no unreacted sodium, since upon 
leaching no hydrogen evolution is observed from those 
reaction products. 

One explanat ion for a high, local a lkal in i ty  in the 
solution, even though the main  solution may be 
strongly acid, is that the sodium reaction occurs in re-  
stricted volumes. For example, the reaction may occur 
in the microporous s t ructure  of silicon crysta]lites, 
where the diffusion rate of acid from the solution is 
small. The generat ion of hydrogen by reaction [4] can 
proceed only to the extent  that sodium was original ly 
present to produce the local alkaline environment .  
However, hydrogen evolution by reaction [3] will pro-  
ceed with clean silicon without consuming hydroxyl  
ions. We believe that the role of the fluoride is to pre-  
vent  a passivating layer from forming on the clean and 

reactive silicon in the restricted volumes. For example, 
when the solution near  the silicon surface becomes 
neut ra l  (e.g., as acid diffuses into the microporous 
s t ructure) ,  silicic acid that  results from silicon oxida- 
t ion will tend to polymerize and form a passivating 
layer on the silicon. However, fluoride ions at suffici- 
ent ly  high concentrat ion will  probably complex with 
the silicic acid to form species such as S i (OH)~F- ,  and 
thus retard formation of a passivating layer. Even tu-  
ally, enough acid will diffuse into the microporous 
s t ructure  to neutral ize the local a lkal ini ty  produced 
by the sodium, and hydrogen evolution will cease. 

The protective silicon oxide layer on the outermost  
surface of silicon may  ini t ia l ly  be removed by HF 
which is present  in  acid fluoride solutions. The dissolu- 
tion rate of SiO2 films on silicon is reported to be 
l inear ly  dependent  on the HF concentrat ion (6). In -  
deed, we observed that  the hydrogen evolution pro- 
duced by SRI silicon is roughly l inearly proport ional  
to the HF concentrat ion which is essentially equal to 
the NaF concentrat ion in acid solutions (Table I).  
However, the mechanism for removal of the protective 
oxide layer  on silicon by HF cannot apply when the 
pH of the solution is high enough (pH > 5) to com- 
pletely hydrolyze the HF to F -  ions. Figure 2 shows 
that hydrogen evolution characteristics are the same 
for acid, neutral ,  and basic fluoride solutions, indicat-  
ing that  HF is not necessarily involved in the hydro- 
gen evolution reaction. Therefore in neut ra l  and basic 
solutions, F -  ions, ra ther  than HF, must  be the active 
fluoride species. However, fluoride species (HF or F - )  
alone are insufficient to cause hydrogen evolution, as 
indicated for the 154-day-old silicon in Fig. 3. There-  
fore, the results shown in Fig. 2 support a hypothesis 
that some common reactive species is responsible for 
the hydrogen evolution. We suggest that this species 
is sodium in the silicon and that hydrogen is generated 
mostly by spontaneous oxidization of silicon by reac- 
t ion [3]. 

The decrease in the hydrogen evolution rate with 
t ime (Fig. 1 and 2) suggests that a ra te- l imi ted process 
is occurring. Fi rs t -order  kinetics is suggested from the 
data on the 94-day-old silicon (Fig. 3) when we as- 
sume that the l imit ing amount  of hydrogen evolved 
(175 cm 3) is proport ional  to some reactant, such as 
sodium in the silicon that mainta ins  a high local pH. 
The data for the other two curves in Fig. 3 are inade- 
quate to test for first-order kinetics. Alternatively,  the 
ra te- l imi t ing  process may be diffusion controlled, as 
suggested from the l inear  relationship obtained by re- 
plott ing the data for the 7-day- and 94-day-old silicon 
in Fig. 3 according to the parabolic rate law, that  is, 
hydrogen volume vs. square root of time. The data for 
the 154-day-old silicon are inadequate for this analysis. 
It is possible to account for a diffusion-controlled 
process in two ways: the sodium is dissolved in sili- 
con and diffuses through the silicon to react with solu- 
tion, or the sodium metal  is t rapped in the microuorous 
s tructure of the silicon and the solution diffuses 
through this s t ructure to reach the sodium. 

To account for the decreased rate of hydrogen evolu- 
tion that was observed after the SRI silicon was stored 
for extended periods of t ime (Fig. 3), we suggest that 
some water  was adsorbed on the silicon or on NaOH 
result ing from part ial  Na oxidation. The adsorbed 
water  will hydrolyze sodium fluosilicate, shown to be 
present in the 9RI silicon; thus, weakly acidic products 
are produced, according to the equi l ibr ium 

SiF6 = + 2H20 ~ 4H + -}- 6 F -  -5 SiO2 [5] 

for which the equi l ibr ium constant is Ka -~-- 10 -2.2 (6, 
7). Ultimately, if there is sufficient water  and fluosili- 
care, the fluosilicate will completely neutral ize the local 
alkaline regions due to sodium and NaOH that  promote 
spontaneous oxidation of silicon. Subsequent  exposure 
of such silicon to a fluoride solution will  not result  in 
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hydrogen  evolution,  such as in  the  case of the  SRI 
si l icon s tored  154 days  (Fig. 3). 

The mechanism for evolut ion  of the r e l a t ive ly  smal l  
quant i t ies  of gas f rom aqueous suspensions of the o ther  
two sil icon samples  c lear ly  cannot  involve  the sodium 
mechan i sm discussed above, since sodium was not  used 
in producing  these sil icon samples.  However  in  the  case 
of the Union Carbide  sample,  the gas evolved could be 
due to hydrogen  tha t  was incorpora ted  in the sil icon 
dur ing  its product ion  by  the rma l  decomposi t ion of Sill4 
to Si and H2 and tha t  was e i ther  a t tached  to defect  sites 
(8) or  p resen t  as S i -H  al loy (9). 
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%chn ca] Notes 

Modified Poly-Paraxylylene Coatings and 
Films with Improved Oxidation Resistance 

T. E. Baker,* G. L. Fix, and J. S. Judge* 
Raytheon Company, Sudbury, Massaehuzetts 01776 

Many  studies  have  been pe r fo rmed  on the phys ica l  
and  chemical  p roper t ies  of p o l y - p a r a x y l y l e n e  (2-5).  
[Pa ry lene  is the  generic  name for member s  of this  
w e l l - k n o w n  po lymer  series. (1).] F i lms  of p o l y - p a r a -  
xy ly l ene  which  are  produced  by  vapor  phase po lymer i -  
zat ion are  approved  as a conforma] coating for mi l i t a ry  
electronic assemblies.  Al though the e lect r ica l  and 
phys ica l  p roper t ies  of these films are  genera l ly  su-  
per ior  to sp ray  appl ied  epoxy  or u re thane  conformal  
coatings, one inhe ren t  shor tcoming is the i r  oxida t ion  
resistance.  The work  which  is r epor ted  in this pape r  
deals  specifically wi th  improving  the oxidat ion  re-  
sistance of films which are  produced  from the d ichloro-  
d i - p a r a x y l y l e n e  d imer  (6). The techniques and chem-  
i s t ry  involved,  however ,  a re  eas i ly  appl ied  to the other  
p o l y - p a r a x y l y l e n e  po lymers  as w e l l .  

Experimental 
The films ut i l ized in this s tudy  were  produced  f rom 

d i c h l o r o - d i - p a r a x y l y l e n e  d imer  which was obta ined  
f rom Union Carbide.  A Union Carbide  Model  No. 10C 
coater  was used to produce  po lymer ic  films app rox i -  
ma te ly  18 ~m in thickness.  In  al l  instances the  s tan-  
da rd  processing pa rame te r s  and t empera tu res  were  
employed.  These conditions are  descr ibed  in deta i l  
e l sewhere  (5) and wil l  no t  be r e i t e ra t ed  here. 

Fo r  this inves t igat ion two separa te  coat ing deposi-  

~ Electrochemical  Society Act ive  Member. 
K e y  words: coatings, films, oxidation. 

t ions were  per formed.  In  each ins tance  4 X 6 a lu -  
m i n u m  foil panels  were  employed  as the  coat ing sub-  
strates.  The first deposi t ion was convent ional  a n d  w a s  
produced f rom 57g of d i c h l o r o - d i - p a r a x y l y l e n e  dimer.  
The to ta l  subs t ra te  a rea  was 2320 cm 2. The second 
deposi t ion was p roduced  f rom a homogenous mix tu re  
of 21g of d i c h lo ro -d i -pa r a xy ly l e ne  d imer  and 0.21g of 
a s ter ica l ly  h indered  phenol,  4 ,4 ' -methy lene-b is - (2 ,6-  
d i - t e r t - b u t y l p h e n o l ) .  The total  subs t ra te  a rea  was 970 
c m  2. 

Oxidat ive  degrada t ion  of the  p o l y m e r  films w a s  
per fo rmed  at  140 ~ 180% and 200~ in a forced ai r  oven. 
The re la t ive  degree  of oxidat ion  was moni to red  pe-  
r iod ica l ly  by  in f ra red  spectroscopy. The in f ra red  tech-  
nique of moni tor ing  the oxida t ion  of a ma te r i a l  is 
accomplished by  measur ing  the absorbance  in tens i ty  
of the peak  at  1700 cm - I .  This absorpt ion  peak  can be 
a t t r ibu ted  to the  o r g a n i c  acid ( - -COOH)  funct ion-  
a l i ty  which is fo rmed by  oxida t ive  attack.  This absorp-  
t ion is not present  in e i ther  film ini t ial ly.  Its in tens i ty  
is observed to monotonica l ly  increase  as a funct ion 
of t ime and tempera ture .  

Results 
Figure 1 shows the infrared absorption intensity of 

the 1700 cm -l peak for both films. The data of this 
figure clearly illustrate that the addition of the anti- 
oxidant successfully prevents the oxidation of the poly- 
paraxylylene polymer for more than 250 hr at 140~ 
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Fig. 1. Plot of absorbance at 1700 cm -1  as a function of time 
at 140~ for conventional and modified poly-paraxylylene films. 

The oxidation of the conventional  films is seen to be 
spontaneous. The point on each curve marked "brit t le" 
is the point where the films failed to sustain a 180 ~ 
bend test. This point  corresponds to a peak intensi ty  
at 1700 cm -1 of 0.04 absorbance units. Similar  testing 
at 180 ~ and 200~ showed that the presence of the 
ant ioxidant  inhibits  oxidation for approximately 5 hr  
at 180~ and 1 hr at 200~ Figure 1 also shows that  
once oxidation is ini t iated in  the modified film the 
rate of degradation is comparable to that of conven-  
tional parylene  C. This indicates that  the ant ioxidant  
activity of the additive is finite and is consumed as a 
function of time and temperature.  Once it is consumed 
the oxidative mechanisms for both films are identical. 

Figure 2 is a plot of the log of the time required 
to embri t t le  the two films as a funct ion of the recipro- 

Table h Comparative service life of conventional and modified 
poly-paraxylylene films 

SERVICE LIFE 
Temperature, ~ Conventional Modified 

80 II yrs. 58 yrs. 

90  1.5 yrs. 8 yrs. 

I O0 I 0 mos. 55 mos. 

II 5 42 days 250 days 

150 22 hrs. 150 hrs. 

I00 

I0- 
1.1.1 

I-- 

1.0" 

MODI Ft ED "~ 

CONVENTIONAL 

s 2'., 2:e e:3 2:4 2:5 
I /T (~ X I0 3 

Fig. 2. Plot of the log of the time required to embrittle conven- 
tional and modified pely-paraxylylene films as a function of recip- 
rocal absolute temperature. 

cal of the absolute tempera ture  (~ The difference 
between the two lines at any one temperature  is the 
period of t ime over which the ant ioxidant  effectively 
prevents  degradation of the film. Table I lists some 
extrapolated values of the t ime required to embri t t le  
the two films at lower temperatures.  

Summary 
Oxidation resistant  po ly-paraxyly lene  conformal 

coatings can easily be produced by incorporat ing an 
appropriate ant ioxidant  mater ia l  into the s tar t ing 
dimer. The resul tant  polymeric films exhibit  greater  
than five times the service life of conventional  un -  
modified films. 

Manuscript  received Dec. 11, 1979. 

A ny  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the June  1981 
JOURNAL. All  discussions for the June  1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 

Publication costs of this article were assisted by 
Raytheon Company. 

REFERENCES 
1. U.S. Pat. 3,221,068; 3,288,728; and 3,342,754. 
2. M. H. K a u f m a n ,  H. F. Mark, and R. B. Mesrobian, 

J. Polym. Sci., XIII, 3 (1954). 
3. H. H. G. Je l l inek and S. H. Ronel, ibid., 9, 2605 

(1971). 
4. S. Kubo and B. Wunderlich,  J. Appl. Phys., 42, 

4565 (1971). 
5. T. E. Baker, S. L. Bagdasarian, G. L. Fix, and J. S. 

Judge, This Journal, 124, 897 (1977). 
6. U.S. Pat. 4,176,209 (1979). 



Analysis of Hydrogen Content in 
Plasma Silicon Nitride Film 
Takeo Yoshimi, Hideo Sakai, and Keizo Tanaka 

Computer Development Laboratories, Limited, Kodaira, Tokyo, Japan 

Plasma-act ivated silicon ni t r ide (P-SiN) films (1-7) ,5.0 
are widely applied as final chip passivation films for 
silicon devices. It  is impor tant  to control the hydrogen 
content, Hz, and the atomic ratio, Si/N, in  the P-SiN 
film in  order to obtain good mechanical  properties, 
such as film stress and crack resistance, and electrical 
and optical properties. Both the H~ and the Si /N in  
the P-SiN film deposited by an SiH4-NH3 reaction are 
affected by various deposition parameters  such as 
temperature ,  r f -power  input  for plasma activation, 
pressure, and reactant  ratios, SiH4/NH~. In" this work, 
composition of the H~ in  the P-SiN film was performed 
by  using a quadrupole  mass analyzer  (8) dur ing  
high tempera ture  annealing.  The ratio, Si/N, in  the 
P-SiN film was determined by Auger  electron spec- 
troscopy (AES) and electron spectroscopy for chem- 
ical analysis (ESCA) for various deposition condi- 
tions. From these measurements ,  film compositions, 
SixNuHz, of the P-SiN film, were determined. 

E x p e r i m e n t a l  and Results  

The product ion of P-SiN film was carried o u t  
through reaction of Sill4, NHs, and N2 mixtures  in 
the plasma-act ivated reactor. The reactor design con- 
sisted of two paral lel  electrodes with one electrode 
connected to a 2 kW, 50 ktIz rf power supply (9) and 
the other grounded. Conditions for the P-SiN film 
deposition were as follows: deposition tempera ture  
130~176 total gas flow 1200 ml /min ,  rf input  power 
250-800W, and pressure 0.2 Torr  (0.27 • l02 Pa) .  
The system for quadrupole mass analysis of the Hz 
in  the P-SiN film is schematically shown in Fig. 1. ~oe3 
A silica tube was 2 cm in  inner  diameter, 40 cm long, 
and the hot zone was 20 cm long. Fi lm thickness of a 
sample deposited in the plasma-act ivated reactor was 
measured with a Talystep. The sample was put  into 
the silica tube and evacuated to 1.3 • 10 -4 Pa. The 
hydrogen content  in  the P-SiN film was measured 
in  the anneal ing  temperatures  ranging from 400 o to 
900~ The dura t ion of hea t - t rea tment  in the quadru-  
pole mass analysis was 20 min  for temperatures  of ~o22 
400 ~ , 500 ~ , 600 ~ 700 ~ , 800 ~ , and 900~ as shown in 
Fig. 2. The Si /N ratio was measured as a funct ion of - 
deposition tempera ture  by AES and ESCA. 

Key words: hydrogen content, quadrupole mass analysis, step 
coverage, crack resistance, protection film. 
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Fig. 1. System of quadrupole mass analyzer used for analysis of 
hydrogen content in P-SiN film. 
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at  400~176 was c lear ly  a function of r f  power.  
The total  amount  of hydrogen  dissociated f rom the 
P - S i N  film through the anneal ing  t empera tu re  range,  
400~176 was about  1-3 • 1022 cm -3 at  each 
deposi t ion t empera tu re  and rf  power  250-800W. The 
deposi t ion t e m p e r a t u r e  dependences  of the  Hz a re  
shown in Fig. 4 at  r f  power  of 420W. At  lower  an-  
neal ing t empera tu res  (400~176 Hz was influenced 
s t rongly  by  the deposi t ion tempera ture .  When the 
P - S i N  film was deposi ted at  305~ the Hz was 1 • 
1020 cm -3, or  app rox ima te ly  10 t imes less than tha t  
obta ined at  a deposi t ion t empera tu re  of 130~ The 
to ta l  H= obta ined  at  anneal ing  t e m p e r a t u r e  decreased 
g radua l ly  wi th  increas ing deposi t ion tempera ture .  

An Sill4 flow rate  of 120-150 m l / m i n  and an NH3 
flow rate  of 150-350 m l / m i n  had l i t t le  effect on the 
I-I~ and the dependence  of Hz on pressure,  0.1-0.4 Tort ,  
was even less. 

The quant i ta t ive  technique of quadrupole  mass 
analysis  was useful  and sensi t ive for the  measuremen t  
of hydrogen  content  in the P -S iN  film. The H~ was 
3.6, 3.1, 2.8, and 2.0 • 1022 cm -3 for deposi t ion t em-  
pera tu res  of 1307, 220 ~ 270 ~ and 305~ respect ively.  
H~ removed by  anneal ing  unt i l  900~ was 80-85% of 
total  Hz included in the P - S i N  film. The dependence  
on h igher  f requency  (MHz) of the H~ was not  in-  
ves t iga ted  in the same deposi t ion system. 
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Fig. 4. Variation of hydrogen content with deposition tempera- 
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Table I. Hydrogen content and composition in P-SiN film 

Measurements  

depo temp ref mdex 

[~ 
130 J.95 

2 2 0  2 .03  

density H content 

2 3  3 . 6  

2 5  3 .1  

270 2 0 7  2 . 6  

305 2 il 2 , 7  
I 

Quodrupo[~ mass onoLysl~ 

2 . B  

2 . 0  

CdLculotlon 

S i / N  W~ wt % of H Six Ny H~  WW 

SI25N 4 H3~. 0 62 2 . 6  

0 . 8 1  2 I S t32N4H3 i 

0 . B 3  [ . 8  $ i33N4H27  

0. BE 1.2 Si34 N4HI.~ 

Auger eLeatron spectroscopy ond electron spectroscopy for chemical anatys=s 
X~X A composition of nitrogen, Ny, is normal ized of 40.  

The Si /N in the P - S i N  film was de te rmined  f rom 
an in tegra l  spectrum, produced by  computer  from a 
different ia l  spectrum. I t  is considered tha t  the  atomic 
ratio, Si /N, and the I.iz affect character is t ics  on Si 
devices, such as res is t iv i ty  and crack resistance.  A 
summa ry  of these resul ts  is shown in Table I. Hydrogen  
content  was found at  a concentra t ion of about  1-4 
• 1022 cm -8 in the P - S i N  film deposi ted under  the 
var ious  deposi t ion conditions, such as reac tan t  ra t io  
SiH4/NI.I3 ---- 0.50, pressure  0.20 Torr,  rf  power  250- 
800W, deposi t ion t empera tu re  130~176 and an elec-  
t rode  spacing of 2 in. (5 cm).  The film comuosit ion 
of the P -S iN  film deposi ted at  305~ and 420W was 
Sij.4N4.0Hz.9, corresponding to 1.2 weight  percent  of 
hydrogen.  P - S i N  film should be deposi ted by  h igher  
deposi t ion t empera tu re  to reduce the  Hz. 
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Determination of the Diffusion Coefficient of 
Thallium in KCI Crystal by Electron Irradiation 

K. Goswami, S. Chaudhuri, D. P. Banerjee, and A. Chaudhury 

Department o~ Physics, Jadavpur University, Calcutta--700032, India 

Thal l ium-doped ionic crystals are impor tan t  for 
their  application as detectors for ionizing radiations. 
The T1 atoms are usual ly  incorporated into the crystal 
dur ing  growth from its melt  and the product  is known 
as phosphor. Phosphors can also be made by the pro- 
cess of thermal  diffusion of T1 in alkalihalide crystals. 
Al though a lot of work (1, 2) has accumulated on 
the diffusion phenomenon in solids, l imited at tent ion 
(3) has been applied to diffusion of T1 in  alkalihalide 
crystals. 

The incorporat ion of T1 atoms in the KC1 lattice 
is found to create luminescent  centers in the host 
crystal. For constant  external  conditions of excess T1 
atoms at the crystal surface in  equi l ibr ium with an 
external  vapor, the dis t r ibut ion is well  described by 
a complementary  error funct ion (4). The lumines-  
cence yield under  electron i r radiat ion from successive 
depths of the activated crystal is related to the T1 
penet ra t ion  into the crystal and can be used to obtain 
informat ion  on the diffusion process in  alkal ihal ide 
phosphors. If a solid is exposed to a volume of metal  
vapor having a uni form concentrat ion No atoms per 
un i t  volume, these atoms will  diffuse into the solid 
medium following an equation (4) 

N ( x , t ) ~ N o  1 - - e f t  2~/_~------ ~ _  = N e r f c  2 ~  [1] 

When a KC1 crystal is doped with T1 atoms, it be-  
comes a phosphor. If it is assumed that the lumi-  
nescence yield is l inear ly  proport ional  to the concen- 
t ra t ion of T1 atoms in the host crystal the ratio 
N(x, t)/No in  Eq. [1] may be replaced by L(x, t)/Lo, 
where L(x, t) is the luminescence yield due to T1 
atoms as a funct ion of the distance x from the surface, 
t is the period of heat - t rea tment ,  and Lo is the yield 
from the surface. Equat ion [1] takes the form 

L(x't)  •er fc (  x ) 
Lo 2 ~  [2] 

An  exper imental  de terminat ion of L(x, t)/Lo as a 
funct ion of x may lead to the evaluat ion of the dif- 
fusion coefficient D. The activation energy of diffusion 
(E) may also be estimated using an equation 

D = Do exp(--E/kT) [3] 

Experimental 
A block of cleaved KC1 <100> crystal  (Harshaw 

Chemical) and properly distilled thal l ium metal  of 
known weight were put  in a glass tube. The glass 
tube had two in te rcommunica t ing  sections separated 
by a constriction to avoid direct contact between the 
sample and the metall ic T1. The tubes were sealed 
unde r  vacuum, heated at diffusion temperatures  for 
a period of 4 hr, and quenched to room temperature.  
Four  such KC1 samples were doped with T1 at four 
different temperatures,  573 ~ 623 ~ 673 ~ and 723~ 
The time and other conditions for the doping process 
were kept the same in all the cases. 

The doped crystals were inserted into an electron 
accelerator tube and i rradiated with normal ly  incident  
5 keV electrons. Beam current  was 0.5 ~A cm -2. 

Key words :  po tas s ium chlor ide ,  tha l l ium d i f f u s i o n ,  l u m i n e s -  
c e n c e .  

The in tensi ty  of luminescence was measured by  an 
RCA IP21 photomultiplier.  All  doped samples showed 
luminescence spectra under  electron i r radiat ion peak-  
ing at 3050 and 4750A while no luminescence was de- 
tected in the case of pure KC1 crystal. The diffusion 
of T1 was followed by measur ing  the in tensi ty  of 
luminescence at the surface of the specimen and at 
various depths along <100> direction by successive 
removal of surface layers. 

Results and Discussion 
The luminescence spectrum peaking at 4750A at 

room temperature  is in conformity with that of others 
(5, 6). The depth of T1 diffusion has been measured 
from luminescence yield observed under  5 keV elec- 
t ron irradiation. At such an energy (5 keV) the elec- 
t ron penetra t ion is very low (less than 1 ~m) and 
the observed luminescence is p r imar i ly  due to doped 
atoms present  in a shallow surface layer  of the speci- 
men. In  the present  exper iment  the T1 concentrat ion 
had been sufficiently low and accordingly (7) the 
luminescence yield may be considered to be propor-  
t ional to the number  of atoms and the ratio L (x, t ) /Lo 
between the luminescence yields at a depth x and at 
the surface should be equal to N (x, t)/No as assumed 
in Eq. [2]. The ratio of luminescence yields L (x, t ) /Lo 
is determined for different values of x shown in Table 
I. 

The values of y -- x/2~JD'~ for various observed 
values of L (x, t ) /Lo are computed from the graphical 
solution of Eq. [2]. 

A graph between y and x is plotted in Fig. 1 for 
different temperatures  of heat - t rea tment .  The straight 
l ine plots passing through the origin support  the con- 
clusion that the complementary  error  function solution 
is valid in this case of vapor to solid phase diffusion. 
From the slope of the curve of Fig. 1 the values of 
the diffusion coefficient for different temperatures  of 
doping have been determined and are also shown in 
Table I. 

The values of the diffusion coefficient increase as 
the tempera ture  of diffusion rises. A plot of log10 D 
vs. 1/T is shown in Fig. 2. The plot is a straight l ine 
satisfying the relat ion as stated in Eq. [3]. From 
the slope of the straight l ine (Fig. 2), the activation 
energy of diffusion is est imated and found to be 

Table I. Measured L (x, t)/Lo at various depths of KChTI and 
diffusion coefficient for different temperatures of heat-treatment, 

period of heat-treatment 4 hr. Electron energy 5 keV and 
beam current 0.5 ~A cm -2 

L (x,t) 
Ratio for 

Lo 
Depth in 
microns 573~ 623~ 673~ 723~ 

5 0 .733  - -  m 
10  0 . 5 5 6  0 . 6 0 0  0 . ~ 4  0 . 6 9 2  
15  0 ,289  0 . 4 4 4  0 .533  0 .582  
20  0 . 1 5 6  0 . 3 0 0  0 .440  0 .462  
25  - -  0 . 178  0 .315  
3 0  - -  0 . 1 0 0  0 .212  0 . ~ 7  
3 5  - -  0 . 044  - -  - -  
4 0  - -  - -  0 . 0 9 8  0 . 1 8 7  

5 0  - -  - -  - -  0 . 0 8 2  
D i n  cm 2 

sec-~ 0,8 x 1 0  -~o 1 .2  x 10  -~o 2 .0  x 10  -10 2 .8  x 10-~o 
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Fig. I .  Computed values of y as a function of distance (x) from 
the surface for different temperatures of heat-treatment. 

E -- 0.82 eV ( t empera tu re  of h e a t - t r e a t m e n t  be tween  
573 ~ and 723~ The va lue  of ac t ivat ion energy  (E) 
is quite low bu t  is in reasonable  agreement  wi th  the 
work  of T ie rman  and Wuensch (3). 

Manuscr ip t  submi t ted  Dec. 11, 1978; revised m a n u -  
scr ip t  rece ived  March  2, 1979. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the June  1981 
JOURNAL. All  discussions for the June  1981 Discussion 
Sect ion should be submi t ted  by  Feb.  1, 1981. 
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A Chemical Method for the Deposition of 
Thin Films of Bi3e  

P. Pramanik, R. N. Bhattacharya, and A. Mondal 
Department of Chemistry, Indian Institute o] Technology, Kharagpur 721302, India 

Thin film formation of selenide of Pb 2+ 
by chemical deposition is a very well known 
process (1,2,3), but chemical methods of 
deposition of thin films of bismuth selenide 
have not yet been reported. This brief 
communication describes a chemical method for 
the deposition of Bi2Se 3 thin films. 

A sodium selenosulfate solution was pre- 
pared by refluxing 5g selenium powder with 
12g of sodium sulfite (anhydrous) in lOOml of 
water for about 5 hours. It was cooled and 
kept overnight, since on cooling a little 
selenium separated out from the solution. It 
was then filtered to obtain a clear solution. 

One gram of Bi(N03) 3 �9 5H20 was tritura- 
ted with IOml of triethanol~mine and then 50al 
of water was added to it. The resulting solu- 
tion was continuously stirred till a nearly 
clear solution was obtained, which was then 
filtered. 

Ten millilitre of the Bi 3+ solution was 
taken in a glass beaker. To it &ml of 0.65(M) 
NH~OH and lOml of the sodium selenosulfate 
solution were added and the volume ~s made 
upto lOOml with water. It was then poured into 
another glass beaker containing two cleaned 
glass slides, which were clamped vertically. 
It was kept at room temperature (30oc) for 
about two hours. Uniform films of Bi2Se 3 were 
obtained on the glass substrates. They were 
then taken out, washed with ~ater and dried in 
air. When the solution contained 2ml of hydra- 
zine hYdrate, the films had more metallic 
lustre and better electrical conductivity, but 
the deposition time was reduced to 30 minutes 
since on longer staying the films became 
brittle. The Bi2Se 3 films were about O.1 - 0.2 
microns thick. 

Key words: thin film, chemical deposition, 
bismuth selenids. 

NHhOH was added to slow down the forma- 
tion of Bi2Se 3 and to increase the adherence 
of it on the glass substrate. 

X-ray diffraction data showed that the 
film deposited from the solution which was 
free of hydrazine hydrate contained traces of 
elementai selenium. Selenium deposition was 
due to atmospheric oxidation of Se 2- . 

X-ray diffraction data in both the cases, 
with hydrazine hydrate and without hydrazine 
hYdrate, showed distinct d-lines of Bi2Se 3 �9 
~canning electron microscopy showed that films 
contained random distribution of sm~ll crysta- 
llites sho~q in figures (1) and (2). specific 
resistance of the film obtained from the solu- 
tion without hydrazine hydrate was 2.4 x 105 
ohm-cm, and that of the film obtained from the 
solution with hYdrazine hydrate was h.5 x lO 2 
ohm.cm. Optical band_gap was found to be 
1.15eV for the first case and 1.03eV for the 
second case, as ~ho~ in figure (3). All the 
films were photoconductive in nature. More 
detailed studies are in progress. 

Fig. i: scanning electron micrograph of 
Bi2Se 2 (in presence of hYdrazine 
hydrate), (Secondary Electron; 1OgOX) 
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Fig. 2: Scanning electron micrograph of Bi2Se 3 
(without hydrazine hydrate),(Back 
scattered Electron; 1210X) 
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A Dry Etching Technique Using Electron Beam Resist-PBS 
T. Yamazaki, Y. Watakabe, Y. Suzuki,* and H. Nakata 

Mitsubishi Electric Corporation LSI Research and Development Laboratory 4-1 Mizuhara, Itami, Hyogo, Japan 

The technology of electron beam 

lithography is of great importance for 

the fabrication of devices directly on 

silicon, and for the patterning of 

photomasks. Although electron beam 

resists such as PMMA, PBS and others 

have already been used for many expe- 

riments, the acceptance of these 

resists in the manufacturing enviro- 

ment has been very slow due to the 

uncertainties associated with proce- 

ssing of these materials. 

Among the many electron beam 

resists, PBS has the best combination 

of resolution, sensitivity, and adhe- 

sion. The main limitation to PBS is 

its poor resistance to dry etching 

enviroments which attributed to plasma 

depolymerization which enhances the 

rate of film loss. 

electron beam resists and AZ-1350. 

In this experiment, gas plasma etching 

was carried out in a barrel type 

plasma reactor, in which the gas 

plasma was generated by RF discharge 

at 13.56 MHz. The pressure in the 

reactor was maintained at 0.2 torr. 

and the RF power was kept at 240 W. 

The etching gas was a mixture of CCI 4, 

N 2 , and 02 . 

From Fig. i, it is apparent that 

the loss rate of PBS is high compared 

with AZ-1350 or the electron beam 

resists COP and FMR. Since the etch 
O 

rate of the chromium film is 50 A/min. 

in this gas plasma condition and the 
c 

loss rate of PBS film is 1140 A/min., 

it would be necessary to use more than 
o o 

14000 A of PBS film for a 600 A 

chromium film. 

The purpose of this paper is to 

demonstrate a new technique of gas 

plasma etching of chromium photomask 

films using PBS. Figure 1 shows the 

etching resistance of PBS to the gas 

plasma enviroment for chromium photo- 

mask etching, together with other 

In a previous paper, we reported 

on the reversal gas plasma etching 

technique for chromium films using 

AZ-1350 (i). In this paper, in order 

to obtain fine patterns with an elect- 

ron beam exposure technique, we have 

used PBS instead of AZ-1350 in the 

* Present address; Computer Development Laboratories Limited, 

4-1, Mizuhara, Itami, Hyogo, Japan 

Key words; Gas Plasma, Photomask, Electron Beam Resist. 
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reversal gas plasma etching of chro- 

mium photomasks. Figure 2 shows 

photographs at different stages of the 

reversal plasma etching process where 

PBS was used as the patterning film. 

The photomasks used in this 

experiment consisted of an anti-refle- 

ctive chromium film, comprised of a 

chromium oxide film on a chromium film 

all deposited on a glass substrate. 

The thickness of the chromium oxide 
o 

film and the chromium film were 200 A 
o 

and 600 A, respectively. The photo- 

mask size was 4 x 4 inches. The 

chromium oxide film was deposited by 

resistance heating and the chromium 

film was deposited by flash evapo- 

ration. The PBS processing was the 

same as the one described by Bowden 

(2). The thickness of PBS films were 
o 

4000 A, measured by a Talystep. An 

AES analysis of the chromium oxide 

film showed that tungsten impurities 

are included in the surface of the 

chromium oxide film. These impurities 

are assumed to be caused by evapora- 

tion of the tungsten boat during 

heating. The elemental concentration 

ratio of tungsten to chromium at the 

surface layer was 0.6 as determined 

by AES analysis. 

As we described in the previous 

paper, in reversal gas plasma etching, 

a naturaly grown WO 3 layer in the 

surface of a chromium oxide film works 

as a masking layer for the gas plasma 

enviroment and the decomposed species 

of the resist film react with the WO 3 

masking layer to remove it while the 

resist film is decomposing. PBS, 

which is very weak to the gas plasma 

enviroment, can be used as a 

patterning resist for reversal gas 

plasma etching if its decomposition 

time is long enough for the decomposed 

species to react with WO 3 masking 

layer. In the case of AZ-1350 which 

has high resistivity to the plasma 

enviroment, a long time is required 

to decompose all of the resist film. 

Accordingly, the decomposed species 

react with WO 3 near a photoresist 

pattern and make it difficult to 

control pattern widths precisely. 

In the case of a PBS film, as the 

decomposition of the film occurs 

quickly, the decomposed species can 

react with WO 3 layer just underneath 

the patterning film and sharp edged 

patterns can be obtained. Figure 3 

shows an example of a photomask which 

was prepared by the reversal gas 

plasma etching, and demonstrates good 

edge profiles for minimum 2 ~m line 

width. 

In summary, a new gas plasma 

etching technique using the electron 

beam resist PBS, which is known as a 

very weak resist for dry etching 

enviroments, has been demonstrated. 

With this new technique, 2 pm line 

widths were obtained with chromium 

photomasks. 
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Fig. 1. The relation between plasma etching 
t ~ e  a n d  r e s i s t  t h i c k n e s s  r e d u c t i o n ~  

Fig. 2. Photographs at different stages 
during reverse gas plasma etching. 
(a) Reflection photograph of a 
sample before etching. (b) 

Reflection photograph of a sample 
after iOmin etching. (c) 
Reflection photograph of a sample 
after 15 min etching. 
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Fig. 3. ~m SEM photograph of a mask 
prepared by PBS reverse gas 
plasma etching. 



Radiation Damage Estimates and Control 
in Ion-Beam Lithography 

K. F. Galloway* 
National Bureau of Standards, Electron Devices Division, Washington, DC 20234 

The purpose of this note is to 
present estimates of the radiation 
dose absorbed in critical device di- 
electric layers during the applica- 
tion of ion-beam lithography (IBL). 
Ion-beam lithography has been demon- 
strated as a technique providing sub- 
micrometer resolution with the capa- 
bility of large throughput in work 
recently reported by Rensch et al. 
(i) and by Seliger and Sullivan (2). 
These estimates should facilitate the 
comparison of this technique with 
other techniques delivering a radia- 
tion dose to device structures during 
processing. 

Device structures fabricated 
with x-ray or electron-beam litho- 
graphic techniques receive absorbed 
radiation doses in critical dielec- 
tric layers in excess of 1 Mrad(SiO~) 
(3). This process-related radiati6n 
exposure may affect the ultimate re- 
liability and radiation hardness of 
devices so fabricated (3,4,5). In 
fact, the radiation hardness of de- 
vices fabricated using x-ray lithog- 
raphy has been shown to be diminished 
even though the damage due to the 
lithography was apparently annealed 
out (5). 

In order to arrive at the de- 
sired estimate for radiation dose due 
to IBL, a description of the behavior 
of an ion beam passing through multi- 
ple thin films is required. The 
technique of Bernstein and Kolodny 
(6) has been used to obtain such a 
description. Consider the schematic 
illustration of Fig. i. ~0 and ~0 
are the incident fluence (ions/cm 2) 
and incident ion energy (keV) imping- 
ing on the layered film str~cture. 
~i and E l are the fluence and average 
ion energy passing from film one into 
film two and so on. The number of 
ions stopped in any film is indepen- 

dent of the following films. Assum- 
ing the distribution to be Gaussian, 
the number of ions stopped in film 
one is found by integrating the ion 
density distribution 

~0 
n(Xp)- ~p/2-~ exp 

)2 
-(Xp - Rp 

2 ap 2 

over the film thickness using R D 
(projected range) and a D (straggleO 
from the tabulated values for ion- 
film-energy combinations (7); Xp is 
measured along the direction of inci- 
dence of the beam. The fluence into 
film two (#I) is found by subtracting 
the number stopped in film one from 
~0" This procedure is then followed 
for, each subsequent film. The in- 
crease in straggle as the ions pass 

~o, Eo 

i ' l 
l (])2, E2 

i 1 
t 
X3 

�9 ~3, E3 

Substrate 

Fig. i. Schematic illustration of 
three films of thickness x I, x 2, and 
x3, respectively, on a semi-infinite 
substrate with the ion fluence and 
average ion energy entering each film 
indicated. 
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through the several films has been 
ignored as have such subtleties as 
ion backscattering at film interfaces 
and the departures of the ion pene- 
tration distribution from a Gaussian 
due to higher order moments in the 
solution of the range equation. El, 
the average ion energy entering film 
two after passing through film one, 
is found using the tables (7) as fol- 
lows: 

I. Find Rp (E0, film one), the pro- 
jected range that the ion beam of 
energy E0 would have in film one 
if the film were infinitely 
thick. 

2. Subtract the thickness of film 
one, Xl, from Rp (E0, film one). 

3. If R~ (E0, film one) < x I, the 
ion b~eam is essentiall-y stopped 
in film one and El is approxi- 
mately zero. 

4. Otherwise, find E I as the energy 
required for an ion to have a 
range R (El, film one) = 

R~ (E0, film one) Xl. 

This procedure for obtaining the 
average ion energy (6) is then re- 
peatedly applied as the ions pass 
through each film in the layered 
structure. 

Consider the application of the 
procedure discussed in the preceding 
paragraph to a structure where a sil- 
icon substrate is covered by a 
0.05-pm thick film of silicon dioxide 
which is covered by a 1.0-pm thick 
film of aluminum metallization which 
is in turn covered with a 1.0-~m 
thick film of photoresist to be pat- 
terned by IBL. Since AZII is the 
only resist considered in the tables 
(7), its tabulated parameters were 
used; the estimates based on these 
parameters are expected to be typical 
of other resists. The average energy 
per ion deposited in the oxide layer 
is calculated as E 2 - E 3 (see Fig. 
i), and using #2 , the total energy 
deposited and the dose can be calcu- 

lated. In the ion-energy regimes 
considered here, electronic interac- 
tion processes dominate possible nu- 
clear interaction processes ( 7 ). 
Typical values of the ion beam param- 
eters have been selected from the 
work of Rensch et al. (i). If E 0 is 
200 keY and the incident ions are 
protons, E 2 - E3 is 8 keY and 
2 ~ ~I ~ ~0 for the structure con- 

sidered. For ~0 of 2 x 1013/cm 2, the 
radiation-absorbed dose in the sili- 
con dioxide layer is approximately 
220 Mrad(SiO2).* If E0 were 58 keY, 
the proton projected range in the 
aluminum film would be 0.8 ~m, and 
the projected standard deviation 
would-be 0.187 ~m. Thus, the proton 
beam would be stopped in the aluminum 
film and there would be no absorbed 
dose in the oxide layer (ignoring 
beam straggle beyond a standard devi- 
ation, possible x-ray production, and 
secondary elec~trons ) �9 

If the aluminum film in the 
material configuration above is 
replaced by a 1.0-pm thick film of 
polysilicon, there are differences in 
radiation-absorbed dose in the oxide 
layer because of differences in the 
projected range for ions in polysili- 
con as compared to that for ions in 
aluminum. The radiation-absorbed 
dose in the silicon dioxide layer 
under the polysilicon film is approx- 
imately 200 Mrad(SiO 2) for a proton 
beam with an E0 of 200 keY and a ~0 
of 2 x 1013/cm 2. If E 0 were 93 keV, 
the proton projected range in the 
polysilicon film would be 0.8 pm and 
the projected standard deviation 
would be 0.iii ~m. if beam straggle 
beyond a standard deviation, possible 
x-ray production, and secondary elec- 
trons are ignored, there will no 
radiation-absorbed dose in the oxide 
film for proton beams with energy 
less than 93 keY. 

If the aluminum or polysilicon 
represents the gate metallization of 
an MOS device, a positive resist and 
an etch-back process (plasma or ion 
etching) will probably be utilized. 
In this case, no ions will be inci- 

* The SI unit for absorbed dose is the gray (Gy) in units of J/kg. One rad 
equals 1 x 10 -2 Gy. 
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dent on the, gate oxide layer. How- 
ever, laterally scattered radiation 
might be expected to yield signifi- 
cant radiation exposures in the vi- 
cinity of the gate metallization 
edges. 
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Observations on the Mechanism of the Reaction of 
El ctrogener.ted Superoxide Ion with 2-Phenylenediamine 

C. I.. Hussey,* T. M. L.aher, and J. M. Achord 
Department of Chemistry, The University of Mississippi, University, Mississipp~ 38677 

The one-electron quasireversible reduc- 
tion of oxygen to superoxide ion, 02V, in 
aprotic solvents is well known (1-4). 

O~ + e-~ 02 ~ [i] 
Superoxide ion has been shown to function as a 
base, nucleophile and reductant in reactions 
with organic compounds (5). It also pos- 
sesses the enigmatic ability to act as an 
oxidizing agent toward certain organic com- 
pounds under conditions which appear thermo- 
dynamically unfavorable for it to do so (6). 
This property of 02 v is of considerable inter- 
est to workers studying the role of O2 = in 
biological systems. It is generally believed 
that the first step in these oxidations in- 
volves proton transfer from the substrate to 
02 ~, according to Eq. [2] (6). 

02 = + RH~ H02" + R- [2] 
Actual oxidation of the substrate is postu- 
lated to result from the reaction of H02" or 
02, the latter produced by the disproportion- 
ation reaction depicted in Eq. [3], with the 
substrate anion, R- (6). 

02 ~ + HO=- ~ O2 + H02 [3] 
Recent synthetic explorations of the 

reaction of O= T with phenylenediamines, em- 
ploying K02, resulted in the isolation of 
oxidation products, e.g., nitrosoanilines, 
nitroanilines, and diaminoazobenzenes (7, 8). 
On the basis of these products, the oxidation 
of phenylenediamine by 02 r was postulated to 
entail an initial hydrogen abstraction pro- 
cess in which a phenylenediamino radical 
intermediate, RNH., is formed (7). 

02 v + RNH2 --> HO2- + RNH. [4] 
We wish to communicate electrochemical data 
concerning the reaction of electrogenerated 
027 with 2-phenylenediamine (2-PDA) which 
contributes to further understanding of the 
involvement of proton transfer in these reac- 
tions. 

EXPERIMENTAL 

Electrochemicalexperiments were carried 
out in N,N-dimethylformamide, DMF, (Burdick 
and Jackson) with a specified water content of 

*Electrochemical Society Active Member 
Key words: free radicals, organic, kinetics 

0.004%. The supporting electrolyte, tetra-n- 
butylammonium perchlorate, TBAP, was synthe- 
sized according to standard procedures and 
dried at 100~ in a vacuum for several days. 
The 2-phenylenediamine (Eastman) was recrys- 
tallized twice from chloroform and dried in a 
vacuum for 24 hrs. The cell and electrodes, 
electrochemical instrumentation, and experi- 
mental procedure are detailed in a companion 
publication (9). 

RESULTS AND DISCUSSION 

Cyclic voltammograms, corresponding to 
the process represented in Eq. [i], at a 
glassy carbon electrode in 02 saturated DMF 
containing 0.I M TBAP are shown in Fig. i. In 
the presence of 2-PDA the 02 r reoxidation 
peak at -0.82 V in Fig. 1 is diminished, and 
peaks representing the oxidation of products 
are apparent. As shown in Table I, the cyclic 
voltammetric peak current ratio,~pa/~p c, for 
the 02/02 T electrode process is less than 1.0 
in the presence of 2-PDA, but increases 
toward 1.0 as the scan rate, ~, is increased. 
Values of the voltammetric current function, 
i_pC/~:/2, for oxygen reduction given in Table 
I are the same within experimental error at 
each scan rate tested regardless of whether 
2-PDA is added. The cyclic voltammetric data 
given in Table I for the 02/02 v process in 
the presence of 2-PDA match diagnostic crite- 
ria presented by Nicholson and Shain (i0) for 
a charge transfer process followed by an irre- 
versible chemical reaction, i.e., an EC 
mechanism. 

Table I. Cyclic Voltammetric Data for the 
02/02 T Electrode Reaction at 40.0~ 

(V/s) --P --P (mA--~s11=IV112) 
02 O= + 2-PDA ~ O= 02 + 2-PDA ~ 

0.02 1.00 0.58 2.1 2.2 
0.05 1.00 0.73 2.0 2.0 
0.i0 1.01 0.80 1.9 1.9 
0.20 1.02 0.87 1.8 1.8 
0.50 1.00 0.90 1.7 1.6 
1.00 1.03 0.92 1.6 1.5 
iThe concentration of 2-PDA was 0.I M. 
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F u r t h e r  i n d i c a t i o n  o f  an  EC mechan i sm was 
o b t a i n e d  u s i n g  c h r o n o p o t e n t i o m e t r y .  F i g u r e  2 
shows a chronopotentiogram with current rever- 
sal for the process represented by Eq. [i] in 
oxygen saturated solutions with and without 
added 2-PDA. The reverse transition time, Tr, 
for reoxidation of 02= is decreased consider- 
ably in the solution containing 2-PDA and 
additional waves representing the oxidation of 
products are apparent. The ratio, Tr/_tf, 
where ~f is the forward electrolysis time, is 
0.3 for the oxygen reduction-reoxidation pro- 
cess without added 2-PDA but decreases to 0.i 
when 2-PDA is added to the solution. Behavior 
of this nature can be attributed to an EC 
process (ii). 

These electrochemical data suggest that 
the reduction of 02 in solutions containing 2- 
PDA involves a charge-transfer process to form 
02 v followed by homogeneous irreversible chem- 
ical reactions in which O2 v attacks 2-PDA. The 
overall process appears complex, since both 
cyclic voltammograms and chronopotentiograms 
exhibit waves due to the oxidation of numerous 
products. Furthermore, the 02 reduction pro- 
cess in the presence of 2-PDA involves the 
same number of electrons as the 02 reduction 
process without added 2-PDA, since data for 
i~c/~ I/2 in the last two columns of Table I 
are virtually identical. Additional support 
for this conclusion is obtained from chrono- 
amperometric experiments in which a potential 
step from 0 to -1.25 V was applied to the 
working electrode in 02 saturated solvent and 
the resulting current was re9orded as a func- 
tion of time. Values of it ~/2 for the 02 
reduction process obtained from these experi- 
ments are shown in Table II. No significant 
increase in it ~/2 is evident for 02 reduction 
in the presen-~e of 2-PDA compared to it ~/a 
for 02 reduction without added 2-PDA. 

Table II. Chronoamperometric Data for the 

Oxygen Reduction Process at 40.0~ 
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t it I/2 
(7) (~-s I12) 

02 O~+ 2-PDA I 
2.0 0.51 0.56 
4.0 O.52 0.57 
6.0 0.53 0.58 
8.0 0.53 0.59 

i0.0 0.54 0.61 
i2.0 0.55 0.62 

iThe concentration of 2-PDA was 0.i M. 

If proton transfer from the phenylene- 
diamine to O2= were a significant step in the 
overall mechanism, whereby the organic sub- 
strate is oxidized, then it should be possible 
to observe the reduction of HO2" produced by 
proton transfer to O2 v. This process would be 

concurrent with the reduction of 02 according 
to Eq. [5], since H02" is more readily 
reduced than 02 (4). 

HO2" + e- -->H02- [5] 
An overall reduction sequence represented by 
Eqs. [i], [2], and [5] should produce a 
voltammetric response indicative of an ECE 
process (12). In addition, 02 produced by 
the reaction represented in Eq. [3] would 
also contribute to the initial 02 reduction 
current (13). In any case, if proton trans- 
fer to 02 by 2-PDA were a significant process, 
the reduction of 02 in the presence of 2-PDA 
would involve more than one electron and both 
ipC/~/2 and itl/2 would be enhanced. This 
response would be similar to that reported 
for the reaction of electrogenerated 02 T with 
proton donors, when 02 v is electrogenerated 
in the presence of acidic organic or inor- 
ganic substrates and course of its existence 
is followed electrochemically (4, 9, 14, 15). 
We also observed this behavior experimentally 
for the reduction of 02 in the presence of 
ascorbic acid which is known to undergo net 
oxidation in the presence of 02 v (16). 

The preliminary electrochemical data 
presented in this communication suggest that 
02 r attacks 2-PDA via a pathway which circum- 
vents an initial proton transfer step. Thus, 
proton transfer does not appear to be impor- 
tant in all cases for which net oxidation of 
an organic substrate by O2 r is reported. Our 
results appear consistent with a process 
involving Eqs. [i] and [4], although the 
overall me,'hanism may be complex. Further 
nonelectrochemical studies will be required 
to delineate the exact pathway by which these 
reactions take place. 
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Figure 2. Current reversal chronopotentio- 
grams at a glassy carbon electrode (area -- 
0.22 cm 2) in DMF + 0.i M TBAP at 40.0~ a. 
saturated with 02 at i atm., b. saturated 
with 02 at i atm. and 0.i M in 2-PDA. Current 
was 225 pA. 

Figure i. Cyclic voltammograms at a glassy 
carbon electrode (area = 0.22 cm2) in DMF + 
0.i M TBAP at 40.0~ (dashed line) saturated 
with 02 at 1 atm., (solid line) saturated 
with 02 at 1 atm. and 0.I M in 2-PDA. Sweep 
rates were 0.050 V/sec. 
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ABSTRACT 

The effects of an t imony  on the  e lec t rocrys ta l l iza t ion  and on the e lec t ro-  
chemical  behav ior  of = and ~ lead  dioxide were  inves t iga ted  by  scanning elec-  
t ron  microscopy,  x - r a y  diffraction, and  chemical  analysis .  Galvanos ta t ic  
reduc t ion  tests in  a lka l ine  solutions were  also per formed.  A n t i m o n y  d ras t i -  
ca l ly  modifies the crys ta l  morpho logy  of ~ l ead  dioxide  and, up . to  a concent ra-  
t ion of 0.2%, changes the  O / P b  rat io  by  filling la t t ice  vacancms. On ~ PbO2, 
on the  cont rary ,  an t imony  does not  seem to have any significant influence. The 
reduct ion  tests on lead  dioxide showed tha t  the cathodic process occurs in a 
homogeneous  sys tem unt i l  the  O /Pb  rat io  reaches a va lue  depending on the 
d ioxide  al lotropic  fo rm and on the an t imony  content.  The O / P b  rat io  of i n t e r -  
med ia te  oxide increases f rom pure  ~ PbO~ (1.33) to S b - d o p e d  ~ PbO~ (1.65). 

Fo r  m a n y  years  the  most  r e l evan t  effects of an t i -  
mony  on the pe r fo rmance  of lead  acid ba t te r ies  have 
been  k n o w n  (1-4).  Ant imony,  which is p resen t  in the  
gr ids  as an a l loying e lement  to improve  mechanica l  
p roper t ies  and  cas tab i l i ty  of lead alloys, dissolves in 
the  e lec t ro ly te  and then reacts  wi th  the  act ive m a t e -  
rial.  

On negat ive  plates~ an t imony  has  a de t r imen ta l  in-  
fluence poisoning the sponge lead  and inducing local  
e lec t rochemical  act ion which  causes se l f -d ischarge .  In  
add i t ion  the presence of an t imony  affects the  charge 
efficiency. The increase of the amount  of an t imony  on 
the sponge lead  is pa r t i a l ly  avoided by  st ibine fo rma-  
t ion dur ing  charge  periods.  

Fo r  posi t ive plates,  some studies (5-9) have  shown a 
different  behavior  of the  plates  wi th  an t imonia l  lead  
grids compared  to those wi thout  an t imony;  there  is 
evidence tha t  an t imony  improves  some proper t ies  of 
the posi t ive act ive mater ia l .  

Bu rbank  (5) charac ter iz ing  posi t ive act ive ma te r i a l  
wi th  SEM and x - r a y  diffraction, showed tha t  an t imony  
modifies the crys ta l  size and hab i t  of lead  dioxide and 
promotes  ~ PbO2 formation.  Ritchie  and Burbank  (6) 
examined  the behavior  of lead  acid cells wi th  pure  and 
an t imonia l  lead  grids, concluding that  cells wi th  pure  
lead  grids were  losing slow discharge capaci ty  more 
r ap id ly  than  the ant imonia l  cells. 

An t imony  appears  to act as an inh ib i tor  for  the  
growth  of dioxide crys ta ls  or  as a nuclea t ing  catalyst ,  
thus reducing  average  crys ta l  size. 

Swets  (7) suggested that  the increase of a PbO2 in 
the act ive ma te r i a l  dur ing  the l ife of the  ba t te r ies  wi th  
an t imonia l  lead  grids is due to the format ion  of me ta -  
ant imonate .  This compound,  identif ied by  x - r a y  d i f -  
fraction,  should pass ivate  the d ioxide  dur ing  the dis-  
charge of the  plates  and  should help the nuclea t ion  of 

PbO2 dur ing  the recharge  period.  Dawson (8) 
s tudied  the chemical  reac t ion  involv ing  so lva ted  
an t imony  ions in l ead  acid ba t te r ies  and  the adsorp-  
t ion of an t imony  on lead dioxide.  

Maskal ick  (9) measured  an t imony adsorpt ion  on 
posi t ive active ma te r i a l  dur ing acce lera ted  l ife tests 
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lead dioxide reduction, 

showing the bu i ldup  of a g rea te r  concentra t ion  in  posi -  
t ive act ive ma te r i a l  compared  wi th  the nega t ive  

Simon (10) showed another  phenomenon d i rec t ly  re -  
la ted  to an t imony:  the fo rmat ion  (when Sb20~ is added  
dur ing pas te  mixing)  of acicular  crystals ,  precursors  of 
PbO2 crystals.  Recent ly  A b d u l a r i m  and ~smail ( l l )  r e -  
por ted  tha t  the  addi t ion  of Sb203 to posi t ive  act ive 
ma te r i a l  enhances the  capaci ty  of posi t ive plates.  

The mode  of influence of Sb on the morpho logy  of 
posi t ive act ive ma te r i a l  is stil l  not  clear.  Ri tchie  and  
Burbank  (6) suggested that  an t imony in the  fo rm of 
pen tava len t  ions, according to the posit ive p la te  po ten-  
tiM, could both enter  the lead  dioxide lattice,  occupy-  
ing Pb 4+ positions, and  be absorbed  a t  g rowth  sites on 
the l ead  dioxide  crys ta l  surface.  

The present  work  concerns the  effect of an t imony  on 
the proper t ies  and e lec t rocrys ta l l iza t ion  of lead  di-  
oxide. For  this purpose  var ious  samples  of S b - d o p e d  
lead  dioxide were  p repa red  by  e lect rolyzing p lumbous  
salt  solutions to which different  quant i t ies  of an t imony  
were  added. The samples  were  analyzed  to de te rmine  
a~,timony concentra t ion and the o x y g e n / m e t a l  atomic 
rat io  (O /Pb ) .  The semiconduct ing proper t ies  and the 
e lect rochemical  character is t ics  of Sb -doped  lead  di-  
oxide were  also determined.  These semiconduct ing 
proper t ies  were inves t iga ted  by  means of photoeffect  
measurements ;  the e lec t rochemical  character is t ics  were  
s tudied b y  analyzing the l i nea r  sweep v o l t a m m e t r y  
(LSV) curves t raced  dur ing  the reduct ion  of the  sam-  
ples in a lka l ine  solutions. The effect of an t imony  on 
the s t ructure  of lead dioxide  was inves t iga ted  using 
x - r a y  diffract ion and scanning e lec t ron microscopy.  

The effect of an t imony  on the reac t iv i ty  of ~ and fl 
PbOz was recent ly  repor ted  by  Brenet  (12) and co- 
workers.  F rom galvanosta t ic  reduc t ion  curves,  t raced  
in 8N tt~SO4, 10-4N Sb~O3 solution, these  authors  de -  
duced  an influence of antimony on the electrochemical 
reac t iv i ty  of l ead  dioxide.  

Wi th  regard  to semiconduct ing proper t ies ,  Mindt  
(13) inves t iga ted  resis t ivi ty,  Hall  effect, and opt ical  
absorpt ion of e lect rodeposi ted  ~ and ~ PbO2 and s ta ted 
that  the n-semiconduct ion  of PbO2 could be due to de-  
viat ion f rom s to ichiometry  or  to incorpora t ion  of 
hydrogen  in the  lattice.  
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Other  l ead  oxides (14) p resen t  semiconduct ing p r o p -  
er t ies  and  c lear ly  d i sp lay  photoconduct iv i ty  in the  
vis ible  region of the  l ight  spectrum. 

Pav lov  (15) s tudied the photoeffects on PbOx formed 
on the lead and its photo-ac t iva t ion .  Lyamina  (16) 
eva lua ted  the semiconduct ing proper t ies  of pa r t i a l l y  
reduced  PbO2 by  s tudying  the dioxide behavior  in a 
redox  sys tem concluding that  there  is an inhibi t ion of 
the reduct ion processes. 

Concerning dioxide  reduct ion  in a lka l ine  solu-  
tions, Jones (17) and  Gl i ckman  (18) observed,  dur ing  
galvanosta t ic  reduc t ion  of l ead  anodica l ly  oxidized, 
two potent ia l  ar res ts  on the  vo l t age - t ime  curves cor-  
responding  to the couples PbO2/PbO and PbO/Pb .  
Ezerski i  (19) showed that  dur ing  dioxide reduct ion  in 
hot concent ra ted  a lka l ine  solutions, at  h igh cur ren t  
dens i ty  (i > 100 mA/cm2) ,  Pb304 is fo rmed by  reac-  
t ion of HPbO2-  ions wi th  the  PbO2 layer .  Lyamina  
(20, 21), in cont ras t  to the previous  results,  found that  
the  dioxide reduct ion  proceeds in a homogeneous sys-  
tem unt i l  the  O /Pb  rat io  reaches a value  near  1.3, then 
lead  fo rmat ion  begins to occur. Moreover,  this au thor  
(20) po in ted  out  tha t  the process l imi t ing  the cathodic 
cur ren t  is oxygen  diffusion in  the solid phase. 

Char t ie r  (22) t r aced  po ten t iodynamic  and ga lvano-  
stat ic curves for  ~ and ~ PbO2 reduct ion  in d i lu te  a lka -  
l ine solutions and showed that  l ead  dioxide pass ivates  
at  a potent ia l  be low PbO formation.  F r o m  ga lvano-  
s tat ic  curves this au thor  deduced also that  the reduc-  
t ion mechanism of the two a l lo t ropic  lead  dioxide  
forms is different.  

Car r  and Hampson (23) s tudied a PbO2 reduct ion 
by  fast  l inear  v o l t a m m e t r y  and they  observed  two 
cathodic peaks  at  potent ia ls  corresponding to the  re -  
duct ion of a PbO2 to PbO and PbO to Pb. The ~ PbO2 
reduct ion  seems to be compl ica ted  b y  a t ransformat ion  
of ~ PbO2 to ~ PbO2 which occurs at  the e lect rode 
surface. 

Experimental 
Anodic  layers  of a and  ;~ PbO~ were  e lec t rodeposi ted  

on a gold subs t ra te  according to methods descr ibed in 
the  l i t e ra tu re  (24). a PbO2 was deposi ted at  30~ from 
a 2N KOH solut ion sa tu ra ted  wi th  PbO at a cu r ren t  
dens i ty  of 10 m A / c m  2. ~ PbO2 was obta ined  at  25~ 
f rom 0.15N Pb(NO~)2, 0.15N HNO, solut ion a t  a cur -  
rent  densi ty  of 100 m A / c m  2. The ni t r ic  acid solut ion 
was also used to deposi t  mix tures  of a and ~ PbO2 
which were  analyzed  by  x - r a y  technique considering 
reflection lines f rom (111) plane for the a PbO2 and 
f rom (110) p lane  for  ~ PbO2. 

To obta in  an t imony-doped  lead  dioxide,  Sb208 dis-  
solved in KOH was added  to the solut ion used to de-  
posi t  lead  dioxide.  The concentra t ion of t r iva len t  
an t imony  ions was in the range 0-100 ppm. 

Some of the anodic deposit  of pure  and doped lead 
dioxide  were  f inely  ground,  washed  in 1M KOH or  in  
10% HNO~ solution, r insed  in doubly  d is t i l led  water ,  
and analyzed to de te rmine  the O/Me rat io  and the 
an t imony  amount.  The O/Me rat io  was de te rmined  by  
means  of iodometr ic  t i t ra t ion  (25). This ana ly t ica l  
technique was prev ious ly  tes ted by  measur ing  the 
O/Mn rat io  for Mn203 samples  p repa red  by  calcining 
pure  MnCO8 at 700~ The s t andard  devia t ion  of these 
measures  was smal le r  than  0.01%. The an t imony  
amount  in the  anodic deposi t  was de te rmined  by  means  
of an atomic absorpt ion  technique. 

The reduct ion  of pure  and doped lead  dioxide w a s  
carr ied  out  in pu re  1M and 5M KOH solutions at  a 
t e m p e r a t u r e  of 22~ F o r  this purpose  l inea r  sweep 
vo l t ammet ry  (LSV) curves were  t raced  wi th  a low 
scan ra te  (200 /~V/sec). Dur ing  the reduction,  the 
amount  of charge requ i red  by  the cathodic process w a s  
measured  wi th  an electronic in tegra tor ;  the amount  
of charge and the cur ren t  in tens i ty  were  recorded vs. 
the e lect rode potential .  

The work ing  electrode,  made  of gold covered wi th  
lead dioxide layers  2-8 ~m thick, had  a surface a rea  of 

0.8 cm 2. The reference  ha l f -ce l l  was an Hg /HgO e l e c -  
t r o d e  and the countere lec t rode  was a P t  foil. To de-  
te rmine  the change of lead  dioxide s t ruc ture  and the 
appearance  of new phases dur ing  the cathodic p ro -  
cesses, some reduct ions  were  in t e r rup ted  at  var ious  
e lect rode potential .  Subsequent ly  the  pa r t i a l l y  re -  
duced samples, r ap id ly  removed  from the cell, r insed 
wi th  wa te r  and dr ied  wi th  acetone, were  analyzed  by  
x - r a y  diffraction and were  observed  at  the SEM. 

To de te rmine  the effects induced by  l ight  on the 
e lec t rochemical  cathodic processes the work ing  elec-  
t rode was i l lumina ted  wi th  a chopped (13 Hz) whi te  
l ight  of a m e r c u r y  l amp (OSRAM HBO-200) du r -  
ing the slow poten t iodynamic  reductions,  and the 
photocurrents  were  detected by  means  of a lock- in  
amplifier.  

Results and Discussion 
Pure lead dioxide.--X-ray diffract ion pa t te rns  of 

anodic layers  showed tha t  crystals  a re  s t rongly  
oriented,  a PbO2 layers  d i sp layed  a ve ry  ve ry  s t rong 
l i ne  f rom (200) p lane  (d = 2.48 nm)  in agreement  
wi th  l i t e r a tu re  da ta  (26, 27). ~ PbO2 layers,  on the  
contrary ,  gave a s t rong l ine f rom (031) p lane  (d = 
1.486 rim). In  both  cases the remain ing  l ines were  ve ry  
weak  or absent.  The diffract ion pa t te rns  recorded f rom 
finely ground anodic layers  d i sp layed  the cha rac te r -  
istic peaks,  r epor ted  in ASTM cards (No. 11-549 and 
25-447). 

Concerning the O/Me  rat io  measurements ,  the re -  
sults obta ined  by  analyz ing  50 samples,  by  iodometr ic  
technique, showed tha t  lead  dioxide  has a chemical  
composit ion cor responding  to PbOl.s7 for the a a l -  
lotropic  form and corresponding to PBO1.92 for  the 
;~ form. In  Fig. 1 and  2 are  r ep resen ted  the  e lec t ron 
micrographs  of both  a l lo t ropic  forms of e lec t rode-  
posi ted lead  dioxide. 

Sb e~ect on the structure.--When ~ PbO2 is de-  
posi ted f rom solutions containing t r iva len t  an t imony  
ions, i t  can be observed tha t  x - r a y  reflection lines 
f rom powdered  samples  a re  w e a k l y  shif ted toward  
lower  angles;  this shif t  is pa r t i cu l a r ly  evident  (0.05 ~ 
for the reflection lines f rom (110) and (111) plane 
when  the an t imony  concentra t ion in  the  e lec t ro ly te  is 
g rea te r  than  60 ppm. 

Smal l  modifications seem to occur  in the  diffract ion 
pa t te rns  of powdered  ~ PbO2 samples;  only  a s l ight  
b roadening  of the peaks  can be observed.  X - r a y  ana l -  
ysis of ~ and ;~ mix tures  codeposi ted showed that  
an t imony  favors  a PbO2 formation.  The increase of 

fo rm has been about  20% when  Sb concentra t ion  in 
the solution is 100 ppm and the ~/~ ra t io  for  pu re  
PbO= is 1. 

Chemical analysis.--Chemical analysis  showed tha t  
an t imony  concentra t ion in  the anodic deposits  in-  

Fig. I. SEM micrograph of pure c~ PbO2 electrodeposlted from 
2N KOH saturated with PbO; idep = 10 mA/cm 2, T = 30~ 
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Fig. 2. SEM micrograph of pure ~ PbO2 electrodeposited from 
0.SM Pb(NO3)2 and 0.15M HNO3; idep = 100 mA/cm 2, T ---- 30~ 

creases with increasing an t imony  content  in  the elec- 
trolyte, as reported in  Fig. 3. I t  can be seen that  
an t imony  content  in  ~ PbO2 is higher than  in ~ PbO2. 
In  Fig. 3 the values of the O/Pb  ratio are also reported. 

As cab be easily seen, the O/Pb  ratio in the a lead 
dioxide increases markedly  with increasing an t imony 
content  in  the electrolyte, unt i l  the an t imony concen- 
t ra t ion in  the anodic layer  reaches the value of 0.02%, 
corresponding to 40 ppm of an t imony  in the electro- 
lyte. Above this value the O / P b  ratio reaches a con- 
s tant  value. On the other hand, an t imony  does not 
seem to change the O/Pb  ratio in the ~ lead dioxide. 

Considering that  an t imony  pentavalent  ions behave, 
with respect to iodometric analysis, as te t ravalent  lead 
ions, both oxidizing two equivalents  of iodine, the 
Sb 5+ subst i tut ion for Pb 4+ does not  modify the O/Me 
ratio of lead dioxide. Instead. this ratio is changed if 
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Fig. 3. Antimony content in the anodic deposits of a (@) and 
fl (& )  PbO2 (upper diagram), and O/Pb ratio (lower diagram) vs 

antimony content in the electrolyte. 

an t imony  fills lattice vacancies or substi tutes divalent  
lead ions. 

Ant imony  decreases the number  of lattice defects 
(26) thus contr ibut ing to the growth of a more regular  
structure. This lat ter  effect is outs tanding because the 
observed O/Pb  ratio is surpr is ingly greater than  that 
one would expect from the in t roduct ion of small  
quanti t ies  of Sb in  the PbO2 lattice. From Fig. 3 it 
can also be deduced that for an t imony concentrat ion 
greater  than  0.2% the O/Pb  ratio increases no more 
and the Sb 5+ enters  the lattice by subst i tut ing te t ra-  
valent  lead ions. 

The greater  solubil i ty of an t imony irL xPbO2 could 
explain the increasing amount  of that  allotropic form 
in the positive active mater ia l  of lead acid cell with 
an t imonia l  lead grids. 

EfIect ol Sb on crystal habit.--When an t imony  is 
present  in the a PbO~ lattice, the crystal habit  of the 
dioxide changes drastically. Comparing Fig. 1 with 
~ig. 4a and Fig. 4b with Fig. 4c, it  appears clearly that  
antimor~y reduces the crystal size. Its influence is so 
re levant  as to cause a change in the crystal morphology 
when  the an t imony amoun t  in  the dioxide is greater  
than  0.2 %. 

With increasing an t imony  amount,  the crystal  size 
becomes smaller  and its surface energy increases unt i l  
"soap bubble" forms can grow. The crystal size reduc- 
tion is already apparent  when, on the oxide surface, 
for about 20 lead ions there is one an t imony ion. That  
seems in bet ter  agreement  with the assumption of an 
influence of an t imony on crystal growth rate, based 
on the adsorption, ra ther  than  an influence on the nu -  
cleation rate. 

With regard to # PbO2, for which the crystal size is 
already very small, an t imony  does not seem to have 
any influence. But a slight broadening of the peaks 
observed in the diffraction pat terns could reveal that 
also for the # form there is a crystal size reduction. 
Moreover for both allotropic forms of lead dioxide it 
was observed that electrodeposition occurs wi th  greater 
difficulty if the an t imony concentrat ion in  the solu- 
tion is greater  than  100 pprn. 

PbO~: reduction tests.--An LSV curve for the 
a PbO2 reduct ion in  0.1N KOH solution is reported 
in Fig. 5. The curves in  0.1N KOH solutions show two 
main  peaks. The first main  peak appears at a potential  
of --170 mV (NHE) and it  is preceded by a lower 
peak [V _-- 140 mV (NHE)]  which appears as a 
shoulder if the scanning rate is greater than 50 ~V/sec. 

The second main  peak is observed at about  V = 
--700 mV (NHE) and it  is followed by a lower peak 
or by a shoulder at V ---- --900 mV (NHE) before hy-  
drogen evolution. 

The values of the amount  of charge measured dur-  
ing the reduct ion permit ted  calculation from the in i -  
tial O/Pb  ratio of the mean  value of the reduction de- 
gree of lead dioxide, at various points on the LSV 
curves. 

The mean  O/Me ratio calculated according to the 
cathodic reaction 

PbOx + 28e + 5H20-~ PbOz-8 + 28OH- ~ --~ z [1] 

is also reported vs. the electrode potential  in  Fig. 5. 
In  this way it is possible to verify that  the first 

main  peak corresponds to the formation of an oxide 
having a composition near  to that  of PbaO4, and the 
second main  peak corresponds to a s imultaneous for- 
mat ion of PbO and Pb. Dur ing  the first lower peak, 
lead dioxide apparent ly  reduces to PbOI.8. The shoulder, 
which appears before hydrogen evolution, should cor- 
respond to lead formation from residual  PbO. 

If pure lead dioxide is reduced in 5N KOH solution, 
the voltammetric  curves show only the first main  peak. 
In this case the oxide dissolves completely in the elec- 
trolyte and the charge required for the reduct ion cor- 
responds to PbO formation. 
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When the lead dioxide is doped with ant imony,  some 
change in  the LSV curves occurs. An example is re-  
ported in  Fig. 6 which shows the curves referr ing to 
reduct ion in  0.1N KOt t  solution of a PbO2 electrode- 
posited from a solution containing 100 ppm of Sb. I t  
can be observed that  the first main  peak appears a t  a 
potential  of 100 mV (NHE), the in termediate  oxide 
has a composition near  that  of PBO1.57, and the in ten-  
sity of the second main  peak, which appears at a po- 
tent ia l  of --700 mV (NHE), is very  small. 

In addit ion a third peak appears at a potential  of 
--980 mV (I~HE) before the lead peak [V = --1150 
mV (NHE)],  and hydrogen evolution begins when  
the O/Pb  ratio is greater  than  one. The reduct ion tests 

i (mA / cm 2 ) 
Fig. 5. Linear sweep voitammetry curve (full line), photacurrent 

intensity (dotted line), and O/Pb mean ratio ( e )  for - Pb02 re- 
duction in 0.1N KOH. 
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carried out in 5N KOH solutions showed that  the ox-  
ide layer  does not dissolve in  the electrolyte and the 
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LSV curves display the peaks corresponding to PbO 
and Pb  formation. The reduct ive dissolution appears 
more difficult and some areas of the electrode remain  
covered wi th  par t ia l ly  reduced lead dioxide and meta l -  
lic lead also at  the end of the vol tammetr ic  curves. 

The x - r a y  diffraction analysis and the SEM observa-  
tions of the anodic layers par t ia l ly  reduced showed 
that  the cathodic process occurs in the solid state. For  
an O /Pb  ratio greater  than  1.33, the diffraction pat -  
terns clearly show only one reflection l ine from (200) 
plane of PbO~, the in tensi ty  of which decreases wi th  
decreasing the O/Pb  ratio. 

Moreover the background noise of the diffraction 
pat terns  and some very, very  weak lines appear. These 
lines correspond to reflection from (211), (112), and 
(810) planes of Pb304, when  the O /Pb  ratio is near  
1.33. When the O /Pb  ratio is smaller  than 1.1, a l ine 
corresponding to reflection from (111) plane of lead 
appears. The tests carried out with Sb-doped a lead 
dioxide show that  the lead l ine appears when  the 
O/Me ratio is close to 1.57. 

The SEM observations of the electrode surface af ter  
par t ia l  reduction, some of which are shown in  Fig. 
7-10, are in  good agreement  with x - r a y  results. More- 
over it  can be seen that  the crystal habi t  of lead di-  
oxide is ma in ta ined  dur ing  the reduct ion unt i l  lead 
and lead oxide appear  at the same time. As Gourbon-  
ova pointed out (20), the reduct ion takes place in  a 
homogeneous system. 

Fig. 9. SEM micrograph of ~ PbO2 electrodeposlted from KOH 
(pH > 14) saturated with PbO, containing 100 ppm of antimony 
(idep - -  10 mA/cm 2) and reduced until PbO1.4s in 0.1N KOH. 

Fig. 7. SEM micrograph of ~ PbO2 electrodeposited from 2N KOH 
saturated with PbO (idep = 10 mA/cm 2, T = 30~ and reduced 
until PbOl.a8 in 0.1N KOH. 

Fig. 8. SEM microgroph of ~ PbO2 electrodeposited from KOH 
(pH > 14) saturated with PbO (idep = 10 mA/cm 2, T = 30~ 
and reduced until PbOo.~ in 0.1N KOH. 

Fig. 10. SEM micrograph of ,~ PbO2 electrodeposlted from K0H 
(pH > 14) saturated with PbO, containing 100 ppm of Sb (idep = 
10 mA/cm 2, T - -  30~ and reduced until PbOL66 in 0.iN KOH. 

Thus the cathodic process occurs by  removal  of 
oxygen ions from the dioxide lattice. In i t ia l ly  the pro-  
cess takes place at the oxide-solut ion interface where 
the electrons are available and Pb 4+ ions can be re-  
duced to Pb 2+. The oxygen, so released, reacts with 
the adsorbed water  molecules to form hydroxide ions. 
In  this way, a concentrat ion gradient  of oxygen ions 
and an opposite gradient  of Pb 2§ ions are set up in  
the oxide. Subsequent ly  the reduct ion of Pb 4§ ions 
takes place far f rom the oxide-solut ion interface, .'.:~d 
oxygen ions released in  the bu lk  of the oxide move 
toward the solution under  the action of the diffusion 
gradient  and of the electric field. In  this condition the 
cathodic process includes the following three con- 
secutive steps 

Pb09 + 2e -~ PbO + Obum 2- 

Obu,~ ~- -~ O,u~.~- [2] 

Osurf. ~- + H~O -~ 2 OH- 

The removal of oxygen from the dioxide la%tice 
causes nonstoichiometric PbOx oxide formation. The 
known stable PbOx oxides are solid solutions having 
a composition in  the range PbOi.38-PbO,.57 (28-29). 
Their  solubil i ty in  a lkal ine  solutions (30) is very  
small, decreasing from PbO1.3s to PbOL57. Since the 
reduct ion tests, carried out in  5N KOH solutions, 
showed that  the oxide layer  dissolves quickly dur ing  
the first ma in  peak of LSV curves, we can suppose 
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that the reduct ion process ini t ia l ly  causes, at the ox- 
ide-solut ion interface, a decreasing of the O/Pb  ratio 
unt i l  this ratio reaches a value near  one. 

In  5N KOH solutions while the reduction of Pb 4+ 
occurs in the solid state, PbO dissolution at the oxide- 
solution interface can take place. In  dilute alkal ine 
solutions a l i t t le dissolution of PbO can also occur be-  
cause, owing to cathodic process, O H -  ions are formed 
at the oxide-electrolyte interface. 

The HPbO 2- ions, so formed, can hydrolyze where 
the local HPbO~- /OH - ratio is greater  than  the equi-  
l ib r ium constant  value for the PbO dissolution reac- 
tion. This clearly appears from the electron micro- 
graph, Fig. 11, referr ing to a reduct ion carried out 
without  st irr ing the solution to enhance the phenome-  
non. In  this case PbO appears on the electrode surface, 
dur ing  the first ma in  peak of the LSV curves, in  the 
shape of platelets coming out from PbOx crystals. The 
x - r ay  diffraction pat terns do not display a strong line 
of this compound. I t  can be deduced that  PbO hy-  
drolyzes in amorphous form. 

However in  di lute alkal ine solutions the PbO dis- 
solution is a secondary process. In  fact all  the tests 
carried out with dioxide layers having different thick- 
ness (2-8 ~m) showed, for the in termediate  oxide, 
the same value of the above-ment ioned O/Pb mean 
ratio. When the entire layer  is reduced to PbOx, 
the reduction process stops since PbOx is a poor con- 
ductor. This is confirmed by some oxidation tests of the 
in termediate  oxide. These tests showed that the elec- 
trode seems passivated and PbOx is oxidized only if the 
electrode potential  is greater than 550 mV (NHE). 
Moreover the SEM observations show that lead dioxide 
is subjected, dur ing  the reduction, to in te rna l  stresses 
which produce some cracks in the layer (Fig. 13). The 
crack formation can explain the presence on the LSV 
curves of the first lower peak. This peak should in-  
dicate when, on the electrode surface, the O/Pb  ratio 
becomes one and cracks begin to form. The cracks ex- 
plain also why PbOx can still be reduced when the 
electrode potential  reaches more negative values (3rd 
and 4th peak on LSV curves).  The reduction begins to 
take place near  the crack edges at substra te-oxide-  
electrolyte contact. 

With regard to Sb-doped lead dioxide, it was ob- 
served that  during the reduction in concentrated alka-  
line solutions the intermediate  oxide does not dissolve 
in  the electrolyte. From this behavior we can deduce 
that the O/Pb  ratio, at the oxide surface, decreases 
only to 1.5. In  these conditions, owing to greater con- 
ductivi ty of the intermediate  oxide, the fur ther  re- 
duction to form PbO and Pb can go on also by a re-  
ductive dissolution-precipitat ion mechanism. Moreover 

Fig. 11. SEM micrograph of c~ PbO~ electrodeposited from 2N 
KOH saturated with PbO (idep ~ 10 mA/cm 2, T --~ 30~ and 
reduced until PBO1.33 (crystals) with some blades of PbO in 0.1N 
KOH. 

the peak at V = --980 mV (NHE) on the LSV curves 
reveals that there are two paths for PbO formation 
perhaps corresponding to two areas with different Sb 
amount.  

The previous discussion agrees with the conclusions 
by Rickert  et al. (31,32) referr ing to the electro- 
chemical behavior  of the PbO2 electrode. In  lead di- 
oxide the values of chemical potential  of lead and 
oxygen seem to vary  wi th in  a wide range according 
to the electrode polarization. The corresponding 
change of stoichiometry is related to the change in 
the number  of free electrons. Thus, lead dioxide can 
acquire semiconducting properties exhibi t ing n- type  
behavior. For this reason photoelectrochemical mea-  
surements  are a useful  tool for invest igat ing lead di- 
oxide electrodes. 

Photoe~ects  on c~ PbO2 electrodes . - -The results of 
photocurrent  measurements  are also reported in  Fig. 
5 and 6. The anodic photocurrents  appear when the 
reduct ion begins; later  the photocurrents  become 
cathodic and their  in tens i ty  reaches a ma x imum 
value when PBO1.88 forms. When Pb and PbO begin 
to form the photocurrents disappear. 

With regard to Sb-doped PbO2 the photocurrents  
are smaller  and the cathodic ones reach a max imum 
when PbO appears. The effects induced by light con- 
firm the proposed reduction mechanism. 

The anodic photocurrent  can be explained by sup- 
posing that light produces Pb 4+ centers in  the oxide 
which hinder the reduction according to a mechanism 
similar to that  proposed by Pavlov (15) for the 
photoactivation of PbO to PbO2. In  the first stage of 
the reduction, a concentrat ion gradient  of Pb 2+, Pb 4+, 
and oxygen ions is set up in the oxide near  the elec- 
trolyte. Under  these conditions, owing to photon ab-  
sorption, some electrons jump from the valence to the 
conduction band of the semiconducting oxide. The 
holes are captured by divalent  lead ions while the 
electrons move, according to band bending, toward 
the bulk  of the oxide. As a result, some te t ravalent  
lead ions are created in  the oxide near  the solution, 
t rapping the oxygen ions. In  this way the oxygen ion 
migrat ion is hindered. Thus light decreases the cath- 
odic process rate and this influence is revealed as an 
anodic photocurrent.  

Cont inuing the reduction, a th in  layer of in te rmedi -  
ate oxide is formed near  the solution and the bands 
of semiconducting oxide are bent  downward.  That  is 
due not only to a potential  shift toward the cathodic 
direction but  also to a change of the oxide composi- 
tion. The intermediate  oxides are poor electrical 
conductors and the cathodic potent ial  tends to lo- 
calize in  a thin surface layer  of the oxide near  the 
solution. 

In  this condition, the l ight can promote the PbOx 
photocomposition according to the mechanism pro- 
posed by  Williams (33). It  is known that  PbO~.3~ is a 
photosensitive mater ia l  (30) and its solution rate in  
KOH increases when  the oxide is i l luminated.  

The photon absorption produces electrons and holes 
which are separated by the electric field. The elec- 
trons go toward the oxide-solut ion interface where 
they are available for the reaction 

2(x -- l)h + PbOx + (x-- I)H20 

~ H P b O f -  + ( 2 x - -  3 ) O H -  -t- 2 ( x - -  1)h [3] 

The photoeffects disappear when  the reduct ion pro- 
cess begins to occur at the substrate-oxide interface, 
as it has been supposed above. 

The effect of an t imony on the semiconducting prop- 
erties of lead dioxide is revealed by the decrease of 
photocurrent  in tensi ty  dur ing the reduction. This also 
indicates a decrease in the number  of lattice defects 
in the intermediate  oxides. 

Pb02 reduction test  and photoe~ects . - -The  LSV 
curves referr ing to /~ PbO~ reduct ion in  0.1N KOH 
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Fig. 12. Linear sweep voltammetry curve (full line), photocurrent 
intensity (dotted line), and O/Pb mean ratio (-I, ') for /~ PbO2 
reduction in 0.1N KOH. 

solut ion present  two main  peaks,  Fig. 12, which ap -  
pear  at  V = --50 mV (NHE) and V ---- --880 mV 
(NHE),  respect ively .  Each of these peaks is preceded 
by  a l o w e r  peak  at  V = 200 mV (NHE) and at  V ---- 
--600 mV (NHE). The intermediate oxide formed 
after the first main peak has a composition very close 
to that of PBO1.57. 

Antimony shifts the first peak toward positive 
values of the electrode potential as reported in Table 
I, where the potential of the first peak and the calcu- 
lated O/Pb ratio for the initial and intermediate oxide 
are listed for pure and doped lead dioxide. 

As it appears from the electron micrograph re- 
ported in Fig. 13, which refers to partially reduced 
lead dioxide, the cathodic process for the reduction of 

PbO2 in alkaline solution is similar to that of the 
form; i.e., the reduction takes place initially in a 
homogeneous system. The photocurrent measurements 
and the effect of antimony are in agreement with 
previous discussion concerning a PbO2 reduction. 

The most remarkable effect of antimony, as it is 
shown in Table I, concerns the O/Pb ratio value of 
intermediate oxide. The amount of charge required to 
form PbOx increases from Sb-doped /~ PhO2 to pure 
a PbO2. The galvanostatic reduction curves confirm 
the above reported results as shown in Fig. 14. We can 
deduce from these curves the different amount of 

Fig. 13. SEM micrograph of F PbO2 electrodeposited from 0.1SM 
HNO3 and 0.SM Pb(NO3)2 (idep ~-- 100 mA/cm 2, T - -  30~ and 
reduced until PbO1.5 in 0.1N KOH. 

VNHF(V) 

-0.8 

-0.6 

-0.4 

-0.2 

0 

0.2 

0.4 

0.6 

0.B 

41m w, IB PbO 2 

�9 a Pb02 + 0.5%Sb 

�9 I} Pb02 +0.2 %Sb 

1.9 1.8 1.7 1.6 1.5 1.4 
O/Pb 

Fig. 14. Electrode potential vs. O/Pb ratio during the galvano- 
static reductions of a and/3 lead dioxide with different Sb content. 

charge requi red  by  the var ious  lead  dioxides to reach 
the P b O / P b  potent ia l  and also the different  r educ i -  
bil i t ies of these dioxides. 

In  agreement  wi th  previous  findings (22), the k i -  
netics of reduct ion for the ~ and ;~ al lotropic  form of 
lead  dioxide  seem to be different. By considering r e -  
action [2], if oxygen t ransfe r  th rough  the ox ide - so lu -  
t ion in ter face  is fas ter  than  oxygen ion migra t ion  
wi th in  the oxide, diffusion polar izat ion sets up in the 
oxide. In this case, under  galvanosta t ic  condit ion the  
overpoten t ia l  increases dur ing  the cathodic process. 

Table I. Potential values of the first and second peak on voltammetric curves and O/Pb ratio for the initial and 
intermediate oxide obtained on pure and doped lead dioxide 

Vx~ (mY) V.xHz (mY) 
Oxide ( Ist peak) (2nd peak) (O/Me) PbO 2 (O/Me) Pbo~ 

Sb-doped ~ PbOs 
Sb 0.2% 320 140 1.92 1.65 

Sb-doped ~ PbOs 
Sb 0,5% 280 lOO 1.91 1.57 
Pb02 250 --20 1.91 1.50 
PbO= 140 - 170 1.87 1.33 
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From Fig. 14 it seems that a PbO2 reduction is 
really controlled by oxygen migration in the oxide. 
On the contrary, under the same conditions the over- 
potential during the galvanostatic reduction of ~ PbO2 
is constant. Then we can imagine that the reaction 
is controlled by oxygen transfer from the oxide to 
the solution. The effect of antimony is to change the 
kinetic mechanism of ~ PbO2 reduction by making it 
similar to that of ~ PbO2. Further investigation is 
necessary to explain the different shape of the gal- 
vanostatic reduction curves, and this will be matter 
for further work. 

Conclusions 
Antimony enters the lattice of lead dioxide chang- 

ing the morphology and the electrochemical behavior. 
Sb dissolution is greater in the a than in the ~ form. 
Sb, up to a concentration of 0.2%, fills the lattice va- 
cancies of a PbO2 and promotes more regular struc- 
ture. As for ~ PbO2, Sb 5+ simply substitutes Pb 4+ 
ions. The crystal size of a PbO~ reduces by increasing 
the antimony content. The ~ PbO2 crystal size appar- 
ently is not modified. 

The greater solubility of antimony in a PbO2 can 
explain the increase of this form in the lead acid cell 
with antimonial lead grids and the different per- 
formance of positive plates with respect to lead cal- 
cium grids. 

The reduction of lead proceeds initially in a homo- 
geneous system until lead dioxide is converted to 
PbOx with 1.33 ~ x <: 1.65. The effect of antimony is 
particularly on the electrochemical reactivity of the 
dioxide, the O/Pb ratio of intermediate oxide, and 
PbO formation. 
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Safety Studies on Li/SO  Cells 
IV. Investigations of Alternate Organic Electrolytes for Improved Safety 

A. N. Dey* and R. W.  Holmes 

Durace[l International, Incorporated, Laboratory ]or PhysicM Science, Burlington, Massachusetts 01803 

ABSTRACT 

The lithium reactivity of a variety of organic solvents and their mixtures 
was determined by measuring the exotherm initiation temperature of the or- 
ganic solvents with Li using DTA. The least reactive solvent and mixtures 
were used to prepare electrolytes comprising 1M LiBr and 70% liquid SO2 
and the electrical conductivities of these electrolytes were measured at vari- 
ous temperatures. Eight electrolytes were found to have equivalent or better 
eonductivities and significantly less reactivity towards Li compared to the 
state-of-the-art electrolyte comprising LiBr, acetonitrile, and SO2. Some 
of the electrolytes showed a reduction in conductivity on storage. 

Li/SO2 organic electrolyte cells consisting of Li an-  
ode, porous carbon cathode, and LiBr-acetoni t r i le-  
l iquid SO2 electrolyte were demonstrated (1-5) to be 
an excellent power source for various mi l i ta ry  appli-  
cations requir ing high current  drains, long shelf life, 
and exceptional ly cold temperatures.  Although the 
ba t te ry  system was found (3) to be quite abuse re-  
sistant for a var ie ty  of abuse conditions, the object of 
this ongoing invest igat ion was to improve the abuse 
resistance of the cells even fur ther  so that the cells 
are safe under  all  reasonable abuse conditions. We 
have shown earlier (6) that  the reaction most re-  
sponsible for in i t ia t ing a thermal  r unaway  was the 
exothermic reaction be tween the Li and the organic 
solvent, acetonitri le (AN), that  may work on deep 
discharging an Li/SO~ cell when  almost all the SO2 
has been consumed. We have also shown by kinetic 
studies (7) that the above reaction may be mit igated 
by the addit ion of other less reactive solvents. As an 
extension of these studies it  is of interest  (i) to deter-  
mine  the op t imum concentrat ion of the addit ive sol- 
vent  required for suppressing the Li -AN reaction, 
and (ii) to determine the electrical conductivi ty of 
the LiBr-SO2 electrolytes made with the above sol- 
vent  mixtures. Our objective is to develop the least 
reactive electrolytes that  has an adequate conductiv-  
i ty for the applications of interest.  

We have chosen to use the exotherm ini t ia t ion 
tempera ture  (defined as the temperature  at which the 
Li-solvent  reaction exotherm starts) as a measure of 
the Li-solvent  reactivity. The higher the exotherm 
ini t ia t ion temperature,  the lower the reactivi ty and 
conversely. We measured the Li-solvent  exotherm 
ini t ia t ion tempera ture  as a funct ion of the organic 
solvent concentrat ions at a fixed heat ing rate using 
DTA and we determined the electrical conductiv-  
ities of the electrolytes consisting of approximately  
7G% liquid SO2, 1M LiBr, and the promising organic 
solvent mixtures  selected from the above studies. The 
exper imenta l  details and the results are described in 
this paper. 

Experimental 
The Mettler TA2000 DTA system was used with 

the Nemonic crucibles. 20 ~1 of the solvents of in te r -  
est were run  wih 0.00029g Li disks at the 5.0~ 
heat ing rate. The resul t ing thermograms were in te r -  
preted as follows: the programmed temperature,  Tp, 
was determined where the steepest slope of the Li-sol-  
vent  reaction exotherm intersected the projected base- 
line. The exotherm ini t ia t ion temperature  was deter-  
mined by subtract ing the thermal  lag of the sample 
crucible, ATLAG, from the intersect  temperature.  Fig-  

* Electrochemical  Society Active Member. 
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ure 1 shows the DTA thermogram at 5~ for 
two samples and the typical de terminat ion of the 
exotherm ini t ia t ion temperature.  

For the effort centering on the use of AN with an 
additive we general ly  used 5% (volume) additive and 
95% A N . - P r omi s i ng  solvent  systems were studied 
in more detail by determining the exotherm ini-  
t iat ion temperature  at various additive concentra-  
tions. 

The electrical conductivi ty of the electrolytes was 
measured with a high pressure conductivi ty cell, 
shown in  Fig. 2. Pressurized SO2 electrolytes w e r e  

i 
/ 

A A N / B I I Z  I ~i 

T E M P E R A T U R E  , =C 

Fig. 1. Thermograms at 5~ showing the determination 
of the exotherm initiation temperature: (1) Li ~ AN/bromobenzene 
(95/5), (2) ii -~- AN/acetic anhydride (95/5). 
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Fig. 2. High pressure conductivity cell 

made up in  115 ml  polypropylene cylinders fitted with 
polypropylene ball  valves on each end and an addi-  
t ional th ree-way stainless steel valve on one end. 
Vacuum-dr ied  LiBr and appropriate distilled solvents 
(except acetic anhydr ide)were  introduced into the 
polypropylene electrolyte cylinder and SO2" was con- 
densed into the chilled cylinder through the three-  
way valve. The conductivi ty cell was filled with argon 
and then connected to the electrolyte filling station 
via the fill valve. At the filling station the conduc- 
t ivi ty  cells were evacuated to facilitate the in t roduc-  
t ion of electrolyte which was introduced through the 
fill valve. The filled cells were equil ibrated at var i -  
ous temperatures  be tween --40 ~ and 98~ At thermal  
equil ibrium, the solution resistances were measured 
with a GenRad GS1657 Digibridge at I kHz (0.3V 
rms maximum)  and the series equivalent  circuit was 
used. 

All the solvents except PC, DME, BL, and dioxo- 
lane were used as received from Eastman Kodak. 
PC and BL were vacuum distilled over Li. Water con- 
tent  of AN was less than  0.01%. 

Results and Discussion 
Exotherm initiation temperature of Li and organic 

solvent.--The effect of a var ie ty  of organic solvents 
as additives on the exotherm ini t ia t ion temperatures  
of Li + AN was determined by the method described 
above and are tabulated in Table I, in the code of as- 
cending exotherm ini t ia t ion temperature;  the te rnary  
mixtures  are listed separately at the bottom of the 
table. The organic compounds and additives invest i -  
gated include the following funct ional  groups: alcohol, 
aldehyde, ketone, acetate, anhydride,  amide, amine, 
carboxylic acid, carbonate, glycol, and sulfoxide. The 
exotherm ini t ia t ion tempera ture  of Li + AN varied 
from 25 ~ to 50~ depending upon the condition of the 
surface of the l i th ium specimen, as discussed later. 

The results in  Table I show that  the organic solvent 
additives in  items number ing  1-17 had exotherm ini-  
t iat ion temperatures  below 50~ and as seen these 
provide no reductions in  the react ivi ty  of Li with 
acetonitrile. I tem 18, contained acrylonitri le,  an im-  
pur i ty  of AN, which had a negligible effect on the 
exotherm ini t ia t ion temperature  of Li + AN. Simi-  
lar ly  items 19 through 27 were only marg ina l ly  
beneficial. I tems 28 through 37 indicated a significant 
increase in  the exotherm ini t iat ion temperature.  
The organic solvents involved are propylene car- 
bonate (PC), butyrolactone (BL), acetic anhydride  
(AA),  and methlyl  formate (MF). Of these, methyl  
formate is known (8) to decompose in  presence of 
moisture to form CO. Also, H2 may form by a side re- 
action with Li. Both of these are flammable and 
would increase the in te rna l  pressure of the Li/SO2 
cells. 

Table I. Chemical reactivity of solvent systems DT& at 5~ 
0.00029g Li + 20/~1 of indicated solution 

Initiation 
Item No. Solution temp (~ 

1 AN 25-50 
2 AN/DME (95/5) 25 
3 AN/carbon tetrachloride (95/5) 25 
4 AN/di~lyme (95/5) 25 
5 AN/THF (95/5) 26 
6 AN/bromohenzene (95/5) 33 
7 AN/pymdine (95/5) 37 
8 AN/a~lyl alcohol (95/5) 38 
9 AN/diethylamine (95/5) 42 

10 AN/die thyl  carbonate (95/5) 42 
11 AN/butyl  acetate (95/5) 43 
12 AN/acetamide (0.0u43 g/ml)  44 
13 AN/Tri ton surfactant,  0.5% 45 
14 AN/dioxolane (95/5) 46 
15 ANloleic acid (95/5) 47 
16 AN/benzaldehyde (95/5) 47 
17 AN/methanol  (95/5) 49 
18 AN/acryloni tr i le  (95/5) 52 
19 AN/ethyl  acetate (95/5) 55 
20 AN/di-tert butyl dicarbonate 55 
21 AN/N, N, -dimethyl formamide (95/5) 58 
22 AN/acetone (95/5) 60 
23 AN/methyl  ethyl  ketone (95/5) 62 
24 AN/dimethyl  sulfoxide (95/5) 63 
25 AN/ethylene glycol (95/5) 64 
26 AN/naphthalene (0.015 g /ml)  67 
27 AN/MF (95/5) 71 
28 AN/PC (95/5) 96 
29 AN/BL (95/5) 98 
30 AN/acetic anhydride (95/5) 107 
31 AN/BL (80/20) 130 
32 AN/MF (50/50) 140 
33 BL 168 
34 MF/PC (50/50) 171 
35 MF 173 
35 PC 244 
37 DME 425 
38 AN/PC/methanol  (86/9/5) 48 
39 AN/BL/methanol  (86/9/5) 63 
40 AN/DME/acet ic  anhydride (90/5/5) 92 
41 AN/PC/acet ic  anhydride (90/5/5) 101 
42 AN/PC/DME (90/5/5) 104 
43 AN/BL/acetic anhydride (90/5/5) 111 
44 AN/PC/BL (90/5/5) i i i  

Note:  PC, BL, and dioxolane were distilled. 

The react ivi ty of d imethoxyethane (DME) and 
other ethers towards Li were investigated earlier 
using the activation energy method (7). The mea-  
surement  of exotherm ini t iat ion temperatures  of the 
above ether with Li verified our earlier findings that 
Li is very unreact ive with ether but  ethers do not 
suppress the Li + AN reaction when used as an 
additive, they enhance it. Compare the results of 
i tem 37 with items 2, 4, and 5 in Table I. 

In  the te rnary  mixture  (i tem 42, Table I) A N / P C /  
DME(90/5/5) ,  the exotherm ini t iat ion temperature  is 
increased to 104~ indicat ing that  the tenacious pro- 
tective film formed in the presence of PC is insoluble 
in DME, thus providing continued protection to Li 
in the presence of AN. Ethers therefore may be use- 
ful in certain te rnary  solvent systems. 

In  view of the excellent protection of Li by PC, we 
studied a few more te rnary  solvent systems and found 
(items 38 and 39, Table I) that neither PC nor BL 
could protect Li adequately in AN containing meth-  
anol (5%), which itself reacts with Li. We had in-  
cluded methanol  in the hope of finding electrolytes 
with increased conductivity. The te rnary  mixtures 
consisting of two of the three "protective" solvents 
(viz. PC, BL, and AA) with AN, showed no bene-  
ficial synergistic effects (items 41, 43, 44, Table I).  

For the more promising solvent systems, we deter-  
mined the optimal concentrations of the additive sol- 
vent  by measuring the exotherm ini t ia t ion tempera-  
ture as a funct ion of the concentrations of the addi-  
tive solvent. The effect of addit ion of PC and AA to 
AN on the exotherm ini t ia t ion temperature  is shown 
in Fig. 3. Note that the exotherm ini t ia t ion tempera-  
ture of Li + AN increases with addition of PC and 
AA from 50~ to approximately l l0~  up to a con- 
centrat ion of 10% of PC and AA and then levels off. 
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Fig. 3. Exotherm initiation temperature of Li -~- AN reaction as 
a function of the concentration of additive solvents, PC and AA. 

Therefore, the optimal concentrat ions of PC and AA 
are about 10%. 

We examined the t e rnary  solvent  system, A N / P C /  
DME, in  the above manner .  The results are shown in 
Fig. 4. In  these experiments  i n  one case, we started 
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Fig. 4. Exotherm initiation temperature of (1) Li + AN + 5 %  
DME with addition of PC and (2) Li + AN + 5% PC with addi- 
tion of DME. 

out with a mix ture  of 95% AN and 5% DME and 
determined the exotherm ini t ia t ion tempera ture  wi th  
Li as a funct ion of the concentrat ion of added PC. 
The addition of PC resulted in the increase of the 
exotherm ini t ia t ion tempera ture  from 50 ~ to l l0~  
up to a concentrat ion of approximate ly  10% of PC; 
no fur ther  increase in  the exotherm ini t ia t ion tem- 
perature  occurred at higher concentrations of PC. In  
another  case, we started out with a mix ture  of 95% 
AN and 5% PC and measured the exotherm ini t ia t ion 
temperature  as a funct ion of the concentrat ion of 
added DME. In  this case, the exotherm ini t ia t ion 
temperature  started out at 100~ as expected and re-  
mained unchanged wi th  the addition of DME. This 
confirmed our earlier observation in  regard to the 
level of protection of Li by DME in conjunct ion 
with AN. PC is the only "protective" solvent in  this 
mixture.  

We examined the AN + BL b inary  solvent systems 
as well and found that  the data had great scatter as 
shown in  Fig. 5. Despite the scatter, BL appears to 
effectiveIy inhibi t  the Li + AN reaction as evidenced 
by the increase in  the exotherm ini t ia t ion tempera-  
ture. 

We have also studied the effect of SO2 on the exo- 
therm ini t iat ion tempera ture  of Li + AN in order to 
determine the mi n i mum amount  of SO2 needed to 
provide protection. We carried out these experiments  
on the Li disks as well as with Li powder. We also 
examined the effect of moisture (1%).  The results are 
shown in Fig. 6. Note that  the exotherm ini t iat ion 
tempera ture  increases rapidly from 50 o to over 150~ 
with the addition of 3-5% SO2. Moisture of up to 1% 
does not appear to have a significant effect on the 
exotherm ini t ia t ion temperature.  However, Li pow- 
der was found to be considerably more reactive as 
evidenced by  the lower exotherm ini t ia t ion tempera-  
ture  compared to the IA disks. 

It is interest ing to note that  the exotherm ini t ia t ion 
temperature  of Li -{- AN with 20% SO2 was above 
400~ This is considerably higher than the exotherm 
ini t ia t ion tempera ture  of 180~ (6) of Li + SO~. elec- 
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Fig. 7. Specific conductance vs. temperature for several S02 
electrolytes, the compositions of which are described in Table II. 

t ro ly te  containing LiBr  -F AN. This lower ing  of exo-  
t he rm ini t ia t ion t empe ra tu r e  indicates  a possible ca ta-  
ly t ic  effect of LiBr  in promot ing  the  Li + AN react2on. 
S imi la r  catalysis  of the  L i - so lven t  reac t ion  by  sal ts  
such as LiC104 has been  repor ted  by  others  (9). 

Based on the above studies,  we selected s ix teen SO2 
organic  e lect rolytes  a l l  containing 70% SO2 and 5-6% 
LiBr  for fu r the r  evaluat ions  based  on e lec t r ica l  con- 
duct ivi ty.  

Electrical conductivity.--The exact  composit ion of 
the 16 e lect rolytes  selected for  conduct iv i ty  studies 
a re  shown in Table  II. The plots  of the  specific con-  
ductance vs. t empe ra tu r e  of the var ious  e lectrolytes  
are  shown in Fig. 7. The e lec t ro ly tes  were  r anked  
in order  of decreas ing conduct iv i ty  and are  l is ted in 
Table  III. Al l  bu t  the  last  seven e lec t ro ly tes  had  con- 
duct ivi t ies  equal  to or  g rea te r  than  the s t anda rd  elec-  
t ro ly te  containing AN. We ra ted  the  conduct ivi ty  of 
the  e lec t ro ly te  containing BL as marg ina l  since its 
specific conductance plot  was wi th in  the va r i ab i l i t y  
of the  specific conductance of s t andard  e lec t ro ly te  
which  showed a reduct ion of conduct iv i ty  (25-30%) 
on s torage at  72~ for  a few days. Elec t ro ly tes  4 con- 
ta ining AN/BL(90 /10)  and 7 containing A N / P C /  

Table II. S02 electrolyte compositions for conductivity study 
(the number refers to weight percent) 

Elec- 
trolyte Solute SO2 
No. (%) Solvents (solvent ratio) (%) 

I A  L iBr  6.1 A N  18.0%, A A  2.8% (90/10) 73.2 
IB L iBr  5.8 A N  20.9, A A  3.2 (90/10) 70.1 
2 L iBr  5.9 A N  20,8, PC 3.6 (90/10) 69.7 
3 L iBr  6.3 A N  24.5 69.2 
4 L iBr  5.9 A N  21.0, BL 3.4 (99/19) 69.7 
5 L iBr  5.2 PC 31.3 63.5 
6 L iBr  5.7 T H F  25.1 69.2 
7 L iBr  5.7 A N  19.1, PC 3.5, DME 1.2 (85/10/5)  79.5 
8 L i B r  5.7 DME 24.8 69.5 
9 L iBr  5.3 BL 30.0 64.7 

10 L iBr  5.3 MF 13.0, PC 16.1 (50/50) 65.6 
11 L iBr  5.7 A N  11.1, MF 13.8 (50/50) 69.4 
12 L iBr  5.7 A N  20.3, PC 1.7, BL 1.6 (90/5 /5)  70.6 
13 L iBr  5.4 PC 1.63, DME 11.7 (50/50) 66.7 
14 L iBr  5.7 BL 16.1, DME 12.3 (50/50) 66.0 
15 LiBr 5.8 AN 19.2, PC 3.5, MeOH i.I (85/10/5) 70.4 
16 LiBr  5.7 AN 19.2 BL 3.2, DME 1.2 (85/10/5)  70.6 

DME(95/10/5)  had  good conduct ivi t ies  when fresh, 
but  the  conductivi t ies  d ropped  cons iderably  on s tor -  
age for a few days  at  room t empera tu re  as shown in 
Fig. 8, The conduct iv i ty  of e lec t ro ly te  7 d ropped  f rom 
5.1  X 10  - 2  ~ - 1  a m - 1  t o  1.1 X 10 -2  ~ - 1  cm-1  on 
s torage at  25~ for a week. The decrease  of conduct iv-  
i ty  was accompanied  by  the sal t ing out of an un-  
known  whi te  p rec ip i ta te  containing b romine  and su l -  
fur  as de te rmined  by  KEVEX (SEM).  The x - r a y  dif -  
f ract ion indica ted  that  the  prec ip i ta te  was a c rys ta l -  
l ine compound. The exact  chemical  fo rmula  is not 
known as yet.  

Conclusions 
Based on the chemical  r eac t iv i ty  of the organic  sol- 

vents  and solvent  mix tures  towards  Li  as de te rmined  
by  the exo therm in i t ia t ion  t empera tu re ,  we selected 
app rox ima te ly  16 solvent  systems for fu r the r  eva lu -  
a t ion ba~ed on the i r  e lect r ica l  conduct ivi t ies  in SO2- 
LiBr  containing electrolytes .  We inc luded a solvent  
sys tem containing methanol  in spite of its r e l a t ive ly  
high react ivi ty ,  in o rder  to de te rmine  the cont r ibu-  

Table III. Conductivity of S02 electrolytes in order of higher to 
lower conductivities. (S02 and LiBr were common to all.) 

Specif ic  
Elec- c o n d u c t i v i t y  

t r o l y t e  a t  25~ 
No.  Solvents ( I0 ~ ~-~ c m  -1) N o t e s  

2 A N / P C  (90/10) 57 I" 
IA A N / A A  (90/10) 57 | 15 A N / P C / M e O I I  (65/10/5)  53 

16 A N / B L / D M E  (85/10/5)  49 Condue-  
11 A N / M F  (50/50) 49 t i v i t y  
12 A N / P C / B L  (90/5/5)  47 accep t -  

1B A N / A A  (90/10) 48 ab le  
13 P C / D M E  (50/50) 46 | 
3 A N  ( s t a n d a r d  e l ec t ro ly t e )  45 1 

14 B L / D M E  (50150) 40 M a r g i n a l  
9 BL 39 ? 
5 PC 37 l 

10 M F / P C  (50/50) 36 Conduc-  
7 A N / P C / D M E  (95/10/5)  51 (11) (un-  t iv i ty  

s t ab le )  t oo  low 
8 DME 27 ~' 
6 T H F  26 / 4 A N / B L  (90/10) 31 
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Fig. g. Specific conductance vs. temperature for electrolyte 7: 
Ligr, A N / P C / D M E  (85/10/5), SO2. 

t i o n  of h igh ly  po la r  solvents  such as methanol  on the 
conduct ivi ty .  Based on the conduct iv i ty  data, i t  is 
c lear  tha t  t he re  a re  at  leas t  8 or  9 solvent  systems 
wi th  e lect r ica l  conduct ivi t ies  super ior  or  comparab le  
to the s t andard  e lec t ro ly tes  and  having  significantly 
lower  r eac t iv i ty  towards  Li t han  the s t andard  elec-  
t ro ly te  conta in ing AN. Of these there  are  at  least  two 
or  th ree  solvent  systems, as shown in Table I I I  which  

do not contain any  AN at all, a n d  as  such are  the m o s t  
sui tab le  for improv ing  the safe ty  of the Li/SO2 cells 
wi thout  any  significant pe r fo rmance  penal ty .  
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Evaluation of High Temperature LiAI/TiS2 Cells 
Z. Tomczuk,* K. E. Anderson, D. R. Vissers,* and M. F. Roche* 

Argonne National Laboratory, Chemical Engineering Division, Argonne, Illinois 60439 

ABSTRACT 

The e lec t rochemis t ry  of the TiS~ e lec t rode  of Li/TiS2 cells in mol ten  
LiCI-KC1 was found to be s imi lar  to tha t  in room t empera tu r e  cells. The emf 
curve for  LixTiS2(0 ~ x ~ i )  was nonl inear  and could be t rea ted  in te rms 
of a r egu la r  solut ion model.  The effect of TiS2 e lect rode thickness was inves t i -  
gated,  and  the resul ts  ind ica ted  tha t  good u t i l iza t ion  (~70%)  could be ob-  
ta ined  wi th  th ick  (0.66 cm) TiS2 electrodes.  The per formance  of eng ineer ing-  
scale LiAI/TiS2 cells (77-142 A - h r  capaci t ies)  was invest igated.  

A va r i e ty  of t r ans i t ion-meta l  sulfides (1-3) a re  
used as posi t ive e lec t rode  mate r ia l s  in high t empera -  
ture  (~-40O~ cells. These cells employ  mol ten  LiC1- 
KC1 as the e lec t ro ly te  and Li-A1 or L i -S i  a l loys as 
the  negat ive  e lec t rode  mater ia ls .  The meta l  sulfides 
tha t  have  rece ived  the grea tes t  a t ten t ion  a re  FeS  and 
FeS2 (4).  However ,  recen t  s tudies of  Whi t t ingham 
(5-7) and  others  (8, 9) have  shown tha t  TiS2 is an 
exce l len t  posi t ive e lec t rode  ma te r i a l  for  ambien t  t em-  
p e r a t u r e  Li/TiS2 cells, and, therefore,  w e  have de-  
c ided to eva lua te  the  pe r fo rmance  of TiS2 cells wi th  a 
mol ten  LiC1-KC1 electrolyte .  

* Electrochemical Society Active Member. 
Key words: cell, fused salt, emf. 

The discharge mechanism of TiS2 in the  ambien t  
t empera tu re  cells is different  f rom tha t  of i ron sul-  
fide in high t empe ra tu r e  cells. The react ion of TiS~ 
in ambien t  t e m p e r a t u r e  cells is 

xLi  + + T~iS2 + x e -  -~ LizTiS2 (0 ~ z ~ 1) [1] 

The overa l l  react ions  of FeS and FeS2 e lect rodes  in 
high t empe ra tu r e  cells are, respec t ive ly  

FeS + 2Li + + 2 e -  --> Li2S + Fe  [2] 

FeSz + 4Li + + 4 e -  --> 2Li2S + Fe  [8] 

React ion [1] involves a single phase  in te rca la t ion  
process, whi le  react ions [2] and  [3] typ ica l ly  involve 
three  phases. 
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To study the performance capabilities and the r e -  
a c t i o n  mechanism of TiS2 electrodes, we operated a 
var ie ty  of small  (1-5 A-hr )  LiA1 (or Li)/LiC1-KC1/ 
TiS2 cells and examined the TiS2 electrode products 
at various states of discharge. Based upon the favor-  
able results obtained wi th  these small-scale cells, we 
then tested engineering-scale  cells (77-142 A-h r  ca- 
pacities) to evaluate the LiA1/TiS2 system on a prac-  
tical level. 

Experimental  
A total of 14 small  cells were operated. The cells 

were of an open design described earl ier  (1), and  
were operated at temperatures  of 375~176 in  fur -  
nace wells lo~ated in  he l ium-atmosphere  glove boxes. 
The cell chemicals were LiC1-KC1 electrolyte of 
eutectic composition f rom Lithcoa (Li thium Corpora- 
t ion of America) ,  TiS2 from Great  Western Inorganic, 
Li from Lithcoa, and Li-A1 [48 atomic percent  (a /o ) ]  
from Kawecki-Berylco Industries.  When l i th ium was 
used, the negat ive electrode consisted of a 5 cm 2 • 0.6 
cm disk of Type 302 stainless steel Fel tmetal  z (90% 
porosity, 27 ~m pore size) that  had been wet with 
lg  (4 A-hr )  of l iquid l i thium. When the l i t h ium-a lu -  
m i n u m  alloy was used, the negat ive electrode was 
prepared by vibrat ing 12g (10 A-hr )  of the alloy 
(--40 § mesh) into an  i ron Ret imet  2 disk which 
was contained in  a 1008 mild-s teel  cyl inder  (15.6 cm2 
• 0.7 cm deep). The Li-A1 particles were re ta ined 
in  the cyl inder  by a stainless steel (--325 mesh) 
screen and  zirconia cloth. The positive electrode was 
prepared by placing either a compressed TiS2 pellet 
(65-75% theoretical density) or TiS2 powder in  a 
cylindrical  cup of ATJ  graphite. The cup opening 
was covered by either a PG-60 porous graphite dif-  
fusion bar r ie r  (0.63 cm thick) or by zirconia cloth 
and molybdenum screen (--70 mesh).  The area of 
the positive electrodes was general ly  5 cm2, but  for 
some tests the area was 11.4 cm 2. The electrode leads 
were i ron (negative lead) and either carbon or 
molybdenum (positive lead).  The electrodes and the 
electrolyte (,-,150g) were contained in  an  a lumina  
beaker. Boron ni t r ide cloth, which was impregnated 
with electrolyte, was used in some of the cells as an 
electrode separator; otherwise, the electrodes were 
separated by approximately 1 cm of molten salt. 

The prismatic design of the engineering cells is 
shown in  Fig. 1, and the cell components are listed 
in  Table I. The cell construction is s imilar  to that  
reported for Li-A1/LiC1-KC1/FeS2 cells (10). The 
TiS2 electrodes were prepared by cold pressing the 
TiS2 (without  electrolyte) onto a molybdenum cur-  
rent  collector at 43 MPa to a density of 2.05 g/cm 3 
(64% of theoretical) .  The Li-A1 electrodes were pre-  
pared in  a similar manner ,  but  wi th  small  amounts  
(10g) of electrolyte added. 

The cells were cycled at constant  cur ren t  using 
automatic cyclers that  switched polari ty at pre-  
selected voltage limits of 1.OV (discharge) and 2.2- 
2.3V (charge).  The current  densities employed dur-  
ing cycling ranged from 16 to 140 m A / c m  2. Both 
the current  density and voltage were monitored us- 
ing s t r ip-char t  recorders and digital voltmeters. After 
the cycling tests had been completed, the positive 
electrodes of small  cells were examined by metal log- 
raphy, x - r ay  diffraction, and, in one case, by ESCA; 
the engineering cells were cross-sectioned and ex- 
amined by metallography. 

A special cell was constructed for the purpose of 
making  emf measurements.  It  was a small  cell iden-  
tical in  design to the small  cells described above. 
The cell employed polarographic-grade LiC1-KCI elec- 
trolyte of eutectic composition (from Anderson 
Physics Laboratory) ,  a compressed TiS2 pellet (2.10g; 
5 cm 2 • 0.6 cm) electrode, and an Li-A1 electrode 
to which A1 powder was added to make the final com- 

1 A product  of the Brunswick  Corporation.  
2 A product  of Dunlop,  Limited. 
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Fig. 1. Cell design used for engineering-scale cell tests 

position 42 a/o l i thium. The cell was discharged to 
successively larger values of x (see Eq. [1]) and 
the open-circui t  voltage was monitored with a Model 
5330 Dana digital voltmeter.  The t ime on open cir-  
cuit was at least one-half  hour  for each emf mea-  
surement,  al though most measurements  were made 
for periods in  excess of 20 hr. Measurements  for va l -  
ues of x near  zero were made after  first taper charg- 
ing the cell at a low current  density (1 m A / c m  2) to 
a voltage of 2.4V and then making measurements  
after  small  increments  of discharge. The values of x 

Table I. Components of engineering-scale Li-AI/TiS2 cells 

Cell designation DK-52 TiSpl a TiSp2 D 

Posit ive e lectrode  b 
TiS~, g 594 500 322 
Capacity, A-hr 142 120 77 
Area,  cm 2 155 155 155 
Thickness ,  cm 2.0 1.35 0.89 
Density,  % theoret-  60 75 72 

ical 

Negative  e lectrode b (2 of each required)  
LiAI, g 115 115 30 
Theor.  capacity,  85 85 37 

A-hr 
Area,  cm ~ 139 155 155 
Thickness ,  cm 0.70 0.63 0.30 
Density, % theoret- 70 70 65 

ical 

Cell dimensions,  cm 16 • 13 x 3.8 16 x 13 x 3.8 16 x 13 x 2.5 

Cell temperature ,  ~ 430 411 407 

Cell weight,~ k g  1.97 1.935 1.372 

Fabricated by  Eagle-Picher Industries ,  Incorporated,  Joplin,  
Missouri.  

Mild s tee l  and molybdenum honeycomb were  the  negat ive  and 
posit ive current  eoDectors,  respect ively .  Electrode  enc losures  
w e r e  stainless  s teel  frames  and screens.  Zirconla cloth was  the  
particle retainer,  and BN fabric was  the  separator.  

e Weight  of e lectrolyte  required to fill ce l l  is  included,  
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The emf da ta  f rom the  h igh  t e m p e r a t u r e  and ambi -  
ent  t e m p e r a t u r e  cells a re  compared  in Fig. 4 wi th  
the model  curves  which  were  genera ted  using Eq. 
[6]. The mola r  f ree  ene rgy  changes for  the  cell  r e -  
act ions were  ob ta ined  by  in teg ra t ing  Eq. [6] 
were  ca lcula ted  f rom the ra t io  of the capaci ty  dis-  
charged  to the  theore t ica l  capac i ty  of the TiS~. e lec-  
trode. 

Results and Discussion 
Typica l  d ischarge  and charge  da ta  for  a smal l  

Li/TiS~. cell  a re  shown in Fig. 2; the  ut i l iza t ion of 
the  TiS2 was 100% at  a cur ren t  dens i ty  of 98 m A /  
cm% These da ta  show tha t  TiS2 has ra te  capabi l i t ies  
t ha t  a re  comparab le  to FeS  and FeS2 in LiC1-KC1 
e lec t ro ly te  (1). Equ iva len t  ut i l izat ions  of TiS2 in 
ambien t  t e m p e r a t u r e  cells were  ob ta ined  at  cur ren t  
densit ies be low 10 m A / c m  2 (5). The above da ta  were  
ob ta ined  for  a cell  having  an unpressed  TiS2 elec-  
t rode  of r e l a t ive ly  low capaci ty  density,  50 m A - h r /  
cm% Because h igher  e lec t rode  loadings are  requ i red  
in a p rac t ica l  cell, another  cell  wi th  a pe l le t  TiS2 
e lec t rode  having a capaci ty  dens i ty  of 200 m A / c m  2 
(4.2g TiS2, 5 em 2 X 0.4 cm, ~65% theore t ica l  den-  
s i ty)  was cycled. The ut i l iza t ion of this posi t ive elec-  
t rode  was again  high, 97% at 98 m A / c . .  2, and the 
vol tage  curve  at  a cu r ren t  dens i ty  of 98 m A / c m  2 
was nea r ly  ident ica l  to tha t  of the previous  cell (see 
lowest  curve in Fig. 2). 

The shapes of the  d ischarge  curves in Fig. 2 a re  
s imi la r  to those observed  in ambien t  t e m p e r a t u r e  
cells (5, 8, 9). This finding suggests tha t  the reac-  
t ion mechanism is the  same (i.e., in te rca la t ion)  for 
both  cell  types. An  x - r a y  diffract ion examina t ion  was 
conducted on the posi t ive e lec t rode  mate r ia l s  ob-  
t a ined  f rom five cells opera ted  be tween  0 ~-- x ----- 1 
(see Eq. [1]) .  These examina t ions  showed that  the  
e lec t rode  mate r i a l s  had  la t t ice  pa rame te r s  that  were  
in exce l len t  ag reement  wi th  those repor ted  b y  Whi t -  
t ingham for  LixTiSa (3). A n  ESCA examina t ion  of 
the  LiTiS2 showed the presence of Ti +8, which  is 
consistent  wi th  the format ion  of LiTiS2. These resul ts  
show tha t  the  reac t ion  mechanism is in terca la t ion  
in  the high t e m p e r a t u r e  cell. 

Three  smal l  cells having  LiA1 negat ive  electrodes 
and pel le t ized  TiS2 posi t ive e lectrodes were  used to 
eva lua te  the  effect of TiS2 e lect rode thickness on the 
pe r fo rmance  of LiAI/TiS2 cells. These cells had posi-  
t ive e lec t rode  thicknesses  of 0.20, 0.40, and 0.66 cm 

VALUE OF x IN LixTIS 2 

O 0.2 0.4 O,6 0.8 I.O 2 L I  I I I / 

~2 .4~  ~ CURRENT'-'] 
~ . .  CHARGE ~ DENS,Tu 
k ~ OISCHARGE ~ mA/crn= / 

B Le-- 

to I I I I I 
O 0.05 O.IO O.15 0.20 0.25 

AMPERE-HOURS DISCHARGED OR TO BE CHARGED 

Fig. 2. Performance of Li/TiS2 cell at 420~ (all discharges pre- 
ceded by 21 mA/cm 2 changes). 
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and were cycled at various current densities. The re- 
suits, summar ized  in Table II, ind ica ted  tha t  good 
ut i l iza t ion (,~70%) can be  obta ined  wi th  th ick  ( 0 . 6 6  
cm) TiS2 electrodes and tha t  the  ut i l izat ion decreases 
only  s l ight ly  wi th  increas ing cur ren t  densit ies.  The 
vol tage  curves f rom these tests were  s imi lar  to those 
shown in Fig. 2, bu t  were  ~0.3V lower  because 
Li-A1 is ,-~0.3V less anodic than  Li  a t  these t e m p e r a -  
tures  (11). These  tests show tha t  the  LiA1/TiSs  
cell  should achieve an acceptable  capaci ty  dens i ty  a t  
the high e lec t rode  loadings  r equ i red  in  engineer ing-  
scale cells. 

Voltage vs. cu r r en t -dens i ty  da ta  for a smal l  Li/TiS2 
ce i l )  using 15 sec cur ren t  pulses, a re  shown in Fig. 
3 for  three  tempera tures .  Peak  power  densit ies cal -  
cu la ted  f rom these curves were  0.55, 0.47, and  0.40 
W / c m  2 at  457 ~ 428 ~ and 382~ respect ively.  These 
da ta  compare  f avorab ly  wi th  the  ea r l i e r  power  da ta  
for Li /FeS~ cells (1). However ,  the da ta  for  the  
TiS2 sys tem showed a s l ight  t e m p e r a t u r e  dependenee  
and are  nonlinear ,  whereas  the  da ta  for the  FeS2 sys-  
tem did not. F u r t h e r  s tudy  wi l l  be requ i red  to resolve 
these differences. 

O w i n g  to the  excel len t  performarme of the  smal l  
cells, we decided to test  three  engineer ing cells. The 
per formance  resul ts  for  these cells a re  summar ized  
in Table III. The  best  achieved capacit ies  were  ob-  
ta ined  at  a pp rox ima te ly  the 10 h r  ra te  and  were  90 
A - h r  (specific energy  54 W - h r / k g )  for  cell  DK-52, 
61 A - h r  (54 W - h r / k g )  for  cell  T iSp l ,  and  52 A - h r  
(67 W - h r / k g )  for cell  TiSp2. These specific energies  
a re  a pp rox ima te ly  equal  to those of s imi la r ly  con- 
s t ruc ted  L i -A1/FeS  cells (12). Since a specific ene rgy  
of 90-100 W - h r / k g  has been achieved in  LiA1/FeS 
cells of a more  advanced  design (12), we be l ieve  
that,  wi th  fu r the r  development ,  the  Li-A1/TiS2 cell  
wi l l  also achieve 90-100 W - h r / k g .  

The cycle life of the  Li-A1/TiS2 engineer ing  cells 
was l imi ted  to less than 20 cycles by  var ious  mechan i -  
cal fai lures,  as de te rmined  by  the pos t - tes t  metaUo-  
graphic  examinat ions .  In  one case, for  example ,  the  
dell fa i lure  was a resu l t  of pene t ra t ion  of the sepa-  
ra to r  by  the  mo lybde num honeycomb cur ren t  col lec-  
tor; this caused a shor t  circuit.  The u l t ima te  cycle 
life of improved  engineer ing cells is expected,  how-  
ever, to be high, as the  smal l  scale cells were  cycled 
in some cases to 200 cycles wi thout  any  signs of fa i l -  
ure. (The coulombic efficiencies of the l abo ra to ry  cells 
and  the engineer ing cells, in the i r  ea r ly  cycles, were  
g rea te r  than  95%.) 

The above resul ts  showed tha t  the  kinet ics  of t h e  
high t empe ra tu r e  Li-A1/TiSg. sys tem were  sa t i s fac-  

The cell had a pel let  TiS2 e lectrode (3.75g, 4.5 cm x 0.4 era, 
200 mA-hr/cm-"). 

Table II. Effect of electrode thickness on LiAI/TiS2 cell 
performance 

Electrode  
thickness, 

c m  

Dis- 
Charge charge Capacity 

rate,  rate,  density, 
A / c m  e A/cme A-hr/cm~ 

Sul fur  
uti l ization,  
% of the- 
oretical 

0.20 "0.035 0.035 0.099 85.6 
0.035 0.070 0.097 83.8 
0.035 0.140 0.098 84.6 
0.070 0.035 0.089 74.9 
0.070 0.070 0.090 77.7 
0,070 0.140 0,087 75.1 

0.40 0.035 0.035 0.195 84.7 
0,035 0.070 0.193 83.9 
0.035 0.140 0,192 83.4 
0.070 0.035 0.189 82.1 
0,070 0.070 0.182 79.1 
0.070 0.140 0.154 66.9 

0.66 0.035 0.035 0.272 79.3 
0.035 0.070 0.277 80.8 
0.035 0.149 0.229 66.8 
0.070 0.035 0.247 72.0 
0.070 0.070 0.237 69.1 
0.070 0.140 0.239 69.7 
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Fig. 3. Voltage vs. current density data for an Li/TiS~ cell 

600  

to ry ,  a n d  tha t ,  w i t h  f u r t h e r  d e v e l o p m e n t ,  a s y s t e m  
h a v i n g  h i g h  specif ic  e n e r g y  a n d  cycle  l i fe  cou ld  b e  
d e v e l o p e d .  To d e t e r m i n e  t h e  t h e o r e t i c a l  specif ic  e n -  
e r g y  of t h e  h i g h  t e m p e r a t u r e  cell,  w e  m e a s u r e d  i ts  
emf.  

T h e  e m f  d a t a  f o r  t h e  L i -A1 /T iS2  cel l  a t  431~ a r e  
g i v e n  i n  T a b l e  IV. T h i s  emf,  l i k e  t h a t  fo r  t h e  a m b i e n t  
t e m p e r a t u r e  ce l l  (3) d e c r e a s e s  w i t h  i n c r e a s i n g  v a l u e s  
of  x. W i n n  e t  aL (8) h a v e  n o t e d  t h a t  t h e  e s s e n t i a l  
f e a t u r e s  of  t h e  e m f  c u r v e  f o r  t h e  a m b i e n t  t e m p e r a -  
t u r e  ce l l  c o u l d  b e  r e p r o d u c e d  b y  a r e l a t i v e l y  s i m p l e  
i n t e r a c t i o n  m o d e l ;  h o w e v e r ,  no  de t a i l s  of  th i s  m o d e l  
w e r e  g iven .  W e  f o u n d  t h a t  t h e  e m f  d a t a  i n  T a b l e  I V  
a n d  t h e  e m f  d a t a  f o r  t h e  a m b i e n t  t e m p e r a t u r e  ce i l  
c a n  b e  s a t i s f a c t o r i l y  r e p r o d u c e d  b y  a r e g u l a r  s o l u -  
t i o n  m o d e l  (13) i n  w h i c h  t h e  p o s i t i v e  e l e c t r o d e ,  
LixTiS2 is t r e a t e d  as a s o l u t i o n  of  x m o l e s  of  LiTiS2 
i n  (1 --  x )  m o l e s  of  TiS2. T h e  r e g u l a r  s o l u t i o n  m o d e l  
l e ads  to t h e  f o l l o w i n g  e q u a t i o n s  f o r  t h e  a c t i v i t y  co-  
ef t ic ients ,  7 

R T  In  7Liris2 = k (1 - -  X) 2 [4] 

Table III. Summary of engineering cell performance 

Cell designation DK-52 TiSpl TiSp2 

Cycles 17 20 16 
Current, A I0, 20 5 5, 10 
TiS= electrode utilization, % 63 (10), 49 69 (6), 

of theoretical  (current,  A) 49 (20) 49 (10) 
Max. W-hr/kg  (at the  10 hr 54 54 67 

rate)  

Table IV. Emf of Li-AI/TiS2 cell at 431~ 

~'~ Emf, volts 

0.016 2.254 
0.034 2.202 
0.050 2.155 
0.066 2.118 
0.082 2.093 
0.100 2.074 
0.160 2.080 
0.210 2.042 
0.310 1.975 
0.420 1.910 
0.460 1.875 
0.688 1.682 
0.742 1.655 
0.752 1.634 
0.860 1.529 
0.070 1.325 

t Value of x in Li,TISm. 

R T  In  "rris~ = k x  2 [5] 

w h e r e  k is a n  i n t e r a c t i o n  p a r a m e t e r .  T h e s e  equa t ions ,  
w h e n  c o m b i n e d  w i t h  t h e  N e r n s t  e q u a t i o n ,  y i e l d  t h e  
f o l l o w i n g  e m f  e q u a t i o n  

E - -  Em -}- - - ~ . l n  ~ - -  ~ -  (1  - -  2 x )  [6] 

w h e r e  Em is t h e  v o l t a g e  a t  x ---- 0.5. T h e  v a l u e s  of  
Em a n d / c / F  w e r e  f o u n d  b y  p l o t t i n g  

RT in( 1 - - x  E - -F- --V-/ = 

The values for the high temperature Li-AI/TiS2 cell 
were 1.80 and -- 0.214V, respectively, while those for 
the ambient temperature Li/TiS2 cells were 2.22 and 
-- 0.181V, respectively. The fairly close agreement 
of the k/F values indicates that the behavior of the 
system is reasonably consistent with the regular so- 
lution model, which requires that Ir be temperature 
independent, or nearly so (13). 

2 5 "  I I I I _ 

' \ 0 Li/TiS2 AT 25,,C(REF5 ) 
2.4 - -  ~ [] L iA I /T iS  2 AT43[ C --  

2.2 --  

: ,2.1 - -  
ur [] 

> 1 . 9 - -  ~ [ ]  - -  

1 . 8  - - 

1.7 -- - -  

1.6 

1.5 

1.4 

1.3 0.2 0.4 0.6 0.8 1.0 

VALUE OFX IN L ixTiS ~ 

Fig. 4. Emf vs. composition for Li/TiS2 cell based on regular 
solution model. 
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s ~G = -- F Edx [7] 

-- -- FEra 

Thus, AG is --174 kJ (--41.66 cal)for the Li-A1/TiS2 
cell at 431~ and is --214 kJ (--51.2 kcal) for the 
Li/TiS2 cell at 25~ The theoretical specific energies 
of these cells are 331 and 500 W-hr/kg, respectively. 
The relatively large difference in specific energies is 
due to the use of Li-A1 which has a higher equivalent 
weight and is less anodic than lithium. Because of 
technical problems with the use of liquid lithium in 
high temperature cells, solid lithium alloys are pre- 
ferred (14). 

Although we have employed a regular solution 
model to treat the emf of the Li/TiS~ cell for values 
of x ~ 1, others (15, 16) have employed emf equa- 
tions that vary linearly with x for other cells (Na/ 
TaS~ and Li/TaS2) that also operate by an intercala- 
tion reaction. Thus, the regular solution model is not 
always applicable to intercalation reactions. 

Continued discharge of the LiA1/TiS2 cell to cutoff 
voltages below those normally used (1V vs. Li-A1) 
yielded voltage plateaus having an emf of 0.86 and 
0.4V. The length of the plateau at 0.86V was ap- 
proximately one-half that necessary to form LiTiS2. 
The constant emf obtained on this plateau suggests a 
two-phase region between LiTiS2 and perhaps 
Li2TiS2, which has been recently reported as form- 
ing in room temperature cells (17). However, in the 
high temperature cell, Li2TiS2 is not likely to have 
formed because the overall TiS2 electrode composi- 
tion at the end of the plateau is equivalent to 
LiL~TiS2. We did not determine the full length of the 
0.4V plateau, but the electrode reaction must involve 
three phases, since lithium sulfide and some other 
sulfide of titanium, not identified, were found in the 
electrode by x-ray diffraction. 

Conclusions 
These experiments indicate that the electrochem- 

istry of the TiS2 electrode in high temperature Li- 
A1/TiS2 cells is similar to that observed in ambient 
temperature Li/TiS2 cells. However, the perform- 
ance capability of the high temperature cell was con- 
siderably better, as the cell could be cycled at current 
densities a factor of 10 greater than could be used 
in ambient temperature cells. The engineering test 
results suggest that, with further development, the 
LiA1/TiS~ system should achieve a performance com- 
parable to the lithium-aluminum/iron sulfide system. 
The emf curves of the TiS2 cells could be reproduced 
using a regular solution model. 
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Safety Studies on Li/S02 Cells 
V. Effect of Design Variables on the Abuse Resistance of Hermetic D Cells 

A. N.  Dey 

Duracell International, Incorporated, Laboratory ~or Physical Science, Bu~'lington, Massachusetts O1803 

ABSTRACT 

T h e  effect of cell design variables such as stoichiometric ratios of Li:SOs, 
electrode area, electrolyte salt, SO2 content  of the electrolyte, etc. on the 
abuse resistance of the hermetic Li/SO2 D cells on force-discharge, especially 
at --30~ at a cur ren t  of 2A, was evaluated. Both the Li:SO2 ratio and the 
cur ren t  density of operat ion were found to be impor tant  design parameters  
f rom the safety standpoint.  L i th ium-l imi ted  cell designs were found to be 
safer than  the l i th ium-r ich  cell designs for a given current  density of opera- 
tion. 

In  the s tudy of intr insic abuse resistance of Li/SO~ 
cells, we have pursued two approaches: (i) A causa- 
tive approach involving the identification of chemical 
and /o r  electrochemical reactions occurring dur ing use 
and abuse of Li/SO2 cells, that  are responsible for 
unsafe behavior  and the development  of possible 
ways of quenching these reactions for increased 
safety, and (ii) an empirical  approach involving the 
construction and testing of D size hermetic Li/SO2 
cells made with several  design modifications for in -  
creased abuse resistance. 

The former approach involving DTA of Li/SO2 cell 
consti tuents was pursued separately and the results 
are reported elsewhere (1). The la t ter  approach has 
been pursued in this paper. The empirical  approach 
involved the construction and abuse testing of her-  
metic D cells according to twelve different designs 
which included the following cell construction var i -  
ables: (i) electrode area (moderate  rate and  high 
ra te ) ;  (ii) electrode thickness; (iii) SOs content  in  
the electrolyte (70% and  80%); (iv) organic solvent 
in  the electrolyte (AN, PC-~  AN);  and (v) electro- 
lyte salt (LiBr, LiAsF6). 

The details of the twelve selected cell designs in -  
corporating the above variables are shown in Table I. 
A major  variable, shown earl ier  (2) to have signifi- 

* Electrochemical Society Active  Member. 
Key words: organic, electrolyte, battery, stoichiometry.  

cant impact  on the safety, is the stoichiometrie r a t i o  
of Li:SO2 which was var ied in  the cell designs by 
varying the thickness of Li and the SO2 content  of 
the electrolyte. We showed earl ier  (1) from the DTA 
studies of the Li/SO2 cell consti tuents that  the exo- 
thermic reaction between Li and  AN (in the ab-  
sence of SO2) which occurs at room tempera ture  is 
a major  cause of hazardous behavior  of cells on 
force-discharge, that  may be encountered by  indi -  
vidual  cells in  a series connected mul t i -ce l l  bat tery.  
The presence of SO2 prevents  the Li ~- AN exother-  
mic reaction from occurr ing at room temperature.  
Therefore, the s tar t ing stoichiometric ratio of Li:SO2 
is impor tant  since the cell discharge results in  t h e  
consumption of Li and SO2 is according to the re-  
action 

2Li -}- 2SO2-~ Li2S204 [1] 

and depending upon the ini t ia l  Li: SO2 ratio, the cells 
may end up with ei ther  Li and  AN, or only AN or 
SO2 and AN (assuming 100% uti l izat ion of Li and 
SO2), as shown in  the cell reaction trajectories I, II, 
and III  in  Fig. 1. According to the earlier studies 
(1,2),  the la t ter  two conditions are more desirable 
from a safety standpoint.  

The main  objective of this program is to establish 
the dependence of the cell performance and cell 
safety on the cell composition and  design; so t h a t  

Table I. Details of the selected cell designs 1.2 

Lt anode Stoichlometrie Cathode Stolchlometric 
Length T h i c k -  capacity of Li length capacity of 

Design (in.) ness (in.) (A-hr) (in.) ElectroIyte SOs (A-hr) 

LhSO2 
stoich. 
ratio Type of roll  

l(a) 21.0 0.008 9.2 23.5 34.2g (70% SOs) 10.6 
LiBr + AN (std) 

l(a) '  21.0 0.008 9.2 23.5 36.5g (70% SO2) 10.7 
LiBr + AN (std) 

2(a)  22.5 0.008 9.9 21.0 36.5g (70% SO~) 10.7 
LiBr + AN (std) 

3(a)  21.0 0.01 11.5 23.5 34.2g (70% SO~) 10.{> 
LiBr + AN (std) 

l(b) 21.0 0.008 9.2 23.5 34.2g (LiAsF~) 10.0 
AN + 70% SOs 

l ( e )  21.0 0.006 9.2 23.5 34.2g (PC + AN 1:9) 10.0 
LiBr + 70% SO2 

l ( g )  21.0 0.008 9.2 23.5 34.2g (80% SO2) 11,4 
LiBr + AN 

2(g)  22,5 0.008 9.9 21.0 34.2g (80% SOs) 11.4 
LiBr + AN 

3(g) 21,0 0.01 11,5 23.5 ~4.2g (80% SOs) 11.4 
LiBr + AN 

8(a) 32.0 0.006 10.0 30 ~3g (70To SO~) 10.0 
LiBr + AN (std) 

8(b)  32,0 0.006 10.0 30 33g (LiAsFs) 10.0 
AN + 70% SOs 

10(a) 32.0 0.008 14.0 30 31g (70% SOs) 9.0 
LiBr + AN (std) 

1:1.08 

1:1.16 

1:1.08 
1.15:1 

1:1.08 

1:1.08 

1:1.24 

1:1.15 

1:1 
1:1 
1:1 

1.56:1 

Exterior cathode 

Exterior  cathode 

Exterior  anode 

Exterior cathode 

Exterior cathode 

Exterior cathode 

Exterior cathode 

Exterior anode 

Exterior cathode 

Exterlor anode 

Exterior  anode 

Exterior anode 

1 The electrode width: 1.625 in. 
s The following cell designs were  selected from a Design Matrix consisting of 144 possible designs. 

1886 
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Rg. 1. Li/SOs cell discharge trajectories 

S T U D I E S  ON L i / S O z  C E L L S  

SO S 

U/SO 2 CELL 
DISCHARGE TRAJECTORIES 

an op t imum cell  design can be  developed wi th  r e -  
spect  to both  the  cell  pe r fo rmance  and  the  safety.  
The unde r ly ing  assumpt ion  is t ha t  the  e lec t r ica l  pe r -  
fo rmance  can be t r aded  for  an  increased  abuse r e -  
s is tance (safe ty)  and  our  ob jec t ive  is to opt imize 
this  tradeoff.  

Experimental 
S t a t e - o f - t h e - a r t  hermet ic  Li/SO~ D cells were  made  

b y  wind ing  the  Li  anode  and the  carbon cathode of 
app rop r i a t e  lengths  and thicknesses according to the  
twelve  different  designs specified in  Table  I. Porous  
po lyp ropy lene  separa to r s  were  used i n - b e t w e e n  the  
anode  and the ca thode layers .  The  cells were  filled 
wi th  app rop r i a t e  e lec t ro ly tes  and  were  tes ted as 
fol lows:  (i)  capac i ty  tes t  a t  var ious  loads  a t  a m -  
b ien t  t empera tu re ,  and  (ii)  abuse  tes t  on constant  
cu r ren t  (2A) discharge and  reversa l  a t  --30~ 

Both the  vo l tage  and the wa l l  t e m p e r a t u r e  of the  
cells were  moni to red  dur ing  the l a t t e r  tests. The  
abuse  res is tance of the  cells was de t e rmined  b y  ex -  
amin ing  the cells v i sua l ly  a f te r  the  test  and  photo-  
g raph ica l ly  record ing  the condi t ion of the  cell. 

Results and Discussion 
Capacity-rate characteristics.~The capac i ty - ra t e  

character is t ics  of the  D cells of the  twelve  types are  
shown in Fig. 2, 3, and  4. Note tha t  the  m a x i m u m  
capaci ty  of the D cells of type  la,  la ' ,  2a, lb,  lc, lg,  
and  2g is a p p r o x i m a t e l y  7 A - h r  whereas  the m a x i -  
m u m  capaci ty  of the D cells of type  3a and 3g is ap-  
p rox ima te ly  10 A-h r .  Consider ing the  fact  tha t  the  
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Fig. 2. Capacity-rate characteristics 6f-Li[SO2 D cells of type lb, 
lg,  2g, and 3g. 
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Fig. 3. Capacity-rate characteristics of Li/SO~ D cells of type 
la,  la ' ,  20, and 3a. 
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Fig. 4. Capacity-rate characteristics of Li /S02 D cells of type 
lc,  8a, 8b, and 10a. 

s toichiometr ic  capaci ty  of SO2, based on reac t ion  [1], 
is a pp rox ima te ly  10-11 A - h r  (Table  I) for  a l l  the  
cell  types, the  low capaci ty  of the D cells of type  la ,  
la ' ,  2a, lb,  lc, lg, and  2g indicate  tha t  these cells a re  
l i th ium anode  l imited.  The s toichiometr ic  capac i ty  
of Li  for these l a t t e r  types of cells va r i ed  f rom 9.2 to 
9.9 A - h r  thus giving rise to l i th ium ut i l iza t ion  effi- 
ciencies of 70-76%. This indicates  tha t  the so-ca l led  
l i t h ium- l imi t ed  cells mus t  contain  excess unused Li 
a t  the  end of the  low cur ren t  discharge.  The amount  
of excess Li  r ema ined  va r i ed  f rom 2.2 to 2.9 A - h r  
whereas  the  amoun t  of excess SO2 va r i ed  f rom 3 to 
4.4 A - h r  for  the D cells of type  la ,  la ' ,  2a, lb ,  lc,  lg,  
and  2g. In  contrast ,  the  D cells of t ype  3a and 3g a re  
cathode a n d / o r  SO2 l imited;  the u t i l iza t ion  of SO2 
based on reac t ion  [1] was 90-100%. Thus the re  was 
v i r t ua l ly  no SO~ lef t  a t  the end of the low cur ren t  
d ischarge  of the  D cells of type  3a and 3g. The 
amount  of excess Li  lef t  was app rox ima te ly  1.5 A-hr .  

The type  of  e lect rode configuration, viz. ex te r io r  
cathode vs. in te r io r  cathode does not  appear  to have 
any effect on the capac i ty - ra t e  character is t ics  of the  
cells. D cells of type  lg  appea r  to be an except ion in 
that  the  ra te  capabi l i ty  of this group of cells is qui te  
poor.  

The effect of  the  e lec t ro ly te  var iab les  such as 
LiAsF6 sal t  on the  capac i ty - r a t e  character is t ics  of 
the  cells at  ambien t  t e m p e r a t u r e  does not  appea r  to 
be ve ry  significant. The ra te  capabi l i ty  of the  cells 
wi th  80% SO2 appears  to be m a r g i n a l l y  lower  than  
the s tandard .  



The capaci ty  pena l ty  of the  D cells of type  la,  la ' ,  
2a, Ib,  and  l c  compared  to 3a and 3g is significant at  
low rates  (0.1-1.0A), bu t  insignificant a t  h igh ra tes  
(2-10A). 

The addi t ion  of PC ( lc )  appears  to lower  the  ra te  
capabi l i ty  of the cell  somewhat .  

Constant current (2A) discharge and reversal at 
--30~ tested six cells f rom each type  of D cells 
under  this condition. Typica l  vol tage  and t empera -  
ture profiles of the cells of type  l a  a re  shown in 
Fig. 5. Simplif ied qual i ta t ive  vol tage  profiles of al l  
types of D cells on 2A discharge and reversa l  at 
--30~ are  shown in Fig. 6. 

In  genera l  the cell wa l l  t empe ra tu r e  changed wi th  
the  cell  vol tage  in, app rox ima te ly  a m i r r o r  image  
fashion indica t ing  tha t  the  ceil  hea t ing  was due to 
the cell  polarizat ion.  The most r ap id  cell heat ing 
occurred at  the  point  where  the  cell  expe r i enced  deep 
reversa l  towards  the end of the test. This was the 
point  where  vent ing a n d / o r  fire and  explosion oc- 
curred.  We define this point  as the " t r igger  point." 
We did not  see any  spontaneous cell  hea t ing  af te r  
the  complet ion of the test  leading  to a vent ing  a n d / o r  
fire. Wha teve r  happened,  happened  at  this t r igger  
point. There  are  severa l  instances when  ne i ther  ven t -  
ing nor  explosion occurred  even at  the t r igger  point. 

The cell  vol tage  reflects p r i m a r i l y  the  potent ia l  of 
the cathode since the Li  anode potent ia l  remains  
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Fig. 5. Typical voltage and temperature profiles of Li/SO~ D 
cell of type la on 2A discharge and force-discharge at - -30~ 
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Fig. 6. Classification of voltage profiles of D cells of various 
types on 2A discharge and force-discharge at --30~ 

constant throughout the discharge because of its high 
exchange current. This is demonstrated by discharg- 
ing a D cell with an Li reference electrode as shown 
in Fig. 7. The electrochemical reactions occurring in 
the cell up to the zero volt result in the formation of 
Li salts according to reaction [1] (primarily Li2S204 
and possibly others), an.d the consumption primarily 
of Li and SO2. These reactions may be viewed as de- 
activating processes which reduce the amount of ac- 
tive materials such as Li which can initiate and/or 
propagate a combustive and/or explosive process. 
The electrochemical reactions occurring below zero 
volt result in the formation of active materials such 
as Li on the cathode. This Li may spontaneously 
alloy (3) with the A1 grid of the cathode or may be 
in a ve ry  act ive form to in i t ia te  a n d / o r  p ropaga te  a 
fire a n d / o r  an explosion.  

Based on the above analysis,  the vol tage  profiles 
of the D cells of the var ious  types  can be grouped  
into four different  classes, as shown in Fig. 6. The 
vol tage profiles of D cells of type  la ,  la ' ,  2a and lc, 
and 2g belong to class I. The class I vol tage  profile 
has a p la teau  above 2V and a s tepwise decl ine to 
zero volt  fo l lowed by  an immedia te  deep reversa l  
corresponding to the t r igger  point. The deep reversa l  
occurs because of the  consumption a n d / o r  discon- 
nection of the  Li anode which  does not  have a cur -  
rent  collector. The in te rva l  be tween  the zero vol t  and 
the deep reversa l  is ve ry  smal l  indica t ing  very  l i t t le  
o r  no format ion  of act ive form of Li  on the cathode. 
Consequently,  the  cells did  not  exhib i t  explosion o r  
fire a t  the  t r igger  point;  only  vent ing  occurred. The 
amount  of SO~ consumed up to zero vol t  was ap-  
p rox ima te ly  7-8 A - h r  which mean t  tha t  there  was 
2-3 A - h r  of SO2 st i l l  lef t  a t  the  t r igger  point  to cool 
the  cell  sufficiently on venting.  The cells exhib i t ing  
this type  of vol tage  profile had  excel len t  abuse r e -  
s i s t a n c e  on 2A reversal at --30~ It should be noted 
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dischargeand force-discharge at - -30~ 
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tha t  for  a g iven cu r ren t  and  t e m p e r a t u r e  the  amount  
of Li and  the anode design de te rmines  the  t r igger  
point;  the  carbon cathode and the e lec t ro ly te  compo-  
si t ion de te rmines  the  t ime to zero volt.  Fo r  a safe cell  
the  in te rva l  be tween  the above  two mus t  be as close 
to zero as possible;  also the  s toichiometr ic  amount  
(A-h r )  of SO2 mus t  be h igher  than  the capaci ty  up 
to zero vol t  to ensure excess SOs at  the t r igger  point. 

The class I I  vo l tage  profi le  is ve ry  s imi lar  to class 
I profile except  tha t  the  cell  vo l tage  l ingers  be low 
zero volt  qui te  a b i t  longer  p r io r  to the  t r igger  point.  
The above  analysis  conforms to the  observed  exp lo -  
sion and fire of the  D cells of type  3a and 3g whose 
vol tage  profiles on reve r sa l  belong to class II. The 
in te rva l  be tween  zero vol t  and the t r igger  poin t  of 
these cells was 1 h r  (2 A - h r )  or  more  thus resul t ing  
in the  fo rmat ion  of significant amounts  of act ive 
forms of Li  on the  ca thode which  caught  fire a t  the  
t r igger  point.  This was because  the anode had  excess 
Li  which  made  the t ime to t r igger  point  much longer.  

The vol tage profiles of D cells of t ype  l g  belongs to 
class III, whe re  a l though the s toichiometr ic  amount  
of Li  was the same as in  la ,  la ' ,  2a, lc, and  2g, the  
poor  pe r fo rmance  of the cathode resu l ted  in the in-  
crease of the in te rva l  be tween  the zero volt  and the 
t r igger  poin t  and  the consequent  unsafe  behav ior  at  
the  t r igger  point.  

The vol tage  profiles of D cells of t ype  l b  was qui te  
except ional  and belongs to class IV. This is ve ry  
s imi lar  to class I except  tha t  the  cell  vol tage  remains  
at  a r e l a t ive ly  high level  pr ior  to reaching  zero vol t  
and  the immedia te  deep reversa l  a t  the  t r igger  point.  
These cells were  also safe on 2A reversa l  a t  --30~ 
since there  was no chance of l i th ium deposi t ion on 
the cathode. The h igher  opera t ing  vol tage of this type  
of cell  gives them a longer  useful  l ife to a g iven cut-  
off voltage.  These cells have  LiAsFe sal t  as the  e lec-  
t rolyte .  

The vol tage  profiles of D cells of type  8a and 8b 
belong to class V. This is ve ry  s imi la r  to class I I  ex-  
cept  tha t  the  t r igger  poin t  is ve ry  shal low and the 
vol tage  drop was insufficient to cause any  apprec iab le  
cell  heat ing.  There  was no vent ing  or  explosion on 
force-discharge .  This was due to the h igher  (50%) 
e lec t rode  a rea  of these cells compared  to the  cells of 
genera l  t ype  1, 2, or 3. Accordingly ,  the  cur ren t  den -  
s i ty of opera t ion  at  2A was 50% lower  in  these cells 
than  the others. 

The vol tage  profiles of D cells of type  10a belong to 
class VI and the cells do not  reach  the t r igger  point  
dur ing  the test  since the  Li content  of these cells was 
fa r  in excess of the  others. Fu r the rmore ,  the  cur ren t  
dens i ty  of opera t ion  at  2A is also 50% lower  than  the 
o ther  cells. None of the  cells of this type  vented  or 
exp loded  on 2A force-d i scharge  a t  --30~ in spite  of 
h igh Li:  SO9 ratio.  

The above  resul ts  indicate  tha t  the abuse resis tance 
of D cells on constant  cu r ren t  reversa ls  a t  --30~ de-  
pends on (i) the absence of l i th ium deposi t ion on the 
cathode p r io r  to the exhaus t ion  of Li  on the anode 
( t r igger  po in t ) ,  (ii) the ava i l ab i l i ty  of excess SO~ 
at  the t r igger  point,  and (iii) the low cur ren t  dens i ty  
of operat ion.  

The re  was no d rama t i c  effect of the  addi t ion  of PC 
on the abuse res is tance of the  cells of type  lc  since 
the cells conta ined excess SO2. The effect of cur -  
ren t  dens i ty  on the abuse res is tance of D cells was 
fu r the r  eva lua ted  by  test ing D cells of type  l a  and 
2a on force-d ischarge  at  cur rents  of 0.SA and 3.0A at 
--30~ The typ ica l  vo l tage  and t empe ra tu r e  profiles 
of  D cells of type  l a  on 0.5A and 3.0A tests at --30~ 
are  shown in Fig. 8 and 9, respect ively.  Whi le  the 
cells did  not  ven t  on 0.5A force-discharge ,  the  cells 
vented,  some violent ly,  on 3A force-discharge.  Note 
tha t  at  0.5A test  (Fig. 8) the  capac i ty  be tween  the zero 
volt  and the deep reversa l  ( t r igger  point )  was insig-  
nificant, whereas  a t  3.0A test, the  capac i ty  was suffi- 
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cient ly  significant to cause the  unsafe  behavior .  The 
D cells of type  2a behaved  s imi la r ly  and showed no 
vent ing on 0.5A test  and  vent ing  (some vio lent ly)  on 
3.0A test. 

Conclusions 
The Lh SO2 rat io  was found to be  an impor t an t  p a -  

r ame te r  affecting the safety of the  Li/SO2 cells, and  
the l i t h ium- l imi t ed  cell  designs were  found to be 
safer  than  the l i t h ium-r i ch  cell  designs. Fur the rmore ,  
the  high ra te  D cells having a h igher  ra te  capab i l i ty  
were  found to be safe under  a 2A force-d ischarge  
at  --30~ wi th  a l a rge r  Li :SO2 ratio.  The abuse r e -  
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sistance of  the  cells appears  to depend  m a r k e d l y  on 
the cur ren t  (cur ren t  densi ty)  of the abusive dis-  
charge. The cells which  were  found to be safe on 2A 
force-d ischarge  became unsafe  on 3A force-discharge.  
I t  should be possible,  therefore,  for  any  given abuse, 
to design cells capable  of to le ra t ing  tha t  abuse with  
impuni ty ,  p rov ided  we know how to construct  t ru ly  
high ra te  cells. 

The impor tance  of the s toichiometr ic  rat io  of Li: SO2 
in a cell  in de te rmin ing  the  safe ty  on reversa l  is 
on ly  appl icable  when  both  Li  and SO2 a re  ut i l ized 
efficiently. Whereas  the  Li e lec t rode  is inhe ren t ly  effi- 
cient at  high cu r ren t  densi t ies  p rov ided  there  is elec-  
trical continuity,  the  efficiency of the  carbon cathode 
depends on the cu r ren t  dens i ty  and the cur ren t  dis-  
t r ibut ion  in the  cell, as wel l  as on the cathode fabr i -  
cation process. Assuming  tha t  the  l a t t e r  is kep t  in -  
var iant ,  the  impor tance  of  Li:  SO~ s toichiometr ic  ra t io  
is va l id  up to a l imi t ing  cur ren t  dens i ty  of operat ion.  
At  h igher  cur ren t  densi t ies  the  ca thode m a y  polar ize  
p r e m a t u r e l y  leading  to Li  deposi t ion in the cathode 
pr io r  to the  exhaus t ion  of Li anode. This deposi ted Li  
is ve ry  active towards  AN and m a y  lead  to an  unsafe  
si tuation.  
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On the Mechanism of Corrosion of Cu-9.4Ni-l.7Fe Alloy 
in Air Saturated Aqueous NaCI Solution 

I. Kinetic Investigations 

C. Kato, B. G. Ateya, *,1 J. E. Castle, ~ and H. W. Pickering* 
Metallurgy Section, Department of Materials Science and Engineering, 

The Pennsylvania State University, University Park, Pennsylvania 1630~ 

ABSTRACT 

The mechanism of format ion  of the pro tec t ive  l aye r  on commercia l  Cu- 
9.4Ni-l .7Fe al loy in ae ra ted  3.4 weight  percent  NaC1 solut ion at  room tem-  
pe ra tu re  was inves t iga ted  for var ious  t imes up to 191 days. The weight  of the 
sample,  the weight  of the corrosion product  layer ,  and the anodic and cathodic 
polar iza t ion  curves were  measured  before and af te r  the  corrosion periods.  
Results  of these exper iments  show that  the decrease  in the overa l l  corrosion 
ra te  by  format ion  of the  pro tec t ive  layer  is due main ly  to a decrease in the  
oxygen reduct ion  ra te  and only s l ight ly  to a decrease in the me ta l  dissolution 
rate.  They indicate  that  to a large  degree,  if  not  ent i re ly ,  the locat ion of the 
oxygen  reduct ion react ion is the surface of a thin, s t rongly  adheren t  inner  
l aye r  which is in contact  wi th  e lec t ro ly te  as a resul t  of the porous nature 
of the much th icker  outer  layer .  The r a t e - d e t e r m i n i n g  step of this  reac t ion  
was found to be the t r anspor t  of e lect rons  th rough  the inner  layer ,  which  
increases in thickness according to the parabol ic  law. The resul ts  fu ther  show 
tha t  the (modest)  decrease in the anodic react ion dur ing  open-c i rcu i t  cor ro-  
sion is due en t i re ly  to the porous outer  layer .  

The commercia l  Cu-9.4Ni- l .7Fe a l loy  (CDA 706) 
has been used successful ly as condenser  tubes in 
sal ine environments .  I t  is genera l ly  be l ieved that  this 
corrosion res is tant  a l loy  is pro tec ted  by  the films de-  
veloped on its surface in seawater .  The effect of 
minor  Fe addi t ions is to improve  the corrosion re-  
sistance of Cu-Ni  al loys (1-4) with, however ,  some 
accompanying loss of duct i l i ty  at  room t empera tu r e  
(5). S tewar t  and LaQue (2) found that  the a l loy 
wi th  Fe  in solid solut ion (solutionized) was more  
corrosion res is tant  than  the al loy containing Fe  p re -  
cipitates,  in agreement  wi th  Swar t zend rube r  and 
Bennet  (4). 

* Electrochemical Society Active  Member.  
1Present  address:  Chemistry  Department,  Cairo University, 

Cairo, Egypt. 
~Permanent  address: Department  of Metal lurgy and Materials 

Technology, University of Surrey, Guildford, GU2 5XH, England. 
Key words: marine corrosion, polarization, condenser tubes, 

protective films, oxygen reduction,  

Room t empera tu r e  anodic polar iza t ion  curves over  
a l imi ted  potent ia l  range have been  de te rmined  for  
this a l loy in aqueous NaCl solut ion by  severa l  in-  
vest igators  (6-8). The curves exhib i t  a sha rp ly  in-  
creasing ra te  of anodic dissolution wi th  increase in 
e lectrode potential ,  l j sse l ing  and K r o u g h m a n  (9) in-  
ves t igated cathodic polar iza t ion  curves on the uncor -  
roded and p reeor roded  (protec ted  by  corrosion p rod -  
ucts) samples  in seawater .  They found the cathodic 
react ion to be more h ighly  polar ized  the  longer  the  
corrosion periods, confirming ear l ie r  resul ts  by  Nor th  
and P r y o r  (6), who also observed the same for anodic 
polarizat ion.  Thus, the  presence of the  film re ta rds  
both the cathodic and anodic reac t ion  and, hence, the 
overal l  reaction. 

The purpose  of this paper  is to invest igate  the  cor-  
rosion of commercia l  (solut ionized) Cu-9.4Ni-l .7 F e  
a l loy in ae ra t ed  3.4 weight  percen t  (w/o)  NaC1 
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aqueous solution at room tempera ture  23 ~ +_ 3~ 
Following the procedures of Wagner  and Traud (10), 
the mechanism of the corrosion process in the pres- 
ence and absence of a protective corrosion-product 
layer  is determined from the individual  anodic and 
cathodic polarization curves. Anodic and cathodic po- 
larizat ion curves were determined after different 
periods of corrosion and for various conditions and 
amounts  of the protective film on the sample. 

Experimental 
Materials and specimen preparation.--The com- 

position and mechanical  properties of the Cu-9.4Ni- 
1.7Fe alloy sheet mater ia l  (0.17 cm thick) in  the 
solutionized condition (850~C for 30 min, water  
quench),  are given in Tables I and II, respectively. 
Specimens (0.17 • 1.5 • 2.5 cm) were cut from the 
master  sheet and polished successively down to 600 
grit. The samples were then immersed in  deaerated 
10 volume percent  (v/o) H2SO4 for 10 min  to remove 
the a i r - formed oxide. This was followed by de- 
greasing in 50 v/o acetone-benzene mixture  with 
ultrasonic surface cleaner for 10 min  and finally r ins-  
ing in  a methanol  solution and drying in a desiccator 
for 25 hr. The electrolyte used throughout  this work 
was 3.4 w/o  NaC1. 

Weight  loss under open-circuit corrosion conditions. 
~ O p e n - c i r c u i t  corrosion tests were always run  using 
duplicate specimens which were suspended in  a 1 
l i ter  beaker  by glass hooks through holes in  the cor- 
ners of the specimens. The specimens were weighed 
and their  thickness measured before immersion. Each 
pair  was allowed to corrode for varying  lengths of 
time, i.e., 1, 2, 12, and 24 hr; and 2, 3, 5, 10, 30, and 
191 days at  room temperature.  The solutions were 
changed weekly. At the end of a run, the specimen 
was removed from the solution, r insed with distilled 
water, dried, and weighed. One of the two specimens 
was analyzed by ESCA (XPS),  Auger electron spec- 
troscopy, and /or  x - r ay  diffraction (11). The other 
specimen was immersed in deaerated 15 v/o H2SO~ 
for 2 hr to dissolve the corrosion products. This was 
followed by r insing with distilled water, drying with 
hot air, and weighing. An identical  noncorroded sam- 
ple treated s imilar ly  gave no detectable weight loss 
indicat ing that the deaerated sulfuric acid t reat-  
ment  did not attack the alloy itself. From the first and 
third, and the second and third weighings, the weight 
loss of the sample due to metal  oxidation and the 
weight of the corrosion-produced layers were deter-  
mined, respectively. 

Table I. Composition of the Cu-Ni-Fe alloy 

Ele- 
m e n t  Cu Ni F e  Mn Zn  P b  P S A g  0 

W e i g h t  
per -  
cent*  

W e i g h t  
per -  
cent7  

Balance 9.4 1.7 0.32 0.15 0.02 0.02 0.02 N.D.** N.D. 

9.4 1.9 

* H u s s e y  Meta l  C o m p a n y ,  Lee t sda l e ,  P e n n s y l v a n i a .  
** None  detectable.  

Mine ra l  C o n s t i t u t i o n  L a b o r a t o r y ,  T h e  P e n n s y l v a n i a  S t a t e  Uni-  
ve r s i ty .  

Table II. Mechanical properties of solutionized (850~ 
Cu-Ni-Fe alloy* 

Tens i l e  s trength  
0.~% E x t e n s i o n  y ie ld  p o i n t  
E l o n g a t i o n  in  2 in. 
H a r d n e s s  (Rockwe l l )  
B e n d  

42,000-43,000 {psi) 
7,350-8,000 (psi) .  

39.0-42.5 (%)  
357 (B sca le)  

180 ( d e g r e e s  w i t h o u t  f r a c t u r e )  

* H u s s e y  Meta l  C o m p a n y ,  Leetsdale ,  Pennsylvania .  
? M e a s u r e d  by the authors.  

Polarization measurements.  E Current -poten t ia l  
curves were obtained on fresh and corroded samples 
using an Aardvark  potentiostat  (Model V) and a 
Honeywell  chart  recorder (Electronic 193). The elec- 
trochemical cell includes a saturated calomel refer-  
ence electrode (SCE), a working alloy disk (1.35 cm 
diam) electrode, an auxi l iary  electrode (Cu wire 
or carbon rod),  and a gas disperser. These were ar-  
ranged in  a beaker containing 300 ml electrolyte 
(pH adjusted with NaOH to 8). A Cu wire covered 
with an acrylic plastic sleeve was soldered to the top 
(back side) of the disk. The sleeve end and back side 
of the disk were shielded from the electrolyte by cold 
mount,  such that only the (bottom) disk surface was 
exposed to the electrolyte. This surface was abraded, 
as above. Anodic and cathodic polarization curves 
were obtained on these samples after periods of open- 
circuit  corrosion, in  some cases following str ipping 
of the corrosion product  wi th  tape. The electrode 
was immersed in the electrolyte and the gas flowed 
(either prepurified ni t rogen or air) for 30 min  before 
measurements  were started. All  potentials are re-  
ported vs. the s tandard hydrogen electrode (SHE). 

Anodic polarization curves were measured on the 
0, 5, 10, 15, and 191 day corroded samples. The sur-  
face films were formed by the method described in 
the weight-loss measurements.  The corroded speci- 
mens at the completion of their  open-circui t  exposure 
were immediate ly  t ransferred to the electrochemical 
test cell. Measurements  were taken at various potential  
scanning rates in  the range of 45-545 mV (SHE) as 
follows: (i) high scanning rate (75 mV min -1 ) ,  (ii) 
low scanning rate (1.5 mV m i n - D ,  (iii) manua l  
stepping of the potent ial  by 10 or 20 mV steps and 
allowing the current  to reach a steady value before 
the next  potential  step, ~nd (iv) direct immers ion of 
a fresh sample at each of the following potentials:  
145, 170, 245, 320, 345, 445 mV (SHE). 

The cathodic polarization curves were measured 
potentiostatically by stepping the potential  20 or 50 
mV over the range of 45 to --455 mV (SHE). The 
current  was measured after 10 min  at each potential. 
Though quasi-s ta t ionary currents  were obtained by 
this time, some of the current  was due to reduction 
of the oxide films. The amount  of film reduction was 
obtained by measur ing the cathodic polarization 
curves on the 30 day precorroded specimen with 
ni t rogen gas bubbl ing  through the cell. 

In order to assess the roles of electronic resistance 
of the corrosion-product layer  and /or  the catalytic 
na ture  of the corrosion-product surfaces, some speci- 
mens were coated with the electrocatalyst Pd in the 
following manner :  (i) The specimen surface (fresh, 
corroded or corroded and str ipped) was dried 
thoroughly. (ii) A few drops of 0.5% of Pal lamerse 
solution (Technic Incorporated, Chicago, Illinois) was 
placed on the whole area of the specimen surface. 
(iii) After 5 min, the excess Pal lamerse solution was 
removed with tissue paper and air  dried. 

Other samples in the corroded but  not stripped 
condition were coated with another  electrocatalyst, 3 
Pt, by sput ter ing Pt  on the corrosion-product  surface. 

Results and Discussion 
Corrosion and film growth rates .EFigure l a  is a 

plot of the weight of the solid corrosion product layer  
(film) and of the overall  weight loss vs. t ime of im-  
mersion of the sample in  aerated solution under  free 
corrosion conditions. Figure lb  shows the var iat ion 
of the average corrosion rate with time. Note that  
film weight refers to the compounds Cu2(OH)sC1, 
Cu20, and possibly others (11), and consequently the 
weight of the metal  included in  forming the film is 
less than the film weight. On the other hand, the 
overall  weight loss and corrosion rate refer to metal. 

T h e  e x c h a n g e  current  densi ty  of oxygen  reduct ion is about 
one  o r d e r  os m a g n i t u d e  greater  on Pd than on P t  (12).  
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This shows that, at all times, only a fraction of the 
metal  ions resul t ing from the corrosion reaction are 
present  in the solid corrosion product. The cc, rrosion 
rate of the alloy (Fig. lb)  decreases with t ime of 
immersion;  the most pronounced rate-of-decrease 
being at shorter times. This has been a t t r ibuted  to 
the protective effect of the corrosion product  layer  
on the l imit ing corrosion process. 

The weight of the film per un i t  area is taken as a 
measure  of its thickness, with the solid l ine repre-  
sent ing the least squares correlation of the data 
points (all  except the last one which shows the most 
deviation; about 25% lower than predicted by the 
correlation).  The slope of the straight film l ine in  
Fig. l a  is 0.51 and the correlat ion coefficient is 0.995. 
Thus 

WF = 3.5 X 10 -3 t ~ 1 < t < 1000 hr  [1] 

where WF is the weight of the film in mg cm -2 of 
alloy surface area, and ~ is the t ime of free corrosion 
in  hours. This parabolic relat ion indicates that  the 
growth of the film follows a t ranspor t - l imi ted  mecha-  
nism. The above correlation applies for at least 1000 
hr  (42 days) ;  the film weight for the one datum point  
at >1000 hr  is lower than  that  obtained by extrapola-  
tion. 

The var ia t ion of the overall  weight loss with time 
is more complex than that of the film weight. The 

parabolic rate law is closely approximated in the 10- 
1000 hr period. Even at short times, however, the 
slope is closer to one-half  than to unity,  i.e., closer 
to parabolic than to l inea r - l aw behavior. Dur ing  this 
ini t ial  period the film appears to undergo substant ia l  
change, both in composition and in structure,  as re- 
ported in  Part  II of this series (11). 

The solution pH was ini t ia l ly  7.5, increased to 8.0 
wi thin  a day, and increased more gradual ly  there-  
after to 8.1 after one week.4 The open-circui t  corro- 
sion potential  varied with time, s tar t ing out at  about  
65 mV (SHE) and drif t ing to about --10 mV by  48 
hr. 

Anodic polarization rneasurements.--Figure 2 shows 
the effect of potential  scan rate on the anodic cur ren t -  
potential  curves. While the low scan rate (1.5 mV 
min  -1) gives near ly  s teady-state  behavior, the high 
scan rates, typical of many  previous studies, ~ 300 
mV rain -1 (6-8), give quite different results at po- 
tentials beyond the Tafel region. The max imum and 
m i n i m u m  currents in the 1.5 mV rain - I  curve are 
reproducible, but  are not observed using the fast scan 
rate for determining the polarization curve. The time 
to reach a steady-state current  is relat ively long, e.g., 
> 60 rain at 345 mV (insert  in Fig. 2). The decrease 
of current  with time at  345 mV is consistent with 
the format ion  and thickening of a protective layer. 
In the Tafel region shorter times are required con- 
sistent with the establishment of stable C1- and 
CuCl~- ion profiles in the solution boundary  layer  
as discussed below. 

The steady-state  anodic current -potent ia l  curves 
were also measured on precorroded specimens (for 
times up to 191 days),  Fig. 3. A current  peak was 
always observed, at around 200 mV, for the alloy 

~Buffered solut ions  were  not  used because  os their  e ~ e e t  on 
the anodic polarization behavior  (Fig. 6). 
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in  different stages of protective film formation. The 
corrosion product  layer  restricts the anodic current  
at any  given potential ;  the decrease is greater  the 
longer the free-corrosion period. The decrease in 
cur ren t  is ra ther  large at high anodic potentials, but  
is small  near  the corrosion potential  compared to the 
decrease in  corrosion rate shown in  Fig. lb. 

The curves of Fig. 2 and 3 can be divided into three 
regions: (i) Linear  E-log i or Tafel region extending 
from 45 to 200 InV. (it) Passivat ion region extending 
from 200 to 325 mV. This, more appropriately,  may be 
labeled br ightening region in  view of the re la t ively 
high currents  of 1-2 mA cm -2 (13). Results for pure 
Cu are compared with those for Cu-Ni in  Fig. 4. Since 
both pure  Cu and  Cu-Ni  alloy show a br ightening  
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region, Cu-r ich  reaction product, seemingly CuC1 or 
Cue(OH)3C1 (11) may be responsible for the br ight-  
ening effect. (iii) "Transpassive" region extending 
above 325 mV. CuC1 and Cu2(OH)3C1 were detected 
on the sample in  this potential  region by x - r ay  dif- 
fraction (11). 

Kinetics of anodic dissolution in the Tafel reg ion . -  
The Tafel slope, dE/d log i, on the pure Cu surface 
is 60 mV for both the zero and 5 day corroded sam- 
ples (Fig. 4). A TafeI slope of 60 mV (at room tem-  
perature)  can be readi ly a t t r ibuted to a one-electron 
transfer  reaction, with diffusion of a reactant  or 
product  in the aqueous phase being the ra te -de te r -  
min ing  step (14-17). Thus, if 

Cu + 2C1- --> CuCI~- 4- e -  [2] 

is the predominant  anodic dissolution reaction in  
the Tafel region, as has been suggested (8, 14, 16, 
18), t ransport  of C1- to, or of CuCt2- away from, the 
surface is the ra te -de te rmin ing  step. 

The Tale1 slope obtained on the fresh Cu-Ni sur-  
face is 70 mV per  current  decade, and the open- 
circuit corrosion potential  is about  10 mV more noble 
for the alloy than for pure copper, with both values 
varying  somewhat with time. Reaction [2] may also 
be one of the anodic dissolution reactions for the 
alloy. The greater  polarization of the alloy compared 
to pure copper may be due to various causes. A thin 
(10A thick) NiO layer  has been shown by  ESCA to 
cover the air-exposed surface of Cu-1ONi (19). The 
Tafel slope increases with the length of the open- 
circuit corrosion period, being 70, 75, 100, 110. and 
120 mV per current  decade for the O, 5, 10, 15, and 
191 day exposure, respectively (Fig. 3). 

Effect of the loosely adherent surface layer.--Figure 
5 shows the E-log i relations on the following speci- 
mens: zero day corroded specimen, 10 day corroded 
specimens with the surface in  the wet  and the dry  
conditions, and 10 day precorroded specimens after 
the film has been stripped with tape. The stripped 
film has been identified by x - r ay  diffraction as 
Cu2(OH)~C1 (11). The 10 day stripped specimens 
gave the same Tafel l ine as the fresh specimens. 
This indicates that  t ranspor t  through the outer  por-  
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ous layer  (probably CI -  or CuC12- diffusing through 
electrolyte wi thin  the pores) is responsible for the 
(modest) decrease of the anodic reaction rate in the 
Tafel region, and that  the under ly ing  adherent  layer  
is not a hindrance in the Tafel region to the anodic 
dissolution reaction or the t ranspor t  of Cu + ions (and 
presumably  Ni ++ and Fe ++ ions) through it. The 
polarization curves also show that  the dried surface 
scale is less protective than  the nondried one. This 
may be a t t r ibuted  to cracking and /o r  flaking of the 
loosely adherent  film on drying. 

E]fect of some bufJers on the passive cur ren t . - - I t  
has been found that  under  free corrosion conditions 
the pH of the solution changes from 7.5 to 8 in  the 
first day and then levels off becoming 8.1 after a 
week. Since the measured pH refers to the overall  
electrolyte, i t  suggests that  there is a considerable 
local increase in  pH to even higher values near  the 
corroding surface. The most l ikely source of O H -  
will  be the reduction of oxygen at the corroding al-  
loy surface according to the reaction 

02 + 2H20 + 4e- ~ 4 OH- [3] 

In  order to minimize the effect of these pH var ia -  
tions on the corrosion process, it would be necessary 
to corrode the specimen in  buffered solutions. How- 
ever, the effect of the anions of the buffer on the 
anodic dissolution reaction is significant. Figure 6 
shows the anodic E-log i relations in  several  buffer 
soIutions which are all  3.4 w/o NaC1. The lower cur-  
rents obtained in the passive region with borate and 
phosphate buffers, and the higher currents  obtained 
with ammonia  buffers, can be readi ly correlated to 
the solubilities of their  respective Cu salts. Fu r the r -  
more, copper gives a stable Cu-ammonia  complex 
which would expla in  the higher currents  obtainable 
in  the Tafel region. 

Cathodic polarization measurements.--Oxygen trans- 
fer in the aqueous phase.--Figure 7 shows the effect 
of a i r -s t i r r ing rate on the cathodic E-log i curves of 
specimens with freshly prepared surfaces. The well-  
defined diffusion-l imit ing currents  show clearly 
that  for the alloy in the star t ing condition oxygen 
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reduction is the predominant  cathodic reaction, see 
reaction [3]. Since these l imit ing currents  are an 
order of magni tude  (or more) higher than the cur-  
rents obtainable on the precorroded samples, it  is 
concluded that, in  the la t ter  case, reasons other than  
transport  of oxygen through the diffusion boundary  
layer  are responsible for the reduced corrosion cur-  
rent. Nor is t ransfer  of dissolved oxygen in the por- 
ous, corrosion-product  layer  l ikely to be the slow step 
responsible for the reduced corrosion rate brought  
about by the corrosion-product layer. This is sup- 
ported by two other observations: (i) the thickness 
of the porous layer  (1 ~m) is very  small  compared 
to the thickness of the diffusion boundary  layer, and 
(ii) the observations in  Fig. 8 and below. Conse- 
quently, it follows that  oxygen was not depleted in-  
side the pores of the corrosion product  layer during 
the open-circui t  corrosion experiments.  

E~ect and location 05 the electron transfer step.--Fig- 
ure 8 shows that the corrosion product layer  at a 
ra ther  advanced stage of development  causes a sub- 
s tant ial  decrease in  the rate of the oxygen reduction 
reaction. Clearly, this reaction, at potentials near  the 
corrosion potential, is much more affected by the 
corrosion product  than is the anodic reaction, Fig. 
3, 8, and 9; hence, oxygen reduction may be projected 
as the more impor tan t  reaction in  de termining the 
overall  corrosion rate in the presence of the corro- 
sion product  (protective) layer. 

Figure 8 also shows the effect of the adherent  
(thin) and detachable (thick) layers of the corrosion 
product  on the kinetics of oxygen reduction. Str ip-  
ping of the corrosion product  with tape causes little 
(e.g., curves E and F in Fig. 8) or no difference (see 
the conditions of curve D) in the oxygen reduction 
rate. These results suggest for a well-developed pro- 
tective layer  that  oxygen reduct ion occurs at the 
interface (fracture plane) between a porous de- 
tachable outer, and an adherent  thin inner,  layer. 
This interface supports much lower oxygen reduction 
currents  compared to the fresh alloy surface. The 
extent  of this decrease increases with immersion time 
at open circuit (i.e., the inner  layer  becomes more of 
a h indrance to the cathodic reaction and, hence, more 
protective against corrosion), as shown by comparing 
curves D and F. 
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on the copper surface. At the Cu/Cu20 interface, 
copper ions and electrons form (anodic reaction) and 
both migrate  through the Cu~O layer  toward the outer 
surface where formation of oxygen ions occurs by  the 
(cathodic) reduction of oxygen gas. This is a some- 
what  different process than is usual ly  discussed dur -  
ing aqueous corrosion of metals, i.e., that  the elec- 
trons which form at the anodic site move through 
the metal  to the cathodic site where they a r e  
consumed by the cathodic reaction. The lat ter  si tua- 
tion (only) is general ly  referred to as a local cell 
(corrosion) process. 

In  the present  experiments,  the open-circui t  aque-  
ous corrosion of Cu-Ni specimens which are covered 
with a well-developed protective corrosion-product 
layer, is like the oxidation of copper at elevated tem-  
peratures. Cu + (Ni + + and Fe + +) ions and electrons 
form at the al loy/oxide interface and both migrate  
through the ( i n n e r )  oxide la~;er, Fig. 10a. At the 
inner  oxide/outer  oxide interface, reduction of oxy- 
gen occurs and the cations enter  the aqueous phase 
or form the porous outer layer  (accompanied by oxi- 
dation to the plus two state in  the case of copper 
ions). The outer layer  provides some hinderance to 
the anodic reaction (Tafel region of Fig. 5) and thus 
provides a (small) contr ibut ion of anodic control 
(as compared to the much larger  contr ibut ion of the 
inner  layer to cathodic control) of the overall  cor- 
rosion process (Fig. 9). 

The ra te -de te rmin ing  step (rds) for the reduct ion 
of oxygen is electronic conductance through the in -  
ner  oxide layer. Identification of a t ransport  process 
through the inner  layer as the rds, coupled with the 
finding that the overall  film thickness increases a c -  
c o r d i n g  to the parabolic law (Fig. 1), establishes that  
the inner  layer  also thickens according to the para-  
bolic rate law. It also follows for these conditions 
that, in addit ion to a flux of cations ar r iv ing at the 
inner  oxide/outer  oxide interface given by the para-  
bolic rate law, the ratio of cations which enter  the 
aqueous solution to those which part icipate in the 
formation of the outer porous layer  is fixed? The 
rds for the less impor tant  (from the point  of view of 
reducing the rate of the overall  corrosion process) 
anodic reaction is the diffusion of cations through 
(probably the aqueous phase of) the porous s tructure 

5 This ratio may be partly established by the greater  tendency 
of one component(s )  of the alloy to participate in formation of 
the outer film (e.g., Ni and Fe) than another (Cu),  as is shown 
in Part II of this series. 
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This decrease in the O2-reduction current  is l ikely 
due to a lack of electrons at the interface because of 
a high electronic resist ivity of the adherent  layer, as 
is discussed next. 

Mechanism of open-circuit  corrosion.--Let us con- 
sider what  happens when  copper is heated in air at 
1273~ A dense layer  of solid cuprous oxide forms 

Oz 

Fig. 10. Schematic of the transport processes in the reaction 
product during (a) open-circuit corrosion, (b) cathodic polarization 
(oxygen reduction), and (c) anodic polarization (metal dissolution). 
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of the  ou te r  layer .  Only  these rds  can be ra t ional ized 
wi th  al l  of the  expe r imen ta l  observat ions  as follows: 

Weight loss data.--The ra te  of me ta l  oxidat ion  and 
of thickening of the  solid react ion product  follow the 
parabo l ic  ra te  law (Fig. l a ) .  Hence, t r anspor t  through 
the react ion produc t  l aye r  essent ia l ly  de te rmines  the 
overa l l  corrosion rate .  

Oxygen reduction kinetics.--The significant decrease in 
oxygen reduct ion  ra te  in going f rom a f resh to a 
r eac t ion-p roduc t  covered  Cu-Ni  surface dur ing  ca th-  
odic polar iza t ion  (Fig. 8) indicates  tha t  e lectron 
t r anspor t  th rough  the oxide is difficult. This follows 
since oxygen  reduct ion  dur ing  cathodic polar iza t ion  
requi res  on ly  the t r anspor t  of electrons th rough  the 
reac t ion  produc t  l aye r  (Fig. 10b). When  the same 
low ra te  was observed  af te r  s t r ipping  away  the outer  
porous layer ,  the  inner  (dense) reac t ion  produc t  
l aye r  was identif ied as the ac tua l  ba r r i e r  for t r ans -  
por t  of the  electrons f rom anodic to cathodic sites. 

Metal oxidation kinetics.--There is no reduct ion in 
a l loy dissolution ra te  ( in the Tafel  region)  in going 
f rom a f resh  Cu-Ni  surface to one covered only  wi th  
the th in  inner  l aye r  (Fig. 5). Since only  cat ion dif-  
fusion th rough  the reac t ion  p roduc t  l aye r  is involved  
dur ing  anodic polar iza t ion  in oxygen- f ree  solut ion 
(Fig. 10c), this resu l t  indicates  that  cat ion t r anspor t  
th rough  the inner  l aye r  is r e l a t ive ly  fast. Cation 
t r anspor t  th rough  the outer  layer ,  on the  o ther  hand, 
is a (smal l )  h indrance  to the anodic react ion in 
the  Tafel  region (Fig. 5). 

Pd-covered oxide layer.--When Pd was e lec t rode-  
posi ted on the inner  l aye r  the oxygen reduct ion  ra te  
dur ing cathodic polar izat ion increased (signif icantly)  
to tha t  of a f resh Cu-Ni  surface (Fig. 8). This is 
consis tent  wi th  the fo rmat ion  of a pa l l ad ium short  
c i rcui t  th rough  the dense oxide layer ,  t h e r e b y  p ro -  
v id ing  a meta l l ic  conductor  for  the  electrons.  The 
P d  is envis ioned to have  pene t r a t ed  the  inner  l a y e r  
dur ing  e lect rodeposi t ion along a crack in  the oxide  or 
along the specimen edge. A s imi lar  resul t  was ob-  
ta ined  for an analogous expe r imen t  using p la t inum.  

This resul t  is also significant in tha t  it  rules out  any  
poss ibi l i ty  tha t  e i ther  cat ion or oxygen  ion t r anspor t  
is impor tant ,  since thei r  t r anspor t  requires  an ionic, 
not  meta l l ic  conductor.  Another  funct ion of the  pa l -  
l ad ium or  p l a t inum is to increase the ra te  of Eq. 
[3] since these metals  are  excel lent  cata lys ts  for the 
oxygen  reduct ion  react ion (12). However ,  in view 
of a shortage of e lectrons at  the cathodic sites, con- 
s is tent  wi th  e lec t ron t ransfe r  th rough  the inner  l aye r  
as the rds, the ra te  of Eq. [3] increases  in the  presence 
of Pd  or  Pt  seemingly  due to an increase in electronic 
conductance,  r a the r  than due to an increased cata-  
ly t ic  na tu re  of the cathodic site. 

Conclusions 
The resul ts  of the corrosion ra te  and  polar iza t ion  

studies on commercia l  Cu-9.4Ni-l .TFe a l loy  in 3.4 
w /o  NaC1 solut ion at  room t empera tu re  show tha t  
(i) the cor ros ion-produc t  l aye r  is composed of a 
th in  adheren t  inner  layer ,  and a much thicker,  po r -  
ous outer  l aye r  which  can be easi ly  removed  b y  
tape;  (it) the cathodic ha l f -ce l l  reaction,  which  is 

oxygen reduction,  is more  polar ized  than  the anodic 
react ion in the presence of this l aye r  and, hence, is 
more  impor tan t  in control l ing the ra te  of the corro-  
sion process; (iii) the  inner  and the outer  corrosion 
product  layers  both th icken dur ing  the first 1000 h r  
of thei r  format ion  in accord wi th  the parabol ic  ra te  
law; (iv) the  weight  loss, which  is the  sum of me ta l  
oxidized to solid corrosion p roduc t  and  to soluble 
ions in the aqueous phase,  also fol lows the parabo l ic  
ra te  l aw dur ing  most of this  per iod;  and  (v) t r ans -  
por t  of oxygen  th rough  the aqueous-solu t ion  bounda ry  
l aye r  and th rough  the e lec t ro ly te  wi th in  the porous 
outer  l aye r  is more  than  adequate  to main ta in  the  
re la t ive ly  slow oxygen reduct ion  ra te  which  is de te r -  
mined by  the t r anspor t  ra te  of electrons across the  
inner  layer .  
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On the Mechanism of Corrosion of Cu-9.4Ni-l.7Fe Alloy in 
Air Saturated Aqueous NaCi Solution 

II. Composition of the Protective Surface Layer 

C. Kato, J. E. Castle, 1 B. G. Ateya, *'~ and H. W. Pickering* 
MetM~urgy Section, Department o~f Materials Science and Engineering, 

The Pennsylvania State University, University Park, Pennsylvania 16802 

ABSTRACT 

The formation of protective layers on Cu-9.4Ni-l.TFe alloy in  air-saturated,  
aqueous 3.4 weight percent  NaCl solution, both under  na tura l  corrosion and 
under  potentiostatic conditions, has been studied by ESCA (XPS),  SEM, and 
x- ray  diffraction. It  was concluded that the protective film formed under  open- 
circuit  corrosion conditions has the following features: (i) is comprised of a 
relat ively thick outer  layer, main ly  Cu2 (OH)3C1, and an inner  th in  layer con- 
ta ining appreciable chloride, oxygen, and copper, and some nickel, (ii) is rich 
in  chloride throughout  the film with a ma x i mum concentrat ion along a plane 
located wi th in  the inner  layer near  the inner  l ayer /ou te r  layer interface, (iii) 
is relat ively poor in Ni and Fe in the inner  layer  compared to levels in  the outer 
layer, and (iv) has, in early stages of growth, an outer surface consisting of a 
cuprous (probably Cu20) compound which with time gives way to a car- 
bonate  and finally to a cupric (Cu2(OH)3CI) compound. The t ransi t ion in Cl, 
Fe, Cu, and Ni concentrations is sharply confined to the interface region be-  
tween the th in  inner  and thick porous outer layers. The thin inner  layer is 
mainly  responsible for the good corrosion resistance of the alloy according 
to electrochemical results reported in Par t  I of this series. 

In  Par t  I of this series (1) the mechanism of cor- 
rosion and of protective layer formation on solution- 
ized (850~ 30 rain, W.Q.) Cu-9.4Ni-l.7Fe alloy in 
air-saturated,  aqueous NaC1 solution at 23 ~ +__ 3~ is 
examined by well-establ ished polarization methods and 
by special electrochemical tests designed to identify 
the ra te -de te rmin ing  step. It was found that  sam- 
ples containing the protective layer  exhibited a much 
increased cathodic polarization and a marg ina l ly  in-  
creased anodic polarization compared to samples 
without  the f ree-corrosion-grown protective layer. 
This tended to support  the view that  a much reduced 
rate of the cathodic reaction (oxygen reduction) is 
main ly  responsible for the good corrosion resistance 
of the Cu-Ni alloys in seawater. The corrosion prod- 
uct which was responsible for the high cathodic po- 
lar izat ion was shown to be in the region of the 
metal /oxide  interface and to remain  adherent  after 
the bulk  of the corrosion-product  layer  was stripped 
with tape. An adherent  layer of this type is well 
suited for chemical analysis with the surface-sensi-  
tive techniques of x - ray  photoelectron spectroscopy, 
XPS (also known  as ESCA) (2), or Auger electron 
spectroscopy (3). Such analyses are reported herein 
and are augmented by x-ray diffraction examination 
of the corrosion-product layer. 

The material which can be removed by tape has, 
in the vicinity of the corrosion potential, a modest 
influence on the rate of the anodie reaction, and little 
or no effect on the rate of the cathodic reaction (i). 
However, its composition, structure, and chronologi- 
cal sequence of formation are important for an im- 
proved understanding of the mechanism of forma- 
tion of the underlying protective layer. Structural 
and compositional analyses of such films on cupro- 
nickel  alloys have been conducted by several invest i-  
gators (4-8). The presence of CufO and Cuf(OH)~C1 
as major  components, in  amounts  which vary  with 
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temperature  (4) and flow velocity of the solution (6, 
8), has been revealed by x - r ay  diffraction. North and 
Pryor  (4) based an explanat ion of the protective be-  
havior on the electronic and ionic resistance of a de- 
fective form of Cu20 inner  layer. Ijsseling (6) showed 
that the total concentrat ion of i ron and nickel was 
at its highest in the interface region between the inner 
and outer layer, and it would follow that a discrete 
layer could be of importance in determining corro- 
sion resistance. 

Experimental 
The corrosion system is the same as described in 

Part  I of this series ( i ) ,  where the specimen prepara-  
tions and ar rangements  for open-circui t  and polariza- 
tion experiments  and procedures are also given. 
X- ray  diffraction, SEM, and ESCA analyses of the 
corrosion products formed dur ing the open-circui t  
(corrosion) tests were done on one of two (duplicate) 

samples immersed for varying lengths of time; weight 
change data were obtained from the other sample of 
each pair (1). 

X-ray difIraction examination.--X-ray diffraction 
examinat ion of samples after the open-circui t  corro- 
sion periods were performed by placing a sample 
(5 X 5 mm) ,  carefully cut from the corroded sample, 
in a Debye-Scherrer  camera at an angle of about 
8 ~ to the x - r ay  beam, in order to increase the path 
length of the x- rays  in the sample. 

In  the case of the anodically polarized samples the 
corrosion product films were scraped off with a knife, 
and the result ing powder was utilized for the x - r ay  
diffraction analysis. Corrosion products which be-  
come detached and dispersed throughout  the solution 
during anodic polarization were also gathered, r insed 
with water, dried, and then  analyzed as above. 

XPS (ESCA) studies.--Samples (6 X 6 ram),  cut 
from the corrosion test coupons taking care to avoid 
handl ing  the faces to be examined, were mounted  in  
batches of five on the probe of the XPS spectrometer 
and examined with A1Ka radiation. The heights and 
areas of the pr incipal  peaks of the elements C1, C, O, 
Cu, Fe, and Ni were obtained using a computer-based 
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da ta  acqu i s i t ion  sys t em (V. G. D a t a s y s t e m s  L imi ted ,  
E n g l a n d ) .  In  addi t ion ,  s u r v e y  scans c o v e r i n g  the  
b ind ing  e n e r g y  r a n g e  0-1000 eV w e r e  t a k e n  f r o m  each  
sample .  I n d i v i d u a l  peaks  could  be  ob ta ined  to an  ac-  
c u r a c y  of  --+0.2 eV f r o m  the  c o m p u t e r  display.  V a l -  
ues  ob ta ined  in  this  way ,  c o r r e c t e d  the  r e f e r e n c e  
l eve l s  of  Cu2p3/2 --  932.8 eV (10) or  C1~ ----- 285 eV (10), 
a re  quo ted  in  t he  t e x t  w h e r e  a p p r o p r i a t e  for  the  i den -  
t i f ica t ion of bond ing  state .  Cupr i c  c o m p o u n d s  a re  
r e a d i l y  r e cogn i zed  by  the  p r e sence  of  t he  s h a k e - u p  
sa te l l i t e  (Fig.  1). Ana lyse s  in  a l l  cases w e r e  cor rec ted ,  
us ing  r e l a t i v e  sens i t iv i ty  fac tors  ba sed  on those  p u b -  
l i shed  by  J o r g e n s o n  and B e r t h o u  (9) and  n o r m a l i z e d  
to 100 a t o m  p e r c e n t  e x c l u d i n g  carbon,  wh ich  in  mos t  
cases was  m e r e l y  p r e s e n t  as a su r f ace  con taminan t .  
The  ana lys i s  so ob ta ined  is a s u r f a c e - w e i g h t e d  m e a n  
w i t h  abou t  70% of t he  s igna l  o b t a i n e d  f r o m  the  top 
l n m .  

The  o u t e r  su r faces  o f  samples  exposed  to t he  tes t  
so lu t ion  fo r  12 hr,  1, 3, 5, and  10 days w e r e  e x a m i n e d  
in  o r d e r  to es tab l i sh  the  ch rono log ica l  o r d e r  in  wh ich  
n e w  phases  a p p e a r e d  on the  surface .  This  was  found  
to be  the  pe r iod  of co r ros ion  a c t i v i t y  neces sa ry  to de -  
ve lop  the  u n d e r l y i n g  p r o t e c t i v e  f i lm (1).  The  s a m -  
ples  w e r e  e x a m i n e d  p r io r  to ion  e t ch ing  s ince 
ion  e t ch ing  is k n o w n  to a l t e r  v a l e n c e  states,  in  
p a r t i c u l a r  cupr i c  ions a r e  a lways  t r a n s f o r m e d  to 
the  cuprous  s ta te  (11). The  adso rbed  f i lm on these  
s amples  wi l l  r e d u c e  s l i gh t ly  the  i n t ens i t y  of  l o w  
k ine t ic  e n e r g y  peaks ,  such  as copper ,  w i t h  respec t  
to those  of  h i g h  ene rgy ,  such  as ch lor ide ,  bu t  no t  to 
an  e x t e n t  wh ich  w o u l d  w a r r a n t  ion  e tching.  

I n f o r m a t i o n  r e l a t i n g  to the  d i s t r i bu t ion  in  dep th  of 
the  phases  w i t h i n  the  r eac t i on  p roduc t  l aye r  was  ob-  
t a ined  us ing  samples  exposed  s e p a r a t e l y  fo r  5 days. 
F o r  these  s tudies ,  t he  v i s ib le  cor ros ion  p r o d u c t  was  
r e m o v e d  us ing  t a p e  and  bo th  the  f r a c t u r e d  m a t e r i a l  
r e m a i n i n g  on the  m e t a l  s u b s t r a t e  and  t h a t  a d h e r i n g  
to t he  t a p e  w e r e  s u b j e c t e d  to de t a i l ed  analysis .  I on  
b e a m  e t c h i n g  was  used  s e q u e n t i a l l y  w i t h  X P S  ana l -  
ysis a f t e r  in i t i a l  e x a m i n a t i o n  in o rde r  to ob ta in  the  
d i rec t ion  of  c o n c e n t r a t i o n  g rad i en t s  in  the  r e g i o n  of  
t he  f r ac tu re .  A n  ion  c u r r e n t  of 10 ~A and  a b e a m  en -  
e r g y  of 8 keV was  used. The  e tch  ra te  so ob t a ined  
was  of  the  o r d e r  of 0.02 n m  s e c - L  

Because  of  an  ove r l ap  b e t w e e n  the  Fe2p3/2 p h o t o -  
e l ec t ron  p e a k  and  a p r o m i n e n t  copper  A u g e r  l ine,  
the  p re sence  of  F e  in  the  r eg ion  of the  i n t e r f ace  had  
to be  conf i rmed  us ing  A u g e r  e l ec t ron  spect roscopy.  
I n  th is  case t he  su r f ace  fi lm was  s t r ipped  f r o m  a 5 day  
tes t  s a m p l e  us ing  i n d i u m  foil. A u g e r  analys is  of the  
f r a c t u r e  su r face  was,  h o w e v e r ,  on ly  possible  on the  
subs t r a t e  s ide because  of p r o b l e m s  assoc ia ted  w i t h  
e lec t ros ta t i c  cha rg ing  of  t he  s t r ipped  mate r i a l .  

Results 
X-ray diffraction analysis.--The x - r a y  d i f f rac t ion  

r e su l t s  on ( co r roded)  samples  i m m e r s e d  m o r e  than  
5 days  ind ica te  tha t  the  cor ros ion  p roduc t  is m a i n l y  
Cu2(OH)sC1 and  conta ins  m u c h  less Cu20;  d - spac ings  
a r e  s h o w n  in  Tab le  I. Samp le s  i m m e r s e d  less t han  5 
days  e x h i b i t e d  o n l y  C u - N i  d i f f rac t ion  lines, i nd i -  
ca t ing  insuff icient  ox ide  th ickness  ( ~ 1  ~m).  The  
loose ly  a d h e r e n t  f i lm on the  30 day  co r roded  sample  
( s t r ipped  w i t h  d o u b l e - f a c e  tape)  showed  on ly  
Cu~COH)~C1. Tab les  I I - I V  show the  i d e n t i t y  of  r eac -  
t ion  p roduc t s  f o r m e d  d u r i n g  anodic  po la r i za t ion  of  
t h e  C u - N i  a l loy  a t  po ten t i a l s  m o r e  nob le  t h a n  t h e  
Ta fe l  r eg ion  ( l abe led  b r i g h t e n i n g  r eg ion  in P a r t  I ) .  

Surface analysis.--Figure 1 shows  wide  scan (1000 
eV) spec t ra  ob ta ined  f r o m  the  o u t e r  su r face  of  t he  
0.5, 1, 3, 5, and  10 day  samples .  The  l ack  of  a s h a k e -  
up sa te l l i t e  (12) on the  copper  2p peaks  at  0.5 and  
1 day  shows this  e l e m e n t  to be me ta l l i c  o r  in the  
cuprous  fo rm;  the  Cu L M N  p e a k  posi t ion (917.0 eV)  
show~ i t  to be cuprous  (12). A t  3 days  and  af ter ,  the  

Table I. X-ray diffraction analysis of the corrosion products 
developed on Cu-Ni alloy. Measured d-spacing (A)  after 191 and 

10 days of open-circuit corrosion 

d-spac- Measured d-spacing* * 
ings (A) 

Compound on file* 191 days 10 days 

Cu2 (OH) aC1 5.45 5.507 5.617 
Cu~ ( OH ) sC1 4.70 4.715 4.825 
Cu~. ( OH ) ~CI 4.55 4.550 
Cu~ ( OH ) 8C1 3.41 3.439 
Cu~O 3.02 3.031 
Cu~ ( OH ) aC1 2.90 2.915 2,982 
Cu2 ( OH ) 8C1 2.75 2.771 
Cu20 2.47 2.482 2.464 
Cu~ ( OH ) ~C1 2,33 2.352 2.333 
Cu2 ( OH ) 8C1 2.26 2.269 
Cu-Ni 2.09t 2.085 2.097 
Cu-Ni 1.94t 1.937 1.950 
Cu-Ni 1.82t 1.809 1.830 
Cu2(OH)~C1 1.70 1.716 
Cu~O 1.51 1.512 1.514 

* Joint Committee for Powder  Diffraction File (JCPDF). 
** These were the only l ines that were  observed.  

The average d-spacings of Cu-9.4Ni-I.TFe. 

Table II. X-ray diffraction analysis of the corrosion products 
developed on the Cu-Ni surface after anodic polarization for 5 hr 

at 245 mV (SHE) 

d-spacings Measured 
Compound on file (A) d-spacing* (A) 

NiO �9 OH 7.70 7.664 
Cu2(OH)aCI 5.31 5.381 
Cu2 (OH) 3C1 4.70 4.976 
NiO �9 OH 3.85 3.828 
CuC1 3.13 3.095 
Cu2 ( OH ) sC1 2.90 2 805 
Cu2(OH)sC1 2.75 2.704 
NiO �9 OH 2.56 2.548 
Cu~ (OH) ~C1 2.33 2.329 
Cu-Ni 2.09t 2.063 
Cu-Ni 1.94t 1.964 
CuC1 1.92 1.895 
Cu-Ni 1.82t 1.785 
CuC1 1.63 I 616 

* These were the only lines that were  observed.  
? The average d-spacings of CU-9.4Ni-I.TFe (alloy particles  were  

also identified in the scrapings by their lustrous metallic appear- 
ance). 

Table III. X-ray diffraction analysis of the corrosion products 
which fell to the bottom of the cell during anodic polarization 

[245 mV (SHE)] 

d-spacings Measured 
Compound on file (A) d-spacings* (A) 

Cu~(OH)sC1 5.31 5.433 
Cue ( OH ) 8C1 2.75 2.705 
Cu.~O 2.47 2.455 
Cu2 (OH)~CI 2.33 2.244 
Cu~O 2.13 2.122 
Cu20 1,74 1,735 
Cu20 1.51 1.503 

* These were the only lines that were  observed.  

TaMe IV. Compounds identified by x-ray diffraction analysis 
which developed on pure Cu and or Cu-Ni alloy during anodic 

pohrization* 

Potential 
Mate- range [mV Compounds 

rial Location (SHE) l identified 

Cu-Ni On the alloy surface 245-545 CuC1, Cu~(OH)sC1, 
NiO �9 OH 

In the electrolyte 205-545 CucO, Cu2(OH)sC1 
Cu On the alloy surface 245.545 CuC1, Cu2(OH)~C1 

In the electrolyte 205.545 Cu20, Cu2(OH)sC1 

*Reaction products  obtained be low +245 mV (SHE) on the 
alloy surface were too thin to be identified by x-ray diffraction. 
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Fig. I .  ESCA spectrums of the outer surface of the corros|on 
product after 0.5, 1, 3, 5, and 10 days immersion of the Cu-Ni-Fe 
samples in the aerated aqueous NaCI solution. 

presence of a sa te l l i te  shows the surface film to be  
en t i re ly  in the  cupr ic  form. There  is also a m a r k e d  
increase  in the chlor ide  peak,  first noted in the  3 day  
spec t rum (Fig. 1). Both the  n ickel  and  sodium sig-  
nals a re  negl igible  on these samples  while,  af ter  cor-  
rect ion for  charging,  the  oxygen peak  is en t i re ly  in 
the  posi t ion (531 eV) usua l ly  ascr ibed  to O H -  ion 
(13) (Fig. 1). Thus, the analyses  would  be consistent  
w i th  the presence of cuprous oxide,  having perhaps  a 
h y d r a t e d  surface, a t  12 h r  and  of basic cupric  chlo-  
r ide  at  3 days  and after .  The sample  exposed  for 1 
day  was the  first  which  showed the  vis ible  corrosion 
produc t  tha t  covered subsequent  samples. At  1 day  
the film covered one - th i rd  to one-ha l f  of the  surface;  
i t  appea red  to s ta r t  a t  an edge and grow l a t e r a l l y  
over  the  surface.  Analys is  of this f i lmed region 
showed copper  to be in  the  cupric  form, un l ike  the  
b r igh t  half  which  remained  in the  cuprous state, 
Fig. 2. However ,  the t rans i t ion  in valence s tate  did  
not  coincide wi th  the p ickup  of chlor ide  ion, since 
there  was v e r y  l i t t le  present ,  even on the  discolored 
half  of the  1 day  spec imen (Fig. 2). 

Both  the  oxygen  and carbon signals  obta ined  f rom 
a scan of the 1 day  specimen, which inc luded both  
halves,  show p rominen t  shoulders  (Fig. 3a and 3b).  
Sepa ra t e  spec t ra  f rom the fi lmed and unfi lmed areas  
show that  the  high energy  shoulders  for both  e lements  
a re  un ique ly  found on the t a rn i shed  half,  on which  
they  form a ma jo r  pa r t  of the  signal. One possible  
reason for  this  unusua l  observa t ion  is tha t  the  fi lmed 
and unfi lmed areas  of the  specimen were  e lec t ro-  
s ta t ica l ly  charged  re la t ive  to each other.  Thus, care  
was t aken  to re fe rence  the  posi t ion of the  carbon sig-  
nal  on the  unfi lmed half  to the cuprous posi t ion and 
on the f i lmed half  t o  the  cupric  posi t ion (using 
Cu( I I )  2P3/2 ---- 934.4 ob ta ined  f rom l abo ra to ry  s tan-  
da rds ) .  This p rocedure  confirmed the carbon ls  posi-  
t ion to be 285.0 eV on the unf i lmed ma te r i a l  and  2B8.0 
eV on the fi lmed mater ia l .  The equiva len t  oxygen 
posit ions are  531.3 and 534 eV, respect ively.  A s imi lar  
p rocedure  appl ied  to the single carbon and oxygen  

Cu (1) 

(A) 

Cu 
Cu x I / 3  

L 
Ni(1~) Cu~(F)II k- 

co(~l III' 
I.-- 
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( B ) ire 

c~ c, }l 

9OO I000 

BINDING ENERGY, eV 

Fig. 2. ESCA spectrums of the outer surface of the corrosion 
product after 1 day immersion. (a) Bright area, (b) visible corro- 
sion product area. 
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Fig. 3a. Carbon peaks in ESCA spectrums of the outer surface of 
corrosion products after 0.5, 1, 3, and 5 days immersion. 

peaks  on the  3 and  5 day  specimens fu l ly  accounted 
for the  observed shif t  in  t e rms  of e lec t ros ta t ic  cha rg -  
ing. Nickel  ions a re  only p resen t  to a t r iv i a l  ex ten t  
in  the  12 hr,  I day  (b r igh t ) ,  and  5 and 10 day  su r -  
faces. However ,  t hey  are  p rominen t  in the  spec t ra  
f rom the fi lmed half  of the  1 day  sample  and f rom 
the 3 day  sample  (Fig. l c ) .  The composi t ion of the  
outer  surface based on the  above analysis  and  ind i -  
v idua l  peak  intensi t ies  is p lo t t ed  as a funct ion of cor -  
rosion t ime in Fig. 4. Also shown are  some l ike ly  com- 
pounds containing the identif ied e lements  a t  the va r i -  
ous stages of dissolution. 
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Table VI. ESCA analysis (%) of the outer surface 
of the reaction product and both sides of the 

fracture interface (see key, Fig. 5) 
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Fig. 3b. Oxygen peaks in ESCA spectrums of the outer surface of 
corrosion products after 0.5, 1, 3, and 5 days immersion. 
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Fig, 4. ESCA semiquantitative analysis of the outer surface for 
different corrosion periods. 

Interface analysis, 5 day samples.--The analyses ob- 
ta ined from the fracture surface of the stripped sub-  
strates of the 5 day samples are given in Table V. 
These give the relat ive proportions of Cu, Ni, Fe, and 
C1 only; oxygen and carbon are excluded because of 
the different behavior of adsorbed gases in the XPS 
and AES spectrometers. The high Ni content  in three 
of the samples in Table V appears to be associated 
with reaction product characteristic of the stripped 
side of the fracture surface ra ther  than that on the 
substrate side (Table VI and Fig. 5). Sample 3, on 
the other hand, was repeatedly stripped prior to anal -  
ysis and showed a lower Ni level. Results in  Table V, 

Table V. Analysis (%) of the fracture surface 
(substrate side, no etching) of three 5 day specimens by 

ESCA and one 5 day specimen by Auger 

Sample  1 (XPS) 2 (XPS) 3 (XPS) 1 (AES) 

Cu 32 22 34 30 
Ni 26 39 10 26 
Fe  ND 9 <2  8 
C1 42 31 56 36 

Cu 10 32 20 (30) 
Ni  18 4 1 (2) 
Fe  15 0 0 (0) 
CI 11 24 16 (24) 
O 45 40 62 (40) 

* Analyses  af ter  2 m i n  (10 nm) etching.  
t E x p e r i e n c e  shows t h a t  the  oxygen  value  would  be  reduced to 

c a .  40% by r e m o v a l  of adso rbed  gas; the adjusted va lues  are 
s h o w n  in parentheses ,  

furthermore, show a high concentration of chloride 
ions and a low concentration of iron. After ion etch- 
ing (Table VI) the iron level is not detectable in the 
substrate side and much higher in the stripped mate- 
rial. Conversely, chlorine is much lower in the stripped 
material. These results, coupled with about 1 nm 
resolution (in the absence of ion etching), indicate a 
very sharp change of the iron and chloride contents 
along the plane separating the material which can be 
stripped from the sample from that which cannot. 
Nickel and copper similarly exhibit sharp concentra- 
tion gradients along this plane. An ion etch profile 
obtained by XPS from the matching surfaces of sam- 
ple 3 of Table V is given in  Fig. 5. Comparing match-  
ing values in  the plane of fracture (i.e., before ion 
etching) one observes the ment ioned sharp composi- 
t ion changes across the fracture plane for C1, Fe, Cu, 
and Ni, and that whereas the phase which is stripped 
away is enriched in nickel and iron, the adherent  re-  
action product on the substrate side of the f racture  
plane contains main ly  Cu and some Ni with the Cu: Ni 
ratio the same as that of the bu lk  alloy. The chloride 
content  of the reaction product, furthermore,  is a 
max imum along a plane located wi thin  the inner  layer  
near  the fracture plane itself. Thus, it appears that  
the thin inner  and thick porous outer layers are dis- 
t inct ly  different react ion product  phases. 

MetalIographic examination.---SEM examinat ion of 
the outer surface at different stages of film formation 
is shown in Fig. 6. The corrosion product is easily 
recognizable by tarnish colors in  less than 1 hr  
(Table VII) and appears porous and discontinuous 
by one day. After  5 days, it  is more compact. After  
stripping, the substrate appears metallic wi th  some 

: CI OUTER FILM INNER FIJM 

o ~ 6C "--,~--- Fe [~I Y - 

~ -.--C~Cu ~5c 

8~ 

_J 
h~ 
rr" 1C-  

O 7 5 3 3 5 7 
rnin rain 

ETCH DEPTH, n m 

Fig. 5. An etch profile obtained by ESCA of the fracture 
surfaces after 5 days immersion. Oxygen and carbon are not in- 
cluded. (Approximate etching speed of 50 A/min.)  
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Fig. 6. SEM photomicrographs of the outer surface after (a, top left) 2 hr (1150• (b, bottom left) I day (1150• Co, top right) 
5 days (1150X), and (d, bottom right) 191 days (575 • ) immersion. 

locations still  covered with reaction product. This is 
consistent with the ESCA results which show a high 
C1 concentrat ion on the substrate side of the fracture 
plane. The corrosion product  adhering to the tape had 
a greenish hue. 

Discussion 
The results presented above provide a chrono- 

logical sequence of the phases appearing on the outer 
surface of the test pieces and a s t ructural  sequence 
of some of the compositions found in the thick corro- 
sion product. Because of the shallow depth of analysis, 
the chronological sequence is impor tant  as an indi-  
cator of the direction of chemical reactions with the 
env i ronment  such as hydrolysis or oxidation at differ- 
ent  times of exposure. Similar ly  the s t ructural  se- 
quence provides analyses close to interfaces in the hi-  
erarchy. Each series of analyses must  be supple-  
mented  with the bulk  analyses for a full  picture of the 
surface processes. 

Table VII. Color changes of the Cu-Ni alloy during immersion in 
the 3.4 w/o NaCI solution at room temperature 

T i m e  Color  

8 ra in  Shiny  r e d d i s h  b r o w n  
10 ra in  Sh iny  d a r k  r edd i sh  b r o w n  
15 m i n  Sh iny  l igh t  r edd i sh  b r o w n  
25 rain Sh iny  b lue -g r een  
35 ra in  Sh iny  t an  
24 h r  Sh iny  tan  and  dull  t an  a r e a s  
48 h r  Shiny  t a n  a n d  dull  t an  a r e a s  
72 h r  Dul l  t an  
96 h r  Dul l  t a n  

Early stages o] protective layer ~ormation.--The 
chronological sequence for the appearance of copper 
compounds at the corrosion produc t /bu lk  solution 
interface shows that  by 3 days, cuprous oxide has 
t ransformed to basic cupric chloride, paratacamite.  
The basic chloride is clearly the stable product, as 
evidenced by the diffraction pat terns  of long- te rm 
test pieces and the SEM observation of clusters of 
crystals growing into rafts, which, after about 3 
days, cover the whole of the surface. In  the ini t ial  
t ransient  period cuprous oxide was present  over the 
whole specimen surface for 12 hr and remained on 
some areas for over a day which is a surpr is ingly 
long t ime in a wel l -aerated solution. Although the 
cuprous oxide was probably generated in  the first 
place during preparat ion and subsequent  air exposure, 
XPS analysis has been shown to be quite capable of 
detecting progressive changes in the a i r - formed film 
as it equilibrates with water, e.g., on stainless steel 
changes are observed wi th in  10 min  of exposure to 
pure water  (14). The longevity of cuprous oxide as 
the surface phase probably is due mostly to an acti- 
vated step in  the nucleat ion of cupric compounds and, 
part icularly,  of the stable basic chloride. This is in  
accord with the observation that  nucleat ion of cupric 
compounds starts first at an edge and moves across the 
surface as a front. 

The ident i ty  of the first precipitate of cupric mate-  
rial  remains  to some extent  uncertain.  Examina t ion  of 
the 1 day spectrum in  detail reveals no possible anions, 
other than carbon and oxygen, on the par t  of the speci- 
men which re tu rned  a strong cupric signal. The car- 
bon peak at 288 eV could arise from an unusua l  quirk  
of electrostatic charging but  this seems unlikely.  I t  
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would require an organic contaminant  on the surface 
to have charged relat ive to the cupric phase on this 
sample, whereas it  does not  charge relat ive to either 
the thin cuprous oxide phase at shorter times or to the 
thick cupric, paratacamite  phase at longer times. An 
al ternat ive  possibility is that  the first cupric precipi-  
tate is the basic carbonate, malachite, CuCO3Cu(OH)2. 
The position of the carbon peak in  sodium carbonate 
is 289.6 eV, but  the b inding  energy could be lower in  
a less strongly ionic compound or in  a poorly oriented 
surface compound. The formation of a carbonate as 
first precipitate in  a chloride-rich env i ronment  may 
arise from the nucleat ion difficulties of the chloride, or 
because the necessary thermodynamic  conditions exist 
as a brief  transient.  Bianchi and Longhi (15) have 
provided a diagram giving the stabil i ty ranges of 
Cu2(OH)3C1 and CuCOaCu(OH)2 as a funct ion of the 
pII value and the total inorganic carbon content  of 
the solution. Maximum stabil i ty occurs at a pH of 
about 7.5, where approximately  2.5 • 10 -3 g -a t / l i t e r  
o f  carbon is required to enter  the stabil i ty field of 
malachite. While they show that this is reached in 
many  na tu ra l  seawaters, it  seems unl ike ly  that  it 
could have been reached in  the aerated sodium chlo- 
ride solutions used in  this study. Furthermore,  the 
movement  of pH toward a value of 8, as recorded 
dur ing  the exposure (1), would tend to move that  
par t  of the surface support ing the oxygen reduction 
reaction (Eq. [3] in  Par t  I) away from a carbonate 
s tabi l i ty  field and ensure that  any such deposit had 
only a t rans ient  existence. Pourbaix  (16), discussing 
behavior  in  na tu ra l  waters, also indicates the basic car- 
bonates to have only a t rans ient  existence at anodic 
sites because of a shift in pH to lower values due to 
hydrolysis reactions. Thus, a carbonate could have a 
prolonged life, al though its appearance probably 
arises only because of its preferred nucleat ion as a 
surface phase. 

The copper spectrum from the tarnished half of 
the 1 day specimen contains both cupric and cuprous 
(or copper) components. The appearance, Fig. 2, of 
very strong nickel (lI)  signals, coupled with the lack 
of evidence for the diffusion of nickel ions through an 
a i r - formed cuprous oxide film at room temperature  
(17), indicates that the under ly ing  cuprous oxide has 
undergone modification dur ing the course of precipi-  
tat ion of the cupric compound. This is supported by 
evidence which was obtained at a later stage of the 
film formation and is presented in  Par t  I of this series 
(1) that  cations diffuse readily through the inner  
layer and only slightly less so through the outer 
layer. Again, because of the almost total lack of 
chloride ions in  the film dur ing its early stage of for- 
mation, we presume the nickel to be present  pr i -  
mar i ly  as Ni(OH)2, which is known to be the pre-  
ferred surface phase on nickel in humid conditions 
(18). It  is noticeable that the cuprous spectrum on 
the bright  half remains identical  to that found after 
12 hr. Thus the nucleat ion of the cupric phase on one 
par t  of the surface does not result  in modification of 
the cuprous oxide over a large area. 

The developed protective layer.--Turning to the se- 
quent ia l  analyses carried out on the specimen im-  
mersed for 5 days we find two impor tant  results: (i) 
the layer  removed by use of adhesive tape included 
the corrosion product layer  enriched in iron and 
nickel, which other authors have reported to be im-  
por tant  for the good corrosion resistance of cupro- 
nickel alloys (4); (if) the layer remain ing  adherent  
to the substrate was not enriched in iron and nickel 
but  contained the highest concentrat ions of chloride 
ions found in any part  of the film. It is this adherent  
layer which was identified in  Par t  I to be pr imar i ly  
responsible for protection (1). 

The analyt ical  results (i) and (if) taken together 
with the finding reported in Par t  I, that  mechanical  
removal  of the visible corrosion product caused the 

anodic polarization curve in  the Tafel region to re-  
vert  to the polarization curve found without  prior 
exposure, indicate some resistance to cation t ranspor t  
through the thick porous outer layer. These data are, 
on the one hand, consistent with Popplewell  et al.'s 
(5) conclusion that  the thick porous outer layer  offers 
a resistance to the corrosion reaction, but, on the 
other hand, inconsistent  with their view that  this 
film is the p r imary  source of protection. Fur ther -  
more, the under ly ing  adherent  layer  is not simply a 
defective form of cuprous oxide as found by these 
authors since it is very highly enriched in  chloride 
and contains nickel. This is impor tan t  since the inner  
layer is main ly  responsible for the good corrosion re-  
sistance of the alloy. The lat ter  is a result  of its poor 
electronic conductivi ty as shown in Par t  I, thereby 
restr ict ing the oxygen reduct ion reaction (1). 

Ion beam profiling results show that the high chlo- 
ride level in the inner  layer  is not present as an ad- 
sorbed monolayer,  but  is a layer extending over sev- 
eral tens of nanometers.  I t  is not  possible to say 
whether  the mater ia l  in situ is in  the cuprous or 
cupric form, because of its ready interconversion by 
air  oxidation in the one direction and by ion etchir~g 
in the other. However, the high chloride content  re-  
mains closer to Pourbaix 's  description of residual  
layers formed on copper covered with paratacamite  
than to Popplewell 's  presumption of cuprous oxide 
inner  layers. 

Although Cu and C1 are in the approximate  mole 
ratio of 1:1 in  a par t  of the inne r  layer  near  the 
inne r /ou te r  layer  interface, Fig. 5, CuC1 is usual ly  
associated with nonprotective, ra ther  than protective, 
layers, such as form at the bottom of pits in copper 
(16) and in the br ightening region in this work, Table 
I[. Furthermore,  other elements are present  in the 
inner  layer, in  particular,  much oxygen (Table VI) 
and Ni, so that  the na ture  of the inner  layer  re-  
mains par t ly  unresolved. CuC1, itself, is stable at pH 
"~ 4 for the conditions reported here (16), and, if 
present, would be evidence that  the pH in electrolyte 
wi th in  the porous layer is in this range. It is not clear, 
however, that the pH should be lower in the porous 
structure, since the hydrolysis reaction which is ex- 
pected to occur at anodic sites and the oxygen reduc-  
t ion reaction which occurs at the cathodic sites (1) 
shift the pH in opposite directions. No evidence was 
found on the freely corroded samples of the Ni(OH)2 
layer formed as a passivating layer  at high anodic 
potentials (19), see also Table IV. 

In general  the analyses are in good accord with the 
dynamic view of the na ture  of corrosion in NaC1 
solutions expressed by Popplewell  et al. The outer 
composition is close to that  required for paratacamite,  
considered to be back deposited by a continuous pro- 
cess of dissolution and precipitation. This covers an 
in termediate  zone enriched in the oxides or hydroxy 
oxides of i ron and nickel, which have enriched be- 
cause of greater Cu ion solubil i ty in the aqueous 
phase. To this we now add the finding of an  innermost  
layer, rich in  chloride and possessing a high cationic 
and low electronic conductivity, the la t ter  of which 
controls its rate of formation and to very large degree 
the overall  corrosion rate. 

Conclusions 
1. The chronological sequence of results suggests 

that the stable outer phase of basic copper chloride 
(Cu2(OH)~C1, paratacamite,  was identified by x - r ay  
diffraction) is formed early in the film formation 
process by a reconst i tut ion of the ini t ial  cuprous 
oxide phase with involvement  of a t ransient  carbonate 
phase. 

2. During the transi t ion period (1-3 days) oxi- 
dized nickel is visible in  the spectrum obtained from 
the react ion-product  surface. A nickel oxide phase 
would normal ly  under l ie  the cuprous oxide (17), and 
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its  appea rance  in an analysis  having such a shal low 
depth  of pene t ra t ion  means  tha t  the growing cupric  
phase is fo rming  as isolated nuclei  on or  wi th in  a 
mixed  cuprous /n icke l  o x i d e / h y d r o x i d e  layer .  

3. SEM micrographs  revea l  a porous, discontinuous 
reac t ion  product ,  pa r t i cu l a r ly  for  the  1 and 5 day 
samples  (Fig. 6a-d) ,  consis tent  w i th  the  conclusion 
in 2. 

4. Af te r  5 days  the  cupric  compound outer  l aye r  
covers the ent i re  surface, bu t  i t  is h ighly  enr iched in 
n ickel  and  i ron  on the subs t ra te  side of the  layer .  
This thick, porous l aye r  is responsible  for the  ( re la -  
t ive ly  smal l )  con t r ibu t ion  of anodic control  to the  
overa l l  corrosion rate.  

5. The inner  l aye r  ( tha t  which cannot  be removed  
by  s t r ipping)  associated wi th  s t rong cathodic control  
of the  overa l l  reac t ion  is not  se lect ively  enr iched in 
e i ther  i ron  or nickel,  bu t  does contain the  greates t  
concentra t ion  of chloride,  about  equal  to tha t  of cop- 
pe r  nea r  the  i n n e r / o u t e r  l aye r  interface,  found in 
any  pa r t  of the  corrosion product  s t ruc ture  and a 
Cu :Ni  rat io  which  is the same as in the bu lk  alloy. 

6. The  s t rong ly  pro tec t ive  na ture  of the inner  l ayer  
arises f rom its low electronic conduct iv i ty  which  
t he r eby  restr ic ts  the ra te  of cathodic reduct ion  of 
oxygen  at  the  inner  l a y e r / o u t e r  l aye r  interface,  ac-  
cording to e lec t rochemical  exper iments  in P a r t  I of 
this series (1). The e lec t rochemical  da ta  also show 
tha t  the inner  l aye r  is h igh ly  pe rmeab le  to Cu, Ni, 
and  Fe  ions. 
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The Nature of Anodic Films on Nickel and 
Single Phase Nickel-Molybdenum Alloys 

V. Mitrovic-Scepanovic and M. B. Ires 
Institute for Materials Research, McMaster University, Hamilton, Ontario, Canada LSS 4M1 

ABSTRACT 

The decay of potent ia l  a f te r  anodizat ion at  a passive potent ia l  has been 
fol lowed for a series of n i cke l -mo lybde num al loys and the observat ions  used 
to specula te  on the effects of mo lybde num al loying addi t ives  on the na tu re  of 
the  pass iva t ing  films formed on nickel  in 0.15N Na2SO4 at a pH of 2.8. I t  is 
concluded that  smal l  quant i t ies  (~5  w/o )  of mo lybdenum causes considerable  
defect iveness to passive films, decreasing thei r  s tabi l i ty.  I t  is proposed tha t  at  
h igher  a l loy levels, but  levels which do not produce  a two-phase  alloy, a mixed  
oxide  (Mo ~+, Mo6+)xOy is p roduced  along wi th  a much less s table  defect ive 
NiO. 

Whenever  a pass iva ted  meta l  or  a l loy is subjec ted  
to an env i ronment  which tends to dissolve the surface 
film which main ta ins  passivi ty,  i t  has been found in-  
s t ruct ive  to follow the potent ia l  wi th  t ime as it  tends 
towards  the  equ i l ib r ium open-c i rcu i t  potent ia l  of the 
me ta l / e l ec t ro ly t e  system. The decay curves inva r i -  

Key words: potential, anodization, passivation. 

ab ly  show a s t ruc ture  represen ted  by  arres ts  at  char -  
acteris t ic  potent ia ls  which m a y  sometimes be re la ted  
to redox potent ia ls  for the  appropr ia t e  species ex is t -  
ing in the pass ivat ing  film (1-3).  The appl ica t ion  of 
the open-circuit potential decay technique to films 
formed on nickel in sulfate solutions by MacDougall 
and Cohen (4-6) has, however, shown that potential 
arrests may also be related to the presence of regions 
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of defect ive film and not necessari ly different phase 
oxides. 

The potential  decay technique has been applied to 
the study of passive films on nickel  and on single 
phase n icke l -molybdenum alloys in an a t tempt  to 
elucidate the manner  in which molybdenum changes 
the s t ructure  and propert ies  of passive films formed 
on nickel  in aqueous sulfate solutions. 

Experimental 
The electrochemical  studies were  carr ied out in a 

cylindrical  cell wi th  a working volume of approxi-  
mate ly  200 ml. Alloy specimens were  fixed in a Teflon 
holder  which fitted snugly into one a rm of the cell 
providing a constant re la t ive  position with  a Luggin  
capi l lary and connected to a saturated calomel elec-  
trode (SCE) by an agar/Na2SO4 salt  bridge. Two 
inlets for ni t rogen were  provided both above and be-  
low the electrolyte  surface. 

Elect rolyte  solution was supplied to the cell  f rom a 
storage vessel wi th  a capacity of approximate ly  4 
liters, which was kept under  a s t ream of purified 
nitrogen. Deaerat ion of all solutions was per formed 
for a min imum of 48 hr  pr ior  to each exper imenta l  
run. Pure  ni t rogen 1 was fur ther  purified by passing 
it over  copper wool at 450~ cooled in a coiled glass 
wa te r  column, and dried by passing through silica 
gel, anhydrous CaSO4, and a molecular  sieve, 

All  exper iments  were  performed in 0.15N Na2SO4 
solution prepared f rom ul t rapure  Na2SO4. 2 The pH of 
the solution was adjusted wi th  conc H2SO4 to pH ---- 
2.7-2.8. Oxygen dissolved in the solution was re-  
moved by prolonged bubbl ing wi th  purified nitrogen. 
The pH of the solution was checked before each ex-  
per imenta l  run by means of a pH-me te r  (Fisher 
Acumet  140). 

Electr ical  measurements  were  performed using a 
potentiostat  (Wenking 70HC3), a digital mul t imeter ,  
and a two-pen  potent iometr ic  recorder  provided with  
an integrat ing facility. 

The electrode geometry  in the cell is dictated pr i -  
mar i ly  by the need to establish a symmetr ic  elec-  
tric field at the working electrodes. By using a plat i-  
num gauze counterelectrode wi th  an area more than 
20 times that  of the working electrode, the d imen-  
sions of the working electrode can be var ied over  a 
wide range as also can its position, thus improving 
the flexibility of measurement  and comparison be- 
tween samples. 

Samples were  prepared of nickel and n icke l -molyb-  
denum alloys containing 1, 3, 5, 10, and 15 weight  
percent  (w/o)  Mo. The nickel samples were  prepared 
f rom "low oxygen" mater ia l  received as cold-rol led 
sheets prepared f rom refined cathode material ,  con- 
taining typically a m a x i m u m  of 15 ppm carbon. The 
analysis of the pure nickel is given in Table I. The 
alloys were  prepared f rom 99.9% nickel and 99% 
molybdenum. Qual i ta t ive spectrographic analysis of 
the base metals used in the preparat ion of the alloys 
is given in Table II. All  the alloys are known to be 
single phase alloys in the n icke l -molybdenum sys- 
tem (7). Samples were  cut f rom sheets rol led f rom 
arc -mel ted  buttons, hea t - t rea ted  in accordance with  
the schedules noted in Table III under  a vacuum 
of 10 -5 Torr. These hea t - t rea tments  produced aver -  
age grain sizes of approximate ly  0.02-0.04 mm. 

Samples wi th  surface areas ranging f rom 0.25 to 0.5 
cm 2 were  at tached to t in-coated copper wires on the 
back surface and mounted in epoxy resin, such that  
only one face was exposed for polishing. This assembly 
fitted snugly into a Teflon holder. Samples were  me-  
chanically polished to 1 gm diamond polish following 
which they were  ul t rasonical ly degreased in acetone 
and electropolished. Electropolishing was performed 

1 Canada Liquid Air Limited, "Certified Grade" purity 99.99%, 
oxygen 20 ppm max, moisture ~10 ppm. 

2 Obtained from Alfa Division, Ventnor Corporation, Danvers, 
Massachusetts. 

Table I. Analysis of the cold-rolled sheets of Ni prepared directly 
from cathode material 

Analys is  in ppm 
Element  by we ight  

AI ~ 1  
Ca 3 
C 15 
Cr ~0 .6  
Co 6 
Cu 8 
Fe 4 
Pb 8 
Mg ~ 1  
Mn ~0 .7  
P ~ 2  
Si 5 
S 5 
Ti  ~ 1  
H 1.5 
N 2 
O 1.4 

Table II. Qualitative spectrographic analysis of Ni and Mo used 
for preparation of Ni-Mo alloys 

Range in w / o  

Element  Ni Mo 

A1 0.01-0.10 0.003-0.03 
Ca 0.0003-0.003 0,001-0.01 
Cr 0.901-0.01 
Co 0.001-~.01 0.003-0.03 
Cu 0.0001-0.001 
Fe 0.003-0.03 0.01-0.1 
Mg 0.001-0.01 0.001-0.01 
Mo MC 
Ni M'C 0.I-I 
Si 0.001-0.01 0.003-0.03 

MC - -  main component .  

Table Ill. Heat-treatment schedule for Ni and Ni-Mo alloys 

Conditions of 
Material heat-treatment 

Ni 900~ • l h r  FC 
Ni.Mo 800~ x 1.5 hr FC 
N~.3 MO 800~ • 1.5 hr FC 
Ni-5 Mo 800~ • 1.5 hr FC 
N~-10 Mo 8{)0~ • 7.5 hr FC 
Ni-15 Mo 850~ • 57 hr FC 

FC -- furnace  cooled.  

immedia te ly  before each exper imenta l  run  in ice- 
cooled 60 volume percent  I-I2SO4 at a current  density 
of 0.1 A / c m  2 for 1 min. 

Specimens were  washed immedia te ly  af ter  e lectro-  
polishing with  double-dis t i l led wate r  and t ransferred 
to the cell, where  they were  cathodical ly polarized at 
--2V for 10 min, in the absence of ni t rogen bubbling 
to avoid the possibility of the deposition of im-  
purit ies (8). The conditions for appropriate  cathodic 
reduct ion were  established f rom the behavior  of pure 
nickel in the act ive region dur ing subsequent  poten-  
tiostatic polarization. The active dissolution peak at 
the act ive-passive transi t ion was found to increase 
wi th  decreasing potential  of cathodic reduction. Cath-  
odic reduct ion carr ied out at potentials  more  negat ive  
than --2V did not cause any fur ther  change in the ac- 
t ive dissolution peak and consequently,  --2V was 
adopted as the cathodic polarization practice. The Ni- 
Mo alloy were  also subjected to the same cathodic 
reduction even though there is some possibility of 
hydrogen production and absorption which has been 
ignored in this investigation, but  may well  affect the 
detai led potential  decay characteristics. 

Anodic potentiostatic curves were  obtained in 50 mV 
steps made at 2 min intervals,  s tar t ing f rom --600 
inV. Moderate ni t rogen bubbling was in t roduced after  
the current  polar i ty  changed f rom negat ive  to posi- 
tive. Polar izat ion at fixed potentials in the passive 
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region was performed by stepping the potential  f rom 
--600 mV to the desired value. The potential  decay 
curves were recorded by switching the potentiostat  off 
after anodic polarization at a potent ial  in  the passive 
region for certain periods of time. 

Specimens were rout inely  checked by optical met-  
allographic examinat ion  to ensure that  localized at-  
tack at grain  boundaries  ( indicat ing possible segrega- 
t ion effects dur ing  sample preparat ion)  or due to 
crevice attack at the sample edges have been avoided. 
Results from samples exhibi t ing such attack were 
always discarded. 

"Surface reactivity" measurements  (5) were per-  
formed in  order  to determine relat ive activity of the 
surface after  a t ime on the open circuit�9 When a metal  
electrode is directly subjected to a potential  in the 
passive region after  the cathodic pret reatment ,  the 
amount  of charge consumed dur ing  the format ion of 
a s teady-state  film, Qo, can be considered as the 
amount  of charge needed for film formation on a 
"clean" surface. If, however, the film were formed 
under  the same conditions (potential  and time of 
anodization) bu t  s tar t ing with a surface not com- 
pletely film-free, the charge consumed, Q, would be 
less .than in  the former case. The ratio Q/Qo x 100% 
can be defined as surface reactivity, Rs, since a film- 
free surface would be 100% active. The surface reac- 
t ivi ty was measured after different elapsed times on 
open circuit by stepping the potential  back to the value 
at which the film had been previously grown. Con- 
clusions on the stabil i ty of film coverages can be made 
on the basis of such results. 

All potent ial  data reported here are referred to the 
saturated calomel electrode�9 Both change of current  
with t ime dur ing anodic oxidation and change of 
potent ia l  with t ime dur ing  open-circui t  potent ial  de- 
cay were followed by  the chart  recorder. For  all ex- 
per iments  the curves presented here are the record 
of par t icular  exper imenta l  runs, but  are typical for 
the given conditions. Potentiostatic polarization mea-  
surements  were reproducible to wi thin  _+ 5% in the 
active region. The max imum scatter in the potential  
decay measurements  was _+ 10 mV. 

Results and Discussion 
Polarization Characteristics of Ni and Ni-Mo Alloys 

'The anodic potentiostatic polarization behavior  of 
Ni and Ni-Mo alloys was investigated first in order 
to determine the potential  range of passivity. The 
results are given in  Fig. 1 and 2. Although the passi- 
vat ion behavior  will not be discussed in detail here, 
it  i8 worth  observing that  (i) the 1% and 3% Mo 
alloys do not  show abi l i ty  to completely passivate, 
exhibi t ing two nar row "passive" regions. (ii) The 
passivation current  and potential  do not show any  
t rend with moybdenum content. The current  increases 
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POTENTIAL E(mV) vs. SCE 

Fig. 2. Anodic potentiostetic polarization of nickel and single 
phase nickel-higher molybdenum alloys. 

and then decreases with increasing molybdenum con- 
tent, the passivating potential  being shifted 200 mV 
in the positive direction with respect to that of pure 
Ni for all the alloys. (iii) The current  density in the 
passive region increases monotonical ly  with Mo con- 
tent. 

The observed behavior  indicates a negative effect 
of molybdenum on the corrosion resistance of Ni and 
a significant difference in anodic polarization behavior  
between the alloys low and high in molybdenum.  
Similar  observations were reported by Greene (9) 
and Tachibana and Ives (10). 

Potential Decay and Surface Reactivity Measurements 
Pure Ni.- -Open-ci rcui t  potent ia l  decay and surface 

reactivity measurements  were performed so that the 
effect of two variables could be studied: anodization 
potential  and time (Fig. 3, 4, 5). All decay profiles 
show an abrupt  change of potent ial  (a "spike") at 
approximately --300 mV which appears after times 
which depend on the potential  and time of anodiza- 
tion. The decay time elapsed before the spike, ts, i8 
longer for higher potentials and longer times of film 
formation. The surface react ivi ty was estimated at ts 
and (ts + 10 min)  (labeled /~  and RZ, respectively).  

All decay curves, except those for electropolished 
nickel, also exhibit  well-resolved potential  arrests 
(Fig. 5). The characteristic potential  plateaus occur 
close to --150 and --200 mV. Polarizat ion at +800 
mV brings out an addit ional  arrest  at approximately 
--10 mV. However, none of these potential  arrests 
corresponds to the redox potentials of nickel oxides 
(Table IV) which should appear in  the exper imen-  
tally observed potential  region. 
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Fig. 1. Anodlc potentlostatlc polarization of nickel and nickel- 
low molybdenum alloys. 
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The potential  spike at --300 mV is close to the 
equi l ibr ium potential  of a Ni/NiO electrode, suggest- 
ing it is NiO which is present on the anodized Ni 
under  these exper imenta l  conditions, in  agreement  
with the observations of MacDougall and Cohen (6). 
The other potential  arrests could be explained in 
terms of a defective NiO which covers a part  of the 
surface, the remainder  being covered with stoichio- 
metric NiO. The structure of the decay curve of elec- 
tropolished nickel  (Fig�9 5) suggests the same type of 
oxide coverage, probably formed due to air exposure 
after electropolishing, but  being much th inner  than 
that  formed by polarization at a potential  in  the pas- 
sive region. Surface react ivi ty measurements  suggest 
that  prior to the spike only a re la t ively small  fraction 
of defective film is susceptible to dissolution. After 
the potential  shift to --300 mV, the (ts + 10 rain) 
values indicate that  the surface react ivi ty increases 
rapidly. It appears that the oxide is removed quickly 
from the surface once the potent ial  reaches --300 
mV, perhaps by the process of unde rmin ing  (6). 

Ni-Mo alloys.--The open-circui t  behavior  and sur-  
face react ivi ty measurements  made on the Ni-Mo 
alloys are shown in Fig. 6-10. The corresponding re- 
sults for nickel are also given for comparison. Surface 
reactivities were estimated after different times at 
open circuit (dotted vertical  lines on the decay 
curves).  

Table IV. Equilibrium potentials of Ni and Mo oxides calculated 
for the electrolyte of pH = 2.8 with respect to SCE (mV) 

N i / N i O  - 2 9 9 . 4  i"]Lol M o 0 2  - -  4 79 .5  
N i O / N i a O 4  + 489 .5  M o / M o O s  - - 3 3 9 . 5  
N i O / N i 2 0 3  + 6 2 4 .5  M o O J M o O a  - 87 .5  
N i a O 4 / N i a O a  + 897.5 
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Fig. 8. Open-circuit potential decay of nickel-molybdenum alloys 
anodized at +300  mV (SCE) for 30 min. 

The decay profiles and surface react ivi ty measure-  
ments  may be summarized as follows: (i) only  the 
1% Mo alloy shows the potential  spike characteristic 
of Ni, ts being much smaller  however, and depending 
on the conditions of film formation. (it) The 3% Mo 
alloy shows a faster decay of potential  than the 1% 
Mo alloy for which the surface reactivi ty measure-  
ments  indicate that  the oxide coverage on the 3% 
Mo alloy is the least stable of any of pure Ni, 1% Mo, 
and 3% Mo alloys. It appears that  small  amounts  of 
molybdenum markedly  affect the stabil i ty of the 
anodic film (Fig. 6, 7). (iii) Films formed on higher 
Mo alloys are less stable than NiO wi th in  the period 
ts, but  are more stable than  nickel at longer times 
(Fig. 8, 9, 10). 
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Fig. 9. Open-circuit potential decay of nickel-molybdenum alloys 
anodized at +500  mV (SCE) for 30 min. 
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Fig. 10. Open-circuit potential decay of nickel-molybdenum alloys 
anodized at +500  mV (SCE) for 10 rain. [Rsl~176 reactivity 
measured after 102 rain on open circuit.] 

The above observations suggest that  anodic films 
formed on the alloys low in Mo differ from those 
formed on alloys with higher Mo content. The effect 
of Mo content  on the potent ial  of the arrest  at ~ --150 
mV, the one in common for all the alloys, is sum- 
marized by a set of "inverse rate curves" in Fig. 11. 
It  can be seen that  the arrest  at ,-~--150 mV is 
shifted to a more positive potential  for 1% Mo and to 
more negative potentials for 5, 10, and 15% Mo alloys. 
The potential  decay of 3% Mo alloy occurs very 
quickly, so that  the corresponding potential  arrest is 
re la t ively poorly resolved (Fig. 6). Open-circui t  be-  
havior  does not give any indicat ion of the presence 
of MoO~ and MoO3 on the surface (Table IV). 

In  general  the potent ial  of a metal  immersed in a 
conducting solution is that  of either a single oxida- 
t ion-reduct ion process or of a mixed potential  of sev- 
eral  redox reactions. In  the absence of electrode re- 
actions involving hydrogen or oxygen it may be as- 
sumed that  the potential  of the metal  specimen is 
de termined by some redox reaction involving the 
metal  and /o r  the surface film. The simplest approach 
is to assume the arrest  exhibited on the potential  de- 
cay curves to be the equi l ibr ium potentials of the 
surface oxides present  (3). 

In  these studies more than  one potential  arrest has 
been observed for both pure nickel and the nickel 
molybdenum alloys. In  addition, an abrupt  change of 
potent ial  appears consistent wi th  the observations on 
nickel by MacDougall and Cohen (5). 

Comparison of the observed arrests with the ex- 
pected equi l ibr ium potentials (Table IV) shows no 
correlat ion with any arrest  except for the nickel 
"spike" at --300 mV, suggesting that  the passive film 
on nickel is NiO. The na ture  of the other potential  
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Fig. 11. Inverse rate curves constructed from potential decay 
data following anodization at +300  mV (SCE) for 30 min. 

arrests could have a var ie ty  of origins most of which 
require the concept of defective oxide film. I t  is 
most l ikely that  such films have regions of varying  
defectiveness and /o r  composition and the corre- 
sponding arrest  potentials should probably  therefore 
be considered as mixed potentials corresponding to 
the phases current ly  react ing with the solution. If the 
surface is mostly covered wi th  stoichiometric NiO, 
the defective oxide could control the open-circui t  po- 
tent ia l  if its exchange cur ren t  were significantly 
high. 

Considering the behavior  of anodized nickel one 
could suppose that each potential  arrest  corresponds 
to a par t icular  degree of imperfect ion of nickel oxide. 
The difference in  potential  ~ be tween the arrest and 
the Ni/NiO potent ial  would give an estimate of the 
excess free energy, aG, from the simple re la t ion-  
ship AG = 2FA~, where F -- 96.5 kC. 

NiO is a metal  deficit oxide, so that  each potent ial  
arrest might  be thought of as the equi l ibr ium poten- 
tial of Ni/(NiO)def. Defective NiO would be an oxide 
with a definite concentrat ion of point  defects (Ni-va-  
cancies) associated with each potential  plateau. The 
atom fraction of vacancies which could contr ibute  to 
the observed AG range from 0.08 for the arrest  at 
--200 mV to 0.24 for the arrest  at --10 mV as shown 
in  Fig. 5. Such large defect concentrat ions are diffi- 
cult to rationalize and suggest other causes for some 
of the observed potential  arrests. 

It is, however, interest ing to note that recent data 
(II) provide evidence for the influence of oxygen on 
the position of the lowest potent ial  arrest  (--200 
mV):  it is shifted towards more positive potentials 
in the presence of oxygen. The defect equat ion 1/2 O2 
---> Oo* 4- VN{' 4- 2h ~ implies that  concentrat ion of 
vacancies increases with increasing oxygen concen- 
t rat ion 
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[VNi"] [h~ 2 4 [VNi"] 3 
K - -  

Po2Va Po2'/a 

where [VN~"] denotes the concentrat ion of negat ively 
charged nickel vacancies and [h ~ the concentrat ion 
of positive holes in  the s t ructure  of the nickel oxide. 
Since 

1 
[vNi"] = y [h ~ 

then 
k ~I/3 

[VN?'] = ( ~- ] Po~ II6 

which supports the assumption of nonstoichiometry. 
The open-circui t  behavior  of nickel could also be 

interpreted in  terms of other types of imperfection. 
The films could be strained or cracked and porous so 
that the estimated energies, AG, Could represent  s train 
energy and /or  surface energy, bu t  these would be 
excessive. 

The behavior  of low M 0 alloys might  be considered 
to be a consequence of doping nickel oxide with mo- 
lybdenum, resul t ing in a higher concentrat ion of de- 
fective sites more susceptible to dissolution. The shift 
of the arrest  potential  for 1% Mo alloy to a more 
positive value would be consistent with this conclu- 
sion, since a higher concentrat ion of defects would 
correspond to a more positive potent ial  arrest. The 
thermodynamic  stabilities of oxides possibly present  
in the film suggest the existence of Mo-oxides as sep- 
arate phases ra ther  than as solutions of molybdenum 
in NiO, after some critical content  of Mo is reached 
(probably between 3 and  5% Mo). 

Pozdeeva et al. (12) have studied the electrochemi- 
cal behavior  of all the oxides of molybdenum and 
their results permit  one to assume a mixed oxide 
phase of the type (Mo 4+, Mo6+)xOy which could be 
present in  the films on the higher Mo alloys, due to 
its much higher thermodynamic  stability. 

The amount  of charge consumed for film formation 
(Table V) indicates that  the steady-state film thick- 
ness increases with increased molybdenum content  of 
the alloy, if 10'0% current  efficiency is assumed. This 
would support the assumption of a Mo enr ichment  of 
the film. Tachibana and Ives (10) reported enr ich-  
ment  of the film in Mo on the basis of solution anal-  
ysis. When the alloy film breaks down, the NiO 
phase probably dissolves first, leaving a surface cov- 
ered mostly with a mixed Ni-Mo oxide. The surface 
reactivi ty data are in agreement  with this conclusion; 
the films on the 5, 10, and 15% Mo alloys are only 
slowly removed from the surface, and are much more 
stable than NiO at longer dissolution times. The fact 

Table V. Charge consumed for 10 min anodization at 3500 mV 

w / o  Mo 

~nC 

[crnel 

0 8.7 
5 10.3 

10 16.5 
15 19.4 

that  surface react ivi ty for these alloys increases faster 
than that for Ni for t ~ ts and slower at longer 
times could also indicate that  the film on the alloys 
breaks down much faster at open circuit than  does 
the film on nickel. Once the film breaks down, its 
removal  involves active metal  dissolution from oxide- 
free (or defective) areas and a cathodic reaction, 
such as hydrogen evolut ion on the remain ing  oxide- 
covered surface. The effect of molybdenum then might  
be such that  (i) it increases the polarization associ- 
ated with the active metal  dissolution (by decreasing 
the exchange cur ren t  density) which leads to a slower 
rate of oxide undermining,  compared to that  on pure 
nickel after t~; and /o r  (it) the cathodic reaction might  
be slowed down with result ing decrease of metal  dis- 
solution and a corresponding lower rate of react iva-  
t ion after ts. Moreover, it is possible that  the amount  
of bare surface after the spike is much higher for the 
alloys and, since the undermin ing  is probably  under  
cathodic control, the surface react ivi ty should in -  
crease more slowly 

Any fur ther  elucidation of a na tu re  of films formed 
on nickel and nickel molybdenum alloys in  these 
solutions must  now be provided by other than pure ly  
electrochemical measurements.  To this end, it is 
p lanned to perform addit ional  chemical analysis of 
the solutions following anodic dissolution, and also to 
ini t iate  studies of the s tructure and composition of 
surface films using physical surface analysis techniques. 

Manuscript  submit ted June  4, 1979; revised m a n u -  
script received March 12, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1981 
JOURNAL. All discussions for the June  1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 

Publication costs of this article were assisted by 
McMaster University. 
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ABSTRACT 

Ell ipsometry and Auger  electron spectroscopy (AES) were applied in  order 
to elucidate the state and composition of chromium surfaces in  deaerated 0.15M 
I-I~PO4 (pH 1.55), 0.15M NaH2PO4 (pH 4.38), and borate (pH 6.48 and 8.42) 
solutions. The cathodic reduction of chromium at --1.19V (HESS) for 15 min  
in  0.15M NaH2PO4 (pH 4.38) solution gives a good reproducible bare s u r f a c e  
whose refract ive index Ns is 4.35-4.15i. The refractive index of the passive 
film formed on chromium for 1 hr at constant  potent ial  in  the passive 
region is 1.80-(0.0 ,~ 0.20)i, independent  of the film thickness. In  the case of pH 
6.48 and 8.42 solutions the film thickness obtained ell ipsometrically is in  good 
agreement  with that obtained coulometrically. The thickness (0.3 ,~ 2.0 rim) of 
passive films increases l inear ly  with increasing anodic potential  and becomes 
smaller  in  the solution of the higher  pH. The quant i ta t ive  Auger  analysis 
reveals that  the average composition in depth of the passive film is near ly  
equal  to Cr20~ and that  only the uppermost  surface is hydrated.  

Chromium is the most beneficial al loying element  
for improving the corrosion resistance of i ron-base 
alloys. Recently surface analyt ical  techniques such 
as Auger  electron spectroscopy (AES) and x - r ay  
photoelectron spectroscopy (XPS) have revealed 
that  chromium is enriched in passive films formed on 
stainless steels (1, 2). The high corrosion resistance 
of stainless steels is main ly  a t t r ibuted  to the chro- 
mium enr ichment  in  passive films. Numerous studies 
(3-8) concerning the passivity of chromium have 
been under t aken  in  relat ion to the corrosion resistance 
of i ron-chromium alloys. No clear information,  how- 
ever, has been obtained on the state and composition 
of chromium surfaces passivated in aqueous solutions. 

In  the present  study, el l ipsometry combined with 
electrochemical measurements  was applied to throw 
light onto the passivation of chromium surfaces in 
aqueous solutions. Fur thermore,  the chromium sur-  
faces after passivation were quant i ta t ive ly  analyzed 
by means of AES and ellipsometry. 

Experimental 
Specimen and electrolyte solution.--A zone-refined 

polycrystal l ine chromium lump (pur i ty  ~ 99.9%) 
was machined to plates (0.2 • 1.0 • 2.0 cm), vacuum 
annealed for 30 min at 873~ and cooled gradual ly  
to room temperature.  Further ,  the specimen was pol- 
ished with emery paper, finally polished with a-A12Oz 
abrasives (0.05 ~m), and washed with a mixture  of 
methanol  and acetone using an ultrasonic technique. 
The electrolyte solutions used were 0.15M H3PO4 (pH 
1.55), 0.15M NaH2PO4 (pH 4.38), and boric acid- 
sodium borate (pH 6.48 and 8.42) solutions, which 
were completely deaerated in  solution reservoirs by 
purified n i t rogen gas before in t roduct ion into an 
electrolytic cell. 

* Electrochemical Society Active Member. 
Key words: enipsometry, Auger analysis, passive film, chro- 

mium. 

ElIipsometry and electrochemical measurement.-- 
The ell ipsometer used was of the horizontal  type 
with a compensator placed on the side of incident  
beam and a mercury  arc lamp (546.1 nm) with an  
interference filter as a l ight source. An  electrolytic 
cell with two optical-glass windows was used for si- 
mul taneous measurements  of el l ipsometry and elec- 
trochemical polarization. The details of ell ipsometer 
and electrolytic cell are described elsewhere (9). 
The specimen in the cell was first cathodically re-  
duced in different electrolyte solutions to obtain a 
bare surface which was used as an optical reference 
plane. After  cathodic reduction, the electrolyte solu- 
tion was renewed and the specimen was passivated 
potentiostatically at a desired anodic potent ial  for 1 
hr. The ellipsometric and coulometric measurements  
were s imul taneously  conducted with respect to the 
passivated surfaces of the specimen. The amount  of 
chromium ion dissolved into the electrolyte solutions 
dur ing  cathodic reduct ion and passivation of the 
slcecimen was measured by  colorimetry (d iphenyl-  
carbazide method).  The measurements  were carried 
out at a constant tempera ture  of 298 ~ __. 0.1~ The 
electrode potential  of the specimen was referred to a 
hydrogen electrode in  the same solution (HESS).  

AES measurement--After passivation, the speci- 
men was rapidly washed with doubly distilled water  
and dried with a jet of ni t rogen gas. The specimen 
was set on a sample holder in the Auger  chamber 
(PHI, 540A), which was evacuated to a vacuum bet ter  
than 2.7 • 10 -T Pa, and then Auger  spectra of the 
specimen surface were taken by using a pr imary  elec- 
t ron beam (2 kV, 40 ~A)with a diameter  of about  50 
~m and a modulat ion ampli tude of 4V at  a f requency 
of 30 kHz. 

Results and Discussion 
Cathodic reduct ion of chromium in  s t rongly acidic 

solutions (6, 10) has f requent ly  been employed to ob- 
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tain a bare  surface without  films. This procedure, how- 
ever, gives rise to a significant dissolution of chro- 
mium substrate producing a rough surface which is 
not suitable for ell ipsometer measurements.  In  the 
present  study, therefore, potentiostatic cathodic re- 
duction of the specimen in 0.15M NaH2PO4 (pH 4.38) 
solution was tenta t ively  conducted to obtain an opti- 
cally flat surface without  films. I t  was eventual ly  
found that  potentiostatic cathodic reduct ion of the 
specimen at --1.19V (HESS) for 15 rain in 0.15M 
NaH~PO4 (pH 4.38) gave a good reproducible surface 
without  films. 

Figure 1 shows the measured values of two ellip- 
someter reading, P and A for a n u m b e r  of speci- 
mens cathodically reduced at --1.19V (HESS) for 15 
rain in  0.15M NaH2PO4 (pH 4.38) solution. In  Fig. 1, 
the computed P-A grid for a bare  substrate of varied 
refractive indexes ( N = n --  i k  ) is superimposed on 
the measured values. I t  appears that  all the experi-  
menta l  P - A  values are located wi th in  a l imited re-  
gion of the computed grid with n ranging from 4.2 to 
4.5 and k from 4.0 to 4.4. An average value of com- 
plex refractive index Ns for the cathodically reduced 
chromium surface, is de termined to be Ns = 4.35 -- 
4.15% which is in good agreement  with that (Ns = 
4.17 -- 5.19i) obtained by Genshaw and Sirohi (1O). 

A n o d i c  o x i d a t i o n  o f  c h r o m i u m . - - T h e  stat ionary 
anodic polarization curves of chromium obtained 
after 1 hr  of anodic oxidation at constant potent ial  
in  0.15M H3PO4 (pH 1.55), 0.15M NaH2PO4 (pH 4.38), 
and  boric acid-sodium borate (pH 6.48 and 8.42) solu- 
tions are shown in  Fig. 2. The transpassive dissolution 
of chromium proceeds at anodic potentials higher 
than 1.10V (HESS) in  all solutions studied. The total 
amount  of electric charge passed QT(C �9 m -2) and the 
amount  of chromium dissolved into the solutions 
WD(mg" m -2) dur ing 1 hr of anodic oxidation are 
plotted vs. anodic potential  EHESS in Fig. 3. The value 
of WD in the passive region is negligibly small  so that  
QT in  the passive region is equal  to the amount  of 
electric charge required for film formation QF. The 
results in  Fig. 3 indicate that  the thickness of the 
passive film increases l inear ly  with increasing anodic 
potential. 
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Fig. 1. Two elllpsometer readings, P and A, experimentally ob- 
tained for a number of chromium surfaces cathodicaly reduced at 
--1.19V (HESS) for I5  min in 0.15M NoH2PO4 (pH 4.38) solution. 
Dashed lines show a computed P-A grid for a bare substrate of 
various refractive indexes (Ns = n - -  ik). 
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Fig. 3. Total amount of electric charge passed QT and amount 
of chromium dissolved into solutions WD duriing 1 hr of anodic oxi- 
dation at constant potential EHESS. 

Figure 4 shows the pair -values  of P and A observed 
after 1 hr oxidation at constant  potential,  the values 
being referred to Po and Ao of the bare  chromium 
surface. From a l inear  relat ionship observed be tween 
5P and 5A in the passive region, it is suggested that  
the passive film on chromium consists of a single layer, 
the refractive index of which is constant, indepen-  
dent  of potential  (and hence of thickness),  al though 
slightly dependent  on the solution pH. Theoretical  
computat ion for a film having a constant  refractive 
index and increasing thickness leads to a l inear  re -  
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Fig, 4. Two eJllpsometer readings P and A observed for chromium 
surfaces passivated at constant potential for 1 hr in solutions of 
different pH values, 5P and 5A being referred to Po and Ao far 
the bare surface. 
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la t ionship  be tween  8P and 5A. The re f rac t ive  index  
of the  passive film can be eva lua ted  by  compar ing  
the expe r imen ta l  values  of 8P and 5A for a g rowing  
film wi th  the computed  values for var ious  re f rac t ive  
indexes  and thicknesses.  The re f rac t ive  indexes  (Nf 
= n -- ik)  of the passive films thus obtained,  a re  
1.80 --  O.Oi f o r  the solut ion of pH 1.55, 1.80 --  0.15i 
for the solut ion of pH 6.48, and  1.80-0.20i for  the  
solutions of pH 4.38 and 8.42. 

Once the re f rac t ive  index of the  film is de te r -  
mined,  the  film thickness  Lf can be computed  as a 
funct ion of e i ther  5P or  8A. F igure  5 shows the film 
thickness computed  as a funct ion of 8P for surface 
films on chromium wi th  th ree  different  re f rac t ive  in-  
dexes. The film thickness for  cer ta in  expe r imen ta l  
values of 5P in Fig. 4 can be obta ined  f rom the re l a -  
t ion be tween  Lf and 5P shown in Fig. 5. The thickness 
thus obta ined  for the passive film formed on chro-  
mium is p lo t ted  as a funct ion of anodic poten t ia l  in 
Fig. 6. F igure  7 shows the film thickness ca lcula ted  
coulometr ica l ly  f rom the values of QF in Fig. 3, as-  
suming tha t  the passive film consists of Cr2Oz. In the 
case of pH 6.48 and 8.42 solutions, the film thickness  
ob ta ined  e l l ipsomet r ica l ly  is in good agreement  wi th  
tha t  obta ined coulometr ical ly .  In the case of pH 1.55 
and 4.38 solutions, the agreement  be tween  the film 
thickness  obta ined e l l ipsomet r ica l ly  and coulometr i -  
ca l ly  is not sa t i s fac tory  p robab ly  because of the sur -  
face roughening  in acid solution. 

Composition of passive f i lm.--Figure 8 shows the 
Auge r  spect ra  of chromium anodica l ly  oxidized at  
+0.71V (HESS)  for 1 hr  in O.15M NaH2PO4 (pH 4.38) 
solution. The Auger  peaks  of P (120 eV) and C (272 
eV) as wel l  as the main  peaks  of Cr (529 eV) and 
O (510 eV) were  observed for the pass ivated  chro-  
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Fig. 5. Film thickness Lf computed as a function of ~P for sur- 

face films on chromium with three different refractive indexes. 
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Fig. 8. Auger spectra of chromium anodically oxidized at +0.71V 
(HESS) for 1 hr in 0.15M NaH2P04 (pH 4.38) solution. 

mium surface. Fo r  the quant i ta t ive  analysis  of  the  
passive film on chromium, it is necessary  to separa te  
the pure  Auger  peak  of Cr (529 eV) f rom the over -  
l apped  peaks of Cr (529 eV) and O (510 eV).  In  the 
present  study, separa t ion  of the  pure  Auger  peak  of 
Cr (529 eV) was accomplished by  subt rac t ing  the 
pure  Auger  peak  of O (510 eV),  observed wi th  an 
Fe2Os film on iron, f rom the ove r l apped  peaks  of Cr 
(529 eV) and O (510 eV),  assuming tha t  the shape of 
O (510 eV) peak  is the same for both  Fe203 and 
Cr203 films. The just if icat ion of this method  has been 
verified by  F r a n k e n t h a l  and Thompson ( l l ) .  The 
Auge r  p e a k - t o - p e a k  height  rat io  of O (510 eV) to Cr 
(529 eV),  Ho/Hcr, thus obta ined is p lo t ted  vs. the  
film thickness obta ined e l l ipsomet r ica l ly  in Fig. 9. 
The value  of Ho/Hcr  increases wi th  increas ing film 
thickness.  
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Fig. 6. Film thickness Lf obtained ellipsometrically as a function 
of anodic potential EHEBS. 
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For de terminat ion  of the composition of passive 
films from the value of Ho/Hcr, the contr ibut ion of 
chromium substrate for the total Auger peak- to-peak  
height of chromium must  be taken into account, be-  
cause the escape depth (0.8 rim) of Auger electrons 
of Cr (529 eV) is the same order of magni tude  as the 
film thickness. The Auger  peak- to-peak  heights of Cr 
(529 eV) and O (510 eV), Hcr and Ho, are given by 

Hcr --~ acrncr  f ~-~ e-k(i--1)d + acrnCr b ~_  e -k( i -1)d [1] 
t=1 i=l+l 

Ho : aono f ~ e -k( /-1)d [2] 
i=l  

where ~cr and ao are the sensit ivi ty coefficients of 
chromium and oxygen atoms, ncr f and no f the atomic 
densities of chromium and oxygen in the passive film, 
ncr b the atomic density of chromium in  the substrate,  
1 the number  of surface atomic layers in the passive 
film, d the thickness of surface monolayer,  and k the 
a t tenuat ion  coefficient per uni t  length of Auger elec- 
trons of chromium or oxygen. In  Eq. [1] and [2], it  is 
assumed that both ncfi and no f are un i form in  depth 
up to the f i lm/substrate  interface. Further ,  the a t ten-  
ua t ion  coefficient k is given (12) by  

1 1 
k : + - -  [3] 

hi cos Ol ),p cos 82 

where )~z is the escape depth of Auger  electrons of 
chromium or oxygen )~p the mean  free path of pr i -  
mary  electron in the specimen, 81 the acceptance 
angle of Auger electrons in the CMA, and 82 the in-  
cidence angle of p r imary  electrons to the specimen 
measured from the normal  direction. As previously 
reported elsewhere (13), the value of k was deter-  
mined  as 2.36 n m  -1 by  subst i tut ing the reasonable 
values of hCr = ko = 0.8 nm, kp = 3.0 nm, el = 42 ~ , 
and 82 = 60' into Eq. [3]. The sensit ivity coefficient 
ratio of oxygen to chromium ao/~cr was determined 
as 1.22 from the Auger results (14) of an a-Cr2Os film 
which was prepared by dry oxidation of chromium 
in  the air for 15 min  at 873~ Assuming that the 
passive film on chromium consists of Cr2Oa and that  
the monolayer  thickness is 0.3 n m  (13), the values of 
d = 0.3 nm, n j / n c r  f = 1.5 and nc~f/ncr b = 0.5 are 
obtained for the calculation of Ho/Hc, as a funct ion 
of film thickness, using Eq. [1] and [2]. 

The dashed curve in  Fig. 9 shows the relat ion be-  
tween the value of Ho/Hcr thus calculated and the 
film thickness. The exper imental  value of Ho/Hcr 
exceeds slightly the theoretical  curve of Cr2Oa 
(dashed curve),  reveal ing that the average com- 
position of passive film in depth is near ly  equal to 
Cr203. The deviation of exper imenta l  value from the 
theoretical curve, however, increases with decreasing 
film thickness. The XPS s tudy (15) by Bouyssoux 
et al. showed that only the uppermost  surface of the 
passive film on chromium is hydrated.  The increas-  
ing deviat ion of the exper imenta l  value of Ho/Hcr 
from the theoretical curve with decreasing film thick- 
ness can be a t t r ibuted  to the presence of a hydrated 
layer  localized in  the uppermost  par t  of the surface 
film. The results of quant i ta t ive  Auger analysis for 
the passive films on chromium are consistent with 
those obtained by el l ipsometry and coulometry. 

Conclusion 
Ell ipsometry combined with electrochemical mea-  

surements  was applied to elucidate the state and 

composition of chromium surfaces passivated in de- 
aerated 0.15M HaPO4 (pH 1.55, 0.15M NaH2PO~ (pH 
4.38), and boric acid-sodium borate (pH 6.48 and 
8.42) solutions. Fur thermore,  quant i ta t ive  Auger anal -  
ysis was performed on the chromium surfaces after 
1 hr passivation, by taking the escape depth of Auger 
electrons and the film thickness obtained ell ipsometri-  
cally into account. The following conclusions were 
drawn:  

1. The cathodic reduct ion of chromium at --1.19V 
(HESS) for 15 min  in 0.15M NaH2PO4 (pH 4.38) solu- 
t ion gives a good reproducible bare surface whose 
refractive index Ns is 4.35-4.15i. 

2. The refractive index Nf of the passive film formed 
on chromium for 1 hr at constant  potent ial  in the 
passive region is 1.80-(0.0 ~ 0.20)i, independent  of 
the film thickness. In  the case of pH 6.48 and 8.42 
solutions, the film thickness obtained el l ipsometri-  
cally is in good agreement  wi th  that obtained coulo- 
metrically,  assuming that  the passive film consists of 
a single layer of Cr2Oa. 

3. The thickness (0.3-2.0 nm) of passive films in-  
creases l inear ly  with increasing anodic potential.  The 
thickness of passive film formed at the same anodic 
potential  (HESS) becomes smaller  in  the solution of 
the higher pH. 

4. The Auger  analysis reveals that  the average com- 
position in  depth of the passive film is near ly  equal 
to Cr2Oa and  that  only  the uppermost  surface is 
hydrated. 

Manuscript  submit ted Dec. 28, 1979; revised m a n u -  
script received March 17, 1980. 

Any discussion of this paper will  appear in a Dis- 
cussion Section to be published in  the June  1981 
5OURNAL. All discussions for the June  1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 
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ABSTRACT 

The Pb-H20-SO4 Pourba ix  d i ag ram was inves t iga ted  b y  examin ing  po- 
tentiosta~ically oxidized lead  samples  using R a m a n  and in f ra red  spectroscopy. 
In  0.1M sulfa te  solutions surface  film composit ions were  not  in complete  ag ree -  
men t  wi th  predic t ions  of the ca lcula ted  po ten t i a l -pH diagram.  The  Pourba ix  
d i ag ram did not  predic t  the  fo rmat ion  of  PbO under  any  condit ions;  however ,  
spec t ra  ind ica ted  the  presence of the oxide at  cer ta in  potent ia ls  in acid and 
neu t ra l  solut ions and at  a l l  potent ia ls  above the  i m m u n i t y  region  in  basic  
solutions. Spectroscopic  identif icat ion of insoluble  surface  species was in  agree-  
ment  with  po ten t iodynamic  polar iza t ion  curves.  

Laser Raman  spectroscopy can unambiguous ly  iden-  
t i fy  the  compounds p resen t  in  aqueous corrosion p r o d -  
uct  fih-ns on meta l  surfaces. I t  can be used to analyze  
insoluble  surface layers  in situ withou t  removing a 
metal  sample  f rom the corrosive solut ion wi th  which  
i t  is reac t ing  (1-3).  The ab i l i ty  to iden t i fy  surface 
species without  changing the env i ronment  makes  this 
technique ideal  for expe r imen ta l  confirmation of theo-  
re t ica l  Pou rba ix  diagrams,  which iden t i fy  the lowest  
ene rgy  species for  any  given set of conditions. 

In situ Raman  spectroscopy, in combinat ion  wi th  the 
complemen ta ry  technique,  ref lec t ion-absorpt ion  in f ra -  
r ed  spectroscopy,  has been used to s tudy  the Pourba ix  
d iagrams  for  the  Pb-H~O and Pb-H20-C1 sys tems (1, 
2). Potent ios ta t ic  exposures  of lead electrodes were  
conducted  in buffer solutions and the resul t ing  surface 
films were  analyzed  spectroscopical ly.  The compounds 
compris ing the surface corrosion produc t  films were  
on ly  in pa r t i a l  ag reement  wi th  Pourba ix  d i ag ram 
predict ions,  and reasons for these differences were  dis-  
cussed. In  the p resen t  research  simple, unbuffered 
solutions were  used for e lec t rochemical  exposures  to 
find if  expe r imen ta l  resul ts  would  be closer to those 
p red ic ted  by  the rmodynamics  if the  solutions did  not  
contain the  ex t r a  dissolved species of the buffer sys-  
tems used previously .  

The  behavior  of l ead  in sulfate  solutions has been 
s tudied ex tens ive ly  due to the  widespread  use of l ead-  
acid s torage bat ter ies .  Fo r  this reason, the p reponde r -  
ance of expe r imen ta l  work  has involved the react ions 
of lead  wi th  sulfur ic  acid, and ve ry  l i t t le  research  on 
lead  in neu t ra l  or  basic sulfa te  solutions has been con- 
ducted.  Pou rba ix  d iagrams  for l ead  in aqueous sulfa te  
solut ions have been ca lcula ted  (4-6).  Some efforts 
have  been made  to ver i fy  the  theore t ica l  predic t ions  
exper imenta l ly ,  a l though expe r imen ta l  sulfate  expo-  
sures have been confined to the acid and neu t ra l  r e -  
gions of the  d i ag ram (4, 7). The presen t  r epor t  de -  
scribes in f ra red  and Raman  spectroscopic resul ts  f rom 
sys temat ic  exposure  of lead  samples  in 0.1M sulfa te  
solutions under  condit ions covering a la rge  pa r t  of the 
P o u r b a i x  diagram.  

Experimental 
Raman  spect ra  were  recorded  wi th  a Spex  Indus -  

t r ies  Model  1401 double  monochromator  using a photon 
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Key words: corrosion, spectra, infrared. 

counting detection system. A Coherent Radiation Lab- 
oratories Model CR-3 argon ion laser was used as the 
excitation source. Both the 488.0 and 514.5 nm wave- 
length laser lines were used. Additional details are 
contained in previous reports (1-2). 

Infrared reflection-absorption spectra were obtained 
with a Wilks Scientific Corporation Model 9 multiple 
specular reflection attachment in both the sample and 
reference beams of Perkin=Elmer Model 521 infrared 
spectrophotometer equipped with a grating polarizer. 
Details of the special electrochemical cell and instru- 
mentation used for controlled potential sample expo- 
sures are contained in a previous report (I). 

Lead foil (1.6 mm thick) supplied by Alfa Products, 
Incorporated, at greater than 99% purity was used for 
this investigation. It was cut into 2.8 • 5.7 cm rec- 
tangles to fit the sample holder of the electrochemical 
cell. This size was also required for the infrared reflec- 
tion attachment. Prior to placing a lead sample in solu- 
tion, it was immersed in warm, concentrated ammo- 
nium acetate solution for 5 rain to dissolve the surface 
layer, leaving a clean, silvery sample. The clean lead 
sample was washed with distilled water and immedi- 
ately placed in the exposure solution. 

The three solutions used were made from reagent 
grade compounds. The acid solution was 0.1M 1-12SO4. 
The neutral solution chosen was 0.1M K2SO4 which has 
a pH of approximately 6.5, and for exposure in basic 
solution, a solution of 0.1M K2SO4 and 0.004M KOH, 
giving an approximate pH of 11, was used. 

The electrochemical cell filled with solution was 
purged with dry nitrogen for 30 rnin before and 
throughout the controlled potential exposures. The 
potential of the lead working electrode was held con- 
stant re la t ive  to the sa tu ra ted  calomel  reference  elec-  
t rode  by  a Wenking  Model LT73 potent ios ta t  for  pe -  
riods ranging  from ~/4 to 21 hr. Upon complet ion of an  
exposure  period,  an in situ R a m a n  spec t rum was  r e -  
corded. The sample  was then removed  f rom the cell, 
washed thoroughly  wi th  dis t i l led water ,  and a l lowed 
to d ry  in air. The d ry  sample  was r e tu rned  to the  
Raman  spec t romete r  for examina t ion  and then ana -  
lyzed  by  the in f ra red  spect rophotometer .  

Some exposures  were  conducted on lead  films which 
were  vapor  deposi ted onto gold subs t ra tes  on glass 
microscope slides. These samples  a l lowed the lead  to 
be comple te ly  oxidized leav ing  a nonreac ted  gold m i r -  
ror  substrate.  The approx ima te  thickness of oxidized 
lead films on such samples  was measured  by  a T a l y -  
s tep-1 s ty lus - type  profile ins t rument .  

1913 
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Results and Discussion 
The Pourbaix  diagram for the lead-water-sul fa te  

system was calculated using the relationships used by 
Ruetschi and Angstadt  (4) but  employing more recent  
values for the free energy of formation of some spe- 
cies (8). The newer  thermodynamic  data, summarized 
in  Table I, caused only small  changes in  the positions 
of the PbO-PbSO4 equi l ibr ia  lines. A sulfate ion ac- 
t iv i ty  of 0.i was used for the calculations resul t ing in 
the Pourba ix  diagram shown in  Fig. 1. 

Electrochemical exposures were carried out  in  solu- 
tions of the desired pH which were 0.1M in sulfate. The 
solutions used gave pH values of approximately 1, 
6.5, and 11 to allow observat ion of the reactions of 
lead over a wide port ion of the Pourbaix  diagram. 
Measurement  of solution pH before and after poten-  
tiostatic exposures showed that  the pH remained fair ly 
constant, i.e., i t  did not  change by more than 0.6 after  
as long as 24 hr. 

In  order to provide an exper imental  basis for choos- 
ing exposure potentials, potent iodynamic polarization 
curves were recorded for lead in the three solutions 
selected for exposures. Polarization curves were re-  
corded with a relat ively slowly changing potential  of 
40 m V / m i n  to allow the formation of a relat ively thick 
oxidation product film, as would be encountered in 
potentiostatic oxidation. 

The polarization curves are shown in  Fig. 2. They 
are ra ther  similar, each has a strong wave at approxi-  
mately  --0.25V (vs. NHE) as its major  feature. These 
waves mark  the t ransi t ion from reduct ion to oxidation, 
i.e., the upper  l imit  of the immun i ty  region. In  accord- 
ance with the Pourbaix  diagram, the potential  of such 
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Fig. 2. Potentiodynamic polarization curves for lead in 0.1M 
sulfate solutions, scan rate 40 mV/min. 

Table I. Free energy data used to calculate the lead-water-sulfate 
Pourboix diagram 

S t a n d a r d  f r e e  e n e r g y  o f  f o r m a t i o n  
( c a l / m o l e )  

R u e t s c h i  a n d  
S p e c i e s  N B S  (8)  A n g s t a d t  (4 )  

SO4 ~- - 177,970 - 177,340 
HSOc - 180,690 -- 179,940 
H~O - 56,690 - 56,690 
P s O ,  - 143,700 - 147,600 
Pb2Os - 98,417 --  98,417 
a-PbO~ - 51,940 - 51,949 
~-PbO~ - 52,340 - 52,340 
PbSO4 - 194,360 - 193,890 
P b O  �9 PbSO4 - 248,700 - 243,200 
3 P b O  �9 P b S O ,  ' H~O - 3 9 7 , 3 0 0  - 3 9 7 , 3 0 0  
5 P b O  �9 2H20  - 336,350 - 336,350 
P b O  - 45,050 - 45,050 

a t ransi t ion decreases as pH increases. The oxidative 
wave was observed at --0.23V in  pH 1, --0.27V in  pH 
6.5, and --0.30V in  pH 11 solution. The positions of 
these waves are in  general  agreement  with the Pb to 
PbSO4 and Pb to PbO.PbSO4 transi t ions of the Pour-  
baix diagram. 

Potentials  used for lead exposures were chosen so 
that  at least one was located in each region of the 
theoretical Pourbaix  diagram and in  all potential  re-  
gions where the polarization curves indicated the pos- 
sible formation of different species. The exposure con- 
ditions selected and the resul t ing spectra obtained 
from these potentiostatic oxidations are summarized 
in Table II. 

pH 1 exposures.--In the 0.1M H~SO4 solutions used 
to a t ta in  acidic conditions, lead is stable at low poten-  
tials, but  it is oxidized to lead sulfate at  higher  po- 
tentials (4, 9, 10). After  formation of a surface sulfate 
film thick enough to h inder  reactions of lead with so- 
lu t ion species, layers of PbO or basic lead sulfates 
develop under  the sulfate film at potentials of +0.32V 
and higher (4, 9, 11). Al though the formation of u n -  
derlying oxide layers was not considered in the calcula- 
t ion of the Pourbaix  diagram, the very  weak wave at 
+0.34V on the pH 1 polarization curve may indicate 
the commencement  of formation of another  compound 
beneath  the sulfate film. 

Potentiostatic exposures of lead in  0.1M sulfuric 
acid formed surface films whose compositions agreed 
well  with x - r ay  diffraction work by Pavlov and 

Table II. Results of potentiostatic exposures in 0.1M sulfate 
solutions 

S o l u -  V o l t s  E x p o s u r e  
t i on ,  v s .  p e r i o d ,  C u r r e n t ,  S p e c t r u m  
p H  S H E  hr #A/cm~(a) o b s e r v e d  

1 - 0 . 4 6  19.5 73Cb) N o n e ( e )  
1 - -0 .26  18 19.7 PbSO~ 
1 - 0.02 4 13.3 PbSO~ 
1 + 0.48 17.5 15.7 T e t r .  P b O  a n d  

P b S O t  
1 + 0.80 20 12.8 T e t r .  P b O  a n d  

P b S O t  
1 + 1.24 2.5 48.4 T e t r .  P b O  a n d  

PbSO~ 
6.5 - 0.46 21 9.4Cb) N o n e  
6.5 -- 0.16 19 1.7 P b S O ~  d) 
6.5 + 0.24 1.7 4.2 PbSO,(d)  
6.5 + 0.84 29  6.3 T e t r .  P b O  
6.5 + 0.94 3 19.6 T e t r .  P b O  

11 - 0.51 18 N o n e  
11 - 0 . 3 4  18.5 24.2 T e t r .  P b O  
11 - 0 . 2 5  2.2 109 T e t r .  P b O  
11 - 0 . 0 8  3.5 121 T e t r .  P b O  
11 + 0.34 1.7 256 T e t r .  P b O  
11 + 0.74 2.5 125 T e t r .  P b O  
11 + 1.09 2 243 T e t r .  P b O  

(a) F i n a l  o r  s t e a d y  c u r r e n t .  
<b) Current flow in  r e d u c i n g  direction. 
co) Dry sample spectrum i n d i c a t e d  l e a d  s u l f a t e  a n d  o r t h o r h o m -  

b ic  PbO. 
ca~ Band at 451 cm -~ a b n o r m a l l y  i n t e n s e .  
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Iordanov (11). Raman  and infrared spectroscopic re-  
sults indicate three ranges of potential :  immuni ty ,  lead 
sulfate, and a lead sulfate- lead monoxide region. 

At potentials below --0.26V, lead appeared to be 
i m m u n e  to oxidation. An insoluble surface layer  was 
not  detected by in situ Raman spectroscopy, samples 
remained clean and shiny, and current  flow was in  the 
reducing direction. Previous reports show the lack of 
Raman  spectra for PbO (1, 2). Thus if PbO were 
formed on the surface, none could be detected by  
in situ Raman spectroscopy. When samples exposed in 
this region were washed and allowed to dry, a non-  
uniform, l ight  gray surface coating appeared. Inf ra -  
red spectra identified the surface layer  composition as 
lead sulfate and orthorhombic PbO. Raman  spectra of 
dry  sample surfaces confirmed this finding but  showed 
that  the sulfate and oxide were not found together but  
were occupying separate parts  of the sample surface. 
The appearance of these compounds probably  results 
from precipi tat ion of dissolved lead compounds after  
removal  of the applied potential  (2). In the general ly  
reducing conditions of this region, it is unl ike ly  that  
any  lead would be directly oxidized at the electrode 
surface dur ing  the potentiostatic exposure. The forma-  
t ion of PbO and lead sulfate is probably  a result  of the 
sample removal, washing, and drying  process. 

At potentials higher than the --0.23V wave of the 
polarizat ion curve, net  cu r ren t  flow was in  the oxidiz- 
ing direction and spectra showed that  Iead sulfate was 
formed. Oxidation at --0.26 and --0.02V resulted in  
PbSO4 films. 

Exposure at potentials higher than the wave at 
+0.34V gave surface films identified as tetragonal  PbO 
and PbSO4, in  agreement  wi th  the findings of earl ier  
research (11, 12). A Raman  spectrum of the film in 
this potent ial  region is compared with one of a pure ly  
PbSO4 film and with the spectrum of reagent  grade 
PbSO4 powder in Fig. 3. 

I t  was not possible to measure the relat ive amounts  
of PbO and PbSO4 in the surface films from their  
spectra; jus t  as it  is impossible to measure film thick- 
ness. However, observation of strong tetragonal  PbO 
spectra gave an indicat ion of the thickness of films 
analyzed by these techniques. Ruetschi (9) de~,eloped 
a model for the PbO/PbSO4 two-phase film formed by 
oxidation of lead in sulfuric acid solutions. He assumed 
that  a surface film with a thickness on the order of a 
micron was needed before any  under ly ing  tetragonal  
PbO could form (4). Electrochemical measurements  
and calculations based on ion diffusivity in  the films 
determined that a 24 hr exposure of lead in 4.2M 
H2SO4 in the range of + 0 . 2 - + l . l V  would give a film 
consisting of 1 micron of lead sulfate covering 1 micron 
of tetragonal  PbO. The abil i ty to record strong spectra 
of the under ly ing  layer  of PbO gives indication that  
Raman  and infrared spectroscopy can examine the en-  
t i re ty  of films wi th  thicknesses on the order of a 
micron. 

pH 6.5 exposures.--The lead-water -sul fa te  Pourbaix  
diagram predicts that in a pH 6.5, 0.1M sulfate solution 
lead should be stable at potentials below --0.3V, PbO2 
should form above +O.9V, and PbSO4 should be found 
at potentials in  between. The lower t ransi t ion was ob- 
served in the polarization curve for lead in the 0.1M 
K2SO4 solution used, but  the t ransi t ion to PbO2 was 
not observed. The polarization curve shows a weak 
wave at +0.06V which does not correspond to any  
feature of the Pourbaix  diagram. 

Potentiostatic exposures resulted in films with com- 
positions which were in bet ter  agreement  with the 
polarization curve than with the Pourbaix  diagram. 
Exposure at potentials below the --0.27V wave re-  
sulted in immuni ty .  Current  flow was in the reducing 
direction, the surface remained clean and shiny, and 
no spectra were obtained in solution or in air. Higher 
potentials resulted in  oxidation of the lead electrode 
and. formation of insoluble surface films. Films con- 
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Fig. 3. Raman spectra of (a) lead in 0.1M H2S04 after 20 hr at 
+ 0 . 8 0 %  (b) lead in 0.1M H2S04 after 18 hr at - -0.26V, (c) PbS04 
powder. 

sisted of lead sulfate up to +0.24V and, above that, 
te tragonal  PbO covered the sample surfaces. 

The formation of lead sulfate was in agreement  with 
the Pourbaix  diagram, but  the PbSO4 gave slightly 
different spectra from the sulfates examined previ-  
ously. As shown in Fig. 4, the sulfate film gave an ex- 
ceptionally strong 451 cm -1 Raman  band, the band 
associated with the O-S-O bending vibrat ion (13). 
Infrared reflection spectra also had a sharp band at 
451 cm - I  as shown in Fig. 5. Such a vibrat ion is not 
infrared active in normal  sulfate compounds. The un -  
usual intensi ty  of the 451 cm - I  band is assumed to be 
due to a distortion of the normal  lead sulfate lattice. 

The broad wave at +0.06V is near  the potential  
where film composition changed from lead sulfate to 
tetragonal  PbO, and it may be due to such a t rans i -  
tion. Lead monoxide films were black in color and 
gave no evidence of the presence of sulfate. The t r an -  
sition from sulfate to PbO was not  considered in  c~l- 
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Fig. 4. Raman spectra of (a) lead surface after 19 hr at - -0 .16V 
in 0.1M K~S04, (b) PbS04 powder. 

at --0.30V seems to be made up of three separate 
waves, all exposures at potentials above --0.45V, where  
the current  recorded in  the polarization curve first 
became oxidative, formed tetragonal  PbO. 

Although the composition of the films was identified 
as PbO, Raman  spectra recorded in solution were 
somewhat  misleading. In situ spectra, as shown in Fig. 
6, contained the strong bands of tetragonal  PbO bu t  
also the 980 cm -1 band characteristic of the SO4 sym- 
metric s tretching vibrat ion and a broad band  in  the 
450 cm -1 region. Except for the broadness of the 450 
cm -1 band, these spectra look like a mixture  of PbO 
and PbSO4. Upon washing the samples thoroughly, 
however, those bands characteristic of sulfate disap- 
peared. Dry sample spectra indicated only tetragonal  
PbO. The sulfate bands, which can be dist inguished 
from those of PbSO4 by the broad 450 cm -z  band 
(lead sulfate has two sharp bands in that  region, at 
439 and 451 c m - O ,  are due to the sulfate of the solu- 
tion. The bulk  sulfate solution gave the same sulfate 
spectrum. The change in the spectrum caused by wash-  
ing the samples was evidence that  spectra of both wet  

1 I ~ O O  J ~ t J P ~ ~ ~ f 5 ~ 0  I I 

F R I': 0 t~f: N ( ' . Y .  (:~,1 "1 

Fig. 5. Infrared reflection spectra obtained from lead exeosecl In 
0.1M sulfuric acid, pH = 0.9, at 0.80V NHE for 20.5 hr (a) parallel 
polarization, (b) perpendicular polarization. 

culat ing the Pourbaix  diagram, since this reaction was 
not anticipated. No waves were observed at higher 
potentials and spectra did not indicate a change to 
the PbO2 predicted by the Pourbaix  diagram. 

pH 11 exposures.--Oxidation of lead at a pH of 11 
was predicted to form a basic lead sulfate, PbO'PbSO4, 
at  potentials between --0.45 and +0.50V and PbO2 at 
higher  potentials. The solution used, 0.1M K2SO4 wi th  
enough KOH added to make the ini t ial  pH I1, resulted 
in  a polarization curve with only one clear oxidation 
feature. The exper imenta l ly  observed wave, or group 
of waves, at approximate ly  --0.30V represents the 
t ransi t ion from lead stabil i ty to the formation of an 
oxidized species. The oxidative change seen above 
+0.80V in  Fig. 2 could represent  a t ransi t ion to a 
higher oxidation state, but  it is probably  due to the 
decomposition of water  to evolve oxygen. 

Potentiostatic exposures were conducted through-  
out the potent ial  range where water  is stable. As ex- 
pected, exposure at low potentials gave extremely 
low current  flow in the reducing direction, and no 
Raman  bands were observed. Lead is immune  to oxi- 
dation below the --0.30V wave of the polarization 
curve. 

All exposures at higher potentials resulted in the 
formation of tetragonal  PbO surface films. An oxida- 
t ion at --0.34V, a potential  higher than the first lobe 
of the oxidative wave, resulted in a film which gave 
a s t rong tetragonaI PbO spectrum. Although the wave 
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Fig. 6. Rarnan spectra of lead exposed to pH 11, 0.1M sulfate 
solution for 18.5 hr at - -0 .34V recorded with the sample in solu- 
tion and, after washing, in air; and the Raman spectrum of the #H 
11, 0.1M sulfate solution. 
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and dry samples are needed to dist inguish solution or 
adsorbed species from those compounds which were 
actual ly  par t  of an  insoluble surface film. 

The possibility that  the surface layer  might  consist 
of PbO.PbSO4 as predicted by  the Pourba ix  diagram 
calculations was investigated. Al though spectra of the 
sample surfaces identified te tragonal  PbO, R a ma n  
spectra of the basic sulfate are not available for com- 
parison. Infrared reflection spectra confirmed that  
te t ragonal  PbO was the compound present. Compari-  
son with published infrared spectra of PbO.PbSO4 
(14) indicated that  this compound was not present. 

The oxidation currents  recorded dur ing  potentio-  
static exposures and potent iodynamic polarization 
curve measurements  confirmed that  lead sulfate forms 
more protective surface films than  does PbO. In  0.1M 
sulfate solutions, all of which had approximately  the 
same conduct ivi ty and ionic strength,  conditions which 
caused the formation of PbO resulted in  net  current  
flow 5-10 times greater  than that  observed when PbSO4 
was formed. The smallest  differences were noted in  
p i t  6.5 exposures, a pH near  the m i n i m u m  of PbO 
solubil i ty (15), bu t  even in those conditions oxide films 
allowed measurab ly  higher current  flow than sulfate 
films. The abi l i ty  of sulfates to form an insoluble, pas-  
s ivat ing film on lead is well  known. 

Film thickness.--Potentiostatic oxidation of vapor-  
deposited lead samples was conducted so that  the 
thickness of the resul t ing films could be measured and 
their  spectra recorded. While films of organic com- 
pounds on silver mirrors  have shown that Raman  
spectra of films as th in  as 50A can be recorded (16, 17) 
and infrared spectra of oxide layers as th in  as 10A 
have been reported (18), the m i n i m u m  detectable film 
thickness varies widely with the composition of a thin 
film. 

A lead sulfate film, measured to be 2140 +_. 60A 
thick, was formed by oxidation at +0.80V in 0.1M 
tt2SO4 for 15 min. The Raman  spectrum in Fig. 7 
shows that  the strong sulfate bands are clearly visible. 
The infrared spectrum of the same sample, shown in 
Fig. 8, is an excellent  lead sulfate spectrum. Exposure 
of solid lead electrodes under  identical conditions 
formed a film which consisted of both PbSO4 and 
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Fig. 7. Roman spectrum of a 2140A thick film of PbS04 made 
from a vapor-deposited lead sample by exposure at -E-O.80V for 15 
rain in 0.1M H2S04. The features at 790 and 920 cm -1  are grating 
ghosts. 
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Fig. 8. Infrared reflection-absorptlon spectra of a 2140~_ thick 
PbS04 film made from a vapor-deposited lead sample. The two 
spectra were recorded with two different polarizations of the infra- 
red beam. For thin films only light with its electric vector parallel 
to the plane of incidence interacts with the surface species. 

te tragonal  PbO, but  the vapor-deposited sample 
showed no trace of PbO. Presumably  the th in  sulfate 
film was not thick enough to provide the diffusion 
barr ier  necessary to allow formation of an under ly ing  
PbO layer  (19). 

It  is estimated that  a lead sulfate film approximately  
one- ten th  of the 2140A thickness would still give 
spectra with signal to noise ratios of two or more, the 
ratio considered necessary for observation of a band. 
Films as thin as 200A should be identifiable by Raman  
and infrared spectroscopy with very little difficulty. 
Single spectrometer scans were used to record all 
spectra. Greater  sensit ivi ty to very thin films could 
be achieved by averaging the results of mul t iple  scans. 
Signal averaging of more than one scan of the spectral 
region of interest  would increase the signal to noise 
ratio observed and reduce the m i n i m u m  detectable 
thickness (20). 

Conclusions 
In situ Raman  spectroscopy and reflection-absorp- 

tion infrared spectroscopy can conclusively identify 
the compounds present  in  th in  corrosion product films 
on metal  surfaces. Using these techniques, the Pour-  
baix diagram for lead in 0.1M sulfate solutions was 
examined and the surface species observed showed 
only  part ial  agreement  with predictions based on 
thermodynamic  equilibria.  Spectroscopic analysis of 
surface films dur ing and after potentiostatic exposure 
in  sulfate solutions was in  excellent  agreement  with 
potent iodynamic polarization curves bu t  the oxides 
and sulfates f requent ly  formed were not those pre-  
dicted in the Pourbaix  diagram. The major  difference 
was that tetragonal  PbO was found exper imenta l ly  in  
neut ra l  and basic solutions and PbO.PbSO4, the com- 
pound predicted to be stable under  such conditions, 
was not. 

It  has been shown that spectra of sample surfaces in  
solution and after  drying are both needed to dist in-  
guish between spectral features due to solution species 
and those from compounds comprising insoluble sur-  
face films, just  as they are both needed to determine 
if changes occur when  samples are removed from so- 
lution. Measurement  and est imation of film thicknesses 
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have  shown tha t  the  Raman  and in f ra red  techniques 
can ident i fy  components  in films as thin as 200A and 
ana lyze  the en t i r e ty  of films as th ick as 1 micron. 
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The Electrolyte-Silicon Interface; Anodic 
Dissolution and Carrier Concentration Profiling 

C. D. Sharpe and P. Lilley 
Electrical Engineering Laboratories, The University of Manchester, Manchester, M13 9PL, England 

ABSTRACT 

The electrical behavior of the NaF:H2SO4 electrolyte-silicon interface has 
been investigated. I-V, C-V, and anodic dissolution phenomena are discussed 
in relation to the feasibility of using the interface for the determination of 
carrier concentration profiles in silicon structures; specimen electrochemical 
profiles are presented and compared with corresponding spreading resistance 
profiles. 

The object  of the  work  descr ibed here  was to es tab-  
l ish the feas ib i l i ty  of measur ing  car r ie r  concentra t ion 
profiles of ep i tax ia l  sil icon structures,  wi th  min imal  
res t r ic t ion  on the range of car r ie r  concentra t ion and 
depth,  by  the  e lec t rochemical  capaci tance-vol tage  
technique (1);  convent ional  C-V profil ing is l imi ted  
in depth  by  dielectr ic  b reakdown  and, as for res is t iv i ty  
techniques,  deep profiles requ i re  etch or  angle  lapping  
procedures .  

The e lec t ro ly te - semiconduc tor  in ter face  includes a 
space charge  region wi th in  the  semiconductor  surface 
ad jacen t  to the e lec t ro ly te  (2), and for  cer ta in  ove r -  
potent ia ls  the  in terface  approx imates  to a Schot tky  
bar r ie r .  Recent ly  C-V charac ter iza t ion  of such a ba r -  
r ier,  involving a GaAs electrode, has been combined 
wi th  anodic dissolution of the semiconductor  to y ie ld  
semicont inuous car r ie r  concentra t ion profiles (1);  an 
au tomated  sys tem is commerc ia l ly  avai lab le  for p ro -  
filing this compound. 1 In the case of silicon, Pham 
e t a l .  have repor ted  capac i t ance-dep th  profiles for sha l -  
low ion- implan ted  layers  (8) ; a different  measu remen t  
technique was used and the conversion factor  re la t ing  
capaci tance and car r ie r  concentrat ion could not  be 
established.  

We have appl ied  the basic measuremen t  pr inciples  
used for  GaAs, namely  s imul taneous  dissolution and 
C-V analysis,  to semiconduct ing n - t y p e  silicon; the 
p r ob l em being to es tabl ish an e lec t ro ly te  and sui table  

Key words: interfaces, electrolyte, semiconductors. 
i Polaron Equipment, Limited, Warlord, England, 

opera t ing  potent ia ls  for  (i) smooth and flat dissolution 
to depths in excess of 20 microns,  and (ii) in terface  
conditions approx imat ing  to a Schot tky  bar r ie r ,  such 
that  overa l l  in terface  capaci tance is given by  

C -- A (~onq/2V)1/~ [1] 

where  A is the in ter face  area, and n the car r ie r  con- 
cent ra t ion  in the semiconductor  at  a distance WD from 
the in ter face  equal  to the  deple t ion  width;  the  equa-  
t ion 

WD : ~,oA/C [2] 

yields the deple t ion  width.  
To produce  a ca r r i e r  concentra t ion profile, the  dis-  

solut ion depth  WR must  be added  to WD. The dissolu-  
t ion cur ren t  is in tegrated,  to y ie ld  Wa by the F a r a d a y  
re la t ion  

M f i a t  r3] WR -- DAN----~ 

where  M and D are  the molecular  weight  and dens i ty  
of the  semiconductor,  and N is an empir ica l  number  
represen t ing  the electronic charge passing th rough  the 
ex te rna l  c ircui t  pe r  molecule  of semiconductor  l ibe r -  
ated. 

Experimental Arrangement 
The e lect rochemical  cell inc luded a silicon anode, 

carbon cathode, sa tu ra ted  calomel  reference,  and p la t i -  
num (capaci tance)  electrodes.  The silicon slice was 
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held against  the exterior  wall  of the cell, via a Teflon 
sealing ring, by a spr ing-loaded plunger;  twin  an t i -  
mony-doped gold wires were incorporated in  the 
p lunger  and gave low resistance ( ~  1012) back-con-  
tacts to high doped mater ia l  following a short 30V, 
50 Hz pulse across them. Anodic dissolution was con- 
fined to an area A ( ~  0.1 cm~) defined by the sealing 
ring. The SCE reference electrode was l inked to the 
electrolyte in  the vicini ty of the silicon surface by a 
sal t  bridge and a fine capillary, the potential  of the 
silicon electrode (cell potential)  being measured by a 
high impedance differential amplifier connected be-  
tween the second back-contact  and the reference elec- 
trode. Potentiostatic control was achieved by compar-  
ing the cell potent ial  with a reference voltage (var i -  
able) ,  the error signal changing the current  accord- 
ingly. 

I l luminat ion,  necessary for n - type  semiconductor 
dissolution, was provided by a 150W tungsten  halogen 
lamp, via a copper sulfate inf rared filter and short l ight 
pipe. Capacitance measurements  were made with a 
W a y n e - K e r r  "Autobalance" bridge (1.5 kHz),  a.c. 
coupled to the silicon and to the p la t inum electrode 
near  the ~ilicon surface. Both C-V and I -V character-  
istics of the silicon electrode were obtained dynami-  
cally, by ramping  the reference voltage. A computed 
"best fit" to the C-z -V  informat ion was used to obtain 
carrier  concentration. The system was not fully auto-  
mated, unl ike  the Post Office apparatus for GaAs (1) 
(which uses a two-f requency technique for increased 
resolution) ; for the purpose of this feasibil i ty study an 
automated system was undesirable,  tending to mask 
the detailed na ture  of the interface. 

Electrolyte.--The criteria governing choice of elec- 
t rolyte  for an electrochemical profiling system are: 

1. The C-'v" characteristic of the semiconductor-elec-  
trolyte interface must  correspond to that  of the space 
charge layer, i.e., effects due to Guoy and Helmholtz 
capacitance, and to surface states on the semiconduc- 
tor, should be negligible. In  practice, the former can 
be satisfied by using a concentrated electrolyte 
( >  0.1M). 

2. The etched surface should be (a), smooth and 
(b),  flat. If  these criteria are not satisfied, errors are 
introduced into the profiles due to the averaging of 
depth informat ion and consequent  uncer ta in ty  in car- 
r ier  concentration,  par t icular ly  in the region of junc-  
tions. Similarly,  gassing at the silicon electrode must  
be minimized. 

3. The electrolyte should give a dissolution rate 
1 ~m/hr,  to achieve profiles in a reasonable time, 

The characteristics of several electrolytes interfaced 
with Si have been investigated; sodium fluoride/sul-  
furic acid has to a large extent  satisfied the above 
criteria. 

Experimental Results 
Anodic V-I  characteristics of the Si-HzSO~/NaF sys- 

t em. - -For  all specimens the dark rest potential  was 
--0.45 _ 0.1V (relative to SCE) and photopotentials 
were --70 mV for n - type  and 150 mV for p- type  St. 
Anodic V-I characteristics, obtained by scanning the 
cell voltage at a rate of 400 sec/V in the anodic direc- 
tion, show a saturat ion current  for both p-  and n - type  
silicon. Figure 1 i l lustrates the effect of increasing 
fluoride content on the V-I characteristics of p- type  
silicon (0.01 rL cm).  0.05M sulfuric acid alone produced 
an approximately  l inear  V-log I characteristic, the 
high Tale1 slope ( ~  0.725 V/decade) indicat ing that  
cur ren t  was controlled nei ther  by carrier supply nor  
react ion rate; rather, it was suggestive of current  l imi-  
tat ion by an oxide film at the interface, through which 
electrolyte ions must  t ravel  to reach the silicon surface. 
Small  concentrations of sodium fluoride changed the 
characteristic to one wi th  a slope tending to 60 mV /  
decade at low current ,  and caused the appearance of 
a well-defined peak in the current.  As the NaF con- 
tent  was increased, the near  exponent ial  low current  
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Fig. 1. The effects of increasing fluoride concentration on the 
V-I characteristics of the psi: NaF/H2SO4 interface (a) 0.05M 
H~SO4, (b) 0.05M H~SO4/0.05M NaF, (c) 0.05M H.gSO4/0.1M NaF, 
(d)0.0SM H2SO4/0.2M NaF. - - - -  (e) represents a slope of 60 
mV/decade. 

region extended and approached 10-4A at 0.2M concen- 
t rat ion (a current  level indicat ing a reasonable dis- 
solution rate) .  Curren t  levels below the peak were 
li t t le affected by acid concentration, whereas above 
the peak, current  increased with acid content. 

As expected, i l luminat ion  of the p- type  electrode 
caused v i r tua l ly  no change in  current ;  holes for disso- 
lu t ion being in  plent iful  supply. I l lumina t ion  of low 
doped n- type  St, caused a large increase in  current,  
due to increased hole concentrat ion at the surface, 
whereas the behavior of heavily doped n- type  silicon 
was characterized by a large dark current ;  such cur-  
rents have been observed by Meek (4) for the S i -HF 
system. 

Gas evolution was observed at both n-  and p- type 
Si electrodes under  anodic bias, reaching a m a x i m u m  
at or near  the current  peak. Al though diminishing at 
higher voltage, evolut ion of gas cont inued at a slow 
rate even at 2V overpotent ial  (bubbles noticeable on 
the surface after a period of several minutes) .  

Anodic dissolution of n-type silicon.--Currents be- 
low the saturat ion region gave a pit ted etch, together 
with traces of a dark film, [as noted by Uhlir  (5) and 
others] which in some cases changed appearance after 
removal from the solution, finally resembling a dust 
on the surface, Samples etched in the current  sa tura-  
tion region were considerably smoother, par t icular ly  
under  strong i l luminat ion,  electrolytes with the higher 
acid content  giving the smoothest etches, with few pits 
or spikes on the surfaces; however it  was apparent  
that  electrolytes with a high sodium fluoride content  
gave flatter etched surfaces in terms of gross un i form-  
i ty over the whole of the exposed area. The 1M NaF: 
0.05M H2SO4 electrolyte has been found to be a rea-  
sonable compromise and was used for the remain ing  
experiments  to be described, al though deep etches 
( ~  10 ~m) left a pronounced slope in one quadran t  
of the etched area (recently this problem has been 
overcome by pulsat ing the electrolyte near  the Si elec- 
trode, a technique similar  to jet  etching general ly  used 
to improve the flatness of chemically etched pits).  

A detailed discussion on the electrode reaction and 
t ransport  kinetics is not appropriate in this paper. 
However two exper imental  observations, (i) that  deep 
etched surfaces were nonp lanar  and (it) that  s t i r r ing 
increased the dissolution rate, leads us to suggest the 
mass t ranspor t  in the electrolyte, in the vicini ty of the 
Si electrode, plays an impor tant  role in the dissolution 
process. 

The dissolution valence N has been estimated to be 
3.50 ___ 0.3 (by weight loss measurements  on epitaxial  
n - type  mater ia l)  for the "standard" cell condition used 
for dissolution (cell potential  1.0V, 0.05M H~SO4 -}- 1M 
NaF).  This value has been used to establish profiles, 
irrespective of doping level and type. Recent work by  
Ari ta  (6) has shown that  for HF electrolyte/si l icon the 
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dissolution valence is dependent  on carr ier  concentra- 
tion and type, in  addit ion to i l luminat ion  and current  
levels, vary ing  over a range 2 < N < 4. We are car ry-  
ing  out a corresponding invest igat ion for the NaF: 
H2SO4 electrolyte, and in tend  to include the effects of 
crystallographic or ientat ion on dissolution. 

C-V characte~stics ]or n-type silicon.--C-V graphs 
were obtained by scanning the cell potent ial  between 
0 and --0.6V at rate of 20 sec V -z, about  10 sec af ter  
i l lumina t ion  was removed. The fast sweep rate, re la-  
t ive to tha t  used for V-I plots, was preferable  for two 
reasons. Firstly, the technique depends upon a 1:1 re-  
lat ionship between change in  cell potential  ~V, and 
change in  semiconductor space charge potential  h~s; a 
change in Helmholtz potential  drop ~r would distort  
this relationship. Since processes occurring in the 
Helmholtz layer  are considerably slower than the re-  
laxat ion t ime of carriers in  the space charge region, 
hell is reduced by a fast change in  cell potential. It  
would have been preferable to use a much faster rate 
than 20 sec V-Z; this figure represents a compromise 
be tween the above considerations and the response 
t ime of the measurement  system (capacitance bridge 
and X-Y recorder) .  Secondly, it is impor tant  to min i -  
raize dark dissolution, in  the case of n - type  material ,  
as this general ly  results in  a pitted surface, par t icu-  
lar ly  on heavi ly  doped specimens. 

The C-V data obtained from low doped n- type  ma-  
terial  was found to yield either inaccurate or ambigu-  
ous values for carr ier  concentration. Consider the 
C-2-V plot of Fig. 2(a) .  The data is a reasonable fit 
to the Schottky funct ion with carr ier  concentrat ion 
n = 1.0 • 10 zs cm - s  which, al though the result  was 
obtained from an encouragingly l inear  C-2-V plot, 
indicates a large error  when compared with a quoted 
value of 4.5 • 10 z5 cm -8 for this specimen. In  some 
cases, par t icular ly  at or close to the original surface 
of the sample, a well-defined "hump" appeared in the 
C-V curves (Fig. 3) being most pronounced at the 
original  surface, and diminishing with dissolution 
depth; the C-2-V plot, corresponding to a dissolved 
depth of ~ 0.5 ~ shows two distinct slopes (Fig. 3). 
In  other cases, al though no definite hump in the C-V 
plot existed, two (or more) straight lines could be 
drawn through the C - L V  data; again this could occur 
at the surface or in  the bulk of a layer. Figure 2(b) 
shows C-~-V results for which this phenomenon was 
par t icular ly  well  defined (the steeper slope corre- 
sponds to a carrier  concentrat ion n of 8.6 • 1015: the 
shallower slope giving n ---- 2.5 • 101s; these are to be 
compared with a spreading resistance result  corre- 
sponding to 1.2 X 10 TM cm-~) .  

C - 2  
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O"S - 0"4 ' 0-2 0-0  

Fig. 2. C-V data and Schottky function best fit for two low 
doped silicon specimens, (a) quoted as 4.5 X 10 z5 cm -3, (b) 
spreading resistance estimate 1.2 X 1016 cm -3. 
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Fig. 3. C-V data from o low doped specimen at depths of (o) 0.0, 
(b) 0.05, (c) i.5, (d) 3.5 microns, and C-2-V plot at 0.5 microns, 
(N -- 2.5 X 10 z5 cm -3 from spreading resistance). 

In contrast, the C-~-V plots from highly doped ma-  
terial were usual ly  linear, and gave values for carrier  
concentrat ion in  close agreement  with those obtained 
from spreading resistance. Generally,  high doped ma-  
terial did not provide the extensive problems associ- 
ated with low doped material .  A phenomenon related 
to this, is the difference in  apparent  flatband potential  
between high and low doped material ;  Dewald (7) 
reported a s imilar  effect, both in  magni tude  and di-  
rection, for the  ZnO electrode, and a t t r ibuted the phe-  
nomenon to a change in  metal -semiconductor  (back 
contact) potential.  This var iat ion in flatband potential  
appears somewhat anomalous, since any shift in metal  
semiconductor contact potential  should be balanced 
by  an equal and opposite change in semiconductor-  
electrolyte contact potential,  as the cell potential  is 
not a function of Fermi  level  (8). 

Generally,  in the case of highly doped n- type  silicon, 
the electrochemical result  for carrier concentrat ion 
was slightly lower than that  obtained from spreading 
resistance measurement ,  this in  contrast  to the si tua-  
tion at low doping levels, where the electrochemical 
result  was substant ia l ly  higher. Ambridge and Faktor  
(9) noted a difference between resist ivity measure-  
ments  and electrochemical results on low doped GaAs. 
They a t t r ibuted the differences to the presence of deep 
traps in the material.  Under  strong reverse bias (dur -  
ing anodic dissolution) the Fermi  level may fall below 
such levels causing ionization of the traps. The space 
charge is then that  due to both uncompensated donor 
atoms and ionized trap states. If the traps have long 
relaxat ion times, a measurement  of the C-V charac- 
teristic performed almost immediate ly  after dissolu- 
t ion is in te r rup ted  (as was the practice here) would 
show a Schottky curve corresponding to concentrat ion 
n" • n -~- Nt, where Nt is the trap concentration. If 
however, the system was left at the equi l ibr ium poten-  
tial (low reverse bias, in  the present  case) for some 
time in the dark following dissolution, then the trap 
states could be neutral ized by  recombining electrons. 
A subsequent  measurement  of the C-V characteristic 
would therefore be expected to correspond to the 
"true" carrier  concentration. This has been observed 
to be the case; a sample left at rest potential  in the 
dark for 10 rain following dissolution resulted in  a 
value of n ---- 2.4 • 1015' cm -8 for a specimen quoted 
as 2.5 • 1015 cm -3. 

In  some case, par t icular ly  on low doped mater ia l  
bu t  not exclusively so, the C - L V  plots gave two 
paral lel  l inear  regions, suggesting a shift in potential  
dis t r ibut ion at the interface dur ing  the voltage sweep, 
which can be a t t r ibuted to (i) a distinct fast surface 
state and /o r  (ii) a shift in Helmholtz region poten-  
tial drop. Since it is unl ike ly  that  the surface state 
charge density is comparable with the space charge 
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dens i ty  at  high doping levels,  i t  is suggested tha t  the  
poten t ia l  shif t  has origins p r i m a r i l y  in the e lec t ro ly te  
side of the  in ter face  (i.e., the Helmhol tz  region) .  This 
is a v e r y  t en ta t ive  exp lana t ion  and i t  is impor t an t  to 
note tha t  a fas t  space-charge  modula t ion  technique 
(such as used in the ga l l ium arsen ide  profi ler)  for 

de t e rmina t ion  of C-V da ta  would  be expected  to ex -  
c lude most  of the effects due to the  Helmhol tz  region 
poten t ia l  change;  though i t  migh t  not  exclude the  
effects of fast surface  states, if  such exist.  

Pro1~ling.--Proffiing condit ions for  silicon, using the 
I-I2SO4/NaF e lec t ro ly te  were:  (i) a dissolution cell  po-  
ten t ia l  of  1.0V, (ii) C-V character is t ics  t aken  10-15 sec 
a f te r  dissolut ion and i l lumina t ion  te rmina ted ,  (iii) cell 
potent ia l  scanned at  20 sec /V in the cathodic direction,  
over  a range  0.0 to --0.6V, to obta in  a C-V charac te r -  
istic. Inves t iga t ion  of  C-V character is t ics  t aken  
th roughout  s ingle ep i tax ia l  l aye rs  ind ica ted  tha t  con-  
sistent  values  for the  ca r r i e r  concentra t ion could be 
ob ta ined  f rom the slope of  the C-2-V graphs  at  
--0.45V ( re la t ive  to the SCE) ;  al though,  as shown in 
the  previous  section, y ie ld ing  excessive values  for  low 
doped mater ia l ,  this  s lope was used for the  feas ib i l i ty  
study,  which  also involved  profi l ing mu l t i - ep i t a x i a l  
s t ructures .  

A profile of a un i fo rmly  doped low res is t iv i ty  sub-  
s t r a te  wafer  is shown in Fig. 4(a)  ; for depths  to about  
I0 ~m the  measured  values  of  ca r r i e r  concentra t ion 
a r e  in close ag reemen t  wi th  those obta ined f rom 
spread ing  resistance,  whereas  at  g rea te r  depths  the  
unce r t a in ty  of the measured  va lue  increases  due to 
excessive non l inea r i ty  of the  C-2-V graphs. This p rob -  
l em was found to be associated wi th  ma te r i a l  c rys ta l -  
l izing f rom the solut ion in the  v ic in i ty  of the  sil icon 
e lec t rode  ( x - r a y  fluorescence spect ra  indica ted  the 
deposi t  to be Na2SiF6); fur thermore ,  slow gas evolu-  
t ion a t  the  in ter face  over  long per iods  of t ime (hours)  
used for  deep dissolut ion caused the format ion  of 
bubbles  on the sil icon electrode.  Recent ly  we have  
found tha t  pulsa t ing  the e lec t ro ly te  in the v ic in i ty  of 
the  sil icon electrode,  a t  about  10 sec intervals ,  solves 
the  deep dissolut ion problems.  

One example  of  an ep i tax ia l  sil icon s t ruc ture  p ro -  
filed as descr ibed above (wi thout  pulsa t ion)  is shown 
in Fig. 4 (b ) .  The corresponding w resis tance 
profile is also given for comparison;  this c lear ly  shows 
the  la rge  e r ro r  at the  low doping levels.  

Recent  inves t iga t ion  of G-V (shunt  conductance-  
vol tage)  character is t ics  of the in ter face  over  the range  
of vol tage  used for  the  C-V character is t ics  has shown 
tha t  in the  region of --0.45V the shunt  conductance is 
changing  r ap id ly  wi th  vol tage  (Fig. 5) whereas  at  
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Fig. 4. Electrochemical carrier coneentrat;on profile of (a) unl- 
formly doped silicon wafer (quoted as 3 • 10 TM cm-3), and (b) 
of a multi-epl wafer; experimental values ( O )  taken from C-2-V  
plots with --0.6 ~ V ~ 0.0V. The triangles (A )  represent the 
corresponding profile from spreading resistance. 
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Fig. 5. (a) C-2-V,  and (b) GIy  plots over a large voltage range 
--0.5 < V < 2.0V for low doped silicon quoted as 1.2 X 10 TM 

cm-3. 

potent ia ls  > 0.0V the G-V character is t ics  a re  genera l ly  
flat, the conductance being negl igible  (this m a y  wel l  
be associated wi th  a recombina t ion  cur ren t  due to 
t raps  in the  surface  region, as discussed ea r l i e r ) .  I t  
became clear  tha t  de ta i led  C-V character is t ics  were  
r equ i red  at  more  posi t ive cell po t e n t i a l s - - t he  br idge  
quoted was unsui tab le  for  this range  of  capacitance,  
and invest igat ions  were  car r ied  out  on a Post  Office 
p lo t te r  su i tab ly  modified for  our  cell  configuration. 
F igure  5 shows a C-2-V plot  for the low doped speci-  
men  quoted as 1.2 • 10 TM cm-8;  the  t r end  towards  
lower  es t imates  of car r ie r  concentra t ion as ceil  vol tage  
approached  zero cont inued into the  posi t ive region, 
f inal ly giving close agreement  wi th  spreading  res i s t -  
ance measurements .  

Elec t rochemical  profiles have  been taken wi th  a 
pulsa ted  e lec t ro ly te  and cell potent ia l  of + 1.0V, us-  
ing the  two- f requency  au tomated  fac i l i ty  of the  Post  
Office p lo t t e r  (10); an example  is shown in Fig. 6 
along wi th  a corresponding profile obta ined f rom 
spreading  resis tance measurements ,  and indicates  close 
agreement  over  a wide range  of ca r r i e r  concentrat ion.  

Conclusion 
An invest igat ion of I-V, G-V, and C-V charac te r i s -  

tics of the s i t icon:H2SO4/NaF in ter face  has shown 
that  cer ta in  cell potent ia ls  can be used for deep disso- 
lut ion and car r ie r  concentra t ion measurements .  To ob-  
ta in  meaningfu l  es t imates  of ca r r i e r  concentrat ion,  
ranging  over  severa l  orders  of magni tude ,  C-V mea-  
surements  should be taken  wi th  the  deple ted  surface 
heav i ly  ( >  1V) reverse  biased. In  tha t  w a y  we have  
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Fig. 6. Electrochemical profile of a multi-epltaxial silicon struc- 
ture, taken by the Post Office Semiconductor Plotter, at a cell 
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shown tha t  i t  is possible to profile n - t ype  sil icon s t ruc-  
tures  (10). The technique also appears  to be sui table  
for  p - t y p e  silicon structures,  for which the conven-  
t ional  mercu ry  probe  C-V technique presents  p roblems  
due to an inheren t ly  low ba r r i e r  height.  One of the  
most  useful  appl ica t ion  areas  has been found to be 
tha t  of ion implanta t ion,  compl iment ing  o ther  (com- 
pa ra t i ve ly  expensive)  systems such as SIMS. 
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Faradaic Processes at the Ir/lr Oxide Electrode 

S. Gottesfeld *J 
BeZ~ Laboratories, Murralt Hill, New Jersey 0797~ 

ABSTRACT 

F a r a d a i c  r e a c t i o n s  a t  the  I r / I r  oxide e lect rode provide  informat ion  on t h e  
energy  levels  and  the  na tu re  of electronic s tates  in the  e lec t roehromic  oxide. 
The ra te  of ca r r i e r  in ject ion and t ranspor t  is found to depend s t rongly  on the 
d i s t r i b u t i o n  of electronic levels in the oxide  film and in the electrolyte .  Con- 
clusions can be d rawn  on the mechanism of charge in jec t ion  and t r anspor t  
dur ing  e lec t rochromic  t ransients  under  smal l  and  la rge  poten t ia l  per turba t ions .  

The  e lect rochromic react ion in anodic i r id ium oxide 
(1-4) as wel l  as rhod ium oxide (5) films has been  de-  
scr ibed recently.  The anodic i r id ium oxide film exhibi ts  
a s t rong increase  in l ight  absorpt ion  (colorat ion) un-  
der  anodic appl ied  potent ia ls  in aqueous solutions and 
is r evers ib ly  bleached under  cathodic appl ied  poten-  
tials. Such react ions involve double eject ion or in jec-  
t ion of electrons and protons dur ing  the anodic or 
cathodic half-cycles ,  respect ive ly  (2). The kinet ics  de -  
pend, in principle,  on the in ter rac ia l  t ransfe r  and bu lk  
t r anspor t  of both electrons and protons th rough  t h e  
oxide layer .  Recent  a -c  impedance  studies of the ox ide-  100 
covered i r id ium elect rode in acid solutions (6) showed 
that,  for smal l  potent ia l  pe r tu rba t ions  (~V ~ 1 mV),  80 
t ranspor t  th rough  the film is r a te -con t ro l l ing  in the 
revers ib le  charging process and the apparen t  conduct-  ~0 
ance of the film (per  uni t  a rea) ,  Ga.c., increases ex-  N 

I 

ponent ia l ly  wi th  the appl ied  d-c  bias. Fo r  an I r  oxide E 40 
film wi th  an e l l ipsometr ica l ly  de te rmined  thickness of 
15OOA (7), G~.c. changes f rom ~10 -2 ~ - l  Era-2 for the  E 
comple te ly  b leached form at  V < 0.4VSCE up to 102 . :  20 
12 -1 cm -2 for  the  colored form at V = 1.0VscE (6). In  
an a t t empt  to resolve the contr ibut ion  of e lec t ron 0 
t ransfe r  and t ranspor t  (ETR) to the  total  impedance  
in the  e lect rochromic process, the  fa rada ic  react ions -aO . . . .  
of some redox couples were  examined  at  a ro ta t ing-  
d isk  (RDE) ox ide -covered  i r id ium electrode.  Such re -  
act ions requ i re  only ETR through the film wi th  no -40 
coupled ionic t ransfe r  or t ransport .  Since these tests  -0.1 
a re  conducted wi th  the  electrode immersed  in the  
aqueous electrolyte ,  they  reflect the  proper t ies  of the  
unmodified act ive hydrous  form of the e lect rochromic 
oxide  film. 

* Electrochemical Society Active Member. 
z On leave from the Department of Chemistry, University of 

Tel  Aviv, Tel Aviv, Israel. Present address for correspondence. 
Key words: films, semiconductor, mobility, transport. 

Results and Discussion 
Figure 1 shows the current -potent ia l  curves for  the 

F e ( C N ) 6 - 3 / F e ( C N ) 6  -4  couple obta ined at  the bare  
and at  the ox ide-covered  i r id ium RDE in acid solu-  
tions. The oxide l aye r  was grown to a th ickness  of ca. 
1500A in a separa te  cell containing 0.5M H2SO4, by  the 
p o t e n t i a l  mul t ipu ls ing  technique descr ibed e l sewhere  

/ t  - /7-- i~ ~ -  

0.tM Fe (CN)63 / Fe (CN)64 / 
IN 0.5M H2SO 4 /1 / -  T/~ - 8 0 - ' - -  

- -  OXIDE COVERED RDE// / / / "  
- - -OXIDE FREE RDE // . . . .  // 60 

/ / /  / /  
II / �9 I) I / ~ - - ~ [ I  . . . . .  

i~11// / 4 0  

i i / / / ~  . . . .  2~-  

-10 ~ t0 

0.1 0.3 0.5 0.7 0.9 t.1 

Vsc E ,VOLTS 

Fig. 1. Current-potential curves obtained at the Ir and the Ir / f f  
oxide RDE with the Fe(CN)~;-3/Fe(CN)6 - 4  in acid solutions. Scan 
rate - - 5  mV sec -1 .  The square root of the rotational speed is 
designated in (rprn) 1/2. 
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(2).  The behav io r  of  the  r edox  couple at  the  ba r e  RDE 
w a s  r egu la r  (Fig. 1), exhib i t ing  anodic and cathodic 
l imi t ing  cur ren ts  d i rec t ly  p ropor t iona l  to the respec-  
Live concentrat ions  and also to ~Y2 up to ~, --  10,000 rpm. 
In the  vo l t ammograms  obta ined  at  the  ox ide -covered  
RDE three  potent ia l  regions can be c lear ly  d i s t in -  
guished in  Fig. 1: At  V < 0.SVscE the l imi t ing  cur -  
rents,  iL, in both the  cathodic and anodic fa rada ic  p ro -  
cesses a re  "blocked,"  i.e., much lower  than  those ob-  
ta ined  at  the  "bare"  RDE. On the o ther  hand, at  9" > 
0.9VscE the values  of iL obta ined  at  the  ox ide -covered  
RDE are  p rac t i ca l ly  equal  to those measured  at  the  
meta l  RDE for ~, up to 1O,000 rpm. The g radua l  t r ans i -  
t ion of the film f rom a blocking to a nonblocking l aye r  
occurs in  the  in t e rmed ia t e  potent ia l  range  of 0.5- 
0.9VscE. The onset  of this t rans i t ion  coincides wi th  the  
onset  of anodic coloration. [The potent ia l  of  the  ea r ly  
anodic peak  in the  I r  oxide  vo l t ammogram (1) was 
chosen to designate  the  colorat ion onset  in Fig. 1 and 
2.] This coincidence demonst ra tes  tha t  the ra te  of ETR 
through  the film increases in this case s ignif icant ly 
wi th  coloration. At  V > 0.9Vscs, where  the  oxide is 
s t rong ly  colored, charge  exchange  wi th  the  fe r rocy-  
an ide  ions occurs at  the  ox ide -e lec t ro ly te  in te r face  and 
the high ra te  of ETR through  the films al lows bu lk  
d i f fus ion-control led  oxida t ion  currents  at  bu lk  concen- 
t ra t ions  h igher  than  0.1M. On the o ther  hand,  the 
l imi t ing  currents  in the  blocking region at  9" < 0.4VscE 
are  not  p ropor t iona l  to ~'~ as expected for  bu lk  diffu- 
s ion-cont ro l led  currents ,  bu t  r a the r  converge uuon a 
sa tu ra t ion  level  iL,SAT at  h igh ~, as shown in Fig. 1. 
{L.SAT was found to be p ropor t iona l  to the  bu lk  concen- 
t r a t ion  and inverse ly  p ropor t iona l  to film thickness.  
These resul ts  suggest  that  the cur ren t  in the blocking 
region  is l imi t ed  by  diffusion th rough  the oxide  film. 
The diffusing species m a y  be the  fe r r i cyan ide  and 
fe r rocyan ide  ions, which  diffuse f rom solut ion th rough  
a pore  ne twork  or th rough  pinholes in the film, whi le  
the  cha rge - t r ans fe r  takes  place at  the  me ta l  sub-  
strate.  The ra te  of the  react ions 0f the fe r r i -  or  f e r ro -  
cyanide  ions at  the  b leached oxide  in acid solutions is 
thus l imi ted  by  ionic t r anspor t  th rough  pores  in the 
film. 

In contras t  to the  case presented  in Fig. 1, h igh  
fa rada ic  reduct ion  ra tes  were  moni tored  at  the  
b leached form of the  oxide  when  redox  couples wi th  
a h igher  oxidizing power  ( re la t ive  to tha t  of the pH-  
dependent  I r  couple)  were  employed.  This behav ior  
was found for  the  reduct ion  of ceric ions in sulfur ic  
acid solutions and for  the reduct ion of the  fe r r i cyan ide  
ion in a lka l ine  solutions. In both cases there  was no 
de tec tab le  difference be tween  l imi t ing  reduct ion  cur-  
ren ts  measured  at  the  meta l  RDE and at  the  RDE 
covered wi th  the b leached form of the oxide. The case 
of  F e ( C N ) s  -3 reduct ion in 0.1NI KOH is shown in 
Fig. 2. 

The  resul ts  of Fig. 1 and 2 demons t ra te  tha t  the ra te  
of ETR th rough  the  b leached  film depends  s t rong ly  
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Fig. 2. Same as Fig. 1, in O.IM KOH 

on t he  re la t ive  posi t ions of the  e lec t ron  energy levels  
in solut ion and in the oxide. Such a dependence,  which  
was found before  in many  cases for  semiconduct ing or  
insula t ing  e lec t rode  mate r i a l s  (8), m a y  serve  as a 
source of in format ion  on the energy  d is t r ibut ion  and 
on the na tu re  of electronic s tates  in  the  oxide film. A 
schematic  d i ag ram of electronic states in the  oxide  
in the  r e l evan t  energy  region, as suggested by  the 
resul ts  of the ETR measurements ,  is given in Fig. 3. 
The basic fea tures  of this d i a g ra m are:  (i) al l  the  elec-  
t ronic s tates  in  the  oxide  which  l ie  be low (anodic to) 
the  potent ia l  of the ma in  cu r r en t  peak  in the  cyclic 
vo l t a mmogra m (Ep = 0.7VscE in 0.5M H2SO4 and 
--0.35VscE in 0.1M KOH) belong to a band  of ex tended  
states. This is most  p robab ly  a m e t a l - o x y g e n  d-~* 
band, as proposed by  Rogers  et al. (9) for  IrO2 and 
identif ied by  X P S  measurements  on p re s sed -powder  
IrO~ samples  (10). In  the  colored fo rm these are  the  
highest  occupied electronic levels and the band is 
pa r t i a l l y  filled as in  IrO2 (9), a l lowing fast  ca r r i e r  
t r anspor t  th rough  the colored oxide. (ii) During  
bleaching h igher  levels  a re  g r adua l l y  occupied, the 
band  is filled, and the Fe rmi  leve l  in the  oxide, 
EF,ox, is shif ted to more  cathodic potent ials ,  (h igher  
e lect ron energies) .  The dens i ty  of the  las t  levels  which 
are  occupied in the cathodic b leaching process, e.g., 
at V < 0.6VscE in acid, is small ,  and  the i r  associated 
mobi l i ty  is low as expected  in a d i sordered  solid for  
electronic states located close to a bandedge  or  in the 
bandgap  (11). The f ine-gra ined  microcrys ta l l ine  s t ruc-  
ture  r epor ted  for anodic I r  oxide  f rom x - r a y  diffrac-  
t ion measurements  (12) suggests that  the electronic 
s t ruc ture  of the colored form m a y  be indeed re la ted  
to that  of c rys ta l l ine  IrO~ (9), wi th  modifications due 
t o  some loss of long- range  order .  In  IrO~ a complete  
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Fig. 3. Occupation of electronic levels in the colored (a) and in 
the bleached (b) forms of the Ir oxide electrochromic film. The 
hatched region designates occupied states in a band. The dotted 
region designates occupied states of lower densities and mobilities, 
located near the bandedge and in the bandgap. 
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filling of the  d-x* band is expected  when one ex t ra  
e lect ron is added  per  I r  atom, i.e., when the formal  
ox ida t ion  state is lowered  f rom IV to I I I  (9). The as-  
sumpt ion  that  b leaching involves only the filling of 
unoccupied levels wi th  no accompanying  var ia t ions  of 
band s t ruc ture  m a y  be an oversimplif icat ion,  since the 
protons in jec ted  into the oxide dur ing  bleaching may,  
for  example ,  spl i t -off  levels  f rom the d-~* band to 
form a separa te  na r row  band of localized states  near  
E~,ox. However ,  even according to the s imple d iag ram 
in Fig. 3 i t  is possible to see why  the states near  EF.OX 
in the  b leached film m a y  be less dense and more 
localized, while  the  deeper  states m a y  stil l  be forming 
a band associated wi th  a h igher  mobil i ty.  

The resul ts  obta ined  for fa rada ic  reduct ions at  the 
b leached form of the  oxide can be now unders tood in 
terms of the schematic  d iagrams  in Fig. 3: when 
ERedox is close to EF.ox, charge  inject ion has to take  
place at  an energy  level  where  the dens i ty  of states 
in the  b leached oxide is smal l  and the mobi l i ty  is low. 
Hence, low rates  of both charge- in jec t ion  at  the  ox ide-  
e lec t ro ly te  in ter face  and charge  t r anspor t  th rough  the 
bu lk  of the oxide  are  expected.  This seems to be the  
s i tuat ion for the reduct ion of F e ( C N ) 6 - ~  at  the  
b leached oxide in acid solution~ [see Fix. 4 ( a ) ] .  If, on 
the other  hand, the energy  difference ERedox-EF,oX is 
sufficiently large, holes can be in jec ted  into the lower  
ly ing  more  ex tended  occupied electronic levels in the 
oxide. The dens i ty  Orf s tates  and the mobi l i ty  in the 
band are  h igher  and, therefore,  the  rates  of both  hole 
in ject ion and hole t r anspor t  th rough  the b leached 
oxide are  signif icantly enhanced.  This is demons t ra ted  
schemat ica l ly  for the reduct ion  of Ce +4 in acid in 
Fig. 4 (b)  and for the reduct ion of F e ( C N ) - ~  in 0.1M 
KOH in Fig. 4(c) .  I t  is easy to see tha t  the "hot hole" 
t r anspor t  mode depicted in  Fig. 4(b)  and 4(c)  requires  
tha t  the hole t rapp ing  t ime in the b leached film be 
much  longer  than  L/v, where  L is film thickness and 
v the  hole veloci ty  in the  band.  A significant effect 
of t r app ing  could not  be detected even for films 
10,000A thick, at  which the same una l t e red  diffusion- 
control led  currents  were  st i l l  recorded  for the reduc-  
tion of Ce+4. 

Optical  measurements  showed tha t  the  I r  oxide film 
was ma in ta ined  in its b leached form in the presence 
of a s t i r red  0.1M Ce+4/Ce +3 acid solut ion when  sub-  
jec ted  to potent ia ls  more  cathodic than 0VscE, i.e., tha t  
the  Fe rmi  level  in the  oxide is de te rmined  by  the po-  
tent ia l  appl ied  to the  metal .  This means  that  high rates  
of hole in ject ion and t r anspor t  a re  indeed observed 
th rough  the b leached film (Fig. 2), and that  under  the  
s t rong nonequi l ib r ium condit ions imposed the la rge  
poten t ia l  drop is located in a na r row  region at the  
ox ide -e lec t ro ly te  in ter face  as assumed in Fig. 4, a l -  

Vsc~ VSCE Vsc~ 

(a) (b) (c) 

Fig. 4. Schematic electron energy diagram for the bleached oxide 
film and the redox couples in solution. Case (a) depicts the relative 
positions of electronic levels for Fe(CN)8 - 3  reduction in acid. Cases 
(b) and (c) describe the relative positions for Ce +4 reduction (in 
acid) and for Fe(CN)6 - 3  reduction in 0.1M KOH, respectively. 

lowing hole- in jec t ion  into the  lower  ly ing  levels  in 
the b leached oxide. 

The  corrosion of the  oxide dur ing  these hole in-  
ject ion processes was checked and found to be neg-  
l ig ib le  dur ing  the shor t  t imes requ i red  to record  the 
cu r ren t -po ten t i a l  curves. This is not  ve ry  surpr i s ing  
considering tha t  hole in jec t ion  occurs into a d -band  
which  has a r e l a t ive ly  minor  role  in the bonding in 
this  oxide  (13), and  tha t  the  oxide  was  kep t  under  
cathodic appl ied  potent ia ls  dur ing  the measurement .  

The faster  ETR observed  th rough  the b leached film 
under  s t rong nonequi l ib r ium condit ions m a y  be sig- 
nificant in the  mechanism of the e lec t rochromic  p ro-  
cess: a h igh ra te  of charge  t r anspor t  is expected 
th rough  the b leached form of the  oxide at  the  onse t  
of the colorat ion process, in spite  of the  low a -c  con- 
ductance of the  film, provided  a large  anodic p e r t u r b a -  
tion, e.g., a pulse of IVscE in acid is applied.  Under  
these condit ions the  ra te  of anodic colorat ion wil l  be 
de te rmined  by  the h igher  rates  of in ject ion and t rans-  
por t  via lower  ly ing  ex tended  states. This is shown in 
Fig. 5 (a) ,  which demonst ra tes  hole- in jec t ion  f rom the 
colored region of the film ad jacent  to the  meta l  to the 
b leached par t  of the  film ad jacen t  to the  solut ion fol-  
lowing an anodic pulse. (This form of color g rad ien t  
in the film is expected if the ra te  of e lec t ron t r anspor t  
is lower  than tha t  of pro ton  t ranspor t . )  Since Ga.c. is 
measured  at smal l  per turbat ions ,  the low conductance 
obta ined  for  the b l eached  form (6) is a ppa re n t l y  due 
to the low dens i ty  and mobi l i ty  of s tates  near  Ef,ox, 
as demons t ra ted  in Fig. 5 (b) .  Compar ison of Fig. 5 (a) 
and (b) e lucidates  the lack of a unique correspondence 
be tween  la rge  and smal l  signal  measurements ,  as 
noted before  (6). 
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Fig. 5. Part (a) describes conditioos far fast hole transport 

through lower levels in the bb~oched oxide during a coloration 
transient under large anodic perturbations. Part (b) describes the 
slower transport expected during a coloration transient under small 
anodic perturbations. 
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Anodic Etching of Defects in P-Type Silicon 
H. Fi~ll 

IBM Thomc~s J. Watson Research Center, Yorktown Heights, New York  10598 

ABSTRACT 

A new etching technique for  p - t y p e  Si has been deve loped  which  com- 
bines the  advantages  of chemical  e tching and EBIC. The method  is e lec t ro-  
chemical  in na tu re  and the sil icon sample  is b iased as the anode in an e lec t ro-  
chemical  cell. The etching behav ior  of defects is governed by  the magni tude  of 
the  app l ied  voltage. At  low vol tages only e lec t ronica l ly  act ive defects a re  
e tched and the etching pa t t e rn  corresponds to an EBIC image  of the same area. 
A t  h igher  vol tages al l  defects  a re  etched and the etching behavior  resembles  
chemical  etching. The method  offers considerable  advantages  as compared  to 
EBIC and chemical  etching. 

P re fe ren t i a l  chemical  e tching of defects in Si c rys-  
ta ls  wi th  special  chemical  solut ions ("etches")  has 
been the most  impor t an t  technique for revea l ing  de-  
fects in  c rys ta l l ine  Si. An  etching solut ion based on 
t h e  HF-CrO3 sys tem which was first in t roduced by  
S i r t l  and  Ad le r  (1) has been wide ly  used in its 
or ig inal  form or  in modified versions (2-4) but  etches 
based on the HF-HNO3 system are  also used (5, 6). 

Despi te  the  widespread  use of these etches, i t  is 
not  unders tood exac t ly  how they  work, i.e., why, 
under  cer ta in  circumstances,  they  a t tack  cer ta in  de-  
fects wi th  an e tching ra te  different  f rom that  of the 
per fec t  crystal .  This is i l lus t ra ted,  e.g., b y  the re -  
m a r k a b l e  difference in the  etching behavior  of the 
Si r t l - ,  Secco-,  and Se i t e r -e tch  (1, 2, 4), al l  of which 
are  based on the HF-CrO3 system: whereas  S i r t l  etch 
works  best  on {111} planes  and not  on {100} planes,  
the  Sei ter  etch is sensi t ive to al l  c rys ta l  planes  except  
the  {111} plane.  Final ly ,  the Secco etch works  on 
al l  c rys ta l  planes.  

This lack  of un ive rsa l i ty  of most  etches is no majo r  
d r a w b a c k  for  the  purpose  of defect  de l ineat ion  in 
s ingle crysta ls  of Si because the crys ta l  or ienta t ion  
and the k inds  of defects which might  be presen t  usu-  
a l ly  a re  known. Thus the  proper  etch can be chosen 
and f ine- tuned to the specific appl ica t ion  wi thout  
ma jo r  p roblems  [see Ref. (7) for an example] .  

The s i tuat ion has changed with  the  advent  of po ly -  
c rys ta l l ine  Si for  photovol ta ic  appl icat ions  in recent  
years.  Nei ther  the  or ienta t ion  of var ious  grains  nor  
the  na tu re  of defects to be expected  is known:  al l  
k inds  of dislocations, s tacking faults,  low-  and h igh-  

Key words: etching, dejects, crystals. 

angle gra in  boundaries ,  and precip i ta tes  of impur i t i e s  
m a y  be p resen t  s imul taneously .  Appl ica t ion  of s tan-  
dard  etching procedures  thus may  leave defects un -  
detected or give different  responses in different  grains. 
Moreover,  the response of gra in  boundar ies  to the 
var ious  etches is not known. 

Chemical  e tching gives in format ion  about  the pres -  
ence of cer ta in  defects, but  no informat ion  about  
the i r  electronic act ivi ty.  Because the  l a t t e r  is the  
most in teres t ing p rope r ty  of defects wi th  respect  to 
photovoltaics,  addi t ional  exper imen ta l  methods  such 
as scanning microscopy in the  e l ec t ron -beam induced 
cu r ren t  (EBIC) mode have  to be employed  if e lec-  
tronic proper t ies  a re  to be studied. 

This paper  proposes a new etching method  for 
p - t y p e  sil icon which is based on e lec t rochemical  
methods.  I t  exploi ts  the difference be tween  the e lec t ro-  
chemical  potent ia l  of defects and the silicon matr ix .  
Therefore,  e tching features  can be re la ted  to electronic 
proper t ies  of defects. The same informat ion  about  
defects as obta ined in EBIC measurements  can be 
derived,  mak ing  this method especia l ly  sui ted  for 
the  evaluat ion  of po lycrys ta l l ine  Si. The method  can 
be eas i ly  ex tended  to a l l  k inds  of p - t y p e  Si  crys ta ls  
and poss ibly  to other  semiconductors .  

Background: Electrochemistry of Silicon 
If  Si is anodica l ly  biased in an e lect rochemical  cell 

and a sui table  e lec t ro ly te  is used, i t  wi l l  dissolve wi th  
a ra te  propor t iona l  to the  cur ren t  dens i ty  (8-10). 
I t  has been shown tha t  the dissolution process requi res  
holes, therefore  only  p - t y p e  Si wi l l  dissolve anodica l ly  
wi th  ease. The s i l icon-e lec t ro ly te  in ter face  behaves  in  
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m a n y  respects  l ike  a Schot tky  diode which is for -  
w a r d l y  biased for  p - t y p e  Si and  r eve r se ly  biased for  
n - t y p e  Si. Consequently,  even wi th  a r a the r  high 
vol tage appl ied  to the e lec t rochemical  cell, n - t y p e  
Si wil l  not dissolve r ap id ly  and the cur ren t  dens i ty  
wil l  be smal l  (corresponding to the leakage  cur ren t  
of a r everse ly  b iased diode) .  A space-charge  region 
is bui l t  up at  the S i -e lec t ro ly te  in ter face  and any  
defects  p resen t  in this  l aye r  which  are  able  to genera te  
holes, m a y  local ly  enhance the cur ren t  dens i ty  and 
thus the  e tching rate .  This effect is known to provide  
a va luable  tool for etching "e lec t ronical ly  act ive" 
defects  and  has a l r eady  been ment ioned by  Turner  
(8). Anodic  etching of n - t y p e  GaAs has indeed been 

used for  some t ime for defect  detect ion and was shown 
to offer considerable  advantages  over  chemical  e tching 
(11-13), but  not  unt i l  r ecen t ly  was i t  app l ied  to the  
charac ter iza t ion  of defects in n - t ype  Si (14). 

Anodic  etching of defects in p - t y p e  semiconductors  
has not  been a t t empted  so far. Since holes are  the  
m a j o r i t y  car r ie rs  in this case, no influence of defects  
on the cur ren t  dens i ty  was expected.  Moreover,  a 
l aye r  of so-cal led porous Si (8, 15) is f r equen t ly  
formed on the etched surface and this was bel ieved to 
mask  possible p re fe ren t i a l  etching of defecta (14). 
While  this is t rue  for bias vol tages  la rger  than a few 
volts, i t  wi l l  be shown in this paper  tha t  a t  low bias 
vol tages a ve ry  pronounced  etching of defects occurs. 
In  this case the sil icon ha l f -ce l l  is opera ted  a round  or  
be low the threshold  vol tage for  cu r ren t  flow in the  
fo rwa rd  direct ion (in the  diode p ic ture  of the ha l f -  
cell)  and the presence of defects can subs tan t ia l ly  a l t e r  
the  cu r ren t -vo l t age  character is t ic  of the  S i -e ]ec t ro ly te  
"diode." Moreover,  the  etching ra te  for a given defect  
is ve ry  sensi t ive to changes in the appl ied  vol tage  
and it is different  for defects wi th  different  electronic 
propert ies .  Therefore ,  by  va ry ing  the appl ied  vol tage  
i t  is possible  to probe  the specimen for  defects  wi th  
different  e lectronic  activit ies.  

Experimental 
A ve ry  s imple exper imen ta l  setup was used for  

the  presen t  work. The e lect rolyt ic  cell consisted of a 
plas t ic  beaker ,  and a P t  wi re  was used as the  ca thode 
of  the  system. The solut ion was agi ta ted  by  a magnet ic  
s t i r re r  and etching was usua l ly  pe r fo rmed  at  room 
t empera tu r e  in the  dark.  No reference  electrodes 
were  used and measurements  of currents  and vol tages 
were  made  wi th  typical  ( low impedance)  l abo ra to ry  
ins t ruments .  

The specimens used were  po lycrys ta l l ine  silicon ob-  
ta ined by  unid i rec t ional  solidification (16) wi th  a 
res i s t iv i ty  of ~10-20 12cm and silicon r ibbons (17) 
wi th  a res is t iv i ty  of ~1-2  ~cm. The specimens were  
mounted  on a meta l  s t ick and the back side contact  
was made  by  a drop of l iquid Ga- In  alloy. A good 
back side contact  was found to be essential;  ea r l ie r  
exper iments  using carbon-  or  s i lve r -pas te  y ie lded  i t -  
reproduc ib le  results.  The specimen holder  and the 
edges of the specimen were  then  covered wi th  wax  
so that  only  the  surface of the  specimen was exposed 
to the electrolyte .  The e lec t ro ly te  was HF [49%] 
di lu ted  wi th  a 50:50 mix tu re  o f  dis t i l led wa te r  and 
absolute  e thanol  so tha t  the  H F  concentra t ion was 
typ ica l ly  1-10%. If  wa te r  a lone was used as a di lutant ,  
the  e tching was of ten inhomogeneous and spot ty  in 
appearance,  p robab ly  because of wet t ing  problems.  
A constant  vol tage  power  supp ly  was used and the 
vol tage  appl ied  ranged f rom --0.5 to 4-20V. The smal l  
negat ive  voltages st i l l  b iased the silicon anodica l ly  
because the  bu i l t - in  vol tage of the P t -S i  cell  was 
a round  0.7V. 

Some of  the  specimens were  subjec ted  to e]ec t ron-  
beam induced cur ren t  (EBIC) measurements  in a 
scanning e lect ron microscope (18). The Schot tky  con- 
tact  necessary  to app ly  this technique was made by  

evapora t ing  40-50 nm of Ti on the ca re fu l ly  c leaned 
sample  surface. 

Results 
General observations.--The open-c i rcu i t  vol tage  of 

the  P t - H F  [5%]-S i  sys tem is about  0.7V; the si l icon 
e lect rode is the posi t ive t e rmina l  of the cell. A typica l  
cu r ren t -vo l t age  curve is shown in Fig. 1 for poly-Si .  
P re fe ren t i a l  e tching of defects  can be achieved in the  
region be tween  --0.7 and ,~2V. F igure  2 shows an ex-  
ample  to i l lus t ra te  the  e tching qual i ty .  The po ly -S i  
specimen was etched ,~40 min  at  0V bias vol tage 
( shor t -c i rcu i ted  ce l l ) ;  the  cur ren t  dens i ty  was ~1.3 
m A / c m  2 and ~3  ~m of Si was removed  dur ing  etching. 
Dislocations and gra in  boundar ies  a re  c lear ly  visible;  
the  dislocat ion etch pits  a re  usua l ly  round  or  e l l ip t ica l  
and  can be ve ry  ex tended  for dislocations runn ing  
nea r ly  para l l e l  to the  surface. A n y  surface damage  is 
also revea led  because only  the  top l aye r  of the crys ta l  
was removed.  
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Fig. 1. Current-voltage characteristic for poly-Si in 5% HF. The 
inset shows the current-voltage characteristic for small voltages 
an a linear scale. 

Fig. 2. Example of anodically etched poly-Si (40 min at OV bias) 
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If  a posi t ive vol tage  >2V is applied,  only  gra in  
boundar ies  a re  revea led  (Fig. 3). If  the  vol tage  is 
fu r the r  increased,  e lec t ro-pol i sh ing  wil l  even tua l ly  be -  
gin (around 15V, e.g., for po ly -S i  in a 5% H F  solution) 
and the surface appears  to be s t ructureless .  

The vol tage  regions wi th in  which  these character is t ic  
fea tures  a re  observed depend somewhat  on the H F  
concentra t ion and on the res is t iv i ty  of the samples. 
Higher  H F  concentrat ions  and lower  resis t ivi t ies  tend 
to shif t  the  "cri t ical"  vol tages  to h igher  values.  

I t  is impor t an t  to note tha t  g ra in  boundar ies  may  
be  vis ible  a f te r  e tching ( including p u r e l y  chemical  
e tching)  for two unre l a t ed  reasons:  t hey  may  be  
p re fe ren t i a l ly  etched, i.e., a groove is fo rmed (Fig. 4a) 
or  they  m a y  be out l ined as a step be tween  two grains 
because the etching ra te  in the  two grains  was di f -  
ferent  (Fig. 4b).  In  general ,  a mix tu re  be tween  groove 
and step wil l  p reva i l  (Fig. 4c). I t  is only  when an 
etch groove is formed tha t  the  bounda ry  can be 
considered to be t ru ly  etched. I t  is not  a lways  possible 
to dis t inguish be tween  the th ree  cases but  a decision 
can f requen t ly  be made  if the etch pa t t e rn  is suf-  
f iciently developed and a microscope wi th  in te r fe rence  
or  Nomarsk i  contras t  is used at  modera te  magnif ica-  
t ions (~200-800 • ). 

Fig. 3. Example of anodically etched poly-Si (1 min at 5V bias 
voltage). 

/ Y a 

At low vol tages the sil icon surface is a lways  covered 
wi th  a th in  l ayer  of so-cal led porous Si (8, 15). This 
film most ly  appears  as a homogeneous l aye r  d i sp lay ing  
b r igh t  in ter ference  colors. Grains  wi th  different  o r ien-  
ta t ions m a y  be out l ined  dis t inc t ly  by  this film because 
they  appear  in different  colors due to a different  film 
thickness.  The etch pa t t e rn  is vis ible  th rough  this 
film; i t  is however  advantageous  to remove  i t  by  
t rans fe r r ing  the specimen to a 1% solut ion of H F  
and by  apply ing  a vol tage of ~-,7V for 1-2 min. This 
t r ea tment  wil l  a lways  remove the colored l aye r  wi th -  
out  changing the etching pa t t e rn  as has been ascer -  
ta ined  in numerous  cases. Other  methods  for removing  
the porous silicon l aye r  a re  ment ioned in Ref. (15) 
and m a y  work  as well,  a l though they  have not  been 
t r ied  in this case. Sometimes,  pa r t i cu la r ly  at  ve ry  
low or negat ive  bias voltages, a rough- looking  b rown-  
ish surface appears  ins tead of the colored film. This 
film could not be comple te ly  r emoved  by  the above 
t r ea tmen t  and the surface remains  somewhat  rough 
and covered wi th  many  smal l  pits. This can be dis-  
tu rb ing  but  does not  ser iously in te r fe re  wi th  ~he defect  
etching pat tern .  

The voltage dependence o~ preferential etching.-- 
In  the  low vol tage  region ( - -0 .7 -~2V)  the etching 
behavior  of defects is s t rongly  vol tage dependent .  
F igure  5 shows" d i rec t ly  ne ighbor ing  par t s  of a silicon 
r ibbon etched at  0V (Fig. 5a), --0.4V (Fig. 5b),  and 
+0.5V (Fig. 5c) for  10, 20, and  5 min, respect ively.  
Whereas  i t  is safe to say tha t  the na tu re  and spa t ia l  
d is t r ibut ion  of defects did not  change cons iderably  in 
those par ts  of the sample  probed  at  the three  different  
voltages,  the etching pa t te rns  look qui te  different.  
Especia l ly  if  a smal l  nega t ive  vol tage  is appl ied  to 
the  sil icon e lect rode (in o rder  to reduce the open-  
circui t  vol tage)  many  of the ( twin)  boundar ies  which 
were  etched at  0 and +0.5V are  no longer  revealed.  
Dislocations, however ,  a re  st i l l  p r e fe ren t i a l ly  e tched 
and the i r  densi ty  and d is t r ibut ion  in Fig. 5b corres-  
ponds per fec t ly  to those in Fig. 5a and c. Etching at  
0 and +0.SV produces  s imi la r  pa t te rns  bu t  d is loca-  
tions running  nea r ly  para l l e l  to the specimen surface 
are  be t te r  revea led  at  +0.5V than  at  0V. These dis-  
locations are  also etched qui te  n ice ly  in Fig. 5b. They 
are  shorter ,  however,  because in this case only  -~0.4 
~,m of Si has been removed  as compared  to ,~2.1 ~ra 
at  0V and ~-1.4 ~m at +0.5V. The sensi t iv i ty  of the  
p re fe ren t i a l  etching, i.e., the  ra t io  be tween  the e tch-  
pi t  size and the amount  of silicon which was dissolved, 
decreases wi th  increas ing voltage.  At  a vol tage  of 

b 

Fig. 4. Schematic outline of possible etching features at grain 
boundaries. 

Fig. 5. Anodlcally etched Si-ribbon at (a) +O.SV, (b) OV, qnd 
(c) --0.4V. 
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Fig. 6. Si ribbon etched at 5V. In (a) dislocation etch pits are 
still visible whereas in a neighboring area dislocations are no 
longer revealed. 

5V only steps at grain boundaries are left. Figure 6a 
shows an in termediate  case: pronounced steps have 
been formed at the boundaries but  dislocations are 
only revealed as very small  pits. In  neighboring 
grains dislocations are no longer etched at all, showing 
that the changeover is somewhat orientat ion depen-  
dent  (Fig. 6b). 

Geometrical ly shaped etch pits [as found, e.g., with 
Sirtl  (1) or Wright  (3) etch] have never  been ob- 
served, indicat ing that  etching occurs on all crystal-  
lographic planes with comparable etching rates. 

Comparison with chemical etching and EBIC.--Fig- 
ure 7 shows the same area of a poly-Si  sample anod- 
ically etched at --0.4V (Fig. 7a), -50.4V (Fig. 7b), 
and with Sirt l  etch (Fig. 7c). Although more spectacu- 
lar  examples could have been chosen, these pictures 
demonstrate  several  points: (i) Sirt l  etch did not  
at tack all the twin  boundaries present, whereas an-  
odic etching does. (ii) Although the etch-pi t  pat terns 

for dislocations seem to correlate fair ly well  between 
Fig. 7a-c (allowing for unavoidable  changes in  the 
distr ibution because several microns of the surface 
had to be removed between successive etching steps) 
there are differences: Fig. 7a shows that  dislocations 
are present  in the outermost twin  boundary  which 
are missing in  Fig. 7b and which are only poorly re-  
solved in Fig. 7c. This may indicate that t h e  etching 
properties of dislocations depend on their  type. (iii) 
t n  Fig. 7a the colored layer  has not  been completely 
removed; it can be seen that it  does not interfere with 
the observation of the etching pattern.  (iv) The EBIC 
picture of the same area (Fig. 7d) corresponds better  
to Fig. 7a than to Fig. 7b and c. 

Similar  behavior  can be observed for Si ribbons. 
Figure  8 shows a Sir t l -etched area next  to an anodically 
etched one. With one exception the twin  boundaries  
are not visible in the anodically etched part of the 
sample. 

Secco-etched samples may  show a better  correla- 
tion to anodically etched ones because dislocations on 
all crystal planes are revealed. With respect to bound-  
aries it  appears to work similar  to Sirtl  etch. In ter -  
estingly, Secco etch applied to r ibbons sometimes left 
a rough surface full  of small  pits very similar  to the 
rough surface sometimes obtained with anodic etching. 

It has been shown that twin  boundaries,  especially 
coherent twin  boundaries in  Si ribbons, often do not 
significantly influence the electronic properties of the 
crystal, e.g., the carrier  collection efficiency of a solar 
cell (19). Because twin  boundaries  can be made to 
disappear completely in  anodic etching there seems 
to be a correlation between their  electrical activity 
in solar cells and their  anodic etching behavior. Both 
r ibbon and poly-Si  samples were therefore subjected 
to a test of the electrical activity of their  defects using 
a scanning microscope in  the EBIC mode. Figures 9 
and 10 show some results, another  example was al-  
ready given in Fig. 7. The correspondence between the 
EBIC pictures and the anodic etching pictures is one- 
to-one for a negative bias voltage of the sample. This 
has been observed in m a n y  more cases than can be 
shown here. It  is par t icular ly  interest ing that  the few 
twin boundaries out of a whole bundle  which show 
electrical activity in EBIC are also revealed in the 
anodic etching whereas the electrically inactive twin  
boundaries appear only at higher etching voltages. 
Figures 9 and 10 show that the etch pat tern  is much 
clearer than the EBIC picture thus allowing a more 
detailed in terpre ta t ion of the electrically active defects. 

Discussion 
Enhanced dissolution rate of defects.--The dissolu- 

tion rate of a given area of Si is proport ional  to the 
current  passing through it, i.e., the current  density. 

Fig. 7. Comparison between anodlc etching, $irtl etching, and Fig. 8. Comparison between anodic etching and Sirtl etching in 
EBIC in poly-Si. For details see text. ribbon Si. 
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Fig. 9. Poly-Si etched r at --0.4V (a) and with Sirtl 
etch (c). Figure 9(b) shews the EBIC image of this area. 

region. This is in genera l  ag reement  wi th  the  observa-  
t ion tha t  the  holes requi red  for the  dissolution process 
a re  genera ted  in the  nea r - su r face  regions ra the r  than  
in the  b u l k  of the  Si (9). This is in cont ras t  to Ge 
where  holes f rom the bu lk  are  diffusing to the  in t e r -  
face. The concentra t ion of holes genera ted  near  the  
surface is r e la ted  to the  bu lk  concentra t ion and the i r  
flow across the in terface  is not  inhib i ted  since the  
band -bend ing  in t roduced by  the appl ied  vol tage favors  
the  flow of current ,  

A t  ve ry  low or  negat ive  appl ied  vol tages  the  bu lk  
concentra t ion of holes (and the surface concentra t ion 
re la ted  to i t )  is no longer  impor tant .  This is demon-  
s t ra ted  by  the fact  t ha t  the  poten t ia l  cu r ren t  curves  
for p -  and n - t y p e  Si a re  a lmost  ident ica l  for  smal l  
appl ied  voltages, i.e., for smal l  overpotent ia l s  (15). 
The cur ren t  densi ty  for n - t ype  Si of low overpoten t ia l s  
can be even h igher  than  tha t  of p - t y p e  Si (15), 
indica t ing  a possible  surface invers ion- layer .  Thus i t  
appears  tha t  not  the  ava i l ab i l i ty  of holes but  the i r  
t r anspor t  across the  in terface  is ra te  de termining.  In  
o ther  words, potent ia l  ba r r ie r s  be tween  hole s tates  
in the  semiconductor  and in the  e lec t ro ly te  m a y  exist,  
mak ing  cur ren t  flow difficult. Defects m a y  in t roduce  
addi t ional  t rans i t ion  possibil i t ies for holes to the  
e lectrolyte .  

A ful l  unders tand ing  of the cu r ren t -po ten t i a l  curves 
of semiconductors  wi th  and wi thout  defects  requi res  
a sophis t icated theory  which  is beyond the scope of 
this paper .  Phenomenologica l ly ,  the difference in e tch-  
ing ra tes  for defects and for perfect  ma te r i a l  can be  
descr ibed by  app rop r i a t e ly  chosen vo l t age -cu r r en t  
characteris t ics .  F rom the l imi ted  number  of exper i -  
ments  pe r fo rmed  so far  a rough  idea of these charac -  
te r i s t ics  can be der ived;  this is shown in Fig. 11. 
Compar ing  these curves  to character is t ics  given in 
(15), i t  is clear  that  defected areas  in p - t y p e  Si  
behave  as p + - t y p e  Si. In  o ther  words,  defects in 
p - t y p e  Si behave  l ike  p + - t y p e  mater ia l ;  this is in 
accordance with  the  genera l  v iew of the electronic 
proper t ies  of defects  in Si, cf. var ious  papers  g iven 
in Ref. (20). 

Dislocations and gra in  boundar ies  o ther  than  twin  
re la ted  boundar ies  appea r  to be etched under  most  
condit ions a l though they  m a y  show some vol tage 
dependence  as i l lus t ra ted  in Fig. 7. Thus they  are  
s t rong ly  e lec t ronica l ly  act ive and this is r e la ted  to 
the  states in the  bandgap  in t roduced b y  them (20, 21). 
Most twin  boundaries ,  on the  o ther  hand, a re  not  
etched at  smal l  negat ive  voltages. This m a y  indicate  
tha t  no electronic states in the bandgap  are  associated 
wi th  them. However ,  the fact  tha t  t hey  are  p re fe ren -  

Fig. 10. Comparison between anodic etching at -{-O.5V (a), 
EBIC (b), and anodic etching at --0.4V (c) in ribbon-Si, 

Pre fe ren t i a l  e tching of defects  thus  requi res  h igher  
cu r ren t  densi t ies  at  the  in tersec t ion  of defect  and  
surface as compared  to the  und i s tu rbed  surface. The 
cu r ren t  dens i ty  at  a g iven vol tage  depends  on severa l  
factors;  the most  impor t an t  ones a re  the  resis tance of 
the  e lectrolyte ,  the  genera t ion  and t rans fe r  of charge 
at  the s i l icon-e lec t ro ly te  interface,  and the bu lk  p rop -  
er t ies  of the  silicon. 

At  h igh  vol tages  the  cur ,  en t  dens i ty  is l imi ted  by  
the res is tance of the  e lec t ro ly te  only and prac t ica l ly  
does not  depend  on any  specific in ter face  or  bu lk  
proper t ies  of the silicon. The  cur ren t  dens i ty  across 
the  in ter face  is governed  by  the H F  concentrat ion,  
thus e lec t ropol ishing wil l  occur. 

At  in te rmedia te  vol tage  ranges  p ronounced ly  differ-  
ent  e tching ra tes  a re  observed  for  different  surface 
orientat ions.  This demons t ra tes  tha t  surface proper t ies  
a re  domina t ing  the cu r ren t  dens i ty  in this vol tage  

i.u 
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Fig. 11. Tentative current-voltage curves for various defects 
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t ia l ly  e tched at  smal l  posi t ive vol tages [scanning 
e lect ron microscopy showed that  t rue  etch grooves 
and not  s teps were  formed (Fig. 12)] indicates  that  
they  do influence the  electronic s t ruc ture  of the  
semiconductor  to some extent .  This might  be due to 
a change in the  surface states a round  the twin  bound-  
ar ies  r a the r  than  to states in the  bandgap.  I t  m a y  
also exp la in  w h y  chemical  e tching usua l ly  does a t t ack  
twin  boundar ies  and s tacking faul ts  (which are  closely 
re la ted  defects)  a l though these defects do not  have 
an apprec iab le  s t ra in  field or  e lect r ica l  (bu lk)  ac t iv i ty  
and cannot  a lways  be assumed to be decora ted  wi th  
impuri t ies .  

The correspondence be tween  EBIC and anodic e tch-  
ing at  negat ive  vol tages is s t r iking,  even for  fine de -  
tails. This indicates  tha t  anodic e tching essent ia l ly  
probes the same proper t ies  of the  defects as EBIC 
does, namely  the i r  ab i l i ty  to act as ca r r i e r  r ecombina -  
t ion or  genera t ion  centers. Of pa r t i cu la r  in teres t  here  
is the  observat ion  that  cer ta in  twin boundar ies  m a y  
be e lec t ronica l ly  act ive whi le  o thers  a re  not. This 
was a t t r ibu ted  to the presence of dislocations in these 
boundar ies  (17) but  this could not  be confirmed in 
the  presen t  work.  

Chemical ly  e tched specimens looked s imi la r  to spec-  
imens etched anodica l ly  at  a cer ta in  voltage. I t  ap -  
pears  tha t  Secco etch corresponds roughly  to anodic 
e tching at  N 0 - I V  and Sir t l  etch to somewhat  h igher  
voltages.  Since chemical  e tching is also an e lec t ro-  
chemical  reaction, the  present  exper iments  m a y  lead  
to a be t te r  unders tand ing  of the i r  operat ion.  

Some remarks on the applicability of the method.-- 
Anodic  etching offers a s imple and e legant  way  to 
obta in  defect  informat ion  about  defects in Si which 
usua l ly  would  requ i re  EBIC and chemical  etching. 
I t  has considerable  advantages  compared  to EBIC, 
the setup and the p repa ra t ion  is s imple as compared  
to the r a t h e r  complex specimen p repa ra t ion  and equip-  
ment  needed for  EBIC. The resolut ion is much be t t e r  
for  anodic etching and large  areas  can be etched and 
inspected in a short  t ime. On the o ther  hand, EBIC 
is nondes t ruc t ive  and can be made quant i ta t ive  whe re -  
as anodic etching requires  the  dissolution of a thin 
surface l aye r  (~1  ~m) and is as ye t  not  quant i ta t ive.  

Anodic  e tching can replace  chemical  e tcbing if  
the  correct  vol tage  is chosen. The sens i t iv i ty  seems 
to be be t t e r  than  tha t  of most chemical  etches and 
there  is no ambigu i ty  about  the  se lec t iv i ty  of the  
etching wi th  respect  to cer ta in  surface or ienta t ions  
or  cer ta in  defects. 

I t  is impor t an t  to note tha t  the method  is not  r e -  
s t r ic ted  to p - t y p e  Si; n - t ype  Si can be anodica l ly  

Fig. 12. SEM picture of etch-grooves at twin boundaries crossing 
a scratch-mark in ribbon Si after anodic etching at -~0.SV. 

etched in much the same w a y  as was a l r eady  demon-  
s t ra ted  in Ref. (14). Moreover,  the method very  l ike ly  
can be appl ied  to any  semiconductor  if a sui table  
e lec t ro ly te  can be found. This might  be difficult, bu t  
ce r ta in ly  i t  is less so than  the deve lopment  of a 
chemical  etch. 

I t  is fel t  tha t  the method could be made  quant i ta t ive  
if a be t t e r  theore t ica l  unders tand ing  of the  basic 
process could be achieved and if  quant i ta t ive  exper i -  
menta l  resul ts  could be supplied.  The l a t t e r  would 
involve  precise measurements  of the S i -po ten t i a l -  
cur ren t  re la t ionship  r a the r  than  s imple  vo l t age -cu r -  
rent  character is t ics  and should also define the role 
of the res is t iv i ty  of the  Si. 

Conclusions 
1. Defects in p - t y p e  Si can be etched anodica l ly  

and thei r  e tching behavior  depends  on the appl ied  
voltage.  

2. At  ve ry  low potent ia ls  only  defects are  etched 
which would  be classified as "e lec t r ica l ly  act ive" by  
EBIC. 

3. At  somewhat  h igher  potent ia ls  the etching is 
s imi lar  to chemical  e tching but  is more  sensi t ive and 
f ree  of ambiguit ies .  

4. Anodic  e tching has the potent ia l  to develop into 
a powerfu l  technique for  defect  charac ter iza t ion  in 
many  semiconductors  for both p -  and n - t y p e  and 
can wide ly  replace  EBIC and chemical  etching. 
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Applications of a Low Noise Potentiostat 
in Electrochemical Measurements 

Ugo Bertocci* 

National Bureau oy Standards, Chemical Stability and Corrosion Division, Washington, D.C. 20234 

A B S T R A C T  

Measurements  on two electrochemical systems, copper in  copper sulfate 
and a luminum in boric ac id/ te t raborate  buffer, have been carried out by re-  
cording the ampli tude spectrum of the fluctuations in  the current  density. 
For  these measurements ,  a low noise potentiostat  developed and bui l t  at NBS 
was employed. In the case of copper, the current  spectra are found to be the 
determinist ic  response of the electrode to the noise voltage generated by the 
potentiostat.  The electrode characteristics for charge- t ransfer  and for diffusion 
could be obtained from the impedance plots derived from the measurements  
when  the level of the applied signal was of the order of 10-7V. In  the case of 
a luminum,  the determinist ic  response observed in  the absence of pi t t ing 
gave way to random fluctuations in the current  in  conditions leading to pitting. 
I t  is shown that  the onset of pit formation can be detected from noise mea-  
surements.  The significance of the informat ion  obtained in  electrochemical 
noise measurements  is briefly discussed. 

The study of random fluctuations in  current  and 
potential  of electrodes, usual ly  known as electro- 
chemical noise, is receiving increasing attention,  and 
interest ing applications are being envisaged in  the 
field of corrosion (1). In  these studies, it  is often 
necessary to detect and measure very low ampli tude 
signals, and it is therefore very impor tan t  to reduce 
the noise generated by the measur ing instruments .  
Since in  most electrochemical studies it is desirable 
to control the electrode potential,  a low noise po- 
tent iostat  is a par t icular ly  useful  device (2). 

Elsewhere (3), the circuit and performance of a 
potentiostat  designed and bui l t  at NBS have been 
described. The purpose of this communicat ion is to 
report  on measurements  carried out on some electro- 
chemical cells, taking advantage of the character-  
istics of such a potentiostat. These measurements  are 
not restricted to the detection of noise, bu t  concern 
also the observation of the current  response to very  
small  voltage signals. 

Experimental Procedures 
The measurements  were carried out with the ap-  

paratus  shown schematical ly in  Fig. 1. All  the in -  
s t ruments  inside the dot-dashed enclosure are ba t te ry  
operated, and the enclosure represents electromag- 
netic shielding as well  as some protection from me-  
chanical vibrations. The potentiostat  provides for a 
low noise d-c control voltage and for the measure-  
men t  o f  the d-c current.  A bu i l t - in  a-c amplifier is 
employed for the detection of the fluctuations in the 
current  in  the f requency range approximately  be-  
tween 0.1 Hz and 2 kHz. The cell is provided with 
two reference electrodes, a low impedance one, which 
is used as a sensor for the potentiostat  and for the 
measurement  of the voltage noise, and a second one, 
often an SCE, employed for the moni tor ing of the d-c 
electrode potential. The values of the d-c voltage and 
current  are recorded on a two-channe l  recorder. 

* Electrochemical  Society  Act ive  Member.  
Key words:  a luminum,  copper,  impedance  measurements ,  pit- 

ting, potentiostat .  

An addit ional  voltage signal can be added to the 
d-c control voltage. In  this work, the superimposed 
voltage consisted of a constant  ampli tude,  swept f re-  
quency signal, sweeping l inear ly  over a factor of ten. 
The repeti t ion rate was sl ightly less than  the time 
of acquisition of a spectrum by the spectrum analyzer. 

The frequency analysis of the output  signal, ei ther  
the current  or the electrode potential,  depending on 
the position of the switch shown in  Fig. 1, was car- 
ried out by a spectrum analyzer  with a f requency 
resolution of 1/200 of the range. In  the 50 Hz range, 
for example, the spectrum consisted of 200 values at 
intervals  of 0.25 Hz. The acquisit ion t ime for one spec- 
t rum is equal to one period at the lowest frequency, 
that is, 4 sec for the range ment ioned above. 

The input  waveform to the spectrum analyzer  as 
well as the ins tantaneous and average spectra were 
observed continuously on the oscilloscope. Average 
spectra were then recorded on an X-Y recorder, 
ei ther on a l inear  or on a logari thmic scale. 

The time involved in  acquir ing the average spectra 
in  the low frequency ranges can be considerable. In  
the 5 Hz range each spect rum requires 40 sec so that  
for an average over 64 spectra the acquisi t ion t ime is 
of the order of 40 min. 

Experimental Results 
The results presented here concern two quite dif- 

ferent  electrode systems, one having low and the 
other high resistance to the faradaic current .  As a 
low impedance system, the reaction be tween Cu metal  
and a 0.5 mole / l i te r  CuSO4 -5 0.1 mole / l i te r  H2SO4 
solution was examined. Figure 2 and 3 show the 
voltage and current  spectra, respectively. The refer-  
ence electrode was also copper, and the data were 
taken in  conditions of zero d-c current .  The spectra 
were also taken when a swept f requency signal was 
added to the d-c control voltage. The ampli tude of 
the signal as shown in  Fig. 2 was about  10-100 times 
the background noise bu t  never  larger  than about 
2 ~V. Figure  3 shows the cur ren t  response wi th  and 
without  the superimposed voltage signal. 
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Fig. 1. Experimental circuit for 
the recording of current and 
voltage spectra under potentio- 
static conditions. 
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The impedance of the electrode IZI can be obtaincd 
as the ratio of voltage to the current at every ire- 
quency, and the results are shown in Fig. 4. These 
ratios were calculated after subtracting from each 
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Fig. 2. Voltage spectra recorded under potent]ostatlc condlt|ons 
(Ide = O) on Cu in 0.5 mole/liter CuS04 + 0.1 mole/liter H2S04. 
The four segments are the swept frequency signal superimposed to 
the d-r control voltage. 
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Fig. 3. Current spectra recorded under potentlostotlc conditions 
(/de = 0) on Cu in 0.5 mole/llter CuSO4 -F- 0.1 mole~liter H2SO4. 
The four segments are the current response to the swept frequency 
signal shown in Fig, 2. 

value  the  ins t rumenta l  noise, which  had  been  p r e -  
v ious ly  measured  (3). F o r  the  voltage,  the  ins t ru -  
menta l  noise is less than  10 .8  V/~ /Hz  above 8 Hz and 
for  the  cur ren t  i t  is equ iva len t  to 3 - 1 0  -11 A/~/I-Iz 
above  1 I-Iz. The points  in  Fig. 4 ob ta ined  wi th  and 
wi thout  the super imposed  vol tage  s ignal  a re  v e r y  
close. This is because  the  e lec t rode  impedance  is r a the r  
small ,  and  therefore  the  ins t rumenta l  noise in the  
cu r ren t  dens i ty  da ta  is smal l  compared  wi th  the  r e -  
corded va lue  of the current .  The  increased s igna l - to -  
noise ra t io  ob ta ined  b y  a l a rge r  vol tage  s ignal  has 
l i t t le  effect on the  accuracy of the  results .  

The resul ts  have  been  fi t ted to an equiva len t  c i rcui t  
( shown in the  inset  in Fig. 4). The l ine d rawn  in Fig. 
4 shows ]ZI as ca lcu la ted  f rom this  circuit,  using the 
fo l lowing values:  ohmic drop resis tance R~ - -  5~, 
cha rge - t r ans fe r  res is tance R c t =  15~, equiva len t  to 
an  exchange cur ren t  io for  the  r a t e - d e t e r m i n i n g  s tep 
(4) Cu § -t- e -  ~ Cu § of 0.42 mA/cm~;  double  
l aye r  capaci tance C = 35 ~IF/cm ~. 
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Fig. 4. Absolute impedance IZ 1 vs. frequency for Cu in 0.5 mole/ 
liter CuSO4 + 0.1 mole/liter HrSO4 obtained from current and 
voltage spectra. So]id line calculated for circuit shown. 
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Since one of the  species involved  in  the  r a t e - d e t e r -  
min ing  step, Cu +, is p resen t  only  in  low concent ra -  
tions, a significant W a r b u r g  impedance  is p resen t  a t  
low frequencies.  The  va lue  of the  W a r b u r g  impedance  

R T  
W =  

z2F ~ (Cu + ) ~/2~Dcu + 

was ca lcu la ted  choosing Dcu+ ----- 1 . 3 8 . 1 0 - 5  cm2/see 
and Cu + = 2.9 �9 10 -4  m o l e / l i t e r .  Mos t  o f  these va lues  
are  in excel len t  ag reemen t  wi th  the l i t e ra ture ;  for  
instance,  the  exchange dens i ty  (5) and  the diffusion 
coefficient of Cu + (6). The Cu § concentra t ion  tha t  
gives the  bes t  fit is about  80% la rge r  than  tha t  ca lcu-  
la ted  f rom the reac t ion  

Cu + + Jr Cu = 2Cu + 

whose equ i l ib r ium constant  is 7 . 1 0  -4  (6 ,7) ,  and  
t ak ing  the ac t iv i ty  coefficient of 0.5 mo le / l i t e r  CuSO4 
as 0.062 (8). The va lue  of the Cu + concentra t ion 
affects the magn i tude  of the Warbu rg  impedance  and 
there fore  tha t  of  IZ[ on ly  a t  low frequencies,  where  
the  r e l i ab i l i ty  of  the  expe r imen ta l  points,  as shown 
by  the e r ro r  bars  in  Fig. 4, is not  as good as a t  h igher  
frequencies.  

The second sys tem examined  was 6061 a luminum in 
a 1:1 mix tu r e  of s a tu ra t ed  I-I3BO3 and Na2B407 wi th  
and wi thout  add i t ion  of 0.05M NaC1. The cur ren t  and 
vol tage  spec t ra  in  the  solut ion not  containing chlo-  
r ides  are  as given in Fig. 5. 

In  the  ch lor ide-conta in ing  solution, which  is known 
to cause p i t t ing  if  the potent ia l  is ra ised app rox i -  
ma te ly  above  --700 _ 50 mV vs. SCE (9), the cu r ren t  
spec t ra  ob ta ined  be low and at  the  p i t t i n g  potent ia l  
a re  r epor ted  in  Fig. 6 together  wi th  the vol tage  spec-  
t rum.  Dur ing  the  recording  of the spectra,  the d -c  
cur ren t  was about  10 ~A/cm 2 cathodic at  --800 mV, 
whi le  at  --650 mV, i t  became anodic, increas ing s lowly 
to about  50 ~A/cm 2. 

The impedance  plots  for  this  sys tem are  given in 
Fig. 7. Here  again  the  onset  of p i t t ing  is m a r k e d  b y  a 
fundamenta l  change in  the  impedance  plot  up to 1 
kHz. 

Discussion 
The resul ts  shown for  the Cu/CuSO4 elect rode in-  

dicate  tha t  r andom fluctuations in  e lec t rode  charac-  
ter is t ics  a re  so low that  they  do not  affect s ignif icant ly 
the  cur ren t  response to the b roadband  noise vol tage  
signal.  F o r  this reason, the  impedance  plot  shown in 
Fig. 4 can be accounted for  sa t i s fac tor i ly  b y  the  de-  
te rminis t ic  response of the  circui t  drawn,  f rom which  
re l i ab le  values  concerning the kinet ics  of the e lec-  
t rode  can be obtained.  Therefore,  a l though the in -  
t r ins ic  noise of the  control  vol tage  is s t i l l  too la rge  in 
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Fig. 5. Current and voltage spectra recorded in potentiostatic 
conditions (E ----- - -320 mV vs. SCE) on AI in H3BOs:Na2B40~ 
solution. 
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Fig. 6. Current and voltage spectra recorded under potentio- 
static conditions below and at the pitting potential on AI in 
H3BOs:NasB407 -I- 0.05 mole/liter NaCI. 

this case for  the  detect ion of  r andom processes a t  the 
electrode,  good measurements  can be  car r ied  out  even  
for  signals be low 0.1 #V, detec t ing  currents  in  the  nA 
range.  

In  the  case of a luminum in b o r i c / b o r a t e  solution, 
when p i t t ing  does not  occur, r andom cur ren t  f luctua-  
tions are  be low the l imits  of detection, and  the elec-  
t rode  response is l a rge ly  tha t  of a capaci tor  of about  
0.3 # F / c m  2. The da ta  of Fig. 7 seem to indicate  a l a rge r  
capaci tance in  chlor ide  conta ining solution, whe re  
th inning of the  film can occur (10). Above  the  p i t t ing  
potent ial ,  the noise cur ren t  increases more  than  two 
orders  of magni tude ,  and  the impedance  plot  in  Fig. 7 
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Fig. 7. Absolute impedance IZJ vs. frequency for AI in H3B03: 
Nu2B407 with and without chloride added. 
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cannot  be exp la ined  o ther  than  as caused by  random 
fluctuations of the e lect rode current ,  i ndependen t ly  
of the  vol tage signal  applied.  

The  detect ion of this  cur ren t  noise is a good in -  
dicat ion of the beginning  of pi t t ing,  and the large  
fluctuations are  p robab ly  due to hydrogen  evolut ion 
f rom the pits  (11). The  onset of the la rge  cur ren t  
noise has shown to be reproduc ib le  wi th in  a range  
of 10-20 mV. 

The noise cur ren t  observed is the  sum of severa l  
contr ibut ions since the fluctuations of the control  
vol tage in te rac t  w i th  the  r andom var ia t ions  of the  
e lec t rode  resis tance and  capaci tance causing in t e r -  
modula t ion  terms.  These terms are, however ,  much 
smal le r  than  the  contr ibut ions  due to the  fluctuations 
of the d-c  current ,  which are  independent  of the  con- 
t rol  vol tage  noise. Since the d-c  current ,  upon pit t ing,  
increases  to severa l  ~A/cm 2, the  noise cur ren t  ob-  
se rved  can be accounted for by  oscil lat ions of the 
o rder  of a few percent  of the average  d-c  current .  

I t  is more  difficult to es t imate  the  possible contr i -  
but ion of fluctuations in the double  l aye r  capaci tance;  
t hey  can be  caused by  changes in surface a rea  as 
wel l  as "changes in the  thickness of the protec t ing  
film, a more  l ike ly  case for  A1 in neu t ra l  solution. 
The cur ren t  genera ted  i s  

dC 
% = (E - -  Ezc) 

dt 

where Ezc is the potential of zero charge. If the ca- 
pacitance varies by a fraction k at angular frequency 
w, that is 

C --  Co(1 + k sin ~t) 

the  cur ren t  at  that  f requency  is 

ic = ( E -- E~) ~Cok cos ~t 

The poten t ia l  of zero charge for  A1 is at  about  --0.75V 
vs. SCE (12), therefore  IE --  Ez~l can be es t imated  
to be of the o rde r  of 0.1 +_ 0.2V. Since Co ----- 0.3 
~ / c m  2, for  k _-- 1, the  rms va lue  of the  capaci ta t ive  
noise cur ren t  would  be about  1.3 �9 10-VA at 1 Hz and 
100 t imes l a rge r  at  100 Hz. Since the expe r imen ta l  
va lue  of the  cur ren t  decreases wi th  f requency  and is 
about  1O-SA a t  100 Hz, i t  is safe to conclude that  the  
h igher  f requency  fluctuations of the capaci tance are  
ve ry  small ,  bu t  i t  is not  possible to assign the noise 
observed  unambiguous ly  to var ia t ions  in the fa rada ic  
ra the r  than  in the  capaci ta t ive  current .  

The resul ts  p resen ted  show that  reduct ion  of the  
ins t rumenta l  noise is essent ial  for the s tudy of r an -  
dom fluctuations and that  i t  can be quite useful  in 
a l l  circumstances,  a l lowing measurements  wi th  ve ry  
l i t t le  pe r tu rba t ion  of the systems under  invest igat ion.  
The fact  that  de te rminis t ic  measurements  can be  
done using the a lmost  whi te  noise in the  control  

vol tage (13) has, however ,  impor t an t  impl ica t ions  
for a p roper  unders tand ing  of the cur ren t  spec t ra  
when "noise" measurements  a re  a t tempted.  Only in 
e lec t rochemical  systems where  the  da ta  cannot  be 
expla ined  by  assigning constant  values  to the com- 
ponents  of the equiva len t  circui t  is i t  app rop r i a t e  to 
descr ibe  the signal  observed  as e lec t rochemical  noise. 

Manuscr ip t  submi t ted  Jan.  21, 1980; revised manu-  
scr ip t  received Apr i l  8, 1980. 

A n y  discussion of this paper  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the  June  1981 
JOURNAL. Al l  discussions for  the June  1981 Discussion 
Sect ion should be submi t ted  by  Feb. 1, 1981. 

Publication costs o] this article were assisted by 
the National Bureau o] Standards. 
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Electroless Gold Plating on III-V Compound Crystals 
k. A. D'Asaro, S. Nakahara, and Y. Okinaka 

Ball Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Electroless  gold p la t ing  in  an  a lka l ine  b a t h  containing po tass ium borohy-  
d r ide  as the  reducing  agent  has been  found to produce  t igh t ly  adhe ren t  p l a t ed  
films on GaAs,  AlxGai -xAs ,  GaP,  and  InP.  In  this  process, the  subs t ra te  is 
ac t iva ted  in  an  acidified solut ion of p a l l a d i u m  chlor ide  pr io r  to plat ing.  The 
same process app l i ed  to Si  or  Ge produces  poor ly  adheren t  films. A t r ans -  
mission e lec t ron  microscope s tudy  of ac t iva ted  GaAs  and  Si surfaces re -  
vea led  m a r k e d l y  different  morpho logy  and d is t r ibu t ion  of Pd  gra ins  on these 
two substrates .  The adhesion of the  subsequent ly  p la ted  electroless  gold is d is-  
cussed in terms of these observat ions  and a model  involving a tomic  in te rac-  
tions at interfaces. 

An electroless (autocatalytic) gold plating process 
utilizing potassium borohydride as the reducing agent 
has been previously described (1) and used for plat- 
ing on noble metals such as Pd, Pt, Rh, or Au, or on 
active metals such as Cu and its alloys (2). The noble 
metals catalyze the plating reaction, and this fact has 
led to a method of activating certain metallic sur- 
faces, such as tantalum. An activator solution for that 
purpose was developed by DeAngelo, et al. (3), using 
acidified palladium chloride containing HF and acetic 
acid. The HF removes oxide from the surface, allow- 
ing activation of the freshly cleaned surface in situ. 
We have found that treatment in similar solutions 
will induce electroless gold plating on a variety of 
III-V compound crystals. Comparisons of the electro- 
less gold films (about 1 #m thick) plated by this 
method with evaporated films of Cr-Au or Ti-Pt-Au 
indicate that the electroless gold is more tightly ad- 
herent, more reproducible, and less expensive to 
prepare than the evaporated films. These films pass 
the "Scotch tape test" and cannot be removed by 
rubbing or scratching with a metal point. 

It is shown in this paper that the activation with 
the PdCl2-containing solution involves the reduction 
of Pd 2+ ions to metallic Pd by galvanic displacement. 
With this activation mechanism one can easily imagine 
that the overall adhesion of the subsequently plated 
electroless gold layer will be influenced by the ad- 
hesion of the catalyst to the substrate. In fact, there 
are substrates to which electroless gold adheres 
poorly. An example is silicon activated by the same 
process as is used for GaAs. In order to obtain insight 
into the difference in adhesion on different semicon- 
ductor substrates, the morphology and distribution of 
the Pd catalyst on the substrates were studied using a 
transmission electron microscope (TEM). The results 
will be discussed in relation to the mechanism of 
catalyst deposition. A model involving atomic inter- 
actions a t  var ious  in terfaces  is p resen ted  to exp la in  
the  observed  s t rong adherence  of  electroless  gold to 
the  I I I - V  compounds.  

Solution Preparation and Plating Procedure 
In  the  procedures  descr ibed  here,  the  p la t ing  ba th  

was he ld  constant.  The  ba th  composi t ion is given in 
Append ix  1 (2).  We have  found tha t  i t  is convenient  
to p repa re  a 5•  concent ra ted  solut ion for storage. 
I t  is impor t an t  to avoid organic  contaminants  in the  
w a t e r  to ob ta in  good results.  

The ac t iva tor  solut ion was modified somewhat  for  
each I I I - V  compound as a resu l t  of empi r ica l  tests. 
The p r epa ra t i on  of the  ac t iva tor  for GaAs and 
AlzGa l -~As  is g iven in Append ix  2 (3). 

The adherence  of gold film is s t rongly  dependent  
on the  c leaning procedures  which  should therefore  
be made  as s t r ingent  as possible. We have used an 

HC1 r inse on chemical ly  pol ished surfaces fol lowed 
by  rf  p lasma cleaning to remove  traces of organic  
contaminants .  

The pla t ing procedure  consisted of ac t iva t ion  for a t  
leas t  1 min ( longer  t ime when  p la t ing  is nonuni form)  
fol lowed by  r inse in dis t i l led  deionized water ,  and 
immers ion  in  the  p la t ing  ba th  he ld  at  70~ I t  is es-  
sent ia l  to supply  agi ta t ion  to the  sample  in the  ba th  
in o rder  to ob ta in  un i fo rm and r ap id  p la t ing  (2). A 
typica l  p la t ing  r a t e  was 1 #m in 40 min  in the  pres -  
ent  conditions. 

A useful  technique to insure  un i fo rm p la t ing  is to 
inspect  the  sample  af ter  10 or 15 rain and react ive  if 
any  spots a re  unpla ted .  The sample  wi l l  then  p la te  
everywhere ,  unless con tamina t ion  is present .  

The p la t ing  proceeds equa l ly  r ap id ly  on n - type ,  
p - type ,  or semi- insu la t ing  crystals ,  on crysta ls  con- 
ta in ing p - n  junctions,  and  on crys ta ls  whe re  noble 
meta ls  a re  bonded to the  surface. Detai ls  for  each 
I I I -V  compound are  as fol lows 

1. GaAs and A l x G a l - x A s - - T h e  p rocedure  is as de -  
scr ibed above. Var ious  composit ions of A l~Ga l -xAs  
were  plated,  wi th  the larges t  x = 0.4. 

2. G a P - - T h e  acetic acid  was omi t ted  f rom the ac-  
t ivator .  

3. I n P - - T h e  ac t iva tor  was modified b y  omit t ing 
acetic acid and adding  5 t imes the  no rma l  HF. I t  was 
necessary to hea t  the ac t iva tor  to 50~ and immerse  
the InP wafers  for 2 min in o rde r  to obta in  sa t i s -  
fac tory  plat ing.  

In  cases where  contaminat ion  is present ,  modifica-  
t ion of the ac t iva tor  ba th  to h igher  fluoride ion con- 
cent ra t ion  a n d / o r  h igher  ac t iva t ion  t empe ra tu r e  wi l l  
usua l ly  enable  plat ing.  

Photoresist Masking 
Masking wi th  nega t ive  photores is t  is useful  for  

producing  pa t t e rns  of electroless  gold. A n  e x a m -  
ple  of a masked  pa t t e rn  formed on the  back  of a 
GaAs me ta l  e p i t a xy  Schot tky  field effect t rans is tor  
(MESFET)  is shown in Fig. 1. 

TEM Observation of Activated GaAs and Si 
Sample preparation.--The subst ra tes  used in this 

s tudy  were  (110) GaAs and (111) Si. Annea led  OFHC 
copper  was used for  comparison.  In  o rder  to compare  
the  surface s t ruc tures  of the  same specimen before  
and af ter  act ivat ion,  th in  foil  TEM specimens were  
used as substrates.  Ga l ium arsenide  foils were  p re -  
pa red  b y  first mechan ica l ly  pol ishing a 3 m m  disk 
which had  been u l t rasonica l ly  cut  out  of a (110) 
wafer ,  to a thickness of  about  50 ~m, and then  th in-  
ning down fur the r  by  ion mill ing.  Thin foils of Si 
were  obta ined  by  chemical ly  e tching the sample  in a 
solut ion p repa red  by  mix ing  100 ml  of conc HNOa 
and 140 ml of glacia l  acetic acid (4). Copper  foils 
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Fig. I .  Banding pads farmed by electroless gold plating through 
a photoresist mask on the back of a wafer of GaAs MESFET's. The 
pad dimensions are 500 ~m square. The small squares are align- 
ment marks. 

were prepared by  electropolishing an annealed sheet 
in  a mixture  of 2 parts methanol  and 1 par t  c o n c  

HNO3 at dry ice temperature.  
Transmission electron micrographs were taken with 

a JEM 200 electron microscope operated at 200 kV. 

TEM results.JThe two TEM micrographs (a) and 
(b) shown in Fig. 2 compare the structures of (110) 
GaAs foils before and after activation, respectively. It 
is seen in  Fig. 2(b) that a high density of small  
"dark" particles has grown on the top and bottom 
surfaces of the foil upon activation. The particle den-  
sity has been determined to be (1 ~ 2) X 10~/ 
cm 2. An electron diffraction analysis identified these 
particles as metall ic pal ladium (see Table I). Appre-  
ciable etching of GaAs in the activator solution is 
also indicated by the presence of large "white" holes 
shown in Fig. 2(b) .  In  order  to measure the size of 
the pal ladium particles, a dark-field micrograph was 
taken using a port ion of (111) Pd diffraction r ing 
(see Fig. 3). The br ight  spots represent  the images 
of individual  Pd grains measur ing 50-100A. Fur ther -  
more, these Pd grains are randomly  oriented without  
any  epitaxial  relationship to the (110) GaAs sub-  
strate. This randomness  is indicated by the cont inu-  
ous diffraction rings of Pd grains as shown in Fig. 4. 
From the size and density of Pd grains, the surface 
coverage can be calculated to be about 75-85%. 

Figure 5 shows a TEM micrograph of an activated 
(111) Si foil. A large n u m b e r  of round particles are 
seen to have grown with a smaller  density and cov- 
erage than those on GaAs. Electron diffraction anal-  
ysis revealed that  these particles also consist of grains 
of metall ic Pd (see Table I). The morphology and 
dis t r ibut ion of the particles are, however, markedly  
different from those on activated GaAs substrate 
(see Fig. 2). Substrate  etching appeared to be less 
on Si than on GaAs. In  order to compare the particle 

Fig. 2. TEM micrographs ef (110) GaAs foils (a) before and (b) 
after activation. Fine Pd grains are seen to be uniformly distributed 
on surface. Dark linear features indicate regiens containing closely 
grown Pd grains at the surface steps. 

size and dis tr ibut ion at the same magnification, a par t  
of the area in Fig. 5(a) taken at a sl ightly higher 
magnification is shown in Fig. 5(b) .  It is seen that  
each particle measuring 500-2000A, in  fact, consists 
of smaller  grains (~ I00A)  and the particle shape re-  
sembles that  of spherulites in polymer crystals (5). 
These hemispherical  particles were dis tr ibuted non-  
uni formly over the substrate with a density of ~1 X 
1010/era 2. An image taken using the high-resolut ion 
defocus contrast technique (6) revealed that  these 
spheruli te particles contain pores along their radial  
direction. The particle morphology can be best de- 
scribed as spongy sphere and hemisphere (Fig. 6). 
The electron diffraction pa t te rn  is shown in Fig. 7. 
The Pd rings are not as continuous as those found 
with activated GaAs (Fig. 4). This discontinuity is 
a pr imary  indicat ion of the nonuni form distr ibution 
of Pd grains. 

Electroless gold plat ing on copper does not require 
an activation step because an ini t ia l  layer  of gold is 
formed as a result  of a galvanic displacement reac- 
tion, and this layer was previously found to serve as 
the catalyst for the initial deposition of electroless 
gold (7). Nevertheless, the surface of copper treated 
in the activating solution was examined for com- 
parison with the semiconductor substrates. A TEM 
micrograph of an activated copper foil is shown in 
Fig. 8. The growth of needle-shaped crystals is noted. 
From electron diffraction analysis these crystals were 
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Table I. Electron diffraction analysis of activated GaAs, Si, and Cu 

Depos i t  on GaAs Depos i t  on Si 
substrate  substrate  

Pd metal* 
dobs. Inten- dobs. Inten- 
(A) sity (A) sity d (hkl) (A) I/Imax 

2.274 VS 2.249 VS 2.240 (111) 100 
1.947 S 1.945 S 1.945 (200) 42 
1.376 S 1.366 S 1.376 (220) 25 
1.178 S 1.163 S 1.173 (311) 24 

DeposR on Cu surface 
CusO* * 

dobs. (A) Intensity d (hkl) (A) I/Imax 

3.039 S 3.020 (110) 9 
2.518 S 2.465 (111) lOO 
2.189 S 2.135 (200) 37 
1.510 S 1.510 (220) 27 

v s  = very strong.  
s = strong. 

* From JCPDS dif fract ion file 5-0681. 
** From JCPDS diffraction file 5-0667. 

f o u n d  to be  cuprous  ox ide  (Cu20)  r a t h e r  t h a n  m e t a l -  
l ic p a l l a d i u m  (see Tab l e  I ) .  This  r e s u l t . i s  of  i n t e r e s t  
because  i t  shows  t h a t  m e t a l l i c  pa l l ad ium,  w h i c h  u n -  
d o u b t e d l y  forms,  does no t  a d h e r e  to t he  copper  su r -  
face  u n d e r  the  condi t ions  of  this  e x p e r i m e n t .  T h e  
f o r m a t i o n  of  m e t a l l i c  p a l l a d i u m  is i nd i ca t ed  by  the  
a p p e a r a n c e  of  f inely  d i spe r sed  b l a c k  pa r t i c l e s  d u r i n g  
the  a c t i v a t i o n  t r e a t m e n t  in  c o n j u n c t i o n  w i t h  t he  con-  
s ide ra t i on  of e l e c t r o c h e m i c a l  po ten t i a l s  invo lved .  The  
n o n a d h e r e n c e  of  me ta l l i c  p a l l a d i u m  on copper  is a t -  
t r i b u t e d  to t he  s t ab i l i ty  of  Cu20 on coppe r  and  the  
m o r e  f a v o r a b l e  n u c l e a t i o n  in the  so lu t ion  phase  t h a n  
on  Cu20 or  copper .  U n d e r c u t t i n g  m a y  also be  r e s p o n -  
sible. I t  shou ld  be  no t ed  t h a t  t h e  Cu20 need les  did 
no t  r e su l t  f r o m  a i r  o x i d a t i o n  of copper ;  the  a i r - o x i d e  
is k n o w n  to g r o w  e p i t a x i a l l y  in t he  f o r m  of cubes.  
The  Cu20 need les  m u s t  be  the  p r o d u c t  of  o x i d a t i o n  
of  coppe r  by  p a l l a d i u m  ions. 

Discussion oS TEM resuI ts . - -Before  the  m o r p h o l o g y  
and  adhes ion  of  p a l l a d i u m  par t i c l e s  can  be  con-  
s idered,  i t  is i n s t r u c t i v e  to discuss the  m e c h a n i s m  
of c h e m i c a l  reac t ions  l e ad ing  to t he  n u c l e a t i o n  and  
g r o w t h  of  me ta l l i c  pa l l ad ium.  The  a c t i v a t o r  so lu t ion  
conta ins  excess  HC1 w h i c h  se rves  to d issolve  PdC12 by  
c o m p l e x i n g  i t  to f o r m  PdCl42- .  T h e  depos i t ion  of  m e -  
ta l l ic  p a l l a d i u m  f r o m  this  species occurs  acco rd ing  to 
t he  r eac t ion  

PdCl42-  -{- 2 e -  = P d  -{- 4 C I -  (E ~ = 0.62V) (8) [1] 

T h e  r e q u i r e d  e lec t rons  m u s t  be  supp l i ed  by  the  s u b -  

Fig. 4. Electron diffraction pattern from activated (110) GaAs 
foil The continuous rings originate from finely distributed Pd 
grains, whereas the spots result from single crystal (110) GaAs. 

st rafe .  In  t h e  case of  GaAs  1 the  f o l l o w i n g  reac t ions  

The ionicity of the Ga-As bond is e s t i m a t e d  to  be  only 5-10% 
(9), which may be ignored for  the  purpose  os the  p r e s e n t  discus- 
sion. 

Fig. 3. Dark-field TEM micrograph corresponding to Fig. 2'b), 
taken from a portion of a (111) Pd diffraction ring. Bright spots 
indicate finely distributed Pd grains grown on activated (110) 
GaAs foil. 

Fig. 5. MorphMogy and distribution of Pd deposits grown on 
activated (111) Si foil. Part of the region in (a) was taken at a 
slightly higher magnification to give (b). 
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Fig. 6. TEM micrograph showing spongy Pd deposits grown at the 
edge of activated (111) Si foil. To reveal porous regions in the 
deposit, the image was taken in a slightly underfocused condition. 

may proceed f rom r ight  to lef t  

Ga s+ -]- 3 e -  = Ga (E ~ = --0.54V) [2] 

HAsO2 ~- 3H + ~ 3 e -  = As ~ 2H20 (E ~ = 0.248V) [3] 

Fig. 7. Electron diffraction pattern from activated (111) Si. The 
rings are from Pd grains; the spots are from (111) Si. The discon- 
tinuity in the rings indicates that Pd grains are not uniformly 
distributed over the Si surface. 

Fig. 8. Needles of copper oxide (Cu20) grown on activated 
copper foil. 

H3AsO4 ~- 5H+ -t- he -  = As + 4H20 (E ~ = 0.377V) [4] 

The re levance of these reactions was inferred f rom 
the predominance  d iagram for GaAs recent ly  pub-  
lished by Park  and Barber  (10). The values of E ~ in-  
dicate that  both Ga and As may  be oxidized by 
PdC142-. For  Si in the presence of F - ,  the re levant  
oxidat ion wil l  be the reverse  of the fol lowing reac-  
tion 

SiF62- ~ 4 e -  = Si ~ 6 F -  (E ~ = --1.2V) [5] 

For  Cu in the presence of CI - ,  2 the corresponding re-  
actions are 

CuC1 ~ e -  = Cu ~- C1- (E ~ ---- -~0.137V) [6] 

CuCI2- -t- e -  = Cu + 2C1- (E ~ = +0.067V) [7] 

Comparison of these E ~ values wi th  the value for re-  
action [1] indicates the thermodynamic  possibility 
for the formation of Pd meta l  by galvanic displace- 
ment  in all cases. Based on the above considerations 
and the  exper imenta l  results, we conclude that  the 
metal l ic  pa l ladium particles observed were  formed 
as a result  of galvanic displacement.  

We shall  now consider why  metal l ic  Pd thus formed 
give rise to different morphologies depending on 
the substrate. A galvanic displacement  react ion can 
be considered as a mixed  potent ial  react ion consist- 
ing of cathodic and anodic half - react ions  in much 
the same way as a corrosion reaction. At any instant 
during the reaction, then, cathodic and anodic sites 
must  be dis tr ibuted side by side on a microscopic 
scale on the substrate surface. Pa l lad ium wil l  deposit  
at the cathodic sites, whi le  substrate oxidat ion (dis- 
solution) will  take place at the anodic ~ites. The dep- 
osition of pa l lad ium wil l  involve  nucleat ion and 
growth  as in convent ional  electrodeposit ion processes. 
The uni form distr ibution of ve ry  small  Pd grains 
observed on GaAs indicates that  nucleat ion is highly 
promoted on this substrate. On the other  hand, the 
morphology observed on Si indicates that  af ter  the 
init ial  nucleat ion took place on the re la t ive ly  small 
number  of cathodic sites, fu r ther  nucleat ion occurred 
preferent ia l ly  on the a l ready exist ing pal ladium par-  
ticles ra ther  than direct ly  on the substrate, thus 
result ing in the format ion of the spherul i te  particles. 
I t  is general ly  recognized (12) that  for any meta l  
deposition systems a strong a tom-to-sur face  in terac-  
tion will  result  in the format ion of a high density of 
nuclei while  a weak interact ion wil l  give widely  
spaced nuclei. The observed high density of Pd nuclei  

F- forms  only a very  weak  complex  with  Cu (11). 
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grown on GaAs,  therefore ,  indicates  tha t  there  is a 
s t rong in te rac t ion  at  the  in ter face  be tween  Pd  and 
GaAs.  The observa t ion  wi th  Si, on the o ther  hand, in- 
dicates a much  weake r  interact ion.  The na tu re  of the  
a tom- to - su r f ace  in terac t ion  wi l l  be discussed la ter .  
The manne r  in which  electroless  gold deposi t ion p ro -  
gresses on a subs t ra te  only  p a r t i a l l y  covered wi th  dis-  
crete  P d  ca ta lys t  par t ic les  can be depic ted  as follows. 
I m m e d i a t e l y  af te r  the  subs t ra te  is p laced  in the  e lec-  
t roless  p la t ing  bath,  gold begins  to nucleate  on P d  
and  to grow in a l l  directions.  The g rowth  of  gold in 
the l a t e ra l  d i rec t ion  resul ts  in coalescence of ad jacen t  
par t ic les  and  even tua l ly  in the  fo rmat ion  of a con- 
t inuous l aye r  of gold. The thickness  of this l aye r  con- 
t inues to g row indef ini te ly  because of the  au toca ta -  
lyric na tu re  of the process. The adherence  of the gold 
film fo rmed  in this manne r  mus t  depend  on adheren t  
in terac t ions  at  three  different  in terfaces :  (i) P d / s u b -  
s t rate ,  (ii) A u / P d ,  and  (iii) A u / s u b s t r a t e  in the re -  
gions be tween  Pd  ca ta lys t  sites. 

Pd/substrate interface.--As a l r eady  discussed, the  
microscopic observat ions  indicate  tha t  a s t rong in te r -  
act ion exists  be tween  Pd and GaAs, whi le  the  in te r -  
act ion be tween  Pd  and Si is weak.  The b ina ry  phase 
d i ag ram for P d - G a  (13) shows tha t  Ga has a signifi-  
cant  so lubi l i ty  at  room t empera tu r e  in Pd. Also, Pd  
forms in te rmeta l l i c  compounds ~vith Ga (and o ther  
Group I I I A  e lements ) .  On the o ther  hand, Pd  and Si 
have no mu tua l  so lubi l i ty  according to the phase d ia-  
g r a m  of this sys tem (13). In te rmeta l l i c  compounds 
a re  known, bu t  if formed,  these are  ineffective in p ro -  
mot ing  adherence  of the  electroless  gold. 

Au/Pd  inter]ace.--The adhesion of electroless  gold 
to evapora ted  or  spu t t e red  Pd  films or  to bu lk  Pd  
meta l  has p rev ious ly  been shown to be ex t r eme ly  
s t rong regard less  of the surface roughness  (1), and  
thus  the  adherence  of electroless  gold to Pd ca ta lys t  
par t ic les  is expec ted  to be s t rong on both  GaAs and 
Si. 

Au/substrate interface.--The phase  d iagrams  (13) 
again  show significant solubi l i t ies  of Au in Ga and 
o ther  Group I I IA  e lements  and possibi l i t ies  of the  
fo rmat ion  of in te rmeta l l i c  compounds.  There  is inde -  
pendent  evidence showing tha t  evapora ted  gold reacts  
chemica l ly  wi th  GaAs at  room t empera tu r e  (14). On 
the o ther  hand,  no evidence is found for room t e m -  
p e r a t u r e  chemical  in te rac t ion  be tween  Au and Si. 
Hence the  bonding of Au to Si at  room t empera tu r e  
can be expec ted  to be weak.  In  the case of GaAs i t  is 
not  expec ted  tha t  the A u / s u b s t r a t e  in ter face  plays  a 
ma jo r  role  in de te rmin ing  the overa l l  adhesion because 
of the high Pd coverage ( ~ 8 0 % )  of the  substrate .  
Nevertheless ,  the expected  s t rong in te rac t ion  be tween  
Au  and GaAs cer ta in ly  should re inforce  the overa l l  
adhesion.  For  Si the  l ack  of chemical  in terac t ion  wi th  
A u  in conjunct ion  wi th  the  low Pd  coverage seems 
decis ively  responsible  for  the  poor  overa l l  adhesion 
observed.  

F r o m  the analysis  of the  model  consist ing of three  
in terfaces  presented  above, i t  is concluded tha t  the 
s t rong adhesion of electroless gold to GaAs and other  
I I I -V  semiconductors  is due to the favorab le  s i tua-  
t ion at  al l  three  component  interfaces.  

Final ly ,  i t  is of in teres t  to ment ion  tha t  the adhe r -  
ence of electroless  gold on Pd -ac t i va t ed  ge rman ium 
was found to be as poor as for Si. This resu l t  is also 
consistent  w i th  the expec ted  lack  of chemical  i n t e r -  
act ion at room tempera tu re ,  as in fe r red  f rom the cor-  
responding  phase diagram.  

Summary and Conclusions 
A range  of I I I - V  compounds can be electroless  

gold p la ted  if  app rop r i a t e  ac t iva t ion  is used. The films, 
about  1 ~m thick, a re  t igh t ly  adheren t  as judged  b y  
scra tching wi th  a sharp  meta l  point  and pul l ing  wi th  
"Scotch tape."  

The ac t iva t ion  of GaAs, Si, and  Cu b y  the activator 
containing HC1, HF, and acetic acid was studied 
using TEM. I t  was shown tha t  meta l l ic  P d  forms 
on GaAs and Si by  galvanic  displacement ,  whi le  on Cu 
only  Cu20 was observed.  On GaAs,  grains  of Pd  m e a -  
sur ing 5-100A are  un i fo rmly  and dense ly  d i s t r ib -  
u ted [ (1 ,~ 2) • 1012/cm 2] so tha t  they  cover  ,-~80% 
of the  surface, whereas  on Si these gra ins  form la rge  
agglomera tes  (500-2000A) which  a r e  d i s t r ibu ted  
wi th  la rge  separa t ion  (~1000A).  These differences 
in  morpho logy  and d i s t r ibu t ion  of  Pd  gra ins  were  
discussed in re la t ion  to the difference in su r face- to -  
Pd  a tom interact ion.  The s t rong adherence  of e lec t ro-  
less gold to Pd -a c t i va t e d  GaAs and o ther  I I I - V  com- 
pounds and the weak  adherence  to Si  (and  Ge) can 
be exp la ined  using a model  based on atomic in t e r -  
act ion at  three  component  interfaces:  Pd / subs t r a t e ,  
Au /Pd ,  and  Au/ subs t r a t e .  

These resul ts  indicate  tha t  electroless  gold p la t ing  
can be  usefu l ly  appl ied  to a va r i e ty  of I I I -V  com- 
pound devices where  pure,  soft  gold is required .  In  
a recent  applicat ion,  v ia-connect ions  on GaAs 
MESFET's  were  p la ted  (15). We bel ieve  tha t  o ther  
I I I -V  compounds than  those repor ted  here  could also 
be electroless  gold p la ted  us ing sui table  modifica-  
tions of the  process. 
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A P P E N D I X  1 

Plating Solution 

5 X c o n e .  
(g/liter) 

KAu(CN)2 0.003M (0.864 g/liter) 4.3 
KOH O.2M (11.2 g/liter) 56.0 
KCN O.IM (6.5 g/liter) 32.5 
KBH~ 0.2M ( 10.8 g/liter) 54.0 

To make  5 X concentrate :  
1. Dissolve KOH in 500 ml  of H20. A d d  KBI-I4 and 

s t i r  unt i l  dissolved. 
2. Dissove KCN in 200 ml of H20 in a vo lumet r ic  

flask. A d d  K A u ( C N ) 2  and s t i r  unt i l  dissolved. 
3. A d d  solut ion 1 to solut ion 2 in a vo lumet r ic  flask 

and m a k e  up to volume wi th  d is t i l led  H20. F i l t e r  
th rough  a f i l ter  paper .  S tore  in a Teflon or  p o l y p r o -  
py lene  bott le.  Do not  close t igh t ly  because the  so lu-  
t ion l ibera tes  hydrogen  s lowly  dur ing  storage.  

A P P E N D I X  2 

Activator Solution 
Dissolve 0.3g PdC12 in 9 ml conc. HC1 and di lute  i t  

wi th  9 ml  tI20. A d d  this mix tu re  to 864 ml  glacia l  
acetic acid; then add 18 ml  H F(49% )  and  mix.  
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K2SiFo-Molten Fluoride Systems 
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ABSTRACT 

The e lec t rowinning  of si l icon f rom solutions of K2SiF6 in fluoride mel ts  a t  
745~ has been achieved.  Electrolysis  close to the deposi t ion poten t ia l  gave 
dense, coherent,  and we l l - adhe re n t  deposits. Up to 3 m m  thick films were  
grown using a K2SiF6 concentra t ion of 4-6 m/o.  The po lycrys ta l l ine  sil icon has 
a co lumnar  s t ruc ture  wi th  g ra in  size up to 100 ~m. The morphology  of the  
e lec t rodepos i ted  si l icon onto s i lver  subs t ra tes  and  its dependence  on the dep-  
osition pa rame te r s  is discussed. The pur i ty  of the deposits  is subs tan t ia l ly  
h igher  than  tha t  p rev ious ly  r epor ted  for e lec t rodeposi ted  silicon. 

The avai labi l i ty ,  low toxici ty,  and high degree  of 
technological  deve lopment  make  sil icon the most l ike ly  
ma te r i a l  to be used in t e r res t r i a l  solar  cells. The cost 
of silicon solar  cells is s t i l l  too high, however ,  for 
economic energy  production,  and the cost of pure  
e lementa l  sil icon is i tself  a ma jo r  p rob lem in achieving 
the cost objec t ive  of $100-300 per  peak  kW by 2000 
(1). E lec t rowinning  is, in principle,  a ve ry  a t t rac t ive  
process for  product ion  of e lementa l  silicon since i t  
a l lows direct ,  s ingle-s tage  product ion  f rom some source 
mater ia l .  The process can be opera ted  at  r e l a t ive ly  
low t empera tu re s  in comparison wi th  those which 
involve  mol ten  silicon, and can y ie ld  a product  which 
is subs tan t ia l ly  lower  in impur i ty  concentra t ion than  
the source mater ia l .  

The e lect rodeposi t ion of sil icon was first r epor ted  
in 1854 (2) bu t  there  have been re l a t ive ly  few sys-  
temat ic  studies repor ted  in the  l i te ra ture .  The most 
de ta i led  inves t iga t ion  to da te  has p robab ly  been tha t  
of Monnier  e t a l .  (3, 4), who showed tha t  silicon of 
99.99% pur i ty  could be produced in a two-s tage  
winning and refining process. Their  deposits  were,  
however ,  appa ren t l y  powde ry  and incoherent  and 
requi red  subsequent  separa t ion  f rom en t rapped  sol-  
vent. Cohen et al. (5-7) in our  l abo ra to ry  showed 
that  single crys ta l  ep i tax ia l  layers  could be e lec t ro-  
deposi ted f rom solutions of K2SiF6 in a K F / L i F  eutec-  
tic and tha t  continuous films could be produced by  
electroref ining using a dissolving si l icon anode. 

The objec t ive  of the presen t  s tudy  was to e]ectrowin 
high pur i ty  silicon, in bu lk  form or  as films wi th  
la rge  gra in  size, f rom an inexpens ive  source. The 
morphology  of the po lycrys ta l l ine  silicon films p ro -  
duced and thei r  dependence  on the e lect rodeposi t ion 
condit ions is discussed. A p re l im ina ry  repor t  of this 
inves t igat ion has been presented  previous ly  (8). 

* Electrochemical Society Active Member. 
Key words: polycrystal!ine silicon, electrocrystallization, semi- 

conductor, solar cell. 

Experimental 
The appara tus  used in this invest igat ion was s im- 

i la r  to tha t  r epor ted  by  De Mattei  etal.  (9), except  
that  silica tubes were  used to e lec t r ica l ly  insula te  
the e lect rode leads f rom the top flange. The nickel  
leads were  fixed into the sil ica tubes using a low 
vapor  pressure  epoxy  cement.  The tubes were  re -  
p laced af te r  severa l  exper iments  when devi t r i f icat ion 
was evident .  

Potass ium fluorosil icate was chosen as  t h e  source 
of silicon because of the large  number  of successful  
silicon and silicide deposit ions using this ma te r i a l  
(2-8). Fluorosi l ic ic  acid is a by -p roduc t  of phosphate  
fer t i l izer  manufac tu re  and has at  p resen t  no useful  
application,  so tha t  fluorosilicates a re  an inexpens ive  
source of silicon. The potass ium sal t  has the  lowest  
vo la t i l i ty  and mate r i a l  of 99% pur i ty  was obta ined  
commerc ia t ly  (Alfa  Vent ron) .  

The solvent  used was the t e rna ry  L i F / N a F / K F  
eutectic "F l inak"  (mp 459~ or the  b ina ry  L i F / K F  
eutectic (mp 492~ These solvents have  the advan-  
tages of high conductivi ty,  low viscosity, h igh decom- 
posi t ion voltage, and high so lubi l i ty  for oxides which  
tend to form on the e lect rode surfaces. L iF  of 99.5% 
puri ty ,  NaF  of 99% pur i ty ,  and 99-99.5% K F  were  
used in this investigation.  These anhydrous  mate r ia l s  
were  mixed  and dr ied  first under  vacuum at 200~ 
and then under  flowing argon for severa l  hours  pr ior  
to fusion. The argon was purif ied by  pass ing i t  over  
t i t an ium chips at  650~ Af te r  cooling the fused sol-  
vent, K2SiF~ was added  and the resul t ing  solut ion 
was purified by  pre-e tec t ro lys i s  for 12-24 h r  under  
conditions s imi lar  to those used for deposi t ion bu t  
at  a subs tan t ia l ly  h igher  potent ia l  and cur ren t  density. 

Electrodeposi t ion of silicon was pe r fo rmed  at  745 ~ 
• 10~ in a two-  or th ree -e lec t rode  configurat ion 
with  the mel t  contained in a vi t reous  carbon crucible.  
Af te r  graphite ,  niobium, and nickel  had  been t r i e d  



"CoL 127, No. 9 E L E C T R O W I N N I N G  OF SILICON 1941 

in  p re l iminary  experiments,  si lver was selected as 
the cathode mater ia l  because of its low reactivi ty 
with silicon. Graphi te  was found to be unsui table  as 
an anode mater ia l  because it reacts and tends to 
disintegrate. P l a t inum was therefore used both as 
anode and reference electrode. Electrodes were u l t ra -  
sonically cleaned in  ethanol prior to use. Vol tammetry  
and  electrolysis at constant  current  or potent ial  were 
carried out  using a potent ios ta t /programmer  and the 
charge passed was measured with a coulometer. 

Salts adher ing to the deposit were removed by 
digesting in  hot distilled water  for about 12 hr  fol- 
lowed by ul trasonic cleaning in  water, then ethanol, 
for about  15 rain. 

The morphology of the deposits was investigated 
by scanning electron microscopy and optical micros- 
copy. The samples were analyzed for impuri t ies  by  
x-ray,  electron microprobe, and emission spectro- 
graphic analysis. 

Results 
M o r p h o l o g y . - - A  major  aim of this invest igat ion was 

to determine the conditions for the deposition of 
inclusion-free,  coherent layers of uni form thickness. 
Ini t ia l  studies were made using K.~SiF6 concentrat ions 
from 0.5 to 2.5 mole percent  (m/o)  in the two- 
electrode configuration and a typical cyclic vol tam- 
mogram for a 1 m/o  solution at 750~ is shown in  
Fig. 1. Deposition potentials extrapolated from I inear  
regions of current -vol tage  plots for graphite, nickel, 
niobium, and si lver are listed in  Table I. Silicon is 
highly reactive at 750~ and only in the case of silver 
w a s  the reaction be tween the deposit and the sub-  
strate found to be negligible. 

Cell voltages above --2V vs. Pt and corresponding 
cur ren t  densities above 20 mA cm-2  were found to 
resul t  in very  nonuni fo rm powdery or dendri t ic  de- 
posits on top of a thin,  coherent layer  about  2 ~m 
thick. Reducing the deposition potent ial  to --1.9V 
was found to give coherent and s trongly adherent  de- 
posits. Figure  2 shows a typical sample of about 20 

Table I. Deposition potentials extrapolated from linear regions of 
current-voltage plots 

Sub- 
strate Deposition potential (V) Remarks 

Graph i t e  
Nickel  

Niobium 

Si lver  

--0.75 ~ 0.1 (vs. g r a p h i t e )  No ident i f iable  deposit 
-1 .26  + 0.01 (vs. g r a p h i t e )  P o w d e r y  d e p o s i t - - m a i n l y  

n i cke l  s i l i c ides  
-1 .45  ----- 0.05 (vs. g r a p h i t e )  P o w d e r y  d e p o s i t - - m a i n l y  

n iob ium si l tc ides  
--1.96 • 0.03 (vs. p l a t i n u m )  Dense,  coheren t ,  and  well-  

a d h e r e n t  s i l icon 

thickness which was deposited at a constant  po- 
tent ial  and the current  density was 3.9 m A c m  -2 with 
a total charge passed of 208 C cm -2. The average 
grain size is about 16 ~m. A similar  deposit at a con- 
stant  current  of 3.2 mA cm -2 is shown in  Fig. 3 and 
4. The measured potent ia l  was about  --1.95u vs. 
Pt  and the total charge passed was 514 C cm -2. The 
cross section demonstrates that the deposit is free 
from inclusions but  also shows the i r regular i ty  in  the 
thickness. 

It  was found possible to deposit reproducibly co- 
herent, wel l -adherent  films of about 50 ~m average 
thickness using a cell potential  of --1.88 • 0.02V vs. 
Pt with current  densities of 2-13 m A c m  -2 depending 
on the solute concentration. The current  efficiency 
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Fig. 2. Scanning electron m;crograph of a deposit plated at con- 
stant cell potential of - -1.9V vs. Pt at 750~ the K2SiFe con- 
centration ~ 1  m/o. 

Fig. I. Cyclic voltammogram of 1 m/o solution of KsSiF6 in 
Flinak eutectic at 750~ v = ! V/sec, silYer cathode area 
--,I.56 cm 2. 

Fig. 3. Scanning electron mlcrograph of a deposff plated at 
constant current density of 3.2 mA cm - 2  at 735~ the K2SiFe con- 
centration ,~1.5 m/o. 
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Fig. 4. Cross-sectional view of silicon, electrodepositing condi- 
tions same as in Fig. 3. 

was normal ly  35-50% and the grain size up to 60 ~m 
on top of an  ini t ia l  layer  of 8-14 zm average grain size. 

Attempts were made to deposit relat ively thick 
layers at these low current  densities. Figure 5 shows 
the result  of prolonged electrolysis at --1.90 • 0.02V 
vs. Pt  over two days (2945 C cm -2 charge),  at cur-  
ren t  densities in  the range from 4 to 12 mA cm -2. 
The deposit was 2 mm in thickness but  a cross section 
(Fig. 6) shows that there was a very high concentra-  
t ion of fluoride inclusions trapped between grains. 
A surprising feature of this exper iment  is that  the 
inclusion concentrat ion is ra ther  high even dur ing 
the early stages of growth, bu t  the deterioration in 
the later  stages is severe. 

Since thick, inclusion-free layers could not be elec- 
trodeposited from the dilute solutions used, the K2SiF6 
soIute concentrat ion was increased to 4 - 6  m/o  in 
subsequent  investigations. In  addition, a three-elec-  
trode a r rangement  was introduced since in principle 
this gives bet ter  control over the deposition rate. 
Although boron ni tr ide compartmented meta l /meta l  
ion (e.g., Ni/Ni  2+) and the hazardous fluorine refer-  
ence cells have been used (10), a p la t inum foil pseudo- 

Fig. 5. General view of thick deposit pTated =t constant cell po- 
tential of --1.9V vs. Pt at 750~ the K2SiF6 concentration ~2.5  
m/o. 

Fig. 6. Cross-sectional view of silicon, electrodepositing condi- 
tions same as in Fig. 5. 

reference electrode was preferred in  this s tudy be-  
cause of its simplicity. The measured deposition po- 
tent ial  against a Pt  reference electrode was found 
to be --0.74 • 0.03V. However, variat ions by as much 
as 0.10V were observed in  a few experiments.  These 
variat ions may be due to changes in electrode separa- 
tion or to small  changes in  electrode surface structure,  
or to the inheren t  uncer ta int ies  in  the determinat ion 
of deposition potential  (11). The deposition potential  
was therefore determined prior to each eleetrodeposi- 
tion experiment.  

Well-adherent ,  inclusion-free deposits up to 3 m m  
in thickness were found possible using applied po- 
tentials in the vicini ty of the deposition potential  
(Table II) .  The corresponding current  density was 
from 10 to 60 m A c m  -2 and the efficiency was from 
35 to 70%. Figure 7 shows a typical example of a 
deposit plated at --0.75V vs. Pt  for about  four days 
(total charge 12,890 C cm-2) .  The cross section of 
this deposit at the si lver-sil icon interface is shown 
in Fig. 3. With the exception of a few cracks in t ro-  
duced either during cooling or mounting, the deposits 
are substantially coherent; the wedge shape of Fig. 7 
is an end effect and is characteristic of the small 
samples currently prepared. 

Figure 9 shows the grain structure of a typical 
deposit as revealed by an HNO3/HF etch. Growth is 
columnar with a grain size up to I00 ~m, the grain 
size increasing with increasing thickness of the de- 
posit as is usual for electrodeposits from aqueous 
solutions without complexing agents (12). Grain orien- 
tation has not yet been studied in detail but a colum- 
nar structure might be advantageous for the direct 
use of polycrystalline films in solar cells. 

Puri ty . - -As  ment ioned earlier, s tar t ing materials  
were of 99-99.5% pur i ty  and were not  given any  
purification t rea tment  apart  from pre-electrolysis. This 
lat ter  procedure is expected to remove from the 

Table II. Experimental parameters and results for thicker deposits 
in three-electrode configuration 

Approx-  Thick-  
Cathode  i m a t e  ness  of  

Expert- poten- current  Tota l  the  de- 
m e n t  tial vs. density charge  pos i t  Effl- 
NO. Pt  (V)  (rflA c m  -~) (C c m  -2) (nlIrl) c i ency  

1 - 0.74 44 2450 0.9 50 
2 --0.75 33 12,889 2.5 44 
3 --0,74 19 6884 1 34 
4 -- 0.75 I0 6822 2 41 
5 - 0.85 60 4100 1.2 69 
6 --0.86 50 1749 0.4 49 
7 - 0.64 20 4015 1.1 38 
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Fig. 7. Micrograph of silicon, deposited at constant cathodic 
potential of --0.75V vs. Pt at 746~ the K2SiF~ concentration 
~'5 m/o. 

solut ion those impur i t ies  which deposi t  at  lower  po-  
tent ia ls  than  silicon. Impur i t ies  wi th  a h igher  deposi -  
t ion potent ia l  than  tha t  used for subsequent  e lect ro-  
deposi ts  should remain  in solution. This ideal ized 
s i tuat ion r a r e ly  occurs in pract ice  since co-deposi t ion 
tends effect ively to reduce differences in deposi t ion 
potent ia ls  be tween  ind iv idua l  elements.  An addi t ional  
factor  to be considered is tha t  normal  segregat ion 
of impur i t i es  is expected  to depend  upon the mor -  
phology of the deposit,  and also on the gra in  size. 

The increase  in i m p u r i t y  concentra t ion in i r r egu la r  
deposits  a t  h igher  potent ia ls  was confirmed by  analysis  
of h igh ly  dendr i t ic  films. These showed 2-20% of Li, 

Fig. 8. Micrograph of silicon-silver interface of the deposit in 
Fig. 7. 

Fig. 9. Micrograph of etched silicon surface of the deposit 
plated at constant cathodic potential of --0.74V vs. Pt at 747~ 
the K~SiF6 concentration ,~4 m/o. 

p re sumab ly  as inclusions of LiF,  together  wi th  about  
2% of o ther  impuri t ies ,  ma in ly  A1, Cr, and Fe  wi th  
t races of B, Cu, Mg, and Ni. 

When  deposits  were  made  a t  po ten t ia l  close to the 
deposi t ion potential ,  the i m p u r i t y  concentra t ion was 
reduced  to typ ica l ly  about  200 ppm of A1, B, Cr, Fe, 
Mg, and Ni. The best  electrodeposi ts ,  however ,  showed 
only 10 ppm of to ta l  impur i ty  (2 ppm B, 5 ppm Cr, 
0.6 ppm Cu, 0.3 ppm Pt, and  1 ppm Ag) .  This ma te r i a l  
appears  to be the highest  pu r i ty  sil icon to be p repa red  
by  e lect rodeposi t ion to date, since the best  ma te r i a l  
p rev ious ly  repor ted  is tha t  of Monnier  ct el. (3, 4) 
wi th  99.99% pur i ty .  

The th icker  inc lus ion-f ree  deposits  were  sometimes 
found to contain  0.01-0.1% of Cr and Fe. These de -  
posits r equ i re  a per iod  of severa l  days  of e lectrolysis  
dur ing  which fluoride vapor  or  anodicMly l ibe ra ted  
fluorine can a t tack  the Inconel  a tmosphere  tube and 
produce  t rans i t ion  meta l  fluorides. These m a y  be  
t ranspor ted  to the mel t  v ia  the vapor  phase  and resul t  
in the  t ransi t ion meta l  contaminat ion.  Microprobe  
analysis  of the reac ted  scales on the furnace  wal l  
indica ted  a Cr- r ich  phase ins tead of no rma l  Ni - r i ch  
.Tnconel 600. Such a Cr - r i ch  surface film format ion  
upon aqueous oxidat ion  of Inconel  600 even at  300~ 
was demons t ra ted  recen t ly  by  McIn tyre  et al. (13). 
This source of con t amina t i on  can c lear ly  be e l imin-  
a ted by  the use of an a l te rna t ive  furnace  design wi th  
an in te rna l  g raph i te  e lement  and wa te r -coo led  s ta in-  
less steel  jacket .  However  the  99.999% pure  ma te r i a l  
was produced as thick deposits.  

Discussion and Conclusions 
Reproducible  deposi ts  of silicon onto s i lver  have 

been obta ined  by  the electrolysis  of K2SiF6-fluoride 
systems at  745~ and conditions have been de te rmined  
for the deposi t ion of inc lus ion-f ree  and w e l l - a d h e r e n t  
layers.  Al though silicon has been deposi ted prev ious ly  
f rom fluoride melts,  the presen t  exper iments  appea r  
to be the first in which e lec t rowinning  of sil icon gave 
coherent  deposits  up to 3 m m  in thickness.  

The powdery  deposits  a t  high potent ia ls  and  the 
spongy or  dendr i t ic  deposits  on p ro longed  electrolysis  
of di lute  K2SiF6 solutions at  the  deposi t ion po ten t ia l  
could be exp la ined  in te rms of a secondary  reac t ion  
be tween  a lkal i  me ta l  deposi ted  b y  the  p r i m a r y  depo-  
si t ion as observed by  Dodero (14) 

4K -}- Si 4+ ~ Si ~ 4K + 

No evidence for e lect rodeposi t ion of potass ium was 
observed in our  sys tem and this is considered un l ike ly  
in view of the la rge  difference in deposi t ion potent ia l  
be tween  a lka l i  meta ls  and silicon. Dodero used ve ry  
high deposi t ional  potent ia ls  and so the  p r i m a r y  elec-  
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t rodeposi t ion of a lka l i  meta ls  was to be expected in 
his exper iments .  

The noncoherent  deposits  m a y  also be expla ined  
in terms of a secondary  react ion be tween  the deposi ted 
sil icon and the me l t  

Si  § Si 4+ ~_. 2Si2+ 

Dissolution of  si l icon has been observed when wafers  
were  he ld  in  contact  wi th  the  mel t  in  the  absence of 
an  appl ied  potential .  However  this does not  necessar i ly  
i m p l y  tha t  d i spropor t iona t ion  occurs under  the condi-  
tions of deposition, and i t  is difficult to unders tand  
how this effect can exp la in  the  ma jo r  improvement  
in morphology  on increas ing  the solute concentrat ion.  

I t  appears  l ike ly  tha t  po lynuc lea r  complexes are  
presen t  in the  solut ion and that  these m a y  have a 
s t rong influence on the deposi t ion process. Complexes 
such as Mo2~C19 ~-  (15) in a lka l i  chlor ide  melts  and 
U2043- in pe rch lora te  solut ions (16) a re  formed when 
the concentrat ions  of MoCI3 and u rany l  ions, respec-  
t ively,  a re  increased.  Compounds of s t ruc ture  SinF2a+2 
a re  known to exist,  and  both  Si3Fs and Si4Fs have  
been isola ted (17). I t  is suggested that  a slow chemical  
s tep involving dissociation of a po lynuc lea r  complex 
precedes  the e l ec t ron- t r ans fe r  react ion and tha t  this 
dissociation step is ra te  control l ing and favors the  
deposi t ion of coherent  films. F u r t h e r  s tudy is requi red  
before  this pos tu la te  can be confirmed, but  we bel ieve 
that  i t  is impor t an t  to de te rmine  the ra te -con t ro l l ing  
step in the  sil icon deposi t ion reaction.  

The pur i ty  of the best  deposits is good in comparison 
wi th  the  s ta r t ing  mate r ia l s  and indicates  that  the single 
s tage electropurif icat ion process is effective. Since the 
solvent  phase  is reusable ,  high pur i ty  a lka l i  meta l  
fluorides can be used reducing  the ini t ia l  impur i t y  
content  in the melt .  Improved  furnace  design to e l im-  
ina te  high t empe ra tu r e  react ions be tween  fluoride 
vapors  and Inconel  600 should lead to the deposi t ion 
of "solar  cell" grade  mate r i a l  as e i ther  thin or th ick 
films in a single step. 

Thick films have a co lumnar  s t ruc ture  of r e l a t ive ly  
la rge  gra in  s ize as is r equ i red  of the deposi ted m a -  
te r ia l  is to be used d i rec t ly  for solar  cell fabricat ion.  
The power  requ i red  to deposit  1 kg of sil icon is about  
16 k W - h r  plus the cost of main ta in ing  the mel t  a t  
745~ In large  scale plants,  joule  hea t ing  f rom the 
deposi t ion cur ren t  is adequa te  to main ta in  t empera -  
tures of this order,  so tha t  we bel ieve  that  e lec t ro-  
deposi t ion has the potent ia l  to y ie ld  silicon of ade -  
quate  pu r i t y  for solar  cells a t  about  $1 per  kg. S i lver  
is c lear ly  too expensive  a ma te r i a l  for  use on a large  
scale but  the subs t ra tes  could be reused if bulk  silicon 
were  s t r ipped  f rom the cathode af ter  deposition. A l -  
t e rna t ive ly  a 20-100 ~m coating on a cheap subs t ra te  
would  be sufficient in a process to produce  thin film 
solar  cells  d i rec t ly  using this method.  
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F o r m a t i o n  of O x i d e  Fi lms a t  P l a t i n u m  A n o d e s  

in A l k a l i n e  Solut ions 
I. Question of Kinetics and Mechanisms 

A. Damjanovic,* L.-S. R. Yeh,* and James F. Wolf 
Allied Chemical Corporation, Corporate Research Center, Morristown, New Jersey 07960 

ABSTRACT 

The kinetics of growth of anodie oxide films at platinum electrodes was 
determined in IM KOH solutions at room temperature using linear potential 
sweep and galvanostatic charging techniques. Irrespective of the mode or 
rate of growth, the same oxide film forms at potentials anodie to 1.0V vs. RHE. 
Oxygen initially adsorbed at preredueed electrodes at potentials below 1.0V 
is used at b/gher potentials for the film formation. The rate equation for the 
growth in alkaline solutions has the same general form as in acid solutions. 
Growth proceeds according to the model of high field assisted formation of 
ions at the metal/oxide interface (first step) and their migration through the 
oxide phase (second step). The exchange current density for the growth in 
alkaline solutions is, however, significantly higher, about 10 ~ times, than in 
acid solutions. This is not expected for the proposed model of growth with 
either  the first or the second step as rate determining.  

In  acid solutions, an oxide film grows over p la t inum 
electrodes at potentials above about 1.0V vs. RHE 
according to (1-.4) 

i = i o e x p [  a ( V - V ~  ] . r l ]  

where ~ and 4o are constants independent  of pH, Vo 
is a parameter  that  changes with pH, and d is the 
thickness of the oxide film equal to rq. Factor r con- 
verts charge density q into thickness. This equat ion 
describes the formation of the film irrespective of 
the mode or rate of growth, e.g., irrespective of whether  
the film grows galvanostatically,  potentiostatically, or 
potent iodynamical ly  (4). The physical  model of the 
growth is that  of the high field, (V -- Vo)/d, assisted 
formation of ions at the metal /oxide  interface (the 
first react ion step) and their  migra t ion in the field 
through the oxide film (the second reaction step). 
Kinetic data of growth appears to be compatible with 
the first step as rate de termining  (5, 6). 

No similar  study was found in the l i te ra ture  on 
kinetics and mechanisms of formation of anodic films 
at p la t inum in  a lkal ine  solutions. This is surpris ing 
in  view of the role p la t inum plays as an electrocatalyst 
in  alkal ine solutions. For, whenever  an electrode is 
covered by a th in  anodic film, no meaningful  analysis 
of kinetics, mechanism, or electrocatalysis of an elec- 
trochemical reaction can be made unless the properties 
of the film, inc luding its thickness, are first known. 
Recent studies of oxygen evolution i l lustrate  this (7-8). 

To determine if an oxide film forms according to 
the same model of growth in  alkal ine as in  acid 
solutions, we examined the kinetics of film formation 
at p la t inum in  alkal ine solutions. 

Experimental 
The exper imenta l  procedure was the same as de- 

scribed previously (4-6, 9). Two series of experiments  
were carried out in 1M KOH solutions saturated at 
room tempera ture  with either O2 or N2. In  the first 
series, the potent iodynamic technique was used to 
examine  the bui ldup of anodic films. A l inear  poten-  
t ial  sweep was applied to a polished disk electrode 
(0.33 cm 2) which was in i t ia l ly  prereduced at a poten-  
t ial  just  before hydrogen evolution (~0.2V vs. RHE). 
In  a few experiments,  the s tar t ing potential  of the 

* Electrochemical Society Active Member. 
Key words: platinum anodic films, anodic oxide growth. 

sweep was set in  an N2-saturated solution at 0.65V 
vs. RHE (,~--0.4V vs. SCE), and the anodic and cath- 
odic branches of the sweep were recorded. For most 
of the experiments,  the s tar t ing potent ial  was set a t  
the rest potent ial  in O2-saturated solutions (,~0.95V 
vs. RHE). Currents  for different rates of potent ia l  
sweeps, S, were followed wi th  t ime either with an  
oscilloscope or an X-Y recorder. 

In  the second series of experiments,  the galvanostatic 
technique was used. A constant  current  was applied 
to a prereduced electrode s tar t ing from the rest po- 
tential  in  O2-saturated solutions and the potential  
was recorded with time. 

Potentiodynamic Formation of Oxide Films 
Asymmetry of the i-V traces.--A typical potentio-  

dynamic i -V trace in  an N2-saturated solution is 
shown in Fig. 1. It is s imilar  to those reported in  acid 
and alkal ine solutions for the same potential  region 
[cf. Ref. (4, 10-15)]. The s imilar i ty  of the traces in  
acid and alkal ine solutions suggests that  the same 
processes control the anodic film formation and their  
reduction in both solutions [e.g., Ref. (10-17)]. 

As in  acid solutions, a cur ren t  plateau appears a t  
potentials above about 0.95V vs. RHE. Following the 
ini t ial  adsorption stage at lower potentials, an anodic 
film of few monolayers is formed in  the plateau re -  
gion (4, 13, 17). If s imilar  processes control the 
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Fig. 1. Typical i -V profile in 1M KOH solution. The scan rate 
0.05 V/sec. Current density not corrected for the roughness of 
electrode surface (RF ~ 1.6). 

1945 



1946 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  September  1980 

format ion  of films both in acid and a lka l ine  solutions, 
then the film in a lka l ine  solutions, too, is an oxide 
phase  [cf. Ref. (3, 15) ]. 

On the reversa l  of the  potent ia l  scan, a cathodic 
peak  for the film reduct ion  is observed at  potent ia ls  
negat ive  to those of the anodic scan in the p la teau  
region. This a s y m m e t r y  of cur ren t  t races in the  
anodic  and cathodic scans is a genera l  character is t ic  
of i -V profiles in acid  and a lka l ine  solutions. I t  is a 
consequence of the d i ame t r i ca l ly  different  mechanisms 
that  must  hold for the anodic fo rmat ion  and cathodic 
reduct ion of oxide  films (18). According to the model  
of high field assisted growth,  only  an oxide film of 
un i form thickness can grow. The model  itself, how-  
ever, prec ludes  any  poss ib i l i ty  tha t  the  reduct ion of 
the oxide  film can occur according to the same mech-  
anism. Not only  is the un i form reduct ion  of an oxide 
film precluded,  but  the  reduct ion cannot  be completed  
by  the action of a s imple mechanism. This is because 
any  point  on the oxide film at  which  the reduct ion 
is r andomly  in i t ia ted  must  become a "weak"  point  
tha t  wil l  dissolve p re fe ren t i a l ly  due to the  loca l ly  
inc reased  field (now in the opposi te  d i rec t ion) .  When  
a pi t  in the oxide phase, which is formed in this in i t ia l  
process, reaches  the surface of the me ta l  itself, l a t e ra l  
reduct ion  of the  oxide  film along the meta l  surface 
is an easy a l te rna t ive  process for fu r the r  r ap id  reduc-  
tion. The overa l l  process is therefore  a r eve r sed  nu -  
cleation and g rowth  process and should lead to a 
cur ren t  peak  r a the r  than  to a p la teau  [cf. Ref. (16, 
18)]. 

Analysis of the i -V traces in the plateau region.-- 
If  a unique re la t ionship  exists be tween  cur ren t  density,  
potential ,  and film thickness dur ing  the growth  of 
oxide films in the p la teau  region, i.e., if 

i = i(V, q) [2] 

the fol lowing analysis  of the i -V profiles, o r ig ina l ly  
suggested by Harr i s  for  the growth  of films in acid 
solutions (4), can be made. Tak ing  V as an indepen-  
dent  var iable ,  d i f ferent ia t ion gives 

dV - 1:3] 

which, wi th  the  iden t i ty  

- , ,  [41 

t ransforms  to 

Now, since 
dV dV / dq S 

dq dt d~ i 

Eq. [5] can be r ewr i t t en  in the form (4) 

�9 _ 

"dV "-~-q v~ j 

[0 ]  

[7] 

This equation,  which is independent  of a model  or  
mechanism of anodic film growth,  shows that  as the 
potent ia l  increases  cur ren t  dens i ty  m a y  in pr inc ip le  
e i ther  increase,  r ema in  constant,  or  even decrease 
depending  on the re la t ive  values  of the  terms in the  
brackets .  

When  i remains  constant  dur ing  the potent ia l  scan, 
as in the p la teau  region, the  fol lowing condit ion must  
be satisfied (4) 

is = -~q/is S [8] 

Here, is is the cur ren t  densi ty  in the  p la teau  region 

for a given scan rate,  S. F rom Eq. [8], is is e i ther  
exac t ly  p ropor t iona l  to S, i.e., (OV/Oq)is = const. 
f ( S ) ,  or is increases e i ther  fas ter  or less r ap id ly  wi th  
S than  requi red  b y  the propor t ional i ty ,  i.e., (OV/oq)is 
= ] (S )  ~ const. 

Wi th  is obta ined  f rom i -V profiles such as t h a t  in 
Fig. 1, log is is p lo t ted  vs. log S in Fig. 2. A n e a r l y  
l inear  re la t ionship  wi th  a slope close to one is ob-  
served. This can lead  to the conclusion tha t  (OV/aq)t 
= const. ~ f ( S ) .  However ,  for the  propor t ional i ty ,  
the slope should be equal  to one. The p ropor t iona l i ty  
is indica ted  in Fig. 2 wi th  two lines d rawn  close to 
the  exper imenta l  points. The devia t ion  f rom l inea r i ty  
is now evident.  I t  is a consequence of the change of 
(Ov/oq)~s with S. I t  indicates  that  is increases  less 
r ap id ly  wi th  S than  requ i red  b y  the propor t ional i ty ,  
i.e., (OV/Oq)is increases wi th  S and hence also wi th  is. 
A more  sensi t ive check is a plot  of S/is  agains t  S (4).  
Clearly,  S/is  is not  constant,  but  is an increas ing 
funct ion of log S (cf. Fig. 3). Whe the r  is is p ropor -  
t ional  to S or  not  depends,  of course, on the  mechanism 
of film formation.  Suppose tha t  the  film format ion  
is descr ibed by  an equat ion of the form 

i = i (~V - ~q) [9] 

where  ~ and fl are  constants.  Since f rom Eq. [9] 

= -- = eonst. [18]  
i ~z 

it follows from Eq. [6] and [8] that in the plateau re- 
gion 
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Fig. 2. Variation of anodic plateau current density with potential 
scan rates. Current density not corrected for the roughness of 
electrode surface. 
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- -  - -  - -  : - -  : const. ~ $(3) [ I I ]  
i s  -- s a 

Equat ion [9], therefore, describes a process of growth 
for which S/is = constant, i.e., the process for which 
is increases l inear ly  with S [c.f. Ref. (10, 15)]. Since 
present  experiments  show that  S/is ---- f (S)  ~ const., 
any  mechanism for film formation leading to a rate 
equat ion of the form of Eq. [9] does not  represent  
the formation of an anodic film in  the plateau region. 
This analysis eliminates, for example, any mechanism 
that  leads to a rate equat ion of the form 

i = io exp (~V -- ~q) [12] 

Such an equat ion can describe the bui ldup of adsorbed 
oxygen films at anodes under  Temkin  conditions of 
adsorption. This analysis i l lustrates how, on the basis 
of the quas i - l inear  dependence of is on S with the 
slope close to one, an incorrect  conclusion can be 
reached regarding the rate equat ion and the mech-"  
anism of film formation. 

Rate equation $or oxide growth.--What is the form 
of the rate equation that  satisfies condition [8] and 
can this equation be derived from the potent iody-  
namic data alone? An equation such as [1], that  
describes the growth of oxide films in  acid solutions, 
would, for instance, satisfy this condition, e.g. 

( OV ~ :-----S l l n  is : f ( i ) ~ c o n s t .  [13] 
"~"q ] is is ~z io 

Whether  the potent iodynamic data in  alkal ine solu- 
tions follow this relat ionship can be checked by plot- 
t ing S/is vs. log is. It is clear from Fig. 4 that  
(OV/Oq)i depends strongly on log is. It  is, however, 
not so clear if the dependence is l inear  as it should be 
to satisfy Eq. [13]. It  may be noted that the condition 
[8] does not itself require  l inearity.  Apparently,  pres-  
ent  potent iodynamic data are not sensitive enough 
for this test. It  will  be shown later  from galvanostatic 
data that  (OV/Oq)~ does change l inear ly  with log i. 
This dependence is indicated in  Fig. 4 by the broken 
line. 

If instead of Eq. [2] one writes V : V(i, q) and 
takes i as an independent  variable, then 

d{ = --~C,~ ~ { d{ [14] 

Now, (aV/aq), can be obtained from data in  Fig. 4 
using Eq. [13]. Since a l inear  dependence of (OV/Oq)i 
on log is is indicated in the figure, we can take for 
this dependence the analyt ical  expression given by 
Eq. [13]. (OV/Oi)q can be obtained from the i-V data 
a t  different S. For instance, contours of constant  q, 

obtained by integrat ion along any  single i -V profile 
from a suitable s tar t ing point, e.g., from A in Fig. 1, 
can be super imposed  over i-V contours and then the 
(OV/Oi)q evaluated along such contours. It  is, there-  
fore, possible to determine the rate equation from the 
potent iodynamic data alone providing analyt ical  ex- 
pressions can be derived both for (0V/0 In i)a and 
for (OV/Oq)~ dependence. Since the plot of S/is vs. 
log is indicates that  an equation simiIar to [1] c a n  
describe the growth under  potent iodynamic conditions, 
it  is convenient  to examine V = V( ln  i, q) instead 
of V ---- V(i,  q) and to rearrange Eq. [14] accordingly. 
If Eq. [1] is valid also for growth in  alkal ine solutions, 
then (OV/O In i)q should be equal to q/~ and Eq. [14] 
can be integrated. Unfortunately,  as in  the case of 
(OV/aq)~ the potent iodynamic data are not  accurate 
enough to allow an analyt ical  expression for (OV/O 
In i) q to be determined. 

Galvanostatic Formation of Oxide Films 
Constant current charging curves.--In a series of 

experiments  a constant  current  was applied to an 
ini t ia l ly  prereduced electrode star t ing from the rest 
potential  in oxygen-satura ted solutions. Under  these 
conditions, a rest potential  was established in a few 
minutes.  In  Fig. 5, galvanostatic charging curves are 
reproduced from a photograph of an oscilloscope 
storage screen (Tektronix, 7623A) for 3 • 10 -5 , 
3 X 10 -4, 3 X 10 -3, and 3 X 10 -2 A/cm 2. Time scales 
on the scope were adjusted to represent  charge d e n s -  
i t y ,  q. 

At all cur rent  densities, the potential  after an ini t ia l  
short, steep, and nonl inear  rise increased near ly  l in-  
early with charge density. The l inear  region was 
followed by a potential  "plateau." In  the plateau 
region, the potential, however, was not  constant;  it 
con t inued  to increase with t ime but  much slower 
than in  the l inear  region. Using a rotat ing r ing-disk  
electrode it was shown that  02 does not  evolve in 
the l inear  region. It starts to evolve in  the plateau 
region and soon becomes the predominant  reaction 
(Fig. 6). In  the l inear  region, therefore, the current  
is used almost ent i rely for forming an anodic film 
(except for a small  par t  used for charging the double 
layer) .  

The most significant feature of the l inear  V-q traces 
is that the (OV/Oq)~ slopes increase l inear ly  with t h e  
logari thm of applied current  density, i.e. 

- ~ q  ,,~ = f ( i )  = c ' l o g i +  b 

[15] 
: e ln(i/io) 
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Fig. 6. The ring current for reduction of oxygen after correction 
for the collection efficiency. Constant current of ]O-4A was ap- 
plied to the Pt disk electrode (area 0.49 cm2). 

This is shown in Fig. 7. The slope of this relationship 
is given by the constant  c' (--2.3c), i.e. 

a2V 
= c [=52  VC -1 cm 2] [16] 

Oq 0 l n i  

Parameter  b is the value of OV/Oq at log i -- 0. I t  is 
approximately equal to 800 VC -1 cm 2. Here, nei ther  
b nor  c is corrected for the roughness of the elec- 
trode surface. Constant io is the exchange current  
density for the growth (see below);  io -- exp (--b/c) ,  
i.e., it is equal  to 1.3 • 10-7 A c m  -2 when corrected 
for the roughness of the electrode surface (RF = 1.6). 

The l inear i ty  of the (~V/aq)~ vs. log i extends for 
four decades of the current  densities used in  this work. 
This is possible only when the same mechanism of 
growth holds for a wide range of growth rates. A 
similar  relat ionship has been observed for the anodic 
oxide film formation in acid solutions (3, 9). 

Re turn ing  now to Eq. [13] and Fig. 4, the galvano- 
static (OV/Oq)i data agree reasonably well  with the 
potent iodynamic S/is data, par t icular ly  at high cur-  
rent  densities. The deviation of S/is from l inear i ty  at 
low current  densities is perhaps due to an exper imental  
error in  the potent iodynamic data ra ther  than to any  
change in the mechanism o~ film formation. Evidently, 
the same film forms at p la t inum anodes irrespective 
of the mode of growth. 

The second significant feature of the galvanostatic 
data is that  the extrapolated V-q traces for various 
constant  current  densities intercept at the same po- 
tential, Vo : 0.94V vs. RHE and at the same negative 
value of charge density, - - %  ~ --260 ~C cm -2 (cf. Fig. 
5). Following the same discussion as in  case of growth 
of anodic films in acid solutions (3, 9), it can be shown 

that  Vo is related to the potent ial  at which an  oxide 
film would init iate and grow at zero field with the 
rate equal to the exchange current  density io (el., Eq. 
[1]). Vo is not  necessarily equal to the potential  from 
which a constant cur ren t  is applied, e.g., to the rest 
potential  in  O2-saturated solutions, VR. The negative 
charge density is related to the oxygen adsorbed at 
electrodes prior to the application of a constant anodic 
current  (9). 

Since V-q traces at different current  densities all 
intercept in extrapolat ion at the same point  (~qo, Vo), 
the l inear  dependence for any  given current  density is 
given by (6) 

V - -  Vo--  (q + qo)f ( log i )  
[17] 

"-- (q 4- q• - ' ~ q / t  
or, with Eq. [15], by 

V -- Vo ---- c(q  4- qo)ln(i/io) [18] 

Here, the constants c and io have the same signifi- 
cance as in  Eq. [15]. The rate Eq. [18] can be rear -  
ranged to the more famil iar  form 

V -  Vo 
i = io exp c(q 4- qo) [19] 

that  can now be compared with the rate Eq. [1] for 
the growth in acid solutions. 

Return ing  to Fig. 5, the dependence of the potential  
on current  density at any constant q can be graphical ly 
determined. This is shown in Fig. 8. From the separa-  
t ion of the Tafel lines at any  constant  cur ren t  density 
it follows, as expected from Eq. [19], that  (aV/0 Iogi )a  
is a l inear  funct ion of q, i.e. 

= I(q)  = a(q + qo) [201 

Constant  a is found to be equal to 55 VC -1 cm 2. It  
should be equal to c (cf. Eq. [18]) if V = V( ln  i ,q) .  
Rate Eq. [19] can be obtained also from Eq. [15] and 
[20] using [14]. It can be concluded, therefore, that  
a rate equation of the same form as in acid solutions 
describes the growth of anodic films above 1.0V vs. 
RHE in alkal ine solutions. 

Initial adsorption.--In this study, before a con- 
stant  anodic current  was applied to the test electrode, 
the electrode was cathodically prereduced at a po- 
tential  just  short of hydrogen evolution and then al-  
lowed to reach its rest potential, Vm in O2-saturated 
solutions. Under  these conditions, the coverage with 
oxygen at Vm expressed as charge density, is (19) 
about 200 ~C cm -2 (not corrected for electrode rough-  
ness). As in  acid solutions, the extrapolated charge 
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densi ty qo in  Fig. 5 was identified with the adsorbed 
oxygen at oxide free electrodes at  the rest  (or s tar t -  
ing) potent ial  (9). 

Though no evidence regarding the na ture  of the 
anodic film in  alkal ine solutions is available from 
ellipsometric, electron diffraction, or spectroscopic 
studies, it  is taken here that  the film is an oxide phase 
ra ther  than  an  adsorbed oxygen layer. The following 
evidence supports this view. First, the rate equat ion 
for anodic film format ion has the same form as the 
rate  equat ion for the growth of anodic oxide films 
under  the influence of a high field wi th in  oxide films. 
A rate equat ion of the same form normal ly  does not  
describe an  adsorption process. For  an adsorption 
process and intermediate  coverages, an equat ion of 
the form of Eq. [12] ra ther  than  [19] is expected (11, 
I5). Second, the s imilar i ty  of the kinetic data in  acid 
and alkal ine solutions suggests that  the na ture  of the 
films is the same in both solutions. In  acid solutions, 
el l ipsometry and other techniques have shown that  
the film is an oxide phase (20-22). Third, total charge 
densi ty in  the formation of the anodic film at the end 
of the l inear  region at 3 • 10 -4 A cm -2 is about 1800 
#C cm -2 (cf. Fig. 5 and 6). This charge densi ty al-  
ready includes the density qo equivalent  to oxygen 
ini t ia l ly  adsorbed at electrodes. However, immediate ly  
following the l inear  region, in  the plateau region, a 
substant ia l  par t  of the current  is still being used for 
film formation. In  Fig. 6, in tegra t ion of idisk-/ring shows 
that  beyond the l inear  region, which ends at point  A in  
Fig. 5, the film continues to grow an addit ional  30- 
35% for the same period of t ime it  grew in the l inear  
region. Total charge densi ty for the film formation 
is, therefore, at least 2400 ~C cm-% This coverage is 
not  corrected for the roughness of the electrode sur-  
face. The roughness factor was determined in N2- 
saturated 1M KOH solution by  capacitance measure-  
ments  in  the "polarizable" region. Taking the capaci- 
tance of an  ideal surface to be 16 ~F cm -2, R F  is cal- 
culated to be 1.6. The total charge densi ty for the 
anodic film formation is then about 1500 ~C cm -2. This 
coverage is too high to be accounted for in terms of 
adsorption. Fourth, in the case of adsorption, the de- 
sorption process is expected to occur by the same 
mechanism as the adsorption process though in re- 
verse direction. A symmetry  of the i - V  anodic and 
cathodic profiles in  potent iodynamic experiments,  or 
of the V-t  traces in  galvanostatic experiments,  should 
then be observed. Such a symmet ry  has been observed 
by  Conway and co-workers (12, 23), but  only when  
the upper  potential  l imit  of a potential  sweep is below 
a potent ial  at which an oxide phase is formed. Once 
an  oxide film had been initiated, an asymmetry  in the 
V-i profiles develops. All the evidence, therefore, points 
toward the formation of an  oxide film at potentials 
above about  1.0V vs. RHE. Of course, adsorption at 
least up to the level of qo always precedes oxide film 
formation (9, 13). 

Because the l inear  V - q  dependences for different 
current  densities intercept  in extrapolat ion at (--qo, 
Vo), and because qo is identified as the coverage with 
oxygen before the application of a constant  current,  
it  follows that  in  the process of anodic film formation 
ini t ia l ly  adsorbed oxygen is almost ent i re ly  used for 
the formation of the oxide film. Further ,  because the 
l inear i ty  is established soon after  the current  is ap- 
plied, the adsorbed oxygen is used for oxide forma-  
t ion dur ing  the very early stages of growth upon the 
application of a constant  current.  Coverage with ad-  
sorbed oxygen, or OH', over the oxide surface must, 
therefore, be fair ly low. In  acid solutions, this cover- 
age has been determined by  Vetter and Schu!tze (2) 
to be only about  0.02-0.03. It  is necessary, therefore, 
to add qo to q ( =  i t)  in Eq. [19]. Wri t ing 

qT = qo + it  --  qo + q [21] 

the rate Eq. [19] becomes 

V -- Vo 
i ---- io exp [22] 

CqT 

This is equivalent to shifting the origin of the coor- 
dinate V-q system from (O, Vo) to (--qo, Vo). 

Analys i s  of the  rate  equa t ion . - -For  the model of the 
high field assisted growth of anodic oxide films with 
the potent ial  bar r ie r  at the meta l /oxide  interface as the 
ra te -de te rmin ing  step (the Cabrera-Mott  mechanism) ,  
the following rate equation has been derived [e.g., 
R e t  (18)] 

i = zeNv exp -- exp d k T  

[ ~ V o ,  ] [23] -- io exp d 

Here, N is the density of metal  ions in  the metal  sur-  
face, v is their v ibrat ional  frequency, ze is the charge 
of the migrat ing ion, k is the ha l f - jump distance, and 
W is the activation energy, hVor is the potential  dif- 
ference across the oxide film and d is the thickness of 
the film such that  hVof /d  is the electric field wi th in  
the film. 

Comparison of Eq. [21] and [22] gives 

ze~ r 
a = = - -  [ 2 4 ]  

k T  c 

This relationship allows the product  zk to be deter-  
mined from exper imental  parameters  and hence a 
check to be made regarding the val idi ty  of the model 
for anodic film formation in  alkal ine solutions. For  
anodic film formation in  acid solutions, r is calculated 
to be 9 X 10~ A C -1 cm 2 (3). With the same factor 
for a lkal ine solutions and with c ---- 83 VC-* cm 2 when 
corrected for the roughness of the electrode surface, 

and zk are respectively equal to 108 A V -1 and 2.8A. 
Were z equal to 1, i.e., were P t  + a migrat ing species, 
which is improbable,  the ha l f - jump distance would 
be quite high, 2.8A. For z -- 2, i.e., for a divalent  ca- 
t ion as the migra t ing species, such as in  Pt(OH)2, 

= 1.4A. This is a reasonable value for the ha l f - jump 
distance. A similar  value for the ha l f - jump distance, 
k ----- 2A, was reported for the growth in acid solutions 
(3). The agreement  is satisfactory and provides addi-  
t ional support  for the hypothesis that  the same mecha-  
nism of growth controls the formation of anodic films 
and that the same oxide phase is formed both in acid 
and in alkal ine solutions. 

The  exchange  curren t  dens i ty . - -Di f f icu l t ies  arise, 
however, when the exchange current  densities,/o'S, for 
growths in acid and alkal ine solutions are compared 
and analyzed. In  acid solutions, io = 2 X 10 -1~ A cm -2, 
whereas in 1M KOH solution it is 1.3 • 10 -7 A cm -2 
(see above).  

The exchange current  densi ty according to Eq. [23] 
is given by 

I - - W ]  io = N~ze exp ~ [25] 

For the process at the metal /oxide  interface as the 
ra te -de te rmin ing  step, i.e., for the Cabrera-Mott  model 
of growth, N, ~, z, and W should all be independent  
of the conditions in  solution or at the oxide/solut ion 
interface. Hence, io, should be the same both in  acid 
and in alkal ine solutions. The observed difference in 
/o'S would then, in general, indicate a different ra te-  
determining step for the growth in  alkal ine solutions. 

If N is the only parameter  that is responsible for 
the observed difference in /o'S, its value in alkal ine 
solutions (1M KOH) should be 10~ times higher than 
in acid solutions. In  acid solutions, N has been deter-  
mined from a tempera ture  s tudy to be closely equal 
to the density of atoms in  the metal  surface (5, 6). 
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In  general ,  N in a lka l ine  solutions can only be equal  
to or  less than  N in acid solutions. Hence, the  observed 
difference in /o's cannot  be accounted for in te rms 
of N alone. If  W is responsible  for  the  observed 
difference in /o'S, then  W for the  growth  in a lka l ine  
solutions should be ~bout 4 kca l /mo le  lower  than  W 
(,~ 25 kca l /mo le )  in acid solutions. Presen t  da ta  do 
not  p rov ide  any  clue whe the r  W or  N, o r  both, change 
f rom acid to a lka l ine  solutions. However ,  both  for  the  
first and  for  the  second step as ra te  determining,  no 
solut ion effect on e i ther  W or  N is expected.  

The observed  difference i n / o ' s  cannot  be accounted 
for  wi th  the  same model  of g rowth  bu t  wi th  the  sec- 
ond step as ra te  de te rmin ing  in a lka l ine  solutions. Fo r  
the  second step to become ra te  determining,  its ac t iva-  
t ion energy  should increase over  tha t  for the process 
at  the  me ta l / ox ide  interface  r a the r  than  decrease.  
However ,  a decrease  is indica ted  by  the h igher  va lue  
of io in a lka l ine  solutions. 

In  a fol lowing paper ,  the kinetics of film fo rma-  
t ion is de te rmined  at  different  t empera tu res  and N 
and W are  eva lua ted  and cor re la ted  to the  possible 
r a t e -de t e rmin ing  steps. 

Manuscr ip t  received Nov. 5, 1979. 

A n y  discussion of this pape r  wil l  appear  in a Dis-  
cussion Sect ion to be publ ished in the  June  1981 
JOURNAL. Al l  discussions for the  June  1.081 Discussion 
Sect ion should be submi t ted  by  Feb. 1, 1981. 

Publication costs of this article were assisted by 
the Allied Chemical Corporation. 

REFERENCES 

1. J. L. Ord and F. C. Ho, This Journal, 118, 46 (1971). 
2. K. J. Vet te r  and  J. W. Schultze, J. Electroanal. 

Chem., 34, 131, 141 (1972). 
3. A. Damjanovic ,  A. T. Ward,  B. Ulrick, and M. 

O'Jea,  This Journal, 122, 471 (1975). 

4. L. B. Harr i s  and  A. Damjanovic ,  ibid., 122, 539 
(1975). 

5. A. Damjanovic ,  in "Proceedings of the Workshop  
on Elect rocata lys is  on Non-Meta l l ic  Surfaces,"  
Nat ional  Bureau  of S tanda rds  Special  Pub l i ca -  
tion, No. 455, p. 259 (1978). 

6. A. D a m j a n o v i c  and L. S. R. Yeh, This Journal, 
126, 555 (1979). 

7. A. Damjanovic  and B. Jovanovic,  ibid., 123, 374 
(1976). 

8. A. Damjanovic ,  A. T. Ward ,  and  M. O'Jea,  ibid., 
121, i186 (1974). 

9. A. Damjanovic ,  L.-S. R. Yeh, and J. F. Wolf, ibid., 
127, 874 (1980). 

10. W. BSld and M. Breiter ,  EIectrochim. Acta, 5, 145 
(1961). 

11. M. W. Brei ter ,  ibid., 8, 925 (1963). 
12. R. Woods, in "Elec t roanaly t ica l  Chemist ry ,"  Vol. 

9, A. J. Bard,  Editor,  p. 1, Marce l  Dekker ,  Inc., 
New York (1976). 

13. H. Angers te in-Kozlowska ,  B. E. Conway, and 
W. B. A. Sharp,  J. Electroanal. Chem., 43, 9 
(1973). 

14. P. Stonehar t ,  H. A. Kozlowska,  and B. E. Conway, 
Proc. R. Soc. London, Set. A, 310, 541 (1969). 

15. S. Gilman,  J. Electroanal. Chem., 2, 111 (1967). 
16. H. Angers te in-Kozlowska ,  B. E. Conway, and J. 

Klinger ,  ibid., 87, 301,321 (1978). 
17. B. E. Conway and H. Angers te in-Kozlowska ,  in 

"Proceedings of the  Workshop on Elect rocata lys is  
on Non-Meta l l ic  Surfaces,"  Nat ional  Bureau  of 
S tandards  Specia l  Publ icat ion,  No. 455, p. 107 
(1976). 

18. A. DamjanovJc and A. T. Ward.  MTP Tnt. Review 
Sci., Phys. Chem., Ser. II, p. 103 (1976). 

19. M. L. B. Rao, A. Damianov]c,  and J. O'M. Bockris,  
J. Phys. Chem,, 67, 2508 (1963). 

20. A. K. N. Reddy.  M. A. Gen~haw, and J. O'M. Bock-  
ris. J. Chem. Phys., 48, 671 (1968). 

21. W. Visscher. Optic, 26, 402 (1967). 
22. S. H. Kim, W.-K. Paik,  and J. O'M. Bockris,  Surf. 

Sci., 33, 6t7 (1972). 
23. B. E. Conway and Sh. Gottesfeld,  J. Chem. Soc. 

Faraday Trans. I, 69, 1090 (1973). 



Formation of Oxide Films at Platinum Anodes 
in Alkaline Solutions 

II. Temperature Study 
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ABSTRACT 

The kinet ics  of g rowth  of oxide  films at  p l a t i num anodes in 1M KOH solu-  
t ion is de t e rmined  at  different  t empera tu re s  using the  galvanosta t ic  charg-  
ing technique.  The growth  of the oxide film at  potent ia ls  above about  1.OV vs. 
RHE fol lows the model  of high field assisted format ion  of ions at  the m e t a l /  
oxide  in ter face  and thei r  migra t ion  wi th in  the oxide film. The act ivat ion 
energy  and p reexponen t ia l  factor  are  de te rmined  as 18.5 k c a l / m o l e  and 10 is 
cm -'~, respect ively.  These pa rame te r s  differ s ignif icantly f rom the respect ive  
values  r epor t ed  for the g rowth  in acid solutions. Compar ison  of the g rowth  
kinet ics  in acid and a lka l ine  solutions leads to a serious difficulty. Nei ther  
the  process of ion fo rmat ion  at  the me ta l / ox ide  interface,  nor  the process of 
ion migra t ion  th rough  the oxide phase as the r a t e -de t e rmin ing  step, can ac-  
count for  the growth  kinet ics  in a lka l ine  solutions, unless it  is assumed tha t  
different  oxide phases form in acid and a lka l ine  solutions. This is, however ,  
an  un l ike ly  assumption.  

It  is shown in a preceding  paper  (1) tha t  a t  p l a t inum 
in a lka l ine  solutions an anodic oxide  film grows above 
about  L0V vs. RHE according to 

i = io exp cqv 

[1] 
AVof ] 

-~ io exp 
CqT 

where  qT, when corrected for the roughness of the 
e lec t rode  surface [RF ---- 1.6 (1)] ,  represents  the th ick-  
ness of the  oxide  film expressed in C cm -2 and 
AVof/(rqw) is the electr ic  field wi th in  the growing 
oxide  phase. Fac to r  r conver ts  charge  dens i ty  into 
thickness.  Vo is the potent ia l  at  which an oxide film 
would  g row wi thout  the accelera t ing  effect of the 
field wi th  a ra te  equal  to the exchange cur ren t  densi ty  
io [cf. Ref. (1)] .  A ra te  equat ion of the same form 
was observed  also for anodic growth  in acid solutions 
(2-5).  Evident ly ,  the  r a t e  equat ions for g rowth  in 
both  acid  and a lka l ine  solutions, considered inde-  
penden t ly  of each other, obey the fo rmal i sm of the 
w e l l - k n o w n  model  of the high field assisted format ion  
of oxide  films (6, 7). For  this model, the fol lowing 
ra te  equat ion has been der ived  (6, 8) 

-- N~ze exp [ --  W - ]exo[ 
= ioexp [ ~vof ] 

rq 

zekAVot ] 
kTd 

[2] 

Meanings of the var ious  pa rame te r s  are  given in the 
p reced ing  paper  (1). There  is, however ,  a significant 
difference in /o'S in acid (2 • 10-10 A cm -2) and 
a lka l ine  (1.3 • 10 -7  A c m  -2) solutions. As discussed 
in  the  preceding  paper ,  this difference cannot  be ac-  
counted for by  the model  wi th  the suggested r a t e -  
de t e rmin ing  steps. 

In  o rder  for  the significance of the observed differ-  
ence in /o's to be apprecia ted,  i t  is he lpfu l  to analyze  
briefly the  meanings  of var ious  pa rame te r s  in the 
ra te  equation.  P a r a m e t e r  ~ is defined by 

* Electrochemical Society Active  Member. 
Key words: platinum oxide films, anodic film formation. 

= -kT = [3] 

with  ze being the  charge  of the  ions tha t  mig ra te  
across the me ta l / ox ide  interface  and th rough  the  
oxide phase, and ~ the i r  h a l f - j u m p  distance. Both in 
acid and a lka l ine  solutions i t  was de te rmined  tha t  
z ---- 2. In  acid solutions, ~ is close to 2A, while  in 
a lka l ine  solutions i t  is close to 1.4A. This is only  a 
minor  and perhaps  insignificant difference which may,  
at least  par t ia l ly ,  be due to unce r t a in ty  in the de te r -  
minat ions  of the roughness  factors in these two solu- 
tions. The agreement  indicates  that  the same oxide 
phase  forms in both solutions and tha t  P t  ++ is the  
most l ike ly  species migra t ing  in the process of growth.  

Vo in 1M a lka l ine  solutions is about  800 mV more  
negat ive  than in 1M H2SO4 when both are  re fe r red  
to a pH- independen t  reference  electrode. This differ-  
ence is, however ,  expected.  In  acid solutions Vo de-  
creases about  60 mV as the pit increases for one unit  
(9). If  the  same dependence  holds over  the  ent i re  pH 
range,  this wil l  account for  the observed difference 
in Vo. Though Eq. [2] does not  expl ic i t ly  predic t  such 
a dependence,  it  is not con t ra ry  to the model.  Vo 
is re la ted  to the cri t ical  field in the me ta l / so lu t ion  
double  l aye r  which is jus t  sufficient to pul l  meta l  
ions f rom thei r  posit ions in the surface la t t ice  and 
place them over the meta l  surface. This field, how-  
ever, depends on pH in a s imi lar  w a y  as does the  
potent ia l  of zero charge (9). Nei ther  a ( through z) 
nor  Vo is expected to affect the  exchange  cur ren t  
density.  

The exchange cur ren t  dens i ty  is given by  

io-- N~zeexp[ ~--~T ] [4] 

Only two parameters ,  N and W, can be responsible  
for the observed difference in the exchange cur ren t  
densities. Both parameters ,  however ,  wil l  depend on 
the r a t e -de t e rmin ing  step. Two var ia t ions  of the model, 
or different  r a t e -de t e rmin ing  steps, have been sug-  
gested [cf. Ref. (1, 6-8)] .  According to the first va r i a -  
tion, the Cabre ra -Mot t  mechanism of g rowth  (6), 
the first react ion step, i.e., the process of fo rmat ion  
of ions at  the me ta l / ox ide  film interface,  is ra te  de te r -  
mining. For  this step, the p reexponen t i a l  fac tor  N 
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should be closely equal  to the dens i ty  of atoms in 
the  meta l  surface, Ns. According to the second va r i a -  
tion, the Verwey  mechanism of growth  (7), the  
second react ion step, i.e., the  process of ion migra t ion  
f rom one to an ad jacen t  in te rs t i t i a l  posi t ion wi th in  
the oxide phase,  is ra te  determining.  For  this step, 
the  factor  N should be  equal  to the dens i ty  of the  
in ters t i t ia l  cations in a react ion p lane  wi th in  the  
oxide  phase, Ni. Then, Ni should be less than  Ns by  
a few orders  of magni tude.  Fac to r  N for e i ther  of 
these two r a t e -de t e rmin ing  steps, however ,  is not  
expected  to depend  on the conditions in solution, 
specifically on pH. Simi lar ly ,  W for the  same r a t e -  
de te rmin ing  step should not  depend on the conditions 
in solution, i.e., on pH. Of course, W wil l  change wi th  
the  r a t e -de t e rmin ing  step. Now, fac tor  N for the  
g rowth  in acid solutions has a l r eady  reached the 
m a x i m u m  possible value,  i.e., Ns = 1015 cm -2  (10, 11). 
I t  is difficult to visual ize any react ion step in the  
model  for  which N would be h igher  than  Ns. For  the  
growth  in a lka l ine  solutions, therefore,  N is expected 
to be e i ther  equal  to or  less than  Ns, i.e. 

Nalk ~: Nacid : Ns [5] 

But, if N for the  g rowth  in a lka l ine  solutions is equal  
to or  Iess than  Ns, then, considering N only, the 
exchange cur ren t  densi ty  in a lka l ine  solutions should 
be e i ther  equal  to or less than  the exchange cur ren t  
dens i ty  in acid solutions, r a the r  than h igher  as ob-  
served. Since 

(io) alk >> (io) acid [6] 

i t  would  appea r  tha t  the act ivat ion energy,  W, for 
the  g rowth  in a lka l ine  solutions should be subs tan t ia l ly  
lower  than  the act ivat ion energy  in acid solutions. But 
why  should the act ivat ion energy change at all? 

An  object ive  of this s tudy is to eva lua te  N and W 
in a lka l ine  solutions and corre la te  them to the cor-  
responding  pa rame te r s  in acid solutions and ra te -  
de te rmin ing  steps. 

Resul ts  a n d  Discuss ion  
Galvanostatic charging curves.---In 1M KOH solu-  

tions at  different  tempera tures ,  1 ~ 22 ~ and 45~ V-q  
dependencies  a re  de te rmined  ga lvanos ta t ica l ly  for va r i -  
ous cur ren t  densities. The exper imen ta l  p rocedure  is 
the  same as in previous  studies (1, 9). In  Fig. 1, V-q  
t races at  45~ for 3 • 10 -5 , 3 • 10 -4 , 3 • 10 -a,  and 
3 • 10 -2  A cm -2 are  reproduced  f rom an oscilloscope 
s torage screen. Evident ly ,  genera l  shapes of these 
t races  a re  s imi la r  to those prev ious ly  repor ted  for 
room (22~ t empera tu re  [cf. Fig. 5 in Ref. (1)] .  
In  Fig. 2, V-q traces for the same cur ren t  density,  
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Fig. 1. Potentlal-charge density reatlonships for 3 X 10 - 5 ,  
3 X 10 - 4 ,  3 X 10 - 8 ,  and 3 X 10 - 2  A cm -2 .  Temperature 45~ 
Data not corrected for RF. 
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3 • 10 -5 A c m  -2, a r e  shown for the  three  t empera -  
tures. F rom Fig. 1 and 2, and o ther  data,  plots (OVI 
Oq)i.w vs. log i a re  const ructed for  each tempera ture .  
They are  shown in Fig. 3. These plots, which are  
l inear  at  all  t empera tures ,  show the same basic fea-  
tures as the plots for  the anodic oxide g rowth  at  
different  t empera tu re s  in acid solutions [cf. Fig. 2 
in Ref. (11) J. They are  used here  to eva lua te  N and W. 

For  the  suggested model  of growth,  i r respect ive  of 
the r a t e -de t e rmin ing  step, the slopes of (OV/Oq)l vs. 
log i should increase wi th  t empe ra tu r e  according to 
(cf. Eq. [ l j  and  [2]) 

02V 2.3r 
, - = 2.3c(T) = . . . . . . .  

0q O log i 
[7] 

2.3rRT 
m 

zF~ 

Pa rame te r s  ~ and zh can be de te rmined  from measu re -  
ments  a t  room t empera tu re  only. They are  respect ive ly  
equal  to 108 A V -1 and 2.8A. If  ~ does not  change in 
the na r row  range  of t empe ra tu r e  in the p resen t  s tudy,  
then  c(T) ,  or the  slopes of the plots of OV/Oq vs. 
log i, should increase wi th  t empe ra tu r e  according to 
Eq. [7]. I t  is evident  f rom Fig. 4 that  c(T)  does 
change l inea r ly  wi th  tempera ture .  The slope of c(T)  
vs. T is about  0.3 V A -1 ~ -1, and this is in accordance 
wi th  the analysis  of ~ from the da ta  at  room tem-  
pera ture .  Tempera tu re  s tudy,  therefore,  provides  an 
addi t ional  confirmation for  the proposed  model  of 
growth.  

[ I I I 

,00 22~ 

6o0 o ~  ~ 

l i r i i i i 1 1 1  i i i i 1 , 1 , i  i , , . . . . .  i , i , , , , , , I  , , , , ,  

10 -4 10 -3 10 -z 10 -~ 
Current Density [Acre -2] 

Fig. 3. The characteristic c~VIc~q vs. log i plots at different tem- 
peratures. Data not corrected for RF. 
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Fig. 4. Slopes from Fig. 3 plotted against temperature. Slopes 
are corrected for RF [ =  1.6 (1)]. 

The exchange current density, activation energy, and 
frequency factor  N . - - F r o m  Eq. [1] i t  follows tha t  

(AV) =2.3c(T) l og i - -2 .3c (T ) log io  [8] 
 -qT 

From here,  the  exchange  cur ren t  dens i ty  can be cal -  
cula ted  for any  given tempera ture ,  e.g., wi th  the  known 
value  of c (T) and t h e  Value of (/~V/hq) T ex t rapo la t ed  
to i - -  1 A cm -2. In Fig. 5, io is p lo t ted  agains t  rec ipro-  
cal t empera ture .  At  al l  t empera tures ,  io in a lka l ine  
solutions is subs tan t i a l ly  h igher  than  io in  acid solu-  
t ions (2 • 10 - l o  A c m - ~ ) ,  for  instance, 800 t imes 
at  room tempera tu re .  The act ivat ion energy  is now 
ca lcu la ted  f rom this p lot  using the re la t ionship  (cf. 
Eq. [4] ) 

d log  io 
W ---- - -  2.3R [9] 

d(1/T) 
I t  is 18.5 k c a l / m o l e - L  

The  ac t iva t ion  energy  in a lka l ine  solutions is, the re -  
fore, s ignif icant ly lower  than  the ac t iva t ion  energy  
in  acid solutions p rev ious ly  de te rmined  to be 25 kcal  
mole  -1 (11). This difference in the  act ivat ion energies  
alone would  increase  io in a lka l ine  solutions at  room 
t e m p e r a t u r e  over  io in  acid solut ion by  about  9 • 10 ~. 
Since at  room t e m p e r a t u r e  io.alk ~ 800io,acid, i t  fol lows 
tha t  the ac t iva t ion  energy  is not the  only factor  
affecting the change of io in a lka l ine  solutions. The 
p reexponen t i a l  factor, too, must  change f rom acid 
to a lka l ine  solution; N mus t  be at  leas t  100 t imes less 
than  the same factor  in acid solutions. F r o m  Eq. [4], 
/V can now be obta ined;  i t  is about  1.5 • 1013, i.e., 

i t  is indeed signif icantly less than  observed in  acid 
solutions (,-,1 • 10 t5 c ra -2) .  

Comparison of growth kinetics in acid and alkaline 
solutions.--This s tudy  shows tha t  both  W and  N differ 
f rom the corresponding pa rame te r s  in acid solutions. 
At  first sight, the  difference in both W and N would 
indica te  tha t  in a lka l ine  solut ions the  r a t e - d e t e r -  
mining  step is different  f rom tha t  suggested for  the 
growth  in acid solutions. Since N for the g rowth  in 
acid Solutions is close to 10 t~ cm -2, i.e., close to the  
densi ty  of surface sites, i t  was suggested (10, 11) 
tha t  the  fo rmat ion  of ions at  the  me ta l / ox ide  in t e r -  
f a c e  is the r a t e -de t e rmin ing  step. For  a lka l ine  solu-  
tions, then, the  second react ion step, i.e., the process 
of migra t ion  of ions wi th in  the  oxide  phase, would  be 
expected to be the r a t e -de t e rmin ing  step. This in t e r -  
p re ta t ion  would  then fo rmal ly  account for the  ob-  
served  changes both in W and N. I t  is difficult, how-  
ever,  to unders tand  why  the r a t e -de t e rmin ing  step 
should change f rom acid to a lka l ine  solutions and 
why,  in  a lka l ine  solutions, W for the  second step 
should become h igher  than  for  the  first step. N is 
cer ta in ly  expected to be less for the  second step as 
ra te  determining.  However ,  for the  second step, N 
sti l l  appears  to be too high. I t  would  requ i re  the  
concentra t ion of in te rs t i t i a l  cations in the oxide  phase 
to be about  1%. 

The real  difficulty in the in te rp re ta t ion  of the  
kinet ic  da ta  arises when W for the  growth  in a lka l ine  
solutions is compared  with  tha t  in acid solutions. 
Fo r  instance, if  one assumes tha t  the  process  of ion 
format ion  at  the me ta l / ox ide  interface  is the r a t e -  
de te rmin ing  step in acid, but  not  in a lka l ine  solutions, 
then why  should W for this  s tep change and become, 
in a lka l ine  solutions, even less than  W for the  second 
step, pa r t i cu l a r ly  since, as suggested, the same oxide 
phase forms in both solutions? Act iva t ion  energy  for  
the first s tep should not  a t  al l  depend on the condi-  
t ions in solutions. Fur ther ,  if the process of cat ion 
migra t ion  th rough  the oxide phase is ra te  de te rmin ing  
in a lka l ine  solutions, then why  should the  process 
wi th in  the  oxide phase become slower than  ~he same 
process in acid solutions? For,  the  process of ion 
migra t ion  th rough  the oxide  phase is also not expected 
to be affected by  the condit ions in solutions. 

A modified pic ture  regard ing  the mechanism of 
growth  in both  solutions will ,  however ,  emerge  and 
this difficulty wi l l  d i sappear  once the  p resen t  t e m p e r a -  
ture  s tudy  is complemented  wi th  the s tudy  of pH 
dependence  of g rowth  in a lka l ine  solutions. This wil l  
be discussed in the next  paper .  I t  wi l l  be shown that,  
though the same basic model  of g rowth  is stil l  valid, '  
ne i ther  of the react ion steps discussed in  this and 
previous  papers  is ra te  determining,  ce r ta in ly  not  in 
a lka l ine  and most  p robab ly  not  in acid solutions. 
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Fig. 5. Exchange current density vs. 1/r. Current densities are 
corrected for RF. 

Manuscr ip t  received Nov. 5, 1979. 

Any  discussion of this  pape r  wi l l  appea r  in a Dis-  
cussion Sect ion to be  publ i shed  in the  June  1981 
JOURNAL. Al l  discussions for the  June  19.81 Discussion 
Sect ion should be submi t ted  by  Feb.  1, 1981. 
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ABSTRACT 

Precise definitions are given of three thermodynamic  parameters  which 
characterize the water-electrolysis  reaction: the enthalpic voltage, the higher-  
hea t ing-va lue  voltage, and the thermoneut ra l  voltage. Expressions are d e -  
r i v e d  for these parameters  and for the reversible potential,  as functions of 
tempera ture  between 25 ~ and 250~ and of pressure between 1 and 100 arm. 
Heat losses due to radiation, convection, and conduction are also considered, 
a n d  a thermal -ba lance  voltage is defined; representat ive values are calculated. 
Electr ical-energy efficiency is related to the characteristic parameters,  and 
thermodynamic  l imitat ions on its value are discussed. 

Although hydrogen product ion by the electrolysis of 
water  has been practiced for over a hundred  years, 
this technique has been receiving special prominence 
in  recent years because of its potent ial  role in the 
energy economy. A substant ia l  effort is being devoted 
to the problem of minimizing the energy require-  
ments  of the electrolytic process. This requires a two- 
pronged approach. Firstly, an a t tempt  is made to re-  
duce or e l iminate  in te rna l  energy losses, such as those 
arising from the electrode overvoltages and ohmic- 
resistance. Secondly, a choice is made of the opt imum 
operating conditions for the electrolysis: the tempera-  
ture, the pressure and, in the case of aqueous water  
electrolysis, the concentrat ion of the electrolyte. 

In  present  commercial  water  electrolyzers, electri-  
cal-energy efficiency is l imited by the in te rna l  energy 
losses; cooling water  is normal ly  required to remove 
excess heat. However, technical advances now being 
made promise to reduce these losses to the point  
where  efficiency will be l imited instead by the re-  
qui rement  that  sufficient heat  be generated in te rna l ly  
to ma in ta in  the electrolyte temperature.  This la t ter  
l imi ta t ion relates to the energy balance around the 
electrolyzer cell, and it  can be calculated from ther-  
modynamics.  In  fact, the u l t imate  l imitat ions on the 
energy requirements  of the electrolytic process a r e  
thermodynamic.  

Although one might  th ink  that the calculation of 
the values of the re levant  thermodynamic  parameters  
f o r  various operating conditions would be a relat ively 
s traightforward matter,  serious errors have crept into 
the l i terature  and have led to a considerable amount  
of confusion. The present  examinat ion of the thermo-  
dynamics of water  electrolysis has been under taken  
for this reason. Consideration is given pr imar i ly  to 
aqueous water  electrolysis using KOH as the elec- 
trolyte. However, many  of the considerations are also 
applicable to the case of solid electrolytes. 

* Electrochemical  Society Act ive  Member. 
Key words: electrolysis,  hydrogen,  rdversible potential  energy  

efficiency. 

Energy Requirements for an Ideal Electrolysis Cell 
In  examining  the thermodynamics  of the electro- 

lytic process, it  is convenient  to consider an "ideal" 
electrolysis cell, consisting of a reversible hydrogen 
electrode and a reversible oxygen electrode immersed 
in a solution of potassium hydroxide of molal i ty  m at 
a total pressure of p arm and main ta ined  at a tem- 
perature  T~ or t~ by means of a thermostat.  The 
hydrogen and oxygen in  contact with the reversible 
electrodes are assumed to be "wet," in the sense of 
containing water  vapor in  equi l ibr ium with the water  
in the KOH solution. 

Calculations will  be made using one of the follow- 
ing two sets of assumptions: (i) hydrogen, oxygen, 
and water  vapor are ideal gases and the first two 
form ideal b ina ry  gaseous solutions with the third; 
and (ii) the individual  gases are not  ideal but  t h e  
two b inary  gaseous solutions are. In  either case the 
part ial  pressure of water  vapor in  each of the wet 
gases wil l  be equal  to Pw, the aqueous vapor pressure 
of the KOH solution. Thus p : -  Pw + Phy " - "  P~ ~- Pox. 

The continuous production of hydrogen and oxygen 
would require addit[o'n of reagent  water  in  the 
amount  of [1 ~- 1 .Spw/ (P-  Pw)] moles per mole of 
hydrogen produced. The products of the process would 
consist of one mole of hydrogen mixed with Pw/(P -- 
pw) moles of water vapor at a total pressure p, and 
0.5 mole of oxygen mixed with O.Spw/(p -- Pw) moles 
of water  vapor, also at a total pressure p. 

The total energy required per mole of hydrogen 
produced would be made up of electrical energy plus 
heat energy removed from the thermostat.  It can be 
defined in terms of an entha lpy  change, AH, with the 
value of AH being expressed in terms of the enthalpies 
of the three phases concerned 

AH ---- H (wet hydrogen) -~ H (wet oxygen) 

- -  H(reagen t  water)  [1] 

The enthalpies of the two gaseous solutions can be 
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expressed in  terms of the par t ia l  molar  enthalpies of 
the components1 

H(we t  hydrogen)  -- [Hh~ + ( P w / ( P -  Pw))Hw(g)]t,p 

[2] 

H (wet oxygen) = 0.5 [Ho~ + ( P w / ( P  - -  Pw) ) Hw(g)] t,p 

[3] 

The enthalpy of the reagent  water  can be expressed 
in  terms of the molar  enthalpy of l iquid water. If 
this is supplied at t~ and p a tm then ~ 

H (reagent  water)  : [1 + 1.5pw/(p -- Pw) ]Hwc1),t,p 

[4] 

The en tha lpy  change defined by  Eq. [1]-[41 is 
clearly equal to the m i n i m u m  amount  of energy that  
would be required, per mole of hydrogen, to produce 
wet  hydrogen and wet  oxygen on a continuous basis 
using as the feedwater  l iquid water  at the tempera-  
ture  and pressure of the electrolysis. 

If the electrolysis is conducted at a tempera ture  
t > 25~ and a pressure p > 1 atm, the total energy 
requ i rement  must  include the amount  of energy re-  
quired to heat  the feedwater  from 25 ~ to t~ and to 
increase its pressure from 1 to p atn% namely~ [1 + 

1 .Spw/ (p  - -  P w ) ]  [Ht ,p  - -  H~ The total  energy 
can be expressed either in terms of energy units  (joules 
or calories) or as a voltage, using the conversion fac- 
tor nF  ---- 192973J mole -~ V -1 : 46122 cal mole -1 V - L  
When expressed as a voltage it wil l  be called the 
thermoneut ra l  voltage, in  keeping with the practice 
of a number  of authors, and given the symbol Vtn. 
Rearranging terms, RFVtn may be wr i t t en  as the sum 
of three terms 

n F V t n  : [H--"hy n u 0 . 5 ~ o x  - -  H w ( I ) ] t , p  

+ r  > - Hw(1)]t.p + [1 + ~] [~t.p -- ~~ 

[5] 
where 

r : 1.5p~/(p -- Pw) [6] 

and <Hw(~)> is a weighted average of the part ial  
molar  enthalpies of water  in  wet hydrogen and wet 
oxygen gases 

1 
<Hwcg~> : ~ -  [ (OH/Onwcg)),hy + 0.5 (OH/Onwcg)) nox] 

The calculation of accurate values of Vtn at various 
temperatures  and pressures is a mat ter  of some im-  
portance. However, it is usual ly  sufficient to simplify 
the calculation by making either of the two sets of 
assumptions referred to above. On the basis of set 
(i), the chemical potentials of the three gases can 
be expressed in  the form 

~1 : G~ + R T  in  Pl [7] 

where the first t e rm on the r igh t -hand  side is the 
molar  free energy of the pure component  as an ideal 
gas at 1 atm pressure, and Pi is its part ial  pressure in 

Hi denotes the p a r t i a l  m o l a r  e n t h a l p y  of c o m p o n e n t  i, (OH/ 
0nl ) n~. 

= ~  denotes the mola r  e n t h a l p y  of c o m p o n e n t  i, H~/n~. 
a I t  is  a s s u m e d  in  a l l  ca lcu la t ions  i n  th i s  p a p e r  t h a t  w a t e r  fed  

to  e l ee t ro lyze r s  for  w a t e r  decompos i t ion ,  and  to r ep lace  the  w a t e r  
c a r r i ed  off as vapo r  w i t h  the  p r o d u c t  gases,  has  a t e m p e r a t u r e  of 
25~ In  fact ,  t h i s  w a t e r  comes f r o m  two  sources  in  some e lect ro-  
lyze r  designs: condensate r e t u r n e d  f r o m  gas  coolers  or sc rubbers ,  
and make-up  w a t e r  added  f r o m  an  e x t e r n a l  source  a t  the  am- 
b i en t  t e m p e r a t u r e .  These  two  s t r e a m s  can  be a t  d i f fe ren t  t emper -  
a tu res ,  bo th  of t h e m  d i f fe ren t  f r o m  25~ This  can  be accoun ted  
fo r  in  a s t r a i g h t f o r w a r d  m a n n e r  in the  de t a i l ed  ca lcula t ions ,  al- 
though t h e  effect  on derived values of the cha rac t e r i s t i c  vo l t ages  
is smal l  for  representative operating conditions. 

the gaseous solution. Par t ia l  molar  enthalpies are re- 
lated to chemical potentials by the expression 

Hi -" #i - -  TO#i/OT [8] 

Subst i tut ion of Eq. [7] into Eq. [8] demonstrates that, 
in this case, the part ial  molar  enthalpy is equal  to the 
molar  enthalpy of the pure component  as an ideal 
gas at 1 atm pressure and t~ 

E = - r0 ~ = D~ + r ~ = E93 

Equat ion [5] can then be wr i t ten  

~%FVtn -= [H~ -~ 0 . 5 H ~  - -  Hw(1) ,p l t  

+ r176 -- Hw~l~.plt + [1 + e]  [Ft., -- H~ 

[103 

It  is clear from Eq. [10] that  if the gases and their  
solutions were ideal then an  increase in  the pres-  
sure at which the electrolysis takes place would have 
no effect on the thermoneut ra l  voltage, except for the 
quite minor  influence of pressure on the enthalpy of 
l iquid water  and on Pw. Unfor tunately ,  a n u m b e r  of 
authors engaged in  water-electrolysis  research who, 
for simplicity, have assumed gas ideality, have come 
to a quite different conclusion (1-4). As the result, 
thermoneut ra l  voltages calculated by them are in  error  
by an amount  of the order of 90 mV for a cell oper-  
ating at 120~C and 35 a tm pressure. 

The effect of pressure on the enthalpy of any  phase 
is determined by the relat ion 

OH/Op = V --  TOV/OT [11] 

The error appears to have arisen through the neglect 
of the second t e rm on the r ight  of Eq. [11] which, for 
an idea1 gas, exactly cancels the first. The error  in  
calculating the entha lpy  of one mole of H2 plus 0.5 
mole of 02 at a pressure of p atm from its v a l u e a t  1 
a tm would be 1 . 5 R T  In  p / n F  V. For 120~ and 35 
atm this is approximately 90 inV. 

The set of assumptions (ii) is somewhat  less "ideal" 
than set (i) used above, in that  none of the individual  
gases is ideal bu t  the b inary  solutions of wet gases 
are. In this Case the chemical potential  of a component 
i in  one of the gaseous solutions would be equal to the 
molar  free energy of that  component  as a pure gas at 

the pressure Pi, namely Gi,p i. Thus, in  view of Eq. [8] 

H--q,p = G i , m -  T OGi,m/OT = Gi,pi-F TSi,pi---- Hi.pi [121 

and the thermoneut ra l  voltage may be wr i t ten  

-5 [1 + r  [Ht.p - -  H"25]w(1) [131 

The first of the four terms in Eq. [13] can be seen 
to be the negative of the molar  enthalpy of format ion 
of l iquid water  at t~ and p -- p~ atm; it can be wr i t -  

ten --AHf[H20(1)]t,p-vw. The second te rm wil l  be 
very small;  it  is the increase in  enthaIpy on isother-  
mal ly  compressing l iquid water  f rom p --  Pw to p atm. 
The third term is the energy required  to evaporate 
the water  that  is carried off with the evolved gases 
at t~ The last term is the energy required to heat 
and compress the feedwater  from 25~ and 1 a tm to 
t~ and p arm. 

It  should be noted that  as the total pressure is in -  
creased at constant  tempera ture  the mole fract ion of 
water  vapor in  the wet  gases, p ~ / p  will  get smal ler  
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and the va l id i ty  of Eq. [12] wi l l  be improved.  The 
quan t i ty  r wil l  tend  toward  zero and the difference 
be tween  p and p --  Pw can be neglected.  The expres -  
sion for  nFVtn given by  Eq. [5] wi l l  tend toward  the 
l imi t ing  express ion 

nFVtn- '> AHt, p ~- [fit,p --  g~ as P/Pw--> oo [14] 

in which  hHt,p is a convenient  express ion  for  

--~H~[H20 (1) ]t,p 

Since h/~t,p is the  nega t ive  of the  en tha lpy  of for -  
mar ion  of l iquid w a t e r  f rom the  e lements  a t  t and  p, 

the quan t i ty  hHt,p/nF wil l  be cal led the  enthalpic  

vol tage  Vt,p The quan t i ty  {AHt,p + [Ht,p --  H~ 
n F  wil l  be cal led the h ighe r -hea t i ng -va lue  vol tage  
and given the symbol  VHHV. The re la t ion  [13] can 
then  be wr i t t en  

nFVtn : nFVHHv -]- r --  H~ [15] 

where  VHHV is eva lua ted  a t  the pressure  (p --  Pw). 

The Effect of Temperature and Pressure on the Enthalpy 
of Formation of Water; The Enthalpic Voltage 

Since the en tha lpy  of fo rmat ion  of l iquid  w a t e r  is a 
nega t ive  quant i ty ,  w e  wil l  dea l  w i th  the  posi t ive 

q u a n t i t y  ~ t , p .  Its eva lua t ion  is most  eas i ly  effected 

in  two steps, s ta r t ing  wi th  the  va lue  hH~ ---- 2.85840 
• 105 J / m o l e  ob ta ined  f rom the  J A N A F  tables  (5) 

= AH 25] + [~, t,p --  [16] 

where  

 fio _ = [ r i o  t _ + 0 .5  - 

- [H~ E~ [17] 
and  

-  fiot = - + -  Ot]ox 

- -  [ H t , p - -  H~ [18]  

The eEect of temperature on h /~~176  - -  ~/~ 
is r epo r t ed  as a funct ion of t empe ra tu r e  for  hydrogen  
and oxygen  gases in  the  J A N A F  tables  (5). Da ta  
cover ing the t e m p e r a t u r e  range  25~ ~ t ~ 327~ for 
one mole  of hydrogen  plus one-ha l f  mole  of oxygen  
were  fi t ted to the  express ion --1087.4 + 43.472t + 
2.940 • 10 -a  t 2 J, where  t is the t empe ra tu r e  in ~ 
The average  devia t ion  of this express ion f rom the  
J A N A F  da ta  at  25 ~ 26.8 ~ 126.8 ~ and 326.8~ was 0.8J. 
The en tha lpy  of l iquid  wa te r  a t  1 a tm pressure  was 
in te rpo la ted  f rom the S team tables  (6). Da ta  for  
t empera tu res  above 100~ were  theoret ical ,  ca lcu-  
la ted  using the fundamen ta l  equat ion of Keenan  et al. 

Values of (AH~ --  hH~ (Eq. [17]) were  de r ived  
a t  20~ in te rva l s  be tween  25 ~ and  250~ and  were  
fi t ted by  the method  of leas t  squares  wi th  the ex -  
press ion 

Af~~ --  ~H~ ---- 730.68 --  28.752t - -  0.01898t 2 [19] 

where  units  a re  J / m o l e  of water .  The corresponding 

express ion for  the  entha tp ic  vol tage  AH~ ---- V~ 
is 4 

Because of the nonideality of hydrogen and oxygen gases, 

A~t.p=z is not equal to h'H~ and the corresponding voltage differs 
slightly (by a maximum of 15 /LV) from the value calculated for 
V=t using Eq. [20]; see Table I. 

V~ : 1.4850 - -  1.490 X 1 0 - 4 t  - -  9.84 X 1 0 - s t  2 V [20]  

This express ion is d r a w n  as the  bot tom curve in  Fig. 
1. I t  is in approx ima te  agreement  wi th  predic t ions  

based on AH~ values  r epor t ed  by  Wicks and Block 
(7) for  t empera tu re s  up to 100~ bu t  predic ts  lower  
values  at  h igher  tempera tures .  

The value  of V~ decreases signif icantly wi th  r is ing 
e lec t ro ly te  t empera tu re ,  f rom 1.4812V at  25~ to  
1.4416V at  250~ A n  ea r l i e r  resul t  for  V~ er roneous ly  
showed i t  to increase  wi th  increas ing  t empe ra tu r e  
(8). 

The effect of pressure on ~/~t.--The effect of p res -  
sure  on en tha lpy  is g iven by  Eq. [11], and  hence for  
each of the  three  phases  involved  in  the  express ion 

for AHt there  wi l l  be a re la t ion  of the  fo rm 

- H .,1 - -  TO' /OT> ap  [ 2 1 1  

In  the case of hydrogen  and oxygen  the va lue  of the 
in tegra l  in [21] is nonzero only because of the  non-  
idea l i ty  of the two gases. 

The equations of s ta te  for  hydrogen  and oxygen  
gases are  convenien t ly  represen ted  by  the modified 
Vir ia l  equat ion  of the f o r m  

•T = 1 + B'p + C'~ + . . .  [22] 

where  R is the gas constant.  Subs t i tu t ion  in  Eq. [21] 
g i v e s  
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Fig. 1. Variation of the principle voltage parameters of a water 
electrolyzer with temperature, for representative operating condi- 
tions. The contribution Vrc of radiation and convection to the 
thermal-balance voltage is calculated assuming an electrolyzer 
surface area of 0.1 m2/kA, and a surface emissivity of 0.8. 
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~t,v 2 ~ t , p l = R T 2 / :  ( 0 B '  @C' - 

[231 

Values of the coefficients B', C ' , . . .  of the modified 
Virial equation are not normal ly  provided, and must  
be derived f rom coefficients B, C . . . .  of the s tandard 
Virial equation 

A Q U E O U S  W A T E R  E L E C T R O L Y S I S  

o 2500 

p V  ~ ~ 
= 1 + B/V + C/V= + . . .  [24]  

RT 

The two sets of parameters  can be shown to be re-  
lated through the expressions 

B" = B/RT [25] 
and 

C' = (C -- B2)/ (RT)  s [26] 

These results are  substituted in Eq. [23] to express 
the pressure dependence of the enthalpy of a non-  
ideal gas in terms of known quantities 5 

~-It, p = H ~  ( B - - T  ,SB ) 
%T P 

C _ B2 _ �89 T (.SC _ 2B . SB ). 
OT 8T 

4- p2 +... [27]  
RT 

Virial-coefficient data for  hydrogen and oxygen are  
plotted against linearizing functions of temperature  in 
Fig. 2 and 3, respectively. The data are taken f rom 
critical compilations by Dymond and Smith (9), and 
by  Sengers et aL (10), and the temperature  functions 

5 The enthalpy  of  the  gases  in their  standard s ta te  is evaluated 
by  se t t ing  p = 0, s ince r ea l  gases  a p p r o a c h  idea l i ty  a t  zero  pres-  
sure ,  and the  e n t h a l p y  of an  idea l  gas  is i n d e p e n d e n t  os pressu re .  
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Fig. 3. Yirial coefficient data for oxygen gas 

were  suggested by  the work  of Goodwin et aL (11). 
The data for both gases are well represented b e t w e e n  
25 ~ and 250~ by the expressions 

B = bl + b J T  [28] 
and 

C = cl + cJTVa [29] 

where values of the coefficients are indicated in the 
figures. Substituting these expressions, Eq. [27] can 
be wri t ten 

~t,p - -  ff~ = (bl "~- 2 b J T ) p  

( 1.25c2 [bl + 2 b 2 / T ] B )  p2/RT [30] 
+ c1+ T-----E- 

The first term on the r ight of Eq. [30] dominates, so 

that portion of AHtp relating to the product gases 
varies roughly linearly with pressure. 

To complete the calculation of AHt,~ -- A/~~ values 

of Ht.p -- H~ for pure liquid water  were obtained 
f rom the Steam Tables (6). The pressure dependence 

of the enthalpic voltage expressed as (hHt,p -- AH~ 
nF, in millivolts, is given in Table I for a range of 
temperatures and pressures. It is apparent from this 
table that the pressure dependence of the enthalpic 
voltage is very  small over the tempera ture  and pres-  
sure range of interest. 

The Higher-Heating-Value Voltage 
As shown by  Eq. [ 1 9 ] ,  Afi~ < Aft~ for t > 25~ 

However, to heat the reagent  water  f rom 25 ~ to t~ 

requires (H~ -- H~ J /mole  at 1 atm pres-  
sure. The total corresponding energy requirement  per  
mole of hydrogen produced, expressed as a voltage, is 
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Table !. Pressure dependence of the enthalpic voltage* 

(Vt,p -- Vot) ---- (A~'t,p -- AH~'~ (mY) 

t ( ' C )  p = 1 a t m  2 5  a t m  50  a t m  75  a t m  100  a t m  

25  - 0 . 0 1 5 2  - 0 . 5 7 8  - 1 .143  - -  1 .686  - -  2 . 2 0 8  

100  - -  0 . 0 0 7 8  - -  0 . 3 5 4  - -  0 . 6 9 4  - 1 . 0 1 8  - 1 . 320  

200  ( - -  0 . 0 0 1 5  ) - 0 . 1 2 1  - -  0 . 2 4 2  - 0 , 3 4 2  - -  0 . 439  

250 ( + 0 . 0 0 0 8 )  ( + 0 . 0 4 1 )  + 0.083 + 0.125 + 0.167 

* B r a c k e t e d  v a l u e s  a r e  t h e o r e t i c a l  o n l y ;  l i q u i d  w a t e r  w o u l d  no t  
ex i s t  u n a e r  t h e s e  condit ions .  

the h igher -hea t ing-va lue  voltage, VOHHV,t, and is de- 
fined by the equat ion 

V~ = V~ + (-'~~ - ~~  [31] 

Values of V~ given by [20], together with values 

of (H~ -- /~~ obtained from the Steam tables 
(6), yield the equat ion 

V~ --  1.4756 -t- 2.252 X 10-4t -~ 1.52 • 10-st  2 [32] 

This expression is plotted in  Fig. 1. 
For  a pressure of p a t m  we can write 

?~FVHHv,t,p -- (Ht,p)hy -}- 0.5 (Ht,p)ox -- (H~ [33] 

The pressure dependence of the h igher -hea t ing-va lue  
voltage can then  be expressed as 

V H H V , t , p  - -  V ~  "-- [ ( H t , p  - -  H ~  

J C  0 . 5 ( ~ t , p  -- ~~ [ 3 4 ]  

Representative values of the quant i ty  defined by Eq. 
[34] are recorded in  Table II. I t  should be noted that  
they differ s zero solely because of the deviations 
of the two gases from ideality, and that  they differ 
f rom the corresponding data in  Table I by the omis- 

sion of the term (Ht,p -- 

The Thermoneutral Voltage 
Within the l imitat ions implied by  the val idi ty  of 

Eq. [12] for wet hydrogen and wet oxygen, the ther-  
moneut ra l  voltage can be expressed by Eq. [15], 
w h e r e  V H H V  iS evaluated for the pressure p -- Pw. As 
indicated by Table II, the effect of pressure on VHHV 
is quite small. We will, therefore, drop the dist inction 
between p and p -- Pw and wri te  

nFVtn ---- nFVHHv -}- ~I'[HwCg),t,pvr -- H~ [35] 

where VHHV is evaluated at t and p. 
The quant i ty  �9 is defined by Eq. [6]. For  any  given 

value os the total pressure p, values of �9 can be cal- 
culated provided Pw, the vapor pressure of the KOH 
solution, is known. Values of Pw at various tempera-  
tures and concentrations were obtained from the In -  
te rnat ional  Critical Tables (12) and fitted to the 
equation 

lnpw -- 0.01621 -- 0.1380m q- 0.1933mv= q- 1.024 lnpw* 

[363 

Table Ii, Pressure dependence of the higher-heating-value potential 

(VHHv, t,p -- VOEHV, t) (mY) 

t ( ~  p = 1 a r m  2 5  a t m  5 0  a t m  75  a r m  100  a t m  

2 5  - -  0 . 0 1 5 2  - 0 . 3 7 0  - 0 . 7 2 0  - -  1 . 0 4 8  - -  1 . 354  

i00 - -  0 . 0078  - 0 .185  - 0 . 3 5 9  - 0 .497  - 0 . 6 2 4  

2 0 0  - -  0 . 0 0 1 5  - 0 . 0 3 1  - 0 . 0 5 0  - 0 . 0 5 7  - 0 .051  

250 + 0.0008 + 0.023 + 0.056 + 0.098 + 0 .149  

The vapor pressure of pure water, Pw*, can be ob-  
tained from, for instance, the Handbook of Chemistry 
a n d  Physics (13) or can be calculated wi th  an  error  
of less than 1% over the range 25~176 using the 
relat ion 

i n  P~v* = 37 .04  - -  6 2 7 6 / T  - -  3 .416  i n  T [37]  

The quant i ty  [Hwcg),t,pw -- H~ in  the second 

term of Eq. [35] may be approximated by [~/v, cs),t,pwo 

- -  H~ values of which can be obtained from 

Steam tables (6). Hwr is the molar  en tha lpy  of 
steam at t~ and at the pressure Pw equal  to the vapor 
pressure of water  over the KOH solution. This pres-  
sure will  be less than the vapor pressure of pure water, 
Pw*, at t~ However, the molar  en tha lpy  of water  
vapor at Pw* will  differ f rom that  at pw only because of 
deviations from ideal-gas behavior. The corrections 
can be calculated in  the same way as they were for 
hydrogen and oxygen, bu t  in  view of the fact that  
they will be smal ler  than  the errors in  r arising 
through uncer ta int ies  in  p~ i t  was not  considered 
worthwhile  to prepare a table of corrections. One 
calculation, made for a 30% w / w  solution of KOH 
(m ~- 7.64) at 150~ and a total pressure p -- 10 arm, 
gave pw -- 2.34 arm, Pw* -- 4.70 atm, and a correction, 

r - -  Hpw*]w(g),150 equal  to 32 J mole-~ or 0.17 
mV. This value was calculated using van  der Waal's 
constants for water  vapor (13). 

The expression for the thermoneut ra l  voltage m a y  
then be wr i t ten  

nFV~ -- nFVHHv -~- CY [38] 

where, for s i m p l i c i t y ,  [Hw<g),t,pw* - -  /~~ is given 
the symbol Y. This quant i ty  depends only on the tem- 
perature,  and can be represented wi th in  0.02% by  the 
equat ion 

Y : 42960 -k 40.762t -- 0.06682t 2 J mole -1 [39] 

over the tempera ture  range 25~ --~ t --~ 220~ 
Values of Vt, calculated from Eq. [38] (using [32], 

[36], [37], and [39]) are plotted in  Fig. 1 for a 30% 
w / w  solution of KOH and  a total  pressure of 25 arm, 
The rapid increase of Vtn with  temperature ,  as com- 
pared to the relat ively modest increase of VHHV, oc- 
curs because of the rapid increase wi th  tempera ture  
of the amount  of water  vapor that is carried off with 
the hydrogen and oxygen. The quant i ty  Y does not  
increase very s t rongly with temperature,  but  r does. 
The quant i ty  r decreases with increasing total pres-  
sure p, and, as shown by Fig. 4, this causes Vtn to de-  
crease with increasing pressure. As noted in  Eq. [14], 
Vm approaches VHHV asymptotical ly as p --> oo. 

The designation " thermoneut ra l  voltage" has been 
used previously in  water-electroIyzer  l i terature,  a l-  
though without  a clear definition. Numerous authors 
(14-17) have reproduced a curve which originated 
with Gregory (18), which shows what  is identified as 
the thermoneut ra l  voltage to increase weakly  wi th  in -  
creasing temperature.  Absolute values were between 
the curves drawn in  Fig. 1 for the enthalpic a n d  
higher -hea t ing-va lue  voltages. Thus the earl ier  result  
must  be considered to be an approximat ion to these 
quantities,  which do not include the unavoidable  en- 
ergy requirements  of water  evaporation, 

The Efficiency of a Water Electrolyzer 
In  discussing the efficiency of a real electrolyzer 

which is operat ing with an observed voltage Vobs, it  is 
convenient  to th ink  of a black box into which water  
at 25~ and 1 a tm pressure is fed together with e n -  
e r g y  in  the amount  nFVobs, and out of which comes 
wet hydrogen and wet oxygen together with waste 
energy in  the form of radiation, convection, and con- 
duction. These waste-energy terms can be g r o u p e d  
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Fig. 4. Variation of the thermoneutrol voltage with total pressure 
for three representative electrolyte temperatures. The entholpic and 
high-heating-value voltages are indicated at 70~ 

toge ther  and  defined as Q J / m o l e  of hydrogen  pro-  
duced. 6 Since ene rgy  is conserved 

nFVobs --  H (wet  hydrogen) t ,p  + H (wet  oxygen)t ,~ 

- -  H ( f e e d  water)25,1 am + Q : nFVtn -}- Q [40] 

Wi th in  the  accuracy  impl ied  by  the use of Eq. [38] 

nFVobs -- nFVHHv + CY "~- Q [41] 

The useful  ou tput  f rom the expend i tu re  of nFVobs J 
is u sua l ly  considered to be the  ene rgy  equiva len t  to 
the  h ighe r -hea t ing  va lue  of the  produc t  hydrogen,  
r ep resen ted  by  the t e r m  nFVHHv. I t  is cus tomary,  
then, to define the  e l ec t r i ca l -ene rgy  efficiency of an  
e lec t ro lyzer  as ~, whe re  

--" VHHV/Vobs [42] 

This definit ion of efficiency has become wide ly  ac-  
cepted, in spite  of the fact  tha t  i t  would  never  be pos-  
s ible  to recover  the  fu l l  h igher  hea t ing  va lue  of h y -  
drogen  in  an energy  applicat ion.  Nevertheless ,  a un i -  
fo rm basis for  compar ison is required .  The use of VHHV 
has the  s t rong advan tage  tha t  i t  is a t he rmodynamic  
quant i ty ,  whose va lue  is i ndependen t  of the  way  in 
which  the produc t  gases a re  subsequent ly  t r ea ted  or  
used. The  efficiency wi th  which  the  hea t  content  of 
the p roduc t  gases can be  t r ans fo rmed  into useful  en-  
e rgy  in a pa r t i cu l a r  appl ica t ion  can then  be ana lyzed  
as a separa te  issue. 

As an example  of efficiency calculat ion,  i t  fol lows 
f rom Eq. [32] tha t  the  va lue  of V~ at  100~ is 
1.4983V. Using Table  II, the  va lue  of VHHV at  100~ 
and 50 arm is 1.4983 --  0.850 • 10 -8 --  1.4980V. The 
e lec t r ica l  ene rgy  efficiency of an e lec t ro lyzer  oper -  
a t ing at  1.750V at  this t empe ra tu r e  and pressure  
would  then  be 1.4980/1.750 = 85.6%. I t  is i n t e r e s t i ng  
to note tha t  if the  pressure  dependence  of VHHV had 
been ca lcula ted  by  the  me thod  of neglec t ing  the sec- 
ond t e rm  in Eq. [11] (1-4),  the  ca lcu la ted  va lue  of 
VHHV would  have been 1.4983 + 0.0944 = 1.5925V, 
and the efficiency ~ of an e lec t ro lyzer  opera t ing  at  

Q will, of course, depend on the electrolyzer and its operating 
conditions, including the current. 
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1.750V a t  100~ and  50 arm would  have  been  ca lcu-  
l a ted  to be 91.0%. 

The  en tha lp ic  vol tage  (Vtm), the  h ighe r -hea t i ng -  
value  vo l tage  (VHHv) and the  t h e r m o n e u t r a l  vol tage  
(Vtn) are  t he rmodynamic  s tate  functions,  depending  
only  on the  t empe ra tu r e  and pressure  of the  e lec t ro-  
lyzer  and, in the  case of Vtn, on the  concent ra t ion  of 
the  KOH electrolyte .  In  par t icu lar ,  they  a re  qui te  in-  
dependen t  of the magni tude  of the  e lec t ro lyzing cur -  
rent ,  which de te rmines  the  r a t e  of p roduc t ion  of h y -  
drogen. On the  o ther  hand, the ne t  energy  losses due 
to radiat ion,  convection, and  conduct ion usua l ly  m a n i -  
fest  themselves  as a power  loss of, say PQW or IDQ 
J/sec.  Fo r  an e lectrolysis  cu r ren t  of I amp the ra te  of 
product ion  of hydrogen  would  be I / n F  moles/sec.  The 
energy  loss pe r  mole  of hydrogen  produced,  the  quan-  
t i ty  Q in Eq. [40] and [41], would  then  be given by  

Q - nFPQ/I J mole  - I  [43] 

I t  can also be  expressed  as a vol tage  

VQ : Q/nF : Po l l  [44] 

I t  is ev ident  f rom Eq. [40] tha t  if  Vtn can be ca lcu-  
lated,  then  V~ can be ob ta ined  by  sub t rac t ing  Ytn 
f rom V o b s  

Vobs = Vtn -~- VQ [45] 

The  Therma l -Ba lance  Vo l tage  
I t  should be noted tha t  if  cooling w a t e r  is used to 

remove  hea t  f rom the  e lec t ro lyzer  this wi l l  make  a 
posi t ive cont r ibut ion  to V~; if  hea t  has to be suppl ied  
to the e lec t ro lyzer  in o rder  to ma in ta in  i ts t empera -  
ture  at  t~ then this wi l l  make  a negat ive  con t r ibu-  
t ion to V~. The l a t t e r  s i tua t ion  would  ar ise  if  the  
energy diss ipat ion in the  e lec t ro lyzer  r ep resen ted  by  
overvol tages  and ohmic- res i s tance  losses were  not  
sufficient to ra ise  nFVobs to a va lue  la rge  enough to 
exceed nFVtn b y  enough to supply  the  ene rgy  losses 
f rom rad ia t ion  and convection. 

I t  follows f rom these considerat ions tha t  if  the  
opera t ing  condit ions of an e lect rolyt ic  cell, inc luding 
the tempera ture ,  pressure ,  KOH concentrat ion,  and 
current ,  were  such tha t  Vobs was equal  to Vtn + Vrad 
+ Vconv then separa te  heat ing or cooling of the  cell  
would  not  be required.  That  pa r t i cu la r  value  of Vobs 
would  be  the t h e r m a l - b a l a n c e  vol tage  Vtb 

Vtb : Vtn -~- Vrad -~ Vconv 
or  

Vtb "- Vtn "~ Vrc [46] 

w h e r e  grad -~ Vconv = Vrc. 
I t  should be noted tha t  Vtb is not  a t he rmodynamic  

s tate  funct ion because  ne i ther  Vrad no r  Vconv is a s ta te  
function. Nevertheless ,  an es t imate  of the  magni tude  
of both of the l a t t e r  two quant i t ies  can be made.  

The rad ia t ion  loss can be es t imated  using the  we l l -  
known fou r th -power  law of r ad ia t ion  

Prod -" A~'T(T 4 - -  Ta 4) [47] 

where  A is the  rad ia t ing  area,  ~ is its emissivi ty,  a is 
the  S te fan -Bo l t zmann  constant,  5.67 • 1 0 - s w  m -2  
deg-% and Ta is the ambien t  t empera ture .  As an ex -  
ample,  consider  a cell  opera t ing  a t  the t e m p e r a t u r e  
T = 373.2~ wi th  the  ambien t  t e m p e r a t u r e  Ta = 
298.2~ Suppose that  the  emiss iv i ty  is 0.8 and the 
area  of the rad ia t ing  surface is 0.1 m 2 per  k A  of cur -  
ren t  passing th rough  the  cell. The hea t  loss by  r ad i a -  
t ion would  be 52.1W per  kA, corresponding to Vrad 
= 52.1 InV. 

I t  is also possible to m a k e  an  es t imate  of the  hea t  
loss by  convection, us ing an express ion taken  f rom 
P e r r y  (19) 

Pconv : 1.77A (T --  Ta) 1"25W [48] 

Using the same values  of T, Ta, and A as before,  Peony 
per  k A  would  be 39.1W, and Vco~v would  be  equal  to 
39.1 mV. Vrc would  then  be 91.2 inV. 



1960 J. E lec t rochem.  Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY S e p t e m b e r  1980 

It  is ev ident  from E q. [47], [48], and [44] that for 1.80 
fixed operating and ambient  temperatures,  Vrad and 
Veonv are inversely proport ional  to the electrolyzing 
cur ren t  for any  par t icular  electrolyzer. This effect 
has been noted previously (20). I. 75 

In  Fig. 1 values of the the rmal -ba lance  voltage Vtb, 
defined by Eq. [46], are plotted as a funct ion of tern- > 
perature for an electrolyzer operat ing at  25 arm total 
pressure, using a 30% KOtt  electrolyte and having ~ 1.70 
the area and emissivity referred to above. At  150~ 
and 25 atm, Vtb is 1.743V. Operation below this vol t-  uJ 
age would require inpu t  of heat  f rom an external  ~ 
source. Under  these conditions, VHHV is 1.510V. Thus ~ 1.65 
the energy efficiency of an electrolyzer operat ing at Vtb O 
would be 1.510/1.743 = 86.6%. If the cell were per-  
fectly insula ted  Vtb would be equal to Vtn, arid the _j 
efficiency for operation at the the rmal -ba lance  voltage ~ 1.60 
would be 96.8%. I-- 

The value of the thermal -ba lance  voltage represents D 
a l imitat ion on the m a x i m u m  electr ical -energy effi- 
ciency which can be achieved i~ an electrolyzer, if a O 
supplementary  source of heat  is not available, to main-  2; L.55 t~ 
ta in the temperature.  These l imitat ions are par t icu-  uJ 
lar ly  onerous for high operating temperatures  and "l- 
modest pressures. Kunstreich 's  group has given the I--- 
first systematic a t tent ion to this problem, proposing 
energy recovery from gas driers as an essential com- 
ponent  of efficient high temperature  electrolysis sys- 
tems (1, 2). 

As has been noted by m a n y  authors, it is possible 
for the electrical efficiency of a water  electrolyzer, 
as defined by Eq. [42], to exceed 100.%. In  terms of 
the present  discussion such a si tuation implies that 
energy release in te rna l  to the electrolyzer (from elec- 
trode overvoltages and resistive losses) is so low that 
energy input  by conduction must  exceed the difference 
between Vtb and VHHV. 

Dependence of the Thermal-Balance Voltage on 
Pressure and Electrolyte Concentration 

As indicated by Eq. [46], the thermal -ba lance  volt-  
age can be calculated from a knowledge of the ther-  
moneut ra l  voltage, Vtn, which is a state function de- 
pending only on the temperature,  the pressure, and 
the concentrat ion of the electrolyte, and of the value 
of Vrc, which depends on the electrolyzer and its 
operat ing conditions, including current.  The value of 
V~c can be estimated, for example, by  using Eq. [47] 
and [48]. I t  can also be estimated by subtract ing Vtn 
from Vobs to get VQ, using Eq. [45], and then sub-  
t ract ing from VQ the contr ibut ion (positive or nega-  
tive) made by external  cooling or heating other than 
by radiat ion and convection. If the electrolyzer were 
perfectly insulated, then Vrc would be equal to zero 
and Vtb would be equal to Vtn. In view of these con- 
siderations the dependence of the thermoneut ra l  volt-  
age on pressure and electrolyte concentrat ion is i l-  
lustrated in Fig. 4 and 5. 

In  Fig. 4 values of the thermoneut ra l  voltage for 
3.0% w / w  E O I t  are plotted as a funct ion of pressure 
for three representat ive electrolyte temperatures.  In  
addition, values of the enthalpic and the higher-  
hea t ing-value  voltages at 70~ are plotted. The slight 
decreases in  the values of these lat ter  quanti t ies with 
increasing pressure were calculated using l inear  in-  
terpolation of the data in  Tables I and II. As a result  
of the r a p i d  decrease in the quant i ty  �9 [-= 1.5pw/ 
(P -- Pw)] wi th  increasing total pressure, Vtn ap- 
proaches VH~V at high pressures. This is i l lustrated 
quite clearly by the data for 70~ It should be noted 
that  the curves in Fig. 4 are substant ia l ly  different 
from the results reported by  Kunst re ich  et al. (1, 2) 
for comparable conditions. 

Figure 5 i l lustrates the dependence of the thermo- 
neut ra l  voltage on electrolyte concentrat ion for various 
operat ing temperatures  at a total pressure of 5 arm. 
The rapid decrease in Vt~ with increasing concentra- 

5 atm 

IIO~ 

90"C 

EL 70% 
1.50 ~ 

20 25 30 35 40 45 

KOH CONCENTRATION ( % w / w  ) 

Fig. 5. Dependence of the thermoneutral voltage on concentration 
of the KOH electrolyte for representotiYe temperatures, 

tion of eIectroIyte, par t icular ly  at the higher tem- 
peratures, arises because of the strong dependence of 
the vapor pressure on electrolyte concentration, and 
the even s tronger  dependence of the quant i ty  ~. For  
example, at 130~ the vapor pressure over a 45% solu- 
tion of KOH is only about 34% of that over a 20% so- 
lut ion;  the value of ~ is about 22% of that for the 
weaker  solution. 

The Reversible Potential 
In the course of developing expressions for Vt.p, 

VHHV, and Vt~ it was convenient  to consider an  imagi-  
na ry  electrolytic cell immersed in  a thermostat  at 
temperature  t~ with reversible electrodes, one of 
which was in  contact with wet hydrogen, the other 
with wet oxygen, the whole being at a pressure of p 
atm. The emf of such a cell would be the so-called re-  
versible potential,  Erev, where 

nFErev.tm : -- AGt,p ~-~ #ky -f- 0.5~ox -- ~w(soln) [49] 

in  which ~hy is the chemical potent ial  of hydrogen in 
the gaseous solution of hydrogen and water  vapor, ~ox 
is the chemical potential  of oxygen in the gaseous so- 
lut ion of oxygen and water  vapor, and ~w(soia) is the 
chemical potent ial  of water  in  the electrolyte. 

If, as has been assumed, the water  in each of the 
gaseous solutions is in  equi l ibr ium with the water  in  
the electrolyte, then #w(soln) will  be equal to #w(g), the 
chemical potential  of water  in  ei ther of the two gase- 
ous solutions. To simplify the development  it will be 
assumed that the gaseous solutions are ideal and that  
the individual  pure gases are also ideal. In  this case 
Eq. [7] would apply and Eq. [49] can be wr i t ten  

~rE .... t,, = [ 5 %  + 0.5 ~oo~-  G ~  

+ R T  l n [ ( p - - p w )  Z.5/pw] [50] 

The first te rm in  square brackets is the negative of 
the s tandard  free energy of formation of gaseous 
water  at t~ This can be expressed in  terms of the 
negative of the s tandard free energy of formation of 
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l iquid  w a t e r  by  obta in ing  a re la t ion  be tween  G~ 

and G~ 
F o r  pure  l iquid  w a t e r  in  equ i l ib r ium wi th  its v a p o r  

at  a p ressure  of Pw* a tm 

[GwcD]pw* = [Gw(g~]pw* [51] 

If the vapor can be considered as an s gas, ECl. 
[51] may be expanded as 

G~ + f~'* VwcD dp = G~ + RT In low* [52] 

The value of the integral in Eq. [52] is zero at 100~ 
negative below 1O0~ and positive above; expressed 
in terms of a voltage by dividing by sF, its absolute 
value is less than 10 ~V at 25~ and less than 1 mV 
at 250~ Dropping the integral and substituting for 

G~ in Eq. [50] 

~lPErev,t,p "- nFE~ -~- RT In [ (p -- Pw) 1"JPw*/Pw] 

[53] 
where  

?IFE~ ~- [G~ + 0.5 G~ - -  G~ 

= --  AG~ [H20(1) ] t  [54] 

The va lue  of the s t anda rd  free energy  of fo rmat ion  
of l iquid  wa te r  a t  25~ is --56 690.2 cal (21) and so 
the  value  of E~ is equal  to 1.2291V. 

In developing  the express ions  for  the  enthalpic  
vol tage  and the  h ighe r -hea t i ng -va lue  voltage, cor-  
rect ions ar is ing as a resul t  of the nonidea l i ty  of the  
ind iv idua l  gases were  eva lua ted  and  t abu la t ed  in 
Tables  I and  I1. Analogous  correct ions to Erev a re  not  
made  in this paper ;  a l though this could be done in a 
fa i r Iy  s t r a igh t fo rward  manner .  Ins tead  of using Eq. 
[7] in der iva t ion  of the  express ion for  Er~v.t.p (Eq. 
[50]),  the mola r  free energy of a gas i at  p ressure  p 
would  be  wr i t t en  

G l = G ~  + . . . ) ]  [55] 

in which  B' and C' a re  the  second and th i rd  v i r ia l  
coefficients defined previously.  

In  examin ing  the effect of t e m p e r a t u r e  on the re -  
vers ib le  potent ial ,  the coefficient of R T  in Eq. [53] 
can be eva lua ted  wi th  the  a id  of Eq. [86] and [37]. 
Also, in v iew of the  the rmodynamic  re la t ion  

O ( G / T ) / O T  = - -  (H /T  2) [56] 

i t  follows tha t  

0 (E~ -~- -- (Vot /T  2) [57] 

where  V~ is g iven by  Eq. [20]. Af te r  in tegra t ion  and 
rearrangement E~ is g iven by  the express ion 

E~ : -  1.5184 --  1.5421 • 10-~T -{- 9.523 

• 10-ST in T -{- 9.84 • 10-ST 2 [58] 

E ~  decreases wi th  increas ing t e m p e r a t u r e  in an 
almost  l inear  fashion, as shown in Fig. 6. In  the same 
figure values  of Erev are  p lo t ted  for a to ta l  p ressure  of 
25 a tm  and a 30% KOH elect rolyte .  

I t  is in teres t ing  to compare  the  values  of  Erev and 
Vtn for this  p ressure  and e lec t ro ly te  concentra t ion 
and for the same tempera tu re ,  say 1O0~ The values 
of Erev and Vtn are 1.2522 and 1.5070V, respect ively .  
The amount  of e lect r ica l  energy requ i red  per  mole  
of hydrogen  produced  in an ideal  e lec t ro lyzer  having 
no overvol tages  and no ohmic- res i s tance  losses would  
be nFErev. The balance of the  energy requ i red  for the 
chemical  process, 0.2548 n F  or 49,170J, together  wi th  
any energy requ i red  to cover losses th rough  rad ia t ion  
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Fig. 6. Dependence of the reversible potential on electrolyte 
temperature, under standard conditions, and for 30% w/w KOH 
electrolyte at 25 arm pressure. 

and convection, could, in pr inciple ,  be suppl ied  as 
heat. The va lue  of Vobs for the  cell  would  be 1.2522V. 
Since VHHV for these condit ions is 1.4981V, the  e lec-  
t r ica l  efficiency of the  cell  would  be 1.4981/1.2522 _-- 
119.6%. 
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Gold Passivation in Aqueous Alkaline Cyanide 
D. W. Kirk,* F. R. Foulkes,* and W. F. Graydon 

Department of Chemical Engineering and Applied Chemistry, 
University oJ Toronto, Toronto, Ontario, Canada 2d5S 1A4 

ABSTRACT 

The behavior  of gold electrodes in a lka l ine  cyanide solut ion was s tudied  
using potent ios ta t ic  and po ten t iodynamic  techniques. The resul ts  showed tha t  
the three  anodic current  peaks  found in both s t eady-s ta te  and potent ia l  
sweep exper iments  resul ted  f rom pass ivat ion  of the gold cyanide  dissolution 
react ion 

Au + 2CN-  --> A u ( C N ) 2 -  + e -  

Potent ia l  pH measurements  showed that  the pass iva t ing  reactions were  de- 
pendent on the hydroxy l  ion concentrat ion.  The potent ia ls  at  which passi-  
r a t ion  occurred closely corresponded to the format ion  potent ia ls  of gold 
oxide and suboxide  surface species. I t  was concluded that  the most anodic 
dissolution react ion (peak 3) was pass ivated  by  the fo rmat ion  of gold (III)  
oxide. The less anodic gold dissolution peaks,  peaks  1 and 2, were  pass iva ted  
by the format ion  of gold (I) hydrox ide  according to 

Au -~ O H -  -> AuOH -{- e -  

F r o m  the r emarkab le  s imi la r i ty  be tween the location of the gold dissolution 
peak  in a lka l ine  cyanide solut ion and the locat ion of the oxide and suboxide  
peaks  in cyan ide- f ree  a lkal ine  solution, it  was concluded that  peaks 1 and 
2 corresponded to gold dissolution and subsequent  passivat ion p redominan t ly  
on the (100) and (111) crys ta l  planes,  respect ively;  whereas  peak  3 cor-  
responds to gold dissolution and subsequent  pass ivat ion  over  the complete  
e lectrode surface. 

Gold displays  a complex anodic behavior  in aque-  
ous a lka l ine  cyanide solutions. Potent ios ta t ic  (1-3) 
and  slow potent ia l  sweep measurements  (1) have 
shown the presence of three  peaks  in the anodic po-  
ten t ia l  profile. These three  peaks have been iden t i -  
fied wi th  a gold dissolution Frocess (1). The e lect ron 
s to ichiometry  of the dissolution process has been 
measured  and shown to be un i ty  for  each of the three  
peak  regions (4). The dissolution process in each 
peak  region has been shown to follow the react ion 
sequence 

AU + C N -  ~ A u C N a d s -  [1] 

AuCNads- ~ AuCNads -{- e -  [2] 

AuCNads -{- C N -  ~----Au(CN)2- [3] 

The r a t e -de t e rmin ing  step has been identif ied for 
each of the peak  regions (1, 5). 

* Electrochemical Society Active Member. 
Key words: metals, electrode, passivity, dissolution. 

There  have been severa l  a t tempts  made  to expla in  
the origin of the peaks. Cathro and Koch (2) sug- 
gested tha t  the  fo rmat ion  of basic cyanide films 
anodic of peaks  1 and 2 caused the pass iva t ion  of 
these peaks. Later ,  MacAr thu r  (6) quest ioned the 
format ion  of the basic cyanide  films and suggested 
that  the react ion mechanism and not  pass ivat ion was 
the cause of peak  1. Peak  1 was identif ied by  Mac-  
Ar thu r  wi th  a charge t ransfe r  react ion fol lowed by  a 
chemical  react ion mechanism in which the chemical  
react ion is ra te  de te rmin ing  and the surface in te r -  
media te  in ter feres  wi th  the charge t ransfer  reaction.  
Peak  2 was not separa ted  f rom peak  3 in MacAr thur ' s  
work  and was not identified. 

In a more recent  pape r  by  Eisenmann (3), the 
format ion of peaks 1 and 2 was said to be the resul t  
of diffusion l imi ta t ion  of the cyanide  ion. Our  own 
work  (1) on the anodic behavior  of gold indica ted  
that  the format ion of pass ivat ing  surface films was 
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the cause of the peaks, al though the na ture  of these 
films was not determined.  

Knowledge of the electrochemical reactions of gold 
in alkal ine cyanide is impor tan t  for the development  
of electrolytic processing of industr ia l  gold liquors. 
Al though it  is general ly  agreed (1-3, 14) tha t  the peak 
3 reaction is passivated by  the formation of gold 
(III) oxide, the cause of the formation of the other 
peaks has not been explained satisfactorily. There-  
fore work was carried out to investigate the process 
of peak formation in  potentiostatic and potent iody- 
namic measurements  on gold in  a lkal ine  cyanide solu- 
tions. 

Experimental Section 
The equipment  consisted of a Wenking  potentio-  

stat (Model 70TS1) and voltage scan generator  
(Model VSG72). The potent ia l  sweep measurements  
were recorded wi th  a Hewle t t -Packard  Model 
70004Bx4 recorder for slow sweep rates, and a Tek-  
tronics Model 5113 dual  beam storage oscilloscope for 
fast sweep rates. 

Gold electrodes (99.99% pur i ty)  were used for both 
working and counterelectrodes in a Pyrex cell. The 
working electrode was a gold wire 0.0381 cm in  diam. 
The counterelectrode consisted of 2 gold foil sheets 
(each 1.6 cm 2) set 1.25 cm to either side of the work-  
ing electrode and contained in  glass fri t ted tubes. 
The reference electrode was a saturated calomel elec- 
trode. 1 The cell configuration has been described 
previously (1, 7). 

The surface area of the electrode was determined 
from potential  scan measurements  using the l inear  
relat ion be tween the current  peak height and the 
square root of the voltage scan rate for the oxidation 
of Fe(CN)6 -4. The relat ion given by Nicholson and 
Shain (8) is 

ip 
: 0.4463 

n F v  '/2 
n F  A CoD o - -  

R T  

where Co is the concentrat ion of Fe(CN)~ -4 (mole .  
cm-3) ,  Do is the diffusion coefficient of Fe(CN)6 -4 
(cm e �9 sec-1) ,  ip is the peak current  (A),  A is the area 
(cm2), n is the n u m b e r  of electrons t ransferred in the 
oxidation, v is the scan rate (Vsec-1),  and F, R, and 
and T have their  usual  meanings.  

Solutions prepared from analyt ical  grade reagents 
and doubly distilled water  were deoxygenated by 
bubbl ing  with oxygen-free  nitrogen. 

A s tandard  pre t rea tment  of the gold electrode was 
necessary to achieve reproducibi l i ty  in the voltage 
scans. The electrode was first heated to redness in 
air, then etched in  hot aqua regia for 10 sec, then 
washed in  doubly distilled water  and dried. It  was 
immedia te ly  given a fur ther  t rea tment  consisting of 
a 5 min  reduct ion period in  the electrolyte at --1.2V. 

Results and  Discussion 
A typical single sweep potent ial  profile is shown in 

Fig. 1 for gold in 0.1M KOH + 0.1M KCN at a sweep 
rate of 1.0 mV.sec -L  For the anodic sweep direction 
there are three current  peaks, labeled peak 1, peak 2, 
and peak 3. The reaction in each of these peak regions 
has been shown to be a one electron t ransfer  process 
(4) following the react ion sequence [I],  [2], and [3] 
(1,5). The current  peaks in the potent ial  scan represent  
the rate of gold dissolution in alkal ine cyanide under  
the given exper imental  conditions. The fact that  the 
dissolution rate does not increase monotonicaIly or 
reach a plateau with increase in potential  suggests 
that  the surface may become par t ia l ly  passivated 
dur ing the potential  sweep by the formation of either 
nonreact ive or slowly reactive surface species. 

A l l  p o t e n t i a l s  i n  t h i s  w o r k  are  r e p o r t e d  v s .  t h e  sa turated  calo- 
m e l  e l ec trode .  

~ 2 0  

I,-.-- 

121 

U.I 

122 

Peak 3 
--{:1 

0.2 Peak la b Peak2  a 

I 1 I I I I I 
-0.8 -0.4 0 

POTENTIAL (Votts vs SC.E.) 

.... b 

I 

0 

I 
-1.2 0.4 

Fig. 1. Single sweep potential profile in aqueous alkaline cyanide: 
0.1M KOH -F O.IM KCN; sweep rate = 1.0 mV" sec-1; initial 
potential = --1.2V; temperature = 23,5~ a) anodic scan, b) 
cathodic scan. 

The current  ma x i mum measured in the region of 
peak 3 can be seen to be unstable. This current  in-  
stability, which is observed in both the anodic and 
cathodic sweep directions, is typical of a phenomenon 
known as periodic oxidation (9-12). In  most cases, 
this type of oscillatioil or current  var ia t ion has been 
found to be the resul t  of two competing reactions, 
one of which involves dissolution and the other passi- 
vation. The dissolution reaction is believed to unde r -  
mine the passivating layer, causing the collapse of 
the passivated surface and result ing in  the exposure 
of fresh surface. This process ceases when the passi- 
vat ing layer has completely covered the surface of 
the electrode. 

In  the case of the peak 3 cyanide reaction, the 
passivating species is the gold (III) oxide, which is 
thermodynamical ly  stable at these potentials. With-  
out cyanide present, the oxidation and reduction 
peak of the gold (III) oxide species easily can be ob- 
served near  the potential  of peak 3 (1, 6). In alka-  
l ine cyanide solutions, the competing dissolution re-  
action is the gold dissolution reaction via sequence 
[1], [2], and [3]. 

The cathodic scan of gold in alkal ine cyanide solu- 
tions has received very little a t tent ion in the l i tera-  
ture. The single sweep profile shown in  Fig. 1 re-  
veals several interest ing features in the cathodic por- 
tion of the scan. Although the sweep is in the cath- 
odic direction, there are mult iple  anodic current  peaks 
in the profile. This behavior  is not commmon in po- 
tent ial  sweep or cyclic sweep expermiments,  but  is 
very significant. The first small cathodic current  peak 
(~0.42V) in the cathodic scan is associated with the 
start  of the reduct ion of the gold (III) oxide. Once 
sufficient oxide has been reduced, the anodic reaction 
recommences. The cathodic reduct ion peak will be 
discussed in greater detail later. The first anodic cur-  
rent  max imum in the cathodic scan is very similar to 
that  of peak 3 in  the anodic scan and must  corre- 
spond to the same anodic dissolution reaction. As the 
potent ial  becomes more negative dur ing  the cathodic 
scan, the rate of gold dissolution decreases in the 
fashion of a normal  faradaic reaction. An arrest  in the 
current  decrease occurs at about +0.15V, after which 
an anodic current  increase again takes place, This 
second anodic current  increase may reasonably be as- 
sociated with the anodic reaction at peak 2, since it is 
in the same potential  region. The arrest  and second 
anodic current  increase strongly suggest that the re-  
action at peak 2 is blocked by the formation of a 
passivating layer  dur ing the anodic scan, and that  the 
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reduct ion of this passivating layer  dur ing  the cath- 
odic scan (at ~ 4-0.15V) allows the anodic dissolu- 
tion reaction to recommence. A cathodic peak indi -  
cating the presence of a reducible species would be 
expected only if the magni tude  of the cathodic reac- 
tion was greater  than  that  of the competing anodic 
reaction. 

The cont inuat ion of the cathodic scan from peak 2 
in  Fig. 1 shows that  the current  remains  anodic, but  
decreases wi th  potential.  From the inset  in  Fig. 1 i t  
can be seen that  a third anodic increase takes place 
in  the peak 1 region. Al though the peak 1 reaction is 
weak at these potentials,  it  is clear that  the behavior  
of the gold electrode in  this region is very  similar  
to that observed for the peak 2 and peak 3 regions. 
The reduct ion of a passivating species (at ~ --0.6V) 
would allow the anodic dissolution reaction to recom- 
mence. 

Thus the cathodic scan in  Fig. 1 is consistent with 
the proposal that  the anodic current  peaks are the re-  
sult  of a dissolution reaction which is blocked by the 
formation of passivating surface species. 

The effect of the extent  of the sweep range is shown 
in  Fig. 2. The range of the potent ial  sweep was varied 
from 0.06 to 0.SV past peak 3. When the anodic sweep 
extent  was jus t  sufficient to cause the passivation of 
peak 3 (curve 1), the cathodic scan revealed almost 
complete reversibi l i ty  of the peak 3 reaction. How- 
ever, with greater  potential  scan ranges, the reversi-  
b i l i ty  of the peak 3 reaction decreased (curves 2, B, 
and 4). When the extent  of the potent ial  sweep ex- 
ceeds +0.SV (curve 4), l i t t le or no evidence of the 
peak 3 reaction can be seen on the cathodic sweep. 
The thickness of the oxide may  increase with oxida- 
tion t ime and the na ture  of the oxide may change 
with increase in  oxidation potential. Either phenome-  
non could account for the progressive decrease of 
anodic current  in the cathodic scan in  Fig. 2. 

Figure  3 shows the effect of vary ing  the sweep rate 
for a fixed sweep range. At sweep rates of 1 Vsec -~, 
peak 2 is no longer distinct from peak 3 in the anodic 
scan. In the cathodic scan, the cathodic reduction peak 
of the gold (III) oxide is more readily observed. 
Thus at the faster sweep rates, the gold (III) oxide 
reduct ion reaction is more readily separated from the 
anodic dissolution reaction. By holding the potent ial  
at the end of the anodic scan for various times, then 
performing the cathodic scan at 1 Vsec-~, the change 
in the oxide bui ldup can be estimated. This change 
can be seen in Fig. 4. The magni tude  of the reduct ion 
peak increases with the t ime held at the end of the 

The theoretical monalayer coverage was calculated using an 
atomic density of 1.15 x 10 ~5 atoms �9 cm-~ (7) based on the aver- 
age os the atomic density of the three crystal planes (100), (i10), 
and (n l ) .  
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Fig. 2. Effect of potential scan range on single sweep potential 
profile in aqueous alkaline cyanide: 0.1M KOH -I- 0.1M KCN; 
sweep rate ~ 10 m V . s e c - 1 ;  initial potential ~ --1.2V; tem- 
perature ~ 19.8~ Sweep extent: curve 1, -F0.46V; curve 2, 
-I-0.54V; curve 3, 4-0.80V; curve 4, 4-0.92V. 
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Fig. 3. Effect of sweep rate on single sweep potential profile 
in aqueous alkaline cyanide: 0.1M KOH + 0.#M KCN; initial po- 
tential ~ --1.2V; temperature ~ 22.3~ Sweep rate: a, 10 
mV �9 sac-Z; b, 100 mV �9 sac- l ;  c, 1.0 Vsec -1 .  

anodic sweep, a l though a l imit ing value is reached 
after approximately 2 rain (see inser t) .  This l imit ing 
value in the 0.1M KOH 4- 0.1M KCN electrolyte 
corresponds to approximately  75% coverage with an 
Au +~ monolayer.  Under  conditions more favorable to 
the oxide formation (increased hydroxide concentra-  
tion, 1.0M), the l imit ing value was achieved more 
rapidly  (<1 min)  and was higher, corresponding to 
100% coverage of a monolayer  of Au +~ oxide. The 
lower values in  the 0.1M KOH 4- 0.1M KCN may 
simply reflect a greater proport ion of the anodic dis- 
solution reaction in  the measurements .  There is evi-  
dence in Fig. 4 that  the cathodic oxide reduction re-  
action is not completely separated from the anodic 
dissolution reaction. The tail  of the reduction peak 
from --0.1 to --0.3V becomes anodic, indicat ing that  
the anodic process dominates for this region and ob- 
scures a portion of the reduct ion peak, thereby yield-  
ing lower apparent  values of oxide coverage. These 
data support  the theory that  gold (III)  oxide passi- 
ra tes  the peak 3 cyanide reaction. The presence of 
cyanide in  solution appears to l imit  the oxide growth 

15 

I 
E IO 

< 
E:.u_ 

o 0 
i.-- u 
Z ' -  

a:.c 5 

~6 
5 .... (~ .... 0 ........ 0 ..... 

s + + 

0 50 100 15D 

TIME HELD AT +08V Is} 

a "~"% 
cb  ~ 

-0.4 
I I I I I I 

0 0.4 O,B 
POTENTIAL (Volts vs.S.CEJ 

Fig. 4. Cathodic single sweep potential profile after holding 
electrode potential at @0.8V in aqueous alkaline cyanide: 0.1M 
KOH + 0.1M KCN; sweep rate ~ 1.0 Vsec-1; temperature - -  
22.8~ Holding time: a, 5 sec; b, 10 sec; c, 30 sec; d, 60 see; e, 
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Dotted line indicates charge required for reduction of an Au +3 
monolayer. + :  measurements from curves a, b, c, d, and e; Q :  
measurements from similar runs in 1.0M KOH + 0.1M KCN. 
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to about  a monolayer.  In  a lkal ine  solutions without  
cyanide, mul t i l ayer  oxide formation does take place 
(7). It  is clear in  the cathodic scans in  Fig. 2 that  
when  the extent  of the potential  scan is small  (curve 
1), the oxide layer  is ei ther  incomplete or does not 
have t ime to rear range  to form a more stable layer  
(13) and the reduct ion is re la t ively  easy, allowing 
the anodic react ion to recommence. For greater  scan 
ranges (curve 4), the oxide layer  is more com- 
plete or more stable and  the reduct ion of this oxide 
layer  may  occur at more cathodic potentials. This 
effect can be seen in  the shift of cathodic reduct ion 
peak potent ial  wi th  increase in  oxidation t ime in 
Fig. 4. A more complete or more stable oxide would 
also take longer to reduce and thus the potential  may 
pass the peak 3 region in the cathodic scan before 
the oxide is removed (curve 4, Fig. 2). 

By stopping the potent ial  sweep at the anodic peak 
potent ial  on the cathodic sweep, it can be seen that, 
given sufficient time, the oxide reduct ion can take 
place at that  potential.  Shown in Fig. 5b is the cur-  
r en t - t ime  behavior  of a gold electrode after  an an-  
odic sweep to W0.70V and a cathodic sweep back to 
W0.38V. Figure  5a shows the single sweep profile wi th-  
out the hold at -F0.38V vs. SCE. The single sweep 
profile of Fig. 5a shows that  in the cathodic sweep the 
anodic reaction would not be observed unt i l  a poten- 
tial of W0.13V. By holding the potential  at -F0.38V, 
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Fig. 5. Anodic recovery behavior of a gold electrode in aqueous 
alkMine cyanide after passivatian: 0.1M KOH -}- 0.1M KCN; 
temperature = 22.3~ a) single sweep potential profile: sweep 
rate = 10 mV" sec -1.  b) current-time behavior at peak 3 after 
passivation by a single potential sweep as in 5a except that the 
potential was stopped and held at +0.38V in the cathodic sweep. 
c) current-time behavior at peak 2 after passivation by a single 
potential sweep to -I 0,2V. The potential was stopped and held at 
-I-0.1V during the cathodic sweep, d) current-time behavior at peak 
I after passivation by a single potential sweep to --0.4V. The 
potential was stopped and held at --0.62V during the cathodic 
sweep. 

the s teady-state  dissolution rate of peak 3 is achieved 
in about 90 sec. This represents the t ime required to 
reduce the oxide from full  surface coverage to the 
steady-state coverage at +0.38V. The oscillation in 
the steady-state current  at +0.38V can be observed 
easily in Fig. 5b. This instabil i ty,  as noted earlier, 
appears to be the result  of the inabi l i ty  of the gold 
(I l I)  oxide reaction to dominate and passivate the 
surface at this potential. 

The nature of the passivating layer for peak 2 may 
also be examined by measuring the recovery time of 
the anodic reaction after passivation. Potential scans 
were carried out in which the potential was stopped 
in the passivation region of peak 2 (+0.2V), then 
returned to a potential at the peak value (+0.1V). 
A current-time curve after the potential sweep is 
shown in Fig. 5c. It is clear from this figure that the 
passivation is not complete for peak 2 and that the 
anodic recovery begins immediately. However, the 
time required to reach the steady-state anodic dis- 
solution rate is longer than that required for peak 3 
recovery. In addition, it can be seen that the steady- 
state value is not reached in a monotonic fashion. 
This transient behavior is believed to be related to 
the dark film formation which is observed in the peak 
2 region. This dark film, which has been reported in 
earlier works, (I, 2), has not yet been identified. The 
film does not seem to be the passivating layer, since 
the anodic reaction proceeds despite its formation. 
The film may, however, cause an increase in the 
effective surface area and hence cause a temporarily 
high anodic dissolution rate. The measurement of the 
surface area of an electrode held at peak 2 (+0.1V) 
for 5 rain revealed that the area increased by about 
26% as a result of the film formation. This area in- 
crease is sufficient to cause the cur ren t  "overshoot" 
in  the cur ren t - t ime  behavior  observed in  Fig. 5c. 
Despite this added feature, the recovery behavior  is 
consistent with that  expected for a reaction which 
has been blocked by  the formation of a passivating 
film. 

The recovery time of the anodic react ion in  the 
peak 1 region also was studied. After an anodic scan 
to --0.40V, the cathodic potent ial  scan was stopped at 
a value of --0.62V in the cathodic leg of the scan. 
The cur ren t - t ime  profile was then recorded and is 
shown in Fig. 5d. In this profile, the current  slowly 
re turns  to its s teady-state  level. This slow re tu rn  is 
par t ly  the resul t  of the slow rate of reaction of the 
cyanide reaction at this potential.  

It  is clear that  the formation of intermediates  dur -  
ing the dissolution reaction could cause peaks in the 
potential  scans if the rate of reaction was dependent  
on either the diffusion of the reactants  forming the 
in termediate  or the diffusion of the products of the 
intermediate.  In  either case, however, s teady-state  
measurements  would show l imit ing current  plateaus 
and not current  peaks. In  earl ier  works (1-3), steady- 
state measurements  have shown poten t ia l -cur ren t  
profiles which have three peaks, and not three cur-  
rent  plateaus. It is unlikely,  therefore, tha t  the passi- 
vat ing species is a reaction in termediate  in the dis- 
solution process. The formation of the gold (III) 
oxide species does passivate the react ion at the peak 
3 region. Thus one might  expect that  if lower valence 
oxides could form, they might  also be able to passi- 
vate the cyanide reaction. Recently it has been shown 
(7) that lower valence oxides may be found in alka-  
line solutions at potentials cathodic of the gold (III) 
oxide potential.  In  three different potential  regions, 
distinct hydroxide-gold reactions were found. These 
reactions, identified by current  peaks found in fast 
potential  sweep profiles in potassium hydroxide solu- 
tions, were the result  of monolayer  hydroxide ad- 
sorption on the gold surface via the reaction 

Au -t- O H -  -+ AuOHads + e -  [4] 
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The three potential  regions where the current  peaks 
were found were labeled peaks A, B, and C and were 
from --1.2 to --0.7V, --0.7 to --0.3V, and --0.3 to 
+ 0.2V, respectively. 

In  F ig .  6, a single anodic potential  sweep profile is 
shown for gold in  0.1M KCN + 0.1M KOH. The po- 
tentials of formation of the gold hydroxide species 
at  peaks A, B, and C, corrected for these pH condi- 
tions, are indicated. The potential regions indicated 
for peaks A, B, and C are the 95% confidence limits 
of the peak maxima for the data presented in  Ref. 
(7). Peaks B and C were not found to shift with 
sweep rate, hence the potentials for a sweep rate of 
1 m V .  sec -1 are directly available from the poten-  
t ia l -pH diagram [Fig. 5 in Ref. (7)]. Peak A, how- 
ever, was shown to behave i r revers ibly  with a po- 
tent ial  shift of § per decade of increasing 
sweep rate. Direct extrapolat ion of the peak poten-  
tial measured at 1 Vsec -1 in  the earlier work to 1 
i n V .  sec -~ in  this work is not advisable since the 
reaction may not remain  irreversible at slow sweep 
rates (15). Therefore the "reversible" potential  of 

( Ep cathodic + Ep anodic ) 
peak A obtained using 2 

(16) was used to indicate the formation potential  of 
peak A. Direct measurement  of the peak formation 
potentials at a sweep rate of 1 m V .  sec -1 is not pos- 
sible because the small  number  of coulombs required 
to complete the reactions is obscured by the back- 
g#ound current.  The potential  of formation of the 
gold (III) oxide (peak D ) ,  which is found in the 
solution without  cyanide, is also shown. 

As can be seen from Fig. 6, gold (III) oxide is 
formed just  anodic of the peak 3 cyanide reaction. 
Thus, it is clear that  the bui ldup of the oxide on the 
surface is the cause of the te rminat ion  of the cyanide 
reaction. The oxide layer  has been shown to be pas- 
sive in potassium hydroxide solutions (7), and the 
var ia t ion  of the current  near  the peak is the result  
of the competit ion between the passivation and an-  
odic dissolution reactions as discussed earlier. 

It can also be seen from the figure that the forma- 
tion of the hydroxide adsorption peak C coincides 
with the m i n i m u m  between the cyanide reactions of 
peak 2 and peak 3, and is anodic of peak 2. This is 
the region in which the formation of a passivating 
film would be expected in order to account for the de- 
crease in the cyanide reaction at peak 2. The hy-  
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Fig. 6. Comparison of peaks in alkaline and alkafine cyanide 
electrolytes: anodic single sweep potential profile: 0.1M KOH -~ 
0.1M KCN; sweep rate = 1.0 mV �9 sec-1; temperature = 23.5~ 
potential ranges of peaks A, B, and C represent 95% confidence 
limits for peak potentials at this sweep rate. 

droxide adsorption peak C has been shown to be pas- 
sive (7). Thus it is reasonable to associate the forma- 
tion of the adsorbed hydroxide layer  of peak C with 
the passivating surface species of the peak 2 cyanide 
reaction. 

From Fig. 6 it  can also be seen that  the formation 
of the adsorbed hydroxide species at peak B is anodic 
of the cyanide reaction of peak 1, and is approxi-  
mate ly  at --0.SV. This is the region in which the for- 
mat ion of a passivating film would be expected in  
order to account for the decrease in the cyanide re- 
action at peak 1. The hydroxide adsorption peak B 
has been shown to be passive (7), and it is reasonable 
to associate the formation of the adsorbed hydroxide 
layer  of peak B with the passivating surface species 
of the peak 1 cyanide reaction. 

If the passivation reaction involves the hydroxyl  
ion, then the potential  of formation of the hydroxide 
species may be shifted by al tering the concentrat ion 
of the hydroxyl  ion in the solution. This would then 
change the peak potential  of the cyanide reaction be- 
cause passivation would be either advanced or re- 
tarded. The change of cyanide peak potential  with 
hydroxide concentrat ion is shown in Fig. 7. The earlier 
results of Cathro and Koch are also shown in the 
figure. The change of peak potential  with hydroxide 
concentrat ion for both peaks 1 and 3 is approximately 
--0.06 V/decade, while peak 2 does not appear  to 
shift over the hydroxide concentrat ion range 10 -3 
to 1M. In  the case of the peak 3 passivation, the theo- 
retical potential  of formation of the gold (III) oxide 
decreases l inear ly  at the rate of 0.059V per tenfold 
increase in  hydroxide concentration. This is in good 
agreement  with the measured cathodic shift of 0.063V 
per tenfold increase in hydroxide concentrat ion for 
the peak 3 cyanide reaction. 

In the case of peaks 1 and 2, passivation, via reac- 
t ion [4], would be expected to cause the cyanide peak 
to shift cathodicalIy at the rate of 0.059V per tenfold 
increase in hydroxide concentration. The measured 
cathodic shift of 0.057V per tenfold increase in  hy-  
droxide concentrat ion for peak 1 is in good agree- 
ment  with the theoretical value. The potential  at 
peak 2, however, does not show any change for con- 
centrations above 10-3M KOH. Despite the lack of 
potential  shift of peak 2, the concentrat ion of hy-  
droxide does affect the rate of reaction in the peak 2 
region. In Ref. (1) (Fig. 7), the rate of dissolution 
was shown to decrease with increase in hydroxide 
concentration. This effect was greatest for changes in 
hydroxide concentrat ion above 10-2M. From these 
data it appears that the AuOHads- species may have 
a significant concentrat ion at the surface in  the peak 
2 region. By using the data presented in Ref. (1), it 
is possible to model the hydroxide adsorption iso- 
therm and estimate the coverage of AuOHads- On the 
surface. The details are given in the Appendix and 
show that, even for concentrat ions of hydroxide as 
low as 10-3M, the surface coverage of the AuOHads- 
species could be 48%. As a result  of the relat ively 
high surface coverage of the AuOHads- species in the 
region of peak 2, it is necessary to consider the for- 
mat ion of AuOHads in a two stage reaction 

Au + O H -  ~ AuOHad~- [5] 

AuOHads- --> AuOHads + e -  [6] 

The reversible potential  of formation of AuOHeds can 
be seen to depend on the concentrat ion of the 
AuOHads- species via the re la t ion 

RT aAuOHads 
ACe -- ~r ~ + in  [7] 

F aAuoHads--  

From the adsorption data, the concentrat ion of 
AuOHads- is relat ively high for hydroxide concen- 
trations above 10-3M. If the activities of the two s u r -  
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Fig. 7. Effect of hydroxide concentration on peak potentials 
in aqueous alkaline cyanide: free cyanide concentration ---- 0.1M; 
temperature = 23~ + ,  data from this work; � 9  data from 
Cathro and Koch (2). 

face species AuOHads and AuOHads- remain  approxi-  
mate ly  constant for bu lk  hydroxide concentrations 
greater  than  10-8M, then ACe, the potential  of for- 
mation, will  remain  constant. Under  these condi- 
tions, the passivation of peak 2 would not shift with 
changing hydroxide concentration.  For lower hy-  
droxide concentrat ions (<10-3M),  the formation of 
the AuOHaas should become dependent  on the hy-  
droxide concentrat ion in the bulk  solution and a po- 
tent ial  shift of --0.059V per tenfold increase in hy-  
droxide concentrat ion would be expected. As can be 
seen in Fig. 7, the peak 2 potential  for the 10-4M con- 
centrat ion is shifted from the 0.1V value. For  lower 
pH values, buffering is required. Although it is not 
known what  effect the buffering ions will have on the 
adsorption of hydroxide ions, an anodic potential  
shift of the passivation would be expected with a 
decrease in  hydroxide concentration. 

A potassium phosphate buffering system was used 
to lower the p,H. Sufficient potassium cyanide was 
dissolved in  the solution to set the free cyanide ion 
concentrat ion at 0.1M despite the formation of undis-  
sociated hydrocyanic  acid via the reaction 

CN- + HzO ~--- HCN + OH- [8] 

P A S S I V A T I O N  1 9 6 7  

Very slow sweep rates (0.1 mV �9 sec -1) were used so 
that  the passivation reactions could still take place 
despite the reduced hydroxide concentration. The re-  
sults showed that  from pH 10-7.8, peak 2 shifted in 
the anodic direction at the rate of 0.065 _ 0.010 (95% 
confidence) V per pH unit.  This value agrees favor- 
ably with the theoretical value of 0.059V per pH 
unit.  As a result  of the anodic potent ial  shift with 
decrease in pH the peak 3 cyanide reaction begins to 
obscure the passivation of the peak 2 reaction to the 
extent  that  peak 2 appears to be only a shoulder of 
the peak 3 reaction. Potent ial  scans in the buffered 
solutions (pH ~ 10) appear  to be more complex than 
in those of high alkaliuity.  Multiple peak formation 
is observed in  these solutions. Since several  new spe- 
cies are present  in  the buffered solutions (HCN, 
PO4 ~, HPO4 =, H2PO4-, H3PO4) it  is not clear whether  
these species may be contr ibut ing to the complexity 
of the potential  scans. Despite these new features in  
the potential  scans, it is clear that  the passivation of 
the peak 2 cyanide reaction is affected by the hy-  
droxyl ion. In  addition, the model for the hydroxide 
adsorption phenomenon presented in the Appendix 
is consistent with both the earl ier  findings (1) that  
the dissolution rate decreased l inear ly  with log [OH- ]  
and with the potent ia l -pH behavior  of peak 2 in this 
work. 

It is clear that  the hydroxyl  ion is involved with 
the passivation of the cyanide reactions and that the 
oxide formation potentials occur just  anodic of the 
cyanide peaks. Therefore, it is reasonable to associate 
the passivation of the cyanide reactions at peaks 1 
and 2 with the formation of the adsorbed hydroxide 
species indicated by peaks B and  C as shown in Fig. 6. 
The passivation of the cyanide reaction at peak 3 is 
the result  of the formation of gold (III) oxide indi -  
cated by peak D. 

The l inking of the passivation of peaks 1 and 2 
with the species identified at peaks B and C in alka-  
l ine solutions has interest ing consequences. The passi- 
vat ing species formed at peaks B and C were shown 
to be the result  of monolayer  hydroxide adsorption 
on distinct crystal planes (7). This would then ex- 
plain why the same dissolution reaction sequence 
was indicated for peaks 1 and 2. Peak C was ident i -  
fied with hydroxide adsorption on the (111) gold crys- 
tal  plane. Thus, if the peak C reaction is the cause 
of the passivation of the peak 2 cyanide reaction, then 
the peak 2 cyanide reaction must  occur predominant ly  
on the (111) crystal plane. Peak B was identified 
with the monolayer  hydroxide adsorption on the 
(100) crystal plane. By similar  reasoning, the peak 1 
cyanide reaction should occur predominant ly  on the 
(100) crystal plane. Thus the same dissolution reac- 
tion sequence would be found for peaks 1 and 2. 
After  peak C in alkal ine solutions, the surface is pre-  
dicted (7) to have complete coverage of adsorbed hy-  
droxide. Thus the cyanide reaction at peak 3 which 
is anodic of peak C must  take place despite the hy-  
droxide coverage. As a result  of the reaction pro- 
ceeding in spite of the hydroxide coverage, the hy-  
droxide concentrat ion should not affect the peak 3 
cyanide reaction rate. This is indeed the case. In  Fig. 
5 of Ref. (1), the concentrat ion of the hydroxide ion 
was shown to have no effect on the gold dissolution 
rate at peak 3 over the concentrat ion range 10 -3 to 
1M. From the data presented, it is clear that  the gold 
oxide and suboxide reactions can provide an explana-  
t ion for the complex behavior  of gold in alkaline 
cyanide solutions. 

The effect of the peak A hydroxide adsorption re-  
action on the cyanide dissolution reaction has not 
yet  been discussed, al though it is l ikely that  the 
blockage of the (110) crystal plane may simply pre-  
vent  reaction from occurring on that plane un t i l  the 
peak 3 region. 
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Summary 
The results of this work  indicate c lear ly  that  the 

three anodic current  peaks found in potentiostatic 
and potent iodynamic profiles for alkal ine cyanide 
solutions are the result  of passivation of the active 
gold surface. That  the various passivation species are 
gold hydroxides,  was shown by the hydroxyl  ion de- 
pendence measurements .  Passivat ion potentials cor- 
respond closely to the format ion  potentials of gold 
oxide and suboxide species. 

The most anodic dissolution peak for the cyanide 
dissolution is passivated by the format ion of gold 
(III) oxide. The more cathodic peaks are subject  
to passivation by hydroxide  adsorpt ion on various 
crystal  planes to form. a gold (I) surface species. 
These various dissolution and passivat ion phenomena 
are i l lustrated in the schematic representa t ion of the 
anodic behavior  of gold in alkal ine cyanide solution 
shown ir~ Fig. 8. 

Manuscript  received Dec. 20, 1979. 

Any  discussion of this paper  will  appear  in a Dis- 
cussion Section to be published in the June  1981 
JOURNAL. All  discussions for the June  1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 

Publication costs of this article were assisted by 
the University of Toronto 

A P P E N D I X  

Calculation of an isotherm for hydroxide adsorption on gold in 
the region of peak 2 ( +O. IV)  in aqueous alkaline cyanide 

From Ref. (1), Fig. 7, the fol lowing data are  ob- 
tained 

Table IA. The effect of hydroxide concentration on the 
dissolution rate of gold at peak 2 (@0.1V) 

Concentrat ion  
Disso lut ion  rate  o f  [OH-] Current  density" 
(rag �9 m -2 �9 see-Z) (mole �9 ~) (A �9 m --~) 

25 1.0 12.2 
42 0.1 20.6 
62 0.01 30.4 
77 0.001 37.7 

~CN] = O.05m 
* T he  current  dens i ty  is ca lcu la ted  by c o n v e r t i n g  the  dissolu- 

t ion rate  to  m o l e  �9 m --~ �9 sec-Z, t h e n  by not ing  that  the  dissolut ion 
react ion  is a one -e l ec tron  t rans fer  process  ( 1 ) ,  mul t ip l i cat ion  by  
96,489 c / m o l e  g ives  cu r r e n t  dens i ty  ( A  �9 m-=).  

In Ref. (1), step [2] was shown to be the ra te-  
de termining step in the dissolution sequence [1], 
[2], and [3] in the region of peak 2. The theoret ical  
react ion rate  for step [2] was shown to be 

t~ 
-CR LTr3 
110100111 110100111 

/ 
_ .-~--. ~ ' - .  

110100111 110 100111 

t t  t t t t t t  

110100111 110100111 

NNN 
110100111 110 100111 

INCREASING POTENTIAL---~ 

Fig. 8. A schematic representation of the ano, dic behavior of 
gold in aqueous alkaline cyanide, r - ~  bare Au; ~ Au dissolving; 
[ ~  OH covered; ~ Au203 covered. ~ reaction in alkaline 
cyanide solution, . . . . . .  reaction in cyanide-free alkaline solution. 
The numbers refer to the crystal planes involved in the reactions. 

i _-- -~ -, exp [A- l ]  
kz + k l [ C N - ]  - RT " 

<-- --> 

where  ki, ki are the par t ia l  e lectrochemical  rate  con- 
stants, #" is the surface coverage by AuOHads-, fl is 
the symmet ry  factor of the rds, A,  is the electrode 

--> 

potential, ~ is the reaction rate expressed as current 
density, and F, R, T, have their usual meanings. 

For constant potential and constant cyanide con- 
centration this expression reduces to 

i _-- K(1 -- r [A-2] 
. - )  . - )  

where  K is the constant -9 --, exp - -  
kz + k l [ C N - ]  RT 

It is clear f rom Table IA that an increase in the con- 
centrat ion of hydroxide  causes a decrease in the dis- 
solution rate. A plot of current  density vs. log [ O H - ]  
in Fig. A-1 shows that  icc log [ O H - ] .  

Using l inear  regression the relat ionship can be 
found to be 

i ---- 12.28 -- 8.63 log [ O H - ]  [A-3] 

As a consequence of the s imilar i ty  be tween  Eq. [A-2] 
and [A-3] it is reasonable to assume that  e" oc log 
[ O H - ] .  Fur the rmore  if the concentrat ion of the sur-  
face species AuOHads- is assumed to be _~ 0 for a 
concentrat ion of [ O H - ]  ---- 10-TM, then 

7 + log [ O H - ]  

8.42 i,0J  
, , , 3 o - - - < .  

1 0  J I i 
0D01 0.01 0.1 1.0 

CONCENTRATION of OH- (mol.drn - j )  

Fig. A-1. Effect of hydroxide concentration on the dissolution rate 
of gold in aqueous alkaline cyanide: temperature = 23.5~ 0.0SM 
F C N - ] .  Data from Fig. 7, Ref. (1). 
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Fig. A-2. Surface coverage (F') of AuOHads- vs. concentration 
of hydroxide for the adsorption isotherm 0" = 7 ~ log [ O H - ] /  
8.42. 
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This relationship has been plotted in Fig. A-2. From 
this isotherm the coverage of the gold by  AuOHads- at 
[OH- ]  . :  10-~M is about  48%. 

From Fig. A-2 it can be seen that  at concentrat ions 
10-~M KOH the surface concentrat ion of A u O i a d s -  

remains  relat ively constant. 
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Models for the Photoelectrolytic Decomposition of 
Water at Semiconducting Oxide Anodes 

J. M. Kowalski,* K. H. Johnson, and H. L. Tuller** 
Department o~ MateriaLs Science and Engineering, 

Massachusetts Institute o~ Technology, Cambridge, Massachusetts 02139 

ABSTRACT 

Surface states at semiconducting TiO2/electrolyte interfaces are believed 
to play an impor tant  role in charge transfer  and thereby the efficiency of 
photoelectrochemical processes at such interfaces. Theoretical calculations 
were therefore performed using the SCF-X~-SW method to determine the 
position and character of surface states at various characteristic interfaces. At 
the TiO2/water interface, ant ibonding surface states were found which when  
occupied would explain the exper imenta l ly  observed dissociation of water  
into hydroxyl  groups at n - type  semiconducting TiO2 surfaces. Similarly,  ant i -  
bonding surface states were found at the T i O J O H -  interface which when 
occupied would tend to destabilize the OH bond. A likely mechanism for 
the dissociation of water  and decomposition of certain photoanodes in photo- 
electrochemical cells based on the above results is presented. The effects of 
surface reconstruction at heavily reduced TiO 2 surfaces on the validity of our 
calculations are also discussed. 

The present  fuel shortage has s t imulated much re- 
search concerning the production of hydrogen gas by 
the photoelectrolysis of water on semiconductor elec- 
trode surfaces. To date, only a few semiconducting 
oxides, including t i t an ium dioxide and some perov- 
skites, have been shown to remain inert  in cell opera- 
t ion and decompose water. In all cases surface states 
at the electrode-electrolyte interface are believed to 
play an impor tant  role in the charge transfer  process 
and thereby the overall  efficiency of such cells (1, 2). 
Litt le is known, however, concerning the source of 
these surface states and the manne r  in which they 
assist the photoelectrolytic process. In the following, 
SCF-X~-SW calculations are presented which serve 
to clarify some of these issues. 

The catalytic behavior  of a surface often depends 
on its abil i ty to interact  electronically with the adsorb- 
ate. The de terminat ion  of the electronic s t ructure  of 
the surface per turbed by the chemisorbed species may, 
therefore, provide a basis for unders tanding  charge 
t ransfer  catalysis. In  order to unders tand  the electronic 
interact ion between water  and a T i Q  surface, cluster 
molecular-orbi ta l  calculations were performed using 
the self-consistent-field-X~-scattered wave (SCF-X~- 
SW) method (3). This technique is based on the corn- 

* E l e c t r o c h e m i c a l  Socie ty  S t u d e n t  Member .  
** E l e c t r o c h e m i c a l  Society Active Member .  
Key  w o r d s :  photoelectrolysis, catalysis, t itanium dioxide, per-  

ovsk i t e  titanates. 

bined use of the X~ densi ty-funct ional  approximat ion 
to electron-electron exchange and correlation and  
the mul t ip le-sca t tered-wave method of solving SchrSd- 
inger 's equation. Details of the technique, including 
computational  procedure, and previous applications are 
described in Ref. (3). The SCF-X~-SW method w a s  
chosen over the conventional  Har t ree-Fock self-con- 
sistent-field l inear-combinat ion-of-a tomic  orbitals (HF 
SCF-LCAO) method since the former is less laborious 
and costly in computer t ime and leads to a more re-  
liable description of electronic s tructure (3). Molecu- 
lar orbital methods were chosen over band theory 
since it offers a more appropriate description of l oca l  
interactions and chemical bonding. 

Previous SCF-X~-SW studies (4) have shown that  
the local electronic s tructure of bulk TiO2 (ruti le)  can  
be realist ically modeled in terms of a (TiO6) s -  cluster, 
yielding results in good agreement  with measured 
photoemission and optical absorption spectra. In  the 
same manner ,  the ehemisorption of H20 on a t i t an ium 
dioxide surface can be modeled by the combinat ion 
of a TiO2 surface cluster and an adsorbed H20 mole- 
cule. In  the remainder  of this paper, results for the 
clean, water-chemisorbed,  and OH--chemisorbed  sur-  
faces are presented and compared with recent ly mea-  
sured photoemission spectra. With these results, a 
possible mechanism is suggested for the dissociation of 
water in  the photoelectrochemical cell. 
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Results of Calculations 
Figure 1 (a) shows the schematic energy level dia- 

gram for "bulk" TiO~ as calculated by the SCF-Xa-SW 
method along with those for the free oxygen and t i ta-  
n ium atoms. Only the Ti3d and O2p levels are shown 
since they are the only ones involved in bonding 
on this energy scale. One observes that  the t i tan ium 
3d level splits into the ant ibonding %* and %~* levels 
which represent  the conduction band of bulk  TiOe. 
The valence band is composed main ly  of oxygen bond-  
ing and nonbonding  2p character and lies approxi-  
mately  3 eV below the conduction band. 

Clean sur]aces.--The simplest model for the clean 
(110) t i t an ium dioxide surface is the (TiOs) 6- cluster 
which consists of a slightly distorted and t runcated 
octahedron in  which a t i tan ium atom is surrounded by 
five nearest  neighbor oxygen atoms. These slight dis- 
tortions are ignored in  our  analysis to simplify calcu- 
lations. Furthermore,  since this is near ly  the same 
local env i ronment  of a t i tan ium atom in  the perovskite 
structure,  this cluster also represents the (100) active 
surface site of SrTiOs. The charge on the cluster is 
chosen such that  the valencies of the atoms sum to 
zero. This simulates charge t ransfer  with neighboring 
t i tan ium atoms in the solid. 

The calculated energy levels for the (TiOs) 6- sur-  
face cluster are shown in Fig. 1 (b). Here the 3d levels 
split fur ther  due to the lower symmetry  near  the sur-  
face. Since the cluster method does not correctly treat 
the Madelung constant, the resu l tan t  energy levels are 
only on a relative scale and must  be aligned with the 
absolute scale. This is usual ly  done by choosing a 
nonbonding  level and al igning it with that of the free 
atom, since nonbonding levels are not expected to 
shift much upon bonding. The diagrams are aligned 
using the O2p nonbonding  level, which lies at the top 
of the valence band. 

The spli t t ing of the te~* and %* levels in the surface 
cluster results in the dyz* and dxz* states extending 
into the energy gap. These bandgap surface states are 
simply due to the t runcat ion of the lattice. In  the in -  
trinsic material,  only levels to the top of the valence 
band are filled while these bandgap surface states are 
empty. If the mater ia l  is made n-type,  however, these 
surface states become occupied. 

Similar  calculations were performed for the (TiO4) 4- 
cluster, which represents the oxygen deficient (001) 
surface. The resul tant  energy level diagram shown in  

Ti Ti02 0 (Ti05) 6- (Ti04) 4" 
"Bulk"  "Surface" "Surface" 

- -  - - -  . . . .  dx2-y2 - -  - -  dxy 
= , . dx_ 7 

__z__t2g T o . . . . . . . . .  dxy . - -  d~'2-y2-- 
~ - -  ~ m * dyz,dxz - - d z  2 

Egapj ~ 3eV 

2p . . . . . . . . .  . . .  

-{3 

(o) (b) (c) 

Fig. 1. (a) Energy level diagrams of bulk TiO.o and the free 
titanium and oxygen atoms, (b) energy levels for the clean (110) 
TiO2 and (100) SrTiO~ surface modeled by the (Ti05) ~ -  cluster, 
or (c) the (Ti04) 4 -  cluster. 

Fig. 1 (c) reveals that the d levels are fur ther  split by 
the reduced symmetry  of this surface. A new charac- 
teristic surface state, designated by dze*, is generated 
at this surface. 

Surface clusters with chemisorbed water.--To study 
the interact ion of water  with a T~Oz surface, calcula- 
tions for both surface clusters were extended to in-  
clude a chemisorbed water  molecule. The resul tant  
energy diagrams for both surfaces are largely a super-  
position of those for the separated clean surfaces and 
H20 molecule. 

The electronic s t ructure  of the (TiOs)6-H20 cluster 
is shown in  Fig. 2, along with that  for the clean surface 
and that for the H20 molecule. The figures are aligned 
such that the oxygen 2p nonbonding levels coincide, 
which is the top of the valence band for the surface 
clusters and the bl level for the water  molecule. The 
al* and be* water  levels are normal ly  empty and lie 
about 5 eV above the filled bi  level. Although the al* 
and be* levels of water  are t radi t ional ly  viewed as cor- 
responding to "Rydberg orbitals," they have significant 
ant ibonding character which increases through the 
interact ion with TfO2 d orbitals discussed below. In  
the (TiOs)6-HeO cluster, the water  valence levels are 
still identifiable (mixing very little with the TiOe 
valence band)  and are pulled down almost uni formly  
in energy. The al level does, however, shift more to 
t ighter b inding  energy and bonds more with t i t an ium 
than the bl and be levels. This suggests that  water  is 
chemisorbed onto the surface as an intact  molecule 
and bonds to the surface through the at orbital. The 
ant ibonding al* and be* water  levels are also pulled 
down in energy but  mix more strongly with the TiO2 
3d levels. These states, normal ly  unoccupied in the in-  
trinsic mater ial  could, however, become filled if the 
mater ial  were made n - type  by reduct ion or doping. 

Photoemission data of Henrich (5) for water  chemi- 
sorbed on annealed (llO) TiO2 and (100) SrTiO~ sur-  
faces show the H~O levels displaced uni formly  about 
2 eV below the top of the valence band with the al 
orbital  shifting more to t ighter  b inding energies, in 
agreement  with our calculations. This suggests non-  
dissociative water  chemisorption on the annealed sur-  
face. Our calculations however predict a larger shift 
for the water  levels of about 4 eV. This discrepancy 

(TiO5) 6- HzO (TiOs)6-H20 
"Surface"  
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Fig. 2. Calculated energy levels for the (TiO~) 6- ,  H20, and 
(TiOD 6 -  H20 clusters representing the clean Ti02 surface, the 
water molecule, and the water chemisorbed surface. 
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may be due to the short bonding distance be tween 
the surface and the H20 molecule chosen for the cal-  
culation. The bonding distance between the surface 
t i t an ium atom and the water  oxygen atom may very 
well  be greater  than  the bu lk  Ti-O bond length of 
1.94A chosen. A larger value would have the effect of 
lowering the at t ract ion between the surface and the 
water  molecule, thereby lessening the per turba t ion  on 
the H20 molecule. 

Lo, Chung, and Somarjai  (2) l ikewise conclude on 
the basis of their  photoemission studies that  water  
molecules chemisorbed on stoichiometric TiOe surfaces 
remain  undissociated. On the other hand, for surfaces 
reduced by heating to above 800~ or by argon bom- 
bardment ,  they obtained evidence for the existence of 
dissociated water in the form of hydroxyl  groups. We 
later  show that dissociation of water molecules on re-  
duced surfaces of TiO2 can be explained by consider- 
ing the destabilizing effects that  occupation of the 
dyz* -- b2* ant ibonding  states have on the stabil i ty of 
the H20 molecule. 

Surface clusters wi th  adsorbed OH radicals.--As a 
simple model for the TiO2-electrolyte interface in a 
photoelectrochemical cell, the (T iOs )6 -OH-  and 
(TiO4)4-OH - clusters were chosen to represent  the 
local electronic interact ion between the t i t an ium diox- 
ide surface and basic electrolyte. The resul tant  energy 
levels are a superposition of those for the clean sur-  
faces and the O H -  ion, with some mixing. The results 
for the (TiOs)6-OH - cluster are shown in Fig. 3 
along with the energy levels of the OH radical and 
clean surface cluster. Again the diagrams are aligned 
at the nonbonding  oxygen 2p level, which is the filled 
Jr level for the O H -  ion. The ~ and ~ O H -  levels ap- 
pear  to remain  re la t ively unper tu rbed  upon chemi- 
sorption, but  the ant ibonding r and ~* levels are 
pulled far down in energy to interact  with TiO2 d 
levels resul t ing in  addit ional surface states wi thin  
the bandgap. In the next  section these states will be 
shown to Play a potent ia l ly  impor tant  role in the 
photoelectrolytic decomposition of water. 

Discussion 
As a result  of our calculations we have been able 

to predict the relative positions of surface states 
generated at TiO2-vacuum, -H20, and - O H -  inter-  
faces as well as the character of these states. It should 
be noted that  the absorbate itself has a strong in-  
fluence on the position, character, and number  of 
surface states that  exist at a given interface. In the 
following we consider the consequences that occupa- 
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Fig. 3. Calculated energy levels for the clean TiO2 surface, the 
O H -  ion, and the O H -  chemisorbed surface. 

t ion of these surface states have on water  dissociation 
and photoelectrolysis and compare these predictions 
with exper imental  evidence. 

Clean surfaces.--A n u m b e r  of investigators have 
recently studied the surface electron structure of TiO~ 
by ul traviolet  photoemission spectroscopy (UPS),  low- 
energy-elect ron diffraction (LEED), and Auger  elec- 
t ron spectroscopy (AES). Henrich et aI. (6) observed 
a UPS peak at about  2.5 eV above the bottom of the 
valence band  for annealed TiO2 surfaces which they 
at t r ibuted to surface defect states. This peak increased 
by more than a factor of 10 under  argon- ion bombard-  
ment  which was shown to result  in the formation of 
Ti ~+ ions at the surface (6). Lo et al. (2) observed 
similar absorption peaks which were sensitive to an-  
neal ing and Ar bombardment  treatments.  Both studies 
are consistent with our  calculations which indicate 
the existence of normal ly  empty surface states which 
become occupied upon reduction of the surface resul t-  
ing in the formation of Ti 3+ ions. Subsequent  exposure 
of the surface to oxygen results in a sharp decrease in  
the emission peak indicat ing a reversible depopulat ion 
of the Ti- l ike surface states. 

Water dissociation.--In invest igat ing the chemisorp- 
tion of water  on variously treated TiO2 surfaces by 
photoemission (UPS),  Lo et al. (2) discovered that  
whereas water  is adsorbed as an intact  molecule on 
oxidized TiO2 surfaces, it appears to dissociate on 
reduced surfaces leaving behind ( O H ) -  molecules 
adsorbed on the surface. Henrich et al. (5) observed 
similar results for argon bombarded (110) TiO2 sur-  
faces upon exposure of up to 10 liters H~O. 

Since existence of Ti 3+ ions at the surface appears 
to be critical in  determining the manne r  in which 
water  molecules adsorb on the surface we examine 
the consequences of surface state occupation on bond-  
ing between TiO2 and adsorbed water molecules. 

Reduction of the TiO2 surface by argon bombardment  
or anneal ing in hydrogen should result  in occupation 
of the dyz*-b2* levels of the TiO2-H20 interface (see 
Fig. 2). The contour diagrams for these orbitals are 
shown in Fig. 4. The dyz* orbital is ant ibonding be-  
tween the t i tan ium 3d and oxygen 2p levels; this is 
revealed by opposite signs in the overlapping lobes 
between the t i tan ium and oxygen. In  the diagrams, 
the lobes are sh runken  in size and are not shown as 
overlapping for clarity. The sign inside the lobes rep- 
resents the phase of the wave-funct ion:  overlapping 

Y 

e*oe 
0 o i 

@@o@ 
d;z b (Tr*) 

(TiOs) 6- H20 
Fig. 4. Contour diagrams of the d,,z* and b2* antibonding orbl- 

tals before mixing in the (TiOs)6-H20 cluster. 
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lobes of the same sign signify bonding. When the dyz* 
and b~* orbitals mix, the t i t an ium d lobes and the 
oxygen 2p lobe (of H20) overlap in  a bonding fashion 
as do the oxygen 2p lobes (of the lattice) and the 
hydrogen lobe. When the dyz*-b2* orbital  is occupied, 
as it is in  the bombarded TiO2 surface with chemi- 
sorbed water, bonding between the t i t an ium d and 
oxygen 2p (of H20) and the surface oxygen 2p and 
hydrogen orbitals will  be s trengthened;  the OH bond-  
ing wi thin  the water  molecule will  be weakened since 
the overlapping orbitals have opposite phase. Thus, 
a plausible mechanism exists for the break up of 
chemisorbed water  into OH radicals on the surface 
if and only if the surface states with ant ibonding 
character are occupied as they are in reduced TiO2. 
Similar  results are also obtained for the (TiO4)4-H20 
cluster. 

Photoelectrolytic decomposition of water .--When n- 
type photoanodes such as TiO~ or SrTiOs are immersed 
in  l iquid electrolytes and are i l luminated  with band-  
gap light, oxygen gas (O2) is known to be released 
(7). This process of oxygen evolution has been modeled 
assuming that a Schottky bar r ie r  is formed at the 
solid l iquid interface at which electron-hole pairs 
are formed dur ing i l lumination.  The bu i l t - in  space- 
charge field is then believed to cause the photogen- 
crated holes to be swept towards the interface while 
the electrons are swept away from the interface to- 
wards the p la t inum counterelectrode. The O H -  ions 
adsorbed at the interface are now believed to lose 
their  electrons to the semiconductor valence band via 
surface states (1) producing oxygen by the reaction 

OH- 4"- 2h+ --> ~ O21' 4- H + 

Because the energy of the electrons associated with 
the O H -  ions (commonly referred to as the OH- /O2 
redox level) lies considerably above the semiconductor 
valence band in  energy, direct charge transfer  is highly 
unlikely.  The existence of surface states near ly  de- 

generate with the OH-/O2 level would, however, 
exhibit  the high tunne l ing  probabilit ies necessary for 
efficient charge t ransfer  across the interface. Al though 
such surface states are believed to play an impor tan t  
role in  photoelectrolysis, l i t t le is now known concern-  
ing their  identity. 

Examining  again the energy levels for the (TiOs) 6- 
O H -  cluster, we find that the states labeled d=y*, 
d~z*-n*, and d~2*-~* lie wi thin  the bandgap. Since 
the TiO2 anodes used for photoelectrolysis are n- type  
with a Fermi level near  the bottom of the conduction 
band, these levels have a high probabil i ty  of being 
occupied, and therefore, may be viewed as represent-  
ing one possible surface state configuration. Recent 
surface photocurrent  spectroscopy data of Mavroides 
et aI. (1) for reduced SrTiOa operating in an electro- 
lytic cell with basic electrolytic, support  the occupa- 
t ion of bandgap surface states in  this energy range. 

To explain the observed O3 gas released from the 
semiconductor surface according to the proposed equa-  
t ion above, one must  first show a mechanism for 
spli t t ing the O-H bond in  the OH radical. In  general, 
bonds are broken by  occupying ant ibonding orbitals 
or by depopulating bonding orbitals. The ( T i O s ) 6 -OH-  
results show the top valence level to be main ly  of 
OH-~  character. Under  i l luminat ion  in the electro- 
chemical cell, this state would most probably  be de- 
populated. However, since it is a nonbonding  O2p 
level, it does not bond with hydrogen so its depopula-  
t ion would not be expected to destabilize the OH 
bond. On the other hand, the occupation of an t ibond-  
ing orbitals may lead to destabilization of the O-H 
bond. 

If we consider the lowest ant ibonding orbital, dx~*, 
we observe that it  does not mix with the O H -  orbital  
due to symmetry  conservation and thus contains no 
O H -  character. Similarly, examinat ion of the contour 
map of the dyz*-~* orbital  in Fig. 5(a) shows that  
no OH breakup is expected since the =* orbital con- 
tains no H bonding. 
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Fig. S. (a, left) Contour diagram of the antibendlng dvz* and ~* orbitals for the (TiO5) 6 -  O H -  cluster; (b, right) contour diagram of 

the antibonding dz 2. and ~* orbitals for the (Ti05) 6 -  O H -  cluster. 
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Occupat ion of the  dz2*-~* orb i ta l  would, however ,  
tend to destabi l ize  the O-H bond since the ~* orb i ta l  
is an t ibonding  be tween  the oxygen  and hydrogen.  
Occupat ion of the  dz2*-~* orb i ta l  would  also tend to 
p romote  bonding  be tween  the Ti a tom and the oxygen  
a tom of the O H -  ion since the i r  wavefunct ions  are  
in-phase .  Thus occupat ion of the d~2*-~* orb i ta l  would 
provide  a mechanism for b reak ing  the O-H bond, 
whi le  leaving  the O of OH bonded to the surface. 

Other  an t ibonding  states h igher  in energy on the 
(T iOs)8 -OH - energy  d iag ram also contain  some ~* 
character ,  though not as much as the dz2*-~* level  
(i.e., less mix ing  be tween  the d* and ~* orbi ta ls ) .  Fo r  
this reason, occupat ion of the dz2*-~* orb i ta l  is ex-  
pected to be, in large  part ,  responsible  for spl i t t ing 
the O-H bond, a l though h igher  states may  cont r ibute  
to some extent.  

The contour  d iag ram of the dz2*-a* orb i ta l  [Fig. 
5 ( b ) ]  shows the oxygen a tom of the  OH radica l  to 
be  more  s t rongly  bonded to the Ti a tom than  the 
oxygen  atoms of the  la t t ice  (which are  an t ibonding  
wi th  respect  to the  Ti a tom) .  This suggests that  the  
observed  O2 gas re leased  f rom the oxide surface 
dur ing  photoelect rolys is  m a y  or iginate  f rom the lattice.  
Oxygen  atoms leaving  the surface layer  would the reby  
create  vacancies which might  then be occupied in 
tu rn  by  oxygen  ions or ig inat ing  wi th  the adsorbed  
O H -  ions. 

The poss ib i l i ty  suggested above that  surface  oxygen 
ions m a y  be re leased p re fe ren t i a l ly  f rom TiO2 sur-  
faces dur ing  i l luminat ion,  might  expla in  the i r  re la t ive  
s tab i l i ty  to photodecomposit ion.  For  nonoxide elec-  
trodes, regenera t ion  of the lost surface anions from 
the adsorbed  O H -  ions would  not  be possible and 
might  therefore  expla in  thei r  p ropens i ty  to decompose 
under  i l luminat ion.  

Extension of Calculations 
The above  calculat ions have  been pe r fo rmed  using 

the s implest  models  possible to represen t  the  ideal  
c lean TiO2 surface in terac t ing  wi th  adsorbed  species. 
A majo r  simplif icat ion made  in our calculat ions was 
to assume tha t  the n - type  TiO2 and S r T i Q  surfaces 
differed f rom the s toichiometr ic  (annealed)  surfaces 
only by  the occupat ion of the  bandgap  states. Both 
Henr ich  et al. (6) and Lo et al. (2) report ,  however ,  
tha t  a r g o n - b o m b a r d e d  surfaces and h igh ly  reduced 
(oxygen deficient) surfaces become disordered  and 
show a succession of different  sur face-defec t  phases 
depending  on the degree  of reduction.  In  fact, ex ten-  
sive b o m b a r d m e n t  on the TiO2 surface resul ts  in the  
fo rmat ion  of a different  compound, Ti20~, on the sur -  
face. S imi la r  phenomena  a re  known  to occur in bu lk  
TiO2 upon reduction.  A whole  range  of closely spaced 
in te rmedia te  compounds are  formed re la ted  to the 
pa ren t  fu t i l e  s t ruc ture  by  a series of "shear"  t rans-  
format ions  in which planes  of oxygen  ions are  re -  
moved from the la t t ice  resul t ing  in modified Ti -Ti  
bond lengths  and reduced  s y m m e t r y  (8). 

Such s t ruc tura l  t ransformat ions  are  not be l ieved  to 
occur  in TiO2 or  the  perovski te  t i tana tes  made  "n-  
type"  by  v i r tue  of doping ra the r  than by  creat ion 
of oxygen deficiency. Consequently,  our  calculat ions 
should be more  d i rec t ly  appl icable  to such surfaces. 
On the o ther  hand, since s imi lar  photoelect rolyt ic  
response has been observed for both reduced  and 
doped samples,  the impl ica t ion  exists  that  models  p re -  

sented above are  at  least  qua l i t a t ive ly  correct  in 
e i ther  case. 

Recent  studies by  Subbarao  et aI. (9) on TiO2-~ 
and TiO2-zF~ showed tha t  the f luor ine-doped TiO2 
exhib i ted  a different  spectra l  response than reduced  
T i Q .  This difference was character ized by  a grea te r  
sensi t iv i ty  to longer  wavelengths  and genera t ion  of 
h igher  pho tocur ren t  wi th  the f luor ine-doped mater ia l .  
S imi lar  studies by Kowalsk i  and Tul le r  (10) on 
reduced  and Nb-doped  B a T i Q  showed the doped 
mate r ia l  to exhibi t  much enhanced photocur ren ts  under  
s imi lar  conditions. 

The above resul ts  a re  consistent  wi th  the  expec ta -  
t ion tha t  the reduced  surfaces wil l  possess surface 
states wi th  different  charac te r  and at  different  energies  
than  the surface states ca lcula ted  here  which are  more  
character is t ic  of the doped mater ia ls .  F u r t h e r  work  
is u n d e r w a y  to de te rmine  whe ther  surfaces wi th  Ti2Os 
charac te r  can expla in  the differences in photoresponse 
observed for the two types of surfaces. 
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02 Electrocatalysis on Thin Film Metallic Oxide 
Electrodes with the Delafossite Structure 
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ABSTRACT 

T h i n  film electrodes of PtCoO2, PdCoO2, PdRhO2, and PdCrO2 delafossite- 
type oxides are good electrocatalysts for O2 reduction and O2 evolution in  
NaOH. 02 reduct ion activity correlates with the noble metal  cation (Pt  > P d ) ,  
while Oz evolution activity correlates with the t ransi t ion metal  cation (Co > 
Rh > Cr). Electrodes were prepared by rf sput ter ing from metal  alloy targets. 
The as-sput tered films are amorphous. The delafossite phase forms on annea l -  
ing in  air  or 02 at  700~176 Thin  films are metal l ic  with p ,-, 10 -4 ~%-cm. 

The cur ren t  interest  in  02 electrocatalysis is mot i -  
vated by the potential  for energy applications. For 
example, an improved O2 reduct ion electrode would 
increase the electrical power output  of fuel  cells (1), 
making them more at tract ive for electric power gen- 
eration. The efficiency for H2 production from H20 
electrolysis would also be improved by a better  02 
anode (2). In  the chlor-alkali  industry,  which an-  
nua l ly  consumes ,~$1 bil l ion in energy (3), an  02 re- 
duction cathode instead of the He evolving cathode 
could reduce the voltage for br ine  electrolysis by as 
much as 1V (a savings of ~ 1/3). 

In  this paper we discuss O~ electrocatalysis on th in  
film electrodes with delafossite s t ructure (4). Noble 
metal  delafossites, PdCoO2, PdCrO2, PdRhO2, and 
PtCoO2, are interest ing electrode candidates because 
they are excellent metallic conductors and allow in-  
Vestigation of specific cation effects of both a noble 
metal  and a t ransi t ion metal  in the same compound. 
We report  for the first time their activity for 02 re-  
duction and O2 evolution in  NaOH. 

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

rf sput ter ing in a commercial system (Materials Re- 
search Corporation SEM-8620) and by subsequent ly  
annea l ing  the films. The sput ter ing targets were arc- 
melted but tons (e.g., PdCo) which had been remelted 
several times to insure homogeneity. The 3/8 in. diam 
buttons were Ag-epoxied to a 1/4 in. diam Cu rod 
threaded into an H20-cooled backing plate, which was 
shielded from sput ter ing by a grounded adapter  plate. 
The sput ter ing was done in various part ial  pressures 
of 02 and Ar; substrates were A1203 and Pt or Pd foils. 
The sput ter ing power was -~200W, which gave depo- 
sition rates of ,~150 A/min.  Annea l ing  was done over-  
night  in a box furnace in air or 02 at 700~176 

Characterization.--Films were rout inely  character-  
ized by x - r ay  diffraction. Some were also examined 
by scanning electron microscopy (SEM), electron 
spectroscopy for chemical analysis (ESCA), and x - r a y  
microprobe analysis. Four-probe  electrical resistivity 
measurements  from 300 ~ to 4.2~ were made for films 
on A1203 substrates. F i lm thicknesses were determined 
from a fractured edge by SEM. 

EZectrochemical measurements.--Measurement of O2 
reduct ion and evolution was made potentiostat ical ly 
by slowly sweeping a PAR (Princeton Applied Re-  
search) 173 Potentiostat  with a t r iangular  waveform 
from a PAR 175 programmed source. The cell was a 
single compartment.  The measured IR corrections were 

* Electrochemical  Society Active Member. 
Key words: films, electrodes, catalysis, sputtering. 

negligible. Electrolytes were made with reagent  grade 
NaOH and t r iply-dis t i l led H20. The reference electrode 
was a dynamic hydrogen electrode (DHE) (5) brought  
close to the working electrode surface with a glass 
capillary. The auxi l iary  electrode was a 2 cm 2 Au or Pt  
foil. Thin film electrodes were Pd or Pt  foils coated on 
both sides with 3-5 ~m of the delafossite phase. Elec- 
trical connection was made with a Pd or Pt  wire pre-  
viously welded to the foil. Relative electrochemical 
surface areas were estimated from capacitances mea-  
sured by a low frequency (10 Hz) impedance (6) or a 
t ransient  technique (7). 

Results 
The delafossite s t ructure is indicated in  Fig. 1 for 

PtCoO2. It consists of a l ternat ing layers of Pt  and Co 
atoms. The p la t inum atoms are l inear ly  coordinated 
with two oxygen atoms and the cobalt atoms are octa- 
hedral ly coordinated by oxygen atoms. Each p la t inum 
atom in  the plane is coordinated hexagonal ly  by other 
p la t inum atoms. 

The fact that  these noble metal  delafossites could be 
prepared by sput ter ing and anneal ing of the th in  films 

c/~ Pt 

0 Co 

0o 

Fig. 1. PtCo02 (delafossite) structure 

1 9 7 4  
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Table I. Synthesis conditions and cell dimensions of 
delafossite-type oxide thin films 

P(Ar)(=Torr) P(o=)(=Torr) Tx (=C) a (A) c (A) 

PtCoO= 20 1 700 2.827 17.84 
PdCoO.o 20 1 700-725 2.830 17.75 
PdRhO2 20 0.1 750 3.028 18.08 
PdCrO2 20 9.1 800-850 2.929 18.10 

is novel. Previous syntheses have used solid-state re-  
actions, metathesis, high pressure, and hydrothermal  
methods (8, 9). 

Table I summarizes the op t imum sputter ing pres- 
sures, the 16 hr anneal ing  temperatures,  and cell di- 
mensions found for these phases. The films were either 
annealed in  air  or in  a low stream of 02. 

Init ial ly,  the sputtered films are amorphous to x-rays.  
I t  is possible that  oxygen is incorporated in the films, 
disordering the alloy which would form with only Ar 
as the sput ter ing gas. PdRhO2 and PdCrO2 required a 
lower 02 par t ia l  pressure dur ing  sputtering;  otherwise, 
anneal ing  produced only the b ina ry  oxides plus some 
noble metal  product. These same products were also 
obtained in all preparat ions where anneal ing was done 
under  high O2 flow rates. Once the b inary  oxides are 
produced, they do not readi ly react to form the dela- 
fossite phase. 

The annealed films are near ly  single phase by x - r a y  
diffraction for the Co-containing oxides. Free Pt  in 
PtCoO2 and Pd or PdO in PdCoO2 is usual ly  <1%. In  
some PdCrO2 and PdRhO2 films, which must  be an-  
nealed close to the decomposition temperature,  PdO 
or Pd levels are sometimes higher ( ~ 5 % ) .  For many  
of the films, x - r ay  data indicate a high degree of pre-  
ferred orientation, the plane of the film being perpen-  
dicular  to the c-axis. Cell dimensions of the delafos- 
s i te- type oxides given in  Table I agree well with those 
in Ref. (8). 

We examined the surface of a PtCoO2 and a PdCoO2 
th in  film on A1203 by  ESCA using a du Pont  650B 
Spectrometer.  Figure  2 shows the photoelectron spec- 
tra for Pt  4f and Co 2p photoelectrons in PtCoO2. 
Table II compares the Pt  4f b inding  energies of PtCoO~ 
to those of Pt  metal  and its oxides. The energies are 
charge corrected to the O ls peak at 531.6 eV. 

The Pt  sample was a br ight  foil, a-PtO2 was a com- 
mercial  grade obtained from Engelhard Industries,  and 
the preparat ion of ~-PtO2 has previously been de- 
scribed (10). Binding energies for PtO were taken 
from the l i terature  (11). From these data, we conclude 
that the formal valence of Pt  at the surface of the 
PtCoO2 th in  film is § Both the lack of a definite 
shakeup satellite s t ructure  in the Co 2p spectra of 
PtCoO2 and the Co photoelectron binding energies are 
consistent with accepted ESCA interpretat ions (12, 
13) for low spin Co 3+. These oxidation states, P t ( I )  
and Co(II I ) ,  at the surface of the PtCoO2 thin film 
are the same as found for powder samples (8). The 
same oxidation states were also found (ESCA) for a 
thin film of PdCoO2. i.e., P d ( I )  and Co(III ) .  

Electron microprobe analysis 1 of the PtCoO2 film 
showed that  both Pt  and Co were distr ibuted evenly 
with no apparent  segregation effects at 500X magnifi-  

Microprobe analysis was performed by Micron Incorporated, 
Wilmington, Delaware 19807. 

Table II. Photoelectron binding energies 
for Pt and Pt oxide surfaces 

Pt Co 

4f 5/2 4f 7/2 2p 1/2 2p 3/2 

Pt  74.3 e V  71.1 e V  
P t C o O 2  ( f i l m )  75.7  72.2 795"A" e V  7 8 0 . ~ - e V  
PtO 76.6  73,3  - -  - -  
~ - P t O ~  76.3 75 .0  - -  - -  
a - P t O =  78,6 75.3  - -  - -  
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Fig. 2. Photoelectron spectra for Pt and Co in PtCo02 

cation. Quant i ta t ive Pt  and Co analysis for three sepa- 
rate areas gave a Pt :Co ratio of 1.003 with 65.46% 
Pt and 19.72% Co. These values are 4% lower than the 
calculated values of 68.3% and 20.6% for Pt  and Co, 
respectively, in PtCoO2. The measured values would 
give a composition Pt0.72Co0.7202. This is close to 
Pt0.sCo0.sO2, a nonstoichiometric delafossite phase pre-  
viously prepared by Shannon  et al. (8). However, the 
P t ( I I )  oxidation state of this phase is not consistent 
with monovalent  Pt  found at the surface of the films 
by ESCA. The lower values may instead result  from 
the rough surface of the film. A number  of cracks ex- 
tend to the A1203 substrate and thus may reduce the 
total  x - r a y  fluorescence. The composition, Pti.0Cot.002, 
is consistent with the Pt:  Co ratio of 1.0 and  the oxida- 
t ion states from ESCA. 

Scanning electron micrographs of PtCoO2, PdCoO2, 
and PdRhO2 thin film surfaces on A120~ substrates are 
shown in Fig. 3. PtCoO2 and PdCoO2 have "mud-crack" 
surfaces. Thin  films of PdCrO2, not shown, show simi- 
lar  morphology. The PdRhO2 films are, however, 
denser. All films have large grains, 5-10 ~m. We mea-  
sured the (BET) surface area of a P t C o Q  thin film on 
smooth Pt  by Kr physisorption. The surface area was 
,--10 m2/g which corresponds to a surface roughness 
of ~200•  The capacitance measured for the same film 
was 3.6 mF which corresponds to an electrochemical 
surface roughness of 40-80 X if we assume that 1 cm 2 is 
equivalent  to 20-40 ~F of capacitance. Similar ly  ob- 
tained electrochemical surface roughness for PdCoO2 
and PdCrO2 thin films were wi th in  a factor of 2 • that  
of PtCoO2 films, while the denser PdRhO2 film has 
smaller  surface roughness. 
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Fig. 3. 3000X magnification, 
scanning electron .mierographs 
of (a, left) PtCoO2, (b, middle) 
PbCoO2, and (c, right) PdRhO~ 
thin films on AI20~. 

Figure  4 shows the tempera ture  dependence of re-  
s i s t iv i ty  for the thin film delafossites. The positive 
tempera ture  coefficients indicate metallic conductivi ty 
with resistivities of ,~10 -~ ~ - c m  at 300~ for all films. 
The resistivities for PdRhO2 and PdCrO2 had not been 
previously measured, bu t  metall ic conductivi ty was 
predicted from a one-electron band model (8). The 
resist ivity for the PtCoO2 films is considerably higher 
than for a single crystal (8), but  near ly  the same as 
for polycrystal l ine PtCoO2 prepared in our laboratory. 
The contr ibut ion to resistance from grain boundaries  
l ikely accounts for the higher resistance of the thin 
film and polycrystaUine samples. 

Figure 5 shows the current-vol tage  characteristic for 
thin film PtCoO~ in  0.1N NaOH. We swept the voltage 
at 0.1 mV/sec from the open-circui t  value to 0.8 
V/DHE, and then swept back to near  the open-circui t  
voltage. We obtained data in the same way for PdCoO~, 
PdRhO2, and PdCrO2 between the open-circui t  voltage 
and a lower l imit  ~0.75 V/DHE. The current-vol tage 
curves swept in opposite directions are wi thin  10 mV 
over most of the current  range. The Tafel regions are 
l inear  and at least two decades wide. The l imit ing 
current  ( I L )  in 0.1N NaOH is ~2  mA, the same for 
all electrodes. Currents  in O2-saturated electrolytes are 
>100X those in Ne, confirming O2 reduction activity. 

Table III compares O2-reduction current  densities at 
E ---- 0.9 V/DHE, Tafel slopes (b), and open-circui t  

p ( ,~,-cm ) 

~0-4 
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l i i i i l 

/ 

j 2, PdCo02 

[ ]  PdRhO z 
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Fig. 4. Resistivity vs. temperature for the thin film oxides 
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Fig. 5. 02 reduction current vs. potential for thin film electrode 
of PtCoO~ in 0.1N NaOH taken at sweep rate 0.1 mV/see. 

voltages (Eo.c.) for the oxides from these sweep ex- 
periments.  It  also includes data obtained in  the same 
way for smooth Pt  and Pd electrodes. Current  densities 
are all based on geometric areas, and the data repre-  
sent the average values measured for at least two dif- 
ferent  electrodes of each oxide. 

PtCoO2 has the highest 02 reduction current  density, 
~10 X that for the Pd oxides. PtCoO2 also has the high- 
est open cell potential. PdCoO2, P d C r Q ,  and PdRhO2 
have approximately the same current  density, 10 -4 
A/cm 2, and near ly  the same Tafel slope, b ~ 45 mV, 
which is different than for PtCoO2, b ,~ 60 mV. Since 
the capaci tance-determined surface areas for the oxides 
only differ by --2 X, we conclude that the O~ reduction 
activity correlates with the noble metal  cation, Pt  > 
Pd, and is near ly  independent  of the t ransi t ion metal  
cation in Pd oxides. 

Because of their larger surface roughness, the ox- 
ides have higher current  densities than either smooth 
Pt  or Pd. If we use the BET surface roughness ( - -200•  
for PtCoO2 and assume a roughness --1.5>< for smooth 
Pt, the current  density of PtCoO2 is approximately  
half  that of Pt. But they have approximately equal 
current  densities if we use the surface roughness for 
P t C o Q  from capacitance data. 

Table Ill. 02 reduction activity in 0.1N NaOH at 23~ 

i a t  0.9 
Eo. ~. f V / D H E *  

( V / D H E )  * ( # A / c m  2) b ( m V )  

PtCoO~ 1.09 1900 58 
PdCOOe 1,00 150 43 
PdCrO2 1.01 85 47 
PdRhO~ 1.00 75 43 
Pt (smooth) 1.02 25 65 
Pd (smooth) 1.00 20 40 

f Eo.~. = o p e n - c i r c u i t  v o l t a g e  i n  O2-sa tu ra ted  0.1N NaOH. 
* DHE = d y n a m i c  h y d r o g e r ,  r e f e r e n c e  e l ec trode .  
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To fu r the r  s tudy  the influence of the noble  me ta l  on 
oxygen  reduct ion  act ivi ty,  we synthesized thin films 
wi th  composit ions in t e rmed ia t e  to PtCoO2 and PdCoO2. 
This was done by  s imul taneous ly  spu t te r ing  f rom a 
PdCo and a PtCo target ,  spaced ,~25 m m  apart .  A120~ 
subs t ra tes  were  p laced  u n d e r n e a t h  and be tween  the 
targets .  Scanning e lect ron micrographs  show tha t  al l  
films have the same " m u d - c r a c k "  morpho logy  of 
PtCoO2 and PdCoO2 films shown in Fig. 2. 

Elec t rochemical  measurements  were  only made  on 
single phase  mate r i a l s  ( x - r a y  diffract ion) .  Electr ical  
contact  for  e lec t rochemical  measurements  was made  in 
the  p lane  of films at  one end of the A1203 subs t ra te  b y  
a thin gold foil  s tr ip,  we lded  to a gold wire  and 
c lamped  to the  film be tween  two p l ana r  sections of a 
ho lde r  of Teflon. 

PtCoO2 and  PdCoO~ a re  i sos t ruc tura l  wi th  n e a r l y  
ident ica l  Ia t t ice  dimension.  We can d is t inguish  them 
b y  x - r a y  diffract ion since the 003 diffracted peak  is 
twice  as s t rong for  PtCoO2 as for PdCoO2. The nor -  
mal ized 603 peak  intensi t ies  were  29, 11, and 6 f rom 
the P t - r i c h  to P d - r i c h  end of the (Pt,  Pd)  CoO2 series. 

Table  IV gives (Pt, Pd)  CoO2 film composit ions f rom 
elect ron microprobe  analysis.  The composi t ion is close 
to "A1.0B1.002" for  the  P d - r i c h  film, but  is closer to 
"A0.sB0.sO2" for  the  P t - r i c h  film, as was observed  for  
PtCoO2. (To confirm whe the r  this nonstoichiometr ic  
effect in P t -ox ides  and mixed  P t - r i ch  oxides is rea l  
and  not  an  a r t i fac t  of the  rough thin film surfaces, we 
mus t  character ize  these films fur ther . )  

The O2 reduct ion  cu r ren t  densi t ies  a re  h igher  for  
these three  mixed  oxides (Table  IV) than  for PdCoO2 
(Table  I I I ) .  The  oxide wi th  in t e rmed ia te  P t  concen- 
t ra t ion  ( P t / P d  = 0.54) has the highest  cur ren t  den-  
sity. However ,  i ts  e lec t rochemical  area, es t imated  by  
capacitance,  is 2X h igher  than  for the o ther  films (2.5 
m F  for P t / P d  ---- 0.54 compared  to 1.3 m F  for  P t / P d  = 
0.34 and 1.2). A thickness  g rad ien t  for  films on sub-  
s t ra tes  be tween  targets  p robab ly  causes these surface 
a rea  differences. I f  we normal ize  for this, then  h igher  
O2 reduct ion  cur ren t  correlates  wi th  h igher  P t / P d  
ratio.  This is consistent  w i th  the h igher  ac t iv i ty  mea -  
sured  for PtCoO2 than  PdCoO2. 

The Tafe l  slopes for  mixed  oxides are  in te rmedia te  
to those of the end m e m b e r  compositions. I t  seems 
plaus ib le  to us tha t  O2 reduct ion  on mixed  oxides p ro -  
ceeds by  a combinat ion  of r a t e - d e t e r m i n i n g  steps tha t  
a re  the same as for PtCoO2 and PdCoO2. 

We have also s tud ied  O2 evolut ion for these oxides. 
The cur ren t  densit ies were  measured  by  sweeping the  
electrodes at  10 mV/sec  wi th  negl ig ible  hysteres is  b e -  
tween  1.2 and 1.8 V/DHE in 1N NaOH at 23~ F igures  
6 and 7 summar ize  O2 evolut ion currents  f rom sweep-  
ing exper imen t s  for  the  oxides  and smooth Pt  and Pd. 
P r io r  to 02 evolut ion sweeps, P t  and  Pd  electrodes 
were  preanodized  at  10 m A  for 3 rain to form stable  
oxide  surfaces. For  consistency the delafossi te  elec-  
t rodes were  iden t ica l ly  precondi t ioned.  In contras t  to 
O2 reduct ion,  O2 evolut ion ac t iv i ty  is s t rongly  depend-  
ent  on the t rans i t ion  metal ,  Co > Rh > Cr. F igure  7 
highl ights  differences in po ten t ia l  for  02 evolut ion at  
I---- 5mA.  

One of the PtCoO2 electrodes was tes ted ga lvano-  
s ta t ica l ly  for  ~30 hr  at  5 mA. Ini t ia l ly ,  the poten t ia l  
was 1.58V. Af te r  30 hr, i t  increased to 1.68 V/DHE. 
X - r a y  diffraction of this film showed ,~10% Pt  not  

Table IV. 02 reduction activity of (Pt, Pd)CoO2 in 0.1N NaOH 
at 23~ 

i *  a t  0.9 
V / D H E  

P t / P d  ( /~A/cm 2) b ( m Y )  

Pro. ,=Pdo ~Coo.szO= 1.2 772 52 
Pto41Pdo.s~Coo.,90~ 0.54 968 50 
Pto,='oPdo4~Coo,9~02 0.34 312 53 
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Fig. 6. 02 evolution current vs. potential for thin film oxide 
electrodes obtained at 10 mV/sec in I N  NaOH at 23~ 

in i t ia l ly  present .  I t  is l ikely ,  therefore ,  tha t  some de-  
composi t ion to P t  occurred and is responsible  for  the  
h igher  overpotent ia l .  

Discussion 
Oxygen  reduct ion  necessar i ly  involves oxygen  ad -  

sorpt ion as the first s tep (14, 15); bu t  l i t t le  is k n o w n  
about  the  na ture  and d is t r ibut ion  of a toms which  
would  be potent ia l  adsorpt ion  sites at  the  surface of 
complex oxides in solutions, especia l ly  under  the  in-  
fluence of oxidizing potent ials .  However ,  i t  seems r ea -  
sonable to assume that  a t  potent ia ls  >0.7 V/DHE,  the 
surfaces of PtCoO2 would  consist  of O = or  O H -  ions 
bonded to e i ther  Co S+ or  P t  + ions. Al though  t2g orbi ta ls  
of Co I I I  LS, in the  center  of the  CoO6 oc tahedra l  face, 
point  in the  001 direction,  these orbi ta ls  a re  filled and 
would  not  a l low the poss ibi l i ty  of bond  formation.  
However ,  surface oxygen  vacancies or  Co I I I  HS at  the  
surface would  a l low the possibi l i t ies  of adsorp t ion  
sites for 02 in the Co layer .  Oxygen  vacancies have 
been proposed to take  par t  in the oxygen  reduct ion  
mechanism on perovski te  oxides such as LaNiO3 (16) 
and Ndl-xSrzCoOs (17), bu t  ne i the r  the  presence of 
oxygen  vacancies nor  Co I I I  HS in de lafoss i te - type  
oxides has been demonst ra ted .  

As noted earl ier ,  our e lec t rochemical  da ta  show tha t  
the O2 reduct ion  ac t iv i ty  on the delafossi tes is high, 

02-EVOLUTION 1.ON NaOH 25=C S=lOmV/$. I=5mA 
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Fig. 7. Potential for 02 evolution at I ~ S mA vs. transition 
metal cation in thin film oxide electrodes. Data obtained from 
sweep experiments at 10 mV/sec. 
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and corre la tes  wi th  the noble me ta l  (P t  > Pd ) ,  but  in 
PdMO2 is nea r ly  independen t  of the t rans i t ion  meta l  
(Co -~ Cr --  Rh) .  A possible exp lana t ion  for  the r e l a -  
t ive insens i t iv i ty  of the PdMO2 to the t rans i t ion  meta l  
ion in O2 reduct ion is tha t  these ions are  al l  r e m a r k -  
ab ly  similar ,  i.e., al l  are  s t rongly  s tabi l ized in an octa-  
hedra l  crys ta l  field wi th  d ~ (Cr  3+) and low spin d 6 
(Rh 3+, Co 8+) e lec t ron  configurations. Bonding of 02 
to these sites is e i ther  s te r ica l ly  hindered,  or  in the  
case of an  anion vacancy,  too s t rong to be effective 
for reduct ion to H20. 

Fur the rmore ,  to our  knowledge,  high O2 reduct ion  
ac t iv i ty  has never  before  been observed on an oxide 
e lec t roca ta lys t  containing e i ther  Rh~+ or Cr 3+. The 
high ac t iv i ty  on Co-oxides  is f r equen t ly  cor re la ted  
wi th  Co ~+ or  high spin Co s+ as in Co-chelates  (18) 
and Lai-xSrzCoO3 (19), respect ively.  

Therefore ,  most  of the  O2 reduct ion l ike ly  occurs on 
noble meta l  sites, and the  t rans i t ion  meta l  contr ibutes  
l i t t le  to the overa l l  act ivi ty.  P t  atoms, in contras t  to 
Co atoms, have  O neighbors  or iented only along the 
c-axis .  Crys ta l  surfaces 100 and 110 which contain P t  
dis tances in PtCoO~ of 2.83A are  comparable  to those 
in P t  meta l  of 2.77A. These shor t  dis tances might  a l low 
"s ide-on"  O2 adsorpt ion  and a mechanism s imi lar  to 
tha t  on P t  metal .  Fur the rmore ,  even the 001 oxygen 
layers  a re  p robab ly  not  s t rongly  bonded to Pt  (aFt  for 
PtO2 is --19 kca l /mole  compared  to --60 kca l /mo le  for 
Co~O4). Thus, these O atoms might  be s t r ipped  off in 
solut ion at  potent ia ls  for  oxygen reduct ion  creat ing 
even more  Pt  a toms for bonding wi th  02 molecules. 
S imi la r  c rys ta l lographic  and the rmodynamic  a rgu -  
ments  can be made  for PdCoO2, PdCrO2, and PdRhO2. 
In suppor t  of  this view, the Tafel  slopes appea r  to re -  
flect P t - l i k e  and P d - l i k e  character .  The slope is ~ R T / F  
for PtCoO2 and ~ 2  RT/3F for the Pd delafossites. These 
a re  the same slopes observed for  O2 reduct ion  on Pt  
and Pd  e lect rodes  in a lka l ine  e lect rolytes  (20). 

The ana logy  wi th  P t  and  Pd  cannot  be car r ied  too 
far, however ,  because  the  noble meta l  a toms and mo-  
lecular  orbi ta ls  ava i lab le  for adsorpt ion in PtCoO2 and 
PdMO2 wi th  fo rmal ly  Pt  (I)  and Pd ( I ) ,  wil l  be differ-  
ent  than  those in P t  and Pd metals.  Indeed,  P t  and Pd 
have roughly  the same O2-reduct ion ac t iv i ty  measured  
at  0.9 V/DHE in contras t  to the h igher  ac t iv i ty  for 
PtCoO2 than  PdMO2. Fur ther ,  the open-ce l l  potent ia l  
for PtCoO~ is h igher  than  is no rma l ly  observed  for P t  
in a lka l ine  electrolytes .  We ru led  out the poss ibi l i ty  
that  the ac t iv i ty  differences are  due to a l a rge r  PtCoO2 
surface area  which we accounted for. The capaci tance 
of PtCoO2 electrodes is larger ,  but  is less than 2X tha t  
for PdCoO2, much smal le r  than the 10X difference in 
the i r  O2 reduct ion currents.  Fu r the r  exper imenta l  and 
theore t ica l  work  is thus needed to expla in  the 02 re -  
duct ion ac t iv i ty  of these mater ia ls .  

In  02 evolution,  the ac t iv i ty  in de lafoss i te - type  ox-  
ides correlates  wi th  the t rans i t ion  meta l  (Co > Rh > 
Cr) ,  and is nea r ly  independent  of the noble meta l  
(Pd ,-- P t ) .  For  metals ,  the highest  act ivi t ies occur for  
those whose oxides  are  also good e lect r ica l  conductors,  
e.g., RuO2 and IrO2 (21). This would seem reasonable,  
pa r t i cu l a r ly  if the r a t e -de t e rmin ing  step involves an 
e lect ron t ransfer  as suggested by  O 'Grady  et al. (15). 
P t  and Pd, whose surfaces are necessar i ly  covered with  
an oxide at  O2 evolut ion potent ials ,  have low activity.  
This corre la tes  wi th  poor conduct iv i ty  in Pro2 (p ~ l0 s 
12-cm) and PdO (p ~ 102 ~%-cm) (22). I f  the noble 
me ta l  p lanes  of the delafossites a re  also oxide covered, 
the i r  specific cont r ibut ion  to 02 evolut ion may  be low. 
It  is not  surpr is ing  then that  the exper imenta l  results  
corre la te  wi th  the t ransi t ion meta l  cation. Intui t ively,  
the negat ive  hydroxy l s  should be a t t rac ted  to the t r i -  
va len t  cations making  these the most l ike ly  adsorp-  
t ion sites. The resul ts  are  also cor re la ted  with those of 
Miles et al. (23) who found that  Cr oxide electrodes 
have much lower  e lec t roca ta ly t ic  ac t iv i ty  for oxygen 

evolut ion than  e i ther  Co or  Rh oxide electrodes.  F u r -  
thermore,  there  a re  severa l  examples  (24, 25) of Co- 
oxides wi th  low overpoten t ia l  for 02 evolut ion and 
recent ly  Burke  (26) has observed high 02 evolut ion 
ac t iv i ty  on an oxidized surface of Rh. 
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ABSTRACT 

Elec t rochemis t ry  of t e t ra  (aminophenyl )  po rphyr in  cova len t ly  a t tached  to 
g lassy  carbon and then  coba l t -meta l la ted ,  was inves t iga ted  in  DMSO and 
CI-IzCN solvents  in  the presence of pyr idine.  Shif ts  in formal  po ten t ia l  were  
used to measure  complex  s tab i l i ty  constants  and  coordinat ion number  for  the  
py r id ine  complexes  of the immobi l ized  meta l loporphyr in ,  Unusua l ly  s low 
e lec t rochemis t ry  of the C o ( I I I / I I )  reac t ion  was also s tudied by  cyclic vo l t -  
a m m e t r y  and  by  reflectance spect roe lec t rochemis t ry .  I t  is proposed  tha t  co- 
o rd ina t ion  of cobal t  b y  surface  ca rboxy la t e  groups causes e x t r a o r d i n a r i l y  
s low elect ron t rans fe r  for the  Co ( I I I / I I )  step. 

This  l abo ra to ry  has in previous  repor ts  (1-3) de-  
scr ibed  the covalent  immobi l iza t ion  of  t e t r a k i s ( p -  
a m i n o p h e n y l ) p o r p h y r i n ,  (p-NH2)4TPP, on glassy car -  
bon electrodes by  the  reac t ion  sequence 

02, SOC12 ~ C~ O 
glassy ), > -- 

carbon  or Os p la sma  
"~ Cl 

Grade  V10-50, 3-4 m m  diam)  wi th  f resh ly  pol ished 
ends were  oxidized in vacuo at  ca. 400~ for 1 h r  or  
in an rf  p lasma (9) chamber  at  ca. 200 mTor r  02 and 

(NI-I2)4TPP) ~C~ 0 
NH) x (NH2)4-xTPP 

I 

The number  of amine  bonds fo rmed  to the surface was 
de t e rmined  b y  x - r a y  photoe lec t ron  spectroscopy,  XPS, 
to be two, on the  average  (2). The surface po rphy r in  
I can be  me ta l l a t ed  in situ with  first row t rans i t ion  
e lements  such as Fe  and Co (1-3).  Al l  these immobi l -  
ized species exhib i t  e lec t ron  t ransfe r  react ions  wi th  
the  carbon e lec t rode  wi th  formal  potent ia ls  Esurf '  near  
those of the i r  una t t ached  molecu la r  analogs (4). 

I t  is we l l  known  (5) tha t  me ta l loporphyr ins  im-  
mobi l ized  wi th in  the  f r a m e w o r k  of biological  macro -  
molecules  can exhib i t  special  chemis t ry  associated wi th  
p rox imi ty  of ax ia l ly  coordinat ing l igands  a t tached  to 
the  f r a m e w o r k  or  wi th  steric res t r ic t ions  imposed by  
the f r a m e w o r k  on the ax ia l  coordinat ion  of o therwise  
potent  l igands.  Inasmuch  as some analogies be tween  
the c i rcumstances  of biological  macromolecu la r  and 
e lect rode immobi l iza t ion  can be envisioned,  a be t t e r  
unde r s t and ing  of the  ax ia l  coordinat ion chemis t ry  of 
me ta l loporphyr ins  p r epa red  f rom s t ruc ture  I was of 
interest .  Wi th  this in  mind,  a fu r the r  s tudy  of the co- 
b a l t - m e t a l l a t e d  form of s t ruc ture  I, C/,,,-Co (NH2)4TPP, 
in contact  w i th  solut ions containing the l igand  pyr idine,  
has been car r ied  out  and is descr ibed  here. Results  are  
also given for  the  monoamine  t e t r apheny lporphyr in ,  
C/~L~.Co (NH~)TPP. Of in teres t  was how the coordina-  
t ion number  of  ax ia l ly  bound pyr id ine  depends on the 
oxida t ion  s ta te  of the immobi l ized  cobalt  po rphyr in  
and its complex s tab i l i ty  constants.  A base of compara -  
t ive e lec t rochemical  da ta  for  the  in terac t ion  of py r id ine  
wi th  dissolved cobal t  t e t r a p h e n y l p o r p h y r i n  is ava i lab le  
(6-8). Also of in teres t  was a be t t e r  unders tand ing  of 
the  prev ious ly  noted (2) abno rma l ly  smal l  e lec t ro-  
chemical  surface wave  for reduct ion  of immobi l ized  
C/ ,~.-Co(III)(NH2)4TPP as  compared  to C/,x.,Co(II) 
( NH2 ) 4TPP. 

Experimental 
Immobilization.--Glassy carbon e lect rodes  (A tomer -  

gic Chemetals  Corporat ion,  Pla inview,  New York, 

* Electrochemical Society Student Member. 
1 Present address: Dionex Corporation, Sunnyvale, California. 
Key words: modified electrodes, ligand, surface, interfaces. 

[1] 

5W for  30 min. Lower  background  cur ren ts  we re  ob-  
served  wi th  p l a sma-ox id i zed  electrodes.  The  oxidized 
electrodes were  ref luxed in  ca. 2 ml  f reshly  dis t i l led  
SOC12 in 15 ml  of sodium dr ied  to luene for 1 hr, 
br ief ly r insed wi th  d ry  toluene,  and ref luxed for  3 h r  
in a hot  solut ion of ca. 1 mg of  (NH2)4TPP or  
(NH2) TPP po rphy r in  in  15 ml  of d r y  toluene. Thorough 
rinses wi th  d ry  toluene and reagen t  g rade  methano l  
were  used to remove  adsorbed  porphyr in .  The im-  
mobil ized porphyr ins  were  me ta l l a t ed  by  ref luxing the 
a i r -d r i ed  electrodes in a solut ion of ca. 0.Sg of CoC12 
in 20-30 ml  CH3CN fol lowed b y  washing  wi th  CH~CN. 
The electrodes were  mounted  for  e lec t rochemical  ex -  
per iments  in a cy l inder  of hea t - sh r inkab l e  Teflon, l eav-  
ing the cy l inder  end exposed. Cobal t  me ta l l a t ion  was 
o rd ina r i ly  complete  as indica ted  by  the absence of 
e lec t rochemical  waves  for r e s idua l - f r ee  base. 

Etectrochemistry.--Electrochemical exper iments  were  
car r ied  out in d imethy lsu l fox ide  (DMSO) and aceto-  
n i t r i le  solvents p red r i ed  over  molecu la r  sieves and 
containing 0.1M Et4NC104 suppor t ing  e lec t ro ly te  a n d  
various concentrat ions  of pyr id ine  l igand. The solu-  
tions were  degassed wi th  N2 p r e sa tu r a t e d  wi th  vapor  
of a py r id ine / so lven t  mix tu re  ident ica l  to that  in the 
e lec t rochemical  cell. The pyr id ine  had  been  dis t i l led 
and s tored over  molecular  sieves. 

The e lect rochemical  cell  was conventional ,  wi th  a 
Luggin  cap i l l a ry  to the NaCl - sa tu ra t ed  calomel  r e fe r -  
ence e lect rode (SSCE).  To ascer ta in  tha t  junct ion  po-  
ten t ia l  effects at  the  Luggin  t ip were  un impor t an t  as  
the py r id ine  concentra t ion was va r ied  over  a wide 
range,  the formal  potent ia l  of the f e r rocene / f e r r i ce -  
I l ium couple was measured  as a funct ion of [Py] .  I ts  
potent ia l  was constant ,  +0.496 • 0.006V vs. SSCE. 

Elec t rochemical  equipment  was a Pr ince ton  Appl ied  
Research Model 174 as potent ios ta t  for cyclic vo l t am-  
me t ry  and different ia l  pulse  v o l t a m m e t r y  wi th  a lo-  
ca l ly  designed t r i angu la r  wave  genera tor  (10) as s ignal  
source for the  former.  A f reshly  p repa red  e lect rode 
was first inspected  by  cyclic vo l t ammet ry ,  then  vo l t -  

1 9 7 9  
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ammograms  were  de te rmined  at  a series of [Py]  wi th  
different ial  pulse  vo l tammetry ,  whose appl ica t ion  to 
immobi l ized  e lect rode reac tan ts  has been  descr ibed by  
Brown and Anson (11). Esurf ~ is the average  of the  po -  
tent ia ls  for  cur rent  peaks observed on cathodic and 
anodic-going scans. The different ia l  pulse  exper imen t  
a l lowed accurate  de te rmina t ion  of peak  potent ia ls  even 
at  the ve ry  slow po ten t ia l  scan ra tes  desi rable  for  
Esurs measurements .  

C h e m i c a l s . - - T e t r a k i s  ( p - a m i n o p h e n y l )  p o r p h y r i n ,  
(NH~)4TPP, and m o n o ( p - a m i n o ) - t e t r a p h e n y l p o r p h y -  
t in,  (NH2)TPP, were  p repa red  as p r ev ious ly  (2,3) 
and  generous ly  suppl ied  by  C. M. El l io t t  (S tanford  
Univers i ty ) ,  respect ively.  Cobalt  t e t r apheny lpo rphy r in  
(Man-Win  Chemicals,  Washington,  D.C.) was used as 

received.  

Determination of  x ~n reaction [ t ] . ~ T h e  dangl ing  
amine  groups remain ing  on the immobi l ized  po rphyr in  
in reac t ion  [1] were  coupled to 3 ,5-dini t ro-benzoyl  
chlor ide  and the re la t ive  XPS  N Is band  intensi t ies  for 
ni t ro and porphyr in  ni t rogens de te rmined  as descr ibed 
prev ious ly  (2). This measu remen t  was car r ied  out on 
electrodes p r io r  to me ta l l a t i on  and also on electrodes 
af te r  cobal t  insertion. XPS spect ra  were  obta ined  wi th  
a du Pont  Model 650B Elect ron Spec t romete r  wi th  the 
assistance of Dr. M. Umafia. 

Results and Discussion 
Some genera l  character is t ics  of the cyclic vo l tam-  

me t ry  of t e t r a ( p - a m i n o p h e n y l ) p o r p h y r i n  a t tached  
to carbon as in Eq. [1] and then  cobal t  meta l la ted ,  
C/a,~Co(NH2)4TPP, and  of i ts monoamine  analog, 
C/4a~o (NH2)TPP, a re  i l lus t ra ted  b y  Fig. 1-3. In  both  
DMSO and CHsCN solvents,  the  C o ( I I I / I I )  and 
Co ( I I / I )  po rphyr in  react ions occur at  potent ia ls  s imi-  
la r  to the E ~ values for  una t t ached  CoTPP (+0.12 and 
--0.82V vs. SSCE in DMSO),  typical  of modified elec-  
t rodes (3,4).  The vo l t ammograms  in DMSO and 
CIQCN are  unusual  however,  in tha t  in the absence of 
added  pyr id ine  l igand (Fig. 1A, 2A),  the C o ( I I I / I I )  
wave  is typ ica l ly  only 1-5% as la rge  as the C o ( I I / I )  
wave.  When pyr id ine  is added  (compare  Fig. 1A, 1B), 
and for C / ~ o ( N H 2 ) T P P  as compared  to C],~w~o- 
(NH2)4TPP (compare  Fig. 1A, 2B), the  C o ( I I I / I I )  
wave  is enhanced,  bu t  remains  ~ 1:1 in  re la t ion  to 
the  C o ( I I / I )  step. Vo l t ammet ry  of C/ .~Co(Nt-t2)4TPP 
in pyr id ine  as solvent  is s imi lar  to tha t  in ~ I M  solu- 
tions of  pyr id ine  in DMSO. 

The  cathodic C o ( I I / I )  wave  in both DMSO (E ~ --  
--0.87V vs. SSCE) and CHsCN (E ~ --  --0.87V vs. 
SSCE) exhibi ts  an i r revers ib le  p rewave  whose defini- 
t ion var ies  f rom electrode to e lect rode (Fig. 1A, 3A),  

~20x / 

l i7 E vs sscE 
D 

Fig. 1. Cyclic voltammetry at 100 mV/sec of 6 X 10 -1~ mole/ 
cm 2 C/,v-~Co(NH2)4TPP in DMSO (curve A) and in 3.47M pyridine 
in DMSO (curve 13). Differential pulse voltammetry (2 mV/sec scan 
rate, 0.5 see/cycle, 25 mV modulation) of 5.7 X 10 - l ~  mole/cm ~" 
C/,,~Co(NH2)4TPP in DMSO (curve C) and in 3.47M pyridine in 
DMSO (curve D). S - -  13.8 ~A/cm~ (curves A, B); 27.6 ~A/cm 2 
(curves C, D). Insets are Co(ll l / l l )  DPV responses of curves C and 
D amplified as indicated for precise measurement of Epeak. 

SCIE N CE  A N D  T E C H N O L O G Y  S e p t e m b e r  1980 
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B 

Fig. 2. Cyclic voltammetry at 100 mV/sec of 1.1 X 10 - 9  mole/ 
cm 2 CZ~v~,Co(NH2)4TPP in CHsCN (curve A) and of 3.2 • 10 -1~ 
mole/cm 2 C/,~Co(NH2)TPP in DMSO (curve B). S = 27.6 ~A/  
cm 2 (curve A); 2.8 ~A/cm2 (curve B). 

- 0 5  
S SSCE 

Fig. 3. Cyclic voltammetry at 100 mV/sec of C/~.Co(NH2)4TPP 
in DMSO. Curve A: potential scan after potentiostotting at 0V for 
ca. 1 rain, Qcath/Qanod ~ 1.38; curve B: steady-state scan between 
--0.6 and --1.5V vs. SSCE, Qcath/Qanod ~ i.02. 

and which has no anodic counterpart. If the potential 
scanning region is restricted (Fig. SB) or if the elec- 
trode is prepotentiostatted at --0.4V for a few minutes, 
the cathodic prewave is largely eliminated. 

From these genera l  observat ions  i t  seems tha t  only  a 
f ract ion of the immobi l ized  me ta l l opo rphyr in  popula~ 
tion undergoes the Co ( I I I / I I )  react ion at  its revers ib le  
potential ,  bu t  tha t  most if  not  al l  of the Co ( I I / I )  reac-  
t ion proceeds no rma l ly  especia l ly  if the e lec t rode  is 
p repoten t ios ta t t ed  as descr ibed above. We wil l  r e tu rn  
to this point  af ter  considering the axia l  l igat ion p rop -  
ert ies as deduced f rom the revers ib le  Co ( I I I /H)  si tes 
and the Co ( I I / I )  reaction.  

Coordination wi th  pyridine.- -Theory for the  shif t  in 
revers ib le  redox potent ia l  of an  e lec t rode  immobi l ized  
meta l  complex caused b y  a change in coordinat ion has 
not been discussed previously.  I t  is fo rma l ly  s imi la r  to 
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the  convent ional  solut ion relat ions,  r ep lac ing  solut ion 
concentra t ions  b y  surface excess r (moles/cm2).  We 
wi l l  assume tha t  ro ---- rR for  the  surface  in te rac t ion  
te rms (11). Thus for  the  react ions  of CkwCo(NH2)4-  
TPP  

C/,q~t, Co (III)  (NH2)4TPP + e -  

C/ ,~Co (I I )  (NH2) 4TPP [2] 

C / ~ C o  (II)  (NH2)4TPP + e -  ~- C / ~ C o  (I) (NH2)4TPP 

[3] 

the  revers ib le  potent ia ls  in the  absence of py r id ine  are  

E - -  E s u r f a H / i i )  ~  - -  0.059 log [ r coaz ) / r coam]  [4] 

E - - E  o , _  ..rfaz/z) 0.059 log [rcoa~/rcocm] [5] 

and  a f te r  addi t ion  of py r id ine  genera t ing  the equi l ib r ia  

C / , v ~ o  ( I I I  ) (NH2) 4TPP + m P y  

K I I I  

C / / ~ o ( I I I )  ( N H ~ ) 4 T P P ( P y ) ~  [6] 

C/a,,~Co (I I )  (NH2)4TPP + P P y  

K , ,  

C/-~,Co(H) (NH2)~TPP(Py)p  [7] 
w e  obta in  

s u r f / c o m p l x ( I I I / I I )  ~ E s u r f / ( I I I / ] I )  v~ 

--  0.059 log [ K m / K n ]  --0.059 (m -- p)  log [Py] [8] 

E s u r f / c o m p l x ( I I / I )  ~ ~ ~ s u r f ( I I / I )  ~ 

- -  0.059 log [KII] - -  0.059(p) log [Py] [9] 

E c* Measurement  of surf/compLx as a funct ion of [Py]  
yields  p [the number  of pyr id ine  ax i a l l y  coordinated  
to C o ( I I ) ]  and  KII f rom Eq. [9] and  thence m [the 
number  of ax ia l ly  coord ina ted  pyr id ines  for  C o ( I I I ) ]  
and  KIII f rom Eq. [8]. These values  depend  on solvent  
since solvent  coordinates  compet i t ive ly  wi th  pyr id ine .  

To accura te ly  measure  peak  potent ia ls  for  the  
Co ( I IUI I )  and  Co ( I I / I )  waves,  d i f ferent ia l  pulse  vo l t -  
a m m e t r y  produces  sha rp ly  defined waves  at  the slow 
potent ia l  scan rates  des i rable  to ensure Nerns t ian  
charge t rans fe r  equ i l ib r ium for reactions.  Also, the  
smal l  C o ( I I I / I I )  wave,  detected wi th  difficulty by  
cyclic v o l t a m m e t r y  is easi ly  seen (Fig. 1) in the  DPV 
exper iment .  E ~  was t aken  as the  average  of Epeak 
negat ive  and pos i t ive-going  poten t ia l  sweeps (see Fig. 
1C, 1D insets) .  Table  I shows tha t  DPV peak  poten t ia l  
separa t ions  ( aE , )  a re  small ,  wi th  differences be tween  
the  C o ( I i I / I f )  and  C o ( I I / I )  steps and be tween  
C/~v,,Co (NH2) ~TPP and C / ~ C o  (NH2) TPP. In DMSO, 
a spurious wave  at  --0.10V (Fig. 1C), which  d isappears  
when a smal l  concentra t ion (2 raM) of pyr id ine  is 
added,  is thought  to ar ise  via advent i t ious  l igands such 
as t race water .  The poten t ia l  of the more  posi t ive wave  
is t aken  a s  E s u r f ( i n / i i )  ~  +0.124V v s .  SSCE. 

C A R B O N  E L E C T R O D E S  1981 
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Fig. 4. Formal potential  Esurf ~ (average of Epeak of positive and 
negative DPV sweeps) as a function of Iog[Py]. Curves A, B, C 
are Co(ll/I) wave, curves D, E, F are Co(lll/ll) wave. Curves A, D: 
C/"~,Co(NH2)TPP in DMSO; curves B, E: C/lu~Co(NH2)4TPP in 
DMSO; curves C, F: C/~-,Co(NH2)4TPP in CH3CN. Numbers by 
curves are least squares slopes. 

Data for  EsurF' as a funct ion of [Py] a re  d i sp layed  
i r  Fig. 4. Results  for different  exper iments  a re  over -  
laid. The po ten t ia l  becomes more  nega t ive  as pyr id ine  
is added,  since the Co( I I I )  s ta te  is more  s tabi l ized by  
pyr id ine  coordinat ion than  the Co (II)  state. In  DMSO, 
c lear ly  defined changes in slope for  both  C/,v~Co- 
(NH2)4TPP and C~,~Co(NH2)TPP occur a t  [Py] 
0.05M and the slopes are  app rox ima te  mul t ip les  of 
0.059. At  low [Py] ,  m --  p for  the  C o ( I I I / I I )  reac t ion  
is for both  porphyr ins  near  two and p for  (Co ( I I / I )  is 
zero. At  these concentrat ions,  both  axia l  sites on 
C/~,,,Co (III)  (NH2) 4TPP and C/p.~Co (III)  (NH2) TPP 
are  occupied by  pyridine,  and these are  both displaced 
upon reduct ion  to C/~ , ,Co(I I )TPP.  At  high [Py] ,  we 

Table ]. Stability constants a for complexation of pyridine by immobilized cobalt aminotetraphenylporphyrins 

Esurf o' AEpe~k,e m V  

S o l v e n t  P o r p h y r i n  L o g  K1 i i  L o g  K n  I I I , I I  b I I , I  b I I I f l I  I I , I  

D M S O  C/.~ ~ Co (NH2)  4 T P P  7.26 ~ 0.15 1.44 _ 0.18 + 0.124 -- 0.868 
C H s C N  C / ~ . C o  (NI-I2) 4 T P P  '8.51 _ 0.19 2.25 _.+ 0.11 + 0.060 - 0.869 
D M S O  C / ~ ,  Co (NI42) T P P  6.32 + 0.13 1.25 • 0,12 + 0,115 - 0.821 
D M S O  C o T P P  5.86, ~ 6.41 e 2,15, d 1.32 e 
P r C N  C o T P P  9,10~ 2.60~ 

43_--.22 5-----7 
50__.22 9 ~ 7  
12-----6 11__.6 

, S t a b i l i t y  c o n s t a n t s  w e r e  c a l c u l a t e d  f o r  i n t e g r a l  ~n a n d  p ,  u s i n ~  Eq.  [8] a n d  [9] a n d  Esurf ~ l i s ted  in T a b l e .  
b A v e r a g e  o f  c a t h o d i c  a n d  a n o d i c  p e a k  p o t e n t i a l  f r o m  D P V .  
c D i f f e r e n c e  b e t w e e n  cathodic  and a n o d i e  p e a k  p o t e n t i a l  i n  D P V  a t  2 m V / s e c ,  25 m V  m o d u l a t i o n  a m p l i t u d e .  
d R e f .  ( 6 ) .  
* R e f .  (7 )  
f R e f .  (20) .  
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find m -- p ---- 1, so only  one of the two ini t ia l ly  p r e s e n t  
pyridines becomes displaced in C / -~Co( I I )TPP,  the 
second being lost upon reduction to C/,~,,Co(I)TPP. 

Acetonitri le is a less strongly coordinating solvent 
and so it  is not surpris ing that  Fig. 4 shows that  
only one pyr id ine  is dissociated upon reduct ion to 
C] ,~Co( I I )TPP,  over the entire range of [Py]. As 
before, the second pyr id ine  is lost upon fur ther  re-  
duction to C / ,~Co( I )TPP .  The data f rom different 
determinat ions  in  acetonitri le show greater  scatter 
than  in  DMSO; the weaker  l igand CH3CN probably  al-  
lows greater  coordinative interference from impur i ty  
l igands such as water. 

These results are summarized in  the reactions 

In  DMSO, at. [Py] < 0.05M 

C/,~ Co (III)  (NH2)4TPP (PY)2 -5 e -  

-+ C ~ C o ( I I )  (NH2)4TPP(DMSO) .5 2Py [10] 

In  DMSO at [Py] > 0.05M, and in  CH~CN 

C/,~Co (III)  (NH2)4TPP (Py)~ .5 e -  

C/,a.Co(II)  (NI-I2)4TPP(Py) .5 Py [11] 

II, depends upon the potential  scanning history of 
the electrode. On a fresh electrode, Qcath/Qanod is 
near ly  2/1. This value drops upon succeeding 
potential  scans, especially for continuous scanning, 
and falls to 1.02 if the potential  scan is restricted 
to the vicini ty of the Co(I I / I )  wave. The value of 
Qcam/Qanod which is observed after brief potentiostat-  
t ing at 0V especially increases if pyr idine is present  
since the reversible Co(HI / I I )  potential  is then more 
negative than  0V. 

The strong implicat ion of this behavior  is that  im-  
mobilized Co(III)  porphyr in  which does not react in  
the small, reversible Co( I I I / I I )  wave, reacts as the 
prewave of the Co( I I / I )  wave. The electron transfer  
rate for this "slow Co (III)  porphyr in"  mus t  be very  
slow. Further ,  the overlap of the "slow Co( I I I / I I ) "  
wave (the prewave) and the reversible Co ( I I / I )  wave 
suggests that the onset of the la t ter  catalyzes t h e  
former, perhaps through generat ion of some Co(I)  
sites from the reversibly reacting Co( I I I / I I )  popula-  
tion. 

To observe the slow Co ( I I I / I I )  reaction by  a differ= 
ent  method, we have conducted reflectance spectro= 
electrochemistry on the same porphyr in  system at= 
tached to Pt  electrodes using organosilane chemistry 

p•CI• 
0 d CH~ 0 

I II 1. (NH2)4TPP P ~ ] II 
OSi(CH~)3CC1. > t -~- -OSi  (CH2) 3CNH) w-- (NH~) 4_~Tpp (Co) 

I 2. COC12 ~ I II 
[13] 

C/,~Co (II) (NH2)4TPP (Py) .5 e -  

C/~ .Co(I )  (NH2)4TPP .5 Py [12] 

Reactions [10]- [12] for immobil ized cobalt porphyr in  
are consistent with previous electrochemical informa-  
t ion on solutions of cobalt porphyr in  (6, 7). In  struc- 
tural  studies of cobalt porphyrins  (12-16), Co(III)  is 
general ly  six coordinate (two axial  l igands),  Co(II)  
is general ly  five coordinate, and square pyramidal  with 
the metal  displaced 0.1-0.2A out of the plane of the 
porphyr in  ring, and Co(I)  is four coordinate (no or 
very weak axial l igat ion).  The data of Fig. 4 for all 
cases, show six coordinate Co(II I ) ,  i.e., C/,~ACo(III)- 
(NH2)4TPP(Py)2, at most one pyr idine coordinated 
to  Co(II) ,  and overall  dissociation of two pyridines 
upon complete reduct ion of Co (III) to Co(I) .  Similar  
results for axial coordination of pyridine in solutions 
of CoTPP in  DMSO and propionitri]e solvents were re-  
ported by Davis ('3). In  DMSO, Kadish and co-workers 
(7) reported an addit ional  reduct ion wave at in te r -  
mediate [Py] which we did not observe for the im-  
mobilized cobalt porphyrins.  

Stabi l i ty  constants for Eq. [6] and [7] calculated us-  
ing Eq. [8] and  [9] are summarized in  Table I. Except 
for K m  for C/ ,~Co(I I I ) (NH2)4TPP,  which is notably  
larger, K m  and KH agree fair ly  well  wi th  the values 
cited by Kadish (7) for solutions of CoTPP in  DMSO. 
Kin  and K n  are larger  in  the less coordinating aceto- 
ni t r i le  solvent, consistent with coordination number  
results in  Fig. 4, and in  good agreement  with results in  
propionitr i le  (6). 

Aspects of surface b~nding and the Co (III/II) reac- 
tion.--The above results show that  the axial coordina- 
tion numbers  and stabil i ty constants for the reversibly 
reacting C/~J:~o (NH2)4TPP and C/~,Co (NH2)TPP are 
li t t le different from that for solutions of CoTPP. How- 
ever, we have also observed that  only a small  fraction 
of the total immobil ized cobalt porphyr in  populat ion 
s e e m s  to  r e a c t  a t  t h e  reversible Co ( I I I / I I ) .  Associated 
w i t h  this effect is the appearance of a prewave of the 
Co( I I / I )  wave (Fig. 1A, 2A, 3A). The combined charge 
of this prewave and the Co( I I / I )  wave, Qcath, re la-  
tive to that  of the subsequent  Co( I / I I )  wave, Qanod, 
as shown for C/ ,~Co(NH2)4TPP in  DMSO in  Table 

As shown in  Fig. 5, vo l tammetry  of the s i lane-bound 
cobalt porphyrin,  II is s imilar  to that  seen on glassy 
carbon, i.e., an abnormal ly  small  Co( I I I / I I )  wave and 
a prewave to the Co (I I / I )  reaction. Reflectance spectra 
taken (in situ, acquisit ion t ime ca. 15 sec) wi th  t h e  
surface II  potentiostat ted at .50.4, --0.4, --1.1, --0.4, 
and .50.4V vs. SSCE in  DMSO are shown in the figure. 
Details of the reflectance exper iment  are given else- 
where (17). The .50.4V spectrum (curve a) should 
correspond to the Co(III)  state, and its 452 n m  ~.rnax 
is in good agreement  with the 450 nm value obtained 
for a solution of Co(I I I ) (NH2)4TPP in  DMSO in an 
optically t ransparent  th in  layer  electrochemical cell 
(17). When the potential  is changed to --0.4V, ap- 
propriate for the Co(II)  state, a spectral change com- 
mences (curves b, c, d), but  this is very slow; even 
after 10 min  there is only a 3 nm shift in  ~max. In  con- 
trast, changing the applied potental  to --1.1V is accom- 
panied by an immediate  change of the reflectance 
spectrum to that  of Co (I) as shown in Fig. 5, curve e. 
Likewise, r e tu rn  of the potential  to --0.4 immedia te ly  
results in a Co (II) porphyr in  spectrum (curve f) with 
kmax = 435 n m  (the corresponding solution value is 
433 nm) .  Final ly,  r e tu rn  of the potential  to .50.4V vs. 
SSCE also restores the Co(III)  spectrum (curve g),; 
the Co( I I / I I I )  spectral change occurs much more 
rapidly than that  for the Co( I I I / I I )  reaction. These 

Table IL Ratio of cathodic charge for Co(ll / I )  wave plus prewave 
to anodic charge for Co(I/ l l)  wave 

DMSO, C/~wCo (NH2) ~TPP Qca th/Qanod 

virgin scan 
Continuous scanning + 0.3v ~ -1.sv 
continuous scanning - 0.6v ~ - 1.5v 
After potent.~ostat (~ 1 min) at 0.0V, ~ [Py] = 0 
After potentiostat (~ 1 min) at 0.0V, �9 [Py] > 0.005 
CH~CN, C/~,~.Co (NH~) 4TPP 
After  pote.ntiostat ( ~  20 sec) at 0.0V, [Py] > 0.02 

DMSO, C/,~,-.Co (NH~) TPP 
After potentiostat (~ 20 sec) at 0.0V 

1.89 -- 0.44 
1.26 -- 0.11 
1.02 
1.38 • 0.24 
1.71 • 0.51 

1.89 ---+ 0.65 

1.20 • 0.31 

aFol lowing previous potential  scan +0.3V -~ 1.5V -* +O.3V -* 
O.OV, stop. 
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Fig. 5. Reflectance spectmelectrochemistry of structure II (3.3 
X 10 - l ~  mole/cm 2) in DMSO. Spectra are taken successively 
curves a to g. Curve a: potential applied to + 0 . 4 V  vs. SSCE; curve 
b: after ca. 30 see at - -0.4V; curve c: after ca. 1 min at --0.4V; 
curve d: after ca. 10 min at - -0.4V; curve e: after ca. 30 sec at 
~1 .1V;  curve F: after ca. 30 sec at --0.4V; curve g: after ca. 1 
min at -I-0.4V. 

spec t ra l  resul ts  confirm the ex t r ao rd ina r i l y  slow 
C o ( I I I / I I )  e lec t rochemis t ry ,  and also indicate  that  the  
revers ib le  potent ia l  for  the  "slow Co ( I I I / I I ) "  species 
is more  posi t ive  than  --0.4V. 

To ver i fy  the  absence of ar t i fac ts  in our  solutions, 
cyclic v o l t a m m e t r y  of una t t ached  Co( I IDTPPC1 in 
DMSO solut ion was r eexamined  at  glassy carbon 
electrodes.  The C o ( I I I / I I )  wave  is indeed fu l ly  de-  
ve loped (wi th  ip/vY2 : constant  for  v : 0.05-0.2 
V/sec)  as compared  to the  C o ( I I / I )  wave  as shown 
in Fig. 6. 

We propose tha t  the slow elect ron t rans fe r  in 
the  "slow C o ( I I I / I I ) "  species involves an axia l  co- 
ord ina t ion  effect, in  which  a potent  l igand X ax ia l ly  
binds  to one axia l  side of the  immobi l ized  
C/p.~Co(III) (NH2)4TPP, leaving  the o ther  side open 
to coordinat ion by solvent  or pyr idine.  Thus, in DMSO 

/ i  
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Fig. 6. Cyclic voltammograms at 100 mV/sec of a 0.4 mM 
solution of cobalt t e t r a p h e n y l p o r p h y r i n  in DMSO (curve A) with 
0.4M tetraethylammonium benzoate added (curve B). S ----- 27.6 
#A/cm 2. 

containing [Py] > 0.05M, a smal l  popula t ion  of  
C/-,-~Co(NHu)4TPP is not  coordinated  b y  X at a l l  and  
undergoes  react ion [11] at  the revers ib le  potent ia l  as 
found in Fig. 4, whereas  most of the immobi l ized  me t -  
a l loporphyr in  undergoes  a ve ry  slow elect ron t ransfe r  
f rom the e lec t rode  or a fas ter  one f rom ne ighbor  Co (I)  
sites according to the reac t ion  

C/~Co (III) (NH2)4TPP (Py) (X) 

+ e--> C / ~ C o ( I I )  (NH2)4TPP(Py)  + X [14] 

In  Eq. [14], X becomes dissociated r a the r  than  pyr id ine  
as a t tes ted  by  the resul ts  of Fig. 4 (i.e., p : 1). The 
Co( I I )  product  of both  Eq. [11] and [14] the rea f t e r  
undergo the expected Co ( I I / I )  react ion [12]. 

In te rven t ion  of l igand X in the e lec t rochemis t ry  of 
C/ . , -Co(NH2)4TPP is suppor ted  by  severa l  exper i -  
menta l  results.  Firs t ,  we expect  that  to some ex ten t  X 
should be displaced by  added  l igands,  wi th  an associ- 
a ted  increase  in  the  magni tude  of the  revers ib le  
C o ( I I I / I I )  wave. F igure  1 shows tha t  indeed the r e -  
vers ib le  C o ( I I I / I I )  wave  is enhanced in the presence 
of added  pyridine,  i.e., a l a rge r  p ropor t ion  of the 
po rphy r in  reacts  as in Eq. [11] r a the r  than  Eq. [14]. 
Secondly,  a s ter ica l ly  small ,  ha rd  l igand such as chlo-  
r ide produces  a s imi lar  effect as shown in Fig. 7. A 
la rge  excess of chlor ide  both  a t tenuates  the  p rewave  
and enhances the revers ib le  C o ( I I I / I I )  wave  which  
in the case of C / . ~ C o ( N H 2 ) T P P  (curve  d) exhibi ts  a 
charge nea r ly  equal  now to that  of the Co ( I I / I )  wave,  
suggest ing nea r ly  complete  r ep lacemen t  of X by  
chloride. 

Wha tever  X is, it  has the p rope r ty  of being s tab ly  
bound  (competes wel l  w i th  la rge  excess of py r id ine )  
and of d rama t i ca l ly  s lowing the e lec t ron  t rans fe r  for 
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Fig. 7. Cyclic voltammograms at 100 mV/sec in DMSO of 2.2 X 
10 - l ~  mole/cm 2 C /~Co(NH2)~TPP (curve A) with excess tetra- 
ethylammonium chloride added (curve B), and of 6.2 X 10 - 1 ~  
male/cm 2 C/~,-,~Co(NH2]TPP (curve C) with excess Et4N+CI - 
added (curve D). S - -  13.8 ~,A/cm 2 (curves A, B); 55.5 ~A/cm 2 
(curves C, D). 
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the Co ( I I I / I I )  reaction.  We must  consider  X as being 
e i ther  a t race const i tuent  of the so lven t -e lec t ro ly te  
sys tem contact ing the electrode,  or  a chemical  func-  
t ional i ty  which  is a t tached  to the  surface molecular  
f ramework .  For  some t ime we suspected tha t  traces of 
d ioxygen in the  so lvent  might  coordinate  to the 
cobalt  porphyr in .  In  aqueous acid, immobi l ized  
C/~-Co(NH2)4TPP does ca ta lyze  d ioxygen reduct ion,  
a t  potent ia ls  suggest ing H202 as product ,  and wi th  
eventua l  deac t iva t ion  of the  porphyr in .  Also, de l iber -  
a te ly  added  smal l  amounts  of d ioxygen  in DMSO and 
CHsCN enhance cur ren t  a t  the potent ia l  of the p re -  
wave. Scrupulous  degassing, however ,  ne i the r  e l imi -  
nates the  p rewave  nor  restores  the Co ( I I I / I I )  wave  to 
a normal  magni tude.  We do not  have sat isfying evi -  
dence for  the invo lvement  of d ioxygen  and propose in-  
s tead  tha t  X is a l igand  const i tuent  of the surface i t -  
self. 

Immobi l ized  l igands on surfaces I and  II  include 
dangl ing  amine  funct ional i t ies  of (NH2)4TPP which 
did not  couple to the  surface acid chlor ide  groups, and 
carboxyl ic  acid groups which  are  eventua l  hydro ly t ic  
products  of the lat ter .  The dangl ing amine  groups can 
be inves t iga ted  b y  the amidiza t ion  reac t ion  

C/,~.CONH) x (NH2) 4 -xTPP 
O NO2 

, ,  > C/~CONH)xTPP(NH~__~/~_  % z  
CICOPh(NO~)2 ~i702 

lIB] 

by  measur ing  the re la t ive  intensi t ies  of the  x - r a y  
photoelec t ron N ls  spec t ra l  bands for the ni tro groups 
and for the  over lapp ing  po rphyr in  plus amide  n i t ro-  
gens as we have  ear l ie r  descr ibed (2). Fo r  unme ta l -  
la ted  porphyr in ,  we r ede t e rmined  4 --  x as 1.85 __ 0.28, 
in  agreement  wi th  the ear l ie r  resul t  f rom which we 
concluded that  an average  of two amide  bonds formed 
be tween  each (NH2)4TPP and the  carbon surface. In  
a new exper iment ,  the  po rphy r in  was me ta l l a t ed  wi th  
cobal t  p r io r  to react ion [15]; the  resul t  was again  
4 --  x --  1.82 • 0.54 (average  of th ree  measurements ) .  
Thus, cobal t  does not  change the number  of dangl ing 
amines wi th  the  impl ica t ion  tha t  such amines  are  not  
p r e - e m p t e d  f rom react ion [!5] by  axia l  coordinat ion 
to cobalt.  Also coba l t -me ta l l a t ed  e lect rodes  st i l l  exhibi t  
smal l  C o ( I I I / I I )  waves  a f te r  reac t ion  [15]. F ina l ly ,  
ne ighbor  amine  donors should not be possible on 
C/,,~-Co(NH2)TPP surfaces, which exhib i t  the "slow 
C o ( I I I / I I ) "  effect, a lbe i t  to a lesser  degree  (Fig. 2B, 
7C). 

The second surface l igand model,  in which X is a 
ca rboxyla te  funct ion of the glassy carbon la t t ice  which 
cen t ra l ly  under l ies  C/, .~Co(NH2)4TPP sites and co- 
ordinates  ax i a l l y  wi th  the  cobal t  f rom the  e lec t rode  
side of the po rphy r in  ring, is thought  to be a s t ronger  
possibil i ty.  Since ca rboxyla te  groupings  on glassy car -  
bon occur wi th  sufficient surface densi ty  to pe rmi t  two 
groups to fal l  into regis te r  wi th  an amide  bond to (on 
the average)  two amine  sites on each porphyr in ,  i t  is 
therefore  p laus ib le  that  m a n y  axia l  po rphyr in  sites 
should also achieve a reg is te r  wi th  a th i rd  carboxyl ic  
acid surface group. On surface  II, the re  is of course a 
large  popula t ion  of dangl ing  carboxyl ic  acid groups 
not consumed by  the amide  bonding react ion but  st i l l  
a t tached by  the si lane l inkage  to the P t  electrode.  

F igure  6B shows a cyclic vo l t ammogram of una t -  
tached CoTPP in the  presence of a 102-fold excess of 
benzoate  ion (a molecu la r  analog of a g raphi te  ca r -  
boxyla te  edge si te) .  The C o ( I I I / I I )  wave  is split.  A 
d iminished so lven t -coord ina ted  C o ( I I I / I I ) T P P  wave  
remains  vis ible  and so the s tab i l i ty  constant  for ben-  
zoate coordinat ion is small .  A diffuse, second 
C o ( I I I / I I ) T P P  wave  wi th  la rge  AEp is seen at  more  
negat ive  potentials .  This behav ior  shows that  benzo- 
ate coordinat ion by  i tself  re ta rds  the e lec t ron t ransfe r  

ra te  for  the  Co ( I I I / I I )  reaction.  
In  six coordinate  C o ( I I I ) T P P  complexes,  the low 

spin Co( I I I )  l ies in the plane of the four  po rphyr in  
ni t rogens  (12, 18). In five coordinate  C o ( I I ) T P P ,  on 
the o ther  hand, the  usual  cobal t  coordinat ion geomet ry  
is square  p y r a m i d a l  wi th  the  low spin Co (II)  p r o t r u d -  
ing f rom the p o r p h y r i n  p lane  toward  the axia l  l igand 
b y  O.I-0.2A (12, 13, 19) or  more. Thus reduct ion  of  
Co(I I I )  in Eq. [11] and [14] is accompanied  by  an 
ad jus tmen t  of the  me ta l  site geomet ry  as wel l  as loss 
of one axia l  l igand. To the ex ten t  t ha t  the  ra te  of 
e lect ron t ransfe r  depends  on e i ther  or  both  of these 
events, and i t  is l ike ly  tha t  i t  does, involvement  of a 
l igand X which is affixed ind i rec t ly  to the  po rphyr in  
i tself  (via the surface)  could cause severe  constraints  
on the  e lec t ron  t r ans fe r  rate.  Ne i the r  t he  proposed  X, 
ca rboxyla te  groups, or the Co (NH2)4TPP, a t tached  as 
they  are  to the  surface, have unres t r ic ted  mot ion on 
the surface, especia l ly  re la t ive  to one another .  The 
mobi l i ty  of C/~,,Co (NH2)TPP should be g rea t e r  than  
tha t  of C/ ,~Co(NH2)4TPP,  being a t tached  b y  one 
amide  bond r a the r  than  two, and  cor respondingly  
Co/~-Co (NH2) TPP exhibi ts  p r e w a ve  and smal l  
C o ( I I I ) / I I )  wave  effects less p ronounced  t h a n  for 
C/,~Co (NH2) 4TPP. 

The above model  of the  axia l  l igand  X as ca rboxy l -  
ate groups a t tached  to surfaces I and II, whi le  con- 
sistent  wi th  the ava i lab le  expe r imen ta l  results ,  is 
nonetheless  admi t t ed ly  speculat ive.  The evidence for  
some in te r fe r ing  l igand X is strong, but  we  have no 
direct,  only  c i rcumstan t ia l  evidence ident i fy ing  X as 
carboxyla te .  P receden t  for  our  mode l  is found, how-  
ever, in a p r io r  proposa l  by  K u w a n a  and co-workers  
(21) that  carbon surface oxides can ax ia l ly  b ind  to 
and induce the adsorpt ion  of cobal t  t e t r a p y r i d y l p o r -  
phyr in  f rom aqueous acid. 

Acknowledgment 
This research  was suppor ted  in par t  by  a g ran t  f rom 

the Office of Nava l  Research.  This is P a r t  X X I I I  of a 
series on Chemica l ly  Modified Electrodes.  

Manuscr ip t  submi t t ed  Jan.  24, 1980; rev ised  m a n u -  
scr ip t  received Apr i l  7, 1980. 

A n y  discussion of this paper  wi l l  appear  in a Dis-  
cussion Section to be publ i shed  in the  June  1981 
JOURNAL. Al l  discussions for the  June  1981 Discussion 
Sect ion should be submi t t ed  by  Feb.  1, 1981. 

Publication costs of this article were assisted by 
the University o] North Carolina. 

REFERENCES 
1. J. C. Lennox and R. W. Murray ,  J. Electroanal. 

Chem. Interracial Electrochem., 78, 395 (1977). 
2. J. C. Lennox and R. W. Murray ,  J. Am. Chem. 

Soc., 10O, 3710 (1978). 
3. R. D. Rockl in  and R. W. Murray ,  J. Electroanal. 

Chem. lnter]acial Electrochem., 100, 271 (1979). 
4. J. R. Lenhard,  R. Rocklin, H. Abruna ,  K. Wil lman,  

IC Kuo, R. Nowak,  and R. W. Murray ,  J. Am. 
Chem. Soc., 100, 5213 (1978). 

5. J. P. Collman, Acc. Chem. Res., 10, 265 (1977). 
6. L. A. Truxi l lo  and D. G. Davis, Anal. Chem., 47, 

2260 (1975). 
7. K. M. Kadish,  L. A. Bot tomley,  and  D. Beroiz, 

Inorg. Chem., 17, 1124 (1978). 
8. K. M. Kadish,  L. K. Thompson, D. Beroiz, and 

L. A. Bottomley,  "Elect rochemical  Studies  of 
Biological  Systems," ACS Sympos.  No. 38, D. T. 
Sawyer ,  Editor,  p. 65 (1977). 

9. J. F. Evans and T. Kuwana ,  Anal. Chem., 49, 
1632 (1977). 

10. W. S. Woodward,  R. D. Rocklin, and R. W. Murray ,  
Chem. Instr., 9, 95 (1979). 

11. A. P. Brown and F. C. Anson, Anal. Chem., 49, 
1559 (1977). 

12. W. R. Scheidt,  Acc. Chem. Res., 10, 339 (1977). 
13. F. A. Walker,  J. Am. Chem. Soc., 95, 1150 (1973). 
14. P. N. Dwyer,  P. Madura,  and W. R. Scheidt,  J. Am. 

Chem. Soc., 96, 4815 (1974). 
15. W. R. Scheidt,  ibid., 96, 84 (1974). 



VoL 127, No. 9 C A R B O N  E L E C T R O D E S  1 9 8 5  

16. W. R. Scheidt,  ibid., 96, 90 (1974). 
17. R. D. Rocklin,  K. Wil lman,  R. Nowak,  E:. Kuo, 

F. A. Schultz, and R. W. Murray ,  J. Am. Chem. 
Soc., 102 (1980). 

18. W. R. Scheidt,  J. A. Cunningham,  and J. L. Hoard,  
J. Am. Chem. Soc., 95, 8289 (1973). 

19. R. G. Li t t le  and J. A. Ibers,  J. Am. Chem. Soc., 

96, 4440 (1974). 

20. L. A. Truxi l lo  and D. G. Davis, Anal  Chem., 48, 
456 (1976). 

21. A. Bet telheim,  R. J. H. Chan, and T. Kuwana ,  
J. Electroanal. Chem. Interracial Electrochem., 
99, 391 (1979). 

Anodic Photocurrents at Silver Electrodes in 
Halide Solutions 

M. A. Butler* 
Sandia Laboratories, Albuquerque, New Mexico 87185 

ABSTRACT 

Enhanced anodic photocurrents are observed at silver electrodes when the 
e lec t ro ly te  contains hal ide  ions. The potent ia l  behavior  of this effect suggests 
the  fo rma t ion  of a s i lver  ha l ide  surface  layer .  This surface  l aye r  then  enhances  
the  pho tocur ren t  by  reducing the back- reac t ion  at  the  e lec t rode  surface. Con- 
s iderable  s t ruc ture  is observed in the pho tocur ren t  as a funct ion of photon  
energy.  This s t ruc ture  is r e la ted  to the  electronic s t ruc ture  of the surface film. 
These kinds  of measurements  appear  to be a promis ing  technique for s tudying  
films on me ta l  e lectrodes such as might  occur in  corrosion or  pass iva t ion  p ro -  
cesses. 

Pho tocur ren t s  a t  meta l  e lect rodes  have been  s tudied  
for  a number  of years .  Both cathodic and anodic cur -  
rents  have been  observed  and a t t r i bu ted  to photo-  
emission processes and photoinduced surface reactions.  
A number  of good reviews have been  wr i t t en  on the 
subjec t  (1, 2). 

In  this paper ,  we discuss anodic  photocur ren ts  at  
s i lver  electrodes and the effects of adding hal ide  ions 
to the  e lectrolyte .  Anodic  photocur ren ts  a t  s i lver  e lec-  
t rodes have been observed  prev ious ly  (3). We observe  
tha t  the addi t ion  of ha l ide  ions to the e lec t ro ly te  
g rea t ly  enhances these anodic photocur ren ts  when  the 
e lec t rode  is posi t ive of some potent ial ,  Eo, o r  has re -  
cent ly  been at  a potent ia l  posi t ive of Eo. With C1- 
ions in solut ion there  is a hysteres is  in the enhancement  
effect about  Eo. As the  potent ia l  is scanned in a posi t ive 
direction,  there  is no enhancement  unt i l  a f te r  Eo is 
passed. If  the  poten t ia l  is then scanned in a negat ive  
direction,  the  enhancement  persists  to potent ia ls  nega-  
t ive to Eo. This hysteresis  in the  enhancement  of the 
anodic pho tocur ren t  suggests g rowth  of a surface layer .  
Fo rma t ion  of this l aye r  and its r emova l  would  take  
t ime and thus would  give a hystere t ic  effect. F rom the 
va lue  of Eo we have identif ied this l aye r  as AgC1. The 
corresponding behavior  wi th  appropr i a t e  shif t  in Eo is 
observed wi th  B r -  ions in solution. The s t ruc ture  ob-  
served  in the spec t ra l  response wil l  be discussed in 
te rms of the  electronic s t ruc ture  of the surface. 

The expe r imen ta l  appa ra tus  consisted of a Schoeffel 
500W xenon lamp and high in tens i ty  monochromator .  
The monochromat ic  l ight  is modu la t ed  wi th  a PAR 
chopper  at  13.6 Hz before  being inc ident  upon a th ree -  
e lec t rode  e lec t rochemical  cell  wi th  quar tz  windows.  
The s i lver  e lectrodes are  nomina l ly  99.99% pure,  po ly -  
crys ta l l ine  foils, which are  etched in aqua regia  di-  
lu ted  1:5 and r insed in dis t i l led  water .  This p rocedure  
i s  not essential  as the  enhancement  effect is not  ve ry  
sensi t ive to e lect rode p repa ra t ion  procedures.  The 
e lec t ro ly tes  are  reagent  g rade  wi th  no addi t ional  pu r i -  
fication. The potent ia l  of the Ag elect rode is control led  
by  a PAR Model  173 potent iostat .  The ou tpu t  of the 
potent ios ta t  goes into a PAR Model 124A lock- in  ampl i -  
fier and the photoresponse  is detected at  the chopping 
frequency.  By scanning the wave leng th  of the incident  

* Electrochemical Society  Act ive  Member.  
Key words: electrolyte, films, surfaces .  

l ight  a spec t ra l  response curve  is p roduced  such a s  
shown in Fig. 1. The cutoff a t  shor t  wave lengths  is 
due to a loss of l ight  intensi ty .  

Both spect ra  in Fig. 1 a re  t aken  at  the  same po ten-  
t ia l  4-0.1V (SCE).  As can be seen spec t rum (B) shows 
a s t rong photoresponse w h i l e  spec t rum (A) shows 
negl igible  photoresponse.  The difference be tween  these 
two measurements  is that  the e lec t rode  was biased to 
a more  posi t ive potent ia l ,  +0.15V (SCE) ,  for  10 rain 
before  spec t rum (B) was t aken  at  4-0.1V (SCE).  This 
i l lus t ra tes  hysteresis  in the photoresponse and suggests 
chemical  modificat ion of the  Ag  surface. Fo r  a 2 • 
10-~M KC1 e lec t ro ly te  the reac t ion  (4) 

Ag 4- C1- -~ AgC1 4- e -  [1] 

occurs at  a potent ia l  of W0.14V (SCE),  which suggests 
the growth  of an AgC1 l aye r  on the s i lver  e lec t rode  sur-  
face. For  our  s i lver  electrodes 1O min at  4-9.15V (SCE) 
corresponds to growth  of a film ,--400A thick. We be-  
l ieve tha t  the  enhancement  effect arises f rom the 
growth  of this surface layer .  Previous  exper imen t s  to 

PHOTON ENERGY (eY) 
,~o s;o ,;o 3.5 3.~ ~i~ 2;o 

5 ~o 

o (A) 

I t I ~ I , I , I 
2O0 300 400 SO0 60O 

WAVELENGTH Inm~ 

Fig. I .  The spectral response uncorrected for light intensity of 
an Ag electrode in 2M H2SO4 with 2 X 10 - 3 M  KCI electrolyte. 
Spectrum (A) is taken at + 0 . 1 V  (SCE) and spectrum (B) at + 0 . 1 V  
(SCE) after being at +0 .15V  (SCE) for 10 min. The sensitivity in 
spectrum (A) is ten times greater than in spectrum (B). 
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observe the effects of CI -  ions on photocurrents at P t  
and Au electrodes did not show significant enhance-  
men t  effects (5). This is because the potential  was al-  
ways negative of the potential  for formation of plat i -  
n u m  and gold chlorides. 

Photoemission of electrons from a metal  electrode 
into an aqueous electrolyte is another  example of in-  
ternal  photoemission (6). The electrolyte may be con- 
sidered an  amorphous semiconductor (7) and the 
electron is photoemitted into the empty conduction 
band [see Fig. 2(a) ] .  Thus, all metals show the same 
threshold for photoemission into aqueous electrolytes 
(2). Conversely, anodic photocurrents  may arise from 
emission of photoexcited holes into the valence band  
of the aqueous electrolyte [see Fig. 2 (a ) ] ,  al though 
this in terpre ta t ion  of anodic photocurrents  is still sub-  
ject  to some controversy (8). 

The magni tude  of the phot0emitted currents  is de- 
te rmined by a number  of factors. The amorphous na-  
ture of the aqueous electrolyte suggests considerable 
scattering and indeed the range of photoemitted elec- 
trons is observed (9) to be 20-30A. At such a distance 
from the metal  surface, back reactions on the elec- 
trode surface are highly likely. For  electron emission 
the back reaction can be reduced by a suitable choice 
of scavenger in  the electrolyte (2). A good scavenger 
for holes has not yet been found. The net  observed 
photocurrent  is the difference between the photoemis- 
sion and back-react ion currents. 

Al though the morphology of our films is not known 
and undoubtab ly  is not simple, we will  assume for 
purposes of analysis a uni form surface layer. Then the 
energy level diagram is as shown in Fig. 2(b) .  The 
light is incident  through the electrolyte and can cause 
photoexcitation at various depths in  the surface layer 
structure.  For  photons of energy less than  the silver 
halide bandgap, in terna l  photoemission from the silver 
into the silver halide will  be observed. The t ransport  
of the photoexcited electron or hole in  the silver halide 
will  depend on trap sites and the electric field in  the 
halide layer. The actual character and composition of 
this layer is complex because ionic conduction of the 
Ag + ion is expected at room tempera ture  (10). An  
excess of Ag + ions in  the layer  may be a source of 
traps for any photoexcited electrons. At the interface 
with the electrolyte, the photoexcited charge carriers 
will  cause an electrochemical reaction to take place, 
probably relat ing to decomposition of the AgC1. The 
only requi rement  is that  the e lec t ron-dr iven  electro- 

(o) (b) 

SILVER 

photon~ 

e 

StLVER SILVER HALIDE WATER ELECTROLYTE 

Fig. 2. The energy level diagram for the silver electrode with 
and without a silver halide layer on the surface. (a) The excitations 
for electron and hole photoemission from silver into water con- 
sidered as an amorphous semiconductor. (b) The photoexcitation 
processes from silver into the silver halide layer and within the 
si|ver halide layer. At the surface of the electrolyte, the excited 
carriers react to form some unknown species in the electrolyte. 

chemical reactions have redox potentials below the 
conduction band  and the hole-dr iven  electrochemical 
reactions have redox potentials above the valence 
band. For electrons which reach this interface a pos- 
sible reaction is the reverse of that  given in  Eq. [1]. 
For holes we may speculate that  the following reac- 
tion is possible 

2AgC1 -5 2h -~ 2Ag + 4- Cb, [2] 

since the s tandard  potential  is +1.4V (SCE) and the 
valence bandedge occurs at +2.3V (SCE) for AgC1. 
At any  given photon energy the net  photocurrent  ob- 
served is the sum of electron and hole currents.  

For photons with energy larger than  the bandgap of 
the silver halide we expect addit ional  excitations 
across the bandgap in  the halide layer. Again the dis- 
position of these photoexcited carriers will  depend on 
trapping and the electric fields in  the surface ]ayer. 

The magni tude of the photocurrents observed for 
. such a surface layer  s tructure should be different 
than for the bare metal  electrode. For any electron or 
hole which reaches the electrolyte and reacts to form 
some charged species in solution, the back reaction will 
be drastically reduced. A number  of factors contr ibute  
to this effect. Most important ,  an electron or hole 
which reacts with the electrolyte must  lose energy 
equal to the difference between the re levant  redox 
potential  and the appropriate bandedge. Thus, the 
halide layer  creates a potential  bar r ie r  on the order 
of 1 eV which must  be overcome for the back reaction 
to occur. 

Some informat ion about the electronic s t ructure  of 
the surface may be obtained by examining the spec- 
t ral  response curves. The yield curves for Ag:AgC1 
and Ag: AgBr are shown, respectively, in  Fig. 3 and 4. 
We see that for these anodic photocurrents,  consider-  
able s tructure exists in the yield curves. It  does not 
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Fig. 3. The spectral response curves, corrected for llght intensity, 
for an AgCI layer on an Ag electrode at +0 .1V (SCE). The layer 
thickness is on the order of 500A and varies from (a) to (c) with 
increasing thickness. The bandgap of silver chloride is indicated. 



V o L  127, No. 9 
I ggg, I | I I 

580  

2~g 

r '% 

to 

. -  log 
t'- 

> .  
t .  $ 0  
o 
L 

L 20 

-0 

>- 

$ 

d i r e c k  g a p  

e 

/ , "X . /  
," ] 

/ i n d i r e c k  g a p  
i l I I i 

2.g 3 g 4.0 

P h o k o n  E n e m y  CeV)  

ANODIC P H O T O C U R R E N T S  1987 
I 

Fig. 4. The spectral response curve, corrected for llght intensity, 
for an AgBr layer on an Ag electrode at 0.0V (SCE). Both the in- 
direct and direct bandgaps of AgBr are indicated. 

appear that  this s t ructure  correlates with the known 
bandgaps of the halide layers. 

For a clean Ag metal  electrode a peak is sometimes 
observed in the yield spectrum due to surface rough-  
ness which allows optical excitat ion of surface plas-  
mons (3). These surface excitations can result  in gen- 
erat ion of excess excited holes and electrons near  
the electrode surface which can then result  in photo- 
anodic or photocathodic currents  depending on the 
electrode potent ial  (3). Such a surface plasmon should 
exist at the Ag: Ag halide interface and will  occur at 
a photon energy given by (11) 

e l ( h y s p )  = - - ed  [ 3 ]  

were ez is the dielectric constant  of Ag (12) and ed 
the dielectric constant  of the halide film (13). If the 
interface is sufficiently rough to allow the photons 
to couple to this plasmon, we would expect s t ructure  
in  the yield spectra at 3.2 eV for both AgC1 layers and 
AgBr layers. From Fig. 3 and 4, we see that dips occur 
in  the photoanodic cur ren t  which would correspond 
to the surface plasmon contr ibut ing  a photocathode 
component  to the current.  Considering the potentials 
a t  which these spectra were taken, this is consistent 
with the observations in Ref. (3). 

While one would normal ly  expect a yield curve to 
be a monotonical ly  increasing function, there appears 
to be a peak in both the AgBr and AgCI data at about  
3.8 eV. The common na ture  of this peak to both halides 
suggests tha t  it  is a feature of the silver ra ther  than 
specifically the halide layer. A peak at this energy 
has been previously identified as the excitat ion of a 
longi tudinal  volume plasmon which then  decays into 
single part icle excitations which contr ibute  to the 
photoemission cur ren t  (14). While excitat ion of this 
plasmon required p-polarized light and in our experi-  
men t  the l ight  was incident  normal  to the surface, the 
polycrystal l ine na ture  of the electrode and its rough 
surface would make excitat ion of this plasmon pos- 
sible. Whether  such an excitat ion should contr ibute  an 

. g  

anodic or cathodic component  to the photocurrent  wil l  
depend on potential,  re lat ive l ifetime of photoexcited 
holes and electrons, and other factors. Thus, it is not 
clear that it should exhibit  the same sign as the sur-  
face plasmon effect since the excitat ion mechanism 
is different in the two cases. The observat ion of this 
peak suggests the possibility of a very rough halide 
layer  on the surface where the under ly ing  silver is 
sufficiently exposed to the electrolyte to allow direct 
photoemission wi thout  influence of the halide layer. 

For photon energies below the bandgap of the halide 
and the threshold for photoemission into the electro- 
lyte, we still see a contr ibut ion to the yield curve. 
This is a t t r ibuted to in te rna l  hole photoemission from 
the Ag into the Ag halide followed by a reaction at 
the silver halide surface. This hypothesis is best 
explored by analyzing the thresholds of the yield 
curves. In  Fig. 5, we show Fowler  plots for two 
examples of chloride ion and one of bromide ion in  
solution. Whether  y0.5 should be plotted rather  than  
y0.4 is still an  unset t led question relat ing to shielding 
of the photoemitted electron charge by ions in the 
electrolyte (1). Since our data do not cover a suffi- 
cient range to differentiate these two behaviors, we 
use the form we believe to be correct. Note that  for 
the chloride example, a shift in  potent ia l  of the Ag 
electrode is reflected in a corresponding shift in  the 
photocurrent  threshold. This suggests that the addi-  
t ional potent ial  is dropped across the Ag :Ag  halide 
interface and not  in  the Ag halide layer  or at the Ag 
halide: electrolyte interface. This behavior  is not typi-  
cal of conventional  metal -semiconductor  junct ions and 
arises because of the unique  properties of the silver 
halides. 

This interface is a blocking junct ion  for electronic 
conduction since the Fermi level of Ag is in the band-  
gap of the silver halide (see Fig. 2). However, the 
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Fig. 5. Fowler plots for anodir photocurrents on a silver 
electrode. The potentials and halide on concentrations are: (a) 0.1V 
(SCE) 2 X 10-3M KCI, (b) 0.2V (SCE) 5 X 10-5M KCI, and (c) 
0.0V (SCE) 2 X 10-8M KBr. The threshold energies are: (a) 2.18 
eV, (b) 2.07 eV, and (c) 1.48 eV. 
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s i lver  hal ides  are  also Ag  + ion conductors  a t  room 
t empera tu re  wi th  a conduct iv i ty  for  polycrys ta l l ine  
(AgBr)  of about  (15) 10 -~ (~ -cm)  -1. Our  hal ide 

layers  a re  es t imated  f rom measurements  of total  
charge used in growing the layers  to be < 10zA thick. 
Thus, they  would  have a res is tance  for a 1 cm~ sample  
of about  1~. Since the d-c  currents  flowing when the 
photoresponse measurements  are  made  are  at  most  
10 -4 A / c m  2, we would  expect  a t  most  a vol tage  drop 
across the  ha l ide  l aye r  of ~6.1 mV. Thus, the film 
cannot suppor t  a potent ia l  drop of any  size. 

The e lec t rochemical  reac t ion  which  resul ts  in t r ans -  
por t  of Ag + ions across the A g : A g  hal ide  in ter face  is 
one for which the exchange  cur ren t  dens i ty  at  room 
t empera tu re  is qui te  smal l  ( < < 1 0 - 6  A / c m  2) (16). 
Thus, i t  could suppor t  a considerable  overpotent ia l .  
We bel ieve that  the shif t  in the  pho tocur ren t  threshold  
in Fig. 5 for the two Age1 layers  is evidence for this 
overpotent ia l .  

The  indi rec t  bandgap  of AgC] is 3.25 eV (17). In -  
t e rna l  photoemiss ion of e lectrons from Ag into AgC1 
was observed prev ious ly  (18) to have a threshold  of 
1.1 eV at low tempera ture .  At  these tempera tures ,  the  
ionic conduct ion is frozen out  and the ma jo r  pa r t  of 
the appl ied  potent ia l  wi l l  be dropped  across the AgC1. 
Thus, we would  expect  the  threshold  for hole photo-  
emission, wi th  l i t t le  or no potent ia l  drop across the 
Ag:AgC1 interface,  to be at  ,~2.15 eV. This is in rea -  
sonable agreement  wi th  the thresholds  tha t  we ob-  
serve. 

An impor t an t  quest ion to ask is why  the Fe rmi  level  
in the Ag occurs ,~1.1 eV below the conduction band 
of the AgC1. For  convent ional  me ta l : e l ec t ro ly t e  in te r -  
faces at  equ i l ib r ium we expect  the Fe rmi  level  in 
the meta l  to be p inned at  the redox level  in  the elec-  
t rolyte.  If  AgC1 is considered as an e lec t ro ly te  then 
a s imi lar  a rgumen t  can be made. The Fermi  level  in 
the A g  mus t  be p inned a t  the e lec t rochemical  reac-  
t ion potent ia l  for  

Ag + (AgC1) + e -  <--> A g ( m e t a l )  [4] 

o therwise  considerable  cur ren t  wil l  be flowing across 
the interface.  This concept  of equi l izat ion of e lect ro-  
chemical  potent ia ls  may  be re l evan t  to the de te r -  
mina t ion  of ba r r i e r  heights  a t  o ther  semiconductor -  
me ta l  interfaces.  

For  the AgBr  l aye r  the bandgap  is smaller ,  2.68 eV 
(17). The threshold  for e lect ron emission has not  
been measured  but  we would  expect  it  to be s imi lar  
to that  for AgC1, since the Ag + ion t ransfer  react ion 

Ag + (AgBr)  + e -  <-> A g ( m e t a l )  [5] 

should occur at  a s imi lar  e lec t rochemical  potent ia l  to 
the t ransfe r  reac t ion  at  the Ag:AgC1 interface.  Thus, 
the  hole photoemission threshold  should decrease ap-  
p rox ima te ly  the same amount  as the bandgap  de-  
creases or  to about  1.5 eV. This is in reasonable  agree-  
ment  wi th  the measured  threshold  of 1.48V, since 
overpotent ia ls  of a few tenths of a vol t  a re  possible 
at  the Ag: AgBr  interface.  

These resul ts  for AgC1 and AgBr  films on s i lver  
e lectrodes i l lus t ra te  the sens i t iv i ty  of this technique 
to the films. Drast ic  changes in the spect ra l  response 
of these electrodes are  observed.  The potent ia l  for 

the  onset  of enhanced photocurrents  identifies the 
surface react ion tak ing  place and thus the  chemical  
na tu re  of the surface film. The spect ra l  response of 
these electrodes gives considerable  informat ion  about  
the electronic s t ruc ture  of the surface as i l lus t ra ted  
by  the data. The photoresponse  of electrodes appears  
to be one of the most promis ing techniques for  ex-  
amining so l id- l iquid  in terfaces  and  should find useful  
appl ica t ion  for  s tudying  corrosion and pass ivat ion 
processes. 
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A Thermodynamic Theory of Dissolution Potential and 
Further Tests of the Theory 
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ABSTRACT 

A theory of dissolution potential  of electrolytes has been developed on the 
basis of the thermodynamics  of i r reversible  processes. The theory is found to 
be in  agreement  with the available exper imental  data. In  order to provide fur -  
ther  tests of the theory, the diffusion and dissolution potentials of KI  in di-  
methy l formamide-wate r  mixtures  and of KC1 in  KC1-HC1 aqueous solutions 
have also been  measured. The sign of diffusion potential  and dissolution po- 
tent ia l  are found to be the same in  the former case, in  conformity with the pre-  
dictions of the theory. The measurements  of dissolution potential  of KC1 in  
KC1-HC1 aqueous solutions fur ther  confirm the theory. Al though the dissolu- 
t ion potential  of KC1 in  water  alone is negative, it  is positive in  aqueous KCI- 
HC1 mixtures.  

The phenomenon  of dissolution and precipitat ion 
potent ia l  was discovered by Rastogi, Dass, and Batra 
(1) in  1961. Comprehensive studies of these potentials 
have been reported by Rastogi and co-workers (2-5). 
They have explained the development  of these poten-  
tials on the basis of unequa l  mobilit ies of anions and 
cations. It has been postulated by these workers that  
the precipi tat ion potent ial  develops due to a differ- 
ence in the rate of a t tachment  of cations and anions 
dur ing  crystallization, and dissolution potential  de- 
velops due to a difference in the rate of detachment  
of cations and anions dur ing dissolution. In  the light 
of this mechanism Rastogi, Shukla, and Bhagat (4) 
could explain the sign and magni tude  of precipitat ion 
and dissolution potentials in a large n u m b e r  of cases. 

Recently Girdhar  and co-workers (8, 9) have studied 
the precipi tat ion and dissolution potentials of a n u m -  
ber of electrolytes in  aqueous medium. They have tried 
to explain the development  of these potentials on the 
basis of a solvation mechanism (8, 10). 

Ibl  et al. (6, 7) have recent ly  reported studies on 
crystal l ization and dissolution potentials using single 
crystals. They have tried to explain the phenomenon 
in terms of a "corrosion" model based on the differ- 
ence in  the kinetics of the dissolution of cations and 
anions. 

More intensive studies are necessary in order to 
have a clear picture of the phenomenon and hence the 
present  invest igat ion was under taken.  In  this com- 
municat ion  an at tempt  has been made to develop a 
theory of dissolution potential  on the basis of the 
thermodynamics  of i r revers ible  processes. I t  is found 
that  the theory gives a satisfactory explanat ion of the 
observed facts. 

In  order to have a sen,~itive check of the theory 
measurements  of the following quanti t ies can be 
made. 

(i) Diffusion potent ial  and dissolution potent ial  of 
a n u m b e r  of electrolytes in  solvents in  which (U+ o 
-- U -  ~ may have different signs, where U+ ~ and 
U -  o are the ionic mobili t ies of cations and anions, re-  
spectively. 

(ii) Diffusion potential  and dissolution potent ial  of 
an electrolyte in a mix ture  of solvents in  which (U+ o 
-- U -  o) may change sign with change in  composition. 

(iii) Diffusion and dissolution potential  of KC1 in  
KC1-HC1 aqueous solutions in  which (UK +~ - -  Uc1 - ~  
can be very large (15). 

Measurements of type (i) have been reported by 
Rastogi, Shukla, and Bhagat (4) and Vishnu, Khan, 

1 Present address: Chemistry Department,  St. Andrew's College, 
G o r a k h p u r ,  India.  

K ey  words :  thermodynamics, dissolution, potential. 

and Jahan  (13). Thermodynamic  theory is found to 
be in accord with their  findings. Exper imenta l  data of 
type (ii) and (iii) are reported in this communica-  
tion. The results are s tr iking and confirm the under -  
lying hypothesis of the thermodynamic  theory. 

Thermodynamic Theory of Dissolution Potential 
The physics of dissolution potent ial  can be under -  

stood from the schematic diagram given in  Fig. (1). 
When a p la t inum electrode loaded wi th  the crystals 
of an electrolyte (~-phase) is introduced into the sol- 
vent, dissolution starts immediately.  Ions detach from 
the surface of the crystal  and a nar row zone of high 
concentrat ion is set up in its vicinity. We shall call it  
E-phase for convenience. From the kinetics of dis- 
solution it has been found that  the process of dissolu- 
t ion is diffusion controlled and the crystal mainta ins  
a state of near  sa turat ion in  the l iquid film adjacent  
to it (14). The justification of the existence of E-phase 
is fur ther  provided by the fact that  the phase poten-  
tial is a reality. In the steady state the rate at which 
ions become detached from the crystal surface is 
equal  to the rate at which they diffuse away from the 
liquid film (~-phase) adjacent  to the surface of the 
crystal. The concentrat ion of the electrolyte in the 
E-phase would vary  with t ime but  we shall assume 
that at a par t icular  ins tant  a s teady concentrat ion is 
attained. The ions diffuse away f rom E-phase and go 
into the bulk  of the solvent, where a concentrat ion 
gradient  is set up. We shall call it as 5-phase for 
convenience. 

oc /a 
Fig. I. Schematic diagram of dissolution cell 
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Thus the above system comprises a discontinuous 
system involving a- and ~-phases and a continuous sys- 
tem involving ~-phase.We use the terms "cont inu-  
ous" and "discontinuous" as they are understood in  
the terminology of i rreversible thermodynamics.  It  
should be noted that such a combined system has 
not been examined from the viewpoint  of nonequi l ib-  
r ium thermodynamics  so far. We present  below a for- 
mal  t rea tment  ot such a system. 

The total  ent ropy of the system would be given by  
the equation 

TdS = TdS  a 3- TdS~ "t" TdSa [1] 

where dS% dS~, and dS~ are the entropy changes for 
the three sub-systems. 

The Gibbs equat ion for the sub-systems a and 
would be given by 

TdSa = dU ~ - t -  PdV a 

-- ~ (#i a -1-  ei@ ~) dMi a -- 2__~ dM a [2] 

T d S # = d U #  + P d V ~ - -  ~ (# l~+ei r  s [3] 
~=1,~ 

where m a = chemical potent ial  of component  i in  the 
phase a, ei = the charge carried by i, r = electrical 
potential  of phase a, dl~/i ~ : change of mass of com- 
ponent  i in  phase a, 7 = surface energy at a-~ in te r -  
face, ~ = density , r = radius, and M = molecular  
weight. The terms with ~ suffix have similar  meaning  
in  ~-phase. 

Thus l rom Eq. [1], [2], and [3] we get 

TdS - -  dUa 3- PdV a 

- + - 

i=L2 pr 

+ d U a  + PdV~ --  ~-~ (ms -t- ei@~)dMi/~ 3- TdS~ [4] 
i=l~ 

Thus, 

dS dQ~,~ ~ dMi a 
T - - -  /_ ( m ~ + e i r  ~ ) -  

dt dt i=~,~ dt 

- -  ~ (/~i ~ -t-ei@ ~) __dMl~ 27 dM a T dSa [5] 
~=,,~ dt ~r dt  dt  

Now put t ing  
dMl �9 dMi~ 

- -  "" 3i  [6]  
dt dt  

dMa 
- -  = J~ [7]  

dt 

- - -  = 3r [8] 
~r 

S" = sM [9] 
where s = specific ent ropy of the phase ~ and M = 
total mass of the phase ~ we wri te  Eq. [5] as 

dS dQa,~ 
T dt -- dt {" ~ J l ( ~ l a ' ~  -I- eIA@ a'~) 

(=1 ,2  

ds 
+ JcX~ + TM-- [I0] 

dt 

Using the results of i r reversible  thermodynamics  of 
continuous processes (11), we get 

d~ 1 [_div(Jq $ ~maj ia)_t_ ~r ] [11] T - - = -  
tit 

where Ji ~ : mass of the component  ~ flowing per un i t  
area per uni t  t ime across #-~ interface. #i ~ : chemical 

potential  of the component  i in  the 5-phase. And  

Xi ~ = ei grad @6 + grad m 8 [12] 

Now if A is the area of ~-5 interface and the mass 
flowing per un i t  area per un i t  time from phase 
to the phase b is the same all  along the interface 

Jl = AJl  ~ [13] 

Using EQ. [10] and [11] we get 

dS dQa,~ 
T ' : - -  t- ~ J~(~m ~'~ + e ~ , ~ )  + JcX~ 

dt dt  ~=15 

M { 1 

- i - i  
Or 

T dt "- dt p A" /~iaJi 

+ ~ J~[(~m-.~ + eiAr + 1Xi ~] + JcXc [15] 
i =1 ,$  

When we consider the gradient  along the x-axis  to 
be uniform, Eq. [12] yields 

f : = l  5~}I f~(soln.) 
Xi a dx --" e! ~- ~/~(sat) 

or 
iXi ~ : eiA@ a -a t- h/q a [16] 

Thus from Eq. [15] and [16] we get 

T = - - -  div J,~ - ~-  maJ~ 
dt dt 

+ ~ J~[(~m~.~ + e~r + (eV~r ~ + ~ ) ]  + 3~X~ 
{ = I , Z  

[17] 
Hence from Eq. [17] we find 

i=1,2 
[18] 

Or 

where 

= ~ Jizi + JcXc [19]  
i=1,2 

xi = ([A~i ~,~ 3- eiA@=,~) 3- (eiA@ a -1- ~ i  a) ] 

Thus flux-force equations will  be given by  

[20] 

J1 = L n x l  3- L12x2 [21] 

,/2 -- L21zl 3- L22x2 [22] 

The current  I flowing through the system would be 
given by 

I = (el J1 3- eaJ2) [23] 

Since we measure the potential  when I = 0, we get 
from Eq. [23], [22], and [21] 

llx~ 3- l~x2 = 0 [24]  
where 

I1 = eiLii  3- e2L22 [25] 

12 = elL12 + e2L22 [26] 

From Eq. [20] and [24] we get 

/i[(• ~,~ + el~r + (e1•162 ~ + ~18)]  

3- 1~[(• ~'~ 3- e~Aca.~) 3- (e~•162 3- ~2~)]  = 0 [27] 

Therefore 
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--(a@=.~ + aO ~) = .~ l~ ,~  
ell ,  -5 e~ls 

Is 
+ i ~  ~,~ -~ 

elli  -5 e2ls 

[1 

eill  Jr e21~ 

b 

e~ll + e21s 

Using Onsager reciprocal re la t ion 

Li~ -- L21 

it can be easily proved that  

( e~'~'l~ ),.,~,l = o. A#~ =o = 

[28] 

11 
[29] 

elli  + e2l~ 

A~I=0, A/L2=O -- ell1 + e212 [30] 

where t, and t2 are effective transport numbers. Thus 
from Eq. [28], [29], and [30] we get 

e l  e s  

+ - -  i~ i  8 + - -  l ~  8 [31] 
el  e2 

There are two terms on the r ight  side of Eq. [31]. 
Let us denote them as (h@)i and (A~)II for conve- 
nience. Thus we get 

, &  

el  e2 

(h~b)I l -~- El tZ 
-- A/~i ~ + -- ~s ~ [33] 
el e2 

The right-hand side of Eq. [33] is the well-known 
equation for the diffusion potential. In terms of ac- 
tivity and mobility it is given by 

( )o~ R T  U + -- U -  In [34] 
(~bA)II ~--- (A~b)Diff --" -- F U + + U- ~- 

where it has been supposed that 

al 8 as 5 a ~ 
_ - -  - [ 3 5 ]  

a l  B a2 B a~ 

for un i -un iva l en t  electrolytes. 
From Eq. [32] we have 

tl t~ 

where 
el  = - - e 2  = F 

The chemical potentials in  ~ and ;~ phases are given by 

~i ~ : ~i ~ + RT In ai (s) [37] 

/~i~ : ~i 0 + R T  in  ai/~ [38] 

where ~i 0(s) and ~i ~ are the s tandard chemical poten-  
tials in solid and solution, respectively. Fur ther  ai (s) 
is the activity of the component  i in solid phase a, 
which will  be equal to unity,  and ~ is the activity of 
component  i in the l iquid phase ~. 

Thus from Eq. [36], [37], and [38] we get 

F(A@)z : [tl{m ~ --/zi ~ -- R T  In al (sat'd)} 

-- t2{#2 ~ -- #2 ~ -- R T  In a2Csat'd)}] 

al(sat, d ) ag(sat'd) ] 
-5 RT ti I n - -  t~ I n - -  [40] 

a ~  a ~  

where al (sat'd) and a2 (sat'd) denote the activities of ions 

1 and 2 in  the sa turated solution. If (Ar  denotes 
the phase potential,  i t  can be easily shown (12) that 

~1 o(s) -- #1 ~ -- RT In al (sat'd~ = --F(hr [41] 

#S o(s) -- #2 ~ -- R T  In a s  (sat'd) =-- - sF(A~b)Phase  [42] 

where 1 denotes cation and 2 denotes anion. Hence 
~[rom Eq. [40], [41], and [42] we get 

F(A~)z : - - F ( t i  + t~) (A@)Phase 
a~ 

-- RT ( t l - -  t2) I n - -  [43] 
n.(sat'd) 

where we have supposed that  

al(sat 'd)  a l (sat 'd)  a(sat 'd)  
- -  : - -  = - -  [44] 

al~ ag.~ @ 
As 

and 
(ti+ts) = 1 

U + - - U -  
(tl -- t~) = 

U + + U  - 

we get from Eq. [43] 

( ) RT U + -- U- In 
(~)~  = - ( ~ ) P h a s e  - -  --@--- U +  "~ U -  a(sat'd) 

[45] 2 

The second term on the r ight  side of Eq. [45] de- 
notes the dissolution potential.  The crystal dissolves 
while a~/a (sat'a) < 1. When the ratio becomes equal to 
uni ty  dissolution stops. 

Thus (Ar is given by  

( ) ~176 R T  U + -- U -  In  [46] 
(Ar  "-- - -  F U § -~- U -  a (sat'd) 

Thus from Eq. [31], [34], [44], and [45] we find that  
the observed dissolution potent ial  would b e  given by 

(..A~b) Observed= (rASh)Phase--~ ( A r  (A~b)Diff [47] 

where the first, second, and third terms of Eq. [47] 
have already been defined by Eq. [41], [42], [46], and 
[34], respectively. 

E x p e r i m e n t a l  

Materials 
B.D.H. chemicals (AR grade) were used without  

fur ther  purification. The specific conductivity of the 
DMF used as 1.95 X 10 -6 ~2-1 cm-1. P l a t i num elec- 
trodes fused in Pyrex glass tubes were welded to 
copper wire in order to avoid electrical contacts through 
mercury  which might  form unsuspected secondary 
cells. Coaxial cables were used which are unaffected 
by stray external  fields. The p la t inum electrodes 
were thoroughly cleaned by boiling in ni tr ic  acid and 
then by heat ing in a flame before each experiment,  
The experiments  were performed as described earl ier  
(4). 

Potentials were recorded with the help of a Linde-  
m a n n  Quadrant  Electrometer. All parts of the experi-  
menta l  circuits were properly insulated. In order  to 
avoid electrical disturbances, addit ional  stabilizers 
were introduced into the circuit of electrometer mains. 

Measuremen t  or dissolut ion po t en t i aL - -The  dissolu- 
tion potential  was measured with the following cell 

P t  [ KI(Crys ta ls )  !! DMF] P t  

Two bare p la t inum electrodes were introduced in 
the dissolution cell containing the solvent and asym- 
metry  potential  was recorded between them. I t  was 
minimized as far as possible by a proper ad jus tment  of 
electrical contacts and cleaning of electrodes once 

2 It  should be  no ted  that  U+ and U- in Eq. [451 are  the  mobil- 
ities of the  cat ions  and anions  at the  crys ta l  interface. However,  
these would be equivalent to ionic mobilities. 
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again  if necessary.  A un i fo rm thick l aye r  of the  salt 
was deposi ted on one of the electrodes b y  control led  
crys ta l l iza t ion f rom a solut ion of the  sa l t  sa tu ra ted  at 
75~ The e lect rode loaded wi th  the  crystals  of the  
sa l t  was mechan ica l ly  d ipped  in the  dissolut ion ceil. 
The potent ia l  thus genera ted  was recorded  as a func-  
t ion of time. The a symmet ry  potent ia l  was checked once 
again. The ac tua l  dissolut ion poten t ia l  was de te r -  
mined  by  tak ing  the a s y m m e t r y  potent ia l  into account. 
Dissolution potent ia ls  of KI  in various d ime thy l -  
f o r m a m i d e - w a t e r  composit ions and those of KC1 in 
aqueous KC1-HC1 solutions were  measured.  

Measurement of di~usion potentiaL--The appa ren t  
diffusion potent ia l  was de te rmined  wi th  the help  of 
the  fol lowing cell  , , 

Pt  ] S a t u r a t e d s o l u t i o n ,  , [ 
of KIinDMF , ~PureDMF Pt 

The experimental setup for the measurement o~ 
apparent diffusion potential was similar to that of 
Rastogi and Shukla (4). The buildup and decay of 
apparent diffusion potential was recorded. 

Measurement of phase potentiaL--The phase  poten-. 
tiai,  which is the potent ia l  difference ar is ing f rom an 
e lect r ica l  double l aye r  deve loped  at  the l i qu id -c rys t a l  
in ter face  as a resul t  of the  dynamic  equi l ib r ium of 
ion migra t ion  f rom the  crys ta l  phase to the l iquid 
phase and vice versa, was de te rmined  wi th  the  he lp  
of fol lowing cell 

d 
l ' ' Sa tu ra t ed  s~176 J P t  

P t  KI  (Crys ta l s ) ,  ~ of KI  in DMF 
I 

A uni fo rm thick l aye r  of the  sa l t  was deposi ted on 
a p l a t i num e lec t rode  by  control led  crys ta l l iza t ion  
f rom a sa tu ra t ed  solut ion of the sal t  at  75~ The 
electrode loaded wi th  the  crysta ls  was mechanica l ly  
d ipped in a cell  filled wi th  the  sa tu ra t ed  solut ion of 
the  salt. 

The phase poten t ia l  was measured  with  reference  
to the poten t ia l  of another  ba re  p l a t i num elec t rode  
dipping in the  above  sa tu ra t ed  solution. The asym-  
me t ry  potent ia l  exis t ing be tween  the two p l a t inum 
electrodes was t aken  into account in o rder  to de te r -  
mine the phase potent ial .  The poten t ia l  difference 
was measured  e lec t ros ta t ica l ly  by  means  of the elec- 
t rometer .  

Comparison with the experimental daSa . - -Equa-  
tions [46] and [47] are  in genera l  agreement  wi th  
the  ava i lab le  expe r imen ta l  data.  These equations 
predic t  tha t  (i) the  sign of dissolution potent ia l  
should depend on the sign (U + --  U - )  for an elec-  
t rolyte,  (ii) the magni tude  of (A~)mss should be di-  

U+ -- U- 
rec t ly  p ropor t iona l  to the magni tude  of 

U + +U- 
and (iii) the decay of observed dissolution potential 
with time should be similar to that obzerved in case 
of diffusion potential. The signs of the true dissolu- 
tion potentials of alkali halides in acetone (4), form- 

Table I. Dissolution potential of KI in DMF/H20 mixtures 

P h a s e  Diff.  
Obs.  diss .  pot .  po t .  T r u e  Diss.  

M e d i u m  pot .  ( m V )  ( m V )  ( m Y )  pot .  ( m V )  

P u r e  D M F  + 264 • 6 + 42 • 3 + 75 • 3 + 147 • 6 
D M F  + l%H.*O + 1 9 6 •  + 2 8 •  + 3 6 •  + 1 3 2 + 3  
D M F  + 2 % H 2 0  + 5 2 •  + 1 2 •  + 2 6 •  + 1 4 _ + 3  
D M F  + 3 % H e O  +45-+-1 + 2 7 •  + 1 5 + 1  +3--+1  
D M F  + 5 % H 2 0  - 5 8 •  - 1 8 •  - 1 0 ~ 1  -30-----3 
D M F  + 10% H20 - - 1 2 0 + 3  --27-*-1 --38-----3 - - 5 5 •  
D M F  + 20% H . o O  - 1 9 6 •  - 3 5 ~ 1  -68-----3 - 9 5 ' - - 6  
D M F  + 33% HeO - 2 2 2 •  - - 3 2 ~ 1  - 8 1 •  - 1 0 9 •  
D M F  + 5b% H~O --216 • 6 - 4 8  ~ 3 - - 7 5 - -  :~ - 9 3  • 6 
D M F  + 75% H . ~ O  - 2 2 8 •  - 2 8 •  - 8 ~ + 3  -116-----6 
D M F  + 90% H20 - 2 1 0 + 6  -35- -~  1 - 7 2 •  - 1 0 3 + 6  
D M F  + 99% H~O - 2 0 4 •  - 4 2 •  - 7 2 •  - - 9 0 + 6  
D M F  0% 
C o n d .  w a t e r  p u r e � 9  - 204 ~ 6 - 42 ~- 3 - 69 --  3 - 93 • 6 

.I. |GO 

�9 I. 140  + 
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,It* t O 0  

+ +o 
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+ 20 I" 

- 2 0  

-4O 

,~ -~;0 

-80  

-go0 

-110 
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t ~ 4 : ~ t  Wa'~ a d d ~ l  int 'o p U e " ~ D M F  

Fig. 2. Dissolution and diffusion potential of KI in DMF -{- H20 
mixtures. 

amide  (4), and  DMF (13) are  in ag reemen t  wi th  the  
first predict ion.  The exper imen ta l  da ta  repor ted  by  
Rastogi,  Shukla,  and Bhagat  (4) a re  in accord wi th  
the second predict ion.  The decay exper imen t s  on dis-  
solut ion potent ia l  made  by  Rastogi et al. (3, 4), G i rd -  
ha r  et al. (9, 10), and Vishnu, Khan,  and J a h a n  (13) 
a re  in agreement  wi th  the  th i rd  predictior~ 

The effect of t empera tu re  anct concentra t ion can 
also be p red ic ted  f rom Eq. [46]. These effects wi l l  be 
s imi la r  to those observed  in case of diffusion po ten-  
tial. The expe r imen ta l  resul ts  of Rastogi  and  co- 
workers ,  and those of Gi rdha r  and co-workers  a re  
once again  in agreement  wi th  the  theory�9 

The theory  deve loped  in the  sect ion "The rmody-  
namic Theory  of Dissolut ion Poten t ia l"  is also in  
agreement  wi th  the  da ta  r epor t ed  in this  communi-  
cation. 

The dissolution poten t ia l  measu red  at  var ious  
D M F - w a t e r  composit ions are  given in Table  I. The 
t rue  dissolution potent ia l  was ca lcula ted  f rom Eq. 
[47,] i.e. 

True  dissolution poten t ia l  --  observed  dissolut ion 
poten t ia l  

- -d i f fus ion  potent ia l  
- - p h a s e  potent ia l  

Resul ts  repor ted  in Table  I and  p lo t ted  in Fig. 2 
show that  the  s ign of diffusion poten t ia l  of K I  in 
D M F - w a t e r  mix tures  exac t ly  matches  the  s ign of 
the dissolution potent ia l  of KI  in the same solvent  
medium. F rom Eq. [34] and [46] we observe tha t  
the  sign of both  the  diffusion potent ia l  and  dissolu-  
t ion potent ia l  would  depend  upon the difference of 
the  mobil i t ies  of cat ions and  anions. Hence, accord-  
ing to the  theory  the s ign of diffusion and dissolution 
potent ia ls  should match,  and  this is confirmed by  the 
expe r imen ta l  data.  

Results  repor ted  in Table  II  p rovide  another  
s t rong confirmation of the the rmodynamic  theory  of 
dissolution potential .  Exper iments  on the dissolution 
po ten t ia l  of KC1 in the aqueous KC1-HC1 mix tures  
show that,  whereas  in pu re  wa te r  the dissolution 
potent ia l  is negat ive,  i t  assumes posi t ive values  when  
tIC1 is added.  This is unders t andab le  since the t r ans -  
por t  number  of C1- is much grea te r  than  tha t  of K + 
in the system. Accord ing ly  C1- leaves the la t t ice  
much faster,  mak ing  i t  pos i t ive ly  charged.  The dif-  
fusion potent ia l  and  dissolut ion poten t ia l  of KC1 in 



Vo/. I27, No. 9 D I S S O L U T I O N  P O T E N T I A L  1993 

Table II. Dissolution potential of KCI-HCI aqueous solutions 

Diff. pot. Phase pot. Obs. diss. True diss. 
Medium tH + tz + tc1- (mV) (mV) pot. (mV) (mY) 

C o n d .  HsO - -  0.4906 0.5094 - -73  • 3 - -25  ~ 1 - -197  • 3 - 9 9  + 7 
0.075M HC1 + 0.025M HC1 0.7456 0.0503 0.2041 - 1 3 1  • 3 - 2 6  ~ 1 - 1 9  + 1 + 1 3 8  + 5 
0 .05M + 0.05M KC1 0.6198 0.1242 0.2560 - 6 6  _ 3 - 2 6  -~ 1 - 8 2  - -  3 + 1 7 4  - -  7 
0.25M HC1 + 0.075M KC1 0.4109 0.2477 0.3414 - 3 3  • 1 - 2 3  ~ 1 + 9 2  • 3 + 1 4 8  - -  5 

the aqueous KCI-HC1 mix tures  do not  have  the same 
sign (Table  I I ) ,  since the  fo rmer  is de te rmined  b y  
the t r anspor t  numbers  of H +, K +, and  C1- ions, and 
the  l a t t e r  is de t e rmined  by  the t r anspor t  numbers  of 
K + and C1- ions only. 
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Anodic Dissolution of Gold in Aqueous Alkaline 
Cyanide Solutions at Low Overpotentials 

D. W. Kirk* and F. R. Foulkes* 

Department of Chemical Engineering and Applied Chemistry, 
University o] Toronto, Toronto, Ontario, Canada M5S 1A4 

ABSTRACT 

Poten t iodynamic  and potent ios ta t ic  methods  were  used to s tudy  the  anodic 
dissolut ion of gold in aqueous a lka l ine  cyanide  at  low overpotent ia l s  (in the 
region of --0.65 vs. SCE).  The effect of cyanide  and hydrox ide  concentra t ion 
on the anodic dissolut ion ra te  a t  --0.65V vs. SCE was de te rmined  f rom weight  
loss measurements .  The var ia t ion  of the potent ia l  sweep profile wi th  sweep 
ra te  and s t i r r ing  ra te  was de te rmined  and Ta~el pa rame te r s  were  measured.  
The s t eady- s t a t e  gold dissolut ion was shown to fol low the sequence 

Au  + C N -  ~- AuCN-ads  

s l o w  

AuCN-ads -----> AuCNads + e- 

AuCNads -~ CN- .~ AU (CN) 2- 

in which the second step is the rate-determining step. Measurements at sweep 
rates > 20 mV �9 sec -I revea]ed various aspects of the reaction sequence which 
helped to reconcile conflicting statements found in the literature regarding the 
reaction mechanism. 

Although  the a lka l ine  cyanide medium has been 
used ex tens ive ly  for the processing of gold, the basic 
e lect rochemical  react ions  of gold in this med ium are  
not ye t  fu l ly  understood.  In pa r t i cu l a r  some confusion 
st i l l  exists concerning the anodic dissolut ion process at  

" E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
Key words: anode, dissolution, kinetics, metals. 

low overpotent ia ls .  In an ear l ie r  pape r  (1) the  anodic 
dissolut ion of gold in aqueous a lka l ine  cyanide was 
s tudied for a wide potent ia l  range (--0.9 to +0.8V1). 
Three  cur ren t  peaks  found in potent ia l  sweep mea -  
surements  were  shown to be the resul t  of a gold dis-  

i A l l  p o t e n t i a l s  a r e  r e p o r t e d  vs .  t h e  s a t u r a t e d  c a l o m e l  e l e c t r o d e ,  
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solution process. The electron stoichiometry of the 
reaction in each of the regions was identified and in-  
dicated that n -- 0.85, 0.95, and 1.05 for peaks 1 (--0.9 
to --0.6V), 2 (--0.1 to 4-0.15V), and 3 (4-0.2 to 
4-0.38V), respectively. Later  it was shown (2) that  
when competing chemical dissolution was taken into 
account, the n values became 1 for each of the three 
peaks. 

A single reaction scheme 

Au + CN- ~ Au CN-ads [I] 

Au CN-ads-~ Au CNads 4- e -  [2] 

Au CNads + CN- ~-Au(CN)2- [3] 

was shown to account for the reaction at the three 
peaks. The rate-determining steps for the dissolution 
process in the regions of peak 2 and peak 3 were identi- 
fied. There is general agreement (I, 3-5) that the dis- 
solution of gold in the region of peak 1 proceeds via the 
reaction sequence [I], [2], and [3], although in two 
eases (3, 4) the steps [1] and [2] have been combined�9 
However, these studies do not all predict the same rate-  
determining step, hence the l imit ing step is still un -  
certain for the peak 1 region. MacArthur  (3) used 
cyclic vol tammetry  and galvanostatic t ransients  to 
s tudy the process and concluded that step [3] was the 
ra te -de te rmin ing  step. Cathro and Koch (4) used 
potentiostatic and galvanostatic methods and reported 
that  

Au q- C N -  -> Au CNads 4- e -  [4] 

was the ra te -de te rmin ing  step. E isenmann (5), using 
steady-state and relaxat ion methods with a rotat ing 
disk electrode, reported that step [2] was the ra te-  
de termining  step. As a result  of the discrepancies in  
the reported ra te -de te rmin ing  step it was apparent  
that addit ional data were needed to clarify the dis- 
solution process in the peak 1 region. 

Exper imental  M e t h o d s  
Solutions, prepared from analytical  grade reagents 

and doubly distilled water  were deoxygenated by 
bubbl ing  with oxygen-free ni trogen gas for at least 
30 min before an experiment.  In experiments  for 
which no st i rr ing rate is reported the ni trogen gas was 
passed over the electrolyte dur ing the measurements�9 
Gold foiI electrodes (>99.99% pur i ty)  were used for 
both the working and counterelectrodes. The reference 
electrode was a saturated calomel electrode. A Luggin 
capillary, housing the reference electrode, was posi- 
tioned with the 0.1 cm diam capillary tip located 0.17 
cm from the electrode�9 This configuration has been 
shown to distort the current  density at the point of 
measurement  by less than 1% (6-8). Because the 
max imum IR-drop for peak 1 was only 0.3 mV, the 
data were not corrected for /R-drop. Details of the 
cell and electronic equipment  have been given in  Ref. 
(1). Gold dissolution rates were determined from 
weight losses and electrode surface areas. Each ex- 
per imental  r un  was continued for a sufficient time to 
allow a min imum weight loss of 200 ~g, which was 
measured using a semimicro balance with an ac- 
curacy of _+I0 ~g. The longest run  was 2 hr. The sur-  
face area of the electrode was determined from poten-  
tial scan measurements,  using the l inear  relat ion be- 
tween the current  peak and the square root of the 
voltage scan rate for the oxidation of Fe (CN) 6-4�9 This 
relationship has been given by Nicholson and Shain 
(9). A standard electrode pre t rea tment  was necessary 
to achieve reproducibili ty.  The electrode was first 
heated to redness in air, then etched for 10 sec in hot 
aqua regia, washed in doubly distilled water, dried, 
and weighed�9 It was immediate ly  given a fur ther  
t rea tment  consisting of a 5 min reduction period in the 
electrolyte at --1.2V. This lat ter  pre t rea tment  was 
found to improve the reproducibil i ty of the potentio- 
dynamic measurements  but  did not affect the measured 

weight of the electrode�9 At the end of an experiment,  
the electrode was thoroughly washed in doubly dis- 
tilled water, dried, and weighed. 

Results and Discussion 
The effect of cyanide and hydroxide concentrat ion 

on the dissolution rate for the reaction at peak 1 was 
studied using six levels of cyanide and three levels 
of hydroxide�9 The results shown in Fig. 1 demonstrate 
that, for low cyanide concentrations (<0.2M), the dis- 
solution rate is l inear  with cyanide concentration, and 
that  the dissolution rate decreases with increasing hy- 
droxide concentration. 

The potential  sweep rate dependence of the reac- 
t ion at peak 1 is shown in Fig. 2. The peak current  de- 
creases with an increase in  sweep rate, (v), and at 
sweep rates faster than 2 mV.sec-% a new peak ( la)  
appears�9 This new peak begins to dominate for sweep 
rates ~ 10 mV-sec -1. Therefore, two different peaks, 
and possibly two different mechanisms, may be studied, 
depending on the range of sweep rate employed�9 In-  
deed, the TafeI slope for sweep rates of 0.5 and 1.0 
mV.sec -1 (peak 1) was found to be 0.12 _+ 0.01 V/  
decade, while at 20 mV.sec -1, Tafel slopes of 0.36 _ 
0.01 V/decade for peak 1 and 0.06 _ 0.01 V/decade 
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Fig. 1. Dependence of dissolution rate on free-cyanide and hy- 
droxide concentration for peak 1(--0.65V vs�9 SCE); Q ,  ].0M KOH; 
4-, 0.1M KOH; A,  0.01M KOH; temperature = 23.5~ 
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f o r  peak la  were measured. At 100 mV.sec -1 no Tafel 
region was found. Some caution must  be exercised in 
in te rpre t ing  Tafel data from potential  sweep measure-  
ments  since the Tafel equation applies to s teady-state  
conditions. The measurements  for the slow sweep rates 
of 0.5 and 1.0 mV-sec - ]  safely can be assumed to be 
a t  s t e a d y  s t a t e  since the slope was unchanged for 
ei ther sweep rate. While the steady-state condition 
may not str ict ly apply to the measurements  at 20 mV- 
sec -1, it appears that  the Tafel slope parameter  in -  
creases with sweep rate. The Tafel slope for peak la  
a t  20 mV.sec -~ would be valid if the reaction for this 
peak is sufficiently rapid to achieve steady-state  con- 
ditions dur ing  the potential  sweep. Typical sets of 
data for these measurements  are shown in Fig. 3. Since 
measurements  taken using different potential  sweep 
r a t e s  yield different Tafel parameters,  some of the 
discrepancy found in the l i tera ture  for the ra te -de te r -  
min ing  step for the ini t ial  cyanidization reaction may 
be understood. 

Cathro and Koch (4) reported a Tafel slope of 0.13 
V/decade for peak 1 from steady-state  measurements.  
More recent  measurements  by Eisenmann (5) u~ing 
steady-state  current  potential  measurements  with a 
rotat ing gold disk electrode in 0.1M KCN + 0.01M 
K(DH electrolyte can be shown to yield a Tafel value 
of 0.11 V/decade. Both these values compare favorably  
with the measured Tafel slope of 0.12 • 0.01 V/decade 
obtained in this work for the slow sweep measure-  
ments. 

MacArthur  (3), who used potential  sweep measure-  
ments  with sweep rates greater  than 40 mV.sec -1, re- 
ported a ra te -de te rmin ing  step (step 3) which would 
theoretically yield a Tafel value of 0.059 V/decade.2 
This value is wi thin  the exper imental  limits for that  
found for peak la  in this work (0.06 • 0.01 V/decade) 
for sweep rates of 20 mV.sec -1. 

The reaction scheme [1], [2], [3] presented earlier 
c a n  account for the reaction at peak 1 since, for steady- 
state measurements  (or very slow scan measurements ) ,  
step [2] has a theoretical Tafel value of 0.12 V/decade.2 
In  addition, step [2] theoretically should show a l inear  
dependence on cyanide concentrat ion for low cyanide 
concentration, and the rate of dissolution should de- 
crease with increase in hydroxide concentrat ion (1). 
This behavior is observed for the steady-state dissolu- 
tion reaction in the region of peak I, as shown in Fig. i. 

Since step [2] does not directly involve the reaction 
with the cyanide in the solution, stirring rate would 
be expected to have little effect. At a sweep rate of 
1 mV.sec -I no stirring rate dependence is found for 
peak l (see Fig. 4a). Therefore, although the rate- 

See Appendix  for derivat ion of theoret ical  Tafe l  s lopes.  
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determining step [4] proposed by Cathro and Koch 
correctly predicts the measured Tafel slope, the reac- 
tion does not account for the lack of dependence on 
the st i rr ing rate. Thus the complete reaction sequence 
[1], [2], and [3], in which the adsorption of the cya- 
nide species is considered, is necessary to model the 
dissolution process. The Tafel slope and the lack of 
s t i r r ing-ra te  dependence show that step [2] is the 
ra te -de te rmin ing  step. This ra te -de te rmin ing  step is 
in agreement  with that proposed by Eisenmann (5) 
who had also used steady-state  measurements.  The 
variat ion of the potential  sweep profile with sweep 
rate can yield informat ion about the reaction mecha- 
nism. The decrease in the height of peak 1 with in-  
crease in sweep rate (Fig. 2) indicates that the reac- 
tion rate of the ra te -de te rmin ing  step (step 2) is slow 
relat ive to these sweep rates. Therefore, the extent  of 
reaction 2 is decreased by increase in sweep rate. As 
the extent  of this reaction is decreased, the previous 
stage (step 1) should become important.  Thus the 
measured Tafel parameter  for peak 1 is larger at 20 
mV.sec -1 and reflects the contr ibut ion of step [1] 
which has a theoretical Tafel slope of ~ .  In addition, 
s t i rr ing rate would affect step [1]; therefore s t i rr ing 
rate should start  to influence peak 1 at the faster 
sweep rates, as observed in Fig. 4b. 
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In  contrast, the behavior  of peak l a  shows that  as 
the sweep rate increases the peak current  also in-  
creases. This behavior is typical for fast electrochemi- 
cal reactions such as adsorption reactions (10, 11). For 
a kinetical ly fast adsorption process the amount  of 
charge passed dur ing  a single potential  sweep remains 
constant regardless of sweep rate and therefore as the 
measurement  t ime is decreased the peak size is cor- 
respondingly increased. Although the analysis of reac- 
tions where both adsorption and diffusion are impor-  
tant  is difficult, it has been shown that when adsorp- 
tion of ei ther the products or reactants of a reaction 
occurs, then l inear  scan vol tammetry  can give rise to 
the formation of pre-peaks or post-peaks. This t~zpe of 
phenomenon has been discussed by several workers 
(12-14). Although the exact behavior of the adsorption 
peak depends on the type of adsorption and the free 
energy of the bonding process, the effect of strong ad- 
sorption of the product  of the reaction most closely 
resembles peak la  behavior. For the reaction sequence 
(12) given below the effect of sweep rate on the po- 
tential  profile for the case of strong product  adsorp- 
t ion is shown in Fig. 5 

Rsoln  ~ R a d s  

Rads ~ Oads "Jr n e -  

O a d s  ~ Osoln 

where O is the oxidized species and R is the reduced 
species. 

This is the behavior  of peak la  shown in Fig. 2. 
Since peak la  begins to dominate the potential  sweep 
profile for sweep rates greater than 20 mV.sec -1 and 
since peak la  appears to be related to the adsorption 
of the product  of the reaction [1], [2], and [3], one 
would expect the final step in the reaction (step [3]) 
and the subsequent  diffusion of the product to charac- 
terize the reaction process at these sweep rates. 

It is evident  therefore that electrochemical measure-  
ments taken at sweep rates above 20 mV/sec might  
reflect the desorption of the A u ( C N ) 2 -  species from 
the electrode surface. The Tafel parameter  measured 
in this work for peak la  at 20 mV.sec -1 was 0 06 V/  
decade and corresponds to the theoretical value of 
0.059 V/decade for step [3]. This is in agreement  with 
the ra te -de te rmin ing  step reported by MacArthur  who 
used potent iodynamic methods with sweep rates 
greater  than 40 mV/sec. Step [3] theoretically should 
show a dependence on st i rr ing rate (1) as would the 
desorption of the product. In Fig. 4 at 20 mV.sec -1 it 
c a n  be seen that  s t i r r ing rate does increase the peak 
la  size. However, at 100 mV.sec -1, l i t t le or no st i rr ing 
rate dependence is found. This is probably  the con- 
sequence of insufficient t ransfer  of reactants or prod- 
ucts through the boundary  layer  to be influenced by 
bulk stirring, at this sweep rate. Thus the behavior of 
gold in aqueous alkal ine cyanide at low overpotentials 
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Fig. 5. Theoretical variation of potential sweep profile with 
sweep rate for product strongly adsorbed. From Ref. (9). Relative 
scan rates: a, 1; b, 25; c, 625; d, 2500. 

is consistent with the reaction scheme [1], [2], and [3] 
with step [2] l imit ing the steady-state  dissolution 
rate. Potent iodynamic measurements  at sweep rates of 
20 mV.sec -1 reflect effects a t t r ibutable  to the slow 
kinetics of step [2]. Therefore it appears that some of 
the discrepancy found in  the l i terature for the reported 
ra te -de te rmin ing  step is a result  of the different mea-  
surement  techniques. The slow scan or steady-state 
methods show that  the rate of dissolution is controlled 
by step [2]. At sweep rates greater than 20 mV.sec - I  
the potential  sweep profile measurements  suggest that  
the adsorption of the product of the reaction dominates 
the measurements.  

Conclusions 
1. The dissolution rate of gold in aqueous alkal ine 

cyanide was found to increase l inear ly  with increase 
in  cyanide concentrat ion (<0.20M) and decrease in 
hydroxide concentrat ion at low overpotentials  (--0.65V 
vs. SCE). 

2. Tafel parameters  from slow potential  sweep mea-  
surements  ( ~  1.0 m V ' s e c - 0  and the lack of var ia-  
t ion of the potential  sweep profile with s t i rr ing rate 
demonstrate  that  step [2] is the ra te -de te rmin ing  step 
for the anodic steady-state dissoluion of gold at low 
overpotentials.  

3. The formation of peak la  at sweep rates ~ 20 
mV.sec-1  appears to be the result  of product  adsorp- 
tion. The potent iodynamic behavior  of peak la, the 
measured Tafel parameter  at 20 mV.sec -1, and the 
s t i r r ing rate dependence indicate that step [3] domi- 
nates the process at these sweep rates. This agrees 
with the ra te -de te rmin ing  step reported by MacArthur  
for fast ( >  40 mV.sec -1) potential  sweep measure-  
ments. 

4. The var iat ion in the reported ra te -de te rmin ing  
step for the anodic dissolution of gold resulted in one 
s tudy (4) because the adsorption and electrochemical 
charge transfer  steps were combined, and, al though the 
combined step correctly predicted the observed Tafel 
parameter,  it did not predict the observed lack of 
s t i rr ing rate dependence of the potential  sweep pro- 
file. In  the other study (3), measurements  taken at 
sweep rates > 20 mV.sec -1 reflected the l imitat ions 
of the kinetics of the reaction process under  those 
conditions but  do not necessarily apply to the s teady- 
state process. 
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APPENDIX 

Tafel Parameters 
Reaction scheme: Anodic 

[1] Au + C N -  ~ AuCN-ads 

[2] AuCN-ads ~ AuCNads + e -  

[3] AuCNads + C N -  ~ A u ( C N ) 2 -  

Cathodic: 

A u ( C N ) 2 -  ~ AuCNads + C N -  [A- l ]  

AuCNads + e -  ~- AuCN-ads [A-2] 

AuCN-ads ~ Au + C N -  [A-3] 

overall:  A u ( C N ) 2 -  + e-~ Au + 2CN-  

Using aanodic --" n - -  ~ / v  - -  rfl '  derived by Bockris (15) 
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from the generalized But ler -Volmer  equat ion for the 
cathodic reaction, the following is obtained 

,-b 

rds n %, ~ r fl' aB bA 

(A- l ]  1 0 1 0 - -  1 0.059 

[A-2] 1 0 1 1 0.5 0.5 0.118 

[A-3] 1 1 1 0 - -  0 ao 

where  n --  number  of electrons t ransformed per uni t  

a c t  of the overall  reaction, ~ _-- n u m b e r  of electrons 
t ransferred before the ra te -de te rmin ing  step, v -~ 
n u m b e r  of times the ra te -de te rmin ing  step occurs per 
un i t  act of the overall  reaction, r = 1 for a ra te -de-  
t e rmin ing  step with an  electron t ransfer  and = 0 for 
a ra te -de te rmin ing  step without  an  electron transfer,  
fl' : -  symmetry  fac tor(usual ly  assumed to be ___ 0.5) 
for the ra te -de te rmin ing  step, a~, ---- anodic t ransfer  
coefficient, and bA ---~ TaIel slope 1or anoaic reaction. 

From the table, if (A- l ]  is rds, b ---- oo V/decade; if 
[A-2] is rds, b ---- 0.118 V/decade;  if [A-3] is rds, b 
0.059 V/decade. 

For the mechanism presented by MacArthur  and 
Cathro and Koch 

[4] Au + C N -  ~ AuCNads/-  e -  

[3] AUCNaas + CN- ~ Au(CN)2- 

Following the same procedure as above, if [4] is rds, 
then b ----- 0.118 V/decade; if [3] is rds, then b : 0.059 
V/decade. 

LIST OF SYMBOLS 
A surface area of electrode cm 2 
Co + concentrat ion of oxidized species in bu lk  of 

solution (moles .am -~) 
Do diffusion coefficient of oxidized species (cm 2. 

s ea - l )  
DR diffusion coefficient of reduced species (cm 2. 

s ea - l )  
E potent ial  (V) 

E1/2 polarographic ha l f -wave  potent ial  (V) 
F Faraday  
i ( t )  ins tantaneous current  (A) 
n number  of electrons involved in  overal l  r e a c -  

t i o n  
R universal  gas constant  
t time, s e c  
T tempera ture  (~ 
v sweep rate (V.sec -1) 

i(O 
current function -- 

nFACo*X/DonFV/RT 
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The Influence of Water on the Ni(ll)/Ni(Hg) 
Electrode Process in Molten liNO -KNO  Eutectic 

David G. tovering* and Richard M. Oblath I 

Chemistry and Metallurgy Department, Royal Military College of Science, 
Shrivenham, Swindon SN 6 8LA, England 

ABSTRACT 

D-C, pulse, differential pulse, and linear sweep polarographic methods have 
been used to characterize the Ni( I I ) /Ni( I - Ig)  reduct ion as a funct ion of 
water  content  in the LiNO3-KNO3 eutectic melt  at 145~ For very small  con- 
centrat ions of water  added to the anhydrous melt, anodic shifts were observed 
in  the Ni ( I I )  polarographic wave. This was accompanied by changes in  the 
kinetic shape parameter ,  ana. At higher water  concentrat ions cathodic shifts 
occurred in the ha l f -wave  potentials and the waves became irreversible.  
These effects are a t t r ibuted to dramatic changes in the coordination of the 
Ni (II) ion, especially the ini t ial  cleavage of the bidenta te  ni t ra te  rings, ra ther  
than to adsorption of water  molecules at the interface or catalytic acceleration 
of the reduction. 

The interact ion of water  with molten salts is of in-  
terest and importance for both technological (1) and 
theoretical reasons. Surprisingly,  the electroactivity of 
water itself, dissolved in nitrate melts is still not fully 
comprehended (2), in spite of a number of studies 
spanning more than twenty years (3-9). Few investi- 

* Electrochemical Society Active Member. 
1Present address: Goodyear International Tire Technical Cen- 

tre, COLMAR-BERG, Luxembourg. 
Key words: fused salts, water, polarography, reduction. 

gations (10-17) have been carried out in the experi-  
menta l ly  difficult regime between aqueous melts and 
anhydrous molten salts; of these, only a small  number  
have been concerned with the influence of water, per 
se, on electrode processes in ni t ra te  melts. 

Polarographic methods are suitable for monitor ing 
electrode processes in aqueous melts (12) and low 
melt ing ni t ra te  eutectics (18). In  this investigation, 
the effect of small, controlled additions of water  on 
the Ni ( I I ) /N i  (Hg) electroreduction in anhydrous tool- 
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t e n  LiNO3-KNO8 at 145~ during the. ini t ia l  hydrat ion 
stages has been studied. The small, highly polarizing 
Ni'(II) ion is par t icular ly  sensitive to the water  con- 
tent  of the medium, both in aqueous (19) as well  as 
molten systems (10, 13), being wholly i r revers ibly 
reduced in the former, but apparent ly  completely re- 
versibly reduced in anhydrous  ni t ra te  melts (10, 18). 
In  Ca(NOs)2.4H20 + 46 mole percent  (m/o)  KNO3, 
LiNO~-3H20, and Ca(NO~).2-4D20 aqueous melts the 
reduction is also substant ia l ly  irreversible,  while in  
CaC12-6H20 and MgC12-6HzO it appears to be reversi-  
ble (18). Fur thermore,  both diffusion data (18) and 
spectroscopic measurements  (20-22) indicate that  
Ni (II) ions are complexed by ni trate  ions in anhydrous  
ni t ra te  melts; these species are reduced at hal f -wave 
potentials, El~s, close to the theoretical s tandard elec- 
trode potential  (10, 18, 23) unl ike the behavior  of 
hexaquo-nicke la te ( I I )  complexes which predominate  
in aqueous envi ronments  (19). Moreover, coordinating 
aquo-l igands are not significantly displaced unt i l  the 
water  content  is reduced well beyond that in aqueous 
melts (13). In contrast, considerable cathodic E~/e shifts 
c a n  be observed (13) when a solution of Cd(H) ions in 
Ca (NOB)2"4H20 -}- 56 m/o KNO3 is t i t rated with water, 
indicat ing that n i t ra te -wate r  substi tut ion reactions are 
still occurr ing for the Cd (II) ion within this concentra-  
tion regime. 

The surpris ing effects observed in this work for the 
N i ( I I ) / N i ( H g )  reaction upon addition of water  to the 
melt  precluded the calculation of aquo-nickela te( I I )  
stabil i ty constants, since unusual  shifts in E1/2 occur- 
red. In order to explain certain aspects of ~he present  
results, the Pb ( I I ) / P b  (Hg) and T1 (I)/T1 (Hg) electro- 
reductions were also monitored under  similar condi- 
tions. 

Exper imenta l  
T h e  exper imental  equipment  and procedures have 

been described in detail  elsewhere (24). Pyrex glass 
cells incorporat ing electrodes, gas inlet /out le t ,  and 
ent ry  facilities ei ther attached to sliding glass tubes 
through a Pyrex cell head or passing directly through a 
p.t.f.e, cell head via "O"-ring seals were used. 
The assembly was thermostat ted in an heated a lumi-  
num block to • 0.1~ visual observation and magnetic 
s t i r r ing facilities were provided. 

Two straight-sided Pyrex dropping mercury  elec- 
trodes, DME's, having m.t. products of 9.17 mg and 
4.80 mg and a Radiometer  hanging mercury  drop 
electrode, HMDE, Type 958B at a fixed area of 0.0235 
cm 2 were employed throughout. Mercury pool counter-  
electrodes and Ag /Ag( I )  in melt  ~ "  asbestos wick, 
reference electrodes were used. "~ 

All equipment  and materials  were stored, assembled, 
and /o r  handled in the dry box prior to exper imental  
work. Salts were of analytical  grade from B.D.H. and 
(LiNO3) Alfa Ventron, with the exception of the an-  
hydrous Ni(NO3)2 prepared from N205 and kindly  
supplied by B. O. Field, City University. Mercury was 
of "polarographic grade" from Belgrave (Mercury) 
Limited, dried and used only once. 

Water contents > 1.8 • 10-1m were introduced di- 
rectly into the sealed cell via a neoprene septum and 
microli tre syringe. Equi l ibrat ion with known water  
vapor pressures monitored by M.K.S. Baratron equip- 
merit was employed for lower water  concentrations. 
Henry 's  law was adopted for calculating the precise 
concentrat ion of water  dissolved in the melt  (24). 

A PAR 174A polarographic analyzer, with 174/170 
drop timer, 175 programmer,  Bryans xy / t  25000 chart  
recorder, and Datalab DL 905 t rans ient  recorder were 
utilized for monitor ing d.c., normal  pulse, differential 
pulse, and fast l inear  sweep polarograms. 

Results 
D-C polarograms for Ni ( I I ) ,  Pb ( I I ) ,  and Ti(I )  at 

low concentrations, were regular  sigmoidal-shaped 
when corrected for residual current,  in the anhydrous 

LiNO3-KNO~ melt  (24). Plots according to the Hey- 
rovsky-Ilkovic equation, H.I.E., were linear, having 
E1/2 intercepts of --560 mV, --652 mV, and --316 mV 
vs. Ag/Ag (I), 10-3m reference electrode, and slopes of 
45.4, 42.8, and 83.0 mV, respectively. Diffusion coeffi- 
cients, D, calculated through the Ilkovic equation [see 
Ref. (12) and (18) for discussion of applicability] from 
l imit ing currents were 2.25 • 10 -7 cm 2 sec -1, 9.3 • 
10 -7 cm 2 sec -1, and 8.3 • 10 -7 cm2 sec - t ,  respectively. 
In  some cases El~2 values and slopes, and, in each case, 
D values may be compared with tabulated values from 
the l i terature  for similar  melts (18, 24); no new or 
major  departures from previous determinat ions are 
evident. 

Interest ingly,  this most recent and precise evalua-  
tion of the H.I.E. slope leads to a value of ~n~ = 1.83 
for the N i ( I I ) / N i ( H g )  reaction, i.e., the process is 
less than wholly reversible in the classical sense, when 
determined in this pseudo-steady state manner .  This 
is in agreement  with the evidence of a square-wave 
polarographic study (25), but  not other workers (10, 
18, 23). In the former case (25), wave asymetry was 
ascribed to traces of water (vide infra) ,  al though large 
amounts of KC1 were also present  in the melt. In  an-  
other case (18), polarograms were constructed from 
true, point-by-point ,  s teady-state measurements.  

Normal pulse and differential pulse polarograms, 
(d.p.p.'s), for the Ni(I I )  reduction were also of regu-  
lar shape (24); values for E~/2 and D were coincident 
with d-c polarographic determinations.  Wave analysis 
for normal  pulse polarograms indicated ~tZa ~ 1.86. 
The peak potential  of d.p.p.'s was --555 mV vs. Ref. 
[-~ --557.5 mV for El~2 (26)] and their half-peak 
width was 82.5 mV compared with a theoretical value 
(27) of 63.4 mV for a totally reversible process; pulse 
ampli tudes were 5 mV. 

Typical l inear  sweep vol tammograms for the nickel 
ion reduct ion at the HMDE are shown in  Fig. l ( a ) ;  
peak currents,  ip, were a l inear  funct ion of Ni( I I )  
concentrations (0.4-2.8 • 10-3m) for sweep rates, ~, 
between 0.1 to l0 V sec-L Curvature  in  the ip vs. ~'/~ 
plots, shown in Fig. 1 (b),  confirms the Ni ( I I ) /Ni  (Hg) 
electroreduction as "quasi-reversible" (28-29). Differ- 
ences between the peak potential, Ep, and half-peak 
potential, Ep/2 are tabulated in Table I for various 
sweep rates and enable the values of ~na to be evalu-  
ated according to (29, 30) 

R T  
Ep - -  Ep/2 : - -  1.857 . ~  

anaF 

Values for the ratio ~E,/A log ,. determined between 
sweep rates in the range 0.1-10 V sec -1, were -- --13 
compared with -- 30/n for a classically irreversible 
process (29). 

When very small  amounts of water were added to 
the melt, the d-c polarograms were ini t ia l ly  shifted in 
the anodic direction. As the water  content was raised 
above ~ 5 • 10-3m this shift reverted to the cath- 

Table I. Typical values of peak potential (Ep) and half-peak 
potential (Ep/2), vs.  Ag/Ag(I)  10-3m reference electrode, for the 

Ni( l l ) /Ni(Hg) reduction in anhydrous LiNO.~-KNO~ eutectic at 
145~ obtained from linear sweep voltammetry at a hanging 

mercury drop electrode (surface area of drop ~ 0.0235 cm2), at 
various potential sweep rates(v) 

E~, Epic, Er -- Er/2, Apparent 
9, Vsee -~ mV mV mV ~n~ 

i 0  --604 --555 --49 1.36 
5 -- 600 - 552 --48 1.38 
1 --591 -- 545 - 46 1.45 
0.5 -- 587 -- 542 --45 1.48 
0.I --579 --536 --43 1.56 

~na wa s  d e t e r m i n e d  f r o m  
RT 

Ep - Ep/2 = - 1 . 8 5 7  (29, 30) 
~RLF 
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Fig. 1. (a) Typical linear sweep polarograms for the Ni ( I I ) /  
Ni(Hg) reduction in LiNO3-KNO3 eutecfic melt at 145~ at the 
hmde (area = 0.0235 cm~) for sweep rotes: (i) 5 V sec - 1  (ii) 1 
V sec'-L (b) ip vs. v 1/2 for linear sweep polorograms at (a), except 
larger range of data points for sweep rate and concentrations of 
Ni(ll): (i) 2.8 X 10 -3m (ii) 1.72 X 10-3m (iii) 0.45m, with linear 
extrapolation shown as broken line. 

odic direction, i.e., that  normal ly  expected on the basis 
of the formation of more stable aquo complexes. Fig-  
ure 2 shows the re levant  d-c polarograms; correspond- 
ing E1/2 shifts, wave shapes, and mean diffusion co- 
efficients are given in Table II. Notably, the value of 
ana increases sharply from 1.83 to the totally reversible 
value of 2.0 at a water  content  of 4.5 X 10-3m before 
fall ing again to only 1.35 at 3.36m H20, i.e., approach- 
ing the total ly i r reversible  behavior  famil iar  in  non-  

Table II. D-C polarographic data for the Ni( l l /Ni(Hg) reduction 
in LiNOa-KNO~ eutectic at 14S~ containing 8.35 X I 0 - 4 m  Hi 2+ 

(concentration in anhydrous melts) 

EI/2, r a y  D, c m  ~ 
Cone. v s ,  A g ( I )  AE~I2, ima*, see -~ 

H20, m lO-~m mV a n ,  ~A x I0~ 

0 - 5 6 0  1.83 1.86 0.22 (5) 
2,25 x 10 -~ --540 +-20 1.91 1.86 0.22 (5) 
4.5 x 10 -3 --521 +39 2.0 1.86 0.22 (5) 
9,0 xl0  -~ --525 +35 2.0 1.87 0.22 (6) 
1.8 x 10 -2 - 5 3 0  +30 1.96 1.87 0.22 (6) 
2.7 • I0 -= -533  +27 1.92 1.88 0.22 (7) 
0.45 --576 --16 1.79 1.94 0.25 (4) 
0.89 --609 - 4 9  1.71 2.03 0.28 (0) 
1.32 -- 640 -- 80 1.65 2.04 0.30 
1.74 -668  - 1 0 8  1.60 2.06 (5) 0.31 (7) 
2.16 --666 -126  1.52 2.13 0.34 (8) 
2.57 -- 695 -- 135 1.46 2.25 0.40 ( 1 ) 
2.97 -- 704 -- 144 1.40 2.31 0.43 ( 1 ) 
3.36 --709 --149 1.35 2.34 0.45 (6) 

2 .5 .  

2 , 0 ,  
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/ c v l  
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Fig. 2. Effect of water additions on the d-c po[orogroms for the 
Ni(II)/Ni(Hg) reduction in LiNO3-KNO3 euteetic melt at 145~ 
Ni(II) concentration 8.35 X 10-4m, water concentration, molal 
(i) 0, (ii) 2.25 X 10 - 3  , (i l l) 4.5 X 10 - 3  , (iv) 1.8 X 10 - 2  , (v) 
0.89, (vi) 1.74, (vii) 3.36. Capi l lary m.t. product - -  4.80 rag. 

i l i A  

complexing aqueous media (19). Plots of the Ni ( I I )  
reduction hal f -wave potential  as a funct ion of water  
concentrat ion are shown in Fig. 3; the gap in data 
collection between ~- 3 X 10-2m to ~ 4 X 10-1m H20 
corresponds to the changeover in method of introduc-  
ing water  into the cell, al though the inset and main  
figure suggest that  this is not a region of crucial im-  
portance in this case. Vir tual ly  coincident plots result  
from the pulse polarographic data (24). 

In  order to fur ther  assess the kinetic effect of water  
additions on the electrode process suggested by  the 
d-c polarographic data, fast l inear  sweep polarograms 
were recorded both as a function of sweep rate and 
water  content of the melt. Some typical analyses for a 
sweep rate of 10 V sec -1 are compared with d-c polaro- 
graphic data in Table IIL 

Using (30) 

RT RT 
Ep = -- 1.14 ~n~F" + ~n~F 

and 

In f ko  ~ 

RT 
- -  : In a~aV 

2anaF 

_ a n a F E  ~ } 
ks "-- k~ exp �9 RT 

The values  for  the  half-wave potentials  (E1/~) and a n a  were  ob- 
ta ined f rom Heyrovsky-I lkovic  equation plots,  v a l u e s  o f  t h e  s t a n d a r d  r a t e  c o n s t a n t ,  ks, w e r e  e s t i m a t e d  
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Fig. 3. Effect of water additions on the half-wave potential for the Ni( l l ) /Ni(Hg) reduction in LiNOs-KNO3 eutectic melt at 145~ 

Initial concentrations of Ni(ll): X ,  6.73 X 10-4m; + ,  7.83 • 10-4m; O ,  8.35 X 10-4m; �9  1.07 X 10-4m. 

a t  e a c h  h a l f - w a v e  p o t e n t i a l  ( e q u a t e d  to  E ~ f o r  t h e  
v a r i o u s  w a t e r  c o n c e n t r a t i o n s .  T h e s e  v a l u e s  w e r e  f u l l y  
c o r r e c t e d  f o r  t h e  v a r i a t i o n  i n  m e l t  d e n s i t y  2 ( w h i c h  
a f f e c t s  t h e  d i f f u s i o n  c o e f f i c i e n t )  a n d  f o r  t h e  s h i f t s  i n  
E1/2; l a c k  o f  d a t a  p r e c l u d e d  t h e s e  c o r r e c t i o n s  i n  t h e  
e a r l i e r  s t u d y  (10 ) ,  w h o s e  r e s u l t s  a r e  c o m p a r e d  w i t h  
t h e  p r e s e n t  o n e s  i n  F ig .  4. T h e  i m p o r t a n c e  o f  t h e s e  
c o r r e c t i o n s  m a y  b e  g a u g e d  b y  e x a m i n i n g  t h e i r  (10)  
t h i r d  d a t a  p o i n t ,  f o r  e x a m p l e ,  a t  ,-~ 0.175 m o l e  f r a c t i o n  
o f  w a t e r  f o r  w h i c h  t h e  a c t u a l  d e n s i t y  -~ o f  t h e  m e l t  
w o u l d  b e  ~ 1,90 g m l - 1 ,  t h e  v i s c o s i t y  2 ,-~ 1 1 ~  cp,  a n d  
El~2 ~ - - 0 . 8 3 V  vs. t h e i r  r e f .  c o m p a r e d  w i t h  ,~ 1.99 g 
m 1 - 1 ,  ~ 2 1 � 8 9  cp,  a n d  ~ - - 0 . 7 0 V  i n  t h e  c o m p l e t e l y  a n -  
h y d r o u s  s y s t e m .  

Discussion 
A n u m b e r  o f  f e a t u r e s  o f  t h e  p r e s e n t  s t u d y  a r e  s u r -  

p r i s i n g  a n d  i n  c o n f l i c t  w i t h  e a r l i e r  r e p o r t s .  F i r s t  a n d  
m o s t  i m p o r t a n t l y ,  t h e  a n o d i c  E~/2 s h i f t s  (F i g .  3)  f o r  
t h e  N i  ( I I ) / N i  ( H g )  r e a c t i o n  a t  v e r y  l o w  w a t e r  c o n c e n -  
t r a t i o n s  i n  t h e  m e l t  a r e  u n e x p e c t e d .  A n o d i c  s h i f t s  f o r  

-~ We thank Professor  P, Claes and his  colleagues of Louvain 
Univers i ty  for  the  provis ion o f  dens i ty  and viscosity data prior 
to publication. 
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Fig. 4. Comparison of the variation in standard rate constant, 
ks, with mole fraction of water in LiNOs-KNOa melts: X--uncor-  
rected impedance data (10) at 140~ O--present work at 145~ 

N i ( I I )  i o n s  a r e  w e l l  k n o w n ,  e s p e c i a l l y  i n  a q u e o u s  
c o m p l e x i n g  m e d i a  b u t  i n v a r i a b l y  o c c u r  as  a c o n -  
s e q u e n c e  o f  v e r y  l a r g e  i n c r e a s e s  i n  t h e  e l e c t r o l y t e  c o n -  

Table IlL Analysis of the Ni( l l ) /Ni(Hg) reduction in LiNO3-KNO3 eutectic at 145~ obtained from 
(a) d-c polarography and (b) linear sweep voltammetry (10 V sec -~)  

Data ob- 
ta ined f rom b a b a 

Ep, mV Ezh, mV Apparent  
vs. 10 -8 vs. 10 -3 value ~na D, k~ ks, 

ca~o, In m Ag(I)  m Ag(I)  at 10 V sec -1 • 106 ein e sec -z • 10 xa cm sec -1 • 10~ cm sec -~ 

O --604 -560 1.36 0.22 (5) 7 1.0 
2.25 x 10 -~ --583 --540 1.38 0.22 (5)  11 1.1 
4.5 x 10 --a --563 --521 1.40 0.22 (5) 17 1,1 
9.0 • 10 -~ --567 --525 1.40 0.22 (6) 15 1.1 
1.6 x 10 -2 --572 --530 1.39 0.22 (6) 14 1.1 
2.7 • 10 -~ --576 --533 1.38 0.22 (7) 14 1.1 
0.45 --620 --576 1.35 0.25 (4) 4.7 1.1 
0.89 --654 --609 1.34 0,28 (6) 1.7 1.2 
1.32 --685 -- 640 1.33 0.30 0.6 1.2 
1.74 --714 --668 1.32 0.31 (7) 0.3 1.2 
2.16 --733 --686 1.30 0.34 (6) 0.2 1.2 
2.57 -- 742 -- 695 1.29 0.40 (1) 0,2 1.3 
2.97 --752 --704 1.28 0.43 (1) 0.2 1.3 
3.36 --757 --709 1,27 0.45 (6) 0.2 1.4 
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centrat ion,  i.e., l a rge  decreases  in the wa te r  content  of 
the  system. In the presen t  case the format ion  of more  
s table  aquo-complexes  in the bu lk  melt ,  which must  
occur  to a cer ta in  extent,  is ev iden t ly  ecl ipsed by  an 
over ly ing  factor.  Liquid  junct ion potent ia ls  a r i s ing  
f rom sl ight  cell a s y m m e t r y  dur ing  wa te r  addi t ions 
were  e l imina ted  as a possible cause of the anodic shift  
by  mak ing  s imul taneous  addi t ions of wa te r  to both the 
main  cell  and reference  e lec t rode  compar tments :  no 
addi t ional  changes in EI/2 were  evident .  Ne i the r  could 
the E1/~ shifts be caused b y  bu lk  s t ruc tura l  changes 
in  the  me l t  a t  such low w a t e r  concentra t ions  (14, 16). 
Fur the rmore ,  it  seems un l ike ly  tha t  ve ry  smal l  add i -  
tions of wa te r  could s ignif icant ly change the gross 
s t ruc ture  of the e lectr ical  double  l aye r  (10, 11) and 
the reby  affect the  reduct ion potential .  Never the less  in 
o rde r  to affirm the l a t t e r  contention, exper iments  were  
car r ied  out  under  the same condit ions using P b ( I I )  
and T1 (I) ions as depolar izers  in place of N i ( I I ) .  The 
P b ( I I )  ion is r e l a t ive ly  large,  exer ts  a weak  field, is 
r a r e ly  specifically adsorbed  at  most electrodes,  and 
being a nontrans i t ion  meta l  ion of low polar iz ing  
power  is only  w e a k l y  solvated or  compIexed in most  
oxyanionic  media.  Indeed, both the ha l f -wave  po ten-  
t ia l  of --652 mV vs. ref. and the va lue  of ana --  1.94 
for  the  P b ( I I ) / P b ( H g )  reduct ion in the mel t  were  in-  
va r ian t  over  the  range  of wa te r  concentrat ions 0-3.36m. 
Moreover,  such changes as were  observed  in the  di f -  
fusion coefficient could be a t t r ibu ted  almost  en t i re ly  
to viscosi ty changes in the solvent,  as shown in Table  
IV. The fas ter  diffusion ra te  of the Pb (II)  ion as com- 
pa red  to the  N i ( I I )  ion is also consistent  wi th  the 
l a t t e r  being ex tens ive ly  coordina ted  (18, 20-22), (v ide  
in f ra ) .  

The  TI ( I )  ion is also a large,  weak  field species of 
low polar iz ing power,  but  un l ike  Pb (II)  (and Ni ( I I ) )  
ions is f r equen t ly  adsorbed at  e lec t rode  interfaces f rom 
di lu te  solution. Adsorp t ion  behavior  is gene ra l ly  man i -  
fes ted as a m a x i m u m  in po la rographic  waves,  and 
these did a p p e a r  in the present  work  at  concentra t ions  

1.12 • 10-~m. Ini t ia l ly ,  po la rograms  were  recorded  
for  the T l ( I ) / T l ( H g )  reduct ion  over  a range  of wa te r  
concentrat ions 0-1.74m at depolar izer  concentrat ions 

10-3m. Po la rographic  max ima  were  a lways  absent  
and again  the  values of E~/~ = --816 mV vs. ref. and 
~na = 1.0 were  unaffected by  the presence or absence 
of water ;  the var ia t ion  of the  diffusion coefficient was 
whol ly  accounted for in te rms of viscosi ty changes 
(Table  IV) .  However ,  in o rde r  to be t te r  probe  the 
e l ec t rode /me l t  in terface  for  possible direct  i n t e r f e r -  
ence b y  dissolved w a t e r  molecules,  po la rograms  for  
T I ( I )  were  also recorded at  h igher  depolar izer  con- 
centra t ions  ,-~ 4 • 10-~m, i.e.. in the range where  
m a x i m a  were  c lear ly  evident.  The peak  cur ren t  at  the  
m a x i m u m  was then compared  to the  p o s t - m a x i m u m  
di f fus ion- l imi ted  cur ren t  (to e l imina te  viscosi ty ef-  
fects) over  the  same range of wa te r  contents:  this 
ra t io  r emained  constant  at  1,2. Hence, there  seems to 
be no evidence that  small,  (or even qui te  la rge! )  

amounts  of wa te r  present  in the mel t  s ignif icant ly in-  
fluences these polarographic  reduct ion processes  at  
the in te rphas ia l  level.  This conclusion would seem to 
be at  var iance  e i ther  d i rec t ly  (19) or ind i rec t ly  (10) 
wi th  previous  contentions, a l though Er iks rud  has re -  
cent ly  indica ted  (31) tha t  cha rge - t r ans fe r  r a the r  than 
d i f fuse- layer  effects might  be responsible  for the me-  
d ium effect observed for Co( I I )  and N i ( I I )  (19) r e -  
ductions. 

In tui t ively ,  it  might  be thought  that  ve ry  smal l  
quant i t ies  of wa te r  in the  mel t  could dissociate and 
subsequent ly  ca ta lyze  the  reduct ion of N i ( I I )  ions; 
both t empe ra tu r e  and en t ropy  considerat ions would 
favor  such a mechanism. The posi t ion of the N i ( I I )  
po la rographic  wave  in n i t ra te  melts  ce r ta in ly  re-  
sembles the  ca ta ly t ic  p rewave  repor ted  for aqueous 
envi ronments  in the presence of s t rongly  complexing 
l igands  (32). Moreover,  any  second wave (32) would  
be obscured by  the onset of the n i t ra te  ion reduct ion 
in the melt.  Addi t ional ly ,  low apparen t  po larographic  
diffusion currents  for N i ( I I )  ions in n i t ra te  melts  
might  be held to suppor t  this notion. Nevertheless ,  
both the dielectr ic  constant  of the med ium toge ther  
wi th  al l  previous  evper imenta l  evidence (4, 8, 11, 13- 
17) f i rmly argue  agains t  even the s l ightest  dissociation 
of wa te r  molecules in n i t ra te  melts,  especia l ly  at  low 
concentrations.  Since the ear l ies t  inves t igat ion (23), 
there  has never  been any  indicat ion tha t  the  observ-  
able  po l a rog ram for N i ( I I )  in n i t ra te  mel ts  is o ther  
than  a normal ,  d i f fusion-control led wave  (10, 18, 25); 
in this work, wave  analysis  responded  to a l l  the usual  
cr i ter ia  ident i fy ing  the po la rographic  wave  as such. 
Fur the rmore ,  the evidence of the Pb ( I I ) / P b ( H g )  and 
T1 ( I ) /T1 (Hg) reduct ions provides  no suppor t  for ca ta-  
ly t ic  involvement  by  wa te r  either.  The fact  that  the 
fu l ly  correc ted  s t andard  ra te  constant,  ks, for the  
N i ( I I ) / N i ( H g )  reduct ion var ies  compara t ive ly  l i t t le  
f rom the anhydrous  me l t  up to wa te r  concentrat ions 
of ~-3m. also detracts  f rom any  ca ta ly t ic  scheme. The 
invar iance  of  ks in the  presence of n i t r ic  acid (10), 
which would suppress  hydrolysis ,  seems to e l imina te  
this line of approach.  

The var ia t ion  in the value  of ~na with  w a t e r  concen- 
t ra t ion  perhaps  provides  the best  clue as to why  anodic 
shifts a re  in i t ia l ly  observed for the N i ( I I )  h a l f - w a v e  
potential .  Most p robab ly  changes in the  s t ructure  of  
the  diffusing species, which occur as wa te r  is added  to 
the anhydrous  system, best  account for the exper i -  
menta l  facts and concur wi th  Er iks rud ' s  reasoning 
(31). 

According  to the  spectroscopic evidence,  Ni ( I I )  ions 
in n i t ra te  mel ts  a re  subs tan t ia l ly  coordinated by  b i -  
denta te  n i t ra te  ions wi th  l igand numbers  of three  (20, 
22) or  four  (21), p robab ly  in an oc tahedra l  complex.  
The known chemis t ry  (33) of anhydrous  n i t ra te  com- 
pounds  emphasizes the e x t r e me  suscept ib i l i ty  of  
b identa te  l inkages to hydrolysis .  Consequent ly  r ing 
opening m a y  reasonably  be assumed as the first s tage 
in the hydra t ion  d isp lacement  equi l ib r ium for the 

Table IV. Variation of diffusion coefficients, viscosities, ~ and Stokes-Einstein equation quotients for 
dissoNed Ni(ll), Pb(ll), and TI(I) ions in molten, eutectic LiNOs-KNO3 at 145~ with added water 

(0-3.36 m) 

Concentra t ion  
H~O, m 0 9.0 • 10 -a 2.7 • 10-~ 0.45 0.89 1.32 1.74 2.16 2.57 2.97 3.36 
~, cp~ 19.30 19.25 19.20 17.45 15.85 14,15 12.85 11.55 10.35 9.45 8.88 (5)  

Diffusion coeffi- N i ( I I )  0.225 0.226 0.227 0.254 0.286 0.300 0.317 0.348 0.401 0.431 0.456 
c ient ,  • 10e D~, g c m  sec  -~ 
cm~ sec-1 x l0  s 4.34 4.35 4.36 4.43 4.48 4.26 4.07 4.02 4.15 4.07 4.00 

Pb(I I )  0.933 - -  - -  1.02 1.13 1.24 1.37 1.48 1.60 1.73 1.86 
D~, g cm sec  4 

• lO s 18.01 -- -- 17.80 17.68 17.55 17.60 17.09 16.56 16.35 16.32 

T I ( I )  0,833 - -  ~ 0.913 1.02 1.13 1.24 . . . .  

D~, g c m  sec  -~ 
• l0  s 16.08 -- -- 15.93 15.96 15.98 15.95 . . . .  

D~ N i ( I I )  4.23 P b ( H )  17.22 T I ( I )  15.98 
a'm, N i ( H )  0.17 P b ( H )  0.66 T I ( I )  0.06 

S e e  f o o t n o t e  2, prev ious  page .  
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Ni(I I )  ion in  the melt. At the lowest concentrations, 
the change from bidentate  ni t ra te  l igands to mono-  
dentate  n i t ra te  and water l igands necessarily increases 
the l igand number .  The thermodynamic  consequences 
for the diffusing particles are most profound. There will 
be a sharp entropy decrease in  the system due to the 
"loss" of the extra water  ligand, and the complex will  
be somewhat destabilized (i.e., labi l i ty increased) by 
an "inverse chelate effect." While this need not affect 
the rate of reduct ion of the Ni ( I I )  species, it must  af- 
fect the t ransfer  coefficient for the process since this 
reflects the shape of the potential  energy functions 
dur ing the ini t ial  stages of ion desolvation prior to dis- 
charge. Fur thermore,  addit ional  destabilization may 
occur as a result  of "trans effect" Iabilization of other 
ligands. Thus, the par t ia l ly  substituted, mixed aquo- 
n i t ra to -n icke la te ( I I )  complex  may more readily pass 
through the desolvation steps and lead to the appear-  
ance of classically reversible polarograms. The s imul-  
taneous sharpening of the polarographic wave may 
then account for the net anodic shift of E~/2. Second 
order thermodynamic  effects (not influencing reduc-  
tion kinetics directly) ,  include favorable enthalpy 
changes resul t ing from relief of steric r ing-s t ra in  in 
the bidentate  ni t ra te  ions, and an increase in t rans-  
lat ional  entropy arising from r ing scission. Ligand re-  
arrangement ,  homogeneous l igand exchange, and an 
enhanced statistical probabi l i ty  of l igand subst i tut ion 
constitute addit ional features complicating the ini t ial  
ion hydrat ion phase and are best studied, per se, by 
spectroscopy. 

As the water  content  of the melt  is increased beyond 
10 millimolal,  E~/2 shifts rever t  to the cathodic direc- 
tion, signaling the steady, step-wise formation of more 
stable aquo-complexes. At the same time, the polaro- 
graphic wave becomes progressively less reversible, 
unt i l  at 3m in water  it more closely resembles the 
wave obtained in aqueous media. 

The near  constancy of the D*I product, with varying  
water  content, for all three ions is shown in Table IV. 
It  provides an interest ingly unique case of the ap- 
parent  applicabili ty of the Stokes-Einstein equation in 
molten salts; unl ike  previous examples, the medium, 
rather  than the ion (34) is varying here. These results 
indicate that the approximate size and extent  of in ter -  
action of each ion or complex with the surrounding 
medium is little changed whether  or not the ent i ty  
itself is undergoing subst i tut ional  modification. Clearly, 
bridged or polynuclear  entities are not involved even 
as intermediates.  Moreover, if all three ions are as- 
sumed six coordinate, Pb ( I I )  and TI( I )  are assumed 
uncomplexed and unsolvated to a first approximation, 
then using Shannon and Prewit t  (35) effective ionic 
radii, the D.~l.r products for Pb ( I I ) ,  TI ( I ) ,  and Ni( I I )  
(NO.~)3- in the anhydrous melt  are sensibly com- 
parable  at 21.3, 24.1, and 19.8, respectively, in g cm 2 
sec -2 X 10 -18 units, when a radius of 1.93A is taken 
for the ni t ra te  ion (34). Notwithstanding these sweep- 
ing assumptions, perhaps the t rend of the D~ product 
for Pb ( I I )  suggests that the bare ion does acquire an 
aquo l igand at the highest water  concentration. 

Unfortunately,  the ini t ial  complications in the hy-  
drat ion equil ibria  for the Ni ( I I )  ion, manifested by  
the change in direction of EI/2 shifts, the variat ion in 
~na values together with the continuously varying  
viscosity and density of the melt, preclude calculation 
of either formation constants or ?1max for the aquo 
complexes formed. Nevertheless, a simplistic approach 
can be adopted to estimate the range in which the 
p r imary  coordination sphere of the Ni( I I )  ion be-  
comes substant ia l ly  subst i tuted with water  molecules. 
The "associated radius" of the nickel ni t rate  complex 
in the anhydrous melt  will be (34) 4.56A, while that 
for the nickel aquo complex (regardless of s t ructure 
or l igand number )  will be 3.48A, if VNO3- ~-- 1.93A, 
rH20 ----" 1.39A (34), and rNi(II) : 0.7/~ (34). Ignoring 
consequential  changes in the interact ion of the diffus- 

ing particles with the medium, the diffusion coefficient 
of the nickel aquo complex will be approximately 
0.295 X 10-6 cm 2 sec-Z in  proport ion to the associated 
radii. If this value is then mult ipl ied by the appropri-  
ate melt  viscosity for each exper imental  water  con- 
centrat ion employed in Table IV, when Du ~ 4.4 X 
10 - s  g cm sec -2 the value so calculated coincides with 
that  exper imenta l ly  observed, i.e. at ,~ l m  in water. 
Such an e lementary  derivat ion makes many  assump- 
tions concerning the t ransport  process and fails to 
account for the stepwise na ture  of the association 
equi l ibr ium indicated by the ~E~/2 vs. water  concen- 
t ra t ion plot. However, the Ni ( I I )  ion appears to be 
essentially coordinated by water  molecules at the 
re la t ively dilute water  concentrat ion -~ l m  [cf. Cd (II) 
ions (34) ]. 

Evident ly  many  complicated factors may be involved 
in the init ial  hydrat ion of t ransi t ion metal  ions in 
molten salts. A complete and quant i ta t ive  t rea tment  
remains elusive; polarization forces between all the 
ions in the melt  have also been convenient ly  ignored. 
However, in any Li-conta in ing melt, the highly po- 
larizing Li + ion must  be considered a competitor for 
water  molecules present. This competit ion may not be 
par t icular ly  effective compared to the field exerted by 
Ni (II) ions, but  any at tempt  to quant i fy  this conjec- 
ture, whether  or not the Born equation is invoked, 
seems hazardous at present. 

Conclusions 
Polarographic studies of the N i ( I I ) / N i ( H g )  reduc-  

tion in  the LiNO~-KNO.~ eutectic melt  at 145~ il-  
lustrate  some ra ther  unusual  electrochemical effects 
which occur dur ing  the init ial  stages of ion hydration.  
Apparent ly,  the consequences of adding very small 
amounts  of water  to the anhydrous system cause no 
impor tant  changes either in the e lectrode/mel t  in ter -  
face or in the overall  t ranspor t  behavior  of the diffus- 
ing species. Such changes as do occur seem to alter 
the shape of the energy barr iers  for reduction ra ther  
than the overall  rate for the process. This probably  
arises from changes in the na ture  of the diffusing 
entity, in this case an increase in l igand n u m b e r  aris- 
ing from the disrupt ion of bidentate  n i t ra te  bonds coor- 
dinat ing the Ni(II) ion with the incorporation of aquo 
ligands into a mixed l igand complex. The most profound 
electrochemical consequences, namely  anodic shifting 
of the polarographic wave and an increase in the ap- 
parent  reversibili ty,  are dramatical ly sharp at ex- 
t remely low levels of water. In  view of the variable 
degree of dryness of, especially, LiNO3-containing 
melts employed by previous workers, previous con- 
clusions may need reviewing par t icular ly  where t r an-  
sition metal  ions are involved. The roles of such ther-  
modynamic and kinetic factors as have been discussed 
here could useful ly be examined with respect to the 
highly concentrated aqueous electrolytes that  are em- 
ployed in industr ia l  electrochemical devices and pro- 
cesses. Apart  from parallel  spectroscopic investigations, 
these studies need to be extended to other molten sys- 
tems, other t ransi t ion metal  ions [especially Co(I I ) ]  
and to be conducted over a wide range of temperatures  
using addit ional t ransient  techniques in order to gain 
a better  insight into the init ial  hydrat ion of ions. 
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Hydrogen Peroxide as an Intermediate in 
Electrocatalytic Reduction of Oxygen. 

A New Method for the Determination of 
Rate Constants 

F. van den Brink, E. Barendrecht,* and W, Visscher 
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ABSTRACT 

On most  e lec t rocata lys ts  H202 is an in t e rmed ia te  in the e lec t roreduct ion  of 
oxygen.  H202 can  decompose e i ther  chemical ly  or  e lec t rochemica l ly  and in 
assessing the  pe r fo rmance  of the  e lec t roca ta lys t  i t  is crucia l  to d is t inguish be-  
tween  these reac t ion  paths.  A s imple  method  is proposed  to de te rmine  whe the r  
or  not  the  chemical  pa th  is fol lowed.  

F o r  the  e lec t rochemical  reduct ion  of oxygen  a gen-  
e ra l  scheme of react ions can be given as in Fig. 1. 
Whe the r  the  reduct ion  of oxygen  to wa te r  wi l l  fol low 
the d i rec t  pa th  1 or  the  consecutive pa th  2-3, or both 
these pa ths  in  paral le l ,  is de te rmined  by the e lec t ro-  
ca ta ly t ic  p roper t i e s  of the e lect rode which a re  also 
cr i t ica l  for  the  fu r the r  react ion of H20~: e lec t rochem-  
ical  reduct ion  ( react ion  3) a n d / o r  chemical  decom-  
posi t ion ( react ion 4). 

Wi th  the  in t roduct ion  of the  ro ta t ing  r ing -d i sk  
e lect rode technique i t  became possible to dis t inguish 
be tween  the consecutive and para l l e l  pa thways  (1-4).  
Here,  the  d isk  cur ren t  is measured  at  various po ten-  
t ia ls  and  ro ta t ion  frequencies,  whi le  s imul taneous ly  
the  r ing  cur ren t  is measured  at  a po ten t ia l  at  which  

* Electrochemical Society Active Member, 
Key words: electrocatalysts, reduction, decomposition. 

hydrogen  pe rox ide  is oxidized quant i ta t ive ly .  Severa l  
methods  have  been proposed to analyze  the  da ta  
ob ta ined  f rom these exper iments ;  these methods  have  
been rev iewed  by  Pleskov and Fi l inovski i  (5),  whi le  
Wroblowa (6) has added  a genera l  c r i te r ion  for dis-  
t inguishing be tween  the pa ra l l e l  and  consecutive p a t h -  
way. These analyses  show that,  in pr inciple ,  only  four  
(combinat ions)  of the  five ra te  constants  in the  gen-  
e ra l  scheme can be obtained.  

A p rob lem which  remains  to be solved is tha t  of 
the  fa te  of the  hydrogen  peroxide,  p roduced  by  reac-  
tor  2 in  Fig. 1 : H 2 0 2  c a n  be e i ther  reduced e lec t ro-  
chemical ly  ( react ion 3) or  chemical ly  decomposed 
( react ion 4). Moreover,  the  solut ion of this p rob lem 
is of v i ta l  impor tance  in the  eva lua t ion  of the  pe r fo rm-  
ance of e lec t rocata lys ts  for the  oxygen  electrode,  since 
react ion 4 involves no net  e lec t ron t rans fe r  and is 
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k 

0 - _ . .  "- H O  = H 
2 b 2 2  

Fig. 1. Scheme of reactions for reduction of oxygen 

electrochemically wholly unproductive.  In  this paper 
we will present  a simple method to determine the 
rate constant of reaction 4, so that, in pJ:inciple, it 
becomes possibIe to calculate all five individual  rate 
constants of Fig. 1. 

Theory 
In the r ing-disk electrode (RRDE) experiment,  re-  

ferred to in the introduction,  sets of disk currents  
(ID) and l imit ing r ing currents  (IR) are obtained as 
functions of rotation frequency (~) and disk potential,  
ED. These data are analyzed by plott ing at constant  
E D according to (5) 

--NolD/IR -- A + B/A/~  [1] 
and 

- - N o  (ID,limH20 - -  I D ) / I R  = C -~ Dxr [2] 

where ID,limH20 is the l imit ing current  at the disk for 
the reduction of oxygen to water  and No is the RRDE's 
collection efficiency (7). A, B, C, and D are functions 
of the five rate constants, from which kl, k2 f, 2k2 b --}- k4, 
and 2k3 -~ k4 can be obtained (5). 

We wish to point out that the value of k4 can be 
found in many  practical cases by measur ing r ing 
currents  in a solution containing only H 2 0 2  and no 
02, while the disk current  is kept zero. 

Relations between currents  and rotat ion frequencies 
in H_~O2 containing solutions have been derived by 
Bagotskii (1). From his equations the combinations 
2ku b + k~, 2k3 + k4, and k2 f -- k3 can be obtained. 
A fur ther  extension of this method was given by 
Tarasevich and Radyushkina (8) who applied Bagot- 
skii's equations under  the condition that ID = 0. They, 
again, found kl, k2 f, 2k2 b ~- k4 (describing the rate 
with which H202 gives O2), and 2k3 + k~ (describing 
the rate with which H.~O2 gives HoO). We will show 
that  they lost valuable information, viz., that obtained 
from the value o.f the disk's open-circui t  potential, 
by subst i tut ing the zero current  condition (ID = 0) 
only ~n Bagotskii 's result ing equations (1). 

In  a solution containing hydrogen peroxide, but  
no oxygen, the hydrogen peroxide will react electro- 
chemically (reactions 2 and 3) and chemically (reac- 
tion 4), giving oxygen and/or  water;  oxygen may 
react fur ther  (reactions 1 and 2). The quanti t ies of 
formed oxygen and of decomposed hydrogen peroxide 
can be determined by measur ing the anodic and 
cathodic l imit ing currents  on the r ing electrode. If, 
moreover, the disk current  is zero, the net amount  
of oxygen formed by the electrochemical reaction 
is known if the ratio of the rates of production and 
of consumption of O2 by the electrochemical reactions, 
i.e., k2 b - -  k3/2kz ~- k2 f is known at the disk's rest-  
potential. This means that the amount  of oxygen 
formed by reaction 4 can be found, i.e., that the value 
of k4 can be determined. 

Thus, on the disk electrode 

k3 
H202 -}- 2H + -}- 2e -  --> 2H20 with I3 

k2t 
H2Of~2bOf-- -]- 2H + -{- 2e -  wi th  I2 with I1 -F I2 + I3 

k 1 " -  ID = 0 
O2 -{- 4H+ + 4e -  -~ 2H20 wi th  Ii 

k4 
H202 ~ 1~ Oe § HfO 

The assumptions are that  reaction 4 is potential  
independent ,  that  the per t inen t  reactions are first 
order in O2 or in  H202, and that  adsorption to and 
desorption from the electrocatalyst of 02 and H202 
are fast. 

On the r ing electrode the anodic l imit ing current  
iS IR,lim a f o r  the reaction 

H20~-> 02 ~ 2H + -{- 2e -  

and IR,lim c the cathodic l imit ing current  for the reac- 
tions 

H202 + 2H + + 2e-  --> 2H20 
and 

02 + 4H + -{- 4e -  --> 2H~O 

At the disk we have the mass balances, for hydrogen 
peroxide- 

72xr s - -  C2 ~ = (k2,r  b -~- k3,r + k 4 ) c 2  ~ - -  k2,rfCl ~ [3] 

and for oxygen 

71~V/WCl ~ = ( k f , r  b -~- 1/2 k4 )c2  ~ - -  ( k l , r - ~  k f , r f ) c l  ~ [4]  

Because of the zero current  condition 

ID 
- - "  = (k2,r b -- k3,r)C2 ~ -- (2kl,r + k2,rf)cl ~ = 0 [5] 

2FA 

where the c's are the concentrations of O2 (subscript 
1) and of H202 (subscript 2). The superscripts 0 and 
s on the c's denote the electrode surface and the bulk 
of the solution, respectively ,while a subscript r is 
attached to kz, k2 f, k2 b, and k~ because the disk elec- 
trode is at its rest potential. Further ,  7~/~- = 0.62D 2/~ 
~-~/6~v/~ is the rate constant for diffusion and A the 
disk area. 

At the ring we have the l imit ing currents  

cathodic 

~2/3 
IR,lim c _ 4 7 1 ~ C l O  - -  2k4c2 o -~- 
NoAF NoAF 

. ID,limH202 

[6] 

where 

IR,lim c k4 ( K fl2/3 '~ __ 

2NoAFc2 s 1 ~- K - 1 ~ - ~  ~- -~o J 72V~ [8] 

and 
- - IR, l im a k4 fl'2/3 __ 

2NoAFc   - z - 7 2 W  

27z k2,r b - -  k3,r 
K = - -  

72 2k l , r  -~- k2,r f 

[9] 

anodic 
/R, lima ~2/3 

- -  - -  2k4c2 ~ -~ - -  ID,limH202 [7]  
NoAF NoAF 

where ID,limH202 is the absolute value of the l imit ing 
current  at the disk for the oxidation of H202 to 02 
and ~2/3 is a geometrical factor, defining the shielding 
factor (1 -- No~ -2/3) of the RRDE (7). 

El iminat ion of cz o and c2 o between the sets of Eq. 
[3], [4], and [6], and [3], [4], and [7], respectively, 
together with the condition [5] gives 
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The pseudo constant  k can be obtained by extrapola-  
t ion of the values for the k's found with Eq. [1] and 
[2] to the rest potential  at each rotat ion frequency. 

If we may assume that  the rest potential  wil l  not  
vary  strongly with the RRDE's rotat ion frequency, K 
will  be a constant. Then  the plots of the l imit ing r ing 
currents  vs.  V"J will give straight lines. Two l imit ing 
cases can be considered (Fig. 2). Firs t  K < <  1, i.e., 
H202 is, electrochemically, much less reactive than  
02 at the disk electrode. Therefore the anodic and 
cathodic l imit ing r ing currents  become equal, while 
reaction 4 is responsible for extra shielding of the 
r ing current  by the disk electrode. The second case 
K > >  1, i.e., H202 is electrochemically more reactive. 
02 formed on the disk diffuses away, thereby increas-  
ing the cathodic l imit ing r ing current.  Now the in-  
fluence of react ion 4 is much less than in  the first 
case, because of the low H202 concentrat ion near  the 
disk surface. In  Fig. 2, schematic diagrams are given 
for these two cases. 

In  general, by plot t ing fR,lim a VS. %v]~, or, more pre-  
cisely, (1 -5 K)IR.t~m a vs.  (1 -5 K ) V  rJ (Eq. [9]),  c2 s 
can be found. Then k4 can be calculated at each value 
of ~ from 

k 4 . ( 1 - 5 K ) [ I R , l i m O  +(K-----+-~,)+I'21~" ] 
2NoAFC + 1 + . , .  + . o  -, 

[10a] 

#+]3 I 
--IR'uma -5 --~-o "y~v~-J [lOb] 

-- (1 -5 K )  2NoAFc2 s 

The results can be averaged to give a final value of 
k4. Alternat ively,  k4 can be determined from the in te r -  
cepts of (1 -5 K )  IR.limC/2NoAFc2 s and - - (1  -5 K) 
IR.uma/2NoAFc2 s vs. (1 -5 K ) ? 2 ~ .  The result ing value 
of k4 is then subtracted from 2k2 h -5 k4 and 2k3 -5 k4, 
obtained from Eq. [1] and [2], to give the separate 
values for all  five rate constants at each potential  
for which r ing and disk currents  are available. 

Exper imenta l  
As an example, an exper iment  according to the 

l ine of reasoning described above was carried out, 
using an  RRDE with an Au disk and a Pt  r ing in 1M 
KOH at 298~ The construction of the RRDE was as 
described before (9). Its dimensions were such that  
A ---- 51.5 X 10 -6 m 2, No ~ 0.1437, and fl ---- 0.1515 (as 
calculated from the radii  rl0 : 4.047 ram, r20 ---- 4.260 
mm, and r30 =- 4.437 mm).  A standard electrochemical 
cell was used, with a reversible hydrogen electrode 
(RHE) as reference and a p la t inum wire as counter-  
electrode. The Pt  r ing was slightly platinized (5 • 

10i'11R,tim t / m . s  -1 cathodic 

+3.0 2 2 �9 + 

C 

+ 2.0 / ., ' 4 . 4 / o  

,r 2 

+1.o / ' /  ~ / /y+" 

o/e 

fiR,tim I 
Q 

/ /  
a,c 
IzR, ti,..l 

2005 

l I I 

0 + 0.5 + 1.0 + 1.5 

~. 10/* ~I'HzozV-~/m.s'I 

Fig. 3. Limiting ring currents vs. ~ /~ ;  for an Au/Pt-RRDE in 1N 
KOH at 298~ plotted according to Eq. [8] and [9]. a ~ anodic, 
c ~ cathodic. 

10-6 mole .m-S) .  The measurements  were carried out 
using a Tacussel bipotentiostat,  Type BIPAD. 

The KOH solution (prepared with p.a. qual i ty  KOH 
and doubly distilled water)  was purified by preelec- 
trolysis, made oxygen-free,  and kept in Ar a tmo- 
sphere. Hydrogen peroxide was added 1 and anodic 
and cathodic l imit ing currents  at the r ing were mea-  
sured while the disk current  was zero. To avoid 
poisoning of the r ing by  the stabilizer from the H202 
solution used, the currents  were measured by  cyclic 
vol tammetry  with scan rates of 100-500 mV.sec -1. 
The rest potential  at the disk was measured to be 
889 mV vs. a reversible hydrogen electrode in the 
same solution and was independent  of the rotat ion 
frequency. Therefore it  was possible to obtain the 
H 2 0 2  concentrat ion from a IR,lim a VS. ~ - p l o t .  The 
slope of this plot gave c2 s _-- 5.3 mM, which value was 
verified by t i t rat ion with KMnO4. The results, plotted 
as IR,lim/2NoAFc2 s vs. ~ 2 ~ ,  are given in Fig. 3. The 

z Brocaces  30% v / w ,  Ph .  Eux.  

C 

| /Y 

/ / /  
Fig. 2. Limiting cases of Eq. [8] and [9] (arbitary units). I: K < <  1; Ih  K ~ >  1; a ~ anodic; c ~ cathodic limiting current; - - - for 

k4 ~ 0; for k4 --~ 0. 

0 V-~ 0 V-~ 
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slope of the anodic branch is calculated to be 1.98 
-~ 0.06, in very good agreement  with the theoretical 
value of 

-- 1.978 
No 

From the slope of the cathodic branch (2.89 _ 0.07), 
the value of K ~ 10.1 can be calculated. This means 
that H202 is, electrochemically approximately  five 
times more reactive at a gold electrode than 02. 

The intercepts of the anodic and cathodic branches 
are, respectively, --0.12 X 10 -4 msec -1 and --0.17 X 
10 -4 msec -1. This gives, by application of Eq. [8] 
and [9], k4 ---- (1.6 __+ 0.3) X 10 -4 msec -1. Calculation 
according to Eq. [10] gives k4 ~- (1.6 _+ 0.2) X 10 -4 
msec -  1. 

Conclusion 
As shown in  the introduction, there are two nodal 

points in the scheme of reactions for 02 reduction 
where a distinction is to be made between possible 
paths. The first is where oxygen can give either H20 
or H202. Here, RRDE experiments  in O2-containing 
solutions enable us to make the distinction. The sec- 
ond is where hydrogen peroxide can react either 
electrochemically or chemically. The method proposed 
here makes it possible to determine whether  or not 
H202 decomposes chemically. In  those cases where 
it may be assumed that k4 does not depend on the 
disk electrode potential, it is even possible to calculate 
the magni tude of k4. This assumption is valid as long 
as the catalytic properties of the electrode surface for 
the decomposition of H202 do not change significantly 
when the electrode potential  is changed from the 
rest potential. 

Furthermore,  the method described here is simpler 
than  that  given recent ly by Appleby and Savy (10). 
They use an RRDE with a pyrolytic graphite ring, at 
which HeO2 is stable, to find k4. This means that 
they need two different RRDE's, one to find kl, k2 f, 
k2 b, and k3 in  oxygen-conta in ing solutions and another  
one for use in solutions containing H2Oe to find k4. 
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LIST OF SYMBOLS 
A disk area (m ~) 
co concentrat ion near  disk surface (mole m -a  

: mM) 
c s concentrat ion in solution (mole m -3 ~_ mM) 
D diffusion coefficient (m 2 sec -1) 
ED disk potential  (V) 
F Faraday constant  
ID disk current  (A) 
ID,limH20 l imit ing disk current  for reaction 02 --> H20 

(A) 
ID,limH202 l imit ing disk current  for reaction H202 --> 02 

or H202 --> H20 (A) 
Ir~ r ing current  
irR.lim l imit ing current  (A) 
k reaction rate constant  (see Fig. 1) (msec - i )  
K pseudo constant, defined in formula [9] 
No collection efficiency of RRDE 

geometric factor of RRDE 
1~ 0.62 D2/3~ -1/6 (msec-V2) 
v kinematic viscosity (m 2 sec -1) 

angular  rotat ion frequency of RRDE (sec -1) 

Superscripts 

a anodic 
c cathodic 

Subscripts 

1 02 
2 H202 
r refers to rest potential  
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Transient and Failure Analyses of the Porous 
Zinc Electrode 

I. Theoretical 
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ABSTRACT 

A ,mathematical model which describes the t rans ien t  behavior  of porous 
zinc electrodes has been developed on the basis of concentrated t e rnary  elec- 
trolyte theory. The model predicts the current  distribution, potentials in the 
solution, concentrations of hydroxide ion and zincate ion, porosity, and vol- 
ume fractions of zinc and zinc oxide as a function of t ime and position per-  
pendicular  to the surface of the electrode. Numerical  techniques were used 
to predict  zinc electrode behavior  during galvanostatic operation of the cell 
with and without  a membrane.  Dur ing  discharge of the cell wi thout  a mem-  
brane, much of the discharge product, zincate ions, are lost into the counter-  
electrode compartment.  For the cell with a membrane,  this zincate loss is effec- 
t ively restricted, but  the uti l ization of zinc is severely l imited by depletion of 
hydroxide ions wi thin  the zinc electrode compartment.  In  both cases, the re-  
action profiles are highly nonuni form and the reaction zone, located near  the 
electrode surface, is very thin. This highly nonuni form reaction dis t r ibut ion 
accentuates the fai lure due to electrolyte depletion in the inter ior  of the 
porous electrode, resul t ing in the low discharge capacity. On repeated cycling, 
the difference in  anodic and cathodic reaction dis tr ibut ion causes the redistr i -  
but ion  of solid zinc and zinc oxide species. 

The zinc electrode has been commonly used as a 
negative electrode in  p r imary  cells such as Leclanchd 
dry cells and alkal ine zinc manganese  dioxide cell. 
It  also has received considerable attention, dur ing 
the last decade, as a negative plate in  secondary bat -  
teries, e.g., zinc-nickel,  z inc-si lver  oxide, z inc-bro-  
mine, and zinc-chlor ine cells. The use of zinc elec- 
trodes in secondary batteries is at tract ive because of 
its availabili ty,  its low cost, and its abil i ty to deliver 
high energy and power density. However, secondary 
batteries using zinc electrodes have poor cycle life, 
l imited by zinc electrode failure. Any improvements  
on the cycle life of the a lkal ine  zinc electrode can be 
applicable to its use in  Zn-NiOOH or Zn-AgO re-  
chargeable batteries, which are potential  systems for 
use in electric vehicle propulsion or aerospace. 

Fai lure  of the zinc electrode can be a t t r ibuted to a 
variety of causes. Two major  causes of failure are 
zinc dendri te  formation and shape change. The zinc 
dendri tes which are formed dur ing  charge penetrate  
the separator and cause short circuits to the counter-  
electrode. Much of the work to date on improving 
zinc electrode behavior dur ing charge has been as- 
sociated with zinc deposit morphology, deposit ad-  
herency, and mechanism of dendri te  growth (1-5). 
These studies have suggested that  the use of low 
charge rate, pulse charging, and metallic or organic 
additives have some beneficial effects on prevent ing  
the formation of dendrit ic zinc deposits. The detr i-  
menta l  dendri te  penetrat ion,  however, has been suc- 
cessfully reduced by use of an appropriate membrane  
mater ia l  (6) such as commercial ly available grafted 
polyethylene ion exchange membrane.  

Another  fai lure known as shape change is the re-  
dis t r ibut ion of solid zinc species over the electrode 
surface during cycling, which eventua l ly  decreases 
the effective surface area and thus cell capacity of 
the zinc electrode. Previous investigators (7-9) have 

* E lec t rochemica l  Society Act ive  Member .  
1 P r e s e n t  address :  Gould Inc o rpo ra t e d ,  Gould Labora to r i e s - -En -  
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Key  words :  po rous  zinc e lec t rodes ,  m a t h e m a t i c a l  mode l ing ,  

c u r r e n t  d is t r ibut ion,  fa i lu re  mechanism. 

indicated that  the solid species moves from the top 
and sides to the bottom and center of the zinc elec- 
trode dur ing  cycling and that  loose packing, com- 
pared to tight packing, of the cell promotes more 
rapid redis t r ibut ion of zinc. 

A mechanism based on gravi ta t ional  effects has 
been proposed (10), bu t  this mechanism is not  con- 
sistent with the fact that  shape change is indepen-  
dent  of cell orientation. Other investigators (7, 9, 11) 
suggested concentrat ion cell effects as a mechanism 
of shape change. McBreen (7) has suggested that a 
concentrat ion cell is generated by  the difference in 
the current  dis t r ibut ion during charge and discharge. 
Recently, C h o i e t  al. (12, 13) have proposed that  the 
main  reason for the shape change is the concentra-  
tion cell caused by the difference in  the convective 
flow pat te rn  dur ing cycling, i.e., flow of supersatu-  
rated zincate solution toward the zinc electrode cen- 
ter dur ing  discharge and flow of unsa tura ted  zincate 
solution toward the electrode edge or solution reser-  
voir dur ing  charge. They confirmed that  sealing or 
tight packing of the cell, p revent ing  convection, suc- 
cessfully e l iminated the shape change. 

The simple approaches ment ioned above have been 
effective in extending cycle life, but  the resul t ing 
cycle life appears still to be l imited by other factors. 
Ini t ia l  loss of cell capacity as well  as rapid decrease 
in cell capacity with continued cycling were observed 
even for the sealed cells for which chemical analysis 
for the zinc species confirmed no shape change (13). 
This indicates that  there are fur ther  reasons for cell 
fai lure to be explained and  minimized in  order to 
gain fur ther  cycle improvements.  The first step 
towards disclosing other fai lure modes and mecha-  
nism is to unders tand  and be able to predict the zinc 
behavior wi thin  the porous electrode. 

Various mathematical  models have been proposed 
to describe the behavior  of porous electrodes as 
summarized by Newman and Tiedemann (14). Winsel 
(15) described ba t te ry  discharge by considering a 
single pore electrode of constant  porosity and un i -  
form concentration. Newman  and Tobias (16) in -  
cluded the effects of a matr ix  resistance and concen- 
t ra t ion changes in their  s teady-s ta te  analysis of a 
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one-dimensional ,  homogeneous mix ture  model. A n  
a t tempt  to consider s t ructural  changes in  the pores 
was ini t iated by Alkire  et al. (17). Dunn ing  et al. 
(18) proposed a mathemat ical  model which predicted 
discharge and cycling behavior  of an Ag/AgC1 elec- 
trode in  NaC1 solution. Recently, Gu et al. (19) ex- 
tended the model of Dunn ing  et al. to include surface 
diffusion of the adsorbed complex ion and realistic 
active surface area based on their  exper imental  mea-  
surements.  Simonsson (20,21) applied his model to 
predict the fai lure mode of the positive electrode of 
the lead-acid battery.  He showed that  the discharge 
of the positive lead dioxide electrode at high current  
load failed by the severe deplet ion of sulfuric acid 
at the pore mouth, while Gidaspow and Baker (22) 
emphasized the pore plugging as a major  cause of 
discharge failure. 

In the present  work, a mathematical  model is de- 
veloped to describe the t rans ient  behavior  of the 
porous zinc electrode on the basis of concentrated 
te rnary  electrolyte theory. The discharge product  
ZnO is highly soluble in  KOH solution, resul t ing in 
the potassium hydroxide-potass ium zincate-water  
t e rnary  mixture.  It was also reported that the solu- 
t ion near  the discharging zinc surface could become 
supersaturated with zincate (23). Therefore, funda-  
menta l  equations developed for describing the con- 
centrated t e rnary  solution (24) were applied to the 
pre~ent model. 

The model presented here consists of Ohm's law in 
the solution phase, Ohm's law in the matr ix  phase, 
kinetic rate expression, conservation of charge, and 
conservation equations of O H -  ion, zincate ion, 
water, and solid species. The effect of local mass 
t ransfer  between the electrode active surface and the 
bulk solution in  the pores, changes in porosity, var i -  
ations of active surface area, and convection arising 
from the difference in molar  volumes of reactants 
and products were included. The effect of the mem-  
brane  separator and the solution reservoir on the zinc 
electrode performance was also included in the model 
to predict mathemat ica l ly  behavior  under  conditions 
similar to a practical ba t te ry  system. The results of 
the numerical  solution were used to suggest certain 
modes of fai lure and performance l imitat ions of the 
zinc electrode. 

The Mathematical Model 
Zinc electrode reaction.--The process occurring in  

the zinc electrode in alkal ine solution has been de- 
scribed by a dissolut ion-precipi tat ion mechanism 
(25, 26) 

Zn -5 4 OH- <--> Zn(OH)4 = -5 2e- [A] 

Zn (OH)4= <--> ZnO + 2 OH- -5 H20 [B] 

Discharge of the zinc electrode produces supersatu- 
rated zincate solution by electrochemical reaction 
[A], from which ZnO precipitates by a chemical re- 
action [B]. The reverse process occurs dur ing  charge. 
Previous investigators (26, 27) have at tempted to 
determine the rate of the precipitat ion reaction. How- 
ever, values of rate constants are not precisely known. 
The kinetic mechanism of reaction [A] has been 
studied in alkal ine media using both zinc amalgam 
electrodes (28-30) and pure  solid zinc electrodes (31- 
34). The mechanism proposed by Bockris et al. (34) 
was considered in  the present  work to estimate ki-  
netic parameters  

Zn -5 O H -  <-> Zn(OH)  -5 e -  [C] 

Zn(OH)  -5 O H -  <--> Z n ( O H ) 2 -  [D] 

Z n ( O H ) 2 -  -5 O H -  <-> Z n ( O H ) ~ -  -5 e -  [El 

Z n ( O H ) 3 -  -5 O H -  <-> Zn(OH)4 = [F] 

where reaction step [El is the ra te-control l ing step. 

In  a concentrated KOH solution saturated with 
ZnO, it  is possible for the following complexes of zinc 
species to be present  as in termediate  compounds: 
Zn ++, Zn(OH)  +, Zn(OH)2, Z n ( O H ) 3 - ,  Zn(OH)4 = 
�9 . . Zn(OH)n  2-n. Based on the equi l ibr ium constants 
reported by Butler  (35), Boden et al. (36) concluded 
that  the only species present  to any appreciable ex- 
tent  in KOH solution was Zn(OH)4 = ion. Other work-  
ers (37-39) also confirmed that  the p redominant  spe- 
cies was zincate ion. Therefore, in the present work, 
the electrolytic solution was considered as a four 
component system containing K +, OH- ,  Zn(OH)4 =, 
and H~O. 

Description o] the model.--A one-dimensional  
mathematical  model of a porous zinc electrode has 
been proposed which predicts O H -  concentrat ion c3, 
Zn(OH)4 = concentrat ion c2, superficial cur rent  den-  
sity in  the solution i2, t ransfer  current  density j, 
porosity e, superficial volume average velocity v, po- 
tent ial  in the solution r and potentials in  the matr ix  
r as a funct ion of time and position perpendicular  
to the electrode surface. The geometric feature of 
the model is quite similar  to that  of previous studies 
(16, 19). A backing plate is located at x ---- 0 and the 
membrane  or boundary  layer  at x ---- L. The porous 
electrode is t reated as a homogeneous mixture  of 
ionically conducting solution phase and an  electri-  
cally conducting mat r ix  phase. The solid mat r ix  
might  contain zinc, ZnO, and iner t  conducting mate-  
rials (e.g., graphite) or any  combinat ion of the three. 

The macroscopic averaging technique (14, 40) was 
applied to the present  model by disregarding the ac- 
tual  geometric details of the pores. For example, 
consider ci as the concentrat ion of species i averaged 
over the volume of solution in  the pores. Then the 
superficial concentration, averaged over the un i t  
volume of the electrode, is eci where ~ is the porosity 
of the electrode. If Ni is defined by the superficial 
flux based on the un i t  cross-sectional area of the 
electrode, Nile represents the flux through the uni t  
area of solution phase in  the pores. Similarly,  v/e is 
the velocity in the solution phase if v is a super-  
ficial bulk  fluid velocity. 

With these average quanti t ies (Ni/e, if~e, and v/e), 
t ransport  equations developed for the concentrated 
t e rnary  solution (24) were applied to the present  
four component  system on the basis of reaction 
mechanism [A] and [B]. The results are wr i t ten  as 

N2 dCA dCB t2 
-~ --DAA el+t --DAB el+t -~ ' -~ CAr 

~ dX dx Z2vfAF ~2 
[1] 

N3 dCA dCB t3 
_ _  --- __ DBAel+t -- D B B e I + t ~  -5 
v~B dx dx Z3~3BF{2 -5 CBV 

[2] 

where 

dcA dCB 
No -- DoAE l+t  -5 DOB~ l+t  -5 CoY [3] 

dx dx 

; i,j : -  A,B 

; j ,k -- A,B 

DU ---~ (Du)~ - -  Doj(ci/Co) 

Doj : -  ~ coV'-k (Dkj) o 

[4] 
ti ~ ( t i )  ~ - -  Zicito ; i ~- 1,2,3 

V~(t~)o V2(t2)o Vs(t~)o 
to - - -  ~ - - - + - -  

Zl Z2 Z3 

where subscripts 1, 2, 3, A, B, and o represent  K + 
ion, Zn(OH)4 = ion, O H -  ion, potassium zincate, potas- 
sium hydroxide, and water, respectively, Ni iS the 
flux of species i, Vi is the part ial  molar  volume of 
species i, ci is the concentrat ion of species i, zi is the 
charge number  of species i, i2 is the current  density 
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in  the solution phase, t is the tortuosity factor, and v 
is the volume average velocity. The diffusion coef- 
ficients Dij(i,j --  A,B) and the transference numbers  
t~(i _-- 1,2,3) are defined with respect to the volume 
average velocity v, while those with superscripts "o" 
are referred to the solvent reference velocity Vo. The 
vu is the n u m b e r  of ionic species i per. molecule of 
electrolyte "j." 

Elect roneutra l i ty  requires Z~V~A -t- Z2~2A : 0, Z~B 
-t- z ~ s  -- 0, and zlcl -{- z2c2 -t- zsc3 -- 0. For the sol- 
vent  velocity reference frame, the parameters  DOA, 
DOB, and to disappear from the above equations. The 
parameters  Dij, ti, and v should be replaced with 
(Dij) ~ (ti) ~ and Vo, respectively, to represent  the 
flux equations referred to the solvent velocity Vo. The 
effective diffusion coefficients Dije l+t account for the 
tortuosi ty correction. Schofield and Dakshinamurt i  
(41) have suggested that  the effective diffusion coef- 
ficients are proport ional  to ~1.5 (or t = 0.5). The 
parameter  to was taken as zero (or ti ---- ti ~ by defini- 
t ion [see Ref. (24) ]. 

Ohm's  l aw  in the  solut ion p h a s e . - - A  modified Ohm's 
l aw applied to the t e rnary  electrolyte solution is given 
by the following equat ion 

+t d~b2 /Ce l%t ( 82 nt2 So 
is - -  K~ + - -  CA 

dx  n F  ~ ~2A Z2P2A Co ] 

,d#A gel+t ( Ss -~- __nt3 So ) d /~BcB [5] 
d~ nF P3B Z3P3B Co -~ 

where r is the potential  of a reference electrode of 
the same kind as the working electrode placed in the 
bulk  solution wi th in  the pores of the porous electrode, 

is the conductivi ty of solution at concentrat ion ci, 
and #i is the chemical potential  of species i. The si 
is the stoichiometric coefficient of species i for the 
electrode reaction given by 

~ s~Mi=~ = h e -  [6 ]  

where ~/i is the symbol represent ing the chemical 
formula of species i, zi is the charge number  of species 
i, and n is the number  of electrons t ransferred by 
the electrode reaction. 

The effective solution conductivi ty corrected for 
tortuosity is represented by K~ 1 +t. Meredith and Tobias 
(42) and Gagnon (43) suggested t as 0.5, while t = 2 
was observed by Ksenzhek et al. (44). Simonsson 
(20) and Romanova and Selitsky (45) observed an 
effective conductivi ty which was only one- ten th  of 
the conductivi ty of the free electrolytic solution. They 
a t t r ibuted this large reduction to the gas generated 
in the pores. 

R e d o x  e lec t rochemical  rate expre s s ion . - -The  rate of 
charge t ransfer  reaction [A] at the solid-solution in ter -  
face and the conservation of charge can be repre-  
sented by  the following equat ion 

am 

( a.F C~cF ) (c#1-~2s) -- ($1-~b2,) 
e RT - -  e RT [ 7 ]  

where ~a and ac are the effective anodic and cathodic 
t ransfer  coefficients, respectively, j is the local t rans-  
fer current  per un i t  area of active zinc surface which 
acts as active sites for reaction (A), io o is the exchange 
cur ren t  density evaluated at reference concentrations 
Car and C~r, 7 and ~ are the orders of dependence of 
the exchange current  density on zincate and hydroxide 
concentrations, respectively, r is the potential  of the 
mat r ix  phase, r is the potential  of the reference 
electrode of the same kind as the working electrode 
located 3ust outside the double layer, am is the solid- 

solution interface area per uni t  volume of electrode 
which acts as active sites for reaction [A]. The t rans-  
fer current  j was related to the gradient  of the current  
densi ty/2 by the charge conservation equation. 

The concentrat ion of zincate ion (C2s) and hydroxide 
ion (css) at the reacting metal  surface can be deter-  
mined ~rom the following equations 

di~. n F  
--  -- akA(css -- ca) [8] 

dx  Sg. 

di~ n F  
-- --  akB (css -- c3) [9] 

dx  sa 

where a is the solid-solution interface area per uni t  
volume of the electrode and ki is the mass t ransfer  
coefficient of species i t ransferr ing from the bu lk  
solution in the pores to the reaction sites which are 
active for charge transfer  reaction [A] or vice versa. 

The potent ial  at the metal  surface, ~2s, was assumed 
to be the same as the potential  of the bulk  solution 
in  the pores, ~2. The mass t ransfer  coefficients /CA 
and kB and the active surface area am change with 
t ime and the state of charge. True values of these 
parameters  are difficult to determine. Consequently, 
the mathematical  forms described in Appendix B 
were assumed in this work. The constants ~, L aa, 
and at, corresponding to the reaction mechanism of 
Bockris et al. (34), are 0.75, 0, 1.5, and 0.5, respectively. 
The exchange current  density, io o, reported by pre-  
vious investigators (29, 31, 34, 46) has values in  the 
range of 10-300 m A / c m  2. 

Species  conservat ion  equa t ion . - -The  use of appro- 
priate averaging quanti t ies yields the following con- 
servation equation 

Oeci dNl 
, = - -- + Ri [10] 

Ot dx  

where Ri represents production or consumption of 
species i due to the electrode reaction. Dur ing  dis- 
charge, zincate ion is produced by charge t ransfer  
reaction [A] and consumed by precipitat ion reaction 
[B]. On the other hand, hydroxide ion is consumed 
by reaction [A] and produced by reaction [B]. The 
reaction source term J% can be wr i t ten  as 

si di2 
R i  : }- s i * a k s * ( c 2  - -  C2e) [11] 

nF  dx  

where ks,, dur ing discharge, is defined by the rate 
constant  combining mass t ransfer  of zincate ions from 
bulk solution in the pores to the reaction sites with 
chemical rate constant for precipitat ion of ZnO, C2e 
is the equi l ibr ium or saturat ion concentrat ion of zin- 
cate ion at the solid-solution interface which is active 
for reaction [B], and si and si. are the stoichiometric 
coefficients of species i for the reaction [A] and for 
the reaction [B], respectively, defined by Eq. [6]. 
Subst i tu t ion of Eq. [11] into Eq. [10] yields 

0~c2 dN2 1 di2 
= -- aks,(Cz -- C2e) [12] 

Ot dx  "~ n F  dx  

Oecs dN3 4 dis 
Ot = -- d x  n F  d---x -t- 2 a k s . ( c s - -  cte) [13] 

0eCo dNo 
- -  -- - -  ~- aks.(C~ - -  cse) [14] 

Ot d x  

where s2 ----- -- s2. ---- -- 1, s3 ---- 4, s~. ---- -- 2, So ---- 0, 
and so, = -- 1 have been substituted. 

Overal l  conservat ion  e q u a t i o n . - - T h e  porosity of the 
electrode will increase as zinc dissolves and decrease 
as ZnO precipitates. A mater ia l  balance on the solid 
species shows how the porosity varies with t ime as 
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,Oe = 1 ~i --Visi~di2 -{- ~i ~isi, aks,(c2 --  c ~ ) [ 1 5 ]  
~t nF 

where Vi is the pa r t i a l  molar  volume of species i and 
the species i represents  the solid species, namely,  zinc 
and ZnO. 

Simi lar ly ,  a ma te r i a l  ba lance  on the ionic species 
leads  to the  fol lowing e lec t ro ly te  cont inui ty  equat ion 

VB% YAs2 VBs3 

"~ ~ = -  Z2~2A Z3Y3B T~V2A ~Y3B 

+ --aks,  - - + - - + ~ o S o *  
n Fdx vY~A YSB 

(C2 - -  C2e) [16] 

This equat ion is obta ined by  adding  Eq. [12], [13], 
and [14] which have  been mul t ip l i ed  by  VA/r2A, VB/r~B, 
and Vo, respect ively,  and using the re la t ions of cA-VA 
~- CBV---B "~ CoVo = 1, VADAA -~- "VBDBA --  VoDoA = 0, 
and V~ADAB + VBDBB -- -VoDoB = 0. The last  two 
re la t ions  for DoA and DOB can be der ived  f rom Eq. [4]. 

F r o m  Eq. [15] and [16], the  convect ive bu lk  flow 
mot ion in the porous electrode can be descr ibed by  
the fol lowing overa l l  cont inui ty  equat ion 

- -  [ d~) 1 V'Zn + 4V"B - -  VA - -  2 ' -}- 
d x  n F  V iA  ~'IB 

di2 
-~- a/cs*[VZnO -{- Vo -~- 2VB --  VA] (C2 --  C2e) [17] 

dx 

The second b racke t  t e rm is the volume change of 
reac t ion  [B]. The first b racke t  te rm represents  the  
volume change of react ion [A], i.e., (t2V--A/rlA + tS~rB/ 
~IB) = V1, if the  t ransference  number  to, defined in 
Eq. [4], is chosen as zero. 

Ohm's law in the solid matrix.--Ohm's l aw in the 
solid m a t r i x  can be wr i t t en  as 

dr  
ii "- I -- i2 = -- ~"m [18] 

dx 

where  St is the potent ia l  of the solid ma t r ix  and em 
is the  volume of conduct ing mate r i a l  pe r  uni t  volume 
of the e lect rode (not necessar i ly  equal  to 1 --  , ) .  
The superficial  cur ren t  densi ty  in the solid phase it 
and  that  in the solut ion phase i2 a re  re la ted  to the  
total  appl ied  cur ren t  densi ty  I as il  + i2 = I. The 
conduct iv i ty  of the solid ma t r i x  is app rox ima ted  b y  

~" = O'Zn(eZn) t* --~ O'ZnO(eZnO) t* -~- ~'i (ei) t* [19] 

where  r ~zno, and ~I a re  the conductivi t ies  of the  
zinc metal ,  zinc oxide, and  iner t  ma te r i a l  in the pure  
solid phase,  respect ively,  and ezn, 'zno, and ,z a re  the 
volume fractions of the corresponding solid species. 

Computation procedures.--The six equations;  two 
second-order  equations [12] and [13] and four first- 
o rde r  equat ions [5], [7], [17], and [18]; form a set 
of nonl inear  coupled different ial  equations. The six 
unknown var iables  a re  i2, r c2, ca, v, and r which 
are  functions of t ime and position. The six equations 
can be solved by  use of a numer ica l  technique wi th  
the  fol lowing ini t ia l  and bounda ry  conditions. 

In i t ia l  conditions at  t ime = 0 are  

c2 = C2o, ca=C3o, v----0 [20] 

Fo r  the o ther  variables ,  the fol lowing approx imate  
equations were  solved to es t imate  the ini t ia l  profiles 
of i2, Ct, and 

i2 ~ __ gel + t --  Ke - -  
dx 

dis (aa -{- ac)F 
= araioO 

dx RT 

d~bl 
it = ~ - - i 2 =  -- r  

dx 

d ~  

dx 

(~bl --  r = Re(e l  - -  ~b2) 

dct  

dx 

[21] 

The solut ion of Eq. [21] becomes as follows, e.g., for  
cur ren t  d i s t r ibu t ion  

di2 IQ [ c o s h Q y  c o s h Q ( 1 - - y )  ] 
- -  0"e ~ ge ; 

dy Ke --~ O'e s inh  Q s inh  Q 

Q = L ~ / R e ( ~ _ e  + o ' e l )  [22] 

where  y is the dimensionless  distance f rom the back-  
ing plate  (x/L) ; L is the e lectrode thickness.  

The bounda ry  conditions at  x = 0 are  as follows 

dr dc~. dc3 
= 0  ( o r i 2 = 0 ) ,  = 0 ,  = 0 ,  v - - 0 ,  r  

dx dx dx 
[23] 

The bounda ry  conditions at  x --  L are  

is - - I  } 
~(Vci) 

- - = A ( N i ) L - - A ( N i ) r a ;  i = 2 , 3  [24] 
0t 

where  I is the appl ied  cur ren t  density,  A is the cross- 
sectional  a rea  of the  electrode, and V is the  volume 
of the solution reservoir  located be tween  the e lect rode 
surface and the membrane .  The (N{)L and (Ni)m 
represen t  fluxes of species i across the  boundary  x = L 
and across the membrane ,  respect ively.  If  a solut ion 
reservoir  is absent  (i.e., V = 0), the above bounda ry  
conditions s imply  represen t  the conservat ion of fluxes 
at the boundary ,  i.e., (N2)L = (N2)m and (N3)L = 
(N3) m. 

The fluxes (N2)L and (N3)L are  Eq. [1] and [2], 
appl ied  to the bounda ry  x = L, respect ively.  The 
fluxes (N2)m and (N3)m are  wr i t t en  as 

(t2)m I -~- C2mVm ] (N2)..__~m_ (DAA)m (C2L--C2o)"~- Z2r2AF 
V2A d 

(tS)ra I + C3mVm (N3)m __ (DBB)m (C3L - -  C3o) -}" Z3v3BF 
v3B d 

[25] 

where  d is the thickness of the  membrane  and sub-  
scripts "m", "L", and "o" represen t  values  t aken  at  
the membrane ,  reservoi r  solution, and the counter -  
e lect rode compar tment ,  respect ively.  

The six equations were  l inear ized  about  a t r ia l  
solution, put  into finite difference forms, and solved 
by  the numer ica l  technique developed by  Newman  
(47) subjec t  to the  ini t ia l  condit ions [20] and [21] 
and the bounda ry  conditions [23] through [25]. The 
Crank-Nicolson  impl ic i t  method (48) was used for  
averaging  t ime der ivat ives  in Eq. [I2] and [13]. The 
resul t ing six finite difference equations are  correct  
to second order,  h 2 and (At) 2, where  h and At a re  
the  mesh sizes of dis tance and time. The convergence 
cr i te r ion  used was 10 -5 which is defined by  the rat io  
of the  difference be tween  the two successive solutions 
to the present  solution. The detai ls  of the numer ica l  
procedures  as wel l  as the  computer  p rogram have  
been descr ibed b y  Sunu (49). The physical  and chem- 
ical  pa rame te r s  used for numer ica l  calculat ions are  
summar ized  in Append ix  A. The numer ica l  calculat ions 
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were carried out in  double precision using an  IBM 
360/91 computer.  

Result 
The mathemat ical  model described in  the previous 

section was solved unde r  the following conditions; the 
ini t ial  solution of 8M KOH -- 0.66M K2Zn(OH)4 and 
the electrode in i t ia l ly  composed of 40% void volume, 
50% zinc, and 10% ZnO by volume (~ = 0.4, ~zn = 0.5, 
~ZnO = 0.1, and e[ -- 0). The total  capacity of this elec- 
trode estimated from the amount  of zinc is 17.6 A-ra in  
and corresponds to a discharge for 352 min  at 50 m A /  
cm 2. This capacity is referred to as "100% depth of 
discharge" or as "100% uti l ization" througout  this 
paper. The capacity equivalent  to the hydroxide ions 
of the pore solution is only 1.03 A - m i n  or 5.85% ut i l i -  
zation. This n u m b e r  is surpr is ingly  small. Three 
boundary  cases were considered using the parameters  
shown in Table I. They include the type I membrane  
boundary  (second column) ,  solution boundary  ( third 
column),  and type II  membrane  boundary  which is 
equivalent  to the use of one layer  of RAI P2291 cation 
exchange membrane.  The results on discharge are 
shown in  Fig. 1 to 5 and those on cycling are sum- 
marized in  Fig. 6 and 7. 

Figure  1 shows how concentrat ions of KOH (top 
curves) and potassium zincate (bottom curves) vary  
with t ime dur ing  discharge. In i t ia l  concentrat ion was 
shown by dotted lines. After  1 rain polarization, hy-  
droxide concentrat ion decreases to 7.6M, a value aver-  
aged over the ent i re  pore solution, and zincate becomes 
supersaturated (curve A).  On fur ther  discharge, hy-  
droxide concentrat ion drops ra ther  slowly because a 
large amount  of hydroxide ions which are t ransferr ing 
from the counterelectrode also part icipate in  the elec- 
trode reaction. For example, at 30% depth of discharge 
(or 5.28 A-ra in) ,  only 0.43 A - m i n  is corresponding to 
the decrease of O H -  concentrat ion of pore solution 
from 8M to 4.7M, and the remain ing  4.85 A - m i n  is 
resul t ing from the hydroxide ions supplied from the 
counterelectrode compartment .  This indicates that  the 
membrane  affects significantly the ut i l izat ion of active 
zinc par t icular ly  of the cell having a l imited amount  
of electrolyte. Equi l ib r ium concentrat ion of zincate de- 
creases with KOH concentrat ion and therefore zincate 
concentrat ion also decreases as discharge continues. 
However, there is always some degree of supersatura-  
t ion with a m a x i m u m  being located near  the electrode 
face. 

The effect of the membrane  is c lear ly  shown in  Fig. 
2 where profiles of KOH concentrat ion obtained with 
three types of boundaries  are presented. The average 
KOH concentrat ion obtained after 10% depth of dis- 
charge was 7.5M for the solution boundary,  5.3M for 
the type I membrane  boundary,  and 2M for the type II 
membrane  boundary.  A similar calculation showed that 
a cell with two layers of type II (RAI P2291 cation 
exchange) membrane  was completely depleted of hy-  
droxide ions after only 8% depth of discharge. Clearly, 
discharge of the cell having a type II membrane  as a 
separator could fail due to KOH depletion. 

Table I. Transport parameters applied to the various 
boundary layers 

Type I T y p e  II  
m e m b r a n e  Solut ion  m e m b r a n e  
b o u n d a r y  b o u n d a r y  (RAI  P2291) * 

( t l )  m 0.5 0.23 0.5 
(t2)m 0.0 0.05 0.0 
( ts)m 0.5 0.72 0,5 
(DAA)m (cm2/sec)  2.5 x 10 -e 6.0 x 10-e 1.0 x 10 -s 
(DBB),a (em-~ 2.5 • 10-~ 2.0 • 10 -s 7.5 • 10 -s 
d ( c m )  0.0025 0.005 0.0025 
(LAA)m ( c m / s e c )  1.0 x 10 -3 0.0012 4.0 • 10 -8 
(LBB)m ( c m / s e c )  1.0 • 10-3 0.004 3.0 x 10 -z 

* T r a n s p o r t  p a r a m e t e r s  f o r  R A I  P2291 m e m b r a n e  w e r e  t a k e n  
f r o m  the  da ta  of S inha  and  Benn ion  (50). T h e  p a r a m e t e r  ( L i i ) m  
i s  def ined  by (D,l)m/d (refer  to Eq. [25]).  

TYPE I M E M B R A N E  B O U N D A R Y  
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Fig. 1. Concentration profiles during constant current discharge 
for type I membrane boundary (I - -  ,50 mA/cm 2, A for 1 rain 
polarization and B, C, and D for 10%, 20%, and 30% depth of 
discharge, respectively). 

The charge t ransfer  current,  j (mA/cm2),  is plotted 
as a function of distance in  Fig. 3. Init ial ly,  the reac-  
t ion dis tr ibut ion is shown as curve A, having a maxi -  
mum at the face of the electrode. As discharge con- 
t inues to 10% depth, KOH concentration, porosity, and 
therefore the conductivi ty of the solution decreases. 
This effect shifts the reaction toward the front face 
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Fig. 2. Profiles of KOH concentration after 10% depth of dis- 
charge (I = 50 mA/cm 2 and A, B, and C for solution boundary, 
type I membrane boundary, and type II membrane boundary, 
respectively). 
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Fig. 4. Distribution of Zn and ZnO plotted as volume fractions 
for type I membrane boundary (I ~ 50 mA/cm ~, and A, B, C, and 
D represent 10%, 20%, 30%, and 40% depth of discharge, re- 
spectively). 

DISTANCE FROM BACKING PLATE (cm) 

Fig. 3. Distribution of local charge transfer current, j (mA/cm~), 
for type I membrane boundary (I ~ 50 mA/cm 2, L = 0.1 cm, and 
A, B, C, and D represent 0%, 10%, 20%, and 40% depth of dis- 
charge, respectively). 

and the reaction profile becomes less uniform as shown 
in curve B. When the electrode is discharged fur ther  
beyond 20% depth, the reaction at the electrode face 
starts decreasing due to the depleted active zinc metal  
(curve C). After  40% depth of discharge, all the zinc 
near  the front face is used up as shown in curve D. 
The overpotentials rose substant ia l ly  when only 40% 
of the init ial  zinc metal  was utilized. The reaction pro- 
file is highly nonuni form and the effective reaction 
zone moves step by step from the face of the electrode 
toward the backing plate. Similar  t rends were obtained 
with the other two boundaries. 

The dis t r ibut ion of solid zinc and ZnO, in terms of 
volume fractions, is plotted in Fig. 4 for the type I 
membrane  and in Fig. 5 for the solution boundary.  The 
total amount  of zinc dissolution into zincate at a spe- 
cified time, i.e., the integrated area between the dotted 
line denoted by (~zn)o and the curve ezn at time t, are 
the same for both cases. However, the total amount  
of ZnO precipitated, i.e., the integrated area of ZnO 
profiles, is smaller  for the solution case than for the 
membrane  case. For example, after 40% depth of dis- 
charge, the amount  of precipitated ZnO obtained from 
Fig. 4 and 5 are 95% and 55%, respectively, of the 
total amount  of the zinc consumed dur ing the same 
period of 141 min. The missing zinc oxide is lost into 
the counterelectrode compartment  as a soluble species, 
zincate ion, before precipitat ion occurs. 

The electrode ini t ia l ly  composed of 40% liquid filled 
pores, 50% zinc, and 10% ZnO by volume was cycled 
numerica l ly  with a constant current  density of 50 
m A / c m  2. Each cycle consisted of 20% depth of dis- 
charge and 20% depth of charge. The current  dis t r ibu-  
t ion predicted dur ing one cycle is presented in Fig. 6 
for the type I membrane  case. It shows that  current  
distr ibution becomes more uniform on charging than 
on discharging, in particular,  near  the beginning of 
charge (curve A). When charge starts, the solid-solu- 
tion interfacial  area near  the electrode face contains 
main ly  the area of ZnO precipitates and a very small 

active zinc area (see curves B of Fig. 4). This reduced 
zinc area at the electrode face prohibits the t ransfer  
reaction on charge and shifts the reaction toward the 
backing plate, resul t ing in curve A. If sufficient amount  
of zinc forms and serves as nucleat ion sites for fur -  
ther  zinc deposition reaction, current  dis t r ibut ion 
which is similar in  shape to that  of discharge will  re-  
sult  (curves B and C). 

In  Fig. 7, the volume fractions of zinc and zinc oxide 
dur ing two cycles are plotted as a function of the 
distance from the backing plate. After  each complete 
cycling, the solid zinc species (Zn and ZnO) have not 
reformed in  their  original positions. This is due to the 
difference in the current  dis t r ibut ion dur ing  discharge 
and charge. The redis t r ibut ion of zinc and zinc oxide 
becomes less uni form as cycling continues. Numerical  
predictions obtained with a cell having  no membrane  
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Fig. 5. Distribution of Zn and ZnO plotted as volume fractions 
for solution boundary (I ~ 50 mA/cm 2, and A, B, C, and D rep- 
resent 10%, 20%, 30%, and 40% depth of discharge, respectively). 
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showed greater  degree of redis tr ibut ion of solid species 
(49). 
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Fig. 7. Distribution of Zn and ZnO plotted as volume fractions 
daring two cycles for type I membrane boundary (I ---- 50 mA/cm 2, 
L ----- 0.1 cm, eo ~ 0.4, (eZn)o ~ 0.5, (eZnO)o ~- 0.1). 

Discussion 
Failure during discharge.--Zinc electrode behavior  

occurring dur ing  discharge has been predicted by a 
mathematical  model. The model predicts that  dis- 
charge of the zinc electrode having a porosity of 0.4 
a n d  one layer of type I membrane  could fail after only 
40% util ization due to the decrease in pore size (block- 
age of the first kind) as shown in Fig. 4. The pr imary  
effect of the decreased pore size is, as in the lead posi- 
tive electrode (20), the restricted diffusion of electro- 
lytes into the interior  of the porous electrode, causing 
electrolyte depletion at the reaction sites. If the 
porosity falls below a certain limit, the resistance 
across the pore solution rises substant ia l ly  and serves 
as a factor in l imit ing fur ther  utilization. 

The model predicts that  the reaction distr ibution is 
highly nonuniform,  and the effective reaction zone is 
very thin (Fig. 3). The reaction dis tr ibut ion or the 
penetra t ion depth has been characterized by certain 
dimensionless parameters  (14). In  the case of uniform 
concentrat ion and low activation polarization, two pa-  
rameters, ~'e/Ke and Q of Eq. [22], could determine the 
shape of distribution. The reaction dis t r ibut ion be-  
comes less uniform as the parameter  Q increases. The 
ratio ~e/ge determines the shape of dis t r ibut ion curves, 
namely,  the position having a ma x i mum utilization. 
Maximum util ization would occur at the electrode face 
for ~e > Ke and at the backing plate for Ke > ~e. Con- 
centrat ion polarization and the decrease of pore size 
have an effect of increasing the effective resistance of 

-pore solution and thus promoting the degree of non-  
uniformity.  This effect was i l lustrated in  Fig. 3 (com- 
pare curves A and B). This nonuni form reaction dis- 
t r ibut ion will accelerate the failure due to pore plug-  
ging at the electrode surface. The zinc metal  near  the 
backing plate serves simply as an inert  mat r ix  and 
does not contribute to the cell capacity. 

The loss of ZnO species into the counterelectrode 
compar tment  dur ing discharge was very  large for cells 
without  a membrane  (see Fig. 5), while for the cell 
with a membrane  (Fig. 4), mass t ransfer  of zincate 
ion into the counterelectrode compartment  was re-  
stricted. However, KOH concentrat ion was depleted 
significantly dur ing discharge of a cell having one layer  
of RAI P2291 cation exchange membrane  as was pre-  
dicted in  Fig. 2 (curve C). With two layers of RAI 
P2291 membrane,  only 8% uti l ization resulted in the 
complete depletion of hydroxide ions inside the zinc 
electrode compartment  (54). 

Discharge failure ment ioned above could be in te r -  
preted by a single process, i.e., the l imited mass t rans-  
fer of soluble species to and from the dissolving zinc 
surfaces. For the p lanar  zinc electrode, discharge fail-  
ure has been interpreted as a phenomenon called "pas- 
sivation" which was described by a l imited diffusion 
of product species, zincate ions, away from the dis- 
solving surfaces (51-53). Discharge of the porous elec- 
trode involves more complicated and interre la ted 
phenomena,  and therefore it appears to be valuable to 
divide the l imit ing process into several sub-mecha-  
nisms having more precise meaning,  i.e., passivation, 
pore plugging, and depletion of electrolyte. Each 
mechanism is defined as follows. 

Consider a test electrode compartment  which c o n -  
t a i n s  solution inside the porous electrode (designated 
as "pore solution"),  and solution outside the pores but  
within that  compar tment  ("reservoir solution").  Solu- 
tion outside the test electrode compar tment  on the 
other side of the membrane  separator which is usual ly  
contained in the counterelectrode compar tment  is de- 
noted by "external  solution." Discharge of the porous 
electrode may fail in three ways: 

(i) If the reservoir solution is severely depleted of 
hydroxide ions due to the l imited t ransfer  of O H -  ions 
across the membrane,  then the pore solution is also 
depleted of electrolyte KOH, as was predicted w i t h  a 
cell having one layer of RAI P2291 membrane  (curve 
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C of Fig. 2). This causes passivation at the active zinc 
surfaces due to a decrease in solubili ty of ZnO and a 
rapid increase in the rate of ZnO precipitation, in addi- 
tion to increased resistance losses. This phenomenon is 
defined as the electrolyte depletion. To reduce this ef- 
fect, sufficient amount  of electrolytes should be pro- 
vided in  the solution reservoir. Proper choice of the 
membrane,  which leads to a maximal  supply of O H -  
ions from the eounterelectrode compar tment  and also 
a min imal  chance for zinc dendri te  penetration,  is also 
important .  

(it) The reservoir solution could re ta in  the electro- 
lyte concentrat ion at a fair ly constant level throughout  
the discharging process, provided that  the reservoir  
has a large volume. But the pore solution still can be 
depleted of electrolyte due to the l imited mass t ransfer  
across the reaction zone located near either side of 
the electrode surfaces, which has smaller  pores. The 
consequences will be the depletion of electrolytes at 
discharging zinc surfaces, result ing in passivation. 
This is defined as pore plugging and can be el iminated 
by using high porosity electrodes. Discharge failure 
predicted with the solution boundary  and type I mem-  
brane boundary  are a t t r ibuted to pore plugging (see 
Fig..4 and 5). 

(iii) Even if the KOH concentrat ion of the pore 
solution as well as the reservoir solution remains ap- 
preciably high, passivation could occur by the physical 
blocking of the active zinc surface by a precipitated 
ZnO film, which forms due to the depleted hydroxide 
ion or due to the excess zincate at the zinc surface. 
This phenomenon is defined as passivation, having the 
same meaning  as was used for p lanar  electrodes. 
Passivation of this type could occur under  very high 
current  load. Electrodes with high active surface area 
and with uniform current  distr ibution would reduce 
local t ransfer  current  density and thus the chance for 
passivation. 

Failure during cyc~ing.--Zinc electrode fai lure occur- 
r ing after  many  cycles can be referred to as a phe- 
nomenon called "redistr ibution of solid zinc species 
(Zn and ZnO)." Inabi l i ty  of reforming the solid zinc 
species in their original position dur ing cycling causes 
zinc dendri te  penetra t ion and shape change. High solu- 
bi l i ty of ZnO in KOH solution accentuates the redis- 
t r ibut ion of zinc species from one part  of the electrode 
to the other. 

Figure 5 shows that for the cell having no membrane  
only 55% of the discharge product (zincate ions) pre-  
cipitates as ZnO and the remaining half diffuses into 
the counterelectrode compartment  before precipitation 
occurs. On charge, once the zincate source in the zinc 
electrode compartment  is depleted, zinc deposits will 
grow towards addit ional zincate which is t ransferr ing 
from the counterelectrode compartment.  This type of 
mass t ransport  leads to zinc dendrite formation which 
eventual ly  causes short circuits to the counterelectrode. 
On the other hand, if a membrane  is used as a separa- 
tor, 95% of the discharge product precipitates as ZnO 
as shown in Fig. 4. Use of a membrane  restricts zincate 
movement  away from the test electrode. Charge of this 
electrode is less l ikely to cause dendri te  growth 
through the separator because the source of zincate 
ions remains in the zinc test electrode. Comparison of 
these two examples shows the main  reason why in-  
dustrial  cells having appropriate membranes  success- 
fully reduce dendri te  formation and short circuits. 
These membranes  could also prevent  zinc metal  den-  
drite nucleat ion wi thin  themselves. 

Redistr ibut ion of solid zinc and zinc oxide from one 
par t  of the electrode to the other can occur through 
the movement  of zincate ions. The process involving 
zincate movement,  e.g., on discharging, include the 
charge t ransfer  reaction which produces zincate ions, 
mass t ransfer  of zincate, and chemical precipitation of 
ZnO which consumes zincate. Therefore, current  dis- 
t r ibut ion  which characterizes the charge transfer  re- 

action, degree of super-  (or un- )  saturat ion which 
determines precipitat ion or dissolution of ZnO, and 
mass t ransfer  modes (diffusion, migration, and convec- 
tion) will govern the redistr ibution of solid zinc 
species. 

Shape change is the redis t r ibut ion process of the 
solid zinc species in the direction parallel  to the elec- 
trode surface (y-direct ion) .  Choi et al. (12) have pro- 
posed that the shape change was caused by convective 
flows dr iven pr imar i ly  by membrane  electro-osmotic 
effects, while McBreen (7) has emphasized the effect 
of the difference in the y-direct ion current  dis tr ibu-  
tion dur ing charge and discharge. Choi et al. (13) con- 
firmed exper imental ly  that sealing or tight packing of 
the cell, which was designed to prevent  convective 
flow, successfully reduced the shape change. This ob- 
servation favors the convection model over McBreen's 
model. 

Discharge of a zinc electrode induces convective flow 
toward the counterelectrode, resfilting in a decrease of 
the total volume of electrolytic solution in the zinc 
electrode compartment.  If the electrode is vented, the 
solution in the top reservoir will flow downward.  The 
solution picks up zincate ions along the flow path 
causing greater precipitat ion rates in the direction of 
flow. On the other hand, on charge the increase of 
total volume of electrolytic solution caused by electro- 
osmotic flow will push the unsatura ted  solution toward 
the reservoir. The reservoir solution now becomes un-  
saturated and greater dissolution is expected near  the 
vent  or reservoir. Repeated cycling causes movement  
of solid zinc species from near  the reservoir portion of 
the electrode to positions remote from the reservoir. 
If the electrode is sealed, convective flow, and thus 
shape change, will be limited. 

Similar  t rea tment  can be applied to the redis t r ibu-  
tion of solid zinc in the x-direct ion perpendicular  to 
the electrode surface. The present  work deals with a 
sealed electrode to minimize the convective flow dr iven 
by a membrane .  Under  this condition, the convective 
flow arising from the volume changes due to the overall 
electrode reaction is on the order of 10 -7 cm/sec and 
is considered negligible. 

The reaction or current  distr ibution in the x-direc-  
tion during discharge is highly nonuni form as shown 
in Fig. 3. On the other hand, current  distr ibution on 
charging is more uniform compared to that on dis- 
charging, since precipitated ZnO reduces the effective 
zinc surface area near  the electrode face and shifts the 
reaction toward the backing plate (see Fig. 6). On 
repeated cycling, this difference of anodic and cathodic 
current  distributions together with differences in the 
degree of super-  (or un- )  saturat ion causes the redis- 
t r ibut ion of solid zinc species and thus significant dis- 
tort ion of the electrode structure. The distorted struc- 
ture is shown in Fig. 7. This mechanism is similar to 
that described by McBreen. Similar  s t ructure was also 
observed exper imental ly  by Sunu and Bennion (54). 
If convective flow due to membrane  pumping is al- 
lowed, more serious redis tr ibut ion is expected. Simi- 
larly, allowing free movement  of zincate ion into the 
counterelectrode, by e l iminat ing the membrane,  
showed a greater degree of redis t r ibut ion (49). This 
movement  of solid zinc species in the x-direct ion could 
contribute to the loss in the cell capacity on cycling 
service. 

Other factors such as effects of gas generat ion and 
changes in morphologies and the active surface area 
with cycling were excluded from this work. The re-  
sults of this work can be applied to the design of zinc 
electrodes to improve their uti l ization and cycle life. 
The results also point out areas where fur ther  research 
should be emphasized in order to gain fur ther  per- 
formance improvement.  
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A P P E N D I X  A 

Parameters Used in the Numerical Calculations 3 
ao -- 50 cm2/cm 3 
C3o -- 0.008 mo le s / cm a 
C2o --  0.000~6 moms/cma 
DAA -- 5.86 X 10 -6 cm2/sec 
DBB -- see ~ 
DAB -- DBA ---- 0.0 
iO ~ -- 0.06 A / c m  2 
kAo --  0~001 cm/sec  
kBo --  0.003 cm/sec  
kXTL - -  0 . 0 0 5  c m / s e c  
L -- 0.1em 
81 - -  81.  --- 0 .0  
82 - "  - - 8 2 .  --" - - 1 . 0  
sa : --2s~. = 4.0 
So -- 0.0 
So* -- - -  1.0 
t = t* : 0.5 
t i  -- 0.23 
t s -- 0.72 at 10M KOH 
VA -- 67.0 cm~/mole 
VB --  17.8 cm3/mole 
Vo -- 18.07 cm3/mole 
Vzn --  9.15 cma/mole  
Vzao -- 14.51 cm3/mole 
V -- 0.0 cm 3 (definition in Eq. [24]) 
Vm --  0.0 cm/sec  
aa -" 1.5 
ac = 0.5 
7 -- 0.75 
~' = 0.0 
'o = 0.4 
('Zn)o = 0.5 
('ZnO)o = 0.1 
(,I)o = 0.0 
K -" see 3 
l ---- 0.0 
aZn -- 2 X 105mhO/cm 

~zno ----- 0.01 mho/cm 

~I _-- 100.0 m h o / c m  

A P P E N D I X  B 

Mass Transfer Coetficients (kA, km ks*) and Active 5urtace 
Areas (a, am, as) 

The mass t ransfer  coefficients kA, kB, and ks* de-  
fined in Eq. [8], [9], and [11] are approximated  by 
the fol lowing equations [see Ref. (49) for derivat ion] 

D i i  a - -  a m  
aki: ; i:A,B 

~ l n ( # )  

1 1 1 

aks, / DAA "~ ( a -  a s) askxTL 

x a s  / 

where  5 is the characterist ic diffusion length be tween 
the act ive meta l  surface and the bulk within the 
pores, kXTL is the chemical  rate  constant for precipi ta-  
tion or dissolution of ZnO, and DAA and DBB are the 

T h e  conduct iv i ty  of  e l ec tro ly t i c  so lut ion,  k, (55),  so lub i l i ty  of  
ZnO in  KOH s o l u t i o n  (56) ,  act iv i ty  coef f ic ients  of KOH a n d  po tas -  
s i u m  z inca t e  (57, 58) ,  a n d  d i f fus ion  coeff ic ients  o f  p o t a s s i u m  hy-  
d r o x i d e ,  DB~, (59) w e r e  e x p r e s s e d  as a funct ion  of  concentra t ion  
based  on the  v a r m u s  r e p o r t e d  data  [ s ee  Ref.  (49) for  those  equa-  
t i ons  and r e f e r e n e e s ] .  

diffusion coefficients of KOH and K2Zn(OH)4, respec- 
tively. 

The area am and as represent  the interracial  areas 
which are act ive for electrochemical  react ion [A] and 
for chemical  react ion [B], respectively.  They were  
approximated  as follows. It  is assumed that  the macro-  
scopic averaged particles wi th  uniform radius are  
ar ranged in face centered cubic closed packed posi- 
tions. For a given reference  porosi ty eo and radius Ro, 
the sol id-solut ion interface area ao per  uni t  vo lume 
of the electrode can be est imated f rom the relat ion 
of ao ---- 3(1 -- ,o)/Ro. The specific surface area of the 
electrode at any state having porosity of e can be 
related to the reference area ao as a/ao ---- (1 -- , )Ro/  
[1 -- ~o)R]. Since the ratio R/Ro is equal  to (a/ao) ~ 
the. specific area a can be represented as 

a__ao(  1 - - e  ) 2/3 
1 - -  e 0 

In the absence of the iner t  conducting material ,  the 
area am and as become azn (zinc area)  and azno (ZnO 
area) ,  respectively.  They are approximated  by the 
fol lowing equat ion 

az~(or am) = a -- az=o(or as) 
(~Zn - -  ~Zn*) p - - a  

(eZn - -  eZn*) p -~ (eZnO) q 

where  p and q are the constants re la t ing volume 
to surface area (p ---- q = 2/3 was assumed for cubical 
or spherical  crystals) ,  and ezn* represents  the vo lume 
fractions of nonact ive zinc which can be caused by 
pore plugging (blockage of the first kind) and by 
complete  coverage on zinc surface by ZnO (usual ly 
called passivation or  blockage of the second kind) .  
The ezn* is approximated  by 

eZn* --" eZnmlug "~ ~,(eZn,max - -  eZnmlug) 

The meaning of the various volume fractions is ex-  
plained by using the fol lowing example.  

Let  us consider a local section of the electrode hav-  
ing porosity of 0.3, 60% Zn, and 10% ZnO b.y volume. 
The par t ia l  molar  volumes of zinc and zlnc oxide 
are 9.15 and 14.51 cruZ/mole, respectively.  Due to the 
difference in the part ial  molar  volume, 85.3% con- 
version of Zn into ZnO results in pore plugging, i.e., 
e = 0, eZn = 0 . 0 8 8 ,  and ezno : 0.912. The remaining 
Zn cannot be conver ted into ZnO and is denoted by 
eZn.,lu~ ( :0 .088) .  On the other  hand, if all  ZnO is 
conver ted into Zn dur ing a local deep charge, an 
electrode having ~zn : 0.663, ezno : 0, and ~ : 0.337 
wil l  result. This zinc content is the maximal  amount  
of zinc avai lable in the ful ly charged state and denoted 
by eZn,max (=0.663). Then the quantity,  eZn.max 
eZn.,Iuz : 0.575, can be in terpre ted  by the max imal  
amount  of act ive zinc which can be utilized. The f rac-  
tional constant P, is defined based on this quant i ty  to 
describe the nonactive zinc caused by passivation. 

LIST OF SYMBOLS 
a specific surface area per unit  vo lume of the 

electrode, cm2/cm 8 
am, as specific active surface area for charge t ransfer  

react ion [A] and that  for precipi tat ion or 
dissolution of ZnO, cme/cm 3 

ci concentrat ion of species i, m o l e / c m  3 
Cio init ial  concentrat ion of species i, m o l e / c m  3 
Cis concentrat ion of species i at  the act ive meta l  

surface, m o le / cm  3 
Dij diffusion coefficients wi th  respect  to vo lume 

average  velocity, cm2/sec 
(DiDo diffusion coefficients wi th  respect  to solvent  

velocity, cm2/sec 
F Faraday 's  constant, 96,487 C/equiv .  
I superficial applied current  density, A / c m  2 
il superficial current  densi ty in the mat r ix  phase, 

A / c m  2 
i2 superficial current  density in the solution 

phase, A / c m  2 
io o exchange current  density, A / c m  2 
j local t ransfer  current  densi ty per  unit  area 

of act ive zinc surface, A / c m  2 
ki mass t ransfer  coefficient of species i f rom 

active sites to bulk in the pores or vice versa, 
cm/sec  
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ks. rate constant combining mass transfer of 
zincate, kA, with the rate constant for pre- 
cipitation or dissolution of ZnO, cm/sec 

L electrode thickness, cm 
Nl flux of species i in the x-direction, mole/cm~- 

see 
RT gas constant multiplied by absolute tempera- 

ture, J/mole 
Rl production or consumption of species i in 

Eq. [11], mole/cm3-sec 
Re defined in Eq. [21] as amio~ -}- ~c)F/RT 
si, si. stoichiometric numbers of species i defined 

by Eq. [6] 
t, t* tortuosity factor 
ti, (ti)o transference number of species i with respect 

to volume average velocity and that with 
respect to solvent velocity 

"~i partial molar volume of species i, cmS/mole 
v superficial volume average velocity, cm/sec 
x distance from the backing plate, cm 
zi charge number of species i 

Greek Symbols 
aa an anodic kinetic parameter 
ac a cathodic kinetic parameter 

exponent in zincate concentration dependence 
of the exchange current density 

�9 porosity of the electrode 
ei volume fraction of solid species i 
f exponent in OH- concentration dependence of 

the exchange current density 
conductivity of solution, mho/cm 

?~ik number of ionic species i per molecule of 
electrolyte "k" 

~l chemical potential of ionic species i, J/mole 
~l conductivity of solid species i, mho/cm 
~1 potential in the matrix phase, V 
~2 potential in the solution phase, V 

Subscripts 
i any arbitrary species i; 1 for potassium ion, 

2 for zincate ion, 3 for hydroxide ion, A for 
potassium zincate, and B for potassium hy- 
droxide 

o solvent or initial values or values referred 
to the solvent velocity 

REFERENCES 
1. H. G. Oswin and K. F. Blurton, in "Zinc-Silver Ox- 

ide Batteries," A. Fleischer and J. J. Lander, 
Editors, pp. 63-85, John Wiley & Sons, Inc., New 
York (1971). 

2. J. O'M. Bockris and G. A. Razumney, "Fundamental 
Aspects of Electrocrystallization," Chap. 6, 
Plenum Press, New York (1967). 

3. R. D. Naybour, Electrochim. Acta, 13, 763 (1968). 
4. J. E. Oxley and C. W. Fleischmann, First Quarterly 

Report, contract NAS5-9591, N66-13568, 21 pp. 
(September 1965). 

5. S. Arouete, K. F. Blurton, and H. G. Oswin, This 
Journal, 116, 166 (1969). 

6. H. K. Farmery and W. A. Smith, in "Batteries," 
D. H. Collins, Editor, p. 179, Pergamon Press, Inc., 
New York (1963). 

7. J. McBreen, This Journal, 119, 1620 (1972). 
8. J. J. Lander, in "Zinc-Silver Oxide Batteries," A. 

Fleischer and J. J. Lander, Editors, pp. 457-469, 
John Wiley & Sons, Inc., New York (1971). 

9. G. A. Dalin, in "Zinc-Silver Oxide Batteries," A. 
Fleischer and J. J. Lander, Editors, pp. 87-95, 
John Wiley & Sons, Inc., New York (1971). 

10. D. P. Boden, V. J. Spera, and R. B. Wiley, Paper 
13, presented at The Electrochemical Society 
Meeting, Detroit, Michigan, October 5-9, 1969. 

11. J. McBreen and G. A. Dalin, Paper 45 presented at 
The Electrochemical Society Meeting, Philadel- 
phia, Pennsylvania, Oct. 9-14, 1966. 

12. K. W. Choi, D. N. Bennion, and J. Newman, This 
Journal, 123, 1616 (1976). 

13. K. W. Choi, D. Hamby. D. N. Bennion, and J. 
Newman, ibid., 123, 1628 (1976). 

14. J. Newman and W. Tiedemann, Am. Inst. Chem. 
Eng. J., 21, 25 (1975). 

15. A. Winsel, Z. Elektrochem., 66, 287 (1962). 
16. J. Newman and C. W. Tobias, This Journal, 109, 

1183 (1962). 
17. R. C. Alkire, E. A. Grens II, and C. W. Tobias, 

ibid., 116, 1328 (1969). 
18. J. S. Dunning, D. N. Bennion, and J. Newman, ibid., 

120, 906 (1973). 
19. H. Gu, D. N. Bennion, and J. Newman, ibid., 123, 

1364 (1976). 
20. D. Simonsson, ibid., 120, 151 (1973). 
21. D. Simonsson, J. Appl. Electrochem., 3, 261 (1973). 
22. D. Gidaspow and B. S. Baker, This Journal, 120, 

1005 (1973). 
23. T. P. Dirkse, ibid., 102, 497 (1955). 
24. W. G. Sunu, D. N. Bennion, and J. Newman, To 

be published. Also see Ref. (49). 
25. T. P. Dirkse, in "Zinc-Silver Oxide Batteries," A. 

Fleischer and J. J. Lander, Editors, pp. 19-28, 
John Wiley & Sons, Inc., New York (1971). 

26. T. P. Dirkse, L. A. Vander Lugt, and N. A. Hamp- 
son, This Journal, 118, 1606 (1971). 

27. D. D. Justice and R. M. Hurd, ibid., 118, 1417 (1971). 
28. H. Gerischer, Z. Phys. Chem., 202, 302 (1953). 
29. J. P. G. Farr and N. A. Hampson, J. ElectroanaL 

Chem. Interracial Electrochem., 18, 407 (1968). 
30. D. A. Payne and A. J. Bard, This Journal, 119, 

1665 (1972). 
31. J. P. G. Farr and N. A. Hampson, J. Electroanal. 

Chem. Interracial Electrochem., 13, 433 (1967). 
32. J. P. G. Farr and N. A. Hampson, Trans. Faraday 

Soc., 62, 3493 (1966). 
33. R. D. Armstrong and G. M. Bullman, J. Electroanal. 

Chem. Interracial Electrochem., 25, 121 (1970). 
34. J. O'M. Bockris, Z. Nagy, and A. Damjanovic, This 

Journal, 119, 285 (1972). 
35. J. N. Butler, "Ionic Equilibrium--A Mathematical 

Approach," p. 285, Addison-Wesley Publ. Co. 
Inc., Reading, Mass. (1964). 

36. D. P. Boden, R. B. Wylie, and V. J. Spera, This 
Journal, 118, 1298 (1971). 

37. T. P. Dirkse, C. Postmus, Jr., and R. Vandenbosch, 
J. Am. Chem. Soc., 76, 6022 (1954). 

38. A. O. Gubeli and J. Ste-Marie, Can. J. Chem., 45, 
827 (1967). 

39. W. Van Doorne and T. P. Dirkse, This Journal, 
112, 1 (1975). 

40. J. S. Dunning, Ph .D .  Dissertation, University of 
California, Los Angeles (1971). 

41. R. K. Schofield and C. Dakshinamurti, Discuss. 
Faraday Soc., 3, 56 (1948). 

42. R. E. Meredith and C. W. Tobias, Adv. Electrochem. 
Electrochem. Eng., 2, 15 (1962). 

43. E. G. Gagnon, This Journal, 120, 1052 (1973). 
44. O. S. Ksenzhek, E. A. Kalinovskii, and E. L. Baskin, 

Zh. Prik. Khim., 37, 1045 (1964). 
45. I. L. Romanova and I. A. Selitsky, Elektrokhimiya, 

6, 1776 (1970). 
46. T. P. Dirkse and N. A. Hampson, Electrochim. Acta, 

17, 383 (1972). 
47. J. Newman, Ind. Eng. Chem., Fundam., 7, 514 

(1968). 
48. J. Crank and P. Nicolson, Camb. Phil. Soc. Proc., 

43, 50 (1947). 
49. W. G. Sunu, Ph.D. Dissertation, University of Cal- 

ifornia, Los Angeles (1978). 
50. M. Sinha and D. N. Bennion, This Journal, 125, 

556 (1978). 
51. N. A. Hampson and M. J. Tarbox, ibid., llO, 95 

(1963). 
52. M. Eisenberg, H. F. Bauman, and D. M. Brettner, 

ibid., 108, 909 (1961). 
53. N. A. Hampson, P. E. Shaw, and R. Taylor, Br. 

Corr. J., 4, 207 (1969). 
54. W. G. Sunu and D. N. Bennion, This Journal, 127, 

2017 (1980). 
55. D. N. Bennion, Ph.D. Dissertation, University of 

California, Berkeley, Table A (1964). 
56. W. F. Linke, "Solubilities of Inorganic and Metal 

Organic Compound," Vol. II, 4th ed., pp. 1672- 
1676, Amer. Chem. Soc., Washington, D.C. (1965). 

57. R. A. Robinson and R. H. Stokes, "Electrolytic 
Solutions," 2nd ed., p. 501, Butterworths, London 
(1959). 

58. J. Newman. "Electrochemical Systems," pp. 91-95, 
Prentice-Hall Inc., Englewood Cliffs, N.J. (1973). 

59. J. Newman, D. N. Bennion, and C. W. Tobias, Bet. 
Bunsenges., 69, 608 (1965). 



Transient and Failure Analyses of the Porous 
Zinc Electrode 

II. Experimental 

W. G. Sunu *'1 and D. N. Bennion *'~ 

School of Engineering and Applied Sciences, University oJ Ca~iSornia, Los Angeles, Ca~iSornia 90024 

ABSTRACT 

Experiments  were conducted to characterize behavior  and failure mecha-  
nisms of porous zinc electrodes, prepared by pressing amalgamated zinc 
powder of particle size ranging from 250 to 325 mesh. The zinc test electrodes 
were disks with a cross-sectional area of 1 em 2 and a thickness of 0.i cm. Dis- 
t r ibut ion of zinc and ZnO, and electrode overpotentials were measured dur ing 
galvanostatic discharge in  40 w/o KOH solution saturated with ZnO. The 
observed reaction profiles were highly nonuni form and the reaction zone, lo- 
cated near  the electrode surface, was very thin, typically 0.2 mm. The uti l iza- 
t ion of the present  electrodes was very sensitive to the applied current  density, 
ini t ia l  porosity, amount  of electrolyte, and the type of membrane.  The mea-  
sured reaction profiles and overpotentials were compared with the theoretical 
predictions of a recent ly developed mathmat ical  model. The agreement  be- 
tween observations and predictions provides a good in terpre ta t ion of the dis- 
charge failure modes of negative zinc electrodes. 

A n u m b e r  of workers have extensively investigated 
the anodic zinc behavior in alkal ine solution with 
t h e  major  efforts being concentrated on the studies 
of anodic passivation of the p lanar  zinc electrode. 
It has been general ly accepted that  the applied current  
density can be fitted to a l inear  relationship with the 
inverse square root of the passivation t ime (1-4). 
The l inear  relationship which was derived from the 
Sand equat ion (5) implies that  the diffusion of the 
zincate ion away from the electrode is the controll ing 
process for passivation. Therefore, passivation is ex- 
pected to occur when the layer of electrolytic solution 
adjacent  to the zinc surface reaches a critical con- 
centrat ion of zincate (3, 4). 

Porous electrodes involve much more complicated 
and interre la ted phenomena than the planar  elec- 
trodes. In addit ion to passivation, conversion of zinc 
into ZnO dur ing  discharge decreases the pore size 
and thus limits the t ransport  of electrolyte into the 
interior  of the porous electrode. Some workers (6, 7) 
have observed that the uti l ization of zinc depends 
strongly on the init ial  porosity of the zinc e]ectrode. 
Membranes,  which have been used to prevent  zinc 
dendri te  penetration,  also l imit  the t ransport  of elec- 
trolyte species to and from the countere]ectrode as 
was discussed by Shaw and Remanick (8). Fur the r -  
more, porous electrodes have highly nonuni form cur-  
ren t  distribution, resul t ing in a th in  reaction zone. 
The remaining  part  of the electrode acts as an iner t  
mat r ix  which does not contr ibute to the cell capacity. 
Highly localized current  density can cause passivation 
under  certain circumstances, e.g., under  high current  
load. Nonuniform current  distr ibution can also accel- 
erate the decrease in pore size in the reaction zone. 

Such processes and fur ther  failure mechanisms of 
porous zinc electrodes have been described in a math-  
ematical model developed by Sunu and Bennion (9). 
The results of the mathematical  predictions suggested 
that the zinc electrode could fail by one or any com- 
binat ion of the following mechanisms: 

Fai lure  dur ing d ischarge-- ( / )  blockage of the first 
kind (pore plugging),  (ii) blockage of the second kind 
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(passivation or surface coverage on zinc surface by 
precipitated ZnO),  and (iii) depletion of KOH e l e c -  
t r o l y t e .  

Fai lure  dur ing charge- -  (i) depletion of zincate, a n d  
(ii) zinc dendri te  formation. 

Fai lure after many  cycles-- ( / )  zinc dendri te  forma- 
tion and short circuit, (ii) shape change in the y-  
direction, parallel  to the electrode surface, (iii) re-  
distr ibution of zinc species in  the x-direction,  per-  
pendicular  to the electrode surface, and (iv) accumu- 
lated gas evolution. 

The objective of this paper is to observe and verify 
exper imental ly  the proposed failure mechanisms, par-  
t icular ly dur ing discharge. To fulfill this, zinc elec- 
trode overpotentials and current  distr ibutions across 
the electrode thickness were measured dur ing the 
galvanostatic discharge and the results were com- 
pared with mathemat ical  predictions. 

There are several procedures for fabricat ing zinc 
electrodes: pressing of ZnO powder mix (ZnO, HgO, 
and additives),  which gives the zinc electrode in the 
discharged state (10); pressing of amalgamated zinc 
powder (7) ; metal  spraying process, and electrodeposi- 
tion process which results in the zinc electrode in 
the charged state. To observe and identify various 
discharge failure modes, ini t ial  porosities and the 
volume of electrolyte reservoir  should be well  con- 
trolled during preparat ion procedures. The pressing 
technique developed by Morrel and Smith (7) which 
satisfies most of our requirements  was employed in 
the present study. Electrodes having two different 
porosities, 33 and 60%, were prepared in the charged 
state and used as zinc test electrodes. 

Three approaches have been suggested for the ex- 
per imental  determinat ion of current  distribution. The 
first approach is the direct measurement  of potential  
distr ibution by using numerous  reference electrodes 
along the electrode thickness (11). The second ap-  
proach is the direct measurement  of the current  dis- 
t r ibut ion by using a sectioned electrode and mea-  
suring the current  in each section (12, 13). The third 
approach is to measure the reaction distr ibution of 
the discharged electrode by electrode sectioning fol- 
lowed by the analysis of each section. The charge 
state of each section can be analyzed using chemical 
analysis as shown by Nagy and Bockris (14) for the 
zinc electrode, Bro a n d  Kang (15) for the cadmium 
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electrode, and Alkire (16) for the copper electrode. 
The sectioning approach could be extended to deter-  
mine  the concentrat ion distr ibution of electrolyte 
species as i l lustrated by Brenner  (17) and Flat t  et al. 
(18). By freezing the electrolytic solution followed by 
sectioning and chemical analysis, they have deter-  
mined the concentrat ion profiles of ionic species at 
dissolving anode surfaces and at a depositing cathode 
surface. In  the present  study, zinc and ZnO profiles 
were measured using the sectioning method with 
EDTA titration. Freezing was not tried. 

Experiments 
Preparation oi the pressed zinc electrode.--The zinc 

powder with particle sizes between 250 and 325 mesh 
(60-44 microns) was amalgamated with mercury  in 
a mercuric acetate solution containing an amount  
of mercury  equivalent  to 2.5 weight percent  (w/o)  
of the zinc weight. The test zinc electrodes were pre-  
pared by pressing amalgamated zinc powder onto a 
backing plate. The backing plate consisted of a t i tan-  
ium foil (0.001 in. thick) upon which a silver screen 
(0.0.04 in. thick) had been spot welded. 

Electrodes with two different porosities were tested. 
The low porosity electrodes were obtained by pressing 
the Zn(Hg)  powder in  a stainless steel mold using 
13,000 psi. The resul tant  electrode contained about  
0.Sg of zinc amalgam and had a porosity of 0.33. The 
high porosity electrodes were prepared by the pro- 
cedure given by Morrel  and Smith (7). A mixture  of 
NaC1 powder and Zn(Hg)  powder having the weight 
ratio of 40 NaCI-60 Zn(Hg)  was pressed onto a back- 
ing plate using 20,000 psi. The NaC1 powder used as 
a filler had a particle size of 250-325 mesh. The re-  
sul tant  electrode was soaked in distilled water  for 
24 hr. Complete dissolution of NaC1 was confirmed 
dur ing this period. This gave a highly porous struc- 
ture having a porosity of 0.6. Each electrode contained 
about 0.3g of zinc. 

The electrodes made by the above procedure were 
disks which had a cross-sectional area of 1 cm 2 and 
thickness of 0.1 • 0.01 cm. A small cross-sectional 
area, 1 cm2, was chosen to minimize the extent  of 
nonuni form current  distr ibution in the direction paral -  
lel to the electrode surface. 

Potential measurements.--A schematic drawing of 
the test cell is shown in Fig. 1. The main  body of the 
cell was made of Plexiglas. The zinc test electrode 
was completely sealed by two O-rings when the cell 
was assembled by t ightening screws. A silver screen 
having a zinc deposit was used as a counterelectrode. 
Two layers of RAI P2291 (40/20) cation exchange 
membrane  (0.001 in. thick) and one layer of dynel, 
used as separators, were placed on top of the test 
electrode. The RAI membrane  is a beta radiation, 
cross-linked, low density polyethylene film which has 
been gamma-radia t ion  grafted with methacryl ic  acid. 
The dynel  is a porous, nonwoven acrylonitri]e which 
is resistant  to oxidation in the cell environment .  The 
sealed test zinc electrode contained a l imited amount  
of electrolytic solution (0.03-0.11 cmS), while the 
counter zinc electrode compartment  contained a large 
amount  of solution of 1.5 cm 3. 

After  evacuation, filling the cell with solution, and 
assembling the cell, the test electrodes were discharged 
galvanostat ical ly in a 40 w/o KOH solution saturated 
with ZnO. The potentials of the test zinc electrode 
were measured with respect to Hg/HgO reference 
electrodes at three different positions; one above the 
membrane,  one on the electrode surface, and one on 
the backing plate. The Hg/HgO reference electrodes 
were made by the procedure given by Falk and Sal- 
kind (19). An external  z inc-mercury cell was con- 
nected in  series in the electrometer circuit to cancel 
out the equi l ibr ium potential  of the zinc electrode. 
This a r rangement  allowed zero potential  at the open 
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Fig. I. Test cell assembly 

circuit and the sensit ivity of the potential  data was 
improved. In retrospect, the net effect is using a 
Zn/ZnO (sat 'd) reference electrode. Zinc electrode 
potentials at three locations and the potential  differ- 
ence between the zinc test and the zinc counter elec- 
trodes were recorded continuously using a Var ian 
Associate 2000 recorder. The integrated current  passed 
was counted by a coulometer, Model 541, Koslow 
Company. 

Determination of reaction profiles.--Some electrodes 
were sectioned using the technique described by Bro 
and Kang (15). The discharged electrode was fitted 
into a fixture having a microadvancing screw which 
allowed the electrode to be advanced 0.025 in. per 
revolution. The electrodes having thickness of 0.1 -+- 
0.01 cm were then machined off by use of a mil l ing 
machine in the direction parallel  to the electrode 
surface. This sectioning operation usual ly resulted in 
5-10 sections. The machined chips per each section 
were collected and analyzed to determine the amount  
of zinc and zinc oxide. 

The s tandard technique for analyzing zinc and 
zinc oxide with EDTA t i t rat ion has been described 
in detail by Welcher (20). The sectioned chips were 
dissolved in 1M NH4C1-NH~OH buffer solution for 
5 min. Previous studies (14, 21) have shown that this 
solution dissolves ZnO completely but  attacks zinc 
negligibly during this period. The solution was vacuum 
filtered, adjusted to pH ~ 10 with 1M NH~C1-NH~OH, 
and t i trated with 0.1M (or 0.01M) disodium EDTA 
to determine the amount  of ZnO. The weight of ZnO 
equivalent  to 1 m] of 0.1M disodium EDTA was 8.14 
rag. Following the analysis of the ZnO content, the 
filtered zinc powder was dissolved in a 10M HC1 
solution for several hours. The solution was adjusted 
to pH ~ 10 and then t i t rated with 0.1M (and 0.01M) 
disodium EDTA. The amount  of zinc equivalent  to 
1 ml of 0.1M disodium EDTA was 6.533 rag. 

In  order to quant i fy  the error caused by the dis- 
solution of zinc, samples of amalgamated zinc powder 
were vigorously stirred in 1M NH4C1-NH~OH solu- 
tion for 5 min  and vacuum filtered for 1 or 2 min. 
It  was observed that the filtered solution contained 
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approximately  4 w/o of the ini t ial  zinc as shown in  
Fig. 2. When corrections for the amount  of dissolved 
zinc dur ing selective dissolution of ZnO from a Zn-  
ZnO mixture  were accounted for, t i t rat ion errors re- 
mained wi th in  1%. 

Result 
The reaction distributions, observed with two dif- 

ferent  current  densities of 50 and 20 m A / c m  2 and 
two different porosities of 0.33 and 0.6, are shown 
in  Fig. 3 to 7 in terms of the volume fractions of 
zinc and ZnO. In these experiments,  a dynel  cloth 
was placed between the test electrode surface and 
the membrane.  This a r rangement  is designated by 
"ZDM configuration." The total capacity of the low 
porosity electrode is 23.6 A-min  corresponding to a 
discharge for 471 min  with 50 mA/cm 2 and that of 
the high porosity electrode is 14.05 A-rain. These 
capacities are referred to as "100% depth of discharge" 
or as "100% util ization" throughout  this paper. 

Some of the measured profiles were compared with 
the profiles predicted from the mathematical  model 
of Sunu and Bennion (9). The data used for numerica l  
calculations were as follows: the init ial  specific sur-  
face area, ao -- 300 cm2/cm3; init ial  KOH concentra-  
tion, c8o = 10M; ini t ial  porosity, Co = 0.33 for the 
low porosity electrode and eo -- 0.6 for the high 
porosity electrode; ini t ial  volume fractions of ZnO 
and iner t  conducting materials,  (~zno)o -- 0 a n d  
(ei)o -- 0; exchange current  density, io ~ = O.1 A/cm 2 
[ taken from Ref. (22)];  tortuosity factor, t -- 0.5; 
the t ransference number  and the mass t ransfer  co- 
efficient of hydroxide ion across two layers of RAI 
P2291 membrane,  (t3)m -- 0.5 and (LBs)m = 1.5 X 
10 -5 cm/sec [from Ref. (23)]. See Ref. (9) for other 
parameters.  

All  the parameters  used were taken either from 
the l i tera ture  data or from theoretical considerations. 
One exception is the effective conductivi ty of the 
pore solution which was taken as 12-27% of the con- 
ductivi ty of the free electrolytic solution. This choice 
may  not be unreasonable  considering the observations 
of Simonsson (24) and Romanova and Selitsky (25). 
They observed an effective conductivity which was 
one- ten th  of the conductivi ty of the free solution. 
They a t t r ibuted this large reduct ion in conductivi ty 
to the gas contained in the pores. 

Figure  3 shows the volume fractions of zinc a n d  
ZnO of a low porosity electrode (ZDM configuration) 
which has been discharged to 8% depth at 50 mA / c m 2. 
The predicted profiles are shown as the smooth curves. 
The reaction profiles are highly nonuni form result ing 
in a very th in  reaction zone. Discharge failure oc- 
curred at 8% depth in this exper iment  as well as in 
the theoretical calculation. The reaction profiles ob- 
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Fig. 3. Profiles of Zn and ZnO for the low porosity electrode 
discharged to 8% depth at 50 mA/cm 2. Q and �9 measured pro- 
files for Zn; histograms, measured profiles for ZnO; smooth curves, 
predicted profiles for Zn and ZnO. 

tained with a low current  density of 20 m A / c m  2 are 
shown in Fig. 4. Even for the 20 m A / c m  2 discharge, 
a thin reaction zone is still observed and only one- 
fifth of the electrode is effectively util ized prior to 
discharge failure. After  23% depth of discharge (271 
min) ,  all the zinc at the electrode face is used up 
and reaches the condition for pore plugging. Dis- 
charge failure occurred at 22% depth in the theo- 
retical calculation but  near  32% depth in our experi-  
ments. This deviation was due to the cracking or 
swelling of the real electrode which opened the pore 
structure and allowed fur ther  discharge to 32% depth 
of discharge. The original theoretical model did not 
allow for swelling and cracking. This effect wil l  be 
described in detail with the discussion of Fig. 9. 
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Fig. 4. Profiles of Zn (circles and hexagons) and ZnO (histo- 
grams) for the low porosity electrode discharged at 20 mA/cm 2. 
G and histogram A, measured profiles after 10% depth; �9 and 
histogram B, measured profiles after 23% depth; smooth curves, 
predicted profiles after 10% and 23% depths of discharge. 
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The zinc and ZnO profiles for the high porosity 
electrode discharged to 10% depth at 50 mA/c m 2 are 
shown in  Fig. 5. Fur ther  discharge to 21% depth (1 
hr  discharge) resulted in the profiles of Fig. 6. Two 
sets of data as well  as the predictions are presented. 
Generally,  the observed profiles, in particular,  of 
the zinc showed good agreement  with the predictions. 
For  the high porosity electrode, ohmic loss as well  
as concentrat ion overpotentials through the solution 
are smaller  than those for the low porosity electrode. 
This small  solution resistance shifts the reaction pro- 
file toward the backing plate to produce a more 
uni form profile. Evident ly  the porosity of this elec- 
trode is large enough to el iminate the discharge 
failure due to pore plugging, at least in  the short 
c y c l e  range .  
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Fig. 6. Profiles of Zn and ZnO for high porosity electrode dis- 
charged to 21% depth at 50 mA/cm 2. O and O, measured pro- 
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predicted profiles for Zn and ZnO. 
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Fig. 7. Profiles of Zn (top line) and ZnO (bottom line) measured 
for the low porosity electrode after one cycle. At each half-cycle, 
50 mA/cm 2 and 10% depth of initial zinc were applied. 

Profiles shown in Fig. 7 were measured after one 
cycle of a low porosity electrode with an applied 
current  density of 50 mA / c m 2. The total charge passed 
at each half cycle was equivalent  to 10% conversion 
of ini t ial  zinc. Some of the ZnO precipitated on dis- 
charging was not dissolved completely on charging 
but  remained near the face of the electrode. This 
type of Zn movement  on cycling could cause electrode 
failure after many  cycles. 

The potential  data taken dur ing the pre l iminary  
test period were not reproducible. It was found that  
the reproducibil i ty of the data was successfully im-  
proved when the amount  of electrolytic solution ac- 
cessible to the electrode was carefully controlled. 
Consequently, four different cell configurations having 
different amounts of electrolytic solution were used 
in the potential  measurements.  They include a low 
porosity electrode having dynel on top of the mem-  
brane  (designated by L50-ZMD where numer ic  n u m -  
ber  represents the applied current  density in mA/cm2),  
a low porosity electrode having dynel  beneath the 
membrane  (L50-ZDM), a high porosity electrode 
having dynel  beneath the membrane  (HS0-ZDM), and 
a low porosity electrode having dynel  but  without  
a membrane  (L50-ZD). For all the cases, dynel  and 
membrane  refer to the use of one layer of dynel 
cloth and two layers of RAI P2291 membrane,  re-  
spectively. Placing dynel cloth below the membrane  
in  ZDM configuration provides an addit ional  solution 
reservoir  of 0.03-0.04 cm 8, bu t  the dynel  cloth used 
in the ZMD configuration simply serves as a support-  
ing mater ial  to minimize the electrode swelling. 

Figure 8 i l lustrates anodic overpotentials observed 
during discharge of low porosity electrodes at 50 
m A / c m  2. The total capacity corresponding to a com- 
plete conversion of Zn into ZnO is 23.6 A - min  (471 
min  at 50 mA/cm 2) for the low porosity electrode 
and 14.05 A-min  (281 min  at 50 mA / c m 2) for a high 
porosity electrode. The observed capacities were 1.65 
A - m i n  for L50-ZMD, 3.1 A - mi n  for L50-ZDM, and 
3.5 A - m i n  for H50-ZDM. This observation indicates 
that  the discharge fai lure is caused by KOH depletion 
since the capacity is approximately proportional to 
the electrolyte volume contained in the zinc electrode 
compartment.  The theoretical result  shown in Fig. 2 
(curve c) of Ref. (9) is approximately comparable 
to this exper imental  result, the theory showing de- 
pletion of KOH concentrat ion from an ini t ial  8M to 
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Fig. $. Overpotentials at the face of the zinc electrode (x - -  L) 
on discharge at 50 mA/cm% ~ and - - -, measured overpoten- 
rials; � 9  predicted overpotentials for L50-ZMD; e ,  predicted 
overpotentials for LS0-ZDM. L and H represent low porosity and 
high porosity electrodes, respectively, and Z, M, and D represent 
zinc electrode, membrane, and dynel, respectively (figure notation 
1.50-ZDM represents a low porosity zinc electrode having a dynel 
beneath the membrane discharged at 50 mA/cm2). 

2M af te r  10% depth  of discharge.  The theore t ica l  
ca lcula t ion was based on one l aye r  of RAI/P2291 
m e m b r a n e  whi le  the exper imen t  was wi th  two layers  
of membrane .  Thus, the expe r imen ta l  deplet ion of 
KOH was g rea te r  due to h igher  O H -  ion t r anspor t  
res is tance and fa i lure  due to KOH deple t ion  ac tua l ly  
occur red  in  the  exper imen t  bu t  fa i lure  did  not  qui te  
occur in the  theore t ica l  calculat ion repor ted  in Ref. 
(9). Al though not specifically repor ted ,  theoret ica l  
calculat ions predic t  KOH deplet ion and fa i lure  for 
two layers  of m e m b r a n e  under  these opera t ing  con- 
ditions. Discharge of the  L50-ZD cell which has no 
m e m b r a n e  cont inued to 6.85 A- ra in  or  29% ut i l iza t ion 
of the  ini t ia l  zinc. El iminat ing  the membrane  increases  
the  supply  of hydrox ide  ions f rom the countere lec t rode 
compar tmen t  and thus the  uti l ization.  However ,  fu r -  
the r  d ischarge  is expected  to be  l imi ted  due to pore  
p lugging  since discharge to 29% depth  could lead  to 
the  reac t ion  profile which is ve ry  s imi lar  to curve B 
of Fig. 4. The pred ic ted  overpotent ia l s  were  p lot ted  
as whi te  circles for L50-ZMD configurat ion and as 
b lack  circles for  LS0-ZDM configuration. The p re -  
dicted overpotent ia l s  agreed reasonably  wel l  wi th  
observat ions  except  for  those nea r  d ischarge  cutoff. 

F igu re  9 shows the anodic overpotent ia ls  measured  
at  the face of the  zinc test  e lec t rode  dur ing  discharge 
wi th  20 mA/cm~ cur ren t  density.  Those for 50 mA/cm~ 
discharge  are  shown for comparison.  Curve C L20- 
ZDM) and curves  A and B (two sets of da ta  for 
L20-ZMD) correspond to 7.2-8.4 A - m i n  or  31-36% 
uti l ization.  Discharge of the  high poros i ty  e lec t rode  
(H20-ZDM) could continue fur ther ,  beyond 9.6 A- ra in  
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Fig. 9. Overpotentials at the face of the zinc electrode (x = L) 
on discharge at 20 mA/cm% and - - - ,  measured overpoten- 
rials; O and O, predicted everpotentials for L20-ZDM without 
and with correction for swelling, respectively. Explanation of figure 
notation is given in Fig. 8 caption. 

o r  68% uti l ization.  The addi t ion  of a dynel  cloth as 
a solut ion rese rvo i r  of 0.03-0.0,4 cm s (curve C) does 
not  significantly increase  the  cell  capaci ty  compared  
to L20-ZMD cell  (curves  A and B) .  On the o ther  
hand, the  use of a high poros i ty  e lect rode which 
provides  addi t iona l  solut ion of 0.03 cm 8 and add i -  
t ional  space for ZnO prec ip i ta t ion  subs tan t ia l ly  in-  
creases the capacity.  I r r egu l a r  overpoten t ia l  d r o p s  
were  f requen t ly  observed ins tead of continuous in-  
crease, as shown in curve A at  1.25 h r  discharge a n d  
also in o ther  curves as smooth humps.  The swel l ing 
o r  cracking of the e lec t rode  is responsible  for  this  
i r r egu la r  potent ia l  behavior.  Al l  these observat ions  
favor  the pore  p lugging model,  a t t r ibu t ing  the fa i lure  
dur ing  a 20 m A / c m  2 in  low poros i ty  e lectrodes to 
pore  plugging.  

I t  was ment ioned  that  the numer ica l  d ischarge 
calculat ions used in Fig. 4 show fa i lure  at  22% of the  
to ta l  cell  capacity.  The pred ic ted  overpotent ia l s  a re  
p lot ted  as whi te  circles. The pred ic ted  discharge 
fa i lure  occurs ear l ie r  than  the observat ion.  When  nu-  
mer ica l  calculat ions were  modified to include the 
effect of e lect rode swell ing,  the resul t ing  overpoten-  
rials resemble  the observed overpotent ia ls  as shown 
by black circles. The modified numer ica l  p rocedure  
can be descr ibed as follows. The reac t ion  zone of 
the  low poros i ty  e lect rode ( ini t ia l  poros i ty  of 0.33) 
is assumed to re ta in  a constant  poros i ty  of 0.3 due to 
swelling. The increase  of solid volume dur ing  discharge 
is then rega rded  as the expansion of e lect rode th ick-  
ness toward  the reservoi r  of 0.01 cm s be tween  the 
e lec t rode  surface and the dynel .  When  the poros i ty  
of this reservoi r  reaches 0.3, the poros i ty  of the reac-  
t ion zone is a l lowed to decrease fu r the r  by  the p re -  
c ipi ta t ion of ZnO. The resul t  obta ined wi th  this nu-  
mer ica l  p rocedure  agreed  wel l  wi th  the observed 
overpotent ia ls .  

F igure  10 shows the overpotent ia l s  measured  at  
three  different  posit ions and the potent ia l  difference 
be tween  the zinc test  (L50-ZDM) and the zinc counter -  
electrode. The potent ia l  difference of 80 mV be tween  
curves B and C, which is the potent ia l  drop across 
two layers  of RAI  P2291 membrane ,  is comparab le  to 
the ohmic loss of 90 mV calcula ted  f rom the measured  
conduct ivi t ies  (23). The first d ischarge fai led af te r  
67.0 min. When the cell  was a l lowed to rest  for  8 min, 
i t  accepted an addi t ional  d ischarge for 12 rain. In-  
crease in the rest  per iod  leads to a longer  t ime to 
fa i lure  for the  second discharge.  This resul t  is fu r the r  
evidence that  KOH deplet ion is the  fa i lure  mechanism 
under  this condition. 

F igure  11 is the corresponding po ten t i a l - t ime  curves 
dur ing  cont inued charge  wi th  a cur ren t  dens i ty  of 
50 m A / c m <  Dur ing  cont inued charge,  3.9 A - m i n  was 
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Fig. 10. Overpotentials measured at four different positions on 
discharge of LS0-ZDM electrode at 50 mA/cm 2. Curves A, B, and C 
represent the overpotentials measured at the backing plate, at the 
face of the test electrode, and above the membrane, respectively. 
Curve D is the potential difference between the zinc test and the 
zinc counterelectrodes. 
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Fig. 11. Overpotentials measured at four different positions on 
charge of LS0-ZDM electrode at 50 mA/cm 2. Explanation of curves 
A, B, C, and D is given in Fig. 10 caption. The gaps F-C and C-E 
are the overpotentials across the membrane and across the solu- 
tion in the counterelectrode compartment, respectively. 
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Fig. 12. Overpotentials measured at the face of the electrode 
(LS0-ZDM) on charge at 50 mA/cm 2. Explanation of figure nota- 
tion is given in Fig. 8 caption. The previous discharge time prior 
to onset of charge is 39.4 min for L50-ZMD, 69.6 min for LS0- 
ZDM, 84.5 min for HS0-ZDM, and 138.5 min for LS0-ZD. 

recovered,  p r io r  to significant overpoten t ia l  rise, out  
of 3.98 A- ra in  appl ied  dur ing  discharge.  Curves A, 
B, and C are  the overpotent ia l s  measured  at  the  back-  
ing plate,  at  the e lect rode surface, and top of the  
membrane .  Curve D is the  potent ia l  difference be-  
tween  the zinc test  and the zinc counterelectrodes.  
Curve E was d r a w n  based on the solution ohmic loss 
in the  countere lee t rode  compar tment .  The dis tance 
f rom the membrane  to the countere lec t rode  surface 
(1.1 cm) and the  conduct iv i ty  of 10M KOH solut ion 
(0.51 m h o / c m )  (26) resul ts  in the  ohmic loss of about  
110 mV which is the gap C-E. The gap D-E represents  
anodic overpotent ia l s  of the counter  zinc electrode.  

Comparison of Fig. 10 wi th  Fig. 11 provides  useful  
in format ion  on the potent ia l  behavior .  The test  zinc 
e lect rode has 0.07 cm~ of e lect rolyt ic  solut ion and 
poros i ty  of 0.33, whi le  the e lect rodeposi ted  counter  
zinc e lec t rode  contains 1.5 cm~ of solution wi th  poros i ty  
of 0.6-0.8. The anodic overpoten t ia l  of the zinc test  
e lect rode (curve  B of Fig. 10) is much l a rge r  than  
tha t  of the zinc countere lec t rode (gap D-E of Fig. 11). 
This indicates that  the high anodic overpoten t ia l  of 
the  test  zinc e lec t rode  is due to the use of a low 
poros i ty  and a l imi ted  amount  of e lec t ro ly t ic  solution. 

Ano the r  in teres t ing  point  to note is the  potent ia l  
difference be tween  the  electrode surface and the top 
of the membrane ,  namely,  l ine spacings B-C of Fig. 
10 and 11. The gap B-C is the sum of the potent ia l  
drops across the solut ion reservoi r  located be tween  
the e lect rode surface and the dynel,  across the  dynel ,  
and across the  membrane .  The gap B-C of Fig. 11 
rises wi th  t ime and is much l a rge r  compared  to the 
gap B-C of Fig. 10 which is nea r ly  constant  th roughout  
the  operation.  The potent ia l  drop across the membrane  
of 80 mV, i.e., the gap B-C of Fig. 10 is used to p ro-  
duce the gap C-F  of Fig. 11. The significant increase 
of the  potent ia l  gap B-F,  potent ia l  drops across the  
dynel  and the solut ion reservoir ,  wi th  t ime indicates 
tha t  zinc deposi t ion react ion takes  place  above  the 
e lect rode surface and grows through the dyne l  t oward  
the addi t ional  source for zincate ions. 

The overpotent ia ls  dur ing  charge of zinc test  e lec-  
t rodes fol lowing discharge of the electrodes shown 
in Fig. 8 a re  p lo t ted  in Fig. 12. The overpotent ia ls  
were  measured  wi th  an Hg/HgO reference  e lect rode 
connected to the work ing  zinc electrode surface by  a 
cap i l l a ry  filled wi th  40% KOH in water .  Observed 
fa i lure  t imes were  37, 78. and 112 rain for the L50- 
ZMD, LS0-ZDM, and H50-ZDM electrodes,  respect ively.  
Most of the charge w i t h d r a w n  dur ing  d ischarging 
is rep laced  dur ing  charging pr ior  to significant over -  
po ten t ia l  rise. For  the cell wi thout  a membrane  
(curve  D),  ve ry  smal l  cathodic overpotent ia ls  were  
observed.  This resul t  is fu r the r  evidence tha t  rea l  
cell  overpo ten t ia l  losses can, to a considerable  extent ,  
be t raced  to mass t rans fe r  l imi t ing processes across 

the membrane .  Wi thou t  the semipermeab le  membrane ,  
zinc deposits  pene t ra t ed  the  dynel  cloth and cont inued 
to grow toward  the counterelectrode.  Because of the 
la rge  e lect rode separa t ion  in the tes t  cell, no fa i lure  
was observed.  However ,  dendr i t ic  g rowth  of the type  
observed  would have caused a shor t  c ircui t  in a 
prac t ica l  ba t t e ry  cell. For  test  cells wi th  a semiperme-  
able  membrane  in the ZDM configuration, pos topera-  
t ion examina t ion  showed dendr i te  g rowth  into the  
dynel  s topping at  the  membrane  surface. 

Discussion 
The presen t  expe r imen ta l  da ta  disclose three  dis-  

charge fa i lure  modes: deple t ion  of electrolyte ,  pore  
plugging,  and passivation.  The l imit ing process occur-  
r ing dur ing  discharge,  i.e., the  deple t ion  of O H -  ion 
at  the  dissolving zinc surfaces, is r e fe r red  to as e lec-  
t ro ly te  deple t ion  if i t  is caused by  the insufficient 
e lec t ro ly te  content  p rovided  f rom the zinc e lect rode 
compar tment ,  or as pore plugging if diffusion across 
the outer  l ayer  of the e lectrode is the  governing 
process, or  as pass ivat ion if diffusion across the l aye r  
of the ZnO film prec ip i t a ted  over  ind iv idua l  zinc 
crystals  l imits  the discharge.  

Depletion of eIectrolytes.--During discharge the  zinc 
e lect rode consumes hydrox ide  ions and produces  water .  
Deplet ion of hydrox ide  ions becomes serious for sealed 
or t ight  packed  cells having membranes ,  which are  
designed to minimize  fa i lure  due to zinc dendr i t e  
pene t ra t ion  and shape change. Tight  packing  decreases 
the volume of e lec t ro ly t ic  solution reservoi r  and gen-  
e ra l ly  membranes  used to p reven t  zinc dendr i te  fo rm-  
at ion also l imi t  the mass t ransfe r  of hydrox ide  ions 
be tween  two electrode compar tments .  A res t r ic ted  
amount  of e lect rolyt ic  solut ion a n d / o r  l imi ted  flux 
of hydrox ide  ions across the membrane  can lead  to 
a s i tuat ion in which the zinc e lect rode fails  on dis-  
charge ear l ie r  than  if a la rge  amount  of e lec t ro ly te  
is avai lable .  

Fa i lu re  observed dur ing  discharge of the  zinc e lec-  
t rode having two layers  of RAI  P2291 membrane  wi th  
a cur ren t  dens i ty  of 50 m A / c m  a was a t t r ibu ted  to 
the  deple t ion  of hydrox ide  ions (see curves A, B, and 
C in Fig. 8). Deplet ion of e lec t ro ly te  s t rongly  depends  
on the type  of the membrane ,  volume of a solut ion 
reservoir ,  and the poros i ty  of the electrode.  If  i t  is 
assumed that  a l l  the zincate ions produced by  zinc 
dissolution are  conver ted  into ZnO and tha t  O H -  con- 
cent ra t ion  inside the e lect rode is comple te ly  mixed,  
then the var ia t ion  of KOH concentrat ion wi th  t ime 
can be  approx ima ted  by  the fol lowing equat ion 

V Oee8 [ t3ra i]  I 
A 0 ~ - -  (LBB)m(c3~ C8) - F F 

The solut ion is 
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where  V is the volume of the e lec t ro ly t ic  solut ion 
contained in the  zinc e lec t rode  compar tment ,  A is 
t h e  cross-sect ional  a rea  of the electrode,  I is the 
superficial  cu r ren t  density,  c8 is the  average  (mixed)  
concentra t ion  of the  hydrox ide  ion, ca o is the  ini t ia l  
hyd rox ide  concentrat ion,  and  (LBB)m and ( t s )  m a r e  
t h e  mass t ransfe r  coefficient of KOH and t ransference  
number  of O H -  ions across the membrane ,  respec-  
t ively.  The charac ter i s t ic  t ime ~(=c3oFV/I /A)  is de -  
fined by  the per iod  requ i red  for  complete  consump-  
t ion of hyd rox ide  ions when the bounda ry  is insula ted  
wi th  respect  to O H -  flux. For  the  cell configuration 
LS0-ZMD (V : 0.033 cm ~, c8 o : 0.01 mo le / cm 3, and  
I --  0.05 A/cm2) ,  the character is t ic  t ime T is 637 sec 
and is equiva len t  to only 2.3% conversion of the 
ini t ia l  zinc into ZnO. This number  is surpr i s ing ly  
small .  The dimensionless  p a r a m e t e r  M (c~oF (LBB) m/I) 
corrects  for  the flux of hyd rox ide  ions across the 
membrane .  

I f  the  above equat ion is app l ied  to the  p resen t  
t e s t  cells using the t r anspor t  pa rame te r s  r epor ted  b y  
Sinha and Bennion (23), i.e., (LBB)m : 1.5 • 10 -5 
cm/sec  and (t3)m = 0.5, the  rat io  c8/c3 o becomes zero 
a f te r  31.7 rain for  the  L50-ZMD electrode (V --  0.033 
cm 3) and af te r  65.4 min  for the  LS0-ZDM electrode 
(9" = 0.068 cm~), which are  comparab le  to the exper i -  
men ta l  observat ions  shown in Fig. 8 (curves A and 
B).  The twofold increase  in the  amount  of KOH con- 
ta ined  in the zinc e lec t rode  doubles  the  e lec t ro ly te -  
l imi ted  d ischarge  capacity.  On the o ther  hand, wi th  
20 m A / c m  2, the  ca lcula ted  KOH concentrat ion inside 
the low poros i ty  e lect rode remains  3.1M at infinite 
t ime of operat ion.  Discharge could continue unt i l  
the  decreased pore  size near  the e lect rode surface 
l imi t  the  diffusion of O H -  ions into the  in te r io r  of 
the porous electrode.  ConsequentIy,  the observed re -  
sults of Fig. 8 and 9 lead to a conclusion that  at  high 
ra te  (50 mA/cm2) ,  deple t ion  of hydrox ide  ions causes 
t h e  zinc e lect rode to fai l  p r io r  to pore  plugging,  whi le  
discharge at  a low ra te  of 20 m A / c m  2 continues unt i l  
pore  p lugging  causes a discharge fai lure.  

Pore  plugging.--Discharge of most  ba t t e ry  p la tes  
is accompanied  by  changes in the  pore  size because of 
t h e  difference in the  molar  volumes of solid reac tants  
and solid products .  Since the mola r  volume of ZnO 
(14.51 craB/mole) is l a rge r  than  tha t  of zinc (9.15 
craB/mole), the  conversion of zinc into ZnO on dis-  
charge  decreases the  ~pore size near  e i ther  side of the 
e lec t rode  surfaces. A nonuni form cur ren t  d is t r ibut ion  
wil l  accentuate  this p rob lem at the  pore mouth. This 
phenomenon has been given some a t tent ion  by  Gid -  
aspow and Baker  (27) who emphasized poros i ty  
changes and pore  plugging as a mechanism of discharge 
fai lure.  

I f  a l l  the  zincate  ions resul t ing  f rom zinc dissolu-  
t ion prec ip i ta te  as ZnO, the  zinc e lect rode having  a 
r e l a t ive ly  low poros i ty  of less than  0.4 can be easi ly  
b locked by  the prec ip i ta t ion  of ZnO. Fa i lu re  due to 
pore  p lugging  is expected  to occur a f te r  20% depth  
of discharge if  pene t ra t ion  dep th  is assumed to be 
one-fif th of the  e lect rode thickness. The pore  p lugging 
was confirmed both by  exper imen ta l  and theore t ica l  
reac t ion  profiles shown in Fig. 4. The d iscrepancy 
be tween  the  observed and ca lcula ted  overpotent iaIs  
was in te rp re ted  by  the effect of the e lect rode swel l ing 
or  cracking.  The test  e lec t rode  used in our  s tudy was 
suppor ted  by  Plexig las  except  for  the  front  surface, 
which had  dyne l  cloth as a suppor t ing  mater ia l .  There-  
fore, the  stress ar is ing e i ther  f rom the increase  in 

solid volume or  f rom the gas evolut ion caused swel l -  
ing and cracking of the  f ronta l  surface which  could 
increase  the t ime requ i red  for  pore  plugging.  Wi th  a 
correct ion for the  e lect rode swell ing,  numer ica l  ove r -  
potent ia ls  agreed  ve ry  wel l  wi th  the expe r imen ta l  
overpotent ia ls .  

Complete  pore  p lugging  lead ing  to zero poros i ty  
is not necessary  to cause fai lure.  The e lec t rode  face 
having pore  size smal le r  than  a cer ta in  cri t ical  va lue  
can l imi t  s ignif icantly the supp ly  of hyd rox ide  ions 
into the  in ter ior  of the porous electrode,  resu l t ing  
in deple t ion  of hydrox ide  ions and then  passivation.  
Simonsson (24, 28) has proposed  this process, namely,  
b locking of the  outer  l aye r  of the  e lect rode by  a dis-  
charge produc t  fol lowed by  acid deple t ion  in the  inner  
par t  of the electrode,  as a fa i lure  mechanism dur ing  
high ra te  discharge of the  porous PbOe posi t ive  elec-  
t rode in a l ead -ac id  ba t te ry .  

Passivation.--A number  of workers  (1-4, 29-35) 
have  s tudied  pass ivat ion  behavior  of the  p l ana r  zinc 
e lect rode in a lka l ine  solution. I t  is genera l ly  agreed  
that  two mechanisms exis t  for  the  format ion  of the  
passive film; (a) direct  fo rmat ion  on the electrode 
surface th rough  a solid s ta te  reaction, and (b) in-  
d i rec t  format ion  f rom a supe r sa tu ra t ed  zincate solu-  
t ion th rough  a prec ip i ta t ion  reaction. The two reac-  
t ion mechanisms can be wr i t t en  as [e.g., (35)] 

Zn(OH)2--> ZnO + H20 [a] 

Zn(OH)4 = --> ZnO + H20 + 2 O H -  [b] 

Powers  et al. (30, 33) and  Hul l  et al. (34) have  shown 
that  a whi te  porous film of ZnO ( type  I) forms b y  
prec ip i ta t ion  f rom a supe r sa tu ra t ed  solut ion before  
pass ivat ion  occurs, whi le  a coherent  compact  film of 
ZnO ( type  II)  wi th  color va ry ing  f rom l ight  g ray  
to black,  which is responsible  for passivation,  appears  
d i rec t ly  on the surface benea th  the type  I film. 

T~e pass ivat ion  effect inc luded in our ma themat i ca l  
model  was the surface coverage of zinc surface by  the 
prec ip i ta t ion  of ZnO (blockage of the  second k ind)  
which  corresponds to type  I film. Our  model  did  not  
include the pass ivat ion caused by  type  1I film. There -  
fore, p red ic ted  overpotent ia l s  increased g radua l ly  unt i l  
KOH solut ion in the pores  decreased to zero (see 
circles in Fig. 8 and 9). These po ten t i a l - t ime  curves 
are  s imi lar  in shape to those discussed by  Elsdale  
et al. (36) and Coates et al. (37) who observed  a 
gradua l  decrease  in potent ia ls  in the v ic in i ty  of pas -  
sivation. On the other  hand, an ab rup t  increase  in 
overpoten t ia l s  was observed near  the cutoff of dis-  
charge  of the  presen t  cells which had l imi ted  amount  
of e lect rolytes  (see Fig. 8 and 9). This is bel ieved 
due to the format ion  of a type  II  pass ivat ing  film 
which was confirmed v isua l ly  by  the g ray  color of 
the fu l ly  discharged,  wet  electrodes.  The type  I I  fi lm 
of ZnO is expected  to form if the zinc surface is 
severe ly  deple ted  of hyd rox ide  ion or  if  the rat io  of 
zincate to O H -  ion concentra t ion exceeds a cer ta in  
cr i t ical  value.  Deplet ion of hydrox ide  ions at  the 
act ive zinc surface would  resul t  in a decrease in solu-  
b i l i ty  of ZnO, a r ap id  increase  in the ra te  of ZnO 
prec ip i ta t ion  or  so l id-s ta te  reaction,  and  even tua l ly  
a rap id  r ise in overpotent ia ls .  

The exact  detai ls  of how and when  the dense, b lock-  
ing type  II  film forms seem unknown.  However,  the  
fol lowing hypothesis  is proposed to expla in  p resen t ly  
known behavior .  Whenever  the O H -  ion surface con- 
cent ra t ion  drops be low some cr i t ical  value,  Zn(OH)2 
precip i ta tes  and then converts  to ZnO forming the 
dense type  II  deposi t  via mechanism [a]. Such an 
event  would  occur at  high local t ransfer  cur ren t  ra tes  
or whenever  O H -  ion deple t ion  occurs genera l ly  in 
the  e lect rode pores. When  O H -  concentra t ion is high, 
a light,  porous ZnO prec ip i ta te  forms f rom supersa tu-  
r a t ed  zincate solut ions via mechanism [b]. When  t h e  
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porous type  I film formed by  mechanism [b] gets 
th ick  enough a n d / o r  local t ransfe r  cur ren t  high 
enough, the O H -  ion surface concentrat ions at  the 
bo t tom of the ZnO pores drops and type  II  film will  
form s topping fu r the r  reaction. This type  II  film 
appa ren t l y  redissolves much s lower  than  type  I films 
and can possibly  be a cause of pe rmanen t  fa i lure  of 
an electrode. I t  m a y  be impor tan t  to develop ways  
of p revent ing  type  II  ZnO films. 

Charge f a i lu re .mDur ing  charge,  z incate  becomes un-  
sa tu ra ted  and the l imi t ing species is the zincate ion. 
Deple t ion  of zincate  ions could occur in  two ways;  
s low dissolut ion of ZnO and the res t r ic ted  diffusion 
of zincate. These two l imit ing factors were  not  ob-  
served  in our  exper iments .  Most of the coulombic 
charge  appl ied  dur ing  discharge was effect ively re -  
covered on charge wi thout  causing significant over -  
potent ia l  rise. This suggests tha t  d ischarge  products  
in any  fo rm of zincate, ZnO, or  Zn(OH)2  can be con- 
ve r ted  into zinc wi thout  difficulty. The ZnO ment ioned 
here  does not include the reagent  ZnO powder  which 
has been used in the fabr ica t ion  of commercia l  zinc 
electrodes.  Previous  studies (38, 39) have shown tha t  
the dissolution of ZnO is a slow process. S low dissolu-  
t ion of ZnO and the deple t ion  of zincate ions could 
p l ay  an  impor t an t  role  in l imi t ing  the in i t ia l  low 
charge  acceptance dur ing  format ion  of the  zinc elec-  
t rodes made  of ZnO powder .  

Dur ing  charge  of the L50-ZD electrode which had 
no membrane  separator ,  ve ry  smal l  cathodic over -  
potent ia ls  were  observed unt i l  no zincate ions were  
ava i l ab le  f rom the countere lec t rode  compar tment .  
Zinc deposits  pene t ra ted  the dynel  cloth and con- 
t inued to g row toward  the countere lec t rode  compar t -  
men t  at  a fa i r ly  constant  overpotent ia l .  In  one exper i -  
ment,  charge was a l lowed to proceed unt i l  fai lure,  
but  addi t ion of drops of fresh e lect rolyt ic  solut ion to 
the countere lec t rode  compar tmen t  res tored  the or iginal  
performance.  Dendr i te  g rowth  of this type  wil l  short  
out  an ac tual  cell  whenever  the  membrane  is b r idged  
dur ing  cycling. 

Summary 
Dist r ibut ion  of zinc and ZnO and e lec t rode  over -  

potent ia ls  were  measured  dur ing  galvanosta t ic  dis-  
charge  in a 40 w/o  KOH solution sa tu ra ted  wi th  ZnO 
and compared  with  the  theore t ica l  predict ions.  The 
zinc e lect rode behaviors  observed on discharge were  
in t e rp re t ed  using proposed discharge fa i lure  modes:  
deple t ion  of electrolyte ,  pore plugging,  and pass iva-  
tion. Results  wi th  two cur ren t  densit ies of 20 and 
50 m A / c m  2 and two porosit ies of 0.33 and 0.60 were  
discussed. 

Both observed and predic ted  reac t ion  profiles were  
h igh ly  nonuniform, resul t ing  in a ve ry  thin react ion 
zone Iocated nea r  the  face of the electrode. The reac -  
t ion zone which effectively par t ic ipa tes  in the discharge 
react ion pr io r  to fa i lure  was equiva lent  to about  20% 
of the 1.0 m m  electrode thickness.  The remain ing  
zinc meta l  served s imply  as an iner t  ma t r ix  and did 
not  contr ibute  to the cell capacity.  

Dur ing  discharge at  50 m A / c m  2 for both  low poros i ty  
and h igh  poros i ty  electrodes,  the ut i l iza t ion of zinc 
was severe ly  l imi ted  by  the deplet ion of e lect rolytes  
wi th in  the zinc e lect rode compar tment .  The ut i l iza t ion 
depends  s t rongly  on the appl ied  cur ren t  density,  in-  
i t ia l  porosity,  the amount  of e lec t ro ly t ic  solution, and 
the type  of membrane .  At  a low cur ren t  dens i ty  of 
20 m A / c m  2, the ut i l iza t ion of zinc was much h igher  
than  tha t  observed  with  50 mA/cm~ and the dis-  
charge  cont inued unt i l  the decrease in pore size in 
the  react ion zone p layed  an impor tan t  role in l imi t ing 
fu r the r  discharge capacity.  The h ighly  nonuni form 
react ion d is t r ibut ion  accentuates  the phenomenon of 
pore  plugging at  the  pore  mouth. Low cur ren t  d is-  
charge  of the  high poros i ty  electrode,  in which the 
poss ib i l i ty  of pore  p lugging was e l iminated,  cont inued 

to more  than  50% uti l ization.  Blockage of the zinc 
surface by  the prec ip i ta ted  ZnO (or passivat ion)  also 
could occur beyond this region. 

The present  cell showed much lower  overpoten t ia l s  
dur ing  charge  compared  to those on discharge.  Most  
of the coulombic charge appl ied  dur ing  discharge was 
effect ively recovered on charging.  The reac t ion  p ro -  
file measured  af te r  one cycle shows tha t  some of the  
zinc oxide which prec ip i ta ted  on discharge did  not  
dissolve comple te ly  on charging but  remained  near  
the e lect rode surface. This accumula t ion  af te r  many  
cycles could decrease  the  pore  size, a t  least  locally,  
and deple te  e lect rolytes  in the in ter ior  of the electrode.  
I t  also could reduce the act ive zinc surface area,  p ro -  
mot ing  high act ivat ion overpoten t ia l  and the chance 
for an ear l ie r  passivation.  S imi la r  adverse  effects a re  
expected wi th  the gas t r apped  in the pores. F u r t h e r  
work  is necessary to confirm this type  of r ed i s t r ibu-  
t ion of zinc species on cycling. 

The resul t  of this work  can be appl ied  to the  design 
of indus t r ia l  zinc electrodes to improve  thei r  pe r fo rm-  
ance and cycle life. I t  also points out  areas  where  
fu r the r  research should be emphasized to gain cycle 
l ife improvements .  

Acknowledgments 
The authors  acknowledge  financial suppor t  of  this  

pro jec t  by  the U.S. A i r  Force  Sys tems Command under  
Contract  NO. F44620-76-C-0098 and by  the Univers i ty  
of California,  Los Angeles.  

Manuscr ip t  submi t ted  Nov. 26, 1979; rev ised  manu-  
scr ipt  received Feb.  15, 1980. This was Pape r  45 p re -  
sented at  the  At lanta ,  Georgia,  Meet ing of the Society,  
Oct. 9-14, 1977. 

Any  discussion of this paper  wil l  appear  in a Dis-  
cussion Sect ion to be publ ished in the  June  1981 
JOURNAL. Al l  discussions for the June  1981 Discussion 
Sect ion should be submi t ted  by  Feb. 1, 1981. 

Publication costs of this article were assisted by 
the U.S. Government. 

REFERENCES 
1. N. A. Hampson, M. J. Tarbox,  J. T. Lil ley,  and  

J. P. G. ]~arr, Electrochem. Technol., 2, 309 
(1964). 

2. N. A. Hampson and M. J. Tarbox,  This Journal, 
110, 95 (1963). 

3. M. Eisenberg,  H. F. Bauman,  and D. M. Bret tner ,  
ibid., 108, 909 (1961). 

4. N. A. Hampson,  P. E. Shaw, and R. Taylor ,  Br. 
Corr. J., 4, 207 (1969). 

5. H. J. S. Sand, Philos. Mag., 1, 45 (1901). 
6. F. P ryzby la  and F. J. Kel ley,  in "Six th  In t e rna -  

t ional  Power  Source Symposium,"  p. 373, Br igh-  
ton, Sussex, Pe rgamon  Press, Elmsford,  N.Y. 
(1969). 

7. D. H. Morre l  and D. W. Smith,  in "Fi f th  In t e rna -  
t ional  Power  Source Symposium,"  p. 207, Br igh-  
ton, Sussex, Pe rgamon  Press,  Elmsford,  N.Y. 
(1967). 

8. M. Shaw and A. H. Remanick,  in "Zinc-Si lver  
Oxide Bat ter ies ,"  A. F le ischer  and J. J. Lander ,  
Editors,  p. 233, John Wi ley  & Sons, Inc., New 
York  (1971). 

9. W. G. Sunu and D. N. Bennion, This Journal, 127, 
2007 (1980). 

J. A. Keral la ,  in "Zinc-S i lver  Oxide Batter ies ,"  A. 
F le ischer  and J. J. Lander ,  Editors, p. 183, John 
Wiley  & Sons, Inc., New York (1971). 

R. J. Brodd, Electrochim. Acta, 11, 1107 (1966). 
J. J. Coleman, This Journal, 98, 26 (1951). 
E. C. Gagnon and L. G. Austin,  ibid., 118, 497 

(1971). 
Z. Nagy  and J. O'M. Bockris, ibid., 119, 1129 (1972). 
P. Bro and H. Y. Kang,  ibid., 118, 519 (1971). 
R. C. Alkire ,  Ph.D. Dissertation,  Univers i ty  of 

California,  Berke ley  (1968). 
A. Brenner,  "Electrodeposi t ion of Alloys,"  Vol. 1, 

p. 295, Academic  Press, London, (1963). 
R. K. Flat t ,  R. W. Wood, and P. A. Brook, J. Appl. 

Electrochem., 1, 35 (1971). 

10. 

11. 
12. 
13. 

14. 
15. 
16. 

17. 

18. 



Vol. 127, No. 9 POROUS ZINC ELECTRODE 2025 

19. S. U. Falk  and A. J. Salkind, "Alkaline Storage 
Batteries," p. 532, John Wiley & Sons, Inc., New 
York (1969). 

20. F. J. Welcher, "The Analyt ical  Uses of EDTA," 
p. 149, Van Nostrand, Princeton, N.J. (1958). 

21. N. Marincic and P. Bro, Paper  368 presented at 
The Electrochemical Society Meeting, Montreal, 
Canada, Oct. 6-11, 1968. 

22. J. O'M. Bockris, Z. Nagy, and A. Damjanovic,  This 
Journal, 119, 285 (1972). 

23. M. Sinha and D. N. Bennion, ibid., 125, 556 (1978). 
24. D. Simonsson, ibid., 129, 151 (1973). 
25. I. L. Romanova and I. A. Selitsky, Elektrokhimiya, 

6, 1776 (1970). 
26. D. N. Bennion, Ph.D. Dissertation, Univers i ty  of 

California, Berkeley, Table A (1964). 
27. D. Gidaspow and B. S. Baker, This Journal, 120, 

1005 (1973). 
28. D. Simonsson, J. Appl. Electrochem., 3, 261 (1973). 
29. F. Jolas, Electrochim. Acta., 13, 2207 (1968). 

30. R. W. Powers and M. W. Breiter, This Journal, 
116, 719 (1969). 

31. R. D. Armstrong and G. M. Bullman,  J. Electro- 
anal. Chem. Interracial Electrochem., 25, 121 
(1970). 

32. M. W. Breiter, Electrochim. Acta, 16, 1169 (1971). 
33. R. W. Powers, This Journal, 117, 192 (1970). 
84. M. N. Hull, J. E. Ellison, and J. E. Toni, ibid., 118, 

685 (1971). 
35. N. A. Hampson, in  "Zinc-Silver  Oxide Batteries," 

A. Fleischer and J. J. Lander,  Editors, p. 51, 
John Wiley & Sons, Inc., New York (1971). 

36. R. N. Elsdale, N. A. Hampson, P. C. Jones, and 
N. A. Strachan, J. Appl. EIectrochem., 1, 213 
(1971). 

37. G. Coates, N. A. Hampson, A. Marshal, and D. F. 
Porter, ibid., 4, 75 (1974). 

38. T. P. Dirkse, L. A. Vander  Lugt, and N. A. Hamp-  
son, This Journal, 118, 1606 (1971). 

39. D. D. Justice and R. M. Hurd, ibid., 118, 1417 (1971). 

Technica  

Hazard Investigations of LiClO /Dioxolane Electrolyte 
G. H. Newman,* R. W. Francis, L. H. Gaines,* and B. M. L. Rao* 

Exxon Research and Engineering Company, Linden, New Jersey 07036 

During extensive mult icycle testing of the recharge- 
able Li/TiS2 system (1-3), using a L iC iOjd ioxo lane  
electrolyte, a hazard problem was encountered. A cell 
which had been cycling overnight  on automatic equip- 
ment,  at constant  current,  between preset voltage 
limits, was found destroyed. The cell had been charred 
and the glass container was shattered. An explosion was 
presumed to have occurred. This event  resulted in the 
immediate  ini t ia t ion of . an invest igat ion of the possi- 
bil i ty of the existence of an inheren t  explosion hazard 
in  the use of the LiCIO4/dioxolane electrolyte. This 
paper  reports the results of the investigation. 

Experimental 
The electrolyte safety investigation was carried out 

in  two parts: (i) an "in-house" electrochemical cell 
abuse test program, and (ii) a hazard evaluat ion pro- 
gram carried out, under  contract, by Hazards Research 
Corporation, of Denville, New Jersey 

Electrochemical cell-abuse tests.--The "in-house" 
program was restricted to cel l-abuse tests. The abuse 
tolerance of cells dur ing  overcharge and overdischarge 
(cell reversal)  conditions of the Li/TiS2 cells contain-  
ing 2.5M LiC104/dioxolane electrolyte were studied. 
A control test was also run  with an electrolyte con- 
sisting of LiPFs dissolved in  dioxolane. 

The test cells were constructed with 1 • 1 in. l i th-  
ium and TiS2 electrodes in a parallel  plate configura- 
tion (Li ~ 600 mA-hr ,  TiS2 ~ 200 mA-hr ,  Celgard| 
and 304 stainless steel grids), and placed in a poly- 
ethylene bag. The cell assembly was mounted  in a 
hermetical ly  sealable glass container  with glass to 
metal  electrical through-puts .  All  cells contained 2-3 
ml of electrolyte and were assembled in  a dry room 
with ~1.5% RH. 

Hazards Research Corporation tests.--Two types of 
tests were performed on solutions of LiC104/dioxolane 

�9 Electrochemical Society Active Member. 
Key words: electrolyte, organic, battery, energy storage. 

and LiPF6/dioxolane supplied by us and identical to 
the solutions tested by us in electrochemical cel l-abuse 
tests. The tests were: 

Impact tests.--A s tandard JANAF test was performed, 
wherein a known weight (2 kg) is dropped from var i -  
ous preset heights onto a carefully designed cup con- 
ta ining the electrolyte. A loud report  (puncture of a 
re ta ining steel d iaphragm),  flame, or other evidence of 

PRESSURE TRANSDUCER 

THERMOCOUPLE __ [ ~ [ ~  ~ 
ISC 

__ ~ . . .~  SAMPLE CONTAINER 

Fig. 1. Thermal stability apparatus 
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Table I. 

September  1980 

Current Final  
Cell  No. Sa l t  Mode  ( m A / e m  2) T i m e  vol tage  Remarks  

8 LiC10~ O.D. 150 ~ 1 0  ra in  - 9  Detonated  
7 LiPF6 O.D. 150 ~ 5  ra in  --40 No fire,  p e a k  t e m p .  135~ e l e c t r o l y t e  ge l l ed  

11 LiC104 O.D. 150 ~ 5  ra in  -- 4 Detonated  
10 LiPF6 O.C. 150 15 m i n  + 40 No f ire  
12 LiC104 O.C. 150 10 m i n  + 40 No f i re  
9 LiC104 O.C. 150 30 m i n  + 40 No f ire  

43 LiPF6 O.C. 150 30 m i n  + 40 No fire,  peak temp. 12O'~ 
44 LiPF6 O.D. 150 ~ 0  Cell  s h o r t e d ;  no  fire 
46 LiC104 O.D. 15 - 6  h r  - 2 4 V  Detonated,  overnight  stand at 53/4 hr  
48 LiC104 O.D. 15 5V2 h r  - 1.5V Detonated  
32 LiC10~ O.D. 7.5 5'/2 h r  - -9V D e t o n a t e d ,  t r i g g e r e d  b y  75 m A / c m  -~ pulse 
33 LiC104 O.D. lS 5 h r  - 7V Detonated 
35 LiC104 O.D. 7.5 9 h r  - 3 5 V  Detonated 

combustion, are considered a positive test. Tests are 
performed up to 36 in., at which point  hydrodynamic 
shock is sufficient to yield a positive test with water. 

Isothermal decomposition temperature.--The constant 
t empera ture  stabil i ty of a sample is determined in  a 
stainless steel reactor vessel equipped with thermo-  
couples and rapid response pressure transducers.  The 
equipment  is shown schematically in Fig. 1. 

Results and Discussion 
The Li/TiS2 cell abuse tolerance test results dur ing 

overcharge and overdischarge (cell reversal)  for the 
2.5m LiC104/dioxolane are shown in Table I. 

Overcharging (O.C.) of the cells containing LiC104 
and LiPFs solutes (cells 10, 12, and 43) showed an in-  
crease in IR (polarized to 40V) due to the polymeriza-  
t ion of dioxolane. The resistive heating resulted in a 
cell temperature  rise to 120~ Independent  experi-  
ments  have shown that  the anodic polarization of 
LiC104/dioxolane solutions on a p la t inum electrode 
resulted in the ini t iat ion of polymerizat ion of dioxo- 
lane at 3.25V vs. a l i th ium reference electrode. No ex- 
plosive hazard was noted for any cell with either solu- 
tion under  overcharge conditions. 

Overdischarge or cell reversal  resulted in a detona- 
tion and fire in the case of all LiC104/dioxolane elec- 
trolyte cells tested. Cells 8 and 9 containing this elec- 
trolyte, when discharged at high current  density, 1A 
(~150 mA/cm 2) detonated in 5-10 min. The onset of 
detonation was delayed up to 5 hr at lower current  
rates of 0.1A (15 mA/cm2),  as seen in cells 33, 46, and 

Table II. Impact test results (2 kg JANAF drop weight test) 

S a m p l e  

Height,  inches  for  
50% p r o b a b i l i t y  
of " e x p l o s i o n "  

W a t e r  36.0 
2.5M LiPF~-dioxolane* 32.5 
2.5M LiCIO~-dioxolane 25.5 
NH~C104 ( d r y  sol id)  18.9 
N i t r o g l y c e r i n e  1.0 

* No evidence  of solvent  polymerizat ion at t ime of test.  

48. Fur the r  reduction in  current  to 0.05A (7.5 m A / c m  2) 
extended the ini t ia t ion t ime to ~9  hr. Although the 
measured overdischarge at al l  voltages var ied in these 
experiments,  the lowest voltage at detonat ion was 
noted to be --1.5V in cell 48. 

Neither combust ion nor  detonation resulted under  
comparable conditions of discharge for cells with 
LiPFs/dioxolane electrolyte, al though peak tempera-  
tures of 130~ were measured (cells 7 and 44). 

The results strongly suggested that  the detonations 
on overdischarge are directly associated with the par-  
t icipation of the LiClO4/dioxolane electrolyte. 

Results of the impact testing are shown in Table II, 
along with the values for two known materials,  
NH4C104 and nitroglycerine.  The expert  opinion of 
Hazards Research Corporation is that the value of 
25.5 in. obtained for the perchlorate solution is well 
wi thin  the range of "explosive materials." The value of 
32.5 in. for the LiPF6 solution signifies a solution which 
is "not very sensitive." 

The isothermal decomposition test results are sum- 
marized in Table III. The conclusions of HRC were 
that "LiCIO4 solution is noticeably sensitive to impact, 
and detonates at elevated temperatures," and "LiCIO4 
electrolyte and cell are obviously explosive materials 
and appropriate care should be observed in their 
handling and use." 

Supplementary Data 
1. We have found subsequent  to the tests already 

described, that a cycled cell which "dead-shorted" in-  
te rnal ly  from dendrit ic growth would also detonate. 

2. During the course of our normal  cell program, 
independent  of the cell abuse tests described in this 
paper, several hundred  cells were extensively cycled. 
Only six of these detonated. However, these detona- 
tions were quite violent, even though the cells con- 
tained only 3.5 ml  of the solution. 

Conclusions 
Based on the results of the hazard investigation, it 

was concluded that LiC104/dioxolane electrolytes were 
unsafe for use in l i th ium secondary cells. All fur ther  
development  of secondary cells based on this electro- 
lyte were terminated.  

Table III. Isothermal decomposition results (340 cm 3 reactor) 

Programmed  T,~x, ~ P r e s s u r e ,  PSIG 
Sample temperature, etc. on exotherm after e x o t h e r m  

50 em a 70 " l  Screen 135 8 
2.5M LiPF6 in dloxolane 143 j~ l ~  r i se  163 43 

185 360 500 
60 ~ 72---4 hr (polymerizat ion)  
50 ~ I s o t h e r m a l  50---8 h r  ( s t ab le )  

130 ~ (no  e x o t h e r m  data)  
253 ~ S c r e e n i n g  490 650 -~ > > 6 0 0 0  
90 7 135 38 

195 ~ S c r e e n i n g  250 140 
258 455 & 2300 ~  1490 & detonat ion 
200 ~ >500 (3.5 h r )  >270  
190 .f Isothermal  19{)--8 hr ( s t ab le )  

5 0  e m  a 
2.SM LiCIO4 in d ioxolane  
10 c m  3 
2.5M LiC104 in  dioxolane 
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Method of Selecting Expanded Metal Grids for 
Battery Electrodes 

Richard M. Meighan*  

Eltra Corporation, C&D Batteries Division, P lymouth  Meeting, Pennsylvania 19462 

Expanded  meta l  grids, a l though in use today  in ba t -  
t e ry  e lect rodes  of severa l  types, a re  st i l l  being ex-  
p lored  for new appl icat ions  in bat ter ies .  Even in tha t  
oldest  of the rechargeab le  systems, the l ead-ac id  ba t -  
tery,  its appl ica t ion  to indus t r ia l  and electr ic  vehicle 
ba t t e ry  grids has only recen t ly  begun to be explored.  
With in  the last  five years,  however ,  expanded  grids 
have been mak ing  an impact  in the  ma in tenance- f ree  
SLI  (s tar t ing,  l ighting,  and igni t ion)  type  l ead-ac id  
ba t t e ry  (1, 2). This technical  note provides  a method  
for  select ing the expanded  meta l  gr id pa t t e rn  most  
effective for  direct  subst i tu t ion for an exis t ing cast 
( lead)  gr id  in a pas ted  ba t t e ry  electrode.  This ana ly -  
sis appl ies  to expanded  grids made  by  the progress ive  
die expansion process and s imi lar  types. The pr incipal  
basis for comparison is the re la t ive  paste  (act ive ma-  
te r ia l )  volumes of the two types of e lec t rode  plates. 
I t  is assumed that  the e lec t rochemical  capaci ty  is di -  
rec t ly  p ropor t iona l  to pas te  volume. Thus. the re la t ive  
pas te  vo lume (expanded  to cast) ,  Pm should be equal  
to or  g rea te r  than  un i ty  to achieve an advantageous  
subst i tu t ion with  regards  to capacity.  S t ruc tura l ,  i.e., 
stiffness, and o ther  factors may  impact  on this goal. 

I t  should be emphasized tha t  the  p r ime  usefulness of 
this method is to analyze  the feas ibi l i ty  of subst i tu t ing 
one or more  expanded  grid pa t te rns  for a pa r t i cu la r  
cast gr id p r io r  to a costly expendi tu re  in equipment  or 
cont rac ted  trials.  Once samples  are  in hand, more  di-  
rect  expe r imen ta l  methods  m a y  be appl ied  to de te r -  
mine  re la t ive  pas te  volume. 

Method 
For  the  purpose  of this analysis  it  is convenient  to 

compare  only the par t  of both grids (cast and ex -  
panded)  that  is be low the top horizontal  grid ba r  and 
lug. (If, as in the example  at the end of this note, the  
bot tom hor izonta l  bars  are  nea r ly  the same dimension,  
those bars  can be excluded also.) Thus, we define the 
same rec tangu la r  volume for both types  of plates  hav-  
ing equal  dimensions of height, H, width,  W, and 
thickness,  T, whose volume is 

V = H W T  [1] 

This p la te  volume can be d iv ided  into two components,  
the grid volume, G, and the active ma te r i a l  volume, P, 
thus 

V = P + G [2] 

P is composed of solids and voids and is cha rac te r -  
ized by  its wet  and d ry  densities.  (I t  is assumed tha t  

* Electrochemical Society Active Member. 
Key words: batteries, capacities, expanded metal, grids, pasted 

plates, 

the densit ies of both  grid and paste  are  respec t ive ly  
the same in both types  of plates.)  

The expanded  grid (see Fig. 1) is considered here  as 
a ma t r i x  of d i amond-shaped  holes each charac ter ized  
by  a l ong -way  dimension,  L, and a s h o r t - w a y  d imen-  
sion, S. S is measured  pa ra l l e l  to the  p lane  of the  p la te  
and from node corner  to node corner  whereas  S' is 
measured  para l l e l  to the p lane  of expansion f rom node 
edge to node edge. (The nodes may  have a length, n, 
bu t  this does not  en ter  into the  fol lowing der ivat ions . )  
The actual  geomet ry  of the holes is not impor tan t  for  
the calculat ion of the gr id  meta l  volume as this quan-  
t i ty  can be de te rmined  by  considering the geomet ry  
of the  meta l  pr ior  to being expanded.  (Some inac-  
curacy on the order  of 1-6% wil l  be incurred,  e.g., see 
la te r  example . )  The diamonds of length, L, a re  cut 
f rom sheet  meta l  having  a thickness,  tm, in s tr ips  w 
wide, the cutwidth.  Therefore,  the volume, v, of one 
s t r and  of gr id  is 

v -- wtmL [3] 

The total  number  of strands,  N, in p la te  volume, V, 
is given by  

N ---- 2NsNL [4] 

where Ns and NL represent the number of diamonds 
in the short (S) and long (L) dimensional directions 
of the plate. The dimensions of the plate may be tem- 
porarily specified as Ds and DL, which wil l  be equal  to 
e i ther  H and W or to W and H depending on the d i rec-  
t ion of expansion re la t ive  to the s i tuat ion of the  p la te  
in the bat tery .  Thus, Ns and NL are  defined by  

Ns ---- Ds/S and NL -- DL/L [5] 

. _  S/2  

Section A-A 

Fig. 1. Vertical and horizontal sectional views of a typical 
expanded metal grid showing various dimensions. 
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The volume, G, of the grid metal  in  the plate is given 
by  

G = Nv [6] 

If Eq. [3], [4], and [5] are subst i tuted into [6] then 

G ---- 2 w t m H W / S  [7] 

Since the paste volumes of the expanded and cast 
grid plates are PE and Pc and the relat ive paste vol-  
ume, a figure of merit,  is PR ---- PE/Pc then by com- 
bining Eq. [1] and [7] into [2] and dividing by Pc one 
obtains 

PR = (HW/Pc)  IT -- 2wtm/S] [8] 

Pc can be determined (for the cast grid) in a similar  
manner ,  but  since the cast grid is usual ly  complicated 
in shape it is often easier to determine the paste and 
grid volume experimental ly.  All of the variables in  
Eq. [8] except tin, w, and S will  be specified at  the 
outset. Both w and S are principal  characteristics of 
the expansion process, whereas tm is usual ly  selected 
in conjunct ion with w for optimal s t ructural  and cor- 
rosion characteristics. Usually, but  not necessarily, w 
and tm will  be near ly  equal, thereby providing near ly  
square strands. It is useful to derive an expression for 
the cutwidth, w, so as to be able to estimate the value 
of this dimension that is necessary to obtain a given 
pasted plate thickness (by the progressive die expan-  
sion process). 

Referr ing to Fig. 2b, it can be seen that  the thick- 
ness, To, of the expanded grid can be set equal to the 
sum of two dimensions normal  to the plane of the grid 

To : T' + t '  [9] 

I t  is also apparent  that 

cos 9 : T ' /2w  and sin ~ : t '/tm 

and therefore 

To : 2w cos e + tm sin 8 [10] 

Since the expanded grid will usual ly  undergo a roll ing 
operation to flatten it, to round off sharp node edges, 
and to perhaps size it, then a certain amount  of reduc- 
t ion in  grid thickness, expressed as a fraction, ]a, must  
be introduced. Also on pasting the grid a certain 
amount  of overpasting, again expressed as a fraction, 
fB, may occur, often intent ional ly.  Both of these frac- 
tions are defined as follows 

5 R - - R / T o  and f B = B / T  

where R and B are the l inear  dimensions of the grid 
reduction and overpasting (see Fig. 2a). The thickness, 

t '  

Section A - A  En la rged  

C1. b, 
Fig. 2. More detailed views of Section A-A of Fig. i 

TR, of the reduced (rolled) grid is therefore 

TR ---- To -- R = To (1 -- IR) 

The thickness of the pasted plate will then be 

T : TR -{- B : To (I -- fR) + 3fBT [Ii] 

Rearranging and combining [10] with [11] gives 

T _-- F (2w cos 0 + t m  sin 0) [12] 
where 

F_-- ( I  -- #R) / ( I  - -  iB) [13] 

As a first approximat ion we can assume 8 ----- 10 ~ and 
then solve for w to obtain 

w ~ 0.51[(T/F) -- 0.174 tm] [14] 

With this expression one can estimate w in  terms of 
actual  or expected values of fR, fs, and tin. 

In  comparing the expanded grid to the cast grid 
one should also give consideration to the relat ive grid 
conductances. This factor will be most significant at 
the top of the plate in the set of strands leading into 
the top horizontal grid bar  since all of the current  
derived from the rest of the plate must  pass through 
this top set of strands to reach the plate lug for flow 
from the plate. As a min imal  consideration the sum 
of the cross-sectional areas of the expanded grid 
strands (2Nwwtm) should be comparable to a similar  
sum for the cast grid. Often, cast grids, especially in-  
dustrial  sizes, may be a bit oversized so that the ex- 
panded grid may not need to provide as much cross- 
sectional grid area to effectively carry the same cur-  
rent. A ~more detailed analysis is required to factor 
in the effect of grid path length from bottom to top 
in  combinat ion with s t rand area. 

Example  
As an example of the application of this method of 

analysis the cast and expanded grids and plates de- 
scribed in Tables I and II are compared. The relat ive 
paste volume, PR, from Eq. [8] is plotted in Fig. 3 
against the short diamond dimension, S, for four val-  
ues of F, i.e., four combinations of f~, fB, and w. It  can 
be seen that  the expanded grid becomes more rapidly 
unfavorable  (PR < 1) to the left of S ---- 1.0 cm and 
that it becomes more favorable (PR > 1) to the right. 
The point  corresponding to the conditions stated in 

1.20 

PR 

I . I0  

1 .00 

i 
0 .90  

0 .80  

.]'~'R .~e F 
/ ' - - , 2 2  0 .18 .123 
/F- 22 .=0 .B7 .~09 
/ / [ -  .22 20 .98 .096 
////.o5 ,,o ,.oss .ose 

~Actual Conditions 

m 
L= 2.18cm 

0 . 7 0  �9 I I 
0.5 0.7 

21.8 15.6 

I , I , I , 
0.9 I.I 1.5 1.5 

S ,  cm 

12. I 9.9 8.4 7.3 

Ns 

Fig. 3. Graph of PR against S (and Ns) as it pertains to the 
example. 
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Table I. Comparison of plate specifications for cast and expanded SLI grids (dimensions in cm) 

P (era 3) 
H e i g h t  

Grid (no  lug)  H W T B G (era s) V (era s) Est. Meas.  

Cast  11.48 10.99 15.24 0.2032 0.025 4.45 34.03 29.58 28.52* 
E x p a n d e d  11.43 10.92 15.24 0.2032 ~ 3.79 33.82 30.08 28.29" 

* D r y  paste  dens i t y  ( g / c m  s) : cast ,  4.12; expanded ,  4.04. 

Table I!. Expanded grid parameters 

t~ w S L fB (as- f~ (re- 
( c m )  (cm) (cm) (era) N~ NL sumed) su i t ing)  

0.114 0.109 1.09 2.18 10 7 0.1 0.22 

Tables  I and  II  is shown a t  Pa  ~-- 1.016 and S ---- 1.09 
cm as a ver t ica l  bar.  I t  is appa ren t  tha t  o ther  combina-  
t ions of w, S, fR, and SB wil l  p rovide  m a n y  values  of 
PR ~ 1.0. The actual  measured  results,  shown in Table  
III,  indicate  an in i t ia l  advan tage  for the  expanded  
p la te  re la t ive  to the cast gr id p la te  in terms of dis-  
charge  capaci ty  ( A - h r )  per  uni t  weight  (kg)  of plate.  
These values  were  observed af te r  severa l  in i t ia l  con- 
d i t ioning cycles. I t  should be noted tha t  a l though the 
cast  gr id  volume (G) shown in Table  I is 1.17 t imes 
tha t  of the  expanded  gr id  volume, i t  is based  only on 
the gr id  found be tween  the top and bot tom hor izonta l  
gr id  bars.  i The ac tua l  gr id  weight  rat io  is 1.33 whereas  
the  ac tua l  p la te  weight  rat io  is 1.12. Not unexpec ted ly  
the  rat io  of " A - h r  per  kg p la te"  values shown in Table  
I I I  is also 1.12. This i l lus t ra tes  the heavy  contr ibut ion  
tha t  gr id  weight  makes  to energy  density.  Whereas  the  
es t imated  pas te  volumes are  in the  ra t io  of 1.015 (ex-  
panded  to cast) ,  the  rat io  of the measured  values  is 
0.99. This agrees  wel l  (to 2.5%) wi th  the  rat io  of es t i -  
ma ted  values.  Thus, if one had unde r t aken  the goal  of 
match ing  the e~paei ty of the cast gr id  p la te  wi th  the  
p la te  using the  expanded  gr id  of the configurat ion 
specified here, the  goal  would have been a t ta ined  wi th  
the added  advan tage  of increased energy  density.  

In  conclusion, i t  can be seen tha t  this analysis  is 
useful  for  indica t ing  the direct ion the gr id  des igner  
should t ake  when consider ing rep lac ing  a cast gr id  
wi th  an expanded  grid in the same p la te  volume. 
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LIST OF SYMBOLS 
B overpas t ing  thickness  
DL pla te  dimension pa ra l l e l  to L, equal  to H or  W 
Ds p la te  dimension pa ra l l e l  to S, equal  to W or  H 
F = (1 --  SR)/(1 --  ~ )  
fB fract ion of p la te  thickness tha t  is overpas ted  
fa f rac t ion of ini t ia l  expanded  grid thickness  r e -  

duced by  rol l ing 
G volume of gr id  meta l  
H gr id  height,  appropr i a t e  for comparison to cast 

gr id  
L l o n g - w a y  diamond length  (expanded  meta l )  
N total  number  of grid s t rands  
NL number  of d iamonds  in L direct ion 
Ns number  of diamonds in S direct ion 
Nw number  of diamonds across p la te  width  
n node length  
P volume of active ma te r i a l  in a p la te  
P~ volume of act ive ma te r i a l  in cast gr id  p la te  
P~ volume of act ive ma te r i a l  in expanded  gr id  

p la te  
Pa  re la t ive  pas te  volume, ---- PE/Pe 
R reduct ion in in i t ia l  gr id  th ickness  due to ro l l -  

ing 
S s h o r t - w a y  d iamond length  pa ra l l e l  to p lane  of 

p la te  
S '  s h o r t - w a y  d iamond length  pa ra l l e l  to p lane  of  

expansion 
T thickness of pas ted  pla te  
To or ig inal  thickness of expanded  grid 
Ta thickness of expanded  gr id  af ter  rol l ing reduc-  

tion 
tm unexpanded  sheet  meta l  thickness 
T' par t i a l  gr id thickness (used for der ivat ion,  see 

Fig. 2b) 
t' par t i a l  gr id  thickness (used for derivat ion,  see 

Fig. 2b) 
V defined p la te  volume of in te res t  
v volume of one grid s t rand  of length  L 
W pla te  wid th  
w cu twid th  defined by  expand ing  process 
e acute  angle defined by  S and S 
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G I a s s y  a l l o y s  containing Cr, P, and various other 
e l e m e n t s  have been shown to possess excellent corro- 
sion resistance by a number  of workers (1-8), and 
were the subject  of a recent  review by Masumoto and 
Hashimoto (9). These alloys resist localized as well as 
g e n e r a l  corrosion in electrolytes such as FeCI~ and 
acidified NaC1. Furthermore,  as l i t t le as 2 or 3 a/o 
of alloyed chromium are sufficient to confer this re- 
sistance (7). The interest  in these alloys present ly  is 
of a ra ther  fundamenta l  nature,  such as learn ing  more 
abqut the influence of s t ructure on corrosion and pas- 
sivity. However, it is clear that  glassy alloys have 
practical value as corrosion resistant  coatings provided 
that  a means can be developed for applying them as 
such. 

An inheren t  feature of the fabrication of many  cor- 
rosion resistant glassy alloys is the high quench rate, 
about  10~ C/sec, necessary to at ta in  the glassy struc- 
ture  upon solidification from the melt. Elaborate tech- 
niques, such as melt  spinning (10) and melt  extraction 
(11), typically are used to at ta in  these high quench 

r a t e s .  A limitat ion of all l iquid quenching techniques 
i s  that  the dimension of the specimen is necessarily 
th in  in the direction of heat extraction; typically, this 
dimension is about 50-75 ~m, with about 125 ~m a rea-  
sonable upper  l imit for this class of alloys. Although 
the filaments and nar row strips that result from liquid 
quenching are suitable for laboratory research studies, 
they cannot be util ized as coatings. Sputtering,  on the 
other hand, is a vapor deposition technique used for 
coating large areas and complex geometries with thick 
deposits. Therefore, sput ter ing was investigated as a 
possible means for depositing extremely corrosion re-  
sistant Cr-conta in ing alloys in the glassy state. 

Experimental 
The sput ter ing targets used dur ing this research 

had the compositions Fe45NisoCr~V2P~sB6 and 
FeslNi30Crl6V2P15B6. Vanadium was an impur i ty  un -  
in tent ional ly  added through use of a ferrophosphorus 
alloy. The pr imary  variable was chromium, which was 
either 2 or 16 atomic percent (a /o) .  The alloys were 
prepared by mel t ing together appropriate quanti t ies 
of components in an induct ion furnace under  an argon 
atmosphere, homogenizing for Vz hr, and then pouring 
into cyclindrical molds 13 cm in diam. Sput ter ing was 
performed at  Battelle 's Northwest Laboratories with 
triode sput ter ing equipment.  It was performed in 
krypton at rates between 25 and 40 ~m/hr.  The sub- 
strate was copper, chilled either to --196~ or water  
cooled to about  15~ ~ Three types of deposits were 
prepared, namely,  16 Cr sputtered onto copper at 
ei ther 15" or --196~ and 2 Cr sputtered onto copper 
a t  --196~ The deposits were about 75 ~m thick, non-  
porous, and extremely adherent  to the substrates. For 
the purpose of comparison, l iquid quenched specimens 
w e r e  prepared by melt  spinning as previously de- 
scribed (7). 

Key words: pitting, passivity, amorphous, melt-spinning. 
1 For convenience the copper substrate temperatures  are re. 

ferred to either as - 1 9 6  ~ or 15~ In actual fact the temperatures  
may have been somewhat higher because of the heat dissipated 
during the sputtering process. 

2 0 3 0  

The state of crystal l ini ty of the deposits was ex- 
amined by thin foil t ransmission electron microscopy 
(TEM), selected area electron diffraction (SAD), and 
differential scanning calor imetry (DSC). Surface to- 
pography was characterized by scanning electron 
microscopy (SEM), and composition by x - r ay  fluores- 
cence (EDAX). Results were compared to those ob- 
tained from glassy alloys of near ly  identical compo- 
sition but  prepared by melt  spinning. Prior  to struc- 
tural  characterization the deposits were removed from 
the copper substrates by dissolving the copper in con- 
centrated nitric acid. The deposits were not noticeably 
affected by this t reatment .  

Corrosion was measured gravimetr ical ly  with 
coupons 'exposed in  10% FeC13 solution at ambient  
temperature,  and by potent iodynamic anodic polariza- 
tion in neut ra l  and acidified 1M NaC1 solutions. Sput-  
tered deposits were subjected to gravimetric  measure-  
ments after first removing them from the copper sub-  
strates as described above. For anodic polarization the 
specimens were left intact  on the copper, which was 
masked with an acid resistant  stop-off lacquer. 

Results and Discussion 
S~ructure.--Examination of the three sputtered de- 

posit~ by TEM indicated the absence of resolvable 
structure,  in particular,  microcrystal l ine regions and 
associated grain boundaries.  SAD verified the absence 
of detectable crystallinity,  as denoted by broad diffuse 
r ing patterns. Thus, the structures of the deposits were 
completely glassy within the limits of resolution of 
these two techniques. 

DSC results from sputtered and melt  spun alloys are 
summarized in Table I. The crystall ization tempera-  
tures, To, of sputtered vs. melt  spun alloys differed by 
l l ~  for the 2 Cr alloys and by 4~ for the 16 Cr al-  
loys. The heats of crystallization, 5Qc, varied by about 
15% for the 2 Cr alloys and by about 12% for the 16 
Cr specimens. There were no obvious trends in Tc and 
~Qc relative to the method of specimen preparation,  
i.e., sput ter ing or melt  spinning. Furthermore,  the ef- 
fect of substrate temperature  on these parameters  for 
the 16 Cr mater ial  does not appear to be significant. It 
is apparent  from Table I that the crystallization be- 
havior of the sputtered 2 Cr and 16 Cr deposits ap- 
proximated that of melt  spun alloys of the same com- 
positions. 

Compositions of the sput ter ing targets and corre- 
sponding deposits were compared to determine whether  

Table I. Temperatures and heats of crystallization of 
sputtered and melt spun glassy alloys 

Chromium Substrate 
content, Preparation temper- ~Q~, cal/ 

a/o  technique ature, ~ T~, ~ g-atom 

2 Sputtering - 196 428 1275 
2 Melt spinning ~15 439 1095, 1115 

16 Sputtering - 196 460 1070, 1110 
16 Sputtering ~15 464 1230 
16 Melt spinning ~15 461 1095, 1115 
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enr ichment  or depletion of any  elements had occurred 
dur ing  sputtering. Variations in concentrat ion between 
target  and deposit were general ly 1 a/o or less. An ex- 
ception was the chromium content  of the nominal  16 
Cr alloy, which was 2.3 a/o higher in the deposit. An 
impor tant  observation is that  phosphorus was not de- 
pleted in the deposit. Since phosphorus is needed to 
achieve the glassy state and to enhance corrosion re-  
sistance, it is significant that  it can be sputtered at a 
concentrat ion that  is close to that in the target. No 
informat ion could be obtained about the ini t ia l  and 
final concentrations of boron, since quantification of 
boron by EDAX was not possible. 

Surface topography.--The surfaces of sputtered spec- 
imens contained numerous  hi l lock-shaped mounds. 
Figure  1 shows SEM photographs of the as-sput tered 
surfaces of several deposits. Figure 1 (a) shows these 
hillocks, which were present  to a greater  or lesser de- 
gree on aI1 sputtered specimens. Figure 1 (b) is a higher 
magnification view of these features. Although still 
present,  the hillocks were smaller  and fewer on the 16 
Cr specimen sputtered onto a water-cooled substrate,  
Fig. 1 (c). This behavior  agrees with prior sput ter ing 
experience with other alloys, i.e., that warmer  sub-  
strafe temperatures  favor less pronounced growth fea- 
tures. Chromium content  in the alloy did not s trongly 
affect their  formation for, as shown in Fig. 1 (d), they 
were also present  on the deposit containing 2 Cr. (Sev- 
eral  of the larger hillocks had been broken off dur ing 
handling, hence their  t runcated appearance.) Hillocks 
such as those shown in Fig. 1 were not present  on melt  
spun filaments, al though shallower, less cone-shaped 
mounds could be found on the shiny surfaces of the 
filaments. 

The source of the hillocks shown in Fig. 1 is not 
known, al though they sometimes appear on other types 
of sputtered alloys including crystal l ine alloys of con- 
s iderably different compositions than those reported in 
the present  investigation. They are thought to result  
from growth instabili t ies that occur dur ing deposition 
of atoms onto a substrate. Their significance to alloy 
properties is not known;  however, it is shown in a later  
section that they were not preferred sites for localized 
corrosion, nei ther  did they compromise the corrosion 
resistance of the deposits. 

Corrosion behavior.--The corrosion behavior  of sput-  
tered and melt  spun specimens under  freely corroding 
conditions was compared in 10% FeC18 solution. Data 
were obtained on duplicate specimens after 167 hr of 
exposure, and the corrosion rates were extrapolated 
to a ~m/year  basis. The corrosion rates of the 2 Cr 
deposits averaged 1114 ~m/year ,  whereas those of the 
2 Cr melt  spun alloy averaged 427 ~m/year  or 38% of 
the former value. Analogously, the corrosion rates of 
the 16 Cr deposit averaged 1.8 ~m/year  and those of 
the 16 Cr melt  spun alloy averaged 3.5 ~m/year,  or 
43% of the former value. Three features are par t icu-  
la r ly  noteworthy regarding these data, as follows: 

(i) The effect of increasing the chromium concen- 
t rat ion in the sputtered deposits was to reduce greatly 
the corrosion rates, in paral lel  with the influence of 
chromium in melt  spun specimens. 

(ii) Corrosion rates of the 2 Cr deposits were about 
two to three times greater  than those of the corre- 
sponding melt  spun specimens. 

(iii) Corrosion rates of both the melt  spun speci- 
mens and the sputtered deposits containing 16 Cr were 
relat ively low, indicat ing that  the alloys were spon- 
taneously passive in the FeCI~ solution. 

Anodic polarization was used to obtain more detailed 
information about corrosion behavior, as shown in Fig. 
2 and 3. Figure 2 shows that  the 2 Cr sputtered deposit 
underwent  an active-passive t ransi t ion in 1M NaC1, 
pH 3, whereas the 2 Cr melt  spun filament was spon- 
taneously passive. A reaction of unknow n  origin gave 
rise to a slight active-passive t ransi t ion at about --0.45 
to --0.50V (SCE). The critical cur rent  density for 
passivation for the sputtered alloys was about 10 -3 
A / c m  2, and the mi n i mum passive current  density for 
all three specimens was about 9-10 -5 to 10 .4  A /cm 2. 
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Fig. 2. Anodic potentlodynamic polarization curves of sputtered 
and melt spun 2 Cr alloys in 1M NaCI, pH 3, deaerated. 
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Fig. I. SEM photographs of surfaces of sputtered deposits (a), 
(b) 16 Cr (LN2 substrate); (c) 16 Cr (water-cooled substrate); (d) 
2 Cr (LN2 substrate). 

2 . 0 0 - -  

1,20 --  (,~'~'~* 

~0 .80  -- "~ ~ > / . ~  "--"%'~Melt spun 

0.40 

0 - -  ~ - " ~ /  Fe-Ni-16 Cr-P-B 
_ ~ "  ~ / ~ ~  IM NoCI, pH 3 

22 C 
-0.40 --  Sweep Rate = 1.67.103v/sac 

_o.so 6 I I I I 
i(~ 5 10 -4 10- 5 10 -2 10- I 

Anodic Current Density, A/cm 2 
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The steep increase in current  at potentials above about 
0.8V (SCE) was due to the selective oxidation of 
chromium as the hexavalent  ion, Cr +6. 

As indicated in Fig. 3, the 16 Cr specimens were 
spontaneously passive in pH 3, 1M NaC1, with passive 
cur ren t  densities in the approximate range of 2.10 -5 to 
2.10 -4 A /cm 2. This spontaneous passivity extended 
even to pH 1 solutions (data not shown).  The deposits 
exhibited passivity that  was as complete, or nearIy so, 
as that  of corresponding melt  spun alloys. Very sig- 
nificantly, the sputtered alloys resisted pi t t ing corro- 
sion to the same degree as those prepared by melt  
spinning. The positive hysteresis dur ing  the r e tu rn  
sweep for the sputtered alloy was typical of polariza- 
tion for all sputtered and melt  spun specimens that 
were polarized to transpassive potentials. It may have 
l~een caused by temporary active dissolution in micro- 
scopic pits that formed at transpassive potentials, and 
then rapidly passivated at potentials in the passive re-  
gion of polarization behavior. 

Pi t t ing could not be produced by polarization in the 
passive range of potentials, even for extended times. 
For example, the surface of a sputtered 2 Cr alloy that  
w a s  potentiostat ically polarized for 1 hr in 1M NaC1, 
pH 3, is shown in Fig. 4. The corrosion produced a 
scalloped appearance on the flat regions and no prefer-  
ential  at tack of the hil lock-shaped mounds. [The 
t runcated tops evident  in Fig. 4(b) were the result  of 
surface damage prior to exposure to the electrolyte.] 
The corrosion that  occurred in the passive potential  
range of behavior produced a sort of general  attack, a 
Surface roughening reminiscent  of pits that  were not 
able to propagate after init iating. Shallow pits were 
observed after potentiostatic polarization at potentials 
that  were well into the oxygen evolution range, above 
about 1.3V (SCE). However, even at these very oxi- 
dizing potentials the pits that developed tended to 
propagate to depths of only several ~m, after which 
they apparent ly  passivated and new pits formed near -  
by. Shallow pit depths and high pit densities were a 
characteristic common to sputtered deposits polarized 
at transpassive potentials. Conversely, transpassive 
corrosion of melt  spun filaments general ly produced 
more through-pi ts  and lower pit densities. 

There was no substant ia l  effect of substrate tempera-  
ture on anodic polarization behavior. The polarization 
curves for the 16 Cr deposits sputtered at --196 ~ and 
15~ were similar. Both types of deposits were spon- 
taneously passive in 1M NaC1 at pH 7 and 3, with the 
passive current  densities of the water-cooled deposits 
ranging to about twice those of the liquid ni t rogen-  
cooled specimens. However, pi t t ing susceptibilities were 
unaffected, with pi t t ing occurring only at transpassive 
potentials (i.e., above about 1.20V (SCE) for the 16 
Cr alloys). Examinat ion  of the specimens after polari-  
zation indicated that pits were shallower on the alloy 
sputtered at --196~ The effect of substrate  tempera-  
ture  on pi t t ing and overall  corrosion behavior  needs 
fur ther  s tudy to bet ter  define the role of this variable 
on corrosion. 

Conclusions 
Sput ter ing can be used to prepare alloys of the Fe- 

Ni -Cr -P-B  variety with a completely glassy structure. 
Thermal  characteristics, such as temperatures  and 
heats of crystallization, of sputtered alloys are similar 
to those of alloys of the same nominal  compositions 
but  prepared by melt  spinning. Because of these simi- 
larities it is inferred that  the structures of the two 
classes of alloys are also similar. The corrosion and 
electrochemical behavior  of the sputtered deposits re-  
sembled, but  was not identical to that of melt  spun 
alloys of the same composition. Specifically, open- 
circuit corrosion rates and oxidation rates dur ing 
anodic polarization of the sputtered deposits exceeded 
those of melt  spun specimens, sometimes by about an 
order of magnitude.  However, the sputtered deposits 
exhibited the same resistance to pit t ing corrosion as 

Fig. 4. SEM photographs of 2 Cr sputtered deposits polarized for 
1 hr in 1M NaCI, pH 3, at the following potentials: (a) 0.60V 
(SCE); (b) 1.10V (SCE). 

their melt spun counterparts, with pitting occurring 
to a large degree only at transpassive potentials in 
acidified chloride solutions. There is some evidence that 
a colder substrate temperature may favor improved 
corrosion resistance, but this tentative conclusion needs 
verification. Sputtering is a viable alternate technique 
for depositing extremely corrosion resistant glassy 
Fe-Ni-Cr-P-B alloys. 
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Electrochemical Studies on Amorphous Thin Film 
and on Sintered Polycrystailine CdS Electrodes 

A. M. Redan* and J. Vigneron 

Lab. Electrochimie Interfaciale, 1, Place A. Briand, 92190 Meudon, France 

and R. Heindi* 
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The s tabi l i ty  of semiconduct ing electrodes in photo-  
e lec t rochemical  cells is s t i l l  the  key  p rob lem to be 
resolved  before  these devices can be employed  for  
solar  energy  conversion. Unti l  now, only electrodes 
m a d e  of SrTiO3 or  TiO2 or  SnO~ and s imi lar  ma te r i a l s  
have been found to be s table  (1), but  thei r  bandgap  
( ~ 3  eV) is too high to ut i l ize the solar  spec t rum ef-  
ficiently. More recently,  Tr ibutsch (2) has demon-  
s t ra ted  that  e lectrodes made  of single crysta ls  of  
MoS2 and TiS2 are  s table  over  a per iod  of 9 months  
WSe2 has also been used as a semiconductor  e lec t rode  
in photochemical  cells (3). 

Fo r  prac t ica l  appl icat ion,  single crysta ls  a re  too 
expensive,  so we have inves t iga ted  the  s tab i l i ty  of 
th in  film amorphous  CdS electrodes which can be 
obta ined  by  a s imple sp ray  technique and of elec-  
t rodes made  of s in tered po lycrys ta l l ine  CdS. 

Recently,  the the rmodynamic  s tab i l i ty  of CdS elec-  
t rodes in solutions of var ious  pH (4), and on the 
charge t ransfe r  wi th  Na2S in the e lec t ro ly te  have  been 
inves t iga ted  (5). 

I t  has been also s ta ted tha t  e lectrodes made  from 
crys ta l l ine  CdS can be s tabi l ized wi th  the help of 
redox systems, such as Fe(CN6) 3 - / 4 -  and S - t 2 -  (6, 
7). The use of thin film electrodes is especia l ly  in te r -  
est ing as cadmium is a meta l  which is found only in 
l imi ted  amounts  on the earth.  Thin film and po ly -  
c rys ta l l ine  CdS have  the same bandgap  (8). 

Electrode Preparation 
Amorphous thin film of CdS.--A spray  of an a q u e o u s  

solut ion of CdC12 and SC(NH2)2 is p ro jec ted  on a 
gold l aye r  heated to 300~ The gold, which has been 
p rev ious ly  deposi ted on a glass plate,  provides  the 
ohmic contact. 

PolycrystaZline sintered electrofles.--High pur i ty  CdS 
powder  has been pressed prac t ica l ly  at  50 kg  bars  
and then s intered at  900~ under  Ar  for 4 hr. The 
l ight  source is a 150W xenon lamp. Monochromat ic  
i l lumina t ion  is per fo rmed  wi th  the help of a Job in -  
Yvon monochromator  (HRS2). The dark  cur ren t  can 
be e l imina ted  with  the help of a chopper  and a lock- in  
amplifier .  

* Electrochemical Society Active Member. 

The s tabi l i ty  of the electrodes has been inves t iga ted  
by  the measuremen t  of the photocur ren ts  vs. the  t ime 
in 0.1M solution, in the  absence of any  redox system, 
and then  in the  presence of 10-~M Fe (CN )6  3 - / 4 -  and  

iph 
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h 

�9 . 2 / 'l 

350 

v=-o.2 V/E..S.M" 

~ ' 7 - "  L 
~50 550 ~/nm 

Fig. 1. Photacurrent vs. the wavelength of incident fight (~- -) in 
0.1M KOH electrolyte; ( ) in 0.1M KOH ~ 1.5 X 10 -3M 
IQFe(CN)6 @ 1.5 • 10-3M K3Fe(CN)6 in the dark. 
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Fig. 2. Intensity potential curves in: ( ) 0.1M KOH electro- 
lyte; ( . . . .  ) in 0.1M KOH -f- 1.5 X 10-~M ~Fe(CN)6 -~ 
1.5 X 10 -3M K3Fe(CN)6 in the dark. 
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IO-SM sodium polysulfide. The photocur ren t s  decrease 
vs. the  t ime, and  the e lec t rode  is sens ibly  damaged  
a f te r  the  expe r imen t  w i t h  the first redox  couple, but  
s tabi l iza t ion  is comple te ly  achieved wi th  the  second. 

The  bandgap  can be ob ta ined  on Fig. 1. The differ-  
ences in the  curves  at  h igh energy are  due to the  
absorpt ion  of the  redox  solution. 

The in t ens i ty -po ten t i a l  curves in  the  da rk  a re  also 
recorded  wi th  and wi thout  the  F e ( C N ) 8 3 - / 4 -  (Fig. 
2). The same k ind  of  resul ts  has been  obta ined  wi th  
e lectrodes made  of po lycrys ta l l ine  CdS. 

Conclusion 
Elect rodes  made  of amorphous  film of CdS made  

by  spray  technique are  not ve ry  expens ive  and so 
a re  ve ry  interest ing.  Apprec iab le  photocur ren ts  can 
be ob ta ined  wi th  them. The s tabi l iza t ion is observed  
on ly  wi th  the  sodium polysulf ide and  not  wi th  the  
Fe  (CN) 83-/4-  redox  couple. 

Manuscr ip t  submi t ted  Feb. 19, 1980; revised m a n u -  
scr ip t  received March  26, 1980. 

A n y  discussion of this  paper  wi l l  appear  in a Dis-  
cussion Sect ion to be publ i shed  in the  June  1981 
Joum~AL. Al l  discussions for the  June  1981 Discussion 
Sect ion should be submi t t ed  by Feb.  1, 1981. 
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The Interaction of Stress and Mechanical Property Effects 
during Oxidation of Tantalum Base Alloys 
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ABSTRACT 

Specimens of the tantalum base alloys Ta-10 W and Ta-10 W-2.5 H~ 
(T-222) were observed to ignite after prolonged oxidation at elevated tem- 
peratures. The characteristics of this behavior were examined, and the time- 
temperature regime in which one might expect this catastrophic response to 
oxidation of thin specimens was defined. Ignition of specimens was found to 
be the final step in a sequence that involved oxygen penetration into the 
alloy in advance of the oxide-metal interface, a resulting embrittlement 
and stress buildup, and finally a relaxation of the strain energy of the sys- 
tem through a sudden disintegration of the specimen along grain boundaries 
that, if confined, led to a violent ignition. 

The effects and interactions of stress generat ion and 
mechanical  propert ies  during the oxidat ion of metals  
and alloys have been the subject  of numerous in-  
vestigations (1). The existence of large mechanical  
stresses arising during isothermal  oxidat ion as a result  
of the oxidat ion process itself has been demonst ra ted  
for many  systems, and several  mechanisms of stress 
generat ion have been examined. The response of the 
system to these stresses depends in large measure  on 
mechanical  behavior  in both the substrate mater ia l  
and in the products of oxidation. Both dramatic  and 
subtle responses have been observed. 

The details of the kinetics of oxidat ion and stress 
generat ion in tan ta lum base alloys containing tung-  
sten and hafnium have  been discussed previously (2). 
Basically, over  the t empera tu re  range  500~176 in 
pure  oxygen  at a tmospheric  pressure, the alloys Ta-10 
W and Ta-10 W-2.5 Hf (T-222) oxidize in the init ial  
stages at a decreasing, approximate ly  parabolic, rate, 
dur ing which t ime a protect ive oxide scale (~-tanta]um 
pentoxide)  grows and oxygen is absorbed into the 
metal. These kinetics exhibi t  a classical t empera tu re  
dependence, and the act ivat ion energy, about 234 k J /  
mole, suggests that  the rate is controlled by diffusion 
of oxygen  in the growing oxide film. Conversely,  the 
f lexure characterist ics of these alloys dur ing oxidat ion 
on one side suggested that the stresses in the speci- 
mens were  p r imar i ly  a result  of oxygen solution 
effects in the metal  beneath the oxide film. The flexure 
behavior  was qual i ta t ive ly  consistent wi th  that  ob- 
served for oxidat ion of pure tan ta lum (3). 

Continued oxidat ion at tempera tures  in the lower  
end of the above range results eventual ly  in a typical  
b reakaway  behavior  in which a change f rom a de- 
creasing oxidat ion rate  to an increasing ra te  is ob-  
served. This process is genera l ly  sluggish, s tar t ing 
with  localized breakdown of the protect ive film, fol-  
lowed by the format ion and propagat ion of regions 
of porous, nonprotect ive  oxide, leading to high oxida- 
tion rates. 

�9 Electrochemical Society Active Member. 
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For each alloy the t ime at which b reakaway  oxida-  
tion started decreased with increasing tempera ture  up 
to some m ax im um  temperature .  Above this t empera -  
ture, (about 650~ for the Ta-10 W alloy, and 700~ 
for the T-222 alloy),  the b reakaway  was postponed, 
and compact  and protect ive films grew for compara-  
t ive ly  long periods of time. This behavior  resulted 
in unusual  comparisons of the extent  of oxidation 
in different experiments .  For  example,  af ter  2 hr in 
oxygen at 650~ the average thickness of the oxide 
on a Ta-10 W specimen is many  times grea ter  than 
that  for a 700~ exposure. 

While the persistence of the parabolic kinetics, as 
opposed to breakaway kinetics, at  high tempera tures  
suggests a degree of improvement  in the resistance 
to oxidat ion for these alloys, an unexpected  complica-  
tion may arise. In this paper, we shah present  the de- 
tai ls  of a ra ther  spectacular manifestat ion of stress 
and mechanical  proper ty  effects during oxidat ion that  
may have a general  applicability. This behavior  in-  
volved a change in the mechanical  propert ies  of the 
specimens and the development  of a tensile stress in 
the samples, both brought  about by oxygen solution 
el~'ects during the oxidation reaction. 

Experimental Procedure 
The mater ia ls  invest igated in this work  were  t h e  

refractory  meta l  alloys Ta-10 W and Ta-10 W-2.5 Hf 
(T-222).1 Specimens were  prepared from. 1 • 2 cm 
coupons cut from 0.05 and 0.13 cm thick sheet obtained 
from Te ledyne-Wah Chang. The coupons were  hand-  
ground on metal lurgical  papers to the desired thick- 
ness in the range 0.02-0.12 cm. They were  then an-  
nealed in vacuum for 1 hr  at 1650~ (except  as noted) ,  
mechanical ly  polished through 0.3 ~m alumina on a 
v ibra tory  polisher, and then electropolished in a 90% 
H2SO4-10% HF solution. 

The kihetic measurements  were  carr ied out in a 
quartz manometr ic  oxidation ra te  apparatus in which 

1 Nominal analyses of these alloys were (i) Ta--10 W: 9.8 and 
10.8 w/o W, <30 ppm C and N, <50 ppm O; and (ii) T-222:10.5 
w/o W, 2.5 w/o Hf, 140 Ppm C, 22 ppm IN, and 85 ppm O. 
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the pressure change between a reaction volume and 
a reference volume was measured by either a capac- 
i tance or an oil manometer .  Pr ior  to oxidation, the 
specimens were heated to the reaction tempera ture  
in  vacuum. The measurements  of the ignit ion or dis- 
integrat ion times were made by allowing the oxida- 
tion to proceed in small  quartz tubes designed either 
to confine the residue (ignition) or to allow the residue 
to fall into a cold region. In the former case the 
temperature  recorder provided an accurate indicator 
for specimen ignition. All  experiments  were carried 
out in  dry oxygen at atmospheric pressure. 

Results and Discussion 
The oxide formed on Ta-10 W and Ta-10 W-2.5 Hf 

alloys at temperatures  above the t ransi t ion from nor-  
mal  breakaway kinetics remained uniform, adherent,  
and protective for surpris ingly long periods, although 
spallation and an increase in the oxidation rate even-  
tual ly  occurred in the later  stages (2). However, for 
specimens in this regime of protective oxidation, many  
experiments  came to a sudden and violent end, often 
signaled by the ignit ion of the specimen. This behavior  
is i l lustrated in Fig. 1, which shows oxidation rate 
.curves for Ta-10 W specimens at 600 ~ 650 ~ and 700~ 
obtained in the manometr ic  rate apparatus. At 600~ 
the kinetics are independent  of specimen thickness and 
exhibit  typical breakaway behavior  beginning  at about 
120 min. At 650~ breakaway begins at about 15 min  
and the rate increases sharply. At 700~ the parabolic 
kinetics persist for longer times with a small  amount  
of localized cracking and spalling moderately affecting 
the oxidation rate (for the thicker specimen) at about 
200 min. However, the th inner  specimen at this t em-  
perature  showed an abrupt  and calamitous increase 
in  the rate at 198 min  as the specimen ignited in the 
rate apparatus. I t  is of interest  to note here that  the 
recorder and controller thermocouples, located on 
the outside of the quartz reaction tube, signaled this 
event  with a tempera ture  spike of 500~ or more. 
Similar  kinetic behavior was observed for the T-222 
alloy; however, the onset of the regime of continued 
protective film formation is shifted upwards in tem- 
perature,  from about  700~ to about 750~ 

The inconvenience occasioned by the first several 
observations of this phenomenon (ignition of a speci- 
men in an apparatus employing an oil manometer  
becomes a doubly spectacular event, when the oil 
is sucked into the hot reaction zone), as well  as the 
scientific aspects, prompted addit ional experiments to 
classify the behavior. We soon found that  for oxidation 
in this range of temperatures,  pure t an ta lum did not 
exhibit  ignition, but  that  the alloys Ta-10 W and T-222 
(as well as T-111, Ta-8 W-2 Hf) responded violent ly 
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Fig. I. Oxidation rate curves for Ta-lO W alloy in dry oxygen 
at atmospheric pressure. Specimens approximately 0.040 and 0.090 
cm thick. 

for certain t ime- tempera ture  exposures. On occasion, 
instead of ignit ion of the specimen at the appropriate 
time, the rate of oxygen consumption suddenly ceased. 
In  these instances, it  was observed that  the residue 
of the specimen, essentially a collection of l ightly 
oxidized grains, had managed to fall into a cold zone 
at the bottom of the apparatus rather  than cont inuing 
to oxidize. Clearly, a disintegrat ion of the specimen 
had taken place at the reaction temperature  and this 
observation was a significant clue to the mechanism. 

Such events are reminiscent  of certain of the ob- 
servations of Dooley and Str inger  (4, 5) who studied 
the oxidation characteristics of Ta-4 weight percent  
(w/o)  W and Ta-4 w/o Hf alloys. Although working 
predominant ly  at higher temperatures  where l inear  
oxidation kinetics dominated, these investigators re- 
ported grain boundary  cracking and specimen frag- 
menta t ion  main ly  dur ing and after cooling for an-  
nealed specimens of Ta-4 w/o W oxidized at 950 ~ 
and 1000~ At 1050~ these specimens ignited on 
admission of oxygen, as did similar specimens of 
Ta-4 w/o Hr. Ignit ion was not observed after extended 
periods of isothermal oxidation, although there were 
suggestions that some separation of the metal  grains 
had taken place at temperature.  It was postulated 
that the boundaries  were "weakened by rapid oxygen 
diffusion along them" and that "stresses were in-  
creased by enhanced oxide s t rength and increased 
adherence between individual  grains and the oxide." 
The "energetic event" that they report for oxidized 
specimens cooling from the reaction temperature  ap- 
pears to be comparable in kind to our observations 
of sudden and energetic f ragmentat ion at the reaction 
temperature.  

Several  types of experiments were performed to 
describe this d is integrat ion/ igni t ion effect in a more 
quant i ta t ive  fashion. First, we simply measured the 
t ime- to- igni t ion for specimens of these alloys by heat-  
ing a specimen in vacuum in the bottom of a small 
quartz tube, admit t ing oxygen, and then not ing the 
ignition t ime by the tempera ture  spike on the tem- 
perature recorder. The ignit ion times proved to be 
different for the different alloys, and were a sensitive 
function of the specimen thickness as well  as the 
temperature.  Pure  t an ta lum did not exhibit  this be- 
havior. 

We also examined the microstructure of speci- 
mens oxidized very close to the point of disin- 
tegration or ignition. These specimens were obtained 
both by stopping the oxidation at an appropriate 
time, or by al lowing the process to proceed so that  
the residue could quench itself by fall ing out of the 
hot zone of the furnace. It appeared that a fine grain 
size and at least some degree of confinement to the 
hot zone was necessary for complete ignition. 

Finally,  we did several experiments  with a fine 
wire thermocouple attached directly to the  specimen 
in order to see if any appreciable self-heating occurred 
prior to disintegration. We could detect no such tem- 
perature  rise, thus indicat ing that  the ignition is a 
result  o f - -and  not the cause of- - the  disintegration. 

Plots of the ignit ion times as a function of specimen 
thickness at several temperatures  are shown in Fig 2 
for the Ta-10 W alloy. The open and filled symbols for 
data at each temperature  represent  results from two 
alloy heats containing nominal ly  9.8 and 10.8 w/o 
tungsten, respectively; the " # "  points represent  speci- 
mens of the indicated thickness that  did not ignite, 
but  ra ther  oxidized to completion without a pyrotechnic 
response. Despite the scatter in the data, a series 
of straight lines on this log-log plot, constructed with 
a slope of 2, does describe the behavior with reasonable 
accuracy, and suggests that diffusion from the free 
surface, ra ther  than wholly in ternal  effects, is re-  
sponsible for the events leading to ignition. Con- 
sistent with the fact that the specimen is clearly 
embri t t led at the t ime of disintegration, oxygen is 
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Fig. 2. Ignition times for the Ta-10 W alloy as a function of 
specimen thickness. • :  650~ O: 700~ Fi: 750~ A :  803~ 
O :  850~ Open data points are for Ta-9.8 W specimens; filled 
data points are for Ta-10.8 W. " ~ "  represents experiments for 
which ignition did not occur. Ignition is observed in this thickness 
range for T ~ 700~ 

the logical agent and, if we use these data to deter-  
mine  an "activation energy for ignit ion" (from the 
slope of the log reciprocal ignit ion time vs. reciprocal 
tempera ture  plot),  the value of 125 __. 17 kJ /mole  
(30 _+ 4 kcal /mole)  is in  quali tat ive agreement  with 
that  for inters t i t ia l  oxygen diffusion in  these materials.  
This is in accord with the concept that  both the stress 
in  the specimen and the extent  of embr i t t l ement  are 
related to oxygen diffusion in  the metal  in  advance 
of the oxide-metal  interface. 

It is also significant to point out that  ignit ion was 
observed in  this alloy only at temperatures  where 
b reakaway oxidation is not a p redominant  feature. 
While a l ine signifying ignit ion was placed on Fig. 2 
for Ta-10 W at 650~ it  is based on a single observa- 
t ion out of twelve at tempts and probably should not- 
be included in the set. Similar  behavior  was observed 
for ignit ion of T-222 alloy specimens as indicated 
in  Fig. 3. Breakaway behavior  persists to a higher 
tempera ture  in this alloy (2), and ignit ion was not 
observed here for oxidation temperatures  lower than 
about 750~ There was also a difference in the igni-  
t ion time for a T-222 specimen of a given thickness, 
about  twice the time being required compared to that  
for the Ta-10 W alloy. This figure again emphasizes 
the t ime perspective of the phenomenon:  thicker spec- 
imens of this set oxidized in a protective mode for 
10 hr  or longer, then over a period of perhaps a few 
seconds they disintegrated completely. 

Metallographic examinat ions of specimens oxidized 
for times close to the ignit ion point directed at tent ion 
to the severi ty of the embri t t lement .  Extreme inter-  
g ranular  effects were general ly  observed, as shown 
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Fig. 3. Ignition times for the Ta- I0 W-2.5 Hf (T-222) alloy as a 
function of specimen thickness. A :  750~ O :  800~ e :  850 ~ 
".~" represents experiments for which ignition did not occur. 
Ignition was observed in this thickness range for T :~ 750~ 

in Fig. 4, to the extent  that  the individual  grains had 
a tendency to pop out dur ing specimen preparation.  
Note that the thickness of the oxide film on this 
specimen is minimal  compared to the oxygen em- 
bri t t led zone suggested by the cracks. SEM examina- 
tions showed that  the fracture surfaces of these speci- 
mens were essentially featureless at a resolution of 
a few tens of nm. A similar characterization of the 
s t ructure  and embr i t t l ement  in  an oxygen-conta in ing 
t an ta lum alloy (T-111) has been made by Liu, Inouye, 
and Carpenter  (6), who suggested that  the grain 
boundary  cleavage was due to the formation of a 
thin, soft, precipi tate-free-zone (PFZ) adjacent  to 
the boundary.  

A few specimens were prepared by vacuum annea l -  
ing at 1800 ~ and 2200~ to produce very large grains 
(up to about  I mm diam) prior to oxidation. Appro-  
priate isothermal exposures of these specimens led 
to disintegrat ion at t empera ture  bu t  usual ly  not to 

Fig. 4. T-222 specimen oxidized 120 min at 800~ Note indica- 
tion of extreme intergranular emhrittlement. Specimen annealed in 
vacuum for 2 hr at 1800~ prior to oxidation. 
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ignition. The specimens came apart ,  wi th  apparen t  
force, a t  the  g ra in  boundar ies  but, as we shal l  pro- 
pose in the nex t  section, the su r face - to -vo lume  rat io  
in this case was insufficient to promote  the ca ta-  
s t rophic t empera tu re  increasea f rom the rap id  ox ida-  
t ion of f resh surfaces. The effect of gra in  size on the 
t ime requ i red  to d is in tegra te  specimens was not large,  
bu t  the few da ta  avai lab le  had a tendency  to l ie 
s l ight ly  above the s t anda rd  t ime- to - ign i t ion  curve. 

Conclusions 
The phenomenon of embr i t t l emen t  and igni t ion of 

these al loys undoub ted ly  arises as a consequence of 
oxygen  solut ion into the a l loy  dur ing  the per iod  of 
pro tec t ive  film growth.  Specula t ion  regard ing  the 
precise  mode of the embr i t t l emen t  is beyond the scope 
of this  paper .  However ,  i t  was affirmed here  tha t  
comparab le  in t e rg ranu la r  weaknesses  were  genera ted  
in both  the  ha fn ium- f r ee  and hafnium-containing a l -  
loys, and  i n t e rg ranu l a r  fa i lure  p redomina ted  in both 
wi thou t  the observat ion  of significant g ra in  boffndary 
prec ip i ta tes  in the SEM. Given this propens i ty  for 
embr i t t l ement ,  the per iod  of pro tec t ive  oxida t ion  is 
recognized to be of pa r t i cu l a r  in teres t  because, unl ike  
b r e a k a w a y  oxida t ion  where  the ox ide -me ta l  in terface  
moves more  rapid ly ,  the s lower  oxide growth  resul ts  
in a r e la t ive ly  high concentrat ion of dissolved oxygen  
in the meta l  in advance  of the  interface.  

We bel ieve that  the sudden and energet ic  d is in-  
tegra t ion  of the  embr i t t l ed  specimen is b rought  about  
by  the stress sys tem bui l t  up by  the oxidat ion  process 
itself. Dur ing  oxida t ion  of these a l loy specimens on 
one side, large  mechanical  bending  s t ra ins  have been 
observed (2). These s t ra ins  were  proposed to ar ise  
p redominan t ly  f rom oxygen solut ion effects, a l though 
the stress level  in the oxide layers  was also high. In  
any event,  for  a two-s ided  oxida t ion  exper iment ,  the  
grad ien t  of compressive stress that  exists concomitant  
wi th  the oxygen concentra t ion grad ien t  requi res  tha t  
the  centra l  por t ion  of the  specimen cross section come 
under  increas ing tensi le  loads as oxidat ion  proceeds.  
The s t ra in  energy is accumula ted  and then suddenly  
re l ieved by  the mechanica l  fa i lure  of the specimen. 
Thus. the occurrence of this effect involves a cr i t ical  
in terac t ion  be tween  stress generat ion,  mechanical  p rop -  
erties, and the re la t ive  ra tes  of oxide format ion  and 
oxygen  diffusion in the specimens. For  examoIe,  a 
self-consis tent  exp lana t ion  of the  difference be tween 
the behavior  of the Ta-10 W al loy and the T-222 al loy 

presented  here  involves the fact  tha t  ha fn ium e i ther  
decreases the  effective oxygen diffusivity in the  a l loy 
or serves as an efficient sa turab le  t rap  for  diffusing 
oxygen atoms. 

In  summary ,  the catas t rophic  d is in tegra t ion  or  igni-  
t ion of thin t an t a lum al loy specimens is envisioned as 
being the final step in the  fol lowing sequence:  (i) oxy -  
gen pene t ra t ion  into the a l loy in advance  of the  ox ide-  
meta l  interface,  resul t ing in (ii) gra in  bounda ry  
embr i t t l emen t  and (iii) a stress gradient .  The stress 
levels  and ex ten t  of embr i t t l emen t  increase wi th  t ime 
leading to (iv) a sudden dis integrat ion.  If the  gra in  
size is sufficiently smal l  and the res idue is confined; 
(v) a violent  igni t ion of the specimen may  result .  
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Surface Irregularities Induced by 
Anodic Oxidation of n-Type GaAs 
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ABSTRACT 

GaAs surface i r regular i t ies  caused by a n o d i c  o x i d a t i o n  in the dark  were  
studied by changing mater ia ls  and oxidat ion conditions. Three  different t ex-  
ture  irregulari t ies ,  pebbled appearance, lines, and a mot t led  color splotch, 
were  found on the oxidized surface or  the surface free of the oxide layer.  
For  the  vapor  epi taxia l  GaAs wi th  a 0.6 ~ 3.0 X 10 i~ cm -3 carr ier  concentra-  
t ion range, only  the first i r regular i ty  was observed. None of these i r regu-  
lari t ies were  observed on heavi ly  doped epi taxial  or bulk  GaAs, whereas  all 
of them were  observed on n - type  CZ mater ia l  that  had not been doped. 
Correlat ion to crystal  defects is also discussed. It was found that  pebbled 
t ex ture  and striations could be suppressed when  anodization voltage was 
kept  small  or when electrolyte  t empera ture  was kept  low. 

GaAs microwave  devices, such as GaAs FET's  and 
optical devices, requi re  ve ry  fine etching as well  as 
occasionally passivation by an oxidized layer.  Recently,  
i t  has been realized that  anodic oxidat ion is a useful 
tool for ve ry  fine etching. For  example,  Rode et al. (1) 
demonstra ted that  anodic oxidation in the dark can be 
used for a sel f -control led etching to get a uniform 
active layer  for GaAs FET's. Mfiller et al. (2) used 
anodic oxidation for uniform and controlled fine etch- 
ing of an ion- implanted  GaAs layer. For  these applica- 
tions, surface smoothness of the oxidized layer  and /o r  
of the GaAs surface from which the oxide layer was 
removed  is very  important .  Especially for the applica- 
tion to GaAs FET materials,  a mi r ro r - l ike  smooth 
surface wi thout  any tex ture  is needed to get a nar row 
gate (~0.5 ~m) which is essential for obtaining a 
h igher  power  gain and lower  noise figure for a GaAs 
FET. 

Af ter  the anodic oxidation of GaAs, a gray or granu-  
lar  t ex tu re  has been observed by Logan et al. (3) and 
Spitzer et al. (4) on n - type  bulk GaAs, whose carr ier  
concentrat ion was 0.5 ~ 5 X 10~: cm -3, and on p- type  
bulk GaAs, whose hole concentrat ion was 1 ~ 5 X 
10 is cm-3,  when they were  oxidized in H202. Hasegawa 
et al. (5) reported pits which spread from the fr inge 
of the sample toward the inner  area. There is no re-  
port  of a systematic analysis of the surface after  anodic 
oxidation. The purposes of this work are to study 
propert ies of irregulari t ies,  and to obtain a good 
smooth GaAs surface by anodic oxidation in the dark, 
which can be applied to the fabricat ion of GaAs FET's. 
Systematic  s tudy on the surface morphology for an 
oxidized surface has been accomplished by changing 
mater ia ls  and conditions, such as anodization voltage 
or temperature .  

This repor t  lists three kinds of surface i r regular i -  
ties: pebbled appearance, lines, and a mott led color 
splotch on the oxide layer. All  of these three i r regu-  
lari t ies were  observed on undoped bulk GaAs, but none 
were  observed on heavi ly  doped vapor  grown epi taxial  
or bulk GaAs. Only the first i r regular i ty  was observed 
on the vapor  grown epi taxial  GaAs with a low carr ier  
concentration. Pebbled texture  and striations (lines) 
were  suppressed at a small  oxidat ion voltage or at a 
low elect rolyte  temperature .  The striations and the 
mottled color splotch were easily recognized by the 
naked eye. The lines and the pebbled texture had the 
same dependence on anodization conditions. 

Experimental Procedure 
The anodic oxidation studies were  per formed on 

Czochralski (CZ) -g rown  nondoped (not in tent ional ly  

Key words: defects, epitaxy, semiconductor, topography. 

doped) n- type  (n ~ 4 X 1016 cm -3) boa t -g rown (BG) 
nondoped n- type  (n -- 1.4 X 10 i6 cm-3) ,  CZ-grown 
t in-doped (n ~ 2 X 10 is cm-8) ,  BG sil icon-doped 
(n ~ 2 X l0 is cm-8) ,  and vapor -g rown  sulfur-doped 
(n ---- 6 X 1016 ~ 1 X l0 is cm -3) materials.  The GaAs 
wafers  were  all (100) oriented. The bulk samples were  
chemomechanical ly  polished with 0.1 -- 0.3 ~m ZrO2 in 
an aqueous solution of NaOC1, then were  cleaned in 
boiling t r ichloroethylene and acetone, fol lowed by a 
rinse in water,  and 11 ~.m was etched f rom the surface 
in a solution of 3 H2SO4:1  H 2 0 2 : 1  H20 to remove  
the damaged layer. 

Anodization was carried out in the so-called AGW 
electrolyte  (5), which was a mix ture  of a 3% aqueous 
solution of tar tar ic  acid and e thylene glycol in 1:2 
proportions. The pH for the electrolyte  was 2.60 and 
the t empera tu re  was held at 25 ~ ~ 27~ In some cases, 
the electrolyte  was heated with  a wa te r  bath or  was 
cooled down with ice or Dry  Ice. The anodic oxidat ion 
was carr ied out wi th  a constant voltage source which 
was connected to the cell in series wi th  a current  l imit -  
ing resistor (5). The source vol tage was set at 250V. 
Init ial  current  densities were  1 m A ' c m  -2, controlled 
by the current  l imit ing resistor. Oxide thickness was 
monitored by the rise in cell voltage, ~V, during the 
oxidation. A conventional  microscope lamp wi th  a 
tungsten bulb was employed for the oxidat ion under  
i l lumination. Light  intensi ty was 77,000 lx. The oxide 
and GaAs surfaces were  observed by an optical or an  
in terference color microscope. The oxide layer  was 
removed in HC1 solution when the GaAs surface was 
to be observed. 

Results 
Three surface irregularities.--A photograph of a 

typical oxide film surface after  anodic oxidation in the 
dark is shown in Fig. l ( a ) .  A sketch of Fig. l ( a )  is 
shown in Fig. 1 (b). The crystal  is CZ-grown nondoped 
bulk with  a carr ier  concentrat ion of 4 X 1016 cm -8. 
Three surface i r regular i t ies  are recognized as color 
differences on the oxide film: the first one is a pebbled 
texture  observed all over  the film. A specific sample 
of this i r regular i ty  is indicated by A in Fig. 1 (a). The 
pebbled texture  pits are roughly rounded in shape 
and about 0.5 am in diam. The oxide inside of the pits 
is th inner  than outside the pits. The second one, indi-  
cated by B, is striation with a line width of about 5 
~m. The last irregularity, indicated by C, is an example 
of a mottled color splotch on the oxide film, which can 
be recognized by the naked eye. 

Irregularities A and B are also observed on the GaAs 
surface after the removal of the oxide. It is interesting 
that the pebbled appearance becomes faint around 
any pits on the surface and is diminished on one side 

2039 



2040 September 1980 J. EIectrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY 

MOTTLED 
APPEARANCE STRIAT IONS 

Fig. 1. Oxide surface irregularities produced by anodizafion in the 

of the striations. Color differences for C i r regular i t ies  
correspond to 200 ~ 500A in oxide thickness. These 
three i r regular i t ies  seem to not depend on current  
density. 

Dependence on oxide voltage drop.--Interference 
colors appear  locally on the GaAs surface just  af ter  
s tar t ing the oxidation in the dark. Nonuniformity  in 
color is shown in Fig. 2(a) .  When the voltage drop 
across the oxide, ~V, becomes about 40V, color differ- 
ences are recognized all over the wafer.  At the same 
time, a stripe pa t te rn  is observed as represented by the 
a r row in Fig. 2(a) and striations start  to appear  on 
both edges of the stripe pattern. The striations are in-  
dicated by arrows in Fig. 2(b) .  In this photograph, a 
mot t led  color splotch with indeterminate  form can be 
seen. The nonuni formi ty  in the color is not changed 
during fu r ther  oxidation. Striations are observed dis- 
t inct ly with an increase in _aV, as shown in Fig. 2 (b). 

An interference color micrograph on oxide and GaAs 
surfaces af ter  a 2 ~ angle- lapping is shown in Fig. 3. 
The striations consist of r idged and recessed lines. The 
r idged (or recessed) line on the oxide is the r idged 
(or recessed) line on the GaAs surface. This corre-  
spondence be tween the oxide and the GaAs surface 
is possibly due to local (selective) dissolution of oxide 
at the lines. 

The pebbled surface tex ture  appears at high oxide 
vol tage drop, or with large oxide thickness, in contrast  
with the mott led color splotch and striations which can 
be visible at low oxide voltage drop. No pebbled tex-  
ture surface can be recognized on the oxide surface 
when the voltage drop is below 70V. When the voltage 
drop is increased to l l0V,  the pebbled tex ture  surface 
starts to appear  on a thicker  oxide at the mott led color 
splotch, and then expands all over  the wafer.  The peb-  
bled texture  surface becomes more distinct wi th  an 
increase in the oxide thickness, s imilar ly to lines. 

Standard  deviations in oxide i r regular i t ies  (both 
pebbled t ex ture  and striations),  which were  measured  
by a Talystep, were  32A at 140V and 89A at 260V. 
The degree of surface i r regular i t ies  af ter  anodization 
in the dark increased at a high rate  with an increase 
in AV. It should be noted that  threshold voltages exist 
in appearance of surface i rregulari t ies:  about 70 
100V to the pebbled appearance and about 40V to the 
striations. 

Almost  the same surface ~ i r regular i t ies  are left  on 
the GaAs surface after  removal  of the oxide film. In 
order  to see if these surface i r regular i t ies  depend on 
the oxide thickness or amount  of GaAs consumed dur-  
ing the anodic oxidation, two kinds of oxidations were  
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performed:  (i) GaAs surface was oxidized unti l  ~V 
was 50 ~ 70V, and then the oxide film was etched off. 
By repeat ing this procedure four times, a 3400A GaAs 
layer  was etched off. (it) GaAs was oxidized unti l  ~V 
was 177V, followed by removal  of the oxide. In this 
way, a 2700A GaAs surface layer  was etched off. 

F rom a comParison of these two surfaces, it is found 
that  the GaAs surface etched by the four oxidat ion-  
cycles, was almost completely flat and smooth, but  the 
GaAs surface etched less deeply in a single oxidation 
exhibi ted a very  i r regular  tex ture  surface. This result  
means that  the striations and the pebbled texture  sur-  
face do not depend on the amount  of GaAs consumed, 
but  are affected by the voltage drop of the oxide, or 
oxide thickness. 

Dependence on crysta~ and carrier concentration.- 
The surface i r regular i t ies  appearance depends on the 
growth method of GaAs and on the carr ier  concentra-  
tion. Striations were  revealed  on only nondoped CZ 
material .  Mottled color splotch was observed on non- 
doped bulk (both CZ and BG) materials.  The pebbled 
tex ture  was observed on all the mater ia ls  except  
heavi ly  doped ones. 

No surface i r regular i t ies  have been observed on 
heavi ly  doped CZ, BG, and epitaxial  GaAs with a net 
donor concentrat ion of 1 ~ 2 • 10 is cm -3, even if the 
anodizafion is carr ied out unti l  ~V increases up to 220V. 

Dependence on temperature and pH of electrolyte.-- 
Electrolyte  t empera ture  effects on surface i r regular i -  
ties are shown in Fig. 4. The electrolyte  t empera ture  
was changed from --30 ~ to 45~ while the initial cur-  
rent  density and voltage applied to the cell were kept 
the same at each temperature .  The pebbled tex ture  
becomes fainter  by lower ing the tempera ture  and al- 
most disappears at --30~ The striations also become 
fainter  with decreasing temperature ,  but have not dis- 
appeared even at --70~ 

The appearance of surface i r regular i t ies  did not de- 
pend on the pH of the tar tar ic  acid solution, which was 
var ied from 1.85 to 6.30. 

Light illumination e]yect.--No i r regular i t ies  were  ob- 
served on surfaces anodized under  a strong i l lumina-  
tion, even on the surface of nondoped bulk GaAs oxi-  
dized with an applied vol tage on the film or more than 
200V. 

A mott led color splotch, which had been revealed by 
the first anodization in the dark, disappeared upon 
successive oxidation under  a strong il lumination, but  
lines and pebbled i r regular i t ies  were  enhanced. In the 
case of the first anodization to _iV ---- 140V in the dark, 
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Fig. 2. Striations on the oxide surface wlth (a) voltage drop of 
the ~V - -  30V, (b) ~V ~ 200V. 

fol lowed by the second anodization to ~V ---- 140V 
under  i l lumination,  280V total, the standard deviat ion 
of  the surface i r regular i t ies  af ter  the additional oxi-  
dation under  i l luminat ion was about 1.7 times larger  
than that  af ter  the first anodization in the dark. The 
three  i r regular i t ies  also appeared under  the reverse  
sequence, namely when the first anodization was car- 
ried out under illumination and the successive anodi- 
zation was in the dark. This fact means that, even 
when the GaAs surface is coated by a uniform smooth 
oxide film, surface i r regular i t ies  will  appear  if oxida-  

Fig. 3. Interference color micrograph showing 2 ~ angle-lapped 
section. 

Fig. 4. Oxide surfaces after onodization at (a) 45~ (b) 2~ 
(c) --30~ 

t ion is carried out in the dark. F rom these results, i t  
can be said that  appearance of the surface i r regula r i ty  
is a specific phenomenon of an anodic oxidat ion in the 
dark. 

CorreIation to the striations revealed by ~he chemi- 
cal etching.--It has been reported that  an etchant  con- 
sisting of HF, AgNO3, CrO3, and H20 reveals  the GaAs 
crystal defects (6). Recessed patterns are obtained on 
crystal  defects by etching in the dark. 

One part  of a GaAs wafer  was etched in the dark 
using the etchant and the other  part  was anodized in 
the dark. The sample was CZ-grown nondoped bulk 
GaAs. The anodization was carr ied out in the dark 
unti l  the cell vol tage was 140V. Figure  5 shows the 
GaAs surface obtained by the chemical etching in the 
dark (bot tom),  and the anodic oxide surface (top).  
Many striations are observed on the chemical ly etched 
surface. There is a perfect  correlat ion be tween the 
striations appearing on the anodic oxide layer  and the 
striations revealed  by the chemical  etching. It  was 
found by a Talystep that  the striations revealed  by 
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Fig. 5. Interference color micrograph of GaAs surface after 
chemical etching in the dark (bottom), and oxide surface pro- 
duced by anodization in the dark at AV ~ 140V (top). The chem- 
cal etching depth is about 3.2 ~m. 

this preferent ia l  etching in the dark were recessed, 
which means that  the str iat ion position is at the array 
of crystal defects. 

The striations revealed by the chemical etching have 
been well known to be due to the periodic fluctuation 
of the impur i ty  concentrat ion along the pul l ing di- 
rection, which is caused by the thermal  asymmetry  in 
the crucible of the pul l ing instalation. In the case of 
nondoped materials,  silicon is the residual impuri ty.  

Discussion 
Cause of the surface irregularities.--Since mottled 

color splotch was el iminated by addit ional  anodization 
under  i l lumination,  the mottled color splotch appear-  
ance can be explained very well as due to a doping 
inhomogeneity,  as described by Colquhoun et aI. (7). 
The doping inhomogenei ty  effect is e l iminated by free 
carriers which are generated in a GaAs surface by il- 
luminat ion.  

In a luminum anodization process, solvent action 
locally causes a pore on a point of the inhomogeneous 
oxide film, and a higher electrolyte tempera ture  or a 
thicker film (i.e., a longer pore) inclines to enhance 
the solvent action (8). For GaAs anodization, causes 
of striations and pebbled texture are possibly a t t r ib-  
uted to the solvent action, s imilar ly to the a luminum 
anodization. From the present  experiment,  however, 
it should be difficult to discuss the detail of the genera-  
tion mechanism of the striations and the pebbled tex- 
ture. 

Effect of depletion layer width on surface irregulari- 
ties.--Striations due to the fluctuation of the impur i ty  
concentrat ion exist in CZ crystals regardless of doped 
or nondoped materials. However, striations induced by 
the anodic oxidation process appeared on nondoped 
CZ materials,  but  did not appear on heavily doped 
CZ crystals. This is explained by differences of width 
Of the depletion layer  which is formed on the n - type  

GaAs surface in contact with the electrolyte. Crystal 
imperfections wi thin  a depletion layer affect the anodi-  
zation process and a smaller  width of the depletion 
layer  results in  a weaker  effect of crystal  defects or 
doping inhomogeneity.  The depletion layer  width at  
the avalanche breakdown voltage becomes smaller  
with increasing carrier concentration, for example, 
9000A for a carrier concentrat ion of 4 • 10 TM cm -3 and 
650A for 1 X 10 TM cm -8. Therefore, effect of crystal 
imperfections on the anodization process is weaker  for 
heavily doped crystals as compared with nondoped 
ones. 

Since no pebbled texture  surface appeared on heavily 
doped (epitaxial or bulk)  GaAs, the pebbled texture  
appearance is also affected by the depletion width. 
However, pebbled texture  surface cannot be due to 
doping inhomogeneity because this i r regular i ty  can- 
not be el iminated out by i l lumination.  Fur the r  detailed 
analysis will be needed. 

Conditions for obtaining smooth surface.--A strong 
i l luminat ion  is the most effective way to obtain a 
smooth surface in  the anodization of any GaAs mate-  
rials. However, for a self-controlled etching in a GaAs 
FET process, anodic oxidation must  be carried out in 
the dark. Therefore, for this application of the anodiza- 
tion, a lower tempera ture  and /or  a smaller voltage 
drop across the oxide are useful conditions for sup- 
pressing the irregularities,  such as pebbled texture 
and lines. 

Conclusion 
Surface irregulari t ies  induced by anodic oxidation 

in the dark for n - type  GaAs were studied by changing 
materials and oxidation conditions. The results are as 
follows. 

1. Three different surface irregulari t ies  were ob- 
served: pebbled texture, lines, and a mottled color 
splotch. All the irregulari t ies are observed on un -  
doped CZ material  but none are observed on heavily 
doped (CZ, BG, and epitaxial) materials.  In  the case 
of vapor-grown epitaxial  GaAs with a carrier  concen- 
t ra t ion ranging from 0.6 to 3.0 X 10 z7 cm -3, only the 
pebbled appearance is observed. 

2. The lines correspond to the striations caused by 
the nonuni form distr ibution of the impur i ty  in the CZ 
crystals. The mottled color splotch may be the result  
of doping inhomogeneity.  

3. The pebbled texture and lines can be suppressed 
using a small oxidation voltage or a low electrolyte 
temperature.  
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Surface Segregation and Precipitation Phenomena 
in Ag-AI Alloys 

A. G. Dirks and H. H. Brongersma 

Philips Research Laboratories, Eindhoven, The Netherlands 

ABSTRACT 

A series of Ag-A1 bulk  alloys was made by argon arc melting, while th in  
films of these alloys were prepared by ul t rahigh vacuum vapor deposition. 
By means of light microscopy, x - r ay  diffraction, t ransmission electron mi-  
croscopy and low energy ion scattering under  ul t rahigh vacuum conditions, 
the precipitat ion events during low temperature  anneal ing  were invest i -  
gated. 

T h e  Ag-A1 system has been the subject of recent 
interest  (1, 2); par t icular ly  much at tent ion has been 
paid to the growth kinetics of the compound AgiA1. 
In  this paper we report  on our studies of Ag-r ich 
Ag-A1 alloys either in  the bu lk  or as a thin film. 
With a variety of exper imental  techniques we have 
compared the precipitat ion phenomena in both types 
o f  Ag-A1 alloys. In order to assess the role played 
by the surface of the samples, we studied the outer-  
most atomic layers by low energy ion scattering 
(LEiS) in detail. Precipi tat ion effects have been 
found to occur first at interfaces, such as grain bound- 
aries or surfaces, as these general ly are the most 
l ikely sites for segregation and precipitat ion events 
[see, for instance, Ref. (3) ]. 

Experimental 
Ag,-zAlx alloys with 0 --~ x --~ 0.21 were made by 

argon arc mel t ing of the pure elements (Ag 99.9% 
and A1 99.99%) and homogenized in argon-filled 
sealed silica capsules for 160 hr at 600~ Thin  speci- 
mens of these alloys needed for the transmission elec- 
t ron microscope (TEM) investigations were obtained 
by means of ion milling. 

Thin  films up to 1 ~m in thickness were made within  
the same composition range by ul t rahigh vacuum vapor 
deposition (--~10 -10 Torr) .  In the vacuum chamber 
the alloys were prepared by simultaneous electron 
beam evaporat ion of the pure elements onto substrates 
at room temperature.  

The compositions of the samples have been analyzed 
by LEIS. The diameter  of the scattering ion beam was 
1 mm, the ion current  ,~100 nA, and the scattering 
angle 142 ~ A detailed description of the ion-scat ter ing 
equipment  has been given elsewhere (4). Quant i ta t ive  
data for Ag and A1 were obtained by cal ibrat ion 
against  the pure elements. The sensit ivity of O rela-  
tive to A1 was determined by s tudying the oxidation 
of an A1 surface. It  was found that the atomic sensi- 
tivities are not influenced by chemical effects in the 
present  case. This finding is s imilar  to that for earlier 
LEIS measurements  on other targets, such as Cu-Ni 
alloys (5). 

Experimental Results 
X-ray diffraction exper iments  with as-deposited 

Ag~-xAlx films showed that  the diffraction lines which 
are indicative of the presence of the ~-Ag.~A1 equil ib-  
r ium compound are visible for x --~ 0.09. With higher x 
values the in tensi ty  and the number  of these diffrac- 

Key words: surface segregation, precipitation, silver-aluminum 
alloys, low energy ion scattering, thin films. 

tion lines increased. The microstructure of all films, 
as studied by TEM, revealed crystallites having di-  
mensions smaller  than 0.1 ~m. 

Rutherford backscattering experiments  with 2.7 meV 
He + ions were performed with films in the composition 
range 0 < x --~ 0.45. Measurements of the as-deposited 
layers on SiO2 substrates resulted in depth profiles 
having constant A1/Ag ratios. 

As distinct from the thin films the x - r ay  diagrams 
for the bulk  samples with x --~ 0.15 showed the Ag 
matr ix  reflections only. Neither x - r ay  analysis, nor  
TEM studies (at 100 keV and 1 meV electrons) could 
reveal the presence of the second phase, even after 
anneal ing  the alloy for 550 hr  at 210~ With light 
microscopy only a fine grain boundary  precipitate was 
found, the grains having dimensions of about 0.1 mm. 
Figure 1 is a bright  field image of par t  of a mono- 
crystall ine region in a th inned Ag0.ssA10.15 sample. 
The corresponding matr ix  diffraction spots are shown 
in the inset. The sharp diffraction r ing reflects the 
presence of a circa 100A periodicity, which suggests 
the formation of a second phase (~-phase?).  

In  Fig. 2 the data for a bulk  Ag0.90A10.~0 alloy ana-  
lyzed by 2 keV He + ions are shown. The sample had 
first been sputter  cleaned by prolonged He + and Ne + 
ion bombardment .  Next, the target  was heated for 
15 hr to 50O~ Upon cooling to 270~ the surface 
concentrations remain  close to that of the bulk. How- 
ever, the surface concentrations change markedly  

Fig. I. 100 keV TEM micrograph of a thinned Ago.ssAIo.15 alloy. 
The inset shows the corresponding diffraction pattern. 
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Fig. 2. Energy spectra for He + scattered from an Ago.9oAIo.lo 
alloy. The scattering angle is 142 ~ . 

when cooling fur ther  to 160~ This effect is much 
more pronounced than expected from conventional  
surface segregation theories (see Discussion). When 
cooling the target  to room temperature,  the A1 con- 
centrat ion in the surface decreases again since diffu- 
sion processes become slow as compared to the sput-  
ter ing action of the analyzing beam. These results 
have prompted a detailed invest igat ion of the surface 
composition as a funct ion of temperature  in other 
bu lk  Ag-A1 alloys. Homogenized Ag0.92Alo.0s and 
Ag0.sgAlo.ll were first sputter-cleaned by bombardment  
with 2 keV Ne + ions for 12 hr. During subsequent  
LEIS measurements  in  a vacuum in the 10 -20 Torr 
range using 2 keV He + ions, we observed energy 
spectra showing three distinct peaks for O, A1, and 
Ag. Characteristic spectra for an Ag0.92Alo.0s alloy at 
190~ are given in Fig. 3. Only after prolonged Ne + 
bombardment  was it possible to reduce the oxygen 
coverage below 1 atomic percent  (a/o) .  A summary  
of the LEIS measurements  on a sample with x = 0.11 
is shown in Table I. For the different temperatures  
of the alloy we calculated the net  area of the three 
peaks wi thin  an energy range of about  100 eV, which 
is centered on the peak. The relat ive sensitivities are 
obtained as described above. This cal ibrat ion resulted 
in the following relat ion O:AI :Ag = 1:15:76. Using 

Table I. LEIS results for 2 keV He + ions scattered from an 
Ago.89Ato.zz alloy obtained on four successive runs on the same 

sample. The values are a measure for the net area of the 
O, AI, and Ag peaks at the temperatures indicated. This net area 

has been calculated from the energy spectra, within an energy 
range centered on the respective peak maxima. Calibration against 

the pure elements cf. oxidized AI yielded the following atomic 
sensitivities O:AI:Ag = 1:15:76. The atomic concentrations are 

shown in parentheses. 

T ('C) o AI Ag 

410 460 (1%) 70,379 (12%) 2,632,742 (87%) 
300 0 (0%) 75~051 (12%) 2,698,458 (88%) 
240 O (0%) 85,904 (14%) 2,594,517 (86%) 
210 0 (0%) 86,799 (14%) 2,681,394 (86%) 
588 0 (0%) 80,789 (12%) 3,041,720 (88%) 
240 455 (1%) 111,268 (16%) 2,988,087 (83%) 
289 O (0%) 104,827 (14%J 3,106,954 (86%) 
507 0 (0%) 79,374 (11%) 3,108,687 (89%) 
336 189 (1%) 97,786 (13%) 3,067,619 (86%) 
242 0 (0%) 100,455 (14%) 3,039,318 (88%) 
520 0 (0%) 80,498 (12%) 2,886,145 (88%) 
268 0 (0%) 79,328 (12%) 2,833,099 (88%) 
185 0 (0%) 108,980 (18%) 2,512,562 (82%) 
103 0 (0%) 79,695 (14%) 2,481,320 (86%) 
40 1459 (4%) 64,648 ( Ii % ) 2,500,216 ( 85% ) 

these relat ive sensitivities we calculated the atomic 
percentages present  at the surface of the alloy: see 
Table I. The possible error in concentrat ion is highest 
for oxygen. With the data in  Fig. 3 we calculated an  
O concentrat ion of 12 +__ 8 a/o. This concentrat ion is 
about the same as that found for A1, probably implying 
that A1208 is formed. Other results are presented in 
Table I. Here the calculated oxygen values at the 
surface of the Ag0.s9A10.1z alloy are rather  low. In  
Fig. 4 the Al-surface concentrat ions have been given 
as a function of temperature.  Upon cooling from 
~600~ the A1 content  increases markedly  between 
300 ~ and 200~ At lower temperatures  this effect 
disappears due to the sput ter ing action of the ion 
beam. 

Instead of measur ing the whole energy spectrum 
at distinct temperatures,  an impression of surface 
effects also can be obtained by continuous measure-  
men t  of the peak height as a funct ion of temperature.  
In Fig. 5 we have plotted the A1 surface concentrations 
as calculated from the A1 peak heights. Similar ly  
as in the discontinuous heat ing experiments  a rather  
sudden increase of the Al-surface content is found 
star t ing around 250~ 
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Rg. 3. Energy spectra for He + scattered from an Ago.o2AIo.os 
alloy at 190~ 

24 
~J 

o 

o c 16 

0 
C 
o 
u 8 

0 0 

2 keY He +---~ Ag,egAl.11 

. . . . . . .  . . . .  

I I I I I I I I I I I 

100 200 300 400 500 6 0o 
T e m p e r o t u r e  ('C) 

Fig. 4. AI surface concentration of an Ago.s~AIo.z!. alloy as a 
function of temperature; data obtained by calculation of the peak 
area of energy spectra. The measurement at 40~ is less reliable, 
since the surface contained 4 a/o O. 
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Discussion 
When an Ag-r ich  AI alloy is cooled down from the 

aAg region of the Ag-AI phase diagram, the first pre-  
cipitat ion phenomena,  in  equi l ibr ium conditions, are 
observed at T ,,, 260~ when x -- 0.11 or T ,~ 185~ 
when x -- 0.08 (6). The LEIS data represent ing the 
surface concentrat ions (Fig. 4 and 5) revealed an in -  
crease of the A1 content  close to these temperatures.  

From cur ren t  surface seg~'egation theories it is not 
immedia te ly  clear whether  segregation will occur 
and if so, which e lement  will  be enriched at the 
surface. According to bondbreaking models (7) the 
e lement  with the lowest heat of vaporization should 
segregate. This would be Ag(~Hvap. = 67.9 kcal /mole  
at 298~ and not  AI(bHw,.  ---- 78.5 kcal /mole  at 
298~ However, heats of vaporization are not always 
a good measure of the s t rength of the cohesive bonds 
in  a solid that  are broken at a metal-vacuum interface 
(8). Therefore, a bet ter  approach is to consider the 
differences in surface energies ra ther  than in heats 
of vaporization. The surface energies for Ag and A1 
at 0~ are 1250 and 1200 m J / m  ~, respectively (9). 
This more accurate approach would thus predict hard ly  
any  segregation. Moreover, if segregation occurs, it 
would ra ther  be A1 than  Ag segregation. When A1 
segregation occurs, the concentrat ion of the A1 and 
the Ag at the surface (YA1 resp. UA~) with respect to 
the concentrat ions in  the bulk  (XA1 resp. XAg) will  
be given by 

YA1 X A 1  ( A E )  
-- . . . .  exp -- - - ~  

Y A g  X A g  

where AE is an energy difference between atoms at 
the surface and in the bulk. Independent  of the pre-  
cise value of AE, which can be calculated using various 
surface segregation models, the ln(yA]/yA~) should 
always be directly proport ional  to 1/T. 

The results at higher temperatures  are in agree-  
men t  with these expectations, but  significant differ- 
ences are observed around 250~ The A1 surface 
concentrat ion rises suddenly much faster with de- 
creasing temperature.  At still lower temperatures  the 
A1 concentrat ion drops again. At these temperatures  
the diffusion processes are too slow to compete with 
the sput ter ing action of the scattering ion beam; the 
equi l ibr ium surface precipitate will therefore be re-  
moved from the outermost atomic layers. This explains 
the drop in A1 at lower temperatures  (Fig. 5). 
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In  order to i l lustrate  the differences with the experi-  
ment  ttleoretical curves for x = 0.08 and 0.11 are also 
shown in  ~ig. 5. These curves have been normalized 
to the exper imental  curves at 300~ i t  is clear that  
such a theoretical curve, which is in  agreement  with 
exper iment  at higher temperatures,  cannot explain 
the results at lower temperatures.  Since the deviations 
start  close to temperatures,  where  it  is known  that  
phase separat ion (into Ag and an  Ag~A1 ~-phase) 
occurs in  the bulk  (6), i t  is tempt ing to correlate the 
sudden increase of the A1 surface concentrat ion with 
this phase transition. 

However, a phase t ransi t ion in itself is only a re-  
ordering of atoms and does not affect the average 
surface composition. Apparen t ly  the phase t ransi t ion 
is accompanied by another  process that  leads to an 
increase in  the surface concentrat ion of the A1. The 
origin for the Al -enr ichment  at the surface may be of 
a kinetic or a thermodynamic  nature.  Since a free 
surface is a we l l -known nucleat ion site it is quite 
possible that the growth of the Al- r ich  #-phase will  
s tart  preferent ia l ly  at such an interface. One would 
expect, however, that  the concentrat ion of the ~-phase 
at the surface (and thus the concentrat ion of the A1) 
would depend strongly on the details of the heat-  
t reatment.  This is not the case. Moreover, in-depth 
analysis of the samples show that  the enriched layer  
has only a thickness of the order of a monoatomic 
layer. 

A thermodynamic  explanat ion seems, therefore, more 
likely. It could be that  the surface energy of the 
~-phase is lower than that  of Ag, thus leading to 
segregation of the ~-phase to the surface. If the ~- 
phase would completely cover the surface this will  
lead to an Al-surface concentrat ion of 25%. In  view 
of the small  differences between the surface energies 
and Ag and A1, it  is doubtful  that the differences be-  
tween the ~-phase and Ag are large enough to explain 
the present  results. Moreover, i t  would not  expla in  
that the enr ichment  is confined to the outermost  
atomic layer. 

Another  explanat ion is, that while the relat ive 
amounts  of Ag and the ;~-phase in bu lk  and surface 
are about the same, the A1 is s trongly enriched in  
the outermost layer of the ~-phase at the surface. 
Studies of van Santen  and Sacht]er (10) on PtsSn 
alloys support this lat ter  possibility. LEIS studies to 
t ry and fur ther  identify the origin of the strong low 
tempera ture  segregation in Ag-A1 alloys are underway.  
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Avalanche-Induced Hot Electron Injection and 
Trapping in Gate Oxides on p-Si 

A. K. Sinha,* W .  S. Lindenberger, W .  D. Powell, and E. I. Povilonis 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

H o t  elect ron t r app ing  in gate oxides can lead  to threshold  dr i f ts  in shor t  
channel  MOSFET's .  Therefore,  factors affecting the efficiency of hot  elec-  
t ron  t rapp ing  have been inves t iga ted  by  r f -b ias  aging of MOS capaci tors  
fol lowed by  f la tband vol tage measurements .  It was found tha t  ava l anche - in -  
ject ion e lec t ron cur ren t  levels of >5  ~A cm -2 produce  excessive amounts  of 
hot  e lec t ron t rapping;  cur rents  of <4  ~A cm -2 were  p re fe r r ed  for oxide 
character izat ion.  A r e l a t ive ly  smal l  amount  of hot  e lec t ron t r app ing  p ro -  
duced an  enormous dens i ty  of fast  surface states. The observed f la tband 
shifts would, therefore ,  contain significant contr ibut ions  f rom surface states. 
The total  f ia tband shift  due to hot  e lec t ron  inject ion and t r app ing  increased 
wi th  h igher  p -S i  subs t ra te  doping levels (10 TM --> 1017 cm -8) and  wi th  in-  
creasing oxide thickness (200 --> 1000A). Eect ron beam i r rad ia t ion  (5-30 ~C 
cm -2) fol lowed by  a 450~ H2 anneal  did  not s ignif icant ly change the h o t  
electron t r app ing  behav ior  of the gate oxide. Possible  impl icat ions  of t h e s e  
resul ts  on the  generic  re l i ab i l i ty  of VLSI  devices a re  discussed. 

A n  impor t an t  gener ic  r e l i ab i l i ty  concern with  
NMOS-VLSI (n -channe l  meta l  oxide  s i l i con - -ve ry  
l a rge-sca le  in tegra t ion)  is possible threshold  drif ts  
due to hot e lect ron t rapp ing  in the gate oxide (1). The 
use of sa tu ra t ing  logic circuits  wi th  boots t rapping  and 
shal low junct ions  creates large  fields and avalanche  
mul t ip l ica t ion  near  the dra in  edge, which increases the  
p robab i l i ty  of hot e lect ron inject ion and hence, of 
t rapping.  The ex ten t  of t r app ing  is obviously depend-  
ent  on device geomet ry  and aging conditions. I t  is also 
a funct ion of the  oxide qual i ty  and its processing his-  
tory.  Thus, a wide range of t rapp ing  efficiencies for 
a s -g rown oxides has been repor ted  in the l i t e ra tu re  
(2). I t  has been also repor ted  that  exposure  to E-  
beams can increase the tendency of gate oxides to t rap  
electrons (3). 

However ,  a quant i ta t ive  comparison of var ious  da ta  
is hampered  by  the fact, not genera l ly  apprec ia ted  in 
the l i te ra ture ,  that  the apparen t  t r app ing  efficiency is 
a compl ica ted  function of the ava lanche  inject ion level,  
oxide thickness,  and the subs t ra te  doping concentra-  
tion. This paper  documents  such effects; i t  also p re -  
sents independent  da ta  on the effect of E -beam i r r ad i a -  
t ion on the neu t ra l  t rap  dens i ty  of gate oxides. 

Experimental 
Measurements  of the hot e lect ron t rapp ing  efficiency 

were  made  by r f -b ias  aging of MOS capacitors,  where,  
in each half-cycle ,  the p -S i  goes in to  deep deple t ion  
and avalanche,  hot  electrons are accelera ted  across the 
potent ia l  ba r r i e r  a t  the Si/SiO2 interface,  and a d-c  
e lec t ron cu r ren t  flows th rough  the oxide  to the  gate  
(4). A n y  t r apped  e lect rons  are  manifes ted  by  a posi-  
t ive shift  in the f latband voltage. 

The appara tus  for r f -b ias  aging fol lowed that  de-  
scr ibed by  Nicoll ian and Berg lund  (5), and it is shown 
in Fig. 1. The r f - f r equency  was tuned in the range 40'0- 
600 kHz to obta in  a series resonant  circuit  and max i -  
mize the d isp lacement  cur ren t  through R1 (10~) as 
d i sp layed  on the oscilloscope. The r f -gene ra to r  vol tage 

* Electrochemical Society Active Member, 
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was increased unt i l  the des i red  level  of d-c cur ren t  
flowed through the e lec t rometer .  The l a t t e r  was ope r -  
a t ed  in the  30 mV (0.03X) fu l l - sca le  range  in  o rde r  to 
avoid any apprec iab le  d-c  b ias ing of the  MOS capaci -  
tor. 

SCHEMATIC FOR HOT ELECTRON TRAPPING APPARATUS 

SIGNAL 
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(I/2) METAL BOX 

lo.,q ~ 6 0 0 0  pf~ 

-I 
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MOS DOT ONq " PROBE 
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I I I 

SUBSTRATE 
In A CONTACT 

Fig. 1. Apparatus for rf-bias aging of MOS capacitors. [After 
Nicollian and Berglund, Ref. (5)]. 



VoL 127, No. 9 G A T E  O X I D E S  2047 

The samples were prepared by oxidizing p(100)Si  
wafers in  dry O2 4- 3% HC1 at 1000~ followed by an 
in situ Ar anneal  for 30 rain. An A1 0.5% Cu alloy film 
1 ~m thick was (In-Source|  evaporated on the gate 
oxide using an induct ively  heated source, and then 
pat terned into 10- or 20-mil diam dots using photo- 
l i thography and wet chemical etching. The back side 
was str ipped of any  SiO2 and a 1 ~m thick film of A1 
back contact was deposited. The wafers were then 
given a 450~ H2, 1/2 hr  annea l  to annea l  out  the sur-  
face states. 

Pr ior  to rf-bias  aging, all  wafers were subjected to 
capacitance-voltage (C-V) measurements  at 1 MHz 
with _ b ias - tempera ture  aging (250~ 2 X 106 V/cm, 
15 min)  to ensure that  they were free of Na + and ex- 
cessive s low-t rapping instabi l i ty  of the flatband volt-  
age, VFB (~VFB < 0.2V) (6). After  rf-bias  aging for 
specified periods o~ t ime with constant  current  through 
the electrometer, C-V measurements  were made to de- 
te rmine  the flatband voltage shift due to hot electron 
trapping. For a given sample, a period of 24 hr was 
usual ly  sufficient to obtain adequate data. 

R e s u l t s  

The above procedure gave the apparent  density of 
neu t ra l  traps, Neff, as a funct ion of the total number  
Qin, of injected electrons (3). The quanti t ies Neff and 
Qin are defined as 

AVFB Cox 

Nef f - -  _ _  _ _  
q tox 

1 
Qin = q 2 -  fl~t 

where, aVFB is the positive shift in the flatband voltage 
as a result  of hot electron trapping, q is the electronic 
charge, ,ox is the dielectric constant  of SiO2, tox is the 
oxide thickness, A is the area of the capacitor, I is the 
average d-c component  of the injected electron current,  
and t is the time. The hot electron t rapping efficiency 
may  be defined by dNeff/dQin and it is general ly a 
funct ion of Qin. The flatband voltage was read off the 
high frequency C-V curves using the depletion layer  
approximation;  no corrections were made for surface 
states. 

EJTect o] avalanche injection current level.--One of 
the unexpected results of this invest igat ion was the 
observation that the density, Neff, of electrons trapped 
at a given value of Qin depends upon the magni tude  of 
the average d-c component  of the avalanche inject ion 
current.  In  order to el iminate any edge leakage effects 
due to fr inging fields, these experiments  were carried 
out on samples where the thin oxide area (450A, 10 
rail diam) was surrounded by a thick oxide (5000A) 
guard ring, and the p-Si  doping level was kept  re la-  
t ively high at ~ 1 X 10 ~7 cm -s. As shown in Fig. 2, 
the measured values of N~ff were found to be appar-  
ent ly  independent  of the current  between 1 and 2 nA 
(2-4 #A cm -2) and be tween 40 and 80 nA (0.08-0.16 
mA cm-2) .  However, there was a factor of 10 increase 
in  the Neff on going from 2 nA (4 X 10 -6 A cm -2) to 
40 nA (7.9 X 10 -5 A cm-2) .  Moreover, at the higher 
currents  (>10 nA) the observed t rapping efficiencies 
were so dominated by the effect of injected current  
levels that it was difficult to evaluate other effects such 
as those due to substrate doping and thickness. There-  
fore, it was found practical to use an electron current  
of 1 nA for all the subsequent  aging experiments;  this 
level of current  could be safely sustained by even the 
th innes t  oxides (200A) on l ighter  doped mater ial  
(1016 cm -8) without  catastrophic breakdown. 

EfIect o] p-Si substrate doping.~MOS capacitors 
with NA of 2 >< 10 TM cm-3 showed a negligible degree 
of hot electron t rapping for Qin -~ 10 I7 cm -2. This dop- 
ing level is near  the lower l imit  of that required for 
bulk  avalanche and it may be associated with some 
field fr inging in the Si-space charge region (4, 5). 

i , i ' 1  , , i , I  ~ i i 

5 p - S i / S i  0 z / / A ~  /40t80 nA 

/ 
0 I nA 

u /  
4 ~2nA / 

/ E o 5hA / 
=o~ 3 -  �9 40hA " /  

�9 SO nA ~ L  
z~ 2 / / S n A  

I 

1015 i016 1017 1018 

Qin (cm-2) 
Fig. 2, Effective density of neutral traps vs. the total number per 

unit area of injected electrons for various levels of d-c electron 
currents. 

Therefore, this observation of low t rapping efficiency 
was reconfirmed by uti l izing an iV[OS structure with a 
thick oxide guard ring. Upon going from an NA of 
2 X 10 TM --> 2.5 X 1017 -> 6.8 X 1017, the N e f f  shows a 
rapid increase for Qin N 1017 (Fig. 3). The effect shown 
in Fig. 3 would become even greater  if al lowance is 
made for the fact that  the 6.8 X 1017 Si had a th inner  
oxide and the 2 X 10 TM Si had a thicker oxide than  the 
1.5 X 1017 mater ia l  (see the next  section). The ob- 
served increase in the hot electron t rapping efficiency 
for higher substrate doping levels (NA) appears to be 
over and above that s imply a t t r ibutable  to edge effects, 
which dominate only at lower doping concentrations. 
Thus, the increase in  the t rapping efficiency with NA 
continues to occur over the doping range (1017 < NA 
< 10 is cm -8) where edge effects would be absent. 

Ef]ect of the oxide thickness.--As shown in  Fig. 4, 
for a given doping level (NA ~ 2 X 1017 cm-~) ,  the 
efficiency of hot electron t rapping decreases on going 
from a gate oxide thickness of 970 --> 600 -~ 150A. This 
thickness effect can be reinforced by the doping effect, 
so that  an MOS structure  with 260A thick oxide on 
3 X 10 TM p-Si  showed no measurable  hot electron 

7 i i I I i iii i I I 1 1 1 i i l l s I I ~,I 

6 

D 6.8EI7 390 

- 

% 
- 

I I I I I l i l l  i I I I I I I  I I I i I I I  

,d S ,o �9 io,7 ~. 
Qin (cm-2) 

Fig. 3. The effect of p-Si substrate doping level on the hot elec- 
tron trapping behavior of MOS capacitors on p-Si. 
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Fig. 4. The effect of gate oxide thickness on the hot electron 
trapping behavior of MOS capacitors on p-Si. 
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t rapping induced flatband shift for Qin as high as 2 • 
1017 cm-2. 

Effect o] E-beam i rrad ia t ion . - -Aluminum-meta l i zed  
MOS capacitors containing 810A SiO2 on p(100)Si 
(NA = 2.7 • 1016 cm -3) were E-beam irradiated with 
doses of 10, 20, and 30 ~C cm -2 in three quadrants  of 
a wafer whereas the fourth quadrant  was left as a 
control. The i r radiat ion produced a large number  of 
surface states which were annealed out at 450~ 1/2 hr, 
H2. As shown in Fig. 5, no difference could be found 
in the hot electron t rapping behavior  of the noni r rad i -  
ated control and the irradiated capacitors. In  another  
experiment,  various gate Oxide areas were E-beam ir-  
radiated with 5, 15, and 20 ~C cm -2 and then metalized 
with A1 dots and annealed at 450~ H2, 1/2 hr. Again, 
no difference could be observed between the hot elec- 
t ron t rapping behavior of i r radiated and nonirradia ted 
areas. These results indicate that for the present ly  
used combinat ion of Si-doping level, oxide thickness, 
and E-beam doses, hot electron t rapping instabi l i ty  
should not be abnormal ly  high. 

The present  results cannot be directly compared 
with those of Ai tken et al. (3) who observed a factor 
of 2 increase in the hot electron t rapping on going 
from nonirradia ted controls to samples i rradiated with 
a high E-beam flux of 100 ~C cm -2. Their samples had 
a higher doping level of 2 • 1017 cm -~, a smaller  
oxide thickness of 440A, and were annealed at 400~ 
30 rain in forming gas following E-beam exposure. 

I I I I I I I I I I [ I I l I 

4 r_ p (100) Si/Si 0 z / A ~  e-BEAM IRRADIATED 
(2.7x 1016) (8JOA) THEN, 450~ H 2 I/2h. 

~ 3  
o 0 NO IRRADIATION L I  nA 

% i::] [0Fc cm-Z o ~  
/ 

, ~ J , I l l  , I , 
~d 5 tde Id 7 Id 6 

Qin (crn'2) 

Fig. 5. Effect of E-beam irradiation of aluminized MO$ capacitors 
followed by 450~ H2 anneal on the hot electron trapping behavior 
ef the gate oxide. 

Generation o] surface states due to hot-electron in-  
jec t ion . - -Through quasi-static measurements  in con- 
junct ion with h igh-f requency (1 MHz) C-V  measure-  
ments  (7), the density of surface states at midgap, 
Nss, was determined for a l imited number  of samples 
subjected to avalanche inject ion and trapping. Figure 
6 shows the results obtained for an MOS structure 
with a 0.5 ~m thick oxide guard ring, 550A gate oxide 
on p-Si with an acceptor concentrat ion of 1.0 • 1017 
cm -8. The electron inject ion current  density was 6 ~A 
cm -2 which is somewhat higher than the preferred 
levels. As may be seen from the r igh t -hand  ordinate 
of Fig. 6, an enormous density of surface states ( >  10 TM 

cm -2 eV -1) is generated as a result  of rf-aging. These 
surface states could not have been produced by any  
preferent ia l  conduction at the edges, since the acceptor 
concentrat ion was re la t ively high and the edges were 
sealed with a thick oxide guard ring. The surface states 
also cause a stretchout of the high frequency C - V  
curves near  the inversion point after extended aging, 
and this was found to be the case for all the samples 
studied. A detailed analysis of the surface states effect 
is being carried out and it will be published elsewhere. 

Discussion 
The present  results on oxide thickness and Si-doping 

effects show that, through measurements  of hot elec- 
t ron t rapping efficiency, it is possible to dist inguish 
between gate oxides which otherwise show the same 
( interface-dependent)  MOS characteristics, e.g., Qss 
and the slowtrapping instability. For this purpose, the 
choice of a low inject ion current  at ,~1 nA level (,~2 
~A cm -2) is important ,  because it  enables one to best 
resolve the effect of materials and process parameters  
on the hot electron t rapping efficiency. On the basis 
of the observed tMckness dependence of hot electron 
t rapping efficiency, it  may be concluded that the 
neutra l  traps are distr ibuted throughout  the oxide as 
opposed to, e.g., the slow traps or the fast states which 
predominant ly  reside at or near  the interface. 

This point is fur ther  i l lustrated by Fig. 7 where the 
hot electron t rapping efficiency at a Qin of 1017 cm -~ 
is plotted against  the oxide thickness. A l inear  depend-  
ence through origin would' indicate a tox 2 dependence 
of ~VFB, and hence, a uniform distr ibution of traps 
throughout  the oxide thickness. This seems to be the 
case with the present  samples except for the thinnest  
oxide (150A), where there is a positive deviat ion from 
the line drawn through origin. It is probable that for 
the lat ter  situation, addit ional traps related to the 
interface are present. Our conclusion on the overall  
thickness dependence of hot electron t rapping at room 
temperature  is very similar to that published recent ly 
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Fig. 6. The effect of gate oxide thickness on the hot electron 
trapping efficiency at Qtn of 1017 cm -2 .  
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oxide guard ring. 

(and after the present  work was completed) by Young 
et al. (8). 

In relat ing the present  results to VLSI device tech- 
nology, it  may be concluded that the t rend towards 
th inner  gate oxides should be beneficial with regard 
to hot electron t rapping instabili ty.  It should be em- 
phasized, however, that even a small amount  of hot 
electron t rapping is always associated with an enor-  
mous increase in the surface states density. This factor 
alone may affect device performance, and also the 
estimate of the flatband voltage from C-V measure-  
ments  after extended aging. 

Conclusions 
R-F-b ias  aging of MOS capacitors on p-St was ut i l -  

ized to evaluate avalanche- induced hot electron t rap-  
ping phenomena in gate oxides. 

1. The hot electron t rapping efficiency is a function 
of the avalanche inject ion current  level: 1-2 nA (<4  

# A c m -  2) are preferred values for controlled experi-  
ments, whereas with >10 nA (>5 ~,A cm-2) ,  an exces- 
sive degree of t rapping is observed. 

2. The flatband shift upon rf aging of capacitors in -  
creases with higher doping levels (1016-1017 cm -~) in  
the p-St  substrate and with increased gate oxide thick- 
ness (200-1000A). 

3. Electron beam irradiat ion with a dose of 5-30 
#C cm-2  followed by a 450~ H2 anneal  did not  ap-  
preciably degrade the hot electron t rapping behavior 
of SiO2 on p-St  (NA ~ 1016 cm-a ) .  
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ABSTRACT 

Diffuse reflectance and fluorescence spectra as well as lifetimes have been 
determined as a funct ion of Nd a+ concentrat ion in Na3Lal-xNdx(PO4)2 
(0 < x ~ 1) and Na3Lal-xNdx(VO4)2 (0 < x --~ 0.70) phases. Due to the 
dissymetry of the anionic envi ronment  and the higher covalency of the Nd-O 
bond, the vanadate  has a strong luminescence in tensi ty  at low concentra-  
tions. Impor tan t  self-quenching is l ikely due to electric dipole interactions 
between Nd a+ ions leading to cross-relaxation via the 4115/2 manifold. 

The development  of fiber optical communicat ions 
is at the origin of man}" studies concerning neodymium 
microlasers. Due to their high neodymium content, 
these materials can be pumped by light emit t ing 
diodes (LED) and consequently constitute a poten- 
tial l ight source for optical integrated systems. 

The first neodymium lasers such as Nd:YAG (I)  
showed a very impor tant  concentrat ion-quenching.  
The study of the optical properties of the neodymium 
ul t raphosphate  NdPhO14 (NdUP) gave rise to a second 

K e y  w o r d s :  i n o r g a n i c ,  l u m i n e s c e n c e ,  l a s e r s .  

generat ion of materials  with a high concentrat ion in  
active ions, bu t  reduced self-quenching.  Most of them 
are borates and phosphates with a strongly covalent 
f ramework along two or three space directions iso- 
lat ing each ra re -ear th  ion from one another. All these 
structures involve a large d is tance- -about  hA--be-  
tween nearest  neighbor Nd s+ ions. 

An al ternat ive way of obtaining large distances be-  
tween active ions in crystals is to create cationic 
ordering wi thin  a given structure. This is the c a s e  
for instance in  the Na3Ln(XO4)2 p h a s e s  (Ln = r a r e -  
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ear th ;  X - -  1~ V, As) for  which  the N a - L n  order ing  
leads to large  L n - L n  distances (2-4).  

Therefore,  i t  was a t t rac t ive  to s tudy  the opt ical  
p roper t ies  of the Na3Lal-xNdx (PO4)~ and NasLa l -xNdz  
(VO4)2 phases, in o rder  to es t imate  the i r  possibi l i t ies  
as coherent  l ight  sources. 

Experimental Procedure 
Samples  of the Na~Laz-~Nd~ (POD ~ and Na~La~_~Nd~ 

(VODz phases  have  been p repa red  f rom stoichiometr ie  
mix tu res  of Na~COa (Merck 99.9%), (NH~)zHPO4 
(Merck  min. 99%),  V~O~ (99%),  and  LnsO~ (Rhone-  
Poulene 99.99%) (5). 

The diffuse ref lectance spec t ra  have been recorded  
at  300~ wi th  a Cary  17 spectrometer .  

Fo r  the  fluorescence s tudy  the exci ta t ion  of Nd ~+ 
ions has been car r ied  out  by  the rad ia t ion  of a xenon-  
l amp  over  the  range  500-600 nm. 

Measurements  of fluorescence l i fe t imes have  been 
made  on samples  exc i t ed  by  pulses of 500-600 n m  
wavelength  rad ia t ion  f rom a f lash-tube,  wi th  a pulse 
dura t ion  of app rox ima te ly  1 ~,sec. The decay curves  
w e r e  recorded on the screen of an oscilloscope. 

Structures of the No~La,-~Nd~(PO~)~ and 
Na~La~-~Nd,(VO~h Phases 

T h e  Na~Laz-~Nd~(PO~)~ and Na~Laz-=Nd~(VO~)~ 
solid solut ions exis t  wi th  different  a l lo t ropic  variet ies .  
The s table  room t empera tu r e  forms inves t iga ted  here  
der ive  f rom a glaser i te  surs t ruc ture  wi th  a sod ium-  
r a r e - e a r t h  order ing.  This type  of order ing,  which 
is the  same over  the  whole composit ion range  (0 ~ x 
L 1 for the  phosphate  and 0 - -  x ~ 0.70 for  the vana -  
da te)  induces a m in imum N d - N d  distance of 4.65A 
in NazNd(PO~)~ (2) and a m in imum L a - L a  distance 
of  4.91A in Na~La (VOw)~ (3).  

The r a r e - e a r t h  ions are  located, respect ively,  in 
six and two different  c rys ta l lographic  sites in the 
phosphates  and in the vanadates .  Thei r  oxygen co- 
ord ina t ion  is 8 or  9 in the phosphate  and 8 in the 
vanadate ,  if  we take  only into account the Ln-O dis-  
tances be low or  equal  to 3A. Each LnOu po lyhedron  
(y = 8 or  9) is isolated f rom each o ther  and its 

anionic configuration deviates  no tab ly  f rom invers ion 
symmetry .  

Optical Properties 
DiSuse reflectance.~The diifuse reflectance spect ra  

of NdP~OI4, NaaLa0.s0Ndo.2o(PO~)2, and Na3La~-~Nd~ 
(VOD~ (x --  0.05, 0.20, 0.65) a re  shown in Fig. 1. 

In  the  u.v. range  the spect ra  of the vanadates  con- 
sist  of a charge  t ransfer  band typ ica l  o~ (VOD ~- ions. 

Al though  the opt ical  densit ies can be affected by  
s l ight  differences in the g ranu lomet ry  of the samples,  
we m a y  conclude f rom the  comparison of the  spect ra  
tha t  the osci l la tor  s t rengths  in the vanada tes  a re  
h igher  than  in the phosphates.  

A deta i led  inves t igat ion of the diffuse reflectance 
spec t ra  of Na~Nd(PO~)~ and Na~La0.~Nd0.e.~ (VOw)2 in 
the range  of the ~i~/~ --> ~Pz/~ t rans i t ion  has been made  
for  de te rmin ing  the spl i t t ing  of the ~I9/~ level.  In  
both s t ructures ,  the  r a r e - e a r t h  ions occupy severa l  
types  of sites, so that  an ass ignment  of the var ious  
observed l ines is impossible.  The width  of the group 
of lines gives an overes t imat ion  of the m a x i m u m  spl i t -  
t ing of the 419/2 level  and consequent ly  of the local  
crys ta l - f ie ld  a round  the Nd~+: these values a re  611 
cm - I  for  the  phosphate  and 977 cm-Z for the vanadate .  
The most in tense  419/2 --* 2Pz/2 lines which corres-  

pond to the lowest  S ta rk  level  a re  located at  23,255 
c m - i  for  NasNd(PO~)~ and 23,097 cm-Z for 
NasLao.~Nd0.e~(VO4)~. These values  are  close to those 
observed  for  NdVO~ (23,080 cm-~)  and YsAI~O~:Nd 
(23,139 c m - 1 )  (6, 7), in which neodymium is in s imi lar  
eightfold coordinated sites. Their  difference m a y  be 
exp la ined  by  the nephe lauxe t ic  effect which is more  
pronounced  in the  vanadate :  in so far  as the P -O  
bonds are  more  covalent  than  V-O bonds, the  corn- 
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(arbitrary units) 

I 2H9r2,4F512 
2 G7/2 A4Gs/2 i 

0.5 N d U P II 4S3/2 4 F7/2A 
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S60 ' ' ' 500 ' ' 760 ' A(nm) 

Absorption 
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t " ~  Na3La 1 xNd,(V04)2 x = 0.20 
0.5 \ - r . . . .  " = 0.65 

,, , ,, 
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Fig. I. Diffuse reflectance spectra of the NdPsO14, Na3Lao.so- 
Ndo.20(P04)~ and Na3Lat-xNdx(V04)2 phases (T -- 300~ 

pet i t ive  Ln-O bonds are  more  covalent  in the case  
of the vanadate .  

Study of the neodymium emission.--The 4F~/2 
4In/2 emission spec t ra  (~ ~-- 1060 nm)  recorded a t  
300~ are  compared  in Fig. 2 wi th  the NdP5014 spec-  
t rum obta ined  under  s imi lar  conditions. The con t r ibu-  
t ion to the emission of ions located in various different  
sites does not a l low to dis t inguish the t ransi t ions  be-  
tween  the var ious  S t a rk  levels, as previous ly  for the 
diffuse reflectance spectra.  

The neodymium concentra t ion dependence  of the  
fluorescence in tens i ty  is shown in Fig. 3: the  emi t ted  
in tens i ty  of the vanada te  is a lways  h igher  than  that  
of the homologous phosphate.  

The var ia t ions  of the Nd ~+ 4F3/2 l i fe t ime as a func-  
t ion of the neodymium content  a re  p lot ted  in Fig. 4. 
Over  the whole composit ion range  the l i fet imes in 
the phosphate  a re  longer,  but  the concentra t ion de-  
pendence in both cases is ve ry  similar .  

If we call  ~o the observed decay constant  at  high 
di lut ion (which is assumed to represen t  the rad ia t ive  
l i fe t ime)  and T<r~) the  observed decay constant  at  a 
Nd 3+ concentra t ion N = 4.1022 ions Nd ~+ �9 cm 3-,  the 
quenching rat io  ~o/T(m) for both mate r ia l s  is about  10. 

For  KsLat-xNdx(PO4)2,  which has a re la ted  s t ruc-  
ture, Hong and Chinn had  obta ined To/T(m) --  16 (8). 

(arbitr}rl u n i t s )  

~40 1070 1100 ~.(a~) 1040 1070 )100 .&(n~) 

a) Nd U P c) Na 5 Lao95Ndo.os(V04) 2 
Fig. 2. 4F8/~ --> 4111/2 emission in (a) NdPsO~.4 (b) No3Lao.oo- 

Ndo.zo(P04)2, and (c) Na3Lao.95Ndo.o~(V04)~ (T = 300~ 

O5 

104(3 1070 1100 A (n,~) 

b) N =3 La(190 Ndo.)o (P04} 2 
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I (~rbitrar~ units) 
In  the  vanadate ,  as  shown b y  the  diffuse ref lectance 

spectra,  the Nd-O bonds a re  more  covalent  than  in 
the  phosphate :  the  p robab i l i t y  of the  rad ia t ive  t r ans i -  
t ions increases  and the  l i fe t ime of the  4Fs/~ leve l  
decreases.  

Se~S-qtLe~ching a~atysis.~In s t rong se l f -quenching  
mater ia ls ,  deac t iva t ion  is the  resul t  of e lec t r ic -d ipo le  
in terac t ions  be tween  Nd 8§ ions and cross r e l axa t ion  
v ia  the  ~115/~ mani fo ld  (Fig. 5). 

As showed prev ious ly  by  Auzel,  such an ene rgy  
t ransfe r  occurs only if the  effect of the  c rys ta l  field 
sp l i t t ing  compensates  the  energy  difference be tween  
the t ransi t ions  ~Fs/~ --> 4Iz~/~ and 419/2 -> 4Iz~/2 of the  
f ree  Nd s§ ion (10). 

F igu re  6, which gives schemat ica l ly  the  ene rgy  levels  
of f ree  Nd ~§ ion and of Nd ~§ in a c rys ta l  shows 
tha t  se l f -quenching  arises if  E2m-Ezm > O. Fol lowing  
Auzel,  this  condi t ion can be r educed  to a s ingle 
inequa l i ty  (10) 

AEz ~ 4'/0 cm-~ 

_ I . . . . . . . .  ~ . . . . . . . . .  l . , . . . . . .  t ~_ In  the  Na3Lal-=Nd=(XO4)= (X = P, V) phases,  the  
1019 1020 10 21 1022 N presence of Nd 3+ ions in  s l igh t ly  different  c rys ta l  

(;ons-cm "3) field sites gives r ise to an  addi t iona l  b roaden ing  of 
Fig. 3. Fluorescence intensity (4F3/2 -~ 411;/2) as a function of ~E1. Thus the values  ob ta ined  for our  phosphate  

Nd 8+ concentration for: �9 NasLal-=Nd= (PO4)2, �9 Nag- (611 cm -1) and our vanadate (9'/7 cm -1) exceed 
LoI-xNd=(V04)2. l a rge ly  470 cm - I  and  exp la in  the  observed  s t rong 

se l f -quenching.  
The se l f -quenching  p robab i l i t y  can be defined by 

qn --  To --  z/T (where  z is the  l i fe t ime for  a given 
T (p.s)~ neodymium concent ra t ion) .  

3~176 I 4F5/2 Excited state 

f 419/2 Ground state 
. -  L , , , , , , , I  i , , , t , , , I  I L I l ' ' ' , l  i 

1020 1021 1022 N Fig. 5. Energy transfer and dissipation by cross-relaxation 
(ions. cm ~ 

Fig. 4. 4Fs/2 lifetime as a function of Nd 3+ concentration for: 
curve a, Lo1-=Nd=FsOz4 [after (11)], curve b, Na:;Lal-zNd=- 
(PO4)2, and curve c, Na3Laz-xNdx(VO4)~. 

Within  the  4@ configuration, the e lec t r ic -d ipo le  
t ransi t ions  are  forbidden.  However  the  l ack  of sym-  
m e t r y  center  at  the  Nd 8§ sites creates  an odd pa r i t y  
admix tu re  of the  4f~ and 4f~5d 1 configurations, a l lowing 
the transi t ions.  Wi th  increas ing devia t ion  f rom inver -  
sion symmet ry ,  the  p robab i l i t y  of  e lec t r ic -d ipo le  r a -  
d ia t ive  t rans i t ions  increases  and as a consequence the 
rad ia t ive  l i fe t ime shortens (9). 

Whereas  in K3Lal-zNdx(PO4)2 (~o -" 460 ~sec) six 
among the seven oxygen  a toms forming the neody-  
mium site a re  close to invers ion positions, in 
Na3Lai-xNdx(PO4)2 (To = 360 ~sec), the  six neares t  
ne ighbor  oxygens a round  each neodymium a tom form 
la rge ly  d is tor ted  oc tahedra :  this less cen t rosymmet r ica l  
anionic configurat ion expla ins  the  shor te r  l i fe t ime in 
our  phosphate.  

~ree ion 

4F3/2 

4115/2 

ion in a crystal 

F2M 

C__ 
el Elm 

Fig. 6. Energy levels 4F3/2, 4115/2 , and 419/2 of Nd :3+ [following 
Auzel (10)]. 
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Table I. Magnitude of the 419/2 splitting and functional dependence of normalized 
concentration-quenching rate qn on neodymium concentration N for several materials 

September  1980 

Materials AEi (cm-~) 

Functional dependence of qn = - -  

on concentration N 

To -- ~r 

T 

Lal-zNdsPaOl~ 320 (10) 
LiLal-z Nd~P~O~ 375 (10) 
KLal-zNdzP~O~ 320 (10) 
Na~Lm-~Nd~ (WOD ~ 370 (10) 
Lm-~Nd~Ah(BOs)~ 410 (:IO) 
IGLa,-~Nd~ (PO4b 465 (15) 

Lai-~NdzF8 500 (10) 

NaaLal-zNdJ(PO~)2 611 ( this  wo rk )  

Na.~Lal-~Nd~ (VO~) ~ 977 ( this  w o r k  ) 
(La>~No~)~O~S 41i# (Iv) 

Figure  7 shows the var ia t ion  of qn as a funct ion 
of the neodymium concentra t ion N for Na3Lai-=Nd= 
(PO4)2 and Na3Lai-xNdx(VO4)2. In  both cases the 
evolut ion is descr ibed in the logar i thmic  d i ag ram 
by  two in tersec t ing  s t ra igh t  lines wi th  a slope of 
about  2 a t  low concentrat ions and 1 at  h igh concen-  
trat ions.  

S imi la r  behavior  has been prev ious ly  repor ted  for  
Lal-=NdxF3 (Ii) and K3LaI-=Nd=(PO4)2 (8). 

Table I gives the magnitude AEi of the 419/2 splitting 
and the functional dependence of qn on neodymium 
concentration for several materials. 

Self-quenching due to cross-relaxation is theoreti- 
cally expected to occur with square dependence of 
qn on N (1, 11-13). Such a var ia t ion  is more  or  less 
observed in mate r ia l s  involving high values  of AE1 
and for  r e l a t ive ly  low ac t iva tor  concentrations.  

On the o ther  hand, in weak  se l f -quenching  mater ia ls ,  
qn is found to increase  l inear ly  wi th  N. Among the 
var ious  processes assumed to be responsible  for such 
a variat ion,  i t  was s ta ted recen t ly  tha t  the most 
p robab le  one is migra t ion  of energy  be tween  Nd ~+ 
ions up to annih i la t ion  by  defects  (11-14). 

In  Na3La1-=Ndx (PO4) 2 and Na3Lai-xNd= (VO4) 2, the 
values  of the spl i t t ing  AE~ are  much l a rge r  than  470 

10 

0.1 

x (P04)2 

" NaStal- ,Ndx(V04) 2 

2052 

' . . . . .  1-'21o . . . . . . .  ' N ; 1022 
(,ons cm "3) 

Fig. 7. Normalized concentration-quenching rate qn as a function 
of'neodymium concentration. 

~N (13) 
~N (13) 
~N (13) 
~N (13) 
~N (13) 

~Nl ,s  ,~N~.S 
forN--~0.4 • 1021 (8) fo r  N - -  0.4 • 10m (8) 

,,,N 2 ~N 
torN-----2 x 10 ~1 (11) f o r N - - ~ 2  x 10~ (11) 

~ N  I . s ~ N  
f o r N ~ l  x 10 -'~ f o r N ~ l  x 10 s~ 

(This  wo rk )  (This  work) 
~N~ (16) 

cm -1 and consequent ly  l ead  to a g rea t  c ross - re laxa t ion  
probabi l i ty .  

In  any  w a y  at  low x va lues  migra t ion  p robab i l i ty  
is l ike ly  weak  and the observed fluorescence decay 
has to be ru led  by  c ross - re laxa t ion  probabi l i ty .  

As x rises, energy migra t ion  p robab i l i t y  increases  
strongly.  The final exponent ia l  s tage of the decay 
curve, which becomes the only one appear ing,  is 
ru led  by  se l f -quenching  processes involving energy  
migra t ion  (11). 

Final ly ,  the pa r t i cu l a r  behavior  of the  las t  ma te r i a l  
in Table I, (Lai-=Nd=)202S, can be pointed out. In  
spite  of a low ~E1 value,  qn increases  as the  square  
of Nd 3+ concentrat ion:  s t rong se l f -quenching  seems 
to be due to shor t  L n - L n  distances (4.19A). 

In  conclusion, two impor t an t  cr i ter ia  a re  s imul -  
taneously  requ i red  for  the deve lopment  of efficient 
microlasers :  a weak  crys ta l  field at  the neodymium 
sites and a large  distance be tween  N d - N d  neares t  
neighbors.  
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Direct Thermal Nitridation of Silicon Dioxide 
Films in Anhydrous Ammonia Gas 

Takashi Ito,* Takao Nozaki, and Hajime Ishikawa* 
Fujitsu Laboratories Limited, Semiconductor Devices Laboratory, 

1015 Kamikodanaka, Nakahara, Kawasaki, Japan 

ABSTRACT 

It has been found that SiO2 can be converted directly to silicon nitride or 
oxynitride at the surface of SiO2 films by heating oxidized silicon wafers in 
anhydrous ammonia gas. At temperatures above 9O0~ nitrided SiO2 films 
have graded composites with respect to their nitrogen fraction. This analysis 
was performed by AES, infrared transmittance spectroscopy, and etch-rate 
profiles. Nitrided surface regions on SiO2 films, in which the ni t r ide fraction 
ranged from 10% to 50%, showed remarkable  masking effects against  sub-  
sequent  oxidation at high temperatures.  

Silicon ni t r ide is a technologically impor tant  mate-  
rial in the production of high performance integrated 
circuits because of its strong oxidation resistance, 
barr ier  against diffusion of impurities, and chemical 
s tabil i ty (1-4). Nitride films deposited by chemical 
vapor are used as gate insulators for nonvolat i le  mem-  
ory cells in the form of dual dielectrics (5-8). These 
meta l -n i t r ide-oxide-semiconductor  structures were 
also examined for their properties as stable gate in-  
sulators for scaled shor t -channel  devices where film 
thicknesses of less than 250A are required (9). Thin 
Si3N4 and SiO2 composites resulted in unsatisfactory 
threshold voltage stabil i ty which was due to the high 
t rapping efficiency of the nitr ide and the ni t r ide-oxide 
interface (10, 11). 

Dur ing  CVD processing of Si3N4, ni t rogen atoms dif- 
fuse into SiO2-Si interfaces (12, 13). Nitride which 
formed at SiO2-Si interfaces in the local oxidation 
process was found to cause gate oxide th inning  near 
the LOCOS edges and to result  in low gate-breakdown 
voltages (14). Kooi et al (14) showed that  exposure 
of oxidized silicon wafers in 3% ammonia  gas lead to 
the formation of oxidation resistant layers. Annea l ing  
in  ni t rogen gas is f requent ly  used to remove the oxide 
charge from thermal ly  grown silicon dioxide films. 
Nitrogen atoms easily diffuse through SiO2 and rarely 
react with the silicon at high temperatures (15, 16). 
This process was reported to degrade the electrical 
properties of MOS structures (17, 18). All these ex- 
periments showed only the reaction between nitrogen 
atoms and silicon substrates and never clearly men- 
tioned any conversion of SiO2 films. 

This paper describes the direct conversion of SiO2 to 
nitride or oxynitride. In anhydrous ammonia gas at 
high temperatures, thermal nitridation of SiO2 on sili- 
con substrates has been found to occur more predomi- 
nantly than thermal nitridation of the silicon sub- 
strates, even if the SiO2 film is less than 190A thick. 
This fact was discovered in the course of the research 
on the direct thermal nitridation of silicon (19-21). 
The nitridation procedure and analysis of thermally 
nitrided SiO2 films on silicon substrates are reported 
here. The electrical properties of the films and MOS 

* Electrochemical  Society Active Member. 
Key words: thin film, direct conversion,  composite, silicon ni. 

tride, oxynitride.  

structures will  be reported soon in another  a r t i c l e  
(22). 

Experimental Procedure 
Sample preparation.--Silicon, p-type,  (I00) oriented, 

CZ wafers with resistivities ranging from 1 to 5 ~lcm 
were degreased, chemically cleaned in a hot aqueous 
solution of NH~OH + H202, and rinsed in deionized 
water. Wafers were then oxidized at 1000~ in wet 
oxygen gas flowing through a water  bubbler .  The film 
thicknesses of the SiO2 films ranged from 100 to 1600A. 
The oxidized wafers were loaded on a quartz susceptor 
and inserted into a quartz tube which was heated to 
a temperature  range of 900~176 Pure  ni t rogen 
gas was flowing through the tube when  the wafers 
were set. No ni t r idat ion was observed on SiO2 surfaces 
heated under  these conditions. Just  after the tempera-  
ture of the oxidized wafers reached a specified point, 
highly purified anhydrous ammonia  gas was substi tuted 
for the ni trogen gas. Heating in the ammonia  gas 
ambient  was for 1-5 hr or for 17 hr. 

Measurement.--The film thicknesses and refractive 
indexes of films on silicon were measured by ell ipsom- 
etry with a wavelength of 5461A. To assign consist- 
ency to these values, it was assumed that  ni t r ided films 
have uni form structures with respect to the depth and 
that  optical constants of the silicon substrate  did not  
change through the ni t r idat ion process. The etching 
rates of films in a solution of NH4F:HF ---- 10:1 were 
also examined by s tep-by-step etching. 

Auger electron spectroscopy (AES) with a cyl indr i -  
cal mirror  analyzer  and infrared t ransmit tance  spec- 
troscopy were used for s t ructural  analyses. Dielectric 
constants were calculated from accumulat ion capaci- 
tances of MOS structures and ellipsometric film thick- 
nesses. A l u m i n u m  films were evaporated on ni t r ided 
SiO2 surfaces to a thickness of 5000A. Further ,  the 
effects of ni tr ided S i Q  films against  oxidation in var i -  
ous conditions were examined. 

Results 
Process conditions.--The surfaces of the ni t r ided 

SiO2 films were as smooth as those of clean SiO~ films 
grown thermal ly  on silicon. No morphologies were 
observed on any exper imental  wafers. Figure 1 shows 
changes in film thickness with respect to n i t r idat ion 
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Fig. 1. Change in film thickness with respect to nitridation time 
at 1200~ 

time. The ini t ia l  film thickness of ~0A increased slightly 
and then relat ively rapidly in relat ion to n i t r idat ion 
t ime at a tempera ture  of 1200~ After 5 hr, the change 
in  film thickness was about 10A. Refractive indexes 
of the respective films are shown in Fig. 2. The ini t ia l  
value was 1.45, which is that  of thermal  SIO2. The in-  
dex rapidly increased to 1.65 after 1 hr of n i t r idat ion 
and l i t t le change was observed for films ni t r ided for 
longer periods. The rapid increase in refractive index 
was associated with the slight change in the film thick- 
ness shown in Fig. 1. Because ni tr ided SiO2 films had 
nonuni form composites with respect to the depth, the 
refractive indexes depended on film thicknesses as 
shown in  Fig. 2. Fur ther  data are shown in Table I. 

Etching characteristics.--Etching rates in a solution 
of NH~F:HF = 10:1 were measured for three samples. 
SiO~ films were grown on all wafers to a thickness of 
160OA. Two wafers were heated in anhydrous ammonia  
gas at a temperature  of 1200~ for 5 and 17 hr, respec- 
tively. One was used as a reference for SiO2. Figure  3 
shows change in  film thickness with respect to etching 
time. The l inear  decrease in film thickness in the ref- 
erence shows a general  tendency of thermal ly  grown 
SiO2 films. On the other hand, the ni tr ided samples 
showed some re tarding in changes of the film thick- 
ness. After  100 to 200 sec, both the films started to 
change in thickness at an etching rate of about one- 
third that of the reference. No significant differen=e 
was observed in the slope of the etching characteristics 
between the sample ni t r ided for 5 hr and that ni tr ided 
for 17 hr. This indicates that chemically passive layers, 
which have a very  small  etching rate izl the solution, 
were formed on the surfaces. 

Infrared transmittance spectroscopy.mFigure 4 shows 
the infrared absorption spectrum of a ni t r ided SiO2 
film with a thickness of about 100A which was treated 
in anhydrous  ammonia  gas at 1200~ for 5 hr. A 
rela t ively thin film was chosen for the measurement  
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Fig. 2. Change in refractive index with respect to nitridation 
time at 1200~ The saturated value shows a nitride fraction of 
about 50% in $iO2 films. 

L- 

.s 

I -  

t 500  

t000 

E 500 
m 
. m  

U .  

HFINH4F= t 1 t 0  

) 

I 
I 

i 
I I , I 4 C ) 0  

I00 200 300 o 700 

E t c h i n g  T i m e ,  S e c  

Fig. 3. Etching characteristics of films in a solution of NH4F: 
HF = 10:1. SiO2 film (a) is the reference. Films (b) and (c) were 
thermally nitrided at 1200~ for 5 and 17 hr, respectively. 

because a large ratio of ni t r ided region to the remain-  
ing SiO2 was expected if ni t r idat ion was limited to a 
region near  the surface. Spectra (a) and (b) are for 
the wafers with no ni tr ided SiO2 film and that with a 
ni t r ided SiO2 film, respectively. Both were measured 
using a reference of an SiO2 film which was grown 
under  the same conditions as that in samples (a) and 
(b). The peak at 16.4 ~m observed in (a) can be at-  
t r ibuted to difference in thicknesses of the silicon 
wafers used for sample (a) and the reference. Due to 
the evenness in thicknesses of the SiO2 films, the 
spectrum is almost flat over the range of 9-15 ~m, all 
peaks being completely canceled. 
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Fig. 4. Infrared transmittance spectra of a 100A thick SiO~ 
film (a), and of a film nitrided at 1200~ for 5 hr (b), where a 
100J~. thick SiO2 film was used as a reference. (c) is for a thermally 
nitrided silicon flim (19). 
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With the samples ni t r ided at 1200~ for 5 hr, t rans-  
mit tance increased at 9.4 ~m and broad absorption 
appeared at wavelengths from 10 to 11.5 ~m. The in-  
crease noted seems to be caused by dissociation of 
Si-O bonds. The phenomenon is believed to be asso- 
ciated with the subsequent  formation of a ni t r ided 
layer  on the SiO2 films, which gives rise to the appear-  
ance of absorption peaks caused by stretching v ibra t ion  
of Si -N bonds. Absorpt ion peaks of a direct thermal  
n i t r ided silicon film with a reference of air is shown 
in  Fig. 4(c) (19). The 10.7 11.2, and 11.8 ~m peaks are 
most l ikely a result  of Si-N bonds. The broad absorp- 
t ion peaks in Fig. 4(b) indicate that composition of 
the ni t r ided SiO2 film was not  un i form in depth, but  
ra ther  changed gradual ly  from SiOa to some nitride. 

Auger electron spectroscopy.~A typical AES spec- 
t r um is shown in  Fig. 5. The sample had a 500A thick 
SiO2 film ni t r ided at 1200~ for 1 hr. The sample sur-  
face was not  bombarded with ions, and contaminat ion 
by adsorptive carbon atoms were detected. Oxygen 
atoms were also adsorptive but  identified with SiO~ 
composites. Chemically shifted silicon peaks appeared 
main ly  at 78 eV, indicat ing SiO~ composites. Further ,  
the very  slight shoulder peak recognized at 87 eV is 
believed to indicate a chemically shifted silicon peak 
caused by the formation of silicon ni t r ide (23). The 
intense peak at 375 eV is due to KLL transi t ion in  
ni t rogen atoms, something which was never  observed 
wi th  either as-grown SiO2 films or n i t rogen-annea led  
SiOs films. 

Peak- to -peak  depth profiles in AES spectra are 
shown in Fig. 6 and 7. In  its ini t ial  state, the sample 
in Fig. 6 had the same structure  as that  shown in Fig. 5, 
but  was bombarded s tep-by-s tep by argon ions with 
2 keV of energy. The ion mil l ing rate of both SiOe and 
Si3N~ was about  30 A/rain.  The film surface was 
deficient in  oxygen atoms. As measured by AES, the 
height  of the oxygen peak rises with sput ter ing the 
ni t r ided SiO2 film from the surface to the silicon in ter -  
face. The ni t rogen peak is the max imum at the film 
surface and gradual ly  reduces with sputtering. Nitro- 
gen atoms are localized mostly wi thin  a range of 30A 
from the film surface. No pi le-up was observed at the 
silicon interface. At the surface the ni t rogen fraction 
was almost a third, demonstra t ing that  escape proba-  
bilities of Auger  electrons from ni t rogen and oxygen 
are the same. Changes in the profiles of the chemically 
shifted silicon peaks appearing at 78-83 eV (a) and 
62 eV (b),  and the pure silicon peak at 92 eV (c) are 
associating with the observed ni t rogen profile. Figure 
7 shows a sample with a film thickness of 90A. The 
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Fig. 6. Peak-to-peak depth profiles of various atoms in AES 
spectra of a 500A thick Si02 film nitrided at |200~ for 1 hr. Si- 
shifted (a) and (b) appeared at 78-83 and 62 eV, respectively. 

conditions for n i t r idat ion were the same as those for 
the sample in Fig. 6. Gradual  decrease of the ni t rogen 
AES peaks shows that  direct n i t r ida t ion  occurred 
predominant ly  on the SiO2 surface ra ther  than on the 
silicon interface, even when the SiO~ film was th inner  
than  100A. One consideration here is that  silicon 
atoms may be provided through the SiO~ film from the 
silicon interface. This, however, is excluded because 
the ni t r idat ion process does not depend on SiO2 film 
thickness on silicon. 

Dielectric constant.--Figures 8 and 9 show the de- 
pendence of relat ive dielectric constants on ni t r idat ion 
time. Fi lm thicknesses of SiO2 before ni t r idat ion were 
100 and 500A, respectively. Dielectric constants in  both 
figures, measured at a f requency of 1 MHz using a lu-  
m i n u m  gate MOS structures,  increased along wi th  the 
n i t r ida t ion  time. After  5 hr, the value was 30% larger 
than that  of the SiO2 shown in Fig. 8. Referr ing to a 
relat ive dielectric constant  of CVD SiaN4 films (24) 
(5.8 • 0.1 at 1 MHz), the ni t r ided SiO2 film seems to 
have dielectric properties similar  to those of Si3N4. In  
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Fig. 8. Change in relative dielectric constant of a 100A thick 
SiO2 film nitrided at 1200~ measured at a frequency of 1 MHz. 

the case of the 500A thick film shown in Fig. 9, the 
value was saturated after 1 hr of ni t r idat ion at both 
1200~ (a) and 1000~ (b). This saturated value 
of 4.5, however, is 15% larger than that for the SiO2 
value. The difference between Fig. 8 and Fig. 9 is a 
result  of the ni t r ide fraction in SiO2 films changing 
under  those same ni t r idat ion conditions. The depen-  
dence on ni t r idat ion temperature  is shown in Fig. 10, 
where 500A thick SiO2 films were employed. Nitr ida-  
tion of SiO2 films apparent ly  occurred at the relat ively 
low temperature  of 900~ which resulted in the 10% 
larger dielectric constant than for SiO2. 

Anti-oxidation masking.--Film thicknesses and re- 
fractive indexes of the samples after oxidation under  
various conditions are shown in Table I. All wafers 
were ini t ia l ly oxidized to produce an SiO2 film thick- 
ness of 400A having a refractive index of 1.45, sample 
A. Samples B and C were subjected to fur ther  oxida- 
t ion in dry oxygen at 1150~ for 90 min and at 1200~ 
for 8 min, respectively. They yielded SiOe films which 
were 2200 and 850A thick, respectively. When the 
wafer  which was oxidized initially, sample D, was 
heated in anhydrous ammonia  gas at 1200~ for 1 hr, 
the film thickness decreased by 10A from the init ial  
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Fig. 10. Change in relative dielectric constant with respect to 
nitridation temperature of a 500A thick Si02 film nitrided for 1 hr. 

value and the refractive index increased to 1.57. This 
was due to direct conversion of SiO2 to nitr ide which 
changed the film density. One ni tr ided SiO2 film, 
sample E, was subjected to oxidation at I150~ for 90 
rain, but  the change was negligible. The composite of 
the ni tr ided surface region seems to approach that  of 
SiO2 in relat ion to the decrease in the refractive index. 
Fur ther  oxidation was performed on sample F at 
1200~C for 8 min. The final thickness was not signifi- 
cantly changed from the init ial  value, and the film 
showed a masking effect against  oxidation. 

Discussion 
The direct conversion of SiO2 to nitr ide seems to 

obey the following reaction 

3SIO2 + 4NHa -> Si3N4 + 6H20 

Although the change in s tandard free energy is posi- 
tive, it is small  enough to allow the reaction to take 
place. It requires, for example, 54 kcal /mole at 1200~ 
Direct reaction between SiO2 and ni trogen is not prac- 
tical because it requires a change in s tandard free 
energy of more than 400 kcal /mole even at 1200~ 
Active hydrogen atoms generated at high tempera-  
tures from dissociative ammonia  gas may play an im- 
por tant  role in the above reaction; it is well known 
that hydrogen gas dissolves the Si-O bonds in SiO2 at 
high temperatures.  The active ni t rogen atoms provided 
by ammonia  gas surely react with free or unbonded 
silicon atoms while the dissociated oxygen atoms are 
el iminated from the surface as a volatile species. An-  
hydrous ammonia  gas hardly provides any oxidant  
species to silicon substrates. Heating oxidized silicon 
wafers in ammonia  gas, which general ly contain some 
amount  of water, is a wide-spread process in CVD of 
SigN4 films. Some researchers have tried to heat 

Table I. Effects of masking against oxidation with nitrided 
Si02 films 

Wet  ox- Nitri- Dry  ox- Dry  ox- 
idation,  dation,  idation,  idation,  

Sam- 1000~ 1200~ 115{)~ 1200~ 
pie 27 min  1 hr  90 rain 8 rain d, A 

Ni t r idat ion  T i m e ,  hours 

Fig. 9. Change in relative dielectric constant of 500~. thick 
SiO~ films nitrided at 1200~ (a), and at IO00~ (b). 

A Yes No No No 
B Yes No Yes No 
C Yes No No Yes 
D Yes Yes No No 
E Yes Yes Yes No 
F Yes Yes Yes  Yes  

400 1.45 
2200 1.45 

850 1.45 
390 1.57 
427 1.50 
439 1.49 
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oxidized silicon wafers  in ammonia  gas for o ther  
purposes  (14, 25), but  the  direct  conversion of SiO2 to 
n i t r ide  was never  pointed out  in the i r  reports .  The 
chief  reason for this difference would  seem to be tha t  
the  g rea te r  pu r i t y  of ambien t  ammonia  gas used here,  
anhydrous  ammonia  gas which was ful ly  purif ied in a 
catalyzer ,  contr ibutes  to the conversion. 

Silicon atoms are  c lear ly  p rov ided  by  the dissocia-  
t ion of SiO~ in r e l a t ive ly  th ick SiO2 films. In SiO2 
films wi th  a thickness of 100A, for example ,  this is not 
the  case. The lack  of any  decrease in oxygen atoms at 
a n i t r ided  SiO2 surface was shown in the AES profile 
in Fig. 7. Si l icon a toms m a y  be provided  th rough  the 
SiO2 film from the silicon substrate .  With  SiO2 films of 
any  thickness of less than  100A, i t  might  become diffi- 
cul t  to di f ferent ia te  the direct  the rmal  n i t r ida t ion  of 
SiO2 films f rom tha t  of sil icon wafers.  In  any  case, 
n i t r ided  regions are  formed p redominan t ly  at  the 
surfaces of SiO2 films. This process differs f rom n i t r ide  
fo rmat ion  (15, i6)  at Si-SiO~ interfaces.  As ca lcula ted  
wi th  the  re f rac t ive  index of the n i t r ided  sample  shown 
in Fig. 2, the n i t rogen f ract ion in a n i t r ided  SiO2 film 
wi th  a thickness  of about  100A is about  50% on the 
average.  The rat io  was also deduced f rom the inf rared  
spec t rum shown in Fig. 4(b)  and ca l ibra t ion  da ta  
t aken  f rom CVD oxyn i t r ide  films (26, 27). Repor t ing  
wi th  ESCA data,  Ra ider  et al. asser ted  that  homogene-  
ous oxyn i t r ide  films are  composed of a range of species 
b lended on a molecu la r  scale and tha t  they  are  not a 
mix tu re  of sil icon dioxide and silicon n i t r ide  (28). The 
composit ion of t he rma l ly  n i t r ided  regions on SiO2 films 
is subs tan t ia l ly  oxyn i t r ide  which sure ly  cannot  be a 
mixture .  

Di rec t ly  n i t r ided  SiO2 films exhib i ted  s t rong mask -  
ing effects agains t  oxida t ion  even at  ve ry  high tem-  
pera tures .  They m a y  be useful  as diffusion masks  
agains t  impuri t ies ,  oxidat ion  masks, and react ion ba r -  
r i e r  layers  agains t  unwanted  mater ia l .  A fu r the r  ad-  
van tage  is tha t  wi th  n i t r ided  SiO2 films there  is no 
in ter face  region be tween  the oxyn i t r ide  and SiO2 and 
the re  is a good in ter face  wi th  the silicon. This is be -  
cause the  films are  chiefly t he rma l ly  grown silicon 
dioxide.  Al though  the micros t ruc ture  of the films is 
not  clear,  s table  thin insula tor  films with  a h igher  
dens i ty  than SiO2 might  be formable.  Ni t r ided  surface 
regions might  act as protec t ive  layers  against  con- 
tamina t ion  in device processes. Electr ical  charac te r i s -  
tics of MOS s t ructures  wi th  the n i t r ided  SiO2 films will  
be r epor ted  in the near  future.  

Conclusions 
The di rec t  the rmal  n i t r ida t ion  of SiO2 films through 

hea t ing  oxidized silicon wafers  in anhydrous  ammonia  
gas has been found to be possible. The react ion is a 
d i rec t  conversion of SiO2 to silicon n i t r ide  or  oxy-  
ni tr ide.  At  t empera tu res  above 900~ n i t r ided  SiO2 
films have graded  composit ions wi th  respect  to thei r  
n i t rogen fraction. A n i t r ide  f ract ion of about  50% was 
obta ined at  the SiO2 surfaces. These surfaces exhib i ted  
r e m a r k a b l e  masking  effects agains t  fu r the r  oxida t ion  
at  high tempera tures .  These films show grea t  promise 
as thin pro tec t ive  layers  agains t  contaminat ion  and 
diffusion. 
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The Effects of Abrasion Gettering on 
Silicon Material with Swirl Defects 
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ABSTRACT 

The effects of back abrasion gettering on Si mater ia l  with swirl  defects 
were studied by the techniques of preferent ia l  etching and electrical char-  
acterization of p + n  diodes. The damage layers were applied via lapping 
with particle slurries. Optical microscopy revealed the 0.5 ~m lapping pro- 
duces a polishing ra ther  than an abrading effect. The etching results indi-  
cate that  gettering with 2 and 15 ~m abrasion reduces the etch pit density 
from 5 • 105 to <5 • 102/cm s. The electrical data shows a corresponding 
improvement :  the IR histograms of the gettered samples approach that  of 
swir l - f ree  material ,  and the wafer mapping of the diode reverse current  IR 
on the wafers indicates a definite positive effect of the gettering. Both the 
electrical and the etching results are in terpre ted with the current  under -  
s tanding of swirl defects, mass t ransport  phenomena,  and gettering action. 

The first thermal  process in the fabrication of Si 
devices is the growth of a masking oxide. With steam 
oxidation, swirl defects in the Si mater ial  can act as 
nucleat ion sites for the formation of oxidat ion- induced 
stacking faults, OISF (1, 2). It has been reported that 
these faults can cause a p -n  junction 's  electrical char- 
acteristics to deviate considerably from the current -  
voltage curves of a defect-free diode (3). It is common 
practice to minimize a crystal defeet's effect on device 
yield and performance by impur i ty  gettering which 
aims to el iminate the species that  act as nucleation 
centers for other defects, increase defect growth, and 
decorate existing defects. The trend of current  th ink-  
ing on gettering appears to emphasize the suppression 
of fur ther  nucleat ion rather  than defect growth and /  
or decoration. Following this line of reasoning, an 
opt imum time for a gettering step is before growth 
of the masking oxide, and this opinion is shared by the 
recent publications on the different preoxidation get- 
tering techniques (4-10). 

Pugh and Samuels (11) have studied in detail the 
defects that were produced by mechanical abrazion. 
During thermal  annealing,  dislocations will be gen- 
erated in and propagated from the damage layer (12). 
These crystal defects are known to interact  with im- 
purit ies through the mechanisms of s train field in ter-  
action (13). Specific works on applying abrasion dam- 
age for impur i ty  gettering to improve Si mater ial  qual-  
i ty have been reported (14-16). Mets (14) has ob- 
served that the combinat ion of abrasion and thermal  
anneal  can decrease the reverse current  IR Of a p - n  
junct ion and that  the generated dislocations were not 
annihilated after repetitive temperature cycles up to 
1250~ Pomerantz (15) and Rozgonyi et al. (16) have 
reported that preoxidation abrasion of the back-sur- 
face eliminated the epi faults that were nucleated by a 
defect in the substrate. This defect can be minimized 
by preoxidation gettering or abrasion of the back- 
surface of the wafer. In addition, Pomerantz indicated 
that effectiveness in reducing fault density depends 
somewhat on technique of damage layer application, 
viz., sandblasting, scribing, or lapping with AI20,~ grits 
of 1-50 ~m particle size. However, the effect of abrasion 
gettering as indicated by the electrical characteristics 
of a p-n junction and preferential etching on material 
containing swirl type microdefects has not been re- 
ported. 

For a gettering process in which the sinks, i.e., 
damage layer, is applied at room temperature, one ex- 

* Electrochemical Society Active Member.  
Key words: back abrasmn getterlng,  swirl defects, damage get- 

tering, preoxidation gettering. 

pects an optimized process to include the following 
three steps: (i) applying the damage layer  to the back 
of the wafer; (it) anneal ing to generate and propagate 
dislocations which attract  point defects through s t rain 
field interaction, then slow cool to allow precipitation 
at preferred sites in the damage layer; and (i/i) re- 
moving the decorated damage layer to obviate the re- 
distr ibution of the gettered species back into the active 
regions of the wafer. In this work, however, no specific 
anneal and damage layer removal steps were designed 
in the process because it was intended to serve' as a 
base line. The results of this base line process as ap- 
plied to material with a high density of swirl type 
microdefects are presented in this report. 

Experimental 
Starting material and damage application.--Small 

single ingots of silicon were chosen for this study to 
control the variat ion due to starting material.  The 
selected crystals were grown from <111> oriented 
seeds and were phosphorus-doped to a nominal  re- 
sistivity of 1-3 12-cm. The growth technique for the 
swirled crystal was floated zone and that for the swirl- 
free material  was Czochralski. Their crystal qualities 
were characterized by oxidizing polished wafers at 
1150~ to activate the defects, subsequent ly  Wright  
(17) etching to reveal the defects, and examining with 
an optical microscope to determine the defect density 
using the AST1VI method (18). 

Wafers were sliced from these ingots and shaped by 
the conventional  processes to give specular, damage- 
free front surface and a chemically etched, s t ra in-free 
back surface. The thickness of the wafers at this point 
was 305 • 13 ~m. Different degrees of back damage 
were applied by mechanical ly lapping the wafers with 
slurries that contained diamond particles with a mean 
size of 0.5 and 2.0 ~m, and a lumina particles of 15 ~m. 
This lapping operation followed the established prac- 
tice used in the wafer shaping operation. The topog- 
raphy of the damage layers were examined by optical 
microscopy. 

Fabrication o] test structure.--A square array of 
gated p+ n  diodes were fabricated by the ordinary 
processes for pa t tern ing and dopant deposition. A 4850 
_+ 50A masking oxide was grown with pure steam at 
1100~ The wafers were pushed and pulled from the 
furnace at the rate of 12 in . /min  under  02. Boron 
diffusion was accomplished through a common two- 
step process using spin-on source containing B203 in a 
2-methoxy-ethanol  solution. The dopant deposition and 
redis t r ibut ion temperatures  were 960 ~ and 1000~ 
respectively. The resul t ing diffusion parameters  in a 
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1-2 $Z-cm test wafer were 160 f t /square and 0.4 ~m. 
Dur ing  this diffusion the back was also doped to a 
comparable sheet resistance. The ohmic contact pads 
consisted of 10 kA thick A1 evaporated on unheated  
substrate.  

Electrical testing data reduction.--All wafers were 
subjected to the same electrical testing procedures to 
obtain reverse bias characteristics of the diodes. In  all 
measurements  the gate was shunted to the base a s  

shown in  Fig. 1. To determine a suitable test voltage 
for measur ing the reverse current,  the mean  avalanche 
voltage, BVR, was first established using the root mean  
square of the voltage readings at 10 mA. Then the 
diode dis tr ibut ion as a function of reverse current  was 
determined for three test voltages of 0.1 BVR, 0.2 BVR, 
and 0.5 BVR. Ini t ia l ly  these measurements  were ob- 
tained manua l ly  on a 9 X 9 matr ix  (every n in th  
column and row of devices) which represents about a 
1% sampling. This data served to del ineate the bound-  
ary  conditions for automated testing and to provide 
a base for correlation with the values obtained from 
testing with a Fairchild Sentry  VII. A graphic program 
was used to map the /R data according to the device's 
position on the wafer and to group the IR data into 
histograms. 

Davies (19) test reveals the logari thmic na ture  of 
the IR distr ibution;  therefore, a geometric mean (2.0) 
of the reverse current  for each group of wafers was 
calculated using the expression of 

C 

I'R = anti log X ni log IR, 
~=1 ~" 

where ni is the n u m b e r  of devices in leakage category 
i with leakage IRi, N is the total  n u m b e r  of devices, 
and C is the number  of categories in the histogram. 
This weighted mean  was used as a figure of meri t  for 
each group, and detailed I -V curves were generated 
from devices whose IR at 0.3 BV~ were equal to the 
geometric mean. 

Results and  Discussion 
Etch analyses of the substrate.--Fi~ure 2 shows 

etched wafers with "swirl" that were nonabraded and 
with 2 and 15 ~m abrasion. The nonabraded sample 
gave the characteristic milky appearance to the naked 
eye. The mi lky  appearance is the result  of light scat- 
ter ing by the many  t iny  etch figures. The wafer pe- 
r iphery displays the lowest density of etch figures and 
the core displays the highest density. This core pat-  
te rn  of swirl  has a near ly  uni form pit density. The 
pit sizes and the in tensi ty  of this mi lky  appearance in 
the abraded samples are much smaller. The pit den-  
sities by the ASTM method are 5 X 105/cm z for the 
nonabraded  wafers. 2 X 102/cm 2 for the 2 ~m abraded, 
and 4 • 102/cm 2 for the 15 ~m abraded sample. In 
comparison, the swir l-free ingot yields a pit density 
of <50 /cm 2. 

_L 
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Fig. 1. Schemutics of the measuring circuit and test structure 

Fig. 2. Preferential etch decorated wafers that were gettered and 
ungettered. (a, top) is unabraded, (b, right) is 2 #m abraded, and 
(r bottom) is 15 ~m abraded. 

A photomicrograph of the etch pits is shown in Fig. 
3. This shallow etch pit morphology is the established 
characteristic for swirl  defects (21). No characteristic 
etch figures for oxidat ion-induced stacking faults were 
observed after init ial  oxidation, or after diffusion in 
the region corresponding to the field oxide and the 
diffused regions of the device. 

Damage layer characterization.--The topographies of 
the damage layers were examined optically before and 
after the growth of the masking oxide. The differences 
between the four groups are quite apparent  to the 
naked eye and under  a microscope. They are compared 
at 400X in Fig. 4. The nonabraded wafer shows an 
"orange peel" texture under  Nomarski microscopy. In 
comparison, the 0.5 ~m abraded wafer looks smoother 
to the naked eye and at 400>/. This suggests that the 
0.5 ~m s lur ry  served more to polish than to abrade the 
wafer. After the ini t ial  oxidation, optical microscopy 
revealed only slight remnants  of the abrasion damage. 
Apparently,  the growth of the masking oxide consumed 
most of the damage layer. Based on these observations 
and the pre l iminary  electrical results showing mar -  
ginal get tering effectiveness, this degree of abrasion 
damage was dropped from fur ther  consideration early 
in  the study. 

The topography of a 2 /~m abrasion consists of 
scratches which are barely visible to the eye with 
oblique i l lumination,  and the 15 ~m abraded wafer ex- 
hibits a roughness which appears lusterless. Optical 
micrographs at 400X for the 2 ~m scratches and the 15 
~m roughness are shown in Fig. 4. The growth of 5 kA 
oxide produces no discernable difference in these to- 
pographies. 

Is histogram comparisons.--Figure 5 presents a com- 
parison of the Ia histograms at Y2 BVR for the four 
groups of wafers. The vertical  axis is the percent  dis- 
t r ibut ion of diodes in each IR category and the hori-  
zontal axis represents the IR categories in  A /mi l  2. 
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Fig. 3. Photomicrograph of the etch decorated surface of the 
ungettered wafer at 400 •  

Each category is an order of magni tude  wide except 
at the ends which include, respectively, all the diodes 
with IR ~-~ 10 pA/mi l  2 and > 10 #A/miD. 

The top two pat terns in Fig. 5 are typical cases for 
nonabraded swirl and swirl-free materials. This histo- 
gram for swirl-free mater ial  shows a strong skewing 
of the data into the lower IR categories. In contrast, 
the pat tern  for swirl bearing mater ial  shows a broad 
or bimodal distribution. The bottom two histograms 
are for composite results of all  wafers wi thin  each 

Fig. 5. IR histograms at VR - -  0.5 BVR 

abraded group. They also show skewing of the data 
into the lower IR categories, and are comparable to the 
swir l - f ree  case. 

IR mapping comparisons.--The mapping of Ia's on 
their  respective locations in  a wafer provides a posi- 
t ional correlation between mater ia l  and device qual i -  
ties. Such a correlation is shown in Fig. 6 for the non-  
abraded and the abraded swirl groups. In  each group 
the median  qual i ty wafer is presented. The cross 
hatched and the clear areas represent,  respectively, 
the devices whose IR'S are --~ 10 pA/mi l  2 and > 10 
pA/mi l  2 at 1/2 BVR. The top left photograph shows the 
core pa t te rn  of swirl which represents > 2/3 of the 
wafer map diameter. The central  region of the two 
abraded wafers show a higher density of low leakage 
devices than that of the nonabraded wafer. The den-  
sities of the two abraded wafers are too close to dif- 
ferentiate.  These comparisons demonstrate  the positive 
effect of abrasion gettering on the swirl  defects. 

IR-VR characterizations.NIR histograms and wafer 
maps reflect the mean qual i ty of the material ,  but  

Fig. 4. Topographies of the nonabraded and abraded back sur- 
faces at 400 •  

Fig. 6. IR mappings of the gettered and ungettered swirl samples 
in comparison with the swirl pattern. The cross-hatched area con- 
tains devices whose IR's ~ 10 pA/mil 2. 
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they  do not  offer in format ion  on how the ge t te r ing  
benefit  was der ived.  A subs tant ia l  por t ion  of this  i n -  
fo rmat ion  can be ob ta ined  f rom the analyses  of IR-VR 
curves.  In  Fig. 7, schemat ic  IR-VR curves  of an ideal ,  
defec t - f ree ,  and  a single domina t ing  defect  affected 
diode (3, 22-24) a re  compared.  These curves are  d rawn  
to reflect only the  genera l  shape bu t  not  the ac tual  
magni tude  of the  current .  A tota l  of four  l inear  re -  
gions be tween  these curves are  d is t inguishable  th rough  
the i r  associated slopes. The t ru ly  in teres t ing  differences 
be tween  these curves lie in the vol tage  range  of 
> kt/q and < BVm where  k is the  Bol tzmann 's  con- 
stant,  T is t e m p e r a t u r e  in degrees  Kelvin,  and q is the  
e lectronic  charge. In  this vol tage  range, the  curve  for 
ideal  diode has a zero slope, for  defec t - f ree  diode has 
a slope <1 (0.33-0.5), and  for  defect  affected diode has 
two l inear  regions whose slopes are  <1 (region II )  
and  >1 (region I I I ) .  

Since the ma te r i a l  and the fabr ica t ion  processes of 
this w o r k  were  control led,  IR in region II  can be as-  
sumed to reflect the concentra t ion of the deep level  
t raps  in the  deple t ion  region of the junct ion (23). The 
possible  candida tes  for  these t raps  include poin t  de-  
fects such as meta l l ic  impuri t ies .  The excess irR in re-  
gion II I  is caused by  the prec ip i ta t ion  of meta l l ic  im-  
pur i t ies  a round  a defect  in the  crys ta l  la t t ice  (3, 22- 
24). 

The IR-VR curves of " typica l"  diodes for the four  
groups a re  g iven  in Fig. 8, and a " typica l"  diode for 
this work  is defined as the device whose IR at  �89 
is equal  to the  geometr ic  mean  of the  Ia  dis t r ibut ion.  
The ac tua l  measurements  covered the vol tage  range  
from 10 mV to avalanche;  however ,  only  the  regions of 
pa r t i cu la r  in te res t  a re  shown in Fig. 8. The dashed 
l ine on the far  r igh t  marks  the ava lanche  voltage,  and 
t h e  other  dashed l ine  a p p r o x i m a t e l y  designates  the 

BVR value.  
Even though the curves in Fig. 8 a re  not  c lea r ly  

segmented,  the  drast ic  increase in slopes is apparent .  
I t  is reasonable  to assume tha t  0.1V, which is > kT/q 
(0.026V for 300~ and 20V, which is < BVm are  wel l  
into regions II  and III, respect ively.  The cor respond-  
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regions II  and I I I  are  re la ted  to the metal l ic  impur i -  
ties. Therefore,  a logical impl ica t ion  of these resul ts  
is tha t  a subs tant ia l  por t ion of the ge t te r ing  benefit  
was der ived  f rom the reduct ion of meta l l ic  impur i t ies  
in  the  deplet ion region of the  device. 

Deject model interpretation o] resuZts.--The exper i -  
menta l  data  points  t oward  two p rominen t  results :  the 
reduct ion  of etch pi t  dens i ty  and the decreas ing mag-  
n i tude  of IR which is i n t e rp re t ed  as a reduct ion in 
meta l l ic  impuri t ies .  P re fe ren t i a l  etching, as appl ied  
here, del ineates  s t ra in  field different ia l  in the Si l a t -  
tice, and its sens i t iv i ty  is l imi ted  by  the etchant ' s  re -  
act ivi ty.  The reduct ion of dens i ty  and size of the etch 
pits  is commonly in te rp re ted  as a reduct ion in dens i ty  
and size of the corresponding defects  in Si. 

The repor ted  physical  models  of swir l  defects are  
complexes  of impur i t ies  (carbon and oxygen)  and in-  
t r insic  point  defects (25, 26) (Si in ters t i t ia l  and va -  
cancy) .  Since Si is the host lattice, i t  is logical  to as-  
sume that  the size of the swir l  defects is dominated  by  
the component  of the  in t r ins ic  point  defect. The  as-  
sociated s t ra in  field of the defects would a t t rac t  me ta l -  
lic impur i t ies  (extr insic  point  defect) ,  and conse- 
quent ly  the swir l  defects become impur i ty  decorated.  

In l ight  of these defect  models, the exper imen ta l  
resul ts  suggest  that  the damage layer  and its t he rma l ly  
genera ted  defects act as diffusion sinks for the fast 
diffusing point  defects (27, 28).  These enhanced solu- 
bi l i t ies (29) fo r  the point  defects in the damage  region 
crea te  concentra t ion gradients  in the nondamage re-  
gion of the Si wafer.  In  turn, the concentra t ion grad i -  
ents act  as the dr iv ing  forces for the red i s t r ibu t ion  of 
these point  defects. 

Af te r  these get ter ing  actions, the or iginal  defect  
nuclei  of C-, O- intr insic  defect  associates p robab ly  
remain  because, for the the rmal  t empera tu re  and t ime 
of  this work,  the diffusion lengths  of C and O are  in-  
significant in comparison to the  fast  diffusing species 
(30). However ,  the  defect  can become smal le r  in size 
and less decora ted  wi th  impuri t ies .  This decrease in 
size expla ins  the observed reduct ions of etch pi t  den-  
s i ty  and size in the p re fe ren t ia l  etching study.  

Summary and Conclusions 
The effects of back abras ion damage get ter ing  on Si 

ma te r i a l  wi th  heavy  swir l  defect  concentra t ion were  
s tudied by the techniques of p re fe ren t ia l  etching and 
e lect r ica l  charac ter iza t ion  of p + n  diodes. The damage 
layers  were  app l ied  via lapping  the convent ional ly  
shaped wafer  wi th  s lurr ies  whose mean  par t ic le  sizes 
were  0.5, 2, and 15 ~m. Optical  microscopy of the dam-  
age layers  indica ted  that  the 0.5 ~m lapping  produced 
a pol ishing r a the r  than an abras ion effect. In addit ion,  
p r e l im ina ry  e lect r ica l  results  indicated that  i t  p ro-  
duces no definite improvemen t  in the  diode d i s t r ibu-  
tion as a function of IR. 

The etching studies revea led  that  ge t ter ing  wi th  the 
2 and 15 ~m abras ion can reduce the etch pi t  dens i ty  
by  3 orders  of magni tude  from 5 X i0 ~ to <5 X 
102/cm 2. This observat ion  resul ted  more f rom a defect  
size than  an actual  defect  densi ty  reduction.  OISF's  
were  not detected in any exper imen ta l  or test  wafers.  

A corresponding improvement  was observed in the 
s ta t is t ica l  da ta  of IR his tograms and maps of the p+n  
diodes. This improvement ,  as infer red  f rom IR-VR 
analysis  of the " typical"  devices, l ike ly  resul ted  f rom 
the reduct ion  of meta l l ic  impur i t ies  wi th in  the active 
region of the  device. Both of the e lectr ical  and  etch 
resul ts  can be expla ined  by  the cur ren t  unders tand ing  
of swir l  defects, mass t ranspor t  phenomena,  and get-  
te r ing  action. 

In  conclusion, this "base l ine" or ien ted  back a b r a -  
sion get ter ing  process was able to improve  the qua l i ty  
of ma te r i a l  wi th  a high swir l  densi ty  to approach that  
of swir l - f ree .  
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ABSTRACT 

The photoelectrochemical properties of n - type  cadmium tel lur ide were 
studied in  water  and five other organic solvents, with a view to suppression 
of the photocorrosion reaction which prevents  this and other n - type  small  
bandgap semiconductors from being used in a practical semiconductor-  
electrolyte junct ion  solar cell. Only the low donicity organic solvents pro- 
pylene carbonate and methyl  ni t ra te  reduce the corrosion rate signifi- 
cantly. A stable photocurrent  can be obtained using a solution of ferrocene 
in these two solvents bu t  analysis of photoelectrolyzed solutions revealed a 
slow photocorrosion. The dependence of the flatband potential  and of the 
photocorrosion kinetics on the solvent is discussed, and the practical signifi- 
cance with respect to solar cell applications considered. 

The current  upsurge of interest  in the behavior of 
the semiconductor-electrolyte interface reflects its pos- 
sible application in the field of solar energy conver- 
sion, as recent review papers have stressed (1, 2). 
A major  technical difficulty which must  be overcome 
before any  such application can be considered real-  
istic is the persistent  tendency for the small  bandgap 
semiconductors (i.e., those of interest  for solar energy 
conversion) to undergo photocorrosion reactions, lead- 
ing to the destruction of the electrode. This remains  
a fundamenta l  obstacle whether  the cell is regenera-  
tive or is designed to produce a fuel, and is exacer- 
bated if the photoelectrode takes the form of a thin 
film. A n y  photocorrosion current  flowing s imul tan-  
eously with the current  support ing the cell process 
must  be ext remely  small  if the cell is to operate 
over a period of years. 

N-cadmium tel lur ide typifies this problem; the only 
electrolyte which has so far been shown to stabilize 
this mater ia l  contains toxic, colored, and air-sensi t ive 
polytel lur ide and tel luride ions (3). Hence n -cadmium 
tel lur ide was chosen as a basis for discussion of the 
general  problem and as a model mater ial  to investigate 
exper imenta l ly  the stabilizing abil i ty of various or- 
ganic solutions. 

For n-type compound semiconductors the basic 
photocorrosion process in indifferent electrolyte is 
the dissolution of the more electropositive component; 
for n-cadmium telluride 

CdTe + 2h e -> Cd2~ (solution) -5 Te(solid) [I] 

If species are present in solution which are active 
towards cadmium (or tellurium) the reaction may 
be modified, e.g., 

CdTe -5 2h �9 -5 41@--> CdI~2@ -5 Te [2] 

CdTe -5 2h �9 -5 2 Oil@-> Cd(OH)2 -5 Te [3] 

The overall free energy change is more negative in 
reactions [2] and [3]. Furthermore, if the active 
species participates in the rate-determining step of 
the electrode kinetics then the corrosion will be 
accelerated. 

For a stable regenerative cell there must be a 
successful competition with such corrosion reactions 
by a reversible redox reaction 

Red + h~ --> Ox [4] 

Present  address: Laboratoire de Chimie, 6913{} Ecully, France.  
Key words: organic,  electrolyte,  semiconductor,  stabilization, 

photoelectrochemistry.  

Clearly reactions of type [2] and [3] should be avoided, 
but  an anion which can promote reaction [2] may 
instead perform a redox reaction, as is reported to 
be the case for iodide ion in acetonitri le at i l luminated  
cadmium sulfide (4). 

Since the intermediates and the final product of 
the corrosion process are stabilized by part ial  or com- 
plete solvation, the solvent itself can influence the 
rate of this process. The influence of a change of 
solvent on the overall  free energy change for process 
[1] is calculable from the free energy of t ransfer  of 
the single metal  ion. This, in turn,  is calculable from 
electrochemical potent ial  measurements  under  an  ex- 
t ra thermodynamic  assumption such as the TATB as- 
sumption (5). 

Using such data it is not difficult to find a solvent 
which makes the overall  thermodynamics  of reaction 
[1] less favorable by up to 100 k J / g  ion (1 eV). There 
are, however, addit ional  factors to consider, the first 
being that the solvent must  dissolve sufficient iner t  
salt to furnish a high conductivity. This requi rement  
excludes very poor solvents of metal  ions, restricting 
the choice to a very few organic solvents which have 
been used in  electrochemical studies. Even a conduc- 
t ivi ty of 5 X 10 -3 ~ - 1  cm-% regarded as "high" for 
an organic electrolyte, would lead to a substant ia l  
ohmic loss wi th in  a solar cell unless the electrolyte 
layer  were very thin. 

In  this work the G u t m a n n  Donicity Number  was 
used as a guide to the choice of solvent. This empirical 
parameter  correlates well with both thermodynamic  
and kinetic constants for solvent-rela ted processes 
(6). A low donicity number  indicates poor cation 
solvation. The five solvents used in this work were 
chosen to see if there is a correlation be tween corro- 
sion rate a n d  donicity number .  

The redox system must  be very soluble, stable 
chemically in both oxidation states, absorb l i t t le visi-  
ble light, and possess a redox potential  between the 
bandedges of the small  bandgap semiconductors (1, 2), 
i.e., not far from the potential  of the s tandard calomel 
electrode. This makes for an extremely restricted 
choice once more. The only class of compounds which 
may be able to meet  all these demands is that  of the 
substi tuted ferrocenes, which have al ready been used 
successfully to prevent  corrosion (7, 8). 

In  this invest igat ion ferrocene (Eo ---- 0.37(SCE), 
ko -- 0.7 cm sec -1) (9) and iodide ion were used, 
the la t ter  because of its reported abi l i ty  to stabilize 
cadmium sul.fide in acetonitri le (4). 
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Experimental 
Single crystal slices of n-doped (1.2 • 1017 cm -8) 

CdTe, already ohmically contacted on the back surface 
were obtained from Battelle Laboratory, Frankfur t .  
An  addit ional thick gold layer was sputtered over the 
contacting film and a wire attached by silver epoxy. 
The whole was then sealed in  a robust  plexiglass or 
glass support  with epoxy resin. This assembly was 
incorporated in  a one-compar tment  sandwich celI, 
volume 2 ml, with a p la t inum grid counterelectrode 
behind a window. 

Silicon rubber  sealing rings were used. The refer-  
ence electrode was always Ag/0.01M Age and took 
the form of a Luggin capil lary close to the photoelec- 
trode. The reference electrode solution was normal ly  
made by in situ electrolysis of the silver wire in  
backing electrolyte. 

Photoelectrochemical experiments  with organic elec- 
trolytes were performed ent i rely inside a glove box 
flushed with dry  nitrogen. I l luminat ion  was provided 
by a 500W high pressure xenon lamp in conjunct ion 
with filter solutions and a Spex monochromator.  

S tandard  electrochemical apparatus supplied by Hi-  
Tek was employed in  conjunct ion with a Hewlet t -  
Packard 7045 A X-Y recorder. Because of the dif- 
ficulty of making  differential capacity measurements  
at high enough frequency to avoid the surface state 
capacity (10 kHz) in  relat ively poorly conducting 
organic electrolytes, Mott-Schottky plots were not 
used to measure the flatband potential  (VF~). Instead 
the method suggested by Butler  was employed (10) 
which al though it rests on some approximations is at 
least as reliable as the above al ternat ive in this con- 
text. 

The semiconductor electrode was polished with alu-  
mina down to 0.05 um and then etched with a recom- 
mended solution (11) before each measurement.  Chem- 
icals used were all from commercial sources and 
were of reagent  grade or better. Organic solvents and 
backing electrolytes were purified and dried according 
to procedures described in a comprehensive review 
(12). 

For each solvent-solute combination the same pro- 
cedure was followed. First  an anodic potentiostatic 
scan was made, low intensi ty  monochromatic light 
pulses being applied to obtain data for VF~ est ima- 
tion. Thereby even in the presence of photocorrosion 
the total charge passed was low enough (<10-3C)  
to obtain reproducible data. Then a higher photocur- 
rent  (~1 macro -2) was passed under  potentiostatic 
conditions and its decay with time (if any)  foUowed. 
Finally,  the CdTe electrode was removed and exam- 
ined microscopically. 

A more sensitive technique was used to detect small 
amounts  of photocorrosion, atomic absorption analysis 
of result ing solutions for cadmium (13), Having 
passed some coulombs of photocurrent  under  poten- 
tiostatic control the result ing solution was wet-ashed 
and analyzed by s tandard techniques using a Perkin  
Elmer 5000 atomic absorption spectrophotometer. 

Results 
A survey of solvent-redox combinations to deter-  

mine VFB and stabili ty under  i l luminat ion  is sum- 
marized in Table I. Figure 1 i l lustrates a typical i-V 
plot, and a corresponding {p2_~f plot is given in Fig. 
2. The intercept  of this plot on the voltage axis gives 
an estimate of VFB (10). Figure 3 i l lustrates the photo- 
current -vol tage  behavior in the absence of any redox 
system, when only the pure photocorrosion process is 
occurring. 

Ferrocene was found to have a strong stabilizing 
effect in both propylene carbonate (PC) and methyl  
ni t ra te  (MN). This finding was fur ther  investigated 
in an exper iment  similar to Wrighton's  (14). The 
solution undergoing controlled potential  electrolysis 
was pumped through an optical cell and the absorp- 
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Fig. 1. Potentiostatic current-voltage plot for n-cadmium telluride 
in contact with methyl nitrate/0.1M Mg(CIO4)J0.1M ferrocene 
solution. Voltage scan rate 10 mV sec -1.  Solid curve in darkness, 
dashed curve under weak monochromatic illumination, 650-750 rim. 
Reference electrode Ag/0.01M AgCIO4. Insets illustrate transient 
behavior. 

t ion spectrum monitored. The optical density at 615 
nm, a peak diagnostic of fer r ic inum ion (15) increased 
l inear ly  with charge passed, confirming that  the major  
product of photoelectrolysis was this ion. 

The atomic absorption analysis technique was used 
to determine quant i ta t ive ly  the extent  of corrosion 
suppression in MN and PC. The results are displayed 
in Table II. In  these experiments  the counterelectrode 
is able to remove some dissolved cadmium ion (it is 
very difficult to design a cell which avoids this) but  
a simple calculation shows the result ing underes t ima-  
tion of the photocorrosion is small. These measure-  
ments revealed that the qual i ta t ively encouraging 
results of the earlier experiments in  Table I were 
misleading and that considerable photocorrosion oc- 
curs. The corrosion rate appears to depend on the 
exact condition of the electrode surface, and is not 
reproducible. 

The results for PC, in  which ferrocene (saturated) 
has a low diffusion l imited current  (measured at a 
p la t inum electrode) show that as could be expected, 
the corrosion rate increases as the photocurrent  ap- 
proaches this value. 

Some experiments  were made with "as received" 
MN and PC/ferrocene solutions containing undr ied 
magnesium perch]orate, and also with electrolytes 
deliberately contaminated with a few percent  water. 
Photocorrosion was increased in  these solutions, but  
only slightly in the case of propylene carbonate. 

Jn both MN and PC/ferrocene solutions with 1M 
ter t iary  butyl  ammonium iodide as backing electro- 
lyte photocorrosion occurs, though in PC the principal 
product of photoelectrolysis is evidently ferricinium 
ion, whose presence is easily observed because of its 
greenish color. 

Discussion 
An account of the photocorrosion process would be 

oversimplified if some at tent ion were not paid to the 
kinetic complexity necessarily implied in a mul t i -  
electron process (16). Since a s imultaneous two- 
electron process is unl ikely  because of the low density 
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Fig. 2. Plot of photocurrent squared vs. voltage under potentlo- 
static conditions for n-cadmium telluride in contact with propylene 
corbonate/0.SM Mg(CIO4)2/0.05M ferrocene solution. Illumination 
696-710 nm ( 0 )  and 780-800 nm (~ ) .  Reference electrode Ag/ 0.01M AgCl04. 
o f  s t a t e s  o f  h o l e s  a t  t h e  s u r f a c e  u n d e r  n o r m a l  i l l u m i n a -  
t i o n  a t  l e a s t  o n e  r e a c t i o n  i n t e r m e d i a t e  i s  i m p l i e d .  T h e  
s i m p l e s t  r e p r e s e n t a t i o n  is  a s  f o l l o w s  
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Fig. 3. Potentiostatic current-voltage plot for n-cadmium tel- 
luride in contact with propylene carbonate/0.1M Mg(CI04)2 under 
weak pulsed illumination. Voltage scan rate 10 mV sec -1,  refer- 
ence electrode Ag/0.01M AgCIO4. 

T h e  f i n a l  s t e p  k3 is  o n l y  a r a p i d  d i f f u s i o n a l  p r o c e s s  
i f  t h e  b o n d i n g  a r r a n g e m e n t  o f  t h e  o v e r a l l  r e a c t i o n  
is  a l r e a d y  c o m p l e t e ;  h e r e  i t  is  a s s u m e d  i t  m a y  b e  a 
s l o w  s t e p .  

I f  a t  p o t e n t i a l s  c l o s e  to  t h e  f i a t b a n d  p o t e n t i a l  c o n -  
d u c t i o n  b a n d  e l e c t r o n s  c a n  r e a c h  t h e  s u r f a c e  a n d  
r e d u c e  t h e  i n t e r m e d i a t e s ,  t h e n  t h e y  a c t  a s  r e c o m -  
b i n a t i o n  c e n t e r s .  S i m i l a r l y  a t  p o s i t i v e  p o t e n t i a l s  i t  
is  p o s s i b l e  f o r  k2 to b e  a c o n d u c t i o n  b a n d  ( c u r r e n t  
d o u b l i n g )  p r o c e s s .  

I n  t h e  p r e s e n c e  o f  a r e d o x  s y s t e m  t h e  r e d u c e d  
s p e c i e s  m a y  be  o x i d i z e d  i n  p r i n c i p l e  b y  a h o l e  a t  
t h e  v a l e n c e  b a n d e d g e  o r  b y  a n y  o f  t h e  s u c c e s s i v e  
i n t e r m e d i a t e s  (17)  

h e  
R e d  > Ox 

or CdTe n~ 

Table I. Flatband potentials and stabilities under illumination of n-cadmium telluride in various solutions 

S o l v e n t  P Y  M e O H  H 2 0  A N  P C  M N  

Donicity No. 33 30 
0.0 - 0.10 

I/'FB VS. NHE (-0.70)  ( -0 .10)  
Redox s ta-  

b i l i z a t i o n  
Ferrocene 0 0 
NaI 0 0 
tSu~Nl 0 0 

R e m a r k s  Ferroeene very 
soluble 

33 14.1 15.1 2.7 
- -0 .50  - 0.25 0.0 0.10 

( -1 .30)  (--0.85) ( -0 .4)  ( -0 .50)  

Insoluble 0 Stable Stable 
0 0 0 Insoluble 
0 0 Low Low 

Corrosion quite slow 
in 1M NaC10~ FEII Low ferrocene Explosive danger- 
soln solubility ous vapor 

Py = pyridine/1M LiC104. MeOH - methanol/tBu 4 NC10~. H20 = aqueous/1M NasSO4. AN = acetonitrile/1M LiC104. PC = propylene 
carbonate 0.5M Mg(C1Ot)2. MN = methyl  nitrate/0.1M Mg(C10.02. Tert iary butyl  ammonium iodide also used as backing electrolyte. VvB 
in brackets  in the  presence of approx. 1M iodide ion. 

Solutions without  iodide ion were sa tura tedwlth  ferrocence. Donicity numbers  are f rom Ref. (6). A zero under  the redox stabilization 
heading indicates tha t  photocorrosion is the  predominant  process. 

Table II. Photocorrosion current ratios in ferrocene solutions estimated by atomic absorption 
analysis, n-Cadmium telluride electrode maintained potentiostatically at --0.35V (0.01M Ag e/Ag) 

S o l v e n t  PC PC PC PC Wet  PC MN MN 

Average photocurrent (mA cm-~) 
i (corrosion) 

i (total) 
Remarks 
Diffusion-limited current 

0.1 0.5 0.5 2.0 0.3 1.1 0.8 

0.015 0.03 0.007 0.08 0.03 0.003 0.0003 

Polished e l e c t r o d e  
Approx. I raA c ~  -~ Approx. 10 mA cra-= 
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Then the species Ox may be capable of the overall  
chemical interracial  reaction 

CdTe + 2 Ox-> Cd 2~ + Te -t- 2 Red 

or  only of performing one of the oxidation steps. 
Ferr ic ium ion ~maae by electrolysis of Ierrocene 
solution) and iodine solutions in  PC and MN left in  
contact with gdTe  do not  discernibly chemically 
oxidize it on the t ime scale of these experiments.  Thus 
t h e  corrosion processes observed at the i l luminated 
electrode are due to holes in the first instance; the 
possibility that  Ox performs only one of the oxidation 
steps is not  ruled out. 

Noticeably different forms of photocurrent-vol tage 
plots are ootained in b lank  PC and MN electrolytes 
(Fig. 3) and when either iodide ion or ferrocene are 
present  (Fig. 1). In  the lat ter  case, despite the fact 
that  iodide ion does not  s t rongly stabilize the photo- 
electrode while ferrocene does, the plot takes the 
form indicated for a system in  which minor i ty  carrier  
generat ion is the ra te -de te rmin ing  step (10) and good 
i~-V plots can be obtained. In  the former the steady- 
state quan tum efficiency is decreased in  the negative 
potential  range, and a complex t ransient  behavior  
appears. Nevertheless, the ini t ial  photocurrent  (the 
peak of the photocurrent  when a light pulse is applied) 
depends on the voltage in  the same general  way as 
above; ip 2 (peak) -V plots are good. 

These facts are consistent with the explanat ion that 
the complex photocorrosion process leads to re la t ively 
slow charge t ransfer  kinetics. The addit ion of iodide 
ion, which is probably adsorbed at the interface (see 
below) and which may form complexes with cadmium 
(18) accelerates the kinetics. The addition of ferrocene 
also accelerates the charge transfer  kinetics, but this 
t ime by providing a rapid a l ternat ive  route to the 
photocorrosion, hence suppressing the corrosion, but  
not completely. Recent calculations (19) show that  
slow charge t ransfer  kinetics do indeed lead to the 
kind of curves i l lustrated in Fig. 3 under  steady-state 
i l lumination.  This analysis can in principle be extended 
to cases where some t ransient  behavior  is observed, 
as in  Fig. 3, if it is assumed that the exper imental  
system is able to accurately represent  the ini t ial  
photocurrent.  When interfacial  kinetic complications 
or recombinat ion (or both) are impor tant  this ini t ial  
cur rent  is par t ly  nonfaradaic,  but  its value in  the 
ins tant  following the application of the light beam 
is nevertheless that  of the hole flux ini t ia l ly reaching 
the surface. This in turn,  under  the appropriate con- 
ditions obeys the ip2-V relat ion (10). The results for 
n-CdTe in  the low donicity electrolytes MN and PC 
typified by Fig. 3 can be interpreted in this way. 

The flatband potentials listed in Table I do not 
depend on such an extended argument,  since the very 
marked t ransient  behavior of Fig. 3 was not observed 
with the solutions used. However a conservative as- 
sessment of the errors implicit  in  such measurements  
should recognize that  the values may be too positive, 
to a small  and varying  extent. 

If a probable error of • is a t t r ibuted to the 
estimated VFB'S in  Table I, the figures are consistent 
~with the hypothesis that relat ively small  variat ions 
in  VFB Occur upon changing the solvent, as would 
be expected if solvent dipole orientat ion is the only 
source of surface charging (20, 21). 

The simplest  explanat ion of the negative shifts in 
VFB in the presence of iodide ion is the specific ad-  
sorption of the ion occurs. Once again, since the VFB 
values are based o n  ip2-V plots it is necessary to ac- 
cept that  this shift in principle may be due to more 
rapid charge- t ransfer  kinetics at the interface, but  
it is unl ike ly  that this effect can explain such large 
and consistent changes. 

If it is accepted that the variations in both VFB 
and the redox potential  of ferrocene (22) upon a 
change of solvent are small  and unimportant ,  it is 

difficult to reconcile the sensit ivi ty of the ferrocene 
stabilization elIect upon solvent change with a mech-  
anism involving a hole at the valence bandedge. If 
ferrocene reduces one of the oxidized intermecliates 
CdTe* or CdTe2% which possess part ial  solvation 
shells then the solvent influence is easier to explain, 
especially if CdTe 2. is the intermediate  involved. 

i n  both PC and MN it is apparent  by the yellow 
color of the solution after  photoelectrolysis that  ter-  
t iary butyl  ammonium iodide has a small  stabilizing 
effect (electrolysis at p la t inum electrodes gives a 
yellow solution at the anode and no color at the 
cathode at the same current  densi ty) .  Sodium iodide 
in PC has no such effect. This must  be a t t r ibuted to 
a subtle difference in the composition of the Helm-  
holz layer. Hence, once again, the direct oxidation of 
iodide ion by a hole at the valence bandedge seems 
unl ikely  to display such sensi t ivi ty to the Helmholz 
layer  structure. 

In  terms of the kinetic scheme above and the sub-  
sequent assumptions the max imum possible corrosion 
suppression effect of low donicity solvent occurs when 
kz and k2 ~ k3 and the redox reaction is with CdTe 2~. 
5G (transfe r ) for the Cd 2~ ion from H~O to a low 
donicity solvent can be estimated as 50 k J / g  ion 
(23). Since solvation can be par t ly  developed for the 
CdTe2~ intermediate,  the effect on the overall ther-  
modynamics of the ks step will be somewhat less and 
that on the free energy of activation smaller  still. 
This u l t imate ly  leads, in theory, to changes in  the 
rate constant ks in the range of a factor of 10 -8 , 
similar to those actually observed in electrochemical 
metal  dissolution reactions (24). This figure is con- 
sistent with the extent  of corrosion suppression effects 
found in this work and is of some practical significance 
for solar cells of this type. In  order to function for 
some years at realistic current  densities (10 m A c m  -2) 
the upper  l imit  on i (corrosion) /i (redox) is in  the 
region of 10 -s. Should the photoelectrode mater ia l  
photocorrode in aqueous electrolytes then this l imit  
will not be reached by changing the solvent. 

Conclusions 
The failure of the various attempts recounted above 

to stabilize n -cadmium telluride to the degree neces- 
sary I or use in a solar cell (in the absence of tel luride 
ion) reveals the dangers of assuming that  any  given 
semiconductor which shows some degree of photo- 
corrosion in aqueous redox systems can be satisfactorily 
stabilized by a pure organic electrolyte system. Al-  
though the data relates only to cadmium tel luride 
the conclusion can be extended to other n- type  semi- 
conductors by vir tue of the large difference between 
at tained and required corrosion rates. 

Though low donicity solvents like MN and PC dis- 
favor corrosion processes, even lower donicity solvents 
cannot be used because of their  inabi l i ty  to give suf- ' 
ficiently conducting solutions. Thus, there is a dis- 
t inct l imit  to the potential  stabilizing abil i ty of organic 
solvents. The theory and experiments  herein point 
to a very approximate factor of 10 -3 as the best 
available suppression. This figure makes sense when 
it is compared with the influence of the solvent  on 
the thermodynamics of the overall  process. 

This conclusion is complemented by considering 
the associated difficulty of electrical conductivity. Tak-  
ing 0.005 ~2-i em-~ as an average value for the 
conductivity of a low donicity electrolyte means the 
electrolyte layer must  be only 0.1 mm thick to reduce 
in terna l  series resistance to an acceptable 2 ~l cm -2. 
This in tu rn  necessitates the use of a semit ransparent  
counterelectrode acting also as a window, introducing 
fur ther  losses due to reflection, light absorption, sheet 
resistance, etc. Thin films of metal  or metal  oxide 
which can perform this lat ter  function are not noted 
for their s tabil i ty (25) and inevi tably  the cost and 
complexity of the cell is raised by their  use. 
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There is some indication by analogy with the elec- 
trochemical dissolution of metals that mixed aqueous/ 
organic electrolytes (26) and aqueous electrolytes 
containing surfactants (27) could suppress corrosion. 
Initial experiments in this laboratory were discourag~ 
ing. In any case, the level of stabilization conceivable 
in such a system cannot again be expected to render 
an unstable photoelectrode useful in a solar cell. 
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Anomalous Behavior on I-V Characteristic Curves of 
n-TiO  and n-SrTiO  Electrodes 

in Aqueous Solution 

J. F. Juli~o, *,1 Franco Decker,* R. Brenzikofer, and M. Abramovich** 
UNICAMP, Instituto de Fisica, Campinas-SP, Brazil 

ABSTRACT 

Measurements of the I-V characteristics of n-TiO2 and n-SrTiO~ electrodes 
in aqueous KOH electrolyte in the dark show a deviation from the general 
behavior found in other semiconductor-electrolyte junctions, in the cathodic 
polarization region. The illumination of the semiconducting electrode with 
both u.v. and visible subbandgap light modifies these characteristics. We 
show that the observed phenomena are related to the reduction of oxygen 
dissolved in the electrolyte. 

An interesting property of semiconductor-electrolyte 
(SE) junction devices is their ability to convert solar 
energy into either chemical (photoelectrolytic cell) 
or electrical energy (wet photovoltaic cell). This fact 
has drawn the attention of several researchers in the 
last few years (1-11). In particular, an understanding 
of the current flow mechanism should lend insight into 
chemical reactions occurring at the SE interface. In 
the present work we concentrate our study especially 
on the operation of these devices in the polarization 

�9 Electrochemical Society Student Member. 
"" Electrochemical Society Active Member. 
~Present address: Dept. de Fisiea, Universidade Federal do 

Ceara, Brasil. 
Key words: interfaces, cell, visible, reduction. 

region where electrons are transferred from the n-type 
semiconductor to the electrolyte (cathodic current). 

In previous studies of SE cells (12, 13) it has been 
found that for an external applied voltage, Vbias, 
greater than several kT (T ~ 300~ the cathodic 
current, i, is given by 

i _-- io exp (bVbias/kT) [1] 

where io and b are empirically determined constants. 
This behavior is illustrated by the dashed curve of 
Fig. 1. Equation [1] shows that the current in SE 
junctions has a behavior similar to that of Schottky- 
barrier semiconductor-metal junctions (14), but with 
different values of the parameter b. 
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Fig. I. Semilogarithmic plot of the current-modulus voltage 
characteristic of an n-TiO2/|M KOH,2/Pt cell. The solid curYe 
shows the experimental results taken in the dark and the dashed 
curve represents the Schottky harrier behavior according to Eq. [1] 
in the text. The scan rate was 4 mV/sec. 

Morisaki et al. (15) and Mavroides (16), working 
respectively with TiO2 and SrTiO3 electrodes, found 
I -V  characteristics which deviate from the behavior 
suggested by Eq. [1]. Here we reexamine this anoma-  
lous behavior, previously reported. Our experiments,  
performed with n - T i O J 1 M  K O H / P t  and n - S r T i O J 1 M  
K O H / P t  open to a i r - type cells, also showed for both 
materials,  in the dark and under  i l luminat ion,  the 
anomalous I -V  characteristics, namely,  a cathodic cur-  
rent  peak (Fig. 1). This peak occurs around --1.0V 
vs. SCE for TiO2 and around --1.2V vs. SCE for 
SrTiO3; its magni tude  and position, in the dark and 
under  i l luminat ion,  are slightly different. Hardee and 
Bard (17) also have  previously observed an increase 
in  the cathodic current,  comparing TiO2 electrodes un -  
der i l luminat ion  and in the dark. They suggested that 
the increase may be due to reduction of dissolved 
oxygen generated when a reverse scan into the nega-  
tive potential  region was made. 

In  order to investigate the origin of the observed 
peak we have performed fur ther  experiments  varying  
the O2 concentrat ion in the electrolyte and the i l lumi-  
nat ion condition of the semiconducting electrode. 

In both materials we observed a sensit ivity to sub- 
bandgap light when polarized in a potential  region 
between ,-, --1.2 and ~ --1.4V vs. SCE, which is de- 
pendent  on the potential  and O2 concentration. From 
these observations and the results obtained with 
chronoamperometry we suggest a new explanat ion dif- 
ferent  from that given previously by Morisaki and 
Mavroides. 

Exper imenta l  
The TiO2 and SrTiO3 monocrystals supplied by Ma- 

terials Researcch Company and N. L. Industr ies  Incor-  
porated, respectively, were cut perpendicular  to the 
(001) axis. The surface to be i l luminated was polished 
with 0.2~ diamond powder. The samples were reduced 
in  an H2 atmosphere at temperatures  near  1000~ for 
periods varying from 30 to 60 rain for TiO2 and from 
1 to 3 hr for SrTiO~, in order to produce n- type  semi- 
conductors. Subsequently,  an ohmic contact was made 
at one sample surface by evaporat ion of a Cr and Au 
double layer, and a copper wire was attached to the 
contact by means of Ag paste. The samples were then 
encapsulated in polyester, leaving only the front  sur-  
face free for contact with the electrolyte. We used a 
single compar tment  Teflon cell, open to air, contain-  
ing an aqueous solution (1M KOH),  a TiO2 or SrTiO3 
working electrode, a Pt  counterelectrode (about 10 
cm 2 area),  and an SCE reference electrode. As a l ight  
source, we used a 1000W ul trahigh pressure xenon 
lamp ( infrared filtered by 10 cm of distilled water)  
focused on the entrance slit of a monochromator  (Spex 

14300). The visible l ight was obtained with the same 
lamp, crossing an Oriel LP-47 filter. Curren t -poten t ia l  
curves were obtained using a potentiostat  circuit (18) 
with a sensitive current - to-vol tage  converter  (10 nA) 
a n d  a low phase shift for frequencies up to 100 kHz 
coupled to a t r iangular  wave generator. The I -V curves 
were recorded on a I-tewlett Packard Model 7004B 
X-Y recorder at a scan rate of 4 mV/sec in the sense 
of anodic to cathodic polarization. Figure 2 shows the 
scheme of this arrangement .  The 1M KOH solutions 
were prepared from commercial ly available reagents, 
P.A. grade. 

The I -V  curves for each sample were recorded with 
the semiconducting electrode in the three following 
i l luminat ion  conditions: in  the dark, under  visible 
radiat ion (~ ~ 4700A), and under  u.v. radiat ion (~ -- 
3250A). 

A first set of measurements  was made with an elec- 
trolyte under  s tandard conditions in contact with room 
atmosphere. Two other sets of measurements  were 
performed by passing either iN2 or 02 bubbles for 
several minutes  before s tar t ing each voltage scan, in 
order to s tudy the dependence on the degree of oxy-  
genation. Before each experiment,  the electrolyte was 
carefully stirred. We emphasize that in cells which 
remain  open to air, such as the one described, it is not 
possible to obtain complete deoxygenation of the solu- 
tion. 

Experimental Results 
Figures 3a and 3b show the I -V  characteristics for 

typical samples of SrTiO3 and of TiO.~, respectively, 
under  three different i r radiat ion conditions: in  the 
dark, visible (~ ~ 4700A), and u.v. (~ -~ 3250A) light, 
with the electrolyte in contact with air. In the in terval  
of cathodic polarization on the current  voltage curves 
shown in F;.~. 3a and 3b, we distinguish three regions: 
(i) the low p~larization region, when Vo~ ~ V ~ 0, V a n  
being the voltage in which the anodic photocurrent  
starts to increase (Van _~ --0.75V for TiO2 and ___ 
--0.90V for SrTiO3); (ii) the middle polarization re-  
gion, where VH ~ V ~ Van (VH __~ --1.5V is the voltage 
at which significant H2 evolution at the SE junct ion 
occurs and depends on the amount  of O2 dissolved in  
the solution; (iii) the high polarization region, when 
V ~ V~. A common characteristics of the curves in  
these figures is that  for V ~ Van the cathodic current  
presents a peak and a valley structure.  The peak val-  
ues are around --1.0V in TiO2 and --1.2V in SrTiOs. 
This phenomenon is unexpected in the rectification 
characteristics of semiconductor- l iquid junct ion cells 
described by Eq. [l  j, unless some electroactive species 
dissolved in the electrolyte or st icking to the electrode 
surface is being reduced at these potentials. 

In  addition, for VH ~ V ~ Van, Fig. 3a and 3b show 
that  when the cell is under  u.v. radia t ion the cur ren t  
peak is enhanced and slightly shifted in  the direction 
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Fi 9. 2. Experimental setup fur electrochemical measurements 
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Fig. 3. Current-voltage characteristics of semiconductor-electro- 
lyte junction under three different irradiation conditions. (a) 
SrTiO3 electrode, (b) TiO2 electrode. A is defined in the text. 
The scan rate was 4 mV/sec. Radiation intensity was S00 ~W/cm 2 
for 1 = 3250A. and 50 mW/cm 2 for t - -  4700A. 

of more negative potentials and that an addit ional cur-  
ren t  s t imulated by visible l ight  appears. In  these fig- 
ures, the quant i ty  h describes the var iat ion I (dark) 
-- I (visible) for V -:  --1.4V. Morisaki et al. (15), 
working with TiO2 cells, have called a similar  be- 
havior, observed with visible light, "anomalous photo- 
response," since it was produced with photons of 
lower energy than that  of the semiconductor bandgap. 
The same phenomenon has been previously observed 
by  Mavroides (16) wi th  SrTiO.~ electrodes. 

In order to unders tand  how O2 dissolved in the elec- 
trolyte affects the above results we have repeated the 
exper iments  with different O2 concentrat ions in the 
solution. We have reduced the 02 concentrat ion by 
bubbl ing  N2 through the electrolyte and increased the 
O2 concentrat ion by either bubbl ing  02 or by adding a 
small  quant i ty  of hydrogen peroxide, which becomes 
oxidized in basic solution (19). Our results show (Fig. 
4) that  the I-V characteristics are affected only for 
V H < V < V o n .  When the solution is submit ted to a 
gradual  deoxygenation, we observe a decrease in the 
absolute value of the cathodic current  peak ampli tude 
for the nonir radia ted  semiconductor electrodes, as 
shown in Fig. 4a. When increasing the concentrat ion 
of O2 in the electrolyte, the current  peak increases and 
shifts in the direction of more negative potentials for 
the nonirradia ted electrode as shown in Fig. 4b. At  
the same t ime the position of VH also changes in the 
same direction. We have also examined the effect of 
several successive voltage scans in this region at a 
rate of 4 mV/sec, with the solution in air equi l ibr ium 
or after bubbl ing  N2 for 30 rain. In the first condition 
the peak ampli tude diminished and reached a l imit  
value of ~40/~A/cm 2. In the second condition the peak 
disappeared and the I-V curve reached a plateau with 
the cur ren t  at  a value of ~10 ~A/cm e. 
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Fig. 4. Dark I-V characteristics of an n-TiO2/]M KOH/Pt cell. 
The scan rate was 4 mY/see. (a) Effect of bubbling through the 
electrolyte: (A) first scan, no gas bubbling; (B) after N2 bubbling 
for 2 rain; (C) after N2 bubbling for 7 min; (D) after N2 bubbling 
for 12 min. (b) Effect of 02 bubbling through the electrolyte: (A) 
first scan, no gas bubblng; (B) after 02 bubbling for 2 rain; (C) 
after 02 bubbling for 4 min; (D) after O~ bubbling for 6 min. 

We have also observed a correlation between ~ and 
the 02 concentrat ion in the solution. After  bubbl ing  
N2 through the cell for enough time, in order to min i -  
mize the quant i ty  of dissolved O2, :, reaches a small  
l imit  value (Fig. 5, curve B). When the 02 concentra-  
tion in the solution is increased, a also increases (Fig. 
5, curve A).  

In order to investigate fur ther  the influence of visible 
i rradiat ion on the 02 reduction process, we have per-  
formed an exper iment  recording the current  vs. t ime 
response of the cell when submit ted to a --1.2V poten-  
tial step (chronoamperometry) .  The results were 
recorded with the semiconductor in the dark and 
under  visible light; in both cases the electrolyte was 
air saturated. 
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Fig. 5. Current-voltage characteristics of an n-TiO2/1M KOH/Pt 
cell: (A) with electrolyte in equilibrium with air; (B) after bubbling 
N2 for 40 min. The solid curves were taken in the dark and the 
dashed curves with subbandgap radiation. 
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Fig. 6. Current vs. time response of the cell, submitted to a 
potential steps of - -1 .2V vs. SCE. 

In the last exper iment  the cell was allowed to 
reach  thermal  equi l ibr ium with l ight on, before apply-  
ing the potential  step. The results are shown in Fig. 6. 

Discussion 
It  is general ly  known that  in the semiconductor, 

near  the interface with the electrolyte, a potential  
barr ier  or band bending, VB, appears as a consequence 
of the electric field which is intrinsic to the space 
charge region. This band bending prevents  the con- 
duction band  electrons from reaching the semiconduc- 
tor surface, and it can be reduced to zero when an 
adequate cathodic polarization of value equal  to the 
f la tband potential, VFm is applied to the semiconduct-  
ing electrode. The flatband potential,  VFB, for TiO2 
and SrTiO3, according to most authors (8, 20, 21) is 
approximately --1.0 and --1.2V, respectively, in a 1M 
KOH electrolyte. A simple energy diagram (Fig. 7) 
shows the behavior of the T iQ-e lec t ro ly te  junction, 
taken as an example, for three different values of the 
applied voltage. For an unbiased cell, no net  charge 
transfer  occurs through the junct ion except in the 
presence of l ight with energy greater than the semi- 
conductor bandgap. For bias close to the flatband 
potential,  VFB, (Fig. 7B) the conduction electrons 
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Fig. 7. Combined energy diagram for a TiO2/1M KOH/Pt cell: 
(A) without external bias, TiO2 and Pt short circuited; (B) under 
cathodic polarization of TiO2, Vblas = VFB; (C) under cathodic 
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reach the semiconductor surface and can react with 
the electroactive species possibly present  at the in te r -  
face. As shown in Fig. 3a and 3b, the cathodic cur ren t  
reaches a peak at potentials near  VFB for TiO2 as well  
as for SrTiO3. This peak shows a strong dependence on 
02 concentrat ion (Fig. 4a and 4b), which suggests 
that  it is associated with the reduction of dissolved O2. 
The results obtained when the electrolyte was sub- 
mit ted to several successive scans confirms this hy-  
pothesis. For an alkal ine solution the reduction at the 
semiconductor cathode might  be a four-electron re-  
action as given by Eq. [2] (16) 

4e -  + 2H20 + O3 ~ 4 O H -  [2] 

The energy level of the O J O H -  redox couple is 
about 1.2 eV below the conduction bandedge (22). It 
would appear, therefore, that if we assume that the 
electron transfer  from the TiO2 to the O2/OH- couple 
has to be iso-energetic (23, 24), a surface state located 
at the same energy as the O2/OH- couple should exist 
to mediate it. 

Wilson (25) also observed a peak in the I-V charac- 
teristics of TiO2 in the same polarization region but  he 
interpreted it  as an evidence of a bound charge- t rans-  
fer state which acts as an in termediate  in the oxidation 
of the solvent. 

For V~ias < VH (Fig. 7c) there is a current  step 
which is due to the water  reduction through the re-  
action 

4H20 + 4e -  --> 2H2 + 4 O H -  [3] 

while at the Pt  anode the reaction would be described 
by 

4 O H -  --> 2H20 + 02 + 4e -  [4] 

accomplishing, therefore, the electrolysis of water. 
The enhancement  and the shift of the cathodic cur-  

rent  peak, when the cell is under  u.v. i l luminat ion  
(Fig. 3a and 3b) can be explained as an addit ional re- 
duction of the oxygen produced at the semiconductor 
surface in the anodic region current.  This agrees with 
the detected behavior of the cathodic current  peak 
when the 02 concentrat ion in the electrolyte is in -  
creased (Fig. 4, curve A).  

The correlation observed between h (additional 
cur~rent s t imulated by subbandgap radiat ion) and the 
oxygen reduction reaction could be a t t r ibuted to one 
of the following al ternatives:  (i) excitation of elec- 
trons from the valence band directly to surface states, 
possibly associated with adsorbed species, and then 
transferred to redox couples O2/OH- in the electro- 
lyte. The time constant for this overall process was 
observed to be of the order of 1 min in Ref. (15, 16); 
(it) additional reduction (by conduction band elec- 
trons) of the dissolved O2, because of the continuous 
renewal  of the electrolyte near  the interface by a 
convection process due to heating of the semiconductor 
surface under  i l lumination.  

The results of chronoamperometry were used to 
solve the ambigui ty  between the al ternatives men-  
tioned in the previous paragraph and to get more pre-  
cise information about the O2 reduction at the semi- 
conductor interface. This exper imental  technique was 
applied to semiconductor electrodes on the basis of 
the following considerations. In most n-type semi- 
conductors a potential barrier at a nonbiased SE inter- 
face prevents the bulk electrons from reaching the 
surface and reacting with electrochemical species at 
the expected potential. In our case, this implies that 
the 02 reduction will occur at a potential slightly more 
negative than VFB (Fig. 5 and 7A). Below this poten- 
tial value, the electrode behavior becomes metal-like 
in respect to charge transfer to the electrolyte. In 
usual chronoamperometry, the potential of a metallic 
electrode is stepped to a region that is far removed 
from the equilibrium value. Therefore, this technique 
is particularly suitable for a semiconducting electrode 
if a potential  step overcoming VFB is applied. 
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The theore t ica l  p red ic t ion  for the decay cur ren t  
density,  when  the react ion is pu re ly  diffusion con- 
t rol led,  is descr ibed  by  the equat ion 

I : nFADZ/2Co~-l/2t -1/2 [5] 

whe re  F is F a r a d a y ' s  constant,  D is the  diffusion co- 
efficient, Co is the  concentrat ion,  and n is the  number  
of e lectrons tha t  a re  t r ans fe r red  at  the e lec t rode  in the 
diffusion reaction.  

In  Fig. 8 we show the plot  I vs. t -1/2 for a potent ia l  
s tep of --1.2V vs. SCE, both in da rk  and with  i l l umina -  
tion. I t  can be seen tha t  the exper imen ta l  points in 
both  cases a re  col inear  as expected  for diffusion-con-  
t ro l led  processes (se e Eq. [5]).  Using the values  of 
Co, D, and F given in Ref. (26), we have obta ined 
3.8 __. 0.3 for the slopes of the  s t ra igh t  lines, which 
confirms the mechanism proposed  for the 02 reduct ion 
in Eq. [2] wi th  the  t ransfe r  of 4 e lectrons f rom the 
semiconductor  to the solution. 

The expe r imen ta l  points  in Fig. 8 indicate  tha t  the 
d i f fus ion-control led  mechanism for the decay cur ren t  
is val id  for t > 1 sec. This is only  compat ib le  wi th  the 
second a l te rna t ive ,  ment ioned before,  tha t  points  out  
tha t  the reduct ion  ra te  is increased due to a convective 
flow s t imula ted  by  l ight  heating.  An  elect ron t rans fe r  
wi th  t ime constant  of the o rder  of 1 min, associated 
wi th  subbandgap  l ight  absorption,  would not  cause the 
s t ra igh t  l ine behavior  observed in Fig. 8. We suggest  
tha t  ch ronoamperome t ry  could be used to s tudy s imi lar  
processes in semiconduc tor -e lec t ro ly te  junctions.  

In  a separa te  publ ica t ion  (27) we show tha t  the 
pho tocur ren t  • in Fig. 3 is a pu re ly  the rmal  effect and 
cannot  be a t t r i bu ted  to a subbandgap  t rans i t ion  even 
if  the  pho tocur ren t  t ime constant  is less than  1 sec. 

S u m m n r y  a n d  C o n c l u s i o n s  
The I -V  character is t ics  of n-TiOe/1M K O H / P t  and 

n - S r T i O J 1 M  K O H / P t  cells were  obta ined  in the ca th-  
odic polar iza t ion  region in normal  a i r  equ i l ib r ium con- 
di t ions or af ter  N2 or 02 bubbl ing  the e lec t ro ly te  and 
under  different  i l lumina t ion  conditions. A deviat ion 
f rom the genera l  behavior  in SE junct ions was ob-  
served and i t  is ascr ibed to a reduct ion at  the semi-  
conductor  surface of the oxygen dissolved in the elec-  
t rolyte .  

The observed  devia t ion  in the I-V character is t ics  is 
sensi t ive to semiconduct ing e lect rode i r rad ia t ion  both 
wi th  u.v. and wi th  visible subbandgap  light.  F u r t h e r -  
more, we show tha t  these photoeffects are  en t i re ly  re -  
l a ted  to the  e lec t ro ly te  conduction r a the r  than  to a 
sens i t iv i ty  of the semiconductor  e lect rode when  it  is 
biased wi th in  the  polar iza t ion  region considered. 
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On the Oxidation Kinetics of Silicon: 
The Role of Water 

D. R. Waiters 
Philips Research Laboratories, Eindhoven,  The Netherlands 

ABSTRACT 

The theory of the kinetics of the thermal oxidation of silicon is extended 
after critical examination of the solubility and transport behavior of water 
in silica. From the solubility data for water in silica reported in the 
literature, the dissolution appears to be a two-stage process at temperatures 
up to 1200~ In the first stage silanol groups are formed at a relatively slow 
rate. In the second stage these silanol groups react with water forming hydro- 
nium ions (HsO +) and silicate ions (--SiO-) fixed to the silica network. 
The second stage is relatively fast compared to the first stage. Consistent 
with this the transport of water appears to occur by the ambipolar diffusion 
of hydronium (H~O +) and hydroxyl ions (OH-). The dissolution and trans- 
port of water predict a linear-parabolic rate law, which differs slightly from 
the one obtained by Deal and Grove. The catalytic role of water in mixed 
ambients is explained by a simple interaction between O~ and H2 formed by 
the oxidation of Si by H20. An expression for oxide growth accounting for 
this interaction is derived and properly fits the experimental data reported 
in the literature. It predicts correctly the linear dependence of the parabolic 
rate constant and the square root dependence of the linear rate constant 
on water partial pressure. It predicts also the initial growth regime. 

The wel l -known l inear-parabol ic  law for growth 
of oxide layers on silicon from Deal and Grove (1) 
is expressed by the equat ion 

Xo 2 + Axo = B (t + tin ) 

Sometimes it  is formulated with inverse constants (2) 

kpar-lxo 2 -{- klia-lxo : $Ar tin 

In  these equations xo is the oxide thickness, t is the 
oxidation time, tin is a correction term for so-called 
ini t ia l  growth, kpar ~-- B is the parabolic rate constant, 
kIin -- B / A  is the l inear  rate constant. The relationship 
is derived by equat ing the flux of diffusing species 
through the layer  to the fluxes at the two interfaces 
of the silica layer  under  the condition of a s teady- 
state growth, Hence 

h(c*--Cout)  - - D  0c ~_kcin 
Ox 

where c*, cout, c, and C[n are the concentrations of the 
oxidant  in  the ambient,  outer  surface, in  the silica 
layer, and at the Si/SiO2 interface, respectively, h 
and k are reaction rate constants, and D is the diffu- 
sion coefficient. By solving the differential equation 
subject  to the boundary  conditions it follows that 
kpar(or B) -- De and Icnn ~- c(1//~ + 1 /h ) -1 .  

The exper imental ly  found parabolic rate constant  
kpar is proport ional  to the part ial  pressure of the 
oxidant. This proport ional i ty would follow when c cc 
p (oxidant)  which suggests that  Henry 's  law is obeyed. 
The solubili ty of oxygen in silica has not been mea-  
sured directly in  terms of concentrations and pres- 
sures. From diffusion or permeat ion data it might be 
concluded that the solubili ty is proport ional  to oxy- 
gen pressure. As we shall see such a conclusion is 
possibly unjustified as long as the precise mechanism 
of t ransport  is unknown.  

The solubili ty of water in silica varies with the 
square root of water  pressure (3) and this is con- 
tradictory to the assumption, made in  the Deal-Grove 
theory, that Henry 's  law is 'obeyed. Thi.~ was already 
noted by Revesz (4). Because the reaction at the 
Si/SiO2 interface is supposed to be of first order the 

Key words: silicon dioxide, oxidation kinetics, water transport, 
time-dependent diffusion, initial growth mechanism. 

l inear  rate constant klin = B / A  is assumed to vary  
proport ionally with water  pressure. For the oxidation 
of Si in  pure water  vapor this l inear  variat ion h a s  
indeed been reported (5). In  mixed ambients,  however, 
kiln varies obviously with the square root of water  
part ial  pressure as will be demonstrated below. This 
cannot be accounted for by the theory of Deal and 
Grove. The anomalous variat ion of kpar and klin with 
water  pressure demands a critical reexaminat ion  of 
the physicochemical model for dissolution and t rans-  
port of oxidant  in silica layers on silicon. 

In  the present  paper a model for water  incorpora-  
tion is presented. The transport  mechanism is derived 
from reported hydrogen profiles (6). An al ternat ive  
l inear-parabol ic  rate law is obtained by considering 
the diffusion process as time dependent.  The in te r -  
action of water  and oxygen flow through silica is 
deduced by considering the reaction of hydrogen, 
generated by the reaction of Si and water, and oxygen. 
The criteria to discriminate between the t ime-depen-  
dent  diffusion and interface react ion-l imited t ransport  
are given. The exper imental  evidence for the models 
are presented. 

The Incorporation of Water in Silica 
W h e n  water  is incorporated in silica at very high 

temperatures  (>1500~ an St-O-St bond is broken 
to form two adjacent sitanol groups (7). When water  
is incorporated at a lower temperature  (e.g., 1000~ 
by diffusion into the silica it is general ly accepted 
that water  dissolves by the formation of silanol groups 
in the same way (3, 8, 9). An indication of this would 
be the square root relationship of solubili ty I and 
water  pressure. It  is known from the extensive l i tera-  
ture  on water  in silica (3) that  the water  content  
of a silica sample is not unambiguous ly  determined by  
temperature  and water  part ial  pressure when the 
silica is t reated in water  containing ambients  at tem- 
peratures below 120O~ The thermal  history of a 
sample is an important  variable determining the water  
solubil i ty (3). However, the thermal  history or a s  
it is called "the fictive temperature"  is itself deter-  
mined by water  uptake as has been concluded by  
Briickner (10) and confirmed exper imenta l ly  by 
Shackelford (11, 12). 

1 Solubility is used in the sense  of  equilibrium concentration of 
species  resulting from a particular reaction of  silica with water .  
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This di lemma is solved when two dissolution reac- 
tions are introduced with different reaction rates. 
One mechanism is assumed to dominate at high tem- 
perature;  the other determines the dissolution at 
lower temperatures.  At in termediate  temperatures  both 
reactions may proceed but  in general  with different 
reaction rates. 

The two incorporat ion mechanisms which are pro- 
posed (13) are: 

I. High- tempera ture  incorporat ion 

H20 -~" ~ S i  - - O - - - S i  ~ ~ 2 - S i O H  [ 1 ]  

in  which two adjacent  silanol groups are formed (7). 
II. Low- tempera ture  incorporat ion 

HzO + - S i O H ~  -- S i O -  + H~O + ]2] 

here  the silanol groups resul t ing from reaction [11 
are hydrolyzed. 

The hydrolizat ion can proceed only when silanol 
groups are present,  hence, when they are being formed 
by reaction [1] (or have been formed by [11 in a 
preceding high tempera ture  t rea tment ) .  In  this sec- 
t ion only the case in  which mechanism I is frozen in 
will  be considered. When the silanol concentrat ion is 
constant  the solubil i ty can be approximated by the 
concentrat ion of H30 + ions resul t ing from reaction [2]. 

Since the e lectroneutral i ty  condition demands that  
[HsO +] : [ ~ S i O - ]  one obtains 

[I%O + ] _-- ( [H30+ ]. [ -=SiO-]  ) 1/, oc [ - S i O H ]  I/2 .PH2oVa 

[3] 

As long as the silanol concentrat ion is constant  the 
solubil i ty of water  in silica is proport ional  to the 
square root of water  pressure. When the silanol con- 
centrat ion is changed (e.g., by thermal  pre t rea tment )  
the low tempera ture  solubil i ty also changes. 

This explains the var iat ion of the solubil i ty (3) 
at  750~ when samples were given thermal  pre t rea t -  
merits at temperatures  from 1000~176 Also the 
very  slow changes of solubil i ty when samples are 
kept at l l00~ for very  long periods (3) can be ex-  
plained by assuming two incorporat ion mechanisms 
of which one has a very slow reaction rate. 

Transport of Water Through Silica 
The na ture  of the diffusing species is investigated 

by  inspection of the (H) profiles in oxide layers 
grown under  s teady-state  conditions. In  the first 
par t  the diffusion of single H20 molecules is con- 
sidered and the shape of the (H) profile is deduced. 
In  the second part  the diffusion of ionized water  
molecules (e.g., HsO + ~- O H - )  is considered. Com- 
parison of the theoretical and exper imental  profiles 
makes clear which species must  be taken into account. 

Diffusion of single water  molecules . - -Breed and 
Doremus (14) analyzed hydrogen profiles of Burk-  
hardt  (6) and explained the min ima found in  the 
profiles by taking into account the reactions of water  
and hydrogen with silica. Their  method is adopted 
here in a slightly different version. When water  dif-  
fuses in s teady-state  conditions through silica it reacts 
with the ne twork  to form ---SiOH groups (or it reacts 
with a - S i O H  group to form - S i O -  -b H~O +, as dis- 
cussed above).  The - S i O H  groups are not mobile 
and the diffusion can proceed only when the reaction 
is reversed and water  is formed from silanol groups. 
In  such a s i tuat ion the major i ty  of water  molecules 
can be present  in the reacted form ( - S i O H )  and 
only a minor i ty  in  the mobile form (HeO). F ina l ly  
the water  molecules react at the Si interface where 
they are converted into oxide and hydrogen. The 
reaction equation is 

H20 -~- 2Si --> ~ Si--O---Si _--- ~- Hz [4] 

The hydrogen formed at the interface diffuses back 

through the silica. Just  as water  the hydrogen reacts 
with the ne twork  to form --SiOH and -_-Sill groups. 
The reaction is given by 

H2 ~ --- S i - - O - - S i  -- ~ =-- Si l l  -~ _ SiOH [5] 

As has been shown by  Van der Steen (9) reaction 
[5] proceeds rapidly at 1000~ 

Under  s teady-state  conditions (15) the flux of oxi- 
dant  J is constant or 

0c 
J -- -- D -- constant  [6] 

Ox 

where Oc/Ox is the concentrat ion gradient  of the dif- 
fusing oxidant. 

By integrat ion of Eq. [6] it follows that  

X 
c ~ - -  [7] 

X O . 

where xo is the oxide layer thickness. When H20 
molecules constitute the diffusant a l inear  water  pro- 
file is expected. Since the major i ty  of water  molecules 
is incorporated as - S i O H  groups and two silanol 
groups are formed from one water  molecule one finds 

X 
[H20] cc [_--SiOH]2 cc ~ [8] 

Xo 

Now, the contr ibut ion of - S i l l  groups to the 
H-profile will  be derived. The H2 flux is directed 
from the Si interface to the ambient.  Because the 
net  incorporated amount  of hydrogen is small  com- 
pared with the total amount  to be t ransported it 
follows that  under  steady-state conditions 

J H 2  ~-~ - -  J n 2 o  -~ constant  [9] 

The diffusant concentrat ion varies proport ionally with 
the distance from the Si interface 

X o - -  X 
[H2] r [10] 

X 

From reaction [5] we see that at equi l ibr ium 

[H21 cr [ - S i O H ]  �9 [---Sill] [11] 

Subst i tu t ing Eq. [8] and [10] in [11] the profile of 
the [ - S i l l ]  can be found, one obtains 

[~-SiH] ~ - -  [12] 
Xo Xo 

At the ambient  side x = Xo the expression in  Eq. 
[12] equals zero and hence ( = S i l l )  is very  small. The 
major  par t  of the exper imental ly  found hydrogen wil l  
consist of - S i O H  groups and the profile will follow 
the expression of Eq. [8], i.e., [H] cc (X/Xo)'/2. At 
the Si interface x -- 0 and the expression of Eq. [8] 
equals zero. The hydrogen profile will follow the 
expression in  Eq. [121. Because the first term on the 
r igh t -hand  side approaches un i ty  we find that  [H] 
cc (X/Xo)-l/2. The expressions of Eq. [8] and [12] 
are depicted schematically in Fig. 1 on a log-log plot. 
The slopes of the lines correspond to the powers �89 
and -- ~/2. 

Diffusion of H30 + + O H - . - - I n  this case the same 
method is used as above, bu t  we must  realize that  
from one diffusing particle (H30 + + O H - )  four 
- S i O H  groups can be formed. Instead of Eq. [8] 

X 
[H30 + + O H - ]  r162 [---SiOH] 4 c c -  [13] 

Xo 

is obtained. The [HI profile varies proport ionally with 
the fourth root of x/xo, i.e., [HI cc (x/xo)  '/4. 

The hydrogen flux is equal  but  in  the opposite direc- 
t ion to the water  flux. The hypothetical  water  con- 
centrat ion varies l inear ly  with the square root of 
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log (x/x~ 

Fig. 1. Schematic representation of the expected concentration 
profiles of water, hydrogen, silane, and silanol groups when water 
molecules are the diffusing species in an oxide layer on oxidizing 
silicon. The concentrations of silane and silane groups are assumed 
to exceed the concentrations of water and hydrogen. 

H~O + + O H -  concentration, i.e., [H20] cc xlxo)V2. 
I t  is obvious that  the [H~] profile is given by  

Xo--X )V8 
[H2] r - [14] 

x 

Substi tuting Eq. [11] and [13] in [14] the [=SiH]  
profile is obtained 

[ - S i H ] r  Xo--X ~'1,( x ~-'/,  
x z ~-~os [15] 

Contrary  to the first case we obtain profiles with 
powers of 1,4 and --~/~ (see Fig. 2). 

The method outlined above can be generalized to 
all possible combinations of water- re la ted  species 
(see Table I).  They all have their own characteristic 
number  of H-atoms transported in one diffusional 
movement.  The slopes on a log-log plot are equal 
to the reciprocal value of the number  of H-atoms. 
Table I indicates that  the slope of the H-profile on a 
log-log plot corresponds to the reciprocal of value of 
the number  of H-atoms in the transported species. 

The experimental ly found profiles replotted from 
the data of Burkhardt  (6) are given in Fig. 3, 4, and 
5. The slopes at the ambient side are obviously 1/4 
for Fig. 3 and 4. The slopes at the Si-interface cannot 
be determined well for Fig. 3 and 4, but  for the 
thinnest oxide layer  in Fig. 5 there is a reasonable 
correspondence for calculated and measured profiles 
using the expression of Eq. [15]. It  can be concluded 
that  the probable mechanism is the simultaneous 
(or ambipolar)  diffusion of HsO+ and O H - ,  which 

/ 

/ 
/ 
/ 
/ 

/ 

[ o g (x/xo) 

Fig. 2. The same as in Fig. 1 but here the diffusing species con- 
sist of HsO + + O H -  = (2H:O). 

Table I. 

N u m b e r  of  
Species  H-atoms Slope 

OH- + hole  1 1 
H~O, H~O- + hole  2 1/2 
I-I80 + + e lectron 3 1/3 
H30 + OH- 4 1/4 

is in accordance with the slopes of ~/4. Now the question 
arises where is the hydroxyl  ion ( O H - )  generated? 
In  the scheme below it is proposed that  the two H30 + 
ions bound electrostatically to the two - -S iO-  groups 
at the left (see "prior to jump")  can be liberated 
forming an HsO + + O H -  pair. They leave two silanol 
groups behind and jump simultaneously (see "during 
jump")  to react with two adjacent silanol groups 
(see "after jump")  forming two I-I~O + ions and ~ S i O -  
groups at the right. The mechanism is based on the 
consideration that  the silanol groups are incorporated 
as adjacent pairs (7). 

~ i O -  HsO + H O S i ~  prior to jump 

i O -  I~O  + HOSi--~ 

~s iOH H~O+ H O S i ~  during jump [16] 

iOH OH- HOSi~ 

iOH H~O + - O S i - ~  after  jump 

iOH HsO+ - OSi---~ 

T h e  Parabolic Ox idat ion  
When the rate of growth is determined predomi-  

nant ly by the transport  of diffusant through the layer  
it is given by 

dxo ( 0 c )  
: Mo - I  D [17] 

dt "~-  ~=o 

where Mo is the amount  of diffusant needed to form 
a unity thickness of oxide. Under steady-state condi- 
tion c varies l inearly with x and hence we may  re- 
place Oc/ax by  (Cs -- Cin)/Xo where cs is the surface 
concentration at the ambient side ~nd cjn the inter-  
face concentration at the Si side (see Fig. 6). 

After  substitution of Oc/Ox and subsequent integra- 
tion Eq. [17] becomes 

xo 2 : 2Mo-ID (Cs -- cin)t = kpa r t  [18] 

where kpar  = 2Mo-ID (Cs -- c~n) is called the parabolic 
rate constant. At normal  oxidant pressures cs > >  Can 

2O 

03 
0 

19 
-2 

[SiH] [SiOH] 

\ 

Xo = 6750 ,& " ,  
%. 

1'5 -1 0 
} og (x/xo) 

Fig. 3. Profiles measured by Burkhardt (6) in an oxide layer of 
6750A replotted on logarithmic scales showing the slope of 1/4. 
From this it may be concluded that two water molecules are trans- 
ported simultaneously (H30 + -]- OH- ) .  Drawn curves are cal- 
culated. 
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Fig. 4. The same as for Fig. "I for an oxide-layer of 4400A 
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Fig. 5. The same as for Fig. 3 for an oxlde-layer of 820A 

s i l i con s i l i ca  Amb ien t  

L IJl: h IrE-co, t) 
C ~. . . . . .  X o  . . _ 

CCX l . . . . . . . . . . . . . . . . . . . .  

C 

l~7~=k Cin 

p x 

Fig. 6. Schematic profile of oxidant under steady-state condition 

and hence 
kpar ~" c, [19] 

In  the  case tha t  wa te r  vapor  is used as oxida t ion  
agent  cs is equal  to [HsO + + O H - ] .  I t  is convenient  
to re la te  Cs to the  ambien t  p ressure  and for this  
purpose  the  exchange  react ion or  dissolut ion reac t ion  
of wa te r  in sil ica is needed. Ear l ie r  i t  was de r ived  tha t  

[HsO § ] cc PH201/2. [_=_SiOH] V2 [3] 

To genera te  an HaO + + O H -  couple i t  takes,  how-  
ever,  two I-I~O + ions as was depic ted  schemat ica l ly  
above. Hence 

2-SiO-+2HaO+~HaO+ +OH-+2-SiOH [20] 
or 

[HsO + + O H - ]  o: [H~O+]~ [21] 

Subs t i tu t ion  of Eq. [3] in Eq. [21] gives 

[H~O + + O H - ]  ~ PH~O " [~-SiOH] [22] 

F r o m  Eq. [22] and Eq. [19] i t  fol lows tha t  

k ~ r  ~ PH20 " [~_SiOH] [23] 

I t  is ev ident  tha t  the l inear  re la t ionship  be tween  kpar 
and PH~O resul ts  f rom the fact  tha t  two wa te r  mole-  
cules have to dissolve before  diffusion is possible. 
The square root  of the solubi l i ty  re la t ion  is canceled 
by  the power  of two appear ing  in Eq. [21]. In  o ther  
words, a l inear  absorpt ion  i so therm is found for  the  
rea l  diffusant  (HaO § + O H - )  and not for  w a t e r  
which  dissolves p ropor t iona l ly  wi th  the square  root  
of wa te r  pressure.  

The Linear Oxidation Regime 
When, as is shown in the previous  section in Eq. 

[23], the parabol ic  ra te  constant  is dependent  on the  
si lanol  concentrat ion,  i t  must  also be dependen t  on 
the rmal  h is tory  and is expected  to change s lowly  
wi th  t ime as discussed above. Thermal  h i s t o ry -de -  
penden t  changes of many  physicochemical  p roper t ies  
were  repor ted  by  Br~ickner (1O) and re la ted  to the  
si lanol  concentrat ion.  

In  this section the t ime dependence  of the  dit~usion 
coefficient is inves t iga ted  and especia l ly  the influence 
of this t ime dependence  on the growth  curves of 
oxide layers  on silicon. The approach  is essent ia l ly  
based on the work  of Crank  (16) on s lowly changing 
diffusion processes in h is tory  dependent  systems [see 
Ref. (16), chap. 11.3.1]. Also the  method  of man ipu -  
la t ion wi th  the t ime dependence  of the diffusion co- 
efficient is t aken  f rom Crank  [see Ref. (16) chap. 7]. 

The change of the diffusion coefficient is assumed 
to be a f i r s t -order  change given by  

OD 
= (Deq --  D ) ~ - I  [24] 

0t 

where  D is assumed to increase  wi th  t ime unt i l  a 
final equ i l ib r ium value  Deq is obtained.  ~ is in genera l  
a concen t ra t ion-dependen t  r e l axa t ion  time. Crank  in-  
t roduces  an ins tantaneous  diffusion process which  
accounts for the  flux imme d ia t l y  a f te r  increase  of 
pene t r an t  concentra t ion and der ives  an overa l l  ex -  
pression for the ra te  of change of the diffusion coef-  
ficient on locat ion x 

- 7 , r , - 7 ,  (7 ) ,  + 
where  Di is the  ins tantaneous  diffusion coefficient. 
The number  of ad jus tab le  pa rame te r s  is so large,  
however ,  tha t  comparison of theory  and the exper i -  
menta l  da ta  cannot  be ve ry  conclusive (16). In  the 
fol lowing we shal l  make  some assumptions  which  
cons iderably  res t r ic t  the  number  of pa ramete rs :  (i) 
and D are  assumed to be concentra t ion independent ,  
(ii)  .~ and D are  assumed to be independent  of x, and 
(i i i)  Di and ODi/Oc are  assumed to be negl ig ib ly  small .  
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Now Eq. [25] reduces  to Eq. [24] and af te r  in t eg ra -  
t ion the diffusion coelficient is g iven by  

D is now only  dependent  on t and  we shal l  use this  
p r o p e r t y  in the fol lowing der iva t ion  (16). 2 When D 
is only  dependent  on t, Ficks second law 

,o 
}t  ' =  ~x [27] 

m a y  be r e w r i t t e n  as 

ac a2e 
= D ( t)  [28] 

Ot Ox 2 

Now a new t ime var iab le  T defined by  

o t D (t)  
T - D e q  -1 D ( t ) d t  or  d T :  Deq dt [29] 

is in t roduced.  Wi th  Eq. [29] we may  conver t  Eq. [28] 
into 

ac 82c 
= Deq [30] 

8T Ox 2 

By this manipu la t ion  the r i g h t - h a n d  side of Eq. [30] 
has become t ime independent .  In  the s t eady  s tate  
Oc/Ot --  0 and when  t is a funct ion $(T) of T only  
then  also 

8c Of(T) 
oT o--7- = o 

which implies  tha t  8c/aT --  0 when  

ai(T) 
at 

and then  the r i gh t -hand  side o f  EQ. [30] is equal  to 
zero too. 

We have  defined now a s t eady-s t a t e  s i tuat ion but  
i t  mus t  be kep t  in mind  tha t  we use another  t ime 
var iab le  T. In  the  s t eady-s t a t e  condit ion J ( T )  = 
DeqOC/aX = constant.  This enables  us to r ewr i t e  the  
g rowth  rate,  defined by  Eq. [17] 

dzo [ 8__.C__C ] [17] 
d t  = M o - *  D ( t )  Ox ==0 

into a form where  the g rowth  ra te  is (quasi)  s t eady  
s ta te  ( 0r ) 

- -  = ~ro-lDeq [31] 
d T  

o r  

dXo AC 
-- M o - l D , q -  [32] 

d T  Xo 

The concentra t ion  difference /~c has to be re la ted  to 
the  ambien t  pressure  p. Because D and ~c are  effec- 
t ive quanti t ies  r a the r  than  a phys ica l ly  defined diffu- 
sion coefficient and concentra t ion i t  is useful  to ex-  

In  the  case of r eac t ion  of  t he  diffusant  wi th  the  la t t ice the  loss 
of d i f fusant  by  immobi l iza t ion  m u s t  be  t aken  into accoun t  [see 
Crank  (16), chap.  14]. The  cont inuity  equa t ion  becomes ,  w h e n  D 
D ( c,x ) 

8c 8~c ~s 

w h e r e  the t e r m  as~at accounts  f o r  the  r a t e  of change  of abso rbed  
or  immobi l ized  subs tance .  In  t he  ease of  a l inea r  absorp t ion  iso- 
t h e r m  (el. Eq. [22]) the  concen t r a t i on  of  immobi l ized  subs tances  
is g iven  by  

a----~'c 
w h e r e  k is the  absorp t ion  coefficient, 8slOt can be  subs t i tu ted  
direct ly  by k $ c / S t ,  which  gives  

ac D a~c 

8t k + 1 0x 2 
T h e  continuity equation is  r e d u c e d  to  t he  usual  f o r m  wi th o u t  im- 
mobi l izat ion w h e n  an  effect ive  diffusion coefficient D~f~ = 
D / k  + 1 is i n t r o d u c e d  [see also Ref. (17)] .  

press  Eq. [32] in te rms of pe rmea t ion  constant  P and 
pressure  difference ~p. In  the case that  D is constant  
and  the absorpt ion  isotherm is l inear  (see preceding  
section) we m a y  wr i te  

Peq ~p ---- Deq A__~C [331 
Xo Xo 

and subst i tu te  the corresponding terms in Eq. [32] 
to obta in  

dZo - _  .Mo_lpeq Ap [34] 
dT xo 

In tegra t ion  of Eq. [34] gives 

Xo 2 ---- 2Mo -1 �9 Peq " hp �9 T [35] 

A n  express ion for T can be found by  subst i tu t ion of 
D( t )  m/~q .  [29] by the express ion given in Eq. [26] 
and subsequent  in~egratlon. By ta l~ng T = 0 when  
$ = 0 one ootains  

T=t+Texp -- --7 [36] 

Substitution of T in Eq. [35] gives the rate law for 
oxide growth as function of real time 

( ' )  X o : ~ / B "  t + T e x p  - - - -  --7 [37] 
7 

where  
B : 2 M o - l P e q A p  - -  kpa r  

This is a l i nea r -pa rabo l i c  oxida t ion  law which m a y  be 
compared  wi th  the express ion given by  Deal  and  
Grove  (1) 

~ /  A2 A 
= o  = ~/B t + 4--B- [38] 

2 

where  A2/4B is a character is t ic  t ime (to be compared  
wi th  3) and A / 2  is the  rat io  of the effective diffusion 
coefficient Ddf and the reac t ion  rates  k and h for the  
exchange  react ions a t  the interfaces  given b y  1) 

-- = Deff + [39] 
2 -f 

Equations [37] and [38] converge to the same para- 
bolic ra te  l aw for r e l a t ive ly  large  times, i.e., t >> 7 
and t >> A2/4B 

= o  - ~  x/~. V{ [40] 
For relatively small oxidation times, i.e., t << 7 Eq. 
[37] becomes linear 

= o - ~  :2s �9 t [411 
and in the  comparable  si tuation,  where  t < <  A2/4B, 
Eq. [38] reduces  to the l inear  form 

B 
Zo----~- �9 t [42] 

A 

When the two linear-parabolic expressions are 
plotted, as may be seen in Fig. 7, the resemblance is 
considerable. The maximum difference between the 
oxide thicknesses at comparable t is only 22%. How- 
ever, the experimental error is mostly small enough 
to enable the discrimination between the two growth 
curves. 8 In order to discriminate between the two 

Theore t ica l ly ,  it is possible t h a t  t h e  exchange  reac t ion  a t  one 
of the  in te r faces  and the  t i m e - d e p e n d e n t  diffusion a re  equal ly  
r a t e  de t e rmin ing ,  i .e. ,  r ~-- A~/4B.  In  this  case one m a y  p roceed  
wi th  the  de r iva t ion  of the  g r o w t h  r a t e  us ing  the  express ion  of  
Eq. [34] and  equa t ing  the  diffusion-control led fluxes pass ing  
t h r o u g h  the  in ter faces .  T h e  de r iva t ion  is the  s ame  as t h a t  used  
by  Deal  and  Grove  subs t i tu t ing  t wi th  T. Th e  full  express ion  is a 
combina t ion  of Eq. [37] an d  Eq. [38] and  is g iven  by (13) 

x o = x / B ' ,  t + r e x p  -- -- r + 
4B 2 

In  the  case t h a t  r = A=/4B and  t < <  r a squa re  root  law (i.e., 
~/xo ~ t)  is obtained.  T h e  e x p e r i m e n t a l  ev idence  fo r  t h e  s q u a r e  
root  law was  not  found.  
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Fig. 7. Comparison of relationship given by Eq. [37] and [38]. 
�9 c* =--- A 2 / d B .  The maximum difference between the two curves is 
only 22%. 

l inear-parabol ic  rates laws a curve-fi t t ing procedure 
c a n  be used. I t  is then advisable to take the derivative 
of the logari thmic form of the growth curves. This 
reduces the power n in  the rate law xo = t n to a value, 
i .e. ,  d log x o / d  log t -- n. The curves are now com- 
pletely determined by Xo, t, T, and n (see Fig. 8). (For 
the exper imenta l  data see Discussion section.) A more 
sophisticated method is to investigate the dependence 
of the l inear  rate constants or the characteristic times 
on water  part ial  pressure. In  Table II the expected 
dependence for klin and kpar and tchar = A 2 / 4 B  is 
given for the two al ternat ive  models. 

Oxidation in O2-H20 Ambients 
When silicon is oxidized in  oxygen, trace amounts  

o f  water  influence the oxidation rate. The parabolic 
rate constant  increases significantly when, instead of 
u l t ra  dry  oxygen, normal ly  dried oxygen with 25 
ppm H20 is used (19). I rene and Ghez (19) ques- 
t ion the paral lel  and independent  t ranspor t  of water  
and oxygen. The influence of water  is explained 
qual i ta t ively  by  the assumption that  traces of water  
loosen the silica ne twork  al lowing the oxygen to move 
faster. There  is one obvious a rgument  which supports 
the assumption that  the oxygen and water  species do 
n o t  move independently.  Water  reacts with silicon to 
form hydrogen (Eq. [4]). This hydrogen can diffuse 
back into an ambient  of oxygen; it wil l  then cer tainly 
react  forming water  again. It may also react with silica 
to form reduced species. These are reoxidized in a 
later  step by  diffusing oxygen. 

-Q 1 

-7 

.6 

o 

.5 

Log t / :  2 2'.5 

Fig. 8. The derivaHves of the expressions in Eq. [37] and [38] 
in logarithmic farm are platted against the normalized time. The 
linear part of the growth curve corresponds to the value 1 on the 
vertical axis, the parabolic part corresponds to the value 1/2. The 
growth curves are totally defined by B, t, and �9 (or A2 /dB) .  Drawn 
circles are representing the data of Pliskin (5) (see Discussion sec- 
tion). 

It  is assumed here that  every hydrogen will  en-  
counter  an  oxygen, i.e., will  be oxidized. I t  can only 
leave the silica in  the oxidized state. The si tuat ion 
can be easily understood by inspection of a sche- 
matical  plot of the concentrat ion against  distance in  
the oxide layer. In  Fig. 9 the si tuat ion is d rawn where 
the part ial  pressure of water  is much smaller  than  the 
pressure of oxygen. Because the reaction rate is larger  
at high concentrat ions and smaller  at low concentra-  
tions the silicon is oxidized by an excess of oxygen and 
water  is hardly  consumed. The concentrat ion gradient  
for oxygen will  be constant  in  a steady-state process. 
There is no concentrat ion gradient  for water. 

When the water  concentrat ion is increased the hori-  
zontal water l ine rises and will  somewhere cross the 
oxygen gradient. Now water  takes par t  in the oxida- 
t ion of the silicon, hydrogen will be formed, diffuse 
back in the direction of the ambient,  and wil l  u l t i -  
mate ly  react forming water. When the reaction rate 
is fast enough the excess water  will  be formed left of 
the cross-over point  and will  diffuse back to the silicon 
again. In  this region the hydrogen will  consume par t  
of the oxygen. The concentrat ion of oxygen wil l  be 
lowered. Relat ively more water  takes the place of oxy-  
gen in  the reaction at the silicon interface. It is easily 
understood that the si tuat ion will end up as depicted 
in  Fig. 10. Water will  be the only diffusant, left of the 
point x~ of equal concentration, and oxygen will  be 
the only diffusant at the r igh t -hand  side. This means 
that the fluxes of diffusants must  be equal in the two 
layers with thickness o -- xi and xi -- Xo, hence 

J(H3o + + OH--) = Jo2 = J [48] 

From this flux J a fraction ( x i / x o ) J  increases the 
thickness of layer  xi and a fraction [(xo -- x i ) /xo]J  
is converted to increase the layer  thickness xo - -  x i .  4 

The increase of layer  thickness d x i  in  the t ime d t  is 
given by 

xi. 
d x i  = - -  . Mo  - 1  �9 J J l " d t  [49] 

xo 

and for layer  ttlickness xo -- xi 

Xo -- xi 
d ( x o - -  x O  --  ~ M o  - 1  �9 ]J]  �9 d t  [50] 

Xo 

From Eq. [48] it  is clear that  

I J ]  = DCH~O + + OH--)(t) --Ci = DOs( t ) . Co'-- Ci' [51] 
X i  X o  - -  X i  

where ci is the water  species concentrat ion at xi and 

It is a formal way of stating; in fact the layer thickness zo 
increases, and the layer thickness xl increases with a rate which 
is xi/Xo times the rate of the layer xo. 

8 
o 

silica 

/ 
/ 

o 
c 
o 

X 

02 

ambient 

H~ 

Fig. 9. Permeation of oxygen under steady-state conditions, when 
the pressure of water is extremely low. (The diffusion coefficient is 
assumed concentration independent.) 
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Fig. i0. The same as for Fig. 9 with a higher value for the partial 
pressure of water. 

i H2 0 = ambient 

Co' and ci' the  oxygen  concentra t ion at  Xo and xi, r e -  
spectively.  By subst i tu t ing  [31] and fol lowing the 
same method  as in the previous  section for  Eq. [31] 

dxo k~oTH2o dt - - M ~  2xi --  

ko2To2 ktT 
[52] 

2(Xo -- xi) 2Xo 

where  kn2o/2, ko2/2, and kt/2 are  the parabol ic  ra te  
constants  for the wa te r  l ayer  (o < x < xi),  the "oxy-  
gen" l aye r  (xi < x < xo), and the total  oxide layer  
(o < x < Xo), respect ively ,  TH2o, To2, and T are  the 
var ious  t ime functions dT/dt which are  equal  to the 
ra t io  of m o m e n t a r y  and equi l ib r ium diffusion coeffi- 
cients, D/Deq for the  var ious  layers.  By subst i tu t ing the  
corresponding expressions for Mo-lJ in Eq. [49] and 
[50] the increase  of the l ayer  thickness becomes 

and 

kH2o 
d ~ =  TH2o dt  [53] 

2xo 

k02 
d(Xo --  xi) = . To2 d t  [54] 

2xo 

By addi t ion of Eq. [53] and [54] and subsequent  in te-  
gration, a genera l  re la t ionship  for s t eady-s ta te  growth  
of a sandwich l aye r  wi th  two t ime-dependen t  diffusion 
coefficients is found 

Xo 2 -- kH2oTH20 -}" ko2To2 [55] 

in  which the ini t ia l  condit ion is used tha t  TH2o ---- To~ ---- 
0 when xo = O. 

When we adopt  the express ion of Eq. [36] for  TH2O 
and assume tha t  oxygen  diffusion is not  r e t a rded  by  
absorpt ion  then To2 = t and we can convert  Eq. [55] to 

Xos--ko2t+kH2O[ t+~exp(--+)--T] [56] 

Equation [56] shows a three parameter expression and 
this may be compared to the expression used by Deal 
(18) which has th ree  ad jus tab le  pa rame te r s  too. One 
of the pa rame te r s  in Deal 's  express ion is an ini t ia l  
thickness xm or  ini t ia l  t ime tin correct ion term. This 
has to be in t roduced  to correct  for  the  so called " rapid  
in i t ia l  oxida t ion  phase." In the nex t  section i t  wi l l  be 
shown tha t  Eq. [56] predic ts  this  nonl inear  in i t ia l  
growth.  

The " Ini t ia l  Oxidation" Regime 
The use of the  Dea l -Grove  express ion to descr ibe  the 

g rowth  curves  is consistent  wi th  the  da ta  only when a 

correct ion te rm is in t roduced to account for  wha t  is 
called "the rapid  ini t ial  oxidat ion  phase." This super -  
l inear  ini t ia l  g rowth  is found only for mixed  O2-H20 
ambients  and for pure  02 oxidat ion (1, 19). Deal  and 
Grove (1) indicated tha t  a f ield-assis ted oxygen t rans-  
por t  might  be the explanat ion.  The difference be tween 
oxygen and wa te r  vapor  was expla ined  f rom the dif-  
ference in Debye length  ca lcula ted  f rom the number  
of charge carr iers  in the different  oxides. 

I t  was shown by Horiuchi  et al. (20) that  for ex-  
t r eme ly  d ry  oxygen  ambients  an inverse  logar i thmic  
growth  regime is found which is character is t ic  for the 
f ie ld-assis ted growth  (also cal led Mot t -Cabre ra  mech-  
anism).  There is, however,  a m a x i m u m  thickness at 
which the Mot t -Cabre ra  mechanism stops being effec- 
tive. Horiuchi  (20) shows that  this thickness is about  
60-70A which is much less than the 200-800A oxide 
thickness where  the rap id  ini t ia l  growth  is found (19). 

Af te r  inspect ion of Eq. [56] i t  becomes clear  tha t  
when 

ko2 " t > kH2o[ t + �9 exp( -- ~) -T ] 

or  
ko2 

(=t in)  [57] t < 2 kH2o 

there  must  be a parabol ic  regime preceding the l inear  
par t  of the growth curve. The physical  meaning  of this 
parabol ic  mechanism is the direct  oxidat ion  of Si by 
oxygen wi thout  the in te rvent ion  of react ing hydrogen,  
at  least  the l a t t e r  is not ra te  determining,  tin is defined 
as the t ime when the ini t ia l  g rowth  stops being effec- 
tive. 

Discussion 
To check whe the r  the t ime-dependen t  diffusional 

t r anspor t  (model  presented  here)  or the constant  diffu- 
sional t r anspor t  wi th  l imi t ing  interface  react ions 
(model  of Deal and Grove)  applies to the oxida t ion  
mechanism, the exper imen ta l  data  may  be analyzed  on 
three  character is t ics  (cf. Table  I I ) :  (i) dependence  of 
character is t ic  t ime (A2/4B) on wa te r  pa r t i a l  pressure,  
(ii) dependence  of klin (---- B/A)  on wate r  par t ia l  
pressure,  and (iii) fitt ing of Eq. [37] or [38] (or Eq. 
[56]) to exper imen ta l  data. 

In the case that  there  is a rap id  ini t ia l  g rowth  we 
m a y  also check if the re la t ionship  given in Eq. [57] is 
obeyed. 

Oxidation in pure water vapor.--From the smal l  
number  of pure  wa te r  vapor  oxidat ion  data  those of 
Pl iskin  (5) have been selected for analysis.  The values  
of the character is t ic  t ime kpar/4klin ~ or A2/4B have 
been plot ted against  wa te r  pa r t i a l  pressure  in Fig. 11. 
F rom this i t  can be concluded tha t  there  exists an 
inverse  re la t ionship  indica t ing  tha t  we are  deal ing 
wi th  an interface reac t ion- l imi ted  g rowth  (Deal  and 
Grove mechanism) .  

In  Fig. 8 the data  of Pl iskin  (5) have  been rep lo t ted  
in a special  way. The slope of the logar i thmic  growth  
curve is de te rmined  on each expe r imen ta l  point  using 
the two ad jacen t  points. The values of the slopes m a y  
be compared  wi th  the der ivat ives  of Eq. [37] and [38]. 
F rom Fig. 8 i t  follows that  the points  coincide wi th  the 
Deal and Grove curve which is consistent  wi th  the  
conclusion above. F ina l ly  also the values of B/A 
plot ted  against  wa te r  pa r t i a l  pressure  suggest  a rec ip-  
rocal relat ionship.  This is obvious when A2/4B 
PH20 -1 (and B oc PH2O), bu t  the  power  is not  exac t  
un i ty  as can be seen in Fig. 11. The conclusion m a y  be 
that  the  oxidat ion  mechanism is p robab ly  of the Dea l -  
Grove  type. Whether  the l imi t ing react ion is a t  the 
inner  or  at  the outer  surface of the sil ica l aye r  is not  
ye t  clear. 

Mixed 02 and H20 ambients.--The analysis  of mixed  
ambien t  oxidat ion  was res t r ic ted  to the da ta  p re -  
sented by  Deal e t a l .  (1, 18, 21) and I rene  etal. (2, 19, 
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Fig. 11. Dependence of the characteristic time A~/4B on the 
water partial pressure in the ambient. Data taken from Phskin (5). 

22). The dependence  of charac ter i s t ic  t ime A~/4B on 
wa te r  pa r t i a l  pressure  can be seen in Fig. 12. The 
s l igh t ly  incl ined curves show tha t  there  is a ve ry  smal l  
va r ia t ion  of the  character is t ic  t ime over  severa l  
decades  of w a t e r  pressure .  The slopes correspond to 
powers  of less than  0.1. This suggests tha t  the  model  of 
t i m e - d e p e n d e n t  diffusional t r anspor t  m a y  be applied.  

The  second cr i te r ion  is to plot  kt~, aga ins t  wa te r  
pa r t i a l  pressures .  Deal  (21) not iced a s t rong devia t ion  
of the  expe r imen ta l  and theore t ica l  dependence  of k]tn 
on PH20. As can be seen in Table  I I  a l inear  dependence  
is expected  in the  Deal  and Grove  theory.  I t  is shown in 
Fig. 13 tha t  Deal ' s  da ta  for  klL, a re  consistent  w i th  the  
model  p resen ted  here.  Replo t t ing  kiln agains t  pH2o ~/~ a 
s t ra igh t  l ine is obta ined  wi th  a r e m a r k a b l y  smal l  de-  
viat ion.  The difference be tween  the <111>  and <100>  
or ien ta t ion  is discussed later .  

The th i rd  cr i te r ion  is fi t t ing the  exper imen ta l  da ta  
to Eq. [56]. This implies  the  sequent ia l  t r anspor t  of 
oxygen  by  oxygen  molecules  and wa te r  species and 
excludes r a t e - d e t e r m i n i n g  exchange reactions.  In ad-  
dition, i t  assumes tha t  the  oxygen  molecule  diffusion 
coefficient is not  t ime dependent .  This assumpt ion  is 
based on resul ts  on t racer  invest igat ions  by  Rosencher  
et  aL (23) which  were  r ev iewed  by  Mott  (24). The 
exper imen t s  of Rosencher  c lear ly  prove  tha t  no oxygen 
is exchanged  wi th  the  ne twork  oxygen  dur ing  
growth.  

Deal ' s  (21) and I rene ' s  (22) da ta  have been rep lo t ted  
in Fig. 14 and 15 toge ther  wi th  the  curves ca lcula ted  by  
the express ion  given in Eq. [56]. The three  pa rame te r s  
ke2, kH~o, and T have  been eva lua ted  using a leas t  
squares  technique.  The devia t ion  of the expe r imen ta l  
da ta  is a lmost  eve rywhere  wi th in  3%, which  is about  
the  es t imated  e r ro r  in the  l aye r  thickness de t e rmina -  
t ion Deal  (21) and I rene  (19) r epor t  a much  l a rge r  
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Fig. 12. The same as fur Fig. 11 but now for mixed 02 + H20 
ambients. Data taken from Deal et al. (21) and Irene et al. (19). 
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Fig. 13. The linear rate constant varies with the square root of 
water pressure as follows from Eq. [43] rather than being propor- 
tional to water pressure as would fallow the Deal-Grove theory. 
Data taken from Deal et al (21). 

devia t ion  of expe r imen ta l  and theore t ica l  da ta  when  
using independen t  O~ and H20 t ranspor t .  

I t  follows f rom the model  of sequent ia l  t r anspor t  of 
O2 and H20 that,  even at  ve ry  smal l  wa te r  concentra-  
tions in the ambient ,  wa te r  m a y  p l ay  a role  in the  
oxidat ion  ra te  (2, 19). Because the effective diffusion 
coefficient of wa te r  is two orders  of magni tude  l a rge r  
than  tha t  of oxygen  (1), wa te r  p lays  an equal  role  in 
the  oxida t ion  process when the pa r t i a l  p ressure  is on ly  
1% (i.e., xi : 1/2Xo when  PH2o : 0.Olpo2). In  not  
thoroughly  dehydrogene ra t ed  oxygen  the pa r t i a l  p res -  
sure of wa te r  is expected to exceed 25 ppm (2). In  a 
g rowing  l a y e r  of about  1000A, the  region  xi, where  

Table II. Dependence on water partial pressure of ktin, kpar,  and 
tchar for the two models 

Model  E x p r e s s i o n  k l  in kpar tchlr 

Eq. [37] Eq.  [43] 

V V - T o t a l l y  diffusion determined D = D ( t )  xo = ~ �9 t + v exp  -- - ~ ~ ~ / p ~ o  B ~ p ~ o  7 ~ ] (pa2o)  
2 r  

Diffusion- a n d / o r  react ion r a t e  a t  i n t e r -  Eq.  [38l Eq.  [44] Eq.  [46] Eq.  [47] , 
f a c e - d e t e r m i a e d ,  D = eons t .  ( D e a l  + A s A B A 2 
G r o v e  m o d e l )  xo = %/B �9 + - -  ~ p~,~o B r pH~O - -  ~r pH~o -1 

4B 2 A 4B 
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Fig. 14. Equation [56] fitted by a regression technique an the 
data of Irene et al. (22). The maximum deviation is within ex- 
perimental error. It shows that the initial growth process is an 
implication of the model used here. P, B, and STD denote phos- 
phorus, barium doped, and standard quality silicon, respectively. 

water  t ransport  dominates, will  extend to 25A from the 
Si-interface.  

The reversible increase and decrease of the oxida- 
tion rate by the variat ion of the water  part ial  pressure 
from <1 ppm to 2000 ppm and back (19) can be ex- 
plained in terms of the thickness var iat ion of the re-  
gion controlled by diffusion of I-I~O + + OH- .  

Activat ion energies . - -When for H20 + 02 ambients  
and for re la t ively dry 02 ambients  the values of T are 
plotted against  l /T ,  we expect to find a single act iva- 
tion energy for a model with a t ime-dependent  diffu- 
sion. The values of T [calculated from the data reported 
by Deal (5) and Irene et al. (19)] are plotted in  such 
a manner  for <100> and <111> Si or ientat ion in Fig. 
16 and 17, respectively. Below a certain value of 1/T 
an activation energy of 3.1-3.6 eV is found for all am-  
bients and orientations. This indicates that  it may be 
indeed a single act ivation energy which is thought to 
correspond to the incorporation reaction of water  in 
the silica network.  The s t rength of a Si-O-Si  bond is 
expected to be in the order of 4 eV (8). This value is 
found for growth in pure water  vapor (5). In  mixed 
C~ + H20 ambients  there is an effect of the two layer  
mechanism which can cause a lowering of the effective 
activation energy. In fact, the value x]/Xo in  Eq. [49] 
and [50] is tempera ture  dependent.  In  general, when 
we deal with a ser ies- t ransport  through two layers in  
s teady-state  conditions, then the layer  with the highest 
resistance for t ranspor t  will decrease in thickness and 
that  with the lowest resistance will increase in thick- 
ness unt i l  the fluxes through the layers match. These 
layer  thicknesses may  be different for the same ratio 
of kH20 and ko2 at different temperatures  and therefore 
influence the apparent  activation energies. 

Above a certain v&lue of 1/T, i.e., below 950~176 
the act ivat ion energies scatter. These values of l /T ,  
which are not easily determined from Fig. 16 and 17, 
correspond to the range of temperatures  where the 
glass t ransi t ion is expected. The glass t ransi t ion range 

100 

+ 0% H20 

x 2% H20 Z 
- 5% H20 y J  
m 10% H20 / 
Y pyrogenic water in02 J j 

/ 
10-1 

_o 
E 
r  

10-3 

1 0  ~ t 

10 J, time in minutes 102 103 

Fig. 15. The same as Fig. 14 fitted on the data of Deal et al. (21). 
Figures denote the volume percentage of H20 in 02. Pyr. denotes 
the use of H2 + 02 in a ratio corresponding to an H20/O~ gas 
mixture from an oxygen gas stream bubbled through a water bath 
of %~ Using a model with independent fluxes of 02 and H20 
through silica would give much larger deviations of experimental 
and theoretical curves (21). 

is characterized by the t ime needed for a glass to ac- 
commodate to a s train by reorganizing the network 
(16). In  this region we expect anomalous diffusion 
effects to occur (16). The question arises whether  the 
simple t ransport  models we have used in the previous 
sections are then allowed. In fact s tress-induced t rans-  
port  is known to give moving boundary  (i.e., growth) 
curves which mostly follow l inear-parabol ic  rate laws 
too (16). There is no doubt  that  these effects play a 
role in  the oxidation of silicon. In  fact Eernisse (25, 
26) has shown that  silica growing in wet ambients  is 
subjected to compression. Pl iskin (5) reported mea-  
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Fig. 16. Variation of the characteristic time A2/4B with reciprocal 
absolute temperature, typical is the sharp bending between 900 ~ 
and 1000~ Data for ~ I 0 0 >  Si. Data taken from Deal et al. (21) 
and Irene et al. (22). 
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surable  effects on the growth curves induced by 
stresses or iginat ing from locally stripped oxide films. 
There is one effect which may be explained qual i ta-  
t ively by the effect of the compression of silica dur ing 
the growth. The compressive stress originates from the 
elastic deformation of the silicon substrata. It is ex- 
pected to act especially on the first layers of silica 
adjacent  to the Si/SiO2 interface. In  H20 -~ 02 ambi-  
ents this is par t  of the layer  where water  t ransport  is 
the prior mechanism. Because, as was stated above, 
the layer  is thin when the resistance is large we expect 
especially a large effect of the compression in the re-  
gion where  the resistance to t ransport  is large, i.e., the 
l inear  region of the growth curves. As was stated 
above, the compression originates from the elastic 
deformation and an effect is expected from the or ienta-  
t ion of the Si-substrate.  

Young's molulus for <111> oriented Si is about 1.5 
times that  for <100> oriented Si so it might  have an 
appreciable effect. Indeed the klin for <111> oriented 
Si is found to be larger than klin for ~1 '00~ oriented 
Si (see Fig. 13), in the same order of magnitude.  The 
dependence of klin on Si-or ientat ion was explained in 
terms of the S i -Si -bond breaking and the number  of 
dangling bonds by Ligenza (27). In  that  case it ought 
to show up in an activation energy difference for 
<111> and <100> oriented Si. We can see from Fig. 
16 and 17 that  there is no significant difference in the 
activation energy for the characteristic t ime kpar/4klin 2. 
The parabolic rate constant  is found to be independent  
of or ientat ion and as a consequence klin must  have the 
same activation energy for both orientations. 

There is only a difference in the magni tude  of klin 
which increases with water  pressure. This increase is 
proport ional  to the square root of water  pressure and 
originates probably from the total amount  of water  
dissolved in the compressed layer. 5 The swelling (11) 
of silica in water  vapor is perhaps also the reason that  
the diffusion of water  in silica is a process with a rela-  
t ively small  activation energy of about 0.7 eV (29). 
The activation energy was expected to correspond to 
the Si-O-Si  bond breaking energy of about 4 eV [see 
Doremus (8)].  The swelling of silica may cause the 
bonds to break under  mechanical  strain. 

The activation energy of 0.7 eV might  equal ly well 
correspond to the activation energy for the formation 
of hydroxyl  groups ( O H - )  (see the scheme in the sec- 
t ion on Transpor t  of Water Through Silica). The large 
effect of contaminat ion on growth rate of oxide layers 

5 The fact that Si oxidizes at low temperatures (28) of 400~ 
and even  at room temperatures  is  difficult to explain when a sur- 
face reaction with a high activation energy of 1.9 eV controls  the 
oxidat ion rate at 1000~ The absence of the Arrhenius  equation 
for  k~n  and the change of the activation energy in the glass 
transit ion range indicate that another  effect (e.g., stress  effect) 
is involved. 

might  be because of the generat ion of ( O H - )  groups 
by reaction with water  [e.g., N a  + accelerates the 
growth rate of oxide layers enormously (4)]. The 
experiments  of Jorgensen and Norton (30) where the 
growth of oxide layers could be inhibi ted or acceler- 
ated by positive or negative fields can be explained 
also by assuming that  the negative minor i ty  charge 
carriers O H -  are stopped or accelerated, respectively. 

Conclusions 
1. The solubil i ty of water  is proposed to proceed in 

two steps: (i) the formation of - S i O H  groups. A rela-  
tive slow process at temperatures  up to l l00~ and 
(ii) hydrolyzat ion of - S i O H  under  formation of H30 + 
-t- - S i O H - .  The process is relat ively fast at tempera-  
tures even below 900~ 

2. It  has been shown that  water  migrates through 
silica by species containing 4 H-atoms. The ambipolar  
diffusion of I-I80 + -t- O H -  has been proposed. 

3. The l inear  var ia t ion of kpar or  B with water  pres-  
sure in growing silica layers follows directly from the 
proposed mechanisms in 1 and 2 above. 

4. By adopting a t ime-dependent  diffusion coefficient 
an expression can be obtained describing the oxide 
growth in terms of a parabolic rate constant  and a 
relaxat ion time. 

5. A model for the sequential  diffusion of water  and 
oxygen is proposed. An expression for the t ime de- 
pendence of Xo (without  surface reactions) has been 
obtained which includes the ini t ial  growth process 
also. Exper imental  growth curves can be represented 
accurately by the proposed expression. 

6. The activation energy of the characteristic t ime 
kpar/4klin 2 has a value of 3.1-3.6 eV for dry and wet  
oxidations. The value is near  to the Si-O-Si  bond 
breaking energy. 

7. I t  is argued that  the difference in  kiin for various 
orientations may originate from stresses induced by 
the swelling of silica in water  vapor. 

Acknowledgments  
The author wishes to thank  Messrs. P. Hart, 

L. Heijne, J. Snel, J. Verwey, and H. Verwey for 
valuable  discussions. He is indebted to Mr. C. van  
Opdorp for the suggestion of the use of the t ime-  
dependent  diffusion coefficient which played an es- 
sential role in the achievement  of the concept of the 
section on The Linear  Oxidation Regime. 

Manuscript  submit ted Feb. 5, 1980; revised m a n u -  
script received Apri l  7, 1980. 

Any discussion of this paper will appear in  a 
Discussion Section to be published in the June  1981 
JOURNAL. All discussions for the June  1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 

Publication costs o] this article were assisted by 
Philips Research Laboratories. 

REFERENCES 
1. B. E. Deal and A. S. Grove, J. Appl. Phys., 36, 

3770 (1965). 
2. E. A. Irene, This Journal, 121, 1613 (1974). 
3. G. J. Roberts and J. P. Roberts, Phys. Chem. 

Glasses, 5, 26 (1964); T. Drury  and J. P. Roberts, 
ibid., 4, 79 (1963); 1. Burns, and J. P. Roberts, 
ibid., U, 106 (1970). 

4. A. G. Revesz, This Journal, 126, 122 (1979), A. G. 
Revesz and R. J. Evans, J. Phys. Chem. Solids, 
30 551 (1969). 

5. W. A. Pliskin, IBM J. Res. Dev., 10, 198 (1966). 
6. P. J. Burkhardt ,  This Journal, 114, 196 (1967). 
7. G. E. Walrafen, J. Chem. Phys., 62, 297 (1975). 
8. R. H. Doremus, "Glass Science," John Wiley & 

Sons, Inc., New York (1973). 
9. G. van der Steen and E. Papanikolau,  Philips Res. 

Rapt., 30 103 (1975); 30, 192 (1975); 30, 309 
(1975). 

10. R. Briickner, J. Non-Cryst, Solids, 5, 123 (1970); 5, 
281 (1971). 

11. J. F. Shackleford, J. S. Masaryk, and R. M. Fu l -  
rath, J. Am. Ceram. Sac., 53, 417 (1970). 



2082 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY September I980 

12. J. F. Shackelford, P. L. Studt, and R. M. Fulrath, 
J. Appl. Phys., 43, 1619 (1972). 

13. D. R. Wolters, Inst. Phys. Conj. Set. No. 50, chap, 
1, pp. 18-27 (1980). 

14. D. J. Breed and R. H. Doremus, J. Phys. Chem., 80, 
2471 (1976). 

15. F. Booth, Trans. Faraday Soc., 44, 796 (1948). 
16. J. Crank, "The Mathematics of Diffusion," Clar- 

endon Press, Oxford (1975). 
17. R. H. Doremus, J. Phys. Chem. 80, 1773 (1976). 
18. B. E. Deal, This Journal, 125, 576 (1978). 
19. E. A. Irene and R. Ghez, ibid., 124, 1757 (1977). 
20. M. Horiuchi, J. Kamigaki, and T. Hagiwara, ibid., 

125, 766 (1978). 
21. B. E. Deal, D. W. Hess, J. D. Plummer, and C. P. 

Ho, ibid., 125, 339 (1978). 
22. E. A. Irene and D. W. Dong, ibid., 125, 1146 (1978). 

23. E. Rosencher, A. Straboni, S. Rigo, and G. Amsel, 
Appl. Phys. Lett., 34, 254 (1979). 

24. N. F. Mott, Inst. Phys. Conf. Set. No. 50, chap. 1, 
pp. 12-17 (1980). 

25. E. P. Eernisse, Appl. Phys. Lett., 30, 290 (1977). 
26. E. P. Eernisse, ibid., 35, 8 (1979). 
27. J. R. Ligenza, J. Phys, Chem., 65, 2011 (1961). 
28. A. M. Goodman and J. M. Breece, This Journal, 

117, 982 (1970); F. Lukes, Surf. Sci., 30, 91 
(1972); F. P. Fehler, This Journal, 119, 1723 
(1972). 

29. G. H. Frishat, "Ionic Diffusion in Oxide Glasses," 
p. 34, Trans. Techn. Publications, Aedermanns- 
dort Sw. (1976). 

30. P. J. Jorgensen and F. J. Norton, Phys. Chem. 
Glasses, 1O, 23 (1969); P. J. Jorgensen, J. Chem. 
Phys., 37, 874 (1962). 



J O U R N A L  n F  T H E  E L E C T R E I B H E I V l I C A L  E ~ O C I E T Y  

A C C s 1 6 3 1 6 3  

B R I s  C O M M U N I C A T I O N S ,  
~~ SEPTEMBER 

I 

1980 
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The corrosion of copper by 
atmospheric pollutants is a problem 
of continuing interest to the 
electronics industry. A pollutant 
of particular concern is H2S and 
its attack on copper has been a 
topic of some discussion in the 
literature. It has been shown 
that a thin oxide film on Cu pro- 
tects the underlying metal from 
attack by H2S in air at room temp- 
erature (i). It has also been 
reported that copper oxides grown 
in air (several hundred angstroms 
thick) provide good protection 
against H2S at low relative humid- 
ities but little protection against 
H2S at high relative humidities 
and that oxides grown in pure 
oxygen provide more protection than 
air grown oxides (2). Thus, it is 
speculated that in the attack of 
Cu20 by H2S an intermediate react- 
ion path involving H20 is required. 
We report here on conditions under 
which copper oxide films will suf- 
fer direct attack by H2S and con- 
vert to Cu2S without an intermed- 
iate reaction path involving H20. 
We propose that the crystallinity 
and porosity of a Cu20 film are 
important parameters in determining 
its reactivity towards H2S and 
comment briefly on the thermo- 
dynamics of this reaction. 

The attack of copper oxide by 
H2S constitutes a gas-solid phase 
ion exchange reaction wherein the 
oxide ions in the anion sublattice 
are replaced by sulfide ions. We 
have recently developed a thin 
film ion exchange-chemical spray 
deposition (CSD) process (3) for 

the growth of thin sulfide films that, 
in effect, models the attack of a 
copper oxide film by H2S. In our 
process, thin sulfide films are 
grown through ion exchange of an 
oxide film to the sulfide by anneal- 
ing in H~S. We present here results 
relating-to the problem of copper 
corrosion by H2S and of protection 
by an overlaying copper oxide film. 

Thin films of copper sulfide were 
grown by chemically spray depositing 
a copper oxide film and then annealing 
this film in H2S to convert it to the 
sulfide. The copper oxide films were 
grown by spraying a water-methanol 
solution (25% ~0 by volume) of copper 
nitrate (0.01 ~ onto a substrate to 
form the oxide. The films were then 
converted to the sulfide by annealing 
fin flowing H2S_ (5% in N 2) at 325~ 
or 30-45 minutes. Final film thick- 

nesses were about 1.0 u. 

The resultant films were charac- 
terized by x-ray diffraction, ESCA 
and optical absorption measurements. 
The oxide films were found to consist 
of a bulk film of amorphous Cu20 with 
crystalline particulates of Cu0 embed- 
ded in it. The sulfided films were 
found to contain three phases: Cui.96S ' 
CUl 8S, and Cu I 75S. There was no 
evidence of an 6xlde phase in the sul- 
fided films. 

The conversion of the oxide to 
the sulfide, 

Cu20 + H2S § Cu2S + H20 (i) 

does occur despite the fact that the 
oxide is thermodynamically more stable 
than the sulfide (standard free ener: 
gies of formation at 298~ for Cu20 , 
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CuO, CugS and CuS are, respectively, 
-34.98,--30.4, -20.6 and-ll.7 kcal/mole 
(4). The driving force for the react- 
ion of Equation i is the greater dispar- 
ity in free energies of formation be- 
tween H~S and HgO (~G~ = -46.74 kcal/ 
mole) t~an betw@en CugO and CugS (AG 
298 = -14.38 kcal/mol@); the ogerall 
cnange in free energy for the reaction 

A ~ of Equation 1 is G 298 = -32.37 kcal/ 
mole, indicating spontaneity to the 
right as observed. 

We propose that, in the direct 
conversion of copper oxide to copper 
sulfide by exposure to HgS without an 
intermediate reaction pa[h involving 
H O, the porosity and crystallinity of 
t~e oxide are controlling factors. 
Oxides that are amorphous and relatively 
porous will r e a d i l y  convert to the 
sulfide whereas those that are crystal- 
line and structurally less porous (i.e., 
oxides grown by ox ida t i on  of Cu metal )  
w i l l  not .  The fact  t ha t  oxides grown 
in oxygen are s t r u c t u r a l l y  less porous 
and o f f e r  s l i g h t l y  g rea te r  p r o t e c t i o n  
against  a t tack  by H~S (2) would appear 
to conf i rm t h i s  t reDd. 
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Detection of Mobile Ion during the Anodic 
Oxidation of Silicon 

G. Mende 
Zentra~instffut ~iir Kernforschung der Akadem{e der Wissenscha~ten der DDR, 

Rossendorf, Bereich 2, DDR--8051 Dresden, Germany 

INTRODUCTION 
During anodic oxidation of silicon either 

the cation or the anion or both must move 
across the thickening oxide film(l). The 
mobile ion can be determined by labeling a 
thin surface layer with a completely im- 
mobile marker atom and detecting its posit- 
ion after anodizing the specimen (i). 

Schmidt and Owen (2) labeled an oxide film 
on silicon by anodizing in tetrahydrofurfuryl 
alcohol containing 3zp as phosphate. When 
this film was anodized in the same electro- 
lyte which conta~s nonradioactive phosphate, 
the radioactive ~ P was found in the inner 
layers. The authors concluded that the cation 
was the species that migrated. 

However, by implanting a thin anodic oxide 
film on silicon with Kr and Xe and determining 
its position after anodizing by means of Ruth- 
erford backscattering analysis, Mackintosh and 
Plattner (I) found that the anion was respons- 
ible for anodic oxide growth in four different 
electrolytes. From their experiments the 
authors draw the conclusion that P moves inward 
during anodic oxidation. 

Commenting on the paper of Mackintosh and 
Plattner (i), Schmidt (3) suggested identifying 
unambigously the mobility of cations or anions 
by monitoring the sequence of cations before 
and after anodization with the help of 
epitaxial depositon of a very thin silicon 
layg~ isotopically enriched before anodizing 
in 3 Si on top of a norma silicon substrate. 

In the p~esent work an attempt is made to 
clarify this problem by comparing the depth 
distribution of Si implans into silicon 
with the depth distribution of 30Si in anodic 
SiO 2 after anodization of ~ilicon implanted 
with 30Si. The amount of 30Si can be31o~ 
identified as the radioactive isonope ~ 
after irradiation with thermal neutrons. 

EXPERIMENTAL 
Cleaned and polished <lll~oriented 

samples of p-type silicon ~0 ohm cm) were 
implanted nonaligned with Si (dose= 3"1016 
atoms/cm 2, energy = 29 keV) and irradiated 
for 3.6-103 sec in the Rossendorf Research 
Reactor with a neutron flux of about 

4"1013 cm-2sec -1. After annealing 

treatment in a nitrogen atmosphere at 
700~ for 1.8-10 sec the samples were 
anodized in a special galvanic cell (4). 
A 0o04N solution of KNO 3 ("purissimum per 
analysi") in ethylene glycol ("per synth.") 
served as an electrolyte. The current den- 
sity was 7 mA/cm 2. 

For determining the 30Si implantation pro- 
file in silicon the implanted region (about 
i00 nm Si) was successively removed by anod- 
izing of thin sheets ( about 8 nm Si) under 
constant current and etching with HF (4). 
The radioactivity of the solution was det- 
ected with a Geiger-Muller-counter. The con- 
tent of implanted 30Si was calculated by means 
of a neutron-irradiated p-type silicon stand- 
ard and by subtracting the natural content of 
30Si in silicon. The thickness of the removed 
layers was calibrated by anodic oxidation of 
neutron irradiated and annealed silicon which 
was implanted with 29Si (dose=3-1016 atoms/ 
cm 2, energy = 29 key) to produce r~idual 
lattice damage similar to that in Si implant- 
ed silicon after annealing treatment, and 
hence equal thickness/voltage increments dur- 
ing anodization. 

For determining the 30Si implantation 
profile in SiO 2 the implanted region (about 
I00 nm Si) was anodized in two steps (per step 
about 45 ~. Si) under constant current density 
(7 mA/cm ) followed by a constant voltage 

period for 1.8-103sec. The two films of 
anodized silicon were each successively 
removed (about 5 to 9 nm Si at a time) by 
etching for 60 sec with 1 ml of a 1:50 
diluted solution containing 169~ NH4F , 67.5 
ml HF and 259 ml H20 (5). The etch process 
was stopped by removing the buffered HF 
solution and by adding 1 ml of saturated 
boric acid solution in water. The radio- 
activity of the dissolved layers was det- 
ermined in the above-mentioned way. The 
thickness (5-9 nm Si) of each removed layer 
(related to the Si content of SiO 2) was 
calibrated by anodic oxidation and by select- 
ive etching of neutron irradiated and annealed 
Si w~ch was implanted with 29Si (dose= 
3"10 atoms/cm ~, energy = 29 keV~. 

Key words: silicon, anodic oxidation, 
mechanism of growing oxide film. 

2085 



2086 4. EZectrochem. Soc.: ACCELERATED BRIEF COMIV/UNICATION September 1980 

P~SULTS AND DISCUSSIONS 

The results of the experiments are 
summarized in Fig. i. The theoretical depth 

1020 ~ o so ~o 
Xs~ [nm] 

Fig. i. The depth distribution of 
implanted 30Si iD silicon and in anodic 
Si~ 2 (thickness related to the Si content 
of SiO2). The standard deviation of 
thickness determination in SiO 2 is 15.5% 
an~ in Si is 9.5%. The standard deviation 
of determination of the implanted 30Si content 
in ~iO 2 is 15.7% and in Si is 10.7%. 
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distribution of 30Si implanted into silicon 
was calculated with the help of the tables by 
Smith (6) according to the LSS-theory(7). 
The 30Si profile in anodic SiO 2 (thickness 
related to the Si content of SiO 2) agrees well 
with the 30Si profile in Si and with the 
theoretical profile. If the silicon ions are 
mobile during anodization and their order 
changes, a significant difference between the 
30Si profile in SiO 2 and the 30Si profile in 
Si must be measured. But the results prove 
that the sequence of silicon ions does not 
change during anodization. This may be 
supportive evidence for the mobility of 
oxygen ions, but could equally be caused by 
silicon ions being mobile but maintaining 
their sequence during anodic oxide growth. It 
needs further investigations in order to 
identify the mobile species during anodic 
Oxidation of silicon. 
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A Chemical Method for Deposition of Thin 
Film of 

P. Pramanik and R. N. Bhattacharya 
Department of Chemistry, Indian Institute of Technology, Kharagpur 721302, India 

Thin film formation of chalcogenides of 
Pb 2+ by chemical deposition is a very well 
known process (1,2,3). But similar methods of 
deposition of thin films of Bismuth chalcoge- 
aides have not yet been reported. This brief 
communication describes a chemical method for 
the deposition of Bi2S 3 thin films. 

10-30 x 106 ohm-cm. The temperature variation 
of resistivity shows that activation energy 
of electrical conduction is 1.3 eV. The 
material has n-type conduction. The optical 
band gap of the film is found to be 1.&7 eV 
shown in the figure (2) and it has feeble 
photo conductivity. 

Thio-urea is used for slow release of 
S 2- ion and pH is maintained at 8. To keep 
Bi3+ ion in solution at pH 8, triethanolamine 
complex of Bi3+ is used. 

One gm of bismuth nitrate (Bi(NO~)~,SH20) 
is triturated with i0 ml triathanolam~n'e and 
then 50 ml water is added to it. The resulting 
solution is continuously stirred till a nearly 
clear solution is obtained, which is then 
filtered. 

A 20 ml of the Bi 3+ solution is taken in 
a glass beaker. 30 ml ofl(M~hiourea solution 
and 1 ml of 17 (N) NHhOH are added to it and 
the volume is made upto lOO ml with water. 
The substrate (glass or ceramic) is thoroughly 
cleaned and immersed in the solution. The 
container is placed into an oil bath at lOO - 
llO~ temperature for AOminutes and then it 
is kept at room temperature for about A hours. 
Uniform films of Bi2S 3 are obtained on the 
glass substrates. They are then taken out, 
washed with water and dried in air. The Bi2S 3 
films are about 0.05 - O.1 microns thick. 

NHhOH is added to slow down the formation 
c.~ Bi2S 3 and to increase its adherence on the 
glass substrate. 

Fig. 1. 

I 
480 

Scanning Electron~crograph o f  
Bi2S 3 thin film (B.S.~.; 190OX) 

\\ 

\ 

840 

X-ray diffraction data Shows that films 
are amorphous in nature. Scanning electron 
micrograph shows that finns contain random 
distribution of small crystallites, which is 
shown in figure (1). The films have high 
electrical resistance in comparison to single 
crystal. The resistivity lies in the range of 

Key words - Bismuth sulfide, Thin film, 
Chemical deposition. 
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Fig. 2. El~ct~-oaic ~poctra of Bi2S 3 

REFERENCES 

1. J. Bloem, Appl. Sci. Res., 6B, 92 (1956). 

2. F. Eicinski, Chemistry and Industry, 
January (P. 2~), 19~8. 

3. H.N. Acharya and H.N. Bose, Phys. Stat. 
Sol., (a) _6, K~3 (1971). 

2087 



Desalination by Photoelectrodialysis 
George W. Murphy* 

Solar Energy Research Inst{tute, Golden, Colorado 80401 

We report the experimental dem- 
onstration of photoelectrochemically 
powered electrodialysis--photoelec- 
trodialysis--as a desalination pro- 
cess. The concept and nomenclature 
have been recorded previously (i). A 
photoelectrochemical cell n-GaAs/ 
0.16 M Na2Se-0.02 M Na2Se2-C-0.16 M 

Na2Se-0.02 M Na2Se2/Pt (2,3) and the 

"driven" component of an electrodial- 
ysis cell -C-0.06 M NaCI-A-0.06 M 
NaCI-C- (4) are collapsed into a unit, 
the principle of which is illustrated 
in Fig. i. Here C is a cation- and A 
an anion-selective membrane. P is an 
n-type semiconductor (n-GaAs) short 
circuited to electrode E (Pt), which 
is inert except for its electron- 
exchanging capability with solution 
redox species. The selenide-polysel- 
enide couple (represented here as 
Na2Se-Na2Se2) is known to stabilize 
the n-GaAs Electrode against photo- 
corrosion. Compartments I and II con- 
tain this couple, and Compartments III 
and IV contain NaCI solution initially 
of the same concentration. Irradia- 
tion of the n-GaAs surface photooxi- 
dizes the selenide ion, thereby init- 
iating the coupled chain of events 
illustrated: the reverse reaction oc- 
curs at the dark electrode, and the 
ion movements across the membranes re- 
sult in demineralization of Compart- 
ment III and salt enrichment in IV. 

This process will also be recog- 
nized as an application of a photo- 
chemical diode (5). 

The experimental cell (not shown) 
was assembled from five machined ring 
discs of clear acrylic 2~ in. O.D. and 
1 in. I.D. and two 2~ in~ diameter end 
discs. An acrylic light tube was ce- 
mented to one end disc which served as 
a window. The light tube reduced the 
solution light path to approximately 

h,v 

I [ 

P , 2 S E 2 - =  SE22-, i +2E- 

E / ' SE 2- + 2E- = 2SE 2~ 
/ ;i 
/ 1 

C /  . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  

Zr~A ~ 

/ /  ~JACL [ [ [ 
/ 2CL- 

. . . . . . . . . . . . . . . . . . . . . . . .  ,~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
/ 
/ N,~CL IV 

C ~ . . . . . . . . . . . . . . . . . . . . .  ~' . . . . . . . . . . . . . . . . . . . . . . . . .  
2'~A + 

Fig. i. Schematic Cross Section of 
Photoelectrodialysis Cell. 

3 mm. The cell thus exposes 1-in. 
diameter circles of the electrode and 
three membranes~ forming three inter- 
nal compartments 1/4 in. thick. The 
1-3/16 in. diameter disc electrode 
was sealed by O-rings in channels ma- 
chined in two of the discs. Mem- 
branes were cut to the full O.D. disc 
diameter and served as their own gas- 
kets. After the electrode, membranes, 
and end discs were in place, they were 
compressed between two stainless steel 
end plates with six screws running the 
cell length. In addition to screw 
holes, six additional holes had been 
cut in the acrylic rims and membranes 
so as to provide channels for the 
"external" compartment, i. e., Com- 
partment I of Fig. i. The cation-se- 
lective membranes were Nafion 427 (du 
Pont) and the anion-selective mem- 
brane Raipore 5025, both kindly fur- 
nished by the companies. A 1.5-mm 
thick silicon-doped 100-face gallium 
arsenide wafer, one side polished, was 
purchased from Laser Diode Laborator- 
ies, Inc. Carrier concentration (s 
pany-furnished) was I.I x I0 •176 cm -j. 
After making an ohmic contact to the 
unpolished side, a l-mil platinum 
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disc of the same diameter was cemented 
to it with silver epoxy. The gallium 
arsenide was etched and dipped in 0.01 
M RuCI 3, after the procedure of Par- 
kinson et al (3). With the electrode 
vs platinum in 0.8 M NaoSe-0.1 M 
Na2Se2-1 M NaOH, a volt~mmogram 
yielded 0.8 volt on open circuit and 
7.25 mA cm -2 at short circuit under 
i000 watt xenon lamp irradiation, in- 
tensity 1.5 W cm -2. 

Sodium selenide was 99.9% packed 
under argon obtained from Cerac Chem- 
ical Co. Selenium powder used to make 
polyselenide was obtained from Alfa 
Ventron. All operations with Na2Se 
and solutions made therefrom were car- 
ried out in a nitrogen atmosphere 
glove box. A stock solution of 0.8 M 
Na2Se-0.1 M Na2Se 2 was prepared and 
diluted fivefold before use in the 
photoelectrodialysis cell. NaCI con- 
centration was 0.06 M, which is typ- 
ical for a brackish water. The Na2Se- 
Na2Se 2 solution was circulated through 
Compartments I and II at a rate of 
about 0.I ml/min by gravity from a 
reservoir. NaCI was circulated simi- 
larly through Compartment IV. The 
electrode was illuminated by colli- 
mated light from a 300-watt quartz 
halogen projector lamp, intensity 0.33 
W cm -2. At intervals samples were 
withdrawn briefly by syringe from the 
demineralization compartment into a 
micro conductivity cell and the con- 
ductivity determined. 

The progress of demineralization 
is indicated by the conductivity plot 
in Fig. 2. A steady state of approx- 
imately 79% demineralization was 
reached in about seven hours. The 
desalted solution contained a sus- 
pended solid, probably selenium, in- 
dicating that some leakage of anions 
had occurred across the cation-selec- 
tive membrane. Since the photovoltage 
characteristic of the electrode itself 
is capable of carrying the demineral- 
ization substantially to completion 
with ideal membranes, the 21% of 
starting conductivity in the steady 
state is a measure of the membrane 
imperfection. 

In summary, the technical feasi- 
bility of photoelectrodialysis has 
been demonstrated. Economic 
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Fig. 2. Conductance of Compartment 
III vs Time During Desalination 
Experiment. 
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feasibility will depend in part on 
the development of inexpensive elec- 
trode and coupled redox materials, 
the same as for photoelectrochemical 
solar cells. Several research groups 
throughout the world have this as a 
primary objective. In addition, con- 
ditions must be found that result in 
negligible counterion leakage across 
the membrane. This might be accom- 
plished with redox systems yielding 
good results at such low concentra- 
tions that the selectivity of avail- 
able membranes is high, or improved 
membrane selectivity at the redox 
concentrations employed here. 
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Some Chemistry in the Li/SOCI  Cell 
K. M. Abraham* and R. M. Mank 

EIC Corporation, Newton, Massachusetts 02I 58 

ABSTRACT 

Cyclic voltammetry and constant current electrolysis studies of SOCIs/ 
LiAlC14 solutions showed that SOeCI~, SOCI+AICI4 -, SC12, AICI~, and C12 are 
produced as oxidation products. Mechanisms of oxidation reactions are pro- 
posed to explain the formation of these products. Forced overdischarge of 
cathode limited cells produces Li2S which reacts with LiAICl4 present in 
the cell to form LiAISC12. Materials formed in anode limited cells during 
forced overdischarge include SOsCI2, SC12, C12, SOCI+AICI4 -, AIC13, and a 
substance with infrared absorption at 1070 cm -I. "Charging" of Li/SOCI2 cells 
involves regenerative processes so that only small amounts of products ac- 
cumulate in the  cell. 

The Li/SOCI2 primary cell has received considerable 
research and development interest (1-20) ever since 
the initial reports on its discovery appeared (1, 2). 
The cell consists of a Li anode, an inert carbon cath- 
ode comprising porous carbon with binder on an Ni 
screen, and SOC12/LiAICI4 solution serving both as 
the solvent and depolarizer. Cell discharge reactions 
which satisfactorily explain previous analytical data 
from this laboratory (14), the studies of Dey and co- 
workers (7), and the recent results of Schlaikjer and 
co-workers (13) are 

2SOC12 + 4Li -> 4LiCI + 2SO [I] 

2SO "-> SO2 + S [2]  

Major  areas  of research  dur ing  the past  few years  
have inc luded:  design and opt imizat ion of cells for  
var ious  appl icat ions  (3-13), s tudies of the cell  chem-  
i s t ry  to fu l ly  character ize  discharge react ions (13-16), 
invest igat ions  of the  vol tage  de lay  p rob lem (17, 18), 
and studies of safety aspects  (7, 19, 20). While  con- 
s iderab le  progress  has been  made  in most  of these 
areas,  the explosion hazard  associated wi th  severa l  
opera t iona l  modes of the  cell  has served  as a ma jo r  
de te r r en t  to its w idespread  prac t ica l  use. 

Our  recent  s tudies (19, 20) on the behavior  of L i /  
SOC12 cells dur ing  forced overd ischarge  indica ted  tha t  
anode l imi ted  cells are  po ten t i a l ly  hazardous.  Dur ing  
such forced overdischarge,  severa l  anode l imi ted  cells 
showed burn ing  type  explosions. Ind iv idua l  e lect rode 
potent ia l  measurements  r evea led  tha t  explosions in 
al l  t he  cells occurred  af te r  the anode potent ia l  had  
r isen to values  g rea te r  than  4V for considerable  length  
of t ime p r io r  to the  expIosion. I t  appeared  tha t  the  ex -  
plosions were  caused by  sensi t ive chemicals,  p roduced  
by  oxida t ion  of ma te r i a l s  present  in the  cell. 

On the o ther  hand, cathode l imi ted  cells appea red  to 
be safe dur ing  forced overdischarge.  Forced  over -  
d ischarge of cathode l imi ted  cells typ ica l ly  proceeded 
wi th  smal l  reverse  cell voltages,  r emain ing  s teady  at  
about  --100 mV. These cel ls  could be overd ischarged  

* Electrochemical Society Active Member. 
Key words: Li/SOC12 cell, cyclic voitammetry, infrared spec- 

trometry, overdischarge, charge. 

for long periods of t ime dur ing  which  the charge in-  
put  cons iderably  exceeded the amounts  of both  SOC12 
and Li or ig ina l ly  presen t  in the cell. None of t h e  
cathode l imi ted  cells exp loded  dur ing  forced o v e r -  
discharge.  I t  appears  tha t  dur ing  forced overd ischarge  
Of cathode l imi ted  cells, Li dendr i tes  form on the car -  
bon e lect rode and lead  to in te rna l  short  circuits which  
read i ly  accommodate  the m a j o r  pa r t  of the current .  
These shor t  circuits  provide  the mechanism for the 
sys tem to pass charges wel l  in excess of s toichiometry.  
This s i tuat ion has not appea red  to const i tute  a spe-  
cific hazard.  

We have also found (21) tha t  "charging ''1 of L i /  
SOC12 cells leads to regenera t ive  cell  processes so 
tha t  there  is no apprec iab le  deple t ion  of cell capaci ty  
even af te r  an input  of posi t ive charge exceeding  the 
amounts  of SOC12 and Li or ig ina l ly  present  in  the  
cell. 

In  this paper  we presen t  the resul ts  of ana ly t ica l  
studies a imed at  character iz ing chemical  and e lec t ro-  
chemical  react ions in Li/SOC12 ce l l s  du r ing  over -  
discharge and "charge." The var ious  studies have 
been: (i) constant  cur ren t  e lectrolysis  of SOC12/ 
LiA1C14 solutions and analysis  of products  by  in f ra red  
spec t rometry ;  (ii) cyclic v o l t a m m e t r y  of SOC12/ 
LiA1C14 Solutions; (iii) product  analysis  f rom Li/SOC12 
cells af ter  overdischarge  and constant  cur ren t  "charge"  
using in situ cyclic v o l t a m m e t r y  and in f ra red  spec- 
t romet ry .  

Experimental 
All  exper iments  involving reagent  handl ing  and 

cell construct ion were  car r ied  out  in the  a b s e n c e  of 
a i r  and mois ture  in the argon a tmosphere  of a d r y  box 
(Vacuum Atmospheres  Corpora t ion) .  

Electrolyte preparation.--The salt,  LiA1CI4, was p r e -  
pared  by  mel t ing  at  190~ stoichiometr ic  amounts  of 
LiC1 (Fisher  Scientific Company,  L-121, p red r i ed  
in vacuo, 10 -8 Torr, at  400~ for 4 hr)  and A1C13 
(Fluka,  pur iss) .  The mel t  was purif ied by  electrolysis  
be tween  A1 electrodes.  The sal t  was dissolved in SOCI2 
(Eastman Kodak,  Cat. No. 246) at  room tempera tu re .  
Tl-_e solutions usua l ly  were  1.8M in LiA1C14. 

1 The term charging implies a positive current applied to the 
carbon electrode. 
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Constant current electrolysis.--Constant current  
electrolysis of SOC12/LiA1C14 solutions was carried out 
in a two-compar tment  Pyrex glass cell having a 15 #m 
glass-fri t  separator. The cathode was a Teflon-bonded 
carbon electrode of known area and the anode was 
an expanded nickel  (5Ni5-5/o, Exmet  Corporation) 
screen. The individual  electrode potentials were mea-  
sured vs. an Li reference electrode. The electrolysis 
products were analyzed by infrared spectrometry. 

Infrared spectral measurements.--The infrared spec- 
tra were recorded on a Beckman Acculab-5 dual  beam 
spectrometer covering the range from 4000 cm -1 to 
375 cm :1, All spectra of l iquid samples were obtained 
with Beckman TAC cells. These have  AgC1 windows 
and can be sealed permanent ly .  The cells were of 
0.025 or 0.1 m m  path lengths. Spectra of gases were 
obtained with a Beckman Universal  Gas Cell (10 cm 
path length) fitted with KBr or NaC1 windows. 

Cyclic voltammetry studies.--Cyclic vol tammetry  
studies of SOC1JLiAtC14 (1.SM) solutions were carried 
out on both Ni and vitreous C electrodes. A three-elec-  
trode system with Li reference and counterelectrodes 
was used. The vol tammetr ic  scans were performed 
with an Amel Model 551 potentiostat  in conjunct ion 
with their Model 566 funct ion generator. The i-E 
curves were general ly  recorded using a Bascom-Turner  
Series 8000 Recorder equipped wi th  microprocessor 
accessories. 

Cyclic vol tammetr ic  studies of electrolyte from Li /  
SOC12 cells after various tests were performed in situ. 
Small  prismatic cells comprising mult iple  carbon cath- 
ode and Li anode plates were used. Each electrode 
plate measured 3 • 2 cm per side. The cells were de- 
signed and tested in  both anode and cathode l imited 
configurations. In  cathode l imited cells, the electrode 
a r rangement  was Li /C/Li /C/Li /C/Li  and the cell con- 
ta ined 2 A-hr  Li, ,,~400 mg carbon, and 4 ml of SOC1J 
1.8M LiA1C]4 electrolyte. The electrode package in  
anode l imited cells was in the sequence, C / L i / C / L i / C  
with the cells containing 0.70 A - h r  Li, ,-400 mg car-  
bon, and 4 ml of SOC12/1.8M LiA1CI4. The cells were 
slightly flooded with electrolyte, since the small  ex-  
cess of electrolyte was necessary for analyt ical  studies. 
In order to make in situ cyclic vol tammetry  measure-  
mentS, a vitreous carbon microelectrode of 0.07 cm 9- 
area was introduced into the cell through a side arm 
of the glass envelope as shown in  Fig. 1. Dur ing  gal- 
vanostatic test, the microcarbon electrode was pulled 
away from electrolyte contact to avoid possible sur-  
face passivation. Prior  to recording the vol tammogram 
after various stages of discharge, overdischarge, or 
"charge," the electrode was pushed down and contact 
with the electrolyte was established by t i l t ing the 
cell. The cell electrodes served also as the reference 

and counterelectrodes for cyclic voltammetry.  Subse- 
quently,  electrolytes from these cells were analyzed 
by infrared spectrometry. 

Results and Discussion 

Electrolysis of SOCI~/LiAICI~ Solutions 
Constant current electrolysis and product analysis.-- 

Constant  current  electrolysis of SOC1J1.SM LiA1C14 
solution on an Ni anode and carbon cathode proceeds 
with a constant anode potential  of ~4.6V vs. Li+/Li .  
The cell potential  remains  steady at , -  --0.9V. Inf ra -  
red spectra of the catholyte and anolyte were recorded 
after electrolysis corresponding to ,-0.1e-/SOC12 and 
are shown in Fig. 2 and 3, respectively. 

The only infrared identifiable product  in  the catho- 
lyte is SOB, with absorptions at 1335 and 1150 cm -1 
(22). The formation of SO2 is consistent with the dis- 
charge reactions shown in Eq. [1] and [2]. The spec- 
t rum of the anolyte shows two new peaks at 1415 
cm -1 and at 1110 cm -1. The peak at 1415 cm -1 is 
due to SOeC12. This was established by infrared spec- 
t ral  measurements  after adding SO2C12 to the anolyte. 
Neat SO2C12 exhibits two strong absorptions at 1205 
and 1420 cm -1 (22). In  the anolyte, the 1205 cm-~ 
absorption is hidden inside the strongly absorbing 
SOC12 peak at 1230 c m - L  The absorption at 1110 cm -1 
in the anolyte is most probably due to the S-O stretch- 
ing vibrat ion of the complex, SOCI+A1C14 - since a 
similar  absorption was found in  the infrared spectra of 
A1CI~ solutions of SOC12 or SOC12/LiA1C14 electrolyte. 
The existence of the complex, SOCI+AIC14-, 2 in  AI:CI~ 

The ionic structure for the  A1CI8 complex of SOC12 is also con- 
s istent  with the increasing conduct iv i ty  of SOC12 with added A1Cla 
(24). 

100 -- 

8O 

60 

~ 40 
- so 2 

o_ 

20 ~ ;oc12 

0 
1800 1600 1400 1200 i000 800 600 400 

WAVE NUMBER, CM -I 

Fig. 2. Infrared spectrum of the catholyte (lower trace) after 
electrolysis of SOCI2/LIAICI4 (1.8M) solution. The upper trace is 
the spectrum of the solution prior to electrolysis. 
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Fig. I. Schematic view of the prismatic laboratory cell for 
in situ cyclic voltammetry. 
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Fig. 3. Infrared spectrum of the anolyte (lower trace) after 
electrolysis of SOCI2/LiAICI4 (1.8M) solution. The upper trace is 
the spectrum of the solution prior to electrolysis. 
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solutions of SOC12 has been p rev ious iy  es tabl ished 
(23). The presen t  work  confirms its existence.  The 
occurrence of the S-O symmet r i c  s t re tching absorpt ion  
in SOCI+A1C14- at  a lower  f requency  than  in SOC12 
is consis tent  wi th  the  ionic s t ructure.  Vapor  phase 
in f ra red  spec t romet ry  showed SO2C12 also in the gas 
phase of the anode compar tment .  No o ther  gaseous 
p roduc t  could be ident i f ied b y  vapor  phase  in f ra red  
spec t romet ry .  React ions which  would  account for  the  
oxida t ion  products ,  SO2C12 and SOCI+A1C14 - ,  are  dis-  
cussed in the  nex t  section. 

Cyclic voltammetry studies and reaction mecha- 
nisms.--Prior cyclic v o l t a m m e t r y  studies of SOCl~/ 
LiA1C14 solutions were  p r i m a r i l y  a imed  at  charac te r iz -  
ing reduct ion  react ions (15, 16). In  the  studies re -  
por ted  in this  p a p e r  emphasis  is on oxida t ion  react ions 
in the  SOCI2/LiAICI4 solution. 

A typica l  cyclic vo l t ammogram on a g lassy  carbon 
e lec t rode  be tween  1.0 and 5.0V vs. L i + / L i  in SOC12/ 
1.8M LiA1C14 solut ion is shown in Fig. 4. A s imi la r  
vo l t ammogram was ob ta ined  also on a Ni disk elec-  
trode. Al though  the overa l l  fea tures  of the vo l t ammo-  
g ram were  ident ica l  on both  of the electrodes,  the  
peaks  appea red  sha rpe r  on the carbon electrode.  
Also the  cathodic peaks  on Ni were  s l ight ly  shif ted 
to lower  potent ials .  

On scanning the e lec t rode  ca thodica l ly  first f rom 
open circuit,  on ly  the high cur ren t  peal{, I, at  2.65V and 
the  weak  cur ren t  peak, II, at  1.80V are  found. These 
peaks  m a y  b e  assigned, respect ively,  to reduct ions  of 
SOC12 and SO2, in accordance wi th  previous  observa-  
tions by  others  (15, 16). The ass ignments  a re  in agree -  
men t  wi th  react ions  [1] and [2]. 

In  the  anodic region be tween  4.0 and 5.0V, the vol t -  
a m m o g r a m  shows two broad  peaks,  IV and V at  4.55V 
and 4.65V and a sharp,  h igh cur ren t  peak, VI, at  5.0V. 
In poor ly  resolved  vo l tammograms,  the two peaks  IV 
and V merge  toge ther  and appea r  as one peak.  I t  was 
found tha t  if the  e lec t rode  was cycled severa l  t imes 
be tween  4.0~ and 1.0V, the  he ight  of the  cu r ren t  peak  
a round  4.6V became ve ry  large  in a subsequent  anodic 
sweep to 5.0V In  these cases cu r ren t  peaks  IV and V 
genera l ly  a p p e a r e d  together  as a single peak. 

When  the  e lect rode is scanned ca thodica l ly  be low 
4.0V af te r  the anodic sweep to 5.0V, three  reduct ion 
peaks,  VII  a t  3.6V, VII I  at  3.25V, and IX at  2.8V, ap-  
pea r  in the  vo l tammogram.  These are  ev iden t ly  due to 
reduct ions  of solut ion anodizat ion products .  The ap -  
pearance  of these peaks  and the i r  re la t ive  peak  heights  
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Fig, 4. Cyclic voltammograms of SOCIf/I.SM LIAICI4 on a glassy 
carbon electrode. Scan rate ~ 100 mV/sec, Curve 1 was obtained 
by scanning the electrode cathodically first from 0CV, 3.65V. Curve 
2 was obtained by scanning the electrode anodically first from 
0CV. Curve 3 was obtained after twice cycling the electrode be- 
tween 4,0 and 5,0V, 

were found to depend  on the potent ia l  of scan reversal .  
None of these th ree  peaks  appea r  when  the scan is 
reversed  at  potent ia ls  be low 4.OV. When the scan is 
reversed  at  ~4.6V, the peak  at  3.25V appears  as the 
ma jo r  one. On increas ing the reversa l  p o t e n t i a l  to 
values g rea te r  than  4.6V, the  he ight  of the peak  at  
3.6V also increases along wi th  the appearance  of the  
shoulder  a t  2.8V. If  the e lec t rode  is cycled severa l  
t imes  be tween  4 and 5V before  sweeping cathodical ly ,  
al l  three  peaks show increased peak  heights.  

In  a vo l t ammogram obta ined  af ter  addi t ion  of SC12 
to SOC12/1.81V[ LiA1C14 solut ion and scanning the elec-  
t rode  ca thodica l ly  first f rom open circuit,  the onset  
of the  cathodic cur ren t  begins at  ,-.3.8V wi th  a peak  
at  3.65V. Simi lar ly ,  the vo l t ammogram obta ined  a f te r  
adding  C12 to SOCI~/1.8M LiA1C14 solut ion shows a 
reduct ion  peak  at  3.25V. When  SO2C12 is added  to 
SOC12/1.8M LiA1C14, a reduct ion  peak  is observed at  
~2.9V as a shoulder  to the  SOC12 peak.  I t  appears  f rom 
these  da ta  tha t  C12, SC12, and SOfC12 are  formed 
dur ing the  oxida t ion  of SOCI#LiA1C14 solutions. We 
note that  the  reduct ion potent ia ls  of SC12, C12, and  
SO2C12 observed here  are  in ag reemen t  wi th  previous  
repor ts  (15, 16). 

Elec t rochemical  oxida t ion  of SOC12 was first s tud ied  
by  Spandau  et aI. (25). I t  was r epor ted  by  these 
authors  that  e lectrolysis  of 0.14NI (CfHs)aNHC1/SOC12 
solution gave C12 as the  oxida t ion  product .  The pr i -  
m a r y  cathodic product ,  according to the authors,  was 
SOC1 +, which decomposed subsequent ly  to var ious  
substances,  the na tu re  of which  depended  on ~he tem-  
pe ra tu re  of the exper iment .  Using cyclic v o l t a m m e t r y  
Behl  (14) also identif ied C12 as an oxida t ion  produc t  
of SOCI2/LiAICI4 solutions. He suggested an oxida- 
tion reaction as shown in Eq. [3] 

2SOC12 + 2AICI4- -> 2SOCI+AICI4 - + Cl2 4- 2e- [3] 

Our data, however, suggest more complex reactions. 
The most probable reactions which correspond to 

current peaks, IV at 4.55V and V at 4.65V in the 
voltamrnogram would be oxidation of SOC12 as shown 
in Eq. [3] and  oxidat ion of A1C14- as depic ted  in  Eq. 
[4] 

A1C14- --> A1C18 + 1/2 C12 + e -  [4] 

The A1C13 wil l  immed ia t e ly  react  wi th  SOCI~ to p ro -  
duce SOCI+A1C14 - (Eq. [5]) 

SOCI~. + A1C13 --> SOCl+A1C14 - [5] 

Because of the close p rox imi ty  of the cur ren t  peaks  
IV a n d V ,  i t  is difficult to assign them ind iv idua l ly  to 
the react ions [4] and  [5]. However ,  we  found the  
cur ren t  peaks  near  4.6V increased as a funct ion of 
[LiA1C14] f rom 0.25M to 1.8M. This suggests tha t  oxi -  
dat ion of A1C14- occur in this region. 

The fol lowing evidences suggest  tha t  ox ida t ion  of 
LiC1 according to Eq. [6] also occurs a t  .-,4.6V 

LiCI-~ Y2 C12 + Li  + + e -  [6] 

Electrodes which become pass iva ted  wi th  LiC1 in an 
ini t ia l  cathode sweep can be r egene ra t ed  by  anodizing 
at  ,~4.6V. A considerably  enhanced cur ren t  peak  is 
observed at  N4.6V af te r  a cathodic sweep to 1.0V 
such tha t  LiC1 has p la ted  onto the e lec t rode  surface. 

Be tween  ~4.6 and ,~5.0V oxida t ion  of SOCI+AICI4 - 
m a y  occur to produce  SOfCI2 and SCI2. The ass ign-  
men t  is based on the fact  that  the amounts  of  these 
mate r ia l s  increase  wi th  scan reversa l  potent ia ls  above 
4.6V. I t  is possible to conceive of severa l  react ion 
schemes by  which these mate r i a l s  a re  produced.  We 
m a y  speculate  on the scheme shown below in Eq. [7 ] ,  
[10] 

SOC12 4- SOCI+A1Cla - -> [SCI(A1C14) ] +2 

4- SO,  C12 4- 2 e -  [7] 

[SC1 (A1C14) ] +2 4- 2A1CL.- --> SC1 (A1C1D a [8] 
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SCI(A1C1Ds-> SCI(A1C14) + CI~ -F 2A1C13 [9] 

The overa l l  reac t ion  f rom Eq. [7]-[9]  is 

SOC12 -~ SOCI+A1C14 - -k 2A1C14- --> SCI(A1C1D 

H- SO2C12 H- CI~. -t- 2A1C13 -t- 2 e -  [10] 

In  react ion [7], the oxida t ion  of the  oxide  moie ty  in 
SOC1 + A1C14- is considered in a manne r  s imi lar  to the  
oxida t ion  of C l - ,  considered in the  p r i m a r y  oxida t ion  
shown in Eq. [3]. The oxygen  p r e sumab ly  oxidizes 
SOC12 to SO2C12. The compounds SCI(A1C14)s and 
SCI(A1C1D are  A1C13 complexes,  respect ively ,  of SC14 
and SC12. The complex  SC1 (A1C14) has been identif ied 
in the reac t ion  of SC12 and A1C13 (26). The d i spropor -  
t ionat ion reac t ion  shown in Eq. [9] is just i f iable on the 
ground  tha t  SC14 is u n s t a b l e  at room t empera tu r e  and 
d ispropor t ionates  to SC12 and C12 (27). 

Product Analysis from Li/SOCI2 Cells 
Cathode limited cel~s.--The typ ica l  behavior  of a 

ca thode l imi ted  cell  dur ing  forced overdischarge  is 
shown in Fig. 5. The poten t ia l  profiles suggest  tha t  
the  ma jo r  anodic process would  be the e lec t ros t r ipping  
of Li. The s t r ipped  Li would  be p l a t ed  onto the  cathode 
where  i t  could r ema in  in  the  e lementa l  form, or  could 
be in te rca la ted  into the carbon to form CxLiy. I n t e r -  
calat ion of Li onto carbon has been  shown to begin 
at  potent ia ls  as h igh  as 1,5V vs. L i + / L i  (28). The long 
per iods  of forced overd ischarge  p o s s i b l e  in cathode 
l imi ted  ceils, p robab ly  due to s h o r t  c ircui t  (19, 20) 
suggests the format ion  of Li dendr i tes  on the cathode. 

The in f ra red  spec t rum of the  e lec t ro ly te  f rom the 
cathode l imi ted  cell shown in Fig. 5 a f te r  the forced 
overd ischarge  is depic ted  in  Fig. 6. The main  f e a t u r e s  
of the spec t rum are  the absorpt ions at  1340 and 1150 
cm -1 due to SO~, the  s t rong absorpt ion  centered  at  
1200 cm-~ due to SOC12, and the absorpt ions  of med ium 
intensi t ies  a t  790 and 660 cm -1. We have  found that  i t  
is possible  to chemical ly  produce  species wi th  in f ra red  
absorpt ions  at  790 and 660 cm -1 by  t rea t ing  Li2S 
wi th  SOC12/LiA1CI~ solutions.  When  Li~S is added  to 
SOC12, no appa ren t  reac t ion  takes  place, nor is there  
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Fig. 5. Discharge and overdlscharge of a cathode limited pris- 
matic Li/SOCI2 cell. Current - -  :36 mA; current density = 1 mA/ 
cm2. 
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any appa ren t  so lubi l i ty  of Li2S. However ,  a reac t ion  
does take  place when  Li2S is added  to SOC]2 conta in-  
ing LiAICl4. The absorpt ions at  790 and 660 cm - I  a re  
presen t  in the in f ra red  spec t rum of the solut ion p rod -  
uct  of the  react ion involving equimolar  amounts  of 
Li2S and LiAiCl4 in SOC12. The reac t ion  may  be r ep -  
resen ted  by  Eq, [11] 

Li2S + LiAIC14~ LiAISCI2 -F 2LiC1 [11] 

The exis tence of AISCI2-  species has prev ious ly  been 
identif ied (29) in solut ions of Li2S or  Na2S in N a C l /  
AICl~ mol ten  sal t  e lectrolytes .  The fo rmat ion  at  room 
t empera tu r e  of LiAISCI~ 8 according to react ion Ell] 
in a solvent  such as SOC12 is not  unreasonable .  The 
in f ra red  absorpt ions  at  790 and 660 cm - I  m a y  be as-  
sociated wi th  AI -S  and A1-C1 bond vibrat ions,  respec-  
t ively,  of LiAISC12. These may  be  compared  to the 
in f ra red  spec t ra  of AI2S3 which  shows a band  near  800 
cm -1, and to tha t  of A12C16, in which the t e rmina l  
A1-C1 bond absorpt ion  is found at  630 cm -1. 

The above resul ts  suggest  that  dur ing forced over-  
d ischarge of cathode l imi ted  cells, Li~S is p roduced  in 
the  cell, E q .  [12], which  reacts  immed ia t e ly  wi th  
LiA1C14 to form LiA1SC12 

2Li + + S + 2 e -  --> Li2S [12] 

I t  is p robab le  tha t  some LiA1S2 is also presen t  in these 
solutions. 

In f r a red  spec t ra l  da ta  showed the presence of 
LiA1SC12 also in the  e lec t ro ly te  f rom cathode l imi ted  
cells which had  been overd ischarged  on resis t ive load. 
I t  seems tha t  in overd ischarged  cathode l imi ted  cells, 
which inva r i ab ly  contain S, the  fo rmat ion  of Li2S is 
a spontaneous process. 

Anode limited ceIls.--Electrolytes f rom two types  of 
anode l imi ted  cells were  analyzed:  (i)  d ischarged 
cells in which the anode consisted of only  an Ni grid 
wi th  no Li on it. This type  of cell  represents  an ex -  
t reme case of anode l imitat ion,  (ii) complete  cells 
which had been forced overdischarged.  

The potent ia l  profile dur ing discharge of a typica l  
cell  wi thout  Li on the anode is shown in Fig. 7. When  
discharged at  a cur ren t  dens i ty  of 1 m A / c m  2, the 
anode polar ized  immed ia t e ly  to ~4.7V and remained  
s teady  at  this va lue  dur ing  the passage of 3.6 A - h r  of 
charge.  The cell  po ten t ia l  r emained  s teady at  --~ --1.0V. 
I t  has been  found tha t  these types of cells could be 
forced overd ischarged  a lmost  indef ini te ly  wi thout  any 
significant change in cell  polar iza t ion  f rom the above 
values.  The da ta  suggest  tha t  the  react ions in these 
cells involve regenera t ive  processes so tha t  ve ry  l i t t le  
ne t  chemical  change takes  place.  

The in f ra red  spec t rum of the  e lec t ro ly te  f rom the 
cell  shown in F i g .  7 exh ib i ted  absorpt ions  due to 
SO2C12 (1420 cm-1 ) ,  SO2 (1340 cm-1 ) ,  and 
SOCI+A1CI4 - (1110 cm-1) .  There  was also an ab-  
sorpt ion band at  1070 cm -1. The ma te r i a l  exhib i t ing  
the l a t t e r  band has not  ye t  been identified, bu t  i t  may  
be a su l fu r -oxy  compound since S-O s t re tching  v ib r a -  
tions are  often found as s t rong bands in this  region of 
the  spectrum. Since this ma te r i a l  was absent  e i ther  

we have synthesized LIA1SCI~ from the reaction of LIC1 and 
A1SC1 in SOCI~ and its infrared spectrum in SOC12 has been veri- 
fied. This will be the subject  of a future  paper. 

y E  pOTEnTIAL 

2O 4O 

Fig. 6. Infrared spectrum of the electrolyte from cathode limited Fig. 7. Discharge curve for a prismatic Li/SOCl2 cell without Li 
Li/SOCI2 cell after forced overdischarge, on the anode. Current - -  24 ink. 
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in the ca tholy te  or  in the a n o l y t e  f rom the electrolysis  
cell, i t  must  have  been produced  by  chemical  or  e lec-  
t rochemical  r eac t ion(s )  involv ing  p r i m a r y  electrolysis  
products  of SOCI~/LiA1CI4 solutions. F igure  8 shows 
the cyclic vo l t ammograms  at  two different  s tages of 
discharge of the cell in  Fig. 7. They  show tha t  SC12 
(~3.6V) and C1B (,-~3.2V) are  also p resen t  in the cell. 

Based on the ana ly t i ca l  da ta  as wel l  as the  ox ida -  
t ion react ions discussed in the previous  section, the 
ma jo r  r egenera t ive  processes in these cells m a y  be 
exp la ined  by  the fol lowing scheme 

A1C14- -~ A1CI~ + ~/2 CI~ + e -  [13] 

SOC12-> SOCl + + ~ CI~ -5 e -  [14] 

SOCl + 4- AICI4- -~ SOCI+AICI4 - [15] 

SOC12 -5 AICI3-> SOCI+AICL~- [16] 

Yz C12 -5 Li "-> LiCl [17] 

~/2 C12 -5 Li § -5 e- -> LiCl [18] 

LiCl 4- SOCI+AICI4 - -~ LiA/CI4 4- SOC12 [19] 

Note that the reaction shown in Eq, [!9] regenerates 
the cell materials. As noted SO2CI~, and SC12 are also 
produced in these cells and they would be formed 
according to react ions depic ted  in Eq. [7]-[9] .  How-  
ever,  r egenera t ive  processes involving these mate r ia l s  
m a y  also occur so tha t  they accumulate  only in smal l  
amounts.  

The potent ia l  profiles dur ing  forced overdischarge  
of an anode l imi ted  L i / S O C l i  cell is shown in Fig. 9. 
The anode potent ia ls  exhib i t  considerable  fluctuations, 
but  they  even tua l ly  ar ise  to and s tay  at  values  c o n -  
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Fig. 8. Cyclic voltammogmms of electrolyte from the cell in Fig. 
7 on glassy carbon electrode. The solid curve represents the 
voltammogram obtained at the end of the test shown in Fig. 7. The 
voltammogram represented by broken lines was obtained after 0.10 
A-hr discharge. The electrode was first scanned cathodically. Scan 
rate = 100 mV/sec. 
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Fig. 9. Galvanostatic discharge and overdischarge of anode 
limited prismatic LI/SOC|2 cell. Current ~ 24 mA; current density 
= 1.0 mA/cm 2. 

s iderab ly  h igher  than  4.0V. Severa l  C-size anode 
l imi ted  cells showing this type  of behavior  exploded  
(19, 20). The anode poten t ia l  profiles suggest  that  oxi -  
dat ion of SOC12 or o ther  mate r i a l s  p resen t  in the cell  
can occur dur ing  forced overdischarge.  I t  is p robab le  
tha t  explosions are  caused by  mate r ia l s  p roduced  by  
the oxida t ion  reactions.  

The ma jo r  fea tu re  of the in f ra red  spec t rum of the  
e lec t ro ly te  f rom the cell  shown in Fig. 9, which  is 
typical  of the many  anode l imi ted  cells tested, was 
the absorpt ion  band  at  1070 cm -1 along wi th  peaks  
due to SOC12 and SO2. The cyclic vo l t a mmogram of 
the e lec t ro ly te  was s imi lar  to tha t  shown in Fig. 8 
indica t ing  the presence of SC12 and C12. 

The known chemical  proper t ies  of SC12 and C12 sug-  
gest  tha t  these mate r ia l s  m a y  not  cause the  k ind  of 
explosions we have observed  in  anode  l imi ted  cells. 
The ma te r i a l  wi th  the in f ra red  absorpt ion  at  1070 
cm -1 could be a candidate ,  a l though no problems  were  
encountered  in the handl ing  of the  e lec t ro ly te  con- 
ta ining the mater ia l .  I t  is possible tha t  o ther  sensi t ive 
mate r ia l s  a re  produced in the cell  which m a y  have 
only t rans i to ry  existence as in te rmedia tes  but  which  
m a y  accumula te  under  special  c i rcumstances  in the 
cell. As noted, the na tu re  of the products  or thei r  
eventua l  accumulat ion  would  depend  on w he th e r  or  
not  Li is present  in the cell  a t  the t ime i t  goes in to  
the overdischarge  mode, and  on the degree of the re -  
genera t ive  processes in the cell. We have found (19, 
20) tha t  an Li/SOC12 cell m a y  wel l  be anode l imited,  
even though it is not  Li l imited.  The l a t t e r  can resul t  
f rom poor e lect r ica l  contact  be tween  Li and the anode 
cur ren t  collector. These effects depend to a g rea t  ex ten t  
on cell  construct ion pa rame te r s  and  the amount  of 
such products  which accumula te  dur ing  forced over -  
d ischarge would  v a r y  cons iderably  f rom one cell  to 
the  other.  

"Charged" Li/SOCI~ cells.wThe potent ia l  profiles 
dur ing  "charging" of a f resh Li/SOC12 cell is shown 
in Fig. 10. Upon app ly ing  a charging cur ren t  of 1 m A /  
cm 2, the cell immedia t e ly  polar ized  to 4.1V and showed 
no fu r the r  change in  po lar iza t ion  wi th  cont inued 
"charging."  The anode poten t ia l  r emained  s t eady  at  
--0.1V. In general ,  i t  was possible to sub jec t  the  cells 
to "charging"  currents  ut i l iz ing charges cons iderably  
in excess of the amounts  of SOC12 or  Li or ig ina l ly  
present  in the cel l .  Moreover,  the cells could be dis-  
charged af te r  the ex tended  "charging"  to y ie ld  capaci -  
ties equiva lent  to those obta inable  f rom fresh Cells 
(21). The da ta  suggest  tha t  the react ions associated 
wi th  the  charging of Li/SOC12 cells involve a sequence 
of regenera t ive  cell  processes. The behavior  is s imi lar  
to that  found in the discharge of cells wi thout  Li on 
the anode. 

The p redominan t  react ions on a carbon e lec t rode  at  
potent ia ls  be tween  4.1 and 4.6V are  the  ones shown 
in Eq. [3] and [4]. The regenera t ive  processes may  
then involve the same set of react ions shown in Eq. 
[13]-[18].  In  this case the  ox ida t ion  react ions  t a k e .  
place on the C e lec t rode  and the reduct ion  react ions 
t ake  place on the Li  electrode.  

Cyclic v o l t a m m e t r y  and in f r a red  spect ra l  da ta  on 
e lec t ro ly te  f rom cells a f te r  "charging"  showed the net  
accumula t ion  of severa l  reac t ion  products.  The p rod -  
ucts ident i f iable  f rom the in f r a red  spec t rum were  
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Fig. 10. Galvanostatlc "charging" of prismatic Li/SOCI2 cell. 
Current = 36 mA; current density = | mA/cm 2. 
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SO2C12 (1415 cm - I )  SO2 (1335 cm - I  and 1150 cm - I )  
and the material  absorbing at 1070 cm-L The cyclic 
voltammogram is shown in Fig. 11. The compounds 
identifiable from the cyclic voltammogram are SC12 
(reduction peak at ~3.6V) and C12 (reduction peak at 
~3.2V). All the materials except SO2 are oxidation 
products of SOC12/LiAICI4 electrolyte. SO2 is a reduc- 
tion product of SOCI2. 

There is a close similari ty between the products 
accumulated in anode limited cells during forced over- 
discharge and those in cells during "charging." Thus, 
although none of the cells (both C-size and small 
prismatic cells) we have tested (21) exploded during 
"charging," it is advisable to employ caution when 
Li/SOC12 cells are subjected to a "charging" current. 
We note that explosions in anode limited cells during 
forced overdischarge occurred only under very special 
conditions (19, 20). 

Conclusions 
Oxidation processes in SOC1JLiAIC14 solutions have 

been shown to involve reactions more complex than 
previously suggested (15). The materials, SO2C12. 
SOCI+A1CI4 - ,  AIC13, SC12, and C12 have been identi-  
fied as oxidation products. Reaction mechanisms have 
been proposed to account for the formation of these 
products. 

Forced overdischarge of cathode limited Li/SOC12 
cells leads to the formation of Li2S. This reacts with 
LiA1C14 to form LiA1SCI~ and probably LiA1S2. 

Among the materials formed in anode limited cells 
during forced overdischarge are SC12, C12, and a ma- 
terial with infrared absorption at 1070 c m - 1  The 
lat ter  is probably a sulfur-oxy compound. Analytical 
data suggest that  other materials such as SO~C12 and 
SOCI+A1C14 - may also form in these cells during 
overdischarge. The formation and/or  accumulation of 
these and other materials may depend to a great ex- 
tent on whether or not Li is present in the cell during 
forced overdischarge. 

The "charging" of Li/SOC12 cells leads to regenera-  
tive cell processes so that  after a long "charge" only 
small amounts of products accumulate in the cell. 
Similar products were identified from "charged" cells 
and from forced overdischarged anode limited cells. 
This suggests that "charging" of Li/SOC12 cells may be 
hazardous, although none of the cells we have 
"charged" exploded. 
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Ambient Temperature Cycling of an Na-TiS  Cell 
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ABSTRACT 

S o d i u m - t i t a n i u m  disulfide cells have been  cycled at  ambien t  t empe ra tu r e  
in  sodium t r i e t h y l ( N - p y r r u l y l ) b o r a t e - d i o x o l a n e  electrolyte .  Dur ing  p r i m a r y  
d ischarge  at  2.5 m A / c m  2 two vol tage p la teaus  or s teps are  seen in  plots of 
cell  emf vs. sodium s to ich iomet ry  in NaxTiS2 and a l imi t ing cathode composi-  
t ion is reached  when x is 0.8. Dur ing  repea ted  discharge and recharge  cycling 
the capaci ty  of the h igher  vol tage step is lost  whi le  the  capaci ty  of the  lower  
vol tage  step remains  essent ia l ly  constant.  A s imple  pr i smat ic  design for  sodium 
organic  e lec t ro ly te  cells is descr ibed  and character is t ic  proper t ies  of the  
e l e c t r o l y t e  are  d i s c u s s e d .  

Considerable  recent  a t ten t ion  has been  focused on 
l i th ium in te rca la t ion  into the  l aye red  dichalcogenide,  
t i t an ium disulfide. Deta i led  invest igat ions  into the 
s t ruc ture  (1-4) and physical  proper t ies  (5) of l i th ium 
intercala tes ,  and  e lec t rochemical  in te rca la t ion  studies 
(6-7) have cont r ibu ted  to the fundamen ta l  unde r -  
s tanding of the  chemical  physics of the  Li-TiS2 sys-  
tem. Also, the  resul ts  of ea r ly  efforts to exploi t  the 
inheren t  revers ib i l i ty  of l i th ium in te rca la t ion  for  re -  
chargeable  ba t te r ies  have  been repor ted  (6). 

P ioneer ing  invest igat ions  have ex tended  the scope 
of in te rca la t ion  react ions to include sodium as a guest  
e lement  in the TiS2 host lattice�9 Sodium in terca la tes  
of TiS2 were  p r e p a r e d  and charac te r ized  by  Rouxel  
and co -worke r s  (8) and by  S i lbernage l  and  Whi t t ing-  
ham (9). W i n n e t  al. (10) de te rmined  an equi l ib r ium 
emf  curve  for  NaxTiS2 as a function of sodium content.  
Thei r  expe r imen ta l  p rocedure  employed  a sodium 
ama lgam anode and a sodium vanad ium bronze re fe r -  
ence e lec t rode  in an e lec t ro ly te  of NaI  dissolved in 
p ropy lene  carbonate.  More recently,  B rummer  et al. 
(11) cycled an Na-TiS2 cell  a t  130~ They  used a 
cell  configurat ion consist ing of a mol ten  sodium anode, 
a /~-alumina separator ,  a TiS2 cathode, and a 1,2- 
bis ( m e t h o x y e t h o x y ) e t h a n e  solut ion of NaI as the elec-  
t rolyte .  The r e l a t ive ly  e labora te  exper imen ta l  p ro -  
cedures  employed  in these previous  e lec t rochemical  
invest igat ions  of the  Na-TiS2 system were  developed 
l a rge ly  to c i rcumvent  the  p rob lem of sodium's reac-  
t iv i ty  t oward  organic  electrolytes�9 

In our  laborator ies ,  invest igat ions d i rec ted  toward  
the sys temat ic  design of organic  e lect rolytes  for  a lka l i  
meta l  ba t te r ies  have  led to the identif icat ion of a 
b road  class of o rganobora te  salts  which are  s table  
toward  a lka l i  metals .  One of these  electrolytes ,  a 
solut ion of sodium t r i e t h y l ( N - p y r r o l y l ) b o r a t e  in 1.3- 
d ioxolane  (12), has been used to cycle a s imple pr i s -  
mat ic  Na-TiS2 cell  at  ambien t  t empe ra tu r e  as wel l  
as o ther  so l id-s ta te  cathodes (13). 

Experimental 
The steps involved in the  p repa ra t ion  of Na[  (C2H.~)3 

B(NC4H4)] in dioxolane are  shown in Eq. [1]. The 

B(C2Hs) 8 ~ Na i l ->  Na + [B (C2H5)3H]- 

py r ro l e  
) Ha ~- Na + [ B ( C 2 H s ) 3 ( N ~ ) ] -  [1] 

in termedia te ,  sodium t r i e thy lborohydr ide ,  was not iso- 
la ted  but  was a l lowed to reac t  wi th  one equiva len t  
of py r ro l e  to give a dioxolane solut ion of sodium 
t r i e thy l  ( N - p y r r o l y l )  borate .  The pro ton  NMR spec t rum 
of this  solut ion showed peaks  at  0.33 and 0.658 (cen-  
ters  of mult iplets ,  15H, --C2H5 protons) ,  5.95 and 

�9 Electrochemical Society Active Member�9 
Key words: organic, battery, current density, diffusion. 

6.828 ( appa ren t  t r iplets ,  4H, --NC4H4 protons) ,  and 
singlets for  the  dioxolane protons at  3.81 and 4.845 
( - -CH2CH2--  and O--CH2--O,  respec t ive ly) .  

Specific resis t ivi t ies  of e lec t ro ly te  solutions were  
de te rmined  at  room t empera tu re  wi th  a Yel low Spr ings  
Ins t rument  Company d i p - t y p e  conduct iv i ty  cell  (cell  
constant  1/cm) and a Wayne  K e r r  conduct ivi ty  bridge.  
Pr i smat ic  Na-TiS2 e lec t rochemical  cells were  con- 
s t ructed as shown schemat ica l ly  in Fig. 1. The elec-  
t rode supports  were  t an t a lum Distex@ screens, 6.5 
cm~ in area  wi th  about  8 cm long tabs. Thin slices 
of sodium meta l  f rom the center  of an ingot  of J. T. 
Baker  reagent  grade  sodium were  pressed into the 
Ta grid and served  as the  anode (and reference)  
electrodes.  A d ry  mix  of TiS2 and 10% Teflon powder  
was pressed into a Ta gr id  and hot bonded at  300~ 
under  He. Po lypropy lene  ma t  and  microporous  po ly -  
p ropylene  separa tors  were  p laced  be tween  the layers  
of the  anode-ca thode-anode  sandwich.  The cells were  
inser ted  into po lye thy lene  bags and e lect rode a l ign-  
ment  was main ta ined  by  means  of smal l  clamps�9 The 
e lec t ro ly te  (about  5 ml  of ~ l . 5 m  solution) was added  
to the bag and the cell assembly  was mounted  upr igh t  
in a glass test  vessel  which had a ground glass jo int  
(for a i r t igh t  seal ing)  and sealed glass to meta l  

th rough-puts ,  t e rmina ted  on the inside wi th  a l l iga tor  
clips (for e lectr ical  contact  wi th  the cell  e lectrodes) .  
The assembly  of the Na-TiS.~ cell was done under  

Na 
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l i  tl 

~ ' ~  ~ Separators 

Fig. 1. Schematic construction design of prismatic Na-TiS2 cells 
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an  He atmosphere .  The completed test  units  were  
removed  from the d ry  box and c lamped upr igh t  for  
cell  test ing which was accomplished using Prope l  
au tomat ic  ba t t e ry  cycl ing equipment .  Cycling was 
done  at  constant  cur ren t  to p re - se t  vol tage limits.  

Results  and  Discussion 
The solubi l i ty  of sodium t r i e t h y l ( N - p y r r o l y l ) b o r a t e  

in 1,3-dioxolane is g rea te r  than  2.7m and its specific 
res is t iv i ty  is concentra t ion  dependent .  A m i n i m u m  
of 270 ~ - c m  occurs a t  about  1.5m. The effect of solute  
concentra t ion  on specific res is t iv i ty  is shown in Fig. 2, 
which also contains da ta  for the  analogous l i t h ium 
and potass ium boron complex  anion salts  for com-  
parison. Pro ton  NMR analysis  of these sal t  adducts  
in d ioxolane  revea ls  significant changes in the  chemical  
shifts of the  a l iphat ic  proton resonances associated 
with  the ~C2I-I5 groups bonded to bo.ron, compared  
wi th  thei r  respect ive  resonance posit ions seen in d i -  
oxolane solutions of free t r ie thylboron.  The changes 
seen in  the NMR and the high conduct ivi t ies  observed  
for the final solutions are  posi t ive evidence for the 
format ion  of boron complex anion salts. We found no 
evidence to suggest  tha t  these anions undergo dis-  
sociation to free a lka l i  meta l  py r ro le  and t r i e thy l -  
boron. Nei ther  did  we find evidence for r ap id  ex -  
change be tween  the B(C2H~)~ eomplexed  in the  sa l t  
adduct  and free t r i e thy lboron  when both mate r ia l s  
were  in ten t iona l ly  mixed  and examined  by pro ton  
NMR. In this exper imen t  resonances for both  com- 
p lexed  and free B(C2Hs)3 were  c lear ly  dis t inguish-  
able. 

The a lka l i  meta l  s tab i l i ty  of the  e lec t ro ly te  coupled 
wi th  its r e l a t ive ly  low resisti~city and high solubi l i ty  
enables  the construct ion and ambien t  t empera tu re  
high ra te  cycl ing of cells conta ining solid sodium 
anodes. We selected the  Na-TiS2 sys tem for these 
invest igat ions  in o rder  to compare  our  results  wi th  
work  prev ious ly  r epor ted  and to s tudy  fu r the r  the  
effects of mul t ip le  cycling. 

The ini t ia l  open-c i rcu i t  voltages of the Na-TiS2 
cells were  about  2.3V. Discharge of the cells was 
car r ied  out  a t  2.5 m A / c m  2 resul t ing  in a p r i m a r y  
capaci ty  equal  to 80% of tha t  theore t ica l ly  possible 
for  the  amount  of active TiS2 present .  F igure  3 con- 
tains the  resul t  of the p r i m a r y  discharge of one Na-  
TiS2 cell  and shows the dynamic  cell  emf (in volts)  
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as a funct ion of the sodium stoichiometry,  x, in, 
NaxTiS2. Two p la teau  regions or s teps are  c lear ly  
evident  in Fig. 3. One s t e p  extends f rom TiS2 to about  
Na0.4TiS2 and the second encompasses the composit ion 
range  be tween  Na0.4TiS2 and Na0.sTiS2, in qual i ta t ive  
agreement  wi th  previous  repor ts  (8-10). 

Rouxel  and co-workers  (8) r epor ted  tha t  o rder ing  
of the guest  e lement  dur ing  sodium in te rca la t ion  p ro -  
duces three  s t ruc tu ra l ly  dis t inct  phases. These were  
descr ibed by  Rouxel  as being the 1st and  2nd stage 
t r iganol  pr i smat ic  coordinat ion sites and the th i rd  
phase being the t r iganol  an t ip r i smat ic  coordinat ion 
site. The da ta  of Wirm (10), inc luded in Fig. 3 for  
comparison,  was obta ined  at  a m a x i m u m  cur ren t  ra te  
of 40 #A/cm 2 and shows a th i rd  step ( th i rd  phase)  
which contains addi t ional  sodium in terca la t ion  capaci ty  
for  t i t an ium disulfide above the Na0.sTiS2 composi-  
tion. S i lbernage l  and  Whi t t ingham (9) did not  obta in  
sodium contents above  0.8 using sodium naph tha len ide  
as the  sodium in te rca la t ion  reagen t  for TiS2. They  
concluded that  the smal l  diffusion coefficient for Na + 
in the host 's an t ip r i smat ic  coordinat ion sites p robab ly  
l imi ted  the ra te  of sodium in terca la t ion  above Na0.sTiS2. 
Clear ly  then our 2.5 m A / c m  2 discharge ra te  i s  too 
high to a l low significant sodium in te rca la t ion  in the  
region above Na0.sTiS2. 

Af te r  thei r  p r i m a r y  discharge,  the cells were  cycled 
at  constant  current .  The first recharge  at  0.6 m A / c m  2 
showed two vol tage p la teaus  (analogous to those ob-  
served  dur ing  p r i m a r y  discharge)  as a funct ion of 
sodium content  in the  TiS2 la t t ice  (Fig. 4). Cycl ing 
was cont inued for 16 complete  cycles. The resul ts  a re  
summar ized  in Table I. Wor th  not ing in Table I is 
the  fact  tha t  the discharge ra te  was reduced to 1.25 
m A / c m  2 dur ing  cycles 3 th rough  7 and then to 0.3 
m A / c m  2 dur ing  cycles 8 th rough  16. In  o rder  to r e tu rn  
the  cell to a "full"  s ta te  of charge,  the  sys tem was 
potent ios ta ted  pr ior  to the final discharge.  
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Fig. 4. Cell emf during primary discharge and first recharg~ 
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Table I. Cell cycling data for sodium/TiS2 cell 

Discharge M.U.A-discharge M.U.A-discharge 
Cycle No. (mA/cm~)  Step 1 S tep  2 

1 2.5 44 38 
2 2.5 28 32 
3 1.25 18 36 
4 1.25 - -  - -  
5 1.25 5.4 37 
6 1.25 4.9 34 
7 1.25 3.2 30 
8 0.31 2.4 34 
9 0.31 - -  34 

10 0.31 - -  33 
11 0.31 - -  32 
12 0.31 - -  32 
13 0.31 - -  32 
14 0,31 - -  32 
15 0.31 - -  32 
16 B 0.31 - -  42 

A M.U. = (ac tua l  d i scha rge  c a p a c i t y / c a t h o d e  capaci ty)  x 100. 
B Potentiostatlcahy charged be fo re  this  d~scharge. 

Examination of the data contained in Table I shows 
that  the capacity in the higher voltage plateau region 
(step 1 between TiS2 and Na0.4TiS2) steadily and 
irreversibly decreases. Even when the discharge rate 
was lowered (between cycle No. 2 and 3 for example) 
there is no evidence for the recovery of lost capacity 
in this region. 

On the other hand the cell cycling data demonstrates 
that  very litt le capacity is lost in the lower voltage 
plateau (step 2 between Na0.4TiS2 and Na0.sTiS2) over 
16 cycles. Even the minor loss in capacity that might 
be suggested by the data is essentially recovered 
completely when the rate of discharge is reduced 
(between cycle No. 2 and 3, and cycle No. 7 and 8). 
In fact, after the potentiostatic charge that  followed 
cycle No. 15, the discharge capacity found (for step 2) 
in cycle No. 16 was 42% at 0.3 mA/cm 2. Comparison 
of this result with the 38% found in step 2 for the 
first discharge at 2.5 mA/cm 2 shows that there is no 
permanent loss of capacity in the lower voltage plateau 
(0.4 ~ x ~ 0.8 in NazTiS2). 

A composite of the voltage vs. composition curves 
for the 1st, 3rd, and 16th discharges is shown in Fig. 5. 
Here the loss of cycling capacity in the higher voltage 
plateau (0 ~ x ~ 0.4 in NaxTiS2) appears in sharp 

E 
(volts) 

I I I I I I I I I 
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2"41- / ~ ~ 3 r d  Discharge 
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Fig. 5. Effect of cell cycling on voltage-NaxTi$2 curves 

1.0 

contrast to the essentially constant capacity observed 
in the lower voltage plateau (0.4 < x < 0.8 in NaxTiS2). 
These results strongly suggest that structural changes 
in the TiS2 host lattice occur during sodium intercala- 
tion and deintercalation. Furthermore these structural 
changes appear to permanently affect the host's capac- 
i ty to reversibly intercalate sodium ions. A more 
detailed interpretat ion of structural  changes which 
are indicated must await  the results of x - ray  investiga- 
tions of the sodium intercalates. 

While we have demonstrated in this work the pos- 
sibility of the reversible operation of an ambient 
temperature sodium anode cell we agree with an 
analysis (14) which shows the Na-TiS2 system to 
be an impractical energy storage device. In fact, if 
the Na-TiS2 couple were limited to the compositional 
range between Na0.4TiS2 and Na0.sTiS2, then the theo- 
retical energy density would be only 144 W-hr/kg.  
This contrasts to the 480 W-hr /kg  reported as the 
theoretical energy density for Li-TiS2 (6). 
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ABSTRACT 

The improvement  of the l i th ium cycling efficiency obtained by  subst i tut ing 
a n  a l u m i n u m  substrate  for a l i th ium substrate is explained by means of 
morphological and kinetic studies of the electrodes in the molar solution 
LiC104-propylene carbonate. SEM observations show that  the insert ion rate 
of the l i th ium deposit into a luminum can be sufficiently high so as to avoid 
dendrit ic growth; ESCA analysis reveals that  propylene carbonate leads to a 
chemical iormat ion of a polymeric membrane  on the electrodes, which is less 
impor tant  on the a l u m i n u m  than on the l i th ium substrate. Electrochemical 
impedance measurements  associated with polarization curve data point  out 
that  most of the surface is active, giving rise to an exchange current  density 
of about 17 mA/cm'~; these studies also demonstrate  that diffusion processes in 
the passivating layer  and in the bulk of the electrode are responsible for the 
l imited l i th ium cycling performances with the a luminum substrate.  

The difficulties encountered in  the development  of 
high energy density l i th ium secondary batteries are 
main ly  l inked to the reactivity of l i th ium which 
leads to the formation of passivating layers on cath- 
odically deposited l i th ium dur ing both charge and 
storage periods. These layers are responsible for the 
failures observed during the experiments  carried 
out to obtain a dissolution efficiency of the l i th ium 
deposit very close to 1, a condition required to make 
batteries which will work adequately for a great 
number  of cycles. 

Various at tempts have been made to reduce the 
adverse effects of the chemical passivation either by 
a thorough purification of the electrolyte, or by in t ro-  
ducing additives, or further,  by al ter ing the solvent 
reactivi ty by  s t ructural  modifications (1-3). Never-  
theless the improvements  obtained by these different 
methods al though appreciable are still limited. 

Fur the r  at tempts have been made using the property 
of l i th ium incorporation in  metall ic lattices, which 
is likely to lead to a reduction in the chemical activity 
of the electrode (4-6). As promising results have 
been obtained with an a luminum substrate (7), we 
have performed a systematic comparison of the elec- 
trochemical behavior of l i th ium deposited on this type 
of substrate and on a l i th ium substrate. In this study, 
we have used both electrochemical methods (polariza- 
tion curves, electrode impedances),  and surface study 
techniques: [scanning and transmission electron mi-  
croscopy (SEM-TEM), x - ray  photoelectron spectros- 
copy (ESCA XPS) ]. 

Experimental 
The experiments  have been carried out with a 

molar  l i th ium perchlorate (LiC104) solution in pro- 
pylene carbonate (PC). LiC104 (Smith Chem. Com- 
pany  pure product) was dehydrated by heat ing under  
vacuum at a tempera ture  close to its mel t ing point. 
P.C. (Merck for synthesis) was dried over 3A activated 
molecular  sieves (Merck). The residual water  con- 
tent  in the solution thus obtained was below 10 ppm 
as determined by a coulometric t i t rat ion based on 
the Kar l -Fischer  method (Aquavit  Taeussel).  

All experiments  were conducted at 25 ~ ___ I~ in  
a dry box (Jaram).  The argon atmosphere was con- 
t inuously recirculated through a column containing 

* Electrochemical Society Active Member. 
1 Deceased  in F e b r u a r y  1980. 
Key  words: Li cathodic insertion, kinetics of insertion, impe- 

dance measurements, cycling efficiency, film analysis, electrodepo- 
sition. 

molecular  sieves and active carbon. The humidi ty  w a s  

monitored by a hygrometer  (Shaw) and reduced to 
about 5 ppm water vapor. 

The surfaces of the working electrodes are disks 
(A _-- 0.2 cm") formed by the cross sections of cyl- 
inders 5 mm high; they were fitted into glass tubes 
for the l i th ium (Alfa Ventron 99.9%) and into Teflon 
tubes for the a luminum (Johnson Matthey 99.99%). 

The electrodes, washed successively in  pure pro- 
pylene carbonate and in anhydrous hexane were 
observed by scanning electron microscopy (Cambridge 
Stereoscan). The layers were analyzed by transmission 
electron microscopy (Jeol 10O B) and x - r ay  photon 
electron spectroscopy (AE[ ES 200 B). Special ap- 
paratus were designed for the t ransfer  of the l i th ium 
samples to the SEM (8) and ESCA (9) observation 
chambers to avoid any atmosphere contamination.  

The cell polarization was controlled by a fast re-  
sponse potent iostat-galvanostat  (10). The potential  
measured between the working electrode and the 
l i th ium reference electrode was determined after cor- 
rection of the ohmic drop by an in ter rupted  current  
technique. By using a rotat ing disk electrode, the 
measured potential  is free of any term due to con- 
centrat ion gradients in the electrolyte. The impedance 
of the electrode was measured in the frequency range 
from t0 +'5 to 10-~ Hz using a function transfer  analyzer  
(Schlumberger  Solar t ron 1174) with an ohmic drop 
compensator device (11). 

Results and Discussion 
Cycling Operations 

Li th ium subs t ra te . - -We  have shown elsewhere, with 
a motionless electrode pre l iminar i ly  submit ted to an 
anodic polarization (50 mV of overpotential  and 10 
C/cm 2' of charge densi ty) ,  that  a quite reversible 
behavior  of the l i th ium electrode was only obtained 
with l imited overpotentials,  current,  and charge den-  
sities (12). Accordingly, more than 500 galvanostatic 
cycles have been performed with a current  density of 
1 m A / c m  2 and a charge density of 1 C/cm 2, with a 
very low evolution of the involved overpotentials 
(15 < 10] < 25 mV). 

Aluminum substrate.--The use of an aluminum sub- 
strafe allowed a significant improvement in the cycling 
properties of lithium. With a motionless electrode 
submitted to an initial lithium incorporation (Q -- 50 
C/cm 2 and i ----- 5 mA/cm2), we have obtained more 
than 1500 cycles with a current density of 2 mA/cm 2 

2100 
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and a charge densi ty  of 1 C/cm 2, corresponding to 
an average  coulombic efficiency h igher  than  97%. 
I t  was st i l l  possible to obta in  nea r ly  220 cycles (Fig. 
1) wi th  a cur ren t  densi ty  of 2 mA/cm2 and a cycl ing 
charge  dens i ty  of 2.5 C /cm 2, wi th  94% coulombic 
efficiency. The above numbers  of cycles have been 
de te rmined  by  s topping cycl ing when the discharge 
potent ia l  of the e lect rode was increased to 100 mV 
wi th  respect  to its in i t ia l  value.  

Electrode Morphology 
Li th ium substrate.--The f i r s t  morphologica l  s tudies 

pe r fo rmed  with  a l i th ium subs t ra te  have shown tha t  
an anoaic  p repola r iza t ion  was able  to clean the elec-  
t rode  sur iace;  the  po lycrys ta l l ine  s t ruc ture  of the  
subs t ra te  was c lear ly  revea led  af te r  a c leaning of 
the e lect rode surface by  an anodic polar iza t ion  of 
50 mV overpo ten t ia l  and 10 C /cm '~ charge densi ty  
(12). Al te rna t ive ly ,  using l a rge r  overpoten t ia l s  led 
to surface  damaging.  

Dur ing  the cathodic step, the l i th ium began to grow, 
on a clean surface, ma in ly  on the c rys ta l lographic  
defects  of the metal ,  such as the  gra in  boundaries .  
This deposi t  could be whol ly  dissolved dur ing  a sub-  
sequent  anodic polar iza t ion  at  50 mV overpotent ia l ,  
insofar  as the cathodic and anodic charge  densit ies  
r emained  lower  than  1 C/cm~. Wi th  h igher  charge 
dens i t i e s ,  or h igher  overpotent ials ,  the e lect rode sur -  
face was spread  wi th  smal l  islets of l i th ium deposi t  
which could not l a te r  be dissolved under  anodic 
polar izat ion.  Wi th  Charge densit ies h igher  than  5 C/  
cm 2, the l i th ium deposi t  unde rwen t  a dendri t ic  growth.  

A l u m i n u m  substrate.--The cathodic reduct ion of Li + 
ions in galvanosta t ic  conditions,  on an a luminum sub-  
s t rate ,  d id  not lead  to a dendr i t ic  format ion  as long 
as the  charge  dens i ty  was smal le r  than  a threshold  
va lue  Qd. The va lue  of Qd depended  on the cur ren t  
dens i ty  used, e.g., Qd ~ 50 C/cm 2 for  i : 1O m A / c m  2, 
Qd ~ 1O0 C/cm 2 for  i : 1 m A / c m  2. The improvemen t  
corresponding to this s lower  fo rmat ion  of dendr i tes  
is l inked  to the format ion  of the in te rmeta l l i c  com- 
pound  LiA1 which was identif ied by  x - r a y  diffract ion 
analysis.  

The way  l i th ium was incorpora ted  into a luminum 
depended  on the type  of p r e l im ina ry  t r ea tmen t  unde r -  
gone by  the a luminum substrate.  For  instance, the 
e lec t ropol ishing of this me ta l  in an anhydrous  e thanol  
solut ion of l i th ium perch lora te  induced the format ion  
of a th ick  a lumina  l aye r  leading  to the dendr i t ic  
g rowth  of l i th ium for the  lowest  charge  densities.  
The e lect rode surfaces used in this work  had thus 
been p repa red  under  s t r ic t ly  ident ical  condit ions con- 
sist ing of a mechanical  pol ishing inside the glove box. 

The dissolution of the l i th ium incorpora ted  in the 
a luminum could not  be pe r fo rmed  wi thout  a vis ible  
a l te ra t ion  of the substrate ,  unless this dissolution was 
l imi ted  to 30% of the ini t ia l  l i th ium deposit.  For  
h igher  percentages,  the  surface exhib i ted  cracks which 
separa ted  domains  whose d imens ions  were  s imi lar  to 

those of the gra in  boundaries .  This behavior  might  
be due to an in t e rg ranu la r  pene t ra t ion  of l i th ium into 
a luminum.  

Analysh of the Passivating Layers 
Thin films, s t r ipped  f rom surfaces of both  l i th ium 

and a luminum suDstrates by  means  of copper  g r i d s ,  
have  been observed by  TEM: the electrodes were  
covered with  a l ayer  a lways  plast ic  and porous in 
appearance.  F igure  2 shows a l ayer  obta ined f rom a 
l i t h ium-a luminum electrode submi t ted  to a cathodic 
charge densi ty  Qc - -  30 C/cm 2 and a cur ren t  densi ty  
i _-- 2 m A / c m  2. The microdiffract ion pat terns ,  corres-  
ponding to the a rea  observed on Fig. 2, showed the 
existence, inside the pores, of t iny Li2COa and LiC1 
crysta l l i tes  (Fig. 3). Let  us recal l  that /  in the case 
of the l i th ium substrate,  the presence of LiC104 crys-  
tal l i tes  had  also been detected (13). The analysis  of 
the e lect rode surface by  x - r a y  photoelect ron spec-  
t roscopy (ESCA XPS)  confirmed the presence of 
CO3 =, C104-, and C1- ions. The presence of l i th ium 
carbonate  agreed  wi th  the decomposi t ion of p ropy lene  
carbonate,  accompanied  by  fo rmat ion  of propylene,  as 
proposed by Dey (14). However ,  in our  opinion, the  
pass ivat ing  proper t ies  of the l aye r  were  not  due to 
a compact  Li2CO3 layer ,  but  r a the r  to the plast ic  
l ayer  in which the crys ta l l i tes  have been observed,  
and which would  be formed by  po lymer iza t ion  of 
p ropylene  as suggested by  Bro in a discussion of 
Broadhead ' s  paper  (15). In  the case of r e la t ive ly  
th ick layers  formed on l i th ium substrate,  it  was pos-  
s ible to ver i fy  that  the plast ic  par t  of the l aye r  was 
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Fig. 1. Galvanastatlc cycling with a motionless aluminum elec- 
trode. Initial lithium charge density of 30 C/cm 2. Current density 
i = 2 mA/cm 2. Charge density Q ---- 2.5 C/cm 2. 

Fig. 2. Layer stripped from an aluminum-lithium electrode and 
observed in transmission electron microscopy: (a, top) bright field, 
(b, bottom) dark field. 
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Fig. 3. Microdiffraction diagram of the area corresponding to the 
Fig. 2; electron beam 100 kV. 

not soluble in  any acid solution. Besides, mass spec- 
troscopy analysis revealed the presence of organic 
compounds of molecular  mass higher than the molecu- 
lar mass of propylene, inside the layer  submit ted to 
a tempera ture  of 150~ 

The decomposition of propylene carbonate has been 
observed whatever  the t rea tment  applied to the elec- 
trode: anodic dissolution, cathodic deposition, and 
s tanding time in the electrolyte. Therefore, the origin 
of these layers is cer ta inly due to a chemical process 
of decomposition of propylene carbonate in the pres-  
ence of l i thium. On the other hand, the behavior  of 
l i th ium dur ing  the aging of the solution (long periods 
of charge and discharge) remained the same so that  
completely removing the impurit ies did not avoid 
any  formation of a passivating layer. This conclusion 
agreed with that  of Koch about the electrolytes with 
te t rahydrofuran  as the solvent (16). Thus, the forma-  
tion of the plastic layer  may be considered as u n -  
avoidable, and the more developed the more dendri t ic  
was the state of l i th ium deposit. The ionic erosion 
technique used dur ing the ESCA study of the elec- 
trodes, allowed us to show, however, that  the layer  
formed on a luminum was always th inner  than  the 
layer formed on massive l i th ium under  similar con- 
ditions. 

Electrode Kinetics 
Polarization curves.--Lithium substrate.--We have 

shown elsewhere (12) that, for the clean electrode, 
the overpotent ia l -current  density curves ~ = f ( i )  
were symmetr ic  and reversible when  overpotentials 
were lower than 50 mV and when the cathodic polar-  
izations were carried out fast enough to avoid any 
evolution of the area due to a dendrit ic growth. The 
analysis of these curves led to an exchange current  
density io = 3.3 mA/cm 2 and a t ransfer  coefficient 

---- 0.5 for the charge t ransfer  reaction Li ~ Li + 
4- e - ,  with a molar  LiC104 solution in propylene car- 
bonate and a residual water content  lower than 10 ppm. 

Aluminum substrate.--The curves (a) and (c) of 
Fig. 4 show the evolution of the current  density vs. 
the potential  of the a luminum electrode with respect 
to the l i th ium reference electrode, respectively, after 
and before correction for the ohmic drop. The analysis 
of these s tat ionary curves obtained after a charge 
density of 20 C/cm" had shown, first, that  the alu-  
m i n u m - l i t h i u m  electrode tended to two different values 
of the open-circui t  rest potential  (OCP). Star t ing 
from a s tat ionary polarization state obtained after 
a period of cathodic deposition, the electrodes reached 
an OCP Vr ,~ 835 mV'. After  an anodic dissolution 
amount ing  to about  1/10 of the ini t ia l  charge, the 
electrode reached another  OCP Va ,~ 385 mV. This 
last value was corresponding to the free enthalpy 
for the formation of the intermetal l ic  compound LiA1 
[AG ~ 8.9 kcal /mole (5)].  The difference between 
"Ca and Vc seemed thus to be a t t r ibuted to the fact 
that  there existed two equi l ibr ium compositions of 
the a luminum- l i t h ium electrode for anodic and cath- 
odic polarizations. 

The evolution of the free ohmic drop potential  in  
the t ime V = V( t )  during a current  in te r rup t ion  
showed two distinct parts separated by a sharp dis- 
continuity.  The first par t  corresponds to the rapid 
discharge of the electrochemical double layer  with a 
relaxat ion t ime ~ of about 20 ~sec. The second par t  
occurred with a re laxat ion t ime ~' between 10 and 100 
sec. The rela t ively long times ~' could not  be a t t r ib-  
uted to the vanishing of a gradient  in the electrolyte 
since the polarization curve did not  depend on the 
rotat ion speed of the electrode, at the high rotat ion 
speeds used in the experiments  (~ ----- 1000 rpm).  They 
were due to a relat ively slow solid-state diffusion 
process which modified the composition of the elec- 
trode, after the current  interrupt ion.  The instantaneous 
OCP values V* of the curve b (Fig. 4) correspond to 
the potentials of the discontinuities of the curve V : 
V( t ) .  As T << T' these values V* corresponded to 
OCP of electrodes whose superficial compositions 
did not appreciably differ from the solid-state com- 
positions existing just  before the current  interrupt ion.  

The conventional  t rea tment  of the polarizat ion 
curve ~ = f( i )  with ~ _-- 9" -- V* led to an exchange 
current  density io higher than 15 m A / c m  2 with a 
t ransfer  coefficient ~ _-- 0.5. These values agreed with 
the variations of io when using different values of 
concentrat ion of Li + ions in the electrolyte. 

Electrode impedances.raThe previous approximate 
est imation of io, for the a luminum substrate, has 

1 0 ,  i " ~  ]~ I - ~  ~ "  I / ~,,,, 

P O T E N T I A L  veesus  L / L i , + ( m V )  

Fig. 4. Polarization curves with a disk aluminum electrode ro- 
tating at 2000 rpm. Curve (a) free ohmic drop potential, curve (b) 
instantaneous open-circuit potential, curve (c) potential vs. Li/Li +, 
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been made more precise with measurements  of the 
electrode impedance (17). This technique allowed to 
get free from the difficulties l inked to the variat ions 
in  the composition of the electrode with the conditions 
of the electrolysis. Furthermore,  it has been possible 
to confirm the phenomenon of solid-state diffusion 
ment ioned above. 

All  the impedance diagrams obtained with a rotat ing 
disk electrode, under  various stat ionary anodic and 
cathodic current  densities between 0 and 10 mA / c m 2, 
comprised two distinct loops (Fig. 5), both indepen-  
dent  from the rotat ion speed of the electrode ( a  - -  
1000 rpm) .  The high f requency loop (between 10 +~ 
and 2.5 Hz) was independent  of the current  density 
used. In  contrast, the low frequency loops (between 
2.5 to 10-~ Hz) had all the same shape with an ini t ial  
s traight l ine of slope 45 ~ bu t  a size which was larger 
as the current  density was lower. 

These results can be explained if the previous re-  
sults about the polarization curves are taken into 
account. In  the case of the a luminum- l i t h ium elec- 
trode, several kinds of electroactive l i th ium species 
are involved in the electrochemical reaction. The cur-  
rent  density i is a funct ion not only of the potential  V 
and of the active part  ea of the electrode area, bu t  
also of the concentrations cz of the Li species on the 
surface of the metal, according to the relat ion 

i = i (V ,  ea, cj) [a] 

The electrode impedance Z is then related to the 
derivat ive of Eq. [a] with respect to the voltage (18) 

d--V= -~/cj,0a 

Oi dcj Oi dSa ] 

~a - ' ~  "-~a Cj 

For a relat ively high frequency, only the charge 
t ransfer  process can follow the variations of the 
voltage imposed by the potentiostat  (e.g., for fre- 
quencies such that 1/N < <  T) the (c]i/acj) terms of 
Eq. [b] can be neglected. Under  these conditions, the 
r ight  side of Eq. [b] reduces to 

' 

.i,ea Rt [C] 

where Rt is the t ransfer  resistance corresponding to the 
charge transfer  reaction Li ~ Li+ + e - .  This t ransfer  
resistance equal to 1.5 ~ �9 cm, practically independent  
of the current  densi ty range of 0-10 mA/cm 2, showed 
that  the electrode was in the micropolarization domain. 
From the conventional  relat ion at zero current  between 
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Fig. 5. Electrochemical impedance of the aluminum lithium elec- 
trode for various cathodic current densities. Experimental points 
correspond to frequencies in Hz. 

the exchange current  density and the t ransfer  re-  
sistance (io = R T / R t F  where R, T, and F had their 
usual  meaning) ,  an exchange current  density of near ly  
17 mA / c m 2 was calculated, corroborating the results 
deduced from the polarization curves. On the other 
hand, the high value of the double layer capacity (Cd 

40 ~F/cm2) measured with the a l u m i n u m - l i t h i u m  
electrode demonstrated that the active surface was 
larger then than in the case of the l i th ium electrode 
(Cd ~ 5 ~F/cm '2) (19). 

Alternat ively,  for a relat ively low frequency, the 
mass t ransfer  processes can follow the variat ions of 
the voltage imposed by the potentiostat. Thus, the 
right hand of Eq. [b] tends to d i /dV  = 1/Rp where Rp 
is the polarization resistance. In  addit ion to Rt, this 
term Rp contains a contr ibut ion of a diffusion resistance 
Rd. The low frequency loops, with their  ini t ial  s traight 
line of slope 45 ~ confirmed that  diffusion phenomena 
occurred in the bulk  of the electrode. These phenomena 
might  s imul taneously  occur in  the porous layer  cover- 
ing the electrode and in the a luminum substrate. The 
diffusion of l i th ium could happen according to several 
processes, as those suggested by Nicholson (5) for a 
magnesium substrate: t ransport  of l i th ium along the 
grain boundaries  and penetra t ion inside the grains. 

Conclusion 
Two essential facts have been demonstrated by  com- 

parison of the two kinds of electrodes made with a 
l i th ium and an a luminum substrate. First, the same 
chemical decomposition of propylene carbonate in ter -  
venes with both kinds of electrodes, yielding a plastic 
and porous layer. The l i th ium incorporat ion rate, 
though not  fast enough to avoid the format ion of a 
passivating layer  onto a luminum,  is however suffici- 
ent ly  high for cathodic charge densities 10-20 times 
larger than for a l i th ium substrate to be used without  
formation of dendrites;  the development  of a thick 
passivative layer, as in  the case of l i thium, is thus re- 
duced. On the other hand, the incorporation of l i th ium 
into the a luminum substrate does not involve a pro- 
hibit ive penal ty  voltage (~V < 0.4V), and is homo- 
geneous enough for obtaining a very large increase of 
the active part  of the electrode surface in tervening  in 
the charge t ransfer  process. 

The results obtained with the a luminum substrate 
dur ing the cycling operations, though more satisfactory 
than with li thium, are ma in ly  l imited by diffusion 
phenomena in the bulk of the electrode. The improve-  
ment  of the performances of this kind of electrodes 
thus necessarily depends on an increase in the rate of 
these diffusion processes of l i thium, through an ade- 
quate change of the s tructure of the substrate.  
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Zone Processes at the Formation of 
the Lead Acid Battery Positive Plate 

D. Pavlov* and G. Papazov 
Central Laboratory o~ Electrochemical Power Sources, Bulgarian Academy ol Sciences, Sofia 1040, Bulgaria 

ABSTRACT 

T h e  processes dur ing formation at different cur ren t  densities of t h e  p o s i -  
t i v e  lead acid ba t te ry  plates prepared wi th  different phase compositions of 
t h e  paste were studied. At the formation a PbO2 zone is formed. The direction 
of its growth in  the plate depends on the phase composition of the p a s t e ,  t h e  
cur ren t  density, the pH of the solution, the paste density, etc. It was found 
that  at format ion with a high cur ren t  density of the plates wi th  high sulfa- 
t ion pastes, the PbO2 zone grows in the interior  of the plate first and then  to 
its surfaces. At  formation wi th  a low cur ren t  density of the plates with low 
sulfat ion pastes this process is inverse. A diagram of chemical and electro- 
chemical reactions which take place in a reaction layer  is presented. The direc- 
t ion of the PbO2 zone growth depends on the direction of H + and SO42- ion 
flows which keep electroneutral i ty  of the solution in  the reaction layer. When 
the H + and SO42- ion flows enter  the react ion layer  the PbO2 zone grows in 
the surface layers of the plate and vice versa, when they go out of the re-  
action layer  the PbO2 zone grows first in  the interior  of the plate. 

Format ion is an essential process in  the tech- 
nology of the ~lead acid bat tery  positive plate produc- 
tion. During formation lead oxide and basic lead sul-  
fates of the cured paste t u rn  into a lead dioxide active 
mass. Format ion depends on the following conditions: 
(i) concentrat ion of the formation H2SO4 electrolyte, 
(ii) phase composition of the cured paste, (iii) for- 
mat ion current  density, (iv) paste density, and  (v) 
temperature.  

The overwhelming major i ty  of previous studies 
were aimed at de termining the influence of the above- 
ment ioned conditions on the active mass performance 
(1-22). In  a paper of ours (23) we elucidated the 
chemical and electrochemical reactions by establishing 
the change of the plate phase composition dur ing for- 
mat ion in electrolytes with various H2SO4 concen- 
trations. In  another  paper (24) we determined the in -  
fluence of current  density on formation. The present  
paper aims to define the influence of phase composition 
of the cured paste and formation current  density on 
the rates of chemical and electrochemical reactions at 
the various regions of the cross section of the plate. 

Experimental Methods 
Format ion was carried out on 14 A-h r  plates of auto-  

motive batteries. The pastes were prepared at 30~ 
The amount  of H2SO4 with specific gravi ty of 1.4 
g /cm 2 was 0, 2, 4, 6, 8, 10, and 12% with respect to the 
65% oxidized lead powder. Fur ther  in this paper  we 
shall  signify this amount  by percent  H2SO4 only. 

* Electrochemical Society Active Member. 
Key words: formation of PbO2 battery plate, lead acid battery 

techr.ology, processes in porous electrodes, movements of the 
electrochemical processes in space. 

Through the var iat ion of the quant i ty  of added water  
all  kind of pastes have been adjusted at a density of 
4.2 g /cm 3. Pb-6% Sb grids were pasted and the plates 
were cured for 72 hr  at 35~ and 100% humidity.  The 
exper imental  cells consisted of a tested positive plate 
combined with two negative plates. The formation 
electrolyte was H2SO4 wi th  sp gr 1.05. Format ion  was 
carried out at 2 and 10 m A / c m  2 of the plate apparent  
area. Dur ing  format ion the potential  of the positive 
plate under  polarization was measured. Every hour 
the circuit was opened and the potential  was mea-  
sured for 5 rain vs. the Hg/Hg2SO4/H2SO4 electrode. 
Periodically samples were cut out from the tested plate. 
After  r insing and drying par t  of the active mass was 
subjected to x - ray  diffraction analysis and porosity 
measurements.  To determine the dis t r ibut ion of the 
formed PbO2 zones and unformed paste, a cross section 
of the other part  of the sample was observed and 
photographed. 

Experimental Results 
Influence of the paste phase composition on the di- 

rection o] growth o5 the Pb02 zone during the first 
$ormation stage.--Lead oxide and basic lead sulfates 
are yellow to white in color. Lead dioxide is dark brown 
to black. Thus the formed and unformed zones in the 
plate can be clearly distinguished. By the change of 
the color in the plate cross section the formation pro- 
cess may be easily followed. 

Figure 1 presents photographs of the cross section 
of par t ia l ly  formed plates with pastes of 0, 2%, 4%, 
6%, 8%, 10%, and 12% H2SO4. The dark zones cor- 
respond to PbO2 and the light ones to unformed paste. 
Format ion was carried out at a current  of 10 m A / c m  ~. 



Vol. 127, No. ~0 L E A D  A C I D  B A T T E R Y  P O S I T I V E  P L A T E  2105 

Fig. 1. Microphotograph of the cross section of segments between 
two grid bars of partially formed plates prepared with 0, 2%, 4%, 
6%, 8%, 10%, and 12% H20~ pastes. The dark portions of the 
plates are Pb02 zones while the light ones consist of unformed 
divalent lead compounds. 

The photographs  were  made  when 10 to 14 A - h r  had  
passed th rough  the  plate.  

Fo rma t ion  begins a lways  f rom the gr id  bars  bu t  the  
direct ion of the PbO2 zone g rowth  depends  on the 
percen t  H2804 used for paste  prepara t ion .  

When  0% H2SO4 paste  is under  format ion  the PbO2 
zone grows in i t ia l ly  in the surface layers  of the plate.  
Af te r  covering the surfaces the  PbO2 zones advance  
into the  in te r io r  of the plate .  At  pas te  wi th  2% H2804, 

the ra te  of the PbO2 zone growth  in the  surface layers  
s l ight ly  exceeds tha t  into the  inter ior .  In  the  case of 
6% and 8% H2SO4 pastes  the di rect ion of the  PbO2 
zone growth  is r eve r sed  in compar ison wi th  the  low 
sulfat ion pastes. At  10% and 12% H2SO4 pastes  t he  
ra te  of g rowth  of the PbO2 zone into the i n t e r i o r  ex-  
ceeds many  t imes the one in the  surface layers .  

Change o~ the p~ate phase composition during for- 
mation.--The re la t ive  in tens i ty  of the  x - r a y  charac-  
ter is t ic  diffract ion l ines was adopted  as a measure  of 
the phase  changes in the  p la te  dur ing  fo rmat ion  (25). 
It is defined as a rat io  of the  "i" phase character is t ic  
reflection in tens i ty  and the sum of the intensi t ies  of 
the  character is t ic  diffract ion l ines of al l  phases. The 
reflections l is ted in Table  I were  adopted  as charac-  
teristic.  The values  in b racke t s  show intensi t ies  of the  
powder  diffractograms.  Since not  a l l  of t hem are  
equal  to 10, the  re la t ive  in tens i ty  values  do not  cor re-  
spond to the  absolute  amounts  of the phases in the 
plate.  They can be used only  as a measure  for phase 
re la t ive  changes dur ing  formation.  

The plates  were  p r e p a r e d  at  30~ using 0%, 4%, 
8%, and 12% H2SO4. Up to 8% H2SO4 the pas te  con- 
sists of t e t -PbO and 3PbO.PbSO4.H20 (26). The 12% 
H2SO4 paste  contains PbO.PbS04 ,  3PbO-PbSO4.H20,  
and smal l  amount  of t e t -PbO (26). 

F igure  2 presents  the  changes of the  re la t ive  in- 
tensity of the phases in the p la te  dur ing  format ion  w i th  
10 m A / c m  2. I t  is seen tha t  in i t i a l ly  PbO-PbSO4, 3PbO. 
PbSO4.H20, and  t e t -PbO react  w h e r e b y  ~-PbO2, 8- 
PbO2, and PbSO4 are  formed. This per iod  de te rmines  
the first s tage of fo rmat ion  (23). The first s tage is com- 
p le ted  by  the flow of less than  30 A - h r  which  is ap -  
p r o x i m a t e l y  equal  to the  theore t ica l  capaci ty  of the 
plate.  At  the  end of this s tage the  p la te  consists of 
a-PbO2, ~-PbO2, and PbSO4 c r y s t a l s  which can be 
seen all  over  the  cross sect ion of the plate .  Dur ing  a 
second format ion  s tage PbSO4 is oxidized to ~-PbO2. 

The diffract ion lines 0.312 and 0.350 nm chosen as 
character is t ic  of a- and ~-PbO2 are  common wi th  
those of t e t -PbO and PbSO4. However ,  a t  the end of 
the format ion  only negl ig ible  amounts  of PbO and 
PbSO4 remain  in the plates.  The above diffraction 
lines presen t  the ~/~ PbO2 rat io  of the phases. F igure  
3 shows the dependence  of this  ra t io  on the pe rcen t  
H2SO4 in the  paste. At  pastes p r epa red  wi th  less than  
4% I-t2SO4 the amount  of a-PbO2 in the  active mass 
exceeds tha t  of ~-PbO2. At  more  than  6% H2SO4, 
~-PbO2 predomina tes  in the  act ive mass. Prac t ice  has  
affirmed the use of 4-5% It2SO4, which  corresponds  
to a s l ight ly  l a rge r  amount  of a-PbO2 compared  wi th  
tha t  of fl-PbO2. 

Change of the electrode potential during formation.- 
Figure  4 presents  the  dependences  of the  potent ia ls  
under  polar izat ion and at  open circui t  on the quan t i ty  
of e lec t r ic i ty  passed dur ing  format ion  of the plates  
wi th  2%, 6%, and 12% H2SO4 pastes. The potent ia ls  
were  measured  vs. Hg/HgeSOJH2SO4 electrode.  

At  the  ve ry  beginning  of format ion  only  the  p la te  
gr id  is electroconductive.  That  is why  the cur ren t  den-  
s i ty is h igh and the polar izat ion is great.  As PbO2 
zones are  formed and begin to grow the cur ren t  den-  
si ty decreases and the polar iza t ion  decreases too. 

Dur ing the first s tage bo th  potent ia ls  r ema in  low. 
When the oxidat ion  of PbSO4 to PbO2 begins potent ia l  
under  cur ren t  increases and a t ta ins  a constant  value  in 

Table I. 

D i f f r a c t i o n  
l i n e  ( d / n m )  P h a s e  

0.350 PbO2 [9.1] + PbSO4 [0.8] 
0.333 PbO �9 PbSO~ [I0] + PbSO~ [I0] 
0.326 3PbO - PbSO4 �9 H20 [I0] 
0.312 t e t -PbO [10] + a-PbO~ [10] 
0.300 PbSO4 [10] 
0.279 t e t -PbO [8.2] + /~-PbO~ [10] 
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Fig. 2. Relative intensity changes of the phase characteristic 
diffraction fines during formation of plates with pastes prepared 
with: ( 0 )  0% H2S04; ( I )  4% H2S04; ([~]) 8% H~S04, and (@) 
lZ% H~S04. 

the second format ion  stage. In  the  first s tage the po-  
t en t i a l  under  polar iza t ion  is 150-200 mV more  negat ive  
than  that  in the second one. 

F r o m  F igure  4 i t  is also seen tha t  p la tes  wi th  g rea te r  
pas te  sulfat ion have h igher  e lec t rode  potent ia ls  un-  
der  cur ren t  and at  open circui t  than  those plates  the  
pastes  of which  are  p r e p a r e d  wi th  smal l  amounts  of 
H2SO4. In  the second format ion  stage the plates  con- 
sist only  of ~-PbO2, #-PbO2, and PbSO4, the open -c i r :  
cult  potent ia l  reaches  a constant  va lue  which does 
not  depend  on the in i t ia l  pas te  composit ion.  

Table  I I  presents  the equ i l ib r ium potent ia ls  of 
5PbO'2H20/PbO2,  PbSO4/PbO2, and basic lead  
sulfa tes /PbO2 electrodes agains t  the Hg/Hg2SO4 elec-  
trode. I t  can be supposed tha t  the  grea t  difference be-  
tween equi l ib r ium potent ia ls  is the reason why  fo rma-  
t ion takes place in two stages. The table  shows also 
that  the equ i l ib r ium potent ia ls  depend s t rongly  on p H  
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Fig. 4. Change of the plate potentials under polarization and at 

5 rain at open circuit i = 0 (vs. Hg/Hg2S04 electrode) during 
formation. 

and less on the SO42- ion activity.  When  pH increases  
the potent ia ls  become more  negative.  If  i t  is assumed 
tha t  the open-c i rcu i t  potent ia l  is de te rmined  by  the 
equi l ib r ium P b O J P b S O 4  e lec t rode  system, we can cal-  
culate  pH of the solut ion in the pla te  using the equi-  
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Table II. 

5PbO~ + 10 H+ + 10e- = 5PbO �9 2H20 + 3H~O 
E1 = 0.500 - 0.059 pH 

4PbO~ + 1uH+ + SO~ 2- + 8e- = 3PbO.PbSO4.H20 + 4H~O 
E2 = {J.715 - 0.074 pH + 0.007 log as% '~- 

2PbO~ + 6H+ + SO~ e- + 4e- = PbO.PbSO4 + 3H20 
E3 = 0.852 + 0.089 pH + 0.015 log as% e- 

PbO2 + SO4 ~- + 4H + + 2e- = PbSO4 + 2H20 
E ,  = 1 . 1 2 8  - -  0.113 pH + 0.029 log aso~- 

l i b r i u m  p o t e n t i a l  e q u a t i o n  fo r  t h i s  sys t em.  A t  as042-  ---- 
10 -2, f r o m  t h e  o p e n - c i r c u i t  p o t e n t i a l  c u r v e  w e  o b t a i n  
t h e  p H  v a l u e s  w h i c h  a r e  p l o t t e d  o n  t h e  r i g h t - h a n d  
o r d i n a t e  in  Fig.  4. I t  c a n  be  s e e n  t h a t  t h e  h i g h e r  t h e  
p a s t e  s u l f a t i o n  is, t h e  l o w e r  is t h e  p I I  of  t h e  p o r e  
s o l u t i o n  of t h e  p la te .  F i g u r e  4 a lso s h o w s  t h a t  d u r i n g  
f o r m a t i o n  p H  of  t h e  p o r e  s o l u t i o n  dec reases .  

Influence of the current density on the PbOz zone 
direction of growth during formation.--Investigation 
w a s  c a r r i e d  o u t  o n  pas te ,  p r e p a r e d  w i t h  6% H2804.  
T h i s  p a s t e  c o r r e s p o n d s  to t h e  r e g i o n  in  Fig. 1 w h e r e  
t h e  g r o w t h  r a t e  of t h e  PbO2 zone  in  t h e  p l a t e  i n t e r i o r  
s l i g h t l y  e x c e e d s  t h a t  i n  t h e  s u r f a c e  l aye r s .  

F i g u r e  5 p r e s e n t s  t h e  PbO2 z o n e  a d v a n c e  d u r i n g  f o r -  
m a t i o n  w i t h  a c u r r e n t  of  10 m A / c m  2. F i r s t ,  t h e  PbO2 
zones  g r o w  i n  t h e  p l a t e  i n t e r i o r  (Fig .  5b, c, d)  a n d  

t h e n  t o w a r d  t h e  su r faces .  S o m e t i m e s  a w h i t e  l a y e r  is 
o b s e r v e d  a t  t h e  b o u n d a r y  b e t w e e n  t h e  P b 0 2  zones  a n d  
t h e  u n f o r m e d  pas te ,  

W h e n  t h e  f o r m a t i o n  p r o c e s s e s  f o l l o w  th i s  w a y  t h e  
u n f o r m e d  p a s t e  s u r f a c e  l a y e r s  s t a y  fo r  a l ong  t i m e  in  
c o n t a c t  w i t h  t h e  H~SO4 so lu t ion .  C h e m i c a l  r e a c t i o n s  of  
s u l f a t i o n  t a k e  p l a c e  b e t w e e n  t h e  p a s t e  a n d  t h e  s u l -  
f u r i c  acid.  W h i t e  P b S O 4  l a y e r s  a r e  f o r m e d  o n  b o t h  
su r faces .  T h e y  a r e  t h e  l a s t  to  be  o x i d i z e d  to  PbO2.  

F i g u r e  6 p r e s e n t s  f o r m a t i o n  w i t h  a c u r r e n t  d e n s i t y  
of  2 m A / c m  2. T h e  PbO2 zone  r a t e  of  g r o w t h  is a l i t t l e  
h i g h e r  in  t h e  s u r f a c e  l a y e r s  t h a n  t h a t  i n to  t h e  i n t e r i o r  
of t h e  p la te .  T h e r e f o r e  a t  l o w e r  c u r r e n t  d e n s i t y  t h e  
PbO2 zone  r a t e  of g r o w t h  in  t h e  p l a t e  i n t e r i o r  d e -  
c reases  a n d  f o r m a t i o n  p r o c e s s e s  i n  t h e  s u r f a c e  l a y e r s  
a re  a c c e l e r a t e d .  

Influence of the current density on the change of the 
plate phase composition during $0rmation.--Figure 7 
shows  t h e  d e p e n d e n c e  of  t h e  d i f f r a c t i o n  l ine  r e l a t i v e  
i n t e n s i t y  of P b O  arid bas i c  l e ad  s u l f a t e s  as w e l l  as 
t h a t  of ~-PbO2,  ~-PbO2,  a n d  PbSO4  o n  t h e  q u a n t i t y  of  
e l e c t r i c i t y  passed .  T h e  i n t e n s i t y  c u r v e s  a r e  i n d i c a t i v e  

Fig. 5. Photomicrographs of the cross section of the plate 
prepared with 6% H2SO4 paste during formation with a current 
of 10 mA/cm 2. (a) Unformed plate, (b-d) during formation (the 
dark portions are PbO~ zones), (e) completely formed plate. 

Fig. 6. Photomicrographs of the cross section of the plate pre- 
pared with 6% H2SO4 paste during formation with a current of 
2 mA/cm 2. (a) Unformed plate, (b-d) plate during formation, (e) 
completely formed plate. 
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Fig. 7. Change of the phase composition of the plate during 
formation with a current of 10 mA/cm 2. ( I )  At the surfaces of the 
plate; ( I )  in the interior of the plate. 

of the phase composition changes in the surface layers 
and in  the plate interior.  Format ion  was performed 
at 10 m A / c m  2. The plate was prepared with 6% H2SO4 
paste. The amount  of PbSO4 in the plate reaches its 
max imum after passage of about  24 A-h r  whereby the 
first stage is over. 

Figure  8 presents formation of the above type of 
plates with current  2 m A / c m  2. After  the passage of 
about 20 A-hr,  PbO and 3PbO-PbSO4"H20 in  the sur-  
face layers react completely. In  the plate in ter ior  this 
process is over after about  28 A-hr.  By this time the 
amount  of PbSO4 in the plate reaches its max i mum 
and the first formation stage is over. 

A comparison of Fig. 7 and Fig. 8 shows that  in  the 
first stage of formation at low current  density the re-  
actions are more advanced in  the surface layers than  
in  the plate interior.  This coincides with the optical 
observations (Fig. 5 and 6). 

Influence o:f the current density on the plate porosity 
during ]ormation.--Table III presents the molar  vol- 
ume changes in  the course of the chemical and electro- 
chemical reactions. The table is based on data given 
by Burbank  (8). The molar  volume increases at the 
sulfation and oxidation of Pb and PbO to PbO2. At 
the oxidation of 3PbO.PbSO4.H20 and PbSO4 to PbO2 
it decreases. 

The active mass porosity is characterized by two 
parameters:  porosity and pore size distribution. 

Table III. 

Initial product F i n a l  p r o d u c t  

C h a n g e  of volume with 
r e s p e c t  t o  t h e  i n i t i a l  
p r o d u c t  f o r  1 g-atom 

P b ,  % &V/Vm~ 

t e t - P b O  P b S O 4  + 100 
#-PhO~ + 4,2 

3 P b O  �9 P h S O ~  �9 H 2 0  P b S O 4  + 26.2 
PbO2 - 34.6 

P b S O ~  P b O ~  - -  48.2 
P b  P b S 0 4  + 60.0 

P b O ~  + 35.8 

Figure 9 presents porograms of formation at  10 m A /  
cm 2. The porograms of the surface layers and the in-  
terior of the plate are plotted and compared with 
those of an  unformed plate. The average pore radius 
does not  change practically dur ing  the first formation 
stage. Neither does the plate total  porosity (Fig. 9a, 
b) .  Only the pore size dis tr ibut ion changes. The pore 
n u m b e r  with a radius from 0.01 to 0.2 ~m increases 
whereas the n u m b e r  of pores with a radius from 0 . 3  

to 1 ~m slightly decreases. During this period the in -  
crease of the solid phase volume (caused by sulfa-  
t ion processes) is compensated by the decrease of vol-  
ume (caused by  oxidation of 3PbO.PbSO4.H20 to 
PbO2). Dur ing  the second formation stage, due to oxi- 
dation of PbSO4 to PbO2 the porosity rises and the 
average pore radius increases from 2 to about  4 #m. 

I stage J II stage 

20 ~ l  - d = 0.326 nrn 

0 
i 

/~0 : 0.312 nm 

20 tet- PbO_ 
[, d,.- lab02 I 

0 , I I I 
o~ /-*0 ltet- PbO I I 

O I d=0,279nm 
0 

! 

I ~ ~ > o  &O t I~PbO2t i 
I 

-~ 20 

=- 1 ' 
I~ [ro~u4] I d -  0.300 nm 

0 12 24 36 48 
Quantity of electricity, Ah 

Fig. 8. Change of the phase composition of the plate during 
formation with 2 mA/cm 2. (e )  At the plate surface; ( I )  in the 
interior of the plate. 
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mat ion  stage due to ox ida t ion  of PbSO4 to PbO2 the 
average  pore  radius  rises f rom 2-2.5 to 7-9 #m and 
the act ive mass to ta l  poros i ty  increases.  

A compar ison of the  porograms  of Fig. 9d and 10d 
shows tha t  cu r ren t  dens i ty  influences the  average  pore  

6 

0 

/ .  

2 

, ,  , 

3 6 -  

, ,  
0.01 0,05 0,1 0,5 1 5 10 

Radii of the pores, {u 
Fig. 9. Change in pore size distribution and volume porosity dur- 

ing formation with current 10 mA/cm. (O) Unformed plate, ( O )  
at the surfaces of the plate, ( l l )  in the plate interior. 0 J I I d/ 

Figure 10 presents porograms of formation a t2mA/  0,01 0 ~  0.1 0,5 1 5 10 
cm 2. The average  pore  radius  remains  a lmost  un-  
changed a f te r  the  passage of 12-17 A - h r  (Fig. 10a, b ) .  
The number  of the  smal l  pores  increases  and tha t  of 
the  la rge  ones decreases.  Tota l  poros i ty  decreases,  
which  indicates  tha t  the processes of sulfa t ion pre -  
domina te  over  those of oxidat ion.  In  the  second for -  

Radii of the pores, ij 
Fig. 10. Change in pore size distribution and volume porosity 

during formation with current 2 mA/cm 2. ( e )  Unformed plate, 
( � 9  at the surfaces of the plate, ( l l )  in the plate interior. 
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size. When a larger amount  of PbSO4 crystals is formed 
in the first formation stage, the pores of t h e  formed 
plate have a greater  average radius. It  is well known 
that  porosity influences both the capacity and cycle life 
of the positive plate. Therefore, the formation current  
density determines to some extent  the positive plate 
energy performances. 

Discussion of the Results 
The processes of format ion should be studied in two 

scales (Fig. 11) : 

Elementary processes.--These are the physicochemi- 
cal and electrochemical processes which take place at 
the crystal /solut ion interface and wi th in  the solid 
phases. 

Zone processes.--They take place when the ini t ia l  
and the final products are solid porous phases which 
form zones permeable for the solution ions. Electro- 
c~lemicaI reactions proceed in a reaction layer  (Fig. 
12). It is si tuated between the ini t ia l  and finaI phases 
of the reactions (27). Dur ing  the current  flow the 
volume of the PbO2 zone increases whereas the one 
of the reactant  zone decreases. As a result  of this pro- 
cess the reaction layer  moves in space. This advance 
of the reaction layer  in  space represents the zone 
processes. 

The" zone processes dur ing  formation of lead acid 
ba t te ry  plates pose to the theoret ical  electrochemistry 
an interest ing problem for studying. It is necessary to 
establish the parameters  which determine the growth 
direction of the product zone and the processes which 
control the reaction layer  advance in  space. 

In  this paper  it was established that  zone processes 
depend on the paste phase composition. When the 
paste sulfat ion is low, the PbO2 zone grows at 
higher rate in  the plate surface layers t h a n  in  its in -  
terior. In paste with a h igh  degree of sulfation the 
movement  of the reaction layer  in  the plate is the 
reverse (Fig. 1). 

The second parameter  that zone processes depend 
on is current  density. When pastes containing between 
4% and 6% HeSO4 are subjected to formation at high 
current  densities, the PbO2 zone grows into the plate 
interior. The direction of the zone process is reverse 
that  at formation with low current  density. 

In a previous paper  (23) we established that  the 
zone processes depend on the pH of the formation 
electrolyte. Thus in  a s t rongly acidic electrolyte (H2SO4 
with sp gr 1.15) the PbO2 zone ini t ia l ly  grows into the 

pbz+ SO~- 
Elementery 

physicochemical 

processes 

y / / ' ~ / / / ' ~  ~:::.:....: ~./f__//7"r 
" ." :~ '" PbO~ zone" 

processes 

Fig. 11. Scheme of the elementary and zone processes 

~ /  ~ : : ".' " . : " : ' . "  "':: 

i!i  ili::!iiill 
Fig. 12. Scheme of the reaction layer 

plate inter ior  and then advances toward the surfaces. 
When the same plates are formed in  an Na~SO4 
solution the zone process direction is reversed. 

I n  order to establish which processes control the 
direction of the reaction layer  movement  in  the plate 
it is necessary: (i) to establish the chemical and 
electrochemical reactions which take place in  the re-  
action layer, (ii) to determine the conditions under  
which these reactions proceed at a ma x i mum rate, 
and (iii) to define in  which parts of the plate the con- 
ditions for ma x i mum electrochemical react ion rate are 
present  so that the product  zone can grow in  this di- 
rection. 

The chemical and electrochemical reactions were 
established by x - r a y  diffraction analysis de termina-  
tions of the phase composition changes in  the plate 
dur ing formation. In  papers (23, 28) we presented a 
scheme of the stoichiometric reactions when the paste 
consists solely of 3PbO.PbSO4.H20. This scheme may 
be elaborated to become universa l  and to comprise all 
possible phases in  the paste. By introduct ion of the 
necessary stoichiometric coefficients, this universal  
scheme may become a quant i ta t ive  descrpition of the 
system of reactions which proceed in  the reaction layer 
during formation. This system is presented in  Fig. 13. 
It gives the stoichiometry of the reactions only, and 
not the e lementary  processes. 

The coefficient m takes an account of PbO "mole- 
cules" in the basic lead sulfate. When the paste con- 
sists solely of PbO, m -- oo. The corresponding values 
of the coefficients before PbO and  PbSO4 are 1 and 0. 
When the paste consists solely of PbSO4, m ---- 0 and 
the corresponding coefficients have values of 0 and 1. 
At 3PO'PbSO4.H20, m ---- 3. 

Figure 13 shows that  the system of reactions re-  
quires an exchange of flows of H + and SO42- ions 
and H20 (signified by NH+, NSO4 2-, and NH2O) be- 
tween the reaction layer  and the bulk  of the electro- 
lyte. Let us assume that the exchange of H20 is very  
rapid and does not control the processes in  the reac- 
tion layer. The flows of H + and SO42- ions may enter  
or leave the react ion layer  depending on the paste 
phase composition, the current  density, the electrolyte 
pH, etc. The scheme on Fig. 13 enables us to deter-  
mine  the direction of these flows. Let us express in  
terms of flow all ions which participate in the chemical 
and electrochemical reactions. This is possible if we 
consider the occurring processes in  un i t  volume of the 
reaction layer  per uni t  time. 

We can determine the flow of H + ions, NH+, w h i c h  
enters or leaves the reaction layer, f rom the chemical 
reaction [5]. The O H -  and H + ions, formed as a result  
of reactions [1] and [3] should be expressed in  terms 
of corresponding flows 

N H +  - -  noH-[l:}  - -  n i l+  [3] [6]  

N•&- 4 
P 

@ II-e)pb2++ 1 .S02-+ '~ t m+~ [ N~-= (1-e)PbSCk 
/ 

12+ 1 I:~ 2m (D m§ m" PbO 1 "PbS04+ m+~ m+~ m" H20 = lb  t + ~-~-S0~.-+ ~ - ~  0H - 

1 
O O -Pb2* = O.Pb ~*+ 2e.e- l 1 I , 2m N.. -, 

~ 0 H - +  Nil+ = --'-~H20 ~) /.e.~+§ 2m 
m+l m+/ t 

] (~) 8:.Pb4+.,,-28.H20 = 8.PbO2+/-.e.H 

Fig. 13. Diagram of the chemical and electrochemical reactions 
occurring in the reaction layer during formation of the lead acid 
battery positive plate. 
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where •OH-[1] signifies the O H -  ions formed per  un i t  
t ime in  reaction [1] and nH+[3] signifies the H + ions 
formed per un i t  t ime at react ion [3]. 

In  the system of chemical and electrochemical equa-  
tions in Fig. 13 the different "ion flows" are in tercon-  
nected by their  corresponding stoichiometric coeffi- 
cients. Thus it becomes possible quant i ta t ive ly  to 
compare the "ion flows" with respect to one of them, 
for example that  of the Pb 2+ ions, formed in  reac-  
t ion [1]. The ratio of the flows is determined by the 
ratio of their stoichiometric coefficients in  the corre- 
sponding chemical ~and electrochemical equations. For 
the O H - [ 1 ]  and Pb 2+ [1] ions part icipat ing in  reac- 
t ion [1] (Fig. 13) this ratio is given by  

n O H -  [~] 2m 
- -  -- - -  [7] 

npb2 + [1] m - } -  1 

The ratio of the H + [3] and Pb 2+ [1] ions stoichio- 
metric  coefficients is 

n H  + [3] 
- -  = 4o [8] 
nP b  2 + [1] 

o indicates what  par t  of the Pb  2+ [1] ion flow par -  
ticipates in the electrochemical react ion [2] 

nPb2 + [2] k~ 
0 : : - -  [9] 

•pb2 + [21 -}- 7tpb2+ [4] ki  + v 

where npb2+[2] is the par t  of Pb 2+ ion flow which 
part icipates in  the electrochemical reaction [2]. It  is 
proport ional  to the current  densi ty i, and  k is a coeffi- 
cient of proportionali ty,  nFb2+ [4] is the par t  of pb~+ 
ion flow which participates in  the chemical reaction 
[4]. It is equal to the rate of the chemical reaction, 
yielding PbSO4, which is expressed by V. 

Combining Eq. [6], [7], [8], and [9] and t ransform-  
ing the expression one obtains for the NH+ flow 

2 m V  -- 2 ( m  + 2) ki 
NH+ = [10] 

m + l  

In  a similar  way from chemical reaction [4] (Fig. 
13) we can express the flow of SO42- ions Nso42-, 
which the reaction layer exchanges with its su r round-  
ings 

N S 0 4 2 -  : n p b 2 +  [4] - -  T6S042-- [1] [ 1 1 ]  

where ns042- [1] is the SO42- ion flow formed at reac- 
t ion [1]. According to the scheme of Fig. 13, npb2+ [4] 
and ns042-[1] are correspondingly equal to 

7tpb2+[4] = (1 -- o) ?tpb2+[1] [12] 

1 
n S 0 4 2 -  [1] - -  - -  ~%pb2+ [1] [13] 

m + l  

Combining Eq. [11], [12], [13], and [9] we arr ive 
at the following expression for the Nso42- flow 

m V  -- k i  
Nso42 _ [14] 

m + l  

Equations [10] and [14] show that  the sign before 
NH+ and Nso42- depends on the paste phase composi- 
tion through the coefficient m and depends on the 
cur ren t  density through the value of i. When the 
term, comprising the rate of the chemical reaction in  
Eq. [10] and [14] is greater  than the term comprising 
the rate the electrochemical reaction, the flows NH+ 
> 0 and Nso42- > 0 so they will enter  the reaction 
layer  and vice versa. Table IV presents the coefficient 
values at the chemical and electrochemical reaction 
rates for several  phases of the paste. 

I t  is seen from the table that  the H + and SO~ 2- ion 
flows main ly  enter  the reaction layer  when  the paste 
has a low degree of sulfation and the  rate of chemi- 
cal reaction [4] is high. On the contrary,  when  the 
paste has a high degree of sulfat ion and the forma-  

Table IV. 

Phase  m N a  Ns% 

PbO 2V.2ki V 
3PbO �9 PbSO~ H20 �9 1�9 0.75V-0.25k/ 
PbO �9 PbSO~ i V-3ki O.50V-O.5Oki 
PbSO~ 0 -- 4k~ -- ki 

tion is carried out at high current  density, H2504 is 
formed in the reaction layer  and flows of H + and 
SO42- ions come out of it. 

The rate of the electrochemical reaction [2] ( k i )  
determines the growth of the PbO2 zone in  the c r o s s  
section of the plate. Positive charges are evolved in  
the electrochemical reaction [2] (Fig. 13). To preserve 
the e lectr0neutral i ty  of the reaction layer  solution 
these charges must  be t ransported into the bu lk  of 
the electrolyte. This occurs through exchange of NH+ 
and Nso42- flows be tween every un i t  volume of the 
reaction layer  and the electrolyte. If in  some part  of 
the reaction layer  this process is low, the solution in  
the pores there becomes positively charged. This de- 
creases the electrochemical react ion rate and the 
growth of the PbO2 zone in  this direction is stopped 
or slowed down. 

The velocity of NH+ and Nso42- flows is determined 
by the electric field in tensi ty  and by the H + and 
SO42- ion diffusion gradients which in the case of an 
equal pore width depend on the distance between the 
considered uni t  volume of the reaction layer  and the 
surface of the plate�9 The width of the pores is deter-  
mined by the paste density. 

The reaction layer electroneutral i ty  is most easily 
main ta ined  at the surface layers of the plate. The 
distance which the H + and SO42- ions must  overcome 
is the shortest there. I t  is to be expected that dur ing  
the first formation stage the PbO2 zone should grow 
in  the plate surface layers only. However, optical 
observations of the formation process (Fig. 1 and 6) 
show that this is t rue on plates with low sulfation 
pastes (Fig. 1) and when formation is carried out 
at low current  density (Fig. 6). Under  the above 
conditions, according to Table IV the N~+ and Ns042- 
flows enter  the reaction layer. 

Figures 1 and 5 show, however, that  this condition 
alone is not sufficient to determine the direction of the 
PbO2-zone growth�9 A second parameter  controll ing 
the advance of the product zone might  be the poten-  
tials at which the electrochemical reactions take place 
in the reaction layer. The paste is bui l t  up by crystals 
of several phases (PbO, 3PbO �9 PbSO4 �9 H20, PbO �9 
PbSO4, PbSO4). Combined with PbO2 phase each of 
them constitutes an electrode system. The potential  
of plate under  current  is defined by  the equat ion 

E = E o + ~] [15] 

where E o is the electrode system equi l ibr ium potent ial  
and n is the electrode reaction overvoltage. 

The reaction with the most negative equi l ibr ium 
potential  which has the lowest overvoltage will  pro-  
ceed at highest rate�9 According to Table II the equi-  
l ibr ium electrode potentials depend on the solution pH 
and in a lesser degree on the SO4 -2 ion activity in  
the reaction layer�9 pH of the reaction layer pore solu- 
tion depends on reactions [1] and [3] (Fig. 13). The 
concentrat ion of H + and SO42- ions in the reaction 
layer increases when the formation is carried out with 
high current  density on a paste with high degree of 
sufation (Fig. 4). Since the reaction layer is sur-  
rounded by two different zones (PbO~ zone and paste) 
the diffusion gradients of H + and SO42- ions should 
be different at both boundaries  of the layer�9 As H~SO4 
reacts with PbO and basic lead sulfates, H + and SO42- 
flows should be directed toward the paste�9 Hence, 
the highest pH would be main ta ined  at those regions 
of the reaction layer  where the paste has not yet 
reacted�9 Such is the inter ior  of the plate. 
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Table IV shows that at high paste sulfation and 
high current density the NH+ and Nso42- flows leave 
the reaction layer. It can be seen in Fig. 1 and 6 that 
under these conditions the PbO2 zone grows first 
into the interior of the plate. 

As formation advances, the NH+ and Nso42- flows 
become hindered and the potential of the plate rises. 
It reaches values at which the oxidation of PbSO4 
crystals to PbO2 becomes possible. This marks the 
transition from the first to the second formation stage. 
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The Corrosion of a Strontium-Lead Alloy 
in Sulfuric Acid 

K. R. Bullock* and W. H. Tiedemann* 
Johnson Controls, Incorporated, Corporate Applied Research Group, M~Iwaukee, Wisconsin 53201 

ABSTRACT 

A patented proprietary s t ront ium-t in-aluminum-lead alloy, developed 
for use in lead-acid batteries, has electrochemical characteristics similar to 
cast calcium-lead alloys but casting characteristics similar to antimony-lead 
alloys. Corrosion tests on this strontium alloy are reported at constant po- 
tentials from 0.600 to 1.290V (vs. Hg/Hg2SO4/5.6 molal H2SO4), H2SO4 con- 
centrations from 0.8 to 5.1 molal and temperatures from 27 ~ to 82~ The cor- 
rosion properties of the strontium-lead alloy are compared with those of 
pure lead and of antimony- and calcium-lead alloys. 

The most widely used materials for lead-acid bat tery 
grids are antimony-lead and calcium-lead alloys. Pure 
lead is too soft to be easily handled in most manufac- 
turing operations and is therefore used only in special 
bat tery designs (1). 

Although alloys containing 3-12% antimony have 
good mechanical properties, antimony has several 
undesirable effects on the electrochemistry of the 
lead-acid battery. Antimonial alloys corrode faster 
than pure lead at potentials above open circuit. When 
the antimony in the positive grid oxidizes, it  can dis- 
solve in the electrolyte and deposit on the negative 
electrode, lowering the otherwise high overvoltage for 
hydrogen evolution on lead (2). This increases both 
the amount of gassing on overcharge and the rate of 

* Electrochemical  Society  Act ive  Member.  
G l o b e - U n i o n  is  n o w  a division of Johnson Controls.  

Key words:  battery,  cathode,  potential ,  passivity.  

self-discharge. The deposition of an t imony on the lead 
electrode can also give rise to the evolution of toxic 
stibine gas on overcharge. (S). 

Calcium-lead alloys were introduced (4) to over- 
come these problems and are now widely used to im- 
prove shelf life and to reduce the need for adding 
water to batteries. However, the calcium content of 
these alloys must be carefully controlled (5) to avoid 
formation of dross during casting and to minimize 
subsequent severe grid corrosion. 

Recent development of lead-acid batteries for use in 
electric vehicles and load leveling has put even more 
stringent requirements on grid materials. The need to 
reduce the amount of lead in the grid requires the 
good casting characteristics of antimony-lead alloys 
while the need to improve efficiency and minimize 
maintenance requires the good electrochemical char- 
acteristics of calcium-lead alloys. 
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A newly  developed and patented s t ron t ium- t in - a lu -  
minum- lead  alloy meets both these needs (6). It  has 
electrochemical characteristics similar to those of 
calcium alloys but  is easier to cast. Product ion costs are 
reduced because the s t ront ium concentrat ion is less 
critical than the calcium concentrat ion and because the 
s t ront ium alloy can be produced on equipment  de- 
signed for manufac tur ing  ant imony alloys, e l iminat ing 
the capital equipment  expendi ture  reqhired to cast 
calcium alloys. Product ion t ime is reduced because the 
s t r on t i um alloy age hardens faster than calcium alloys. 

Since positive grid corrosion is a significant problem 
in  lead-acid batteries, the corrosion behavior of lead 
and the common lead alloys has been studied in detail 
(7). If a new alloy is to find its proper place in  the 
present  mul t i tude  of lead-acid bat tery designs and ap-  
plications, its corrosion behavior  must  be defined over 
a wide range of temperatures,  potentials, and acid con- 
centrations. 

Two recent ly  published papers contain some data on 
s t ront ium-lead  alloys. Bagshaw (8) studied the corro- 
sion of s t ront ium-lead  alloys with additions of a lu-  
minum, cerium, and silver in H2SO4 (1.250 sp gr) by 
applying a 155 m A / c m  2 constant current  for 1 day and 
by applying 8.5 m A / c m  2 under  a 1.4 k g / m m  2 load. 
These conditions are much more severe than could be 
expected in typical bat tery  operation. In  addition, 
constant  cur ren t  corrosion does not allow separation 
of the possible corrosion mechanisms by their  potential  
dependence. Weinlein, Piergon, and Marshall  (7) 
studied the corrosion of a s t r o n t i u m - t i n - a l u m i n u m  
alloy in 1.270 sp gr H2SO4 at constant  potentials above 
the open-circui t  voltage of the positive plate. They 
compared the corrosion behavior  of typical an t imony-  
and calcium-lead alloys oxidized under  the same condi- 
tions. 

In  this paper, a more extensive series of constant  po- 
tent ial  corrosion tests on the s t ront ium alloy is report-  
ed for potentials from 0.600 to 1.290V, acid concentra-  
tions from 0.8 to 5.1 molal (M) and temperatures  from 
27 ~ to 82~ in order to provide working curves from 
which the corrosion behavior  of the new alloy can be 
predicted for a specific application. The effects of 'acid 
concentrat ion and tempera ture  are carefully examined 
in regions where high corrosion rates can occur. 
Finally,  the corrosion properties of the s t ront ium alloy, 
of pure  lead, and of typical an t imony and calcium 
alloys are compared over a wide potential  range. 

E x p e r i m e n t a l  M e t h o d s  

Cast grids were corroded in  electrolyte made from 
reagent  grade sulfuric acid and distilled, deionized 
water. The tempera ture  was controlled to _+I~ by a 
water  bath and the potential  was held constant  to 
_+1 mV with a three-electrode potentiostat. Two lead 
grids, placed on either side of the working electrode, 
were the counterelectrodes and Hg/Hg2SO4/5.6M 
H2SO4 was the reference electrode. Dur ing  the cor- 
rosion test, the cur ren t  was repeatedly monitored. 

After  the grid had corroded for 4 days, the portion 
around the tab was cut out and allowed to self-dis- 
charge in  the same solution at the same temperature.  
The open-circui t  voltage of this grid sample was 
moni tored as a funct ion of t ime by a high impedance 
voltmeter.  

The remain ing  port ion of the grid was prepared for 
fur ther  analysis by r insing it in distilled water  and 
drying it at room temperature.  The corrosion film of a 
12g sample of the grid was stripped off with a solution 
containing sodium hydroxide, mannitol ,  and hydrazine 
dihydrochloride and the dissolved lead was analyzed 
by atomic absorption spectroscopy. Other portions of 
the grid were mounted  in epoxy, cross sectioned, 
polished, and observed under  cross-polarized light us-  
ing a metal lograph (American Optical Company Model 
2400) with a 450W xenon lamp at 1000 • magnification. 

The s t ront ium-lead  alloy used to obta in  the data 
shown in Fig. 2-6 and Fig. 9 contained 0.13% Sr, 
0.04% A1, and 1.0% Sn. The s t ront ihm-lead alloy 
used in the temperature  s tudy shown in Fig. 7 and 8 
contained 0.15% Sr, 0.02% A1, and 0.9% Sn. Average 
grid weights were 52.62g (1~ _-- 1.06) for the 0.13% 
Sr alloy and 53.61g (1~ ~ 0.88) for the 0.15% Sr alloy. 

The pure lead grids (Fig. 2) were cast from corrod- 
ing grade lead. Casting temperatures  were 213~ for 
the upper  mold, 227~ for the lower mold, and 460~ 
for the melt. The average grid weight was 72.4g (1r 
---- 2.35). 

All grids used in  this s tudy were cast in  the grid 
design shown in Fig. 1. They had a surface area of 

Fig. I .  Grid design used in all corrosion studies showing width 
in centimeters. Geometric surface area is approximately 170 cm 2. 
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I I - - - - I I  0.SM H2SO4. 

approximately 170 cm 2 and a thickness of approx- 
imately 1 mm. The tab portion of the grid used in  
the open-circui t  voltage decay studies is shown in  
the figure slightly offset from the port ion used for 
analysis. 

Resul ts  a n d  D iscuss ion  
Lander  (9, 10) studied the constant  potential  corro- 

sion of pure lead as a funct ion of acid concentration, 
potential,  and time. He observed a peak in  the corro- 
sion rate at 1.0V (vs. Hg/Hg2SO4/40.8% H2SOD with 
a m in imum from about 1.2 to 1.5V. According to Lan-  
der and to numerous  authors of subsequent  studies- 
(6), this m i n i m u m  corresponds to the passivation of 
lead by PbO2 formation. At the corrosion peak, PbO2, 
PbSO~, and PbO all form simultaneously.  At voltages 
below the peak, PbO forms in the interior  of the 
corrosion film and PbSO4 at the solution/fi lm interface. 

Our corrosion studies agree qual i tat ively with Lan-  
der's results, as Fig. 2 shows. The mg of lead in the 
corrosion film/g grid sample /day  corroded is plotted 
as a funct ion of the corrosion potential  (vs. t t g /  
Hg2SO4/5.6M H2SO4). The corrosion peak occurs at 
1.0V and the min imum begins at about 1.15V. (Our 
reference potential  is wi thin  20 mV of Lander 's.)  The 
results of electrochemical, metallographic, and ana-  
lytical studies indicate that the corrosion products 

follow the potential  dependence outl ined by Lander  
(10). 

The s t ront ium alloy curve in Fig. 2 is similar, with 
a m i n i mum beginning at about 1.2V and a ma x imum 
at about 1.0V. Micrographs of s t ront ium alloy corrosion 
films under  cross-polarized light show brown PbO2 
in the m i n i m u m  region, an outer white PbSO4 film 
and inner  red PbO film at potentials below the peak, 
and a heterogeneous layer at the peak which includes 
PbO, PbSO4, and ~- and fl-PbO2. The voltage plateaus 
in open-circui t  vol tage- t ime curves of these films 
agree with this visual  interpretat ion,  The  main  dif- 
ference between the corrosion of pure lead and the 
s t ront ium alloy is that the peak of the s t ront ium curve 
is somewhat  higher and broader. 
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steady-state current, e- -e  5.1M H2SO4, A - - - A  2.7M H;SO4, 
R - - - - I l l  0.8M H2SO4. 

Table I. Potential of Hg/Hg2SO4/5.6M H2SO4/XM H2SO4/ 
Hg2SO4/Hg 

Molality (X) AE (mV) 

5.1 16 Fig. 5. Micrograph of cross section of grid corroded at 1.100V in 
2.7 48 0.8 90 5.1M H2SO4 at 49~ Magnification 1000X. 
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Fig. 6. Micrograph of cross section of grid corroded at 0.900V in 
0.8M H2SO4 at 49~ Magnification 1000X.  
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Fig. 8. The etteet ot temperature on the corrosion rates at 
strontium-lead alloy grids at 0.900V in 0.8M H2SO4. 

The effect of the acid concentrat ion on the corro- 
sion of the s t ront ium-lead  alloy is shown in the three 
curves in Fig. 3 for 5.1, 2.7, and 0.8M H2SO4. In  making 
a comparison of this type, the reference electrode 
must  be considered. If a reference electrode with a 
fixed acid concentrat ion is chosen, the junct ion  poten-  
t ial  be tween the acid in the corrosion cell and the 
acid in  the reference electrode will  vary, wl~ereas 
if a reference electrode with the same acid concen- 
t rat ion as the corrosion cell is chosen, the junct ion  
potential  will be el iminated but  the reference elec- 
trode potential  will  vary. We used an Hg/Hg2SO4/5.6M 
H2SO4 reference electrode in  our experiments  and 
measured the potent ia l  difference between this elec- 

trode and I-Ig/Hg2SO4 electrodes containing 5.1, 2.7, 
and 0.SM H2~O4 to obtain the data shown in Table I. 
The curves in  Fig. 3 may be shifted in  the negative 
direction by these values to reference each curve to 
the Hg/Hg2SO4/H2SO4 electrode with the same acid 
concentration. 

While measurement  of the weight  of lead in  the 
corrosion layer  ior  a fixed corrosion time (4 days) 
and a fixed grid weight (12g) gives an overall  corro- 
sion rate, measurement  of the 4 day corrosion current  
gives a steady-state,  ins tantaneous corrosion rate. Fig-  
ure  4 shows the 4 day currents  as a funct ion of poten-  
tial for the three acid concentrations:  5.1, 2.7, and 
0.8M. Oxygen evolution may contr ibute  to the current ,  
especially at  the higher potentials.  However, both 
methods of measur ing corrosion rate show a shift in  
the corrosion peak to lower potentials as the acid 
concentrat ion decreases. The peak corrosion rate is 
lower in  2.7M than in 5.1 or 0.SM H2SO4. These trends 
apparent ly  result  from a change in  the relat ive rates 
of the competing corrosion reactions as the acid con- 
centrat ion varies. Low concentrat ions favor format ion 
of ~-PbO2 and tetragonal  PbO, whereas higher con- 
centrat ions favor formation of ~-PbO2 and PbSO4 
(11, 12). 

Micrographs of cross sections of the corrosion films 
formed at the peaks in 0.8 and 5.1M H2804 show 
substant ia l  differences. The corrosion film formed at 
1.100V in  5.1M H2SO4, shown in  Fig. 5, is quite hetero-  
geneous. Under  cross-polarized light, this film appears 
to have brown PbO2 and white PbSO4 crystals scat- 
tered throughout.  A continuous black l a ye r  which 
is probably  ~-PbO2 covers the grid at the base of 
the corrosion film and black boulders of a-PbO2 grow 
out from this layer. Isolated areas of red undernea th  
the PbO2 and PbSO4 particles suggest the presence 
of tetragonal  PbO. The corrosion film formed at 1.000V 
in  5.1M H2SO4 looks near ly  the same. On the other 
hand, in the film formed at 0.900V in 0.8M H2SO4, 
shown in Fig. 6, three separate layers appear. The 
outer surface is ~ composed of white PbSO4 crystals. 
Undernea th  this is a dense black layer  of ~-PbO2 and 
next  to the grid is a red layer  of tetragonaI PbO. 
X - r a y  diffraction powder pat terns of particles picked 
from these films by the McCrone method (13) show 
predominant ly  PbSO, at 1.100V in 5.1M H2SO4 and 
tetragonal  PbO at 0.900V in 0.8M H2SO4. 

The effect of changing acid concentrat ion at the 
two peak potentials is also different, as the data in  

Table II. Number of experiments in corrosion temperature studies 

Temperature ( ~  1.10OV/5.1M HeSO~ 0.90OV/{1.8M H~SO~ 

27 1 1 
32 3 3 
38 3 4 
41 3 3 
43 3 3 
46 3 3 
49 3 3 
54 1 1 
60 1 1 
66 1 2 
71 1 1 
77 2 2 
82 2 2 

Table III. Results of corrosion temperature studies 

Corrosion conditions 

1.100V/5.1MH2SO~ 0.900V/0.8MH2SO~ 

Corrosion rate 
mg Pb/ mg Pb/ 
g/day 4 day i g/day 4 day i 

Slope [(~ -~] -3319 -5386 -798 -1727 
Index of determi- 

nation 0.757 0.873 0.209 0.715 
Activation energy 

[kcal/mole] 6.6 10.7 1.6 3.4 
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Fig. 3 and 4 show. At 0.900V, the corrosion rate de- 
creases with increasing acid concentration, whereas at 
1.100V, the corrosion rate increases with increasing 
acid concentration. These trends are consistent with 
the hypothesis that  PbO formation is favored at the 
lower potential  and PbSO4 and ~-PbO2 formation at 
the higher potential  (9, 10). 

The effect o f  temperature  on the peak corrosion 
rates of the s t ront ium alloy in 5.1 and 0.8M H2SO4 
is shown in the Arrhen ius - type  plots in Fig. 7 and 8, 
respectively. The number  of experiments  run  at each 
temperature  is shown in Table II. At the tempera-  
tures where the exper iment  was replicated, the error 
bars show the total spread in the data and the dot 
shows the In of the average corrosion rate. Repro- 
ducibil i ty is poor because several corrosion reactions 
are occurring simultaneously.  

The straight lines shown in Fig. 7 and 8 were deter-  
mined by  l inear  regression analysis. Plots of the in  
of the 4 day corrosion currents  as a funct ion of I /T 
gave similar  results. By using the equat ion 

In corrosion rate ---- -- Ea/(RT) 

where Ea is the activation energy of the corrosion 
process and R is the gas constant, approximate activa- 
tion energies were calculated. Table III  shows the 
slopes, indexes of determination,  and activation en-  
ergies for the two sets of corrosion conditions calcu- 
lated using both measurements  of corrosion rate. 

The l ine shown in  Fig. 8 has an index of determinat ion 
of only 0.209. This shows that  the uncer ta in ty  in the 
data is large compared to the effect of temperature,  
if the assumptions of the Arrhenius  equation are 
upheld. Nevertheless, a Student 's  t test allows us 
to reject  at a 99% confidence level the hypothesis 
that  tempera ture  has no effect. When the 4 day current  
is used as a measure of corrosion rate, the index 
of determinat ion is 0.715. These data show that tem- 
pera ture  has very little effect on the corrosion rate 
at 0.900V in  0.8M H2SO4. At 1.100V in  5.1M H2SO4, 

1 0  

8 ~  

6 ~  

~, -- 
g~ 

4 - -  

2 - -  

0 

Fig. 9. 
tial. - - - 

1000 

"'". SO0 "t 
// i 

/ 

/ 

, /  600 

- 400 

~ eo,oDe I,Iolo,i,IIe'I" ~176176 

J I I I I I I I I ~ o  
0.7 0.8 0.9 1.0  I. I  1.2 

E(volts] 
Corrosion of alloying components os a function of poteno 
mg Pb, " . .  mg Sn,. mg Sr. 

the correlation is stronger and the activation energy 
is higi~er. 

Since the corrosion experiments  represented in  Fig. 
7 and 8 were replicated over a period of about  9 
months on grids from the same production lot, the 
results could also be used to determine the effect 
of aging on corrosion rate. No correlation between 
grid age and corrosion rate was observed. This con- 
clusion was fur ther  substant iated by corrosion tests 
at 1.100V in 4.4M H2SO4 on s t ront ium-lead  alloy grids 
aged at 100~ for 8.75-52.5 h r .  

In  Fig. 9, the total weights of oxidized t in and 
s t ront ium in  the 12g grid samples are compared with 
the total weight of oxidized lead as a function of the 
corrosion potential. The relative proportions of the 
oxidized components are about the same as in  the 
metal  throughout  the active corrosion region. 

I n  Fig. 10, the current -potent ia l  curve for a s tron- 
t ium- lead  al loy at 82~ in  5.1M H2SO4 is compared 
with the curves for three lead alloys commonly used 
in  lead-acid batteries: a 5.12% ant imony- lead  alloy, 
a 1.0% an t imony- lead  alloy, and a ca lc ium-t in- lead  
alloy. The s t ront ium and calcium alloys have lower 
corrosion rates at the peaks than the an t imony alloys. 
The s t ront ium peak occurs at a lower voltage than 
the peaks for the other alloys, giving it a broader 
passivation region. The poor reproducibi l i ty  in the 
peak current  measurements  (due to the dramatic in -  
crease in corrosion rate) makes the exact peak loca- 
tion questionable, but  these data as well  as the data 
shown in Fig. 7 for 82~ indicate that  the s t ront ium 
alloy has at least as broad a passivation region as 
the calcium alloy and broader  than the an t imony  
alloys. 

The an t imony  alloys have higher currents  than the 
non-an t imonia l  alloys at the higher potentials, both 
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because the  corrosion rates  a re  h igher  and  because  
the  oxygen evolut ion  ra tes  are  higher.  F igure  11 shows 
cross sections of the corrosion films at  1.290V and 
Fig. 12 shows the micros t ruc tures  os the 4 alloys. 
(The pic tures  in Fig. 12 were  t aken  severa l  years  
a f te r  the corrosion exper iments  were  run.) The corro-  
sion laYers of the  an t imony al loys are  much th icker  
and in te rdendr i t i c  corrosion is more  significant, pa r -  
t i cu la r ly  for the 5.12% Sb alloy. The s t ron t ium al loy 
corrosion film is th in  and looks ve ry  s imi lar  to the  
calc ium alloy. Corrosion of the s t ron t ium al loy is 
appa ren t l y  not  influenced by the dendr i te  a rm spac-  
ing, which  is s imi lar  to tha t  of the an t imony  alloys. 
There  was no evidence of in te rdendr i t i c  pene t ra t ion  
of the s t ron t ium al loy at  any  potential .  The s t ron t ium 
a l loy  would  be expected  to wi ths tand  overcharge  in 
a manne r  s imi lar  to the calc ium al loy and be t t e r  than  
the an t imony  alloy.s. 

Conclusions 

The corrosion behavior  of the cast s t ron t ium- lead  
a l loy is s imi lar  to cast pure  lead and l ead-ca lc ium 
alloys. Two regions of high corrosion occur: (i) in 
high concentra t ion  acid (5.1M) nea r  the open-c i rcu i t  
potent ia l  (1.0-1.iV vs. Hg/Hg2SO4/5.6M H2804) and 
(ii) in low concentra t ion acid (0.8M) at  low poten-  
t ials  (0.8-0.9V). Tempera tu re  g rea t ly  enhances the 
corrosion ra te  under  the  first set of condit ions but  
not  unde r  the  second. The s t ron t ium al loy corrodes 
less than  an t imony  al loys at  potent ia ls  above open 
circui t  and has a b roader  passive region. These charac-  
ter is t ics  would  be beneficial  in float and cycl ing ap -  
plications.  

The corrosion behavior  of the s t r o n t i u m - t i n - a l u -  
m i n u m - l e a d  a l loy thus appears  to be acceptable  for  
use in l ead -ac id  bat ter ies .  This, coupled wi th  its good 
e lec t rochemical  and  meta l lu rg icaI  propert ies ,  makes  

i t  a possible a l loy candida te  for  use in m a n y  l ead -ac id  
ba t t e ry  applicat ions.  
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ABSTRACT 

Ha logen-pyr id ine  charge t rans fe r  complexes have conduct ivi t ies  which  
make  them useful  as depolar izers  in power  cell  cathodes. Pyr id ines  and ha lo-  
gens undergo addi t iona l  react ions of consequence to cell  performance.  Such 
side react ions include:  a lky l  group substi tut ion,  r ing coupling, po lymer  molec-  
u la r  weight  degradat ion,  olefin addit ion,  and  r ing substi tution.  Ins t rumenta l  
analysis  of model  systems and the commercia l  p o l y ( 2 - v i n y l - p y r i d i n e ) / i o d i n e  
(P2VP/I2) system prov ided  s t rong evidence for a lky l  group subst i tut ion,  
coupling, and molecu la r  weight  degradat ion.  The addi t ion react ion was in-  
f e r r ed  f rom the presence of the needed reac tan ts  and the i r  faci le  react ivi ty ,  
bu t  not  confirmed analy t ica l ly .  Halogenat ion of the  pyr id ine  r ing was not  
found, and, f rom l i t e ra tu re  sources, was assumed to be un l ike ly  under  condi-  
t ions of cell  use. The side react ions ci ted cause reduced  cathode capacity.  Hy-  
drogen  hal ides  genera ted  by  such side react ions  m a y  cause corrosion, bu t  
m a y  enhance conduct ivi ty  propert ies .  Deleter ious  pressure  bu i ldup  or  d imen-  
s ional  changes may  resul t  ~rom side react ions occurr ing wi th in  sealed b a t t e r y  
earls. 

The combinat ion  of halogens  (acceptors)  wi th  py r i -  
d ine  der iva t ives  (donors)  produces,  ini t ia l ly ,  charge 
t rans fe r  complexes  wi th  conduct ivi t ies  useful  as de-  
polar izers  in l i t h ium-ha logen  power  cell  cathodes. The 
complex  most  often empioyed  in pacemaker  ba t te r ies  
is P2VP/I2 (1). 

Subsequent ly ,  severa l  o ther  react ions can occur de -  
pending  on time, tempera ture ,  and s toichiometr ic  ratio. 
The na tu re  of these side react ions has recen t ly  been 
addressed  by  us as wel l  as by  other  workers  (2). 
Known  react ions  o'f pyr id ines  which  may  be re levan t  
to cell  pe r fo rmance  include:  a lky l  group subst i tut ion,  
r ing  coupling, po lymer  molecular  weight  degradat ion,  
olefin addit ion,  and r ing substi tut ion.  Insights  into 
the  react ions of halogens wi th  pyr id ine  and subst i tu ted  
pyr id ines  were  der ived  f rom l i t e ra tu re  sources and 
expe r imen ta l  s tudies of model  complexes as wel l  as 
f rom the commercia l  P2VP/I2 system. The na tu re  
and magni tude  of such react ions and some suggestions 
as to how they may  affect the  per formance  of power  
cells are  discussed in this paper .  

Experimental 
Materials.--Pyridine (Aldrich,  >99%, Gold Labe l ) ,  

and  e thy lpyr id ine  (Aldr ich ,  97%) were  dis t i l led  be -  
fore use. P2VP (Ionac Chemical  Company,  intr insic  
viscosi ty  range  0.8-1.0, 30C in py r id ine )  was oven 
dr ied  before  use. Iodine (Mall inckrodt ,  r e sub l imed)  
and bromine  (Mall inckrodt ,  purif ied grade)  were  used 
as received.  

Apparatus and procedures.--Reactions s tudied a t  
ambien t  or  s l ight ly  e leva ted  t empera tu res  were  pe r -  
fo rmed by  weighing the halogen and pyr id ine  de r iva -  
t ives into glass containers  sealed wi th  glass or Teflon. 
For  modera te  hea t ing  <60~ the glass conta iners  
were  p laced in fo rced-a i r  ovens. High t e m p e r a t u r e  
s tudies  (>100~ were  conducted in sealed glass a m -  
pules or  Has te l loy  C autoclaves,  j acke ted  wi th  hea t ing  
mantles.  Reagents  were  pro tec ted  from mois ture  d u r -  
ing weighing.  

Analyses.--Infrared spect ra  were  run  on a P e r k i n -  
E lmer  457A gra t ing  in f ra red  spec t rophotometer  ( range  
200-4000 cm-1 ) .  Specimens were  genera l ly  p r e p a r e d  
as smears  or so lvent-cas t  films on potass ium chlor ide  
plates.  Nuclear  magnet ic  resonance spect ra  were  run  
on a Var ian  Anaspect  EM360, using acetone D6 as sol-  
vent. Mass spect ra  were  de te rmined  using a du Pont  

* Electrochemical  Society Act ive  Member. 
Key words: iodine cathode, organic reactions,  halogenation.  

Model 21-492 ins t rument  in te r faced  wi th  a I Ioneywel l  
716 computer .  

Results and Discussion 
Complex $ormation.--From vapor  pressure  measu re -  

ments, the P2VP:I2 rat io in the charge t ransfer  com- 
p lex  is 1:1 (3) when excess iodine is present .  Wi th  
equimolar  rat ios  of halogen to pyr id ine  or subs t i tu ted  
pyridines,  there  is evidence for  a mix tu re  of 1:1 
molecular  complex and a 2:1 ionic s t ructure ,  e.g., 
(C~HsN)2I+I - (4). Halogen molecules  associate wi th  
pyr id ines  at  different  s t rengths  (Fig. 1) (5). Model  
react ion studies were  per formed  on systems containing 
the halogens I2 and Br2, along wi th  var ious  monomer ic  
and po lymer ic  pyridines.  Pyr id ine  was chosen as one 
of the model  compounds to e l iminate  a lky l  group 
reactions.  

Halogen-pyridine reactions.--Ambient mixing  of 
equivalent  amounts  of Br2 and pyr id ine  resul ted  in an 
immedia te  exo therm and an orange solid fol lowed by  
a s lower react ion wi th  t rans format ion  of the ma te r i a l  
to a ta r ry ,  b lack  mass. The t ransformat ions  assigned 
were  complex format ion  fol lowed b y  r ing  coupling 
to po lypyr idy lene  hyd rob romide  (Fig. 2). The reac-  
t ion mechanism proposed b y  McElvain  et al. (6) in-  
volves coupl ing of pyr id ines  at  ac t iva ted  or tho or  

F 2 ~ CI 2 ~ Br 2 ~ 12 

Decomposes Fumes I ~- Stable at 
-40 to 0 ~ C in air elevated 

temperatures 
Fig. 1. Stability of halogen-pyridine complexes 

~ + B r 2 ~ ~  * ~ X  

Equivalent  Br 2 H B r  

or  Excess  

Fig. 2. Polypyridylene formation 

2119 
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para positions (Fig. 3). Crosslinking, hence the ob- 
served intractabili ty,  occurs when the pyridine coup- 
ling occurs at three r i n g  sites. With Br~ in excess 
pyridine, similar transformations were observed with 
a tar ry  precipitate forming which exhibited polypyrid-  
ylene characteristics. These results are consistent with 
t h e  equations in Fig. 3 which show that a stoichio- 
met r i c  excess of pyridine over Br2 is necessary for 
polypyridylene formation to occur. 

With pyridine in excess Br2, charge transfer com- 
p l e x  formation was instantaneous and exothermic. The 
resulting liquid a p p e a r e d  to be stable indefinitely 
(Fig. 4). In agreement with l i terature sources (7, 8), 
no ambient temperature ring bromination was found 
at any Br~ ratio. High temperatures are required for 
ring bromination (Fig. 5) (7). With unsubstituted 
pyridine in excess Br2, therefore, side reactions are 
suppressed at ambient conditions. 

Halogen-alkyl pyridine reactions.--With alkyl-sub-  
stituted pyridines, excess halogen induced another 
side reaction, halogenation at the carbon attached to 
the pyridine ring. It was slower than complex ~orma- 
tion or ring coupling (when the lat ter  occurred). For 
example, when 2-ethylpyridine was combined with 
excess Br~, conversion to ~-bromo-2-ethylpyridinium 
bromide perbromide occurred, as determined by nu- 
clear magnetic resonance spectroscopy (~-protons) and 
infrared spectroscopy (Table I) to the extent of 27 
mole percent (m/o) in 4.5 months (Fig. 6), under 
ambient conditions of storage. Py r id ine  hydrohalide 
salts, it is noted, form stable complexes with Br2 (8). 
Less alkyl  bromination occurred with equivalent 
amounts  of the reactants, but alkyl  polypyridylene 
formation was suggested by the intractable nature and 
black color of the product. 

Infrared results.--Qualitative indications of the 
chemical species previously described were observed 
in infrared spectra. Pyridine C=N stretch frequencies, 
normally between 1585-1615 cm -1, shifted upward 

Br 2 Br 

etc., ~ - - ~  

H / Br" H Br BIr H / Br" 

Fig. 3. Mechanism of polypyridylene formation 

'l'B r 2 
xcess 

RT I ( )  I in Br 2 

Br 2 
Indefinitely stable 

Fig. 4. Bromiae-pyridine charge transfer complex 

Table I. Infrared group frequencies of pyridine/Br2 and 
alkyl pyridine/Br2 systems 

Assignment Frequency 

Pyridine 
C = N 1585  c m  -~ 

P y r i d i n e / B r =  ( X S )  
C = N .  B r ~  1695  c m - ~  

Pyridine ( X S ) / B r =  

C = N �9 B r =  1600  c m  -1 
C = N H * B r -  1630  c m  -1 
( N  - H ) * B r -  2 7 0 0 - 2 8 0 0  c m  -~ (broad) 

2 - e t h y l p y r i d i n e / B r ~  ( X S )  

C = N �9 B r =  1600  c m  -1 
C = N H + B r -  1625  c m  -1 
( N  - H ) * B r -  2800  c m  -z  (broad) 
C - B r  595  c m  -z 

~ i 0  cm - t  for charge transfer complexes and ~15-40 
cm - I  for hydrohalide salts. A broad amine salt (N-H) + 
absorption developed at 2700-2900 cm - I  as pyridine 
hydrohalides formed. A peak assigned to C-Br stretch- 
ing at 540-595 cm - I  appeared to be proportional 
to alkyl  bromination. Examples of infrared group 
frequencies for model pyridine/Br2 systems are given 
in Table I. 

Iodine acceptor systems.--When I2 was substituted 
for Br2, complex formation was spontaneous but slower 
by virtue of being limited by diffusion of I2 into the 
pyridine phase or dissolution of the I2 by the pyridine 
phase. Side reactions were of the same chemical type, 
but considerably slower. For example, with equivalent 
amounts of 2-ethylpyridine/I2, a dark liquid complex 
formed at room temperature which changed litt le by 
infrared analysis over seven days. Over 5.5 months, 
however, a massive amine salt vibration (centered 
at 2900 cm -1) developed, possibly due to formation 
of the polypyridylene- type structure (Fig. 7). The 
analogous reactions occurred within hours with the 
use of Br2 as acceptor. 

P2VP-halogen systems.--With P2VP, reactions ana- 
logous to the model pyridine compounds were ob- 
served. Variations in the molecular weight and chem- 
ical structure of the P2VP were additional factors 
of concern for power cells. 

Analytical results.--Infrared spectroscopy was used 
qualitatively to show development of side products 
in P2VP-halogen systems. Absorbances were analogous 
to those developed in the model reactions (Table II) .  

Nuclear magnetic resonance spectroscopy was valu-  
able for quantitative estimates of alkyl  chain halo- 

i:; ! :3-B  

C �9 
f ' J ~  'NH Br 2 

4- Br 2 R.T. Br- 
excess 4.5 months 

27% 
Fig. 6. Alkyl brominotlon of ethyl pyridlne 

Br 

r 

300~ ~ T ~ ~_1 f ~, 
+ o ,l+l. o ..I [ o J+ 

Phase ~ N , / "  ~,N j ~ N / ~ r  * "P 

HBr HBr HBr HBr 

39 % 10 % 20 % Trace Equimolar 

Fig. 5. High temperature, ring bromination of pyridine 

CH 3 

CH 2 

~ N e l  2 

H 3 
, ~H 2 , 

\ v 'X 

Fig. 7. Reactions of iodine/2-ethylpyridine 
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Table 11. Infrared group frequencies of P2YP/halogen systems 

Assignment Frequency 
P2VP/Br2 (XS) 

C = N �9 Br2 1595 cm -~ 
C = NH+Br- 1610 cm -I 
(N -- H)+Br - 28{)0-2900 cm -I (broad) 
C - Br  540 cm -I 

P2VP/12 (XS) 

C = N �9 I2 1595 cm -z 
C = NH+I- 1610-1620 cm -I 
(N -- H) +I- 2800-2900 cm -I (broad) 
C - I Ambiguous 

genation by determining the ratio of integrated ali-  
phatic (1.0-4.5 ppm, 5) to aromatic (7.0-10.0 ppm, 5) 
absorbances. Qualitative indications of pyridine salts 
(exchangeable protons) were detected near 155 and in 

an absorbance which varied between 6-125 dependent 
on temperature and concentration. 

P2VP reactions in excess halogen.~In excess Br2, 
at ambient temperatures, P2VP developed infrared ab- 
sorbances indicative of alkyl chain halogenation within 
hours which increased over the length (seven days) 
of the study (Fig. 8). 

At 120~ hr, a hard, insoIuble product developed, 
indicating the possibility of polypyridylene formation. 
Any intermolecular coupling of P2VP would cause 
cross-linking and consequent intractability. The nec- 
essary free pyridine base is believed to be generated 
by thermal reversal  of the charge transfer complex 
(Fig. 9). 

With excess Is, P2VP entered into side reactions 
more sluggishly. However, at 130~ hr, significant 
salt and alkyl  chain halogenation were detected. At 
170~ hr, nuclear magnetic resonance spectroscopy 
indicated the ratio of aliphatic to aromatic protons 
to be 2.4:4.0, i.e., ,-,60% of the ter t iary hydrogens 
were substituted by iodine (Fig. 10). 

. . . B r  . 

~ , k ~ j  N I +xsBr2~ l  A ~ - - I  / ~ +  | / | r ~ "N,Br21 | r ~ "NHeBr2/ 
i \ ~  '/){ \ L ~ B T "  X~/ 

Fig. 8. Alkyl brominotion of poly-2-vinylpyridine 

~ j N  ~x -i- xsBr 2 - -  ~) N'Br2 

Fig, 9. PolypyHdylene formation in pely-2-vinylpyridine 

PYRIDINE-HALOGEN COMPLEXES 

H I 

I ~ N  xsl2 170~ ' / G I ~  I 72 hr. H 

X 
Fig. 10. Alkyl iodination of poiy-2-vinyipyridine 
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Higher temperatures effected the conversion of 
P2VP/I2 mixtures from paste to fluid form and caused 
the release of volatile fragments. Mass spectrometry 
of the volatile reaction gases indicated short-chain 
alkyl  iodides (CHsi, C2H~I2), I~, HI, pyridine, and 
vinylpyridine. 

Data from the analyses employed did not give a 
definitive picture of the nature of the polymer back- 
bone degradation resulting from treatment with halo- 
gens. The side products previously described were 
indicated to a large extent, however, in the degraded 
residues from the high temperature treated systems. 

Unconfirmed reactions.--Other chemical transforma- 
tions which may occur but  are not yet confirmed 
analytically involve olefinic functionality in 2-vinyl- 
pyridine (2VP) monomer and P2VP backbone chain. 
The 2VP is inevitably present in P2VP starting mate-  
rial, and may form during thermal  degradation of 
the polymer. 

A facile combination of 2VP with pyridine hydro-  
halide groups has been reported (Fig. 1~1) (9). The 
pyridine hydrohalides are available as products of 
most of the side reactions already described. 

Formation of halogenated alkyl products by the 
addition of halogens or hydrogen halides to olefinic 
moieties (in 2VP or the P2VP alkyl chain) are con- 
sidered possible transformations (Fig. 12). This addi- 
tion mechanism is difficult to isolate, however, because 
of the similarity of the products to those formed from 
substitution reactions. 

Summary and Conclusions 
Most of the side reactions cited cause reduced cell 

capacity by prematurely  depleting halogen. The hy-  
drogen halides generated may cause corrosion prob- 
lems, but may enhance conductivity characteristics. 
Undesirable pressure buildup or dimensional changes 
may result from side reactions occurring within the 
sealed bat tery can. While useful indications of the 
nature and extent  of side reactions were derived from 
these studies, our understanding of reaction mecha- 
nisms and products is still incomplete. Work con- 
tinues on elucidating chemical transformations and 
relating them to cell performance. 

H H 
] HC. =CH 2 I 

Fig. 11. Addition of pyridine hydrohalide to 2-vinylpyridlne 

HC---CH 2 

N . I  2 12 

I I 
H(~- -~H 2 

. ~ N ' I 2  

.LL  
N' I  2 

Fig. 12. Addition of iodine or hydrogen iodide to 2-vlnylpyridlne 
complex. 
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A New Membrane-Type pH Sensor for Use in 
High Temperature-High Pressure Water 

Leonard W. Niedrach* 
General Electric Company, Research and Development  Center, Schenectady, New York  12301 

ABSTRACT 

The new sensor provides for the direct measurement  of the pH of geother- 
mal  brines, water  in nuclear  reactors, and other high temperature  solutions. 
T h e  heart  of the un i t  is an oxygen ion conducting ceramic that  serves as the 
membrane  in a s tructure somewhat akin to that  of the conventional  glass 
electrode. Yttria stabilized zirconias with both aqueous in te rna l  junct ions and 
dry, meta l -meta l  oxide in terna l  junct ions were employed in  the present  work. 
Test units were run  continuously without  failure for periods as long as 13 
days at temperatures  of 285~ and at pressures of 1200 psi. Under  these 
conditions the response over the pH range 3-8 (at 285 ~ was l inear  with a 
slope up to 97% of theoretical. Unlike sensors involving electron t ransfer  
couples (e.g., the hydrogen electrode, the pal ladium hydride electrode, meta l -  
metal  oxide couples) the membrane  is insensit ive to changes in the redox 
environment .  In turn,  the relat ively inert  membrane  exerts no influence on 
the envi ronment ;  this behavior  contrasts markedly  with that  of the hydrogen 
electrode and many  other candidates for use at high temperatures.  Although 
pr imary  emphasis was placed on high temperature  performance, the ceramic 
membranes  were also shown to function as pH sensors over the temperature  
range f rom 25 ~ to 285~ The conductivities of the yt t r ia  stabilized membranes,  
as measured in  sensors, were found to be comparable in magni tude  and acti- 
vat ion energy with l i terature values for related materials  measured at ele- 
vated temperatures  in connection with their application in high tempera ture  
fuel cells and oxygen sensors. 

Work leading to the concept of the new sensor was 
inspired by the recognized need for devices for the 
direct measurement  of the pH at elevated temper-  
atures of geothermal brines, of water in nuclear  reac- 
tors, and in other high temperature  applications in-  
cluding basic thermodynamic  studies of aqueous sys- 
tems. For such applications, membrane  sensors are 
superior to those based on electron transfer  couples 
(e.g., the hydrogen electrode, the pal ladium hydride 
electrode, and meta l -meta l  oxide couples) because un-  
like the latter, membrane  electrodes are normal ly  in-  
sensitive to changes in the redox env i ronment  and are 
resistant  to poisoning by impuri t ies  such as sulfides. In 
turn, membrane  materials  can often be found that 
exert  no significant influence on the environment .  
These considerations are paramount ,  of course, in ac- 
counting for the universal  acceptance of the glass 
electrode for pH measurements  at ambient  tempera-  
ture. In  view of the difficulties that  have been en-  
countered in at tempts to modify the classical glass 
electrode for high tempera ture-h igh  pressure applica- 
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tions (1-3), a l ternat ive membranes  were sought for 
the purpose. 

In  this connection the we l l -known l a n t hanum 
fluoride electrode for the determinat ion of fluoride ion 
concentrations was selected as a useful model to estab- 
lish criteria for the desired membrane  material.  This 
electrode functions because fluoride ions in  the crystal 
and in the solution serve as the potent ia l -de termining  
species at the interface. At equi l ibr ium the electro- 
chemical potential  of the fluoride ion, is defined in 
general  form by 

;~x-n ---- ~~ -5 RT In ax-n ~- nFc [1] 

where ~• is the electrochemical potential, ~~ is 
the s tandard chemical potential, ax-n is the activity of 
the fluoride ion, r is the inner  or galvani  potential, n 
is the charge on the ion of interest, and the other 
terms have their  usual  meanings,  is equal in both 
phases. The potential  drop at the interface is there-  
fore given by 

1 
~C ---- Cm -- Ca ---- "-~ (a~~ -n  -- m#~ - n  

- -  RT In max-n + RT In aax-n) [2] 
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where the subscripts a and m identify the aqueous and 
membrane  phases, respectively. Since fluoride ion is 
the sole anion in the crystal, its activity in the solid 
phase remains  constant and the only variable  term 
involved in  establishing the total potential  drop across 
the interface is the fluoride ion activity in the aqueous 
phase. 

It was reasoned that a parallel  relat ion might  exist 
between an oxygen ion conduc t ing  ceramic and the 
oxygen ion concentrat ion (and hence indirect ly the 
pH) in  an adjacent  aqueous phase. If so an oxygen ion 
conduct ing ceramic should function as a mem br a ne -  
type pH sensor. This report  shows that  this sensitivity 
to pH is realized experimental ly.  

Stabilized zirconia tubes of the type employed in 
high tempera ture  fuel cells and oxygen sensors were 
chosen as representat ive oxygen ion conducting mem-  
branes for initial" tests. Zirconia is markedly  less solu- 
ble than glass in  water  at elevated temperatures.  Much 
work has also been done to characterize these ceramics 
and to develop fabricat ion techniques in connection 
with their  earl ier  applications. Zirconia stabilized with 
yttria,  calcia, and magnesia has been examined in  the 
work to date, bu t  the performance of the yt t r ia  con- 
ta in ing materials  has been far superior to the others, 
possibly because of their general ly  higher specific con- 
ductivities (4). The work to be reported will  therefore 
be l imited to yt t r ia  stabilized zirconia at two levels, 
8.0 and 16:9 weight percent  (w/o) .  

A var ie ty  of a l ternat ive  oxygen ion conductors 
should be applicable as long as the t ransference n u m -  
ber  for the oxygen ion is close to 1.0 and that  for elec- 
t ron and /o r  hole conduction is at least an order of 
magnitude,  and preferably  several orders of magnitude,  
less. An impor tan t  cri terion is the specific conductivity. 
While that  of the yt t r ia  stabilized zirconia is adequate 
for practical applications at tempera ture  above 95~ 
it  would be desirable to be able to cover the full tem-  
pera ture  range from ambient  upwards. Among the 
zirconias those stabilized with scandia have the highest 
reported conductivit ies (4, 5) and they may  be ade- 
quate. Certain doped cerias also look promising from 
this point  of view (5-7). 

The purpose of this work was to demonstrate  the 
p e r f o r m a n c e  of the new sensor in a pre l iminary  way, 
establish some of its impor tant  operating characteris-  
tics, and obtain some indication of stability. Before it 
can become a practical device, an adequate system in-  
cluding reference electrode and cal ibrat ion procedures 
will have to be developed, to which li t t le a t tent ion was 
devoted. It will  become clear, however, that  the ref- 
erence electrode may prove less stable and reproducible 
than the membrane  sensor itself. 

Most of the data were obtained at 285~ but  data 
obtained at lower temperatures  indicate that  with 
lower resistance ceramics the fulI range from ambient  
tempera ture  to 285~ or higher can be encompassed 
with a practical device. 

Exper imenta l  
Structure of the sensors.--Most of the sensors used 

in  this work were somewhat  akin to the conventional  
glass electrode in that  a buffered saline solution in  
contact with a chlorided silver wire served as the 
in te rna l  e lement  wi thin  the membrane  sheath. For 
work in the tempera ture  range 25~176 stabilized 
zirconia tubes closed at one end were employed. In i -  
t ial ly a 0.1m NaC1 or KC1 solution containing one pH 7 
pHydrion|  buffer tablet  per 100 ml was employed as 
the inner  electrolyte, and contact was made by a 
chlorided silver wire immersed in this solution. In  
some cases the solution ( including the buffer) was 
dilu'ted by a factor of ten. For longer term experiments,  
par t icular ly  at 95~ the open end of the tube was 
covered with a Teflon cap. 

A few sensors for use at 25~176 were also prepared 
with "direct junct ion"  in te rna l  connections. One such 
type was prepared by inser t ing a 30 rail, coiled copper 
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lead wire into the tube and packing it in place with a 
50:50 mixture  by weight of finely divided copper and 
cuprous oxide (Fisher Copper Metal-Electrolytic Dust, 
purified; Baker Cuprous Oxide Powder, Analyzed 
Reagent) to a depth of 3 in. This type of junct ion  has 
been used in the past in the fabricat ion of the well-  
known stabilized zirconia high tempera ture  oxygen 
sensors (8-10), and al ternat ive  meta l -meta l  oxide or 
mixed oxide couples could also be used. A second direct 
junct ion contact was prepared by filling the tube with 
mercury  to a depth of three inches and inser t ing a 
p la t inum lead wire. It  was presumed that  enough 
mercuric oxide was present  as a contaminant  that  this 
too served as a meta l -meta l  oxide type contact. Sensors 
of this type were also closed with Teflon caps. 

To extend the work to higher temperatures,  the 
sealed s tructure shown in Fig. 1 and 2 was employed. 
An impor tant  element  is the compressible Teflon seal 
in  the Conax pressure fitting. This main ta ins  the pres-  

SILVER WIRE 

ALUMINA INSULATOR 

SILVER DISKS 
TFE SEAL 
PRESSURE FITTING 

BUFFERED SALINE 
ELECTROLYTE 

"MEMBRANE" 

SILVER CHLORIDE 
COATING 

Ill 

Fig. 1. Schematic diagram of sensor for use at elevated tempera- 
tures and pressures. 
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Fig. 2. Photograph of an assembled sensor 

sure that builds up within the t ube - - the  order of 1000 
psi at 285~ serves to insulate the lead wire from 
the metall ic parts of the fitting. The same in te rna l  
electrolytes were employed as at lower temperatures,  
and in  one case a solution containing 0.001m HC1 and 
0.009m KC1 was used. Because of thermal  expansion of 
such solutions, care was taken to allow sufficient free 
volume within  the tube; normal ly  they were filled to 
only 70% of capacity. 

Some work was also done at the elevated tempera-  
ture with the copper/cuprous oxide direct junct ion 
structure.  This was sealed into the Conax fitting as 
above. 

Test system and protocols.--Initial tests at ambient  
temperature  were performed by immers ing the sensor 
into appropriate solutions in an open beaker. An 
Ingold| combinat ion electrode was used as a compari-  
son standard, and its reference electrode also served 
the zirconia sensor. Because of the very high impedance 
of the ceramics at ambient  tempera ture  (~1011~2), it 
was necessary to make measurements  in a faraday 
cage and to use a high input  impedance electrometer 
(Keithley Model 602). 

All  other measurements  were made with the test 
system shown schematically in Fig. 3. Here provision 
was made for pumping  water, acid, or base into the 
heated and pressurized (if necessary) autoclave, which 
had a capacity of 1 liter. In  this way the solution in the 
autoclave could be slowly "t i trated" with acid or base, 
or aliquots of more concentrated reagent  could be 

;: 

~ , /// " iF ELECTRODE 

I SURE CONTROL 

REfERENCE---  IIII 
ELECTRODE 

PLATINUM ~ | 
ELECTRODE J II / 
M E M B R A N E "  I " / 
ELECTRODE 

Fig. 3. System for evaluating sensors 

introduced to cause more rapid changes in  pH. Both 
316 stainless steel and t i t an ium autoclaves have been 
used. 

The Conax fitting on the sensor permits  direct 
mount ing  in the lid of the autoclave. Frequent ly  two 
were tested concurrent ly.  Also mounted  to the lid 
through Conax fittings were an insulated platinized 
p la t inum wire and a reference electrode which con- 
sisted of a chlorided silver rod immersed in  a 0.01m 
KC1 solution contained wi th in  an insulat ing tube (11); 
the lat ter  communicated with the water  in  the auto- 
clave through a porous asbestos or zirconia junction. 
For some of the measurements  at 95~ an Ingold 
Series 514 Hi Tempera ture  combinat ion pH electrode 
was mounted  through the lid in place of the special 
reference electrode. In  such cases the system was not 
pressurized, but  otherwise procedures were standard. 

Dur ing  a run  the potentials of all electrodes as well 
as the autoclave were monitored against the reference. 
In  addit ion the ambient  tempera ture  pH could be 
measured downstream of the pressure control with an 
Ingold combinat ion pH electrode. Keithley electro- 
meters ( ini t ial ly Model 602 and later  Model 616) were 
used for all the potential  measurements.  Automatic 
switching among the electrodes was accomplished with 
an Orion Model 855 Automatic  Electrode Switch. Out-  
put  was recorded cont inuously on a Hewlett  Packard 
Model 7100B Strip Chart  Recorder. 

The reagents were normal ly  pumped through the 
system at a constant  rate of 3 m l / m i n  with a Lapp 
Pulsafeeder Pump Model LS-20 while the pressure was 
main ta ined  at 1200 psi, a pressure of about 200 psi over 
the vapor pressure of water  when the system is at the 
highest operat ing tempera ture  of 285~ When more 
rapid t ransients  were under  study, water  was pumped 
at the same rate through the system and suitable ali-  
quots of 0.1m NaOH or 0.05m H~SO4 were introduced 
into the stream. Thermal  convection produced essenti- 
ally ideal mixing within  the autoclave par t icular ly  at 
the higher temperatures.  

Temperatures  were controlled with a Leeds and 
Northrup Electromax III  controller. They were moni -  
tored cont inuously with a ChromeI-Alumel  thermo-  
couple. 

Resistance measurements.--Occasionally resistance 
measurements  were desired on the sensors. These were 
accomplished with the electrometer by connecting the 
bu i l t - in  shunts across the inputs from the sensor and 
the reference electrode. Under  these conditions the 
resistance is given by 

R - ~  R s h ( E o c  - -  Esh)/Esh 

where R is the series resistance of the membrane,  the 
solution in the autoclave, and the reference electrode, 
Rsh is the resistance of the shunt, Eoc is the voltage 
measured without  the shunt, and Esh is that  with the 
shunt. At the lower temperatures,  R approximates that  
of the membrane  itself. At higher temperatures  a cor- 
rection was der ived  by measur ing the resistance be- 
tween the p la t inum electrode and the reference and/or  
between the autoclave and the reference. These mea-  
surements  provided an estimate for the series resis- 
tance of the solution in the autoclave and the reference 
electrode. The resistance measurements  were subse- 
quent ly  converted to specific conductivi ty on the basis 
of the physical dimensions of the tubes. In  the calcula- 
tions allowance was made for the expansion of the 
water  wi thin  the tubes with increasing temperature.  
Measurements  were made with the sensor immersed 
in  acidic and basic solutions with no difference in  
results. 

Comparison standards ]or pH sensors.--Ideally one 
would like to establish the performance of a new 
sensor on the basis of comparisons of exper imental  ob- 
servations with values predicted from accepted ther-  
modynamic data. Unfortunately,  at the outset of this 
work it  was not clear that  the exper imenta l  system was 
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clearly enough defined for this purpose. Thus uncer ta in  
l iquid junct ion  potentials were anticipated at the 
reference electrode-solution interface, some con- 
sumption of acid through corrosion of the autoclave and 
connecting tubing  as well  as some ceramic parts could 
occur, and rigorous steps were not taken to exclude 
carbon dioxide from the basic solutions. 

I t  was therefore elected to judge the performance 
of the sensors on the basis of comparisons with other 
acceptable standards. For  measurements  at ambient  
tempera ture  and 95 ~ this presented no problem be-  
cause commercial ly available glass electrodes could 
be used unambiguous ly  for the purpose. At higher  
temperatures,  however, this is not the case, and an 
a l ternat ive  comparison was sought. Although a hydro-  
gen electrode would seem a na tura l  choice, our system 
and experience had been geared for work wi th  aerated 
solutions. We therefore elected to use the "oxygen 
electrode" formed at the platinized p la t inum wire in  
the autoclave as the comparison s tandard at 285 ~ . This, 
in  contact with the aqueous solutions, all  of which 
were equi l ibrated with air at ambien t  tempera ture  
before enter ing the autoclave, 1 can, in principle, serve 
as a pH sensor because of the hydrogen ions involved 
in the potential  de termining reaction 

O8 + 4H + -I- 4 e -  -- 2H20 

Although not  r igorously established as a pH sensor, the 
response of the oxygen electrode to pH has been dem- 
onstrated at ambient  tempera ture  (12), and dur ing the 
course of the present  work addit ional support  was gen- 
erated, par t icular ly  from direct comparisons with the 
glass electrode at 95~ Comparison of its behavior  at 
285 ~ with thermal  data also proved reassuring, part ic-  
u lar ly  dur ing later  experiments  after the equipment  
had had time to age and passivate, cf. below. 

Results and  Discussion 

pH Response 
Performance at 25~ was first demon-  

strated in  brief  experiments  at ambient  tempera ture  
with yt t r ia  stabilized tubes. Data comparing the re- 
sponse of two membranes  stabilized with 16.9 w/o 
yt t r ia  at 25 ~ with that  of a commercial  glass electrode 
upon immersion in 0.1m sodium hydroxide, 2m hydro-  
chloric acid, and a phosphate buffer (pHydrion at pH 
7.0) are shown in  Fig. 4. As can be seen the slopes of 
the two curves are very close to the ideal value of 
1.000. While these results establish the response to ptI, 
the high impedance of the yt t r ia  stabilized zirconia 
tubes at ambient  tempera ture  (,~10zz~) makes them 
unacceptable for general  application at this tempera-  
ture. It  is likely, however, that  suitable membranes  
can be fabricated from al ternat ive  oxygen ion con- 
duct ing ceramics, e.g., doped cerias, that  will  have 
lower resistivities and thereby permit  practical mea-  
surements  at ambient  temperature.  This is desirable, 
not  with the aim of replacing the glass electrode, 
bu t  in the interest  of having a single sensor responsive 
to pH from ambient  tempera ture  to higher levels so 
that  pH can be followed cont inuously over an entire 
heat ing or cooling transient .  Low tempera ture  capabil-  
i ty  would also permit  ready cal ibrat ion and testing 
with the min imal  complications associated with am-  
b ient  conditions. 

Performance at 95~ comparing the response 
of a membrane  stabilized with 8.0 w/o yt t r ia  with that  
of the high tempera ture  Ingold electrode at 95 ~ are 
shown in Fig. 5. Also included in the figure are corre- 
sponding data for the oxygen electrode formed at the 
platinized p la t inum wire. Although the response of 
this membrane  electrode is only 92% of the glass, it is 
still in  an acceptable range. The response of the oxy- 

z Since the test  sys tem was  operated about  200 psi  above the  
saturation pressure of water  at 285~ no gas phase was  present  
in the autoclave and the concentrat ion of dissolved oxygen in the 
water  remained at the value establ ished during the  equil ibration 
with air at ambient  conditions.  
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gen electrode at this tempera ture  is 88% of the glass. 
Using the ratio of the two, it  is found that  in this case 
the membrane  response is 104% of that  of the p la t inum 
electrode. In  two other runs  the same membrane  elec- 
trode (with fresh in terna l  solution) was tested at 95 ~ 
wi thout  the glass electrode in  the system. In  these 
cases comparison only with the oxygen electrode was 
possible and values of 106 and 107% were obtained for 
the sensor, in  reasonable agreement  with the above 
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Table I. Response of yttria stabilized zirconia membranes relative to that of the oxygen electrode at 
285 ~ C 

Stabilizer Period of Response (% o f  
R u n  No .  S e n s o r  No .  c o n c .  ( w / o )  I n t e r n a l  s o l u t i o n  D a t a  s e t s  t i m e  ( d a y s )  O~ e l e c t r o d e )  

ZRO2-6 Y-7 8.0 0.1m NaC1, p H  7.0 5 2.8 95.1 
ZRO2-6 Y-9 8.0 0.1m NaC1, p H  7.0 13 8.8 92.9 
ZRO2-7 Y208-3 16.9 O.lm NaCI, p H  7.0 12 5.7 96.4 
ZRO2-9 Y=O8-4 16.9 O.01m NaCI, p H  7.0 3 0.8 88.8 
ZRO2-14 Y-16 8.0 O.01m NaC1, p H  7.0 2 0.2 87.8 
ZRO2-16 Y=O3-5 16.9 0.Olm NaCI, p H  7.0 8 4.0 96.2 
ZRO2-16 Y-15 8.0 0.01m NaC1, p H  7.0 8 4.0 103.9 
ZRO2-17 Y-17 8.0 O.01m NaC1, p H  7.0 10 8.7 95.2 
ZRO2-18 Y-18 8.0 0.001m HC1/0.009m KCI 2 1st day 93.7 

8 2rid d a y  93.3 
5 12th d a y  98.2 

M e a n  r e s p o n s e  f o r  8.0% s t a b i l i z e r  = 96.0; r = 4.6. 
M e a n  r e s p o n s e  f o r  16.9% s t a b i l i z e r  = 93.8; r = 4.3, 
G r a n d  m e a n  = 94.7; r = 4.4. 

value .  (As will  be discussed below, two additional 
sensors wi th  direct  junct ion internals  were  also ex-  
amined at 95 ~ and gave l inear  responses that  were  
1Ol and 103% of that  of the Ingold glass electrode.) It  
is thus clear that  quite  reasonable,  and close to theo-  
ret ical  responses can be obtained f rom the new elec-  
trodes at 95 ~ . 

Behavior at 285~ pr imary  interest  in the 
new sensors is in their  application at h igher  t empera -  
tures, most of the emphasis has been placed on tests at 
285 ~ Data in Fig. 6 show that  there is again an excel-  
lent  l inear  correlat ion be tween the response of the 
membrane  sensor and that  of the oxygen electrode over  
a range of pH established at the ext remes by 0.0005m 
H2SO4 and 0.001m NaOH. In this case 16.9 w /o  yt t r ia  
served as the stabilizer and the data in the figure were  
accumulated over  a period of 5.7 days. The response is 
96% of that  of the oxygen electrode, w h i c h  at this 
t empera tu re  probably performs close to theoretical;  
cf. below. For comparison purposes, s imilar  data for 
eight independent  sensors tested at 285 ~ are sum- 
marized in Table I. Included is information about the 
stabilizing agent  and internal  filling solution as well  as 
the number  of data points used in making the compari-  
son and the period over  which the data were  taken. 
The overal l  average response was 94.7% of that  of the 
oxygen electrode with a s tandard deviat ion of 4.4%. 
No significant difference is seen be tween the sensors 
stabilized with  8.0 w /o  yt t r ia  and those with  16.9 w/o.  

Addit ional  data showing the paral lel  dynamic re-  
sponses of the new membrane  type sensor and the 
oxygen electrode to pH changes are shown in Fig. 7. 
The first t ransi t ion was accomplished by introducing 
a 15 ml al iquot of 0.1m NaOH when the solution in the 
autoclave was 0.0005m H2SO4. The second transit ion 
was brought  about by back- t i t ra t ing  the base wi th  
0.0005m HfSO4. 

As fu r ther  support  for the per formance  of the new 
sensors, an a t tempt  was made to compare their  re -  
sponses with that  predicted from avai lable thermo-  
dynamic data. For  this purpose, the data of Marshal l  
and Jones (13) for the second dissociation constant of 
sulfuric acid at e levated tempera tures  were  employed 
along with those of Sweeton, Mesmer, and Baes (14) 
for the dissociation constant of water.  Act iv i ty  coeffi- 
cients for the dilute solutions were  est imated f rom the 
theoret ical  predictions of Helgeson and Ki rkham (15). 

Calculated values for the pH of the 0.0005m H2SO4 
and 0.001m NaOH solutions at 285~ as well  as the the-  
oretical  response from interchanging the two are sum-  
marized in Table IL It is to be noted that  the re la t ive ly  
high pH for the acid (relat ive to 3.02 at 25 ~ results 
f rom the marked  decrease in the second ionization con- 
stant of sulfuric acid wi th  increasing t e m p e r a t u r e - -  
3.3 • 10 -8 at 285 ~ vs. 1.2 • 10 -2 at 25 ~ . For the 
0.001m NaOH the pH is lower  at 285 ~ than at 25 ~ be- 
cause of the increased dissociation constant of wa te r  at 
the e levated temperature .  Compared with  these two 
effects, the influence of act ivi ty coefficient corrections 

Table 11. Theoretical potential change for 
0.0005m H2S04 ~ O.001m NaOH at 285~ 

pH of 0.0005m H~SO, 3.32 
pH of 0.0.01m NaOH 8.22 

hpH 4.90 
mV/pH unit 110.8 

I ~mV 543 I 

on the calculated pH values of these dilute solutions is 
m i n o r - - o f  the order  of 0.03-0.05 units. 

Response data for a number  of sensors and the oxy-  
gen electrode based only on the full  t ransi t ion f rom 
acid to base or reverse  are summarized in Table III. A 
definite t rend is evident  among the data in that  the 
agreement  wi th  theory improves in the successive tests 
which are a r ranged in chronological order. This sug- 
gests in part, at  least, that  the discrepancies in the 
ear l ier  runs reflect real  variat ions in the pH of the 
solutions as a result  of corrosion of the test system, 
most l ikely by the acidic solutions. During successive 
runs it would  appear  that  a protect ive  film developed 
on the walls and the rate  of corrosion diminished, 
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the reby  introducing smaller  discrepancies which by 
the t ime of run  ZR02-17 were  insignificant. The value  
for the oxygen electrode in Run ZR02-17 s trongly sup- 
ports the origimil assumption that  the oxygen elec-  
t rode at e levated tempera tures  functions wel l  as a pH 
sensor and was a val id choice as a comparison standard. 
In  comparing the sensors wi th  the oxygen electrode in 
these tests a mean value  of 95.3% was obtained, in 
good agreement  wi th  the data in Table  I. The individ-  
ual differences resul t  f rom the fact that  more data 
points were  averaged for each run of Table  I; only 
data obtained f rom the full  t ransi t ion be tween the 
acicl and base were  used for Table III. 

Sensitivity to Redox Potential of the Environment 
Because membrane - type  sensors normal ly  have the 

desirable fea ture  of being insensit ive to the redox 
potent ia l  of the solution being monitored,  the behavior  
of the stabilized zirconia sensors was examined as the 
redox potential  of the solution in the autoclave was 
changed. This was accomplished by changing from an 
air  to a ni t rogen purge of the 0.0005m H2SO4 solution 
being fed to the autoclave. The effect is i l lustrated by 
the data in Fig. 8 which includes plots of the potentials 
of the sensor, the oxygen electrode, and the autoclave 
against the reference  electrode. 

It  is seen that  af ter  changing f rom an air to a ni t ro-  
gen purge of the incoming O.0005m H2SO4 a slow 
downward  drift  in potent ial  was evident  for the oxy-  
gen electrode and the autoclave. Af te r  several  hou~s a 
more  rapid drop occurred for both of these potentials.  
This is a t t r ibuted  to loss of the passive film on the 
autoclave with an associated increase in corrosion rate 
and l iberat ion of hydrogen. The oxygen electrode then 
clear ly  showed its sensi t ivi ty to this change in the 
redox environment .  The oxygen ion conducting ce- 
ramic membrane,  however,  re tained an essential ly con- 
stant potent ial  throughout  the transients. The small  
increase in potent ial  at the t ime of the depassivation is 
bel ieved to have  been a response to a real  t ransient  
change in pH. 

I t  is useful  to consider whe ther  this behavior  is con- 
sistent with the known propert ies  of stabilized zirconia 
and whe the r  i t  i s  l ikely to be a universal  proper ty  of 
oxygen ion conducting ceramic membranes .  A key 
factor  to consider in this connection is the domain over  
which the ceramic functions "solely" as an oxygen ion 
conductor,  i.e., to= ~-- 0.99, where  to= is the t rans-  

Table IlL Measured potential changes for 
0.0005m H2SO4 ~--- 0.001m NaOH at 285~ 

Oxygen electrode 
response Membrane response 

% of % of % of 
Run AmY theor.  AmV theor,  oxygen  

ZRO2-5 376 69.2 360 66.3 96.7 
ZRO2-6 436 80.3 392 72.2 89.9 
ZRO2-7 490 90.2 492 90.6 100.4 
ZRO2-9 526 96.9 494 91.0 98.9 
ZRO2-17 545 100.3 527 97.0 96.7 

Mean 95.3 
a 3.8 
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Fig. 8. Behavior of a sensor, the oxygen electrode, and the auto- 

clave as the redox potential of the environment is changed at 
285~ 

ference number  for the oxygen ion. If  electronic or 
posit ive hole conduction becomes significant, de le ter i -  
ous shunting can occur and the full  signal cannot be 
developed across the membrane.  

Since the same principle applies in the older  applica- 
tions of these ceramics in fuel cells and oxygen 
sensors, at tention has been addressed to the influence 
of envi ronmenta l  redox conditions on the oxygen ion 
conductance, par t icular ly  by Pat terson (16, 17), 
whose data for calcia stabilized zirconia (CSZ) and 
y t t r ia -doped thoria (YDT) have been adapted to Fig. 
9. In this figure the shaded areas to the r ight  of the 
boundaries ident i fy the oxygen ion conduc t ing  do- 
mains for the two ceramics as defined by to= --~ 0.99. 
At any given temperature ,  envi ronments  having oxy-  
gen part ial  pressures (or equivalent  redox potentials)  
in excess of that  of the upper  boundary cause excessive 
positive hole conduct ivi ty  while part ial  pressures be-  
low the lower  boundary  result  in excessive electronic 
conductivity.  Al though less data are avai lable for 
yt t r ia  stabilized zirconia, there is some indication (18) 
that  the oxygen ion conducting domain is somewhat  
wider  than that  for CSZ. 

Also shown on the figure is the domain of oxygen 
part ial  pressures and tempera tures  that  is encompassed 
by the equi l ibr ium established in an aqueous system 
in the presence of f rom 1 atm of oxygen to 1 atm of 
hydrogen. This was calculated from avai lable  thermal  
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Fig. 9. Domains for oxygen ion conductiyity in calcia stabilized 
zirconia and yttria-daped thoria. 
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data (19). It  is evident  that  over this entire range of 
conditions CSZ is a satisfactory oxygen ion conductor. 
The data for YDT serve as an example of what  can 
occur in other cases. Here it  is seen that  at oxygen 
levels greater than 10 -6 atmosphere the positive hole 
conductivity exceeds 1% and less satisfactory per-  
formance than for CSZ is to be expected under  such 
conditions. On the other hand, in reducing envi ron-  
ments  the YDT has a considerably larger marg in  of 
safety than the CSZ for the operat ing range postu- 
lated. [It has been reported, however, that  under  some 
situations YDT suffers fur ther  complications in that  
hydrogen can enter  the lattice and introduce proton 
conduction (20) which would also influence per-  
formance.] Limited data for doped cerias (7) suggest 
that at 1 atm of hydrogen, their oxygen ion conductiv-  
i ty  might  be somewhat compromised, but  that they 
should function satisfactorily at higher oxygen part ial  
pressures. 

The behavior  of the cerias is of par t icular  interest  
in that  the oxygen ion conductivi ty is considerably 
higher than those of the zirconia or thoria systems and 
they should be at tract ive for use at temperatures  closer 
to ambient.  This factor has promoted interest  in their  
use in fuel cells (6, 7) and recent ly their vir tue in 
oxygen sensors operational  at lower than usual  tem- 
peratures has been demonstrated (21). 

Drift 
Drift  arises from two principal  sources: (i) changes 

in  the electrolyte concentrat ion wi thin  the reference 
electrodes, and (ii) changes in  the in terna l  electrolyte 
in  the sensor especially when the poorly buffered 
0.001m HCI-O.009m KC1 electrolyte was used. 

That  a significant drift  has been associated with the 
reference electrodes is i l lustrated by the data, all 
obtained with 0.0005M H2SO4 in the autoclave, in  F i g .  
I0 from runs ZRO2-5, 7, and 18. The data from runs 
ZRO2-5 and 7 show the drifts of the oxygen electrode 
and the sensor to be essentially parallel.  In both cases 
the more concentrated buffered electrolytes, which 
should have good stability, were used as the in ternals  
of the sensors. I t  is therefore felt that in  these cases the 
drift  was largely associated with the reference elec- 
trode. In  run  ZRO2-18 mixed results were obtained. 
The drift  of the oxygen electrode over the first few 
days was similar  to that  from the other two runs, and 
it  eventua l ly  reached a plateau. This is again be- 
l ieved to be associated with the reference electrode. 
The much larger drift  of the sensor is clearly a result  
of changes in the very poorly buffered in terna l  elec- 
trolyte, 0.001m HC1-0.009m KC1, most probably as a 
result  of reaction of the small amount  of acid with the 
zirconia or, more likely, with impuri t ies  in  the zirconia. 
If so, pre t rea tments  of the ceramic with acid or the 
use of a more concentrated acid as the filling solution, 
e.g., 0.Olin HC1, should reduce the problem. 

50 

-50 

-ioo 

-ZOO I s 

I 
5 I0 

DAYS OF OPERATION 

Fig. 10 Drift in potential of sensors and the oxygen electrode 
relative to 0.01M KCI/AgCI/Ag reference electrode at 285~ 

The drift  in the reference electrode is larger than 
anticipated from previous experience (22). It  may re-  
flect differences in operating procedures. For  example, 
we have normal ly  been operating with solutions equi-  
l ibrated with air (dissolved oxygen concentrat ion 
about  8 ppm) while in  earl ier  applications in  s imu-  
lated and actual nuclear  reactor water  (BWR type) 
the oxygen levels ran  about  0.2 ppm. At  the higher 
oxygen levels diffusion through the Teflon walls of 
the reference or through the diffusion junct ion  itself 
could be higher and thereby promote chloride ion con- 
sumption from the solutions via the reaction 

1 
2Ag -p 2C1- ~- H20 -~ O~ -- 2AgC1 + 2 O H -  

As chloride is removed from solution via such a mech- 
anism the potent ial  of the reference couple would in -  
crease thereby causing a decline in the potential  of 
other electrodes measured against  it. This type of be-  
havior has been observed with neut ra l  saline solutions 
in  contact with s i lver /s i lver  chloride electrodes in 
confined spaces in the past (23). The fact that  the po- 
tential  eventual ly  leveled off in run  ZRO2-18 is con- 
sistent  with such behavior. At 285~ the solubil i ty 
of silver chloride is much higher than at room temper-  
ature (24) and could be ins t rumenta l  in establishing 
the plateau at a potential  not too far removed from 
the ini t ial  value. It is l ikely too that  some KC1 is lost 
from the reference electrode by diffusion through the 
porous asbestos or zirconia plug. Detailed analysis of 
the solutions after use should be helpful  in diagnosing 
the problem, but  this has not yet  been done. 

This drift  has not interfered with the work so far 
because responses to pH can be determined over rel-  
a t ively short periods of t ime when the influence from 
drift is minimized. It  is clear however, that  for the suc- 

cessful  exploitat ion of the new pH sensors a bet ter  u n -  
ders tanding of drift  is required. 

Conductivity of Membranes 
In  order to establish more firmly that  the sensors are 

indeed funct ioning as t rue membranes,  it was felt nec- 
essary to demonstrate  that  their  conductivities are 
comparable with those normal ly  associated with such 
ceramics from earlier measurements  at high temper-  
atures. This is necessary because under  certain l imited 
conditions porous media can give responses resembling 
those from an intact  membrane.  [Lee has discussed 
this type of behavior  as encountered with "incom- 
pletely sealed" cation sensitive glass microelectrodes 
(25).] With relat ively large pores the behavior  

is like a l iquid junct ion and only a diffusion potential  
is established. However, with pores of dimensions 
small with respect to the thickness of a double layer, 
exclusion of cations or anions can occur and the theo- 
retical response of a membrane  can be achieved. Under  
such conditions, t ranspor t  of current  through the pores 
is by ionic migrat ion in an aqueous medium and rela-  
t ively low activation energies of the order of 5 kcal /  
mole, should be encountered. 

Measurements  of cell resistance were made at var i -  
ous temperatures  with both 8.0 and 16.9 w/o  yt t r ia  
stabilized tubes using the electrometer and the paral lel  
shunt  method outl ined above. Plots of the data in  
terms of the logari thm of the specific conductivi ty vs. 
reciprocal tempera ture  are shown in Fig. 11. From a 
least squares fit of the data, the activation energies and 
conductivities at 1000~ were calculated. These are 
listed in Table IV along with data from the l i tera ture  
for zirconia stabilized with 10 mole per cent (16.9 
w/o)  yt t r ia  obtained at higher temperatures  in  connec- 
t ion with the application of these ceramics in  fuel cells 
and oxygen sensors. [Fewer data are available for 
comparison with the 8.0 w/o material ,  but  the act iva-  
t ion energy has been observed to decrease slightly with 
decreasing yt t r ia  content (26, 27).] Our results are 
comparable with the earlier data and, in addition, the 
activation energies are high for conductivities in  an 
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Fig. 11. Canductivities of yttria stabilized zirconias 

aqueous phase. Both observations give assurance that  
the sensors are  indeed funct ioning as t rue membranes.  
Hel ium leak tests also indicated that  the sensors were  
impervious  both before and af ter  exposure in the auto-  
clave, but  i t  is difficult to t ranslate  this type of obser-  
vat ion into behavior  upon immers ion in aqueous 
solutions. 

One addit ional  comment  should be made about the 
behavior  of porous media as sensors. It  is improbable  
that  they would show the pronounced specificity for 
hydrogen ion over  the wide range actual ly observed. 
While it is possible that  cation select ivi ty would pre-  
vail  over  the full  range f rom 0.1m NaOH to 2m HC1 
at ambient  temperature ,  it is l ikely that  the response 
would shift f rom the hydrogen ion to the sodium ion 
as the solution became strongly basic. This would 
manifes t  i tself by an inversion of the slope in the basic 
media  when the sensor response is plot ted against  that  
of the glass electrode. 

Alternative Internal Junctions 
The behavior  of the sensor was also examined briefly 

wi th  dry internal  junctions consisting of Cu/Cu20 and 
Hg/HgO.  The Cu/Cu20 was employed in several  sen- 
sors that  were  operated at both 95 ~ and 285~ while  
the single sensor prepared  with the mercury  couple 
was run only at 95~ 

Data obtained at 95~ with  the Ingold glass electrode 
serving as the comparison s tandard are shown in Fig. 

Table IV. Ionic conductivities and activation energies for 
zirconia stabilized with 16.9 w/o yttria* 

Conductivity Activation 
at lO00~ energy 

(~-z cm -z x lO s) (kcal/mole) 

3.2 24.1 This work 
1.5" * 20.2* * This w o r k  
7.7 19.8 Ref. (4) 
4.8 --  Ref. (4) 

10.0 20.0 Ref. (4) 
12.0 20.0 Ref. (4) 
5.8 - -  Ref. (4) 

10.0 --  Ref. (4) 
8.7 - -  R e f .  ( 4 )  

1 2 . 0  - -  R e f .  ( 4 )  

* This is e q u i v a l e n t  t o  10 m/o. 
** 8.0 w/o yttria which is e q u i v a l e n t  t o  4.5 m/o. 
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Fig. 12. Response of sensors with Cu/Cu20 and Hg/HgO internal 
junctions relative to that of a glass electrode at 95~ 

12. Both in ternal  junctions resul ted in sensors having 
l inear  responses that  were  close to those of  the glass 
electrode. An equiva len t  sensor prepared  with  an 
aqueous in ternal  junct ion and tested in the same group 
was somewhat  lower  in response; c.f., Fig. 5. 

At  285~ sensors wi th  the Cu/Cu20 in ternal  junct ion 
again gave l inear  responses against the oxygen elec- 
t rode as standard. In the two cases tested the responses 
were  89.8 and 96.1% of that  of the oxygen electrode. 

These results indicate that  e i ther  the aqueous or 
nonaqueous type of in ternal  should be satisfactory on 
the basis of pH response. A final choice may be de- 
pendent  upon long te rm stabil i ty and /o r  the t emper -  
a ture  coefficients of the two types of sensors. 
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Effect of Molybdenum on the Anodic Behavior 
of Amorphous Fe-Cr-Mo-B Alloys in Hydrochloric Acid 

K. Asami, M. Naka, K. Hashimoto, and T. Masumoto 
The Research Institute Jor Iron, Steel, and Other Metals, Tohoku University, Sendal 980, Japan 

ABSTRACT 

The addition of a small amount of molybdenum to amorphous Fe-Cr-B 
alloys improves the corrosion resistance in hydrochloric acid. In particular, 
amorphous Fe-25Cr-20B-xMo alloys containing 5 atomic percent or more 
molybdenum passivate spontaneously even in 6N HCI, showing no pitting by 
anodic polarization. However, an excess addition of molybdenum lowers the 
corrosion potential and raises the anodic current density in the passive region. 
This dual function of molybdenum was investi, gated with XPS and electro- 
chemical methods. In the active region, an increase in the molybdenum con- 
tent of the alloys decreases the anodic current density by the formation of a 
surface film containing large amounts of chromium and some molybdenum. 
The addition of molybdenum assists the formation of the passive hydrated 
chromium oxyhydroxide film. However, a passive film of molybdenum oxy- 
hydroxide is unstable in comparison with the passive hydrated chromium 
oxyhydroxide film even at lower potentials in the passive region, and moly.b- 
denum suffers transpassive dissolution at higher potentials in the passive 
region. An excess of molybdenum results in a passive film whose content of 
molybdenum in an unstable valence state is high. Consequently, the addition 
of molybdenum is significantly effective in increasing the corrosion resistance, 
particularly in aggressive hydrochloric acid, but the lower the molybdenum 
content  of the passive film the be t te r  is the pro tec t ive  qua l i ty  of the film. 

It  is wel l  known that  addi t ion of mo lybdenum to 
stainless steels increases their  corrosion resistance 
toward  pi t t ing in chlor ide  solutions, a l though the 
addi t ion of mo lybdenum to i ron or  nickel  is not 
effective in improving  the i r  corrosion resis tance in 
hydrochlor ic  acid (1). In par t icular ,  the combined 
addi t ion  of chromium and molybdenum to steels 
g rea t ly  improves  thei r  corrosion resistance in acidic 
chlor ide solutions, and hence molybdenum interacts  
synergis t ica l ly  with chromium (2). 

I t  has been considered tha t  mo lybdenum in the 
passive film reinforces its protec t ive  quali ty.  Mahla  
and Nielsen (3) s t r ipped  a passive film from the 
surface of Type  317 stainless steel  pass ivated in 5% 
HNO~ -~ 0.5% K2Cr207 at  60~ and found an enr ich-  
ment  of mo lybdenum in the passive film. Rhodin (4) 
confirmed the enr ichment  of both molybdenum and 
silicon in the passive film on m o l y b d e n u m - b e a r i n g  
steels, which also contained a small  amount  of silicon. 

Key words: corrosion resistance, passivity, passive film, XPS, 
surface analysis, 

Nielsen and Rhodin (5) have assumed tha t  the c h e m -  
i s t ry  of a ge l - l ike  he te ropoly  acid complex controls  
both the mechanism of film format ion  and subsequent  
behavior  of the steels on exposure  to var ious  corro-  
sion environments .  

Recent  deve lopment  of new techniques for  surface 
analysis,  such as AES and XPS, has enabled  the de te r -  
mina t ion  of the const i tuents  of a passive film wi thout  
s t r ipping  i t  f rom the a l loy substrate .  Lumsden  and 
Staehle  (6), in repor t ing  an AES s tudy of a passive 
film formed on Type  316 stainless steel  in a neu t ra l  
chlor ide solution, s ta ted that  an enr ichment  of chro-  
mium occurs to some ex ten t  in the film, bu t  tha t  molyb-  
denum and silicon are  not concent ra ted  in the film. 
Yaniv e t a l .  (7) s tudied the  composit ion of passive 
films formed on mo lybde num-be a r ing  ferr i t ic  s ta in-  
less steels in acidic and a lka l ine  solutions and found 
no enr ichment  of molybdenum.  

XPS studies of passive films on fer r i t ic  s tainless 
steels wi th  and wi thout  mo lybdenum revea led  tha t  
the passive films formed in IN HC1 consist ma in ly  
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of h y d r a t e d  chromium oxyhydrox ide  CrOx (OH) s-2x 
�9 nH20 (8, 9) s imi lar  to the  passive films formed on 
c rys ta l l ine  b ina ry  F e - C r  al loys (10) and ferr i t ic  s ta in-  
less steels (11) in 1N H2SO4 and on Types  304 and 
316 stainless steels in 30% HNOs (12). Molybdenum 
has been found in the  passive films formed on both 
austeni t ic  (12) and fer r i t ic  (8, 9, 11) stainless steels, 
but  i ts content  is ve ry  low, and p i t t ing  does not  lead  
to any subs tant ia l  change in the  average  composit ion 
of the  films (9). 

On the o ther  hand, i t  is known tha t  r ap id ly  quenched 
amorphous  al loys containing a cer ta in  amount  of 
chromium have e x t r e m e l y  high corrosion resis tance 
(13-15). Addi t ion  of mo lybdenum also increases  the  
corrosion resis tance of these ch romium-bea r ing  a m o r -  
phous al loys (16, 17). Fur the rmore ,  recent  s tudies 
revea led  tha t  the addi t ion of mo lybdenum to amor -  
phous F e - P - C  (18) and Fe-C (19) al loys wi thout  
ch romium also increases thei r  corrosion resis tance 
and leads to anodic pass ivat ion in 1N HC1 in contras t  
to c rys ta l l ine  b ina ry  Fe-Mo alloys. 

The amorphous  al loys usual ly  contain a large  amount  
of meta l lo id  e lements  such as boron, carbon, silicon, 
and phosphorus.  These e lements  p l ay  an impor t an t  
role  in the  corrosion resis tance of amorphous  al loys 
(20)�9 One of the most  impor t an t  factors for the ex -  
t r eme ly  high corrosion resis tance of rap id ly  quenched 
amorphous  al loys is thei r  chemical ly  homogeneous 
single phase,  which is free of defects formed by  sol id-  
s ta te  diffusion and associated with  the crys ta l l ine  
state. 

Passive films formed on ch romium-bea r ing  amor -  
phous al loys are  composed most ly  of hydra t ed  chro-  
mium oxyhydrox ide ,  which is the ma jo r  const i tuent  
of s table  passive films on o rd ina ry  stainless steels. 
On the o ther  hand, amorphous  Fe -Mo-me ta l l o id  al loys 
pass ivate  by  the format ion  of hyd ra t ed  iron o x y h y -  
droxide  (23, 24). In  the act ive region, the l a t t e r  
alloys, however ,  form surface films in which mo lyb -  
denum is h ighly  enr iched (23, 24). The significant 
en r ichment  of mo lybdenum in a surface film formed 
in the act ive region has also been found for c rys ta l l ine  
fer r i t ic  stainless steels containing mo lybdenum (8). 

These resul ts  suggest  that  the  role of chromium 
and mo lybdenum in increas ing the corrosion resis tance 
of amorphous  i ron -me ta l lo id  al loys is not  essent ia l ly  
different  f rom that  in c rys ta l l ine  stainless steels. I t  
is, therefore,  convenient  to use the amorphous  al loys 
for the s tudy  of the effect of mo lybdenum on the 
corrosion resis tance of a s ingle-phase  solid solut ion 
containing iron and chromium. 

Recent ly  we (17) inves t iga ted  the effect of chro-  
mium and mo lybdenum addi t ions on the corrosion 
behavior  of amorphous  Fe-20B, Co-20B, and Ni-20B 
al loys in 1N HC1 and found the dual  funct ion of 
molybdenum:  The addi t ion  of smal l  amounts  of mo lyb -  
denum to Fe-20Cr-20B and Co-20Cr-20B al loys led 
to spontaneous passivation,  but  excess addi t ion of 
mo lybdenum ra ised the passive cur ren t  dens i ty  and 
lowered  the open-c i rcu i t  potent ia l  for spontaneous 
passivat ion.  

The work  repor ted  here in  aims to c lar i fy  the  origin 
of the dual  funct ion of mo lybdenum in the  corrosion 
behavior  of amorphous  F e - C r - M o - B  alloys in 1N and 
6h r HCI. XPS was used to de te rmine  the composit ion 
and thickness of the surface film formed on the al loys 
as a funct ion of the i r  mo lybdenum content.  

Experimental 
Alloy  ingots were  p repa red  by  mel t ing  commercia l  

meta ls  under  an argon atmosphere .  Amorphous  F e -  
Cr -B alloys wi th  and wi thout  mo lybdenum were p r e -  
pa red  as a shape 1-2 m m  in wid th  and 10-40 pm in 
thickness by  the ro ta t ing  wheel  method,  which con- 
sists of imping ing  a je t  of mol ten  a l loy onto the outer  
surface of a r ap id ly  ro ta t ing  wheel.  The nominal  com-  
posi t ions of the  al loys a re  shown in Table I. P r io r  to 

Table I�9 Nominal compositions of amorphous alloys 

Composit ion (a/o) 

Alloy Fe Cr B Mo 

Fe-20 Cr-20 B-xMo 60 20 20 0 
57 20 20 3 
55 20 2O 5 
50 20 20 10 

Fe-25Cr-20 B-xMo 55 25 20 0 
52 25 20 3 
50 25 20 5 
45 25 20 10 

elect rochemical  measurements ,  the  al loys were  pol -  
ished mechanica l ly  in cyclohexane wi th  sil icon ca r -  
bide paper  up to No. 1500. Elect rolytes  used were  1N 
and 6N HC1, which were  p repa red  f rom reagen t  g rade  
chemical  and deionized water .  They were  exposed t o  
air. Polar iza t ion  curves of Fe-25Cr-20B-xMo al loys 
(x  ---- 0, 3, 5, and 10) were  measured  po ten t iodynam-  
ica l ly  wi th  a potent ia l  sweep ra te  of 2.37 • 10 -8 
V.sec -1 in 6N HC1. Potent ios ta t ic  polar iza t ion  curves 
were  also measured  for the same al loys in 6N HC1 
af ter  polar izat ion for 3600 sec at  var ious  constant  po-  
tentials.  A new specimen was used for each po ten-  
t iostat ic measurement .  

The s tab i l i ty  of the surface film formed on the 
amorphous  Fe-25Cr-20B-xMo alloys was eva lua ted  
by  the measu remen t  of potent ios ta t ic  cur ren t  dens i ty -  
t ime curves in 6N HC1. The pass ivat ion behavior  of 
the amorphous  Fe-20Cr-20B-xMo al loys (x ---- 0, 3, 5, 
and 10) was also examined  by  the measuremen t  of 
the  change in cur ren t  densi ty  immed ia t e ly  af te r  me-  
chanical  abras ion of the  specimen surface dur ing  an-  
odic polar izat ion at  var ious  constant  potent ia ls  in the  
passive region in 1N HC1. The abras ion  of the a l loy 
surface was carr ied  out  a t  a constant  force wi th  a 
bench dr i l l ing  machine  in which  was ins ta l led  an a b r a -  
sive rod made  of resin solidified wi th  No. 2000 sil icon 
carbide  powder .  

Af te r  polar izat ion at  various constant  potentials ,  
x - r a y  photoelect ron spec t ra  f rom the a l loy surface 
were  measured  by means of AEI  ES200 elect ron spec- 
t romete r  wi th  Mg K~ excitat ion.  Polar iza t ion  was car -  
r ied out  for 3600 sec except  for the Fe-25Cr-20B 
al loy in the act ive region. This a l loy dissolved rap id ly  
in the  act ive region and hence this polar iza t ion  was 
carr ied  out  for 1800 sec or  less. The composit ion and 
thickness of the surface film were  quan t i t a t ive ly  de-  
t e rmined  f rom the in tegra ted  intensi t ies  of the spect ra l  
peaks.  The deta i led  p rocedure  of energy ca l ibra t ion  
and quant i ta t ive  de te rmina t ion  have been repor ted  
previous ly  (25-27). The photoionizat ion cross sections 
used have been summar ized  e lsewhere  (28). The mea-  
sured spec t rum of Mo 3d electrons was separa ted  into 
spectra  or ig inat ing f rom M o(V I ) ,  Mo(V)' ,  Mo( IV) ,  
and Mo(meta l l i c )  components  in a manner  s imi lar  to 
the separa t ion  method of the Fe 2p3/2 spec t rum into 
F e ( I I I ) ,  F e ( I I ) ,  and Fe (me ta l l i c )  components  (29). 
The b inding  energies of the Mo 3d electrons in var ious  
states were  taken  as 235.54, 234.40, 229.30, and 228.05 
eV for Mo(VI )  3d3/2, Mo(V)  3d8/2, Mo(IV)  3d5/2, and 
Mo(meta l l i c )  3d5/2 electrons,  respect ively.  

Results 
Polarization curves.--Potentiodynamic polar iza t ion  

curves of amorphous  Fe-25Cr-20B-xMo (x : 0, 3, 5, 
and 10) al loys measured  in 6N HC1 are  shown  in Fig. 
1. The most s t r ik ing  character is t ic  is that  these al loys 
do not  suffer p i t t ing  corrosion by  anodic polar izat ion 
even in 6N HC1. Spontaneous  pass ivat ion occurs even 
in this high concentra t ion of hydrochlor ic  acid when  
the molybdenum content  of the al loy is 5 atomic per -  
cent (a /o )  or  more. An  increase  in the molybdenum 
content  up to 5 a /o  ennobles  the  corrosion potential ,  
bu t  fu r the r  increase  is not effective. A significant in-  
crease in the cur ren t  dens i ty  in the passive region is 



2132 J. Electrochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  October 1980 

in4 ,d 
I 

i 0  *t _ 

10 ~ 

" -0.~ 0 * 0.5 *1.0 
POTENTIAL ( V vs SCE ) 

Fig. I. Potentioclynamic polarization curves of amorphous Fe- 
25Cr-20E-xMo alloys in 6N HCI, The current density increase at 
negative potentials on each polarization curve corresponds to the 
cathodic current density. 

observed  b y  the  addi t ion  of 10 a /o  molybdenum,  sug-  
gest ing a de t r imen ta l  funct ion due to excess mo lyb -  
denum. Al l  the  al loys show a t ranspass ive  region 
above 1.0V. 

Potent ios ta t ic  polar iza t ion  curves of the same a l l o y s  
measured  in 6N HC1 are  shown in Fig. 2. The po ten-  
t iostat ic  polar iza t ion  curve of the  amorphous  Fe-25Cr-  
20 B a l loy wi thout  mo lybdenum showed a high disso- 
lut ion cur ren t  s imi lar  to i ts po ten t iodynamic  polar iza-  
t ion curve and is not  shown in the  figure. The upper  
side of the  figure corresponds to an anodic cur ren t  and  
lower  side to a cathodic current .  Transpass ive  dissolu-  
t ion occurs above 1.0V for al l  the  alloys. 

The in i t ia l  open-c i rcu i t  potent ia l  of the  5Mo al loy 
in 6N HC1 is be tween  0 and 0.5V. However ,  when the 
al loy is polar ized at  potent ia ls  lower  than  the ini t ia l  
open-c i rcu i t  potent ial ,  an anodic cur ren t  cor respond-  
ing to the act ive s ta te  is observed as shown in Fig. 2. 
This is due to degrada t ion  of the  a i r - f o rmed  film re -  
sponsible for the  ini t ia l  spontaneous passivation.  The 
cur ren t  for this a l loy is negat ive  at  potent ia ls  h igher  
than  about  --0.2V and becomes posi t ive at  about  0.YV. 
In contrast ,  the  10 Mo al loy a lways  shows a negat ive  
cur ren t  b y  cathodic polar izat ion,  bu t  a s l ight  anodic 
polar iza t ion  gives r ise  to a posi t ive cur ren t  at  about  
0.2V, which  is qui te  low in the passive region, and 
fu r the r  anodic polar iza t ion  signif icantly raises the an-  
odic cur ren t  density. 

The anodic cur ren t  dens i ty  in the passive region 
measured  by  potent ios ta t ic  polar izat ion is genera l ly  
lower  than  tha t  obta ined  by  potent iodynamic  polar iza-  
tion. However ,  the potent ios ta t ic  anodic cur ren t  densi ty  
of the  3Mo al loy in the  potent ia l  region be tween  0.5 
and 1.0V is cons iderably  h igher  than the po ten t iody-  
namic  anodic current  density. In addition, the cur ren t  
dens i ty  of the 3Mo al loy measured  at  0-0.SV was not  
reproducible ,  indica t ing  a poor  pro tec t ive  qual i ty  of 
the passive film on this alloy. 

The stability of the surface f i[m.--To compare  the  
s tab i l i ty  of the surface films on these amorphous  al loys 
in 6N HC1, the change in cur ren t  densi ty  wi th  t ime 
was measured  dur ing  potent iosta t ic  polar izat ion at  xTa- 
rious potentials .  The resul ts  are  shown in Fig. 3-5. 
F igure  3 shows the cur ren t  dens i ty - t ime  curves  for 
the  3Mo alloy. In  the  active (--0.05, --0.15, and 
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Fig. 2. Potentiostatic polarization curves of amorphous Fe-25Cr- 
20B-xMo alloys measured after polarization for 3600 sec at con- 
stant potentials in 6N HCI. 

--0.30V) and t ranspass ive  (1.05V) regions, the cu r ren t  
densi ty  is high and does not  change apprec iab ly  wi th  
time. At  a lower  potent ia l  (0.3V) in the  passive region, 
the cur ren t  densi ty  decreases signif icantly and is of ten 
unstable ,  corresponding to the low reproduc ib i l i ty  of 
the potent ios ta t ic  polar izat ion curves for the  3Mo al loy 
in the  vic ini ty  of this potent ia l  as shown in Fig. 2. 

The cur ren t  dens i ty - t ime  curves for the  5Mo al loy 
are  shown in Fig. 4. The cur ren t  dens i ty  in the  t r ans -  
passive region (1.05V) does not  decrease  wi th  t ime as 
in the case of the 3Mo alloy. In  the passive region (0.4- 
0.9), prolonged polar izat ion significantly lowers  the  
cur ren t  density.  In  par t icu lar ,  at  lower  potent ia ls  in 
the passive region (0.4, 0.55, and 0.65V) the cur ren t  
dens i ty  sha rp ly  decreases  wi th  t ime and i t  f inally be -  
comes negat ive  (ca thodic ) .When the potent ia l  is lower  
in the passive region, the cur ren t  turns  negat ive  in less 
time. The appearance  of a negat ive  cur ren t  by  po ten-  
t iostat ic  polar izat ion is a t t r ibu tab le  to the  fo rmat ion  
of a s table  passive film. In contrast ,  the  cu r ren t  in the 
potent ia l  region f rom --0.30 to --0.15V is in i t ia l ly  neg-  
a t ive  but  suddenly  turns  to a high posi t ive value,  sug-  
gesting b r eakdown  of a i r - fo rmed  fiIm in this po ten t ia l  
region. This is responsible  for the appearance  of the  
active s ta te  in the  potent ios ta t ic  polar iza t ion  curve of  
the 5Mo alloy. 

The change in the cur ren t  dens i ty  wi th  t ime for the  
10Mo al loy is shown in Fig. 5. The cur ren t  dens i ty  in 
the t ranspass ive  region (1.05V) is a lmost  constant,  
s imi lar  to the  3Mo and 5Mo alloys. At  lower  potent ia ls  
in the passive region, the  cur ren t  turns  negat ive  af te r  
a cer ta in  time. s imi lar  t o  the 5Mo alloy. At  a h igher  
potent ia l  in the  passive region  (0.8V), however ,  the  
in i t ia l ly  high cur ren t  densi ty  is ma in ta ined  and is not 



Vol. 127. No. I0 A M O R P H O U S  F e - C r - M o - B  A L L O Y S  2133 

.10 o 

E .tO 

I I I - nv 

~ , " - -  I -aOSV..,,v. 
- - ~ ' ~ . . ~  t _ _ - i  -a3ov  

- ov 1 _ -O,30V 

40 ~ -0.40V 

f 

~ V 

q 

70 ~ 10' 702 103 70 t 
T I M E  (sac) 

Fig. 3. Current density-time curves of amorphous Fe-25Cr-20B- 
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Fig. 5. Current density-time curves of amorphous Fe-25Cr-20B- 
10Mo alloy measured by potentiostatic polarization in 6N HCI. 
Polarization potentials are relative to the saturated calomel elec- 
trode. 

lowered  b y  pro longed polarizat ion,  in contras t  to the  
5Mo alloy. Ano the r  difference be tween  these two al loys 
is tha t  the act ive cur ren t  is not  observed  in the  po ten-  
t ia l  region in which the 3Mo and 5Mo al loys exhib i t  
the act ive state, suggest ing a high s tab i l i ty  of the sur -  
face film on the 10Mo al loy in this  potent ia l  region. 

Passivation behavior.--To compare  the  pass iva t ion  
behavior ,  the cur ren t  decay curves were  measured  im-  
media te ly  af te r  mechanica l  abras ion dur ing  potent io-  
stat ic polar izat ion in 1N HC1. I t  was difficult to ma in -  
ta in  a constant  surface a rea  for the 0Mo and 3Mo a l -  
loy specimens in 6N HC1 due to r ap id  dissolution im-  
media te ly  af te r  mechanica l  ab ras ion .  Also, a l l  the  
amorphous  Fe-25Cr-20B-xMo al loys pass ivate  spon-  
taneous ly  in 1N HC1, and hence the  difference in pas -  
s ivat ion behavior  of some of the al loys was not  c lear  
in 1N HC1. Thus, cur ren t  decay measurements  were  
car r ied  out  in 1N HC1 by  using amorphous  Fe-20Cr-  
20B-xMo al loy specimens. 

The cu r ren t  decay curves  measured  at  0.1 and 0.5V 
are  shown in Fig. 6 and 7, respect ively .  Af te r  mechan-  
ical  abras ion dur ing  polar iza t ion  at  0.1V the Fe-20Cr-  
20B al loy wi thout  mo lybdenum did not  passivate,  
showing a constant  high cur ren t  density,  and its cu r -  
r en t - t ime  curve is not  shown. F rom the beginning, the  
difference be tween  the al loys wi th  and wi thout  mo lyb -  
denum is clear;  the  cu r ren t  dens i ty  of the  al loys wi th  
mo lybdenum drops rapidly ,  whi le  the 0Mo al loy shows 
a slow decay and high s teady cur ren t  density.  An in-  
crease in the  mo lybdenum content  faci l i ta tes  the cur-  
rent  decay at  the low potent ia l  in the  passive region 
(Fig. 6) and resul ts  in a low s t eady-s t a t e  passive cur -  
ren t  density.  

At  the  high potent ia l  in the  passive region (Fig. 7),  
the decrease in cur ren t  dens i ty  is fastest  for the 10Mo 
al loy in the ea r ly  s tage (<0.5 sec).  However ,  the cur -  
rent  decay slows down and the 10Mo al loy exhibi ts  a 
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Fig. 6. Current decay curves of amorphous Fe-20Cr-20B-xMo 
alloys measured immediately after mechanical abrasion during 
potentiostatic polarization at 0.1V (SCE) in 1N HCI. 

higher  s teady  cur ren t  dens i ty  in comparison wi th  the 
3Mo and 5Mo alloys. This fact  again  indicates  the  dual  
function of molybdenum;  the addi t ion of mo lybdenum 
effectively suppresses active dissolution pr io r  to pas-  
sive film formation,  but  an excess of mo lybdenum de-  
creases the  pro tec t ive  qual i ty  of the passive film. 

Analysis o$ film composition by XPS.--To de te rmine  
a corre la t ion be tween  the surface film composit ion and 
the pro tec t ive  qual i ty  of the film, XPS analyses  of the 
surface film were  car r ied  out  for amorphous  Fe-25Cr-  
20B-xMo alloys polar ized at  var ious  constant  potent ia ls  
in 6N HC1. The Fe  2p8/2 and Cr 2P3/2 spect ra  consisted 
of two peaks corresponding to the oxidized state in the  
surface film and the meta l l ic  s tate in the under ly ing  
alloy. The Fe  2p3/2 spec t rum for the oxidized s tate  was 
fu r the r  composed of spect ra  for fer rous  and fer r ic  
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Fig. 7. Current decay curves of amorphous Fe-2OCr-2OB-xMo 
alloys measured immediately after mechanical abrasion during 
potentiostatic polarization at 0.5V (SCE) in 1N HCI. 

states  (10, 26, 29). Chromium in the surface film was 
in  the t r iva len t  s ta te  (26). The Mo 3d spec t rum showed 
the peaks  corresponding to hexavalent ,  t e t rava len t ,  
and metal l ic  mo lybdenum (30). Oxidized mo lybdenum 
fur ther  contained pen tava len t  mo lybdenum (30), a l -  
though i t  did not give clear  peaks  in the  measured  Mo 
3d spectra.  The B ls spec t rum showed two peaks which 
were  assigned to boron in bora te  in the surface film 
(about  192 eV) and in the  under ly ing  a l loy (about  
187.7 eV) (20). The O ls spec t rum exhib i ted  a b road  
peak  in which the spect ra  for oxygen  in bora te  and 
in me ta l -O-me ta l ,  m e t a l - O H  and metal -OH2 bonds 
were  super imposed (10, 20, 26). Chloride ion, which 
gave the  C1 2p signal  at  about  198.9 eV, was also 
found in smal l  amounts  in the surface film. 

The change in the  cationic f ract ion of chromium in 
the  surface film wi th  polar iza t ion  potent ia l  is shown 
in Fig. 8. A r e m a r k a b l e  enr ichment  of chromium is 
found in the surface films formed on the 5Mo and 10Mo 
alloys even at  lower  potent ia ls  in the active and ca th-  
odic cur ren t  regions. The difference in the  cationic 
f ract ion of chromium be tween  the surface films on 
these two  al loys is a lmost  insignificant,  despi te  the 
fact  that  the signs of the  cur ren t  are  different  in the  
act ive region. The 0Mo and 3Mo al loys show some 
chromium enr ichment  especial ly  in the  passive region. 
The chromium content  of the passive film increases 
wi th  an increase  in the mo lybdenum content  of the  a l -  
loy in this aggressive hydrochlor ic  acid; i t  is lowest  
for the 0Mo al loy and highest  for the 10Mo alloy, 
though the diEerence be tween  the 10Mo and 5Mo a l -  
loys is negl ig ib ly  small .  

F igure  9, whose ord ina te  is expressed on a logar i th -  
mic scale, shows the change in the f ract ion of i ron ions 
in the surface film with  the polar iza t ion  potential .  I t  
is clear  tha t  the i ron content  of the  surface film is r e -  
m a r k a b l y  low on the 5Mo and 10Mo alloys and de-  
creases in the  passive region wi th  an increase in the 
mo lybdenum content  of the alloy. 

The change in the mo lybdenum content  of the sur -  
face film is shown in Fig. 10. The ord ina te  is again  on 
a logar i thmic  scale. The mo lybdenum content  of the  
surface film on al l  the al loys shows a m a x i m u m  in the  
act ive region even for the 10Mo al loy which exhibi ts  
only  a negat ive  cur ren t  at  potent ia ls  lower  than  O.2V. 
This m a x i m u m  is in the reverse  o rde r  of the mo lyb -  
denum content  of the  alloy. The presen t  authors  (8, 
23, 24) have prev ious ly  repor ted  tha t  the act ive disso- 
lut ion of m o l y b d e n u m - b e a r i n g  alloys gives r ise to the 
fo rmat ion  of mo lybdenum-en r i ched  corrosion product  
films on the alloys, and the fas ter  the act ive dissolution 
the h igher  is the  concentra t ion of mo lybde num in the  
film. I t  can, therefore,  be said tha t  a l l  the  a l loys dis-  
solve ac t ive ly  in the act ive region, and hence the  neg-  
at ive cur ren t  observed for the  10Mo al loy jus t  indi -  
cates that  the  anodic cur ren t  is less than  the cathodic 

x--w 

�9 ~ U.O-- X=O - -  e/_o ~-" �9 ~ - -  

I I Fe-25Cr-20B-xMo I 

oH | [ t I 
-0.5 0 ,,0.5 +I.0 

POTENTIAL (V vs 5CE) 
Fig. 8. Change in cationic fraction of chromium in the surface 

film formed on amorphous Fe-25Cr-20B-xMo alloys by potentio- 
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Fig. 11. Ratio of tetravalent or hexavalent molybdenum to total 
molybdenum in the surface film formed on amorphous Fe-25Cr-20B- 

Fig. 9. Change in cationic fraction of iron in the surface 
film formed on amorphous Fe-25Cr-20B-xMo alloys by potentio- 
static polarization for 3600 sec in 6N HCI as a function of po- 
tential. 

cur ren t  in  this potential  region. Similarly,  a high mo-  
lybdenum content  in the surface film results from 
transpassive dissolution at 1.1V. 

I t  can clearly be seen that molybdenum is deficient 
in  the passive films formed on the 5Mo and 10Mo al-  
loys. The molybdenum content  shows a max im um at 
about  0.4V. Above this potential, the anodic current  
density of the molybdenum-bear ing  alloys tends to 
increase. The content  and valence of chromium in the 
passive film are almost independent  of the polarization 
potent ial  showing no appreciable change in the vicinity 
of 0.4V. In contrast, the mean valence of molybdenum 
in the passive film clearly changes with the polariza- 
t ion potential  as shown in Fig. 11, which gives the 
ratio of te t ravalent  or hexavalent  molybdenum to 
total molybdenum in the film formed on the 3Mo alloy. 
Some pentavalent  molybdenum species were also con- 
tained in  the film but  its ratio is not shown in the fig- 
ure. The content  of hexavalent  molybdenum is higher 
than te t ravalent  molybdenum in the films formed in the 
active region and at potentials higher than 0.5V in the 
passive region. The formation of hexavalent  molyb-  

3Mo alloy by potentiostatic polarization for 3600 sec in 6N HCI. 

denum is thermodynamical ly  impossible at potentials 
in the active region. Hence, the hexavalent  molybde-  
num species found in  the film formed in  the active re-  
gion appears to result  from oxidation of te t ravalent  
molybdenum during the t ransfer  from the electrolyte 
to the XPS apparatus. This is a result  of the poor pro- 
tective qual i ty of the film formed in the active region. 

The change in the film thickness with polarization 
potential  is shown in Fig. 12. All  the molybdenum-  
bear ing alloys form very thick surface films in  the ac- 
tive region, including the 10Mo alloy which shows the 
negative current.  In  contrast, film thickening does not 
occur on the 0Mo alloy even at --0.1V where maxi -  
mum anodic current  density was observed. The passive 
film on the alloys with molybdenum tends to thicken 
with an increase in the molybdenum content. In  par-  
ticular, a thick passive film is formed on the 10Mo alloy 
at higher potentials in  the passive region where hexa-  
valent  molybdenum species are accumulated in the 
surface film as shown in  Fig. 11. 

Discussion 
It is most s tr iking that, when  amorphous Fe-25Cr- 

20B-xMo alloys contain 5 a/o or more molybdenum,  
spontaneous passivation occurs in 6N HC1 with no pi t-  
t ing corrosion. This contrasts with the fact that  any  
crystal l ine i ron-  or nickel-base alloy is not able to 
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Fig. 10. Change in cationic fraction of molybdenum in the sur- 
face film formed on amorphous Fe-25Cr-20B-xMo alloys by poten- 
tiostatic polarization for 3600 sec in 6N HCI as a function of 
polarization potential. 

passivate spontaneously even in  1N HC1. The ex-  
t remely high corrosion resistance of these amorphous 
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Fig. 12. Change in thickness of the surface film formed on 
amorphous Fe-25Cr-20B-xMo alloys by potentiostatic polarization 
for 3600 sec in 6N HCI as a function of polarization potential. 
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al loys is a t t r ibu tab le  to thei r  chemical ly  homogeneous 
defect-f ree ,  s ingle-phase  na ture  and the r ap id  passi-  
vat ion they  exhib i t  (20, 31), as wel l  as the bene-  
ficial effect of molybdenum.  In  this connection, these 
amorphous  al loys contain boron but  not  phosphorus.  
The presen t  authors  (16, 20, 22, 32) have shown that  
phosphorus is the most  effective meta l lo id  in improving  
the corrosion resis tance of amorphous  alloys. Hence, 
i t  can be assumed that,  if  the boron in these amorphous  
al loys is subs t i tu ted  wi th  phosphorus,  spontaneous 
pass iva t ion  in concentra ted hydrochlor ic  acid m a y  oc- 
cur at  lower  chromium and mo lybdenum contents. 
�9 Beneficial effect o~ molybdenum.--The anodic cur-  

ren t  densi ty  in the active region decreases wi th  an in-  
crease in the al loy mo lybdenum content.  In  addit ion,  
a th ick  corrosion produc t  film containing mo lybdenum 
ions is fo rmed by  polar izat ion in the act ive region. The 
presen t  authors  (8, 23, 24) have repor ted  tha t  act ive 
dissolution of both  amorphous  and crys ta l l ine  al loys 
containing mo lybdenum in 1N HC1 gives rise to the  
format ion  of a mo lybdenum-en r i ched  film, which sup-  
presses act ive dissolution. Because molybdenum is 
passive in the  active region of i ron-base  alloys,  the 
fas ter  the act ive dissolution the h igher  is the concen- 
t ra t ion  of mo lybdenum in the film. This is reconfirmed 
in the presen t  work. 

In  addit ion,  i t  has been shown tha t  a decrease in 
anodic cur ren t  dens i ty  in the act ive region in an ag-  
gressive concent ra ted  hydrochlor ic  acid is caused by  
the format ion  of surface films containing large  amounts  
of chromium and some molybdenum.  In the absence of 
mo lybdenum in the  alloy, the m a x i m u m  cur ren t  den-  
s i ty  in the active region is of the o rder  of 3000 A . m  -2, 
even when some chromium enr ichment  occurs in the 
thin surface film. When the al loy contains 3 a /o  mo-  
lybdenum,  a thick surface film whose mo lybdenum 
content  is 60% of cations can grow; hence the max i -  
mum cur ren t  densi ty  for active dissolution decreases 
to 15 A . m  -2, a l though this cur ren t  densi ty  is st i l l  high 
because the chromium content  of the surface film is 
ve ry  low. When  the mo lybdenum content  of the al loy 
is ra ised to 5 a/o,  the surface film, consist ing of 80% 
chromium and 20% molybdenum as cations, suppresses 
the m a x i m u m  cur ren t  densi ty  for active dissolution to 
2.5 A . m  -2. 

We have in te rp re ted  (8, 23, 24, 33) j the role of mo-  
l ybdenum in the pass ivat ion  of amorphous  and crys-  
ta l l ine  i ron-base  al loys as follows: Act ive  dissolution 
of alloy, which is necessary to accumula te  beneficial 
meta l l ic  ions a n d / o r  O H -  ions at  the a l loy-solu t ion  in-  
terface pr ior  to passive film format ion  in aggressive 
solutions, leads to the fo rmat ion  of a m o l y b d e n u m - e n -  
r iched corrosion product  film which slows down the 
dissolution ra te  of pass ivat ing  species through the film. 
This fact  accelerates  the accumulat ion  of the pass iva t -  
ing species under  the film and hence faci l i ta tes  the for-  
mat ion  of a passive hyd ra t ed  chromium or i ron oxy-  
hydrox ide  film be tween  the corrosion product  film and 
the under ly ing  alloy. The corrosion product  film is 
formed as a resul t  of active dissolution and is not s table  
at  high potent ia ls  in the passive region. Accordingly,  
when  the condit ion for the r ap id  supply  of mo lybde -  
num to form the corrosion product  film fails by  lower -  
ing of the dissolution ra te  through passive film for-  
mation,  the  corrosion product  film dissolves in the so- 
lution. Therefore,  the passive film does not  contain an 
apprec iab le  amount  of molybdenum.  When  a par t  of 
the  passive film is chemical ly  or mechanica l ly  broken,  
mo lybdenum in the a l loy s imi la r ly  assists repassivat ion.  

I t  can be c lear ly  seen from Fig. 6 and 7 that  active 
dissolution of mo lybdenum-bea r ing  alloys r ap id ly  
slows down. This fact resul ts  in the format ion  of a 
passive film wi th  a h igher  pro tec t ive  quali ty.  For  in-  
stance, the 3Mo al loy shows a high passive current  
density,  indica t ing  a low protec t ive  qual i ty  of the pas-  
sive film. The enr ichment  of beneficial chromium in 
the passive film is not high, bu t  the content  of unstable  

mo lybdenum in the film is not low in comparison wi th  
the 5Mo and lOMo alloys. When the molybdenum con- 
tent  of the al loy is low, i t  is not  sufficient to suppress  
the dissolution of pass iva t ing  species by  the format ion  
of mo lybdenum-enr i ched  corrosion product  film pr ior  
to the passive film format ion  in aggressive concen- 
t ra ted  hydrochlor ic  acids. As seen in the act ive region,  
the r ap id  dissolution of the  a l loy in the passive region 
appears  to resul t  in the  fo rmat ion  of a passive film in 
which the i ron  and mo lybdenum contents a re  r e l a t ive ly  
,high and chromium is r e l a t ive ly  low. I t  can, therefore,  
be said tha t  the addi t ion  of an insufficient amount  of 
mo lybdenum to the a l loy leads to insufficient suppres -  
sion of active dissolution pr ior  to the passive film for -  
mat ion  and s imul taneous ly  to the format ion  of the pas -  
sive film wi thout  a high protec t ive  qual i ty  due to in-  
sufficient chromium enr ichment .  

Detrimental ef]ect of molybdenum.--It has been 
s ta ted by many  invest igators  (1-3, 34, 35) tha t  incor-  
pora t ion  of mo lybdenum into the passive film improves  
the pro tec t ive  qual i ty  of the film. When the dissolu-  
t ion ra te  of i ron-base  al loys is ve ry  high as in the  ac-  
t ive region, mo lybdenum select ively  remains  because 
the dissolution ra te  of mo lybdenum is s lower than  tha t  
of other  constituents.  Molybdenum,  however,  is not  
able  to form its own passive film in the  passive region 
of the al loys and dissolves even at  the  lower  potent ia ls  
in the passive region of the  alloys, indica t ing  a lower  
s tab i l i ty  of the passive film of mo lybdenum in com- 
par i son  wi th  a passive hyd ra t ed  chromium or i ron 
oxyhydrox ide  film (8, 24). 

The 5Mo and 10Mo al loys exhib i t  a negat ive  cu r ren t  
at lower  potent ia ls  in the passive region, indica t ing  the 
h igh ly  pro tec t ive  qua l i ty  of the passive film. The pas-  
sive film formed on those al loys at  lower  potent ia ls  in 
the passive region consists exclus ively  of chromium 
oxyhydrox ide  and chromium borate;  the mo lybdenum 
content  of the film is ex t r eme ly  low. In this connection, 
i t  has been known (20) tha t  the format ion  of chromium 
bora te  is not effective in improving  the protec t ive  qua l -  
i ty  of the passive hydra t ed  chromium oxyhydrox ide  
film. It  can, therefore,  be said tha t  the protec t ive  qua l -  
i ty  of the film is p rovided  by  the format ion  of the hy -  
dra ted  chromium oxyhydrox ide  film wi thout  mo lybde -  
num. In par t icu lar ,  the  passive film formed on the 
10Mo al loy at  the open-c i rcu i t  potent ia l  has an es-  
pec ia l ly  high pro tec t ive  qual i ty  and can wi ths tand  
polar izat ion in the act ive region. Accordingly,  the  a l loy 
shows a negat ive  cur ren t  in the act ive region, a l though 
the average  composit ion of the passive film changes to 
some extent  by  polar iza t ion  in the act ive region. When  
the mo lybde num content  of the a l loy is low, for ex-  
ample  3 a/o, the  chromium content  of the passive film 
is not  ex t r eme ly  high and the film contains, a cer ta in  
amount  of molybdenum.  Consequently,  a high pro tec-  
t ive qual i ty  cannot be expected for a m o l y b d e n u m -  
containing passive film. 

On the o ther  hand, polar iza t ion  of the a l loy conta in-  
ing an excess molybdenum,  such as 10 a/o, at  h igher  
potent ia ls  in the  passive region increases the content  
of uns table  molybdenum in the passive film and hence 
resul ts  in an increase in the passive cur ren t  density.  In  
other  words,  mo lybdenum assists passive film fo rma-  
t ion and grea t ly  improves  the corrosion resistance, but  
the  lower  the mo lybdenum content  of the passive film 
the higher  is the pro tec t ive  qual i ty  of the film. 

Relation between active dissolution and passiva- 
tion.--The present  authors  (16), in repor t ing  the effect 
of meta l lo id  elements  on the corrosion resis tance of 
amorphous  ch romium-bea r ing  alloys, have s ta ted tha t  
phosphorus accelerates  ini t ia l  act ive dissolution of the 
alloys wi th  a consequent  enr ichment  of the beneficial  
chromic ions at  the a l loy-so lu t ion  interface pr ior  to 
passive film formation,  which faci l i ta tes  the  r ap id  for-  
mat ion  of the passive film in which  these ions are  
h ighly  concentrated.  The beneficial  effect of the high 
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anodic ac t iv i ty  has also been found by  comparison 
of amorphous  i ron-  and n icke l -base  al loys (17). 
Amorphous  Fe-Cr-20B al loys containing 30 a /o  or  
more  chromium pass iva te  spontaneous ly  in 1N HC1, 
whi le  the amorphous  Ni-30Cr-20B al loy shows a high 
act ive cur ren t  density.  S imi lar ly ,  the amorphous  Fe -  
20Cr-3Mo-20B al loy passivates  spontaneous ly  in 1N 
HC1, showing the corrosion potent ia l  at about  0.4 
V(SCE) .  In  contrast ,  even if  the mo lybdenum con- 
tent  of amorphous  Ni-20Cr-Mo-20B al loys is increased 
to 10 a/o,  the act ive cur ren t  is st i l l  c lear ly  observed.  
In  this manner ,  the h igher  anodic ac t iv i ty  of i ron-  
base al loys in comparison wi th  n icke l -base  al loys is 
effective in accumula t ing  the beneficial  species at  the 
a l loy-so lu t ion  in ter face  and in faci l i ta t ing spontaneous 
passivation.  

In te res t ing  resul ts  have  been obta ined  b y  compar i -  
son of the  pass ivat ion  behav ior  of amorphous  F e - M o -  
P-C al loys (24) and Fe -Mo-C  al loys (23): the phos-  
pho rus -bea r ing  al loys show a h igher  mo lybdenum con- 
tent  in the  surface film formed in the act ive region and 
a lower  act ive cur ren t  density.  The passive film formed 
on the al loys consists exc lus ive ly  of hydra t ed  i ron oxy-  
hydroxide ,  whereas  the film formed on the Fe -Mo-C  
al loys contains a la rge  amount  of uns table  mo lybdenum 
species. The passive cur ren t  dens i ty  of the phosphorus-  
bear ing  al loys is about  one- ten th  as high as tha t  of the 
F e - M o - C  alloys. 

On the other  hand, Fig. 7 and the inves t igat ion of 
fer r i t ic  s tainless steels (8) c lear ly  show tha t  act ive 
dissolut ion of m o l y b d e n u m - b e a r i n g  alloys immed ia t e ly  
af te r  mechanica l  abras ion r ap id ly  slows down in com- 
par i son  wi th  al loys wi thout  molybdenum,  a l though mo-  
l y b d e n u m  does not  apprec iab ly  change the anodic ac-  
t iv i ty  of alloys. 

These resul ts  lead to the fol lowing assumption:  in 
the absence of phosphorus  in the alloys, in i t ia l  act ive 
dissolut ion is not  sufficiently rap id  to concentrate  mo-  
l y b d e n u m  in the corrosion product  film pr ior  to the  
passive film formation.  This fact  resul ts  in a corrosion 
produc t  film which insufficiently suppresses dissolution 
of the  pass ivat ing  meta l l ic  ions th rough  the film, and 
hence the r e l a t ive ly  high dissolut ion ra te  leads to the  
format ion  of a passive film with  a poor  pro tec t ive  
qua l i ty  based on a high content  of uns table  mo lyb -  
denum. 

In this  connection, the high anodic ac t iv i ty  of the  
a l loy is essent ia l ly  different  f rom the high aggress ive-  
ness of the solut ion with  respect  to passivation.  Pass i -  
vat ion is difficult in aggressive solutions (e.g., a m o r -  
phous F e - C r - M o - B  in 6N HC1, Fe -Mo-me ta l l o id  in 1N 
HC1). The fo rmat ion  of the mo lybdenum-en r i ched  cor-  
rosion p roduc t  film is necessary  to concentra te  the  
pass ivat ing  species under  the  film. Hence, the pass iva t -  
ing species become concent ra ted  in the passive film 
formed on the m o l y b d e n u m - b e a r i n g  alloys. In  con- 
trast,  if the solut ion is not h ighly  aggressive [e.g., fe r -  
r i t ic  30Cr steels in 1N HC1 (8)] ,  pass ivat ion  occurs 
even if  mo lybdenum is not added. The addi t ion  of mo-  
l y b d e n u m  assists pass ivat ion  due to suppression of dis-  
solut ion of the pass iva t ing  species by  the format ion  of 
the m o l y b d e n u m - e n r i c h e d  corrosion produc t  film pr ior  
to passive film formation.  Therefore,  the composit ion of 
the  passive film is not apprec iab ly  different  for the 
al loys wi th  and wi thout  molybdenum.  On the o ther  
hand, the  high anodic ac t iv i ty  of a l loy leads to the for-  
mat ion  of a corrosion product  film in which molyb-  
denum ions are  h igh ly  concentrated.  The effective sup-  
press ion of dissolution of pass iva t ing  species th rough  
the corrosion product  film as wel l  as the high anodic 
act ivi ty,  faci l i ta tes  the enr ichment  of the pass ivat ing  
species under  the film and hence accelerates  passive 
film formation.  

We have proposed (8) tha t  a passive film genera l ly  
contains micropores  which are  r epea t ed ly  formed and 
repass ivated.  If the thickness and composit ion of the  
passive films formed on two alloys are  appa ren t l y  the 
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same [e.g., the films formed on fer r i t ic  30Cr steels wi th  
and wi thout  mo lybde num in 1N HC1 (8)] ,  the differ-  
ence in the  ac t iv i ty  of micropores  in these films is 
ma in ly  responsible  for  the large  difference in the pas -  
sive cur ren t  density.  In  o ther  words,  the repass iva t ion  
process of micropores  is the s a m e  as the pass ivat ion  
process ment ioned above, and hence mo lybde nu m as-  
sists the repass iva t ion  of micropores  wi th  a consequent  
decrease in the s t eady-s t a t e  passive cur ren t  density.  

Film thickness.--Bond and Lizlovs (36) have pointed 
out  the impor tance  of film th ickening in connection 
with  an increase in the s tab i l i ty  of the passive film wi th  
increas ing time. Sugimoto and Sawada  (1) have s ta ted  
that  the thickness o~ the passive film on 20Cr-25Ni-Mo 
stainless steels increases wi th  mo lybdenum content  of 
the  steels in both sulfuric  and hydrochlor ic  acids. In  
the present  work,  among the m o l y b d e n u m - b e a r i n g  a l -  
loys, the  thickness of the  passive film increases  wi th  
an increase in the mo lybdenum content  of the  alloy, 
but  the change in the mo lybdenum content  of the a l loy  
is accompanied by  a change in the composit ion of the 
passive film. In addit ion,  the thickness of the passive 
film on the 3Mo al loy is a lmost  the  same as tha t  of the  
film on the 0Mo alloy. Fur the rmore ,  we have  shown 
that  the addi t ion of mo lybdenum to 19Cr (9) and  
30Cr (8, 11) fer r i t ic  stainless steels does not  lead to 
an apprec iab le  change in both  the thickness and com- 
posi t ion of the passive film formed in 1N HC1 and 1N 
H2SO4, despi te  the fact tha t  the passive cur ren t  dens i ty  
is g rea t ly  decreased by  the addi t ion of molybdenum.  I t  
is, therefore,  difficult to corre la te  the high pro tec t ive  
qual i ty  of the passive film wi th  the film thickening 
that  accompanies  a change in the film composition. 

Conclusions 
1. Amorphous  Fe-25Cr-20B-xMo al loys (x _-- 0, 3, 5, 

and  10) do not suffer p i t t ing  corrosion even by  anodic 
polar iza t ion  in 6N HC1, and the al loys containing 5 a /o  
or more  mo lybde num pass ivate  spontaneous ly  in the 
solution. 

2. The anodic cur ren t  dens i ty  in the  act ive region 
decreases wi th  an increase  in the mo lybdenum content  
of the a l loy due to the format ion  of a th ick surface 
film containing large  amounts  of chromium and smal l  
amounts  of molybdenum.  

3. Molybdenum does not  form its own passive film 
and is uns table  even at  lower  potent ia ls  in the passive 
region of the alloys, at  which t ranspass ive  dissolut ion 
of mo lybdenum does not occur. Molybdenum assists the 
format ion  of a passive hydra t ed  chromium o x y h y d r o x -  
ide film. At  lower  potent ials  in the passive region, 
spontaneous pass ivat ion for the 5Mo and 10Mo al loys 
occurs by  the format ion  of h igh ly  pro tec t ive  passive 
film consist ing exclus ively  of chromium as cations; the  
mo lybdenum content  of the film is ex t r eme ly  low. 

4. A low mo lybde num alloy, such as the  3Mo alloy, 
shows a high passive cur ren t  dens i ty  in 6N HC1, in-  
d icat ing a low protec t ive  qual i ty  of the passive film. A 
decrease in the molybdenum content  of the a l loy leads 
to a decrease in the content  of beneficial chromium in 
the passive film and to an increase in the content  of 
unstable  mo lybdenum in the  film. 

5. At  h igher  potent ia ls  f rom 0.5 to 1.0V(SCE) in the 
passive region, mo lybdenum also suppresses act ive dis-  
solution pr ior  to passive film format ion  and hence 
assists the film formation.  However ,  an excess of mo-  
lybdenum deter iora tes  the pro tec t ive  qua l i ty  of the  
passive fi~m due to the format ion  of uns table  mo lybde -  
num species which dissolve by  a t ranspass ive  reaction. 

Manuscr ip t  submi t ted  March 10, 1980; revised m a n u -  
scr ipt  received May 2, 1980. This was Paper  253 p re -  
sented at  the Los ~n~eles,  California,  Meet ing of the 
Society, Oct. 14-19, 1979. 

A n y  discussion of this pape r  wil l  appear  in a Dis-  
cussion Section to be publ i shed  in the June  1981 
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JOURNAL. Al l  discussions for the  June 1981 Discussion 
Sect ion should be submi t ted  by  Feb. 1, 1981. 

Publication costs oS this article were assisted by 
the Tohoku University. 
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The Dealloying of Copper-Manganese Alloys 
D. S. Keir and M. J. Pryor* 

Olin Corporation, Metals Research Laboratories, New Haven, Connecticut 06504 

ABSTRACT 

Binary  copper  al loys containing 25 and 50% manganese  were  corroded in 
sodium chloride solution at various fixed potent ia ls  spanning the i r  corrosion 
potential .  Both Cu-Mn alloys exhib i ted  dea l loy ing  at  a h igh rate.  The Cu- 
25%Mn al loy exhib i ted  deal loying behavior  s imi lar  to tha t  observed in the 
Cu-Zn  and Cu-Ni  systems. Select ive loss of manganese  was max imized  at  the  
most  active potent ia l  at which the al loy was held. When  the potent ia l  was 
raised some 0.25V above the corrosion potential ,  dea l loy ing  was l a rge ly  p re -  
vented.  The Cu-50%Mn al loy exhib i ted  different  behavior  wi th  ve ry  p ro -  
nounced deal loying occurr ing over  the whole potent ia l  range studied. The 
morpho logy  and composit ion of the  dea l loyed residues was also inves t iga ted  
in detail .  The mechanism of dea l loying  in the  Cu-Mn sys tem is discussed. 

The dea l loying  of copper base al loys has been qui te  
ex tens ive ly  s tudied  over  the years  wi th  the  p r i m a r y  
a t ten t ion  being d i rec ted  to Cu-Zn alloys. In the ea r ly  
work  of Bengough and May (1) l a te r  suppor ted  by  
Kenwor thy  (2), it  was suggested that  both  copper and 
zinc dissolve anodica l ly  f rom brass  but  tha t  the copper  
is subsequent ly  redepos i ted  on cathodic sites af ter  
reaching an appropr ia t e  concentra t ion in solution. 
More recent  work  of P icke t ing  (3) has offered an a l -  
t e rna te  explanat ion,  i.e., that  of the selective removal  
of zinc atoms from the alloy. Accordingly,  in the de-  

* Electrochemical Society Active Member. 
Key words: aqueous corrosion, dealloying, copper, manganese. 

a l loying of At and e brasses, P icker ing  was able to d e -  
tect  i n t e rmed ia te  and more  copper - r i ch  phases in the  
a l loy subst ra tes  a f te r  corrosion at control led  active po-  
tentials.  P icker ing  and Byrne  (4) also showed tha t  the 
select ive removal  of zinc atoms p redomina ted  at  po ten-  
t ials be tween  the revers ib le  potent ia l  for the  anodic 
dissolution of zinc and tha t  for copper;  fu r the r  as the 
la t te r  potent ia l  was s ignif icant ly exceeded p ropor t ion-  
ate a l loy dissolution took place. 

Studies  s imi lar  to those of P icker ing  and Byrne  were  
carr ied  out by  one of the authors  on a range  of copper-  
n ickel  al loys (5). Resul ts  essent ia l ly  s imi lar  to those 
found by  P icke t ing  and Byrne  on brasses  were  ob-  
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tained.  Deal loy ing  was p romoted  by  appl ica t ion  of 
potent ia l s  more  act ive than  the corrosion potent ia l  of a 
Cu-Ni  a l loy and was inh ib i ted  by  ra is ing the potent ia l  
to some 250 mV above the corrosion potent ial .  Here, 
however ,  the  ex ten t  of dea l loying  was ve ry  minor  
compared  wi th  tha t  observed  on the copper-z inc  alloys. 
The cupro-n icke ls  also g rew qui te  pro tec t ive  th ick 
films dur ing  the ini t ia l  dea l loying  wi th  the resul t  tha t  
some 20% of the to ta l  cations leaving  the al loy were  
found in the corrosion produc t  film. 

The p resen t  s tudy  was designed to c lar i fy  the  de-  
a l loy ing  behavior  of b ina ry  Cu-Mn alloys. Manganese 
shows subs tan t ia l  solid solubi l i ty  in  copper  and is an 
effective solid solut ion s t rengthening  agent.  Cu-Mn 
b ina ry  al loys have been  r epor t ed  to be re la t ive ly  
suscept ible  to stress corrosion cracking in ammonia  
(6,7). Wha t  l i t t le  in format ion  exists on thei r  genera l  
corrosion behavior  (8) indicates  tha t  manganese  de -  
creases sa l t  sp ray  resis tance wi th  the weight  loss in-  
creasing wi th  manganese  content  up to 40 weight  pe r -  
cent  (w /o ) .  However ,  no informat ion  was p rov ided  
on whe the r  dea l loy ing  occurred in the  sa l t  sp ray  
test ing or  in the  stress corrosion process. 

I t  would  be expected  tha t  copper -manganese  b ina ry  
al loys should be qui te  suscept ible  to deal loying.  The 
revers ib le  po ten t ia l  (Eo) for  the  reac t ion  

M n = M n  + + + 2 e  [1] 

is --1.16V compared  wi th  on ly  --0.763V for the ha l f -  
cell  r e a c t i o n  

Zn = Zn ++ + 2e [2] 

Accordingly ,  on the  basis of t he rmodynamic  considera-  
tions alone, the  Cu-Mn al loys could wel l  be more  
suscept ible  to deal loying than  the brasses. 

In  o rde r  to t h row l ight  on this point,  the inves t iga-  
t ion descr ibed in this paper  was conducted.  Copper-  
manganese  al loys nomina l ly  containing 25 and 50 w/o  
manganese  were  exposed  to sodium chlor ide  solut ion 
over  a wide poten t ia l  range  which  was designed to 
b racke t  the corrosion potent ia l  of each alloy. The cop- 
pe r  to manganese  rat ios found both in the  films formcd 
dur ing  the corrosion process and also in the  solut ion 
were  analyzed.  In  addit ion,  the  morpho logy  and com- 
posi t ion of the  dea l loyed  residues were  studied.  

Experimental and Results 
Materials and procedure.mCu-25 % Mn (actual  25.30% 

Mn) and Cu-50%Mn (actual  49.55% Mn) alloys were  
chil l  cast as 2.5 X 10 X 20 cm sections. Cu-25%Mn is 
a single phase  (7) a l loy  (10). I t  was ho t - ro l l ed  at  
800~ to a thickness of 0.63 cm, annea led  at  700~ for 
1 hr, mil led,  co ld- ro l led  to 0.10 cm, annea led  at  725~ 
for 1 hr, and  wa te r  quenched.  The Cu-50%Mn al loy 
m a y  be single phase (7) if  quenched  f rom above 650~ 
or two-phase  (7 + a -Mn)  if h e a t - t r e a t e d  below 650~ 
The Cu-50%Mn cast ing was homogenized at  750~ for  
16 hr, ho t - ro l l ed  at  tha t  t empe ra tu r e  to a thickness of 
0.63 cm, annea led  at  750~ for 2 hr, wa te r  quenched,  
and  milled.  The a l loy was then co ld- ro l led  to 0.10 cm 
thickness.  The a l loy was then again  annea led  at  750~ 
for 2 h r  fol lowed by  wa te r  quenching to yie ld  the 
s ingle phase  (7) condition. The two phase (7 + a-Mn)  
condi t ion was p roduced  by  fu r the r  anneal ing  selected 
specimens for  4 h r  at  450~ 

Corrosion specimens measur ing  1.5 • 5 cm were  
cut f rom the 0.10 cm thick sheet  of the  two above  
alloys.  The surfaces were  p r e p a r e d  by  abrad ing  on 400 
and 600 gr i t  fine me ta l lu rg ica l  pape r  wi th  a final polish. 
The specimens were  degreased  in benzene and me th -  
anol, d r ied  in  air, and then masked  wi th  e lec t rop la t -  
ers tape  leav ing  an exposed circle wi th  the to ta l  a rea  
of 1 cm 2. 

The sodium chlor ide  used in this inves t igat ion had  a 
concentra t ion  of 0.SM and was made  up f rom reagen t  
g rade  sodium chlor ide  dissolved in dis t i l led  deionized 
water .  Al l  exper iments  were  conducted  wi th  t h e  s o -  
d i u m  chlor ide  solut ion f ree ly  e x p o s e d  to  air .  

Al l  corrosion exper iments  were  car r ied  out  in d u -  
p l i c a t e  at  a t empe ra tu r e  of 25 ~ _+ 0.05~ wi th  150 ml  
of solut ion per  specimen. The poten t ia l  of the ind i -  
v idua l  specimens was contro l led  by  a Wenking  Model  
68-TS-3 potent iostat .  A sa tu ra t ed  calomel  e lec t rode  
was used as a reference  electrode.  I t  was conta ined in 
the same e lec t ro ly te  in a separa te  vessel  connected to 
the react ion vessel wi th  a solut ion bridge.  The Cu- 
25%Mn al loy was polar ized  at  potent ia ls  va ry ing  f rom 
--0.25 to +0.50V on the s t andard  hydrogen  scale.~ The 
Cu-50%Mn al loy  was polar ized in both meta l lu rg ica l  
condit ions (-~ or  ~ + a-Mn)  at  potent ia ls  ranging  
f rom --0.60 to +0.25V. 

Af te r  complet ion of an exper iment ,  the  solut ion was 
acidified and the copper  and manganese  de t e rmina -  
tions made  by  atomic absorpt ion  using a Techtron 
Model  AA4 Spect rophotometer .  The reac t ion  produc t  
films were  dissolved sepa ra t e ly  in dea ra ted  12% 
H2SO4 at 60~ wi th  copper  and manganese  again  being 
de te rmined  by  atomic absorpt ion.  The b lank  correc-  
t ion descr ibed ea r l i e r  (5) was used to correct  for  ve ry  
minor  acid a t tack  on the unfi lmed alloys. A th i rd  
specimen was a lways  polar ized  in an ident ica l  fashion, 
carefu l ly  washed, and  subjec ted  to reflection electron 
diffract ion at  i00 kV. Al l  specimens i r respec t ive  of 
a l loy content  or  potent ia l  ma in ta ined  showed surface 
films of Cu20 only wi th  the  film being insufficiently 
th ick to mask  reflections f rom the under ly ing  sub-  
strafe.  

The morphology  and composit ion of the  dea l loyed  
residues were  s tudied by  SEiVI/microprobe analysis  
using an AMR Model 900 SEM wi th  a PGT energy  dis-  
pers ive analyzer .  

Results.--Table I shows the corrosion poten t ia l  of 
copper and the two Cu-Mn alloys. Al loy ing  wi th  25% 
Mn had only a minor  effect on depress ing the corro-  
sion poten t ia l  in the act ive direction. However ,  when 
copper  was a l loyed  wi th  50% manganese  i r respec t ive  
of whe the r  the a l loy was single or  two-phase ,  the 
corrosion poten t ia l  d ropped  to close to --0.5V. In 
this respect,  Mn at h igh concentra t ion  has an unusua l ly  
s t rong influence in shif t ing the corrosion poten t ia l  of 
the al loy in the  act ive direction.  

Analyses  of the to ta l  reac t ion  products  (solid oxide 
film on the me ta l  and copper  and manganese  ions in 
solution) were  conducted as a funct ion of t ime of po-  
la r iza t ion  at  +0.25V for the  Cu-25%Mn alloy. The 
react ion product  composit ion became essent ia l ly  con- 
s tant  wi th  t ime af te r  a round  20 hr. Accordingly,  this 
t ime was used as a s t andard  for  the r ema inde r  of the 
invest igat ion.  

Anodic  polar iza t ion  curves were  de te rmined  for  
the Cu-25%Mn al loy at  three  different  sweep ra tes  
(0.9, 1.5, and 3.0 V / h r )  in the sodium chlor ide  solu-  
tion. The anodic polar iza t ion  curves were  on ly  s l ight ly  
sweep ra te  dependent  and exh ib i ted  the  same features  
as the  anodic polar izat ion curves of copper -n icke l  a l -  
loys in sodium chloride solut ion (9). 

F igure  1 shows the we igh t s  of Cu + Mn in solu-  
t ion for  the Cu-25%Mn al loy af te r  20 hr  holding at  
var ious  fixed potent ia ls  be tween  --0.25 and +0.50V. 
Because the sepa ra te ly  ana lyzed  Cu + Mn in the  
surface oxide film was only a round  1% of that  found in 
solution, i t  is insignificant to mass balance  cons idera-  
tions and so is not  inc luded in Fig. 1. The amount  

1 All potentials in this paper are expressed on the standard hy- 
drogen scale. 

Table I. Steady corrosion potentials of Cu, Cu-25%Mn, and 
Cu-50%Mn alloy in 0.SM NaCI at 25~ 

Steady corrosion 
Alloy potential (/V) 

Cu 0.00 
Cu-25% Mn - 0.053 
Cu-50~o Mn -- 0.470 
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Fig. I. Relationship between Cu plus Mn in solution fram a 
Cu-25%Mn alloy held at five different potentials in 0.SM NaCI far 
20 hr. 

of copper and manganese dissolved from the alloy in -  
creased approximately l inear ly  with increasing poten-  
t ial  in the noble direction up to around +0.25V. 

Figure 2 shows the effect of potential  upon the per-  
centage of manganese in solution. At --0.25V, the 
soluble corrosion product was almost 100% manganese. 
Between +0.25 and +0.50V, manganese left the alloy 
in a modestly greater  weight percent  than it  was 
originally present. At the corrosion potential  of the 
Cu-25%Mn alloy (--0.053V), the soluble corrosion 
product contained over 40% Mn. The form of the 
manganese content  vs. potential  curve is quite 
similar  to that found earlier by Pickering and Byrne 
(4) for brasses and by one of the authors for copper- 
nickel alloys (5). 

Figure 3 shows the weight of Cu + Mn in solution 
for the Cu-50%Mn alloy after 20 hr in O.5M NaC1 as a 
funct ion of potential  between --0.60 and +0.25V. 
Within the limits of exper imental  error, there was no 
difference in  the results irrespective of whether  the 
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Fig. 2. Relationship between weight percent of Mn in solution 
from a Cu-25%Mn alloy held at five different potentials in 0.5M 
NaCI far 20 hr. 
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Fig. 3. Relationship between Cu plus Mn in solution from a 
Cu-50%Mn alloy held at five different potentials in 0.5M NaCI 
for 20 hr. 

alloy was in the single phase (w) or the two-phase 
(~, + ~-Mn) condition. Figure 3 shows results for the 
single phase condition only. This curve is quite similar 
to that for the Cu-25%Mn alloy. Due to the much more 
active corrosion potential  of the Cu-50%Mn alloy 
(Table I),  most of Fig. 3 was determined under  con- 
ditions of anodic polarization. 

Figure 4 shows the percent  of manganese  in  the 
soluble corrosion product for this alloy as a funct ion of 
potential. Figure 4 i l lustrates dealloying behavior very 
different from that of the Cu-25%Mn alloy in  Fig. 2. 
Even at potentials as high as +0.25V, the corrosion 
reaction still yielded in excess of 90 w/o Mn. This is a 
potential  that is in excess of 0.TV more noble than the 
corrosion potential  of this alloy. At the corrosion po- 
tent ial  of the alloy, the manganese  content of the 
soluble reaction product  was around 99%. Fur ther  at 
0.0V and above, the specimens were dealloyed 
throughout  the whole cross section of the specimens. 
The Cu-50%Mn alloy exhibited extremely severe and 
rapid dealloying and it  was not possible wi thin  the 
potential  range studied to force the manganese  to 
leave the alloy in the same proport ion as it  was pres-  
ent  originally. 

Figure 5 shows an SEM plan view of the dealloyed 
surface of a Cu-25%Mn alloy held at a potential  of 
--0.10V for 20 hr. Magnification is • 1000 and it is evi- 
dent  that  the residue was very porous. The mass 
balance studies in  Fig. 2 showed that  Mn comprised 
some 70% of the Cu + Mn content  of the solution. En-  
ergy dispersive x - ray  spectra were then made of the 
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Fig. 4. Relationship between weight percent of Mn in solution 
from a Cu-50%Mn alloy held at five different potentials in 0.5M 
NaCI far 20 hr. 
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Fig. 5. Dealloyed surface of Cu-25%Mn alloy held at --0.10V 
in 0.5M NaCI for 20 hr (XIO00). 

or ig ina l  a l loy  surface and of the  dea l loyed  s u r f a c e  
layer .  The spec t ra  for the or ig inal  Cu-25%Mn al loy  
(upper  spec t rum)  and for  the  dea l loyed  surface l aye r  
( lower  spec t rum)  are  shown in Fig. 6. The Mn peaks  
were  comple te ly  absent  a f te r  holding at  --0.1V for 20 
h r  the reby  ind ica t ing  tha t  the  dea l loyed  l aye r  was 
subs tan t ia l ly  pure  copper.  

F igure  7 shows an SEM plan  view (X1000) of the  
Cu-25%Mn al loy  polar ized  for 20 hr  a t  +0.25V. The 
dea l loyed  surface was much less porous as might  be 
an t ic ipa ted  f rom Fig. 2 which  shows tha t  Mn com- 
pr i sed  only  s l ight ly  more  than  30% of the  Cu + Mn 
content  of the  solution. Energy  dispers ive  x - r a y  spec t ra  
of the  or ig ina l  a l loy and of the  dea l loyed  surface are  
shown in Fig. 8. F r o m  Fig. 8, i t  is ev ident  tha t  much 
manganese  is lost f rom the  surface layer2 bu t  tha t  a 
smal l  and  infinite amount  of the  order  of 2 w /o  re -  
mains.  

F igure  9 shows an SEM plan  view (X1000) of the  
surface of the  Cu-50%Mn al loy polar ized  for 20 hr  at  
0.00V. This dea l loyed  surface was much more  porous 
than  tha t  of the Cu-25%Mn al loy polar ized  for 20 hr  
a t  +0.25V (Fig. 7). The dea l loyed  res idue shown in 
Fig. 9 pene t ra t ed  comple te ly  th rough  the or iginal  
a l loy sheet. By careful  manipula t ion,  i t  was possible 
to f rac tu re  the  qui te  b r i t t l e  dea l loyed res idue and r e -  
veal  two planes as shown in Fig. 10. The lower  p lane  
in ~'ig. 10 is the dea l loyed  surface shown in Fig. 9 bu t  

The effective analytical depth of penetrat ion  of the  e lectron 
beam is around 0.8~ on a compact  surface  and as much  as 4~ on  
very  porous  surfaces .  

Fig. 7. Dealloyed surface of Cu-25%Mn alloy held at -{-0.25V 
in 0.SM NaCI for 20 hr (X1000). 

Fig. 8. Energy dispersive x-ray spectra from the surface of a 
Cu-25%Mn alloy. Upper spectrum, original alloy surface; lower 
spectrum, after holding at -F0.25V in 0.5M NaCI for 20 hr. 

at a lower  magnif icat ion (X200).  The s imi la r ly  ap -  
pear ing  surface in the upper  pa r t  of Fig. 10 is a pa ra l l e l  
f rac ture  p lane  located app rox ima te ly  m i d w a y  th rough  
the thickness of the dea l loyed  residue. The in te rven ing  
porous po lyhedra  in Fig. 10 are  a t rans i t ion  zone be-  
tween  the two planes.  F igure  11 contains a series of 
energy  dispers ive  x - r a y  spect ra  of the  dea l loyed  
deposi t  shown in Fig. 10. The upper  spec t rum is tha t  of 

Fig. 6. Energy dispersive x-ray spectra from the surface of a 
Cu-25%Mn alloy. Upper, original alloy surface; lower, after hold- 
ing at --0.10V in 0.SM NaCI for 20 hr. 

Fig. 9. Dealloyed surface of Cu-50%Mn held at 0.00V in 0.SM 
NaCI for 20 hr (X  1000). 



2142 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE A N D  T E C H N O L O G Y  October 1980 

Fig. 10. Fractured sample of a dealloyed residue from Cu-50%Mn 
held at 0.00V in 0.SM NaCI for 20 hr--shaws dealloyed surface (A), 

dealloyed plane midway through the section (B), porous polyhedra 
(C) ( •  200). 

Fig, 11. Energy dispersive x-ray spectra from various features in 
Fig. 10. (A) original alloy surface; (B) dealloyed surface; (C) 
dealloyed mid-plane of residue; (D) porous polyhedra. 

the or iginal  Cu-50%Mn alloy. The second (from the 
top)  spec t rum is f rom the dea l loyed surface, Fig. 9. 
The manganese  content  is a round  1.5 w/o.  The th i rd  
spec t rum is f rom the f rac ture  p lane  app rox ima te ly  
m i d w a y  th rough  the dea l loyed  residue. This contains 
a round  3.5 w/o  Mn. The bot tom spec t rum is f rom the 
porous po lyhedra  in the t rans i t ion  zone be tween  the 
two planes.  These contain a round  4.5 w/o  Mn. F igure  
12 shows the micros t ruc ture  of the  or ig inal  Cu-50%Mn 
al loy at  a magnificat ion of 200 d iam (s imi lar  to Fig. 
10). There  is no doubt  tha t  the  porous po lyhedra  are  
or ig inal  grains from the Cu-50%Mn al loy which have 
been almost  comple te ly  dea l loyed wi thout  changing 
size or contour. F rom Fig. 10, the  ind iv idua l  dea l loyed  

Fig. 12. Microstructure ot Cu-50%Mn alloy X200 etched in 
HCI-picric acid in isopropanol. 

grains  in the  t rans i t ion  zone are  also l a rge ly  separa te  
physical ly .  

Discussion 
For  the Cu-25%Mn al loy  (Fig. 2), the  percentage  of 

Mn found in solut ion ( re la t ive  to the to ta l  Cu 4- Mn 
solut ion content)  is influenced by  poten t ia l  in a s imi lar  
m a n n e r  to that  found in a brass  (4) and  the  cupro-  
nickels  (5). A t  the corrosion potent ia l  of a round  
--0.05V for the Cu-25%Mn alloy,  the  solut ion con- 
tains a round  40% Mn and the specimen exhibi ts  mod-  
era te  deal loying;  as the  poten t ia l  is shif ted to a round  
--0.25V, i.e., closer to the  manganese  poten t ia l  and 
much fu r the r  be low the copper  potent ial ,  the  m a n -  
ganese content  of the  solut ion rises to a round  95% and 
copper  dissolution is a lmost  comple te ly  prevented.  
When  the potent ia l  is ra i sed  to +0.25 or to +0.50V, i.e., 
some 300 mV or more  above the corrosion potent ial ,  
manganese  is a round  30% of the Cu + Mn passing into 
solution, i.e., only  a modes t ly  g rea te r  concentra t ion 
than  was p resen t  in the  alloy. The resul t ing  dea l loying  
is r e la t ive ly  modes t  compared  wi th  tha t  exper ienced  
at  more  act ive potentials .  This potent ia l  dependent  de-  
a l loying behavior  is ve ry  s imi lar  to tha t  r epor ted  p r e -  
viously for a brass  (4) and  for cupro-n icke ls  (5). 

The Cu-50%Mn al loy  shows different  behavior  and 
much more  ex t reme  deal loying.  F rom --0.60 to --0.25V, 
only manganese  is found in solut ion wi th  any copper  
being below the l imits  of the chemical  analyses  (~0.1 
ppm) .  The only copper  leaving  the al loy is found in 
minute  amounts  in the th in  surface oxide film. Copper  
is found in solut ion in smal l  quant i t ies  only  at  0.0 and 
+0.25V (Fig. 4). The corrosion potent ia l  of this  a l loy 
is --0.47V and at  this potent ial ,  99.9% of the me ta l  
ions leaving the al loy are  manganese.  Even at  the 
highest  potent ia l  s tudied (4-0.25V), 92% of the cations 
leaving  the al loy are  manganese.  Fur the rmore ,  the 
ra te  of dea l loying  at  O.0V and above  was so high that  
the whole  0.1 cm cross section of the Cu-Mn al loy was 
pene t ra t ed  f rom one side. I t  is ev ident  tha t  wi th  the  
ve ry  h ighly  a l loyed Cu-50%Mn alloy, potent ia l  ex-  
hibi ts  much less posi t ive control  over  the dea l loying  
phenomenon than  at  lower  manganese  contents of 
a round  25%. Fur the rmore ,  even when  the potent ia l  
was ra ised some 0.TV above the corrosion potent ia l ,  
p ropor t iona l  al loy dissolution was not  restored.  

Based on past  work  and on the work  repor ted  in 
this paper ,  Cu-Ni  al loys show the s lowest  kinet ics  
of dea l loying  (5), ~ brass  in te rmedia te  kinet ics  (4) and  
the Cu-Mn alloys by  far  the fastest  kinetics,  pa r t i cu -  
l a r ly  the Cu-50%Mn alloy. If  deal loying is r ega rded  
as being due to the select ive remova l  of a toms of a 
more  e lec t rochemical ly  act ive solute element,  then 
some mechanism must  be provided  to exp la in  the 
r ap id  p ropaga t ion  of dea l loy ing  into the  a l loy in  rea l  
depth.  P icker ing  (3) proposed a so l id-s ta te  diffusion 
mechanism in Cu-Zn al loys wi th  the diffusion ra te  
being ma te r i a l l y  enhanced by  the very  large  vacancy  
concentra t ion occasioned by  select ive remova l  of the 
more e lec t rochemica l ly  act ive zinc atoms. Diffusion 
da ta  at  room t empera tu re  and for this ve ry  select ive 
meta l lu rg ica l  condit ion are  not  ava i lab le  in the l i t e ra -  
ture. High t empe ra tu r e  diffusion da ta  for the three  a l loy 
systems wi th in  the  t e m p e r a t u r e  range  of 750~176 
suggests that  at  a round  30 w/o  solute, the diffusion 
coefficients a re  a round  3 X 10 -12 cm2/sec for  Ni in 
Cu-Ni  (11), a round 3 X 10-s cm2/sec for  Zn in Cu-Zn 
(12), and  a round  7 X 10 - l ~  cm2/sec for  Mn in Cu-Mn 
(13). Fur ther ,  as the Mn content  of Cu-Mn alloys is 
increased  to a round 50 w/o,  D drops by  a round  an  
o rde r  of magni tude.  These high t e m p e r a t u r e  diffusion 
da ta  do not  fit even qua l i t a t ive ly  wi th  dea l loying  k i -  
netics fa l l ing in the  order  of 

Cu-Mn > Cu-Zn > Cu-Ni  [3] 

nor  wi th  the fact  that  Cu-50%Mn deal loys  much more  
r ap id ly  than Cu-25%Mn. Instead,  dea l loying  kinetics 
seem to re la te  be t te r  to the difference be tween  the  po-  
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tent ia l  at which the alloy is ma in ta ined  in  solution 
and the half-cel l  potent ial  of the solute element.  If 
for instance the alloy potent ial  is held at 0.00V, then  
the potent ial  difference be tween  the potent ial  ma in-  
ta ined in  solution and the reversible potential  of solute 
elements falls in  the order of 

Cu-Mn (1.18V) > Cu-Zn  (0.763V) > Cu-Ni (0.25V) 

[4] 

which is in  qual i tat ive accord with the relative order 
of the kinetics of dealloying depicted in  Eq. [3]. Such 
an analysis does not  explain why dealloying kinetics 
increase wi th  increasing solute content. This question 
will  be addressed later  in  the Discussion. 

The morphologies and compositions of the dealloyed 
structures provide convincing evidence favoring Pick- 
ering's view (3) that  dealloying is the result  of selec- 
t ive removal  of solute atoms from the alloy as opposed 
to proport ionate dissolution of the alloy followed by  
redeposit ion of copper (1, 2). Figures 5 and 7 show the 
surfaces of the Cu-25%Mn alloy a t  the same magnifi-  
cation (X1000) after dealloying for 20 hr at --0.10 and 
~0.25V, respectively. Normally,  it would be ex-  
pected that  if redeposit ion was inv61ved, the crystal 
size of an electrodeposit would decrease as the  deposi- 
t ion potent ia l  is moved progressively in the more ac- 
t ive direction (14). However, the crystal size of the 
dealloyed residue at --0.10V (Fig. 5) is much larger  
than  that  seen at -~0.25V (Fig. 7). Fur thermore,  the 
dealloyed surface residue shown in Fig. 7 contains 
around 2% Mn in  the dealloyed matr ix  (Fig. 8). The 
manganese  does not exist as a separate phase detect- 
able in  the electron diffraction study and must  there-  
fore be assumed to be in  solid solution in the matrix. 
At a potent ial  of ~0.25V, any redeposition of m a n -  
ganese from solution is quite impossible. 
' Even more convincing evidence support ing selective 

removal  of manganese  atoms from the lattice by ap- 
pl icat ion of appropriate electrochemical conditions is 
provided in  Fig. 10 which shows a fractured sample of 
the residue from a Cu-50%Mn alloy dealloyed at.0.0V. 
Here, the original  gra in  s tructure of the alloy may be 
clearly seen and the grain size is in  the same 0.030- 
0.120 m m  range as the original  alloy (Fig. 12). There 
is fur ther  clear evidence of in te rgranu la r  separation of 
many  of the original  alloy grains, p resumably  due to 
preferent ia l  at tack of manganese- r ich  original grain  
boundaries.  I t  is not believed that  this in te rgranula r  
separation is impor tant  in controll ing the kinetics of 
the dealloying phenomenon.  The original alloy grains, 
though main ta in ing  their  original  size and morphology 
after dealloying, are in fact reduced to a porous ne t -  
work of dilute Cu-Mn solid solution. The morphology 
of the grain interiors may be seen from the dealloyed 
surface (Fig. 10) and f r o m  the similar  center plane 
morphology in Fig. 10 which represents an area where  
one or m o r e  dealloyed grains were fractured dur ing 
the specimen preparation.  The surface plane, the cen- 
ter plane, and the unf rac tured  dealloyed grains in Fig. 
10 all contained a small  amount  of Mn presumed to be 
in solid solution at approximate levels of 1.5, 3.5, and 
4.5 w/o, respectively (Fig. 11). The surface of the de- 
alloyed grains is less porous than the grain interiors 
from Fig. 10. Assuming that the in te rgranu la r  separa-  
t ion is due to a higher grain boundary  manganese con- 
tent,  then the surface of the dealloyed grains should 
be more dense than  their  in ter ior  due to a manganese  
denuded layer  being adjacent  to the enriched grain 
boundaries.  

The foregoing s t ructural  and compositional evi- 
dence clearly shows that  the dealloying process in  
Cu-Mn alloys is the result  of preferent ia l  electro- 
chemical removal  of Mn atoms from the alloys rather  
than  a dissolut ion/redeposi t ion mechanism. It is also 
more significant that dealloying only yields a pure 
copper residue only at  the more electrochemically ac- 

tive potentials studied. At other more noble potentials, 
the dealloying residue is a dilute Cu-Mn solid solution. 

The final aspects requir ing discussion are the mecha-  
nisms of propagation of dealloying through the speci- 
mens and the morphology of the dealloyed layers. One 
mechanism for propagation could involve the selective 
removal  of Mn atoms from the surface and subsurface 
layers together with the result ing creation of a very 
high vacancy concentration. This high vacancy concen- 
t ra t ion might  permi t  renewal  of Mn diffusing from the 
alloy substrate into the surface and subsurface de- 
alloyed zones so as to sustain the dealloying process. 
A relat ively long-range thermal ly  activated process 
of this na ture  hardly appears feasible at room tem- 
perature  par t icular ly  at the high rate necessary to 
sustain the dealloying process. A diffusion mechanism 
based on extrapolat ion from available high tempera-  
ture data does not fit qual i ta t ively with the dealIoying 
kinetics observed in  the ~ solid solutions wi th in  the 
Cu-Mn, Cu-Zn, and Cu-Ni systems (Eq. [3]).  Fu r the r -  
more the high temperature  diffusion coefficient for Mn 
in copper is substant ia l ly  higher at 25 w/o Mn than at 
50 w/o Mn (13) yet dealloying kinetics are much 
faster at 50% Mn than  at 25% Mn (Fig. 1 and 3). 

An al ternate  explanation,  more near ly  consistent 
with the overall  dealloying characteristics of copper 
base alloys may be found by considering the short 
range reorientat ion of the dealloyed surface layers in  
Cu-Mn alloys. Assuming that  IVIn is substant ia l ly  re-  
moved by electrochemical polarization from the alloy 
surface, then the remaining  Cu atoms will  find them- 
selves at large and unacceptable interatomic distances. 
The copper atoms will  rapidly seek their  character-  
istic distance of closest approach leaving voids in the 
surface whose volume will  increase with increasing 
atom percent of Mn removed, i.e., Fig. 10 for Cu-50%Mn 
vs. Fig. 7 for Cu-25%Mn. The atom rea r rangement  re- 
quired to produce these skeletal  Cu or Cu-r ich  struc-  
tures is of an essentially much shonter range nature  and 
does not require the diffusion of Mn over long dis- 
tances. The rea r rangement  clearly results in the gen- 
erat ion of new in te rna l  surfaces which should act as 
effective s inks  for vacancies moving in the opposite 
direction to that  in  which the copper atoms collapse. 
The skeletal surface s t ructure  produced by the atomic 
contraction and vacancy annihi la t ion  permits access 
of the solution to the under ly ing  alloy substrate and so 
the process may repeat  itself wi thout  the necessity for 
anything other than  shor t - range collapse of the copper 
atoms into an equi l ibr ium crystal s t ructure  together 
with the a t tendant  generat ion of new in te rna l  surfaces 
and vacancy annihilat ion.  This model also explains 
why the dealloying kinetics of Cu-50%Mn are the 
same irrespective of whether  the alloy was in the 7 
or in the 7 + ~-Mn conditions. In  the lat ter  condition, 
the ~-Mn will  be removed preferent ia l ly  and will be 
followed by the Mn in the remaining  7 solid solution. 
The void volume wi th in  the skeletal  residue will  be 
identical  to that  obtained from dealloying of the 
Cu-50%Mn solid solution when  they are dealloyed 
to the same final composition. Only the morphology 
of the skeletal deposit will  vary slightly with its in -  
ternal  volume and therefore solution access to the 
substrate being the same. T h i s  mechanism provides 
for the atomic rea r rangement  of the Cu atoms, together 
with vacancy annihi la t ion at the new in terna l  surfaces 
to occur on a shor t - range basis wi th in  the surface lay-  
ers only. I t  does not require long-range  manganese  
diffusion from the unat tacked substrate. It  permits 
propagat ion of dealloying by providing solution access 
to the unat tacked substrate through the porous skeletal 
structures generated by  the creation of new in te rna l  
surfaces. 

Using the foregoing model, dealloying kinetics 
should be hastened when the skeletal s t ructure is most 
porous and permits  easiest access of the solution, i.e., 
Cu-50%Mn at 0.OOV (Fig. 10) and  re tarded when  
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the ske le ta l  s t ruc ture  is denser  and solut ion access 
is less favored,  i.e., Cu-25%Mn at 0.25V in Fig. 7. 
A n  explana t ion  of this na tu re  can also account for the 
fo rmat ion  of in te rmedia te  more  copper - r ich  phases 
dur ing  deal loying of appl icab le  h igher  a l loy phases as 
found by  P icker ing  (3). Select ive  e lec t rochemical  
conditions involving appl ica t ion  of the more active 
potent ia ls  were  requ i red  to dea l loy  to a pure  Cu res i -  
due in this study.  Al l  o ther  exper iments  a t  somewhat  
more  noble potent ia ls  y ie lded  di lute  Cu-Mn solid solu-  
tions as the  t e rmina l  residue. Throughout  the  course 
of the exper iments ,  a complete  range  of a solid solu-  
tions mus t  have exis ted  t rans ien t ly  dur ing  the dea l loy-  
ing process. If the sys tem was such tha t  in te rmedia te  
more  copper - r i ch  phases could exist,  as for instance 
in the deal loying of , or 7 brasses (3), then the  for-  
mat ion  of the lower  phases would  c lear ly  resul t  at  
some point  in t ime  dur ing  deal loying.  

In summary ,  the model  proposed  in this pape r  sug-  
ges ted  that  dea l loying  kinet ics  in solid solutions of Cu 
wi th  Mn, Zn, and Ni a re  p r i m a r i l y  control led  by  the  
difference in potent ia l  be tween  tha t  at  which the a l loy 
is ma in ta ined  in solution and the revers ib le  potent ia l  
of the solute element.  Within  the  Cu-Mn system 
those e lect rochemical  condit ions which lead to the 
most open ske le ta l  s t ructures  of Cu or  di lute  Cu-Mn 7 
solid solut ion corre la te  wi th  the  greates t  ra tes  of de-  
a l loying  or  the  grea tes t  se lec t iv i ty  o.f Mn removal .  
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Anodic Behavior of Cemented WC-6% Co Alloy 
in Phosphoric Acid Solutions 

M. H. Ghandehari *'I 

Fanstee~ Metals, M~kogee ,  Oklahoma 74401 

ABSTRACT 

The anodic behavior  of WC-6% Co al loy in n i t rogen sa tu ra ted  phosphor ic  
acid solut ion was s tudied by  means  of potent ios ta t ic  dissolution, polar izat ion 
curves,  and micrographic  studies. At  anodic potent ia ls  be tween  open circuit  
(E ---- --300 mV)  and --100 mV (vs. SCE) the b inder  phase al loy (Co-W) dis-  
solves ac t ively  to yield dissolved Co and W while  the  WC phase  remains  
unat tacked.  At  app rox ima te ly  --0.1V the WC-Co al loy passivates  resul t ing  
in an 80% decrease  in current .  F u r t h e r  anodic polar iza t ion  causes the cur ren t  
to increase as active dissolution of the WC phase comes into play.  Appl ica t ion  
of these resul ts  to Co/WC separa t ion  in a l loy scrap recycl ing  is discussed. 

Cemented WC-Co alloys are  dispersions of micron-  
size WC par t ic les  in a b inder  phase. These al loys are  
p repared  by a l iquid phase s inter ing process, dur ing  
which some WC grains  dissolve in Co producing  a Co- 
W-C t e rna ry  b inder  a l loy (1). The solubi l i ty  of WC in 
Co is a function of physical  and chemical  proper t ies  of 
the const i tuents  as wel l  as the conditions of the 
s in ter ing  process (1). At  room tempera ture ,  however ,  
the amount  of carbon remain ing  in the b inder  phase 
is smal l  and hence difficult to measure.  The thickness 
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Key words: cemented carbides, binder phase, Co-W, corrosion, 

mixed potential. 

of the b inder  phase has been repor ted  to range  f rom 
20 to 100A for cemented al loys containing less than  
12% by weight  cobal t  (2). 

Extens ive  use of these al loys under  a va r i e ty  of 
corrosive envi ronments  suggests the need for kinet ic  
studies of the basic corrosion processes. Examples  of 
some of these envi ronments  a re  geo the rmal  br ines  in 
dr i l l ing  applicat ions,  acid ext rac ts  f rom wood (3, 4) 
in cut t ing of lumber ,  and lubr icants  in meta l  finishing 
industries.  While  i t  is des i rable  to inhibi t  corrosion 
in the above circumstances,  a to ta l ly  opposi te  need 
arises in meta l  recycl ing indust r ies  in which corrosion 
and total  d is in tegra t ion  of used and re jec ted  al loys are  
des i rable  (5, 6). Pub l i shed  l i t e ra tu re  on corrosion of 
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cemented carbides  is sparse and deals mostly with 
weight  loss measurements  (7, 9) as a means to compare 
corrosion resistances of these alloys under  various 
conditions. 

Because cemented carbide alloys are nonhomo~ene-  
ous, the different components would be expected to 
dissolve at different rates and have different over-  
voltages for depolarizer reactions. Electrochemical 
measurements  combined with mixed potential  consid- 
erations (10) may provide a significant tool for invest i -  
gating the corrosion behavior  of these indust r ia l ly  im-  
por tant  alloys. 

In  this s tudy anodic polarization curves for WC-6% 
Co alloy have been determined in phosphoric acid 
solutions using the potentiostatic technique. Also, 
cur rent  vs. t ime behavior and current  yields at several 
potentials have been measured. Finally,  microstruc-  
tural  changes occurring dur ing  the corrosion have 
been examined.  From these results a qual i ta t ive model 
is given describing the dissolution of WC-Co cemented 
alloys in dilute phosphoric acid solutions. 

Experimental 
A three electrode system was used to study anodic 

dissolution of WC-Co, WC, and Co electrodes. The cell 
consisted of a 600 ml Pyrex  beaker which was filled 
approximately  one- th i rd  with 1.2M H3PO4. The test 
and counterelectrodes were suspended from the gas- 
t ight lid and were separated by approximately  5 cm. 
Test electrodes were prepared as follows. 

Sintered pieces of WC-6% Co were made according 
to s tandard powder metal lurgical  techniques (1). WC 
electrodes were prepared by hot-pressing powders of 
the elements  in  a graphite  die at about  2200~ and 
5000 psi of pressure for about  10 min. The cobalt elec- 
trode was prepared from a piece of high pur i ty  cobalt 
foil. The electrode surfaces of the WC-6% Co and Co 
were 1 • 1 cm and that  of the WC electrode was 
2 • 2 cm. The back sides of the test electrodes were 
coated with silicone rubber:  Prior  to each test, the 
surface of the carbide electrode was ground and pol- 
ished to produce a new surface using a s tandard pro- 
cedure (ASTM B276-54, 1954). The polished surface 
was r insed with ethanol and distilled water  prior to 
each test. E x a m i n a t i o n  of the carbide electrode sur-  
faces with a metal lograph revealed that they were 
free from pores. The surface of the cobalt electrode 
was pretreated with a few drops O f HF-HNO3 solution 
followed by r insing with deionized water. 

A piece of Pt  wire, 0.1 • 5 cm, was used as the 
counterelectrode. Electrode potentials were measured 
by means of a Keithley electrometer and with respect 
to a saturated calomel electrode (SCE) which was 
positioned outside the cell, contacting the test electrode 
through a salt bridge full  of cell electrolyte and a 
Luggin capillary. The cell was equipped with a Teflon- 
coated magnetic  s t i rr ing bar  for agitation. Solutions 
were st irred at a moderate  rate which was kept  con- 
stant  throughout  the experiments.  All tests were run  at 
ambient  tempera ture  of 25 ~ _ I~ Reagent grade 
chemicals and deionized water  were used to prepare 
the solutions. Nitrogen of 99.99+ % purity,  as specified 
by the manufacturer ,  was flushed through the solu- 
tions. Steady-sta te  potentiostatic curves Were obtained 
with either a Wenking or an Anotrol  potentiostat  by 
stepping the potential  about 20 mV once each minu te  
and recording the resul tant  pseudo steady-state cur-  
rent.  The corresponding anodic and cathodic curves 
were constructed accordingly. For cur ren t - t ime  mea-  
surement  at a given electrode potential ,  the same 
potentiostat  was used in conjunct ion with a Bristol X-Y 
recorder. Metallographic examinat ions were made us-  
ing a Leitz Metallograph. Cobalt and tungs ten  dissolu- 
t ion was  measured by analyzing the solutions for these 
elements using atomic absorption spectrometry (11). 
Relative s tandard deviations of 9% and 2.5% were 
found for the W and Co analyses, respectively. S tan-  
dards were prepared in  the same mat r ix  to prevent  

de te rminan t  errors. The current  yields for tungsten 
and Co dissolution were obtained by comparing the 
recorded current  to those obtained from solution 
analyses. 

Four  to five kg quanti t ies of WC-6% Co were electro- 
lyzed s imultaneously in a part iculate bed electrode sys- 
tem at constant  potential. This system was essentially a 
ba r re l - t ank  electroplating unit,  s t rengthened to meet  
the mechanical  requi rement  and modified to facilitate 
monitor ing of the average potential  of the pieces dur-  
ing the electrolysis (5). 

Results 
Steady-state polarization curves.--Typical potentio- 

static, s teady-state polarization curves for anodic dis- 
solution of WC-6% Co and WC and for H+- ion  reduc- 
tion on WC are shown in Fig. 1. The curve for Co 
dissolution is shown in Fig. 2. These polarization curves 
were repeatable upon successive cycling of the poten-  
t ial  and gave essential ly the same shape on the de- 
creasing and increasing potential  cycles except for 
some hysteresis. Changes in s t i rr ing did not influence 
the shapes of the curves. The open-circui t  potential  for 
WC-6% Co was typically about --300 mV which is 
between the open-circui t  potential  for Co (--500 mV) 
and WC (0-200 mV).  T h e  WC + 6% Co electrode 
shows three distinctive regions which are labeled A, 
B, and C in Fig. 1 for future  reference. In region A the 
logari thm of the current  density increases approxi-  
mately  l inear ly  with the potential.  At  --0.1V the cur-  
rent  drops abrupt ly  by 70-80% and remains roughly 
constant  while the potential  increases some 0.TV. This 
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Fig. 1. Steady-state polarization curves for oxidation at WC-6% 
Co and the oxidation or reduction at the WC electrodes in 1.2M 
H3P04 solution. Stirred solution, T = 25~ 

Fig. 2. Steady-state polarization curve for the oxidation at Co 
electrode in N2 saturated solution of i .2M H3P04. Stirred solution, 
T - -  25~ 
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t ransi t ion region is labeled "B." At g ~ 0.6V the cur-  
ren t  again increases exponent ia l ly  with an increase in 
potential.  

Current-time behavior.~Pieces of WC-6% Co elec- 
trodes were potentiostated between --250 and --100 
mV, i.e., potential  region A of Fig. 1. At these potentials 
the current  slowly decreased with t ime finally ap-  
proaching a plateau in more than 10 hr. Figure 3 shows 
a n  i - t  curve at --200 mV which is typical of all plots 
o b t a i n e d .  

Iffetallographic examination.--Figure 4 shows a 
micrograph of a cross-sectional area of a piece of WC- 
6% Co.which was anodized in  1.2M H~PO4 for 24 hr. 
A definite boundary  is observed between the binder-  
free WC skeleton (Fig. 4I) and the WC-6% Co phase 
(Fig. 4-II) .  The anodization took place in the dynamic 
part iculate  bed system, potentiostated at --60 mV. 
Fur ther  metal lographic examinat ions  of selected 
pieces of anodized WC-6% Co revealed a uni form 
coating of porous WC phase which covered the entire 
surface of the cemented carbides. 

Reaction products.~WC-6% Co electrodes were po- 
tentiostated for several  hours at various potentials in 
regions A and C of the polarization curve of Fig. 1. 
The solutions were analyzed for Co and W after /each 
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Fig. 3. Dissolution rate of the binder phase (Co-W) alloy from 
a WC-6% Co alloy as a function of time at --200 mV (vs. SCE) in 
N2 saturated solution of 1.2M HsP04. Stirred solution, T ~- 25~ 

Table I. Cobalt and tungsten concentrations as a function of 
applied potential for a WC-6% Co cemented carbide 
Solution: N2-saturated, stirred 1.2M H3PO4 at 25~ 

W~ight 
Co dis- W d i s -  fraction 

Duration solved solved W 
E ( m V  of expts., (mg/cm e- (mg-cm 2- 

vs. SCE) hr hr) hr) Co + W 

- - 3 1 5  t o  - 3 0 5  
(open c i r c u i t )  48  0 .015  * - -  

--335 to --305 
( o p e n  c i r c u i t )  48  0 .009  �9 - 

- 250  17 0 . 3 0  * - -  
- - 2 0 0  16 0 .85  0 .11  0 .11  
- 100  8 . 7 5  2 . 3 0  0 .39  0 . 1 4  
+ 750  4 . 2 5  1 .33  8 .34  0 . 8 6  

* Below detection limit using atomic absorption spectrometry 
for analysis of tungsten.  

dissolution experiment,  the results being shown in 
Table I. At  potentials positive of ~600 mV gas was 
observed evolving from the anode surface. A previous 
investigator (12) has identified the gaseous products 
as CO2 which results from dissolution of WC in aque-  
ous solution. 

The weight fractions of W in the dissolved alloy 
were calculated from the exper imental  values and are 
shown in  the r igh t -hand  column of Table I. 

Discussion and Conclusions 

Anodic Dissolution of WC-6% Co 
Region A.- -The  solution analyses and micrographs 

(see Fig. 4) lead to the conclusion that  the Co-W 
binder  phase selectively dissolves in  region A, leaving 
behind the WC grains. Binder  dissolution thus may be 
represented by Eq: [1] and [2J. Although tungsten  
oxidation may be questioned 

Co-~  Co +2 ~ 2e -  [1] 

(E ~ ,~ --0.52V vs. SCE) 

W + 4 H 2 0  --> W O 4  = + 8 H  + + 6 e -  [ 2 ]  

(E ~ ,-~ --0.2V vs. SCE) (13) 

at the negative end of region A, because E <: E ~ the 
binder  phase appears to dissolve in  its ent i re ty  at the 
positive end of A. The tungsten in solution accounts for 
,~11-14% of the metal  dissolved at --0.2 to --0.1V (see 
Table I),  which is in the same range as the fraction of 
tungsten expected in the b inder  phase based on the 
solubil i ty of W in Co (14, 15). A charge balance based 
on Eq. [1] and [2] was tested by comparing the 
dissolution currents  of Table I to the measured anodic 
current, ia. ResUlts are shown in Table II. The mea-  
sured currents  are explained within  analyt ical  pre-  
cision. Inasmuch as insoluble tungsten  oxides could 
not be detected, they were presumed to be insignificant 
compared to soluble tungsten, thus just i fying Eq. [2]. 

Because most of the current  is carried by cobalt 
dissolution, it is not surpris ing that  the composite 

Table II. Current yields for dissolution of Co-W alloy and WC 
from a WC-6% Co cemented carbide 

Solution: N2-saturated, stirred 1.2M H3PO4 at 25~ 

g (mY f~ /1 i~ 
vs. SCE) (mA/cm~) (mA/cm~) (mA/cm~) (mA/cmJ) 

--315 to - 3 0 5  
(open  circuit)  0.0 0.014 " 0.0 

- 3 ~  to - 3 0 5  
(open circuit)  0.0 0.008 �9 0.0 

- 2 5 0  0.33 0.27 0.34* 0.0 
- 2 0 0  0.81 0.79 0.0 
- 100 2.49 2.09 0.10 0.0 
+ 750 13.25 1.21 0.16"* 11.41 Fig. 4. Cross-sectional micrograph of a piece of WC-6% Co 

anodized in 1.2M H3PO4 solution for 24 hr in a particulate bed 
electrode system at --60 mV. 1200• I--porous WC; II--WC-6% 
Co. 

* Be low detect ion l imit ( see  Table  I ) .  
* * Calculated (see  the  t ex t ) .  
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polar iza t ion  curve  (Fig. 1) is s imi lar  to the  cobal t  
polar iza t ion  curve (Fig. 2), both  in posi t ion and shape. 

Region B. - -B inde r  dissolut ion is acce le ra ted  wi th  
increas ing  potent ia l  but  then  undergoes  an a b r u p t  de-  
crease by  80% at  ~0.05V. This behav ior  is charac te r i s -  
tic of an ac t ive ,pass ive  t ransi t ion.  (F igure  3 c lear ly  
shows tha t  i t  is not  caused by  cobalt  deplet ion.)  The 
composi t ion of the  passive film was not  identif ied f rom 
the presen t  work,  bu t  could conceivably  be caused by  
fo rmat ion  of e i ther  tungsten oxide  or  cobal t  phosphate  
(Fig. 2 shows a somewhat  s imi la r  curve for  cobal t  a t  
--0.1V as observed  for WC-6% Co at  the same poten-  
t ia l ) .  The cu r ren t  appears  to be l imi ted  by  dissolution 
of  a film of one of these substances at  the pass ivat ion  
points.  

Region C.- -As  the potent ia l  is increased,  a f te r  pas-  
s iv i ty  occurs at  B, the cur ren t  increases  s lowly  at  first 
and  then  r ap id ly  as E increases  beyond 0.6V. This is 
because reac t ion  [3] becomes significant at  potent ia ls  
posi t ive of its revers ib le  potential .  This react ion is 
charac te r ized  by  e lec t rode  gassing and by  complete  
consumpt ion  of the  WC-Co al loy to 

WC -t- 6H20--> WO4 = -~ CO2 ~ 12H + ~- 10e-  [3] 

(E ~ ~ 0V vs. SCE) (13) 

y ie ld  soluble  products  in the corresponding amounts.  
Also app rox ima te  charge balance  is a t ta ined  by  con- 
s ider ing  Eq. [3] to produce  al l  the soluble W except  for 
a smal l  amount  produced  by  Eq. [2], this l a t t e r  amount  
being ca lcula ted  f rom the cobal t  dissolution. The last  
en t ry  of Table  II  shows the resul t  of this comparison.  

Application of Results to Corrosion of WC-Co Alloy 
When an ox idant  is p resen t  in solution, i ts ra te  of 

reduct ion  coupled wi th  a l loy dissolution wil l  define a 
corrosion potent ia l  and, f rom Fig. 1 a corrosion cur ren t  
(provided  products  of the reduct ion  do not prec ip i ta te  
or  o therwise  complicate  react ions [1] and [2]) .  In  the 
absence of oxygen  or  o ther  s t rong oxidants  the reduc-  
t ion cu r ren t  wi l l  be H + - i o n  reduction,  for which the 
polar iza t ion  curve is shown in Fig. 1. Ex t rapo la t ion  of 
this  curve to the  corrosion potent ial ,  Ecorr, in Fig. 1 
yields  currents  of the  same o rde r  as those measured  
f rom cobalt  dissolut ion at  open circui t  (~ee Table  I I ) .  
Thus b inder  phase dissolution proceeds se lec t ive ly  
under  these corrosion conditions. The corrosion ra te  of 
the  b inder  phase  in cemented  carbides  is also expected  
to depend  on its thickness,  which is de te rmined  by  
the amount  of cobalt,  g ra in  size, and gra in  size dis-  
t r ibu t ion  of the WC phase. Low cobal t  concentra t ion 
and smal l  par t ic le  size WC decrease the  thickness of 
the Co-W layer  on WC. This is exemplif ied by  tests in 
which  decrease in dissolution ra te  of the b inder  phase 
was observed when  pieces of 0.5-1~ WC-5.5% Co were  
subs t i tu ted  for 1-2/~ WC-6% Co (16). 

Selec t ive  dissolution of the b inder  phase can be and 
has been (5) used to advan tage  in the recycl ing  indus-  

t ry.  In this case i t  is des i rable  to separa te  the  cobal t  
f rom the tungsten carb ide  wi th  as l i t t le  energy  ex -  
pend i tu re  as possible. Ra the r  than  dissolve the ent i re  
a l loy  wi th  a s t rong oxidiz ing environment ,  i t  is pos-  
s ible to app ly  mi ld  oxidiz ing condit ions coupled wi th  
erosion to effect the  separa t ion  wi th  l i t t le  expend i tu re  
of e lec t r ica l  energy.  Thus par t i cu la te  WC-6% Co was 
anodized in a ro ta t ing  b a r r e l - t a n k  which contained the 
electrolyte .  Anodic  cu r ren t  dissolved the Co-conta in ing 
b inder  phase, a f te r  which  the WC phase  (see Fig. 4-I)  
eroded by  mi l l ing  the pa r t i a l l y  anodized WC-6% Co to 
WC powder  and f resh  WC-Co surfaces.  
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ABSTRACT 

T h e  photoelec t roehemical  proper t ies  of Co-doped polyerys ta l l ine  TiO2 
electrodes (Ti/CoOx) and undoped  TiO2 electrodes have been invest igated.  
The undoped  polycrys ta l l ine  TiO2 electrodes hea ted  at  t empera tu res  over  
7O0~ give the visible l ight  response in addi t ion  to the or ig ina l  bandgap  
photoresponse.  The Ti/CoOx elect rodes  p repa red  at  400 ~ ~, 550~ also give the  
appa ren t  visible l ight  response (550 ~ 420 nm) ,  when the Co was h ighly  
doped in the TiO2 layer  f rom the TiO~ surface to the in ter face  of the  Ti sub-  
s t ra te /TiO2 layer .  The visible l ight  response wil l  be based on the newly  
formed d - b a n d  by  the in terac t ion  of the in te rs t i t i a l  Ti or  Co ion in the TiO2 
lat t ice,  which is below the ~* conduction band of the  TiO~ in energy  positioh. 

Many  studies of TiO~ electrodes which are  used 
for the photoanode in the photoelect rolys is  of wa te r  
have been conducted (1-25). TiO2 is sui table  for the  
photoanode ma te r i a l  in point  of view of the s tab i l i ty  
in aqueous solution, but  its large  bandgap  (3.0 eV) 
br ings about  only  smal l  efficiency in using the  solar  
spectra:  photons wi th  shor ter  wavelengths  than  400 
nm responsible  for hole product ion  in TiO2 is only  
about  3% in a l l  solar  photons (26). Therefore,  some 
modifications of TiO~ are  necessary  in using i t  as 
the photoanode ma te r i a l  in order  to increase  the 
efficiency of solar  energy  conversion. 

Recently,  a few favorable  resul ts  of the modified 
TiO2 electrodes are  repor ted.  Maruska  and Ghosh 
r epor t  tha t  A l - d o p e d  and Cr -doped  TiO2 single c rys-  
tals  br ing  about  the increases of the u l t rav io le t  l ight  
(wavelengths  shor te r  than  about  420 nm) response 
and visible l ight  (wavelengths  longer  than  about  420 
nm)  response, respect ive ly  (16, 17). Augus tynsk i  et al. 
use po lycrys ta l l ine  TiO2 electrodes doped wi th  var ious  
elements,  A1, St, Ga, Eu, B, and  Be, as the photoanode 
(18, 19). A1 and Be-doped  TiO2 electrodes show the 
in teres t ing  resul t  tha t  the  quan tum efficiencies to the  
u l t rav io le t  l ight  increase  l ike  A l -doped  TiO2 single 
crys ta l  e lectrodes as s ta ted  above. 

Po lycrys ta l l ine  TiO2 elect rode is more  sui table  for  
the  photoanode than  single crys ta l  TiO2 in p r e p a r a -  
t ion cost. Therefore,  we use the po lycrys ta l l ine  TiO2 
electrodes doped with  Co as the photoanode ma te r i a l  
in this paper ,  which is p repa red  with  the the rmal  
decomposi t ion of aqueous solution of the Co salts. 
This e lectrode has also been inves t iga ted  as the anode 
mate r i a l  in the chlor ine and oxygen evolut ion reac-  
tions, and the high ca ta ly t ic  ac t iv i ty  of Co804 formed 
on the e lec t rode  is demons t ra ted  (27, 28). In  this 
paper ,  as a result ,  Co304 l aye r  does not influence the 
spect ra l  dependence  of the photocur ren t  bu t  only the 
Co-doped TiO2 l aye r  shows in teres t ing  visible l ight  
response. Al though  the photocur ren t  of the po lycrys -  
ta l l ine  TiO2 due to the l ights of the 500W xenon lamp 
fa i r ly  decreases b y  the Co coating, the extension of 
the spect ra l  response by  the Co-doping demons t ra ted  
in this paper  suggests the poss ib i l i ty  of ra is ing the 
efficiency of solar  energy  conversion in spectra.  

Experimental 
The t i t an ium pla te  (99.6%, 1.5 • 5 • 0.1 cm, Kobe 

Steel,  L imi ted)  was pol ished wi th  emery  papers  and 
then washed wi th  a c leanser  (Marufuku,  L imi ted) .  
The sample  was cleaned wi th  the hypersonic  technique, 
fol lowed by  washing with  acetone. Coatings were  
appl ied  b y  pa in t ing  the Co(NO3)2 solution with  a 
few drops of 30% H202 and then  hea t ing  i t  in a i r  

Key words: photoelectrolysis, photoanode, TiO2. 

at 400~ for 10 min. F ive  separa te  coatings w e r e  
applied.  Af te r  the final coating, the  specimen w a s  
finally heated in a i r  at  var ious  t empera tu res  over  
400~ for 1 hr, unless o therwise  stated. The geometr ic  
a rea  exposed to the e lec t ro ly te  was reduced to 1 cm~ 
on one side by  epoxy resin to mask  off the r ema inde r  
of the electrode.  The above Co coating e lect rode is 
represen ted  as Ti/CoOx e lec t rode  for convenience in 
this paper .  

CosO4, ruti le,  and anatase  were  observed for the  
samples  f inal ly hea ted  at  the  t empera tu res  f rom 550 ~ 
to 700~ by  x - r a y  analysis.  S imi la r  oxides wi l l  exis t  
on the  samples  finally heated a t  400~ a l though 
the clear  diffraction peak  was not  observed.  

The solut ion was p re -e lec t ro lyzed  0.5M H2SO4. H g /  
Hg2SO4 elect rode was used as the reference  e lect rode 
and e lec t rode  potent ia ls  cited in this paper  a re  re -  
fe r red  to this electrode. The countere lec t rode was a 
p la t inum plate.  A quar tz  H- type  cell  was used as 
an e lect rolyt ic  cell. The polar izat ion curves were  
measured  by  using a potent ios ta t  (Nichia Keik i  L im-  
ited, NP-G1050) and a function genera tor  (Nichia 
Keik i  L imi ted) ,  and recorded b y  an X-Y recorder  
(Yokogawa Electr ic  Works  Limited,  Type-3036).  The 
monochromat ic  l ight  of various wavelengths  was ob-  
ta ined  by  a pr i sm monochromator .  A 500W xenon 
lamp (1.1 W / c m  2) was used as a l ight  source. A 
sequence of measurements  was done wi th  the same 
expe r imen ta l  setup, so tha t  the i r rad ia t ion  in tens i ty  
is be l ieved to have been kep t  constant  dur ing  mea-  
surements.  Al l  measurements  were  done at  room tem-  
pera ture .  

Results 
Figure  1 shows the cu r ren t -po ten t i a l  curves under  

i l lumina t ion  with  a 500W xenon lamp for the undoped 
TiO2 and the Ti/CoOx electrodes.  For  the Ti/CoOx 
electrodes,  two types are  given in this figure. One is 
the nont rea ted  Ti/CoO~ elect rode and the other  is the 
p re -e lec t ro lyzed  Ti/CoOx elect rode at  2.5V for 2.5 hr  
under  dark ,  at  which oxygen evolut ion occurs. The 
potent ia l  for the onset of the photocur ren t  shifts to 
more posit ive potent ia ls  by  the Co coating. This posi-  
t ive shift  is undes i rable  for the photoelect rolys is  wi th  
and wi thout  ex t e rna l  vol tage in a point  of v iew of 
the energy conversion efficiency. However ,  the Ti/CoO~ 
electrodes were  improved  so that  the i r  photocur ren t  
onset potent ia ls  come close to those of the TiO2 elec-  
t rodes by  the p re -e lec t ro lyzed  t rea tment ,  as the figure 
shows. 

The Co304 l aye r  on the Ti/CoOx electrode p robab ly  
causes posit ive shift  in the f latband potential .  This 
wil l  be the main  reason for the posi t ive shift  of the 
photocur ren t  onset potent ia l  by  the Co coating. Oxy-  
gen evolut ion wil l  s t r ip  off the Co804 l aye r  f rom t h e  
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Fig. 1. Current-potential curves for TiO2 and Ti/CoOx elec- 
trodes heated for 1 hr under illumination with a 500W xenon 
Iomp. ( ) heated at 550~ ( . . . .  ) heated at 400~ curve 
(a) TiO2, curve (b) pre-electrolyzed Ti/CoOx (2.4 X 10 - 7  mole 
Co/cm2), curve (c) Ti/CoOx (2.4 X 10 - 7  mole Co:/ Co/cm2). 
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Fig. 2. Photoresponses of a pre-electrolyzed Ti/CoOx (2.4 X 10 -?  
mole Co/cm 2) electrode. (a) for ~, = 320 nm, (b) for X = 450 nm. 

and the above Ti/CoOz electrodes which are prepared 
by using Co (NO3)~ solution as described in the Experi-  
menta l  section, was observed in the spectral depen-  
dence of the photocurrent.  This result  confirms that  
the photocurrents due to the LW lights are assigned 
to Co. The low photocurrents of the Ti/CoOx electrodes 
due to the SW lights are main ly  based on dis turbing 
to l ight passing to the TiO2 layer  by Co~O4 layer  
formed on the surface, because the photocurrents  due 
to the SW lights increase by the pre-electrolyzed 
t rea tment  as the figure shows. The photoresponses of 

f 

electrode surface of the Ti/CoOz electrode by its 
gas pressure, leading to the direct exposure of the 
TiO2 layer of the electrode to the electrolyte. There-  
fore, the flatband potential  of t he  pre-electrolyzed 
Ti/CoOx electrode becomes to be near  that of the TiO2 
electrode, so the photocurrent  onset potential  of the 
Ti/CoOz electrode shifts to negative by the pre-  
electrolyzed treatment .  In  any  case, the good charac- 
teristic of the visible l ight response of the Ti/CoOx 
electrode is almost the same as that of the pre-  
electrolyzed Ti/CoOx electrode as described in a later  
section, al though the photocurrents  of the Ti/CoOx 
electrodes are smaller  than that  of the TiO2 electrode 
under  i l luminat ion  of ul t raviolet  lights. 

The typical photoresponses of the pre-electrolyzed 
Ti/CoOx electrode, which was prepared at 550~ for 
1 hr, to the monochromatic lights of 320 and 450 n m  
at a constant  potential  of 0.6V are shown in (a) and 
(b) of Fig. 2, respectively. Both of the photoresponses 
are fast, as the figure shows. Similar  photoresponses 
are also observed to the other monochromatic lights. 
The real photocurrent  is the difference between the 
dark  current  and the i l luminat ion  current ,  and is 
determined by the difference between the constant  
dark current  and the constant  i l luminat ion  current  in 
this paper (represented as ip in this figure). 

The spectral dependences of the real photocurrents  
obtained by the above method are shown in Fig. 3, 
4, 5, and 6. It should be noticed in Fig. 3 that the 
apparent  photocurrents  due to the lights with the 
longer wavelength than about  410 , -  420 nm (LW 
lights) appear for the Ti/CoOx electrodes in addit ion 
to the original bandgap photocurrent  of TiO.~ due to 
the lights with the shorter wavelength than about 
4 1 0  nm (SW lights).  The quite similar spectral de- 
pendence to Fig. 3 for the Ti/CoOx electrode is also 
observed in 1M NaOH. Therefore, the above photo- 
currents  due to the LW lights are main ly  based on 
the oxidation reaction of H20 or O H -  due to the pro- 
duced hole. Moreover, no difference between the 
Ti/CoO~ electrode prepared by using COC12 solution 
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Fig. 3. Spectral dependences of the photocurrent (ip) for the 
various electrodes heated for 1 hr ( . . . .  ) TiO2 heated at 5500(::, 
(a) Ti/CoOx (2.4 • 10 -s  mole Co/cm 2) heated at 550~ (b) 
pre-electrolyzed Ti/CoOx (2.4 • 10 -7  mole Co/cm 2) heated at 
550~ (c) Ti/CoOx (2.4 • ]0 - 7  mole Co/cm 2) heated at 550~ 
(d) pre-electrolyzed Ti/CoOx (2.4 X 10 -7  mole Co/cm 2) heated 
at 400~ 
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Fig. 4. Spectral dependences of the photocurrent (ip) for Ti02 
and Ti/CoOx (2.4 X 10 -?  mole Co/cm 2) electrodes heated at 
700~ for 1 hr (-"C)" ") Ti02, ( - - e - - )  Ti/CoOx. 

the Ti/CoOx electrodes to the LW lights are associated 
with the highly doped Co in the TiO2 lattice as stated 
in a later  section. 

In  the cases of the electrodes heated at 700~ 
almost the same spectral dependences were obtained 
for both the TiO2 and the Ti/CoOx electrodes as shown 
in Fig. 4. As shown in Fig. 5, in which the spectral 
dependences of the photocurrents for the TiO2 elec- 
trodes heated at various temperatures  are shown, the 
photocurrents  due to the LW lights were observed 
for the electrodes heated at temperatures  over 700~ 
The same spectral dependences as Fig. 5 are also 
obtained for the TiO2 electrodes heated in gas mix ture  
of 0.2 atm O~ and 0.8 atm He. Therefore, the photo- 
currents  due to the LW lights shown in Fig. 4 are 
not assigned to Co, but  s imply to the hea t - t rea tment  
at high temperature.  In  other words, the effect of 
Co on the LW lights response disappears by the heat-  
t rea tment  at tempera ture  over 7O0~ 

Two remarkable  features of the spectral depen-  
dences of the photocurrents for the TiO2 electrodes 
are brought  about  by the hea t - t rea tment  at tempera-  
tures over 70O~ as shown in Fig. 5. One is the appear-  
ance of the photoresponse to the LW lights at the 
TiO2 electrode as described previously. This will be 
based on the newly formed narrow band  in the 
bandgap of the TiO2. The other is of the photocurrents 
due to the SW lights. The peak of the photocurrent  
due to the SW lights becomes sharp and shifts to 
the long wavelength,  showing that the conduction 
band and the valence band in the TiO2 varied in en-  
ergy. The TiO2 electrodes which are prepared by 
using 99.9% Ti plate (High purity,  Limited) also give 
quite similar  spectral dependences to Fig. 5. There-  
fore, the above phenomena eventual ly  will be given 
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Fig. 5. Spectral dependences of the photocurrent (i 0 for Ti02 
electrodes heated for 1 hr. Curve (a) heated at 400~ curve (b) 
at 550~ curve (c) at 700~ curve (d) at 800~ 

by some morphologic variat ions in the TiO~ lattice 
due to the hea t - t rea tment  at high temperature.  

Figure 6 shows the var iat ion of the spectral de- 
pendences of the photocurrents  of the Ti/CoOx elec- 
trodes with the t ime of the final hea t - t rea tment  of 
550~ Although the appropriate t ime for the thermal  
diffusion of Co into the TiO2 bulk  will be desired, the 
photocurrents  due to the LW lights decrease with the 
hea t - t rea tment  time. In  this figure, the photoresponse 
of the Ti/TiO2/CoOx electrode which is prepared as 
follows, is also shown. After  the Ti plate coated by 
TIC14 solution (8.7 • 10 - s  mole /cm 2) was heated in air  
at 550~ for 1 hr, the Co(NO8)2 solution was coated on 
the surface so that  the amount  of Co is 2.4 • 10 -7 
mole /cm 2, and then decomposed at 400~ five times. 
Finally,  the sample was heated at 550~ for 20 min. 
Therefore, the TiO2 layer of the Ti/TiO2/CoO~ elec- 
trode is the thickest in  the electrodes in Fig. 6, while 
the photocurrent  due to the LW lights at this electrode 
is the smallest as the figure shows. 

From the above results, it is concluded that  the thick 
TiO2 layer in the side of the Ti substrate of the Ti/CoOx 
electrode is undesirable  for the photoresponse to the 
LW lights. This is in l ine with the result  that the photo- 
currents  due to the LW lights decrease with the heat-  
t rea tment  time, because the thickness of the TiO2 layer  
increases with the hea t - t rea tment  time. Moreover, the 
above conclusion is confirmed by the result  that no 
photoresponse to the LW lights is observed for the 
TiO~ (single cryst.al)/CoOx electrodes which are pre-  
pared by coating the various amounts  of Co on the 
single crystal TiO2 and then heat ing at 550~ for 1 hr. 
Thus, it is required that the highly Co doped TiO2 layer  
reaches to the Ti substrate interface for the purpose 
of obtaining the high LW lights photoresponse for the 
Ti/CoO~ electrode. 
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Fig. 6. Spectral dependences of the photocurrent (ip) for Ti/CoOx 
(2.4 • 10 - 7  mole Co/cm 2) electrodes heated at 550~C. Curve (o) 
for 20 min, curve (b) for | hr, curve (c) for 5 hr, curve (d) Ti/TiO2/ 
CoOx. 

Discussion 
Spectral dependence of the thermally oxidized Ti02 

electrode.--The band structure of the TiO2 rut i le  pro- 
posed by Goodenough (29) is shown in (a) of Fig. 7 
(in other figures of band structures, t - b a n d  is 

H 
omitted).  The valence band  is the Ti-O ~ band and the 
conduction band is the Ti-O ~* band. The Ti cation is 
octahedrally surrounded by the oxygen ion in the lat-  
tice, therefore, the ~ and ~* bands are formed by the 
interact ion between the t2g orbital of the Ti cation and 
the p~ orbital  of the oxygen ion (29). The anatase 
s t ructure  also has the same octahedral unit, but  is 

I} t,, band / 

E 

i 

r, band 

(a) (b) 

E 

F}g. 7. Band structures of Ti02. (a) for Ti02 ruffle, (b) for Ti02 
heated at high temperature. 

different only in  the a r rangement  of this unit .  This ar- 
rangement  affects the ~ and ~* bonds little, leading to 
the similar  band s t ructure  to Fig. 8 for the anatase. 
Since the hole is formed in  the ~ band by the ~ band  -> 
the ~* band transition, the photocurrent  appears only 
when  the lights with the wavelengths corresponding to 
the energies from Eg (bandgap) to E are i l luminated,  
as shown in  Fig. 7. Therefore, the broadness and the 
position of the peak of the photocurrent  due to the 
SW lights (see Fig. 5) will  be main ly  determined by  
the degree of the interact ion between the t2g orbital  
of Ti cation and the p~ orbital  of the oxygen ion, which 
will depend on the distance between both ions. If 
the interact ion becomes weak, the peak of the photo- 
current  becomes sharp and shifts to the long wave-  
length, i.e., the low energy transition. As shown in  
Fig. 5, the same variat ion of the photocurrent  as 
stated above for the TiO~ electrode heated at tem- 
peratures over 700~ therefore, is based on the de- 
crease of the degree of the Ti-O ~ interaction. The 
interst i t ial  Ti ions exist in the TiO2 layer  prepared by 
the thermal  oxidation (29-32), especially in the Mag- 
n61i phase (33, 34). This is represented as T i - ( T i ) i - T i  
in  the lattice, and affects the Ti-O bond in  the octa- 
hedral  uni t  (29). The decrease of the degree of the 
Ti-O ~ interact ion for the electrode heated at high 
tempera ture  will  be brought  about by  a number  of 
the interst i t ial  Ti ions produced by the hea t - t rea t -  
ment  at high temperature.  In addition, a n u m b e r  of 
the interst i t ial  Ti ions will  br ing about  the new band  
in the TiO2. This new band will be the d -band  formed 
by the interact ion between the d-orbi tals  of the Ti 
ion, T i - (T i ) i -T i  in  the lattice. Since the d-orbi ta l  of 
the Ti ion in the lattice is near  or below the ~* band  
in energy position (29), the newly formed d -band  wil l  
also be a little below the ~* band, and overlap the 
bottom of the ~* band. As a result, the photocurrent  
due to the LW lights, the low energy t ransi t ion of the 

band ~ the d -band  [E' in (b) of Fig. 7], appears 
for the electrode prepared at the hea t - t rea tment  at  
temperatures  over 700~ The band structure of this 
TiO2 electrode is shown in  (b) of Fig. 7, which also 
shows the energy variations of the ~ and ~* bands. 

Spectral dependence of the Ti/CoOx electrode.--The 
photoresponse to the LW lights does not appear on 
the Ti/CoOx electrode when Co was highly doped 
only on the surface of the TiO2 layer. If the Co im-  
pur i ty  band or the surface state due to the Co is 
formed a little above the ~ valence band in  energy 
position, the photoresponse to the LW lights should be 
observed at this type electrode because the hole is 
always produced in the Co impur i ty  band or the sur-  
face state by the t ransi t ion from this band  or state 
to the ~* conduction band due to the LW lights. 
Therefore, this is not proper in energy position. The Co 
impur i ty  band exists below the ~* conduction band in  
the Ti/CoOx electrode. Figure 8 shows the two types 

~band 

(a) 

0 

UI 

F- 

(b) 
F|g. 8. Band structures of Co-doped Ti02 layers of Ti/CoO~ 

electrodes. (a) Co impurity band is formed only in the surface 
region of the Ti02 layer. (b) Co impurity band is formed throughout 
the Ti02 layer. 
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of the band structures in this case. Figure 8 (a) shows 
the case of the electrode doped only on the surface. 
As shown in (a) of this figure, the excited electron 
in the Co impurity band due to the LW lights cannot 
move to the bulk, leading to no photoresponse. On 
the other hand, in the case of the electrode in which 
Co was highly doped through the TiO2 layer, from the 
surface to the interface of the TiO2 and the Ti sub- 
strate, the excited electron in the Co impurity band 
can move into the Ti substrate through this band in 
the TiO2 layer. This case leads to the appearance of 
the LW lights photoresponse, which is shown in (b) 
of Fig. 8. 

The Co impurity band is formed only by the heat- 
treatment at the appropriate temperature (400 ~ ,~ 
550~ This implies that the Co is situated in the 
appropriate position in the TiO2 lattice by the above 
temperature range so that the Co impurity band is 
formed. There will be two appropriate positions in the 
lattice. One is the Ti ion site in the TiO2 lattice: the 
Ti ion is substituted by the Co ion. The other case is 
the interstitial site which is represented by Ti-(Co)i- 
Ti as described in the previous section. In any case, 
the Co impurity band will be formed by the inter- 
action between the d orbitals of the Co ions in the 
lattice. 

In conclusion, the Ti/CoOx electrode with small 
amounts of Co prepared at 550~ heat-treatment is 
superior in the visible light phot0response. Therefore, 
this type of electrode is suitable for the photoanode 
for the photoelectrolysis of water with solar energy, 
but some improvements are further necessary in order 
to obtain the large photocurrent. 

Manuscript submitted March 5, 1980; revised manu- 
script received May 16, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1980 
JOURNAL. All discussions for the June 1980 Discussion 
Section should be submitted by Feb. 1, 1980. 

Publication costs of this article were assisted by 
Utsunomiya University. 
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The Application of Linear Sweep Voltammetry 
to a Rotating Disk Electrode for the 

Reversible Deposition of an Insoluble Species 
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ABSTRACT 

A Nernst  diffusion model was employed to obtain an analyt ical  expression 
for the t rans ient  current  response of a reversible deposition reaction with in -  
soluble product  occurring on a rotat ing disk electrode under  l inear  potential  
sweep conditions. The results indicated that  for low sweep rates the cur ren t  
increases monotonical ly  with time. However, at high sweep rates a max imum 
value for the current  density at finite values of t ime is predicted. The peak 
cur ren t  density normalized with respect to the diffusion l imit ing current  
densi ty was found to be a l inear  funct ion of the square root of a dimensionless 
sweep rate. Fur thermore,  in this region the response of a rotat ing disk elec- 
trode is the same as that  in a s tagnant  system. An exper imenta l  invest igat ion 
b a s e d  on the reversible deposition of si lver showed good agreement  with the 
theoretical predictions. 

Linear  sweep vol tammetry  (LSV) in  s tagnant  sys- 
tems has developed into a useful analyt ical  technique 
for the invest igat ion of complex electrochemical 
mechanisms (1, 2). In  a typical LSV experiment,  the 
potent ial  of a plane, cylindrical,  or spherical electrode 
is increased l inear ly  with t ime at a fixed rate and the 
current  is measured. The electrolyte is s tagnant  and, 
therefore, the mathemat ical  analysis is based on a 
semi-infini te diffusion model. 

A complication often encoun te red  in  the application 
of LSV is the presence of na tu ra l  convection. To reduce 
this effect, most investigations have been based on 
short t ime responses. An al ternate  approach would 
be to introduce well-defined forced convection. The 
rotat ing disk electrode (RDE) is a na tura l  choice 
since the forced convection regime that  it establishes 
has been described quant i ta t ive ly  in  the l i terature  (3). 
One can anticipate that  the application of LSV to an 
RDE will  lead to a powerful  analyt ical  tool. 

An  exact mathemat ical  analysis of convective t rans-  
port  to an RDE with t ime-dependent  electrode potential  
or current  density is extremely complicated. Approxi-  
mate methods have usual ly  been employed in  practice 
to perform this analysis. Let us describe two of these 
methods since both of them have been applied previ-  
ously to the problem of LSV on the RDE. 

Fil inovskii  and co-workers (4, 5) developed an ana-  
lytical  approximat ion in which the highest order term 
in  the space coordinate was dropped from a t rans-  
formed convective diffusion equation, "using the argu-  
men t  that its effect would be small  since the main  
region of concentrat ion var iat ion lies very near  the 
electrode surface. The physical meaning  of this ap- 
proximat ion is dubious because the neglected term 
includes contr ibut ions from both convective and dif- 
fusive transport.  For the problem of applying a step 
potential  or current,  Krylov and Babak (6) showed 
that the val idi ty of this ~approximation deteriorates 
as t ime increases up to a max imum of aporoximately 
7%. Similar  conclusions were reached by Viswanathan  
and Cheh (7). 

The other approximate method is based on the 
Nernst  diffusion model. Convection is neglected in 
the governing diffusion equation. It is, however, in-  
cluded in the evaluat ion of the thickness of the diffu- 
sion layer. The Nernst  diffusion model was first ap- 

* Electrochemical  Society  Student  Member.  
** Electrochemical  Society  Act ive  Member.  
K e y  words:  rotating disk, deposit ion,  v o l t a m m e t r y .  

plied to the RDE by Siver (8, 9) for the application 
of galvanostatic and potentiostatic steps. Siver 's re-  
sults were compared by Hale (10) to numerica l  results 
which included convective effects. The ma x i mum error 
by using the simple model was reported to be 4% 
for the case of the galvanostatic step. Other prob-  
lems which have been based on the Nernst  model 
include the investigations of Cheh (11, 12) on pulsed 
and periodically reversed currents,  those of Buck and  
Keller  (13) on step currents,  and those of Tokuda a n d  
Matsuda (14-16) for a-c vol tammetry.  For the case of 
pulsed currents, Viswanathan et al. (17) have shown 
that  the results based on the Nernst  diffusion model 
agreed well with those based on a numerica l  calcula- 
tion including convection for an RDE system. 

Both Filinovskii 's  analyt ical  approximation and the 
Nernst  diffusion model have been applied to the prob-  
lem of LSV on the RDE, the former b y  Gir ina  et al. 
(18), the lat ter  by Fried et al. (19-21). Both groups 
dealt with the problem of a reversible reaction with 
a soluble product. In the work by Fried and co- 
workers (19), the time dependence of the current  den-  
sity is given in terms of an integral  which has to be 
evaluated numerically.  As has been the case with 
LSV in  s tagnant  systems, the quanti t ies of interest  are  
the dependence of the peak current  density on the 
sweep rate and the value of the overpotential  at 
which the current  peak occurs. The current  t ransient  is 
of secondary importance, t n  this respect, the work of 
Fried and co-workers (19) fails to provide clear 
diagnostic criteria. 

On the other hand, Gir ina et al. (18) reported that  
if the peak current  density is normalized with respect 
to the diffusion l imit ing current  density, and if the 
sweep rate is normalized with respect to the charac- 
teristic t ime of the RDE, then the resul t ing d imen-  
sionless current  is a l inear  function of the square root 
of the dimensionless sweep rate, provided that diffu- 
sion is the ra te-control l ing process. Furthermore,  these 
authors concluded that  for short times, the response 
of the RDE is the same as that of a s tagnant  system. In  
other words, for short times the RDE is described by 
the classical Sevcik-Randles  relat ion (22,23). The 
same conclusion was reached by Fried et al. (21). 

It is the purpose of the present  paper to apply the 
Nernst  diffusion model to the problem of LSV on an  
RDE for the simple case of a reversible reaction with 
an insoluble product. The theoretical results are then 
compared with exper imental  findings. 
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Theoretical 
Consider the reversible reaction 

0 + h e -  -* R [1] 

where O and R represent  the chemical formula for the 
oxidized and reduced species, respectively, and n is the 
n u m b e r  of electrons t ransferred dur ing  the reaction. R 
is an  insoluble species. The electrode potential,  E ( t ) ,  is 
swept l inear ly  with t ime at a ra te  v,  i.e. 

E (t)  : Ei -- v t  [2] 

where Ei is the equi l ibr ium potent ial  based on 
the bulk  concentra tmn of O, c ~, and t is time. 
Since Ei is the equi l ibr ium potential,  no current  
flows ini t ia l ly  through the system. Thus, the concen- 
t ra t ion of O on the electrode surface is ini t ia l ly equal 
to c< Let the RDE be si tuated at x : 0, and the edge 
of the Nernst  diffusion layer  at x : 6. In  terms of the 
following dimensionless variables 

C(~,~) : i - c(~,~)/c~ [3] 

= x l ~  [4] 

: Dr~6 2 [5] 

the diffusion equation and the boundary conditions are 

OC 02C 
- -  = - -  [6] 

C(~,0) = 0 [7] 

C(1,~) = 0 [8] 

aC i(~) 
(o,o = - -  [9] 

where C(~,z) is the dimensionless concentrat ion de- 
fined by Eq. [3], ~ and  ~ are the dimensionless dis- 
tance and t ime defined by  Eq. [4] and [5], respectively, 
D is the diffusion coefficient of O, i (~) is the current  
density passing through the system at t ime ~, and i~ 
is the diffusion l imit ing current  density defined by 

i~ : nFDcb/6 [i0] 

Equat ion [6] subject  to boundary  conditions, Eq. [7]- 
[9], can be solved by the method of Laplace t rans-  
form. Let C(~,p) be the Laplace t ransform of C(~ j )  

- s 
C(~,p) = L{C(~,r)} = e-vrC(~,r)dz  [111 

where  p is the Laplace parameter.  The solution is 
straightforward, and we obtain the following equat ion 
for the t ransformed cur ren t  

~(p) 
. . . . .  = pC(O,p) X p--l/2 coth (pl/2) [12] 

{ } = L  ~ (0,~) X L{08(0,=iz)} [13] 

where 
i (p )  -- L{/(T)} [14] 

and  8z(0,~i~) is one of the theta functions (24) de- 
fined by  

03 (0,~i~) = 1 + 2 ~-j exp ( - - j~2v)  [15] 
j=l  

By applying the convolution operation to Eq. [13], we 
obtain 

i (~) y :  OC 
: ( 0 j  -- ~) X ~ (0,~i~) dk [16] 

i~ at 

where )~ is a dummy variable. 

A comparison between Eq. [16] and the solution of 
the corresponding problem in  a s tagnant  system re-  
veals that  the only difference between the response 
of the RDE and that  of the s tagnant  system (25) is the 
kernel  of the integral.  Whereas the kernel  in  Eq. [16] 
is the function 03(0,~ik), that  of the s tagnant  system 
is (~),)-1/2. By using an  al ternate  expression (24) for 
03 (0,ni)J 

03 (0,~iX) - -  ( ~ . )  --1/2 [ 1 - ~ 2  ~ exp (_~2~-1)  ] [ 1 7 ]  
.,'1 = 1 

one sees that  ei ther as 6-~ oo or as t - *  0, the two 
systems become identical. 

An explicit  expression for the current  densi ty can 
be obtained from Eq. [16], once the dependence of 
C ( 0 j )  on ~ is known. By int roducing the dimensionless 
sweep rate, 

: n F v 6 V R T D  [18] 

such a dependence can be obtained from the Nernst  
equat ion for the electrode potential  and Eq. [2]. As- 
suming that  reaction [1] proceeds under  equi l ibr ium 
conditions in an ideal solution 

C(O,T) : 1 -- exp(--oz)  [19] 
from which 

aC 
(0,3 -- ~) -- o e x p ( - - ~ )  exp (aL) [20] 

By combining Eq. [20] and Eq. [16] an explicit  ex-  
pression can be obtained for the normalized current  
density as a funct ion of dimensionless t ime 

i ( T )  

- 1 -- o 1/2 cot(a 1/2) exp(-- r  
il 

j--co 

+ ~.~ 2______~___~ exp(--J2~) [21] 1 

Equat ion [21] indicates that  as T -> r i(~)/~l -~ 1. 
On the other hand, for �9 = 0, i ( z ) / i l  = 0.1 For in ter -  
mediate times, the normalized current  density is a 
continuous funct ion of dimensionless time, Numerical  
i l lus t ra t ion of Eq. [21] is presented in  Fig. 1. I t  is 
seen that  for small  values of ~, i (~) / i l  increases mono-  
tonical ly from 0 to 1 as T increases from 0 to oo. For 
larger values of ~, a m a x i m u m  value of the normalized 

The identity 
]=1 

2r 
cot(cr) = (Trc)-I - lr-x E 

.r-_., p - 
has been used in this derivation (26). 

4 

25 
3 

i(~_! 

2 

1 

i i i o5' , i i i 11o 

Fig. 1. Graphical representation of Eq. [21]. Numbers on curves 
indicate values of the dimensionless sweep rate. 
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cur ren t  density occurs at finite values of T. The con- 
dition at the max imum is 

- -  0 [22]  
d~ il r = rm 

or 

~1/2 cot (~1/2) exp (--r 

j=oo 

= ~.r 2J'2n--------~2 exp(--j2n2Tm) [23] 
j=l  o- -- j2~2 

A numer ica l  analysis of Eq. [23] showed that  Tm is 
inversely proport ional  to �9 for 

> 4, r = 0.854 [24] 

The max imum or peak current  density, ip, can be 
calculated by combining Eq. [23] and [21] 

j=oo 

(~Tm)-l/2 1 2 - -  exp(--j2~m -1) [25] 
j=l 

For ~ ~ 4, the contr ibut ion of the series in  Eq. [25] 
is negligible for all  practical purposes. By neglecting 
the series and combining Eq. [25] and [24], one finds 
that  

= 0.611~ 1/2 [26]  
il 

This equation shows that  the peak cur ren t  density, ip, 
normalized with respect to the l imit ing current  density 
is a l inear  funct ion of r The slope is a constant in -  
dependent  of any physical property of the system. 
Also, by subst i tut ing into Eq. [26] the value for 5 
as derived by  Levich (3) 

_= 1 .61D1/3v l /6~- l /2  [27] 
we obta in  

ip 
= 0.98 ( n F v / R T ~ )  1/2 ( ~ / D )  1/8 [28] 

il 

where ~ is the kinematic  viscosity of the electrolyte 
and ~ is the rotat ion speed of the RDE. Equat ion [28] 
indicates that  i , / i l  has a weak dependence on the 
physical properties of the electrolyte. 

Since for cases where there is no max imum for 
i ( ~ ) / i l  its l imit ing value is 1, the m i n i m u m  value of 

for which i~ / i l  can occur at finite values of ~r, is 
governed by 

0.611r 1/2 > 1 [29] 
or 

~ 2.68 [30] 

An impor tant  quant i ty  associated with ip is its 
corresponding electrode potential.  By combining Eq. 
[2], [5], [18], and [24], we obtain 

~p : Ep - -  Ei  : - -  0 . 8 5 4 R T / n F  [31] 

= - - 2 2 / n  mV at 25~ [32] 

where ~p and Ep are the peak overpotential  and the 
peak electrode potential, respectively. Tip is indepen-  
dent  of the sweep rate, rotat ion speed, and physical 
properties of the system. Furthermore,  in terms of 
dimensional  quanti t ies  

ip -= 0 .611n3 /2F3/2R-~ /2T-~ /2D1/2v~ /2c  b [33] 

"- -367na/2D~/2vl /2c  b at 25~ [34] 

where ip is in  A/cma and c b is in  moles/l i ter .  Equa-  
t ion [33] implies that  for ~ > 4, i ,  is independent  of 
the rotat ion speed. Equations [31] and [33] are iden-  
tical to the ones describing the LSV response of a 
reversible reaction with insoluble product  in a stag- 
nan t  system (27, 28). This result  should not be surpris-  
ing since the effects of convection are small  at short 
times with high sweep rates. 

Experimental 
To exper imenta l ly  verify the theory of LSV on an  

RDE for a reversible reaction with insoluble product, 
the deposition of Ag from AgNO3 was chosen for the 
present  study. This reaction has a very  high exchange 
cur ren t  density, which has been reported to be more 
than  1 A /cm 2 (29). 

The exper imental  procedure involved two steps: 
(i) the de terminat ion  of the l imit ing current  density, 
and ( i i )  the de terminat ion  of the peak cur ren t  densi ty 
upon l inear  sweeping of the potential. The cell em- 
ployed had three compartments  each for the reference, 
counter, and working electrodes. A P t  spiral and a 
saturated calomel electrode were used as counter  and 
reference electrodes, respectively. The working elec- 
trode was a Pt  rotat ing disk (Pine Instruments ,  DT6) 
mechanical ly polished to a mir ror - l ike  surface. It  
was rotated by a Pine Ins t ruments  Analyt ical  Rotator 
modified by the addit ion of a low speed motor for 
use at low rotat ion speeds. A potentiostat /sweep gen-  
erator (Pine Instruments ,  RDE3) and an X-Y recorder 
(Hewlet t-Packard,  7044A) completed the electronic 
circuitry. The solution contained 2.057 mmoles AgNOs, 
1M KNO3, and 0.01 g/ l i ter  gelatin. The la t ter  was 
added to prevent  the deposit from flaking off dur ing  
the course of the experiment.  The electrolyte was 
continuously deaerated with N2. Prior  to a run, Ag 
was deposited on the Pt  RDE for 1/2 hr  at approx-  
imately 50 ~A/cm 2. In  this fashion, deposition dur ing  
the runs occurred on Ag rather  than on Pt. This 
procedure approximated the theoretical assumption 
that the deposit had uni t  activity. At rotat ion speeds 
higher than 200 rpm, it was found that l imit ing cur-  
rents were irreproducible,  probably  due to a nonun i -  
form deposition which increased the surface area. 
Hence, lower rotat ion speeds were used. 

The Levich equation for the l imit ing current  density 
(3) was obeyed well for all rotation speeds used in  
this study. This indicated that  the effect of na tu ra l  
convection is negligible even at ~ ---- 37 rpm, corre- 
sponding to a Reynolds number  of approximately 60. 
The effect of na tu ra l  convection on l imit ing cur ren t  
densities at low values of the Reynolds number  has 
been found negligible in several  investigations (30- 
34). Regarding the peak current  density, one should 
note that  na tu ra l  convection has even smaller  effects, 
since the concentrat ion gradient  at the peak cur ren t  
is less pronounced than at the l imi t ing current .  This 
can be easily seen with the aid of Eq. [19] and [24] 
indicating that  the surface concentrat ion at the peak 
cur ren t  is 43% of the bu lk  value, as opposed to 0 in  
the l imit ing cur ren t  region. 

Exper imenta l ly  obtained currents  t ransients  for ~ = 
37 rpm are shown in Fig. 2. The corresponding ip / i l  v s .  
~1/2 correlation is shown in Fig. 3. The value of 0.9 
• 10 -2 cm2/sec was used for the kinematic  viscosity 
of the electrolyte (35). The corresponding value for 
the diffusion coefficient of Ag+ obtained from il vs. 
~1/2 lines was 1.2 • 10 -2 cm2/sec. Peak overpotentials 
appeared at 30-55 mV to be compared with the 
theoretical value of 22 inV. Since peak overpotentials 
shift to more cathodic values as the sweep rate or 
peak current  increases, their deviation from the theo- 
retical value may be due to the uncompensated ohmic 
drop. Good agreement  has been obtained between the 
theoretical predictions regarding the dependence of 
ip/ i ,  on ~1;2 and the exper imental  findings. 

It  should be ment ioned here that  addit ional  experi -  
ments  were carried out for two other systems. These 
were the deposition of Cu from CuSO4 and the evolu- 
t ion of H2 on Pt from an HC1 solution (36). Linear  
dependence of i J i l  on ~1/2 was observed in both cases. 
However, the slope of the lines and the peak over-  
potentials deviated considerably from the theoretical 
calculations. It is our postulate that the deviations 
from the theory are due pr imar i ly  to the i r revers ibi l i ty  
of these reactions. Curren t  work is being cont inued 
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Fig. 2. Experimental current transients for the deposition of Ag. 
Numbers an curves indicate values of the sweep rate in volts/min. 
(~ - -  37 rpm. 
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Fig.  3. ip/ i l  vs. r  c o r r e l a t i o n  fo r  t h e  d e p o s i t i o n  a t  A g .  ( , , 
theoretical; experimental: - Q - ,  ~ = 37 rpm; - F I - ,  ~ - -  85 rpm). 

to ex tend  our  theore t ica l  inves t igat ion to include 
i r revers ib le  effects, 

Conclusions 
The prob lem of LSV on an RDE on which a r eve r s -  

ib le  deposi t ion react ion occurs was t rea ted  ana ly t i ca l ly  
b y  the use of a Nernst  diffusion model. An expl ic i t  
expression for the cur ren t  t rans ient  was obtained.  
In  terms of a dimensionless  sweep ra te  and the peak  
cu r ren t  densi ty  normal ized  with  respect  to the l imi t ing  
cu r ren t  density,  the fol lowing conclusions were  
reached~ For  slow sweeps, no cur ren t  max ima  occur, 
For fas ter  sweeps, the  normal ized  peak  cur ren t  dens i ty  
is  a l inear  funct ion of the  square  root  of the  d imen-  

sionless sweep rate.  The slope i s  a constant  i ndependen t  
of any  phys ica l  p rope r ty  of the  system. In addit ion,  
the normal ized  peak  cu r ren t  dens i ty  shows a weak  
dependence  on the phys ica l  p roper t ies  of the e lec t ro-  
lyte.  The overpoten t ia l  a t  which  the cur ren t  peaks  
occur depends  only on t empe ra tu r e  and on the n u m -  
ber  of electrons t r ans fe r red  dur ing  the reaction. F u r -  
thermore,  the  RDE response is the same as tha t  in  
a s tagnant  system. 

Good agreement  was observed be tween the theo-  
retical predic t ions  and exper imen ta l  resul ts  obta ined  
for  the  revers ib le  deposi t ion of Ag. Deviat ions f rom 
the theory  occurred in react ions wi th  i r revers ib le  
kinetics,  such as the deposi t ion of Cu and the evolu-  
t ion of H.z on Pt. 
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C dimensionless  concentra t ion of species O, Eq. [3] 
C" Laplace  t rans form of C, Eq. [11] 
D diffusion coefficient of species O 
Ei in i t ia l  e lect rode poten t ia l  
E~ peak  e lect rode poten t ia l  
E ( t)  e lect rode potent ia l  as a funct ion of t ime 
F Fa raday ' s  constant  

complex number ,  ~ / (  - -  1) 
i(T) cur ren t  dens i ty  as a funct ion of 
il diffusion l imi t ing cur ren t  density,  Eq. [10] 
iD peak  cur ren t  dens i ty  
i '(p) Laplace  t r ans fo rm of i(~) 
j summat ion  index  
L Laplace  opera to r  
n number  of e lectrons t r ans fe r red  dur ing  reac t ion  
O chemical  fo rmula  for  oxidized species 
p Laplace  p a r a m e t e r  
R chemical  fo rmula  for  reduced  species 
R universa l  gas constant  
t t ime 
T absolute  t e m p e r a t u r e  
v sweep ra te  
x dis tance away  from RDE 

thickness of the  diffusion layer ,  Eq. [27] 
~D peak  overpoten t ia l  
e3 a theta  function, Eq. [15] and [17] 

d u m m y  var iab le  
7, k inemat ic  viscosi ty  of  the  e lec t ro ly te  

dimensionless  distance, Eq. [4] 
dimensionless  sweep rate,  Eq. [18] 
dimensionless  time, Eq. [5] 

Vm value  of v at  which ip occurs 
,~ rotat ion speed of the RDE 
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Concentration Dependence of Thermoelectric 
Powers in Aqueous Sulfamic Acid and 

Aqueous Perchloric Acid Using Hydrogen Electrodes 
Arthur D. Payton,* Eric J. Amis, 1 Michael S. Showell, 2 Robert W. Smith} 

and Brent D. Koplitz 4 

Chemistry Department, Willamette University, Salem, Oregon 97301 

ABSTRACT 

The ini t ia l  thermoelec t r ic  power  (TEP) for  hydrogen  e lect rode thermocel ls  
has been de te rmined  for aqueous solutions of a weak  acid, sulfamic acid at  
29~ f rom 0.001 to 0.01 molal ,  and for  aqueous solutions of a s t rong acid, p e r -  
chloric acid at  25~C from 0.004 to 0.1 molal.  For  each acid the data  have been 
fi t ted to a l inear  equat ion by  ]east squares analysis  and the l inear  coefficient 
for the  TEP vs. a mo la l i t y  function has been compared  wi th  theore t ica l  values.  
These values  a re  ca lcula ted  f rom a he a t -o f - t r a n spo r t  theory,  in which  each 
theore t ica l  l inear  coefficient consists of five terms.  The theore t ica l  and  ex-  
pe r imen ta l  values  for  each l inear  coefficient a re  in agreement  to wi th in  20% 
for NH2SO3H and 2.4% for HC104. 

Inves t iga t ion  of the  concentra t ion dependence  of 
in i t ia l  the rmoelec t r i c  powers  (TEP) of hyd rogen -  
e lec t rode  thermocel ls  in this l abo ra to ry  (1-3) led to 
appl ica t ion  of our  theory  (2) to a weak  e lect rolyte :  
aqueous sulfamic acid. This theory  is an extension of 
o ther  theories (4-7).  

One difficulty in the  analysis  of expe r imen ta l  data  
for the TEP vs. ~ (Debye-Hi icke l  rec iprocal  length)  
in a weak  e lec t ro ly te  stems f rom the dir terent  equi -  
l i b r ium hydrogen- ion  molal i t ies  in the hot  and cold 
compar tments  of the thermocel l  due to the var ia t ion  
of the  acid dissociat ion constant  wi th  tempera ture .  
In  o rder  to minimize this difficulty we chose to s tudy 
the TEP as a funct ion of concentra t ion of aqueous 
sulfamic acid using a 10~ t e m p e r a t u r e  difference 
centered  at  29~ A t  this t e m p e r a t u r e  the acid disso- 
ciat ion constant  has a m a x i m u m  value  of ca. 0.104 

�9 Electrochemical Society Active Member. 
i Chemistry Department, University of Wisconsin, Madison, Wis- 

consin 53706. 
(~hemtstry Department, Purdue University, Lafayette, Indiana 

47907. 
"Chemis t ry  Depar tmen t ,  Univers i ty  of Texas,  Austin, Texas 

78712. 
Chemis t ry  Depar tmen t ,  P r ince ton  Universi ty,  Pr ince ton ,  New 

Jersey 08540. 
k e y  worcis: hea t  of t r anspor t ,  standard partial molar entropy, 

t he rmocen ,  t r a n s p o r t  number ,  transported entropy. 

(8,9) .  The equi l ib r ium hydrogen- ion  molal i t ies  a t  
24 o and 34~ differ by  less than  0.02% even a t  the  
highest  acid mola l i ty  s tudied  (ca. 0.01 mole  k g - 1 ) .  
We also presen t  resul ts  for aqueous perchlor ic  acid 
for a 20~ ~ t empe ra tu r e  difference in o rde r  to 
s h o w  tha t  the s trong acid case is more  easi ly  analyzed.  

The resul t  for  sulfamic acid at  29~ and the resul t  
for perchlor ic  acid at  25~ are  compared  wi th  each 
theore t ica l  slope, which is ca lcula ted  f rom the five 
terms that  contr ibute  to each slope (2). 

A A --  
These terms are:  (Q'HA) d, (Q 'nA-)  e, (S'H+) d, 

(S'H+) e, and ( t 'A - ) .  The first and  second te rms a r e  
A 

from the concentra t ion dependence  of QHA, the hea t  
of t r anspor t  of the acid. The th i rd  and four th  te rms 

are  f rom the concentra t ion dependence  of SH+, the  
t r anspor ted  en t ropy  of the hydrogen  ion. The final 
t e rm is f rom the concentra t ion dependence  of tA--, 
thc t ranspor t  number  of the anion. In  addit ion,  the 
first and th i rd  t e rms  ar ise  f rom the "direct"  effect 
(5-7, 10). The second and four th  te rms ar ise  f rom 
the "e lec t rophoret ic"  effect. I t  was s ta ted  in an ea r l i e r  

A A 
paper  (3) tha t  the l imi t ing  va lue  Q~ and Q~ a r e  
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needed to calculate ~he ( ~ ' I - I A )  e a n d  (S-"H+) ~ terms. 
The l imi t ing value ~~ is also needed to calculate 
(t%-). 

Theoretical Calculations 
In  order to calculate values for the five cont r ibut -  

ing terms to the Slope of the T E P  vs.  K plot for per-  
chloric and for sulfamic acids, we first consider the 
T E P  of a hydrogen electrode thermocell  containing 
an  aqueous acid HA as given by Eq. [1] {4) 

F(TEP) ---- (I/2)SOH2 -- Se 4- tA-- (~HA/T) -- ~H+ [I] 

In  Eq. [1] S% 2 ---- 130.587 or 130.974 J K -1 mole -1 
(the s tandard  entropy of hydrogen gas at 25 ~ or 29~ 

(11,3) and Se ---- 0.430 or 0.447 J K -1 mole -1 (the 
transported ent ropy of the electron in  the noniso- 
thermal  par t  of the p la t inum at 25 ~ or 29 ~ ) (12a). 
T h e  t ransport  n u m b e r  of the perchlorate or sulfamate 

^ 
ion is tA- and QHA is the heat  of t ranspor t  of per-  
chloric or sulfamic acid. It is convenient  to define the 
funct ion 

Y - -  T E P  --  (R/F)  In m [2] 

in which the T E P  has been corrected by the mass- 

action term occurring in  SH+ of Eq. [1]. As shown in  
A 

Ref. (2), Eq. [4b]-[4d] express SA-, QHA, and SH+ 
as an intercept  plus a slope term. When these ex- 
pressions of A/c dependence are subst i tuted into Eq. 
[11, the five contr ibut ing terms to the slope of the 
thermoelectric power (actually, Y )  vs. c 1/'~ are ob- 
tained, viz. 

A A 
y = yo + ( l / F )  [ ( t % - / T )  (Q'HA) d 4- ( t O A - / T )  (Q'mOe 

- -- A~ T - -  ( ~ H + )  d -  (S-TH+) e 4- (Q HA/ ) ( t 'A- - ) ] \ / -C  [3] 

in  which terms of higher order than c ~/2 have been 
neglected. In  Eq. [3] the superscript  zero denotes 
inf ini te-di lut ion l imit ing values of each funct ion and 
t h e  primes s tand for the nonideal  slope of each func-  
t ion vs.  ~/c.  The coefficients of the A/c direct terms 
(5) (first and third terms of Eq. [3]) are given in  

Eq. [4] and [5] 

~o A --  ^ 

' ( Q%A ) %/C 
T 

= "-==--+4 4- ~T 

[5] (S '~+) d~/c = 1 
- - -  R~x/c 

3 

where the term in parentheses will be denoted 
by e' and the Debye-Hfickel constant e ---- N2e3[~/ 
(500er~RST 3) ]2/2. In Eq. [4] er is the relative permittiv- 
ity of the solvent, a is the isobaric expansivity of the 
solvent, e is the protonic charge in esu, T is the Kelvin 
temperature, N is the Avogadro number, and R is the 
universal gas constant. 

The coefficients of the x/celectrophoretic terms (2) 
(second and fourth of Eq. [3]) are given by Eq. 
[6] and [7] 

A 
( t ~  ((~'HA)eN/c ----- ($%-/2T)  (rH+ --  rA- )  

(Q~ --  Q ~  [6] 

A A - -  
( ~ ' ~ + ) e ~ / ~ - -  ( r H + / 2 T )  (QoH+ --  Q O A - ) B ' ~ / c  [7] 

,% 
in  which ri is the Stokes' radius of ionic species i. Q% 
is the l imit ing value at infinite di lut ion of the in -  
dividual  ionic heats of transport,  and the Debye-  
Hiickel constant  B'  - -  e N [ ~ /  (125,rRT)  ]l/% 

Although the factor (~~ A - -  Q~ cannot be de- 
termined experimental ly,  we evaluated i t  using the 

A 
method previously described (3). In  this method Q~ 
is first determined using Eq. [8] 

A 
Fyo -- (1/2)SOH2 _ =~e 4- t % -  (QOHA/T) --  Soil+ [8] 

in which the superscript  zero denotes the l imi t ing or 
s tandard  value of each quanti ty.  In  order to obtain 
Eq. [8], we subtract  the mass-act ion term R In m 
from both sides of Eq. [1] and use s tandard-s ta te  
values for the mola l i ty -dependent  variables (TEP,  

A - -  A 
tA-, (4HA, and  SH+). The values obtained were QOHclo4 

^ 
: 12.57 __ 0.18 kJ  mole -~ and QONH2SO3H -- 14.17 
____. 0.24 kJ mole -1 using values at 25~ previously 

described (3) for S~ t~ - ,  S~ and Y ~  K - 1  
= 507.60-+- 0.54 and 497.07 __ 0.83 for HC104 and 

^ 
NH2SOsH, respectively. We next  calculated QOH+ --  
12.60 _+ 0.04 kJ  mole -~ on the absolute basis accord- 
ing to a suggestion of Ikeda (12b). Fol lowing Ikeda's 
in terpre ta t ion  of Wirtz's "Platzwechsel" theory (13a) 
for ion transport,  we may wri te  Eq. [ga] for the hy-  
drogen ion 

A 
Q~ -- R T ( 1  4- a In )~OH+/0 In T) [9a] 

where )~OH+ is the inf ini te-di lut ion l imit ing value of 
the ionic mobil i ty  of the hydrogen ion. In  Eq. [9a] 
we have equated the indiv idual  ionic heat  of t ransport  

a 
of the hydrogen ion QH+ to the "Hemmungsenergie"  
(molar activation energy for detachment  of a proton 

from its neighbors) only, since for a proton i t  is rea-  
sonable to neglect the "Lochbildungsenergie" (molar 
activation energy for creation of a hole into which the 
proton will enter) .  

A 
The value for Q~ determined from Eq. [9a] using 

0 In )~OH+/cgT _-- 0.0137 K -1 from Owen and Sweeton 
(13b) differs from our earl ier  value of 13.127 kJ  

m o l e - t  (3), which was determined from Eq. [9b] (5) 

- -  A 
S ~  --" S ~  + - ~  (Q~ [9b] 

with Ikeda's value (12b) (Soil+ -- --5.1 cal K -1 
mole -z ) for the absolute value of the par t ia l  molar  
s tandard entropy of the hydrogen ion in  aqueous solu- 

t ion and with our value (1, 3) S~ = 22.69 _+ 0.08 J 
K -1 mole -L  For the hydrogen ion Eq. [9b] expresses 
the t ransported entropy (a measureable  proper ty  of 
an indiv idual  ion that is not based on an  a rb i t r a ry  

A 
convention) in  terms of Soil+ and QOH+ , nei ther  of 
which is exper imenta l ly  accessible (5). References 
for ten values of Soil+ ranging between --1 and  --7 
cal K -1 mole -1 are given by Ikeda (12b). Fur the r -  

- A 
more, our value (3) for Soil+ and the value for QOH+ 
calculated from Eq. [9a] may be combined according 
to Eq. [9b] in order to yield the absolute value 
S~ ---- --4.7 _+ 0.1 cal K -1 mo le -L  

A 
~Ve then determined Q % -  at 25~ for each acid by  

^ 
subtract ing QOH+ -- 12.60 kJ  mole -1 from the values 

for ~~ This procedure yielded 

( ~ ~  A 
Q~ = 12.64 _+ 0.19 kJ  mole - I  

and 
^ 

( r  - -  ~ ---- 11.03 _+ 0.25 kJ mole -1 

Finally,  we made the assumption that  the tempera-  
^ 

ture  coefficients of Q% for all  ions are the same. 
The fifth term of Eq. [3] (2) is 
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~OHA /k Q~ B2(t~ - - -  1 / 2 )  
( t ' A - )  = - -  [ 1 0 ]  

T T (~~ + ~.~ 

w h e r e  B2 = Fe2N/3 (299.79) (125 R e r T ) l / 2 ~ l  o with  no 
the viscosity of the solvent. The expression for ( t 'A-)  
appear ing in Eq. [10] was der ived by taking the in-  
f ini te-di lut ion l imit  of the expression for the concen- 
t ra t ion var ia t ion of the t ransport  number  due to 
f i rs t -order  e lectrophoret ie  terms according to Robin-  
son and Stokes (9). Also appear ing in Eq. [10] is 
the heat  of t ransport  of the acid at infinite dilution. 

A 
At 25~ for perchloric  acid Q~ -- 12.57 -4- 0.18 kJ 

^ 
mole -1 and at 29~ for sulfamic acid Q~ = 15.11 
___ 0.27 kJ  m o l e - L  

Shown in Eq. [11] are the five terms f rom Eq. [4], 
[5], [6], [7], and [10] respect ive ly  

y = yo + Y ' x / c  
where  

Y" = ( l / F )  [4 toA-Re~  ' -  ( - -1/3R~) 
^ A 

( B ' t % - / 2 T )  (rH+ -- rA--) (Q~ -- QoA-) 

A ~ A 
- -  ( B ' r ~ + / 2 T )  (Q H+ -- Q % - )  

A 
+ Q~ -- 1 / 2 ) / T ( ~ ~  + -4- ~~ [11] 

Displayed in Table  I are the five contributions to the 
A/c dependence of Y for sulfamic acid at 29~ and 
for perchloric  acid at 25~ Shown in Table II are 
the values of constants used in the calculat ion of these 
terms. 

Exper imenta l  
The thermoelectr ic  powers were  measured  using the 

method, electrodes, cell, and bubblers previously de- 
scribed (1), except  for the fol lowing changes in ex-  
per imenta l  details. The previously used, W-shaped 
cell, which had been placed direct ly in the two ther -  
mostats, was replaced by a U-shaped externa l  Pyrex  
cell wi th  wate r  jackets  through which thermosta ted  
wa te r  circulated. The previously  used electrode as- 
semblies were  replaced by electrodes in which each 
assembly consisted of  a bubbler  tube, two electrode 
tubes, and a thermocouple.  A 3 mm OD, soft-glass 
tube, into which was sealed a No. 27 p la t inum wire, 

was inser ted into each Py rex  electrode tube a n d  

sealed with  Apiezon W. P la t inum black was d e p o s i t e d  

on the electrodes af ter  eve ry  15 runs by reducing a 
2% platinic chloride solution that  contained 0.02% 
lead acetate. The electrolysis was carr ied out for 
15-30 sec at a current  densi ty of 100 m A  cm -2 unt i l  
the deposit  appeared un i fo rmly  black. No presoaking 
of the electrodes was necessary before a run. 

Prepurif ied (99.995% pure, A/rco) hydrogen was 
fur ther  purified by a "deoxo" cartr idge (J. T. Baker  
Company) at tached direct ly  to the regulator.  The 
hydrogen was then bubbled through deionized water  
to saturate  it wi th  water  vapor  before it  entered the 
solution in the cell. Reagent  grade sulfamic and per -  
chloric acids were  used to make stock solutions which 
were  t i t ra ted wi th  s tandardized NaOH solutions. The 
solutions t'or the T E P  measurements  were  then pre-  
pared by dilution. 

We de termined  the t empera tu re  difference with  a 
one- junct ion  i ron-constantan  thermocouple  using 
values of 517 ~V for 20~176 and 519 ~V for 24~176 
These values were  obtained by least squaring tabu-  
lated values (18) to a quadrat ic  t empera ture  equa-  
tion. The tempera ture  difference was known to wi thin  
0.01K, a l though the mean  tempera tu re  var ied  up to 
0.1K from the stated values. The thermocouples  were  
immersed in paraffin oil and enclosed in a U-shaped, 8 
m m  OD, soft-glass tube and were  suspended f rom 
each electrode assembly before being placed in each 
compar tment  of the thermocell .  

Af ter  the solution had been deoxygenated  by bub-  
bling prepurified ni t rogen through the saturators and 
the cell solution for 15 min, we switched to hydro-  
gen and usually began taking readings af ter  20-30 
min. The hydrogen bubbled at a rate  of 10-20 s ec -L  
Two readings were  taken with  each pair  of electrodes, 
first wi th  the current  in the fo rward  direct ion and 
then in the reverse  direction. Any a symmet ry  in the 
electrodes was e l iminated by in terchanging the flow 
of the hot and cold water  to the water  jackets.  Four  
more readings were  again taken, making  a total of 
eight in all. For  all readings the thermocel l  was 
slightly t i l ted so that  the hot compar tment  was e le-  
vated with  respect  to the cold, thus prevent ing  the 
denser solution in the cold compar tment  f rom flow- 
ing into the hot compartment .  

As in our work on HC1 (1), all TEP's  have  been 
corrected so that  the hydrogen pressure in both the 

Table I. Contributions to the theoretical limiting slope Y'/gV ~  

Acid T/~ Eq. [4] Eq. [5] Eq. [6] Eq. [71 Eq. [10] Eq. [li l t  

NIt2SO3H 302.15 -47.92 -34.06 -12.76" +17.03" -30.54 -74.20 
HCIO~ 298,15 --  60.44 --  33.80 - 12.89 + 19.03 --  21.51 --  80.07 

/k ]k 
* T h e  f a c t o r  (Q~ - Qo~2so3-) u s e d  i n  Eq. [6] and [7] w a s  d e t e r m i n e d  from Eq. [8] and [9b] with yo _- 497.07 "4- 0.83 gV ~ -1 

at  25~ 
? T h i s  t o t a l  c o n t r i b u t i o n  is  o b t a i n e d  f r o m  E q .  [4] - Eq. [5] +Eq. [6] -- Eq. [7] + Eq. [10]. 

Table II. Values of constants used in the calculations of the contributions to Y' 

8 In  er b 10 -8 B '  7o# 
X~ +~ X ~ ~ (din3/2/ - 1 0  4 (din3/2/ ( g i n  -1 B2 

A c i d  Tt~ (cm- ' l~)  (cm-~lQ) e r  b mole1/~ 01aT IO~T ~ mole~/2 cm) --10~?~ '~ sec -1 ) (cm~/~) 

NtI2SOaH 302.15 368.80r 52.99g 76.933 1.18564 ~ 45.856 8894 0.32986J 833.56 0.8147 66.413 
HC10~ 293.15 349.81 ~ 67.31r 78.35s 1.17675 45.878 7669 0.32903 923.42 0.8903 60.619 

S t o k e s '  r a d i i  m a y  b e  c a l c u l a t e d  f r o m  ~t = Fe /6 (299 .79 )~r~oXoi .  
b F r o m  R e f .  ( 1 4 a ) .  

F r o m  R e f .  ( 1 4 b ) .  
a C a l c u l a t e d  f r o m  t h e  t e r m  i n  p a r e n t h e s e s  o f  E q .  [4 ] .  
�9 F r o m  R e f .  ( 1 5 ) .  
t F r o m  R e f .  ( 1 6 ) .  
g U s i n g  W a l d e n  r u l e  a n d  d a t a  at  25~  f r o m  R e L  ( 1 7 ) .  
~ F r o m  R e f .  ( 9 ) ,  p .  463.  

A t  24 ~ a n d  3 4 ~  m o l e - l / ~  = 1.1745 a n d  1.1973. 
J A t  24* a n d  34~  10 -s  B ' / d m " / 2  mole -8 /~  c m - ~  = 0.82384 a n d  0.33093. 
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Table IlL Values for determination of TEP vs. "V ~ in 
sulfamic acid at 29~ 

Total molal i ty  [19 ~ x/m/(1 + 1.5) ~/~n) ] -- (R/F) in ~/m~m~ TEP 
(10*m/mole kg -~ ) (mole~/~ kg-~/2) (~V K -1) (~V K-D Y (~V K-~) * 

10.04 3,012 595.67 -- 93.72 
16.12 8.762 555,31 -- 54.94 
20.14 4,171 536,40 --36.10 
30.17 5.017 502.24 --3.30 
32,20 5.~67 496.76 3.02 
40,35 5.715 477.84 20.39 
50.11 6.287 459.76 36.88 
56.39 6.619 449.96 49.11 
80.50 7.703 420.63 76.48 

501.95 (3)% 
5[m.37 (5) 
5OO.80 (8) 
498.94 (3) 
499,78 (1) 
498.23 (2) 
496.64 (I) 
499.07 (3) 
497.11 (4) 

* Using Eq. [12] and co lumns  3 and 4. 
t Relat ive  weight ing  fac tor s  in parentheses .  

hot and cold compartments  was 760 Torr  (--101.325 
kPa) .  Because of the ext remely  dilute solutions no 
correction was made for the lowering of the vapor 
pressure due to the presence of solute. Use of Antoine 's  
equat ion (19) for the vapor pressure of water  made 
it unneceessary to use four different sets of constants 
for l inear  interpolat ion wi th in  0.1~ of the four ther-  
mosta t  temperatures.  

Results 

In  all runs  the polari ty of the thermocell  was such 
that  the  hot electrode was positive except for the 14 
most dilute runs of sulfamic acid. Details of the calcu- 
la i ion Of Y as a funct ion of k / m / ( 1  + 1.5~/m) are 
shown in  Table III  for sulfamic acid at a 24o/34 ~ tem- 
perature  difference. For convenience we used this 
funct ion of the equi l ibr ium hydrogen ion molal i ty  at 
29~ ra ther  than  a funct ion of c because densities are 
not  required and equi l ib r ium molalities can be readi ly 
calculated (Eq. [13] and  [15]). Fur thermore,  this 
funct ion was chosen because i t  is proport ional  to 
K/(i  + Ka) which occurs in  the Debye-Hfickel theory. 
By plott ing Y against  ~ / m / ( 1  + 1.5~/m) ra ther  than 
~ / c - o r  k /m  only, w e  extended the apparent  range 
where a single l inear  term suffices to represent  the 
concentrat ion var ia t ion of the data (4). 

For  sulfamic acid, a weak acid, in which m (equi-  
l ib r ium hydrogen ion molal i ty)  is a function of tem- 
perature,  the ordinate  is given by Eq. [12] 

Y : TEP -- (R/F)  in  ~r 

-- (R/F)  ( T / a T )  In (m34/m24) [12] 

This expression can be developed in  analogous man-  
ner  to the barometr ic  pressure-correct ion factor 
(1, 20). We neglected the third te rm on the r ight-  
hand side of Eq. [12] because the m a x i m u m  value at 
the highest molal i ty is only 0.016 ~V K -1. 

The equi l ibr ium molalities at 24 ~ 29 ~ and 34~ 
were calculated f rom Eq. [18] for each of the nine 
runs  of Table III  

m : 1/2[--K~ + (Ka 2 + 4~2KaM)I/2] [13] 

in  which M is the total molalitY of sulfamic acid. The 
acid dissociation constant  Ka w a s  determined from 
Eq. [14] of King and King  (8, 9) 

- -  log Ka : 3792.8/T --  24.122 + 0.04155T [14] 

and  the activity coefficient f rom Eq. [15] 

l n 7  : - ~ / m / [ 1  + (3.85 • lO-6)B'~/m] [15] 

The values used for the Debye-Hfickel constants in  
Eq. [15] are shown in Table II. To calculate m in  
Eq. [13] we used an  i terat ive technique in  which 7 
was first set equal  to unity.  The value obtained for m 
was then used in Eq. [15] to obtain an improved 
value for 7, which was then used to obta in  an im-  
proved value m. This i terat ive technique was c o n -  

t inued unt i l  successive values of m agreed to wi th in  
1 • 10 -11 mole kg -1. 

In  the case of perchloric acid, a s trong acid, the 
ordinate is Y = TEP -- (R/F)  I n m  as in  Eq. [2]. 
The abscissa is ~ / m / ( 1  -}- 1.5~/m) in which m is the 
molal i ty of perchloric acid. Details of this calculation 
are shown in  Table IV. 

For each acid the data were fitted to a straight 
l ine by l inear  least squares by minimizing the squares 
of the vertical  distances from the points to the line. In 
order to determine the l imit ing slopes, we used the 
points at concentrations shown in  Tables III  and IV. 
At concentrat ions greater than 0.01 mole kg -1 for 
sulfamic acid and 0.1 mole kg -1 for perchloric acid, 
the curve was apparent ly  no longer l inear  and be-  
came concave upward. 

Displayed in Table V are the l imit ing values for 
the slope and intercept  of Y vs. ~ / m / ( 1  -}- 1.5~r for 
sulfamic acid and perchloric acid. 

Discussion 
A comparison may  be made between our TEP with 

the work of Goyan (22). He measured the ini t ial  emf 
of a hydrogen-electrode thermocell  containing 0.01M 
HC104 and obtained 1.25 _ 0.05 mV for aT : 9.9K. 
For this result  the mean  tempera ture  was 25~ and 
the hot electrode was positive. We corrected his value 
so that  the hydrogen pressure in both hot and cold 
compartments  was 760 Torr  and obtained TEP --_ 
99.9 ___ 4 ~V K -1 for Goyan's  result. This value com- 
pares satisfactorily with our value of 104.24 • 0.68 ~V 
K -1 at the same concentrat ion of 0.01M. Our value of 
^ 
QOHClO4 --- 12.57 _ 0.18 kJ  mole -1 compares favorably 
with Haase's result  (23) of 12.22 kJ mole -1. 

By mul t ip ly ing the theoretical slopes of Table I by 
the square root of the density of water  at 25 ~ or 29 ~ 
we were able to compare these values with the ex- 
per imenta l  slopes of Table V. This agreement  is 
19.9% and 2.4% for sulfamic acid and perchloric acid, 
respectively. 

Table IV. Values for determination of TEP vs. ~/m in 
perchloric acid at 25~ 

l(~m (1 + 1 . 5 ~ )  TEP 
(mole (mole~/2 - (R/F) In m (~V Y (/~V 
kg-~) kg-lZ 2) (/zV K-I) K-z) K-I) * 

0.388 5.697 478.41 24.75 503.16 
0.662 7.251 432.38 69.07 501.45 
0.970 8.581 399.46 101.75 501.20 
1.324 9.813 372.62 127.69 500.81 
1.854 11.307 343.61 155.68 499.29 
2.65 13.084 312.85 103.76 496.61 
4.26 15.756 272.01 223.99 496.00 
6.63 18.575 233.83 258.29 492.12 
9.65 21.192 201.47 290.28 491.75 
9.72 21.244 200.84 289.99 490.83 

* Using Eq. [2] and co lumns  3 and 4. 
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Table V. Values determined for intercept and sbpe of linear 
equation fitted to data of Tables III and IV 

R a n g e  of  S t a n d a r d  e r r o r  
Mean  t e m p e r -  mola l i ty  ( m /  n (No. of e s t i m a t e  ~ Y' (~V K-~ 

Acid a t u r e  (~ mole  k g  -~) of r u n s )  (~V K-~) Y~ (#V K -~) dm3/-~ mole-~/2) 

NH~SO~H 29 0.001-0.008 9 b 1.19 504.0~ -- 0.83 o -90.03 -- 15 
HCIO4 25 0.004-0.i i0 0.64 507.62 ~ 0.54 --78.10 +-- 3.76 

o ( S t a n d a r d  e r r o r  of e s t i m a t e ) e  = [Y(obs )  - Y ( c a l c ) ] e / [ n  - 2], s u m m e d  o v e r  t he  n da ta  points .  
b T h e  n ine  va lues  r e p o r t e d  in Table  I I I  a r e  w e i g h t e d  a v e r a g e s  of 25 e x p e r i m e n t a l  runs .  

T h e  e r r o r s  i n d i c a t e d  f o r  each  of  the  f o u r  cons t an t s  a re  t e r m e d  s t a n d a r d  e r r o r s  and  w e r e  ca lcu la ted  by  the  m e t h o d  of  D e m i n g  (21). 

Use of a modified Walden rule ()~T = constant)  
(24) led to no significant change in  the theoretical 
value of Y' (<0.05%). Use of conductivi ty data for 
sulfamic acid interpolated from the data of Mazzi and 
Albert i -Oggioni  (25) at 25 ~ and 50~ changed the 
theoretical Y' by less than  0.2%. 

The comparison of values for perchloric acid is ex- 
cellent al though the comparison of values for sul-  
famic acid is not quite wi th in  the acceptable range 
of s tandard  error  (last column of Table V). Never-  
theless, we are encouraged by our results and hope 
that  improvements  can be made in the theory for 
the electrophoretic terms for the heats of t ranspor t  
and  the t ransported entropies in  electrolytes. 
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LIST OF SYMBOLS 
a mean  distance of approach for HA 
B' Debye-HLickel constant, first appearing in Eq. 

[6] 
B2 constant  first appearing in  Eq. [10] 
c molar i ty  or equi l ibr ium molarity, moles of 

solute per dm 3 of solution 
e protonic charge, 4.80325 • 10 -10 esu 
F Faraday  constant, 96,487 C/equiv  -1 
Ka acid dissociation constant  
m molal i ty or equi l ibr ium molality, moles of 

solute per kg of solvent 
N Avogadro constant, 6.022169 X 1023 mole -1 
,x 
Qi heat of t ransport  for an ion or acid, J K -1 

mole-1  
A A 
Qo i l imit ing value at infinite di lut ion of Qi 
R universal  gas constant, 8.31434 J K -1 mole -1 

or 8.31434 • 107 erg K -~ mole -1 
ri Stokes' radius of an ionic species, cm 
$i part ial  molal entropy of an ion, J K -1 mole -1 
Soi s tandard  value of Si 

~i t ransported entropy of an ion, J K -1 mole -1 

6:o i t ransported entropy of an ion in the hypothetical  
s tandard  state with m ----- 1 mole kg-~ 

T Kelvin  temperature,  K 
TEP ini t ia l  thermoelectric power, ~V K -1 
ti t ranspor t  ( t ransference)  number  of an ion 
Y thermoelectric power corrected for the mass- 

action term, defined by Eq. [2] and [12], ~V 
K-1  

:Fo the value of Y at infinite di lut ion 
a isobaric expansivity,  _ V  - i  (OV/OT)r 

aT temperature difference between electrode com- 
partments, K 

er relative permittivity (dielectric constant) 
mean molal activity coefficient, NH~SO3H 

K the Debye-H~ickel reciprocal length ---- B' X/c for 
aqueous acid HA 

),~ i l imit ing ionic mobil i ty of an ion, cm 2 I1-1 
Debye-Hiickel constant, defined in Eq. [5] 

~' constant in parentheses of Eq. [4] 
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Sinusoidal A-C Modulation of a 
Rotating Hemispherical Electrode 

Der-Tau Chin* 
Department of Chemical Engineering, Clarkson College of Technology, Potsdam, New York  13676 

ABSTRACT 

An analysis  has been  made  for the concentra t ion polar iza t ion  and the  W a r -  
bu rg  impedance  of a ro ta t ing  hemispher ica l  e lec t rode  when  the e lect rode is 
super imposed  wi th  a s inusoidal  a l t e rna t ing  cur ren t  (a.c.). Numer ica l  resul ts  
a re  presented  for  the  changes in the concentra t ion of the  diffusing species 
and for the  calcula t ion of the concentra t ion overpoten t ia l  at  the electrode.  
I t  is shown that  for the values  of a dimensionless  a -c  f requency  g rea te r  than  
10, the  behavior  of the  hemispher ica l  e lec t rode  becomes the same as tha t  of a 
ro ta t ing  disk electrode,  and  the locat ion of the  reference  e lec t rode  in  an 
expe r imen ta l  setup has no significant effect on the  poten t ia l  measurements .  

A l t e rna t i ng  cu r ren t  (a.c.) has an  in teres t ing  effect 
on the  e lec t rode  processes. I t  can reduce  the  e lect rode 
polarizat ion,  shif t  the res t  potent ial ,  des t roy  the elec-  
t rochemical  pass iv i ty  (1-3),  and produce per iodica l  
changes in the concentra t ion of the  react ing species 
at  the e lect rode surface  (4). This paper  is concerned 
wi th  the  a - c  modula t ion  of a ro ta t ing  hemispher ica l  
eIectrode.  

The ro ta t ing  hemispher ica l  e lec t rode  is a supple-  
m e n t a r y  tool to the  ro ta t ing  disk electrode.  I t  has the  
advantages  tha t  (i) its cur ren t  d is t r ibut ion  is un i fo rm 
below the l imi t ing  cur ren t  potent ia ls  (5), and (ii) i t  
is more  sui table  for  the s tudy of corrosion and dissolu-  
t ion react ions because its geomet ry  remains  r e l a t ive ly  
unchanged  dur ing  the expe r imen ta l  runs (6). In  this 
work,  an a t t empt  has been made  to provide  a theo-  
re t ica l  background  for the use of the  ro ta t ing  hem-  
i spher ica l  e lect rode in the s tudy  of a -c  corrosions. 
The present  pape r  discusses the concentra t ion over-  
potent ia ls  when  the e lec t rode  is modu la t ed  wi th  a 
s inusoidal  a.c. 

Analysis 
Consider  the  fol lowing redox  react ion tak ing  place 

a t  the surface of a ro ta t ing  hemispher ica l  e lec t rode  

Ox ~- he -  = Red [1] 

The hemispher ica l  e lec t rode  is mounted  on a suppor t -  
ing rod of an equal  rad ius  ro, as shown in Fig. 1, and 
is ro ta t ing wi th  an angu la r  veloci ty  ~ in a s ta t ionary,  
inf ini tely large,  incompress ible  solut ion of constant  
propert ies .  I t  is assumed tha t  sufficient suppor t ing  
e lec t ro ly te  is p resen t  in the solut ion and the bu lk  
concentra t ion of Red species is much h igher  than  Ox 
species such that  the  migra t ion  effect is negl igible  
and the concentra t ion  polar iza t ion  m a y  be descr ibed 
by  the  convect ive diffusion of Ox species. When the 
e lec t rode  surface is subjec ted  to the  passage of a 
d i rec t  cur ren t  (d.c.) super imposed  wi th  a s inusoidal  
a l t e rna t ing  cur ren t  dens i ty  

't ---- ipeJ ~t [2] 

the  concentra t ion of Ox species may  be expressed 
as a sum of a s t eady-s ta te  component  c a n d  a f luctuat-  

* Electrochemical Society Active Member. 
Key words: concentration overpotential, Warburg impedance, 

convection, diffusion. 

ing component  c 

c = ~ + ~  C3] 

The p rob lem for the s t eady-s t a t e  component  has been 
t rea ted  by  Chin (6),  and Nisancioglu and Newman  
(5). For  the  f luctuating component ,  the  t ime -dependen t  
convective diffusion equat ion in  l amina r  flow m a y  be  
given in the  spher ica l  po la r  coordinates  (Fig. 1) as 

s o; vo s o2; 
-- ~- Vr-- + - - -  = D [4] 
Ot Or ro 00 Or 2 

with  the bounda ry  condit ions 

at 0 - - 0 ,  - - - - 0  
O0 

r =  oo, c = 0  [53 

r ' - -  To,  ~ - - - - -  - -  e j ~ t  
Or nFD 

Here D represents  the diffusivi ty of Ox species;  Vr 
and vo are  the rad ia l  and  the mer id iona l  veloci ty  
components,  respect ively;  ip is the peak  a -c  densi ty;  

is the a-c  f requency;  t is the  t ime; and j is equal  
to ~/ - -1 .  One may  normal ize  the  above equations wi th  
the fol lowing dimensionless  pa rame te r s  and var iables  

Schmidt  number ,  Sc = ~/D [6] 

Dimensionless a -c  f requency,  K = -~  Sc 1/3 [7] 
G 

Dimensionless  rad ia l  coordinate,  

Dimensionless  t ime, 

Dimensionless  r ad ia l  velocity,  

Vr 
,, = H~01) + o2H3(n) + . . .  H --  (~FD :/2 

(~)x/2 
= (r - to) . ~ - .  

[83 

--  ~ t  [9] 

[103 
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Flow 
Direction 

( 

Hemispher ica l  
Electrode 

/ 
J 

r 

> 
Fig. 1. Rotating hemispherical electrode and the spatial coordi- 

nates. 

Dimensionless  mer id iona l  velocity,  

v8 
F = = 0F1(~]) + 08Fs(~l) -t- . . .  [11] 

ro12 

Dimensionless  concentrat ion,  

n F D ( " ]  1/2- 
M = .  , [Ml(~) ip -~-- C 

-{- 02Ma(~l) -}- ...]eJKSc-~/8~ [12] 

Subs t i tu t ing  Eq. [6]-[12] into Eq. [4]-[5]  and equat ing 
the te rms  having  the l ike  power  of 0 on bo th  sides of 
the  resul t ing  equations,  one has 

1 d2M1 dM1 K 
HI -- j MI -- 0 [13] 

Sc dn 2 ~ Sc I/3 

1 d2M3 dMB ( K ) dM1 
So an 2 H I ~ - -  2 F I + j ~  Ma=H3 dn 

[14] 
Bounda ry  condit ions 

dM1 dMa } 
- - - - 1 ;  --0 

a t  ,1 = 0 , an dn [15]  

~1= o~, M I : M a : O  

The dimensionless  veloci ty  components  F1, H1, and 
H8 can be expressed  in te rms of a power  series of ,1; 
t hey  have  been ca lcula ted  by  Cochran (7) and Banks 
(8). At  high Schmid t  numbers ,  the  thickness  of the  
concentra t ion  b o u n d a r y  l aye r  is much smal le r  than  
the  hyd rodynamic  b o u n d a r y  layer ,  and the  first t e rm 
in the  power  series can be used as a good app rox ima -  
t ion for the veloci ty  components  

F i  --  0.51023~] [16 ]  

H1 = - -  0.51023~l 2 [17]  

Ha = 0.52762~2 [18]  

Fur the rmore ,  for the  analysis  of concentra t ion f luctua- 
tions at  h igh Schmidt  numbers ,  one m a y  in t roduce  a 
set of s t re tched var iab les  and express  the  d imension-  
less concentrat ions  in a complex  form 

z - -  1]Sc 1/a [19] 

M1Sc 1Is = X(n)  H- JY(,]) [20] 

MaSc I/3 = U(~) -t- jV(~)  [21] 

Subs t i tu t ing  Eq. [16]-[21] into Eq. [13]-[15],  a n d  
separa t ing  the rea l  and the imag ina ry  par t s  on both  
sides of the  resul t ing  equations,  one has  

d~X dX 
Jr 0.51023z2 "-5 K Y  = 0 [22] 

dz2 dz 

d a y  dY 
~- 0.51023z2 -- K X  : 0 [23] 

dz2 dz 

d2U dU 
- -  -~- 0.51023z2 - -  1.02046zU -l- KV 
dz2 dz 

= 0 . 5 2 7 6 2 z S  

d~V dV 
-{-0.51023z ~ - - 1 . 6 2 0 4 6 z V - - K U  

dz2 dz 

dX 
[24] 

dz 

Bounda ry  conditions 

at  

dY 
=0.52762zS [25] 

dz 

dX dY dU dV 
- - - -  1; ~ =  = ~ = 0  

z = 0 , dz dz dz dz 

Z = ~ ,  X = Y - ' - U - - V = O  

[26] 

Numerical Results and Discussion 
Equat ions  [22]-[26] have  been  solved numer i ca l ly  

on a d igi ta l  computer  wi th  a finite difference method 
(9). Results  for the dimensionless  concentra t ion com- 
ponents,  X, Y, U, and  V are  p lot ted  in Fig. 2-5 as a 
funct ion of z for var ious  values  of the dimensionless  
a-c  frequency,  K. It  is seen that  the profile of the  
concentra t ion fluctuations is a s trong funct ion of the  
a -c  frequency,  K. The thickness  of the  concentra t ion 
bounda ry  l aye r  does not  appear  to change wi th  supe r -  

1.6 

1.2 

0.8 

x 

0.4 

0.0 

0 I 2 5 

Z 

Fig. 2. Dimensionless concentration: X vs. z 
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-0.7 

-0.6 

-0.5 

-0.4 

>- -0.3 

-0.2 

-OJ 

0.0 

0.1 

l J 
0.8 

K = O,Qo 

I .... I 
0 I 2 3 

Z 

Fig. 3. Dimensionless concentration: Y vs. z 

imposed a.c. for small  values of K.  The concentrat ion 
changes occur wi th in  a region of 0 ~ z < 3.3. How- 
ever, at high a-c frequencies, the region diminishes 
rapidly with increasing values of K, and becomes zero 
a t K =  oo. 

The concentrat ion overpotential  caused by  the con- 
vective diffusion of Ox species may be given as 

RT cs 
1"icon c - -  i n -  [27] 

n]F' C| 

where cs is the concentrat ion of Ox species at the 
surface of the electrode. In  the absence of a d-c com- 
ponent,  the concentrat ion at the surface may be ex- 

pressed as cs = c| + ca, and the concentrat ion over-  
potential  becomes 

~cone = - ~ - I n  1 + [28] 

0.25 

0.20 

0.15 

0.I0 

0.05 

0.0 

-0.05 

-036 ~ K - 0 . 4  

-0.12 

K "  0 . 3  

> 

- 0 .08  

K - 0 . 2  

- 0.04 

K - 2 . O  

0.0 K ' O , C ~  I I 

0 I 2 
Z 

Fig. 5. Dimensionless concentration: V vs. z 

where c~ is the concentrat ion fluctuations at the elec- 
trode surface. Equat ion [28] may be rear ranged to the 
following expression by making  use of the dimension-  
less concentrations 

RT 
~]conc = In {1 + N [ (X0 + 02U0) 

n F  

+ J(Yo -{- o2Vo) ]eJKSc-I/8~} [29] 
Here N is defined as 

iv _ [30]  
nFc| 

and may be regarded as a dimensionless peak a-c 
density. The quanti t ies X0, Y0, U0, and Vo, are the 
values of the dimensionless concentrat ion components, 
X, Y, U, and V, respectively, at z equal to zero; they 
are plotted in Fig. 6-7, and are tabula ted in  Table I 

I I | for a range of K from 0 to 150. The corresponding plots 
I I 

t 

for Yo vs. Xo and Vo vs. Uo on the complex planes 
are given in Fig. 8 and 9 where the values of K are 
indicated on each curve as the parameters.  

K 0 ~ l ' I ] I 
~s ~ ~ ~ PRESE~'r ---1-0.8 

SCHUMANN 
1.2 

0 .8  - - a 4  

0 .4  

O.Ot O.i i IO tO0 / 

O I 2 3 Fig. 6. Values of X and Y at z = 0 vs. the dimensionless a-r 
frequency, K. The present resuffs are given as the solid fines. 

Z Levart and Schumann's results (10) far a rotating disk electrode 
Fig. 4. Dimensionless concentration: U vs. z are plotted as the open circles. 



VoL 127, No. 10 SINUSOIDAL A - C  M O D U L A T I O N  2165 

' I I 

0.2 - -  U,  - -  - 0 . 2  

:~ o l Vo - -o.i  ~: 

0 - - 0  

I 
0 . 0 1  0.1 I t O  2 0  

K 

Fig. 7. Values of U and Y at z = 0 vs. the dimensionless o-c 
frequency K .  

For sma l l  d imens ion le s s  peak  a -c  densit ies ,  Eq. [29] 
m a y  be s impl i f i ed  to 

R T  
~eon~ = /~[  (Xo + e2Po) ~ 

n F  

"1" (Yo -}" #ZVo)9]I/2eJCKSc-'l~r+'~) (for iV < <  1 )  [ 3 1 ]  

w h e r e  
Xo + e~Uo 

,I, = - -  cos -1  [32] 
[ ( X 0  -~- 02U0) 2 -~- (YO -~ e2V0)2] 1/2 

The Warburg  impedance is related to the concentra-  
t ion overpotential  by 

7lconc 
Zw = ,~. [33] 

$ 

S u b s t i t u t i n g  E q .  [ 2 ]  a n d  [ 3 1 ]  i n t o  E q .  [ 3 3 ] ,  o n e  h a s  

R T  
Z~ [ (Xo + O2Uo) 2 

n2F2ceD2/3~,- 1/61~1/2 

"~- (Y0 "~- 02V0)2] 1/2ej~I', (for N < <  1) [34] 

Equations [31] and [34] indicate that  with a small  
superimposed sinusoidal a.c., the response in  the con- 
centrat ion overpotent ial  will also be a sinusoidal wave 
of the same frequency. However, the potential  fluctua- 
tions will  have a phase shift of ,I, whose magni tude  
depends upon the a-c f requency and the location 

Table I .  V a l u e s  of the dimensionless concentration components at 
the electrode surface 

K Xo Yo Uo Vo 

I,O .8 0,6 
. . . .  

2.0 0.4 

-u  

I0 0.2 

0.2 

~00 0-1 

0 
0.2 0.4 0.6 0.8 1.0 ].2 1.4 1.6 I,B 

Xo 

Fig. 8. Complex impedance plot of --Yo vs. Xo. The values of 
K at the open circles are indicated on the curve. 

0.2 

0015 

-V~ 
0.1 

O,6 

1,0 0.8 0.4 

0-2 

o 
- O O I  0 ~ 001 0015 00~ 0 . ~  

Uo 

Fig. 9. Complex impedance plot of --Vo vs. Uo. The values of 
K at the open circles are indicated on the curve. 

of the reference electrode relat ive to the axis of rota-  
tion of the hemispherical  electrode. Figure  10 shows 
the phase shift as a funct ion of the dimensionless a-c 
frequency, K, for two different values of 0. The lower 
curve (e -- 0) corresponds to a reference electrode 
located near  the pole of the hemispherical  electrode. 
In  this case, the phase shift of the concentrat ion over-  
potential  waves increases with a-c frequency, and  
becomes approximately equal to --45 ~ at high fre-  
quencies. The upper  curve (0 = ~/2) corresponds to 
a reference electrode located near  the equator. In  
this case, the phase shift reaches a m a x i m u m  of - -52 ~ 
at K equal to 1.6. Beyond this value, the phase shift 
decreases with increasing K and approaches to that  
of e = 0 at high a-c frequencies. This behavior could 
be explained by the fact that  at large a-c frequencies 
the values of Uo and V0 become negligibly small  as 
compared to the values of Xo and Yo. At  K _-- 10, 
for example, the neglect of the 02 terms in  Eq. [29], 
[31], [32], and [34] would yield an  error of less than  

0 1 .61173  0 0 . 2 4 3 5 0  0 
0 .01  1 .61057  --  0 . 0 1 6 1 8  0 . 2 4 3 2 4  -- 0 . 0 0 5 4 2  
0.015 1.61038 - -  0.02270 0.2~3u9 - -  0.00760 
0.02  1.61006 -- 0 . 0 3 0 2 5  0 .24297  -- 0.01013 
0.03 1.60912 - -  0.04539 0.24258 - -0 .01519  
0 .04  1 .60788  - 0 . 06040  0 . 2 4 2 0 7  -- 0 . 02021  
0 .06  1 .60457  --  0 .09043  0 . 2 4 0 6 6  -- 0 . 03022  
0 . 0 8  1 .59999  --  0 . 11997  0 . 2 3 8 6 8  --  0 . 0 4 0 0 4  
0 .1  1 .59416  --  0 . 1 4 9 1 4  0 .23617  -- 0 . 0 4 9 6 7  
0 . 1 5  1 .57463  --  0 . 22055  0 . 2 2 7 8 8  --  0 . 0 7 2 8 7  
0 .2  1 . 5 4 8 4 4  -- 0 . 28737  0 . 2 1 6 7 8  -- 0 . 0 9 3 9 9  
0 .3  1 .48025  -- 0 . 4 0 8 2 0  0.18869 -- 0.12999 
0 .4  1 .37645  --  0 . 50951  0 . 1 4 4 8 6  --  0 . 1 5 6 9 0  
0.6 1.16799 - -  0.61970 0.06450 - -  0.16818 
0.8 0.99974 - -  0.63914 0.01319 - -  0.14205 
1.0 0.86454 - 0 . 63441  - 0 . 0 1 8 4 2  --  0.11493 
1 .5  0 . 6 5 2 2 0  - - 0 . 5 6 7 2 0  - - 0 . 0 4 0 0 6  - - 0 . 0 5 6 7 1  
2.0 0.53800 - -  0.50058 - -  0.03414 - -  0.02530 
3 . 0  0 . 4 2 2 8 0  -- 0 . 40929  -- 0 . 0 1 7 5 6  -- 0 . 00541  
4 .0  0 .36118  -- 0 . 3 5 4 1 5  -- 0 . 0 0 9 5 0  --  0 . 00153  
6 .0  0 .29169  -- 0 . 2 8 9 2 0  -- 0 . 0 0 3 9 4  -- 0 . 0 0 0 3 0  
8 .0  0 . 2 5 1 3 8  --  0 . 25061  -- 0 . 00216  --  0 . 0 0 0 1 1  

10  0 . 2 2 4 1 9  -- 0 . 22429  -- 0 . 0 0 1 3 6  --  0 . 0 0 0 0 1  
2 0  0 . 1 5 7 4 4  -- 0 . 15909  -- 0 . 00033  0 
30 0.12802 - -  0.13029 - 0.0<)015 0 
40 0.11046 -- 0.11317 -- 0.00008 0 
60 0.08957 - -  0.09295 --  0.00004 0 
80 0.07703 - -  0.08096 --  0.00002 0 

I 0 0  0.06842 -- 0.07281 -- 0.000013 0 
150  0 . 0 5 4 8 6  --  0 . 0 6 0 2 4  --  0 . 0 0 0 0 0 6  0 

, i i ~ 1 , 1 1 1  i i i i ~ , ~ , ,  i , i , , , , , i  i 

-BC 2 ~  
-4C efTr/ 

-Ic ~ / O : O  
~, -3c 
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Fig. 10. Phase shift of the concentration overpotential, ~,,, vs. 
dimensionless a-c frequency, K, for the reference electrode located 
near the pole (0  = O) and the equator (0 = J r / 2 )  of the hemi- 
spherical electrode. 
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1.5%. Thus, for K greater than 10, the position of the 
reference electrode in  an exper imental  setup wil l  have 
no significant effect on the potential  measurements.  

I t  should be noted that the present  analysis is based 
on a series expansion for the concentrat ion dis t r ibu-  
t ion at small  values of 0. The rotat ing disk electrode 
can be t r ea ted  as a special case by let t ing 8 :_ 0, and 
X0 and Y0 can be used to calculate the concentrat ion 
overpotential  and the Warburg  impedance of the ro- 
tat ing disk electrode. For comparison, the values of 
X0 and Y0 calculated by Levart  and Schumann  (10) 
for a-c modulat ion at the rotat ing disk electrode 
are plotted in Fig. 6 as the open circles, O. The 
present  results agree with their calculations to wi thin  
0.1%. This implies that the fluctuations in  the con- 
centrat ion overpotential  and the resul t ing Warburg  
impedance of the hemispherical  electrode will be the 
same as those of the rotat ing disk electrode if the 
dimensionless f requency of superimposed a.c. is greater 
than 10. 

Conclusions 
A study has been made of the concentrat ion over-  

potential  and the Warburg  impedance of a rotat ing 
hemispherical  electrode when a sinusoidal a.c. is super-  
imposed onto the electrode. It is shown that  a.c. does 
not change the thickness of the concentrat ion boundary  
layer, and the effect of a.c. decreases with increasing 
a-c frequency. For small  superimposed a.c., the re-  
sponse in  the concentrat ion overpotential  is also a 
sinusoidal wave of the same frequency with a phase 
shift depending on the magni tude  of a-c f requency 
and the location of the reference electrode. At high a-c 
frequencies of K ~- 10, the behavior  of the hemispher-  
ical electrode becomes the same as that  of a rotat ing 
disk electrode, and the position of the reference 
electrode has no significant effect on the potential  
measurements.  
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LIST OF SYMBOLS 

c concentrat ion of the diffusing ion, g -mole /  
cm 3 

c| bu lk  concentration, g -mole /cm s 
cs concentrat ion at the electrode surface, g- 

mole/cm~ 
c steady-state  concentrat ion component, g- 

mole /cm 3 

c fluctuating concentrat ion component, g- 
mole/em'~ 

cs concentrat ion fluctuations at the electrode 
surface, g-mole/cm~ 

D diffusivity of the diffusing ion, cm2/sec 
F, F1, F3 dimensionless meridional  velocity compo- 

nents defined in Eq. [11] 
F Faraday constant, 96,500 C/g-equiv.,  oz" 23,060 

ca l / (V ) ( g - equiv. ) 
H, Hz, Ha dimensionless radial  velocity components de- 

fined in  Eq. [10] 
ip peak a-c density A /cm e 

a-c density, A /cm 2 
j equal to X/--1, dimensionless 
K dimensionless a-c frequency defined as (~/ 

~)ScZI3 
M, Mz, M~ dimensionless concentrat ion components de- 

fined in Eq. [12] 
N dimensionless peak a-c densi ty defined in  

Eq. [30] 
n number  of electrons t ransferred in the elec- 

trode reaction, g-equiv . /g-mole  
R universal  gas constant, 8.314 J / ( ~  (g- 

mole),  or 1.987 ca l / (~  (g-mole) 
r radial  coordinate, cm 
ro radius of the hemispherical  electrode, cm 
Sc Schmidt n u m b e r  defined as v/D, dimension-  

less 
T temperature,  ~ 
t time, sec 
U, V dimensionless concentrat ion components de- 

fined in Eq. [21] 
U0, V0 values of U and 17, respectively, at z - :  0, 

dimensionless 
v~ radial  velocity component, cm/sec 
vr meridional  velocity component, cm/sec 
X, Y dimensionless concentrat ion components de- 

fined in Eq. [20] 
X0, Y0 values of X and Y, respectively, at z _-- 0, 

dimensionless 
z stretched dimensionless radial  coordinate de- 

fined as ~lSc 1/~ 
Z~. Warburg  impedance, ~-cm2 

dimensionless radial  coordinate defined as 
(r -- %) (~/~)li2 

~conc concentrat ion overpotential,  V 
e meridional  coordinate, rad 

kinematic  viscosity of the electrolyte, cm2/ 
see 
rotat ional  speed of the hemispherical elec- 
trode, rad/sec 

~, a-c frequency, rad/sec 
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Electrochemical Reduction of Pyridinium Ions in 
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ABSTRACT 

Reduct ion  of 1 - a lky lpy r id in ium cat ion in  0.8:1 molar  ra t io  AICla: 1 -bu ty l -  
py r id in ium chlor ide  l iquids at  40~ has been inves t iga ted  by  cyclic vo l t a m-  
m e r r y  and e lec t rochemical  pulse methods.  A dimer ic  15roduct of the p r i m a r y  
py r id iny l  rad ica l  coupling, 4 ,4 ' - te t rahydrobipyr id ine ,  forms in about  45% 
yie ld  and undergoes  fa i r ly  r ap id  chemical  dissociat ion to the stable,  e lec t ro-  
active, 1 ,1 ' -d ibuty l -4 ,4 ' -b ipyr id in ium monocat ion radical .  This p roduc t  m a y  
be reduced  fu r the r  by  o ther  dissociat ion fragments .  The corresponding b i -  
q u a t e r n a r y  b ipy r idy l  base reduces  in two steps, each wi th  one-e lec t ron  
revers ib le  behavior ,  at  ha l f -wave  potent ia ls  of --0.56 and --0.96V vs. A I ( O )  
in 2:1 solvent  reference  electrode.  Te t r ahydrob ipy r id ine  species wi th  1,2,4,6- 
subs t i tu ted  me thy l  groups were  s table  to dissociat ion under  s imi la r  condi-  
tions. Molecular  s t ruc tura l  pa rame te r s  tha t  affect the  reduct ion potent ia ls  
of py r id in ium ions and the s tab i l i ty  of t e t r ahydrob ipyr id ines  a re  discussed 
briefly. 

Mix tures  of A l C l 3 : l - b u t y l p y r i d i n i u m  chlor ide  (1- 
BPC) form aprot ic  melts  of var iab le  Lewis ac idi ty  
which are  l iquids at  room tempera ture .  In the course 
of  inves t iga t ing  the i r  ac id -base  proper t ies ,  i t  was ob-  
served  tha t  the  chlor ide  ion- r ich  mix tures  (i.e., <1:1  
mola r  ratio,  respec t ive ly)  reac ted  spontaneous ly  wi th  
an a luminum wire  electrode.  This react ion arises f rom 
the reduct ion  of the 1 -a lky lpy r id in ium cation and 
consequent ly  this e lect rode process, r a the r  than the 
reduct ion of an a luminum ion species to e lementa l  
a luminum,  de te rmines  the negat ive  potent ia l  l imi t  of 
the elect rochemical  s tab i l i ty  of the basic solvent.  The 
presen t  work  has a t t empted  to es tabl ish the mechan-  
ism of a l k y l p y r i d i u m  cat ion reduct ion in these 
solvents  because a be t t e r  unders tand ing  of hov~ the 
py r id in ium ion molecular  s t ruc ture  re la tes  to its re -  
duc t ion-ox ida t ion  might  enable  improvements  to be 
made  in the selection of discrete  e lec t ro ly te  propert ies .  

A comprehens ive  rev iew of d ihydropyr id ine  chem- 
i s t ry  has been publ i shed  encompassing reduct ion  of 
pyr id ines  and a lky lpy r id in ium ions wi th  specific 
meta ls  and meta l l ic  ions (e.g., Na, Zn, M g  active A1, 
Cr 2+, V2+), chemical  reducing  agents  (e.g., LiA1Hi, 
Na2S204, NaBH4, NaCNBH3) and e lec t rochemical  
methods  (2). Also, the e lect rode react ions of diverse  
heterocycl ic  compounds have  been rev iewed  by  Lund  
(3). Many  of these ea r l i e r  reduct ion  studies, pa r t i cu -  
l a r ly  those of r ing subs t i tu ted  1 -a lky lpy r id in ium ions 
(4-7), resul ted  f rom a t tempts  to unders tand  the be-  
hav ior  of two key  coenzymes, n icot inamide  adenine 
dinucleot ide  (NAD +) and nicot inamide adenine di-  
nucleot ide  phosphate  (NADP+) .  Unsa tu ra ted  double  
bonds contiguous to the hetero a tom in heterocycl ic  
compounds are  more  react ive  than those in the  
benzene r ing  and they  are  usual ly  the easiest  to reduce,  
a t tack  t ak ing  place  at  posi t ions of low elect ron density,  
i.e., the 2- or 4- posit ions in 6 -membered  rings. P y -  
r id iny l  rad ica l  product ion may  occur by  t rans fe r r ing  
one electron, f rom the appropr i a t e  meta l  for example ,  
to the lowest  unoccupied molecu la r  o rb i ta l  of the 
py r id in ium ion species. Subsequent  react ions of the 
radica l  in termedia te ,  such as format ion  of a hyd ro -  

* Elect rochemical  Society Active Member. 
i Present address: Engineer ing  Research  Center ,  Colorado State 

Universi ty,  For t  Collins, Colorado 80523. 
2Present address: Department of Chemistry, State Univers i ty  

of New York at  Buffalo, Buffalo, New York 14214. 
Key words:  ch loroa lumina te  melts,  bu ty lpy r id in ium reduction, 

tetrahydropyridines, molten salts. 

genated monomer,  dimerizat ion,  dissociation, or fu r the r  
reduction,  depend both on the reduc tan t  and the 
solvent  conditions, especial ly  the ava i l ab i l i ty  of proton.  
Extensive r ing cleavage has been proposed to occur in 
cer ta in  cases, for example  th rough  C ---- N bond rup -  
ture  of A1C13:pyridine Lewis ac id -base  adducts  when 
pyr id ine  solutions containing a luminum chloride are  
e lect rolyzed at  me rc u ry  (8). Volke and Naarova  (9, 
10) have s tudied the e lec t rochemical  reduct ion of a 
series of 1 -a lky lpy r id in ium ions at  a m e r c u r y  elec-  
trode, in both aqueous and, because of adsorpt ion  
complications, mixed  aqueous /nonaqueous  e lec t ro-  
lytes.  The ha l f -wave  potent ia ls  were  found to va ry  
only s l ight ly  ( ~ - - 5 0  mV m a x i m u m  shift)  wi th  the  1- 
a lky l  subs t i tuent  (CH3 to C5Hll) but  coulometr ic  
e lectrolysis  values differed apprec iab ly  in the presence 
of a rad ica l  scavenger  and it was suggested tha t  the  
ini t ia l  radical  d imer iza t ion  rates  decreased as the 1- 
a lkyl  groups became . increasingly bulky.  Though not  
chemical ly  identified, the main  one-e lec t ron  reduct ion 
products  were  pos tu la ted  to be d ihydropyr id ines .  
Nevertheless,  a secondary  dimeric  a lky l  viologen 
radical  product  was detected (<10% yield)  and this 
could be easi ly  character ized by  e lec t ron pa ramagne t i c  
resonance, u l t rav io le t  spectroscopy, and its e lec t ro-  
chemical  behavior .  More recently,  Raghavan  and 
Iwamoto  (11, 12) have inves t iga ted  the reduct ion  of 
1 - a lky lpy r id in ium ions in acetoni t r i le  at p l a t inum and 
me rc u ry  electrodes.  As 1 ,1 ' -d ia lkyl -4 ,4 ' -b ipyr id in ium 
monocat ion radica l  species were  obtained by  t r ea tmen t  
of e lect rolyzed solutions wi th  1,4-benzoquinone, i t  was 
concluded that  in this aprot ic  solvent  the pr ime reduc-  
tion produc t  was a s table  1 ,1 ' -d ia lky l -4 ,4 ' - t e t rahydro-  
b ipyr id ine  (a lky l  = methyl ,  ethyl,  or benzyl ) .  In  
general ,  however,  unequivocal  charac ter iza t ion  of the 
reduct ion produc t  d is t r ibut ion  has seldom been 
achieved and the exper imen ta l  condit ions and factors 
that  can influence and de te rmine  mechanis t ic  pa thways  
are  not fu l ly  understood.  Fur ther ,  scant e lec t rochemical  
in format ion  is ava i lab le  for  d ihyd ropy r id ine  and 
t e t r a hyd rob ipy r id ine  compounds. 

Results 
The elect ron t ransfer  character is t ics  of the a lky l -  

py r id in ium iori reduct ion  in mel t  m a y  be r ead i ly  
s tudied by  a Tafel  plot  of solvent  electrolysis.  Data  
i l lus t ra ted  in Fig. 1 were  obta ined  f rom 10 msec po-  
tent iostat ic  pulses into the reduct ion background  of 

2167 



2168 J.  E l e c t r o c h e m .  Soc . :  ELECTROCHEMICAL SCIENCE AND TECHNOLOGY O c t o b e r  1980 

1.6 

1.5 

1,4 

1.,~ 

1 1.1 

1< 

J 

t I I I 
- 8.0 - 7"0 - 6"0 - 5 " 0  

Ln  I / A cm - 2  

Fig. 1. Tafel plot of 0.8:1 melt reductian at a vitreous C elec- 
trode, 4o~ 

the 0.8:1 molar  ratio A1Cla: 1-BPC fused salt at 40~ 
respectively. The short pulses were applied to min i -  
mize any  complications from product  formation and 
a Luggin probe reference electrode was used to min i -  
mize the IR  drop. At constant  values of the outer Helm-  
holtz layer  potential,  the cathodic t ransfer  coefficient 
may  be derived from the relat ion 

v a E  ~ , c i . . .  

where R is the gas constant, T the thermodynamic  
temperature,  v is the stoichiometric number ,  and Ic is 
the cathodic kinetic current.  The value of the cathodic 
t ransfer  coefficient, ~ : 0.408, is consistent with the 
kinetic parameters  for simple, ra te-determining,  one-  
electron processes and this may be taken as evidence 
that the p r imary  reduction reaction is the formation of 
a pyr id inyl  radical species 

R - ' ~  + e" - - ' -~  R- -N  ~ . ~ /  [ I ]  

followed by a rapid dimerization 

2 R - - I ~  .1~ R - N ~ . ~ - R  [2] 

D B T B P . - - A t  potentials more negative than ,,~--1.40V 
vs. Al(O)  reference, the overpotential  ~I/ln i gradient  
increases, which may  be an indication of ei ther (i) 
commencement  of product  reduction or filming com- 
plications, (ii) a second electron charge transfer  to 
the pyr id in ium ion [cJ. electronic absorption behavior  
(13)], or (iii) coreduction from pyr id in ium ion and 
the te t rachloroaluminate  ion species. 

Figure 2 i l lustrates cyclic vol tammograms obtained 
by scanning into the solvent background to --1.40V vs. 
AI(O) reference. Onset of l - b u t y l - p y r i d i n i u m  ion 
reduct ion with vitreous carbon electrodes occurs at 
,~ - - I . IV  vs. Al(O)  reference. No reverse anodic cur-  
rents  could be detected at  the negative background 
l imit  at scan rates as fast as 200 Vsec - I ,  or by scanning 
to --I.80V vs. AI(O) reference, which would be the 
case if the p r imary  product  from reduction undergoes 
an extremely rapid chemical reaction. At scan rates 
d E / d t  < 200 mVsec - I ,  a predominant  anodic current  
peak A a p p e a r s  at --0.40 ___ 0.04V (C electrode). Be- 
cause the peak potential  of wave A coincides approxi-  
mate ly  to that  assigned to the oxidation of dimeric 
4 ,4 ' - te t rahydrobipyridine species in acetonitrile ( l l ) ,  
i t  also can be assigned to the coupled product 1 , 1 ' -  

I f I I 
0.5 0.(3 - 0 . 5  - 1 . 0  

V / 2:1 AI(O) 

Fig. 2. Cyclic voltommetry of 0.8:1 melt reduction at 40~ 
vitreous C electrode, 1 Vsec - I  (top), 500 mVsec -1, 200 mVsec -1, 
100 mVsec -1, 50 mVsec -1, 20 mVsec -~ (bottom). 

dibutyl -4 ,4 ' - te t rahydrobipyr id ine  (DBTBP) in  t h e  
melt. Unlike the behavior of l , l ' -d imethyl -4 ,4 ' - t e t ra -  
hydrobipyr idine  in acetonitrile, at scan rates dE~dr 
< 200 mVsec - I ,  the peak current  of A decreased 

markedly  with decreasing scan rate and the wave is 
not  defined at 50 mVsec -z (Fig. 2), indicat ing that  
DBTBP may be chemically unstable.  In  order to fur-  
ther characterize its electrochemistry in the basic 
melt, a sample of DBTBP was prepared by the reduc-  
t ion of l - bu t y l py r i d i n i um chloride with sodium 
amalgam (14) (q.v. Exper imenta l  section). When 
6.8 X 10 -5 moles of DBTBP were micropipetted into 
~10 ml of 0.8:1 melt  at 40~ the solution immedia te ly  
became deep blue, the rest potential  became --0.94V 
vs. Al(O)  reference and approximately equal quant i -  
ties of l , l ' -d ibu ty l -4 ,4 ' -b ipyr id in ium monocation radi -  
cal and the corresponding dihydrobipyr idine  were 
detected by cyclic vo l tammetry  (Fig. 3) vide in[ru. 
After  ~30 rain and based on a diffusion coefficient of 
7 • 10 -7 cm2sec -I ,  the conversion yields were esti-  
mated to be about 25% for each product. Small  anodic 
current  peaks also were observed at -~0.18 and ~-0.55V; 
however, the alkyl viologen radical and dihydrobipyr i -  
dine comprised the maior  electroactive products. If a 
smaller quant i ty  of DBTBP was added (<2 • 10 -5 
moles), the rest potential  was less negative at ~--0 .60V 
and 1,1 ' -dibutyl-4,4 ' -bipyridinium monocation radical  
was the only major  electroaetive product detected. Al -  
though these experiments  confirm the unstable  na ture  
of the 4,4 ' - tetrahydrobipyridine in the melt  and sup- 
port the premise that its decomposition produces l , l ' -  
d ia lkyl-4 ,4 ' -b ipyr idinium monocation radical, unfor tu -  
nate ly  they do not provide any insight to the mode of 
hydrogen loss or to the dissociation mechanism 



Vo[. 127, No. 10 E L E C T R O C H E M I C A L  R E D U C T I O N  

200mV 
Fig. 3. Cyclic voltammograms after additions of i,l'-dibutyl- 

4,4'-tetrahydrobipyridine to 0.8:1 AICI3:I-BPC melts; upper 16 
/ d / ~ 1 0  ml melt, rest potential --0.909V; lower 20 / d / ~ 1 0  ml 
melt, rest potential --0.940V; v ~- 200 mVsec -1.  

+ unidenttft ed products [3] 

? ? ? 

- 0mM), .~. 

Coulometr ic  exper imen t s  gave the rat io  of the  anodic 
charge  (qa) to cathodic charge (qc) at  a C electrode,  
qa/qc ----. 45% (50 msec double  pulse, negat ive  s tep 0.0 
to -=l.40V, posi t ive  --1.40 to 0.0V). These charge  values  
were  correc ted  for appropr ia t e  background  double-  
l aye r  charges  to --1.00V negat ive  l imit .  Raghavan  has 
r epor ted  a corresponding figure of 70-95% coulometr ic  
ra t io  for 1 -me thy lpy r id in ium ion in acetoni t r i le  (11). 
In  Fig. 2, the  anodic cur ren t  waves  B and C exhib i t  
t ime-dependen t  behav ior  at  scan ra tes  dE/dt  <~ 200 
mVsec -1, s imi lar  to wave  A. They m a y  be a t t r i bu ted  
to o ther  chemical ly  uns tab le  byproduc ts  of py r id iny l  
rad ica l  d imer iza t ion  or  hydrogen  exchange products ,  
such as the  2,4' or  2,2' coupled dimers,  e.g. 

R 
I 
N 

R 
I 

=0 
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of the  spec t rum and the res idue  could contain amide  
f ragments ,  s imi lar  to those be l ieved  to be found af te r  
a lka l ine  hydro lyses  of A1Cls :pyr id ine  reduct ion  p r o d -  
ucts (8). In  v iew of the  l i ke ly  a i r  sens i t iv i ty  and  
h igh ly  reac t ive  na tu re  of the  p r i m a r y  products ,  this  
p roduc t  analysis  approach  was considered to be unsa t -  
isfactory.  

F igure  4 i l lus t ra tes  cyclic vo l t ammograms  of the  
background  reduct ion  of 0.8:1 molar  ra t io  A1CI~:I- 
me thy l -2 ,4 ,6 - t r ime thy lpyr id in ium iodide. An  oxida t ion  
peak  at  ~- -0 .50V vs. A I ( O )  2:1 A1CI~: 1-BPC reference  
c a n  be assigned to d imer  p roduc t  oxidat ion,  e.g. 

Me 

M Me_ N . - . ,  �9 
M O ~  Me M- mw 2e-- ) 2 [6]  

Me 

The p r i m a r y  rad ica l  could not  be  de tec ted  in cyclic 
vo l t ammograms  ,, <200 Vsec -1 bu t  the  b road  anodic 
wave  is p resen t  at  scan rates  as low as 20 mVsec -1  and 
there  is no evidence tha t  this d imer  can decompose to 
o ther  e lec t roact ive  products.  The coulometr ic  effi- 
c iency (qa/qc) was de te rmined  to be 67 _ 11%. A n  
anodic wave  [--0.78V vs. AI(O)  2:1 A1C13:I-BPC] is 
also obta ined f rom reduct ion of 0.8:1 molar  ra t io  A1C13: 
1 -bu ty l -4 , t e r t . bu ty lpyr id in ium chloride mel t  (60~ 
and fol lowing the suggest ion made  by  Raghavan  (11), 
i t  is p robab le  tha t  2,2' coupling ensues. 

Melt electrochemistry of the biquaternary bipyridy[ 
bases.--The two revers ib le  couples D/D' and E/E' in 
Fig. 1 a re  indica t ive  of the presence of the monocat ion 
rad ica l  and the d ihydrob ipyr id ine  of 1,1 ' -dibutyl-4,4 ' -  
b ipy r id in ium dicat ion 

I~'+N~~R'J " 0-- $ f i -~~N,-R [~] 

R - + N ~ N - R  -~ e -  ~ R - N ~ = = = = ~ N - R  [8] 

The posi t ive potent ia l  sweep reveals  tha t  a t  dE/dt 

- 0 . 5  

N--R [4] ~"-----~ 
R H H R 

~. ~ [5] 

Addi t iona l ly ,  there  is a poss ibi l i ty  of e lec t roact ive  
products  tha t  ar ise f rom t e t r a h y d r o b i p y r i d i n e  decom- 
posi t ion or even c leavage of the  py r id iny l  ring. Some 
a t t empts  were  made  to isolate  the  products  obta ined  
f rom mel t  e lectrolyses  at  --1.25V in a v i t reous  C c ru-  
cible, but  proved inconclusive.  Af te r  the passage of 
,~150C, for example ,  the  me l t  was poured  into de -  
gassed water ,  neutra l ized,  and ex t rac ted  wi th  cyclo-  
hexane.  Evapora t ion  of the cyclohexane lef t  a viscous, 
brown,  t a r - l i k e  ma te r i a l  which  gave in f ra red  absorp-  
t ion bands  a t  1672, 1259, 1195, 803, and  722 cm -1. 
Amides  absorb  s t rong ly  in the  1600-1700 cm -1 region 

/ 
/ 

OOpA 

I I 
200mY 

Fig. 4. Cyclic voltammetry of AICIs:l,2,4,6-tetramethylpyridinium 
iodide reduction at vitreous carbon. Background sweep to --1.70V 
v s .  AI(O) in 2L1 AICI:~:I-BPC reference, 60% Upper p ~ 20 
mVsec-1; lower ~ -" 1 Vsec -1 .  
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>_ 100 mVsec - I ,  the t ransient  concentrat ion of the 
dihydrobipyr idine  in the surface reaction zone is less 
than that of the monocation radical, suggesting that  
the lat ter  is the ini t ial  decomposition product of 4,4'- 
te t rahydrobipyr idine  dimer. The iR uncompensated 
peak separations for both of the couples are (Ep c -- 
Ep a) ~ 70 mV, compared to the theoretical value of 
62 mV for a one-electron process at 40~ If a small  
quant i ty  of a l u m i n u m  metal  is permit ted to react with 
basic melt, the solution becomes deep blue and the 
u.v./visible spectrum of a diluted portion confirms that  
it  contains the dialkyl  viologen monocation radical 
[Fig. 5, cf. Fig. 2 (15)]. Acidification of the melt  
(>1:1)  caused the disappearance of the blue radical  
in  a chemically reversible manne r  because re-addi t ion 
of 1-BPC restored the blue coloration. Presumably,  the 
A12C17- anion is reduced by the mona-radica l  to ele- 
menta l  a luminum in a finely divided state, to a sub-  
valent  a luminum species, or to a charge- t ransfer  com- 
plex. Normal pulse vol tammetr ic  analyses of the vio- 
logen reduction waves (Fig. 6), which occur with half-  
wave potentials of --0.56 and --0.96V vs. AI(O) ref- 
erence, for reactions [7] and [8], respectively, have 
log(id -- i ) / i  slopes of 67 mV in close agreement  to 
the theoretical 62 mV slope for one-electron reversible 
behavior. Assuming that 2 electrons are required to 
form each molecule of the monocation radical through 
dissociation of a 4,4 ' - tetrahydrobipyridine in termedi-  
ate, the yield from the normal  pulse vol tammetr ic  
l imi t ing current  based on a luminum oxidation (3e - )  
is estimated to be ~30%. The hal f -wave potentials for 
these two waves and their Separation are reasonably 
consistent with values for dialkyl viologen reductions 
in  nonaqueous solvents (e.g., Table I).  The max imum 
on the second reduction wave is indicativ~ of adsorp- 
tion complications, which are well known to occur 
under  aqueous conditions [e.g., (21-23) ]. 

Discussion 
From a comparison of the electrochemical potentials 

for the ferrocene/ferrocinium couple and the oxidation 
of 12 aromatic hydrocarbons in acetonitri le to those in 
the A1CI~: 1-BPC molten salt (24), the A1 (O)  reference 
in the 2:1 melt  lies approximately at § vs. SCE 
and at --0.26V vs. Ag/Ag + (0.1M). As Raghavan (11) 
has reported that the cyclic vol tammetr ic  peak poten- 
tial for the reduction of 1 -methylpyr id in ium ion oc- 
curs at --1.28V vs. SCE in acetonitri le (ca. 5 • 10-4M; 
Hg electrode), it would seem that the electrode reduc- 
t ion potential  for 1 -buty lpyr id in ium ion in melt  
(,-,4.4M) is essentially unaffected by these changes in 
the solvent na ture  and electrode material.  These studies 

'L 

\\ 
MJ k \  

\'., / \ 

400  500 600 700 800 nm 

Fig..5. U.V./visible spectrum of 0.8:1 melt reacted with alu- 
minum (solid line), offer AICI3 addition (>1:1) (dot-dash line), 
and background of 0.8:1 melt (dashed line). 
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Fig. 6. Normal pulse voltammetry of 2.08 X 10 - 4  moles AI 
reacted with 8.7 ml 0.8:1 melt, 40~ sweep rate 5 mVsec -1,  100 
mV pulse, C electrode. 

affirm that  the a Ikylpyr id in ium cation s tandard  reduc-  
tion potential  in  the basic AICI3: 1-BPC melt  approxi-  
mates to that  found in aqueous or certain nonaqueous 
solvents. This is consistent with a simple ionic model 
for the solvent s t ructure  and seemingly no modification 
of the electron t ransfer  reduction reaction by alkyl-  
pyr id in ium ca t ion /a luminum species interactions. 
Electrophilic pyr id in ium ions general ly are reduced at  
less negative potential  than pyridines, al though Lewis 
acid complexation may alter drastically the ease of 
electron t ransfer  and l igand reduction of unqua te r -  
nized heterocycles. For example, the A1C13:pyridine 
adduct has an E~/2 value of --1.00V in dist inction to 
the value of --2.20V (vs. Hg pool reference) for the 
uncomplexed pyr id ine  (% 9). 

There are two intr insic  factors that may be impor tant  
to consider in the choice of an a lky lpyr id in ium ion 
species for a part icular  molten solvent of this type, 
namely  (i) the pyr id in ium ion reduction potential,  and 
(ii) the relat ive stabil i ty of the p r imary  pyr id inyl  
radical. Each may be modified by the subst i tuent  
groups that  are present  on the pyr id in ium r ing and, as 
ment ioned above, N-a lkyla t ion  greatly facilitates re-  
duction but  changes in  the chain length of N-a lkyl  

Table I. Comparison of literature data of dialkyl viologen 
half-wave potentials 

Viologen 
salt EI/2'/V EI/2"/V S o l v e n t  

R e f e ~  
er ic6  
e l e ~  

trade  Ref.  

Di-l-butyl -0.56 -0.96 A1Ch: AI(O) 
1-BPC 

Di-methyl  - 0.45 -- 0.86 CH~CN SCE 
Di-l-butyl - 0.45 -- 0.98 CH~CN Ag AgC1 
Di-benzyl - 0.40 - 0.82 CH~CN Ag AgC1 
Di-methyl -0.68 -1.04 Aq. pH SCE 

5-13 
Di-ethyl -0.71 -1.09 Aq. KC1 SCE 
Di-l-heptyl - 0.42 -- 0.73 Film Perrna 

probe 

This  w o r k  

(li) 
(16) 
(17) 
(18) 

(19) 
(20) 
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subst i tuents  have  min imal  effect on the reduct ion 
potent ia l  (10). C-a lky la t ion  modifies the react iv i t ies  
of compounds  by  ra is ing or lower ing  the reduct ion  
potent ia l  due to the e lec t ron-dona t ing  power  of the 
a lky l  groups (3). Despite the  pauc i ty  of e lec t rochemi-  
cal da ta  concerning subs t i tu ted  a lky lpy r id in ium ion 
species, the re  has been a reasonab ly  successful a t t empt  
to corre la te  the energies  of the longest  wave leng th  
cha rge - t r ans fe r  band of a lky lpy r id in ium iodides and 
the appropr i a t e  h a l f - w a v e  reduct ion potent ia ls  (13, 7). 
A second (shor ter  wave leng th)  cha rge - t r ans fe r  band,  
not  unexpectedly ,  could not  be re la ted  to the ha l f -wave  
potent ials ,  a l though Tafel  slope analyses  might  be able  
to de tec t  the occurrence  of a closely spaced, second 
electronic t rans i t ion  (e.g., hE < 10 kcal  m o l e - l ) .  
Kosower  and Skorcz (25) have carefu l ly  measured  
the  low energy,  charge  t ransfe r  bands of 20 different  
a l ky lpy r id in ium iodides and es tabl ished tha t  the 
t rans i t ion  energy  is ra ised by  e i ther  increas ing the 
n u m b e r  of me thy l  groups a t tached  to the - r ing  or  by  
changing the posi t ion of a single methy l  group, 3 - < 2 -  
<4- .  Replac ing  a me thy l  by  a t - bu ty l  group in the 
4-posi t ion had l i t t le  net  effect on the  e lect ron supply,  
suggest ing tha t  hypercon juga t ion  does not cont r ibute  
to the  molecu la r  ground s tate  stabil izat ion,  unl ike  the 
effect found wi th  the corresponding 2-consti tuents .  
A l k y l  subs t i tu t ion  is thought  to afford g rea te r  s tab i l i -  
zat ion to the ground s tate  of the cat ion than  to tha t  of 
the rad ica l  (25). The commencement  of reduct ion 
shifts negat ive,  app rox ima te ly  --  1.1, --  1.3, and --  1.4V 
for the  cations 1-bu ty lpyr id in ium,  1-butyl-4,  tert .  
b u t y l - p y r i d i n i u m  and 1 -methy l -2 ,4 ,6 - t r ime thy lpyr i -  
dinium, respect ively ,  t he reby  provid ing  some increased 
access ibi l i ty  to reduct ion  processes. N - a l k y l - p y r i d i n -  
ium ions having  e lec t ron wi thd rawing  subst i tuents ,  
such as 2-, 3-, or  4-subs t i tu ted  cyano groups, reduce 
more  r ead i ly  than  the unsubs t i tu ted  compound. The 
effects of a lkyt  subs t i tu t ion  on the chemical  s tab i l i ty  
or  the physical  p roper t ies  of the A1CI~ mel t  mixtures ,  
such as thei r  l iquidus  characteris t ics ,  have not ye t  been 
invest igated.  

A second factor  of in te res t  is the  s tab i l i ty  of the 
p r i m a r y  py r id iny l  radicals,  whose reac t iv i ty  is such 
tha t  they  cannot  usua l ly  be detected by slow t rans ient  
techniques. The product  d is t r ibut ion  ar is ing f rom the i r  
subsequent  react ion in AIC13: 1-BPC solvents is more  
complex  than  tha t  found from pyr id in ium ion reduc-  
t ion in acetoni t r i le  (11) and it is complicated by  the 
chemical  ins tab i l i ty  of at  leas t  one of the dimers  
formed.  The causes for this enhancement  in the ra te  of 
the 4 ,4 ' - t e t rahydrob ipyr id ine  dissociation are  not  
unders tood but  i t  could be re la ted  to the  overa l l  
bas ic i ty  of the media,  i.e., the chlor ide  ion nucleophi le  
concentrat ion,  or  to increased rates  of e lec t ron 
transfer .  Loss of the 4 -hydrogen  is ev iden t ly  faci le  
whereas  the 4 -methy l  group forms a s table  C-C bond. 
Apparen t ly ,  l i t t le  sys temat ic  work  has been car r ied  
out  on the ab i l i ty  of const i tuents  to s tabi l ize d ihydro -  
pyridines ,  but  polycycl ic  or h igh ly  subs t i tu ted  mole-  
cules seem to be less reactive,  poss ibly  because of 
s ter ic  effects (2). Effects due to o ther  N-  or  r ing  sub-  
s t i tuents  (e.g., OH-,  -CN, -halides,  etc.) have not  
been inves t iga ted  to date, e i ther  from the s tandpoin t  
of the reduct ion potent ia ls  of compounds,  the reac t iv -  
it ies of reduct ion products,  or the fundamenta l  phys i -  
cal character is t ics  of the  chloroa luminate  melts.  

Experimental 
Handl ing  methods  and p repa ra t ion  of mel ts  have 

been descr ibed in previous  publ icat ions  f rom this 
labora tory .  Al l  e lect rochemical  exper iments  were  
made  in a Vacuum Atmospheres  Company d ry  box 
under  purif ied argon. The cyclic v o l t a m m e t r y  and 
p r o g r a m m e d  pulse measurements  were  made  with  
PAR Models  175 Universa l  P r o g r a m m e r  and 173 
Po ten t io s t a t /Ga lvanos t a t  coupled to a Houston Ins t ru-  
ments  2000 Omnigraphic  X - Y  recorder .  Normal  pulse 
vo l t ammograms  were  made  using the PAR Model  174 

Po la rographic  Analyzer .  The reference  e lect rode com- 
pr i sed  coiled A1 wire  immersed  in 2:1 mo la r  ra t io  
AICI3 : I -BPC melt ,  respect ively,  isolated in a glass 
f r i t t ed  tube. Work ing  electrodes were  e i ther  v i t reous  
carbon of geometr ica l  a rea  0.0855 cm 2 sealed in P y r e x  
glass (G.C.20 grade,  Tokai  Electrode Manufac tur ing  
Company,  L imi ted)  or  tungs ten  wire  but ton  electrodes 
sealed in u ran ium glass. U.V./visible spect ra  were  
recorded,  using cells filled and sealed in the d ry  box, 
on a Cary  17 Spect rophotometer .  Mass spectroscopy 
da ta  were  obta ined  wi th  an A.E.I. MS 12 ins t rument  
wi th  the source ~150~ and probe  ~80~ N.M.R. 
measurements  were  made  with  e i ther  the JEOLCO 
MH100 100MHZ Spect rometer ,  the Var ian  EM360A 
60MHZ Spec t romete r  or  the JEOLCO FX100 Four ie r  
Transform Spectrometers ,  in 5 m m  tubes. 

Syntheses and characterization of I,l'-dibutyl-4,4'- 
tetrahydrobipyridine.--Preparation.--O.0583 moles of 
1 -bu ty lpy r id in ium chloride in 50 ml wa te r  was s t i r red  
for  20 min  with  100 ml  die thyI  e ther  and 250g Hg (Na 
0.6% wt.) in an argon atmosphere .  The ye l low e ther  
l aye r  was separa ted  and the e ther  removed  by  vacuum, 
to leave a y e l l o w / b r o w n  oily residue,  which was used 
wi thout  fu r the r  purification. Despi te  s torage in a 
sealed glass container  in the d ry  box the color deep-  
ened and the produc t  s lowly decomposed. C, H, N 
microanalyses  were  made  by  Ga lbra i th  Labora tor ies ,  
Incorporated,  Knoxvi l le ,  Tennessee 37921. theory  for 
ClsH2sN2 C 79.37, H 10.36, N 10.28; found C 79.16, H 
10.19, N 10.14; y ie ld  90.5%; measured  density,  p - -  
0.932 (25~ M.wt. 272.4. 

U.V. bands.--226 nm, 300 nm ( sh ) / so lven t  d ie thyl  ether.  

Mass spectrum.--Parent peak  272 (1.3 %),  loss of single 
N a lkyl  group 215 (1.4%), monomer  radica l  fo rmat ion  
136(100%) (b racke t ted  figures a re  approx,  re la t ive  in-  
tensi t ies) .  

C.m.r. data.--131.6 (d),  99.5 (d) ,  53.2 ( t ) ,  42.8 (d) ,  32.9 ( t ) ,  
20.4(t),  14.1(q)ppm. The ga t ed -mode  off - resonance  
technique confirms the 4,4 ' -br idging be tween  the two 
pyr id ine  rings. 

P.m.r. data.--5.87-5.80 (d, 4, J ---- 8 Hz, C-2, --2 ' ,  - - 6 ,  
--6' vinyI) ,  4.29-4.17 (m, 4, C-3, --3, --3' ,  --5, - -5 '  
v iny l ) ,  3.00-2.84 (m, 2, C-4, - -4 '  meth ine) ,  1.47-1.09 
(m, bu ty l ) ,  0.95-0.82 (t, C I ~ ) / s o l v e n t  CD3CN re fe r -  
ences to in terna l  TMS. 

Syntheses of 1-methyl-2,4,6-trimethylpyridinium io- 
dide and 1-butyl-4, tert.butyl-pyridinium chloride.w 
Preparation.--Quaternizations are  convenien t ly  car -  
r ied out in h e a v y - w a l l e d  glass tubes (10 • 2 1/2 in. 
OD).  ~100g of the pyr id ine  was added  to an equiva-  
lent  mola r  quant i ty  of the a lky l  halide,  the  mix tu re  
frozen, the tube evacuated,  sealed, and hea ted  in an 
oven at  80~ ~ for  severa l  days. Crude products  were  
purif ied by  3 recrys ta l l iza t ions  f rom ace ton i t r i l e / e thy l  
acetate  mixtures .  

Analyses.--CgH~4NI, M.wt 263.1; theory  C 41.08, H 5.36, 
N 5.32, I 48.23, found C 41.51,. H 5.62, N 5.59, I 46.58 
ClsH~2NC1, M.wt 227.8; theory  C 68.55, H 9.74, N 6.15, 
C1 15.56, found C 67.49, H 9.98, N 6.84, C1 15.73. 
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Technical 

Development of a 7 kW HJO -Fuel Cell Assembly 
with Circulating Electrolyte in 

a Compact Modular Design 
Karl Strasser 

Siemens AG, Research Laboratories, D-8520 Erlangen, Germany 

As a consequence of the energy  crisis in the yea r  
1973, the in tens ive  discussion which followed, on the 
possibi l i t ies  of a new or ienta t ion  in the  energy  sector, 
has rev ived  in teres t  in fuel  cells. The l imi ted  reserves  
of p r i m a r y  energy sources such as the fossile fuels and  
the resul t ing  env i ronmenta l  s t rains  due to the i r  com- 
bust ion have intensified the considerat ions of new 
energy  systems in which  hydrogen,  among others,  has 
received special  importance.  

In  such energy  conver t ing  systems, the appl ica t ion  of 
the fuel cell  is advantageous  especia l ly  because of i ts 
favorable  efficiency, noiseless conversion, low ma in t e -  
nance, and also due to the absence of pol lu t ing  gases in 
the case of H2. 

In  spite  of these advantages  the  fuel cell  could not  
find wide spread  appl icat ions  unt i l  now. The reasons 
l ie  not  only  in the r e l a t ive ly  high costs of the  fuel  cell  
i t se l f  but  also in the  costs of  reac tan t s  and  the i r  storage.  
The deve lopment  of Siemens a lka l ine  H J O 2 - f u e l  cells 
was a imed  at  increas ing the power  dens i ty  wi th  s imul -  
taneous improvemen t  in the reproduc ib i l i ty  and in the  
engineer ing fea tures  of the  uni t  (2). 

Basic Principles 
In an a lka l ine  H J O 2 - f u e l  cell system hydrogen  is 

oxidized at  the  anode whi le  oxygen  is reduced  at  the 
cathode. A 30% potass ium hydrox ide  solut ion is used 
as the  e lectrolyte .  Wa te r  and hea t  a re  the  reac t ion  
products  which di lu te  and  heat  up the electrolyte .  

F igure  1 shows the schemat ic  construct ion of the 
cell (3, 4). The free e lec t ro ly te  be tween  the gas-s top 
layers  is typica l  of Siemens fuel  cells. The electrodes 
consist ing of Raney  nickel  (5-7) and doped s i lver  (8) 
a re  gas diffusion e lect rodes  which are  compressed iso- 
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stat ical ly over relat ively flexible metall ic contact 
sheets to improve the electrode contact on the elec- 
trolyte and cur ren t  collecting sides (9). Due to the 
bipolar  a r rangement  of electrodes, the cells of a stack 
are general ly  connected electrically in series. But  it is 
also possible to connect groups of cells electrically in  
parallel.  

The cells are operated wi th  a hydrogen pressure of 
2 bar, a n  oxygen pressure of 1.95 bar~ and a compres- 
sion pressure of 2.8 bar  at  80~ approximately.  Owing 
to the greater  thickness of electrolyte layer  through 
the "free electrolyte" the cell in te rna l  resistance and 
thus the voltage loss is larger  than in comparable 
mat r ix  systems. 

Various auxil iaries are required in operat ing a fuel 
cell stack. They are shown in the funct ional  schematic 
Fig. 2. Hydrogen and oxygen are supplied to the fuel 
cell stack via separate gas pressure regulators and gate 
valves which can be manipula ted  either by hand  or 
over a potent ial-disconnected current  circuit. The in-  
er t  gas proportions are concentrated in the last step of 
a cascading system (10) and are removed by electri-  
cally regulated valves. Along with the in -s t reaming  
of the reacting gases inside the stack, the electrodes are 
s imul taneously  compressed isostatically over "pressure 
cushions" and pressure intensifiers or a l ready "in-  
flated" previously. Dur ing  this course, a check valve 
prevents  the "pressure gas" from escaping. Hydrogen 
also streams into the diffusion spaces of the evaporator 
through a pressure reducing valve. The resul t ing water  
and waste heat  of reaction are in i t ia l ly  removed from 
the fuel cell stack through the circulating electrolyte 
by means of a pump (11) and are again wi thdrawn 
from the electrolyte in the electrolyte regenerator.  The 
waste heat is extracted from the electrolyte regenera-  
tor by  a cooling water  circulation in  which the cooling 
water  inflow is regulated by a valve depending on the 
temperature.  According to the electrolyte level inside 
the tank the condensate emerging from the electrolyte 
regenerator  is ei ther led out or fed back to the elec- 
trolyte circulation. 

The principle of electrolyte regenerat ion (12) 
through an  evaporator  is shown in  f ig.  3. Due to the 
part ial  pressure gradients of vapor between the evap- 
orat ing and condensing areas, water  vapor is t rans-  
ported by diffusion from the electrolyte to the cooling 
water  side where it  condenses. In  this manner ,  water  
and heat are s imul taneously  removed from the elec- 
trolyte. 

Design of the 7 kW-Fuel  Cell Unit  
The construction assembly of the uni t  is represented 

in  Fig. 4. The compact uni t  block having the d imen-  
sions of 245 • 240 • 1025 mm and the weight of 85 kg 
is composed of the funct ional  groups of the fuel cell 
stack, the electrolyte regenerator,  the electromechani-  
cal controll ing unit,  the supply system, and the  elec- 
tronic control device. I t  possesses electrical plugs on 
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Fig. 3. Fuel cell unit: electrolyte evaporator cell 

the fuel cell stack side for the consumer, and connec- 
tions on the opposite side for hydrogen, oxygen, cool- 
ing water, condensate, and scavenging or leakage gas. 
All control elements are flange connected to a wall  of 
the electrolyte tank  that  is created by  the dis t r ibu-  
t ion block. The electronic control un i t  is bolted to the 
fuel cell stack on the service side and is joined to the 
control elements on the supply side through pilot con- 
nections. 

The uni t  is designed as a module whose rated voltage 
can be varied by switching the cell groups in series 
and in parallel  in four different steps (6-9; 12-18; 24.5- 
35 and 49-70V) and whose power can be set by al ter-  
ing the number  of cells also in four steps. In  a p lan t  
consisting of several modules, each un i t  is connected 
over a detachable p lug- l inkage  with the supply system 
which forms a par t  of the module casing. 

The most impor tant  funct ional  group of the assembly 
is the fuel cell stack which, in general,  consists of 70 
cells switched electrically in series. Characteristic for 
the cells are the free electrolyte space, which is filled 
with textured plates for the reason of electrode sup- 
porting, the bonded gas diffusion electrodes, and the 
"pressure cushions" (Fig. 1). Due to the special s truc-  
ture of the tex tured  plate the t ransport  of gas bubbles  
is facilitated and, at the same time, a low flow re-  
sistance is ensured. By vir tue  of preparation,  catalyst  
and binder  are firmly bonded to a support ing textUre 
which conducts the current  fur ther  to a contacting 
sheet. This contacting sheet  possesses impr in ted  flow 
channels for the reactants, and on its reverse side, 
pressure gas is admit ted with the purpose of com- 
pressing the electrode isostatically. 

Figure 5 shows an exploded view of the cell, The 
asbestos diaphragms (13) which prevent  the mixing  of 

Fig. 4. Design and dimensions of the 7 kW compact fuel cell 
Fig. 2. Functional schematic of the fuel cell unit unit. 
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Fig. 5. Exp|oded view of the cell 

gases and electrolyte are sealed t ightly with polysul-  
forte frames by means of an epoxy resin, and the con- 
tacting sheets of pure nickel are pressed around tightly 
with an elastomer frame. Owing to the grooves pro- 
vided in the frames, the network of axial and radial  
channels for electrolyte, reactants, cooling water, and 
condensate is created while bui lding the assembly. In 
prepar ing the electrodes a sedimentat ion process has 
proved useful. Raney nickel is used as catalyst for the 
anode. It  is doped with small  quanti t ies of t i t an ium for 
a bet ter  s tabil i ty at 80~ and for a higher performance 
at lower temperatures.  A silver catalyst precipitated 
from aqueous solution and containing stabilizing addi-  
tives of the oxides of nickel, bismuth, and t i t an ium is 
used for the cathode. The catalysts are powdery. The 
electrodes are obtained by whir l ing a mix ture  of 
catalyst  powder, Teflon suspension, and a small  
amount  of asbestos fibers in water  and sediment ing i t  
on a pure nickel texture. The electrodes thus obtained 
are mechanical ly stable, easy to handle, and their  
loading differences lie in the range of ___5%. The cata-  
lyst loading density of anode is approximately 120 rag/  
cm 2 and that  of cathode approximately 60 mg/cm 2. The 
electrode area is approximately 340 cm 2. 

The assembly of the evaporator components is very 
similar to that of the fuel cell. 

Developmental Problems 
After  initial  difficulties concerning the reproducible 

properties of the anode catalyst, satisfactory results 
were achieved by using a t i tanium-doped catalyst. 

The current -vol tage  characteristics which were 
measured with single cells could also be reproduced 
with fuel cell stacks by applying the isostatic com- 
pression method utilizing the so called "pressure cush- 
ions" in the fuel cell stacks. 

Different potentials at the individual  cells of a stack 
cause parasitic currents  to flow through the electrolyte 
channel  network, diminishing the efficiency. Moreover, 
an impor tant  requi rement  for a uniform removal of 
water  and heat from the fuel cells is that  the electro- 
lyte volume is uni formly  distr ibuted over the cells 
which are streamed through in parallel. By dimension-  
ing the electrolyte channels appropriately and by 
elaborate flow tests a deviat ion of less than •  was 
at tained in the relat ive temperature  distribution. In 
the permissible voltage range of 42-70V of the assem- 
bly, the parasitic losses amount  to 15-35W, i.e., ap- 
proximately  2% at the point of rated load and are 
thus negligible. 

The diaphragms have caused considerable diffi- 
culties by gas leakages, owing to inhomogeneities of 
materials  and the re la t ive ly  low mechanical  strength. 
Satisfactory results were achieved after improving the 
preparat ive method and al ter ing constructive details. 

Special conditions are not imposed on the insulat ion 
resistance because of the low voltage of the unit.  How- 

ever, it was found that  even low currents  can lead to 
operat ional  inefficiency of the uni t  by electrochemical 
corrosion of the materials.  This problem was solved by 
using materials  having an electrical insulat ion re-  
sistance of more than  106 Qcm. 

Results of Measurements with 7 kW Types 
After  the successful test of tr ial  stacks containing a 

small  number  of cells, the projected power was demon-  
strated with the first 7 kW assembly in  June  1977. A 
3.5 kW compact un i t  was put  into operation in Febru -  
ary 1978 after undergoing different improvments.  The 
assembly differs from the s tandard model in its fuel 
cell stack which contains only half the number  of cells 
(35 cells) and in its evaporator  which is only half the 
s tandard size. The second 7 kW assembly was bui l t  in 
May 1978 and tested subsequently.  The third 7 kW 
compact un i t  is under  test successfully since Februa ry  
1979. Figure 6 shows this un i t  mounted  in  a rack in  
order to invest igate its performance under  incl ined 
positions. 

The current-vol tage  characteristic of the uni t  is 
i l lustrated in Fig. 7. The curve is sl ightly bent  due to 
the elevation of the mean  electrolyte tempera ture  
from approximately 72~ at idling state to approxi-  
mately 80~ at rated current.  At a rated current  density 
of 420 mA/cm 2, corresponding to a current  of 142A, the 
mean  cell voltage amounts  to approximately 0.768V 
and the assembly voltage to 53.8V. The characteristic 

Fig. 6. 7 kW compact fuel cell unit 
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Fig. 7. Current-voltage characteristic of the 7 kW fuel cell unit 
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was measured at an H2 pressure of 2 bar, at an O~ 
pressure of 1.95 bar, and at a KOH concentrat ion of 
6-7M. The pressure of the enclosed compression gas 
system varies in  a range of 2.4-3 bar  along with the 
temperature.  

Figure 8 shows the voltage of indiv idual  cells of the 
stack at the point  of rated current .  In  spite of cer ta in  
process-relevant  deviations in the working conditions 
of individual  cells of the stack, for example, the tem-  
perature,  the iner t  gas concentration, the reactant  
pressures, or the loading due to parasit ic currents,  the 
scattering of the cell voltages in the stack is smaller  
than  __+10 mV. The voltage of the cells 12, 13, 20, and 
21 could not  be measured due to difficulties in the 
electrical contacts. But  a small  deviation can be as- 
sumed even in  these cells since the mean  cell voltage 
value calculated from the total voltage is 0.768V. The 
voltage of ceil 70, that  of the reference cell which 
scavenges iner~ gas from 02 side, is a funct ion of the 
iner t  gas concentration. The cell voltage at rated cur-  
ren t  drops to about  200 mV between two cleanings in 
a period of about 30 sec. 

The rated power of the assembly amounts  to 7.55 
kW; the in terna l  consumption of 100W by the controls 
is a l ready included. Figure 9 shows the power of the 
fuel cell stack as dependent  on the current  density. The 
point  of rated load lies on the still ascending par t  of 
the curve. The permissible power is l imited by the 
heat removal  from the electrolyte circulation. How- 
ever, 1.4 times the rated load is permissible for a short 
time. A fur ther  l imita t ion in  power is given by the 
anodic oxidation potential.  The assembly is switched 
off by a voltage control at a mean  cell voltage of 0.6V, 
before the anodic oxidation potential  is reached. 

However, owing to the deteriorat ion in efficiency, 
these voltage ranges are general ly  not  of importance. 
The efficiency at the point  of rated load is about  5I%. 
As shown in  Fig. 10, it  increases in the part ial  load 
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Fig. 8. Voltage of each cell in the fuel cell stack at rated load 
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Fig. 10. Overall efficiency of the 7 kW fuel cell unit as a func- 
tion of the load factor. 

range and attains a ma x i mum of over 60% at a load 
factor of 10-30%. In  this par t icular  behavior, the fuel 
cell is dist inguished from all other known systems of 
energy conversion. 

Under  the switched off state, hydrogen is admit ted 
to the fuel cells on anode and cathode sides. Upon re-  
switching, the assembly voltage increases slowly due 
to gas exchange on the O2 side, and independent  of 
loading, it at tains after 4-5 sec, the final value corre- 
sponding to the current  and the working conditions. 
Figure  11 shows the voltage rise in  five different cases 
of loading on switching at normal  operat ing condi-  
tions. Switching times of less than 1 sec were at tained 
in  tests with tr ial  stacks. Switching times under  3 sec 
are a t ta inable  by dimensioning the gas channels ap-  
propriately,  especially the channels  of scavenging gas 
in the assembly. 

Figure 12 shows the course of the stack voltage at 
changing the current  from 0 to 140A. The voltage 
follows the cur ren t  change wi th  a t ime delay of 
roughly 200 msec. The voltage value is finally estab- 
lished after about 3 sec dur ing loading as well  as dur -  
ing idling. In  this test only an ohmic resistance was 
connected and disconnected. 

If the assembly is switched off the oxygen supply is 
cut out and oxygen present  in the stack is let out at 
least par t ly  by opening the 02 scavenging valve. Gas 
exchange dur ing  switching is associated wi th  a certain 
t ime lag. Since, i t  is also the case dur ing  switching off 
and moreover, since react ing gas is stored in  the elec- 
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Fig. 12. Voltage of the fuel cell unit at chon91ng load under 
normal operating conditions. 

trodes, a longer  per iod  wil l  be r equ i red  for  the vol tage  
drop dur ing  switching off than requ i red  dur ing  swi tch-  
ing  on, as shown in Fig. 13. The figure shows the 
vol tage behavior  of the uni t  at  four  stages of switching 
off wi th  different  ohmic resistances as load. The wave -  
l ike shape of the curve is de te rmined  by  the process 
and mode of control. The vol tage drops to 20% of the 
r a t ed  va lue  wi th in  5 sec on switching off under  r a t ed  
power.  According to invest igat ions  car r ied  out  wi th  
t r ia l  stacks, these t imes can sti l l  be reduced. 

If  the  assembly  is swi tched on at  room t empera tu r e  
a cer ta in  t ime wil l  be requ i red  unt i l  the work ing  
t empe ra tu r e  is at tained.  The der ivab le  power  f rom the 
uni t  a t  room t e m p e r a t u r e  at  49V is nea r ly  40% (~ig~ 
14). The r a t ed  power  wi l l  be a t ta ined  in 7-8 rain if  this  
vol tage is kep t  constant  by  regula t ing  the load dur ing  
the w a r m - u p  phase. The assembly  gets hea ted  up by  
its own losses wi thout  addi t ional  in te rna l  heating.  The 
lower  the load the longer  wil l  be the s t a r t -up  time. 

Progress by Developmental Work  
Figure  15 summarizes  the  progress  made  in the 

deve lopmenta l  work  by  compar ing  the cu r ren t -vo l t age  
characterist ics.  The cells compared  have almost  the 
same dimensions.  Section 1 represents  the technical  
s ta te  ava i lab le  before  beginning the project ,  a 2 kW 
unit  wi th  33-celled stack, bui l t  1970 and a 5 kW unit  
wi th  100-celled stack, bui l t  in 1973. Sect ion 2 r ep re -  
sents the  technical  s tage reached by  the first 7 kW unit,  
bui l t  in 1977. Sect ion 3 represents  the technical  s ta te  
of art,  achieved wi th  succeeding assemblies and o ther  
t r ia l  stacks. 

Compared  wi th  the pas t  technique which has been 
replaced  now, the fol lowing progress  could be made:  
an  increase in cur ren t  densi ty  by  100%, an  increase in 
cell  power  by  300% at room tempera ture ,  an increase  
in  cell  power  by  140% at work ing  tempera ture ,  a 
reduct ion  in s t a r t -up  t ime by  ,--60%, and a reduct ion 
of p o w e r / w e i g h t  rat io by  ~--70%. 

A fu r the r  increase  of the power  dens i ty  of Siemens 
a lka l ine  H2/O2 fuel  cells containing free e lec t ro ly te  
and using non-noble  meta l  catalysts  is probable .  The 
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prac t ica l  use of such fuel  cells, however ,  depends  not  
only  on technical  character is t ics  such as the power  
dens i ty  of the  fuel  cell unit,  bu t  jus t  as much on the 
product ion  costs of the units, the ava i l ab i l i ty  of 
s torage capacity,  and the costs of the reac tan ts  and the 
costs of the  auxi l ia r ies  (He tank, O2 tank,  cooling wa te r  
condenser,  etc.).  The presen t  overa l l  s i tuat ion l imits  
the use of fuel cell  units to special  applications.  How-  
ever,  if  the  impor tance  of hydrogen  as a fuel in-  
creases, and  advances  are  made  in i ts product ion,  
storage, and dis tr ibut ion,  there  would  arise a number  
of possible appl icat ions  including use in conjunct ion 
wi th  a modified a lka l ine  H2/air  fuel cell. The favorab le  
pa r t - l oad  behavior  of the  fuel  cell  and its envi ron-  
menta l  acceptabi l i ty ,  as wel l  as the s torage of energy  
in chemical  form combined wi th  the poss ibi l i ty  of 
s imple tanking,  make  i t  sui table  for mobile  and s ta-  
t ionary  power  supplies  ( including s t andby  power  sup-  
plies)  in tha t  i t  wil l  rep lace  at least  a propor t ion  of 
convent ional  accumulators .  In  compar ison wi th  ac-  
cumulators,  the  favorable  weight  of the  ent i re  sys tem 
(power  densi ty  inclusive of gas cyl inders  and cooling 
sys tem is h igher  by  a factor  of 4) together  wi th  the 
a forement ioned  advantages ,  the poss ibi l i ty  of r a p i d  
tanking,  env i ronmenta l  acceptabi l i ty ,  and  favorable  
efficiency character is t ic  in the pa r t - l oad  range  open 
up fu r the r  appl ica t ion  possibi l i t ies  wi th  respect  to the  
electr ic propuls ion of land  and wa te rbo rne  vehicles.  
The power  dens i ty  and the fact  tha t  opera t ion  is inde -  
pendent  of the  a tmospher ic  a i r  make  fuel  cells sui table  
for appl icat ions involving the propuls ion  of submarines ,  
e.g., for research  purposes  or for the main tenance  of 
technical  equ ipment  ( submar ine  cables, dr i l l ing  rigs, 
etc.).  I t  is also quite conceivable  tha t  they  could be 
used for producing  electr ic  energy  local ly  wi th  s imul -  

Fuel Cell Stack Voltage UB 1 2 kW-BZA 2.3 33 cells 
7 kW - BZA4 Mean Fuel CeU Voltage U z 2 7 kW- BZA 4.1 70 cells 
T 3 1.813.08 "~ 

2kW- ~ ~ ~ LB501 502 S03L 127cells BZA2 / ~ 8angeo~continuonsoperation .==;~,*,';-~"A~ ( 
70 ,, 10081 \  ,kW.SZ,4 , J 
vv 
63 -29.7 
56 ;20.4 800] 

49 123.1 700J perating conditions: 

t | H2 = 2 bar p 195 bar 42 19.8 600-1 O2 = . 
~ ~ '  pp = 2.8bar 

35 -16.5 500-12 kW- BZA 2.3 TKO H ~ 80-90 ~ 
7KO H = 1.25 g/cm~ 

100 200 300 400 500 60{)mA 
�9 Current dehsity i cm2 

2kW-~ZA2 200 576 00.4 11s2 144 A 1728 
7kw.8zA4 o 3'4 G~ 1~2 116 1~0 A 2~  

Current ~]~ 

Fig. 15. Fuel cell units; comporlson of the current voltage 
characteristics. 
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taneous uti l ization of the thermal  losses for space heat-  
ing. But  we will first endeavor to collect experience 
wi th  the operat ion of fuel cell pilot plants of small  and 
medium ratings. Economic use of fuel cell uni ts  in the 
fu ture  will entai l  considerable effort to reduce costs 
and improve reactant  production methods. 
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Electrical Conductivity of the 
I-iI-H O-AL03 System 

S. Pack 
Center for Solid State Science, Arizona State University, Tempe, Arizona 85281 

B. Owens* 
Medtronics, Incorporated, Minneapolis, Minnesota 55418 

and J. B. Wagner, Jr.* 
Center for Solid State Science, Arizona State University, Tempe, Arizona 85281 

A dispersion of insoluble particles in certain solid 
ionic conductors is known to increase their total elec- 
trical conductivi ty (1-3). This note reports data on the 
electrical conductivi ty of in termediate  compositions 
wi thin  the LiI-H20-A120~ system. 

Experimental 
In  view of the complex equil ibria  among various hy-  

drates of LiI and anhydrous  LiI (4), the following dry-  
ing procedure was adopted. A commercial ly obtained 
anhydrous  LiI (Foote Mineral  Company) was heated 
under  vacuum (~1 • 10 -2 Torr)  at 60~ for 5 hr fol- 
lowed by 100~ heating for another  5 hr. Finally,  it was 
dried at 140~ under  vacuum overnight.  The kinetics 
of the drying process is not known but  the x - ray  pow- 
der diffraction of the samples prepared as above 
showed only the diffraction lines due to anhydrous LiI. 
A lumina  powders (Adolf Meller Company) of 0.3 ~m 
nominal  diameter  s were dried under  vacuum at ~750~ 
for 17 hr. Both dried materials  were manipula ted  in a 
glove box in  which air was dried by circulation 
through a column packed with P205 [0.04 ppm V H20 
(5)] to ensure that  the water  vapor pressure inside 

* Electrochemical  Society  Act ive  Member.  
Key words:  conductance,  x-ray powder  diffraction, hydrates .  
1 The  reported size of Al~O3 is d e t e r m i n e d  by two d i f fe ren t  

methods.  Using BET, Adolf  Meller  r e po r t s  30 m2/g  while  an in- 
d e p e n d e n t  laboratory  reports  to us  ,-,23 m~/g. Using these  num-  
be r s  and assuming spherical  partic les  one calcula tes  ~0.(}5 /~m 
d iam particle  size. SEM observat ions  show the particles  to be 
platelet- l ike with  the smallest  d imens ion  0.2 /Lm (undried)  to 
0.08 ~m (dried) .  There  is  a size distribution ( u n k n o w n  to us)  and 
there  is  some agglomerat ion:  0.5-2 # m  (undried)  and 1.5-4 ~m 
(d r i ed ) .  

was less than that  required for the formation of the 
LiI monohydrate  (0.5 ppm V at 25~ (6, 7). Anhy -  
drous LiI was observed to be stable even after extended 
exposure in the above-ment ioned glove box. All salts 
( including the hydrates) were blended with the alu-  
mina  in an agate mortar  and pestle inside the glove 
box. A portion was loaded into a stainless steel die and 
pelletized at 120,000 psi at room temperature.  At the 
same time another  portion of the sample was sealed 
into a capil lary for the x - r ay  diffraction measure-  
ments. The water  content  of the samples was qual i ta-  
t ively monitored by the x - ray  powder diffraction 
method. Unusual ly  long x - ray  exposure times were 
required to record the weak diffractions of the minor  
component. The hydrates were prepared by exposing 
powdered anhydrous LiI to various humid envi ron-  
ments.  In  the absence of any  elaborate control of water  
vapor pressure, it  was not possible to obtain pure 
mono-, di-, and tr i-hydrates.  Hence, for a given hy-  
drate, a trace of a second equi l ibr ium phase was al-  
ways present. The sample pellets were sandwiched 
and spring loaded between various combinations of 
electrodes of stainless steel and /or  Li metal. Generally,  
the measured values did not depend on the electrodes 
used. However, Li electrodes tended to deteriorate at 
elevated temperatures  ( >  ~50~ when the H20 con- 
tent  approached monohydrate  level. The conductivi ty 
measurements  (1.6 kHz a-c or d-c measurements  at 
voltages below 0.5V) were carried out under  a flow of 
dried argon using a Wayne -Ker r  B221 Bridge, Kei th-  
ley 616 Electrometer, and Keithley 260 Nanovolt  source. 
No thermal  p re t rea tment  was carried out pr ior  to the 
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measurements .  Measurements  were  started at about 
25~ and the tempera ture  was monotonical ly  in- 
creased. 

Results and Discussion 
The logar i thm of a-c  conduct ivi ty  vs. 1/T for the 

Li I -H20 system is shown in Fig. 1. The conduct ivi ty  of 
anhydrous LiI  is in good agreement  wi th  previously 
reported values (1, 8, 9) be tween  25 ~ and 190~ Be-  
cause the di- and t r i -hydra te  are not  stable above 
about 70~ measurements  were  l imited to lower  t em-  
peratures.  The x - r a y  powder  pat tern  of the dihydrate  
is given in Table I. This pat tern  was identified as 
LiI  �9 2H20 by interpolat ion of 100 plane '  d-spacings of 
LiI, LiI �9 H20, and LiI  �9 3H20. 

When a trace amount  of LiI  �9 H.20 was present  in LiI  
(denoted by A in Fig. 1), the Arrhenius  plot was not 
l inear  and the conduct ivi ty  increased sharply with 
tempera ture  to ~130~ above which the conduct ivi ty  
values become errat ic  giving high values. Below 
,-,130~ the curve was reproducible  with respect to 
t empera ture  cycles. Results using d.c. (Li electrodes) 
and a.c. (Li electrodes) on this sample were  identical.  

We cannot explain the curva ture  of this Arrhenius  
plot, however  the m a x i m u m  change in conduct ivi ty  
occurs at 130~ which corresponds to the repor ted  
eutectic of LiI  �9 HeO and LiI  �9 1/2H20. This resul t  sug- 
gests that  a highly conducting solid LiI �9 1/2H20 phase 
is formed or a fusion process occurs. Fur ther  s tudy of 
the phase d iagram is needed. 
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Fig. I .  Logarithm of the a-c conductivity of LiI-H20 (no AI203 
present) vs. 1/'/'. - - -  Lil (this study); A Lil + trace Lil �9 H~O; 
�9 Lil �9 H20 + trace Lil �9 2H20 (see text). Curve a: initial heat- 
up; curve b: annealed at 70~ and cycled; curve c: annealed above 
100~ and cycled; curve d: onnec~led at 100~176 which on 
cooling follows curve c. X L i l .  2H~O ~ trace Lii .:~H~O; [ ]  
Lil �9 3H~O. 

Table I. X-ray powder pattern of Lil �9 2H20 
(d-spacings, ~., and intensities) 

5.60 S 3.22 S 
4.69 S 3.14 M 
4.50 S 3.08 S 
3.98 S 2.85 S 
3.81 S 2.65 M 
3.41 M 2.33 M 

and 10 w e a k  l ines  

Below ~70~ the conduct ivi ty  of the monohydra te  
containing a trace amount  of dihydrate  depended on 
the anneal ing t empera tu re  of the conduct ivi ty  pel let  
( ~ 2  hr)  as indicated by closed circles in Fig. 1. As 
the tempera ture  of the sample was ini t ial ly raised the 
conduct ivi ty  fol lowed the curve a. When it was an-  
nealed at 70~ and was cyc led  in tempera ture  be tween 
70~ and room temperature ,  curve  b was followed. 
Heat ing the sample above ~100~ and t empera tu re -  
cycling produced curve  c. Heat ing be tween 100 ~ and 
130~ yielded curve d which on cooling fol lowed curve  
c. The kink at ~-78~ is bel ieved to be due to the 
eutectic of L i I .  H20 and L i I .  2H20. The magni tude  
of the kink tends to become smaller  with repeated 
tempera ture  cycling and with higher  anneal ing tem-  
pera ture  (~,120~ The samples of lesser L i I .  2H20 
content  behaved similar  to curve c without  complica-  
tions shown in curves a and b. Above 130~ the sys- 
tem become unstable wi th  slow sample deterioration. 
These data suggest that  the conduct ivi ty  of pure  
LiI �9 H20 would extend below ~78~ (as an extension 
of  curve d or paral le l  to d, because no eutectic would 
form) ,  yielding a value of ,,,2 • 10 -5 ~ - 1  cm-1  at 
25~ and would exhibi t  the same act ivat ion energy  as 
LiI. It  has been pointed out that  this two orders of 
magni tude  increase in conductivity,  re la t ive  to that  
of pure  LiI, is consistent wi th  the repor ted  s t ructures  
(16). 

The addit ion of 24 mole percent  (m/o)  dried A12Os to 
anhydrous LiI did not resul t  in a conduct ivi ty  en-  
hancement  (open circles in Fig. 2). However ,  the 
presence of A12Os extended the extrinsic region giving 
the knee  t empera tu re  about  300~ compared with  250~ 
reported for pure  LiI  by Jackson and Young (8). 
There was no difference in conductivity between 
samples prepared by ground-mixing of LiI and Al2Os 
and by ground-mixing followed by fusion. In the 
later case, the ground-mixed sample of dried Lil and 
A1208 was placed in a quartz boat inside a quartz re- 
action tube and the reaction tube was stopcock-sealed 
inside the dry box described earlier. The reaction tube, 
situated in a furnace, was evacuated and heated to 
300~ while pumping. Finally the sample was fused 
in vacuum at 500~ for an hour. In contrast, when 
water was present along with A1203 there was an 
increased conductivity. This observed increase with 
the presence of water and Al20~ is in accord with other 
observations (I0, 2). The conductivity enhancing role 
of H20 is also found in a similar electrolyte system, 
namely LiI �9 xAl2(SO4)2 - nH20 (ii). 

For two samples of LiI with a trace of LiI. H20 
denoted by A (case I) and by X and [] (case If) in 
Fig. 2, the H20 was introduced into the system of LiI 
Al~O8 through different paths. In case I, H20 was car- 
ried in by undried A1203 while LiI carried water in 
the form of LiI �9 H.20 in case II. Invariably LiI �9 H20 
was indicated in both cases by x-ray diffraction. In 
case If, the magnitude of the conductivity varied 
qual i ta t ive ly  wi th  H20 content  and the act ivat ion 
energy was 0.5-0.8 eV. The act ivat ion energy  for case 
I was 0.76 eV and tended to decrease wi th  A120~ and 
H20 content. F r o m  the re la t ive  intensities of the pow-  
der diffraction lines, it was est imated that  about 5 m / o  
of l i th ium iodide was present  as the monohydra te  
phase wi th  the balance being anhydrous l i th ium iodide 
for  case II  denoted by [] in Fig. 2. According to weight  
loss measurements  on drying A1203 powder,  the 
sample case I would contain 2 m / o  L i I .  H20. These 
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dry ing  of the A1203 var ied  the resu l tan t  25~ conduc-  
t iv i ty  by  one order  of magni tude .  Von Alpen  and Bell  
(15) recen t ly  repor ted  the  conduct iv i ty  of LiI  and  
LiI(A1203).  Thei r  conduct iv i ty  da ta  for anhydrous  LiI  
agrees  wi th  previous  values.  Dr ied  7-A1203 (50 m/o )  
caused about  an order  of magn i tude  increase  in ~ bu t  
less than  the two plus orders  r epor t ed  by  Liang et al., 
for ,~40-60 m/o  A1203 of unspecified par t ic le  size. 

Summary 
The conduct iv i ty  of Li I  p r epa red  under  low pH20 

(<0.05 ppm V) has been measured  and resul ts  agree  
wi th  ea r l i e r  invest igat ions.  Addi t ions  of 24 m/o  p r e -  
d r ied  A1203 part icles ,  0.3 ~m nominal  size mixed  a n d  
pressed d ry  into pellets,  d id  not  enhance the  conduc-  
t ivity.  The conduct iv i ty  of hydra tes  of LiI  wi th  and 
wi thou t  A120~ par t ic les  has been measured  and the 
enhanced conduct iv i ty  was a t t r ibu ted  to the presence 
of H20. The conduct iv i ty  increase  when A120~ par t ic les  
were  added  is p r i m a r i l y  due to the  presence of H20. 

The ac t iva t ion  energy  of the mix tu re  depends  on the 
the rmal  t r ea tment  of A1203 when the H20 content  is 
low. An  unders tand ing  of the exis tence of the  L i I .  
1/2H20 and the ent i re  Li I  �9 H20 sys tem requi res  fu r -  
ther  study.  
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Fig. 2. Logarithm .of a-c conductivity of LiI-H20-AI203 vs. I /T.  
O 24 m/o AI203 dried 4- Lil (prepared in glove box < 0.3 ppm 
V); A 25 m/o AI203 as received 4- Lil 4- trace Lil �9 H20; case 
I: moisture introduced by moist AI203; X 35 m/o AI203 dried 4- 
Lil 4- trace Lil �9 H20; case I1: moisture introduced by hydrates; 
[ ]  35 m/o AI~O3 dried 4- L i l - H 2 0  4- trace Lil; case 11: 
moisture introduced by hydrates and relatively more moist than 
sample denoted by X (above). - - e - - e - - e - -  40 m/o AI203 4- Lil 
[Ref. ( I ) ] ;  , 50-60 m/o AI20~ 4- Lil [Ref. (13)]. 

resul ts  suggest  tha t  the presence of a few mole  pe r -  
cent  of the hydra t e  phase in the Li I -A12Q mate r ia l  in-  
creases the conduct iv i ty  by  one to two orders  of mag-  
nitude.  

X - r a y  powder  diffract ion showed both the dr ied  and 
undr ied  A1203 to be ~-form. 2 Therefore  one must  infer  
the difference is due to the change in surface of A12Oa 
resul t ing  in the  a l t e ra t ion  of H20 distr ibut ion.  I t  is 
reasonable  to assume that  the undr ied  A1203 localizes 
H20 such that  Li[  �9 H20 is under  the influence of the 
surface since the dehydra t ion  efficiency of L i I .  H20 
and A12Q are  comparable  being 0.5 ppm V and 1 ppm 
V (12) at  room tempera ture ,  respect ively.  E i ther  the 
increase  in H20 content  or the  deact iva t ion  of the 
A1203 surface by  hea t ing  would  resul t  in more  free 
L i I .  H20 and yie ld  a lower  act ivat ion energy ap-  
proaching  that  of LiI  �9 H20 in case I. 

I t  is noted that  the conduct iv i ty  of LiI  �9 H20-A1203 
wi th  a t race  of LiI  is comparab le  to tha t  of LiI  �9 H20 
wi thout  A1203. For  comparison, the conduct iv i ty  data  
of LiI-A1203 in the l i t e ra tu re  (1, 13) are  included in 
Fig. 2 (denoted by  - -  and -e -e -e_o-e_) .  The authors  did 
not  specify the H20 content  in thei r  samples.  I t  is pos-  
sible that  some mois ture  in the samples  (handled  under  
<15 ppm V H20 envi ronment )  affected thei r  results.  
More recent  repor ts  (14) show that  the degree of p re -  

Meller Company reports 0.3 ~m AlcOa to consist of 70% a- and 
30% ~-Al~O:. 
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Pyrolytic Deposition of MnO  Layers in 
Saturated Water Vapor Atmospheres 
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Depa~tamento de Fisica Aplicada and Inst. Fisica Estado S6~ido, 

C.S.LC. Universidad AutSnoma, Cantoblanco, Madrid, Spain 

The pyrolytic decomposition of manganese  nitrate 
to produce the MnO2 layer  in  solid electrolyte t an ta lum 
capacitors results in a degradat ion of the electrical 
characteristics of the dielectric Ta205 and the contact 
resistance (1-4). The resul t ing harmful  effects can be 
par t ia l ly  avoided by introducing moist air  in  the oven 
while performing the pyrolysis (5). In  this case the 
resul t ing layers of MnO2 present  a higher degree of 
compaction and better  contact with the rest of the 
cathode layers (6). In  spite of its technical significance 
there is a lack of results in the l i terature  on the 
characteristics of the MnO2 pyrolytic deposition in  
saturated water  vapor atmospheres and the influence 
of the MnO2 layers in  the electrical characteristics 
of capacitor s tructures using MnO2 as electrolyte. 

In  this paper  the pyrolysis of the manganese  ni t ra te  
Mn(NOa)2 �9 6H20 was performed at 250~ in an oven 
saturated with water  vapor. The pyrolytic decomposi- 
t ion of the ni t ra te  usual ly took a m i n i m u m  of 2 hr. 
The oven was provided with a small  orifice to !et 
the reaction gases escape and at  the same t ime insure 
a relat ive humidi ty  of practicaIly 100% and a slight 
overpressure relat ive to atmospheric. 

It has been found convenient  in  this work to follow 
the changes, during the decomposition of the man-  
ganese nitrate,  of the products of the reaction. This 
provided a means of controll ing step by step the 
pyrolytic reaction and gave direct informat ion of the 
properties of the end product. For this purpose, the 
resistivity was measured by means of a cell provided 
with p la t inum electrodes and using a Hewlett  Packard 
4261-A LCR bridge at a f requency of 1 kHz. The 
p la t inum electrodes (size 5 X 5 mm 2, separated 2 mm) 
were fixed wi th in  the reaction cell and the tempera-  
ture  was measured with a sheathed thermoeouple 
located close to the electrodes. 

The cell in which the decomposition of the manganese 
ni t ra te  was performed was general ly  introduced in  
the oven when the temperature  was 100~ and sub-  
sequent ly  the tempera ture  of the oven was raised 
to 250~ Figure 1 shows the var iat ion of the resistivity 
and the tempera ture  during the reaction in the satu-  
rated water  vapor atmosphere. Three stages, indicated 
by  the letters A, B, and C c a n ' b e  dist inguished in  
the curve for resistivity. It  is interest ing to point  out 
that these stages can be correlated to those found by 
Gallagher et al. using thermogravimetry  and differ- 
ential  thermal  analysis techniques (7-9). 

The first stage in Fig. 1 of the pyrolytic decomposi- 
tion is dominated by the loss of the water  of crystal-  
lization and consequently the temperature  increases 
very slowly. Similar ly  the resistivity rises slowly 
dur ing  this stage, probably as a consequence of a 
growing viscosity, but  its variat ion with t ime becomes 
much steeper as the t ransformat ion of the ni t ra te  
in  oxyni t ra te  ( M n O N Q )  proceeds (stage AB). Next, 
the formation of the MnO2 begins by the decomposi- 
tion of the unstable  MnONOs .which cannot be iso- 
lated. Therefore, the section BC of the curve in Fig. 
1 is characterized by a strong decrease in the resis- 
t ivi ty due to the large electrical conductivi ty of the 

Key words: solid electrolyte, semiconducting oxide, electrolytic 
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Fig. 1. Variation of the resistivity (solid line) and the tempera- 
ture (broken Fine) during the manganese nitrate pyrolytic decom- 
position in a wet atmosphere. 

MnO~ which behaves as a near ly  degenerate semi- 
conductor. 

Comparing the results of the pyrolytic decomposi- 
t ion in  a saturated water  vapor atmosphere with 
decomposition in a regular  dry  ambient,  the former 
presents several  technical advantages. The rate for 
the MnONO3 --> MnO2 -t- NO2 reaction is much faster 
in  the moist atmosphere, as a consequence of the 
smaller  act ivation energy fo.r the reaction in  this 
ambient  (9). Also, the resist ivi ty of the resul t ing 
MnO2 is substant ia l ly  lower when  the pyrolysis is 
performed in the water  vapor atmosphere, as will  
be seen below in  more detail. Other differences are 
related to the porosity, density, and s t ructure  of the 
resul t ing MnO2 product. Figure 2 shows a scanning 
electron micrograph of the MnO2 layers deposited in  
the water  vapor atmosphere. In  this case, the layers 
present  a higher degree of compaction, a bet ter  un i -  
formity, and a smaller  grain size (12 ~m vs. 100 ~m 

Fig. 2. SEM micrograph of the surface of the MnO2 samples 
obtained in a wet atmosphere (reticule 100 Fm). 

2180 



Vol. 127, No. 10 PYROLYTIC DEPOSITION OF MnO~. 2181 

for the dry atmosphere case). Fur thermore,  the a p -  
p a r e n t  density I was 3.74 __ 0.10 g/cm3 for the samples 
formed in  the wet atmosphere and 3.33 __. 0.10 g /cm 3 
for those obtained in  dry air. X - r a y  determinat ions  
of s t ructure  were also performed showing that  the 
inter ior  of the MnO2 layers essentially consisted of 
the #-MnO2 phase. However, the surface region pre-  
sented a high proport ion of 7-MnO2 (10) which could 
amount  up to 52% of the total for the samples de-  
posited in  a dry atmosphere. 

The resist ivi ty of the MnO2 samples was measured 
in  d.c., under  a. polarization of 0.25V, and in low 
frequency a.c., yielding essentially the same results. 
The value of the resist ivity and the slope of the log p 
vs. 1/T curve at 20~C is given in Table L It can be 
observed from it that  the samples pyrolyzed in  the 
moist atmosphere show an electrical conductivi ty 
more than one order of magni tude  higher than  those 
pyrolyzed in  the regular  atmosphere. The electrical 
conduction in  MnO2 is supposed to be due to oxygen 
vacancies producing donor levels (n- type  conduction).  
Accbrding to this, a value of 0.015 eV is obtained for 
the donor level in the MnO2 samples deposited in  the 
water  vapor saturated atmosphere, value which is 
substant ia l ly  lower than  the corresponding value of 
the sample deposited in  a dry atmosphere (Table I) ,  
and other values reported in  the l i terature  for samples 
pyrolyzed unde r  this condition (10, 11). 

Since an impor tan t  technical application of the MnO2 
is as a solid electrolyte in the capacitor industry,  the 
behavior  of the MnO2 layers pyrolyzed under  different 
ambients  were tested in  capacitive structures of the 
TMM type (Ta-Ta2Os-MnO2-metal) prepared on tan-  
ta lum foil previously subjected to s tandard cleaning 
and chemical polishing procedures (12). For this pur -  
pose, the t an ta lum was anodized in a 0.01% HsPO4 
aqueous solution at a constant  current  density of 1 
mA �9 cm -2 un t i l  a formation voltage of 100V was 
reached. After  the pyrolytic deposition of the MnO2 
layer  dur ing a m i n i m u m  of 2 hr  the foil was reano-  
dized at 55V in  an HNO3 electrolyte (p _-- 800 12-cm). 
The dielectric properties of the TMM structures were 
measured with a General  Radio 1620 capacitance bridge 
in  the 102-105 Hz f requency range and the contact 
resistance Re was obtained from the dissipation factor 
( tan 8) following the series-circuit  analysis of McLean 
(13). The values of Rc are also shown in Table L The 
much bet ter  value of Rc obtained for the capacitive 
structures with the MnO2 deposited in the saturated 
water  vapor atmosphere might  be a t t r ibuted to the 
higher electrical conductivi ty and the smaller  porosity 
of the corresponding MnO2 layers. 

The scinti l lat ion voltage Vs dur ing  the reanodization 
of the Ta-Ta2Os-MnO2 structures was measured on 
samples formed at voltages Vf between 40 and 200V 
and reoxidized at a current  density of 1 mA �9 cm -2 
un t i l  the scinti l lat ion or breakdown phenomenon first 
appeared. The results obtained for Vs as a funct ion 
of Vr are shown in Table II, each value represent ing 
the average for three similar  capacitive structures. 

1 In order to determine the density, the volume considered is 
limited by the geometrical external surface of a given portion of 
mass in a container and therefore does incorporate the empty 
spaces due to the inherent porosity. 

Table L Electrlca! characteristics of the Mn02 layers 

Contact resist- 
Resistivity Slope ance (capacitive 

Sample (9 �9 cm) ( e V )  struct.) (9) 

Wet pyrol. 0.42 + 0.01 0.015 0.50 
Dry pyrol. 7.5 + 0.10 0.070 17.8 

Table II. Scintillation voltage of the Mn02 layers (V) 

V~ V~ (wet pyrol.) V. (dry pyrol.) 

40 40 45 
80 65 60 

120 90 80 
160 ii0 75 
200 130 75 

The largest uncer ta in ty  in  the measurements  of Vs 
was found in  the higher formation voltage ranges 
(Vf between 160 and 200V) and was always less than  
10%. i t  can be deduced from Table II that for low 
formation voltages (Vf < 120V) Vs shows a close to 
l inear  var iat ion for the capacitor structures with the 
MnOz deposited in  both wet and dry atmospheres. 
However, when  Vf > 120V the former atmosphere 
causes a scinti l lat ion voltage approximately equal to 
0.75 Vf, whereas the lat ter  shows a value of Vs always 
below 80V. This fact might  be due to both a greater  
damage in the Ta20~ dielectric caused by the pyrolytic 
deposition or a lesser degree of oxidation (14) of 
the MnO2 layers deposited in the regular  atmosphere 
as compared to the saturated water  vapor one. In  
this respect, it can also be remarked that the leakage 
current  density through these structures, measured  
after  polarizing dur ing  5 min  at  one-four th  the forma-  
t ion voltage (Vf = 100V in this case), showed a value 
of about 10 -7 A �9 cm -2 for the structures in  which 
the MnO2 layers were deposited in  the wet atmosphere, 
being approximately  one order of magni tude  larger 
for the case of the MnO2 layers pyrolyzed in the 
s tandard ambient .  
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Concentration Dependence of the Gibbs Energy 
of Transfer of NaCI from D,O to 
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The thermodynamic  properties of t ransfer  of elec- 
trolytes from heavy to l ight water  can provide useful  
data for the in terpre ta t ion of the effect of electrolytes 
on the s tructure of water  (1, 2). The most direct 
method for the de terminat ion  of the molar  Gibbs 
energy of transfer,  AGtr, of an electrolyte from one 
solvent to another  solvent involves the use of electro- 
chemical double cells without  t ransference (3). An 
appropriate cell for the determinat ion of ~Gtr of 
NaC1 from heavy to l ight water  is 

Ag(s)  [AgC1 (s)INaCI (D20)INa(Hg)  

INaCI(H20) IAgCI(s) /Ag(s)  [1] 

where Na(Hg) represents a flowing sodium amalgam 
junction. The net  cell reaction of cell [1], operat ing 
under  reversible conditions, is 

NaCI(D20) = NaCI(H20) [2] 

Voice (4) has used cells of type [1], and appropriate 
analogues, to determine AG~ from D~O to H20 for 
a var ie ty  of electrolytes; he has also sumn~arized and 
crit ically evaluated the results of previous workers. 
All  of the electrochemical investigations prior to the 
work reported herein were confined to concentrations 
below about  0.3M, and only a very slight effect, if 
any, of concentrat ion on the AGtr values was observed. 

The detailed structures of D20 and H20 are different 
owing to the greater s trength of deuter ium bonds 
relative to hydrogen bonds. Consequently, electrolytes 
that  are water  s t ructure  breakers (5) or water  s truc-  
ture makers might  be expected to exhibit  concentra-  
t ion-dependent  AGtr values. For this reason we decided 
to determine AGtr for reaction [2] over the range 
0.3-4M in order to ascertain if the Gibbs energy of 
t ransfer  of NaC1 from heavy to light water  exhibits 
a concentrat ion dependence. We have found that AGtr 
for NaCI is concentrat ion dependent  and we have 
offered a quali tat ive explanat ion for this effect. The 
effect of different concentrat ion scales on the values 
of  AGtr is  a l s o  d i s c u s s e d .  

The Ag(s)1AgCl(s)  electrodes were prepared by the 
thermal-electrolyt ic  method (6); the bias potentials 
of the pairs of electrodes used were less than 0.03 mV. 
The mercury  (Quicksilver Products, Incorporated, C.P. 
tr iple distilled) was covered with 0.001M HNO3(aq) 
and agitated with a s tream of air. The dried Hg was 
run  out from the base of the cleaning vessel into a 
vessel containing a known quant i ty  of clean Na(s)  
under  an argon atmosphere. The Na(Hg)  (ca. 0.003M) 
was agitated with a stream of argon gas for about 
24 hr. The amalgam was stored under  argon and 
agitated gently to allow any insoluble impuri t ies  to 
rise" to the surface. A flowing amalgam junct ion  was 
used in  the cell. During measurements  the amalgam 
was run  continuously into the cell through capillaries 
at a flow rate of about 2-3 cm 3 �9 min-Z. A doubling 
of the flow rate had no effect on the measured emf. 
The l~aC1 cell solutions were prepared from weighed 
quanti t ies of dried p r imary  s tandard NaCl(s)  and 
oxygen-free  H20(1) or D20(1) (99.7 atomic percent  
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D). The cell contents were cont inuously purged with 
argon gas delivered to the cell through presaturators.  
Continuous emf measurements  were made using a 
Keithley 602 Solid-State Electrometer the output  of 
which was fed to Mosley-Autograf  Model 7101B chart  
recorder. The system was calibrated by feeding in 
known voltages from an NBS-certified L and N K-3 
potentiometer.  After  a cell was set up it  was allowed 
to equil ibrate for about  2 hr before the amalgam flow 
was started. The Ag(s)IAgC1 (s) electrodes were equil-  
ibrated with separate samples of respective cell solu- 
tions before insert ion in  the cell. The measured emf 
values were stable wi thin  +--0.05 mV. All  measure-  
ments  were made at 24 ~ +- I~ 

Two separate sets of experiments  w e r e  run. In the 
first set of experiments  the molalities (moles of solute/  
ki logram solvent) of NaC1 in  H20 and D20 were made 
equal in  each experiment.  In  the second set of experi -  
ments  the aquamolal i ty  (moles of solute per 55.508 
moles of water)  of NaC1 in H20 and D20 were made 
equal in each experiment.  The results are given in 
Table I, and the data are displayed graphical ly in Fig. 1. 

As is evident  from Fig. 1 the results for the equi-  
molal and equiaquamolal  cases are quite different. 
Up to 1M most of the difference 5 -- 8a can be ac- 
counted for solely on the basis of the difference in 
the two concentrat ion scales because 5 ~ -- ~~ = 
(2 RT/F)ln(MD2o/MH2o) = 5.42 mV, where the Mi 
values are the molecular  weights. For exam- 
ple, at 1M, 5 -- 5a = 5.65 mV. However 
above 1M the difference in  ~ -- 8a increases and at  
4M, ~ -- ~a = 8.85 mV. The equimolal  data are 
difficult to in terpre t  in terms of the influence of NaC1 
on the s tructure of water  because, al though the moles 
of NaC1 per ki logram of water  is the same in  the 
two solutions, the ratio of the moles of water  to 
moles of salt is 55.51/M for NaCI(H20) and 49.93/M 
for NaCl(D20).  In  addit ion differences in ion- ion 
interactions arising from "dilution" of the NaC1 on 
being t ransferred from D20 to It20 are superimposed 
on the effect of salt on the water  structure. Over 
the range 1-4M, ~• for NaCI increases with increasing 
m (7) and this effect will make dS/dm > 0 [--  (2RT/F)  
I n  ("f~NaCI(H20)/"f• > 0].  These difficulties are 
essentially el iminated in the equiaquamolal  case be- 
cause the ratio of moles of isotopic water  to moles 
of salt is the same in the two solutions, namely,  
55.51/M. 

Table I. Results of measurements on the cell (24 ~ • 1~ 
Ag(s) IAgCl(s) I NaCI(m,D~O) I Na(Hg) INaCl(m, H20) IAgCl(s) lAg(s) 

5 5, 

0.300 - -  5.75 
0.500 12.25 
0.600 ~ 6.25 
1.000 12.45 6.80 
1,500 6.85 
2.000 12"~5 6,65 
3.000 13.50 6.20 
4.00 14.25 5.40 

is the cell voltage for the  equimolal  solutions and ~ is the  
ceil voltage for equiaquamolaI solutions. All  voltages  are • 
mV except  for the 0.SM cell which is -----0.15 inV. 
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Fig. 1. Emf as a function of molality (24~ of the ceth 
Ag(s) tAgCl(s) ] NaCI(m,D20) I Na(Hg)I NaCl(m,H20)1AgCl(s)L Ag (s). 

We in te rp re t  the ~ ( m )  da ta  for the equiaquamola l  
t r ans fe r  react ion as follows: because the O - - D . . . O  
bonds  (deu te r ium bonds)  in D20 are  s t ronger  (by  
about  0.5 kca l /mole )  than  the O - - H . - . O  bonds (hy -  
drogen bonds)  in tt20, a wa te r  s t r uc tu r e -b reak ing  
sal t  l ike  NaC1 (2, 1) wil l  exhibi t  a negat ive  hdtr,  
and therefore  a posi t ive va lue  of ~tr for the process 

GIBBS ENERGY 2183 

NaC1 (D20) -> NaC1 (H=O) 

In  other  words  more  Gibbs  ene rgy  is re leased  on 
re forming  the deu te r ium bonds on desolvat ion of the  
ions than  is consumed on b reak ing  the hydrogen  bonds 
in resolva t ing  the ions. This effect wil l  increase  wi th  
increas ing aquamola l i ty  unt i l  the wa te r  s t ruc ture  is 
effectively comple te ly  b roken  down, i.e., when al l  of 
the  wa te r  molecules  a re  involved in e i ther  p r i m a r y  
or secondary  coordinat ion of the ions. This a ppa ren t l y  
occurs for  NaC1 in wa te r  a t  a ra t io  of moles of wa te r  
to moles of ions of about  18 to 19, i.e., at  the m a x i m u m  
in the ~ vs. m curve, ca. 1.5M; wi th  fu r the r  increase  
in aquamola l i ty  so lven t - separa ted  ion pairs  of the  type  

I - I .  
/ - 

Na + �9 - -0 CI- 

k: 
H 

begin to appear ,  and because such ion pai rs  do not  
involve O - - H . . . O  (or O D . - . O )  bonds, bu t  r a the r  
the much weaker  O - - H . . . C 1 -  (or O - - D . . . C 1 - )  bonds, 
the isotope effect on AGtr decreases.  
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The adsorption of CO on p la t inum electrodes f rom 
acid aqueous solutions has been tl~e subject  of numer -  
ous publications over  the last decades as shown in 
the recent  rev iew on the subject  presented in Ref. (1). 
The reported results and their  interpretat ions are 
still only par t ia l ly  understood and the advanced ex-  
planations open to discussion. Nevertheless  it should 
be noticed that  the dilliculty in correlat ing some of 
the electrochemical  data on the e lect ro-oxidat ion of 
CO on pla t inum may arise f rom the fact that  the 
results obtained by different authors using t ransient  
techniques are not s tr ict ly comparable.  There  is 
evidence, however ,  that  the e lect ro-oxidat ion of CO 
on l~latinum occurs as though two distinct and sep- 
arable  entit ies were  involved (2). 

On the other  hand, the adsorption of CO on pla t inum 
from the gas phase has also been invest igated over  a 
long period of t ime (3). The per ta ining l i te ra ture  is 
r ev iewed  in Ref. (4). More recent ly  the gas phase 
CO adsorption was studied on single crystal  p la t inum 
surfaces and the chemisorpt ion of CO on the P t ( l l l )  
surface, as deduced f rom the results using LEED 
techniques, thermal  desorption, and work  function 
measurements  were  also explained in terms of the 
existence of two different adsorption sites on the 
metal.  Therefore,  despite the differences of the above-  
ment ioned interfaces and the difficulty for the s t ra ight-  
forward  comparison of the corresponding results, i t  
seems reasonable to expect  that  the P t -CO adsorption 
interact ion in the presence of the electrolyte  solution 
may also involve a re la t ive ly  complex adsorption 
process which is reflected in a composite anodic poten-  
t iodynamic display. 

In order  to explain the existence of mult iple  current  
peaks associated wi th  the potent iodynamic oxidat ion 
of CO species on platinum, potent iodynamic runs were  
performed with  a systematic and stepwise increase 
and decrease of the cathodic switching potential,  
wi thin  the potential  range where  the oxygen-conta i  n - 
ing species formed on p la t inum to the order  of the 
monolayer  thickness are electro formed and electro-  
reduced (5). Within this potential  range the adsorbed 
CO-species on p la t inum are also electro-oxidized.  The 
po ten t ia l / t ime  program employed to per turb  the elec- 
t rochemical  interface is chosen so that  the maximal  
interact ion be tween  electrosorbed oxygen and CO is 
achieved. 

The exper iments  were  carr ied out at 25~ on a 
polycrystal l ine spectroscopically pure smooth pla t inum 
wire electrode (0.24 cm 2 apparent  area) .  The electrode 
was immersed  in a purified 1N HC104 solution to 
minimize anion adsorption and interact ion effects (6). 
The counterelectrode was also made from Pt. The 
potential  of the working electrode was referred to 
the normal  hydrogen electrode. The electrolyte  was 
saturated at 1 arm pressure wi th  CO prepared f rom 
AR chemicals and purified to satisfy the highest  pur i ty  
standards (7). The electrochemical  cell as wel l  as 
the CO generator  and ducts were  made of Pyrex  
glass, the stopcocks were  lubricated with  concentrated 
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AR sulfuric acid to avoid as far as possible the inter- 
ference of any contaminants. 

igure 1 shows the conventional E/I profile recorded 
after holding the electrochemical interface at open 
circuit during 20 rain in the CO saturated electrolyte 
at 1 atm pressure, and then running a symmetrical 
repetitive triangular potential sweep at 0.i V/sec. For 
the sake of comparison the voltammogram obtained 
in the same conditions with the nitrogen saturated 
solution is also included in the figure. The E/I display 
exhibits the anodic and cathodic current peaks related 
to the hydrogen adatoms in the 0.04-0.35V range and 
the cathodic current peak related to the electroreduc- 
tion of the oxygen-containing surface species on 
platinum in the 0.52-1.00V range. Within the 0.82- 
1.04V potential range, a large and relatively sharp 
anodic current peak is recorded. The latter is asso- 
ciated with the electro-oxidation of the CO species 
and it overlaps the first portion of the anodic current 
corresponding to the electrosorption of the oxygen- 
containing species which extends up to 1.46V. This 
E/I display agrees, in principle, with those earlier 
reported by other authors (8-10). The comparison 
with the blank shows that the presence of CO pro- 
duces a sharp decrease of the charge pertaining to 
the hydrogen adatoms while there is no significant 
influence as far as the charge corresponding to the 
oxygen-containing species is concerned. 

Figure 2 shows the E/I profile obtained with step- 
wise increase of the cathodic switching potential. In 
order to have a clean metal surface free of adsorbed 
CO, the potential of the electrochemical interface 
was cycled between Ex,c and E~.a, during 2 min at a 
fast potential sweep (I00 V/sec) before recording 

~ 1'250 I 

O 
035 

o ~ "" . . . . . . . . . . .  & 

/ I 

-0.~ 
I i 

Potentiat/(V) 

Fig. 1. Potentiodynarnic E/I  profiles of platinum in |N  HCI04 run 
at 0.1 V/sec at 25~ ( ) CO (1 atm) saturated solution; 
(- --) N2 saturated solution. 
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the E/I profile at 0.1 V/sec between Ex,r and Ex.a. 
Figure 3 shows the Eli  displays obtained under  the 
same conditions as in Fig. 2 but  the potential  range 
of the sweep covers only the oxygen monolayer  elec- 
trodesorption. From the El i  displays in the CO satu- 
rated electrolyte (Fig. 2 and 3) one concludes that 
at least three anodic current  peaks can be assigned 
to the electro-oxidation of CO on plat inum. The first 
peak is seen at 0.8V and starts to contr ibute only when 
the amount  of oxygen remain ing  on the surface during 
the electroreduction process is slightly lower than 
50% of the total electroreduction charge. The second, 
at 0.91V, is bet ter  defined when the fraction of clean 
metal  is ca. 70% and finally, the third, at 0.95V, which 
coincides with the one found under  conventional  po- 
tent iodynamic experiments,  requires that the oxygen-  
containing species has been practically completely 
electroreduced. The lat ter  remains  as the only anodic 
current  contr ibut ion related to CO when the cathodic 
switching potential  value falls within the potential  
range of the hydrogen adatoms. Under  these circum- 
stances no current  contr ibut ion of the former current  
peaks is noticed. A comparison with the b lank sweep 
(Fig. 1) shows that these cur ren t  peaks can only 
be due to the presence of CO. For each Eli  display 
(Fig. 3) which shows the mult ipl ic i ty  of peaks, a 
fur ther  potential  cycling within the same potential  
range at 0.1 V/sec produces the progressive increase 
of the current  peak at 0.91V at the expense of those 
current  peaks located at 0.8V and at 0.95V. Unfor tun-  
ately, as the CO readsorption effect has not been 
quant i ta t ively  determined, reliable charge ratios from 
the already described El[ displays cannot be evalu-  
ated. The presence of CO in the electrolyte only in-  
fluences to a minor  extent  the characteristics of the 

I I 

i , ,  | I 

1.0 1.2 1.4 

PO t e n t  i a t  / ( V )  

Fig. 2. Potentiodynamic E/I  
profiles in 1N HCI04 run at 0.1 
V/sec at 25~ These profiles 
were obtained with different 
Ex,e' following the E-t program 
depicted into the figure. (Before 
each profile the interface was 
cycled between Ex,a and Ex,c at 
100 V/see during T = 2 min). 
( . . . . . .  ) Ex,c' = 0.77V; 
( - - X X - - X X - - )  Ex,c' = 0.71V; 
( o o) EX,e' = 0.65V; 
( . . . . . .  ) EX,c' = 0.59V; 
( - - x - - x - - x - - )  Ex,e' = 0.53V, 
( . . . .  ) Ex,c' = 0.41V; ( - - - - - - )  
EX,c' "-  0.23V; ( ) E,X,e" = 
O.04V. 

E/I profile in the oxygen electrodesorption potential  
range including the aging effects (11, 12). 

One is incl ined to believe that  the described effect 
on the anodic El i  display might  be due to an impur i ty  
interference, but  this apparent ly  is not the case since 
the potential  sweep comes from the positive potential  
side and it occurs when the fraction of free metal  
surface is still relat ively small. Furthermore,  the 
oxidation current  peak indicates that  the first adsorbed 
species is more easily electro-oxidized than that  formed 
when CO adsorbs at more  negative potentials. On the 
other hand, the mult ipl ici ty effect is more noticeable 
when the s tructure of the surface becomes more 
complex, i.e., when free sites, PtOH, and various PtO 
species are s imultaneously on the surface as one may 
conclude from the s tudy of aging effects all along 
the potential  range of the oxygen monolayer  electro- 
reduction on Pt (11, 12). 

Therefore, the CO electro-oxidation reaction should 
comprise two different types of processes according 
to the adsorbed reactant  enter ing the electrochemical 
oxidation. The two main  type of adsorbed species are 
the Pt(CO)mt species which originate through the 
Pt-CO chemical interact ion and  the various Pt(O)aa  
snecie~ including P t (OH)  which result  from the P t -  
H~O electrochemical interaction.  The electro-oxidation 
of the different CO adsorbed species is represented by 
the overall  reactions 

Pt(CO)ad + H20 ---- Pt  + CO2 4- 2H + + 2e [la] 

Pt  + H20 = Pt(O)ad + 2I-I+ 4- 2e [ lb]  

and the direct electro-oxidation of CO through the 
electrosorbed oxygen on p la t inum is given by the 
reactions 
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P t  (O)ad -~ CO - -  Pt  + CO2 [2a] 

P t  + H20 = P t (O)ae  + 2H + + 2e [2b] 

where  the paren thes i s  denote any of the  possible 
e i ther  CO or O sorbed species on pla t inum.  React ions 
[ la ]  and [ lb ] ,  which occur at lower  potentials ,  involve 
a compet i t ion for meta l  sites by the CO and O species. 
Contrar i ly ,  react ions  [2a] and [2h] a re  on ly  r e l a t ed  
to the e lec t rosorbed oxygen species on pla t inum.  

The existence of a r e la t ive ly  large  anodic background  
cur ren t  in the potent ia l  range where  the e lec t rosorp-  
t ion of oxygen takes place suggests  that  the e lec t ro-  
oxidat ion  of CO occurs also beyond the region of the  
corresponding ma in  cur ren t  peak.  This effect could 
p robab ly  be associated wi th  a chemical  surface ox ida -  
t ion reac t ion  involv ing  CO according to reac t ion  [2a] 
fol lowed by  the fast  e lec t rosorpt ion  of oxygen  as 
indica ted  by react ion [2b]. 

On the o ther  hand, a chemical  surface react ion 
such as 

Pt  (O)ad + P t (CO)aa  = 2Pt + CO2 [3] 

is to be expected  in lower  potent ia l  range  where  free 
P t  sites are  avai lable .  This conclusion is not  surpr is ing  
in  view of recent  resul ts  on the  in terac t ion  be tween  
oxidized P t  and CO in the gas phase (13, 14). 

Therefore,  the  presen t  exper iments  furnish  a clear  
evidence tha t  CO can be oxidized in aqueous acid 
e lectrolytes  on po lycrys ta l l ine  p]a t inum electrodes in 
different  react ions  which are  associated with  the mul -  
t ip l ic i ty  of the corresponding e lec t rochemical  anodic 
spectrum. They  also suggest  the  possible existence of 
different  CO adsorbed species on Pt. This has jus t  a 
resemblance  to the resul ts  repor ted  for  the P t /CO 
(gas) in ter face  a l though it  should be kep t  in mind  
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tha t  at  p resen t  a quant i ta t ive  comparison b e t w e e n  t h e  
behavior  of the  two in terphases  is impossible.  

The present  results  are  therefore ,  a t  least  par t ia l ly ,  
r e levan t  to the unders tand ing  of the con t rad ic to ry  
in te rpre ta t ions  of resul ts  p resented  in the l i t e ra tu re  
on the e lec t rochemis t ry  of the P t / aqueous  acid solu-  
t ions /CO (1 a tm)  interface.  
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A B S T R A C T  

T h e  oxidation of zirconium and zirconium-base alloys at temperatures  
above the a lpha-beta  t ransi t ion involves the growth of layers of oxide and 
oxygen-stabi l ized alpha into the host beta phase. If the growth is governed 
by diffusion processes, the oxidation of th in  specimens will  exhibi t  signifi- 
cant  variations in  the kinetics of layer growth if the durat ion of the reaction 
is sufficient to promote large changes in the degree of saturat ion of the unde r -  
ly ing metal  with oxygen. We have examined this effect for the oxidation of 
Zircaloy-4 in  steam by modeling analyses and by a series of ex tended- t ime 
oxidation experiments  at 1300~ These experiments  confirmed the predicted 
i n c r e a s e  in the kinetics of alpha layer  growth as the beta phase becomes satu-  
rated. For example, at 1300~ the rate constant  increases by more than  a 
factor of 2. While the appearance of "alpha incursions" leading to an i r regular  
a lpha-beta  interface also seems to be ini t ia ted at this time, the exper imenta l  
observations general ly  agreed well  with those predicted on the basis of the 
modeling analysis. This behavior needs consideration in  the in terpre ta t ion 
and comparison of oxidation data, par t icular ly  where large differences in  the 
specimen geometry or dimensions are involved. 

The oxidation of Zircaloy-4 in  steam at high tem- 
peratures has recent ly  been examined from both 
kinetics (1) and diffusion modeling (2) standpoints. 
Despite the complex microstructure of the oxide phase, 
it has been shown that the isothermal growth of the 
product oxide and oxygen-stabi l ized alpha layers can 
be described accurately in the early stages by parabolic 
kinetics over the tempera ture  range 1000~176 
Furthermore,  the modeling analysis produced sets of 
effective chemical diffusion coefficients for oxygen in 
both the oxide and alpha phases that  compared favor- 
ably, where comparisons were possible, with data ob- 
tained by other means. The apparent ly  ideal na ture  of 
the growth of the oxidation products, as well as the 
self-consistency of the t reatments  in terms of diffusion 
models, has increased our confidence in the applicabil-  
i ty of a simplified modeling analysis to this system. 

Previous modeling analyses for the oxidation of 
Zircaloy have been applied main ly  to offer a founda-  
tion for the quant i ta t ive  prediction of the extent  of 
reaction dur ing t rans ient  tempera ture  exposures. 
While some of these t reatments  have been based 
simply on the parabolic rate constants for layer growth, 
at least two programs (3, 4) have been used that  apply 
a more sophisticated finite-difference diffusion analysis 
to examine both layer growth and oxygen concentra-  
tion gradient  effects in all of the phases present. Pro-  
grams of this sort, at least in principle, offer the abil i ty 
to examine potential  effects of a var ie ty  of boundary  
conditions on the oxidation characteristics, and they 
have provided a basis for comparison and evaluat ion 
for numerous oxidation experiments.  

This paper presents calculations and exper imental  
results describing the changes in layer  growth kinetics 

Key words: zirconium, oxidation, diffusion, kinetics. 

that  occur as a consequence of finite geometry influ- 
ences during extended isothermal reaction of a thin 
specimen. For the case of Zircaloy-4 oxidizing in steam, 
substant ial  effects are observed par t icular ly  for the 
growth rate of the alpha layer. The modeling and 
exper imental  results are compared and discussed in 
terms of their relevance to the design of experiments  
and their interpretat ion.  

The Oxidation Model 
In  order to construct a useful  mathematical  model to 

describe the kinetic events dur ing high temperature  
oxidation of Zircaloy, it is necessary to consider the 
reaction phenomenology with par t icular  emphasis on 
the diffusion processes in the various phases. Numer-  
ous investigators have dealt with various aspects of 
this problem (5) and we will not detail them here. Our 
model has been discussed previously (2) and does not 
depart  in substance from those of other workers. 
Basically, in the tempera ture  range of interest  to the 
present  paper, we depict the oxidation of Zircaloy as 
the growth of uniform layers of oxide and oxygen- 
stabilized alpha into the host beta phase as shown in 
Fig. 1. We assume, with previous exper imental  justifi- 
cation, that  the growth of these phases is diffusion con- 
trolled and that the diffusivity of the mobile reactant  
wi thin  each phase can be described by a single effective 
chemical diffusion coefficient. The rate of growth of 
the oxide layer is proport ional  to the velocity of the 
oxide-alpha boundary,  which depends on diffusion and 
concentrat ion parameters  in the two product phases. 
Similarly, the rate of growth of the alpha layer  is 
equal to the difference in  the velocities of the alpha- 
beta and oxide-alpha boundaries.  

2 1 8 8  
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Fig. 1. Schematic diagram of the multiphase, moving boundary 
diffusion problem as beta Zircoloy reacts with oxygen to form layers 
of alpha and oxide. Co ---- initial oxygen concentration in Zircaloy; 
CA/B .~ concentration in the A phase at its interface with the B 
phase (G - -  gas; ~ ----- oxide; c~ ~ alpha; /~ ~ beta); r ~ oxide 
layer thickness; ~ ~ alpha layer thickness; S and ~ define the 
position of the oxide-alpha and alpha-beta boundaries with respect 
to the original specimen surface at x ~ 0. 

In  the oxide, growth is thought to take place by an 
anion diffusion mechanism, al though for the tempera-  
ture  range under  consideration here the par t icular  
modes of mass t ransport  have not been clearly defined. 
Additionally,  the oxide formed on Zircaloy-4, while 
uni form in  thickness, has a complicated morphology 
(2, 6) that  suggests the possibility of a s imilar ly com- 
plicated influence on the diffusion behavior. However, 
no major  influence or per turba t ion  of the macroscopic 
growth characteristics has been observed, and we 
have considered the oxide to be s t ructura l ly  homogene- 
ous for the purpose of our calculation. We view the 
value of D~ (see Fig. 1) as an "average" or "effective" 
value of the chemical diffusion coefficient for oxygen in 
the oxide that, in conjunct ion with the concentrat ion 
gradient, accurately describes the local mass transport.  

The diffusion of oxygen in the metall ic alpha and 
beta phases of Zircaloy-4 takes place by an interst i t ial  
mechanism, and again we have assumed concentrat ion-  
(or position-) independent  chemical diffusion co- 
efficients for oxygen, D~ and D~. To the extent  that this 
assumption might  not be valid, such an ass ignment  
implies that  an "average" value is a useful ent i ty  in 
de termining mass transport.  Our earlier calculations of 
D~ from the kinetic data were made on this basis (2), 
and in support, a rguments  have been made that con- 
centrat ion effects are relat ively small for oxygen 
diffusion in both alpha and beta Zircaloy at these 
temperatures  (7, 8). 

Thus, the model describes a classical multiphase, 
moving-boundary  diffusion problem that, at least for 
the simpler boundary  conditions, has analyt ical  solu- 
tions relat ing layer  growth to the concentrat ion and 
diffusion parameters  in  each phase. A var ie ty  of ap- 
proaches and solutions have been published, including 
several that  have dealt specifically with the oxidation 
of zirconium and Zircaloy (2, 5a, 5d, 9-12). These t reat -  
ments  have been of value in in terpre t ing  and corre- 
l a t ing  oxidation results. 

For the case of constant  interface concentrations as 
indicated in Fig. 1, the ideal diffusion controlled growth 
of both oxide and alpha phases will remain  parabolic 
(thickness squared proport ional  to t ime) so long as a 
semi-infini te  geometry condition prevails for oxygen 

diffusion in the beta phase. Parabolic kinetics wil l  also 
be observed for the case where the original oxygen 
concentrat ion in the beta phase is equal  to the sa tura-  
tion concentration, C~/~, and no oxygen flux into the 
beta from the a lpha-beta  boundary  exists. In  this lat ter  
case, the absence of the oxygen flux into the beta leads 
to a comparat ively faster movement  of the a lpha-beta  
boundary  that  results in a higher growth rate for the 
alpha layer. The alpha growth will still be parabolic, 
bu t  the corresponding parabolic rate constant will be 
larger. Thus, it follows that  for "thin" specimens in 
which the beta phase tends to fill up with oxygen dur -  
ing the period of reaction, the parabolic constants 
governing the rates of growth for both oxide and alpha 
layers must  increase from their ini t ial  values to some 
final values. The effect will  obviously be larger  for 
growth of the alpha phase, al though the influence will  
be felt in the oxide also. As we will point out later, 
an interest ing result  from this model requires that, 
despite increases in the rate constants for growth of 
both the oxide and alpha layers dur ing  oxidation of 
saturated specimens, the rate constant  for oxygen con- 
sumpt ion is sl ightly decreased. 

The influence of geometrical effects has thus been 
recognized, and analyt ical  descriptions dealing spe- 
cifically with the finite geometry aspects of the diffu- 
sion problem have been discussed (10, 12). While these 
analyt ical  expressions may furnish insight that  is often 
overlooked in numerica l  solutions, they are cumber-  
some and the numerica l  solutions, which can easily 
handle  a variety of complicated boundary  conditions, 
have become more popular. Such a computer  code, 
MULTRAN, was constructed in our laboratory by 
Malang (13). This program models idealized diffusion- 
controlled layer  growth processes by solving the diffu- 
sion equations for mass flow in a one-dimensional ,  
multiphase, moving boundary  system with finite geom- 
etry. The program uses finite-difference calculations 
and can be applied to reactions with up to five sep- 
arate product phases. It was used to model the reac- 
tion sequences and experiments  reported in  this paper 
for the oxidation of Zircaloy-4. The appropriate input  
to this program (diffusion coefficients, equi l ibr ium 
concentrations, and densities for all phases) were ob- 
tained in part  from the analysis (2) of our previous 
work (I)  in this area. It  should be pointed out that  
these data were obtained from sets of exper imental  
measurements  uti l izing short reaction times at each 
temperature  so that the observed kinetics were not in -  
fluenced by geometrical effects. 

Experimental Procedure 
Oxidation tests were conducted for Zircaloy-4~ in 

flowing steam at atmospheric pressure in a low thermal  
inert ia  oxidation apparatus that employed radiant  
heating. In this apparatus, described previously (1), a 
3 cm length of 1.1 cm diam tubing was exposed to 
steam on its outer surface while being heated accord- 
ing to a programmed tempera ture  cycle. Three Pt vs. 
Pt-10% Rh thermocouples were attached to the inner  
surface of the specimen tube at its midpoint  and, in  
order to minimize tempera ture  measurement  errors, 
the interior  of the tube was protected from oxidation 
by a slow flow of hel ium mainta ined  at a slightly posi- 
tive pressure relat ive to the external  steam pressure. 
One thermocouple furnished the programmer / recorder  
signals, while the other two (180 ~ apart) were attached 
to a computer-operated data-acquisi t ion system, 
CODAS. The detailed record of the temperature  history 
at these two points on the specimen served as the basis 
for calculation of the effective isothermal reaction 
time at the nominal  oxidation temperature.  

After  oxidation, each specimen was sectioned at the 
elevation containing the thermocouple beads and pre-  
pared for metallographic examinat ion  by convent ional  

1 Sandvik  Special  Metals Corporat ion.  Re.actor G r a d e  Z i r c a l o y - 4  
PWR Tubing.  Nomina l  c o m p o s i t i o n  ( w e i g h t  p e r c e n t ) :  1 .60  S n ,  
0.25 Fe, 0.12 Cr, 0.12 O, 0.009 C, 0.003 N, and  0.0025 H. 
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techniques (1).  The specimens were  l igh t ly  etched, 
anodized, and measurements  of the oxide and a lpha  
layer thicknesses were  made  at  the  two moni tor  the r -  
mocouple  posit ions wi th  a digi tal  mic romete r  eye -  
piece. These m e a s u r e m e n t s  were  reasonably  s t ra igh t -  
fo rward  except  when  the a lpha -be t a  in terface  was 
heavi ly  popula ted  wi th  "a lpha incursions," i.e., i r r egu -  
la r  growths  of a lpha  p ro t rud ing  into the be ta  region. 
In  this l a t t e r  case, two measurements  of the a lpha  l aye r  
thickness were  made:  one measuremen t  was tha t  of 
the  thickness of the  "compact"  (uniform thickness)  
por t ion only of the  a lpha  layer ;  the other  was of an 
"effective" a lpha  layer  thickness that  included a visual  
es t imate  of the  average  addi t ional  thickness a t t r i bu -  
tab le  to the incursions. These "effective" thickness 
measurements  were, of necessity, less accurate  than  
the corresponding measurements  of the compact  l aye r  
thicknesses.  

Results and Discussion 
The expe r imen ta l  l aye r  thickness measurements  tha t  

define the  g rowth  of the  oxide and a lpha  layers  on 
Zi rca loy-4  specimens in s team at 1300~ are  presented  
in Table I. As noted above, we have also t abu la ted  the 
"effective" a lpha  l aye r  thickness tha t  includes, where  
appl icable ,  an es t imate  of the equiva len t  thickness due 
to the presence of the a lpha  incursions in the micro-  
s t ructure .  In addit ion,  based on the assumption of 
l inear  grad ien ts  in the oxide and a lpha  phases, a cal -  
culated value  of the  oxygen  consumed for each speci-  
men  is included.  The growth  morphology  is sampled  in 
the progress ion of micros t ruc tures  in Fig. 2 and 3. In  
order to assist  the  r eade r  in visual iz ing the diffusion 
processes, inc luded in each of these figures is a 
schemat ic  d rawing  of the layer  thicknesses and oxy -  
gen concentra t ion gradients .  The average  oxygen con- 
cent ra t ion  in  the be ta  layer ,  expressed as a percentage  
of the sa tura t ion  value,  is also listed. These gradients  
and percentages  were  obta ined from the model ing  
analysis  using the MULTRAN program.  

Morphology.--The series of micrographs  confirms 
that  the oxide and a lpha  layers  grow un i formly  in the 
ea r ly  stages of the reaction. However ,  as the react ion 
proceeded,  commensura te  wi th  the approach to oxygen 
sa tura t ion  of the beta phase, the a lpha beta bounda ry  
developed i r regula r i t i es  (Fig. 3) and, for longer  times, 
extens ive  coarsening of the beta  and incursions of the 
a lpha  in advance  of the compact  por t ion  of the a lpha 
layer  were  observed.  In  our i so thermal  exper iments ,  
the oxidat ion  was t e rmina ted  by  switching off the 
power  to the r ad ian t  heaters,  a l lowing the specimen 
to cool ma in ly  by  radia t ion  to the now-cold  su r round-  

Table I. Layer thickness measurements for Zircaloy oxidized in 
flowing steam at 1300~ 

L a y e r  t h i c k n e s s  

C o m p a c t  I n c u r s i o n  O x y g e n  
T ime  Ox ide  a lpha* c o m p e n s a t e d  c o n s u m e d t  

Expt .  No. (sec)  (~m) (/~m) a lpha**  (~m) (mg /cm~)  

T-30 /TC#2  96.4 47.7 55.2 9.71 
T-30 /TC~3 96.8 47.8 55.6 9.76 
T-31/TCq~2 2ol  65.8 79.0 13.6 
T-31 /TC~3 205 67.1 79.3 13.8 
T -32 /TC#2  379 88.8 106.6 18.3 
T-32 /TC~3  386 92.4 110.1 19.0 
T-33 /TC#2  607 109.9 137 7 156 23.0 
T-33 /TC~3 654 114.1 146.3 163 23.7 
T-34 /TC~2 754 122.2 157.2 186 25,5 
T-34/TC~3 825 127.9 171.9 198 26.6 
T-35 /TC~2  934 136.6 165.1 220 28.3 
T-35 /TC~3 946 134.4 185.8 223 28.1 
T-36 /TC#2  1176 153.3 208.0 252 31.5 
T-36/TCq~3 1237 154.3 207.7 265 32.0 

~ T h i c k n e s s  of  alpha layer  that exhibits  u n i f o r m  g r o w t h ;  ne- 
glects  p r e s e n c e  of alpha incursions.  

** I n c l u d e s  e s t i m a t e  of a d d i t i o n a l  t h i c k n e s s  created by p r e s e n c e  
of incursions.  

C o m p u t e d  on  bas i s  of  l inear oxygen  gradients  in both oxide 
a n d  (compensated)  alpha thicknesses .  

Fig. 2. Cross sections of Zircaloy-4 specimens oxidized in steam 
at 1300~C for 100 sec (above) and 380 sec (below). See Table I 
for details and experimental measurements. The inset schematics 
portray relative phase thicknesses and oxygen concentration gradi- 
ents and indicate the average relative saturations of the (prior) 
beta phase. In both cases, the alpha/beta boundary has remained 
sharp with only a few minor asperities visible at higher magnifica- 
tion. 

ings and by convection to the flowing steam. This re- 
sulted in initial cooling rates greater than 100~ 
and the temperature dropped below 1O00~ within 5 
sec, below 800~ in about 13 sec. Given this short cool- 
ing period, it is unlikely that the massive incursion 
structures form only on cooling as has been suggested 
(14), but they may form in large part during the iso- 
thermal oxidation, beginning at such a time as the oxy- 
gen concentration gradient in the beta phase in ad- 
vance of the interface becomes relatively fiat. The fiat 
gradient implies a limited diffusion flux away from the 
alpha-beta interface as well as high oxygen concentra- 
tions all across the beta phase. These conditions favor 
departures from ideal, diffusion-controlled layer 
growth and tend to emphasize the influence of factors 
such as favored growth directions and other structural 
aspects of the process. In support of this argument, 
variations in the cooling rates after isothermal oxida- 
tion (see below) produced little change in the appear- 
ance of the interface. Thus, such departures from ideal 
layer growth imply that local growth rates become 
sensitive to some developing property or event in the 
system. While the identity of this event is not appar- 
ent, incursions have been observed only in the "late" 
stages of oxidation of a specimen of a given thickness, 
and they are observed much earlier for two-sided oxi- 
dation than for oxidation on one side only (11, 15, 16). 
Although the possibility of an altogether different 
correlation cannot be discarded, the consistent observa- 
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Fig. 3. Cross sections of Zircaloy-4 specimens after oxidation at 
1300~ for 600 sec (above) and 950 sec (below). The alpha/beta 
interfaces now exhibit irregular growth shapes. While the thickness 
of the "compact" portion of the alpha layer is reasonably well 
defined in both instances, the observation of the alpha incursions 
signal the end of the period of ideal, diffusion-controlled growth. 

tion of incursions at times that  signal the fi l l ing-up of 
the beta phase with oxygen is potent ial ly significant. 

The present  observations for oxidation at 1300~ 
suggest a correlat ion between the beginning of incur-  
sion formation and the a t t a inment  of oxygen concen- 
t ra t ion levels in the beta phase between 75% and 90% 
of the saturat ion value. In a similar sequence for oxi- 
dation at 1200~ (17), no incursions were found for a 

600 sec exposure, al though many  incursions developed 
after 1200 sec, the two times corresponding to satura-  
t ion values of about 70% and 90%. An earl ier  correla- 
t ion (11, 15) indicated saturat ion levels of about 90- 
95% were required to produce alpha incursions dur ing 
isothermal oxidation. However, this analysis was based 
on Mallett 's (18) data for oxygen diffusion in beta 
Zircaloy rather  than the recent measurements  of 
Perkins  (7). The la t ter  diffusivity values are lower 
by almost a factor of 2, and a recalculat ion in  terms of 
the newer  data would suggest that  the onset of incur-  
sions occurred at somewhat  lower saturat ion values, 
viz., between about 80% and 90%. 

It  is reasonable to expect that  slow cooling after 
isothermal oxidation would promote alpha incursion 
formation as well as alpha precipitat ion in advance of 
the interface for specimens containing sufficient oxy-  
gen in  the remaining  beta phase (11, 14). However, we 
have observed that cooling rates in  the range of 2~ ~ 
C/sec for specimens having lower oxygen levels in the 
beta phase do not s t imulate  extensive incursion 
growth. For example, Fig. 4 i l lustrates the microstruc-  
tures for specimens cooled at 2~ from 1300~ 
after 120 and 300 sec oxidation periods. At the start  of 
the cooling cycle, the beta phases were about  45% and 
66% saturated, respectively. The "prior" beta regions 
of these specimens exhibited coarser structures than  
those found in  quenched specimens with similar  
amounts  of oxidation (see Fig. 2 and 3). However, few 
incursions of the type found after extended isothermal 
exposures were observed. Similar ly  oxidized speci- 
mens cooled at 5~ displayed comparable features 
with finer structures in the prior beta phase. While 
Sawatzky et al. (14) observed large incursions and 
very  coarse prior beta structures for a similar  cooling 
rate, their isothermal oxidation periods (at 1200~ 
were long enough to saturate completely the beta 
phase prior to the start  of cooling. Thus, it  appears 
that  cooling rates affect the incursion growth and 
microstructure to a greater extent  when the beta phase 
is in a near -sa tura ted  condition. 

Kinetics.--The kinetics of layer  growth in the early 
stages of the reaction of Zircaloy-4 in steam have been 
examined in detail (1). Both oxide and alpha layers 
grow parabolically, and in our previous work the maxi -  
mum time was purposely l imited so that  any geomet- 
rical effects would be minimized. For example, for 
these experiments  at 1304~ the longest oxidation 
t ime was about 150 sec. In  the present  work, we have 
extended the max imum exper iment  time to insure, for 
our par t icular  specimen dimensions, that  the shr inking 
beta phase eventual ly  saturates with oxygen. The con- 
sequences of this effect on the kinetics were examined 
exper imenta l ly  and through computer modeling. 

Fig. 4. Cross sections after 
oxidation for 120 sec (left) and 
300 sec (right) at 1300~ fol- 
lowed by cooling at 2~ to 
800~ At the start of cooling 
for these experiments, the beta 
phases were about 45% and 66% 
(average) oxygen saturated, re- 
spectively. While the structure in 
the (prior) beta phase of each 
specimen is coarse and shows 
evidence of precipitation in ad- 
vance of the alpha-beta inter- 
face on cooling, few large alpha 
incursions are observed. Indeed, 
the decreased oxide/alpha thick- 
ness ratio for these specimens 
suggests that additional alpha 
growth during cooling was at 
least in part a uniform addition 
to the compact alpha layer. 
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The layer  thickness data for oxidation at 1300~ 
listed in Table I are presented in the parabolic plot of 
Fig. 5. In this figure, we have also included curves 
based on (i) the rate constants for oxide and alpha 
growth for the short- t ime experiments  (1), and (ii) 
those calculated by the MULTRAN computer  program 
using the appropriate dimensions of our specimens 
(one-side reaction for 0.0635 cm wall  thickness) and 
init ial  oxygen concentrat ion [Co' ---- 0.12 weight  percent  
(w/o) ]. 

Several significant points are immediate ly  obvious 
from the figure. First  of all, the short- t ime data are in 
excellent  agreement  with the previous parabolic 
growth correlations. However, for times greater  than 
about  500 sac, the growth of both layers appears to 
deviate from the ini t ial  values. Finally,  while the 
change in the kinetics of alpha growth is adequately 
predicted by the MULTRAN calculation, the smaller  
deviation exhibited by the oxide growth is not. 

The good agreement  of the two shortest experiments  
with the previous data for oxide growth supports the 
idea that  this present  data set should perhaps not be 
represented by a single parabolic growth constant  but, 
rather, that  after an init ial  period, the growth rate de- 
creases at a slightly more rapid rate than would be 
expected for t rue parabolic behavior. As is evident  
from Fig. 5, the effect here is a small  one, and the 
change in  the apparent  rate constant  at longer times is 
only marg ina l ly  different in the statistical sense. This 
is not  an uncommon result  when  exper imental  data 
are examined in this sort of time regime. Structural  
effects in the oxide are usual ly  involved (19). 

On the other hand, longer oxidation times clearly 
promote positive deviations from the ini t ial  parabolic 
growth exhibited by the alpha layer. Such deviations 
are predicted by the modeling analysis based on our 
specimen geometry and ideal growth behavior. The 
fact that uniform alpha layer  growth is not  completely 
followed, because of the tendency toward incursion 
formation as growth proceeds or as the beta phase be- 
comes saturated with oxygen, makes it  difficult to 
assess completely the agreement  between theory and 
experiment.  The exper imental  data do show, however, 
increases in  both the thickness of the compact portion 
of the alpha layer  and, part icularly,  the incurs ion-  
compensated layer thickness that are consistent with 
the MULTRAN predict ion of a factor of 2 increase in 
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Fig. 5. Growth of oxide and alpha layers on Zircaloy-4 in steam 
at t300~ Data are compared with extrapolations of parabolic 
growth predicted from previous short-time experiments. 

the effective parabolic rate constant for alpha growth 
at this temperature  as oxidation proceeds. 

These experiments  and calculations point  out the 
importance of specimen geometry and ini t ial  oxygen 
concentration to the layer growth kinetics and to the 
kinetics of oxygen consumption. The init ial  layer 
growth kinetics on specimens of Zircaloy-4 containing 
(originally) little or no oxygen, and specimens sat- 

urated with oxygen at the reaction temperature,  would 
be parabolic but  be described by different rate con- 
stants. Thus, a specimen of "finite geometry" would 
exhibit  changes in layer  growth behavior  as the 
oxygen concentrat ion gradient  in the beta phase be- 
came influenced by the fact that the beta was filling up 
with oxygen. On saturat ion of the beta phase, the 
layers would grow at the "new" parabolic rate. In 
Table II, the parabolic rate constants for oxide growth, 
~2/2,  a lpha growth, ~2/2,  and oxygen consumption, 
8~2/2, are presented for Zircaloy-4 with a typical ini t ial  
oxygen concentrat ion (Co ---- 0.12 w/o)  and for satu-  
rated samples at temperatures  from 1000 ~ to 1500~ 
The two sets of rate constants were obtained from 
MULTRAN calculations using the inputs previously 
described (2). The table shows that for a saturated beta 
phase, the growth of both layers is faster while the 
rate of oxygen consumption is smaller  (because no 
addit ional oxygen is being absorbed into the beta 
phase).  

The effect of ini t ial  oxygen concentrat ion on the rate 
of oxide growth should be comparat ively small, the 
calculated ideal increase in the rate constants for sat-  
urated specimens ranging from about  3% to 17%, 
depending on the temperature,  over that  for a specimen 
containing li t t le original oxygen. Very careful experi-  
ments  would be required to detect differences of this 
magnitude.  Our data actually show a small  decrease in 
the rate constant for oxide growth at the longer times, 
as discussed above. On the other hand, the rate con- 
stants for alpha layer  growth are increased from 45% 
to 135% for the same conditions, a change less apt to 
be overlooked in the spread of exper imental  data. 
Thus, the oxidation of a thin specimen should, and 
does, show geometrical effects on the alpha layer  
growth behavior. As noted above, despite the in-  
creased growth rates of the product layers for satu- 
rated specimens, the rate of oxygen consumption in 
this instance is actually reduced by a small  amount.  If 
the reaction is continued for a time sufficient to e l im- 
inate  the beta phase from the system, then the alpha 
layer  would itself become subject to saturat ion with 
oxygen. This occurrence would have more pronounced 
effects on the growth of the oxide phase and on the 
rate of oxygen uptake, calculated to be +74% and 
--41% changes, respectively, in t h e  parabolic rate 
constants at 1300~ compared to that  for an original ly 
oxygen-free specimen. The exper imental  data of 
Pemsler  (20) for pure  zirconium reacting in  oxygen 
exhibit  at least qual i tat ive agreement  for the magni -  
tude of these changes, showing about a factor of two 
increase at 1290~ for the rate constant  for oxide 
growth. 

The apparent  sensit ivi ty of the alpha growth to the 
degree of saturat ion of the under ly ing  beta phase 
needs consideration when designing experiments  and 
in terpre t ing exper imental  results. For example, the 
experimental  rate measurements  from one-sided and 
from two-sided tests will be identical  (other things 
being equal) so long as the conditions that  define oxy- 
gen diffusion into the beta phase remain  identical to 
the two cases. It is significant, however, to note that  
for a two-side test, the beta phase fills to a given de- 
gree of saturat ion in one-four th  the time required for 
the case of a one-side test. This si tuation is i l lustrated 
in  Fig. 6 where computer-modeled alpha layer  growth 
at 1300~ is plotted for saturated and unsa tura ted  
specimens and for one- and two-sided oxidation. The 
alpha growth for the two cases is identical  only for 
about the first 100 sac, then the curves diverge, each 
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Table II. Parabolic rate constants for normal and for oxygen-saturated Zircaloy-4 computed by Multran program 

Temper- 
ature ( * C )  

P a r a b o l i c  r a t e  c o n s t a n t s *  P a r a b o l i c  r a t e  c o n s t a n t s *  

N o r m a l  o x y g e n ,  Co = 0,12 w / o  Sat .  S a t u r a t e d  specs . ,  Co -- Csat. 
conc., 

6r ~a2/2 ~re/2 [ (g/ Csat. ~e/2 Diff. ~as/2 Diff. 57e/2 [ (g/ 
(cm~Isec) (em2/sec) cm2)~lsec] (w/o) (cm~/sec) (%) (cmVsec) (%) em~)~lsee] 

Diff.  
(%) 

1000 7.g2gE-9 5,274E-9 2.338E-8 0.32 
1100 2.186E-8 1.742E-8 7.226E-8 0.59 
1200 5.314E-8 5.586E-8 1.918E-7 0.80 
1300 1,157E-7 1.567E-7 4 526E-7 1.00 
1400 2,305E-7 3.895E-7 9,672E-7 1.20 
1500 4.260E-7 8.700E-7 1,906E-6 1.41 

" ~ 1 2  = It d l ~ l d t .  

even tua l ly  acquir ing  a slope app rox ima te ly  equal  to 
tha t  for the  o r ig ina l ly  sa tu ra ted  specimen. Clearly,  
such expe r imen ta l  da ta  mus t  be in te rp re ted  wi th  
geometr ica l  effects in mind. Addi t ional ly ,  because in-  
cursion fo rmat ion  begins when the oxygen  concent ra-  
t ion g rad ien t  in the beta  phase becomes small,  incur -  
sion format ion  should occur much ear l ie r  for a two~ 
sided oxida t ion  test. The figure also includes the per -  
centage re la t ive  sa tura t ion  of the be ta  phase for the 
one-  and two-s ided  react ions for these specimens. As 
noted previously,  incursions and serious devia t ions  
f rom semi- inf ini te  geomet ry  behavior  are  observed at  
sa tura t ion  levels be tween  about  75% and 90%. 

The da ta  of Leist ikow, Schanz, and Berg (16) m a y  
be  in t e rp re t ed  in te rms of, and offer at leas t  qual i ta t ive  
verif icat ion for, the above model.  For  two-s ided  ox ida-  
t ion at  1300~ under  equiva lent  conditions, they  ob-  
served a lpha  incursions af ter  only  120 sec ( their  shor t -  
est  expe r imen ta l  t ime) .  In  addit ion,  thei r  parabol ic  
ra te  constant  for a lpha  growth,  calculated on the basis 
of the compact  a lpha  l aye r  thickness,  was measu rab ly  
h igher  than  ours (1) despi te  the  fact  tha t  the  ra te  
constants  for oxide g rowth  agreed  closely. This behav-  
ior  is consistent  wi th  the  analysis  presented  in Fig. 6 
both as to the t ime at  which incursion growth  was 
in i t ia ted  and to the appa ren t  difference in the parabol ic  
constants  for a lpha  layer  g rowth  de te rmined  f rom the 
slope of the thickness squared  vs. t ime plot. 

Conclusions 
1. The set of oxidat ion  exper iments  for Zi rca loy-4  in 

s team at 1300~ exhib i ted  depar tures  at longer  t imes 
f rom the s imple ea r ly  stage parabol ic  g rowth  of the 
produc t  layers,  oxide and oxygen-s tab i l i zed  a lpha 
Zircaloy. These changes in the kinet ics  were  examined  
by  model ing the sys tem as a mult iphase,  moving-  
bounda ry  diffusion problem.  With in  the  accuracy of 
the exper imen ta l  measurements ,  a reasonable  conform-  
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Fig. 6. Calculated alpha layer growth on 0.0635 cm thick Zircaloy- 
4 specimen in steam at 1300~ for one- and two-side reactions. 
Dashed curves depict semi-infinite geometry behavior for original 
oxygen concentrations in the beta phase of 0.12 and 1.00 w/o 
(saturation value at 1300~ Tics on curves represent percentage 
relative saturation of oxygen in the beta phase. 

8.193E-9 + 3.3 7.665E-9 + 46.3 2.272E-8 - 2.8 
2.356E-8 + 7.5 3,328E-8 + 91.0 6,792E-8 - 6.1 
5,846E-8 + 10.0 1.152E-7 + 106.2 1.767E-7 - 7 . 9  
1.300E-7 + 12.4 3.402E-7 + 117.1 4.091E-7 - 9.61 
2.638E-7 + 14.5 8,806E-7 + 126.1 8.598E-7 -- 11.1 
4.966E-7 + 16.6 2.042E-6 + 134.7 1.665E-6 - 12.6 

i ty  of the observat ions  and the model  predic t ions  was 
observed.  I t  is thus impor t an t  to consider the  potent ia l  
effects of specimen geomet ry  when designing oxidat ion  
exper iments  or  in te rp re t ing  kinet ic  data.  

2. Alpha  incursions, i r r egu la r  growths  of a lpha  
Zircaloy into the host  be ta  phase, appea red  to form 
dur ing i so thermal  ox ida t ion  when the oxygen  concen- 
t ra t ion  g rad ien t  in the be ta  phase became small.  Their  
presence was observed when  the re la t ive  sa tura t ion  in 
the beta  phase was calcula ted to be be tween  75% and 
90%. Slow cooling may  promote  incursion growth  in 
specimens containing oxygen at  or near  this level.  

3. Model ing the high t empe ra tu r e  Zircaloy oxidat ion 
reac t ion  in terms of an ideal  d i f fus ion-control led l aye r  
growth  process provided  an exp lana t ion  for  cer ta in  
of our  observat ions  of exper imen ta l  behavior  in te rms 
of specimen geomet ry  effects. Computer  results  y ie ld -  
ing quant i ta t ive  assessments of these effects for the 
Z i rca loy-s team react ion as functions of t empe ra tu r e  
and specimen dimensions were  presented.  

Acknowledgments 
The authors  a re  gra teful  for  the construct ive ideas 

and suppor t  of J. V. Cathcar t  dur ing  this work  and in 
the p repa ra t ion  of the manuscr ipt .  D. O. Hobson made 
numerous  h e l p f u l  comments.  The assistance of Mrs. 
Kaye  Russell  wi th  specimen me ta l log raphy  is appre -  
ciated. This research  was sponsored by  the Division of 
Mater ia ls  Sciences, U.S. Depa r tmen t  of Energy  under  
Contract  W-7405-eng-26 wi th  the  Union Carb ide  Cor-  
porat ion.  

Manuscr ip t  submi t ted  Dec. 5, 1979; revised m a n u -  
scr ipt  received March  19, 1980. This was Pape r  18 p re -  
sented at  the St. Louis, Missouri,  Meeting of the 
Society, May 11-16, 1980. 

A n y  discussion of this paper  wil l  a p p e a r  in a Dis-  
cussion Section to be published in the June 1981 
JOURNAL. All discussions for the June 1981 Discussion 
Section should be submitted by Feb. I, 1981. 

Publication costs of this article were  assisted by 
Oak Ridge National Laboratory. 

REFERENCES 
1. R. E. Pawel ,  J. V. Cathcart ,  and  R. A. McKee, This 

Journal,  126, 1105 (1979). 
2. R. E. Pawe],  ibid., 126, 1111 (1979). 
3. S. Malang, SIMTRAN I - - A  Computer  Code for  

the Simul taneous  Calculat ion of Oxygen  Dis t r i -  
but ions and Tempera tu r e  Profiles in Zircaloy 
During Exposure  to H igh -Tempera tu re  Oxidizing 
Environments ,  ORNL-5083 (November  1975). 

4. W. G. Dobson and R. R. Biederman,  ZORO 1- -A 
Fin i te  Difference Computer  Model  for Zi rca loy-4  
Oxidat ion  in Steam, EPRI  NP-347 (December  
1976). 

5. For  example,  reviews of the phenomenology  and 
ana ly t ica l  descript ions m a y  be found in: (a) 
C. J. Rosa, J. Less Common Metals, 16, 173 
(1968); (b) B. Cox, in "Advances  in Corros ion 
Science and Technology," Vol. 5, M. G. Fon-  
t ana  and R. M. Staehle,  Editors,  P lenum Press,  
New York  (1976); (c) P. Kofstad,  "High Tem-  
pe ra tu re  Oxidat ion  of Metals," John Wiley  & 
Sons, Inc., New York  (1966); (d) J. P. Pemsler ,  
This Journal, 112, 477 (1965). 

6. G. J. Yurek,  J. V. Cathcart ,  and R. E. Pawel ,  
Oxid. Met.,  10, 255 (1976). 

7. R. A. Perkins ,  J. Nucl. Mater.,  68, 148 (1977). 



2194 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY October 1980 

8. R. A. Perkins, ibid., 73, 20 (1978). 
9. J. Debuigne, Met. Corros.-lnd., XLII, 89 (1967). 

10. R. E. Pawel, J. Nucl. Mater., 49, 281 (1974). 
11. R. E. Pawel, ibid., 50, 247 (1974). 
12. M. O. Tucker, A. F. Brown and T. Healey, ibid., 

74, 41 (1978). 
13. S. Malang, guest scientist from Gesellschaft fur  

Kernforschung,  Karlsruhe,  FRG., unpubl ished re-  
search, ORNL, 1978. The MULTRAN code is 
an  adaptat ion of the SIMTRAN code [Re i  (3), 
above]. 

14. A. Sawatzky, G. A. Ledoux, and S. Jones, in 
ASTM STP 633, A. L. Lowe and G. W. Parry,  
Editors, pp. 134-148, ASTM, Philadelphia (1977). 

15. D. O. Hobson, in  Proceedings, Topical Meeting on 

Water Reactor Safety, American Nuclear So- 
ciety, Salt Lake City, Utah, March 26-28, 1973, 
CONF-730304. 

16. S. Leistikow, G. Schanz, and H. V. Berg, '~Kinetik 
und  Morphologie der isothermen Dampf-Oxida-  
tion yon Zircaloy-4 bie 700-1300~ '' Kernfor-  
schungszentrum Karlsruhe,  KfK 2587 (March 
1978). 

17. R. E. Pawel, R. A. McKee, and R. E. Druschel, 
Unpubl ished research. 

18. M. W. Mallett, W. M. Albrecht,  and P. R. Wilson, 
This Journal, 1{}6, 181 (1959). 

19. For examp]e, W. W. Smeltzer, R. R. Haering, a n d  
J. S. Kirkaldy,  Acta Metall., 9, 880 (1961). 

20. J. P. Pemsler, This Journal, 113, 1241 (1966). 

The Solubilities of NiO, Co O4, and Ternary 
Oxides in Fused Na SO  at 1200~ 

Dilip K. Gupta* and Robert A. Rapp** 
Department o$ Metallurgical Engineering, The Ohio State University, Columbus, Ohio 43210 

ABSTRACT 

The solubilities of the oxides NiO and CosO4 in  mol ten i%]'a2SO4 have been 
established as a funct ion of Na20 activity at 1200~ A reference electrode 
of Ag/Na2SO4-10 m/o Ag2SO4 in  a mull i te  tube was used as a sodium activity 
probe for the Na2SO4 melt. A second reference electrode of Pt, 02 ( a i r ) / z i r -  
conia (3.5 w/o CaO) served as an oxygen activity probe for Na2SO4. The 
combinat ion of measurements  of the sodium probe and oxygen probe in  the 
mel t  provided the Na20 activity in Na2SO4 directly, and el iminated the 
necessity for any  bare metal  electrode. Saturated melts were analyzed by 
atomic absorption spectroscopy for the dissolved metal  contents. The observed 
dependences of the solubilities of NiO and C0304 in  Na2SO4 on the activities of 
sodium oxide are in agreement  with those predicted from the Na-Ni-S-O 
and Na-Co-S-O phase stabil i ty diagrams, respectively. Act ivi ty coefficients 
were calculated for the solute species. Pre l iminary  measurements  were made 
of the a luminum contents in  Na2SO4 melts saturated with NiO and C0304 
in an a lumina  crucible. The unusua l  dependences of a luminum content on salt 
basicity suggested the existence of the te rnary  oxides NiA1204 and COA1204. 
While the pre l iminary  a luminum measurements  were not considered reliable, 
a theoretical model was developed to predict the expected solubil i ty behavior  
for a t e rnary  oxide in  Na2SO4. 

Nickel- and cobalt-base alloys and coatings with 
excellent  resistance to oxidation at high temperatures  
have been developed. These materials  are designed to 
develop t ightly adherent  and slow growing Cr20~ or 
A120~ scales when exposed to high tempera ture  gases. 
But the oxidation of such alloys and coatings is some- 
times accelerated considerably when an electrolytic 
deposit (a thin layer of fused salt) covers the surface 
of the metal  at high temperatures.  Although a n u m -  
ber  of fused salt films are known to cause serious ~ot 
corrosion attack of metals, sodium sulfate has re- 
ceived the greatest attention, and the phenomenol-  
ogy of the attack has been explored extensively. 

A knowledge of the solubilities of per t inen t  oxides 
in the corrosion products as a function of the chemical 
state of Na2SO4 should assist in unders tanding  the oc- 
currence and importance of the fluxing (dissolution) 
of the protective oxides formed during hot corrosion. 

Stroud and Rapp (I) reported the solubilities of 
~-A1203 and Cr203 in Na2SO4 at 1200~ as a function 
of P02 and aNa20 (or Ps03). Probably because of some 
reaction of Na2SO4 with the Pt wire electrode, some 
aspects of the Stroud and Rapp work are inconsistent 
with thermodynamic expectation. First, the minimum 
in the a-Al203 solubility dependence upon aNa20 did 

* Electrochemical Society Student Member. 
* * Electrochemical Society Active Member. 
Key words: oxide solubilities, fused salt, sodium sulfate, h o t  

corrosion. 

not occur near  the center of the A1208 stabil i ty 
regime. Secondly, counter  to expectation, the basic 
solubili ty of Cr203 as CrO42- ions was found to be 
higher at Poe ---- 10 -4 atm than  for P02 ---- 1 arm. A 
renewed study of Cr203 and A120~ solubilities using 
improved technique is underway.  Liang and Elliott  
(2, 3) have also reported a few values for the equi-  
l ibr ium solubilities of Cr20~, A1~O3, and NiO in  
Na2SO4 at 1200~ 

In  the present  work, the solubilities of the oxides 
NiO and C0304 have been established for P02 equal 
to 1 arm as a function of aNa20 at 1200~ These solu- 
bilities have-been related to the respective phase sta- 
bi l i ty diagrams for NiO in Fig. 1 and for C0304 in  
Fig. 2. These phase stabil i ty diagrams are analogous 
to Pourbaix  diagrams of E vs p.H for aqueous solu- 
tions The redox potential  is plotted against  the nega-  
tive of salt basicity (defined as log asa20)- The ther-  
modynamic data needed for establishing these Pour-  
baix diagrams at I200~ are listed in Table I. Other 
authors (4-6) have previously presented similar  dia- 
grams. In  Fig. i and 2 dashed lines have been pro- 
vided to indicate constant activities (10 -2 , 10 -4 , 
10 -6 ) for the acid and basic salts in equi l ibr ium with 
the metal  oxide and liquid Na2SO4. These diagrams 
could provide quant i ta t ive  values for the solubilities 
of metal  oxides in the fused salts if the ident i ty  and 
the activity coefficients of the solute ions in  Na2SO4 
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1200 o K. 

are  known.  Al te rna t ive ly ,  if  the  solubi l i ty  of the  oxide 
in the  fused sal t  is es tabl ished expe r imen ta l l y  as a 
funct ion of aNa20, both  the iden t i ty  and the ac t iv i ty  
coefficient of the solutes in di lute  solutions can be ob-  
tained.  

The re l i ab i l i ty  of the values  thus obta ined  for the 

Flood and  Boye (11) u t i l ized an  SO2, 02 e lec t rode  to 
obta in  the rmodynamic  informat ion  on the systems 
K2SO4-K2S2OT-SO3 and ZnO-ZnSO4-SO~. More r e -  
cently,  S t roud and Rapp  (1) used a modificat ion of 
this cell. 

In the cur ren t  s tudy,  the cell  

( - - )  Au, O~, SO3, Na2SO4 / Mul l i te  

Work ing  e lect rode (WE) / (Na+)  

ac t iv i ty  coefficients depends  on the accuracy of the 
Gibbs energy  of format ion  da ta  of the soluble me ta l  
salts, the me ta l  oxides, NafSO4, and the accuracy of 
the  expe r imen ta l  results.  Data  are  appa ren t ly  not 
ava i lab le  for the Gibbs energy of fo rmat ion  of 
NaCoOf. Hence the  de te rmina t ion  of the ac t iv i ty  co- 
efficient for the  basic solute species of Co in sodium 
sulfa te  is not  possible. However ,  for the sake of com- 
ple teness  of the N a - C o - S - O  Pourba ix  diagram,  the  
Gibbs  ene rgy  of fo rmat ion  of NaCoO 2 has been  
c rude ly  es t imated  b y  assuming that  the ac t iv i ty  co- 
efficient of NaCoO2 in NafSO4 is the same as that  cal -  
cu la ted  for  NaNiO2 in NafSO4 at  1200~ from this 
study.  

Electrochemical Electrodes 
Severa l  s tudies (7-9) have demons t ra ted  revers ib le  

e lec t rochemical  measurements  of oxygen and SO3 (or 
NafO) activities in liquid sulfates. Liang and EHiott 
(10) used a beta-A120~ electrolyte and a reversible 
W, WS2, Na2S reference electrode to determine the 
activity of sodium oxide (or Ps03) in sodium sulfate 
at 1200~ The activity of sodium oxide in the NafSO4 
melt was fixed by an equilibrium with the prevailing 
pressures of SOs, SO2, and 02. The limitation of this 
procedure is that the equilibration of the melt with 
Ps08 of a gas phase limits the range of values of Psos 
for aN~20) over which oxide solubilitites can be 

studied.  

[ NaeSO4-10 m/o  Ag2SOz, A g / P t  ( + )  

Reference e lect rode (RE) [E 

was used to es tabl ish  the ac t iv i ty  of sodium oxide in 
the  fused sodium sulfate  mel t  at  1200~ Because of 
its s impl ic i ty  of construct ion and stabi l i ty ,  m a n y  
authors  (12-17) have used the c losed-end mul l i t e  
(3A1208" 2SIO2) tube wi th  the 90 Na2SO4/10 Ag2SO4 
mel t  contact ing an Ag wire  as a revers ib le  sodium ion 

Table I. Pertinent thermodynamic data 

AG~ (1200~K) 
Compound (k J/mole) Source 

AgfSO~(1) -3.33 • I02 (27) 
Al~Os(a) -1.294 x 103 (23) 
A12Os(~) -1.464 x 10 i (25) 

-1.463 • 10 i (24) 
Ab(SO4)a(s) -1.98 x 10 ~ (23), (27) 
CoO(s) -1.496 • 10 ~ (23) 
Co304(s) -4.509 x 102 (23) 
CosO~(s) --4.5 x 10 -~ (23) 
Co~Ss(1) -5.26 x 102 (29) 
NaAIOf(s) --8.65 • 10 -~ (23) 
NaCoOf(s) -2.913 • 102 This work 
Nasa(s) -2.5 x 1O ~ (23) 
Na~NiOf(s) --3.73 x 10 ~ (22) 
NaNiOf(s) -3.12 x 102 (22) 
NafS(s) -2.82 • 102 (23) 
NafSO~(1) -8.93 x 10 ~ (23) 
NiO(s) -1.32 • 10 ~ (23) 
NiS ( I ) - 59.92 (29) 
NiSO~(s) -4.02 • I0 ~ (27) 
SOf(g) -2.737 • 1(] ~ (23) 
SOs(g) -2.603 • 102 (23) 
NiAhO4(s) --1.45 x 10 a (26) 
CoAIfO~(s) -1.48 x 10 a (26) 
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probe. A glassy grain  boundary  phase in  the mull i te  
provides exclusive sodium ion conduction. 

As demonstrated by Watt, Andersen, and Rapp 
(12), among others, the voltage of cell [I] can be 
given as 

2.3RT 
E I = E~ 

2F 

2.3RT 
Eoi' - -  EoI 

2F 

1 

w h e r e  

and 

E~ _ 

aNa20 (WE) 
log [1] 

Po2 V2 (WE) 

aNa2SO4 (RE) 
- -  l o g -  [2]  

aAg2SO4 iRE) 

- -  [AG~ -- AG~ 
2F 

-- AG~ [3] 
for the vi r tual  cell reaction 

Na20 + Ag2SO4-> Na2SO4 + 2Ag + 1/2 O2 [4] 

To determine the value of E ~ the ratio of the ac- 
t ivi ty coefficients of Na2SO4 to Ag2SO4 in  the 90 
Na2SO4:10 Ag2SO4 reference electrode was determined 
by Shores and John (18) at 900~ to equal 3.26. This 
corresponds to a value of 3.17 at 1200~ assuming 
reguIar  solution behavior  for the 90 Na2SO4:10 Ag2SO4 
melt. From the thermodynamic  data in Table I and 
use of the ratio 3.17 for 7Na2SO4/TAg2S04, the voltage 
of cell [I] at 1200~ is 

aNa20 (WE) 
EI(V) -- 1.454 + 0.119 log [5] 

Po2'/2 (WE) 

The separate measurement  of the oxygen activity in  
the Na2SO4 melt  was established by the cell 

side bottom of the tube, and a stripe at  12 cm from 
the bottom. Two Pt -P t /10% Rh thermocouples, each 
in a lumina  protection tubes, were placed inside the 
zirconia tube, such that one of the thermocouples 
touched the bottom while the other thermocouple 
touched the Pt  stripe. The reference gas inside the 
zirconia tube was air. The zirconia tube was also 
platinized on its outside surface (contacting the cham- 
ber gas) at about  12 cm from the bottom. A P t  
lead wire to this electrode served to measure the oxy- 
gen activity of the gas phase over the melt. A short 
gold electrode wire was immersed in the mel t  but  
was spot-welded to a P t  wire which served as the 
lead wire. Thus, no thermoelectr ic  voltage contr i-  
butions were introduced to cell readings. The tem- 
perature was controlled by a solid-state tempera ture  
controller  (Barber-Colman)  at 1200 ~ _ 2~ 

All chemicals used were of reagent -grade  qual i ty  
without  fur ther  purification. All  gases were dried by 
passing them through silica gel. Gases were conducted 
to the surface of the mel t  through a quartz tube 
inserted through the stainless steel flange. Mixtures 
of SO2 (Matheson) and O2 (Liquid Carbonic) gases 
and Na202 additions were used to shift the melt  
basicity toward lower and higher activities of so- 
dium oxide, respectively. Sodium peroxide was used 
rather  than Na20 because of the hygroscopic na ture  of 
Na20. The thermal  decomposition of Na202 to Na20 and 
02 was assumed to be rapid. The combinat ion of the so- 
dium and the oxygen probes enabled the monitor ing of 
the aNa20 of the melt  at all times. Cell emf values 
showed a slight shift with time, presumably  resul t ing 
from slight at tack of the mulli te,  zirconia and a lumina  
refractories. Such buffering behavior  has been re- 

( - - )  air, P02 = 0,21, Pt  ZRO2(3.5 w/o CaO) 

( R E )  (O2-)  

Na2SO4, 02, SOs, A u / P t  ( + )  

(WE) [II] 

w h e r e  
RT Po2 (WE) 

En = in [6] 
4F 0.21 

or 
EII(V) = 0.0403 -t- 0.0595 log Po2 (arm) (WE) 

[7] 

Upon measur ing the voltage between the individual  
reference electrodes of cells [I] and [II], equal  to 
the algebraic sum of EI and  En, a voltage Em is ob-  
ta ined which provides the measure of aNa20 for the 
NazSO4 melt  wi thout  the influence of any corrosion 
reaction on the metall ic wire contacting the melt  

Eni  ( V )  = 1.4943 + 0.119 log aNa20 ( W E )  [8]  

Experimental Apparatus and Procedures 
The exper imenta l  apparatus for the solubil i ty 

studies is i l lustrated in  Fig. 3. About  5-10g of reagent-  
grade oxide powders were charged with about 25g of 
reagent-grade  sulfate powder (J. T. Baker  Chemical 
Company) in an  a lumina  crucible placed inside t h e  
external  mul l i te  tube. The mul l i te  and zirconia elec- 
trodes were inser ted into the mel t  through stainless 
steel adapters (Cajon) with o-rings epoxied into the 
water-cooled stainless steel flange. 

The reference electrode of Ag(s)/Na2SO4-10 m/o  
Ag2SO4 was contained in a 1 cm OD mull i te  (MV30, 
McDanel) tube to serve as the sodium probe. A Pt -  
wire, spot-welded to the small  piece of Ag wire  
served as the electronic lead wire for the sodium 
probe. The mull i te  tube was sealed at the top with a 
piece of Tygon tubing and a pinch clamp to minimize 
any  drif t  caused by loss of SOs. However, some t rans-  
port of Ag through the mul l i te  tube occurred, as 
silver could be detected in the Na2SO4 in the crucible. 

The 1 cm OD zirconia (3.5 w/o CaO) oxygen refer-  
ence electrode was prepared by plat inizing the in-  

ported elsewhere (3, 10). 
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Fig. 3. Experimental setup for measuring the oxide solubility in 
fused sodium sulfate at 1200~ 
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The aNa2O values  ca lcula ted  f rom the emf readings  
of the  sodium probe  and oxygen  probes  using both  
the Po2 above the mel t  and in  the melt ,  respect ively ,  
became app rox ima te ly  equal  a f te r  2-3 days, which 
was in fe r red  to indicate  the  equi l ib ra t ion  of the mel t  
w i th  the  gas phase.  

The solubi l i t ies  of the oxides NiO and CosO4 in the  
mol ten  Na2SO4 were  de t e rmined  af te r  f reezing sa tu-  
r a t ed  samples  of the me l t  onto an a lumina  rod. The 
samples  were  weighed  and  dissolved in  d i lu te  acid  
(0.03N) having  the same anions as tha t  of the i r  r e -  
spect ive s t anda rd  solutions for a tomic absorpt ion  
analysis.  The amount  of dissolved meta l  was de te r -  
mined  in an  atomic absorpt ion  spec t rophotometer  
(Pe rk in  Elmer;  Se l ies  360) using a graphi te  furnace.  
The amount  of the dissolved compound was then  cal -  
cula ted  using known stoichiometries.  

Results and Discussion 
NiO solubiIity.--The expe r imen ta l  so lubi l i ty  da ta  

a re  shown in Fig. 4. Other  values,  r epor ted  by  Liang 
and El l iot t  (3) for  the  so lubi l i ty  of NiO in Na2SO4, 
a f te r  ad ju s tmen t  for the  difference in the i r  value  for  
the Gibbs energy  of fo rmat ion  of Na2SO4 to tha t  in 
J A N A F  Tables (23), is also shown in this d iagram.  

Af te r  24 hr  f rom the a t t a inmen t  of the s teady  emf, 
the  samples  were  t aken  at  in te rva ls  of 12-24 hr. 
Under  these conditions, no observable  difference in 
the  so lubi l i ty  as a funct ion of t ime was noticed, im-  
p ly ing  tha t  the measured  solubil i t ies  a re  the sa tu-  
r a t ion  solubil i t ies.  In  Fig. 4, the  dependence  of the 
acid solute concentra t ion upon the basic i ty  (log aNa20) 
agrees  wel l  wi th  a l ine of slope 1 for the fol lowing 
reac t ion  

NiO + Na2SO4 : NiSO4 -5 Na20 [9] 
and 

f 0( l~176 } = 1 [10] 
0 ( - -  log aNa20) 

No dependence  upon Po2 for  the acidic dissolution 
of NiO as Ni 2+ is expected  because the n ickel  valence 
is not  changed upon dissolut ion (ver t ica l  l ine on Fig. 
1). Excel len t  ag reemen t  wi th  Liang  and El l io t t  (3) 
is found for the solubi l i ty  of NiO at log aNa20 = --11.79 
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Fig. 4. Solubility of NiO in fused Na2S04 at 1200~ 
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(corresponding to --12.69 of the i r  s tudy)  of about  
150 wt  ppm. However ,  the so lubi l i ty  de te rmined  here  
for a ve ry  acid condit ion is about  an  order  of magn i -  
tude higher  than  tha t  r epor ted  by  Liang and El l io t t  
(3). The high solubi l i ty  for NiO in acidic condit ions is 
consistent  wi th  the  observat ion  of W o r t m a n  et al. 
(20), who have  repor ted  deposits  of ye l low NiSO4 
on blades  f rom engines suffering hot  corrosion at  con- 
s ide rab ly  lower  tempera tures .  

Fo r  the  basic dissolut ion of NiO in Na2SO4, the  
measured  so lubi l i ty  da ta  of Fig. 4 agree  wel l  wi th  
the fol lowing reac t ion  

2NiO + NasO + 1/2 02 = 2NaNiO2 
where  

and 

[11] 

f 0(logaNaNiOs) } 1 : - -  N [12] 
0 ( -- log aNa20) 02 2 

f 0 (log aNaNiO2 ) t 1 = - -  [13] 
0 (log Po2) aNa20 4 

Thus, in basic sodium sulfate  mel ts  a t  1 a tm oxy -  
gen, n ickel  oxide dissolves as n ickela te  ions, NiO2- ,  
wi th  t r iva len t  nickel.  Indeed,  the corre la t ion  of Eq. 
[12] to Eq. [11] would  also be va l id  for a mul t ip le  
of 1NiO~-, such as Ni204 ~-. Since the basic  n icke la te  
species has a valence ( + 3 )  different  f rom tha t  in its 
oxide ( + 2 ) ,  an oxygen  pressure  dependence  of Eq. 
[13] for N a N i Q  solubi l i ty  is expected.  The da ta  in 
Fig. 4 were  correc ted  s l ight ly  f rom the  measu red  Po2 
in the mel t  to 1 a im Po2, according to the  theore t ica l  
oxygen  dependence  of Eq. [13]. Liang and El l iot t  
(3) have repor ted  the basic solubi l i ty  of NiO as 
NaNiO2 of 0.4 w /o  at  log aNa2o ---- --2.67 (cor respond-  
ing to --3.57 of the i r  s tudy) .  In  the present  exper i -  
men ta l  setup a t t a inmen t  of such high bas ic i ty  was 
p rac t i ca l ly  l imi ted  because of a t t ack  on the ceramics 
and meta ls  by  the h ighly  reac t ive  oxide ions. 

The presence of NaNiO2 in the quenched basic sal t  
samples  was confirmed by  x - r a y  analysis.  Goebel  and 
Pet t i t  (21) consider  tha t  the oxide  ions in sodium sul-  
fate react  wi th  NiO in forming a basic solute species 
to account  for the  accelera ted  hot  corrosion of pure  
NiO in Na2SO4 in an oxygen environment .  

The the rmodynamic  phase  s tab i l i ty  d iag ram for the 
N a - N i - S - O  sys tem in Fig. 1 indicates  NiO s tabi l i ty  
for  1 a im  of Po2 for  3.7 < --  log aNa2O < 16.2. The 
Gibbs energy  of fo rmat ion  for NiSO4 was taken  f rom 
the t abu la t ion  by  Kel logg (27); an uncer t a in ty  of 
___2 k J / m o l e  i s . indicated.  The Gibbs energy  of fo rma-  
t ion of NaNiO2 repor ted  b y  Shaiu,  Wu, and Chiott i  
(22) was used to es tabl ish  the  NiO/NaNiO2 bounda ry  
of Fig. 1; this value  for  &G~ is uncer ta in  by  
___13 kJ /mole .  The authors  suggested that  this value  
was not  ve ry  rel iable.  

According to a Raoult ' s  law choice of s tandard  
state, the act ivi t ies  of the condensed phases NaNiO2 
and NiSO4 in equ i l ib r ium wi th  mol ten  Na2SO4 are  
considered to be un i ty  at  the  NiO s tabi l i ty  boundar ies  
a t  --  log aNa20 equal  to 3.7 and 16.2, respect ively.  

The ac t iv i ty  coefficients of the soluble NiSO4 and 
NaNiO2 species were  ca lcula ted  wi th  respect  to pure  
solid NiSO4 and  NaNiO2 as the  s t anda rd  states  

{ ~ ' N i s 0 4 N a 2 S O 4 } d i l .  s o l n  " - -  
aNtS04 �9 

N N i S 0 4  

[ % N a N i O ~  
{')'NaNlo2Na2SO4}dil. soln --  - -  [14] 

NNaNiO2 

The ac t iv i ty  coefficient 7NiSO4Na2S04 was ca lcula ted  to 
equal  0.12. But  because of the  unce r t a in ty  in the  
value  for  AG~ the t rue  va lue  may  lie be tween  
009 and 0.20. The ac t iv i ty  coefficient for NaNiO2 in 
i%[a2SO4, 7NaNio2Na2S04, was ca lcula ted  to equal  50. 
Again,  because  of uncer ta in t ies  in  the  va lue  for  
~G~ the t rue  va lue  m a y  lie be tween  10 and 300. 
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The resul ts  in Fig. 4 show a min imum in the NiO 
solubi l i ty  at  --  log aNa2O ---- 10.3, which  iw consistent  
wi th  tha t  expec ted  f rom the phase s tab i l i ty  d iag ram 
for the N a - N i - S - O  system. The solubi l i ty  min imum 
is expected to l ie somewhere  near  the  middle  of the 
NiO s tabi l i ty  range  (3.7 < --  log aNa20 < 16.2), as de-  
cided by  the ac tual  values  of Raoul t ian  ac t iv i ty  co- 
efficients for the  solutes. 

CosO~ solubility.--Experimental values  for  the solu-  
b i l i ty  of the  cobalt  oxide  C0~O4 in fused Na2SO4 at 1 
a tm 02 are  p lo t ted  in Fig. 5. S imi la r  to n ickel  oxide, 
the  sa tu ra t ed  samples  of CoaO4 dissolved in Na2SO4 
were  quenched for quant i t a t ive  de te rmina t ion  by  
atomic absorpt ion  spect rophotometry .  No change in 
the  so lubi l i ty  was observed af te r  about  20 hr  f rom the  
a t t a inmen t  of s teady  emf's  for the  mel t  probes.  

Lines were  d r a w n  according to the  theore t i ca l ly  
p red ic ted  slope of 1 for acid dissolution according to 
the  fol lowing equat ion 

2C0304 + 6Na2SO4 = 6COSO4 + 6Na20 + Oz [15] 

whe re  

0(logacosod) ~ 1 
[16] 

0 ( - -  log aNa2O) J 02 
and 

{ 0(logacosod) } =----1 [17] 

0 (log Po2 ) ,Na~O 6 

Because of the oxygen  dependence  of the solubi l i ty  of 
Co304, the  da ta  points were  correc ted  f rom the Po2 
values  indica ted  by  the zirconia probe in the mel t  to 
a common Po2 of 1 atm. The correc ted  da ta  of Fig. 5 
agree  wi th  the expected  dependence  of acid solute 
concentra t ion upon aNn20 according to Eq. [16]. 

The the rmodynamic  phase  s tab i l i ty  d iagram for the  
N a - C o - S - O  sys tem at 1200~ was shown in Fig. 2. 
The l ine for  uni t  ac t iv i ty  of CoSO~ at Po~ ~ 1 atm, 
assuming pure  l iquid  CoSO4 as the s t andard  state, 
lies at  the va lue  of --  log aNa2O -~- 15.2. 

The Raoul t i an  ac t iv i ty  coefficient ' Y C o S o 4 N a 2 S O 4  w a s  

calcula ted  by  the same method jus t  exp la ined  for 
NiO measurements .  The ca lcula ted  ac t iv i ty  coeffi- 
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cient qCoSO4Na2SO4 equals  2.5. No previous  da ta  have 
been repor ted  in the l i t e ra tu re  for  comparison.  F r o m  
the uncer t a in ty  in AG~ the  t rue  ac t iv i ty  coeffi- 
cient  could have values be tween  1 and 5. 

For  the basic dissolution of Co304 in Na2S04, the 
Po2-corrected da ta  fi t ted wel l  to a l ine of s lope --  1/~, 
according to reac t ion  [18] 

1 
Co804 + Na20 + -~- O3 = 3NaCoOs [18] 

and 

also 

O(1ogaNacoo2) } I 

0 ( - -  log aNa20) 02 2 [19] 

{ 0(logaNaca02) } = - - I  [20] 

0 (log Po2) aNa20 6 

This implies  tha t  CoaO4 dissolves in Na2SO4 as a 
COO2- solute species (or a mul t ip le  such as C02042-) 
in a basic env i ronment  ( - -  log aNn20 ~ 9.2). There  is 
no da tum repor ted  in the  l i t e r a tu re  for  •176 
Here, for the sake of completeness  of the N a - C o - S - O  
phases s tab i l i ty  diagram,  a va lue  for  AG~ was 
es t imated  upon mak ing  the tenuous assumpt ion  tha t  
the  ac t iv i ty  coefficient 7NaCoo2Na2SO4 equals  50, the 
same a s  ~ / N a N i o 2 N a 2 S O 4 .  Both cobal t  and  n ickel  dissolve 
as MO~- species for basic Na2SO4 melts,  where  M has 
the + 3  valence state. The ca lcula ted  b o u n d a r y  be-  
tween  Co304 and NaCoO2 thus lies a t  about  --  log 
aNa2O ~- 1.3. The ca lcula ted  value  for the Gibbs energy  
of format ion  for NaCoO2 at  1200~ is --291.3 k J / m o l e  
_ 19 kJ. The measured  Co304 solubi l i ty  da ta  ex-  
h ibi t  a min imum at a value  for - -  log aNa2O -~ 9.2, 
which is consistent  wi th  tha t  expected  f rom the s ta-  
b i l i ty  diagram. 

The solubi l i ty  of the h igher  oxide C0304 was de te r -  
mined in this study.  However ,  the construct ion lines 
for constant  solute ac t iv i ty  of Fig. 2 point  out  the  
cont inui ty  in solute ac t iv i ty  as cobaltous oxide CoO 
becomes stable at  lower  Po2. Thus the solubi l i ty  curve 
for CoO at any  lower  Po2 can be ca lcula ted  upon using 
the same act iv i ty  coefficients es tabl i shed  in  this study.  
Obviously,  the acid solubi l i ty  of CoO as CoSO4 for 
a given value  of log aN32O wil l  be s l ight ly  h igher  than  
tha t  for  C0304 at  1 arm. This acid solubi l i ty  for CoO 
should not  depend upon Po2. The basic so lubi l i ty  of 
CoO as NaCoO2 for a given va lue  of log aNa20 is s ig-  
nif icantly lower  than  that  for C0804. According to the  
solubi l i ty  equ i l ib r ium 

1 
2CoO + Na20 + ~ 02 -- 2NaCoO~. [21] 

0 ( - -  Iog aNa20) 02 = --  ~" [22] 

and 
0(IOgaNacoo2) } i 

= - -  [ 2 3 ]  
0 (log Po2) aNa20 4 

The specific dependences  of oxide solubi l i ty  on aNa2o 
and Po2 in the sal t  are  impor t an t  in test ing cer ta in  
proposed scale f luxing mechanisms and cr i ter ia  for  
the hot  corrosion of metals.  For  example ,  Rapp and 
Goto (28) have  proposed  tha t  the  existence of a nega-  
t ive solubi l i ty  grad ien t  for an oxide in the sal t  film 
would  suppor t  a cont inuing scale dissolut ion and re -  
prec ip i ta t ion  mechanism in hot  corrosion. 

Spinet soLubility.--The same sal t  solutions sa tu-  
r a t ed  wi th  NiO and Co304 were  also ana lyzed  by  
atomic absorpt ion for soluble a luminum in Na2SO4 
at 1200~ The resul t ing da ta  for an "apparen t"  solu-  
b i l i ty  as a funct ion of aNa2O are  shown in Fig. 6. No 
solid a lumina  powder  was charged  into the Na2SO4 
melts. Only the a lumina  crucible  and the  mul l l i te  tube  
(MV30, McDanel)  were  considered to be the sources 
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of alumina.  Gibbs energy  da ta  in Table  I predic t  tha t  
over  a large  range of aNa2O, a lumina  should react  to 
form spinels,  NiA1204 or  CoA1204, in the presence of 
excess NiO and C0304, except  for ve ry  acid ( - -  log 
aNa20 ~ 15.2) condit ions where  these oxides (NiO and 
C0304) dissolve as the i r  respect ive  sulfates.  The 
the rmodynamic  s tab i l i ty  of NiA1204 is indica ted  on 
super imposed  N a - N i - S - O  with  Na-A1-S-O diagrams 
in Fig. 7, and CoA1204 s tabi l i ty  is shown on the 
N a - C o - S - O  and Na-A1-S-O systems in Fig. 8. The 

NiA1204 s tab i l i ty  extends  f rom 4.7 < --  log aNasO 
< 17.1, and  for  COA1204, the b o u n d a r y  extends  f rom 
2.8 < --  log aNa20 < 16.8. Unlike the dissolution of 
b ina ry  oxides in Na2SO4 at 1200~ the so lubi l i ty  of 
a t e r n a r y  oxide as a funct ion of aNa20 would  be ex-  
pected to exhibi t  a sequence of different  regimes,  
depending  on the p redominan t  solute species presen t  
and the pa r t i cu la r  condensed phases which are  s table  
and present .  The fol lowing analysis  is a novel  t r e a t -  
men t  for  the  expected  so lubi l i ty  for a t e rna ry  oxide:  

Region / . - - I n  a region of ve ry  basic melt ,  the  s table  
condensed phase  for  a luminum is NaA1Os, and for 
me ta l  M (M wil l  be used for  Ni or Co hereaf te r )  is 
NaMOs. The solubil i t ies of these condensed phases 
as A102-  and MOs-  solute  species should not  depend  
upon log aNa2O or  Po2. Therefore,  the d i lu te  solut ion 
of the condensed phases NaA102 and NaMO2 in 
Na2SO4 should show no dependence  of soluble A1 on 
the Na20 ac t iv i ty  according to fol lowing react ions 

NaA1Os(s) = Na + 4- A102-  [24] 
where  

~ a(logaNaAl~ ~ - - '0  [25] 
O (-- log aNa20) Os 

Region II.--In a somewhat  less basic melt ,  the bi-  
na ry  oxide of meta l  M, MO ( ra ther  than  NaMOs) , is 
the s table  condensed phase,  and is present  in excess 
in NasSO4 along wi th  the s table NaA102 phase. Again, 
the uissolution of AI as arl AIO~- species (or multiple 
thereof) should exhibit no dependence of soluble Al 
concentration on aNa2O because the preceding Eq. [24] 
and [25] would again apply. 

Region III. --In this region of basic melt, both the 
spinel MAI204 and M-oxide are stable and present as 
condensed phases. The basic solute species AIOu- and 
MO~- are stable. The dissolution of MA1204 as AIO2- 
ions and MO2- is described by Eq. [26], and the ba- 
sici ty (log aNa20) dependence  of soluble a luminum 
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concentration by Eq. [27] 

3 1 
MAI~O4 + -~- Na20 + ~- O~. 

-- 3Na + + MO~- + 2A102- 
a n d  

{ 
[26] 

8 (log [A1]sol.) 

O ( -- log aNn20) f 02 

{ O(logaNaAIO2) } 1 
= =---- [27] 

a ( -- log aNa20) o2 2 

Region IV.--In this regime, the MA102 spinel and MO 
are stable and present as the condensed phases and 
the soluble species are A102- and M 2+. Note that 
nickel oxide and cobalt oxide should dissolve as acid 
species (M 2+ ions) at a basicity where aluminum dis- 
solves as a basic species (A102- ions) 

MA1204 ---- 1V[ 2+ + 2A102- [28] 

There is no expected dependence of soluble aluminum 
upon aNa20. 
Region V.--In this acid regime, MA102 spinel and 
excess MO are stable and present as condensed phases, 
and A13+ and M 2+ are the soluble acidic species 

MA1204 + 8Na + = M 2+ + 2A13+ + 4Na20 [29] 

Here, the dissolution of MAt204 as A12(SO4)~ depends 
also upon the dissolution behavior of iNiO. Upon differ- 
entiation of the logarithm of the equilibrium constant 
for Eq. [29] 

{ 0(log[AlS+]~oL) } 

O ( -- log aNa20) 

I { a (I~ [M2+]s~ ) [30] 
-- 2 -- -~- O ( -- log aNa20) 

But according to the previous Eq. [9] and [I0], the 
latter derivative equals unity, so that 

f O(log [/kV+]~ol.) } 
O ( -- log aNa20) 0,~ 

1 { a(logaAl2(so4)s) } 3 [31] 
2 2 

Region VI.--In this very acid regime, the MA102 
spinel is stable and present as a condensed phase, but 
NiO or Ca304 are no longer present at unit activity, 
because NiSO4 or CoSO4 are stable. Then the solu- 
bility of the A1 ~+ species is independent of the dis- 
solution of NiO and Co304 as NiSO4 and COSO4, re- 
spectively. The MA1204 dissolution is again described 
by reaction [29], but the dependence of soluble A1 
concentration upon aNa20 is given by the zollowing 
equation 

{ 0(log[A13+]sol.) } 

0 ( -- log aNa20) 02 

2 O(-- lag aNa20) 02 

Region VII.--In this extremely acid regime, the spinels 
are not stable but alumina is the stable condensed 
phase. Alumina dissolves as the acid species A13+ in a 
melt  consisting of Na2SO4 and MSO4 

A1203(s) + 61~a + ---- 2A13+ + 3Na20 [33] 

The dependence of the acid Jan solubility on aNa2o is 
given by 

I a(log [AlS+]sot.) 1 
a ( --  log aNa20) o~, 

2 0 ( -- log aNa20) 02 2 

Region VHL--In  this most acid regime, t h e  s t a b l e  

condensed phases are the sulfates of A1 and Ni or Co. 
In this regime of total liquid miscibility, no depen- 
dence of soluble aluminum concerltratlon on the 
aNa2o would occur. 

These different regimes are summarized far the 
Ni-A1-Na-S-O system in Fig. 9. The comparable 
boundaries far NiA1204 and COA1204 differ only by 
about one order of magnitude (CoA1204 extending 
towards the more basic side). Obviously, a similar plot 
can be offered for the Co-A1-Na-S-O system. The 
theoretically predicted basicity dependences for the 
aluminum solute species are summarized in Fig. 10. 

Because of practical experimental limitations (at-  
tack af the emf probes), the solubility measurements 
in very acid (right of region V) or very basic (left of 
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region  I I I )  mel ts  m a y  not  be possible. The s teep r ise 
in the  expe r imen ta l l y  measured  a l u m i n u m  contents 
in acid mel ts  of Fig. 6 is not  inconsis tent  wi th  the 
slope of 3/2 expected  for the regime V, bu t  only l i t t le  
d i sp lacement  is appa ren t  in the  da ta  f rom the Co- 
and Ni -conta in ing  solutions. The exis tence of  the 
broad  p la teau  (A1 solute concentra t ion independen t  of 
aNa2o) in the  Co304-saturated solut ions of Fig. 6 
seems to corre la te  wi th  behav ior  expected  for  reg ime 
IV, except  tha t  the  p la t eau  extends  too fa r  in  the  basic  
direction.  The  da ta  f rom NiO-sa tu ra t ed  mel ts  of Fig. 6 
seem to lack  the expected  p la t eau  for  reg ime IV, and 
the exis t ing p la t eau  for  - -  log aNa2O < 11 occurs in 
a me,it insufficiently basic to cor respond to reg ime II. 
Fur the r ,  the  difference by  two orders  of magni tude  
in the p la teaus  of Fig. 6 for the  NiO- and the Co~O4- 
sa tu ra t ed  solut ions is also not  expla inable .  Then in 
general ,  the da ta  of Fig. 6 do not  fit the expected  
pa t t e rn  of Fig. 10 for the  so lubi l i ty  of a luminum in 
a sys tem where  t e r n a r y  oxides are  stable.  But  on the 
o ther  hand, the observed pa t t e rn  is also not  con- 
s is tent  wi th  tha t  expec ted  for a s imple A12Oa solu-  
bi l i ty,  which  should r e semble  Fig. 4 and 5 (but  
wi th  different  s lopes)  if only  one acid and one basic 
species of a l u m i n u m  were  formed.  

These seeming inconsistencies are  exp la ined  by  
rea l iz ing tha t  the  exper imen t s  f rom which a luminum 
was ana lyzed  were  not  designed or opt imized  to es-  
t ab l i sh  the  spinel  solubili t ies.  Powdered  A12Os or 
MAl~O4 were  not  ava i lab le  to the melt ,  and care  was 
not  t aken  to insure  that  equ i l ib r ium was reached wi th  
respect  to sa tura t ion  by  the a luminum solute species. 
Then the da ta  of Fig. 6 should not  be considered as 
re l iab le  equ i l ib r ium data, but  r a the r  they  only sug-  
gest  tha t  i nhe ren t ly  different  resul ts  should be ex -  
pected when  a t e r n a r y  oxide  is present .  The theory  
summar ized  in Fig. 9 and 10 is offered for comparison 
wi th  fu tu re  exper imen t s  which  can be designed to 
es tabl ish  the solubi l i t ies  of t e r n a r y  oxides. 

Obviously,  the theory  should d i rec t ly  predic t  the 
solubi l i t ies  of o ther  t e rna ry  oxides in other  oxyanion  
mel ts  (ni trates,  carbonates,  borates,  vanadates ,  s i l i -  
cates, etc.) The severa l  assumptions  made in this 
theory  should be exp la ined  so tha t  the theory  can be 
ex tended  o r  amended  for o ther  systems. The solute 
species for  Ni, Co, and A1 a re  assumed to be the  same 
as those for the respect ive  b ina ry  oxides. Thus, this 
t r ea tmen t  assumes that  there  a re  no Ni-A1-O or  
Co-A1-O soluble  complex ,  ions, e.g., NiA1042- or  
NiA1Oz +. Clearly,  in te rac t ive  soluble species m a y  be 
possible in some systems. In  pr inciple ,  complex ionic 
species could be identif ied by  the bas ic i ty  and oxygen 
ac t iv i ty  dependences  of the  solubil i t ies.  

Summary and Conclusions 
The solubil i t ies  of NiO and Co304 in Na2SO4 in 1 

a tm O2 at  1200~ have been expe r imen ta l ly  de te r -  
mined  as a funct ion of sa l t  bas ic i ty  (log aNa2o). 

Nickel  oxide, which  dissolves as nickel  sulfate  in 
acidic salts  and as sodium nickela te  (NiO2-)  in 
basic salts, shows a wel l -def ined  min imum in solu-  
b i l i ty  at  --  log aNa20 -~ 10.3. The identif icat ion of 
these species is in fe r red  upon compar ing  the depen-  
dence of NiO solubi l i ty  upon the basic i ty  (log aNa20) 
of Na2SO4 mel ts  wi th  models  der ived  f rom the t he r -  
modynamic  s tab i l i ty  plot. The ac t iv i ty  coefficients for  
n ickel  sulfa te  and sodium nicke la te  di lute  solutions 
were  es tabl ished as 0.12 and 50, respect ively ,  bu t  a 
la rge  unce r t a in ty  is inheren t  in the calculations.  

The solubi l i ty  of cobal t  oxide, Co304, is ve ry  s imi lar  
in behav ior  to tha t  of n ickel  oxide. Cobalt  oxide is a 
s l ight ly  more  basic oxide, and  shows a m in imum in 
the  so lubi l i ty  plot  a t  - -  log aN~2O ---- 9.2. The Co~O4 
dissolves as CoSO4 (Co ~+) in acid dissolution and, as 
NaCoO2 (COO2-) in basic dissolution in Na2SO4 at  
1200~ The ac t iv i ty  coefficient of 2.5 was es tabl ished 
for  a di lute  solut ion of CoSO4 in Na2SO4. 

The knowledge  of the  solubi l i t ies  of NiO and CozO4 
should assist in unders tand ing  the occurrence of flux- 
ing of protec t ive  oxides encountered  dur ing  the hot  
corrosion of metals .  

The Na2SO4 melts  s a tu ra t ed  wi th  NiO and C0304 
were  also ana lyzed  for  soluble a luminum content,  
a l though the studies were  not  designed to es tabl ish 
the a lumina  or spinel  solubil i ty.  The resul t ing  da ta  for 
soluble a luminum concentrat ions  devia ted  f rom tha t  
expected  for  a s imple  b i n a r y  oxide,  and an influence 
of NiA1204 or COA1204 format ion  was suspected.  A 
novel  theory  was developed to i n t e rp re t  (predic t )  
the  solubi l i ty  of a t e rna ry  oxide  in Na2SO4. The cor-  
re la t ion  of the theory  to the  measu remen t  of soluble 
a luminum was not  sat isfactory,  bu t  an improved  ex-  
pe r imen t  would  be expected  to y ie ld  be t t e r  results.  
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Mechanism of Na SO  Induced Corrosion at 
600~176 

K. L. Luthra* and D. A. Shores* 
General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

The kinetics of Na2SO4-induced corrosion were measured by  accelerated 
oxidation tests on Co-30Cr and Ni-30Cr as a funct ion of tempera ture  from 
600~ "C, SO3 in  the env i ronment  and deposit composition. The alloys were 
rapidly attacked at temperatures  between 650 ~ and 750~C when a l iquid sul-  
fate phase was obtained from an ini t ia l ly pure solid Na2SO4 deposit. The rapid 
rate of at tack resul ted ~rom sulfat ion of the t rans ient  surface nickel or cobalt 
oxides and the dissolution of these t ransi t ion metal  sulfates into Na2SO4 t o  
yield a l iquid phase. This retarded the formation of a protective Cr203 scale. 
The exposure conditions under  which liquids could form from Na2SO4-CoSO4 
mixtures  were calculated from thermodynamic  considerations. 

Many fossil-fueled devices for energy conversion 
are susceptible to rapid degradation of high tempera-  
ture  alloy components when subjected to molten salt 
deposits. Because of the near ly  universal  presence of 
sulfur  and alkali  metals in  fossil fuels, the corrosive 
deposits usual ly  contain alkali sulfates (Na2SO4, 
K2SO4). The mechanism of Na2SO4-induced corrosion 
at high temperatures,  where Na2SO4 (mp _-- 884~ 
is liquid, has been extensively studied. This form of 
attack, commonly known as hot corrosion, results in 
typical sulfidation with an a luminum and /or  chromium 
depletion zone in the alloy. 

Recently, a different, but  related, form of hot corro- 
sion has been identified in mar ine  propulsion gas 
turbines under  service conditions where the surface 
temperatures  of the first stage blades and vanes were 
in the range of about 650~176 (1). The attack on 
Co-base coatings resulted in an unusual  morphology: 
pitting, l i t t le or no depletion of A1 or Cr in the alloy, 
and corrosion products which contained water soluble 
Co and Ni. Burner  rig tests and other studies have 
been able to reproduce these characteristic features 
of in termediate  temperature  attack only when Na2SO4- 
containing deposits are used in conjunct ion with suf- 
ficient SO3 in an oxidizing env i ronment  (2, 3). 

Only a few investigators have studied the mechanism 
of alkali sulfate induced corrosion at in termediate  
temperatures  (600~176 (4-6). Umland and Voigt 
(4) investigated the formation of soluble Ni, Co, and 
chromate ions in crucible- type corrosion tests. Several  
nickel-,  cobalt-, and i ron-base alloys were exposed 
to melts containing Na2SO4, K2SO4, or mixtures  thereof 
in air or in air containing S Q  over the tempera ture  
range 650~176 They found a max imum in corro- 
sion rate at 750~ which coincided with the highest 
recovery of Ni and Co sulfates from the melt. This 
study was subsequent ly  extended by Balajka and 
Danek (5), who observed enhanced corrosion of Ni 
in alkali sulfate melts containing CoSO4 at in te rme-  
diate temperatures.  They interpreted their results in 
terms of Umland and Voigt's suggestion that cobalt 

* E l e c t r o c h e m i c a l  Soc ie ty  A c t i v e  Member .  
Key words: kinetics, oxidat ion,  corros ion,  al loy,  cobalt .  

in the 2~- and 3-]- valence states formed complex ions 
in sulfate melts. These ions were proposed as the 
basis of a redox system which enhanced the t ranspor t  
of oxidant  through the melt. Recently, Jones and 
Gadomski (6) studied the behavior of four Co- or 
Ni-base alloys in  corrosion tests at 538~176 with 
deposits of various eutectic composition sulfate mix :  
tures. Those deposits which melted and l iberated cor- 
rosive gas (probably S Q ) ,  owing to the decomposition 
of the t ransi t ion metal  sulfate, produced rapid rates 
of attack. These included mixtures  of Na2SO4 with 
the sulfates of Fe, Ni, Co, and Cu. 

The present  paper is concerned with the mechanism 
of Na2SO4-induced corrosion at in termediate  tem- 
peratures. Corrosion studies have been conducted on 
the model alloys Co-30Cr and Ni-30Cr as a funct ion 
of Pso8 in oxidizing envi ronments  from 600~176 
The observed corrosion behavior has been correlated 
with the formation and stabilities of Na2SO4-CoSO4 
and Na~SO~-NiSO4 liquids. 

Experimental Procedure 
The kinetics and mechanism of sal t - induced attack 

at in termediate  temperatures  were studied by the 
accelerated oxidation test. In this test the alloy speci- 
men  was pre l iminar i ly  coated with a th in  film of 
salt and then exposed at the desired temperature  in a 
slowly flowing, controlled gaseous environment .  The 
kinetics of reaction were monitored by measur ing 
weight changes as a function of time. The corrosion 
tests were carried out on two b inary  alloys, Ni-30Cr 
and Co-30Cr. 1 Specimens of Co-30Cr were machined 
from small, chill cast ingots, while those of Ni-3OCr 
were obtained from rolled sheets 1 mm thick. Mate- 
rials used for the preparat ion of Ni-30Cr and Co-30Cr 
were 99.9% pure. 

The ahoy specimens (6.3 • 12.5 • 1 mm) were 
polished through 600 grit  SiC abrasive paper and were 
degreased with alcohol and acetone. The salt deposit 
was applied to a warm (~t50~ specimen by spray-  
ing an aqueous solution of the desired salt with an 

1 Alloy compos i t ions  are l i s ted as w e i g h t  p e r c e n t  whi l e  the  gas  
and salt compos i t ions  h a v e  b e e n  g i v e n  as m o l e  percent .  
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air  brush. In  most tests 2.5 -4- 0.2 mg/cm 2 of salt was 
used. To start  a test, specimens were brought  to tem- 
pera ture  in  less than  10 rain in  the desired gas en-  
vironment .  Weight changes dur ing  the test were 
recorded wi th  a Cahn microbalance with a precision 
of -+0.01 rag. This was done at an in terval  of about  
I min  dur ing  the first I0-15 min  of test. The in terval  
between the observations was increased as the reac- 
t ion progressed, and the weight was monitored every 
15-30 min  after 3-4 hr. At the end of the experiments,  
which continued for 24-72 hr, specimens were cooled 
to room tempera ture  in  less than  I0 rain in the same 
env i ronment  in which the experiments  were conducted. 

After  the corrosion tests, selected samples were 
r insed with hot water  for subsequent  analysis of 
water  soluble elements (Na, Ni, Co, Cr) in the corro- 
sion products. These elements were determined by 
atomic absorption with an uncer ta in ty  of _+5 /~g. On 
some specimens metal]ography, x - r ay  diffraction and 
electron microprobe analysis were used to characterize 
the reaction products. 

Various O2-SO2 gas mixtures  containing from 30 
ppm to 10% SO2 have been employed. Gas mixtures  
(analyzed grade) were prepared by Union Carbide 
Corporation (Linde Division) from gases of the fol- 
lowing pur i ty :  oxygen 99.6% and anhydrous sulfur  
dioxide 99.9%. Many of the experiments  were carried 
out in O2-0.15% (802 -~- SO3). This mix ture  s imu-  
lates the part ial  pressure of (SO2 + SOs) in  combus- 
t ion gases at 10 arm, such as would be derived from 
a fuel (CHI.~) containing 1 weight percent  (w/o)  
sulfur  using an a i r / fue l  ratio (by weight) of 60. The 
gases were passed over a p la t inum catalyst at the 
test temperature  to ensure that the equi l ibr ium part ial  
pressure of SOs was attained. At temperatures  from 
600 ~ to about  750~ a platinized ceramic honeycomb 
catalyst was used, but  this was replaced with several 
layers of p la t inum gauze for higher temperatures  up 
to 900~ In  earlier experiments,  the corrosion rates 
of IN-738 sprayed with Na2SO~ were observed to be 
erratic when  the p la t inum catalyst was not used, and 
these rates were about 2-10 times lower t h a n - t h e  
rates obtained in equil ibrated O2-SO2-SO3 mixtures  
(7). 

Results 
A series of accelerated oxidation tests has been 

carried out on Co-30Cr and Ni-30Cr under  a var ie ty  
of exposure conditions in  which the pr incipal  variables 
were temperature,  concentrat ion of SOs in the gas 
phase, and ini t ial  composition of the salt deposit. In  
m a n y  cases interactions involving the oxide scale, 
SOs, and the salt led to substant ia l  changes in  the 
composition of the deposit. Because of the sal t -gas-  
oxide interactions, the rate of at tack under  corrosive 
conditions was studied as a funct ion of the amount  of 
the salt deposit. Figure 1 shows for Co-30Cr that 
increasing the salt deposit from 2.5 to 5.7 mg/cm 2 of 
Na2SO4 yielded a substant ia l ly  higher  rate of attack 
after  an ini t ial  period of 2-4 hr. Consequently, to 
establish a common basis for comparison, subsequent  
kinetic studies were carried out with 2.5 mg/cm 2 of 
Na2SO4 or in  two special tests with mixtures  of sulfates 
which contained 2.5 mg/cm 2 of Na2SO4. 

The effect of tempera ture  on the rate of attack of 
Co-3OCr coupons has been studied over the range 
of 600~176 in O2-0.15%(802 -~- SOs) with an 
ini t ial  salt deposit of 2.5 mg/cm 2 of Na2SO4. Plots 
of weight gain as a funct ion of t ime are shown in 
Fig. 2. The results were reproducible with an uncer -  
t a in ty  of about  +_15%. As may  be seen, the rate of 
attack varied with temperature,  with the fastest rate 
occurring at an in termediate  temperature.  Since the 
corrosion rate also changed with time, two different 
criteria were chosen as a basis for comparing the 
behavior  as a function of temperature:  (i) the ini t ial  
corrosion rate averaged over the first 4 hr, and (ii) 
the corrosion rate averaged over 24 hr. The average 
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Fig. 1. Effect of the amount of salt on the Na2S04 induced 
corrosion of Co-30Cr at 750~ in 02-0.15% (S02 + SOs). 

corrosion rate was obtained by dividing weight ga in /  
area over that  period by time. By both criteria the 
corrosion rate is fastest at temperatures  around 650"- 
700~ as shown in Fig. 3. An identical  series of tests 
was conducted with the Ni-30Cr specimens in 02- 
I% (SO2 -I- SO3). The uncer ta in ty  in the ini t ial  corro- 
sion rates averaged over the first 4 hr of reaction t ime 
was very high (up to about  --+25%). Therefore, only 
the corrosion rates averaged over 24 hr  are shown in  
Fig. 4, which is a plot of the rate of attack vs. tem-  
perature. The corrosion rate is highest at about 650 ~ - 
750~ 

I I I I I 

x 650 21 -- Co-30 Cr 
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Fig. 2. Effect of temperature on the variation of weight gain/ 
area with time for the corrosion of Co-30Cr, coated with 2.5 mg/cm 2 
of Na2S04, in 02-0.15% (S02 + S03). 
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Fig. 4. Effect of temperature on the corrosion rate of Ni-3OCr, 
coated with 2.5 mg/cm 2 of Na2S04, in 02-1% (SOs + S08). 

After the corrosion tests, selected specimens were 
rinsed in hot distilled water, and the solutions were 
analyzed for Na, Co, Ni, and Cr. The concentrat ion of 
Cr was observed to be very small  (<5 ~g/cm 2 of sample 
surface). The water  soluble nickel and cobalt were 
present  as NiSO4 and CoSO4 in the corrosion products, 
as confirmed by x - r ay  diffraction. The results of the 
analysis for Co and Na in the salt deposits on the 
Co-30Cr specimens from the corrosion tests described 
in Fig. 2 are presented in Fig. 5. The ratio Co/(Co 
Na2) represents the degree to which the ini t ia l ly pure 
Na2SO4 deposit had become contaminated with CoSO4. 
This ratio reaches a max imum at about 650~ A 
similar  analysis of the deposits on the Ni-30Cr spec- 
imens is summarized in Fig. 6. The cation ratio [Ni/  
(Ni + Na2)] for these tests was highest at around 
700~176 In general, for both alloys rapid attack 
occurred in the temperature  range where the deposit 
acquired substant ial  concentrations of t ransi t ion metal  
sulfates. 

The accelerated oxidation tests were also conducted 
as a function of gas and salt composition. In  Fig. 7 
is shown the effect of (Pso2 + Pso.~) for Po~ ~ 1 atm 
on the kinetics of attack of Co-30Cr with an Na2SO4 
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Fig. 5. Effect of temperature on the ratio of soluble corrosion 
products Co/(Co -I- ha2) on Co-30Cr samples, coated with 2.5 
mg/cm 2 of Na2S04, in 02-0.15% (S02 + S03). (Reaction time 
24 hr.) 
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Fig. 6. Effect of temperature on the ratio of soluMe corrosion 
products Ni/(Ni + Na2) on Ni-3OCr samples, coated with 2.5 
mg/cm 2 of Na2S04, in 02-1% (SOs -f- S03). (Reaction time = 
24 hr.) 

deposit. A very low corrosion rate was obtained in  
O2 containing 30 ppm (SO2 + S Q ) ,  and it was found 
after the test that the salt had not melted. Under  alI 
other conditions, the salt had melted. Also, the corro- 
sion rates increased with Pso3 except for the rate in 
Q-10%(SO2 + SO3), which was lower than in  
gas mixtures  containing 1% or 2% (SO2 + SO3). 
Since the formation of a l iquid phase at 750~ resulted 
from the formation of COSO4 (as will be discussed 
later) ,  experiments  were carried out in  which the 
ini t ial  deposit was a mixture  of sodium and cobalt 
sulfates. The results of these experiments  are shown 
in Fig. 8. Although the salt was l iquid in the case 
of Na2SO4-50% COSO4 from the beginning  of the 
experiment,  the extent  of corrosion was much lower 
than that with pure Na2SO~. As discussed before, the 
corrosiQn rate tends to increase with an increase in  
salt amount  (Fig. 1). To ensure that  the above de- 
crease in corrosion rate was not due to a decrease 
in the amount  of Na2SO.~, experiments  were also 
carried out using salts which contained 2.5 mg /cm 2 
of Na2SO~ instead of 2.5 rag/era 2 of the total salt. 
Even under  these conditions, the extent  of cGrrosion 
was observed to be low for NasSO4-60% COSO4. 
It should be noted that after  a few hours, the rate 
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Fig, 7. Effect of (S02 + S03) on the corrosion of Co-30Cr at 
750~ 

of attack with Na2SO4 was about  the same as that  
with Na2SO4-CoSO4 mixtures.  The soluble salt analysis 
of the Co-30Cr sample reacted in Na2SO~ and Na2SO4- 
CoSO4 mixtures  showed that  the melts reached a 
steady-state composition of Na2SQ-61 ___ 8% CoSO4. 

A similar  series of 'exper iments  was carried out with 
Ni-30Cr, and the results, shown in  Fig. 9, were sim- 
i lar  to those observed for Co-30Cr. The salt had melted 
on all the specimens except for the one exposed in 
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Fig. 8. Effect of salt composition on the corrosion of Co-30Cr at 
750~ in 02-0.15% (S02 Jr- SOs). 
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Fig, 9. Effect of salt composition and gas camposition an the 
carrosion of Ni-3OCr at 750~ 

O2-0.15% (SO2 -F SO~). The reaction rates increased 
with the (SO2 + SO3) content  of the gas. Also, the 
extent  of corrosion as measured by weight  change on 
specimens coated with Na2SO4-60% NiSO4 was 
lower than that  with pure Na2SO4, 

Metallographic examinat ion  of the corroded speci- 
mens of Ni-30Cr and Co-30Cr showed sharp difter- 
ences in the morphology of the reaction product. Corro- 
sion occurred uniformly on the specimens of Ni-30Cr. 
However, the Co-30Cr specimens, exposed in an 
env i ronment  where a l iquid phase could form on the 
surface, typical ly r e v e a l e d  pronounced nonuni fo rm 
attack at in termediate  temperatures.  Usually, the at-  
tack was highly localized in the form of pits. To avoid 
dissolving and losing the water  soluble sulfates of 
sodium and cobalt dur ing metallographic preparation,  
the samples were polished using kerosene. The mor-  
phology of the pi t t ing attack on a Co-30Cr sample 
in O2-0.15% (SO2 + SOs) is shown in Fig. 10. 
X- ray  images for chromium and cobalt obtained by 
an energy dispersive analyzer  on an SEM showed that  
chromium was concentrated in  the area below the 
ini t ial  interface while cobalt was concentrated in the 
external  areas. The white phase visible near  the gas 
surface was identified as CosO4. At the higher levels 
of Pso8 in the gas, where CosO~ was unstable  [for 
example, in  02-2% ( S Q  + SOa) at 750~ pi t t ing 
was still observed, bu t  the outer section of the corro- 
sion product  consisted of COSO4 deposits instead of 
Co304. 

Microprobe analysis of the in te rna l  regions of the 
pits (below the original  sa l t /meta l  interface) showed 
the presence of sodium, chromium, cobalt, and sulfur, 
suggesting that the l iquid Na2SO4-CoSO4 had pene-  
trated into the pit. Figure 11 shows a photomicrograph 
of the in te rna l  region of a pit  on Co-30Cr under  
polarized light. Al ternate  bands, presumably  of areas 
rich in Cr2Oz (bright) and the l iquid CoSO~-Na2SO4 
(dark) ,  can be clearly seen. That  the l iquid phase 
does indeed penetrate  the pit was also confirmed by  
another  test. One of the samples of Co-30Cr corroded 
in O2-0.15% (SO2 + SOs) was water  washed and 
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Fig. 10. Optical micrograph of a cross section of the corrosion 
product on Co-30Cr sprayed with 2.5 mg/cm 2 of Na2SO4 and 
reacted for 10.5 hr in O2-0.15% (SO2 + SOs) at 750~ The pene- 
tration of the allay occurs irregularly, normally in the form of pits. 
The large white particles near the gas interface are CosO4 in an 
Na2SO4-CoSO4 liquid. 550X.  

Fig. i l .  Optical micrograph (under polarized reflected light) of 
a cross section of the internal region of a pit formed on Co-30Cr 
sprayed with 2.5 mg/cm~ of Na~SO4 and reacted in O~-0.15% 
(SO2 + SOs) at 750~ The bands seen in the pit are presumably 
the areas rich in Cr20~ (white bands) and Na2SO4-CoSO4 liquid 
(dark bands). 350X. 

a th ick copper  l aye r  (,--1 mm)  was e lec t ropla ted  f rom 
a copper  sulfate  solution. Due to the high so lubi l i ty  
of Na2SO4 and CoSO~ in water ,  any sal t  present  in 
the pits  wil l  be dissolved leaving pores to be filled 
wi th  Cu. X - r a y  dispers ive  analysis  of a cross-sect ional  
a rea  of a pi t  showed p r imar i l y  Cu, Cr, and O; copper  
was observed to be r ich in  thin bands  s imi lar  to the  
da rk  areas  in Fig. 11. 

Discussion 
Thermodynamic considerations.--Pure sodium sulfate  

is not  mol ten  at  the in te rmedia te  t empera tu res  (650 ~ 
750~ where  high corrosion rates  have been ob-  
served in our exper iments .  However,  the phase d ia-  
grams for  Na2SO4-CoSO4 and Na2SO~-NiSO~ show 
eutectics tha t  mel t  at  565~ for  Na2SO4-50% COSO4 
and 671~ for Na2SO~-38% NiSO4 (8). Since a 
l iquid phase is regarded  as necessary for high cor ro-  
sion rates, it  is of in teres t  to de te rmine  the condit ions 
under  which  these eutectics can form on the a l loy 
specimens containing nickel  a n d / o r  cobalt.  

The format ion  of NiSO4 or CoSO4 from the i r  r e -  
spect ive oxides can be expressed by  

NiO(s )  + SOs(g)  - -NiSO4(s ,  1) [1] 

CoO(s)  + SOs(g)  = CoSO~(s, 1) [2] 

1/3 Co~O4(s) + SOs(g)  = CoSO~(s, 1) + 1/60.2(g) [3] 

where  the under l ine  implies  tha t  the sulfate is p resen t  
in solution at  an ac t iv i ty  less than one. 

Solid Na2SO4 can dissolve NiSO4 a n d / o r  CoSOr to 
a considerable  ex ten t  (8). F igure  12 shows the Na2SO4- 
COSO4 phase  d i ag ram wi th  a schemat ic  represen ta t ion  
of the isoact ivi ty  l ines for SOs in equ i l ib r ium wi th  
CoaO4 and the Na2SO4-CoSO4 l iquid a n d / o r  solid. 
Liquid  format ion  f rom an in i t ia l ly  solid Na2SO~ wil l  
occur when the ac t iv i ty  of COSO4 in Na2SO4-CoSO4 
solid solut ion becomes equal  to or g rea te r  than tha t  
corresponding to the  l iquidus line. The act iv i ty  of 
COSO4 and the Psos in equ i l ib r ium wi th  oxide are  
constant  across the two phase (solid and l iquid)  r e -  
gion. S imi la r  considerat ions app ly  to the Na2SO4-NiSO4 
system. 

The min imum Psos requ i red  to form an Na2SO4-CoSO4 
l iquid in equi l ib r ium wi th  Co~O4 has been es t imated  
for t empera tu res  be tween  650 ~ and 900~ The s tan-  
dard  Gibbs energy da ta  for SO2(g) ,  SOs(g) ,  CoO(s) ,  
and  Co304(s) were  obta ined f rom the J A N A F  Tables  
and supplements  (9). A t  Po2 = 1 atm, CosO4 is more  
s table  than CoO at  t empera tu res  below 947~ Thus, 
the Psos requ i red  to form an Na2SO4-CoSO~ l iquid 
can be obta ined f rom the free energy  da ta  for  react ion 
[3], tak ing  the ac t iv i ty  of Co30~ as unity.  The resul ts  
are  presented  in Fig. 13 as curve A, which shows the 
es t imated values of Psoa as a funct ion of t empera tu re  
for Po2 ~- 1 arm. The mole  fract ion of CoSO4(s) needed 
to form the l iquid was obta ined  f rom the phase d ia-  
g ram shown in Fig. 12. The ac t iv i ty  coefficient of 
CoSO4(s) in Na.~SO4-CoSO4 solid solut ion was es t i -  
ma ted  f rom the phase  d iag ram and the ava i lab le  t he r -  
modynamic  proper t ies  of Na2SO4. The procedure  used 
for  es t imat ing  ~coso4cs) is given in the Appendix .  
Also included in the Append ix  are  the resul ts  of 
exper iments  used to confirm curve A. 

At  any tempera ture ,  an increase  in Pso3 above tha t  
given by  curve A wil l  increase  the  ac t iv i ty  of CoSO4 
in Na2SO4-CoSO4 l iquid in contact  wi th  Co~O~. The 
composit ion of the s table l iquid phase  wiI1 change 
progress ive ly  f rom that  corresponding to the l iquidus 
line at  the Na2SO~ end of the phase d iag ram to tha t  
a t  the CoSO~ end. F igure  12 shows tha t  solid COSO4 
does not dissolve any apprec iab le  amount  of Na2SO~. 
The ac t iv i ty  of CoSO~(s) at  the l iquidus l ine on the 
CoSO~ end should therefore  be one. Curve B in Fig. 13 
shows as a funct ion of t empera tu re  the Psos needed 
to form solid CoSO~. Thus, the  equ i l ib r ium values  of 
Psos in contact  wi th  Co~O~ and Na2SO4-CoSO~ l iquids 
corresponding to the two l iquidus lines in Fig. 12 
can be obta ined f rom curves A and B in Fig. 13. At  
Psos values  h igher  than  curve B Co.~O~ is unstable ,  
and the deposit  should consist of CoSO~(s) and a 
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CosO4 (8). 
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Fig. 13. Stability diagram for the Co30~-CoSO4-Na2SO4 system. 
A liquid phase is stable at Ps03 values above curve A which shows 
the estimated values of Ps03 in equilibrium with C0304 solid, an 
Na2SO4-CoSO4 solid and an Na2SO4-CoSO~ liquid. Curve B shows 
the Ps03 in equilibrium with Ce304, CoSO4(s) and liquid Na2SO4- 
COSO4. Curves C and D show the SOs content of O2-0.15% (SO_o 
SOa) and 02-0.03% (SO2 if- SO3) gas mixtures. For comparison 
with curve B for the C0304-COSO4 system, curve E shows the Ps03 
above which NiSO4(s) is more stable than NiO(s). The symbols X 
(for liquid formation) and O (for no liquid formation) refer to 
experiments on C0304 to verify curve A. 

l iquid whose composition corresponds to the l iquidus 
l ine on the COSO4 end of the phase diagram. The 
relat ive proportions of solid and licluid phases will 
be determined by  the concentrations of Na2SO4 in 
the deposit. 

Curves C and D in Fig. 13 show the equi l ibr ium Psos 
as a funct ion of tempera ture  for O~-0.15% (SO2 + 
SOs) and 02-0.03% (SO2 -~- SO3) gas mixtures,  
respectively, i t  can be seen that  a far higher Psos is 
available in  these mixtures  than is needed to stabilize 
l iquid CoSO4-Na2SO4 mixtures  over the temperature  
range 600~176 Thus, on alloys and coatings whose 
oxidation products contain cobalt oxide, a l iquid phase 
may  be expected to form dur ing the accelerated oxi- 
dation test at temperatures  well below the mel t ing 
point  of Na2SO4. 

Reaction [3] shows that  the activity of COSO4 in  
equi l ibr ium with C0304 is inversely proportional to 
P02 I/6. Thus, the Ps03 needed to stabilize an Na2SO4- 
CoSO4 liquid should decrease with a decrease in P02. 
At low P02 values, where CoO is more stable than 
CosO4, Ps03 values needed to stabilize Na2SO4-CoSO4 
liquids can be obtained from the free energy data 
for reaction [2]. For example, at 750~ for P02 ~ 5 
• 10 -4 arm a l iquid phase can form if Ps03 ~ 1.5 X 
10 -5 arm. These Psos values will be independent  of 
P02. Similarly, the Pso3 needed to form solid COSO4 
(curve B in Fig. 13) will decrease with P02. 

Similar  calculations can be carried out for the 
NiSO4-Na2SO4 system using the free energy data for 
reaction [1] from Ingraham (10). Curve E in Fig. 13 
shows the equi l ibr ium Psos in contact with NiO and 
NiSO4 at uni t  activities. Clearly, the Pso3 needed 
to form solid NiSO~ from NiO is higher than that  
needed to form solid CoSO4 from C0304. Similarly,  
higher SO3 levels are needed to stabilize an Na2SO4- 

NiSO4 liquid than that  needed to stabilize an Na2SO4- 
COSO4 liquid (curve A).  Exper iments  described in  
the Appendix showed that the SO3 level needed to 
form an Na2SO4-NiSO4 liquid on NiO was ,~5 X 10 .4  
atm at 750~ which is about 10 times higher than 
the SOs level needed to form an Na2SO4-CoSO4 liquid 
on Co804 at 750~ 

It should be noted that  COSO4 and NiSO4 have 
appreciable solid solubil i ty in Na2SO4 (8, l l ) .  There-  
fore, water  soluble cobalt and nickel may be detected 
in  the Na2SO4 deposits even for Psoa levels w h e r e  
a liquid phase is not obtained. 

Reaction mechanism.--According to the current  con- 
cepts of high tempera ture  oxidation, when  a resistant  
alloy is heated in an oxidizing environment ,  the sur-  
face will  be oxidized through a series of stages 
(referred to as t ransient  oxidation) before achieving 
a final, s teady-state scale composition (12-14). Con- 
sider the oxidation of a cobalt-base alloy containing 
Cr. The  rapid uptake of oxygen at the beginning of 
oxidation will be accompanied by the formation of 
nuclei of cobalt oxide and Cr203 on the surface. I t  
is well  known that  the diffusion of cobalt through 
cobalt oxide is much faster than that  of Cr through 
Cr203. Therefore, cobalt oxide will soon cover the 
nuclei  of Cr208. Since Cr203 is more stable than  
cobalt oxide, alloys containing a sufficiently high con- 
centrat ion of Cr will eventual ly  develop a continuous 
film of Cr2Oa undernea th  the cobalt oxide at the 
alloy/scale interface, and the oxidation rate will  be 
reduced. At low or intermediate  temperatures,  the 
diffusion rates of Co and Cr in the alloy and oxides will  
be low, and the t ransient  oxidation processes may  
persist for long times before a steady-state continuous 
scale of Cr203 is achieved. Oxidation of a nickel-  
base alloy containing chromium will occur in  a similar  
fashion. 

The presence of a porous, solid Na2SO4 deposit at 
the exposure temperature  is unl ikely  to affect oxida- 
t ion processes. During t ransient  oxidation NiO o r  
CozO4 will come in contact with the deposit. With 
S Q  present  in the gas phase NiSO4 and COSO4 will 
form via reactions [1] and [3]. If the part ial  pressure 
of SO3 in the gas is lower than that  necessary to 
form a liquid phase, the corrosion reaction will  slow 
down in a short time owing to the formation of a 
protective film of Cr203. At higher Psos, however, a 
l iquid phase may form. Under  these conditions it is 
proposed that high corrosion rates are obtained as 
a result  of the rapid dissolution of cobalt oxide or 
nickel oxide which prevents  the formation of a pro- 
tective Cr203 film. This may occur by undercut t ing  
and isolating particles of Cr203 before the film can 
become continuous, but  the details of this process 
have not been established. 

To help substantiate  the role of t rans ient  oxidation 
processes three means of al tering the ini t ial  kinetics 
were explored under  conditions where l iquid sulfate 
deposits were stable. The first test consisted of carry-  
ing out corrosion experiments  with Na2SO4-CoSO4 
and Na2SO4-NiSO4 mixtures  to reduce or e l iminate  
the driving force for sulfation of CosO4 and NiO. 
This was expected to decrease the high ini t ial  rates 
of attack observed with Na2SO4. In Fig. 8 the kinetics 
of attack of Co-30Cr in O2-0.15% (SO2 + SOs) 
with pure Na2SO~ are compared with those for Na2SO4 
containing 50 and 60 mole percent  (m/o)  CoSO4. 
Clearly, the ini t ial  rate of at tack is reduced with the 
mixed sulfate deposits. Similarly,  the Ni-30Cr alloy 
shows a lower rate of attack with an Na2SO4-60% 
NiSO4 deposit than with an Na2SO4 deposit (Fig. 9). 

As a second means of al ter ing the corrosion rate, 
a Co-30Cr sample was oxidized at 925~ in an 
H2/H20 envi ronment  (Po2 ~ 10-19 arm) to establish 
a protective, s teady-state scale of Cr2Os with little 
or no cobalt and cobalt oxide on the surface. The 
sample was slowly cooled to room tempera ture  in 
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1 hr and coated with Na2SO4. The results of the 
accelerated oxidation test at 750~ in  O.~-0.15% 
(SO2 -t- SOd) are shown in Fig. 14. As expected, the 
ini t ia l  rate of attack was reduced, but  corrosion was 
not eliminated, presumably  because of the presence 
of some cobalt on the surface, which allowed the 
formation of a l iquid salt; indeed the reacted sample 
had an Na2SO4-CoSO4 liquid on the surface. 

Third, by operat ing the accelerated oxidation test 
at high temperature  (900~ the t rans ient  oxidation 
stage can be appreciably shortened, and hence the 
protective Cr203 film may be obtained. Although the 
formation of a l iquid phase was not a factor since 
NauSO4 itself was molten, the potential  for the sulfa- 
tion reaction to yield an activity of CoSO4 as high as 
at 750~ with O2-0.15% (SO2 -p SOs) was ensured 
by raising the (SO2 + SOs) to 4%. As shown in Fig. 
14, the ini t ial  corrosion rate at 900~ was lower than 
that  at 750~ and the rate decreased with time to 
very low values. Even with a somewhat higher poten- 
tial for sulfation in  O2-10% (SO2 ~u SOs), Fig. 14, 
the ini t ia l  rate of at tack was still less than that  at 
750~ and as with the previous case corrosion essen- 
t ial ly stopped after a few hours. 

The above tests show that the ini t ial  high corrosion 
rates at in termediate  temperatures  result  from the 
rapid sulfation of cobalt oxide or nickel oxide. The 
resul t ing l iquid salt deposit prevents  the formation 
of a protective Cr2Os film. Appreciable rates of attack 
can be obtained beyond the t ime when the salt is 
apparent ly  saturated with t ransi t ion metal  sulfates. 
The corrosion reaction can proceed by oxidation and 
sulfation at the scale/salt  interface and /o r  dissolution 
at the scale/salt  interface followed by the formation 
of CocO4 or CoSO4(s) at the gas interface. The reac- 
tions involved in these processes and differences from 
reaction models proposed in the l i terature will  be 
described in a subsequent  publication. 

The corrosion rates of Ni-30Cr in O2-1% (SO2 
+ SO3) mixtures  (Fig. 4) were observed to be much 
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Fig. 14. Variation of weight gain/area with time for the corro- 
sion of Co-30Cr samples, coated with 2.5 mg/cm 2 of Na2SO4, 
exposed to different O2-SO2-S08 environments at 750 ~ and 900~ 

lower than those of Co-30Cr in O2-0.15% (SO2 -~ 
SOd) (}ig. 3). This cannot be a t t r ibuted to the lower 
stabil i ty of NiSO4 in  comparison to COSO4 because 
of the differences in Pso3. The higher Pso3 level in  
the experiments with Ni-30Cr makes reaction [1] 
more favorable than reaction [3] in the experiments  
with Co-30Cr. For example, at 750~ the activity 
of NiSO4 in equi l ibr ium with NiO(s)  and O2-1% 
(SO2 ~- SOs) is 0.91 while that  of CoSO4 in equil ib-  
r ium with CosO4 and O2-0.15% (SO2 -t- SOd) is 0.50. 

The higher corrosion rates for Co-30Cr can be 
correlated with the observed difference in the mor-  
phology of the corrosion product. It is observed that  
cobalt can dissolve at the bottom of the pit, migrate  
through the liquid salt, and form Co304 or CoSO4(s) 
at the gas interface (see, for example, Fig. 11). There-  
fore, high corrosion rates can persist for long times 
on Co-30Cr. However, no such rapid migrat ion of 
nickel was observed on Ni-30Cr. The t ranspor t  pro- 
cesses involved in the migrat ion of cobalt and oxidants 
(SOs, 02) will  be described in detail in  a subsequent  
publication. 

E~Ject o~ temperature and Psos.--The effects of tem- 
perature  and Pso8 on the corrosion rates are in ter -  
connected because these variables influence the forma-  
t ion of a l iquid from an Na2SO4 deposit. Accelerated 
oxidation tests on Co-30Cr in O2-0.15% (SO2 -t- 
SOd) and Ni-30Cr in O2-1% (SO2 ~- SOd) at 600 ~ 
900~ yielded maxima in  corrosion rate at 650~ for 
Co-30Cr and at 700~176 for Ni-30Cr. Also, at 
750~ the reaction rates increased with increasing 
Pso~ (Fig. 7 and 9). As described before, the rapid 
sulfation of cobalt oxide or nickel oxide prevents  
the formation of a protective chromium oxide film 
dur ing the early part  of the corrosion reaction. On 
Co-30Cr the reaction can proceed rapidly for longer 
times because cobalt dissolves at the scale/salt  in ter -  
face and redeposits as CoSO4 or CosO4 close to the 
gas interface. The following discussion of the effect 
of Pso~ and tempera ture  pertains specifically to the 
ini t ial  stage, al though some aspects of the a rgument  
can also be applied to the later  reaction processes. 

It  is proposed that  the rate of sulfation of cobalt 
and nickel oxides is influenced by diffusion of SO 8 
through the liquid salt. The t ransport  rate of SOs 
should increase with (Pso~ -- Pso3i), where Pso8 i is 
the Pso3 at the scale/salt  interface. Thus, the reaction 
rate will tend to increase with Pso3. However, at 
very high Pso8 the reaction rates may actual ly de- 
crease, if the formation of solid sulfates impedes the 
t ransport  of reactants in  the reaction product layer. 
This is in agreement  with our exper imental  results 
at 750~ on Co-30Cr which showed a higher corrosion 
rate in O2-1% (SO2 -p SOs) than in  O2-10% (SO2 
+ SOD. 

The effect of temperature  on the corrosion rate is in -  
fluenced by many  factors. Two impor tant  ones are: (i) 
the tendency to develop a protective oxide film, and 
(ii) the t ransport  rate of SOs through the salt. Since 
the interdiffusion of Cr in the alloy and the diffusion 
of Cr through Cr20~ will  be faster at higher temper-  
atures, the tendency to develop a protective Cr203 film 
will increase with temperature  and will  tend to de- 
crease the corrosion rate. Also, as described before, the 
reaction rate is expected to increase with the t ransport  
rate of SOs through the l iquid salt, which itself de- 
pends on two opposing factors: diffusion coefficient 
through the liquid salt and (Pso3 -- Pso.~t). With in-  
creasing temperature  the diffusion coefficient will in-  
crease, bu t  Pso8 will  decrease. In  addition, at lower 
temperature  the Sransport rate of SO~ may be inhibi ted 
by the formation of solid sulfates. Under  these com- 
peting effects, the corrosion rate should exhibit  a 
ma~im~Tm at some intermediate  temperature.  

The concentrat ion of water  soluble cobalt and nickel 
in the corrosion ~roducts was observed to be a max-  
imum at about 650 ~ and 750~ respectively. The de- 
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Table I, Effect of temperature on the composition of salt deposits 

Mole fraction of 
CoSO~ in liquid 

Temper- in equil ibrium 
ature (~ w i t h  CoSO~ solid* 

Mole fraction of 
CoSO4 f r o m  s a m p l e s  % solid 
of Co-30Cr exposed in salt 

in O2-0.15% d e p o s i t s  
(S02 + SO~)** on  Co-30Cr 

600 0.56 
650 0.60 
700 0.64 
750 0.68 
850 0.72 

0.98 74 
0.92 81 
0.79 32 
0.57 0 
0.33 O 

�9 O b t a i n e d  from the  phase diagram in  Fig .  12. 
�9 * O b t a i n e d  from the  data presented in Fig .  5. 

crease in  the concentrat ion of nickel and cobalt at tem-  
peratures above 700~176 is due prima.rily to a de- 
crease in the m a x i m u m  activities of CoSO4 and NiSO4 
in the melt. At lower temperatures,  the salt chemistry 
may be modified by the formation of solid sulfates. For  
example, solid CoSO4 is stable in  O3-0.15% (SO2 + 
SO3) at temperatures  below about 725~ That  solid 
CoSO4 does indeed form at lower temperatures  was 
confirmed by comparing the mole fraction of Na2SO4 
recovered from the salt deposits on corroded specimens 
of Co-30Cr (see Fig. 5) to the mole fraction of Na2SO4 
in a l iquid in  equi l ibr ium with solid CoSO4 (Fig. 12). 
If solid CoSO4 is present  in the salt deposits, the expe- 
r imenta l  values of the mole fract ion of Na2SO4 wil l  
be less than  those obtained from the phase diagram. 
Table I shows that  at temperatures  below 725~ the 
salt deposits on corroded specimens of Co-30Cr con- 
sisted of solid CoSO4 and an NaaSO4-CoSO4 liquid. 

Conclusions 
High corrosion rates are obtained when Co-30Cr and 

Ni-30Cr alloys coated with Na2SO4 are exposed to 0.2- 
SO2-SO3 envi ronments  containing sufficient SO3 to 
form-Na2SO4-CoSOa and Na2SO4-NiSO4 liquids, re-  
spectively, on these alloys. Thermodynamic  calcula- 
tions show that  these liquids can form at moderate SOs 
levels in  the gas. For  example, a l iquid phase can be 
obtained on cobalt containing alloys at about  50 ppm 
SO3 in  the gas phase at 750~ and Po.2 = 1 atm. The 
rapid sulfat ion of cobalt and nickel  oxides on the sur-  
face of the alloys prevents  the formation of a protec- 
tive Cr2Os film, resul t ing in high corrosion rates. The 
corrosion rates on Co-30Cr were higher than on Ni- 
30Cr under  equivalent  sulfation conditions. On Co-30Cr 
the corrosion reactions can proceed rapidly for long 
times, because cobalt can dissolve at the scale/salt  in -  
terface and precipitate as Co304 or CoSO4 close to the 
gas interface. The combinat ion of various factors in -  
volved in  the sulfation reaction and the enhanced ten-  
dency to form a protective Cr203 film at high temper-  
atures results in  a max imum in the corrosion rates at 
about 650~176 
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APPENDIX 

Estimation of the Pso3 Required to Form NazS04-CoS04 Liquid 
The equi l ibr ium Ps03 required to stabilize an 

Na2SO4-CoSO4 liquid on cobalt oxide can be deter-  
mined at any  tempera ture  from the s tandard Gibbs 

energy changes of reactions [2] and  [3] and  the 
Na2504-CoSO4 phase diagram, provided the activity 
coefficient of COSO4 in  the solid solution (Tcoso4r 
in  equi l ibr ium with the l iquid phase is known. How- 
ever, there are no measurements  in the l i tera ture  on 
the activity coefficient of COSO4 in  l iquid or solid 
solutions of Na2SO4 and COSO4. Therefore, values of 
the activity coefficient as a funct ion of tempera ture  
were estimated from the phase diagram using the 
known  thermodynamic  properties of Na2SO4 and 
CoSO4. The Gibbs energy data for CoSO4(s), 
Na2SO4(s), and Na2SO4(1) were taken from the 
JANAF Tables and supplements  (9), while that  for 
CoSO4(1) were obtained using the solid data, the 
mel t ing point  (15), and an estimated entropy of mel t -  
ing of 3.5 eu. 

Because of the existence of compounds in  the phase 
diagram of the CoSO4-NaSO4 system, l iquid solutions 
are unl ikely  to be ideal. Activi ty coefficients calcu- 
lated from the assumption of an ideal behavior  of 
l iquid Na2SO4-CoSO4 resulted in activities of Na2SO4 
greater  than  uni ty  in Na2SO4-CoSO4 solid solutions 
along the solidus l ine (for example, 1.25 at 650~ 
and 1.16 at 750~ This is physically inconsistent  and 
demonstrates that the Na2SO4-CoSO4 l iquid cannot be 
treated as an ideal solution. 

As a first approximation, activity coefficients were 
obtained assuming both the solid and l iquid solutions 
along the solidus and l iquidus l ine to be regular.  I t  
should be noted that the models based on the regular  
solution approximation have been extensively used to 
calculate thermodynamic  data in metal-s lag systems, 
silicates and mol ten salts (16). Also, as shown below, 
these calculations yielded reasonable and consistent 
values of the activity coefficient over a small  tempera-  
ture range. 

Let Xz and X2 be the mole fractions of CoSO4 in  
solid and liquid solutions. Then  

in 7coso4(s) In 7Na2SO4(s) 
as [A-l] 

( I  - -  Xz) 2 XI 2 

and 

111 7COS04(I) In qNa2SO4(1) 
- -  a l  - -  [ A - 2 ]  

(1 -- X2) 2 X2 2 

where 7 denotes activity coefficients and as and a, 
are the a-funct ions for the solid and l iquid solutions, 
respectively. 

For  sol id/ l iquid equi l ib r ium 

CoSO4(s) = CoSO4(1) [A-3] 

at temperature  T 
Z2'YeoSO4(1) 

A G ~  - - A G ~  = - -  RT In 
XI~CoS04(s) 

[A-4] 

where AG ~ is the standard Gibbs energy of formation. 
Combining Eq. [A-I], [A-2], and [A-4], one obtains 

A ~ A o G cos04(])- G CoSO4(s) = -- In X ~  

RT X1 

-- (I -- X2)2~i + (I -- Xz)2~s [A-5] 

The standard Gibbs energy of formation of COS04 
solid dissolved in Na2SO4 was approximated by the 
value for pure CoSO4 solid owing to the lack of more 
relevant data. Similarly 

AG~ -- AG~ ( i  -- X2) 
= -- In 

RT (1 -- X1) 

-- X22~1 + X12as [A-6] 

The simultaneous solution of Eq. [A-5] and [A-6] 
yields -1 and as, and hence the activity coefficients can 
be obtained from Eq. [A- l ]  and [A-2]. 

It was observed that  in the range of 650~176 
the calculated values of as and ~i varied inversely 
with temperature.  This suggests that  in this tempera-  
ture range the liquid and solidus composition vs. tem-  
perature  data can be correlated with the assumption 
of a regular  solution behavior. The resul t ing values 
of 7coso4~s) varied from 0.24 at 650~ to 0.20 at 750~ 
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For  de te rmin ing  the SO~ levels  requ i red  to form the 
l iquid  phase at  t empera tu res  above  750~ (curve A 
in Fig. 12), a constant  7coso4(s~ value  of 0.20 was used. 

Owing to the high sens i t iv i ty  of the  calcula ted curve 
to smal l  er rors  in the  s t andard  Gibbs energy  values  
of react ion [3] and to the uncer t a in ty  associated wi th  
the  calcula ted ac t iv i ty  coefficient of COSO4, curve A 
was expe r imen ta l ly  verif ied in the t empera tu re  range  
of  750~176 Cobalt  and CoO coupons were  oxidized 
in a i r  or  oxygen  at  750~ to produce  a thin film of 
CoaO~ ( ~  a few microns)  on the surface. These sam-  
ples were  sp rayed  with  a thin film ( ~  2.5 m g / c m  ~) of 
Na~SO4 and exposed in O2-SO2-SO~ envi ronments  for 
a few hours.  The salt  on the surface of the samples  
was then  examined  under  a low power  microscope 
at -~20• magni f i ca t ion  for  signs of melt ing.  The r e -  
sul ts  of these exper iments  a re  shown in Fig. 12. The 
symbols  x and o d e n o t e  the condit ions of sal t  mel t ing  
and not melt ing,  respect ively.  These resul ts  are  c lear ly  
in good ag reemen t  wi th  curve A. 
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Nature of Atmospheric Rust on Iron 
i. Suzuki and Y. Hisamatsu 

Department of Metallurgy and Materials Science, Faculty o~ Engineering, University of Tokyo, Tokyo, Japan 
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ABSTRACT 

In order to elucidate the mechanism of self-protection of weathering steel, 
the action of atmospheric rust was studied through a discussion of physical, 
chemical, and electrochemical nature of rust, with special attention to the 
effect of copper addition. The aggregating state of rust layer is influenced by 
two factors: the time of exposure and beneficial elements added to steel. 
Copper addition inhibits the growth of primary colloidal particle. This action 
of copper has an effect on the properties of rust and serves to increase the 
protective ability of rust layer. 

This paper  is concerned with  the se l f -pro tec t ion  
mechanism of wea the r ing  steel. 

The a tmospher ic  rus t  on wea the r ing  steel  protects  
the steel  under  it. The exposure  t ime requ i red  to form 
a pro tec t ive  rus t  l aye r  depends on a tmospher ic  con- 
dit ions (1-5). There  is l i t t le  difference be tween  the 
corrosion ra te  of wea the r ing  steel  and tha t  of mi ld  
s teel  in the first months  of exposure,  bu t  a difference 
in corrosion rates  g r adua l l y  becomes apparen t  af ter  the 
first year  of exposure.  Even the corrosion ra te  of mi ld  
steel  decreased wi th  exposure  time. 

Such corrosion behav ior  of s teel  in the  ea r ly  s tage 
of exposure  means  rus t  par t ic les  on steeI form layers ,  
the  protec t iveness  of which  is increased by  aging 
process themselves  and the a l loy e lements  added  to 
steel, such as copper, chromium, and phosphorous,  etc. 

The resul ts  of many  exposure  tests (2-5) compar -  
ing wea the r ing  steel  and mi ld  steel  have  r epea ted ly  
demons t ra ted  the value  of wea the r ing  steel  for use in 
an indus t r ia l  a tmosphere .  This fact  indicates  tha t  
wea the r ing  steel  ut i l izes a tmospher ic  pol lutants ,  p a r -  
t i cu la r ly  SO2 gas, to form protec t ive  layers.  

Key words: weathering, self-protection, copper. 

In teres t ingly ,  x - r a y  analysis  has indica ted  tha t  there  
is l i t t le  difference in the crys ta l l ine  substance b e -  
tween the rus t  on wea the r ing  steel  and tha t  found 
on mi ld  steel. Therefore,  i t  is suggested tha t  the  
amorphous  substances are  ve ry  impor tant .  

On the o ther  hand, many  workers  have indica ted  tha t  
the a tmospher ic  corrosion of steel  proceeds by  an 
e lec t rochemical  mechanism.  In 1965, Evans  suggested 
that  the a tmospher ic  corrosion mechanism of rus ted  
steel  involved an e lect rochemical  reduct ion  of rusts  
formed on steel  (6). Evans '  mechanism has been sup-  
por ted  exper imenta l ly ,  and the au thor  supports  this 
position, also. This mechanism suggests  tha t  some 
rusts  accelera te  the corrosion of steel. 

These character is t ics  of a tmospher ic  rus t  mean tha t  
the action of rus t  is quite complex.  In  this pape r  the  
act ion of a tmospher ic  rus t  was s tudied through a dis-  
cussion of physical ,  chemical,  and e lect rochemical  n a -  
ture  of i ron rust, wi th  special  a t tent ion  to the  effect 
of copper  addit ion.  

Physical Propertiesof Rust 
Appearance of rust.--The surface rusts  of pure  i ron 

exposed for  4 months  are  ye l low-orange  and are  apt  
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to flake off from the bulk  rust. On the other hand, the 
surface rusts of i ron copper alloy exposed for 4 months 
have r ed -b rown  color, which is converted to dark 
brown by fur ther  exposure. Small  orange spots are 
observed on the surface rust  after  rain. The change 
of rusts  on i ron copper alloy in  color is s imilar  to that  
of rusts on weather ing steel. The chemical composi- 
tions of pure i ron and iron copper alloy are shown i n  
T a b l e  I. 

F i g u r e  1 shows the scanning electron micrographs 
of the s u r f a c e  t e x t u r e  of pure i ron and i ron copper al-  
loy exposed for 4 months. 

The outer  rust  layer  on pure  iron is more loose a n d  
bet ter  crystall ized than  the inner  layer. The rusts of 
i ron copper alloy are quite different from those of pure 
iron. 0.2% copper addit ion improves the a g g r e g a t i n g  
s t a t e  of rust  particles. The shape of an aggregate is 
l i k e  a mushroom, which is composed of m a n y  f i n e  
c r y s t a l s .  

F i g u r e  2 shows t h e  s u r f a c e  rust  on weather ing s t e e l  
e x p o s e d  for 4.5 years. The chemical composition of 
weather ing steel is shown in  Table I. These photo- 
graphs explain the process of formation of outer l a y e r  
v e r y  well. 

A in  Fig. 2 shows the area where the outer  l a y e r  
flaked off from the bulk  rust, thus forming ini t ial  cor- 
rosion products. The shape of these corrosion products 
i s  similar  to that  of i ron copper alloy as ment ioned 
earlier. After  an extended period of exposure, these 
corrosion products become interconnected (Fig. 2B) 
and are converted to a compact outer layer  (Fig. 2C). 

Artificial rust--In order to make the effect of cop- 
per more clear, artificial rusts were studied. 

Artificial rusts are prepared by an interracial  reac- 
t ion be tween concentrated ferr ic-ferrous salt solution 
and sodium hyproxide solution. Figure 3 shows the 
process of producing artificial rust. Artificial rust  is 
very  useful because it is able to be produced in layers 
which are similar  to atmospheric rust  layers in their  
appearance and structure. In  the case of artificial rust  
containing copper, the copper content  is from 2 to 5 
weight  percent  (w/o) .  Therefore, the effect of copper 
addit ion on artificial rust  is magnified in  comparison 
with that  of atmospheric rusts. 

In  the research on artificial rust, two impor tant  ef- 
fects of copper addit ion were found. One of them is 
the fact that  copper addit ion increases the mechanical  
s t rength of rust  layers. Namely, even if a shock were 
given to the test tube, the layers of artificial rust  con- 
ta in ing copper were not destroyed. I t  was concluded 
that  copper addit ion improves the flocculent state of 
colloidal aggregate; that  is, copper addition causes an 
increase in  flocculent force of colloidal particles. 

Another  impor tan t  effect of copper addit ion is to in-  
hibit  the formation of spinel- type oxide. Namely, 8- 
FeOOH (Akaganeit)  and Fe30~ (Magnetite) are de- 
tected in  the artificial rust  without  copper, while the 
artificial rust  with copper does not contain magnetite.  
Therefore, copper addit ion inhibi ts  the formation of 
spinel- type oxide and thus decreases the electric con- 
duct ivi ty of the rust  layer. 

Physical quantities of rust--Physical quanti t ies of 
rust  layer  were calculated from ni trogen absorption 
isotherms measured in the relative pressure up to 
0.93 by the method of Cranston and Inkley  (7). 

Fig. I. Surface texture of rust layer on pure iron and iron 
copper alIoy exposed for four months in urban atmosphere. (A,B~ 
rust formed on pure iron, (C, D) rusts formed on Fe-O.2Cu alloy. 

Figure 4 shows the pore-size distr ibution of the rust  
on pure iron exposed for 4 months and the rust  on i ron 
copper alloys exposed for one year. The pore sizes of 
atmospheric rusts are distr ibuted in a range up to 15 
nm, and the highest peak always appears in the d iam- 
eter less than 5 nm. 

Figure 5 shows the relationship between copper con- 
tent  and the total pore volume or the specific surface 
area of atmospheric rust. As the copper content  in -  
creases, both factors tend to increase, but  then decrease 
with extended exposure t ime .  

These results show a same behavior  of rust  layer  as 
shown in Fig. 1 and 2; that is, copper addition makes 
the rust  layer more porous by inhibi t ing the growth 
of rust  particles and, the longer the exposure time, 
the more compact is the layer formed by the aging 
process itself, in which the n u m b e r  of pores in  the 
rust  layer is decreased. 

ChemicM properties 05 rus t . - -Many  results a l ready 
reported show that  the corrosion rate of steel depends 
on the na ture  of the atmospheric environment ,  in  par-  
ticular, there is a correlation between the corrosion 
rate, the concentrat ion of SO2 in the atmosphere, and 
that a weather ing steel is less sensitive to SO2 than 
a mild steel (2-5). 

The relationship be tween the rust  layer  on steel and 
S Q  in the atmosphere has been studied for about  20 
years. The observation by  Mayne (8) that  i ron sulfate 
in rust  layers caused the breakdown of paint  film led 
to the rust ing mechanism of steel proposed by Schikorr  
(9) and Barton (10). The presence of SO2 in  the at-  
mosphere results in the formation of H2SO4 in the rust  
layer, which attacks the steel under  the rust  layers. In  
regard to the relationship between SO2 and the rusts 
on low alloy steel, Copson found that  the greater the 

Table I. Chemical composition of the materials exposed 

Exposure Exposure 
Material C Si Mn P S Cu Ni Cr Nb site time (yr) 

Pure  iron 0.002 0.005 - -  0.003 0.005 - -  - -  - -  Urban 1/3 
Iron copper  al loy 0.0031 0.005 0.003 0.005 0.~0 - -  ~ - -  Urban 1/3 
Cu bearing steel  0.10 0.35 0.~4 0.004 0.014 0.45 - -  - -  - -  Urban 1 
Plain steel  0.13 0.38 1.09 0.016 0.020 0.06 0.02 0.02 - -  Rural  3 
Weather ing  steel  0.08 0.35 0.40 0.090 0.008 0.32 0.32 0.59 0.04 Rural  3, 4.5 
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Fig. 2. Formation of outer rust layer on weathering steel. Tol) 
left, the area showing three growth steps of outer rust layer; 
(A) the area where outer rust layer flacked off and initial corro- 
sion products were formed; (B) the area where corrosion products 
were interconnected; (C) the area where compact out layer were 
formed. 

B 

05hrSa) 3 rs 14hrs c) d? hrs 3e hrs 
Fig. 3. Formation of artificial rust. (a) 5 ml of FeCI.~-FeCI2 or 

FeCI3-FeCI2-CuCI2 solution is gently added to S ml of 3M NaOH 
solution in a test tube with diameter 13 mm. A thin membrane is 
formed immediately at the interface (A). The total concentration 
of metallic salts is 0.75M. The notation of mixing ratio of them 
is indicated as (6-4-0), (6-3-1Cu) etc.; for example (6-3-1Cu) 
shows a solution of FeCI3,FeCI2, and CuCI2 in the ratio of 0.6 X 
0.75:0.3 • 0.75:0.1 X 0.75M. (b) After several hours it grows to 
a crust of hydrated oxide aggregate, over which yellow fine 
particles precipitate (B). (c) Afte r 10 hr, some potions in contact 
with sodium hydroxide solution begin to fall down (C). id) The 
floc of ferric hydroxide is formed over the crust facing metallic 
salt solution (D). (e) Black precipitated layer (E) by degrees is 
formed at the interface between a crust and D. After 24 hr, a 
crust is removed from the test tube and washed by deionized water. 
They are dried at room temperature after immersing in deionized 
water for 24 hr. 
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Fig. 4. Pore size distributions of rust layers on pure iron ex- 
posed for four months and iron copper alloys exposed for i year. 

corrosion resistance of steel, the more sulfates existed 
in the loose layer (11). Copson (11) and Vernon (12) 
suggested that copper added to steel forms insoluble 
basic copper sulfate. However, basic copper sulfate has 
not been detected in  the rust  formed on copper-con- 
ta ining steel. 

Since atmospheric rust  layers have many  pores as 
ment ioned above, they are considered to have specific 
abil i ty such as iron absorption. 

In  order to elucidate the chemical characteristics of 
the rust  layer, the behavior  of electrolytes in the rust  
layer, par t icular ly  the buffer abil i ty of rust  suggested 
by Barton (10), was investigated. 

Buffer capacity of rust.--The buffer capacity, h, of 
a solution can be expressed in terms of the quant i ty  of 
strong acid, CA of the quant i ty  of strong base, CB, re-  
quired to affect a uni t  change in pH of the solution, 
and may then be wr i t ten  

dCA dCB 

dpH dpH 

It  can be graphically represented by  the slope of 
the t i t rat ion curve. In  this study the buffer capacity 
of rust, fl, was determined from the t i t rat ion curve 
of a suspension of 0.5g rust  in 50 ml  deionized water. 
The t i t rat ion curve was obtained by using H2SO4. 

Therefore, the buffer capacity of rust  may be wri t ten  
a s  

fi -- -- A (H2SO4)/ApH 
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Rg. 5. Relationship between copper to.tent of alloy and total 
pore volume or specific surface area of rust layer. 

The dimension of buffer capacity of rust, 8, is mole 
�9 l i ter-Z �9 g-Z. 

Figure 6 shows the buffer capacity of artificial and 
atmospheric rust. Atmospheric rusts were obtained 
from Cu bear ing steel ( in Table I) exposed for one 
year in an u rban  district. In  the case of artificial rust, 
copper addit ion increased the buffer capacity in the 
whole pH range, and especially caused great buffer 
abi l i ty  in  the pH range from 4 to 6. On the other 
hand, the buffer capacity of atmospheric rust  i n ' p H  
range from 4 to 6 was not  able to be determined 
since the pH of the suspension of atmospheric rust  
was less than 4. However, it is suggested from the 
buffer abil i ty of artificial rust  that  atmospheric rusts 
with copper in the early stage of exposure have higher 
buffer capacity than those without  copper in pH 4-6. 
In  pH < 4, the same tendency was observed for 
atmospheric rust;  that  is, the rust  on copper bear ing 
steel had buffer capacity three t imes higher than that  
on pure iron. Therefore, copper added to steel i n -  
c r e a s e s  the buffer capacity of the rust. 

In  the pH range from 3.5 to 7, the buffer abi l i ty  
results from the absorbing action of rust ;  in this 
instance, the rust  layer  keeps the concentrated H2SO4 
in  its pores (13). Consequently, the rust  layers, in  
part icular  the outer layer, with great buffer capacity 
inh ib i t  the attack of H2SO4 on steel. While in the 
rust  layer, the H2SO~ which was absorbed accelerates 
the formation of a compact outer layer through the 
repeated dissolution and reprecipitat ion of rust  par-  
ticle in the presence of cupric ion. The formation of 
a compact outer layer  promotes the growth of an 
i n n e r  layer. 

! Artificial Rust 

~ 3.37%Cu 

~k/z \\\ 

Atmospheric Rust 

~.,--Rust of Cu-bearing Steel 
I (0.45%Cu) 

- \ i  

Rust of pure Iron i 

Fig. 6. Buffer capacity of artificial and atmospheric rust 

ELectrochemical properties o5 r u s t . - - I n  order to e lu-  
cidate the electrochemical properties of i ron rust, the 
rust  electrode was prepared from a rusty  plate of 
pure- i ron .  Pure iron specimens were exposed in  an 
u rban  environment .  The surface rust  of pure iron 
exposed for 4 months was apt to flake off as a plate 
from the bulk  rust. The thickness of rust  plate was 
ca. 500 ~m. 

Figure 7 shows two kinds of rust  electrodes. The 
rust  plate was fixed on an acrylic plate with a con- 
ductive adhesive. The rust  electrode with a capil lary 
(a) was prepared for s tudying cathodic polarization 
behavior of rust  layers. The rust  electrode (b) was 
prepared for examining the change in  crystal l ine 
mater ia l  in  the rust  layer  dur ing  electrochemical 
reduction. 

Figure 8 shows the in terna l  polarization curves of 
various galvanic couples in 0.1M Na2SO4. The in te rna l  
polarization curve indicates the possibility that  the  
rust  layer acts as the cathode electrode in  rusted 
iron. In terna l  polarization curves were determined in  
0.1M Na2SO4 solution when exposed to air to be 
decreasing in steps the external  resistance arranged 
in  s e r i e s  in  the short circuit of the galvanic couple 
of pure i ron/electrode of rust  [(a)  in  Fig. 7] or con- 
ductive adhesive. The apparent  surface area of the 
electrode was 10 • 10 ram. The distance between 
the electrodes was 20 mm. The rest potential  of the 
rust  electrode was Ca. 0.2V (SCE). The galvanic 
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L.H. Copillory 
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Fig. 7. Rust electrodes 
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Fig. 8. Internal polarization curves of various couples. Curve 1: 
rust layer before reduction, curve 2: rust layer partially reduced, 
curve 3: conductive adhesive, curve 4: pure iron. 

cur ren t  of pure  i ron /e lec t rode  of conduct ive adhesive 
is 7 ~A/cm 2, which is ve ry  smal l  in comparison wi th  
200 #A/cm 2 of pure  i ron / rus t  e lect rode and is the 
reduct ion cur ren t  of dissolved oxygen  on the surface 
of conduct ive adhesives.  By comparison,  the galvanic  
cur ren t  dens i ty  of pure  iron, a pa r t i a l l y  reduced 
rust  e lect rode is 100 ~A/cm 2. These resul ts  indica ted  
tha t  a pa r t  of the cathodic react ion of rus ted  steel  
is the reduct ion  of the  rus t  l aye r  and  tha t  some rusts  
accelera te  the corrosion ra te  beyond tha t  of dissolved 
oxygen as Evans  suggested (6). 

F igu re  9 shows the change of c rys ta l l ine  substance 
in rus t  layers  by  cathodic reduction.  The sample  w a s  
the rus t  e lec t rode  (b) in Fig. 7. The crys ta l l ine  par t s  
of pure  i ron rust  p la te  were  composed of ~ -FeOOH 
(Lepidocroci te) ,  ~-FeOOH (Geothi te) ,  and Fe304 
(Magnet i te ) .  The crysta l ] ine  mater ia l s  in the surface 
l aye r  were  ~-FeOOH, a-FeOOH, and Fe~O+ The x - r a y  
diffraction in tens i ty  of 7 -FeOOH was the s t rongest  
whi le  tha t  of ~-FeOOH was ve ry  weak.  The in ter ior  
of the  rus t  p la te  consisted main ly  of FesOr and a 
l i t t le  =-FeOOH. 7 -FeOOH was not detected.  In  the 
separa t ing  face f rom the bu lk  rust, the  growth  of 
c rys ta l l ine  ma te r i a l  was inhib i ted  and the in tens i ty  
of a -FeOOH was s t ronger;  tha t  of Fe.~O~ was weake r  
than  those of the interior ,  v -FeOOH did not  exis t  
there.  The reduct ion cur ren t  densi ty  is 10O ~A/cm~. 
Elec t ro ly te  solut ion is 0.1M Na~SO+ 

The x - r a y  identif icat ion of a c rys ta l l ine  substance 
was car r ied  out  by wet t ing  the  rus t  e lect rode wi th  

Reduction Time (hour) 
z^o 50 I00 ~50 200 ~50 - - 

,is t- 

s 
~ . r (2e=26.6) 

'~ 0.41- " ~ .  | ~ _  ~-FeOOH(26=I7.7) 
o.2 r . . . . . .  
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Fig. 9. Change in the intensity of crystollrne substances in the 
rust layer with cathodic reduction. 1o: The intensity of various 
crystalline substances before cathodic reduction; It: the intensity 
of various crystalline substances after t hr reduction. 

deionized wa te r  to avoid  d ry ing  of the rust .  The 
re la t ive  in tens i ty  (It/Io) in Fig. 9 is the ra t io  of 
the in tens i ty  of var ious  c rys ta l l ine  substances before  
cathodic react ion to the  in tens i ty  of var ious  c rys ta l l ine  
substances af ter  t h r  reduct ion.  The pure  Fe~O4 pow-  
der  (20 = 38.1), which  formed by  a d ry  process, 
was used as a s t andard  of c rys ta l l ine  substances.  
~v-FeOOH is ap t  to be reduced  ca thodica l ly ,  a n d  
~-FeOOH is not  reduced.  The effect of reduct ion  on 
the x - r a y  in tens i ty  of ~ -FeOOH appears  a f te r  2 0  hr,  
7 Ccm -2  being required.  

F r o m  the fact  tha t  ~ -FeOOH was not  identif ied in 
the  inner  layer ,  which  occupied the ma jo r  por t ion  
of the  rus t  plate,  and tha t  -pFeOOH in the surface 
l aye r  was not  influenced in the  in i t ia l  reduct ion  stage, 
i t  is concluded tha t  the  reduct ion  of rust  occurs in 
the  inner  l aye r  and  tha t  the substance reduced  elec-  
t rochemica l ly  is not  only  v-FeOOH;  i.e., the re  a r e  
reducib le  amorphous  substances in addi t ion to ~- 
FeOOH in the  rus t  layer .  -y-FeOOH appears  to be con- 
ver ted  d i rec t ly  to Fe804 b y  cathodic reduct ion  in 
Fig. 9. However ,  there  m a y  not  be a d i rec t  r e l a t ion-  
ship be tween  v -FeOOH and FesO+ Figure  9 shows 
tha t  ~,-FeOOH changed into the  other  solid phase  
and t h a t  Fe304 was also formed from reducib le  a m o r -  
phous substances. The reducib le  amorphous  substances 
are  hereaf te r  re fe r red  to as in te rmedia te  substances.  

F igure  10 shows the difference in e lect rochemical  
behavior  be tween  rus ted  pla in  steel  and rus ted  wea th -  
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Fig. 10. Changes in the intensity of Fe~04 and the potential of 
rusted steel with cathodic reduction. 
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er ing  steel. The chemical  composit ions of both  steels 
a re  shown in Table  I. 

Specimens of both steels were  exposed for  th ree  
years  in an  u rban  a tmosphere .  The appa ren t  surface  
a rea  of the  rus ted  steel  e lect rode was 15 X 15 ram. 
The cathodic cur ren t  dens i ty  was increased f rom 16.7 
to 1O0 ~ k / c m  2 in steps. The x - r a y  diffract ion in tens i ty  
of FeaO4 was s l ight ly  s t ronger  in the rus t  on p la in  
steel  than  tha t  on the wea the r ing  one before  cathodic 
reduction.  Rela t ive  in tens i ty  (lc/lstd) in Fig. 10 is the 
in tens i ty  ra t io  of FeaO4 in the rus t  l aye r  for  tha t  of 
pure  Fe304 powder  formed by  a d ry  process. There  
is no difference in potent ia l ,  bu t  a g rea t  difference 
in  the  increase  of Fe304 be tween  them by  cathodic 
reduct ion.  The poten t ia l  behavior  of both rus ted  steels 
shows tha t  the reduct ion  of rus t  occurred  in the rus t  
l aye r  on wea the r ing  steel  as much as in tha t  on p la in  
steel. Therefore,  the rus t  layers  on wea the r ing  s teel  
contain  less in t e rmed ia te  substances,  which  a re  ap t  
to be conver ted  to c rys ta l l ine  magne t i t e  by  cathodic 
reduct ion,  than  those on pla in  steel. The cathodic 
reduc t ion  of  rus t  a t  the  in i t ia l  s tage occurs in the  
inner  layer ,  which had  been most  affected by  bene-  
ficial e lements  added  dur ing  the exposure  period.  
Therefore,  the  difference in the fo rmat ion  of c rys ta l -  
l ine magne t i t e  a t  this in i t ia l  s tage be tween  both 
rus ted  steels emphasized the e lec t rochemical  charac-  
ter is t ics  of the rus t  l aye r  on wea the r ing  steel. 

Gene ra l ly  rusts  on steel  a re  reduced  e lec t rochem-  
ica l ly  for  a short  t ime jus t  a f te r  the rus t  l a y e r  is 
we t t ed  by  rain,  etc. Even i f  the rus t  l aye r  was wet ted  
for  a long t ime, the  reduct ion  of rusts  does not  con- 
t r ibu te  to the corrosion rate,  except  the  in i t ia l  t ime 
of rain,  and the ma in  cathodic react ion is the reduc-  
t ion of dissolved oxygen  on steel  or  magne t i t e  in 
the  rus t  l ayer  since magne t i t e  is a good electr ic  con- 
ductor,  as Evans  poin ted  out  (6), and ~ -FeOOH and 
~-FeOOH are  not  e lectr ic  conductors.  

I t  is concluded tha t  beneficial  e lements  added  to 
s teel  inhibi t  the fo rmat ion  of c rys ta l l ine  magne t i t e  
in the cathodic react ion process and the reby  increase  
the  electr ic  resis tance of the rus t  layer .  

Conclusion 
The a tmospher ic  rus t  l ayers  on steel  a re  secondary  

aggrega te  of p r i m a r y  colloidal  part icles .  The aggre -  
gat ing state of the  rus t  l aye r  is influenced by  two 
factors:  the t ime of exposure  and beneficial  e lements  
added  to steel. In  par t icu la r ,  copper  addi t ion inhibi ts  
the  growth  of p r i m a r y  colloidal  part icles.  This action 
of copper  has an effect on the physical ,  chemical,  and 
e lec t rochemical  proper t ies  of rus t  and serves to in-  
crease the pro tec t ive  ab i l i ty  of the rus t  layers .  

The s u m m a r y  of resul ts  a re  shown as follows: 
(i) Copper  addi t ion  to i ron inhibi ts  the  growth  of 

i ron  oxide,  in par t icu la r ,  sp ine l - type  oxide  in the  

rus t  l aye r  and accelerates  the  f o r m a t i o n  of amorphous  
substances.  This effect induces an increase  in flocculent 
force of colloidal  aggrega te  and the reby  develops 
mechanica l  s t reng th  of the  rus t  l aye r  and  decreases  
the electr ic  conduct iv i ty  of the rus t  layer .  

(ii) The pore  size of a tmospher ic  rus t  d i s t r ibu ted  
in the  range  up to 15 nm, and the highest  peak  a lways  
appears  be low 5 nm. 

The total  pore  volume in the rus t  l aye r  formed for  
i yea r  is 1.94-2.84 • 10 -2  (cm3g-1).  

The specific surface a rea  of rus t  fo rmed for  1 y e a r  
is 14.2-23.9 (m2g-1) .  Both factors increase  wi th  copper  
content  and  decrease  wi th  the  t ime of  exposure.  

(iii) Atmospher ic  rusts  on steel  have buffer ab i l i ty  
for H2SO4. Copper  added  to steel  increases the buffer 
capaci ty  three  t imes as much as those wi thout  copper  
at  pH 3.3. This act ion of a tmospher ic  rus t  inhibi ts  
the  a t tack  of H2SO4 on steel  and accelerates  the  
format ion  of the compact  outer  l aye r  to pro tec t  the  
inner  layer .  

(iv) Beneficial  e lements  added  to steel  decrease  the 
fo rmat ion  of in t e rmed ia te  substances,  which a re  con- 
ver ted  to c rys ta l l ine  magne t i t e  b y  cathodic reac t ion  
and the reby  increase the electr ic  res is tance of the  
rus t  layer .  

Manuscr ip t  submi t ted  Aug. 31, 1979; rev ised  m a n u -  
scr ipt  rece ived  Jan. 18, 1980. This was Paper  111 
presented  at  the  Pi t t sburgh,  Pennsylvania ,  Meet ing 
of the  Society, Oct. 15-20, 1978. 

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

Publication costs oS this article were assisted by 
Lehigh University. 
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Properties of Thin Polyimide Films 
L. B. R o t h m a n *  

IBM Data Systems Division, East Fishkilt, Hopewetl Junction, New York  12533 

ABSTRACT 

Polyimide is receiving increasing interest as a possible insulator on semi- 
conductor devices, replacing SiO2. Several commercially available polyimides 
have been characterized by testing films of them for electric breakdown 
strength, conductivity, adhesion, and other properties. The results of these 
tests are summarized, and the polyimides are compared to sputtered SiO2. 

Poly imide  has excel len t  the rmal  s tab i l i ty  and chemi-  
cal resistance,  along wi th  good die lect r ic  propert ies .  
This combinat ion  of character is t ics  makes  i t  p romis -  
ing as a rep lacement  for SiO2 for insulati.ng semicon-  
ductor  devices. Severa l  mul t i l eve l  me ta l  s t ruc tures  
using po ly imide  as the  insula tor  have been  descr ibed 
in the  l i t e ra tu re  (1-4).  

To develop a base of unders tand ing  in suppor t  of 
this  use of polyimide,  severa l  commerc ia l ly  ava i lab le  
mate r ia l s  have been  tes ted for a va r ie ty  of funct ional  
proper t ies .  F i lm  thickness  ranged  f rom 1 to 3 ~m. 
Elec t r ica l  and phys ica l  measurements  were  compared  
wi th  measurements  for  spu t te red  SiO2 films. 

Sample  Prepara t ion  

A descr ip t ion  of the  po ly imide  mate r i a l s  as rece ived  
f rom the vendor  is shown in Table  I. There  are  con- 0.03 
s iderab le  differences in these mater ia ls ,  inc luding 
solvent  system, solids content,  and  viscosity. Two of 
the  mate r ia l s  were  rece ived  in powder  form, which 
is an advan tage  in te rms of shelf- l i fe .  The  mate r i a l s  
rece ived  in solution, such as po lyamic  acid, had  a 
shel f - l i fe  of app rox ima te ly  one yea r  when  s tored ~.~ 0.02 
at 4"C. .4 

In  o rde r  to cast films of 1-3 ~m thickness b y  spin 
coating, the  mate r ia l s  were  d i lu ted  wi th  addi t ional  :~ 
solvent  to the  solids content  shown in Table  I. I t  is 
in teres t ing  that  there  is also a difference in the  solids 
content  of the  solutions for coat ing the same film o .o l -  
thickness.  As received,  al l  the  mate r ia l s  had a g rea t  
deal  of par t icu la tes  and, therefore,  al l  the  solut ions 
had  to be  f i l tered p r io r  to use. F i l t e r ing  was done " ~  
using s i lver  membrane  filters wi th  a pore  size of 
0.45 ~m. Thin films of 1-3 ~m were  p repa red  by  spin 
coating at  spin speeds of 4-6 krpm.  Cur ing was done 
on hot  plates.  Al l  of the  test ing was done on b lanke t  
po ly imide  films. 

0.0: - 
* Electrochemical Society Active Member. 
Key words: electric breakdown strength,  conductivity, adhesion, 

insulators. 

Table I. Comparison of various polyimide resins as received and 
as used 

As received As used 

Solids Solids 
Poly- content Viscosity content  
Lmide (w/o)  (cps) Solvent (w/o) 

A 16 6000 NMP 13 
B 27 5 6 0 0  NMP/acetone 18 

3:2 
C 38-42 250-350 DMF 32 
D 6 3 - 6 7  3009-7000 NMP 47 
E 55 4 0 0 0  NMP/methanol  

4:1 36 
F Powder  60 
G Powder  I~ 

NMF: methylpyrrol idinone.  
DMF: dlmethylformamide.  

Die lec t r ic  Propert ies 
In  o rder  to use poly imide  as a r ep lacement  for SiO~ 

for insula t ing semiconductor  devices, i t  mus t  have 
good dielectr ic  propert ies .  Measurements  of b r e a k -  
down strength,  conduct ivi ty ,  d ie lect r ic  constant,  and  
the diss ipat ion factor  have been  made  on ful ly  cured 
po ly imide  films wi th  comparisons made  to spu t te red  
SiO~. 

The cure cycle was de t e rmined  b y  diss ipat ion fae-  
tor  measurement ,  as suggested by  Gregor i t sch  (5).  
A n  Al -po ly imide-A1 dot  s t ruc ture  was used and the  
diss ipat ion factor  was measured  at  a f requency of 
1 MHz, as a funct ion of the  final cure t empera ture .  
Some resul ts  a re  shown in Fig. l a  and b. The diss ipa-  

~ t m o  Polyimide A 
ir 

sphere / / /  

! 
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/ 
/ 
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o ___. o . 7 .  
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Fig. 1. Dissipotio, factor as a function of final cure tempera- 
ture for (o) 1.5 /~m film of Pelyimide A, (b) 1.5 /~m films of 
Polyimide D. Time at final cure temperature was 30 rain. 
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tion factor decreases with increasing cure tempera ture  
un t i l  full  cure is reached and then increases as de-  
composition starts to occur. Curing in  ni t rogen and 
air  were investigated. Figure lb  shows that  for Poly-  
imide D there is a substant ia l  difference in the dis- 
sipation factor between curing in  air and ni t rogen 
whereas Polyimide A does not exhibit  this effect. 
For the data which follows, the curing of the poly- 
imides was therefore done in  a ni t rogen atmosphere 
for the final cure. The dissipation factor of the ful ly  
cured 1.5 ~,m polyimide films was approximately 0.01 
for all the materials  tested. 

The dielectric breakdown strength was measured 
using an Si-polyimide-A1 dot structure. The poly-  
imide film thickness used was 1.5 ~m. A1 dots of 1.5 
m m  diam were used. Fifty measurements  were made 
on each wafer. The voltage was ramped at a rate 
of 1 V/sec unt i l  b reakdown occurred. It  can be seen 
in  Table II  that  all of the polyimide films tested 
exhibited good dielectric breakdown strength, which 
is comparable to SiO2. The data reported in Table II 
are for polyimide films cast from carefully filtered solu- 
tions as described previously. Without  filtering the 
raw materials  the dielectric breakdown strength was 
in  the low 105 V/cm range. 

For measurements  of conductivity, an Al-polyimide-  
A1 dot s t ructure was tested in  electric fields ranging 
from 5 • 10~ to 5 • 105 V/cm and temperatures  up 
to 250~ Figure 2 shows that  the log of the resul tant  
current  varies l inear ly  with the square root of the 
electric field for all of the materials  tested. This 
exponent ia l  dependence of the current  on the square 
root of the applied voltage has been reported pre-  
viously for Kapton polyimide films (6). It  is observed 
in Fig. 2 that  the conductivities of individual  poly- 
imides differ widely, and all of them are considerably 
higher than that of sputtered SIO2. All of these ma-  
terials, however, appear to be adequate insulators, 
since for typical semiconductor device use conditions 
(85~ 105 V/cm) their  resistivities are over 1012 n-cm.  

Data is not presented for Polyimide F due to prob- 
lems of instabi l i ty  in the film, probably due to water  
absorption. The films of Polyimide F would appear 
quite conductive (J > 10 -3 A/cm 2) as ini t ia l ly  tested. 
After  baking the test samples for an hour at 200~ 
and then immediate ly  testing, the conductivi ty of 
the films was similar  to the other polyimide films. If 
the test sample remained at ambient  conditions for 
a few hours, it  would become conductive once again. 
This phenomenon was not observed with any of the 
other materials. 

The dielectric constant  was measured at a f ie -  
quencv of 1 MHz and found to be approximately 3.5 
for all of the polyimide films tested compared to 3.8 
for sputtered SiO~. This lower dielectric constant  of 
polyimide is an advantage over SIO2. 

Planarization 
For high density mult i level  meta l - insula tor  struc- 

tures it is desirable to have a p lanar  surface. It has 
been reported in the l i terature  (1, 2) that  polyimides 
can be used as the insulator  to provide such a planar  
structure. Dur ing  the cure cycle for the polyimide 
film there is a tendency for flow to occur. Also, dur ing  

Table II. Dielectric breakdown strength of 1.5/~m polyimide films 

Average break- 
down field 

Polymide ( x 106 V/cm) 

B 4.74 
D 5.62 
A 5.94 
G 6.28 
E 6,63 
C 7.06 
F 7.50 

SiO= ( s p u t t e r e d )  8.60 

Leakage at 250uC 
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Fig. 2. Current density vs. applied field at 250~ for vorioas 
polyimide films with a comparison to sputtered Si02. 

the cure cycle there is a great deal of shrinkage due 
to solvent loss. It  was observed that  some of the 
materials tested exhibited a combinat ion of less shr ink-  
age and more flow than others. It  is the combinat ion 
of shrinkage and flow dur ing the three stages of the 
cure cycle which provides polyimide films with the 
abil i ty to planarize or smooth out any  topological 
structures on a substrate. 

The degree of planarizat ion is determined by the 
ratio of the step height result ing with the polyimide 
film to the ini t ial  step height of the metal  pat tern  
as shown in  Fig. 3. Another  factor in the degree of 
planarizat ion is the slope of the resul t ing step. 

The planar i ty  measurements  were made with a 
Taylor-Hobson Talystep and also SEM examination.  
Some general  observations for all the polyimide films 
are that the degree of planarizat ion is directly de- 
pendent  on the thickness of the polyimide films. The 
slope of the polyimide over the metal  land decreases 
with increasing polyimide thickness. It was also ob- 
served that  the degree of planarizat ion is dependent  
on both the width and spacings of the metal  lines 
which the polyimide is covering as shown in  Fig. 4. 
Thin lines with nar row spaces result  in bet ter  p lanar -  
ization. Unfortunately,  this geometry dependence of 
planarizat ion becomes quite complicated since a group 
of closely spaced lines, separated by a large distance 
(--~12 ~m) from other lines, act as one wide land. 
However, it seems that a group of nar row lines 
planarizes slightly bet ter  than a single l ine of the 
same overall  width. The degree of planarization,  
therefore, is dependent  on the geometry of the 
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Fig. 3. Degree of planarization for polyimide over a metal step 
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Fig. 4. Planarizafion as a function of line width and space for 
Polyimide C films. 

metal l izat ion pa t te rn  (i.e., individual  l ine widths, l ine 
spacings, and group dimensions).  

A difference in the degree of planarizat ion w a s  
observed for the various mater ia ls  tested. Figure  5 
shows Talystep measurements  for two polyimides over  
a metal  pat tern  of varying line widths. The t rend 
toward more planarizat ion as the l ine width  decreases 
is seen for both materials ;  however,  in general,  Poly-  
imide C planarizes more than Polyimide A. Figure  6 
i l lustrates the difference in p lanar i ty  of the two ma-  
terials. In order  to make  an easy comparison of 
planarization, measurements  were  made over  a single 
meta l  line of 12.7 #m in width. Table III shows the 
degree of planarizat ion for the various polyimide 
films. Three of the materials  seem to provide a con- 
formal  type coating, while  the other  four  polyimides 
seem to planarize more. There  appears to be a cor-  
relat ion be tween the solids content  of the coating 
solution and the degree of planarization. Higher  solids 
content  mater ia l  provides more planarization. 

Initial Metal Pattern - -  "-=~-- 
12.7,8.9,5.1 pm Line Widths 

Polyimide A 
2.3 pm 

.65 pm 

�9 �9 . pm 

Polyimide C 
2.3 fJm 

Fig. 5. Talystep measurements comparing degree of planarization 
achieved with Polyimide A and Polyimide C films. 

Fig. 6. SEM pictures compare the degree of planarizatian of 
Polyimides A (top) and C (bottom). Pictures show a cross section 
of a polyimide film (which is covered with AI) over a metal line. 
(The cross section was made by RIE and the AI over the poly- 
imide was used as a mask). (6000X.) 

Due to the many  geometry  effects, it does not seem 
possible to completely planarize a typical  meta l  pat tern  
wi th  a polyimide film. Good edge coverage, however ,  
is obtained with  all of the various polyimide films 
even when planarizat ion is not achieved. This good 
edge coverage of polyimide films is an advantage 
over  s tandard sput tered SiO~ films deposited with  a 
re-emission coefficient of ~0.3 (7). Typical ly SiO2 
films are somewhat  conformal but  have a tendency 
to cusp at the edges of metal  lines result ing in poor 
edge coverage. 

Adhesion 
One of the most impor tant  propert ies  of a thin 

film, such as polyimide, is its adhesion to the semi-  
conductor substrate and metal lurgy,  and the adhesion 
of other  mater ia ls  to the polyimide film. Of the nu-  
merous methods for the measurement  of adhesion 
of thin films (8), the technique we found the most 
rel iable was the peel force test. 

A schematic of the peel force test apparatus is 
shown in Fig. 7. The force t ransducer  is fixed on a 
sliding stage. It  is connected by a long rod to the 
test sample. The test sample consists of a strip of 
wafer  of known width attached by two sided tape 
to a glass slide. It is mounted  such that  approximate ly  

Table III. Degree of planarization for 2 ~m polyimide films over 
1 ~m AI lines 

% of solids in Degree of plan- 
solution used to arization (over 

Polyimide coat 2 ~m film 12.7 ~rn line) 

A 13 0.17 
B 18 0.30 
C- 15 0.32 
C 32 0.72 
D 47 0.78 
E 36 0.78 
F 60 0.82 
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n 

0~~ ~-~ 
Fig. 7. Schematic of peel force test apparatus 

a quar ter  inch of the wafer  strip overhangs the e d g e  
of the glass slide. The wafer  strip is carefully broken 
where it  overhangs the glass slide, leaving the film 
intact. Then  this par t  is bent  up and attached to the 
flat end of the rod using glycophalate. The stage w a s  
adjusted for a peel angle of 90 ~ for consistency a n d  
ease of peeling. The peel rate is 0.15 mm/sec. The 
stage holding the test sample slides at the same rate 
as the stage holding the force t ransducer  providing a 
constant  peel angle. The output  of the force t rans-  
ducer  is recorded on a strip chart  recorder. The peel 
test is performed in  an enclosed chamber  which is 
purged with dry nitrogen. 

Strips of wafers of various widths were used to 
obtain a relat ive measure of adhesion. A graph of 
peel force vs. width as shown in  Fig. 8 is plotted and 
the slope of this l ine (K) is used as the relat ive mea-  
sure of adhesion. It  is also observed that  the intercept  
of this l lne is not always zero due to edge effects: 
damage inflicted to the interface at the edges while 
the wafers were scribed into strips. 

Adhesion measurements  were made after processing 
and again after  t empera tu re -humid i ty  stress cycles. 

o IL 

70 

60 

50 

40 

30 

20 

t0  

Polyimide A on AICu 

_ / 
~ ?  / 33=7.~lurs ̀  & H 

- ~ "  / h  / 645hoursT&H 
/ a" ~ / / /  

:/:/ 

�9 . ! . I  l I I 
2 4 6 8 10 

Strip Width (ram) 

Fig. 8. Peel force vs. strip width for Polyimide A on AICu, as a 
function of time in a temperature/humidity chamber. (a) initially 
K ~ 7.87 g/mm, (b) after 337 hr at 85~ 80% relative humidity 
K - -  5.91 g/mm, (c) after 645 hr K -~ 5.12 g/ram. 

Adhesion to SiO 2 
(2pro Films) 
Polyimide A 

! 
/ / T  O (No Adhesion) 

/ / Promoter 
/ (7.68) 

6 0 -  j ~ / O  

5 0 -  

~ 4 0 -  

u- 3 0 -  

2 O  - 

/ /357hoursT&H 
(With Silane Adhesion Promoter) 

10 - (10.63) 
357 hours T & H 
(No Adhesion) Promoter 

= ~ X ~ X.--- x ------" (0.20) 
1 I I I I 
2 4 6 8 10 

Strip Width (ram) 

Fig. 9. Polyimide adhesion to $iO2. Using silane adhesion 
promoter: No peel at To and K - -  10,63 g/mm after 357 hr at 
85~C, 80% retative humidity. Without any adhesion promoter: K - -  
7.68 at To and K ~ 0.20 g/mm after 357 hr of T&H. 

Figure 8 shows that the adhesion tends to degrade 
after exposure to t empera tu re -humid i ty  stressing. 

The ini t ial  adhesion of polyimide to Si and SiO2 
surfaces was good; long exposure to stressing, however, 
tended to degrade the interface. It  was found that  
silane adhesion promoters (9) improved the long-  
te rm stabil i ty of the bond. Figure  9 shows a compari-  
son for Polyimide A on SIO2. Both at T o and after 
stressing the adhesion of the polyimide film to SiO~ 
is improved when a s i lane-type adhesion promoter  
was used. 

It is observed in Table IV and Fig. 8 that  the major  
degradation in the adhesion appears af ter  the ini t ia l  
exposure to T&H stressing. 

The "no peel" condition shown in Table IV indicates 
excellent  adhesion. It  occurs when the peel starts and 
a full scale deflection is recorded on the chart  re-  
corder and the polyimide film tears, thereby  implying 
a peel factor of 31.5 g / ram or greater. A part ial  peel 
condition is more difficult to interpret .  This is when  
the polyimide film starts to tear  uneven ly  as it is 
peeling, indicat ing that the adhesion of the film is 
not  uniform across the surface, and that there are 
areas of very good adhesion where the polyimide 
film is not peeling. 

For all the data presented a silane adhesion pro-  
moter was used on Si and SiO2 surfaces. However, 
for A] surfaces no difference was found in the adhesion 
of polyimide with or without an  adhesion promoter. 

Table V il lustrates that the adhesion at To of 
polyimide to Si is good for all the materials  tested. 
After  T&H stressing, however, two of the materials  
show a degradation in their adhesion to Si surfaces. 

Table IV. Polylmide adhesion to SiO~ as a function of temoerature 
and humidity stressing at 85~ 80% relative humidity 

Adhesion to SiO~: K ( g / r a m )  h r  T&H 

Poly i rn ide  To 357 762 1122 1770 2495 

A P P  11.03 9.06 10.24 6.70 8.27 
B NP NP N P  NP NP NP 

NP:  n o  pee l ,  e x c e l l e n t  adhes ion .  T&H: 85~ 80% re l a t i ve  hu-  
mid i ty .  2 ~ m  p o l y l m i d e  films. 
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Table V. Polyimide adhesion to Si 

Adhesion to Si: K ( g / m m )  

Polyimide To After  563 hr  T&H 

F NP NP 
D NP NP 
C NP NP 
G PP 8.67 
E NP NP 
A NP 18.52 
B NP NP 

3 ~m polyimide films on Si wafers.  
NP: no peel  condition, excellent adhesion ~-~1.52 g/ram. 
PP: partial peel,  films start to peel  unevenly  then tear. 
T&H: 85~ 80% relative humidity.  

The adhesion of po ly imide  films over  A1 and A1 
alloys was exce l len t  for a lmost  a l l  the mate r ia l s  tes ted 
as shown in Table VI. The adhesion of A1 over  po ly -  
imide was sa t i s fac tory  before  the  T&H stress cycle, 
bu t  severe ly  degraded  af te r  i t  for  al l  mate r ia l s  tested. 
Typical ly ,  values  of K g rea te r  than  18 g / m m  were  
measured  at  To; however ,  a f te r  200 h r  a t  85~ 80% 
re la t ive  humidi ty ,  the value  of K went  down below 
3 g /mm.  Annea l ing  the  meta l  at  350~ in n i t rogen 
before  test  improves  the A1 to poly imide  adhesion, 

Table VI. Polyimide adhesion to AI 

Adhesion to Ah K (g/ram) 

Polyimide To Af ter  564 hr  T&H 

F NP NP 
D NP NP 
C PP PP 
G PP PP 
E NP N-P 
A 10.64 8.27 
B PP pp 

3 ~m polyimide films of A1 surface without  using any adhesion 
promoter.  

T&H: 85~ 80% relative humidity. 
NP: no peel  condition, excel lent  adhesion ~-~--31.52 g/ram. 
PP: partial peel,  film starts to peel  uneven ly  then tears. 

resul t ing in a peel  factor  of app rox ima te ly  10 g / r am 
af ter  the  stress cycle. 

Conclusion 
In summary,  the po ly imide  films of var ious  vendors  

exhib i ted  differences in funct ional  propert ies .  T h e  
dielect r ic  proper t ies  of po ly imide  films are  not qui te  
as good as sput te red  SiO2 wi th  r ega rd  to b r eakdown  
s t rength  and resist ivi ty.  The adhesion of po ly imide  
to var ious  mate r ia l s  is also not  a lways  as good as 
SiO2 depending  on the polyimide.  Po ly imide  does 
provide  an advan tage  in good edge coverage aud some 
p lanar iza t ion  of topography.  Consider ing al l  of these 
propert ies ,  po ly imide  films seem to be more than  
sa t is factory  for appl ica t ion  to semiconductor  devices. 

Manuscr ip t  submi t t ed  Dec. 6, 1979; rev ised  m a n u -  
scr ipt  received Apr i l  14, 1980. 

Any  discussion of this pape r  wi l l  appear  in a 
Discussion Section to be publ i shed  in the  June  1981 
JOURNAL. Al l  discussions for the June  1981 Discussion 
Section should be submi t ted  by  Feb. 1, 1981. 

Publication costs oS this article were assisted by 
IBM Corporation. 
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The Dependence of the Memory Effect in 
ZnS:Mn A-C Thin Film Electroluminescence on 

Mn Distribution 

V. Marrello and A. Onton 
IBM Research Laboratory, San Jose, California 95193 

ABSTRACT 

I t  is known  tha t  the wid th  of the memory  loop of the b r igh tness -vo l t age  
character is t ic  in Z n S : M n  a-c  thin film elect roluminescence devices depends 
on the Mn doping concentra t ion and on the Z n S : M n  film thickness.  In  this 
s tudy we have var ied  the ZnS thickness f rac t ion doped wi th  Mn and its 
location. The resul ts  of this s tudy  show tha t  the  m e m o r y  loop widens  in-  
c remen ta l ly  wi th  the  ZnS thickness fract ion doped wi th  Mn. We infer  tha t  
the Mn doping is affecting the high-f ield bu lk  conduct iv i ty  of the ZnS. 

The "memory  effect" in ZnS a-c  thin film e lec t ro-  
luminescence (EL) is re la ted  to the Mn doping of 
the ZnS (1). In  addit ion,  studies have shown tha t  
the width  of the "memory  loop," i.e., the width  of 
the hysteresis  in the b r igh tness -vo l tage  characteris t ic ,  
is a function of the Mn doping concentrat ion (2, 3) 

Key words: e lectroluminescenee,  ZnS.Mn, thin film device. 

and the ZnS:Mn film thickness (3, 4). The M n  doping 
can influence the memory  effect by  affecting the bu lk  
conduct ive proper t ies  of the ZnS and or by  in t roduc-  
ing electronic t r app ing  states near  the ZnS-d ie lec t r ic  
interface.  The purpose  of this  s tudy  was to de te rmine  
the re la t ive  impor tance  of these effects on the  "memory  
effect." 
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Fig. 1. A schematic cross section of a particular ZnS a-c thin 
film EL device used in this study having one-fourth of the ZnS film 
thickness doped with Mn and located at the "top" of the ZnS film. 

This s tudy  was fu r the r  s t imula ted  by a recen t  re -  
sul t  (5) that  the Mn EL efficiency decreases s t rongly  
wi th  dis tance f rom the cathodic to anodic region 
of the  ZnS. In analogy wi th  those measurements  on 
EL efficiency (5), we measured  the dependence  of 
the  "memory  loop" wid th  on the ZnS thickness f rac-  
t ion doped wi th  Mn and its location. 

Fo r  this  purpose  s imi lar  sets of three  devices were  
fabr ica ted  by  sequent ia l  deposit ions of spu t te red  a-  
BaTiO3, evapora ted  ZnS, and spu t te red  a-BaTiO3 wi th-  

I I l I J 1 I I I 
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Fig. 2. The ZnS:Mn a-c thin film EL "memory loop" width in 
units of percent of the EL voltage threshold (~200V in these 
devices) as a function of the ZnS thickness fraction doped with 
Mn. The inserts show graphically the placement of the Mn doping 
in the ZnS layer. The bottom of the insert corresponds to the 
first to deposit Zn5. 
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out b reak ing  vacuum. Dur ing  the ZnS deposition, the 
subs t ra te  t e m p e r a t u r e  was ~175~ resul t ing  in  a 
s t icking coefficient of N2/3. Wi th in  a set, devices 
having  1/4, 1/2, and 3/4 of the  ZnS thickness doped 
wi th  Mn were  made.  The ZnS was doped by  co-evap-  
ora t ion  of Mn. The Mn concentra t ion in the doped 
region amoun ted  to ~0.7 atomic percent .  The device 
s t ruc ture  is shown schemat ica l ly  in Fig. 1 for a pa r -  
t icu lar  device which had  the "top" one- four th  of the  
ZnS doped wi th  Mn. Four  such sets of devices were  
p repa red  wi th  the Mn doping d is t r ibu ted  as shown 
in the inserts  to Fig. 2. 

The br igh tness -vo l tage  ampl i tude  character is t ics  of 
such unaged devices were  measured  using 20 ~sec 
wide, a l t e rna t ing  polar i ty ,  vol tage pulses at  2 kHz. 
The results  a re  shown in Fig. 2 where  we have  p lo t ted  
the "memory loop" width as a function of the ZnS 
thickness fraction that is Mn doped. Similar devices, 
with entirely undoped ZnS or with uniformly Mn 
doped ZnS had "memory loop" widths of 0 and 10%Vth, 
respectively. The results shown in Fig. 2 indicate that 
memory loop width increases with an increase in 
the fraction of the ZnS thickness doped with Mn for 
each set of devices. Also, for a given ZnS thickness 
fraction doped with Mn, the "memory loop" width 
depends on the location of the Mn doping. To facilitate 
comprehension of the data, they have been separated 
into four groups in Fig. 2: curve (a) Mn doping pro- 
ceeding from the "top" down, curve (b) Mn doping 
proceeding from the "bottom" up, curve (c) outside in, 
and curve (d) inside out. We observe that: 

I. The Mn doping of the first I/4 thickness of the 
ZnS to deposit has negligible effect on the "memory 
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Fig. 3. The data on the "memory loop" width as a function of 
the ZnS thickness fraction doped with Mn from Fig. 2 replotted 
omitting the effects of the "bottom" one-fourth of the ZnS and 
categorizing the data by whether the "top" layer was or was not 
doped with Mn. 
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loop" width when present, in curve (b),  thickness 
fraction 1/4, (b, 1/4), or absent  (a, 3/4). We speculate 
that  this is related to poor morphology of the first 
to grow ZnS since it  has been found that the EL 
efficiency in this region is also low (5). 

2. Excluding the bottom 1/4 of the device from con- 
sideration, we find a satisfactory agreement  of the 
"memory loop" width in devices (a, 1/4) _-- 0.9 and 
(c, 1/2) _-- 2.7, as well as in  devices (b, 1/2) ---- 0.9 

a n d  (d, 1/4) ---- 2.2. These results are equivalent  within 
the device fabricat ion reproducibil i ty.  

3. Although Mn doping near  the top of the ZnS is 
not sufficient to produce a wide "memory loop" width 
alone, absence of Mn doping there has the most de-  
grading effect on the "memory loop" width. 

The last observation, 3 is i l lustrated in Fig. 3, where 
the "memory loop" width data presented in Fig. 2 
h a s  been replotted with the following modifications: 
(i) The bottom one-four th  of the device has been 
excluded, and (ii) the data have been categorized as 
to whether  the Mn doped fraction did or did not 
include the top layer. The incrementa l  "memory loop" 
width is related l inear ly  to the ZnS film thickness frac- 
tion doped with Mn when the "top" interface is doped 
with Mn. Adding Mn to the "top" ZnS layer has a 
distinct (,~ factor of 2) effect on the incrementa l  
"memory loop" width. Presumab]y the same phenom- 
ena would occur at the "bottom" interface if the ZnS 
morphology were comparable to that at the "top" 
interface. We conclude that  the "memory effect" phe- 
nomenon is related strongly to bulk conductivi ty 
characteristics produced by the Mn doping. The gen- 
eral behavior is consistent with the presence of bulk  
differential negative resistance in ZnS:Mn,  The de- 
tailed analyt ical  dependence is undoubtedly  compli- 
cated by the nonuni formi ty  of the ZnS in the thickness 
direction, filament formation (6), as well  as the in-  
ternal  field enhancing polarization phenomenon (4) 

which by themselves can lead to a hysteresis under  
suitable conditions such as have been studied for the 
case of the a-c plasma panel  (7). This lat ter  component, 
the in terna l  field enhancement  phenomenon,  in the 
hysteresis is most l ikely what  gives rise to the increase 
in the "memory loop" width as Mn doping is added 
to the "top" layer of the ZnS film. This is because 
the field enhancement  phenomenon involves charge 
storage at the ZnS/dielectr ic  interface which is also 
affected beneficially with respect to memory loop 
width by Mn doping of the ZnS. 

Manuscript  submit ted Nov. 20, 1979; revised manu-  
script received April  23, 1980. This was Paper  805 pre-  
sented at the Los Angeles, California, Meeting of 
the Society, Oct. 14-19, 1979. 

A ny  discussion of this paper  will appear in  a 
Discussion Section to be published in the June  1981 
JOURNAL. All discussions for the June  1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 

Publication costs of this article were assisted by 
IBM Corporation. 

REFERENCES 
1. M. Takeda, Y. Kakihara,  M. Yoshida, Y. Nakata, 

M. Kawaguchi,  H. Kishishita, Y. Yamauchi, T. 
Inoguchi, and S. Mito, Suppl. J. Jpn. Soc. Appl. 

Phys., 44, 103 (1975). 
2. J. M. Hurd and C. N. King, J. Electron. Mater., 8, 

879 (1979). 
3. V. Marrello and A. Onton, IEEE Trans. Electron De- 

vices, T'o be published. 
4. M. Yoshida, Y. Kakihara,  T. Yamashita, K. Tani -  

guchi, and T. Inoguchi, Jpn. J. Appl. Phys., 17, 
Suppl. 17-1, 127 (1978). 

5. V. Marrello and A. Onton, Appl. Phys. Lett., 34, 525 
(1979). 

6. V. Marrello, W. Rfihle, and A. Onton, Appl. Phys. 
Lett. 31, 452 (1977). 

7. H. G. Slottow, IEEE Trans. Electron Devices, 
ed-~t, 848 (1977). 

Gas Phase Composition in the Low Pressure 
Chemical Vapor Deposition of Silicon Dioxide 

P. J. Tobin,* J. B. Price,* and L. M. Campbell 
Motorola Semiconductor Products Group, Integrated Circuits Division, Mesa, Arizona 85202 

ABSTRACT 

The gas phase composition during the low pressure chemical vapor deposi- 
tion of silicon dioxide from silane and oxygen at 360~ has been studied as 
a function of oxygen to silane mole ratio. The total input  flow was constant  at 
100 sccm. For each mole ratio, the system pressure, deposition rate, and ex- 
haust  gas composition were measured. Hydrogen was the major  gaseous re-  
action product. A small amount  of water  was produced in a secondary reac-  
tion. Pressure variat ion with oxygen to silane ratio has been in terpre ted in 
terms of the variat ion of the exhaust gas viscosity with its composition. A 
theoretical calculation of the pressure in the system has shown good agree- 
ment  with the exper imental  result. The dependence of total reaction efficiency 
and wafer reaction efficiency on O2/SiH4 was determined and used to deduce 
the efficiency of the reaction which occurs on other surfaces in  the system 
or in  the gas phase. 

The chemical vapor deposition of thin films of SiO2 
using Sill4 and 02 at atmospheric pressure and low 
temperature  (up to 450~ is a process which has 
been well studied and widely used in the semiconductor 
indus t ry  (1). 

Recently, the technology of low pressure chemical 
vapor deposition (LPCVD) has been extended to 

* Electrochemical  Society  Act ive  Member.  
Key words:  s i lane oxidation,  thin film deposit ion,  gas compo- 

sition. 

this reaction (2-4). The introduct ion of commercial 
LPCVD systems with arsenic and phosphorus doping 
capabil i ty (5), along with the acknowledged economic 
advantages of this technology (6), ensures wider ap- 
plication in the future  (7). 

In this work, an LPCVD system designed for the 
deposition of SIO2, undoped or doped (8), was used 
to study some characteristics of the oxidation of silane 
to produce undoped SiO2 on silicon wafers. I S p e c i f i c -  

1 Work  on doped films is in progress .  
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ally, the deposition rate and the composition of the 
effluent gas were measured as a funct ion of the com- 
position of the input  gas, An  impor tant  aspect of the 
results to be described is the relat ionship between the 
effluent gas composition and the system pressure. Since 
pressure is easily measured and often used as a pro- 
cess control parameter,  application of these results 
can be useful for the establ ishment  or affirmation of 
the desired operat ing conditions. 

Previous studies of this reaction at 15~176 showed 
that  the oxidation of silane is a typical chain reaction, 
exhibi t ing the characteristic phenomena  of an upper  
and lower critical explosion l imit  (9). In  that  work, 
water  was the only gaseous product  detected suggest- 
ing the overall  reaction 

Sill4 -~ 2 02 -> SiO2 -~- 2H20 

More recently,  the controlled oxidation of silane 
under  conditions characteristic of 1 a tm CVD has 
been reported (10, 11). In  the work of Strater  (10), 
n i t rogen carrier  gas with 0.4% SiH~ and 0.8% 02 
flowed through a quartz chip filled gas reactor the 
tempera ture  of which was varied from 240~176 
Use of a spectrophotometer to analyze the effluent 
gases led to the conclusion that  H2 rather  than H20 
vapor is formed. A mater ia l  balance of a par t ia l ly  
complete S i l l4 - ,2  reaction at 241~ suggested that 
any  other gaseous reaction product, if present, would 
be below the 2% level for the conditions studied. 
These exper iments  therefore led to the conclusion 
that  the best equation which would describe the 
S i l l4 - .2  reaction is the following one 

SiH~ ~- 02 -> SiO2 -p 2H2 

It  will be shown in  this work that  dur ing low pres- 
sure CVD of SiO2 on Si wafers at 360~ the major  
gaseous product  of S i l l4 - .2  reaction is H2. A significant, 
bu t  considerably smaller, amount  of H20 vapor is 
also produced. 

These results are not necessari ly inconsistent  with 
the results of the work previously described. The 
absence of carrier  gas and the low reaction pressure 
in  the LPCVD case (~0.5 Torr) could significantly 
alter the kinetics of the oxidation, thereby affecting 
the effluent gas composition. 

Experimental Techniques 
The LPCVD system used for these experiments  em- 

ploys an enclosed, stainless steel, wafer boat (8). The 
enclosure was fabricated from perforated metal. Re- 
actant  gases are delivered to the center zone of a 
quartz diffusion tube using two metal  tubes. A number  
of small  holes in the wall  of each tube distr ibute the 
gas along the length of the wafer boat. Oxygen i s  
supplied by one manifold  and Sill4 by the other. A 
mechanical  pump connected to the system through 
a tee evacuates the diffusion tube from both ends. 

The pressure in the system was measured at the 
end cap (8) with a capacitance manometer .  2 The 
effluent gas was sampled at the same point  for com- 
positional analysis. This analysis was performed with 
a UTI Model SS-20 Gas Sampler  in  conjunct ion with 
a UTI Model 100C Precision Mass Analyzer.~ In order 
to sample gases at pressures greater  than 50 mTorr  
(the specified max imum inlet  pressure for the SS-20 
Gas Sampler)  a variable leak valve 4 was instal led 
between the LPCVD system and the sampler  inlet. 
Use of this valve enabled the pressure in the mass 
analyzer  to be main ta ined  below 5 • 10-6 Torr, thus 
assuring l inear  detector response, even though the 
LPCVD system pressure was typically 0.3-0.5 Torr. 

The possible influence of the sampling process on 
the measured composition must  be considered. In  
general, such a technique may introduce some degree 

z MKS Instrument Corporation, Burlington, Massachusetts 01803. 
UTHE Technology International,. Sunnyvale, California 94086. 
Varian Vacuum Division, Pal. Alto, California 94303. 

of mass selectivity. However, for a properly designed 
system such as the one employed in  this work, the 
relat ive part ial  pressures in the mass analyzer  are 
the same as in the system being sampled as long as 
the gases do not  have great ly differing adsorption 
coetiicients (12). 

The potential  magni tude  of e r ro rs  introduced by 
differential adsorption are difficult to evaluate. In  the 
present  work other data which corroborate the results 
of mass analysis support  the view that  any  errors 
introduced in the sampling process are insignificant. 

The exper imenta l  procedure consisted of establish- 
ing O2 and Sill4 input  flows corresponding to O2 to 
Sill4 mole ratios in the range of 0.4-10 with the total 
flow, O2 plus Sill4, main ta ined  constant  at 100 sccm. 5 
For each mole ratio, the deposition rate dur ing  a 
1 hr  r un  was  measured using 10 test wafers which 
were distr ibuted uni formly  within  a total boat  load 
of 67 wafers (3 in.). Wafer spacing was 9.5 m m  
(3/8 in.). Fi lm thickness was measured with a N a n . -  
metrics Fi lm Thickness Analyzer.~ 

During the deposition, the effluent gas composition 
was measured by  repeatedly scanning the mass range, 
2-50 AMU and recording the output  of the ion detector 
on a strip chart  recorder. The pressure in the LPCVD 
system was s imultaneously  measured with a precision 
of approximately 0.3%. 

Experimental Results and Discussion 
Gas composition analysis.--A typical spectrum of 

the effluent gas is shown in  Fig. 1. The current  in  
the ion detector is shown plotted as a funct ion of 
the mass to charge ratio (m/e) of the detected species. 
Due to cracking of the exhaust  gas components in  
the quadrupole detector, each species is represented 
by a series of peaks. Occurrence of cracking fragments  
from two gas components of the same mass value T 
can complicate in terpre ta t ion of the spectra. For  
example, measurement  of a pure O2 spectrum 
shows that  most of the O2 is detected as 02 + 
at 32 AMU. During deposition this ion detector cur-  
rent  occurs at the same mass value as the current  
from Sill4 +. To avoid this problem, cracking frag- 
ments  having mass values at which there was no 
overlap were used to monitor  the parent  gas concen- 
tration. A cracking pa t te rn  measured for the paren t  

Calibrated flow tubes were used for gas flow measurement. 
6 Nan,metrics Incorporated, Sunnyvale, California 94086. 

Since all of the species detected were singly charged, identifi- 
cation can be made in terms of mass alone, 
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Fig. 1. Spectrum of the effluent gas for O~/SIH4 m 0.4. T 
360~ Pressure ~ 380 mTorr. Total flow ~ 100 scorn. 



2 2 2 4  J. Electrochem. Sac.: S O L I D - S T A T E  SCIE N CE  A N D  T E C H N O L O G Y  October 1980 

g a s  alone was then used to infer  the  to ta l  d e t e c t o r  
cur ren t  for  the  pa ren t  species. 

The p rob lem of over lap  is shown in deta i l  in Table  I 
where  the  ma jo r  cracking f ragments  of each effluent 
gas component  are  shown. Since Sill2 + has  no in t e r -  
ference and is a m a j o r  component  in the cracking 
pa t t e rn  of S i I~ ,  this  peak  was used to moni tor  the  
Sill4 concentrat ion.  

The peak  at  16 AMU was used to moni tor  O.2 con- 
cent ra t ion  since the O + signal  f rom H30 is ve ry  smal l  
(2%).  The amount  of wa te r  vapor  was de t e rmined  
f rom the H20 + detector  cur ren t  a t  18 AMU. 

In order  to de te rmine  the concentra t ion of H2 in 
the  effluent gas using the H2 + ion current ,  i t  w a s  
necessary  to first sub t rac t  out  tha t  por t ion  of this  
cu r r en t  which arose f rom cracking  of Sill4. This w a s  
accomplished b y  first measur ing  the rat io  of the de -  
tector  cu r ren t  a t  2 AMU (H2 +) to tha t  at  30 AMU 
(Sill2 + ) for a pure  SiHi  spectrum. This ratio,  to-  
ge ther  wi th  the  30 AMU signal dur ing  the deposi t ion 
run,  was used to calcula te  that  por t ion of the  2 AMU 
signal  due to cracking of SiI-I4. The r ema inde r  of 
the s ignal  ampl i tude  at  2 AMU was identif ied wi th  H2 
react ion product .  

Calculat ion of the  mole  percen t  of each gas, Ml, 
was accomplished using the fol lowing app rox ima te  
equat ion (13) 

N 

t = 1  

1----1 

T h e  sum in the  numera to r  extends  over  the  ion cur -  
rents  ar is ing f rom cracking f ragments  of species i 
whi le  the  sum in the denominator  represents  the to ta l  
de tector  cur ren t  for  a l l  c racking f ragments  of a l l  
four  effluent gas species. Since no correct ions w e r e  
appl ied  for mass dependent  e lec t ron mul t ip l i e r  g a i n  
and quadrupole  t ransmission (13, !4),  the  da ta  to 
be presented  m a y  be only semiquan t i t a t ive ly  correct,  
so far  as re la t ive  concentrat ions  at  a pa r t i cu l a r  Oe/ 
SiH~ are  concerned. However ,  measurements  of depo-  
sit ion ra te  and system pressure  given be low suppor t  
the va l id i ty  of the conclusions d rawn  from these data. 
The var ia t ion  of composit ion wi th  O jS iH4 ,  on the 
o ther  hand, is much less affected by  the use of the 
app rox ima te  express ion (Eq. [1]) since quadrupole  
t ransmiss ion and mul t ip l i e r  gain are  fixed ins t rumenta l  
constants.  

The resul ts  of the composi t ional  analysis  are  shown 
in Fig. 2. The si lane concentra t ion decreases and the 
O2 concentra t ion increases wi th  increas ing O2/SiH4. 
Hydrogen  is a ma jo r  oxida t ion  produc t  whose con- 
cent ra t ion  passes th rough  a m a x i m u m  at O2/SiH4 ---- 1. 
Wate r  is detected as a secondary  product  wi th  a 
m a x i m u m  concentra t ion (10%) occurr ing at  O2/SiH4 
~ 2 .  

The average  deposi t ion rate,  l ike the hydrogen  
concentrat ion,  has a m a x i m u m  value  (175A/rain) at  
O_~/SiH~ -- 1 (Fig. 3). These resul ts  suggest  that  the  
fol lowing equat ion represents  the p r i m a r y  react ion 

Sill4 ~ 02-> SiO2 + 2H2 [2] 

Table I. 

m/e Silane w a t e r  Oxygen Hydrogen 

32 Sill,+ O=+ 
Sl Sills+ 
30 SiH~+ 
29 SM+ 
28 Si+ 
18 H=O* 
17 OH* 
16 O + O § 
'1 I"I=+ Ha+ I"I=* 

100 
8 0  
6 0  

40 

20 

I- 

O 10 

~ 4 

H2 02 

1 I I ] I I I ] l  [ I [ I I I [  
.1 . 2  . 4  . 6  . 8  1 , 0  2 , 0  4 , 0  8 ~  1 0 , 0  

O=/SJH4 

Fig. 2. Effluent gas composition as a function of O2/SIH4. T = 
360~ Total flow - -  100 sccm. 

180 

160 

140 
C 

'~ 120 o~ 

~ 1 0 0  

m 80 
Q 

6O I 

40 

2 0  J I I t I I I I I 
.1 .2 .4 .6 .81.0  2.0 4.0 6.0 10.0 

O2/SiH4 

Fig. 3. Deposition rate as a function of O2/SiH4. T - -  360~ 
Total flow _-- 100 scorn. 

while  a secondary  react ion rep resen ted  by  the fo l low- 
ing equat ion 

Sill4 -{- 2 02 -> SiO2 ~- 2H20 [S] 

occurs s imultaneously.  The s toichiometr ic  rat ios of 
O2/SiH4 for m a x i m u m  H2 and H20 production,  1 and 
2, respect ively,  coincide wi th  the m a x i m a  shown in 
Fig. 2. 

System pressure.--In this section, i t  wil l  be shown 
tha t  analysis  of the  var ia t ion  of sys tem pressure  wi th  
OJS iH4  lends fur ther  suppor t  to the identif icat ion of 
the hydrogen  producing react ion (Eq. [2]) as the 
ma jo r  one. The uppermos t  curve in Fig. 4 gives the 
dependence  of system pressure  on OJS iH~ (top scale) .  
A weak  min imum is observed at  O2/SiH4 : 1. This 
is shown in the fol lowing to be due to a m in i mum 
in the  viscosity of the effluent gas which occurs at  
O2/SiH4 --  i .  

The lower  two curves in Fig. 4 show the pressure  
in the sys tem when O2 or  Sill4 alone is in t roduced 
into the sys tem at the same flow value  which i t  had  
under  react ion conditions. The magni tude  of the  two 
flows may  be read  at  the bot tom of the figure. Even 
though the p r i m a r y  react ion (Eq. [2]) conserves 
volume, the sum of the pressures  of 02 and  Sill4 alone 
does not  equal  the pressure  when both gases flow 
s imul taneous ly  (Fig. 4). This is due to var ia t ion  in 
the  viscosity of the effluent as is demons t ra ted  below. 
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Fig. 4. (a). System pressure during reaction (0~ and Sill4) vs. 

02Sill4 (upper scale). (b) System pressure with 02 only flowing vs. 

input 02 flow (lower scale). (c) System pressure with Sill4 only 
flawing vs. input Sill4 flow (lower scale). 

A n  analysis  of the fluid flow in  the system may  
be based on the Poiseuille equat ion for viscous flow in  
a straight tube as follows (15) 

~a4 1 
Q "- - -Pavg(Pt  - -  Po) [4] 

8L 11 

where Q - throughput  ( T o r r - l i t e r / m i n ) ,  a -- tube 
radius (cm), L ---- tube length (cm), '1 -- viscosity 
of the gas (centipoise),  Pi ---- inlet  pressure (Tor t ) ,  Po 
-- outlet  pressure (Tor t ) ,  and Pavg : 1/2 (Pi -~- Po) 
(Tor t ) .  I t  is now assumed that  the above equat ion 
can be applied to the more complicated tube configura- 
t ion (Fig. 5) which is employed in  the LPCVD system 
(8), the geometrical constants in Eq. [4] being re-  
placed by an exper imenta l ly  determined constant, K. 
The inlet  pressure is identified with the pressure in  
the process tube  and Po with the pressure at the pump. 
By absorbing numerica l  factors into K, Eq. [5] can 
be applied to the present  si tuation in the following 
form 

1 
Q = K - -  (Pi 2 -- Po 2) [5] 

The throughput, Q will therefore vary linearly with Pi 2 
-- Po 2. The constant of proportionality, K/n along 
with a viscosity value for the gas may be used to 
deduce K. Pressure and flow data for Sill4 and 02 
were analyzed in this manner using linear regression 
analysis. The coefficient of correlation in both cases 
was 0.999. The derived values for K/n and K are 
summarized in Table If. Viscosity values for Sill4 
and 02 were taken from a tabulation by the flow tube 
manufacturer (15)# As required by Eq. [5], the value 
of K is independent of the gas species (within 3%). 

Using the experimentally determined value of K, 
Eq. [5] should be valid as the composition and, there- 

S Room temperature viscosity values (23~ were used since 
the effluent gases quickly cool to ambient temperature as they 
enter the vacuum pumping line. 

Table II. 

cp-liter 
K/y (liter/ K ,  Torr.min " Torr-min) ,~ (cp) 

O2 400 0.02045 8.18 
S1Hi 671 0.0115 7.71 Avg. 7.94• 

O2-~  - -  

SiH4--~ 

ENCLOSED BOAT WAFERS 

 HHIHnll 

r 

Fig. 5. Schematic of the LPCVD pumping system 

~ P i  

fore, the viscosity of the effluent varies with O2/SiI-I4 
under  reaction conditions. 

To test the validity of this expression in that case 
the kinetic theory model of Chapman and Enskog 
(17), as refined by Wi!ke (17), was used to calculate 
the viscosity of the effluent gas mixture  as a funct ion 
of O2/SiH4. According to this theory, the viscosity 
of a mix ture  of O2, Sill4, H2, and H20 can be calcu- 
lated by means of the following expression 

4 
Xm~ [6] 

~ ' -  4 

Xi -I- ~ r 
j = l  

where ~i ---- viscosity of the i TM component,  Xi = mole 
fraction of the i TM component, and ~ij : interact ion co- 
efficient, i with j. Values of ~j  were determined from 
the nomogram constructed by Brokaw (17). Viscosity 
values used for H2 and H20 are 0.0085 and 0.00926 cp, 
respectively (16). Viscosities for O2 and Sill4 are 
given in  Table IL The results of the exhaust  gas 
analysis shown in  Fig. 2 were used for the mole 
fractions, Xi. 

The results of the calculation were combined with 
Eq. [5] to derive a relat ion between the system pres- 
sure and the incoming O2/SiH4. The input  value of 
76 To r r - l i t e r /m in  was used for Q since the major  
reaction (Eq. [1]) conserves gas volume. That  is, the 
throughput  at the entrance to the pump-ou t  line is 
almost equal to the throughput  at the inlet  to the 
process tube before any reaction takes place. 

The results of the calculation are compared with 
a replot of the exper imental  data in Fig. 6. Clearly 
the agreement  is quite good. Closer inspection of the 
theoretical expression for viscosity (Ecl. [6]) shows 
that the m i n i m u m  at OffSiH4 ---- 1 is due to the large 
H2 concentrat ion in the system (Fig. 2). Hydrogen ,  
being the least viscous component  in the effluent gas, 
lowers the viscosity of the mixture  to a m i n i m u m  
value which in tu rn  leads to the pressure m i n i m u m  
at O2/SiH4 ---- 1 shown in Fig. 6. 

Reaction e~iciency.--The data shown in Fig. 2 may 
be used to calculate the overall  percent  SiH~ reacted, 
herein referred to as total reaction efficiency. For ex-  
ample, at O2/SiH4 ---- 2, approximately 2.4% of the 
effluent gas is Sill4. From Fig. 4, the input  
Sill4 concentrat ion under  these conditions is 33.3% 
(33.3 sccm out of a total of 100 sccm). Thus, 
the incoming Sill4 is 93% reacted (30.9/33.3 • 
100%). Thi~ figure for the efficiency of the reaction 
includes SiOe deposition on the walls of t h e  diffusion 
tube and boat, gas phase reaction, and deposition on 
the wafer surfaces. The variat ion of total efficiency 
with OJSiH4 is shown as curve (a) in  Fig. 7. For  
O2/SiH4 < 1 the total efficiency is low simply because 
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Fig. 6. System pressure vs. O2/SiH4. Theory, solid curve; experi- 
ment, dashed curve. 

there is less than a stoichiometric amount  of 02 avai l -  
able. The total e~c iency  reaches a max imum of 93% 
at O2/SiH4 ~ 2.0 and then drops slightly as O2/SiH4 
increases further.  This decrease may be due to inhibi-  
tion by excess oxygen. That  is, stoichiometric units  
of SiO2 take longer to form because excess oxygen 
retards the incorporat ion of the necessary Si. 

The efficiency of deposition on the wafers alone 
can be calculated from the data in Fig. 3 and 4. Using 
the total wafer surface area, the density of LPCVD 
SiO.2 (2.25 g/cma) 9 and the stoichiometric relat ion that  
1.25g SiO2 form per 1 l i ter  Sill4 reacted, the following 
numerical  relationship was derived 

reaction efficiency dep. rate (A/min)  
on wafers -- input  S'iH4 (sccm) • 5.18 

The results of this calculation are plotted as curve 
(b) in Fig. 7. 

Al though the wafer reaction efficiency shows the 
same general  t rend as the total efficiency [curve (a)] ,  
the rise to a max imum of 27% at O.~/SiH4 ~ 3 occurs 
more gradually. Further ,  the decrease in efficiency 
at higher O2/SiH4 is smaller  for curve (b) than for 
curve (a). 
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Fig. 7. Percent Sill4 reacted vs. O2/SiH4. Curve (a), Total 
reaction; curve (b), wafers only; curve (c), other surfaces plus gas 
phase reaction. 

Subtract ion of the wafer efficiency from the total 
efficiency yields curve (c) which corresponds to the 
reaction on all surfaces except the wafers plus any  
gas phase reaction. Comparison of (b) and (c) leads 
to the conclusion that  unwanted  deposition, which 
often leads to part iculate contamination, is minimized 
by operation a t  O2/SiH4 > 3. Other considerations, 
however, such as high deposition rate, may require 
compromise in  the choice of O2/SiI-~. 

The exact relationship between the lower two curves 
in  Fig. 7 may depend on system geometry, boat and 
tube design, as well  as constructional  material.  The 
general  trend, however, is probably characteristic of 
LPCVD SiO2 systems. 

Summary  and Conclusions 
The LPCVD of SiO2 from Sill4 and 02 at 360~ was 

studied as a funct ion of O2/SiH4 with the total flow 
fixed at 100 sccm. A residual  gas analyzer  was used 
to measure the gas phase composition for each O2/SiH4. 
Deposition rate and system pressure were also mea-  
sured for each exper imental  run. 

Analysis of the results of the gas phase composition 
measurements  lead to the conclusion that the p r imary  
reaction produces H2 as its gaseous by-product  accord- 
ing to the following equation 

Sill4 -I- 02--> SiO2 -f- 2H2 

A smaller  amount  of the Sill4 (~10% max) oxidizes 
by the following reaction which has H20 as a gaseous 
by-product  

Sill4 -b 2 02 --> SiO2 -~ 2H20 

The deposition rate showed a ma x i mum at O2/SiH4 
---- 1 strongly support ing the identification of the 
hydrogen producing reaction as the pr imary  one. 

The pressure in the system passed through a weak 
mi n i mum at O2/SiH4 ---- 1. Analysis showed that  var ia-  
t ion in the viscosity of the effluent gas with incoming 
O2/SiH4 produces the pressure minimum. A kinetic 
theory model for the viscosity of the four component 
gas effluent was used to derive a theoretical prediction 
for variation of pressure with O2/SiH4. The theoretical 
result agrees quite well with the data, reproducing 
the pressure minimum observed at O#SiH4 = I. 

Data on input  flows and effluent gas composition 
were used to calculate the percent  of the incoming 
Sill4 reacted in the process tube (i.e., the total ef- 
ficiency) as a funct ion of O2/SiH4. This efficiency 
pertains to deposition on the wafers and all other 
surfaces (boat plus tube walls) ,  as well  as gas phase 
reaction. The efficiency has a max imum value of 93% 
at O#SiH4 ---- 2 and drops slightly for higher O2/SiH4. 
The reaction efficiency on the wafers alone was cal- 
culated from the deposition rate and the input  flows. 
These results showed that  a max imum of 27% of the 
incoming Sill4 produces SiO2 on the wafers. Compari-  
son of the two efficiency curves suggested that O2/SiH4 
> 3 minimizes unwanted  reaction. 
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Segregation of Arsenic to the Grain 
in Polycrystalline Silicon 

Boundaries 
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ABSTRACT 

T h e  a r s e n i c  dis t r ibu t ion  in po lycrys ta l l ine  sil icon films deposi ted on s i n g l e  
crys ta l  sil icon and on oxide, was measured  using 2.2 MeV, 4He+ ion back -  
scat ter ing,  a f te r  var ious  high t empe ra tu r e  anneal ing  steps. Pi le  up of arsenic 
was observed at  the interfaces  of the deposi ted films. This can be in t e rp re t ed  
in te rms of a model  based on segregat ion  of arsenic to the gra in  boundar ies  in 
the  films. 

There  has been some cont roversy  in the  a t t empts  
to exp la in  the h igher  res is t iv i ty  observed for po ly -  
c rys ta l l ine  sil icon when compared  to monocrys ta l l ine  
sil icon for s imi lar  doping concentrat ions.  One model  
(1) proposes that  the dopant  a toms are  t r apped  at  
the gra in  boundar ies  in the  po lycrys ta l l ine  silicon 
where  they  are  e lec t r ica l ly  inactive.  The other  model  
suggests (2) tha t  the  dopant  a toms are  d i s t r ibu ted  
evenly  th roughout  the po lycrys ta l l ine  sil icon wi th  the 
car r ie rs  t r apped  at  the  gra in  boundaries .  In this paper  
we present  evidence that  there  is some segregat ion 
of arsenic  to the gra in  boundar ies  in po lycrys ta l l ine  
silicon, con t ra ry  to wha t  is r epo r t ed  for boron and 
phosphorus  in a recent  paper  (3). 

Most of the  exper iments  involved  5000A layers  of 
po lycrys ta l l ine  sil icon deposi ted at  620~ in a low 
pressure  chemical  vapor  deposi t ion reactor .  Sil icon 
wafers  of <100>  or ienta t ion  doped wi th  10 ~5 cm -8 of 
boron, both  wi th  and wi thout  1000A of the rmal  oxide  
were  used as subs t ra tes  for  the deposit ion.  

For  the  first set  of exper iments  two ident ica l  qua r t e r  
wafers  of the  polysi l icon on single crys ta l  silicon were  
used. One of these qua r t e r  wafers  was annea led  at  
1200~ for 1 h r  in a n i t rogen ambient .  Both wafers  
were  then imp lan ted  wi th  1016 cm -2  of arsenic at  
40 keV. Fol lowing  the implan t  5000A of oxide  were  
deposi ted  on both  wafers  which were  then annea led  
at  1000~ for 5 h r  in a n i t rogen ambient .  The oxide 
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was then removed  from the wafers  wi th  hydrof luor ic  
acid. The backsca t te r ing  spectra,  t aken  wi th  2.2 MeV 
4He+, a re  shown in Fig. l ( a )  and (b) for the two 
samples  (4). The h igher  energy  por t ion  of the  s p e c t r a  
(>1.5 MeV) represen t  4He backsca t te red  f rom the 
arsenic in the samples. Using the near  surface a p -  
p r o x i m a t i o n  and a sys tem energy  ca l ibra t ion  of 3.58 
keV/channel ,  the  depth  scales shown on the figures 
can be obtained.  I t  is seen that  the arsenic  d i s t r ibu-  
tions in both wafers  are  qui te  s imilar ,  the  arsenic  
concentra t ion in the  polysi l icon being app rox ima te ly  
1.4 • 1020 cm -3 in both  wafers.  However ,  for the 
sample  which did not  receive the  1200~ preannea l  
there  is a p i l e -up  of arsenic  at  the polys i l icon/s ingle  
crys ta l  sil icon interface.  The ca lcula ted  number  of 
arsenic atoms in the peak  at  the in ter face  is 3 • 1014 
c m  -2. By t i l t ing the sample  60 ~ wi th  respect  to t he  
analyz ing  beam it  was de te rmined  tha t  this region 
is less than  100A thick. 

The observed p i l e -up  can be exp la ined  in te rms 
of segregat ion of arsenic to the  gra in  boundaries .  
Consider  the  four sections shown in F igure  2. Sec-  
tions 1 and 4 are  planes which lie on an in ter face  
be tween  the polysi l icon grains  and e i ther  oxide o r  
single c rys ta l  silicon. The in ter face  be tween  the po ly -  
silicon grains and the single c rys ta l  subs t ra te  i s  
analogous to the  in terface  be tween  grains  in the 
po lycrys ta l l ine  mater ia l .  Sections 2 and 3, th rough  
the middle  of the deposi ted l aye r  could pass th rough  
an occasional g ra in  boundary ,  but  a re  main ly  th rough  
the bu lk  of the grains. The backsca t te r ing  measu re -  
ment  averages  over  the 1 m m  square  area  of t h e  
inc ident  beam, and therefore  if the arsenic segregates  
to the  interfaces  of the  grains,  a p i l e -up  would  be 
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Fig. !. (a) Energy spectrum of 4He atoms backscattered from a 
2.2 MeV 4He+ beam incident on polycrystalline/single crystal sili- 
con sample implanted with 10 TM cm - 2  of 7~As and annealed for 5 
hr at 1000~ in nitrogen. (b) Back~cattering spectrum from sample 
annealed at ]200~ for 1 hr before implantation and drive-in. 

expected at both the top and bottom of the deposited 
layer. 

There is no pi le-up of arsenic for the sample pre-  
annealed at 1200~ Fig. l ( b ) .  This is because the 
1200~ hea t - t rea tment  destroyed the grain  s t ructure  200o0 
of the deposited layer. Channel ing measurements  
showed that the layer consists essentially of mono-  o 
crystal l ine silicon oriented on the substrate, the re-  _Z ~5oo0 
sidual defects being identified by TEM as a high density ~- 
of twins and stacking faults, ez 

The explanat ion of the arsenic p i le-up in terms of ~" 
m 10000  

segregation to the interfaces of the grains predicts ~- b- 
< 

a pi le-up at both interfaces of the deposited layer. 
In  Fig. l ( a ) ,  this p i le-up is seen only at the bottom ~ 5000 
interface of the layer. This is believed to be caused < 
by the removal  of the arsenic at the polys i l icon/oxide  m 
interface by the hydrofluoric acid used to etch away o 
the oxide cap. To verify this an identical sample was 
measured with some of the oxide remaining.  A pi le -up  
was indeed observed at the polysil icon/oxide interface 
for this sample, Since the region in which the pi le-up 7500 
takes place is so easily removed by dilute hydrofluoric 
acid, fur ther  support  is lended to the estimation of 
this region being less than 100A thick. It is probably  
not more than a few monolayers thick. 

The behavior  of the polysil icon/oxide interface is 
somewhat different from that of polysil icon/single 
crystal silicon interface. To demonstrate  this, a wafer 
with 5000A of polysilicon deposited on oxide was 

| 

Q 

Fig. Z Four sections through a poTycrysta|line Tayer 

implanted with 2 X 1016 cm-2  of arsenic at 100 keV. 
An oxide cap was deposited and the sample annealed 
at  1000~ in  ni t rogen for 1 hr. Another  similar wafer  
was prepared with an implan t  dose of 10 ~ cm -~. For 
the sample with the lower concentrat ion of arsenic a 
pi le-up was again observed at the polysil icon/oxide 
interfaces at the top and bottom of the deposited layer, 
see Fig. 3 (a).  For the sample with the higher concen- 
t ra t ion of arsenic no pi le-up was evident, see Fig. 
3(b) .  We believe that  this is due to the saturat ion 
of sites at the interface to which the arsenic atoms 
tend to segregate. In  the case of the polysil icon/oxide 
interface these sites appear to be saturated when the 
arsenic concentrat ion in  the polysilicon is approxi-  
mately 2 X 10 2o cm -8. However for the polysilicon/ 
single crystal silicon interface, p i le-up was observed 
at arsenic concentrat ion levels higher than  9, X 102o 
c m - 3 .  

A possible objection to the explanat ion of the pi le-up 
as a manifesta t ion of segregation of arsenic to the 
grain boundaries,  is that  the pi le-up could be caused 
by interracial  impurities.  In  fact there is probably 
a thin nat ive oxide layer  at the interface for the low 
pressure chemical vapor deposited polysilicon on single 
crystal  silicon samples. The effect of interracial  im-  
purit ies was tested by the following experiment.  An 
epitaxiaI layer  was grown on a < I 0 0 >  silicon wafer  
using silane in an atmospheric pressure epitaxial  
reactor. The temperature  was reduced to 600~ in  the 
same run, with the hydrogen flowing, and then 5000A 
of amorphous silicon was deposited. The interface 
between the epitaxial  layer and the amorphous layer  
can therefore be assumed to be free of impurities.  
Arsenic was implanted into the amorphous silicon 
at a dose of 10~6 cm-2 and the sample annealed at 
900~ for 3 hr in nitrogen. During the anneal  the 
amorphous layer  becomes polycrystalline. Backscatter-  
ing analysis again showed that  there was indeed an 
arsenic pi le-up at the polysi l icon/single crystal silicon 
interface. 
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implantation dose of 10 TM cm -2  75As. 
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Mandurah  et al. (5) have recent ly made measure-  
ments  of the resistivity of doped polycrystal l ine silicon 
films deposited on oxide, and from these measurements  
have deduced the existence of impur i ty  t rapping 
at grain  boundaries.  We measured the arsenic dis t r ibu-  
t ion in  three of their  samples. The samples were all 
5000A low pressure chemical vapor deposited poly- 
silicon on oxide, and implanted with 2 • 10 ~ cm -~ 
of arsenic. One of the samples was annealed at  1000~ 
for 1 hr  in  nitrogen. The other two samples also re -  
ceived the 1000~ anneal  and in addit ion were an-  
nealed in  ni t rogen at 900~ for 12 hr  and at 850~ 
for 24 hr, respectively. The anneal ing  times were 
chosen so that  a steady-state value of resistivity was 
obtained for each anneal ing temperature.  P i le -up  of 
arsenic was observed in  all three samples. Fu r the r -  
more both the amount  of the pi le-up as well as the 
resist ivity followed the same trend, being greatest 
for the sample annealed at 850~ and least for the 
sample annealed  only at 100O~ 

Exper iments  were also performed in which poly- 
crystal l ine silicon films deposited on single crystal 
silicon and implanted  with arsenic, were oxidized in 
either dry  or wet oxygen. The results for these samples 
were similar  to those for the samples annealed in 
nitrogen. P i le -up  of arsenic was again observed at 
the various interfaces. 

Monkowski et al. (3) used a C-V technique to con- 
clude that  for boron and phosphorus, there is no 
segregation to the grain boundaries.  The lowest tem- 
peratures at which their  samples were annealed was 
1225~ Our experiments  as well as those of Ref. (5) 
suggest that  segregation to the grain boundaries  is 
lower for polycrystal l ine samples annealed at higher 
temperatures.  This could explain their negative results. 

I t  is difficult to obtain quant i ta t ive informat ion 
from the results presented here. However, an estimate 
of the percentage of arsenic present  at the grains 
can be made for the sample annealed at  I000~ for 
5 hr  [Fig. 1 (b) ] .  Let us assume that  the grains are 

cubes 2500A on side. The 5000A polycrystal l ine film 
will consist of two layers of such cubes. Taking into 
account the shared faces of the cubes, there will  be 
an equivalent  of 7 cube faces to which the arsenic 
can segregate in the polycrystal l ine film. It was ob- 
served that  3 • 1014 cm -2 atoms are present  at the 
polysi l icon/single crystal silicon interface. This figure 
mult ipl ied by 7 or 2 X 1015 cm -2 is the approximate 
number  of arsenic atoms at  the grain  boundaries.  
Thus approximately one- th i rd  of the arsenic in  the 
polycrystal l ine layer  appears at the grain boundaries.  
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ABSTRACT 

Electrolysis of the cell 

( + )  Pb/35 m/o  Na20 sodium borate glass/ t tg  ( - - )  

was investigated at 50~ using a modified moving boundary  method (in the 
anode region) based upon sodium and lead concentrat ion profiles (obtained by 
ion, beam ablat ion) and ul traviolet  spectroscopy of the Pb 2+ ion. I t  was 
found that  Na + ions left the anode region for the cathode but, contrary to 
related experiments  with silicate glasses, there was not  an equivalent  replace- 
men t  by the Pb 2+ ions generated at the anode. Instead, 0 2 -  ions migrated to 
the anode and  most of the Pb 2+ ions formed PbO. It is suggested that  a "struc- 
ture-swi tching ion t ransport"  mechanism operates, migrat ion of the 02 -  ions 
involving an interchange between threefold and fourfold coordination by 
the boron atoms as the oxygens are handed on from one borate group to the 
next. The ul t raviolet  spectrum of the small  concentrat ion of Pb 2+ ions in  
the Na20-depleted anode region registered a lower basicity than the original  
glass (optical basicity values 0.49 and 0.60, respectively) but  the sites were 
more basic than  for a corresponding borate glass obtained from the melt. 

Oxide glasses, such as silicate, borate, and phos- 
phate glasses, usual ly  are ionic conductors. Al though 
most glasses are fair ly good conductors when  hot, 
at lower temperatures,  e.g., ambient  temperature,  the 
conductivi ty is very low, and for measur ing any  
ch'anges arising f rom the electrolysis (assuming a 
reasonable period of t ime) it is necessary to employ 
sensitive analyt ical  techniques. For  example, the com- 
binat ion of coulometry, subsurface cation concen- 
t ra t ion profiling [by the ion beam ablat ion method 
(1)] and absorption spectroscopy has recent ly been 
used for carrying out modified moving boundary  ex- 
per iments  in alkali silicate glasses (2-4). The re- 
sults of these experiments  have shown that con- 
duct ivi ty is due to the migrat ion solely of metal  ions. 
There appears to be no migrat ion of 0 2 -  ions, and 
presumably  this is on account of the stabil i ty of the 
s i l icon-oxygen network. 

The question arises as to what  factors might  allow 
0 2 -  ions to migrate  when an oxide glass is electro- 
lyzed. Perhaps the most obvious factor is the abil i ty 
of the glass-forming cation to switch readi ly from one 
coordination number  to another. In the case of silicate 
glasses, the si l icon(IV) species is re luctant  to be any-  
thing but  four-coordinate.  On the other hand, borate 
glasses are well known to contain boron in  threefold 
and fourfold coordination, preference for one or the 
other depending directly on the proport ion of 0 2 -  
ions original ly used in making  the glass (i.e., the 
NaO2:B203 ratio in  the case of a sodium borate glass, 
for example) .  Thus, whereas electrolysis of a silicate 
glass results in the metal  anode being converted to 
its cation with subsequent  migrat ion into the glass, 
it is possible, in the case of a borate glass, that  the 
process of oxide ion migra t ion to the anode will occur 
as an addit ional  or even an a l ternat ive  process. 

If migrat ion of both oxide ions and metal  ions of 
the glass proceeds, this will  result  in a lowering of 
the basicity of the glass, since, for example in a so- 
d ium borate glass, there would be a loss of Na20. It 
would be useful therefore if the glass basicity could be 

Key words: migration, anode, spectroscopy. 

monitored dur ing the electrolysis. The basicity of 
glass has been probed very successfully by measur ing 
the shifts in the ul t raviolet  spectra of s 2 metal  ions 
such as Pb 2+ (5, 6). The use of lead as anode mate-  
rial  therefore suggests itself for experiments  designed 
to invesigate ion migrat ion in glasses. The intense and 
characteristic u.v. absorption of the Pb 2+ ion should 
indicate whether  the lead anode has formed Pb 2+ 
ions which have entered the glass, and fur thermore  
if this did occur, the posi t ion of the u.v. absorption 
ma x i mum should reveal  the basicity of the sites oc- 
cupied by the Pb 2+ ions. 

These principles are exploited in  the present  s tudy 
of ion migrat ion in sodium borate glass. 

Experimental 
Thin plates (20 • 30 • 0.5 m m  3) of a sodium 

borate glass containing 35 mole percent  (m/o)  Na20 
were vacuum-coated with a 50 nm thin layer  of me-  
tallic lead covering an area of 10 X 20 m m  2. The 
par t icular  glass composition was chosen since it rep-  
resented an op t imum compromise of conductivi ty 
(~ = 6 • 10 -1~ ~2 -1 cm-~ at 5O~ ul t raviole t  
t ransparency,  and durabil i ty.  The lead layer  was con- 
tacted with a thin p la t inum wire and was made the 
anode of an electrolytic cell whose cathode was a 
pool of mercury  on which the glass floated 

(-p) Pb /g lass /Hg ( - - )  [1] 

The cell was operated in argon atmosphere, and the 
total applied voltage of 800V generated a current  
density of 5-10 #A cm -2 so that  an electric charge 
of 0.01-0.05C was t ransported through the 0.5 m m  
thickness of glass dur ing  15-90 min  of electrolysis. 
Sparking between the edges of the lead layer  and 
the mercury  pool was e l iminated by placing the 
glass plate in a PTFE box with open top and a 10 X 
20 mm 2 rectangular  opening in the flat bottom through 
which the lower (uncoated) surface of the plate 
contacted the mercury  cathode. This distorted the 
electric field through the gas space thus decreas- 
ing the field s t rength between the two metals. 

2230 
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Af te r  e lect rolys is  the glass p la te  was removed  f rom 
the mercu ry  pool  a n d  the unreac ted  l ead  on the 
coated surface was dissolved in  c lean mercury .  The 
resul t ing,  op t ica l ly  t ransparent ,  glass was then  sub-  
jec ted  to a combined (u l t rav io le t )  spec t roscopic / ion  
ab la t ion  s tudy  in o rder  to inves iga te  sodium and lead  
ion concentra t ion  profi les  be low the anodic surface. 

The ion spu t te r ing  method  for  measur ing  concen-  
t r a t ion  profiles (1), i ts  appl ica t ion  to moving bound-  
a r y  exper imen t s  in  solids (2-4),  and the pr incip les  of 
obta in ing  opt ical  basici t ies f rom u l t r av io le t  spect ra  
(5, 6) have been de ta i led  previously .  

Contact  be tween  the lead  l aye r  and  the p l a t inum 
wire  was made  by  a na r row  str ipe of p l a t i num pa in t  
app l ied  to the glass pr ior  to vacuum deposi t ion of 
the  lead  layer .  I t  should be noted tha t  such plates  
could be used only  wi th in  a l imi ted  t ime (severa l  
weeks)  a f te r  prepara t ion .  Af te r  longer  periods, the 
e lec t r ica l  contact  de te r io ra ted  and also the lead area  
cover ing the p l a t i num became nonconducting.  P r e -  
s umab ly  s torage resul ts  in some of the  lead  being 
conver ted  into PbO, the lead  having  behaved  as the  
e lec t rode  of an e lec t r ica l ly  shor ted  cell involving the 
glass as e lec t ro ly te  (wi th  perhaps  t races of wa te r )  
and  the p l a t i n u m  as the o ther  electrode.  

Results and Discussion 
Figure  l a  shows the sodium concentra t ion profile 

f rom the surface inwards  (to a dep th  of  app rox i -  
ma te ly  200 nm)  for  a sample  of the  35 m / o  Na20 
sodium bora te  glass. The concentra t ion  profile of a n ,  
o the r  sample  of the same glass, which  had  been 
coated wi th  a thin film of meta l l i c  l ead  subsec~uently 
removed  wi th  mercury ,  was found to be ident ica l  to 
tha t  in Fig. la,  indica t ing  tha t  the lead  coat ing t r ea t -  
men t  had  no effect on the sodium ions in the glass. 
I t  is appa ren t  f rom Fig. l a  that  the  sodium concent ra -  
t ion of the bu lk  glass ex tends  up to a few nm below 
the glass surface;  the  s l ight  change wi th in  this  r e -  
gion was caused b y  ion exchange involv ing  adsorbed  
w a t e r  molecules  of the  a tmosphere  dur ing  storage,  
which  leads  to the fo rmat ion  of p ro tona ted  glass and 
of a l aye r  consist ing of sodium oxide, hydroxide ,  or  
carbonate,  according to the condit ions of storage, on 
the  glass surface. This corrosion has been  s tudied in 
de ta i l  p rev ious ly  (1, 7). 

F igu re  lb  presents  s o d i u m  and lead  concentra t ion 
profiles near  the anodic glass surface af te r  an elec-  
t rolys is  dur ing  which  a charge of 0.049C was t r ans -  
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Fig. 1. (a) Sodium concentration profile below the surface of 
untreated sodium borate glass (35 m/o Na20). The same profile 
is obtained after vacuum deposition of thin lead layer (50 nm) 
and subsequent dissolution in mercury. (b) Sodium and lead con- 
centration profiles near the anodlc surface of a sodium borate 
glass covered with a 50 nm thick lead layer after electrolysis and 
subsequent removal of lead (see text for details). Total charge 
transported: 0.049C; current density: 8 #A cm-2; w176 

por ted  th rough  the glass p la te  wi th  subsequent  r e -  
moval  of the  meta l l ic  l ead  wi th  mercury .  I t  is ap-  
pa ren t  f rom the low sodium ion concentra t ion in the 
anode  region  tha t  there  has been  a tmost  complete  mi -  
gra t ion of the  sodium ions towards  the  cathode. The 
u l t rav io le t  absorpt ion  spec t rum of the glass p r io r  to 
subjec t ing  the fo rmer  anode surface  to ion abla t ion  
( that  is, jus t  a f te r  dissolving away  the unreac ted  
lead  wi th  mercu ry )  is shown in Fig. 2a. This is qui te  
different  f rom the spec t rum of Pb  ~+ in sodium bora te  
glass (which usua l ly  has a dis t inct  peak  in  the r ange  
42,000 cm -1 to 47,000 cm -1)  and  s t rong ly  suggests  
that  a process other  than  subst i tu t ion of an equiva len t  
quan t i ty  o.f Pb 2+ ions for  Na + ions has occurred du r -  
ing electrolysis  of the  glass. The- lead  profile, obta ined  
by  ion ablat ion,  (Fig. l b )  reveals  a high lead  concen-  
t ra t ion to a ve ry  shor t  depth  (about  20 nm)  and then 
a very  low concentra t ion  of lead  to much grea te r  
depth.  F rom previous  exper ience  of ion ab la t ion  ex -  
per iments  wi th  PbO films on glass, car r ied  out  in  
these laboratories ,  i t  seems l ike ly  that  the  in i t i a l ly  
high lead  concentra t ion in Fig. l b  is due to the  for -  
mat ion  of PbO. Fur the rmore ,  the  u l t rav io le t  spec-  
t rum in Fig. 2a is ve ry  s imi la r  to tha t  ob ta ined  for  
PbO vacuum deposi ted as a th in  film, see Fig. 2b 
( the absorpt ion  of Pb 2+ ions tha t  have en te red  the 
glass does not  s ignif icantly affect the spec t ra l  com- 
par i son) .  Thus, i t  appears  tha t  dur ing  the electrolysis,  
most  of the lead  which is anodica l ly  oxidized is con- 
ver ted  into PbO. 

In o rde r  to detect  the remain ing  Pb 2+ ions which 
had  entered  the glass, fu r the r  samples  of e lec t ro lyzed 
glass were  subjec ted  to sufficient ion ab la t ion  to re -  
move the  PbO and were  scanned in the  u l t rav io le t  
region. An  example  of the resul t ing  spect ra  is shown 
in Fig. 3. I t  is typica l  of a solut ion of Pb  2+ in sodium 
borate  glass (5). F u r t h e r  exper iments  ind ica ted  tha t  
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Fig. 2. (a) U.V. spectrum of a sodium borate glass after elec- 
trolysis and removal of lead anode [see Fig. l(b) and text for 
details]. (b) U.V. spectrum of PbO film (40 nm) vacuum deposited 
onto vitreous silica substrata. 
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Fig. 3. U.V. spectrum of the sodium borate glass plate [of Fig. 
2(a)], after removal of PbO layer. 

at depths beyond the Na + concentrat ion change, no 
Pb  2+ was detectable. 

Thus, the processes occurring in  the anode region 
appear to be (i) migrat ion of Na + ions towards the 
cathode, (it) migrat ion and formation of O 2- ions 
at the anode, (iii) oxidation of lead to Pb 2+ ions, and 
(iv) combinat ion of Pb 2+ and 0 2 -  ions to form PbO. 
This process is in  contrast  to those typical ly occurring 
in silicate glasses if t ru ly  nonblocking electrodes, i.e., 
electrolyte solutions, are employed. For example, in 
the f ie ld-driven protonat ion of alkali  silicate glass, 
all of the alkali  ions are replaced by protons (2-4). 
It  has been recent ly  suggested, however, that  small  
amounts  of 0 2 -  ions may be displaced towards the 
anode even in  an Li20-2SiO2 glass if completely block- 
ing electrodes are applied (8). 

Since the cell operates with only mercury  as the 
cathode, it  is reasonable to assume that  the cathode 
reaction consists of Na + ion drift  to the surface, their  
discharge, and dissolution of the sodium thus formed 
in  mercury  

Na + + e + (Hg) -> Na(Hg)  [2] 

Combinat ion of anode and cathode reactions yields 
the cell reaction 

Pb + xNa20 �9 yB203 + (Hg) 

--> PbO + (x -- 1)Na20 �9 yB208 + 2Na(Hg) [3] 

In  effect, this reaction is reversible, since after the 
electrolysis an emf of several hundred  mV was ob- 
served which had the same sign as the electrolyzing 
voltage applied. Moreover, it was found that  the elec- 
trolysis could be reversed to regenerate approxi-  
mate ly  the original  glass composition, corresponding to 
Fig. la. Equation [3] therefore might  represent  a re- 
versible bat tery  process. 

It was suggested earlier in this paper that  the 
property of boron to switch its coordination between 
threefold and fourfold could assist the migrat ion of 
O 2- ions. Since the results of the experiments indi-  
cate that  02 -  ions have indeed arrived at the anode, 
it  is worthwhile  considering the possible t ransport  
mechanism. Of course, 0 2 -  ions as such do not  exist 
in the glass: the addit ion of ionic oxides, such as 
Na20, to a borate glass involves boron atoms increas- 
ing their coordination from three to four, ra ther  than 
the introduct ion of O 2- ions. The stoichiometry of this 
process (but  not the s t ruc tura l  details since BO4 

units  are seldom found l inked directly to each other) 
may be represented by  

o- 6 F o" o / 12- , F '  ' q  �9 B-o,  - - ~  ~.a*, o - B - o - ~ -  
XO ~ 0  

I t .0 ~O J 

C4] 

This is in contrast to the addit ion of a basic oxide to 
a silicate glass where instead bridging oxygens are 
converted to terminal.  I t  is essentially the reverse 
of this react ion (Eq. [4]) which is invoked for the 
migrat ion and formation of 0~ -  ions at the anode 
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The above mechanism would represent  the gen- 
erat ion of 0 2 -  at the anode, ready for combinat ion 
with Pb 2+ ions to form PbO. However, if the mecha-  
nism were extended so that instead of an 0 2 -  ion 
being generated it  was "handed over" by one of the 
four-coordinate boron atoms to a nearby  three-co- 
ordinate boron atom (which then became four-co- 
ordinate) ,  it can be appreciated how an apparent  
movement  of oxide ions through the medium could be 
achieved. All  that  is required is a continuous in ter -  
change between threefold and fourfold coordination 
on the part  of the boron atoms with an appropriate 
rotat ion or other slight oscillation of the borate 
groups. The conduction of the borate glass might  
therefore be described as a "s t ructure-switching ionic 
tyansport." 

Migration of 0 2 -  ions ra ther  than Pb 2+ ions is ob- 
viously the favored process dur ing  the electrolysis 
(Fig. lb ) .  It  is possible that  Pb 2+ migrat ion is 
hindered owing to the larger size of Pb  2+ compared 
with Na + (ionic radii  are 1.20 and 0.96A, respec- 
t ively).  The pr imary  reason, however, is perhaps the 
dipositive charge of the Pb 2+ ion which would have 
to enter  the glass where cationic sites were origi-  
nal ly  occupied by uniposit ive ions. The Pb 2+ ion 
would occupy only one site (to which it would be 
relat ively t ightly bound) while, because of electro- 
neutral i ty,  one cationic site for each Pb 2+ entered 
would have to remain  without  countercharge. This 
reasoning is supported by the observation (9) that sil- 
ver ions do enter the borate glass when a silver ra ther  
than lead metal  layer  is made the anode in cell (Eq. 
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[1]), a l though the ionic radi i  of Ag + (1.26A) and Pb e+ 
(1.20A) are  comparable .  S i lver  oxide was not  de -  
tec ted  at the surface dur ing  these exper iments .  F r o m  
the drast ic  increase observed for  the  resis tance dur ing  
the electrolysis  of the s i lve r -covered  glass i t  must  also 
be concluded tha t  Ag + ions have a much lower  mo-  
b i l i ty  than  Na + ions in the  bora te  glass. Fur ther ,  i t  
appears  tha t  the presence of Ag + ions, once in the  
ne twork  (in the anode region) ,  p revents  the s t ruc-  
tu re - swi tch ing  mechanism of the  bora te  groups, and 
thus i t  is possible tha t  this mechanism only opera tes  
when a large propor t ion  of meta l  ions (Na +, Ag +, 
etc.) have w i thd rawn  f rom the network.  

Because of the 0 2 -  ion migra t ion  towards  the anode  
dur ing  the electrolysis,  a p la t inum anode is not ex -  
pected to behave  as a blocking e lec t rode  but  to 
evolve oxygen.  This expecta t ion  is suppor ted  exper i -  
men ta l ly  by  the observat ion  that  e lectrolysis  wi th  
such an electrode resul ts  in only a minor  increase in 
resistance,  whereas  for a si l icate glass typica l  b lock-  
ing behav ior  is observed.  Fur the rmore ,  i t  is found 
tha t  a p ro ton- in jec t ing  electrode,  consist ing of a th in  
Pt  l aye r  on the g lass  in a d r y  hydrogen  atmosphere ,  
causes c rys ta l l iza t ion  in the anode region (9). Ob-  
viously hydrogen  ions produced  at  the  Pt, He anode 
combine wi th  the 0 2 -  ions to give wa te r  which  reacts  
wi th  the boric oxide  glass to give boric  acid, i.e. 

6H + ~- 3 0 2 -  -t- B203 --> 2Iq-~BO8 [6] 

This is not  a good glass fo rmer  and thus crystal l izes.  
Wi th  effective r emova l  of Na20 from the anode 

region,  a m a r k e d  decrease should be observed in the 
basic i ty  compared  wi th  the or ig inal  glass (see beg in -  
ning of pape r ) .  Glass bas ic i ty  is expressed  convenient ly  
on the opt ical  bas ic i ty  scale (5, 6) and  most glasses 
have opt ical  basicities,  A, in the range 0.4-0.7. The 
35 m / o  Na20 sodium bora te  glass has A : 0.60 (5, 6). 
I t  is possible to calculate  the opt ical  basic i ty  regis-  
t e red  by  the Pb 2+ ions tha t  have en te red  the Na20-  
dep le ted  anode region f rom the f requency  maximum,  
45,700 ~m -1, observed for  the absorpt ion  band (Fig. 3) 
(5,6) 

61,000 --  45,700 
A = : 0.49 

31,000 

Thus, as ant ic ipated,  there  is a decrease in opt ical  
basici ty.  This decrease,  however ,  is less than  ex-  

pected, since the sodium on concentra t ion  profile (Fig. 
lb )  suggests tha t  the Na20 content  of the  anode re -  
gion is no more  than  a pp rox ima te ly  3%, cor respond-  
ing to an optical  bas ic i ty  of a round  0.44. The observed 
value  corresponds to a sodium bora te  glass of 18 
m/o  Na20. The reason for this  a p p a r e n t  d iscrepancy 
m a y  be due to the  sites ava i lab le  to the  Pb 2+ ions, 
that  en ter  the  glass, being m a r k e d l y  different  f rom 
those adopted  by  Pb 2+ when a glass is fo rmed f rom 
the melt.  This resul t  is wor th  fu r the r  study,  especia l ly  
using o ther  anode mate r ia l s  which  give r ise to s 2 
basic i ty  probe  ions, e.g., t ha l l ium or bismuth.  
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ABSTRACT 

Three previously unknow n  compounds, EuMgF4, Sm-MgF4, a n d  S r M g F 4 ,  
and solid solutions, have been prepared by a method involving the u s e  o f  
Mg metal  as a reducing agent for the Eu and Sm. Both EuMgF4 and SmMgF4 
appear  to be excited via a 4f --> 5d t ransi t ion (broad band) .  EuMgF4 emits a 
br ight  blue under  356 nm peak excitation, the emission peak being at 437 
nm. SmMgF4 has sharp l ine emission assigned to ~D0 --> 7F0.6 transitions. In 

so l id  solutions Srl-xEu.MgF4, max imum efficiency is found at x = 0.75 and 
the efficiency of EuMgF4 is only about 5% less, adding EuMgF4 to the small  
g r o u p  of kf~own "stoichiometric phosphors." This is correlated with magnetic  
measurements  which show lit t le or no exchange interact ion be tween neigh-  
boring rare earth ions. The magnetic behavior of the Sm 2+ ion in  SmMgF4 
suggests the possibility of mixing of the J = 0 and J ---- 1 states of the ground 
s t a t e  manifold, owing to strong acentric crystal fields. In  solid solutions 
Eul-xSmxMgF4, there is remarkable  energy transfer  f rom Eu 2+ to Sm 2+, the 
Eu 2+ emission being barely  detected at x = 0.01 and completely absent at 
higher Sm concentrations. Evidence for both radiat ive and nonradia t ive  t rans-  
fer w a s  found, bu t  the nonradia t ive  mechanism appears t o  p r e d o m i n a t e .  

Compounds of the type BaMF4 (M = Mg, Mn, Fe, Co, 
Ni, Cu, or Zn) crystallize in  the orthorhombic space 
group A21am (1-3). Over the past few years, several 
technologically useful properties have come to light. 
Among the most impor tant  properties are piezoelec- 
tric behavior  in M ---- Mg, Co, Ni, Mn, and Zn (2), 
magnetoelectric effect in BaCoF4 (4), greater piezo- 
electric coupling in BaMnF4 than quartz, and excellent  
microwave ultrasonic t ransmission characteristics in 
this same compound (5). 

Bergman et al. (6) reported BaMnF4 and BaMgF4 to 
be noncri t ical ly phase matchable at room temperature  
for a 1.06 ~m pump laser and resistant  to optical dam- 
age at powers of up to 109 W/cm 2. 

All  of the known materials  of this class have mag- 
net ical ly iner t  Ba 2+ in planes between puckered sheets 
of corner sharing MF6 octahedra (7). It was the in-  
tent ion of this study to substi tute magnet ical ly  and 
optically active Eu 2+ and Sm 2+ for Ba 2+. In addition 
we prepared what  was hoped to be the Sr 2+ analogue 
of BaMgF4. 

In the first parts of this paper a qual i tat ive out l ine 
of the structure,  preparat ive methods, and experi-  
menta l  findings concerning EuMgF4, SmMgF4, and 
SrMgF4 is presented. The spectroscopic and magnetic 
properties are then discussed in detail. 

Crystal  Structure of (Eu,Sm,Sr)MgF4 

As yet, no definitive crystal s t ructure  has been de- 
termined for SrMgF4, EuMgF4, or SmMgF4. Table I 
presents a summary  of the lattice parameters  taken 
from high angle x - ray  diffraction patterns, along with 
x - r ay  and measured densities. 

While the cell parameters  show clearly that these 
compounds are orthorhombic, tests for second harmonic 
generat ion were negative. Therefore, it is tenta t ively  
concluded that  none of the new compounds have the 
space group A21am. The space group Amam then sug- 
gests itself from pre l iminary  examinat ion of a Pa t te r -  
son function map (8). 

* Electrochemical  Society  Act ive  Member.  
1Present  address: Airtron,  Incorporated,  Morris Plains,  N e w  

Jersey  07950. 
Key words:  complex  fluorides, rare earth luminescence ,  energy  

transfer,  stoichiometric  phosphors .  

Table I. Summary of lattice parameters and density 

Dens i ty  Dens i ty  • 5% 
(x-ray) ( measured}  

Compound and latt ice parameters  ( g / c m  a) ( g / c m  a) 

1. EuMgF,  
ao = 3.933 ~ 0.0O3A 5.23 5.34 
bo = 14.43-----0.011 
co = 5.608 • 0.004 

Cell vol.  = 320.41A~ 
2. SmMgF~ 

ao ---- 3.915 • 0.002A 5.13 4.91 
bo = 14.440• 
co = 5.661 -- 0.003 

Cell vol. = 324.41A~ 
3. SrMgF4 

ao = 3.917 • 0,004A 3.90 3.89 
bo = 14.459 • 
Co = 5.637 • 0.005 

Cell vol.  = 319.64A s 

Nevertheless, the point  symmetry  around Eu, Sm, 
and Sr should be almost equivalent  to that of BaMnF4, 
that is, an eight-fold coordination of F -  ions all of 
whose Ba-F bond lengths are unequal.  The POssibility 
of such low point  symmetry  is supported by the ap- 
pearance of an intense 5Do-TFo optical t ransi t ion seen 
in  SmMgF4. The point  symmetry  around (Eu, Sm, Sr) 
is now thought to be Cs similar  to that  of Ba in 
BaMnF4. 

Exper imental  
All preparat ions and purifications were carried o u t  

in graphite (Ultra Carbon, F puri ty)  crucibles in an 
argon (Matheson, prepurified) flow system. A two- 
zone Cu work coil connected to an rf  generator  sup- 
plied heat to the sample while a Leeds and Northrup 
optical pyrometer  was used to measure temperature.  

Purification of the s tar t ing materials  [EuFs (ROC/ 
RIC, 99.9%), SmFa (Lindsay Division of A m e r i c a n  
Potash, 99.9%), SrFe (ROC/RIC, 99.9%, optical 
grade),  and MgF2 (Brit ish Drug House, 99.9%)] was 
accomplished by drying to constant  weight  at 250~ 
and subjecting these materials  to t rea tment  with dried 
NH4F (Fisher, 99%) in a flow system. Water  w a s  
scrubbed from the argon by  flowing the gas over 
Drierite and through an acetone-Dry Ice trap. 

In  some experiments  EuF2 and SmF2 were used. 
These were prepared by hydrogen reduct ion (Mathe- 
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son Gas Products)  of the trifluoride at 850~ for 4 hr, 
with regr inding and reheating. All  purified materials  
were stored in a vacuum desiccator over MgC104. 

SrMgF4 was prepared by combining stoichiometric 
amounts  of SrF2 and MgF2 in a capped graphite cru-  
cible and heat ing for three 5 hr runs  at 875~ After  
each run  the product was checked for s tar t ing ma-  
terials. 

EuMgF4 was most easily prepared by  reduction of 
mixtures  of EuF8 and MgF2 in the ratio of 2:1 wi thin  
the graphite crucible. A five-fold excess over 
stoichiometry of fresh Mg turnings  (Fisher Reagent  
Grade) was added above the mixture.  The position of 
the crucible in the work coil is shown in Fig. 1. Heat 
was applied so that  the tempera ture  in  the hot zone 
was 850~ while  that  of the cool zone was 750~ The 
ini t ia l  heating period of 2 hr was followed by three 
3 hr  hea t ing  cycles. After  each heat ing period the 
sample was ground, checked by x- rays  for excess 
EuF2 or MgF2, and re turned  for fur ther  heating after 
adjust ing the composition. 

The second method of EuMgF4 production involved 
combinat ion of EuF2 and MgF2 with only one piece of 
Mg added. The same procedure of extra  heating, gr ind-  
ing, and adjust ing of s tar t ing materials  is performed 
as fo.r the method above. 

SmMgF4 could only  be prepared from SmF3 and 
MgF2 with an excess of Mg. The two heating zones 
were measured at 830 ~ and 730~ respectively, for 
successful preparation.  No secondary heat ing periods 
were found to be helpful. 

All  excitat ion and emission spectra were recorded 
using an Hi tachi -Perk in  Elmer  Model MPF2A spectro- 
fluorimeter. Liquid ni t rogen spectra were obtained 
with the aid of a cryostatic Dewar provided for this 
ins t rument .  

Quantum efficiencies w e r e  measured against the 
fluorescent output  of sodium salicylate which had 
been calibrated against a known halophosphate lamp 
phosphor. Fluorescence was recorded under  365 nm 
Hg excitation using a Ja r re l l -Ash  spectrometer and 
the area under  the emission curve was then integrated. 
Corrections were made for scattering from nonfluo- 
rescent MgO at 365 nm. 
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The lifetimes of the 437 nm emission of EuMgF4, 
Eu0.995Sm0.005MgF4 and Eu0.99Sm0.01MgF4 were mea-  
sured on an SLM series 4000 spectrofluorometer. A 
demodulat ion technique was used to record the 
lifetimes. 

Magnetic measurements  were made with a Pr inceton 
Applied Research vibrat ing sample magnetometer  
(VSM) to l iquid hel ium temperature.  

Densities of EuMgF4, SrMgF4, and SmMgF4 were 
determined by the pycnometer  method of Reil ly and 
Rae (9). A 2 mil l i l i ter  pycnometer  bottle was used. 
Carbon tetrachloride was chosen as the pycnometric 
l iquid because of its lack of react ivi ty and high 
density. 

Results and Discussion 
With the preparat ive  methods that were used, it  was 

found to be difficult to prepare EuMgF4 directly from 
EuF2 and MgF2. Such experiments  yielded only 20% 
conversion even after 3 days of heating. Longer ex- 
periments  gave products which were already decom- 
posed. This is thought to be due to small  amounts  of 
water  vapor accumulat ing during gr inding and, in 
general, dur ing the long run  periods. 

Two possible equations for the formation of 
EuMgF4 are then 

EuF~ ~ z/2 MgF2 -~ 1/2 Mg --> EuMgF4 [1] 
and 

Mg 
EuF2 + MgF2 > EuMgF4 [2] 

catalyzed 

Mg, present  as vapor at reaction temperature,  is 
believed to have four functions. First, it acted as an 
oxygen and water  scavenger. Second, it appeared to 
catalyze the reaction. Third, it acted as a strong reduc- 
ing agent. Fourth,  it was used to make up Mg defi- 
ciencies in the compounds. To test this, EuF3 and Mg 
alone were reacted. The outcome was part ial  con- 
version "to EuMgF4. A possible course for the reaction is 

EuF3 -~ ~/2 Mg --> EuF2 ~- ~/2 MgF2 

Mg 
) EuMgF4 [3] 

catalyzed 

Indeed, the appropriate amount  of EuFe is observed in  
the x - ray  diffraction pattern. During the course of the 
preparat ions only one complex phase (EuMgF4) was 
evident  uti l izing x - ray  diffraction analysis. 

EuMgF4 was found to be a white powder, stable in  
moist air, when prepared in a pure state. 

In  distinction to EuMgF4, SrMgF4 was preparable by 
using the two b inary  fluorides directly. This leads one 
to believe that  SrMgF4 is somewhat more stable in the 
presence of hydroxyl  than its lanthanide  counterparts.  
SrMgF4 was also found to be a white, air stable com- 
pound. 

The reactive na ture  of Sm 2+ precluded the use of 
mul t iple  gr inding and heating operations because of 
the deleterious effect of moisture. Format ion of 
SmMgF4 is thought to proceed by the pathway 

Mg 
SmFs -t- 1/~ MgF2 -~ 1/2 Mg > SmMgF4 [4] 

catalyst 

SmMgF4 is a red compound which appears to be 
stable in moist air even when exposed for periods in  
excess of one week. 

All  three new compounds appear to melt  incongru-  
ent ly  at a b o u t  900~ Samples heated above that  
temperature  were. found to have melted. X - r a y  pat -  
terns showed .only mixtures  of the b inary  fluorides 
(e.g., EuF2 an d MgF2). 

For EuMgF4, both the excitation and emission 
spectra (Fig. 2 and 3) show the f-d band t ransi t ion 
typical of Eu 2+ compounds. The room temperature  
excitation spectrum shows a peak at 356 nm while 
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the emission spectrum shows a max imum at 437 nm. 
No f-f  transit ions were observed, in accord with the 
findings of Fouassier (10) for eight coordinate Eu 2+. 

At room temperature,  the emission and excitation 
bands have meaningful  spectral Overlap o n l y  in the 
region of 380-400 nm. The 33% quan tum efficiency 
measured for EuMgF4 is remarkable  considering the 
ra ther  poor qual i ty of the product. This is only 5% 
less than the max imum found in Eu0.7~Sr0.2~MgF4. At 
77~ the bands nar row because of lower molecular 
vibrat ional  ampli tude and there is no overlap at all. 
This implies, by the theories of Forster (11) and 
Dexter  (12), that  there will be nei ther  coulombic 
interactions between distant  bivalent  europium ions 
nor  significant exchange interactions among neighbor-  
ing Eu 2+ ions. The lack of coulombic interact ion is 
a t t r ibuted to the symmetrical  na ture  of the 8S7/2 
ground state (13). 

Measurements  of magnetic susceptibil i ty were made 
on EuMgF4 and SmMgF4 to determine the magni tude  
of any exchange interactions that might  be present  
which could mediate energy t ransfer  and concentrat ion 
quenching behavior. Paramagnet ic  susceptibilities were 
measured from 4.2~ to room temperature  on EuMgF4, 
SmMgF4, and the solid solution Eu0.sSm0.sMgF4, which 
behaved as expected for a random distr ibution of Eu 2+ 
and Sm e+ in the structure. EuMgF4 was found to obey 
a Curie-Weiss law, remain ing  paramagnet ic  down to 
4.2~ with a Weiss constant, e = --3~ This indicates 
very weak exchange coupling. The effective moment  
for Eu 2+ calculated from the high temperature  mag- 
netic data was ~eff = 7.8 BM, which agrees well  with 
the l i terature  value of 7.9 BM (14), so there is l i t t le 
doubt  that  all the Eu is in the bivalent  state. The 
magnetic  data on SmMgF4 are discussed below, after 
the discussion of its fluorescence. 

A firm explanat ion of the exchange interactions in 
EuMgF4 cannot be given at this t ime because the 
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structure  is not known with certainty. However, the 
followinig l ine of thought  seems most sensible at this 
stage. By l inearizing the ratio of uni t  cell volumes of 
EuMgF4 to BaMnF4 it is found that  the average euro-  
p ium-europ ium distance would be approximately 
4.4A. In  EuF2, a cubic ant iferromagnet ,  the europium- 
europium distance is 4.1A and there are eight ant i -  
ferromagnetic pathways through coordinate fluoride 
ions (15). However, assuming the BaMnF4 structure, 
some of the europium-fluorine pathways may not  lead 
to other europium atoms directly, therefore l imit ing 
the amount  of ant i ferromagnet ic  interact ion compared 
to EuF2. McGuire and Sharer (15) also show that  
direct exchange falls off sharply at distances of 4.4A 
or greater in  europium chalcogenides while  ant i ferro-  
magnetic superexchange was weak in all cases re- 
gardless of distance. Fluorides would show weaker  
ant i ferromagnet ic  superexchange than chalcogenides 
because of the greater  ionicity of fluorides. 

The fluorescence of various solid solutions of 
EuMgF4 in  SrMgF4 show that  there is very little con- 
centrat ion quenching as the amount  of europium is 
increased. (Fig. 4). 

The wavelength required to promote the electron 
into the d band decreases from ~ex ---- 356 nm in EuMgF4 
to ~ex = 316 nm in  Sr0.99Eu0.01MgF4. In the la t ter  com- 
pound, the lattice becomes more rigid and resistant to 
electron cloud expansion due to the higher charge to 
size ratio of s t ront ium as compared wi th  europium. 

At 77~ the excitat ion and emission spectra of 
Sr0.99Eu0.01MgF4 (Fig. 5) show considerable fine struc-  
ture which is unresolved in the same spectra of 
EuMgF4. This fine s tructure could possibly arise from 
excitations from the f level to various vibrat ional  d 
band levels, al though the possibility of f-f  t ransit ions 
cannot now be ruled out. 

In  Fig. 6, the excitation spectrum of SmMgF4 at 
298~ shows a broad band excitation extending from 
below 340 nm to above 620 nm. At 77~ the same 
spectrum extends from below 340 nm but  shows a 
sharp drop-off above 560 nm. This is directly at-  
t r ibutable  to depopulation of the J > 0 levels in the 
~F0-6 ground state known to exist in bivalent  samarium. 
All  of the spurious weak lines on the excitat ion band 
are due to xenon lamp lines or diffraction effects. 

The room temperature  emission spectrum of SmMgF4 
(Fig. 7) consists of a number  of lines superimposed on 
a broad band continuum. Transit ions from the 5D0 to 
the 7F0.6 are responsible for the lines while transit ions 
from the 4fs-Sd band to the 7F0 produce the continuum. 
At 77~ the cont inuum disappears and there is an in -  
crease in the number  and intensi ty  of the lines in  the 
spectrum (Fig. 8). 
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Fig. 4. Concentration dependence of Eu 2+ emission peak in- 
tensity (298~ in Srl-xEuxMgF4. 
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l ows  only from severe  breakdown in the selection 
rules. 

Ass ignments  of the peaks were  made on the basis of 
comparisons wi th  the work  of Dieke  (17) on S m  2+ 
and Blasse (18) on Eu ~+. Room temperature peak as- 
s ignments  are l isted in Table II. The designation of 
the first peak at 681 nm as 5D0-VF0 is consistent wi th  
the postulated low s y m m e t r y  around bivalent  samari-  
um, which is supported by the observation of an in-  
tense l ine spectrum at room temperature.  The positions 
and sizes of the other peaks then fit easi ly into a 
general  scheme when  the first peak is assigned to 
5Do-TFo. 

Bivalent  samarium becomes  nonmagnet ic  at 0~ 
because at that temperature only the J = 0 state of 
the 7F0.6 ground manifold is populated. The result of 
depopulation of the upper states wi th  decreasing t em-  
perature is a nonlinear decrease in the effective Bohr 
magneton number. This phenomenon was  first observed 
by Se lwood (19) for SmBr2. SmMgF4 fol lows approxi-  
mate ly  the same pattern. Susceptibi l i ty  measurements  
were  made down to 4.2~ where  #err = 0.62 BM (Fig. 
9).  No attempt is made to evaluate the Weiss con-  

Table il. Positions and designations of transitions in SmMgF4 
at room temperature 

Pos i t ion  
( n m )  cm-~ D e s i g n a t i o n  In tens i ty  

Since temperature  quenching of the 5D1 and 5D0 
leve l s  occurs through an intervening 4f~-Sd band (16), 
the appearance of considerable sharp l ine emiss ion at 
room temperature  is an indication of  substantial 
a symmetry  at the samarium site. Such emiss ion fol-  

681 14,684 ~Do'TFo vs  
687 14,556 6D1-TFs w 
697 14,358 eDo-TF1 m 
701 14,266 ~Do-TF~ m 
721 13,870 6D1-TFt s 
729 13,717 ~Dz'rF~ v w  
762 13,123 ~Do-'~Fs v w  
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s tant  as the  anomalous  t empera tu re  coefficient renders  
this  pa r ame te r  meaningless.  The magnet ic  da ta  show 
tha t  a t  3O0~ ~ff  = 3.13 BM while  Selwood (19) gives 
3.6 BM for SmBrz. At  83~ Selwood measured  ]~eff = 

2.29 BM while  SmMgF4 gave a value  of 2.35 BM. Fo l -  
lowing a van Vleck theore t ica l  curve down to about  
12~ the d ivergence  be tween  the curve and the 
measu red  value  for SmMgF4 becomes roughly  0.3 BM 
wi th  the  measured  va lue  being the greater .  I t  should 
be r e m a r k e d  tha t  Selwood's  measurements  closely 
folIow van Vleck's  theory  for b iva len t  s amar ium (19). 

These observat ions  may  be indicat ing a s l ight  m ix -  
ing of the 7F0 and 7F1 states. Al though this type  of 
mix ing  has not been seen in the past, i t  is possible if 
the  crys ta l  field s t rength  is ve ry  high at  the b iva len t  
s amar ium site, wi th  ve ry  low site symmetry .  Such 
mix ing  is easier  in b iva len t  s amar ium than  in t e rva len t  
europium because the 7F0.6 levels a re  cons iderably  
closer together  in the former  ion. 

The  series Sr~-~Sm=MgF4 shows considerable  con- 
cen t ra t ion  quenching at  x = 0.1. Since t empe ra tu r e  
independen t  concentra t ion quenching in b iva len t  
s amar ium or iginates  on ly  f rom exchange in terac t ion  
and not  f rom a mul t ipo la r  resonance mechanism 
(wid th  of the rF0.6 mani fo ld  is much smal ler  than  the 
dis tance f rom this mani fo ld  to the ~D level ) ,  a mod-  
e ra t e ly  s t rong an t i fe r romagnet ic  exchange in terac t ion  
m a y  be present .  Direct  exchange is p rec luded  because 
of the  es t imated  large  Sm+2-Sm +~ distances and  the 
small  ~f~. The low s y m m e t r y  of the F s tate  would  be 
especial ly  effective in s t rengthening  an t i fe r romagnet ic  
interact ions.  

Al l  of the  solid solutions in the series Eu~Sml-xMgF~ 
show the exci ta t ion spectra  for both  b iva len t  europium 
and b iva len t  s amar ium (Fig. 10). However ,  t he  b i -  
va len t  europ ium emission is not  seen in any of the 
solid solut ions except  Eu0.99Sm0.0~MgF4 (Fig. 11). 

Since the emission band  of b iva len t  europ ium ove r -  
laps the  absorpt ion  band  of b iva len t  samar ium,  i t  was 
suspected that  the observed  energy  t ransfe r  could wel l  
be the t r iv ia l  case of rad ia t ive  t ransfer ,  the Eu emission 
exci t ing the Sm ions. Comparison of mechanica l ly  
mixed  samples  of EuMgF~ and SrMgF4 with  EuMgF~ 
and SmMgF~ showed tha t  the  b iva len t  europium 
emission was a t tenua ted  to a g rea te r  ex tent  by  SmMgF4 
than  in the  SrMgF~ mixture .  This leads to the conclu-  

sion that  there  is emission and reabsorpt ion.  However ,  
l i fe t ime measurement  of the  437 nm Eu 2+ emission 
band ranged  from 1.08 • 10 -6 sec in EuMgF4 to 
9.73 • 10-~ sec in Euo.9~Sm0.01MgF4, indica t ing  the  
presence of nonrad ia t ive  t ransfer .  Both mechanisms 
m a y  be opera t ive  in the  solid solutions, bu t  rad ia t ive  
t ransfe r  cannot  be very  significant, j udg ing  f rom the 
complete  quenching of the  Eu 2+ emission. 

The ac tua l  energy  t rans fe r  may  wel l  t ake  place by  
coulombic (d ipo le - induced  dipole)  in teract ions  which 
should be g rea te r  be tween Eu 2+ and Sm 2+ than be-  
tween Eu 2+ and Eu 2+. This is because of the differ-  
ences in the s y m m e t r y  of the ground  s ta te  ions. 
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Stoichiometry and Masking Ability of I.PCVD 
Silicon Hitride Against Arsenic Diffusion 

Anant Dixit,* C. S. Chen, 1 and C. E. Volk* 

Burroughs Corporation, San Diego, California 92127 

ABSTRACT 

Masking failure of LPCVD silicon nitride films during high temperature 
arsenic diffusion is observed, when these films are deposited with ammonia 
to dichlorosilane ratio <7:1 at the deposition temperature of <760~ ~ This 
masking failure is noticed after diffusion when the silicon nitride film is 
stripped in HF: a number of unetchable areas are left on the silicon wafer. 
The unetehabie areas are not visible on as-deposited films. Helium back- 
sca t te r ing  da ta  indicate  that  this mask ing  fa i lure  occurs in nonstoichiometr ic  
s i l icon-r ich  films. 

Chemica l ly  vapor  deposi ted sil icon n i t r ide  films are  
wide ly  used in semiconductor  processing for mask ing  
agains t  diffusion into silicon. Correct  s to ichiometry  
of the si l icon n i t r ide  film p lays  an impor t an t  role  
in this masking  ab i l i ty  of the film. 

Before the  advent  of low pressure  CVD systems, 
sil icon n i t r ide  was deposi ted at  a tmospher ic  pressures  
a round  9O0~ using a large  ammonia  to silicon com- 
pound rat io of app rox ima te ly  1000:1 (1). The la rger  
rat io was requ i red  to suppress the ra te  of silicon deposi-  
t ion in comparison to the  sil icon n i t r ide  deposition. 
In  low pressure  CVD systems i t  is des i rable  to keep 
the opera t ing  pressure  dur ing  deposi t ion be low 1 
Torr  for be t te r  un i fo rmi ty  (2). For  LPCVD silicon 
n i t r ide  systems where  dichlorosi lane is the p re fe r r ed  
source for s impler  and be t te r  reactor  operat ion,  the  
low pressure  condit ion requires  smal le r  ammonia  to 
dichlorosi lane ratio.  At  the lower  pressures  reac tan t  
gases mix  more  completely,  a l lowing these much 
smal le r  ammonia  to dichlorosi lane rat ios dur ing depo-  
sition. However ,  as the smal le r  gas flow rat io  ap-  
proaches  the theore t ica l  l imi t  of 1.33 (rat io  of s toichio- 
met r ic  SisN4), the resul t ing  sil icon n i t r ide  film may  
devia te  f rom correct  s to ichiometry  due to the sil icon 
deposi t ion process compet ing wi th  the silicon n i t r ide  
deposi t ion process. 

In  this paper ,  we r epor t  the observat ion of localized 
fluctuations in the s to ich iomet ry  of the LPCVD silicon 
n i t r ide  films and consequent  masking  fa i lure  agains t  
arsenic  diffusion, when these films are  deposi ted under  
cer ta in  conditions.  

Procedure 
LPCVD silicon n i t r ide  films were  p repa red  unde r  

different  deposi t ion condit ions on t he rma l ly  oxidized 
silicon substrates .  The wafers  were  then processed 
th rough  a s t andard  arsenic  bur ied  l aye r  diffusion 

* Electrochemical Society Active Member. 
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92663. 
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etry. 

process, af ter  which the film was s t r ipped  in conc 
HF or hot  phosphoric  acid, and inspected for  diffusion 
damage.  

Results 
Depending on the process condition, a number  of 

unetchable  or s lowly etching n i t r ide  spots were  vis ible  
on the wafer,  often wi th  an una ided  eye. Two such 
i l lus t ra t ions  are  shown in Fig. 1. The size of these 
spots was in the range  of a few microns to severa l  
cent imeters ,  sometimes ex tending  over  la rge  port ions 
of the  wafer.  

The s tandard  diffusion cycle consists of coating the 
wafers  wi th  sp in-on  arsenic glass fol lowed by  a 
d r ive - in  cycle at 1200~ for severa l  hours. A few 
wafers  were  processed th rough  an arsenic i m p l a n t /  
dr ive  cycle. The implan ted  wafers  also had  une tchable  
spots, a l though at  a much reduced scale as compared  
wi th  the wafers  processed th rough  the s t anda rd  d i f -  
fusion cycle. 

Fig. la. Hitr|de spots on 3 in. silicon wafer 
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Table I1. Arsenic diffusion effect on silicon nitride, underlying 
oxide thickness 3000~ 

Dep. Wafer  condition after 
Ammonia /  temp arsenic diffusion and 

DCS (~ nitride strip 

2:1 760 Large nitride spots 
4:1 760 Small nitride spots 
7:1 760 Clean wafer 
2:1 790 Small nitride spots 
4:1 790 Clean wafer 
7:1 790 Clean wafer  

Fig. lb. Microscopic picture of one of the nitride spots shown 
in Fig. la. (300X). 

It  must  be noted that  these defects are not visible 
on the as-deposited silicon nitr ide films or films heat -  
t rea ted in a diffusion furnace without  an arsenic source, 
and .subsequent ni tr ide etch did not reveal  any un-  
etchable nitr ide spots. The defects are revealed on 
the arsenic diffusion treated wafers  only af ter  the 
ni t r ide etching step. The e~ect  is more enhanced when 
etched in hot phosphoric acid. The ni tr ide films were  
essential ly free of cracks, and free of pinholes as 
evaluated by a Navonics bubble tester. 

The final wafer  qual i ty  depended on a number  of 
process conditions: (i) oxide thickness under  the 
ni t r ide film, (ii) nitr ide deposition temperature ,  (iii) 
ammonia  to dichlorosilane ratio during deposition, 
( iv ) lower  diffusion temperature,  and (v) wafer  hand-  
ling. 

Increasing the thickness of the oxide films, in gen-  
eral, reduced the density of unetchable  spots, but  did 
not e l iminate  them completely,  as i l lustrated in Table I. 

Reduced diffusion tempera ture  reduced the densi ty 
of spots significantly. An extensive study also revealed 
that  poorly handled wafers  enhanced the density of  
the  unetchabIe ni tr ide spots. However ,  an arsenic 
diffusion was essential to produce these unetchable  
ni tr ide spots. 

High deposition tempera ture  and higher  a m m o n i a /  
dichlorosilane ratio during deposition el iminated the 
etchable ni tr ide spots as can be seen from the data 
in Table II. Thus, at the deposition tempera ture  of 
760~ a defect - f ree  wafer  could be obtained if the 
ammonia  to dichlorosilane ratio during deposition was 
grea ter  than 7: 1. However ,  if the deposition t empera -  
ture was raised to 790~ a lower ammonia /d ich loro-  
silane ratio of 4:1 could be used to obtain a defect  
free wafer.  

In order  to unders tand the effect of deposition con- 
ditions on the propert ies  of silicon ni tr ide films the 
refract ive index and the etch rate of the films were  
monitored. The refract ive  index was measured by 
the Gaer tner  e l l ipsometer  and calculated using the 
NBS el l ipsometer  program. The etch rate  of the films 
in conc HF was measured  at the constant room tem-  

Table I. Effect of oxide thickness 

Oxide thickness  (A) 
Defect count in 

200 fields of view 

10,000 1-3 
5,000 3-7 
3,000 10-15 
1,000 Often all across 

the wafer  

Silicon nitride---1500A, NHa/DCS--4:I, Dep. temp---760~ 

pera ture  of 22~ Four  wafers  f rom e a c h  test condi- 
t ion were  used to collect data on refract ive  index 
and etch rate. Measurement  were  made on the center  
of  the wafer  and the average  values are recorded. 
The results are summarized below. 

Refract ive  i n d e x . - - A t  790~ an increase in dichloro- 
silane flow by more than 200% increased the refract ive 
index by only 0.04 as can be seen in Fig. 2a. This 
suggests an increased silicon content  or higher  density 
of the films. However ,  it may be noted that  no such 
trend is seen for films deposited at 760~ No trends 
are noticed with respect to changes in ammonia  flow 
and deposition tempera ture  as can be seen f rom Fig. 
3a and 4a. 

Etch rate in conc HF. - -E tch  rate  seemed to be in-  
var iant  with respect to changes in dichlorosilane flow 
at e i ther  deposition tempera ture  of 760 ~ or  790~ as 
seen in Fig. 2b. However,  etch rate  increased sig- 
nificantly with increasing deposition temperature ,  as 
seen in Fig. 3b and 4b. This var ia t ion again suggests 
an increased silicon content  or higher  density of t h e  
films result ing in lower etch rates. 
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Fig. 2. Effect of dichlorosilane flow on nitride parameters. (a) 
Refractive index, (b) etch rate. 
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X 
LU 2.10 
C3 
Z 

LIJ 2 .05 
~> 

I-- 
(-~ 2.0 
<1 
n." 
IJ. 
uJ 1.9~ 
n~ 

o 1.9C 
q) 0 

N 4 . o -  
u2 
.I- 

o 

z 3.0-  

uJ 
i-- 

i1: 
-r 
o 2 . (  
p_ o 
, i  

(a)  

~ , 7 9 0 "  C 

760"  C 

I I I I 

4 0  80 120 160 
NH 3 FLOW cr  

(b) 
Etch Rate in Con. NF 

7600C 

I I I I 

4 0  80  120 160 
NH 3 FLOW or 

Fig. 3. Effect of ammonia flow on nltride parameters. (a) Re- 
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Fig. 4. Effect of temperature on nitride parameters. (o) Refractive 
index, (b) etch rate. 

The study of refractive index and etch rate var iat ion 
of the films, however, did not provide any indicat ion 
about the origin of the unetchable  ni t r ide spots. To 
resolve this problem, a few samples of silicon nitride, 
deposited at 760~ on lOOOA thermal ly  oxidized sub-  
strates were produced under  various deposition condi- 
tions. Half of these wafers were processed through 
the arsenic diffusion cycle. The other half  of these 

wafers were analyzed by he l ium backscat ter ing to 
o b t a i n  f i lm  compos i t i ons  (3) .  

In  Fig. 5 a typical  backseat ter ing yield is plotted 
as a funct ion of energy for an as-deposited silicon 
ni t r ide film. The compositions are calculated from 
the areas under  the peaks of nitrogen, oxygen ,  and 
silicon, and their corresponding energy losses and cap- 
ture c ros s  sections. The composition was averaged 
over four different areas of the samples. Chlorine 
as a trace impur i ty  of 0.25% of the ni t r ide is also seen. 

A typical backscattering yield dis tr ibut ion for the 
unetchable  ni t r ide spots is shown in  Fig. 6. It  was 
not  possible to calculate the composition of these 
films due to the nonuni fo rmi ty  of the interface. A 
clear arsenic peak is seen in  this film. 

The al ternate method of Auger analysis to estimate 
the composition of the film was inconclusive. All  films 
deposited appeared to have correct stoichiometry al-  
though some of the films exhibited a high densi ty of 
unetchable  ni t r ide spots. This is possibly because the 
sputter  etch, required dur ing  the Auger  analysis, 
changes the composition of the atomic layers that  
are being analyzed (4). 

The ni t r ide/s i l icon ratio for the as-deposited films, 
from the backscattering analysis and the correspond- 
ing gas flow ratios are entered in  Table III. Defect 
density on the corresponding wafers which were 
processed through the arsenic diffusion is also sum-  
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Fig. 5. He backscattering on as-deposited silicon nitride 
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Fig. 6. He bockscattering on unetcbable silicon nitride spots 
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Table Ill. Dependence of unetchabie nitride spots on process 
conditions. Deposition tamp 760~ arsenic diffn 1200~ 

Defect count Ammo- Nitrogen/sil- 
in 2o0 fields nia/ icon ratio 
of view at Visible spots DCS from He 

100 • without optical aid ratio backscattering 

2 Few spots  on e d g e s  4:1 1.31 
89 All over  the  wafer 4:1 1.15 

1.0 No  5:1 1.28 
1.0 NO 8:1 1.31 
0 N o  13 : 1 1.34 
0 N o  16:1 1.34 

marized in Table III. I t  can be seen from these data 
that  as the ammonia/dichlorosi lane ratio increased 
the films had more correct stoichiometry. Films pro- 
duced with smaller  ammonia/dichlorosi lane ratios have 
higher silicon content  and correspond to those which 
failed dur ing arsenic diffusion and therefore had a 
high density of unetchable  ni t r ide spots. 

Conclusions 
Unetchable ni t r ide spots remain on silicon wafers 

when the wafers are processed through an arsenic 
diffusion cycle using LPCVD silicon ni tr ide as a dif- 
fusion mask. The diffusion damage under  these spots 
indicate fai lure of the impur i ty  masking property 
of the ni t r ide film in  the region of the nitr ide spot. 
The random occurrence of these spots suggests that  
there are fluctuations in the masking proper ty  of the 
film. It is seen that the density of these spots  is 
reduced significantly as the silicon ni tr ide films be-  
come less silicon rich, approaching the proper stoichi- 
ometry, as evaluated by He backscattering. Since 
these spots occur randomly  across the wafer, it in -  
dicates random fluctuations in the stoichiometry of 
the ni t r ide film across the wafer. These spatial fluc- 
tuations could not be identified with the refractive 
index and etch rate measurements.  

We believe that arsenic atoms diffuse through these 
si l icon-rich regions forming a complex compound with 
the under ly ing  silicon dioxide film and the silicon 
substrate;  these sil icon-rich regions etch very slowly 
in  conc HF. Increased under ly ing  oxide thickness 

reduces this occurrence, since oxide is a diffusion 
mask which reduces the total number  of arsenic atoms 
reaching the silicon substrate, thereby diminishing 
the role of the silicon substrate in the formation of 
this complex compound. Similar ly  a reduced diffusion 
temperature  decreases the defect density because of 
the reduced Dt product of arsenic in oxide. The exact 
mechanism of formation of these unetchable  ni tr ide 
spots as well as the s t ructure  of these spots could not 
be determined in the present  work. The nitr ide spots 
occur when  either arsenic spin on glass source or 
arsenic ion implant  source is used dur ing  the a r s e n i c  
diffusion cycle, indicat ing that  the ni t r ide spots occur 
pr imar i ly  due to the fai lure in the masking abi l i ty  
of the ni t r ide films and secondarily related to the 
type of arsenic source. 

Proper stoichiometry and hence proper masking 
abi l i ty  of the ni t r ide films are obtained when higher 
ammonia/dichlorosi lane ratio and higher tempera ture  
dur ing  deposition are selected in producing these films. 
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ABSTRACT 

Diffusion of boron and phosphorus in dry 02, wet At, and wet 02 am- 
bients was investigated to ootain a formula describing the oxidation enhanced 
diffusion. At low impur i ty  concentration, the diffusion coefficient is ex- 
pressed as a funct ion of oxide growth rate, depth, and temperature  

O-Ooexo( 
kT ~ q } -  - ~  ~T 

where dXo/dt is in  ~m/hr  and X is in ~m. F value is 6.0 X 10 -2 cmS/hr 
for boron and 5.2 • 10-~ cm2/hr for phosphorus. This equat ion can be 
explained by a dual mechanism involving both vacancy and inters t i t ia l  silicon 
atoms. A depth dependence of the diffusion coefficient is explained by  a model 
that  excess inters t i t ia l  silicon atoms are captured by vacancies migrat ion into 
bulk  silicon. At high impur i ty  concentration, less enhanced diffusion was ob- 
served. 

Since characteristics of semiconductor devices de- 
pend strongly on the final impur i ty  profiles in the 
electrically active region, detailed unders tanding  of 
impur i ty  diffusion is general ly required to reproducibly 
control the impur i ty  profiles. The current  state of 
the art  for optimization of diffusion processes in  the 
fabricat ion of integrated circuits, however, relies on 
an empirical  approach based on the trial  and error 
method. Recently, there has been an intensive effort 
in  the indus t ry  in the development  of the computer-  
aided process s imulat ion for integrated circuits (1). 
Though a large n u m b e r  of reports (2-10) have been 
published on oxidation enhanced diffusion, any gen-  
eral ly acceptable model has not  been available yet. 
The s imultaneous presence of both oxidation enhanced 
diffusion and anomalous diffusion due to high impur i ty  
concentrat ion makes it difficult to in terpre t  the ex-  
per imenta l  results precisely and accounts for the re-  
markable  spread among the values of the diffusion 
coefficient found in  the l i terature.  The main  purpose 
of this s tudy is to dist inguish the oxidation enhanced 
diffusion from the anomalies due to high impur i ty  
concentrat ion and to present  a useful model for 
process s imulat ion at low impur i ty  concentration. 

Experimental 
The star t ing mater ia l  was p- and n-type,  (100) 

oriented Czochralski silicon wafers with resist ivity 
of 6-8 ~-cm. All the wafers were chemical ly  mir ror  
finished on one side. Boron and phosphorus were 
deposited on the surfaces as diffusion sources, the 
concentrat ion of which were in the range of 2 • 1014- 
4 X l0 ss a toms/cm 2 by  using BN and POCls sources, 
respectively. The wafers were then thermal ly  oxidized 
at 900~ for 5 m in  in wet 02. To avoid out-diffusion 
of deposited impuri t ies  and to protect  the silicon 
surface from oxidation, the silicon surface was ini t ia l ly  
covered with a 0.1 micron thick SisN4 layer. 

The dr ive- in  of impuri t ies  was carried out at 1100 ~ 
and 1200~ in  a ni t rogen ambient  to obtain a wide 
var ie ty  of junct ion  depths ranging  from 1-5 microns. 
The oxide and ni t r ide were photoli thographical ly 
engraved into paral lel  stripes to define oxidizing and 
nonoxidizing surfaces on the wafer. Then, oxidation 
was carried out at temperatures  in the range of  
950~176 in  dry oxygen, wet Ar (H.,O part ial  
pressure in Ar gas vary ing  from 0.05 to I a tm),  or 

* Electrochemical Society Active Member, 
Key words: oxidation, diffusion, boron, phosphorus. 

wet oxygen. The sample structures before and  af ter  
oxidation are i l lustrated in Fig. 1. Xjf and Xjfo show 
the junct ion depths under  the masked and unmasked 
surface, respectively. Note that Xjfo is measured from 
the original  silicon surface. The thicknesses of the 
oxide film grown on the silicon surface dur ing oxida- 
tion have been determined by ell ipsometry and in ter -  
ferometry. The sheet resistivity and the junct ion  depth 
were also determined by four point probe and groov- 
ing staining, respectively. The junct ion depth w a s  
measured at  four position on each piece, and the 

(a) 

~l  ~ u b s t r a t e  

(b) 

Fig. 1. Schematic diagram illustrating the sample structures, (a) 
before and (b) after oxidation. 

2243 
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average and s tandard errors were estimated from 
these measurements.  The s tandard errors for junct ion  
depth were about  0.02 micron in this study. 

Analysis 
In  this study, diffusion length (2~/Dt) for dr ive- in  

is much larger than that for predeposition. Thus, the 
extent  of penetra t ion in the predeposition profile can 
be regarded as negligibly small  in comparison to that 
for the final profile result ing from the dr ive- in  diffu- 
sion. Accordingly, the predeposition profile can be 
mathemat ical ly  represented by a delta 1unction. The 
impuri t ies  dis t r ibut ion after dr ive- in  diffusion sub-  
jected to this approximation then will be given by 
the we l l -known Gaussian dis t r ibut ion 

Q 
Cox) -- ~ exp (--X2/4B) [1] 

where Q is the total number  of impur i ty  atoms in a 
1 cm 2 section of silicon and 2~/B is the effective dif- 
fusion length of impur i ty  atoms. 

The values of Q and B can be calculated from the 
ini t ial  junct ion  depth, Xj~, and sheet resistivity, ps, 
before oxidation using the following equations 

~ XJ t. 
ps -I = q #(c)'C(=)dx [2] 

~/=B NB 
Xji -- -- 4B In Q [3] 

According to Caughey and Thomas (11), the mobility, 
#(c) can be expressed by the following equation 

(#max - -  ~min) 
~(c) = ~,mi. + [4] 

1 + (CICrer)~ 

where #max and #rain are the m i n i m u m  and max i mum 
mobil i ty  values, Cre~ a reference concentrat ion value, 
and ~ an exponential  factor that  controls the slope 
around C _-- Cref. From the work of Antoniadis  (7), 
the following values are chosen for this work 

Impur i t y  ,Umi n $1~nax Cref  fl 

Boron 49.70 467.7 1.6 X 101~ 0.70 

Phosphorus 55.24 1388.2 1.1 • 1017 0.73 

when  #rain and ]~max are in cm2/Vsec and Cref is i n  
atoms/cm a. If the dr ive- in  profile is given by Eq. [1], 
then the profile under  the masked surface after oxida- 
tion can be represented by the equation 

Q 
C(=) - -  exp[--X2/4(B -~- DNt)] [5] 

A/n(B + DNt) 

Equation [5] can be applied directly to evaluate the 
diffusion coefficient, DN, under the masked surface 
which was computed by matching the corresponding 
measured junction depth to the calculated one. 
The diffusion coefficient, D, under the oxidized sur- 

face was also calculated by assuming Gaussian dis- 
tribution for simplicity 

Q 
C(=) -- exp[--X~/4(B + Dr)]  [6] 

where X is measured from the original  silicon surface. 
The coefficient, D, is separated into two terms; D -- 
DN + aDo. One is the diffusion coefficient in the 
nonoxidizing ambient,  DN. The other is the increment  
of diffusion coefficient due to oxidation, ADo. This 
Gaussian assumption is somewhat questionable since 
it neglects the impur i ty  redis t r ibut ion at the moving 
oxide-sil icon interface. 

In  the following, we will  verify this assumption 
under  the oxidized surface. Figure 2 shows impur i ty  
profiles for two typical segregation coefficients which 
were calculated by using the Kato and Nishi theoretical 
model (12). Though changes in  the segregation co- 
eificient alter the profile near  the silicon surface, they 
influence sheet resistivity while producing little effect 
on junct ion depth. The two cases can be considered 
as follows: in  one case k = 0.1, the oxide has a ten-  
dency to take up impuri ty,  in the other case, k ---- 10, 
the oxide has a tendency to reject impurity.  Therefore, 
the Gaussian profile which takes no account of the 
impur i ty  redis t r ibut ion is expected to be between 
the two curves as shown in  Fig. 2. For convenience, 
the difference between these two junct ion depths of 
k = 0.1 and k = 10 is defined as 6xi. The theoretical 
caiculation using the possible max imum diffusion co- 
efficient of 1.5 X 10 -9 cm2/hr proves that  the 6xj 
values fall inside the exper imental  error (0.02 micron) 
for large ini t ial  junct ion  depths of more than 1.1 
micron in this study. Since the diffusion coefficients 
obtained in this work are smaller  than  1.5 X 10 -9 
cm2/hr as shown in the later  section, the diffusion 
coefficients calculated by this simple Gaussian model 
are proved to be accurate wi thin  exper imenta l  ac- 
curacy. 

In  this connection, we check the errors in diffusion 
coefficients ascribed to the exper imental  measurement  
error of junc t ion  depth. For example, in  the case of 
D ---- 10 • 10 -10 cm2/hr and Q -- 1014 cm-2, the 
errors in  diffusion coefficient are evaluated as --+3.5, 
__.4.5, and -+7.0 X 10 -11 cm2/hr for 1.0, 2.5, and 4.5 
microns of junct ion depth, respectively, by using the 
simple Gaussian model and the 0.02 micron of mea-  
surement  error. The error-calculat ions for various Q 
values (Q = 10 ~ N 101~ cm-2)  give near ly  the same 
result. Therefore, the errors in  diffusion coefficients 
are estimated as less than 7% in this work. It should 
be noted that the diffusion coefficient thus obtained 
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Gaussian profile which takes no account of impurity redistribution 
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is an  effective va lue  near  the  junc t ion  depth  because 
the  changes in the segregat ion  coefficient as wel l  as 
diffusion coefficient near  the  sil icon surface have l i t t le  
influence on the junct ion depth. 

Dependence of impurity concentration.--Figure 3 
shows the re la t ionship  be tween  the diffusion coefficient 
and  to ta l  amount  of impuri t ies .  The ini t ia l  junct ion 
depths  for  these samples  a re  3.2 microns  and oxida t ion  
was car r ied  out  a t  l l00~ in the  wet  02 ambient .  
I t  can be seen f rom this figure tha t  the  diffusion 
coefficients do not  show concentra t ion dependence  
when  the to ta l  amount  of impur i t y  is les s than  3 • 10 ~5 
a toms /cm 2. A r e m a r k a b l e  fea ture  of the da ta  p re -  
sented here  is tha t  the  diffusion coefficients of boron 
and phosphorus  in a nonoxidiz ing ambien t  increase  
wi th  impur i t y  concentra t ion whi le  ADo decreases wi th  
i m p u r i t y  concentrat ion,  These resul ts  indicate  tha t  
boron and phosphorus  diffuse via  a dual  mechanism 
in oxidizing ambient .  

Dependence on junction depth.--Figure 4 shows the 
re la t ionship  be tween  ADo and ini t ia l  junct ion  depth  
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for  var ious  amounts  of boron atoms. I t  is c lear  tha t  
ADo depends on the dis tance f rom the si l icon surface. 
This app rox ima te ly  l inear  dependence  suggests tha t  
some mobile  species formed on the silicon surface 
dur ing  oxidat ion,  which  are  responsible  for  the en-  
hanced diffusion, must  pene t ra te  into the silicon bu lk  
crys ta l  and be cap tured  dur ing  migra t ion  into bu lk  
silicon. The diffusion length  of the species is es t imated  
at  about  25 microns f rom the ex t rapo la ted  l ine on 
the abscissa. If  the  amount  of impur i t y  is less than  
3 • 10 z~ a toms /cm 2, this value  is independen t  of 
k ind  of impur i ty .  F igure  5 shows the ADo vs. in i t ia l  
junct ion depth  for var ious  amounts  of phosphorus  
atoms. Depth  dependence  and diffusion length  of 
mobi le  species a re  s imi lar  to those of boron. 

Dependence on oxidation rate.--Figure 6 (a) and (b) 
show log plots of ADo as a function of the  t i m e - a v e r -  
aged oxide growth  ra te  for boron and phosphorus,  
respect ively.  S t ra igh t  lines have been d rawn  through 
the exper imen ta l  open circle points  which are  ob-  
ta ined in wet  Ar  ambient .  Al though the enhancement  
of the diffusion constant,  ADo, is be l ieved to be p ro -  
por t ional  to the ave raged  oxide g rowth  ra te  (6), 
Fig. 6 (a )  and (b) show. ADo a: (Xo/t)0.3. Note tha t  
ADo is the measured  t ime -ave raged  diffusion coefficient. 
Maset t i  (6) repor ted  that  phosphorus  diffusion co- 
efficient is s t rongly  influenced by  the na tu re  of the 
ambien t  and tha t  thei 'e is different  ambien t  dependence  
be tween  d ry  O2 and wet  O2. In  the  presen t  study,  
however ,  there  is no difference in ADo be tween  d ry  
O2 and wet  A r  at  the same oxide  g rowth  rate ,  as 
shown in Fig. 6(a)  and (b) by  the solid circles. I t  
was found tha t  the diffusion coefficients obta ined  f rom 
the profiles under  the masked  surface were  independent  
of the oxidat ion  rate.  

Dependence on oxidation temperature.--Figure 7 
shows the re la t ionship  be tween  the  oxida t ion  tem-  
pe ra tu re  and ADo for boron and phosphorus.  In this 
exper iment ,  the oxidat ion  t ime when  diffusion oc- 
cur red  s imul taneous ly  was chosen for each t empera -  
ture  to obta in  the s a m e  oxide thickness,  that  is, 0.8 
microns. The points  in Fig. 7 fol low qui te  accura te ly  
Arrhen ius  law wi th  ac t iva t ion  energy of 2.55 eV for 
both  impuri t ies .  The same act ivat ion energy  for boron 
and phosphorus  diffusion suggests tha t  these two 
impur i t ies  diffuse by  the same mechanism. About  the  
same act ivat ion energy  is also obta ined  f rom the 
exper iments  (14) on s tacking faul t  g rowth  which 
could resul t  f rom the flow of in te rs t i t i a l  silicon a toms 
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from the interface into the silicon bulk. For  comparison 
with these exper imental  data, the diffusion coefficients 
obtained by Fair  (15) and Antoniadis (7) under  
nonoxidized ambient  are also plotted in Fig. 7 by 
dotted lines. A remarkable  feature of the data pre-  
sented here is the muItifold increase in boron and 
phosphorus diffusion coefficient at lower temperature.  

Discussion 
Since the diffusion coe~cient  in the oxidizing am-  

bient  is shown by the sum of ADo and DN which have 
different activation energies, and different concentra-  
tion dependence, the oxidation associated diffusion is 
assumed to take place via a dual mechanism. One 
of them, DN, the diffusion coefficient in an inert  
atmosphere, is described by the vacancy mechanism 
as widely accepted. On the other hand, the oxidation 
enhanced diffusion term, ADo, can be considered to 
take place via an interst i t ialcy mechanism. 

Oxidation induced stacking fault  growth behaves 
almost the same as oxidation enhanced diffusion, as 
far as activation energy value (18) and orientat ion 
dependence (17) are concerned. These facts strongly 
support the idea that the two phenomena can be 
ascribed to a common origin. Moreover, the growth 
of stacking faults is due to an enhanced interst i t ial  
silicon concentrat ion in the vicinity of the oxide-silicon 
interface relat ive to the thermal  equi l ibr ium value as 
pointed out by Sanders and Dobson (19). 

Now, we propose a diffusion model to explain the 
depth dependence of the oxidation enhanced diffusion 
by analogy with the behavior of stacking fault growth, 
in which excess interst i t ial  silicon atoms generated 
at the silicon surface will be captured by vacancies 
dur ing migrat ion into bu lk  silicon. Following Hu (13), 
motion of the interst i t ial  silicon atoms will be de- 
scribed by the following equation 

0ci = Di Oci _ k C v ( C i  - -  Ci*) -- Rppt [7] 
at 0x2 

where Di is the diffusion coefficient of interst i t ial  
silicon atoms and Ci*, Cv, and Rppt are the thermal  
equi l ibr ium concentrat ion of interst i t ial  silicon, t h e  

concentrat ion of vacancy, and the rate of precipitation, 
respectively. Hence, kCv(Ci -- Ci*) shows the recom- 
binat ion rate of vacancy and interst i t ial  silicon. For 
an approximate solution, 0ci/at -- 0 is assumed be- 
cause of the extremely fast diffusion of silicon self- 
interstitials. 

Though excess interst i t ial  silicon atoms reduce the 
concentrat ion of vacancies near  Si/SiO2 interface by  
recombination, we make the assumption that  the n u m -  
ber of interst i t ial  silicon atoms generated at the in te r -  
face is very small compared to that of vacancy near  
surface~ Therefore, C v / C v *  near ly  equals uni ty  re-  
gardless of the distance from the silicon surface. (Cv* 
is the thermal  equi l ibr ium concentrat ion of vacancy 
in bulk.) 
For low impurity concentration, when R~)pt in Eq. 

[7] is negligible, the distribution of interstitial silicon 
is given by 

e l (x)  --" e l *  --~ [C](o) - -  C i* ]  exp(--X/LD) [8]  

where LD is the effective diffusion length of interst i t ial  
silicon atoms. Since the enhanced diffusion coefficient 
of impur i ty  is directly proport ional  to the concentra-  
tion of the interst i t ial  silicon, aDo also follows the 
exponent ia l  law 

ADo = K[Cico) -- Ci*] exp (--X/LD) [9] 

In the case of X < <  LD, the oxidation enhanced dif- 
fusion coefficient can be expanded into a simple form-  
ula which shows l inear depth dependence 

ADo = Ko[1 -- X / L D ]  [10] 

Thus, there is a good quali tat ive agreement  between 
theory and experimental  results shown in  Fig. 4 a n d  

Fig. 5. 
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Since this equation does not  have a concentrat ion 
term, oxidation enhanced diffusion should be concen- 
t ra t ion independent  in the case of low impur i ty  con- 
centration. This is justified in comparison with the 
results as shown in Fig. 3. On the other hand, for Q 
> 3 • 10 ~5 cm -2, the oxidation enhanced diffusion 
coefficients, ADo, decrease drastically. This behavior  
is qual i tat ively explained as follows. The vacancy 
concentrat ion in this case is proport ional  to the doped 
impur i ty  concentration. If the vacancy concentrat ion 
is high enough to reduce the concentrat ion of the 
excess inters t i t ia l  silicon to very low by recombinat ion 
of vacancy and interst i t ial  silicon atoms, there will  
be no oxidation enhanced diffusion, which coincides 
with the annihi la t ion  of oxidation induced stacking 
faul t  at high substrate impur i ty  concentrat ion (16). 

To obtain the model uti l ized in process simulation, 
we will derive t h e  relationship between an ins tan ta -  
neous diffusion coefficient ADo i and the measured time 
averaged diffusion coefficient ~Do, in the following way. 

We suppose that  ADo i is proportional to instantaneous 
oxidation rate, dXo/dt, with an exponent,  n, to be 
determined 

( dXo ~n 
ADo i = K \ - - - ~ /  [Ii] 

As expected, the oxide growth is observed to follow 
accurately the usual  parabolic law 

Xo '2 ---- Bt [12] 

where B is the parabolic rate constant. Therefore, 
the t ime averaged diffusion coefficient ADo can be 
derived by using Eq. [11] and [12] 

l~at KB ~X~ 2X dX 
ADo = -~ AD~ = ' Xo \ ' - ~ ' - 1  B 

= 2 - ~ \ - 2 - /  \ - 7 - /  [13] 

To be consistent with the exper imenta l  data in  Fig. 
6(a)  and (b),  one can choose n ---- 0.3. Then, Eq. [13] 
becomes 

ADo = 0.95K [14] 

By comparison with Eq. [11], one sees that  the pre-  
power value, K, in Eq. [11] is enhanced by a factor 
of 1.05 compared with that  of the t ime averaged dif- 
fusion coefficient, ~Do. 

In  the following, we discuss only ADo i instead of 
ADo and neglect the subscript, i, for simplicity. 

From the aforementioned results and Eq. [9], in  
the case of low impur i ty  concentration,  the following 
formula  is obtained describing 5Do as a funct ion 
of oxide growth rate ( =  dXo/dt), depth, and tem- 
pera ture  for wet  oxidation 

/ dXo \n 
ADo (x) ---- F ~ ~ )  exp ( - -X/LD) exp (--AE2/kT) 

[15] 

where F = 6.0 _+ 0.4 X 10 -2 cm2/hr for boron, and 
5.2 ___ 0.4 X 10 -2 cm2/hr for phosphorus, and ~E2 ---- 
2.07 _ 0.04 eV. The uncertaint ies  which affect the 
activation energy and F values come pr imar i ly  from 
the uncer ta in ty  associated with the junct ion depth 
measurements.  It should be noted that  act ivation 
energy in  the last te rm is a converted value at 1 
mic ron /h r  oxidation rate. The exponent,  n, and the 
diffusion length of interst i t ial  silicon, LD, decrease 
very  slightly with temperature ;  n = 0.33 at 1O00~ and 
n = 0.30 at ll00~ LD = 30 microns at 1000~ and 
LD ---- 25 microns at ll00~ Therefore, in case of 
re la t ively shallow diffusion, the tempera ture  depen-  
dence of these values is neglected. Consequently, the 
diffusion coefficient in  an oxidizing ambient  can be 
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described by the following formula at low impur i ty  
concentrat ion 

(dXo 
D = D o e x p  (--AEI/kT) + F. \ ~ - - 7  

exp ( - -X/LD)exp( - -AE2/kT)  [16] 

where Do exp(--AE1/kT) is the diffusion coefficient 
in an iner t  atmosphere. 

Finally,  to check the accuracy of our oxidation 
enhanced diffusion model, comparisons between com- 
puted and measured AXj and oxidation t ime have 
been made. Figure 8 shows the relationship between 
~Xj and oxidation time, together with the corre- 
sponding theoretical curves computed by using the 
Kato and Nishi model (12) and the diffusion coef- 
ficient values given in  Eq. [15]. The dashed line 
calculated by using the l inear  oxidation rate depen-  
dence of diffusion coefficient, however, does not follow 
the exper imental  points. On the other hand, the solid 
lines calculated by  using the present  model is in 
very good agreement  with exper imental  results. 

C o n c l u s i o n s  

The diffusion coefficient of chemically deposited 
boron and phosphorus in (100) silicon has been ob- 
tained exper imenta l ly  under  various oxidizing am-  
bients. The diffusion coefficients were calculated from 
the values of Xj and ps by using a simple Gaussian 
dis tr ibut ion after oxidation. From the exper imental  
results, the following behavior  of impur i ty  diffusion 
can be observed. 

1. The oxidation enhanced diffusion coefficient can 
be described by the following formula for low im- 
pur i ty  concentrat ion 

,.,1-,,oooo /  o on,,O0,/ / 
"i1- ' 1  .... 1 
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Fig. 8. Oxidation time vs. AXj. The solid curve is calculated by 

using the present model. 
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o 

kT \ - ~ /  

ex ,  ( - -  ~ ) 

The depth  dependence  of aDo is expla ined  by  assum- 
ing tha t  excess in te rs t i t i a l  sil icon a toms a re  cap tured  
by  vacancies dur ing  migra t ion  into bu lk  silicon. 

2. The oxida t ion  enhanced diffusion expressed by  
the above fo rmula  can be expla ined  by  a dual  mecha-  
nism, i.e., the  vacancy and in te rs t i t i a lcy  mechanism. 
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Retardation of Destructive Breakdown of 
SiO  Films Annealed in Ammonia Gas 

Takashi Ito, Hideki Arakawa, Takao Nozaki, and Hajime Ishikawa* 
Fujitsu Laboratories Limited, Semiconductor Devices Laboratory, Nakahara, Kawasaki, Japan 

ABSTRACT 

I t  has been found tha t  a r e m a r k a b l e  improvemen t  in dielectr ic  b reakdown  
character is t ics  of MOS s t ruc tures  can be achieved by  anneal ing  SiO2 films in 
purif ied NH3 gas at  900~176 even if sod ium-con tamina ted  A1 electrodes 
are  used. This effect is due to the surface n i t r ided  region of SiO2 which acts 
as a ba r r i e r  agains t  ion migrat ion.  

A thinner reproduc ib le  and re l iab le  gate  insula tor  
is needed for very  large  scale in tegra t ion  in me ta l -  
ox ide-semiconduc tor  s t ructures  (1). The prac t ica l  
problems faced in this are  ins tabi l i ty  due to hot  car -  
r ie r  t r app ing  (2) and nonuni formi ty  of b reakdown  
character is t ics  of such insula tors  (3). Oxide films 
th inner  than those now used wide ly  are  so f ragi le  
that  they must  be pro tec ted  from dest ruct ion th rough-  
out  the i r  product ion and use. SizN4 deposi ted on the r -  
ma l ly  grown SiO2 (4) and phosphorus -doped  oxide 
(5) were  s tudied as methods of protec t ion  against  
contaminat ion.  Fur ther ,  di rect  t he rma l  n i t r ida t ion  of 
Si was proposed as a method  for producing  uni form 
and dense gate insulators  (6). 

The b reakdown  character is t ics  of t he rma l ly  grown 
SiO2 on Si were  found to be m a r k e d l y  influenced by  
processing and mater ia l s  (7). SiO2 films grown under  
carefu l ly  contro l led  conditions, for which b reakdown  
phenomenon re la tes  to the na ture  of the mater ia l ,  a re  
des t royed  as cu r ren t  concentrates  into the r e l a t ive ly  
low e n e r g y - b a r r i e r  points  on the film. 

* Electrochemical Society Active Member. 
Key words: MOS, silicon nitride, current distribution equilib- 

rium, contamination barrier. 

This p a p e r  demonst ra tes  tha t  the b r eakdown  cha r -  
acterist ics of th in  SiO2 films are  g rea t ly  improved  by  
anneal ing  them in purif ied ammonia  gas. Impor tan t ly ,  
high field cur ren t  ins tab i l i ty  does not occur unt i l  the 
current  increases to about  two orders  g rea te r  than  
that  a l lowed wi th  convent ional  Si02 films. This effect 
is attributed to a surface region of nitrided SiO2 (8). 

Experimental MOS diodes were fabricated using 
boron-doped, p-type, 0.8-1.2 llcm, (I00) oriented sili- 
con wafers which were 2 in. in diameter. 

After cleaning, SiO2 films were thermally grown 
in wet oxygen ambient at a temperature of 1000~ 
The film thickness was from 500 to 700A. Relatively 
thick oxide films were chosen here because the onset 
of current instability comes sooner as the oxide be- 
comes thicker (9). The wafers were then annealed 
in fully purified ammonia gas at temperatures rang- 
ing from 900 ~ to 1200~ The annealing time was from 
1 to 5 hr. Aluminum electrodes with a thickness of 
5000A were evaporated from a tantalum boat. A 
tungsten boat was partly Used in an experiment in- 
volving intentional sodium contamination. A1 dot elec- 
trodes with diameters from i00 to 1200 ~m were pat- 
terned photolithographically. The A1 electrode was 
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t h i c k  enough to preclude so-called self-heal ing break-  104 
down and to allow the lowest b reakdown voltages to 
be measured. The back sides of the wafers were lapped 
and evaporated with 5000A thick a luminum films. The 
diodes were sintered in pure n i t rogen at  450~ for 15 
rain. 

The typical  b reakdown characteristics of both un -  
annealed  and  NH~ annealed  SiO2 films are shown in  
Fig. 1. The polari ty of the applied voltage was a 
negligible factor. The following exper iments  were i0-~ 
done by applying negat ive voltage to A1 dot elec- 
trodes; hole accumulat ion in  p- type Si. A convent ional  <~ 
MOS diode with an unannea led  700A thick SiO2 film 
and a dot electrode 400 ~m in diameter  showed fast 
t ransi t ion from an ini t ia l  high resistive state (a) 
to a conductive state (b) as soon as the m a x i m u m  
in te rna l  field exceeded the breakdown field. Curren t  o 
ins tabi l i ty  occurred at values below 50 ~A. The ~- 
breakdown was destructive. A 64 kf~ cu r ren t - l imi t -  o ~ 
ing resistor was used to take the photograph of the z~ IOZ 

~ g  

t ransit ion.  
The m a x i m u m  field s t rength was about  8.5 MV/cm. 

In  the case of a diode with an SiO2 film annealed in  
L~J 

NH3 at l l00~ for 2 hr this t ransi t ion was not  ob- 
served unt i l  the current  increased to a few hundred  
microamperes. This equi l ibr ium current  shown in  Fig. 
l ( c )  did not lead to any  destructive breakdown.  This 
photograph was taken without  using an externa l  
cur ren t - l imi t ing  resistor. Because of the film's nonde-  
structive characteristics, its b reakdown voltage in -  
creased a little. 

The relat ion of b reakdown current ,  i.e., the maxi-  
m u m  equi l ibr ium current  just  pr ior  to final break-  
down, on NH3 anneal ing  conditions is shown i n  Fig. 
2 and 3. Diodes measured were those with an SiO~ 
thickness of 500A and an A1 dot diameter  of 400 ~m. 
All  measurements  of b reakdown voltages were 
done on a curve tracer. Time-dependence  of break-  I 0  4 
down characteristics was not  measured. As the series 
resistance was less than  10~t and the ramp rate of 
the applied voltage was about  3 M V / c m - s e c ,  the 
ini t ial  and final b reakdown voltages were identical. 
The dis tr ibut ion of b reakdown current  through more 
than 50 diodes wi th in  a wafer  is also indicated in  
both figures. The unannea led  oxide film allowed an 
equi l ibr ium current  of only 20-30 ~A. The breakdown 
current  increased as the anneal ing  tempera ture  in -  IO s 
creased and  saturated at  about  103 ~A. This was 2 < 
times larger than  that  of the unannea led  film. Be- 
cause the breakdown current  was found to be near ly  _ 
proport ional  to the peripheral  length of the electrode '- 
and not to its area, cur rent  density, which is derived 
from average current  per un i t  area, was meaningless,  o 
Increases in the breakdown current  appeared clearly 
at temperatures  above about 900~ The breakdown 
current  gradual ly  increased over t ime unt i l  2 hr  
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Fig. 2. Breakdown current, defined as the maximum equilibrium 
current just prior to breakdown, vs. NH3 annealing temperature. 
Diameter of AI dots was 400 ~m. 
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Fig. 3. Breakdown current vs. NH3 annealing time 

Fig. I. Typical breakdown characteristics of a conventional 700A 
thick SiO2 film (a) and (b), and of an NH3 annealed film (c). 
Negative voltages were applied to 400 ~m diam AI dot electrodes. 

passed at 1000~ as shown in Fig. 3. Higher tempera-  
tures are expected to reduce the saturat ion time. It  is 
projected to be only 1 hr at 1200~ As shown in  Fig. 
1, breakdown voltage was also improved through NH3 
annealing.  Figure 4 shows the increase of b reakdown 
field along anneal ing  time at 1200~ The value of 
the NH3 annealed oxide film was 10% higher than  
that  of the unannea led  film. 
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Fig. 4. Maximum field strength of NH3 annealed SiO2 films 

Observation of the A1 dot electrode surfaces after 
oxide breakdown revealed par t ly  removed regions 
where mater ia l  had evaporated. Figure  6(a) shows 
the surface of a diode with an  NH3 annealed 8iO2 
film. Although there are some small  pits evident  on 
the plane surface,  it is clear that  the breakdown oc- 
curred main ly  at the electrode's periphery. This 
phenomenon was identical  with unannea led  and NHs 
annealed SiO2 films. This means that NH3 anneal ing 
brings about no change in the breakdown energy of 
SiO2 films because of almost the same areas of the 
removed regions. 

The present  exper imental  results may be explained 
by using the oxide breakdown mechanism model 
proposed by Ridley (10). This model is based on 
Fowler-Nordheim tunne l  inject ion of carriers from 
a cathodic protuberance,  f i lamentary joule heating, 
and activation of mobile ions which enhance the in -  
ject ion field. The current  flow just  prior to break-  
down, which is increased about 2 times after NH3 
annealing,  is dis tr ibuted near ly  uni formly  on the dot 
electrodes. This may be a result  of the uniform sur-  
face s t ructure  of NH~ annealed SiO2 films. Because lo- 
calized heat ing is avoided, high current  is allowable. 

The current  distr ibution just  prior to breakdown 
shown schematically in Fig. 5 (a) is for an MOS diode 
with conventional  SiOs. Current  concentrations occur 
at low energy-bar r i e r  points as demonstrated by 
DiStefano (11) with in terna l  photoemission scanning. 

c" 

L .  
k . .  

U 

t 

NH_~ annealed SiO2 (b) allows far  higher cur ren t  flow 
as a result  of greater un i formi ty  of its surface. 

To make this effect clear, A1 electrodes which were 
evaporated from a sodium-contaminated  W boat were 
used. The effect of NH~ anneal ing  was as remarkable  
as in  the case of contaminat ion-f ree  samples. The sur-  
faces of A1 electrodes after breakdown are shown in  
Fig. 6(b) and (c ) .  The results are far  different from 
those shown in (a).  The 8iO2 films in (b) and (c) are 
unannea led  and NHa annealed,  respectively. Many 
self-healing breakdown pits which will eventua l ly  
lead to final breakdown, can be recognized in  Fig. 
6 (b.) They are thought to be associated with the fluc- 
tuat ion of potent ial  on the 8iO2 surface which is 
caused by sodium-ion contamination.  After  NH3 an-  
nealing, these lower ene rgy-bar r i e r  points were re-  
moved. Current  flowed almost uni formly  on the A1 
electrode unt i l  it led to final breakdown. In  this 
case, final breakdown occurred a t  the weakest point, 
as shown in Fig. 6(c). The breakdown current  w a s  
a l i t t le lower than  that  for sodium-free samples. This 
notable occurrence in the sodium-contaminated  sam- 
ples is believed to be caused by the formation of a 
protective surface layer  on the 8iO2 film which acts as 
a barr ier  against  sodium contaminat ion or as a get ter-  
ing region for mobile ions. 

The NH3 annealed SiO2 was subjected to analysis 
by Auger electron spectroscopy. A ni t rogen peak was 
detected in the AES spectra of all SiO2 films annealed 
in  NH3 gas at tempera ture  above 900~ Fur the r  
chemical etching in hydrofluoric acid showed a n i -  
trided surface layer  on  the SiO2 (8). Argon sputter  
etching revealed the thickness of the ni t r ided layer  
to be a few tens of angstroms. 

Because of the existence of the ni t r ided layer, a 
nondestruct ive breakdown model might  possibly be 
applied to the explanat ion of the breakdown data for 
deposited Si3N4 films (12). The current-vol tage  char-  
acteristics of the N I ~  annealed 8iO2 were, however, 
due to the Fowler-Nordheim tunne l  model and not to 
the Poole-Frenkel  model. Therefore, that  model (12) 
cannot be used. 

A dis tr ibut ion histogram breakdown of voltages of 
the NH3 annealed SiO2 film was exception.ally sharp. 
Vromen (13) reported degradat ion of the breakdown 
field for SiO2 films annealed in  nitrogen. This is 
caused by defects generated on the interface between 
SiO2 and Si. Although some reaction between NH_~ 
and Si at the Si-SiO2 interfaces may be possible, the 
total uni formi ty  in the breakdown-vol tage  histogram 
indicates that none occurred, Nitr ided surface layers 
should prevent  nonuni form localized reaction. 

In summary,  it  has been found that a remarkable  
improvement  in the breakdown characteristics of 
MOS structures can be achieved by anneal ing  8iO2 
films in ful ly purified NH3 gas at 900~176 even if 
sodium-contaminated A1 electrodes are used. This 
effect is due to the surface ni t r ided region of SiO2 
which acts as a barr ier  against  contamination.  In te r -  
facial properties of MOS structures  with surface 
n i t r ided 8iO2 films wil l  be reported soon in  other  
articles. 
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Fig. 6. Surfaces of 1200 ~m diam AI dot electrodes. (a) Con- 
ventional and NH8 annealed SiO2 films; (b) sodium-contaminated 
and unanneafed SiO2 films; (c)sodium-contaminated and HN3 an- 
nealed SiO2 films at 1200~ for 5 hr. 
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Painted, Polycrystailine Thin Film Photoelectrodes 
for Photoelectrochemical Solar Cells 
Gary Hades,* David Cahen, Joost Manasseh, and Monica David 

The Weizmann Institute oi Science, Rehovot, Israel 

ABSTRACT 

A simple, versatile method for fabricating semiconductor layers for use 
as photoelectrodes in photoelectrochemical cells is described. This method, in 
which a slurry of the semiconductor is painted onto a substrate, is demon- 
strated particularly for Cd (and Zn) chalcogenides, but is shown to be ap- 
plicable to other materials  of photovoltaic interest, such as CuInS2. Also, the 
method allows for simple fabrication of layers of solid solutions, such as 
cadmium mixed chalcogenides. 

The future  of photovoltaic devices for terrestr ial  
use depends, to a large extent, on the abil i ty to pro- 

* Electrochemical Society Active Member. 
Key words: photoelectrochemistry, semiconductor layers, sin- 

tering. 

duce thin film semiconductor layers at a competitive 
price (1). Devices using a semiconductor / l iquid junc-  
tion (photoelectrochemical cell:. PEC) instead of a 
semiconductor/semiconductor  or a semiconductor /  
metal  one, are receiving a great deal of attention, 

Fig. 1. SEM pictures at two magnifications of a painted CdSe layer on Ti. ZnCI2 flux; after etching in 3% HNO3 in HCI 

Fig. 2. SEM pictures at two magnifications of a painted CdSeo.osTeo.35 on Ti. CdCI2 flux; after etching in 3% HNO3 in HCI. Starting ma- 
terial prepared by presintering CdSe and CdTe with CdCI2. 
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inter alia because here conversion efficiency suffers less 
when  the semiconductor single crystal is replaced by 
a polycrystal l ine layer  (2). 

We report  here on a new simple method for prepara-  
t ion of th in  film, polycrystal l ine semiconductor layers 
on a conducting substrate. Such layers are suitable 
for use as photoelectrodes in a PEC. The method is re-  
lated to silk screen pr in t ing  but  is considerably less 
complicated for laboratory use. 

Many of the uses of th in  film polycr~stal l ine semi- 
conductors in  solid-state photovoltaics have been 
l imited to the use of a single crystal substrate,  onto 
which the polycrystal l ine layer is applied (often by  
vacuilm evaporation) to form the active junct ion  (3). 
Some notable exceptions, using si lk-screen print ing,  
are the preparat ion of CdS-Cu~S cells (4) and the 
fabricat ion of CdS/CdTe solar cells (5). In the lat ter  
case 8% conversion efficiency was achieved~ while in 
the former case the cell had too high a series re.sistance 
to be able to compete with the various other methods 
of fabricat ing th in  film CdS-Cu.~S cells [see (6) for a 
review of other methods].  

Previously we reported on electroplating techniques 
for the preparat ion of th in  film photoelectrodes, such 
as CdSe (2, 7). The present  method yields photoelec- 
trodes with similar conversion efficiencies, and has the 
advantage of greater  versat i l i ty  and can be adopted 
for, and applied to, preparat ion of layers of a wide 
range of materials.  

Photoelectrodes with conversion efficiencies com- 
parable  to those of electroplated ones (in the case of 
CdSe) can be prepared in the following general  way: 
a powder of the mater ia l  of choice is used as such, or 
prepared by cosintering its components, in  an inert  
atmosphere. This powder is mixed with a suitable 
fluxing mater ia l  (e.g., ZnC12), and dispersed in l iquid 
to obtain a slurry. The s lur ry  is painted on a conduct- 
ing substrate and dried. Subsequent ly  it is annealed at 
elevated tempera ture  and, after cooling a wel l -adher-  
ing polycrystal l ine layer  is obtained. 

Table I gives some examples of b inary  and te rnary  
chalcogenide photoelectrodes prepared in  this manner .  
Prepara t ive  conditions have been optimized for Cd- 
chalcogenides only. It should be noted, however, that  
even wi thout  at tempts to adjust  conditions the method 
yields photoactive layers of such other materials  as 
CuInS2, GaAs, and MoS2. 

All  electrodes are given a s tandard etch of 10 sec 
in 3% 14NO~ in  HC1 at room temperature.  Some elec- 
trodes are given an addit ional  "ion t reatment"  which 
results in  an increase of open-circui t  voltage of the 
electrodes. For the ZnCle t reatment ,  the electrode is 
immersed in a 1M aqueous solution of ZnCle (or any 
soluble Zn salt) then rinsed very l ightly with water, 
and dried. For the KeCrO~ treatment ,  a similar  dipping 
in  an aqueous KeCrO~ solution is carried out, bu t  
r insing is not  necessary. 

An  impor tant  advantage of this paint ing method is 
the case with which the composition of the semiconduc- 
tor can be varied in a controlled way. An example of 
this versat i l i ty  is the solid solution system, Cd (Se, Te),  
prepara t ion  of which is described later. This enabled 
us to study the effect of changes in alloy composition 
on conversion efficiency and output  stability. 

Figures 1 and 2 show SEM pictures of electrodes 
prepared using commercially available CdSe (Fig. 1) 
and using a cosintered mixture  of CdSe and CdTe 
(65:35 atomic percent;  Fig. 2). From these pictures we 
see that  the average final particle size is larger  in  the 
mix ture  as a result  of the anneal ing  cosintering step. 

Although all entries in  Table I refer to layers on Ti 
substrates it is possible to use other substrate materials  
as well, notably  Cr or Mo. 

The fluxing agent has a dual  role in formation of the 
layers. Pr imari ly ,  by dissolving the outer layers of the 
semiconductor grains, and subsequent ly  vaporizing 
off, it binds the grains together and thus imparts  
s t ructural  coherence to the layer. It  also promotes re-  
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crystall ization and growth of larger grains. In  addi-  
tion, it can act as a dopant  for the semiconductor. The 
halide component  of most fluxes can act as an n - type  
dopant  for most of the I I -VI  semiconductors. An even 
greater  degree of n - type  doping occurs if a group III  
halide is used instead of, or together with, another  
flux (see, e.g., CdTe in Table I prepared with, and 
without, an InCls-containing flux). 

For the preparat ion of the mixed semiconductor 
layers, the desired solid solution is prepared by heat ing 
the individual  components in powder form together 
with a flux, which is usual ly CdCl2. For example, to 
prepare CdSe0.6~Te0.3~, CdSe and CdTe (in a molar  
ratio of 6.5/3.5) are mixed with ~25% (w/w)  CdCl2, 
and sintered in  argon at 650~176 for 40 rain. X - r a y  
diffraction shows the powders have the expected com- 
positions (assuming the val idi ty  of Vegard's law for 
the lattice dimensions) .  The product is ground up, 
washed with water  (to remove any excess CdC12), and 
used to prepare  a layer  as described above. In  this 
case, the flux serves main ly  to facilitate formation of a 
t rue solid solution, in this respect, it is not absolutely 
essential, because a solid solution could be prepared 
also by s inter ing a pressed pellet of the components 
without  flux (9). The flux method, however, is gen- 
eral ly the more convenient  one. 

The l iquid to be used for prepar ing the s lurry  has to 
wet the powder thoroughly (thus, if water  is used, 
some detergent  is added),  and enable the preparat ion 
of a smooth s lur ry  for equal dis t r ibut ion of the powder 
over the substrate. Also its boil ing point  should not be 
so low that excessive evaporation occurs dur ing drying. 
With these conditions in mind we do not find the 
na ture  of the liquid to be critical, and water  suffices 
in most cases. 

As in the case of electroplated layers, the anneal ing  
process determines the final (photo-) electrical prop- 
erties of the layer, and the exact conditions for it, 
as well as the optimal fluxing agent  will depend on 
the mater ial  used. As shown here, though, once such 
conditions are determined they can be applied, with 
minor  changes only, to a series of similar materials.  

Finally,  we comment  on the performance of painted 
photoelectrodes. Table I shows that their  efficiencies 
are comparable to those of electroplated thin layer  
photoelectrodes (10). Output  stability, too, is compar-  
able, and >10,000 C/cm 2 at ,,~35 mA/cm 2 can be passed 
through CdSe or CdSe0.65Te0.z5 electrodes with less 
than 10% decrease in output. CdSe electrodes of 4 cm 2 
area with 3% conversion efficiency can be prepared 
rout inely  by this method. 

Acknowledgment 
Part ial  support  of the U.S.-Israel Binat ional  Science 

Foundation,  Jerusalem, Israel, is grateful ly acknowl-  
edged. 

Manuscript  submit ted March 21, 1980; revised m a n u -  
script received May 8, 1980. 

A ny  discussion of this paper  will  appear in  a 
Discussion Section to be published in the June  1981 
JOURNAL. All  discussions for the June  1981 Discussion 
SectiOn should be submit ted by Feb. 1, 1981. 

Publication costs of this article were assisted by 
The Weizmann Institute of Science. 

REFERENCES 
1. R. M. Moore, Solar Energy, 18, 225 (1976). 
2. "Semiconductor-Liquid Junc t ion  Solar Cells," A 

Heller, Editor, The Electrochemical Society Soft- 
bound Proceedings Series, Princeton,  N.J. (1977). 

3. See, for example, F. Buch, A. L. Fahrenbruch,  and 
R. H. Bube, J. Appl. Phys., 48, 1596 (1977). 

4. S. Vojdoni, A. Sharifnai,  and M. Doroudian, Elec- 
tron. Lett., 9, 128 (1973). 

5. S. Ikegami and T. Yamashita, J. Electron. Mater., 
8, 705 (1979), Nat. Techn. Report (Jpn.) 24, 361 
(1978). 

6. A. G. Stanley, Appl. Solid State Sci., 5, 251 (1975). 
7. J. Manassen, G. Hodes, and D. Cahen, U.S. Pat. 

4,064,326 (1977). 
8. Y. T. Sihvonen, S. G. Parker,  and D. R. Boyd, This 

Journal, 114, 96 (1967). 
9. R. N. Noufi, P. A. Kohl, and A. J. Bard, ibid., 125, 

375 (1978). 
10. D. Cahen, G. Hodes, and J. Manassen, ibid., 125, 

1623 (1978). 

A Model of SIPOS Deposition Based 
on Infrared Spectroscopic Analysis 

W. R. Knolle* and H. R. Maxwell, Jr.* 
BeZl Laboratories, Reading, Pennsylvania 19604 

ABSTRACT 

SIPOS deposited rapidly at atmospheric pressure (AP) is different f rom 
SIPOS deposited more slowly at low pressure (LP).  The t ransmission in-  
frared spectra of the AP and LP SIPOS films can be different for the same 
oxygen content. We in terpre t  our infrared data for AP SIPOS in  terms of a 
statistical model for the bonding of silicon and oxygen that predicts less than 
1% SiO2 character [Si(O4) tetrahedra]  for the AP SIPOS. The LP SIPOS 
films have more SiO2 character than the AP SIPOS. We believe this arises 
from the slower deposition rate for LP SIPOS where oxygen can preferen-  
t ial ly bond to an al ready oxygen-bonded Si. Stress measurements  and reac- 
t ivi ty to HF for LP SIPOS films correlate with the infrared data and are con- 
sistent with our  in terpre ta t ion  of the inf rared data. 

SIPOS (semi- insula t ing polycrystal l ine silicon) is 
an oxygen-doped silicon film that can be used as 
par t  of a passivation scheme on high voltage semi- 
conductor devices (1). The SIPOS is deposited by 
the reactive decomposition of silane (SiH~) and nitrous 

�9 Electrochemical Society Active Member. 
Key words: semiconductor~ passivatlon, thin films, 

oxide (N~O) either at atmospheric pressure (AP) 
or at a lower pressure (LP).  The oxygen content of 
the film can be controlled by the ratio of the N20 
to SiH~ gas flows in the deposition reactor (1). 

We have used transmission infrared spectroscopy 
to investigate the SIPOS films deposited at AP and 
LP. The differences between the infrared spectra 
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are explained in terms of s i l icon-oxygen bonding 
differences be tween  the two films. A statistical model  
of film deposition we bel ieve explains the AP deposi- 
t ion whi le  the LP SIPOS has more SiO2 character  
than would  be predicted by this model. The physical 
propert ies  of the SIPOS not only depend on oxygen 
content  but  rate  of deposition as well. 

We describe the deposition of the AP and LP SIPOS 
and present  the infrared spectra and our analysis 
of these data. Stress measurements  and react iv i ty  of 
the SIPOS to conc HF corroborate  our in terpre ta t ion 
of the infrared data. The SIPOS films that  we bel ieve 
have some SiO2 character  are in compression (SiO2 
is in compression on St) and react wi th  conc HF 
(SiO2 etches rapidly  in HF) .  Final ly  we describe 
how this physical  difference between the films might  
arise. 

It  should be noted that  the results repor ted  here  
apply to as-deposi ted SIPOS films that  have received 
no postdeposition anneal. Annealed SIPOS films have  
quite different physical propert ies  f rom the as-depos- 
ited films (2). 

Experimental Details 
SIPOS deposition.--AP SIPOS films were deposited 

on 2 in. diam Si wafers  in a radiant ly  heated cold 
wal l  reactor  a t  650~ The wafers were  laid fiat on 
a susceptor in the reactor  and SIPOS was deposited 
on one side of the wafer.  For oxygen  determinat ion  
by the gravimetr ic  technique (3) SIPOS should be 
on both sides of the s i l icon-ni t r ide-covered wafer.  
Therefore,  two consecutive runs were  made with the 
same N20 to Sill4 ratio. Five different ratios were  
used to obtain SIPOS films wi th  oxygen contents 
be tween  18 and 37 atomic percent  (a /o)  oxygen. The 
data for these runs are presented in Table I. The 
thickness of the SIPOS film was de termined  by angle 
lapping the wafer  and counting the in ter ference  fringes 
under  sodium l ight  (~ : 5890A) (4). The average 
thickness and average deposition rate  are presented 
for the two depositions at each oxygen content. As can 
be seen in Table I the deposition rate depends in- 
verse ly  on the oxygen content  of the film (1). 

The LP SIPOS films were  deposited in a hot wall  
reactor  at 644~ The Si wafers were  loaded on a 
boat and held ver t ica l ly  in the furnace, perpendicular  
to the gas s t ream so that  deposition occurred on both 
sides of the wafer.  The SIPOS was deposited over  
a range of conditions in order  to va ry  the deposition 
rate and oxygen content  of the LP SIPOS. Deposition 
rates ranged f rom 143 to 23 A/min.  For  example,  a 
37 a/o O LP SIPOS film was deposited at 0.16 Torr  
at a deposition rate  of 29 A/rain.  Another  LP SIPOS 
film with  22.7 a /o  O was deposited at 0.35 Torr  at 
a deposition rate  of 63 A/min .  The N20/SiH4 ratio 
was grea ter  for the higher  oxygen content  LP  SIPOS 
film. Detai led analysis of these LP SIPOS films de- 
posited under  various conditions will  be presented 
in a for thcoming paper (5). 

Infrared measurements .~The transmission infrared 
spectra were  recorded on a Pe rk in -E lmer  Model 621 
Grat ing Inf rared  Spectrophotometer .  An Si substrate 
wi thout  any SIPOS was placed in the reference beam 
to el iminate  in terference f rom the substrate in the 
sample beam. A wafer  adjacent  to the s i l icon-ni t r ide-  
covered wafer  was used for the infrared measure-  

merit. The absorbance, A, of an infrared peak was 
measured by the base line technique (6) and the 
area of an absorption was approximated  by A �9 W 
where  W is the full  width  at half  of the m ax imum 
absorbance (7). The transmission infrared technique 
is not as sensitive to the condition of the SIPOS sur-  
face as are other  techniques that  have been used to 
invest igate  SIPOS (8, 9) and so the infrared spectra 
should be representa t ive  of the bulk of the as-de-  
posited SIPOS films. There was no physical or chem- 
ical t rea tment  of the SIPOS film prior to recording 
the infrared spectrum. 

St~.ess and HF reactivity.--The stress oL the SIPOS 
film was measured with an optically levered laser 
technique (10). The difference be tween  the radius 
of curva ture  of the Si wafer  measured before and 
af ter  deposition can be related to the stress in the 
deposited SIPOS film. The precision of the stress 
measurement  is _+1 X 109 dynes /cm 2. 

SIPOS films can be etched in a solution of buffered 
HF and hydrogen peroxide (1). The peroxide pre-  
sumably oxidizes the SIPOS film and the buffered 
HF etches the newly formed oxide. HF is not be-  
l ieved to etch suboxides of St, so as an indication 
of SiO2 content, the react iv i ty  of the SIPOS film to 
conc HF was measured by immers ing the wafer  in 
HF and noting the t ime when  a reaction began. 
Times up to 15 nlin in HF were measured.  

Results 
Table II lists the infrared results for the AP SIPOS 

films. The oxygen content  x of a SIPOS film SiOz 
is listed in column 1. The average of the infrared 
data for the two runs at each N20 to Sill4 ratio is 
listed. Since the absorbance of a peak is proport ional  
to the thickness and oxygen content of the SIPOS 
the infrared absorbances in Table II have been divided 
by the SIPOS thickness. Figure  1 shows the infrared 
spectra of the x ---- 0.33 (25 a/o O) and x ---- 0.58 (37 
a/o O) AP SIPOS films. There  are two infrared peaks 
in this range: a strong absorption at 1025 cm -1 be- 
l ieved due to an St-O-St  s tretching vibrat ion and a 
weak absorption at 865 cm -1. For  the AP SIPOS 
films the strong and weak absorptions increase in 
intensi ty wi th  increasing oxygen content. Fu r the r -  
more, as is apparent  f rom column 4 of Table II as 
well  as Fig. 1, the width  of the strong absorption 
increases with increasing oxygen content. Also, the 
strong absorption remains at 1025 cm -1 _ 5 cm -1 
over  the range of oxygen contents investigated. 

Figure  2 shows the infrared spectra of AP and LP 
SIPOS with  the same oxygen content. The LP SIPOS 
was deposited at 0.16 Torr  with a deposition rate of 
29 A / m i n  whi]e the AP SIPOS was deposited at a 
rate of 370 A/rain.  For  the infrared spectrum of LP 
SIPOS the same two peaks appear, however ,  the 
strong absorption shifts to higher  f requency  with 
increasing oxygen content while  the 865 cm-*  peak 
actual ly decreases in intensity. Plot ted in Fig. 3 is 
the ratio of the 865 cm-1 peak intensi ty to the strong 
absorption intensi ty as a function of oxygen  content  
for the AP and LP SIPOS films. For the AP SIPOS 
the ratio increases monotonical ly while for the LP 
SIPOS the ratio rises to a m a x i m u m  at about 25 a /o  
O (x = 0.33) and then decreases. 

Table I. AP SIPOS deposition data 

Depo- D e p o -  
O x y g e n  c o n t e n t  s i t i o n  N20 T h i c k -  s i t i o n  

t i m e  n e s s  r a t e  
a/o O x ( r a i n )  SiH~ ( ~ m )  ( A / m i n )  

Table II. Infrared data for AP SIPOS films 

A b s o r b a n c e  + 
thickness  

O x y g e n  W i d t h  A W  + 
content  1025 c m  -1 865 c m  -1 1025 c m  -1 A (865) + thickness  

:c ( ~ m  - i )  ( ~ m  -1) ( c m  - i )  A (1025) ( ~ m  - i  c m  -1) 

19 0.23 8 0.4 0.41 510 
25 0.33 9 0.6 0.45 500 
~q 0.41 10 1.0 0.46 460 
35 0.54 10 1.7 0.34 340 
37 0.58 10 2.0 0.37 370 

0.23 0.359 0.011 149 0.031 54 
0.33 0.395 0.022 155 0.056 61 
0.41 0.495 0.038 161 0.ff77 80 
0.54 0.616 0.064 159 0.10 98 
0.58 0.614 0.069 166 0.11 102 
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Fig. 3. Ratio of the 865 cm - z  peak ta the strong absorption 
intensity as a function of oxygen content, The ratio increases for 
AP SIPOS while it increases and then decreases for LP SIPOS. 

Figure  4 summarizes  the infrared,  stress, and HF 
react iv i ty  data for various LP SIPOS films. In Fig. 4 
a P beside a point means the SIPOS film lasted at 
least 15 min in HF without  showing any physical 
react ion to the HF. An F means the film l if ted off 
the substrate or that  l i f t ing of the film had begun 
within 15 rain. The ordinate  in Fig. 4 is the measured 
stress in units of 109 dynes /cm 2 wi th  the convention 
that  posit ive stress is tensile and negat ive stress is 
compressive. The abscissa is the infrared peak posi- 
tion in cm -z for the strong absorption. Since the 
strong absorption + remains at 1025 cm-Z for the AP 
SIPOS we did not  plot the data for the AP SIPOS 
films. These films were  all in tension and did not 
lift  off in HF. 

The data in the upper le f t -hand quadrant  of Fig. 4 
are ei ther  for low oxygen content  (less than 30 a /o  O) 
or rapidly deposited (greater  than 45 A / m i n i  LP 
SIPOS or both. These films are all in tension and 
do not react  to HF. The four  data points in the lower  
r igh t -hand  quadrant  are for higher  oxygen content 
LP  SIPOS or LP  SIPOS films deposited at a s lower 
rate  or  both. These films are  in compression and react  
to HF in less than 15 min. 

D i s c u s s i o n  
Statistical model Jar AP SIPOS.--Philipp (11) con- 

cluded f rom an analysis of optical data that  SiOx 
films with 1 ~ x ~ 2 have a s t ructure  made up of a 
statistical distr ibution of Si te t rahedra  of the type 
Si(Si+O~-+j). We have calculated these statistical dis- 
tributions for the five different oxygen content  AP  
SIPOS films that  were  deposited. The results are 
presented in Table IIL Briefly, the table is generated 
in the fol lowing way. For a SIPOS film deposited with  
SiO stoichiometry, the probabil i ty  of an O atom bond-  
ing to an Si atom in the film is 0.5. And so, for SiO+ 
stoichiometry, the probabil i ty  of an O atom bonding 
to an Si atom is 0.5x. When an O atom does not bond 
to an Si atom, it is assumed that  an Si atom does. The 
probabil i ty  of an Si atom bonding to an Si atom for 
SiOx s toichiometry is just  1-0.5x. The probabi l i ty  of 
obtaining an Si(SiO~) te t rahedron is 4(1-0.5x) (0.5x) 
(0.Sx) (0.5x) for an SIPOS stoichiometry of SiOx. 
The 4 arises because there  are 4 possible ways of 
arranging the atoms about the central  Si a tom in 
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Table III. Probability of an Si tetrahedral structure for various oxygen content SIPOS films 

2 2 5 7  

SIPOS 
Silicon 

tetrahedra SiOo.~ SiOo.~ SiOo.~ Si0o.54 SiOo.~ 

St(04) 0.000 (o.o00) 0.001 (0.001) 0.002 (0.003) 0.005 (0.007) 0 .~7 (0.009) 
Si($i03) 0.005 (0.014) 0.015 (0.029) 0.027 (0.046) 0.058 (0.080) 0.069 (0.093) 
Si(Si~O~) 0.063 (0.161) 0.114 (0.222) 0.159 (0.265) 0.2~3 (0.326) 0.255 (0.341) 
Si(SiBO) 0.319 (0.825) 0.384 (0.748) 0.412 (0.686) 0.420 (0.567) 0.415 (0.557) 
Si(SiD 0.613 ~ 0.486 ~ 0.400 ~ 0.284 ~ 0.254 

The numbers in parentheses are the renormalized probabilities excluding the Sl(Si~) tetrahedron. 

the  S IPOS film. The probabi l i t ies  for  the  o ther  t e t r a -  
hedra  are  ca lcula ted  in a s imi lar  way. The numbers  
in parentheses  in Table  I i I  a re  the  renormat ized  p rob-  
abi l i t ies  of the S i /O  t e t r ahed ra  excluding  Si(Si4) 
since i t  does not  cont r ibute  to the  in f ra red  absorpt ion.  
Note tha t  the  sum of each column in Table 1II is 1.0, 
t h a t  is, al l  of the Si a toms are  bonded t e t r ah e d ra l l y  
to e i ther  Si  or O. 

To exp la in  the in f ra red  resul ts  for  the AP SIPOS 
films we consider  the probabi l i t i es  of the  var ious  Si 
t e t r ahed ra  l i s ted  in  Table  III. At  h igher  oxygen con- 
tent  there  is less l ike l ihood for S i (S iD  t e t r ahed ra  
and there  wi l l  be more  of the four  different  S i /O 
te t rahedra .  For  example ,  SiOo.2~ should have a S i -O -S i  
s t re tch ing  v ibra t ion  p r i m a r i l y  defined by  the S i (S i30)  
t e t r ahed ra  (82.5% of the possible S i / O  t e t r ahe d ra ) .  
For  SiO0.ss, the  S i (S i30)  t e t r ahedra  c o n t r i b u t e  only 
55.7% of the possible S i /O t e t r ahed ra  whi le  Si(Si202) 
and Si(SiO3) now make  subs tant ia l  contr ibutions.  
Therefore  the S i -O-S i  s t re tching v ibra t ion  for SiO0.ss 
ar ises  f rom a less wel l -def ined  state and the in f ra red  
absorpt ion  at  1025 cm-~  should be broader .  This 
b roaden ing  of the  in f ra red  absorpt ion  wi th  increasing 
oxygen  content  is observed for the AP SIPOS. 

The amount  of Si(O4) te t rahedra ,  tha t  is, SIO2, 
ca lcula ted  for any  of the SIPOS films is small ,  being 
less than  1% for the h ighest  oxygen content  AP SIPOS 
film invest igated.  If  we assume t h a t  only  the SiO2 
component  wi l l  shif t  the s trong absorpt ion  to h igher  
f requency  then no shif t  for  these films would  be 
expected  and in fact  no shif t  for  the A P  SIPOS 
is observed.  

Addition oi SiOz to SIPOS.--We do not  bel ieve  tha t  
the  in f ra red  resul ts  for the LP SIPOS films can be 
expla ined  by  the s ta t is t ical  model  since the s ta t is t ical  
model  predic ts  ve ry  l i t t le  SiO2 component  in the 
SIPOS films. With  ve ry  l i t t le  SiO2 component  (less 
than  1%) then  no shif t  in the peak  posi t ion of the  
s t rong in f ra red  absorpt ion  would be expected.  How-  
ever,  the  shif t  to h igher  f requency  wi th  grea te r  oxy-  
gen content  of the  s t rong absorpt ion  in the in f ra red  
spec t rum of LP  SIPOS can be s imula ted  by  adding 
the measured  in f ra red  spec t rum of a 900~ the rma l ly  
g rown SiO2 film to the  in f ra red  spec t rum of an SIPOS 
film. F igure  5 shows the resul ts  for the  addi t ion  of 
smal l  amounts  of the SiO2 in f ra red  spec t rum to the 
measu red  in f ra red  spec t rum of a 22.7 a /o  O (x = 
0.294) L P  SIPOS film. The SIPOS and SiO2 spect ra  
were  digi t ized and added  as aSiO2 + bSiO0.294 wi th  
a + b --  1. F r o m  Fig. 5 i t  can be seen tha t  the  in f ra red  
absorpt ion  occurs at  1025 cm -~ for this LP  SIPOS 
film. F u r t h e r m o r e  this film did not  l if t  off in conc H F  
a n d  therefore  p r e sumab ly  this L P  SIPOS f i lm  had 
ve ry  l i t t le  SiO2 character .  F igure  6 is a plot  of the  
ca lcula ted  shif t  of the s t rong absorpt ion as a funct ion 
of percent  SiO2 added.  The top abscissa of Fig. 6 
shows the s to ichiometry  of the  film resul t ing  f rom 
the addi t ion of SiO2 and SiO0.294. No difference in 
the  posi t ion of the s trong absorpt ion  could be m e a -  
sured  for less than  about  4% SiO2 character .  The shift  
to h igher  f requency of the S i -O-S i  absorpt ion  wi th  
increas ing oxygen content  had been repor ted  for films 
wi th  s to ichiometry  be tween  SiO and SiO2 (12). 

We bel ieve  i t  is the difference in the  amount  o f  
SiO2 tha t  accounts for  the  difference in the  measured  
in f ra red  spect ra  of SIPOS films shown in Fig. 2. Two 
SIPOS films wi th  the  same oxygen content  bu t  dif-  
fe rent  ca lcula ted  in f ra red  spect ra  can be genera ted  
by  the addi t ion  of different  amounts  of SiO2 to d i f -  
fe rent  in i t ia l  SIPOS films. Fo r  example ,  if 6% of the  
SiO2 s t rong absorpt ion  is added  to 59.2% of the  
SIO0.294 LP SIPOS (22.7 a /o  O) s t rong absorpt ion  
then  an  in f ra red  spec t rum is genera ted  for an SIPOS 
film wi th  a s to ichiometry  of SiOo.45 (31 a /o  O).  This 
film has 9.2% SiO2 charac te r  and a ca lcula ted  s t rong 
absorpt ion  in the in f ra red  at  1050 cm -1. The same 
31 a /o  O film can be  obta ined  b y  adding  2% of the 
SiO2 absorpt ion  to 98% of the  s t rong absorpt ion  of 
a n '  AP  SIPOS film wi th  s to ichiometry  of SiO0.4z4 
(29.3 a /o  O). For  this AP SIPOS film the s t rong in-  
f r a red  absorpt ion  occurred at  1025 cm -z  and the film 
did not  l i f t  off in conc HF and so should have had  
l i t t le  SiO2 character .  The resul t ing  film is ca lcula ted  
to have a s t rong in f ra red  peak  at  1030 cm -z.  In 
Fig. 2 the  measured  s t rong absorpt ion  occurs at  1050 
cm -1 for t h e  LP  SIPOS film which is a shif t  of 25 
cm-1  in the posi t ion of the s t rong absorption.  In  Fig. 6 
we would  conclude f rom the in f ra red  shif t  tha t  the  
LP  SIPOS film has about  10% SiO2 charac te r  whereas  
the random bonding model  (see Table  I I I )  predic ts  
less than  1% SiO2 charac te r  [Si (SiOD te t r ahedra ] .  

We bel ieve the da ta  summar ized  in Fig. 4 a re  con- 
sistent  wi th  more SiO2 charac te r  in LP  SIPOS films 
tha t  have the s trong in f ra red  absorpt ion  shif ted to 
h igher  frequency.  In Fig. 4, the  LP  SIPOS films tha t  
reac ted  to H F  and were  in compression had  the s t rong 
inf ra red  absorpt ion  at  h igher  frequency.  If  this shif t  
is due to more  S i Q  then the reac t iv i ty  of these films 
to conc HF is unde r s t andab le  since HF etches SiO2 
rap id ly  whereas  it is be l ieved  not  to a t tack  suboxides  
rapidly .  F u r t h e r m o r e  SiO2 on Si is in compression.  
The SIPOS films with the h igher  f requency  in f ra red  
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Fig. 5. Synthesized SIPOS spectra from the addition of the Si02 
infrared absorption to the strong infrared absorption of an LP 
SIPOS film, Si0o.294 (22.7 a/o 0). ~ ,  no addition of Si02; FJ, 
5.2% Si02; Q ,  10.4% Si02. 
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absorption and presumably  more SiO2 character are 
in  compression ra ther  than tension. 

Deposition rate.--During the deposition of SIPOS 
we would expect the Si-O bond in SIPOS to be 
polarized, that is, have some ionic character repre-  
sented as Si~+-O a-, where 68- represents a small 
amount  of positive charge on the Si atom due to 
the greater  electronegativi ty of the oxygen atom. 
Another  incoming oxygen atom would be attracted 
preferent ia l ly  to the Si ~+ rather  than to an Si atom 
that  is not bonded to anyth ing  but  other Si atoms. 
In  the case of Si bonded to other Si atoms, there is 
no reason to suppose that the Si-Si bond is polarized 
and therefore the oxygen atom would not be prefer-  
ent ial ly at tracted to it. For the low oxygen content  
AP SIPOS films, the growth rate is so rapid that 
there is evidently not enough time for the O atom 
from N~O to seek out the Si ~+ atom that already is 
bonded to an O atom. And so, the random bonding 
model governs the deposition of rapidly deposited 
AP SIPOS. For example, a SIPOS deposition rate of 
410 A/ ra in  (typical for the AP SIPOS) corresponds 
to a deposition rate of 2.5 monolayers/sec taking the 
densi ty of SIPOS to be the same as Si. In  contrast, 
a deposition rate of 27 A/znin (typical for higher 
oxygen content  LP SIPOS) corresponds to only one 
monolayer  deposited every 6 sec. Therefore these 
films have more SiOo character than would be pre-  
dicted by the statistical model. This SiO2 character 
is evident  in the infrared spectrum as well as the 
film stress and reactivity toward HF. 

Model of SIPOS.--For the rapidly deposited AP 
SIPOS the statistical or random bonding model pre-  
dicts a large fraction of Si(Si4) tetrahedra--0.613 for 
SiO0.23 to 0.254 for SiO0.ss (see Table III) .  Within  
this network of amorphous Si 13 are the remaining  
Si /O tetrahedra with less than 1% Si(O4), that is, 
SiO2. For the more slowly deposited LP SIPOS we 

believe there is more SiO2 character, that  is, more 
Si(O4) tetrahedra, and so for the same oxygen con- 
tent  the LP SIPOS should have more Si(Si4) te t ra-  
hedra than the corresponding AP SIPOS film. The 
Si(Si4) te trahedra are expected to form a connected 
network (14) and, therefore, the random bonding 
model would predict for SIPOS a phase of Si and 
a phase of Si /O tetrahedra. Our results support  the 
model  of SIPOS deduced from ESCA (8) and electron 
diffraction (9). 

Conclusions 

AP and LP SLPOS films are different. The differ- 
ences between the films depend on the rate of deposi- 
tion: rapid for the AP and slow for the LP SIPOS. 

An analysis of the transmission infrared spectra 
of AP and LP SIPOS leads us to conclude that LP 
SIPOS has more SiO2 character than an AP SIPOS 
film with the same oxygen content under  the deposi- 
tion conditions described herein. The infrared data 
for AP SIPOS films can be explained by a statistical 
model of Si-O bonding. For these SIPOS films the 
incoming O atom does not have time to find an Si 
atom already bonded to an O atom and so statistics 
govern the deposition and the dis tr ibut ion of S i - -O 
bonds. For the slowly deposited SIPOS there is enough 
time for some of the incoming O atoms to find the 
already oxygen-bonded Si atom and so there is more 
SiO2 character to the slowly deposited SIPOS than 
would be predicted by the statistical model. 

Stress measurements  a n d  reactivi ty of SIPOS films 
to HF are consistent with the in terpre ta t ion  of the 
shift to higher frequency for the strong infrared ab-  
sorption of LP SIPOS films. 

Manuscript  submit ted Jan. 21, 1980; revised m a n u -  
script received May 5, 1980. This was Paper  572 pre-  
sented at the Los Angeles, California Meeting of the 
Society, Oct. 14-19, 1979. 

Any  discussion of this paper  will appear in  a 
Discussion Section to be published in  the June 1981 
JOURNAL. All discussions for the June  1981 Discussion 
Section should be submit ted by  Feb. 1, 1981. 

PubLication costs oJ this article were assisted by 
BeLL Laboratories. 
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Continuum Formulation of Spreading Resistance 
Correction Factors 

John Albers 
National Bureau of Standards, Electron Devices Division, Washington, DC 20234 

ABSTRACT 

A cont inuum formulat ion of spreading resistance correction factors is 
derived from the Choo et al. recursion relat ion for the kernel  of the spread- 
ing resistance correction factor integral.  Specifically, a differential equat ion 
for the kernel  of the correction factor integral  is derived in the l imit  as the 
layer  thickness approaches zero. The resul t ing differential equat ion is non-  
l inear  and inhomogeneous but  can be t ransformed into a l inear  second order 
equation which can be solved analyt ical ly  in several cases. The cont inuum 
form of the correction factor is compared with the correction factor generated 
from the f ini te- layer  thickness version of the Laplace equat ion description 
for the case of an exponent ia l ly  varying resistivity. Depending upon the 
number  of layers used, the exponent ial  constant, and the total  thickness of 
the structure,  the cont inuum and discrete forms of the correction factor 
differ by factors as large as 2.75 thus indicat ing a l imita t ion in the accuracy 
of finite layer  algorithms for spreading resistance data interpretat ion.  

The mul t i l ayer  Laplace equation description of 
spreading resistance described by Schumann  and 
Gardner  (I, 2) is based upon the assumption that the 
resist ivity of each of the layers used in  the model is 
constant over the entire thickness of the layer. The 
resist ivi ty is then  assumed to change abrupt ly  at the 
interface between the layers. However, the probes of 
a spreading resistance apparatus view the mater ia l  
as a cont inuum. This dist inction leads to a possibili ty 
of error in  the analysis depending upon such var i -  
ables as mater ia l  thickness and the actual  rate of 
change of the resist ivi ty over distances comparable to 
the thickness of the layers used in the mul t i layer  
analyses. Both Schumann  and Gardner  and Choo 
et al. (3) observed that  the calculated correction 
factor depends upon the n u m b e r  of layers used in the 
calculation. This observat ion is, of course, due to the 
failure of the basic assumption of constant  resistivity 
over the thickness of the layer. Both sets of authors 
found that  up to 50 layers are required to ensure 
convergence of the resul t ing calcu]ated correction fac- 
tor to wi th in  5%. However, the dependence of the re-  
lat ion be tween the calculated correction factor and 
the n u m b e r  of layers upon such variables as the rate 
of change of the resist ivity with depth, the substrate 
resistivity, and the total thickness of the s tructure is 
not evident. 

The purpose of this paper  is to present  an exact 
solution to this problem by allowing the layer  thick- 
ness to approach zero. The l imit ing process gives 
rise to a differential equat ion for the kernel  of the 
correction factor integral  in  terms of the derivative 
of the na tura l  logari thm of the resistivity. The differ- 
ent ia l  equat ion so derived is non l inea r  and inhomo- 
geneous, bu t  because it is of the Riccati type (4) it  
can be t ransformed into a l inear  second order  differ- 
ential  equation which can be solved analyt ical ly  for 
several  forms of the resistivity. This analysis pro- 
vides the basis for the invest igat ion of the error in -  
curred in the use of the f ini te- layer  thickness algo- 
r i thms in  the analysis of spreading resistance data. 

Key words: resistivity, interface, Laplace equation, 

Derivation of the Continuum Differential Equation 
The mul t i layer  solution of Laplace's equat ion re-  

lates the spreading resistance of an n - l aye r  s tructure 
to the resistivities of the n layers through the relat ion 
(1,2) 

pn 
a~ -- -- CF~ [i] 

2a 

where pn is the resistivity of the layer contacted by 
the probes, a is the effective electrical contact radius 
of the probes, and CFn is the n - l aye r  correction factor 
which depends upon the resistivities of the n layers. 
Specifically, the correction factor for the two-probe 
configuration may be expressed as (1, 2) 

CFn -~ --~ An(k) ka 2 

dk 
sin (ka) ~ [2] 

where S is the separation between the probes, Jo(X) 
and J I (X)  are Bessel functions of zero and first order, 
respectively, and ~ is the in tegrat ion variable. The 
explicit  dependence of the kernel  of the correction 
factor integral,  An(}~), on the resistivities of the n 
layers and the layer  thickness, t, has been suppressed 
for simplicity. As noted by Choo et al. (3), the depen-  
dence of the kernel  of the correction factor integral  
upon the resistivities of the n layers may be obtained 
from the original formulat ion of the problem by 
Schumann  and Gardner;  but  it is more convenient  
to introduce the functions Tm (k), defined as 

Tm(~) = pmAm(~) [3] 

where m ---- 1 . . . . .  n. The ut i l i ty  of these functions 
is that  they are related to each other by means of the 
recursion relations 

W ( ~ t ) ~  + Tm-I(X) 
Tm(~) = (m = 2 . . . . .  n)  [4] 

1 Jr W(k$)Tra-l(~)/pm 
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where all layers are chosen to have the same thick- 
ness, t 

T, (},) = p, [5] 
and 

1 -- exp (--2kt) 
W(}, t )  = [6] 

1 + exp ( - 2 ~ t )  

The layer  indexes are chosen such that m is the re-  
sistivity of the deepest layer  and pn is that  of the sur-  
face layer. 

Before considering the l imit  as t approaches zero, it  
is impor tant  to note from Eq. [4]-[6] that 

Tm(O) -- Tm-1(O) -- ...... ---- T,(0) [7] 

and hence from Eq. [3] 

Am (0) -~ pl/pra [8] 

i.e., the value of the kernel of the correction factor 
at }, -- 0 is uniquely determined by the ratio of the 
substrate resistivity and the resistivity of the layer 
being considered. Also, it can be shown from Eq. [3], 
[4], and [6] that 

lira Am(}.) -- I [9] 

Equations [I~] and [9] in conjunction with the con- 
dition 

A, (},) -- 1 [1O] 

which follows from Eq. [3] and [5], provide con- 
straints and the ini t ia l  condition for the solution of 
the con t i nuum model differential equation. 

The basis for calculating the cont inuum l imit  of 
the mul t i layer  equations is Iounded in the observation 
that if the position of the first layer is chosen as the 
origin of a coordinate system and the positions of the 
ruth and (m -- 1)st layers are taken as x and x -- t, 
respectively, then the recursion relat ion (Eq. [4]) 
takes on the form 

W ( } , t ) p ( x )  + T ( x - -  t ,} ,)  
T (x, },) = [ii] 

1 -k 14/t/,1;)l'tx -- L L)/p(x) 

This recursion relation defines a function [T(x,l)] 
at the position x in terms of another  function [p(x)] 
evaluated at the same position and the funct ion being 
defined [ T ( x  --  t ) ] ,  evaluated at the position x -- t. 
It is impor tan t  to emphasize that Eq. [11] is real ly 
Eq. [4] cast in a version suitable for calculating the 
cont inuum (zero layer thickness) limit. The values of 
x allowed in Eq. [11] are x -~ n t  where n -- 1, 2 . . . . .  
The functions p ( x ) ,  A(x,k),  and T(x,~,) as used in  the 
above are evaluated at a discrete set of points. Once 
the cont inuum l imit  has been taken, p (x), A (x,~), and 
T(x ,~ )  will be functions of the continuous variable x. 
After  some rearrangement ,  Eq. [11] may  be wri t ten  
in  the form 

T(x,},) -- T(x -- t,},) 

W (},t) 

= p ( x )  - -  
T ( x , } , ) T ( x  --  t,},) 

[12] 
p(x) 

From Eq. [6], it can be shown that W ( ~ t )  approaches 
zero as ~,t. Hence, for sufficiently small  t, W ( ~ t )  may 
be replaced by ~t. Further ,  the derivative d T ( x , 1 ) / d x  

l im T(x ,L )  -- T(x-- t,~) 
is defined as ; Then in the 

t-,0 t 
l imit  as t approaches zero, Eq. [12] becomes 

{ T2(X'},) } 
d T ( x ,  },) _ }, p ( x )  [13] 

d z  p ( x )  

which is a differential equation for the function 
TCc, k) which is to be solved subject to the ini t ia l  
condition 

T(0, ~.) -- p(O) [14] 

However, the principal  concern of the present  paper  
is in a differential equation for the kernel  of the cor- 
rection factor integral.  Hence, making use of the con- 
t i nuum form of Eq. [3], i.e. 

T ( x ,  ~) = p ( z )A(x ,  },) [15] 

Eq. [13] may be wr i t ten  in  the form 

dA (x,  ~) 
-4- F ( x ) A ( x , ~ , )  "4- },A2(x, },) -- }, -" 0 [16] 

d x  

where the function, F (x), is defined as 

1 dp(x) d l n p ( z )  
F ( z )  - - -  - -  "- [17] 

p ( x )  d x  d x  

Equation [16] is nonl inear  and inhomogeneous, but  is 
of the Riccati type (4). Hence, under  the t ransforma-  
tion 

1 d U ( x ,  },) 
A (x, },) --  [18] 

~U (x,  ~) d x  

Eq. [16] may  be wr i t ten  in  the form 

d2U (x,  },) dU (x,  },) 
+ F(x) },2U(x, },) = 0 [19] 

d x  "~ d x  

Equations [17]-[19] form the central  result  of the 
analysis. 

The above formulat ion may be used to calculate 
the cont inuum form of the kernel  of the correction 
factor in tegral  and, by numer ica l  in tegrat ion of Eq. 
[2], the correction factor and, hence, spreading resist- 
ance. For a specific choice of the resist ivi ty function, 
p(x),  the funct ion F (x )  is calculated according to Eq. 
[17] and is used in Eq. [19] to obtain the function 
U(x ,  ~). As Eq. [19] is a second order l inear  equation, 
two constants of in tegrat ion appear  in  the solution. 
Calculation of A ( x ,  },) from U ( x ,  k) by means of Eq. 
[18] and imposing the ini t ia l  condition on A(x,},) ,  
i.e., A (0, ?~) ---- 1, el iminates the need for an  explicit  
form for the two constants of integration.  The solu- 
tion, A ( x ,  ~), is required to satisfy the constraints 
that: (i) A(x,  0) - - p ( O ) / p ( x ) ,  and (ii) l im A ( x , } , )  

= 1 which have been previously discussed. 
It is of interest  to note that the resist ivi ty enters 

Eq. [19] as d In p ( x ) / d x .  Because the resist ivi ty vs. 
depth for most semiconductor device applications is 
approximately  of the form of an exponent ial  or a 
Gaussian, the function, F ( x ) ,  in Eq. [19] has a simple 
form. It must  be emphasized that the substrate point  
is used as the origin of the coordinate system in the 
above development  and hence all functions and their  
derivatives are defined relative to that  point. 

Calculation of Kernel for Uniform Resistivity Material 
As an example of the cont inuum form of the kernel  

of the correction factor in tegral  as presented in Eq. 
[17]-[19], consider the case of a mater ia l  of un i form 
resistivity p(x )  --  const. In  this case, F ( x )  --  O and 
Eq. [19] takes on the form 

d2U (x,  },) 
},2U(x, },) = 0 [20] 

dx2 

which has the general  solution 

U(x ,  },) - -  C1 exp (--},x) W C2 exp (~x) [21] 

Using Eq. [18] and [21] to calculate A (x, l )  and im-  
posing the ini t ial  condition on A ( x ,  1), i.e., A(O, ~) 
---- 1, leads to the conclusion that  Ct -- 0. Hence, for a 
mater ial  of uni form resistivity, the kernel  of the 
correction factor in tegral  is un i ty  for all x and L 
The same conclusion may  be obtained from the finite 
layer  thickness formulat ion (see Eq. [3]- [5]) .  
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C a l c u l a t i o n  of the  Kerne l  for  a M a t e r i a l  H a v i n g  
Exponent ia l  Resistivity 

Consider  a ma te r i a l  having  a res is t iv i ty  defined 
re la t ive  to tha t  of the  subs t ra te  (x  - -  0) by  

p(x)  = p(0) exp  (Cx)  [22] 

where  the  exponen t ia l  constant ,  C, can have e i ther  
posi t ive or nega t ive  values.  In  this ease, the funct ion 
F ( x )  takes  on the form, F ( x )  = C and equat ion for  
the  cont inuum form of the ke rne l  of the  correc t ion  
fac tor  in teg ra l  becomes 

d2U (x, ~.) dU(x ,  k) 
+ c ~2u(x, ~) = 0 [23] 

dx  ~ a x  

which, being a second order  l inear  equat ion  wi th  con- 
s tan t  coefficients, has the genera l  solut ion 

U(x ,  k) = C1 exp (re+x)  -t- C2 exp ( m - x )  [24] 
w h e r e  

- - C  • (C2 + 4~2) 
m •  = [25] 

2 

Subs t i tu t ing  Eq. [24] into Eq. [18] and imposing the 
bounda ry  condition,  A(0,  ~) --  1, yie lds  the  fol lowing 
re la t ion  for  the  constants  

C1 = C~r (k) [26] 

whe re  r (~) is defined as 
(~ - ~-) 

r ( ~ )  = [27] 
(m* -- ~) 

Hence, the ke rne l  of the correct ion factor  in tegra l  for  
an exponen t ia l ly  va ry ing  res is t iv i ty  m a y  be wr i t t en  
in the  fo rm 

r ( ~ ) m +  e x p ( m + x )  + va -  exp  ( m - x )  
A (x,  ~) = [28] 

r ( k ) k e x p ( m t x )  -k k e x p  ( m - x )  

F r o m  Eq. [25] i t  is s t r a igh t fo rward  to obta in  

m + m  - = _ ~2 [29] 

Specifically,  a res i s t iv i ty  having  a va lue  of I0 -3 
12 �9 cm at  the  surface and a va lue  of I0 s ~ �9 cm a t  the  
subs t ra te  was used to s imula te  a junc t ion - l ike  s t ruc-  
ture. Fo r  the  s imula t ions  of a high res is t iv i ty  l aye r  
over  a low res is t iv i ty  layer ,  two s i tuat ions were  
used. The  first has a surface  res i s t iv i ty  of  10 s 
1 2 . c m  and a subs t ra te  res is t iv i ty  of I0 -8  ~ - c m .  
The second was less s t rongly  graded,  having  a 
surface res is t iv i ty  of i01 ~ .  cm and a subs t ra te  
res is t iv i ty  of 10 -a  12. cm. In  a l l  of the  above  
cases, calculat ions were  pe r fo rmed  for to ta l  l aye r  
thicknesses of i,  5, 10, 50, and 100 #m. The con t inuum 
form of the correct ion fac tor  was eva lua ted  at  51 
points,  and the f in i te - layer  thickness approx imat ion  
to the correct ion factor  was eva lua ted  for  the  51 l aye r  
case. In  addit ion,  the  var.ious 1 ~m s t ruc tures  w e r e  
inves t iga ted  wi th  va ry ing  number  of l ayers  in  o rder  
to de te rmine  the effect of the  number  of layers  used 
in the f in i te - layer  thickness  formulat ion.  

In  al l  cases considered,  the ca lcula ted  correc t ioh  
factor  is found to be a pp rox ima te ly  constant  over  
most  of the  s t ructure .  The resul ts  of the  calcula t ion 
and comparison of the  cont inuum and f in i te - layer  
thickness form the  correct ion factor  for  a res i s t iv i ty  
which is mean t  to mimic  junc t ion  s t ruc ture  a re  p re -  
sented in Table I. The surface values  of the  con- 
t inuum and f in i te - layer  thickness  correct ion fac tor  
a re  presented  and the ra t io  is also given. I t  is im-  
po r t an t  to not ice that  the  rat io  is a pp rox ima te ly  con- 
s tan t  over  the range  of l aye r  thicknesses  considered.  

The resul ts  of the  equiva len t  ca lcula t ion for the 
cases of a surface res is t iv i ty  of 10 s 12. cm and I01 
~ .  cm and a subs t ra te  res i s t iv i ty  of 10-3 ~2. cm are  
presented  in Tables 11 and III, respect ively .  

The resul ts  of the calculat ion of  the dependence  of  
the  ca lcula ted  correct ion factor  upon the n u m b e r  of 
l ayers  used in the calculat ion of the  f in i te - layer  

Table I. Comparison of continuum and finite-layer thickness 
surface correction factors for exponential resistivity (surface 

resistivity - -  10 - 3  EL �9 cm, substrate resistivity - -  10 s 12 �9 cm) 

Dividing the  n u m e r a t o r  and  denomina tor  of Eq. [28] 
by  exp (re+x) and mak ing  use of Eq. [29] y ie lds  the 
fol lowing equat ion for  the  ke rne l  of the  correct ion 
fac tor  for  an  exponen t i a l ly  va ry ing  res i s t iv i ty  

(m + -p k) - -  ( m -  -t- k) exp  ( - -Tx)  
A(x, ~) = [303 

( ~ - -  m - )  + ( m *  -- ~) exp ( - -Tx)  
where  

= (C2 ~- 4~2) '/, [31] 

One of the  impor t an t  conclusions to be d r a w n  f rom 
Eq. [30] is tha t  the  ke rne l  depends  only upon the 
var iables  C, x, and  k and does not  depend  upon the 
va lue  of the  res i s t iv i ty  pe r  se. F r o m  Eq. [30], i t  is 
r e l a t ive ly  s t r a igh t fo rward  to show that :  (i) A(0,  k) 
= 1, (i~) A ( x ,  9) = exp ( - - C x ) ,  and  ( in) l i ra A ( x ~ k )  

1. Fu r the r ,  in the  l imi t  as C approaches  zero, the  
ke rne l  of the  correct ion factor  for  an  exponent ia l ly  
va ry ing  res is t iv i ty  as given b y  Eq. [30] reduces  to the  
un i form l aye r  resul t .  

Compar ison  of C o n t i n u u m  and Discrete  Cor rec t ion  
Factors for an Exponent ia l ly  V a r y i n g  Resistivity 

In o rder  to gain  insight  into the  difference be tween  
the correct ion ~actor as ca lcula ted  f rom the cont inuum 
formula t ion  and as ca lcula ted  f rom the finite l aye r  
thickness  formulat ion,  severa l  exponen t ia l ly  va ry ing  
resis t ivi t ies  were  used to calcula te  the correct ion 
factor  according to the cont inuum form for the  ke r -  
nel, Eq. [30], and  according to the  f in i te - layer  th ick-  
ness form, for  the kernel ,  Eq. [2]-[6] .  In  a l l  cases, a 
p robe  radius  of 2 #m and a p robe  separa t ion  of 50 
~m were  used in the  calculations.  

Thick- 
ness Step Exponential CF(cont)/ 
(/~rn) (/~m) constant CF ( cont ) CF ( disc ) CF ( disc ) 

1 0.02 25.32844 109.2 85.67 1.275 
5 0.1 5.065687 21,936 17.216 1.274 

10 0.2 2.532844 11,102 8.720 1.273 
50 1.0 0.50'65687 2,698 2,157 1.251 

1O0 2.0 0.2532844 1,753 1.441 1,216 

Table II. Comparison of continuum and finite-layer thickness 
surface correction factors for exponential resistivity (surface 

resistivity --- 10 s ~ �9 cm, substrate resistivity ~ 10-~ ~ �9 cm) 

T h i c k -  
n e s s  Step Exponen t i a l  CF (cont )  / 
(~m) (~m) cons tan t  CF (cont )  CF ( disc ) CF (disc) 

1 0.02 - 25.32844 2.17E-2 2.77E-2 1.274 
5 0.1 - 5.u65687 0.101 0.128 1.269 

10 0.2 --2.53').844 0,184 0,232 1.262 
50 1.0 -- 0.5U65687 0,515 0.628 1,219 

100 2.0 --0.2532844 0.661 0.781 1,181 

Table III. Comparison of continuum and finite-layer thickness 
surface correction factors for exponential resistivity (surface 

resistivity ~ 101 s �9 cm, substrate resistivity ~ 10 _3 ~ �9 cm) 

Thick- 
ness  Step Exponen t ia l  C F ( c o n t ) /  
(~m) (~m) cons tan t  CF(con t )  CF(disc)  CF (disc) 

1 0.02 -- 9.21034 5.81E-2 6.36E-2 1.095 
5 0.1 - 1.842068 0.237 0.259 1.093 

10 0.2 - 0.921034 0.378 0.413 1.091 
50 1.0 --0.1842t~68 0.719 0.775 1.08 

100 2.0 --0.0921034 0.820 0.872 1.06 
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thickness descript ion are presented in  Fig. 1-3. Fig- 
ure 1 depicts the results for the calculation of the 
correction factor for a aurface resist ivity of 10 - s  
12 �9 cm and a substrate  resistivity of l0 s 12 �9 cm. This, 
as ment ioned previously, is mean t  to be an approxi-  
mat ion to a junct ion  isolated structure�9 Figure 2 
presents the results for the case of a surface resist iv- 
i ty  of l0 s f ~ - c m  and  a substrate  resist ivi ty of 10 - s  
12-cm while the results of the calculation for a sur-  
face resist ivi ty of l0 s ~2 �9 cm and a substrate  resist iv- 
i ty of 10-~ 12. cm are presented in Fig. 3. Both a r e  

meant  to represent  a high resist ivi ty layer  over a 
lo;-: resist ivity layer. I t  is seen that  for each c a s e  

significant errors arise in the finite layer  approxi-  
mat ion  formulat ion and that  the magni tude  of the 
error is almost exact ly equaI to the normalized 
change of the resistivity over a distance of one-hal f  
the step size, i.e., (p(x)  -- p ( x  -- t / 2 )  ) / p ( x )  -- 1 
-- exp ( - - C t / 2 ) .  For  s t rongly graded structures, at 
least 200 points are required to obtain a 6% accuracy 
level for the finite layer  approximation�9 For less 
stz'ongly graded structures, at least 50-100 points a r e  
needed to assure 6% accuracy�9 

It is possible that  errors in  the f ini te- layer  ap-  
proximat ion might  be reconciled by shifting the 
x-axis  one-hal f  in terva l  or by redefining the probe 
location (again by one-hal f  in te rva l ) .  

Discussion 
I t  is impor tan t  to note one of the l imitat ions of the 

Schumann  and Gardner  formulat ion of the Laplace 
equation description of spreading resistance�9 In  the 
original  formulat ion (1,2),  the coefficients of the 
expansion of the potential  in each of the layers in 
terms of the solution of Laplace's equation for a un i -  
form, ]ateral ly semi-infini te mater ia l  are obtained 
by means of assumed cont inui ty  of the potent ial  and 
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Fig. 1. Correction factor calculated from continuum formulation 
and correction factors calculated from finite-layer thickness model 
for variable number of layers for a 1 [~m structure with a surfa:e 
resistivity of 10 - z  ~ �9 cm and a substrate resistivity of 108 ~ �9 cm 
Continuum calculated correction factor (a), finite-layer thickness 
correction factors calculated with 101 layers (b), 51 layers (c), 
26 layers (d), and 11 layers (e). 
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Fig. 2. Correction factor calculated from continuum formulation 
and correction factors calculated from finite-layer thickness model 
for variable number of layers for a 1 /~m structure with a surface 
resistivity of 108 ~ �9 cm and a substrate resistivity of 10 - 3  ,Q �9 cm. 
Continuum calculated correction factor (a), finite-layer thickness 
correction factors calculated with 10t layers (b), 51 layers (c), 
26 layers (d), and 11 layers (e). 

the cur ren t  densi ty across the interface be tween the 
layers. 

For  the case of an insula t ing but  non junc t ion  type 
substrate,  the correction factor for the substrate point  
is approximately  unity, independent  of the value of 
the substrate resistivity. This is inheren t  in the use of 
Eq. [5] for the f ini te- layer  calculation or the use of 
Eq. [10] for the cont inuum calculation. For the case 
of an insula t ing  junc t ion  structure, the same con- 
clusion as above also holds�9 Again, this may be di- 
rectly traced to the use of Eq. [5] or [10]. The re-  
sistivity in the region of the insula t ing interface may 
be made as large as possible; however, the correction 
factor as calculated by means  of the Schumann  and 
Gardner  equations will always give a correction fac- 
tor which is approximately  unity.  Spreading resist-  
ance measurements  made on junct ion- isola ted struc- 
tures indicate that  the correction factor becomes 
very  large in  the vicini ty of the junct ion.  This is, of 
course, due to the restriction of the current  path be-  
tween the probes owing to the 'p resence  of the junc -  
tion. This current  restriction is not  contained in the 
Laplace equation description of Ref. (1) and (2). 

There is another  point  which fur ther  hinders  the 
use of the Laplace equation description both in  the 
generat ion of model data and in  the analysis of ex-  
per imentaI  data for junct ion structures. This point  
focuses upon the depletion region present  in the re- 
gion of the junction.  The accompanying charge ac- 
cumulat ion would indicate that  the approximation of 
the Poisson equation by the Laplace equation, which 
is far easier to solve, is not justifiable. Away from 
the depletion region local charge neut ra l i ty  is cer- 
ta in ly  maintained,  thus, jus t i fy ing the use of La-  
place's equation. Consequently,  the use of a very high 
resist ivity to model a junct ion  region is not correct in  
the junct ion  region itself but  is useful  in the region 
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Fig. 3. Correction factor calculated from continuum formulation 
and correction factors calculated from finite-layer thickness model 
for variable number of layers far a 1 ~m structure with a surface 
resistivity of 10 z ~ �9 cm and a substrate resistivity of 10 - 3  ~ �9 cm. 
Continuum calculated correction factor (a), finite-layer thickness 
correction factors calculoted with 101 layers (b), 51 layers (c), 
26 layers (d), and 11 layers (e). 

away from the junction. Consequently, the correction 
factor which is calculated from a resistivity which is 
meant to mimic an insulating junction structure will  
be greater than unity away from the high resistivity 
end point. 

It should be noted that  closed form analytic solu- 
tions of Eq. [17]-[19] can be obtained only for a 
constant resist ivity or an exponentially varying re-  
sistivity. For resistivities of the Gaussian form, a 
power series solution can be obtained. These, how- 
ever, cannot be summed to obtain a closed form 
solution. 

Conclusions 
A differential equation has been derived for the 

kernel of the correction factor integral in the l imit  of 
zero layer thickness. The equation has been solved 
analytical ly for the case Of an exponentially varying 
resistivity and the corresponding calculated correc- 
tion factors have been compared with the correction 
factors calculated from the finite-layer thickness 
formulation of the Laplace equation description of 
spreading resistance. For a 51 layer approximation, 
the differences fall in the range of approximately 
6-27% for the cases considered. When fewer layers 
are used in the approximation, the differences are 
larger. This implies that  the use of finite-Iayer thick- 
ness algorithms on a l imited data base is subject to 
inherent  errors. This is especially important  in the 
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analysis of spreading resistance data on very shallow 
implants ( typically in the O.1 ~m range) where state- 
o f - the -a r t  bevelling techniques provide for 10-20 
data points at most to be obtained in the shallow 
layer  (5). The results of the calculations presented 
in Table I indicate that  the finite-layer algorithms 
predict correction factors which are too small. This, 
in turn, would lead to dopant profiles which are 
lower in concentration relative to the actual profile. 
The same conclusion would be obtained for deep 
diffusions (50-160 ~m) typical  of power device struc- 
tures where the total thickness of the structure and 
the need for a reasonable size data set would neces- 
sitate a depth spacing in the 1-2 #m range. For  these 
deep structures, the above calculations indicate that 
increased accuracy of profile determination can be 
achieved by increasing the number of points in the 
data set. 

The above conclusions would further lead to the 
prediction that  the sheet resistance obtained from 
finite-layer thickness algorithm analysis of spread- 
ing resistance data on junct ion-type structures are 
large when compared with four-probe sheet resist- 
ance measurements. This follows from the observa- 
tion that  the continuum correction factor is typically 
larger  than that obtained from the layered descrip- 
tion. 

For a buried layer  structure, the results of the 
calculations presented in Tables II  and III  and Fig. 
2 and 3 indicate that finite-layer algorithms predict  
correction factors which are too large. Hence, the 
dopant densities in profiles obtained from finite-layer 
algorithms are larger than those in the actual profile. 
Further,  the sheet resistance obtained from finite- 
layer thickness algorithm analysis of structures 
of this type are small compared to four-probe sheet 
resistance measurements. 
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Photoelectrolysis of Water with 
Natural Mineral TiO  Rutile Electrodes 
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ABSTRACT 

Natural mineral rutile (TiO2) was studied as anode for photoelectrolysis 
of water. Both its photoelectrochemical behavior and semiconducting prop- 
erties are examined in comparison with those of Fe-doped synthetic single 
crystal TiO2, the latter independently studied to simulate the high impurity 
content existent in the mineral. The natural and synthetic Fe-doped TiO2 
electrodes showed a performance comparable to that of arc-plasma sprayed 
raw rutile, including a low breakdown potential. Flatband potentials and 
donor densities were determined from Mott-Schottky plots and evidence for 
deep and shallow donors is discussed. Photoresponse measurements allowed 
us to verify the influence of the iron impurities on the performance of such 
electrodes. 

The photoelect rolys is  of wa te r  has been inves t iga ted  
by  severa l  authors  (1-7) in the last  few years. Elec-  
t rodes  of po lyerys ta l l ine  TiO2 made by  hot -press ing  
powdered  ru t i l e  (2), by  oxidat ion  of meta l  foils (2-4),  
and by  chemical  vapor  deposi t ion (CVD) (5, 6) show 
a behavior  s imi lar  to that  of single c rys ta l  TiO., (7) 
and have the advan tage  of being easier  to prepare .  
Unti l  now, l i t t le  a t tent ion  has been paid  to the semi-  
conductor  proper t ies  of na tu ra l  TiO2 ru t i le  crystals ,  
perhaps  because these minera ls  a re  usual ly  impure  
(8). However,  i t  has been recent ly  shown that  impure  
po lycrys ta l l ine  TiO2 electrodes,  p repa red  by  a rc -  
p lasma  sprayed  r aw  ru t i le  powder  (9), behave  s im-  
i l a r ly  to other  po lycrys ta l l ine  ones wi th  respect  to 
photoeleetrolysis .  In the present  paper  we repor t  the 
photoelec t rochemical  behavior  of electrodes made 
e i ther  of single crysta l  or po lycrys ta l l ine  na tu ra l  TiO2, 
obta ined f rom mines located in different  regions of 
Brazil.  These electrodes showed a per formance  com- 
pa rab le  to that  of synthet ic  single crys ta l  or  o ther  
po lycrys ta l l ine  TiO2 electrodes. The resul ts  demon-  
s t ra te  the possibi l i ty  of using low cost r aw mater ia l s  
in p r imi t ive  form for photoelectrolysis  of water.  

Since large  amounts  of i ron impur i t ies  were  de-  
tected by  x - r a y  analysis  in the minera l  samples, thei r  
effect on the per formance  of the photoelect rolyt ic  
cell is discussed by  compar ing the behavior  of the 
na tu ra l  fu t i le  electrodes wi th  that  of two in tent ional ly  
Fe -doped  TiO2 synthet ic  single crys ta l  electrodes.  

Experimental Procedure 
Sample characterization and heat-treatments.--Sam- 

ples of t i t an ium oxide were  obtained from three  
Brazi l ian states:  Bahia, Cear~, and Minas Gerais.  
X - r a y  d i f f rac tometry  and powder  diffraction analysis  
showed that  the samples  f rom Cear~ and Minas 
Gerais  were  TiO2 with  ru t i le  s t ructure,  while  the 
sample  f rom Bahia was closer to (Fe, Fe, T i ) t .~  O8 
(cr ichtoni te) .  F igure  1 shows the diffraction data  for 
the sample  f rom Cear~ 

The ru t i le  sample  f rom Ceara was a da rk  stone and 
contained impur i t ies  of Fe, Cu, Pb, Mn, Ni, Cr, and 
Nb, wi th  high predominance  of iron, according to 
x - r a y  spectroscopic analysis.  I t  was shown to be 
polycrys ta l l ine ,  f rom Laue  diffraction analysis  and 
f rom now on i t  wil l  be labeled NPC TiO2 (na tura l  
po lycrys ta l l ine  TiOf). The rut i le  sample  f rom Minas 
Gerais  was a small,  s l ight ly  violet, semi t ransparen t  
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crysta l  and contained diverse  impur i t ies  o ther  than 
the Fe, which is, however ,  the p redominan t  one. I t  
was shown to be a single crystal ,  so that  f rom now 
on i t  wil l  be labe led  NSC TiO2 (na tura l  single crystal 
TiO2). Compar ing the x - r a y  spec t rograms we found 
that  the NPC TiO2 sample  had a concentra t ion of i ron 
higher  than the NSC TiO2 sample.  

H e a t - t r e a t m e n t  in a reducing a tmosphere  was used 
to obta in  n - type  semiconduct ing samples  in the con- 
ditions descr ibed in the Table I. The high res is t iv i ty  
of the samples  f rom Bahia did  not  decrease even af te r  
a prolonged t rea tment ;  therefore,  its use as an elec-  
t rode in the cell was not a t tempted.  For  the o ther  
na tu ra l  ru t i le  samples, the t r ea tmen t  decreased thei r  
resis t ivi t ies  and changed the re la t ive  in tens i ty  be-  
tween the diffraction peaks, but  not their  re la t ive  
positions. Therefore,  we can conclude that  the samples  
main ta ined  thei r  crys ta l  s tructure,  even though sev-  
eral  defects were  in t roduced in the lat t ice (8, 10, 11). 

The synthet ic  TiO2 single crys ta l  was suppl ied by  
Mater ia ls  Research Company and contained Si, Fe, 
A1, and Nb as its ma jo r  impuri t ies ,  according to data  
from the manufac turer .  

To a l low a comparison be tween na tu ra l  and syn-  
thetic electrodes,  and since Fe is the main  impur i ty  
in na tu ra l  rutile,  we raised the Fe concentrat ion in 
two synthet ic  single crys ta l  samples  by  doping. I ron 
impur i t ies  were  in t roduced by  diffusing a thin film 
of Fe meta l  p rev ious ly  deposi ted on the sample  surface 
by  vacuum evaporat ion,  fol lowing the method used 
by  Andersson (12). The final i ron concentrat ions were 
290 and 410 ppm and these doped samples  will  be 
labeled,  respect ively,  SSC-Fe  (A) TiO2 and Ss  (B) 
TiO2. Another  synthet ic  single c rys ta l  TiO2 sample  
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Fig. I. X-ray diffraction data indicating the ruffle structure for 
the natural polycrystal (NPC) Ti02. 
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Table I. Reduction conditions used for the various samples 
studied. The reduction atmosphere was 90% N2 -{- 10% H2 at 

i arm. Tr is the reduction temperature and tr the reduction time. 
The table also shows the I~e-impurity contents and the final 

resistivity, p, for each sample. 

Param- 
TiO~- Reduction eters  Resist ivity Fe-impur- 

electrodes Tr (~ tr train) (~-cm) ities (ppm) 

NPC 800 60 3.8 U n k n o w n  
NSC 8~,N 20 4.0 • 10 z U n k n o w n  
$$C 700 20 1.1 X 102 6o* 
~k~C-Fe(A) 700 20 1.0 x lo  ~ 290 
SSC-Fe(B) 700 20 1.7 x i0 a 410 

* Residual impurity, according to manufacturer analysis .  

(SSC-TiO2) was also used as a "s tandard"  anode. 
In  the  Table  I we give the  reduct ion  conditions,  final 
res is t ivi ty ,  and  Fe - impur i t i e s  for each samples  used 
here.  

Electrode preparation.--The electrodes were  p re -  
p a r e d  by  cut t ing 1 m m  thick slices f rom botll  the  
n a t u r a l  and  the synthe t ic  c rys ta ls  wi th  a d iamond  saw. 
The samples  IISC, ~SC, ~ S C - F e ( A ) ,  and  S S C - F e ( B )  
samples  had  the (001) surface exposed. The NPC 
sample  was cut  so tha t  i ts surface was v isua l ly  free 
of cracks.  The samples  were  then mechan ica l ly  pol -  
i shed fiat to opt ical  grade,  using d iamond paste. Then, 
each crys ta l  was washed  wi th  the  fol lowing sequence:  
t r ich loroethylene ,  isopropanol ,  acetone, methanol ,  de-  
ionized water ,  concent ra ted  HCI, and deionized water .  
Af te r  reduc t ion  t rea tments ,  ohmic contacts  (checked 
wi th  a curve t racer )  were  p rov ided  by  rubbing  I n - G a  
pas te  on the back  crys ta l  surface. A copper wire  was 
then  a t t ached  to the samples  by  means  of Ag cement.  
Final ly ,  the  contact  was coated wi th  epoxy  and the 
e lec t rode  was imbedded  in a po lyes te r  capsule leaving  
an  ,,-0.15 cm 2 act ive a rea  exposed to the  solution. 
F ina l ly ,  each crys ta l  was c leaned again  fol lowing the 
p rocedure  descr ibed  above. 

Electrochemical measurements . - -The  elect rochemical  
measurements  were  pe r fo rmed  in 1M NaOH elec t ro-  
ly te  under  potent ios ta t ic  conditions, using a th ree  
compar tmen t  cell, p rov ided  wi th  a flat  quar tz  window 
and a s a tu ra t ed  calomel  e lect rode (SCE) as the 
reference  electrode.  The countere lec t rode  was a P t  
b r i g h t  foil  wi th  10 cm 2 area.  The space charge  capac-  
i tances were  de t e rmined  f rom measurements  of i m -  
pedance  and phase  angle  be tween  a -c  cur ren t  a n d  
a-c  potent ia l  wi th  a lock- in  amplif ier  (PAR-124 A) .  
Fo r  this  purpose  a smal l  a -c  vol tage  of 3 mV at 1 kHz 
was super imposed  on the ex te rna l ly  app l ied  d -c  vol t -  
age; o ther  f requencies  have also been used in the  
in te rva l  10-10,000 Hz. 

The pho tocur ren t  measurements  wi th  high in tens i ty  
u.v. l igh t  (,-~80 mW/cm2)  were  pe r fo rmed  using a 
100W high pressure  mercu ry  l amp  wi th  the  beam 
focused on the semiconductor  e lect rode th rough  a 
bandpass  filter (WBS-320: 4000.~ ~ ~ ~- 2000A). Fo r  
spec t ra l  photoresponse  measurements  the l ight  source 
used was a xenon arc  l amp  run  th rough  a mono-  
chromator  giving ~1 m W / c m  2 in tens i ty  over  the  
spec t ra l  region of interest .  The in tens i ty  of l ight  
was measured  by  an IL  700 Research  Rad iomete r  
wi th  an SE-400 W detector.  A digi ta l  e lec t rometer  
(Ke i th l ey  616) was used to measure  the  potent ia l  vs. 
SCE of the  counterelect rode.  

The e lec t ro ly te  in the  cathode compar tmen t  w a s  
purged  wi th  high pur i ty  ni t rogen.  The solutions were  
p repa red  wi th  commerc ia l ly  avai lab le  reagents  wi th -  
out  fu r the r  purification. Before each expe r imen t  the 
samples  were  r insed wi th  methanol  (CHaOtt)  and  
deionized water .  

Results and Discussion 
Flatband potentiaL--An easy me thod  to ob ta in  the 

f la tband potent ia l ,  VFB (the pa r t i cu l a r  va lue of the 
F e r m i  level  for  which  the energy bands  of the semi-  
conductor  are  not  bent ) ,  is to measure  the s p a c e  
charge capaci tance,  Csc, in funct ion of the  in ter face  
potent ia l ,  V. In  the  case of h ighly  doped semicon-  
ductors  (16) the to ta l  capaci tance C of the  TiO2/ 
e lec t ro ly te  in terface  is de t e rmined  by  Csr and  de-  
scr ibed by  the w e l l - k n o w n  Mot t -Scho t tky  equat ion 

( k T )  1 
2 g --  VFB - - -  C2 [11 1/Csc2 "- q~eoNn q 

where  e and  eo are  the die lect r ic  constants  of TiO2 
and vacuum, respect ively ,  /qD is the concentra t ion  of 
donors, V --  VFB gives the potent ia l  drop across the  
space charge layer  and q and kT  have the usual  value.  

F igures  2a and b show the Mot t -Scho t tky  plots  for  
al l  samples, constructed f rom capaci tance vs. elec t rode  
poten t ia l  measurements  at  1 kHz. F l a tband  potent ia ls  
were  obta ined  f rom the in tercepts  of 1/C 2 vs. V, and 
subs t rac t ing  k T / q  = 0.025V. Donor densities,  ND, were  
calcula ted  f rom the slope of these curves.  For  the  
corresponding calculat ion a dielectr ic  constant  �9 --_ 173 
was used for  s ingle c rys ta l  (17), while  for the  po ly -  
c rys ta l l ine  sample  we used an average  value  of , - -  
120 (18). The slope and the intersect ion wi th  the V 
axis depend  on the frequency.  Therefore,  the values  
of "VFB and ND, p resen ted  in Table II, a re  only ap -  
proximate .  

The 1/C 2 vs. V curves for the NPC and S S C - F e ( B )  
show a s t r ik ing  feature.  They a re  not  single s t ra igh t  
l ines but  bent  curves.  This resul t  may  be in t e rp re t ed  
by  assuming two l inear  slopes for each 1/C 2 vs. V 
plot, wi th  a steep slope at  lower  potent ia ls  and a 
much lower  slope at  h igher  anodic potent ials .  A b r e a k  
in the capaci tance curve may  occur if nonionized deep 
donor levels are  presen t  wi th in  the  bu lk  (19). Wi th  
increas ing the band bending,  however ,  the  occupat ion 
of these levels  m a y  change wi thin  the space charge  
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Fig. 2. Mott-Schottky plots for: (a) natural (NPC and NSC) and 
syntheti c (SSC) TiO2; (b) Fe-doped synthetic single crystal [SSC- 
Fe(A) and SSC-Fe(B)] TiO2. The electrodes were in dark at T = 
25~ in a solution 1M NoaH. 
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Table II. Onset potential for anodic photocurrent (Vo); flatband potential (VFB), donor density (ND), shalow (N1), and deep (N2) 
donor densities obtained from Mott-Schottky plots for various samples of TiO~ in I M  NaOH, pH = 13, Wo is the space 

charge region thickness. 

Ti02 Vo VF~ V c  NO Nx Ne  N~ + N~ W o ~  v Wo(z,z.zr 
electrodes (V vs ,  SCE) (V vs .  seE) (V vs .  SCE) (cm -a) (cm -a) (em-~) (em-~) (A) (A) 

NPC -0.92 --0.88 ~ -0 .6  ~ 9.2 x i0 ~-s 5.8 x l(P -s 1.5 x 10 -z~ - -  ~0.05 x i0~ 
SSC-Fe(B) -1.09 --1.19 ~ - 0 . 9  4.4 x i0 ~ 4,3 x l ~  4.7 x i0 ~ 2.0 x 16 ~ 
S S C - F e ( A )  - -1 .03  - 1 . 0 7  - -  2.2 ~ - 1 0  za . . . .  0 .92"~  10 ~ - -  
SSC --1.00 --0.98 - -  1.7 x 1~-~ - -  - -  - -  0,34 x 10 't - -  
NSC --0.96 -0.98 - -  9.4 x 10 ~s - -  -- -- O.0@ x I0 ~ -- 

region. Assuming  only one discrete  energy  level  for  
such an addi t ional  donor  of a dens i ty  N, two Mot t -  
Schot tky  slopes can be de r ived  f rom Eq. [ lJ ,  r ep re -  
sent ing the exis tence of two k ind  of donor levels.  
The  first slope, measured  at  smal l  band bendings,  is 
only  de te rmined  b y  the ionized shal low donors wi th  
dens i ty  Nt, and  the second b y  the sum of both the 
shal low and the deep donor levels wi th  densi ty  N --  
N1 + N2: here, N2 is the dens i ty  of the deep donor 
levels.  The cr i t ical  potent ia ls  (Vc),  where  the slope 
changes value,  r ep resen t  the ionization potent ia l  for  
the deep donor and are  given in Table II. 

F rom considerat ions about  the F e r m i - D i r a c  d i s t r ibu-  
tion funct ion govern ing  the number  of ionized donors, 
K e n n e d y  and Frese  (20) s tudying  the change in slope 
for  po lycrys ta l l ine  a-Fe.~O3 showed tha t  the re la t ion 
below is val id  

q(Vc - -  VFB) -~- EI~" -- ED2 [2] 

where  EF is the Fe rmi  level  and ED$ is the  deep 
donor  level. Using this re la t ion  we can es t imate  f rom 
our da ta  that  the  deep donor level  is located in the 
energy  gap ~0.3 eV be low the Fe rmi  level.  Al though  
we have not  measured  the posi t ion of the  Fe rmi  level  
re la t ive  to the bot tom of the conduction band,  i t  is 
known (10) that  for  h igh ly  reduced  TiO2 with  an oxy-  
gen vacancy dens i ty  of the o rder  of 10 ~7 cm -~, the 
Fe rmi  level  is located ~0.2 eV below the conduct ion 
band. The posi t ion of the deep donor  level  is then 
,--0.5 eV below the conduct ion band. 

F rom EPR studies on Fe -doped  single c rys ta l  TiOs, 
Andersson (12) showed tha t  s t rong reduction,  made  
in Vacuum, p robab ly  causes a t ransformat ion  of Fe a+ 
into Fe  2+ ions. These Fe  ~+ ions, wi l l  p re fe ren t i a l ly  
occupy the Fe  e+ level  near  the conduction band tha t  
is vacant  before  the reduct ion t rea tment .  This level  
is located ,~0.5 eV below the conduction band, accord-  
ing to Mizushima (21). The evidence presented  sup-  
ports  our  proposi t ion that  the deep donor level  is 
Fe  2+, assuming that  the reduct ion  of the TiO~ in an  
H2 -J- N2 a tmosphere  causes the same t ransformat ion  
be tween  the Fe  ions. I t  is in teres t ing  to n o t e  that  a 
s imi lar  behavior  for the Mot t -Scho t tky  plots was 
observed for  po lycrys ta l l ine  ~-Fe20~ (20) in which 
the deep donor level  is assigned also as be ing  Fe 2+. 

Current-potential characteristics.--Figures 3a and 
b show the cu r ren t -po ten t i a l  ( l -V) character is t ics  of 
the different  e lectrodes in 1M NaOH wi th  pH -= 13. 
In  the da rk  and beyond a cer ta in  potential ,  VBa. a 
significant increase  in the anodic cur ren t  was observed 
for the na tu ra l  TiO.~ as wel l  as for the synthet ic  
Fe -doped  TiO2 electrodes.  These b reakdown potentials ,  
Vsm are  in the range of 0.5-0.7 vs. SCE, close, there -  
fore, to the values observed for some polycrys ta l l ine  
TiO2 electrodes,  made  by  a rc -p l a sma  sprayed  r a w  
ru t i le  (0.4V) and by  CVD or oxida t ion  of meta l  foils 
(0.6-2.0V). For  the SSC TiO2 electrodes,  we did not  
observe  apprec iab le  anodic currents  for potent ia ls  up 
to 10V. 

For  TiO2 the high anodic currents  in the da rk  have 
been a t t r ibu ted  to tunnel ing  of electrons f rom the 
solut ion through the na r row space charge  region into 
the conduct ion band  (6);  this tunnel ing  process could 
occur via gra in  boundar ies  containing impur i t y  atoms 
in po lycrys ta l l ine  samples  (9). In  our  samples, how-  

ever, the  thickness of the space charge region is not  
the  most  impor t an t  factor  for  occurrence of this 
current .  In fact, wi th  synthe t ic  crysta ls  a b reakdown  
was observed associated wi th  Fe  doping and inde-  
pendent ly  on the donor  dens i ty  ]~D. Therefore,  we 
conclude that  in our samples  the i ron impur i t ies  p l ay  
the  most impor tan t  role  in the  b r eakdown  phenomenon,  
faci l i ta t ing the tunnel ing of e lectrons f rom solut ion 
through e i ther  a na r row or  a th ick  space charge  region 
and into the conduction band. This tunnel ing of e lec-  
t rons is l ike ly  to occur via i ron prec ip i ta tes  that  a re  
known to form on la t t ice  defects  in TiO2 (12, 13). 
In fact, in our Fe -doped  single c rys ta l  samples, r edd ish-  
brown i ron prec ip i ta tes  were  v isua l ly  observed.  This 
fact  and the es t imated thickness of the  space charge 
region, Wo, l is ted in Table II  suppor t  our  hypothesis.  
In  the NPC sample  Wo is na r row  and the format ion  
of prec ip i ta tes  may  be more  accen tua ted  because 
of the  gra in  boundaries .  This might  expla in  the  lower  
b reakdown  potent ia l  (0.SV) observed for  such elec-  
trodes.  

Under  u.v. i l lumina t ion  (-~80 m W / c m  2) the elec-  
t rodes show different  values  for  the  onset of anodic 
photocurrent ,  Vo. The measurements  of Vo were  pe r -  
fo rmed by  using a chopped l ight  beam. Values of Vo 
close to VFB were  observed for  al l  samples  (see Table  

( a )  

//-I" illum ~'4" t / / / I -  ~' .ilium |O ~'" 

~'~ k Li / / /  .../.-/ 5 

BREAKDOWN T 
I __J I _ J [ J 

-I.2 -0.8 -0.4 0.0 0.4 0.8 
POTENTIAL,V,vs SCE 

( b )  
155 ~ 75 

~ 9 0  50 

o ' 

- I . 2  - 0 . 8  - 0 . 4  0.0 0.4 0.8 
POTENTIAL, V~vs. SCE 

Fig. 3. Typical current-potentlal characteristics for n-TiC~ 
electrodes in 1M NaOH, pH - -  13, both in dark and under poly- 
chromatic u.v. illumination (,~80 mW/cm~). (a) Synthetic single 
crystal (SSC), natural polycrystalline sample (NPC), and natural 
single crystal (NSC); (b) Fe-doped synthetic single crystal: SSC- 
Fe(A) and SSC-Fe(B). The electrolyte in the Pt compartment was 
deoxygenated with high parity nitrogen. 
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I I ) .  In  e lec t ro ly tes  of lower  pH, Vo is shif ted b y  58 
m V / p H  in the  di rect ion of more  posi t ive potent ials .  
The shape of the  photocur ren ts  vs.  potent ia l  curves  
are  different  too; a t  0V vs.  SCE, the pho tocur ren t  
density,  Jo, for the  SSC and NSC elect rodes  is about  
four  t imes l a rge r  than  Jo for  the  NPC and S S C - F e ( A )  
and about  ten t imes l a rge r  than  Jo of the S S C - F e ( B )  
electrode.  These resul ts  show tha t  the  pho tocur ren t  
dens i ty  is l imi ted  by  the amount  of Fe  impur i t i es  
in the  mater ia l .  A s imi lar  decrease in the  va lue  of 
the  pho tocur ren t  dens i ty  wi th  the  increase  of Fe  
i m p u r i t y  contents  in single crysta ls  TiO.z was also 
observed  by  But le r  (14) and by  Ghosh and Maruska  
(15). This  behav ior  m a y  be exp la ined  consider ing 
tha t  the  Fe  ions act  as t raps  for the  pho togenera ted  
carr iers ,  thus d iminish ing  the cur ren t  observed in the  
ex te rna l  circuit.  

Q u a n t u m  e ~ c i e n c y . - - F i g u r e s  4a and b show the 
quan tum efficiency ~, (defined as the number  of e lec-  
t rons f lowing/ inc ident  photons) ,  as a funct ion of 
wave leng th  for the different  e lectrodes used in this 
work.  They  were  ca lcula ted  f rom the i r  spect ra l  photo-  
response, correc ted  for the  spec t ra l  d i s t r ibu t ion  of 
the  l ight  source and for the reflection at  the  quar tz  
window. The electrodes were  polar ized  at  0V vs.  SCE 
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in a solut ion of 1M NaOH (pH = 13), and scanning 
was toward  longer  wavelength .  

The quan tum efficiency drops to zero in a l l  samples  
for k ,~4100A. This indicates  tha t  the  NPC TiO2 elec-  
t rode has a wel l -def ined  band  s t ruc ture  in the  same 
w a y  as the  na tu r a l  and synthe t ic  single c rys ta l  TiO2 
electrodes.  The bandgap,  Eg, for the NPC elec t rode  
obta ined f rom the plot  of (~h~)~/2 vs.  hm as shown 
in Fig. 5a, was ~3.1 eV, typica l  for  TiO2. The plots  
in that  figure are  based on the re la t ion  

~h~ = IL, + Wo(V - V F B ) I / 2 I A  (hv  - -  Eg) n/2 [3] 

given by  But ler  (22), assuming the  va l id i ty  of the  
Schot tky  ba r r i e r  theory  for these semiconduc tor -e lec-  
t ro ly te  junctions,  and  tha t  near  the  bandedge  the 
opt ical  absorpt ion  coefficient is p ropor t iona l  to (by 
- -  E g ) " / 2 / h m  with  n = 4 or an indi rec t  bandgap.  The 
value  of n was ca lcula ted  f rom the slope of the  
s t ra igh t  l ine in the  plot  of in  (~h,)  vs.  (h~ - -  Eg) ,  
as shown in Fig. 6. The bandgap  for the o ther  samples,  
SSC and NSC, had  app rox ima te ly  the  same value,  
bu t  for the two Fe -doped  TiO2 Eg ,~ 2.9 eV (Fig. 5b).  
This value  shows tha t  the i ron impur i t i es  present  in 
the  synthet ic  single c rys ta l  TiO2, even when  the i r  
concentra t ion exceeds the  sa tura t ion  l imi t  (presence 
of prec ip i ta tes ) ,  do not  in t roduce  an absorp t ion  band  
tha t  s ignif icantly shifts the  bandgap  of these crys ta ls  
t oward  longer  wavelength .  
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Fig. 4. Quantum efficiency in percent as a function of k (A):  
(a) natural (NPC and NSC) and synthetic (SSC) TiO2; (b) Fe- 
doped synthetic single crystal [SSC-Fe(A) and SSC-Fe(B)] TiO2 
and NPC TiO2. The electrodes were polarized at 0V vs. SCE. The 
solution was 1M NaOH and was deoxygenated in the Pt com- 
partment. T = 25~ 
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Fig. S. The variation of quantum efficiency with photon energy 
for determination of the bandgap of the semiconductor electrodes, 
according to Eq. [3]. (a) Natural TiO2 futile (NPC and NSC) 
and synthetic single crystal TiO2 (SSC); (b) Fe-doped samples of 
synthetic single crystal TiO2. The corresponding bandgap are: 
~3.1 eV for the NPC; ~,3.0 eV for NSC and SSC; and ~2.9 eV 
for SSC-Fe(A) and SSC-Fe(B). 
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Fig. 6. The behavior of the quantum efficiency with photon 
energy for the NPC, NSC, and SSC TiO2 electrodes as described 
by Eq. [3]. The solid lines present a slope indicating an indirect 
bandgap for the natural and synthetic TiO~. 

The overal l  quan tum efficiency of the NPC elect rode 
has a lower  va lue  than  that  of the NSC and SSC 
electrodes (Fig. 4a) and is comparab le  wi th  the overa l l  
quan tum efficiency of the SSC-Fe  (A) and S S C - F e ( B )  
e lect rodes  (Fig. 4b) .  This resul t  agrees  wi th  tha t  m e n -  
t ioned for the  I -V character is t ics  of the  electrodes,  
where  i t  was seen tha t  the presence of i ron impur i t ies  
reduces  the pho tocur ren t  and where  i t  shows tha t  
the i m p u r i t y  sensi t izat ion with  Fe  ions iS a r a the r  
inefficient w a y  of enhancing the solar  energy  conver-  
sion of the  TiO2 electrodes.  

Conclusions 
The photoelec t roehemical  behavior  of na tu ra l  TiO2 

ru t i l e  was shown to be s imi lar  to tha t  of synthet ic  
single c rys ta l  TiO2, except  for a lower  b r eakdown  
potent ial ,  that  is comparable  wi th  that  r epor ted  for 
a rc -p lasma  sprayed  raw ruti le.  F l a tband  potent ia ls  
and donor densit ies were  de te rmined  f rom Mot t -  
Schot tky  plots, a n d  evidence for deep and shal low 
donors in the NPC TiO2 is discussed. The deep donor 
level  was proposed  to be Fe 2+. By comparison with  
the  behavior  of synthet ic  F e - d o p e d  TiO2 we were  
able  to show tha t  the Fe  impur i t ies  exis tent  in the 
na tu ra l  TIO2 ru t i le  a re  the most impor t an t  factor  in 
the occurrence of the low b reakdown  potential .  We 
showed also tha t  in TiO2 the quan tum efficiency di-  
minishes  wi th  the concentra t ion of Fe  impuri t ies .  In  
addi t ion to these genera l  resul ts  we also found that  
for  each sample  the f latband potent ia l  ca lcula ted  f rom 
the Mot t -Scho t tky  plots is in good agreement  wi th  
the  potent ia l  for onset of anodic photocurrent .  F rom 
the wavelength  dependence  of photocur ren t  we were  
able  to de te rmine  the na tu re  of the gap as being 
indi rec t  and to es t imate  the size of the gap, which 
was ,--3.1 eV both for  the poly  and single c rys ta l l ine  
na tu ra l  TiO2 samples,  

F ina l ly  our resul ts  demons t ra te  the poss ibi l i ty  of 
using na tu ra l  TiO2 rutile,  a ve ry  abundan t  minera l  
in Brazil,  as semiconduct ing anode for photoe lec t ro l -  
ysis of water .  The resul ts  show also that  the impur i t y  

sensi t izat ion wi th  Fe  ions is a r a the r  inefficient w a y  
of enhancing the solar  energy  conversion of the  TiO~ 
electrodes.  
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ABSTRACT 

The presence and growth of e lemental  arsenic in as-grown and thermal ly  
annealed  plasma oxidized films have been studied using Raman  scattering 
and x - ray  photoemission. The origin of arsenic growth observed in  the an-  
nealed samples is ful ly consistent with the presence of a thermodynamical ly  
dr iven  interracial  reaction involving As2Os in  the film and the substrate. 
The products of this react ion are Ga203 and As. 

Curren t  interests in nat ive oxides on GaAs have 
tended to focus on determinat ions of the bu lk  and 
interfacial  oxide compositions resul t ing from various 
gro~vth procedures. The presence of elemental  arsenic 
in  the region of the oxide-substrate  interface has 
been of par t icular  interest  due to its possible influence 
on electrical characteristics in device related applica- 
tions. Two recent  developments suggest that certain 
aspects of the current  unders tanding  of the in te r -  
facial composition problem may need to be re -ex-  
amined when thermal  processing or long- te rm com- 
positional stabil i ty become impor tant  considerations. 

The first development  involves a recent estimate 
of the condensed phase port ion of the Ga-As-O ter -  
nary  diagram (1) which indicates that  the interracial  
phases which can exist in thermodynamic  equi l ibr ium 
with  GaAs dur ing its oxidation are Ga~Oa and As. 
The second development  concerns the observation of 
thermal ly  induced interracial  reactions between As~O3 
and GaAs in  electrochemically anodized films (2,~3). 
Similar  reactions should occur in any type of nat ive 
oxide film which contains As203 whenever  there is 
sufficient energy avai lable to overcome diffusion and 
reaction barriers. 

The purpose of the present  work was to examine 
the compositional properties of dc and  rf plasma 
oxides with par t icular  emphasis being placed on the 
detection of e lemental  arsenic in as-grown and ther-  
mal ly  annealed  films. Both x - ray  photoelectron spec- 
troscopy (XPS) and Raman scattering were employed 
for these purposes. 

Experimental 
n-Type  Si-doped (1.0-1.1 X 10 zs cm -8) GaAs 

wafers were used in the preparat ion of the dc and 
rf p lasma-grown nat ive  oxides. The samples were 
mechanical ly and chemically polished and then 

* Electrochemical Society Active l~Iember. 
Key words:  f i lms,  x-ray,  t h e r m o d y n a m i c s .  

etched in H2SO4:H202:H20 (4:1:1) for 2 rain at 50~ 
followed by a 2 min  room tempera ture  etch in  
NH~OH: H202:H20 (1:1: 40). Oxidation conditions for 
the rf and dc plasma samples are presented in  Table 
L The samples labeled RF5 through RF8 received a 
postoxidation anneal  at 300~ for 1 hr under  argon. 

The bare substrate and electrochemically anodized 
reference wafers were Sn-doped (,-~2 • 10 is cm -3)  
samples which had been a lumina- lapped  (0.2 #m) 
and bromine-methanol  polished. The electrochemical 
oxidation was carried to 75V (~1500A) under  con- 
s tant  current  (0.2 mA/cm2) conditions uti l izing a 
3% phosphoric acid/e thylene glycol electrolyte (1:2 
by volume) adjusted to pH : 6.2 with NH4OH. 

The apparatus involved in the dc and rf plasma 
oxidations has been described in detail in Ref. (4) 
and (5). XPS and Raman  spectra were acquired using 
a Physical Electronics Industr ies  (Model 548) electron 
spectrometer and an Ins t ruments  SA (Model HG-2S) 
Raman  spectrometer. For Raman spectra the impinging 
laser excitation (5145A) was polarized in the plane 
of incidence (H) and the polarization of the l ight 
scattered normal  to the incident  beam was either 
unanalyzed (U) or analyzed perpendicular  to the 
scattering plane (V). These two polarization configura- 
tions are denoted by HU and HV, respectively. 

Results and Discussion 
Bulk oxides.--The pr imary  oxide species comprising 

the bulk  films were examined using x - r ay  photo- 
emission. Normal  Raman  cross sections associated 
with t ransparent  materials are insufficient in the 
present  case involving 1000-2000A films to permit  
similar information to be obtained by that  technique. 
The detection of arsenic by Raman scattering, how- 
ever, is quite sensitive due to resonance enhancement  
of its scattering cross section which occurs in mate-  

Table  | 

O x y g e n  Current  Subs tra te  
Oxidation Substrate pressure density Oxidat ion  t emper-  

S a m p l e  No. m e t h o d  or ienta t ion  (Torr) (mA/cm 2) t i m e  (rain)  a ture  (~ Oxide color  

DC1 dc p l a s m a  (100) 1 5.3 10 103 Light b l u e  
DC2 (100) 1 5.3 30 64 Y e l l o w  
DC3 (111) A 1 5.3 20 100 Y e l l o w  
DC4 ( 10O ) 1 5.3 40 28 B lue  
DC5 (100) 1 5.3 40 200 P i n k  
DC6 (I00) 1 12.0 20 25 B lue  
DC7 (100) 1 2.6 90 20 Light  b l u e  
RF rf  p la sma  (100) 0.2 t.0 10 80 Blue  
( 1-8 ) 
EC1 E l e c t r o c h e m i c a l  ( 10O ) 1.0 10 25 Y e l l o w  

2 2 6 9  
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r ia ls  possessing electronic absorpt ion bands that  over -  
lap  the exci ta t ion frequency.  

Photoemission spect ra  of the arsenic  and ga l l ium 
3d core states in dc p lasma  films are  presented  in 
Fig. 1 for purposes  of ident i fy ing  the oxide species 
in the surface, bulk,  and in ter fac ia l  regions. No sig- 
nificant differences were  observed be tween the X P S  
spect ra  of dc and rf  p lasma oxidized samples. The 
re l evan t  8d core level  b inding energy  separa t ions  
necessary  for the chemical  identif icat ion of the film 
components  a re  p rov ided  in Table IL 

The 3d core s ta te  intensi t ies  represen ta t ive  of an 
as -g rown surface (sample DC-1) are  shown in Fig. 1A. 
Ga203 and As203 are  the ant ic ipated  products ;  one 
notes however ,  tha t  the As 3d-Ga 3d binding energy 
difference (24.6 eV) on this surface is l a rge r  than  
expected (24.0 eV) for  those species. In  addi t ion the  
As 3d l inewid th  is except iona l ly  large  (3.1 eV) com- 
pared  to spectra  f rom pure  As,20~ (6-8). The broad 
As 3d l inewidth  and its shift  to h igher  binding 
energies  indicate  the presence of an admix tu re  of  
+ 3  and + 5  arsenic in the detected surface depth  
(40-60A). Al though it  is not  possible at  p resen t  to 
ident i fy  the pen tava len t  species, GaAsO~ and As20~ 
would be the most  l ike ly  candidates.  

Evalua t ion  of the surface A s / G a  rat io  observed on 
the dc and rf  samples  ranged f rom 0.7 to 0.8. These 
es t imates  were  based on atomic cross sections der ived  
f rom cleaved (110) GaAs, and are  somewhat  lower  
than  the bu lk  value  of 0.93 obtained by  Kauffman 
et al. (9) using ion- induced  x - r a y  analysis  on r f  
p lasma films. 

F igure  1B shows the 3d photoemission intensi t ies  on 
an argon ion sput te red  film (2 kV, 2 • 10 -5 Torr  Ar ) .  
The reduct ion in the A s / G a  3d area  rat io and the 
growth  of a low binding energy shoulder  on the As 
3d peak  are  indica t ive  of select ive sput te r ing  and 
argon beam reduct ion art ifacts.  The observed binding 
energy  shift  be tween  the main  As 3d peak  and its 
shoulder  (2.7 eV) is consistent  with the reduct ion of 
As203 down to e lementa l  arsenic (8). To demons t ra te  
that  the shoulder  on the main  arsenic peak was a 
spu t te r ing  ar t i fac t  ra ther  than intr insic  deposits of 
unoxidized arsenic in the bulk  film, we dissolved 
~100A of the a rgon -bombarded  sample  with a 1/5 
(volume)  mix tu re  of H3POJmethano l .  This chem-  
ica l ly  etched sample  (Fig. 1C) shows no evidence of 
the former  shoulder,  only Ga20,~ and As,_,O,~ are  evi-  
dent. Resput te r ing  the chemical ly  etched sample  re-  
genera ted  the lower  b inding energy arsenic peak. 
The bulk  A s / G a  ratios in the films cannot  be accu-  
r a te ly  de te rmined  unless a careful  measurement  of 
selective sput te r ing  in As.,O:~ and Ga~O:~ mix tures  is 
performed.  Simi lar ly ,  chemical  etching can also resul t  
in select ive dissolution. We did not pursue  this aspect  
of the comoo,~itional analysis.  

Severa l  of the samoles  were  chemical ly  s t r ioned of 
thei r  oxides using e i ther  H~POJme tbano l  (1:5) or 
HC1/H~O (1:2) etching solutions. Oxide remova l  by  
the H~POdmethano l  solution was re la t ive ly  slow and 
proceeded somewhat  nonuni formly  as judged by  the 
pa t t e rn  of in te r fe rence  colors observed af te r  etching. 

Table II 

BJndillg energy 
Compounds Components separation (eV) ReL 

GaAs Ga-As 22.0 (8) 
22.0 (6) 

Ga2OJGaAs Ga-Ga 1.2-1.4 (8) 
1.4 (6) 

As20~/GaAs As-As 3.4-3.6 (8) 
34 (6) 

As203/Ga~O3 As-Ga 24.2 (8) 
24.0 (6) 

As/GaAs As-As 0.4-0.6 (8) 
As20~/GaAs As-As 4.5-4.7 (8) 

4.7 (6) 
GaAsOjGaAs As-As 4.7 (6) 
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Fig. 1. As and Ga 3d care level photoemission stimulated by 
AIKc~ radiation. The binding energy positions of oxide and sub- 
strate components are marked by vertical lines. The maximum Ga 
peak height corresponds to approximately 800 counts/sec. 

The in ter rac ia l  region on a chemical ly  s t r ipped  
(H~POJmethano l )  film is shown in Fig. 1D. Both 
subs t ra te  and res idual  oxide components  are  appa ren t  
in both sets of 3d core states. Even wi thout  a r igorous 
deconvolut ion of the As and Ga 3d peaks  into sep-  
a ra te  oxide  and subs t ra te  components,  i t  is r ead i ly  
apparen t  that  the A s / G a  area  rat io  associated wi th  
the subs t ra te  signals at  40.8 and 18.8 eV exceeds the  
value of 1.31 observed on cleaved (110) GaAs. The 
presence of e lementa l  arsenic  in the  in te r rac ia l  region 
is consistent  wi th  this observat ion since the chemical  
shift  be tween the arsenic  3d core levels  in GaAs and 
As is sufficiently smal l  [0.4 eV, Ref. (8)]  re la t ive  to 
typical  measured  subs t ra te  l inewidths  (~.,1.9 eV) that  
these two signals would effect ively add and thus 
increase  the expected A s / G a  area  ratio.  Raman scat -  
ter ing da ta  in the fol lowing section fu r the r  supports  
this assignment.  

Binding energy reference levels w e r e  es tabl ished in 
the fol lowing manner .  The Ga 3d photopeak of Ga2Oa 
was used to establ ish the re la t ive  a l ignment  of the  
spectra.  The overa l l  b inding energy  scale was then  
fixed by  assigning the Ga 3d core level  in GaAs to a 
value  at  18.8 eV. Oxide charging due to secondary  
e lec t ron emission is appa ren t  in Fig. 1D where  one  
has the subs t ra te  signal  wi th  which  to r e f e r e n c e  the  
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oxide b inding  energy  positions. Both the  Ga and 
As 3d signals associated with  the i r  oxides are  shif ted 
to 0.4 eV h igher  b ind ing  energy  re la t ive  to the sub-  
s t ra te  than  an t ic ipa ted  f rom Table II; this  charging 
phenomena  is commonly  observed  in photoemiss ion 
on insulators .  

Even though R a m a n  scat ter ing  pe r fo rmed  pr ior  to 
any  chemical  e tching indica ted  comparab le  amounts  
of e lementa l  arsenic  were  presen t  in these samples,  
no evidence for  in ter rac ia l  arsenic was ob ta ined  on 
samples  chemical ly  s t r ipped  in HC1/t t20 solutions. 
We surmise  tha t  the  HC1 solut ion dissolved wha teve r  
arsenic was or ig ina l ly  presen t  a long wi th  the  oxide. 
S imi la r  resul ts  were  obta ined  on one sample  using 
NH4OH/H20 (1:1) for  an etchant.  

Arsenic detection in as-grown and thermally an- 
nealed films.--The optical  t r anspa rency  of the oxide 
components  of these films at  the laser  exci ta t ion  wave-  
length  (514.5 nm)  al lows in situ surface reflection 
Raman  scat ter ing  to be performed.  In general ,  only  
mate r ia l s  wi th  R a m a n  al lowed,  resonance enhanced 
cross sections wi l l  be detected.  In  the  present  case, 
both  arsenic  and GaAs wil l  be de tec ted  wi th  high 
sensi t ivi ty.  The identif icat ion and s t ruc tu ra l  form of 
the  de tec ted  species a re  ob ta ined  by  examina t ion  of 
the  ~osi t ion of the  Stokes shif ted Raman  peaks  and 
the i r  l ineshape.  The incident  exci ta t ion  impinges  on 
the sample  at  Brewster ' s  angle  and the Raman  scat -  
t e red  l ight  is col lected no rma l  to the  di rect ion of the 
inc ident  beam. 

Raman  scat ter ing  in the  HU polar iza t ion  configura-  
t ion is shown in Fig. 2 for  ba re  and oxidized GaAs. 
Al l  wafers  were  (100) or ien ted  wi th  nomina l  1000A 
as -g rown  films on the oxidized samples.  Sca t te r ing  
f rom the  ba re  subs t ra te  in  the  region of p r i m a r y  
in te res t  (150-300 cm -1) consists of the zone center  
longi tud ina l  and t ransverse  optic modes (LO, TO) 
at 291 and 268 cm -1, respect ively ,  a long wi th  two-  
phonon scat ter ing  of t ransverse  acoustic modes be -  
tween  150-240 cm -1 (10). Coupled LO-p la smon  fea-  
tures  (11) and addi t ional  two-phonon  scat ter ing  are  
also presen t  above 300 cm -~. 

Two p r i m a r y  fea tures  a re  appa ren t  in Fig. 2 in 
the  region be tween  150-300 cm -1. The first is the  
var ia t ion  in in tens i ty  nomina l ly  associated wi th  the 
TO phonon of GaAs at  268 cm -1. The second fea ture  
is the  observat ion  of a new peak  a round  205 cm -1 
super imposed  on the two-phonon  sca t te r ing  f rom the 
substrate .  An  accurate  analysis  of the in tens i ty  
a round  268 cm-~  is compl ica ted  because of the mul -  
t ip l ic i ty  of sca t ter ing  processes which can cont r ibute  
to the Raman  in tens i ty  in this spectra l  region. There  
wi l l  be a contr ibut ion f rom a l lowed TO subs t ra te  
sca t ter ing  because the propaga t ion  of l ight  into the  
subs t ra te  is not pa ra l l e l  to the  (100) direct ion in a 
surface reflection configuration. In  addit ion,  there  will  
be s t r a in - induced  (12) enhancement  of this TO scat-  
ter ing due to roughening  of the subs t ra te  dur ing  the 
oxidat ion  process. This TO enhancement  is pa r t i cu -  
l a r ly  apparen t  f rom a comparison of the  ba re  sub-  
s t ra te  and e lec t rochemical ly  anodized sample.  For  
ca r r i e r  concentrat ions  a round  10tS/cm 3, the L -  mode 
of the coupled LO-p lasmon  in terac t ion  wil l  occur in 
this v ic in i ty  (11). Any  amorphous  GaAs presen t  in 
the in te r rac ia l  region would  also contr ibute  a broad 
peak  centered at  roughly  260 cm -1 (13). F ina l ly ,  
both or thorhomic  and rhombohed ra l  s t ruc tures  of 
c rys ta l l ine  arsenic d i sp lay  sharp  A~ type  modes in the 
region be tween  265-257 cm-1  (14-16). We wil l  not  
t rea t  the sca t ter ing  a round  268 cm - I  in any fu r the r  
detai l .  

A va r i e ty  of evidence suggests tha t  the addi t ional  
sca t ter ing  observed a round  205 cm -1 on the two-  
phonon background  should be assigned to e lementa l  
arsenic. R a m a n  spect ra  for amorphous  arsenic (17, 
18) typ ica l ly  d i sp lay  a b road  band (180-160 c m - D  
in the  HU configurat ion which  contains a weak  peak  
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Fig. 2. Raman scattering (HU) from as-grown films of native 
oxides on GaAs. Asterisks denote the position of laser plasma 
lines. 

at ,~200 cm -1. Crys ta l l ine  arsenic  modes of Es cha r -  
acter  would  also contr ibute  be tween  195-200 cm -1 
(14-16). Crossed polar izat ion spect ra  (HV) effectively 
suppress  the two-phonon  contr ibut ion  f rom the  sub-  
strate.  Such spect ra  showed a broad,  s t ructure less  
band  of low in tens i ty  ex tending  f rom 180-260 cm -1 
consistent  wi th  r epor ted  crossed polar iza t ion  spect ra  
of amorphous  arsenic (17, 18). The Raman  da ta  thus 
supp lement  and a re  fu l ly  consistent  wi th  the  sug-  
gestion of e lementa l  in ter rac ia l  arsenic obta ined  f rom 
the photoemission spec t rum of Fig. 1D. In addit ion,  
recent  repor ts  ut i l iz ing the nondes t ruc t ive  opt ical  
technique of spectroscopic e l l ipsomet ry  have  observed 
opt ica l ly  absorbing components  in rf  p lasma  oxidized 
(19) and e lec t rochemica l ly  anodized (20) films. The 
iden t i ty  of the absorbing species is somewhat  difficult 
to assess in this technique however .  Photoemiss ion 
in tens i ty  f rom e lementa l  Ga would  be observed some 
1.1 eV (8) to lower  b inding  energies than  the Ga 3d 
signal  in GaAs. The lack  of a s y m m e t r y  on the low 
binding  energy  side of the Ga 3d in Fig. 1D in 
conjunct ion wi th  the A s / G a  rat io  being g rea te r  than  
one r a the r  than  less than one suggests that  e lementa l  
Ga is not  present  as the absorbing species. Smal l  
par t ic les  of GaAs embedded  in the oxide dur ing  
oxidat ion  are  also h ighly  un l ike ly  and would  not  
explain" tim observed Raman  scat ter ing  peak  a round  
200 cm -1. The bu lk  of the exis t ing evidence favors  
e lementa l  arsenic as the  absorbing  species in these 
films. 
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Compar ison of Fig. 2B-D in the vic ini ty  of 200 cm -1 
demonst ra tes  tha t  the e lec t rochemical ly  anodized film 
contains less e lementa l  arsenic  than e i ther  the  r f  
or  dc oxides in  the  a s -g rown  state. A qua l i ta t ive  
es t imate  of the detect ion sens i t iv i ty  of the Raman  
technique for  c rys ta l l ine  a~senic (3) suggests tha t  
10-20A of As should be observable .  A comparable  
figure for amorphous  As m a y  be 2-3 t imes larger .  
The recent  e l l ipsometr ic  studies suppor t  the observed 
differences be tween  e lec t rochemical ly  anodized and 
p lasma oxidized films. In those studies, e lec t rochem-  
ica l ly  anodized films grown at  O.1 m A / c m  2 were  ob-  
served to contain less than  6A of to ta l  arsenic  and 
to d i sp lay  in ter face  widths  less than  25A (20). In  
addit ion,  the in terface  widths  were  observed to be 
cur ren t  dens i ty  dependent .  Our efforts to es tabl ish  
the  arsenic detect ion sens i t iv i ty  of Raman scat ter ing  
(3) suggest  that  a total  of 6A would not  be detected 
in our  measurements .  In  the rf  films analyzed,  h igh 
cur ren t  dens i ty  growth  resul ted  in the sharpes t  i n t e r -  
face (~84A)  which contained ~20A of arsenic (19). 
In  addit ion,  the  bu lk  films contained be tween 1-2 
volume percen t  of a -As  (assumed) ,  which would con- 
t r ibu te  another  9-18A of As in 900A of a bulk  film. 
Detect ion of 30-40A of a -As  is consistent  wi th  the 
addi t ional  sca t ter ing  in tens i ty  observed a round  200 
cm -1 in Fig. 2C and D. Al l  of the r f  samples  inc luding 
those annea led  at  300~ for  1 hr  (RF-5-8)  showed 
comparable  Raman in tens i ty  in this region. Somewhat  
more  var ia t ion  was exhib i ted  by  the dc p lasma oxides. 
In  par t icu la r ,  samples  DC3 and DC5 showed weaker  
though discernible  sca t ter ing  peaks  a round  200 cm -1. 

The t e rna ry  G a - A s - O  phase d iag ram (1) ment ioned 
in the in t roduct ion  specifies that  Ga203 and As are  
the phases which can coexist  in the rmodynamic  equi -  
l ib r ium wi th  GaAs. Diffusion of As20~ from any  
region of the film to the ox ide -subs t ra te  in ter face  
should resul t  in a react ion according to 

As203 + 2GaAs-> Ga2Os + 4As [1] 

whenever  there  is sufficient energy  avai lab le  to over -  
come the react ion bar r ie r .  The existence of this r e a c -  
t i o n  has a l r eady  been verified using Raman  sca t te r ing  
in e lec t rochemical ly  anodized films which were  the r -  
ma l ly  annea led  (2, 3). TEM (21) and e l l ipsometr ic  
studies (22) of annea led  rf  p lasma oxides have also 
observed the presence of c rys ta l l ine  arsenic deposits  
in the in ter rac ia l  region. The connection be tween 
these observat ions  and the reac t ion  scheme presented  
in Eq. [1] was not  made  in Ref. (21) and (22) however.  

The the rmodynamic  or ig in  of Eq. [1] implies  that  
in ter rac ia l  react ions involv ing  nat ive  oxides on GaAs 
should occur at  sumcient ly  high t empera tu res  inde-  
pendent  of the growth  technique provided  that  As203 
is one of the film constituents.  Ru ther fo rd  backsca t t e r -  
ing and ion- induced  x - r a y  da ta  suppor t  the contention 
that  the As, . ,OJGa2Q rat io  of A s / G a  is close to 1:1 
in bulk films of both  rf  p lasma oxidized (9) and 
e lec t rochemical ly  anodized (23) samples. In o rder  to 
ver i fy  the react ion on p lasma films and to compare  
the react ion rates, the three  samples of Fig. 2B-D 
were  encapsula ted  together  in an evacuated  quartz  
tube (5 X 10 -7 Torr )  and inser ted in a tube furnace  
at  400 ~ -+- 10~ for 1 hr. F igure  3 shows the resul ts  
of Raman  scat ter ing  f rom these t he rma l ly  annealed  
samples.  

In tense  c rys ta l l ine  modes of meta l l ic  arsenic  a re  
now observed around 200 and 260 c m - L  The var ia t ion  
observed in the different  l ineshapes suggests that  a 
mix tu re  of c rys ta l l ine  and amorphous  arsenic is 
present.  The crys ta l l iza t ion ra te  appears  to differ 
among the samples and may  be sensit ive to cer tain 
detai ls  of the film composition s~ch as wa te r  inclusion 
dur ing  electrochemical  anodization.  The spat ia l  loca- 
t ion of these deposits at the ox ide -subs t ra te  in terface  
has p rev ious ly  been demons t ra ted  in annea led  anodic 
(3) and r f  p lasma (21, 22) films. 
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Fig. 3. Roman scatfering (HU) from thermally annealed films. 
Crystalline and amorphous orsenic modes os well as the substrate 
LO are shown. 

From a comparison of the Raman intensi t ies  ob-  
served in Fig. 2 and 3, i t  is r ead i ly  appa ren t  that  
the total  As content  of these films has increased sub-  
s tan t ia l ly  dur ing  the annealing.  This fea ture  is con- 
sistent  with arsenic generat ion impl ic i t  in Eq. [1] 
but  is inconsistent  wi th  a model  of the p lasma oxide-  
GaAs interface  proposed by  Chang (24). In  tha t  
model, the p r i m a r y  effect of the rmal  anneal ing  (T 
< 450~ supposedly  is to conver t  amorphous  arsenic  
present  in the a s -g rown state to one of its c rys ta l l ine  
al lotropes.  Such a model  c lear ly  cannot  account for  
the considerable  increase in the arsenic  in tens i ty  ob-  
served af ter  annealing.  

In  summary,  photoemission and Raman scat ter ing  
have been employed  to s tudy the na tu re  of p lasma 
oxide films grown on GaAs. The bulk  films consist 
of As20:~ and Ga203 with evidence for  some form of 
pen tava len t  arsenic in the surface layers.  As -g rown  
e lec t rochemical ly  anodized films were  observed to 
contain less e lementa l  arsenic than the i r  de and rf  
p lasma counterpar ts  over  the l imi ted  range of p lasma 
oxidat ion conditions employed in this study. Thermal  
anneal ing  resul ts  in an in ter rac ia l  react ion be tween  
As~O3 and the subs t ra te  independent  of the g rowth  
procedure  for the oxide film. Subs tan t i a l  deposits o f  
e lementa l  arsenic  a re  genera ted  and subsequent ly  
incorpora ted  in the oxide dur ing  this r e a c t i o n .  
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Etching Characteristics of Defects in the 
InGaAsP-InP LPE Layers 

Tsuyoshi Kotani, Satoshi Komiya, Saburo Nakai, and Yutaka Yamaoka 
Fujitsu Laboratories Limited, Nakahara-ku, Kawasaki, Japan 

ABSTRACT 

Defects in the InGaAsP-InP multiepitaxial layers on the InP (III)P 
substrate were investigated using chemical etching techniques. Threading 
dislocations~ stacking faults, dislocation rosettes, and dislocation crowds were 
revealed on InP epitaxial layers by the AB etch at 60~ They were identi- 
fied from their etch features and it was suggested that dislocation rosettes 
and crowds were caused by localized mismatch stress. 

There is considerable interest in the quaternary 
InGaAsP for injection laser (1, 2), LED (3, 4), and 
photodiode (5, 6) applications in fiber optic communi- 
cation systems (7, 8) developed for the 1.0-1.5 #m 
wavelength range, since in this quaternary alloy layers 
bandgap can be varied while maintaining lattice match 
to the InP substrate (9, 10). It is known that the first 
degradations of GaAIAs-GaAs DH lasers or LED's are 
caused by some defects in the active layer (11-13). 
Ettenberg and Nuese reported that the degradation rate 
depends on the energy gap of the active layer (14). 
Therefore, it is important to investigate defects in the 
InGaAsP-InP LPE multilayers matched to the InP 
substrate. This paper describes the etching character- 
istics of defects in the InGaAsP-InP LPE layers on 
the InP (111) B substrate. 

Key words: etch pit, dislocation, liquid phase epitaxy, InGaAsP. 

Experimental Procedure 
The LPE growth method utilized in this work was 

the well-known slider boat technique. An InP ( l l l ) B  
substrate was chemically polished and its damage layer 
was removed. The solutions for LPE growth were 
saturated at 670~ for an hour and cooled at the rate 
of 0.5~ over a temperature interval of 40~ 
After the InP buffer layer was grown, the growth of 
the quaternary layer was started from 648~ at the 
matching condition (15). A super cool of 2~ was 
employed for the growth of the 2nd and 4th InGaAsP 
layers. The energy gaps of the second active layer and 
the 4th layer for p-contact are 1.00 and 1.06 eV, re-  
spectively. The characteristics of wafer 1 with a typical  
double heterostructure are shown in Table I. 

The lattice match between the epitaxial layers and 
substrate was evaluated using a double crystal x -ray  
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Table I. Characteristics of wafer 1 

Subs tra te  and Carr ier  Thick-  
epi taxia l  layers  D o p a n t  conc.  ( c m  -s) nes s  ( ~ m )  

Sub. InP ( I I I ) B  Sn n = 5 x i 0  ~7 
1st InP Sn n = 5 x I0  ~ S 
2nd Ino .~Gao.~So.~Po.~  ~ - -  1.0 
3rd InP Zn  p = 1 x 1018 1,0 
4th Ino.79Gao.~LAso.~Po.~ Z n  p = 5 x 10 ~8 0.8 

diffractometer with paral lel  sett ing of the (333) plane. 
The half angles of rocking curves from the (333) 
reflection of the ( l l l ) B  InP  substrates were about  
8-10 sec. Figure  1 shows the diffraction profile of wafer 
1 shown in  Table I. While the sharp main  peak 1 is due 
to the InP  layers and substrate, the much broader  
diffraction peak 2 is due to InGaAsP layers and may  
suggest large dis t r ibut ion of the lattice constants. The 
lattice mismatch between peaks 1 and 2 is Aa/a = 
9.1 • 10 -4. Other DH wafers have similar  diffraction 
profiles, when the same compositions of melts a r e  
employed. 

There are a few reports on the etchants reveal ing 
defects in the InP  substrate (16, 17), 1 but  they are 
inadequate  to evaluate thin epitaxial  layers as shown 
in  Table I. It  is well  known that  the AB etch, which 
consists of a mix ture  of 2 ml H20, 8 mg AgNO3, lg 
CrO3, and 1 ml HF, reveals defects in the GaAs sub- 
strate (18). St i r land has also reappraised the etching 
properties of the AB etch for the GaAs substrate (19). 
I n G a A s P - I n P  epitaxial  wafers were also studied by 
the AB etch (20-22). The etch features of the InP  
( l l l ) B  and (100) substrates by the AB etch main-  
tained at 60~ are shown in Fig. 2 (a) and (b), respec- 
tively, and two specimens were etched simultaneously.  
These etch features are very similar to those observed 
on the Si-doped GaAs substrate (19), i.e., most of 
dislocations are ma in ly  delineated as the dot- and 
dash-l ike features in Fig. 2 (a) and (b).  These features 
represent  a two-dimensional  projection onto the 
surface produced by the etch of the dislocations con- 

Since  the  e t chant  (1HBr:SHF) has  no  m e m o r y  e f f ec t  and re- 
vea led  no s tr iat ions  on any substrates ,  the se  samples  w e r e  e t c h e d  
by ( IHBr:5HF)  w i thout  be ing  po l i shed  by any e t c h a n t s  a f ter  the  
AB etchant. Therefore, the  str iat ion i m a g e  on Fig. 2(c) and (d) 
is the afterimage of that revea l ed  by the  AB etch ,  wh i l e  deep  
e tch  pits correspond  to d is locat ions  through  e t c h e d  surfaces .  

1 

e lh sec 

Fig. 1. Rocking curve of the (333) reflection of wafer 1 by -sing 
a double crystal x-ray diffractometer. The (333) reflection plane 
of the similar InP (111)B substrate was employed as an x-ray 
monochrometer and they were set in parallel. Cu-K~ radiation was 
employed and confined to 0.5 mm on the wafer surface by point 
slits. The half-angle of peak I is of A6 = 24 sec and the mismatch 
of the peak 2 is of Aa/a  = --9.1 X 10 -4.  

Fig. 2. The interference contrast mlcrographs of the etched 
surfaces of the InP (111)B and (100) substrates by the AB etch and 
(1HBr:SHF). Figures (a, top left) and (b, top right) show the 
(111)B and (100) surfaces of the InP substrates, respectively, after 
15 rain AB etch at 60~ Figures (c, bottom left) and (d, bottom 
right) show the (111)B and (100) surfaces of the InP substrates 
after 2 rain (1HBr:SHF) etch at room temperature, respectively. 

tained within  the volume of InP  removed by the etch. 
However, some of dislocations are revealed as conical 
etch pits on the InP  ( l l l ) B  substrate. The straight 
lines or band- l ike  features are associated with str ia-  
tions and were f requent ly  observed on the InP  sub-  
strates, but  not observed on the epitaxial  layers. Fig-  
ures 2(c) and (d) show the etch pit pat terns of the 
same areas on the two InP substrates with ( l l l ) B  and 
(100), respectively, when subsequent ly  etched by the 
dislocation etchant of (1HBr:5HF) (17). The etch 
features at emergent  dislocations are different owing 
to the etchants, however, the etched pa t te rn  in Fig. 
2(b) compares well with the etch pit pa t te rn  in 
Fig. 2(d) .  

Wafer 1 has been examined using these etchants as 
follows. When the wafer was etched for 2.5 min  by the 
AB etch, the 4th InGaAsP layer  was preferent ia l ly  
etched off because of more rapid etch rate and then 
the etch feature of the third InP  layer  was examined 
by  interference contrast. After  the remain ing  third 
layer  was selectively polished by the (1HBr:10HF) 
etchant  (17), it was also etched by the AB etch and 
the etch features of the first InP  layer  were examined 
too. 

Results and Discussion 
Dislo.cation etch pits.--Figures 3(a)  and (b) show 

the etch features of the same area on the third and 
first InP  layers of wafer 1 by the AB etch at 60~ 
respectively. As shown in Fig. 3(a)  and (b),  conical 
etch pits were revealed on the epitaxial  InP  layers by 
the AB etch, al though only par t  of the etch feature 
was observed as conical etch pits on the InP  (111)B 
substrate. The mult ipl icat ion of threading dislocation 
in the epitaxial  layers was observed in Fig. 3(a)  in 
comparison with that shown in  Fig. 3 (b).  For  example, 
each of the etch features "p," "q," and "r" consists of 
several etch pits on the third InP  layer  in  Fig. 3 (a) 
but  is observed as only a single etch pit on the first InP  
layer  in Fig. 3 (b). Most of dislocation etch pits on the 
third InP  layer  of other DH wafers by the AB etch 
were observed as a cluster of several t r iangular  etch 
pits, as shown in Fig. 3(a) .  This mult ipl icat ion of 
threading dislocation is caused by the generat ion of 
dislocations due to plastic deformation and its details 
were discussed in another  paper  (23). ~ 

~As s h o w n  in Fig. 4 of  this  r e f e r e n c e  (23) e t ch  pi ts  w e r e  re- 
vealed on a~-grown homoepitaxial l n P  layer  b y  the  AB etch,  so 
etch pits on the first InP layer  in Fig. 3(c) a r e  no t  due  to  the  
m e m o r y  e f fec t  of  the  AB etch,  
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Stacking faults.-- Stacking  faul ts  having  three  differ-  
ent  configurations, i.e., the single l ine "i," t r i angle  "a," 

Fig. 3. The micrographs of the etched surface of the third and 
first InP layers of wafer 1 by the AB etch. Figure (a, top) is 
the etch pit pattern on the third InP surface after 2.5 rain AB 
etch at 60~ After the third InP layer of wafer 1 was preferentially 
removed by the etchant (1HBr:10HF), it was etched by the AB 
etch at 60~ for 3 rain. Figures (b, middle) and (c, bottom) show 
the etch pit patterns on the first InP layer surface. An etch pit or 
triangle defects are denoted with the same letters in Fig (a) and 
(b). 
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and the i r  combinat ion "c" were  observed  in Fig. 3 (a) .  
Consider ing the etched shape of the t r iangle  "a" in 
Fig. 3 (b ) ,  these s tacking faul ts  have  also a th ree -  
d imensional  s t ruc ture  consist ing of (111) surfaces for  
the  (001) growth  p lane  (24, 25). Their  or ig inal  posi-  
t ion can be known f rom the i r  size on the surface, 
though it  is p resen t  c lear ly  behind  the second layer .  
I t  is ev ident  t ha t  a l l  the  s tacking  faul ts  in  Fig. 3 (a )  
occur at  the  in ter face  be tween  the  first ep i t ax ia l  l aye r  
and  the  substrate .  Compar ing  Fig. 3 (a )  wi th  3 (b) ,  
they  pierce th rough  the th ree  ep i tax ia l  layers  wi thout  
any  pe r tu rba t ion  at  two hetero in ter faces  be tween  the 
InP and InGaAsP  layers  (26), and p robab ly  th rough  
the 4th InGaAsP  layer ,  too. However ,  the  s tacking 
faul ts  were  not  observed on the a s -g rown  surface of 
the 4th InGaAsP  ep i tax ia l  l aye r  by  optical  microscope. 
They were  f requen t ly  observed as su r face - imper fec -  
tions on the ep i tax ia l  surface of VPE Si (27) or  GaAs 
(28). The s t ruc ture  of the surface imperfect ions,  the  
so-cal led  "shadow," are  formed as a resul t  of the  
blocking or pe r tu rba t ion  of l a t e ra l  growth.  These sur -  
face imperfect ions  were  also observed  on the surface 
of l iquid phase ep i tax ia l  wafe r  wi th  s imi lar  double  
he te ros t ruc tu re  of GaA1As-GaAs (29). In  the  case of 
LPE growth,  i t  is p robab le  tha t  the surface imperfec-  
t ion due to s tacking faul t  is also caused by  the pe r -  
tu rba t ion  of dominant  l a t e ra l  g rowth  such as te r race  
steps. However ,  such typical  te r race  steps were  r a re ly  
observed on the InGaAsP  LPE laye r  doped by  var ious  
dopants,  Sn, Te, Zn, and Cd, even when it  had suffi- 
c ient ly  the  la t t ice  constant  matched  to the  InP  sub-  
s t ra te  (Aa/a < 1 • 10-4) .  Fur the rmore ,  such surface 
imperfect ions  wi th  the  r egu la r  square  shape were  
sometimes observed on the la t t ice  matched  t e r n a r y  
InGaAs  layer  g rown on the InP(001)  substrate .  This 
impl ies  tha t  two-d imens iona l  ep i t ax ia l  g rowth  such 
as nucleat ion,  s tep growth,  and  bunching  mechanisms 
m a y  be b lur red ,  because this  qua t e rna ry  a l loy consists 
of four  e lements  wi th  v e r y  different  ionic radi i  as 
opposed to the  t e r n a r y  GaA1As. Anyhow,  i t  seems tha t  
some growth  mechanism of the qua t e rna ry  layer  affects 
format ion  of the  surface imperfect ions  associated wi th  
s tacking faults.  

There  were  severa l  repor ts  on etching character is t ics  
of s tacking faul ts  on VPE Si l aye r  (24, 25). The pa r t i a l  
dislocations t e rmina t ing  l ine defect  wi th  Burgers  
vector  of +a/6 <211> were  revea led  as deep etch pits  
at  the  ends of etched groove, whereas  t e rmina t ing  t r i -  
angle defect  wi th  Burgers  vector  of +a/6 <110> were  
not revea led  as etch pits  a t  the  corners  of etched t r i -  
angu la r  grooves. As shown in Fig. 3 (b)  and  (c) ,  the  
conical  deep etch pits  a re  observed at  both  ends of 
l ine defects "h" and "i" but  the  etch pits  at the 
apexes of t r iangle  such as "a" a re  not so clear.  This 
resul t  suggests tha t  the  pa r t i a l  dislocations t e rmina t -  
ing this l ine defect  have Burgers  vector  of +a/6 
< 2 1 I > ,  and agree  wi th  the  resul ts  of Maha jan  et al. 
(30) on s tacking faults  in the LPE homoepi tax ia l  InP 
layer .  The s tacking faul t  combinat ion  "c" or  "d" re -  
sul ted  from the in terac t ion  of two t r iangle  defects and 
pa r t i a l l y  ann ih i la ted  on the th i rd  InP etched surface. 
Therefore,  i t  seems tha t  the two t r iangles  of the 
combining s tacking faul t  are  of s imi la r  types.  

Dislocation rosette and crowd.--Figure 4 shows the 
e tch pi t  pa t t e rn  on the first InP l aye r  of wafe r  1. In  
addi t ion  to r a n d o m l y  d i s t r ibu ted  etch pits, two types  
of  etch pi t  c lusters  "D" and "E" were  observed  in Fig. 
4 and they  were  sometimes revea led  on each ep i tax ia l  
l aye r  of the  s imi lar  DH wafers  by  the AB etch. F igures  
5 and 6 show the typica l  pa t t e rns  of the i r  etch pi t  
clusters. The cluster  in Fig. 5 is usual ly  cal led the  dis-  
locat ion roset te  though it  is p roduced  by  in tent ional  
indenta t ion  expe r imen t  (31) or bonding process (32). 
The cluster  in Fig. 6 consists of r andomly  d is t r ibu ted  
etch pits f rom its center  region of high densi ty  and we 
call  i t  the dislocation crowd in o rder  to d is t inguish the 
dislocat ion rosette.  
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Fig. 4. Etch pit pattern an the first InP layer 
Fig. 6. A typical dislocation crowd pattern revealed on the first 

|nP epitaxial layer of wafer 1 by the AB etch. 

cation rosettes is explained from the results as follows. 
There is the lattice mismatch of ha/a -- --9 • 10 -4 
between the parallel  growth planes of the qua te rnary  
layer  and InP  layer  in wafer  1. Assuming that  the 
lattice planes of the qua te rnary  layer  perpendicular  
to the growth (001) plane are more closely matched 

Fig. $. A typical dislocation rosette pattern revealed on the 
first lap epitaxial layer of wafer 1 by the AB etch. 

The dislocation rosette consists of two etch pit ar -  
rays along only two <110> directions among the 
equivalent  three in the (111) plane and each array 
consists of pairs of large and small  etch pits. The one 
side of the double lines of etch pits in a <110> array 
consists of the small etch pits and the other consists of 
the large etch pits. Maeda et al. reported on the three 
slip modes of a dislocation rosette on the indented 
(111)B GaP surface (31). Considering the rosette 
pat tern  of Fig. 6, it seems that  a pair  of etch pits in a 
<110> array is associated with the dislocation half-  
loop along a prismatic glide cylinder and the Burgers 
vector is of equivalent  six modes of -t-a/2 <110> in 
the (111) growth plane. 

Figure 7 (a) shows many  dislocation rosettes on the 
thicker InGaAsP layer  of 4.3 ~m with the close com- 
position to one of the second qua te rnary  layer  of 
wafer 1, and the lattice mismatch is of ~a/a : --10 ,~ 
-{-6 >( 10 -4 as a result  of the compositional gradient  
along the growth direction (33, 34). Figure 7 (b) shows 
the growth pa t te rn  on the first InP  layer  after the 
qua te rnary  layer was etched by the etchant (H~SO4: 
H202:H20 ~-~ 90:5:5). The notable wavy pat terns and 
m a n y  paral lel  lines to three <110> directions due to 
misfit dislocations are observed in Fig. 7 (b). As shown 
by "A"-"F" in both figures, the dislocation rosettes 
correspond to the fronts of the wavy patterns, respec- 
tively. Furthermore,  all of them consist of only two 
<110> arrays of etch pits. Generat ion of these dislo- 

Fig. 7. (a, tap) A distribution of the dislocation rosettes on the 
etched InGaAsP quaternary layer. (b, bottom) The wavy pattern 
on the first InP layer. 
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to tha t  of the  InP (35), the inner  stress r in the  (001) 
p lane  due to the  la t t ice  mismatch  is der ived  f rom a 
fo rmula  r : E/(1 -- v )x~a/a  (34, 38). When  the 
stress v is app rox ima te ly  es t imated  f rom the va]lles of 
E/(1 -- v) : 1.2 X 1013 d y n e / c m  2 for  GaAs [37], the  
value  ~ equals  to 1.1 X 10~ d y n e / c m  "~ at  room t empera -  
ture. Though the la t t ice  match  at  h igh t empera tu re s  is 
p robab ly  more  impor t an t  (38, 39), this mismatch  
stress had never  induced in wafer  1 any misfit disloca-  
tions. Nevertheless ,  this misfit stress is not  sufficiently 
small ,  and  i t  m a y  be sufficient to induce local  plas t ic  
de format ion  when it  was localized at  the  smal le r  
area.  Then, i t  is p robab le  tha t  this notable  wavy  pa t -  
t e rn  on the first InP l aye r  has caused such localization.  
While  the  dislocat ion roset te  wi th  three  or six etch pi t  
a r r ays  is usua l ly  induced by  symmet r ic  stress a round  
a poin t  in such a case of  indenta t ion  expe r imen t  (31), 
this localized stress should be asymmet r i c  because  of 
geome t ry  of the wavy  p a t t e r n  and i t  induced the dis-  
locat ion roset te  wi th  only two etch pi t  arrays .  F u r t h e r -  
more, dis locat ion crowd may  also be caused by  such 
local ized stress a t  a s imi lar  wavy  pat tern ,  a l though it 
r a re ly  was observed.  

Maha jan  et al. (40) has recen t ly  re~or ted  tha t  dis-  
locat ion clusters  in opt ica l ly  degraded  regions in 
InGaAsP  l aye r  were  developed f rom thread ing  and in-  
c lus ion-genera ted  dislocat ion by  the  gl ide process. 
Inclusion in the ep i tax ia l  l aye r  can p robab ly  cause 
local izat ion of the  mismatch  stress, but  i t  is not ap-  
pa r en t  whe the r  this roset te  is the  same defect. 

In  summary ,  the  defects in the  I n G a A s P - I n P  DH 
wafe r  grown on the  InP  (111)B subs t ra te  were  inves t i -  
gated by  the observat ions  of chemical  e tching features.  
The th read ing  dislocations,  s tacking fautts,  dis locat ion 
rosettes,  and dislocat ion crowds were  observed  and it 
was suggested tha t  the dislocat ion roset tes  and 
crowds were  caused by  local izat ion of mismatch  stress. 
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Control of Zn Doping for Growth of lnP pn 
Junction by Liquid Phase Epitaxy 
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ABSTRACT 

The method of Zn doping for the liquid phase epitax/al growth of a high 
quality InP pn junction has been investigated. The evaporation of Zn from 
the growth melt was found appreciable at the growth temperature as low 
as 640~ and therefore causing the unwanted Zn diffusion into the substrate 
from the vapor. The diffusion of Zn from the growth melt was also observed 
and its effective diffusion coefficient in undoped InP was estimated to be 1.0 _.+ 
0.3 X 10 -1~ cm 2 sec - I  at. 620~176 The characterization of grown layers 
was carried out over a wide range of the Zn doping density. The dis tr ibut ion 
coefficient of Zn was determined from Hall measurement  to be 0.84 below the 
Zn fraction in the mel t  of 10 -2 atomic percent. Above this fraction, it was 
speculated that  a strong carrier compensation limits the NA-ND value below 
2-3 • 10 TM cm -3 and also results in the energy decrease and the half=width 
increase of the photoluminescence. In  order to el iminate these disadvantages 
of Zn doping, an improved growth method was developed by an optimized 
use of in situ etch. The etching of the substrate by pure In  solution was found 
to be characterized by the apparent  diffusion coefficient of P in  In, 6 • 10 -4 
cm 2 sec -1 at 640~ and the s t ructure  grown by this method was found 
free from the misplacement  of pn junc t ion  and also exhibi t ing the cur ren t -  
voltage characteristics of a near ly  abrupt  junct ion.  

Recent ly InP  has been receiving considerable in te r -  
est because of its promising application to microwave 
devices as well as optical devices. One of the impor tant  
technologies in processing InP  devices is the formation 
of high qual i ty  pn junctions, which are widely required 
for various devices like InP  IMPATT diodes and light 
emit t ing diodes. Several  investigators have studied the 
l iquid phase epitaxial  (LPE) method to realize InP  pn 
junct ions consisting of Zn-  or Cd-doped p+- type  layer  
and Sn-doped n - type  layer  (1, 2). 

Since it  has been shown that both Ge and Si, which 
behave as amphoteric dopants in GaAs, cannot produce 
a p=type conduction in InP grown by the LPE method 
(1, 3), Zn is considered to be one of the most convenient  
dopants to prepare  p- type  InP  layers. When Zn is 
chosen as p- type  dopant  in the LPE growth, however, 
one should pay at tent ion to its high vapor pressure as 
well as to the relat ively high diffusion coefficient in 
the semiconductor bulk at the growth temperature.  The 
evaporation of Zn in  the Ga melt  dur ing  GaP growth 
has resulted in the carrier  density profile decreasing 
toward the epitaxial  layer  surface (4). The misplace- 
men t  of the pn junct ion observed in the GaAs (5) and 
the InP  (2) homojunct ions and the InP=Inl-xGax-  
Asl-yPy heterojunct ion (6) is considered to be at-  
t r ibutable  to either the Zn diffusion dur ing  the p +- type 
layer deposition or to the cross-contaminat ion of melts 
caused by the Zn evaporation. However, the unde r -  
s~anding of this k ind of problem in the LPE method 
has been left vague since no systematic studies have 
been carried out. Concerning the electrical characteris- 
tics of a Zn-doped layer, the net  acceptor concentra-  
tion has been reported to saturate at 3-4 N 10 is cm-S 
for higher Zn fractions in the growth melt  (1). The 
effect of high doping has not been fully investigated 
so far, regardless of its importance in the p + n  junct ion 
structure. 

The purpose of the present  paper is to investigate 
the properties of Zn as a dopant  for p- type InP  layers, 
in  order to develop the LPE growth technique to fab- 
ricate a high qual i ty p+n  junction. In the course of our 
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experiment,  we have found that  anomalous layers are 
formed in the n- type  substrates dur ing  the growth of 
a Zn-doped p- type  layer. The mechanism of this 
anomaly  is analyzed in  conjunct ion with the e v a p o r a -  
t i o n  of Zn from the melt  as well as the diffusion of 
Zn into the substrate. The effect of the Zn doping 
density is investigated in terms of the electrical prop- 
erty determined by the Hall measurement  and the 
optical proper ty  obtained by the photoluminescence 
measurement .  Finally,  a growth method which can 
el iminate  the formation of such anomalous layers is 
demonstrated and the suitable growth procedures for 
the fabrication of high qual i ty  pn  junct ions are dis- 
cussed, 

Growth Techniques 
The growth system consisted of a horizontal  furnace 

with a t ransparent  gold-plated reflector and a sliding 
boat made of high pur i ty  graphite. The spacing of the 
Kantha l  winding and the thickness of the gold film 
were optimized and a flat temperature  profile wi thin  
_0.5~ deviation was obtained over the length of the 
boat. The furnace temperature  was controlled by a 
Eurotherm Model 120 controller  moni tor ing  the tem- 
pera ture  near  the bottom of the graphite  boat. The 
hydrogen was introduced into the reactor tube having 
the inner  diameter  of 43 mm through a Pd-diffused 
purifier at the rate of approximately 0.3 l i ter/rain.  

Two different sliding boats were used in our experi-  
ment. Boat 1 had a single 4 mm thick slider which had 
two melt  bins with the cross section of 4 • 4 mm 2. An 
addit ional 8 • 8 mm 2 window was prepared in  the 
slider. An InP plate set in this window protected the 
substrate during the pregrowth heating; this technique 
was useful to el iminate the thermal  erosion of the 
substrate surface (7). Boat 2 had two sliders on the 
framework. Three 6 • 8 mm 2 melt  bins as well as a 
14 • 11 mm 2 window for the substrate cover were 
provided in the lower slider, the thickness of which 
was 3 ram. The top slider also had melt  bins with same 
sizes as lower ones. A part  of the melt  stored together 
with the source InP  in the upper bin can be introduced 
into the lower bin and made out of contact with the 
source InP  by sliding the top slider on the lower one. 
The growth melt  can be thus completely isolated in  
this system so that  the losses of P and Zn are min i -  

2 2 7 8  
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mized. The surfaces of the f r amework  and the lower  
and the top sliders were  finished to g i v e  in t imate  con- 
facts, and the upper  melts  were  protected by graphi te  
covers over  the bins. 

The growth  mel t  was saturated with  InP most ly  at 
650~ for more  than 30 min. It was once cooled down 
a n d  then Zn of an appropriate  a m o u n t  was added to 
it  and also the substrate  was charged before  the g rowth  
run. The substrate  rested in the downst ream of It2 
flow dur ing the p regrowth  period, and the min im um  
separat ion be tween  the substrate and the growth mel t  
was ,-,3 cm in both boat systems. The growth  was 
carr ied out by contacting the melt, supercooled to 6 ~ 
13~ below the saturat ion tempera ture ,  to the sub- 
strate dur ing e i ther  the isothermal  growth or the ramp 
growth.  The cooling rate  used was 0.6~176 and 
the growth t ime was var ied  f rom 1 to 45 rain. 

Undoped bulk crystals wi th  the carr ier  concentrat ion 
around 4 X 1015 cm-~  and the mobil i ty  of about 5000 
cm2/V �9 sec were  used as both phosphorus sources and 
growth  substrates. Fe-  and Cr-doped semi- insula t ing 
substrates wi th  the resis t ivi ty ranging in 105-106 a c m  
were  also used. The substrate and the source InP were  
etched in 0.5% Br  �9 CH40 solution and then stored in 
isopropylalcohol unti l  they were  charged into the 
furnace. High pur i ty  In (99.9999%, Johnson Matthey,  
Grade A1) and Zn (99.9998%, Metals Research) were  
weighed and etched by dilute HNO~ just  pr ior  to the 
charging. 

Results and Discussion 
Junct ion cross sec t ion . - -The  cross section o f  the 

grown layer  was stained with  a solution of KOH + 
I ~ [ F e ( C N ) 8 ]  (8) at room tempera ture :  this e tchant  
has been found more sensit ive to the effect of our in-  
terest  than the AB etchant  (9). Most of the samples 
grown without  any special precaut ion showed ei ther  
two or three  lines af ter  staining regardless  of a single 
deposition of the p + - l a y e r  on the substrate. F igure  1 
demonstrates  an example  of a microphotograph show- 
ing the format ion of anomalous layers below the Zn- 
doped layer. In this case, a layer  having two regions 
wi th  different thicknesses has been grown by means of 
the shift  of the mel t  bin using boat 1. The substrate 
with .-,3.5 ~ off <111> plane has been used and the 
growth  t imes have  been 15 and 30 rain for the two 
regions, respectively.  The straight  l ine M shows the 
meta l lurgica l  interface. It is noticed that  the additional 
lines, L and V, are deeper  for longer  growth duration. 
The depths of these two lines measured f rom the 
meta l lurgica l  interface are plotted vs. the growth t ime 
in Fig. 2. In this measurement ,  the growth has been 
carr ied out by boat 1 at ,~640~ from a supercooled 

Fig. 1. Microphotograph showing the stained cross section of a 
p+ layer grown on an undoped substrate. The growth time is 36 
min on the right end and 16 min for the rest. The stained line M 
corresponds to the metallurgical interface, below which two extra 
lines L and V are revealed. 
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Fig. 2. Relationship of the depth of the stained line measured 
from the metallurgical interface vs. the growth time. The lines 
have been calculated with the assumption of a simple Zn diffusion 
for various values of the diffusion coefficient. The preheat dura- 
tion of 20 min has been assumed. 

melt  with the Zn atomic fract ion in the range of 
0.06-0.02%. As seen in Fig. 2, l ine V is a l ready several  
micrometers  deep even on the ear ly  stage of the 
growth, whereas  line L appears af ter  the growth 
initiates. 

The following possible origins can be considered 
to account for this anomaly:  (i) the thermal  conver -  
sion of the surface of the undoped substrate,  (it) the 
in-  or out-diffusion of impuri ty,  and (iii) the diffusion 
of Zn into the substrate. Our  anci l lary  exper iment  
showed that an anomalous layer is formed when the 
melt includes Zn even if it is located away from the 
substrate during heating. On the contrary, neither the 
growth of an undoped layer nor the heat-treatment of 
the substrate without Zn in the reactor exhibited any 
trace of anomaly. These facts suggest that possibility 
(iii) is working in our case, and the following mech- 
anism is considered to operate. First, a fraction of Zn 
in the melt evaporates out and the Zn atoms in the 
vapor diffuse into the substrate even before actual con- 
tact of the melt with the substrate. After the contact 
the Zn atoms remaining in the melt diffuse into the 
substrate. These two processes are generating, pri- 
marily, the layer far below the interface and the one 
next to the interface, respectively. If the diffusion 
profile is assumed to obey a complementary error func- 
tion, the diffusion depth d is expected to be given by 

d _~ (Dzntd)l/~ [1] 

where  Dzn is the diffusion coefficient of Zn in InP and 
td stands for the diffusion time. The lines shown in 
Fig. 2 have becn calculated by this equat ion with  
assumed values of Dzn. Al though the p regrowth  dura-  
tion in which ramp cooling took place ranged f rom 
10 to 30 min, we have used 20 min as the median value  
in the calculation. The values of Dzn are obtained to 
be 3.5 • 1.0 X 10 -1~ cm 2 sec -1 for the diffusion f rom 
the vapor  in the tempera ture  range of 620~176 and 
1.0 _ 0.3 X 10 - l ~  cm 2 sec -1 for the diffusion f rom the 
l iquid in the t empera tu re  range of 620~176 Taking 
into account the Zn evaporat ion continuously occurr ing 
during the growth  and also the appreciable var ia t ion 
of the init ial  Zn fraction in the melt, these values are 
considered to be in a reasonable agreement  wi th  ear l ier  
works (10, 11). 

In order  to know the loss of Zn in the mel t  during 
the growth, a sequence of weight  measurement  of the 
mel t  was carried out af ter  each hea t - t r ea tmen t  period. 
The mel t  consisted of 330 mg In with  or wi thout  InP 
saturated at the heat ing temperature .  First, the mel t  
saturated with  InP was heated at 650~ in boat 1 in 
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order  to know the loss rate  of P, and it was found very 
small, 9.5 X 10 -a  h r -~ ;  this is in a good agreement  
wi th  Hsieh's data (12). Next. the melts having  differ- 
ent  Zn weights were  charged in boat 1 and were  heated 
at 650~ As for the set of melts unsaturated,  the one 
with higher  Zn fract ion was located at the upper -  
s tream of the H2 flow and the other  one at 2.7 cm 
downstream from it. As shown in Fig. 3, the mel t  
rapidly loses weight  because of the Zn evaporation.  The 
error  bars indicated in the figure are for inaccuracies 
in de termining small  weight  differences by a microbal-  
ance. A point wor thwhi le  mentioning is that  the mel t  
with a lower  Zn fract ion ini t ial ly gains its Zn weight  
unti l  i t  reaches the same Zn weight  fract ion as the 
o ther  one has. Essential ly same effect is observed on 
InP-sa tura ted  melts. In this measurement ,  the mel t  
with lower  Zn weight  was located 1.2 cm upst ream 
with respect  to the higher  Zn melt. These features 
indicate that  the Zn atoms in the higher  Zn mel t  are 
t ransported to the lower  Zn mel t  via the vapor  phase. 
Judging  f rom a re la t ive ly  small Zn weight  difference 
found between two InP-sa tura ted  melts af ter  30 min 
heating, the Zn t ransporta t ion is considered to be 
near ly  independent  of the gas flow direction at least at 
the flow rate  used (,~0.3 l i t e r /min ) .  The sl ightly slow 
Zn loss in the InP-sa tura ted  mel t  may be a t t r ibutable  
to. the format ion of solid phase ZnsP~ which is stable at 
this t empera ture  (13). It is r emarked  that, when  the 
mel t  is protected by the top slider in boat 2, the Zn loss 
is well  prohibited. If the Zn loss is ful ly  controlled by 
the evaporat ion into the free atmosphere,  the t ime 
dependent  weight  of Zn (W(te),  W0 at te --~ 0) at a 
fixed tempera ture  is considered in an analogy of 
vacuum pumping (14) and is expressed in a form of 

W ( t e )  : W o  e x p ( - - t e / r )  [2] 

where  z is the t ime constant being proport ional  to the 
reciprocal of the mel t  surface area. Our data are well  
approximated by this equat ion and ~ is est imated to be 
12 and 200 rain for the unprotected and the protected 
melts, respectively,  indicating that  the effective sur-  
face area is decreased by 18 times by the protect ion 
regardless of the three times larger  bin cross section 
of boat 2 than that  of boat 1. 

The effect of Z n  evaporat ion f rom the melt  has been 
reported in LPE growth  of GaAs (5) and GaP (4), 
and Solomon and Defevere  (15) proposed a technique 
o f  sealing the mel t  by means of a floating plug. The 
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Fig. 3. Results of the weight measurement of the Zn included in 
the melt at 650~ for unprotected melt and at 640~ for pro- 
tected melt. The unprotected melt-shows rapid gain and loss of 
Zn weight, whereas the protected melt exhibits a slow weight loss. 

growth tempera tures  for those mater ia ls  are much 
higher  than ours. However ,  the present results indi-  
cate that  even at 640~176 the Zn evaporat ion can 
affect the mel t  composition. The absorption of Zn ob- 
served here is support ing the possibility of the cross 
contaminat ion of the mult iple  mel t  as has been sug- 
gested by Coleman (6). Moreover,  as shown in the 
present  case, the direct diffusion of Zn evaporated from 
the mel t  into the substrate pr ior  to the actual growth 
can contr ibute to the misplacement  of the pn junction, 
especially when the car r ie r  concentrat ion of the sub- 
strate is re la t ive ly  low. 

Electrical characteristics oy p+ layer.--Successive 
l ight  etching fol lowed by Van der Pauw Hall  mea -  
surement  was applied to de termining the spatial dis- 
tr ibutions of the net  carr ier  concentrat ion NA-ND and 
the hole mobil i ty  up in a p+- type  layer  grown on a 
Cr-doped substrate. The data were  analyzed by the 
method reported by Darwish (16) so that  the values 
of NA-ND and ~p, averaged over  the thickness of the 
etched segment of epi taxial  layer, were  deduced. An 
example  of the result  measured on the layer  grown by 
an unprotected melt  with boat 1 is shown in Fig. 4. 
The etched thickness has been shown as er ror  bar 
length in this figure. The arrows show the positions of 
the stained lines. The ar row at X _-- 1.8 #m shows the 
metal lurgical  in terface  and the one at X _-- 5.1 ~m in- 
dicates the diffusion front  of Zn in vapor, though the 
stained l ine corresponding to the diffusion front  of 
Zn in l iquid is missing in this example.  NA-ND ex-  
hibits a long tail into the substrate, confirming the 
formation of a p- type  layer  due to the Zn diffusion. 
Al though the width of this layer  (3.3 #m) is much 
smaller  than that  est imated f rom Fig. 2 for the growth 
t ime of 20 rain. this has been a common exper ience in 
our measurement  on Cr-  and Fe-doped  substrates a n d  
the mechanism of the carr ier  generat ion due to the 
Zn diffused in a semi- insula t ing InP is suspected to be 
more  complicated than in an undoped InP. A sharp 
peak of NA-ND observed at the interface is considered 
to be caused by a high surface concentrat ion of Zn 
associated with the diEusion (17). ]VA-]VD is found to 
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be much smaller  inside the epitaxial  layer  than at the 
interface. The value of #p is also very small  inside the 
epitaxial  layer  compared to that  in the diffused layer. 
Since the value of ~p in the diffused layer  is in  an 
agreement  with the result  of Hooper and Tuck (18), 
small  NA-ND together with correspondingly small  ~p in 
the epitaxial  layer  is considered to imply  that  the net  
carrier  concentrat ion is less than the concentrat ion of 
Zn  atoms actual ly introduced in  the crystal. 

The net  carr ier  concentrat ions were measured on 
samples with different Zn doping densities. The effect 
of Zn diffusion was minimized by adopting a quick 
growth procedure with a protected melt, and the Hall 
measurement  data were analyzed in accordance with 
the thickness calibrated for the Zn diffusion depth. 
The plot of NA-No vs. Zn atomic fraction in the melt  is 
shown in Fig. 5 together with the data reported by 
Astles et al. (1). In  the smaller  range of Zn fraction, a 
l inear  relationship is obtained and the dis tr ibut ion co- 
efficient of Zn, kz~, is estimated to be 0.84, which is 
smaller  than kzn = 1.4 determined by Astles et al. (1). 
At the Zn fraction above 0.01 atom percent  (a /o) ,  NA- 
ND saturates at 2-3 X 10 TM cm -s  and even decreases as 
indicated by a single exper imental  data included in 
Fig. 5. Although the behavior of NA-ND above the Zn 
fraction of 0.1 a/o would need more work to be ex- 
plained, the saturat ion effect observed here is consid- 
ered to indicate that  a high Zn doping causes a lower-  
ing of the ratio of the electrically active Zn atom con- 
centrat ion to the total concentrat ion of Zn atoms int ro-  
duced, being consistent to our hypothesis made in re-  
gard to Fig. 4. This is also consistent with the result  of 
Kundukhov  et al. (19). As for the result  in Fig. 4, the 
fraction of Zn remain ing  in the melt  dur ing the growth 
has been estimated to be more than 0.01 a/o; this frac- 
tion is large enough for the lowering of the carrier  to 
atom concentrat ion ratio to occur. Mahajan  et al. (20) 
recent ly  found by the transmission electron microscopic 
analysis on the crystal  with the carr ier  concentrat ion 
of 2-5 X I0 ~s cm -3 that some of Zn atoms introduced 
in  the crystal can form precipitate. Such precipitate 
could contr ibute  to reduce the numbers  of free car- 
riers. However, the observed decrease of the carrier 
concentrat ion exceeds 1 X 10 ~9 cm -~ at the Zn fraction 
of 0.1 a/o (see Fig. 5) and this is considered to be too 
high to be explained by the precipitate density, equiv-  
a lent ly  below 10 ~3 cm-Z as determined by Mahajan 
et al. Instead, the most l ikely model to in terpre t  the 
lowering of the carrier to atom concentrat ion ratio 
would be the occurrence of the carrier  compensation as 
suggested by Hooper and Tuck (18), in which the Zn 
atoms are incorporated in the interst i t ial  sites to create 
donors due to the formation of some kind of complex. 

Photoluminescence properties of p+ layers . - -Photo-  
luminescence (PL) measurement  was carried out at 
RSRE, Malvern, England, on a n u m b e r  of Zn-doped 
layers at 6~ by a setup similar  to that reported 
earl ier  (21), in which a high pressure mercury~ _arc 
was used as the excitation source. A few saml~les 
were made of undoped substrates heat - t rea ted  in the 
furnace with the presence of a mel t  containing Zn, so 
that  we could examine PL on Zn-diffused layers. Zn 
is a common residual  impur i ty  in In  and has been 
found to exhibi t  a PL peak due to band-acceptor  re-  
combinat ion at 1.37-1.38 eV (3, 22. 23). The PL peak 
of the Zn-diffused layer was found in our exper iment  
at 1.374 eV, which exhibited the typical Zn peak. and 
this peak main ta ined  its energy at low Zn fractions. 
However, above the Zn fraction of 0.003 a/o, the peak 
shifted to lower energy and s imultaneously  broadened. 
The changes of peak energy and the full  ha l f -width  
are plotted in Fig. 6 and 7, respectively, where the 
results reported by Williams et al. (22) and RSder 
et al. (23) are also plotted on the basis of the l inear  
relationship shown by Astles et al. (1) between the 
net  acceptor concentrat ion and the Zn fraction in the 
melt. Although our data involve inaccuracies in esti- 
mat ing  the Zn fraction, the peak shift and the increase 
of the half -width  are obvious above the Zn fraction 
of 10-3-10 -2 a / o  and their variat ions qual i ta t ively 
agreed with the reported results shown. It  is in teres t -  
ing to note a coincidence of the behavior  between the 
carrier  concentrat ion and the PL data. As has been 
shown in Fig. 5, NA-ND begins to saturate at the Zn 
fraction of 10 -2 a/o, above which the PL peak shifts 
and broadens. Such PL characteristics are considered 
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to be par t ly  due to the development  of the acceptor 
band in  this range of Zn concentration. The acceptors 
a r e  considered to form an impur i ty  band above a net  
concentrat ion of 1 • l0 TM cm -8 and the PL transi t ion is 
dominated by the band acceptor recombinat ion near  
t h e  top of the acceptor band. Since the top of the 
acceptor band moves deeper into the forbidden gap 
with the increase of the concentration, the PL peak 
energy is reduced; s imilar  effect has been found in Zn- 
doped GaAs (24). However, more characterist ically in 
higher doping range, the effect of carr ier  compensation, 
which has been pointed out previously, may also play 
an impor tant  role in  the reduction of PL peak energy 
through the shift of the Fermi  energy inside the im-  
pur i ty  band, as has been reported on Zn-doped GaAs 
by Tuck (25). This model is l ikely able to explain the 
coincidence between the behavior of the carrier con- 
centrat ion and the PL in the high doping range, al- 
though a clear unders tanding  of the compensation 
mechanism is subject  to more detailed investigations. 

Improved  method of growing pn junc t ions . - -As  has 
been pointed out in previous sections, the evaporat ion 
of Zn from the melt  before the growth, followed by its 
diffusion into the substrate during the growth is one of 
the unwanted  effects associated with the Zn doping. 
The melt  protection has been proposed for the min i -  
mization of this effect. The protection, however, may 
not be satisfactory to completely el iminate the un-  
wanted Zn vapor around the substrate. Therefore, we 
examined a method to get ~id of the Zn• layer  
after its formation by extensively applying the in si tu 
etch technique (26). When this technique is incorpo- 
rated in  our growth procedure, it is impor tant  to 
optimize the etching durat ion since the Zn diffusion is 
able to occur even from the Zn-contaminated  etching 
solution if the etching velocity is not  larger than the 
Zn diffusion velocity. 

We measured, therefore, the etching characteristic 
using a pure In  solution. In the measurement ,  the 
substrate was made in contact with the etching solu- 
tion for a certain time at a constant  temperature.  The 
weight loss of the substrate was then measured and 
converted into the etched depth using the solution- 
substrate contact area. Boat 2 was most suitable for 
this exper iment  because a constant solution thickness 
could be realized all over the substrate surface. The 
etched depth of a substrate with 3.5 ~ off (100) plane at 
640~ is plotted vs. the etching time in Fig. 8. When 
the effect of solution convection can be neglected, the 
etching process is considered to be l imited by the dif-  
fusion of P in In and the total weight M ( t )  of the sub-  
strafe etched in t ime t for uni t  substrate area is ex- 
pressed (27) by 

M(t )  ~ 8 

M ( ~ )  n=o (2n + 1)2n2 

exp [ - -Dp(2n  + 1)2~2t/4/2] [3] 

where Dp and I stand for the diffusion coefficient of P 
in In  and the solution thickness measured perpendicu-  
lar to the substrate surface. The data calculated from 
1 = 3 mm (boat 2) for different values of Dp are also 
shown in Fig. 8. The saturat ion level of the etched 
thickness has been estimated to correspond to a weight 
fraction of InP  in In  solution of 8.5 X 10-3 which is in 
a good agreement  with the solubil i ty of P in In at this 
tempera ture  (13). It is found in the figure that our 
exper imental  data are well explained when Dp : 6.0 
X 10 -4 cm 2 sec -1 is assumed. Hsieh (12) used a theory 
of the diffusion-limited LPE growth to derive a value 
of Dp of 6.1 X 10 -5 cm 2 sec -1 at 640~ Recently 
Srnanek  and Hobovcik (28) carried out the desolution 
exper iment  similar  to ours to obtain the Dp value close 
to Hsieh's. Although the origin of the discrepancy 
between our and other's Dp values is not known yet, 
it is par t icular ly  useful for the present  purpose that 
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Fig. 8. A plot of the depth of InP substrate etched by a pure 
In solution with a fixed volume vs. the etching time. The calcula- 
tions with three different values of the diffusion coefficient of P 
have been shown. 

the etching is appreciably quick and also characterized 
by a single value of Dp equal to 6.0 • 10 -4 cm 2 sec -1 
at 640~ 

The layer Zn-contaminated  prior to the etching, the 
thickness of which would be several microns, can be 
completely removed within the etching durat ion only 
less than 10 sec, as known from Fig. 8. The exact veloc- 
ities of the InP etching and the Zn diffusion from the 
solution can be determined, respectively, from the 
derivatives of Eq. [3] and [2] together with the values 
of Dp and Dzn determined in our experiment.  From 
this consideration, it  is shown that the etching velocity 
is ten times greater  than the Zn diffusion velocity up 
to 2.7 rain after the solut ion-substrate  contact. On the 
basis of the present  data, we grew a p+- l aye r  using 
the in si tu etch technique. Typical examples of photo- 
micrographs of stained cross sections are demonstrated 
in  Fig. 9. The layer  shown in Fig. 9(a) has been 
grown with the etching time of 10 rain and the growth 
time of 2 rain, and the appearance of l ine L indicates 
that the Zn diffusion occurred during the etching pro- 
cess because of a too long etching time. On the other 
hand, Fig. 9(b) shows a single layer  without  any 
effect of Zn diffusion both from the vapor and from the 
liquid. The times of the etching and the growth in  this 
case were, respectively, 40 sec and 1 min, and the Zn 
fraction in the melt  was restricted below 10 -2 a/o. This 
result  shows the effectiveness of the in si tu etch with 
an optimized durat ion as well  as the control of the Zn 
fraction in the melt. 

As described so far, (i) the use of the in situ etch by 
a pure In melt  in addit ion to the protection of the 
melts, (ii) the minimizat ion of the growth period, and 
(iii) the control of the Zn fraction in the melt  give a 
solution to diminish the major  problems associated 
with the Zn doping. In  order to confirm our findings, 
we measured the current-vol tage  ( I -V)  characteristics 
of pn junct ions made by various methods in the course 
of the present  study. Figure 10 shows the forward I - V  
characteristics of junctions prepared with and without  
the in si tu etch. The diodes used in  these measurements  
consisted of mesa etched junct ions with the area of 
approximately 2 • 10 -3 cm 2 having the p- and the n-  
contacts of alloyed Au-Zn  and Au-Ge /Ni  films, respec- 
tively. For both junctions, the forward current  density, 
J, can be approximated by J ---- Js exp ( - - V / n k T ) ,  
where Ys, V, and n represent  the saturat ion current  
density, the applied voltage, and the ideali ty factor. 
As seen in Fig. 10, the junct ion  which is contaminated 
by Zn shows poor and unreproducible  characteristics; 
the ideali ty factor is much larger than 2, and, in par-  
ticular, a strong current  saturat ion is observed at fair ly 
low voltages, indicative of the existence of a high 
resistivity layer in the t ransi t ion region between the 
Zn-diffused layer  and the n - type  bulk. The capaci- 
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Fig. 9. Photomicrographs showing the stained cross sections of 
the p+-Iayers grown after the in situ etch; the etching time and 
the growth time are, respectively, (a) 10 min and 2 min and (b) 40 
sec and 1 min. 

tance-vol tage (C-V) measurement  on the same junc-  
t ion has indicated the graded na ture  of the carrier 
concentrat ion profile in  the n - type  substrate, and this 
is consistent with the high resist ivity in the t ransi t ion 
region. On the other hand, the junct ion fabricated by 
the improved method with the in situ etch exhibits a 
reasonable characteristic with the ideali ty factor as 
small  as 2.0 and an excellent  l inear i ty  of the in  I-V is 
found over a range of the current  exceeding 106 times 
difference. The cur ren t  saturat ion observed above 0.9V 
is caused by the series resistance of the n - type  sub-  
strate. The C-V analysis  carried out on the same junc-  
t ion has confirmed a fairly constant  dis t r ibut ion of the 
carrier  concentrat ion and also has given the bu i l t - in  
potential  of 1.14 eV which is close to the value, 1.21 eV, 
predicted for a p+n  abrupt  junction.  

Summary 
The formation of anomalous layers below the meta l -  

lurgical  junct ion between the Zn-doped p+- l aye r  and 
the n - type  substrate was in terpre ted  in terms of the 
evaporat ion of Zn from the melt  followed by its diffu- 
sion from the vapor phase into the substrate and also 
the diffusion of Zn remaining  in the melt  into the sub- 
strafe. The evaporat ion of Zn was confirmed by the 
separate measurement  of the weight loss of the melt, 
and the diffusion of Zn in InP was found to exhibit  a 
value of diffusion coefficient, 1-4 • 10 -10 cm 2 sec -1, at 
a temperature  around 630~ The depth profiles of the 
net  carrier  concentrat ion and the hole mobil i ty  were 
analyzed and found to agree with the above model. A 
low net  carrier concentrat ion found in the epitaxial  
layer  was presumed to be caused by the effect of com- 
pensat ion of the carriers. The carrier reduction was 
revealed above the Zn fraction of 10 -2 a/o in  the mel t  
by the Hall measurement .  PL measurements  showed 
the energy decrease and the broadening of PL peak in  
higher range of Zn doping. By considering these fea- 
tures, we developed an improved method to prepare a 
pn  junct ion free from the Zn contamination.  The ap-  
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Fig. 10. Forward current-voltage characteristics of pn junctions 
fabricated by the growth methods with and without the in situ etch 
technique. 

plication of in situ etch technique as well  as the use 
of a melt  protector were found effective to el iminate 
the Zn diffusion. The in situ etch was characterized by 
the apparent  diffusion coefficient of P in In, 6 • 10 -4 
cm 2 sec -1 at 640~ Also quick growth process w{th 
the Zn amount  suppressed was found preferable. This 
knowledge enabled us to optimize the growth sequence 
and the resulted junct ion  was free from anomaly. This 
method was confirmed, by the measurement  of the I-V 
and C-V characteristics of p + n  junctions,  to greatly 
improve the qual i ty of the devices. 
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The Use of Electrical Test Structure Arrays for 
Integrated Circuit Process Evaluation 

Martin G. Buehler* 
National Bureau of Standards, Electron Devices Divizion, Washington, DC 20234 

ABSTRACT 

Four  different  classes of e lect r ica l  test  s t ruc ture  a r r ays  for  the  analysis  
of  in tegra ted  circui t  manufac tu r ing  processes are  described.  They include test  
s t ruc tures  that  eva lua te  the densi ty  of r andom faults,  the var ia t ion  of p a r a m -  
eters wi th in  a chip, the a l ignment  be tween photomasks,  and the ca r r i e r  gen-  
e ra t ion  l i fe t ime of smal l  diodes. Al l  of the s t ructures  a l low for the rap id  col- 
lect ion of large  amounts  of data  th rough  the use of e lec t r ica l  test  methods.  
Thus, a s ta t i s t ica l ly  significant amount  of da ta  can be collected that  al lows a 
de ta i led  s tudy  of process ing steps. 

The successful  fabr ica t ion  of a large  scale in te-  
g ra ted  circui t  chip requires  tha t  process and device 
pa rame te r s  be  ~onfined to t ight  design windows and 
tha t  r andom faul t  densi t ies  be un i fo rmly  low (1). 
Because m a n y  of these pa rame te r s  va ry  unpred ic t ab ly  
across a wafer,  they  cannot  be effect ively eva lua ted  
by  the measu remen t  of a few elements  on a wafer.  
Elec t r ica l  test  s t ruc ture  a r r ays  fabr ica ted  across a 
wafer  a l low a deta i led  evalua t ion  th rough  the r ap id  
acquisi t ion of a s ta t i s t ica l ly  significant number  of 
da ta  points. 

The var ia t ions  in process and device pa rame te r s  
across a wafe r  m a y  be d iv ided  into three  categories. 
First ,  some p a r a m e t e r  var ia t ions  are  ident ica l  f rom 
wafer  to wafer  but  are  un re l a t ed  to the per iodic i ty  
of the chip dimension.  These are  in t roduced  by  such 
processing steps (2) as diffusion, ion implanta t ion ,  
ep i tax ia l  l a y e r  g rowth  and p lasma  etching. Second, 
o ther  p a r a m e t e r  var ia t ions  a re  repea ted  per iod ica l ly  
across a wafer  wi th  a per iod ic i ty  corresponding to the  
chip dimension.  These var ia t ions  are  in t roduced b y  
opt ical  pa t t e rn  genera t ion  and step and repea t  p ro -  
cesses. F ina l l y  p a r a m e t e r  var ia t ions  may  be r andom 
in nature .  These are  caused by such effects as crys-  
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process control; random faults, test patterns; test structures. 

ta l l ine  imperfect ions  in the semiconductor  mater ia l ,  
faul ts  in the pa t t e rn ing  of the var ious  layers,  or dis-  
tort ions in t roduced by  the many  fabr ica t ion  steps. 

Spat ia l  var ia t ions  in pa rame te r s  d i rec t ly  impact  
chip yield.  In  addit ion,  they  affect the c i rcui t  de -  
s igner  who uses the mean  value  of the pa rame te r s  for 
his circui t  model  and assumes tha t  the c i rcui t  has 
enough marg in  in per formance  to funct ion in spite  
of p a r a m e t e r  variat ions.  

This pape r  describes four  classes of test  s t ruc ture  
a r rays  used to diagnose in t eg ra ted -c i r cu i t  manufac -  
tur ing  processes. They include test  s t ruc tures  t h a t  
eva lua te  the dens i ty  of r andom faults, the var ia t ion  
of pa ramete r s  wi th in  a chip, the a l ignment  be tween  
photomasks,  and the ca r r i e r -gene ra t ion  l i fe t ime of 
small  diodes. I t  is hoped tha t  this pape r  wil l  en-  
courage the use and fu r the r  deve lopment  of this class 
of charac ter iza t ion  techniques.  

Random Fault Density 
In this paper ,  the t e rm random faul t  refers  to 

such faul ts  as b reaks  in meta l  l ines or  m e t a l - t o -  
si l icon-contacts .  The dens i ty  of r andom faults  is de-  
t e rmined  f rom a r andom fau l t  test  s t ruc ture  which  
is a collection of e lements  such as meta l - to - s i l i con  
contacts or  meta l  crossovers that  a re  tes ted  for e lec-  
t r ica l  cont inu i ty  or  isolation. The e lements  a r e  u s u -  
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ally connected in  series as is the case for the meta l -  
to-sil icon contact test structure.  If enough elements 
are used, the s t ructure  is useful for process control, 
design rule optimization, and new process and equip- 
men t  evaluat ion (3). In  m a n y  test pat terns observed 
by the author, the random faul t  test s tructures have 
an insufficient number  of elements. Such structures 
are useful only  for the identification of catastrophic 
fabricat ion problems. 

A comprehensive metal- to-s i l icon contact test s truc-  
ture  (3) is i l lustrated by the meta l  mask shown in  
Fig. 1. The test pa t te rn  is a square 200 mil  (5.08 mm) 
on a side and contains a large n u m b e r  (38,400) of 
contacts subdivided into the eight arrays shown in 
the figure. The test pa t te rn  which is repeated peri-  
odically across the photomask is replicated across 
a wafer. The yield of a par t icular  array with the 
same number  of contacts is calculated from the frac- 
t ion of good arrays found on the wafer. In  the testing 
of an array, it is assumed that  when a faul t  is en-  
countered only one faul t  has occurred and that  the 
fault  is the intended faul t  (in this case a meta l - to-  
silicon contact faul t ) .  The yield calculation assumes 
that faults occur randomly  across the wafer. When 
such assumptions obtain, then the expected yield of 
an ar ray  containing N contacts follows the exponen-  
tial relat ion (4) 

Y = exp ( - -DN) [1] 

where D is the characteristic number  of faults per 
contact. 

The pa t te rn  shown in Fig. 1 was fabricated peri-  
odically across various s i l icon-on-sapphire  wafers. 
Within  each wafer, one of four possible contact di- 
mensions was used. The result  are indicated in Fig. 2, 
An  analysis of the yield curves shown in  Fig. 2 leads 

Fig. 1. Metal mask used in the fabrication of various metal-to- 
silicon contact arrays. The number of contacts in each array is in- 
dicated by the numerical value (3). 

1 " 0 ~ 4  5.1 ~mx5.1 IJrn 
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Fig. 2. The integrity of various metal-to-sillcon contacts with 
different dimensions (3). 

Table I. Fault densities for contacts shown in Fig. 2 

Contac t  D D-1 
d i m e n s i o n  ( f a u l t s /  ( con t ac t s /  

(~m)  con tac t )  f au l t )  

3.6 2.3 x 10 -~ 4,300 
4.1 6.0 x 10 -~ 17,000 
4.6 4.3 • 10 -~ 23,000 
5.1 2.6 x 10 -~ 38,000 

to a fault  density, D, for each curve. These values 
are listed in Table I along with the reciprocal fault  
density, D -1, which indicates the number  of ele- 
ments  found in  an ar ray  with a yield of 37%. For 
example, for the 3.6 /~m contact, 37 out of 100 arrays, 
each composed of 4300 contacts, can be expected to 
be good. In  the design of a circuit  with a par t icular  
number  of contacts, the appropriate contact d imen-  
sion to be used for a high yield circuit can be esti- 
mated from the D-~ values listed in  Table I. As 
seen in the table, a modest change in  the contact di-  
mension from 3.6 to 5.1 /~m results in  almost a t en-  
fold change in  D-1 from 4,300 to 38,000 contacts/  
fault. 

An effective yield analysis requires a wel l -designed 
random faul t  test chip that  has a collection of arrays 
where the number  of elements in each ar ray  pro- 
gresses from a few to many  contacts. Such a progres- 
sion allows the construction of a yield curve and the 
evaluat ion of the fault  density. For  a successful anal -  
ysis, the number  of elements in each ar ray  must  be 
chosen a priori when the photomask is designed so 
that the yield in some of the arrays lies between zero 
and 100%. 

As explained earlier, the application of Eq. [1] to 
a yield analysis of random fault  test s tructures as- 
sumes one faul t  per array, that  the faul t  is the in -  
tended fault, and that  the faults do not  cluster. Faul ts  
can cluster in certain regions of a wafer  due to the 
introduct ion of crystal l ine defects (4, 5), wafer 
handling,  or poor mask al ignment.  For example, ro- 
tat ional  misa l ignment  between certain photomasks 
can appear as a spurious radial  component  in  the 
faul t  density. A well-designed random faul t  test 
s t ructure will have l iberal  design rules where pos- 
sible so that the effect of photomask misa l ignment  is 
minimized. 

Random fault  test structures tend to be complex 
structures so that  the faults encountered may not be 
those which the structures are in tended to detect 
(6). For example, in a contact array, a fault  could 
occur at a step in the metallization, or an entire metal  
connection could be missing. Other un in tended  faults 
can occur due to mechanical  probing problems. To 
avoid probing errors, s tructures were designed with 
extra large probe pads as shown in Fig. 3. The probes 
touch down at the X points and electrical cont inui ty  
between probes on the same pad determines that  
both probes are down. Such an a r rangement  avoids 
un in tended  faults due to probing errors. 

Once a faul t  has been identified electrically, the 
ar ray  must  be examined optically to verify that the 
faul t  is the intended fault. This requires a careful 
microscopic inspection of the ar ray  which can be 
t ime consuming. In  addition, some faults, like a poor 
metal- to-s i l icon contact, may not be amenable  to 
visual  inspection. Because of the complex na tu re  of 
these arrays, some workers (6) recommend against  
using these structures for predict ing circuit yield. 

Despite the shortcomings ment ioned above, the 
structures are useful when  used with caution for 
process control, design rule optimization, and equip- 
ment  evaluat ion (3). Because a comprehensive random 
fault  test s t ructure requires a large amount  of area, 
it  should be fabricated on a special test wafer, such 
as a process val idat ion wafer (1), which is processed 
along with production wafers. 
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Fig. 3. Metal-to-silicon contact array (upper) and metal-step 
coverage array (lower) probeable with a 2 by 10 probe. 
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Fig. 4. The gate voltage at various source/drain current levels as 
a function of position across a wafer where a large intrachip 
variation is apparent at low currents (7). 

Intrachip Parameter Variation 
The importance of ~he var ia t ion in parameters  

wi thin  a test chip was stressed by Ham (7) in  point-  
ing out that the local variat ions wi thin  a chip can 
easily exceed the chip-to-chip var iat ion across a 
wafer. Ham's observations of intrachip threshold 
variat ions a n d  our observations of intrachip l ine-  
width variat ions serve to i l lustrate the effect. 

Intrachip MOSFET parameters  were studied with 
the use of a comprehensive test pa t te rn  (or chip) 
(6) designed for si l icon-on-sapphire.  Each chip, 
which is 259 mil  (6.55 mm) on a side, contains 43 
individual ly  probeable MOSFET's ar ranged across the 
pattern.  The transistors are self-al igned silicon gate 
devices with a channel  length of 0.3 mil  (7.6 ~m) and 
a channel  width of 0.6 rail (15.2 ~m). Each photomask 
level was prepared from a master  reticle by a step 
and repeat procedure. 

The gate voltage required to produce 0.I, 1.0, or 
10 #A current  through each channel  transistor in the 
intrachip array is shown in  Fig. 4. In  this figure, data 
were purposely omitted near  the chip boundaries  for 
ease of viewing. 

For the 0.1 #A current ,  the gate voltage varies pe- 
riodically with the chip dimension. A possible ex- 
p lanat ion for this intrachip variat ion at low currents  
is that  the device current  is p redominant ly  an edge 
cur ren t  which is more sensitive to gate dimensions 
than the main  channel  current  which dominates at 
higher current  level (8). If this explanat ion is cor- 
rect, the shape of the 0.1 ~A curve in Fig. 4 indicates 
that  the gate length is vary ing  periodically with the 
chip dimension. 

The second example of intrachip parameter  var ia-  
tions concerns the var ia t ion in  l inewidth  wi thin  a 
test pa t te rn  (9). This was studied by fabricat ing 
a test pa t te rn  consisting of 120 cross-bridge sheet 
resistors (10) ar ranged in 8 rows across a pa t te rn  
(or chip) 200 mil  (5.08 mm) on a side. The l inewidth  
was determined by first evaluat ing the sheet resist- 
ance, Rs, at the intersection of the cross and then 
evaluat ing the bridge port ion of the structure. The 
l inewidth,  W, was calculated from 

and V12 is the voltage difference between the voltage 
taps of  the bridge. 

As with the MOSFET example, the photomask w a s  
prepared from the same master  reticle by a step and 
repeat  procedure. The pa t te rn  was exposed with the 
use of a contact pr in t ing a l ignment  system and 
etched in  an 800 n m  thick, 0.044 a/L3 e -gun  evapo- 
rated a luminum layer  deposited on an  oxide film 
thermal ly  grown on a 2 in. (5.08 mm)  diam silicon 
wafer. 

The chip-to-chip l inewidth  var iat ion for the cross 
bridge located in the lower le f t -hand corner of the 
chip is shown by the wafer map in  Fig. 5 for each 
of the 53 chips tested. In  the wafer map, every fourth 
symbol represents a measured value;  all  other points 
are interpolated. The photomask l inewidth  was 0.60 
mil  (15.2 ~m) and, as seen from the key in  the figure, 
the final average l inewidth  is about 11.4 ~m. The 
key shows the number  of values that  lie in  each l ine-  
width increment.  The var iabi l i ty  in the l inewidth  
across the wafer as shown in Fig. 5 is a t t r ibuted to 
those factors which affect the contact between the 
photomask and the photoresist-covered wafer, such 
as the flatness of the silicon wafer, the flatness of the 
photomask, the pressure applied between the wafer 

W = LRsI/Vzi  [2] 

where L is the distance between the voltage taps, I 
is the current  through the current  carrying channel, 

Fig. 5. Intrachip linewidth variations across a 2 in. (50.8 mm) 
diameter silicon wafer due primarily to the variability in the con- 
tact between the photomask and the photoresist-covered wafer. 
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and  photomask,  dust  par t ic les  located be tween  the  
wafe r  and  photomask,  and  nonuni fo rm etching across 
the  wafe r  (11). 

The in t rach ip  l inewid th  va r ia t ion  is p lo t ted  in Fig. 
6 as a funct ion of posi t ion across the wafer .  These 
da ta  were  t a k e n  f rom the bo t tom row of each chip. 
The  row chosen for  this  p lot  is ind ica ted  by  the a r -  
rows in Fig. 5. The plot, shown in Fig. 6, indica tes  
tha t  the  l i newid th  var ies  pe r iod ica l ly  wi th  the  chip 
d imension across the  wafer .  This per iodic  var ia t ion  
is super imposed  on the nonper iodic  ch ip - to -ch ip  l ine -  
w id th  variat ion.  At  this  t ime, the per iodic  l inewid th  
var ia t ion  is assumed to be due to aber ra t ions  in the  
optics of the  image  r epea t e r  used to s tep and r epea t  
the  10X reticle.  The per iodic  l inewid th  var ia t ions  
observed  in Fig. 6 are  comparab le  wi th  the  l inewid th  
dis tor t ion of 0.1 ;~m expec ted  for  the  wafer  imaging  
sys tem used in this  s tudy.  

Care  mus t  be exerc ised  in  in te rp re t ing  l inewid th  
data.  In  addi t ion  to the effects ment ioned  above, such 
as wafe r  flatness and  opt ical  aberra t ions ,  the sheet  
res is tance  var ia t ions  must  also be considered.  As 
seen f rom Eq. [2], the sheet  resis tance d i rec t ly  in-  
fluences the  l inewidth .  F o r  the  l inewid th  da ta  shown 
in Fig. 6, the sheet  resis tance var ies  ve ry  smoothly;  
i t  has a slope of 0.000.5 ~ / [ 3 / c m  in the  middle  of the  
wafe r  and  a re la t ive  s t anda rd  devia t ion  less than  
0.05%. The influence of the  sheet  res is tance var ia t ion  
on the l i newid th  shown in Fig. 6 is less than  the size 
of the  symbols  used to represen t  the  data. 

The per iodic  var ia t ions  shown in Fig. 6 a re  r e l a -  
t ive ly  small ,  being about  1.5% of the  mean  l inewid th  
of 11.4 #m, bu t  i t  is expected  tha t  the  var ia t ion  of 
0.17 ;~m wi l l  be independen t  of the  l inewidth .  For  
example ,  for a l inewid th  of 1 ~m, the var ia t ion  is ex -  
pec ted  to be a significant 17%. Such var ia t ions  can 
be a l imi ta t ion  in  a manufac tu r ing  process and  ind i -  
cate  tha t  improved  techniques,  such as e lec t ron beam 
l i thography,  wi l l  be needed  for  the  fabr ica t ion  of 
submic romete r  lines. 

The  l inewid th  in format ion  ob ta ined  f rom the cross- 
b r idge  a r r a y  is po ten t i a l ly  useful  in developing  con- 
t ro l  of the  ve ry  smal l  dimensions needed in fu ture  
circuits.  Studies  of l inewid th  var ia t ions  wi th in  a chip 
can assist  in the  eva lua t ion  of pa t t e rn  generators ,  
image  r epea te r  systems, and  mask  a l ignment  ma-  
chines. In  addit ion,  the  l inewid th  a r r a y  is useful  in 
es tabl ishing design rules  and  marg ins  for  circui t  de-  
sign parameters .  

Photomask A l i g n m e n t  

Three test  s t ruc tures  for  measur ing  a l ignment  elec-  
t r i ca l ly  a re  shown schemat ica l ly  in Fig. 7 as the  t ap -  
shif t  (12), contac t -sh i f t  (13), and  p roduc t ion-com-  
pa t ib le  (14) test  s t ruc tu resJ  The s t ruc tures  descr ibed 
in Ref. (12-14) differ in  design deta i l  bu t  not in p r in -  
ciple f rom those shown in Fig. 7. As shown in the 
figure, cur ren t  is forced along the channel  f rom point  
I~ to 12. The vol tage  differences, V12 and V28, a re  used 
to eva lua te  the  a l ignment .  I f  V12 --  V2~, then  the  
a l ignment  is perfect .  

The three  s t ructures ,  shown in Fig. 7, differ in the 
m a n n e r  in which the channel  is t apped  at  point  V2. 
In  the  t ap -sh i f t  and  contac t -shi f t  s t ructures ,  the  tap  
rec tangle  and contact  square both appear  on the 
pho tomask  used to define the  conduct ing channel.  
This pho tomask  is used twice. The  first t ime,  i t  is 
used to define the  conduct ing channel.  The second 
time, it  is shif ted b y  an  appropr i a t e  amount  and 
used to form the shift  feature.  In  the produc t ion-  
compat ib le  test  s t ructure ,  the contact  fea ture  appears  
on a separa te  photomask.  

In  the sh i f t - type  structures,  pho tomask  s t ep -and -  
r epea t  e r ror  and  photomask  runout  are  e l iminated.  

Another  s t ructure  was reported recent ly  (15). With this struc- 
ture,  the al ignment  is determined from the width of a current- 
carrying channel formed by a shift-type sequence explained in 

t h e  t e x t .  
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Fig. 6. Intrachip linewidth variations across the wafer shown in 
Fig: 5. The period of the linewidth variations corresponds to the 
width of the chip, 200 rail (5.08 mm). The periodic linewidth voria- 
tion is assumed to be due to aberrations in the optics of the image 
repeater used to step and repeat the |OX reticle. 
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Fig. 7. Three different electrical olignment test structures 

In the t ap-sh i f t  s t ructure ,  the resul ts  are  not  com-  
pl ica ted  by  i r regu la r i t i e s  in t roduced  by  the contact -  
ing step. Unfor tunate ly ,  these s t ruc tures  a re  not  p ro -  
duct ion-compat ib le .  

A complete  p roduc t ion-compa t ib le  test  s t ruc ture  
(16) is shown in Fig. 8. The ver t ica l  or y - a l i g n m e n t  
is de te rmined  by  forcing a cur ren t  be tween  points  I1 
and /2 and measur ing  the vol tage  differences, V12, 
V2~, and V~4. The d isp lacement  of the  contact  win-  
dow at poin t  V3 from the midpoin t  be tween  taps  V~ 
and V4 is g iven by  

L y  : L 1 2  (V34 - -  Vz3) / (2V12) [3]  

where  L12 is the dis tance be tween  taps  V~ and V2. 
The hor izonta l  or  x - a l i g n m e n t  is de te rmined  in a 
s imi lar  manner  by  forcing the same eur ren t  as used 
above be tween  points  1~ and /3 and measur ing  V~6 
and  Vs?. The x - a l i g n m e n t  is g iven b y  

L~ = LI~ (Vs~ - -  V56) / (2V1D [4] 

The x -  and  y -a l ignmen t s  are  then combined to form 
a vector  represent ing  the local  d i sp lacement  in the 
vic ini ty  of the test  s t ructure .  

The test s t ruc ture  shown in Fig. 8 was used to 
eva lua te  the a l ignment  be tween  the contact  and  
channel  pho tomask  steps. This s t ruc ture  is pa r t  of 
the  NBS-15 test  pa t t e rn  (17) which is a rec tangle  
1.7 • 2.4 ram. The pa t t e rn  was r epea ted  on 100 rai l  
(2.5~ mm)  centers  across a wafe r  2 in. (50.8 mm)  in 
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Fig. 8. Production-compatible electrical alignment test structure 
for evaluating the contact-to-channel alignment (16). 

diameter .  The  conduct ing channel  was formed by  a 
high t empe ra tu r e  diffusion step. An  a r r a y  of 62 test  
s t ruc tures  located on 200 rai l  (5.08 mm)  centers  was 
measured.  The d isp lacement  vectors  for  each of the  
62 test  s t ruc tures  a re  shown in the  wafer  map  dis-  
p l ayed  as the or ig inal  da ta  in Fig. 9. 

The mean  rota t ion and t rans la t ion  components,  in-  
t roduced by  the opera tor  in a l igning the contact  
pho tomask  re la t ive  to the  channel  photomask,  were  
de t e rmined  by  per forming  a leas t  squares  fit to the 
vectors  f rom the 62 test  s t ructures .  These mean  com- 
ponents  were  then removed  f rom the or iginal  data, 
and  the difference vectors were  p lo t ted  in the o ther  
wafer  map  shown in Fig. 9. This wafer  map  is indica-  
t ive of a l ignment  dis tort ions tha t  occurred be tween  
the channel  and contact  pho tomask  steps. Such dis-  
tort ions a re  in t roduced by  a va r ie ty  of factors, such 
as deformat ion  of the  wafer  or photomasks  due to 
smal l  t empera tu re  grad ien ts  dur ing  mask  al ignment ,  
wafer  warpage  due to the high t empe ra tu r e  diffusion 
step used to form the conduct ing channel,  photomask  
s t e p - a n d - r e p e a t  errors,  or pho tomask  runout.  

Vector  maps  der ived  f rom a van  der  P a u w - t y p e  
t ap - sh i f t  tes t  s t ruc ture  (12) a re  shown in Fig. 10. 
These da ta  were  obta ined  f rom an a r r a y  of 118 test  
s t ruc tures  fabr ica ted  on a 3 in. (75 nun) d iam silicon 
wafer  and located on 222 rai l  (5.64 ram) centers.  The 
mean  rota t ion and t rans la t ion  components  were  again 
eva lua ted  by  a least  squares  fit technique.  Remova l  of 
these components  leads to the  resul ts  shown in Fig. 
10 which  indicates  a ne t  expans ion  behavior.  Be-  
cause this is a t ap - sh i f t  test  s t ructure ,  this behavior  
is not  influenced by  pho tomask  s t e p - a n d - r e p e a t  e r ro r  
or  photomask  runout .  In  addit ion,  wafer  warpage  is 
not  a factor  because the conduct ing channel  and  tap  
fea tures  were  defined at  room t empera tu r e  p r io r  to 
the  fo rmat ion  (ion implan ta t ion)  of the channel.  The 
expans ion  behavior  might  be exp la ined  by  the wafe r  
bowing tha t  occurs in  an oxidized si l icon wafe r  when 
some of the  oxide  is removed,  especia l ly  f rom the 
back  side of the wafer.  Al te rna t ive ly ,  this behavior  
migh t  be due to a net  the rmal  expans ion  of the photo-  
mask  be tween  its first and  second image.  

The vec tor  maps  shown in Fig. 9 and 10 were  both  
obta ined  using contac t -pr in t ing  mask  a l ignment  sys-  
tems. The magni tude  of the la rges t  misa l ignment  
vectors,  a f te r  r emova l  of the ope ra to r - induced  t rans-  
la t ion and rota t ion components,  is about  1 #m. This 
res idual  misa l ignment  is character is t ic  of the var ious  
processing steps used to fabr ica te  the  wafer .  I t  r ep re -  
sents the best  a l ignment  an opera to r  can hope to 
achieve.  In  o rder  to reduce  the res idua l  misa l ignment ,  
more  advanced  processes mus t  be used. Such mis-  
a l ignments  are  expected  to be a l imi ta t ion  on the 
ab i l i ty  to fabr ica te  in t eg ra ted  circuits  wi th  submi-  
c rometer  dimensions. The a l ignment  test s t ruc tures  
have proved  useful  in eva lua t ing  the pe r fo rmance  of 
mask  a l igners  (12), a l ignmen t  ma rke r s  (13), and 
opera tors  (13). 

Carrier Lifetime 
Gated  diodes have been used for  a number  of years  

to evalua te  the surface and bu lk  leakage  cu r ren t s -o f  
p - n  junct ions  (18). Such measurements  a re  slow, 
requi r ing  many  minutes,  and they  genera l ly  requi re  
test  s t ructures  tha t  a re  large  compared  to circuit  
elements.  Because of the ve ry  smal l  cur rents  in-  
roared,  these measurements  a re  not  compat ib le  wi th  
p roduc t ion-or ien ted  test  equipment .  

The in tegra ted  ga ted-d iode  e lec t romete r  is a p ro -  
duc t ion-compat ib le  test  s t ruc ture  (19) shown in Fig. 
11 and consists of three  on-chip  circui t  e lements:  a 
ga ted  diode, MOSFET switch, and output  MOSFET. 
The output  MOSFET is connected in a source- fo l -  
lower  configuration wi th  i ts d ra in  connected to the  
supply  voltage, VB, and its source connected to an 
ex te rna l  resistor,  RL, that  is r e tu rned  to the subs t ra te  
potent ial ,  Vs. In  operat ion,  the MOSFET switch is 
closed momen ta r i l y  by  app ly ing  an appropr ia t e  
swi tch  bias, ~ .  This connects the r eve r se -b ias  voltage,  

TRANSLATION AND 
ROTATION REMOVED 

TRANSLATION AND ~7R, to the gated diode. The voltage,  V, of the ga ted  
ROTATION REMOVED diode is sensed th rough  the ou tput  M O S F E T  a t  the  

\ T ~ . ._ / ~ ' t  ~ ' " - -  / 
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Fig. 9. Wafer maps of the contact-to-channel alignment a~ 
determined from the production-compatible test structure shown in 
Fig. 8. 

~---~ 1 pm 

Fig. 10. Wafer maps of the tap-to-channel alignment as deter- 
mined from a tap-shift test structure (10). 
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Fig. 11. Integrated gated-diode electrometer fabricated with a 
self-aligned polysilicon gate process (18). 

point, Vo, The rate  of decay of the voltage on the 
gated d iode  is indicative of the leakage currents  in 
the diode. By measur ing  the voltage decay at various 
gate biases, VG, the bulk  l ifet ime and the surface 
recombinat ion velocity can be determined.  

The carr ier -genera t ion  lifetime, ~, characteristic of 
the gated diode is given by the following expression 

= ~(n~/N) (V~ + Vb - x / V ~ / V R  + V ~ ) / ( d V d d t )  
[5] 

where ~ is the d-c voltage gain, Vb iS the bu i l t - i n  
voltage, ni is the intr insic carrier  concentration, and 
N is the dopant  density on the l ightly doped side of 
the diode. The parameter  Vb is determined from Vb 
-- ( kT /q )  In (N/ni) where k is the Bol tzmann con- 
stant,  T is the temperature,  and q is the electronic 
charge. The d-c voltage gain is given by ~ ---- gm/(gm 
-~- RL -1) where  gm is the MOSFET mutua l  t ranscon-  
ductance; for the devices studied here ~ ~ 0.8. 

The lifetime derived from the above expression is 
the bu lk  l ifetime beneath  the metal lurgical  junc t ion  
when the gate of the diode accumulates the silicon 
beneath  the gate. When the gate inverts  the silicon 
beneath  the gate, the lifetime derived from Eq. [5] 
is an effective l ifetime composed of a weighted sum 
of the lifetimes beneath  the junct ion  and the gate. 
When the gate depletes the silicon beneath  the gate, 
the V vs. time plot can be analyzed to reveal the 
surface recombinat ion velocity. 

The circuit shown in Fig. 11 was connected with 
other circuits to form the ar ray  seen in  Fig. 12. This 
ar ray  is repeated in  a test pa t t e rn  that  is 197 mil  
(5.00 mm) by 217 rail (5.51 ram).  Such an ar ray  
allows a detailed examinat ion  of the local var iat ion 
in  lifetime and surface recombinat ion velocity using 
diodes that  are the same size as circuit elements. 

The use of the array shown in Fig. 12 is i l lustrated 
by the wafer map shown in  Fig. 13. In  the wafer  
map, every fourth symbol represents an average life- 
t ime; all  other points are interpolated. The average 
lifetimes were de termined from the six integrated 
gated-diode electrometers labeled V01 to V0~ in Fig. 
12. A detailed profile across the wafer  is included in  
Fig. 13 where the six l ifetime values are shown in-  
dividually.  The total n u m b e r  of l ifetime values rep-  
resented by the wafer map is 324. 

The lifetimes shown in  Fig. 13 were obtained with 
the gate of the gated diode biased so as to inver t  the 
surface beneath  the gate. Thus, an effective bulk  
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Fig. 12. Integrated gated-diode electrometer array composed of 
the circuit shown in Fig. 11 (18). 

l ifetime was determined. The lifetime values as seen 
in Fig. 13 were obtained on a wafer that  was gettered 
by implant ing  phosphorus on the back surface of the 
wafer. This procedure improved the lifetime around 
the per iphery of the wafer, bu t  the values in the cen-  
ter remained close to the values observed on u n -  
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Fig. 13. Bulk lifetime wafer map and profile determined with the 
use of the integrated gated-diode electrometer array. The wafer 
map represents the average of six lifetime values measured in one 
array. 

gettered wafers. Notice that  the detailed lifetime 
profile shown in Fig. 13 does not show an intrachip 
dependence. 

The importance of this test structure is found in 
the amount of detailed information that  can be ob- 
tained concerning fundamental  material  parameters. 
As such, this ar ray is useful in developing processes 
that produce long bulk lifetimes. In addition, this 
a r ray  is useful to the circuit designers who must al-  
low for distributions in parameters  such as memory 
retention time. 

Conclusions 
As presented here, the test structure arrays pro- 

vided detailed information about integrated circuit 
manufacturing processes that  cannot be obtained by 
conventional test pat tern approaches. As the circuit 
elements become smaller and the wafers larger, the 
information derived from such arrays is needed to 
optimize processes and design rules, to evaluate ma- 
chine and operator performance, and to provide cir- 
cuit designers with proper design values and distri-  
butions. 

The arrays discussed in this paper  allow for the 
rapid collection of a statistically significant amount 
of data. Results from several test structures (MOSFET 
and cross bridge) i l lustrated that establishing the 
"average" value for a parameter  from the measure- 
ment of only one structure in a test pat tern is not 
sufficient when the parameter  has a strong intrachip 
variation. Because some of the arrays (random fault) 
require a large amount of area for an effective anal-  
ysis, they are best implemented on a separate process 
validation wafer. 
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Resistivity-Dopant Density Relationship for 
Boron-Doped Silicon 
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ABSTRACT 

New data for the res is t ivi ty-dopant  densi ty relat ionship for boron-doped 
silicon have been obtained for boron densities between 10 ~4 and 1020 cm -3 
and temperatures  of 296~ (23~ and 300~ For dopant  densities less than 
10 ~s cm -8, results were calculated from resist ivity and junct ion capacitance- 
voltage measurements  on processed wafers. For more heavily doped material ,  
boron densities were obtained from the nuclear  track tecnnique and Irom 
Hall effect measurements  on specimens cut from bulk  silicon slices. The 
Hall  factor was assumed to be 0.8 in the calculation of hole density. The 
results differ significantly from the commonly used I rv in  curve for boron 
densities greater  than  10 ~8 cm -~ with a m a x i m u m  deviat ion of 45% at  5 • 
1017 cm -s. The data are in bet ter  agreement  with the Wagner  curve, bu t  for 
boron densities less than 1017 cm -~, the measured resistivities were always 
higher than those predicted by the Wagner  expression. Least squares fits to 
analyt ical  expressions were de termined for the res is t iv i ty-dopant  densi ty 
product  as a funct ion of resist ivity and of dopant  density for temperatures  
of 23~ and 300~ Similar  fits were obtained for the calculated hole mobil i ty  
as a funct ion of resist ivity and of hole density. 

The conversion between resist ivity and dopant  den-  
sity of silicon is widely used in the semiconductor 
industry.  Dur ing  the past decade, the most f requent ly  
used conversion curves for both n -  and p- type  silicon 
were those formulated by Caughey and Thomas (1) 
based on the curves of I rv in  (2). I rvin 's  curve for 
p- type  mater ia l  included results of measurements  on 
silicon doped with a luminum,  gallium, and boron. 
More recently, Wagner  (3) published a conversion 
for boron-doped silicon based on ion implanta t ion  
results which differed from that  of I rv in  by up to 
50% for boron densities in  the range 1016-10 TM cm -~. 
Because of the magni tude  of this discrepancy, a com- 
prehensive redeterminat ion  of the relat ionship was 
under taken.  This paper gives the results of measure-  
ments  on boron-doped silicon with dopant densities 
in  the range 1014-102o cm -3. 

Experimental 
The test s t ructures  and exper imental  procedures for 

the electrical measurements  were essentially the same 
as those used in a similar  s tudy on phosphorus-doped 
silicon (4). For dopant  densities of 10 is cm -3 or less, 
data were obtained from test s tructures fabricated 
on silicon slices. The resist ivity was measured directly 
on p lanar  four-probe square ar ray  structures (5). 
The dopant  density was determined from capacitance- 
voltage (C-V) measurements  on n+p  junct ion diodes. 
These test s tructures and other diagnostic structures 
were assembled on microelectronic test pat terns NBS-3 
(6) and NBS-4 (7). The s tar t ing material,  in both 
ingot and slice form, was obtained from several 
different suppliers and was selected for m in imum re-  
sistivity gradients by  mechanical  four-probe measure-  
ments  prior to fabricat ion of the test pat terns by bi-  
polar processing (8). Spreading resistance measure-  
ments  were made on a number  of the wafers and no 
fine s t ructure  was seen. The max imum resist ivity 

* E l e c t r o c h e m i c a l  Soc ie ty  Ac t ive  M e m b e r .  
P r e s e n t  a d d r e s s :  W e s t i n g h o u s e  A d v a n c e d  T e c h n o l o g y  Labora- 

tory,  B a l t i m o r e ,  M a r y l a n d  21203. 
* K e y  w o r d s :  c a p a c i t a n c e - v o l t a g e  t e c h n i q u e ,  Ha l l  ef fect ,  hole  

mobil ity,  Irvin curves,  semiconductor .  

gradient  over the size of a test s t ructure was judged 
to be less than 1% and the gradient  over the distance 
separating resistivity and C-V structures was less 
than  2%. The resist ivity data obtained from the square 
ar ray  structures al ter  processing agreed to wi thin  a 
few percent  with tile mechanical  four-probe measure-  
ments  prior to fabrication. Various measurements  
were made on the wafers to verify the fabrication 
and to assure that  leakage currents  were low enough 
for proper operation of the test structures. 

For dopant densities greater  than about 1019 cm -3, 
Hall  effect and resistivity measurements  were made 
on van der Pauw specimens ul t rasonical ly cut from 
bulk  silicon slices. The measurements  were made at 
controlled temperatures  of 296~ (23~ and 300~ 
for a magnetic flux density of 0.6T (6 kG) following 
s tandard procedures (9). The hole density, p, was 
calculated from the expression p -- r/qRH where q 
is the electronic charge, RH is the Hall  coefficient, and 
r is the Hall  factor. The factor r was set equal  to 
0.8 as the major i ty  of exper imental  results (10-13) 
and recent calculations (14) on moderately doped 
p- type  mater ia l  suggest a value in  this range. No 
measurements  of r for dopant  densities greater  than  
2 • l0 ss cm -~ appear to be available. The complex 
na ture  of the valence band in silicon is the reason 
why r is less than unity,  even for degenerate material .  
In  a pre l iminary  account (15) of this work, r was 
taken as unity,  bu t  the probabi l i ty  of a different 
value was mentioned. 

The nuclear  track technique (NTT) was used to 
determine boron densities in the range 1015-1020 cm-3;  
the procedure and results have been published pre-  
viously (16). The NTT determines the total boron 
densi ty in contrast to the C-V and Hall effect tech- 
niques which measure the electrically active p- type 
dopant density less any compensation by n - type  do- 
pants. Considering the similar  results from ingots 
and wafers from different suppliers covering a wide 
range of boron density, as well  as the agreement  
between NTT and C-V/Hall effect measurements,  com- 
pensation and electrically inactive boron do not  appear 
to be significant in  the mater ia l  used for this work. 
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Results 
Figure  1 is a g raph  of res is t iv i ty  as a funct ion o f  

effective dopant  density.  Expe r imen ta l  points  are  f rom 
the junct ion C-V, Hall  effect, and NTT measurements .  
The curves are  those of I rv in  (2) and Wagner  (3). 
I t  is apparen t  even on the log- log scale that  the  da ta  
be tween  10z~-101~ cm-~  depa r t  cons iderably  f rom the 
I rv in  curve. 

F igure  2 is a graph of the produc t  of res is t iv i ty  
and dopant  dens i ty  as a function of res is t iv i ty  at  
300~ Since to the first approx imat ion  res is t iv i ty  is 
inverse ly  propor t iona l  to dopant  density,  a plot  of 
the  produc t  a l lows devia t ions  f rom this re la t ionship  
to be seen, pa r t i cu la r ly  for low resis t ivi t ies  where  
the p roduc t  is large.  To obta in  the da ta  points  shown 
for the Hal l  effect, the  factor  r was t aken  as 0.8 in 
comput ing the hole dens i ty  f rom the Hal l  m e a s u r e -  
ments  of Chapman et al. (17), Crowder  (18), and 
this work  as discussed in the  previous  section. The 
NTT resul ts  are  seen to be in good agreement  with 
both the Hal l  effect and the junct ion  C-V data. The 
curves shown are  the I rv in  re la t ionship  for p - t y p e  
silicon, the  Wagner  re la t ionship  for bo ron- implan ted  
silicon, and an ana ly t ica l  fit to selected data. The 
fitting p rocedure  is discussed in the nex t  section. 

F igure  3 is a plot  of ca lcula ted  hole mobi l i ty  as 
a funct ion of hole dens i ty  at  300OK. The da ta  f rom 
this work  as wel l  as the o ther  p lo t ted  points were  
conver ted  to hole dens i ty  for calculat ions of the 
mobi l i ty  using the resul ts  of Li (19) for percen t  ioniza-  
tion. The fa i r ly  recen t  da ta  of Tsao and Sah (29) a re  
significantly lower  than  the da ta  of this work. This 
may  resul t  f rom the fact  tha t  back-sur face  contact  
resistance can s t rongly  affect res is t iv i ty  values  ob-  
ta ined  f rom the spreading  resis tance s t ruc ture  used 
by  Tsao and Sah. The Caughey and Thomas (1) curve 
is a fit to the I rv in  re la t ionship  wi th  the assumption 
tha t  the hole densi ty  equals the dopant  density.  The 
same assumption was used to obtain the Wagner  
curve;  however ,  i t  was not  a p o i n t - b y - p o i n t  de te r -  
mina t ion  but  s imply  a change in one p a r a m e t e r  o~ 
the Caughey and Thomas expression as requi red  to 
fit da ta  on boron- implan ted  silicon. Jus t  as the I rv in  
curve is a poor fit to the  res i s t iv i ty -dopan t  densi ty  
da ta  of this work  the Caughey and Thomas express ion 
is a poor  fit to the  mobi l i ty  data. The Wagner  exp res -  
sion is considerably  bet ter ,  but  there  are  st i l l  not ice-  
able  deviat ions wi th  respect  to the expe r imen ta l  data. 
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Fig. 1. Resistivity as a function of effective dopant density for 
p-type silicon ot 300~ Data points are from junction capacitance- 
voltage, Hall effect, and nuclear track technique measurements. 
Curves shown are the ]rvin (2) relationship for p-type silicon and 
the Wagner (3) expression for boron-implanted silicon. 
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The theore t ica l  calculat ion of Li (19) in Fig. 3, val id  
for densi t ies  less than  3 • 10 ~8 cm-~,  is in exce l len t  
agreement  wi th  the  C-V da ta  of this work.  

Computer Curve Fits 
The curve fits of the da ta  were  done using the 

DATAPLOT language  (21) for nonl inear  least  squares 
fitting. The expressions for the ear l ie r  fits to phos-  
phorus -doped  silicon (4) were  in the  form of quotients  
of two th i rd -degree  polynomials  in o rder  to fit the 
shape of the product  and mobi l i ty  curves at h igh 
phosphorus  densities. However ,  for boron-doped  silicon, 
the  product  is wel l  behaved  at  ve ry  high densi t ies  
such tha t  "min -max"  rela t ionships  s imi lar  to those 
proposed by Caughey and Thomas (1) give sat is-  
fac tory  fits. Modifications are  necessary for the fits 
of mobi l i ty  as wi l l  be discussed later .  These re la t ion-  
ships have the advan tage  that  two of the parameters ,  
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Fig. 3. Hole mobility as a function of calculated hole density 
for boron-doped silicon at 300~ All data points, except those in 
the heavily doped range, have been corrected for incomplete 
ionization using the work of Li (19). The curves are from Caughey 
and Thomas (1), Wagner (3), Li (19), and an analytical fit to 
the data shown on the graph with the exception of the points of 
Tsao and Sah (20). The Caughey-Thomas and Wagner expressions 
were obtained without consideration of deionizatlon and are plotted 
assuming equivalence of hole and dopant densities. This gives 
lower mobility in the range 10z7-10 lg cm -3.  The error bars on the 
C-V data of this work show the standard deviation calculated 
from the individual mobility values for that wafer. When not 
shown, the error bars lie within the plotted symbol. 
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(qpN)min and (qpN)max, have a readi ly  identified phys-  
ical significance in that  they approximate ly  equal  
the t rue value  of these quantities. 

The expression for the product  qpN as a funct ion 
of p was taken a s  

(qpN) max -- ( qpN ) mtn 
qpN = ( q p N ) r a i n  -~- [1] 

where  q is the electronic charge, N is the boron density, 
p is the resistivity,  (qpN)min and (qpN)max are t h e  
asymptotic  m in imum and m a x i m u m  values of the 
product,  pref is a reference value  corresponding to the 
resis t ivi ty for which the der iva t ive  of the product  
is a maximum,  and = is a measure  of the slope of the 
curve near  the reference  value. The data used f o r  
the fit were  the junct ion C-V and Hall  effect results 
of this work, and the NTT results for boron densities 
grea ter  than 5 • 10 ~7 cm -3. The NTT results are  
omit ted  for lower  values of dopant density because 
the NTT data, while  in general  agreement  wi th  the 
C-V results, show somewhat  more scatter. For  high 
boron densities, the NTT results may  be bet ter  than 
those f rom the Hall  effect because of the need to 
assume a value  for the Hall  factor. This same set of 
300~ data, and its counterpar t  at 23~ was used for 
all of the curve  fits. The resist ivi ty values of the 39 
fitted data points spanned the range 0.00085-100 ~ - c m  
wi th  corresponding dopant densities be tween 1.4 X 
1020 and 1.3 X 10 ~4 cm -3. The least  squares curve  at 
300~ is shown in Fig. 2 for comparison wi th  exper i -  
menta l  data and other  curves. All  four parameters  
as de termined  by the fit are given in Table T for 23~ 
and 300~ The approximate  s tandard deviat ion is 
given for each paramete r  in its own units, and the 
residual  s tandard deviat ion (R~D) for the fit is listed 
in units of qpN. The RSD is the square root of the 
quot ient  of the sum of the squared residuals divided 
by the number  of degrees of freedom. 

The expression for the product  qpN as a function 
of dopant density has the same form as Eq. [1] except  
for a negat ive value of the exponent  because of the 
inverse relat ionship be tween p and N 

(qpN) max -- (qpN) min 
qpN = (qpN)min + [2] 

1+.-~ 
The fit was made to the same set of data. The four 
parameters  are listed in Table If for 23~ and 300~ 
The curve for 300~ and the exper imenta l  data used 
to obtain it are shown in Fig. 4. 

Hole mobili t ies were  calculated from resist ivi ty and 
hole densi ty values. Except  in the heavi ly  doped range, 

Table I. Parameters and residual standard deviation (RSD) for 
the fit of qpN vs. p using Eq. [1] 

Temperature 23 ~ 300 ~ 

(qpN) rain (V sec/em -~) 0.00213 • 0.00009 0.00220 +-- 0.00009 
(qpN)max (V sec/em s) 0.01947 -- 0.00018 0.01973 • 0.00017 

pref (~Q ' cm) 0,01833 -- 0.00067 0.01782 -- 0.0~,60 
e~ 1.105 --4--- 0.035 1.086 • 0.032 
RSD (V see/era 2) 0.000292 0.000265 

Table II. Parameters and residual standard deviation (RSD) for 
the fit of qpN vs. N using Eq. [2] 

Temperature 23 ~ 300~ 

(qpN)mln (V sec/cm 2) 0,00209 • 0.00009 0.00215 • 0.00008 
(qpN)max (V sec/cIl2 2) 0,02024 • 0.00024 0.02053 -- 0.00022 
N ~  (em -s) 3.88 x 10~s• 0.21 4.09 x 10~s• 0.20 

x 10 :m x I{P s 
--0.737 • 0.024 -0.727 • 0.021 

RSD (V sec/em 2) 0.000268 0.0,00240 
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Fig. 4. Graph of the qpN product as a function of N for 300~ 
The curve is an analytical fit to the data points shown. 

where  hole density is assumed to equal  dopant density, 
hole densities were  obtained f rom dopant densities 
using the percent  ionization calculations of Li (19). 
A suitable expression for the hole mobili ty,  #h, as a 
function of hole density, p, was found to be 

~ m a x  
#h -- A exp ( - -pc /p )  + [3] 

This form gave a significantly bet ter  fit than the 
s impler  form of the type used for fitting the product  
curves. The effect of the exponent ia l  factor in the 
first t e rm is to increase the mobil i ty  in the region of 
the curve  where  the dopant and hole densities deviate  
significantly f rom each other. The hole mobi l i ty  ap- 
proaches the constant value  A for ve ry  large hole 
densities. The five parameters ,  de te rmined  by the 
fit to the same 39 data points, are l isted in Table I I I  
for 23~ and 300~ The curve for 30O~ is shown 
in Fig. 3 for comparison with  exper imenta l  data and 
other curves. 

The form for the hole mobi l i ty  as a function o f  
resist ivi ty was taken as 

/~max 
~h = A exp (--p/pc) -~ [4] (,)o 

It  was also found that  the simple " m i n - m a x "  form 
did not fit the mobi l i ty  vs. resis t ivi ty data well, par -  
t icular ly  in the low resist ivi ty range. The inclusion 
of the exponent ia l  in the first t e rm improved  the fit 
considerably and its effect is similar  to that  of the 
exponent ia l  in Eq. [3]. In this expression, the mobi l i ty  
is dominated by the first t e rm at low resistivit ies 
and by the second te rm at high resistivities. Again, 
the fit was made to the same set of data, and the 
parameters  are listed in Table IV for 23~ and 300~ 
The curve for 300~ and the exper imenta l  data used 
for the fit are shown in Fig. 5. The curve fits the 
shape of the exper imenta l  data ve ry  well  at low re -  
sistivities so that  extrapolat ion of Eq. [4] at the low 

Table III. Parameters and residual standard deviation (RSD) for 
the fit of ~h vs. p using Eq. [3] 

Temperature 23~ 300~ 

A (cm-~ sec) 45.2 • 1.3 44.9 -- 1.2 
pc (cm -3) 9.00 • 10 ~e • 2.3 9.23 • 10 TM • 2.3 

• 1016 x 10 ~6 
~max ( e m 2 / V  s e e )  486.1 • 1.9 470.5 • 1.8 
pref (eln -3) 2.11 • i01~• 0.09 2.23 • 1017• O.10 

X 1017 X 1017 
0.718 • 0.013 0.719 ----- 0.013 ot 

RSD (cm2/V sec) 3.18 3.07 
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Table IV. Parameters and residual standard deviation (RSD) for 
the fit of ~h vs.  p using Eq. [4] 

T e m p e r a t u r e  23~ 300~ 

A ( c m 2 / V  s e e )  52.4 ~- 3.8 51.6 • 3.7 
pc (9  - c m )  0.00409 ~ 0.60077 0.00406 +--- 0.0~077 
~mAx ( c m f / V  s e c )  482.8 --.+ 2.4 467.3 -+- 2.4 
p r ~ t  ( ~  " era)  0.0825 ----- 0,0020 0.0794---+ 0.0019 

--0.811 --+ 0.018 --0.80'8 --.+ 0.019 
~ S D  ( e m 2 / V  s e e )  4.89 4.78 

resistivity end should give reasonable values. Thus, A 
can be considered to be approximately equal to the 
m i n i m u m  value of the mobility. The mobil i ty vs. hole 
density fit is not as good at the low mobil i ty end, 
as it is slightly below the data at  p ---- 1020 cm-~ 
and goes to a lower asymptotic value than is the case 
for Eq. [4]. Consequently, an extrapolat ion of Eq. [3] 
at the low mobil i ty end is less l ikely to be correct. 

In  comparing the product fits as a funct ion of re- 
sistivity with those as a function of dopant density, 
it is evident  that m i n i m u m  and max imum values 
which should be correspondingly equal are somewhat 
different. This is, of course, a consequence of the 
independent  fits where no parameters  are fixed. The 
(qpN)min values differ by 2% and the fits differ by 
this same percentage at N ---- 1014 cm -3. The (qpN)max 
values differ by 4%; however, these are asymptotic 
values, and at the upper  l imit  of the exper imental  
data (N ~ 1020 cm -3) there is still considerable curva-  
ture. The difference between the fits in  this region 
is less than 1%. The product fits are self-consistent 
wi thin  3% for all dopant  densities (and corresponding 
resistivities) in the range 10r~-102~ cm -3. That  is, 
when the product  qpN is calculated for a given dopant 
density with Eq. [2], a resistivity is derived which 
can be used in  the qpN vs. p expression (Eq. [1]) to 
again calculate the product. The la t ter  product will 
be wi thin  3 % of the former. 

The #max values for the mobil i ty  fits as a function 
of hole densi ty differ by about 0.7% from the ~ma~ 
values for the fits as a funct ion of resistivity. The 
mobil i ty fits are self-consistent within 2% for all hole 
densities (and corresponding resistivities) in the range 
10~4-5 • 1017 cm -~. In the 10 is cm -3 range, there are 
differences of up to 8%. The self-consistency improves 
in  the low 1010 cm -3 range but  increases again to 6% 
at 1020 cm -3 as the fits depart  for very heavy doping. 

Conclusions 
The res is t iv i ty-dopant  density results obtained from 

this work differ significantly from the commonly used 
I rv in  curve for boron densities greater  than 10 TM cm -a  
with a max imum deviation of 45% at 5 X 10 ~7 cm -s. 
Hole mobil i ty values, calculated from this work with 
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Fig. 5. Graph of hole mobility as a function of resistivity for 
300~ The carve is an analytical fit to the data points shown. 
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correction for percent  ionization of the dopant atoms, 
are much larger than similar experimental  data of 
Tsao and Sah, but are in good agreement  with the 
theoretical calculations of Li. Analyt ical  expressions, 
convenient  for engineer ing calculations, were fitted to 
the resis t ivi ty-dopant  density data as a funct ion of 
resistivity and dopant density for temperatures  of 
23~ and 300~ Similar  analyt ical  expressions were 
fitted to the calculated hole mobil i ty as a function of 
resist ivity and hole density. The expression for hole 
mobil i ty  vs. hole density is in reasonable agreement  
with Wagner 's  result. The ma x i mum discrepancy oc- 
curs in the low 10 Ls cm -3 range where the Wagner  
mobil i ty is 10% lower because deionization effects 
were not included. In  the l ightly doped range, the 
mobil i ty from this work is 5% lower than that of 
Wagner. 
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Vapor Phase Epitaxial Growth of ZnSe Films 
Using Metallic Zn and Metallic Se 

Tetsuo Muranoi and Mitsuo Furukoshi 
Department of Electronics, Faculty of Engineering, Ibarak~ University, Hitachi City, 316 Japan 

ABSTRACT 

Single crystal  layers of ZnSe have been epi taxial ly grown on GaAs and 
sapphire substrates using metall ic Zn and Se. A nozzle for the Se flow was 
placed at about  1 cm in  front  of the substrate, and this a r rangement  resulted in  
much less Se consumption than in  the case when  the nozzle was fur ther  
separated from the substrate. The epitaxial  conditions were investigated as 
a funct ion of the source and substrate temperatures.  When the substrate  
tempera ture  and one of the source temperatures  were fixed, the growth rate 
increased with the other source tempera ture  and then saturated. Below the 
saturat ion point, the growth rate is proport ional  to the flow rate and the 
vapor pressure of each source material .  Dependence on substrate tempera ture  
of growth rate is shown to be surface-control led phenomenon below 770~ 
and is one of mass t ransfer  controlled phenomena above 770~ The epitaxial  
growth on GaAs substrates occurred in  the substrate  tempera ture  range of 
650~176 with a growth rate ranging from 1 to 30 ~m/hr.  The resist ivity 
of the as-grown layer was too high (106 ~ �9 cm) to be useful  for LED appli-  
cation. 

ZnSe is a promising mater ia l  for various opto- 
electronic devices, such as l ight  emit t ing diodes in 
the blue region of the spectrum. Several  methods for 
the vapor phase epi taxy of ZnSe film have been re- 
ported. As the source mater ia l  in  an open tube 
method, ZnSe powder (1-3), Zn-H2Se (4), and or- 
ganometall ic  zinc-H2Se (5) have been used previ-  
ously. When ZnSe powder is used, HC1 is sometimes 
added to the reaction system in  order to t ranspor t  
mater ia l  (1, 2), but  etching of the substrate  can be 
a problem. Without  the use of HC1 (3), however, 
the growth rate is relat ively low. Organometall ic 
zinc-H2Se system (5) requires only one hot tempera-  
ture zone and allows a good control labil i ty of the 
source mater ia l  flow. But  these materials  are very 
toxic or are difficult to handle. Yim et al. (4) has 
reported on Zn-H2Se that the single crystal epitaxy 
of ZnSe has been achieved with 10 -5 mole /min  Zn 
and 2 X 10 -6 mo le /min  H2Se. 

This paper  describes the vapor phase epitaxial  
condition of ZnSe film using metall ic Zn and Se as 
the source materials.  This method has an advantage 
that one could investigate the growth conditions of 
ZnSe epitaxial  films by  applying a simple reaction 
mechanism between e lemental  Zn and Se, without  
toxic and difficult materials  to handle, under  various 
ratios of the source materials  by vary ing  only the 
source tempera ture  and carrier gas flow rates. 

Experimental 
Fi lm deposition was investigated main ly  by the 

growth rate with 5 ~ angle lapping and the deposi- 
t ion time, which was 30 min  in  most cases. The film 
thickness was proport ional  to the t ime wi th in  the 
exper imenta l  error. 

The nomina l  pur i ty  of Zn was s ix-n ine  (supplied 
by High Pur i ty  Chemical Laboratory)  and that of Se 
was f ive-nine (supplied by Mitsui Mining and Smel t -  
ing Company, Limited) .  (100)GaAs was main ly  used 
as the substrates. ( l l l ) B - G a A s  and ( l l '02)-sapphire  
were also used. Mirror-smooth etched wafers of GaAs 
and sapphire were supplied by Hitachi Electric Cable 
Company, Limited and Kyoto Ceramic Company, 
Limited, respectively. 

A reflection electron microscope was used to deter-  
mine single crystall inity.  Specimens were cleaved and 

Key words: heteroepitaxy, open tube method, growth rate, noz- 
zle for Se. 

chemically etched to investigate the interface be-  
tween ZnSe and the substrate. 

Figure 1 is a schematic d iagram of the experi-  
menta l  apparatus and typical  tempera ture  profiles 
used. A quartz reaction tube, 150 cm long and 27 m m  
ID, was used. Several  substrates were placed hori-  
zontally on a quartz boat in  the reaction tube and 
the tempera ture  was main ta ined  by an electric fur -  
nace 72 cm long having five zones. The react ion was 
completed by pul l ing the furnace followed by air-  
cooling with a blower. Zn and Se were held in quartz 
vessels as shown in Fig. 1. The end of the Zn and Se 
vessels and the top of the substrate boat were set at 
the desired temperatures.  A nozzle of 6 mm ID quartz 
tube for the Se flow was placed at about 1 cm in  
front of the substrates. With this arrangement ,  the Se 
vapor was kept from reacting with Zn unt i l  i t  reached 
the close proximity  of the substrate, and therefore 
the amount  of Se consumed for any  given r un  was 
only one- ten th  or one- twent ie th  of the amount  re-  
quired for the case of 10 cm separation be tween the 
nozzle and the substrate. Zn and Se flow rates were 
obtained from the source consumption, which was 
measured by weighing the source vessels before and 
after the deposition, and was determined with a 
cross-sectional area at the Se nozzle. The carrier  gas 
over molten Zn was a mixture  of Ar (300 cmS/min) 
and I-Iz (100 cm~/min),  and the carrier gas over 
molten Se was also Ar (100 cm~/min) and H2 (10 
cm~/min).  It  is impor tant  to ment ion  that H2-was used 
as a carrier gas since without  H2 a white deposit (pre- 
sumably ZnO) formed near  the Zn boat even though 
Ar used was a 6-nine pur i ty  and that  it  was passed 
over DEOXO and zeolite gas dryer. 

Results and Discussion 
Figure 2 shows some examples of the microstruc-  

ture and the reflection electron diffraction pat terns of 
the films. It can be seen from the net  pat terns that  
(100), (111), and (110) oriented ZnSe grew on 
(100) GaAs, (111) B-GaAs, and (li-02) sapphire, re-  
spectively. 

Figure 3 shows the growth rate a t  Tsub : 800~ as 
a function of Zn temperature,  Zn flow rate, and pub-  
lished equi l ibr ium vapor pressure (6). Figure 4 gives 
similar properties in the case of Se (7). Epitaxial  
growth was achieved below the deposition rate of 30 
#m/hr .  For any  given Tse in  Fig. 3, the deposition 
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Se ~ Zn i 
Subs t rat e 

E l e c t r i c  f u r n a c e  

Reac t ion  

.*- '6ooi- ~ ~ ~ ~ 

 ,ool/ 
To , : o , : o , : o ,  

D i s t a n c e  cm 

t u b e  

Fig. 1. Experimental apparatus for the film deposition and typical temperature protiles. The flow meters and zeolite gas dryers are de- 
noted by F.M. and G.D. 

Fig. 2 (a) Photomicrographs and (b) reflection electron diffraction patterns of ZnSe layers on (A) (100) GaAs, (B) (111) g-GaAs, and 
(C) (1i02) sapphire. (Tsub, Tzn, Tse) ---- (700~ 558~ 342~ for (100) GaAs, (800~ 593~ 342~ for (111) B-GaAs, and (800~ 
558~ 380~ for sapphire. 

rate  increased with  Tzn and then saturated. The 
saturat ion t empera tu re  became higher  wi th  higher  
Tse. The film grew in an excess Zn in the saturat ion 
region and grew in an excess Se below the saturat ion 
point since the flow rates of both source mater ia ls  
were  near ly  the same at the saturat ion point. For  
a given Tzn, Tzn : 593~ shown in Fig. 4, the deposi- 
tion rate  showed a s imilar  tendency to saturate. The 
equi l ibr ium vapor pressure, the source mater ia l  flow 
rate, and the deposition rate  below saturat ion had 
the same tempera ture  dependence. This showed that  
the deposition rate  below saturat ion is proport ional  

to the source mater ia l  flow rate  and the vapor  p r e s -  
s u r e .  

Epitaxial  g rowth  commenced wi th in  5 cm of the Se 
nozzle. However ,  for proper ly  adjusted flow rates, 
epi taxial  g rowth  could be achieved for substrates 
10 cm from the nozzle. For  the 10 cm separation, Tse 
had to be increased to compensate for mater ia l  de- 
posited on the react ion tube pr ior  to the substrate. 
For example, when a growth condition was set at 
(Tsub, Tse) : (800~ 416~ the epi taxia l  growth 
was realized at Tzn in the range 540~176 as shown 
in Fig. 3. 
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Fig. 3. Deposition rate at Tsub - -  800~ (open symbols and 
crosses), flow rate of Zn (closed symbols), and equilibrium vapor 
pressure of Zn (broken line) as a function of Zn temperature. 
Cross symbols ( X )  denote deposition rates at Tse ~ 416~C when 
the substrate and the nozzle were placed 10 cm apart. 

The epitaxy on GaAs took place in  a relat ively 
wide range of Tsub: 650~ ~ Tzn:  540~176 and 
Tse: 300~176 while  on sapphire it  was only one 
case at (Tsub, Tzn, Tse) = (800~ 558~ 380~ that  
epitaxy occurred over the entire substrate surface 
al though the epitaxy itself was par t ly  observed above 
Tsub = 650~ This can be understood because of the 
difference in the crystal s t ructure  and the lattice pa-  
rameter  be tween ZnSe and sapphire. 

Figure  5 shows the growth rate  as a funct ion of 
Tsub for (Tzn, Tse) -- (558~ 342~ and (558~ 
300~ For Tsub below 770~ the growth rate in-  
creased with Tsub and was the same for Tse ---- 342~ 
and 300~ Above 770~ the growth rate was con- 
s tant  for Tse ---- 342~ but  decreased for Tse = 300~ 
due to reevaporation. For  Tsub = 940~ film growth 
was not  observed for Tse ---- 342~ Such tempera ture  
dependences of deposition rates are observed for 
heterogeneous reactions (8). Such surface-control led 
phenomena  are expected to be tempera ture  depen-  
dent  and flow rate independent .  The region below 
770~ is seen to be tempera ture  dependent  but  flow 
ra te  independent .  Above 770~ the growth rate is 
seen to be mass t ransfer  controlled. 

The data of Yim et al. (4) are plotted wi th  the 
present  results in Fig. 5. These slopes are almost the 
same al though the exper imenta l  conditions were dif- 
ferent. This indicates the same reaction mechanism 
in  both cases. The roles of HaSe and Se molecules in  
the reaction are unclear.  H2Se was produced by  a 
reaction between Se molecules and Ha. This is shown 
in Fig. 6 which shows the Se consumption in  30 rain 
at Tse = 342~ vs. Ha content  when  the total gas 
flow rate over the mol ten Se was fixed at 110 cmZ/ 
rain. H2Se was formed because the Se consumption 
increased wi th  H2 content. 
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Fig. 4. Deposition rate at Tsub - -  800~ (open symbols), flow 
rate of Se (closed symbols), and equilibrium vapor pressure of Se 
(broken line) as a function of Se temperature. 

Yim et al. reported (4) that Ga2Ses resulted from 
excess H2Se (10 -5 mole/rain) on GaAs and that the 
Zn vapor concentration had little effect on film for- 
mation for the Zn concentration studied (10-6-10 -5 
mole/rain). Here epitaxial growth of ZnSe could be 
obtained wtih excess Se even at 4 X 10 -5 mole/rain 
Se flow rate. The l imitat ion here on epitaxial  growth 
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Fig. 5. Growth rate of ZnSe film on (100) GaAs vs. reciprocal of 
substrate temperature. Open circles ( O )  and closed circles ( I )  
denote (Tzn, Tse) ---- (558~ 342 ~ and (558~ 300~ respec- 
tively. The data of Yim et al. on Zn-H2Se (4) are plotted with 
triangles (~ ) .  
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Fig. 6. Se consumption in 30 rain for Tse = 342~ v s .  the H2 

content of the selenium Ar -}- H2 carrier gas. The total Ar + H2 
flow was 110 cm3/min. 

was the deposition rate itself. It  is difficult general ly  
to grow epi taxial ly  at high deposition rates. 

Specimens grown on (100) GaAs and ( i l l )  B-GaAs 
were cleaved and chemically etched in  40% NaOH 
aqueous solution at 75~176 for a few minutes  to 
investigate the ZnSe-GaAs interfaces. The dark 
gray par t  is ZnSe, the white GaAs. The as-cleaved 
surface shows a clear and smooth interface. The 
etched surface shows that the region wi th in  1 or 2 
~m of the interface was strongly etched. This indi-  
cates that stacking faults occurred. The epitaxy in te r -  
face of ei ther (100) GaAs or (111) B-GaAs showed 
much the same etched appearance. However, the as- 
deposited film surfaces were different. Films grown 
on (111) GaAs were almost flat. Films grown on 
(100) GaAs sometimes had a h i l l - and-va l ley  struc-  
ture, especially for film thickness greater  than 10 
~m; also, the (111) and (331) planes appeared on 
bevels judging from the angles (55 ~ and 46 ~ ) be-  
tween the bevel  and the interface as shown in Fig. 
7 ( a ) - ( A ' )  since a cubic s t ructure  makes angles of 
54.7 ~ between (100)- and ( l l l ) - p l a n e s  and 46.5 ~ be-  
tween (100)- and (331)-planes. 

The film resist ivity measured with a sandwich 
s t ructure  on p- type GaAs was about l0 s 1~ �9 cm, a 
value too high to be useful for a l ight emit t ing diode. 
Impur i ty  doping mus t  be investigated to lower the 
resistivity. 

Conclusions 
Single crystal layers of ZnSe have been epitaxial ly 

grown on GaAs and  sapphire substrates using metall ic 
Zn and metall ic Se. The nozzle for the Se flow was 
about  1 cm from the substrate. The Se consumption 
was only one- ten th  or one- twent ie th  of the case when 
the separation between the nozzle and the substrate 
was 10 cm. Epitaxial  conditions were investigated as 

Fig. 7. Interface of Z.Se layer and GaAs substrate. (A) As- 
cleaved and (B) chemically etched surfaces; (a) (100) GaAs and 
(b) (111) B-GaAs. 

a funct ion of the source and substrate  temperatures. 
(100), (111), and (110) oriented ZnSe grew on (100) 
GaAs, (111) B-GaAs, and (1102) sapphire, respec- 
tively. When Tsub and one of the source temperatures  
were fixed, the growth rate  increased with the other 
source temperature  and then saturated. Below the 
saturat ion point, the growth rate is proport ional  to 
the flow rate and the vapor pressure of each source 
material.  For GaAs, epitaxial  growth occurred for 
Tsub in  the range 650~176 (1-30 #m/ h r  in  Fig. 3 
and 5). Tempera ture  dependence of the growth rate 
is a surface-control led phenomenon below 770~ and 
is mass t ransfer  controlled above 770~ The in te r -  
face region within  1 or 2 ~m was s t rongly etched, in -  
dicating that  stacking faults occurred at the in ter -  
face. The resistivity was too high (10 s ~ .  cm) for 
LED application. 
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Chemical Vapor Deposition of Tin 
on Iron or Carburized Iron 
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ABSTRACT 

An exper imenta l  invest igat ion of the chemical vapor deposition of t in  on 
i ron and  carburized i ron substrates is presented, using stannous chloride 
vapor as the source of tin, in  an iner t  or reducing atmosphere. At tempera-  
tures between 450 ~ and 750~C, the mechanism of vapor coating is the displace- 
men t  reaction in  an iner t  or reducing atmosphere, bu t  in  a reducing atmo- 
sphere, reduction reactions also occur. The coating consists of i ron- t in  com- 
pounds or i ron- t in  carbides, the s t ructure  of which is obtained by diffusion 
and thus influenced by the t ime and tempera ture  of deposition. The relations 
between nuclei  formed at the beginning  o f  the deposition and the substrate 
show that these nuclei  may  have an epitaxial  growth. Epitaxial  relationships 
between the FeSn  nuclei  and the i ron substrate are  given. 

The surface of m a n y  materials  must  be protected 
from hostile envi ronments  of their applications. For 
m a n y  situations protective coatings are applied by 
hot dipping, electrocleposition, metal  spraying, evap- 
oration, sput ter ing or chemical vapor deposition (CVD) 
to minimize effects such as wear, erosion, corrosion, 
or high tempera ture  oxidation. CVD coatings are 
widely used in  the technologies of aeronautics, nuclear  
engineering,  solid-state electronics, and refractory pro- 
tective coatings. 

Various aspects of CVD of t in  (s tannizing) have 
been clarified by previous investigators (1, 2) on 
copper, brass, and bronze, bu t  a complete analysis 
has not yet been carried out for a study of t in  
deposits on i ron and carburized iron. 

The first purpose of this s tudy is to develop a fuller  
unders tanding  of the CVD of t in  on such materials.  
This includes s tudy of the chemical reactions which 
occur, and correlation of the rates of coating forma-  
t ion and the coating structures with the factors con- 
t rol l ing the kinetics ( temperature,  durat ion) .  The 
second purpose is to establish the crystallographic 
relations between the t in - i ron  compounds and the 
substrates. 

Chemical Reactions-Kinetics, Coating Composition, 
and Morphology 

CVD apparatus and process.--The CVD of t in  was 
obtained by the pack cementat ion method. Pack s tan-  
nizing was carried out in cylindrical  i ron retorts 
closed with a slip-fitted iron cap and thus was not 
t ightly sealed. The pack consisted of powder mixtures  
of 99.93% pure tin, various activators (NH4C1, FeC12, 
or SnC12), and MgO as iner t  filler. Prior  to use, the 
filled retort  was evacuated to less than 0.01 Torr  
(1.334 Pa).  It  was then backfilled by argon and placed 
quickly in the heated reactor chamber.  Dur ing  the 
coating operation a flow of hydrogen or argon was 
maintained.  Coating temperatures  ranged from 450 ~ 
750~ and durat ion from 1-10 hr. Substrates used in 
this s tudy included pure iron (iron decarburized under  
moist hydrogen for 150 hr at 1050~ or carburized 
iron (CHJH2 gas mix ture  at 1050~ for 4 hr) .  

The i ron or carburized iron samples were either 
small  plates (20 X 10 X 2 mm) or wires (diameter  
0.4 mm, length 30 mm) .  Surface preparat ion consisted 
of l ight abrasion followed by chemical polishing. 
Three or four specimens were placed in the center  
of the pack. After holding at the temperature  for the 
desired t ime interval ,  the retort  was swiftly removed 

Key words: mechanism, coating, epitaxial growth, intermetallie.  

from the furnace and allowed to cool to room tem-  
pera ture  in  a hydrogen atmosphere. After  cooling, 
the weight gains (Am) of the samples were measured. 
Some samples were prepared for metal lographic exam-  
/nation, hardness test, chemical and x - r ay  analysis. 
The samples were covered by electrodeposited nickel 
and then  were cress-sectioned and polished with 
diamond paste using s tandard metal lographic tech- 
niques. When the thickness of the coating is very  
small, par t icular ly  on the carburized iron, a special 
microscope technique was used to facilitate the in -  
vestigation. Every sample was ground at an angle of 
5 ~ to the surface. In  this way the surface layer  was 
effectively enlarged by a factor of about 10. Micro- 
hardness tests were conducted on the coating using 
a Vickers indenter  with a 10g load. X - r a y  diffraction 
data were obtained from the wire samples (Debye- 
Scherrer method) or from the flat samples (diffrac- 
tometer method) with x - r ay  apparatus using Fe-  
filtered CoK~ radiation. 

Results and discussion.--The chemical reactions were 
studied in  argon-SnC12-FeCl2 and hydrogen-SnC12- 
FeC12 systems. In both cases  the same tempera ture  
(600~ and the dura t ion of t rea tment  (4 hr) were 
chosen. The quant i ty  of deposited t in  (rod) was chem- 
ically analyzed after the complete dissolution of the 
sample (iodometric method).  From the weight in -  
crease, Am, and the quant i ty  md, it  was possible to 
evaluate the ratio nsn/nFe where nsn and rife are the 
number  of atoms of deposited t in  and the n u m b e r  
of atoms of i ron which left the sample 

md = nsn'MSn Msn : relat ive atomic mass of t in  
Am ---- md -- nFe'MFe MFe -- relat ive atomic mass of i ron 

~Sn TrOd i~/Fe 
: C1] 

riFe T}%d -- A?Tb ~/~Sn 

The following reactions were believed to occur when 
SnCI2 was used: 

a. Thermal decomposition reaction 

SnCl2cg)--> Sncs) + C12r [2] 

b. Displacement or exchange reaction 

SnCl2(g) + Fe(s) -> Sn(s) + FeCl~(g) [3] 

c. Reduction reaction 

SnC12(g) + H2(g) --> Sn(s) + 2HC1 [4] 

In a reducing atmosphere, the following reaction can 
Occur  

FeCl2(g) + H~g) --> Fees) + 2HC1 [5] 

2299 
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In  the  t empe ra tu r e  range  450~176 reac t ion  a is 
s t rongly  endothermic,  so i t  is not  considered l ikely.  

When  the d isp lacement  react ion occurs, the  weight  
increase  of the sample  should be somewhat  less than  
the weight  of the t in deposi ted and the nsn/nfe rat io  
ought  to be equal  to 1. Then, f rom Eq. [1] we can 
calculate ~m 

~ m  --" ITSd( 1 MFe .) = 0.53rod 
MSn 

In the  case of a reduct ion  reaction,  the weight  in-  
crease of the sample  should be equal  to the  weight  
of deposi ted tin. There  is no depa r tu re  of i ron (nze 
= 0) 

A ~  - -  tr$d 

Table  I shows the weight  increase  of samples,  the  
amount  of t in deposited,  and  the nSn/nfe ratio,  in 
iner t  (argon)  and reducing (hydrogen)  atmospheres.  
In  argon-SnC12-FeCl2 system the nsn/nFe rat io  is 
equal  to 1, and the chemical  react ion is ma in ly  the  
d isp lacement  reaction.  In  hydrogen-SnC12-FeC12, the  
nsn/nFe rat io  is g rea te r  than  2. The d isp lacement  and 
the reduct ion  react ions occur s imultaneously.  

Kinetics, coating composition, and morphology.-  
The kinet ics  and coating composit ion of s tannized 
i ron or  s tannized carbur ized  i ron were  s tudied in  a 
hydrogen-SnCl~-FeC12 system. The high t empe ra tu r e  
t r ea tmen t  (>450~ al lows diffusion of the deposi ted 
a toms to t ake  place. Consequently,  the  coat ing con-  
sists of different  t in - i ron  compounds or t in - i ron  car -  
bides depending  on the opera t ing  parameters ,  i.e., 
t empera tu re  durat ion.  

Tables I I  and I I I  l ist  the compounds formed when  
s tanniz ing t empera tu re  is in the  range  450"-650~ 
The meta l lograph ic  cross sections of the  coated i ron 
a r e  shown in Fig. 1 and 2. The coating appears  to be 
un i fo rm in thickness  and free of cracks. Over  th is  
range  of tempera ture ,  i t  consists of one layer ,  a l though 
the x - r a y  pa t te rns  show the presence of severa l  
compounds corresponding to the phase d iagram of the 
t in - i ron  system, Fig. 3. In  the  accompanying  micro-  
graphs  of s tannized i ron coatings, e lect rolyt ic  nickel  
deposi ted on the coating is shown at  the top of each 
p ic ture  and the base me ta l  is shown at  the bottom. 

Table I. Weight increase of samples, amount of tin deposited, and 
nsn/nFe ratio for inert or reducing atmospheres 

Atmosphere Am (mg)  ma (rag) nsn/nFe 

Reducing (H~) 16.9 22.03 2.04 
Inert (argon) 12.1 19.41 1.23 

Table I!. Variation of composition and microhardness for 
tin-iron compounds with temperature 

Hardness  
va lues  of 

Temperature Compounds found by a s t ann ized  
(~ x-ray diffraction layer (Hv) 

Fig. 1. Metallographic cross section of stannized iron. Treatment 
6 hr at 495~C. 

Fig. 2. Metallographic crass section of stannized iron. Treatment 
8 hr at 580~ 
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_ _  Hansen . . . . .  Treheux 

Fig. 3. Phase diagram of the iron-tin system 

Table III. Variation of composition of tin-iron compounds and 
tin-iron carbide~ with temperature 

T e m p e r a t u r e  Compounds  found  by  
(~ x-ray  d i f f rac t ion  

<SO0 
5 0 0 < ~ < 6 5 0  
650<8<750 

#=750 

FeSn, FeSn2, FesSn2C~ 
FeSn, Fe~Sn2C~, Fe3SnC~ 
FeSn, FesSne, Fe3Sn2C~, Fe~SnCx 
Fe~.Sn~, FesSn2Cu, FesSnC~ 

For  carbur ized  iron, the coat ing consisted ma in ly  of 
two layers  due to the t in - i ron  compounds and to the 
t in - i ron  carbides. These layers  are  shown in the 
meta l lograph ic  section of Fig. 4. The coating formed 
at  580~ for 10 hr  consists of the FeSn  compound at  
the  surface and the t in - i ron  carbide Fe~SnCz nex t  
to the carbur ized i ron base. 

F igure  5 shows the influence of t empe ra tu r e  and 
dura t ion  of t r ea tmen t  on the thickness of t in - i ron  
deposits. The thickness (e) of the  FeSn2 compound 
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Fig. 4. Metallic cross section of stannized carburized iron. 
Treatment 10 hr at 580~ 
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Fig. 5. Effect of temperature and duration of treatment on 
deposit thickness. 

at 495~ and of the F e S n  compound between 530 ~ 
and 680~ vs. the coating t ime (t) follows the gen-  
eral  law e = A~/t_ When varying  only the tempera-  
ture ( t rea tment  t ime 4 hr) ,  the growth of the FeSn 
compound followed an Arrhenius  low 

QFeSn 
eFeSn ~--- Ape 

RT 

The apparent  activation energies determined from 
the slope of the FeSn line in Fig. 6 are about  

QFesn: 14 kcal /mole  for 0 < 610~ 

QFeSn: 7 kcal /mole  for e > 610~ 

The parabolic behavior  of the FeSn2 and FeSn 
compound growth indicates that the ra te - l imi t ing  
factor is the intermetal l ic  diffusion. Thermodyuamic  
equi l ibr ium at the gas-metal  interface is probably 
realized. The appearance of even a new submicro-  
scopic phase must  have an influence on the growth 
kinetic of the coating according to the Kidson theory 
(3). Thus, the slope discontinui ty observed for 610~ 
on the curve e = f (1 /T)  (Fig. 6) corresponds to 
the appearance of submicroscopic nuclei of the Fe~Sn2 
compound as expected from the phase diagram (Fig. 
3) 

Fe~Sn2 ~ -  Fe + 2FeSn 

Treheux (4), dur ing a s tudy on the diffusion of t in  
in iron dipped i n  molten tin, also observed a slope 
discontinuity in  a similar  curve at T _-- 607~ These 
submicroscopic nuclei  are not visible by microscopy, 
though the x - r ay  data show their existence (cf. Table 
II) .  

On carburized iron, the coating thickness vs. tem-  
perature  does not follow an Arrhenius  law. Above 
600~ the thickness does not  increase further,  Fig. 6. 
The Fe3SnCx carbide formed impedes diffusion of 
the i ron atoms at the surface and stops growth of 
the coating. 

Epitaxial Growth of FeSn Compound on Iron Substrate 
Samples coated by pack cementat ion showed a 

coating morphology which was relat ively smooth and 
fine-grained in the range 450~176 However, when  
the substrate had coarse grains, the deposit had a 
different aspect in relat ion with these grains. Several  
publications have dealt with crystallographic de- 
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Fig. 6. Arrhenius plot of the FeSn compound (@) and of the tin- 
iron carbide (ig) deposition. 
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pendence of the nuclei  formed on the subs t ra te  dur ing  
CVD process (5-8).  The observat ions re la ted  above, 
and previous  studies of ep i tax ia l  g rowth  of the Fe~Si 
compound dur ing  sil iconizing and chromizing (9, 10, 
11), suggest  a re la t ion  be tween  the t in - i ron  com- 
pound and the subs t ra te  if  pa r t i cu la r  condit ions of 
t r ea tmen t  a re  realized.  Thus, we s tudied these r e l a -  
tions for the  FeSn  compound at  600~ on i ron  sub-  
strate.  

Experimental equipment and procedure.--For this  
s tudy,  we used a convent ional  CVD process wi th  the  
si l ica coating tube ex tending  th rough  two sections 
of a furnace.  The coating reagent  (anhydrous  s tan-  
nous chlor ide)  was placed in an a lundum boat  in 
the first hea t ing  zone of the furnace  at  450~ The 
sample  to be coated [Armco i ron  plate,  60 • 10 X 0.5 
mm, wi th  fine grains  or  large  grains  (single crysta ls)  
ob ta ined  b y  the cr i t ical  s t r a in -ha rden ing  method (12)] 
was p laced  in the  second zone at  600~ The samples  
were  chemical ly  pol ished and cleaned of any  res idual  
contaminat ion.  They  could be in t roduced o r  removed  
quickly f rom this zone. Hydrogen  comple te ly  pu rged  
of oxygen  was a l lowed to flow through  the system. 
The coat ing mix tu re  was 95% hydrogen,  5% SnC12. 
Af te r  holding at  t empe ra tu r e  for the des i red  t ime 
in te rva l  (5-40 min) ,  the sample  was quickly  removed 
under  a hydrogen  flow to a cold zone. A combinat ion 
of optical  microscopy and x - r a y  diffraction techniques 
was used to s tudy  the sample  surface. 

Results and discussion.--Optical microscopy.--In 
shor t  t rea tments  of 5-10 min, the nucleat ion of the 
deposit  appears  in some pa r t i cu la r  points. Some grains  
have few or  no nuclei  (e.g., grains  A and B, Fig. 7). 
Others a re  a lmost  comple te ly  covered (grains C and 
D, Fig. 7; A'  and B', Fig. 8). In  one grain,  the  size 
and the shape of  the nuclei  a re  genera l ly  the same. 
Surface defects such as pol ishing scratches ( r ) ,  g ra in-  
boundaries,  and impur i t ies  (p) ,  affect the nuclea t ion  
as shown in Fig. 7-10. At  the bounda ry  grains,  the  
nuclei  a re  l a rge r  and shaped di f ferent ly  f rom those 
in the ad jacent  grains. 

F i lm  growth  proceeds by  en la rgement  of is lands 
around these nuclei,  or  b y  genera t ion  of f resh nuclei.  
At  l a te r  stages (af te r  20 min of t r ea tmen t )  t h e  re -  
main ing  inters t ices  in the  l aye r  are  fil]ed, and a 
comple te ly  continuous s t ruc ture  resul ts  wi thout  spe-  
cial or ientat ion.  

X-ray analysis.--X-ray diffraction pa t te rns  of the  
nuclei  were  not  s imi lar  to those obta ined with a 
powder  of the FeSn  compound. Some lines of the 

pa t t e rn  are  missing, others  are  s t ronger  than  those 
of the powder  pat tern,  which suggests an or ienta t ion  
phenomena.  On a s tannized iron, single crys ta l  which 

Fig. 8. Influence on the FeSn nucleation of the crystalline orienta- 
tion of the iron substrate. 

Fig. 9. Influence on the FeSn nucleation of the surface defects, 
(r) polishing scratches and (p) impurities. 

Fig. 7. Influence on the FeSn nucleation of the crystalline orienta- 
tion of the iron substrate. Fig. 10. Influence on the FeSn nucleation of the grain boundaries 
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has the  (211) or ientat ion,  the  diffract ion curve shows 
only two peaks:  those corresponding to  the  (211) i ron 
planes  and those corresponding to the  (2020) p lanes  
of the  FeSn  compound,  Fig. 11. Laue  back-d i f f rac t ion  
pa t te rns  on i ron  single crys ta ls  before  and af ter  stan- 
nizing show diffract ion r ings ins tead  of diffract ion 
spots for t r ea tmen t  t imes longer  than  20 min. 

FeSn  compound has a hexagona l  s t ructure ,  wi th  
P 6 / m m  as H e r m a n n - M a u g u i n  space group and a = 
5.29A, c - -  4.44.~ as parameters .  There  is a set of 6 
atoms (3 Sn, 3 Fe)  per  la t t ice  point.  The coordinates  
of the  t in atoms (000) (1/2 3/2 i / 2 )  (2/3 i / 3  1/2) 
and  those of i ron  a toms are  (1/2 00) (0 I /2  0) 
(1/2 I /2  0). The i ron atoms are  al l  in the (0001) 
planes,  Fig. 12. The (0001) and (202-0) planes  are  
those wi th  h ighest  p l ana r  dens i ty  in i ron atoms. In  
these planes,  there  a re  uni t  cells which  have lat t ices 
a lmost  s imi la r  to cells in the  (110) and (211) i ron 
planes,  Fig. 13. The misfits in both cases are  respec-  
t ive ly  7.7% and 6.8% for a and  a', and  13.3% and 
9.9% for b and b'. A re la t ionship  can exis t  be tween  
the closest packed  direct ions of FeSn  and iron. Fo r  
instance, when the FeSn  nuclei  have thei r  (2020) 
p lanes  pa ra l l e l  to the  (211) i ron  planes,  the  112i-01 d i -  
rec t ion of the FeSn  compound is pa ra l l e l  to the  I1-111 
di rec t ion  of iron. Therefore,  condit ions are  favorab le  
for ep i tax ia l  g rowth  (13). We th ink  tha t  nuclei  on 
the  surface of an i ron subs t ra te  a re  or ien ted  by the 
under ly ing  grains, fol lowed b y  ep i tax ia l  growth.  Fo r  
po lycrys ta l l ine  substrates ,  the  p lanes  pa ra l l e l  to the 
surface are  r andomly  or ien ta ted  and the closest packed  
direct ions form var ious  angles wi th  these planes.  
Ep i tax ia l  g rowth  is favored  when  these angles a re  
smal les t  (13). When  p lane  or ienta t ion is not  favorable  
for  ep i tax ia l  growths  the FeSn  nuclei  appea r  p re fe r -  
en t ia l ly  as macrographic  defects such as pol ishing 
scratches or  gra in  boundaries .  La te r  (t > 10 min)  they  
appea r  inside the  grains  at  c rys ta l lographic  defects 
or  areas  of chemical  contaminat ion,  cf. micrographs  
Fig. 7-9. As t r ea tmen t  t ime increases,  nonor iented  
nuclei  increase.  The i ron base even tua l ly  loses its 
influence on the ep i tax ia l  nuc]ei, and the deposi t  
degenera tes  comple te ly  into a po lycrys ta l l ine  deposit.  
Some pre fe ren t i a l  or ientat ions  can st i l l  r ema in  for 
a shor t  t ime and then disappear .  
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Fig. 12. Relationships of the FeSn compound to the underlying 
iron substrate. 
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Fig, 11. X-ray curve of a stannized (211) iron single crystal made 
with the K~Co radiation. 
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Fig. 13. Relation of the FeSn compound to the underlying iron 
substrate when crystal planes in the FeSn nuclei and substrate lie 
parallel to their common interface. A, Common interface (110)Fe 
and (0001) FeSn; B, common interface (211) Fe and (202.0) FeSn. 
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The results thus demonstrate that at the beginning 
of CVD deposit of tin on iron, the FeSn nuclei formed 
can be oriented by the substrate and have epitaxial 
relationships with the underlying iron substrate. The 
parallel epitaxy of FeSn on iron is given in terms of 
Miller indices as 

(211) Fe//(2020)FeSn; I i-11 [Fe//I i-21-O IFeSn 
Manuscript submitted Sept. 24, 1979; revised manu- 

script received March 12, 1980. This was Paper 443 
presented at the Los Angeles, California, Meeting of 
the Society, Oct. 14-19, 1979. 

Any discussion of this paper will appear in a 
Discussion Section to be published in the .Tune 1981 
JOURNAL. All discussions for the June 1981 Discussion 
Section should be submitted by Feb. 1, 1981. 

Publication costs of this article were assisted by 
the Institut National des Sciences Apliqudes de Lyon. 
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A Flow Model for Autodoping in VLSI Substrates 

G. R. Srinivasan* 

I BM Data Systems Division, East FishkiIl, HopewelI Junction, New York 12533 

Substrates used in VLSI technology have 
a high density of buried layer device elements 
that cause enhanced autodoping during the epi- 
taxial growth. Since autodoping affects many 
of the device characteristics, it is important 
to know the level of autodoping, and its varia- 
tion between devices, in substrates with dif- 
ferent device densities. A model was proposed 
recently that relates autodoping to the buried 
layer density (i). In this communication we 
provide experimental support for the model, 
based on the analysis of autodoping from VLSI 
substrates with varying areas of arsenic buried 
layers. 

The model is based on the solution to the 
transport equation that describes the dopant 
redistribution in a flow system of uniform 
velocity. We can write for this case 

DgV 2C - V ~C g ~x = 0 [i] 

where C and D are the concentration and dif- 
g g 

fusivity of the dopant in the carrier gas, and 
V is the flow velocity along X. If we assume 
that the autodoping concentration, C , (i.e. 

�9 . . a ' 

maxlmum concentratlon in the lateral auto- 
doping peak) is proportional to Cg, we can 

obtain an expression for autodoping due to a 
point source by solving Eq. [i]. This is given 

by (See Ref. 1 for details) 

Ca = (A/r) exp {(-V/2Dg) (r - x)} [2] 

the buried layer pattern in a typical LSI 
wafer, we sum the contribution from each point 
source, and define an average autodoping con- 
centration, c, as (i) 

c = < Y I C > [3] a 
ij 

where i and j are the indices of the point in 
the rectangular array, and the angular brackets 
indicate a spatial average of C in the unit a 
grid element in the array. 

Figure i shows the result of this calcu- 

lation using Eq. [3] where ~ is plotted as a 
function of n, the number of point sources in 
the array for several grid sizes. We see from 

this figure that ~ ~ n I/2 for grid size ~i00 pm, 
which is typical of the LSI substrates. We 
also calculate the autodoping uniformity by 

defining the maximum variation, Ac, in ~ within 
a unit grid element. Figure 2 shows the vari- 
ation of At with n for i ~m and i000 pm grid 
spacings. We note that for both these cases 
Ac <5% for n>1000. By associating an infini- 
tesimal area around each point we now define 
an areal fraction, f, occupied by the buried 
layers in the substrate as 

f = Lim n/N, [4] 
N§ 

where A is the proportionality constant, r is 
the lateral distance from the point autodoping 
source, and x is the projection or r along the 
flow direction. 

For autodoping contribution from a rec- 
tangular array of point sources that represent 

*Electrochemical Society Active Member. 

Key words: epitaxy, impurity, integrated 
circuits, semiconductor. 

where N is the total number of points in the 
wafer. Thus, we can write 

~ Kf I/2 �9 [5] 

where Kis a constant of proportionality. 

Figure 3 shows the experimental data (2) 
for the variation of arsenic autodoping (re- 
ciprocal epitaxial sheet resistance, R s) with 
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the buried layer subcollector density in VLSI 
substrates that are used in bipolar circuitry. 
These data are obtained by measuring epitaxial 
sheet resistance, R on device wafers which 

s 
had various buried layer densities. The 
epitaxial depositions were made in a Laminar 
flow reactor system with identical deposition 
conditions. I/R is a measure of total auto- 

s 
doping in the epitaxial layer. We see that 
the data can be represented by the equation 

104/Rs = 2.25 f l / 2  in  agreement  wi th  Eq. [5] .  

Thus, the theory is successful in predicting 
the autodoping enhancements in VLSI substrates. 

The model is also capable of explaining 
the autodoping increases due to increases in 
the wafer load in the epitaxial reactor by 
summing up contributions from each wafer using 
a procedure similar to that indicated here. 
Finally, the model can also be extended to 
buried layers of finite size and special 
geometries, upon which we will report else- 
where (3) and discuss the flow effects in some 
detail. 
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c -Fe O  Photoanodes Doped with Silicon 

John H. Kennedy,* Ruth Shinar, and John P. Ziegler 
Department of Chemistry, University of California, Santa Barbara, Caliiornia 93106 

INTRODUCTION 

Previous papers reported on the photoelec- 
trochemical properties of ~-Fe203 (1,2) in 
which undoped high purity and titanium-doped 
polycrystalline materials were used. Undoped 
material exhibited high photocurrents even at 
0 V vs. SCE and, in general, were superior to 
Ti-doped ~-Fe203. More recent purchases of 
high purity a-Fe203 (99.999%) showed that the 
sintered pellets were highly resistive and 
exhibited no photocurrent. Varying the sin- 
tering conditions had little effect although 
the sintering in the presence of a reducing 
atmosphere (90% N 2 - 10% H2) yielded elec- 
trodes with some photoactivity. However, they 
also showed large dark currents. 

Analysis of the original ~-Fe203 by 
emission spectroscopy showed it to contain a 
silicon impurity of ca. 0.i a/o whereas the 
later batches only contained several ppm Si. 
Experiments w e r e  conducted in which the new 
high purity ~-Fe203 was doped with varying 
amounts of Si02 and the results are reported 
h e r e ~  

EXPERIMENTAL 

Si-doped electrodes were prepared from 
a~Fe203 (199.999%, Apache Chemical Co, and Alfa 
Products) by mixing with reagent grade Si02 
powder, pressing and sintering. Sintering was 
carried out in air at 1250~176 for from 
4 to 24 hr followed by quenching to room temp- 
erature. The silicon doping level was varied 
from 0,0@I-2 a/o. Electrodes containing 1 a/o 
Ti02 were also prepared for comparison. Old, 
nomfnally pure ~-Fe203 (Apache Chemical Co.) 
which contained ca. 0.I a/o Si by emission 
spectroscopy analysis was used without addi- 
tional doping. Pressed pellets of this mater- 
ial were sintered in air at 1300~ for 14 hr. 
Densities were from 85 to 100% of the theore- 
tical value. 

Electrical connections were made using 
silver epoxy as previously described (i). 
Typical resistances measured at 1KHz with a 
conductivity bridge were from 1 to 2 k~. 

The cell arrangement consisted of the 

a-Fe203 working electrode, Pt counterelectrode 
and a SCE reference electrode. Current- 
potential curves were obtained with a PAR 
Model 174 polarographic analyzer at a scan 
rate of from 2 to i0 mV/sec. Electrodes were 
illuminated with a IS0 W Xenon lamp. For 
spectral response a Bausch and Lomb visible 
grating monochromator was employed. 

RESULTS 

Photocurrent vs. applied potential for 
the nominally "pure", 0.i a/o Si-doped, and 1 
a/o Ti-doped ~-Fe203 in IM NaOH is shown in 
Fig. I. The match in characteristics was 
quite close for the undoped old material and 
the new high purity material doped with 0.i 
a/o Si. The match was even closer in an 
electrolyte containing 0.05M borax buffer at 
pH 9. As can be seen from Fig. 1 the Ti-doped 
material exhibited the same plateau value of 
photocurrent but only at considerably ~igher 
applied potentials. Only Si-doped materials 
gave high photocurrents at 0 V vs. SCE. 
Measurements shown in Fig. 1 were taken with 
polychromatic light with only an infra-red 
filter in the light path. 

I i i i i I i I I I I 

IM NaOH . . . . . . . . . . . . . . . .  

&C i e ~ ' =  o to o , %:_ 
.. �9 i i i / I  
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~ i dark 
�9 - - , - - ~ - -  r - ' T -  " . . . . . . . . .  

0.4 0.2 0.3 0.4 o'.5 o'.6 ' ' - ~ ' " " - - -~ - -~ -~ '~  0.7 0.8 0.9 1.0 t.t 

APPLIED POTENTIAL (V vs. SCE) 

Fig. i. Photocurrent vs. applied potential 
observed for undoped, 0.I a/o Si-, and 1 a/o 
Ti-doped a-Fe203 electrodes in 1M NaOH. 
Polychromatic light from 150 W Xenon source. 
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Photocurrents were somewhat higher with 
2 a/o Si doping and considerably less with 
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0.01 a /o  Si as shown in  Fig.  2. High doping 
l e v e l s  (>1 a /o)  have no t  been s t u d i e d  in  depth  
y e t  because  i t  was found t h a t  dark c u r r e n t s  
were s i g n i f i c a n t l y  h i g h e r  a t  a p p l i e d  p o t e n t i a l s  
>0.4 V vs .  SCE and f r e q u e n t l y  i n c r e a s e d  wi th  
age of  the  e l e c t r o d e .  
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X/ ^.0.0.0.0.0. 0 O 
0.0 ~3~...0.-.o.o_o.o-~- n -~-ooo9" ,  i , , ~ , 

50 000 0.50 

VOLTS vs. SCE 
Fig. 2. Photocurrent vs. applied potential 
observed for 0.01 a/o a-nd 2 a/o Si-doped 
a-Fe203 in IM NaOH. Dark current started to 
rise above +0.6 V vs. SCE for 2 a/o Si-doped 
electrode. Polychromatic light from 150 W 
Xenon source. 

4.O1 

Spectral response for the old "pure" mat- 
erial and Si-doped a-Fe203 was identical and, 
aside from the maximum photocurrents obtained, 
was the same as Ti-doped electrodes as shown 
in Fig. 3. 
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WAVELENGTH (nm) 
Fig. 3. Spectral response for 2 alo Si-doped 
electrode compared to 1 a/o Ti-doped electrode. 

Photocurrent vs. applied potential for 
electrodes illumina-ted at 400 nm is shown in 
Fig. 4. The characteristics are similar to 

those seen in Fig. I. It should be noted 
that dark current for the 2 a/o Si-doped 
electrode started to rise when the applied 
potential was >0.4 V vs. SCE while dark 
currents for lower doping levels (<I a/o) 
were quite low until the applied potential 
was >0.8 V,v_ss. SCE. 

A ! 50 .0  

t- i I  ~ ' ' "  z I00.0 L,LI 
/ o.o, si- / .." 

/ / t a/0 Ti .'" 0 / / -  
-r 50.0 
n / dark 2 a/o Si / / "'l d$~k T 

/ J ..- 
/ - � 9  ' -  ~ . .aark 0.04 a/o S, 

0.0  �9 .~. ~" ~ . . r . ' .  �9 =_,.~...., . .~ - . . . . :~ - . . ,~  ~ ~ . . . ~  
- .5 0.0 .50 

VOLTS vs. SCE 
Fig. 4. Photocurrent vs. applied potential 
for Si and Ti -doped  a-Fe203 i l l u m i n a t e d  wi th  
400 nm l i g h t .  

Surface effects for these electrodes 
were also found to play an important role in 
determining photoresponse. Dipping an 
electrode that showed a fairly low photo- 
current in IM KI solution at pH 9 improved 
the electrode's response to light when illum- 
inated in IM NaOH. Photocurrents were obser- 
ved to increase by a factor of 3 after 3 
weeks of soaking in IM KI at pH 9. This is 
shown in Fig. 5 for a 0.i a/o Si-doped elec- 
trode. The high photocurrent remained stable 
for more than two months and disappeared only 
after heating the electrode to 130~ 
Electrodes which showed the highest photo- 
currents could be improved a small amount by 
the KI treatment but it was apparent that the 
treatment primarily improved the surface of 
poorer electrodes to the point where they 
would match the performance of the best 
electrodes. Treatment with iodide in IM 
NaOH did not improve the electrodes. This 
was attributed to strong adsorption by OH- in 
IM NaOH preventing iodide from reacting with 
t h e  s u r f a c e .  

CONC LUS I ONS 

The earlier results obtained with undoped 
a-Fe203 were actually a consequence of an 
incidental silicon impurity. Silicon, a 
group IV A element, is a better dopant for 
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a-Fe203 than titanium, a group IV B element. 
This conclusion is presently being pursued 
with other group IV elements as dopants. 
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F i g .  5. P h o t o c u r r e n t  o b s e r v e d  a t  +0 .9  V v s .  
SCE in 0.i M and 1 M NaOH as a function of-- 
time immersed in 1 M KI at pH 9. 

Photocurrent at 0 V vs. SCE increases 
with increasing silicon content but dark 
current also increases, especially above 1 
a/o. 

Surface effects caused by solutes in the 
electrolyte may play a significant role in 
modifying the photoresponse exhibited by the 
a-Fe203 electrodes. Competition reactions 
between OH- and other solutes such as halide 
ions will be reported at a later date. 
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Protection of n-GaAs Photoanodes with 
Photoelectrochemically Generated Polypyrrole Films 

Rommel Noufi,* Dennis Tench,* and Leslie F. Warren 
Rockwell International Electronics Research Center, Thousand Oaks, California 91360 

I t  is generally recognized that the 
key obstacle to the development of electro- 
chemical solar cells is photodegradation of 
the semiconductor electrodes. In principle, 
this problem could be overcome by the use of 
an electrical ly conducting polymer film on 
the electrode. By acting as a barrier to 
ion/solvent transport, such an insoluble film 
would prevent photodegradation while permit- 
ting electron exchange with the electro- 
lyte. Good adhesion, uniformity and inter- 
facial charge transport properties are 
expected for electrochemically generated 
films since deposition is ini t iated at the 
interface by electrochemical oxidation/ 
reduction. Electrodeposition of polypyrrole 
fi~ms, ~aving conductivities in the 10 to 100 
~-~ cm -~ range, on Au and Pt electrodes has 
recently been reported (1-3). In this 
communication, we describe the photoelectro- 
chemical generation of polypyrrole films on 
n-GaAs and the characteristics of the result- 
ing photoanodes. 

Electrodeposition of polypyrrole on 
n-GaAs was performed w~th tungsten-halogen 
illumination (50 mW/cm ~) at a constant elec- 
trode potential of 0.45 V vs SCE (saturated 
calomel electrode) from mechanically stirred 
acetonitri le solution containing 0.1M pyr- 
role and 0.1M Et4NBF 4 (supporting eITctro- 
lyte).  The sTmiconductg~ electrodes ~ere 
single crystals (3 x 10 ~ carriers/cm J) and 
were etched in 1:1H2SO4/H?O 2 solution before 
use. Deposition on illumifia~ed n-GaAs begins 
at a less anodic potential (0.2 V) than on Pt 
(0.8 V), as might be expected for a photo- 
assisted process. During deposition, the 
current remained practically constant at 100 
~A/cm ~. Based on the charge passed, the film 
thickness was usually in_the 100 monolayer 
range (assuming 50 ~C/cm z per 

*Electrochemical Society Active Member 
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cells, photoelectrode 
stabil ization, polymer films 

monolayer). Details of the electrode mount- 
ing and measurement techniques have been 
described previously (4). In all experiments 
reported here, electrode illumination was 
provided by a tungsten-halogen lamp. The 
coBnter electrode was generally Pt (~ 25 
cm~). 

Figure 1 shows linear sweep cyclic 
voltammograms at various sweep rates for a 
polypyrrole-coated n-GaAs electrode under 
illumination in an acetonitri le solution 
containing only supporting electrolyte. As 
indicated by the corresponding anodic and 
cathodic current peaks, the film i tse l f  is 
reversibly oxidized and reduced. This film 
redox reaction is also observed with Pt 
substrates and apparently involves anion 
exchange with the solution (1). The onset of 
film oxidation corresponds with the flatband 
potential on n-GaAs (-1.0 V), although i t  
occurs at more anodic potentials on Pt (-0.4 
V). Likewise, the voltammetry peaks for the 
film-covered semiconductor occur at more 
cathodic potentials (about -0.5 V compared to 
-0.1V vs SCE). As expected, the film redox 
reaction does not occur on n-GaAs in the 
dark. I t  is remarkable, however, that the 
cathodic peak s t i l l  occurs when illumination 
is interrupted after the anodic portion of 
the cycle. This indicates that electron 
exchange between the film and the semicon- 
ductor valence band occurs in both the anodic 
and cathodic directions. 

Cyclic voltammetric studies were 
also performed for film-covered and bare n- 
GaAs electrodes, with and without illumina- 
tion, in aqueous solutions containing redox 
couples coveriQg,~irange of redox potentials 
(V~), i~e~m Fe JTI~T (0.53 V vs SCE), 
FeTCN)~ - - (0.12 V) and Fe(III)EDTA/ 
Fe(II)EDTA (-0.13 V). The pH was varied from 
0 to 14 to vary the flatband potential (Vfb), 
measured by ac impedance, from -0.4 to -1.4 
V. Vfb values were equivalent for the film- 
coverea and bare electrodes and open c i rcui t  
photovoltages were always close to the pre- 
dicted values (V R - Vfb). These results 
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Cyclic voltammograms for a poly- 
pyrrole-coated GaAs photoanode 
illuminated at 60 mW/cm 2 in acet- 
oni t r i le solution containing 0.1M 
Et4NBF ~ �9 

indicate that Fermi level pinning does not 
occur for n-GaAs in these aqueous systems. 

Figure 2 shows a current-voltage 
curve for a polypyrrole-coated GaAs p~oto- 
anode under illuminat~oD.at 170 mW/cm ~ in an 
aqueous 0.2 M Fe(CN)6~ NaCN/O.1M 
NaOH so lu t i~ .  Although unprotTcted GaAs-- 
photodissolves in this system, the fi lm- 
covered electrode is stable, i .e . ,  the curve 
in Fig. 2 was not preceptively changed after 
50 cycles at 100 mV/s. The output character- 
ist ics are comparable with the protective 
fi lm compared to the bare electrode except 
that the short c ircui t  pho~ocurrent is 
reduced 39% (from 31 mA/cm ~ to about 19 
mA/cm~). This photocurrent reduction pre- 
sumably results from suppression of the 
photodissolution process, l ight absorption in 
the relatively thick films used here, or 
both. The open circui t  voltage (1.37 V) is 
noteworthy since i t  is practically equivalent 
to the bandgap of GaAs (1.4 eV). In aqueous 
systems, fi lm peeling is presently a problem, 
usually occuring within 10 to 20 minutes 
under illumination and apparently originating 
at the edges of the film (which are exposed 
to the electrolyte). However, polypyrrole- 
coate~ GaAs phot~anodes have operated at 5.5 
mA/cm ~ (90 ,~4/cm ~) in meth~n9~/0.2 M each 
tetraethyl ammonium Fe(CN) 6 - /  -/O.1--M Et4NBF a 
solutions for 100 h without detectabTe weighs 
loss or deterioration of the electrode sur- 
face, whereas the photocurrent for unpro- 
tected GaAs decays to a negligible value in 
less than one minute in this system. 

20 
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CELL  V O L T A G E  (V) 

Photocur ren t -vo l tage curve fo r  the 
ce l l  po lypyr ro l~ -coa ted  GaAs/aqueous 
0.2 M Fe(CN)~ 3-z4- + 0.1 M NaCN + 
0.1M-Na0H/P~ under i l lumTnat ion  at  
170--mW/cm 2 

These results show that electro- 
deposited polypyrrole films protect n-GaAs 
photoanodes from dissolution while permitting 
electron exchange with the electrolyte. With 
further work, such films could provide the 
photoelectrode stabi l i ty and performance cha- 
racteristics required for a practical elec- 
trochemical solar cel l .  
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Resistance Rise in Sodium-Sulphur Cells 

D. S. Demott 

British Rail, Research and Development Division, Derby, England 

Resistance increases in sodium-sulphur cells 
during extended periods of cycling have been 
reported by various groups of workers (I-4). 
These increases have usually been ascribed 
to corrosion of metallic components in the 
sulphur electrode compartment or to 
impurities in either the sodium or sulphur 
electrodes. Recently, however, we have 
experienced very severe rates of resistance 
increase which, as we show here, are 
attributable to the sodium/B"-alumina 
interface. 

The rate of resistance rise which we have 
observed in our cells has been very variable. 
Formerly the average rate of rise was 
0.4 ohm cm 2 per 100 cycles but the problem 
has gradually become so severe that the 
resistance can now double within ten cycles 
(equivalent to a rate of rise of 20 ohm cm 2 
per 100 cycles) or even less. This resistance 
rise has been most pronounced during cell 
discharge, the charge resistance usually 
remaining relatively constant. This type of 
asymmetric resistance behaviour of B'Ualumina 
has been observed previously in both sodium- 
sulphur cells and sodium/~"-alumina/sodium 
tests (5-8). We have also frequently found 
two further effects to be associated with the 
rapid rise in discharge resistance. Firstly, 
an even higher transient resistance occurs at 
the start of discharge; this high transient 
discharge resistance also appears after the 
cell has been left on open circuit at any 
state of discharge, the effect even being 
detectable after a current interruption of 
only a few seconds. Secondly, the minimum 
discharge resistance decreases with 
increasing current. 

All these effects are illustrated in Fig. I 
which shows discharge and charge curves for a 
typical high resistance cell. The time 
dependant and non-ohmic effects are also very 
apparent in polarisation curves which were 
plotted for the same cell (Fig. 2). These 
curves were obtained by allowing the cell to 
stand on open circuit until a steady voltage 
was obtained (approximately 5 minutes) 

Key Words: sodium-sulfur cells, beta alumina, 
resistance. 

before applying each constant discharge or 
charge current; the cell voltage was then 
measured after I, 30 and 120 seconds. 

No correlation could be found between the 
variation in magnitude of these affects and 
any known differences in cell construction 
(e.g. types of sulphur electrode, current 
collector and sodium electrode and minor 
variations in the 8~alumina tubes - nominal 
composition 8.9% Na20 , 0.7~ Li20 , <10~ B- 
phase). This, and the observation that 
similar effects can occur in sodium/ B"- 
alumina/sodium tests, was strong evidence 
that the problem was associated with the 
sodium/~"-alumina interface. Consequently, 
it was decided to investigate whether renewal 
of the sadium led to any improvement in cell 
resistance. 

With our central sulphur cell design (1) 
renewal of the sodium electrode is a 
straightforward matter. This is done by 
cooling the cell in the fully charged state 
and cutting away the mild steel cell case. 
Sodium is removed from the outside of the 
~"-alumina tube by scraping and by reaction 
with ethanol; the complete B~alumina tube and 
sulphur electrode assembly can then be 
reassembled into a new cell case with fresh 
sodium. When applied to cells which have 
shown a rapid resistance increase this 
procedure invariably results in a reduced 
cell resistance; a typical example is shown 
in Fig 3. Not only is the subsequent 
discharge resistance usually lower than the 
previous minimum value but it normally 
remains constant over a large number of 
cycles and the time dependent and non-ohmic 
effects are eliminated. However, we have 
found that cells which are subjected to 
sadium renewal after only a few cycles can 
again rise in resistance; 20-30 cycles 
appear necessary before renewal in order to 
achieve a stable resistance. It has, 
furthermore, been found that cells which 
have shown a relatively modest rate of 
resistance rise (e.g. a 50~ rise over 600 
cycles), without showing the pronounced 

2312 



Vol. 127, No. I0 SODIUM-SULPHUR CELLS 2313 

non-ohmic and time dependent effects 
described above, can also be restored to 
their original resistance by renewal of the 
sodium electrode. 

Various experiments have been performed to 
elucidate the cause of these improvements 
following sodium electrode renewal. 
Briefly, these have shown that:- 

the resistance rise and means of preventing 
it. However, since we have found the effect 
to occur to varying degrees over a range of 
~"-alumina compositions, it is possible that 
it is a contributory factor to the resistance 
increases frequently observed in sodium- 
sulphur cells of different design. 
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ABSTRACT 

T h e  electrochemical behavior of molybdenum oxide cathode materials with 
stoichiometries between MoO2 and MoO~ in nonaqueous lithium secondary cells 
are examined. Of the oxides Mo401~, Mo17047, (Mo0.92V0.0s)5014, MosO2~, and 
Mo9026 the greatest reversible capacity (>1 Li/Mo) after several deep dis- 
charge/charge cycles was exhibited by Mo17047 in cells with a LiC104/propyl- 
ene carbonate electrolyte. Excepting Mo4011, which gives a reversible capacity 
of >0.75 Li/Mo after 20 deep discharge/charge cycles, the reversible capacities 
of the other molybdenum oxides are considerably less than that of Mo17047. 
The limiting reversible lithium capacity of 1.5 Li/Mo for Mo17047 was deter-  
mined by treating Mo17047 with an n-butyl l i th ium solution and the lithium 
bronze formed with an I2 solution. For an average cell voltage of 1.85V and a 
c a p a c i t y  of 1.5 Li/Mo, the theoretical energy density of Mo17047 (,~490 W - h r /  
kg) is comparable to that reported for TiS2 and stoichiometric V6013. The 
magnetic properties of both M0~7047 (MoO~.76D and the li thium bronze 
Lil.41MoO~.~ were also investigated and are discussed. 

Various transition metal  chalcogenides with two- 
dimensional layered or one-dimensional chain struc- 
tures have been reported to topochemically incorporate 
l i thium reversibly (1). However, there are relat ively 
few reports of reversible l i thium incorporation by com- 
pounds with three-dimensional framework structures 
(1-10). Recently, we reported that several vanadium 
oxides, VOy (2 < y < 2.5), with structures shear-related 
to that  of ReO3 reversibly incorporate l i thium at room 
temperature both in model chemical reactions and in 
electrochemical cells (11, 12). Of these vanadium 
oxides, V6013 (VO2.16~) affords cathodes with high ca- 
pacity and excellent rechargeabil i ty in secondary (re- 
chargeable) lithium cells (11). The empty perovskite- 
like cavities and interconnecting channels in the struc- 
tures of these vanadium oxides can serve as sites and 
routes, respectively, for l i thium incorporation as do the 
expandable van der Waal's gaps of chalcogenides with 
layered or chain structures. A variety of other transi-  
tion metal  oxides have structures which are shear-  
related to that of ReO3, including the molybdenum 
oxides Mo9026, MosO28, and Mo4Oll (13). In a study of 
the electrochemistry of MoO3 Besenhard and SchSll- 
horn also reported (3) that cathodes containing MoRO23 
can be galvanostatically reduced resulting in the up- 
take of more than 1.0 Li per Mo. However, the reversi-  
bil i ty of the reduction and li thium incorporation were 
not determined in that study. More recently, Pistoia 
and co-workers (7, 8) have examined the use of 
Mo902~,MosO2a, and Mo4Otl as cathodes in secondary 
li thium cells. They have reported that cathodes con- 
taining MosO23 exhibited a capacity of up to 0.8 Li/Mo 
and maintained good recharge efficiencies for over 15 
cycles (9). However, no detailed results were presented 
for cells with Mo902~ or Mo4Oll cathodes. 

1 Present address: Western Electric Company, Engineering Re- 
search Center, Princeton, New Jersey 08540. 

Key words: stoiehiometry, discharge, electrolyte. 

In the present paper, reversible lithium incorporation 
by the known molybdenum oxides with stoichiometries 
between M002 and M003 is reported. In addition to 
those molybdenum oxides structural ly related to ReO3, 
we have evaluated M017047 and M0~O14 for use as pos- 
sible cathode materials. Both of these oxides have 
complex three-dimensional structures based on mixed 
networks of polyhedra and are permeated by large, 
open channels (13, 14) similar to those present in the 
tetragonal and hexagonal tungsten bronzes (15, 16). 
Although M05014 is apparent ly metastable (17-), the 
structure can be stabilized by a part ial  substitution of 
vanadium for molybdenum (18). A ternary  phase with 
the composition (Mo0.92Vo.0s)~O14 was used in our 
study. This material  was prepared from the appropriate 
amounts of V205, MoOs, and MoO2 as described by 
Ekstr5m and Nygren (18). The other molybdenum ox- 
ides were prepared from mixtures of the appropriate 
amounts of MoO~ and Mo powders pressed into pel-  
lets and heated in evacuated, sealed quartz tubes (135 
19). The identities of the phases formed were verified 
by x - ray  powder diffraction using CuK~ radiation 
(17). All  attempts to grow single crystals of Mo17047 
and (Mo0.92V0.0s)50~4 by vapor transport  with I2 or 
TeC14 afforded only mixtures of Mo~Oll and MoO~. 

The results of our electrochemical cell studies of 
MO9026, M08023, and Mo4Oll cathode materials are 
essentially in agreement with those of Pistoia and co- 
workers (6-8) (Table I) .  However, they reported de- 
tailed cycling data only for the Mo8023 cathodes (6, 8). 
For the other two oxides, the capacities of the first 
cycle discharges were given. In our experience, the 
performance of a cell on the first cycle discharge is 
not a reliable indicator of subsequent cell performance. 
For example, cells containing NbSe~ (20) or TiS3 (21) 
cathodes exhibit dramatic differences between the 
shapes of the first and subsequent discharge curves. 
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Table I. The extent of reaction of molybdenum oxides with n-butyllithium and the reversible 
cell capacities after one, five, and twenty cycles are shown. Ideally, for a given compound the lithium 

content would be independent of the method of determination or cycle number. The cell capacities 
are in Li/Mo, while the upper and lower voltage limits are 2.8 and 1.5V, respectively. 

See text for further discussion. 

Cell  capac i t i e s  

Equiv.  
Mo~O~ MoO3-a n-BuLi/Mo Cycle  1 Cycle 5 Cycle  20 

MOO-, .MoOa 1.62 • 0.03 1.3 - -  - -  
1.55 (9) 1.5 (3, 30) 

Mo~O=e MoO=.~  1.08 ---+ 0.03 0.67 O ~  0.35 
0.50 (8) - -  

Mols05= MoO~..~ 1.5 (3) 
MosO= MoO~.sT~ 1.26 ~ 0.14 0.90 0 . ~  0.29 

0.92 (8) 0.73 0.64 
1.O (3) 

(Moo.9=Vo.c~) 50z~ MOo 9~Vo.esO=.so 1.71 ----- 0.05 1.22 0~'4 0~7 
MO~70~r MoO2.~ 1.78 • 0.05 1.23 1.08 1.02 
Mo~Ou MOO=.,5 1.62 ~- 0.05 1.35 0.82 0.77 

0.63 (8) 
MoO= MoO= 1.oo (26) 1.00 (26) 0~'5 0 .~  

Fur the rmore ,  we typ ica l ly  find for  the  vanad ium oxides 
(22), a t  least, tha t  the decrease  in capaci ty  be tween  
the first cycle discharge and the second is g rea te r  than  
tha t  be tween  any  two subsequent  consecutive discharge 
cycles. The "ex t ra"  i r r evers ib le  capac i ty  of the first 
d ischarge may  be a t t r i bu ted  t en ta t ive ly  to react ions 
of l i th ium wi th  t race  impur i t ies  in the  e lectrolyte ,  
pacification of surfaces of the cathode part icles ,  i r r e -  
vers ib le  incorpora t ion  of l i th ium by  some sites, and  
poss ibly  o ther  ext r ins ic  causes such as loss of me-  
chanical  and e lect r ica l  in tegr i ty  of the cathode due to 
volume changes on charge  and discharge.  

The e lec t rochemical  test  cells used in our studies 
have been descr ibed in de ta i l  e l sewhere  (23). The elec-  
t ro ly te  used in these cells was 1.0M LiC104 in dried,  
vacuum dis t i l led p ropy lene  carbonate.  A p p r o x i m a t e l y  
10-20 mg of act ive cathode ma te r i a l  were  used in a 
1 cm d iam cathode. Discharge cur r ren t s  were  typ ica l ly  
in the range  0.2-0.5 mA. Cells were  cycled au tomat ica l ly  
be tween  appropr ia t e  upper  and lower  vol tage  limits.  

Pis toia  and co-workers  have  es t imated  the m a x i m u m  
amount  of l i th ium which  can be incorpora ted  by  
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Mo4Oll, MosO23, and  MO9026  a s  2.1, 2.3, and 2.3 Li /Mo,  
respect ively,  by  ex t rapo la t ing  to zero cur ren t  a plot  of 
cell capaci ty  vs. discharge cu r ren t  (2).  The va lues  
of cell  capaci ty  used were  themselves  based on an 
ex t rapo la t ion  of the vol tage  vs. capaci ty  plots to 0.0V 
because of e lec t ro ly te  decomposi t ion be low 0.8V. Con- 
sequently,  the  values ca lcula ted  for  the specific energies  
of these three  oxides approach  1000 W - h r / k g !  We have 
es t imated  the l imi t ing  values  of l i th ium incorpora t ion  
for Mo4Oll, MosO23, and  Mo9026 as 1.62, 1.26, and  1.08 
Li /Mo (Table  I ) ,  respect ively ,  by  t rea t ing  them wi th  
excess n - b u t y l l i t h i u m  in hexane  (24, 25). The reduc-  
t ion poten t ia l  of n - b u t y l l i t h i u m  under  these react ion 
condit ions has been es t imated  as ~ 1.1V vs. Li /L i+  
(12). The theore t ica l  energy densit ies  ca lcula ted  using 
our  n - b u t y l l i t h i u m  values  for  these oxides  are  on the 
order  of 400-500 W - h r / k g .  

Cycl ing da ta  for  cells containing Mo4OlI, MosO2s, and 
Mo9026 cathode mate r ia l s  a re  shown in Fig. 1. The 
cell  capacit ies observed for the  first, fifth, and twen t ie th  
cycles a re  given in Table I. Fo r  MosO23 our  values 
closely correspond to those of Pis toia  and co-worker~ 
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Fig. 1. Cycle data for cells containing (a, top left) Mo40m (b, 
top right) M08028, and (c, bottom left) M09026 cathodes. Cycle 
numbers are indicated as are specific capacities. 
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(8). Al though  iVi08023 exhibi ts  good recha rgeab i l i ty  
(9), M017047 has g rea te r  revers ib le  capac i ty  af ter  sev-  
e ra l  cycles resu l t ing  in be t te r  overa l l  cell  performance.  

Our  previous  studies of l i th ium incorpora t ion  by  
fu t i l e - r e l a t ed  meta l  dioxides (20) and ReOa-re la ted  
v a n a d i u m  oxides (11, 22), as wel l  as the  p resen t  s tudy  
of l i th ium incorpora t ion  by  m o l y b d e n u m  oxides al l  
suppor t  our  ea r l i e r  suggest ion (26) tha t  both  channe l /  
si te size and electronic  conduct iv i ty  are  the p redomi -  
nan t  factors influencing the ex ten t  of revers ib le  l i th -  
ium incorpora t ion  b y  meta l  oxides wi th  f r amework  
structures.  K ih lbo rg  (17) has measu red  the specific 
e lec t r ica l  res is t ivi t ies  of compressed powder  samples  
of M09026, Mo8023, MO4Oll, and  Mo17047. L ike  V6018, 
Mo1~O4~ is also meta l l ic  a t  room t empera tu r e  (p < 0.05 
a . c m ) ,  whereas  the o ther  oxides are  semiconductors  
wi th  specific res is t iv i t ies  of about  1 ~ . c m  or  grea te r  
(17). The e lect r ica l  res is t iv i ty  of (Mo0.92V0.08) 5014 has 

not  been  repor ted .  
T rea tmen t  of samples  of Mo,7047 and  (Moo.92V0.0s)5014 

wi th  excess n - b u t y l l i t h i u m  in hexane  a t  room tem-  
pe ra tu re  for  severa l  days,  leads to appa ren t  l imi t ing  
composit ions of 1.78 + 0.05 L i / M o  and 1.71 +_ 0.05 L i /Mo  
respect ively .  The x - r a y  powder  diffract ion pa t t e rns  of 
these bronzes have been measured  and are  t abu la ted  
in  Tables  II  and III. A p r e l i m i n a r y  indexing  of the 
pa t t e rn  of l i th ia ted  Mo17047(Lil.TsMoO2.76~) suggests 
tha t  the uni t  cell  expands  in  the b di rect ion and con- 
t rac ts  in both  the a and  c direct ions upon incorpora t ion  
of l i thium. The uni t  cell  volume,  however ,  increases  by  
less than  4%. The corresponding values  for  Li6V6Ol~ 
and  LisV6013.2 are  6% and 15%, respec t ive ly  (22). The 
uni t  cell  volume of (MOo.92V0.os)aO14 increases  by  about  
10% upon  l i th ium incorporat ion.  In  this  case, the uni t  
cell  appears  to expand  in a l l  three  directions.  Chemical  
ox ida t ion  of Lix.~3MoO2.76~ wi th  a solut ion of I2 in 
acetoni t r i le  r emoved  about  80% of the  l i th ium f rom 
the  bronze.  This  implies  tha t  e i ther  the  po ten t ia l  of 
the  bronze LizMoO2.765 is g rea te r  than  tha t  of I2 
(,~ 2.85V vs. L i / L i  +) a t  low l i th ium contents or that  
a t  h igh  l i th ium contents  some i r revers ib le  reduct ion  
occurs. Direct  measu remen t  of the  po ten t ia l  of  the 
bronze  as a funct ion of the  l i th ium content  in e lec t ro-  
chemical  cells r evea led  ve ry  l i t t le  capaci ty  above 
2.85V. This  suggests  tha t  some s t ruc tu ra l  degrada t ion  
occurs at  high l i th ium contents, as has been observed 
for f r a m e w o r k  compounds such as Li~V~O5 for x > 1.0 
(27), and  also for  l aye r ed  oxides  such as LixMoOa for 
x > 1.5 (1).  We  have  assumed tha t  the  products  of 
any  i r revers ib le  p a r t  of the  reac t ion  are  poor ly  c rys ta l -  
l ine or  amorphous,  so tha t  they  do not  cont r ibute  to 
the  observed  x - r a y  diffract ion pat tern .  This is usua l ly  
the case, for example ,  as observed for V205, MoOn, and 
MoS2 (1). Using the resul ts  of the  bu ty l l i t h ium and I2 
reactions,  w e  es t imate  the m a x i m u m  revers ib le  l i th -  
i um incorpora t ion  to be 1.5 L i /Mo in M017047. M017047 
can be assigned the fol lowing Mo valence d is t r ibut ion:  
Mo~a6+M044+. If  revers ib le  l i t h ium incorpora t ion  p ro -  
duced al l  Mo 4+, the  expec ted  l i th ium up take  would  
be 26/17 (1.53) I A / M o - - a  va lue  close to tha t  es t imated  
f rom the bu ty l l i t h ium and I2 reactions.  

Elec t rochemical  cells containing Mo17047 and 
(Moo.9~V6.0s)~O~ cathode mate r i a l s  were  tes ted for 
30 or more  cha rge /d i scharge  cycles (Fig. 2). The ca-  
pac i ty  of the (Moo.9~Vo.0s)aO~ cathode appear  to de -  
crease much more  r ap id ly  than  tha t  of M0,~O~7 ca th-  
odes (Fig. 3).  Voltage l imits  have been  opt imized  to 
ensure good cyc lab i l i ty  of the  Mo~vO~ cathodes. These 
empi r i ca l ly  de te rmined  l imits  a re  2.9V for the upper  
charging l imi t  and 1.4V for the lower  d ischarging 
l imit .  Increas ing the upper  vol tage  l imi t  or decreasing 
the lower  vol tage  l imi t  leads to lower  cell  capaci ty  
a f te r  severa l  cycles, suggest ing tha t  i r revers ib le  changes 
occur when  the cathode potent ia l  is g rea te r  than  2.9V 
or  less than  1.4V vs. Li. This in tu rn  suggests  tha t  some 
i r revers ib le  reac t ion  wi l l  a lways  occur when  using n-  
b u t y l  l i th ium as a l i th ia t ing  agent,  ~ince its equ iva len t  

Table II. A preliminary indexing of the x-ray power diffraction 
pattern of a lithiated M017047 sample of nominal stoichiometry 

Lil.78MoO2.765 resulting from the reaction with excess 
n-buty{lithium. 

Liz 73MOO2 765 
a = 21.583A 
b = 20.300A 
c = 3.962A 
V = 1736A~ 

hkl  d (A.) I hkl  d (A) I 

240 4.639 VW 550 2.959 M 
430, 340 4.169 W 511 2.885 VW 
001 3.962 VS 800 2.698 VVW 
440 3.694 VW 541; 080 2.539 VVW 
610, 600 3.581 VVW 910; 840 2.380 VW 
231 3.268 VW 860; 281 2.103 VVW 
0"41 3.101 VVW 590; 2, 10, 0 1.998 M 
710 3.027 VVW" 712; 13, O, O;. 1.659 W 

13, 1, 0 

Table III. The x-ray powder diffraction pattern of (Mo0.92V0.08)5014 

and its lithiated product Lil ~sMoo.92Vo.os02.so 

(Moo D2Vo os):Ola Lil 2sMoo ~eVo osOu so 
a = 22.837A (22.837) (18) a = 23.3,54A 
c = 3.966A (3.990) (18) c = 4.166A 
V = 2068A 3 V = 2272A:' 

hkl  do~,~ (A) Io'bs dob~ (A) Iob, 

310 7.237 VW 7.369 W 
400 5.702 VW 5.836 VWW 
330 5.392 W 5,478 W 
420 5.218 VVW 
510 4.599 VW 
520 4.242 VW 4.332 VW 
440 4.082 S 4.154 VVW 
600 3.809 M 3.929 S 
610 3.751 W 
620 3.613 VW 3.072 VS 
540 3.569 VS 
630 3.405 W 3.482 VVW 

550, 331 3.228 lVl 3.317 W 
640 3.167 M 3.242 M 

431, 730 2.997 VW 
441, 800, 740 2.834 S 2.925 S 

621 2.778 VW 
820 2.761 W 
660 2.688 W 
750 2.656 IK 2.685 VW 
631 2.589 VVW 
760 2.501 VVW 2.516 VW 
641 2.473 VVW 
770 2.308 W 2.349 W 

10, 1, 0 2.270 VVW 
B41 2.145 VVW 

lO, 4, O 2.120 VVW 
10, 5, O 2.043 VW 

970 2.091 W 2.949 W 
302 2.012 VW 

12, 0, 0 1.903 VW 
402 t.872 W 1.974 VW 
422 1.853 VW 1.940 VW 
442 1.B59 VW 

1.904 VW 
990 1.793 W 

1.765 M 
11, 7, O, 612 1.752 VW 

622 1.738 V~V 
991 1.702 M 

12, 6, O 1.635 VW 
10, 1O, 0 1.616 VVW 

11, 7, 1; 11, 9, 0 1.605 VVW 1.642 VVW 
832 1.593 VW 
762 1,547 W 1.010 VVW 
842 1.566 VVW 

11, 10, O 1.536 VVW 

potent ia l  is about  1.1V. Idea l ly  the m a x i m u m  l i th ium 
up take  of any  ma te r i a l  would  be  independen t  of its 
method  of de te rmina t ion  (e.g., reac t ion  w i th  n - b u t y l -  
l i th ium or  a pa r t i cu l a r  cycle of an  e lec t rochemical  
cel l ) .  However ,  in  react ions  wi th  n - b u t y l l i t h i u m  some 
i r revers ib le  changes m a y  occur (such as producing Li20 
or o ther  decomposi t ion products )  resul t ing  in art if i-  
c ia l ly  high est imates  of the m a x i m u m  revers ib le  l i th -  
ium incorporat ion.  In  e lec t rochemical  cells not  only  
can i r revers ib le  react ions occur bu t  also poor mechani -  
cal and e lect r ica l  in tegr i ty  of the cathode can occur 
especia l ly  a f te r  cycling. In  the l a t t e r  case ar t i f ic ial ly  
low est imates  of the m a x i m u m  revers ib le  l i th ium con- 
tent  are  obtained.  Based  on the l imi t ing  capaci ty  es t i -  
ma ted  f rom the n - b u t y l l i t h i u m  reaction,  the  sub-  
sequent  revers ib le  I~ reduct ion  (1.5 L i /Mo) ,  and the  
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Fig. 2. Cycle data for o cell containing a Moz~O~ cathode. 
Beyond the 20th cycle the ceil bad a 98% recharge efficiency (to 
at least the 3$th cycle, at which point data collection stopped). 
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Fig. 3. Cycle data for a cell containing a (Moo.92Vo.08)5014 
cathode. Cycle numbers and capacities are as indicated. 

average cell potential of 1.85V (Fig. 2) a theoretical 
energy density of 490 W-hr /kg  is calculated for Mo17047. 
This is comparable to the 480 W-hr /kg  reported (28) 
for TiS~. 

In addition to investigating the electrochemical prop- 
erties of M0,7047 we have also investigated the mag- 
netic properties of both Moz7047 and the bronze 
Li,.4,MoO~.765. In order to determine if there is any 
change of the Pauli  paramagnetism of Mo,704T to local 
moment behavior at high li thium contents, the mag- 
netic susceptibilities of both Mo1~O4~ and LiL41MoO2.~65 
were measured from 4.2 ~ to 300~K (Fig. 4). A weak 
local magnetic moment appears to be present when 
the sample is lithiated. This is in marked contrast to 
the magnetic susceptibility of V6013 which is effected 
at very low levels of l i thium incorporation (22). The 
magnitude of the susceptibility of Mo1~O47 at 300~ 
is xg --  3.08 • 10 -~ emu/g compared to the previously 
reported value of 0.85 • 10 '-~ emu/g (29). However, 
it  might be expected that the magnetic susceptibility is 
anisotropic, and random orientation of the powder 
crystallites is not assured in this or the previous work. 
The susceptibility decreases slightly with decreasing 
temperature to xg -- 2.60 • 10 -7 emu/g at 4.2~ This 
weakly temperature dependent, positive value of the 
susceptibility is due to the Pauli  paramagnetism of the 
conduction electrons in the metallic compound. The 
susceptibility of the bronze Lil.41MoO2.7~ can be fit 
by a simple Curie-Weiss expression above 15~ xg -- 
0.85 X 10 -~ -t- 72.2 • 10-~/(T -t- 7.0) (emu/g).  The 
magnetic moment per molybdenum calculated from 
the Curie constant is only 0.29 Bohr magnetons. How- 
ever, this temperature dependent term may arise from 
a small fraction of the sample irreversibly reduced by 
butyllithium. Consequently, it  is not certain that this 
part  of the susceptibility is intrinsic. The positive tem- 
perature independent contribution to the susceptibility 
suggests that the l i thium bronze is also a metallic con- 
ductor. 
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Fig. 4. Magnetic susceptibilities of M017047 and Li24M017047 
bronzes. The dashed lines show the Curie part of the susceptibility. 
In M01~047 the Curie port most likely arises from paramagnetic 
impurities, while in the lithiated product the much larger Curie 
contribution may arise from a small irreversibly lithiated fraction 
of the sample. 

From this and previous work (26, 30) it  is clear that 
all molybdenum oxides with compositions MoO~ for 
2 --~ x ~ 3 reversibly incorporate Li. In our cells 
Mo1~O4~ has the highest capacity after several cycles. 
However the voltage drop for Mo1704~ on full dis- 
charge (~, 1.9V) is greater than that for both TiS2 
( ~  0.6V) and off-stoichiometric V8018.2 ( ~  0.8V). 
Also, the average cell voltage of the Mol~O4T (1.85V) 
is somewhat below that of V6018 (2.2V). Thus, the 
theoretical energy density of Mo1~O47 cathodes (490 
W-hr /kg)  is considerably less than that calculated for 
off-stoichiometric V6018.2 (,~ 800 W-hr /kg)  cathodes 
(11). Consequently, Mo1~O~7 is not as promising a 
candidate for use as the active cathode in secondary 
lithium batteries as off-stoichiometric V6018. 

Manuscript submitted Apri l  7, 1980; revised manu- 
script received June 10, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1981 
JOURNAL. All  discussions for the June 1981 Discussion 
Section should be submitted by Feb. 1, 1981. 

Publication costs o] this article were assisted by 
Bell Laboratories. 
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The Use of Tetravalent Sulfur in 
Molten Chloroaluminate Secondary Batteries 

G. Mamantov,* R. Marassi, M. Matsunaga, Y. Ogata, J. P. Wiaux, and E. J. Frazer* 
Department oJ Chemistry, University o] Tennessee, Knoxville, Tennessee 37916 

ABSTRACT 

A n e w  r e c h a r g e a b l e  ce l l  Na/Na + ion conductor/SCla + in molten A1Cls- 
NaC1 is described. This cell operates at temperatures in the range of 180 ~176 
a n d  has  an open-circuit voltage of 4.2V. The discharge process involves the 
r e d u c t i o n  of tetravalent sulfur t o  the elemental state; sulfur can be further 
r e d u c e d  to sulfide. The preferred sodium ion conductor is /~"-alumina. High 
energy density values, large percent utilization of the active material, and good 
energy efficiency have been demonstrated. The performance of cells prepared 
in the discharged and charged states were found to be the same. The number 
of deep charge/discharge cycles has exceeded 400. 

High energy density batteries for load leveling and 
e lec tr ic  vehicle applications have received considerable 
attention in recent years. Aqueous, organic, molten salt, 
a n d  solid electrolytes have been extensively studied; 
different systems have been tested as possible elec- 
trodes (1-6). During the last few years we have ex- 
amined several possible positive electrodes for bat- 
teries using molten chloroaluminates (mainly A1C18- 
NaC1 mixtures) as solvents and aluminum or sodium as 
anodes (7-12). Molten chloroaluminates offer many 
advantages, such as low liquidus temperatures and high 
conductivity (13, 14), for molten salt battery applica- 
tions. The acid-base properties of A1CIs-NaC1 mixtures 
and the factors affecting the stability of different oxi- 
dation states as a function of both temperature and 
melt composition are well characterized (15-19). The 
use of aluminum as the negative electrode is potentially 
attractive since this metal is quite electropositive, rela- 
tively inexpensive, and has a low equivalent weight. 
In addition, with aluminum electrodes it is possible to 
obtain high currents without appreciable polarization 
(20-22). Potential problems caused by dendrite forma- 
tion during charging and by passivation phenomena 
(formation of a poorly conductfng A12C16 layer at high 
current densities) during the dissolution of aluminum 
can be minimized by adding selected additives (23) 
a n d  by using proper melt compositions (24). The com- 
patibility of the sodium electrode separated by ~- (or 
~"-) alumina with chloroaluminate melts has also been 
demonstrated (25-27). 

M o l t e n  chloroaluminates have been used as solvents 
in the A1/C12 (28, 29), Na/C12 (25), A1/S (30, 31), 
A1/MClx (32), and Na/MCI~ (25-27, 33, 34) batteries. 
A1/CI~ batteries have an open-circuit voltage (OCV) 

* Electrochemical Society Active Member. 
Key words: battery, fused salts, cell. 

of about 2.2V and a high theoretical energy density 
(~  1400 W-hr/kg) (28); an OCV of ~ 3.5V has been 
reported for Na/C12 batteries (25). The problems as- 
sociated with the use of chlorine, normally adsorbed 
on carbon powder, make, however, the above bat- 
teries somewhat less desirable. Low OCV's (about 1.2V 
at 200~ and a relatively poor performance or dis- 
charge are reported for A1/S batteries (30, 31). The 
most developed battery using chloroaluminates is based 
on the Na/SbClz system for which an oCV.of  2.83V 
and a theoretical energy density of 825 W-hr/kg have 
been reported (25, 34). 

This paper describes investigations on the use of 
positive oxidation states of sulfur, mainly S(IV), as 
positive electrode materials in AICI3-NaC1 ~ melts in 
laboratory cells using either aluminum or sodium 
negative electrodes (7-12). The electrochemistry of 
sulfur in these melts has been the subject of several 
studies by our group (35-37) as well as by others 
(38, 39) and will be recalled here only to the extent 
which is necessary for a better understanding of the 
experimental results. 

Experimental 
Melt preparation and other experimental procedures 

have been reported elsewhere (40, 41). Sulfur was 
purified by repeated sublimations under vacuum. S (IV) 
was introduced into the melt either by electrochemical 
oxidation of elemental sulfur or as SCI~A1C14. Sulfur 
tetrachloride could not be used because it is not stable 
at room temperature. On the other hand, SCIjA1C14 
may be prepared rather easily by reacting sulfur with 
the stoichiometric amount of A1C18 and a 10% excess 
chlorine in sealed Pyrex tubes. Details of the prepara- 
tion and characterization of this salt are reported else- 
where (42). The adduct is stable if handled in a dry 
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atmosphere and may be dissolved in  mol ten  chloro-  
a lumina tes  [stable solut ions up to ,-~ 1M in S (IV) have  
been prepa red  prov ided  the mole  f rac t ion of A1C13 is 
g rea te r  than  0.5 (see below) ]. 

Different  types  of cells and  separa tors  have  beer, 
used for  single cell  exper iments .  A typica l  cell  con- 
sisted of a P y r e x  compar tmen t  filled wi th  the  posi t ive 
mix  which was separa ted  f rom the negat ive  e lec t rode  
by  means  of a ~"-a lumina  tube  containing sodium. In 
some exper iments  the  negat ive  e lec t rode  was an a lu -  
m i n u m  coil immersed  in the  me l t  and  sepa ra t ed  f rom 
the posi t ive e lec t rode  compar tmen t  by  means  of glass 
or ceramic fr i ts  or  coarse a - a lumina  crucibles. Be ta -  
a lumina  (or #" -a lumina)  tubes were  ob ta ined  f rom 
Ceramatec,  Incorpora ted ,  Ford  Motor  Company,  or  the  
Genera l  Electr ic  Company.  A typ ica l  cell  a r r angemen t  
for  an N a / S ( I V )  cell  is shown in Fig. 1. The cells were  
no rma l ly  equipped  wi th  an A I ( I I I ) / A 1  re ference  e lec-  
t rode  separa ted  f rom the o ther  compar tments  b y  a th in  
P y r e x  membrane .  Addi t iona l  in format ion  on l abo ra to ry  
cells is g iven  below. 

Commerc ia l ly  ava i lab le  e lec t rochemical  i n s t rumen ta -  
tion, such as a Wenking  potent ios ta t  Model  66TS3 and 
Pr ince ton  Appl ied  Research potent ios ta ts  and digi ta l  
coulometer  Models 173/179, 371, and  379 were  used. 

Brief review o] solvent properties and of sulfur elec- 
trochemistry in molten chloroaluminates.~The acid-  
base proper t ies  of mol ten  chloroa luminates  and sul fur  
e lec t rochemis t ry  in these mel ts  a re  crucial  to the  un -  
ders tand ing  of the cells ut i l iz ing posi t ive oxida t ion  
states  of sul fur  and are  rev iewed  brief ly below. 

In the mol ten  ch loroa lumina te  systems the terms 
"acid" and "base" denote  a chlor ide  ion acceptor  and  a 
chlor ide ion donor, respec t ive ly  (15-18, 43). The ac id i ty  
of the  med ium is usua l ly  descr ibed in terms of pC1 
( -  - -  log [C1- ] ) .  For  a given rat io  of A1C13 to NaC1 
the pC1 is de te rmined  by  severa l  equi l ibr ia ,  the p re -  
dominan t  equ i l ib r ium nea r  the  1:1 A1C18/NaC1 rat io  

Pyrex 
I tt_~sealing glass 

H o-o, m, o 
I -.IJl B"- alumina 
I ~l~ll ~ ~tungsten 

Fig. 1. Typical laboratory cell (not to scale) 

being 
2AIC14- ~,~ A12C17- -}- CI- [i] 

The pCl may be measured with either an aluminum or 
a chlorine electrode immersed in the melt. The lowest 
pCl corresponds to a melt saturated with NaCI; at 
175~C pCl = 1.1 for an AIC13-NaClsat. melt (43). The 
maximum variation in pCl occurs near the I: 1 AICl3- 
NaC1 ratio. As a result of this variation, concentration 
cells using aluminum electrodes in melts of different 
composition have been reported (32) ; voltages of ~O.6V 
may be obtained when one of the AI electrodes is in 
an NaClsat. melt and the other electrode is in an AICI3- 
NaCl [63-37 mole percent (m/o)] melt (-- 63/37 melt) 
(16). 

Elemental sulfur, present in the melt predominantly 
as Ss (44), can be either oxidized or reduced in both 
basic (excess of NaCI) and acidic (excess of AICI3) 
melts (35-38). The reduction of sulfur results in sulfide, 
probably present as either AISC1 or AISCI2- (39). 
The cyclic voltammograms at low temperatures 
(~ 175r indicate the presence of a large overpoten- 
tial for the sulfur/sulfide couple; this couple becomes 
more reversible at higher temperatures (,-~ 250~ 

The oxidation of sulfur in basic melts leads to S (I) 
(36, 38); some evidence for the formation of S(II) at 
high temperatures (~ 270~ has also been obtained 
(36). 

In acidic melts (52-63 m/o AIC13) the electrochemi- 
cal oxidation of sulfur is quite complex (37, 45). The 
final oxidation product is S(IV), present as SCI3 + as 
indicated by Raman and potentiometric measurements 
(46, 47). The intermediate electrochemical oxidation 
products include Sz62+ (or Ss+), $32+, and $22+. Evi- 
dence for $42+ and S(II) in acidic melts, in addition to 
the species mentioned above, has been obtained by 
spectrophotometric measurements (46, 48). 

Formal potentials estimated from voltammetric data 
for various sulfur redox couples in both acidic (63/37) 
and basic (NaClsat.) mel ts  at  250~ vs. three  reference  
electrodes are  given in Table  I. The potent ia l  values in 
Table  I also represen t  approx ima te  open-c i rcu i t  vo l t -  
ages (OCV) for cells consist ing of the  respect ive  sulfur  
redox couple as the posi t ive e lect rode and e i ther  so-  
d ium or  a luminum elec t rode  as the nega t ive  electrode.  
Thus, the highest  OCV should resul t  for a cell  con- 
sist ing of t e t r ava len t  sul fur  dissolved in an acidic 
mel t  and a sodium electrode.  The need for  an acidic 
mel t  throughout  the  discharge process, in  which S (IV) 
is reduced  to e lementa l  sulfur,  stems f rom the  ins ta -  
b i l i ty  of S ( I V )  in basic mel ts  (36, 47). 

Sodium electrode.--Since sodium reacts  wi th  mol ten  
chloroaluminates  to produce  a luminum,  the  sodium 
elec t rode  mus t  be separa ted  f rom the  mel t  b y  means  
of an N a + - i o n  conductor  such as ~- (or  the be t t e r  con- 
duct ing ~"-) a lumina  (49, 50). The use of the Na /~ -  
a lumina  electrode wi th  acidic ch loroa lumina te  melts  
has been repor ted  prev ious ly  (26, 27, 34). We have  

Table I. Formal potentials of various sulfur redox couples at 250~ 

Poten t ia l s  

E ~ vs. E ~ vs. 
Melt A I ( I I I ) / A 1  A I ( I I I ) / A I  

Redox  compo- in N a C l ~ t  in 63/37 E ~ v s .  
couple  si t ion me l t  (V) me l t  (V) Na$ (V) 

S ( I V ) / S ~  6 3 / 3 7  2.57* 1.95" 4.17 
S~*/$82+ 63/37 2.52* 1.90" 4.12 
Ss~ (S~+) /Ss  63/37 2.14" 1.52" 3.74 
Ss/S~- 63/37 1.77"* 1.15"* 3.37 
Ss/S~ ~+ NaClsat 1.92"* ~ 3.62 
Ss/S ~ NaCl=a= 1.15" * ~ 2.75 

* Values  obtained from the  plots Ep (d i f fe ren t ia l  pulse  volt .  
a m o g r a m s )  vs. log Cs s fo r  log Css = 0. 

** Values  e s t ima ted  f r o m  cyclic v o l t a m m e t r i c  peak  poten t ia l s  
and  d i f ferent ia l  pulse  peak  potent ia ls .  

$ Values  ob ta ined  by  add ing  1.60V (see text)  to the values  ill 
the t h i r d  column.  
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measured the potential of the Na/~"-alumina electrode 
immersed in the 63/37 melt vs. the AI(III) /A1 refer- 
ence electrode in the NaC1 saturated melt as --1.60 • 
O.02V at 250~ The behavior of the Na/~'-alumina 
electrode under discharge (or charge) conditions is 
largely dependent on the pretreatment of the p"- 
alumina tube before and after the addition of sodium 
and on the temperature of the operation. Additional 
information is presented below. 

Cell chemistry and capacity and energy densi t ies . -  
Based on the above results several possible cells may 
be devised using either an aluminum or a sodium nega- 
tive electrode separated' from the positive electrode 
compartment by a suitable separator. The possible 
negative electrode reactions are 

A1 + 4CI- = AICI4- + 3e [2] 

Na = Na + + e [3] 

In the case of the A1 electrode the availability of CI- 
ions is ensured by saturating the melt in the negative 
electrode compartment with NaCI. 

In discussing the chemistry of the positive electrode, 
the following assumptions are made: (i) S(IV) is as- 
sumed to be present as SC14 in order to simplify the 
pertinent stoichiometry. (ii) S 2- is assumed to be sol- 
rated by the solvent ions to give AISCI and AISC1s- 
in acidic and basic melts, respectively. The reactions 
describing the discharge and charge of the positive 
electrode may be written as follows 

First step 
Electrochemical reac t ion :  

SCl4 + 4e 

Transport: 

discharge S + 4C1- [4] 

"charge 

discharge 
4 N a  § (negative electrode) , c l l a r g e  41~a + (poSitive electrode) [S]  

SC14 + 4e + 4Na + ~ S + 4NaCI [6] 

where reactions [4] and [6] occur only in acidic melts 
because of the stability of S (IV). 

Second step 
discharge 

S + 2e + A12Clz- A1S1C1 + A1C4- -{- 2C1- 
\ c h a r g e  

[7] 
discharg,e 

2Na + (negative electrode) 2Na + (positive electrode) 
"charge 

[8] 

S + 2e + 2Na + + A12C17- .~- A/SCI q- 2NaCl + AIC]4- 

[9] 
where reactions [7] and [9] occur in acidic melts. The 
CI- ions produced in [6] and [9] react with AlsCIT- 
ions to produce AIC4- ions. 

In basic melts the following reactions take place 

discharge 
S + 2e + A1C14- AISC12- + 2Ci- [10] 

"charge 

discharge 
% + 

2~Ta (positive electrode) 2Na + (negative electrode) .~ c h a r g e  

[11] 

S + 2e + A1C4- + 2Na + ~ A1SC12- + 2NaC1 [12] 

By combining reactions [6], [9], and [12] one obtains 

discharge 
SC14 + 6e + 6Na + + A12C17- AISCI 

"Charge" 

+6NaCl + A/C14- [13] 

2321 

SCL~ + 6e + 6Na + 
discharge 

+ AIC4-,/ "AISCI~- + 6NaCI [14] 
charge 

where reaction [13] represents the overall electrode 
reaction for a 6 electron process occurring in two steps 
in acidic melts, and reaction [14] represents the same 
6 electron process in which the first step occurs in 
acidic and the second in basic melts. In both cases the 
net result of the electrochemical reaction is a gain of 
6 moles of NaCI per mole of S (IV) reduced in the posi- 
tive electrode compartment. Thus, the melt pCl- con- 
tinues to decrease during the discharge process until the 
melt becomes saturated with NaCI. 

The maximum capacity and energy densities (ED) 
which may be obtained in the case of reactions [13] 
and [14], respectively, for two selected initial composi- 
tions of the solvent are shown in Table If. The energy 
densities have been computed on the basis of the re- 
actions listed in the first column of Table II which are 
equivalent to reactions [13] and [14] if the solvation 
of S 2- by the solvent ions is not taken into account. 
This does not introduce errors because the aluminum 
content in the positive electrode compartment does not 
change during the charge or discharge; the weight of 
the solvent has been included in the energy calcula- 
tions. The same OCV values have been used in the ED 
calculations for both initial solvent compositions al- 
though the measured OCV's in the 70/30 melt are 
slightly higher than those in the 63/37 melt. In the case 
of A1/S (IV) cells the ED's are not listed because their 
evaluation requires the weight of the solvent in the 
negative electrode compartment which would be re- 
quired to keep the compartment basic. It is clear, how- 
ever, that the additional weight of the solvent, together 
with the lower OCV's, decreases the specific energy of 
A1 cells compared with Na cells. 

Laboratory cells.--We have examined cells using 
both sodium and aluminum electrodes and S(IV) as 
the active positive electrode material. The results ob- 
tained confirm the feasibility of rechargeable cells of 
this type. With aluminum electrodes the main prob- 
lem involves dendrite formation during the charging 
process. The dendrites can penetrate the separator 
(such as a coarse ~-A120~ crucible) causing short cir- 
cuit of the cell. Additional studies of aluminum depo- 
sition in the presence of additives to minimize dendrite 
formation (23) are required in order to demonstrate a 
practical rechargeable aluminum electrode in these 
melts. Another problem associated with A1/S (IV) cells 
is the considerable difference in vapor pressure be- 
tween the positive and the negative electrode com- 
partments which operate with acidic and basic melts, 

Table II. Calculated capacity and energy densities for several 
cell reactions 

Case A: Th e  d i scha rge  stops w h e n  t h e  so lvent  composi t ion in 
the  ca thode  c o m p a r t m e n t  reaches  the A1 ( I I I ) / N a  (I)  mole  
ra t io  of I :  I .  

Overa l l  cell  react ion OCV (V) A - h r / g  (10-s) ED ( W - h r / k g )  

63/37* 70/30* 63/37* 70/30* 
SCh + 4Na = S + 4NaC1 4.17 5.67 7.80 236.4 325.2 
SC14 + 6Na = Na~S + 4.17"* 

4NaCl 3.37~ 5.85 8.14 226.3 317.9 
SCL + 2A1 + 2NaA1Ch = 2.57** 

Na2S + 4A1Ch 1.77~ 7.19 9.35 - -  

Case B: Th e  f o u r  e l ec t ron  process  occurs  unt i l  the  so lvent  com- 
posi t ion b eco mes  equ imola r ;  the  two e lec t ron  process  oc- 
curs  in NaCllat. melts.  

SCL + 6Na = NasS + 4.17"* 
4NaC1 2.75 t 8.30 11.32 306.8 418.5 

* Ini t ia l  mole  ratio of total  AI(IH)  to N a ( I ) .  
** F i r s t  step. 

$ Second step. 
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respect ively,  in o rde r  to obta in  the m a x i m u m  opera t ing  
vol tage (Table  I I ) .  

N a / S ( I V )  cells have given much  more  sa t is factory  
results.  The  feas ibi l i ty  of this system has been demon-  
s t ra ted  with  4.5 A - h r  and smal le r  capaci ty  cells. The 
cell  size was de te rmined  by  the dimensions of the 
ceramic tube. Size A cells used 10 cm long, 10 m m  OD 
~"-a lumina  tubes  which  were  sealed to an a-A12Os 
tube which in tu rn  was sealed to glass; the  coulombic 
capaci ty  of these cells was in the  range  of 1.5 A-hr .  
The l a rge r  capac i ty  (,., 4.5 A - h r )  size B cells u t i l ized 
,~ 20 cm long, 15 m m  OD $"-a lumina  tubes  which were  
e i ther  sealed in the  same m a n n e r  as size A cells or  to 
Corning 7052 glass (51). The cells were  kep t  under  
vacuum a t  300~176 for  severa l  days  before  adding  
sodium to the ceramic tube;  the  bak ing  was cont inued 
for a few days to improve  wet t ing  of the p" -a lumina  
by  sodium before  adding  the posi t ive mix  to the ex-  
t e rna l  compar tment .  The per formance  of the  cells de-  
pends g rea t ly  on the qua l i ty  and  p r e t r ea tmen t  of ~ ' -  
(or  ~-) a lumina,  since most of the polar izat ion is r e -  
la ted  to the separa to r  (see be low) .  The posi t ive mix  
was p repa red  by  e i ther  mix ing  the acidic me l t  ( typica l  
composit ion 63/37) wi th  an appropr ia t e  amount  of 
SCI~A1C14 in the d ry  box or  b ~  oxidizing e lementa l  
sulfur  added  to a neu t ra l  or  s l ight ly  acidic me l t  ( typ i -  
cal composit ion 50/50). In  some exper iments  carbon 
(Shawinigan  Black or v i t reous  carbon foam from 
Chemotronics  In te rna t iona l )  was also added  to the 
cathode compar tmen t  in an a t t empt  to increase  the ef-  
fect ive surface a rea  of the  cu r ren t  collector. However ,  
best  resul ts  to da te  have been ob ta ined  in  the absence 
of carbon using on ly  a tungs ten  sp i ra l  as the cu r ren t  
collector. Tungsten was also used as the  cur ren t  col-  
lector  in the  nega t ive  e lec t rode  compar tment .  

Typica l  ga lvanosta t ic  charge-d i scharge  curves for a 
size B cell  and  the potent ia ls  of each e lect rode vs. an 

UTILIZATION (%)  
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I I I I I 
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-4- 

~ - "  

DISCHARGE 
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DISCHARGE ~ " ~  
2 

P- 1 DISCHARGE 0 . 4 0 A  ( 1 7 . 2 m A I c m  2) 

> CHARGE 0.20A ( 8.6 mAlem 2) 

0 . . . . . . . . . . . . . .  
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DISCHARGE 

-=- . ~  
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-3 

I I I I I t I 
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NO. OF COULOMBS ( x 103 ) 

Fig. 2. Galvanostafic charge-dlscharge curves and potentials of 
S(IV) and Na electrodes vs. AI ( I I I ) /A I  (in NaCIsat- melt) reference 
electrode at 220~ Current density 17.2 mA/cm s for discharge 
and 8.6 mA/cm 2 for charge. Discharge time 8.8 hr. Percent utiliza- 
tion is calculated for the 4 e -  process. 

a luminum reference  e lec t rode  are  shown in Fig, 2. The 
discharge corresponds to the format ion  of e lementa l  
sulfur;  i t  was t e rmina ted  a t  the  beginning  of a sharp  
drop in the potent ia l  of the posit ive electrode.  In  some 
cells the reduct ion  of sulfur  to sulfide was also in-  
vest igated;  such discharge curves exhib i t  a second 
p la teau  wi th  a c losed-ci rcui t  vol tage (CCV) of ~ 1V 
less than  tha t  of the  first p la teau.  Only  a cursory  s tudy 
of the  second p la teau  has been pe r fo rmed  to date. In  
one size A cell 20 cha rge /d i scharge  (to sulfide) cycles 
were  a t ta ined  before fa i lure  occurred (see be low) .  

Most of the studies have involved  on ly  the  f i r s t  
p la teau.  I t  may  be seen f rom Fig. 2 tha t  the  poten t ia l  
of the sodium elec t rode  is quite constant  for both  
charge and discharge.  I t  is appa ren t  tha t  the processes 
responsible  for the  polar iza t ion  of the  Na elect rode 
(more  l ikely,  polar iza t ion  occurr ing at  the  ~"-ahimina  
interfaces)  are  the ma jo r  causes of polar iza t ion  for  the  
whole cell. The increase  in the  poten t ia l  of the S ( I V )  
electrode at  the end of the charge process is accom- 
panied by  some chlorine evolution.  However ,  the chlo-  
r ine reacts  r ap id ly  wi th  any  sul fur  species tha t  have  
not been e lec t rochemical ly  oxidized to the  + 4  state. 
This conclusion is suppor ted  by  the resul ts  of vapor  
pressure  measurements  dur ing  charge  and discharge 
processes (52). The pressures  measured  differed l i t t le  
f rom those obta ined for pure  ch loroa lumina te  mel ts  
thus indica t ing  tha t  no significant amounts  of gaseous 
products  a re  formed dur ing  norma l  cell  operat ion.  No 
deleter ious effects on the separa to r  by  chlor ine p ro -  
duced by  some overcharge  have been observed.  

A decrease in the u t i l iza t ion  of the active posi t ive 
e lect rode ma te r i a l  and an increase  in polar iza t ion  were  
observed wi th  increas ing cur ren t  dens i ty  (Fig. 3). 
Wi th  the  present  configuration the m a x i m u m  cur ren t  
densit ies appl ied  were  70 m A / c m  2 for  discharge and 35 
m A / c m  2 for charge  (cur ren t  densi t ies  were  based on 
the inner  a rea  of the F" -a lumina) .  At  high cur ren t  
densit ies the mass t ransfe r  of sul fur  species p robab ly  
could not  keep up wi th  the  e lec t rochemical  steps. A 
different  cell  configuration wil l  be r equ i red  to solve 
this problem.  The var ia t ion  of CCV wi th  cur ren t  den -  
s i ty at  three  different  t empera tu res  is shown in Fig. 4. 
Ohmic polar iza t ion  is ind ica ted  b y  the l i nea r i ty  of the 
plots; app rox ima te ly  equal  slopes are  observed  for 
both  charge and discharge processes. The effective 
"resis tance" of the F"-a lumina  sepa ra to r  tha t  m a y  be 
es t imated  f rom Fig. 4 (~, 80 ~ cm at 220~ is con- 
s ide rab ly  higher  than  the va lue  r epor t ed  for  pure  p"- 
a lumina  (6.5 a cm at  220~ (53). F u r t h e r  studies of 
the causes of polar iza t ion  at  the  separa to r  interfaces  
a re  cu r ren t ly  in progress  (54). 
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Fig. 3. Galvunostatic charge-dlscharge curves at several current 
densities at 220~ 
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CURRENT DENSITY ( m A I c m 2 o f  I f '  ) 
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Fig. 4. Current dependence of the CCV measured at the midpoint 
of discharge at three temperatures. 

The cell performance wasstudied in the temperature 
range 180~176 As eXpected, the polarization de- 
creased with increasing temperature (Fig. 4, 5). How- 
ever, some loss in the percent utilization of S (IV) and 
in the energy density (this parameter does not include 
the weight o~ the separator or that of the cell) with 
temperature was observed (Fig. 6). Further studies in 
this area are in progress. Typical cell parameters are 
given in Table I I i  

The variation of the percent utilization of S(IV) and 
average discharge and charge voltage with the num- 
ber of cycles is shown in Fig. 7. It may be seen that the 
voltages and percent utilization are reasonably con- 
stant. One cell has been in continuous operation for 
more than 9 months; the number of deep discharge/ 
charge cycles has exceeded 400. 

Most of the early cell failures were caused by the 
formation of cracks in the /~"-alumina or in the p'-a 
alumina seal. These problems have been minimized 
by lengthening the pretreatment of the separator (cur- 
rently 2 weeks at 350~ The performance of the cells 
is independent of which species, elemental sulfur or 
SCI~A1C14, is chosen as the starting material. 

Only p"-alumina has been found satisfactory as the 
separator material. The cells prepared with ~-alumina 
tubes exhibited excessive polarization. The NASICON 
is gradually attacked by the solvent. 
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Fig, 6. The dependence of the percent utilization end energy 
efficiency and of the energy density on the current density at 
three temperatures. 

In summary, our experimental results obtained with 
laboratory cells demonstrate the feasibility of the re- 
chargeable Na/S(IV) chloroaluminate battery. Such a 
battery possesses several advantages, such as (i) very 
high voltage, (ii) high energy densities, (iii) low 
operating temperature compared to the lithium (alu- 
minum)-iron sulfide and the sodium-sulfur batteries, 
(iv) effective utilization of sulfur (4 or 6 electrons 
exchanged per sulfur atom), and (v) inexpensive 
active electrode materials (sulfur and sodium). 

Good energy efficiency values have been obtained 
with relatively simple cell designs. 

Based on considerations presented above we believe 
that the development of  the Na/S (IV) chloroaluminate 
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Table Ill. Typical parameters for size D (capacity 4.0 A-hr) Na/S(IV) eel|* 

Average  cel l  voltage 
Current* * Energy$ 
density Discharge Charge density 

Cycle No. [mA/cm 2] IV] [VI rW-hr/kg]  

EnergySt 
etTiclency 

[%] 
Utilization 
of S(IV) 
[% theor.] 

180"C 

220 "C 

250"C 

105 8.7 3.94 4.32 280 92 94 
103 17.5 3.79 4.51 263 88 92 
103 35.0 3.52 4.84 229 82 86 
118 52.4 3.28 - -  200 76 81 

93 8.7 3.97 4.26 274 94 91 
86 17.5 3.85 4.40 257 90 89 
88 35.0 3.63 4.70 225 85 82 
89 52.4 3.39 - -  197 79 77 
58 69.9 3.11 -- 171 72 73 

76 8.7 3.98 4.24 268 94 89 
77 17.5 3.86 4.38 250 91 86 
73 35.0 3.66 4.62 220 86 80 
72 52.4 3.44 -- 193 81 74 

* Initial cathode mix  composition: l l .Sg SChA1CL in 38.-lg 66/34 melt.  
*" Current density based on the inner  surface area of /~"-alumina. 

$ Maximum energy  density 309 W-hr /kg  [the required weight  of Na is 
~t Charge current  density 8.7 m A / c m  ~. 

battery should be intensively pursued because of its 
high promise, particularly in load leveling applications. 
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Defect Structure, Ionic Conductivity, and 
Diffusion in Calcia-Stabilized Zirconia 
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ABSTRACT 

A quantitative theoretical model which accounts for the variations of ionic 
conductivity of calcia-stabilized zirconia, Ca~xZrl-sxO2-~, with oxygen va- 
cancy concentration, x, and temperature, T, has been developed based on the 
c o n s i d e r a t i o n  of effective anion-site coordination of effectively negatively 
charged calcium ion, Ca 2'. The theory extends the conventional concept of dop- 
ant-defect  complexes (or associates) and demonstrates that  ionic conduction 
in this system proceeds by a mul t imode mechanism through and between dif- 
ferent degrees of dopant-defect associates. The pr imary mechanism is oxygen 
transport  through the channel of onefold effectively Ca 2' coordinated anion 
sublattice, that is, oxygen vacancy Vo 2' t ransport  inside the onefold bonded 
(Ca2'-Vo '~') defect complex. The theory subsequently predicts the occurrence 

of a rather  sharp maximum of ionic conductivity at oxygen vacancy concentra- 
tion x = 0.0625 and reproduces the experimental  isothermal log ~ vs. x curves 
reported by various investigators quite satisfactorily. Accordingly, numbers 
of parameters  which characterize the defect structure, the ionic conduction, 
a n d  the diffusion process in this system are derived from the curve-fitting pro- 
cedure of the theoretical expression for ionic conductivity with experimental  
ones ,  

It is now well recognized that zirconia stabilized in 
the  cubic fluorite structure by substitution of aliovalent 
oxides, such as CaO, Y208, and rare earth oxides, is es- 
sentially an oxide ion conductor with its high ionic 
conductivity due to high oxygen vacancy concentration 
introduced into the anion sublattice by these substitu- 
tions (1). Numerous experimental  works on electrical 
conductivity on these systems have shown that ionic 
conductivity of these systems exhibits a maximum 
value around the minimum dopant level required to 
stabilize the cubic fluorite phase at constant tempera-  
ture. For example, in CaO-stabilized zirconia, 
Ca2xZrl-2xO2-2x, the maximum occurs around 12-13 
mole percent (m/o) CaO content (2-5) (x = 0 060-0.065) 
and in the Y203-stabilized zirconia, Y4~Zrl-4~O2-2x, 
around 8-9 m/o Y208 content (2, 4, 6) (x = 0.037- 
0.041). At higher concentrations within the cubic fluo- 
rite phase regions, the ionic conductivity decreases 
with increasing dopant content. The activation energy 
for ionic conduction is also reported to increase with 
increasing dopant content (4, 5). Similar behavior is 
also reported in the other fluorite oxide systems, i.e., 
ThO2 (7) and CeO2 (8) based solid electrolytes, where, 

* Electrochemical Society Active Member. 
Key words: electrolyte, conductance, transport. 

since pure thoria and ceria have cubic fluorite struc- 
ture, dopants such as CaO and Y20~ are used only to 
introduce the extrinsic oxygen vacancies into the a n i o n  
sublattice. This decrease in ionic conductivity with in- 
creasing vacancy concentration has been qualitatively 
regarded as the result of vacancy ordering (5) va- 
cancy clustering (9), or dopant-vacancy association 
(10) in the higher oxygen vacancy concentration range. 

Recently, several attempts to explain this behavior 
have been undertaken: O'Keeffe (11) and Barker  and 
Knop (12) have shown that  when vacancy-vacancy re-  
pulsive interaction is so strong that  the numbers of the  
first and the second nearest neighbor vacancy-vacancy 
configurations are prohibited, the maximum in ionic 
conductivity shifts to the lower vacancy concentration 
ranges than that expected from the usual hopping 
model in which ~ ec x(1 -- x) ,  so that  ~max is expected 
at x = 0.5. Casselton (6) for the Y203-ZrO2 system 
and Hammou (13) for the Y203-ThO2 system, respec- 
tively, proposed models to explain this behavior using 
the extended Lidiard model (14) which is based on 
the presence of dopant-vacancy complexes and Debye- 
H[ickel type interactions. Hammou also tested Barker 's  
model mentioned above. None of these models resulted 
in quantitative agreement with experimental  data .  
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Most recently, Schmalzried (15) in terpre ted these phe-  
nomena  under  the assumptions of (i) Debye-Hfickel 
type electrostatic interact ion for low defect concen- 
t rat ion range and (ii) ordering of oppositely charged 
defects for high defect concentrat ion range, neglecting 
the formation of defect associates, Schmalzried showed 
that  these assumptions lead to a decrease of the cor- 
relat ion factor of defects with increasing defect con- 
centrat ion and also to an increase in the activation en-  
ergy for defect motion in  a quali tat ive manner .  Judg-  
ing from the preceding brief l i tera ture  survey, there 
seems to  exist no theoretical model which accounts for 
the phenomena  in  these systems in  a quant i ta t ive  
manner .  Accordingly, the aim of the present  paper  is to 
propose an a l ternat ive  theoretical model to serve 
this purpose by choosing calcia-stabilized zirconia a s  

a representat ive  system. 
In the next  section, a brief  survey of the ionic con- 

ductivi ty data of calcia-stabilized zirconia reported in  
l i terature is given, and in  the subsequent  section the 
theoretical model is described. 

Ionic Conduct iv i ty  D a t a  of C a l c i a - S t a b i l i z e d  Z i r c o n i a ,  
C a ~ Z r l - 2 = O 2 - 2 x ,  System 

Figure  1 shows the isothermal  log r vs. oxygen va -  
cancy concentrat ion m plots at  T = 600 ~ 800 ~ 1000 ~ 
1200 ~ and 1400~ reported in l i terature.  Included are 
data only by the authors who studied ~ as a funct ion 
of dopant  content  in  a systematic manner .  

The data of Str icker  and Carlson (2), Tien (3), 
Dixon et al. (4), and Tien and Subbarao (5) all agree 
that  the stabil i ty region of the cubic fluorite phase ex- 
tends from around 12-13 m/o  CaO to around 20-22 m/o  
CaO at  temperatures  be tween approximately 600 ~ and 
1400~ Furthermore,  the conductivi ty max imum exists 
inside the cubic fluorite phase near  the monoclinic-  
cubic solid solution phase boundary,  i.e., at 12-13 m/o  
CaO content  (x = 0.060-0.065). In  contrast, Carter 
and Roth (16) report  that the stabil i ty region extends 
from about  10 to 19 m/o  CaO at 1400~ and their data 
seem to show the tendency that  the conductivi ty 
max imum shifts from around 13 m/o  CaO at 1000~ to 
15 m/o  CaO at 1400~ 

As is apparent  from Fig. 1, the ionic conductivi ty of 
calcia-stabilized zirconia in i t ia l ly  increases with oxy- 
gen vacancy concentrat ion x, and reaches a max i mum 
around 12-13 m/o  CaO content  (x = 0.060-0.065). The 
conductivi ty then decreases, in i t ia l ly  ra ther  sharply 
and then more slowly, with oxygen vacancy concentra-  
tion x within the cubic fluorite phase region. The rate 
of decrease of ionic conduct ivi ty  with x increases with 
decreasing temperature  and the conductivi ty decreases 
by a factor of ~ 1/20 at 600 ~ when x increases from 
0.065 to 0.100. This means that the activation energy for 
ionic conduction increases with x. Typical values are 
26.2 kcal /mole  for 13 m/o  CaO and 31.1 kcal /mole for 
20 m/o  CaO (5). 

Another  interest ing feature is the order-disorder  
transit ion.  Subbarao et al. (5, 17) observed this phe-  
nomenon below 1000~ in samples with higher CaO 
content  (18 and 20 m/o  CaO). Some of these data, 
designated as "ordered," are also included in Fig. 1. 
"Ordered" samples at these compositions have a lower 
but  finite conductivi ty which is converted to that  of 
the "disordered" phase after hea t - t rea tments  at 1400~ 
Carter and Roth (16) also examined this order-dis-  
order phenomenon ra ther  extensively. Their  data in -  
dicate that  below ll00~ even in samples with low 
CaO content  (13.2 and 14.2 m/o  CaO), in some cases 
the resistivity changes by a factor of over 10, show- 
ing no tendency to saturate with time. The reason for 
this discrepancy between Subbarao et al. (5, 17) and 
Carter  and Roth (16) is not clear at present, al though 
it seems reasonable to assume from these observations 
that  in samples with higher CaO content and at lower 
temperatures  calcium ions Ca 2' and oxygen vacancies 
Vo ~" would order in  some fashion which causes the 
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Fig. 1. Isothermal log ~ vs. oxygen vacancy concentration x 
plots at 600 ~ 800 ~ 1000 ~ 1200 ~ and 1400~ 

Reference 
Experimental points number 

0 Strickler and Carlson (2) 
�9 Tien (3) 
X Dixon, LaGrange, Marten, Miller and Porter (4) 
V Tien and Subbaraa (5) 
[ ]  Carter and Roth (16) 

- -  Theoretical curves according to Eq. [13] at 0.0625 
~-~x L 0.125 and Eq. [13] at 0 ~ x ~ 0.0625, T = 
I000oc 

I The phase boundary of the cubic fluorite phase ac- 
cording to the above authors. 

~ L a w e r  values indicated by arrow. ~ at ordered state 
according to Ref. (5) and (17). 

substant ial  decrease in ionic conductivi ty after pro- 
longed heat- t reatments .  

T h e o r e t i c a l  
The main  aim of the theoretical model is to repro-  

duce the exper imenta l  log ~ vs. x curves shown in  Fig. 
1 over the entire tempera ture  ranges in  a quant i ta t ive  
manne r  consistent with the physical real i ty  of the sys- 
tem. This includes the increase in  activation energy for 
ionic conduction with x. 

As far as the authors are aware, Kr6ger  (10) was the 
first to suggest that ionic conduction and oxygen dif- 
fusion in calcia-stabilized zirconia (CSZ) probably  oc- 
curs via migra t ion of oxygen vacancies Vo 2. in  
(CazrVo) ~ .  Krhger  described this association process 
by a usual  defect equi l ibr ium equation 

mCazr 2' + m V o  2" ~ (CazrVo)~ x [1] 

Applying the mass action law to the above equation 
and assuming electrostatic b inding  energy of the defect 
complex, Krhger concluded that most of the calcium 
(and therefore Vo 2.) is present  as neut ra l  calcium ion- 
oxygen vacancy pairs or clusters. This description cor- 
responds in general  form with the theory of Lidiard 
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for al iovalent  impur i ty  diffusion in  a lkal i -hal ide  sys- 
tems (14). But  when  the impur i ty  (dopant)  concentra-  
t ion and therefore also the defect concentrat ion be-  
comes as high as in  CSZ, these t rea tments  do not ap-  
pear to be valid. First, let  us assume that  oxygen 
and therefore Vo 2' diffusion proceeds via defect com- 
plexes (CazrVo) x (w% --.~ 1 in  Eq. [1] ). In  the fluorite 
structure,  since every  cation has 8-first, 24-second, 24- 
third . . . nearest  neighbor anion sites, all the anion 
sites wil l  be jus t  effectively onefold coordinated by  
dopant  cations Ca 2' when  the dopant  concentrat ion 
reaches 2x ---- 2 / Z '  for Ca2xZrl-2xO2-2x, i . e . ,  in this case 
Z '  �9 2 x  : 2, where Z '  is the effective anion site coordi- 
na t ion  n u m b e r  of Ca 2' in  this system. This means that  
at  the composition x -~ 1 / Z ' ,  every Vo 2' j ump  occurs 
inside (Ca2'-Vo 2-) onefold effectively associated defect 
complexes. Therefore, conductivi ty should be a maxi -  
mum. Beyond this composition the average effective 
Ca 2' coordination n u m b e r  to the anion sublatt ice be-  
comes greater  than  1, i .e . ,  the n u m b e r  of densi ty of 
2-fold Ca~' coordinated anion sites becomes an ap-  
preciable fraction of the total  available j ump  sites; 
so the ionic conductivi ty should decrease, because the 
effective path  for Vo 2' migra t ion through (Ca2 ' -Vo2" )  : 
1-fold effectively Ca 2' associated defect complexes 
decreases. This is indeed the case for CSZ if we assume 
an effective anion site coordination n u m b e r  of Ca2': Z '  
-- 16: the exper imenta l  observed ionic conductivi ty 
m a x i m u m  occurs around x --  0.060-0.065, whereas the 
theoretically derived conductivi ty m a x i m u m  is ex- 
pected at x -~ 1 / Z '  - -  1/16 ---- 0.0625. If only the first 
nearest  neighbor  Ca2'-Vo 2' configuration is taken into 
account, Z' becomes equal  to 8, and the conductivi ty 
max imum is expected at x ---- 1/8 -- 0.125, which is 
almost twice the observed oxygen vacancy concen- 
t ra t ion at the maximum.  This means that  the second 
and the higher order nearest  neighbor C a 2 ' - V o  2" c o n -  
figurations also contr ibute  to the effective anion site 
coordination n u m b e r  of Ca 2', Z ' ,  with a contr ibut ion 
that  is equal  to that  from the first nearest  neighbor  
Ca2'-Vo 2' configuration (Z' ---- 8). This fact seems to be 
quite reasonable in  the l ight of the ra ther  long-range  
character of electrostatic interact ion between charged 
defects Ca2'-Tv'o 2" (18). We might  regard the first nea r -  
est neighbor  Ca 2' and Vo 2" configuration as the ground 
state of the (Ca2'-Vo 2") defect complex, and the second 
(and the higher order) nearest  neighbor Ca2'-Vo 2" 
configuration as the first excited state (and the higher 
order excited states) of the (Ca2'-Vo 2") defect complex. 

But  actual ly the greater  the distance between Ca 2' 
and Vo 2', the more the electrostatic interact ion be- 
tween them would be increasingly screened and weak-  
ened. Consequent ly  we include here only the first nea r -  
est neighbor  and the second nearest  neighbor Ca 2'- 
Vo 2" configurations, assuming fur ther  that Ca 2' coordi- 
na t ion  n u m b e r  to each 24-second nearest  neighbor 
anion sites is ,~ 1/3. At this level of approximation,  
the total effective coordination n u m b e r  of Ca ~' to anion 
sites Z' becomes equal to (8 X 1) W (24 X 1/3) -- 16, 
which yields the conductivi ty max imum at x ---- 0.0625 
in accordance with exper imenta l  observations. 

When the CaO content  becomes 25 m/o, i .e . ,  x -~ 
0.125, the effective anion site coordination n u m b e r  of 
Ca 2' becomes 2, i . e . ,  Z '  �9 2 x / 2  _-- 2. This s i tuat ion is 
shown in  Fig. 2a. Figure 2a shows the un i t  cell of 
Ca0.25Zr0.75Oi.75Vo0.25 (x : 0.125). The uni t  cell of the 
fluorite s t ructure  contains 4 cations and 8 anions. 
So at the composition 2x : 1/4, one out of four cations 
is Ca 2'. In  Fig. 3 these Ca 2' are si tuated at the eight 
corner cation sites of the un i t  cell. The remain ing  three 
cations are Zr z, which are situated at the face center 
position of six face planes. One out of 8 anions in the 
un i t  cell is Vo 2" (x ---- 1/8). As is apparent  from this 
figure, 1/4 of the four (----1) first nearest  neigh-  
bor cations around Vo 2" is Ca 2', which yields onefold 
Ca e' coordination to Vo ~', and 1/4 of the twelve (~- 3) 
second nearest  neighbor cations around Vo 2' are Ca 2', 

A 

J 

w 

/ 

W 

Fig. 2a. Unit cell of the fluorite lattice of (CaO)o.25(ZrO2)o.75 
(2x ~ 1/4, x ~ 0.125). 

Fig. 2b. Ca2'-Vo 2" configuration in (CaO)o.125(ZrO2)o.875(2x ~ -  

1/8, x ~ 0.0625). �9 Ca 2', C) ZrX, [ ]  0% �9 Vo 2", ~ 4 first near- 
est neighbor cations around Vo 2', ~ 3 (out of 12) second nearest 
neighbor Ca 2' around Vo 2". 

which yields another  onefold coordination to Vo 2". So, 
at this composition every Vo 2' (and anion site) is on an 
average twofold Ca 2' coordinated and every Vo 2" j ump  
occurs inside effectively twofold associated (Ca2'-Vo 2"- 
Ca 2') defect complexes. Similarly,  Fig. 2b shows the 
Ca2'-Vo 2" configuration in Ca0.125Zr0.s75Ol.s75Vo0.1252" 
(x ---- 0.0625) where every two un i t  cells contain one 
Ca 2' (2x ~ 1/8) and one Vo ~" (x ---- 1/16). In Fig. 2b, 
Ca 2' are situated at face centered positions of the 
top plane or bottom plane in  an a l ternat ive  array. 
Every Vo 2" (and anion site) is just  onefold coordinated 
by Ca 2', either by one first nearest  neighbor Ca 2' ( - -  1) 
or by three second nearest  neighbor Ca 2' (1/3 • 3 
---- 1). So at this composition every Vo 2' j ump  occurs 
inside effectively onefold associated (Ca2'-Vo 2') defect 
complexes. 

Note that the stabilized cubic fluorite phase appears 
just  when onefold associated (Ca2'-Vo 2') defect com- 
plexes extend throughout  the anion sublattice, giving 
rise to a conductivi ty ma x i mum (x ---- 0.0625) ; and dis- 
appears with the disappearance of this defect complex 
(x ---- 0.125). In  these defect concentrat ion ranges, con- 
vent ional  defect equil ibria t reatments  such as Eq. [1] 
are not applicable, for there exist no more free dissoci- 
ated anion sites on which Vo 2' can reside. 

Description of the Theoret ica l  Model  
Let us designate at a given composition x, the re la-  

t ively free state, and  the re la t ive ly  bound state of the 
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anion sublattice for Vo ~" as F and B, respectively. In 
the case of CSZ within the vacancy concentration range 
0.0625 --~ x --  0.125 over which the cubic fluorite phase 
extends, we can assume that the F-state and the 
B-state correspond to the 1-fold Ca 2' coordinated 
and 2-fold Ca~' coordinated anion sublattice, respec- 
tively. This follows because the Ca2'-average coordi- 

Z' �9 2X 
nation number to the anion sublattice is 1 ~ - -  

2 
= 16x  ~ 2. F o r  e a c h  concentration of F-state a n d  
B-state, the site fractions NF and NB will be given by 
the following equation 

1 X NF 4- 2 X NB -- Z' �9 2x/2 = 16x, NF + NB = I, 

NF = 2 -- 16X, NB = 16z -- 1 

0.0625 ~-- x ~ 0 .125 [2]  

Equation [2] neglects the statistical fluctuations of the 
system. The distribution of oxygen vacancies Vo 2" a n d  
oxide ions O x between these states is assumed to be 
given by the following quasi-chemical equilibria 

Vo~'(B) + Ox(F) ~<-~-- Vo2"(F) 4- Ox(B) [3] 

Applying the mass action law to Eq. [3] yields 

K : e x p ( - -  AG~ ( ~ S ~  . e x p ( ~ H ~  
- ~ - - ,  = e x p  k R / R T  

IV@. (F) ] [O~ (B) ] 
= [4] 

[Vo ~" (B) ] [Ox(F) ] 

where K, AG ~ AH ~ and AS ~ denote the equilibrium 
constant, standard Gibbs free energy change, standard 
enthalpy change, and standard entropy change for Eq. 
[3], respectively, and [ ] designates the concentration 

o f  each chemical species in site fractions. 
From the site and mass conservation, the following 

equations hold 

[Vo2"(total)] = [Vo2'(F)] + [Yo2"(B)] = x 

NF + NB -- 1 

[Vo2"(F)] + [Ox(F)] = NF 

[Vo2"(B)] + [O~(B)] = NB [5] 

Rearranging Eq. [5] yields 

[Vo2'(B)] ----~ x-- [VoS'(F)] 

[Oz(F)] - - N F -  [Vo~'(F)] 

[O~(B)] : 1 -- NF -- X 4- [Vo(F)] [6] 

Inserting Eq. [6] into [4], the following quadratic 
equation for [Vo 2" (F) ] is obtained 

(I -- K) [Vo2. (F) ]2 4- {K(x 4- NF) 

4- (I--NF--X)}[Vo2"(F)]--K.NF.z=O [7] 

Solving Eq. [7] for [Vo 2" (F)] (> 0) yields 

10q!' 1 " 
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I 

~' 10-2 
# 

L- 

"b 

I I I I I 
~ ~  o.o2 o.o~. o.o6 o.oa o~o o~2 o~4 

iv/ l= x 
Fig. 3. Schematic variation of �9 with oxygen vacancy concentra- 

tion x when Vo 2" transport only through Ca2'-l-fold coordinated 
anion sublattice is assumed. Numbers beside each curve at 0.0525 
-~ x ~ 0.125 designate K values of Eq. [15]. 

thc channels of the 1-fold Ca2' coordinated and 2-fold 
Ca 2' coordinated anion sublattice, respectively, and 
r and ~ 1  designate those due to Vo 2" transport 

from 1- to 2-(or reverse)fold Ca2'-coordinated anion 
sublattice. 

Each partial ionic conductivity will be given by the 
following expression utilizing the usual form for hop- 
ping ionic conduction 

r 
~'i-j -- 

N . Z . e  

Nj ( [Vo2"(j)]  ) 
= [Vo 2" (i) ] . Ni +-----~j " i Nj �9 #u-j, 

[Vo~ (i) ] [Ox(j) ] 
-- Ni + Nj " #(i-J) [10]  

where ~t(i.j) denotes the mobility of Vo 2" for the i-j 
jump process. Each partial ionic conductivity ~'i-j is nor- 
malized by the numerical factor, (N �9 Z �9 e)-1 from 
the actual ionic conductivity ~i.j. In this expression N is 
numbers of anion sites per unit volume (cm3), Z is 
valence number of Vo 2', and e is the electronic charge. 

From dynamic equilibria between 1- and 2-states 

a' = e' [11] 1-~2 2-~ 1 

Combination of Eq. [4], [10], and [11] yields 

~(~ll ( a G o )  
K -- -- exp R T  [12] 

--{K(z + NF) + (I -- NF -- Z)} + ~/{K (z + NF) + (I -- NF -- X)} 2 4- 4xK(I -- K)NF 
IV@" (F) ] = [8] 

2 ( 1  - - K )  

Then, from Eq. [8] and [6], all the concentrations of 
each chemical species can be obtained given K and x. 

The total ionic conductivity of the system a(total) 
will be given by the sums of partial ionic conductivity 
�9 l-j (i, j : F, B) 

"total'-" ~ "i-J--" ~ O'/.J [9] 
I.J=F.B i.j=1.2 

For simplicity, the indexes F and B were designated by 
1 and 2 respectively, where ~1-1 and a2-2 designate the 
partial ionic conductivity due to Vo 2" transport through 

Equation [12] is the well-known relationship for chem- 
ical equilibria resulting from opposing elementary 
reaction processes. 

Inserting Eq. [10] into Eq. [9], the final expression 
for the normalized total ionic conductivity of the sys- 
tem is obtained 

qtotal 
~"normalized --- ~ --" O'Pl-1 ~- ~2-2 .~L 20" 

N . Z . e 2-~I 

: [Vo 2" (1)] [Ox(1) ]#(m) + [Vo 2' (2)] [Ox(2)]#(2e) 

+ 2[Vo 2" (2)] [O x(1) ]~(2-,n (N, + N 2 :  1) [13] 
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where  [Vo2"(i)] and [O~(i)]  (i = 1, 2 )a re  g iven by 
Eq. [8] and [8] for a g iven  K and z.  

Basic Character of Theoretical Model 
We wil l  first examine  the theoret ical  model  in more  

qual i ta t ive  but  i l lus t ra t ive  manner .  For  this purpose, 
for mathemat ica l  simplicity, we wil l  adopt the fol low- 
ing approximat ion  in this section: [Vo~'( i)]  < <  
[O~(i)] ~ Nl (i --  F, B) ,  (which corresponds to ne-  
glect ing the (1 -- x)  t e rm in the convent ional  r oc 
~ ( 1 - - x )  ~orm by assuming (1 -- x)  ,~ 1). A t  this 
level  of approximation,  Eq. [3] can be easily solved to 
give 

X �9 NF �9 exp ( - - A G ~  
[Vo ~ (F)] = 

NB + NF �9 exp [--AG~/RT) 

x . N ~ . K  

NB ~- NF �9 K 

[Vo s" (B) ] = z -- [Vo s" (F) ] 

x �9 NB " NB 
[8'] 

NB -~- N F  " K NB -}- NF �9 exp (--AG~/RT) 

Using Eq. [2] for NF and Ns, and also Eq. [13] for 
r the fol lowing expression for ~'normahzed' iS ob- 
tained, val id  for 0.0625 ~ 2 ~ 0.125 

o-total 
O/normalized --- 

N . Z - e  ( 1 6 ~ - - 1 )  + ( 2 - - 1 6 ~ ) . K  

• {(2 -- 16x) ~ �9 K �9 #(m) + 2(2 -- 16x) ( 1 6 x - -  1) 

�9 ~(~_,~+ ( 1 6 x - -  1)2/,t(2.2)} [14] 

Fol lowing the same procedure,  for the composition 
range 0 ~ x ~ 0.0825 

NF = No = (1 --  16x) : (Ca~'-0-fold state)  

N~ = Nt = 16~: (CaS'-l-fold state) 
and 

O- normalized ----~ . . . .  15x + (1 - 16x) �9 K'  x {(1 16x) 2 K'  

�9 #(0~)  ~ 2 �9 (1  - -  1 6 x )  �9 16x "~(~-~0) + (16x)2 "~(~'~)} 

[15] 

where K' _-- exp (--AG~ and AG ~ designates the 
Gibbs free energy difference between Ca2'-0-fold and 
1-fold states. 

When AG ~ = AG o = 0 (K'  : K = 1), all  the  sites 
become energet ical ly  equivalent ,  so all the ~r be-  
come equal  and r c c x  f rom Eq. [14] and [15]. 

Another  in teres t ing l imit ing case is the one in which 
ionic conduction occurs exclusively  inside the chan-  
nel  of the Ca2 ' - l - fo ld  coordinated anion sublattice, 
(i.e., K' < <  I,/~(I-i) ~>> ]~(0-0), $4(I~_0), K <~ I, #(~-n > >  

J~(S-2),  #a(2~_1)). In  this case f rom Eq. [14] and [15] 

o-'normalized = X " 16x �9 ~a(1.1); 0 ~ x ~ 0.0625 

~ ( 2  - -  16x) 2 �9 ~ ( m )  �9 K 

(16x-- I) + (2--18r)  . K  

0.0625----- x----- 0.125 [16] 

Figure 3 shows o-'norma~zed/~(~-1) VS. X curves Using 
K ----- exp (-AG~ as parameter. Included also is 
the usual curve, o- ccx. It is apparent from this figure 
that if ionic conduction proceeds only via Ca2'-l-fold 
associated (Ca2'-Vo 2") defect complexes, there appears 
a rather sharp conductivity maximum at x ---- 0.0625, 
and then o- decreases more rapidly, the smal ler  t h e  
value  of K. 

These features  are qua l i ta t ive ly  in fair  agreement  
wi th  exper imenta l  observations as shown in Fig. 1. 

F rom Eq. [16] the m a x i m u m  conduct iv i ty  r at 
= 0.0625 is g iven by  

2 3 2 9  

O"normalized(max) = ~"1-I (X --" 0.0625) "-- 0.0625~(1.1 ) [17] 

However, in this approximation, according to Eq. [16] 
ionic conductivity becomes equal to zero at x : 0.125 
where the Ca'Z'-l-fold coordinated anion sublattice 
disappears. At this composition, only the CaS'-2-fsld 
coormnated anion sublattice exists (see Fig. 2a), so 
f rom Eq. [14] we obtain  

#'normalized (X -- 0.125) = ~r'2. 2 (~g -- 0.125) 

= 0 . 1 2 5 . ~ ( ~ )  [18 ]  

Equations [17] and [18] indicate that  f rom the con- 
duct ivi ty  data at x -- 0.0625 and 0.125, we can obtain 
the mobii i ty  ~(1-n and ~(2.2) inside the separate chan-  
nels. Using mese  values of ~(1"1),/~(2-2), we can draw the 
theoret ical  log o- vs. x curves over  the whole range  of 
0.0~i25 ~ x ~ 0.125, choosing appropr ia te  values of K 

and ~(2..#1). 

Numerical Evaluation of the Theoretical Model 
In order to obtain mobilities ~(1-1) and ~(2-s), ap- 

proximate values of o-total(rnax) "-- O-I-I(X = 0.0625), and 
O'total~X - -  0.125) = a 2 - 2 ( ~  = 0.125) were  read f rom 
exper imenta l  log o- vs. x plots shown in Fig. 1. For  z -- 
0.1z5 which is wel l  beyond the cubic fluorite phase so 
that  exper imenta l  points for o-total are not  available,  
extrapomtions  f rom the data points around x ~ 0.100 
composition were  made. Moreover,  the values of o-max 
at x = 0.625 and o-total at  x -- 0.125, were  also adjusted 
to get  the best fit be tween  theoret ical  and exper i -  
menta l  curves in the subsequent  calculations. A t  a 
given pair of such o-'s, ~r and ~(s-2) were calculated 
~rom J~q. [17'] and [18'] 

a ' m a x  = o-'1-1 (3~ --" 0.0625) = X(1 -- Z) �9 g(1-1) 

15 
= : "  ~r [17'] 

16 s 

o - ' t o t a l ( X  - -  0.125) = o-'s-2(X -- 0125) 

? 
= x(l -- x) �9 ~(s-2) = ~'~" ~(s-~) [18'1 

Using these values of ;~(i-i) and ~(~-2), and assuming ap- 
proximate values of K and ;~2-1), the theoretical log 
o- vs. x curves were constructed at each temperature 
in intervals of Ax ---- 0.005 for 0.0625 --~ x -- 0.125 until 
the best fit to the experimental curves was obtained. 

At T -- 600 ~ and 800~ the best fits are a l ready ob- 
tained wi thout  introducing o- terms, i.e., assuming 

~(2~1) "~ 0 �9 �9 r ~ 0. At  h igher  t empera tures  T --  

1000 ~ 1200 ~ and 1400~ the re la t ive  contr ibut ion 
f rom the par t ia l  ionic conduct ivi ty  o- becomes ap-  

preciable, and to obtain the best fit these contributions 
cannot be neglected.  

Results and Discussion 
The best fit theoret ical  curves obtained using t h e  

rigorous formula  for Crtotal (Eq. [13] ) and for concen- 
trations of the respect ive chemical  species as g iven  by 
Eq. [6] and [8] are shown in Fig. 1 as solid lines at 
each t empera tu re  wi th in  the composit ion range 0.0625 
- -  x ~ 0.125. Numbers  of characterist ic parameters  used 
to construct these curves are tabulated in Tables I and 
IL Also included is the theoret ical  curve  for o'total for 
0 -~ x ~ 0.0625 at 1000~C when ft is assumed that  only 
~.1 contributes to the ionic conductivi ty:  i.e. 

O-1-1 
O " n o r m a l i z e d  " - "  - -  x ( 1 6 X  - -  x )  �9 ~c1-1) 

N.Z.e 

-- x �9 15x �9 0 -- x -- 0.0625 [13'] 

Agreement between the theoretical curves and the ex- 
perimental ones is quite satisfactory over the entire 
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Table I. K, c m a x  (x ~ 0.0625), and ~ (x = 0.125) used to 
construct the theoretical curves in Fig. 1 

(x = 0.0625) (x = 0.125) 
T ('C) (s �9 cm)-~ (~ . cm)-~ K 

600 7,341 x lO -~ 5.203 x 10 -a 0.060 
800 1,165 x 10 -:~ 4.0 x 10 -~ 0,12 

100O 7.013 X 10 -2 4.5 x I0 -a 0,20 
1200 2.70 x 1O -z 4.2 • 10 -~ 0.28 
1400 6.40 x 19 -~ 2.0 X 10 -s 0.37 

Table II. Mobility of oxygen vacancy V o  2" #vo~' (i - -  j) (i = i.2) 
through and between Ca2'-l-fold and Ca~'-2-fold coordinated 

anion sublattice 

T (cm~/ (cm~/ (cm~/ (cm'~/ 
t-C) see V) see V) see V) s e c  V) 

600 6.684 x 10 -C 2.507 X l0 -~ -- -- 

800 1.048 x 10 -5 1.927 x i0 -~ 
I000 6.306 x 1O-~ 2.168 X I0 -~ 6,500 x i0 -~ 3.25 xl0-~ 
1200 2,428 x 10-i 2.024 • 10 -5 1.500 x 10 -5 5.357 • 10~ 
1400 5.756 x lO-+ 9.640 X lO -'~ 7.500 x 10 -5 2.027 X 10 -~ 

t e m p e r a t u r e  r a n g e :  600~ --~ T ~ 1400~ a n d  t h e  s t a -  
b i l i t y  r a n g e  of t h e  cub ic  f luo r i t e  p h a s e :  0.0625 ~ x 

0.10. 
F i g u r e  4 s h o w s  A r r h e n i u s  p lo t s  of  ~w(x )  ( i  --- 1, 2; 

x ---- 0.0625, 0.125) a n d  ~i4(x)  �9 T (i----- 1, 2; x - -  0.0625, 
0.125). F r o m  th i s  f igure,  w e  c a n  o b t a i n  t h e  A r r h e n i u s  
e q u a t i o n s  fo r  r a n d  ~i4 �9 T, r e s p e c t i v e l y  

~i-I (x  ---- 0.0625) = c m a ~ r  " - -  1.138 �9 103 

( 25.022 k c a l / m o l e  ) 
e x p  - -  RT (42 �9 c m ) - I  

~2-2(x ---- 0.125) --  2.317 �9 104 

( 38.835 k c a l / m o l e  ) 
�9 e x p  -- R T  ( 4 2 . c m ) - i  [19] 

a n d  

~1-1 " (x  = 0.0625) �9 T -- ~ma~ �9 T = 4.57 �9 106 

( 27.474 k c a l / m o l e  ) 
�9 e x p  RT ( ~  �9 c m ) - i  . ~  

~2:2(x ---- 0.125) �9 T : 7.18 �9 107 

( 40.936 k c a l / m o l e  ) 
�9 exp  --  ( 4 2 . c m ) - 1 . ~  K [20] 

RT 

To o b t a i n  t he  a c t u a l  v a l u e  of ionic  c o n d u c t i v i t y  t h e  
n u m b e r  of c h a r g e  c a r r i e r s  p e r  cub ic  c e n t i m e t e r  is 
neces sa ry .  To th i s  end,  t he  a v e r a g e  l a t t i c e  c o n s t a n t :  
ao = 5.131A (1) f o r  t h e  n o m i n a l  c o m p o s i t i o n  Ca0.1~ 
Zr0.s5Ol.s5 was  adop ted ,  n e g l e c t i n g  t h e  r e l a t i v e l y  s m a l l  
v a r i a t i o n  o2 ao w i t h  compos i t i on .  T h e n  

r (i = 1, 2; x ---- 0.0625, 0.125) 

_ :  N .  Z �9 e �9 x ( l  - -  x )  �9 # ( i - i )  

2 2 �9 e 2 �9 D(14) 
= N . x ( 1 - - x )  �9 [21] 

kT 

w h e r e  N is t h e  n u m b e r  of a n i o n  s i t es  p e r  cm ~ a n d  g i v e n  
N = 5.922 X 1022/cm 8 u s i n g  t h e  a b o v e  a0 va lue .  I n  t h e  
l a t t e r  p a r t  of Eq. [21] t he  N e r n s t - E i n s t e i n  r e l a t i o n  was  
u s e d  

Z �9 e �9 D(t4) 
~(i-,) = [ 2 2 ]  

k T  

C o m b i n i n g  Eq.  [19], [20], a n d  [21] l e ads  to  t h e  A r -  
r h e n i u s  e q u a t i o n s  f o r  #u4) a n d  D(i-D 
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25.022 k c a l / m o l e  ) 
#<i-i) ---- 1.19 ' exp  RT 

c m  ~ �9 s e c - ~  �9 V-i 

# ( ~ _ 2 ) = I . 1 6 . 1 0 ' . e x p  ( - -  3 8 . 8 3 5 k c a l / m o l e  ) 

R T  

c m  e . s e c  - i - V  -1  [23] 

D(l ' l )  = 1"77 " 1 0 - i  " e x p  ( 27.474 k c a l / m o l e  ) 

RT 

c m  2 �9 s e e - 1  

( 40.936 k c a l / m o l e  ) 
D(2.2) -~ 1.49 �9 100 �9 e x p  - -  RT 

c m  2 �9 sec  -1  [24] 

V a l u e s  of #(i-i) a n d  D(i.i) a r e  t a b u l a t e d  i n  T a b l e s  I I  
a n d  III,  r e s p e c t i v e l y ,  t o g e t h e r  w i t h  #(i-j) (i r j - -  1, 2) 
a n d  D(i.j), w h i c h  w e r e  also u sed  to d e r i v e  t h e  t h e o -  
r e t i c a l  cu rves .  To o b t a i n  ~(I-,2) f r o m  # ( ~ z )  Eq.  [12] 

a n d  K v a l u e s  in  T a b l e  I w e r e  used .  
F i g u r e  5 s h o w s  A r r h e n i u s  p lo t s  of  t h e  v a r i o u s  d i f -  

fu s ion  coeff ic ients  of  t h e  o x y g e n  v a c a n c y ' D d d ) .  F r o m  
th i s  f igure  i t  is a p p a r e n t  t h a t  D(i.1) > >  D(2-2) ,,~D 

(1->2) 

Table III. Diffusion coefficients of oxygen vacancy Vo2" D(I~j) 
through and between Ca2'-l-fold and Ca2'-2-fold coordinated 

anion sublattice 

(~ (cm~/sec) (cm-O/see)  (cm-"/sec) (em-~/sec) 

600 2.514 x 10 -s 9.429 x 10 -ll - -  - -  

8 0 0  4.844 x l0 -m 8.910 x 10 -9 
1000 3.459 x 10  -~  1 .189  x 10  -z  3.565• 10 -9 1.783• 10  - s  
1 2 0 0  1 .541  x 10 -5 1 . 2 8 4  x 1 0  -~ 9 .521  X 10 -7 3 . 4 0 0  x 10-~  
1400 4.149 x 10 -5 6.946 • i0  -~ 5.407 X i0 -~ 1.461 x I0 -5 
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> D as expected. This means that  diffusion of Vo 2" 
(2--->1) 

through the re la t ively free state (1-1) proceeds much 
more easily wi th  a lower activation energy and wi th  a 
higher absolute value than  that  through the relat ively 
more bound state (2-2). 

A n  interes t ing feature  of D(~_,I) and  Dc1.,2) is the fact 

that  there exists a ra ther  sharp k ink in  the Arrhenius  
plots for D_ , I~  and D(1..2~ around and below 1000~ 

Indeed, as was ment ioned  in the previous section, the 
theoretical curves at T = 600 ~ and 800~ were con- 
s tructed wi thout  any  contr ibut ion from ~(2~1~' and  yet  

shows good agreement  wi th  the exper imental  ones. At 
1000~ their  contr ibut ions are still small  bu t  at higher 
temperatures  T -- 1200 ~ and 1400~ they become con- 
siderable. I t  seems premature  to draw any  definite 
conclusion concerning the origin of this phenomenon.  
However, it is in teres t ing to note that  even in  "dis- 
ordered" samples, it  is often reported that  there seems 
to exist a slight hump in  the Arrhenius  plots of log 
a vs.  1/T above 1000~ which becomes more apparent  
in  the samples with higher CaO content  (1, 5). Figure 
6 shows the log K vs.  1 / T  plot for the chemical equi-  
l ibr ia  given by Eq. [3] and tabula ted  in  Table I. A 
good straight  l ine relationship holds for 600~ ~ T 

1400~ From this figure we obtain for the equi l ib-  
r ium constant  K 

- ( _  

= 2.7 �9 exp R T  

Accordingly 

AS ~ -- 0.993 eu -- 1.974 cal /mole  ~ ~ R 

AH ~ --- 6.606 kcal /mole  

A G  ~ : AH ~ -- T• ~ : 6.606 X 103 -- 1.974 �9 T cal /mole 

[25] 

Figure 7 shows the variat ions of oxygen vacancy 
concentrat ions on the Ca2'- l-fold coordinated and  

Ca2'-2-fold coordinated anion sublattices; Vo 2" (1) and 
Vo 2. (2), wi th  total oxygen vacancy concentra-  
tion [Vo 2"] total -- x at 600 ~ , 1000% and  1400~ 
calculated according to Eq. [6] and [8]. Also 
included in  Fig. 7 are the site fractions of 1- and  
2-state; Nt and N2. It is interest ing to note that  the 
variations of [Vo 2' 1] and [Vo 2' 2] with x is steep- 
est at x = 0.0625 and  become more gradual  wi th  in -  
creasing x. The equiconcentrat ion point  [Vo 2" 1] -- 
[Yo" 2] shifts to the higher x value position as tem- 
perature  increases, bu t  remains  in  the low x region in  
these tempera ture  ranges. 

Exper iment  shows that  the activation energy for 
ionic conduction increases wi th  increasing x and  de- 
creases with increasing tempera ture  at constant  x. Both 
features are accounted for by the present  model. These 
follow because wi th  increasing x, the relat ive cont r ibu-  
tions from r and r which have activation en-  

1~-2  

ergies higher than ~1-1 increase, and, as shown in  Fig. 
7 at constant  x, the higher the temperature ,  the higher  
the relative contr ibut ion from [Vo 2" 1] and hence the 
contr ibut ion from r which has the lower activation 
energy, increases. 

Oxygen diffusion measurements  on this system re-  
ported so far are those by Kingery  et al, (19), S imp-  
son and Carter  (20), and Hagel (21). References (19) 
and (20) report  agreement  of the measured oxygen 
diffusion coefficient Dots* with that  calculated from 
ionic conductivi ty assuming an oxygen t ranspor t  n u m -  
ber  of 1 and the correlation factor of 0.65 for the fluo- 
rite structure. In  contrast, Hagel (21) obtained an  
oxygen diffusion coefficient Do18* appreciably lower 
than that  calculated from his own conductivi ty data. 
If the ionic conduction and therefore the oxygen 
diffusion in  this system are mul t imode processes as 
described by the present  model, the penetra t ion pro-  
file of Ots* from the gas phase would not  yield a curve 
characterized by one error funct ion complement.  Such 
experiments  are quite difficult to carry out and, de- 
pending on the relat ive contr ibut ions of each mode, the 
result  may appear to fit a single error  funct ion comple- 
ment  as was shown for the diffusion of sulfur  in NiO 
by Howng and Wagner  (22). 
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Fig. 7. Oxygen vacancy distribution between Ca2'-l-fold and 
Ca~'-2-fo[d coordinated anion sublattice as a function of total 
oxygen vacancy concentration [Vo 2"] total - -  x. T ---- 600 ~ 
1000 ~ 1400~ [Vo2' i ] :  oxygen vacancy concentration on Ca2'-1 - 
fold coordinated anion sublattice. [Vo 2' 2]: oxygen vacancy con- 
centration of Ca2'-2-fold coordinated anion sublattice. NI:  site 
fraction of Ca2'-1-fold coordinated anion sublattice. N2: site frac- 
tion of Ca2'-2-feld coordinated anion sublattice. 

In te rna l  f r ic t ion measurements  on this sys tem 
conducted  by  Wach tman  and Corwin (23) seem to 
suppor t  the above speculat ion on the oxygen  diffusion 
coefficient and pa r t i a l l y  subs tant ia te  our proposed  theo-  
re t ica l  model.  Wach tman  and  Corwin observed the 
symmet r i ca l  peaks  associated wi th  Vo 2" mot ion in the  
cubic fluorite phase region,  bu t  the peaks  were  too 
broad to resul t  f rom a re laxa t ion  process wi th  a single 
r e l axa t ion  time. They  thought  tha t  the  concentrat ions  
of Vo 2' and  Ca 2' a re  so high tha t  many  complex group-  
ings a n d / o r  var ious  a r rangement s  of Ca 2' and  Vo 2" 
occur which cause the  var ious  types  of local  Vo 2' 
j umps  and therefore  a d is t r ibut ion  of r e l axa t ion  times. 
Their  in t e rp re ta t ion  is s imi la r  to tha t  of KrSger  (10) 
ment ioned previously.  

As was shown in the foregoing, the proposed  theo-  
re t ica l  model  seems to succeed to some ex ten t  in giving 
a quant i t a t ive  charac te r  to these qual i ta t ive  i n t e rp re -  
tations. The basic  f ea tu re  of the  theore t ica l  model  is 
that  i t  ex tends  the  convent ional  concept of dopant  
( i m p u r i t y ) - d e f e c t  complex  or  associate for  h igh ly  de-  
fect ive systems and shows in a s t r a igh t fo rward  w a y  the 
occurrence of a m a x i m u m  of the ionic conduct iv i ty  
and a mul t imode  t r anspor t  mechanism for these sys-  
tems. However ,  in fo rmula t ing  the theore t ica l  model,  
crude assumpt ion for the  effective anion si te coordi -  
nat ion number  of Ca 2' to the second neares t  ne ighbor  
(Ca2'-Vo 2") configuration was made.  So far,  our  knowl -  
edge about  defect  in terac t ion  at  the second (and the 
h igher  order )  neares t  ne ighbor  configuration is qui te  
lacking. Moreover,  the  s ta t is t ical  f luctuations of the 
sys tem were  also neglected.  (See Eq. [2]. Even in the  
composit ion range  0.0625 ~ x ~ 0.125, the re  exist  also 
smal l  numbers  of Ca~'-0-fold, 3-fold, 4-fold anion 
sites, which  were  a l l  neglected.  Also, the exis tence of 

non in tegra l ly  Ca 2' coordinated  sites such as Ca~ ' - l /3 -  
fold, Ca2'-5/3-fold anion sites were  neglected.)  These 
fluctuations would be dependen t  on the Ca 2' d i s t r ibu-  
t ion and should be impor t an t  in dea l ing  wi th  the o r d e r -  
d isorder  t rans i t ion  in this  system. 

Summary 
A quant i t a t ive  theore t ica l  model  to exp la in  the  v a r i -  

at ions of ionic conduct iv i ty  of ca lc ia-s tabi l ized  zirconia  
wi th  oxygen  vacancy  concentra t ion and t empe ra tu r e  
has been presented.  The theory  extends  the  conven-  
t ional  concept  of the i m p u r i t y  (dopan t ) -de fec t  complex  
or  associate for h ighly  defect ive  systems and shows 
that  ionic conduct ion in this sys tem proceeds by  a 
mul t imode  mechanism:  Eq. [13]. The theory  predic ts  
the occurrence of a r a the r  sharp  m a x i m u m  of ionic 
conduct iv i ty  at  oxygen  vacancy  concentra t ion x 
0.0625 (12.5 m / o  CaO),  a t  which  the ent i re  anion sub-  
la t t ice  is jus t  covered by  onefold associated (Ca2'-Vo ~') 
complexes,  in accordance wi th  expe r imen ta l  observa-  
tions. 

Values  of  charac ter i s t ic  pa rame te r s  such as the  d i f -  
fusion coefficients and  mobil i t ies  of oxygen  vacancies 
Vo 2' th rough  and be tween  1-fold and  2-fold Ca 2' co- 
ordinated anion sublat t ice;  D<i.j), ~i-j), and  the equi -  
l i b r ium constant  K for the d is t r ibut ion  of oxide ions 
and oxygen vacancies be tween  1-fold and 2-fold  Ca 2' 
coordinated  anion subla t t ice  were  ob ta ined  by  a curve-  
fi t t ing p rocedure  of the  theore t ica l  express ion for  
ionic conduct iv i ty  to expe r imen ta l  ~(x ,T)  da ta  r e -  
por ted  in the l i tera ture .  Resul tan t  theore t ica l  curves of 
i so thermal  log ~ vs. oxygen  vacancy  concentra t ion  x, 
inside the s tab i l i ty  region of the  cubic fluorite phase 
0.0625 ~ x ~ 0.10 and 600~ ~ T~ ~ 1400~ were 
shown to reproduce  sa t i s fac tor i ly  the  expe r imen ta l  
curves r epor ted  by  var ious  invest igators .  
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Thermal Decomposition of I.iSCN-Containing 
lithium Battery Electrolyte 

B. M. L. Rao* and G. E. Milliman 
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ABSTRACT 

Thermal decomposition of LiSCN in l :3-dioxolane was investigated to un- 
derstand the safety aspects in its usage as an electrolyte for ambient tempera-  
ture, high energy density organic electrolyte cells. TGA and direct combustion 
techniques were used in the studies. Attention was given to assess the volatile 
hydrogen cyanide content in the decomposition products, because of a possible 
toxic hazard. The results indicated that the thermal decomposition of LiSCN 
at 650~ in air formed 0.01 weight percent (w/o) volatile cyanide, presumably 
due to impurities. However, the presence of moisture and/or  the solvent 
( l :3-dioxolane)  enhanced the extent of cyanide generation to 0.5-1.5 w/o. 
Based on the results, caution is recommended in dealing with thermal run-  
away c o n d i t i o n s .  

In electrolyte development efforts for ambient tem- 
perature, high energy density l i thium batteries, many 
li thium salts and organic solvents combinations have 
been explored. This area of electrochemical research 
has been recently reviewed by Basenhard and Eichinger 
(1). Compatibili ty of the electrolyte components with 
the electrode materials on stand and under operating 
conditions, electrolyte conductivity, and cost considera- 
tions have played an important  role in this venture. 
Recently, increased attention is being given to safety 
and environmental impact aspects, as required. This 
paper deals with a safety-related investigation on the 
thermal decomposition of LiSCN. 1.3-dioxolane electro- 
lyte developed for use in ambient temperature re-  
chargeable l i thium cells (2, 3). It was carried out to 
assess the possible release of toxic cyanide fumes during 
thermal runaway conditions that  may be encountered 
in the manufacture (e.g., welding operations),  in stor- 
age (cell shorting, warehouse fire, etc.), in service 
(i.e., high current or high voltage conditions), and 
during disposal (i.e., incineration) of the batteries. 

LiSCN is a pseudohalide. It is reported (4) to undergo 
decomposition in a solid state near its melting point 
of 237~ Lee (5) indicates <1 weight percent (w/o) 
decomposition in air at 400 ~ C, from thermogravimetric 
analysis. Although decomposition products are not 
obvious from these experiments alkali thiocyanates are 
known to release cyanide and hydrogen cyanide, among 
other products, during reactions with hydrogen or 
metals in fused salt media. 

Lithium thiocyanate is highly soluble (>4.5 moles/ 
li ter) in 1: 3-dioxolane. An electrolyte composition 
with 2.0-3.0 moles/ l i ter  LiSCN in l :3-dioxolane with 
2-3 X 10 -8 (~%'cm) -1 specific conductivity (23~ was 
investigated in Li/TiS2 cells (3) and, as such, has been 
the subject of safety interest 9f this work. The present 
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dioxolane, cyanide analysis. 

study was carried o u t  b e c a u s e  of the low flash point 
of the cyclic ether solvent (13~ and the associated 
combustion possibilities. 

Experimental and Results 
Thermogravimetric analysis.--Anhydrous LiSCN 

forms a monosolvate upon recrystallization from 
l:3-dioxolane.  As solvent loss from leaky cells, or 
thermal conditions, prior to electrolyte combustion a r e  
l ikely to result in this compound, initial experiments 
were performed using thermogravimetric analysis 
(TGA) on monosolvate prior to detailed studies on 
thermal decomposition. TGA data for the anhydrous 
LiSCN l :3-dioxolane monosolvate carried out in air  
and dry nitrogen are given in Fig. 1. 

Procedures for the thermal decomposition.--Thermal 
decomposition experiments were performed in a tube 
furnace setup, shown in Fig. 2. Test samples were 
weighed into combustion boats, placed in the tube fur-  
nace (shown in Fig. 2), heated to 600~176 in the 
course of an hour, held at the maximum temperature 
for 2 hr, and then gradually cooled to room tempera-  
ture in 3-5 hr. During this procedure, dry or moist air  
was passed to ensure combustion and to flush the g a s e -  
o u s  effluents into absorber traps of 100 ml, 1M NaOH, 
provided for cyanide analysis. 

Procedure for cyanide analysis.NThe measurement of 
cyanide in aqueous sodium hydroxide solutions w a s  
accomplished in two ways. If the cyanide content of 
the absorber solutions was sufficiently high, >25 ~g 
CN- /ml ,  the solutions could be potentiometrically t i-  
t rated with 0.005M Ag +, using a Metrohm Model E-536 
automatic recording t i t ra tor  equipped with Metrohm 
EA-107 glass and EA-275 silver electrodes to the equi- 
valence point corresponding to Ag + -}- 2CN- 
Ag(CN)2- .  If the cyanide content of the absorber s o -  
l u t i o n s  was <25 #g CN- /ml ,  the cyanide was mea- 
sured using an Orion Model 94-06 cyanide-ion selective 
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electrode,  an Oriori Model  90-01 s ing le - junc t ion  re fe r -  
ence electrode,  and  an Orion Model  801-A Digi ta l  Ion-  
alyzer.  The Ionalyzer  was ca l ibra ted  using solutions 
conta ining be tween  0.05 and 5 #g C N - / m l ,  obta ined 
by  dilut ions of a 1000 #g C N - / m l  solution, p r epa red  
f rom potass ium cyanide in 0.5M NaOtt ,  wi th  0.5M 
NaOH. The cyanide  content  of the absorber  t raps was 
ad jus ted  to ca l ibra t ion  range  b y  di lut ion wi th  w a t e r  
or NaOH solution, so that  the solut ion which was used 
for measu remen t  was 0.5M in NaOH. Since sulfide 
could poss ibly  arise f rom the degrada t ion  of LiSCN 
and traces of sulfide in te r fe re  wi th  the measurement  
of cyanide  using the cyanide  electrode,  the  ab-  
sorber  solutions were  t r ea ted  to ensure the ab-  
sence of sulfide pr io r  to cyanide  measurements .  This 
was accomplished by  the addi t ion  of a smal l  amount  of 
cadmium carbonate  to the solutions and the subsequent  
remova l  of cadmium sulfide and excess cadmium car-  
bonate  a n d / o r  cadmium hydrox ide  by  fil tration. 

Thermal decomposition of anhydrous LiSCN.--Re- 
sults of cyanide  de te rmina t ion  in the  scrubbing  solu- 
t ion obta ined f rom the rma l  decomposi t ion in anhydrous  

LiSCN, using the above procedure, is provided in 
Table I. 

Thermal decomposition of 3M LiSCN in 1:3-dioxo- 
lane.--During potent iometr ic  de te rmina t ion  of cyanide  
in the  scrubbing solutions f rom the rmal  decomposi t ion 
of 3M LiSCN in l :3 -d ioxolane ,  an er ra t ic  behavior  of 
potent ia l  be tween  the ion-se lec t ive  e lect rode and the 
reference  e lect rode was encountered.  The es tabl ish-  
ment  of s teady rest  potent ia l  took an inord ina te ly  long 
time, and  there  was a m e m o r y  effect when  electrodes 
were  p laced in subsequent  solutions. This behavior  had 
not  prev ious ly  been encountered  dur ing  measuremen t  
of cyanide  in NaOH solutions. I t  was hypothesized tha t  
this behavior  was caused by  formaldehyde ,  fo rmed by  
the decomposi t ion of dioxolane (6), react ing d i rec t ly  
wi th  the s i lver  b romide  sensing e lement  of the cyanide  
electrode,  or complicat ing the sys tem via format ion  of 
a fo rma ldehyde -cyan ide  complex.  The removal  of the  
fo rmaldehyde  was accomplished b y  the addi t ion  of an 
NaHSOz scrubber  to the absorpt ion  t ra in  in f ront  of 
the NaOH scrubber.  Both the ion select ive e lect rode 
and the poten t iomet r ic  t i t ra t ion  procedures  w e r e  u s e d  
for cyanide  analysis  in some of the NaOH absorpt ion 
traps.  The resul ts  obta ined  by  the two independent  
procedures ,  given in Table  I, are  in excel len t  agreement .  

Discussion 
TGA da ta  for L i S C N . l : 3 - d i o x o l a n e  monosolvate,  

given in Fig. 1, indicate  weight  loss in  regions A a n d  
B. These regions correspond to loss of solvent  f rom the 
monosolvate  and the the rmal  decomposi t ion of LiSCN, 
respect ively.  This is based on the es t imate  which in-  
dicates a 53% weight  loss due to solvent  f rom LiSCN 
l : 3 -d ioxo l a ne  monosolvate,  which  appears  to be com- 
plete  in region A (Fig. 1) independen t  of car r ie r  gas. 
Thermal  decomposi t ion of anhydrous  LiSCN ensues in  
region B, wi th  increased weight  loss in a i r  compared  
to nitrogen.  Lee (5) indicates  <1% decomposi t ion for  
LiSCN below 400~ 

Data  in Table  I indicate  that  the quan t i t y  of vola t i le  
cyanide,  i.e., HCN, genera ted  by  the anhydrous  LiSCN 
in d ry  air, is low (<0.01 w / o ) ,  as expected.  However ,  
the decomposi t ion of anhydrous  sal t  in moist  a i r  en-  
hances the amount  of vola t i le  cyanide  re leased  to 0.4 
w/o,  a for tyfold  increase over  the  amount  of cyanide 
re leased in d ry  air. The electrolyte ,  i.e., 3M LiSCN, 
l : 3 -d ioxo l ane  solution, y ie lds  vola t i le  cyanide,  bo th  
in the absence and presence of moisture,  wi th  the l a t t e r  
y ie ld ing  1.5 w/o  decomposi t ion of LiSCN to cyanide.  

I t  is seen, f rom the da ta  in Table  I, and  the amount  
of cyanide in the solid residue, that  the quan t i ty  of 
cyanide genera ted  f rom 10 ml of 3M LiSCN 1: 3-d ioxo-  
lane solution, under  the expe r imen ta l  conditions, is low 
(<5  • 10-~g).  Al though HCN is a combust ib le  gas, 
its escape to the env i ronment  presents  a po ten t ia l  haz-  
ard, because of its toxicity.  I t  is to be noted tha t  r e l a -  
t ive ly  large  amounts  of HCN m a y  be produced by  in-  
complete  combustion of cer ta in  n i t rogen-conta in ing  
mater ia ls ,  such as wool, silk, ure thane,  polyamide ,  and  
acrylics.  Establ ished safe ty  procedures ,  as in these 
cases, m a y  be appl icable  to handl ing  of combustion in-  
cidents involving the L i S C N - l : 3 - d i o x o l a n e  electrolyte .  

Table I. Thermal decomposition of LiSCN electrolyte and cyanide analysis 

Test sample 

Material 

Quantity 0s 
LiSCN corn- Combustion 
busted (g) condition 

CN- determined (g) by 

Sp. ion Ag+ titration 

% LiSCN 
decomposi- 
tion to CN- 

l0 ml 3M LiSCN in 
dioxolano 

LiSCN anhydrous 

1.95 Dry air 3.7 x 10 -a 
650~ --2 hr 

Moist air 11.2 x 10 -3 
650~ ,-2 hr 

1.95 Dry air 2.4 x I0 -~ 
650~ ~2  hr 

Moist air 3.1 x I0 ~ 
650~ --2 hr 

3.5 x 10 -8 

ii.I x I0 -a 

0.45-0.47 

1.42-1.43 

3 x i0 "~ 

0.4 
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The degree  of sophist icat ion of precaut ions  would  de-  
pend on the quan t i ty  of e lec t ro ly te  involved.  A p p r o p r i -  
ate safe ty  exper t s  need  to be consul ted in this regard .  
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Hydrogen Evolution and Zinc Nodular 
Growth in the Zinc Chloride Battery 

Dennis Kralik *,~ and Jacob Jorne* 

Department o~ Chemical Engineering, Wayne State University, Detroit, Michigan 48202 

ABSTRACT 

The p rob lem of hydrogen  evolut ion in the zinc chlor ide  ba t t e ry  is inves t i -  
ga ted  expe r imen ta l l y  wi th  special  respect  to the magni tude  of the phenomenon 
unde r  var ious  ZnCI2 and suppor t ing  e lec t ro ly te  concentrat ions,  pH, cur ren t  
density,  and  e lec t ro ly te  pur i ty .  Metal l ic  impur i t ies  of low hydrogen  over -  
vol tage  can be responsible  for acce lera ted  hydrogen  evolut ion dur ing  charge  
a n d  discharge.  In addit ion,  the morpho logy  and poros i ty  of the zinc deposi t  a n d  
the  presence of dendr i tes  affect the  magn i tude  of hydrogen  evolution.  Low 
hydrogen  evolut ion  rates  are  observed  on rough  and dendr i t ic  deposits  and 
vice versa. Two methods  of decreas ing hydrogen  evolut ion are  presented :  (i) 
p r e t r ea tmen t  of the ZnCl2 e lec t ro ly te  wi th  zinc part icles ,  and  (ii) potent io-  
s tat ic  deposi t ion of meta l l ic  impur l t ies  in f low-through porous -graph i t e  e lec-  
t rode  above the zinc deposi t ion potent ial .  

Hydrogen  evolut ion in the zinc chlor ide  ba t t e ry  re -  
sults in two disadvantages :  (i) the hydrogen  fo rmed  
m a y  react  explos ive ly  wi th  chlor ine  (1), and (ii) hy-  
drogen evolut ion represents  a coulombic inefficiency 
dur ing  both  the  charge  and discharge processes. 

In  our  exper iments  a single zinc chlor ide cell  was 
used. The cell, shown in Fig. 1, consists of a dense 
g raph i t e  e lec t rode  on which  zinc is deposited,  and a 
porous f low- through graphi te  e lect rode on which chlo-  
r ine  is evolved. In  the ac tua l  ba t te ry ,  the chlor ine is 
then s tored  as chlor ine hydra te .  The overa l l  react ions 
of the  ba t t e ry  a re  

ZnCl2(aq) ~Zn(s) + Cl2(g) 

Cl~(g) + xH~O ~ C12 �9 xH~O 

X ,--, 5.9 

Hydrogen  evolut ion on e lec t rodeposi ted  zinc c a n  b e  
caused by  two mechanisms:  (i) corrosion of zinc, i.e., 
anodic dissolution of zinc accompanied  by  s imul taneous  
hydrogen  evolution,  the so-ca l led  local cell  action, and  
(ii) cathodic hydrogen  evolut ion (e lec t rochemical ly)  
dur ing  zinc deposit ion.  The ne t  resu l t  of these t w o  
mechanisms is identical .  Hydrogen  evolut ion on pure  
zinc is ve ry  low (the exchange cur ren t  dens i ty  is in 
the  range  of 10 -10 A/cm2) .  However ,  the  presence of 
meta l l i c  impur i t ies  such as iron, copper,  chromium,  
vanadium,  arsenic,  and germanium,  even at  the  ppm 
level,  in the solut ion and consequent ly  in the  zinc de -  

. Electrochemical Society Active Member. 
1 Present address: Diamond Shamrock Corp., Painesville, Ohio. 
Key words: zinc, chlorine, impurities, zinc chlomde, dendrite, 

roughness. 

posit  can cause a d ramat ic  increase in hydrogen  evolu-  
tion by  creat ing local cells (2). I t  is assumed in the  
presen t  work  tha t  the increased hydrogen  evolut ion  
is caused b y  the presence of i m p u r i t y  ions in the  so- 
lut ion and, consequently,  in the zinc deposit.  A t t empt s  
to de te rmine  the origin of the impur i t ies  iden t i fy  the  
degrada t ion  of the graphi te  chlor ine electrode as the 
source of contaminat ion  leading  to hydrogen  evolut ion  
(3). Severa l  meta l l ic  impur i t ies  are  found capable  of 
causing considerable  hydrogen  evolution.  An t imony  is 
p robab ly  the  most  de t e rmina l  i m p u r i t y  tested. At  the  
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Fig. 1. Schematic cross section of the zinc chloride single cell 
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1 mg/ l i t e r  level, cobalt, germanium, nickel, and t in 
also cause considerable hydrogen evolution (3). Sur -  
prisingly, arsenic is not  observed to be a catalyst for 
hydrogen evolution on zinc (3), as indicated by cthers 
(2). 

Experimental  
Hydrogen evolution was measured volumetr ical ly  in  

acidic zinc chloride solutions, as shown in  Fig. 2. The 
evolved hydrogen was collected in inver ted  buret tes  
which were placed above the zinc cathode, zinc anode, 
and reference zinc. All  the zinc plates were obtained 
in the single cell by electrodeposition from various 
ZnC12 solutions which were prepared by  direct reaction 
of chlorine gas and pure zinc in  aqueous solution. The 
zinc deposits were peeled gent ly  off the graphite sub-  
strate, washed thoroughly, dried, and weighed. The 
single cell was made of Kyna r  by Energy Development  
Associates, Madison Heights, Michigan. 

The apparent  active area of the electrode was 68 
cm 2, the total current  was 3A, and the charging pro- 
cess lasted for 1-2 hr. The exper imental  setup is shown 
in  Fig. 3. A 2.5 l i ter  ZnC12 (2m) solution was circulated 
through a flowmeter and the cell using a Kyna r  pump 
with a Teflon gear. The evolved chlorine was stripped 
dur ing the charging by ni t rogen bubbl ing  throughout  
the experiment.  Prior  to each experiment,  the pH was 
adjusted by adding HC1 and ni t rogen was bubbled  to 
remove oxygen and remain ing  dissolved chlorine. The 
charging time was adjusted so that  the amount  of 
electricity was always the same: 0.080 Ahr / cm 2. No 
additives or level ing agents have been used. 

Hydrogen evolution was investigated in acidified zinc 
chloride solutions, with and without  sodium chloride or 
potassium chloride support ing electrolytes. The magni -  
tude of the hydrogen evolution was measured under  
various conditions, such as zinc chloride concentration, 
electrolyte purity,  support ing electrolyte, cur rent  den-  
sity, and pH. 

Two methods for the removal  of metall ic impuri t ies  
were used: the first method consisted of suspension of 
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Fig. 2. Apparatus for measuring the volume of hydrogen evolved. 
(e.) - -  Epoxy coating. 

Fig. 3. The experimental apparatus of the zinc chloride single 
cell. 

zinc pieces in  zinc chloride solution. Since impuri t ies  
are ions of more noble metals than zinc, they should 
deposit on the zinc particles suspended in  the electro- 
lyte. This method is referred to as zinc pretreatment .  
The second method consisted of a potentiostatic re-  
moval  of impuri t ies  in  a f low-through porous graphite 
electrode held above the zinc deposition potential  
(--0.76V). The impur i ty  ions were cathodically electro- 
deposited on the porous graphite cathode and removed 
from the solution. Because of the low concentrat ion 
of impurities,  it is believed that their  removal  was 
mass t ransfer  limited. The counterelectrode consisted 
of zinc deposit on a nonporous graphite substrate and 
was prepared by charging the zinc chloride single cell. 
Under  this a r rangement  chlorine was absent  and could 
not react with the deposited impurities.  

Results and Discussion 
Hydrogen evolution from potentiostat ically treated 

zinc chloride solution was much lower than  from un -  
treated solution as can be seen in  Fig. 4. Figure 5 shows 
the rates of hydrogen evolution for zinc anode, z i n c  

cathode, and reference zinc in  z inc- t reated and un -  
treated 2m ZnC12 + 4m KCI solution. Pre t rea tment  
with zinc pieces resulted in  a decrease of hydrogen 
evolution for all cases. The hydrogen evolution rate 
increased with t ime on the cathode as can be seen from 
the slope of the curve, while it decreased with t ime 
on the anode. This is due to the fact that  the surface of 
the cathode became increasingly rougher due to zinc 
deposition, while the surface of the anode became 
smoother dur ing  the electrodissolution. The cathodic 
area increased with time, and consequently the rate of 
hydrogen evolution is increased on the zinc cathode 
while decreased on the zinc anode. The rate of hydro-  
gen evolution on the reference zinc is lower than the 
rate on the zinc anode, al though it is expected that  the 
zinc anode is becoming progressively smoother through 
electrodissolution. This apparent  contradiction prob- 
ably is due to the fact that  the deposition rate of the 
impurit ies is mass t ransfer  l imited and is enhanced 
by the na tura l  convection at the anode. 

The effects of the cur ren t  density on the hydrogen 
evolution, on the apparent  density of the deposit, and 
on the coulombic efficiency are shown in  Fig. 6. The 
nodular  growth increased as the current  density was 
increased, in  accord with the predict ion that  a higher 
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Fig. 4. Hydrogen evolution in potentiostatically treated solution 
containing 2m ZnCI2. Only the reference zinc is presented. Current 
density i = 40 mA/cm 2. R ---- reference zinc, UN = untreated 
solution, TR = treated solution. 
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taining 2m ZnCI2 ~ 4m KCL pH ---- 0.4; current density: i _~ 40 
mA/cm 2. C ~ cathode zinc, A ---- anode zinc, R = reference zinc, 
UN ~ untreated solution, TR ---- treated solution. 

current  density at the nodular  tips promotes their  
growth. As a result, the apparent  densities (weight per 
apparent  un i t  volume) of the deposits decreased with 
increasing the cur ren t  density. 

On the other hand, the hydrogen evolution rate in-  
creased with increasing cur ren t  density since the 
higher  the cur ren t  density, the larger  the actual  sur -  
face area of the deposit available for hydrogen evolu- 
tiorL By increasing the cur ren t  densi ty the deposition 
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Fig. 6. Effect of current density on hydrogen evolution and on 
the apparent density of zinc deposits. Gas evolution is presented 
for the reference zinc after 40 rain. Electrolyte: 0.6m ZnCI2 Jr- 2.Ore 
NaCI ~ 2.Ore KCI. pH = 0.1, untreated. 
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rate of the zinc ions increases, while the deposition 
rate of the impuri t ies  remains  constant  because it  is 
mass t ransfer  limited. Since the impur i ty  ion concen- 
trat ion is several orders of magni tude  smaller  than  the 
zinc ion concentration, it  is very probable that  the 
surface of the rapidly growing zinc nodules is kept  
clean because adsorbed impur i ty  atoms are bur ied  as 
fast as they reach the surface. So the only reason for 
iricreased hydrogen evolut ion rate is the increased 
surface area of the zinc deposit. 

Figure 7 shows the dependence of hydrogen evolut ion 
on the pH of the solution. All  the zinc deposits were 
prepared in  unt rea ted  2m ZnCl2 solution, pH _-- 0.1. 
However, the hydrogen evolution tests were repeated 
in  2m ZnC12 solutions of pH ---- 0.1 and 0.4. Higher 
hydrogen evolution rates can be observed on the cath- 
ode, anode, and reference zinc at pH = 0.1, as expected. 
The rates of hydrogen evolution are lower on the ref-  
erence zinc in comparison to the zinc anode. This be-  
havior is probably due to the smoothing of the anode 
through electrodissolution. An  opposite t rend is shown 
in Fig. 5 and is believed to be due to na tu ra l  convec- 
tion at the anode. However, the data of Fig. 8 were ob- 
tained in  treated solution and in  the absence of im-  
purit ies in the solution. In  all the experiments  the rate 
of hydrogen evolution decreased with t ime on the 
anode and increased with t ime on the cathode, again, 
probably  due to the smoothing of the anode and the 
roughening of the cathode. 

The presence of sodium chloride and potassium 
chloride as support ing electrolytes general ly  decreased 
the rate of hydrogen evolut ion as shown in  Fig. 8. A 
quali tat ive correlation was found between the rate of 
hydrogen evolution and the morphology of the zinc 
deposit. Nodular  zinc was obtained at high zinc chlo- 
ride concentration. When the zinc chloride concentra-  
t ion was reduced from 2.0 to 0.2m, the nodular  growth 
was el iminated and the rate of hydrogen evolution in -  
creased substantial ly.  

Figure 9 summarizes the results on reference zinc 
and shows that as the zinc chloride concentrat ion de- 
creases, the a p p a r e n t  density of the deposit increases 
(nodules are e l iminated) ,  and hydrogen evolution is 
increased. In addition, the coulombic efficiency of zinc 
deposition starts to decrease as the zinc chloride con- 
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Fig. 7. Effect of pH on hydrogen evolution. First index refers 
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Electrolyte: 2m ZnCI2; pH = 0.1; current density: i = 40 mA/ 
cm 2. Electrode: reference zinc prepared in untreated solution. 

centrat ion drops below 0.6m; the current  density is 40 
m A / c m  2 and zinc deposition becomes par t ia l ly  m a s s  
t ransfer  limited. Since it is believed that  the source 
of impuri t ies  is the slow degradat ion of the graphite 
chlorine electrode (3), the concentrat ion of the im-  
purit ies is not  proport ional  to the zinc chloride con- 
centration.  

The critical cur rent  density (Ic) and the m i n i m u m  
concentrat ion of zinc ions (Cm) required for nodular  
growth can be estimated according to the theory of 
Price, Vermilyea, and Webb (4). According to this 
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Fig. 9. Effect of zinc chloride concentration on hydrogen evolu- 
tion and on the apparent density of the deposit. Zinc chloride solu- 
tions without supporting electrolyte, pH ~- 0.1; current density: i ---- 
40 mA/cm 2. Hydrogen evolution is presented on reference zinc 
after 40 rain. 

theory impur i ty  atoms adsorb on the surface of a grow- 
ing crystal and interfere with the motion of lattice 
steps over the surface. When the concentrat ion of im-  
pur i ty  atoms adsorbed on the surface is above a crit i-  
cal value depending on the overvoltage, step motion is 
completely blocked and no fur ther  growth of the crys- 
tal  occurs. A critical radius for the curvatures  of the 
steps can be estimated, given by the following equation 

b 
Pe = AGj'" [1] 

where ~ is the edge energy of the step per  un i t  area 
and hGv is the free energy decrease per un i t  volume 
(AGv is proport ional  to the supersaturat ion or over-  
voltage).  I t  is assumed that a strongly adsorbed particle 
can prevent  the part  of the step with which it is in  
contact from moving. When a section of a step en-  
counters two adsorbed particles which are closer 
together than 2pc it cannot  advance past the particles 
because in so doing the radius of curvature  of a por-  
t ion of the step would become less than pc. Hence, if 
the average distance between particles adsorbed on 
the surface is greater than 2pc the steps will  be able to 
advance freely, while at greater  coverages the growth 
of the crystal may be ent i re ly  prevented (4). In  other 
words, if the impur i ty  ion concentrat ion is high in the 
solution and consequently on the surface of the grow- 
ing zinc crystals, two adsorbed neighboring impur i ty  
atoms will be closer to each other than 2pc, thus the 
zinc crystals will  not be able to grow, and the nodular  
growth will be prevented. This case results in a smooth 
zinc deposit possessing a high surface concentrat ion of 
impur i ty  atoms, thus yielding a high hydrogen evolu- 
tion rate. 

On the other hand, when the impur i ty  concentrat ion 
is low, two adsorbed impur i ty  atoms will  be fur ther  
apart  on the zinc surface than 2pc, thus the steps of 
the nodular  growth can advance freely. In this case the 
impur i ty  atoms adsorbed on the rapidly growing sur-  
face will  be incorporated into the crystal as lattice 
steps move around and past them. Finally,  the result  is 
a rough, nodular  zinc deposit with a low surface con- 
centrat ion of impur i ty  atoms yielding a low hydrogen 
evolution rate. 

A significant prediction of the theory of Price, 
Vermilyea, and Webb (4) is that there is a critical cur-  
rent  density for the continued growth of a metal  crys- 
tal  in  a solution containing impur i ty  ions. At  the cri t i-  
cal cur ren t  density there is a balance be tween the rate 
of diffusion of impur i ty  ions to the zinc surface and 
the rate of their  incorporat ion into the crystal. T h e  
equation for the critical cur rent  density for a spherical 
crystal of a given metal  and for a given metal  ion 
concentrat ion and tempera ture  is (4) 

Ie = const. ( ~ )  1'8 [2] 

where Ci is the concentrat ion of impur i ty  ions i n  t h e  
ZnC12 solution and r is the radius of the growing zinc 
crystal. The above equation is val id for crystals with 
radii  less than about 10 ~m. 

The m i n i m u m  concentrat ion of zinc ions for nodular  
growth is given by (4) 

Icr 
Cm = [3] 

ZFDzn 

where Z is the valency of zinc ion, and Dzn is the dif- 
fusivity of zinc ion, Dzn ,~ 10 -5 em2/sec. 

According to these equations, a zinc ion concentra- 
tion below approximately 0.06m ZnC]2 and a current 
density below approximately 240 mA/cm ~ are needed 
to prevent nodular growth. Below this concentration 
the diffusion of zinc ions to the nodular tips is too slow, 
the nodular growth ceases, and a denser zinc deposit 
is obtained. 



Vol. 127, No. I I  H Y D R O G E N  E V O L U T I O N  2339 

When the zinc chlor ide  concentra t ion  was reduced  
f rom 2.0 to 0.2m the nodu la r  g rowth  became mass 
t r ans fe r  l imited.  When  zinc was deposi ted  f rom 0.2m 
ZnC12 solut ion the impuri t ies ,  in spite of the i r  reduced  
concentrat ion,  reached  the surface fas ter  than  they  
could be bur ied ,  thus the  smooth surface possessed 
r e l a t i ve ly  high surface concentra t ion  of  impur i t y  atoms 
and  y ie lded  a high hydrogen  evolut ion  rate.  

F igure  10 shows the zinc nodules  developed dur ing  
cathodic  deposi t ion f rom 1.85m zinc chlor ide  pH ---- 0.5 
un t r ea t ed  solution. The crys ta l l ine  s t ruc ture  of the  
nodules  and the layers  fo rmed  by  the steps dur ing  
crys ta l  g rowth  are  c lea r ly  visible.  One can even 
rough ly  es t imate  the  radi i  of the  nodula r  t ips a t  ap -  
p r o x i m a t e l y  10 #m. 

F igures  11 and 12 show zinc surfaces deposi ted f rom 
the same 1.23m zinc chlor ide  pH ---- 0.7 un t r ea t ed  solu-  
tion. The surface, exposed to anodic dissolution, reveals  
the  fine structure 's  of the nodules.  At  the  grea te r  en-  
la rgement ,  the  sizes of the  steps and the radius  of the  
nodu la r  t ip can be es t imated  wi th  acceptable  accuracy.  
F igure  11 shows an a lmost  perfect  zinc crys ta l  not  ye t  
des t royed  by  anodic dissolution. In  Fig. 12, the single 
nodule  and its crysta ls  a re  pa r t i a l l y  exposed by  anodic 
dissolution, thus revea l ing  the steps, in reversed  chron-  
ological succession, by  which  the impur i t y  ions were  
embedded  in the  crysta ls  of the  nodules.  

In  conclusion, r e l a t ive ly  low hydrogen  evolut ion is 
observed  on rough and nodula r  zinc deposits. Higher  
hydrogen  evolut ion is observed on smooth and dense 
deposi ts  which are  ob ta ined  f rom ZnC12 solutions of 
low concentrat ion.  Both zinc p r e t r e a t m e n t  and  po ten-  
t iostat ic  r emova l  of impur i t i es  a re  effective methods  in 
reduc ing  the ra te  of hydrogen  evolut ion on zinc in 
acidic ZnC12 solutions. Both methods  were  successful 
in reducing  the hydrogen  evolut ion ra te  to a low level  
be low 1 m.A/cm 2 which  corresponds to less than  2.5% 
cur ren t  inefficiency. 

The  source of impur i t i e s  is be l ieved to be  the  g raph-  
i te  of the f low- through porous e lect rode (3). The na tu re  
of the  impur i t ies  is not  verified, however ,  t races of 
ant imony,  cobalt,  germanium,  nickel,  and t in can 
cause considerable  hydrogen  evolut ion even at  the ppm 
range.  In  o rde r  to achieve a smooth zinc deposit,  free 
of dendri tes ,  and  low hydrogen  evolution,  a search 
should be made  for  a cat ionic level ing agent  which  

Fig. 11. Scanning electron micrograph of a zinc crystal. Deposited 
from 1.23m ZnCI2, pH ~-- 0.7, untreated solution, with no support- 
ing electrolyte. Surface was exposed by anodic dissolution, i --~ 40 
mA/cm 2. 400 X .  

Fig. 10. Scanning electron micrograph of zinc surface. Deposited 
from 1.85m ZnCI2; pH ~ 0.5, untreated solution, with no supporting 
electrolyte. Surface was formed by cathodic deposition, i ---- 40 
mA/cm ~. 200 •  

Fig. 12. Scanning electon micrograph of a dissolving zinc nodule. 
Deposited from 1.23m ZnCI2 solution. Surface was exposed by 
anodic dissolution, i ~ 40 mA/cm 2. 1000• 

exhibi ts  h igh overvol tage  for  hydrogen  evolution.  In  
addit ion,  the ZnC12 solutions should be purif ied by  zinc 
p r e t r ea tmen t  or  potent ios ta t ic  p r e t r e a t m e n t  in  o rde r  
to remove  meta l l ic  impuri t ies .  
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ABSTRACT 

Data  for  H~CO-EDTA electroless  copper  p la t ing  baths  were  cor re la ted  b y  

rp = 2.81 ECu2+104. HC O 010 p [ 11.5 ( r -  313) ] 
[ O H - ]  0.~O[EDTA] 0.04 T 

This ra te  l aw was compared  wi th  publ i shed  da ta  for  EDTA and Rochelle sal t  
baths.  Mass t r anspor t  effects a n d / o r  subs t ra te  cata lyt ic  ac t iv i ty  were  shown 
to expla in  some of the differences among the var ious  authors.  

In recent  yea r s  the  kinet ics  of electroless copper  
p la t ing  have been wel l  studied. Sh ippey  and Donahue  
(1) and  EI -Raghy  and A b o - S a l a m a  (2), examining  

solutions wi th  Rochelle  sal t  as the  l igand, and  Molenaar ,  
Holdr inet ,  and van Beek (3), wi th  EDTA, de te rmined  
complete  ra te  laws for thei r  p la t ing  baths.  Dumesic, 
Koutsky,  and Chapman (4) and Saranov,  Bulatov, and 
Mokrushin  (5) obta ined  react ion orders  for some or 
~11 of the  solut ion species, bu t  did  not  de te rmine  the 
ra te  constant. Al though  Goldie  (6) did  not  de te rmine  
any  of the components  of the ra te  law, sufficient da ta  
were  r epor ted  for  the pa r t i a l  eva lua t ion  of a ra te  law. 
Schoenberg  demons t ra ted  the effects of pH (7) and 
organic  addi t ives  (8), but  de te rmined  no components  
of the ra te  law. 

Dumesic  and co -worke r s  (4),  using a ro ta t ing  cy l in-  
de r  in o rde r  to achieve a wel l -def ined  forced convec- 
t ion condition, have  shown tha t  var ia t ions  in the mass 
t ransfer  coefficient affect the value of the appa ren t  re -  
act ion o rde r  for cupric  ion. Donahue  (9), not ing tha t  
most studies of electroless p la t ing  have been pe r fo rmed  
in the absence of t rad i t iona l  forced convection condi-  
tions, has shown tha t  a wel l -def ined  (if  nonuni form)  
mass t r anspor t  condit ion exists  due to the hydrogen  
gas evolved dur ing  the p la t ing  reaction. He ascr ibed 
differences in the appa ren t  react ion orders  for  cupric  
ion in the l i t e r a tu re  to the effects of mass  t ransport .  

This pape r  wil l  p resen t  da ta  for  EDTA baths  and de-  
t e rmine  an empir ica l  ra te  law f rom these data. F u r -  
ther, since this work  represents  the  seventh  publ i shed  
s tudy leading {o, at  least,  pa r t i a l  ra te  laws, i t  is now 
possible to compare  the resul ts  ob ta ined  by  the var ious  
authors  and to eva lua te  the common and unique p rop -  
ert ies of the empir ica l  ra te  laws which have been re-  
ported.  

Experimental 
The pr inc ipa l  fea tures  of the  expe r imen ta l  a r r ange -  

ment  and  procedure  have been given e l sewhere  (1, 10). 
E thylenedin i t ro loace ta te  anion (EDTA) was the ligand. 

1 P r e s e n t  a d d r e s s :  BASF  W y a n d o t t e  C o r p o r a t i o n ,  P i g m e n t s  Di- 
v is ion ,  Ho l l and ,  M i c h i g a n  49423. 

K e y  w o r d s :  c a t a ly t i c  propert ies ,  e lectroless  copper p la t i ng ,  ki- 
ne t ics ,  mass transport ,  rate laws.  

The ba th  was not  ag i ta ted  and had  a volume of 200 
ml (this assured that  less than  0.5% of the copper  in 
solut ion would be consumed in the no rma l  p la t ing  
process) .  P la te  thickness  measurements  were  t aken  at  
5 min in tervals  ( the 1/2 in. plast ic  tubing  was rep laced  
by  6 m m  glass tubing wi th  a subs tan t ia l  decrease of 
the mass of the resistance probe;  this pe rmi t t ed  r e l a -  
t ive ly  fast  t he rmal  equ i l ib r ium of the reference  leg 
with  the solut ion) .  

P la t ing  rates  were  de te rmined  f rom l inear  regres -  
sions of p la te  th ickness- t ime da ta  when the measured  
mixed  potent ia ls  were  essent ia l ly  constant.  React ion 
orders  were  de te rmined  f rom l inear  regressions of the  
appropr ia t e  log pla t ing ra t e - log  concentra t ion da ta  
(1). The specific ra te  constant  was de t e rmined  by  
solving 

7p 
k : [1] 

[Cu 2 + ] a [ O H -  ] b [HCHO] c [EDTA] d 

for each of the  da ta  sets r a the r  than  the  " in tercept"  
method proposed  prev ious ly  (1) .2 

Results 
The da ta  for the p la t ing  baths  are  given in Table I. 

The ra te  law pa ramete r s  computed  f rom the da ta  are  
summar ized  in Table II. The low corre la t ion coeffi- 
cients for the reac t ion  orders  of HCHO and EDTA 
reflect the uncer ta in t ies  associated wi th  the  repor ted  
values.  

The empir ica l  ra te  l aw is 

rp = 2.81 [Cu2+]~176 exp ( 11.5 
[ O H -  ] 0.70 [EDTA] o.o4 % 

(T --  313) 

[2]  

A pprox ima te ly  90% of the measured  p la t ing  rates  were  
wi thin  20% of the pred ic ted  values. 

T h e  m e t h o d  e m p l o y e d  h e r e  g ives  equa l  w e i g h t i n g  to  a l l  expe- 
r iments  whi le  t he  i n t e r c e p t  m e t h o d  c a n  c r e a t e  a b ia s  d e p e n d i n g  
u p o n  t h e  n u m b e r  of  e x p e r i m e n t s  u s e d  to  compute  the respective 
r e a c t i o n  orders.  
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Table I. Data for electroless plating baths 

E L E C T R O L E S S  C O P P E R  P L A T I N G  

-r 
Sys t em [Cue+l [OH-] [H--COl [EDTA] t (mY vs. rp 

No. (M) (M) (M) (M) (~ SCE) ( # m / h r )  

1 0.05 0.25 0.33 0.14 30 725 1.46 
725 1.17 

2 0.01 0.25 0.33 0.14 40 857 0.68 
860 1.04 
855 0.91 

3 0.025 0.25 0.33 0,14 40 774 1.58 
797 1.66 
782 1.69 

4 0.05 0.25 0.33 0.14 40 730 1.80 
725 2.18 
727 1.72 
736 2.11 

5 0.10 0.25 0.33 0.14 40 603 2.36 
666 2.36 
631 3.00 
661 2.11 

6 0.05 0.125 0.33 0.14 40 694 2.49 
697 3.68 
684 3.48 

7 0.05 0.375 0.33 0.14 40 748 1.19 
744 1.79 
742 1.52 

S 0.05 0.25 0.16 0.14 40 734 1.75 
733 1.25 
732 1.28 

9 0.05 0.25 0.65 0.14 40 728 1.72 
714 1.33 
710 2.38 

10 0.05 0.25 0.33 0.07 40 712 2.02 
728 1.98 
718 1.54 

i i  0.05 0.25 0.33 0.28 40 729 1.63 
730 1.71 
727 1.84 

12 0.05 0.25 0.33 0,14 50 738 2.64 
721 2.28 
709 2.71 

13 0.05 0.25 0.33 0.14 60 729 4.24 

Table II. Rate law parameters 

#m M ona 
2.81 - -  (0.48) * 

h r  
Specific r a t e  cons tan t  a t  40~ 

Reac t ion  o rde r s  
Cue+: 0.43 ( 0.93 ) * * 
OH-: -0 .70  (--0.90)** 
HCHO: 0.16 (0.41)** 
EDTA:  - 0.04 ( - 0.22) * * 

Act iva t ion  e n e r g y :  7.2 k c a l / m o l e  (0.95) ** 

* S t a n d a r d  dev iat ion .  
** Corre la t ion  coeff ic ient .  

Discussion 
I t  is ev ident  tha t  sufficient kinet ics  studies of e lec t ro-  

less copper  p la t ing  have  been  pe r fo rmed  to pe rmi t  
some general iza t ions  to be made  concerning the empi r i -  
cal ra te  law. The reac t ion  orders  for  ba th  components  
f rom publ i shed  works  are  summar ized  in Table  IIL 
These da ta  r epresen t  two different  l igands,  i.e., Rochelle  
sa l t  (1, 2, 5, 6) and  EDTA (3, 4), w i th  copper  sulfate,  
formaldehyde ,  and  sodium hydrox ide  as the  o ther  ba th  
components.  

The role of mass t r anspor t  in the  appa ren t  reac t ion  
orders  of cupric ion has been discussed e l sewhere  (9). 
I t  is sufficient to note that ,  if  the computed  in te r rac ia l  
concentrat ions  are  used to evalua te  the  reac t ion  order ,  

Table III. Summary of reaction orders for electroless copper plating 

Reference 
No. Cu 2+ OH- H~CO Ligand 

( 1 ) 0.47 0.18 0.07 
(2) 0.37 0.08 0.25 ~.10 
(5) 0.6 - -  0.2 
(6) * 0.36 0.74 0.04 ~.09 
(3) 0.78 <:0.02 0.13 <:0.02 
(4) * * 1.0 0.37 0.0 

This  w o r k  0.43 - 0.70 0.16 - ~'.04 

, :  Pa r t i a l  analysis  of " s t r o n g  '~ so lut ions .  
"F ina l  deposi t ion r a t e "  of 0 r p m .  
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the differences among the var ious  react ions  for  cupric  
ion are  subs tan t ia l ly  diminished,  and the reac t ion  
order  has a va lue  of a pp rox ima te ly  0.3. Fur ther ,  the  
h igher  the react ion order  (based on bu lk  concentra-  
t ions) ,  the grea te r  is the effect of mass t ranspor t .  I t  
has also been shown tha t  the other  ba th  components  
are gene ra l ly  insensi t ive  to mass t r anspor t  effects. 

Schoenberg  (7) has shown tha t  an op t imum pH 
exists for  electroless copper plat ing.  This observat ion  
is suppor ted  if the s u m m a r y  for EDTA baths  is t a k e n  
as a unit.  Dumesic and co-workers  (4) ob ta ined  a posi-  
t ive react ion o rde r  for hyd rox ide  whi le  the resul ts  of 
this work  showed a negat ive  react ion order.  Molenaar  
and co-workers  (3), wi th  the  h ighest  p la t ing  ra tes  of 
the set, obta ined a react ion order  of app rox ima te ly  
zero. Therefore,  this summa ry  reflects the  t rans i t ion  
f rom a ra te  increase  wi th  increas ing  hydrox ide  con- 
centra t ion th rough  a m a x i m u m  to a region where  the  
ra te  decreases wi th  increas ing  h y d r o x i d e  concent ra-  
tion. However ,  since the pH's  of these  solutions were  
al l  similar,  it  is ev ident  tha t  the subs t ra te  p lays  some 
role in this "op t imum pH" phenomenon.  The da ta  for 
Rochelle sal t  baths  a re  also consis tent  wi th  an op t imum 
pit ,  bu t  are  less convincing since no negat ive  react ion 
orders  have been repor ted .  

The react ion order  of the l igand, where  evaluated ,  
is seen to be ve ry  smal l  and more  or  less independen t  
of its chemical  nature .  S imi lar ly ,  the  reac t ion  order  
of fo rmaldehyde  is also low. 

These general iza t ions  concerning the reac t ion  orders  
of the ba th  components,  whi le  demons t ra t ing  a degree  
of un i ty  among publ i shed  ra te  studies, have  u n d e r -  
l ined essential  differences among them which, in  a l l  
l ikelihood, cannot  be resolved.  These points a re  (i)  the  
cata lyt ic  p roper t ies  of the surface  on which  the  deposi -  
tion occurs, and  (ii) the effects of mass t r anspor t  on 
the appa ren t  specific ra te  constant  and  the  appa ren t  
react ion order  for  cupric  ion. 

Because each of the authors  used a pa r t i cu l a r  method  
of measur ing  the p la t ing  ra te  (five different  methods  
were  used b y  the authors  c i ted) ,  the  subs t ra tes  on 
which p la t ing  was pe r fo rmed  (two different  classes of 
subst ra tes  were  used, i.e., meta l  and  sensi t ized non-  
conductors)  p robab ly  possessed different  in i t ia l  mor -  
phologies and, depending  on the p la t ing  rates,  which  
could have changed dur ing  the p la t ing  process [e.g., 
note the "ini t ial"  and "final" ra tes  of Dumesic  and  
co-workers  (4)] .  Therefore,  one in tui ts  tha t  a l l  of the  
authors  s tudied the p la t ing ra te  of the electroless  cop- 
per  process on surfaces wi th  different  ca ta ly t ic  (or  
e lec t rocata ly t ic )  propert ies .  This could exp la in  the  fact  
tha t  large  differences in p la t ing  ra tes  have  been r e -  
por ted  for s imi la r  baths,  e.g., compare  S h i p p e y  (1) 
wi th  E1-Raghy (2) and Goldie  (6). Since no method 
of defining the ca ta ly t ic  proper t ies  of the surface is 
avai lable  and the suggest ion tha t  differences exis t  is 
a posteriori,  the question cannot  be resolved.  

The effects of mass t r anspor t  a re  also in t ima te ly  
associated wi~h the previous  quest ion of ca ta ly t ic  p rop -  
ert ies of the surface. If  an in te r fac ia l  reac t ion  is s low 
(i.e., the surface has a low ca ta ly t ic  ac t iv i ty) ,  mass 
t r anspor t  effects are  usua l ly  small.8 The previous  r e -  
marks  about  the  appa ren t  low reac t iv i ty  of  the  su r -  
faces in the studies of E1-Raghy (2) and  Goldie  (6) 
and the comment  of Donahue  (9) tha t  " . . .  Goldie  and  
E1-Raghy ev iden t ly  were  opera t ing  in a region where  
mass t ransfe r  effects were  m i n i m a l . . . "  would  t end  
to suppor t  this argument .  Molenaar  (3) and  Dumesic  
(4), where  mass t ransfer  effects were  la rge  (9), were  
p robab ly  ope ra t ing  wi th  h igh ly  ca ta ly t ic  surfaces. The 
role of mass t r anspor t  of cupric  ion and its effect on 
the appa ren t  react ion o r d e r  have been  adequa te ly  
t rea ted  e lsewhere  (9), but, f rom these comments,  i t  is 
ev ident  tha t  these effects cannot  be assayed adequa te ly  
unt i l  the exper iments  have  been completed.  S imi -  

3 This  assumes ,  of course ,  t h a t  the  co n cen t r a t i o n  of r e a c t a n t  is 
not  pa r t i cu la r ly  low. 
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lar ly ,  the  appa ren t  specific ra te  constant  is s t rong ly  
influenced (see Eq. [1]) b y  both the concentra t ion 
( in terracia l  or  bu lk )  and  the appa ren t  react ion o rde r  
(" in ter rac ia l"  or "bu lk" )  of cupric  ion used in the  

computat ion.  
The r emarks  given to this point  in this "Discussion" 

have  been a imed at  under s t and ing  the un i ty  among 
publ ished ra te  studies and a t t empt ing  to resolve  the  
differences which  exist.  In conclusion, i t  seems ap -  
p ropr ia te  to focus on the reasons for  the  d iverse  r e -  
su l t s  and on the na tu re  and purpose  of empi r ica l  ra te  
laws. An  empi r ica l  ra te  l aw  is a ma themat i ca l  descr ip-  
t ion of da ta  ob ta ined  for  a collection of p la t ing baths.  
To the ex ten t  tha t  the  ra te  computat ions  and concen-  
t ra t ion  measurements  a re  correct  and the procedure  
(1) is followed, the  empi r i ca l  ra te  l aw is a va luab le  
descr ip tor  of the process unde r  considerat ion.  Thus, i f  
one wants  to ascer ta in  the op t imum pla t ing  ba th  
composition, 4 the ra te  l aw can be used (11) p rov ided  
the mass t r anspor t  condit ions are  not  changed in the  
t rans i t ion  f rom l abo ra to ry  to plant ,  the sample  p r e p a -  
ra t ion procedure  is not  changed and concentra t ions  of 
ba th  components  are  in te rpo la ted  (not  ex t r apo la t ed )  
in the computat ions.  Therefore,  g i v e n  ou r  p resen t  
knowledge  of the na tu re  of the  electroless p la t ing  p ro -  
cess and the uncer ta in t ies  associated wi th  the  sub-  
s t r a t e -mass  t r anspor t  interact ions,  i t  is to be expected  
that  different  sample  p repa ra t ion  procedures  wil l  lead  
to different  ra te  laws. 

Conclusions 
Kinet ics  studies of Cu2+-HCHO-EDTA baths  have 

resul ted  in an empi r ica l  ra te  law. This ra te  l aw  has 
been compared  wi th  those for  o ther  EDTA baths,  and  
the resul t ing  analysis  has shown tha t  mass t r anspor t  
of cupric  ion p lays  some role in al l  baths,  an appa ren t  
op t imum hydrox ide  ion concentra t ion exists (which, 
however,  depen4s on the na tu re  of the subs t ra te)  and  
fo rma ldehyde  atld EDTA have  low react ion orders.  
S imi la r  conclusions were  d r a w n  for Rochelle salt  baths.  

The in terac t ion  be tween  subs t ra te  ca ta ly t ic  ac t iv i ty  
and mass t r anspor t  were  discussed, but  no resolut ion 
of these effects for  publ i shed  ra te  studies seems feasi-  
ble at  this t ime. 

~This optimization is based on kinetic considerations only. A 
complete optimization would have to coasider "extra-kinetic" 
properties of the deposit such as morphology, ductility, adhe. 
sion, etc. 

The u t i l i ty  and  l imi ta t ions  of empir ica l  ra te  laws 
were  discussed. 
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ABSTRACT 

The ac t iva ted  or  ca ta lyzed  surface condit ions for  in i t ia t ing  electroless  
m e t a l  deposi t ion were  s tudied  by  means of t ransmiss ion e lec t ron microscopy 
and e lect ron diffract ion analysis.  Four  mixed  PdC1JSnC12 catalysts ,  inc luding 
two commerc ia l  samples,  and five accelerators  (NaOH, HC1, H2SO4, NH4OH, 
a n d  NI-I4BF4) were  used in this  s tudy.  The accelera t ion  wi th  NaOH gave the 
f inest  r ema in ing  par t ic les  which were  a lmost  ba re  act ive nuclei,  whi le  the  ac -  
ce l erat ion  with  ammona te  group (NH4OH and NI-I4BF4) coagula ted  smal l  p a r -  
t icles to produce  h igh  dens i ty  part icles .  The e lec t ron diffraction pa t te rns  af ter  
act ivat ion,  for  the  cata lys ts  p r e p a r e d  in our  labora tory ,  showed amorphous  
broad  diffract ion r ings which were  exp la ined  as fcc s t ructure,  whi le  for the 
commercia l  catalysts ,  they  showed re l a t ive ly  sharp  and ne t l ike  profiles which  
could be a t t r i bu ted  to or thorhombic  s tructure.  The e lec t ron diffract ion pa t t e rns  
af ter  accelera t ion  wi th  NaOH became the sharper  profiles of fcc s t ructure ,  
h o w e v e r  in the case of ammona te  group, they  showed the compl ica ted  profiles 
of  n o n - f c c  s t ructure .  F ina l ly  the  ca ta ly t i ca l ly  act ive sites or  nuclei  a re  dis-  
cussed. 

T h e r e  have  been two groups of invest igat ions of 
the  PdC12/SnC12 ca ta lys t  solut ion in i t ia t ing  electroless  
p la t ing  onto nonmeta l l ic  substrates,  namely,  to focus 
on whe the r  the  ca ta ly t ic  ac t iv i ty  is due to P d - S n  
solute complexes  or  to the  presence of colloidal  pa r -  
ticles in the ca ta lys t  solution. Mat i jevid  et al. (1) 
concluded tha t  col loidal  par t ic les  in solut ion exhib i t  
ca ta ly t ic  ac t iv i ty  on the basis of colloid science mea -  
surements .  The presen t  authors  (2) also showed the 
col loidal  states to be act ive by  photospectroscopy 
(u.v. and vl)  and e lect ron microscopy. The final act ive 
sites in i t ia t ing  meta l  deposi t ion have been discussed 
wi th  some resul ts  of e lect ron diffraction (3, 4), MSss- 
bauer  (5), and Ruther fo rd  scat ter ing spectroscopies 
(6). By elect ron diffraction analysis  Fe lds te in  et al. 
(3) showed the fcc diffraction pa t te rns  which were  
due to Pd3Sn. Cohen et al. (5) using MSssbauer  
spectroscopy constructed a model  in which the col- 
lo idal  par t ic les  consist of P d - S n  al loy core wi th  a 
s tabi l iz ing l aye r  of adsorbed  S n ( I I )  ions. Meek (6) 
indica ted  f rom Ruther fo rd  scat ter ing measu remen t  
tha t  the  P d / S n  rat io  b e c o m e s ( ~  < )  1 a f te r  act ivat ion 
and ___3 af te r  accelera t ion and f inal ly ~ 6  at  the 
in i t ia l  s tage of copper  plat ing.  The presen t  authors  
(2) der ived  the  conclusion f rom x - r a y  photoelec t ron 
spect roscopy tha t  the  P d / S n  rat io a f te r  accelera t ion  
depends  on the ca ta lys t  ac t iv i ty  and tha t  i t  is less 
than  unity.  In  this communicat ion,  we wil l  discuss 
t h e  surface conditions of P d - S n  par t ic les  on the sub-  
s t ra te  revea led  b y  e lect ron diffract ion s tudy and also 
inves t iga te  the  accelera t ion  effect on surface con- 
ditions. 

Experimental 
Three  samples  of PdC1JSnCI~ cata lys ts  which  were  

employed  in the  previous  s tudy  (2) and the commer -  
cial sample  "F" were  used and the deta i led  p r e p a r a -  
tions and composit ions were  prev ious ly  shown in 
Ref. (2). The sample  "A" (low cata lyt ic  ac t iv i ty)  
and  "D" (high cata lyt ic  ac t iv i ty)  were  p repa red  in 
our  l abo ra to ry  wi th  reference  to some patents  and 

�9 Electrochemical Society Active Member. 
Key words: electroless plating, mixed PdC12/SnCI~ catalyst. 

Mati jevid 's  exper iments  (1). Sample  "E" (Hi tachi  
Kasei  Company HS-101B) and "F" (Ship ley  Company 
Cataposi t  No. 44) were  used as typica l  commercia l  
samples  (cf. Table  I ) .  Sample  "F" is one of the  sa l ty  
cata lys ts  using NaC1 ins tead of HC1. F ive  accelera tors  
(1M NaOH, 6M HC1, 1.12M H2SO4, 1M NH4OH, and 
1M NH4BF4) were  used for the test of accelera t ion  
effect. The ca ta lys t  ac t iv i ty  and the accelera t ion effect 
were  tested wi th  mixed  potent ia l  measurements  in an  
electroless n ickel  p la t ing  ba th  (composi t ion and con- 
dit ions:  NiC12.6H20 29.4 g/l ,  malonic  acid 20 g / l i te r ,  
L -aspa r t i c  acid 21.0 g / l i ter ,  demethy lamine  borane  3.54 
g / l i te r ,  pH 9.5 ad jus ted  wi th  NH4OH, ba th  t e m p e r a t u r e  
70~ Al l  solut ions were  p repa red  wi th  r eagen t  grade  
chemicals  and doubly  dis t i l led water .  The immers ion  
t ime was 3 min for ac t ivat ion and accelera t ion p ro -  
cesses, respect ively.  A wa te r  r inse step was added  be -  
tween each step of p r e t r e a t m e n t  for  electroless plat ing.  
Copper  wire  and collodion film were  adopted  as sub-  
s t ra tes  for mixed  potent ia l  measurements  and  t r ans -  
mission e lect ron microscopy.  Elect ron microscopy mea -  
surements  were  made  using a JEOL JEM-7A ins t ru -  
men t  wi th  a 100 kV elect ron source. Elec t ron  diffract ion 
pa t te rns  were  analyzed  wi th  reference  to the ins t ru -  
menta l  factor  de te rmined  by  a s t anda rd  sample  of 
evapora ted  gold. 

Results and Discussion 
Acceleration e/~ect on catalyst functionality.--The 

mixed  potent ia l  measuremen t  in the p la t ing  ba th  was 
proposed to inves t iga te  the  funct ional i ty  of cata lys ts  
in the previous  paper  (2), and it was shown tha t  the 
ca ta lys t  ac t iv i ty  o rder  corresponds to the  reverse  o rde r  
of the induct ion t ime (i.e., in i t ia t ion t ime of electroless  
p la t ing  af ter  immers ion  of copper  wi re ) .  The induct ion 
t ime can be easi ly  de te rmined  f rom the drast ic  change 
of the mixed  potent ia l  of copper  wire.  Table  II  shows 
the induct ion t ime measured  in the Ni-B electroless  
p la t ing  bath.  The ac t iv i ty  o rder  of ca ta lys t  solutions, 
p rev ious ly  shown in Ref. (2), is A ~ D < E, and the 
sa l ty  ca ta lys t  "F" is s i tuated in posi t ion be tween  "A" 
and "D". The reason tha t  the commercia l  sample  "F" 
has lower  ac t iv i ty  can be a t t r i bu ted  to the  increase  

2343 
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Table I. Compositions of mixed PdCI2/SnCI2 
Catalyst solutions 

Sample  name A D E F 

PdCl~ (g)  1 1 HS101B Cataposit 
60 ml  No. 44 30 ml  

SnClz2H~O (g) 22 50 
m m ~ Cataprep 

No. 404 270g 
Conc. HCI (ml)  60 300 320 
Water (ml) to 1000 600 620 840 

Table II. Effect of acceleration on induction time in electroless 
Ni-B plating bath (see) 

Ac~ti. erACCel. ", ator 

vator  ~ X  NaOH HC1 H2SO, NH~OH NH4BF, 

A 2.4 2.6 3.6 3.3 2.9 
D 0.7 1.0 1.3 1.3 1.6 
E 1.0 1.1 1.5 1.4 1.0 
F 2.0 1.9 3.7 2.2 3.6 

of charged meta l  a toms which is caused by  the usage 
of sal t  ins tead of HC1 (cf. the  l a te r  discussion).  The 
accelerators  NaOH and HC1 are  more  active than  the 
others. Al though  the differences are  not so clear,  the 
o rde r  of ca ta lys t  ac t iv i ty  af ter  accelera t ion is NaOH 
~_~ HC1 > NH4BF4 > NH4OH > H2SO4. Rante l l  and 
Hol tzman (4a) found a s imi lar  o rder  of NaOH > 
NH4HF4 > H2SO4, while  the  de te r iora t ion  of ca ta ly t ic  
ac t iv i ty  th rough  pro longed t r ea tmen t  in the case of 
acid group accelerators ,  which was pointed out  by  
Rante l l  and  Holtzman, was not  so c lear ly  not iced in 
our  exper iments .  

Transmission electron microscopy.--The act iva ted  
surface condit ions were  inves t iga ted  by  t ransmiss ion 
e lec t ron  microscopy using collodion film. The colloidal  
par t ic le  sizes of catalysts  "A", "D", and "E" adsorbed  
on collodion films, which were  prev ious ly  discussed 
in Ref. (2), were  uneven par t ic les  of severa l  tens A 
or less, more  un i fo rmly  patches of 400 ~-- 700A pa r -  
ticles, and un i fo rmly  high densi ty  par t ic les  300 ,~ 
600A in diametel:. The sa l ty  ca ta lys t  "F" gives un i form 
d is t r ibu t ion  wi th  colloid sizes 300 ,-~ 400A in d iamete r  
s imi lar  to tha t  of "E." Typical  examples  a f te r  the 
accelera t ion process using "D" wi th  severa l  acceler-  
ators a re  demons t ra ted  in Fig. 1. The appearance  
af te r  accelera t ion can be classified into three  groups 
(NaOH, H2SO4; HC1; NH4OH, NH4BF4). Sodium hy-  
d rox ide  s t r ips  the  surface layers  most  effectively, 

and the finest remain ing  par t ic les  seem to be almost  
ba re  active nuclei  af ter  removing s tannous and s tannic  
oxides or  hydroxides .  Sulfur ic  acid also s tr ips  the  
surface par t ic les  bu t  i t  is c lear  f rom the l a rge r  re -  
main ing  par t ic le  sizes that  the  accelera t ion action of 
H2SO4 is lower  than  that  of NaOH. Wi th  HC1 accel-  
e ra tor  the remain ing  par t ic les  become smal le r  and 
uni form par t ic le  contr ibut ion of severa l  tens A pa r -  
ticles. In  the case of NH4OH or NH4BF4, i t  is shown 
that  the  accelerat ion process coagulates the small  
par t ic les  to produce  high dens i ty  part icles .  Since i t  
is confirmed by  the e lect rochemical  potent ia l  sweep 
technique as shown in Ref. (2) that  the accelerat ion 
wi th  NH4BF4 c lear ly  removes adsorbed Sn, leaving  
Pd  nuclei  on gold, i t  m a y  be concluded tha t  the  
coagulat ing par t ic les  whose d iameters  become la rge r  
than those af ter  act ivat ion do not consist of Sn oxides 
or hydroxides  but  ammona te  compounds such as P d -  
ammonia  complexes which are  prodllced by  chemical  
reactions. Rante l l  and Hol tzman (4b) r epor t ed  phe -  
nomena s imi lar  to those wi th  ammona te  accelerators,  
that  the ca ta lys t  par t ic le  sizes become la rger  a f te r  
accelera t ion with  NH4HF4 on ABS surfaces, and they  
discussed the format ion  of Pd(NH3)4 ~+ complex in 
the case of ammonium hydroxide.  Thus, it  is concluded 
f rom the electron microscopy observat ion tha t  the 
ca ta lys t  ac t iv i ty  a f te r  accelera t ion is affected not only  
by  the ca ta ly t ic  gra in  densi ty  and size bu t  also by  

Fig. I. Electron mlcrographs of various samples on collodion film atter activation or acceleration. 1 : after activation with catalyst "D/~ 
2, 3, 4, 5, 6: after activation with catalyst "D" and acceleration with each solution. 
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Fig. 2. Electron diffraction patterns of various samples on collodion film after activation. 1: catalyst "A," 2: catalyst "D," 3: catalyst 
"E," 4: catalyst "F." 

the other factors as seen in  the case of NH4OH or 
NH4BF4 accelerators. 

Electron diffraction patterns after activation pro- 
cess.--An electron diffraction analysis was applied to 
the activated surfaces in order to obtain fur ther  
insight  into the catalyst particle conditions after ac- 
t ivat ion and /o r  acceleration. Figure 2 shows the elec- 
t ron diffraction pat terns after activation with four 
catalyst  samples. Both catalysts "A" and "D" which 
were prepared in  our laboratory according to some 
pa ten ts  give amorphous broad fcc (face-centered cu- 
bic) profiles with lattice parameters  a ---- 3.719 and 
3.986, respectively. Whereas, the commercial samples 
"E" and "F" do not show s!mple fcc profiles, bu t  
re la t ively highly crystallized and net l ike pat terns 
which can be a t t r ibuted to orthorhombic structure. 
Feldstein et al. (3) and Rantel l  et al. (4b) reported 
from electron diffraction studies that  the product  after 
acceleration has fcc structure,  though it is amorphous 
after  act ivation only. The results of "A" and "D" in 
Fig. 2 are obviously amorphous conditions with broad 
diffraction rings, bu t  they can be in terpre ted as fcc 
s t ructure  s imilar  to those after acceleration with NaOH 
accelerator (cf. Table IV). The composition for P d - S n  
alloys was reported as follows (7, 8): the solid 
solubil i ty of Sn in Pd is approximately 17 atomic 
percent  (a/o) and the fcc solid solution transforms 
into Pd3Sn (27 a/o Sn) which also has the fcc struc-  
ture. The lattice parameters  for pure Pd and for 
PdsSn are a _-- 3.89 and 3.97, respectively. Above ca. 
30 a/o the orthorhombic compounds such as PdfSn, 
PdSn2 (or pseudotetragonal) ,  and PdSn4 are reported 
except for the composition range around 40 a/o in 
which the compound of Pd~Sn2 has the hexagonal  
structure.  Therefore, the samples "A" and "D", al-  
though their  diffraction rings are broadened by some 
stannic compounds in the surface layer on active 
sites, may consist of fcc Pd -Sn  alloys having less 
than 27 a/o Sn. In  contrast  to "A" and "D" the com- 
mercial  samples "E" and "F" may have the surface 
layer  of Sn- r ich  compounds on active sites, which 
might  be produced by aging process which would 
increase the size of the colloidal particles in catalyst 
solution. The aging effect will be discussed later. 

Electron difIraction patterns after the acceleration 
process.--The typical  results of sample "D" after accel- 
erat ion with various kinds of accelerators are demon- 
strated in Table III, corresponding to the electron 
micrographs in Fig. 1, respectively. Electron diffraction 
pat terns  can be explained as fcc only in the cases of 

Table Ill. Dependence of acceleration on the crystal structure 
of Pd-Sn core 

D D-NaOH D-HC1 D-HfSO~ D-NI-LOH D-NH4BF4 

s f c c  non-fcc  f cc  non-fee  non- fce  
a = 3 . 9 8 6  a = 3 . 9 4 9  a = 3 . 9 3 7  

NaOH and H2SO4 accelerators. The accelerators NaOH 
and H2SO4 remove the surface layers on the active 
nuclei  effectively and the sodium hydroxide which 
gives the finest remaining  particles can show the bare 
conditions of catalytic nuclei  which consists of P d - S n  
alloy of fcc structure. The electron diffraction pa t te rn  
with HC1 accelerator (D-HC1) whose electron micro- 
graph shows rearranged uni form and small  particle 
contr ibut ion can be apparent ly  explained as te t rag-  
onal  s t ructure and it  might  be a t t r ibuted to some 
products of chloride or changes of the lattice from fcc 
P d - S n  alloy. The electron diffraction pat terns with 
ammonates  (D-NH~OH and D-NH4BF4) which can be 
seemingly explained as orthorhombic s tructure might  
be due to some Pd-ammonia  complexes, and it seems 
to be supported by  the results of the coagulation of 
the particles shown in Fig. 1. Therefore, the electron 
diffraction pat terns of the most characteristic two 
accelerators (i.e., NaOH and NH4BF~) are shown in 
Fig. 3. In  the case of NaOH accelerator [Fig. 3 (a ) ]  
all catalysts give the electron diffraction pat terns of 
fcc structure,  while in  the case of NI-I~BF4 [Fig. 3 (b) ] ,  
all pat terns show the non-fcc s t ructure  which can be 
apparent ly  explained as orthorhombic. Therefore, the 
results after NaOH acceleration are considered to show 
the bare active nuclei  and the results after NH4BF4 
acceleration are considered to be produced by the 
different surface conditions from the usual  active sites, 
which may result  from some ammonate  compounds 
such as Pd-ammonia  complexes. Since it  can be con- 
cluded that the electron diffraction pat terns after 
NaOH acceleration process give the informat ion of 
bare catalytically active nuclei, the discussion about  
the active sites or nuclei  is considered to be advanced 
with the results after the NaOH acceleration process. 
In  the cases of "A" and "D" the diffraction rings 
change from broad to sharp rings, and the change 
may be caused by the removal  of Sn-r ich  surface layer  
of particles. The change from non-fcc to fcc in  the 
case of the commercial  samples seems to correspond 
to the fact that the catalytic active sites of fcc s t ructure  
appear after removing the surface layer consisting of 
P d - S n  alloy of orthorhombic s tructure whose Sn con- 
tent  is much higher than that  of fcc structure.  Cohen 
and Meek (6b) pointed out that  the lattice constant  
for Pd -Sn  alloy of Pd-r ich  region of fcc s tructure 
can be changed from a ---- 3.89 (pure Pd) to 3.97 
(Pd3Sn) with the increase in Sn concentration. Only 
in  the two cases of sample "A" activation and F-NaOH 
acceleration in Table IV does the lattice constant not  
fall in  this range, namely,  it is smaller  than that  of 
pure Pd (a ---- 3.89) (see Table IV). Though a lattice 
constant  smaller  than that of pure Pd is not usual ly  
expected, it  might  be caused by the facts that  the 
surface particles contain many  defects and /or  charged 
metal  atoms, and that  the surface energy in  minu te  
particles is lower than that  of the bulk  conditions. 
The amorphous conditions of the surface part icles 
suggest that  they contain m a n y  defects. The XPS 
results previously shown (2) derived the conclusion 
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Fig. 3. Electron diffraction patterns of various samples on collodion film after acceleration. (a): accelerator 1M NaOH, (b): accelerator 
I M  NH4BF4. Each number is the same as in Fig. 2. 

that  the high activity catalyst shows shifts in binding 
energies of Pd and Sn toward the metals and that  
the acceleration process causes the chemical shifts 
for Pd and Sn to occur toward the metals with lower 
binding energies. The possibility of lower activity 
catalysts of "A" and "F" containing many  charged 
metal  atoms can be inferred from the XPS conclusion. 
The change of lattice parameter  from 3.986 to 3.949 
in  the case of sample "D" is considered to be caused 
by the removal  of an Sn-r ich  surface layer  of P d - S n  
alloy, while in the case of sample "A," the change from 
3.719 to 3.878 may be due to the removal of a surface 
layer  which contains m a n y  charged metal  atoms. 

The effect of aging on the catalyst solution was ob- 
served in our experiments,  for example, catalyst "D" 
gave the major  change of lattice parameter  from 
a -- 3.766 to 3.986 with aging approximately for 3 ~ 4 
weeks. The aging effect was also reported by Feldstein 
et al. (3) and it was confirmed that  the aging effect 
on the copper deposit is to render  the product similar 
to that employing an improved conventional  sensitizer. 
I t  seems to be concluded that the aging effect changes 
the charged metal  atom to the metallic state and that 
it produces the dis tr ibut ion of wel l - formed colloidal 
particles in solution. 

Finally,  the activated surface conditions can be re-  
garded as that the catalytically active sites consisting 
of Pd -Sn  alloy have the fcc structure with various 
concentrations of Sn in the Pd-r ich  region, and that  
the active cores are usual ly  covered with Sn-r ich  
surface layers which stabilize the colloidal particles 
in solution. The accelerator usual ly  removes the sur-  

Table IV. Dependence of activation and/or acceleration on the 
crystal structure of Pd-Sn core 

Acc• t .A D E F 

Activation fcc fcc non-fcc non-fcc 
o n l y  a = 3 .719  a = 3 . 9 6 8  

f c c  f c c  f c c  fcc 
N a O H  a = 3.878 a = 3.949 a = 3.917 a = 3.796 
NH~BF~ non-f co non-fcc non-fcc non-fcc 

face layer  to give the active core with fcc structure,  
however, the accelerator of the ammonate  group 
renders the activity lower by producing some Pd-  
ammonia  complexes which give the catalytical ly low 
activity. 
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ABSTRACT 

The GaxIn l -xP  (n) (0 ----- x ----- 1) alloys are very interest ing semiconducting 
compounds ~or solar energy conversion purposes as their  bandgaps vary  from 
1.30 to 2.25 eV. The studies are performed in acidic pH (pH -~ 1) (0.5M KCI 
+ 0.1M HC1), as the photocurrents  observed are only stable in  this medium. 
The photodecomposition gives rise to the formation of In (OH)s  and Ga(OH)8 
which are soluble products at low pH, but  insoluble at higher pH. A maxi -  
m u m  efficiency is obtained wi th  the reducing agent  Fe 2+. This resul t  was in -  
terpreted as depending on the relative positions of the bands. A ma x i mum 
efficiency was also observed for the composition x = 0.36 in  all the media 
investigated. This was interpreted as a change in the different parameters  of 
t h e  a l l oys .  

Recently, there has been much interest  in  u t i l i z i n g  
semiconducting electrodes for solar energy conversion 
purposes by the photoassisted electrolysis of water, or 
for chemical storage by  means of electrochemical r e -  
a c t i o n s  with redox systems. 

In  fact, by i l lumina t ing  an n - type  electrode with 
photon energy of incident  light greater  than the band-  
gap, holes are produced in  the valence band, and then, 
as a resul t  of the electric field at  the semiconductor 
electrolyte interface, they migrate  to the surface 
where they can react with species in  solution (1-3). 
Thus, it  should be easy, wi th  sui table  semiconductor 
electrodes, to oxidize water  to oxygen by means of 
solar energy. 

For this purpose, many  semiconducting electrodes 
have been investigated. But  photocorrosion remains  
an impor tan t  problem. Genera l ly  more stable materials  
in  aqueous solutions have a large bandgap e n e r g y .  
In  fact, compounds with small  bandgaps have little 
cohesion energy, so tha t  the photodecomposition po- 
tent ia l  is often lower than  the potent ial  associated 
with oxygen evolution. So photodecomposition gen- 
eral ly occurs preferent ia l ly  (4-5). 

In  this work, semiconducting alloys (n) (GaxInl-xP)  
(0 ~ x ~ 1) are considered. These compounds are  
very interest ing because their  bandgaps, which vary 
from 1.30 eV ( InP)  to 2.25 eV (GAP), cover th e  
whole visible solar spectrum. 

Some previous studies were made wi th  these ma-  
terials. First, they were investigated with physical 
methods, such as electrorefiectance, cathodolumines-  
cence, and optical t ransmission (6-9). Then, the flat- 
band  potent ial  and the concentrat ion of major i ty  car-  
riers were determined by means of electrochemical 
impedance measurements  and compared with the re-  
sults obtained in the absence of any  electrolyte (10- 
i i ) .  

I n  previous work, these compounds were used as 
electrodes in  photoelectrochemical cells, in the absence 
of any  redox system (12-13), and some fundamenta l  
physical properties, such as the bandgap energy, the 
t ransi t ion mode, and the diffusion length of minor i ty  
carriers, were deduced and compared with those found 
in l i terature  (6-9). 

While GaP compounds have been studied a great  
deal by  photoeleetrochemistry (14-19), studies on I nP  
electrodes are more recent  and not so extensive (20- 
23). But to our  knowledge, there are no papers up to 
now on Ga~Inl -xP compounds on photoelectrochemical 
studies, except those realized in this laboratory. 

* Electrochemical Society Active Member. 
Key words: semiconductors, photoelectrochemistry, stabiliza- 

tion, solar energy, solar cell. 

The results obtained with various redox systems in  
the same aqueous electrolyte (0.5M KCI + 0.1M HC1, 
pI-[ = i ) ,  are given here. 

The main  purpose of this work is to determine t h e  
reducing agents and the composition associated wi th  
a max imum efficiency for the conversion of solar energy 
into electricity. 

Experimental 
Apparatus.hThe apparatus consisted of a 150W x e n o n  

lamp and a Jobin Yvon HRS 2 monochromator.  The 
light is chopped wi th  a PAR 121 in  order  to e l iminate  
the dark current.  

Cyclic vo l tammetry  curves are performed with the 
aid of a Fabelle potentiostat  controlled by  a voltage 
scan generator  Wenking  VSG 72. 

Electrodes.raThe photoanodes used are n - type  
Gaxln l -xP polycrystal l ine alloys (0 ~ x ~-~ 1). They 
are doped with sulfur  at a concentrat ion ~ 101T/cm 8, 
at 300~ for all  the compositions (9, 11, 12). The 
percentage in Ga and In  was determined wi th  an  elec- 
t ron microprobe. 

The ohmic na ture  contact to the semiconductor is 
insured by diffusion of tin. Before the experiment ,  t h e  
surfaces of the electrodes exposed to the light, and in  
contact with the electrolyte, are mechanical ly polished 
with diamond paste (1 ~m ~ grain size ~ 25 #m), and  
then etched with a 2% bromine-methano l  solution. But, 
after this t reatment ,  clark currents  and  photocurrents  
slowly decrease, probably due to some modification of 
the surface. So, this etching with b romine-methano l  
was not done before each experiment,  but  only before 
the first one; an electrochemical polishing of the elec- 
trodes was performed with many  cyclic vol tammetr ic  
sweeps. 

Electrode areas were de termined by  numer ica l  i n -  
t e g r a t i o n  on a photograph. 

E~ectrolyte.--All the experiments  in this work w e r e  
performed at pH ---- 1, in 0.5M KC1 -k 0.1M HC1. In  
basic, and neut ra l  pH, photocurrents  are not  stable, 
due to electrode decomposition. In terpre ta t ion  of t h e s e  
results is discussed in the following. 

The reducing agents Ti ~+, Ce 3+, Fe 2+, and the hy-  
droquinone were then introduced into the cell. In  t h e s e  
different media, the cyclic vol tammograms are re-  
corded in the dark  and under  a monochromatic  l ight  
in order to compare the efficiencies of the different 
compounds in electrolyte alone and with reducing 
agents. These efficiencies are determined by the ratio 
between photocurrents  by uni t  area, and the diode cur-  
rent  obtained at the same place as the photoelectrode, 
after the electrolyte. So the absorption of the e l e c t r o -  
l y t e  is taken into account. 

2 3 4 7  



k =~000s The sweep rate chosen for all  the recording is v -- 
10 mV/sec. 

Samples were always positioned very careful ly in  
the same place to achieve a m a x i m u m  photocurrent.  
This was realized, by fixing the cell into a plate which 
can be rotated around three axes and displaced follow- 
ing these three directions. 

Results 
Current potentia~ curves under a monochromatic 

light.--Without a redox system.--With n- type  semi- 
conductors, in the absence of any  redox system, it  is 
easy to observe an anodic photocurrent  at more posi- 
tive potentials due to oxygen evolution or decompo- 
sition of the electrode. 

The shapes of the curves on Fig. 1, can be explained 
very well by the relat ive differences be tween the pa-  
rameters  of the compounds (absorption coefficient a, 
diffusion length Lp of the minor i ty  carriers) (12). In  
fact, following G~rtner 's  theory (24), and with re la-  
tive values of aLp and the width of the depletion layer, 
the saturat ion voltage in  the in tens i ty-potent ia l  curves 
goes to lower values of the anodic potential.  (~GaP "~ 
10 .2 am -1, a InP  " ~  10 ~ a m  -1, L p G a P  "~ 2 .7  c m ,  L p I n P  ~.J 
0.9 cm). 

On Fig. 2, we can see the different efficiencies ob-  
tained as a function of the wavelength of the incident  
light, and for the same polarization of the electrodes 
(V -- 1 V/SCE) in  the electrolyte alone. All  the re-  
sults refer  to the uni t  area of the electrode. Photo- 
cur ren t  values are corrected from the in tensi ty  of the 
xenon lamp spectrum and for the response of the 
photodiode. For this, a P.D.P. 11 computer  was u t i l -  
ized. 

9 

x=0 

1,05 = I  

=0.31 

1,05 

__ _x=CL44 

X=0,~0 c . 
. . 

-0.5 O/N.HE ' 0,5 1 1.5 V 

Fig. 1. Efficiencies for different compositions x of the alloys, in 
0.SM KCI -~ 0.1M HCI (pH ~ 1.2) vs. the applied electrode po- 
tential values are corrected from the area of the electrodes. Wave- 
length of the incident light is ~. ~ 4000A. 

The photoaction spectra does not  vary  with sample 
history, or with different portions of the same sample. 
They only depend on the composition of each sample. 

With reducing agents.--The different efficiencies are 
then observed in  the presence of several  reducing 
agents under  monochromatic i l luminat ion.  

On Fig. 3 the efficiencies are given vs. applied po- 
tential, and with the reducing agents, at the same 
concentrat ion (10-3M) and wi th  the same base elec- 
trolyte (pH -- 1.2). The composition invest igated here 
is x -- 0.77, and the wavelength chosen ~ -- 500 rim. 

F, 

Go x In 1-x P=F ()0 0. 5M KCI+HCI (f~=l. 2) 

"i 
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6-  - - x : l .  

)~/.m 
Fig. 2. Effic;encies for the different composff;ons x vs. the wavelength of the incident light. Electrode potential V ~ -I- 1 V/NHE. 

All the values are corrected for the area of the electrodes. 
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]~ig. 3. Efficiencies vs. applied potential at X = 5000A. for 
Gao.771no.2aP in the presence of: 10-3M Fe2SO4, 10-3M hydro- 
quinone, 10-~M TiCI~, 10-~M CeCI~ and base electrolyte. 

If the intensity varies with the composition, and the 
redox system, the shapes of the curves remain the 
same and so they are not drawn here, consequently a 
comparison between the different alloy compositions 
are given in the base electrolyte (Fig. 4a). On Fig. 
4b, we can see that the photocurrent depends on the 
composition of the electrode, the normalization to the 
maximum photoeurrent being realized. On Fig. 5a and 
b, the magnitude of the photocurrents is given w. the 
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Fig. 4a. Efficiencies for ~, : 4000A, in the base electrolyte, for 
the different compositions x vs. the applied potential. 
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Fig. 4b. Normalized intensities relatively to the maximum photo- 
current of each curve. 
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Fig. 5bl Efficiencles obtained vs. the composition x of the alloys 
in different media: curve |, electrolyte alone; curve 2, 10-3M 
CeS+; curve 3, 10-:]M TiS+; curve 4, 10-3M Q/QH~. Wavelength 
of the incident light ~. --  5000A. Applied polarization V ~ 1.7 
V/NHF.. 

composition of the electrodes, with different reducing 
agents investigated and with the hydroquinone. 

Voi I27, No. 11 
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Fig. So. Efflciencies obtained vs. the composition x of the alloys 
in 10-8M Fe z§ Wavelength of the incident light is ~ -- 5000A 
and the applied potential V = 1.7 V/NHF, 
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Results obtained show that  maximum efficiency is 
always obtained in all media for the same composition 
x = 0.36 (bandgap 1.72 eV). 

Discussion 
In order to discuss results obtained in the base elec- 

trolyte it  is necessary to know the position of the 
bands of the compounds studied, relative to the Gibbs 
energy of the decomposition reactions, Fermi levels 
associated with the electrolysis of the water (Fig. 6), 
and redox reactions (Fig. 7). 

At  negative potentials, cathodic currents correspond 
not only to the protons reduction, but also to the 
cathodic decomposition of the electrodes. Reactions in-  
volved are the following (12) 

3 
GaP + -~ H2 ~--- Ga + PHs (Vdn~ap = --  0.46 V/NHE) 

3 
InP + ~-H2 ~=~ In -F P I ~  (VdninP = -- 0.29 V/NHE) 

~an is the potential associated with the cathodic de- 
composition at  pH = L 

The reactions of anodic decomposition of the elec- 
trodes, giving rise to anodic currents, are the following 
(12, 25, 26) 

InP + 6H20 ~ In(OH)8 -F I~POa 

+ 3H~ (Vdpin P " - -  - -  0.31 V/NHE) 

GaP + 6H~O ~_ Ga(OH)s  + H3POa 

+ 3H, (VdpGaP = -- 0.35 V/NHE) 

Vap is the potential associated with the anodic de- 
composition at pH -- 1. These values show that  anodic, 
as well as cathodic, decomposition occurs at negative 
potentials relative to the 0 V/NHE and that InP de- 
composes more easily than GaP, as values of decom- 
position potentials are lower. 

After holding a GaxIn~-xP alloy several hours at 
anodic potentials in the electrolyte alone (pH -- 1), 
under a maximum light intensity, the solution was 
analyzed by colorimetry (27) in order to detect in- 
dium and gallium. Both elements were detected. More- 
over, the surface Of the electrodes was covered with 

Fig. 6. Position of the anodic 
decomposition potentials of the -4.5 
crystals, and Fermi levels asso- 
ciated with the electrolysis of 
the water, relatively to the bands -5 
of the Gaxlnz-=P compounds 
(0 ~ x - -  1, n-type). 
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a g r ay  substance which  p r o b a b l y  was due to the  for -  
mat ion  of In (OH)3 and Ga (OH)z. 

So, pho tocur ren t  obta ined  at  anodic potent ia ls  is 
p robab ly  due to both  oxygen evolut ion  and anodic 
decomposit ion.  

Then, if the  F e r m i  levels  of the  redox  react ions  are  
considered,  re la t ive  to the  bandedges  a t  the  surface, 
Fig. 7 can expla in  our expe r imen ta l  results.  

As we can see b y  compar ison of Fig. 3 and 7, r educ-  
ing agents  having  a Fe rmi  level  nea r  the valence band  
mus t  give r ise to h igher  photocurrents .  This is in ac-  
cordance  wi th  expe r imen t a l  resul ts :  quan tum effi- 
ciencies a re  grea te r  wi th  Fe  2+ than  wi th  Q/QH2 or  
Ti ~+. Moreover,  since the Fe rmi  level  of Ce 3+ is be low 
the valence  band, the  anodic pho tocur ren t  is ve ry  
small .  

But, the widths  of the  different  r edox  couples used 
can also be taken  into account  to i n t e r p r e t  this r e -  
sult,  Table  I (28). 

A d i ag ram of the  bands  of our  semiconductors  m a y  
be  a r r anged  re la t ive  to the e lectronic  d is t r ibut ion  of 
redox  react ions (Fig. 6-7).  

The redox  sys tem wi th  h ighest  over lap  of its f i l led 
levels  w i th  the edge of the  valence band  are  expec ted  
to give l a rge r  photocur ren ts  if the different  efficiencies 
ob ta ined  in this w o r k  are  compared  to posi t ion and 
d is t r ibu t ion  of the  different  redox  couples invest igated.  

A m a x i m u m  efficiency is ob ta ined  for the  composi-  
t ion x = 0.36 (Eg = 1.72 eV).  This resul t  can be as-  
sociated wi th  a change in the behav ior  of the  com- 
pound. In fact, w i th  the  composit ion there  is change 
in the opt ical  t rans i t ion  mode (12), and  the absorpt ion  
coefficient is ve ry  different  (~ - -  104 cm -z  for InP  and 

_-- 10+2 cm-Z for GAP). As we can see, this resu l t  
is ob ta ined  for  a l l  the  reduc ing  agents  used. 

Conclusion 
In  this paper ,  we explore  the effieiencies of photo-  

cells rea l ized  wi th  G a x I n l - x P  al loys (0 < x --~ 1), 
n - type ,  a t  p H  = 1, w i th  and wi thou t  Ce 3+, Ti s+, 
Fe  2+, and  Q/QH~. at the  same concentrat ion,  10-JM. 
In  the e lec t ro ly te  alone, there  is a subs tan t ia l  decom- 
posi t ion of the electrode,  as wel l  in  the da rk  as under  
the l ight.  

With  the different  reduc ing  agents  invest igated,  i t  
appears  a m a x i m u m  efficiency wi th  Fe  2+. This resul t  
agrees  wi th  the re la t ive  posit ions of the  bands  of the 
al loys and the F e r m i  levels  of the redox  couples in-  
vest igated.  

Another  impor t an t  resul t  is tha t  a m a x i m u m  effi- 
c iency is ob ta ined  wi th  a l l  the  reducing  agents  used 
for  the  composit ion x = 0.36 of the alloys. This p rob -  
ab ly  is due to the  evolut ion of the different  pa rame te r s  
of the  compounds:  diffusion length  of minor i ty  car -  
r iers,  w id th  of the  deple t ion  layer ,  absorpt ion  coeffi- 
cient, and  t rans i t ion  mode. 
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Lattice-Gas Treatment of Supercritical Phase 
Behavior in Fluid Mixtures 

L. A. Kleint]ens and R. Koningsveld 

Central Laboratory DSM, 6160 MD Geleen, The Netherlands  

ABSTRACT 

Recently, Trappeniers  et aI. have shown that gas-gas demixing phenomena 
can be described qual i ta t ively  with the lat t ice-gas model in its simplest form. 
We have tried to develop this t rea tment  into a quant i ta t ive  theory with the 
least possible n u m b e r  of parameters.  The extended model has proven to permi t  
a fairly accurate description and prediction of supercri t ical  fluid phase be-  
havior" in  a n u m b e r  of systems. The applicabil i ty of the model is ~liustrated 
with exper imenta l  data on the system me thane /wa te r  which shows gas-gas 
demixing of the second kind. 

Lattice models have f requent ly  been used in  the 
description of phase behavior of l iquid mixtures.  One 
of the assumptions under ly ing  such t reatments  is the 
equal i ty  of the par t ia l  specific volumes of the compo- 
nents  in all l iquid phases at constant pressure and 
temperature.  In  gas-l iquid and supercritical fluid 
equil ibria  the densities of the phases may differ a 
great deal and the conventional  r igid-lat t ice model 
is less suited for describing such phenomena.  

This problem is c i rcumvented in  the latt ice-gas 
model which introduces randomly  distr ibuted vacancies 
in the lattice. The density of a system or phase can be 
reproduced easily by  ad jus tment  of the concentrat ion 
of vacancies. The model was developed by 1Vfermin 
(1) and by Mulholland and Rehr (2) for one-com- 
ponent  systems on the basis of the hole theory of 
liquids devised by Altar  (5), Cernuschi and Eyr ing  
(4), Frenkel  (3), and others. 

Trappeniers  et al. (6, 7) extended the theory com- 
b in ing  Guggenheim's  (8) two-component  lattice model 
with the latt ice-gas t rea tment  and were able to give 
a qual i tat ively correct description of the various forms 
in which gas-gas demixing occurs. The more-compo- 
nen t  latt ice-gas model has also been used by a n u m b e r  
of authors for other purposes (9-12). Quant i ta t ive 
descriptions al lowing predictions of phase behavior, 
however, have so far been very rare. In this paper  we 
analyze how Trappeniers '  t r ea tment  can be extended 
into a quant i ta t ive  predictive description of fluid 
phase behavior, re ta in ing the simplicity of the model 
and int roducing the smallest  possible number  of ad-  
j ustable parameters.  

Pure Substances 
In  the latt ice-gas model a pure substance is con- 

ceived as a b ina ry  mix ture  composed of occupied and 
vacant  lattice sites in which the vacancies contr ibute  
to the entropy but  not to the in te rna l  energy. Tem- 
perature  and pressure changes cause variat ions in the 
concentrat ion of vacancies (holes) but  Vo, the volume 
per lattice site (also hole size), is constant. We fur ther  
assume only nearest  neighbor interactions to contr ibute 
significantly to the interact ion energy. 

Since we want  to describe phase behavior  of super-  
critical systems the model should be valid for liquids 
and gases alike. Gas- l iquid equi l ibr ium in a pure sub-  
stance is considered as a fluid 1-fluid 2 equi l ibr ium 
where the two fluid phases differ in hole concentrat ion 
only. A change in hole concentrat ion alters the n u m -  
ber  of contacts between occupied sites and thereby 
the total in te rna l  (neares t -neighbor  interact ion)  en-  
ergy. 

Key words: equation of state, supercritical fluids, hole theory, 
lattice-gas description. 

Following the recipe of Trappeniers  and co-workers 
(6, 7) we extend the t rea tment  applying a suggestion 
of S taverman (13). We drop the r igid-lat t ice condi-  
tion that  each site will have the same n u m b e r  of nea r -  
est neighbors (lattice coordination number )  and as- 
sign an interact ing-surface area ~1 to the molecules. 
Likewise a surface area ~o can be assigned to the 
vacancies, which serves as a uni t  to relate al-values 
also. The adjustable  parameter  thus arising is the 
surface-area ratio pl ( =  r which, however, must  
have a value within a range imposed by the tolerances 
of the model. Such a re laxat ion of the r igid-lat t ice 
model has also been introduced by other authors (9, 
11, 14, 15) and has proven to be very useful  when  
dealing with various thermodynamic  properties. Re- 
cently we noticed the same in the description of l iquid-  
l iquid phase behavior  of l inear  and branched poly-  
ethylene solutions (16, 17). 

A fur ther  extension we found useful  consists of al-  
lowing the molecules to occupy more than one lattice 
site and even permi t t ing  broken numbers  for the 
occupancy. By now the lattice has become an abstrac-  
tion serving mere ly  as a f ramework for convenient  
derivation of usable thermodynamic relations. Such a 
procedure has already been suggested in  general  terms 
by Rowlinson (18). All  this leads to the following ex-  
pression for ~F, the Helmholtz free energy of mixing 
No holes and N1 molecules of substance 1, occupying 
ml  sites each (19) 

AF/NokT -- r In r -t- ~1m1-1 In r 

+ r162 -}- g n ( 1  -- ~1) (1 -- "n~D-1] [1] 

where r r = volume fractions of vacancies and oc- 
cupied sites, gn  : -- ~/~ w n  ~o/kT; r = No~No; ~1 -- 
1VlmJNo; Nr : No + Nlrnt, w n  : interact ion energy 
of adjacent  molecules 1 per un i t  surface area, 60, ~I -- 
surface areas of holes and molecules; r : m, ~1 : 
1 -- 01, and kT  has its usual  meaning.  

In  the application of Eq. [1] to vapor- l iquid  equi-  
l ibr ium data we found that  a pure ly  empirical  ent ropy 
correction parameter  ~1 mus t  be included. The other 
parameters,  though adjustable,  have a clear physical 
meaning which allows their magni tude  to be estimated. 
The number  of sites ml occupied by a molecule 1 is 
related to Vo by  

dl : ~lM1/voml [2] 

where d, and M1 stand for density and molar  mass of 
substance I. 

Expressions ~or exper imenta l ly  accessible quant i t ies  
can be derived from Eq. [1] by s tandard procedures. 
For instance, the pressure is obtained by applying 

p - -  ( 0hF /0V)T ,N1  
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which leads to 

-- pvo /kT  -- In ~o + (1 -- ml-1)~bl 

+ r + g n ( 1  -- 71)2(1 -- 7i~1) -2] [3] 

Within  the model  the total  volume V is given by  
V = Nero. Int roduct ion into Eq. [3] and series de- 
ve lopment  of the logari thmic te rm shows Eq. [3] to 
reduce to Boyle's law at low gas densi ty (r < <  1) 
and to a vir ia l  series in  reciprocal volume at higher 
densities. 

Vapor- l iquid equi l ib r ium conditions are the equal-  
i ty of pressure (defined by  Eq. [3] and of the chemi- 
cal potent ial  of component  1 in  the two phases (de- 
noted by ' and "). The chemical potent ial  follows 
from 

#i --~ (OAF/ON1)T,V 

and  the equi l ibr ium condit ion 

#I" --~ Ill " 

yields a relation between the concentrations of oc- 
cupied and empty lattice sites in the two phases 

7n, l -I In (~bi'/~bi") ----- ~bo"2[al -~ gn(1 --71) (i -- 71~bi")-2] 

-- r + gn(l --71) (I -- 71~i')-2] 

-~  ( 1  - -  m i  - 1 )  (~bi" - -  ~bl ' )  [4] 

This equation, together with Eq. [3] in  p" -- p", 
allows calculation of ~l' and r and, by Eq. [2], of 
the densities dl' and dl" of the phases. 

Expressions for the spinodal ( l imit  of thermody-  
namic stabil i ty) and the gas-l iquid critical point  are 
derived from (02AF/O~12)T.V -- 0 and (oSAF/o~13)T,V -- 

0, respectively (7, 19). We obtain 

(1/~o) + (1/ml~l)  = 2gn (1 -- 71)2(1 -- 71r -~ + 2~1 
(spinodal) 

[5] 
and 

(1/~o ~) -- (1 /mlr  2) ~ 6gnTl(1 -- %'1)2(1 -- 71r -4 [6] 
(critical point) 

The parameters  in Eq. [1]-[6] can be calculated 
from the gas-l iquid critical point  (Pc, To, dc) of the 
substance by a suitable combinat ion of Eq. [2], [3], 

[5], and [6]. Since the interact ion energy term gn 
usually showed a temperature-dependence departing 
slightly from that  indicated in  Eq. [1] addit ional  data 
are needed, e.g., from vapor- l iquid  equi l ibr ium at  an-  
other temperature,  to establish this dependence which 
can be described wi th  

gn = gno ~- gnl/T [7] 

We have done so with a n u m b e r  of pure substances 
and found the present  t rea tment  to lead to good 
reasonable descriptions of gas-l iquid densities in a 
wicle range of pressure and temperature.  Examples, 
referr ing to CH4 and H20, are shown in Fig. 1. Close 
to the critical point  more or less serious deviations 
between data and calculated curves can be seen. This 
may either indicate a need for fur ther  refinement 
of the model [see, e.g., Ref. (11) or (20)] or point  to 
nonclassical critical behavior  that is clearly not cov- 
ered by the present procedure. We leave this question 
open because the aim here is to describe fluid phase 
behavior in  a general  way which proves well  possible 
with the outl ined simple model. 

Binary Mixtures 
The Helmholtz f ree-energy expression for a b inary  

mixture- -vacancies  and two kinds of sites (1 and 2 ) - -  
can be derived along analogous lines; it  reads 

AF/NckT -- r In r + ~bimi-* in  ~l + ~2m2 -1 In ~z 

+ ~or + g n ( 1  -- ~ l ) q  -1] + ~or + g22(1 

-- 72)q-l] + 'r162 + gm(l -- %'2)q-l] [5] 

where q = 1 -- 71~l - - 7 2 r  %'1 = 1 - -  pZ; %'2 = 1 - -  /)2. 

The sets of parameters  (~1, gn,  pl, ml)  and (a2, g~2, 
p~, m2) can be deduced from pure-component  data as 
indicated above, and the b inary  mixture  then calls 
for two more parameters,  viz. am and gin. These can 
be derived from vapor- l iquid  or fluid-fluid critical 
data on the mixture.  To avoid the need of designing 
mixing rules for Vo, and the consequent  uncertaint ies  
introduced when derivatives with respect to concen- 
t ra t ion are taken, we postulate that  all  consti tuents in  
a mix ture  shall have the same Vo, independent  of the 
composition of the system. There wil l  be as many  
values of p as there are components and these values 
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Fig. 1. pYT diagrams for indicated temperatures in ~ Calculated; one phase densities (--) and gas-liquid coexistence densities. Experi- 
mental (literature) data; smoothed isotherms ( . . . .  ), gas-liquid coexistence (@) and critical point (Q). 
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m a y  differ, in accordance with  the  shapes of the  
var ious  molecules.  

Expressions  for  chemical  potentials ,  spinodal,  and 
cr i t ical  poin t  can be der ived  s t r a igh t fo rward ly  f rom 
Eq. [5]. The resul t ing  equations being complex we 
only  s tate  the  b ina ry  analogue of Eq. [3] here, Ref. 
(19) contains a ful l  report .  The equat ion for  the 
pressure  now reads  

- -Pvo/kT = In r + (1 --  mz -Dr  + (1 --  m~- l ) r  

�9 -}- (air "-P or162 (r -{- tZ) - -  [am --}- gm(1 --  ~'2)q-2]r 

q- [gzi(1 --  "n)r + g~z(1 --  "~2)r (q --  r -~ [6] 

A set  of b ina ry  cr i t ical  da ta  (To, Pc, x2,c) can be 
used for  the  calculat ion of am and gin, a f te r  which 
the complete  phase  d i ag ram of the  fluid 1-2 mix tu re  
can be computed  and compared  wi th  expe r imen ta l  
data. The mole  f ract ion of the second component  x.z 
is g iven  by  

xz --  [1 -p ( r162  [7] 

The ca lcula ted  curves can be represen ted  as isotherms 
on a t e rna ry  d iagram;  Fig. 2 shows an example  r e -  
fe r r ing  to the sys tem COJCH4. The pressure  var ies  
a long the curves bu t  is obviously equal  a t  both  ends 
of a t ie l ine which represen t  coexist ing phase com- 
posi t ions in t e rms  of r r and r Equat ion [7] then 
serves to conver t  the la t t i ce-s i te  fract ions r into mole  
f rac t ion numbers  and i so thermal  p(x~) plots can thus 
be const ructed f rom the ca lcula ted  curves in Fig. 2 
and compared  wi th  the ac tua l  si tuation. For  one of 
the  isotherms in Fig. 2 this comparison is made  in 
Fig. 3. The ag reemen t  be tween  expe r imen t  and p re -  
dict ion can be considered sa t i s fac tory  pa r t i cu l a r l y  in 
view of the fact  tha t  the  only  informat ion used on 
the mix tu r e  was the  cr i t ical  point. The s i tuat ion is 
comparab le  to that  encountered  wi th  pure  substances 
where  the  cr i t ical  poin t  suppl ies  the  essential  in fo rma-  
t ion for  reasonable  to good descr ipt ions  of l i qu id /  
vapor  densities.  

The sys tem C H J H 2 0  exhibi ts  gas-gas  demixing  
of the second k ind  (21-23), This involves the  occur-  
rence of two misc ib i l i ty  gaps in p(x2)  isotherms at  
t empera tu res  jus t  unde r  the cr i t ical  t empe ra tu r e  of 
water .  One of these is of the uppe r -c r i t i ca l -misc ib i l i t y  
type  wi th  a m a x i m u m  cri t ical  pressure,  the other,  
located at  h igher  pressures,  is a lower  cri t ical  misci-  
b i l i ty  gap wi th  a m in imum cri t ical  pressure.  De te r -  
minat ion,  as above, of ~m and gm from some uppe r  
cr i t ica l  da ta  proved to suffice for  an essent ia l ly  correct  

co H4 

Fig. 2. Calculated "ternary" phase diagram of the system C02- 
CH4 for indicated temperatures in ~ ~ coexistence curves, - - - - 
spinodals . . . . .  critical line. 

/ p' bar , ~  Vo = 3 6  c m 3 / m o l e  

gm = 0 . 4  

C H 4  C 0 2  

~ 1 1 -  1 - ~ - 4 2 - - -  ~ . . 2 0 6 4  
60 32(3 6 6 5  

g l l  - 1 . 1 3 +  ~ -  - 1 . 5 8 +  T 

- 1 . 3 5 2 4  - 1 . 4 7 4 3  

m l  1 0 . 9 3  

40  

0 0.2 0.4 

Fig. 3. Gas-liquid coexistence at 271.4~ in the system C02-CH4. 
Calculated with indicated values of the parameters from Fig. 2 
( - - ) ;  experimental data (e ) .  

descr ipt ion of the  ful l  phase  diagram,  inc luding the  
gas-gas  lower -c r i t i ca l  misc ib i l i ty  gap. "Ternary"  iso- 
therms ca lcula ted  for  this sys tem are  i l lus t ra ted  in 
Fig. 4 and compared  wi th  expe r imen ta l  p(x2)  sections 
in Fig. 5. The ca lcula ted  curves are  spinodals  and  
comprise  a n a r r o w e r  p(x2)  region than  the corres-  
ponding coexistence curves,  as they  should do. The 
locat ion of the  ca lcula ted  spinodals  is in good ag ree -  
ment  wi th  that  of the  expe r imen ta l  coexistence curves. 

Discussion 
The aim of the presen t  s tudy  was the deve lopment  

of adequa te  equations descr ibing fluid-fluid phase be -  

3- 

1- 

p, Kb.r  Ii 
1 : 353 ~ l 
2 : 355 ~ 
3 : 360 ~ 
4 : 350 ~ 

XH20 

C H 4  012 0'.4 0'.8 0'.8 H2 0 

Fig. 4. Spinodals calculated with vo = 25, INCH4 = 1.35, and 
mH20 --" 0.72 at indicated temperatures in ~ 
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2 

1 

p, kbar 

f 

Fig. 5. Experimental coexistence curves, in the system CH4-H20. 
For temperatures see caption of Fig. 4. 

havior and involving a minimum number of adaptable 
parameters. Using the two-component lattice-gas 
model as a starting point we found the introduction 
of interacting-surface-area ratios to relax the lattice 
model sufficiently without undue increase in number 
of adjustable parameters. As yet we did not ascertain 
whether this favorable situation is either brought 
about or limited by an important assumption under- 
lying all our calculations, viz. the independence of 
the lattice cell volume Vo of concentration, tempera- 
ture, and pressure. This assumption was made to 
avoid the need to draw up arbitrary mixing rules 
for vo, and thus to reduce the number of purely 
empirical parameters. It should be noted, however, that 
the choice of the number of lattice sites m, occupied 
by molecules, fixes the value of vo for a substance. 
Intuitively one would object to values of m deviating 
considerably from unity when small molecules like 
COg are concerned. The values we used for Vo on a 
number of substances and systems (about 20 cmS/ 
mole) agree fairly well with the equilibrium value 
estimated by Frenkel (3). 

The surface-area ratios p, number of occupied lattice 
sites m, and cell volume Vo are parameters open to 
appraisal on physical grounds. This is also true for 

the parameter g which is related to the interaction 
energy between adjacent molecules. It proved nec- 
essary, however, to correct the entropy of mixing 
terms in the Helmholtz free energy expressions (log- 
arithmic terms in Eq. [1] and [5]) with merely 
empirical parameters (a and g110) which have to be 
accepted at face value. Yet, the fact that the AF 
expressions developed here can be fitted so well to 
experimental data gives some credence to the math- 
ematical form of the equations. It is probably the 
interacting surface-area ratio which mainly provides 
for the versatility of the present treatment. 

In this study we derived values for the various 
parameters from a minimum number of experimental 
data, in order to be able to test the predictive value 
of the procedure. Alternatively, one might optimize 
the parameters using all experimental data available 
and thus possibly obtain better descriptions. Apart 
from phase-equilibrium data, the present objective, 
one could also use compressibilities and thermal ex- 
pansion coefficients. This is a subject of current study. 

Manuscript submitted April 16, 1980; revised manu- 
script received June 10, 1980. This was Paper 548 pre- 
sented at the St. Louis, Missouri, Meeting of the 
Society, May 11-16, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1981 
JOURNAL. All discussions for the June 1981 Discussion 
Section should be submitted by Feb. 1, 1981. 

Publication costs of this article were assisted by 
the Central Laboratory DSM. 
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Pressure Dependence of the Oxygen Electrode 
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ABSTRACT 

A commercial  oxygen electrode (YSI 5750) has been calibrated from 1 to 
1500 bar. The theory of the pressure dependence of the electrode processes, the 
oxygen fugacity, and the membrane  permeabi l i ty  is presented. A short t reat-  
men t  of the use of the electrode in  measur ing kinetic processes under  pressure 
is also given. The activation volume for the diffusion through the membrane  
has been found to be 58 • 2 cm 3 mole -1. The diffusion is always the ra te -de te r -  
min ing  step. When the increase in oxygen fugacity with pressure is not taken 
into consideration, the observed activation volume is 25 ~ 2 cm ~ mole -1. 

It  is of general  interest  to learn  how oxygen is pro- 
duced and consumed in  different envi ronments  and 
under  different circumstances. By means of the Clarck 
oxygen electrode, in situ measurements  can be con- 
t inuously  performed all over the earth, and also down 
to depths of 104m in the oceans. In  principle, all  kinds 
of oxygen exchange in  chemical and biological systems 
can be studied with this electrode at high pressures. 
But the electrode itself is influenced by pressure to 
such an extent  that  a thorough calibration is necessary 
before use. Nevertheless, some earl ier  workers have 
made detailed investigations both of the oxygen con- 
tent  of old bottom seawater and of the respirat ion of 
biological organisms without  this calibration. It  is a 
drawback that the processes taking place at the elec- 
trode are complex and not  properly known  as func-  
tions of pressure. A cal ibrat ion is therefore necessary 
and suffices when supplied with data on the high 
pressure oxygen part ial  pressure. The instruct ion note 
states: "The membrane  passes oxygen at a rate pro- 
port ional  to the pressure difference across it. Since 
oxygen is rapidly consumed at the cathode, it  can be 
assumed that  the oxygen concentrat ion unde r  the 
membrane  is zero. Hence, the force causing the oxygen 
to diffuse through the membrane  is proport ional  to the 
absolute pressure of oxygen outside the membrane.  If 
the oxygen pressure increases, more oxygen will  
diffuse through the membrane  and more current  flows 
through the sensor. A lower pressure results in  les~ 
current."  This is all perfectly true at  ord inary  pres-  
sures, say, to a few atmospheres. But  we shall see that  
it  is no longer t rue at high pressure. We seek here to 
develop the theory of this electrode at high pressure 
as far as possible and present  the calibration curve up 
to more than 103 bar. 

Experimental 
The oxygen electrode (cathode) used is a Yellow 

Springs Ins t rument  Company (YSI) 5750 nonst i r r ing  
B.O.D. bottle probe, a complete vol tammetr ic  system. 
The oxygen cathode (Fig. 1) is a thin circular gold 
foil covered with a 0.001 in. FEP Teflon permeable 
membrane  stretched over the sensor system. This iso- 
lates the sensor elements from the environment ,  but  
allows gases to enter. The reference electrode in lower 
middle is a s i lver /s i lver  chloride electrode with half-  
saturated KC1 as electrolyte and also functions as 
anode. When a polarizing voltage of 0.8V is applied 
across this sensor system, oxygen that  has passed 
through the membrane  reacts at the cathode, causing a 
current  to flow. The probe current  with air  as medium 
at 30~ is 19#, according to specifications. A small  
problem was caused by the pressure difference over 
the membrane  due to the compression of the inne r  
electrolyte volume. Some irregulari t ies  followed, and 
the membrane  was often damaged. Usually, this w a s  

z Also at The Norwegian Underwater Institute N-5034 Gravdalo 
Bergen,  Norway. 

Key worQs: membrane,  kinetics,  dii~ualon. 

avoided by not fastening the membrane  too tight. A n -  
other type of dissolved oxygen probe (YSI 5739) has a 
pressure compensating system with an electrolyte 
bypass through a vent  on the side of the probe to the 
inside of the membrane.  In this way there is no bui ld-  
up of pressure across the membrane.  

For proper funct ioning of the electrode, s t i r r ing is 
required. This was achieved magnetically,  by enclosing 
the small  beaker above an electromotor equipped with 
a bar  magnet  wi th in  a Teflon tube  as shown in  Fig. 2. 
The oxygen probe was brought  into the beaker  
through a rubber  stopper, ensur ing that  no air  bubbles 
were trapped between the solution and the stopper. 

The pressure chamber  was made of steel, with an 
inside diameter  of 3.5 cm and 30 cm depth. The whole 
chamber was filled with hydraul ic  oil and surrounded 
by a thermostat ted oil bath. The electrode system w a s  

immersed in the oil with electrical connections through 
the lid. Control of the s t i r r ing rate at high pressure 
was obtained by measur ing the rotat ion frequency with 
an oscilloscope coupled in para l le l  with the electro- 
motor. The rate was reduced to about one-fifth at 
1000 bar, due to viscosity increase of the oil, and this 
had to be compensated by  an increased voltage. The 
temperature  of the thermostat ted chamber  was ma in -  
tained at 25.0 ~ _ 0.1~ 

The pressure was generated by an Enerpac hand-  
pump system, and was known to •  bar  at the high-  
est pressures. 

Oxygen content  was determined by the Winkler  
method, using analyt ical  reagent  chemicals. As a check 
on the l inear i ty  of the response of the electrode sys- 
tem, it was standardized every day with three solu- 
tions: (i) distilled water, boiled with Na~SeO5 to re-  
move traces of oxygen (this fixed the zeropoint reading 
on the recorder),  (ii) distilled water  saturated with air  
at 5~ and allowed to s tand for equi l ibrat ion with 
air at 25~ (iii) distilled water  saturated with pure  
oxygen at 5cC and allowed to s tand for equi l ibrat ion 

G o l d  
e l e c t r o d e  M e m b r a n e  

s i l v e r / c h l o r i d e  
e l e c t r o d e  

E l e c  t ro  l y t  e 

Fig. 1. The oxygen electrode (cathode) 
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y g e n  
; c t r o d e  

E l e c t r o -  
m o t o r  

P r e s s u r e  
t r a n s m i s s i o n  

b b e r  
) p p e r  

) l u t i o n  

g n e t i c  
r r e r  

) t a t  i n g  
t g n e t  

C 

S o l u t i o l  

b r a n e  

o l u t i o ~  

Fig. 2. Experimental setup during the high pressure calibration 
measurements. The electrode, beaker, and electromotor were im- 
mersed in the oil-filled pressure chamber. 

with oxygen at 25~ In both cases saturat ion w a s  o b -  
t a i n e d  by bubb l ing  gas through the solution for 15 rain. 

Par t ia l  molal  volume measurements  of H202 were 
performed with a Paar  DMA O2C digital densimeter.  
The accuracy was of the order 10-6g cm -s.  All den-  
sities were measured with pure water  and expressed 
relat ive to the density of water, 0.997075g cm -8 at 
25.00~ The tempera ture  control was automatic, with 
a Hewle t t -Packard  quartz thermometer ,  and had an 
accuracy of --+4 ~ • 10-8~ The par t ia l  molal  volume 
was determined from the equat ion 

V = I 0 0 0  (do - -  ds)/mdod s Jr Ms/ds 

where do is the densi ty of water, d s the densi ty of the 
solution, m the molar i ty  of the solution, and M s the 
molecular  weight of the solute. V~ at infinite di- 
lut ion was obtained by extrapolat ion along the m-axis.  
The H202 used was Merck 30% hydrogen peroxide 
"Medizinisch Rein." 

Membrane  permeabi l i ty  of the Teflon membrane  at 
high pressure was studied with the apparatus shown 
in Fig. 3. An oxygenated solution was brought  into one 
compartment ,  and boiled, near ly  oxygen-free solution 
was brought  into the other compartment,  separated by 
the membrane .  S t i r r ing  was effected by an electro- 
motor in each end. Diffusion was allowed for an hour 
at various pressures, and oxygen content  was checked 
by means of the electrode before and after diffusion. 
Corrections were applied for the t ime of mount ing  
and  dismount ing the pressure chamber  system. 

Theory 
There are at least five different factors influencing the 

measured current  when  high pressure is applied. These 
will  be treated in  order, bu t  first it must  be emphasized 
that  the analysis of charge- t ransfer  reactions under  
prcssure is difficult due to the inde te rminacy  of single 
electrode potentials. I n  principle, every rate process 
may be described in terms of the t ransi t ion-s ta te  
theory, assuming formation of an activated complex. 
Strictly, the volume of act ivat ion 

I t 

E l e c t r o -  
m o t o r  

Fig. 3. Experimental setup for measurement of membrane per- 
meability at high pressure. This compartment system was made of 
PVC and was completely filled with the two solutions, one oxy- 
genated and one deoxygenated. The system was immersed in the 
oil-filled pressure chamber, and the pressure was transmitted 
through holes in the top and the bottom block. 

R T ( a l n ~  ~ 
~v*  = " ~ - - v  "T.~.~ [1] 

is here indeterminate  due to the inconstancy of the 
inner  (Galvani)  potential  of the electrode part icipat ing 
in the charge- t ransfer  process wi th  current  i (1). 
Nevertheless, we will use the quant i ty  nV:~ in search 
of a quali tat ive indicat ion on the ra te -de te rmin ing  
process at high pressure. 

Activation at the Au electrode.--The electrode re-  
action for the reduct ion of oxygen occurs via hydrogen 
peroxide which is a more or less stable in termediate  (2) 

O~ + 2H + + 2e--> H~O~ [2] 

This reaction is followed by a certain activation vol-  
ume characteristic of the t ransi t ion step in  the elec- 
trode process. If this act ivation volume was large 
enough, this electrode process could in  principle be 
rate  de termining  at high pressure. 

Activation at the Ag/AgCl electrode.--Because the 
current  density at this electrode is small  and the elec- 
trode surface relat ively large, its influence on the 
overall  process is probably negligible. Even if there 
were a large act ivat ion volume associated with the 
AgC1 formation, it is very  unl ike ly  that  this electrode 
process should be rate de termining at high pressure. 

Oxygen p~rtia[ pressure change.--If we denote by  k 
some effective ra te -de te rmin ing  parameter  at  any  pres-  
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sure, and the fugac i ty  (par t ia l  pressure)  of oxygen  is 
1os, then  the cu r ren t  i flowing th rough  the sys tem is 
g i v e n b y  the s imple p ropor t iona l i ty  

i = k~o2 [~] 

This s t r ic t  l inea r i ty  is specified by  YSI and has also 
been verified by  us b y  means of Winkler  t i t ra t ion  of 
oxygen. The solubi l i ty  of oxygen in te rms of mole  
fract ion xos is r e la ted  to the fugaci ty  th rough  Henry ' s  
law 

fo2 = Hxo2 [4] 

H is Henry ' s  constant ,  (H ---- 43,800 bar ) .  Now, the mole  
f ract ion is pressure  independent ,  but  the fugac i ty  in -  
creases wi th  total  pressure  because Henry ' s  constant  is 
pressure  dependent .  (Or can be chosen to be  pressure  
dependent ,  o therwise  the  pressure  dependence  mus t  be 
p ro jec ted  into the ac t iv i ty  coefficient, which for our  
purpose  amounts  to the same.)  Taking the s t anda rd  
s tate  of oxygen to be pressure  independen t  and at  1 
bar,  the  var ia t ion  of Henry ' s  constant  wi th  pressure  
follows the re la t ion  (3) 

wi th  V(O2) as the pa r t i a l  mola r  volume of dissolved 
oxygen.  This leads to the  in tegra ted  form 

in (1o21Xo~) = In H ~ -5 pV (02) IRT [6] 

whe re  H ~ is Henry ' s  constant  at  the  s t anda rd  state. The 
fugacit ies  fo2(P) and Io2(0) at  the pressure  p and at  
a tmospher ic  pressure  are  then re la ted  by  

ln Io2(P)  = ln~o2(0) + pV(O2)/RT [7] 

The pa r t i a l  mola r  volume V(O2) has been de te rmined  
by  Enns et al. (4) to 32.1 _ 0.2 cm~ mole, and  is p rac -  
t ica l ly  constant  in the ac tua l  pressure  in terval .  

Pressure dependence o1 cell potentiaL--The oxygen  
e lec t rode  can be represen ted  by  the e lect rochemical  
cell  

O2(soln) ]membrane]KC1 (m)IAg/AgC1]KC1 ( m ) I A u  [8] 

The overa l l  react ion de te rmined  by  this cell  is 

O~ + 2H + + 2C1- + 2Ag --> H2Oz + 2AgCl [9] 

wi th  the Nerns t  express ion 

RT [H+ ]2[Cl-]~1o2 
4, -- ~eo -5 in [i0] 

2F [H202] 

In the unbuffered solution, H + ions will be produced 
from water by increased ionization with pressure 

( ,01nKW)T AVw 
- ~  = RT [11] 

OAe ) = OAe ~ ) RT (-~P/T (--~]T "~-T< olngwVz )TOP 

2F op 
Now using the re la t ions  

- - n F  \ - - ~ - - / T  = \ - - ~ / T  = aV [13] 

and 

K T  = - -  [14] 
OP 

Eq. [12] turns  into 

AV:AVo-S RT ( OlnKW )T 

Op T-- RT~T [151 

which by  means of Eq. [5] and [11] resul ts  in 

AV = Z~V o + hVw --  V (02) --  RT~T [16] 

The s t anda rd  volume of reac t ion  hV o can be obta ined  
f rom knowledge  of a l l  pa r t i a l  molar  volumes in Eq. 
[8] 
~ ~  = 2pAgc1-1 + ~/2 V(H2OD 

- -  2pA~ -1 --  2V(HC1) --  V(O2) [17] 

The pressure  dependence  of the cell  po ten t ia l  can then 
be calculated.  

Change ol difIusion rate with pressure.--There is a 
diffusion of oxygen molecules  th rough  the Teflon mem-  
brane,  and the measured  cur ren t  m a y  be  descr ibed 
by  the oxygen g rad ien t  over  the  m e m b r a n e  

de fo~ 
i = -- De--- = Dr-- [18] 

dx 5 

where Dc and Df are diffusion coefficients on concen- 
tration and fugaci ty  scales, respect ively.  5 is the di f -  
fusion distance, the thickness of the  membrane .  The 
las t  te rm in Eq. [18] holds when the diffusion process 
is ra te  determining.  In  the case of homogeneous diffu- 
sion in solut ion we could have wr i t t en  

( 0 1 n ~ )  ~VD* T ~-- RT [19] 

where  ~VD+ would  have  been the usual  volume of 
act ivat ion due to the  pressure  dependence  of the  d i f -  
fusion coefficient. Then, hVD ~= would  be of the  order  of 
T(10-20)  cm 3 mole -1, so tha t  diffusion ra te  would  
be reduced with  pressure.  Considering the diffusion 
p rob lem with  the d ropping  me rc u ry  electrode,  Hills  
(5) argues that  the  produc t  cD1/2 is not  apprec iab ly  
pressure  independent .  So in the presen t  p rob lem we 
have to consider  the change in m e m b r a n e  permeabi l i ty ,  
wi th  unknown ~V% along wi th  changes in Io2 and 5 

) ( olni__~/T = ( \ ~ / T o l n D f )  ~ _ < 0 1 n l o 2 )  T 0 p  \ ~ / T  

[20] 

From the diffusion measurements  under  pressure  we 
are  only able  to measure  the  combined effect of the 
first and last  t e rm of the rhs of Eq. [20] 

(Olnk~ =( O InDf/6) hVk=~ [21] 

~ / T  0 T = RT 

If the diffusion is ra te  determining,  the measured  cur -  
ren t  change wi th  pressure  should be descr ibed by  
the re la t ion  

0 1 n i )  __ z~Vi* ~VR* V(O2) [22] 

- - - ~  /T -- RT -- R------T - - }  RT 

corresponding to Eq. [3]. 
If the measured  values of AVi4 and AVk~= does not  

sa t isfy  Eq. [22], i t  is p robable  that  one of the e lect rode 
react ions is ra te  determining.  In  this case. hVk4 can 
be r e in t e rp re t ed  and ca lcula ted  f rom 

hV~* = hVi* -5 V(02)  [23] 

Calibration and Use 
In any  case, a measuremen t  of i vs. p yields a suffi- 

cient ca l ibra t ion  of the electrode. In tegra t ion  of Eq. 
[22] resul ts  in 

l n i ( p )  - -  l n i ( 0 )  [24] 
RT 

and by  using [3], we obta in  

fo2(0) = ( i (p) /k(O))  exp (pAVF~/RT) [25] 
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Here fo2(0) is the  fugac i ty  of oxygen  measu red  at  the  
pressure  p, reduced  to a tmospher ic  pressure.  The m e a -  
sured  cu r ren t  a t  p is i (p)  and the p ropor t iona l i ty  con- 
s tan t  in Eq. [3] is k(0)  a t  a tmospher ic  pressure .  

An  in te res t ing  appl ica t ion  of the oxygen  e lec t rode  is 
i ts use as a p robe  of oxygen  in k ine t ic  process under  
pressure .  Di i fe rent ia t ing  Eq. [3] wi th  respec t  to t ime, 
we g e t  

d~ dfo= 
vo = m = k = kvo~. [26]  

dt  d t  

where  Vc is the ra te  of cu r ren t  change and vo2 is  the  
ra te  of fugac i ty  change. The oxygen -p roduc ing  (con-  
suming)  process is charac te r ized  by  a cer ta in  ac t iva-  
t ion volume AVo~=P, which  is the  in te res t ing  quant i ty .  
Then 

( o l n v o ~ )  = AVo2* 
OP T RT [27] 

The logar i thm of Eq. [26] is 

In vc --  I n k  T In Vo~ [28] 

which  by  di f ferent ia t ion wi th  respec t  to pressure  
yields  

( Olnvc ~ = O l n k  ) 
7 / T  ( T / T  + ( 0 1 n v o 2  [29] 

The first t e rm is charac ter ized  by  an  ac t iva t ion  vo lume 
AVe*, and  then  

AVo2~ = : AVcJ~ - -  AVk4  = AVc 4 - - , A V i ~  - -  Y ( O 2 )  [30]  

I t  is r a the r  p robab le  tha t  the  In vc vs. p curve is not  a 
s t ra igh t  line, bu t  of the genera l  fo rm 

in vr = ao + alp + a~p~ + a3p ~ + . . .  [31] 
so that 

( o ln vc ) = az + 2asP + 3aap2 + . . . [32] 
OP T 

The correct ion necessary  to find the curve of In vo2 vs. 
pressure  is then 

( O l n k )  
( 01nVC')T0P -- " " ~ P / T  

V(O2) 
q 

RT 

and at last 

Invo2(p) = Invo~(O) + I 
L 

AVe# 

= a i +  RT 

~- 2a2p W 3asp ~ + ..* [33] 

~Vi+ V(O~) ] 
a l + ' - R - ~ +  R ~  P 

+ a s p  2 W a ~ p  3 + . . .  [34] 

Results 
To calculate the standard volume of reaction, AV o 

in Eq. [17] we need the molar volume of H202, which 
has not been found in the literature. From density mea- 
surements on a dilution series of aqueous H202, 
V(H202) was determined by extrapolation to infinite 
dilution, Fig. 4. The volume was found to be V(H202) 
= 22.8 • 0.4 cm 3 mole -1. 

From known ~values of the density of solid Ag and 
AgCI (6), the partial molar volumes of HC1 (7) and O2 
(4), we found 

AV o = 2 �9 25.8 + 2 2 . 8 - -  2 �9 10.3 - -  2 "17 .9 - -  32.1 

= - -  18.1 cm a mole  - I  

Then the  pressure  dependence  of the  s t anda rd  po ten-  
t ia l  is 

( SA'~ AV~ =9.3.10-,Vbar-1 
- - ~ - - P / Z  = 2F 

which means  tha t  the poten t ia l  increases  9.3 mV wi th  
a pressure  increase  of 103 bar.  

(-') tm ~ 
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Fig. 4. Concentration (molality) dependence of the partial molal 
volume of H202. 

The overa l l  volume change, considering dissociat ion 
and compression,  is given by  Eq. [15] 

AV = --18.1 --  22.1 --  32.1 --  1.1 --  --73.4 cm 3 mole  -1 

where  AVw o is t aken  f rom Ref. (8). This represents  a 
pressure  dependence  of the  equ i l ib r ium poten t ia l  

-~p/T = 38.5 �9 10 -o Vbar -I 

This means an increase of 38.5 mV at 1000 bar. Now, 
the polarographic process is a nonequilibrium situa- 
tion and the calculated values cannot be directly ap- 
plied here. However, a polarographic study of this sys- 
tem (9) has shown that potential changes of less than 
100 mV result in negligible changes in current, because 
the current-voltage curve has a plateau centered at the 
applied voltage. It is therefore reasonable to believe 
that the change in current due to indirect effects of 
pressure on the polarization voltage can be neglected. 
Figure 5 is a plot of In i vs. p for different oxygen fu- 
gacities. The lower curve, No. 1, represents the oxygen 
fugaci ty  in a i r - s a tu r a t e d  wa te r  and  No. 3 represents  
about  half  oxygen - sa tu r a t ed  water .  No. 2 represents  
an in te rmedia te  be tween  these and No. 4 represents  
wa te r  sa tu ra ted  wi th  oxygen  f rom enzymat ic  deg rada -  
t ion of H202 to 02 under  a pressure  of 33 bar.  Wi th  the  
possible except ion of curve No. I, t hey  a re  a l l  l inear  
wi th  pressure  and have a slope 

( 8 1 n i )  _ AVi* 
" ~ P  T R---~ --  1.013. 10 -3 b a r - 1  

which yields a volume of act ivat ion,  AVi+ --  25.1 c m  a 
mole -1. Now the volume change of the r a t e - d e t e r m i n -  
ing process, deduced f rom Eq. [23] can be ca lcula ted  

I n  i 

3 

2 

I 

I i i I I 

0 5 0 0  I 0 0 0  1 5 0 0  p / b a r  

Fig. 5. Plot of the logarithm of the measured current i, as a 
function of total hydrostatic pressure p. See text. 
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hVk~ -- 25.1 + 32.1 = 57.2 crn 3 m o l e  - 1  

This is the volume change that  results when it  is 
taken into account that the oxygen fugacity increases 
with pressure. All  other factors being constant, the 
current  should increase when the oxygen fugacity is 
increased. When this is not  so, it must  be because the 
other processes going on have a total pressure depen-  
dence that more than  compensates for the effect of the 
fugacity increase. The result  from the studies of the 
membrane  permeabi l i ty  as a funct ion of pressure is 
shown in  Fig. 6. The ordinate is the logari thm of a 
relat ive measure of the amount  of oxygen that  has 
permeated the membrane  dur ing 1 hr. The ini t ia l  
slope of the curve corresponds to a volume change 
which can be in terpre ted as the activation volume for 
the diffusion process in  the membrane.  The oxygen 
flux j through the membrane  has a pressure depen-  
dence given by 

0 1 n j ~  = Df/8 In fo2 ) T 

OP OP 

associated with the volume changes 

AVj=~ : ~Vk+ -- V(02) 

The average value of the slope was found to be hV/e 
_: 26 cm 3 mole -1 and this leads to the value ~Vk4 = 
58 cm ~ mole -1. This is an appreciable pressure depen-  
dence, and it  is clear that the membrane  diffusion is 
rate determining.  The exper imental  uncer ta in ty  here 
is about --+2 cm 3 mole -~, so this value is in good 
agreement  with the value 57.2 cm 3 mo le -L  Then, as 
could be expected, the whole electrode is operating 
under  total mass t ransfer  control also at high pressure. 
The pressure effects on the Au and the Ag/AgC1 elec- 
trodes are screened by the effect on the membrane  and 
cannot be observed. 
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Fig. 6. Plot of the logarithm of the oxygen flux j through the 
Teflon membrane, as a function of total hydrostatic pr:ssure p. 

A ny  discussion of this paper will  appear in  a Dis- 
cussion Section to be published in the June  1981 
JOUm~AL. All  discussions for the June  1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 
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Oxygen Evolution on Lal  Sr Fel Series Oxides 
Y. Matsumoto, S. Yamada, T. Nishida, and E. Sato* 

Department of Industrial Chemistry, Faculty of Engineering, 
Utsunomiya University, Ishi-icho 2753, Utsunomiya, Japan 

ABSTRACT 

Laz-zSrxFel-~CoyO~ series oxides with perovski te- type s tructure were 
synthesized and were examined as the electrode for the oxygen evolution re- 
action in alkal ine solution. The oxides except for SrCoO2.5, LaFeQ,  and their 
neighbors were suitable for the electrode with respect to high conductivity. 
The catalytic activity for the oxygen evolution reaction increases along the di- 
rection from LaFeO3 to S r C o Q  in composition. It is concluded that  the follow- 
ing two conditions are desirable for the perovski te- type oxide with high cata- 
lytic activity for the oxygen evolution reaction: (i) the oxide has a broad r 
band  and (ii) the t ransi t ion metal  cation in  the oxide exists as the higher 
oxidation state. In addition, it was found that  the catalytic activity of 
La0.~Sz%.sFeo.2Coo.sO~ is the highest in  the oxides prepared in this study. 

Some of the perovskite- type oxides with high elec- 
tronic conductivi ty show good catalytic activity for 
the oxygen evolution reaction (1-3) and the oxygen 
reduct ion (4-7). In particular,  the perovskite- type 
oxides containing Co, Fe, and Ni ions in the lattice 

* Elect rochemical  Society Active Member.  
Key words ,  oxygen evolution,  perovski te- type oxide, electro- 

catalysis, 

are excellent in catalytic activity for the oxygen evolu- 
tion reaction in alkal ine solution ( I -3) .  For example, 
the overvoltages of the par t ly  substi tuted SrFeO3 with 
Ni and Co ions are very low for the oxygen evolution 
reaction (3). The catalytic activity will be main ly  
determined by the ~* band formation of the M-O-M 
in the lattice which enhances electron transfer  from 
th# chemical species, OH- ,  into the electrode surface 
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(1). In addit ion to the electron t ransfer  step, chemical  
react ion steps are also in the process of the oxygen 
evolut ion reaction. For  the chemical  react ion step 
such as  

S O H  + O H -  -> S O -  + H20 

the higher  oxidation state of the t ransi t ion meta l  
ion in the perovsk i te - type  oxide is preferable  to the 
lower  oxidat ion state as shown in the previous paper  
(2), where  S stands for the transi t ion meta l  ion on 
the surface. 

Therefore,  as for the oxygen evolut ion react ion on 
the perovsk i te - type  oxide electrode with  high con- 
ductivity,  (i) the r band format ion and (ii) the 
higher  oxidat ion state of the meta l  ion in the oxide 
wil l  be desirable for high catalytic activity. In this 
paper, the catalytic propert ies  of Lal -=SrxFet-vCo,O~ 
series oxides wi th  perovsk i te - type  s t ructure  for the 
oxygen  evolut ion reaction in alkal ine solution are 
studied and the above two conclusions for the catalytic 
proper ty  are deduced from the var ia t ion of the cata-  
lytic act ivi ty  with x and y. The oxide electrocatalyst  
wi th  the highest  catalytic act ivi ty  in this series of 
oxides is La0.2Sr0.sFe0.2Co0.sO~. 

Experimental 
Lat-xSrxFez-yCoyO8 series oxides were  synthesized 

by using La203, SrCO3, CoO, and Fe203 as the s tar t ing 
materials.  These mater ia ls  were  s toichiometr ical ly 
mixed  with an agate mor ta r  and then heated at 1000~ 
for 2 hr  in air. The mixtures  were  reground and 
heated at 1250~176 for 6 hr  in air. The mater ia ls  
were  shown to be synthesized perovski te - type  oxides 
by x - r a y  analysis wi th  the scanning rate  2e/min _-- 
0.5~ The powders were  pressed into tablet  form 
with  100 k g / c m  2, fol lowed by sintering at 1350~ 
for 1 hr. The compositions of the perovsk i te - type  
oxides are represented as ABO3 in this paper, a l though 
the prepared oxides have some oxygen ion vacancies 
in the lattice, especially for the oxides having a large 
amount  of Sr. The specific resistivit ies at room tem-  
pera ture  were  measured by the four -probe  method. 
The type of the conduct ivi ty  of each sample at room 
tempera tu re  was determined by the t empera tu re  de- 
pendence of the resistivity. The types of the semi-  
conductivity,  n or p, were  judged f rom the signs of 
the measured thermoelectr ic  power. The thermoelec-  
tric power  was measured by a digital vol tmeter .  In 
this measurement ,  the sintered rod samples (10 X 2 X 
2 mm)  were  used and the one tip was heated 
(~100~ The electrodes were  prepared  in the same 
manner  as described in previous papers (1-3). The 
current  densities shown in this paper  are indicated 
by the apparent  ones based on geometr ical  area. 

The solution was pro-e lec t rolyzed 1M KOH. An 
H g / H g O  electrode was used as the reference e]ectrode 
and electrode potentials cited in this paper are re-  
fer red  to this electrode. The main electrochemical  test 
was made by the potential  sweep method with the 
sweep rate  of 500 sec/V at 25~ The Tafel  slopes 
were  obtained f rom the polarization curve under  
steady state in the same manner  as described in pre-  
vious papers (1-3). 

Results 
The synthesized oxides, except  for SrCoO3, consisted 

of a single phase of the perovski te - type  structure.  
The oxides synthesized in the present  study are de- 
noted by the symbol of a circle in Fig. 1, which shows 
the phase diagram giving the composition region of 
the cubic crystal  system in Lal-xSrxFel-uCouOz. In 
this figure, SrCoO8 is not of the perovski te - type  s truc-  
ture  and exists as SrCoO2s in composition (8). The 
shaded parts indicate the cubic system and the other  
region was the te t ragonal  or the rhombohedra l  system 
except  for SrCoO25. The phase diagram for the re-  
sist ivity is shown in Fig. 2. The oxides with y _>-- 0.2 
and x ---- 1 could not be so t ight ly  sintered and the 
sintering was impossible in the region of 0.6 ---< y < 1 
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0 o 

~ 02Y/~'/',~- o o o o 

,_x 0.4 

d-  
J 0.6 
.E 
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0 0.2 0.4 06 0.8 1,0 
Sr FeO 3 SrC~ 

yi.  w%o3 
Fig. 1. Composition region of cubic crystal system in the phase 

diagram of Lal-xSrxFet-yC%08 oxides. The shaded parts indicate 
the cubic crystal system. The circles denote the compositions of the 
oxides prepared in this study. @ denotes other structure. 
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Fig. 2. Distribution of resistivity at room temperature. The unit 
for the each value in the figure is Q �9 cm. The shaded parts indi- 
cate the composition region of the oxides impossible for sintering. 

for the case of SrFel-yC%O8 series oxides. The shaded 
parts in this figure indicate the composition region 
where  sintering is impossible. The resistivit ies of 
Lat-xSrzCoO8 (8) and Lal-xSrxFeO3 decrease wi th  
an increase of x, since the par t ia l ly  filled n* or ~* band 
comes to be formed, with an increase of M 4+ ion to 
bring a large interact ion with the O 2- ion in the 
latt ice (9). The d orbitals of the Co ion overlap more 
largely  wi th  the s, p orbitals of 0 2 -  ion than those 
of the Fe ion in the lat t ice of the perovski te - type  oxide, 
leading to a large contribution to the format ion of 
the ~* and n* bands. Therefore,  in the case of 
L a F e l - y C % Q ,  the resist ivi ty decreases wi th  an in-  
crease of y (10). It follows f rom the above results 
and the theories that  the resis t ivi ty is expected to 
decrease wi th  the increases of x and y, i.e., along 
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the direction from LaFeOz to SrCoO3, in  composition. 
In  the region surrounded by LaCoO3, La0.2Sr0.sFeO3, 
and LaFeO~, the above expected result  was qual i ta-  
t ively obtained as the figure shows, bu t  not in the 
other region. The unexpected result  in the lat ter  re-  
gion is based on the oxygen ion vacancies formed in  
the lattice. The oxygen ion vacanc ies ' l ead  to a de- 
crease of the conductivi ty because of the vanishing of 
the interact ion between the t ransi t ion metal  ion and 
the oxygen ion, M-O-M, in the lattice. There exists 
a large number  of oxygen ion vacancies in the lattice 
for the oxides in the composition region having large 
x values. The amount  of oxygen ion vacancies is 
qual i ta t ively determined by the electrochemical tech- 
nique described in  the following section. The high 
resistivity of SrCoO2.5 is assigned to the other s tructure 
in  which the perfect oxygen octahedra around Co 
ions do not exist. After all, La~-xSrxFel-~CoyO8 series 
oxides are suitable for electrode materials  of low 
resist ivity except for SrCoO2.5, LaFeOs, and their  
neighbors. 

Figure 3 shows the type of the conductivi ty of the 
La~-zSr=Fel-yCoyOs series oxides, which was deter-  
mined by the thermoelectric power. Strict ly speaking, 
La0.dSr0.6Fe0.2Co0.sO3 only showed metall ic conductiv-  
i ty and the other oxides showed semiconductivity.  
However, the thermoelectric powers of the oxides in 
the shaded parts are small, in l ine with the low 
resistivity of the oxides in this par t  as shown in Fig. 2. 
Therefore, these oxides are denoted as "semi-metal"  
in this figure. The semiconducting type converts at 
about x ---- 0.5 from p type (in the region of x < 0.5) 
to n type (in the region of x > 0.5), except for 
SrFe0.TCo0.803 and SrCoO2.5. The ratio of La to Sr ion 
may be responsible for the type of semiconduction 
in the Lal-xSrxFei-,jCoyO3 series oxides, but  the type 
of semiconduction has no effect on the catalytic prop- 
erties for the oxygen evolution reaction described in 
the following section. In  any  case, the semiconducting 
property, especially rectification, was not observed in 
the electrochemical tests, because of the degeneration 
of the surface due to a large number  of surface states 
formed on the sintered disk samples. 

Electrochemical propert ies.--Figure 4 shows the 
vol tammogram of La0.2Sro.sFe0.2Co0.sO8 electrode in 1M 
KOH at 25~ The other oxide electrodes, except for 
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Fig. 3. Type of the conductivity. �9 denotes the metallic con- 
doctivlty. The shaded parts indicate "semi-metal" with small 
thermoelectric power. 
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Fig. 4. Potential sweep voltammogram of Loo.2Sro.sFeo.~Coo.s03 
electrode in 1M KOH at 25~ (a) is the figure magnifying (b) in 
the potential range between 0 and 0.45V. 

LaFeOs, also showed vol tammograms similar  to Fig. 4. 
The vol tammogram was taken in a restricted potential  
region between 0V and the potential  at which the 
oxygen evolution current  density exceeds about 65 
mA/cm% The plateau oxidation current  observed prior 
to the oxygen evolution current  [see (a) in Fig. 4] 
is assigned to the following oxidation reaction of the 
electrode 

Lal-xSrzFel-yCoyOa-a + 25OH- 

-~ Lal-=SrxFel-, jC%O3 + ~H20 + 2Be- 

The oxygen ion vacancies formed in the oxide surface 
region are filled with oxygen ion in the O H -  by the 
above electrochemical reaction. The phase diagram 
for the current  densities at 0.2V [see (a) in Fig. 4] 
produced by the above electrochemical oxidation reac- 
tion of the oxide is shown in Fig. 5. In the composition 
region with large x value in Lal-=SrxFel-yCo,jO3 series 
oxides, a high current  density was observed, showing 
that  the oxides in this composition region have a large 
amount  of oxygen ion vacancies in the lattice. This 
is in l ine with the resist ivity as described in the pre-  
vious section. 

Figures 6 and 7 show the phase diagrams for the 
overvottages (~) of the oxygen evolution react ion 
at 40 and 60 m A / c m  2, respectively, which were deter-  
mined from the vol tammograms measured under  the 
same conditions as Fig. 4. From the contour l ine of 
the overvoltages, in general, the catalytic activity 
increases with increases of x and y, i.e., along the 
direction from L a F e Q  to SrCoOa in composition. The 
catalytic activity of the La0.2Sr0.sFe0.2Co0.sO3 electrode 
was the highest in the oxide electrodes studied in 
the present  paper as the figures show. However, the 
possibility will exist from the tendency of the contour 
lines that the catalytic activity of SrCoOs with perov- 
ski te- type s t ructure  is the highest in  this series of 
oxides, if preparat ion is possible. The variat ions of 
the potentials with time dur ing  anodic polarization 
at 100 m A / c m  2 for the La0.2Sr0.sFe0.2Co0.sO8 electrode 
is shown in Fig. 8. The electrode potential  slowly 
rises dur ing 35 hr, but  becomes almost invar ian t  after 
40 hr. La0.2Sr0.sFe0.2Co0.sO3 electrode, therefore, is 
good for use over long periods. Since there is little 
dissolution of this electrode, this oxide and its neigh-  
bors are suitable as anode materials  in alkal ine solu- 
tion. 

Discussion 
The mechanism for the oxygen evolution reaction 

on the perovskite- type oxides in alkal ine solution is 
proposed as follows (1-3, 11) 
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S + O H -  --> SOH + e -  [1] 

SOH + O H -  -> S O -  + H20 [2] 

8 0 -  -~ SO + e -  [3] 

2SO--> 2S + 02 [4] 

where  S stands for the t rans i t ion  meta l  ion on the 
sur face  as descr ibed a l ready.  The ra te -con t ro l l ing  
step is the second step in the  above process for the  
SrFeO~ and Lal-=SrzCoO8 electrodes (1, 2). The th i rd  
s tep is ra te  control l ing for the SrFeo.9Coo.lO3, 
SrFeo.9Nio.lO~, and  SrFeo.gTio.lO3 electrodes (3), and 
the first s tep is ra te  control l ing for  the  Lal -xSrxMnOa 
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Fig. 8. Potential-time curve under anodic polarization of 
Lao.2Sro.sFeo.2Coo.803 electrode in 1M KOH at 100 mA/cm 2 at 
25~ C, 

and SrFe0.sMn0.108 electrodes (3, 11) as descr ibed in  
the  previous  papers.  The values  of the  Tafel  slopes 
of Lal-=SrxFel-yCoyO3 series oxides for  the oxygen  
evolut ion reac t ion  are  in the range  of about  45-80 
mY/decade  except  for SrFe0.TCo0.303 and its ne igh-  
bors  as shown in Fig. 9. Under  the assumpt ion of 
Langmui r i an  adsorpt ion  conditions, this resu l t  suggests  
that  the  ra te -con t ro l l ing  step is the  second or  th i rd  
s tep for the  La1-xSr~Fel-yCoyO3 electrodes (12). The 
resis t ivi t ies  of SrFe0.TCo0.308 and its ne ighbors  a re  
r e l a t ive ly  high, as Fig. 2 shows, and  a la rge  a m o u n t  
of oxygen  ion vacancies exist  in these oxides. Al though  
the oxygen ion vacancy is e lec t rochemica l ly  filled 
wi th  oxygen  ion, the bond  s t rength  be tween  the 
newly  filled oxygen ion and the t rans i t ion  meta l  ion 
in the la t t ice  wil l  be weak.  Therefore,  a r e l a t ive ly  
large  bar r ie r ,  such as a deple t ion  layer ,  wi l l  be 
formed in the  surface region of these oxides,  l ead ing  
to the  la rge  Tafel  value.  

The  ra tes  of the  first and  the th i rd  steps are  ma in ly  
de te rmined  b y  the ~* band width,  tha t  is, the  ra te  
of e lect ron t ransfe r  increases wi th  the increase  of 
the  ~* band width.  The d -e lec t ron  configurations of 
LaFeO~, SrFeO~, LaCoO3, and SrCoO3 are  shown in 
Fig. 10. In  the case of SrCoO3, the d -e lec t ron  con- 
f iguration is given for  the  idea l  s to ichiomctr ica l  
SrCoO~ wi th  pe rovsk i t e - t ype  s tructure.  The r band  
wid th  increases wi th  increase  of x for  the  
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Lal-zSr=FeOa and Laz-xSr~CoO3 series oxides and 
increases  wi th  increase  of y for  the  LaFel -~C%O3 
series oxides.  This leads to the  conclusion, as a ma t t e r  
of course, that  the =* band wid th  of the 
Laz-zSr=Fe1-,jCouO3 series oxides also wil l  increase 
wi th  the  increases of x and y, i.e., along the direct ion 
f rom LaFeO3 to SrCoOs in composition. As a result ,  
the  rates  of the  first and th i rd  steps increase  wi th  

increases  of x and y. On the o ther  hand, for the second 
step, the ra te  is de te rmined  b y  the posit ive charge 
dens i ty  of the t rans i t ion  meta l  cation, that  is, the 
ra te  increases wi th  the increase of the amount  of Sr, 
leading to the  increase  of quadr iva len t  cation in the 
lattice,  as proposed in the previous  paper  (2). 

Consequently,  the ra te  of the  oxygen evolut ion 
reac t ion  wil l  increase wi th  the increases of x and y 
for  Lal-xSr=Fel-yCo~O3 series oxides, since the r a t e -  
control l ing step wil l  be e i ther  the second or the th i rd  
s tep as the  Tafel  slopes suggest. Therefore,  if the ~* 
band wid th  of SrFeO3 is a lmost  the  same as tha t  of 
LaCoOs, the  contour  l ine of the  ca ta ly t ic  ac t iv i ty  in 
Fig. 10 is qua l i t a t ive ly  suggested. In  this figure, the  
contour  l ine is a rb i t r a ry ,  and the ac t iv i ty  increases 
along the di rect ion f rom LaFeO8 to S r C o Q  as shown 
by  the arrow. This phase d iag ram is consistent wi th  
the exper imen ta l  resul ts  of Fig. 6 and 7 in the qual i -  
ta t ive  tendency  of the cata lyt ic  ac t iv i ty  except  for  
SrCoO2.5, SrFeOs, and the i r  neighbors.  The high re-  
s is t iv i ty  and the low ac t iv i ty  of SrCoO~.5 are  based 
on the nonperovsk i t e - type  s t ructure ,  in which the 
d -e lec t ron  configuration wil l  not  be sui table  for these 
propert ies .  In  the cases of SrFeOs and its neighbors,  
the  ~* band wid th  m a y  be different  f rom expectat ion.  

I f  SrCoOs wi th  pe rovsk i t e - type  s t ruc ture  could be 
p repa red  in some way, the ca ta ly t ic  ac t iv i ty  would 
be the  highest  of this series of oxides. Considering 
t h a t  the dissolution of SrCoO8 would  be smal l  ac-  
cording to the mechanism descr ibed in the previous  
pape r  (2), s in tered SrCoO8 with  pe rovsk i t e - type  s t ruc-  
ture  must  be a super ior  ca ta lys t  for the oxygen evo-  
lut ion react ion in a lka l ine  solution. At  the present  
stage, La0.~Sr0.sFe0.2Co0.sO.~ is the best  e lec t roca ta lys t  
of the oxides inves t iga ted  in this study.  

Manuscr ip t  submi t t ed  Jan.  8, 1980; rev ised  m a n u -  
scr ip t  received May 9, 1980. 

Any  discussion of this pape r  wil l  appear  in a Dis-  
cussion Section to be publ ished in the June  1981 
JOURNAL. All  discussions ~for the June  1981 Discussion 
Section should be submi t ted  by  Feb.  I, 1981. 

Publication costs of this article were assisted by 
Utsunomiya University. 
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ABSTRACT 

The basic technique in this system is the placement of a noble metal probe 
invasively in the stems, petioles, or peduncles of higher plants. A relerence 
electrode is placed in the soil. The time history of the potential arising be- 
tw%en ~hese two electrodes, termed an eleetrophytogram, can be related to the 
physiological status of the plant. The potentials arising in this circuit vary 
from 200 to 500 mV relative to a silver chloride electrode. The variations in 
the potential are coherent and highly reproducible. There are six broad 
categories of potential-time variation. The system has been tested under lab- 
oratory and held conditions wherein the potential data is stored locally or 
is transmitted via an rf telemetry link to a central site for analysis. The system 
is capable of long term, remote monitoring at low labor intensity under-lab- 
oratory or field conditions. 

The basic objective of this system is the de termina-  
t ion of the physiological status of plants by a con- 
tinuous, direct, in vivo, electrical measurement .  In  
essence, the technique consists of placing a noble 
metal  electrode invasively in the plant  tissue. A sec- 
ond electrode is placed in the root environment .  The 
bioelectrochemical electropotential  arising from this 
circuit is monitored, plotted, and interpreted in terms 
of the status of the plant, the plant-soi l  continuum, 
and env i ronmenta l  conditions. Figure 1 i l lustrates 
the technique in  schematic form. 

There are several  aspects of the measurement  cir- 
cuit that  must  be stressed. First  of all, the measure-  
ment  is made under  normal  conditions, that  is, there 
is almost no dis turbance of the crop canopy, nor 
the s tructure of the individual  plant. The measure-  
men t  is as passive as possible. An absolute m i n i m u m  
amount  of energy is extracted from the plant  by 
the measur ing  circuitry. The galvanic circuit path 
giving rise to the electropotential  consists of the mea-  
sur ing probe-t issue interface, the stem and /or  main  
trunk,  the roots, the root-soil interface, the soil, and 
the soil-reference electrode interface. The measured 
potential  at the output  of the two electrodes arises 
from the electrode interfaces, plus any  series galvanic 
potentials in  the circuit path. The measurement  is 
usual ly  made every 15 min, 24 hr a day for almost 
the entire life of the plant. 

Typical d-c levels range from 200 to 500 mV relat ive 
to a silver chloride electrode in  the soil. A-C var ia-  
tions of 100 mV are common, variat ions as high 
as 250 mV have been observed. The potential  is 
plotted to yield a t ime history of the potential  var ia-  
tion. This t ime history has been termed an electro- 
phytogram, or EPG (1). The ul t imate  obiective of 
the system is the derivat ion of numerica l  indexes 
of p lant  water  and growth status based on the elec- 
t rophytogram information. 

General Methods and Materials 
The noble metal  probe consists of a pal ladium rod, 

250 microns in diameter  and approximately 8 to 10 
m m  long. The electrode is inserted tangent ia l ly  or 
at an angle to the tissue surface to a depth of 1.5- 
2.5 mm. Penet ra t ion  depth normal ly  carries the probe 
well  into the secondary xylem. The electropotential  
between the measur ing probe in the tissue and the 
reference electrode in the soil is monitored with a 
high impedance amplifier. The amplifier output  is 

Key words: agriculture, potential, electrophytogram, instru- 
mentation, electrochemical. 

converted to digital form for fur ther  processing, 
transfer,  and storage. The following discussion is 
pr incipal ly  addressed to the t ransduct ion aspects of 
the measurement  technique since the electrical data 
processing is relat ively conventional.  

The probe-wire  connection and the wire leading 
from the probe is of first-order importance and must  
be handled with great care. Many connection methods 
have been at tempted under  both laboratory and 
field conditions. The opt imum technique up to the 
present  time consists of str ipping away 3-4 cm of 
insulat ion from a No. 30 (7 • 38) s t randed wire; 
cutt ing away all but  two of the strands, twist ing these 
strands, and wrapping them mechanical ly around the 
probe at a 90 ~ angle to the long axis of the probe 
and 1 mm below the end of the probe. The wires are 
then soldered to the probe. The probes can be cleaned 
and taken to the field in plastic bags for connection 
to the bur ied wires and ul t imate  connection to the 
plant. 

The reason for this care is necessitated by two 
problems encountered pr incipal ly  under  field condi- 
tions. Tests have shown that  solar radiat ion impinging 
on the insulated wire results in a rise in tempera ture  
of the metal  wire of as much as 6~ This leads to 

"• 
MEASURING 

~ ELECTRODE 

\ 
REFERENCE 
ELECTRODE 

Fig. 1. Basic electrode arrangement of the electrophytogram 
t~chnique. 
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an abnormal  influx of heat  energy into the probe- 
tissue interface. Fur ther  testing has indicated that  
a 3 cm length of un insu la ted  wire between the in -  
sulat ion and the probe permits heat t ransfer  from 
the wire to the env i ronment  and a very considerable 
decrease in  the elevated temperature  of the probe. 
The decrease in  thermal  mass as well as the increase 
in  thermal  resistance as a result  of using two strands 
fur ther  lessens this abnormai  heat transfer. The sec- 
ond reason for this procedure arises from the need 
for mechanical  isolation of the probe from the wire 
to insure proper healing and normal  informat ion 
transfer. Wind loading and mechanical  movement  of 
the p lant  requires mechanical  isolation of the probe. 
The use of only two strands of No. 38 wire and the 
presence of substant ial  slack between the probe and 
main  wire produces the required electrical connection 
at a m in imum mechanical  connection. The angle of 
approach of the wire to the probe decreases any 
"canti lever effect" of the probe by the wire The main  
wire itself is attached to the p lant  with strips of 
self-adhesive nylon mesh. With proper care in the 
handl ing of the lead wire, the p lant  will form a 
callous around the probe en t ry  point  firmly bonded 
to the metal  surface. This will yield a probe-t issue 
interface below the surface that appears normal  and 
gives no evidence of necrosis over long intervals  of 
time. Microscopic examinat ion has indicated the tis- 
sue u l t imate ly  will  grow in an invaginated m a n n e r  
around the probe. 

The success in  achieving a stable probe-t issue 
interface depends on the age and type of tissue. 
Lycopersicon esculentum (tomato),  Kaloncho~ bloss- 
]eldiana, and Gossypium hirsutum (cotton) readily 
accept the probe at  all ages. Carya pecan (pecan) 
appears to accept the probe only before the tissue 
becomes woody. It  is very difficult to penetrate  the 
woody secondary xylem since pal ladium is a soft metal. 

The amount  of energy and power which can be 
sustained by the plant  dur ing the measurement  is 
difficult to assess since the electropotential  source 
has no simple Thevinen equivalent  circuit. A crude 
model of the measur ing circuit would consist of a 
current  dependent  voltage source in  series with a 
re la t ively low output  resistance. Under  fieId condi- 
tions, the energy required to charge the wires has 
been estimated to exceed the energy required to 
drive the amplifier. For this reason, No. 30 and No. 32 
wire have been used to carry the electropotential  
signal. Fur ther  reduction in energy drain  has been 
achieved by carrying the leads in buried conduit. This 
fur ther  reduces the wire to soil capacitance and at 
the same t ime protects the leads from mechanical  
damage under  field conditions. The max imum dis- 
tance between the probe and the amplifier tested 
up to the present  time has been 40m. The input  
impedance of the amplifier must  remain  above 109~ 
(2). The published values of amplifier input  impe-  
dance have li t t le meaning  because of surface resis- 
tivities of wire insulation,  amplifier packages, and 
mount ing  boards under  the extreme humidi ty  var ia-  
tions encountered under  field conditions. Teflon mounts, 
sealed enclosures, and dessicant wi thin  the enclosures 
have been employed to reduce surface leakage. These 
precautions have been found to be necessary when  
the electronic equipment  operates in  the middle of 
a "lake" dur ing  flood irrigation. 

Acquisit ion t ime to determine the electropotential  
has been l imited to approximately 2 sec/measurement.  
During this interval,  the electropotential is measured 
three times. The use of triple redundancy  has been 
found to be a very valuable means of determining 
system and /or  probe malfunction. Resolution of 1 mV 
has been  rout inely  obtained under  field conditions. 

The kinetics of the electropotential  variations are 
such that  a sampling rate of 12-15 rain is sufficient 
to obtain an indicat ion of the t iming of most of the 

variations. This means the upper  bound on the band-  
width of electropotential  variations is approximately 
2.{) r ad ians /min  (3). 

Since the subject  of reference electrodes is such 
an extensive one, the detailed discussion of its charac- 
teristics is given in  the Appendix. 

I t  is interest ing to note that  the d-c electropotential  
levels measured with a hydroponic root env i ronment  
do not differ from those encountered with several soil 
types under  field conditions. This would indicate the 
magni tude  of the potential  contr ibut ion of the circuit 
path from the reference electrode to the roots is 
relat ively unaffected by both the root-soil  interface 
and the soil. 

Several  generations of electronic techniques have 
been employed. The present, acquisition sites have 
between 32 and 64 channels. In  addition to the electro- 
potential  data, the temperature,  humidity,  photosyn- 
thetically active radiat ion level, reference electrode, 
and electronic equipment  status are monitored The 
equipment  operating at the remote sites is ent i rely 
solar powered. 

Signal  processing circuitry is conventional.  How- 
ever, extreme care must  be taken to electrically 
isolate the t ransduct ion circuit  from line dr iven equip-  
ment. Optoisolators, magnetic amplifiers, fiber optic 
links, relays, and bat tery  dr iven amplifiers have all 
been employed to achieve electrical isolation of the 
t ransduct ion circuit in  growth chambers as well as 
in  the field. 

Field measurements  were ini t ia ted in the spring of 
1977. During the 1978 and 1979 growing seasons, elec- 
tropotentials and associated envi ronmenta l  readings 
were obtained via a 120 km rf  te lemetry  net  wherein 
the data was t ransmit ted directly to the Univers i ty  
of Arizona Campus for computer  processing. Figure 
2 shows one of the field test sites. The methods of probe 
placement  and data acquisition were tested with cotton 
and pecans. They have been found operable wi thin  
the scope of normal  commercial  agronomic operations 

Fig. 2. Commercial cotton field test site showing data acquisition 
equipment and radio frequency telemetry equipment. Avra Valley, 
Southern Arizona. 



Vol. 127, No. 11 EC I N S T R U M E N T A T I O N  SYSTEM 2367 

such as ripping, plowing, cultivation, and irrigation. 
The system is capable of remote, long term, mul t i -  
plexed measurements  of electropotential  and asso- 
ciated env i ronmenta l  data at low labor intensity.  

Categories of Potential Variation 
The potentials measured are coherent and highly 

reproducible. An examinat ion  of the phytograms yields 
a var ie ty  of potential  pulses and long dura t ion t ime 
shifts in  potent ial  level. There are six relat ively 
distinct categories of potential  variations. Each of 
these is briefly described. 

Healing potentials are observed immediate ly  after 
the penet ra t ion  of the probe into the tissue (4, 5). 
The potent ial  drops precipitously. The potent ial  then 
rises in  a roughly exponent ial  manne r  dur ing the 
heal ing process and levels off at a stable equi l ibr ium 
value. The magni tude  of the rise is 200-300 mV. 
Under  growth chamber  conditions at low light in tens-  
ities and moderate temperature  conditions, the 90% 
rise point  is a t ta ined in about  3 days. In  the field, the 
rate of rise is in  the order of 8 hr  at similar mag-  
nitudes. The healing response is extremely consistent. 
A rewounding  response of the same basic form, 
bu t  of faster duration, is observed when an impulsive 
mechanical  stress is applied to the probe lead wire. 

A hypothesis of heal ing has been developed based 
on the drop in  potential  with wounding and then 
the monotonic rise in  potential  dur ing the heal ing 
process. The basic electrochemical principle invoked 
is the correlat ion of more negative oxidat ion-reduct ion 
potentials with the presence of more highly reduced 
reactants. The init ial  decrease in  potential  is caused 
by a sudden increase of electron availabi l i ty at the 
wound site as a result  of a mixing  of hitherto sep- 
arated reactants. This enhanced electron avai labi l i ty  
or reducing power is then consumed in an ordered 
manne r  as manifest  by the monotonic rise in potential  
dur ing the subsequent  healing reaction. 

Transi t ion potentials arise at dawn and dusk. These 
potentials occur for approximately  1 hr following the 
l ight  transition. They have been studied almost ex-  
clusively under  laboratory conditions wherein  it is 
possible to expose the plants to a definitive, short 
dura t ion l ight  transition. Under  field conditions, the 
change in  light in tens i ty  is very slow at dawn and 
dusk and it  is difficult to separate out a potent ial  
var ia t ion  which can be a t t r ibuted exclusively to a 
l ight disturbance. The t ransi t ion potentials do not  
appear to be related to short term growth, bu t  there 
is a correlation of the magni tude  of the t ransi t ion 
potential  with the 24 hr  growth rate (1). 

Diurnal  potentials are potentials which occur with 
the normal  24 hr t ime cycle. Figure 3 i l lustrates a 
typical d iurna l  potential  which has been observed 
in  Kalanchog bloss]eldiana. The cyclic waveshape 
shows the sharp t ransi t ion potential  notches at l ight  
t ransi t ion points and the subsequent  shift in  d-c 
potent ial  several hours after the l ight transition. The 
potent ial  is a manifesta t ion of an endogenous rhy thm 
as seen by  the fact that  the rhy thm continues for 
approximate ly  2 cycles after the onset of continuous 
darkness. The potential  var ia t ion has been correlated 
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Fig. 3. Diurnal potential variations in Kalancho~ blossfeldlana. 
Black bars indicate dark conditions (night) in the growth chamber. 

with pH changes in  the leaves, the variat ions can 
be induced by shifting the p lant  from long (12/12 hr) 
days to short (8/16 hr) days (unpubl ished results) .  
This has led to the hypothesis that  this potent ial  
var ia t ion is a measure of the shift from C3 to cras- 
sulacean acid metabolism in  Kalancho~ blossfeldiana. 

Water-re la ted potentials have been observed in  two 
forms (6). In  the first, there is an immediate  drop 
in  d-c level by the addit ion of water  in the root 
zone. This potential  is believed to be due to a change 
in  the potential  of the root-soil interface. The second 
form of water - re la ted  potential  has been observed 
in  the field following irrigation. The potent ial  shows 
no response in  the short term, but  a very dramatic 
burs t  of electropotential  activity after a period of 
at least one day. 

The fifth category of observed potential  variat ions 
are high f requency oscillations. These oscillations have 
a f requency of 1-6 rad ians /h r  and a peak to peak 
magni tude  of a few millivolts to as high as 20-30 mV. 
They come in  bursts lasting from a few hours to 
as long as several days. 

Nocturnal  potentials have been observed under  field 
conditions only. Figure 4 shows a typical noc turna l  
potential  observed in  the peduncle of Carga Pecan. 
These occur in  the absence of any observable external  
envi ronmenta l  disturbance. They are believed to be 
related to water  status. 

The separation of potential  variat ions into these 
relat ively distinct categories does not imply  that' the 
origin of the potentials are mutua l ly  exclusive. The 
distinctions have grown out of observations of the 
electrophytograms under  external ly  induced envi ron-  
menta l  disturbances such as light or water. In te rna l  
regulatory or developmental  mechanisms can and do 
give rise to potential  disturbances as seen in the 
d iurnal  potential  waveshape in  Fig. 3 and the noc- 
tu rna l  potential  waveshape in  Fig. 4. Sharp changes 
in potential  level occurred under  constant  l ight condi- 
tions and constant  or near ly  constant  temperature  
conditions. 

With the exception of the healing potential,  the 
entire range of potential  variations follows a definite 
pa t te rn  insofar as the potent ial  variat ions are charac- 
terized by an upper  bound. Variations are normal ly  
a drop and re tu rn  to an upper  bound. Figure 3 shows 
an example of this relat ively general  observation. 
The d iurnal  potentials and nocturna l  potentials also 
i l lustrate this phenomenon.  
. Electropotential  measurements  have been made ex- 

tensively under  growth chamber and field conditions. 
The magni tude  of the potential  variat ions observed 
in  field conditions are substant ia l ly  greater than those 
encountered in growth chambers. It  is very difficult 
to a t t r ibute  an origin to this difference since the 
envi ronmenta l  conditions, age, and type of p lant  
studied all vary. The d-c electropotential  levels en-  
countered in  the lab and the field are the same. The 
magni tudes  of healing potentials are also the same. 
One encounters the same d-c levels if the root envi ron-  
ment  is a hydroponic nu t r i en t  solution or soil. 

The previous discussion has concerned individual  
potential  variat ions arising from a single probe. Be- 
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Fig. 4. Nocturnal electropotentlal variation in Carya pecan under 
field conditions. Sahuarita, Southern Arizona. 



2368 ,1'. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY November  1980 

c a u s e  the electrophytogram technique is a macro-  
scopic measurement ,  i t  is possible to implant  probes 
at many  locations in  the same plant. Figure 5 shows 
the locations of mult iple  probes in  the frui t ing branch 
of cotton dur ing the 1978 growing season. An  example 
of the comparative phytograms from'  the peduncle 
of the apical boll and the petiole of its companion 
leaf is shown in  Fig. 6. There is a s tr iking similari ty 
in  the potent ial  var ia t ion even though the probes 
are approximately 3-5 cm apart  on opposite sides 
of a f rui t ing branch. 

Discussion 
The use of the noble metal  probe results in  a mea-  

surement  of the electropotential  status of the extra-  
cellular  electrolyte at the probe-t issue interface. As- 
suming no algebraic cancellation of potentials along 
the circuit path, the d-c levels encountered are rea-  
sonable since the p lant  is very l ikely not going to 

Fig. 5. Multiple probe technique applied to the fruiting branch 
of Gossypium hirsutum. Probes are placed in the stem, peduncles, 
and petioles for simultaneous recording. 
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Fig. 6. Simultaneous electrophytogram of the apical boll peduncle 
and companion leaf petiole in a fruiting branch of Gossypium 
hirsutum. 

main ta in  its extracel lular  fluid at a high energy level. 
By using mult iple  probes one can establish a part ial  
common circuit path between the reference electrode 
and the measur ing probes. Variations in  potential  
along this common path are easily observable when  
examining  the s imultaneous phytograms of each probe. 
For example, a malfunct ion in  the reference electrode 
will show up as a change in potential  of all the 
probes at the same time and of the same magnitude.  
This has led to the conclusion that the electropotential  
variations in most cases are believed to be due to 
the conditions at the measur ing probe-t issue in ter -  
face (2). 

There are a number  of problems with the technique 
that mus t  be recognized. First, of all, the physiological 
origin or origins of the potential  variations have not 
been determined. Second, the spatial origin of the 
potential  is not well  defined. The probe surface is 
a n  equipotential  surface bathed in  a heterogeneous 
electrolyte. The d-c potential  and potential  var iat ion 
c a n  arise from a var ie ty  of sources: a change in  
reactants, a change in  reactant  concentration, pH 
level, or possible electrostatic influence. In addition, 
some of the observed changes may  be due to condi- 
tions along the circuit pa th  other than  at the mea-  
sur ing probe-t issue interface. 

While the variat ions in  potential  are coherent, con- 
sistent, and reproducible, the d-c values exhibit  a 
wide range of values. This range is present even under  
s t r ingent  probe cleaning techniques and similar place- 
men t  methods. 

The simplicity of the probe renders the in terpre ta-  
t ion difficult, i t  is possible to assert that  the probe 
measures the potential  status of the f luid~adjacent  
to its interface. Fur thermore,  the measurement  is 
extracellular.  But the t ransi t ion from a measured 
galvanic potential  to a biochemical or biophysical 
origin is a difficult one. 

Another  serious problem associated with the tech- 
nique is the need for long- term data acquisition to 
remove or lessen the influence of mult iple  uncon-  
trollable envi ronmenta l  disturbances. 

The number  of probes required to assess physiolog- 
ical status is present ly  unknown.  The answer to the 
question of probe numbers  is dependent  on a more 
fundamenta l  question: where in  the p lant  should the 
probes be placed to obtain the m a x i m u m  information? 
The probe locations shown in Fig. 5 are directed to 
answering the question of obtaining the max imum 
informat ion with the mi n i mum number  of probes. 

Given these problems, if the potential  variations 
can be related to specific physiological activity, then 
the potential  can be used as an easily acquired, non-  
destructive measure of such activity. Furthermore,  
each p lant  has definite electropotential  characteristics. 
The electropotential  activity may be used as a means 
of genetic selection. The electropotential  can be mon-  
itored from juvena l i ty  to senescence. 

With regard to field usage of the electrophytogram 
system, the most labor intensive operation in  moni tor-  
ing field crops is the need to bury  the lead wires in 
the fall and raise them again in the spring. This 
procedure is required to prevent  the destruction of 
the wires dur ing mechanical  harvest ing in the fall 
and soil preparat ion in the spring. All  electrical 
equipment  in the field must  be bur ied at least 60 cm 
below the surface to clear the r ipping operation. 
The raising of the cables must  be delayed unt i l  after 
mechanical  seeding because of the equipment  in-  
volved. Portable equipment  would obviate this prob- 
lem but  requires more electrical complexity and also 
introduces a security problem. 

It has been found necessary to run  the lead wires 
directly along the l ine of plant  main  stems. The tractor 
tolerances are such that only about 5-10 cm of u n -  
dis turbed soil exists on each side of the stem line. 
The wires cannot be seen by  the tractor operator. 
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Fur thermore,  it  is not  feasible to require special care 
on the par t  of the tractor operator in  the region of 
the probes. 

The te lemetry  antennas  have been found to present 
no problem to a i rborne crop dusters. 

The ul t imate  hardware  and software configuration 
of the system is dependent  on the crop type, i r r iga-  
t ion practice, and the size of the agr icul tural  unit.  
For  example, in  a section (259 hectares) of cotton 
planted in smaller  subunits  to stagger the water  
demand, the system would consist of semiportable 
acquisit ion pods capable of acquir ing the p r imary  
data and t ransmi t t ing  it  a max imum of 1.5 km to an 
in termediate  t ransfer  center. The data would be 
stored and subsequent ly  t ransferred via a long dis- 
tance rf  l ink  to a central  processing site for evalua-  
t ion and formulat ion of numerical  indexes. In  dis- 
cussions with growers it  is apparent  that  the mass of 
electropotential  data must  be presented in very quickly 
assimiliated form. Numerical  indexes derived from 
the electropotential  data is the most logical form of 
presentation.  

In  summary,  the electrophytogram system is a tech- 
n ique  for remotely  moni tor ing the physiological status 
of plants under  laboratory or field conditions for 
long intervals  of t ime at low labor intensity.  Coherent, 
reproducible electropotential  variat ions can be ob-  
served at various locations in  the individual  plant.  
The major  problem at the present  t ime is the deter-  
mina t ion  of the physiological origin of these var ia-  
tions. Once this origin is established, the EPG should 
provide insight  into the fundamenta l  physiology of 
the plant  in laboratory studies and provide a quan-  
t i tative backup to agr icul tural  decision making  under  
field conditions. 
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APPENDIX 

The Reference Electrode 

The in terpre ta t ion  of the electrophytogram is 
heavily depen@ent on the assumption of a constant  
galvanic potential  between the r e tu rn  wire to the 
amplifier and the bulk  soil. Fur thermore,  the com- 
parison of phenomena which occur days and e - en  
months apart  requires long term stabili ty in the refer-  
ence electrode potential. The electrode assembly de- 
scribed below is employed to main ta in  a constant  
interracial  potential  and at the same time permit  a 
continuous assay of the potential. 

Figure A-1 i l lustrates the bal i  ~ techniaue in sche- 
matic form. In  essence, the assembly consists of an 
AgC1 concentrat ion cell in which the soil functions 
as par t  of the galvanic current  path. Electrode a t -  
sembly A is an AgC1 electrode employing a 0.5M 
potassium chloride electrolyte. The e]ectrolyte wets a 
KCl-sa tura ted  polvaci]amide salt bridge. The ac~ila- 
mide salt bridge in  t u rn  wets a porous ceramic plug, 
the outer surface of which is in contact with the 
soil. 

Electrode assembly B is a duplicate of electrode 
assembly A except a 1.0M KC1 electrolyte is employed. 
Either  electrode may be employed as the reference 
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Fig. A-I. Reference electrode assembly 

electrode al though it is customary to use electrode 
assembly B as the reference electrode in the electro- 
phytogram transduct ion circuit because of the re-  
sul tant  electronic simplicity (single rail  amplifiers can 
be employed).  

If electrode assembly B functions as the reference 
electrode, then electrode assembly A becomes an 
electrode used to monitor  the stabili ty of the main  
reference electrode. The manne r  in which it does 
this can be seen by an examinat ion of the circuit path. 
The concentrat ion cell circuit path begins at the cooper 
wire of assembly B, passes through the chloridized 
silver electrode into the 1.0M electrolyte, through the 
acrilamide gel and porous plug, across the ceramic- 
soil interface, through the soil, and then into electrode 
assembly A in a reverse manner .  There are two 
ceramic-soil  interfaces which in practice have been 
separated by at least 15 cm of soil. The assumption is 
made that  changes in the interracial  potential  at these 
interfaces will not "track" or produce algebraically 
similar potential  variations. If this is the case. and it is 
highly probable, then any change of galvanic potential  
at any interface or series element  will show up as a 
potential  change in the two copper wires. 

Employing these principles, electrodes of the type 
shown in Fig. A-1 have been built  and tested. A poten- 
tial of between 12-18 mV results when the electrodes 
are buried lm  below the surface. The overall  var ia t ion 
in potential  for a given electrode is approximately 4 
mV and it is felt that some of this var iat ion is due to 
the soil temperature  difference in Southern Arizona 
between summer  and winter. Electrodes of this type 
have been in continuous service for as long as fifteen 
months at the time of this writing. 

Soil type does not  appear to influence the potential. 
The units  have been tested only in normal  farmland 
as opposed to drier desert soils. I t  is assumed that  
wett ing of the ceramic comes from soil moisture since 
the polyacri lamide gel passes almost no fluid. 

The location of the reference electrode is not sig- 
nificant in measur ing p lant  potentials. The max imum 
distance between the plant  and the reference electrode 
that  has been employed up to the present  t ime is 20m. 
The insensi t ivi ty of this distance to the potential  
reading is reasonable since the impedance level of soil 
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is  not more than  100's of ohms while the impedance 
level of the electronic amplifier is  at  l e a s t  1010~. 

It  is also interest ing to observe that  the soil itself, 
a very  rich mixture  of redox reactants, yields a 
highly stable circuit path between the two ceramic 
plugs. 
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The Suppression of GaAs Photocorrosion 
in Aqueous Solutions by Sulfonated Anthraquinones 

F. Decker 1 and B. A. Parkinson* 

Ames Laboratory, UBDOE, Iowa State University, Ames, Iowa 50011 

A B S T R A C T  

The water  soluble organic redox couples 1, 5 -an thraquinone  d i s u l f o n a t e  
(1, 5 AQD) and 2, 6 -an thraquinone  disulfonate (2, 6 AQD) were investigated as 
p o s s i b l e  r e d o x  r e a g e n t s  for use in the stabilization of GaAs electrodes in semi- 
conductor l iquid junc t ion  solar cells. The redox potentials and electron t rans-  
fer kinetics of these anthraquinones  measured at various pH's on a rotat ing 
glassy carbon electrode indicated that  the reduced form of the couple could 
effectively compete wi th  photocorrosion reactions for photogenerated holes on 
a GaAs surface in basic electrolytes. A rotat ing GaAs disk-glassy carbon r ing 
e l e c t r o d e  w a s  constructed and the collection at the r ing electrode of the photo- 
oxidized product  from the i l luminated  semiconductor was measured. Compe- 
t i t ion be tween light flux, mass t ransport  of the reducing agent, and photocor- 
rosion reac t ions ,  as  well as redox couple adsorption, were measured at the 
r o t a t i n g  electrode. The long term stabil i ty of i l luminated  cells conta ining 
t h e s e  r e d o x  spec i e s  was investigated and photocurrent  spectra were measured. 
T h e  i m p o r t a n c e  of redox couple adsorption in the stabilization of semicon- 
ductor  s u r f a c e s  in  l iquid junct ion  cells is  a s se s sed .  

T h e  n-GaAs/1M KOH, 0.SM K2Se 0.1M K2Se2/C 
semiconductor l iquid junct ion solar cell is present ly  
the  most efficient cell of this type for both single 
crystal (1) and polycrystal l ine (2) gal l ium arsenide. 
There is considerable room for improvement  of both 
long term stabil i ty and energy conversion efficiency, 
however. The selenide solutions used in  these cells 
are colored, air sensitive, and highly toxic, properties 
which would make a suitable substi tute attractive. 
Bard (3) and others (4, 5) are a t tempt ing to use 
nonaqueous solvents to avoid the photocorrosion re-  
actions which involve water  and to make available a 
wider  range of organic and organometall ic redox 
couples for use in  these cells, however the l imited 
solubil i ty of many  of these couples has precluded 
t h e i r  use at light intensit ies near or above solar 
levels (3). The difficulty of pe rmanen t ly  removing 
water  from the organic solvents and the addit ional  
expense they would add to cell construction are other 
problems associated with the use of these solvents. 
Our  approach was to take anthraquinone,  which Bard 
(3) has shown stabilizes the GaAs surface at low light 
intensit ies in  acetonitrile, with sulfonate groups at-  
tached to the molecule to make it more water  soluble. 
In some solutions the requi rement  of fast electron 
transfer  kinetics to the solution redox species is 
satisfied by anthraquinones.  Rapid kinetics are neces- 
sary to avoid overpotential  losses in the cell and to 
effectively compete with photocorrosion reactions for 
photogenerated holes at the semiconductor surface. 

Rotating electrode techniques are par t icular ly  suited 
for  the invest igat ion of the interactions between dark 
reactions, photocorrosion, mass t ransport  of redox 
couples, and light flux at semiconductor electrodes (6, 
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10). We have employed rotat ing disk and r ing disk 
electrodes of glassy carbon and gal l ium arsenide to 
elucidate the interact ion of photochemical and electro- 
chemical processes in gal l ium arsenide photoelectro- 
chemical cells containing disulfonated anthraquinones.  
The wavelength response and long term stabil i ty of 
the photocurrent  in these systems were investigated. 
An exper iment  which demonstrates the adsorption of 
these redox couples on GaAs is also presented. 

Experimental 
Electrodes.--GaAs crystals obtained from Laser 

Diode Laboratories were silicon-doped with a carrier  
density of 2 • 1017 cm -~ and a resist ivity of 0.01 
~-cm. The (100) face with a back ohmic contact was 
attached by means of silver epoxy to a copper 
wire (stat ionary electrodes) or to a steel shaft (ro- 
tat ing electrodes). Both types of electrodes were then 
insulated with epoxy and, in the case of the rotat ing 
electrodes, machined to a cylindrical  form. (The 
geometric parameters  of the rotat ing GaAs disk/glassy 
carbon r ing in cm are rl = 0.195, r2 = 0.325, and 
ra = 0.595.) The GaAs electrodes were etched in 
1:1 H2SO4-30% H202 before each test. The reference 
electrode was Ag/AgC1 and the counterelectrode was a 
carbon rod or p la t inum gauze. 

Materials and Techniques.--Anthraquinone-1, 5 and 
-2, 6 disulfonic acids as the disodium salt (Aldrich 
Chemical Company) were purified by repeated re-  
crystallization from water. Stock solutions of the 
purified reagent  were prepared at concentrations close 
to saturation, around 40 and 30 mM for the 1, 5 and 
2, 6, respectively, at ambient  temperature.  Solutions of 
the anthraquinones  in different support ing electrolytes 
were electrolyzed at Pt  gauze (in base) or a large 
area carbon electrode (in acid). Since these solutions 
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are air  sensitive the photoelectrochemical cel l  experi-  
ments  were run  in  the electrolysis cell which was 
being flushed with n i t rogen or, al ternat ively,  the 
electrolyzed solution was t ransferred to a second cell 
under  anaerobic conditions. The l ight  sources were a 
I0 mW He-Ne laser, beam-expanded to cover the 
electrode for the efficiency measurements, and a 100W 
quartz-halogen lamp, for the RRDE experiment. For 
the long term runs and the photocurrent spectrum 
measurements the illumination was through an optical 
flat on the bottom of the cell. The laser power was 
measured with a Metrologic radiometer. 

Results 
The electrochemical behavior of a 50% reduced 

solution of 1,.5-AQD and 2, 6-AQD on a rotating glassy 
carbon electrode as a function of the electrolyte pH 
is shown in Fig. 1. The inset of the figure shows that 
the potential of the couple shifts negative as the pH 
is made more basic at very close to the theoretical rate 
of 59 mV/pH unit for the reaction written in Eq. [1] 
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Fig. 1. Electrochemical behavior of a 50% electrolyzed solution 
of the anthraquinones used in this study at a rotating glassy carbon 
disk electrode (1000 rpm) in aqueous electrolyte.s: pH 13 0.1M 
NaOH; pH 9.5 0.2M ammonia buffer; pH 4.9 0.2M acetate buffer; 
pH 1.2 O.2M HCIO4. The insets show the equilibrium redox poten- 
tial as a function of pH. 

The potentials shown in  Fig. 1 are in  good agreement  
with values reported by F u r m a n  and Stone (7) at 
a dropping mercury  electrode in  10% ethanol solutions. 

The coalescence of the oxidation and reduction 
waves in basic solutions indicates that  the e lec t ron  
t ransfer  rate is faster than in acid. The potent ial  of 
the 2, 6 AQD in highly basic e]ectrolytes falls below 
the l ine extrapolated from more acid pH's which 
indicates that  no protonat ion step occurs upon re- 
duction of this molecule in very basic solution. 

Table I shows the results wi th  1, 5-AQD and 
2, 6-AQD in an n-GaAs l iquid junct ion cell at two 
monochromatic i l luminat ion  intensit ies and different 
pH. The data in  Table I was taken with the GaAs 
surface in  the "shiny" etch (8) condition due to the 
greater  ease of reproducing this surface. A good 
"matte" etch would increase the short-circui t  cur-  
rent  and emciency by up to 50% (8). The table shows 
that  the best cells made from either couple are at 
pH -- 9 even though the redox potential  and electron 
t ransfer  rate constant  would appear to be more 
favorable in more basic solutions. This is because at 
pH 12 the predominant  form o2 the reduced quinone 
in  solution is the highly colored dianion which absorbs 
an appreciable fraction of incident  radiation. An 
in t r iguing aspect of Table I is that  the open-circui t  
voltage (OCV) of a cell is dependent  on the solution 
pH for 2, 6-AQD and independent  of pH for the 
1, 5-AQD couple. In  Fig. 2 the cell voltage at constant  
monochromatic in tensi ty  at the semiconductor is plot-  
ted vs. the redox potent ial  of the an thraquinone  
solution. 

A slope of zero, as d rawn for 1, 5 AQD in Fig. 2, 
might  be expected if the flatband potential  of the 
electrode and the redox potential  of the solution were 
shifting in the same direction at the same rate as 
the pH of the solution is changed. Gomes and Cardon 
have measured flatband potential  shifts of about  56 
mV / pH  uni t  for n -GaAs in  various buffers (9). 
However this shift has been a t t r ibuted to protonat ion 
of surface oxides, a process which may be influenced 
by redox couple adsorption which will  be discussed 
later  in  this paper. 

The data in  Table I does not yield any informat ion 
about  the stabil i ty against  photocorrosion of the cells 
and rotat ing electrodes were used for this purpose. 
Figure 3 shows the interact ion of corrosion and redox 
couple mass t ransport  at a rotat ing glassy carbon r ing-  
gal l ium arsenide disk electrode under  constant  white 
l ight i l luminat ion  from a tungsten  halogen lamp. The 
dotted lines show the photocorrosion cur ren t  for the 
gal l ium arsenide electrode with no redox couple in 
the solution and the r ing current  at --0.9V shows no 

Table I. Open-circuit potential (Voc), short-circuit current Use), 
fill factor (ff), and monochromatic (632.8 nm) power efficiency 
(~) of different n-GaAs/10 mM anthraquinon~ in 0.2M aqueous 

electrolyte/carbon cells. 

Anthraquinone 1, 5 DisuHonate 

Intensity 
pH Voc (V) Isc (pA) ff ~ (%) (mW) 

13.2 0.35 21 0,67 3.8 0.13 
9.6 0.30 32 0,69 5.5 0.12 
4.9 0.39 30 0,44 3.7 0.14 

13.2 0.44 140 0.56 3.8 0.90 
9.6 0.40 190 0.43 4.1 0.81 
4.9 0.45 32 0.33 0.61 0.96 

Anthraquinone 2, 6 Disulfonate 

Intensity 
pH Voc (V) Isc (p.A) # -q (%) (mW) 

13.1 0.54 8 0.62 2.2 0.12 
9.6 0.37 19 0.66 4.7 0.10 
4.9 0.29 12 0.57 1.5 0.13 

13.1 0.60 56 0.60 2.2 0.90 
9.6 0.44 127 0.60 5.0 0.67 
4.9 0.31 13 0,54 0.22 0.96 
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Fig. 3. Current-voltage behavior of a rotating glassy carbon ring- 
illuminated n-GaAs disk electrode in verious electrolytes. Dotted 
lines--0.2M ammonia buffer; dashed lines~0.2M ammonia buffer + 
4 mM hydroquinone; solid lines--0.2M ammonia buffer + 4 mM 
2, 6- AQD. Illumination was from a 150W tungsten lamp. Rotation 
speed 1500 rpm. scan rate 5 mV/sec. 

collection of photocorrosion products  at  this potent ial .  
When hydroquinone  is added  to the solut ion (the 
dashed l ines) the  photocorrosion react ion is shif ted in 
a posi t ive di rect ion by  about  0.1V and the photo-  
oxidized produc t  can be reduced at  the r ing electrode.  
The percentage  of s tabi l izat ion can be ca lcula ted  f rom 
t h e  l imi t ing  cur ren t  and the collection efficiency of  
the e lec t rode  to be about  25% which is consistent  
wi th  a number  r epor ted  by  Memming  (10). The 
solid lines show the disk and r ing  currents  for an 
80% reduced  solut ion of 4 mM 2, 6 AQD. The photo-  
cur ren t  onset in now about  200 mV more  negat ive  
than  the photocorrosion react ion and the r ing cur-  
ren t  (which is super imposed  on a background  o f  

unreduced  bu lk  2, 6 AQD) shows an increase in 
cur ren t  which is wi th in  exper imen ta l  e r ror  equal  to 
the  disk cur ren t  mul t ip l ied  by  the collection efficiency, 
indicat ing tha t  v i r tua l ly  all  the photogenera ted  holes 
a re  reac t ing  wi th  the  redox  couple. 

The rota t ion speed dependence  of the  currents  shown 
in Fig. 4 demons t ra tes  the  separa t ion  of the  2, 6 AQD 
wave f rom the corrosion wave  when the mass t rans-  
por t  of 2, 6 AQD is less than  the hole flux. The s table  
p la teau  of the r ing cur ren t  at  the lower  ro ta t ion 
speeds demonst ra tes  tha t  the pho to-ox ida t ion  of 2, 6 
AQD is cont inuing a t  a mass t r anspor t  l imi t  even a t  
potent ia ls  where  the  ga l l ium arsenide  disk is unde r -  
going a s imul taneous  photocorrosion.  The grea te r  than 
200 mV separa t ion  of the 2, 6 AQD wave f rom the 
photocorrosion indicates  the  effectiveness of this redox 
couple for suppression of ga l l ium arsenide photo-  
corrosion. S imi la r  results  a re  obta ined  wi th  1, 5 AQD, 
however  the po ten t ia l  difference be tween  an th raqu i -  
none photo-ox ida t ion  and the photocorrosion react ion 
is about  150 mV. Mil ler  has observed s imi lar  behav-  
ior  on ro ta t ing  GaAs electrodes wi th  photo-ox ida t ion  
of selenide;  however,  in this case, the photocorrosion 
products  (As a+ and Ga +~) in te r fe re  wi th  the po ly -  
selenide before  i t  can be reduced at  the r ing e lec t rode  
(6). 

The pho tocur ren t  spec t ra  of cells conta ining the 
hydroquinone  form of 2, 6 AQD and 1, 5 AQD in pH 
9.5 ammonia  buffer and se len ide /po lyse len ide  in 
1M KOH are  compared  in Fig. 5. The p redomina te  
form of the an thraquinone  in this p H  range  is the 
monoprotona ted  anion ( A Q D H - )  which  is l ight ly  
colored but  absorbs s t rongly  in the blue region of the 
spectra.  A photoresponse spec t rum for the se len ide /  
polyselenide  couple at  its usual  concentra t ion is also 
shown and indicates  that  the an thraquinone  couples 
t ransmi t  a l a rge r  f ract ion of the incident  l ight,  a lbe i t  
a t  these lower  concentrat ions.  

The long te rm s tab i l i ty  under  i l lumina t ion  of cells 
containing 1, 5 AQD and 2, 6 AQD was inves t iga ted  in 
p H  9.5 solutions. The GaAs elect rode was r ap id ly  
corroded when i l lumina ted  at  solar  i r rad ia t ion  in ten-  
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sities in  st irred solutions containing 20-40 mM of the 
reduced anthraquinone.  Apparen t ly  the mass t ransport  
o f  the redox couple at these concentrat ions is not  
large enough to compete with corrosion reactions at 
air mass one intensities. This is not surpris ing in  l ight 
of the fact that  GaAs cells at these intensit ies require 
an  excess of 0.3M selenide ion to reduce the ratio of  
corrosion current  to the total cur rent  to below 0.01 
(11). Also the results of a simple diffusion calculation 
based on the Sand equation predicts that currents  of 

20 m A / c m  2 cannot be sustained with the concen- 
t rat ion of the redox couple below 0.05M. 

Upon extended i l luminat ion  of the GaAs at lower 
intensities, two different types of behavior  are shown 
by --1, 5 AQD or 2, 6 AQD. In some cells the power 
output  at 100 #A/cm 2 was stable over a period of 
days while other cells had an immediate  but  gradual  
loss of output  without  apparent  corrosion. Once the 
cell output  had decayed significantly the original  out-  
put  could not be restored even upon repeated etching 
in  the sulfuric acid-hydrogen peroxide etchant or by 
t rea tments  with methanol.  The formation of a blocking 
surface film by the anthraquinones  (12), impurities,  
or photochemical products (13) is probably respon- 
sible for this behavior. The formation of robust  in-  
sulat ing surface films on p la t inum electrodes by the 
oxidation of phenolic compounds is well established 
(12). Subtle surface s tructure differences which in-  
fluence the film nucleat ion could be an explanat ion 
for the fact that some electrodes passivate and others 
do not. 

Chronocoulometric measurements  by Anson and 
Epstein of the adsorption at mercury  electrodes from 
solutions of 10-5-10-3M in 2-an thraquinone  mono-  
sulfonate have established the existence of approxi-  
mate ly  monolayer  coverages on the surface (14). 
They reported only a small  electrode charge and 
potential  dependence of the adsorption, except at 
very negative potentials. This indicates that  the ad- 
sorption is dr iven main ly  by the hydrophobici ty of 
the large organic molecule. Considering these results 
the adsorption on GaAs electrodes of the molecules 
in  this s tudy (2, 6-AQD and 1, 5-AQD) can cer tainly 
be expected especially in solutions of more than 
mil l imolar  concentration. 

The adsorption of the reduced form of 1, 5-AQD 
on gal l ium arsenide can be demonstrated by an ex- 
per iment  the results of which are shown in Fig. 6. 
The gal l ium arsenide disk electrode is potentiostat ted 
in the absence of light at various potentials in a so- 
lut ion containing the reduced form of 1, 5 AQD. Un-  
like a metal  electrode at these potentials, the absorbed 
or bulk an thraquinone  cannot be oxidized in the 
dark  at the semiconductor surface. At t ime T1 the 
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Fig. 6. Current response at a rotating n-GaAs disk-glassy carbon 
ring electrode to a pulse of ,~50 mW/cm 2 white light (T1 to T2) at 
various disk potentials with a rotation speed of 540 rpm in a 
solution of 0.2M ammonia buffer with 6 mM of reduced 1, 5-AQD. 

disk is i l luminated  and quickly reaches a s teady-state  
current,  while a peak of current  is seen at the r ing 
electrode which is held at a potential  where the 
photo-oxidized anthraquinone  can be reduced (--0.9V). 
The light induced hole flux in these experiments  is 
higher than the reductant  mass t ransfer  which re-  
sults in corrosion however an init ial  stabilization of 
the surface results due to the surface excess of the 
anthraquinone.  The steady-state r ing current,  which 
decays after the light is turned off at T2, represents 
the fraction of stabilization of the GaAs surface by 
this redox couple unde r  steady-state conditions 
(~25%) .  Photocorrosion products from the disk do 
not influence the r ing current  at this r ing potential  
(see Fig. 1). 

Integrat ion over time of the excess current  (above 
the dotted lines in Fig. 6), and correcting for the 
collection efficiency of the electrode, yields a charge 
which corresponds to a surface coverage of about 
30 X 10 -1~ moles/cm 2. 

A monolayer  of sulfonated anthraquinone,  as de- 
termined exper imenta l ly  or by geometric considera- 
tions, is about 1.5 X 10 -1~ moles/cm 2 (14) so the 
coverage of the adsorbed reduced 1, 5 AQD in the 
collection exper iment  corresponds to about 20 mono-  
layers at all the potentials where measurements  were 
made. This coverage resulted from an accumulat ion for 
about 30 sec before the l ight pulse. 

Discussion 
Although the cells examined in this study are not 

stable at solar i l luminat ion  levels we feel that  they 
are still interest ing from several viewpoints. The 
use of organic redox couples allows fine tun ing  of the 
redox potential  of a molecule by purposeful subst i tu-  
t ion on an existing carbon f ramework or by al tering 
the f ramework of the redox center (s) in the molecule. 
The contrast ing behavior of the open-circui t  voltage 
for very similar  molecules shown in Fig. 2 is a good 
example of how subtle changes in a molecule can 
produce dramatical ly  different behavior  in a photo- 
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elect rochemical  cell. Also organic redox couples also 
have  the potent ia l  to be synthesized ve ry  cheaply.  

Pho todegrada t ion  of organic redox  couples by  the 
u l t rav io le t  component  of sunl ight  (13) m a y  be a 
d i sadvantage  for  thei r  use in p rac t ica l  cells, how-  
ever  the use of ant iref lect ion coatings, which are  
usual ly  composed of wide bandgap  semiconduct ing 
mate r ia l s  absorbing much of the  u l t r av io le t  l ight  on 
the cell windows, m a y  solve this problem.  The long 
te rm thermal  s tab i l i ty  of organic redox couples may  
also be a p rob lem wi th  m a n y  compounds.  

The o ther  p rob lems  associated wi th  the redox  
couples (1, 5 AQD and 2, 6 AQD) used in this s tudy  
a re  lack  of solubil i ty,  absorbance  of blue  l ight  (Fig. 5), 
and blocking film formation.  The first p rob lem might  
be overcome by  the use of a more  soluble sulfonic 
acid sal t  or  by  the addi t ion of addi t ional  sulfonic acid 
groups to the  molecule  (1, 2, 5, 6 an thraqu inone  
te t rasulfonic  ac id) .  The solution absorbance  would  
become un impor t an t  if a b lackwal l  i l lumina t ion  of 
the cell  is adopted.  In  this configuration a l aye r  of 
semiconductor  on the order  of the space charge 
l aye r  thickness is deposi ted on a t r anspa ren t  subs t ra te  
and i l lumina ted  th rough  the subs t ra te  r a the r  than  
the solution. In  such a cell the ve ry  negat ive  redox 
potent ia l  and fast  e lect ron t ransfe r  kinet ics  of the  
h ighly  colored an thraquinone  dianions may  be e x -  
ploited.  Recent  advances on b lackwal l  i l lumina t ion  
of thin film CdSe cells (15) are  encouraging in this 
regard .  

Adsorp t ion  of the  redox  couple at  the semiconductor -  
e lec t ro ly te  in ter face  is ve ry  impor t an t  for s tabi l iz ing 
the semiconductor  agains t  photocorrosion.  P reven t ing  
po lymer iza t ion  of quinones on the GaAs surface ~r 
p robab ly  be difficult. Recent  s tudies concerning the 
e lec t roana ly t ica l  detect ion of phenols  which  have  
demons t ra ted  techniques for the in situ remova l  of 
s imi lar  films f rom p la t inum electrodes are  encouraging 
(16). The photo-ox ida t ion  and desorpt ion of the re-  
duced 1, 5 AQD as shown in Fig. 6 is a good example  
of how a surface excess of the redox couple in i t ia l ly  
s tabi l izes the e lect rode agains t  photocorrosion.  If  the 
adsorpt ion  kinet ics  of the redox couple are  fast  and 
the bulk  concentrat ion is high enough, this s tabi l iza-  
t ion could be e:~pected to continue even at  h igh l ight  
intensit ies.  The impor tance  of adsorpt ion  is also 
demons t ra ted  by  the difficulty exper imente r s  have 
encountered  in p repa r ing  a s table  regenera t ive  l iquid 
junct ion  cell using redox couples such as Fe+ 2 /Fe  +~ 
(10) and F e ( C N ) 6 - 4 / F e ( C N ) 6  -3 (17) which are  not  
expected  to be s t rongly  chemisorbed at  surfaces. 
Ginley  and But ler  have demons t ra ted  the impor tance  
and ex ten t  of sulfide adsorpt ion  on the cadmium 
chalcogenides (18). Using capaci ty  measurements  
Tyagai  (19) has also shown sulfide s t rongly  interacts  
wi th  the CdS surface and also repor ted  an appa ren t  
lack  of Fe (CN)6  -4  adsorpt ion  on this semiconductor .  
Indeed the most  successful cells repor ted  at this 
wr i t ing  have used the h ighly  surface act ive polysulf ide 
(20, 21), polyse lenide  (1, 2), or t r iodide (22) ions. 
The s tabi l iza t ion of a silicon surface against  oxide  
pass ivat ion in aqueous solutions by  chemical ly  bonded 
ferrocenes (23) is another  example  of the impor tance  
of an expedi t ious  react ion of h ighly  energet ic  holes 
to form a s table  surface species and thus protect  
the surface f rom undes i rab le  reactions. However  an 
ex t reme  can be reached if the  adsorbed l aye r  gets 
too thick and becomes insula t ing as in some of the 
long te rm exper iments  in this study.  

The photoelec t rochemical  desorpt ion wi th  collection 
exper imen t  (Fig. 6) has potent ia l  of being a useful  
technique for measur ing  redox couple adsorpt ion  at  
semiconductors.  The cur ren t  t ransients  resul t ing f rom 
the i l luminat ion  of a semiconductor  disk e lec t rode  
are  ve ry  difficult to quan t i t a t ive ly  in t e rp re t  because 
they  are  a combinat ion of currents  due to space 
charge  l aye r  charging, fa radaic  react ions of adsorbed 
and t ranspor ted  redox  couple, and corrosion. The r ing  

potent ia l  is held  constant  at  a potent ia l  where  cor-  
rosion products  do not  reac t  so the current  t rans ien t  
measured  is due only to the photoreac ted  redox  couple. 
Peaks  of cur ren t  above the s t eady-s ta te  cur ren t  can 
then be in te rp re ted  as arising f rom the photoreact ion  
of the redox couple adsorbed  on the disk electrode.  
F u r t h e r  studies of the extent ,  kinetics,  and potent ia l  
dependence  of redox  couple adsorpt ion  on semicon-  
ductor  surfaces, using this and other  techniques,  a re  
u n d e r w a y  in this labora tory .  
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Oxide Ion Titrations in Molten NaCI with the 
Zirconia Electrode 
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ABSTRACT 

Stabilized zirconia electrolytes can be used to t i t rate O 2- into and out of 
mol ten NaC1. Relations between the oxide activity in the melt  and the charge 
passed through the ceramic have been derived and verified. The technique is 
applicable to the purification of melts and the de terminat ion  of oxide solu- 
bi l i ty products. 

Zirconia stabilized with several percent  CaO, MgO, 
or Y20~ is finding increasing use in a var ie ty  of 
applications at high temperatures.  All of these de- 
pend on the fact that charge t ransport  through this 
mater ia l  occurs by migrat ion of oxide (02 -  ) ions 
(1). Electrochemical applications may be divided 
into equi l ibr ium methods in which the stabilized ZrO2 
(SZ) is used as part  of an indicator electrode, and 
nonequi l ib r ium methods in which a sensible amount  
of charge is passed through the material.  

Indicator  electrodes made of SZ have been used 
to: (i) measure  02 part ial  pressure in gases (2), 
(ii) measure solubil i ty of O2 in metals (2), (iii) 
measure the dissociation pressures of solid oxides (2), 
(iv) measure the oxide activity in molten salts (3-5) 
and glasses (6). 

The t ranspor t  of O 2- through SZ under  an applied 
potential  has been used to: (i) operate an oxygen 
fuel cell (2), (ii) change the O2 content  of gases 
(7, 8), (iii) measure the diffusivity of 02 in metals 
(9), (iv) t i t rate oxygen into metals (9). 

Most of the applications depend on two properties 
of SZ: (i) at an interface of the type O2(M)!SZ, 
the po ten t ia l -de te rmin ing  process is 

1/2 O2(g) + 2e ~ O 2- (in SZ) [1] 

where M is an iner t  metal  such as plat inum. Studies 
of such interfaces have shown that  the process is 
readi ly reversible, at least at temperatures  above 
500 ~ (2); (ii) applications involving the measurement  
of 0 2 -  activities in molten salts depend on the equi-  
l ib r ium 

O 2- (in SZ) ~ O 2- (melt)  [2] 

The reversibi l i ty  of these processes under  poten-  
t iometric conditions (very small  currents)  can be 
regarded as established. In this case the "zirconia 
electrode," which can be described as 

O2(g) (Pt) l sz]o2-  (inmelt) [3] 

functions as an O2--specific electrode for which the 
half-cel l  react ion is given by the sum of reactions 
[I] and [2] 

1/2 O2 (g) (Pt) + 2e ~ 0 2 -  (in melt)  [4] 

Thus, the zirconia electrode functions operat ional ly 
as does the glass electrode for H +, al though the 
mechanisms responsible for the potent ia l -de termining  
reactions are not ent i re ly  analogous. 

Reaction [4] has so far been applied only poten-  
t iometrical ly (3-5, 10, 11). Although the oxygen gas 
electrode (O2(Pt)IO 2- (in mel t ) )  has also been used 
in  oxide-containing melts, the advantages of the 
zirconia electrode are (i) specificity to the O 2- ion 
(no response to 022- and O2-) ,  and (ii) the oxygen 
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gas pressure over the melt  can be varied indepen-  
dent ly  of the operat ing 02 pressure of the electrode. 
Construction of the electrode and its potentiometric 
applications in  molten salts have been described 
elsewhere (3-5, 10, 11). 

The purpose of the present  paper  is to report  on 
the explorat ion of the "kinetic" properties of the 
zirconia electrode. If the electrode behaves reversibly, 
as indicated by reaction [4], and if the temperature  
is sufficiently high for the conductivity of the ceramic 
to be appreciable, it should be possible to t i t rate  
O 2- ions into and out of melts by the application 
of an  applied potential  between the O21 (Pt) electrode 
attached to one side of the zirconia and a suitable 
counterelectrode. The result ing change in the O 2- 
activity of the melt  is measured by a cell /vhich has 
been described in  detail  elsewhere (5, 11). NaC1 was 
used as the molten salt medium since the chemistry 
of oxides dissolved in it  had been studied previously 
(5). 

Experimental Procedure 
All experiments  were carried out in a controlled 

atmosphere glove box (Vacuum Atmospheres Cor- 
poration) with moisture and CO2 content  in  the ppm 
range with the 02 content set (O2-He mixtures)  for 
each experiment.  NaC1 was vacuum-dr ied  at 500 ~ 
for several days. Melts were contained in  high pur i ty  
(99.8%) A120~ crucibles. These crucibles are subject 
to slight corrosion by alkal ine melts, but  only when 
the Na20 concentrat ion approaches 1 mole percent  
(m/o) .  Since the Na20 concentrations in this work 
are less than that  by one to two orders of magnitude,  
corrosion is not significant. 

For experiments in which changes in the Na20 
activity of the melt  were to be detected, the measur ing 
cell can be wri t ten  as 

AglAgC1 (10 m/o) ,  NaCIlNa + INaC1, Na2OISZ[O2 (Pt) 
[mullite I 

[5] 
for which the cell reaction is 

2Ag + 1/2 02 + 2NaC1 ---- 2AgC1 + Na20 [6] 
and 

Eceu = E~ -- (RT/2F)  ln [ a2AgciaNa2~ ] 
Po2aNaCl 2 

= E ~ -- (RT/2F)  In aNa2O [7] 

where all the constant terms in the brackets have 
been absorbed into E ~ 

The cell used for the electrolysis experiments  can 
be wri t ten  as 

02 (Pt)ISZ]NaC1, Na201 ]NaClIPt [8] 

The p la t inum counterelectrode was not  studied in  
detail and may not behave reversibly. This was not  
considered significant since the pinhole l iquid junc -  
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t ion prevents  mass t ransport  of reaction products 
into and out  of  the counterelectrode compartment  
and since subst i tut ion of the liquid junct ion by an 
Na+-conduct ing  mull i te  membrane  gave exactly the 
same results, and in this case reaction products are 
confined inside the membrane.  Therefore, all  com- 
position changes in  the NaC1-Na20 melt  must  be 
produced by charge t ransport  through the zirconia. 

Potentials  were measured with high impedance po- 
teniometers (Orion 801 and PAR 136). Most coulo- 
metric t i trat ions were carried out at constant current  
(Keithley 225 current  source), usual ly  at 10 mA, in 
series with an electronic coulometer (Koslow Model 
541). Since most experiments  turned out to be ra ther  
long, charge passed and emf's measured were recorded 
automatical ly at intervals  on a Digitem recorder. 

Results 
Some informat ion on the current-vol tage  charac- 

teristics of electrode [3] was obtained by measur ing 
the current  as a funct ion of voltage applied to cell 
[8]. As can be seen in  Fig. 1, the behavior is slightly 
nonohmic above 0.1V. 0.13V is the OCV against the 
Pt  counterelectrode. The points represent  the current  
1 min  after each change of voltage. The curve is 
independent  of the direction of the current.  One mat ter  
of interest  is the current  flow which the electrode 
can sustain (by reaction [4]) without  undergoing 
irreversible processes, such as the reductions of the 
ZrO2 itself. Examinat ion  of the electrode after elec- 
trolysis showed no such deleterious effects of the 
voltage and current  span used. 

In  order to explore the coulometric applications 
of the zirconia electrode, cell [8] was put  in series 
with a voltage or current  source and a coulometer. 
The following observations were made: 

50 

/ / 

/ / 4O 3 

- 2 ]  I I I I I 

3O 

F- 
Z 

2O 

I0 

0 I I 
0 I 2 3 

VOLTS 

Fig. 1. Current-voltage characteristics of electrode [3], measured 
with cell [8]. Po2 (zirconia reference) = 1 arm. Helium atmosphere 
above melt. 

(i) When the zirconia electrode is made the anode, 
current  flows only in a direction consistent with 
reaction [4] from right to left (oxidat ion);  when the 
electrode is made the cathode, reaction [4] goes from 
left to r ight  (reduction).  

(ii) For current  passage in either direction, the 
current  decreases with time at constant  voltage, but  
eventual ly comes to a constant  value. 

(iii) The electrode is highly "polarized" by  the pas- 
sage of current  in  either direction, i.e., after the 
applied voltage is removed, the OCV decays for 
several hours toward the value which would have 
been observed with an electrode through which no 
current  had been passed. Therefore, the same elec- 
trode cannot be used for both electrolysis and as an 
indicator electrode. 

This last observation necessitated use of a dual 
electrolysis and measurement  system in  order to 
s tudy the relat ion between the charge passed through 
the zirconia and the resul t ing oxide activity changes 
in the melt. As described previously, cell [5] was 
used for the measurement  of oxide activity, and cell 
[8] for the electrolysis. By interfacing the potent iom- 
eter measur ing the emf of cell [5] and the coulometer 
measur ing the charge Q passing through cell [8] 
with a data logger, both quanti t ies could be mea-  
sured and recorded simultaneously.  

Figure 2 i l lustrates an exper iment  in  which O 2- 
was electrolyzed out of a melt  containing some added 
Na20. The measured emf changes very little unt i l  
,~100 ~equ had been passed through the zirconia. The 
curve then steepened progressively unt i l  a l imit ing 
slope was reached. The durat ion of this exper iment  
was ,~20 hr. Current  reversal  resulted in an increase 
of 0 2 -  in the melt, as indicated by the emf. 

In  this case the emf at first changes very  little 
with increasing Q, and then approaches a l imit ing 
slope of RT/2F.  Both observations are consistent with 
the equations derived in the Appendix. A more de- 
tailed analysis is being published elsewhere (12). 

Since the above-described experiments  showed that 
O 2- ions could be coulometrically t i t rated into a mel t  
through zirconia, it seemed reasonable to see if this 
technique could be applied to determining the solu- 
bi l i ty product of a metal  oxide. The procedure con- 
sisted of dissolving 2 X 10 -8 ~equ CuC1 in ,.,100g 
NaCI and adding O 2- through the zirconia, as de- 
scribed above. After  the addit ion of CuC1 the emf 
of cell [5] changed from ~200 to 560 mV, showing 
that  the addit ion of Cu + decreased the oxide activity 
in the mel t  by ~3  orders of magnitude,  p resumably  
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Fig. 2. Electrolysis of 0 2 -  out of an Na20-NaCI melt at 830~ 
Current = 10 mA, 20% 02 above melt. 
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because some Cu20 was being precipitated. The rela-  
t ion between E and Q dur ing  the t i t ra t ion is shown 
in  Fig. 3. The curve is typical of potentiometric t i t ra-  
tions resul t ing in  the precipitat ion of an insoluble 
compound, CuaO in  this case. The steepest port ion 
of the curve is close to the endpoint  expected on the 
basis of the precipitat ion of Cu( I )  as Cu20. The 
method is thus applicable to the de terminat ion  of 
solubil i ty products of sl ightly soluble oxides in  mol ten 
salts. A more detailed explorat ion of this application 
wil l  be described elsewhere (13). 

Discussion 
The purpose of this paper  is to report  a new 

application of stabilized zirconia: the coulometric 
t i t ra t ion of 0 2 -  ions into and out of molten salts. 
The experiments  described show how such t i trat ions 
can be carried out. The E vs. In Q curves obtained 
are consistent with the equations derived in the 
Appendix.  

Electrolyzing O 2- out of a melt  can be used to pur -  
ify it of a dissolved oxide. The lower l imit  of a t ta in-  
able oxide concentrat ion is expected to be the solu- 
bi l i ty of the zirconia itself, al though lower concen- 
trations could be obtained if (i) the electrolyzing 
cell is wi thdrawn from the melt  immediate ly  after 
cessation of the electrolysis, and (ii) a nonoxide cru-  
cible, e.g., plat inum, is used. 

It  should also be emphasized that  the measur ing 
zirconia electrode responds to changes in the O 2- 
activity, whereas the coulometric zirconia passes 
equivalents.  In  dilute melts, the activity coefficients 
are most l ikely constant  and thus activities are pro- 
port ional  to equivalents;  bu t  the si tuation is more 
complicated for solubil i ty products. The solubil i ty 
product  of an oxide Mo is defined as 

g s p  = aM2+ .ao2- 

bu t  aM2+ is set by  the thermodynamics of the MCle- 
NaCI system, whereas ao2- is related to that of the 
Na20-NaC1 system. Thus, equal i ty  of activities does 
not  necessarily imply equal i ty  of concentrations. 

Manuscript  submit ted Feb. 25, 1980; revised m a n u -  
script received May 23, 1980. This was Paper  348 
presented at the Pit tsburgh,  Pennsylvania ,  Meeting 
of the Society, Oct. 15-20, 1978. 
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Fig. 3. Coulornetric titrotion of Cu(I) in a CuCI-NoCl m.~lt with 
02 - .  

Any discussion of this paper  will  appear in a Dis- 
cussion Section to be published in  the June  1981 
JOURNAL. All discussions for the June  1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 

Publication costs o:f this article were assisted by 
the Naval Research Laboratory. 

APPENDIX 

The relat ion between charge passed and the mea-  
sured emf can be derived as follows: 

It  is known (5) that  in mol ten NaCl, oxide and 
peroxide ions are in  equil ibrium. The equi l ibr ium 
constant for the reaction 

Na20 + 1/2 02 -- Na202 [ A - l ]  

is 3.1 at 1100~ (5). At constant  Po2, the ratio 

[Na202]/[Na20] ---- KePo21/2 = Ke' [A-2] 

where the brackets denote mole fractions. Since the 
electrolysis is slow, it is reasonable to assume that 
this equi l ibr ium is maintained.  

Case 1. Electrolysis of Na20 into the mel t . - -Le t  
[Na20]o and [Na202]o equal the ini t ia l  Na20 and 
Na202 concentrations, respectively, at equil ibrium. 
These concentrations may be impuri t ies  or result  
from prior addition of Na20. They can be calculated 
from the emf of cell [5], i.e., Eq. [7], if E ~ and the 
activity coefficients are known. 

For Q equivalents  electrolyzed into the melt, Q/2 
moles 0 2 -  will ini t ia l ly  form. The ini t ia l  0 2 -  con- 
centrat ion is then Q/2n, where n = number  of moles 
of solvent, and it is assumed that  the melt  is very  
dilute. ~ome fraction X of this O 2- concentrat ion is 
converted to O2 ~- when the melt  comes to equi l ib-  
rium. The new equi l ibr ium concentrations of Na20 
and Na202 then are 

[Na20]e = [Na20]o + Q/2n - X [A-3] 

[Na202]e ---- [Na202]o + X [A-4] 

Subst i tut ion of [A-3] and [A-4] into [A-2] gives 

Ke'Q 
X ---- [A-5] 

2n(Ke' + 1) 
Therefore 

Q 
[Na20]e ---- [Na20]o + [A-6] 

2n(Ke' + 1) 

Subst i tu t ing [A-6] into [7] gives the relationship 
between E and the charge passed 

{ o } 
E = E ~ -- (RT/2F) In [Na20]o + 2n(Ke'  + 1) 

[A-71 

where the activity coefficient of Na20 has been ab-  
sorbed into E ~ One sees from the form of [A-7] 
that  dE/d In Q will  be small  for small  Q, since then 
[Na20]o will exceed the term in Q. When the second 
term in the bracket  becomes much larger than the 
first, the l imit ing slope dE/d In Q = - RT/2F will  
be reached, in agreement  with exper imenta l  observa-  
tion. 

Case II. Electrolysis o~ Na20 out of the me~t.-- 
The same assumptions are made as for Case I. As 

Na20 is electrolyzed out of the melt  the equi l ibr ium 
[9] is main ta ined  and therefore 

[Na20]e -- ([Na20]o -- Q/2n) /Ke '  + 1) [A-8] 

Therefore 

E = E ~ -- (RT/2F) ln [ ( [Na20]o  -- Q/2n)/Ke" + 1)] 

In  this case the measured emf remains  near ly  con- 
s tant  in the beginning of the electrolysis and as- 
symptotical ly approaches infinity at Q/2n approaches 
[Na20]o. Although the curve in Fig. 2 shows the 
expected flat portion, followed by a steeper se2tion, 
the lat ter  appears linear, ra ther  than steepening as 
expected. The reasons are not clear. 
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Electrodeposition of CdSe Films from 
Selenosulfite Solution 
M. Skyllas Kazacos* and B. Miller* 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A route  to CdSe film format ion  by  reduct ion  of selenosulfite ion in the pres-  
ence of c a d m i u m - E D T A  complex has been  devised. The as -depos i ted  product  
is free f rom the se lenium contaminat ion  character is t ic  of pr ior  methods  and 
also shows be t te r  n - t ype  photoac t iv i ty  in sulf ide-polysulf ide cells. The in te r -  
facial  react ions have been clarified by  ro ta t ing  r ing-d i sk  e lect rode and re la ted  
techniques. Elec t rochemical  control  of the  process is shown to be simple.  

Photoact ive  CdSe films have been e lec t rodeposi ted  
bc th  ca thodica l ly  and anodical ly ,  the  former  wi th  
selenious ac id -cadmium ion solutions (1) and  the 
l a t t e r  wi th  Cd anodes in selenide media  (2). Such 
methods  would  be a t t rac t ive  for the product ion of low 
cost, la rge  area  photoelec t rochemical  cells. Anodic  n -  
CdSe layers  have the advan tage  of f a i r ly  good as-  
formed photoresponse but  a re  res t r ic ted  in g rowth  by  
the t r anspor t  of cadmium ions th rough  the film. 
Cathodic deposi t ion of CdSe is not  l imi ted  in thickness 
as only  e lec t ron t r anspor t  to the solut ion interface  is 
required ,  bu t  pos t - t he rma l  t r e a tmen t  is necessary  to 
develop respectable  photoac t iv i ty  (1). In  the  cathodic 
method,  mi l l imola r  solutions of SeO2 (H2SeOa) are  re -  
duced in the presence of r e la t ive ly  high concentrat ions 
of CdSO4 to y ie ld  a film of CdSe at  the cathode surface. 
Layers  up to severa l  microns have been achieved with  
good adherence  on a Ti subs t ra te  a f te r  a 600~ anneal  
(1). Higher  SeO2 concentrat ions resul t  in e lect rode 
pass ivat ion  due to the format ion  of a red  insula t ing  
layer  of Se. 

A recent  s tudy  of the  reduct ion of selenious acid and 
CdSe format ion  (3) in H2SO4 solut ion has shown that  
the ini t ia l  cathodic react ion involves an overa l l  t r ans -  
fer  of six e lectrons 

H2SeO3 -5 6H + -5 6e--> H2Se -5 3H20 [1] 

The H2Se formed m a y  reac t  by  

2H2Se -5 H2SeO3-> 3Se -5 3H20 [2] 

y ie ld ing  e lementa l  selenium. This step competes wi th  
the  des i red  deposi t ion of CdSe 

Cd +2 -}- H2Se-> CdSe -5 2H + [3] 

The ra te  of the chemical  react ion [2] is dependent  on 
the concentra t ion of H2SeO8 and is sufficiently r ap id  
at  high H2SeO3 concentrat ions so tha t  the ne t  process 
t ak ing  place at  the surface of the e lect rode is 
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H2SeO3 -5 4H + W 4e--> Se -5 3H20 [4] 

P la t ing  of CdSe from dilute  H2SeO8 solutions minimizes  
the level  of se lenium codeposi ted in the ca thodica l ly  
genera ted  films (3). However ,  even at  low H2SeO3 
concentrations,  contaminat ion  of the CdSe films wi th  
excess se lenium cannot  be e l iminated.  This resul ts  
usual ly  in mixed  n-  and p - t y p e  behavior  in photocur -  
rent  spectra,  and even dominant  p - t y p e  response in 
white  light,  for the a s - fo rmed  film (3). In addit ion,  
this poor photoresponse makes  a pos tannea l ing  process 
at  e leva ted  t empera tu re  essential ,  bo th  for the  im-  
p rovement  of poor c rys ta l l in i ty  and for the vapor iza -  
tion of excess Se f rom the films (1). 

A process for cathodic genera t ion  of CdSe not  subjec t  
to codeposit ion of Se would  a l low ei ther  e l iminat ion  
or modification of the p resen t ly  essent ia l  anneal ing  
stage. Ideal ly ,  the room t empera tu r e  cathodic produc t  
would have the n - t y p e  response of the anodic films 
wi thout  meet ing the pass iv i ty  which l imits  the l a t t e r  
to crys ta l l i te  sizes and thicknesses less than  vis ible  
l ight  absorpt ion  depths.  Since the main  p rob lem in 
the reduct ion method  (1) arises f rom the in terac t ion  
be tween  the s ta r t ing  mate r i a l  H2SeO8 and the e lect ron 
t ransfe r  product ,  H2Se, we have sought  a route  to 
cathodic selenide genera t ion  avoiding higher  va len t  
se lenium species or  o ther  act ive ox idan t  capable  of 
reac t ing  with  selenide. 

We find the reduct ion of selenosulfite, SeSOs -2, 
sui ted to this purpose.  Selenosulfi te is r ead i ly  p r epa red  
in situ by  the dissolution of e lementa l  se lenium in ex-  
cess sulfite by  

Se -5 S03 -2 4-> SES03-2 [5] 

Selenide can be generated from this ion by the reac- 
tion (4) 

SeSO3 -2 -5 2e--> Se -2 -5 SOs -2  [8] 

The photoelec t rochemical  behavior  of CdSe electrodes 
p repa red  by  ca r ry ing  out  react ion [6] in the  presence 
of cadmium species was examined.  Rotat ing disk and 
r ing-d i sk  e lect rode methodology  was appl ied  to as-  
cer ta in  the na ture  of the  react ions tak ing  place. 
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Experimental 
Voltammetr ic  s tudy of the reduct ion of selenosulfite 

in  1M NHJNH4 + buffer was carried out using gold 
and cadmium rotat ing disk and s i lver -cadmium ro- 
ta t ing r ing-d isk  electrodes, the construction and e l ec -  
tronics  of which have already been described (5). 
Sinusoidal  hydrodynamic  modulat ion (SHM) experi-  
ments  were also performed with the apparatus  pre-  
viously reported (6). 

A silver r ing -cadmium disk electrode with disk, in -  
ner  ring, and outer r ing radii  of 0.238, 0.253, and 0.320 
cm, respectively, was used. The theoretical geometric 
collection efficiency, N (7), was 0.383. 

Approximately  5 mM Na2SeSO3 solutions were pre-  
pared by shaking 0.1M NasSO8 and weighed powdered 
se lenium in 1M NHJNH4 + buffer un t i l  the selenium 
dissolved. The high concentrat ion of Na2SO3 and the 
use of ammonium buffer were necessary to achieve 
5 mM, as the equi l ibr ium constant  of reaction [5] is 
a round un i ty  (8). Thus a pH 10 medium assists dis- 
solution from 

Se + HSOs- r SeSOs-~ + H + [7] 

The SeSO3 -2 and SO8 -2 ions (or their protonated 
forms) do not oxidize Se -2 (or its protonated form), 
as happens for H2SeO3 in reaction [2]. Thus selenium 
contamination of CdSe is not expected, both because 
there is no obvious mechanism of its generation and, 
further, it is soluble in excess sulfite. An ammonia 
buffer was initially chosen as this ligand allows the 
necessary cadmium ion solubility in base to attempt 
deposition of CdSe films. 

All solutions were prepared with triply distilled 
water and reagent grades of Na2SO3, iNI-I4OH, 
NH4CI, CdSO4, and EDTA (ethylenediaminetetraacetic 
acid). The rotating disk electrodes were examined in 
a standard three-compartment cell. All potentials are 
referred to a saturated calomel electrode unless other- 
wise specified. 

CdSe films were prepared on stationary vertical 3/4 
in. titanium disks in magnetically stirred solutions as 
well as on gold and cadmium rotating disk electrodes. 
The Ti surfaces were degreased with acetone and 
etched in 5% HF, prior to use (9). The metal disk 
edges were protected by epoxy mounting after film 
deposition and any annealing step, before observing 
photoresponse characteristics under 100W tungsten- 
halogen lamp illumination at white light levels pro- 
ducing the equivalent of about AM1 solar short-circuit 
current with single crystal n-CdSe cells. 

Results and Discussion 
Reduction of SeS03 - z  in NHs/NH4 + bur /s t . - -The  

cathodic behavior  of selenosulfite in 0.3M NaNO3 at a 
dropping mercury  electrode has been ascribed to Se -2 
formation in a single two-electron step at a hal f -wave 
potent ial  of --1.06V vs. SCE (4). Figure 1 presents the 
typical  behavior  of a gold disk electrode in 2 mM 
SeSO3-2-0.1M Na2SO8 in  1M NHJNH4 + buffer solu- 
tion. A single reduct ion wave can be observed s tar t -  
ing near  --1.0V vs. SCE. Curve 2 of Fig. 1 shows the 
corresponding SHM response which was obtained by 
superimposing a 1 Hz sinusoidal var iat ion of A~I/~ on 
the rotat ion speed ~1/~ and extract ing the corresponding 
Ai~ value. The near  superposition of the Ai~ X j/~/A~v2 
and i curves indicates that the process obeys the Levich 
equation and that  the SeSO3 -2 reduct ion reaction is 
convective diffusion controlled. The SHM response 
plateau is also seen to continue unchanged into the 
H2 evolution region, indicat ing no fur ther  stage of 
reduct ion for SeSO3 -2 can be detected. (Hydrogen 
evolut ion at gold is i rreversible and, since it  is not  
l imited here by convective diffusion of an electroactive 
species to the electrode surface, it is insensit ive to 
variation. ) 

In order to verify that  the species Se -2 was being 
generated dur ing  the reduct ion of SeSO3 -2, a cadmium 
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Fig. 1. Curve 1: Controlled potential sweep cycle of 0.175 cm 2 
gold disk in 2 mM No2SeSO~-O.1M Na2SO3-1M NH3/NH4  + 
at 10 mV sec - 1  scan rate. Curve 2: Modulated component of disk 
current for potential scan of Curve 1. Central rotation speed ~ ---~ 
1600 rpm; modulation amplitude, Aw z/2 - -  2 rpm 1/2, modulation 
frequency, f =- 1 Hz. 

d i s k - s i l v e r  r i n g  e lec t rode  e x p e r i m e n t  was  p e r f o r m e d  
(the subst i tut ion of Cd for Au in the disk does not  
alter the reduction process here) .  The silver r ing was 
potentiostat ted at --0.4V vs. SCE while the cadmium 
disk was scanned negat ively from approximately 
--0.8V. Under  this ring condit ion a mass t ransfer  
l imited film formation reaction 

2Ag + Se -2-> Ag2Se + 2e [8] 

can be used to detect Se -2 generat ion at the disk in  the 
manne r  applied to S -2 (10). An anodic r ing  current  
corresponding to the cathodic disk reaction was ob- 
served as in Fig. 2. Visual examinat ion  of the r ing 
electrode after cycling the disk between --0.8 and 
--1.5V showed the presence of a black deposit of 
Ag2Se on the silver surface. If the species Se -2 ( H S e - )  
is being generated at the disk electrode from SeSOs - s  
by reaction [6], then the ratio of r ing to disk current ,  
iR/iD, should be given by N since 2e are involved per 
Se -2 in both disk and r ing reactions. Figure 3 shows 
the iR vs. iD trace dur ing the disk reduction wave of 
Fig. 2(b) .  The ini t ia l  slope of 0.309 is in adequate 
agreement  with the calculated N, considering that  the 
disk current  contains an increasing component  of elec- 
trolyte reduct ion with negative potent ial  scan, pro- 
ducing curvature  in the trace. 
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Fig. 2. (a) Ring current response to cadmium disk behavior of 
Fig. 2(b). ER = - -0 .4V vs. SCE. (b) Controlled potential sweep 
cycle of 0.178 cm 2 cadmium disk in 5 mM Na2SeSO3-0.1M 
Na2SOs-1M N H J N H 4  + at 10 mV sac - 1  scan rate, and ~ - -  
1600 rpm. 
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Fig. 3. Ring current vs. disk current trace corresponding to data 
of Fig. 2. 

CdSe film deposition.--The above evidence estab- 
lishes Se-2  as the product  of SeSO3 -2 reduct ion in  
NHJNH4 + buffer at a gold or cadmium electrode. 
Important ly,  this reaction does not  appear to be com- 
plicated by subsequent  redox reactions as was the case 
in  the H2SeOJSe -~ system (3). Thus, carrying out 
the reduct ion in  the presence of cadmium ions should 
permit  forming a CdSe film at  the surface of the elec- 
trode without  the problem of selenium contaminat ion 
found with H2SeO3 as selenide source. The si tuat ion 
is complicated, however, by  the reduct ion potential  
of Cd 2+ in  NHJNH4 +, which is positive with respect 
to the potential  of the SeSO3 -2 reduction, as seen in 
the curves of Fig. 4(a)  and 5(a).  The deposition of 
Cd metal  unde r  these circumstances is evidenced by  its 
oxidative redissolution, essentially unaffected by 
SeSO3 -2 being absent  [Fig. 4 (a ) ]  or present  [Fig. 
5(a) ] .  The corresponding SH1VI traces in  these figures 
show the convective-diffusion controlled Cd (II) re-  
duction and the par t ia l ly  kinetical ly controlled anodic 
response (11) on posi t ive-potential  going scan. In  
order to generate Se -2 in the presence of Cd(I I ) ,  an 
addi t ional  complexing agent for Cd +2, stronger than 
NHs, is necessary to shift the potential  for Cd(11) re-  
duction to more negative values, while at the same 
time not  in terfer ing with the selenosulfite reduction. 
The success of EDTA addit ion for this purpose is i l-  
lustrated in  Fig. 4(b)  and 5(b)  for Cd +2 in NHJNH4 + 
and Cd +2 + SeSO3 -2 in  NHJNH4 +, respectively. 
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Fig. 4. (a) Curves 1 and 2: As for Fig. 1, except solution is 2 mM 
CdSO4-1M N H J N H 4  +. (b) Curves 1 ~nd 2: As for (a), except 
0.01M EDTA added. 
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Fig. 5. (a) Curves I and 2: As for Fig. 1, except solution is 2 mM 
Na2SeSO~-2 mM CdSO4-0.1M Na2SO3-1M N H J N H 4  +. (b) Curves 
1 and 2: As for (a), except 0.01M EDTA added. 

In  Fig. 4(b) ,  the EDTA complex of Cd(II )  is no 
longer reducible over the potential  range up to sup- 
port ing electrolyte reduction, evidenced both by no 
SHM response and no anodic dissolution on positive 
scan. The curves in Fig. 5(b) are v i r tua l ly  identical  
to those of Fig. 1 and 2, for a solution containing no 
cadmium. Under  the conditions of Fig. 5 (b) then, the 
desired si tuation of Se -2 generat ion in  the presence of 
Cd(II )  species is achieved. The stabil i ty of the Cd- 
EDTA complex is insufficient to prevent  the formation 
of the very insoluble CdSe, qual i ta t ively shown by  
the black film on the electrode in a Fig. 5 ( b ) - t y p e  
experiment.  

A n u m b e r  of CdSe films were prepared on gold, 
cadmium, and t i t an ium substrates from solutions con- 
sisting of 5 mM Na2SeSO3 -~ 0.1M Na2SO3 -~- 0.2M 
CdSO4 + 0.2M EDTA in 1M NH3/NH4 + [EDTA al-  
ways kept just  in excess of Cd( I I ) ] .  The rela t ively 
high Cd-EDTA complex concentrat ions were found 
necessary to precipitate the film at the electrode sur-  
face in an adherent  form. The metal  electrodes were 
held at --1.1 to --1.2V vs. SCE, dur ing which time 
the current  ranged from 0.5 to 1.0 m A / c m  2. For ver t i -  
cally mounted  disks the solution was magnet ical ly  
stirred; the other electrodes were rotated. Deposition 
times of 1-4 hr were employed to achieve calculated 
film thicknesses of 1.5-12 microns. The solution was 
replaced after the current  dropped below 0.5 mA/cm ~. 

The electrodes obtained as above were examined 
for photoresponse in a cell with a 1M Na2S2 --~ 1M 
NaOH-0.07M Se solution (12) and a carbon counter-  
electrode. The values of short-circui t  photocurrents  
(Isc) and open-circui t  photopotentials (Vor unde r  
white light ranged from 0.25 to 3.1 m A / c m  2 and 0.1 to 
0.55V, respectively. A selection of these data appear in  
Table IA. There were no distinct differences in  the be-  
havior of films deposited on gold, cadmium, or t i t an ium 
disks. The thickness of the CdSe film, however, does 
have an effect on both the Isc and Voc, as shown in  the 
curves of Fig. 6, which appears significant beyond the 
scatter evidenced in Table IA. However, the range of 
results does not present ly allow evaluat ing this rela-  
tion more quanti tat ively.  The dark current  levels 
probably vary with residual  porosity in the film as 
deposited and after t ransfer  from the forming to test- 
ing solution. 

To place these electrodeposited film results in the 
perspective of the behavior  of an aqua regia etched 
(12) single crystal n-CdSe electrode, cell curves as 
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Table I. Characteristics of 6 ~m electrodeposited CdSe films 

A. A s  depos i ted  
Substrate  

Ti Cd Au 

Electrode 1 2 3 4 5 6 7 8 9 
Voc, V 0.41 0.39 0.38 0.38 0.31 0.55 0.13 0.35 0.41 
lac, m A  cm -~ 0.6 3.1 0.8 0.4 0,3 0.2s 1.0 3.1 0.7 

B. Following 10 rain at 600~ in N2* 
Substrate--Ti 

Electrode  10 11 12 13 
Voc, V 0.49 0.33 0.45 0.33 
l~c, m& cm --~ 2.0 1.1 2.0 2.0 

* Four addit ional  spec imens  in this sequence lost film ad- 
herence and were  not  measured. 

those in  Fig. 6 were obtained for both types under  the 
same i l luminat ion.  These results indicate film short- 
circuit  currents  typical ly 1/5 of that  of single crystals 
and equivalence to 1% AM2 solar conversion efficiency, 
given the 7% (12) found for the crystals in this cell. 

The effect of hea t - t r ea tment  on the performance of 
the films was briefly investigated. Some of the elec- 
trodes deposited on Ti were annealed  at 600~ for 10 
min  unde r  an argon atmosphere (9). These were then  
epoxy mounted  and current-vol tage  plots obtained. 
The electrodes subjected to the hea t - t rea tment  ex- 
hibi ted ranges in  photocurrent  and photovoltage simi- 
lar  to those of unt rea ted  disks and no consistent im-  
provement  in  performance could be related to this 
step (Table IB).  In  fact, a slight deteriorat ion in  the 
appearance of the films was usual ly  apparent,  in par-  
t icular  shrinkage, flakiness, and poorer adherence, 
leading to total failure of perhaps half  the specimens 
before cell testing. 
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Fig. 6. Curve |Ca): Output power characteristic for 6 micron 
CdSe film on Ti substrate in IM Na2S-IM S-IM NaOH-0.07M Se 
under illumination. Curve l(b): As for l(a) but no illumination. 
Curve 2(a): As for 1 (a) but for 1.5 micron CdSe film. Curve 
2(b): As for 2(a) but no illumination. 

Another  direction requir ing fur ther  invest igat ion is 
the effect of etching on the electrodeposited films. P re -  
l iminary  etching exper iments  with 1 HNO3-4 HC1- 
5 i 2 0  solutions at room tempera ture  suggest that  cell 
currents  could be in i t ia l ly  improved by  as much as a 
factor of two, bu t  concurrent  overal l  degradat ion of 
the thin films makes the results inconclusive. A mi lder  
surface t rea tment  would be needed. 

Summary 
The reduct ion of SeSO3 -2 ion to Se -~ h a s  b e e n  

demonstra ted by a variety of  rotat ing disk electrode 
techniques. In  a solution in  which the SeSO8 -2 is 
stable to dissociation into Se o and cadmium ion is 
complexed strongly enough to be reduced at more 
negative potentials than  SeSOs -z,  CdSe films may  be 
generated by a surface precipi tat ion process. The film 
is clearly n - type  and photoactive, and, in  our  ex-  
perience (3), a bet ter  photoanode in  the as-deposited 
condition for the S-2/Sx-21C cell than  that  produced 
from H2SeO3 reduction where Se o contaminat ion ap-  
pears an intr insic problem. 

Conditions of concentrat ion and mass t ransfer  a r e  
not near ly  so critical in the SeSO~ -2 process as they 
are in H2SeQ reduct ion because of the in termediacy 
of Se~ in the latter. The electrochemical control of the 
S e S Q  -2 route to CdSe is re la t ively simple. The reac- 
tions and precautions as understood for CdSe film 
formation could be applied to doping such photoelec- 
trodes or producing other selenides. Surface t rea tment  
for optimizing the photoanodic behavior  of the film 
and an anneal ing  procedure to improve its crystal l ini ty  
remain  to be established. 

Manuscript  submit ted April  3, 1980; revised m a n u -  
script received June  12, 1980. 

Any  discussion of this paper wil l  appear in  a Dis- 
cussion bection to be published in  the June  1981 
jOURNAL. All discussions for the June 1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 
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Technical Notes 

The SulfospineI-Lithium Battery System: 
Initial Study of Three Sulfospinels 

M. Eisenberg* 
Electrochimica Corporation, Mr. View, California 94040 

The discovery that  chalcospinels (e.g., sulfospinels) 
of  certain t ransi t ion metals can make useful rever-  
sible cathode materials  in an aprotic electrolyte 
bat tery  system was recent ly reported (1, 2). These 
face-centered cubic materials  represent  sulfur  equiva-  
lents of the we l l -known oxospinels of a general  
formula MIIIMeIIIS4, where M1 and M2 denote divalent  
and t r ivalent  metal  ions. This communicat ion de- 
scribes addit ional  tests on CuCo2S4-Li cells as well 
as several new sulfospinels, in the preparat ion of 
which nickel and iron were used in place of cobalt 
as the t r iva lent  t ransi t ion metal  ion. 

Experimental Studies and Results 
All sulfospinel materials discussed in this paper 

have been synthesized from metal  powders or simple 
sulfides in quartz furnaces by a method described 
previously (1). Exper imenta l  studies were carried 
out  on part ial  "C" cells employing cathodes 1.3 • 5 in. 
long supported on nickel  grids and coiled with a 6 in. 
l i th ium anode. Polypropylene separators were used 
in between. A crimped seal was produced on the 
cylindrical  cells in an argon dry box. Subsequent ly  
cell tests could be carried out in a normal  laboratory 
atmosphere. A typical discharge of a cell with a 
CuCo2S4 cathode is i l lustrated in Fig. 1 for an 8 hr 
rate of discharge (0.63 mA/cm2).  

Figure 1 shows the init ial  discharge of a freshly 
assembled cell and its subsequent  charge. The hori-  
zontal scale also indicates delivered capacity in terms 
of electrons per  mole. As can be seen, there is a 
relat ively prompt drop dur ing  the first hour to a volt-  
age level of 1.55V after which the cells discharge 
remarkab ly  linearly. Linear i ty  is preserved at least 
over the range of two electrons per mole. The same 
is also true dur ing the charge as shown from the 
upper  curve of Fig. 1. 

The exper imental  slope of the discharge curve is 
O.165V/e/mole. It  should be noted that this slope is 
under  discharge conditions for a complete cell in -  
cluding polarized potentials of both cathode and 
anode. (It  is not a plot of the open-circui t  cathode 
potential  vs. l i th ium take-up for which the slope 
should be 0.059 V/e /mole  in accordance with the 
Nernst  equation for the emf of a pure concentrat ion 
cell.) A greater slope should be expected even for 
the cathode alone, since its polarization can be 
expected to increase as discharge proceeds and the 
take-up of l i th ium causes a decrease in  the intr insic 
conductivi ty of the sulfospinel. 

This ini t ial  s tudy included the first preparations of 
the sulfospinels of nickel and iron (in addition to 
copper). These were the first synthetic efforts and 
opt imum conditions for their  preparat ion still remain  
to be determined. However, some encouraging re-  
sults in comparison to CuCo2S4 have been obtained 

* E l e c t r o c h e m i c a l  Society Active Member. 
Key words: battery, cathode, sulfospinel. 

as i l lustrated in Table I which summarizes the ini t ial  
cycling results (8 cycles) for 8 groups of part ial  
C-cells consisting of 3 cells each. 

All cells were connected in  series and operated on 
the same cycling circuit. In this manner  the same 
amount  of charge was passed through all of them and 
they all experienced the same cycling history. Since 
the amount  of active cathode mater ial  varied slightly 
from group to group, the number  of moles per cell 
varied somewhat and, consequently it was more use- 
ful to express the depths of discharge in terms of 
electrons per mole. For the discharges this ranged 
from 1.87 to 2.73 e/mole.  Since electrochemical re-  
versibi l i ty has clearly been established and n -bu ty l  
l i th ium titrations indicate the preservat ion of the 
face-centered cubic s t ructure  of the sulfospinel (and 
possibly even up to 3 electrons per mole) (1), it was 
considered conservative to designate a 2 electron per 
mole discharge to correspond to a 100% depth of 
discharge (DOD) corresponding to 167 m A - h r / g  in 
case of CuCo2S~. 

The following observations can be made on the 
basis of the results given in Table I: 

1. The CuCo2S4 cell (group No. 2) showed typical 
satisfactory behavior. An init ial  scan to 3.12 mA/cm 2 
(equivalent  to a 1.6 hr rate) cell voltage was 1.0V 
and a 2e/mole 10 hr rate discharge yielded an end-  
voltage of 1.45V (average value) .  The recharge of 
2e/mole requi~red an end-vol tage of 2.70V. 

2. The two CuNi2S~ groups (No. 6 and 7) showed 
(for slightly greater depth of discharge and charge) 
desirable higher discharge end-voltages and part icu-  
lar ly lower charge end-voltages of 2.34V. 

3. Subst i tut ing one of the Ni by Fe in the sulfospinel 
appears to increase the star t ing discharge voltage, 
lowering its end-voltage. It substant ia l ly  increases 
the charging end-vol tage which is undesirable.  

CELL EMF, GP, 17121 (E 9519) - 1D 

~ VOLTS CD = 0.53MA/cM 2 - 8 HR R. 

2.5 2.2 G. ACTIVE C.M, -- ~ ~ ~_ J 

~/ \ I~ Av, VOLTAGE EFF = 1.41 V.  = 66% 

.o I 
IF_/MOLE TIME, HRS 2g/MOLE 

Fig. 1. Typical discharge and charge of CuCo2S4-Li cells within 
the reversible range. 

2 3 8 2  
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Table I. Cell cycling performance of new sulfosplnel cathode materials 

2 3 8 3  

Groups 17-28--i0 hr rate (0.5 mAlcm 2) charge and discharge 

Sub. 
gp. No.  Cathode Batch 

1D Scan 
Vol t s  at Disch 7D Charge 8C 

Mole /  
cel l  3.12 
• 10 ~ 1.25 ( m A / c m  2) V-range e / m o l e  V-range e / m o l e  

- 2 CuCo2S, 13B 
-- 6 CuNi~S4 3A 
-- 7 CuNi2S~ 3B 
-- 8 CuNiFeS, 1 
- 3  CuFe2S~ 4A 
- 4 CuFe~S4 4B 
-- 8 CuFe2S~ 5 
- 9  CuFe~S, 6 

7.5 1.88 1.40 2.20-1.45 2.03 1.82-2.70 2.0 
5.6 1.85 1.38 2.16-1.57 2.73 1.80-2.39 2.96 
7.4 1.88 1.52 2.18-1.48 2.07 1.92-2.34 2.15 
6.5 1.51 1.10 2.60-1.28 2.35 1.75-3.60 2.32 
4.8 1.42 1.08 2.10-1.12 2.40 1.60-3.10 2.01 
7.3 1.46 1.09 2.45.1.33 2.10 1.70-3.60 2.07 
8.2 1.51 112 2.55-1.36 1.87 1.75-3.46 1.84 
7.8 1.75 1~4: 2.52-1.38 1.96 1.76-3.42 1.93 

4. The CuFe2S4 groups (No. 3, 4, 8 and 9) show 
similar ly  lower end-voltages on discharge and par-  
t icular ly  higher end-vol tage on charge (3.1-3.6V) 
which is symptomatic of greater kinetic i r reversi-  
bi l i ty for charge acceptance. 

Conclusions 
The sulfospinels are a new promising group of 

cathode materials  for high energy ambient  tempera-  
ture  cells. Their  ut i l i ty  in high tempera ture  l i th ium 
cells has also been established (3), but  so far for 
an ini t ia l  discharge only. Since they are good electri-  
cal conductors, they provide the basis for a high rate 
capability. 

Their  reversible cycling behavior  appears due to 
an inters t i t ia l  migrat ion of l i th ium into the face- 
centered cubic structure.  This is based on the x - r ay  
confirmation (1) that  the face-centered cubic struc-  
ture  is retained when up to 3 l i th ium equivalents  
are introduced per mole of sulfospinel by the n - bu t y l  
l i th ium titration. 

Of the compounds presented in this paper, CuCo2S4 
and CuNi2S4 appear most promising. The somewhat 
poorer results obtained for CuFe2S4 may be due to a 
poor preparation. Fur ther  studies of these compounds, 
especially of the x - r ay  s t ructure  before and after 
discharge or charge, are now indicated for future  
optimization of the preparat ion methods. 

Manuscript  submit ted Oct. 16, 1979; revised m a n u -  
s c r i p t  received May 30,  1980.  This was Paper  27 pre-  
sented at the Los Angeles, California, Meeting of the 
Society, Oct. 14-19, 1979. 

Any  discussion of this paper will  appear in a Dis- 
cussion Section to be published in the June  1981 
JOURNAL. All discussions for the June  1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 
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Simultaneous Discharge of Two Reacting Species 
under Pulsed Current Conditions 
K. Viswanathan, *'1 M. A. Farrell Epstein, and H. Y. Cheh* 
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In  recent  years there has been considerable interest  
in  the application of pulsed current  to electrodeposi- 
tion processes. One of the questions addressed is 
whether  or not higher mass t ransfer  rates are possible 
under  pulsed conditions. Viswanathan  et al. (1-4) ex- 
amined the mass t ransport  behavior  under  various 
periodic currents  and potentials and concluded that  
for a single reaction occurring at the electrode surface, 
it  is impossible to exceed the d-c electrolysis rate by  
any non -d -c  methods. However, in a n u m b e r  of alloy 
as well as single metal  deposition processes, two or 
more reactions can occur s imul taneously  (5). It  is 
therefore interest ing to examine the effects of apply- 
ing non-d -c  electrolysis to a system where two reac- 
tions occur. Recently, Haynes (6) has discussed cur-  
ren t  efficiencies under  pulsed condition. Unfor tunately ,  
several  assumptions made by Haynes are of doubtful  
val idi ty  (7). 

This s tudy involves the use of a simple model to 
demonstrate  the point  that  pulsed current  can be bene-  

* Electrochemical Society  Act ive  Member.  
1 Present address: Hooker Deve lopment  Center,  Niagara Falls, 

N e w  York 14302. 
Key words:  pulsed e lectrolys is ,  current  efficiency, mass  trans- 

fer .  

ficial in certain instances. Consider two irreversible  
reactions occurring s imultaneously at an electrode sur-  
face. Reaction [1] produces an unwan ted  by-product  
while reaction [2] produces the desired substance. As- 
sume also that  reaction [1] is kinet ical ly favored over 
reaction [2]. In other words, reaction [2] will  not  
proceed unt i l  the applied current  density exceeds the 
l imit ing current  density of reaction [I].  To simplify 
the analysis, the reacting species are assumed to have 
equal diffusivities and bulk  concentration. These as- 
sumptions can be relaxed to suit specific situations 
under  consideration. Because of the i rreversible na ture  
of these assumed reactions, the current  density is zero 
for each reaction during the off-period of the pulse. 

Under  d-c conditions, the current  density for reac- 
tion [2] is zero when the applied current  density is 
equal  to or less than the l imit ing current  density for 
reaction [i].  Based on the assumptions stated previ-  
ously, both reactions have equal l imit ing current  den-  
sities and the l imit ing current  densi ty for reaction 
[2] is reached when the applied current  density is 
twice the d-c l imit ing current  density for reaction [1]. 
The d-c current  efficiency for reaction [2], O12)d-c, is 
given by 
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( ~ )  d-c - -  

A p p l i e d  d-c  - - / /  d -e  l imi t ing  cur ren t  dens i ty  
cur ren t  dens i ty  ) ) for reac t ion  [1] 

(Appl ied  d-c  cur ren t  dens i ty )  

X I00 : X i00 [ I ]  
id-o 

w h e r e  id-c is the app l ied  d -c  cur ren t  dens i ty  and (id-c)1,1 
is the  d - c  l imi t ing cur ren t  dens i ty  for  reac t ion  [1]. 
Obviously,  the m a x i m u m  value  for  the cur ren t  effi-  
c i e n c y  for  react ion [2] is 50% when  i~-c is equal  to 
2 (id-c)l,1. I t  is therefore  apparen t  tha t  in o rde r  to ap -  
proach the 50% cur ren t  efficiency for react ion [2], one 

( T/,2 ) p --- 

m 

plied pulsed current  dens i ty  be 2 (ip)l,1 dur ing  the 
on-per iod  of a pulse. The equiva len t  d -c  cu r r en t  d e n -  
s i t y  is 

id~ = ipt~/ tr  = 2 (ip) 1,1 t l / t :  [2]  

where  ip is the appl ied  pulsed cu r ren t  density,  t l  is  
the dura t ion  of the on-per iod,  and  tc is the cycle t ime. 
T~e d-c  cur ren t  efficiency for reac t ion  [2] can be cal -  
cula ted  by  subs t i tu t ing  Eq. [2J into Eq. [1] 

(2ip) 1,1tl/tc - -  (/d-c) 1,1 
(n2) d-c = X 100 [3] 

2( ip) j ,1  t~ l t c  

If  we assume that  reac t ion  [1] proceeds at  a c u r r e n t  
densi ty  (imt)l,1, the cu r ren t  efficiency for  react ion 
[2] by  pulsed  cur ren t  is given b y  

T ime -a ve ra ge d  i n t e rmi t t e n t  '~ 
( T i m e - a v e r a g e d  appl ied  ) - -  l imi t ing cur ren t  dens i ty  J 

pulsed cur ren t  dens i ty  for react ion [1] 
X I00 

2 (ip) 1,1tl/tc 

2 ( { p ) l , l -  (~int)I,1 
2i~p) , .1  ~ x 100 

(T ime-ave raged  app l ied  pulsed cur ren t  densi ty)  

2 (ip) L l t l / t e  - -  (lint) 1,1tl/•r 
X i00 

must  app ly  a cur ren t  dens i ty  whose magni tude  should 
be close to 2 (id-c)l,1. On the o ther  hand, one real izes 
tha t  as the  l imi t ing cur ren t  dens i ty  of react ion [2] is 
being approached,  the  qua l i ty  of the e lect rodeposi t  
gene ra l ly  de ter iora tes  r ap id ly  (8). To be t t e r  uti l ize 
the appl ied  cur ren t  density,  i t  would  be beneficial  to 
reduce the f ract ion of cur ren t  dens i ty  which is con- 
sumed by  react ion [1]. A possible way  to accomplish 
this t a sk  is by  the appl ica t ion  of a pulsed  r a the r  than  
a d -c  current .  This advan tage  can be exp la ined  by  
the fol lowing consideration.  

In  order  to enhance the cur ren t  efficiency of react ion 
[2], one should app ly  a cur ren t  which is cons iderably  
h igher  than the l imi t ing  cur ren t  densi ty  for react ion 
[1]. Under  pulsed  cur ren t  conditions, the pulsed l imi t -  
ing cur ren t  density, (ip);,1, can be ca lcula ted  by  the 
method descr ibed by  Cheh (9). The pulsed l imi t ing 
cur ren t  dens i ty  has been defined to be the  appl ied  
cur ren t  dens i ty  which causes the concentra t ion of the 
reac t ing  species to drop to zero at  the end of the  on-  
per iod  dur ing  a pulse cycle. In  contras t  to d -c  condi-  
tions, if  a pulsed cur ren t  wi th  a magni tude  of 2 (ip)l,1 
is applied,  react ion [2] wi l l  proceed under  condit ions 
not  comple te ly  control led  by  mass t ransfer .  This is 
because react ion [1], being k ine t ica l ly  favored,  wi l l  
proceed at  a cur ren t  h igher  than (ip)l,~. The concen- 
t ra t ion  of the reac t ing  species for react ion [1] wil l  
drop to zero dur ing  the pulse ins tead  of a t  the end of 
the  pulse. The highest  cur ren t  that  react ion [1] can 
achieve is given by  the in te rmi t t en t  potent ia l  case (4), 
which corresponds to the s i tuat ion where  the concen- 
t ra t ion  of the reac t ing  species drops to zero ins tan-  
taneous ly  at  the  onset  of a pulse. This is a l imi t ing  
case. Fo r  the concentra t ion  of a reac t ing  species to 
drop to zero ins tantaneously ,  one must  app ly  an infinite 
cur ren t  densi ty  ini t ia l ly .  In real i ty ,  a high cur ren t  
dens i ty  is needed  for  a shor t  per iod of t ime at  the 
onset of the on-per iod.  The overa l l  cur ren t  dens i ty  for 
react ion [1] dur ing  the on-per iod  is never theless  close 
to the l imi t ing cur ren t  dens i ty  of react ion [1] for the 
in t e rmi t t en t  potent ia l  case, (iint)l,l. The calculat ion of 
(iint)l,1 has been presented  recen t ly  by  Viswana than  

e t  aI. (4). 
Let  us now proceed to calculate  the cur ren t  effi-  

c i e n c y  for  reac t ion  [2] under  d -c  condit ions and com- 
pa re  i t  wi th  the  t ime-ave raged  cur ren t  efficiency 
under  pulsed conditions for the same number  of 
coulombs passed in a g iven t ime period.  Let  the a p -  

[4] 

Since (ip)l,1 and ({int)l,1 a re  funct ions of p u l s e  
character is t ics  and s t i r r ing  (4, 9), a numer ica l  com- 
par i son  of (n2)d-c and (n2)p has to be carr i ed  o u t  ac -  
c o r d i n g  to the fol lowing procedure.  Fo r  var ious  values  
of the dimensionless  on- and off-periods defined b y  
~ = D t l / b  2 and ~2 = Dr2~52 where  T1 and T2 are  the 
dimensionless  on-  and off-periods, D is the diffusivi ty 
of the react ing species, and 5 is the thickness of the 
Nerns t  diffusion layer ,  (ip)l,1 and (iint)l,1 can be cal -  
cula ted  by  methods  out l ined  by  Cheh (9) and  b y  
Viswana than  e t  al. (4), respect ively.  These values are  
then used to calculate  (•2)d-c and (n2)p by  using Eq. 
[2] and  [3]. Results  f rom s imi la r  calculat ions are  
summar ized  in Table I. 

For  example,  when ~1 = 0.04 and ~r : 0.10, (ip)l,1/ 
(id-c)I,1 = 1.9825 (9) and  ( i int) l ,1/( id-c)L1 = 2.17 (4), 
Therefore,  according to Eq. [3], (n2)d-c = [(2 X 1.9825 
• 0.4 -- 1 ) / ( 2  • 1.9825 • 0.4)] • 100% = 36.94%, 
and according to Eq. [4], (ne)p = [(2 • 1.9825 
- -  2.17)/2 • 1,9825] • 100% -- 45.25%. 

These resul ts  c lear ly  indicate  tha t  the m a x i m u m  
cur ren t  efficiency for  react ion [2] is 50% for  a sys tem 
wi th  equal  diffusivities, valency,  and bu lk  concent ra-  
t ion for both react ing species. This value  is reached 
when one applies a d-c  cur ren t  dens i ty  which is the  
sum of the d-c  l imi t ing cur ren t  densit ies for both  
species. On the other  hand, when the appl ied  cur ren t  
is lower  than the sum of the d-c  l imi t ing  cur ren t  
densities, the cur ren t  efficiency for react ion [2] under  
pulsed conditions is genera l ly  h igher  than  tha t  under  
d-c  conditions. The faster  the pulse, the h igher  is the  
cur ren t  efficiency for reac t ion  [2]. This is expected 

Table I. Current efficiencies for reaction [2] by d-c and by 
pulsed electrolysis 

1.000 0.000 50.00 50.00 
0.800 0.200 40.50 44.50 
0.600 0.400 27.20 40.98 
0.400 0.600 6.87 38.87 
0.100 0.000 50.00 50.00 
0,080 0.020 47.05 48.20 
0.060 0.040 43.07 46.84 
0,040 0.060 36.94 45.25 
0.020 0.080 24.24 43.94 
0.010 O.O00 50.00 50.00 
0.008 0.002 49.07 49.42 
0.005 0.004 47.81 48.84 
0.004 0.006 45.67 48.43 
0.002 0.008 41.86 47.64 
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because (ip)lj1 approaches (iint)l,_l as the duty  c y c l e  
approaches zero (4). It  is also impor tant  to note that  
since (iint)l,1 is the highest l imi t ing cur ren t  density 
among all non -d -c  electrolysis, (n2)p calculated by Eq. 
[3] provides the lower bound for the current  efficiency 
for reaction [2] by pulsed electrolysis. The actual cur-  
ren t  efficiency for reaction [2] by pulsed electrolysis 
will  be between the value calculated by Eq. [3] and 
50%. Meanwhile,  Viswanathan et al. (4) has shown 
that  (iint)1,1 X tl/t2 is always lower than  (/d-c)1.1. Thus, 
by applying a pulsed current,  the t ime-averaged rate 
of pulsed electrolysis for reaction [1] is lower t h a n  
that  by  d.c., thereby increasing the t ime-averaged rate 
of electrolysis and the cur ren t  efficiency for reaction 
[2]. 
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The Application of Linear Sweep Voltammetry 
to a Rotating Disk Electrode for a Reversible 

Reaction with Soluble Product 

P. C. Andricacos* and H. Y. Cheh** 
Department  of Chemical Engineering and Applied Chemistry, Columbia University, New York,  New York  10027 

The theory of l inear  sweep vol tammetry  (LSV) 
in  a s tagnant  system for a reversible reaction with 
soluble product  was first worked out independent ly  
by  Sevcik (1) and Randles (2). Subsequently,  sev- 
eral  authors (3-6) contr ibuted to its fur ther  develop- 
ment.  Reviews on the subject can be found in the 
classical paper by Nicholson and Shain (7) and in  
the monograph by Macdonald (8). 

One of the advantages in performing LSV experi-  
ments  in  systems with controlled forced convection, 
such as that established by a rotat ing disk electrode 
(RDE), is that the effect of na tura l  convection is 
suppressed even at low values of the Reynolds n u m -  
ber. However, the application of LSV on an RDE has 
not been used extensively. One probable cause is 
the insufficient development  of its theory. 

In  a recent  paper (9), we applied the Nernst  model 
of t rans ient  diffusion to an RDE, to obtain an ana-  
lytical  expression for the current  t ransient  associated 
with a reversible deposition (insoluble product) reac- 
tion. We have found that  for slow dimensionless 
sweep rates, no current  peaks are obtained. Instead, 
the current  density increases monotonical ly with t ime 
to an asymptotic value equal to the diffusion l imit ing 
current  density. However, as the dimensionless sweep 
rate is increased and after a relat ively short t ransi t ion 
region, peaks are obtained the behavior  of which is 
the same for all practical purposes as those obtained 
in  a s tagnant  system. As a result, the l inear  depen- 
dence of the peak current  density on the square 
root of the sweep rate originally derived by Berzins 
and Delahay (10), is retained. In  addition, the peak 
current  density normalized with respect to the l imi t -  
ing current  density has been shown to depend l inear ly  
on the square root of the dimensionless sweep rate. 

* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 
Key words: rotating disk, deposition, voltammetry. 

A part icular  advantage of this conclusion is that 
the correlation exhibits a weak dependence on the 
physical properties of the electrolyte. 

In  the present  note, the LSV response of an RDE 
on which a reversible reaction with soluble product  
occurs, is analyzed. The same problem has been dealt  
with by Gir ina et al. (11) and by Fried and E1ving 
(12), but  to an insufficient detail. A review of the 
work of these authors has been provided elsewhere 
(9). 

Consider the reaction 

0 -~- ne-> R [1] 

where both reduced and oxidized species are soluble. 
Assuming that  the diffusion coefficients of O and R 
are equal to a common value D, a unique diffusion 
layer thickness, 5, has been derived by Levich (13) 

8 : 1.61D1/3vl/%-l/2 [2] 

where v is the kinematic  viscosity of the electrolyte 
and ~ is the rotat ion speed of the RDE. If co b and 
CR b are the bulk  concentrations of O and R, respec- 
tively, the following dimensionless quanti t ies can be 
introduced 

Co(~, T) = 1 - co~, T)/co b [3] 

CR(& ~) = 1 - -  CR(~, T) /CR b [4]  

= x / 5  [5]  

T : Dt/52 [6] 

where Co and CR are dimensionless concentrations, 
and } and ~ are dimensionless distance and time, 
respectively. Under  the assumptions of the Nernst  
diffusion model discussed elsewhere (9), the diffusion 
of O towards the RDE surface is described by t h e  
following equations 
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0Co O~Co 
. . . .  [7] 

Co(~, 0) = 0 [8] 

Co( l ,  ~) = 0 [9] 

OCo i (~) 
~ (0, ~) - -  [ 1 0 ]  
O~ io,1 

where  i(T) is the unknown cur ren t  densi ty  and io,1 
is the  diffusion l imi t ing cur ren t  densi ty  defined as 
follows 

io,1 : nFDcob/~ [11] 

A s imi lar  set of equations describes the diffusion of 
R. The only difference is in Eq. [10], which reads  

8CR i (~) 
(0, ~) : [12] 

The resul t ing  bounda ry  value  problems can be solved 
by  the Laplace  t r a n s m r m  method.  A simple computa -  
t ion in the Laplace  domain  fol lowed by  convolut ion 
yields  the fol lowing re la t ions  

fo  r i (~)  Co(0, ~) - -  . X 8 2 ( 0 , ~ i ( z -  ~ ) )dk  [13] 
~0,1 

Ca(0,~)  - -  - -  _f~ . . . .  i (~)  • e~(0, gi(~ k ) ) d k  [14] 
�9 w o SR,1 

i (z )  
f ~  8Co ( 0 , ~ ) X  ~ ( 0 , ~ i ( ~  ~))d~ [15] 

io,~Co(0, ~) + in,~Ca(O, ~) = 0 [16] 

where  ~ is a d u m m y  var iab le  of integrat ion,  and 
~2 and e~ are  theta  functions or ig ina l ly  used for the 
solut ion of e lect rochemical  diffusion problems by  To- 
kuda  and Matsuda (14-16). They are  defined as 
follows (17) 

0~(0 ,~ i (~- -~ . ) )  : 2  ~.~ e x p ( - - ( j  + 1 / 2 ) 2 ~ ( ~ - - ~ . ) )  

[17] 
~-----r 

e ~ ( 0 , : d ( r - -  ~))  - -  1 + 2 ~.~ exp(-- j2~2(~ --  ~,)) 
j = l  

[18] 

Equat ion [15] is impor tan t  in tha t  i t  provides  an 
express ion for  the cur ren t  dens i ty  i (~) ,  once aCo/a~ 
(0, k) is known. Fur the rmore ,  Eq. [16] is a re la t ion  
be tween  the dimensionless  concentrat ions of O and R, 
der ived  by  the e l iminat ion  of the common in tegra l  
be tween  Eq. [13] and [14]. An expression for  
aCo/8~ (0, ~) can be obta ined f rom the assumptions  
concerning the mechanism of react ion [1]. 

In  an LSV exper iment ,  the  e lect rode potential ,  
E ( t ) ,  is given b y  

E ( t )  : Ei -- v t  [19] 

where  El is the ini t ia l  potent ia l  and v is the sweep 
rate.  For  no cur ren t  to flow in i t ia l ly  th rough  the 
system, E~ is t aken  to be the equ i l ib r ium potent ia l  
of the electrode,  computed  from the Nernst  equat ion 
and co ~, ca ~. Since the react ion is revers ib le  and 
assuming tha t  i t  occurs in an ideal  solution, we 
obta in  

co(O, 
- -  1 t____~) exp --  v t  [20] 

cn(0, t) CR b R T  

In t roducing  the dimensionless  sweep rate,  

: nFv62/RTD [21] 

and the concentra t ion rat io  

~--Cob/CRb:io,1/iR,1 [22] 

Eq. [20] can be wr i t t en  in dimensionless  var iables  
as follows 

1 --  Co(0, T) 
= exp (--aT) [23] 

1 + +~Co (0, ~) 

Combining Eq. [15] and [23] an expression for the 
normal ized  cur ren t  dens i ty  is obta ined  

~o.~ - 4 1 + 

+ 2 ~ exp(-- j2n~(T --  ~))  
j = l  

d~ 
cosh 2 ( (ln ~ --  ak) /2)  

[24] 

where  the s ingula r i ty  at  the  upper  l imi t  can be 
removed  by  in tegra t ion  by  parts .  

Equat ion [24] can be used in pr inciple  for the 
computa t ion  of the cur ren t  t ransient .  However,  fu r -  
ther  subst i tut ions or ig ina l ly  in t roduced by Matsuda 
and Ayabe  (3) for the corresponding p rob lem in a 
s tagnant  sys tem can considerably  s impl i fy  the cal-  
culations. Let  

a --  In ~ [25] 

= ~ -- a [ 2 6 ]  

= ~ -- a [27] 

Eq. [24] then acquires the fol lowing fo rm 

i (~)  = (1 ~- e - a )  X -~- _ 
io,1 a 

1 + 2 ~-~ exp(- - j2~2(~  --  ~)/~) 
j = l  

de [28] 
cosh 2 (~/2) 

By using a t ransformat ion  formula  for e3 (17, 9) and 
defining a new variable ,  p, by  

p --  (~ _ ~)1/~.  [ 2 9 ]  

Eq. [28] acquires  its final form 

: ql/2r (~, ~, a) [30] 
i0,1 

where  ~rde iS the cur ren t  funct ion defined as follows 

1 . f  (O+a)l/2 
t rde (~ ,~ ,a )  = ( l + e  - a )  X 2 - - ~ o  

1 + 2 ~ exp (--j2a/p2) 

j=l dp [31] 
cosh 2 ( (~ _ p2)/2) 

The in tegra l  in Eq. [31] is wel l  defined everywhere .  
I t  would be in teres t ing  at  this point  to compare  

CI, rde(~ ,  or, a )  to the cur ren t  funct ion %t(~, a) obta ined  
by  Matsuda  and Ayabe  (3) for the solut ion of the  
corresponding p rob lem in a s tagnant  system. The 
expression der ived  by these authors  in the present  
nomencla ture  is as follows 

1 .f(O+a)l/a 
~s t (~ ,a)  : ( l + e  - a )  X 2 - - 7 _ o  

1 
dp [32] 

c o s h 2 ( ( ~  - -  p 2 ) / 2 )  

The most impor tan t  difference be tween  Eq. [31] and 
[32] is that  the la t te r  is not a function of the sweep 
rate.  Indeed, given a value  of a, ts t  is only  a funct ion 
of ~, whereas  qbrd e is st i l l  pa ramet r i zed  wi th  respect  
to ~. One can also note that  for smal l  values  of p 
or high values  of ~, Eq. [31] and [32] tend  to become 
ident ical .  
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The integral  in  Eq. [31] has been computed n u -  
merical ly  by  the use of Simpson's rule. Figure 1 
shows a graphical  representat ion of Eq. [31] for 
a ---- 12.0. 

For small  values of the dimensionless sweep rate, 
the current  funct ion increases monotonical ly from 0 
to a s teady-state  value 

Crde->~ - I / ~  as ~ oo [33] 

For larger values of ~, a max imum is obtained, while 
the subsequent  s teady-state  value is again described 
by  Eq. [33]. Combining Eq. [30] and [33] we find 
that  as ~-> ~ ,  i(z)/io,l-> 1. F o r e  > 20 

CI'rde,max = 0.446 at ~ = 1.1 [34] 

Combining Eq. [30] and [34] we obta in  

% 
= 0.446 ~1/2, ~ > 20 [35] 

' {O,1 

Maxima appear for ~ > 3. Thus, the region 3 < ~ < 20 
is the t ransi t ion region. Figure 2 summarizes the de- 
pendence of ip/io,l on ~1/2. In  the region 10 < r < 20, 
deviat ion from Eq. [35] is less than 2%. 

Equat ion [35] indicates that  the peak current  dens-  
ity, ip, normalized with respect to the diffusion l imit-  
ing current  density, io,1, is a l inear  funct ion of the 
square root of the dimensionless sweep rate, ~, pro-  
vided that ~ is large enough. The slope is a constant, 
independent  of any  physical property of the system. 

In  terms of dimensional  quantities,  Eq. [35] can 
be wr i t ten  as 

ip ---- 0.446 na/2F3/2R-1/2T-Z/2D1/2cobvl/e [36] 

Equat ion [36] is the same as the one describing the 
response in a s tagnant  system (3). However, the use 
of the RDE allow-s both Eq. [35] and [36] to be 
used for correlat ing results. As previously (9), Eq. 
[36] offers the advantage of the weak dependence 
on the physical properties of the electrolyte 

% 
---- 0.718 (nFv/RT~) 1/2 (v/D) 1/6 

io,1 

1.0 

L INEAR SWEEP V O LTA MMETR Y  
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Fig. |. RDE current function for a reversible reaction with soluble 
product, Eq. [3] ] .  Numbers on lines indicate values of the dimen- 
sionless sweep rate. 
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Fig. 2. ip/io,1 vs. ~1/2 correlation for a reversible reaction with 
soluble product occurring on an P, DE under LSV conditions. A: re- 
gion of no maxima; B1 and B2: transition region (B2: less than 2% 
deviation from linearity); C: region of validity of Eq. [3.5]. 

The value of the overpotential  at which the cur ren t  
peak appears, ~p, can be easily found to be 

RT 
~]p _ - -  (1.1 + ln#) [38] 

nF 

The behavior of the current function is not affected 
by the value of a when the latter is greater than 
approximately 4. For instance, when a = 4 and within 
the region of validity of Eq. [35], the value of the 
peak overpotential is unaltered; however, the slope 
of the ip/io,1 vs. vii2 correlation is about 1% lower 
than the one predicted by Eq. [35]. 

Exper imental  investigations to verify the ip/io.1 vs. 
r correlation have been conducted by Gir ina et at. 
(11) for the TI+/Tt(Hg) reaction. In this case, the 
reaction produc~ is soluble in the electrode. These 
authors also discuss the results of Fried and Elving 
(18) obtained for the oxidation of Fe(CN)6 -4. It  
should be noted that  Gir ina et al. have erroneously 
assumed that  the current  peaks appear at ~ ,~ 1. 
By assuming so, the dependence on ~ has been el im- 
inated erroneously. 
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Meso- and DI- Diethyl 2,3-Diphenylsuccinate 
from the Electrochemical Reduction of Ethyl 

-Bromophenylacetate 
L. Rampazzo and A. Inesi 

Institute of Chemistry, Faculty of Engineering, University of Rome, Rome, Italy 

A variety of chemical methods for the preparat ion 
of the stereoisomeric meso- and dl-diethyl  2,3-di- 
phenylsuccinates (I, II)  have been developed (1-9). 
Other routes to (PhCtICOOEt)2 are the electrochemical 
oxidation of the enolate of ethyl phenylacetate 
PhCH2COOEt(III)  (10, 11) and the photolysis of 
ethyl ~-chlorophenylacetate (12). The purpose of this 
paper is to summarize some exper imental  observations 
related to the electrochemical reduction of ethyl ~- 
bromophenylacetate  (IV) on Hg in DMF-E%NC104 �9 
0.1M solutions, providing a synthetical ly useful prepa-  
rat ion of meso- and dl- 2,3-diphenylsuccinates. 

Addit ional  exper imental  results on the electrochemi- 
cal reduction of e thyl -a-bromophenylaceta te  on plat i-  
n u m  and glassy carbon electrodes are also reported. 

Experimental 
C h e m i c a l s . - - N , N - d i m e t h y l f o r m a m i d e  ( D M F )  

(RIEDEL-DE HAEN spectranal.)  was treated with 
neut ra l  A1203 for chromatography, which was previ-  
ously heated for 3 hr at 600~ The solvent was then 
passed through molecular  sieves 4A (BDH) and dis- 
tilled under  ni t rogen flux at 5 mm Hg. The product of 
the first disti l lation was collected over P205 and stored 
at 0 'C in the dark. The water content  of the purified 
DMF was not greater than 0.01% as measured by the 
Kar l -Fischer  titration. Polarographic grade E%NC104 
(Carlo Erba) was vacuum dried at  60~ and used as 
the support ing electrolyte without addit ional  purifi- 
cation. Bu~NBr was Carlo Erba RS grade for polarog- 
raphy. Commercial ly available ethyl ~-bromophenyl-  
'acetate (K&K, 99.5%) was used as received. TLC on 
silica gel (eluent  benzene) showed that  it  contained 
a trace of a product moving slower than IV. 3,4-xylenol 
and trifiuoroacetic acid used in some experiments  were 
reagent  grade chemicals, BDH and K&K, respectively. 
Ethyl phenylacetate  (K&K) was used for comparative 
purposes. All other chemicals used were commercial ly 
available and of the best purity.  

Apparatus.--Conventional polarographic data were 
obtained with a three-electrode AMEL MOD 471 in-  
s trument.  The reference electrode was a calomel-type 
as described by Fuj inaga  (13). Its potential,  --0.059V 
vs. SCE, remained constant dur ing several months;  all 
potentials are quoted with respect to this reference 
electrode. The counterelectrode was a mercury  pool. 
The dropping mercury  electrode operated with a head 

Key words:  d-c polarography,  ethyl  ~-bromophenylacetate, di- 
ethyl 2,3-diphenylsuccmate, controlled-potential electrolysis, re- 
ductive coupling. 

of 70 cm. Two capillaries, 1 and 2, were used, giving 
values of tg(1) ---- 4.01 sec, tg(2) : 5.01 sec at open 
circuit, tg(1) ~ 3.40 sec, tg(2) : 4.40 sec at E 
--1.00V; the Hg flux was r e ( l )  ---- 1.10 mg • s e c  - 1  
and m(2)  ---- 1.36 m g •  sec -1. An AMEL MOD 552 
potentiostat  equipped with an AMEL MOD 721 in te-  
grator were used in controlled potential  electrolyses 
(c.p.e.) and coulometric experiments.  A stirred mer -  
cury pool served at the cathode; the counterelectrode 
was a cylindrical  p la t inum gauze immersed in the 
0.1M Et~NC104-DMF solution. A porous plug filled 
with methylcellulose and DMF-Et4NC104 0.1M sepa- 
rated the counterelectrode from the test solution. Be- 
fore each electrolysis, all solutions were deoxygenated 
with N2 (PP) ,  and ni t rogen was passed over the solu- 
tion dur ing c.p.e. 

A Bruker  spectrospin operating at 90 MHz was 
employed to record NMR spectra, and all chemical 
shifts are reported in ppm downfield from TMS a s  
in terna l  standard. The solvent was CDC13. Mass spec- 
t rometric data for (PhCHCOOEt)2 were obtained by 
direct insert ion with an Hi tachi -Perkin  Elmer  RMU-6 
spectrometer at 70 eV. Infrared spectra were recorded 
on a Perk in -Elmer  1VIOD 177 grat ing spectrophotometer 
using CC14 as solvent. Melting points were determined 
in glass capillaries with a BUCHI mp apparatus and 
are uncorrected. All electrochemical experiments  were 
performed on freshly prepared solutions of IV. Pre-  
l iminary  experiments  on the polarographic behavior  
revealed that e thyl-~-bromophenylacetate ,  when dis- 
solved in DMF, can be slowly hydrolyzed by traces 
of water  still present  in the solvent. In  fact, test 
polarograms were recorded on solutions which were 
from just  prepared to five days old; the waves slowly 
changed in height on standing, and the B r -  ions de- 
termined the appearance of a characteristic anodic 
wave. 

Voltammetric measurements  on solid electrodes were 
performed using a pulsed electrode (14), which was 
assembled either with a p la t inum electrode of about 
1 mm diam (PPE),  or with a glassy carbon electrode 
of 3 mm diam (GCPE). Both electrodes were polished 
by conventional  methods. 

Controlled potential electrolysis.--C.p.e, of 2.78g of 
PhCH2BrCOOEt (IV) in 300 ml of DMF-0.1M Et4NC104 
using a mercury  pool cathode at --1.500V was accom- 
plished by adding the bromo-ester  in small  portions 
at a time, so that dur ing electrolysis the concentrat ion 
of IV to be reduced was never  greater  than 3 • 10-3M. 
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The m a x i m u m  value  of cur ren t  intensi ty  was about  
0.6A; when  the current  value dropped to ca. 0.003A, 
electrolysis was in te r rupted  and 810C were  measured. 
At  this time, no s tar t ing product  or other  substances 
reducible  in the in te rva l  0.00 to --2.700V were  present  
in the solution, as ascertained by recording the polaro-  
gram. The electrolyzed solution was dried under  vac-  
uum (t ---- 40~ to r emove  DMF; the product  was 
ext rac ted  wi th  ether,  the e therea l  solution was con- 
centrated to a volume of about  20 ml. On cooling, a 
ye l low-b rown  precipi ta te  was formed;  recrysta l l iza-  
tion f rom ethanol  afforded 0.300g of colorless crystals 
mel t ing at 139~176 [lit. (2, 8) for meso  I: mp ---- 
140~176 Inf rared  ( I ) :  vmax (CC14): 1725, 1153, 700 
cm -1 (all  s t rong) ;  the other  m e d i u m - w e a k  peaks at 
3080, 3050, 3020, 2980, 1490, 1450, 1365, 1300, 1285, 1250, 
1230, 1200, 1095, 1070, 1030, and 850 cm - I  matched the 
l i tera ture  data (12). NMR (I) :  5 (CDC13)/ppm: 7.36 
(multiplet ,  P h ) ;  4.37 (singlet, CH);  3.83 (quartet ,  J : 
7.0 Hz, CH2); 0.89 (triplet,  J ---- 7.0 Hz, CH3), accord- 
ing to l i te ra ture  data (5, 8) for m e s o - d i e t h y l  2,3-di- 
phenylsuccinate.  

Mass spectrum of I (t ---- 120~ m / e :  326 (M+),  325 
(M-H),  324 (M-2H),  281 (M-OEt) ,  280 (M-EtOH, 
metastable  peak for the t ransi t ion 326 --> 280 at m* 
240.5), 253 (M-COOEr) ,  252 (M-EtOH-CO, metastable  
peak for 280 --> 252 at m* ---- 226.8), 248 ( M - H - P H ) ,  
235 (M-H-2 OEt) ,  224, 223, 207, 206, 195, and appropri -  
ate peaks at lower  role. 

The remain ing  e thereal  solution was filtered, the 
solvent removed under  vacuum, obtaining a ye l low-  
brown substance which was crystal l ized f rom pet ro-  
leum ether  to white  crystals (0.200g) mel t ing at 74 ~ 
77~ [lit. (2, 8) for dl ( I I ) :  79~ The infrared spec- 
t rum was identical  peak by peak to the spectrum of 
meso (I).  NMR showed all peaks of dl (II) at 5 /ppm 
(CDCI3): 7.36 (Ph) ,  4.22 (singlet, CH),  4.14 (quartet,  
J ---- 7 Hz, CH2), 1.17 [triplet, J ---- 7 Hz, CH3, according 
to Ref. (8)],  together  wi th  the peaks of I in minor  
amount,  i.e. 75% dl and 25% meso. 

The mother  l iquors of the two preceding crystal l i -  
zations were  collected, dried and recrystal l ized f rom 
pet ro leum ether  to afford 0.25g of whi te  crystals, mp 
70~176 of a mix tu re  of 33.5% m e s o -  and 66.5% 
dl -d ie thy l  2,3-diphenylsuccinate (NMR), as de ter -  
mined by the in tegrated peaks of the wel l - separa ted  
me thy l  tr iplets at 5 ---- 0.89 and 8 : 1.17 for I and II, 
respectively.  No peaks be tween  the signals of methine  
and phenyl-  protons were  apparent,  indicat ing that  no 
a -para  dimers were  present  in detectable amounts. 

Results and Discussion 
Figure  1 (a, b, c) shows the polarograms for e thyl  

~-bromophenylaceta te  on a dropping mercury  electrode 
in d imethy l formamide  containing 0.1M Et4NC104, when  
the concentrations of IV are of the order  of 10-4M. If  
the concentrat ion is raised over  10-~M, a sharp max i -  
m u m  appears, fol lowed by the normal  diffusion cur-  
ren t  plateau. The presence of this m a x i m u m  hides a l l  

]~ 0.20/.,,A 

E/v 

Fig. I. Polarographic reduction waves of PhCHBrCOOEt (IV) in 
DMF-Et4NCI04 0.1M; curve a, C(IV) ~ 3.0 X 10-4M; curve b, 
C(IV) ---- 5.0 X 10-4M; curve c, C(IV) ---- 7.0 • 10-4M. Each 
curve starts from E ~ 0.200V; E/V vs. the SCE as indicated in the 
experimental section; capillary 2. 

the features be tween the ascending part  of the f i r s t  

wave and the diffusion current.  No significant deviat ion 
f rom diffusion control  was observed on the polaro-  
graphic waves;  the l imt ing currents  were  proport ional  
to the concentrat ion of IV in the range 10-4-10-~M, 
and to the square root of the height  of the mercury  
reservoir.  The two waves observed, wi th  E1/2 = --0.13V 
and --0.48V, respectively,  show l imit ing currents  in 
the ratio of about 2/1 for the same concentrat ion range. 

Coulometric  reduct ion of 2 • 10-3M IV with  a 
mercury  pool cathode at E ---- --1.8V gave napp ---- 0.75- 
0.80 in repeated exper iments ;  other  polarographic and 
coulometric  data are repor ted  in Table  I. 

The effect of addit ion of 3,4 xylenol  and trifluoro- 
acetic acid (TFA) on the polarograms is shown in Fig. 
2. The first reduct ion wave  remains unaffected when  
3,4 xylenol  is added, whereas  the second wave  increases 
with increasing concentrat ion of 3,4 xylenol,  unt i l  a 
saturat ion value is obtained. Addit ion of TFA affects 
the height  of the first wave, wi thout  shift ing its half-  
wave  potential,  unt i l  about  the same saturat ion value 
is obtained when excess TFA is added. It should be 
r emembered  that 3,4 xylenol  is a weak acid in DMF; 
TFA is a strong acid in this solvent; the reduct ion 
wave  of the latter,  due to hydrogen discharge, is at 
E1/2 ---- --1.48V (15). Polarographic  and coulometric  
data for reduction of CHPhBrCOOEt  in the presence of 
proton donors are collected in Table II. 

As described in the exper imenta l  section, the isolated 
nonvolat i le  products of control led-potent ia l  electrolysis 
of IV at a mercury  pool cathode at --1.8V are m e s o -  
and d/ -d ie thyl  2,3-diphenylsuccinate I and II, the over -  
all re la t ive  ratio being 57.3% ~neso- and 42.7% dl. The 
overal l  current  yield was about 60 % af ter  the working  
up of the electrolyzed solution. No effort was made to 
improve  this procedure to optimize the yield, so it  is 
l ikely that  absolute yield would be better;  moreover ,  
commercia l ly  avai lable PhCHBrCOOEt  was used wi th-  
out fur ther  purification, so that  nonreducible  hydrol -  
ysis products could be present  at the beginning of the 
electrolysis. 

The products formation is c lear ly  a consequence of 
the overal l  main electrode process 

E _-- -- I.SV 
2PhCHBrCOOEt + 2e ) 2 B r -  

Hg, DMF 

+ (PhCHCOOEt)2 [1] 
meso  and dl 

The presence of dimers in the products of e lectro-  
chemical  reduct ion of monosubst i tuted halides has been 

Table I. Polarographic and coulom'tric data for reduction of 
CHPhBrCOOEt in DMF containing 0.1M Et4NCI04 

C, mM • i -I I b napp c 

6 x 10-~ 3.40 
8 x 10- ~ 3.19 
1 X 10 -1 2.87 
2 x 10 -1 2.42 
3 x 10 -1 2.08 
3 x 10- I 2.12 
3 x 10 -1 2.12 
5 x 10-- z 2.03 
7 x i0 -i 1.95 
3.0 1.72 
5 a 1.56 

38.4 m a x  

0.97 
0.93 
1.04 

0.93 
0.85 
0.75 d 

a R e s u l t  o b t a i n e d  w i t h  c a p i l l a r y  1; al l  o t h e r  d a t a  w e r e  o b t a i n e d  
u s i n g  capillary 2. 

~ltm 
b D i f f u s i o n  c u r r e n t  c o n s t a n t ,  I = - -  /~A • mM-~ x 1 • 

~21~t116C 
rag--~ x s e e  1/2. 

c Number of F/mole o b t a i n e d  b y  c o u l o m e t r y  at  E = -1.8V. 
d LOW values Of n~pp < 1 at C > 1 raM/1 were obtained by others 

in the one-electron reduction of carbon-halogen bond in DMF, 
cI. for example, C. M. McNamee, B. C. Willet, D. M. La Perriere, 
and D. G. Peters, J. Am. Chem. Soc., 99, 183 (1977); a s i m i l a r  
explanation may hold f o r  t h e  p r e s e n t  case .  
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E/V 

IO.20~A 

2 V  

Fig. 2. Effect of 3,4-xylenol (HA) and trifluoroacetic acid (TFA) 
on the polarographic reduction waves of PhCHBrCOOEt (IV) 
5.0 X 10-4M in DMF-Et4NCIO4 0.1M; curve a, C(acid) : 0.0; 
curve b, C(HA) : 2.5 • 10-4M; curve c, C(HA) : 5.0 • 
10-4M; curve d, C(TFA) : 2.5 X 10-4M; curve e, C(TFA) : 
5 • 10-4M.  Each curve starts from E : 0.200V; capillary 2. 

t/~A 

E/V 
Fig. 3. Polarographic reduction waves of PhCHBrCOOEt (IV) in 

DMF-Et4NCIO4 0.1M containing Bu4Ngr: curve a, C(IV) - -  
3 X 10-4M;  C(Bu4NBr) : 3 • 10-4M;  curve b, C(IV) - -  
5 • 10-4M;  C(Bu4NBr) : 5 X 10-4M;  curve c, C(IV) : 
7 X 10-4M;  C(Bu4NBr) : 7 • I 0 -4M.  Each curve starts from 
E : 0.450V vs. SCE; capillary 2. 

r e p o r t e d  (16) or  s u g g e s t e d  (17). F i g u r e  3 s h o w s  t h e  
p o l a r o g r a p h i c  b e h a v i o r  of  R B r  in  t h e  p r e s e n c e  of  
Bu4NBr,  C ( R B r ) / C ( B u 4 N B r )  = 1/1, a t  va r ious  c o n -  
c e n t r a t i o n s  of  RBr.  The  s a m e  b e h a v i o r  is o b t a i n e d  w i t h  
Et4NBr i n s t e a d  of Bu4NBr. I f  c.p.e, is p e r f o r m e d  at  t h e  
potential of ~ --0.350V, i.e., before the second wave, 
on a 3 X 10-3M solution of RBr in aprotic DMF-0.1M 
Et4NCIO4, the first wave disappears after about 0.6 
F/mole RBr are passed. The second wave remains un- 
changed (Fig. 4), showing that it represents the reduc- 
tion of a compound which is stable in the conditions of 
t he  e x p e r i m e n t s .  The  h a l f - w a v e  p o t e n t i a l  El/2 (2), T iS 
consistent with that found for HgR2 in various solvents 
(18). A subsequent c.p.e, on this solution, at --1.8V, 
showed napp ~ 0.6. Direct reduction of RBr, C = 3 • 
10-3M, at --1.8V showed ?~app ~ 0.0. During the pre- 
parative c.p.e, performed at E = --1.8V < Ei/~ <2), in 
aprotic DMF, the red color of carbanion R- was ob- 
served. 

The simplest mechanism which can explain the data 
on Hg is probably the following (19) 

El 
R B r  -{- Hg  ~ e > R H g  ~ B r -  [2] 

s l o w  
; � 8 9  

R H g  ~ Ez [3] 

> R H  -}- H g  
-{- e % H + 

Table Ii. Polarographic and coulometric data for reduction of 
CHPhBrCOOEt in the presence of proton donors HA in 

DMF - -  0.1M Et4NCIO4 

Dcalej 
C, mM/l CHA, mM/l I n.pp cm ~ x sec -I 

3 (X) 3 2.55 0.95; '~ 1.15 c 
5 x 10- I (X) 5 x 10 -I 2.86 1.11;a 1.33~ 
3 x 10 -I (X) 3 x 10 -I 3.14 
5 x I0 -z (FA) 5 x i0 -~ 3.15 
S x 10- z (TFA) 5 • 10 -I 3.19 
3 X i0 -1 (P) 3 X I0 -z 3,20 1.4 b 1.04 x 10-5 d 

(X) = 3,4 xylenol; (FA) = CHsFCOOH; (TFA) = CF3COOH; 
(P) = HCIO~. 

~tapp = number of F/mole obtained by coulometry a at E = 
--1.8V b at E = --0.350V c in two consecutive coulometric reduc- 
tions at g = --0.350V and g = -1.8V. 

a Calculated from the corresponding I and n,pp values. For D 
values of similar organic substances in DMF see, for example, 
A. J. Fry "Synthetic Organic Electrochemistry," Harper and 
Row, p. 72, New York (1972). ALl data were obtained using 
capillary 2. 

1.0 ~A 

0.2 V 
I I 

F/V 
Fig. 4. Polarographic reduction waves of PhCHBrCOOEt (IV) in 

DMF-Et4NCIO4 0.1M; C(IV) - -  3 X 10-3M;  curve a, before 
c.p.e.; carve b, after c.p.e, at E = --0.350V; curve c, after c.p.e. 
at - -1.80V of the solution obtained in the first electrolysis. Each 
curve starts from E : 0.450V vs. SCE; capillary l 

~s 
HgR2 + 2e > H g  + 2 R -  [4] 

+ H A  
~ R H + A -  

R- [5 ]  

- { - R B r  R~ + B r -  

The  g e n e r a l  p a t t e r n  s h o w n  sugges t s  t h a t  the 
e l e c t r o c h e m i c a l  r e d u c t i o n  of P h C H B r C O O E t  s h o u l d  be 
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dependent  on e lect rode nature .  Typica l  d-c  vo l t am-  
metr ic  curves for reduct ion  of PhChBrCOOEt  in DMF 
using glassy  carbon and p l a t inum elect rodes  are  r e -  
por ted  in Fig. 5 and 6. Vol tammograms  show one we l l -  
defined wave  wi th  E1/2 = --1.04V for the  vi t reous  car -  
bon electrode.  The height  of the wave  remains  constant  
in the subsequent  vo l tammograms.  If excess 3,4- 
xylenol  is added,  the wave  increases in height.  A t  the  
p l a t inum electrode,  a wave  wi th  El~2 ---- --0.75V is ob-  
served,  fol lowed by  a second wave  wi th  El~2 = --1.14V. 
No fu r the r  exper iments  wi th  solid electrodes were  pe r -  
formed,  as we were  in teres ted  main ly  in de te rmin ing  
the El/2 values of IV in DMF at e lectrodes different  
f rom mercury .  Thus the PhCHBrCOOEt  e lec t rochemi-  
cal character is t ics  a re  s t rong ly  dependent  on e lect rode 
nature .  Our  resul ts  come into line wi th  the  conclusions 
made  by  L a m b e r t  et al. in the i r  inves t igat ion of 
the  carbon te t rach lor ide  reduct ion  at  the glassy carbon 
e lec t rode  (20) as compared  wi th  the reduct ion of the  
same compound at  the dropping  mercu ry  electrode.  

Af te r  this work  had  been  submit ted,  Bard  and 
Merz (21) r epor ted  studies on the e lec t rochemical  
reduct ion  of some a l ly l  hal ides  in CH3CN at mercury ,  
p la t inum,  and vi t reous  carbon electrodes.  The special  
mode of e lec t rochemical  behav ior  of a l ly l  b romide  and 

a b 1o.8o ~A 

e/v 

Fig. 5. Voltammograms of PhCHBrCOOEt reduction in DMF- 
Et~NCIO4 0.1M at the glassy carbon el-ctrode (GCPE); t(pulse) _-- 
2 sec. Curve a, C(IV) = 1.0 X 10-~M; curve b, C(IV) ---- 1.0 • 
I 0 - 3 M  -J- 3,4-xylenol (excess). Starting potential E ---- 0.200V; 
conditions as described in the experimental section. 

J 

10.08/~A 

I 

/ 
E/V 

Fig. 6. Veltammograms of PhCHBrCOOEt (IV) reduction at the 
platinum electrode (PPE); C(IV) = 1.0 X 10 -3.  Starting pot-ntial 
E = 0.200V; t(pulse) ~ 2 sec. Conditions as described in the ex- 
perimental section. 

iodide on me rc u ry  is i n t e rp re t ed  in te rms of a specific 
surface react ion of the hal ide  wi th  the  me rc u ry  elec-  
t rode (6), RBr + Hg ~ RHgBr.  I t  appears  that  in the 
case of the  a l ly l  hal ides concerned and in the  solvent  
employed,  the equ i l ib r ium (6) l ies far  to the  left,  
a l lowing di rec t  t r ans fe r  of e lectrons to a l l y l - H g X  to 
occur at  the potent ia l  of the  first wave.  
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ABSTRACT 

Control of res i s t iv i ty  in NASA inorganic -organic  separa tors  is achieved by  
incorpora t ing  smal l  percentages  of high surface area, f ine-par t ic le  si l ica wi th  
other ingredients  i i i  the  separa to r  coating. The volume res is t iv i ty  appears  to be 
p red ic tab le  f rom coating composition, tha t  is, f rom the surface a rea  of fi l ler 
particles in the coating. The approach  has been appl ied  to two p o l y m e r - " p l a s -  
t ic izer"- f i l ler  coat ing systems, where  the filler content  of each is below the 
gene ra l ly  acknowledged  cr i t ical  p igment  volume concentra t ion of the coating. 
Appl ica t ion  of these coating systems to 0.0254 cm thick (10 mil )  fue l -ce l l  grade  
absestos sheet  produces  inexpensive,  flexible, microporous  separa tors  tha t  pe r -  
form at least as w e l l  as the or ig inal  inorganic -organic  concept, the  As t ro -  
power  separator. 

The usefulness of the  inorganic -organic  separa tors  
developed at  the Lewis Research Center  for a lka l ine  
ba t te r ies  (i.e., Ag-Zn,  Ni-Zn, and Ni -Cd ba t te r ies )  
depends on an op t imum balance  of res is t iv i ty  and 
mic roporous - s t ruc tu re  uniformity .  Over  the past  few 
years  separa tors  have  been developed wi th  longer  
cycle life, more  uni form cur ren t  density,  grea ter  
f lexibil i ty,  and lower  cost than the or iginal  As t ropower  
inorganic -organic  separator .  

The As~ropower separa to r  [Ref. (1)]  and severa l  
o ther  microporous  separa tors  contain re la t ive ly  high 
filler volumes such that  the amount  of b inder  is insuffi- 
cient to comple t e ly  coat the filler par t ic les  and fill the 
interst ices.  That  is, the i r  filler volume is above the cr i t -  
ical p igment  volume concentra t ion (CPVC) of 40-45 
volume percen t  (v /o ) .  These separa tors  der ive  thei r  
ionic conduct iv i ty  th rough  the p a t h w a y  created by  
the pa r t i c l e - to -pa r t i c l e  contact  of the fillers. Bozek (2) 
descr ibed the s t ruc ture  and function of the As t ro -  
power  separator .  Phi l ipp  and May (3) s tudied the 
reac t ion  of the  plas t ic izer  wi th  the electrolyte ,  the 
ionic res is t iv i ty  of s imula ted  inorganic-organic  separa -  
tors, and the zincate diffusion through var ious  
s epa ra to r s .  Sheib ley  (4) discussed factors that  influ- 
ence the flexibility, resistivity, and zinc dendrite 
penetration rate of the Astropower separator and 
NASA improved inorganic-organic separators. A sig- 
nificant conclusion of that work was that the volume 
resistivity of the improved separators could be main- 
tained in an acceptable range (I0-25 il-cm) while 
keeping the volume percentage of fillers in the polymer 
below the CPVC (5). This also ensured good coating 
flexibility. Another significant conclusion of Ref. (4) 
was that the zinc dendrite penetration rate is controlled 
principally by the tortuosity produced by the presence 
of inert fillers in the coating. The acceptable range of 
resistivity was achieved by judicious selection of 
fillers that combined inertness and reactivity with the 
potassium hydroxide (KOH) electrolyte while pro- 

* Electrochemical  Society Active Member. 
K e y  w o r d s :  s e p a r a t o r s ,  a l k a l i n e  b a t t e r i e s ,  r e s i s t iv i ty  con t ro l ,  in- 

o r g a n i c - o r g a n i c  c o a t i n g ,  f i l ler  v o l u m e  c o n t e n t ,  f i l ler  s u r f a c e  a rea .  

viding a multiplicity of tortuous conduction paths. 
These paths were created by filling the spaces between 
larger particles with smaller particles (a filler packing 
effect).  

Ion pe rmeab i l i t y  of coatings rises ve ry  r ap id ly  by  
severa l  orders  of magni tude  at  the CPVC (5). The key  
to film pe rmeab i l i t y  be low the CPVC in these im-  
proved  inorganic -organic  separa tors  was tbe use of a 
p roper  po lyes te r  plasticizer.  Ph i l ipp  and May (3) 
pointed out  that  the plas t ic izer  mus t  be a polar  com- 
pound tha t  p re fe ren t i a l ly  adsorbs on the  filler p a r t i -  
cles, which are  also polar  compounds. Sheib ley  (4) 
showed tha t  one of the products  of the plas t ic izer  
react ion wi th  the e lec t ro ly te  mus t  be a shor t -cha in  
( two or  three  carbons)  glycol. I t  was also shown 
tha t  res i s t iv i ty  could be fu r the r  improved  by  using 
an e lec t ro ly te - reac t ive  filler in the coating. 

This paper  discusses the deve lopmen t of res is t iv i ty  
control  in NASA microporous  separa tors  that  contain 
filler volumes signif icantly less than  the CPVC. First ,  
the effect of filler volume on volume res is t iv i ty  is 
shown for a typical  iner t  filler. Then the effect of an 
e lec t ro ly te - reac t ive  filler on volume res is t iv i ty  is 
i l lus t ra ted.  Next, the effect on volume res is t iv i ty  of 
combinat ions of fillers plus a selected organic addi t ive  
(plast icizer)  in the po lymer  is demonstra ted .  F ina l ly ,  
the incorporat ion of high surface area, f ine-par t ic le  
fillers is shown to be a p red ic tab le  means  of con- 
t ro l l ing resis t ivi ty.  

Experimental Procedure 
Preparation of coating mixture.--The coatings used 

for the separa to r  mater ia l s  were  p repa red  by  weighing 
an amount  of po lymer  [e i ther  po lyphenylene  oxide 1 
(PPO) or Kra ton  G 2 resin] into a ba l l  mill,  adding 
chloroform or  another  solvent,  and then adding the 
weight  of filler or filler plus organic addi t ive  (p las t i -  
cizer) needed to provide  the des i red  total  volume 
percentage  of filler in the resin. Before bal lmil l ing,  
the Kra ton  G mus t  be cut  into solut ion wi th  the  

1 G e n e r a l  Electric Company, Schenectady,  N e w  Y o r k  12301. 
2 Shel l  C h e m i c a l  Company, Houston, Texas 77001. 
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s o l v e n t  i n  a h i g h - s h e a r  m i x e r .  A f t e r  t h e  m a t e r i a l s  
w e r e  m i l l e d  fo r  20 hr ,  c h l o r o f o r m  w as  a d d e d  to r e d u c e  
t h e  v i s cos i t y  of  t h e  m i x t u r e  to 15 to 16 sec as m e a -  
s u r e d  w i t h  a n u m b e r  3 Z a h n  cup  a t  ~22~  

T h e  f i l lers  u s e d  in  t h e s e  s t u d i e s  w e r e  m a g n e s i u m  
s i l i ca te  ( M i c r o t a l c ) ,  a l u m i n u m  s i l i ca te  ( k a o l i n i t e ) ,  
s y n t h e t i c  m a g n e s i u m  a l u m i n o s i l i c a t e  ( N A S - 1 0 0 ) ,  
m a g n e s i u m  t i t a n a t e  (MgeTiO4) ,  n a t u r a l  c a l c i u m  s i l i -  
ca te  ( w o l l a s t o n i t e ) ,  l e a d  t i t a n a t e ,  r e p r e c i p i t a t e d  ca l -  

' c i u m  s i l i ca te  ( S i l e n e  E F ) ,  a n d  f u m e d  s i l i con  d i o x i d e  
( C a b - O - S i l ) .  T h e  o r g a n i c  a d d i t i v e s  ( p l a s t i c i z e r s )  
w e r e  a p o l y m e r i c  p o l y e s t e r  ( P - 9 7 5 0 ) ,  u s e d  w i t h  t h e  
P P O ,  a n d  a n  e p o x i d i z e d  soya  b e a n  oil  ( P a r a p l e x  
G - 6 2 ) ,  u s e d  w i t h  t h e  K r a t o n  G res in .  T h e  t r a d e  n a m e s  
a n d  m a n u f a c t u r e r s  of t h e s e  f i l lers  a n d  a d d i t i v e s  a r e  
g i v e n  in  T a b l e  I. C o a t i n g  c o m p o s i t i o n s  a r e  g i v e n  in  
T a b l e  I I  a n d  d i s c u s s e d  l a t e r .  

Coating the asbestos substrate.--Fuel-cell-grade a s -  
bes tos  s h e e t  0.0254 c m  t h i c k  (10 m i l s )  a n d  i m p r e g n a t e d  
w i t h  2 w e i g h t  p e r c e n t  ( w / o )  P P O  w as  t h e  s u b s t r a t e  
f o r  a l l  e x p e r i m e n t a l  m a t e r i a l s .  T h e  c o a t i n g  m i x t u r e s  
w e r e  a p p l i e d  to t h e  a sbes to s  w i t h  a n  a d j u s t a b l e  
k n i f e - b l a d e  a p p l i c a t o r  w i t h  t h e  b l a d e  h e i g h t  se t  
t y p i c a l l y  0.0254 c m  a b o v e  t he  s u b s t r a t e .  T w o  l a y e r s  
w e r e  a p p l i e d  a t  a w e t  t h i c k n e s s  of  0.0254 c m  fo r  e a c h  
coa t ing .  T h e  s e c o n d  l a y e r  w as  a p p l i e d  a f t e r  t h e  f i rs t  
h a d  dr ied .  I n  t h e  l a b o r a t o r y  c o a t i n g  m e t h o d  t h e  
s u b s t r a t e  w a s  h e l d  f lat  b y  m e a n s  of  a v a c u u m  p l a t e  
w h i l e  t h e  k n i f e  b l a d e  w as  p u l l e d  o v e r  t h e  f ixed s u b -  
s t ra fe .  On  f a c t o r y  p r o d u c t i o n  e q u i p m e n t  t h e  k n i f e  
b l a d e  w a s  f ixed a n d  t h e  s u b s t r a t e  m o v e d  b e n e a t h  it. 
T h e  f inal  d r y  c o a t i n g  t h i c k n e s s  w as  0.00762-0.01016 
c m  (3-4  m i l s )  w h i c h  g a v e  a t o t a l  s e p a r a t o r  t h i c k n e s s ,  
i n c l u d i n g  s u b s t r a t e ,  of  0.0330-0.0355 cm (13-14 m i l s ) .  

Determination of volume resistivity.--Volume r e -  
s i s t i v i t i e s  w e r e  m e a s u r e d  w i t h  a t e s t  a p p a r a t u s  a n d  
p r o c e d u r e  b a s e d  o n  t h o s e  d e s c r i b e d  b y  L a n d e r  a n d  
W e a v e r  in  Ref .  (6) .  In  m o s t  cases,  r e s i s t i v i t i e s  w e r e  
m e a s u r e d  o n  a t  l e a s t  t w o  s a m p l e s  to e s t a b l i s h  p r e -  
cis ion,  w h i c h  r a n g e d  f r o m  ___3 to ___6%. M e a s u r e m e n t s  
w e r e  m a d e  i n  ~,-45 w / o  K O H  at  r o o m  t e m p e r a t u r e .  
T h e  t w o  s a m p l e s  (3.8 b y  3.8 cm )  of  e a c h  m a t e r i a l  
w e r e  p r e t r e a t e d  b y  s o a k i n g  t h e m  in  45 w / o  K O H  
o v e r n i g h t  a t  90~176 T h e  t e s t  a r e a  in  t h e  c o n d u c -  
t i v i t y  ce l l  was  0.95 c m  2. T h e  d r y  t h i c k n e s s  of  t h e  
s e p a r a t o r  was  u s e d  in  c a l c u l a t i n g  v o l u m e  r e s i s t i v i t y  
b e c a u s e  i t  w a s  di f f icul t  to m e a s u r e  t h e  w e t  t h i c k n e s s  

of  t h e  s e p a r a t o r  once  i t  w a s  p o s i t i o n e d  i n  t h e  r e s i s -  
t i v i t y  cel l  a n d  t h e  cel l  h a l v e s  w e r e  t i g h t e n e d  t o g e t h e r .  
T h e  w e t  t h i c k n e s s  of  some  s e p a r a t o r s  is 25% g r e a t e r  
t h a n  t h e i r  d r y  t h i c k n e s s  i n  a n  u n c o m p r e s s e d  s ta te .  

Determination of plasticizer associated with fillers.-- 
T h e  a m o u n t  of  p l a s t i c i z e r  a s s o c i a t e d  w i t h  t h e  f i l lers  
was  e s t i m a t e d  f r o m  t h e  r a t i o  of p l a s t i c i z e r  to P P O  i n  
t h e  l i q u i d  phase .  I t  is k n o w n  (3) t h a t  t h e  p l a s t i c i z e r  
( p o l a r  c o m p o u n d )  is p r e f e r e n t i a l l y  a d s o r b e d  o n  t h e  
f i l lers  (a lso  p o l a r  c o m p o u n d s ) ,  b u t  t h e  P P O  is not .  
A n y  s e l e c t i v e  a d s o r p t i o n  on  t h e  b a l l s  of t h e  b a l l  m i l l  
u s e d  to p r e p a r e  t h e  coa t i ngs  s h o u l d  n o t  af fec t  t h e  
r e s u l t  b e c a u s e  t h e  s u r f a c e  of a b a l l  is a b o u t  5 • 10 -6  
m 2 a n d  t h e  s u r f a c e  c o n t r i b u t i o n  f r o m  f i l lers  w a s  a l -  
w a y s  a t  l e a s t  l m  2. 

S a m p l e s  of v a r i o u s  c o a t i n g  m i x t u r e s  w e r e  a l l o w e d  
t o  s t a n d  u n t i l  a l l  t h e  f i l le r  p a r t i c l e s  h a d  s e t t l e d  o u t  
a n d  a r e l a t i v e l y  c l e a r  s u p e r n a t a n t  w a s  lef t .  T h e  r a t i o  
of  p l a s t i c i z e r  to P P O  in  t h e  s u p e r n a t a n t  was  d e t e r -  
m i n e d  b y  i n f r a r e d  spec t roscopy .  A c a l i b r a t i o n  c u r v e  
w a s  o b t a i n e d  f r o m  a se r i e s  of  s o l u t i o n s  of  k n o w n  
ra t io s ;  a n d  a s t r a i g h t  l i n e  was  fit to  t h e  d a t a  b y  
r e g r e s s i o n  ana lys i s .  

T h e  s p e c t r o m e t e r  u s e d  was  a B e c k m a n  M o d e l  IR  
18A. T h e  s a m p l e s  w e r e  d i l u t e d  6:1 w i t h  c h l o r o f o r m  
a n d  r u n  a g a i n s t  a c h l o r o f o r m  b l a n k  in  s o d i u m  c h l o r i d e  
cells.  T h e  p e a k  a t  1595 cm -1  ( d i s t i n c t i v e  fo r  a r o m a t i c  
s u b s t i t u t e d  c o m p o u n d s  a n d  eas i ly  m e a s u r e d )  w a s  
u s e d  to d e t e r m i n e  t h e  P P O  con ten t .  T h e  p e a k  a t  
1725 c m  -1  ( c a r b o n y l  s t r e t c h i n g )  w a s  u s e d  to d e t e r m i n e  
t he  p l a s t i c i z e r  con t en t .  A t y p i c a l  i n f r a r e d  s p e c t r u m  
is s h o w n  in  Fig. 1. T a b l e  I I  c o n t a i n s  i n f o r m a t i o n  o n  
t he  c o m p o s i t i o n  of f o r m u l a  X39NF.  T h e  p r e c i s i o n  of 
th i s  m e t h o d  w a s  e s t i m a t e d  to b e  f r o m  3 to 5%. 

Measurement of filler surface area.--The specif ic  
s u r f a c e  a r e a  of t h e  d r y  f i l lers  w a s  d e t e r m i n e d  b y  
t he  s t a n d a r d  m u l t i p o i n t  B r a u n a u e r - E m m e t t - T e l l e r  
( B E T )  t e c h n i q u e  (7) w i t h  k r y p t o n  a n d  n i t r o g e n  
gas  a d s o r p t i o n .  T h i s  w o r k  w a s  p e r f o r m e d  b y  a 
con t rac tor ,S  w h o  u s e d  a n  O r r  M o d e l  2100 s u r f a c e -  
a r e a  p o r e - v o l u m e  a n a l y z e r .  

Results and Discussion 
T h e  effec t  of f i l le r  v o l u m e  c o n t e n t  o n  v o l u m e  r e -  

s i s t i v i t y  was  s t u d i e d  i n i t i a l l y  w i t h  v a r i o u s  f i l lers  i n  

3 Micromerit ics  Ins trument  Corporation,  Noreross ,  Georgia 
30091. 

Table I. Fillers and organic additives us:d in coatings 

Fil ler  Trade name Manufacturer  

Magnesium sil icate 

Aluminum silicate 
Synthetm magnesium alumino- 

silicate 
Magnesium titanate 
Natural calcmm si• 
Lead titanate 
Reprecipitated calc ium silicate 
Fumed silmon dioxide 
Polymeric  polyester  
Epoxidized soya bean oil 

Microtalc MP-12-50 

Kaolinite (Hydrite UF) 

Barasym NAS-100 
T1CON MT (C) 
Woilastonite P-15 
T1CON PT 
Sllene EF 
Cab-O~Sil, grade M-5 
P-975u 
Paraplex G-62 

Pfizer Minerals,  P igments  and Metals Divis ion,  N e w  York,  N e w  
York 10017 

Georgia Kaolin Company, Elizabeth,  N e w  Jersey  07207 

NL Industries, Baroid Division, Houston,  Texas  77001 
NL industrms, TAM Division, Hightstown,  N e w  Jersey  08520 
Interpaee Corporation, Willsboro, New York 12996 
NL Industries, TAM Divmion, Hlghtstown, N e w  Jersey  08520 
PPG Industries, Pittsburgh, Pennsylvania 15219 
Cabot Corporatmn, Boston,  Massachusetts  02110 
Emery lndustmes, Cincinnati, Ohio 45202 
Rohm and Haas Company, Philadelphia,  Pennsylvania  19105 

Table II. PPO coating compositions 

X47NF X47 X37NF X37 

Formula  

X~9NF X39 X31 X47W X47W1 X47Wz 

Weight, g: 
PPO 47 
P-9750 47 
Magnesium titanate 36 
Woilastonite P-15 O 
Cab-O-Sil 0 
Sllene EF 0 

Vo lume  resist ivity,  0-cm 243 
Tota l  filler surface area,  

m'-'/g (47g of PPO) 125 
Ratio of P-9750 to PPO 

(peak heights ,  Fig. 4) 1.73 

47 47 47 47 
47 47 47 47 
36 71 71 142 
0 0 0 O 
0 O 4.8 O 

19 O 0 0 
54.6 141 17.7 28.5 

1207 247 1258 494 

1.69 1.63 1.4O 1.77 

47 47 47 47 47 
47 47 47 47 47 

142 36 36 36 36 
0 0 26.2 26.2 26.2 
4.8 4.8 0 2 4 
0 0 0 0 0 

17.3 19 445 46 21 

1505 1137 183 604 1025 

1.70 -- 1.93 -- -- 
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Fig. 1. Infrared spectrum of supernatant from formula X39NF -~=E 1021 
(Table II). 

PPO. Some f i l lers were react ive w i th  the electrolyte;  
some were unreact ive ( iner t ) .  The f i l lers comprised a 
large range of par t ic le  sizes as we l l  as d i f ferent  
chemical compounds, both synthetic and natural .  The 
effect was studied with  and wi thout  a saponifiable 
organic addi t ive (plasticizer) in the f i l ler-PPO m i x -  
ture. Table II presents informat ion on PPO coatings 
discussed in this section. Table III  presents data on 
part ic le  sizes and surface areas of all fillers used in 
the PPO coatings (Table II) and in the Kraton G 
res in-base  coatings (Table IV).  Similar,  but  limited, 
studies on the vo lume content of fillers in Kraton G 
were  also per formed to establish that  the resist ivi ty 
results were  not unique to PPO but were  a more 
general  resul t  and usable wi th  o ther  resin-f i l ler-  
plasticizer systems. 

Ef]ect of volume content  of fillers in PPO on 
vo lume  res i s t i v i t y . - -The  volume resistivit ies of separa-  
tors made  with  the fillers used in this evaluat ion are 
shown in Fig. 2. These fillers were  mil led into PPO-  
chloroform solutions wi thout  an organic additive. The 
curve for Microtalc in PPO shows a decreasing volume 
resist ivi ty wi th  increasing volume percent. This ma-  
terial  has a surface area of ~3  m2/g (Table III) .  The 
curve for synthetic magnes ium aluminosil icate (NAS- 
100) in PPO is similar  to that  for Microtalc except  
that  the larger  surface area of NAS-100 (280 m2/g, 
-~100 times greater  than that  of Microtalc) produces a 
correspondingly grea ter  reduct ion in volume resis t ivi ty 
as filler volume content increases. The curve for 
P-9750 shows the effect of just  a polyester  plasticizer 
in PPO wi thout  any fillers. Since P-9750 is only 
sl ightly soluble in a dry PPO film [<10% by weight,  
(3)],  it was assumed that  when it was dispersed in 
the dry PPO film, it would segregate into discrete 
globules s imilar  to filler particles. The plasticizer 

N o v e m b e r  1980 

[ ]  P-9750 
MICROTALC 

0 NAS-IO0 
A SILENE EF 

(REACTIVE) 

10 I l 1 I I I I 
10 20 30 40 50 60 70 80 

FILLER CONTENT IN PPO, vol % 

Fig. 2. Effect of filler volume content on volume resistivity, no 
plasticizer. 

volume content  wi thout  fillers had l i t t le  effect on 
the volume resist ivi ty unti l  its volume percent  was 
greater  than 50% (greater  than the CPVC).  Repre -  
cipitated (synthetic) calcium silicate 'filler (Silene 
EF) ,  with a surface area of "`57 m2/g (Table III) ,  
reacts wi th  the electrolyte  and leaves voids filled with 
gelatinous, hydrated calcium oxide. This curve is de- 
scribed in Ref. (4) and is shown here  for comparison 
as typical of react ive filler formulations.  

Effect of volume content  05 filler wi th  organic addi- 
t ive (plasticizer) in PPO on vo lume res i s t i v i t y . - -The  
data in Fig. 3 provide an insight into the interact ion 
that  results f rom combining the proper  (4) organic 
addit ive (P-9750) wi th  an iner t  filler. Magnesium 
t i tanate (Mg2TiO~) has a surface area of approxi-  
mate ly  3.5 m2/g and a mean part icle d iameter  of 1.7 
~m, about the same as Microtalc (Fig. 2). However ,  the 
Mg2TiO4 with plasticizer results in a vo lume resist ivi ty 
an order  of magni tude  lower  than that  for Microtalc 
wi thout  plasticizer (data f rom Table II for formulas 
X47NF, X37NF, and X39NF). As the filler surface area 
increases the resis t ivi ty decreases. When the filler vol -  
ume percent  exceeds the CPVC ( , ,40-45%),  the re -  
sistivity is lower  than would be expected f rom a l inear  
extrapolat ion of the other  two points. 

Figure  3 also shows the effect of a fixed amount  of 
f ine-part icle fumed silicon dioxide (Cab-O-Si l )  cam- 

Table Ill. Particle sizes and surface ar:,as of reactive and 
inert fillers 

Particle Surface 
size, area, 
~m m2/g 

Reactive fillers: 
Reprecipitated calcium silicate (Silene EF) 0.03 57 
Fumed silicon d~oxide (Cab-O-Sil) 0.015 210 

Inert fillers: 
Lead titanate (TICON PT) 1.14 1.88 
Natural calcium silicate (wollastonite P-15) 4.6 2.21 
Magnesium titanate (TICON MT(C)) 1.7 3.48 
Magnesium aluminosilicate (NAS-1O0) -- 281 
Magnesium silicate (Microtalc) -- 3 

Table IV. Effect of reactive fillers in KRATON G (no plasticizer) 

Surface area, Volume 
m-~/40g of resistivity, 

Reactive filler Content, v/o Kraton G ~-cm 

SUene EF 10 524 6717 
29.9 2278 182 
39.1 3417 63 
5O 5308 18 

Cab-O-Sfl 2.2 463 4071 
6.3 1361 3473 

10.1 2317 61 

E 
V 

>_ 

=, 

>o 

10 . 

10 2 , 

I0 
I0 

Q McJ2TiO 4 + P-9750 

r Mg2TiO 4 + P-9750 + CAB-O-SIL (FIXED) 

[3 McJ2TiO 4 + P-9750 WOLLASTONITE 
+ CAB-O-SIL (INCREASING) 

r 

I I 
2O 3O 

I I 
40 50 

FILER CONTENT IN PPO. vol % 

Fig. 3. Effect of volume content of filler plus organic additive 
(plasticizer) on volume resistivity. 
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bined with a larger  amount  of magnes ium t i tanate  with 
plasticizer. The curve represents the total for both 
fillers. The addit ion of electrolyte-reactive Cab-O-Sil ,  
which has a mean particle size of 0.015 ~m and a sur-  
face area of ,-~210 m2/g (Table I I I ) ,  decreased the vol- 
ume resist ivity of Mg2TiO4 plus P-9750 by an order of 
magnitude.  The data for formulas X31, X37, and X39 
from Table II show that  adding Cab-O-Si l  increased 
the surface area significantly so that  doubling the 
lYlg2TiO4 content  had li t t le effect (20%) on surface 
area. Volume resist ivity did not decrease significantly 
over the range investigated, even when the CPVC was 
exceeded (X39). 

Figure 3 also shows the effect of an iner t  filler com- 
binat ion of magnes ium titanate, na tura l  calcium silicate 
(wollastonite P-15), and an increasing content  of elec- 
t rolyte-react ive Cab-O-Si l  (0-3 v/o)  with the plasti-  
cizer present. Data from Table II (formulas X47W, 
X47Wl, and X47W2) show a pronounced drop in vol- 
ume resistivity (445 ~ -cm to 21 ~2-cm) and at the same 
time a sharp increase in surface area (183 m2/g to 
1025 m2/g) as the Cab-O-Si l  content  increased. The 
actual  relationship of volume resist ivity to filler sur-  
face area is described in detail later. 

Effect of organic-additive (plasticizer) content on 
volume resistivity.--To more ful ly unders tand  the role 
of the plasticizer and to estimate the thickness of the 
adsorbed layer on the filler particles, we at tempted to 
measure the amount  of P-9750 associated with the filler 
by using the ratio of P-9750 to PPO determined as 
described in the section Exper imental  Procedure. The 
cal ibrat ion data, the regression line, and the results for 
the various formulas are shown in Fig. 4. The formulas 
are shown in Table II. Except for two points (X37 and 
X47W in Fig. 4), the data indicate that from 28 to 32 
cm 8 of P-9750 remained in solution. The remaining 12- 
16 cm ~ are assumed to be associated with the settled 
filler particles. 

From the surface areas given for the fillers in Table 
III, the total filler surface areas of the coating materials  
shown in Fig. 3 range from 1.8 • 106 to 1.5 • 107 cm 2. 
Since an average 14 cm 8 of P-9750 is assumed to be as- 
sociated with the fillers, the organic-addi t ive film de- 
posited on the particles is 8-23 nm (80 to 230A) thick. 
This is in the same range as the average pore size (5- 
15 nm)  4 for PPO-based separators as determined by 
water  permeabi l i ty  (6) on KOH-soaked separators 
treated as described in the section Determinat ion of 
Volume Resistivity. 

The X47W point  in  Fig. 4, even though it is outside 
the range of the other points, is apparent ly  consistent. 
The mater ia l  (Table II) has a small  calculated surface 
area (183 m2/g) and would therefore be associated with 
less plasticizer. The calculated plasticizer layer is 3.2 
nm thick, which could account for the high resistivity 
(445 a - c m )  that  was measured. The other outside 
point  (X37) indicates a greater adsorption of plasti-  
cizer on the particles than for the other cases. There is 
no obvious or plausible explanat ion for it  at this time. 

l~I. Reid of Lewis, Unpublished data (1977). 

BET measurements  of separator pore size show a 
fair ly sharp peak in the 2.5 nm region and a less well-  
defined region from 5 to 25 nm, the l imit  of the method. 
The smaller, 2.5 nm pores presumably  are due to the 
pa thway left by the evaporat ing solvent. Hence, it 
appears that ionic conduction through the separator 
depends pr imar i ly  on the thickness of the ionic con- 
duction pathway through and around the filler 
particles. This pathway is created by reaction of KOH 
with the adsorbed organic additive. A model of this 
pathway concept is shown in Fig. 5. Ion conduction is 
improved because pores are created by the reaction of 
fine-particle fillers with the KOH ele0trolyte. The 
pathways created by solvent evaporat ion probably  
also contribute. The reaction of the polymeric polyester 
(organic additive) with the KOH produces 1,2 pro- 
panediol and the potassium salt of azelaic acid. The 
diol, soluble in KOH, tends to improve volume resistiv- 
i ty while the salt p resumably  remains in the pathway 
as insoluble potassium azelate and fur ther  restricts 
the average diameter  of the pathway. 

Ef/ect of filler surface area on volume resist ivity.--  
The volume resist ivity data in Fig. 3 show a marked 
dependence on the amount  of fine-particle silica added 
to the coating formula. Figure 6 shows volume resistiv- 
i ty as a function of total filler surface area, in m2/47g 
of PPO (with 47g of P-9750). The symbols are indent i -  
cal to those in Fig. 3 and represent  the same materials  
as well as X47 (circle) from Table II. 

The two t r iangular  points determine the l ine passing 
through the data points. This l ine was predicted from 
coefficients derived from a l inear  regression analysis of 
log (~l-cm) as a funct ion of total filler surface area in 
47g of PPO (with 47g of P-9750). The correlation co- 
efficient is --0.88. The fit is good considering that the 
data were taken from coating formulas containing 
from 1 to 3 fillers with varying surface areas. The two 
data points in Fig. 6 labeled X47W2 and X37 (Table II) 
demonstrate the proport ional  relationship of volume 
resistivity to the surface area of the fillers. The volume 
of Cab-O-Sil  in X47W2 (1.9 cm 3) is 84% of that  in  
X37 (2.28 cmS). The surface area of X47W2 (1025 m2/ 
g) is 81% of that of X37 (1258 m2/g),  and the recipro- 
cal volume resistivity of X47W2 (1/21 ~l-cm) is 84% 
of that of X37 (1/17.7 ~ -cm) .  

Effect of volume percentage of fillers in Kraton G on 
volume resist ivi ty.--A more flexible separator system 
than could be obtained with PPO was desired for Ni-  
Zn cells. Based on results of 500 hr of immersion in  
45% KOH at 105~176 a Kra ton  G block copolymer 
was selected as the coating resin for this application. 

�9 P-9750/PPO STANDARDS 

2"5 1 -'~~X47W X39NF-, 
2. 0 X3;F 

1.5 v ~ ~ -  "'C ~, "- X4/NF 
m.~ L X47 

I I l I I I l I I 
0 5 10 15 20 25 30 35 40 45 

P-9750 CONTENT IN SUPERNATANT SOLUTION, cm 3 

Fig. 4. Ratio of P-9750 to PPO as related to amount of P-9750 in 
supernatant solution. Fig. 5. Simplified ionic conduction model 
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Fig. 6. Effect of total filler surface area on volume resistivity of 
PPO coatings. 

Tests were performed to determine if the control of 
volume resistivity in PPO was more general ly appli-  
cable to other polymer systems. An epoxidized soya 
bean oil plasticizer, Paraplex G-62 (a polar com- 
pound) ,  was used with the Kra ton  G. One of its reac- 
tion products with KOH was ethylene glycol [Ref. (4), 
Table IV]. 

The effect on volume resistivity of the volume per-  
centage of fillers in Kra ton  G (with no plasticizer) was 
studied. Table IV shows the effect of Silene EF and 
Cab-O-Sil  on volume resistivity. These data indicate 
that  10.1 v/o of Cab-O-Sil  is equivalent  to 39.1 v/o of 
Silene EF. The effect is presumably  due to the greater 
surface area of Cab-O-Sil .  Table V shows the effect of 
adding the plasticizer to the polymer along with fillers; 
compare formulas K52, K53, and K51. The addition of 
a small  volume percentage of Cab-O-Si l  ( formula 
K53, Table V) to the Silene EF mixture  (formula K51) 
produced a substant ial  drop in volume resistivity. 

This effect was then tested in  actual separator coat- 
ings that applied the principle demonstrated in Fig, 3, 
that  of increasing the amount  of the fine-particle reac- 
tive silica in a coating mix ture  containing the Kra ton  
G polymer, a plasticizer, and two unreacfive f i l lers--  
lead t i tanate  and na tu ra l  calcium silicate (wollaston- 
i te).  

These results are shown in Table V and Fig. 7. 
Formula  K19W contains no Cab-O-Sil .  Formula  
K19W2 contains twice as much as K19W1. The 
K19W/2 is a mixture  of equal volumes of Silene EF 
and wollastonite, the total volume of which is equal to 
the volume percentage of wollastonite in the other 
formulas. The square points in Fig. 7 used to draw the 
curve represent  two points predicted by the l inear  

6 0 - -  
R = -0. 97 

40-- KI9W 

" 20 O ~  w2 

K19W/2 ~E] 
o 

0 I I I I 
200 6OO loo0 1400 1800 

FILLER SURFACE AREA, mZ/40 g KRATON G 

Fig. 7. Effect of total filler surface area on volume resistivity 
of Kraton G coatings. 

regression analysis of volume resist ivity as a function 
of the surface area of fillers in 40g of Kra ton  G. The 
l inear  correlat ion coefficient for the regression analysis 
is --0.97. 

These data show an effect s imilar  to that  observed 
with fillers and an organic additive to PPO. This 
method of resistivity control is therefore also useful  
and predictable in at least one other resin-plasticizer 
system and may be general ly  applicable. 

Concluding Remarks 
Small  percentages of high surface area, fine-particle 

silica incorporated in coating systems where the filler 
content is below the critical p igment  volume concen- 
t rat ion have been shown to be a predictable means of 
controll ing the volume resist ivity of the coated sub-  
strafe. Many of the formulas described in this paper 
have also been evaluated as separators in nickel-zinc 
and si lver-zinc cells. Some of these cells have shown 
acceptable performance (9). 

Manuscript  submit ted Dec. 4, 1979; revised m a n u -  
script received Apri l  18, 1980. This was Paper  45 pre-  
sented at  the Pit tsburgh,  Pennsylvania ,  Meeting of 
the Society, Oct. 15-20, 1978. 

Any discussion of this paper will  appear in a Dis- 
cussion ~ection to be published in the June  1981 
JOURNAL. All  discussions for the June 1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 

Publication costs of this article were assisted by 
NASA.  
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On High Temperature Oxidation of Chromium 
I. Oxidation of Annealed, Thermally Etched Chromium at 800~176 

K. P. Lillerud and P. Kofstad 
Department of Chemistry, University of Oslo, Blindern, 081o 3, Norway 

ABSTRACT 

Oxidat ion of annealed,  t h e r m a l l y - e t c h e d  chromium has been  s tudied  at 
different  oxygen  pressures  ranging  I rom 105 to 7 �9 10 -2 Pa  in the t e m p e r a t u r e  
rankle 800~176 A var ied  oxida t ion  behavior  is observed:  a t  105 Pa  02 
and 800~ the oxidat ion  is app rox ima te ly  logar i thmic,  whi le  above 900~ i t  
is pa rabo l ic  fol lowed by  r epea ted  b reakdowns  and pro tec t ive  stages. At  re -  
duced oxygen  pressures  the oxida t ion  behavior  changes and becomes l inear  
at the lower  oxygen  pressures.  The different  kinet ics  are  cor re la ted  wi th  p rop-  
er t ies  of the Cr2Oa scales which m a y  crack, wrinkle ,  or bal loon depending  
upon the react ion conditions. Large  compressive stresses are  bui l t  up m the 
scales dur ing  oxida t ion  and the ab i l i ty  of the  scale to deform increases d ra -  
ma t i ca l ly  wi th  decreas ing par t i a l  pressure  of oxygen.  Under  most  condit ions 
the  oxide scales become detached f rom the meta l  suustrate.  I t  is concluded tha t  
volume di l lusion and t r anspor t  along cracks and gra in  boundar ies  cont r ib -  
u te  to the growth  of Cry03 scales. 

Ch romium-bea r ing  al loys owe the i r  h igh t empera -  
ture  corrosion resis tance to format ion  of pro tec t ive  
layers  of Cr20~ (1-3).  In  spite  of the impor tance  
in i nnumerab le  prac t ica l  applicat ions,  the g rowth  
mechanism of Cr208 scales under  var ious  condit ions 
is s t i l l  in need of fu r the r  clarification. This also applies 
to the  defect  s t ruc ture  and t r anspor t  p roper t ies  of 
Cr20~ (4). 

A l though  una l loyed  chromium is not  used as a 
const ruct ional  mater ia l ,  the react ion of chromium wi th  
oxygen  at  high t empera tu re s  has been  ex tens ive ly  
s tudied  in o rde r  to character ize  the react ion behavior  
and  unrave l  the  g rowth  mechanism of Cr208 (5-18). 
This work  extends  such studies. This and the subse-  
quent  pape r  (19) dea l  wi th  the  oxidat ion  behavior  
of annealed,  t he rma l ly  etched chromium at  different  
oxygen  pressures  in the t empera tu re  range 800 ~ 
l l00~ proper t ies  of Cr203 scales, and the oxidat ion  
mechanism of chromium. 

Literature Survey 
The chromium-oxugen system.--Cr208 is the  only 

solid chromium oxide tha t  is t he rmodynamica l ly  s table  
at high tempera tures .  Cr203 has the corundum s t ruc-  
ture  and can as such be .grouped wi th  oxides such as 
~-A120~, Fe203 a.o. This s t ruc ture  can be considered 
to consist  of hexagona l ly  c lose-packed  oxygen atoms 
(ions) where  the chromium atoms (ions) occupy 
two- th i rds  of the oc tahedra l  sites (4). 

Sol id  CrO is a metas tab le  oxide, but  i t  can, for 
instance, be produced  by  par t i a l  decomposi t ion of 
chromium oxa la te  (20). The oxide has been identif ied 
in chromium oxide layers  on oxidized chromium b y  
means  of secondary  ion mass spec t romet ry  (21). 
Hagel  (9) also repor ts  in connection with  studies of 
ox ida t ion  of ch romium tha t  in one exposure  at 
l l00~ five l ines for an unknown fcc compound of 
ao ---- 4.02A were  found. This may  reflect CrO. The 

Key words: metals, corrosion, SEM, mass transport. 

pa t t e rn  could not  be r epea ted  on o ther  samples  treated 
in the  same manner  (9). 

Higher  oxides of chromium,  e.g., CrO2, CrO3, a re  
only s table  in solid form at  low t empera tu res  (22), 
and have as solids not been shown to be of impor tance  
in high t empera tu re  oxida t ion  of chromium. However ,  
volat i le  chromium oxide species m a y  be impor t an t  
(23). CrOz is the  impor t an t  specie to consider  in 
oxidizing a tmospheres  (15, 24-26). I t  evapora tes  f rom 
Cr203 in oxygen  a tmospheres :  1/2 Cr203 -F 3/4 O2 
-- CrOs(g) .  Accord ing ly  the evapora t ion  ra te  is p ro -  
por t ional  to Po28/4 (24-26). Thus CrO~ evapora t ion  
is impor tan t  at  "high" pa r t i a l  pressures  of oxygen,  
i.e., at a tmospher ic  or nea r -a tmospher i c  oxygen pres -  
sures, at  high tempera tures .  

Oxidation of chromium in oxygen.--The high tem-  
pe ra tu re  react ion behavior  of chromium in oxygen 
has been inves t iga ted  at  t empera tu res  up to 1400~ 
(5-18). A number  of publ icat ions  r epor t  resul ts  of 
kinet ic  studies. Chromium exhibi ts  pro tec t ive  ox ida -  
t ion behavior ,  i.e., the react ion ra te  decreases  wi th  
time. 

The kinet ics  above 700~ are  genera l ly  in te rp re ted  
as parabolic .  Repor ted  values of corresponding p a r a -  
bolic ra te  constants a re  summar ized  in Fig. 1. A 
s t r ik ing  fea ture  is tha t  the kp values  va ry  by  more  
than  four  orders  of magni tude  in the t empe ra tu r e  
range  1000~176 I t  m a y  be noted tha t  some in-  
vest igators,  and appa ren t ly  depending on the p re -  
t r ea tmen t  of specimens and react ion conditions, find 
periodic  increases in the react ion ra te  and where  
the overa l l  kinetics can be considered as a sequence 
of stages wi th  pro tec t ive  behavior.  

Below 700~ the react ion behavior  changes. Young 
and Cohen (17) r epor t  tha t  the  oxidat ion  in the 
t empera tu re  range  300~176 involved an ini t ia l  log-  
a r i thmic  stage, which dura t ion  decreased wi th  in-  
creasing tempera ture ,  fol lowed by  parabol ic  ox ida -  
tion. The logar i thmic  ra te  constant  exh ib i ted  a posi-  
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Fig. 1. Summary of reported parabolic rate constants for oxidation 

of chromium in oxygen in the temperature range 700~176 Re- 
sults of this study on annealed, thermally etched chromium are also 
included. Studies by Hatfield (5), Phalnikar, Evans, and Baldwin (7), 
Hagel (9), Cadlou and Paidassi (]0), and Caplan and Cohen (11, 
14). Values of Gulbransen, and Andrew (6, 8), which are not included 
in the graph, are similar to those of Hagel. 

rive pressure dependence, while the parabolic rate 
constant  had a negative pressure dependence, i.e., 
this rate constant  increased with decreasing oxygen 
pressure. Such a pressure dependence cannot be ex- 
plained in  terms of a reaction governed by homo- 
geneous diffusion through the scale (e.g., Wagner 
mechanism),  and a model is advanced where it is 
assumed that  the concentrat ion of adsorbed oxygen 
species is determined by an adsorption equi l ibr ium 
on thin compact areas of the oxide scale, while the 
ra te -de te rmin ing  growth occurred at areas with 
thicker porous oxide. 

Much effort has been expended to explain the large 
discrepancies in oxidation rates at high temperatures.  
Various factors have been demonstrated or suggested 
as reasons for the differences. 

An  impor tant  factor is specimen preparation. This 
has par t icular ly  been demonstrated by Caplan et al. 
(11-14). The surfaces were prepared in different ways: 
abrading, electropolishing in various electrolytes, etch- 
ing, and combinations of these. A general  feature of 
these results is that  electropolished specimens oxidize 
rapidly; for etched chromium some orientations oxi- 
dized rapidly, while others oxidize much slower. Non- 
uni form oxide layers exhibi t ing nodule growth, blis- 
tering, wrinkl ing,  and mul t i layered  bal looning are 
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formed dur ing the more rapid oxidation. Caplan et al. 
conclude that the growing Cr208 scales develop com- 
pressive stresses. The slower oxidation, which takes 
place on some etched orientations, involves formation 
of p lane-para l le l  layers of Cr203 consisting of mono-  
crystal l ine (and apparent ly  stress-free) oxide. It  may 
be noted that the smallest kp values in Fig. 1 are 
evaluated from metal lographic cross sections by mea-  
suring the oxide thickness on areas with such mono- 
crystal l ine oxide-layers (14). All other kp values rep-  
resent overall  kp's determined from thermogravimetr ic  
measurements.  

Caplan and Sproule (14) deduced that  the mono- 
crystal l ine oxide grows by cation lattice diffusion. 
Nonuniform growth in the form of nodules, blisters, 
and mul t i layered balloons are concluded to take 
place by  a two-way transport :  metal  ion (lattice) 
diffusion outward and oxygen ion diffusion inward  
along grain  boundaries.  The periodic sequences in  
protective reaction kinetics reflect breakdown of the 
scale and formation of new protective oxide under -  
neath. They have fur ther  shown that the Oxide formed 
on "rapidly" oxidizing, eleetropolished chromium is 
fine-grained, and that  this in  t u rn  facilitates a rapid 
t ranspor t  (grain boundary  diffusion) through the 
scale. During blistering and bal looning the oxide is 
separated locally from the metal. However, this does 
not affect the oxidation rate, as the vapor pressure 
and evaporat ion rate of chromium (at sufficiently 
high temperature)  is high enough to sustain t h e  

supply of chromium at the underside of the separated 
oxide layer (s ) .  Gulbransen  and Andrew (8) have 
also pointed out that  the high vapor pressure of 
chromium is an impor tant  factor in oxidation of 
chromium at high temperatures  (>  ~1000~ 

Evaporat ion of CrO~ is par t icular ly  impor tant  at 
high temperatures  ( >  ,~1000~ and high oxygen 
pressures (15, 24, 26). In  thermogravimetr ic  studies 
of chromium oxidation one measures the net differ- 
ence between oxygen uptake and oxide evaporation. 
Depending upon the reaction conditions, CrO3 may 
accumulate in the gas space surrounding the specimen, 
and the sur rounding  gas may serve as a barr ier  to 
the CrO~ evaporation (24, 25). Thus the measured 
net  weight change of oxidizing specimens will be 
different for static gas conditions and various degrees 
of gas flow, size of the reaction chamber, the tem- 
perature gradient  in  furnace, etc. 

It has been suggested that  differences in the im-  
pur i ty  levels of the chromium metal  used in different 
studies may be responsible for differences in reaction 
rates. However, it  is difficult to find any clear-cut  
correlations between impur i ty  contents and reaction 
rates. This should not necessarily be taken to mean 
that  impurit ies are without any effects. Caplan and 
Sproule (14) have, for instance, demonstrated dif- 
ferences in the growth mechanism of Cr203 on chro- 
mium metal  and Fe-25% Cr. 

The observed reaction behavior may be affected by 
the experimental  procedure. In various studies the 
specimen may as par t  of each r un  be rapidly heated 
in  the reacting gas from room temperature  to the 
reaction temperature,  or a l ternat ively  be heated in 
high vacuum to the reaction tempera ture  before ad-  
mi t t ing oxygen. With these procedures thin oxide 
films are formed either in air prior to introducing 
the specimen in the apparatus, or through the heat ing 
to the reaction temperature  either in the reacting 
gas or "vacuum." The oxide films thus formed may 
have different thickness, grain size, and morphology, 
and as such represent  different "pretreatments"  of 
the specimen surfaces prior to the recorded experi-  
ments. A type of p re t rea tment  which has not been 
emphasized in previous studies is whether  the chro- 
mium specimens are annealed, used in hot-rolled 
condition without  annealing,  as electrolytically pre-  
pared metal, etc. 
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Despite the large discrepancies in  the values of kp 
there are surpris ingly small  ditlerences in  the values 
of the corresponding activation energies above about 
700~ The activation energy is approximately  250 
kJ /mole  (60 kcal /mole) ,  however ,  at lower tem- 
peratures (<700~ the observed activation energies 
are smaller, about 145-165 k J /mole  (16, 17). 

Hagel (9) measured oxidation of chromium at 750 ~ 
and 1100~ at oxygen pressures ranging from 102 
to 1 Pa 02. He observed no or bu t  a small decrease 
in  kp with increasing Po2. Within the reproducibi l i ty  
of the results the smallest  value of the exponent  n 
in the relationship kp cc po21/n was estimated to be 
about  40. 

Walters and Grace (18) studied the reaction rate 
at 700~176 in H2/H20 mixtures  with part ial  pres- 
sures close to those of the decomposition pressure of 
Cr203. The parabolic rate constant  was interpreted 
in  terms of the relationship kp cc Po23/16, which is 
the expected relationship if the oxidation is governed 
by lattice diffusion of tr iply charged chromium va-  
cancies as the predominant  defect. It  should be noted, 
however, that diffusion-controlled parabolic oxidation 
at oxygen pressures close to the decomposition pres-  
sure of the oxide will always yield a positive pressure 
dependence. In this case the measurements  were not 
sufficiently accurate and reproducible to discriminate 
between different defect s t ructure models [see, for 
instance, Ref. (4) ]. 

Materials and Methods 
Materials 

Chromium metal.--The chromium metal  was pre-  
pared electrolytically. [['he supplier  (Koch-Light  Lab-  
oratories) reported the metal  to have a pur i ty  of 
99.99+%. Spectrographic analysis gave the following 
results: Al -not  detected (<0.005%), Fe-150 ppm, Mg- 
n.d. (<0.001%), Ca-10 ppm, Cu-16 ppm, Ti-n.d. 
(<0.01%), Si-n.d. (<0.005%). Vacuum fusion gas an-  
alysis gave: H-200 ppm and 0-4150 ppm. 

The as-received metal  was bri t t le  and could not 
be mechanical ly worked. The specimens, measur ing 
approximately  1 �9 10 �9 15 ram, were therefore pre-  
pared by spark induction. The bri t t leness was to a 
large extent  caused by the hydrogen content. The 
hydrogen escaped by heating the specimen in high 
vacuum up to 560~ After this t rea tment  the metal  
was considerably less brittle. 

Specimen preparation.--The many  methods of sur-  
face preparat ion often suffer from some disadvantage 
(11-14). Mechanical polishing deforms a thin, outer 
layer of the metal,  and this par t  of the metal  may 
exhibit  a different reactivity than the "bulk" layers 
(17). Electropolishing and etching give surfaces with 
relat ively large topography, and fur thermore  the 
etchant and electrolyte may not be completely re-  
moved from the surface. By electropolishing the 
oxide film may possibly have unusua l  oxidation states 
a~ it is formed in app]ied electric field. In this work 
a new method of specimen preparat ion was used: 
thermal  etching in high vacuum. 

Prior  to the thermal  etching the specimens were 
mechanical ly polished with emery paper of grade 
220. After  extended polishing with the same polishing 
paper, removed chromium filled the pores and the 
surface roughness of the paper, and during the lat ter  
polishing stage chromium was polished against chro- 
mium. This gave a surface with no visible polishing 
stripes at 500X. The as-received metal  was examined 
by the Guinier  method. This gave broad, diffuse lines 
indicat ing that the electrolytically prepared chromium 
was highly microcrystall ine.  

The thermal  etching was done by heat - t rea t ing  the 
polished specimens in the reaction chamber  in high 
vacuum (<10 -~ Pa) at 1075~ for 20 hr. Dur ing  this 
t rea tment  the vapor pressure and the corresponding 

evaporat ion rate of chromium was so high that  the 
thin, room temperature  oxide film was removed and 
no new oxide was formed on the surface. The speci- 
mens lost weight at a l inear  rate, which at 1075~ 
mounted  to 0.44 mg/cm 2 hr. During this 20 hr high 
vacuum anneal ing the outer 12 microns of the chro- 
mium specimen were removed. The anneal ing pro- 
duced well-developed crystallites and sharp diffrac- 
t ion lines by the Guinier  method. 

Chromium vapor pressures were calculated from 
the l inear  rates of weight loss dur ing chromium evap- 
orat ion in  high vacuum by means of the Her tz-Lang-  
mui r  equation. Values obtained at different tempera-  
tures are in  excellent agreement  with previously 
reported vapor pressure values (6, 27). 

The oxidation runs were made by adjust ing the 
temperature  in the furnace to the desired reaction 
tempera ture  while main ta in ing  high vacuum. During 
the temperature  change the specimens continued to 
lose weight corresponding to the vapor pressure of 
chromium. After the new temperature  equilibration, 
the reaction was started by introducing oxygen in  
the system. 

By this t rea tment  the deformed outer layer of the 
specimen was removed, and it is believed that  the 
surface was essentially free from any oxide at the 
start of the reaction. 

Oxygen gas.--The oxygen gas was dried over sili- 
cagel before being introduced into the reaction cham- 
ber, bu t  no fur ther  at tempts were made to purify 
the gas. 

Methods 
Balance, thermogravimetric measurements.--The 

thermogravimetr ic  measurements  were made with a 
magnetic levi tat ion balance of Sartorius Type 4201. 
The apparatus was evacuated with a pair  of diffusion 
and rotary pumps giving a high vacuum of <10 -3 
Pa as measured with an ion gauge located above 
the reaction chamber. 

The reaction chamber consisted of a mull i te  tube, 
which was directly melted on to the borosilicate glass 
in the rest of the high vacuum system. The tempera-  
ture was cont inuously monitored with P t / P t  10% Rh 
thermocouple located next  to the suspended specimen 
in the constant  temperature  zone of the reaction 
chamber. The specimen was suspended with a 0.2 mm 
Pt thread. Oxygen was cont inuously pumped through 
the reaction chamber  from the top to the bottom 
during the oxidation run. 

The reacted specimens were characterized by means 
of optical metal]ography, scanning electron micro- 
scopy, and x - ray  diffraction. 

Experimental Results 
Thermogravimetric Measurements 

Results at 105 Pa Oz.--The results of the thermo-  
gravimetric  measurements  of oxidation of annealed, 
thermal ly  etched chromium at 10 ~ Pa (1 arm) 02 
and at 800 ~ 900 ~ 1000 ~ and 1075~ are summarized 
in a double logarithmic plot of weight gain vs. t ime 
in Fig. 2. The fully drawn lines represent  the directly 
measured, net  weight gain dur ing oxidation. The re-  
producibil i ty of paral lel  runs  were wi thin  2%. 

Figure 2 i l lustrates some salient features of the 
oxidation behavior of thermal ly  etched chromium: 
(i) the reaction rate at 800~ decreases much faster 
with t ime than for a parabolic behavior. As i l lustrated 
in the semi]ogarithmic plot [weight gain vs. log 
( t ime)]  in Fig. 3, the reaction kinetics can be de- 
scribed as approximately logarithmic. (ii) Up to 
approximately 10 hr of oxidation the amount  of oxi- 
dation is approximately the same at 800 ~ and 900~ 
This feature, and a distinct change in the reaction 
kinetics from 800 ~ to 900~ points to a marked change 
in the oxidation mechanism between 800 ~ and 900~ 
(iii) The reaction kinetics at 900 ~ 1000 ~ and 1075~ 
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Fig. 2. Double-logarithmic plot (weight gain vs. time) of oxidation 
of thermally etched chromium at 800 ~ 900 ~ 1000 ~ and LIO]5~ 
and 105 Pa 02. The fully drawn line shows the m~asured net weight 
gain during oxidation, while the stippled lines illustrate the total 
reaction by adding the weight loss due to Cr03 evaporation to the 
net weight gain. The hatched regions indicate the uncertainties in 
the measurements (• rag) at low weight gains. 
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Fig. 3. Semilogarithmic plot [weight gain vs. log (time)] of oxi- 
dation of thermally etched chromium at 800~ and 105 Pa 02. 

can be described as approximate ly  parabolic. This is 
fu r the r  i l lustrated in Fig. 4 where  the square of the 
weight  gain is plot ted as a function of time. But it 
may  also be noted that  the kinetics do not conform 
with an ideal parabolic rate. (iv) After  extended 
oxidation (a weight  gain of 2-3 m g / c m  2) at 1000~ 
and 1075~ sudden increases take place in the oxida-  
tion rates, and the overal l  kinetics may be described 
as a sequence of stages wi th  protect ive oxidation. 
This effect is much larger  at 1075 ~ than at 1000~ 

The parabolic rate constants during the initial oxi-  
dation at 900 ~ 1000 ~ and 1075~ corrected for oxide 
evaporatiorl (see below) are included in Fig. 1. The 
values lie in the upper  region of the previously re -  

ported results. The  act ivat ion energy  as determined 
f rom these three points is 330 k J / m o l e  (78 kca l /mole ) ,  
which is 30% higher  than the average value f rom 
other  studies. It  should be noted that  if  values of kp 
were  evaluated f rom later  stages of the reaction, as 
has been done in other  studies (9, 10) somewhat  
lower  values would have been obtained. 

Oxidative vaporization o~ Cr203 during oxidation.-- 
Oxidat ive vaporizat ion o~ Cr2Q as CrO3 is significant 
during oxidat ion of chromium at high oxygen pres-  
sures and high temperatures ,  tn order  to correct  the 
measured oxzdation rates for this evapora t ive  loss, 
the weight  loss of a completely  oxidized chromium 
specimen was measured at di t lerent  tempera tures  and 
1 arm 02. The evaporat ion was fol lowed for 24 hr  at  
each temperature ,  and during each run  a gas flow 
equal  to that  in the oxidat ion runs was maintained.  
The l inear  rates of weight  loss at 1 a tm 02 were  
found to be 2.2 �9 10 -2 m g / c m  '~ hr  at l l00~ 6.7 �9 10 -~ 
at 990~ 2.1 �9 10-~ at 900~ These results gave a 
s t ra ight- l ine  relat ionship in an Arrhenius  plot wi th  
an act ivat ion energy of 155 k J / m o l e  (37 kca l /mole ) .  
Extrapola t ion of these values gave a loss ra te  of 5 �9 
10 -4 m g / c m  '~ hr  at 800~ These results have been 
used to correct  the oxidation results to show the total  
ra te  of reaction at different temperatures.  This is 
i l lustrated by the stippled lines in Fig. 2. 

It  is emphasized that  these evaporat ion rates give 
no informat ion about the thermochemis t ry  of the 
react ion-control led  oxidat ion vaporization, bu t  only 
provide informat ion about the weight  loss dur ing the 
oxidation under  the par t icular  exper imenta l  condi- 
tions used. In the present  study the oxygen atmosphere  
surrounding the specimens serves as a bar r ie r  to the 
f ree  evaporat ion of C r Q .  The measured evaporat ion 
rates are much lower  than calculated values for 
react ion-control led vaporizat ion at 1 a tm O2 as esti-  
mated f rom the data of Stearns et aL (6). 

Results at reduced oxygen pressures.--8OO~ 
results of the rmograv imet r ic  measurements  at 800~ 
and oxygen pressures of 105 (760), 1.1 �9 10~ (8), 
8 (6 �9 10-2), and 6.7 �9 10 -2 Pa O2 (5 �9 10 -4 Torr)  
are shown in Fig. 5. The react ion kinetics at 105 Pa O5 
can be described as approximate ly  logari thmic (Fig. 
3). When the pressure is reduced to 1.1 �9 10 ~ and 
8 Pa O2, the init ial  period of rapid oxidation becomes 
shorter. This is followed by a period of slowly decreas-  
ing oxidation rate  unti l  the oxidation reaches the 
stage with  essentially no oxidation. 

With fur ther  reduction in oxygen pressure the 
oxidation kinetics are changed and can, wi thin  the 
sensit ivity of the balance, be described as l inear  at 
7 �9 10 -2 Pa. It may  be noted that  the gas pressure 
is measured with gauges outside the furnace zone, 
and as molecular  flow prevails  in the react ion chain- 
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Fig. $. Oxidation of thermally etched chromium at 800~ and 
oxygen pressures ranging from 105 Pa (760 Torr) to 6.7-7" 10 -~  
Pa (,*,4.5 �9 10 - 4  Torr). Weight gain of specimens (mg/cm 2) dur- 
ing oxidation as a function of time (hr). The hatched regions indi- 
cate the uncertainties in the weight gain measurements (_+_0.1 mg). 

ber at this pressure, the real pressure at the specimen 
is sl ightly higher than  indicated (28). 
900~176 the tempera ture  was increased to 
900~ and fur ther  on to 1000 ~ and 1075~ the studies 
revealed an' unexpected change in  the reaction be-  
havior at  different oxygen pressures. 

At  900~ the oxidation decreases slowly with 
decreasing par t ia l  pressure of oxygen in  a manne r  
similar  to that  at 800~ At the lowest oxygen pres-  
sure, 7 �9 10 -2 Pa Or, the oxidation is again approx-  
imate ly  linear. However, as the tempera ture  is in -  
creased to 1000 ~ and 1075~ the oxidation is faster 
at oxygen pressures of 103-102 Pa than  at 105 Pa. 
Fur thermore,  the kinetics are changed and can under  
these conditions be considered to be approximately  
l inear  wi th in  the t ime periods studied (up to 25 hr 
at 1075~ On fur ther  reduct ion of oxygen pressure 
the oxidation rate again decreases with decreasing 
oxygen pressure and at the lowest pressure, 7 �9 i0 -2 
Pa O2, the reaction is again linear. These features 
are i l lustrated in Fig. 6 and 7, which summarize 
results at 1000 ~ and 1075~ respectively. 

Characterization of Specimens 
In  most cases the most descriptive informat ion on 

topography, morphology, and microstructure of Cr203 
scales is obtained by examining fractured scales 
directly in  the scanning electron microscope. Optical 
metal lography and plane-pol ished cross sections often 
fail to uncover impor tan t  details. 

Oxide scales never  spall at temperature.  But speci- 
mens oxidized at atmospheric pressure at 800 ~ and 
900~ may  exhibi t  violent  spallat ion on cooling to 
room temperature.  This is in  all probabi l i ty  due to 
poor adherence of the scale to the metal  substrate,  
growth stresses in the oxide, and the smaller  thermal  
expansion coefficient of Cr203 compared to chromium 
metal. 

Specimens reacted at 800~ at 1 arm 
O2.--After oxide spallat ion only a few local areas 
are still covered with oxide scale. Figures 8 and 9 
show examples of such fractured scales after oxidation 
at 800~ Figure  8 refers to a specimen oxidized for 
50 hr. The weight gain at this point was about 0.9 
mg/cm2, and the thickness of this layer  is about  2 
microns. At this stage, par t  of the scale is fine-grained, 
but  also some larger grains are' formed. These do not 
exhibit  any crystal facets and also appear to consist 
of smaller  crystallites. All in all, the morphology of 
the scale has similari t ies to that  described by Young 
and Cohen (17) for chromium specimens (mechan-  
ically polished with subsequent  electropolishing) oxi- 
dized for extended periods in oxygen at 300~176 

These features may be compared with the mor-  
phology and microstructure of oxide scales after more 
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Fig. 6. Oxidation of thermally etched chromium at 1000~ and 
oxygen pressures ranging from 102 Pa to 7 �9 10 -2  Pa. Weight gain 
of specimens during oxidation as a function of time. 

extended oxidation as i l lustrated in  Fig. 9a and b. 
These i l lustrat ions refer to a specimen oxidized for 127 
hr, at which point  the weight  gain was about 1 mg /cm 2 
and the oxidation rate was almost ni l  (Fig. 2). The 
scale is under  these conditions highly protective. The 
larger grains have at this stage grown in n u m b e r  
and size and the crystals have developed facets. Thus 
dur ing the "logarithmic" oxidation the scales undergo 
recrystal l ization and crystal growth, and each oxide 
crystal tends to become more perfect. From these 
observations it can be concluded that  the protective 
abil i ty of the oxide is less dependent  on the thickness 
of the scale than its morphology and microstructure 
and how well  the crystals are developed. 

Fur ther  examinations of Fig. 8 and 9 show that  
the scale is, at  least part ial ly,  separated from the 
metal. No oxide can be detected on the metal  after 
127 hr  of oxidation, and par t icular ly  Fig. 9 shows 
that the metal  surface exhibits facets. From this it is 
concluded that  there is a gap between the scale and 
the metal  over most of the surface after prolonged 
oxidation. This is also probably a reason for the 
ease of spallation of the oxide on cooling. 

Marker experiments  were made at 800~ A porous 
layer  of gold (1-1.5 ~m thick) was sputtered on one 
side of a few specimens. Such gold-sputtered speci- 
mens oxidized at the same rate as the ones without  
a gold layer. After  oxidation for 24 hr  the gold was 
located on the metal  surface or at  the inner  layer  
of the oxide. However, there were indications that  
the gold influenced the morphology and microstruc-  
ture of the scale in that  plane-polished metallographic 
cross sections revealed more porosity on the unspu t -  
tered side than on the sputtered one. 
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Fig. 7. Oxidation of thermally etched chromium at 1075~ and 
oxygen pressures ranging from 10 ~ Pa to 7 �9 10 -~  Pa. Weight gain 
of specimens during oxidation as a function of time. 

Fig. 9. Scanning electron micrograph of chromium specimen oxi- 
dized for 127 hr at 800~ and 10 ~ Pa 02. a shows a fractured 
edge of the oxide scale with the metal beneath, and b a detail of 
a at larger magnification showing the inner surface of the scale 
and the surface of the metal. 

Fig. 8. Scanning electron mlcrograph of chromium specimen 
oxidized for 50 hr at 800~ and 105 Pa 02. The picture shows a 
fractured edge of the scale with the chromium metal beneath. 

Exposure at reduced oxygen pressures.--The morphol-  
ogy and microstructure o5 the scale changes markedly  
with oxygen pressure. On reducing the oxygen pres- 
sure to 1.1 �9 l0 s Pa, marked changes in  the scale are 
evident. This is i l lustrated in  Fig. 10. On cooling to 
room tempera ture  the scale has separated into 2-3 
layers. The outer and middle layer  of the scale ex-  
hibit  large topography and adhere to each other in  
many  places. The inner  layer is flat and is separated 
from the other two layers. The crystaUite size in 
the scale decreases inward  through the layers of the 
scale, and for the inner  layer the crystall i te size is 
small  and crystal facets can no longer be discerned. 

On fur ther  reduct ion of the oxygen pressure to 
less than  10 Pa O2 the scale is again s ingle- layered 
and its microstructure resembles the inner  layer  in  
Fig. 10 (103 Pa 02). 

At 7 �9 10 -2 Pa 02 the morphology and microstruc-  
ture of the scale is again markedly  changed. Under  
these conditions the oxide grows as a single layer  
and is completely separated from the metal  on the 
plane surfaces of the specimens. The scale nei ther  
cracks nor  spalls on cooling to room temperature.  
Various features of the scale may  be noted: the 
scale wrinkles  and buckles. This feature is i l lustrated 
in  Fig. l l a  which shows the underside of the scale 
(facing the metal) .  By comparing with the surface 
appearance of the thermal ly  etched metal  before oxi- 
dation (Fig. l l b ) ,  it appears that  the oxide scale 
has par t icular ly  deformed in areas where the oxide 
original ly grew on the metal  grain boundaries.  

Figure 12a shows the fractured cross section of the 
scale. The oxide thickness is about 2 ~m. An addit ional  
feature under  these conditions is that whiskers are 
formed on the outer surface. This is i l lustrated in 
Fig. 12b. Crystal  growth also takes place at the inner  
surface of the scale (facing the metal) .  This is fur ther  
i l lustrated at a larger magnifications in  Fig. 12c and d. 
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Fig. 10. Scanning electron micrographs of fractured scale of 
Cr20a after oxidation for 94 hr at 800~ and 103 Pa. The scale 
consists of three distinct layers. 

All  in  all, the changes in  topography, morphology, 
and microstructure  of the scale with oxygen pressure 
points are impor tant  aspects of the properties of the 
oxide and the reaction mechanism. The results show 
that  considerable growth stresses bui ld up in  the scale 
dur ing its growth. These are part ial ly alleviated b y  
plastic deformation of the scale, and the oxide plas- 
t icity increases markedly  with decreasing part ial  
pressure of oxygen. The buckl ing and wr inkl ing  of 
the scale and the large concurrent  increase of the 
scale surface clearly suggests that  the oxide not only 
grows in thickness, but  also sideways (along the 
metal  surface).  This, in turn, suggests that  the oxide, 
at least partially,  grows within  the scale probably 
as a result  of countercurrent  t ransport  of the reactants. 

Specimens reacted at 900~176 at 105 
Pa Oz.--At 900~176 the ini t ial  oxidation is approx- 
imately parabolic. After extended oxidation at 1000 ~ 
and 1075~ the kinetics involve a sequence of pro- 
tective stages. It  is reasonable to assume that  this 
behavior reflects a periodic breakdown of the scale 
and formation of a new protective layer. 

When the oxidation is stopped before the kinetics 
suggest any  scale breakdown, the scales appear to 
be compact. But  after more extended oxidation, and 
after one or more sequences of protective stages, 
f ractured edges reveal some porosity in the scale. 
This is i l lustrated in Fig. 13a, which shows the 
fractured edge of the oxide scale on a specimen oxi- 
dized for 22 hr  in  105 Pa at 1075~ There is no 
clearly delineated layered structure which reflects 
each individual  change in the kinetics; ra ther  rela-  
t ively large pores are distr ibuted throughout  the 
outer layer  of the scale. 

Figure 13b shows a detail of the surface of the 
metal  and the inner  surface of the scale. The metal  
surface is par t ly  covered with oxide. But also here 
it  is suggested that  there has been a gap at tempera-  
ture between the metal  and the oxide scale over most 
of the surface. There is also considerable porosity in  
the oxide at the metal /scale  interface. 

Fig. 11. (a) Scanning electron micrograph of fractured edge of 
Cr208 after oxidation for 3 hr at 800~ and 7 �9 10 -2  Pa 02; (b) 
scanning electron micrograph of surface of thermally etched and 
annealed chromium prior to oxidation. 

After more extended oxidation at l0 s Pa O2 at 
and above 1000~ the individual  oxide grains appear 
to be single crystals. This is i l lustrated in Fig. 14a, 
where oxide crystals from an area wi th in  the scale 
close to the inner  surface are shown. The micrograph 
is taken from the specimen shown in  Fig. 13. The 
individual  crystals have a shape consistent with hexag- 
onal structure.  But it is also interest ing to note that  
the shape of the crystals at the inner  surface of the 
scale appear to reflect a cubic symmet ry  (Fig. 14b). 
This probably reflects the presence of a crystal layer  
different from Cr20~. It  is tenta t ively  concluded that  
these crystals consist of CrO, as one of its modifica- 
tions has the NaC1 structure. X- ray  diffraction studies 
were made directly on the inne r  surface of the scale, 
bu t  these failed to reveal any diffraction lines other 
than those of Cr203. This may reflect that  CrO is 
only present  in small  amounts  or that CrO dispropor- 
tionates or has been oxidized to Cr203 on exposure 
to the atmosphere. 

It  is also impor tant  to note that  the Cr203 scales 
formed dur ing extended oxidation at and above 1000~ 
and involving one or more breakdowns of the scale, 
do not spall dur ing cooling to room temperature.  
Although there is a loss of contact between the scale 
and the metal  dur ing cooling, the scales are retained 
on the specimens. This feature suggests that  the 
breakdown of the scale alleviates growth stresses in 
the scale. Increased creep and plastic flow of the oxide 
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Fig. 12. (a) Scanning electron micrograph of fractured edge (cross section) of Cr203 scale after oxidation for 96 hr at 800~ and 
7 �9 10 - 2  Pa 02 (Fig. 11); (b) part of the outer surface of the scale shown in (a) showing examples of whisker growth; (c) part of the 
inner surface of the scale in (a); (d) Figure (c) at higher magnification. 

with higher tempera ture  will  probably also be a 
contr ibut ing factor (19). 

Exposure at reduced oxygen pressures.--The changes 
in  the kinetics and oxidation rates when chromium 
is exposed to different oxygen pressures are directly 
associated with changes in the mode of oxide growth. 
Different aspects are i l lustrated by the scanning elec- 
t ron micrographs given in Fig. 15-22. In  general  the 
same features are observed at both 1000 ~ and 1075~ 

There are marked differences in the surface appear-  
ance of specimens oxidized at different oxygen pres-  
sures. This is i l lustrated in Fig. 15a-c, which show 
scanning electron micrographs at low magnification 
of specimens reacted at 1075~ at 105~ 130, and 7 . 10 -2 
Pa 02, respectively. 

After  oxidation at about 100 Pa O2 the surface has 
an uneven  appearance. It is best described and i l lus-  
t rated by a view at higher magnification. This is 
given in Fig. 16, which shows the fractured edge of 
the oxide on a specimen oxidized for 23 hr at 1000~ 
and 100 Pa 02. The oxide is heavi ly  buckled and 
deformed. This indicates that large growth stresses 
are produced dur ing  the scale growth. Compared to 
10~ Pa 02, the oxide formed at this lower oxygen 
pressure is considerably more deformed and the 
stresses are part ial ly al leviated by this process. 

But closer examinat ion also shows that  the oxide 
cracks in  numerous  sites dur ing oxidation. This is 
i l lustrated in Fig. 17a and b. Figure 17a shows a 
detail where cracking has occurred just  before the 
oxidation was stopped. The cracking always occurs 
on the inside of the layer;  when  viewed from the 
outside there is no evidence of cracks. Figure 17b 

shows another  detail where a crack has been healed 
by fur ther  deformation and secondary oxide growth. 

The approximately l inear  kinetics observed under  
these conditions are concluded to reflect that  a large 
number  of cracks are being formed dur ing the course 
of oxidation. The higher oxidation rate at this pres- 
sure range than at 105 Pa 02 is probably due to 
penetra t ion of oxygen gas at the cracks before these 
are healed. This is fur ther  corroborated by the fact 
that oxide crystals are being formed also on the 
metal  surface under  these reaction conditions. This 
may be seen in Fig. 16 and at a higher magnification 
in  Fig. 18. It may be noted that  the oxide crystals 
on the chromium metal  surface have an external  
geometry characteristic of compounds with a cubic 
metal  structure. The same cubic crystals were ob- 
served at 10 ~ Pa, and are tenta t ive ly  concluded to 
consist of CrO. These cubic oxide crystals are found 
in varying amounts  at the chromium metal  surface 
on all specimens examined in this work. But they 
are par t icular ly  observed in  the pressure range with 
the relat ively high oxidation rates caused by cracking 
of the scales (Fig. 16-18). 

When the oxidation is carried out at even lower 
oxygen pressures ( ~ a b o u t  100 Pa) ,  the oxide scales 
grow detached from the larger, plane surfaces of 
the specimens. The scales bulge away from the metal  
surface; an example of this is shown in Fig. 16c. The 
scales exhibit  a high degree of plasticity. A par-  
t icular ly  remarkable  example of this is shown in 
Fig. 19 which refers to a specimen oxidized at 1075~ 
and 7 �9 10 -2 Pa 02. In  this case the scale has sagged 
giving the specimen a pear-shaped appearance. 
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Fig. 14. Scanning electran micrograph of chromium specimen 
shown in Fig. 13; (a) detail of crystal morphology a few crystal 
layers away from the inner surface; (b) detail of crystal morphology 
of crystals at inner scale surface. 

Fig. 13. Scanning electron microgroph of chromium specimen 
oxidized for 22 hr at 1075~ and 105 Pa 02, (a) fractured edge 
of the oxide scale on the metal surface. The outer part of the 
scale contains appreciable porosity in the form of voids; (b) detail 
of (a) showing the inner surface of the scale and the surface of the 
metal. 

Figure 20a shows the cross section (fractured edge) 
of the scale from a specimen oxidized for 23 hr  at 
1075~ and 7 �9 10-~ Pa 02. Such scales showed no 
evidence of cracking. The crystalli te size changes 
gradual ly  through the scale from relat ively fine- 
grained at the outer surface (Fig. 20b) to more coarse- 
grained in the inner  par t  of the scale (Fig. 20c). 
The f ine-grained microstructure  and smooth surface 
gave the specimens a shiny appearance. 

For specimens oxidized at 10.00 ~ and 1075~ and 
at  7 �9 10 -2 Pa O2 single crystals of chromium meta l  
were observed on the inner  surface of the oxide 
scale. This feature is i l lustrated in Fig. 21a and b. This 
clearly i l lustrates the importance of chromium vapor 
t ransport  across the gap between the metal  and the 
bulging oxide scale. It may be noted that the chromium 
crystals are located at one end (the lower end) of 
the specimen. This feature, and the relat ively large 
amount  of chromium crystals, suggests that there has 
been a vapor t ransport  of chromium as a result  of 
a temperature  gradient  along the specimen. The 
amoun t  of chromium crystals is too large to be ex-  
plained by the condensation and crystall ization of 
the chromium metal  vapor present  in the cavity be- 
tween the metal  and the oxide scale dur ing cooling 
of the specimen 6o room tempera ture  when the oxida- 
t ion r u n  was discontinued. 

I t  was fur thermore  found that  threadl ike oxide 
crystals or whiskers were formed on some areas of 
the inner  surface of the scale. This is i l lustrated 
on Fig. 22a. At these areas the inner  crystal layer  
had poorly developed crystals. In  other areas, how- 
ever, this type of oxide growth was almost absent, 
and here the crystal facets were bet ter  developed. 
This feature is i l lustrated in  Fig. 22b. 

Discussion 
In  this work the oxidat ion of annealed, thermal ly  

etched chromium has been studied in  the tempera-  
ture  range 800~176 at different oxygen pressures 
ranging from 105 to 7 �9 10 -2 Pa. During the thermal  
etching the specimens are stress-relieved, and approx-  
imately 12 ~m of the outer layer  of the specimens 
were removed through chromium evaporat ion prior 
to the start  of the oxidation. This pre t rea tment  gives 
remarkab ly  reproducible results. It  is different from 
previously reported studies where a number  of other 
pre t reatments  have been used: mechanical  polishing, 
electropolishing, etching, etc. Such pre t rea tments  have 
been demonstrated to have large effects on subsequent  
oxidation behavior  (11-15). 

This s tudy shows that chromium exhibits r emark-  
able changes in the oxidation behavior  when  exposed 
to different oxygen pressures, par t icular ly  at and 
above 1000~ Impor tan t  general  features are that 
large stresses develop in the scale dur ing the oxide 
growth and that  the abi l i ty  of the scale to deform 
plastically increases dramat ical ly  with decreasing par-  
tial pressure of oxygen. The Cr203 scales may crack, 
wrinkle,  or balloon depending upon the reaction 
conditions. On prolonged oxidation oxide scales be-  
come detached from the metal  substrate. 

A major  change in the kinetics takes place between 
800 ~ and 900~ At 105 Pa O2 and 800~ the kinetics 
may be described as approximately  logarithmic. At  
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Fig. 15. Scanning electron micrograph of Cr203 scale after oxi- 
dation for 23 hr at 1075~ and 100 Pa 02. The picture shows the 
buckled, heavily deformed outer scale and a fine-grained oxide on 
the metal surface. 

Fig. 15. Scanning electron micrographs (15X) of chromium 
specimens oxidized at 1075~ (a) 10~ Pa 02 for 25 hr, (b) 130 
Pa 02 for 43 hr, (c) 7 �9 10 -2 Pa 02 for 72 hr. 

gO0~ the oxidation is approximately  parabolic wi th in  
the time periods s~udied. This also applies to the 
ini t ia l  oxidation at I000 ~ and I075~ but  with in -  
creasing oxide thickness the oxidation exhibits abrupt  
changes which reflect cracking and breakdown of the 
scale. New protective oxide is formed, and the overall  
oxidation takes the form of a sequence of protective 
oxidation stages. The oxide scale formed under  these 
conditions exhibits but  small  abil i ty to deform plas- 
tically. I t  may also be noted that the oxidation at 
800~ is much faster than would be expected if the 
oxidation behavior at the higher temperatures  were 
extrapolated to 800~C. 

When the oxidation at 800~ is carried out at 
decreasingly lower oxygen pressures, the period of 

Fig. 17. Details of Fig. 16: (a) region where cracking has occurred 
iust before oxidation was discontinued, (b) region where crack has 
been healed by further deformation and secondary oxide growth. 
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Fig. 18. Scanning electron micrograph of oxide crystals an metal 
surface of specimen shown in Fig. 7. Note external geometry 
characteristic of cubic crystal structure. 

ini t ial  rapid oxidation becomes shorter. At  pressures 
down to about  10 Pa the oxidation rate becomes slow 
and almost ni l  after  extended oxidation. However, 
as the oxygen pressure is decreased to 7 �9 10 -2 Pa 
the oxidation is approximately  linear,  and after ex-  
tended oxidation may  become faster than at t h e  
higher oxygen pressures. The oxide scale shows in-  
creasing abi l i ty  to deform plast ically with decreasing 
par t ia l  pressure of oxygen. 

At  and above 1090~ the oxidation increases a s  
the oxygen pressure is reduced from 105 Pa to the 
pressure of about  100 Pa O2. Under  the lat ter  condi- 
tions the oxidation rate is approximately  linear. 
This is associated with the formation os a large n u m -  
ber  of cracks that  are cont inuously and statistically 
formed and subsequent ly  healed dur ing  the oxide 
growth. To some extent  this allows oxygen penet ra-  
t ion through the detached oxide scale and format ion  
of new oxide at the metal  surface. 

As the oxygen pressure is fur ther  decreased the 
abi l i ty  of the oxide to deform plastically becomes 
sufficiently large that  the scale no longer cracks or 
breaks down. Rather, due to the large growth stresses, 
the oxide deforms and bulges away from the metal  
surface. The scale is s ingle- layered and continuous. 
The oxidation is slower than at pressures of about 
100 Pa 02. At 7 �9 10 .2  Pa 02 the oxidation can be 
described as approximately linear. It is also to be 
noted that  the oxide scale under  these conditions is 
more f ine-grained than at higher oxygen pressures. 

In  order to in te rpre t  the reaction behavior under  
various conditions it is necessary to consider various 
features and questions: (i) what  are the mechanisms 
of t ranspor t  of the reactants through continuous Cr203 
scales? Where does the oxide formation take place? 
(if) Why does the deformabil i ty  of the Cr203 scales 
increase with decreasing part ial  pressure of oxygen? 
(iii) Does chromium transport  across the gap between 
the metal  and the scale l imit  the rate of reaction? 
An  overall  in terpre ta t ion  clearly must  be based on 
a thorough knowledge of the defect s t ructure  and 
defect -dependent  properties of Cr203. In  this respect 
it  is considered useful to review the properties of 
Cr203. This wil l  be presented in  Par t  II  of this work 
(19). 

At this stage it will  be provisionally concluded 
from the results that  t ransport  of both chromium and 

Fig. 19. Appearance of chromium specimen oxidized for 26 hr 
at 1075~ and 7" 10 -2  . The detached scale has deformed and 
given the specimen a pear-shaped appearance. 

oxygen through the scale is impor tant  dur ing  growth 
of continuous Cr20~ scales. Fur thermore,  the t rans-  
port  may take place by lattice diffusion and along 
microcracks and grain  boundaries in the scale. This 
conclusion is based on the observations that  large 
growth stresses develop in the scale and that  the 
oxide not only grows normal  to, bu t  also horizontal ly 
along the metal  surface-i .e . ,  oxide formation also 
takes place wi thin  the oxide scale. The extensive de- 
formations of the scales also suggest that both chro- 
mium and oxygen atoms are mobile species in the 
lattice. In  previous studies of growth of Cr203 scales 
it  has also been concluded that t ransport  of the 
reactants  may take place by  various paths. Caplan 
et a~. (6-10) have for instance suggested that  Cr20~ 
grows by both lattice and grain  boundary  diffusion 
and specifically propose that  chromium diffuses out-  
wards by lattice diffusion and that  oxygen moves 
inwards along grain boundaries (9). 

Without  going into fur ther  details as to the defect- 
dependent  properties of Cr20~, two features of the 
oxidation behavior may be discussed at this point: 
(i) the mechanism of the logarithmic oxidation at 
800~ and 105 Pa 02, and (if) Cr t ransport  across 
the gap between the scale and the metal  substrate. 

Logarithmic oxidation at 800~ and 105 Pa Oz.-- 
Logarithmic oxidation of chromium has been pre-  
viously reported, but  always for th in  film formation 
of Cr208 at considerably lower temperatures  (17). 
The unusual  feature of the present  results is that a 
logarithmic type behavior is observed at such a high 
tempera ture  and for re la t ively thick scales (~1 #m 
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Fig. 20. Scanning electron micrograph of fractured edge of 
Cr203 scale after oxidation for 23 hr at 1075~ and 7 . 1 0  - 2  
Pa 02; (b) detail of the outer part of the cross section in (a), (c) 
detail of the inner part of the cross section in (a). 

th ickness) .  This suggests that  the thin film models, 
e.g., the  Mot t -Cabre ra  theory  (17), cannot  be appl ied  
in the present  case. Fur the rmore ,  impor t an t  changes 
t ake  place in the scale dur ing  its growth.  

Various  mechanisms have been advanced  to ex -  
p la in  loga r i thmic - type  kinet ics  or behavior  where  
the  reac t ion  ra te  decreases fas ter  wi th  t ime than  for 

Fig. 22a. Scanning electron mlcrograph of threadlike oxide 
crystals on the inner surface of detached Cr20~ scale after oxida- 
tion for 24 hr at 1075~ and 7 �9 10 - 2  Pa 02; (b) different area 
of specimen shown in (a) with better developed crystal facets and 
whiskers. 

Fig. 21. Scanning electron micrograph of single crystals of 
chromium on the inner surface of detach:d Cr203 scale after oxi- 
dation for 72 hr at 1000~ and 7 .  10 - 2  Pa (1SX).  The insert 
shows a single crystal at higher magnification (600X).  

parabol ic  oxidat ion.  These models  often involve t r ans -  
por t  of react ing atoms or ions along gra in  boundaries ,  
dislocations, or lines of d i sa r r ayed  atoms and tha t  
these diffusion paths  g radua l ly  become blocked, de-  
act ivated,  or annea led  out wi th  t ime (2, 29, 30). An  
a l te rna t ive  model  by  Evans (29) assumes tha t  only  
pa r t  of the film thickens,  as m a y  occur, for instance, 
if cavities, voids, or obstruct ions develop dur ing  oxide 
growths  and the reby  cont inuously  shr inks  the area  
of the scale th rough  which so l id-s ta te  t ranspor t  may  
take  place. An example  in case is deve lopment  of 
cavit ies at  the me ta l / ox ide  interface  due to ou tward  
migra t ion  of cations th rough  the scale. 

The logar i thmic  type  behavior  in this s tudy is asso- 
ciated wi th  two main  fea tures  as regards  the scale 
growth:  (i) a g radua l  de tachment  of the  scale f rom 
the meta l  substrate,  and (ii) an increased gra in  
growth  and developments  of c rys ta l  facets on the 
grains dur ing  the oxidat ion.  Both fea tures  m a y  give 
rise to a rap id ly  decreasing react ion ra te  wi th  time. 

If the gradua l  de tachment  is the impor t an t  factor  
tha t  de termines  the kinetics,  i t  is impl ied  that  the 
supply  of gaseous chromium across the gap eventua l ly  
becomes the r a t e - l imi t ing  factor. However ,  such an 
in te rp re ta t ion  does not  conform wi th  the resul ts  at  
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the lower oxygen pressure (7.2 �9 i0 -2 Pa) at 800~ 
In  this case the scale detachment  is even more pro- 
nounced than  at 105 Pa 02; the oxidation rate is 
essentially l inear  and eventual ly  becomes faster than  
at 105 Pa O2. The results at the lower oxygen pressure 
thus suggest that  a l imited chromium supply is not  
the reason for the logarithmic type behavior. 

An al ternat ive  in terpre ta t ion  is that the logari thmic 
type behavior  is related to the grain  growth in the 
scale dur ing oxidation. This implies that  t ransport  
via easy diffusion paths is par t icular ly  impor tant  
dur ing ini t ial  oxidation, and that their  concentrat ion 
gradual ly  decrease with t ime through the grain  growth. 
Such an in terpre ta t ion  is also qual i ta t ively in accord 
with the fact that  the ini t ial  oxidation is relat ively 
high at 800~ compared to what  would be expected 
if the oxidation rates at the higher temperatures  
are extrapolated to 800~ Quali tat ively one expects 
that  the size of oxide nuclei  and crystallites increase 
with increasing temperature.  

Cr transport across the gap be tween the scale and 
the metal  substrate .--The results at the lower oxygen 
pressure at 800~ and the lat ter  in terpre ta t ion of the 
logari thmic type behavior implies that  there is suf-  
ficient chromium at the inner  surface of the detached 
scale. In  this respect it  is of interest  to estimate the 
rate of supply of gaseous chromium by chromium 
evaporat ion from the metal  substrate. 

At the highest temperatures  (1000 ~ and 1075~ and 
reduced oxygen pressures single crystals of chromium 
are found on the inner  surface of the oxide scale. 
Under  these conditions the vapor pressure of chro- 
mium is sufficiently high to explain the oxidation 
rates. Thus at 1075~ the l inear  rate of oxidation at 
7 �9 10 -2 Pa O2 is approximately 0.2 mg O/cm~ hr. 
This corresponds to a consumption of 0.43 mg Cr /cm 2 
hr. By use of the Herz-Langmui r  equation an estimate 
of the rate of evaporat ion of chromium yields 0.47 
mg/cm 2 hr. If the chromium metal  surface is faceted, 
the rate of evaporat ion may be higher by at least 
a factor of 2. Thus the supply of chromium vapor is 
sufficiently large under  these conditions. 

At 80O~ the si tuat ion is different. At 7 �9 10 -2 Pa 
O2 the l inear  oxidation rate is approximately 1 �9 10 -2 
mg O/cm 2 hr, while the estimated rate of evaporation 
of chromium by means of the Herz-Langmuir  equa-  
t ion is only 8.7 10 -~ mg Cr /cm 2 hr. Thus even 
for a highly faceted chromium metal  surface, the 
rate of supply of chromium metal  vapor would not 
be sufficiently high to sustain the oxidation. 

This discrepancy cannot be satisfactorily explained 
at present. One may speculate if an enhanced rate 
of evaporat ion from the chromium metal  substrate 
in the form of a Cr-O molecule may take place at 
the low part ial  pressures of oxygen existing in the 
gap between the scale and metal, is the presence of 
cubic oxide crystals ( tentat ively suggested to con- 
sist of CrO) at the inner  oxide surface related to 
such an enhanced evaporation? According to avail-  
able thermodynamic  data for the vapor species of 
various chromium oxides in equi l ibr ium with Cr 
and Cr2Os such an enhanced evaporat ion would not 
be expected (23, 31, 32). However, when the scale 
is detached from the chromium metal  over most of 
the surface, Cr and Cr2Q are not necessarily in 
equil ibrium, and conditions for enhanced evaporation 
could possibly exist. It may be noted that F ryburg  
et al. (25) observed enhanced oxidative vaporization 
of chromium at temperatures  below 800~ in 15 Pa 
O2 containing 2.5% oxygen atoms. The atomic oxygen 
is the "reactive" component, and these results cannot 
be directly t ranslated to the conditions existing in  
the gap between the metal  and the scale. But the 
s tudy may indicate that an easily evaporated Cr-O 
specie can be formed at reduced pressures at tem- 
peratures below 800~ 

As regards the results of the present study it would 
be of interest to obtain further information on the 
conditions favoring the formation of the cubic oxide 
crystals, e.g., by studies of oxidation of chromium 
at very reduced oxygen pressures. 
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On High Temperature Oxidation of Chromium 
II. Properties of C r O  3 and the Oxidation Mechanism of Chromium 

P. Kofstad and K. P. Lillerud 
Department o~ Chemistry, University o~ Oslo, Blindern, Oslo 3, Norway 

ABSTRACT 

Chromium specimens oxidized at 1000~176 and at different oxygen pres-  
sures ~10J-7 �9 10 -2 Pa 02) have been treated in high vacuum at temperature  
as  a direct cont inuat ion of the oxidation runs. All  specimens lost weight during 
the  high vacuum treatment .  Dur ing  an ini t ia l  period the rate of weight loss 
slowly decreased, bu t  after longer time the loss rate became essentially linear. 
I t  is concluded that  the weight loss is due to chromium evaporat ion due to 
chromium transport  through the scales by  lattice diffusion and t ranspor t  
along paths of easy diffusion and microcracks. On the basis of the properties 
of Cr203 scales and available l i terature  data on defect-dependent  properties 
of Cr2Os, a defect s t ructure model has been proposed for the oxide. I t  is pro-  
posed that interst i t ial  chromium ions are the predominat ing point  defects at 
par t ia l  pressures of oxygen near  the Cr/Cr203 phase boundary.  At  nea r -a tmo-  
spheric pressures the oxide is an intr insic electronic conductor. Parabolic 
rate constants calculated from the diffusion data and the proposed defect struc- 
ture mocte~ are compared with exper imental  values. The oxidation mechanism 
of chromium is discussed. Impor tant  factors are lattice diffusion, t ransport  
along paths of easy diffusion and microcracks through the scale, growth 
s tresses  in  the scale, the abil i ty of the scale to deform, and vapor t ransport  
f rom the metal  subst ra te  to detached scales. 

Par t  I of this work describes studies of oxidation 
of annealed,  thermal ly-e tched chromium in the tem- 
perature  range 800~176 at different oxygen pres- 
sures ranging from 105 to 7 �9 10 -2 Pa (1). This paper, 
Par t  II, presents results on high vacuum t rea tment  
of oxidized chromium specimens and discusses the 
properties and defect s tructure of Cr2Os as a basis for 
an overall  consideration of the high tempera ture  oxi- 
dation mechanism of chromium. 

A l i terature survey of oxidation of chromium and a 
description of materials  and methods have been given 
in Par t  I (1). 

High Vacuum Treatment of Oxidized Specimens 
Thermogravimetric measurements.--If the oxidation 

runs at and above 1000~ (1) were discontinued by 
pumping  high vacuum on the system while keeping 
the specimens at temperature,  it was found that the 
oxidized specimens began to lose weight. A few speci- 
mens were therefore treated in  high vacuum after oxi- 
dation and their  weight losses were recorded for e x -  
t e n d e d  periods. During this t rea tment  the vacuum, as 
measured with an ionization or Penn ing  gauge located 
jus t  outside the furnace region, was <10-3  Pa. 

Figure 1 shows an example of the weight loss as a 
function of t ime for specimens oxidized at ll00~ Dur-  
ing an ini t ia l  period of the high vacuum t rea tment  the  
rate of weight loss slowly decreased, but  after longer 
t ime the loss rate became essentially l inear  with time. 
Provided sufficiently good vacuum was maintained,  all  
specimens continued to lose weight wi thin  the t ime 
periods studied. The vacuum treatments  were in  some 
cases cont inued for several hundred  hours. 

All  specimens lost weight irrespective of prior oxida- 
tion conditions. But differences in weight loss were ob- 
served. For instance, for specimens oxidized at 105 Pa 
a n d  l l00~ the rate of weight loss was smaller  if the  

Key words: metals, corrosion, SEM, mass transport. 

high vacuum t rea tment  was started before the  first 
major  breakdown of the scale [as noted by sudden 
weight gain in the oxidation curves (1)],  than for 
specimens oxidized past the first "breakdown" stage. 

If the temperature  was increased (e.g., from 1100 ~ 
to 1200~C) dur ing the high vacuum treatment ,  the rate 
of weight loss increased. But  on r e tu rn  to the s tar t ing 
temperature  (1100~ the rate of weight loss w a s  
smaller  than the original  rate. 

During the high vacuum t rea tment  the cooler zones  
just  outside the furnace were covered with a black-  
gray deposit, p resumably  consisting of chromium metal.  

The rates of weight loss became too small  to be d e -  
t ec ted  accurately at temperatures  below 1000~ 

Characterization of specimens.--Specimens which 
were oxidized in 105 Pa 02 and subsequent ly  high 
vacuum treated, exhibited no major  change in  surface 
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Fig. 1. Weight change of thermally etched Cr specimen during 
oxidation at 105 Pa 02 at 1100~ and subsequent treatment in 
high vacuum. 
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and cross-sect ional  appea rance  as a resul t  of the  h igh  
vacuum t rea tment .  But  the  specimens oxidized in 
7 �9 10 -2  Pa  O~ unde rwen t  m a r k e d  changes in a p p e a r -  
ance. This is i l lus t ra ted  in Fig. 2a and b, which  show 
specimens at  the end of the  oxida t ion  and of the  high 
vacuum t rea tment ,  respect ively.  Dur ing  oxida t ion  at  
7 �9 10 -2 Pa  O2 the oxide scale deforms and bulges away  
f rom the me ta l  (1). Dur ing  the high vacuum t r e a t m e n t  
this  process continues.  The oxide  scale bal loons  out  as 
shown in Fig. 2b. A t  the  end of the oxida t ion  the oxide  
at  the  sca le /gas  in ter face  is e x t r e m e l y  f ine-gra ined  
(Fig. 3a),  bu t  a f te r  the  subsequent  high vacuum t r e a t -  
men t  the  oxide grains  have  grown and have  deve loped  
c rys ta l  facets (Fig. 3b).  The same fea tures  a re  ob-  
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Fig. 3. SEM micrographs of the structure of the oxide scales at the 
gas/oxide interface after (a) oxidation for 25 hr at 7 �9 10 - 2  02 at 
1075~ (b) subsequent high vacuum treatment at 1075~ for 
47 hr. 

Fig. 2. Change in appearance of oxidized specimens after high 
vacuum treatment at temperature 1SX.  (a) Specimen appearance 
after oxidation at 1000~ and 7 . 1 0  - 2  Pa 02 for 72 hr; (b) 
appearance of a specimen after oxidation for 71 hr at I000~ and 
7 �9 10 - 2  Pa 02 and subsequent treatment in high vacuum for 84 
hr at the same temperature. 

served  at  the inner  surface of the  scale. This is i l lus-  
t r a t ed  in Fig. 4a and b. 

Discussion.--The deformat ion  of the  scale reflects 
fu r the r  a l levia t ion of g rowth  stresses in the  scale. Dur -  
ing the  high vacuum t r ea tmen t  the whole scale can be 
considered to be equi l ib ra ted  wi th  chromium metal ,  
and  the effective pa r t i a l  pressure  of oxygen  throughout  
the scale essent ia l ly  becomes equal  to the decomposi-  
t ion pressure  of Cr203 in equ i l ib r ium wi th  chromium 
metal .  The resul ts  suggest  that  the  abi l i ty  of Cr203 to 
deform is even h igher  at  this low pa r t i a l  pressure  of 
oxygen  than  at  h igher  ones. 

The weight  loss in a l l  p robab i l i t y  reflects loss of 
chromium metal .  Chromium m a y  pene t ra te  the  scale 
by  la t t ice  diffusion and by  t r anspor t  along gra in  
boundaries ,  easy diffusion paths,  and microcracks.  The 
l a t t e r  t r anspor t  processes a re  concluded to be signifi- 
cant  as ev idenced by  the g radua l  decrease  in ra te  of 
weight  loss dur ing an in i t ia l  per iod  of the high vacuum 
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Fig. 4. SEM micrographs of the structure of the inner scale sur- 
face after (a) oxidation for 25 hr at 7 �9 10 - 2  Pa 02 at 1075~ 
(b) subsequent high vacuum treatment at 1075~ for 47 hr. 

t rea tment  and the s imultaneous increase in crystal per-  
fection in the scale. 

D e f e c t - D e p e n d e n t  Properties of  Cr208 
An overall  in terpre ta t ion  of the oxidation mecha- 

n ism of chromium must  be based on a thorough under -  
s tanding of the defect s t ructure and defect -dependent  
properties of Cr203. It is appropriate therefore briefly 
to survey avai lable data on Cr203, and to a t tempt  to 
in terpre t  these in terms of a consistent model. A n u m -  
ber of studies have been reported on electrical conduc- 
tivity, diffusion, sintering, etc. (2). 

Nonstoichiometry.--Variations in the deviation from 
stoichiometry in Cr203 at high temperatures  and differ- 
ent part ial  pressures of oxygen are apparent ly  small. 
So far it  has proved difficult to determine experi-  
menta l ly  (2). An added difficulty is that measurements  
at high oxygen pressures, where the largest weight 
changes are expected if chromium vacancies are the 
predominat ing defects, are also significantly influenced 
by evaporat ion of Cr03. 

Hay (3, 4) has at tempted to measure variations in  
the deviation from stoichiometry at 950~176 and 
near-a tmospher ic  pressures by  measur ing the weight 
change of Cr203 specimens when changing the am-  
b ient  oxygen pressure from one value to another. Small  
weight losses were observed when the oxygen pressure 
was decreased. The results were not sufficiently ac- 
curate to determine the exact oxygen pressure depen- 
dence of the weight loss, and accordingly no definite 
conclusion could be d rawn as to the predominat ing  de- 
fects. But by assuming that these are chromium va-  
cancies, Hay estimated the extent  of nonstoichiometry 
to be of the order of 10 -4 vacancies per chromium site. 
It  may be noted however, that regardless of whether  
the predominat ing  defects are chromium or oxygen 
vacancies or interstitials,  Cr203 specimens will  lose 
weight when the part ial  pressure of oxygen is reduced. 
It  appears that  the only conclusion that  can be drawn 
at this time is that the deviation from stoichiometry in  
Cr203 is "small" at near-a tmospher ic  oxygen pres-  
sures. 

Cojocaru (5) has reported that  Cr208 produced by 
heating CrO3 for 4 hr at 673~176 exhibi ted non-  
stoichiometry up to x = 0.12 in Cr2-xOz. The" "non-  
stoichiometry" increased with decreasing temperature.  
These results probably do not  represent  equi l ibr ium 
values for Cr2Oa. 

Electrical conduc$ivity (2, 5-14).--Cr203 is an elec- 
tronic semiconductor. When the electrical conduc- 
t ivi ty is measured as a funct ion of tempera ture  at 
near-a tmospher ic  oxygen pressures, the behavior  may 
be divided into two main  regions: (i) a high tempera-  
ture region above about  1000~176 with activation 
energies reported to range from 155 to 175 k J /mole  
(1.6-1.8 eV) and (ii) a low tempera ture  region where 
the activation energy is much smaller. While the dif-  
ferent  results for the high tempera ture  region are in  
reasonably good agreement,  the results for the low 
temperature  show large discrepancies. 

It  is general ly  concluded that  the high temperature  
region reflects the intr insic  electronic equi l ibr ium in 
the oxide (2,I0-13). [Fe203, which has the same crystal  
s t ructure as Cr203, is also probably  an intr insic elec- 
tronic conductor (2).] The electrical conductivi ty is 
independent  of the part ial  pressure of oxygen at near -  
atmospheric oxygen pressures. If one as a first approxi-  
mat ion neglects the activation energy associated with 
the mobil i ty  of electrons/electron holes, the measured 
activation energy should be expected to be one-half  of 
the value of the bandgap. This is reported to be 330 
k J /mole  (3.4 eV), in satisfactory agreement  with the 
conductivi ty measurements.  

Hay et al. (4) have from measurements  of thermo- 
electric power on Cr203 estimated that the concentra-  
tion of electron holes is 2 .  10 +17 m m - ~  at 1500~ 
They conclude from their  studies that  the high tem- 
perature electrical conductivi ty cannot be intr insic  
electronic conductivity. However, the concentrat ion of 
electron holes may also be estimated from the equation 

p �9 n : Ki -- 4 \ h 2 (me �9 hh) '8/2 exp -- ~-~ 

[1] 

where k is the Bol tzmann constant, h is the Planck 
constant, me and mh the effective masses of electrons 
and electron holes, respectively, and Eg is the bandgap. 
If me and mh are set equal to the rest mass of the elec- 
tron, Eq. [1] gives a value of p : 9 �9 1016 mm-~,  which 
is in reasonable agreement  with the measured value. 

The reason for the t ransi t ion to the low temperature  
region is not clear. For sufficiently low temperatures  a 
possible explanat ion is that the concentrat ion of elec- 
tronic defects produced by the intr insic electronic equi-  
l ibr ium becomes so small  that  their concentrat ion is 
determined by  unavoidable  impurities.  When speci- 
mens are exposed to high temperatures  in  ceramic 
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tubes or chambers (2, 11), the major i ty  of such im-  
purit ies are lower valent,  e.g., Na, Ca, etc., and their  
presence may determine the concentrat ion of electron 
holes, e.g. 

[Ca'cr] -- P or 2[Na2'cr] ---- p [2] 

This may  explain that  "pure" Cr208 is found to be a 
p- type  semiconductor in the low tempera ture  region 
and that  the measured electrical conductivities in  this 
region may differ by  several orders of magni tude  from 
one study to another  (2). It  may also be noted that  
Cr20~ becomes an  n-conductor  when doped with 
higher va lent  cations, e.g., TiO2 (11). This is the ex- 
pected behavior  if Ti is dissolved substi tut ionally,  e.g., 
n = [Ti'cr]. 

In the low tempera ture  region the electrical con- 
duct ivi ty may be dependent  on the oxygen pressure 
if the lattice solubil i ty of impuri t ies  or dopants vary  
with the oxygen pressure. It  has a l ternat ively  been 
suggested that  the electrical conductivi ty at the lower 
tempera tures  reflects a defect s t ructure which is "frozen 
in" at the low temperatures  (12). 

Regardless of a detailed in terpre ta t ion  of the electri-  
cal conductivity, it  appears tha t  such results do not  
provide any clear-cut  informat ion  as to the predomi-  
na t ing  point  defects in Cr20~. 

Sel f -d i f fus ion .~Both  5ICr- and 18a-tracer diffusion 
studies have been made on Cr203 (12, 15-18). The re-  
ported values are summarized in Fig. 5. 

Hagel and Seybolt  (12) made their  studies on hot-  
pressed and sintered specimens, respectively. The hot-  
pressing was performed in graphite dies. Owing to the 
s t rongly reducing conditions dur ing  the process, the 
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Fig. 5. Literature values of tracer self-diffusion of 5tCr and 
IsO in Cr203. Values of Hagel and Seybolt (12) (hut-pressed and 
slntered specimens), Lindner and ~kerstr#m (15) (sintered speci- 
mens), Waiters and Grace (16), and Hagel (17) (O-diffusion). 

hot-pressed specimens contained some chromium 
metal. This was chemically de termined to be in  
amounts  of 0.1-0.2 weight  percent  (w/o)  (12). The 
hot-pressed compacts had a density of 99.5% of the 
theoretical limit. 

The sintered specimens were prepared by  s inter ing in 
argon (with reported par t ia l  pressure of oxygen of 
about 10 -1 Pa 02) at 1700~ and had a density ap-  
proaching 93.7%. The diffusion anneals  were made in  
high pur i ty  ni t rogen atmospheres with a reported par-  
tial pressure of oxygen of about  10 -2 Pa 02. Thus the 
s inter ing and diffusion anneal  were made at part ial  
pressures of oxygen of 10-1-10 -2 Pa 02. 

As shown in Fig. 5 the self-diffusion coefficients of 
chromium were higher for the hot-pressed than for 
the sintered specimens. The activation energies were 
also different and amounted  to 255 and 415 k J /mole  
(61 and 100 kcal /mole) ,  respectively. The tracer dif-  
fusion coefficients can be expressed as (12-15) 

sintered: D -- 4.3 �9 10 ~ exp (--415,000/RT) [3] 

hot-pressed: D* ---- 0.167 exp (--255,000/RT) [4] 

L indner  and AkerstrCm (15) have also studied self- 
diffusion of Cr in s intered Cr203. As shown in Fig. 5 
their  results are in reasonable agreement  with those 
of Hagel and Seybolt  on the same type of specimens. 

Hagel and Seybolt  (12) believe that  the results on 
the hot-pressed and more compact specimens represent  
the more correct value for the self-diffusion coefficient 
of chromium in Cr208. However, this conclusion is 
surprising considering that  the self-diffusion in  the 
hot-pressed specimens are considerably higher than  in 
the sintered specimens. If grain boundary  diffusion 
were impor tant  in  the less compact, s intered specimens, 
it would be expected that  diffusion in the sintered 
specimens were higher. Contr ibut ion from grain  bound-  
ary diffusion should also have been noted in  the tracer 
penetra t ion curves. 

We would like to suggest a possible a l te rnat ive  ex- 
planat ion for the difference be tween the two types of 
specimens. Hagel and Seybolt report  that  the hot-  
pressed specimens contained some chromium metal.  
This suggests that  the hot-pressed specimens had a 
nonstoichiometry approximately corresponding to that  
of Cr203 at the Cr/Cr203 phase boundary,  i.e., the ef- 
fective part ial  pressure of oxygen wi th in  the specimens 
was close to the decomposition pressure of Cr203 in  
equi l ibr ium with chromium metal. The sintered speci- 
mens, on the other hand, were prepared and diffusion- 
annealed at part ial  pressures of oxygen of 10 -L10-2  
Pa O2. If these are the impor tan t  differences between 
the two types of specimens, one can conclude from 
these studies that  the self-diffusion coefficient of Cr in  
Cr203 in this pressure range increases with decreasing 
part ial  pressure of oxygen. This cannot  be explained 
by assuming that  chromium vacancies are the pre-  
dominat ing chromium point  defects in  Cr203. Rather, 
it  is reasonable to assume that  the impor tant  cation 
defects are chromium interst i t ials  at  part ial  pressures 
of oxygen close to the decomposition pressure of 
Cr203. 

Walters and Grace (16) measured the self-diffusion 
in Cr203 single crystals at 1300~ in Ha + H20 mix-  
tures. The part ial  pressures of oxygen ranged from 
1 �9 10 -11 to 5 �9 10 -11 Pa O2, which is close to the de- 
composition pressure of Cr2Os at this temperature,  Po2* 
-- 5 �9 10 -12 Pa. As shown in Fig. 5 their  values agree 
with those of Haget and Seybolt  for the hot-pressed 
specimens. This is consistent with the above in terpre-  
tation. It  may be added that  Walters and Grace in -  
terpreted their  data on the basis of a Cr-vacancy 
model. This was based on measurements  of the self- 
diffusion coefficients in  the nar row pressure range from 
1 . 1 0  -11 to 5 . 1 0  -11 atm 02. However, the scatter in  
their results is appreciable, and other in terpreta t ions  
seem possible (2). 
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Self-diffusion of oxygen  in Cr20~ at  Po2 " -  1.6 �9 104 
Pa  O2 have been  s tudied by  Hagel  (18) by  means  of 
~sO-exchange in the  t empe ra tu r e  range  1100~176 
The da ta  a re  inc luded in Fig. 5. The oxygen  t racer  
self-diffusion coefficient under  these condit ions can be 
expressed  by  

Do T = 15.9 exp (--422,000/RT) (act. energy  in J / m o l e )  

[5] 

The oxygen  self-diffusion coefficient a t  Po2 --  1.6 �9 104 
Pa  is smal le r  than the chromium self-diffusion coeffi- 
cient for  s in tered specimens ( a t  Po2 10-1-10 -2  Pa)  
by  about  th ree  orders  of magni tude .  

High temperature oxidation.--In discussions of the 
g rowth  mechan i sm of Cr203 scales i t  is commonly  as-  
sumed in the l i t e r a tu re  tha t  the impor t an t  la t t ice  de-  
fects are  chromium vacancies.  If  this were  so, p a r a -  
bolic ox ida t ion  of chromium governed by  la t t ice  di f -  
fusion should exhib i t  a significant oxygen  pressure  de-  
pendence,  i.e., kp ~ po21/~ where  n is de t e rmined  by  
the defect  s t ructure.  Such a pressure  dependence  has 
never  been observed.  Rather ,  ava i lab le  da ta  suggest  
tha t  the  parabol ic  ra te  constant  is app rox ima te ly  in-  
dependent  of oxygen  pressure  (1). This is the expected 
re la t ionship  if chromium inters t i t ia ls  a re  the p r e d o m i -  
na t ing  point  defects. 

Sintering (2, 19-24).--Sintering of Cr203 a t  a tmo-  
spher ic  or nea r - a tmosphe r i c  pressures  of oxygen  yields  
f ine-grained,  h igh ly  porous and pa r t i a l l y  sintered,  
s t ruc tures  wi th  poor densification (20). However ,  when 
the pa r t i a l  pressure  of oxygen  is reduced,  s in ter ing  
ra tes  a re  m a r k e d l y  increased (19-22). Thus Hal loran  
and Anderson  (21) found tha t  the in i t ia l  s intering,  
i.e., the  f rac t ional  sh r inkage  ra te  at  3% l inear  sh r ink -  
age at  l l00~ only  was observed at  pa r t i a l  pressures  
of oxygen ~1  Pa  O2. The shr inkage  ra te  increased 
wi th  fu r the r  decrease in oxygen  pa r t i a l  pressure  and 
reached a m a x i m u m  at  the  decomposi t ion pressure  of 
Cr203. Ownby  and Jungquis t  (20) s tudied final s in te r -  
ing of Cr2Oa at  1600~ Af te r  a s inter ing t ime of 1 h r  
the theore t ica l  dens i ty  only reached 63% at 105 Pa  O2, 
whi le  essent ia l ly  100% dens i ty  was reached  at  pa r t i a l  
pressures  of oxygen close to the decomposi t ion pres -  
sure  of Cr203. A pa r t i cu l a r ly  r ap id  increase in densifi-  
cation took place at  oxygen pressures  close to the 
decomposi t ion pressure  were  approached.  

Without  going into the detai ls  of s inter ing mecha-  
nisms, these resul ts  c lear ly  demons t ra te  a m a r k e d l y  
increased ra te  of t r anspor t  (i.e., increased concent ra-  
t ion) of point  defects wi th  decreas ing pa r t i a l  p ressure  
of oxygen. Diffusion-control led s inter ing is governed 
by  the t r anspor t  of the s lower  diffusion species, i.e., 
the oxygen atoms. I t  is t en ta t ive ly  concluded tha t  oxy -  
gen vacancies const i tute  the oxygen  point  defects, and  
tha t  these are  the minor i ty  defects  in Cr203, a t  least  
a t  pa r t i a l  pressures  of oxygen  nea r  the decomposi t ion 
pressure  of CrsOs. 

Discussion of deiect structure and transport proper- 
ties 0$ CrsO3.--Available da ta  on electr ical  conduct iv-  
i ty,  self-diffusion, and s in ter ing  of Cr203 suggest  tha t  
this oxide has a complex defect  s t ructure.  But  a few 
m a j o r  conclusions m a y  be d rawn:  

(i) Chromium point  defects are  the  m a j o r i t y  point  
defects in Cr203, a t  least  a t  reduced  oxygen  pressures.  

(ii) Chromium diffusion increases  f rom specimens 
p repa red  and equi l ib ra ted  in pa r t i a l  pressures  of oxy- 
gen of 10 -2  to 10 -2 Pa  O2 (s in tered  specimens)  to 
specimens containing smal l  amounts  of chromium meta l  
(ho t -pressed  specimens)  for  which the effective pa r t i a l  
pressure  of oxygen is close to the decomposi t ion pres -  
sure of Cr20~ in equ i l ib r ium wi th  chromium metal .  
This is inconsis tent  wi th  Cr vacancies being the p r e -  
domina t ing  chromium defects in this range  of pa r t i a l  
pressures  of oxygen.  Rather  i t  is concluded tha t  Cr 
in ters t i t ia ls  a re  the p redomina t ing  chromium point  

defects  under  these conditions. [The p redomina t ing  
i ron  defects in Fe2Os have also been shown to be i ron 
in ters t i t ia ls  (25)].  

(iii) Cr2Os is an int r ins ic  electronic conductor  a t  
high t empera tu res  (~1000~176 and at  oxygen  
pressures  f rom 1 a tm O~ down to pa r t i a l  pressures  of 
oxygen exis t ing in argon a tmospheres  (<10-10 -1 Pa  
O2 depending upon the pu r i t y  of a rgon) .  The e lect r ica l  
conduct iv i ty  has not  been s tudied  at  pa r t i a l  pressures  
close to the decomposi t ion pressure  of Cr2Os. Cr203 is 
a p -conduc to r  a t  a tmospher ic  and  nea r -a tmospher i c  
oxygen pressures.  This suggests a h igher  mobi l i ty  for  
e lect ron holes than  for  electrons.  

(iv) A t  lower  t empera tu re s  (<1000~176 the 
factors affecting the e lect r ica l  conduct iv i ty  a re  more  
difficult to evaluate .  The  behav ior  m a y  be caused b y  
the presence of unavo idab le  impur i t i es  or  tha t  defect  
equi l ibr ia  a re  "frozen in" and slow to be established.  

As electronic defects p redomina te  at  n e a r - a t m o -  
spher ic  oxygen  pressures ,  deta i ls  of the poin t  defect  
equi l ibr ia  in this oxygen  pressure  range  are  as ye t  
diffcult to ascertain.  

Defect structure model.--All in al l  i t  appears  r ea -  
sonable to d ivide  the  s tab i l i ty  range  of Cr2Os into two 
main  regions:  

(i) A t  nea r -a tmospher i c  oxygen  pressures  CrmO3 is 
an int r ins ic  electronic semiconductor .  

(ii) At  oxygen pressures  nea r  the decomposi t ion 
pressure  of Cr203 the oxide has excess meta l ;  the  p r e -  
dominat ing  point  defects a re  chromium inters t i t ia ls .  
The minor i ty  defects a re  p robab ly  oxygen  vacancies.  

This model  is i l lus t ra ted  schemat ica l ly  in Fig. 6. Le t  
us first consider  the low pressure  region.  Fo l lowing  
the conclusions d r a w n  above, the self-diffusion coeffi- 
cient measured  for  the ho t -p ressed  specimens r e p r e -  
sents diffusion in Cr20~ in equ i l ib r ium chromium 
m e t a l  This means  tha t  these resul ts  do not  represen t  
values of the  self-diffusion coefficient a t  a constant  
pa r t i a l  pressure  of oxygen,  bu t  a t  the decomposi t ion 
pressure  of Cr203 in equ i l ib r ium wi th  chromium metal .  
The decomposi t ion pressure  of Cr203 changes wi th  
t empera tu re  according to 

Pos* = exp ( 
2AG o (CrsOs) 

\ 3RT 

= exp 2 ~ S ~  ( 2 A H ~  ) [6] 
3R 3RT 
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where  a G  ~ (Cr2Oa), aH~ (Cr~O~), and  aS  ~ (Cr208) r ep -  
resent ,  respect ively,  the  s t anda rd  free energy,  en tha lpy ,  
and en t ropy  of format ion  of Cr2Oa at  t empe ra tu r e  T. 
The va lue  of a G  ~ (CrsOa) is g iven  by  aG o (Cr208) = 
aH~ --  ThS(CreOs) --  111,300 + 250 T J / m o l e  
(26). The decomposi t ion pressures  range  f rom Po~. = 
10 -16.8 a tm at 1000~ to Poe = 10 -s 'e  a t  1500~ 

If  the  diffusion coefficient of Cr at  constant  pa r t i a l  
pressures  of oxygen  is to be es t imated  f rom the di f -  
fusion coefficient for  the  ho t -p res sed  specimens,  the  
defect  s t ruc ture  of CrsO8 near  the  decomposi t ion pres -  
sure  of Cr203 mus t  be known. Let  us for the  sake of 
i l lus t ra t ion  assume tha t  the  p redomina t ing  po in t  de -  
fects under  these condit ions are  chromium in ters t i t ia l s  
wi th  three  posi t ive effective charges. Their  fo rmat ion  
m a y  be wr i t t en  (2) 

3 / 2 0 o  + Crcr = Cri s '  + 3e' + 3/4 02 [7] 

I f  the e l ec t roneu t ra l i ty  condi t ion is g iven b y  n = 
3[CriZ'], the equ i l ib r ium concentra t ion  of ch romium 
in ters t i t ia l s  is g iven by  (2) 

(Ely/" 
[Crt s ' ]  = -~-/ �9 po~ -~n6  [8] 

where  K1 is the  equ i l ib r ium constant  for  Eq. [7]. 
Tl~e self-diffusion coefficient in Cr=O~ at  the phase  

b o u n d a r y  C r 2 O J C r  (in ho t -p ressed  spec imens) ,  Dcr*, 
is then r e l a t ed  to the  self-diffusion of ch romium at  
constant  pa r t i a l  p ressure  of oxygen,  Dcr --  Dcr~ -~/16, 
by  the  equat ion 

Dcr* - -  Dcr ~ (Poe*) - - 3 1 1 8  [ 9 ]  

Experimentally Dcr* (hot-pressed specimens) is given 
by D* -- 0.167 exp (--255,000/RT). 
The temperature dependence of Dcr can be ex- 

pressed by  
Dcr = Dcr ~ exp  ( - - a H c r / R T )  [10] 

where  AHcr is the ac t iva t ion  energy  for  chromium sel f -  
diffusion at  constant  pa r t i a l  p ressure  of  oxygen.  

I t  m a y  be shown tha t  AHcr is g iven by  (3) 

2 3 
aHcv = 255 + ---- ~H ~ (CreOs) 

3 16 
- 255 + 140 = 39~ k J / m o l e  [11] 

This m a y  be compared  wi th  the act ivat ion energy  for  
the  s in tered  specimens (Poe "~ 1 0 - L 1 0 - 2  Pa  O2) of 
about  415 k J /mole .  If  i t  were  assumed tha t  the chro-  
m i u m  inters t i t ia ls  were  doub ly  charged,  Cri 2", then the  
oxygen  pressure  dependence  of Dcr oc Po2-1/4 and the 
ac t iva t ion  energy  AHCr ---- 440 k J /mole .  The app rox i -  
mate  agreement  in ac t iva t ion  is consis tent  wi th  this 
type  of model.  

The resul ts  of the  model  assuming tha t  Cri ~" p re -  
dominates  m a y  be i l lus t ra ted  in Fig. 7. The figure in-  
cludes the expe r imen ta l  values  for the ho t -pressed  and 
s in tered  specimens,  and  es t imated  diffusion coeffi- 
cients of chromium at  different  pa r t i a l  pressures  of 
oxygen  in the low pressure  region. 

The  model  must  also exp la in  the  m a r k e d l y  in -  
c reased  s in ter ing  rates  in the  low pressure  region.  This  
is assumed to be governed by t r anspor t  of oxygen  
vacancies.  Thei r  fo rmat ion  m a y  be wr i t t en  

Oo=Vo 2 " + 2 e ' +  ~ O 2  

For  the e l ec t roneu t ra l i ty  condit ion n = 3[CriB"], i t  
fol lows tha t  the  oxygen pressure  dependence  of the  
oxygen  vacancies is given by  [Vo 2"] cc Po2-1/s. This 
would  qua l i t a t ive ly  exp la in  the increased  s in ter ing  ra te  
wi th  decreas ing pa r t i a l  pressure  of oxygen.  

A Kr~ge r -Vink  d i ag ram giving a qua l i ta t ive  p ic ture  
of the  var ia t ions  of these po in t  defects  as funct ion of 
the  pa r t i a l  p ressure  of oxygen  is shown in Fig. 6. 

Fo r  the high pressure  region wi th  p redominan t  in-  
t r insic electronic equ i l ib r ium one m a y  only speculate  
as to the impor t an t  point  defects. The e lec t roneu t ra l -  
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Fig. 7. Estimated values of the chromium self-diffusion in Cr203 
at different partial pressures of oxygen. Fully drawn lines represent 
the experimental values for hot-pressed and sintered specimens 
(12, 15) (cpr. Fig. 5). 

i ty  condit ion is given b y  n --  p --  Ki 1/2, and  this in  
tu rn  means  tha t  the concentra t ion of the  chromium 
ia ters t i t ia l s  and  oxygen  vacancies va ry  as [Cri 3"] 
po2 -'~/4 and [Vo 2"] cc po2-~/'~. Thus the  concentra t ion  
of both  defect  species decrease r ap id ly  wi th  increas ing 
pa r t i a l  pressure  of oxygen.  But a t  sufficiently high 
oxygen  pressure,  o ther  point  defect  s t ruc ture  s i tua-  
tions m a y  begin  to predominate .  Thus ch romium va -  
cancies m a y  become impor t an t  or  a F r e n k e l  or  
Schot tky  defect  s t ruc ture  s i tuat ion m a y  predominate .  
In this l a t t e r  case the concentra t ion of chromium poin t  
defects wil l  be independen t  of the pa r t i a l  p ressure  of 
oxygen.  The same would  then  also app ly  to the  con- 
cent ra t ion  of oxygen  vacancies. 

Such a defect  s t ruc ture  s i tuat ion is also i l lus t ra ted  
in the  Kr~ge r -V ink  d i ag ram in Fig.  6. 

The re la t ive  concentrat ions  of the  chromium poin t  
defects and oxygen  vacancies cannot  be ascer ta ined  
and depend  on the values  of the equ i l ib r ium constants  
for the F re nke l  and  Schot tky  defect  equi l ibr ium.  I t  
is not  obvious tha t  the concentra t ion of oxygen va -  
cancies a re  much smal le r  than  tha t  of the chromium 
defects in this region. 

As regards  creep and s t ress - induced  deformat ion  of 
Cr2Oz at h igh t empera tu re s  i t  is expected  that  this  wi l l  
qua l i t a t ive ly  fol low the same oxygen  pressure  de-  
pendence  as for s in ter ing:  creep ra tes  are  r e l a t ive ly  
smal l  at  nea r - a tmosphe r i c  oxygen  pressures  and wil l  
increase  r ap id ly  in the  region  nea r  the  decomposi t ion 
pressure  of Cr2Oa. 

The authors  would  l ike to emphasize  tha t  the p ro -  
posed model  is not  p re t ended  to const i tute  a " f inar '  
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defect s t ructure model for CrfO~. It  is, of course, real-  
ized that  details of the interpretat ions  may vary. It  
would, for instance, be valuable to confirm by electrical 
conductivi ty measurements  whether  the oxide is an 
excess metal  semiconductor in the stabil i ty region near  
the Cr2OJCr phase boundary.  The importance of the 
model lies in  the major  trends that  are suggested for 
the defect s t ructure as a funct ion of part ial  pressure 
of oxygen and the implications on the properties of 
the oxide. 

Mechanism of High Temperature Oxidation of 
Chromium 

Chromium exhibits an ext remely  complex reaction 
behavior at high temperatures.  A number  of factors 
must  be considered in order to make an overall  de- 
scription of the oxidation mechanism: t ransport  O f 
the reactants through the Cr203 scale in the form of 
volume diffusion and along grain boundaries,  easy 
diffusion paths, and microcracks, the bu i ld -up  of com- 
pressive stresses in  the growing oxide scale, cracking 
and deformation of the scale, detachment  of the scale 
from the metal  surface and a possible ra te- l imi t ing 
supply of chromium vapor across the gap between the 
metal  and the scale, evaporation of CrO3 from the outer  
oxide surface at the higher oxygen pressures, etc. It  is 
not surpris ing that  the reaction kinetics may vary 
considerably wi th  exper imenta l  conditions. 

Oxidation at 900-1100~ us first consider oxi- 
dation at atmospheric pressure at and above about 
900~ Under  these conditions the ini t ial  oxidation de- 
creases with time; as the scale builds up, cracking 
occurs, and the overall  kinetics can be considered to 
consist of a sequence of protective stages where new 
protective oxide is formed after cracking. 

Volume di~usion. Comparison of experimental kp's 
with values calculated from difjusion data.--The initial, 
protective oxidation conforms approximately with 
parabolic kinetics, and parabolic rate constants can 
be evaluated for this stage (1). It  is reasonable to 
assume that  the oxidation dur ing this ini t ial  stage is 
governed by t ranspor t  of the reactants through a thin 
scale, which ini t ia l ly grows as an approximately p lane-  
paral le l  layer  on the surface. In  view of the discussion 
of the defect s t ructure and transport  properties of 
Cr203, it is of interest  to compare exper imenta l ly  ob- 
served rate constants with values calculated from the 
reported diffusion data by means of the Wagner  theory. 
Such a comparison should only be considered an order 
of magni tude  exercise to test the overall  consistency of 
the diffusion and oxidation data. It  is emphasized that 
the Wagner  theory represents an ideal model that  pre-  
supposes the growth of dense scales governed by lattice 
diffusion. For previously reported studies the kp's have 
usual ly  been evaluated for extended periods of oxida- 
tion where CrO~-evaporation, a ra te- l imi t ing  Cr-evap-  
oration across the gap between the detached scale and 
the metal, grain boundary  transport,  etc. will affect the 
measured values. 

For an oxide scale growing by  volume diffusion the 
part ial  pressure of oxygen will change from the am- 
bient  oxygen pressure at the oxide/gas interface, Pof, 
to the decomposition pressure of the oxide in equi l ib-  
r ium with the metal  at the inner  surface of the scale, 
Pof*. Following the proposed defect s t ructure model 
the growing Cr203 scale can be considered to consist 
of two regions: an inner  region where interst i t ial  chro- 
mium ions predominate  the lattice diffusion process 
and an outer region where intr insic  electronic equi-  
l ib r ium predominates.  The lattice diffusion of chro- 
mium in the inner  region will be much faster than the 
t ransport  processes in the outer region. Accordingly 
the inner  region will  be assumed to be considerably 
thicker than  the outer region. For the outer region it is 
not known whether  chromium predominates or whether  
oxygen transport  is also a contr ibut ing factor. As a first 

approximation an evaluat ion of kp may be made as- 
suming that the inner  region comprises essentially the 
complete scale. 

Let us consider the parabolic rate constant  kp in  
aX~ : kpt, expressed in terms of cmf/sec. For Cr203 
growing by lattice diffusion of interst i t ial  chromium 
ions with an effective charge ~ (electroneutral i ty con- 
dition , [Cr i  ~'] -~ n, kp is related to the self-diffusion 
coefficient of chromium in  Cr203 through the relat ion 
(2, 27) 

kp (cm2/sec) -- 2 (a -}- 1) Dcr~ (Pof*) -3/4(a + 1) 

_ pofa)-~/4c~+l)) [13] 

where Poe* is the decomposition pressure of Cr2Os in 
equi l ibr ium with Cr and Po2  a is the part ial  pressure 
of oxygen at the outer border of the oxide layer under  
consideration. When P'o2* < <  Po2 a, Eq. [13] reduces 
to 

kp : 2(~ + 1)Dcr~ (po2 *) -~/4(a+1) -- 2(~ -}- 1)Dcr* 

[14] 

The self-diffusion coefficient of chromium at constant 
partial pressure of oxygen is given by Dcr -- 
Dcr~ -3/4('~+I) and Dcr* is the value of Dcr at the 
CrsOJCr phase boundary. As seen, kp is determined 
by Dc~*. 

Values of kp [expressed in (weight gain of O)2/cm 4 
sec] have been calculated for a ~ 3 and assuming that 
the diffusion data for the hot-pressed specimens are 
equal to Dcr*. As the details of the diffusion mecha- 
nism are not known, the correlation coefficient is 
neglected. The values are plotted in Fig. 8 and are 
compared with the experimental values of Hagel (28), 
Cadiou and Paidassi (29), and of this work (1). The 
calculated and experimental values are of the same 
order of magnitude. The calculated values are some- 
what higher than those of IIagel and of Cadiou and 
Paidassi, but lower than the results of this study. In 
this connection it should be noted that the kp's of this 
study have been evaluated from the initial oxidation, 
while those of the other studies after extended reac- 
tion. With regard to the calculated values of kp it 
should be recalled that the values of Dcr* involve con- 
siderable experimental error (12) and that kp will be 
lower for lower values of ~. 

The approximate agreement between calculated and 
measured kp's and that Dcr* and essentially all mea- 
sured kp's have the same activation energies is con- 
sistent with the conclusion that lattice diffusion in gen- 
eral constitutes an important mode of transport in 
growth of Cr208 scales. Growth of Cr203 by inter- 
stitial chromium diffusion should also be independent 
of the ambient oxygen pressure. 

A note should be added regarding the extremely 
low values of kp estimated from metallographic cross 
sections by Caplan and Sproule (30). These values are 
lower than those of Hagel by almost two orders of 
magnitude. The values are estimated from small, local 
areas with special orientations where the oxide layer 
is proposed to be monocrystalline. The values are not 
corrected for oxide evaporation. From similar studies 
by other investigators this correction would be ex- 
pected to be much larger than the oxidation involved in 
forming the thin monocrystalline layers. If the mono- 
crystalline layers do reflect the total oxidation in 
these local areas, one may speculate if diffusion in 
Cr203 single crystals is highly dependent on crystal 
orientation. 

Dif]usion and oxide growth along grain boundaries. 
- - I n  addition to volume diffusion, a number  of other 
factors affect or significantly influence the oxidation 
behavior. An impor tant  factor is the development  of 
compressive stresses in the growing Cr203 scales. This 
feature has earlier been emphasized by Caplan et al. 
(30-34). This behavior  shows that  oxide formation also 
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takes place within the scales. In  addition to the in -  
crease in oxide thicknesses during oxidation, the oxide 
also grows along the metal  surface. This in tu rn  
s t rongly suggests that  the oxide scales grow by coun- 
te rcur rent  chromium and oxygen diffusion. This may 
take place through volume diffusion processes in the 
oxide scale. But the impor tant  effect is concluded to 
be countercurrent  grain  boundary  diffusion of both 
chromium and  oxygen and the consequent oxide for- 
mat ion  along grain  boundaries.  This would account 
for the development  of large compressive stresses in 
the growing scales and also the very f ine-grained oxide 
s tructure and the imperfect crystals observed in parts 
of the scales. 

Due to the changing orientat ions and the disarray of 
atoms along grain boundaries,  small  and imperfect  
oxide crystallites are probably  formed along grain 
boundaries.  If s inter ing of these small  oxide crystallites 
is slow, small  amounts  of porosity probably exist at 
such areas with newly formed oxide. These regions 
may as far as t ransport  is concerned possibly be con- 
sidered as microcracks or "channels." The ra!cid loss of 
chromium during high vacuum t rea tment  after oxida- 
tion at 7 �9 10 -2 Pa O2, where the oxide is par t icular ly  
fine grained, is proposed to reflect such a situation. 

The relat ive importance of t ransport  of chromium 
and oxygen along grain boundaries  and microcracks is 
difficult to assess. It is believed, however, that  such 
oxygen transport  is most impor tan t  at atmospheric 
oxygen pressure; this would account for the fact that 
the oxide crystals in an outer  layer  have relat ively 
large, well-developed crystals, while the oxide crystals 

at the inne r  surface are small  and imperfect  under 
these conditions. But as the ambient  oxygen pressure is 
lowered, the relat ive importance of oxygen grain 
boundary  t ranport  is also reduced. As a first approxi-  
mation, it may be postulated that  the oxygen grain 
boundary  t ransport  is proport ional  to po2'~ or P02 if the 
oxygen diffuses as atoms or molecules, respectively. 
At the very lowest oxygen pressure used in this s tudy 
chromium diffusion along grain boundaries  and micro- 
cracks is believed to predominate  (see also further 
discussion below).  

Formation of cavities and gap be tween  the metal and 
the scale.--In addition to the development  of com- 
pressive stresses, pores and cavities are formed, and 
these finally grow to form a gap between the metal  and 
the scale. It is concluded that  this is a result  of the out-  
ward diffusion of chromium both along grain bound-  
aries and by volume diffusion in the inner  region of 
the scale. In all previously published discussions of 
chromium oxidation, this is assumed to reflect vacancy 
condensation. However, such cavity formation may also 
in general  result  from outward inters t i t ia l  metal  dif- 
fusion. Under  conditions where the oxide is easily de-  
formed (at the lower oxygen pressures),  the gap may 
be dramatical ly increased after  extended oxidation. 

Scale deformation.--Another impor tan t  factor, par-  
t icularly as regards the oxygen pressure dependence 
of the oxidation behavior, is the abil i ty of the oxide to 
deform. This is believed to take place by creep pro- 
cesses induced by the growth stresses in  the scale. 
The ra te- l imi t ing  factor in creep is the diffusion of the 
minor i ty  defects, i.e., oxygen vacancies. Following the 
proposed defect s t ructure model for CrsO~, the creep 
rate is concluded to increase with decreasing par t ia l  
pressure of oxygen, the increase being par t icular ly  
large at the lower oxygen pressures. 

For a continuous oxide scale the part ial  pressure of 
oxygen decreases from that  of the ambient  gas pressure 
at oxide/gas interface to the decomposition pressure of 
the oxide at the metal /oxide interface. Accordingly the 
creep properties of the scale vary  significantly through 
the scale. For Cr2Os scales the abi l i ty  to deform will be 
smallest  at the oxide/gas interface. 

Cr203 scales formed at 1 a tm O2 show little or no 
tendency to deform. This is concluded to reflect that  the 
creep in an outer region of the scale (the region with 
intrinsic electrons predominant)  is small. In  this region 
the abi l i ty  to deform is small, and the oxide cracks 
abrupt ly  giving kinetics with abrupt  increases in oxi- 
dation rates. The result ing porosity of the scale is 
found in the outer layer of the scale. The scale easily 
spalls off by cooling to room temperature.  

As the oxygen pressure is reduced to about 100 Pa 
02, the abil i ty of the scale to deform increases. The 
oxide buckles and, as viewed from the surface, has 
wavy appearance. But the oxide cannot  deform suffi- 
ciently rapidly in an outer layer;  the oxide cont inu-  
ously cracks and heals in a large number  of sites statis- 
tically distr ibuted over the scale. Dur ing  this cracking 
process oxygen penetrates  the scale, and the metal  be-  
neath the scale becomes oxidized. The reaction is ac- 
cordingly approximately linear,  and the overall  oxi- 
dation is faster than at 1 atm O2. After  extended oxida- 
tion, and as new oxide is formed in  the metal,  the 
surface oxide may essential ly bui ld up to form two 
or more layers. The oxidation rate may as a result  of 
this slow down with t ime after extended oxidation. 

With fur ther  decrease in oxygen pressure, the de- 
formation of the scale increases. At the low oxygen 
pressure of 7 �9 10 -2 Pa O2 the deformation of the oxide 
is sufficiently high that no cracking occurs. Rather  the 
oxide balloons away from the oxide surface. The 
stresses in the scale are sufficiently al leviated that  
there is no oxide spallat ion dur ing  cooling to room 
temperature.  
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As high vacuum is pumped  on such oxidizing speci-  20 ~ . . . . . . . . .  

mens, the  bal looning continues fur ther .  Under  these i |  f 
condit ions the supply  of oxygen at  the  surface becomes 
ve ry  small,  and as chromium meta l  vapor  is cont inu-  
ously supplied,  the  pa r t i a l  pressure  th roughout  the en-  
t i re  scale becomes equal  to tha t  for  Cr203 in equ i -  
l i b r ium wi th  chromium metal .  Under  these condit ions 
the  ab i l i ty  of the  scale to deform is concluded to be at  
its maximum.  2 

Temperature  dependence o:f the oxidation at difIer- 
ent  oxygen  pressures . - -As  discussed above, most s tud-  ~E 10 
ies of oxida t ion  of chromium at a tmospher ic  pressure  
y ie ld  parabol ic  ra te  constants  wi th  an act ivat ion en-  ~ 
e rgy  of about  255 kJ /mole .  In  this work, the  oxidat ion  E 05 
ra tes  a re  h igher  than  in most  o ther  studies and the =E 
act ivat ion energy  de te rmined  f rom the kp's at  three  
t empera tu res  amounts  to 315 k J / m o l e  (1). The reason O 02 
for this  difference is not clear.  But  it  appears  to be 
r e l a t ed  to a h igher  amount  of easy diffusion paths  and  o ,,'~ 
microcracks  in the Cr203 scales when  specimens are  ,~ 01 / / 
pre t r ea t ed  th rough  the rma l  etching. The presence of ~= "" 
such paths  or  cracks in the scales is c lear ly  indica ted  0.05 ~ , / / "  
by  the resul ts  of the  high vacuum t rea tments  a f te r  oxi -  
dation. 

F igure  9 shows the t e m p e r a t u r e  dependence  of the 0.02 
oxida t ion  at  130 Pa  O~. The kinet ics  are  different  f rom 
that  at  105 Pa  O2 (1). The amount  of oxida t ion  at  1000 ~ 
and 1075~ is also l a rge r  a t  this  pressure  than  at  a tmo-  
spherib pressure.  

The resul ts  at 7 �9 10-2 Pa  02 are  p resen ted  in Fig. 10. 
In  going f rom 1000 ~ to 1075~ one observes an unex-  
pected crossover in the  weight  gain curves, and af te r  
more  than  about  30 h r  of ox ida t ion  the net  weight  gain  
at  1000~ becomes l a rge r  than  at  1075~ A possible 
exp lana t ion  is tha t  a t  such a low ambien t  oxygen pres-  
sure there  is not  sufficient oxygen absorbed on the 
Cr203 surface to react  wi th  al l  the chromium that  is 
t ranspor ted  ou twards  th rough  easy diffusion paths  and 
microcracks,  and tha t  pa r t  of the chromium is lost as 
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vapor.  If this is the case the "oxidat ion"  is h igher  than 
that  indica ted  by  the net  weight  gain. Fur the rmore ,  the  
loss of chromium wil l  be h igher  a t  1075 ~ than  at  
1000~ as judged  f rom the weight  losses observed in 
high vacuum af ter  evaporat ion.  If approx imate  (but  
too high) correct ions are  made  by  adding the rates  of 
weight  loss observed in high vacuum af ter  oxidat ion,  
a more  " regular"  increase in oxidat ion  f rom 1000 ~ to 
1075~ is found. However ,  such an in te rp re ta t ion  
should be confirmed by  o ther  d i rec t  measurements ,  
e.g., mass spect rometr ic  studies on oxidizing specimens. 

Oxidation at 800~ Chromium transport  across the 
gap be tween  the scale and the metal  subs tra te . - -These  
aspects have been discussed in P a r t  I (1). By way  of 
summa ry  i t  is concluded that  the logar i thmic  type  be-  
havior  observed at  800~ and 105 Pa  02 involves r ap id  
t r anspor t  a long easy diffusion paths  dur ing  in i t ia l  oxi -  
dation, but  tha t  these are  g radua l ly  e l imina ted  th rough  
grain  growth  as the oxidat ion  proceeds. I t  is difficult 
to expla in  the observed resul ts  at  lower  oxygen pres-  
sures at  800~ wi thout  assuming an enhanced ox ida -  
t ive evapora t ion  of chromium across the gap be tween  
the scale and the me ta l  subs t ra te  (1).  

A k c n o w l e d g m e n t  
P a r t  of this s tudy  has been  car r ied  out  unde r  a 

pro jec t  suppor ted  by  the Royal  Norwegian  Council  for  
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Manuscr ip t  submi t ted  Dec. 26, 1980; revised m a n u -  
scr ip t  received Ju ly  8, 1980. 

A n y  discussion of this paper  wi l l  appea r  in a Dis-  
cussion Section to be publ i shed  in the June 1981 
JOURNAL. Al l  discussions for the June  1981 Discussion 
Section should be submi t ted  by  Feb. 1, 1981. 
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Electrochemical Methods for Measuring Diffusivities of 
Hydrogen in Palladium and Palladium Alloys 
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Department of MechanicaZ Engineering and MateriaZs Science, 
William Marsh Rice University, Houston, Texas 77001 

ABSTRACT 

A palladium bielectrode has been used in a viscous electrolyte consisting 
of glycerin and phosphoric acid. The transport  of molecular hydrogen from 
a n d  to the electrode is remarkably  diminished in this electrolyte in compari- 
son with aqueous electrolytes. Therefore, changes of the electrode potential are 
unambiguously related to concentration changes caused by diffusion within the 
electrode. A single current pulse and a potentiostatic technique were applied to 
determine the diffusion coefficients of H in Pd over a wide range of concentra- 
tion and at different temperatures. New evaluation methods ~or current-t ime 
a n d  potential- t ime curves also yield values of the initial concentration, which 
are in excellent agreement with the values calculated from previous coulo- 
metric titrations. A special arrangement of two bielectrodes also allows the 
measurement of small differences in the diffusivities of hydrogen in the two 
electrodes. Results for hydrogen diffusion in pure palladium are in excellent 
agreement with Gorsky effect measurements. 

Because of the importance of hydrogen metal sys- 
tems, a large variety of experimental methods are 
available to determine their thermodynamic and trans- 
port properties. The activity of dissolved hydrogen 
in metals is usually obtained from a direct measure- 
ment of the equilibrium pressure (1). The diffusivity 
of hydrogen has been measured by permeation, elec- 
trochemical, and anelastic measurements (2). Among 
these, the Gorsky effect, where the transport  of hydro-  
gen is caused by an elastic strain field, is an especially 
reliable method at  room temperature because it is 
independent of surface properties. 

Electrochemical methods are mostly used for the 
Pd-H system since the noble metal palladium is less 
vulnerable to surface contaminations and, although 
different surface preparation techniques are used (3- 
5) the results agree rather  well with data from 

1Permanent address: Max-Planck-Institut fur Metallforschung0 
Institut fur Werkstoffwissenschaften, Stuttgart, Germany. 

Key words: electrolyte, palladium, electrode. 

Gorsky-effect measurements (6). Electrochemical 
studies done before 1965 yield substantially lower 
diffusivities (2), which may be due to a less careful 
sample preparation (annealing, purity, and surface 
cleaning) or to making measurements at lower con- 
centrations where an exchange of molecular hydrogen 
between electrode and electrolyte changes the bound- 
ary conditions of the diffusion experiment (1). The 
magnitude and the direction of this flux of molecular 
hydrogen in the electrolyte depends on the hydrogen 
activity and mobili ty in the electrolyte. This process 
is similar to an absorption or desorption of hydrogen 
for palladium exposed to a gas phase containing 
molecular hydrogen. Especially at low hydrogen con- 
tents in the electrode, the flux causes higher relative 
changes of the hydrogen concentration and reliable 
results are only expected for diffusion fluxes in the 
sample which are large in comparison with the flux 
of molecular hydrogen in the electrolyte. Another 
drawback of electrochemical studies is the limited 
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tempera ture  range over which they may be carried 
out. 

In  the present  study, a viscous electrolyte was used 
in  order to decrease the mobil i ty of molecular  hydro-  
gen in the electrolyte. The rel iabil i ty of this electro- 
lyte was checked by the coulometric t i t rat ion of 
hydrogen into high pur i ty  pal ladium and subsequent  
emf measurements.  A single current  pulse and a 
potentiostatic technique were applied to measure hy-  
drogen diffusivities in  palladium. Special evaluat ion 
procedures also enabled the determinat ion of the 
ini t ial  hydrogen concentrat ion before the diffusivity 
measurement  and its comparison with the value ob-  
tained from coulometric titration. 

Recently, a difference method has been developed 
to measure directly the difference in oxygen diffu- 
sivities between a pure metal  and an alloy (7). A 
similar  exper imental  setup and evaluat ion procedure 
for hydrogen diffusion is described in  this study. The 
method is especially appropriate for measur ing directly 
the influence of a metal lurgical  t rea tment  (plastic 
deformation, alloying, etc.) on hydrogen activity and 
diffusivity. An  example of this technique is presented 
showing the change of the diffusion coefficient effected 
by small  concentrations of niobium in the palladium. 

Experimental Procedure 
Electrode. - -The electrodes were prepared from high 

pur i ty  pal ladium of different stock (one was MARZ 
grade Pd from MRC and one was 5N Pd from Alfa 
Company).  After  rol l ing down to a final thickness of 
about 0.25 mm, the samples were annea]ed under  
high vacuum conditions for 30 min  at 500~ In some 
cases the surface was etched with ni t r ic  acid or 
covered with pal ladium black (3). However, no 
essential difference has been found in comparison 
with vacuum annealed surfaces. The area exposed 
to the electrolyte was 1 cm 2. 

Elec troIy te . - -A  highly viscous electrolyte was pre-  
pared by mixing two volume parts of glycerin with 
one volume part  of phosphoric acid (85%). This 
electrolyte is hygroscopic and has, therefore, to be 
renewed after several measurements.  

Cel l . - -Two bielectrodes (1) were mounted in a 
Plexiglas container, consisting of four electrolytic com- 
par tments  as shown schematically in Fig. 1. The 
potentials at both sides of the samples (so, ss) were 
measured against  saturated calomel electrodes via 
Haber -Luggin  capillaries (Rs, rs, Ro, ro). Auxi l iary  
electrodes (as, ao, As, Ao) were made with p la t inum 
wires. Although the cell is symmetric,  only the com- 
par tments  dl and do were used for carrying a hydro-  
gen current  to or from the one side of the working 
electrodes (wo, wl) which were connected to poten-  
tiostats or constant  current  sources in order to dope 
or deplete the samples with hydrogen. Open-circui t  
potential  measurements  were made in  the compart-  
ments  ms and mo using the reference electrodes R1 
and Ro. The auxi l iary  electrodes were used from 
time to time in order to check the symmetry  of the 
arrangement ,  i.e., to show if a surface contaminat ion 
was present at the other side of the bielectrode. Tem- 
perature was measured with precise thermometers  in 

m I 

Potent,ostot ~'~- 
Current Source~17 dl 

m o 

do 

~A o 

RO 
"-OWo -o ~ Potentiostat 

~ ~ C u r r @ n t  Source 

a o 

Fig. 1. Schematic outlay of apparatus 

the electrolyte and was kept constant  by immersing 
the whole cell in a temperature  bath. Independent  
measurements  with the samples So and s~, as well as 
difference measurements,  can be made using the double 
cell depicted in Fig. 1. 

Voltage and current  supply,  m e t e r s . - -The  potentio-  
stat and constant current  source were combined in  
the "Electroscan 30" (Beckman Instruments ,  Incor-  
porated),  which could be r un  in  a potentiostatic and 
galvanostatic mode. Digital voltmeters with infinite 
input  impedance (potentiostatic technique) were used 
to measure voltages between W and R. Their  analog 
output  was connected to a chart recorder. 

Evaluation 
For an  infinitely dilute solution of hydrogen in  

palladium, the relat ion between the hydrogen con- 
centrat ion c and the emf E is given by the following 
wel l -known equation 

R T  
E = Eo + In e [i] 

F 

where E o is constant with respect to c and c is the 
concentration of hydrogen in the electrode at the 
electrolyte/electrode interface. Changes of c caused 
by diffusion are described by Fick's Second law 

0c a2c 
_ D - -  [ 2 ]  

Ot 8x*- 

Concomitant  with different ini t ial  and boundary  con- 
ditions, various solutions of Eq. [2] are known (8) 
and may be inserted into Eq. [1] to calculate the 
expected emf changes. Sometimes overpotentials re-  
strict the validity of Eq. [1] and it becomes more 
convenient  to measure the current,  which is related 
to the concentrat ion gradient  at  the electrode/elec- 
trolyte interface using the following re la t ion 

0c 
i -- F D -  [3] 

Ox 

We are looking for solutions of Eq. [2] for two dif- 
ferent  sets of boundary  and ini t ial  conditions which 
are fulfilled dur ing a single current  pulse or a poten-  
tiostatic procedure. The two boundaries  of the bi-  
electrode, of thickness s, are denoted by x ---- o and 
x ---- s describing the surfaces of the electrode facing 
the doping and measur ing compartments  of the cell 
respectively (see Fig. 1). 

Single Current Pulse Technique 
A single current  pulse of height io and durat ion to 

is sent through the doping compartment  of the cell. 
After  switching off the current  the following boundary  
conditions are fulfilled 

ac 
- - - - 0  for x----o and x - - s  and t ~ - t o  
0x 

With a homogeneous concentrat ion distr ibution in  
the beginning, c(x ,  o) = co, and a sufficiently short 
pulse duration, Zdchner (3) has obtained a solution 
of Eq. [2]. He defined a t ime td, which describes a 
time lag for the onset of emf changes (between w 
a n d  R in Fig. 1) and which is caused by the diffusion 
of hydrogen through the bielectrode. This evaluat ion 
procedure was used in  this study, together with a 
new one, which described the emf changes using a 
semi-infinite solution of Eq. [2]. Similar  to Zfichner, 
the hydrogen concentrat ion distr ibution at t = o to 
t ---- to which is caused by the cur ren t  pulse, wil l  be 
described by a Dirac-Delta funct ion 

c (x) = Q5 (x) 

where Q is the amount  of hydrogen doped by  the 
current  pulse 
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/,oto Q= 
F 

The solutions of Fick's Second law for semi-infinite 
samples (planar source solution) is known (8) 

Q exp - ~ [41 c ( x , t )  - Co-5 (~Dt) ~/~ 4Dr 

This funct ion is shown in Fig. 2 as the solid line. 
According to Seith (9), the solution for a finite 
sample of thickness s is obtained by reflecting the 
concentrat ion profile at  x = s (dashed curve 1' in  
Fig. 2) and superposing it  on the or iginal  profile 
(l ine 1 + 1' in  Fig. 2). Thus the concentrat ion at 
x = s can be wr i t ten  

2Q ( 4D'---~ s2 ) c ( s , t )  = Co -5 (;~Dt)---------~/2 exP -- 

which is valid for t < s2/=2D (dashed line 1' does not 
reach the other boundary  x ---- o). Corresponding emf 
changes are given by Eq. [1] in  the form 

RT in  1-5 exp - - -  
hE = F Fco(~Dt) w 4Dr 

For small  emf changes (less than 3 mV),  the second 
term in  the a rgument  of the logari thm is small  in  
comparison with [1], and we have 

2RTioto ( s 2 ) 
h E _  F2co(nDt)'/~ exp -- 4D'--~ [5] 

Straight  lines are obtained by plott ing In(hEr'/=) vs. 
reciprocal time, and these intersect  the ordinate at 
In (2RTiotjF2co (riD) ~/~) and have a slope of --s2/4D. 
The diffusivity and the ini t ia l  concentrat ion can be 
evaluated from these quantities. Compared to the 
procedure used by Z[ichner, more information is ob- 
tained (initial concentration) and the diffusion co- 
efficient is not only evaluated from one quantity 
(time lag) but from a set of data points. However, 
in order to utilize these advantages it is necessary 

C 

Z/FIll/Z/ /~/ 

N , 

/ / 

/ : 

I' 

-0 S X 
Fig. 2. IIl,,stration of sol,,tlon of Fick% Second law for samples of 

finite thickness. 

to measure small emf changes and obviate emf drifts 
caused by absorption and desorption of molecular 
hydrogen. 

Potentiostatic Technique 
A constant  potential  is applied at the doping side 

of the bielectrode (wr in Fig. 1), which should be 
high enough to ma in ta in  a hydrogen concentrat ion 
at x = o close to zero. Or strictly speaking, c(0, t) 
should always be very small  compared with the 
mean  hydrogen concentrat ion in the sample. Assuming 
again a homogeneous concentrat ion dis t r ibut ion be-  
fore experiment,  we have the following boundary  
conditions 

c(x ,  O) = co 

c(0, t) = 0 

(~176 -0 
Ox ~=s 

The corresponding solution of Eq. [2] is a series of 
exponent ial  time functions with different t ime con- 
stants (8, 10). For t > 4s2/~2D, all of them except the 
one with the highest constant  can be neglected and 
we have 

c (x, t) -- co exp sin - -  [6] 
4s~ 2s 

and the emf changes are x ~ s are 

RT 4 RT~2Dt 
~E ---- in r -- [7] 

F ~ 4Fs 2 

Plot t ing E directly with a strip chart  recorder gives 
a straight line. The diffusion coefficient D is calculated 
from the slope of the straight l ine in accord with 
Eq. [7]. An obvious advantage of the potentiostatic 
technique is a lack of any in termediate  evaluat ion 
and plott ing procedure. Another  advantage is the 
possibility of changing the tempera ture  dur ing the 
experiment.  Thus values of D can be obtained from 
plots of the emf vs. t ime at a series of temperatures  
(10). 

The emf changes described in Eq. [7] are caused 
by  the current  flowing from w to a in Fig. 1 and 
the corresponding depletion of the sample with re-  
spect to hydrogen. This current  can be obtained 
from Eq. [3] and [6] in  the form 

2FD ( ~2Dt ) 
i= coexp ---- [8] 

S 4S 2 

Plott ing In i vs. t gives straight lines with the slope 
--=2D/4s% Diffusivities evaluated from this slope should 
agree with values obtained from the emf change at 
the other side of the bielectrode. The val idi ty  of 
Eq. [8] as well  as Eq. [6] is restricted to t > 4s2/=2D. 
For smaller  times the sample can be treated as a 
semi-infini te sample (8) giving the following rela-  
tions between current  and t ime 

/ D V / ~  

which may be used to calculate ei ther Co or D, if 
one of these values is given from Eq. [8]. Thus the 
potentiostatic technique gives several  values for D 
and co dur ing one diffusion run  and, therefore, enables 
systematic errors to be revealed, i.e., those caused by  
surface contamination.  

Difference Technique 
For samples of the same thickness s and the same 

ini t ia l  concentrat ion co, bu t  sl ightly different diffu- 
sivities D1 and D2, a direct measurement  of the dif-  
ference hD ---- D1 -- D2 is achieved by applying po- 
tentiostatic conditions to both electrodes at the same 
time (7). The emf changes wlR1 and woRo in  the 
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measur ing compartments  of the double cell (Fig. 1) 
are given by Eq. [7] again, where the voltage differ- 
ence from Ro to R1 is described by 

RT~2hDt 
h (hE) = [10] 

4]B's9 

There  might be also a constant contribution resulting 
from slightly different potentials of the saturated 
calomel electrodes or diffusion potentials in  salt 
bridges. If floating potentiostats are not  used, wo and 
wz are both grounded. 

Results 
T h e  high viscosity of the electrolyte used d imin-  

ishes the influence of a flux of molecular  hydrogen 
into or from the electrolyte, as the mobil i ty  of molec- 
u lar  hydrogen decreases with increasing viscosity a c -  
c o r d i n g  to the Stokes-Einstein relation. Stable emf 
values were obtained especially for hydrogen con- 
centrat ions in  the samples of less than  100 at ppm. 
In  dilute sulfuric acid (1N) an emf drif t  towards 
positive values was observed, and usual ly  a doped 
sample was total ly depleted of hydrogen after s o m e  
hours, depending on the ini t ial  concentration. T h e  
depletion is due to a flux of hydrogen atoms dissolved 
in pal ladium toward the surface subsequent  to th e  
formation of H2 molecules and a flux of these mol-  
ecules into the electrolyte. The last step is sensitive 
to the viscosity of the electrolyte. Doping of the 
samples with hydrogen was achieved by coulometric 
ti tration. For the viscous electrolyte, the emf of a 
pure pal ladium electrode measured against the SCE 
is shown in  Fig. 3 for various concentrations at T = 
295~ As can be seen, Nernst 's  law, (Eq. [1]), is 
obeyed over a wide concentrat ion range because the 
slope of the straight l ine in Fig. 3 has the theoretical 
slope RT/F.  Deviations of the data points from the 
straight l ine behavior  are expected at lower and 
higher concentrat ions and will  be explained in the 
next  section. It  is a special feature of the viscous 
electrolyte and, therefore, of this study that the rela-  
tionship between emf and hydrogen concentrat ion in 
Pd is shown to obey Nernst 's  law. Because the elec- 
trolyte is hygroscopic it loses its viscosity and changes 
its pH and the values shown in  Fig. 3 cannot be 
reproduced after a prolonged use of the same electro- 
lyte. 

Diffusivity measurements  were made by u~ing the 
current  pulse and the potentiostatic technique as 
described above. For a single current  pulse, a tvnical  
plot of ]n ~Et'/~ vs. t -1 is shown in Fig. 4. According 
to Eq. [5], the ~ata points can be repre.~ented by a 
straight line. Diffusion coefficients calculated from 
the slope of this l ine agreed excellently with values 

-150 / -  

> E -I00 j f  

-50 

0 

O > 50 // 

I .  I J J 
lO0 I0 I0 e 10 3 10 4 

Hydrogen concentration, atppm 

Fig. 3. EMF of pure Pd electrode at 295~ m-asured against SCE 
plotted against hydrogen concentration in the sample. 
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Fig. 4. Plot of In AE t 1/2 vs. reciprocal time 

obtained by the t ime lag method (3). The ini t ial  
concentrations evaluated from the ordinate intercept  
usual ly  dil~er less than 10% from the values of the 
previous coulometric ti tration. 

The current  pulse technique is not very  sensitive 
to the interact ion with molecular  hydrogen, if the 
change of hydrogen concentrat ion is high enough and 
the t ime lag is short. Thus sulfuric acid may also be 
used as an electrolyte, al though the mutua l  agreement  
obtained between the different ly-evaluated results is 
not as good. 

The use of a viscous electrolyte is however essential 
to the potentiostatic technique. Sulfuric acid never  
gave reliable results. Figure 5 shows that for the 
viscous electrolyte, a s traight  l ine is obtained for 
the emf vs. t ime curve as predicted by Eq. [7]. The D 
value from the slope is in  agreement  with the value 
from a current  pulse experiment.  Deviations were 
usual ly  smaller than 5%. The chart recorder plot as 
depicted in Fig. 5 was made at 295~ and Eq. [7] 
gives a value of 6.2 mV for the difference between 
the extrapolated straight l ine and the actual emf at 
t = o, which is in good agreement  with the experi-  
mental  value of 5.5 inV. This agreement  was often 
even better. During the same diffusion run, the cur-  
rent  delivered by the potentiostat was recorded. Figure 
6 shows the logari thm of this current  plotted vs. 
time. Deviations from the straight l ine (cf. Eq. [8]) 
at smaller  times originate due to the neglect of ex- 
ponential  terms with smaller  t ime constants in the 
exact solution. For small  times, Eq. [9] is an appro-  
priate description of the current,  which decreases 
with the reciprocal square root of time, as can be 
seen in  Fig. 7. Using D values calculated from the 
slopes of the straight lines in  Fig. 5 and 6, the ini t ia l  
concentrat ion Co is obtained either from the slope in 
Fig. 7 or from the current  io, at which, in Fig. 6, the 
extrapolated straight l ine intersects the ordinate. A 
comparison of different D and co values for one experi-  
menta l  r un  is given in Table I. The agreement  of 
the Co values shows that  the current  yield was 100% 
for the coulometric t i t rat ion (i ~ 100 mA/cme).  

A surface contaminat ion of the electrodes was ob- 
served after the samples were exposed for more than 
two days to the electrolyte. Nonlineari t ies were seen 
in plots like those of Fig. 4-6 and the overpotential  
dur ing  a coulometric t i t rat ion was increased remark-  
ably. These effects vanished after cleaning the samples 
with xylol and carbon tetrachloride. The voltage 
applied to wr (Fig. 1) for a potentiostatic measurement  
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Table I. Comparison of diffusivities and initial hydrogen concentration as determined by the 
different techniques discussed. The values refer to both pare Pd and alloys at different temperatures 

2 4 2 3  

Quantity Eq.* 

D (10 -7 em2/sec) [7] 1.65 1.46 2.29 7.7 3.40 2.7 7.6 10.4 6.4 3.6 
D (10-r cm2/sec) [8] 1.65 1.42 2.24 7.5 3.40 2.7 8.3 9.5 6.7 3.7 
co (at  ppm) [81 2090 1840 1130 1790 1680 5450 3930 3470 1800 
co (at p p m )  [9 ]  1900 1630 1100 1950 1820 5500 4300 3460 1810 
Co (at ppm) coulom. 

t i t ra tmn 1950 1860 1090 1850 1520 3500 2000 

1.90 
1924 
1880 

1970 

"Equation used for evaluation. 

was 0.SV. At  lower  voltages,  the resul ts  were  more  
dependent  on surface  contaminat ions  and at  h igher  
values  of dissolution of the Pd-e l ec t rode  was observed,  
increas ing  the cur ren t  and changing the color of 
the  e lectrolyte .  

In  o rde r  to s tudy  the influence of fore ign solute 
a toms on the diffusivi ty of hydrogen  in pa l lad ium,  
the  methods  descr ibed  have been used for  pa l l ad ium 
al loys (11). The precis ion of these methods  is high 
enough to revea l  changes of the  diffusivi ty of more  
than  20%. For  smal le r  differences be tween  pure  and 
a l loyed  pal ladium,  the difference technique should 
be used. A n  example  is shown in Fig. 8, where  pure  
pa l l ad ium was used as the work ing  e lec t rode  Wo and 
Pd-0.1 at  %Nb as wl. Both samples  had  the same 
thickness and about  the  same ini t ia l  concentrat ion.  
F r o m  the recorde r  t race of Rowo, the diffusivi ty of 
H in pure  Pd  is obtained,  whi le  the  s imul taneous ly  
recorded  vol tage R1Ro gives the diffusivi ty difference. 
The  diffusivi ty  of hydrogen  is decreased by  the nio-  
b ium atoms concomitant  to the  vol tage R1Ro increas-  
ing wi th  time. The ra t io  of the  slopes in Fig. 8 is 
2.5 �9 10 -2 which  is equal  to the  re la t ive  decrease of 
the  diffusivi ty (cf. Eq. [7] and [10]).  

The diffusion coefficient of hydrogen  in h igh  pur i ty  
pa l l ad ium was measured  at  different  t empera tu res  
using the cur ren t  pulse  and the potent ios ta t ic  tech-  

7', 
5 . 5  mV~. 

I ~, ,, 

4 0  

3O 

E 

E 
o 2 0  

I0 

0 I I I 
0 1200 2400  3600 

T i m e ,  S 

Fig. 5. Plot of EMF vs. time in seconds. The viscous electrolyte 
was used and T - -  295~ The diagram was drawn directly from 
o chart recorder trace. 

Table II. Measured diffusivitles of hydrogen in palladium 

D (10-~ D (10-~ 
T ( 'K)  cm~/see) T (~ em~/sec) 

334 9.4 298 3.8 
322.5 7.3 296.5 3.55 
321,5 7.1 295.5 3.4 
317 6.05 294.5 3.3 
310 5.25 293 3.1 
308 4.9 287.5 2.7 
305.5 4.6 281 2.15 
302 4.15 273 1.6 

Table III. Diffusivity values measured at differing initial 
concentrationS. The temperature was 295 ~ K 

Co (at ppm) 0.5 4 8 20 100 500 1000 
D (19-~ cm'Z/sec) 2.2 3.2 3. 9. S.1 3.1 3.05 S.l 

niques. The resul ts  a re  compiled in Table  II, where  
the  D values  are  mean  values  of 2-5 measurements .  
Table  I l l  contains D values  measured  wi th  the cur -  
ren t  pulse  technique at  different  in i t ia l  concentrat ions.  

Deviat ions f rom the s t ra igh t  l ine in  Fig. 3 a t  lower  
and h igher  concentrat ions are  expla ined  by  a t t rac t ive  
in terac t ion  os hydrogen  a toms wi th  la t t ice  defects 
(gra in  boundar ies  and dis locat ions) ,  or  wi th  o ther  
hydrogen  atoms. In both cases hydrogen  ac t iv i ty  is 
l o w e r e d  compared  with  the idea l  d i lu te  behavior .  
Their  influence on hydrogen  mobil i ty,  however ,  could 
not  be detected (cl. Table  l i D .  

Discussion and Conclusions 
The resul ts  in  Table I i  a re  shown in Fig. 9 in a n  

Arrhen ius  plot, where  the solid l ine is the best  r ep re -  
senta t ion  of different  measurements  proposed by  
VSlkl and Alefe ld  (2).  The f requency  factor  is Do 
_ 2.90 �9 10 -8 cm2/sec and the ac t iva t ion  energy  is 
Q - 22,2 kJ /mole .  Because of the  excel lent  ag ree -  
men t  wi th  the da ta  of the  presen t  study,  no effort w a s  

" I  

In i o 

"2 

- 4  
0 

.m 

e- 

I I J 

I000 2000 3000 '4'000 

Time,  S 

Fig. 6. Plot of In i vs. time in seconds 



2 4 2 4  J. E~ectrochem. Sac.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  November 1980 

,<  

E 
w. 

q) 
k.  
IN. 
:3 
(.1 

0.8 

0.6 

.0  - -  m / 

/ 
/ 

/ 
0 . 4  / 0.2)// 

0 ~  ~ - ' 
o 0,1 0.2 

t-,iz S-,i~ I 

Fig. 7. Plat of current (mA) vs. t 112 in sec -112 

made  to fit the cur ren t  values  to an  Arrhen ius  equa-  
tion. The cur ren t  measurements ,  when  ex t rapo la t ed  
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Fig. 9. Arrhenius plot of the diffusiyities measured for hydrogen 

in palladium. The solid line is taken from the "best representation" 
of VSIkl and Alefeld. The solid squares indicate previous data. 
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Fig. 8. Illustratlon of determination of the diffusivity difference 

AE. The working electrode Wo was pure Pd, and the electrode W1 
was Pd containing 0.1 a/o Nb in solid solution. 

to high tempera tures ,  a re  in excel lent  agreement  wi th  
pe rmeab i l i ty  measurements  of the  diffusivi ty of H 
in pa l l ad ium (14). 

I t  has not been the a im of this s tudy to add another  
set of diffusivi ty da ta  to the a l r eady  exis t ing huge  
volume in the l i tera ture ,  but  r a the r  to demons t ra te  
tha t  e lect rochemical  methods are  precise and rel iable.  
The improvement  of e lect rochemical  da ta  becomes 
obvious in Fig. 9, where  some resul ts  at  room tem-  
pe ra tu re  are  shown in filled squares.  The scat ter  
of these data  may  be expla ined  by  the in terac t ion  
of molecular  hydrogen  be tween  elect rode and e lect ro-  
lyte,  which, depending on the bounda ry  conditions 
of the diffusion exper iment ,  leads  to more  or less 
large  sys temat ic  errors.  

With  the in t roduct ion of a new viscous electrolyte ,  
this source of sys temat ic  er rors  was obvia ted  in this  
s tudy and it has been shown that  re l iab le  diffusivi ty 
measurements  can be made  over  a wide  concentra-  
t ion range. At  concentrat ions of only  a few at  ppm H, 
the  cur ren t  pulse  technique is stil l  appl icable  and 
in conjunct ion wi th  the difference technique,  i t  may  
be  used to s tudy the influence of la t t ice  defects on 
hydrogen  diffusion. In  r ega rd  to the extensive mea -  
surements  which  have to be made  to s tudy diffusion 
of hydrogen  in al loys of different  composit ion (11) 
the e lec t rochemical  methods  offer another  advantage:  
s imple expe r imen ta l  setup and quick measurement  
and evalua t ion  procedures .  
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Thermodynamic Stabilization of the Solid 
Electrolyte RbAg l  

Nilo Yalverde 1 

Forsehungsinstitut Berghof GmbH, D-74, Ti~bingen, Germany 

ABSTRACT 

Pa r t i a l  subs t i tu t ion  (up to about  6 mole  percen t )  of iodine in RbAg~I5 by  
S, Se, or  Te leads  to solid solut ions wi th  the  crys ta l  s t ruc ture  of RbAg4s and 
wi th  ionic /e lec t ronic  conduct ivi t ies  much the same as the unsubs t i tu ted  com- 
pound.  While  RbAg4I~ is t he rmodynamica l ly  uns table  and decomposes r ap id ly  
when  kep t  a t  low tempera tures ,  the subs t i tu ted  compounds RbAg4+~Is-~S~, 
RbAg4+yIs-~S%, and RbAg4+yls-~Te~ show no tendency to such decomposi t ion 
under  the same conditions. Tl~e pa r t i a l  subst i tut ion of iodine by  S, Se, or Te, 
however ,  does not  p reven t  the  resul t ing  compounds f rom ve ry  rap id  decom- 
posi t ion in the presence of moisture.  The final decomposi t ion products  in a i r  
sa tu ra ted  with  wa te r  vapor  are  not in accord wi th  the decomposi t ion mecha-  
nism proposed  by Owens (5). 

Sol id phases of the genera l  composit ion MAg~I5 (M 
= K, Rb, NH4, etc.) show the highest  ionic conduc-  
t iv i ty  at  room t empera tu r e  among al l  known solid 
e lec t ro ly tes  (1-3).  The excep t iona l ly  high ionic con- 
duc t iv i ty  of these compounds can be exp la ined  by  the 
s ingular  const i tut ion of the e l emen ta ry  cell. According 
to Gel le r  (4) there  are  56 ava i lab le  sites for the 16 
Ag  + ions pe r  uni t  cell, therefore,  there  is .a la rge  num-  
ber  of unoccupied s i lver  sites in the  e l emen ta ry  cell. 
This a r r a n g e m e n t  makes  possible a grea t  mobi l i ty  of 
the  s i lver  ions. 

The compounds KAg415 and RbAg4I~ are, however,  
t he rmodynamica l l y  uns table  be low 36 ~ and 27~ and 
decompose according to the equat ions  (1, 5) 

2KAg415 = K2AgIs ~ 7AgI [1] 
and  

2RbAg4Is = Rb2AgI3 + 7AgI [2] 
respect ively .  

I t  has been found expe r imen ta l l y  (1) tha t  the above-  
ment ioned  decomposi t ion takes place ve ry  s lowly at 
m ode ra t e ly  low tempera tures ,  especia l ly  in absence of 
wa te r  vapor  in the a i r  (6). I t  has not  ye t  been studied, 
however ,  wha t  happens  when the ment ioned  com- 
pounds are  kep t  for long per iods  of t ime at  ve ry  low 
t empera tu res  in d ry  a tmosphere .  For  prac t ica l  purposes  
i t  is des i rable  to ex tend  the range  of existence of 
these solid phases to lower  t empera tu res  so that  the  
galvanic  cells wi th  RbAg415 as solid e lec t ro ly te  could 
be opera t ive  at  t empera tu res  much be low 0~ dur ing  
long per iods  of t ime (several  years ) .  

The purpose  of this work  is, therefore,  to find a 
method  for ex tend ing  the range  of exis tence of RbAg415 
at  t empera tu re s  wel l  be low the decomposi t ion point  

1Present address: Instituto de Quimica-Fisica "Roqasolano," 
Consejo Supermr de Investigaciones Cientlficas, Serrano 119, 
E-Madrid 6, Spain. 

( <  4- 27~ S imul taneous ly  the  influence of wa te r  
vapor  on the decomposi t ion of RbAg4I~ at  t e m p e r a -  
tures below its exis tence range  has been invest igated.  

Theoretical Considerations 
I t  is a wel l  known fact  that  the range  of exis tence 

of a mol ten  phase  can be ex tended  to lower  t e m p e r a -  
tures, if new components  a re  added  which show ve ry  
l i t t le  t endency  to form solid solutions wi th  the first 
segregated  solid phase. The same pr incip le  can b e  
appl ied  to extend the s tab i l i ty  range  of RbAg4I~ to 
lower  tempera tures .  

A pa r t i a l  subst i tut ion of I in the compound RbAg4I~ 
by  Br or the chalcogenides S, Se, or  Te should lead  
accordingly to solid solutions of the general composi- 
tion RbAg4 (I, Br)5 or RbAg~+y (Is-yX~) with greater 
thermodynamic stability, where X denotes S, Se, or 
Te. The decomposition Eq. [2] would consequently 
take the form 

2RbAg4 (15-yBr~) = Rb2Ag (Is-0.6yBro.6y) 

+ 7Ag(I1-0.2yBro.2~) [3a] 
or, respectively 

2RbAg4 + ~ (I~-~Xy) -- Rb2Agl + 0.6y (13-0.6yXo.6~) 

+ 7Agl+0.2y (I1-0.2yX0.2y) [31o] 

The magni tude  of the elast ic  energy  in the  solid 
solutions Rb2Ag(I,  Br ) s  and  Ag( I ,  Br)  or  Rb2Agl+~ 
(I, X)~ and Agl+y(I ,  X) wi th  h i g h e r  o rde r  of la t t ice  
and more  dense packing  of the anions in the  crys ta l  
is p r e sumab ly  grea te r  than in solid solutions of the 
type  RbAg~(I,  Br)~ or RbAg4+y(I,  X)5, which have  
more  cat ion defects and  p robab ly  not  such dense pack-  
ing of the ions. This is schemat ica l ly  represen ted  in 
Fig. 1. 
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Fig. 1. Schematic representation of the variation of the elastic 
energy in solid solutions, with some of their ions partially sub- 
stituted, as a function of the substitution mole fraction. Curve a, 
elastic energy for Rb2Ag1+y (I, X)3 -~ 7Agl+y (I, X); curve b, 
elastic energy for 2P, bAg4+~ (|, X)5. 

According to the above suppositions, the variation 
of the Gibbs energy of reactions [3a] and [3b] will be 
enhanced through the part ia l  substitution of I by Br 
or X and consequently the range of existence of the 
phase with higher conductivity of the silver ions will 
be extended to the region of lower temperatures. 

It is unlikely that iodine ions can be substituted in 
all  proportions by Br, S, Se, or Te in the compound 
RbAg4Ih, since phases of general composition RbAg4Br~ 
or RbAg4X2.5 do not exist. Moreover in the decomposi- 
tion Eq. [3a] and [3b], the assumption has been made 
that  the ratio Br / I  or X/ I  in each of the resulting new 
phases is the same as in the pr imary compounds. This 
supposition is based on the very low exchange fre- 
quency of the anions at room temperature.  The new 
resulting phases are probably in metastable equilib- 
rium. It  is expected that a redistribution of the ions 
with the time could take place gradually, and accord- 
ingly a decomposition of the new resulting products 
Ag(I ,  Br) or Agl+y(I i -~,  X~) into the secondary prod- 
ucts AgI, AgBr, or Ag2X, respectively, is l ikely to 
happen. The products resulting from the secondary 
reaction imply a diminution of the Gibbs energy and 
they are consequently thermodynamically more stable 
than the products resulting from the reaction [3a] or 
[3b]. I t  follows that  the extension of the range of 
existence of the resulting phases RbAg4(I, Br)5 and 
RbAg4+y(I5-yX~) to lower temperatures is supposedly 
not quite so wide as it could be expected to be. 

Preparation of Samples 
The solid electrolyte RbAg415 and the corresponding 

solid solutions RbAg4+y(Ih-yS~), RbAg4+~(Ih-~S%), 
and RbAg4+~(Is-~Te~) resulting from the part ia l  sub- 

stitution of I, respectively, by S, Se, or Te, were pre-  
pared according to the procedure described by Owens 
and Argue (3). The identification of the resulting 
products was carried out by means of x - r ay  diffraction. 

Part ia l  substitutions of I by S, Se, or Te (up to 6%) 
lead to solid solutions with the crystal structure of 
the compound RbAg4Ih. When the substitution is 
beyond that  amount, other compounds besides 
RbAg4+~(I~-yX~), such as AgI, Rb2AgIs, and Ag2X, 
are originated. On the contrary, as long as the sub- 
stituted compounds RbAg4+~(I~-~X~) with values of y 
between 0.05 and 0.3 were kept  in inert  dry atmosphere 
and protected from exposure to light, no evidence of 
decomposition was observed for period~ of time longer 
than three years. 

The Role of Water Moisture in the Decomposition 
of gbAg415 and Its Substituted Compounds 

In order to study the influence of moisture on the 
decomposition of RbAg415 and its substituted com- 
pounds, samples of RbAg415 and of RbAg4+~(Ih-yX~) 
were placed in a refrigerator at  temperatures of 3 ~ 
and --25~ respectively. At appropriate time inter-  
vals the samples were removed from the refrigerator 
anct analyzed with the help of x - r ay  diffraction. Ac- 
cording to Eq. [2] the decomposition products 
Rb2AgI3 and AgI after a thorough decomposition of 
RbAg415 should be present in a ratio of about 28.4 
weight percent (w/o) Rb2AgI~ to 71.6 w/o AgI. 

In a first run of experiments samples of RbAg415 and 
of RbAg4.1(I4.9S0.1) were investigated. After 15 days 
of exposure to the moist air  of the refrigerator the 
decomposition was not completed (Table I) .  

In a second run of experiments, 7 samples of 
RbAg4+yIh-~Su, with values of y between 0.1 and 0.7 
were placed in a refrigerator at 3~ for 73 days. Simi- 
lar ly  7 samples of the same composition were placed 
in a refrigerator at --25~ for the same time. After  
that time the decomposition of the original compounds 
was completed. The results of the experiments con- 
ducted at 3~ confirmed the decomposition proposed 
in Eq. [2]. On the contrary, the mechanism of decom- 
position at --25~ seems to be somewhat different 
from that proposed in Eq. [2]. While the decomposition 
products ~-AgI appear in much the same proportion 
i n  both series of experiments, corresponding approxi-  
mately to the proportion of that compound in Eq. [2], 
no presence of Rb2AgI3 has been observed at all among 
the decomposition products. Instead, it  appears as a 
new compound which has not been identified. 

The two preceding experiments have been performed 
without considering the relat ive humidity of the air. 
In a third run of experiments the water vapor pres-  
sure in the air at one determined temperature was 
adequately fixed. Six samples of each of RbAg415 and 
RbAg4.e(I4.sS0.2) were placed in a desiccator contain- 
ing a saturated aqueous solution of NaC1 on the bot- 
tom. The desiccator was closed and put in a refrig- 
erator at 3~ After periods of time one sample of each 
substance was taken out and analyzed with the help of 
x - ray  diffraction. The results of these experiments 
have been summarized in Table II. 

The presence of a nonidentifiable phase among the 
decomposition products at 3~ with its diffraction 
lines identical to the unknown phase by  the decompo- 
sition at --25~ in slightly wet air, excludes the pos- 
sibility of a low temperature modification of Rb2AgI~. 

Table I. Decomposition products (in weight percent) resulting 
after 15 days exposure of gbAg415 and gbAg4.1(14.9So.1) to moist air at 3 ~ and --25~ 

O r i g i n a l  c o m p o u n d  RbAg4I~ 

Exposure a t  3~ Exposure a t  - 2 5 ~  

Rb.,.Agh ~-Agl v -AgI  RbAg~I5 Rb2AgI~ fl-AgI "y-AgI 

RbAg4I~ 25 35 15 25 15 45 15 25 
RbAg~,z(I~,~So.1) 20 30 15 35 70 10 15 5 
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Table II. Decomposition products (in weight percent) of RbAg415 and RbAg4.~,(14.sSo.~) in 
air containing well-defined water vapor pressure at 3~ 
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Experiments  with  RbAg,I5 Experiments  w i t h  RbAg,.2(I,.$So.~) 

Time of ex- No identi- 
posure (days )  RbAg415 RbsAgI~ B-AgI f led phase RbAg~I5 Rb~AgI3 

No identi- 
~-AgI f led phase 

0 1O0 0 0 0 
0.5 25 22 50 0-10 
1 0 0 60-70 30 
3 12 0 80 0-10 
8 0 0 65-80 20-30 

15 0 0 80 20 
30 0 0 90 5-16 

The unknown phase is therefore most probably a hy- 
drate of Rb2AgI3. 

It seems that some of the primary decomposition 
products, especially the Rb~AgI3 hydrate, are not stable 
and a second decomposition reaction takes place simul- 
taneously, the overall reaction being 

H20 
2RbAg4I~ > 7AgI -{- Rb~AgI8 

xH~O 
> 10(Ag0.sRb0.2) I .  (H20)z [4] 

Equation [4] is based on the fact that no lines of the 
Debye-Scherrer spectrum corresponding to RbI have 
been observed. 

The Ionic Conductivity ~ i  of RbAg415 and 
Its Substituted Compounds 

The method used for the measurements of the elec- 
trical conductivity of the samples has been used pre- 
viously by Miyatani (7), Rickert (8), and Valverde 
(9) and it has been called after Wagner the "IR drop 

method." With the help of the cell 

Ag (1)/RbAg4Is/Ag (2) 
I I [ I ]  

Ag-grid (1) Ag-grid (2) 

is measured the /R-d rop  -- hE-drop (potential drop) 
between the silver-grids (1) and (2), originated by 
the passage of a direct current (d.c.) across the speci- 
men placed between the two silver-disk electrodes 
(I) and (2). The samples were pressed cylindrical 
pellets of 8 mm diam and about 15 mm length. 

Considering that the electronic conductivity of 
RbAg4I~ and its substituted compounds is almost neg- 
ligible (see next section), the measured conductivity 
r coincides practically with the ionic conductivity r of 
the compounds. Two series of measurements have been 
performed. First of all the variation of the ionic con- 
ductivity ai as a function of temperature for RbAg415 
as well as the substituted compounds was investigated. 
In the second series of experiments the variation of 
the ionic conductivity with the composition y of the 
sample has been studied. The temperature for the first 
series of experiments could be gradually regulated 
from about 150~ to --50~ The measurements have 
always been performed first with decreasing tempera- 
ture and afterward with increasing temperature. Some 
of the results of these measurements have been repre- 
sented in the Fig. 2-4. 

The conductivity-temperature plots for all tested 
RbAg415 samples always show an inflection point be- 
tween about 15 ~ and 27~ Moreover the two curves 
obtained with decreasing and increasing temperature 
do not fall together (see Fig. 2). It seems that below 
the inflection point an irreversible decomposition pro- 
cess sets in. After one complete round the final con- 
ductivity of the sample (curve b) is much lower than 
the initial one (curve a) which may be attributed to 
the fact that low temperatures notably accelerate the 
decomposition of the compound RbAg415 even in ab- 
sence of moist air. 

100 0 0 0 
25 25 50 0 

0 0 60 40 
Above this t ime of exposure it  was completely  impos -  

s ible  t o  ana lyze  the  samples,  since the in tens i -  
t i es  and position of the  Debye-Scherrer l ines were  
c h a n g i n g  c o n t i n u o u s l y  during the determination.  

An inflection point can likewise be observed in the 
electrical conductivity-temperature plots of the first 
series members of the substituted compounds 
RbAg4+yIs-ySy and RbAg4+~Is-ySey (Fig. 3), but this 
inflection point is less pronounced and will be dis- 
placed toward lower temperatures with increasing 
amounts of I substituted by S or Se. Moreover the two 
curves observed with decreasing and increasing tem- 
perature fall together. By the substituted compounds 
of the series RbAg4+~Is--yT% no inflection points in 
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Fig. 2. Ionic conductivity ~i of RbAg415 as a function of tempera- 
ture. Curve a, measurements conducted with decreasing tempera- 
ture; curve b, measurements conducted with increasing temperature. 
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Fig. 3. Ionic conductivity ci of RbAg4.214.sSeo.2 as a function of 
temperature. -I----t-, Measurements conducted with decreasing 
temperature; @ ~ Q ,  measurements conducted with increasing 
temperatu re. 
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Fig. 4. Ionic conductivity cri of RbAB4.II4.9Teo.1 as a function of 
temperature. §  Measurements conducted with decreasing 
temperature; C ) ~ C ) ,  measurements conducted with increasing 
temperature. 

the electrical conduct iv i ty- tempera ture  curves have 
been observed (see Fig. 4). The var iat ion of the 
ionic conductivi ty ~i with the composition y of the 
sample have been studied at 27~ in much the same 
way as the previous series of measurements.  The re-  
sults of these measurements  for the compounds of the 
series RbAg4+~Is-~Sy are shown in  Fig. 5. The con- 
ductivi ty curves of the other two series RbAg4 + ~I~-yS% 
and RbAg4+~Is-~Tey are very  similar both qual i ta-  
t ively as well as quanti tat ively.  Substi tut ions as large 
as 14% of the I by S, Se, or Te in  the compound 
RbAg415 result  in a decay in the electrical conductivi ty 
of only about  30% with respect to the value for pure 
RbAg41~. 

The Electronic Conductivity ~ of KbAg41~ and 
Its Substitution Compounds 

The values reported for the electronic conductivi ty 
of RbAg415 vary  between 10 - s  (A2.cm) -1 (10, 11) 
and 10 -11 (~A.cm) -1 (12, 18). The method used for 
this measurement  has been the one first used by Hebb 
(14) and Wagner  (15, 16) and has been called by  the 

last author  the polarization method. 
Using the cell 

-- Ag /RbAg4IJC ~ [II] 

with the positive pole on the r ight  side and applying a 
voltage below the decomposition potential  of RbAg4I~, 
si lver ions migrate  at first from the RbAg~IJC in ter -  
face toward the silver electrode avd electrons in  the 
opposite direction. At the RbAg4IJC interface a metal  
deficit originates since the first migrated silver ions 
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Fig. 5. Ionic conductivity ~i at 27~ of the compound RbAg4+y- 
15-uSu as a function of the substituted mole fraction y. 

are not  replaced. That  creates therefore a concentra-  
t ion gradient  of silver ions across the sample of 
RbAg4Is. Due to the concentrat ion gradient  formed, 
silver ions migrate in  the opposite direction. Final ly,  
under  steady-state conditions the two flows in  opposite 
directions are balanced and the current  is carried only 
by excess electrons or electron holes. 

The in tensi ty  I of the cur ren t  in  cell (II) according 
to Wagner  and Wagner  (17) is 

RT A 
I : F " ~" [~"~ -- e~) + ~po(e~ _ 1)] [5] 

where  A is the cross-section area and L the thickness 
of the sample, cno and ~po are the conductivities due to 
excess electrons and electron holes, respectively, (for 
aAg : 1) and finally x denotes EF/RT.  

Plott ing the obtained values of I against the ap- 
plied potentials E(V) one obtains curves like that  in  
Fig. 6. Every obtained curve shows undoubted ly  a 
plateau region, at which the value of the current  I 
corresponds to a conductivi ty caused exclusively by 
excess electrons. Under  these conditions the component  
of the electronic conductivi ty due to electron holes 
is negligible and Eq. [5] takes the form 

I (plateau) L 
~n~  - R T / F  �9 - ~  [ 8 ]  

For values of I > >  / (p la teau)  the electronic con- 
ductivi ty is essentially due to electron holes. One ob- 
tains likewise from Eq. [5] 

I L I 
#po _ RT/F"  " ~" " e~ -- 1 ~n~ [7] 

the par t ia l  conductivi ty of the electron holes ~po. The 
point  where the prolonged two branches of the curve 
meet  together gives approximately the decomposition 
potential  of the compound (see Table III) .  The value 
found for the decomposition potential  of RbAg415 
( ~  0.65V) at 27~ is in good agreement  with the 
value (0.67V) found by other authors (18). The de- 
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Fig. 6. Intensity-potential curve obtained by the determination 
of ~e in RbAg415 at 27~ using cell (11) and Wagner's polarization 
method. 



Vol. 127, No. 11 T H E R M O D Y N A M I C  S T A B I L I Z A T I O N  2429 

Table III. Electronic conductivity and decomposition potential 
of RbAg415 and of several of its substitution compounds 

Electronic 
conductivity Decomposition 

M e l t i n g  at 27~ potential at 
C o m p o u n d  p o i n t  ( ~  ( ~  �9 c m )  -1 27~ ( m V )  

RbAg~I~ 228 6 - 10 -s 650 
RbAg4.~I4.~So.1 225 8.5 �9 10-~ 575 
R b A g 4  lI4.~Sc 1 230 3.2 �9 19 -~ 650 
RbAg4.sh .sTeo.a  235 3.6 �9 10 --s 600 

composi t ion potent ia ls  of the o ther  s tudied  compounds 
a re  about  the same as, or  only  s l ight ly  smal le r  than,  
that  of RbAg4Is. 

Concluding Remarks 
The pa r t i a l  subst i tu t ions  of iodine in RbAg415 by  S, 

Se, or  Te do not  de te r io ra te  the  r e m a r k a b l y  good 
ionic conduct iv i ty  of this compound when the sub-  
s t i tu ted  amounts  a re  --~ 14%. These subst i tut ions do 
not  p reven t  the decomposi t ion caused in RbAg415 by  
smal l  amounts  of wa te r  vapor  in the air. The decom- 
posi t ion is ve ry  rap id  in a i r  s a tu ra t ed  wi th  wa te r  
vapor.  The final decomposi t ion products  under  these 
condit ions are  not the ones corresponding to Eq. [2], as 
i t  can be seen by  the resul ts  of Table  II. Most p robab ly  
the  first o r ig ina ted  compound Rb2AgI3 is not  s table  
e i ther  unde r  these condit ions and the decomposi t ion 
reac t ion  proceeds fu r the r  according to Eq. [4]. 

The ionic conduct iv i ty  of RbAg415 is cons iderab ly  
de te r io ra ted  when  samples  of this compound are  p laced  
in  ine r t  d ry  a tmospheres  to low t empera tu res  (up to 
--50~ for  pro longed  per iods  of time. On the o ther  
hand, the subs t i tu ted  compounds behave  qui te  differ-  
en t ly  under  the same expe r imen ta l  conditions.  No i r -  
revers ib le  reac t ion  has been  observed.  The curves are  
e i ther  s t ra igh t  l ines over  the  whole  range  of t e m p e r a -  
tu re  (Fig. 4) or, in  a few cases, show a bending  be low 
the room t e m p e r a t u r e  (Fig. 3). The posi t ion of the  
bend point  is d isplaced toward  lower  t empera tu re s  
wi th  increas ing amounts  of subs t i tu ted  iodine. But  
even in those cases the  samples  recover  the i r  or ig inal  
conduct iv i ty  when the t empera tu re  is increased again. 
These resul ts  a re  in t e rp re t ed  as sufficient evidence for 
a the rmodynamic  s tabi l iza t ion of the solid e lec t ro ly te  
RbAg415 by  pa r t i a l  subs t i tu t ion  of I b y  S, Se, or  Te. 
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Crystallization of Amorphous Alloys of Rare Earths 
and 3d Transition Metals 
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ABSTRACT 

Amorphous  r a re  ea r th  r ich al loys of 3d t rans i t ion  meta ls  were  p repa red  by  
me l t  spinning. Their  c rys ta l l iza t ion  behavior  was s tudied by  means  of differen-  
t ia l  scanning ca lor imetry ,  x - r a y  diffraction, and  t ransmission e lect ron micros-  
copy. In  order  to obta in  an es t imate  of the re la t ive  impor tance  of the ra re  
ea r th  component  the the rmal  s tab i l i ty  of var ious  amorphous  al loys of the  type  
R69Ni31 has been studied. The role p layed  by  the t r ans i t i on -me ta l  component  
w a s  assessed by  inves t igat ing the crys ta l l iza t ion behavior  of var ious  Gdl -xMx 
alloys, l~inally, a series of amorphous  Tb~-xFex and E r l - z F e x  al loys has been 
made in search  of the  influence of the R /M rat io  upon the Crystall ization 
character is t ics .  

The low the rma l  s tab i l i ty  of amorphous  G d - F e  
al loys (1) contrasts  sharp ly  wi th  the r e l a t ive ly  high 
the rmal  s tab i l i ty  (T ~ 400~ of Z r - F e  or T h - F e  a l -  
loys  (2) in which Fe is combined wi th  meta ls  having  
meta l l ic  rad ius  and e lec t ronega t iv i ty  s imi lar  to those 
of Gd. F u r t h e r m o r e  the t endency  to glass format ion  
genera l ly  is highest  near  deep eutectics (3). The G d - F e  
system seems to be an except ion (1) to this rule. This 
appa ren t  anomalous  behav ior  of the  G d - F e  al loys has 
p rompted  a more  de ta i led  inves t igat ion of the  c rys ta l -  
l izat ion behavior  of amorphous  r a re  ea r th  t rans i t ion  
meta l  alloys.  

In o rder  to obta in  an es t imate  of the re la t ive  im-  
por tance  of the ra re  ea r th  component  (R) some resul ts  
obta ined  on alloys of the series R69Ni31 (R = La, Nd, 
Gd, Tb, Dy, Er)  wi l l  be presented  first. Various 
Gd l - zMx  alloys (M = Fe, Mn, Co, N~) were  also in-  
ves t iga ted  making  i t  possible to assess the role p l ayed  
by  the t rans i t ion  meta l  component.  In  these al loys the 
3d a tom concentra t ion was chosen to be equal  to x = 
0.40. In  some cases also s l ight ly  lower  and h igher  3d 
a tom concentrat ions  were  applied. Final ly ,  the  resul ts  
obta ined  on the R - F e  systems (R = Tb, Er)  wil l  be 
discussed. 

Experimental 
Amorphous  al loys were  p r e p a r e d  by  arc  mel t ing 

fol lowed by  me l t  spinning in a purif ied argon gas 
atmosphere.  Smal l  par ts  of each r ibbon  were  inves t i -  
ga ted  by  means  of x - r a y  diffraction. CuKa rad ia t ion  
was appl ied  in combinat ion wi th  an x - r a y  mono-  
chromator .  The the rma l  s tab i l i ty  of the  a l loys was 
s tudied by  means  of a different ia l  scanning calo-  
r ime te r  (DSC) du Pont  910, again using an a tmosphere  
of purif ied argon gas, we used a hea t ing  ra te  of 50~ 
rain. The origin of the observed  hea t  effects has been 
s tudied by  hea t ing  the r ibbons  to the  dis t inct  stages 
in the crys ta l l iza t ion  process fol lowed by  cooling and 
x - r a y  diffraction. Thin specimens of the samples,  
needed for t ransmiss ion e lec t ron microscopy (TEM) 
were  obta ined  by  means  of ion mill ing.  

Results 
DSC and x-ray di1~raction.--The crys ta l l iza t ion t em-  

pera tu res  (corresponding to the first peak  m a x i m u m  in 
the DSC tracings)  of var ious  amorphous  ra re  ea r th  
n ickel  al loys of the composit ion R69Ni~l a re  compared  
in Fig. 1. I t  is seen tha t  Tcr increases s teadi ly  in going 
f rom La to the heav ie r  ra re  ea r th  elements.  The 
change in the rmal  s tab i l i ty  upon var ia t ion  of the 
t r ans i t ion-meta l  species was inves t iga ted  by  DSC mea-  
surements  of series of Gdl -xMx ribbons.  I t  was found 

Key words: crystallization, alloy, TEM. 

tha t  this s tab i l i ty  increases in the  sequence M - - F e ,  
Mn, Co, Ni (x ~- 0.4) when x was kep t  constant.  

Typica l  resul ts  of DSC tracings are  shown in Fig. 2. 
The behavior  of Gd69Ni~l is an example  where  the  
crys ta l l iza t ion involves two s table  c rys ta l l ine  phases 
(Gd3Ni: Tcr ~- 285~ and GdNi:  Tcr : 345~ Crys ta l -  
l izat ion in amorphous  Gd6~Co85 first involves the phase 
GdsCo3 and at  s l ight ly  h igher  t empera tu res  also the 
phase Gd~Co. In amorphous  Gds~Co4~ crys ta l l iza t ion  
entai ls  the phase Gd4Coz. The amorphous  a l loy Gd60Co40 
(not shown in Fig. 2) crystal l izes  at  310~ The be -  
havior  of Gd60Mn40 is an example  where  the c rys ta l -  
l izat ion proceeds a l r e a dy  s l ight ly  above room tem-  
pe ra tu re  and involves a metas tab le  Gd-Mn compound. 
The broad peak  centered a round  300~ in the DSC 
d iag ram p resumab ly  reflects the  increase wi th  t em-  
pe ra tu re  of the amount  of the ma te r i a l  that  has 
crystal l ized.  This crys ta l l iza t ion is not  accompanied  b y  
a sharp  the rmal  effect. The peak  shown at  460 ~ in the  
DSC tracing (Fig. 2) is due to crys ta l l iza t ion  of the 
s table  C15 compound GdMn2. In the  case of amorphous  
G d - F e  alloys the first c rys ta l l iz ing phases a re  a -Gd  
and ~-Fe. Crysta l l iza t ion of the cubic C15 phase GdFe2 
takes place again  at  much h igher  tempera tures .  

R69 Ni3~ 

600 

,y, 

I--- 

500 

700 

400 q i ,  L i i l I I I I I I I 

La Nd Gd Tb Dy Er ku 

Fig.  1. C r y s t a l l i z a t i o n  t e m p e r a t u r e  in va r ious  a m o r p h o u s  r a r e  
e a r t h  n i c k e l  a l l ays .  
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Fig, 2. DSC tracings of various amorphous alloys of Gd with 3d 
transition metals. The broken line in the case of Gd65Co~5 was ob- 
tained by using a ten times higher sensitivity. 

DSC da ta  on series of T b - F e  and E r - F e  r ibbons  
are  shown in Fig. 3. Al l  Tb-conta in ing  alloys show up a 
s imi la r  behavior :  a t  t empera tu re s  be tween  100 ~ and 
400~ the smea red -ou t  t he rma l  effect is due to the  
crys ta l l iza t ion of ~-Tb. The b roadened  x - r a y  diffract ion 
l ines of  the  ~-Tb phase fo rmed  at  low t empera tu re s  
(circa 100~ indicate  the  presence of r a the r  smal l  
crystal l i tes .  According to the x - r a y  d iagrams i t  can be 
concluded tha t  the Tb l -xFe~  r ibbons hea ted  to t em-  
pe ra tu res  above 400~ are  composed of a mix tu re  of 
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T b 60 Fe4o ] \  
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Fig. 3. DSC tracings of various amorpholls terbium-iron and 
erbium-iron alloys. The broken line in the case of TbToFe,3o was ob- 
tained with a ten times higher sensitivity. 
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the crys ta l l ine  phases TbFe~ and a-Tb.  This is in 
ag reemen t  wi th  the expecta t ions  based  on publ i shed  
da ta  on R-Fe  equ i l ib r ium d iagrams  (4, 5). The DSC 
da ta  in Fig. 3 for the E r l -xFex  r ibbons make  i t  c lear  
tha t  in the Er  alloys, too, crys ta l l iza t ion sets in con- 
s ide rab ly  be low the t empe ra tu r e  where  the sharp  crys-  
ta l l iza t ion  peak  is found in the  DSC tracings.  How-  
ever,  the  first c rys ta l l iz ing phase is not  the ra re  ea r th  
metal ,  as in G d - F e  (1) and T b - F e  alloys, bu t  some 
metas tab le  E r - F e  in te rmeta l l i c  compound.  The 
smea red -ou t  the rmal  effect is cor re la ted  wi th  the for-  
mat ion  of a metas tab le  compound wi th  unknown 
s t ructure :  only  one diffract ion peak  corresponding to a 
spacing d ---- 2846A is observed.  Heat ing  to t empera -  
tures  over  300~ ini t ia tes  the crys ta l l iza t ion of another  
metas tab le  compound (d = 2.919A) and of ~-Er. Dif -  
f rac t ion lines due to the  compound ErFe2 (cubic 
Laves  phase)  occur toge ther  wi th  those of a - E r  in 
samples  hea ted  to t empera tu re s  h igher  than  500~ 
These resul ts  can be summar ized  as follows. The two 
peaks in the DSC tracings  near  350~ and 500~ are  
hea t  effects due to the  fo rmat ion  of c rys ta l l ine  a - E r  
and ErFe2, respect ively.  Minor  prec ip i ta t ion  of a -Er  
occurs a l r eady  at  t empera tu re s  somewhat  be low 350~ 
but  at  much lower  t empera tu res  crys ta l l iza t ion involves 
two metas tab le  E r - F e  phases.  

TEM results.--The TEM invest igat ions  we re  r e -  
s t r ic ted to a few represen ta t ive  examples .  In  a l l  
amorphous  Gd-Co and R-Ni  r ibbons ment ioned  above 
p r i m a r y  crys ta l l iza t ion involves a crys ta l l ine  phase, 
present  in the corresponding phase diagram,  tha t  has a 
composit ion not  much different  f rom tha t  of the amor -  
phous alloy. This crys ta l l iza t ion is accompanied b y  a 
sharp peak  in the DSC t rac ing (Tar). Below Tcr, x - r a y  
diffraction revea led  no crys ta l l ine  phases. Examina t ion  
of a Gd65Co35 sample  by  TEM revea led  the presence  of 
s t i l l  in tac t  amorphous  regions toge ther  wi th  regions in 
which crys ta l l iza t ion had taken  place. The na tu re  of 
the crys ta l l ine  ma te r i a l  was in fe r red  f rom the corre-  
sponding SAD pat terns .  These pa t te rns  were  qui te  
complex and poin ted  to the  presence of a low sym-  
m e t r y  Gd-Co in te rmeta l l i c  compound ra the r  than  to 
a-Gd or ~-Co. 

A quite different  p ic ture  emerges  f rom the TEM in-  
vest igat ion of R - F e  r ibbons,  r ep resen ted  by  Gd60Fe40 
and Tb~0Fe30 hea ted  to 250 ~ and 100~ respect ively .  
The micros t ruc ture  of these  al loys consists of c rys ta l -  
l ine regions embedded  in an amorphous  m a t r i x  ( s e e ,  
for example ,  Fig. 4). Elec t ron  diffraction da ta  m a d e  
i t  c lear  tha t  pa r t  of the c rys ta l l ine  ma te r i a l  is ~-Gd 
resp. a-Tb.  In  the G d - a l l o y  a second phase  was 

Fig. 4. Transmission electron micrograph of on ion-miffed 
TbToFe3o ribbon after h:ating to 100~ The bright field image 
shows primary crystallites in an amorphous matrix. The electron 
diffraction pattern in the inset shows both patchy rings (~-Tb 
crystals) and diffuse halos. 
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found to consist of a-Fe in the form of crystallites of 
ra ther  small  dimensions (diameter  ~ 100 #m);  this 
might  explain the absence of a-Fe peaks in  the x - r ay  
diagrams. In  the Tb-al loy no evidence was found of 
the presence of a-Fe crystallites with electron diffrac- 
t ion techniques. These results seem to indicate that  
with increasing tempera ture  part  of the Tb can pre-  
cipitate in  amorphous TbToFes0, leaving an amorphous 
mat r ix  of slightly higher Fe content. 

Discussion 
The above results can be reasonably well under -  

stood in terms of the cluster model of l iquid struc-  
tures (6,7). The occurrence of clusters can be con- 
sidered as resul t ing from compositional fluctuations. 
The tendency to cluster formation between unl ike  
atoms increases as the heat of mixing AHm of the two 
composing elements becomes more negative (cluster 
formation between like atoms decreases in  the same. 
sense). The reason for this is the gain in free energy 
that is obtained if the coordination of a given atom 
with unl ike  atoms becomes higher than that  associated 
with the random distr ibut ion of atoms in the amor-  
phous state. It  can be shown (8, 9) that for rare  ear th  
3d alloys Gdl-xMx (with x < 0.5) hHn~ becomes more 
negative in the sequence M : Fe, Mn, Co, Ni. It  is 
about --1 k J /mole  alloy in the case of Fe but  larger 
than --30 k J /mole  alloy in  the case of Ni. Clustering 
in the l iquid state between unl ike  atoms will  there-  
fore be low in  the case of Fe bu t  will increase towards 
Ni. In the amorphous alloys such clusters can be re-  
garded as embryos that  facilitate nucleation. It is un -  
derstandable therefore that  nucleat ion of intermetal l ic  
compounds proceeds less easily in  the case of the 
amorphous Gd-Fe  alloys. On the other hand it  was 
shown by Zielinski and Matyja  (10) that  large nega-  
tive hHm values lead to low interdiffusion constants 
and hence to low growth rates. As a result  glass forma-  
tion will be easier in alloys with large negative AHm 
values. 

Once an amorphous alloy has been obtained by 
means of rapid quenching from the melt, its thermal  
stabil i ty will be largely determined by the tempera-  
ture dependence of the viscosity (11, 12). Crystall iza- 
t ion will set in whenever  the tempera ture  is high 
enough to match bE. In  previous investigations bE 
has been taken equal to the energy hHlv needed to 
create a hole of the size of the smallest type of atom 
in the solid alloy (2). Using the results of an analysis 
of the enthalpies of formation of monovacancies in 
pure metals given by Miedema (13) it can be shown 
that the enthalpy of formation of a hole of the size of 
a 3d atom (hHsd) in rare earth rich Ri-xMx alloys is 
considerably less than ~H3d in the pure 3d metals. Fu r -  
thermore, in  alloys of fixed composition x and fixed 
element  M, the values of hHsd increase if one proceeds 
through the rare earth series from La to Lu. This 
means that  Tcr is expected to increase in the same 
sense. Inspection of the results in Fig. 1 shows that, 
quali tatively,  good agreement  exists with exper imental  
findings. 

The discussion of ~H~a given above refers to a si tu-  
ation where no account has yet been taken of a posi- 

rive or negative interact ion between the R atoms and 
the 3d atoms. One may expect that  it  will  be more 
difficult to create a hole in the alloy if there exists a 
strongly at t ract ing interact ion between the R and 3d 
a~toms. In other words, AH3d will  increase as ~Hm be-  
comes more negative in going from R ~- La to R ---- Lu 
and also in  the sequence M : Fe, Mn, Co, Ni as already 
ment ioned above. In the first sequence~_the effect of an 
increasingly negative AHm is to reinforce somewhat 
the R dependence of Tcr ment ioned above in  connection 
with the results of Fig. 1. With regard to the second 
sequence we note that  hHm of Fe and Mn alloys is 
almost negligible whereas it  is s trongly negative in Co 
and Ni alloys. 

Conclusions 
It has been shown that there are appreciable differ- 

ences in the crystall ization behavior  of amorphous 
rare earth t ransi t ion metal  alloys Rl-xMx. The thermal  
stabil i ty is lowest in alloys of l ight rare earth elements 
but  increases if one proceeds through the lan thanide  
series. It  also increases in the sequence M --~ Fe, Mn, 
Co, Ni. It is proposed that  the observed differences 
in the type of the crystall ization originate pr imar i ly  
from differences in the heats of alloying, leading to 
nucleat ion difficulties in the case of small  heats of 
alloying. In order to explain differences in  the tem- 
perature of crystall ization other heat effects also have 
to be taken into consideration. 

Manuscript  submit ted Nov. 15, 1979; revised manu-  
script received May 16, 1980. This was Paper  396 
presented at the Los Angeles, California, Meeting of 
the Society, Oct. 14-19, 1979. 

Any  discussion of this paper will appear in a 
Discussion Section to be published in the June 1981 
JOURNAL. All  discussions for the June  1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 
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Pattern Etching of CVD Si N4/SiO  Composites 

in HF/Glycerol Mixtures 

Cheryl A. Deckert *,1 
RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

Solutions of concentrated (49%) aqueous HF in  glycerol have been found to 
etch CVD SiaN4 films faster than thermal ly  grown SiO~ over a wide tempera-  
ture  range. Since silicon dioxide films are etched much faster than silicon 
n i t r ide  films in  aqueous HF media, this result  is quite surprising, and the 
mechanism for the etch rate reversal  is not understood at present. HF/glycerol  
mixtures  have been used to pa t te rn  a var ie ty  of Si3N4/SiO2/Si composite struc- 
tures using either photores]st or metal  masks. 

Several  types of integrated circuit  devices are fab- 
ricated using mul t ip le  dielectric coatings. Structures  
bear ing films of silicon ni t r ide over silicon dioxide 
are useful  in  such applications as high rel iabi l i ty  
devices, localized ni t r ide-rnasked oxidation processes, 
MNOS memory  devices, etc. 

In  many  cases, the composite structures consist of 
a high temperature,  chemically vapor-deposited (CVD) 
Si3N4 film over ei ther thermal ly  grown SiO2 or a 
den~sified CVD SiO2 film on silicon (Fig. la ) .  De- 
pending on the par t icular  application, an overlying 
film of undensified CVD SiO2 may also be included 
(Fig. 2a). In  order to pa t te rn  these composites, open- 
ings mus t  be etched through the ni t r ide and oxide 
films using a masking layer. 

Dry etching techniques, such a s  plasma etching 
(1), have great ly increased in  popular i ty  over the 
past  few years, and Si3N4/SiO2 composites can be 
pat terned in  this manner ,  using, for instance, a CF4 
plasma. P lasma etching offers the advantage that  only  
min ima l  mask- to-subs t ra te  adhesion is required, since 
the tendency for e tchant  undercu t t ing  is negligib]e; 
hence plasma etching is quite sui table for complex, 
high resolution pa t te rn  delineation. 

The steep edge profiles characteristic of many  dry 
etching processes do facilitate fabrication of high 
densi ty mierostructures,  but  pa t te rn ing  of mul t iple  
dielectric layers typically involves only the opening 
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processing. 

of contact holes. Ideally, for this step, the etching 
process should produce slightly tapered walls in  the 
dielectric films (Fig. lb  and 2b), so that  subsequent ly  
deposited meta l  films will  cover the edges uni formly  
and completely. The usefulness of sloped dielectric 
layers in  achieving metal l izat ion of high yield and 
rel iabi l i ty  is well  known, since th inn ing  of the metal  
layer  can occur over sharp corners in the dielectric 
(1, 2). ldeal ly  a 45 ~ taper should be used; however, 
lower angles are acceptable if resolution of the top 
surface of the dielectric is not critical. The lower 
surface of the delineated film, of course, will  ma in -  
~ain the same dimension as the masking mater ia l  
unless ei ther significant undercu t t ing  or overetching 
takes place. Thus use of taper ing procedures does 
not  typically require l i thographic biases. Al though 
it is possible, in  some cases, to achieve tapered edges 
using plasma-assisted etching techniques (1), plasma 
etching processes general ly  involve poor selectivity 
and, hence, involve some etching of the layer  beneath  
the one(s)  being etched. Thus we centered our efforts 
toward achieving the desired type of edge prof ie  on 
wet chemical procedures. Both for the sake of s im- 
plicity and to avoid formation of an undesirable  film 
"lip," (3-5) it would be advantageous if the etching 
process could be carried out in a single step, using 
an etchant  that  would dissolve all the various layers 
sequentially.  

In  order to etch a mul t ip le  layer  film so as to 
obtain a sloped edge, it is necessary that  the etch 
rates of the various film# decrease in the order r l  
72 ~ . . .  rn, where rl is the etch rate of the uppermost  
layer  and rn is the etch rate of the bottommost layer. 

I I . MASK 
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Fig. 1. (a) Si~N4/Si02/Si 
composite structure bearing de- 
lineated mask film; (b) etched 
composite structure having de- 
sired sloped edges (vertical 
dimension exaggerated). 
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Fig. 2. (a) Si02/Si~N4/$iO,~/ 
Si composite structure bearing 
delineated mask film; (b) etched 
composite structure having de- 
sired sloped edges (vertical 
dimension exaggerated). 



2434 J.  EZectrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY N o v e m b e r  1980 

Thus, for the silicon ni tr ide-si l icon dioxide composite 
structures,  a suitable wet chemical process should 
have r (undensified CVD SIO2) ~ r (CVD SisN4) ~ r 
( thermal  or densified CVD SlOe) > >  r (Si).  

In  general, CVD Si3N4 is a ra ther  difficult mater ia l  
to etch at an appreciable rate. The use of hot (160 ~ 
180~ orthophosphoric acid (85% H~PO4) (6) or 
phosphoric-sulfuric acid (4) mixtures  are we l l -known 
methods, but  decomposition of the etchants (loss of 
water  and conversion into higher phosphates) occurs 
with prolonged heating. Thus, even if an appropriate 
reagent  were added to promote s imultaneous etching 
of SiO2, control of the relat ive etch rates of the films 
would be very difficult to achieve. 

Other systems have been proposed for s imultaneous 
etching of Si3N4 and SiO2 films (3, 5, 7). All  these 
systems suffer from a combinat ion of disadvantages, 
inc luding the necessity of main ta in ing  high tempera-  
tures (>90~ in  aqueous systems or the difficulty 
of achieving the desired etch rate ratio. In  par t icular  
it  is often difficult to etch the ni t r ide film at a suf- 
ficiently fast rate because Si~N~ etching characteristics 
may  vary  considerably depending on the exact film 
deposition conditions used, specifically the deposition 
tempera ture  and the ammonia /s i lane  ratio in the 
reactant  mixture.  

The use of HsPO4-HBF4 mixtures  at  100~176 has 
been reported (7) to give r (CVD SisN4) ~ r ( thermal  
SIO2), bu t  in practice we have found that  some typ-  
ical n i t r ide  compositions etch more slowly than SiO2 
under  these conditions. The system HF/H~,O at 90 ~ 
100~ gives (3, 5) the desired etch rate ratio at very 
low HF concentrat ions only ( ~ 0.1M); under  these 
conditions evaporat ion of H20 and HF tends to al ter  
the relat ive and absolute etch rates (8). Another  
reported (9) etchant  system for Si3N4/SiO2 composites 
is high tempera ture  water  (>lO0~ this requires 
use of a high pressure reactor, which is undesirable  
for a factory process. 

F rom several  recent studies (3, 5, 10), it is known  
that  aqueous fluoride etchants can be made to etch 
CVD SisN4 faster relat ive to thermal  SiO2 by increas-  
ing temperature.  For this reason it was at tempted to 
utilize, as a preferent ia l  Si3N4 etchant, moderately  
high tempera ture  (100~176 HF solutions in  a rela-  
t ively nonvolat i le  solvent resembling water  in its ion-  
ization and solvation behavior. Glycerol (CH2OH 
CHOHCH2OH) [Ka = 7 X 10 -15 (25~ aqueous solu- 
t ion),  bp = 290~ was chosen as a suitable solvent for 
these studies, and this paper  deals with the interest ing 
etching characteristics of the HF/glycerol  system. 

Experimental 
The substrates used in  both the etch rate tests and 

the composite layer  pa t te rn ing  tests were polished, 
single crystal silicon wafers. 

For  the etch rate tests, a single dielectric was pro- 
duced on the wafers by one of the following methods: 
(a) Approximate ly  6O00A of thermal ly  grown SiO2 
was produced at 1000~ in  steam at atmospheric pres-  
sure. (b) Approximate ly  1 ~m of undensified CVD 
SiO2 was deposited from a s i lane-oxygen-n i t rogen  gas 
mix ture  at 450~ (c) Densified CVD SiO2 was pre-  
pared by  baking undensified CVD SiO2 at 800~ in dry 
n i t rogen for 15 rain. 

Three different formulat ions of CVD Si3N4 were 
used as described below. In  order to avoid excessive 
stress buildup,  ni t r ide film thicknesses were l imited 
to about  2100A. (d) The flow rates of SiH~, NH3, and 
N2 were 0.55, 3.14, and 40 l i te rs /min;  the NHz/Si molar  
ratio was therefore ~6. A 750~ reactor tempera ture  
was employed. (c) The flow rate of N2 carrier  gas 
through SiC]4 at 25~ was 110 cm3/min, resul t ing in 
t ranspor t  of 0.21 g /min  SIC14. The flow rate of NH3 
was 600 cm3/min. These conditions give N H J S i  = 20. 
The ni t rogen main  flow was 225 l i t e r s /min  and the 

reactor tempera ture  was 875~ ($) Using the same 
reactor as (e), the SIC14 supplied to the reactor -- 
0.22 g /min ;  NH8 flow = 450 cm3/min; N2 main  flow = 
224 l i ters /min.  Thus NI-Is/Si ~ 14. 

The ini t ial  thicknesses of the SiO2 films were mea-  
sured by the interference fringe method uti l izing a 
Beckman DB-G spectrophotometer. Ini t ia l  thicknesses 
of the Si3N4 films were measured by a technique based 
on relat ive reflectivity of a monochromatic beam of 
light (11). Two different wavelengths of l ight were 
employed. All  oxide and ni tr ide samples were etched 
near ly  to completion, and the final thicknesses were 
determined based on the interference color of the 
residual films. The order n u m b e r  was verified by  
masking off an area of each etched sample and str ip-  
ping the remain ing  film. The estimated error  in the 
etch rates was ___5-8%; this accuracy was thought to be 
sufficient for our  purposes. 

HF/glycerol  solutions were prepared by  mixing a 
specified volume (33, 67, or 100 ml)  of concentrated 
(49%) aqueous HF with reagent  grade glycerol (assay 
~0.4% water)  to give 1, 2, or 3M solutions. 

Other materials  used in formulat ing etchants, as is 
described in the text, were also of reagent  grade 
quality. Etchant  temperatures  were controlled to 
wi th in  •176 

For the composite layer  pa t te rn ing  tests, various 
types of Si3N4/thermal SiO2 or undensified CVD 
SiO2/Si3N4/thermal SiO2 samples were prepared, 
masked as described below and etched in an H F /  
glycerol solution. 

Etch Rates Studies 
As discussed earlier, the original  motivat ion for 

s tudying the HF/glycerol  system was that  relat ively 
high (~100~ etching temperatures  were thought  
necessary to achieve r (CVD Si3N4) ~ r ( thermal  
SIO2). Ini t ia l  experiments  conducted at 110~ using 
moderately  concentrated HF/glycerol  solutions did, in  
fact, produce the desired etch rate ratios, (r (SigN4)/ 
r (SIO2) ~ 1). However, the observed etch rates are 
anomalous in  two respects, based on the rates in  
aqueous HF (3, 8). First, the ni t r ide is etched much 
more rapidly, relat ive to the oxide, than would be ex-  
pected at this temperature;  and second, the absolute 
values of the etch rates for both ni t r ide and oxide are 
considerably smaller  than  would be expected. Based 
on the first of these observations, it appeared that  
acceptable etch rate ratios could be achieved at even 
lower temperatures  (~100~ and indeed this was 
found to be the case. Etch rates were determined for 
undensified and densified CVD SiO2 films, thermal  
SiO2, and three different formulat ions of CVD Si3N4 
( N H J S i  molar  ratio in gas mixture  varying from 6 
to 20) in 1, 2, and 3M HF/glycerol  solutions at 25 ~ 
70 ~ 80 ~ and 9O~ These etch rate data are summarized 
in  Fig. 3-6. The following observations can be made: 
(i) In  all  cases, undensified CVD SiO2 is etched faster 
than  CVD SiaN4, which is etched faster than thermal  
SiO2. (ii) All three types of CVD Si3N4 are etched at 
very similar rates. This fact is especially useful  for 
uti l ization of the etchant in different manufac tur ing  
areas. (iii) Densified CVD SiO2 is etched slightly 
faster than ni t r ide at 25~ but  slightly slower at the 
elevated temperatures.  

Based on these etch rates, it is seen that  a wide 
range of temperatures  and HF concentrations can be 
used to produce sloped edges in the two- or three-  
layer  dielectric film composites of Fig. 1 and 2. The 
desired etch rates and edge contours will  determine 
the exact parameters  used. In  practice, HF concentra-  
tions lower than N1M lead to prohibi t ively long etch- 
ing times for dielectric films of typical thicknesses, and 
concentrat ions greater  than ~3M lead to handl ing  
problems. ~imilarly,  the tempera ture  range from 60 ~ 
to 90~ is thought  to be optimum. 



I I I I I I 

U:UNDENSIFIED CVD SiO 2 / 

D=DENSIFIED CVD SiO z / 

T=THERMALLY GROWN Si02 
N=CVD Si 5 

r ._ 
E 

Q<C 

,r 
n~ 

2435 

I 0 0 0  

I 0 0  - -  

I 0  

1.0 

PATTERN ETCHING 

I I I I I I 
0 I 2 3 

HF CONCENTRATION ( m o l / l i t e r )  

Fig. 3. Etch rotes of Si3N4 end Si02 films in HF/glycerol solu- 
tions at 25~ 

Reversal of Nitride/Oxide Etch Rate Ratio 
As ment ioned  above, both the absolute and relat ive 

etch rates of Si3N4 and thermal ly  grown SiO2 in  H F /  
glycerol were unexpected, based on previous etch rate 
studies conducted using aqueous HF systems (3, 8). 
For  ease of comparison, the etch rates for these two 
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materials  in  HF/glycerol  are summarized in Fig. 7, 
and etch rates in  HF /wa te r  are shown in  Fig. 8. The 
ni t r ide etch rates shown in Fig. 7 and 8 were obtained 
using the deposition conditions listed as (e) in  the 
Exper imenta l  section. Clearly, in  the glycerol system, 
it is much easier to choose conditions giving r (CVD 
SisN4) > r ( thermal  SiO2). 

The mechanism for the unexpected reversal  in  the 
etch rate ratio and the decrease in absolute magni tudes  
of the etch rates is not clear. To elucidate the si tua-  
t ion somewhat, HF solutions of several other high 
boiling solvents were tested. The results of etch rate 
tests, conducted at 80~ using 2M HF solutions, are 
summarized in Table I. It  is seen that  in aqueous 
solution, large absolute etch rates and a small  etch 
rate ratio [r (SiaN4)/r (SiO2)] are obtained, while in  
hydroxyla ted organic solvents the absolute etch rates 
are greatly reduced, bu t  the SiO2 etch rate is reduced 
more than the Si3N~ etch rate, leading to a relat ively 
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large etch rate ratio. Finally,  in  DMF, the ni t r ide etch 
rate is reduced even further,  the SiO2 etch rate is 
sl ightly larger, and a small  ratio is obtained. (It  
should be ment ioned that  al though these solvents were 
of reagent  quality, no special at tempts were made to 
remove residual water.) 

These differences in etch rates and ratios of etch 
rates depending on solvent indicate that  the depen-  
dence of SiO2 and Si3N4 etch rates on the various equi-  
l ibr ium solution species is more complicated than had 
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Table I. Etch rates (A/rain) of CVD Si3N4 and thermal Si02 in 
2M HF solutions* at 80~ 

r (SiaND / 
Solvent r (ShND r (SiO=) r (SiO=) 

Water 650 2900 0.22 
Glycerol 125 49 2.6 
Ethylene glycol 120 49 2.4 
Dimethyl  formamide 32 76 0.42 
Ethylene glycol mono- 

ethyl e ther  112 40 2.8 

* Prepared using conc hydrofluoric acid (49% HF). 

previously been thought. It  has been demonstrated 
(10, 12) that  in  dilute aqueous solution (i.e., 1M ionic 
s t rength) ,  etch rates of SiO2 and Si3N4 depend on 
[HF] and [HF2-]  only. Since the ionic strengths of 
the solutions used in  the present  s tudy are well  below 
those at which higher, polymeric species have been ob- 
served in  aqueous media, it seems l ikely that  only 
monomeric species are involved in the etching mech-  
anism. It  does appear that large etch rate ratios, as 
required for pa t tern ing CVD Si3N4/thermal SiO2 com- 
posites, can be achieved in  HF solutions of numerous  
high boiling, hydroxylated solvents. 

Although a relat ively l imited HF concentrat ion 
range  was used in this study (1-3M HF ~ 2-6% HF 
by weight) ,  it seems useful  to use the observed tem- 
perature dependence of etch rates on HF concentrat ion 
to calculate apparent  act ivation energies. Over the 
1-3M HF concentrat ion range and the 70~176 tem-  
pera ture  range, ~EA = 8.7 kcal /mole for thermal ly  
grown SiO2 and 12.5 kcal /mole  for CVD SisN4. These 
results can be compared with about 7.8 and 13.6 kcal /  
mole for SiO2 and Si3N4, respectively, determined over 
a similar  concentrat ion and temperature  range in  pre-  
vious etching studies (3) carried out in dilute aqueous 
HF solutions. Thus, the activation energies support  
our observation that  the Si3N4 etching process is 
facilitated, relat ive to that  of SiO2, when HF/glycerol  
etchants are used ra ther  than HF/water .  

A quant i ta t ive  analysis of the solution equil ibria 
involved in  the f luoride-water-glycerol  system was 
not at tempted because of the complexity of the re-  
quired calculations. Qualitatively, it may be con- 
cluded that  the presence of water  enhances SiO2 etch 
rate more than Si3N4 etch rate. Since previous 
mechanistic studies (10, 12) of SiO2 and SigN4 etching 
processes in  fluoride media involved only aqueous sys- 
tems, the effect of the solvent on etch rate was not  
demonstrated. Clearly, the complete rate law for etch- 
ing of SiO2 and SisN4 must  contain one or more terms 
involving solvent species, since the observed effects, 
in par t icular  the etch rate ratio reversal, cannot be 
explained on the basis of solvent- induced concentra-  
t ion shifts. 

Results of a few more experiments,  which fur ther  
highlight the complexity of the etching process, are 
listed in  Table II. In  these experiments  it is seen that  
addit ion of NH~F, either as a solid or as an aqueous 
solution greatly enhances the SiO2 etch rate relat ive to 
the Si3N4 etch rate. Addit ion of NH4F to aqueous HF 
would tend to raise the pH and shift the fluoride 
equi l ibr ium towards HF2-,  the species which predomi-  
nates in SiO2 etching processes in solutions of 1M ionic 
s trength (12). However, the observed SiO2 etch rate 
enhancement  exceeds (by at least a factor of 10) that  
predicted simply on the basis of a moderate increase 
in solution fluoride content  and a shift to the HF~-  
species. This enhancement  is yet  another feature which 
must  be explained if the mechanism of SiO2 and SigN4 
dissolution in fluoride media is to be eventual ly  unde r -  
stood. 

Patterninq Studies 
It  was desired to demonstrate  that  SisN4/SiO2/Si 

composites similar to those shown in Fig. l a  and 2a 
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Table II. Etch rates (A/mln) of CVD SiaN4 and thermal Si02 in 
selected HF/g|ycerol systems 

2 4 3 7  

Temp Fluoride r (SiaND / 
{ "C) content r (SLsND r (SiOJ) r (SiO~) 

70 1M HF 28 10 2.8 
70 1M HF, satd, 77 918 0.08 

with solid 
I~LF 1~l.SM 
total fluoride 

70 2M HF 88 40 1.8 

80 1M IIF 54 16 8.4 
80 2M HF 125 49 2.6 
80 1M HF, 1.w 100 >350 <0.3 

BH~* ~2.5M 
total fluoride) 

80 3M HF 250 120 2.1 

* BHF: Buffered HF, T r a ~ e n e  Company. 

c a n  be pa t t e rned  in H F / g l y c e r o l  solut ions to produce  
the des i red  t apered  side walls. Since composite  s t ruc-  
tures  of this type  are  typ ica l ly  used as dielectr ics un-  
de r  meta l l i za t lon  pa t te rns  in in tegra ted  circui t  devices, 
contact  openings are  the usual  pa t t e rn  s tructure.  Thus 
our  tes t  pa t t e rn  consisted of var ious  size holes (4-25 
~m) on a p l ana r  background.  

Severa l  types  of mask ing  mate r i a l s  were  tested, as 
were  severa l  types  of dielectr ic  composites. Natura l ly ,  
a p r i m a r y  mask  (photoresis t)  would  be p re fe rab le  to 
a secondary  mask ing  m a m n a l  (such as a me ta l  or  
d ie lect r ic  unaffected by HF) ,  which would  i tself  r e -  
quire  pa t te rn ing  by  photol i thographic  techniques. The 
pa t t e rn ing  exper iments  descr ibed be low are  d ivided 
into  these two categories.  Al l  the  n i t r ide  layers  used in 
the  pa t t e rn ing  exper iments  were  p repa red  as in p ro -  
cedure  (d) descr ibed  ear l ier .  

Photoresist masks . - -Both p o s i t i v e - ( S h i p l e y  AZ 1350 
B or  J)  and nega t ive -work ing  (Kodak  747, Waycoat  
IC, HR200) photoresis ts  were  tested. In genera l  i t  was 
found tha t  the  negat ive  resists  could not wi ths tand  
the hea ted  e tchants  long enough for  the  pa t t e rn  e tch-  
ing to t ake  place. Thus most  of the work  employing  
photores is t  masks  cen te red  on AZ 1350 B or  J. (When 
AZ 1350B was employed,  a double  coating of resis t  was 
spun on to improve  pinhole  resistance.)  In  each case 
described,  the  dielectr ic  sandwich s t ruc ture  was 
t rea ted  wi th  the  adhesion p romote r  hexame thy ld i -  
s i lazane by an immers ion  technique pr io r  to photo-  
resis t  appl icat ion.  

A composite  film consist ing of 500A CVD SigN4 
over  500A of t he rma l ly  g rown SiO2 on Si was pa t -  
t e rned  using AZ 1350B, in a 1M H F / g l y c e r o l  solut ion 
a t  80~ The etch t ime employed  was about  40 min. 
A f t e r  res is t  removal ,  a scanning e lec t ron mic rograph  
was obtained.  This is shown in Fig. 9. The average  
angle  of t ape r  is about  35 ~ in this case. 

A composite  film consist ing of 7000A undensified 
CVD SiO2/500A SisN4/500A the rmal  SiO2 on Si was 
etched, using an AZ 1350B mask,  in 1M H F / g l y c e r o l  a t  
80~ for  85 min. The SEM-graph  is shown in Fig. 10. A 
slope averag ing  about  25 ~ was obtained.  For  this type  
of film, an  a l t e rna te  p rocedure  is to etch th rough  the 
uppe r  SiO2 in BHF, then use the  g lycerol  etch. 

In  ne i the r  of these photographs  can the in ter face  
be tween  the SigN4 and the rmal  SiO2 be  dist inguished,  
bu t  the g radua l  slope of the edge indicates  tha t  the  
des i red  etch ra te  rat io  (r  (Si3N4) ~ r (SIO2)) has 
been achieved. In  the  l a t t e r  example ,  the  in ter face  be -  
tween  the CVD oxide and Si3N4 is c lea r ly  d is t inguish-  
able. Par t ic les  r ema in ing  in the etched areas  a re  ap-  
pa ren t ly  due to the difficulty of wet t ing  the  surfaces 
in  g lycerol  solut ion and can p r o b a b l y  be e l imina ted  
b y  employ ing  a pred ip  in a sur fac tan t  solution, or  by  
using a su r fac tan t  in the  e tchant  itself,  as is often done 
when  SiO2 is pa t te rned .  

S ince  the  etching t ime requ i red  in 1M H F / g l y c e r o l  
c a n  be excessive, a s imi la r  composite,  consist ing of 

Fig. 9. Composite structure consisting of 500A CVD SigN4 over 
500A thermally grown 5iO2 on Si, patterned using AZ 1350B photo- 
resist, and etched in 1M HF/glycerol at 80~ for 40 rain. 

7000A undensified CVD SiO2/1000A Si~N4/500A SiO~ 
on Si was pa t t e rned  using AZ 1350B in 3M HF/g lyce ro l  
a t  80~ In  this  case, only 17 rain e tch t ime was r e -  
quired.  A sat is factory  s loped edge was also observed in  
this case. 

As a final example ,  a composite  consist ing of 1000A 
CVD Si3N4/500A the rmal  SiO2 on Si was pa t t e rned  
with  AZ 13503 and etched in 1M H F / g l y c e r o l  at  60~ 
for 160 rain. A sa t i s fac tory  pa t t e rn  was again achieved.  

Na tu ra l l y  i t  is des i rable  to ut i l ize the h ighes t  t em-  
pera tu res  and concentrat ions possible in these pa t t e rn -  
ing processes in o rder  to achieve as short  as possible 
etch times. However ,  when  photores is t  is used as a 
mask,  adhesion to the under ly ing  subs t ra te  is a lways  
of concern, and thus somewhat  lower  than  des i rable  
HF concentrat ions and  t empera tu res  mus t  be tolerated.  
In  par t icular ,  when the uppermos t  dielectr ic  film is 
SigN4, and when the dielectr ic  films are  f a i r ly  thick, 
photores is t  adhesion can be problemat ic ;  we found, 
for instance, that  use of 3M H F / g l y c e r o l  at  60~ o r  of 
1 or  2M HF/g lyce ro l  a t  70~ or h igher  caused adhesion 
fa i lure  of AZ 13503 when a composite  comprised of 
2000A Si~N4/2000A SiO2 on Si was etched. 

Meta~ masks . - -A  sput te red  mo lybdenum mask  was 
found to give ve ry  good results.  A dielectr ic  composite 
consist ing of 2000A Si3N4/2000A SiO2 on Si was coated 
wi th  a (nominal ly)  1000A film of spu t t e red  mo lyb -  

Fig. 10. Composite structure consisting of 7000A undenslfied 
CVD Si02/500A CVD Si~N4/500A thermally grown SiO~ on Si, 
patterned using AZ 1350B photoreslst, and etched in 1M HF/ 
glycerol at 80~ for 85 rain. 
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denum. The Mo was pa t t e rned  at  room t empera tu re  
using Kodak  747 photoresist ,  and  employing  an e tchant  
of 1 pa r t  concentra ted  H2SO4, 1 pa r t  concent ra ted  
HNO3, and 2 par ts  water .  Only a few seconds i m m e r -  
sion were  requ i red  to etch the Mo film. Af te r  s t r ipping  
t h e  resist,  the  dielectr ic  composite was etched at  80~ 
in 2M H F / g l y c e r o l  for 60 rain. The meta l  mask  was 
then str ipped.  I t  was found tha t  pa t te rns  of s loped 
edges were  produced in the  dielectr ic  composite. 

Ano the r  type  of mask  which  has been tes ted is a 
lead  f luor ide/gold  composite. This ma te r i a l  r epor t ed ly  
(13) adheres  ve ry  wel l  to glass subst ra tes ;  b u t  un -  
fo r tuna te ly  i t  d id  not  adhere  wel l  to Si3N4 dur ing  our  
a t tempts  at  pa t t e rn  etching. 

Al te rna t ive ly ,  secondary  masks  of d ie lect r ic  ma te -  
r ia ls  which  are  unaffected by  H F  etchants  (2) might  
be used. Some such mate r i a l s  a r e  c rys ta l l ine  AleO3 or  
sapphire,  c rys ta l l ine  Ta205 (>500~ h e a t - t r e a t m e n t  
r equ i red ) ,  or  spinel  (MgA12OD. 

Conclusions 
Mixtures  of concent ra ted  aqueous hydrofluoric  acid 

in various high boiling, hyd roxy l a t ed  organic solvents 
such as g lycerol  appear  to be sui table  for chemical  
e tching of CVD S i 3 N J t h e r m a l l y  grown SiO2 on Si com- 
posite s tructures.  Since the n i t r ide  etch ra te  is some-  
wha t  h igher  than  the oxide  etch ra te  over  a wide t em-  
pe ra tu re  and HF concentra t ion range,  g radua l ly  
s loped pa t t e rn  edges are  easi ly  achieved. Undensifled 
CVD SiO2 films are  etched even faster  than  SigN4 
films; thus s imi lar  composites bear ing  such a l ayer  up-  
pe rmos t  can also be pa t t e rn -e t ched  using this method.  

The exact  mechanism for the  etch ra te  rat io  reversal ,  
re la t ive  to tha t  observed in aqueous media,  is not  
unders tood at  present .  

If  the etch t imes requ i red  for pa t t e rn ing  a com- 
posite a re  not  excessive, a posit ive photores is t  such as 
AZ 1350J may  be used as a masking  mater ia l .  A spu t -  
t e red  mo lybdenum film, pa t t e rned  using a negat ive  
photores is t  process, m a y  also be used as a mask.  If  the 
SiaN4 and the rmal  SiO2 layers  a re  fa i r ly  thin, a th ick 
film of a CYD SiO2 film can be employed  as a mask, 
wi th  some of this  uppermos t  oxide ma te r i a l  being 
"sacrificed" dur ing  the n i t r ide  etching process. 
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AES Measurements on P-Doped Silicon Dioxide: 
Electron and Ion Beam Irradiation Artifacts 

G. Queirolo* and G. U. Pignatel 
SGS/ATES Componenti Elettronici S.p.A., Physics Department, CasteI~etto di Settimo Milanese, Milano, Italy 

ABSTRACT 

The phosphorus  content  of P - d o p e d  sil icon dioxide films of var ious  com- 
posi t ions was measured  wi th  Auger  electron spect rometry .  Electron and ion 
beam i r rad ia t ion  were  found to severe ly  affect both  the energy  and the shape 
of  the PLVV peak:  for ve ry  low p r i m a r y  electron cur ren t  densi t ies  a PLVV peak,  
a t t r i bu ted  to the phosphorus  bonded  to oxygen, was found at  110 eV; for h igher  
cu r r en t  densi t ies  the  110 eV peak  disappeared,  and the w e l l - k n o w n  PLVV peak  
of e l ementa l  phosphorus was found at  120 eV. A reduct ion  effect was also 
not iced af te r  an ion beam i r rad ia t ion  wi th  1 keV A r  + ions: in this case a re -  
construct ion of %he broken  P-O bonds was found to take  place  af te r  i r radia t ion .  

Phosphorus -doped  sil icon dioxide films are  wide ly  
used in semiconductor  device fabricat ion.  The des i red  
phosphorus content  of these films, usua l ly  deposi ted b y  
a chemical  vapor  deposi t ion method,  depends on the 

* Electrochemical Society Active Member. 
Key words: phosphosilicate glass (PSG), Auger electron spec- 

trometry,  phosphorus concentration measurement.  

particular application and is typically between 2 and 12 
mole percent (m/o). Several methods can be used to 
measure the phosphorus content in a P-doped silica 
glass (1, 2): dissolution rate in a suitable etchant, 
sheet  resis tance of the l a y e r  obta ined  in sil icon when  
the film is used as a diffusion source, in f ra red  absorp-  
tion, x - r a y  microanalysis ,  neu t ron  act ivat ion analysis,  



VoZ. 127, No. I I  A ES  M E A S U R E M E N T S  2439 

etc. In  this paper  we discuss the measurement  of the 
phosphorus concentrat ion in  P-doped silica glass with 
Auger  electron spectrometry and describe the effects 
of the electron and ion beam ir radiat ion on both the 
PLVV peak energy and shape. 

Experimental 

Sample preparation.--All the P-doped silicon di-  
oxide films studied in  this work were 1 #m thick and 
were CVD deposited on silicon slices wi th in  an AMT 
2000, continuous silox reactor. The flows of the re-  
actant  gases (Sill4, O2, PH3) and of the N2 carrier were 
adjusted for every phosphorus concentrat ion to obta in  
good thickness and doping uni formi ty  along the boat. 
Czochralsky grown, 7.62 cm diam single crystal silicon 
wafers, (100) oriented, boron-doped (NA _~ 1015 cm -3) 
were used throughout.  The polished wafers (SMIEL 
and Wacker Chemitronic)  were cleaned in  H2SO4 -5 
H202 and HC1 -5 H202 solutions prior to the deposition; 
after the film growth the wafers were cut in half in a 
clean hood and stored in  dry ni t rogen for neu t ron  ac- 
t ivat ion and Auger  electron spectrometry analyses. 

Neutron activation analysis. - - T h e  neu t ron  activa- 
t ion analysis of the bu lk  phosphorus content  of the 
P-doped silicon dioxide films were performed on the 
CESNEF reactor (Politecnico di Milano).  The samples 
were i r radiated for 10-15 rain at a thermal  neu t ron  flux 
of 4 • 1011 cm -2 sec-1; after the i r radiat ion the pa2 
decay was followed, in order to e l iminate  the in te r -  
ference from other ~ -  decaying nuclides. Identical  
samples gave a 3% reproducibil i ty,  whereas a total ab-  
solute error  of --+8% was estimated, a major i ty  of 
which (--+5%) came from uncer ta int ies  in the nuclear  
data used for computat ion of the phosphorus content. 
These samples were used as standards for the AES 
measurements .  

Auger electron spectrometry.--AES measurements  
were performed with a Var ian scanning Auger  spec- 
t rometer  equipped with a single pass CMA analyzer.  

To obtain meaningfu l  results, i t  was necessary to 
lower the electron cur ren t  density on the sample by 
raster ing the defocused p r imary  beam over the accept- 
ance area of the spectrometer. When the cylindrical  
mir ror  analyzer  (CMA) was operated with the wider 
slits (energy resolution aE/E = 1.2% and 2.4%) it  was 
possible to keep the current  density in  the range of 
10 -4 A /cm 2, while main ta in ing  a relat ively high total 
cur ren t  (1 ~A). At these AE/E settings the resolut ion 
of the low energy Si and PLVV peaks was still good and, 
at the same time, the electron beam artifacts described 
above were avoided. A low energy electron gun 
(Varian Model 981-2781) was used to neutral ize  the 
positive charging of the samples when they were ion 
etched. 

Chemical shift in AES measurements.--It  is well  
known  that  the low energy Auger peaks involving 
electrons in  the valence band  are very  sensitive for a 
number  of elements to the chemical environment .  This 
occurs, for instance, for boron, a luminum,  and silicon 
in  the respective oxides; the low energy LVV peaks 
are very  s imilar  [see Fig. 1 of Ref. (3) for B and Si], 
both in their  shape, energy shift from the e lemental  
peak, and separation of the satellite peak at the low 
energy side. For  phosphorus the PLVV peak, both for 
phosphorus implanted or diffused in silicon and for 
phosphorus in P-glass, is reported in the l i terature  at 
120 eV. Only  recent ly  a chemical shift has been ob- 
served in  P-doped thermal  oxide films grown on 
heavily doped polysilicon (4). 

In  the present  work it is found that the PLvv peak in  
the phosphosilicate glass (PSG) exhibits a 10 eV 
chemical shift f rom the e lemental  PLVV peak at  120 eV 
and that the shape of this peak is very similar  to that  
of the LVV peaks of oxidized B, A1, and Si. 

Results 
Auger electron spectrometry.--Measurements at ~ow 

current density.--The results of the Auger  measure-  
ments  on the PSG system depend on the previous 
history of the sample and on the pr imary  current  den-  
sity used dur ing  the analysis. A pre l iminary  invest iga-  
tion was therefore necessary to establish the experi-  
menta l  conditions at which no electron beam artifacts 
could be observed for an i r radiat ion t ime of several  
minutes,  required for obta ining Auger spectra. 

The following conditions were found to fulfill the 
requirement :  p r imary  energy, 1.5-2.0 keV; p r imary  
current,  1 ;~A; CMA modulat ion voltage, 2 eV. In  addi-  
t ion the p r imary  beam was ful ly  defocused and  ras-  
tered over an area of 640 • 640 ~m2; this area is com- 
parable  with the acceptance area of the spectrometer 
when operated at 1.2% energy resolution and well  
wi thin  it for the 2.4% setting. Measurements  were per-  
formed either in high vacuum (p ,~ 1 • 10 -9 Torr) ,  o r  

in argon at a static pressure of 5 • 10 -5 Torr. 
The low energy region of the Auger  spectrum ob- 

tained on sample 14, not  previously ion etched, is 
shown in  Fig. 1. This spectrum displays the usual  
SiLVV peak of silicon bonded to gxygen at  76 eV, while 
the PLVV peak is displayed at 110 eV, wi th  a minor  
satellite peak at 94 eV. 

The magni tude  of the chemical shift of the PLvv 
peak (10 eV) is very similar  to that  of B, A1, and Si 
in their oxides (respectively 11, 12, and 14 eV). More- 
over, both the shape and the separation between the 
main  and the satellite peaks are very s imilar  for these 
four elements. We therefore assign the peak at 110 eV 
to the phosphorus bonded to oxygen. 

The P (110 eV) /S i  (76 eV) peak- to-peak height 
ratio is plotted in Fig. 2 as a funct ion of the phosphorus 
content, as determined from activation analysis. A 
straight l ine passing through the origin is obtained, 
showing very good correlat ion be tween the two mea-  
surements.  In  this cal ibrat ion curve several points a r e  

reported for sample 14; the measurements  were taken 
at different times after  the end of an ion etch. We wil l  
discuss this point in  more detail later. A good repro-  
ducibil i ty of the AES measurements  was also found, as 
shown by the error bars in  Fig. 2, provided no ion 
etching was performed. I t  was assumed that  the P /S i  
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Fig. 1. LVV silicon and phosphorus peaks in P-doped CVD silicon 
dioxide. 
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Fig. 2. Calibration curve of the PLYV (110 eV)/SiLvv (76 eV) 
peak-to-peak ratio vs. the phosphorus content (m/o) in P-doped 
silicon gloss. The experimental points at the right-hand side rep- 
resent the surface restoration with time after the ion b.om irradia- 
tion. 

ratio was re la t ively unaffected by  the presence of the 
slight carbon contaminat ion present  on the samples, 
because both peaks will l ikely to be a t tenuated by  the 
same amount.  

Measurements at high current density: efIect of the 
electron beam irradiation.--If the pr imary  electron 
current  density is increased, for instance by focusing 
the beam and decreasing the scan width, the PLVV 
shifted peak disappears, while the unshifted, e lemental  
phosphorus peak starts to increase after some "delay 
time." In  Fig. 3 the p-p height of the PLVV (120 eV) 
peak is reported as a funct ion of the i r radiat ion time. 
After  the delay time the apparent  surface concentra-  
tion first increases l inear ly  with the i r radiat ion time, 
reaches a steady state, and then decreases to a very 
low value; finally the onset of charging occurs, which 
suggests that  a var ia t ion in  secondary emission co- 
efficient has taken place. A similar variat ion of the P 
signal vs. i r r ad ia t ion  time was also found by Chang 
in  P-glass (5) and in silicon dioxide grown on heavily 
P-doped polysilicon (6). 

The delay time, the s teady-state  value, and the onset 
of the final decrease of the P (120 eV) signal are func-  
tions of the current  density. For  a high enough current,  
the decrease can occur before the steady state is 
reached, or even shortly after the beam is tu rned  on. 

These facts explain the measurement  difficulties en-  
countered in  the early at tempts in  obtaining AES 
spectra of P-doped silicon dioxide. 

El~ect of the ion beam irradiation.raThe bombardment  
with 1 keV Ar + ions causes a reduction effect in  the 
PSG system. As shown in  Fig. 4, the ampli tude of the 
e lemental  phosphorus peak increases quickly with the 
i r radiat ion time, reaching a steady state in a very 
short time; in  the meanwhi le  the shifted phosphorus 
peak disappears. In  contrast  with the reduction effect 
caused by the electron beam irradiation,  no delay time 
was found between the t ime the ion beam was tu rned  
on and the increase of the elemental  peak amplitude. 

When the ion beam is switched off, the elemental  
phosphorus peak decreases, while the shifted peak in-  
creases, as also shown in Fig. 4. The difference in  the 
p-p  height of the elemental  peak before and after the 
ion beam was switched off is l ikely due to a charging 
effect or to an interference between the ion and elec-  
tron beams. After  the ion beam irradiation,  the p-p  
ampli tude of the shifted PLvv peak does not  immedi -  
ately re tu rn  to its original  value bu t  reaches a level 
which is only about  30% of the pre- i r radia t ion  value, 
showing that a part ial  phosphorus desorption is also 
induced by the ion irradiation.  Nevertheless a near ly  
complete surface restoration was observed if the sam- 
ples are left in the vacuum ambient  for a long enough 
time. This is shown in  the r igh t -hand  side of Fig. 2 
where the P (110 eV) /S i  (76 eV) peak ampli tude ratio 
is reported, for sample 14, for different times after the 
i r radiat ion experiment.  

Discussion 
Evaluation of the phosphorus content.--The AES 

measurements  reported in  this work show that the 
phosphorus in the PSG gives a PLVV peak at 110 eV, 
which is chemically shifted from the elemental  P peak 
at 120 eV. A direct evaluat ion of the phosphorus con- 
tent  from this peak and from the Si and O peaks was 
not possible, a priori, because no elemental  sensi t ivi ty 
factors were available. In  fact, the data obtained from 
activation analysis were used to generate the cal ibra-  
tion curve of Fig. 2, which correlates the phosphorus 
content  to the ratio between the shifted LVV peaks of 
phosphorus and silicon. This curve can now be used 
to obtain the phosphorus concentrat ion in an unknown  
sample, provided that the electron and ion beam art i -  
facts described above are avoided; moreover, from our 
data, we were able to obtain, a posteriori, an elemental  
sensit ivity factor for the PLVV (110 eV) relative to 
silicon in SiO2 (76 eV) of 0.3. 

A small carbon contaminat ion does not  h inder  the 
phosphorus content  evaluations because a similar  at-  
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region 2, steady-state; region 3, desorption. 

~ 
/ 

%..t'r 

E.B. irradiation time 

m 8. ~ o 

6. 

/~ 2 PLvvl12OeV: 

"~ (l~OeVl 

~ / 
/ V(l~OeVl 

CO 
~ . 0 ";%% - '~  

t ime  ( m i n . )  

Fig. 4. Effects of ion beam irradiation (1 keV Art) on the ele- 
mental (120 eY) and the oxidized (110 eY) phosphorus peaks. 



Vol. 127, No. I1 AES M E A S U R E M E N T S  2441 

tenuat ion  of both Si and P peaks is expected. On the 
other hand, meaningfu l  data can be also obtained after 
the removal  of a heavy carbon contaminat ion  wi th  
ion beam etching if the sample is left in  the vacuum 
ambient  for a sufficiently long time. 

Elect~on beam artifacts.raThe effects produced by  
the electron beam ir radiat ion are: a reduct ion of the 
phosphorus oxide, a P enr ichment  in the i r radiated 
area, and a P desorption. At present  the mechanism 
responsible for the phosphorus pileup in  the electron 
i rradiated zone is not  well  understood. A local thermal  
act ivat ion does not  seem to just i fy  the high mobil i ty  of 
P in  PSG, since the tempera ture  increase in  the sample 
due to the energy dissipation of the electron beam 
was estimated to be a few degrees centigrade. Also not 
clear is the role of the "delay- t ime" which elapses be-  
tween the electron beam switching on and the onset 
of the surface phosphorus enrichment .  

Otherwise, in  our exper imenta l  conditions the sec- 
ondary  electron yield is expected to be greater than 
un i ty  (7). This means that  a positive charge builds up 
in  the oxide and a negat ive space charge, composed of 
low energy electrons, forms in  f ront  of the insulator.  
This space charge may be responsible for the surface 
phosphorus pileup found in  region I of our i r radiat ion 
experiment.  The occurrence of a fiat region after the 
surface accumulat ion denotes the onset of a s teady- 
state condition in which the n u m b e r  of phosphorus ions 
reaching the sample surface is equal  to the n u m b e r  of 
atoms leaving it. When no more P is available wi thin  
a "diffusion length" from the i r radiated volume, only 
the desorption mechanism is effective, as shown by 
the decrease of the P signal in  region III  of Fig. 3. 

The phosphorus desorption is confirmed by the depth 
profile of Fig. 5, in which the p-p  ampl i tude  of the 
PLVV peak at 120 eV is reported as a funct ion of the 
sput ter ing time. To obtain this profile, it was necessary 
to take into proper account the effects of both the ion 
and electron beam irradiation.  After  the desorption 
step the p r imary  current  density was lowered by de- 
creasing the beam current .  The sputter  etch rate dur -  
ing the sput ter ing was sufficiently high to avoid the 
P enr ichment  effect. The scanning width and the 
focus condition of the electron beam were left u n -  
changed to avoid the collection of Auger electrons 
from areas not  previously irradiated.  

Another  exper imental  evidence of the e -beam in-  
duced P desorption was obtained by etching the i r radi -  
ated sample with a P-e tch  solution (1) which is known  
to be sensitive to the P concentration. The monochro- 
matic l ight microphotograph of Fig. 6 shows a silicon- 
dioxide (nearly)  phosphorus-free is land of about 100 
#m in diameter  left on the silicon slice after the chemi- 
cal etch. The etch rate of the i r radiated zone was found 
to be very close to that of undoped CVD SiO2 (N10 

e- 

o , .  
I 

6. 

P LVV 120 eV 

. � 9  . .  �9 o ,, J~�9 
" � 9  e ~ �9 �9 �9 

."..,:'...:.,,w ..... _ _ n o i s e  level 

lb 

sputtering time (rain.) 
Fig. 5. PLVV (120 eV) peak-to-peak amplitude from an irradiated 

area as a function of the sputtering time. 

Fig. 6. Microphotograph showing a slow etching silicon dioxide 
island left after chemical etch of an electron beam irradiated 
sample. 

A/sec) in contrast with a fast etch rate (~150 A/sec) 
for the PSG. With addit ional  chemical etch after re-  
moval  of the PSG around the island, there was evi-  
dence of an increase of the chemical etch rate after a 
few seconds of overetch. This means that  the P de- 
pleted zone is only near  the surface, and l ikely equal 
to the energy dispersion volume of the p r imary  e -beam 
in  the oxide. 

I t  has to be ment ioned that  a glass sintering, which 
can occur dur ing  the e -beam irradiation,  cannot ex-  
plain the observed var iat ion in  etch rate. In  fact, as 
already mentioned,  only a very  l imited heat ing is 
expected with the pr imary  current  density used in  
the experiments;  in addit ion we found that only  a 
l imited decrease in the etch rate was observed in  the 
bu lk  of a P-doped CVD silicon dioxide film (about 
10% phosphorus concentrat ion) after a 2.25 hr  an-  
neal ing in dry  ni t rogen at temperatures  rang ing  from 
940 ~ to 1050~ (8). In  these annea l ing  experiments,  a 
noticeable var iat ion in  the etch rate was observed at  
the f i lm/vacuum and film/sil icon interfaces, which 
was a t t r ibuted to a phosphorus depletion due to the 
P out-diffusion into the ambient  and, respectively, the 
P diffusion into the silicon; these results also support  
the hypothesis that  the electron beam induced var ia-  
tions in the etch rate are in  fact due to the phosphorus 
desorption. 
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A numer ica l  value  for  an "effective" diffusion coeffi- 
cient  of P+ in PSG under  e lec t ron i r rad ia t ion  can be 
ob ta ined  d i rec t ly  tak ing  the convent ional  diffusion 
length  k ---- 2%~Dr equal  to the range  Rg of the  p r im-  
a ry  electrons in the oxide, ignor ing effects due to 
bu lk  o r  l a te ra l  bounda ry  diffusion. F r o m  Ref. (9) and  
f rom Fig. 3 we have Rg = 360A, t ---- 103 sec, and  then  
D --  3.24 • 10 -15 cm 2 sec -1. Fo r  comparison,  this  
value  is nea r ly  equal  to the diffusion coefficient of P 
in SiO2 a t  700~ (10). Moreover  our  AES measu re -  
ments  show tha t  in the  PSG system, the P - O  bonds are  
weake r  than  the Si-O bonds;  in fact, whi le  in  our  ex -  
pe r imen ta l  condit ions the sil icon peak  is p rac t i ca l ly  
unaffected by  the e -beam,  a complete  reduct ion of the  
shif ted PLVV peak  is noticed. So we can assume tha t  in 
the PSG ne twork  the S i - O  groups are  the immobi le  
constituents,  whi le  the P ions can move, for  instance, 
under  the influence of an e lec t ros ta t ic  field. The fact  
tha t  these ions, a f te r  the emission of an Auger  electron, 
a re  double  ionized can p robab ly  account  for  their  ve ry  
high mobi l i ty  in the PSG system. 

Ion beam e~ects.--In the ion beam i r rad ia t ion  ex -  
pe r iments  the increase of the p e a k - t o - p e a k  height  of 
the e lementa l  PLVV peak  and the occurrence of a s t eady  
s tate  have a qui te  different  mean ing  f rom the e lect ron 
beam i r rad ia t ion  exper iment .  In  fact, in this case the 
phenomenon  is p robab ly  not  connected wi th  the  P 
diffusion to the surface, but  wi th  a dynamica l  equi -  
l i b r ium be tween  break ing  of P - O  bonds and  their  r e -  
construction.  This is demons t ra ted  by  the d i sappea r -  
ance of the  eIementaI  phosphorus  peak  at  120 eV and 
the concomitant  appearance  of the oxidized phosphorus 
peak  at  110 eV af ter  the  ion beam is swi tched off. A 
s imi lar  effect has been recen t ly  repor ted  by  Chuang 
(11) for  cobalt,  iron, and nickel  oxides. 

Now let  NA be the number  of the P -O  broken  bonds 
in the s teady s tate  and suppose tha t  the P - O  recom-  
binat ion follows a f i r s t -o rder  kinet ics  law. Af te r  the  
ion beam is swi tched off we can wr i te  

dN 
~ - -  - - K N  
dt 

and on integrat ion,  wi th  the in i t ia l  condit ions t : 0, 
N --  NA, we obta in  

N = NA exp ( - - K t )  

P rov ided  tha t  the p e a k - t o - p e a k  height  in the Auger  
spec t rum is p ropor t iona l  to the number  of the  emi t t ing  
atoms, a plot  in semilog coordinates  of the p e a k - t o -  
peak  height  of the e lementa l  PLvv peak  (120 eV) vs. 
t ime should give a s t ra igh t  line. This was ac tua l ly  
found expe r imen ta l l y  as r epor t ed  in Fig. 7 suppor t ing  
the hypothesis  of  a f i r s t -o rder  reac t ion  kinetics.  

Conclusions 
The fol lowing resul ts  were  ob ta ined  in the presen t  

work. 
1. The Pnvv peak  in the PSG system has an ene rgy  

of 110 eV. Its shape is ve ry  s imi lar  to tha t  of LVV peak  
in oxidized B, A1, Si. 

2. The ra t io  of the  p - p  ampl i tude  of Si in SiO2 and 
P in PSG peaks  can be used to eva lua te  the phosphorus  
content  of P - d o p e d  si l icon dioxide.  
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Fig. 7. Log-lin plot of the elemental phosphorus decay after the 
ion beam was switched off. 

3. The e lect ron beam was found to induce, a t  high 
cur ren t  density, a reduct ion  effect, a di f fusion-con-  
t ro l led  phosphorus  pileup, and f inal ly a phosphorus  
desorption,  which comple te ly  a l ters  the  oxide compo- 
sit ion in the i r r ad ia t ed  volume. 

4. The ion beam was found to induce a revers ib le  
reduct ion effect, which  recovers  n e a r l y  comple te ly  i f  
the  sample  is lef t  in the  vacuum ambien t  for  long 
enough time. 

Al l  these ar t i facts  demons t ra te  tha t  g rea t  care must  
be taken  when pe r fo rming  o r  in te rp re t ing  depth  p ro -  
file exper iments  in P -dope d  si l icon dioxide.  

Manuscr ip t  submi t ted  Dec. 9, 1979; rev ised  m a n u -  
scr ipt  received May 23, 1980. This was Pape r  343 
presented  at  the Los Angeles,  California,  Meet ing of 
the Society,  Oct. 14-19, 1979. 

A n y  discussion o f  this pape r  wi l l  appea r  in a 
Discussion Section to be publ i shed  in the June  1981 
JOOR~AL. Al l  discussions for  the June 1981 Discussion 
Section should be submi t t ed  by  Feb. 1, 1981. 

Publication costs of this article were assisted by 
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Effects of Conductor Stress on Bubble Propagation 
in Contiguous Disk Devices 

I. L. Sanders and S. M. Kane 
IBM Research Laboratory, San Jose, California 95193 

and K. Y. Ahn 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York  10598 

ABSTRACT 

Stress gradients associated with overlay conductors significantly d e g r a d e  
the propagat ion margins  in  ion- implan ted  contiguous-disk bubble  devices. A 
s tudy has been made of the influence of various conductor metallurgies,  in -  
cluding Au, A1Cu, and Cr deposited by vacuum evaporat ion and electroplating, 
on the bias margins  of 1 ~m bubble  propagation along tracks with 5 ~m 
circuit  period. The conductors were 2.5 ~m wide by 0.5 #m thick and  were 
spaced 0.2 ~m from the garnet  surface. Annea l ing  the devices at 250 ~ a n d  
350r for 30 min  in  a hel ium atmosphere general ly  resul ted in  an increase in  
conductor stress and a fur ther  reduct ion in  propagation margin.  The bias 
marg in  loss due to the presence of the overlays depended upon track or ienta-  
tion, but  for the so-called "good" tracks was typically 20% for evaporated Au 
and 27% for A1Cu after the final anneal.  A correlat ion between margin  loss and 
t h e  stress level in  sheet films of the conductor metals was established and 
reveals a monotonic loss of marg in  with increasing stress. The results imply  
that  for a marg in  reduct ion of no more than 10%, the conductor stress should 
n o t  e x c e e d  ~ 1 0  s d y n e s / c m  2. 

I t  is known  that  metal  stress effects can seriously 
impair  the operat ion of magnet ic  bubble  devices (1). 
Contiguous disk devices in par t icular  are l ikely to be 
more sensitive to stress gradients at the edges of con- 
trol  conductors overlaying the propagation pat terns 
than  convent ional  permal loy devices. This is a conse- 
quence of the device s t ructure  which utilizes ion 
implan ta t ion  to create a garnet  drive layer  with stress- 
induced p lanar  anisotropy. The effect of the ion- im-  
p lanta t ion  process is to place the garnet  in a state of 
compression, so tha t  providing the magnetostr ic t ion 
coefficient is negative (and sufficiently large) ,  the 
s t ress- induced anisotropy predominates over the orig- 
ina l  perpendicular  growth anisotropy. Charged domain 
walls in  the garnet  drive layer  are responsible for 
bubble  propagation. (2). 

Stress interactions are of par t icular  concern in  the 
region of the t ransfer  switches where a conductor may 
overlap the minor  and major  loops. If the conductor 
stress is too high, bubbles  are f requent ly  trapped 
prevent ing  rel iable minor  loop propagation in  addit ion 
to h inder ing  the t ransfer  funct ion itself. Indeed. stress 
effects have been regarded so serious that  considerable 
ingenui ty  has been exercised by device designers to 
produce novel  chip layouts which do not  require con- 
ductors that  cross the propagation paths-- these  are 
the so-called self-al igned chips in which the control 
conductors and ion- implan ta t ion  pat tern  are combined 
(3). Although it is too early at this stage in device 
development  to be certain which approach, conven-  
t ional  or self-aligned, will  find favor, it is clear that  
in either case a very  low stress meta l lurgy must  be 
sought in order to optimize contiguous disk technology. 

In  this paper, data are presented comparing the in -  
fluence on bubble  propagation of overlaid conductors 
of different metals deposited bv vacuum evaporat ion 
and electroplating. The effect of anneal ing is consid- 
ered and the dependence of bias marg in  degradation on 
stress level in the overlay is discussed. 

Device Fabrication and Materials 
The composition and characteristics of the double 

layer  garnet  composites used in this study are given 

Key wards: metals, magnetism, stress-strain. 

in Table I. In order to enhance domain contrast dur- 
ing visual testing, a thin reflective coating of chro- 
mium (500A) was deposited by vacuum evaporation 
over a 200A film of SiO2 which served as a diffusion 
barrier between the garnet surface and the reflective 
layer, preventing interracial diffusion during anneal- 
ing (4). An additional 2000A of SiO2 was then sput- 
tered onto the chromium as a spacer, simulating an 
actual device structure. The 5 ~m period ion-implanted 
propagation pat terns were defined with a 1.2 ~m 
layer  of Shipley AZ1350J photoresist. Pr ior  to ion 
implantat ion,  the photoresist was hardened by  baking 
for 2 hr  at 80~ hardening  of the resist image pre-  
serves the original  pa t te rn  by prevent ing  flow of t h e  
photoresist dur ing  the implanta t ion  process. The wafers 
were implanted with 3.5 • 1015 H e + / c m  s at 135 keV, 
after which the resist mask was removed by ashing 
in  an oxygen plasma. 

Metallic stripes of chromium, a luminum-copper ,  a n d  
gold (2.5 and 5.0 ~m wide and nomina l ly  0.5 ~m 
thick) r u n n i n g  perpendicular  to the direction of the 
propagation patterns, as shown in  Fig. 1, were d e -  
p o s i t e d  by e lec t ron-beam evaporat ion using a lift-off 
technique. A 100A film of n iobium was evaporated 
beneath the gold to ensure adhesion to the SiO2 layer. 
In  addition, stripes of plated gold [BDT 510 and Pura  
4011] were electrodeposited through a photoresist mask. 
Sheet films of the conductor metals were s imul tan-  
eously deposited onto optically flat substrates to en-  
able stress measurements  to be made. The force d u e  
to the stress in these films produced bending  of the 

1 commercial baths available from the Sel-Rex Company, Nutley, 
New Jersey. 

Table I. Material characteristics 

Storage layer 
Euo sTmo 9Y~.~Gao ~Fe~.~O~ 

Drive layer 
Gdo sTmz.2Yz.oGao 4Fe~.60~ 

Thick- Thick- 
ness 4~M, ws ness 47rM~ 
(~m) (G) (~m) Q (~m) (G) Q 

Wafer 1 0.97 730 1.01 2.6 0.40 650 1.2 
Wafer 2 0.98 700 0.97 2.6 0.40 650 1.2 

2 4 4 3  
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th in  optical flats which was measured by the optical 
interference technique for observing Newton's  r ings 
(5). 

Propagat ion margins  were determined in  the as- 
deposited state and after  anneal ing  for 30 min  at 
250 ~ and 350~ in  a hel ium atmosphere. The stress 
monitors  were subjected to identical  anneal ing condi- 
tions for the determinat ion of stress levels. 

Results and Discussion 
Comparison of the effects of high stress Cr and 

low stress A1Cu overlay conductors on quasistatic 
bias margins  is made in  Fig. 2, as a funct ion of track 
orientation. Margins are also shown for similar  prop- 
agation pat terns over which there was no conductor. 
The data shown were taken after the sample had been 
annealed at 250~ The dependence of propagation 
margins on track orientat ion with respect to the crys- 
tallographic axes of the drive layer has been discussed 
at length by Lin et al. (6) and will not be reiterated. 
It is sufficient here to note that  good tracks are those 
in  which the propagation axis is paral lel  to one of 
the bubble  s~ripeout directions (that is, the [112], 
[121], or [211] crystal directions),  and that the super 
(bad) tracks are those having a stripeout direction 
point ing into (away from) the cusps. The variations 
in margins with track type shown in Fig. 2 are quite 
typical and are consistent with previously reported 
results. 
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z z 

Super Good Bad 
Track Track Track 

Fig. 2. Effect of high stress (Cr) and low stress (AIC'u) overlay 
on margins for the three principal track orientations. Data taken 
after annealing device at 250~ for 30 min. 

Although the data given in this section apply to 
conductors of 2.5 ~m width, little difference could be 
detected with the wider (5.0 ~m) overlays and sug- 
gests that conductor width is not critical in this 
range. The measured stress in  sheet films of the Cr 
and AICu was 92 • l0 s and 17 • l0 s dynes /cm ~, 
respectively, after anneal ing  at 250~ It is apparent  
that  at 60 oe in -p lane  drive the highly stressed Cr 
significantly reduced the propagation margins  on all 
tracks and actually prohibited any  rel iable bubble  
propagation on the bad track. As expected the effect 
of the A1Cu conductors was much less severe, but  
was also most noticeable on the bad track where a 
62% (13 oe) reduction in margin  occurred. In contrast, 
a marg in  loss of only 12% (7 oe) was found for the 
super track, whilst  the good tracks suffered a degrada-  
t ion of 29% (11 oe). 

The failure mechanism at  the lower l imit  of t h e  

margin  due to the overlay was usual ly  bubble  hang-up  
at the point  where the edge of the conductor crossed 
the propagation pattern.  More rarely the bubble  was 
observed to stripeout along the conductor edge to 
an adjacent  propagation loop. At high bias the failure 
mode was invar iab ly  bubble  collapse at the edge of 
the conductor. A roughly equal  loss of upper  and 
lower marg in  on the good track was typical. 

A systematic s tudy of the effect of vary ing  the 
placement  of the conductor with respect to the propa- 
gation pat terns was not made. However, the overlay 
mask was designed such that the spacing be tween 
conductors was not  an integral  number  of propagation 
periods, i n  this way the conductor edges did not coin- 
cide with any one par t icular  point  on the propagation 
track, bu t  ra ther  allowed a worst-case assessment 
of the margins  to be made. On the good tracks it was 
found that, at low bias, the bubbles were most sus- 
ceptible to hang-up  when the conductor edge w a s  

slightly displaced from the center of the cusp, toward 
the direction of propagation. Under  these conditions 
a bubble  encounters the stress gradient  just  as it  
at tempts to leave the cusp, where, it  should be noted, 
the inherent  edge affinity can sometimes cause hang-  
up (7) even in the absence of any external  stress 
effects. This position of the conductor also seemed 
to be least favorable at the higher margin  l imit  and 
resulted in  early bubble  collapse. 

Isochronal annealing of the devices at 250 ~ and 
350~ for 30 rain general ly  caused an increase in the 
conductor stress level and a consequent degradat ion 
of propagation margins. Propagat ion along tracks on 
which there was no overlay also suffered some reduc-  
tion of margin;  the data for the good tracks is sum- 
marized in Table II. For consistency, therefore, the 
relat ive marg in  loss due to conductor stress effects 
is referred to propagation margins determined on 
chips subjected to identical anneals. Figure  3 shows 
the dependence of this marg in  loss on anneal ing con- 
ditions for overlay conductors of evaporated A1Cu, 
and evaporated and electroplated Au. In  each case 
the margins  steadily deteriorate with increased an-  
neal ing temperature.  Although wafer  1 was not tested 
in the as-deposited state, the close correlat ion with 
the data from wafer 2 for the A1Cu overlay after 
anneal ing at 250 ~ and 350~ is very encouraging. The 
BDT 510 plated Au and the evaporated N b / A u  meta l -  
lurgies were found to be superior to A1Cu from the 
point  of view of stress effects and resulted in  a 
margin  Ions of 20% after the final anneal,  compared 
to ,~26% for the A1Cu. Pura  401 plated Au produced 

Table II. Bias margins at 60 oe drive, before and after annealing 
for 30 rain periods 

A s - d e p o s i t e d  250~ a n n e a l  350~  a n n e a l  

W a f e r  i - -  340-391 o e  342-390 o e  
W a f e r  2 344-399 o e  356-407 o e  367-407 o e  
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Fig. 3. Dependence of margin loss on annealing conditions for 
good tracks at 60 oe in-plane drive. Data for O~ corresponds to 
as-prepared sample. 

the  grea tes t  ma rg in  loss at  each s tage of the annea l -  
ing process. 

The measured  stress levels  in  sheet  films of the  
meta ls  considered above can be deduced f rom the 
n u m b e r e d  da ta  points  of Fig. 4 where  marg in  loss is 
p lo t ted  vs. tensi le  stress. The figure reveals  a mono-  
tonic loss of bias marg in  wi th  increas ing conductor  
stress in the  range  1 X 108-90 X l0 s dynes / cm ~, 
regard less  of meta l  type  or  anneal ing  condition. A l -  
though there  is considerable  scat ter  in the data, the  
corre la t ion  be tween  marg in  degrada t ion  and stress  
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Fig. 4. Relationship between margin loss and tensile stress in 
sheet films. 1, Au, BDT 510-annealed 250~ 2, Au, BDT 510-an- 
nealed 350~ 3, AICu-annealed 250~ 4, AICu-annealed 350~ 
5, Cr-annealed 250~ 6, Nb/Au-as deposited; 7, Nb/Au-ann-aled 
250~176 8, Au, Pura 401-as deposited; 9, Au, Pura 401- 
annealed 250~ 10, Au, Pura 401-annealed 350~ 

is never the less  fe l t  to be r e m a r k a b l e  in v iew of the  
var iables  involved in an expe r imen t  of this nature .  
Wafe r  1 appears  to show a somewhat  smal le r  marg in  
loss than  wafer  2 for comparab le  conductor  stress 
levels;  the  reason for this  difference is not  obvious. 
However ,  for  the type  of device s t ruc ture  descr ibed 
here,  the resul ts  imply  tha t  if a marg in  loss of g rea te r  
than  ~10% cannot be tolerated,  conductor  meta l lu rg ies  
wi th  stress not exceeding  108 dynes / cm 2 are  required .  

Conclusions 
The in terac t ion  be tween  over l ay  conductors  and  bub-  

ble  p ropaga t ion  in  5 ~m per iod  i on - imp lan t ed  s t ruc-  
tures  has been studied. The resul ts  which have  focused 
on good t rack  behavior ,  show tha t  the  presence of 
conductor  stress is mani fes t  as a bias marg in  loss 
at  the upper  and lower  extremes.  At  high bias the  
conductor  caused p r e m a t u r e  bubble  collapse whi le  
a t  low bias bubble  s t r ipeout  or hang-up  was observed  
along the conductor  edge. The loss of marg in  i nva r i -  
ab ly  became more  significant a f te r  anneal ing  samples  
at  250 ~ and 350~ Evapora ted  gold was found to 
produce less de te r iora t ion  of bias marg in  than  evapo-  
r a t ed  A1Cu of the same thickness (~0.5 urn), both  
before  and af te r  anneal ing.  A corre la t ion  be tween  
marg in  degrada t ion  and stress level  in sheet  films of 
the conductor  meta l  has been es tabl ished and in-  
dicates that  a conductor  stress of less than  l0 s d y n e s /  
cm 2 is necessary  for  a marg in  loss on the o rde r  of 
10%. Clearly,  low-s t ress  meta l lu rg ies  for contiguous 
disk device appl icat ions  mus t  be developed;  there  
would  seem to be a considerable  amount  of work  
sti l l  to be done in this area. 
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Stability of /PCVD Polysilicon Gates on Thin Oxides 
S. P. Murarka,* A. K. Sinha,* and H..I. Levinstein 
Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Polysilicon films of thicknesses in the range of I000-4700A w e r e  c h a r a c -  
t e r i z e d  as regards (i) pinhole density and (ii) electrical properties of the fab- 
ricated MOS capacitors on 1000.~ gate oxide. The effect of processing t reat-  
ments  were examined. I t  was found that  (i) the phosphorus diffusion led to  
pinholes and higher f r e a k  population, the density of these being higher in  
th inner  films, and (ii) the phosphorus glass flow caused lower median break-  
down fields and higher freak population. On the other hand  thermal  oxidation 
and the exposure to window plasma etch did not  have any  effect on the 
breakdown field or freak population. High tempera ture  anneal  after a lumi-  
n u m  deposition led to lower Qss and breakdown field in all films. I t  is con- 
eluded that  polysilicon films thicker than  2000A can be safely used as the IVIOS 
g a t e  for VLSI devices. 

The evolution towards higher levels of MOS-IC 
integrat ion has led to the use of th inner  polysilicon 
films and this raises concern about its integri ty dur ing 
processing. Degradation of the polysilicon films and 
consequently of the under ly ing  gate oxide could result  
from pinholes formed either dur ing  the deposition of 
the film or dur ing  such processing steps which consume 
polysilicon, namely,  phosphorus doping in an oxidizing 
ambient  (1), oxidation (2, 3.), and a luminum silicon 
interactions (4-7) dur ing low temperature  hydrogen 
anneal.  To the best of the authors '  knowledge no 
similar  studies have been reported except that Kamins  
et al. (8) have reported the results of their study of 
the s t ructure  of LPCVD [low pressure chemical vapor 
deposition (9)] polysilicon films and their stabili ty 
dur ing  fur ther  heat - t rea tment .  

The object of the present  work was to characterize 
polysilicon films of various thicknesses as regards to 
(i) the pinhole densi ty in  such films and (ii) the 
electrical properties of the fabricated MOS gates. The 
effect of various processing t reatments  on these proper-  
ties was evaluated. Polysilicon films of thicknesses from 
1000 to 4700A deposited on 1000A gate oxide were used. 
It  was found that polysilicon films more than 2000A 
thick are stable under  all individual  processing condi- 
tions and are stable under  most sequential  process- 
ings required to produce MOS capacitors. Although 
the results are given for a 1000A thick gate oxide, 
most of the results should be applicable to th inner  
oxides. 

Experimental 
Only (100) p- type  7.5 cm diam and nomina l ly  8-12 

~2-cm Si wafers were used. After cleaning thermal  dry 
oxide was grown at l l00~ to form 1000A gate oxide 
which was annealed in situ for 30 min  in argon at the 
same temperature.  Low pressure CVD polysilicon films 
were then deposited at 630~ Doping was carried out 
in  PBr8 at 1000~ for 30 rain. The resul t ing phosphorus 
glass was approximately 300-400A thick. The glass was 
removed in  dilute HF solution. In  some cases a second 
doping of the polysilicon films was carried out in a 
similar  manner .  The sheet resistance of doped films 
was measured using a four-point  probe. A l u m i n u m  
metal  films (~7000A thick) were evaporated though 
a shadow mask on the front surface giving 500 ~m 
dots. The polysilicon films were then plasma-etched 
using the a luminum dots as mask. A back -a luminum 
contact was applied and the s tructure was annealed 
at 450~ in hydrogen for 30 min  prior to electrical 
measurements .  

Oxide breakdown measurements  were made with 
negative applied fields (4), so as to keep the capacitor 
under  accumulation. At least 100 breakdown measure-  

* Electrochemical Society Active Member. 
Key words; films, electrical properties,  MOS capacitors. 

merits were made on each wafer  using a General  
Automat ion minicomputer  controlled test system (10) 
with increasing voltage ramp. The current  was set 
at 2~A. Figure 1 shows a typical log-normal  dis t r ibu-  
tion plot of the breakdown voltage (BV). From this, 
the median dielectric strength, ~50~o, the s tandard devia-  
tion, r [ =  in  ~50/et6] and the percent  of freaks, f were 
obtained, freaks being defined as capacitors with a 
breakdown field of < 6 MV cm -1 (11). In  many  cases, 
the usual MOS characteristics (such as C-V plots, 
bias temperature  effect etc.) were also measured to 
qualify the oxide. 

Several kinds of t reatments  were given to the 
polysilicon films prior to metal l izat ion with A1. Tables 
I, II and IV describe these exper imental  procedures. 

Results 
Pinholes in Undoped and Doped Polysillcon Films 

Experiment / . - - I n  employing the technique de- 
scribed in  Table I, it was assumed that if there were 
pinholes in  the polysilicon films, by immers ing such 
wafers in buffered hydrofluoric acid (BHF) solution 
for a reasonably long time, the etching of the gate 
oxide undernea th  would reproduce the pinholes in 
oxide. KOH solution would then etch the substrate  
and thus reproduce the pinholes in oxide as etch pits. 
The etch pits have crystallographic features depending 
on the substrate orientat ion and thus are easily dis- 
t inguished from any other pits or contaminants  on 
surface. 

No etch pits were observed on the undoped poly- 
silicon films with thickness in the range of 1000-4700A. 
On the other hand, etch pits were observed in th inner  
polysilicon films prior to metal l izat ion with A1 Tables 
Figure 2 shows the SEM micrographs of the pinholes 
in  1000 and 2000A polysilicon films doped once in 
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once a t  1000~  with PBr~ for 30 min and was annealed a t  4 5 0 ~  
in hydragen for 30 rain af ter  aluminum. 

2 4 4 6  
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Table I. Experiment I : direct observation of pinholes in 
poJysilicon films 

1. Various  th icknesses  of the film (1000, 2000, 3000, 4000, and 
4700A) were  used in this  experiment .  Al l  were  deposited on a 
10O0A thermal  oxide  on si l icon substrates.  

2. Samples  were  divided in various  groups.  
a. Undoped  films 
b. Single  doping at 1000~ rain in PBr2, P-glass removed  

in 50:1 HF 
c. Double doping, i.e., a second 1000~ rain in PBr3 (after  

the  first and P-glass remova l ) ,  P-glass removed  in 50:1 HF 
3. All exposed  to 20 rain in (10:1) BHF. 
4. Polys i l icon etched in all  cases,  in KOH solution,  Exposure  to 

KOH solution was always a minute or two  longer  than that re- 
quired for  etching polysi l ieon only. 

5. Examine  all oxides  for  holes .  

PBr3. The densi ty of pinholes in 1000A film was high 
and variable  across the wafer surface as shown in Fig. 
2A (high density) and in Fig. 2B (low density) .  
Figure  2C shows the density of etch pits caused by 
pinholes in 2000A polysilicon film. The halo around 
the dark pits is due to undercut t ing  of the silicon under  
the oxide. 

The pinhole density, represented by  the etch pit 
density such as those shown in Fig. 2, decreased in 
going from 1000 to 2000A polysilicon films. For 3000A 
film, only a few pinholes were found near  the edge of 
the wafer. For all practical purposes there were no 
pinholes in  films with thicknesses of 3000, 4000, and 
4700A. Also the density of pinholes in th inner  films 
was higher in those cases where two phosphorus dif- 
fusions were carried out as compared to films where 
only one phosphorus diffusion was carried out. This 
is due to conversion of a few hundred  angstroms of 
polysilicon into SiOz during each diffusion step. 

Electrical Measurements--Effect of Doping and BHF Exposure 
Experiment 2.--If  there are pinholes in polysilicon, 

which lead to holes in oxide dur ing a BHF exposure, 
a l uminum metall izat ion of the polysilicon will cause 
substrate to metal  shorts. Thus electrical measure-  
ments  of the oxide breakdown characteristics provide 
a means to substantiate  the findings of the previous 
section. As a result  of the wafer processing described 
in  Table II, we had 4 sets of wafers for measurements.  

Figure  3 shows a plot of the sheet resistance as a 
funct ion of the nominal  polysilicon thickness for as- 
deposited films. Points for both singly and doubly 
doped films have been shown. The sheet resistance 
increased considerably for th inner  films, and after the 
second doping the 1000A film is no longer conducting. 
As suggested above, this was due to consumption of 
polysilicon dur ing the two diffusions. For thicker films 

'4~ f 120 

IO0 I 

U eo 

n-" 

6O 

4O 

2O 

0 I I I I I 

PHOSPHORUS DOPING 
AT 1000%/30min /PBr5 
o SINGLE DOPING 
z~ DOUBLE DOPING 

0 I000 2000 5000 4000 5000 
o 

NOMINAL POLYSlLICON THICKNESS(A) 

Fig. 3. Sheet resistance of various polysilicon films as a function 
of the thickness for one or two diffusions. 

sheet resistance decreased as a result  of the second 
phosphorus diffusion. 

Table IIA summarizes the results of the breakdown 
measurements  on the four sets of samples processed 
according to Table II. All  devices, irrespective of the 
polysiticon film thickness, show excellent breakdown 
voltages. The freak populat ion f is high for capacitors 
made on singly doped 1000A film and there were no 
working capacitors on 1000A polysilicon films in sets 
B, C, and D. Similar ly  the freak populat ion increased 
after the second doping and after BHF exposure 
indicat ing an increase in the number  of capacitors with 
premature  breakdowns after these treatments.  None 
of the thicker polysilicon devices showed these trends. 
These results clearly confirm the pinhole density re-  
sults of the previous sections. 

Effect of Phosphorus Glass Deposition and Flow 
Experiment &--Samples  for this exper iment  were 

processed as described in Table II, steps 1-4. This was 
then followed by a --10,000A P-glass deposition, glass 

F;g. 2. SEM photographs of the holes in substrate silicon (and oxide). A and B show varying p;nhole density across tee surface of the wafer 
with I 000~  polysilicon film and C shows the pinhole density, in case of 2000~. polysilicon film (see Table I). 
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Table II. Experiment 2: effect of doping and BHF exposure on the 
electrical characteristics II 

10 
I. All wafers, 1000"C/PBra/30 mln. Remove p-glass in 50:1 HF. 

Measure sheet resistance. Remove controls (Set A ) a n d  those for 
second doping. ~E 9 

2. ~.xpose wafers to 20 min in (10:1) BHF. Measure sheet re- o 
sistance (set B). 

3. Wafers from (1), for second doping, all these wafers, 1000"C/ > 8 
PBr~/3o rain. Remove p-glass in 50:1 HF. Measure sheet resistance. T:) 
Remove controls (set C). 

4. ~xpose these second group of wafers to 20 rain in 10:1 BHF. ~ 7 
Measure sheet resistance (set D). 

5. All 4 sets of wafers: evaporate aluminum 7000A through a v J  

mask to form 500 ~m dots. Evaporate A1 on back for back contact. 6 
E t c h  polysilicon using A1 dots as mask, clean, and anneal 450~ 
min/H~. 

6. Electrical measurements. 

ref low, r e m o v a l  of  a l l  P glass  in  (10:1) BHF,  a l u m i -  
n u m  m e t a l l i z a t i o n  ( s t ep  5, T a b l e  I I ) ,  a n d  e l ec t r i ca l  
m e a s u r e m e n t s .  Tab le  III  p r e s e n t s  t he  resu l t s .  The  
effect  of  p h o s p h o r u s  glass depos i t i on  a n d  f low is 
n o t i c e a b l e  in  t he  m e d i a n  b r e a k d o w n  vo l t age  as is 
s h o w n  in  Fig. 4. O n l y  the  r e su l t s  of s ing ly  d o p e d  f i lms 
a r e  shown .  Resu l t s  a r e  s im i l a r  ( a n d  w o r s e )  fo r  d o u b l y  
d o p e d  films. I t  is c l ea r  f r o m  t h e s e  r e su l t s  t h a t  t he  use  
of  p h o s p h o r u s  glass  l eads  to l o w e r i n g  of t he  b r e a k -  
d o w n  vo l t age  in  all  t he  films. 

A s u m m a r y  of  all  t he  d a t a  on f r e a k  p o p u l a t i o n  is 
s h o w n  in  Fig.  5. In  th is  f igure  A, B, C, a n d  D on 
absc issa  def ine  t h e  s a m p l e s  d e s c r i b e d  by  se t  A, B, C, 
a n d  D, r e spec t ive ly ,  fo r  each  t h i c k n e s s  of  t h e  p o l y -  
s i l icon films. F o r  t h i n  films ( < 2000A), t he  f r e a k  

p o p u l a t i o n  i nc r ea se s  w i t h  a n y  a d d i t i o n a l  p r o c e s s i n g  
fo l l owing  the  f i rs t  d o p i n g  of  t h e  films. F o r  t h i c k e r  

o- I000~ ,  e-2000~, ~-3000~, --4000~, AND 
[] - 4700~ 

L 

I I I I 
Ist DOPING Ist DOPING Ist DOPING Ist DOPING 

+20rnin BHF + P GLASS + 20mln BHF 
+ P GLASS 

Fig. 4. Shows a plot of the median breakdown field as a function of 
various treatments given to polysilicon films of various thicknesses. 
A line between two points indicate direct jump from one process 
to another represented by those points. 

films, t he  f r e a k  p o p u l a t i o n  is i n v a r i a n t  fo r  al l  a d d i -  
t iona l  p roces s ings  e x c e p t  fo r  t he  p h o s p h o r u s  g lass  
depos i t i on  a n d  flow. In  all  cases  t he  use  of  p h o s p h o r u s  
g lass  l ed  to a h i g h e r  f r e a k  popu la t ion .  

Effect of Oxidation and Window Plasma Etch 
Experiment 4 . - - D u r i n g  dev ice  p r o c e s s i n g  po lys i l i con  

fi lms go t h r o u g h  ox ida t ion ,  o x i d e  r e m o v a l ,  a n d  a r e  

Table IIA. Summary of breakdown measurements of sets 
A, B, C, and D--Experiment 2 

Polysilicon thickness 

Measurement at step I000A 2000A 3000A 4000A 4700A 

Set A: After firSt phos. diffusion 
e at 50% (106 V-cm -z) 9.6 • 10 B 8.6 • i06 9 x 10 e I0.I • 106 

a 0.021 0.012 0.017 0.088 
~% 10 1 10 5 

Set B: After 20 rain in BHF following first diffusion 
e at 50% (106 V-cm-~) ~ 9.4 • 10 o 9 • 10~ 9.6 • lO s 

r 0.032 0.069 0.122 
)'% 8 1 0 

Set C: After second phos. diffusion following first 
diffusion 

e at 50% (10~ V.cm-Z) t 9 • 10 e 9.1 • 10~ 10.1 x 10 ~ 
r 0.011 0.045 0.072 

~ 2 1 I 
Set D: After 20 rain in BHF following second diffu- 

sion 
�9 at 50% (10 s V-cm -1) t 9.3 x 10 e 9.2 x 10 ~ 9.9 x 10 e 

r 0.033 0.033 0.052 
y~ 15 1 0 

10.2 • l0 s 
0.017 

0 

10.05 • 10 ~ 
0.046 

0 

>101 
o 

>1~ 
e 

tCould not be measured. 
* Could not be accurately determined since only 4 (of 100) dots broken down by test. 

Table III. After P-glass deposition and flow following these 
steps and prior to AI deposition 

Polysflicon thickness 

Measurement at step 1000A 2000A 3000A 4000A 5000A 

Set A: After first phos. diffusion 
e at 50% (i0 ~ V-cm-D 5.05 x 10e 8.1 x l0 s 

r 0.040 0.012 
f% 13 3 

Set B: After 20 rain in BHF fallowing first diffusion 
e at 50% (10 e V-cm-~) X 7.7 • 10 e 

r 0.026 
f% 4 

Set C: After second phos. diffusion following first 
diffusion 

�9 at 50% (106 V-cm -1) X 3.35 • l0 s 
r 0.062 

9 
Set D: After 20 rain in BaI~ following second diffu- 

sion 
e at 50% (10 e V-cm-~) X X 

8.25 • 106 
0.006 

8 

8.2 • 106 
0.012 

1 

8.5 • 10 e 
0.012 

5 

8.1 x 10 ~ 
0.012 

2 

8.2 x 10 ~ 
0.010 

2 

8.2 x I0  ~ 
0.006 

4 

6.2 x 10 e 
0.012 

5 

6.0 x 10a 
0.019 

7 

7.8 x 10 ~ 
0.013 

5 

8.8 x 10~ 
0.042 

8 

8.25 x 106 
0.007 

8 

8.4 • 10 �9 
0.024 

60 
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Fig. 5. Shows a plot of the freak population (f) as a function of 
the various processing and the polysilicon film thickness. R~sults 
for samples with and without phosphorus glass deposition and flow 
are shown. For 1000.~ polysilicon films, no working capacitors were 
left after treatments B, C, and D. 

exposed to window plasma etch. Exper iment  4 was 
carr ied out (using 4700A thick polysilicon films) to 
de termine  the stabil i ty of the gate oxide MOS capaci- 
tors exposed to these conditions. 

The results  of this exper iment  (Table IV) are pre-  
sented in Table IVA. It  is clear f rom these data that  
dry  oxidat ion and exposure to phosphorus glass re-  
moval  etch did not have  any damaging effect on the 
b reakdown characterist ics of the gate oxide under  the 
4700A polysilicon film. 

Effect of 450~ vs. 550~ Hydrogen Anneal on the Stability 
ef MOS Capacitors 

Experiment 5.- -Some of the samples, which were  
annealed at 450~ in hydrogen for 20 rain, were  re-  
annealed (af ter  electr ical  measurements)  at 550~ in 
hydrogen  for 30 rain. This s'econd anneal  was carried 
out to eva lua te  the effect of a luminum-polys i l icon 
interact ion on the b reakdown and MOS characterist ics 
of the ga te-oxide  capacitors. Table V presents these 
results for polysilicon films of various thicknesses. Al -  

Table IV. Experiment 4: effect of oxidation and P-glass plasma 
etch on the electrical characteristics of th- ~ 4700A polysilicon 

films on gate oxide 

1. All six wafers, 1000~ rain. Remove P-glass in 50:1 
HF. Hold control wafer (No.l). 

2. One wafer (No. 2) only--immerse in 20 rain BHF. 
3. Three  wafers  (No. 3, 4, 5) o~lly. 1000~ min/dry oxide. Ox- 

ide removed  in BHF (10:1) 2 min. Remove control (No. 3). 
4. One wafer (No. 4) only--immerse in 20 min BHF. 
5. T w o  wafers  (No. 5 and 6), expose to P-glass--removal 

(plasma) etch for  4 min. 
6. All six wafers, clean (12), evaporate 500 ~m aluminum dots 

through mask and contact  a luminum on back. Etch polysilicon us- 
ing A1 as mask to define dots, clean, 450~ rain/H2 anneal. 

7. Electrical  measurements .  

Table IVA. Effect of oxidation and windows plasma etch on the 
gate oxide breakdown characteristics 

Wafer= e~o (106 
No. V-cm-~) ~ f (%) 

1 9.95 0.025 0 
9. 9.3 0.011 1 
3 9.6 0.021 1 
4 8.6 0.072 1 
6 9.4 0.022 0 
6 9.65 0.016 0 

= See Table IV for processing details. 

Table V. 450~ vs. SS0~ hydrogen anneal 

Polysili-  Annea l  
con a film temper- Q,+ 
th ickness  ature (10 lo e~o (10 ~ 

(A) (~ cm -~) V-cm -I) a f ( % )  

I000 450 1.7 9.6 0.021 i0  
550 0.24 7.8 0.026 30 

2000 450 9.0 6.6 0.012 1 
550 5.6 8.5 0.023 5 

3000 450 7.1 9.0 0.017 I0 
550 5.4 9.3 0:021 3 

4000 450 14 10.1 0.088 5 
550 10 8.4 0.036 2 

4700 450 7.4 10.2 0.017 0 
550 6.5 8.7 0.012 O 

a All polysi l icon films doped once at 1000~ in PBrs for  30 rain. 

though Qss (the fixed surface state charge, given in 
units electron charge) is highly var iable  for samples 
wi th  different polysil icon film thicknesses, the impor t -  
ant  thing is that  Qss and the breakdown field (es0) 
are lowered as a result  of 550~ anneal. Freak  popu-  
lat ion appears to increase in thin polysil icon capacitors 
and decrease in thicker  (>2000A) polysilicon capaci- 
tors. Similar  results were  obtained for MOS devices 
made f rom 4000A thick polysilicon films subiected to 
20 min BHF immers ion and to second phosphorus 
diffusion wi th  or wi thout  20 min  BHF immersion. 
Breakdown field was always lowered due to 550~ 
anneal. 

Effect of Aluminum-Silicon Interactions en the Integrity of 
the Polysilicon Films 

Aluminum and silicon interact  at the device an-  
nealing temperatures ,  leading to a voluminous move-  
ment  of silicon into the a luminum (4-7). As a resul t  
of this movement ,  holes are lef t  in the silicon and 
precipitates of silicon are formed in aluminum. The 
surface of the polysil icon films on our  samples of 
Exper iment  3 was examined  af ter  the a luminum was 
etched off in hot (60~176 phosphoric acid diluted 
with  acetic acid, nitric acid, and wate r  

(H3PO4: CH3COOH: HNO3:H20 ~ 85:  5: 5: 5) 

SEM was used to examine  the surface. Pinholes were  
found in all polysilicon films i r respect ive of thickness 
or the t rea tment  pr ior  to a luminum deposition and 
anneal. F igure  6 (A and C) shows the SEM micro-  
graphs of some of the samples which were  all doped 
with phosphorus once (1000~ 30 min, PBrs) .  The 
density of holes is high for the th inner  (2000A) 
films. For  thicker  films the density appears to be 
lower.  Pr ior  to a luminum deposition, there  were  no 
pinholes in polysil icon films of 3000, 4000, and 4700A 
films (Exper iment  1). The hot a luminum etch, used 
for less than a minute,  does not at tack polysilicon 
films, Therefore,  the holes in these films are solely 
due to the a luminum-si l icon interaction.  

In contrast  to the results of Fig. 6 (A and C), we  
saw both holes and precipitates on polysilicon films 
which were  doped twice at 1000~ in PBr3. Figure  6 
(B and D) shows the surface of the various polysilicon 
films after  a luminum had been etched off. Once again 
hole density is la rger  in 2000A films than in th icker  
films. The density of the precipi ta ted part icles appears 
to be more or less the same in all cases. Also as in 
case of Fig. 6 (A and C), we saw only holes near  the 
edge of the capacitors. The density of the holes in 
the area near  the edge was much larger  than that  in 
the rest of the capacitor surface. 

The holes in the polysil icon never  have  a simple 
defined geometr ical  shape. It appears that  holes always 
form at the grain boundaries in the polysilicon. We 
are not certain if they run through the whole thickness 
of the film to the oxide surface or through only a 
small  par t  of the polysilicon. In the la t te r  case, 
exposure to BHF will  not lead to pinholes in oxide 
and consequent ly to a luminum substrate  shorts, 
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Fig. 6. Defects in polysilicon films formed as a result of the 
450~ min/hydrogen anneal after aluminum deposition. Alu- 
minum was etched off prior to examination. A and C: Polysilicon 
was doped with phosphorus once at 1000~ for 30 min in PBr3. B 
and D: Polysilican in these samples was doped twice with phos- 
pharus~ each time at 1000~ far 30 min in PBr3. 

Discussion 
Depending  on the thickness,  the polysi l icon films 

m a y  have pinholes (i) in as -depos i ted  films, (ii) due 
to phosphorus diffusion which is known to cause 
pre fe ren t ia l  gra in  growth  (13, 14) pe rpend icu la r  to 
the  subs t ra te  surface and consumption of silicon, (iii) 
dur ing  oxidat ion,  which m a y  oxidize the gra in  boun-  
daries  fol lowed b y  BHF exposure  which  then etches 
out  oxide f rom grain  boundaries ,  (iv) dur ing  phos-  
phorus glass deposi t ion and reflow, the effect being 
s imi lar  to that  dur ing phosphorus diffusion; this t r ea t -  
men t  may  also lead to diffusion of unwanted  impur i t ies  
into the act ive areas  of the devices, (v) dur ing  p lasma 
etching, which may  p re fe ren t i a l ly  etch along grain  
boundar ies  and also dr ive  the impur i t ies  in the gate 
region, and (vi) dur ing  the hydrogen  anneal  wi th  a lu-  
minum meta l  on, due to the ensuing A1-Si interact ions.  

The undoped polysi l icon films even as thin as 1000A 
thick, did not  have pinholes  th rough  which BHF 
could etch the oxide underneath .  On phosphorus  dop-  
ing, pinholes did form. The densi ty  of these holes de-  
creased ve ry  r ap id ly  wi th  increas ing film thickness 
(Exper iment  I ) .  This densi ty  increased due to second 
doping as is evidenced by  the high res is t iv i ty  (Fig. 2) 
of 1O00A film af ter  second doping and higher  fa i lure  
ra te  of the capaci tors  in 1000 and 2000A films. The 
second phosphorus  doping did not  affect the  median  
b reakdown  field of the work ing  capacitors.  S imi l a r ly  
d r y  oxidat ion  a n d / o r  exposure  of polysi l icon to phos-  
phorus glass p lasma etch (no phosphorus  glass depo-  
sit ion or flow) did  not  affect  the b reakdown  cha rac te r -  
istics of the  capaci tors  (Table  I IA) .  Thus in the 

absence of pinholes,  phosphorus  diffusion or  BHF 
exposure  or  P-g lass  p lasma etch does not affect gate 
oxide b reakdown  character is t ics .  

Deposi t ion of the phosphorus  glass and the subse-  
quent  reflow seem to affect the b r eakdown  charac te r -  
istics. The median  b r eakdown  field was lowered  and 
the  f reak  popula t ion  increased (Fig. 3 and 4). These 
resul ts  indicate  tha t  the phosphorus  glass deposi t ion 
and reflow, which is a high t empe ra tu r e  process, cause 
damage  to the  gate oxide. Phosphorus  glass could t rap  
impur i t ies  which  then diffuse to A l -ga t e -ox ide  po ly -  
sil icon interface  and which also get  into the oxide  
grown on polysil icon. This leads  to lower  median  
b reakdown  fields. The increase in the f reak  popula t ion  
could both be due to the pinholes due to phosphorus  
diffusion as discussed ear l ie r  and due to en t r apmen t  of 
excessive impur i t ies  in some areas  of the wafer.  

The device degradat ion,  as evidenced by  the lower ing  
of the  median  b reakdown  field due to 550~ anneal  
(Table  V),  could also occur due to the  migra t ion  of 
a luminum to gate oxide-polys i l icon  interface  and due 
to sil icon dissolution into a luminum. In an indepen-  
den t  s tudy wi th  a luminum alone as the gate metal ,  i t  
was found tha t  the 550~ anneal  indeed decreased the 
median  b r eakdown  field. In v iew of the above our 
recommendat ions  for the  LPCVD polysi l icon film, as 
gate  mater ia l ,  would be to: (i) use films of thickness 
grea te r  than  20O0A; (ii) dope the films wi th  phosphorus 
p re f e r ab ly  at  lower  t empera tu res  and for lower  t ime 
periods;  (iii) avoid di rec t  contact  wi th  phosphorus  
glass (which usua l ly  flows at  l l00~ a the rmal  
oxide  be tween  polysi l icon and phosphorus glass m a y  
act as a ba r r i e r  to the diffusants which lower  b r e a k -  
down fields and cause h igher  fa i lure  rates;  and (iv) 
use lower  a luminum anneal ing  tempera tures ,  to avoid 
A i - S i  interact ions.  
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Electrochromism in Solid Phosphotungstic Acid 
B. Tell 

Bell Laboratories, HolmdeI, New Jersey 07733 

ABSTRACT 

T h e  per fo rmance  of e lec t rochromic  cells conta ining solid phosphotungst ic  
acid  inc luding vo l tammograms,  degradat ion,  f ie ld-ass is ted bleaching, and  
open-c i rcu i t  m e m o r y  is presented.  

We have prev ious ly  discussed var ious  aspects of the 
opera t ion  of e lec t rochromic  cells conta ining the he te ro-  
poly  acids, such as phosphotungst ic  acid  (PWA)  (1, 
2). These mate r i a l s  a re  hydra tes  fo rming  a cubic 
s t ruc ture  (3) wi th  represen ta t ive  fo rmula  H3PO4 
(WOs)12:29H20. P W A  is a pro ton  superionic  conduc-  
tor  [~ = 1 ( s  - z  near  room t empera tu re ]  (4, 5) 
and  an electronic insulator ,  which makes  possible a 
se l f -conta ined  e lec t rochromic  cell  wi thout  the neces-  
s i ty  of an addi t ional  electronic b locking layer .  Our  
previous  repor ts  discussed var ious  aspects of the  elec-  
t rochromic  performance.  In  the  presen t  report ,  we 
presen t  addi t iona l  da ta  of these effects, as wel l  as 
vo l t ammograms  and a discussion of the  open-c i rcu i t  
memory .  

The basic a r r angemen t  is shown in Fig. 1. A powder  
of P W A  containing a few percent  of an opacifier such 
as TiO2 is compressed to a thickness of 1-2 m m  at 
,--150 k g / c m  2 in a ceramic tube  agains t  the workir~g 
electrode,  a t r anspa ren t  SnO2 coated glass sl ide (2). 
The colorat ion mechanism is assumed s imi la r  to tha t  
of the WO36 e lec t rochromic  cells and resul ts  f rom the 
reduct ion  of W +6 unde r  in ject ion of electrons at  the 
SnO2 contact  wi th  s imul taneous  space charge neu t r a l i -  
zat ion by  protons f rom the medium.  The reaction, a s -  
s o c i a t e d  with  the  tungsten cage, is then  

e + H + + W+6Oa ~ H W + 5 0 8  [1] 
white  ~ blue 

The back  or  countere lec t rode  was usua l ly  a carbon 
powder  wi th  a carbon rod for  contact  to the  ex te rna l  
world.  Fo r  comparison purposes,  as wi l l  be discussed 
later ,  the  P W A  was also contacted d i rec t ly  wi th  me ta l  
e lectrodes such as copper  and stainless steel. Whi le  the 
SnO2 working  e lec t rode  is capable  of e lec t ron in jec-  
t ion only,  the countere lec t rode  must  provide  charge 
neu t r a l i t y  b y  pro ton  or o ther  ion injection,  or  r ead i ly  
exis t  in severa l  ox ida t ion  states.  

She l f - l i fe  degrada t ion  of these cells due to loss of 
wa te r  has been a ma jo r  problem.  This degrada t ion  is 
mani fes ted  by  an increase  in cell  resis tance along wi th  
nonun i fo rm colorat ion at the v iewing electrode.  How-  
ever,  wi th  more  careful  c leaning and encapsula t ion 
procedures ,  inc luding encapsula t ing the carbon rod, 
adequa te  cell  pe r formance  has been acheived af ter  a 
shel f - l i fe  of two to three  months.  If  a deg raded  cell  
is opened and placed for severa l  days  in a humidifier ,  
app rox ima te ly  the or iginal  pe r fo rmance  is regained.  
This indicates  tha t  the shelf - l i fe  degrada t ion  is s t i l l  
due to inadequa te  he rmet ica l  seal ing pe rmi t t ing  a s low 
loss of w a t e r  f rom the cells. 

Elect rochromic  Per fo rmance  
I m p o r t a n t  factors concerning e lec t rochromic  cells 

include the achievable  opt ical  dens i ty  change, the  
colorat ion and bleaching speeds, the efficiency, and  the 
l ifet ime. In the presen t  cells, which are  compressed 
powders,  the change in diffuse ref lect ivi ty  at  the v iew-  
ing e lect rode is the quan t i ty  of interest .  Optical  den-  
s i ty  (OD) changes of --0.1 where  OD = log10 (R/Ro) 

Key words: voltammograms, degradation, tleld-assisted bleach- 
ing, open-circuit memory. 

are  observable  in P W A  in o rd ina ry  room light.  OD 
changes N --0.3 are  read i ly  ob ta ined  at  0.6 ~m in 25 
msec with  vol tages of --~IV. 

The opt ical  colorat ion efficiency is defined as Eft _-- 
OD/(Q/A)  which is the opt ical  dens i ty  change d iv ided  
by  the in jec ted  charge per  uni t  a rea  in units of cm2/C. 
At  the peak  of the efficiency wave leng th  curve, t h e  
efficiency is typ ica l ly  in the range  of 100-150 cm2/C. 
These values  a re  comparab le  to or  l a rge r  than  those 
observed in WO3 (6,7). A typ ica l  wave leng th  depend-  
ence is shown in Fig. 2 for a 1V, 25 msec pulse y ie ld ing  
an in jec ted  charge dens i ty  of 2.7 m C / c m  2 (obta ined  
f rom the average  cur ren t  t imes the t ime) .  In  Fig. 3 
is shown the OD change as a funct ion of in jec ted  
charge. I t  is seen that  the efficiency is constant  for  
OD changes be low ~-, --0.3, but  decreases at  h igher  
in jec ted  charge. This decrease could be due to the  
colorat ion depth  becoming grea te r  than  the opt ical  
pene t ra t ion  depth. 

Ai though we have not  been able  to quan t i t a t ive ly  
fit the  bleaching profiles, we wish to show tha t  the  

I c'"----IL 4 
I ~ - -  PWA 

GLASS ,, - -  L E N S  
S U B S T R A T E  ~" 

/ ~ ~-Si DETECTOR 

Fig. 1. The diagram of the experimental setup. The direct 
scattered light is blocked, while the diffuse scattered light is 
focused by a large diam:ter lens into an Si detector. 

0.4 - Eft=,120 Cc2 

z 
~ 0.5 - 

_1 < 
_o 0.2 - 
I'-- 13. 
0 0/1 -- 
<3 

I I I I I I I 
0.5 0.6 0.7 0,8 0.9 '1.0 4/1 

X(~m) 
Fig. 2. Typical optical density change as a function of wavelength 

for a 1V, 25 msec coloring puls~ and 1.3V bleaching pulse. The 
peak efficiency is indicated. 
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Fig. 3. The optical density change as a function of injected 
charge illustrating the deviation of the efficiency from linearity 
at higher optical density changes. 

f ie ld-ass is ted bleaching is a di f fus ion- type phenomena.  
The bleaching t ime is insensi t ive to the magni tude  of 
the bleaching voltage,  a t  least  for  vol tages above  
~0.5V. However ,  the  f ie ld-ass is ted b leaching  t ime 
var ies  wi th  the  OD change, p r e sumab ly  due to an in -  
crease in colorat ion depth.  This effect is i l lus t ra ted  in 
Fig. 4, where  a P W A  sample  was colored in  25 msec 
to an OD of --0.26 ( t r iangles)  and  --0.6 (c i rc les) ,  r e -  
spectively,  and b leached wi th  a posi t ive vol tage  of 
1.2V appl ied  be tween  the SnO2 v iewing  e lec t rode  wi th  
respect  to a carbon counterelectrode.  For  purposes  of  
comparison,  the  in i t ia l  OD change has for both  cases 
been normal ized  to unity.  

The actual  d is t r ibut ion  of colored centers  (i.e., W+5) 
due to e lect ron inject ion at  the SnO2 contact  is not  
known. However ,  i t  appears  tha t  for la rge  in i t ia l  OD 
changes, the colorat ion depth  is l a rger  than the opt ica l  
absorpt ion  length. Then, a fit to the shape of the  
bleaching curve can be obta ined by  assuming diffusion 
in a semi-inf ini te  med ium wi th  the SnO2 boundary  
act ing as a per fec t  sink. The d is t r ibut ion  of reduced  
centers  N~(x ,  t)  is g iven b y  

x 
NR(Z, t )  = NR(O) e f t - -  [2] 

V4Ds 

where  x is the  dis tance f rom the SnO2 contact,  and 
NR(O) is the  in i t ia l  d is t r ibut ion  of reduced  centers  
which is assumed to be constant.  The opt ical  dens i ty  
change is p ropor t iona l  to the  to ta l  n u m b e r  of r educed  
centers  wi th in  an opt ica l  absorpt ion  l eng th  l. Tha t  is 

So' OD ,~ NR (Z ,t) dx [8] 

The OD as a funct ion of t ime can be  ob ta ined  in t e rms  
of the p a r a m e t e r  12/4D, and a fit to the  b leaching p ro -  
file can be obtained,  as shown by  the dashed l ine in  
Fig. 4. The shape is fit for t imes less than  700 msec, 
a f te r  which  the expe r imen ta l  OD values  become less 
than  the ca lcula ted  profile. This devia t ion  resul ts  f rom 
the assumpt ion of a constant  dens i ty  semi- inf ini te  
dep th  dis tr ibut ion,  whereas  the  ac tua l  profile mus t  
peak  near  the or igin and drop off in a finite distance. 
I t  is also seen in Fig. 4 tha t  when  colored to a r e l a -  
t ive ly  low OD (given b y  the t r iangles )  the OD de -  
creases signif icantly faster.  Fo r  colorat ion depths  
shor ter  or  comparab le  to the  absorpt ion  length,  the  
de ta i led  d is t r ibut ion  of reduced  centers  is impor tant ,  
and a fit of the b leaching curve has  not  been  obta ined  

Ano the r  i l lus t ra t ion  of an increase in b leaching t ime 
is given in Fig. 5. Here, a P W A  cell  is colored to an 
OD change of --0.4 (i.e., diffuse ref iect ivi ty  40% of i ts 
b leached va lue) ,  and  in one case immed ia t e ly  b leached  
(bleaching potent ia l  ~ 1.2V) and in the o ther  case 

main ta in ing  o,pen-circuit  condit ions for  100 msec. 
The open-c i rcu i t  condit ion produces  a s lower decay of 
the opt ical  density,  which can again  be a t t r i bu ted  to 
diffusion of the colored centers  (i.e., electrons)  a w a y  
from the SnO2 contact  dur ing  the open-c i rcu i t  condi-  
tion. The r emova l  of the electrons f rom a g rea te r  
colorat ion dep th  resul ts  in a longer  b leaching charac -  
teristic.  

As far  as opera t ing  s tabi l i ty ,  we have obta ined  OD 
changes of --0.3 wi th  25 msec colorat ion t ime run  at  
2 Hz for more than  105 cycles, wi thout  not iceable  
degradat ion.  We have found tha t  p rov ided  the cell  is 
not overdr iven  (so tha t  large  opt ical  densi ty  changes 
fol lowed by  incomplete  b leaching are  not  p roduced) ,  
the opera t ing  life does not  appear  l imited.  Even in the 
above, if h igh opera t ing  vol tages (>2V)  have not  
produced not iceable  damage  at the  SnO2 interface,  
cells wi th  C electrodes can be revi ta l ized  by  sus ta ined 
bleaching. On the other  hand, cells wi th  me ta l  e lec-  
t rodes can become i r r eve r s ib ly  colored. 
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Fig. 4. Illustratlon of the increase in bleaching time for a ce l l  
colored to an initial OD of --0.6 (circles) compared to a cell 
colored to --0.26 (triangles), with the initial coloration normalized 
to unity. 

Fig. 5. Illustration of the increase in bPaching time for a cell 
maintained open circuit for 100 msec compared to a cell immedi- 
ately bleached. 
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V o l t a m m o g r a m s  
The vo l t ammograms  for  P W A  were  ob ta ined  wi th  

respect  to an Ag  re ference  e lec t rode  inser ted  in a hole 
d r i l l ed  in the ceramic tube. The Ag  had  been p rev i -  
ously anodized in H3PO4. Vol t ammograms  are  given 
fo~ the SnO2 work ing  e lec t rode  and for  carbon, cop- 
per, and  stainless steel  countere lec t rodes  as shown in 
Fig. 6a, b, and  c, respect ively .  The purpose  was to 
compare  carbon e lect rodes  wi th  e lectrodes capable  of 
in ject ing mobi le  foreign ions such as Cu +, and  nonin-  
jec t ing  electrodes conta ining read i ly  oxidizable  e le-  
ments  such as Fe  and Ni. The poss ib i l i ty  of the  ca rbon-  
conta ining surface  groups to absorb  the  r edox  charge  
requ i rements  whi le  re leas ing H + has been previous ly  
discussed (2). I t  is seen tha t  the  carbon e lec t rode  is 
s l ight ly  anodic and main ta ins  a nea r ly  constant  po ten-  
t ia l  over  the ox ida t ion- reduc t ion  cycle. The Cu elec-  
t rode is s l ight ly  cathodic and also exhibi ts  only  a smal l  
po ten t ia l  change over  the ent i re  cycle. The stainless 
steel  e lec t rode  remains  cathodic over  the  ent i re  cycle, 
bu t  exhibi ts  a la rge  poten t ia l  variat ion.  This e lect rode 

becomes h igh ly  cathodic u n d e r  reducing  conditions,  
i.e., i t  must  be brought  to a la rge  nega t ive  poten t ia l  
to be reduced,  bu t  r ead i ly  oxidizes. I t  is also seen f rom 
these vo l t ammograms  tha t  in the  two elect rode con- 
f iguration (i.e., working  electrode and countere lec-  
t rode) ,  the Cu and stainless steel  cells wi l l  color under  
shor t -c i rcu i t  condit ions whereas  the carbon cell  wi l l  
bleach, and  tha t  in the l a t t e r  case, colorat ion requi res  
appl ica t ion  of a smal l  nega t ive  poten t ia l  to the SnO2 
electrode, i.e., a sl ight  colorat ion threshold.  In  addi t ion  
to this shor t -c i rcu i t  coloration, cells conta ining meta l  
e lectrodes become signif icant ly colored in about  one 
week  under  open-c i rcu i t  conditions.  This is p r e s u m -  
ab ly  due to the spontaneous reduct ion  of tungsten by  
various metals ,  fo l lowed by  a slow diffusion of the  
colored species to the v iewing electrode.  The colorat ion 
can be removed  by  appl ica t ion  of a bleaching voltage,  
but  re turns  when open-c i rcu i t  condit ions are  rees-  
tablished.  Both f rom the vo l t ammograms  and the dis-  
cussions above, carbon electrodes are  super ior  to the  
other  electrodes discussed. 

M e m o r y  
The exis tence of open-c i rcu i t  m e m o r y  is a po ten-  

t ia l ly  a t t rac t ive  f ea tu re  of e lec t rochromic  cells. Here,  
we wish to discuss the  l ong - t e rm  m e m o r y  in dis t inc-  
t ion f rom the shor t  (~100 msec) memory  discussed 
previously.  Once a pa t t e rn  has been impressed  b y  
means  of an electr ic  field, i t  m a y  be re t a ined  wi thou t  
fu r the r  expendi tu re  of power  for var ious  times. The 
m e m o r y  decay repor ted  here  does not  appear  to be  an 
in t r ins ic  p rope r ty  of the  PWA, bu t  is more  l ike ly  due 
to the presence of res idual  oxygen.  In  WO3 cells, the 
m e m o r y  can be apprec iab ly  shor tened as wel l  as the  
efficiency being reduced  by  the presence of oxygen  
(8, 9). A possible react ion descr ib ing the loss of m e m -  
ory  due to oxygen  is 

4HWOs + O2-+ 2H20 + WOs [4] 

b lue  -~ whi te  

In addit ion,  the  loss of efficiency dur ing  colorat ion 
could be due to a reac t ion  such as  

02 + 4H+ + 4e -> 2H20 [5] 

This means  tha t  a percentage  of the  in jec ted  electrons 
and the accompanying  protons are  not  ava i lab le  for  
reduct ion of tungsten as given by  Eq. [1], bu t  are  in-  
s tead  expended  in a paras i t ic  reac t ion  such as g iven  
above. When  an oxidizing agent  such as I-I202 or HNO3 
is in ten t iona l ly  added,  we have  found both a la rge  
reduct ion in the efficiency (factors of 2 or  3) and  es-  
pec ia l ly  the open-c i rcu i t  m e m o r y  (,~ orders  of mag-  
n i tude) .  However ,  s imple techniques  for reducing the  
res idual  oxygen,  such as bubb l ing  argon through  the 
P W A  dur ing  p repa ra t ion  have not  given significant 
improvement .  

In  addi t ion to the m e m o r y  decay due to res idual  
oxygen,  a possible diffusion loss could occur since the 
colored dep th  is only a f rac t ion of the  sample  length.  
Since the  res idua l  oxygen  decay  appears  faster ,  we  
have not  ye t  observed evidence for  a diffusion mecha-  
nism. 

The OD decrease has been var ious  combinat ions  of 
l inear  and exponent ia l  wi th  time. An  exponent ia l  
decay indicates  a s imple loss mechanism,  when  the 
oxidizing agent  is wi th in  the same geometr ica l  region. 
A l inear  decay can indicate  a loss mechanism in a 
porous med ium when the oxidiz ing agent  comes f rom 
outside the colored region (10). The loss of the  re -  
duced species NR can be descr ibed b y  

Fig. 6. Voltammograms of the Sn02 working electrode and the 
counterelectrode (a, carbon; b, copper; c, stainless steel) with 
respect to the reference electrode for a sweep rate of 1 V/sec. The 
polarity with respect to the reference electrode is indicated. 

dNR NR 
i 

dt 
a [61 

where  r is the loss t ime constant,  which if due to tung-  
sten oxidat ion  by  oxygen  would  be equal  to a ra te  
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c o n s t a n t  per oxygen atom divided by the oxygen con- 
centration, while a is the flux of oxygen enter ing the 
colored region from the PWA bulk. The solution is 

NR = NR(O) e -t/T -- aT(1 -- e -t/T) [7] 

where NR(0) is the reduced density at  t -- 0. When 
the oxygen density in  the colored region is high com- 
pared to NR(0), the first term dominates and exponen-  
tial decay occurs. If NR(0) is large compared to the 
immediate  oxygen density, T is long and the second 
te rm dominates, and the decay becomes linear. Also, 
as suggested above, the t ime constant  T is only constant  
if the oxygen density is large compared to the reduced 
tungsten  density. If, dur ing  coloration, a significant 
fraction of the oxygen is depleted, as suggested by Eq. 
[5], the t ime constant  will be different for succes- 
sive colorations if the oxygen level has not re turned  
to its original value. For a given cell, we expect the 
memory decay to be slower the higher the original  
optical density, and to be slower for successive cycIes 
provided the residual  oxygen has not been regenerated. 
An example of such memory  behavior  is shown in  Fig. 
7. The curve marked  first cycle was bleached (,-,1.5V 
bias) prior to coloration and fits an exponent ia l  decay 
(solid curve) with a t ime constant  of ~100 sec. After 
the ini t ial  OD change had decayed to near  zero, the 
cell was main ta ined  in  open-circui t  condition, and then 
colored a second time (second cycle). It is seen that  
the OD has increased compared to the first cycIe, bu t  
more noticeable, the loss of memory  is now charac- 
terized by a t ime constant  or perhaps l inear  decay 
closer to 1000 sec. Final ly.  if the cell is now bleached, 
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Fig. 7. Typical open-circuit memory for PWA as discussed in 
text. 

and then colored by  two successive pulses spaced a p -  
p r o x i m a t e l y  a second apart, an  ini t ia l  fast memory  
decay occurs, followed by a slow decay which appears 
linear. Although there are cell- to-cell  variations in  
the times involved, the general  features of the memory 
are such as described above. 

Conclusions 
In this paper, we have presented a ful ler  discussion 

of our results on PWA-type  electrochromic cells. I t  
is shown that  these cells are simple to fabricate and  
are capable of reasonably efficient and fast electro- 
chromic performance. However, the shelf-life is still 
unsatisfactory, while the open-circui t  memory is com- 
plex and variable. Any fur ther  work on these cells 
should be concerned with increasing the shelf-life and 
removing all traces of residual  oxygen. 

Manuscript  submit ted Feb. 27, 1980; revised manu-  
script received ca. Apri l  28, 1980. This was Paper 300 
presented at the Los Angeles, California, Meeting 
of the Society, Oct. 14-19, 1979. 

Any discussion of this paper will appear in  a 
Discussion Section to be published in the June  1981 
JOURNAL. All discussions for the June  1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 

Publication costs of this article were assisted by 
Belt Laboratories. 

REFERENCES 
1. B. Tell and S. Wagner, Appl. Phys. Lett., 33, 837 

(1978). 
2. B. Tell  and F. Wudl, J. AppI. Phys., 50, 5944 

(1979). 
3. A. J. Bradley and J. W. Il l ingworth,  Proc. R. 

Soc., London, Ser. A, 157, 113 (1936). 
4. O. Nakamura,  T. Kodama, I. Ogino, and Y. Miyake, 

Chem. Lett., 17 (1979). 
5. S. K. Mohapatra, G. D. Boyd, F. G. Storz, S. 

Wagner, and F. Wudl, This Journal, 126, 805 
(1979). 

6. B. W. Faughman,  R. S. Crandall,  and P. M. 
Heyman, RCA Rev., 36, 177 (1975). 

7. I. F. Chang, in "Nonemissive Electro-optic Dis- 
la " p ys, A. R. Knetz and F. K. vonWillisen, 

Editors, p. 155, Plenum, New York (1976). 
8. I. F. Chang and W. E. Howard, IEEE Trans. 

Electron Devices, ed-22, 749 (1975). 
9. S. K. Mohapatra, This Journal, 125, 284 (1978). 

10. W. W. Webb, J. T. Norton, and C. Wagner, ibid., 
103, 107 (1956). 

A Novel Method for Measuring the Thermal 
Conductivity of Electrodeposited Gold Films 

Peter G. Borden 

Varian Associates, Incorporated, Corporate Solid State Laboratory, Palo Alto, California 94303 

ABSTRACT 

A simple method for de termining the thermal  conductivity, K, of electro- 
deposited gold films is described. Specifically, it is shown how a comparison 
of the res is tance- temperature  and res is tance-current  characteristics of a r ib -  
bon of the film leads to a unique determinat ion of K. When applied to a film 
typical  of those used in  semiconductor device heat s ink structures, the tech- 
nique yields a value of K -- 2.50 _ 0.13 W/cm-~  as compared to the value 
for bu lk  gold of 3.15 W/cm-~ 

Thick electrodeposited gold films are f requent ly  
used to heat s ink power semiconductor devices such 
as FET's (1) and microwave diodes (2). The observed 

Key words: gold plating, thick gold films. 

performance of such devices often indicates that  the 
thermal  conductivity of such films is well below that  
of bulk  gold (3). It is quite surprising, then, that  a 
thorough l i terature  search, inc luding computer searches 
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of NTIS and journa l  publications, has found no re-  
ported s tudy of the thermal  conductivi ty of electro- 
deposited gold since 1949 (4). Fur thermore ,  the 1949 
value of 2.96 W / c m - ~  is incorrect ly referenced, mak-  
ing confirmation impossible. 

The present  invest igat ion considers the thermal  con- 
ductivi ty of gold plat ings with respect to semiconduc- 
tor device applications. Specifically, a simple, s t ra ight-  
forward technique for the measurement  of the thermal  
conductivi ty of such films is described. This is then ap- 
plied to a film formed by methods typical of modern  
device fabrication, yielding a value about  20% below 
that  of bulk  gold. 

Theory 
The technique employs a comparison of the resist- 

ance- tempera ture  and res is tance-current  characteris-  
tics of a self-support ing r ibbon of the film to un ique ly  
determine the thermal  conductivity. A r ibbon of the 
gold film, of length  L and cross-sectional area A, is 
mounted  between two supports of constant  tempera-  
ture To, as shown in Fig. 1. As a cur ren t  I causes ohmic 
heating, the r ibbon 's  resistance will  rise due to its 
tempera ture  coefficient of resistivity. Knowledge of this 
coefficient, the current,  and the sample resistance at  To 
allows de terminat ion  of the thermal  conductivity, K. 

The conduction of heat generated by an electrical 
current  in a wire has previously been considered (5). 
Here we follow similar  procedures to find the resist-  
ance-cur ren t  relat ion required to determine the ther-  
mal  conductivity. Typically, the sample is long and of 
small  cross s.ection, so that the one-dimensional  heat 
flow equat ion describes the tempera ture  distr ibution;  
that  is 

0~T (x) 
K A  ' ---- - -P  [1] 

Ox 2 

Here, P is the dissipated power per un i t  length. The 
thermal  conductivi ty is assumed constant  in tempera-  
ture and thermal  expansion is ignored. For a sample 
resist ivity p of the form 

p(T)  -- po -5 pzT [2] 

Equat ion [1] takes the form 

02T-5 /2Pl,, T-5  I2p~ - - 0  [3] 
Ox 2 A f K  A'~K 

I t  should be noted that  the l inear  form of Eq. [2] is 
usual ly  accurate for bu lk  metals, and, as will  be seen, 
appears to hold for the electrodeposited gold con- 
sidered here. This assumption allows a s traightforward 
solution of Eq. [3] under  the assumption of constant  
tempera ture  at the ends ( T ( x  ---- - -L/2)  ---- T ( x  ---- L/2) 
---- To), yielding a tempera ture  dis t r ibut ion in the r ib-  
bon of 

SAMPLE 

COPPER STRAP COPPER STRAP 

BAKELITE BASE 

TEMPERATURE=T O 

Fig. 1. The sample jig 

+ ~ ) "/" po 
T ( x )  -- To sec , c o s a x - - - -  [4] 

pz 2 pt 
where 

I ~ / p l  

Finally,  the sample resistance is found from Eq. [2] 
and [4] 

1 C L/2 
R ( I )  : A"---|L/2P(X)dx : Ro aL [6] 

with Ro the resistance at tempera ture  To 

Ro = (po -5 pzTo)L/A [7] 

Thus, a measurement  of R ( I )  allows a to be found 
through Eq. [6]. An independent  measurement  of the 
tempera ture  coefficient of resistance, pl, gives the 
thermal  conductivi ty K through Eq. [5]. 

As an example, a 1 cm long, 100 • 12.5 t~m gold 
r ibbon with po ---- --1.77 X 10 -7 t%-cm and pl ---- 8.05 X 
10-v l f - cm/~  (these values are obtained from a fit of 
published resistivity data (6)) has a resistance of Ro ---- 
0.179~ at To ---- 300~ With a current  of I _-- 0.2A and 
a thermal  conductivi ty of K --  3.15 W / c m - ~  (7), 

= 0.809 cm -1 and the fractional  change in  resistance 
is 5.8%. The tempera ture  rise at the center is 25~ - 

The principal  loss mechanisms are convection and 
blackbody radiation. Convective loss is difficult to esti- 
mate; for this reason, the exper iment  is conducted in  a 
vacuum. Empirical  results indicate that  for pressures 
under  10 -z Torr, the resistance of a typical  sample is 
i n d e p e n d e n t  of pressure. Blackbody losses are con- 
sidered in the Appendix, where it is shown that a 
prudent  choice of sample dimensions wil l  minimize this 
effect. 

Sample Preparation 
The sample is prepared with techniques s imilar  to 

those used in  plat ing a heat sink s t ructure  to the back 
of a semiconductor device. A s tandard  ohmic contact 
metall ization of 40 nm Au-Ge,  7.5 nm Ni, and 60 n m  
Au is laid down on a GaAs wafer doped to 1 X 10zs/ 
cm 3 with To. The wafer is then held in a bath of Selrex 
125, a pH-5 critic acid-based solution designed for fast 
plat ing of thick, high pur i ty  matte-f inish films. The 
bath was held in a beaker  at 60~ and kept  under  cir-  
culation with a magnetic stirrer. About  10 ~m of gold 
were plated out at a current  densi ty of 0.3 mA /cm 2. 

Ribbons are formed by pho,tolithographic definition 
and etching in a KI-I2 etch. After  s tr ipping the photo- 
resist, the ribbons are.separated from the substrate by 
etching the GaAs with a 5H2SO4: 1H202:1H20 etch. 

Figure 2 shows top and side SEM views of a typical 
ribbon. The cross section, as determined by both 
weighing (assuming the density of bu lk  gold) and pho- 
tography, is 60.0 X 9.7 ~m. Figure 3 shows an SEM pic- 
ture  of the grain structure;  the average size is 550 nm. 
Figure 4 is a Laue backscatter picture of the gold on 
the GaAs wafer, indicat ing that its crystallographic 
orientat ion is essentially random. This isotropy is 
significant, as it implies the thermal  conductivi ty 
should be independent  of direction. Thus, a longi tudi-  
nal  measurement  is equivalent  to a measurement  
through the thickness of the film. 

Experimental Setup 
The sample jig is made of gold-plated copper to 

ensure both good thermal  conductivi ty and corrosion- 
free mechanical  and electrical connections. Heavy cop- 
per straps are used as leads in  order to minimize series 
resistance. 

Initially,  the jig with a mounted  sample is placed in  
a vacuum oven. The resistance vs. tempera ture  charac- 
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Fig. 2. Top and side views of a typical ribbon of electrodeposited 
gold. 

teristic is measured. The j ig is nex t  removed from the 
vacuum oven and placed in a high vacuum system, 
where the resistance vs. current  characteristic is de- 
termined. Analysis of the data, as already outlined, 
yields the thermal  conductivity. 

In  the vacuum oven, tempera ture  was monitored 
with a mercury  thermometer.  The wire resistance was 
found with a 51/~ digit mult imeter .  Shorting the sample 
with a strap allowed measurement  of the stray re-  
sistance. The current-res is tance measurement  used a 
PAR 172 precision current  source, a 3V2 digit DVM to 
monitor  the current,  and the 51/~ digit mul t imeter  to 
find the voltage drop at the sample. Samples are mea-  
sured twice, once from low to high current  and once 
from high to low. The resistance is found to be stable 
and reproducible for each value of current .  

Fig. 3. An SEM view of the grain structure of a ribbon of elec- 
trodeposited gold. The average size is 550 nm. 

Fig. 4. A Laue backscatter picture of the electrodeposlted film on 
the GaAs substrate. The concentric rings indicate isotropy of the 
film. The dots are due to the substrate. 

Results 
Measurements have been performed on both cold- 

rolled 11 • 100 ~m bonding r ibbons and ribbons of 
electrodeposited gold formed by the technique already 
described. Figure  5a shows a plot of the resist ivi ty-  
temperature  characteristic for a 1.07 cm length of the 
bonding ribbon. The thermal  coefficient of resistivity 
pl = 8.14 • 10 -9 ~ - c m / ~  compares well  to the tabu-  
lated value of 8.05 X 10 -9 g - c m / ~  (7). Differences in  
the value of po from tabulated values are largely due to 
series resistance and do not  have an effect on the ther-  
mal conductivi ty measurement .  

Figure 6a shows the current-res is tance characteristic 
for this ribbon. Analysis of these data yields a ther-  
mal conductivi ty of K = 2.9 W/cm-~ in reasonable 
agreement  with the bu lk  value of 3.15 W / c m - ~  (6). 
Note also the excellent fit of the data to Eq. [6]. 

The res is t iv i ty- temperature  characteristic of the 
electrodeposited gold r ibbon is shown in  Fig. 5b. The 
sample was 0.884-cm long with a cross-sectional area 
of 5.8 • 10-6 cme. The thermal  coefficient of resist- 
ance is 9.93 N 10 -9 ~ -cm/~  22% higher than for 
the bonding ribbon. The current-res is tance character-  
istic is shown in  Fig. 6b. The thermal  conductivi ty 
of 2.50 __ 0.13 W / c m - ~  is 20% below the bulk  value. 
This is consistent with estimates obtained from the 
performance of microwave devices employing similar  
gold films in  their heat s ink structures. 
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Fig. 5. Resistivity-t.~mperature characteristics for (a) a gold 
bonding ribbon and (b) a ribbon made from electrodeposited gold. 



I I I I 

(A) 
BONDING RIBBON 
SOLID LINE: 

THEORY, / 
DoK~ 2"88 w/cm-~ K / 

100 

90 

80 

70 

60 

50 

40 

30 

20 

Vol. 127, No. I I  

10 

0 
100 

I I I I I I [ 

- (B) 
ELECTRODEPOSITED 

- GOLD 
SOLID LINE: 

THEORY, 
K=2.5 W/crn -~ K 

DOTS: 

T H E R M A L  C O N D U C T I V I T Y  

40 

36 

32 

2457 

[ I I I i I } I s l 0  I I 0 
120 140 160 180 200 30 40 60 

I (ma) I (ma)  

28 

24 .o 

20 ~" } 

11 
16 --  

e ~  

12 

Fig. 6. The current-resistance characteristic of (a) the 1.07 cm 
long, 11 • 100 /~m bonding ribbon and (b) the 0.884 cm long, 
60.0 X 9.7 /~m ribbon of electrodeposited gold. The theoretical 
characteristic, as determined by Eq. [6],  is also plotted for both 
c o s e s .  

Conclusions 
The g rea t  d ivers i ty  in  p la t ing  solutions and condi-  

tions in common use make  the t he rma l  conduct iv i ty  of 
e lec t rodepos i ted  gold films qui te  var iable .  Nevertheless ,  
because this  p r o p e r t y  s ignif icant ly affects the  pe r -  
formance  of devices employ ing  p la ted  gold in hea t  
sinks, i t  is impor t an t  to have ava i lab le  a technique for 
measur ing  the t he rma l  conduct iv i ty  of these films. This 
s tudy  has addressed  this s i tuat ion in two ways.  Firs t ,  
a s imple  and s t r a igh t fo rward  measu remen t  technique 
has been described.  Second, a va lue  has been found for 
a film typica l  of those used in semiconductor  device 
p la ted  hea t  sinks, showing tha t  the t he rma l  conduc-  
t iv i ty  can indeed be s ignif icant ly be low the bu lk  value.  
This might  be expected,  both  because of the la rge  
number  of gra in  boundar ies  in the e lec t rodepos i ted  
film and the poss ibi l i ty  of the inclusion of impur i t i es  
dur ing  formation.  

I t  mus t  be r e -emphas ized  tha t  the technique 's  s im-  
p l ic i ty  to a la rge  degree  stems f rom assuming i so t ropy 
of the the rmal  conduct ivi ty .  This appears  to be val id  
on the basis of Laue  backsca t te r  photographs  of the  
p la ted  film, which show an essent ia l ly  r andom crys-  
ta l  or ientat ion.  

Final ly ,  i t  is noted tha t  the technique m a y  be app l i -  
cable  to o ther  mate r ia l s  tha t  a re  e lec t r ica l ly  conduct-  
ing and can be formed as se l f - suppor t ing  r ibbons,  such 
as silver,  nickel,  and  copper.  
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A P P E N D I X  

Blackbody Losses 
The b lackbody  loss p e r  uni t  l ength  for a r ibbon  w i t h  

an a r b i t r a r y  shaped cross section of pe r ime te r  p is 

LBB --  cep (T 4 - -  To 4) [ A - l ]  

with  e the  emiss iv i ty  and ~ the S te fan -Bo l t zmann  c o n -  
stant.  Wri t ing  the t empe ra tu r e  T --  To --  4. Wi th  h < <  
To, and using Eq. [4] to find the  t e m p e r a t u r e  change 

--  T --  To, the b l ackbody  loss is 

po 
s e c - ~  cos  a x  - -  i ) [ A - 2 ]  

The b lackbody  hea t  flux, F B B ,  must  be smal l  c o m -  
pared  to the  hea t  flux th rough  the ends of the r ibbon,  
FE. The former  is g iven by  

P 

r (:, ) FBB -- ,, --L/~ LBBdX = 4L~epT63 ~' n u To 

tan � 9  1 [A-33 
2 

and the l a t t e r  by  

F~ : K A  - ~  
x = L I $  ~ X  z =  --L/2 

=L 
t a n ~  

: s  pl ~L s 

2 

For  the  case considered in the  example  be low Eq. [7], 
assuming a wors t  case emiss iv i ty  of e = 1 

F B B  
- -  -- 0.015 
FE 

SO that a prudent choice of the sample dimensions 
makes the blackbody loss small. It is also important to 
use currents small enough to avoid excessive heating 
of the sample. 
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Investigation of Energy Traps and Phosphorescence in 
Zinc Silicate Phosphors by Photostimulated Emission 
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ABSTRACT 

T h e  m a n g a n e s e  ac t iva ted  zinc si l icates doped wi th  or  wi thou t  a r s e n i c  a r e  
inves t iga ted  using photos t imula ted  luminescence technique in addi t ion  to c o n -  
v e n t i o n a l  photoluminescence and phosphorescence measurements .  The e x p e r i -  
m e n t a l  resul ts  p rovide  informat ion  about  the energy  levels of the  Mn + + a n d  
the t raps  and l~ow they  in terac t  dur ing the luminescence process. Based on 
conclusions deduced f rom expe r imen ta l  data, a physical  model  is proposed  
for  in te rp re t ing  the zinc si l icate luminescence and phosphorescence wi th  some 
c l u e s  on  t h e  rom of the  arsenic  doping and its effect on phosphorescence.  

Manganese -doped  zinc si l icate is a useful  phosphor  
in  CRT appl icat ions  due to its h igh efficiency and re la -  
t ive ly  long persistence.  The green color emission is 
a t t r ibu ted  to the spin flip t rans i t ion  of the d -o rb i t a l  
e lec t ron  associated wi th  the Mn + + ion (1). The Mn + + 
ion has been identif ied to be located on the two non-  
equiva lent  zinc sites in the  rhombohedra l  c rys ta l  wi th  
a t e t r ahedra l  site s y m m e t r y  (2). Thus, the  lumines-  
cence t rans i t ion  is ascr ibed as 4Tlg-6Alg transi t ion,  a 
forb idden  one according to the selection rules (3). 
The int r ins ic  decay  of the emission af ter  u.v. exci ta t ion  
is exponent ia l  having a decay  t ime constant  (to 1/e 
point )  on the o rde r  of 10 msec. 

In  addi t ion  to the in t r ins ic  phosphorescence decay, 
one of ten observes in zinc si l icate phosphors  a long 
pers is ten t  phosphorescence wi th  a much grea te r  t ime 
cons tan t ( s ) .  Often, this long pers is tence phosphores-  
cence is too weak  in in tens i ty  to be of any  prac t ica l  
use. However ,  a p rope r ly  ta i lored  long pers is tent  
l ight  decay can be ut i l ized to reduce flicker (4) in a 
re f reshed  CRT d isp lay  or in a i l lumina t ing  l ight  
source. 

There  have been some empir ica l  phosphor  synthesis  
techniques r epor ted  in the l i t e ra tu re  (5, 6) for the 
purpose  of enhancing or control l ing this long per -  
sistence. One of the accepted and successful methods  
is to dope the manganese -ac t iva ted  sil icate phosphor  
wi th  a minu te  amount  of arsenic (6). However ,  this 
technique has never  been precise ly  descr ibed and the 
role of arsenic in the ma te r i a l  has never  been qui te  
understood.  Suggest ions have been made  tha t  the  long 
decay is ma in ly  due to the fact tha t  the  exci ted  elec-  
t rons spend some apprec iab le  t ime in t raps  before  
reaching  the luminescent  centers. Besides this type  of 
qual i ta t ive  description,  we find surpr i s ing ly  few facts 
or  answers  to the fol lowing questions: where  are  the 
e l ec t ron- t r ap  states and the Mn ++ energy  states 
located in re la t ion  to the energy bands of zinc sil icate? 
How do they  interact?  What  is the s ta te  of arsenic, 
where  is i t  and its energy  level  and  how does i t  p ro -  
long persis tence? 

We repor t  here  our  ea r ly  effort to find answers  to the  
above  questions. Taking  a new approach  we have 
car r ied  out  some photos t imula ted  luminescence (PSL)  
exper iments  in addi t ion  to o rd ina ry  photoluminescence 
(PL)  and phosphorescence (PP)  measurements .  The 
PSL  is the luminescence s t imula ted  by  photons having  
energy  lower  than  the emi t ted  photons. This is possible 
if there  were  t raps;  then, the low energy photons can 
s t imula te  the  t r apped  electrons (or holes) which have  
been  prev ious ly  exci ted  and cap tured  at  the traps.  
The re leased electrons can then be cap tured  by  man-  
ganese ions. Such a process is expected  to be a function 
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Of exci ta t ion energy.  Thus, we expect  tha t  the PSL 
data  can provide  informat ion  about  t raps  and how they  
in terac t  wi th  the  luminescence process. In  the fo l low- 
ing, we repor t  the resul ts  of these exper iments  and 
other  PL  and PP measurements  for manganese  doped 
zinc sil icates both wi th  and wi thout  arsenic doping. 
We corre la te  these da ta  wi th  chemical  analysis  made  
on the mate r ia l s  and wi th  other  exper imen ta l  data. 
Fur the rmore ,  based on these findings, we propose a 
phys ica l  model  for in te rp re t ing  the zinc si l icate 
luminescence and phosphorescence.  

Experimental  W o r k  

Phosphor materials investigated.--Numerous samples  
of commercia l  and  l abora to ry  synthesized zinc si l icate 
phosphors  have been invest igated.  The commercia l  
phosphors  a re  known as P1 (wi thout  As doping) and 
P39 (wi th  As doping) .  The l abora to ry  samples  were  
synthesized (7) by  solid reac t ion  of MnCO3, ZnCO3, 
SIO2, a n d / o r  As205 at  t empera tu res  be tween  1200 ~ to 
1450~ 

The l abora to ry  samples give essent ia l ly  the same 
luminescent  proper t ies  as the commercia l  phosphors 
do. In  Table I we list  the  chemical  composit ions of the 
mater ia l s  tha t  received deta i led  inves t igat ion in this 
work. The first three  samples  (A, B, and  C) are  P1- 
l ike mate r ia l s  which have  no As doping. The re -  
maining  samples  (D, E, and F)  are  P39-1ike mate r ia l s  
which contain small  amounts  of arsenic doping and 
considerable  less manganese  than  the P1 samples. 
Since the arsenic  ions were  more effectively in t roduced 
f rom As205 in the oxidizing a tmosphere  dur ing  syn-  
thesis, we assume tha t  they  remain  as As +5 ions. Al l  
samples were  identif ied by  x - r a y  diffract ion as zinc si l i -  
cates and by  chemical  analysis  as having sl ight  excess 
of silica. Some high concentrat ion manganese  ( ~ 1 % )  
zinc sil icates have also been synthesized which exhib i t  
a PSL in tens i ty  inverse ly  propor t iona l  to the man-  
ganese concentrat ion.  This resul t  wil l  be r epor ted  
e lsewhere  (8). The present  work  is ma in ly  concerned 
wi th  manganese  concentra t ion less than  1% which 
covers the  doping range  of commercia l  zinc si l icate 
phosphors.  

Table I. Chemical analysis of phosphor samples 

C~. CA, Czn Cs~ 
Sample ID (w%) (ppm) (w%) (w%) 

A (P1) 0.523 51.8 16.1 
~(P1)  0.605 52.2 16.3 

(P1) 0.431 55,4 14.7 
D (P39) 0.048 330 52.8 15.5 
E (P39) 0.033 76 51.5 17.2 
F (P39) 0.063 88 52.6 15.9 
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Experimental procedure.--An exper imenta l  setup 
capable of making PL, PP, and PSL measurements  is 
schematically shown in  Fig. 1. The PL excitation 
sources used were a u.v. lamp with monochromator  
and an Argon laser tuned at 488 nm. The emission was 
measured with a Spex monochromator  equipped with 
a GaAs detector and photon counter. For  the PP decay 
curve and PSL measurements ,  the monochromator  
was set near  the peak emission wavelength of the 
Mn + + green emission (~525 nm) .  Two laser sources 
(YAG-1.06~ and He-Ne-633 nm)  were used to s t imu-  
late the green emission. The samples, all  in powder 
form, were pressed into a sample holder which could 
be mounted  on a heater stage capable of being heated 
up to 400~ A fast electromechanical shut ter  with 1 
msec response t ime was used to control the exposure 
of the laser lights on the phosphor samples. For PP 
spectral decay, an OMA (optical mul t ichannel  ana-  
lyzer) was used in lieu of the monochromator.  

Results and Discussion 
In  order to examine the excitation and emission 

processes involving the Mn + + ion and electron traps, 
we have selected two excitation energies, one being 
488 nm which can directly excite the Mn + + ion and  
the other one being 254 nm which may excite the elec- 
trons from the Mn + + into the conduction band and 
cause filling of the traps. These above assumptions are 
consistent with the absorption (9) and excitation (10) 
data in  zinc silicate which show only a set of character-  
istic absorption bands between 3000 to 5000A corre- 
sponding to Mn + + ions and are also consistent with 
the photoconductivi ty data in  willemite (11) which 
show strong excitat ion bands near  2800A and below. 
However, one should point out an a l ternat ive  possibil- 
ity, i.e., the 254 nm excitations may also excite the 
valence electron directly into the trap levels. 

The spectra of photoluminescence and phosphores- 
cence, decay curve, and photost imulated luminescence 
results are discussed below. 

Photoluminescence spectra.--The PL spectra pro- 
duced by these two excitations in zinc silicate are 
shown in  Fig. 2. One notes that  the two spectra have 
similar  shape and identical  peak wavelength,  525 nm 
(2.36 eV). This suggests that  the final emit t ing state 
is the same for both excitations. It  is also impor tant  to 
know at which excitation power density does the PL 
saturate so that we only use excitation power below 
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Fig. 2. Emission spectra of Mn + + in zinc silicate by 254 nm 
(solid line) and 488 nm (dash line) excitation. 

the saturat ion level. Figure 3 shows the PL as a func-  
t ion of the 488 nm power density. One notes that  the 
PL is approximately proport ional  to the power densi ty 
up to 3 W/cm 2. Since the u.v. light source used in our  
experiments  has much less power than  the Argon 
laser, one can safely assume that  both excitations 
used in  our experiments  are not causing any PL satu-  
ra t ion effect. 

Phosphorescence spectra.~The t ime resolved PP 
spectra was measured using an Optical Mul t ichannel  
Analyzer  (OMA) system. Only electron beam excita- 
tion can produce sufficient emission in tensi ty  to allow 
an unambiguous  PP spectra measurement .  Figure 4 
shows the phosphorescence spectra taken at 1, 2, 3, 
5, 10, and 30 msec wi th  t ime integrat ion in terva l  of 
200 ~sec for a P1 sample. Again, the spectra exhibi t  
identical shape and peak position. Thus it  is reason- 
able to conclude that  the final emit t ing state is also 
identical  with the PL dur ing PP decay. Similar  con- 
clusion can be made for the P39-1ike silicates. 

Fig, 1. Experimental arrangement for PL and PSL measurements 
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Fig. 3. Dependence of PL on excitation power density of 488 nm 
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Fig. 4. Phosphorescence spectra for a P1 phosphor at the time 
of I, 2, 3, 5, 10, and 30 msec after excitation removal. Spectra 
were recorded with a OMA having 200 #sec integration time. 

Decay curve.--Although the PP spectra do not 
change with t ime for both P1 and P39-1ike samples, the 
PP  decay curves are quite significantly different. The 
decay curves for the samples listed in Table I are 
shown in Fig. 5 for both 488 and 254 nm excitations. 
One notes that the P l - l i ke  samples (A, B, C) under  
488 nm excitation show an exponent ial  decay (left 
upper  three curves of Fig. 5) with t ime constant, Te, 
being ,~10 msec, a characteristic decay time of Mn + + 
emission in  silicate. The same samples under  254 nm 
excitation also exhibi t  (r ight upper  three curves of 

Fig. 5) s imilar  decay time constant, however,  wi th  
sl ightly more light output  at longer decay t ime (much 
beyond 10 msec). 

The decay curves of the arsenic-doped samples 
(D, E, F in  Table I) by  488 nm excitat ion are shown 
in  the left lower three curves of Fig. 5. One notes that  
the characteristic exponential  decay is again observed. 
However, as shown in  the r ight  lower three curves of 
Fig. 5, a much slower decay is observed when excited 
by 254 nm. The decay curves do not show any 10 msec 
like decay time constant;  instead they exhibit  t ime 
constant  on the order of a second. It is also noted that  
the ini t ial  decay time constant  seems to be longer for 
higher arsenic content  sample (sample D vs. E and F) .  

To probe where the arsenic level is, one should use 
excitat ion energies greater  than  2.54 eV to find the 
threshold excitat ion energy for which the character-  
istic decay behavior  changes to the long decay t ime 
constant  a t t r ibuted to arsenic trapping. This threshold 
excitat ion energy is found to be 3.96 eV (-,313 nm)  in 
P39-1ike material.  This fact suggests that  the arsenic 
level may be 3.96 eV above the manganese  ground 
state or the valence band  depending on where the 
electron is emitted from. 

Photostimulated luminescence (PSL).--The PSL is 
a technique to probe the trap states in the zinc silicate 
material .  The photost imulated green emission is ob- 
tained by exciting the zinc silicate phosphor with u.v. 
and then s t imulat ing it with lower energy photon such 
as red or infrared. This effect is shown in  Fig. 6 for a 
P l - l i ke  material.  The samples are typically excited 
with 254 nm for 1 or 2 min  and then exposed to a 
He-Ne laser (633 nm)  light dur ing or after the u.v. 
excitation. The sharp spike is the s t imulated green 
emission. The PSL decays to equi l ibr ium with fairly 
slow time constants (i.e., not  with the characteristic 
Mn + + decay time constant) as shown in  Fig. 7. The 
area under  the PSL spike represents the stored energy 
in  the traps being released. The traps are apparent ly  
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and infrared (1.06/~) stimulation. 
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1.0 

v e r y  stable at room tempera tu re  since the PSL can be 
observed hours la ter  af ter  the u.v. exci tat ion is r e -  
moved.  The intensi ty of PSL depends on the u.v. ex-  
ci tat ion s t rength  and durat ion and the s t imulat ing 
power  density. In general,  more  u.v. exci tat ion and 
more  intense s t imulat ion produces grea ter  PSL effect 
(8). One other  impor tant  observat ion with  PSL ex-  
per iments  is the threshold exci tat ion energy for the 
PSL effect. The PSL- r ed  is sufficiently intense to a l -  
low such an observation. Table  I I  lists the PSL in-  
tensities measured  at 2 rain of continuous exci tat ion 
(PSL-red-2)  and af ter  30 sec exci tat ion removal  
(PSL-red-2-30)  for various exci tat ion wavelengths.  
THe PL intensities are also included for comparison. 
These results suggest that  only the exci tat ion energy 
greater  than 3.65 eV is able to fill the intrinsic traps 
for red stimulation. 

The PSL observed in P39 is genera l ly  much weaker  
in intensity. When st imulated with  an infrared l ight  
source (1.06~) (PSL- IR) ,  the effect is even smaller.  
The P S L - I R  is general ly  too weak to be observed dur-  
ing u.v. excitation. After  u.v. removal  (during PP  
decay) ,  one can s t imulate  the PSL as shown in Fig. 8a 
and b for inf rared  s t imulat ion in a P39 material .  One 
notes that  the PP decay shows its slow decay. As the 
infrared s t imulat ion is applied, a slow buildup much 
slower than the buildup in red s t imulat ion (Fig. 7) is 
observed. As the infrared s t imulat ion is in te r rupted  
in termit tent ly ,  one notes c lear ly  that  there  are two 
t ime constants involved in the buildup and decay of 
PSL-IR. 

The various PSL effects are summarized in Table III 

where the first column contains the PL intensity ex- 
cited by 254 nm as a reference for the PSL effects. The 

different decay times to 10% point serve to qualita- 

tively illustrate the time dependences of the decay 

Table II. Dependence of PSL on excitation wavelength 

W a v e l e n g t h  
( n m )  254 280 300 320 340 366 420 440 480 

pL �9 10 5 i0 a i0 ~ 10 4 10 ~ lO s i0 ~ 10 ~ I0~ 
PSL-2 b 10 ~ 10 ~ 10 ~ 10 ~ 10 a 0 0 0 0 
PSL-2-30c 10 ~ 10 a 10 ~ l0 s 10 ~ 1 10 5 5 

a T h e  intens i t i e s  are  g ive n  by or d e r  of  m a g n i t u d e  only  s ince  
l ight  source ,  m o n o c h r o m a t o r  and f i l ters  are  n o t  cal ibrated pre- 
cisely. 

, ~-.~L-2 m e a n s  l u m i n e s c e n c e  s t i m u l a t e d  by 633 n m  at 2 m i n u t e s  
of  254 n m  exci tat ion.  

P=L-~-3~ means l u m i n e s c e n c e  s t imula ted  by  633 n m  af ter  2 
m i n u t e s  of  254 n m  exc i ta t ion  and 30 s e c on d s  of  excitation removal. 
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Fig. 8 (a, top) Decay characteristics of a P39 sample with and 
without 1.06/~ light stimulation; (b, bottom) decay characteristic of 
a P39 sample with periodic stimulation of 1.06# light. 

processes involved.  The PL of sample A (P1) a n d  D 
(P39) reaches to 10% point at 25 msec and 1600 msec, 
respectively.  The PSL - red  decays to 10% point at 1.5 
sec for sample A and 30 sec for sample D. 

Discussions.--From Fig. 2 we can conclude that  the 
final emit t ing state is the same for both the 254 and the 
488 nm excitations. It is also evident  f rom Fig. 4 that  
the final emit t ing state is also identical  wi th  the PL 
and PP decay. Similar  conclusions can be made for 
both P1 and P39-1ike silicates. In the decay curves 
shown in Fig. 5, the slow component  suggests that  
there  are possibly some trapping states in the P l - l i k e  
mater ia ls  which can t rap the exci ted electrons and 
have  a ve ry  small  probabi l i ty  of releasing them to the 
Mn + + emission. These traps may  be intrinsic to the 
zinc silicates or may  be induced by the half  percent  or 
so manganese doping. They should be dist inguished 
f rom the traps induced by the arsenic doping as having 
different decay characteristics. 

Since the 254 nm (4.88 eV) exci tat ion produces no 
component  of the characterist ic decay in the arsenic-  
doped materials,  i t  may be suggested that  the lumines-  
cence decay is a cascading process of an electron being 
captured first in an As level, then t ransfer red  to one 
of the exci ted state of Mn + +, and finally reached the 
emit t ing state. Since in P39-1ike materials,  the man-  

Table Ill. PL and PSL in zinc silicate phosphors by 254 nm 

T10~ T10~ T10~ 
Sample IsLt (msec) IPSL-Red* (sec) IPSL-IR* (sec) 

A (P1) 100 25 57 1.5 0.09 180 
D (P39) 30 1600 2.3 30 0.015 >3000 

* Ins tantaneous  peak intens i ty .  
t Normal i zed  w~th r e s p e c t  to  P1 of  sample  A .  
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ganese content  is, comparable to that of the arsenic, 
on the oraer  of several hundred  parts per mil l ion (by 
weigllt),  i t  is posmole that  the arsenic and manganese  
in  the silicate may be paired in sucn a way tnat  the 
arsenic energy states are coupled somewhat efficiently 
with the Mn + + excited states. If one assumes that the 
Mn ++ and As +5 were randomly  distr ibuted in the 
lattice with respect to each other, then the probabil i ty 
would be so small  (based on their concentrations) for 
an  As+~ ion to transt 'er an electron to the Mn + + ion 
that  one should observe the intr insic decay of the 
Mn + + emission instead of the slow decay as shown in 
the r ight  lower three curves of Fig. 5. Comparing PL 
efficiencies of P1 and P39-1ike materials,  it is noted 
that  the P39-1ike materials  general ly  have efficiency 
about  one- th i rd  of that  of the P1 efficiency and yet 
have a manganese  content  reduct ion about one-tenth.  
This suggests that  the introduct ion of arsenic actually 
increases PL efficiency on a per manganese  ion basis 
probably because the arsenic has much greater capture 
cross section than the other intr insic traps in the man-  
ganese doped zinc silicates. However, one cannot 
arbi t rar i ly  increase the arsenic content  because it will  
reduce PL efficiency if exceeded 1000 ppm. One also 
cannot arb i t rar i ly  increase the Mn content since it  
wil l  cause dominat ion of the 10 msec manganese  in -  
trinsic decay if exceeded 1%. It appears that  the 
optimal synthesis requires a comparable manganese  
and arsenic doping with a pai r - l ike  (efficient)coupling 
in the zinc silicate. 

Referring to the PSL results presented above, it  is 
interest ing to point  out that the threshold excitation 
energy (3.65 eV) and the red s t imulat ion energy (1.95 
eV) happen to be added up to be greater  than  the 
bandgap energy (9) (5.5 eV) of zinc silicate. This may 
suggest that  it  is the valence electrons that  are excited 
into the traps. The holes left behind are then trapped 
somewhere else, perhaps in the Mn + + ground state. If 
this is true, one would expect a higher excitat ion 
threshold energy for the PSL-IR. Unfortunately,  such 
experiments  have not been conclusive due to diffi- 
culties in  measur ing very-weak  PSL-IR effect. 

On the other hand, if one assumes that  the intr insic 
traps are filled via conduction band  electrons which 
are excited from the Mn ++ ground state, then one 
could definitively assign the Mn + + ground state to be 
located at 8.65 eV below the conduction band. In  this 
case, the threshold excitation energy will be constant  
for different s t imulat ion energies. 

Exper imenta l ly  we have confirmed that the PSL-red  
can occur even after the PSL-1R is first exhausted (but  
not  vice versa) .  Because of this resul t  and the fact 
that  the PSL-red  is greater for higher energy u.v. 
excitation, one may suggest that  the electron traps 
may not be a discrete level, ra ther  that they have a dis- 
t r ibut ion in  energy which may undergo ret rapping 
dur ing  s t imulat ion (redistr ibut ion) .  Since the PSL-  
red decay rates are different for the samples with and 
without  arsenic doping as explained in Table III, one 
may  also suggest that  the traps are not necessarily 
coupled with Mn + + excited states directly. 

The PSL-IR in  P39-1ike materials  deserves more dis- 
cussion. The PSL bui ldup shown in Fig. 8a i s s imi l a r  to 
the PL bui ldup in P39-1ike materials. This suggests 
that  the bui ldup in  both cases is due to filling up the 
arsenic traps. In  the PL case, the 254 nm may excite 
electrons from the manganese  ground states and fills 
them in the arsenic traps via conduction band, whereas 
in the PSL case, the infrared may  st imulate the elec- 
trons from the intr insic  traps into the arsenic traps. As 
one notes in Fig. 8a, after reaching saturat ion (i.e., the 
redis t r ibut ion of trapped electrons reaches quasi-  
equi l ibr ium),  the decay resumes its ini t ial  decay which 
is a t t r ibuted to the cascading decay process of t rans-  
ferr ing an electron from an intr insic  trap to an arsenic 
trap and then to the Mn + + causing emission. This 
in terpre ta t ion  is demonstrated by in te r rup t ing  the 

infrared s t imulat ion in te rmi t ten t ly  as shown in Fig. 8b. 
Clearly there are two time constants involved in  the 
bui ldup and decay of PSL-IR. The first bui ldup is 
thought to be due to the filling of the arsenic states and 
the second bui ldup with slower rate (minutes)  is 
thought to be due to the re t rapping and redis t r ibut ion 
of the intr insic states with trapped electrons shifting to 
shallower states. The decay t ime constant associated 
with the arsenic state is smaller  than that  of the in-  
trinsic states. Therefore, the PSL-IR first exhibits the 
refilling of the arsenic states, the first bui ldup curve, as 
shown in  Fig. 8b. As time progresses, the arsenic states 
are filled to near  saturat ion and then the redis t r ibut ion 
of electrons in the intrinsic states also take effect, thus 
the PSL- iR  exhibits the second bui ldup as seen in Fig. 
8b. 

As summarized in  Table III, longer decay t ime of 
both PL and PSL are observed in the arsenic-doped 
sample. This is consistent with the cascade decay pro-  
cess discussed above. Similar ly  it  is also true for the 
PSL-IR decay. The infrared st imulated luminescence 
have much longer decay t ime which may be a t t r ibuted 
to the slower trap redis t r ibut ion process under  inf rared 
stimulation. 

One also notes that there are factors of 25 and 6 in  
in tensi ty  difference, respectively, for PSL-red  and  
PSL-IR in samples A and D. This is l ikely due to the 
fact that  the arsenic doping creates more t rapping 
states which can shunt  out the intr insic  traps in  the 
capturing process in zinc silicates. This is supported by 
the thermoglow measurements  made in  P1 and P39- 
like materials (12). The glow peak near  T _-- 295~ in 
P39-1ike mater ia l  is about 50 times larger than the 
corresponding peak in  P l - l i ke  material .  As suggested 
earlier, the arsenic states may be coupled with the 
Mn + + excited states. The arsenic state may be a dis- 
crete energy level and may not be st imulated efficiently 
by the red and infrared laser light, which may be re-  
sponsible for the PSL in tens i ty  difference observed in  
samples with and without  arsenic doping. 

One fur ther  notes, in Table III, that  the PSL-IR 
intensities are smaller  by a factor of several hundred  
than the PSL-red  intensities in both types of samples. 
This observation may be due to the reason that  the 
254 nm (4.88 eV) does not fill all the shallow traps 
(assuming valence electron excitation scheme) that  
the infrared can stimulate. 

Physical Model and Conclusions 
As stated earlier, the main  questions are that  we do 

not know where the Mn ++ energy states and the 
e lectron-t rap states, especially the arsenic states, are 
located in relat ion to the energy bands of zinc silicate. 
In  the following, we list several conclusions deduced 
from the above described results which leads to a pro- 
posal of a physical model: 

1. The ground state of Mn+ + is located in the energy 
bandgap of zinc si l icate-- this  is supported by the fact 
that  the Mn + + ground state can stay empty  for hours 
and allow long persistence PL, PP and long storage 
t ime of PSL. 

2. The Mn + + emit t ing state is identical  for PL (both 
directly excited by blue light or indirect ly excited by 
higher energy photons) and for PP- - th i s  is borne out 
by the identical emission spectra of PL and PP. 

3. There are intr insic traps probably having an en-  
ergy dis tr ibut ion which can be s t imulated by the red 
and infrared photons-- this  is supported by the fact 
that  the PSL intensi ty  is greater for higher energy 
excitat ion and the fact that  the PSL-red  can occur 
even after the PSL-IR is exhausted. 

4. The As + 5 doping introduces an energy state which 
seems to be coupled with the Mn + + excited state and 
lies at least 2.54 eV above the Mn + + ground state per-  
haps about 3.96 eV-- this  is suggested by the fact that  
the blue excitation (2.54 eV) does not cause long per-  
sistence in  an arsenic-doped sample and the change- 
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over of decay behavior  occurs for excitat ion of 3.96 
eV. 

5. The As +~ ions probably  form pairs with the Mn + + 
ions dur ing mater ia l  synthesis- - th is  is because we have 
found that, in  the samples having low Mn + + concen- 
t ra t ion (0.05%) the PL efficiency on a per ion basis 
is enhanced by the presence of comparable arsenic 
doping. 

6. In  the As +5 doped samples the energy t ransfer  
seems to proceed from the intr insic  traps through the 
As+5 to the Mn + + emit t ing state---this is suggested by  
the rise and decay behavior  in  the PSL-IR exper iment  
(Fig. 8). 

7. There is an uncer ta in ty  of reference point  for the 
threshold energies de te rminedmthere  exists a thresh-  
old excitat ion energy, 3.65 eV, for the PSL-red  effect 
in  all  samples and a threshold excitat ion energy, 3.96 
eV, for change over from short to long persistence 
decay in  arsenic-doped zinc silicates, bu t  whether  they 
are measured from the valence band  or the Mn ++ 
ground state is not determined. 

In  considering a physical model, the uncer ta in ty  
stated in  7 (above) leads to several possibilities. If the 
3.65 threshold is measured from the Mn ++ ground 
state to the conduction band, then the traps would be 
filled by the conduction band electrons which are 
excited from the Mn + + ground state by energy greater  
than  3.65 eV. The As +5 states could be filled the same 
way except they are coupled with the M.n+ + excited 
states to exhibi t  long persistent  decay. However, this 
picture is not  consistent with the 3.96 eV threshold for 
decay behavior  change. One cannot  assign the As +5 
states 3.96 eV above the Mn ++ ground state (they 
would be in  the conduction band)  nor  3.96 eV above 
the valence band  by assuming their  excitat ion by the 
valence band  electrons ( they would be below the 
Mn + + emit t ing  state).  Therefore, one would prefer 
suggesting that  the 3.65 eV threshold is measured from 
the valence band  to the intr insic traps and they would 
be filled by valence electrons dur ing excitation [since 
3.65 ev + 1.95 eV > 5.5 eV (bandgap)] .  In  this picture, 
the Mn + + ground level cannot be assigned precisely 
in  relat ion to the conduction band. The Mn + + ground 
state is believed to be still above the valence band 
because they can stay empty for hours after excitation 
as exhibited by the PSL effect. The 3.96 eV threshold 
for decay behavior  change can add some restrictions 
to the location of Mn + + ground state. This is shown 
schematically in  Fig. 9 where (A) is based on the 
assignment  of 3.96 eV being above the valence band 
and (B) is corresponding to the assignment  of 3.96 
eV being above the Mn + + ground state. Case (A) 
restricts the Mn + + ground state to be less than 1.6 eV 
above the valence band  (<3.96 -- 2.36 _-- 1.6) whereas 
case (B) does not l imit  the energy level of Mn ++ 
ground state at all. Since the blue light excitat ion (2.54 
eV) does not cause long decay in As-doped samples, 
the As +5 level must  couple with one or more higher 
level excited state of the Mn + + ion. Both cases are 
consistent with our exper imental  results presented 
above. 

In  summary,  using PSL experiments  in  addition to 
convent ional  PL, PP, and decay curve measurements ,  
we have obtained some clues on the physical picture of 
the PL and PP mechanisms in  zinc silicate phosphors. 
The long persistence on arsenic-doped zinc silicate 
phosphors seems to be a t t r ibutable  to a pai r - l ike  
(perhaps Mn-O-As)  coupling of the Mn + + and As +5 
ions. Exper imental  findings suggest that  in order to 
obtain long persistence one should incorporate com- 
parable amounts  of Mn + + and As +5 in the zinc silicate 
and the Mn + + concentrat ion should be l imited so that 
pair ing or cluster of Mn + + will  not dominate over the 
manganese-arsenic  pairs. A pre l iminary  physical model 
is proposed for the phosphorescence behavior  of 
Zn2SiO4:Mn,As. Fur the r  work on the luminescence 
and excitat ion energy threshold for PSL effect and 
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Fig. 9. Schematic energy band diagram for manganese doped 

zinc silicate with and without As doping. 

correlation with thermoglow peaks may provide a 
more precise picture of the luminescence processes 
and a quant i ta t ive account of the kinetics of the 
emission and decay processes. 
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LPE Growth of (Nd,Y)P O 4 Layers from Tin Melt 
Hiroyuki Kasano and Yoshio Furuhata 

Hitachi Limited, Central Research Laboratory, Kokubunji, Tokyo 185, Japan 

ABSTRACT 

Metal fluxes such as Ga, In, and Sn are developed for l iquid phase epitaxial  
growth of rare earth ul traphosphates in place of phosphoric acid flux. Solu- 
bili ty curves of NdPsO14 for these fluxes are obtained. Using a t in  flux, 
(Nd, Y) P5014 layers having a few to twenty  microns thickness are successfully 
grown both on the (100)-oriented NdP5014 and (001)-oriented Gd0.33Y0.67P5014 
substrates. A pre l iminary  growth mechanism is also reported. 

To date single crystals of rare earth ultraphosphates,  
which are favorable for min ia ture  solid-state laser ma-  
terials, have been grown only by the phosphoric acid 
flux method (1). This method is suitable for bulk  
crystal growth, through undesirable  for thin film 
crystal growth with controlled micron-order  thickness. 
This is because (i) crystal growth occurs and proceeds 
under  the nonequi l ib r ium state of dehydrat ion of 
polyphosphoric acid, (ii) due to the high viscosity of 
the flux it takes a long time, i.e., about 3 days to in -  
crease the degree of supersaturat ion to a level capable 
of sustaining crystal growth, and (iii) the very corro- 
sive na ture  of the fluid and vapor of the flux makes it 
difficult to employ crucible materials suitable for 
mul t iple  l iquid phase epitaxy (LPE).  To achieve a 
solid-state device system, it is desirable that  a p laner-  
type laser be formed on a common crystal l ine base to- 
gether with both its exciting source, i.e., an LD or LED 
array, and an electro-optical modulator  (2). In  this 
system, the optically pumped laser and waveguide are 
constructed from the same th in  film. The top and back 
surfaces of this film are coated with a film having a 
smaller  refractive index. These sandwich structures 
are preferable because propagation loss is reduced. 
These mul t i layer  structures of rare earth ul t raphos-  
phates can be obtained by using the sliding boat tech- 
nique (3) if a proper flux can be developed. This flux 
must  produce low vapor pressure, be noncorrosive for 
the boat at growth temperatures,  and have sufficiently 
large solubil i ty for ul traphosphates (in practical use, 
more than  10 -3 mole fraction at elevated tempera-  
tures) .  

This s tudy presents pure metal  fluxes having low 
mel t ing points. One of these fluxes, i.e., tin, was suc- 
cessfully employed in growing rare earth ul t raphos-  
phate films. 

Experimental 
Seed crystals as well as source crystals of rare 

earth ul traphosphates were prepared by using the 
phosphoric-acid flux method; 4 nines purified rare 
earth oxide powder (Nd208, Y208, Gd208, or CeO2), 
manufac tured  by  shin-Etsu Kagaku, was charged in  
a glassy carbon crucible with commercial orthophos- 
phoric acid (85% H3PO4 -~ 15% H20). The ratio of 
oxide powder to orthophosphoric acid was 2.0-2.3% 
in weight. A crucible containing these start ing ma-  
terials was loosely sealed with a glassy carbon lid 
and was loaded in a quartz reaction tube set in an 
electric furnace. Wet argon was passed over the con- 

Key words: inorganic, epitaxy, laser. 

ta iner  at  a rate 300 m l / m i n  dur ing  the entire run. 
Before growth, the water  component  (~15%)  in com- 
mercial  orthophosphorie acid was removed by heat ing 
at 200~ for 2 days. Then, oxide powders were com- 
pletely dissolved in  dehydrated orthophosphoric acid 
at 300~ dur ing the next  2 days. Ultimately,  rare 
earth ul traphosphates were grown at 560~ for 12 
days. Growth tempera ture  was controlled to an accu- 
racy of 0.1~ 

Crystal dissolution for measur ing solubil i ty and 
l iquid phase epitaxy (LPE) using the metal  fluxes 
were carried out in a dry argon atmosphere using a 
graphite boat as is shown in  Fig. 1 (a). For  the metal  
fluxes, In, Ga, and Sn were chosen because both their  
mel t ing points and vapor pressures below 1000~ were 
relat ively low. In  this study, a graphite block weight 
was used to sink the source crystals into the molten 
flux at elevated temperatures.  To promote crystal 
dissolution, the molten metal  was in te rmi t ten t ly  vi-  
bra ted dur ing  heating. To measure solubility, the 
source crystals (~ l . 0g  in weight) were held for 7 hr  
in  the mol ten flux (~4  ml) .  This period was deter-  
mined from exper imental  data at 650~ where solu- 
bil i ty was found to be independent  of the heating 
time beyond 7 hr. After the 7 hr  run, the flux was 
rapidly cooled. During cooling, the dissolved source 
recrystallized as slag and covered the flux surface 
as well as the residual source surface. The residual 
source weight was measured after the solidified flux 
was first removed with a hot HCI solution, and then 
the recrystallized slag was taken off in  ethyl alcohol 
by  uti l izing ultrasonic vibration. 

For LPE, only t in flux was used because solubil i ty 
of NdP5OI~ in a relat ively low temperature  range was 
highest while the flux incorporat ion into NdPsOI4 was 
lowest among these fluxes. The LPE processes are 
as shown in Fig. 1. The system was purged with argon 
gas prior to increasing the temperature.  At this stage, 
the surface of (100)-oriented NdP5014 and /or  (001)- 
oriented Gd0.3aY0.6~P50~4 substrates were exposed to 
the argon flow. Then, the tempera ture  was increased. 
When the substrate temperature  T2 reached 400~ 
the substrate surfaces were covered by the graphite 
boat upper  wall  by sliding the substrate-]oaded graph-  
ite plate. The substrate was kept at 400~ unt i l  the 
growth conditions were fulfilled. The source tempera-  
ture TI was fur ther  increased to 800~ where the 
NdP~O14 or Nd0.~,~Y0.ssPsO14 source crystals were dis- 
solved. Five hours later, T1 was decreased to the 
desired growth tempera ture  at which substrates were 
put  in contact with the t in  melt  by sliding the graphite 
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program. 

plate.  A t  this stage, T2 became nea r ly  equal  to T1. 
Rare  ea r th  u l t raphospha te  was ep i t ax ia l ly  g rown in 
the  course of the  addi t iona l  t empera tu re  decrease.  A t  
a t empe ra tu r e  a hundred  degrees  lower  than  the one 
at  contact,  the subs t ra tes  were  removed  f rom the 
t in mel t  whi le  st i l l  covered by  the graphi te  boat  wall.  
When  Tz was decreased to 450~ the subs t ra tes  kep t  
at  400~ were  reexposed  in an argon ambien t  and 
cooled to room tempera ture .  Samples  were  then  
boi led in HC1 solution. To measure  ep i tax ia l  l aye r  
thickness,  a c leaved face of the  sample  was etched 
for  10 min in phosphor ic  acid hea ted  at  300~ XMA 
and x - r a y  powder  diffract ion analyses  were  also ca r -  
r i ed  out  to obta in  informat ion  on the composit ions 
of the  g rowth  crystals .  

To deduce a p r e l i m i n a r y  phase d i ag ram of the  
sys tem Sn:NdP5014, di f ferent ia l  t e m p e r a t u r e  analysis  
(DTA) was pe r fo rmed  at  severa l  Sn- r i ch  composi-  
t ions where  the l iquidus  was c lear ly  be low the de -  
composing t empe ra tu r e  (~1090~ of NdPsO14, i.e., 
in the  composi t ional  range  where  NdP50~4 was less 
than  5 mole  percent  ( m / o ) .  For  DTA appara tus  a 
R igaku  Denki  Model  YGHD system was used. S t a r t -  
ing mater ia ls ,  Sn and NdP5014, were  crushed and 
in t ima te ly  mixed  pr io r  to being charged in an a lumina  
cell. For  a re ference  sample,  ~-A1203 powder  (No. 
2000 mesh)  was used. The measuremen t  (DTA) 
was car r ied  out  in N2 ambien t  in a t empe ra tu r e  range  
20~176 Heat ing-cool ing  ra te  was 10 deg /min  and 
a sens i t iv i ty  was _100 ~V (full  scale) .  Liquidus  t em-  
pe ra tu res  were  de te rmined  f rom the hea t ing  curves, 
because the hea t ing  curves did  not  indicate  significant 
overhea t ing  effects, whi le  the  cooling curves  often 
ind ica ted  large  supercool ing effects. 

Since Sn does not  comple te ly  wet  Nd5014 at  e leva ted  
tempera tures ,  a composi t ional  e r ro r  results.  The mag-  

n i tude  of the e r ro r  was es t imated  on a basis of the 
scanning XMA da ta  of the  dif ferent ia l  t e m p e r a t u r e  
analyzed  samples  to be at  most  -~0.25 m/o ;  unreae ted  
NdP5014 crysta ls  had  a d iamete r  above  0.1 m m  where -  
as tha t  of recrys ta l l i zed  NdP~O14 was less than  30 #m. 

Results 
Solubility curves oJ NdP~014 in the metal fluxes.m 

Solubi l i ty  curves of NdP5Oz4 for Ga, In, and  Sn in a 
t e m p e r a t u r e  range  620~176 a re  shown in Fig. 2. 
For  comparison,  Nd0.ssY0.ssP5014 was used as the 
source crysta ls  in the  t in flux case. A few da ta  points  
in Fig. 2 indicate  tha t  so lubi l i ty  of Nd0.~sYo.ssP5014 
is comparab le  to tha t  of NdP5014 for  the  t in flux. 
This is s imi lar  to the phosphor ic -ac id  flux case (4). 
The so lubi l i ty  curves for co lumn III  meta ls  become 
steep at  the  h igher  end of the dissolut ion tempera ture ,  
i.e., 950~ for Ga and 800~ for  In, whi le  the solu-  
b i l i ty  increase  was st i l l  g radua l  for  t in  flux. F lux  
t empera tu re s  at  which so lubi l i ty  reaches  1 [atomic 
percent  ( a / o ) ]  a re  es t imated  f rom this curve to be 
nea r ly  990 ~ 780 ~ and 810~ for Ga, In, and  Sn, r e -  
spectively.  F r o m  the g rad ien t  of the  s t ra igh t  pa r t  
of the solubi l i ty  curves,  the  en tha lpy  of a dissolut ion 
reac t ion  is es t imated  to be 1.35 • 10 ~ J / m o l e  (32.2 
kca l /mo le ) .  This va lue  is common for gal l ium, indium, 
and t in fluxes. Apparen t ly ,  the fluxes a re  chemical ly  
free f rom the dissolving reac t ion  of NdP5Oz4. Data  
sca t ter ing  observed in the  ind ium flux case may  be 
due to the  poorer  wet t ing  of ind ium and the source 
crystals  as compared  wi th  the  o ther  two cases�9 

The body  color of the  undissolved core of the 
NdP5014 source crysta ls  changed to reddish  in the  
column I I I  flux case, whi le  i t  r ema ined  only s l igh t ly  
da rkened  in the t in flux case. The color of prec ip i ta tes  
deposi ted on the undissolved cores was the  same. The 
da ta  of the  x - r a y  diffraction analysis  suggested tha t  
a few mole percent  of the  flux were  incorpora ted  in 
the recrys ta l l ized  NdP5014 crys ta ls  in the ga l l ium and 
ind ium flux cases. The incorpora ted  Ga concentra t ion  
is coincident  wi th  the  r epor ted  va lue  by  K r u e h l e r  
et al. [less than  2.2 a /o  (5)] .  However ,  no de tec table  
amount  (less than  1%) of the  flux was observed  in 
the t in flux case. Laser  spectroscopic analysis  resul ts  
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indicated the presence of only 100-500 ppm tin. 
Therefore, t in  is judged to be the most suitable of 
these metals as a flux for LPE of ultraphosphates.  

Liquid-phase epitaxy using tin / /ux . - -Neodimium- 
y t t r ium pentaphosphates were epitaxial ly grown from 
the t in flux both on (001)-oriented Gd0.88Y0.67P5014 
and (100)-oriented NdP5Oz4 substrates which were 
s imultaneously  charged in the same run. In  this ex-  
periment,  Nd0.zsY0.ssP5Oz4 crystals were used as the 
source. Though Gd0.38Yo.67P5014 and NdP5Oz4 belong 
to different crystal l ine phases at growth temperature,  
i.e., the space group C2/c of the monoclinic system 
for the former and the space group Pcmn of the 
orthorhombic system for the latter, the Nd0.15Yo.85P5014 
source can crystallize in  both phases provided i t  is 
first dissolved or vaporized (6). As a result, LPE 
growth of Nd0.zsY0.ssP5Oz4 can be achieved on these 
substrates. A combinat ion of a Ndo.zsYo.ssP5014 epitax- 
ial layer  and a Gdo.~Y0.67P5Oz4 substrate is preferable 
because (i) the lattice parameter  of the layer  is well  
suited to that  of the substrate (2), (ii) the optical 
refractive index of the layer  is larger than that  of 
the substrate (2), and (iii) the layer  composition is 
out of the range of the ferroelastic species (7). 

The surface of an epitaxial  layer  was slightly 
wrinkled and par t ly  covered with a white precipitate. 
The origin of the precipitate was deduced to be 
SnHPO4 on the basis of the x - ray  diffraction analysis 
data. The hydrogen source may be water  vapor which 
back diffused from a water  vessel used as a gas trap. 
After  removing the precipitate by lapping, the grown 
layers were confirmed to be epitaxial  by an x - r ay  
back Laue technique. Hence, these precipitates were 
probably  formed dur ing  the cooling process from the 
residual  t in  flux stuck on the sample surface. A typical 
grown layer  is shown in Fig. 3. The Nd/Y ratio of 
the epitaxial  layer  was examined by  XMA and was 
found to shift slightly to the Y-r ich side compared 
with the source crystals. The shift was 2-3% for the 
growth at 8000~C. Grown layers were epitaxial at 
temperatures  above 650~ Layer thickness was mea-  
sured as a funct ion of the growth temperatures.  The 
results obtained are shown in Fig. 4. The growth 
period in  each run  was l imited to 100~ The cooling 
rate in this period was controlled to 10 deg/min.  The 
magni tude  of the solubil i ty difference caused by this 
cooling is calculated for NdP~Ol~ and Nd0.1.~Y0.R~P.~O14 
in the t in flux based on Fig. 2 data. This is also shown 
in Fig. 4 for comparison. 

Discussion 
Dissolving mechanism of NdPs01~ in metal ]~uxes.-- 

Solubil i ty data of NdP~O14 in the metals are presented 
for the first t ime in Fig. 2. However, the dissolving 
mechanism in the metal  fluxes is still unknown.  Based 
on the DTA data, a p re l iminary  phase diagram for 
the system Sn-NdP~O14 is proposed in a compositional 
range x < 5 (m/o) ,  i.e., in  a very t in- r ich  region. 
During the temperature  increasing process in DTA, 
only three peaks or knees were detected below 1200~ 
for each composition. These peaks or knees correspond 
in  tu rn  to a point  on the so]idus (the t in mp 232~ 
a point  on the liquidus, and the NdP5014 decomposing 
point  (~1090~ as is shown in Fig. 5. Though the 
data in the NdP5014-rich side could not be obtained 
because l iquidus temperatures  exceed the decom- 
position tempera ture  of NdP50,4, we believe that  
this diagram is reasonable. This is because (i) the 
NdP5014 layers recrystallized on the substrate along 
the l iquidus curve dur ing cooling (Fig. 4), and (ii) 
a point  on the solidus was exper imenta l ly  confirmed 
to be ,~232~ even at very NdPsOld-rich compositions. 
That  is, i t  is believed that  any  stable compound other 
than NdP5014 was not formed during heating. The 
x - r ay  diffraction analysis of the slag by which the 
surface of the metal  flux was covered showed that  

Fig. 3. Photographs of (Nd,Y)P~O14 epitaxlal layer grown on 
(001)-oriented Gdo.33Yo.67PsOz4 substrate. XS00. (a) Cleaved face 
after etching with heated (300~ phosphoric acid for 10 rain. (b) 
As-grown surface of epitaxial layer. 

the greater par t  was NdPsO14. The residual was metal  
oxide along with a slight amount  of metal  phosphate. 
As indicated above, metal  phosphate was also found 
on the epitaxial  layer. We consider that  these residues 
were formed dur ing cooling only at the surface of the 
melt  as a result  of chemical reactions among Sn, 
NdPsOzd, and H20 which came from the exhaust.  
The most probable mechanism is a simple diffusion 
such as NdP~Ozd(s) --> NdP5014(1). The case where 
a metastable compound is first formed in the molten 
flux heated at high temperatures  and then decomposes 
to Sn and NdP5Oz4 dur ing the cooling stage is also 
conceivable. 

Epitaxial growth process from tin me/ t . - -The  LPE 
growth mechanism from the t in  melt  is expected to 
be an ordinary spiral growth. From the grown- layer  
thickness data and the solubil i ty difference curve 
shown in  Fig. 4, the relationship between the growth 
rate V and the degree of supersaturat ion ~ is readi ly 
obtained as is shown in Fig. 6. Though the data for 
the solubil i ty decrease occurring dur ing  a hundred  
degree period were for the system Sn-NdP5Ot4, we 
consider that  those for the system Sn- (Nd,  Y)P.~Oz4 
are consistent with the former on the basis of the 
data in Fig. 2. The quadratic dependence of V on q is 
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indicated both in the NdPsO14 and Gdo.33Yo.oTPsO14 
substrate cases. 

According to Elwell and Dawson (8), spiral growth 
from the flux is qualitatively explained using the 
Bur ton-Cabrera-Frank model modified by the diffu- 
sion effect. This gives 

V -- (A~/r  tanh (~1/r (Bennema's modification) 
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where ~1 is the threshold of r and A is a constant. 
Corresponding to the magnitude of the relative degree 
of supersaturation, this equation can be approximated 
in two cases 

V ~'~ Ar162 

when r < ~1 (relat ively low supersaturation) and 

V ,-~ Ar 

when r ----- r (relat ively high supersaturation).  The 
fact that LPE growth of (Nd, Y)P5014 took place 
under a relatively low degree of supersaturation in 
this study is suggested in Fig. 6. 

Conclus ions 
Bearing thin film integrated optics in mind, metal  

fluxes adaptable to LPE growth of rare earth u l t ra-  
phosphates have been developed. Metals with low 
melting points, e.g., Ga, In, and Sn, were tested. I t  
was found that ultraphosphates were soluble in these 
metals at relatively low temperatures (600~176 
and that the ultraphosphates were recrystallized dur-  
ing the cooling stage. The solubility curves of NdP5014 
for these fluxes were experimental ly obtained. Then, 
LPE growth of (Nd, Y)P5014 was successfully carried 
out using the tin flux. 

I t  is noteworthy that  for mult i layer  growth with 
submicron order thickness control these metal  fluxes 
are more suitable than phosphoric acid flux from the 
viewpoint of handling and stability. 

Manuscript submitted Nov. 19, 1979; revised manu- 
script received May 1, 1980. 

Any discussion of this paper will  appear  in a 
Discussion Section to be published in the June 1981 
JOURNAL. All discussions for the June 1981 Discussion 
Section should be submitted by Feb. 1, 1981. 

Publication costs of this article were assisted by 
Hitachi Limited.  
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A Method for Area Saving Planar Isolation 
Oxides Using Oxidation Protected Sidewalls 

D. Kahng, T. A. Shankoff, T. T. Sheng, and S. E. Haszko 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A process has been developed to fabricate bur ied isolation oxide struc-  
tures with a near-perfect  topography. The method uses the combinat ion of 
preoxidation silicon etching to the required depth with the added feature of 
sidewall  oxidation protection used to control the profile at feature edges. 
The la t ter  is achieved by the deposition of a second silicon ni t r ide layer and a 
processing sequence of simple steps which are shown to be quite repro- 
ducible. 

We have succeeded in fabricat ing buried isolation 
oxide structures with almost perfectly planar  top- 
ography. The method borrows from the fu l l -ROX (1, 2) 
technique in  that  the substrate is etched to a depth 
approximately 50% of the final, desired oxide thick- 
ness after silicon ni t r ide pa t tern ing and prior to oxida- 
tion. It deviates from that  technique in that sidewall 
oxidation protection is used to control the profile at 
feature edges and to el iminate the we l l -known form 
"bird's head and beak" and its abrupt,  sharp and 
dimension robbing characteristics. The processing se- 
quence itself involves the proper combinat ion of simple 
steps and is quite reproducible. 

Our concept of sidewall  protection involves chemical 
vapor deposition of a second nitr ide layer after silicon 
substrate etching using the first ni t r ide (or oxidation 
mask) as the etch mask; if the second ni tr ide is 
etched after it is deposited using a s t ra ight- l ine  method, 
then the sidewall will still contain the second ni tr ide 
layer  on the silicon quar ter  circles under  the first 
n i t r ide overhang after etching. The bulk  of the to-be 
thick oxide device regions (isolation oxide) will be 
open to oxidation, but  there will be masking at the 
sidewalls dur ing  oxidation. Thus for example, our 
ini t ial  experiments  involved a s t ra ight- l ine  process, ion 
implantat ion,  which resulted in  both etching and 
chemical conversion of ni t r ide in the to-be oxidized 
regions. We implanted oxygen as O atoms into 300-500A 
of the second ni t r ide  to a depth of 200-250A (15 keV) 
so that whatever  ni t r ide that  did not sputter  off in the 
O atom implan t  would be converted to oxidizable 
oxynitride. Coupled with this set of experiments  was 
the use of varying second ni tr ide thicknesses ar ranged 
so that  slight oxidation at the sidewalls would occur 
toward the end of the isolation oxidation in order to 
"smooth or round-out"  the topography. The t ransmis-  
sion electron micrographs in Fig. la  and lb  respectively 
detail the fu l l -ROX profile and the typical O atom 
implan t  resul t  when  the second ni tr ide was thick 
enough so that  no oxidation took place at the side- 
walls. Exper imenta l ly  we found that about 400A of 
second silicon ni tr ide is consumed dur ing 1O,000A of 
wet isolation oxidation. Figure 2 shows the case where 
less than 400A of ni t r ide was used to allow some side- 
wall  oxidation. In practice, we found that deposition 
control of silicon ni tr ide composition and to a lesser 
extent  thickness and uni formi ty  control over a wafer 

essentially precludes consideration of the par t ia l  oxi- 
dation method on a practical basis. 

Although the results using 0 atom implanta t ion  were 
encouraging, the process was f raught  with variabil i ty.  
We always found some residual  oxidation resistance 
in  the presumed to be "opened" thick oxide silicon. 

Fig. 1. (a) TEM profile of standard fulI-ROX structure. (b) TEM 
profile of O atom implant, 500A second nitride method. 
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Fig. 2. TEM profile of 0 atom implant, less than 400A second 
nitride method. 

For example, in one case 7000A of SlOe grew when 
10,000A was expected, while a 14000A oxidation time 
furnished the requisite 10,000A. The impor tant  point 
was that we were on the proper track to achieving the 
desired end result. Processing details for the technique 
are set out in Table I using step 10a. 

Our best results were achieved u~ing reactive ion 
etching of the second ni t r ide layer  which is, if properly 
applied, a s t ra ight- l ine  etching procedure. It was also 
decided to el iminate any attemps to use "thin" second 
ni t r ide so that  part ial  oxidation would be relied on 
to smooth-out  the topology. Thus, for 10~000A isola- 
tion oxidation, 500A of second silicon nitr ide has been 
used and is reactive ion etched in anisotropic etching 
conditions so as to leave the entire feature-edge region 
coated with the full 500A thickness at the isolation oxi- 
dat ion step. Silicon nitr ide in these thickness ranges is 
believed not to introduce stress dur ing the oxidation 
(2). The processing sequence for this modification is in -  
cluded in Table I as step 10b. Typical results can be 
seen in  Fig. 3. It  is clear that  too much sidewall pro- 
tection is obtained with this method resul t ing in the 
sharp unoxidized notches at the feature edges. It  be-  
came evident  that  the best s i tuat ion would be achieved 
if oxidation is allowed to proceed up the sidewall, but  
in  a controllable fashion in l imited degree. A simple 
way to achieve the result  is to use a pad oxide beneath  
the second ni tr ide layer  in  much the same way that  a 
pad oxide is employed beneath  the first masking n i -  
tride film; the H20 oxidant  diffuses in the pad and 
allows some penetra t ion of growing oxide fur ther  up 
the sidewall. Exper iments  were done with "second" 
pad oxide thicknesses of 100 and 300A; the results can 
be seen in Fig. 4a and 4b. Clearly the 100A case gives 
the best result. Use of a thin 100A pad oxide beneath 
the 500A ni t r ide layer  (which is too thick to be con- 
sumed dur ing isolation oxidation) presents no control 
problem whatsoever since dry oxide thicknesses are 
re la t ively easy to control even at 100A. 

The only negative aspect of the pad oxide technique 
proves to be slight "spil l-over" of the isolation oxide 
into the future  thin oxide portions of the s t ructure  as 
evidenced by the thin, tapered elges in  Fig. 4a and 4b 

Table I. 

I. Grow pad oxide (I00-500A). 
2. Deposit CVD nitride (1200-2500A). 
3. Pattern isolation oxide features. 
4. Plasma etch nitride, stop in pad oxide. 
5. Resist strip. 
G. Etch pad oxide in BHF. 
7. Etch Si substrate in CrO-HF-I-bO. 
8. Grow pad oxide (100A). 
9. Deposi t  second CVD nitride (300-500A). 

10. a. Implant  O atoms at 15 keV (10z6-10ZT/cm~). 
b. Reactive ion etch second nitride.  

11. Grow isolation oxide. 
12. Nitride strip. 
13. Grow gate oxide.  

Fig. 3. TEM profile of reactve ion etch of second nitride with 
no second pad oxide. 

and Fig. 5a and 5b. A simple 30 sec oxide etchback in  
BHF to remove 500A thermal  oxide (30 sec removes 
more oxide than has spilled over by about a factor 
of 2, al though this may be the only real var iable  
connected with the process) easily solves this problem. 
After  this BHF treatment ,  the s t ructure  which is 
finally achieved is essentially p lanar  and contains no 
trace of "spilled-over" isolation oxide. Even more im-  
portant,  the in t rus ion of thick oxide into the th in  
oxide regions of a device chip stops at the edge of 
the original isotropically etched quar ter  circle formed 
in the silicon. Since this will typical ly be about  50% 
of the isolation oxide thickness in dimension at each 
feature edge, a significant saving of device real estate 
can be realized (note the intrusions of typically 15,000A 
are found for selective-oxidation structures such a s  
the semi-ROX structure  owing to the "bird's beak" 

Fig. 4. (a) TEM profile of reactive ion etch of second nltride 
with 100A second pad oxide. (b) TEM profile of reactive ion etch 
of second nitride with 300A second pad oxide. 
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Fig. S. (a) SEM profile af reactive ion etch af second nitride 
with 100A second pad oxide. (b) SEM profile of reactive ion etch 
af second nitride with 300A second pad oxide. 

and close to 10,000A for the fu l l -ROX structure  because 
of the bird 's  head).  

A secondary, bu t  impor tant  aspect of this work is 
the etchant  used to achieve the desired isotropic 
quar ter  circle features used in this technique. It was 
found that  the CrOs-HF-H~O etching system provides 
completely isotropic etching in  the composition and  
etching thickness range studied dur ing this program. 
The silicon substrate "floor" on which the isolation 
oxidation will be done is as defect-free and smooth as 
noted with any etching technique either dry or wet-  
chemical. The etching rate is sensitive to substrate 
doping, however, and calibration etching curves must  
be obtained for each new substrate doping used. 
Obviously, devices which have previously defined and 
doped structures will  be difficult to process using this 
etchant, al though a suitable etching a l ternat ive  should 
not  be difficult to find. The only parameter  which will  
affect etching rate of the silicon for rout ine work, 
temperature,  is readily controlled and inconsequential .  
Etch rate data for the CrOs-HF-H20 system in the 
applicable ranges are presented in  Fig. 6. 

In  practice, it is impor tant  to use sufficient first 
n i t r ide (perhaps 1200-1500A) so that RIE of the second 
500A nitr ide with 25% overetch will not affect the 
oxidation masking by the first layer. Allowance also 
must  be made for some loss of ni t r ide in the C r Q -  
HF-H20 etchant  (about 100A per minute) ,  perhaps 
increasing the original first ni tr ide thickness to 
1500-1800A. Excellent etching results of the substrate 
are obtained when the CrOs concentrat ion is in the 1 
weight percent  range (about  25A/sec silicon etching 
rate for l ightly boron-doped substrate and 1-2A-sec 
for silicon ni t r ide) .  The silicon etch depth can be con- 
trolled to wi th in  100A if desired and should be com- 
puted from the following considerations: 56% of 
~hermal oxide growth is above the substrate, removal  
of the first ni t r ide in  160~176 H3PO4 loses 5A of 
thermal  oxide per minute  of etch t ime (30 min  for 
t500A first n i t r ide) ,  removal  of the first pad oxide 
( typically 300-400A) with overetching in BHF for 
30 sec costs 500A of isolation oxide, and finally t r im-  
ming the spil led-over oxide costs an added 500A if 
BHF is used for 30 sec. Thus for 10,000A final isolation 
oxide, an etching depth of 5100A would be used and 
ll ,150A oxide grown, for a p lanar  topography. 

It  came to our  a t tent ion after much of this work 
was completed that  the pa tent  l i terature  describes two 
attempts at sidewall oxidation protection to achieve 

U00 

B tS00 

i | -  

6OO 

i I 
0 S 10 

elUd4S CrOak.net 6J~O-W 

Fig. 6. Silican etch rate curve far CrOs-HF-H20 system A/rain 
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the p lanar  topography. In  one method (3), "spin-on" 
oxide is used to preferent ia l ly  fill the feature edges 
at the quar ter  circle; subsequent  isolation oxidation 
is impeded at the feature edges because of this block- 
ing oxide, giving the essentially p lanar  structure.  In  
the other technique (4), a second ni t r ide layer is 
used, but  instead of using a s t ra ight- l ine  etching 
technique, photoresist is used to clog the featureredge 
ni tr ide overhang/quar te r  circles (spinning resist on 
forces resist into these crevices preferent ia l ly) .  Ex-  
posure and development  should leave some thickness 
of resist in the quar ter  circles because of the thickness 
differential; subsequent  ni t r ide etching should leave 
ni t r ide within the quar ter  circles to mask the side- 
walls against the isolation oxidation. I t  was not 
possible to assess the degree of success with these 
approaches from the l i terature.  However, it appears 
that  the photolithographic exposure is difficult to 
control because of l ight diffraction at the quar ter  
circles with the second method; the first method will 
have "spin-on" oxide wi thin  the device structure,  
seemingly undesirable  f rom a contaminat ion and 
qual i ty control standpoint.  

Conclusions 
We have demonstrated a method for achieving a 

p lanar  isolation oxide s t ructure  based on a significant 
modification of the ful l -ROX technique for buried 
oxide. Sidewall  masking with a second layer  of 
silicon ni tr ide prevents  in t rus ion of the isolation oxide 
into the thin oxide regions to save real estate and to 
prevent  formation of the bird 's  head. Use of a th in  
second pad oxide beneath the second ni tr ide is a key 
step in achieving the planar  structure. The CrO3-HF- 
H20 etching system provides a good means of iso- 
tropically etching the silicon substrate dur ing  
processing. 
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The Role of Carrier Diffusion and Indirect 
Optical Transitions in the Photoelectrochemical 
Behavior of Layer Type d-Band Semiconductors 
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ABSTRACT 

P h o t o c u r r e n t s  a t  n - t y p e  single crysta ls  of MoSs, MoSe2, and  WSes, w i th  
the  van  der  Waals  surfaces exposed to the electrolyte ,  have  been s tudied  b y  
va ry ing  the vol tage  appl ied  and the wave leng th  of the light.  The exper iments  
have  been pe r fo rmed  under  condit ions where  a deple t ion  layer  is fo rmed be-  
nea th  the semiconductor  surface and in the presence of I - - i o n s  in the  e lec t ro-  
ly te  which act as scavengers  for the pho togenera ted  holes and p reven t  cor ro-  
sion of the  electrodes.  An  eva lua t ion  of the  quan tum y ie ld  in re la t ion  to the  
absorpt ion  coefficient and the extension of the space charge l aye r  shows tha t  
genera t ion  of minor i ty  carr iers  outside the space charge l aye r  contr ibutes  to a 
la rge  ex ten t  to the photocurrents .  A mean  diffusion length  for holes 
of 1.4 • 10 -4 cm (MoS2) and 5 X 10 -4  cm (MoSe2) is der ived  f rom the ex-  
per iments .  The wave leng th  dependence  of the pho tocur ren t  y ie ld  is ana lyzed  in 
te rms of l ight  absorpt ion  for indi rec t  t ransi t ions.  This gives a measure  of the  
bandgaps  in these mate r ia l s  which tu rn  out as 1.17 eV (MoS2), 1.06 eV 
(MoSe2), and  1.16 eV (WSe2) in good accordance wi th  opt ical  measurements .  

The theory  of photovol ta ic  power  conversion devices 
based on semiconduct ing mate r ia l s  like, e.g., Si, Ge, 
GaAs, TiO2, etc., shows tha t  the efficiency is ma in ly  
de t e rmined  b y  the diffusion process of the  photogen-  
c ra ted  minor i ty  charge  car r ie rs  ( I -3 ) .  The con t r ibu-  
t ion of carr iers  genera ted  in the space charge  layer  can 
be neglec ted  because its extension in modera t e ly  doped 
samples  most ly  is severa l  orders  of magni tude  smal le r  
( , ~ i0 -6 - I0  -5 cm) than  the minor i ty  car r ie r  diffusion 
length  which  can reach  the order  of 10 -4 cm [TiOs, 
Ref. (2)] ,  10 -3 cm (GaAs) ,  or  1 cm (Ge, Si) ,  respec-  
t ive ly  (4). We s tudied  whe ther  the s i tuat ion is different  
or  s imi lar  in l aye r  type  mo lybdenum and tungsten di-  
chalcogenides which have also been shown to be in-  
te res t ing  semiconductors  for  e lec t rochemical  (5-7) 
and  so l id-s ta te  (8) solar  cells. 

I t  was the a im of this inves t igat ion to dis t inguish 
be tween  the extent  of charge separa t ion  in the Schot tky  
ba r r i e r  and  in the diffusion zone and to corre la te  the 
efficiency of energy conversion wi th  the  pecul ia r  band 
s t ruc ture  of these systems. An e lec t rochemical  
Schot tky  ba r r i e r  is the easiest  to fabr ica te  and there-  
fore has been employed  for this study.  

Transmiss ion spect ra  wi th  the  incident  l ight  normal  
to the plane of the layers  (electr ic  field vector  E nor -  
mal  to the c -c rys ta l  axis)  have been known for a long 
t ime (9). Two peaks  at  the absorp t ion  edge, cal led A 
and B, have  genera l ly  been  accepted to be the  resul t  
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of ground s tate  excitons wi th  the  separa t ion  A-B  b e i n g  
a measure  of the sp in -o rb i t  interact ion.  

There  has been  the idea tha t  exci tons exis t  in l a y e r -  
type  mate r i a l s  (GaSe2, MoSes, etc.) in the  hyd rogen -  
l ike  Wann ie r -Mot t  form (i0)  though these compounds 
exhib i t  ve ry  anisotropic  phys ica l  propert ies .  This has 
been confirmed for 2H-crys ta ls  in numerous  exper i -  
menta l  papers  (11-17). The opt ical  dissociation energy  
of these excitons lies be tween  0.04 and 0.06 eV which 
obviously is in the range of the  la t t ice  v i b r a t i o n a l  
energy  at room t empera tu r e  (11, 12, 15, 17). I t  h a s  
been s ta ted  that  the or ig ina l ly  exci ted  excitons dis-  
sociate inside the crys ta l  to give free e lectrons a n d  
holes (18, 11, 19). An  exc i ton-phonon  ionizat ion m o d e l  
was consequent ly  proposed  (20). The l i fe t ime of exci-  
tons wi l l  therefore  be e x t r e m e l y  shor t  at  no rma l  t em-  
peratures .  

In t r ins ic  conduct ion measurements  above 700~ of 
n - t y p e  MoS2 and MoSes y ie lded  a t he rma l  bandgap  
of the order  of 1.1 eV (14, 21), which agrees  w e d  wi th  
the indi rec t  bandgap  suggested by  band  s t ruc ture  
calculat ions (26), and is suppor ted  b y  photoemission 
measurements  (27-84) and opt ical  absorpt ion  measu re -  
ments  (85). On the other  hand, there  is s t i l l  a v a l i d  
discussion going on regard ing  the s y m m e t r y  of t h e  
valence band  involved in the direct  and indirect  o p t i c a l  
t ransi t ion.  There  has been  a long t rad i t ion  based  on 
t ight  b inding  band  s t ruc ture  calculat ions (36), opt ical  
absorpt ion  measurements  (35), and  considera t ion o n  
EPR data  (37, 38) to s i tuate  the  direct  A-exc i ton  t r a n -  
s i t i o n  between  the ma in ly  p - l i ke  chalcogene v a l e n c e  
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band and the d - l ike  meta l  conduction band  (25, 28). The 
fundamenta l  indi rec t  absorpt ion  edge however  was 
associated wi th  a d -d  transi t ion.  In  contras t  to this 
picture,  there  is s t rong evidence f rom var ious  band  
s t ruc ture  calculat ions (39, 22-26) and photoemission 
resul ts  (40, 33, 34) tha t  both direct  and indirect  t r ans i -  
tions are  associated wi th  the  valence d -  and conduc-  
tion d - b a n d  of the t rans i t ion  meta l .  

Experimental  and Mate r ia ls  
Materials.--All semiconduct ing mate r ia l s  used were  

n- type.  Synthe t ic  MoS2 single crystals  w e r e  obta ined  
from Dr. F. L~vy (Labora to i re  de Phys ique  Appliqu~e,  
Ecole Poly technique  F~d~ral  de Lausanne,  Swi tzer land)  
(41). The MoSe2 and WSe2 single crysta ls  were  p re -  
pa red  by  J. Gobrecht  (F r i t z -Habe r - In s t i t u t )  by  b ro-  
mine t r anspor t  f rom the gas phase (42). Molybdenum 
dichalcogenides crysta l l ize  in sandwich  layers  which 
are  he ld  together  only  by  r e l a t ive ly  weak  van der  
Waals  forces. The sandwiches are  a r r anged  in such a 
way  tha t  the  mo lybdenum a tom laye r  is p laced be -  
tween  two layers  of chalcogen atoms. The so l id-s ta te  
and c rys ta l -chemica l  proper t ies  of t ransi t ion meta l  di -  
chalcogenides have been ex tens ive ly  rev iewed  (9, 
43-48). 

Electrode p~'eparation.--The electrode p repa ra t ion  
and the surface classification techniques have been de-  
scr ibed prev ious ly  (49). 

Electrolytes.--Electrolytes were  p repa red  using re -  
agent  grade  chemicals  (Merck)  and t r i p ly  dis t i l led 
water .  A solut ion of 1M KC1 served  as suppor t ing  elec-  
t rolyte .  I t  was found tha t  pho tocur ren t  spect ra  in elec-  
t ro ly tes  wi th  and wi thout  0.05M hydroquinone  did not 
differ f rom the same expe r imen t  in 0.05M K I  solution 
if the I2- or I3 - - concen t r a t ion  was kept  low enough. 
Therefore  a l l  the results  p resented  here  have been 
achieved wi th  0.05M KI  electrolytes .  The pH value was 
ad jus ted  to 1 by  addi t ion  of HC1 and cont inuously 
moni tored  wi th  a g lass-e lec t rode  pH meter .  

Experimental procedures.--Electrochemical quasi-  
s ta t ionary  cu r ren t -po ten t i a l  ( j -U)  character is t ics  and  
photocur ren t  spect ra  were  de te rmined  in a Duran  cell  
wi th  an optical  glass bottom. The p l a t i num foil 
countere lec t rode was located in a compar tmen t  sepa-  
r a t ed  by  a glass d iaphragm.  In al l  cases a commerc ia l -  
type  sa tu ra ted  calomel  e lec t rode  se rved  as reference  
electrode,  but  a l l  da ta  have  been  t r ans fo rmed  to the  
normal  hydrogen  electrode as the  reference  (UH). Al l  
measurements  have been pe r fo rmed  at  room t empera -  
ture  under  control led  potent ia l  conditions.  A mono-  
chromat ic  l ight  source was used as descr ibed previous ly  
(49). I t  could be confirmed by  means  of a ro ta t ing  
e lect rode device tha t  diffusion in the e lec t ro ly te  never  
was de te rmin ing  the current .  

The quot ient  of the charge car r ie r  flux (anodic l imi t -  
ing photocur ren t  densi ty)  and the incident  photon flux 
was taken  as the apparen t  quan tum efficiency ~a (value  
wi th  no correct ion for  l ight  ref lect ion) .  

Results 
Figure  1 shows the character is t ic  j - U  dependence  

which is p rac t ica l ly  ident ica l  for al l  absorpt ion  coeffi- 
cients a l though ~ differs by  four orders  of magni tude .  
An anodic sa tura t ion  cur ren t  is reached wi th in  a band  
bending  range  of 0.2-0.4V independen t  of the wave -  
length  of the light. The pene t ra t ion  depth  of l ight  in-  
creases p ropor t iona l ly  to 1/=. One should therefore  
expect  tha t  the slope of the j - U  dependence  would  
g radua l ly  decrease wi th  increas ing wave leng th  if the  
main  contr ibut ion to the  pho tocur ren t  should come 
from l ight  absorbed  in the space charge  layer ,  since a 
h igher  potent ia l  would have to be appl ied  to collect 
the same number  of pho togenera ted  holes. Such a de -  
pendence cannot  be observed wi th  mo lybde num and 
tungsten dichalcogenides.  F igure  lc  has been der ived  
f rom measurements  wi th  a WSe2 elect rode showing an 
apprec iab le  amount  of surface not  no rma l  to the c- 
la t t ice  vector. The consequences are  discussed else-  
where  (49, 60). The onset  and slope of the anodic 
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Fig. 2. Photocurrent-voltage curves of a n-type MoS2 electrode in contact with a redox electrolyte (0.05M KI, 1.0M KCI, pH - -  1) at 
three wavelengths corresponding to absorption coefficient values of (a) 105 cm -z ,  (b) 104 cm -z ,  (c) 103 cm -z .  Solid lines: practical ideal 
van der Waals surface; dashed lines: some surface fraction not normal to the c-lattice vector produced by anodic photoelectrochemical cor- 

rosion. 

photocur ren ts  depends  to some ex ten t  on the qua l i ty  
of the  e lect rode surface which  is de t e rmined  by  the 
percentage  of surfaces not  no rma l  to the  c- la t t ice  vec-  
tor. The sa tu ra t ion  current ,  however ,  is not  g rea t ly  
affected. F igure  2 shows the difference be tween  a 
smooth  and  a corroded surface.  

The pho tocur ren t  across a semiconduc tor - l iqu id  
in ter face  does not  necessar i ly  reflect the  absorpt ion  
spec t rum of the mater ia l .  I t  is wel l  known tha t  there  
a re  in t e rmed ia te  processes, such as diffusion, m i g r a -  
tion, t r app ing  and recombina t ion  of charge  carr iers ,  or  
t ransfe r  of exci ta t ion  energy,  which de te rmine  how 
many  charge  car r ie rs  can reach  the e lec t rode  surface 
and undergo e lec t rochemical  reactions.  A compar ison 
of absorpt ion  spec t ra  and pho tocur ren t  spect ra  in the 
sa tura t ion  range  is therefore  a he lpfu l  means  to iden-  
t i fy  in te rmedia te  processes. F igu re  3 shows such a 
compar ison for the  l a y e r - t y p e  semiconductors  MoS2, 
MoSe2, and WSe2 where  the absorpt ion  coefficients 
p lo t ted  in a logar i thmic  scale a re  t aken  f rom data  
in the l i t e r a tu re  (35). A r e m a r k a b l e  de ta i l  which can 
immed ia t e ly  be recognized is tha t  the  appa ren t  quan-  
t um efficiency (Ca) st i l l  s tays above 10% at  w a v e -  
lengths  corresponding to l ight  pene t ra t ion  depths  two 
orders  of magn i tude  deeper  (1/= = 10 -8 cm) than  tha t  
of the wavelengths  exci t ing the d i rec t  A-exc i ton  (kA, 
1/= ---- 10 -5 cm).  Wi th  negl ig ible  diffusion the effi- 
c iency should decay a b r u p t l y  at  wave lengths  beyond  
kA due to the difficulty of col lect ing the m a j o r i t y  of 
holes genera ted  outside the  space charge layer .  Tha t  
means  tha t  f i e ld - independent  diffusion of free charge 
car r ie rs  mus t  p lay  an  impor t an t  role. 

Discussion 
Photocurrent-potentia~ reZationships.--The p r o m i -  

nent  resul t  is tha t  the photocur ren ts  a re  p rac t i ca l ly  
independen t  of the  e lec t rode  potent ia l  in a wide  po-  
la r iza t ion  range  (Fig. 1) even at  wavelengths  where  
the l ight  pene t ra tes  deeply  into the  bulk.  The m e a n -  
ing of this resul t  can be der ived  f rom the t r ad i t iona l  

model  for pho tocur ren t -po ten t i a l  re la t ionships  of i l -  
l umina t ed  semiconductor  e lect rodes  (51). The n - t y p e  
semiconduc tor -e lec t ro ly te  ha l f -ce l l  is d iv ided  into four  
regions (Fig. 4):  (i) a ne u t r a l  e lec t ro ly te  wi th  r edox  
couples present ,  (ii) the  Helmhol tz  double  l aye r  be -  
tween  e lec t ro ly te  and e lect rode surface, (ii i)  the space 
charge deple t ion  region of wid th  W across which  
charge carr iers  can migra te  in the  electr ic  field of a 
po ten t ia l  drop Vsc,, and (iv) a neu t r a l  region in the  
bu lk  of the  semiconductor  in which the hole l i fe t ime 
is �9 and where  the holes can diffuse wi th  mobi l i ty  ~ .  
Light  pene t ra tes  th rough  the p rac t i ca l ly  t r anspa ren t  
e lec t ro ly te  (very  low concentra t ion of I2 and I s - )  into 
the space charge  region and the ne u t r a l  bu lk  region to 
a depth  given by  the rec iprocal  va lue  of the  absorp-  
t ion coefficient, =, of the  semiconduct ing m a t e r i a l  a t  
a given wavelength .  

~qe make  the fol lowing assumptions  in our  model :  
(a) Absorp t ion  of the  l ight  quan tum genera tes  one 
e lect ron hole pair .  (b) The poten t ia l  drop across the  
He lmho l t z - l aye r  is constant.  (c) The doping level  ND 
is uniform. (d) The photoexci ta t ion  does not  d is turb  
the  electr ic  field in the  space charge  layer .  (e-) Al l  
holes in the deple t ion  region can reach  the surface, 
and  the ba r r i e r  he ight  Vsc is l a rge  enough to p reven t  
al l  surface recombina t ion  as wel l  as the  reverse  elec-  
t ron  t ransfe r  reactions.  (I)  The charge  t rans fe r  ra te  
across the Helmhol tz  l aye r  is fast  and not  ra te  de te r -  
mining.  

In  the  deple t ion  approx ima t ion  the deple t ion  wid th  
(defined as dis tance x f rom the in ter face  up to the  

p lane  where  dV/dx = 0) is 

W - . (  2~'~176 ) ~ [ l ]  
eND 

with  
Vsc : U -- Uro [2] 

where eo is the permittivity of the free space, �9 the 
relative dielectric constant, e the electric elementary 
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Fig. 3. Spectral dependence of the photoelectrochemical apparent 
quantum efficiency ~a depicted together with corresponding ab- 
sorption spectra [a-values of MoS2 and MoSe2 from Ref. (35), log 
Io/I values from Ref. (50)]. ~.g, assumed bandgaps in (a) Ref. (5), 
(b) Ref. (6), (c) Ref. (7) on the basis of energy conversion efficiency 
measurements. ~.A, wavelengths of the direct excitonic A-transition. 
~I, threshold wavelength of the indirect transition [Ref. (35)]. 

charge,  ND the donor concentrat ion,  and  Uro t h e  f la t -  
band potent ia l  of the semiconductor .  The diffusion 
length  of the holes Lp is given by  (4) 

Lp = (DTp) '/, [3] 

where  Dp, the  diffusion coefficient of the  holes, is r e -  
la ted to the mobi l i ty  #p by  the Einstein re la t ion  

#pkT 
Dp = [4] 

e 

Lp therefore  becomes 
L p ( # r p k T y / "  

= - -  [5] 
e 

With the above assumptions  one obtains  for the theo-  
re t ica l  pho tocur ren t  jp (51) 

Jp = #sc + JD [6a] 

a l p  
jp = eI [1 --  e x p ( - - a W ) ]  + e I - -  exp ( - - a W )  

i + aL~ 
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Fig. 4. Model of the illuminated semiconductor-electrolyte inter- 
phase region, l /a ,  depth of light penetration; W, width of space 
charge layer; Lp, mean diffusion length of minority carriers; OHP, 
outer Helmholtz plane. 

J P = e l  [ ( 1  1H- ~Lp 

jp is the  sum of the currents  of holes genera ted  in the 
space charge region (jse) and the diffusion cur ren t  of 
the holes genera ted  in the ad jacen t  bu lk  of the elec-  
t rode (3D), I designates  the photon flux. Equat ion [6] 
expresses tha t  minor i ty  charge car r ie rs  genera ted  ou t -  
side the deple t ion  region (W) can only  cont r ibute  to 
the photocur ren t  if they  can reach  the space charge 
domain by  diffusion, i.e., if they  are  genera ted  wi th in  
a distance of Lp behind  the space charge layer .  The 
res t  of the  pho togenera ted  car r ie rs  recombine  in  the  
bulk.  

We can calculate  the  deple t ion  l aye r  w id th  W in 
the  dependence  of Vsc wi th  Eq. [1] for  our  MoS2 sam-  
ple wi th  ND = 2 • 1017 cm -a  t52) and  the die lect r ic  
constant  for  the electr ic  field vector  para l l e l  to the  
c- la t t ice  vector  of the l aye r  la t t ice  �9 = 4.9 (16, 53). 
Wi th  Vse > 0.3V, W is in the order  of 10 -5 cm for 
ND above 10 z6 cm -3. If  Lp would  be smal l  compared  
wi th  l / a ,  tha t  aLp < <  1, we would  get  jp ~ jsc, and, 
therefore,  a considerable  po ten t ia l  dependence  of jp. 
This theore t ica l  case is p lo t ted  in Fig. 5a and b a s  

dashed lines. In Fig. 5c this case would  give a negl igible  
current .  The g raph  does not  show such a dependence  
and indicates tha t  the  observed  photocur ren ts  a re  
ma in ly  due to diffusive t ransport ,  pa r t i cu l a r ly  if a < 
104 cm -z. This conclusion does not  depend  on the ab-  
solute values of a as long as 1/a is not  in the o rde r  of 
magni tude  of W, which is ce r ta in ly  not  the case for  
the range  of the  ind ica ted  bandgap.  

The diffusion length of holes.--In such cases, the  
pho tocu t ren t  can be used to calculate  the diffusion 
length  Lp at  long wavelengths  where  space charge 
l aye r  effects can be neglected (aW < <  1). Equat ion 
[6b] can be t r ans fo rmed  using the quan tum efficiency 
r 

Jp 
r = - -  [ 7 ]  

eI 

1 1 
- - -  + I [83 

~2 aLp 

According to this re la t ion  a plot  of 1/r  vs. 1/~ should 
give a s t ra ight  l ine the  slopes of which  should be the 
reciprocal  diffusion length. This method  gives re la t ive  
deviat ions < 20% from the exact  Lp value  as long 
as Lp < 0.5d (d: e lect rode thickness)  (3). This r e l a -  
t ion was satisfied by  our  samples.  In  o rder  to compare  
this theory  wi th  the expe r imen t  we  have to correct  
our data  for photon flux losses by  reflection. The rea l  
efficiency wil l  be given b y  

r 
Cr(~) = -  [93 

T(~) 

Cr(~,) is the  real  quan tum efficiency at  wave leng th  k, 
Ca(~) is the expe r imen ta l  appa ren t  efficiency neglec t -  
ing reflection losses, T(X) is the t ransmi t t iv i ty .  With  
assumpt ion  (a) tha t  absorp t ion  of one l igh t  quan tum 
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generates one e lec t ron-ho le  pa i r  w e  can set the real  (MoSe2)  and Tp ~ 10 -5  sec (MoS2) .  W i t h  a less p ro -  
eff iciency at the A-exciton wavelength, Cr(1A), equal nounced anisotropy of about 10 due to lattice defects, 
to un i ty  we would obtain 10 -6 sec (MoSe2) or 10 -7 sec (MoS2). 

Ca(IA) These results will  be checked by  direct l ifetime mea-  
@r(~A) -- 1 -- - -  [10] surements.  

T (XA) 
The indirect bandgap.--It is general ly  accepted that 

The relat ive wavelength  dependence of the t ransmi t -  t ransi t ion metal  dichalcogenides are indirect  band-  
t ivi ty can be taken from reflectivity measurements  gap semiconductors, as has been stated above, which 
(54) and  wil l  be expressed by the factor f(~) should have serious consequences for the applicabil i ty 

of these compounds as energy convert ing electrodes. 
T (~) [11] The photocurrent  spectra in Fig. 3 show apparent  quart- 

S(X) --'T(tA------~ tum efficiencies up to 10% even at wavelengths cor- 
responding to absorption coefficients almost three or- 

In t roducing Eq. [10] and [11] into [9] yields for the ders of magni tude  smaller  than  that  of the direct A-  
real quan tum efficiency transition. If one assumes a sufficiently high density 

r Cr(~) ~a(~,A)]'(~)" [12] of states at the indirect  conduction band  min imum,  
= (N(Ec)) ,  the Fermi  level wil l  be located somewhat 

below in  the n - type  semiconductors of high enough 
One can see in  Fig. 6 that  the theory describes the doping levels as used here (Fig. 7). The decisive pa-  
exper iment  fair ly well  if one bears in  mind  that  the rameter  for electrochemical regenerat ive and elec- 
accuracy of the available a-values is moderate and trolysis cells is the distance be tween  the Fermi  energy 
may  vary  from sample to sample in the range of low at flatband condition and the valence band  maximum,  
q-values. The slopes of the straight lines increase which determines the l imit  of the free enthalpy of the 
somewhat after considering the correction factor y(k). photogenerated holes which can be reached at high 
The corrected slopes for photon penet ra t ion  depth i l luminat ion  intensit ies and can be used for electro- 
ranges be tween 10 -4 and 10 -2 cm give mean  diffusion chemical work. 
length  values for MoS2, Lp = 1.4 (+_ 0.2) • 10 -4 cm A promising method for de termining  the size of this 
and for MoSe2, Lp = 5 (__ 3) • 10 -4 cm. energy gap is based on the wavelength dependence of 

The correctness of these figures depends on the ac- l ight  absorption for indirect  transitions,  which is re-  
curacy of the a-values used in this t reatment .  Since we flected in the photoresponse of the semiconducting 
could not  measure these data independent ly  there re-  electrode if the photocurrent  is ful ly diffusion control-  
mains a considerable uncer ta inty ,  which however, led. This condition is met  for the present  compounds 
will not  affect the order of magni tude,  at wavelengths near  the onset of the indirect  absorp- 

With the knowledge of the hole mobi l i ty  (~v) and tion (~i) (Fig. 3). There, ~W and ~L wil l  be much less 
the hole diffusion length (Lp) we can estimate the life- than un i ty  so that  Eq. [6hi and [7] simplify to 
t ime Tp. Hole mobilit ies normal  to c (~pJ-) have been 
derived for p- type  MoS2 specimen with ND ~ 2 X 1017 r = a l p  [13] 
cm -3 around 200 cm~-/V sec (55). With an anisotropy 
of ~pJ_/~pll ~ 2200 (56), the hole mobi l i ty  along c The frequency dependence of the absorption coefficient 
(~pil) would be around 0.1 cm2/V sec. After  Eq. [5] the a for an indirect  t ransi t ion is given by  the relation 
mean  hole l ifetime would resul t  in  zp ~-- 10 -4 sec (57, 58) 
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where  A is a constant,  Eg is the energy  gap. Inser t ing  
[14] into [13] y ie lds  

(r ~/2 -- (LA)V2(hv - -  Eg) [15] 

If  this equat ion can be applied,  a plot  of (r vs. 

ENERGY,E [eV] :~ 

Fig. 8. Photoyield spectra near the energy threshold for electron 
injection from an iodide-containing electrolyte into the semicon- 
ductor valence band. The intercepts with the energy axis are taken 
as the fundamental energy gaps (see Table I). 

hv should be l inear  wi th  the  in te rcep t  of the  photon 
energy  axis being the bandgap  edge. 

This theory  can descr ibe  our  expe r imen ta l  finding 
well, as is depic ted  in Fig. 8. The rea l  quan tum effi- 
ciencies were  used here  af te r  correct ion for  reflection 
losses. The bandgap  values  der ived  from this figure 
are  l i s ted  in  Table  I. The compar ison wi th  o ther  da ta  
in this table  shows that  this method  gives resul ts  in 

Fig. 7. Schematic representa- 
tion of the d-hand structure 
close to the optical gap of 2H- 
MoS2 [after (26)] and density of 
states [after (25)]. Hybride 
band designations from Ref. (49). 
Possible direct and indirect elec- 
tronic transitions ore indicated. 
Ee, conduction band minimum; 
Ew valence band maximum. 
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Table I. Fundamental indirect bandgap (eY) 

Optical Photo- "APW" 
Photoelec.  absorption emission calcula- 

trochemmal (35) (33) tion (25) 

1.17 • 0.03 1.13 • 0.01 1.0 -- 0.2 1.16 
1.b6 ~ U.03 l.b9 "4" 0.01 -- -- 
1 . 1 6  - -  0.t~3 -- -- -- 

MoS~ 
Mobe3 
WSe~ 

good agreement with findings of other authors and 
methods. It  should be mentioned that numerous photo- 
emission experiments (29-34) indicated that the val- 
ence band maximum lies about 1 eV under the Fermi 
level on the energy scale in n-type semiconductors. 
This supports our conclusion that the electrochemicall 
effective bandgaps are substantially smaller (Table I) 
than has been assumed up to now on the basis of 
energy conversion efficiency measurements (kg's in 
Fig. 3:MoS2 1.75 eV (5), MoSe2 1.4 eV (6), WSe2 1.57 
eV (7). Consequently, these photoelectrode materials 
can only catalyze redox processes with reaction en- 
thalpies less than 1 eV. The photoelectrochemical 
splitting of water which needs 1.23 eV will be im- 
possible without additional applied voltage. Solar cells 
on the basis of these layer-type materials will be very 
similar in their behavior to silicon and their effi- 
ciency will depend largely on the lifetime of the 
minority carriers. 

We now also understand why photopotentials greater 
than 0.TV could never be measured. At electronic 
equilibrium, the maximum band bending is limited 
by the gap size. The loss in free energy of electron hole 
pairs generated by light absorption due to charge sepa- 
ration, electrochemical overpotentials, etc. (59) has 
been estimated to amount to -~ 0.5V. Substracting this 
value from the indirect bandgap (-~ 1.2V) yields a 
maximum effective photovoltage of 0.TV in accordance 
with the experimental findings. 
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Diffusion of Dopants from Optical Coatings 
and Single Step Formation of Antireflective 

Coating and P-N Junction in Photovoltaic Cells 
Bulent E. Yoldas 

Westinghouse Research and Development Center, Ceramic and Glasses Department, 
Pittsburgh, Pennsuivania 15235 

ABSTRACT 

T h e  p - n  junc t ion  in  a silicon chip and an antireflective (AR) oxide coating 
on the surface of the chip are formed s imultaneously  from a clear polymerized 
solution derived from alkoxides of t i t an ium and a p or n dopant. The par t ia l ly  
hydrolyzed and polymerized solution is applied to the surface of the silicon 
by l iquid application methods. The silicon cell is then heated to convert  the 
solution to a soJ.l{~ oxide coating which meets the antire~lective optical film 
requirements  and induces the migrat ion of the dopants into the chip, forming 
a i~-n junc t ion  m the cnip. Uther expected advantages of this method are: a t-  
t a inment  of very  uni form dopant  diffusion on unusua l ly  large samples and 
polycrystal l ine substrates;  deep dittusion while avoiding excessive surxace car- 
r ier  concentrat ion;  and mmt i -d opa n t  dil tusion in  dii~erential areas of a sam- 
ple by a single heat - t rea tment .  

In  the conventional  preparat ion of a photovoltaic 
solar cell, a p - n  junc t ion  is formed by diffusion of 
either boron or phosphorus into a silicon base mate-  
rial. The ditlusions are general ly made from the vapor 
phase, in  an oxidizing atmosphere at 850~176 

A separate step is required for the application of 
a quar te r -wave  optical thickness antireflective film 
to the surface of the cell. The antirefiective coating 
may increase the efficiency of the cell by as much as 
50% (1-5). Such optical coatings are applied by 
vacuum deposition, sputtering, or other techniques. 
Recently, it  was discovered that  polymerized t i t an ium 
dioxide solutions could be made which would deposit 
optical coatings of the desired thickness and index 
of refraction by dipping, spinning, or spraying (1). 
A cost analysis of this new method suggests that  in  
volume production the cost of applying the AR coat- 
ing can be reduced to less than $0.01 W-package 
(19805) (6). 

When the above t i tan ium-oxide  based solution is 
doped with a p- type  dopant compound such as boron, 
the dopant  will  diffuse into the n- type  silicon and 
form a p -n  junct ion dur ing  the baking of the ant i -  
reflective coating. Thus the antireflective coating and 
the p - n  junct ion  are formed simultaneously.  This 
el iminates several  steps which are required for the 
present  method of diffusion and junct ion  formation. 
Tests using this method (where the boron diffusion 
source is the doped antireflective coating) have re-  
sulted in surface concentrations (Co) of boron in 
silicon of 1019/cm 3 (as measured by the spreading 
resistance).  Other boron diffusion techniques general ly 
lead to Co's of 1021 to 1022/cm 8. In  photovoltaic de- 
vices, a lower Co in the back-surface region is pref-  
erable, because of decreased carrier combinat ion at 
the back-surface. 

At high surface carrier concentrations, the junct ion 
depth is restricted due to the increasing number  of 
recombinations.  In  this process, where the carrier 
concentrat ion appears to be self- l imit ing at an ideal 

Key words: coatings, optics, doping. 

value, coupled with the passivated surface, the forma- 
t ion of deeper junct ions with less shunt ing becomes 
feasible, and requi rement  for shallower junctions,  e.g., 
0.3 #m, becomes less critical. 

Another  advantage of this new process is that  very 
uni form dopant  diffusion and junct ion depth can be 
obtained on large devices, photovoltaic or otherwise. 
This is due to the fact that the dopant  diffuses from 
an optical film which is homogeneous in composition 
at the molecule level and uniform in  thickness below 
the wavelength  of light, no mat ter  how large the 
substrate. This fact coupled with the fact that  the 
amount  of dopant available for diffusion over a given 
substrate area is finite and well defined might  make 
the method attractive for doping polycrystal l ine ma-  
terials evenly. 

It should also be obvious that diffusion on well-  
defined areas of a substrate may be accomplished 
without  masking the rest of the sample, s imply by 
coating only those areas where diffusion is desired. 
Mult i -doping of a sample can be done in a single 
hea t - t rea tment  by applying solutions containing dif- 
ferent dopants to those areas where the par t icular  
doping is desired. 

Approach and Experiments 
A clear t i tan ium-oxide  based solution, derived from 

the part ial  hydrolysis and polymerizat ion of t i tan ium 
alkoxides, is applied to obtain an antireflective optical 
coating on a silicon base material.  Other alkoxides use- 
ful in preparing the solutions have the general  formula 
M (OR)n where M represents a metal  ion (for example, 
Ti),  O is oxygen, R is an alkyl group, and n is the 
valence of M. 

Metal alkoxides, in general, hydrolyze vigorously 
when brought  into contact with water. They form 
oxides and hydroxides as represented by the follow- 
ing reactions 

M (OR)n + n/2 H20--> MOn/2 + nROH [1] 

M(OR)n + n H20--> M(OH)n  + nR (OH) [2] 
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Whethe r  the oxide  or  the hydrox ide  forms dur ing the 
hydro lys i s  depends  on the na tu re  of the a lkoxide.  In  
e i ther  case, tl~e resu l tan t  ma te r i a l  is par t i cu la te  and  
prec ip i ta tes  out; i t  is therefore  not  use iu l  for  optical  
coating. The a lkoxides  of t i t an ium and t an ta lum show 
a pa r t i cu la r  t endency  to form precipi ta tes ,  even under  
i n s u ~ c i e n t  wa te r  hydrolys is ;  under  normal  conditions,  
the fo rmat ion  of prec ip i ta tes  cannot  be prevented .  
However ,  we have developed a method  of p repar ing  
a soluble po lymer ized  species, capable  of forming a 
continuous oxide  ne twork ,  f rom these a lkoxides  (7, 8) 

OH O 
I I 

1 Ti (OR)4 -t- m H20 --> - - T i - - O - - T i - - O - -  -}- kR(OH)  
I I 

O OR 
[3] 

These polymer ized  solutions a r e  somewhat  different  
than  those ava i lab le  commerc ia l ly  for dopant  sources 
and pass ivat ion  purposes.  Prec ip i ta te  format ion  and 
se l f -condensat ion  (which would no rma l ly  occur du r -  
ing the hydro lys i s )  a re  p reven ted  by  careful  control  
of the molecu la r  in terac t ion  dur ing  the hydrolysis ,  
so tha t  cer ta in  amounts  of OR groups are  left  in the 
molecular  s t ructure .  When appl ied  to substrates ,  these 
solutions leave a film which, upon h e a t - t r e a t m e n t  a t  
t empera tu re s  as low as 325~ converts  to a g lass- l ike  
oxide  film. The dopants  (such as boron)  m a y  be 
in t roduced into the coating solut ion e i ther  f rom solu- 
ble  compounds or by  chemical  po lymer iza t ion  of 
dopant  into the  precursor  solution, for example  

\ I I I 
B - - O R  -{- O H - - T i - - O - - - ~  B - - O ~ T i - - O - -  + R ( O H )  

/ i I I 
[4] 

The coat ing is appl ied  by  spinning and by  dipping.  
Spin appl ica t ion  is used for Czochra l sk i - type  round  
sil icon wafers.  For  r ibbon- l ike  dendr i t i c -web  silicon, 
the  spin method  is not  sui table;  ra ther ,  the samples  
a re  coated by  dipping.  Ex t r eme ly  uni form AR coat-  
ings may  be read i ly  obta ined by  e i ther  method.  

The  ant i ref lect ive coating on sil icon solar  cells in 
an  a i r  env i ronment  must  have a re f rac t ive  index of 
2 and a thickness of about  750A, as ca lcula ted  f rom 
Fresnel ' s  equations.  An  undoped TiO~ coating baked  
in a i r  gives an index s l ight ly  over  2.1; the same coat-  
ing baked  in vacuum has an index a round  2.4 (1). 
The re f rac t ive  index of the  coating is contro l led  by  
the composit ion of the solution. For  example ,  the 
index  of re f rac t ion  in the TiO2-SiO2 b ina ry  can va ry  
f rom 1.4 to 2.4. The thickness of the coating is con- 
t ro l led  by  the proper t ies  of the solut ion (suc~ as its 
concentra t ion and viscosi ty)  and also by  the appl ica-  
t ion ra te  (1). 

The p -  and  n - t y p e  dopant  compound m a y  be added  
d i rec t ly  to these a lkox ide -de r ived  solutions. The most  
common n and p dopants  are  phosphorus  and boron, 
but  o ther  dopants  such as a luminum,  arsenic, ant imony,  
or  ga l l ium m a y  be used. To p repa re  a boron-doped  
solution, a boron compound is added  to the Ti solu-  
tion; such compounds include boron t r imethoxide ,  
boron t r ie thoxide,  boron t r i isopropoxide,  phosphorus  
pentabutoxide ,  phosphorus  pentae thoxide ,  phosphoric  
acids, etc. Whichever  dopant  compound is used, 
i t  must  be compat ib le  wi th  the a lkoxide  solu-  
t ion: tha t  is, i t  m a y  go into the  p recursor  solut ion 
e i ther  by  reac t ion  wi th  the  meta l  a lkoxide  (as shown 
in Eq. [4]) or  by  dissolution, bu t  i t  must  not  form 
a precipi ta te .  When  the deposi ted coat ing is baked,  
the boron or  phosphorus  dopant  in the coating acts 
as a diffusion source. If  the  dopant  is added  f rom an 
alkoxide,  it  m a y  be pa r t i a l l y  hydro l ized  wi th  1.0-1.5 
moles of wa te r  per  mole  of a lkoxide  to p reven t  its 
vapor iza t ion  or precipi ta t ion.  However ,  this  may  not  

be necessary if the  base solut ion contains enough 
hyd roxy l  groups. 

[['he sil icon subs t ra te  mate r ia l s  which  are  genera l ly  
avai lab le  and sui table  for this method  come in two 
forms:  as wafers  about  2-12 cm in diameter ,  and as 
s t r ips  ( tha t  is, dendr i t ic  web sil icon) up to 4 cm wide. 
The nominal  thickness is 125-250 ~m. For  the  purposes  
discussed here, the  sil icon should have some base 
dopant,  e i ther  p - t y p e  or  n- type.  Most of the work  
discussed here  was car r ied  out  on n - t y p e  silicon, 
using the doped ant i ref lect ive coat ing as a boron 
diffusion source. 

The t empera tu re  range  for boron dopant  diffusion 
is about  850~176 below 850~ ve ry  l i t t le  boron 
diffuses into the silicon, and  above l l00~ the sil icon 
proper t ies  deter iora te .  A t empe ra tu r e  of 900~ appears 
to be optimal .  The oxide film (af te r  h e a t - t r e a t m e n t )  
is continuous, has a un i form thickness  to wi th in  
severa l  angstroms,  and is tenaciously  bonded onto 
the substrate.  

The h e a t - t r e a t m e n t  provides  for boron diffusion 
into the substrate.  Af te r  the  hea t - t r ea tmen t ,  however ,  
the coat ing must  be able  to meet  the opt ical  r equ i re -  
ments  for ant iref lect ivi ty,  as defined by  the Fresne l  
equations,  for photovol ta ic  devices. Since the cogting 
is affected by  the diffusion process, the ini t ia l  com-  
posit ion and thickness of the  coat ing mus t  be ta i lored  
to give (using silicon as an example )  an index of 
re f rac t ion  equal  to 2 and a thickness of about  750A 
af ter  the h e a t - t r e a t m e n t  Boron can be added  to a l t e r  
the index of ref rac t ion  of the coating as wel l  as be the 
source of subs t ra te  dopant.  

Results and Discussion 
At  850~ ve ry  l i t t le  boron diffused into the silicon. 

At  900~ however ,  the  diffusion was signficant and 
control led;  therefore  most of the  diffusion inves t iga-  
tion was conducted at  this t empera ture .  A s t r ik ing  
fea ture  of the  boron diffusion f rom the TiO2 coating 
is tha t  i t  resul ts  in ve ry  uniform, sharp, wel l -def ined,  
and pred ic tab le  diffusion depths.  F igure  1 shows the 
spreading  resis tance diffusion profile f rom a 10% 
B203-90% TiO2 coating, for var ious  diffusion times, 

E 

e ~  

e- .  

Relative Depth 

Fig. I. Spreading resistance profiles as a function of time, at 
900~ for a 90% TiO~-10% B203 optical coating on silicon. 
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baked at  900~ The junct ion  depths and surface 
concentrations reported here were obtained by simple 
spreading resistance profiles. Even though these mea-  
surements  are not precise for a single sample, they 
provide comparison wi th in  a given set of samples, 
and established general  trends. In  these respects, the 
measurements  were consistent to a degree that  en-  
abled us to predict  these parameters,  for a given 
condition, wi thin  a small  error  (usually less than 10% ). 

The concentrat ion of boron in the coating affects 
the surface concentrat ion and the junct ion  depth in  
an n - type  silicon substrate (10 12-cm resist ivity).  These 
effects are shown, for diffusion at 900~ for 1 hr, in  
Table I and Fig. 2 and 3. These figures are significant 
in  that  boron concentrations above 20 weight percent  
do not seem to affect either the carrier  concentrat ion 
or the junct ion  depth. In  this way boron diffusion from 
a TiP2 coating differs from boron diffusion from con- 
vent ional  glass coatings. If this type of boron diffusion 
were used to produce a back-surface field in  a p- type  
silicon, the stable Co value of ~10 z9 would approach 
the opt imum value required for m i n i m u m  recombina-  
t ion of the back-surface. 

In  order for the coating to meet the antireflective 
requirements,  its index of refraction after the diffu- 
sion hea t - t rea tment  must  be 2. Figure 4 shows the 
index of refraction of the coating, following heat-  
t rea tment  for 1 hr  at 900~ as a funct ion of 5203 
concentrat ion in the TIP2. It can be seen from the 
figure that  over 50% B203 is needed to produce a 
coating with an index close to 2. This is acceptable, 
al though for B203 concentrations greater than 40% 
the coating tends to become cloudy, and its chemical 
and envi ronmenta l  resistance may also drop. 

A preferred method for adjust ing the index of 
the coating to 2 is by l imit ing the boron addition to 
less than 30% (which is more in l ine with the diffu- 
sion requi rement) ,  and lowering the index by int ro-  
ducing another  const i tuent  with a low index--SiP2,  
for example. The SiP2 component may be added from 
alkoxides or par t ia l ly  hydrolized alkoxides by a pro- 
cess similar  to the dopant  introduction. Figure 5 shows 
the amount  of equivalent  SiO2 required to lower the 
index of refraction to about 2, as a function of the 
amount  of B~O~ dopant  present in a t i tania-based AR 
coating subjected to 900~ vacuum t rea tment  for 45 
rain. As an example, a precursor solution which would 
deposit a coating composed of 70% TIP2, 20% 5203, 
and 10% SiO2 satisfies the index requi rement  for 
antireflectivity. 

The spectral reflectivity curve in Fig. 6 shows zero 
reflection at 580 nm;  this indicates the formation of 
an ideal single layer  antireflective film on silicon, 
which meets the index of refraction and thickness 
requirements.  When the boron diffusion measurements  
were done, it was found that this sample had a surface 
concentrat ion of about 3 • 10 TM and a junct ion depth 
of about 0.5 gin. Junct ion depth and carrier  concen- 
t rat ion on the entire sample were very  uniform. The 
silicon samples, comprising an n - type  dopant  with 
10-12 ~2-cm resistivity and a 10 cm silicon wafer, 
were spin-coated at 1000 rpm. The samvles were 
baked at 900"C for 45 rain and were divided into 
1 cm 2 photovoltaic cells. The results of these unop-  
timized cells are shown in Table II. 

Table I. Effect of boron concentration in coating on carrier 
concentration and junction depth (as determined by spreading 

resistance) 

Weight percent  Apparent  surface 
B=Os in AR concentration Junction 

coating (%) (Co) (per cm 8) depth (~m) 

10 1 x 10 z9 0.40 
20 3 x 10 TM 0.70 
30 3 x 10 TM 0.75 
40 3 x 10 z9 0.75 
50 3 x 10 zo 0.75 
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Fig. 2. Surface carrier concentration on a silicon chip as a 
function of boron presence in Ti02 coating (as measured by 
spreading resistance). 

These cells did not have a back-surface field. With 
the exception of sample 4, an OCD lifetime of 4-6 
/~sec is reasonable for the 10 ~ - c m  n- type  silicon used 
as a substrate. The low current  density (Js~) and 
fill factor (FF) are due to process related factors 
which, at the time of these experiments,  were not 
optimized. When the process and structure design 
optimization is completed after the basic studies, back- 
surface field cells yielding current  densities around 
30 m A / c m  2 and efficiencies of ~15% are expected. 

The experiments  with phosphorus diffusion from 
the TiP2 coating were less successful. There was no 
difficulty in  obtaining antireflective coatings with 
phosphorus-containing TiP2 coatings, however, diffu- 
sion into the silicon substrate required high tempera-  
tures. Unders tanding of the detailed diffusion mech- 
anism from these coatings requires fur ther  studies 
including diffusion of dopants other than boron, use 
of optical coatings other than TIP2, and use of poly- 
crystal l ine substrates. 
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Fig. 3. Junction depth as a function of B203 concentration in the 
TiOs coating at 900~ for ! hr. 
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Table II. Initial test results showing efficiencies of silicon solar 
cells whose p-n junctions were produced from the AR coating in u 

single step 

[ m A ~  
Sam- j . r  Voo Eft. OCD 
ple  " em 2" (V)  FF (96) (/Lsec) 

1 24.60 0.515 0.734 9.83 5.60 
9 24.60 0.515 0.738 9.89 5.60 
3 24.60 0.515 0.729 9.77 5,20 
4 22.20 0.511 0.503 6.03 5.10 
5 22.80 0.516 0.735 9.15 4.55 
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H. R. Huff, *'1 R. D. Halvorson, T. L. Chiu, ~ and D. Guterman 8 
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ABSTRACT 

T h e  cur ren t - t ime  characteristics of a polysil icon-polysil icon oxide-polysil i-  
con s t r u c t u r e  were determined as a function of several MOS IC process param-  
eters. We found a strong dependence of the current  wi th  the polysilicon oxida- 
tion tempera ture  (900~176 in the case of an oxygen ambient.  The data were 
empirical ly analyzed by an  equation of the form J = At - n  where "A" and "n" 
a r e  constants; the current  and "n" factor dependencies with measurement  tem-  
pera ture  (23~176 and MOS bias (reference) electric field (1-3 X 106 
V/cm) will  be discussed. In terpre ta t ion  of t h e  data wi thin  the f ramework o f  
s u r f a c e  asperities at the polysil icon-polysil icon oxide interface and a Fowler-  
Nordheim i n j e c t i o n  m o d e l  will  be d i s c u s s e d .  

The unders tanding  and control of defects in both 
semiconductor and dielectric materials  are becoming 
m o r e  impor tant  for improved semiconductor device 
performance. Such device systems often involve wide 
bandgap amorphous and /o r  polycrystal l ine materials  
in conjunct ion with hot electron injection. In  the 
double level poly floating gate Electrically Alterable  
R e a d  Only Memory (abbreviated as EAROM hence- 
forth) ,  for example, programming is accomplished 
by  the t ransport  of hot electrons from the high 
electric field surface channel  region adjacent  to the 
d r a i n  through the gate oxide to the first level poly- 
silicon floating gate. This procedure is identical to the 
programming of the Electrically Programmable  Read 
Only Memory (EPROM) in that a high positive voltage 
is applied to both the drain  and the second poly- 
silicon control gate. Erase, however, is achieved by 
electron transport  from the first level polysilicon 
floating gate through the thermal ly  grown inter- level  
oxide on the floating gate to the second level poly- 
silicon control gate. This is made possible by applying 
a higher positive voltage on the control gate while 
main ta in ing  the source and drain  at ground potential. 

A desirable characteristic of the polysilicon oxide 
grown on the floating gate is a large gradient  of 
current  with respect to electric field. In this manner ,  
the current  through the polysilicon oxide is negligible 
at the relat ively low electric field present  dur ing 
programming and reading (to minimize polysilicon 
oxide wear -out  as well as read-dis turb)  and yet is 
high enough at the relat ively high electric field 
present  in  the polysilicon oxide dur ing the erase 
cycle. In all cases, it is desired that  the current  exhibit  
a m in imum decay with t ime under  constant voltage 
applied across the polysilicon oxide. 

We shall present  below several results of our 
invest igat ion of the oxide thermal ly  grown on the 
polysilicon floating gate. The impact of the oxidation 
temperature  on the current  conduction through the 
polysilicon oxide will be emphasized. In terpre ta t ion 
of the data wi thin  the f ramework of surface asperities 
at the polysilicon-polysilicon oxide interface (1-3) and 
a Fowler-Nordheim inject ion model will be discussed. 

Experimental Procedures 
Slice preparation.--Three in. diam, (100) oriented, 

11-15 12-cm boron and 6-9 12-cm phosphorus-doped 
dislocation-free Czochralski crystals grown in  resis- 
tance-heated pullers were used throughout  the invest i -  
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94086. 
2 Present  address: Universal  Semiconductor,  San Jose, California 

95113. 
8 Present  address: Bostek Corporation, Carollton, Texas 75006. 
Key words: polysilicon, oxidation, conduction. 

gation. The final polished slice was 18 __- 1 rail thick; 
saw damage was removed by chemically etching one 
and a half mils off the slice prior to a single-sided 
free-floating polish by silica s lurry  in  an alkal ine 
medium. 

Device fabrication.--Slice clean-up was performed 
via a sequence of dipping in  organic and inorganic 
solutions prior to gate oxidation at l l00~ in an OHC1 
ambient  uti l izing 8 volume percent  (v/o) HC1 in 
these exper imental  tests. 4 Oxidation was followed by 
an in situ 10 min  ni t rogen anneal  at temperature,  prior 
to a 15 min  cool down in nitrogen. Push /pu l l  rates 
for these tests were between 7-10 in . /min;  the slices 
were loaded perpendicular  to the gas stream (120 mil 
spacing). After  photolithographic pa t tern ing and 
selective etching of the gate oxide, a 5000A LPCVD 
polysilicon film was deposited at 622~ by the thermal  
decomposition of Sill4. The polysilicon contacted the 
silicon substrate in selected areas thus permit t ing 
s tudy of the t ransport  process between poly I and 
poly II through the polysilicon oxide (see Fig. 1). 
The polysilicon was ion- implan ted  with either singly 
charged boron (35 (keV) or phosphorus (50 keV) 
ions at a dose of 1 • 1014/cm2 in the case of a p- or 
n - type  substrate, respectively. 

Polysili~.on oxidation was performed at either 900 ~ 
1000 ~ or l l00~ with an oxygen ambient  containing 
less than 1 ppm water  (in the same furnace) ;  similar 
preoxidation c lean-up and furnace procedures were 
performed as for the gate oxidation case. A second 
polysilicon film was deposited as above, prior to doping 
with phosphorus at 1000~ via POCI~ in a s tandard 
silicon IC procedure and subsequent  electron beam 
a luminum evaporation. Several variously shaped and 
sized capacitor structures were fabricated by s tandard 
photolithographic techniques; the s tructure mainly  
utilized in this s tudy was 1500 mils 2. The slices were 
then annealed in hydrogen at 450~ for 30 min prior 
to removal  of the back-surface polysilicon and oxide 
layers. 

Before insertion of the slices into the furnace,  the boat sat at 
the furnace end for approximately  1 rain, enabling both warm-up 
of the sl.~ces and volatization of residual water,  etc. The gate oxide 
was 950 __. ~0A. 

~ ~ _  ~ ALUMINUM 
~--__----:--.--- r II (PHOSPHORUS DOPED) 

/ " t /  / t /  i / i  
, i / /  "--~---'-----": /----------~ ~I---INTER-LEVEL-- OXIDE 

---_..~ - -  ," I ,', ,," , , . , / /  ; / / ' ,~ ql--- GATE OXIDE 

~ - - [ ' /  _ SILICON SUBSTRATE (SAME DOPING TYPE 
J 

I qe---AS POLY I DOPING) 
1 

Fig. I. Schematic of test structure 
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Fig. Z Log current-log time graph for 1000~ polysilicon oxida- 
tion temperature. Poly I doping-phosphorus, 1 X i014/cm s, 50 keV. 
Lot A, slice No. 7. 

1000.0 

100.0 

I 

10.0 

'I.0 

0.10 

0.01 

Device me~urement/analys~s procedure.--A nega- 
tive voltage was applied to the back-surface of the 
slice (aluminum contact on the front-surface was 
ground) to reduce spurious noise pickup. The voltage 
range was chosen to obtain a reference electric field 
of 1-3 • I0 s V/cm across the polysilicon oxide. The 
current through the oxide was monitored as a function 
of time using a Keithley instrument logarithmic pica- 
ammeter and a chart recorder. A large displacement 
current flowed at t : 0 +, the transient typically ex- 
piring within 10 sec. Log current (J)-log time (t) 
curves were graphed from which the linearly extrapo- 
lated current at 1 sec, J1, and the slope n, degradation 
constant, were derived. 

A total of 172 measurement runs from 60 slices 
processed through 4 split lots constituted the basis of 
the room temperature experimental data. In addition, 
a number of experiments were performed at various 
measurement temperatures to obtain some estimates 
of the energy levels of the traps. A number of other 
experiments addressing the polysilicon surface condi- 
tion and multiple ion implantations of the first poly- 
silicon film were performed but shall not be discussed 
in this communication. 

Experimental Results and Analysis 
Figure 2 i l lustrates the log J- log  t plot  for a 1000~C 

polysi l icon oxidation temperature in the case of a 
phosphorus implantation of poly I. It is observed that 
the current decreases and does not saturate with t ime 
and may  be fitted by an equation of the form J = At-" ,  
where "A" and "n" are constants. Both the current 
level  and the degradation exponent  "n" increase as 
the reference electric field increases. The current leve l  
was asymmetric  under polarity inversion of the 
a luminum contact. That is, the current is lower by a 

1000.0 

~ = 2"1~ c ~ ~ - o . ~  = 2 25~__MV ~• lO.O 

cc 
rr 

1.0 

~ 
~ ' ~ ' =  & = 1.84 MV 

cm 
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~ ' ~  = 1.52 My 
cm 
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10 100 1000 

TIME (SEC) 

0.10 

Fig. 3. Log current-log time graph for I000~ polysilicon oxida- 
tion temperature. Poly I doping-boron, 1 X 1014/cm 2, 35 keV. Lot 
B, slice No. 9. 
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Fig. 4. Log current-log time representative summary graph for 
900 ~ 1000 ~ 1100~ polysiiicon oxidation temperatures. Poly I 
doping-boron (O)- - Iot  B. Poly I doping-phosphorus (O) - - IOt  A. 
Reference electric field equals 2.1 MV/cm. 
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factor of approximately  10 +s when  the a luminum con- 
tact  was made negative. Similar  data are presented 
in Fig. 3 for boron doping of poly I, except that  the 
cur ren t  level, for a given reference electric field, 
was higher. 

Figure 4 summarizes the influence of the polysilicon 
oxidation tempera ture  for samples from the same split 
lots noted in  Fig. 2 and Fig. 3. The cur ren t  J1 through 
the polysilicon oxide increases and the degradat ion 
exponent  n decreases with decreasing in ter - level  
oxidation tempera ture  for a given polysilicon I doping 
(in the case of a reference electric field of 2.1 • 106 
V/cm).  Figures 5 and 6 summarize the influence of 
the polysilicon oxidation tempera ture  on the current  
J1 and degradation exponent  "n", respectively. 

The degradation exponent  is a relat ively weak 
funct ion of reference electric field at room tempera ture  
for phosphorus-doped poly I and a 1000~ polysilicon 
oxidation temperature.  In  the case of boron doped 
poly I, however, the degradation exponent  significantly 
decreases as the reference electric field decreases (see 
Fig. 7). Similar  phenomena as above for both phos- 
phorus and boron-doped poly I were also observed for 
900 ~ and l l00~ polysilicon oxidation temperatures.  

A series of experiments  were performed to monitor  
the cur ren t  with time as a funct ion of measur ing  
temperature  (23~176 and reference electric field 
(1-3 • 10 e V/cm) in order to clarify the conduction 
mechanism responsible for the emiss ion/ t ranspor t  of 
current  through the polysilicon oxide. Figure 8 i l lus-  
trates the Fowler-Nordheim characteristic5 for phos- 
phorcus-doped poly I and polysilicon oxidation tem- 
peratures of 1000 ~ and l l00~ (4). One notes the 

An e l ec t ron  e f f ec t ive  mass  of  0.4 ~no w a s  used  for  th e se  calcu- 
lations.  
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Fig. 5. Correlation of log current (1 sec) with polysillcon oxida- 
tion temperature. Poly I doping-boron ( $ ) - - l o t  B. Poly I doping- 
phosphorus ( O ) - - I o t  A. Reference electric field equals 2.1 M V /  
cm. 
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Fig. 6. Correlation of degradation exponent "n" with polysilicon 
oxidation temperature. Poly I doping-boron ( $ ) - - I o t  g. Poly I dop- 
ing-phosphorus ( O ) - I o t  A. Reference electric field equals 2.| 
MV/cm. 
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Fig. 7. Correlation of degradation exponent "n" with reference 
electric field for polysilicon oxidation temperature of 1000~ 
Poly I doping-boron ( O ) - - I o t  B, slice No. 9. Poly I doping-phos- 
phorus ( O ) - - I o t  A, slice No. 7. 

t ight packing of characterist ics--sl ight  increase of cur-  
ren t  as measur ing temperature  increases from 23 ~ to 
135~ the 1000~ case and the significant reduc-  
tion in current  level (for a given electric field) in the 
case of the l l00~ polysilicon oxidation. Nevertheless, 
the barr ier  height deduced from the Fowler-Nordheim 
curves was essentially constant  at 0.48-0.52 eV, in  
good agreement  with the 900~ oxidation data for the 
same lot and with that  of another  independent  r un  
(see Table I).6 

6The barrier heights quoted  are  to  be  r e g a r d e d  as m e r e l y  
parameters ( s e e  D i s c u s s i o n ) .  
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Table I. Summary of Fnwler-Nordheim and FrenkeI-Poole analysis 
for phosphorus-doped poly I 

2485 

Lot No. Sl ice  No. 

F o w l e r - N o r d h e l m  analys is  

In ter - l eve l  
ox idat ion  M e a s u r e m e n t  Barrier 
temper- temperature height 

ature (~ (~ (eV) 

Lot No. Slice No. 

A 1 900 23 0.46 
7 1000 23 0.50 
7 1000 41 0.52 
7 1000 72 0.49 
7 1000 101 0.49 
7 lOOO 135 0.50 

15 1100 89 0.48 
C 7 1000 23 0.39 

12 = 1050 23 0.46 
17" 1000 23 0.4S 
23* 1000 23 0.43 

Frenke l -Poo le  analysis  

Inter - leve l  Measurement Dielectric cons tant  
oxidation temperature Electric field Barrier 

temp. (~ ( ~  Experimental Optical value (MV/cm) height (eV) 

A 1 900 23 4.0 2.2 ~ m 
7 1000 23 4.3 2.2 1.6 0.80 
T 1000 41 4.3 2.2 1.9 0,88 
7 1000 72 4.2 2.2 2.1 0.85 
7 1000 101 4.4 2.2 2.35 0.89 
7 1000 135 3.5 2.2 - -  

�9 PoIy I doped with phosphorus, followed by additional (undoped) polysilieon layer: Slice 12 (1O00A); Slice 17 (1500A); Slice 23 
(2000A)--Total poly thickness = 4500A. 

A Frenke l -Poo le  analysis of the same data was also 
performed,  a l though this in terpre ta t ion  does not  ap- 
pear  as clear  as that  of the Fowle r -Nordhe im analysis. 
F igure  9 i l lustrates the log J / g  vs.  T -1  characteristic,  
for  which a bar r ie r  height  of 0.80-0.89 eV is der ived 
for reference  electric fields in the range of 1.6-2.35 • 
106 V / c m  (see Table I).  In a s imilar  fashion, a 
log J / ~  vs .  8 z/2 characterist ic (Fig. 10) yields a dielec- 
tr ic constant of approximate ly  4, in poor agreement  
wi th  the optical value of 2.2 (see Table  I) .  
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Fig. 8. Fowler-Nordheim characteristic for phosphorus-doped 
poly I. l o t  A. 

Simi la r  analyses were  per formed for  the boron-  
doped poly I samples. The F o w l e r / N o r d h e i m  charac-  
teristics increase sl ightly wi th  measur ing t empera tu re  
for the 900~ polysilicon oxidation; the current  sig- 
nificantly decreases (for a given electric field) in the 
case of the 1100~ oxidation. The bar r ie r  height  was 
essentially constant at 0.57-0.69 eV (see Fig. 11 and 
Table II) .  The 1000~ data f rom another  lot  yielded 
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Fig. 9. FrenkeI-Poole characteristic for phosphorus-doped poly I, 
polysilicon oxidation temperature of 1000r (log J/~ vs. T - l ) .  
Lot A, slice No. 7. 



2486 J.  EZectrochem.  S oc.: S O L I D - S T A T E  SCIENCE A N D  T E C H N O L O G Y  N o v e m b e r  1980 

105 

104 

103 

~g 

102 

101 

~o* I 
1.0 

T = 135~ 

T = 72~ 

T = 23~ 

T = 41~ 

I [ I [ I [ [ [ I I [ I [ 
11 1.2 13 1.4 15 t 6  17 

(ELECTRIC FIELD) 1/2 (X103) (V/cm)l/2 

Fig. 10. FrenkeI-Poole characteristic for phosphorus-doped poly I, 
polysilicon oxidation temperature of 1000~ (log J/~  vs. ~z/2) .  
Lot A,  slice No. 7. 

s imi lar  b a r r i e r  height  (see Table  I I ) .  A F r e n k e l -  
Poole analysis  y ie lded  a dielectr ic  constant  of 1.2-4.5, 
in poor  agreement  wi th  the  optical  va lue  of 2.2 (see 
Fig. 12 and Table  I I I ) .  The ba r r i e r  height  der ived  
by  a log J / ~  vs. T -1 analysis  exh ib i ted  a r a the r  
compl ica ted  t empe ra tu r e  dependence  and wil l  requi re  
fu r the r  expe r imen ta l  analysis  (see Table I I I ) .  

D i s c u s s i o n  
The expe r imen ta l  observat ion  of the  decrease  of 

cur ren t  th rough  the polysi l icon oxide with  respect  to 
t ime, under  the condit ion of a fixed vol tage across 
the  polysi l icon oxide, implies  a t r ap - r e l a t ed  loss 
mechanism. Unfor tunate ly ,  our  unders tand ing  of t raps  
in e lec t r ica l ly  s tressed silicon dioxide films remains  
far  f rom clear  (5-10). Different iat ion be tween  models  
emphasizing the continuous genera t ion  of e lect ron 
t raps  dur ing  la rge  cur ren t  flow in silicon dioxide 
subjec ted  to high electr ic  fields or  the filling of p re -  
viously  exis t ing traps,  however ,  is not s t ra igh t forward .  
F u r t h e r  complicat ions as to the t rap  cha rac te r i s t i c s - -  
shallow, la rge  cross section a n d / o r  deep, small  cross 
sec t ion - - su re ly  complicate  the si tuation.  Our  discus-  
sion be low is essent ia l ly  an empir ica l  in te rp re ta t ion  of 
the  exper imen ta l  da ta  wi th in  the f r amework  of sur -  
face asper i t ies  a t  the  polys i l icon-polys i l icon oxide 
in ter face  and a F o w l e r - N o r d h e i m  inject ion mechanism. 

The cu r ren t  t r anspor ted  th rough  the polysi l icon 
oxide increased s t rongly  with  decreased oxida t ion  
t empera tu re  in oxygen  ambien t  (<1 ppm H20) ,  con- 
sistent  wi th  recent  observat ions  (2, 11, 12). Scanning 
e lect ron mic rograph  (SEM) analysis  r evea led  p ro -  
nounced surface  asperi t ies,  s imi lar  to those da ta  p re -  
v iously  publ i shed  in the l i t e ra tu re  (1-3), on the po ly  
I surface af te r  oxygen oxidat ion  a t  900~ whi le  a 
r a the r  smooth po ly  I surface was observed af ter  an 
l l00~ oxygen  oxidation.~ I t  may  be tha t  at  h igher  
oxida t ion  tempera tures ,  the t r anspor t  of the oxidizing 

T These oxidations were performed in the same furnace tube. 
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species th rough  the oxide m y  be the l imi t ing  factor  
and the poly  I surface i r regular i t i es  m a y  be effect ively 
obl i tera ted.  On the other  hand, the lower  t empe ra tu r e  
(900~ for example )  may  accentuate  the  surface 
dominated  reaction,  i.e., the  (110) dendr i tes  in the 
po ly  I surface (13) exhibi t  h igher  oxide growth  rate,  
resul t ing in fingers of poly  grains of o ther  or ientat ions  
p ro t rud ing  into the oxide. The enhanced electr ic  field 
a round the tips of these fingers shr inks  the potent ia l  
ba r r i e r  wid th  and the reby  increases the  ca r r i e r  in-  
ject ion local ly  at  the  interface.  

For  al l  polysi l icon oxidat ion temperatures ,  the  
cur ren t  was observed to decrease  wi th  t ime for a 
constant  vol tage appl ied  across the oxide s imi lar  to 
prev ious ly  publ i shed  da ta  (11, 12, 14). A reference  
electr ic  field was defined, for convenience, as the ap-  
p l ied  vol tage divided by  the polysi l icon oxide th ick-  
ness. s The degrada t ion  exponent  "n", i.e., the  slope 
of the cu r r en t - t ime  curve on a log- log  graph,  was 
observed  to increase  cons iderab ly  wi th  the reference  
electr ic  field for  the boron-doped  poly  I, whi le  i t  

S The polys i l icon ox ide  t h i c k n e s s  w a s  estimated by measur ing  
the  ox ide  th i ckness  of several single-crystal silicon s l ices  wh ich  
were phosphorus-implanted and oxidized c o n c u r r e n t  w i th  the  t e s t  
slices. 

Table II.  Summary of Fowler-Nordheim analysis for boron-doped 
poly I 

Lot 
NO. 

Inter-level Measure- 
oxidation ment tern- Barrier 

Slice temper- perature height 
No. ature (~ (~ (eV) 

B 

D 

4 909 23 0.61 
4 900 41 0.63 
4 900 65 0.69 
4 900 100 0.57 

13 1100 23 0.69 
7 1000 23 0.64 
7 1000 40 0.73 
7 1090 70 0.66 
7 i009 i00 0.69 

135 0.59 
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Table I lL Summary of FrenkeJ-Poole analysis for baron-doped poly I 

2 4 8 7  

Lot No. Slice No. 

Inter- level  
oxidation Measurement Dielectric  constant  

temperature temperature Electric field 
(~ ( ~  Experimental Optical value (MV/cm) 

Barrier  height (eV) 

Low temp High temP 

B 4 g00 23 2.4 2.2 
4 900 41 1.9 2.2 
4 900 65 1.7 2.2 
4 900 100 1.2 2.2 
9 1000 23 1.6 2.2 
9 1000 41 1.6 2.2 
9 1000 72 1.5 2.2 
9 1000 101 2.0 2.2 
9 1000 135 2.2 2.2 

13 1100 23 4.5 2.2 
D 7 1000 23 3.4 2.2 

7 1000 41 2.1 2.2 
7 100O 65 2.0 2.2 
7 1000 100 1.4 2.2 

increased only slightly for the phosphorus-doped poly 
L It was observed that  the current  always re turns  to 
the previous end point  if one resumes the cur ren t - t ime  
measurement  after an in ter rupt ion  of the measure-  
ment.  It was also observed on separately processed 
device structures on circuit slices that al though a 
t rans ient  recovery in the current  level was achieved 
by a u.v. erase, the current  rapidly decayed to the 
previous pre-u.v, level. This phenomenon suggests that  
some detrapping of electrons without  annihi la t ion of 
the traps occurs dur ing  the u.v. erase (14). On the 
other hand, a 450~ H2 anneal  was observed to recover 
the current  to its virgin characteristic. One in terpre ta-  
t ion of this may be that the 450~ H2 anneal  annihilates 
those traps previously present. 

It  was observed that  upon voltage polari ty reversal, 
the current  decreases significantly, suggesting that  the 
dominant  mechanism governing current  flow is elec- 
t rode- l imited inject ion from the interfaces, ra ther  than 
bulk- l imi ted  t ranspor t  (1, 2, 11). The emission of 
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current  from single crystal silicon into thermal ly-  
grown silicon dioxide has previously been shown to 
occur by a Fowler-Nordheim process (15). The present  
polysilicon-polysilicon oxide data appear to be con- 
sistent with such a model, al though we have not  
quant i ta t ive ly  corrected for the electric field en-  
hancement  at the polysilicon-polysilicon oxide in te r -  
face due to the effects of the asperities and the space- 
charge at the interface. Therefore, the barr ier  heights 
deduced by the present  Fowler-Nordheim analysis are 
to be regarded as merely  parameters.  Although these 
barr ier  heights do not  represent  "true" interface en-  
ergy levels--such as observed by optical probing or de- 
duced by uti l ization of the effective interface electric 
f ield-- they may nevertheless be useful for compari-  
son to similar  data in the l i terature.  

Shatzkes (16) has recent ly noted that  the dis t r ibu-  
tion of trapped electrons in  the insulator  can play 
an impor tant  role in  the in terpre ta t ion  of the experi-  
mental  data. Not only does trapped charge par t ia l ly  
terminate  the applied reference electric field, thereby 
reducing the effective electric field magni tude  at the 
polysil icon-polysil icon oxide interface, bu t  the bar r ie r  
shape itself becomes distorted. Therefore, corrections 
to the barr ier  width for tunne l ing  should be included 
to account for the field dependence and current  decay 
observed. The negative charge t rapped wi th in  the 
bar r ie r  provides an al ternate  explanat ion for the in -  
terpreta t ion of reduced barr iers  derived from a Fowler-  
Nordheim analysis (16). 

Probably  a combination of both enhanced electric 
field at asperities and electron t rapping within  the 
barr ier  region apply in our case. Unfortunately,  we 
are still unable  to provide clear differentiation be-  
tween electron traps previously present  and "acti- 
vated" by the electron t ranspor t  through the ox ide- -  
such as perhaps the case for steam grown oxides 
(17, 18) - -and  cont inuously generated traps dur ing at 
least a portion of the current  transport.  Clearly, fur-  
ther  exper imenta t ion  will be required for elucidation 
of the interracial  t rap characteristics of the polysilicon- 
polysilicon oxide system. 

Manuscript  submit ted June  5, 1979; revised m a n u -  
script received May 27, 1980. This was RNP 392 pre-  
sented at the Pit tsburgh,  Pennsylvania ,  Meeting o f  
the Society, Oct. 15-20, 1978. 

Any discussion of this paper  wil l  appear in a Dis- 
cussion Section to be published in  the June  1981 
JOURNAL. All  discussions for the June  1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 

Publication costs of this article were assisted by 
Texas Instruments Incorporated. 
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Oxide-Substrate and Oxide-Oxide Chemical Reactions in 
Thermally Annealed Anodic Films on 

GaSb, GaAs, and GaP 
G. P. Schwartz,* G. J. Gualtieri, J. E. Griffiths, C. D. Thurmond, and B. Schwartz* 

Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A fundamenta l  pa t te rn  of oxide-substrate  reactions has been identified in 
thermal ly  annealed anodic films on GaSb and GaAs through the use of l~aman 
scattering and te rnary  phase diagrams. The re levant  reactions on GaAs and 
GaSb yield interfacial  deposits of As and Sb via As203 -t- 2GaAs -+ Ga~O3 
+ 4As and Sb208 + 2GaSb --* Ga203 + 4Sb. The fai lure to observe e lementa l  P 
generat ion in annealed  anodic films on GaP in  conjunct ion with an estimate of 
the Ga-P-O phase diagram suggests that oxide-oxide reactions occur in the 
film instead. Format ion of ei ther ortho or metaphosphate will depend on the 
Ga2OJP205 ratio in the film according to P205 q- Ga2Oa --> 2GaPO4 and 3P205 
-t- Ga20~--> 2Ga(PO3)~. 

The current  and future  uti l ization of I I I -V com- 
pounds in the semiconductor indus t ry  reemphasizes 
the need for a more definitive unders tanding  of the 
chemical and physical phenomena that  occur at oxide- 
semiconductor interfaces. The factors affecting the 
ini t ia t ion and propagation of chemical reactions at 
such interfaces, the na ture  and spatial distr ibution of 
the products formed, and their effect on the electronic 
properties of such structures are inadequate ly  cha- 
racterized. Moreover, little is known about the effects 
of such processes on the long term stabili ty of these 
interfaces. Of special interest  is the presence or ab-  
sence of e lemental  consti tuents of the semiconductor 
in  the oxide-semiconductor interfacial  region, largely 
because it has often been assumed that their presence 
may have a deleterious effect on the electronic prop- 
erties of I I I -V solid-state devices. 

In  the present  work, anodic oxide films that  were 
electrochemically grown in aqueous solutions at room 
temperature  on GaAs, GaSb, and GaP were examined 
by reflection Raman  scattering for evidence of ele- 
mentaI  deposits of As, Sb, or P in the as-anodized 
state and for evidence of interfaciaI oxide/subst ra te  
reactions induced by thermal  annealing.  Estimates 
of the t e rnary  phase diagrams for the Ga-As-O, 
Ga-Sb-O, and Ga-P-O systems were derived from 
b inary  phase stabil i ty experiments,  thermodynamic  
calculations, and Raman scattering. The result ing phase 
diagrams indicate that the interfacial  chemical con- 
st i tuents which can exist in thermodynamic equil ib-  

* Electrochemical Society Active Member. 
Key words: Raman scattering, ternary phase diagrams. 

r ium with GaSb and GaAs are Ga2OJSb and Ga2OJ  
As, respectively. Neither Sb203 nor  As2Os or their  
higher oxides are thermodynamical ly  stable in the 
interracial  region. Oxidation processes which produce 
sharply delineated oxide-substrate  interfaces contain-  
ing these lat ter  products are indicative of oxide growth 
under  conditions far from thermodynamic  equil ibrium. 
Thermal  anneal ing provides the necessary energy to 
overcome the reaction barriers associated with the re-  
actions 2GaSb -t- Sb203 ~ Ga208 5: 4Sb and 2GaAs + 
As208 --> Ga203 -~ 4As, thus depleting the group Vb 
oxides in the interfacial  region with subsequent  gen-  
erat ion of elemental  deposits of an t imony or arsenic. 

Similar  work involving Raman  scattering from 
anodic oxides on GaP coupled with thermodynamic  
estimates of the Ga-P-O system revealed a quite dif- 
ferent  pattern. No evidence was found for the genera-  
tion of elemental  phosphorus in the anodic films in 
either the as-grown or annealed conditions. The oxide- 
oxide reaction Ga203 + P20~ --> 2GaPO4 was verified 
in bulk  mixtures.  Some doubt as to the proper Ga -P -O  
phase diagram still remains. 

Experimental 
Sample preparation.--N-type substrates of GaP 

(4-8 • 1017 cm -a, (111) oriented),  GaAs (2-5 • 10 is 
cm -3, (100) oriented),  and GaSb (1-3 • 1017 cm -s, 
(111) oriented) were prepared first by an a lumina  
lapping (0.2 ~m) and then by b romine-methano l  
polishing to a mir ror  finish. The electrochemical 
anodizations were carried out at room t e m p e r a t u r e  
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under  whi te  l ight  i l lumina t ion  in an AGW (1) elec-  
t rolyte .  This e lec t ro ly te  consists of 3% H3PO4, ad -  
ju s t ed  to a pH of 6.2 wi th  NH4OH, which  is then  d i -  
lu ted  in a 1:2 vo lume rat io  wi th  e thy lene  glycol. Pos t -  
anodizat ion t r ea tmen t  involved  r insing the wafers  in 
methanol  fol lowed by  d ry ing  under  a s t r eam of n i t ro -  
gen gas. The wafers  were  anodized at  constant  cu r ren t  
(1 m A / c m  2) up to 50V. F i lm growth  factors of ap-  
p rox ima te ly  10, 20, and  30 A / V  resul t  under  these 
condit ions on GaP,  GaAs, and GaSb, respect ively.  
The rma l  anneal ing  of anodized wafers  at  250 ~ and 
300~ took place in a n i t rogen -pu rged  oven. For  t em-  
pera tu res  exceeding 300~ the samples  were  rou t ine ly  
sealed into evacua ted  (5 • 10 -~ Torr )  quar tz  tubes  
before  t rea t ing  at  the appropr i a t e  tempera ture .  En-  
capsula t ion  served mere ly  to avoid the  disseminat ion 
of po ten t i a l ly  toxic mater ia l s ;  the  Raman  scat ter ing  
resul ts  a re  not  affected by  the choice of anneal ing  
unde r  an iner t  a tmosphere  or  under  vacuum. 

Samples  of Ga203, GaOOH, Sb203, As2Os, and  P205 
were  purchased  in the form of finely d iv ided  powders .  
The l a t t e r  three  products  were  ind iv idua l ly  encapsu-  
l a ted  in quartz,  t aken  to the i r  boi l ing points, and then  
cooled s lowly in o rder  to obta in  samples  of v i t reous  
Sb203, As203, and P205. A n  amorphous  gal l ia  gel was 
p r e p a r e d  b y  the addi t ion  of d i lu te  ammonium h y d r o x -  
ide to an aqueous ga l l ium n i t ra te  solut ion (2). 

Raman scattering.--Surface reflection Raman  spect ra  
were  obta ined  by  coupling the incident  laser  l ight  
(5145A, argon ion) into the  films at  Brewster ' s  angle  
and detec t ing  the l ight  sca t tered  no rma l  to the  sample  
surface. The opt ical  constants  given by  Aspnes et al. 
(3) for  anodized films on the respect ive  subs t ra tes  
were  used in the  calculat ion of Brewster ' s  angle. An  
Ins t rument  S. A. Ramanor  monochromator  (Model 
HG-2S)  equipped  wi th  holographic  gra t ings  and f/1.8 
collection optics was used to analyze  the sca t tered  
light.  The analyzed l ight  was detected wi th  a cooled 
Hammamat su  R-928P photomul t ip l ie r  coupled to con- 
vent ional  photon  counting electronics.  

A polar iza t ion  ro ta tor  was inser ted  into the exci ta -  
t ion beam pa th  so tha t  the electr ic  vector  of the inci-  
dent  l ight  could be ad jus ted  to be e i ther  in the sca t te r -  
ing p lane  (H) or pe rpend icu la r  to i t  (V).  The po la r i -  
zat ion proper t ies  of the Raman  scat tered l ight  emi t ted  
normal  to the  surface could be analyzed  by inser t ing a 
polar iza t ion  filter before  the ent rance  slit. For  most of 
the  r epor ted  work  this filter was omitted,  and the 
sca t te red  l ight  is des ignated as unana lyzed  (U).  A 
polar iza t ion  sc rambler  in the p re - s l i t  optical  pa th  was 
present  dur ing  the acquisi t ion of al l  spect ra  to insure  
tha t  the gra t ing  response did not  d is tor t  the re la t ive  
intensi t ies  of the  polar ized spectra.  

Phase diagrams.--A series of b ina ry  mix tu re  phase 
s tab i l i ty  exper iments  were  pe r fo rmed  in order  to 
check cr i t ical  sections of the t e rna ry  phase d iagrams 
for  the  Ga-Sb-O,  Ga-As-O,  and G a - P - O  systems. 
Powdered  mix tures  of the I I I -V  subst ra tes  and thei r  
respect ive  group V oxides (Sb2Q, As20.~, or P205) 
were  sealed in evacuated  quar tz  tubes and hea ted  to 
e leva ted  tempera tures .  The P205 was subl imed at  10 -~ 
Torr  p r io r  to use to remove contaminant  t races of 
P20~ and H20 and was subsequent ly  handled  under  
d r y  conditions. 

The react ion products  were  analyzed by  x - r a y  
powder  diffract ion and Raman scattering.  The l a t t e r  
technique is. pa r t i cu l a r ly  useful  for ident i fy ing  v i t r e -  
ous phases (Sb203, As203, and P205) which would  
o therwise  go undetected.  Raman  scat ter ing can also 
supplement  x - r a y  diffraction resul ts  for the posi t ive 
identif icat ion of c rys ta l l ine  phases. In  Fig. 1, for 
example ,  the  react ion products  for an ini t ia l  mix tu re  
of 2:1 S b 2 O J G a S b  d i sp lay  Raman  peaks  associated 
wi th  ~-Ga203 ( labeled Gn) and unreac ted  Sb~Os 
(senarmoni te ,  labe led  Sn) which  was or ig ina l ly  p res -  
ent  in excess. Crys ta l l ine  Sb is not  pa r t i cu l a r ly  obvi -  
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Fig. I. Raman scattering analysis of a reaction product mixture 
containing crystalline Ga203. Sb203, and Sb along with vitreous 
Sb203. The latter species contributes the broad band between 300- 
500 cm -1. 

ous due to in ter ferences  f rom Ga208 (GI, G2), bu t  pe l -  
lets of that  ma te r i a l  could be p icked  out  of the  mix tu re  
and easi ly identif ied by  x - r a y  techniques.  The broad 
Raman  band be tween  300-500 cm - I  indicates  tha t  the  
reac t ion  conditions have lef t  v i t reous  as wel l  as c rys-  
ta l l ine  Sb203. Bet te r  spect ra  of the v i t reous  form were  
obta ined f rom ma te r i a l  adher ing  to the  wal ls  of the 
quartz  tube in places where  there  were  no other  
react ion products.  

Deta i led  resul ts  for the  G a - A s - O  phase d i ag ram have  
been repor ted  prev ious ly  (4). Tables I and  II  s u m m a r -  
ize the da ta  for the  pseudob inary  GaSb/Sb203 and 
GaP/P205, Ga2OJP205 systems. React ion t empera tu res  
above 680~ exceed the congruent  evapora t ion  t em-  
pe ra tu re  of GaP (5). Nevertheless ,  we did not observe 
the rmal  decomposi t ion of the GaP which leads us to 
suspect  that  a th in  oxide  l aye r  has formed in insuffi- 
cient quant i ty  to be detected bu t  in sufficient quan t i ty  
to p reven t  the rmal  decomposi t ion of the  GaP. The 
appl ica t ion  of the  da ta  in  Tables  I and  I I  to the  

Table I. Phase stability of GaSb-Sb203 mixtures 

R e a c t i o n  Sb-~OJGaSb D e t e c t e d  Corn- 
c o n d i t i o n s  mole ratio phases Method ments  

660~ days  2:1 ~-Ga203 R a m a n  No GaSb  
ShoO3 R a m a n  detected 
( s e n a r m o n i t e  

+ glass) 
Sb x - r a y  dif-  

f r a c t i o n  
669~ days  1:1 ~-Ga20~ R a m a n  No GaSh  

Sb203 R a m a n  detected 
( s e n a r m o n i t e  

+ g lass )  
Sb  x - r a y  dif- 

fraction 
660~ d a y s  1:3 ~-Ga~O3 R a m a n  No Sb203 

GaSb  R a m a n  detected 
( z i ncb l ende )  
Sb  x - r a y  dif- 

fract ion 
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Table II. Phase stability of GaP-P205, Go2Oa-P205 mixtures 

N o v e m b e r  1980 

A: Reaction P~Os/GaP Detected 
condit ions  mole  ratio phases Method Comments  

550~ day 4:5 GaP Raman 
P205 Raman 

750~ day 4:5 GaP Raman 
P205 Raman 

850~ day  4:5 GaP Raman 
P20~ Raman 

B: Reaction P=OJGa208 Detected  
condit ions  mole  ratio phases  Method 

750~ day 1:1 GAP04 Raman 

de te rmina t ion  of the G a - S b - O  and G a - P - O  phase d ia-  
grams are  discussed in the nex t  section. 

Results 

General 
Since the  reflection Raman  spect ra  should, in p r in -  

ciple, contain contr ibut ions  f rom the bu lk  oxide as 
wel l  as f rom the in ter rac ia l  l aye r  and substrate,  some 
p re l im ina ry  comments  are  in o rder  concerning the de-  
tect ion of the  r e l evan t  chemical  species. Anodic  oxide  
films on GaP, GaAs, and GaSb are  cur ren t ly  bel ieved 
to consist of mixtures  of Ga203 and e i ther  P205, As203, 
or Sb20~, respect ively.  These films are  both amorphous  
and opt ical ly  t r anspa ren t  (3) in the region be tween  
1.5 and 4 eV. I t  is this optical  t r ansparency  at  the 
exci ta t ion  wave leng th  (~2.4 eV) and the l imi ted  
number  of molecules in these thin (500 ~ d ~ 1500A) 
films tha t  a l low effective pene t ra t ion  of the laser  beam 
to the  ox ide / semiconduc tor  interface.  I t  is thus possi-  
b le  to observe resonance enhanced Raman signals f rom 
minute  amounts  of arsenic  and an t imony  tha t  may  be 
presen t  in the in te r rac ia l  region. 

The group V oxides P2Os, As2Os, and  Sb203 are  
we l l - known  glass formers  whose vi t reous  spect ra  a re  
shown in Fig. 2. Amorphous  Ga20~ is n~ot a we l l - c ha r -  
ac ter ized mater ia l ;  we have p repa red  a ga l l ium oxide 
gel  in o rder  to obta in  some idea of where  the  bands  
might  be expected to occur. The Raman  spec t rum of 
this gel along wi th  crys ta l l ine  #-Ga2Os and GaOOH 
are  shown in Fig. 3. Crys ta l l ine  spect ra  for P205, 
As203, and Sb203 have also been repor ted  in the  l i t -  
e ra tu re  (6). Nei ther  the crys ta l l ine  nor  vi t reous  
Raman  peaks associated wi th  any of these oxide species 
is observed in surface reflection scat ter ing from films 
rang ing  f rom 500 to 1500A thickness.  The normal  
Raman  cross sections for inelast ic  l ight  scat ter ing f rom 
these films are  appa ren t ly  too low to a l low the i r  de -  
tect ion in such thin layers.  Similar ly ,  the conversion of 
amorphous  Ga20~ (gal l ia  gel) to e i ther  GaOOH or #- 
G a 2 Q  cannot  be detected fol lowing the 250~ the rmal  
anneal  which is typ ica l ly  employed  to remove loosely 
bound water .  Analys is  of Raman  scat ter ing  f rom 8000A 
anodic oxides on GaAs fu r the r  indicates  tha t  there  is 
insufficient cross section for oxide component  identif i-  
cation even at  this thickness.  High t empera tu re  an-  
neal ing (T = 600~ of the 8000A s t ructures  did not 
resul t  in observable  Raman  peaks for #-Ga203. 

In  contras t  to the anodic film components,  the group 
V meta l lo ids  P, As, and Sb al l  possess electronic ab -  
sorpt ion bands which over lap  the exci ta t ion f requency  
(7-9). Resonance enhancement  of the Raman  cross 
sections occur under  such conditions wi th  a concom- 
i tan t  increase in the  detect ion sens i t iv i ty  for these 
chemical  species. A rev iew of resonance enhanced 
Raman  scat ter ing in I I I -V  semiconductors  and the 
group V semimeta ls  has recen t ly  been presented  b y  
Richter  (10). 

The re la t ive  resonance enhanced Raman  cross sec- 
tions for  the A1g and Eg modes of As and Sb have been 
measured  by  Renucci  et aL (9) in the  range  f rom 1.6 
to 2.7 eV. Examina t ion  of the da ta  at  ~.,2.4 eV (5145A) 

No evidence  for  react ion 

No evidence for  reaction 

Three  extra  faint  l ines in the  x-ray 
diffraction pat tern  which could not  
be ass igned to GaP. Possible  trace 
of GAP04, ~.Ga~Oa. 

Comments  

Reaction goes  to complet ion 

provides  a measure  of the re la t ive  detect ion sens i t iv i ty  
be tween Sb and As, i.e., ~Sb/~As = 5.6. Comparab le  
da ta  for e lementa l  phosphorus do not  appear  to be 
avai lable .  Est imates  of the m i n i m u m  detect ion level  
for c rys ta l l ine  arsenic have recen t ly  been obta ined 
f rom a comparison of in te rna l  s tandards  and cor re la -  
tions wi th  e l l ipsometr ic  de te rmina t ions  of the  absorp-  
t ive component  of these anodic films (11). The ava i l -  
able  da ta  cu r ren t ly  indicate  a detect ion level  of  
approx ima te ly  10-20A of c rys ta l l ine  arsenic  in the  
present  exper imen ta l  configuration. The detect ion of 
an t imony  should be 5-6 t imes more  sensitive. Al though  
the detect ion s e n s i t i v i t y  for  phosphorus is p robab ly  
less favorable  than  for As and Sb, we are  cu r ren t ly  
unable  to provide  a reasonably  firm es t imate  of the  
detect ion l imi t  for this mater ia l .  

Raman Scattering and Ternary Phase Diagrams 
GaSb.- -Raman.- -For  <iii> or iented subs t ra tes  

crys ta l l iz ing wi th  a zincblende s tructure,  both  longi-  
tudina l  and t ransverse  optic modes (LO, TO) are  

Pz05 

VITREOUS SPECTRA 

sb2o5 S RESOLUTION -l~ 

I I I I I I I I I 
900 800 700 600 500 400 300 200 100 

cm -I 

Fig. 2. Raman spectra of the vitreous glasses P205, As20~, and 
Sb20~ between 100-1000 cm -1. 
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GALLIUM OXIDES 

GaOOH 

-., - . . . . . . .  u. 

1 I I ] I I i I i 
900 800 700 600 500 400 500 200 100 

cm-I 

Fig. 3. laman spectra of amorphous (gel) and crystalline farms 
of gal l ium oxide which would be ant ic ipated in thermally  annealed  
anodic films. 

Raman allowed by the selection rules (12i. Combina-  
t ion and overtone bands derived przmarily from twoZ 
phonon processes will also De active. [['he two-phonon 
con t inuum shows sharp s tructure in  its phonon fre-  
quency dls tr ibut ion at certain critzcal points in  the 
Bri l louin zone. i n  the case of the zincblende s t ructure  
the re levant  critical points allowed by the selection 
rules occur at tl~e zone center r (0, 0, 0), the face 
center L (1/2, 1/2, 1/2), and X (1, 0, 0), the coordinate 
peak W (1, 1/2, 0), and the zone edge K (3/4, 3/4, 0). 

The surface reflection Raman spectra for anodized 
samples (oxide thickness ~1500A) in the as-anodized 
(A) and thermal  annealed  (B, 450~ hr) states are 
shown in  Fig. 4. The positions of the crystal l ine an t i -  
mony  bands (13, 14) for the t r igonal ly distorted cubic 
A7 structure are denoted by $1 and $2. $1 (150 cm -1) 
corresponds to the symmetric  Alg mode of this s truc-  
ture, whereas $2 (115 cm -1) is the doubly degenerate 
Eg mode. Amorphous an t imony  (15) displays a broad, 
featureless band between ~120-170 cm -1. The n u m -  
bered peaks (n =1,  16 ) in  Fig. 4A can be r igorously 
assigned (16, 17) to one and two-phonon scattering 
from the substrate (Table III) .  Par t  of the two-phonon 
GaSb spectrum (n _-- 1-3) overlaps the region in 
which elemental  Sb (crystall ine or amorphous) would 
be found if it  were present  in  the as-anodized film. 
Wi th in  the peak- to-peak  noise (,~30 c/sec) in  the 
vicini ty of 150 cm -1, no differences were detected be-  
tween the bare substrate (not shown) and the anodized 
GaSb wafer (Fig. 4A). The estimated detection l imit  
for crystal l ine Sb is an equivalent  thickness of ~5A;  
detection of the amorphous allotrope will  be somewhat  
less sensitive. 

Annea l ing  the anodized sample of Fig. 4A in vacuo 
(5 X 10 -7 Torr) at 450~ for 1 hr leads to dramatic 
changes in the spectrum. The presence of crystal l ine 
an t imony now dominates the spectral features. The LO 

GQ S b 
TO(r) 

LO(F) 

A 

2ooo c /s  7s' ] 
16 14 8 ~ J  

15AL 312 10 9 J ~@, 

ANODIZED 

RESOLUTION 

s 1 s~ ~F t I all ] 

AIg 

sb B SECONOp. O.D  

l ?.\ 
GaSb LO TO 

a ~ 

450"C, 1 HOUR 
I I I I 

500 400 :500 200 

cm- 

100 

Fig. 4. Raman scattering intensity from as-anodized (A) and 
thermally annealed (B) films on GaSb. $1 and $2 denote the posi- 
tions of crystalline Sb modes, the numbered features 1-16 corre- 
spond to substrate scattering. The scattered light polarization is 
unanalyzed. 

and TO modes of the GaSb substrate  are now near ly  
total ly a t tenuated by  optical absorption of the excita- 
t ion beam by the thermal ly  generated Sb. Far row et al. 
(18) have previously observed similar spectra for the 
case of thermal ly  oxidized samples of GaSb. Cross 
polarized spectra (VH) at tenuated the 150 cm -1 band 
by a factor of ~200, which is consistent with their 
assignment of this band  as the Alg mode of crystal l ine 
antimony.  

Table III. GaSb 

F r e q u e n c y  
n (cm -1) A s s i g n m e n t *  

1 111 2 T A ( X )  
2 117 2 T A ( Z )  
3 160 2TA(W) 
4 227 TO(F)  
5 237 LO ( s ) 
6 256 T A  + T O ( L )  
7 272 T A  + TO,LO(X)  
8 286 2LA (Q) 
9 320 2 L A ( X )  

I0 356 L A  + L O ( X )  
11 373 LA + T O ( X )  

LA + LO(X) 
LA + T O ( L )  

12 393 2TO (Z) 
13 425 2TO (X)  

2LO(X)  
14 438 2TO(L)  
15 455 2TO ( r )  
16 472 2LO ( r ) 
S~ 150 A~= 
S= 115 E= 

* R e f e r e n c e s  (16, 17) a s s igned  n = 1 to 16. R e f e r e n c e s  (13, 14) 
a s s igned  Sz, S=. 
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The the rma l ly  induced format ion  of e lementa l  Sb in  
e lec t rochemical ly  anodized films on GaSb is consistent  
wi th  the  pseudob ina ry  phase s tab i l i ty  exper iments  
involving S b 2 O J G a S b  mix tures  insofar  as Eq. [1] was 
observed to occur 

Sb2Os + 2GaSb-> Ga203 + 4Sb [ i ]  

Figure  5 provides  some idea of jus t  how read i ly  this  
reac t ion  occurs in anodic films ( typ ica l ly  ~2000A) as 
a funct ion of t empera ture .  E lementa l  Sb is not  r ead i ly  
detected af te r  a 250~ bake  for  2 hr  (Fig. 5A).  The 
spect ra l  f ea tu re  at  ,,117 cm - I  is a superposi t ion of a 
laser  p lasma l ine and par t  of the two-phonon  s t ruc ture  
of the  substrate.  The Eg mode of c rys ta l l ine  Sb appears  
a t  a s l ight ly  lower  wavenumber  posi t ion and is typ i -  
ca l ly  broader .  Af te r  a the rmal  t r ea tmen t  of 300~ for 
1 h r  (Fig. 5B), an an t imony  signal  can be detected in 
the  form of an amorphous  deposit.  Af te r  hea t ing  at  
350~ for 1 hr, wel l -def ined  crys ta l l ine  A1g and Eg 
modes of Sb become c lear ly  vis ible  (Fig. 5C). 

In  o rder  to ver i fy  that  the reac t ion  proposed in Eq. 
[I]  is ac tua l ly  occurr ing in these films at  the ox ide /  
GaSb interface,  a series of chemical  e tching exper i -  
ments  were  pe r fo rmed  in which  the oxide  film was 
successively dissolved in a d i lu te  methanol /HsPO4 
solut ion and the remain ing  film thickness was moni -  
tored  by  in te r fe rence  colors. The resul ts  a re  shown in 
Fig. 6, in which one observes no decrease in the s ignal  
associated wi th  Sb down to a film thickness of ~300A, 
at  which point  in ter ference  colors are  no longer  visible. 
The s t rong increase  in the  Ray le igh  wing which 
causes m a r k e d  changes in the  shif t ing background  
scat ter ing appears  to be due to surface roughening  
effects occurr ing  dur ing  etching. The Sb formed dur ing  
anneal ing  at  350~ for 1 h r  is thus found to be local -  

)- 
(/} 
,.=, 
.= 

GaSb 

TO(F) 

Lo(F)~ Allg 

c 

a - sb~ 

B 300~ 1 HOUR ~ ~ A 

__  l I I I I I 
500 250 200 150 100 50 

cm-1 

Fig. 5. T h e r m a l  evolut ion of the in te r rac ia l  react ion which gen-  
erates elemental Sb as detected by Raman scattering. Plasma lines 
are denoted by an asterisk. In fram-s A and B, the peak at 
~,117 cm -1  is a superposition of a plasma line and a two-phonon 
substrate peak. 
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Fig. 6. Chemical etching and Raman scattering of a thermally 
annealed anodized GaSb wafer. The thermally generated Sb is seen 
to be localized within 300A of the substrate. Plasma lines denoted 
by an asterisk. 

ized Within an in ter fac ia l  l aye r  whose posi t ion lies no 
more  than 300A f rom the ac tua l  ox ide-semiconduc tor  
interface.  

The Raman  scat ter ing exper iments  on as-anodized  
GaSb thus show tha t  there  is no evidence for  e i ther  
amorphous  or  c rys ta l l ine  Sb anywhere  in these films 
down to the detect ion l imits  of this technique.  The rma l  
anneal ing  resul ts  in the  genera t ion  of s t rong an t i -  
mony  Raman  signals ( p r ima r i l y  as a c rys ta l l ine  
phase) ,  and chemical  e tching exper iments  show tha t  
an t imony  deposits  a re  wi th in  300A of the  ox ide /GaSb  
interface.  

Phase diagram.--An es t imate  of the lower  section of 
the  G a - S b - O  phase d iag ram was genera ted  f rom a 
combinat ion of b i n a r y  mix tu re  exper iments  and 
the rmodynamic  calculations.  Many  aspects  of this d ia-  
g ram were  guided by  pr io r  resul ts  on the G a - A s - O  
sys tem (4), which is shown for comparison in Fig. 7. 
Al l  equi l ibr ia  are  assumed to be pseudobinary ,  i.e., the 
phase fields are  composed of mix tures  of pure  com- 
ponents  in which mutua l  solid solubi l i ty  is ignored.  

The const i tuents  in phase field I (Fig. 7) at  equi l ib-  
r ium were  obta ined f rom the b ina ry  mix tu re  resul ts  in 
Table  I for in i t ia l  S b 2 O J G a S b  mole  rat ios grea te r  
than 1:2. The observed products  were  Ga203, Sb, and 
Sb203. The l a t t e r  component  was in i t ia l ly  present  in 
quant i t ies  sufficient to consume al l  the  in i t ia l  GaSb 
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Fig. 7. Ternary phase diagrams for the Ga-As-O and Ga-Sb-O 
systems. The upper regions of the latter diagram have not been 
fully determined (dashed lines). 

Table IV. 

Error 
Crossing AG==3 . sum 

point Equation (kcal)  (kcal)  

4Ga + Sb2Oa-* 2GaSb + Ga=O3 -105.7  •  
2Ga + SbK)a-* 2Sb + Ga~Os -87 .1  •  
2GaSh + Sb=O8-> 4Sb + Ga~Os -68 .5  •  

�9 Reference  data. 

Gibbs e~ergy  
of formation Assigned error 

Compound (kca l /mole )  (kca l /mole )  

/~-Ga=Os (C) --238.6 --4-6.0 
GaSb (c) --9.3 +2.0 
Sb~O3 (cubic) -151.5 ----.4.0 

Reference  states: Ga (s ) ,  Sb (s ) ,  O= (g) .  and still  be present  in  excess. The absence of GaSb in  
the final product  mix ture  indicates that  the reaction 
has gone to completion, i.e., the minor  component 
(GaSb) has been total ly consumed. In  addition, no 
evidence could be found for the formation of GaSbO4, 
which would have indicated the existence of a tie l ine 
between GaSbO4 and Sb. The tie l ine instead con- 
nects Ga2Os and Sb203 as shown in the phase diagram. 

For reaction mixtures  which ini t ia l ly contain excess 
GaSb (Sb2OJGaSb < 1/2), the materials  at the 
apexes of phase field II should be observed. Table I 
indicates that  the products are Ga203, Sb, GaSb, as 
would be anticipated from Fig. 7. The total consump- 
t ion of the $b203 from the ini t ial  mix ture  again shows 
t h a t  the reaction has gone to completion. The crossing 
point  between the Ga203-Sb tie l ine and an imaginary  
l ine connecting GaSb and Sb203 is represented by the 
reaction in  Eq. [1]. 

The only par t  of the upper  diagram which has been 
determined is the reaction between Ga203 and Sb205 
to yield the in termediate  product GaSbO4 (2). Only 
the lower section of the diagram need concern us, how- 
ever, since current  evidence suggests that  anodic 
oxides consist of Ga2OJSb20~ mixtures.  

A thermodynamic  check on the correctness of the 
lower section of the phase diagram is made possible 
by calculating the relat ive stabil i ty of the various pos- 
sible tie lines. The principle of the method is i l lus- 
t rated in  Fig. 8. 

An equation involving mass balance is wri t ten  at any  
point  at which two tie lines can intersect. Only one of 
these tie lines can be stable, its determinat ion is made 
by calculating the Gibbs free energy for reaction for 
the balanced equat ion at the intersection point. Table 
IV presents the balanced equations which occur a t  
intersection points 1, 2, and 3 on Fi~. 8 along with the 
calculated free energy of reaction. The s tandard states 

0 

Ga 3 

Ga GaSb Sb 

were obtained from Ref. (19). Our estimates of prob-  
able errors in these free energies are also included. 
Considerations of such factors as the spread in  ~G 
values encountered in  crystal l ine modifications of the 
substances guided the error assignments. The quant i ty  
listed under  "error sum" in  Table IV is a summat ion  
of the assigned errors in the individual  products for 
the reactions as listed and should thus represent  an 
upper  l imit  in the uncer ta in ty  in  ~G for the reaction. 

Crossing point Eq. [11, (see Table IV and Fig. 8) for 
instance, indicates that  the tie l ine which connects 
Ga203-GaSb is more stable than  the Ga-Sb203 tie l ine 
by --105.7 _ 22 kcal. The negative sign of ~G for the 
reactions shows that the tie lines associated with the 
b inary  couples on the r igh t -hand  sides of Eq. [1]-[3] 
(Table IV) are stable. These thermodynamic  calcula- 
tions thus predict tie lines connecting Ga20~-GaSb a n d  
Ga203-Sb, a result  consistent with the observed phases 
generated in the b inary  mix ture  exper iments  (Fig. 7). 

GaAs. - -Raman. - -Raman scattering results from a s -  
a n o d i z e d  and thermal ly  annealed  samples have been 
previously reported (11, 20) so that  only a brief  syn-  
opsis of the results are given here. A polished <100> 
oriented substrate was anodized to 50V (~1000A 
anodic film) in  an AGW electrolyte. F i g u r e 9  ~ ~hows 
the Raman  spectra for the as-anodized (Fig. 9A) a n d  
annealed (Fig. 9B, 450~ hr)  samples. As before, 
the numbered  peaks (n = 1 to 11) are associated with 
one and two-phonon scattering from the substrate. A 
detailed comparison of bare and anodized substrates 
is available in Ref. (20). Table V contains a compila- 
tion of the observed peaks and the assignments given 
by Sekine et al. (21). The positions of the total ly 
symmetr ic  Alg (257 cm -1) and doubly degenerate Eg 
(195 cm -1) modes of crystal l ine arsenic (13, 14, 20) i n  
its A7 structure are denoted by A1 and A2. Amorphous 
arsenic (15, 20) also has a characteristic spectrum i n  

Table V. GaAs 

Frequency 
n (cm -1) Assignment" 

1 133 2TA(L) 
2 157 2TA(X) 
3 163 2TA (Z) 
4 217 2TA ( W ) 

2TA(Q) 
5 269 TO(F) 
6 291 LO (F) 
7 335 TA(L) + TO(L) 

TA(X) + TO(X) 
8 371 2LA(Q) 
9 510 2TO (L) 

10 537 2TO(P) 
11 688 2LO (F) 
A1 257 AI~ 
As 195 Ez 

Fig. 8. Location of the crossing point equations which connect * n = i to 11 assigned from Ref. (21 ) . .~ ,  ~ assigned from Ref. 
pseudobinary pairs of phases. (13, 14). 



2494 J. EZectrochem. Soc.: S O L I D - S T A T E  SCIENCE AND TECHNOLOGY November 1980 

GoAs 

LO(F) 
TO(r) 

t000 C/S / 

ANODIZED 
TO 

1 

i200 C/S ~ t  

450~ 1 HOUR 
I 

600 
I I I 

500 400 300 
Cm- 

AI A2 2 RESOLUTION 

Alg 

ARSENIC 

Eg 
I 

I L 
200 100 

Fig. 9. Raman scattering from as-anodized (A) and thermally 
annealed (B) anodic films on GaAs. The crystalline modes of ele- 
mental arsenic are positioned at A1 and A2, the numbered peaks 
1-11 in A arise from substrate scattering. The scattered light 
polarization is unanalyzed. 

Table VI. GaP 

Frequency 
n ( e m  -z) A s s i g n m e n t *  

1 31 LO(X) - TO(X) 
2 48 LO(L) - TO(L) 
3 179.5 LO(L) - LA(L) 

181 2TA ( L ) 
4 209 2 T A ( X )  
5 256 TO(X) -- TA(X) 
6 287 LO(X) - TA(X) 
7 366.3 TO ( z ) 
8 403 L O ( Z )  
9 426 2LA(L) 

466 TO(X) + TA(X) 
483 LO(L) + TA(L) 
496 LO(X) + TA(X) 
~08 2LA ( X ) 

lO 6oB.5 LO(L)  + L A ( L )  
11 689 2TO(L) 
12 721 2TO ( X ) 
13 737 LO(L) + TO(L) 
14 752 L O ( X )  + T O ( X )  
15 784 2LO (X)  
16 805.6 2LO (Z) 
Pz 467 
Ps 349 

* n = 1 to 16 a~s igned f r o m  Ref.  (22) .  P~ and  P= f r o m  Ref.  (25).  

Phosphorus is known to exist in white, red, black, 
and amorphous allotropic forms. Rarnan spectra from 
black phosphorus and amorphous phosphorus (23) 
have been reported by Lannin and Shanabrook. White 
phosphorus is a molecular crystal consisting of P4 
tetrahedra whose spectrum we have observed to be 
similar to data reported for P4 gas phase species (6). 
Neither white nor black phosphorus allotropes are 
anticipated however; the former converts rapidly to 
red phosphorus above 260~ and the latter occurs 
only at very high temperatures or pressures or when 
its lattice is stabilized by small additions of Hg or 
other heavy metal impurities. Quite recent Raman 
experiments aimed at detecting phosphorus in ther- 
mally oxidized films in InP (24) corroborate that 

this region in the form of a broad band between 200- 
250 cm -I. 

Whereas the as-anodized spectrum of Fig. 9A does 
not indicate the presence of arsenic within the present 
limits of detectability, annealing at 450~ for I hr 
(Fig. 9B) results in a spectrum dominated by crystal- 
line arsenic. The origin of this signal has been related 
to the interracial  reaction given in  Eq. [2] 

As203 4- 2GaAs --> Ga208 4- 4As [ 2 ]  

and the localization of the thermal ly  induced arsenic 
deposits at the oxide/GaAs interface has been verified 
by chemical etching experiments  ( I I ) .  

Phase diagram.--The t e rna ry  phase diagram for the 
Ga-As-O system has already been developed (4) and 
was presented earlier in Fig. 7. The impor tant  point  
which should be rei terated is that  the phases which are 
thermodynamical ly  stable in the interracial  region are 
Ga~Os, As, and GaAs, not Ga203, As203, and GaAs. The 
thermal ly  induced interracial  reaction given by Eq. [2] 
and observed in Raman  scattering provides the pa th-  
way for the t ransi t ion from an unstable  to a thermo-  
dynamical ly  stable interracial  mixture.  This is dis- 
cussed in  the Discussion section. 

GaP.--Raman.--N-type <III> GaP wafers were 
anodized at 50V (~500A of oxide) in an AGW elec- 
trolyte at constant  current  density. The one-  and two- 
phonon assignments of Sushchinsky et al. (22) were 
used to ident i fy  and tabulate  (Table VI) individual  
spectral features n : 1-16 in Fig. 10A. The first order 
LO mode at ~403 cm -1 is not sharply defined on any  
of our wafers; we believe this to be due to LO-plasmon 
coupling which broadens and shifts this mode in the 
strong coupling reg ime .  

GaP 
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Fig. 10. Raman scattering from as-anodized (A) and thermally 
annealed (B) anodic films on GaP. The dominant crystalline red 
phosphorus peaks would occur at P1-P2, the numbered peaks 1-16 
in A arise from substrate scattering. The scattered light polariza- 
tion is unanalyzed. 
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ei ther  c rys ta l l ine  or  amorphous  red  P wi l l  be the 
s table  al lotropes.  For  the  anneal ing  t empera tu res  em-  
p loyed  in these studies (T - -  450~ only  crys ta l l ine  
red  P is ant ic ipated.  

Data  (24) on red  phosphorus  crys ta l l ized  at  ,~500~ 
indicate  tha t  there  a re  no fewer  than  35 observable  
R a m a n  lines ly ing  be tween  20 and 500 c m - L  Their  
intensi t ies  a re  somewhat  dependent  on the rmal  t r e a t -  
ment,  bu t  the two s t rongest  modes consis tent ly  occur 
at  ~,467 and 349 c m - L  The two dominan t  modes are  
denoted as P1 and P2 in Fig. 10A. 

Compar ison of the  ba re  subs t ra te  (not  shown) and 
anodized spect ra  (Fig. 10A) showed the two to be 
v i r t ua l l y  super imposable .  No evidence could be found 
for  the  presence of e i ther  c rys ta l l ine  or amorphous  
phosphorus  in the as-anodized  films, a l though it  should 
be noted tha t  the b road  l ine shape (23) an t ic ipa ted  
for  amorphous  P could be masked  by  the two-phonon  
and coupled p lasmon fea tures  of the substrate.  An-  
nea l ing  the  anodized sample  at  450~ for 1 h r  leads to 
no observable  changes in the  Raman  spec t rum (Fig. 
10B). These exper iments  were  ex tended  to 650~ for 
1 h r  (not shown) ,  but  in no case was any  s t ructure  
observed which could not  be associated wi th  the GaP 
substrate .  

Crossed polar iza t ion  (VH) spect ra  were  also ana -  
lyzed  in o rde r  to reduce the  background  in ter ference  
f rom the two-phonon  and coupled-p lasmon scat ter ing 
of the  substrate .  The resul ts  for as -anodized  and the r -  
ma l ly  annea led  (450 ~ and 650~ anodic films are  p re -  
sented in  Fig. 11. Except  for  a g radua l  reduct ion  in the  
overa l l  in tens i ty  as one employs  more  severe anneal ing  
conditions, there  is no evidence for any  changes in the  
spec t ra  consis tent  wi th  the format ion  of any a l lo t ropic  
form of phosphorus.  Consequent ly  ne i ther  the de -  
tec table  presence of e lementa l  P in the as-anodized 
s tate  nor  its t he rma l ly  induced growth  were  observed.  

Phase diagram.--Thermodynamic calculat ion of the 
condensed phase  por t ion  of the  G a - P - O  d iag ram is 
subject  to considerable  uncer ta in ty .  The upper  l imi t  
for  the t empe ra tu r e  of an i so thermal  section represen-  
ta t ive  of solid condensed phases is set by  the mel t ing  
poin t  of P203, i.e., 23.8~ The l a t t e r  p roduc t  d ispro-  
por t iona tes  above  its boi l ing point  (173~ to form 

Ga P jTO (r) 
VH POLARIZATION 

LOb(r) I 

1000 C/S 

650~ 1 HOUR 

RESOLUTION ]~  

/P2 -~i- 

I i I , t i I i I I I I 1 ~ [ I 
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cm-J 
Fig. 11. Ramon scattering in a crossed polarization configuration 

for anodized and thermally ann-a ied  fi lms on GaP. The selected 
Raman scattered Fight is polarized in the plane of incidence. 

red  phosphorus and a range  of po lymer ic  phosphorus  
oxides of var iab le  composi t ion (25). There  is cu r ren t ly  
insumcient  da ta  appropr ia t e  to a b ina ry  P -O  phase 
d i ag ram to de te rmine  wi th  cer ta in ty  whe the r  such 
chemical  species as P4Os, P407, or P409 exis t  as the r -  
modynamica l ly  s table  compounds.  Wi thout  definit ive 
evidence in favor  of such a proposi t ion,  we wil l  assume 
tha t  the condensed phases compris ing the G a - P - O  dia-  
g ram consist of Ga, GaP, P, Ga203, P20~, P205, GaPO4, 
and Ga(POs)3.  There  are  24 possible phase d iagrams 
associated wi th  these 8 condensed phases.  

Crossing poin t  s tab i l i ty  equations were  examined  
for al l  r e l evan t  b ina ry  combinat ions of the  condensed 
phases for which  the rmodynamic  da ta  a re  avai lable .  
There  are  no da ta  for Ga(PO3)3 to the  best  of o u r  
knowledge,  and the da ta  for GaPO4 are  re la t ive ly  
uncertain.  The appropr i a t e  equations,  reference  states,  
and es t imated  er rors  are  presented  in Table  VII. For  
P203, the  hG va lue  was calcula ted using the t abu la ted  
(19) AH value  and  by  observing the t rends  be tween  
AH and ~G for the  series Sb2Os, As203, and  P203. T h e  
la rge  es t imated uncer ta in ty  in the  AG value  for GaPO4 
is associated wi th  a •  devia t ion  present  in t h e  
or iginal  solubi l i ty  produc t  da ta  which formed the 
basis for the calculat ion of this free energy in Ref. 
(19). The er ror  assigned to P205 p r i m a r i l y  reflects the  
known  var ia t ion  be tween  crys ta l l ine  and amorphous  
structures.  As in Table  IV, the  column des ignated  a s  
"error  sum" is a wors t  case value  assuming al l  e r rors  
to be addi t ive  and to scale wi th  the appropr ia t e  num-  
ber  of moles of each product  involved in the reaction. 

F igure  12 shows the manner  in which  the s table  t i e  
l ines were  calculated.  The condensed phase por t ion  of 
al l  24 d iagrams lies be low the tie l ine which connects 
Ga203 to P205. Gas phase equi l ib r ia  bounded  by  the  
Ga2Os-P2Os-O t r iangle  were  not  s tudied and are  an 
excluded pa r t  of the  phase diagram. Crossing poin t  
Eq. [1] th rough  [3] occur as shown in Fig. 12 ( top) 
and indicate  the  re la t ive  s tab i l i ty  of the Ga20~-GaP 
couple to crossing or ig inat ing  at  the  Ga apex of t h e  
diagram. No connections to Ga (POs) s  a re  shown in 
Fig. 12 due to lack  of the rmodynamic  data.  I t  should 
be noted, however ,  that,  if  the Ga-GaPO4, Ga-P~Os, 
and  Ga-P203 couples cannot  in tersec t  the Ga203-GaP 
tie line, then  ne i the r  can the G a - G a  (PO3)s couple. Un-  
l ike the calculat ions encountered  in the  G a - A s - O  a n d  
G a - S b - O  systems, the  la rge  values  of the  e r ro r  sums 
re la t ive  to the ca lcula ted  react ion Gibbs free energies  
f o r  m a n y  of the  crossing point  equat ions reflect the  
unce r t a in ty  presen t  in the form of the  G a - P - O  d ia -  
gram. 

In  our  est imation,  the  most  cr i t ical  t ie l ine  of the  
phase d i ag ram involves the  GaPO4-GaP couple. A c -  

Table V I I .  

E r r o r  
Crossing A G ' ~  �9 sum 

point  Equation (kcal)  (kcal)  

6Ga + 3GaPO,-~ 4Ga208 + 3GaP -95 .5  __.114 
16Ga + 3P205-~ 6Ga2Os + 6GaP -366.6  __-66 
4Ga + P~O3-~ Ga~Os + 2GaP -100.2  -----20 
2G~O8 + 2P~Os-* 3GaPO, + GaP -124.9  •  
4Ga2Oa + 8P ~ 3GaPO4 + GaP -94'.9 +--.118 
4P205 + 5GaP ~ 5GaPO~ + 8P -141.9  • 
4P~Os + 3GaP ~ 3GaPO~ + 8P -154 .9  ~-110 

* Re~erence data. 

Gibbs energy  
of  format ion  Ass igned  error  

Compound (kca i /mo le )  (kca l /mo le )  

GaP (c) - 2 3 . 8  ----.2.0 
P2Os (c)  -176 .0  =_~10.9 
P~O~ (c)  -322 .4  -----9.0 
GaPO4 (c) -310.1  __-28.0 
~-GasOa (c) -238.0  ----.6.0 

Reference  states: Ga( s ) j  P ( w h i t e ) j  OJ(g).  
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Establishing the GasO3-GaP and GaPO4-GaP tie 
lines serves to eliminate 18 of the 24 possible phase dia-  
grams. The remaining 6 are shown in Fig. 13. At this 
point the calculations are severely hampered by the 
lack of thermodynamic data for Ga(PO3)s and the 
uncertainty in the GaPO4 data. One notes that  only 
one of the 6 diagrams (Fig. 13, top, center) contains a 
tie line which connects P205 and GaP. The presence 
of this tie line is consistent with the binary mixture 
experiments involving the absence of reaction between 
P205 and GaP (Table l I) .  The failure to observe phos- 
phorus in the Raman experiments on annealed wafers 
also suggests the elimination of the bottom 3 dia- 
grams. Equations [6] and [7] (Table VII),  however, 
are at variance with the stabili ty of the PsOs-GaP and 
P2Os-GaP couples relative to the GaPO4-P tie line. A 
GaPO4-P tie line, however, requires that the 4:5 molar 
mixture of P205 and GaP should have reacted to yield 
phase products which include GaPO4 and P. Neither 
product was observed in the binary mixture experi-  
ments even after reaction at 850~ for 1 day. 

There are a number of possible explanations which 
might account for this discrepancy. The simplest of 
these is kinetic in origin, i.e., the solid-state reaction 
between P205 and GaP is sufficiently slow even at  
850~ that the thermodynamically stable phases do 
not form. Alternatively, one might argue that the 
uncertainty in the available thermodynamic data (es- 
pecially in GaPO4) precludes an accurate description 
of the system. The failure to observe elemental phos- 
phorus in thermally annealed films using Raman 
scattering may have still another explanation since 
there is a competing reaction channel involving P205 
and Ga203 to yield GaPO4 or Ga(PO~)3. If the kin- 

Fig. 12. Crossing point positions used in the calculation of the 
stable tie lines for the Ga-P-O system. 

cording to Table VII and crossing point Eq. [4] and 
[5] of Table VII (see Fig. 12, center), the GaPO4- 
GaP tie line is stable to crossing by the couples 
Ga203-P and Ga20~-P203, although the uncertainty is 
large. Crossing by the Ga-P20~ and Ga-P20~ couples is 
excluded by the presence of the proposed Ga20~-GaP 
tie line. In any case, the stabili ty to crossing from these 
lat ter  lines was calculated to be --323.3 _.+ 118 and 
--345.3 _ 111 kcal, respectively. The stabili ty of the 
GaPO4-GaP tie line implies that 02 oxidation should 
yield a single phase oxide composed of GaPO4. This ex- 
pectation is consistent with the high temperature ther-  
mal oxidation studies of Rubenstein (26), in which 
GaPO4 was identified as the pr imary reaction product 
(95%) by x - ray  diffraction. GaPO4 has also been iden- 
tified as the oxide formed at lower temperatures (600 ~ - 
950~ in photoemission experiments (27). 

o 

/~ Ga(PO3) 3 G~176 Y ~ o 

Ga GaP P 

.6 

2496 

Fig. 13. Six possible choices for the Ga-P-O phase diagram 



Vol. 127, No. 11 CHEMICAL REACTION IN ANODIC FILMS 2497 

etics of those react ions were  fast  compared  to react ion 
be tween  P205 and GaP,  the P~O~ would  be removed  
from the film before  i t  could react  to genera te  phos-  
phorus.  In  addit ion,  d i rec t  vola t i l iza t ion  of P205 wil l  
also deple te  tha t  component  f rom the film. m view 
of the  uncer ta in t ies  involved  in both the  calculat ions 
and exper iments ,  i t  is difficult to assess the re la t ive  
mer i t  of the final choices for  the G a - P - O  condensed 
phase d i ag ram (T < 23.8~C) shown in Fig. 13. 

Discussion 
The t e rna ry  phase d iagrams can be used to specify 

the  oxide phase compostt ion if film growth  has oc- 
cur red  under  near  equ i l ib r ium conditions. A com- 
par i son  of the  t he rmodynamica l ly  an t ic ipa ted  phases 
wi th  those observed  in anodic oxides provides  the  
basis for unders tand ing  the in ter rac ia l  react ions  ob- 
served  in t he rma l ly  annea led  anodic films. 

The the rmodynamic  predict ions  for the oxide phase 
composit ions ut i l iz ing O2 as the  oxidant  are  shown 
in Fig. 14 for GaSb,  GaAs, and  GaP. This figure was 
const ructed f rom the phase d iagrams in the fol lowing 
manner .  A l ine connecting oxygen to the  appropr ia t e  
subs t ra te  is constructed,  and  the oxide components  
p resen t  in the film are  r ead  f rom the apexes of the  
var ious  phase  field t r iangles  cut by  the  oxygen - sub -  
s t rafe  line. Movement  along the oxygen- subs t r a t e  
l ine  t o w a r d  oxygen  is equiva len t  to movement  in the 
di rect ion of increased oxygen  chemical  potential ,  i.e., 
for the  i so thermal  section represen ted  by  the d iag ram 
this would  mean  increas ing the O2 pa r t i a l  pressure  
in the  gas phase.  The progress ion f rom weak  (W) to 
in t e rmed ia te  (I)  to s t rong (S) oxidizing conditions 
qua l i t a t ive ly  describes movement  along the oxygen-  
subs t ra te  l ine toward  oxygen. The mola r  rat ios  of 
the oxide film components  can be de te rmined  by  
examin ing  the  in tersect ion of the  oxygen- subs t r a t e  
l ine wi th  the  phase  field boundary .  The mola r  ra t ios  

of oxide products  are. p resented  in Fig. 14 at  the 
lef t  of the var ious  oxide regions found under  different  
oxidizing conditions. The thickness of each l aye r  
is only a schemat ic  represen ta t ion  of tha t  region;  
kinet ic  pa rame te r s  genera l ly  control  these fea tures  
in real  oxide  growth.  

The s table  in ter rac ia l  phase  products  a re  of p r i m a r y  
interest .  On GaSb and  GaAs the s table  phases  which  
grow in equ i l ib r ium with  those subs t ra tes  are  G a 2 O J  
Sb and Ga2OJAs,  respect ively.  F r o m  a s t r ic t ly  the r -  
modynamic  point  of view, one ant ic ipates  in te r rac ia l  
deposits of the e lementa l  group V component  to be 
present .  On GaP, the tie l ine which connects GaPO~ 
to GaP admits  to only one oxidat ion  product  (GaPOD 
under  al l  oxidizing conditions using O2 as the oxidant .  
Since al l  the phase d iagrams in Fig. 13 contain this 
t ie line, i t  is not  possible to dis t inguish among them 
from expe r imen ta l  oxida t ion  studies using Oe or  air.  

The expe r imen ta l  de te rmina t ion  of composit ion p ro -  
files on anodic films is summar ized  in Table  VII I  and  
Fig. 15 and in Ref. (28-40). Al though  the avai lab le  
da ta  are  somewhat  ske tchy for GaSb and GaP,  a 
number  of essential  fea tures  emerge  f rom the l i t e ra -  
ture. The e l l ipsometr ic  and Raman  scat ter ing resul ts  
indicate  tha t  the bu lk  films are  essent ia l ly  nonabsorb-  
ing in a spect ra l  region in which e lementa l  Sb, As, 
or  P would  be de tec ted  if  p resen t  at  a level  of 1-2 
vo lume percent  or  greater .  This resul t  is in contras t  
to the phase d iag ram predict ions  for the  G a - S b - O  
and G a - A s - O  systems. The rma l ly  oxidized films on 
GaSb and GaAs have in fact a l r eady  been shown to 
contain substant ia l  deposits  of e lementa l  Sb and-As ,  
respect ive ly  (18, 30, 31). 

The va r i ab i l i t y  wi th  e lec t ro ly te  composit ion and pH 
of the G a / P  rat io  in bu lk  anodic films on GaP (34, 
39-40) demons t ra tes  that  GaPO4 is not  the  unique  
p roduc t  evolved dur ing  anodic oxidat ion.  These  films 
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14. Predicted oxide phase compositions for 02 oxidation of 
GaAs, and GaP under weak (W), intermediate (I), and 
(S) oxidizing conditions. 
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Fig. 15. Comparison of experimentally observed film composi- 
lions for as-anodized and thermally annealed samples. GaPO4 is 
the presumed product of annealed anodic films on GaP; its presence 
was not directly verified by Raman scattering. 
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Sub- Analysis  
strate Techmque* 

1. GaSb XPS 

Raman 
Ellipsometry 

2. GaAs XPS 
Coulometry 

IIXE 
RT 

ISS 

Raman 

Ell2psometry 

3. GaP XPS 
RBS 

RT 
Raman 
Ellipsometry 

Reference  Observations 

Oxide composed of Ga~Oa and Sb~Oi Unpublished 
data 

Elemental antimony not detected in films This work 
e~ data consistent with trivalent  ant imony in the oxide; films non- 

absorbing between 1.4 and 4 eV (3, 28) 
Bulk films composed of Ga~O8 and As~Oa (30, 31) 
Passive film io,'matmn entails  passage of 6.0 Faradays/g mole 

of GaAs consumed (29) 
GaAs rat*o ~1 in bulk films (32, 33) 
Eviae~lce for emc~rolyte dependent  selective dissolution of film 

components  during growth (34) 
Homogeneous oxides or)served for low current  density growth; 

i,~terface width and composition varies with  current density (35) 
Elemental  arsenic below detection limits in bulk films (11, 20) 

This work 
Bulk films free of optical absorption be tween  1.5 and 4.5 eV; 

narrow interfaces  posmble which depend on current  density (3, 36, 37) 
Trivalent Ga and pentavalent  P observed in bulk films (38) 
Ga:P ratio vames m bulk films as a funct ion of e lectrolyte  compo- 

sition and pH; oxide constituents assumed to be Ga203 and 
P20~ (39, 40) 

Bulk film observed with P:Ga = 1.6 in glycol based electrolyte  (34) 
Elemental  phosphorus not  detected This work 
Films nonabsorptive between 1.5 and 6 eV; evidence for compo. 

s.t~onal inhomogeneities noted; e~ consistent with pentavalent  
phosphorus (3) 

* XPS -- x-ray photoelectron spectroscopy. 
IIXE ---- ion-induced x-ray enuSsion. 
RT ---- radioactive tracer. 
ISS •ffi ion scattering spectroscopy. 

a r e  believed instead to consist of an amorphous mix-  
ture of Ga203 and P205 whose ratio in  the film is 
sensitive to selective dissolution of these components 
in  the electrolyte. 

A comparison of the film compositions appropriate 
to thermodynamic  equi l ibr ium (Fig. 14) and those 
found exper imenta l ly  (Fig. 15) in electrochemically 
anodized films suggests that in the lat ter  case oxide 
growth has not occurred under  near  equi l ibr ium con- 
ditions. Some support  for this point of view is avail-  
able from observations that the oxide-GaAs in ter -  
facial composition and width are both dependent  on 
the current  density (growth rate) (35, 41). This in te r -  
face can be quite nar row when grown under  optimal 
conditions (41). Thermal  anneal ing provides the nec- 
essary energy to overcome diffusion and reaction 
barriers. At sufficiently high temperatures  the appro- 
priate group V oxide component  can react with the 
substrate on GaSb and GaAs according to Eq. [1] 
and [2] (Fig. 15). The products of this reaction yield 
an interfacial  region composed of Ga203 and either 
Sb or As. For anodized GaP, the fai lure to observe 
P in thermal ly  annealed films suggests either that 
the P~Os-GaP tie l ine is stable or that  the P205 is 
either volatilized or reacted with Ga~O~ to form 
the phosphate or metaphosphate. The lat ter  product 
is anticipated only if the P2OJGa203 ratio of the 
film is greater  than one. 

Summary 
Interracial  oxide-substrate  reactions have been ob- 

served on thermal ly  annealed samples of electro- 
chemically anodized GaSb and GaAs. This phenomenon 
involves diffusion of the group V oxide component  
of the film to the substrate followed by subsequent  
reaction to yield the thermodynamical ly  stable in ter -  
facial phases. Estimates of the Ga-Sb-O and Ga-As-O 
te rnary  phase diagrams indicate that the phase con- 
st i tuents in thermodynamic  equi l ibr ium with GaSh and 
GaAs will  be Ga2OgSb and Ga~OJAs, respectively. 
The interfacial  reactions thus generate deposits of 
e lemental  Sb or As whose slow growth with t ime 
may prove deleterious in device applications involving 
nat ive oxides on those substrates. Since the dr iving 
force for the interracial  reaction is thermodynamic  
in origin, nat ive oxides produced via plasma oxidation 
techniques will also be subject to their  occurrence 
whenever  there is sufficient energy available to over-  
come the diffusion and reaction barriers.  The reaction 

rate at a fixed temperature  was observed to be much 
faster on GaSb than on GaAs. 

An analogous reaction between P205 and GaP w a s  
not observed either in anodic films or powdered mix-  
tures. Both GaPO4 and Ga(PO3)3 can form, however, 
as a consequence of the reaction between P205 and 
Ga203. The actual product will depend on the P 2 O J  
Ga20~ ratio present  in the film, this la t ter  parameter  
being sensitive to the details of the anodization. 

Manuscript  submit ted Jan. 29, 1980; revised m a n u -  
script received May 2, 1980. 

Any  discussion of this paper will appear in a Dis- 
cussion Section to be published in the June  1981 
JOURNAL. All discussions for the June  1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 
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Intermediate Oxide Formation in 
Double-Polysilicon Gate MOS Structure 

Hideo Sunami, Mitsumasa Koyanagi, and Norikazu Hashimoto 
Hitachi Limited, Central Research Laboratory, Kokubunji, Tokyo 185, Japan 

ABSTRACT 

A n  in te rmedia te  insu la tor  format ion  technique is rea l ized  using the con- 
cen t r a t i on -dependen t  oxida t ion  (CDO) of the phosphorus -doped  first po ly -  
sil icon gate. Uti l izing the CDO effect, that  is, heav i ly  doped Si is oxidized 
fas ter  than  l igh t ly  doped Si, a thick in te rmedia te  oxide is fo rmed to cover  the  
first gate wi th  its own oxide and a subs t ra te  surface to form the second gate  
oxide  wi th  s imul taneous  wet  oxidat ion  at 700~176 Elect r ica l  p roper t ies  of 
the in te rmedia te  insula tor  are  discussed in terms of the format ion  condit ions 
and topographica l  s t ructures  of the ove r l apped  region. I t  is found tha t  ox ida -  
t ion t empera tu res  of a round  900~ and modera te  oxide thicknesses produce  
super ior  e lec t r ica l  p roper t ies  and p re fe rab le  geometries.  In response to these 
requ i rements  a d r y - w e t - d r y  oxidat ion  (D-W-D)  technique is successful ly 
developed.  A 5-17-5 rain D - W - D  oxidat ion  at  900~ causes a 50 nm oxide to be  
formed on single c rys ta l  ( i00) silicon and a 210 nm oxide on the phosphorus-  
doped polysil icon. The autodoping effect of phosphorus atoms incorpora ted  
in the  polysi l icon gate is also discussed. I t  gives r ise to ha rmfu l  threshold  
vol tage lowerings  for the  second gate n -channe l  t ransistors .  

Fol lowing  the appl ica t ion  of the  double-polys i l icon  
gate  MOS s t ruc ture  to CCD's (1), i t  is cu r ren t ly  being 
ex tens ive ly  appl ied  to large  scale in tegra t ion  of MOS 
memor ies  (2). These s t ructures  requi re  an in t e rme-  
diate  insula tor  be tween  the two gates, which are  
e lec t r ica l ly  isolated at  smal l  capaci tance to m a x i -  
mize c i rcui t  speed. Convent ional  techniques to real ize 
the  s t ruc ture  consist of CVD oxide format ion  on the 
first polysi l icon gate, pa t t e rn ing  of the double  l ayer  
of the CVD oxide and the polysi l icon gate, t he rmal  
oxida t ion  of the gate edge, and subsequent  second 
gate  deposit ion.  This s t ruc ture  has the  d isadvantages  
of possible shorts  be tween  ad jacent  second gates due 
to res idual  polysi l icon under  overhangs of the CVD 

Key words: concentration-dependent oxidation, double poly- 
silicon, dielectric breakdown, autodoping effect. 

oxide (3) and of lower ing  of the dielectr ic  b reakdown  
be tween  the two gates by  the thin oxide at  the  second 
gate edge. 

SELOCS (selective oxide coating of s i l icon-gate)  
technology (4-6) has been in t roduced to reduce these 
d rawbacks  in the convent ional  CVD technology. 
Differences in processing sequences and the topographi -  
cal s t ruc tures  of these two technologies are  shown in 
Fig. I. This SELOCS technology uti l izes concentra t ion-  
dependent  oxidat ion  (7-10), in which heav i ly  doped 
silicon is oxidized fas ter  than l igh t ly  doped silicon, 
thus producing  s imul taneous  format ion  of the in te r -  
media te  th ick oxide and the second gate thin oxide at  
low t empera tu r e  wet  oxidation.  Ins tead  of the  w e t  
oxidat ion,  a low t empera tu r e  d ry  oxidat ion  technique 
cal led different ial  oxidat ion,  developed by  Barnes ,  
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Fig. I. Process sequences and resulting topographical structures 
for a conventional CVD oxide method and for SELOCS. A polysilicon 
film of the first gate is doped by phosphorus predeposition with a 
POCI8 source. 

DeBlasi, and Deal (11), also gives the identical struc- 
ture, par t icular ly  concerned with the shallow junc-  
tions and thin oxide. 

Even though SELOCS features a reduction in the 
n u m b e r  of processing steps, as previously shown in 
Fig. 1, and less probabi l i ty  of electrical shorts from 
the CVD oxide overhang, dielectric breakdown of the 
in termediate  oxide between the two gates is still possi- 
ble unless the processing conditions are appropriately 
chosen. Besides the dielectric breakdown SELOCS 
technology may have other l imitat ions such as diffi- 
culties in formation of in termediate  oxide of thicker 
than around 300 rim, inferior oxide integri ty  of the 
polysilicon oxide itself compared with that  of single 
silicon oxide due to surface asperity of the polysilicon 
(12, 13), and increased sheet resistance due to the 
reduced thickness of the polysilicon gate. 

The purpose of this s tudy was to characterize param-  
eters affecting oxide in tegr i ty  and to choose better  
formation conditions for the coming VLSI double or 
triple level polysilicon devices. This paper presents 
the results of an empirical study on oxide formation 
and electrical properties affecting MOS transistors. 

Exper imenta l  
A 400 nm thick polysilicon film was deposited by 

thermal  decomposition of Sill4 at 625~ onto a p- type 
(100) wafer with a resist ivity of around 10 ~-cm, on 
which a 50 nm oxide had been grown at 1000~ in a 
dry oxygen ambient.  Then the film was doped with P 
using either a gaseous predeposition at 1000~ for 5-60 
rain using a POC13 source or P- ion  implantat ion.  Re- 
su l tant  sheet resistivity of the film was 15-60 ~/square,  
depending on the P concentration. Ini t ia l  grain size of 
the film of around 50 nm was increased to around 1 
~m by P predeposition just  as in the case of ion im-  
plantat ion with subsequent  anneal ing (14). There was 
no significant s t ructural  or electrical differences be- 
tween predeposition and ion implantat ion.  A PSG film 
grown on the polysilicon film during the predeposition 

in an oxidizing ambient  was removed by HF-buffered 
solution prior to subsequent  processing. Then, the 
polysilicon film with pat terned AZ1350 photoresist was 
etched by a conventional  plasma etching technique 
using CF4 + 4%O~ gas at 0.i Torr  in  a bar re l - type  
etching machine. The etching was automatical ly shut 
off by a plasma probe monitor  (15) so as to obtain 
bet ter  reproducibil i ty of the edge shape of the film. An 
etch rate of around I00 n m / m i n  was obtained with 
100W input  rf power. In  m o s t  cases, the 50 nm thick 
first gate oxide was etched off with HF-buffered solu- 
tion to expose the substrate surface. 

After  the wafer was spin-dried,  SELOCS oxidation 
was performed in a hydrogen-burn ing  type furnace. A 
three-zone, resis tance-heated furnace with a high pur -  
ity a lumina l iner  was used in  this study. The oxidation 
chamber was a single wall, fused silica tube. Flow 
rates of oxygen and hydrogen for wet oxidation were 
1.0 and 1.8 l i ters /min,  respectively. The oxygen flow 
rate was 3.0 l i t e r s /min  for th~ dry oxidation in  the 
same furnace. Oxide thicknesses were determined by 
an ell ipsometer for oxides on single crystal silicon and 
by a Talystep meter  or a scanning electron microscope 
(SEM) for those on polysilicon films. 

Currents  flowing through the oxides were measured 
with a Model 26000 Keithley logari thmic picoammeter  
by the I-V method. A 3 V/see ramp voltage was applied 
to the samples to characterize the oxide quality. All  
I-V measurements  were made at room temperature  
while the samples were being blown with dry  ni t rogen 
in an electrostatic shield box used to block out the 
light. 

Cross-sectional configurations of the samples were 
observed by field emission type SEM. Polysilicon gates 
were l ightly etched after cleaving the samples to ob- 
tain clear images for SEM observation. The etching 
also removed small amounts  of the high P content  
oxide film. 

Results 

Concentration-dependent oxidation.--Arrhenius plots 
of oxide thickness vs. the inverse of oxidation tem- 
perature  are shown in Fig. 2 for polysilicon film which 
was doped with P (CB ----- 3 X 102~ cm-~) by the gase- 
ous predeposition and 10 ~2-cm (100) single cry~tal 
silicon with wet oxidation (10). The P concentrat ion 
was evaluated by a chemical method. The ratio of 
the thickness of the oxide on the polysilicon to that 
of the oxide on the single crystal shows a remarkable  
increase in the lower oxidation tempera ture  region. 
Extrapolat ion of the exper imental  data in Fig. 2 gives 
1050~ as the tempera ture  at which the two oxides 
would be equal ly  thick. To maximize circuit speed, 
larger values of the ratio are preferable when the sec- 
ond gate oxide thickness is kept  constant. However, 
relat ively low oxidation temperatures  and thicker 
polysilicon oxides often give rise to dielectric break-  
down between the two gates. This failure phenomenon 
is discussed in a later  section. 

Double-poIysilicon gate structure.--The typical dou- 
ble-polysil icon gate s t ructure  shown in  Fig. 3 was ob- 
tained by dry oxidation at 1000~ for 45 min  subse- 
quent  to wet oxidation at 750~ for 90 min in two dif- 
ferent  furnaces. Of the 50 nm thickness of the second 
gate oxide, 30 nm was produced by the wet oxidation 
and 20 nm by the subsequent  dry oxidation. The cross- 
sectional s t ructure was mostly determined by the ini-  
tial wet oxidation. The purpose of adding the dry  oxi- 
dation was not pr imar i ly  to improve the edge shape, 
but  to improve the wet oxide of the second gate MOS 
transistors, since the wet oxide was relat ively leaky 
compared to the dry oxide in this study. 

As shown in Fig. 3, the second gate oxide became 
th inner  in the vicini ty of the gate edge. This phe- 
nomenon may well be the same as the "gate oxide 
th inn ing  at the isolation wall" described by Sheng and 
Marcus (16). 
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Fig. 4. Leakage currents through intermediate oxides obtained 
by a conventional CVD method and by SELOCS. The ramp rate of 
the applied voltage was 3 V/sec. Constant levels of the leakage 
currents in low voltage area are displacement currents. The area 
between the first and the second sweeps correspond to the 
amount of traps filled by electrons composing the leakage currents. 

Fig. 3. Typical double-polysilicon gate structure realized by dry 
oxidation at 1000~ for 45 min subsequent to wet oxidation at 
750~ for 90 min. The phosphorus concentration of the first gate 
measured 4.5 • 102o cm -8.  The role of the dry oxidation was to 
electrically cure the oxide; the structure was mainly determined by 
the wet oxidation. 

Leakage current.--Results of the leakage current  
measurements  for an in termedia te  oxide and a second 
gate oxide are shown in Fig. 4 and 5, respectively.  
S t ructures  measured were  str iped first polysilicon 
gates covered with  their  own oxide on which a plane 
second gate was over layed and were  designed to be 
455 ~m in edge length and 1680 ~m 2 in plane area. 
Cross sections of the obtained structures were  prev i -  
ously shown in Fig. 1. To pick up effects caused by 
topographical  features independent  of the oxide qual-  
i ty  second gate oxides in both s t ructures  were  pro-  
duced by the same dry oxidation in the same furnace. 
Process sequences were  as follows: 

1. CVD structure:  The sample to be oxidized had 
pa t te rned  double layers  of polysilicon gates and 400 
nm thick CVD oxides. The first gates were  del ineated 
by the automat ical ly  shutoff plasma etcher  using the 
pa t te rned  CVD oxides as etching masks. Substrate  sur-  
faces were  made bare and exposed to the ambient  by 
etching off the oxide except  in the regions where  the 
first gates were  deposited. Then a 50 min dry oxidation 
w a s  d o n e  a t  1000~ to produce a 50 nm thick second 

~ 108 / ~ H  CVD 

N 
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10-11 , I , I 
o 2'o ;o 60 80 
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Fig. 5. Leakage currents for 50 nm thick second gate oxides and 
the intermediate oxides obtained by conventional CVD method and 
SELOCS. 

gate oxide on the bare  substrate surface and slightly 
thicker  oxide on the edges of the first gates. 

2. SELOCS structure:  The samples to be oxidized 
had pa t te rned  first polysilicon gates. Substrate  sur-  
faces were  bare just  as in the CVD structure  forma-  
tion. Then a 4 hr  wet  oxidat ion at 800~ was made on 
the sample to produce a 120 nm thick oxide on the 
bare substrate surface and a 300 nm thick oxide on 
the first gates. Then an HF-buffered  solution was used 
to etch off the 120 nm thick oxides. Consequently,  the 
ini t ial  300 nm thickness of the polysilicon oxides was 
reduced to around 200 nm. Then the same dry oxidation 
as in the CVD structure  was done, resul t ing in a 50 
am thick second gate oxide on the substrate surface. 
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The constant levels  of the leakage  currents  in the  
low applied vol tage region, c lear ly  shown in Fig. 4 and 
5, a re  d i sp lacement  cur rents  defined by  the equation:  
I -- dQ/dt -- C(dV/dt) .  As the r amp  ra te  was 3 V/  
sec, capaci tances are  eva lua ted  f rom the curves shown 
in Fig. 4 to be about  6 and 3 p F  for  the CVD and the 
SELOCS structures,  respect ively.  

The areas  be tween  the first and the second curves,  
also shown in Fig. 4 and 5, correspond to the  amounts  
of t raps  filled by  electrons composing the leakage  cu r -  
rents.  Thus the  t rap  dens i ty  can be eva lua ted  by  the  
I -V  measurements .  The t rap  dens i ty  was eva lua ted  to 
be on the o rde r  of 10 TM cm -~ f rom these results.  

For  good circui t  performance,  th icker  in te rmedia te  
oxides are  required.  However ,  i t  was clear  tha t  the 
SELOCS method  was m a r k e d l y  super ior  to the CVD 
method  f rom the e lect r ica l  point  of view. Fur the rmore ,  
b reakdown voltages of the oxide in the CVD s t ruc ture  
were  lower  than  the expected  value  of 40V for 50 nm 
thick SiO2 (calcula ted from the electr ic  field of the 
dielectr ic  b r eakdown  of d ry  SIO2:8 • 10~ V / c m ) .  The 
e lec t r ica l  in fe r io r i ty  of the  CVD s t ruc ture  m a y  or ig i -  
na te  f rom an electr ic  weakness  of the  polysi l icon ox-  
ide itself. The b reakdown  vol tage obta ined  for the  
polysi l icon oxide is about  half  tha t  of single silicon 
oxide  of the same thickness.  I t  is f a i r ly  consistent  wi th  
expectat ions,  since the dielectr ic  b reakdown  between 
the second gate  and the subs t ra te  e lec t r ica l ly  con- 
nected to the first gate occurred at about  20V, as shown 
in Fig. 5, and the vol tage was l imi ted  most ly  by  the 
polysi l icon oxide at  the first gate  edge for  the CVD 
structure .  

Failure o] overhang formations.--Extreme oxidat ions 
in the SELOCS s t ruc ture  gave rise to an overhang  of 
the in t e rmed ia te  oxide at  the first gate edge. A cross 
section of a typical  overhang  is shown in Fig. 6. This 
s t ruc ture  resul ted  f rom 4 h r  wet  oxidat ion  at  750~ 
The overhang  was caused by oxide  forming beneath  the 
first gate edge as if  i t  were  pene t ra t ing  under  it, ra i s -  
ing the edge. A specula ted  sequence for the overhand  
format ion  is schemat ica l ly  shown in Fig. 7. 

Since the thickness of an SiO2 formed from polysi l i -  
con is nea r ly  twice tha t  of the or iginal  polysil icon, the  
f ront  edges of the polysi l icon oxide expand  by  app rox -  
imate ly  the  same thickness of the polysi l icon conver ted  
to SiO2. Thus the polysi l icon oxide edge begins to ex-  
pand  out over  the subs t ra te  oxide surface as shown in 
(2) in Fig. 7. Fur the rmore ,  the oxide growing on the 
heav i ly  P -doped  polysi l icon is th icker  than  that  g row-  
ing on the l igh t ly  doped silicon substrate .  This expan-  
sion and l i f t ing  of the  polysi l icon oxide edge produces  
the overhang  shown in (3) in Fig. 7. The overhang  
resul ted  in a ve ry  thin in te rmedia te  oxide at  the gate 
edge, much l ike  a prev ious ly  repor ted  process (16), 
giving rise to low dielectr ic  b r eakdown  voltages and 
shorts. In  this study,  i t  was found that  th icker  oxides 
and lower  oxida t ion  t empera tu res  caused these fa i l -  
ures. We found an empir ica l  re la t ionship  be tween  elec-  

Fig. 7. Speculated sequence for overhang formation during oxi- 
dation of the first polysilicon gate. 

t r ical  proper t ies  and structures,  on the one hand, and 
oxide thickness and oxidat ion  tempera ture ,  on the 
other, as shown in Fig. 8. P re fe rab le  e lect r ica l  pe r -  
formances,  which mean sufficiently high and reproduc i -  
b le  dielectr ic  b r eakdown  voltage,  less t ime-dependen t  
degrada t ion  of oxide in tegr i ty ,  and overhangless  s t ruc-  
tures, a re  m a r k e d  by  o, fa i lures  by  x, and in t e rmed i -  
ate by  A. Thus the shaded region should give des i rable  
per formances  for  double  polysi l icon structures.  

Discussion 
Mechanism of overhang formation.--To character ize  

overhang format ion  the overhang  wedge model  shown 
in Fig. 9 was introduced.  Pa r ame te r s  which seem to 
affect the format ion  were  polysi l icon gate  thickness 
Tg, impur i t y  concentra t ion in the gate Cg, pad oxide  
thickness Tp, length  of the pad  oxide undercu t  Lp, in-  
t e rmed ia te  oxide thickness T i . o x ,  and second gate  

Fig. 6. An extreme case obtained by 4 hr wet oxidation at 750~ 
An overhang of a 300 nm thick intermediate oxide was formed at 
the first gate edge. 

Fig. 8. Emplrlca~ relationship between electrical and structural 
integrity and both oxide thickness and oxidation temperature. Open 
circles denote preferable electrical and structural properties, X 
marks unpreferable, and triangles intermediate. Processing condi- 
tions in the shaded region give preferable performances. 
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Fig. 9. Proposed model to explain the overhang formation. T is 
thickness, C impurity concentration, H height, L length, and 0 
angle, respectively. 

th ickness  Tg �9 ox. Wedge  he igh t  Hw was defined as a 
figure of mer i t  for  the  in t e rmed ia te  oxide  formation.  
I t  was found tha t  smal le r  Hw led to be t te r  dielectr ic  
performances .  Large  values  of Hw led to format ion  of 
r e l a t ive ly  thin in te rmedia te  insula tor  and e lect r ica l  
shorts  be tween  ad jacen t  second gates because of a re -  
s idual  polysi l icon undernea th  the overhang.  To shor ten  
Hw, wedge length  L w  a n d / o r  ,wedge angle  ew mus t  be 
smal l  according to the equation,  Hw = Lw tan  ow (Lw 
and 0w were  not  absolu te ly  independent  but  had m u -  
tua l  influence).  

Pa r ame te r s  influencing Hw were thus qua l i t a t ive ly  
ana lyzed  as follows. 

Oxidation temperatures.--According to the genera l  
re la t ionship  (17) for the rmal  oxidat ion,  r e la t ive ly  low 
t empera tu re s  lead  to surface react ion control led  oxi-  
dation. In  fact, this oxidat ion  theory  also fits that  of 
P - d o p e d  polysi l icon (10). Surface react ion control led  
oxida t ion  gives a l inear  increase  in oxide thickness x 
wi th  respect  to the oxida t ion  t ime t: x = (B / A ) t .  A 
parabol ic  increase is ob ta ined  in the diffusion-con- 
t ro l led  regime:  x : (Bt)  ~ Here, A and B are  the 
oxida t ion  ra te  constants  (17). Since oxidant  t r anspor -  
ta t ion is thus not the  r a t e - l imi t i ng  process in surface 
react ion contro l led  oxidation,  i.e., at lower  t e m p e r a -  
tures, oxidants  can pene t ra te  deeper  than  at  h igher  
tempera tures ,  resu l t ing  in grea ter  Lw. 

Besides the  effect of increas ing Lw, surface react ion 
l imi ted  oxida t ion  also has the effect tha t  once a thin 
oxide  l aye r  a t  the first polysi l icon gate edge is p ro -  
duced by  the overhang  format ion  and so forth,  tbe  thin 
place remains  th in  even af ter  subsequent  oxidat ion.  
This is because oxide  thickness increas ing ra tes  a re  
equal  in spite  of differing oxide thicknesses of the  
s ta r t ing  mate r i a l s  when oxidat ion is assumed to be 
abso lu te ly  surface reac t ion  controlled.  Unl ike  the  sur -  
face reaction, in di f fus ion-control led oxidat ion the 
thickness of the  thin oxide formed at  the first gate 
edge increases  fas ter  than  tha t  of th ick oxide, r esu l t -  
ing f inal ly in equal  oxide  thicknesses for the  ent i re  
area. To summar ize  the above, low oxidat ion  t e m p e r a -  
tures  l ead  to possible dielectr ic  b reakdowns  be tween  
the two gates. 

Oxide thickness.--Fundamental ly  the same as the 
above, an increase  in oxide thickness T i .  ox also 
causes an increase  in Hw when the thickness exceeds 
some op t imum value  which seems to depend  s t rongly  
on the oxida t ion  tempera ture .  Whi le  increases in the  
gate oxide thickness Tg �9 ox decrease  Hw, the  rat io  of 
Ti .ox to T g .  ox is a subs tan t ia l  p a r a m e t e r  affecting 
breakdown.  In this sense, h igher  t empera tu res  also 
cause p re fe rab le  smal l  values  of the thickness  ratio.  
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The effect of pad  oxide  thickness  Tp on Hw was 
somewhat  complicated.  I t  was found tha t  increases in 
Tp d id  not  necessar i ly  resul t  in an increase  in Hw, 
but  in smal l  decreases  in Hw. I t  seemed that  since 
l i f t ing of the first gate edge region occurred  deeper  
f rom the edge due to increased ox idant  supply,  the  
bending  angle  of the gate edge became smaller ,  r e -  
sul t ing in smal le r  Hw. In fact, b r eakdown  vol tages  
were  h igher  for  the  s t ruc tures  on th ick  field oxides 
than for those on thin gate oxide.  

Impuri ty  concentration of doped polysilicon.--,Since 
the  oxida t ion  is closer to the  idea l  d i f fus ion- l imi ted 
oxidat ion  wi th  increases in P concentra t ion (10), heavy  
doping is expected  to decrease  Hw. However ,  the  
oxide  thickness increases  wi th  the increase  of i m p u r -  
i ty  concentra t ion and Hw tends to increase.  These two 
effects on dielectr ic  b r eakdown  oppose each other, and  
subs tant ia l  r esu l tan t  effects on die lect r ic  per formance  
have not  ye t  been found. 

Undercut o] pad oxide.--The undercu t  of the pad  oxide  
Lp had a considerable  influence on Hw. Increas ing Lp 
caused an increase  in Lw. In this sense i t  might  be 
p re fe rab le  not  to remove the pad  oxide pr io r  to a 
subsequent  second gate oxidat ion  if the second gate 
oxide was a l lowed to be th icker  than  the pad  oxide  
and was sufficiently c leaned pr io r  to the subsequent  
oxidat ion.  

To summar ize  these considerat ions,  the  empir ica l  
tendency in the  re la t ion  be tween  oxida t ion  t empera -  
ture  and oxide  thickness shown in Fig. 8 can be qual i -  
t a t ive ly  exp la ined  wi th  respect  to oxidat ion  t e m p e r a -  
ture, oxide thickness,  and the impur i t y  concentrat ion.  
Since the th ick in t e rmed ia te  oxide  resu l ted  in the  
format ion  of thin oxide at  the first gate edge, oxide  
thickness of the in t e rmed ia te  oxide among these fac-  
tors seemed to have the s t ronges t  influence on the 
topographica l  configurat ion in connection wi th  e lec t r i -  
cal performance.  

Enlarged grain efIect.--tIeavy doping of the  potysi l i -  
con gate caused gra in  g rowth  up to severa l  microns in 
d iamete r  even for 0.5 ~m thick polysi l icon film (14). 
Enlarged  grains  were  found to have a g rea t  influence 
on pa t t e rn ing  of the gate by  p lasma etching wi th  CH4 
gas. Gate  edge shapes are  shown in Fig. 10 for both  
undoped and P -doped  (1 X 1021 cm -3) polysi l icon 
films. F j o r d - l i k e  edges were  ob ta ined  for the P -doped  
gate which seemed to revea l  the gra in  boundar ies  of 
the gate. Max imum depth  of the F j o r d  measured  about  
0.3 ~m, as shown in the photograph.  Since p lasma e tch-  
ing using 0.1 Torr  CH4 gas provided  an essent ia l ly  
isotropic chemical  reaction, gra in  boundar ies  having  
more  active silicon bonds, defined by  dangl ing bonds, 
were  l ike ly  to be a t t acked  much more  s t rongly  than  
nea r ly  single c rys ta l l ine  grains.  

Fig. 10. Edge shapes delineated by plasma etching using CH~ 
gas for undoped polysilicon and phosphorus-doped (CB = I X 1020 
cm -3)  films. (a, left), as deposited; (b, right), phosphorus doped. 
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It  is considered that  these Fjord- l ike  edges cause 
the electric field concentrat ion result ing in the lower-  
ing of dielectric breakdown. In  addition, these edges 
made definition of gate length more difficult for scaled 
down MOS transistors. These points make strongly 
directional dry etching, such as reactive ion etching 
(18) or microwave plasma etching (19), preferable 
to isotropic plasma etching. These grains also gave 
rise to chipping and /or  rising of the grains themselves 
similar to ear thquake faults at the gate edges. This 
also degraded the electrcal performance of the double-  
polysilicon devices. 

Autodoping of phosphorus atoms.--Phosphorus con- 
centrations greater than 1 • 1021 cm -3 caused very 
rapid oxidation result ing in  "init ial  oxide." It was pre- 
viously speculated that  the ini t ial  oxide consisted of 
P- r ich  SIO2, or possibly phosphosilicate glass (10). In 
fact, SIMS depth profiles (Fig. 11), obtained in this 
study, clearly indicate the existence of a P-r ich SiO2 
surface (20). The total amount  of phosphorus in the 
polysilicon films was evaluated by chemical methods. 
The mat r ix  effect between P and Si both in the oxide 
and in Si was found to be about 2 for evaluat ion of 
concentrat ions from the SIMS signals. These profiles 
were obtained for oxidized polysilicon films of which 
init ial  concentrat ion of P were 2 • 1022 and 1 • 1022 
cm -3 for (a) and (b), respectively. The oxidation was 
carried out in  wet oxygen at 900~ for 5 min. This 
phenomenon that  P concentrat ion increases toward the 
oxide surface is highly reproducible. At present  it is 
speculated that P atoms which exceed a solid solubili ty 
at the oxidation temperature  came out from the poly- 
silicon at the very early stage of the oxidation. 

One polysilicon film of P concentrat ion 2 • 1021 
cm -~, (a) in Fig. 11, caused a concentrat ion of about 
1 • 1021 cm -s  at the oxide surface, while another P 
concentrat ion 9 • 102o cm -3 caused a concentrat ion of 
2 • 1020 cm - s  at the surface. Thus the P concentrat ion 
ratio at the oxide surface was 4.5 (--  9 • 1020/2 • 
1020), while that  of polysilicon films was 2 (---- 2 • 
1021/1 • 1021). Furthermore,  the P profile in the oxide 
for (a) was clearly distinguished by the higher P con- 
centrat ion near  the surface, though effective segrega- 
t ion coefficients (ratio of impur i ty  concentrat ion in 
silicon to that  in oxide at oxide-silicon interface) un -  
der nonequi l ib r ium conditions did not  differ as much 
as the surface concentrations in  the profile. The effec- 
tive segregation coefficients were evaluated to be 
around 10 for both (a) and (b) from the curves 
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Fig. I I .  SIMS depth profiles of phosphorus atoms in polysilicon 

films which were doped with P by implatation and their oxides ob- 
tained by 5 rnin wet oxidation at 900~ fnitial concentrations of 
implanted P were 2 X 1021 crn-~ for (a) and 1 X 1021 crn -3  for 
(b) prior to the wet oxidation. 

shown in Fig. 11. The ratio of P surface concentrat ion 
Cs to bulk concentrat ion CB had been reported to be 
4 at 900~ wet oxidation for single silicon (21). The 
ratio of 1.5 was obtained for (a) in this experiment.  
The difference between these two values may be 
validly a t t r ibuted to s trongly enhanced diffusion of P 
in polysilicon (22). 

Higher P concentrat ion toward the oxide surface 
implies that P atoms can be vaporized into the oxi- 
dation ambient,  causing harmful  autodoping into bare 
silicon surfaces where second gate transistors will be 
subsequent ly  formed. Threshold voltage lowerings of 
0.1-0.SV were observed for n -channe l  transistors with 
phosphorus-doping concentrations greater  than 2 • 
1021 cm -3. It  was also found that  the lowering de- 
pended on various conditions such as relative wafer 
locations in an oxidation furnace, gas flow rates, dis- 
tance between adjacent wafers, and oxidation tem- 
peratures. Thus autodoping effects depend on de- 
tailed oxidation conditions and sample preparations 
may be extremely complex, quant i ta t ive  analysis has 
not yet been done. 

Dry-wet-dry (D-W-D) oxidation.--Among the var i -  
ous oxidation conditions tried in this study, the best 
results regarding oxide breakdown characteristics 
were obtained with d ry -we t -d ry  (D-W-D) oxidation 
at 900~ The results are shown in Fig. 12 compared 
to the next  best results obtained from 750~ wet -{- 
1000~ dry oxidations. The effective influence of high 
temperature  oxidation was obviously observed in 
900~ D-W-D oxidation in the same furnace, par t icu-  
lar ly  for double polysilicon structures (B) on a 50 nm 
thick gate oxide. The init ial  5 min dry oxidation im-  
proved oxide thickness uni formi ty  due to uneven  tem- 
perature  rising within wafer surfaces and among 
different wafers to be s imultaneously oxidized. The 
last 5 min dry oxidation was intended not to el iminate 
the overhang formation but  to improve the wet oxide 
produced by the intermediate  wet oxidation. In fact, a 
much longer 40 rain, 1000~ dry oxidation in  we t -d ry  
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Fig. 12. Measured breakdown voltages of structures (A) and (B) 
for oxidations I and 2. Oxidation 1 ~ 750~ wet 90 min + 1000~ 
dry 40 rain. Oxidation 2 ~ 900~ (D-W-D), 5-17-5 rnin. Around 
50 samples were measured for 5 #m wide, 10 rnm long striped gates. 
The cumulative total area and edge length were 25 mrn 2 and 5m, 
respectively. 
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Fig. 13. Nearly perfect struc- 
ture obtained by the D-W-D oxi- 
dation previously shown in Fig. 
12 as Oxidation 2. The broken 
line has been added to the 
photograph to indicate the oxide- 
substrate interface. 

oxida t ion  (Fig. 12, (oxidat ion  1))  improved  the 
b r eakdown  field s t rength,  bu t  not  to the level  of the 
D - W - D  oxidat ion.  

A cross sect ion of a double  polysi l icon s t ruc ture  
real ized b y  the D - W - D  oxida t ion  is shown in Fig. 13. 
Both a 50 nm gate oxide and a 210 nm in te rmedia te  
oxide  were  formed by  the D - W - D  ox ida t ion  (Fig. 
12, 2). A ve ry  smooth edge shape was obta ined  wi th  
no resul t ing  overhang  due to modera te  in te rmedia te  
oxide thickness of 210 n m  and re l a t ive ly  h igher  t em-  
pe ra tu re  of 900~ Oxidat ion  t empera tu res  h igher  than  
900~ are  expected  to be more  preferable ,  however ,  
an oxida t ion  t e m p e r a t u r e  of a round  900~ is a max i -  
m u m  one in a case tha t  an  in t e rmed ia te  oxide  of 
th icker  than  200 nm and a second gate  oxide  of th inner  
than  50 nm are  needed.  

Summary 
An in te rmed ia te  oxide format ion  technique has 

been rea l ized using the concen t ra t ion-dependen t  wet  
oxida t ion  of phosphorus -doped  first polysi l icon gates 
at  700~176 for appl ica t ion  to mul t i l eve l  polysi l icon 
devices. This technique,  named  SELOCS, gave signifi- 
can t ly  improved  b r e a k d o w n  field s t rength  and easier  
de l inea t ion  of the over layed  second gate polysil icon. 
In  par t icu la r ,  topographica l  effects regard ing  the 
overhang  format ion  of the in te rmedia te  oxide were  
considered.  

In  this study,  i t  was found tha t  h igher  oxida t ion  
t empera tu res  and modera te  in te rmedia te  oxide th ick-  
nesses gave des i rable  e lec t r ica l  per formances  and 
topographica l  s t ructures.  According to this guiding 
principle,  D - W - D  oxidat ion  was in t roduced to signifi- 
cant ly  improve  performances .  For  a 5-17-5 min  se- 
quence at  900~ D - W - D  oxidat ion,  a 50 nm gate oxide 
and 210 nm in te rmedia te  oxide were  formed on single 
crys ta l  10 12-cm (100) sil icon and on P -doped  (CB 
1 • 1021 cm -3)  polysil icon, respect ively.  Anomalous ly  
thin in t e rmed ia te  oxide due to overhang  is e l imina ted  
f rom re la t ive ly  h igher  t empera tu res  of a round  900~ 
and the second gate oxide in tegr i ty  is improved  by  
the addi t ional  5 min d ry  oxidat ion.  In  device s t ruc-  
tures  real ized by  the D - W - D  technique,  a b reakdown  
vol tage  of more  than  25V be tween  the first" and  the  
second gates  on the gate oxide  was obtained.  In  add i -  
tion, the  fact  tha t  au todoping of P atoms incorpora ted  
in the first polysi l icon gate  was pronounced  when P 
concentra t ion exceeded about  1 • 1021 cm - s  in the 
gate  was discussed. 
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A Simple Model for the Deposition of Boron in 
Silicon by Using a BN Diffusion Source 

S. F. G u o *  

Institute ol Electronics, National Chiao Tung University, Hsinchu, Taiwan, CMna 

ABSTRACT 

A physical model based on the mult iple charge state vacancy statistics i s  
proposed to express the boron diffusivity in  silicon dur ing  the deposition step 
using the BN disk as a diffusion source in  an iner t  ambient.  The diffusion 
equation with concentrat ion dependent  diffusivity is solved numerically.  A 
universa l  shape of the normalized profiles is observed. The surface concentra-  
tion of the deposited layer  has been determined experimental ly.  The calculated 
sheet resistance as a funct ion of deposited t ime and temperature  is in good 
agreement  with the measured data. With a slight modification, this simple 
vacancy statistics model can also be applied to other deposition sources. 

One of the most impor tan t  advantages of the boron 
ni t r ide (BN) source deposition process is its high re-  
producibili ty.  It  is also possible to describe the de- 
position sheet resistance in mathemat ical  terms (1). 
High surface concentrations are generated by the BN 
diffusion sys t em and anomalous effects have been ob- 
served under  different diffusion conditions (2). To 
explain concent ra t ion-dependent  diffusion in an iner t  
atmosphere, Fai r  (3) proposed a donor- type mono- 
vacancy diffusion model and showed that the boron 
profiles fit a normalized universal  curve which is a 
polynomial  approximation to the solution of the dif- 
fusion equation with l inear  concent ra t ion-dependent  
diffusivity. 

Recently, it was reported that  vacancies in silicon 
can exist in V +, V- ,  and V = charge states, each having 
a definite energy level in the forbidden bandgap (4). 
Based on the mult iple  charge state vacancy statistics, 
I-lo and P lummer  (5) have successfully explained the 
commonly observed enhanced oxidation rates of heav-  
i ly doped silicon. The purpose of this paper  is to i l lus- 
trate that  the same statistics can also be applied to 
the behavior  of high concentrat ion boron deposition in 
a dry ni t rogen ambient.  

Although Fair  (6) has examined the contr ibut ion of 
each charge state to the total diffusivity, it  wil l  be a 
good approximation that the diffusion coefficient of 
boron in silicon under  an iner t  atmosphere is di- 
rectly proportional to the total vacancy concentration. 
Fur thermore,  the enhanced diffusions in  oxidized am- 
bients can be explained by a surface space charge 
effect. The electric field factor general ly  encountered in  
the diffusivity expression will be omitted, since its 
variat ion is very small  (from 1.45 to 2) and the 
localized Fermi level involved in  the vacancy statis- 
tics might  include the localized electric field effect. 

As found by Armigliato et al. (7) , al though dopant 
concentrat ion is much higher than the solubil i ty value 
at deposition temperature,  precipitat ion is hard to 
occur. It  is reasonable to" assume that  each boron 
atom in silicon provides a free hole in the diffusion 
coefficient and sheet resistance calculations. The hole 
mobil i ty deduced by Antoniadis  et al. (8) will be used 
in the surface concentrat ion and sheet resistance cal- 
culations. 

* Electrochemical Society  Act ive  Member.  
Key words: diffusion model, boro~ deposition, BN source,  va- 

cancy statistics. 

Exper imenta l  
The diffusion source employed i n  this work was 

Carborundum BN-975 boron ni t r ide disks. The silicon 
materials used were 2 in. d iam (111) oriented, one-side 
polished, high resistivity (>20 ~ -cm)  n - type  wafers. 
The source and silicon wafers are edge-stacked in the 
deposition carrier  face to face with a spacing of ap- 
proximately 1 ram. The diffusion furnace used w a s  
Thermco-Ranger  Type-3000. The furnace ambient  was 
dry ni t rogen at a flow rate of 1 l i te r /min .  

The sheet resistance of deposited layers was mea-  
sured using a Veeco Model FPP-100 four-point  probe. 
In order to obtain information on the dopant profile, the 
surface concentrat ion was determined from a differ- 
ential  sheet resistance measurement .  The thickness of 
anodic oxides was measured using a Rudolph Auto 
EL-II  ellipsometer. The volumetric  ratio of 0.4 for siii- 
con converted to silicon dioxide and the concentrat ion-  
dependent  hole mobil i ty  value of Antoniadis  et al. (8) 
were used in the concentrat ion calculation. The niea-  
sured results of surface concentrat ions as a funct ion 
of temperature  is shown in Fig. 1 along with other re-  
ported data for both BN solid source (2) and BB:  
l iquid source (7). 
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Fig. 1. Surface concentration of boron in silicon as a function of 
temperature. 
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Diffusion Model 
The atomic theory  of diffusion for  subs t i tu t ional  im-  

pur i t ies  in sil icon is based on the la t t ice  vacancy  dif -  
fusion mechanism.  The effect of equ i l ib r ium vacancy  
concentra t ion  var ia t ion  on the impur i t y  diffusivi ty was 
first consicLered by  Hu and Schmid t  (9), and  an ex-  
press ion of concen t ra t ion -dependen t  diffusivi ty based 
on single charged  s tate  had  been derived.  

At  the  presen t  t ime, i t  is known tha t  si l icon v a -  
cancies exis t  in neu t r a l  V x and mul t ip le  charged  states  
V +, V - ,  and  V =. The charged  vacancy states  have 
definite energy  levels  in  the bandgap  [4). The donor 
level  E t racks  the valence bandedge  Ev 

E + : By + 0.37 eV [1] 

whi le  the  acceptor  levels  E -  and  E = t r ack  the conduc-  
t ion bandedge  Ec 

E- : Ec -- 0.57 eV [2] 

E = = Ec -- 0.11eV [3] 

as the bandgap  na r rows  wi th  increas ing t empera tu re  

Eo:Ec--Ev=1.17--4.73X i0 -4 T+636 [4] 

From the Shockley-Last theory (i0), the thermal 
equilibrium concentrations of vacancies at various 
charged states C r (r: +,x,--,--) are related to the 
Fermi  level EF by  

E + _ E F 
C+:C x:c-:C ==exp :i 

kT 

EF -- E- 2EF -- E- -- E = 
: exp  : exp [5] 

k T  k T  

where  the degeneracy  effects have  been  neglected.  I t  
has been  a rgued  b y  Shocldey  and Moll  (11) tha t  the  
equ i l ib r ium concentra t ion of neu t r a l  vacancies is a 
funct ion of t empe ra tu r e  only  whi le  the concentra t ion 
of charged  vacancies is a funct ion of the Fe rmi  level  
as well. The to ta l  vacancy  concentra t ion normal ized  to 
the  neu t ra l  vacancy concentra t ion is thus given b y  

E + -- EF EF -- E- 
CT : i + exp + exp 

k T  k T  

2EF -- E- -- E = 
+ exp [6] 

k T  

By the use of Bol tzmann approx ima t ion  

El -- EF p 
exp = -- [7] 

k T  ni 

where  Ei is the in t r ins ic  Fe rmi  level  

FG k T  
E| : -- [8] 

2 4 

and ni is the  intr insic  ca r r i e r  concentra t ion  approx i -  
ma te ly  given (12) b y  

( 0 . 6 0 5 )  
ni : 3.87 X 1016T3/2 exp k T  [9] 

Equat ion  [6] can be expressed  as 

cT=i+~+ ~ +0- +r 

where 
E + -- El 

;3 + = exp 
k T  

[i0] 

and 

;~- = exp 
El -- E- 

kT 
[!1] 

2El-- E- -- E = 
~ =  - -  exp 

kT 

On the assumption that the effective diffusivity is 
direc t ly  p ropor t iona l  to the total  vacancy  concentra t ion  
(9), one gets 

D p /  
"- [12]  

Di l+fl++fl-+;~ = 

where Di is the intrinsic diffusivity. The value of Di for 
boron in silicon has recently been determined by An- 
toniadis et al. (8) as 

< 3"42eV ) c m 2 / s e c  [13] Dl --  0.55 exp k T  

under  nonoxidized a tmosphere .  

Numer ica l  Analysis 
The classical solut ion of diffusion equat ion wi th  con- 

s tant  diffusivi ty and constant  surface concentra t ion is 
a w e l l - know n  complemen ta ry  e r ror  function. How-  
ever, for  a h igh-concent ra t ion  deposit ion,  the  diffusion 
coefficient is concen t ra t ion-dependen t  and  no ana ly t ic  
solut ion is avai lable .  Most recen t ly  a g rea t  dea l  of 
a t ten t ion  has been  given to the  use of compute r  s imu-  
la t ion to de te rmine  dopant  profiles (13). 

For  a concen t ra t ion-dependen t  diffusivity, the  diffu- 
sion equat ion is 

= -- D [14] 
"OY OY - ~ - -  

This p rob lem should be Solved numer ica l ly  b y  dis-  
cret izing the space y and t ime t coordinates  

%/-- yj --  j a y  j = . . . .  --2, --1, 0, 1, 2 . . . .  

t = ti = fa t  ~ -- O, 1, 2 . . . .  

and wr i t ing  the dif ferent ia l  Eq. [14] as a set of differ-  
ence equat ion (14) 

N (yj,ti+ l) -- M [ D ( y j +  l , t i )N (yj+ l,~t) 

+ D ( y j - l , t 0  N (Yj- l , t0  ] + [1 --  2MD (yj , t0 ]N (yj,ti) 

[15] 

where  M : At / (Ay)  ~ is cal led the  mesh rat io  a n d  
D(yj , t i )  is eva lua ted  f rom Eq. [12] by  le t t ing  p - -  
N(yj , t i )  for N(yj , t i )  > ~%i and p : ni for N(yj , t i )  --~ hi. 
The boundary  condi t ion for  a constant  surface concen- 
t ra t ion  deposi t ion is N (y0,ti) ---- No and the cor respond-  
ing diffusivi ty is Do. The numer ica l  calculat ion can be  
pe r fo rmed  on a TI 59 p rog ra mma b le  calculator .  I t  
would  take  about  2 hr  to genera te  a profile, if  a mesh  
rat io M of ~/4D0, a space in te rva l  hy of ~/4D0t/10, and  
a t ime in te rva l  At of t/100 are  chosen. 

The ca lcula ted  profiles of N/No vs. y/~/4D0t for 
severa l  deposi t ion t empera tu re s  are  shown in Fig. 2. 
These normal ized  curves show a un iversa l  shape in the 
high concentra t ion region (N > hi) and a comple-  
m e n t a r y  e r ror  function ta i l  in the  low concentra t ion 
region (N < n0 .  I t  is in teres t ing  to note tha t  the  un i -  
versal  curve can be expressed  as 

( , )  ( , ) '  
--:i--0.631 - -  --0.214 - -  [16] 
/Vo VT/~ot V ~  
which is in good agreement  wi th  the app rox ima te  solu-  
t ion for arsenic  diffusion in terms of Chebyshev po ly -  
nomials  (15). As a ma t t e r  of fact, Fa i r ' s  normal ized  
boron profile [Fig. 3 of Ref. (3)]  can also be approx i -  
ma ted  by  Eq. [16] if the space coordinate  is normal ized  
to the surface diffusion l eng th  ~/4D0t. 

Results and Discussion 
The expe r imen ta l  resu l t  of sheet  res is tance as a 

funct ion of deposi t ion t ime at  var ious  t empera tu re s  are  
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# 

Z 

100 

10 -1 

10 -2 

10 -3 

10 -~ 
Curve T(~ N(~(cm -3) 

1 1000 2.3x 10 z~ 
2 950 2.1x 1020 
3 900 1.8x1030 
4 850 1 6x 1020 

10 
0 0.5 1 0 1,5 

y/~/Z-~ 

Fig. 2. Normalized profiles of N/No vs. y/~v/4Dot for various 
temperatures. 

shown in Fig. 3 along wi th  da ta  r epor ted  b y  Rupprech t  
and Stach (16). Assuming tha t  boron atoms in the di f -  
fused l aye r  a re  ful ly  ionized, the deposi ted sheet  res is t -  
ance Rs can be ca lcula ted  f rom 

Rs-z = f q~pNdy [17] 

where  ~p is the concen t ra t ion -dependen t  hole mobi l i ty  
given (8) b y  

4 1 8  
#p = 4 9 . 7  "l [ 1 8 ]  

1 + (N/I .6  X i01;) ~ 

As shown in Fig. 3, the  numer ica l ly  ca lcula ted  resul ts  
of sheet  res is tance are  in good agreement  wi th  m e a -  
sured  values.  

Al te rna t ive ly ,  Eq. [17] can be expressed  a s  

Rs - z  --- q ~ Q  [19] 

where  #p is the average  hole mobi l i ty  and Q is the  de-  
posi ted quan t i ty  of boron atoms in silicon per  uni t  area.  
F r o m  numer ica l  calculat ions i t  has been  found tha t  

_~ 54 cme/Vsec for No ~ 2 • 10 ~0 cm -3 and Q _ 
0.628 No ~/4Dot for all  deposi ted  t empera tu re s  used in 
this work.  Therefore,  the sheet  res is tance express ion 
[19] becomes 

Rs : 9.2 X 1Ol6/N0 ~/Dot-Q/sq [20] 

where  No and Do are  t empera tu re  dependent .  
If  the junct ion  dep th  was defined as the dis tance 

f rom the surface at  which N/No had fa l len  to 10 -2  in 
Fig. 2, then  

yj _~ 2.4 x/D0# [21] 

This is in app rox ima te  agreement  wi th  Fa i r ' s  app rox i -  
mat ion  [Eq. [12] of Ref. (3)] .  

I t  is suggested f rom Eq. [20] and [21] tha t  the sur -  
face diffusivi ty Do can be de te rmined  expe r imen ta l l y  
by profile fitt ing or  sheet  resis tance and surface concen- 
t ra t ion  measurements .  Some expe r imen ta l l y  de te r -  
mined  values  of Do/Di and theore t ica l ly  ca lcula ted  
curves of D/Di vs. N/ni are  shown in Fig. 4. The mu l t i -  
p le  charge s tate  vacancy  model  proposed  in this  work  
gives a resu l t  for  the low t empera tu re  deposi t ion using 
BN disks as diffusion source in a d r y  n i t rogen  am-  
bient. Fo r  comparison,  the Do~D1 values  for  BBr3 
sources (7) as deduced f rom profile f i t t ing are  also 
shown in Fig. 4. Enhanced diffusion is observed.  This 
phenomenon m a y  be exp la ined  as follows. 

The BBr8 l iquid source deposi t ion is genera l ly  car r ied  
out  in an oxidized ambient .  This m a y  resul t  in some 
negat ive  ions in the oxide layer.  This surface charge  
causes the energy  band  of sil icon to bend u p w a r d  at  the 
surface and the hole concentra t ion p is then enhanced 
by  a Bol tzmann factor  

P 
- -  - -  e A [ 2 2 ]  
N 

5 

1o 2 

5 

2 

101 

x This Work 
o Rupprecht and stach (16) 

- -  Numerical Calculation 

I I I I I I 

20 30 40 60 

t (mm) 

Fig. 3. Sheet resistance vs. deposition time for s:veral tempera- 
tures. 

T(~ BN BBr31 / 
850 x o �9  . Y  
95o �9 I I ~ /  ,, 

ol. / / .  ,o 1,oo , , ,  / / -  

1 ~ g : O  
0.5 . . . . . . . .  ; . . . . . .  

5 10 2 50 100 

N/n, 

Fig. 4. Normalized diffusivity vs. normalized boron concentration 
under different conditions. 
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where • is the amount of energy band bending upward 
normalized to the thermal energy kT and N is the 
boron concentration. Taking this into account, the 
effiective difi'usivity, Eq. [12], is modified to 

D 

Di(O) 

1 + , + e "  (n.~.) +/~_e_,, ( . ~ j ) - 1  + F=e_2/,(~ii)N -2 

1 Jr/~+ 4-- #-  4- ~ = 
[23] 

where Di(0) is the intrinsic diffusivity without energy 
band bending given by Eq. [13]. In Fig. 4, a band 
bending of 1 kT shows a good fit for the surface dif- 
fusivity of the BBr8 source deposition. 

In addition to the neutral  vacancy concentration, the 
intrinsic diffusivity at the surface also depends on the 
band condition 

Di(A) 1 4" / ~+eA "4-/~-e-" 4-/~=e -2A 
= [24] 

Di(0) 1 -F/~+-F/~- -1- / 3= 

The effect of band bending on the intrinsic diffusivity 
is shown in Fig. 5. Due to negatively charged vacan- 
cies, the intrinsic diffusivity decreases slightly with a 
small upward band bending. The values used in this 
work and the data reported by Fair  (6) are also shown 
in Fig. 5. It is interesting to note that  the increase of 
the enhancement of intrinsic diffusivity in oxidizing 
ambient with decreasing temperature (8) can be ex- 

v 

T (~ 

10-11, 1200 1100 1 ,000 950 900 850 

10-12 

10 -13 

10 -u 

10 -15 

x This Work 
�9 Fair (6) 

A=I 

1 0 - 1 6 ~  
6.5 7.0 7.5 8.0 8.5 9.0 

10"/T ("K) 

Fig. 5. Intrinsic diffusivlty of boron in silicon with and without 
band bending. 

plained by the band bending effect. I t  is well known 
(17) that the positive oxide charge near the silicon 
dioxide-silicon interface increases with decreasing 
temperature. This positive surface charge will cause 
a downward band bending and the magnitude of 
band bending will increase with decreasing tempera-  
ture. Therefore, Eq. [24] gives a good explanation for 
the diffusivity enhancement. 

Conclusion 
A simple diffusion model based on the vacancy sta-  

tistics gives a satisfactory prediction of the behavior 
of BN source deposition. Although the charged state 
of lattice vacancies might have a different contribu- 
tion to the diffusion coefficient, the different be-  
haviors for different diffusion conditions can be ex- 
plained by a band-bending effect. 
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Preliminary Evaluation of Copolymers of 
Methyl Methacrylate and Acyloximino Methacrylate 

as Deep U.V. Resists 
C. W .  Wilkins,  Jr., E. Reichmanis, and E. A. Chandross 

Bel~ Laboratories, Murray Hill, New Jersey 079"/4 

ABSTRACT 

Copolymers  of me thy l  me thac ry la t e  and  acyloximino me thac ry la t e  esters 
have been eva lua ted  as deep u.v. (200-250 nm)  resists. Po ly  (methyl  m e t h a c r y -  
l a t e - co -3 -me thac ry loy l -ox imin o -2 -bu t a none )  has been found to be ~ 5  t imes 
fas ter  than  PMMA at  ~ > 240 nm and capable  of submicron resolution. I t  has 
been found tha t  the acetyl  group of the 3 -ox imino-2-bu tanone  subs t i tuent  is 
more  effective than the re la ted  species containing t -bu ty l ,  phenyl,  or benzoyl  
groups in p romot ing  po lymer  degradat ion.  The copolymers  have also been 
exposed to 20 kV elect ron beam rad ia t ion  and have been found to be about  as 
sensi t ive as PMMA (5 X 10 -5 C/cm2).  

Deep (200-250 nm)  u.v. pho to l i thography  is ga in-  
ing a g rea t  deal  of in teres t  as a method  of achieving 
smal l  fea ture  size (~1  ~m) with  high aspect  rat ios  
(1-7).  The reduct ion  in exposure  wavelength  f rom 
400 to 250 nm should reduce  diffract ion ef[ects and  
improve  resolut ion (1). However ,  the technique re -  
quires the  deve lopment  of new resis t  mater ia ls .  The 
idea l  resis t  for  deep u.v. l i t hography  should possess 
good photosensi t iv i ty  in the 200-250 nm region wi th  
l i t t le  or no absorpt ion  at  longer  wavelengths  to e l im-  
inate  the need for  the difficult task of removing the 
long wave leng th  l ight  f rom a convent ional  me rc u ry  
source. Addi t iona l ly ,  the resis t  should be capable  of 
high resolution, and be compat ib le  wi th  convent ional  
micros t ruc ture  fabricat ion.  

Delzenne (8) has repor ted  tha t  copolymers  of 
p o l y ( m e t h y l  me thacry la te )  (PMMA) and acyloximino 
me thac ry la t e  esters undergo graf t ing in the presence 
of the other  monomers,  but  tha t  they  degrade  r ap id ly  
in monomer - f r ee  benzene solution upon i r rad ia t ion  
wi th  l ight  of ~ = 365 nm. We decided to invest igate  
the sol id-s ta te  photodegrada t ion  of s imi lar  eopolymers  
and thei r  possible u t i l i ty  as deep u.v. photoresists ,  
and also as e lect ron beam resists. The aeyloximino 
ester  chromophore  has a s trong absorpt ion  at  ,-225 
nm (e ,~ 104 M - I  cm-% Fig. 1) and the tai l  of this 
band is s t rong enough to give useful  sensi t iv i ty  at  
,-,240 nm. These copolymers  undergo a rap id  photo-  
ly t ic  decomposi t ion involving cleavage of the N - - O  
bond (scheme I ) ,  ye t  they  are  sufficiently t he rma l ly  
s table to be compat ib le  wi th  convent ional  IC process-  
ing, Addi t ional ly ,  they  should re ta in  the high resolu-  
tion proper t ies  of PMMA provided  tha t  the oxime 
me thac ry l a t e  ester  mole  f rac t ion is low. 

Scheme l 
CH~ CH 3 CH 5 CH~ I~ 0 (C ! i~ < I , ~  '1 H 

H 2 -  --CH 2 -  - -~ CH2--C--CH2-- C + CH3--C--C~CH 3 
I I 

C=O C=O C=O C=O 
I I I I 
0 0 0 0 

Me N 0 Me 
H H 

CH3-- C--C--CH 3 

CH3 CH 3 

H2-- H2 --CH 2 -  C ~ POLYMER �9 DEGRADATION 

C=O 
I 
O 

Me 

Key words: ultraviolet, copolymers, degradation, 

Experimental 
Polymer preparation.--Polymers were p repa red  in 

toluene solutions at  60~ using azobis isobutyroni t r i le  
as ini t iator .  They were  isola ted by  two precip i ta t ions  
from methyl  e thyl  ketone solut ion into methanol ,  and 
dr ied  under  vacuum. Molecular  pa rame te r s  for the 
po lymers  eva lua ted  are  l is ted in Table  I. 

Preparation of 3-oximino-2-butanone methacrylate. 
- - T o  a cold (0 ~ s t i r red  solut ion of butane dione 

0 5  

\ 
I 

200 

/ 3 %  P(M-OM} 

250 500  
WAVELENGTH {Iqm) 

I 
5S0 

Fig. 1. Absorption spectra of copolymers of methyl methacrylate 
and 3-oximino-2-butanone methacrylate. The films are obviously 
not the same thickness, but the spectra are shown to illustrate the 
concentration dependence of the long wavelength tail. 
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Table I. 

2511 

Mole percent 
3-oximino-2- 

butanone 
Polymer methacrylate Mw ( x l O S )  Mw/M~ 

Abso lu t e  Sensitivity 
at  240 n m  re l a t i ve  f r o m  E l e c t r o n  heam 

( J c m  -~) T~ (~ 200-400 n m  ( x  lU-~ C / c m  s) 

PMMA 0 
P(M-OM) 3 1~S9 2 ~  
P(M-oM) 3 s.35 3.00 
P(M-OM) 6 2.87 1.86 
P(M-OM) 6 10.1 2.35 
P(M-OM) 9 - -  M 

3.4 1 
0.5 

0.9 103 0.4 3.1 
103 0,25 4.0 

1.3 0.25 S.O 
0.7 0,25 4.0 

a E lvac i t e  2010 (du Pont) "high molecular weaght. 

monoxime (54.5g, 0.54 mole)  and t r i e thy lamine  (120 
ml, 1.1 mole)  in e ther  (100 ml)  under  N2 was added  
me thac ry loy l  chlor ide  (56.2 ml, 0.54 mole)  in e ther  
(250 ml)  dur ing  the course of 1 hr. S t i r r ing  was 
cont inued at  0 ~ under  N2 for  3 hr, a f te r  which the 
m i x tu r e  was filtered, the  f i l t rate  washed wi th  wa te r  
(300 ml ) ,  dried,  concentrated,  and recrys ta l l i zed  f rom 
cyclohexane to afford 45g (50%) of product .  (mp 
38.5~176 

Other  monomers  were  p repa red  by  the same gen-  
e ra l  p rocedure  as for the p repa ra t ion  of 3 -ox imino-2-  
bu tanone  methacry la te .  

Resolution.raThe resolut ion capabi l i ty  of the ma-  
te r ia l s  was de te rmined  by  p rox imi ty  pr in t ing  wi th  
a Kaspe r  Model  2001 p r in t e r  modified for deep u.v. 
exposure.  The mate r ia l s  were  exposed to the  ful l  
ou tpu t  of a 200W xenon cadmium lamp. 

Materials.--Poly (methy l  me thac ry la t e )  (Elvaci te  
2010), a high molecular  weight  po lymer  ava i lab le  f rom 
du Pont,  was used as the s tandard  for measur ing  sensi-  
t ivi t ies.  

Sensitivity.--Polymers were  dissolved in me thy l  
cel losolve acetate  (10% solution) and were  coated 
onto sil icon subst ra tes  wi th  a Headway  Research 
spinner.  F i lms  were  p r e b a k e d  for 60 min  at  100~ 

Photon  sensi t ivi t ies  a re  r epor ted  re la t ive  to PMMA 
and were  obta ined  by  imaging  a sl i t  for  va ry ing  
exposure  t imes across subs t ra tes  coated wi th  resist.  
Exposure  t imes were  recorded  as the  t ime necessary  
to comple te ly  remove the resis t  in the i r r ad ia t ed  area, 
using me thy l  i sobutyl  ketone as the developer  under  
condit ions where  there  was essent ia l ly  no th inning  
of the un i r r ad i a t ed  areas. A 1000W high pressure  
m e rcu ry  l amp was used as the exposure  source. A b -  
solute sensi t ivi t ies  were  de te rmined  by  using a mono-  
chromator  and  a thermopi le  to measure  l ight  flux. 

Elect ron sensi t ivi t ies  were  obta ined  by wr i t ing  rec-  
t angu la r  bars  a t  different  doses. The ba r  pa t te rns  
were  developed and the thickness remain ing  at  each 

O0 

9% P ( M - O M ) ~  ~ 6% P(M-OM} 

:~ HIGH MOL WT ~1 I ~ ~  3~ P(M-OM} 

060 

040 
N 

Z 020 I 

10-6 10-5 t0-4 
DOSE c/cm 2 

Fig. 2. Plots of normalized resist thickness vs. electron-b-am dose 
for copolymers of methyl methacrylate and 3-oximino-2-butanone 
methacrylate. 

dose was measured.  F igures  2 and 3 show plots  of 
normal ized  resis t  thickness vs. dose for  the po lymers  
exposed at  20 kV. 

Results and Discussion 
Sensit ivi ty.--We have found that  incorpora t ion  of 

smal l  (3-9 mole percent)  amounts  of 3 -ox imino-2-  
bu tanone  me thac ry la t e  into PMMA renders  the  co- 
po lymers  app rox ima te ly  5 t imes more  sensi t ive than  
PMMA, the  s t andard  ma te r i a l  for deep u.v. l i thog-  
raphy.  In  this section, we r epor t  the effect of both  
photosensi t izer  concentra t ion and copolymer  molecu-  
l a r  weight  on sensit ivi ty.  

F igure  1 reveals  tha t  the 3% 3-ox imino-2-bu tanone  
copolymer  has an opt ical  dens i ty  of 0.1 at  240 nm. 
This weak  absorpt ion  al lows l ight  to be absorbed  
un i fo rmly  th rough  the po lymer  film and resul ts  in  
pa t te rns  wi th  high aspect  ratios,  bu t  the mate r ia l s  
a re  only marg ina l l y  sensit ive.  F igure  1 shows the 
absorpt ion  spec t rum of the copolymer  as a funct ion 
of acy l -ox ime  chromophore  fraction. The OD of the  
3% copolymer  at  240 is 0.1, whi le  tha t  of the 9% 
copolymer  is 0.3, but  this approach  is only  marg ina l ly  
effective in improving  sensit ivi ty.  Inspect ion of Table 
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! -  
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Fig. 3. Plots of normalized resist thickness vs. electron-beam 
dose for copolymers of methyl mcthacrylate and acyl-oxime metha- 
crylate esters. 
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Fig. 4. Absorption spectra of copolymers of methyl methacrylate 
and oxime methacrylate esters. 

I reveals that upon exposure to the full  output  of 
the mercury  lamp the 6% acyl-oxime copolymer is 
more sensitive than the 9% copolymer. However, the 
6% material  has a monochromatic sensit ivity at 240 
n m  of 1.3 J / c m  2 while the 9% copolymer has a sensi-  
t ivi ty  of 0.7 J/cm~, compared to 3.4 J/cm2 for PMMA. 
The effect of increasing the acyl-oxime content  still 
fur ther  is under  study and will be reported in the 
future. 

Inspection of Table I reveals that only a minor  
improvement  in  sensit ivi ty of the 3% copolymer was 
realized by increasing the polymer molecular  weight, 
and that  this effect was not realized with the 6% 
acyl-oxime copolymers. 

Oxime structure.--We have also examined the effect 
of changing the s tructure of the oxime or acyl-oxime 
chromophore. We incorporated pivalaldehyde oxime 
methacrylate  as well as species in which the acetyl 
group of 3-oximino-2-butanone  has been replaced by 
phenyl  or benzoyl substituents.  The lat ter  two groups 
push the absorption spectrum to longer wavelengths 
(Fig. 4), thus enabl ing a closer match with the 

Fig. 5. Lines and spaces (1.25 #m) obtained in poly (methyl 
methacrylate-co-3-oximino-2-butanone methacrylate). 

emission spectrum of the high pressure mercury lamp 
for exposure at longer wavelengths. 

Figure 4 shows the absorption spectra of the poly- 
mers investigated. Table II shows that these sub- 
stituents were not as effective as the 3-oximino-2- 
butanone chromophore in promoting PMMA degrada- 
tion. 

Resolution.--PMMA is known to be an  extremely 
high resolution material.  We found that  by keeping 
the co-monomer concentrat ion low we were able to 
improve the polymer 's  sensit ivi ty at ~ > 230 nm 
without any concurrent  loss in  resolution. Figure 5 
shows 1.25 ~m lines and spaces obtained rout inely  in 
poly (methyl -methacry la te -co-3-oximino-2-butanone  
methacrylate)  ( P ( M - - O M ) ) .  Electron beam exposure 
experiments (Fig. 6) reveal that  the mater ial  is in -  
herent ly  capable of still higher (0.5 ~m) resolution. 

Electron beam irradiation.--Several workers have 
at tempted to improve the sensit ivi ty of PMMA to 
electron beams by copolymerization with other types 
of monomers, and we have also evaluated our poly- 
mers for their e -beam response. Figure 2 shows the 
effect of incorporat ing 3-9% 3-oximino-2-butanone  
methacrylate  into PMMA. The most sensitive mate-  
rial is the 3% copolymer which requires a dose of 
3.1 • 10-~ C/cm 2. This result  is not understood, for 

Table II. 

Mole percent Relat ive  sensitivitiesa 
acryl-oxime 

Polymer (%) Mw ( xl0 ~) MwlM. Air Ns Tg (~ 

Electron 
sensit ivit ies  

( • 10-~ C/cm ~) 

P (M-OM) 3 <0.25 0.25 
P(M-t BO) 3 4,13 1.88 <1.5  2 
P (M-AO) 2 4,10 1.86 < 2  1.5 
P(M-BO) 5 6,41 2.17 <1 .5  1 

100 
102 
102 

3.1 
5.0 
6.1 
8.0 

a Sensit ivit ies  are reported relat ive to PMMA. 
P(M-toBO)--poly (methyl methacrylate-co-l-oximinoo2, 2-dimethyl-propyl methacry late ) .  
P (M~ (methyl methacrylate-co-acetophenone oxime methacrylate). 
P(M-BO)- -po ly  (methy l  methacrylate-co-l-phenyl-1,  2-propaned,one-2-oxime methacry la te ) .  
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Fig. 6. Electron beam exposure 
patterns of paly(methyl-metha- 
crylate-co:3-oximino-2-butanone 
methocrylote). 

the higher acyl-oxime concentration copolymers of 
comparable molecular weight are not as sensitive. 
Additionally, the materials cannot be made appre- 
ciably faster than PMMA (5 • 10 -5 C/cm 2) by 
changing the structure of the acyl-oxime monomer. 
Figure 3 shows that the acetophenone and 1-phenyl-1, 
2-propanedione oxime polymers are slower than 
PMMA. 

Conclusion 
Copolymers of methyl methacrylate and acyl-oxime 

methacrylate esters have been evaluated as deep u.v. 
photoresists. 

1. Poly(methyl methacrylate-co-3-oximino-2-buta- 
none methacrylate) (94:6) is approximately 5 times 
faster than the base resin. 

2. Sensitivity can only be marginally improved by 
increasing the polymer molecular weight. 

3. The acetyl group of the acyl-oxime chromophore 
is more effective than t-butyl, phenyl or benzoyl 
groups in promoting polymer degradation. 

4. Copolymers of methyl methacrylate and acyl- 
oxime methacrylate have about the same sensitivity 
as PMMA to 20 kV electron beams. 
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ABSTRACT 

With  the prospect  of shor te r  wave leng th  photolithography, the need has 
ar isen for  new resis t  ma te r i a l s  tha t  wil l  work  efficiently at wavelengths  where  
convent ional  resists  a re  opt ica l ly  opaque. P o l y ( m e t h y l  me tha c ry l a t e - c o -3 -  
ox imino-2 -bu tanone  me thac ry la t e )  (P( lVI-OM)(94:6) ) ,  a resis t  tha t  absorbs  
in the  220-250 nm range,  has been sensi t ized for both  this and the 280-320 nm 
range (an a rea  where  the  new Pe rk in  E lmer  P r in te r  is capable  of mak ing  ex -  
posures) .  Its inheren t  sensi t iv i ty  can also be improved  by  the incorpora t ion  of 
methacry loni t r i le .  Sensi t ized P ( M - O M - C N )  has a sens i t iv i ty  of 75 m J / c m  2 
and  is capable  of be t te r  than 1 ~m resolution.  

The use of convent ional  pho to l i thography  becomes 
severe ly  l imi ted  wi th  the cur ren t  t rends  towards  in-  
creased device complexi ty.  By the use of shor te r  wave -  
length  (200-300 nm)  u.v. light,  diffraction effects 
wi l l  be reduced,  and thus h igher  resolut ion should 
be  obta inable  (1). However ,  new resis t  mate r ia l s  tha t  
wi l l  work  efficiently in the "deep u.v." need to be 
developed.  

We have prev ious ly  repor ted  our  efforts to improve  
the  photosens i t iv i ty  of p o l y ( m e t h y l  me thac ry la t e )  
(PMMA) in the  200-250 nm region (2) by  the incor-  
pora t ion  of oxime and ~-ke to -ox ime  me thac ry la t e  
esters as co-monomers .  These units contain a moder -  
a te ly  labi le  N - - O  bond which, when cleaved, could 
lead  to a ca rboxyla te  radica l  and subsequent  po lymer  
degradat ion.  Of the mate r ia l s  examined,  the 3-oxi -  
mino-2 -bu tanone  group had  the grea tes t  posi t ive ef-  
fect on the overa l l  photosens i t iv i ty  of the polymer.  
Po ly  (methy l  me thac ry l a t e - co -3 -ox imino -2 -bu t anone -  
me thac ry la t e )  ( P ( M - - O M ) )  (94:6) was found to be 
five t imes more  sensi t ive than PMMA at  ~ --  220-250 
nm. 

We have  ex tended  the above work  through the 
addi t ion of ex te rna l  sensit izers and the incorpora t ion  
of o ther  monomer  units  into the po lymer  in an effort 
to increase  its photosensi t iv i ty  st i l l  fur ther .  

Experimental 
Monomers  and po lymers  were  p repared  as descr ibed 

p rev ious ly  (2). 

Materials.--Poly (methy l  me thac ry la t e )  ( ( P M M A )  ; 
Elvaci te)  is a high molecular  weight  po lymer  avai lab le  
f rom du Pont  which was used as a s tandard  for  mea -  
sur ing sensit ivit ies.  

The benzoic acid sensitizers,  t r iphenylamine ,  and 
dibenzothiophene were  purchased  f rom Aldr ich  Chem- 
ical  Company,  while  the acylcarbazoles  were  synthe-  
sized by  known procedures  (3). 

Sensitivity.--Poly (methyl  me thac ry l a t e - co -3 -ox i -  
mino-2 -bu tanone  me thac ry la t e )  ( P ( M - - O M ) )  copoly-  
mer  solut ions were  p repa red  as descr ibed previously,  
Po ly  (methy l  me thac ry l a t e - co -3 -ox imino -2 -bu tanone  
me thac ry l a t e - co -me thac ry lon i t r i l e )  (P ( M ~ O M - - C N ) )  
t e rpo lymers  were  dissolved in chlorobenzene or  cyclo-  
hexanone  (10% solut ion) .  Where  appropr ia te ,  the  
specified amount  of sensi t izer  was added to the  solu-  
tions before  coat ing onto a silicon subs t ra te  wi th  a 
Headway  Research spinner.  F i lms  were  p rebaked  for  
60 rain at  l l0~ 

Key words: deep u.v. resists, photoresists, photodegradation. 

Photon sensi t ivi t ies  a re  r epor ted  re la t ive  to PMMA 
and were  obta ined  by imaging  a 1 m m  wide slit, 
i l lumina ted  by a 1000W Hg arc l amp  focused through 
quar tz  condenser  optics, for va ry ing  t imes across the  
subs t ra te  coated with  resist, or  by isolat ing e i ther  
the 313 or  240 nm line f rom a 1000W Hg-Xe  lamp with  
a monochromator  ( J a r r e l l  Ash Model 82-410) and 
using a 1 m m  diam ci rcular  contact  mask.  Exposure  
t imes were  recorded as the t ime necessary to a l low 
complete  remova l  of the resis t  in the i r r ad ia t ed  areas. 
The i r r ad ia t ed  films were  developed with  me thy l  
isobutyl  ketone (MIBK) in the case of the copolymers,  
and with  M1BK/isopropanol  (8:2 v / v )  in the  case 
of the terpolymers .  

Resolution.--Resolution was de te rmined  by  p r o x -  
imi ty  pr in t ing  on a subs t ra te  coated with  1 ~m of 
resis t  using a Kaspe r  Model 2001 P r o x i m i t y  P r in t e r  
fi t ted wi th  a Xe-Cd  lamp (output  f rom 200-500 nm) .  

Results and Discussion 
As discussed ear l ie r  (2), photochemica l ly  induced 

c leavage of the N - - O  bond in P (M--OM)  can lead  to 
decarboxyla t ion  fol lowed by  chain cleavage, the 
"usual"  mechanism for PMMA chain scission. The 
absorpt ion  tai l  of the ke to -ox ime  chromophore  is 
sufficiently s t rong that  addi t ion of the 3-oximino-2-  
butanone  group as the me thac ry la t e  ester  confers 
added  photosensi t iv i ty  to the po lymer  in the range  of 
230-260 rim. General ly ,  i t  was found that  the  sens i t iv i ty  
of the copolymer  increased wi th  oxime ester  concen- 
t ra t ion  up to ~ 6  mole percen t  (m/o)  OM. The effect 
of molecu la r  weight  on the system appeared  minimal .  

An  addit ional ,  potent ia l  advan tage  of the ke to-  
oxime chromophore  is tha t  i t  possesses a l ow- ly ing  
exci ted  state (~ ~ 350 nm)  which could be sensitized. 
We proposed to test this by  "ex te rna l ly"  sensit izing 
P ( M - - O M )  to promote  degrada t ion  at  longer  wave -  
lengths (300-330 nm, a region which would  match  
the output  of a Model I I I  Pe rk in  Elmer  P r in t e r  wi th  
modified optics) .  The sensi t izer  mus t  sat isfy a num-  
ber  of cr i ter ia:  (i) its exci ted state energy mus t  match  
(or be g rea te r  than)  that  of the ke to -ox ime  chromo-  
phore;  (ii) it  must  t ransfer  energy efficiently; (iii) i t  
must  not  absorb at  longer  wavelengths  than  the range 
desired;  (iv) it  must  be sufficiently nonvolat i le  to 
r emain  in the po lymer  film dur ing  the ini t ia l  baking;  
and (v) i t  must  be compat ib le  wi th  the polymer .  The 
mate r ia l s  which were  tested and satisfied the above 
cri teria,  were  t r iphenylamine ,  N-ace ty l  and N - b e n -  
zoylcarbazole,  and dibenzothiophene.  The absorpt ion  
spectra  of P (M--OM)  (94: 6) films containing 10 
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Fig. 1. Ultraviolet absorption spectra of I #m films of P(M-OM) and P(M-OM) containing (a, left) 10 w/o of triphenylamine or dibenzo- 
thiaphene, (b, right) 10 w/o N,acetylcerbazole or N-benzoyl carbazole. 

weight  percent  (w/o)  of each of the above materials  
are shown in Fig. 1 and the results are given in  Table I. 

Clearly, addit ion of a sensitizer enhanced the sensi- 
t ivi ty  of the copolymer at longer wavelengths.  Note 
that  at 313 nm, where the copolymer has no significant 
absorption (see Fig. 1) and is quite insensit ive to 
irradiation,  a dramatic  improvement  in monochromatic 
sensit ivi ty is observed upon the addition of sensitizer 
(see Table I) .  The most efficient sensitizer at 313 n m  
is N-acetylcarbazole. Upon i r radiat ion with the ful l  
output  of the Hg lamp, all of the materials examined 
become 4-5 times faster than the unsensit ized copoly- 
me t  under  the same conditions (Table I) .  That  the 
film containing t r iphenylamine  is insensi t ive to 313 
nm light but  does degrade more rapidly when  exposed 
to the full  output  of the Hg lamp may be explained 
by  the observation that while it is opaque at 313 rim, 
longer wavelength  light, up to ~ ~ 360 nm, does pene-  
trate the bu lk  of the film and may effect sensitization. 
The absorptions of the carbazole containing films are 
re la t ively fiat across the region of 280-320 nm. 

The opt imum sensitizer concentrat ion is about  10 
w/o. A lower percentage has no effect on polymer 
sensitivity, while larger amounts  provide no addi-  
t ional effect. 

While these materials  do sensitize P ( M m O M )  to 
longer wavelengths (300-350 nm) ,  they are not usable 
at shorter wavelengths due to too large an absorption 
coefficient which, at the concentrat ions required, re-  
sults in  too high an optical density. Subst i tuted benzoic 
acids which were found to sensitize poly(methyl iso-  
propenyl  ketone) (PMIPK) (4), should have both 
singlet and tr iplet  energy levels sufficiently high that  
either could effect sensitization of the keto-oxime 
chromophore. Also, their ext inct ion coefficients would 
afford usable absorbances at ,~250 n m  in  polymer 
films containing 10% of the acid. Three materials  
were tested. The absorption spectra of P ( M - - O M )  
films containing each of the sensitizers are shown in  
Fig. 2 and the results are tabula ted in Table II. The 
film containing p- t -buty lbenzoic  acid proved to be 
most sensitive. Sensi t ivi ty was enhanced by a factor 

Table !. 

Sensitivity 
A b s o l u t e  at Relative 

),313 n m  f r o m  )̀ 200 
P o l y m e r  S e n s i t i z e r  (w/o) (J/em ~) to 400 nm 

P ( M M A )  ~ - -  1.00 
P ( M - O M )  �9 ~ 4.6 0.25 
P ( M - O M )  t r i p h e n y l a m i n e  ( 5 )  ~ 0.25 
P(M-OM) triphenylamine (10) >9 0.05 
P(M-OM) N-aeetylcarbazole ( 10 ) 1.8 0.06 
P(M-OM) N-acetylcarbazole (15) 1.S 0.06 
P(M-OM) N-benzoylcarbazole ( 10 ) 3.6 0.06 
P(M-OM) dibenzothiophene (10) ~ 0.10 

Table II. 

Sensitivity 
A b s o l u t e  at Relative 

)`240 n m  f r o m  )`200 
P o l y m e r  S e n s i t i z e r  (w/o) (mJ/cm 2) to 400 n m  

P ( M M A  ) m 3400 1.00 
P ( M - O M )  a 1300 0.25 
P (M-OM) p-t-butylbenzoicacid ( 10 ) 150 0.10 
P(M-OM) p-t-butylbenzoic acid (20) --  0.10 
P (M-OM) p-methoxybenzoic acid(10) --  0.20 
P(M-OM) 3,4-dihydroxybenzoic acid (10) - -  0.25 

�9 P ( M - O M ) ( 9 4 : 6 ) ,  M w :  2.87 x los ,  Mw/Mn = 1.86. = P ( M - O M )  ( 9 4 : 6 ) ,  M ~ :  2 .87  X l 0  s, Mw/M= = 1.86. 
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Fig. 2. Ultraviolet absorption spectra of 1 #m films of P(M-OM) 
and P(M-OM) containing 10 w/o p-t-butybenzoic acid, p-methoxy- 
benzoic acid, and 3,4-dihydroxybenzoic acid. 

of 2.5 over  the unsensi t ized sample,  employing  the 
ful l  output  of the  t tg  lamp. Monochromat ic  sens i t iv i ty  
a t  240 nm increased  by  a factor  of ~9.  The two o ther  
species s tudied  have l i t t le  or  no effect on the sens i t iv i ty  
of the polymer .  

A n  addi t ional  means  of improving  sensi t iv i ty  is to 
incorpora te  me thac ry lon i t r i l e  (CN) into the  copoly-  
mer. I t  is genera l ly  accepted tha t  conjugat ion wi th  
a ni t r i le  group stabil izes a radical .  One might  then  
expect  the  po lymer  backbone  to b r e a k  more  eas i ly  
a t  a point  ad jacen t  to a n i t r i le  subst i tuent ,  thus im-  
proving  the sensit ivi ty.  Since incorpora t ion  of CN into 
PMMA affords an  increase in sens i t iv i ty  to e lec t ron  
beam exposure  (5), we were  p rompted  to examine  
its effect on the  u.v. sens i t iv i ty  of P ( M - - O M ) .  

Examina t ion  of the  da ta  in Table  I I I  shows tha t  the  
incorpora t ion  of 14 m/o  MACN into P ( M - - O M )  con- 
ta ining 6 m/o  OM affords a fourfold  increase in 
sensit ivi ty.  Somewhat  anomalously,  the po lymer  con- 
ta in ing 28 m/o  CN is slower,  /.e., its sens i t iv i ty  over  
( P ( M - - O M )  is only  doubled. This effect is not  r ead i ly  
rat ional ized.  [I t  may, however ,  be  noted tha t  a s imi lar  
effect was obse rved  for p o l y ( m e t h y l  me thac ry l a t e - co -  
me thac ry lon i t r i l e )  ( P ( M - - C N ) )  copolymers  on elec-  
t ron  beam exposure  (5).] In  addi t ion  to being more  
sensit ive,  the  resolut ion  remains  excellent .  As m a y  be  
seen in Fig. 3a, 1.5 ~m lines and spaces obta ined b y  
p rox imi ty  pr in t ing  are  c lear ly  resolved.  

Fu r the r  enhancement  of sens i t iv i ty  is ob ta ined  by  
addi t ion of p - t -bu ty lbenzo ic  acid. The absorpt ion  spec-  
t ra  of the  unsensi t ized and sensit ized t e rpo lymer  a re  
depic ted  in  Fig. 4, and  the sens i t iv i ty  da ta  a re  g iven  
in Table  III. Employing  the ful l  output  of the  m e r -  
cury  lamp, P ( M - - O M - - C N ) / 1 0 %  p - t -bu ty lbenzo ic  
acid is 30 t imes as fast  as PMMA. At  240 nm, the  
ma te r i a l  requires  an exposure  of 75 m J / c m  2. As m a y  
be seen in Fig. 3b, addi t ion of a sensi t izer  does not  
a l t e r  the high resolut ion character is t ics  of the polymer .  
A resolut ion of 1 #m is r ead i ly  obta ined  b y  p rox imi ty  
p~:inting. 

Pig. 3. SEM micrograph illustrating (a) 1.5 hm lines and spaces delineated in 1 #m P(M-OM-CN) (8:0.6:1.4) and (b) 1 /Lm lines and 
spaces delineated in ! #m P(M-OM-CN) (8:0.6:1.4)/10% p-t-butylbenzoic acid. 
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Conclusion 
Incorporation of small percentages of 3-oximino-2- 

butanone methacrylate into PMMA affords added 
photosensitivity to the polymer. An additional four- 
fold increase in sensitivity is obtained by incorporat- 
ing methacrylonitrile into the copolymer. Further 
addition of external sensitizers more than doubles 
the rate of polymer degradation. At 240 rim, the 
exposure required for (P(M--OM--CN))  (8:0.6:1.4) 
containing 10 w/o p-t-butylbenzoic acid is 75 mJ/cm ~, 
compared to 3400 mJ/cm 2 for PMMA. In addition, 

Table I lL 

Sensi t iv i ty  
Absolute  Rela t ive  

a t  f r o m  
m / o  w / o  Mw/Mn ),240 n m  ),200 to 

Po lymer  MACN Sens. ,  ( x 10~)  ( m J / e m  2) 400 n m  

P ( M M A )  0 - -  3400 1.00 
P (M-OM) b 0 - -  2.S7 1300 0.25 
P(M-OM-CN) b 14 - -  0.93 330 0.06 
P(M-OM-CN) b 28 0.91 660 0.12 
P (M-OM-CN) b 14 ~ 0.93 75 0.03 
P (M-CN) 12 -- 8.2 -- 1.00 
P(M-CN) 12 I0 8.2 ~ 0.68 

a p-t-butylbenzoic acid. 
b P(M-OM-CN) (8:0.6:1.4). 

the high resolution characteristics of PMMA have 
been retained. 

Acknowledgments 
The authors wish to thank W. J. Tomlinson for 

the use of his Hg-Xe lamp and monochromator for 
determining absolute sensitivities, L. V. Dodd for 
obtaining the SEM micrographs, and W. Q. McKnight 
for the Kasper exposures. We also thank E. D. Felt 
for many helpful discussions. 

Manuscript submitted Dec. 26, 1979; revised manu- 
script received May 27, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1981 
JOURNAL. All discussions for the June 1981 Discussion 
Section should be submitted by Feb. 1, 1961. 

Publication costs 05 this article were assisted by 
Bell Laboratories. 

REFERENCES 
1. (a) M. Feldman, D. L. White, E. A. Chandross, 

M. J. Bowden, and J. Appelbaum, "Proceedings 
of the Kodak Microelectronics Seminar," Inter- 
face 75, p. 40, October !9-21, 1975; (b) M. J. 
Bowden and E. A. Chandross, This Journal, 122, 
1370 (1975); (c) B. J. Lin, J. Vac. Sci. Technol., 
12, 1317 (1975); (d) B. J. Lin, IBM J. Res. Dev., 
~,0, 213 (1975); (e) C. W. Wflkins, Jr. and L. E. 
Stillwagon, Private communication. 

2. C. W. Wilkins, Jr., E. Reichmanis, and E. A. Chan- 
dross, This Journal, 127, 2510 (1980). 

3. M. Zander, Ber. Bunsenges., 72, 1161 (1968). 
4. (a) Y. Nakane, T. Tsumori, and T. Mifune, Se~n~- 

cond. Internat., 45 (1979), (b) M. Tsuda. S. 
Oikawa, Y. Nakamura, H. Nakane, et aL, Photogr 
Sci. Eng., 23, 290 (1979). 

5. L. E. Stillwagon, E. M. Doerries, L. F. Thompson, 
and M. J. Bowden, "ACS Division of Organic 
Coatings and Plastics Preprints," Vol. 37, No. 2, 
p. 38, Chicago (1977). 



Technical Notes 
. 

On the Nature of CVD Si-Rich SiO  and 
Films 

E. A. irene,* N. J. Chou,* D. W. Dong,* and E. Tierney 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York  10958 

T h e r e  ar e  several published studies on the prepara-  
tion of Si-r ich SiO2 (1-7) and SigN4 (6-11) films. An 
early report  (5) on chemically vapor deposited (CVD) 
Si-r ich SiO2 films described the mater ia l  as "semi- 
insulating," because the mater ia l  displayed an elec- 
trical conductivi ty intermediate  between SiO2 and Si. 
T h e  implication is that the bandgap of the mater ia l  
is also in termediate  and therefore that a homogeneity 
range exists in  this system. Work at our laboratory 
(6) showed evidence that  both Si-r ich SiO2 and 
SigN4 are composed of two phases: silicon and either 
oxide or nitride. Later studies (7, 12) on Si-r ich SiOz 
supported the mul t i -phase  proposition bu t  also sug- 
gested that  the oxide phase is something other than 
normal  CVD SiO2. In  the present  study, our t rans-  
mission electron microscopy (TEM), and x - r ay  photo- 
electron spectroscopy (XPS) observations are pre-  
sented as a comparison of stoichi0metric and Si-rich 
SiO~ and Si3N4 films. From this comparison of CVD 
films, we conclude that  the Si-r ich films are indeed 
two phase materials:  one phase Si and the other 
ei ther normal  CVD oxide or nitride. The na ture  of 
the  so-called normal  CVD oxide and ni tr ide is not  
addressed in  this study. 

Exper imental  Procedures 
CVD was used to prepare 100 nm films for this 

study. The films were deposited at 700~ onto cleaned 

* Electrochemical Society Active Member. 
Key words: films, CVD, electrical conductivity. 

single crystal Si substrates via the reaction Sill4 with 
N20 for the Si-r ich SiO2 and with NH3 for Si-r ich 
SigN4. The gas phase ratios N20/SiH~, Ro, and N H J  
Sill4, RN, were used to control the solid phase com- 
positions. The details of this CVD procedure and 
preparat ions for TEM were previously discussed (6). 
The stoichiometric films were prepared using a large 
excess of N20 for SiO~ (Ro ---- 25) and NH~ for SiaN4 
(RN -- 100). 

X - r a y  photoelectron spectra (XPS) of the ni t r ide 
and oxide films were obtained using a UHV system 
with an Mg Ks source and PHI Model 255 double pass 
analyzer. The surfaces of both as-deposited and an-  
nealed specimens were chemically cleaned in  l ieu 
of the conventional  ion etching technique which is 
known to have preferent ial  sput ter ing effects. T h e  
annealed specimens were found to be surface oxidized, 
and a 200A thick top layer  was chemically removed 
to obtain a t ru ly  representat ive spectrum. The surface 
charging effect was minimized by an electron flood gun, 
and the work funct ion of the spiral t ron detector was 
corrected with the Au 4fTz2 line at 84.0 eV. A Gaussian 
curve fitting computer  program 1 was used to resolve 
the  measured spectra. 

Results and Discussion 
Transmission electron microscopy (TEM ).--Figure 1 

shows that  the as-deposited Si-r ich SiO2 is near ly  

1 The computer program was kindly provided by R, H. Lacomb, 
IBM, East Fishkill Facility. 

Fig. I. Si-rich Si02, with Ro - -  
3 or about 10% excess Si, unon- 
nealed (a) bright field with dif- 
fraction, (b) dark field. 
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Fig. 2. $i-rich SiO~ with Ro = 
3 or about 10% excess Si, an- 
nealed I000~ in N2, 15 rain (a) 
bright field with diffraction, (b) 
dark field. 

Fig. 3. Si-rich $i3N4, with R~ 
- -  0.5 or about 8% excess Si, 
unannealed (a) bright field with 
diffraction, (b) dark field. 

en t i r e ly  amorphous.  A careful  look at  the da rk  field 
mic rograph  reveals  smal l  (2 nm)  and wide ly  separa ted  
crystal l i tes .  F igu re  2 shows tha t  upon  annealing,  the  
excess Si crysta l l izes  to form 10 nm randomly  or iented  
grains. Both b r igh t  and  da rk  field TEM show [as 
was p rev ious ly  r epor ted  (6)]  tha t  these films have  
a rough  t ex tu re  p re sumab ly  due to dif ferent ia l  a t t ack  
b y  the  e tchant  used to p r epa re  these composi t ional ly  
inhomogeneous  films for TEM. F igures  3 and 4 show 
s imi lar  resul ts  for S i - r i ch  SisN4 except  tha t  there  a re  
more  and l a rge r  (5 nm)  Si crys ta l l i tes  in the as-  
deposi ted  mater ia l ,  which  grow to more  than  10 nm 
af ter  the  1000~ anneal .  

ESCA.--The XPS of our s toichiometr ic  CVD oxide 
films shown in Fig. 5 exh ib i ted  a single peak  at  102.5 
eV, which  shif ted to 103.5 eV upon annealing,  and 
there fore  these peaks  m a y  be  identif ied wi th  S i (2P)  
e lectrons associated wi th  possibly  incomplete  or  dis-  
o rde red  S i - - O  bonds for the  as p repa red  samples  that  
a re  conver ted  into t e t r ahed ra l  S i - -O  bonds when an-  
nealed (7). As shown in Fig. 6 (a ) ,  the  unannea led  
S i - r i ch  SiO2 shows b road  peaks  which  can be  decom- 
posed into th ree  Gauss ian  peaks  at  97, 99, and 102 eV. 

F igure  6 (b) shows that  upon annealing,  the  two peaks  
at  98.6 and 102.5 dominate  the spectrum.  F igure  7 (a )  
shows tha t  S i - r i ch  Si.~N4 contains a b road  peak  decom- 
posed into two Gaussians at  97.5 and 102 for as-  
deposi ted samples  and Fig. 7 (b)  shows tha t  a f te r  
anneal ing  there  is l i t t le  change in the  spectrum. 

The TEM and ESCA resul ts  are  unders tood  by  con- 
s ider ing tha t  both  S i - r i ch  oxide  and n i t r ide  are  com-  
posed of two phases:  Si and e i ther  CVD SiO2 or  Si3N4. 
Since the overa l l  s to ichiometry  does not  change af te r  
annealing,  the  shifts in the  Si and oxide and n i t r ide  
peak  is l ike ly  due to order ing  of the  as -depos i ted  
phases. This is i l lus t ra ted  best  by  the  (TEM) observa-  
t ion of  p redominan t ly  amorphous  Si in the as -depos i ted  
S i - r i ch  oxide p re sumab ly  wi th  the 97 eV ESCA peak. 
Upon anneal ing,  this  peak  shifts to h igher  energy  
which yields the  repor ted  99 eV for c rys ta l l ine  Si 
(7). The insula tor  peaks  in the S i - r i ch  films corre-  
spond to the normal  s toichiometr ic  CVD SiO2 and 
SisN4 films wha teve r  is the  detai ls  of the bonding 
in these films. For  the  S i - r i ch  Si3N4 films, the  as-  
deposi ted film a l r eady  contains considerable  c rys ta l l ine  
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Fig. 4. Si-rlch SiaN4, with R~ 
= 0.5 or about 8% excess Si, 
annealed 1000~ N N~, 15 rain 
(a) bright field with diffraction, 
(b) dark field. 
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Fig. 5. ESCA spectrum of normal stoichiometrlc CVD SiO~ as- 

deposited and annealed. 

Si, thus, the spectrum does not change substantially 
upon annealing. 

The higher conductivities for these materials (5-7) 
is probably attributable to localized field enhance- 
ment effects caused by the inhomogenous material 
rather than a smaller bandgap (7) or filamentary 
conduction (6). 
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Fig. 7. ESCA spectrum of un- 
annealed (a) and annealed (b) 
Si-rich Si3N4. The solid lines are 
for the Gaussian curves. 
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Surface Roughness Studies of Native Oxides of GaAs 
N. Bottka and J. H. Dancy 

Naval Weapons Center, Physics Division, Michel~on Laboratories, China Lake, Cali]ornia 93555 

The nat ive oxide of GaAs is of significant tech- 
nological importance to war ran t  a detailed study of 
its physical properties. A significant amount  of work 
has a l ready been done in  developing the various 
techniques to grow these oxides on GaAs surfaces 
(1-3). Their  optical and electrical properties have 
been determined and the interface of the GaAs/oxide 
region well  characterized by various surface probe 
techniques (4-7). 

Although much is known about  the surface and 
the GaAs/oxide interface chemistry, l i t t le informat ion 
is available about  the surface roughness and mor-  
phology of these oxides and their  GaAs interfaces. 
The objective of this work was to obtain such surface- 
re la ted informat ion  of thick nat ive  oxides of GaAs 
by means of surface roughness measurements ,  re-  
flection electron diffraction, and transmission electron 
microscopy (TEM), using single-stage P t /C surface 
replicas. Emphasis has been placed on oxides grown 
anodical ly from an aqueous solution. The surface 
properties were studied both as a function of substrate 
surface preparat ion and growth conditions (such as 
the cur ren t  densi ty for anodization and the thickness 
of the grown oxide).  

Experimental 
The samples under  invest igat ion were n - type  G a A s  

both Te-  and Sn-doped to ND ~ 1018 cm -~. The sur-  
face or ientat ion of all the samples was {100}. 

Care was taken in prepar ing the surface of the 
GaAs substrates prior  to oxidation. With the excep- 
t ion of a few samples, most of the GaAs substrates 
in  this s tudy were mechanical ly polished to a 1/4 um 
finish and then polished chemically in a 0.4% bromine-  
methanol  solution on a Buehler  Microcloth. After  
proper r insing in methanol  and deionized water, they 
were cleaved into 1 cm 2 working units. The individual  
samples were then anodically oxidized in an aqueous 
solution (pH 2.7) (3) under  various constant  current  
density conditions. The anodization constant  for the 

Key words: gall ium arsenide, anodic oxide, oxide structure, in- 
terface. 

growth of the nat ive oxide of GaAs was about  20 
A/V (3). 

Table I summarizes the surface prepara t ion  and 
oxidation conditions for the various wafers used in  
the experiment.  The last three entries in  this table 
refer to wafers that  have been repeatedly oxidized 
and stripped with a solution of 1:1 NH4OH:H~O. 
This was done to determine the effect of repeated 
oxidation on the surface roughness both for thick 
and thin oxides. 

Surface roughness measurements  on the polished 
GaAs substrate,  the grown oxide, and the GaAs/oxide 
interface after oxide str ipping were made with a 
Talystep profilometer uti l izing a special conical dia- 
mond stylus with a radius of 1 ~m (8). 1 The stylus 
loading is cont inuously adjustable from about  50 mg 
to less than 1 mg. A loading of 2 mg is general ly 
used with the s tandard stylus. This is adequate to 
make good contact and does not pe rmanen t ly  mark  
surfaces. When using the sharper styluses the loading 
is general ly reduced to about 0.5 mg. The total pos- 
sible stylus t ravel  across the sample is 2 mm, but  
I - ram- long  scans are general ly  used for the surface 
statistics. Three stylus t raverse speeds are available;  
the slowest one, 3 #m/sec, is used for the surface 
statistics. When the data are sampled every 20 msec, 
the spacing between adjacent  points on the surface 
is 0.061 ~m. 

The output  of the amplifier of the Talystep is fed 
into a Hewlet t -Packard  Model 5480B signal averager 
which digitizes the signal and stores it in a block of 
1000 data points. These data can be t ransferred to a 
Hewlet t -Packard  Model 2100A minicomputer  with 32K 
memory  for computat ion of the autocovariance func-  
tion, height and slope dis tr ibut ion functions, and other 
surface statistics. The output  from the minicomputer  
can be plotted on 10 X 15 in. graph paper using a 
Hewlet t -Packard  Model 7210A digital plotter, punched 

1Talystep Step Height Measuring Instrument  (Metric) Model 
No. 75-1001 112/1037m obtained from Rank Precision Industries, In- 
corporated, Des Plaines, Illinois 60018; stylus manufactured by 
Ernst F. Weinz WEKA-OHG, 658 Idar, Oberstein-2, Germany. 
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Table I. The GaAs wafers used in this experiment, their surface 
preparation, and oxidation 

Sample No. Surface preparation 

Conditions for anodic oxidation 

Current density Thickness  
J(mA/cm 2) A Comments 

BH-2E/Te 
BH-7F/Te 
BH-6D/Te 
BH-6E/Te 
BH-6B/Te 
BH-6C/Te 
EM-1/Te 

CS-30/Sn 

CS~/Sn  

Wafer  polished by  manufacturer  
Bromine-methanol  polish 

Bromine-methanol polish 

Pi*ch-lapped and polished by man- 
ufacturer 

Bromine-methanol  polish 

1 ~m mechanical  polish fol lowed by 
bromine-methm,ol  polish 

12.5 1600 
10.0 1000 
i0.0 800 
2.0 800 
0.1 800 
0.1 "800 
3.2 2000 
3.2 2000 
5.0 800 
1.0 200 
0.5 200 
0.1 200 
0.i 200 
3.2 2000 
1.O 800 
2.1 2000 
2.1 2000 
0.I 200 
0.i 200 
0.1 200 
2.0 2000 
0.1 200 

Oxide stripped with I:1 NH~OH:H20 

The wafer  was reoxidized after strip- 
ping with 1:1 Nft4OH:H20 

The wafer  was reoxidized after strip- 
ping with 1:1 Nrl,Olt:tf20 

Oxide stripped with 1:1 NH4OH:H~O 
and surface rcoxmmed 

on paper  tape, or pr in ted on a teletype. Depending 
on the roughness of the surface being measured, dif-  
ferent  gains can be used on the Talystep amplifier  
and signal averager  input. Using the m a x i m u m  gain 
on the Talystep, the ins t rument  has a noise equivalent  
to an rms roughness of 1A. To obtain this type of 
sensitivity, the ins t rument  is mounted  on a vibrat ion 
isolation table which in turn rests on a grani te  slab. 
An acrylic plastic box encloses the ent ire  ins t rument  
(excluding the amplifier, control unit, and recorder) .  

Measurements  are genera l ly  made after  the sample 
has become tempera ture  stabilized, and noise gen-  
era ted by the rest  of the equipment  in the laboratory  
is at  a minimum. The ins t rument  is microphonic on 
the most sensi t ive scale and wil l  pick up frequencies  
in the audio range. Thermal  drifts are general ly  l inear  
and can be el iminated f rom the surface statistics 
by put t ing a least squares straight line through the 
measured  data. During stable periods, ins t rumenta l  
drifts are about 10 A/ra in  or less, and drift  rates as 
low as 3 A / m i n  have been obtained. Depending on 
the settings on the signal averager ,  sampling dis- 
tances can be var ied f rom 1.5 ~m to less than 0.06 ~m. 
The la teral  resolution achievable with a stylus pro-  
filing ins t rument  depends on the radius of the stylus 
and the slope of the surface. With a small  surface 
slope, la tera l  resolution much less than the stylus 
radius is possible. The rms slopes of most surfaces 
we have studied are under  1 ~ so that  the la teral  
resolution is of the order  of 0.1 #m when using the 
sharper  styluses. Thus, a sampling distance of 0.06 
~m is adequate  to show all the surface detail  the 
ins t rument  is capable of detecting. 

All  roughness measurements  were  made on center  
areas away f rom edges. An effort was made to measure  
surface areas that  were  representa t ive  of the sample 
studies. On both the oxide and GaAs areas of each 
sample, a 15 ~m and a separate 610 ~m scan were  made. 
On most of the samples an additional set of 3 #m 
scans (10 scans encompassing an area of about 5 • 0.1 
mm 2) were  made. These scans al lowed us to observe 
any var ia t ion across the surface. Genera l ly  speaking, 
the 610 ~m scans represent  the figure of mer i t  of  our 
polished surface;  whereas,  the 15 and 3 ~m scans 
represent  the actual surface roughness. 

Results and  Discussion 
After  measur ing the surface roughness of the first 

six wafers  (the first six entries in Table I), it became 
evident  that  the thickness of the grown oxide and not 
necessarily the current  density, J, of anodization con- 
trolled the result ing surface roughness of the oxide 
and the under ly ing GaAs surface at the GaAs/ox ide  

interface. No noticeable change in surface roughness 
was o~served between the imt ia l  GaAs surface and 
the oxide surface grown on it when the oxide thickness 
was 1000A or less. This was t rue  even for the oxides 
grown at re la t ive ly  large current  densities (10 m A /  
cm 2 or larger) .  

There  was a systematic degradat ion of the surface 
(the surface becoming rougher  on the 3 ~m and 15 ~m 
scale) observed both on the oxide surface and t h e  
under ly ing GaAs/oxide  interface when the oxide was 
grown thicker  than 1000A, even for modera te  current  
densities (3 m A / c m  2 or less). This condit ion of surface 
deter iorat ion continued even af ter  the oxide was 
str ipped with  an ammonia  solution and a new thick 
oxide grown on it. The reverse  of this process was 
observed when  the grown oxide was thin (less than 
1000A), i.e., thin oxides produced smoother  oxide 
surfaces and GaAs/ox ide  interfaces. Moreover,  this 
smoothing process continued after  the oxide was 
stripped, and a new thin oxide was grown on it. The 
str ipping of the oxide with  the 1:1 NH4OH:H20 solu- 
tion did not  deter iorate  the under ly ing  GaAs surface. 

An interest ing application of this smoothing action 
of anodic oxidation of GaAs surfaces is indicated by 
the exper iment  per formed on wafer  EM 1/Te, results 
of which are summarized in Fig. 1. This wafer  was 
polished by the manufac ture r  to a very  fine finish. It  
had a good figure of mer i t  (9A rms surface on the 610 
~m scale) and a very  smooth shor t - range  surface 
roughness rms (2.1A on the 3 ~m scale).  Electron 
diffraction studies showed this GaAs surface to be 
polycrystall ine,  thus indicat ing that  the layers  under -  
lying the surface were  damaged by the polish. This 
damage was revealed  af ter  the first oxide growth. 
Both the oxide surface and the under ly ing GaAs /  
oxide interface (after  oxide str ipping) showed a 
substantial  surface deter iorat ion both in the short-  
and long-range  scale roughness measurements  (point 
A in Fig. 1). Successive oxide growth and str ipping 
removed the crystal  damage. Continued thin oxide 
growth fol lowed by str ipping smoothed the surface by 
a factor of three. A final thick oxide reversed  this pro-  
cess and deter iorated the surface almost  by a factor  of 
four (point B in Fig. 1). Aside f rom the absence of 
crystal  damage, similar  results were  observed on the 
chemical ly polished samples, C5-30/Sn and CS-4/Sn.  

The surface roughness deter iorat ion process ob- 
served in thick anodica l ly-grown nat ive  oxides of 
GaAs may have its origin in the chemical  na ture  of 
the GaAs/ox ide  interface. It  is known f rom Auger  
electron spectroscopy (7) that  this interface is not 
abrupt  but  has a graded composition extending as 
much as 700A in a 2000A thick oxide (7). Most likely, 
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Fig. 1. Average rms surface roughness of GaAs sample EM-1/Te 
on the 15 Fm scan after successive thin (IO00A or less) oxide 
growth and oxide stripping with 1:1 NH4 OH:H20. Points A and B 
indicate the surface roughness after stripping the thick (> IO00A) 
native oxide layers. 

the width of this interface is proport ional  to the thick- 
ness of the grown oxide. We would expect, therefore, 
that  dur ing NH4OH str ipping of the oxide the etch rate 
of this interface is highly nonuniform,  causing addi-  
t ional roughness to occur on the newly  exposed GaAs 
surface. Subsequent  growth of a thick oxide on this 
new surface would replicate the surface roughness. 
Fur ther  s tr ipping would cont inue this process of sur-  
face degradation. For thin oxides (and more abrupt  
GaAs/oxide interfaces),  the action of this nonuni form 
etching rate would be less severe and might  even re- 
verse the process of surface degradation. 

The electron diffraction studies on these nat ive ox- 
ides indicate that, with the exception of sample BH- 
2E/Te, all  oxide films were amorphous even for the 
high current  densities (10 m A / c m  2 and higher) .  No 
polycrystal l ine /3-Ga208 phase was observed as re-  
ported by other workers (5). The oxide on sample 
BH-2E/Te was polycrystalline. Its surface was 
polished by the manufac ture r  of the wafer, and had 
an ini t ial  average rms roughness of l l A  on the 15 ~m 
scale. No at tempt  was made by us to improve the 
qual i ty  of this surface prior to oxide growth. After  
oxide growth, surface roughness measurements  and 
transmission electron micrograph on BH-2E/Te 
showed that  this sample had a much rougher surface 

than  any  of the other samples measured. This seems to 
indicate that  the formation of the polycrystal l ine 
phase (at least for GaAs, having a net  carrier concen- 
t ra t ion of 10 TM cm-3  or larger) dur ing the oxide growth 
is determined pr imar i ly  by the ini t ial  surface rough-  
ness of the substrate ra ther  than the oxide thickness or 
current  densi ty of anodization. 

In  summary,  surface roughness measurements ,  TEM, 
and reflection electron microscopy were made on 
thick nat ive  oxides of GaAs and correlated with oxide 
growth conditions and substrate  surface preparation.  
Results indicate that  the growth of polycrystal l ine 
Ga203 is more a result  of surface roughness than  ano-  
dic growth conditions. The polycrystal l ine oxide sur-  
face is rougher than  the ini t ial  substrate surface. Sub-  
strafe surfaces polished to an  rms finish of 5A or 
bet ter  and anodically oxidized in  an aqueous solution 
give rise to an amorphous oxide film even for large 
current  densities. The shor t - range rms roughness both 
for the oxide surface and the under ly ing  GaAs/oxide 
interface depends more on the thickness of the oxide 
than the current  density of anodization. Successive 
thick oxides (1000A or thicker) grown on polished or 
oxide-str ipped GaAs surfaces show successive deteri-  
orat ion in  the shor t - range  surface roughness. Succes- 
sive th in  oxides (1O0OA or th inner)  reverse this pro- 
cess and act to smooth the oxide surface and the 
under ly ing  GaAs/oxide interface. 
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Room Temperature CVD Process for 
Preparing Boron Diffusion Sources 

K6roly Dobos 
Budapest Technical University, 1521 Budapest, Hungary 

A room tempera ture  CVD method has been devel-  
oped for forming homogeneous layers of boron oxide, 
silicon dioxide, borosilicate, and phosphosilicate glass 
diffusion sources. A procedure suitable for industr ia l  
applications is proposed which is based on a reactor 
developed for this purpose. In  recent  work the prop- 

K e y  words :  coat ing  process ,  diffusion in silicon, diffusion of 
boron ,  silicon devices.  

erties of B2Os x n H20 diffusion source layers have 
been investigated. 

Boron ni tr ide disks are often used to at ta in  maxi-  
mum solid solubil i ty in  the silicon diffusion process 
(1). To satisfy special requirements ,  such as the 
preparat ion of precisely controlled surface concentra-  
tions, the use of silane plus gas phase dopants has 
been used widely, (2-4). Alternat ively,  the simpler 
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l iquid dopant  sources can be used; these are  no rma l ly  
appl ied  to the subs t ra te  by  centr i fuging methods.  The 
method developed by  us combines the advantages  of 
both  of these techniques,  the deposi t ion is going on 
f rom the gas phase,  but  at  room t empera tu r e  and du r -  
ing a ve ry  shor t  time, wi th  the same s impl ic i ty  as 
obta ined  by  the l iquid source method.  

The ha l ide  compounds BBr3 and POCla, f r equen t ly  
used in semiconductor  technology, are  known to be 
r ead i ly  decomposed in the presence of water ,  and the 
hydro ly t ic  react ion goes on spontaneously,  owing to 
the negat ive  charge of free energy.  The react ion veloc-  
i ty  coefficient is gene ra l ly  ve ry  high, pa r t i cu la r ly  in the 
hydrolys is  of BBra. The final product  of react ion is the  
corresponding acid to be used as diffusion source. The 
present  pape r  descr ibes  the, method developed by  us 
which is based on these reactions. 

Exper imental  Equipment  
For  ca r ry ing  out  control led  gas phase hydrolys is  the 

fol lowing equipment ,  shown in Fig. 1, has been devel -  
oped. 

BBrs saturator (Fig. 1A).--In this uni t  n i t rogen car -  
r i e r  gas containing BBr~ is produced.  The ni t rogen has 
to be desiccated to avoid p r e m a t u r e  hydrolys is  in the  
sa tura tor .  The ni t rogen gas genera ted  f rom l iquid  
ni t rogen is adequa te  for  this purpose.  The gas is 
s t r eaming  through  the glass sa tu ra to r  over  the  BBr~ 
surface whi le  i t  is en t ra in ing  BBr8 vapor.  The quan t i ty  
of the carr ied  BBra can be contro l led  by  the t empera -  
ture  and the geomet ry  of the  saturator ,  and by  the 
ca r r i e r  gas flow rate.  

Water saturator (Fig. 1B).--The ni t rogen gas flow- 
ing through this pa r t  of the system is sa tu ra ted  with  
wa te r  vapor  at  a ra te  control led  by  the t empera tu re  in 
the sa tura tor .  

Gas mixing head (Fig. 1C).--The gas mix ing  head is 
p laced in a smal l  enclosure flushed with  ni trogen.  The 
subs t ra te  slices a re  p laced into this closed space 
~hrough a lock by  a s imple  moving mechanism. The 

A. B. C. 

1 I , 
N2 

BBr 3 saturator H20 saturator 

Fig. 1. Schematic drawing of CVD reactor 

N 2 

whole  system can he made  of P lexig las  as well,  since 
the  react ion does not requi re  an e leva ted  tempera ture .  
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Fig. 3. Deposition rate vs .  water concentration 
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Dur ing  the deposi t ion process the fol lowing chemical  
react ions  take place in the gas phase  

2H20 + BBrs-> HBO2 + 3HBr 

HBO,2 -F H20 -* H~BO3 

In addition, some other reactions are possible on the 
surface  of a sil icon slice in the  reac tor  

HBO2(solid) ~- H20--> HARD3 

2IQBOz(solid) + BBr3-~ 3HBO2 + 3HBr 

2H20(on the surface) ~- BBr3 -> HBO2 + 3HBr 

Accordingly ,  on the silicon surface a film of HBO~ and 
IQBO~ mix tu re  wi l l  be deposited.  The composit ion of 
this film depends on the concentrat ion of the mater ia l s  
t ak ing  pa r t  in the  reac t ion  and the geomet ry  of the 
reactor .  The adhesion, the optical,  and morphological  
p roper t ies  of this mix tu re  l aye r  are  more  favorable  
than  those of the pure  HsBOa film. The thickness in-  
creases wi th  the  advancement  of the react ions in the  
gas and on the surface of the  boron acid layer .  I t  would  
be difficult to de te rmine  the g rowth  of the l aye r  by  
calculat ion,  bu t  the  l aye r  thickness is easy to de te rmine  
f rom the in te r fe rence  color of the film, which  can be 
measu red  dur ing  the  deposi t ion process. The resul t ing  
deposi t ion rates,  gas flow rates,  and wa te r  concent ra-  
t ion are  shown in Fig. 2 and 3, respect ively .  

If  the  gas mixing  head is a s imple tube,  as shown in 
Fig. 1, and  the subs t ra te  is not  moved dur ing  the depo-  
sition, the var ia t ion  of the deposi t ion ra te  depends  on 
the dis tance be tween  the gas mix ing  head and the 
subs t ra te  (Fig. 4). 

Examination of the Deposited Layers 
The deposi ted layers  to be used as a diffusion source 

for a smal l  4 X 4 ~m area  have  to be homogeneous  of 

Fig. 6. Curves of thermogravimetry (TG), differential thermo- 
gravimetry (DTG), and differential thermal analysis (DTA) of a 
B203 x n H20 layer. 

max.  0.1 #m or less gra in  size. F igu re  5 shows the l a y -  
ers to satisfy this requirement before diffusion. The 
method of thermal analysis has been applied for testing 
the  wa te r  content  of the boron acid  layer .  The wa te r  
loss of the layers,  tha t  is, the  H~BO3 -> P~O3 conver-  
sion, can be read i ly  fol lowed by  t h e r m o g r a v i m e t r y  
(TG),  different ia l  t h e r m o g r a v i m e t r y  (DTG),  and dif -  
fe rent ia l  the rmal  analysis  (DTA).  Results  a re  shown in 
Fig. 6. The HBO2:H3BO3 rat io de te rmined  f rom DTG 
(from ~n = weight  loss) in Fig. 6 was app rox ima te ly  
1:1. Because of the  smal l  quan t i ty  of ma te r i a l  the  e r ro r  
of the  measurements  was about  •  

Diffusion from the Deposited Layers 
The properties of the B208 x n HfO layer diffusion 

sources from the aspect of the diffusion process differ 
only by their looser structure from those of B20~ layers 
deposited at higher temperature. Therefore they are 
more hygroscopic and they contain more water. Be- 
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Fig. 7. Surface boron concentration in silicon vs. initial oxidation 

time for two different B208 x n H20 thicknesses. 



2526 J. Electrochem. Soc. :  SOLID-STATE SCIENCE AND TECHNOLOGY November  I980 

cause of the i r  looser s t ruc ture  and higher  wa te r  con- 
ten t  they  can be appl ied  in a th icker  l aye r  wi thout  
forming  a so-cal led  "boron skin." In  the diffusion 
furnace  these layers  soften at  about  500~ forming 
B20~ mel ts  s imi la r  to layers  p roduced  by  o ther  me th -  
ods. Diffusion exper iments  have  been pe r fo rmed  wi th  
layers  of var ious  thicknesses on sil icon subst ra tes  at  
l l00~ by first flowing d ry  oxygen  and then  ni t rogen 
th rough  the system. 

The diffusion t ime was 30 min throughout .  The sur -  
face boron concentra t ion calcula ted f rom the I rv in  
curves  vs. in i t ia l  oxidat ion  t ime is p lo t ted  in Fig. 7. The 
layers  deposi ted by  this method were  used for the 
isolat ion diffusion of sil icon b ipolar  in tegra ted  circuits 
and for special  diffusions in opto-e lec t ronic  devices. 

Summary 
A room t empera tu re  CVD method has been devel -  

oped for producing  B203 layers  and layers  for sil icon 
diffusion sources. The proper t ies  of B203 x n H20 

diffusion source layers  have been invest igated.  F r o m  
the aspect  of appropr ia t e  surface concentra t ion these 
layers  are  equiva len t  to B203 layers  produced at  a 
h igh tempera ture .  

Manuscr ip t  submi t t ed  O c t  3, 1977; revised m a n u -  
script  received May 23, 1979. 

A n y  discussion of this pape r  wi l l  appea r  in a Dis-  
cussion Section to be publ ished in the  June  1981 
JOURNAL. Al l  discussions for  the June  1981 Discussion 
Sect ion should be submi t ted  by  Feb. 1, 1981. 
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Anion Effects in the Stress-Corrosion Cracking of 
Copper and Brass 

R. C. Newman* and G. T. Burstein** 
Department of Metallurgy and Materials Science, University of Cambridge, Cambridge, ~ngIand 

Recently the stress-corrosion cracking (SCC) suscep- 
tibility of an admiralty brass has been studied in neu- 

tral electrolytes using slow s~:rain rate and controlled 

potential (I). Transgranular SCC was observed in ~.!any 

electrolytes, and occurred most rapidly in ~le follow- 
ing order of severity with respec< to anion: 

NO~>NO~>CI0~. Subseguently transgrai~ular SCC of slowly 

The preliminary experiments described above highlight 

a possible role of anions which act both at cathodic 

reactants (NO 2 + 7H + + 6e-= NH~ + 2H20 ; 
CI03 + 6H T + 6e-= C1 ~ 3H20) and as sources of 

compleyants (Cu + 2kq{~ = Cu(kql3)2 -~ e-; 

Cu + 2CI- = CuCI 2 ~ e- (5). The specificity of such 

processes to i~]e bare surface may provide an additional 

{ 
strained copper was observed in aerated IM NaNO 2 solu< 

tion at open circuit (2), an plesent the only unan~ig- 

uous instance of zransgranular SCC in a pu_~-e metal .The 

present com_munication attempss zo account for the sev- 

erity of these anion effects. 
Many copper alloys undergo SCC in ammoniacal environ- 

meats. The Fxozency of ammonia is associaied with its 

ability to form stable soluble complexes with Cu (I) (3). 

In SCC of col)per alloys, the rate of cracking is pro- 

bably controlled bY dissolution at bare meted surfaces. 

Loca!isation of the attack is ensured by a stable film 

on t]~e crack walls (3) , and the mosz severe cracking 

generally occurs when the repassivation of bare metal 

is slow but ultimately complete. Tl~e open circait 

potential of cracking of copper in IM NaNO 2 is 
+160-190 nf$ (nhe) (2): in this range the reaction 

Cu = Cu(II)(aq) + 2e-would rapidly approach equili- 

brium witJ~in the confines of a crack whethex the sol- 
uble species is taken as cuP+(aq) (4) orCt~NO,~ (aq) (5). 

Thus the possible production of am~nonia during the 
bare surface reaction has been investigated, as ~his 

would enable cracking no proceed by dissolution of 

copper as Cu(I) (aq) (3). Tlne behaviour of CIO~ at 
bare copper and brass surfaces has also been exeinined. 

Abrasion at open circuit was used together with 

qualitative and quantitative electrolyte analysis. 

Rods of copper and ~-brass were abraded by hand for ~2 
lain in 6 ml pools of electrolyte lying on ~20 grit 

emery paper, or immersed for 24 h without abrasion. 

Control electrolyte samples were obtained by abrading 

in doubly distilled water and by sampling tlle original 

electrolyte. The solutions used were high purity 

IM NaNO2, NaNO 3 and NaC103. After ~Corasioll tkle elec- 
trolytes were filtered an(] tested quantitatively for 

ammonia using Nessler's reagent (6) and a set of stan- 

dard NH 3 solutions, or qualitatively for C1 using 

acidified AgNO 3 solution. Both copper and brass pro- 

duced high levels of a~monia from NaNO 2 and somewhat 
lower levels from NaNO 3. For the Cu/N02 s!ste,n, 500 
single scrapes of a 0.2 cm 2 ares produced ~i0 -5 moles of 

NH 3 - even with a roughness f~ctor of !0 for the rod 
and filings, this represents ml0 -8 moles NH 3 per cm 2 of 

bare surface, or ~5 monolayers of Cu dissolved as 

Cu(NH3) ~. The process is therefore qui~:e efficient. 

All control tests ~,,ere negative for these solutions, 

and similar results were obtained by amrading with s 

sapphire blade. In NaCl03 significantly liigher levels 

of C1 were detected after abrasion of bo~h metals t/nan 

before : c~ude quantitative comparison suggested a 
somewhat less efficient reduction of the anior, in this 

case. 

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

Iocalisation of attack which in the case of Cu/NO 2 is 
sufficient, and perhaps necessary, to cause SCC of a 

pure metal. Anions which complex directly (e.g. CI-) 

may well cause blunting of incipient cracks in pure mec- 

als but can cause SCC in alloys owing to additional fea- 
tures such as dealloylng, coarse slip and grain boundary 

chemical heterogeneity. E%le Cu/NO 2 system is particular- 

ly favourab]e in that the open circuit potential lies in 

a potential range where the metal is in a borderline 

state of passivity ; this r~ay be another necessary con- 
dition for SCC %o occur in a pure metal. The bare sur- 

face will undergo a negative pulse of potential in the 

presence of s local cathodic reactant, wilether or not 

the potenti~l is externally controlled, particularly in 

brass where transient dezincification current densities 
of >i0 A cm -2 are possible (7) and must lead to large 

ohmic potential changes : this in itself will er~ance 

the reduction of the anion to the aggressive complexent. 

It is sighificant that Devardas' alloy {Cu-45A1--5Zn] ~s 

used in analytical chemistry to reduce N02 quantitatively 

to NH~. Prediction of otl~er pure metal - enviroru~ent 

combinations likely to exhibit SCC is in progress. 

References 

i. A. Kawashin~.a, A.K. Aqrawal and R.W. Staeh!e, 

Prec. Conf. 'Stress-Corrosion Cracking - the Slow 

Strain-Rate Technique', Toronto i977, p 266. 

ASTM (1979). 

2. S,P. Pednekar, A.K. Agrawal, H.E. Chaung and 

R.W. Staehle, J. Electrochem. Soc. 126, 701 (1979). 

3. T.P. Hoar and G.P. Rothwell, Electroehim. Acts 15, 

1037 (1970). 

4. M. Pourbaix, 'Atlas of E]ect:coch~aical Equilibria 
in Aqueous Solutions', p.386. Pergs]son Press, 

London (1966) . 

5. 'Stabi]Jty Constants'. Chem. Scc. Special Publica- 

tion no. 17. 'tqne Chemical Society, London (1964). 

6. A.I. Vogel, 'Quantitative Inorganic Analysis', 

pp 306, 699. Longmans, Green & Co., London (1943). 

7. R.C. Newman and G.T. Burstein, Cortes. Set. 

(J980, in press). 

Acknowledgement 

F~nancial support to R.C.N. from the British Petroleum 

Company Ltd. is gratefully acknowledged. 

Manuscript received April ii, 1980. 

Publication costs of this article were 
assisted by the University of Cambridge. 

2527 



Analysis of the Gases Evolved 
during the Pitting Corrosion 

of Aluminum in Various Electrolytes 
C. B. Bargeron and R. C. Benson 

The Johns Hopkins University, Applied Physics Laboratory, Laurel, Maryland 20810 

This paper contains a preliminary report 
of the composition of the gases evolved during 
the p i t t ing corrosion of aluminum in aqueous 
electrolytes containing respectively KCI, 
KSCN, or NaNO.. We believe the rather sur- 
prising resul~s wi l l  bear posi t ively on under- 
standing p i t t ing mechanisms and reactions. 
F i rst ,  each electrolyte has a unique set of 
gases. Second, using a l i gh t  microscope ( I ,  
2), i t  was observed in each system that the 
gas evolution begins when the potential is 
increased above the p i t t ing potent ial ,  E_, and 
ceases when the potential is decreased b~low 
~ i l  E has been determined to be about -0.8 V 

pBtentials are referred to the saturated 
calomel electrode) for 1M CI- electrolytes by 
many investigators (e.g.,  3-5). Galvele, et 
al have published p i t t ing potentials of about 
1.46 V and 0.96 V for 1M NaNO 3 and 1M KSCN, 
respectively (6, 7). Kaesche has observed 
that gas evolution occurs only above EQ for 
chloride electrolyte (8). Bargeron and Givens 
have observed b l is ter  formation, which 
requires gas production at the oxide-metal 
interface, as a step in the breakdown of the 
passivating oxide in chloride solutions ( I ,  
2). As wi l l  be shown, the gases evolved from 
the NO~ and SCN- electrolytes can only be 
expJained by direct reaction of the anion with 
the metal. These results may also imply that 
CI- reacts d i rec t ly  with the metal. 

The aluminum used for observations under 
the l igh t  microscope was 0.25 mm thick discs 
of pur i ty 99.999 percent. The discs were 
placed in an electrode holder as described 
previously ( I ,  2). For the gas col lect ion,  
aluminum of pur i ty 99.99 percent was machined 
into a cyl inder about 1 cm high and 1 cm in 
diameter. Samples were degreased in acetone 
and pickled br ie f ly  in 1N NaOH. The samples 
used in the gas analysis experiments were 
screwed onto a Teflon holder which sealed the 
electr ical  connections from the electro lyte.  
Deionized water of r es i s t i v i t y  18 M~-cm and 

Key words: gas evolution, p i t t ing mechanism, 
p i t t ing reactions, aluminum 

A.C.S. reagents (highest pur i ty available) 
were used to prepare electrolytes. The 
electrolytes were deaerated with high pur i ty 
argon before gas col lect ion. The gas col lec- 
t ion apparatus (a glass tube with a bel l -  
shaped piece on the end) was evacuated and 
f i l l ed  with e lectro lyte.  The evolved gases 
displaced the electro lyte in the tube, and 
I-2 cm 3 of gas was collected. Before enter- 
ing the gas analyzer (VEECO Model SPI-IO), 
the gases passed through a trap at -50~ 
(alcohol and dry ice) to remove water. After 
an experiment the trap was warmed to room 
temperature, and gases from i t  were analyzed. 
Only water was detected from the trap. 

The sample potential was potent iostat i -  
cal ly control led. The reference electrode 
was a saturated calomel electrode connected 
by a bridge of the electrolyte through a 
Luggin capi l lary placed about 1 mm from the 
sample surface (the O.D. of the capi l lary was 
also about 1 mm). 

The mass spectrum of the gas collected 
from p i t t ing aluminum at a potential of 1.5 V 
in 1M KCI is shown in Figure la. The spec- 
trum shows the presence of H  ̂ and the deaera- 

, . Z t 

t ion gas Ar whlch is always present (Ar at 
m/e = 40 and Ar ++ at m/e = 20, where m/e is 
the mass-to-charge ra t io) .  Potentials 
between -0.5 V and +1.5 V were investigated. 
The gas evolution increased with increasing 
potential (increasing current). For al l  
potentials above Em, only Ha and Ar were 
detected. This is"a surprlslng resul t  since 
hydrogen production via the normal route of 
2H + + 2e § H~ should be impossible at an 
anode potential of 1.5 V. Oxygen production 
(via 2H20 § 02 + 4H + + 4e) is to be expected 
at this potential as assumed by others 
investigating p i t t ing  corrosion (9, I0). How- 
ever in al l  cases 02 was not observed above 
the weak background signal. Pickering and 
Frankenthal ( I I )  also observed hydrogen evolu- 
t ion at controlled high potentials ( I .2 V) 
during the p i t t ing corrosion of iron and 
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stainless steels. Their explanation includes 
a high-resistance path result ing from a con- 
s t r i c t ion  in the p i t  caused by a gas bubble. 
Using a microelectrode they also measured 
much lower potentials within the p i t .  

The mass spectrum of the gas collected 
from p i t t ing  aluminum in 1M KSCN at a poten- 
t i a l  of 1.2 V is shown in Figure lb. The main 
components were H 2 and CH 4 (see Figure Ic for 
the cracking pattern of CH 4) with weaker peaks 
at 28, 32, 33, and 34 m/e. ( I t  should be 
noted that the background signal was negl ig i-  
ble at this sens i t i v i t y . )  The d is t inc t ive 
odor of H S was present, and qual i tat ive anal- 
ysis of t~e solution af ter p i t t ing  was posi- 
t ive for sulf ide (13). Hence, the 32-34 m/e 
peaks are probably due to the small amount of 
H2S that escapes the water. The 28 m/e peak 
could be ei ther N 2 or CO. 

In Figure Id the mass spectrum from 
gases evolved from p i t t ing aluminum in 1M 
NaNO 3 at a potential of 2.0 V is shown. In 
this case the gases are p, N 2, NO, and a peak 
at 44 m/e ( l i ke ly  N20 ). HDe Wexler and Galvele 
have previously noted br ie f ly  that gas is 
evolved during p i t t ing  in n i t ra te solutions 
and that the main component determined by gas 
chromatography was nitrogen. However, no 
further detai ls are given (7). Adams, Eagle, 
and Foley have detected ammonia in mixtures of 
CI-/NO~ electrolytes in general corrosion 
tests {no potential control)(13). Qualitat ive 
analyses for NH~ (12) in solution were posi- 
t ive.  Ammonia is not present in the mass 
spectrum presumably because i t  is highly solu- 
ble in water. 

The above results in which gas is 
evolved only at potentials above Ep strongly 
suggests that gas evolution is int imately 
involved in the p i t t ing  process. The mecha- 
nism by which these gases are formed is not 
known, but the fact that CH 4, H2S, N 2, NO, and 
NH 3 are produced indicates that SCN- and NO~ 
must interact  d i rec t ly  with the metal. Fur- 
thermore, in the SCN- and NO~ electro lytes,  
gas evolution only occurs abSve the p i t t ing  
potentials of about +0.96 V and 1.46 V, 
respectively. Yet, in these instances there 
is concomitant H  ̂ production which requires a 
much lower potent ial .  Thus, i f  H 2 is formed 
in the usual way, the potential dlfference 
across the e lec t r i f ied  interface which con- 
t ro ls  the rate of the electrodic reaction (14) 
must f luctuate because of bubble constr ict ion 
( I I ) ,  even though the potential on the metal 
is constant. 
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Figure 1 

Mass spectra of the gases evolved during the 
p i t t ing corrosion of aluminum under the 
conditions indicated: a) 1M KCI at a poten- 
t ia l  of 1.5 V, b) 1M KSCN at a potential of 
1.2 V, c) cracking pattern of methane, and 
d) 1M NaNO 3 at a potential of 2.0 V. 
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Regarding the metal-anion interaction, 
intermediate species may form which lead to 
gaseous products and metal dissolution. For 
example, in the pitt ing of aluminum in chlo- 
ride solutions, aluminum chloride species 
have been proposed as intermediates (15, 16) 
which then hydrolyze. Similarly, during pi t -  
ting in other solutions aluminum carbide, 
sulfide, or nitride species may be formed 
which then hydrolyze to CH~, H2S, and NH3, 
respectively. (See Handbook of Chemistry and 
Physics.) Since these intermediate species 
are unstable in water, they would necessarily 
be formed on the metal surface which could 
provide some stabi l izat ion. 

I t  should be noted that even the highest 
purity reagents that are commercially avail- 
able contain chloride impurity. Therefore, i t  
is possible that this Cl- contaminant is 
involved in the H 2 production in the SCN" or 
NO~ electrolytes. Experiments are being con- 
dusted to determine i f  trace amounts of 
chloride are significant. 

In summary, the results reported here 
indicate that pitt ing of aluminum is accom- 
panied by evolving gas which has a composition 
dependent on the anion and that a primary step 
in the pitt ing mechanism involves a direct 
interaction of the anion with the aluminum. 

I0. K. Videm, Kjeller Report, KR-149, 
Inst i tu t t  for Atomenergi, Kjeller, Nor- 
way, 1974. See especially p. 59, second 
column, the f i r s t  ful l  paragraph. 
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Cyclic Voltammetric and Spectroscopic Studies of SOCI2 Solutions 
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The lithium-thionyl chloride (Li/SOCI2) 
battery has the highest energy density of any 
known electrochemical system today '(1-2). The 
solvent thionyl-chloride is also the cathode 
active material and this battery system has 
the potential for applications needing high 
rate discharge. Though the overall cell reac- 
tion is known to some extent, there is very 
little information on the reaction intermed- 
iates and the chemical reaction(s) following 
electrochemical reaction during the cell dis- 
charge process (3-6). The Li/SOCIo battery 
has shown a tendency to explode under a varie- 
ty of conditions such as short circuit, forced 
over discharge and resistive load overdis- 
charge (3,4,6). It has been postulated that 
during the discharge of SOC12, the radical 
SO is formed according to SOCI 2 + 2Li § 
SO + LiCI and SO may dimerize and then decom- 

pose to S and SO2(7 ). 2S0 § (SO) 2 § SO 2 + S. 
There is no definite experimental evidence for 
the formation of SO during electrochemical re- 

duction and the following chemical reaction. 
This paper presents cyclic voltametric 

data on SOCI 2 carried out as a function of 
SOCI 2 concentration and scan rate in different 
aprotic organic solvents such as dimethyl- 
sulfite (DMSI), dimethylformamide (DMF) and 
acetonitrile (ACN) with lithium aluminum 
chloride and tetrabutylammonium hexafluoro- 
phosphate as supporting electrolytes. The 
cyclic voltammetric data have been treated 
using the diagnostic criteria of Nicholson 
and Shain (8) and the plots of current func- 
tion versus voltage sweep rate are consistent 
with an irreversible charge transfer followed 
by chemical reaction. Studies have also been 
carried out using constant potential electro- 
lysis and ultraviolet spectroscopy of solu- 
tions of SOCI 2 in acetonitrile with 0.1M 
tetrabutylammonium hexafluorophosphate. 

E_xperimental Procedure.--The cyclic volt- 
ammetry and constant potential electrolysis 

* Electrochemical Society Membe~ 
Key words: Lithium battery, Thionyl chloride, 

cyclic voltammetry, chemical 
reactions 

were carried out in a three compartment cell 
with fritted disc separator using a PAR 173 
potentiostat/galvanostat and PAR 175 univer- 
sal programmer and PAR 179 digital coulometer. 
The working electrode was glassy carbon, the 
counter electrode was platinum spiral and the 
reference electrode was lithium. The solvents 
DMF and ACN were Burdick and Jackson distilled 
in glass. The solvent DMSI was Eastman Kodak. 
All these solvents were redistilled using Per- 
kin Elmer Spinning band column and the water 
content was found to be between 50 and 70 ppm 
as determined by an aquatest. Spectroscopic 
measurements were carried out using Beckman 
spectrometer. The supporting electrolytes 
were dried under vacuum and ~ighed inside a 
drybox. All experiments were carried out 
under dry and inert conditions. 

Results and Discussion.--The cyclic volt- 
ammograms of 40 mM SOCI 2 in DMF containing 

0.1M (C4H9)4NPF6 and i0 mM SOCI 2 in DMSI con- 
taining 0.1M LiAICI 4 are shown in Figures 1 
and 2 respectively. Similar voltammograms 
have been obtained with different concentra- 
tions of SOCI 2. In the case of SOCI 2 reduc- 
tion in DMSI with 0.1M LiAICI4, there are 
three reduction peaks, peak I at 2.5V, peak 
II at 2.25V and a small peak III around 1.5V 
VS Li. On increasing the scan rate to 
200mV/sec the peak at 2.5V becomes the shoul- 
der of the large peak at 2.25V and the peak 
positions shift to more negative values. In 
the case of SOCI 2 reduction in DMF with 0.1M 

(C4H9)4NPF6, at slow scan rates, there are 
three peaks, one around 2.5V, the major peak 
around 2.1V and a small peak around 1.5V vs 
Li. Similar voltammograms are observed for 
SOCI~ reduction in acetonitrile with LiAICI 4 
and ~C H9) NPF supporting electrolyte. The 4 4 6 
reduction peaks I and II observed in these 
solvent systems are due to diffusion con- 
trolled processes as they show a linear rela- 
tionship between the cathodic peak current 
versus square root of the voltage scan rate. 
The peaks I and II can be attributed to the 
two step reduction of SOCI 2 and the third peak 
around 1.5 can be attributed to the reduction 
o f  SO 2 . 

2531 
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A detailed mathematical analysis of the 
shape of the voltammograms for reversible and 
irreversible electrochemical reactions, pre- 
ceded or followed by chemical reactions is 
given by Nicholson and Shain (8). One of the 
diagnostic criteria proposed by these authors 
is a plot of the current function ~p 

nAFD~ �89 * 

against the voltage sweep rate V, where i D is 
the peak current, D is the diffusion coeffi- 
cient, V is the voltage scan rate and C is 
the concentration of SOCI 2 and N is the num- 
ber of electrons transferred. F is the Fara- 
day constant and A is the area of the working 
electrode. For uncomplicated charge transfer 
reactions such as reversible and irreversible 
charge transfer processes, horizontal straight 
lines are obtained (8). However, the plots 
of current function versus the voltage sweep- 
rate for all the solutions studied in differ- 
ent solvents with different supporting elec- 
trolytes show that the reaction mechanism is 
consistent with results for an irreversible 
charge transfer followed by catalytic chem- 
ical reactionk(Figures 3,4,5) (8). 

0+neaR 
k 
f 

R+Z§ 
Similar relationships have been found for 

different concentrations of SOCI 2 in DMF and 
DMSI containing 0.1M supporting electrolytes 
such as tetrabutylammonium hexafluorophosphate 
and tetrabutyl ammoniumtetrafluoroborate. 

The ultraviolet spectrum of a freshly 
prepared solution of 0.1M tetrabutylammonium 
hexafluorophosphate in acetonitrile (UV grade) 
containing 5 mM SOCI 2 shows two medium inten- 
sity peaks at 232nm and 202nm. This solution, 
when left standing for several hours in the 
drybox, a new peak appears at 281nm whereas 
the peak at 232nm disappears and the peak at 
202nm remains unchanged. On electrolyzing the 
solution using platinum electrodes at 1.75V 
vs Li the potential past the second reduction 
wave till most of SOCI 2 has been used up and 
examining the UV spectrum of the electrolyzed 
solution, three peaks are observed, a shoulder 
of medium intensity at 291nm, and two intense 
peaks, one at 256nm and the other at 202nm. 
The new high intensity peak at 256nm can be 
attributed to a new compound formed during 
electrolysis. Solutions of O.IM tetrabutyl- 
ammonium hexafluorophosphate in acetonitrile 
containing small amounts (-~5mM) of sulfur, 
sulfur monochloride ($2C12), Sulfur dichloride 
(SC12) and sulfurylchlbride (S02C12) were 
studied by UV spectroscopy. The solution 
containing sulfur shows four peaks, two medium 
intensity peaks at 277nm and 263nm and two 
high intensity peaks at 222.5nm and 206.5nm. 

The solution containing $2CI 2 shows three 
peaks, two medium intensity peaks at 262.5nm 
and 201nm and a weak intensity peak at 305nm. 
The solution containing SCI 2 shows three 
peaks of medium intensity at 256nm, 242.5nm, 
and 202nm. The solution containing SO CI~ 9 i 
shows three intense peaks at 281nm, 23~nm~ 
and 214nm. The absorption spectra of the 
vapors of SC12, $2CI 2, SOCI 2 and SO2CI 2 have 
been investigated in the visible and ultra- 
violet regions (9). In the case of SCI 2, 
there are two absorption peaks in the UV 
region appearing at 228nm and 261nm whereas 
$2CI 2 shows one absorption peak appearing at 
258nm. SOCI 2 shows one absorption peak at 
245nm and SO2CI 2 shows a continuous peak from 
260nm to 108.6nm. These peak positions ob- 
served for the vapor state will be shifted 
generally to lower wavelength in solutions. 
The new medium intensity peak appearing at 
256nm in electrolyzed solution of SOCI 2 can 
be attributed to the chlorides of sulfur SCI 2 
and/or $2CI 2 produced during electrolysis. 

The two step electrochemical reduction 
of SOCI 2 in solutions of organic aprotic 
solvents such as DMSI, DMF and ACN can be 
explained in terms of donor-acceptor approach. 
The ions and neutral species generated during 
electrochemical reduction process are expect- 
ed to be stable in solvents of high donor 
strength. 

The Donor Number (DN) of a solvent is a 
measure of the donor properties of the sol- 
vent and is defined as the numerical value 
of the heat of adduct formation between the 
donor molecule and the reference acceptor 
SbCI5, in dilute 1,2-dichloroethane Solution 
(IO). The Acceptor Number (AN) of a solvent 
is the ratio of the 31p NMR Chemical Shift 
of triethylphosphine oxide (Et3PO) in the 
solvent to that of i:i SbCI 5 EtRPO in 1.2 
dichlorethane multiplied by-100-(ll-12). 

The 'Donor Numbers' (DN) of thionyl- 
chloride, acetonitrile and dimethylformamide 
are 0.4, 14.1, and 26.6 and dimethyl sulfite 
is expected to show medium donor properties 
in comparison with the donor number of 15.3 
for ethylene sulfite (i0). Therefore, SOCI 2 
is expected to form a donor-acceptor type 
complex with the aprotic solvents studied. 
A possible mechanism for the two step elec- 
trochemical reduction of SOCI~ followed by 
chemical reaction can be written by the fol- 
lowing reactions: 

supporting _ 
SOCI 2 + (org-solvent)n electrolyte- 

(org-solvent)~'SOCl 2 

(solvent)~'SOCl 2 + e 
(solvent)D'SOCl + CI- 
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(solvent)N-SOCl + e 
(solvent)H-SO + CI- 

(solvent)N'SO 
�89 2 + �89 + ~solvent 

This kind of exothermic chemical reaction 
taking place following electrochemical charge- 
transfer process in Li/SOCI 2 battery may be 
important in relation to safety problems. 
Detailed investigations are in progress and 
will be reported in future papers. 

~cknowledgemgnt.--The author thanks 
D. J. Saathoff for technical assistance. 
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ABSTRACT 

Electroanalytical methods have been employed to investigate the c a t h o d i c  
deposition of Cd(OH)2 on a nickel substrate from Cd(NO3)2 solution. Evi-  
dence for two distinctly different deposition products is given, depending on 
the potential of the deposition. At potentials positive of --0.6V vs. SCE a gray 
noncrystalline form of Cd(OH)2 appears to be deposited on the nickel sub- 
strate,  presumably via a precipitation mechanism using the O H -  that  is 
eiectrogenerated in the reduction of NOa-. At potentials negative of --0.8V vs .  
SCE, a black precursor to Cd(OH)~ is deposited. This black mater ial  forms 
at the same potentials as one of the further reduction processes of NO3- and 
NO2- that is reported herein; hence, it is believed to involve a cadmium com- 
plex of a nitrate reduction product. X- ray  diffraction studies indicate that 
either of these materials is readily converted to crystalline hexagonal Cd(OH)2 
during the electrochemical formation process. However, since the gray mate-  
r ial  is deposited with minimal concurrent gas evolution or metallic cadmium 
deposition, its uti l i ty in achieving high Cd(OH)2 loadings of a uniform 
material  within the pores of nickel plaque mater ial  is stressed by this work. 
When low current densities (0.2 A/in. 2 plaque) are employed (such that  the 
potential of the nickel substrate never becomes more negative than --0.65V v s .  
SCE) in the deposition; a high loading is achieved of a uniformly distributed 
product that requires no formation to reach maximum capacity. This work is 
supported by a series of scanning electron micrographs of impregnated plaque 
material. Some voltammetric evidence is presented that  indicates somewhat 
reversible hydrogen adsorption on the negative cadmium-impregnated nickel 
electrode during overcharge. 

The manufacturing methods for the cadmium elec- 
trodes used in alkaline cells which have been reported 
in the patent l i terature generally fall into two cate- 
gories; vacuum deposition or electrochemical impreg- 
nation. In either method, porous (>75%) nickel plaque 
material  is employed as the electrode substrate. In the 
former method, the nickel plaque material  is placed in 
a chamber and the chamber is evacuated. A cadmium 
salt solution is then allowed to flow into the chamber 
so that the plaque becomes immersed within it. The 
soaked plaque material  obtained in this manner is re-  
moved from the chamber and immersed in an a l k a l i n e  
solution to precipitate cadmium hydroxide within the 
pores. This process is sometimes repeated to achieve 
higher Cd(OH)2 loadings than would be possible in a 

* Electrochemical Society Active Member. 
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single vacuum deposition cycle. In the la t ter  m e t h o d ,  
a cadmium salt solution is reduced at the nickel plaque 
electrode to produce hydroxide ion which, in turn, 
precipitates cadmium hydroxide within the pores of 
the plaque material. Electrodes prepared by this single 
immersion process are generally less expensive than 
those prepared by the time-consuming vacuum depo- 
sition process, and they often exhibit  superior per-  
formance characteristics with respect to cycle life and 
fading. However, the results obtained with electro- 
chemically impregnated cadmium electrodes are not 
consistent and appear to be highly dependent on the 
experimental  variables employed during the impreg-  
nation. These variables include the properties of the 
plaque material  (thickness, porosity, and pore struc- 
ture),  the properties of the cadmium salt solution 
(composition, concentration, pH, and temperature) ,  a n d  

2535 



2536 J .  E~ec t rochem.  Soc.:  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  D e c e m b e r  1980 

the e lec t rochemical  pa rame te r s  (appl ied  voltage,  cur -  
ren t  density,  and  t ime of e lect rolysis) .  A recent  rev iew 
(1) provides  a compila t ion of some studies of these 
var iables  which have been unde r t aken  b y  ba t t e ry  
manufac turers .  The basic e lec t rochemis t ry  of the  ca th-  
odic deposi t ion of cadmium hydrox ide  has not  received 
much at tent ion,  even though this deve loped  pa ten t  
l i t e ra tu re  exists  and  emphasizes  var ious  control  condi-  
tions of the cathodic process for  n ickel  and  cadmium 
electrodes [ (1), and  references  contained there in] .  
This s tudy was under taken,  then, to provide  this fun-  
damen ta l  e lec t rochemical  in format ion  about  the  cad-  
mium process using the techniques tha t  were  employed  
in this l abo ra to ry  dur ing  a recen t  inves t iga t ion  of the 
n ickel  process (2). Nickel  microelec t rodes  were  ca th-  
odized under  cont ro l led  poten t ia l  condit ions to s tudy 
the  deposi t ion process under  var ious  cadmium solu-  
t ion environments .  Some cadmium hydrox ide  elec-  
t rodes p r e p a r e d  in this manne r  (e i ther  by  vo l t am-  
m e t r y  or  ch ronoamperomet ry )  were  also subjec ted  to 
charge-d i scharge  studies in 32% KOH. The infor -  
mat ion  gained f rom these studies indicates  that ,  even 
though the cadmium process is somewhat  more  com- 
p l ica ted  than the n ickel  process, the condit ions for 
deposi t ion m a y  be cont ro l led  to produce cadmium 
electrodes tha t  have consis tent ly  h igh  ut i l iza t ion char -  
acterist ics  wi th  m i n i m u m  surface bui ldup.  Because a 
thorough under s t and ing  of the mechanism of cathodic 
deposi t ion of cadmium hydrox ide  is necessary  to con- 
t rol  these condit ions proper ly ,  the e lucidat ion of this 
mechanism which  follows is be l ieved to be essent ia l  
to the fu r the r  deve lopment  of e lect rode fabr ica t ion  
technology. 

Exper imental  
A Pr ince ton  App l i ed  Research  Model  170 Elec t ro-  

chemical  Sys tem (PAR)  was used in al l  e lec t rochemi-  
cal studies;  d ig i ta l  chronocoulometry  exper iments  were  
car r ied  out  using this in s t rument  in conjunct ion wi th  
a H e w l e t t - P a c k a r d  Model  2401C In tegra t ing  Vol t am-  
eter. Al l  e lect rochemical  exper iments  were  conducted 
in quiescent  dea rea ted  solut ion contained in a covered 
400 ml beake r  under  a ma in ta ined  a tmosphere  of 
helium. The pH of the solut ion was contro l led  by  
adding  the r equ i red  amount  of the acid of the cadmium 
sal t  employed  in the  exper iment ;  no buffers were  used. 
The nickel  work ing  e lect rode and sa tu ra t ed  calomel  
reference  e lect rode (SCE) used in these studies have  
been descr ibed p rev ious ly  (2). A 1.0 • 15.0 cm s t r ip  of  
cadmium was used as the  counterelect rode.  In  some 
exper iments  a cadmium work ing  e lect rode was used; 
this was made  by  imbedding  a s t r ip  or  wire  of the 
des i red  meta l  in a sheath  of Luci te  or  Teflon to form 
a microe lec t rode  of a rea  less than  0.1 cm~. 

X - r a y  diffraction pa t te rns  were  obta ined  using a 
Phi l ips  XRG-3000 di f f rac tometer  employ ing  Ni-f i l -  
t e red  CuKa rad ia t ion  a t  a typical  20 scan ra te  of 1~ 
rain. Samples  for these x - r a y  studies were  p repa red  
e lec t rochemica l ly  on a 1.0 • 2.5 cm nickel  foil tha t  
was used in place of the n ickel  microe lec t rode  for this  
purpose;  a cor respondingly  l a rge r  countere lec t rode  
was employed  wi th  this n ickel  foil  work ing  electrode.  

Scanning e lec t ron  micrographs  were  ob ta ined  for  
cadmium electrodes which  had  been p r e p a r e d  b y  im-  
p regna t ing  s in tered  nickel  p laque  ma te r i a l  using the 
deposi t ion technique that  was suggested as a resul t  of 
the microe lec t rode  studies. (This method  is out l ined 
below.)  The ETEC Scanning Elect ron Microprobe  tha t  
was used for this purpose  was equipped  wi th  a Kevex  
5100C Ana lyze r  for  the x - r a y  energy dispers ive  ana ly -  
sis used to de te rmine  cadmium and n ickel  content  
Go ld -pa l l ad ium spu t te red  samples  were  employed.  

Results and Discussion 
In a p r e l im ina ry  a t t empt  to e lucidate  the mechanism 

of cadmium hydrox ide  cathodic deposition, cyclic 
v o l t a m m e t r y  studies of 1M KNOB solutions in  the 
presence and absence of 2M Cd(NOa)2 were  ca r r i ed  

out a t  control led  pH using both  nickel  and  cadmium 
microelectrodes.  The resul ts  of these p r e l im ina ry  
studies at  a n ickel  e lect rode are  shown in Fig. 1. The 
upper  mul t i scan  vo l t a mmogra m shows the processes 
tha t  take place  in a solut ion containing both cadmium 
and potass ium n i t ra te  when  the e lect rode poten t ia l  is 
scanned in a negat ive  direction,  reversed,  and  re-  
versed again;  the lower  (background)  curve shows at  
the same sens i t iv i ty  those processes tha t  occur in the  
absence of Cd(NOs)~. F r o m  this vo l t ammet ry  i t  is 
clear  tha t  the par t i c ipa t ion  of the cadmium ion is nec-  
essary  for  the  e lec t roac t iv i ty  exh ib i ted  in  the  upper  
graph.  The most  p rominen t  f ea tu re  of this  e lec t roac-  
t iv i ty  is the large  reduct ion  wave  a t  --0.63V vs. SCE 
that  is obta ined  only dur ing  the in i t ia l  negat ive  scan. 
P laus ib le  causes for this wave  include the reduct ion  
of Cd +2 to e lec t ropla te  meta l l ic  cadmium on the 
n ickel  surface or  the  reduct ion  of a solut ion species 
to l ibera te  O H -  in the  presence of Cd +2 to p rec ip i t a te  
a cadmium hydrox ide  on the e lect rode surface;  ev i -  
dence presented  be low indicates  tha t  the  l a t t e r  ex-  
p lana t ion  is correct.  When  this por t ion  of the sweep 
is fol lowed by  a fu r the r  po ten t ia l  excurs ion into the 
background  reduct ion process for  the  n i t ra te  solut ion 
and then reversed,  a second reduct ion  process is ob-  
served  at  --0.62V vs. SCE dur ing  the reverse  scan. 
Evidence presented  be low indicates  tha t  this wave  is 
due to the reduct ive  fo rmat ion  of meta l l ic  cadmium 
from some cadmium oxide or  hyd rox ide  tha t  was de- 
posited on the e lec t rode  surface dur ing  the fo rward  
scan. This content ion is suppor ted  by  the observat ion  
of the  oxidat ion  wave  at  --0.56V vs. SCE at the  end of 
the first ful l  cycle. This wave  at  the  anodic s t r ipping  
potent ia l  of cadmium is observed  only  if  the  p reced-  
ing reduct ion wave  is ob ta ined  in n i t ra te  solution; 
therefore,  i t  p robab ly  corresponds to the anodic s t r ip -  
p ing of the cadmium meta l  tha t  is fo rmed  when  the 
deposi ted ma te r i a l  is reduced.  Tha t  these processes 
(or one of them)  effect ively pass ivate  the e lect rode 
to fur ther  e lec t roac t iv i ty  is evidenced by  the lack of 
any  significant reduct ion cur ren t  a t  potent ia ls  posi t ive  
of --0.75V vs. SCE dur ing  the second half-cycle .  The 
reduct ion process at  --0.63V causes a g ray  film to be 
deposi ted on the n ickel  e lec t rode  whereas  the sweep 
past  - 0 .75V resul ts  in the  deposi t ion of a b lack  film. 
Evidence p resen ted  be low indicates  tha t  the format ion  
of the  g ray  mate r i a l  at  --0.63V vs. SCE is sufficient 

i I I ' 
Ni Electrode in 2M Cd(NO~2 / 

in IM KN 

0 . 0  ~ ' i i 

kl I i I 
- 0 . 5  - 0 . 6  - 0 . 7  - 0 . 8  

E (vo l t s  vs SCE)  

Fig. 1. Voltammetry of nitrate solutions at a nickel electrode. In 
addition to 2M Cd(N03)2 the solution used for the upper voltam- 
metry contain:d 1M KN03. In both runs pH ---- 2.6. A ~--- 0.013 
cm 2, and v = 0.1 V/sec. Scans were initiated at the solution rest 
potential (--0.15V vs. SCE, not shown, for the upper vohammo- 
gram). 
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to passivate the electrode to the extent  exhibited dur-  
ing the second scan. 

The corresponding vol tammetry  at a cadmium work-  
ing electrode is shown in  Fig. 2. As is evident  from 
this figure, the large reduct ion wave that  is present  
at --0.63V vs. SCE on nickel is absent  on cadmium 
during the ini t ia l  scan. If this wave on nickel  is due 
to passive film formation, its absence on cadmium 
could indicate that  this film is already present  on the 
cadmium electrode at the start  of the scan. In  acid 
solution (pH : 2.6) the oxidation of cadmium metal  
is thermodynamical ly  feasible. On the other hand, the 
absence of this wave on cadmium could be caused by 
the overvoltage of the species responsible for it being 
higher on cadmium than  on nickel. Since the vol tam- 
metry  of the KNO3 solution in the absence of Cd (NO3)2 
is essentially the same at ei ther electrode, t h e r e  is no 
evidence that  the solution is reduced more r e a d i l y o n  
nickel than  on cadmium. Thus, the pre-exis tence of a 
passivating film on cadmium in acid solution is pre-  
sumed to be the reason for the absence of this wave 
on cadmium. This hypothesis is supported by the ob- 
servat ion that  the rest  potential  of a cadmium elec- 
trode in acidified Cd(NOs)2 solution is, at first, ra ther  
poorly defined. This suggests that  spontaneous film 
formation begins to occur at  the ins tan t  that  the elec- 
tro.de is immersed in the solution and only ceases when 
the electrode is passivated to any activity at --0.63V 
vs. SCE. 

The reversal  of the ini t ia l  scan on cadmium (follow- 
ing a potential  excursion to --0.8V vs. SCE) reveals 
three addit ional  reduct ion processes as opposed to the 
one observed on nickel. These are probably due to the 
reduction of different complexes of Cd +~ to metall ic 
cadmium in  the rapidly changing pH envi ronment  of 
the working electrode. Scan 2, which was begun with-  
out ever enter ing the potential  region where anodic 
s t r ipping of cadmium would occur, reveals a new 
reduct ion process at --0.68V. This probably  corre- 
sponds to the same cathodic film formation that  is 
observed on the ini t ia l  scan at --0.63V on nickel. This 

t -  

O 

O O 

o o �9 i i l  

- 0 .6  - 0 . 7  - 0 . 8  

E (volts vs S C E )  

Fig. 2. Voltammetry of nitrate solutions at a cadmium electrode. 
Experimental conditions were identical to those given in Fig. 1 
except that A = 0.064 cm ~. Potentials positive of - - 0 . 6 V  vs. SCE 
were avoided to prevent electrode oxidation. 

explanat ion is plausible because the reduct ion pro- 
cesses observed at the end of the first scan probably  
deposit a fresh cadmium surface on the electrode so 
that  it is no longer passivated to addit ional  film 
growth. 

The reductive format ion of cadmium metal  following 
potential  excursions into cathodic background is sup-  
ported by the upper  vo l tammetry  shown in  Fig. 3. 
This vol tammogram shows the effect of reversing the 
scan direction on the second half-cycle before reach- 
ing the potentials where anodic str ipping of cadmium 
occurs. That  the second scan exhibits a shoulder at  
--0.69V vs. SCE that  is reminiscent  of the wave seen 
at the start  of the second scan on cadmium (see Fig. 
2) indicates that  the behavior  of the nickel  electrode 
is not  unl ike  the behavior  of a cadmium electrode 
under  these conditions. Since this behavior  is not at 
all like that  seen during the second scan on nickel  
following anodic s t r ipping (see Fig. 1), one can only  
infer  that  the reduct ion process at  --0.62V on the 
reverse scan is responsible for the cadmium which 
forms on the electrode surface. Because this might  
appear to be contrary to the laws of thermodynamics,  
it  is p rudent  at this point  to rationalize this observa-  
tion. 

Let us assume that  the species deposited on the elec- 
trode at --0.6V is Cd(OH)a. (X- ray  evidence is pre- 
sented below indicat ing that  this species is a non -  
crystal l ine form of cadmium hydroxide.) This species 
could form on the electrode if the rate of solution de- 
composition is sufficiently fast to generate  enough hy-  
droxide ion to precipitate Cd(OH)2 (Ksp = 1.2 • 
10 -14 ) on the electrode surface, ra ther  than al lowing 
Cd +2 to be directly reduced. The reduct ion of Cd(OH)2 
to metallic cadmium is pH dependent  

2e -f- C d ( O H ) 2 ~  Cd + 2 O H -  [1] 

and would occur more readi ly  in  acid medium. As 
the electrode potent ial  is being s w e p t  in  a positive 
direction from --0.SV vs. SCE where m a x i m u m  hy-  
droxide ion generat ion occurs, that  is exactly what  
happens: the solution in  the vicini ty of  the  working 
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-0 .5  - 0 . 6  - 0.7 -0 .8  

E ( v o l t s  vs S C E )  

Fig. 3. The effect of pot.-ntial variation i n  the voltammetry of 
Cd(NO~)2 solutions at a nickel electrode. Experimental conditions 
are given in Fig. 1. In the upper curve, the potential was swept from 
the rest potential to - -0 .8V  vs. SCE, rewrsed, and reversed again 
at  - -0 .6V.  In the lower curve, each scan was initiated at the rest 
potential and reversed at - -0 .7V  vs. SCE. 
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electrode approaches bu lk  acidity. At  some potential,  
the generat ion of hydroxide ion diminishes to the 
point  that react ion [1] may  occur. When this happens, 
the cathodically deposited cadmium hydroxide is re-  
duced to cadmium. 

The lower vo l tammetry  in  Fig. 3 i l lustrates that  the 
first reductive process that  occurs at  --0.63V vs. SCE 
is sufficient to passivate the electrode to addi t iona l  
electroactivity at this potential. Because the scan di- 
rection was reversed before the onset of solution de- 
composition, the process occurring at --0.63V is shown 
to be responsible for the passivation that  is observed 
dur ing the second scan. This process is believed to be 
the cathodic deposition of Cd(OH)2. 

This deposition occurs by a diffusion-controlled 
process, however. Evidence for this observation may  
be found in  Table I which shows the l inear  sweep 
vol tammetry  ip/V 1/2" data for the peak at --0.63V. The 
near  constancy of this quant i ty  over the range of given 
scan rates indicates that  the rate of the deposition 
process is controlled by  the diffusion of a solution 
species, at least in the early stages of the deposition 
(before film formation causes passivation).  

The pH dependence of this process is i l lustrated in  
Fig. 4. As the bu lk  solution becomes more acidic the 
reduct ion process that  results in  electrode passivation 
occurs at less negative potentials. In  addition, even 
though the peak current  is higher at pH 6.0 than it  is 
at  pH 1.5, there is a general  decrease in area unde r  
the vol tammetr ic  peak with increasing pH (about 18% 
reduction in  going from pH 1.5 to pH 6.0). This indi -  
cates that  the reduction process occurs more readily 
in  acid media and points to a pH-dependent  redox 
reaction as a cause of this process. This data suggests 
that  passivating film formation is not  due to direct 
Cd + 2 reduct ion in n i t ra te  solution 

Cd +2 -}- 2e ~ Cd [2] 

Instead, it appears more l ikely that this wave is due 
to solution reduction coupled with Cd (OH)2 precipita-  
tion. Solution reduct ion may occur either by solvent  
reduction 

2H20 -~ 2e ~ 2 O H -  -b H~ [3] 

or by electrolyte reduction. In the la t ter  case, the 
ni t ra te  ion N ( V ) O 3 -  would either be reduced to an-  
other "mononegative" ion N(n)O-1/2(n+l) (such as 
NO2- or N~O2 -2) or to a molecular  compound of n i -  
trogen N(n)O1/2~ or N ( n ) H _ ~  (such as NOz, N2Q, NO, 
N20, N2, NH2OH, N2H4, or NH3) where n is the oxida- 
tion state of the ni trogen in the compound so formed. 
In  general  the electrode reaction for these NO8- re-  
duction processes may be wri t ten  

u ( 5  - -  n)H20  + NOa- + (5 -- n)e  

--> N(n)O-1/2cn+l)  + (5 -- n ) O H -  [4a] 

�89 (6 -- n ) H 2 0 - F  NO3- + ( 5 - -  n)e  

-->N(n)O1/2, + (6 -- n ) O H -  [4b] 

(3 -- n )H20  + NOa-  + ( 5 - -  n)e  

--> N ( n ) H - n - ~  ( 6 - -  n ) O H -  [4c] 

Either reaction [3] or [4] produces O H -  which may 
precipitate Cd (OH) 2 

Table I. Current-scan rate data for linear sweep vo]tamm:try 
at pH 3.5 

Sweep rate Peak current 
v (mV/sec) ip (~A) ip/V~/~ 

10 164 51.9 
20 210 47.0 
50 320 45.3 

100 446 44.6 
200 700 49.5 

8 

- 0 . 5  - 0 . 6  - -  0 . 7  - 0 . 8  

E(volts vs SCE) 
Fig. 4. The pH dependence of the voltammetry of Cd(NOs)2 

solutions at a nickel electrode. Experimental conditions other than 
pH are given in Fig. 1. 

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

on the electrode surface (or wi thin  the pores of the 
plaque mater ia l ) .  Alternately,  since the presence of the 
Cd +'~ appears to be necessary to observe the NO3- 
reduction process, a concerted deposition reaction may 
be obtained by combining Eq. [3] or Eq. [4] with Eq. 
[5]. For example, by combining Eq. [4a] with Eq. [5] 

~/z(5 -- n )H20  + NO3- 4- Vz(5 -- n ) C d  +2 + (5 -- n)e 

N(n)O-t/2(n+l) + 1/z(5 -- n )Cd(OH)2  [6] 

is obtained. Comparison of this deposition stoichiom- 
etry with the charge-discharge stoichiometry (Eq. [1]) 
results in the conclusion that  one equivalent  of charge- 
able Cd (OH)2 is deposited by each equivalent  of charge 
passed dur ing the Concerted deposition represented by 
Eq. [6]. The different reduction products given in Eq. 
[3], [4b], and [4c] result  in different concerted deposi- 
t ion stoichiometries, but  in  no case would more than 
two or less than one equivalent  of chargeable Cd (OH) 
be deposited by one equivalent  of charge passed dur -  
ing deposition. Any  of these deposition mechanisms 
would occur more readi ly in  acid medium and exhibit  
the vol tammetry  of Fig. 4. 

Voltammetric scans in the absence of NO8-, shown in  
Fig. 5, not only rule out reaction [2] as a source of 
OH- ,  bu t  also indicate that  NO3- reduct ion is re-  
sponsible for the behavior in question. The first three 
scans, done in 0.76M CdC12 at pH 2.0 adjusted with 
HC1 show clearly that the onset of Cd +2 reduct ion is 
at potentials negative of --0.7V vs. SCE. No electro- 
activity is observed between --0.6 and --0.7V where 
the p r imary  passivation wave occurs in  ni t ra te  solu- 
tion. When the deposition threshold potential  is crossed 
on the reverse scan, the anodic str ipping of electro- 
deposited cadmium is observed. The behavior  of 0.67M 
CdSO4 at pH 2.0 adjusted with H2SO4 is essentially 
the same; this is shown i n c u r v e  d. Only when ni t ra te  
ion is added (in the form of HNO3 to main ta in  the pH 
in  curves e and f) is there any electroactivity a t  p o t e n -  
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Fig. 5. Cadmium solution voltammetry in the absence of nitrate. 
Curves a, b, and c: 0.76M CdCI2 at a nickel electrode; v ~ 20 
mV/sec. Curves d, e, and f: 0.67M CdS04 at a nickel electrode; 
v ~ 50 mV/sec. The bulk pH was maintained at 2.0 using HCI for 
curves a, b, and c and H2SO4 for curve d; for curves e and f, this 
pH was maintained with HNO3. 

tials positive of --0.TV vs.  SCE. Even small  quanti t ies 
of NOa- (less than 0.01M), however, are sufficient to 
produce a discernible wave in the vicini ty of --0.6V 
(see curve f). This exper iment  demonstrates  conclu- 
sively that  the wave observed at --0.63V vs.  SCE on 
nickel in  Cd(NO~)2 solution is due nei ther  to the di-  
rect reduction of Cd +2 nor to the cathodic deposition 
of Cd(OH)2 from solvent decomposition. Instead, this 
work indicates that  n i t ra te  ion reduction followed by 
cathodic deposition of Cd(OH)2 (reactions [4] and 
[5] ) is responsible for this wave. 

The vol tammetry  of Cd(NO~)2 on cadmium at var i -  
ous levels o f  pH is shown in  Fig. 6. These vol tammo- 
grams confirm the absence of the cathodic deposition 
reaction on cadmium and i l lustrate  var iabi l i ty  of the 
rest potential  in acidified ni t ra te  solution. This sug- 
gests that  the passive film forms spontaneously on 
cadmium immersed in  n i t ra te  solution at any  pH 
studied. Regardless of pH, more electroactivity is ob- 
Served on cadmium following excursions into cathodic 
background than is observed on nickel. These results 
merely  tend to confirm the observations associated 
with Fig. 2. 

These results indicate that  it is electroanalyt ical ly 
possible to gain some informat ion about  the mecha-  
n ism of cathodic deposition of a cadmium hydroxide 
film on a nickel electrode in ni t rate  solution. At poten-  
tials positive of --0.TV vs. SCE, the film is gray in 
color; it forms via ni t ra te  reduct ion with little de- 
tectable gas evolution at a microelectrode; it effec- 
t ively passivates the electrode to fur ther  film deposi- 
tion; and it ne i ther  is metall ic cadmium nor is it readi ly 
converted to metall ic cadmium by  making  the elec- 
trode potential  more positive (to decrease the local 
pH in vicini ty of the film). At potentials negative of 
--0.7V vs.  SCE, either a different kind of deposition 
occurs, or the film that  was deposited at more positive 
potentials is transformed. At these potentials a black 
deposit forms on the surface of the electrode. Con- 
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Fig. 6. The pH dependence of the voltammetry of Cd(NO3)2 

solutions at a cadmium electrode. Experimental conditions other 
than pH are given in Fig. 2. 

siderable gas evolution takes place concurrent ly  with 
the deposition of the black film. Even though the elec- 
trode potential  is sufficiently negative to deposit metal -  
lic cadmium at the potential  of black film deposition, 
there is no evidence of cadmium deposition. Instead, 
metallic cadmium appears to be formed from the re-  
duction of Cd(OH)2 that  has been deposited on the 
electrode; this reduction seems to take place readily 
when the electrode potential  is changed in  a positive 
manner  from the black film deposition potential  so 
that the electrode experiences a rapid decrease in local 
pH. The black film is not  near ly  as effective as the 
gray film in  passivating the electrode to fu r the r  activ- 
i ty at the deposition potential. (Excessive gas evolut ion 
at the more negative potential  may serve to suppress 
any uni form film growth on the electrode surface, 
thereby minimizing passivation.) Pract i t ioners of the 
deposition art, then, have the abi l i ty  to electrochemi- 
cally deposit two different cadmium forms on a nickel 
substrate, depending on the potent ial  of the deposition. 
Fur ther  investigations were carried out to character-  
ize these two cadmium forms and to assess their  ut i l i ty  
as bat tery  active material .  

Macroelectrodes of the size necessary for x - ray  dif- 
fraction studies were prepared potentiostat ically from 
Cd (NO3) ~ solution at --0.6 and --0.8V vs.  SCE. Dur ing  
the deposition of the gray mater ia l  at --0.6V (mater ia l  
A) min imal  gas evolution was observed at the larger 
electrode; excessive gas evolution occurred with the 
deposition of the black mater ia l  at --0.8V (material  
B). X- ray  powder pat terns for these two materials  
are given in Table II. The pat terns for these ma-  
terials were compared with ASTM reference pat-  
terns for hexagonal  Cd(OH)2, metall ic Ni, and me-  
tallic Cd (also given in Table II)  and for several 
known cadmium compounds: monoclinic Cd(OtI)2, 
CdO Cd(O2)0.ss(OH)0.24, Cd(NO3)(OH) �9 H20, and 
Cd(NOs) (OH) (not given).  Even though the pat terns 
for materials A and B were in general  poorly defined, 
it  was clear from these comparisons that these mate-  
rials could not be positively identified as any  of these 



2 5 4 0  J .  Elec~rochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY December 1980 

Table II. X-ray powder diffraction data a 

Material A Material B Material A Material B 
deposited deposited formed in immersed Hexagonalb Nlc Cd d 
at -0.67 at --0.8V 32% KOH in H20 Cd(OH)s metal metal 

9.3(90) 

4.70(30) 

3.51(100) 

2.940(60) 
2.814(40) 

2.338(40) 

'/.75(15) 
7.26(75) 
5,23(20) 

4.48(55) 
3.767(100) 
3.534(15) 
8.414(25) 
3.273(15) 
3.175(10) 

2.755(40) 
2.694(25) 

2.362(35) 
2.191(20) 
2.101(10) 
2.067(10) 
1.957(10) 

1.884(10) 
1.843(10) 

1.728(20) 

4.71(65) 4.74(56) 4.70(70) 

3.033(70) 3.028(59) 3~3(65) 

2.550(100) 2.550(100) 2.550(100) 
2.350(5) 

2.036(40) 2.036(24) 

1.857(21) 1.859(27) 1.857(35) 

1.764(32) 1.762(100+ ) 1.762(42) 
1.749(21) 1.748(18) 1.748(20) 
1.6~9(20) 1.639(48) 
1.512(7) 1.513(6) 

1.442(10) 1.443(13) 1.441(8) 
1.39z(6) 1~97(9) 1.398(8) 

1.270(6) 

1.248(19) 

2.032(100) 

1.762(42) 

1.246(21) 
1.062(20) 

2.809(65) 

2.580 ( 32 ) 
2.340 ( 7 ) 

1.901 (32) 

1.816(26) 
1.490(19) 

1.404(3) 
1.316(17) 
1.290(2) 

1.258(13) 

a d-spacings in A (relative intensity). 
b ASTM Card 13-228. 

ASTM Card @850. 
d ASTM Card 5-694. 

known compounds. (Because mater ia l  A has some 
characteristics in  common with hexagonal  Cd(OH)2, 
it is believed to be a noncrysta l l ine  form of this com- 
pound.) Material  A was then subjected to a few 
charge-discharge formation cycles in  32To KOH. Ma- 
terial  B was allowed to stand in  neut ra l  water  for 30 
rain. Either of these t reatments  produced a mater ia l  
having a pa t te rn  that  agreed quite well  with that  of 
hexagonal  Cd(OH)2. Thus, ei ther of these materials  
may be readily converted to the crystall ine form of 
ba t te ry  active hexagonal  Cd(OH)2. The ease with 
which material B is converted to Cd(OH)2 suggests 
that it undergoes a simple redox or ligand exchange 
reaction when removed from the acid environment of 
the deposition solution and placed in neutral (or 
basic) water. The fact that the powder pattern of ma- 
terial B does not  agree with the pa t te rn  of either of 
the reported ni t ra te  complexes of Cd(OH)+ indicates 
that  this mater ia l  is not a n i t ra te  complex, however. 

To gain fur ther  insight  as to the na ture  of the com- 
plex believed to be formed at --0.8V, the vol tammetry  
of a dilute KNO~-Cd(NO3)2 solution was carried out 
in the presence of saturated KCI support ing electro- 
lyte. The presence of the KC1 allowed for the proper 
assignment  of vol tammetr ic  peak potentials for the ni -  
trate reduction processes by e l iminat ing the ionic mi-  
grat ion effects observed in the absence of support ing 
electrolyte. In  addition, as shown in  Fig. 7, the KC1 
presence gave clear indicat ion that  two ni t ra te  re-  
duction processes are possible in  this system, one oc- 
curr ing at --0.71V and the other occurring at --0.837 
in the presence of support ing electrolyte. The wave at 
--0.71V corresponds to the wave at --0.62V in  the 
absence of support ing electrolyte in  Fig. I. Note that  
by the tenth  cycle, the electrode is passivated to fur-  
ther  activity at this potential,  just  as is observed in 
two or three cycles on a more concentrated solution. 
The wave at --0.83V does not exhibit  this effect. The 
product  of this reduction appears to be relat ively 

stable and undergoes oxidation at --0.76V on scan re-  
versal. 

The appearance of this wave at  --0.837 is observed 
in each of the three vol tammograms shown in  Fig. 8; 
again, fair ly good stabil i ty of the reduction product 
is indicated by the corresponding oxidation wave. The 
curve a reduction wave at --0.71V, which is present  
only in ni t ra te  solution, is believed to be the one asso- 
ciated with the deposition of Cd(OH)2 from Cd(NO3)2 
solution. If the reduct ion process associated with this 

i i i i 

4raM CdINO~J2 20raM KNO-~- 

in saturated KCl ~ \ \  
II ~ 

v = IOOmV/sec Z ~ ' , ~ I  ' 
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- 0 . 2  - 0 . 4  - 0 . 6  - 0 . 8  - I . 0  
E (vol ts  vs SCE ) 

Fig. 7. Cyclic voltamm:try of a dilute KNO~-Cd(NO~)2 mixture 
in saturated KCI at a nickel electrode. The first and tenth cycles 
(as indicated by those numbers) are shown. 
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Fig. 8. Nitrate and nitrite voltammetry in saturated KCL The 

composition af each solution is indicated in the figure. The scan 
rate was 10 mV/sec in each case. 

wave  leads to n i t r i te  product ion,  i t  is c lear  f rom the 
v o l t a m m e t r y  in curve b tha t  the  NO2- produced  in this 
manne r  wi l l  undergo fu r the r  reduc t ion  at  these po-  
tent ia ls  to some unspecified n i t rogen  product .  This 
p roduc t  of NO2- reduct ion is responsible  for the  wave  
at  --0.83V which  is common to a l l  three  vo l t ammo-  
grams.  I t  is possible tha t  the produc t  of this common 
reduct ion process is one of the  molecu la r  compounds 
ment ioned  above in the deve lopment  of  Eq. [4]. This 
would  then  be ava i lab le  in the  v ic in i ty  of the elec-  
t rode  to form a complex  cadmium hydrox ide  prec ip i -  
ta te  of the sort  be l ieved to be responsible  for the 
b lack  ma te r i a l  formed at  potent ia ls  nega t ive  of --0.8V 
in n i t ra te  deposi t ion solution. The v o l t a m m e t r y  in 
curve c indicates  that  i t  m a y  be possible to deposi t  the 
Cd (OH)2 f rom n i t r i t e  solutions, also. The presence of 
the  Cd +2 in curve c appears  to suppress  the evolut ion 
of gaseous produc t  tha t  is be l ieved to be responsible  
for  the d isplaced v o l t a m m e t r y  ob ta ined  in curve b. 

This vo l t ammet ry  suggests tha t  the  g ray  cadmium 
hydrox ide  ma te r i a l  tha t  is ca thodica l ly  deposi ted f rom 
n i t ra te  solut ion at  potent ia ls  be tween  --0.6 and --0.8V 
vs. SCE is caused by  the reduc t ion  of NO3-  to some 
produc t  o ther  than NOn-.  Moreover,  the black ma te r i a l  
which is deposi ted  at  potent ia ls  negat ive  of --0.SV vs. 
SCE appears  to be formed at  potent ia ls  corresponding 
to a second reduct ion process common to products  of 
bo th  NOs-  and NO2- reductions.  The products  of this 
reduct ion would  be ava i lab le  to form a complex cad-  
m i u m  hyd rox ide  on the e lec t rode  surface e i ther  by  
react ion wi th  an exis t ing Cd(OH)2 film or by  com- 
p lexa t ion  of Cd +2 fol lowed by precipi ta t ion.  Both ma-  
ter ia ls  a re  easi ly  conver ted  to c rys ta l l ine  hexagonal  
Cd(OH)e  by  subjec t ing  the e lec t rode  to format ion  cy-  
cles in KOH. However ,  since the g ray  ma te r i a l  is de-  
posi ted at less negat ive  potent ia ls  wi th  min ima l  con- 
cur ren t  gas evolution,  a h igher  degree of Cd(OH)2 
load ing  should be achieved wi th in  the  n ickel  p laque  

mate r i a l  under  these conditions. This could be  achieved 
by  opera t ing  at  low cur ren t  dens i ty  in a cont ro l led  
cur ren t  process. In  addit ion,  since the g ray  form of 
Cd(OH)2 is n o t r e a d i l y  conver ted  to meta l l ic  cadmium 
at  more  posi t ive (less basic)  e lec t rode  potent ia ls ,  cur -  
ren t  reversa l  techniques m a y  be employed  dur ing  the 
cathodic deposit ion,  if  the  deposi t ion is ca r r ied  out  at  
low cur ren t  density.  (Such reversa l  techniques are  
sometimes used to clean the countere lec t rode  or  to a id  
in the in t roduct ion  of ~resh solutmn wi th in  the  pores  of 
the p laque  mater ia l . )  Reversa l  techniques could not  
be used a~ cu r ren t  densi t ies  h igh  enough to p roduce  the 
b lack  precursor  to Cd(OH)a ;  the meta l l ic  cadmium 
that  is often fo rmed  when  the e lec t rode  poten t ia l  is 
made  more  posi t ive dur ing  cu r ren t  reversa l  can be 
anodica l ly  s t r ipped  f rom the e lec t rode  dur ing  the r e -  
versa l  process unless careful  potent ia l  control  is e x e r -  
cised. Thus, this v o l t a m m e t r y  indicates  tha t  i t  would  
b e  c lea r ly  se l f -defea t ing  to employ  cu r ren t  r eve r sa l  
techniques wi th  any h igh  cu r ren t  dens i ty  cadmium 
deposi t ion process. 

Some exper iments  were  also conducted to demon-  
s t ra te  tha t  the low cur ren t  dens i ty  deposi t ion product  
was ba t t e ry  act ive in  concent ra ted  KOH. A film of 
the  g ray  Cd(OH)z  was deposi ted on the n ickel  w o r k -  
ing e lect rode f rom n i t r a t e  solut ion by  sweeping the  
electrode potent ia l  f rom the res t  po ten t ia l  to --0.6V 
vs. SCE and ins tan taneous ly  ceasing the electrolysis.  
Dur ing  this po ten t ia l  sweep the charge was measured  
and found to be 0.58 mC; this is i l lus t ra ted  in Fig. 9. 
The e lect rode was then  removed  f rom the acidified 
Cd(NOs)2 solution, washed,  and p laced  in 32% KOH 
where  i t  was sub jec ted  to severa l  cha rge-d i scharge  
format ion  cycles. Two of these are  i l lus t ra ted  in Fig. 
10. As shown in this figure, the e lect rode was charged  
potent ios ta t ica l ly  for 500 sec at  --1.4V vs. SCE and 
discharged poten t ios ta t ica l ly  at  --0.21V vs. SCE for the 
same period. Dur ing  the discharge,  the cur ren t  fel l  
essent ia l ly  to zero. As the e lec t rode  was subjec ted  to 
repea ted  charge-d i scharge  cycles, the  current  tha t  
passed dur ing  each ha i l - cyc le  increased.  By the four th  
format ion  cycle, 95.6 mC passed dur ing  the charging 
hal f -cycle ;  this was indicat ive  of the considerable  
amount  of hydrogen  evolut ion that  was tak ing  place at  
the charging potential .  Of this charge,  29.3 mC were  
"recovered"  on discharge.  Since only  0.58 mC were  
used in the deposi t ion of the Cd(OH)2 film, no more  
than  1.16 mC of act ive Cd (OH)~ could be ava i lab le  on 
the nickel  subs t ra te  if the deve lopment  associated with  
Eq. [4] and [5] is correct.  Vol tammet r i c  invest igat ions  
were  car r ied  out in an a t t empt  to resolve this appa ren t  
discrepancy.  

Fig. 9. Linear sweep voltammetry of the cathodic deposition of 
gray Cd(OH)2. The charg~ represented by the shaded area is given 
in the figure. 
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Fig. 10. Chronoamperometry of Cd(OH)2 in 32% KOH. The elec- 
trode used in these studies was the same one prepared by the 
cathodic deposition of Fig. 9. Charges represented by the shaded 
areas ore given in the figure. 

This slow scan vol tammetry  is shown in  curve a of 
Fig. 11. Prominent  in this vol tammetry  is a shoulder at 
--1.25V dur ing the negat ive scan; this wave, which 
was concomitant  with the hydrogen evolution process 
corresponds to the cadmium electrode charging pro- 
cess. After  the potential  scan direction was reversed, 
a broad discharge wave was obtained; this wave com- 
mences with a spike at --1.1V vs. SCE and continues 
with the passage of considerable current  to --0.7V. 
The area under  the spike corresponded to a discharge 
of 0.43 mC as shown in  the figure. It  is believed that  
this spike was caused by the discharge of the 0.58 mC 
of Cd(OH)2 that was deposited on the electrode in 
Fig. 9 and charged dur ing the hydrogen evolution 
process of the forward scan. Based on the assumption 
that this admit tedly crude current  integrat ion is an 
effective measure of the amount  of deposited cadmium 
(by the reverse of Eq. [1]), the deposition process 
(represented by Eq. [4] and [5]) is seen to be be tween 
37% and 74% efficient. That  is, between 37% and 74% 
of the current  that is used in the low current  density 
deposition process goes to produce chargeable Cd (OH) 2 
on the microelectrode surface. However, the accurate 
measurement  of this cadmium discharge is obscured 
by the broad discharge wave that accompanies it. 
Clearly, it is this secondary discharge that  accounts for 
near ly  all 29.3 mC of discharge that  was observed dur-  
ing the second half of the fourth cycle of the chrono- 
amperometry  in  Fig. 10. The amount  of this secondary 
discharge current  increases as the electrode is sub-  
jected to repeated charge-discharge cycles. 

This may be seen in curve b of the same figure which 
was run  on a Cd(OH)2 filmed nickel electrode that  
had not been subjected to any previous charge-dis-  
charge studies. The sweep rate used in obtaining curve 
b was ten times that  used in curve a, so that  the elec- 
trode was subjected to potentials negat ive of --1.2V vs. 
SCE for less than 10 sec. [When this is done, the rela-  
tive amount  of the secondary discharge process is 
greatly diminished, but  the likelihood of completely 
charging the Cd (OH)2 film in  this short t ime period is 
also decreased.] The near  absence of the secondary 
discharge process in  curve b, therefore, supports the 

KOH solution= 
o,b-Cd(OH)e on Ni 
c,d,e- Ni 

i 

- ~ = l ~  
20_~ IjA 

4~ 

d--= T u 
IOOpA 

el 
a-  5 mV/sec 
b,c,d,e- 50 mV/sec 

I I I I l I 
-0.4 - 0.6 - 0.8 - 1.0 - 12 - 1.4 

E ( volts vs SCE ) 
Fig. 11. Cyclic voltammetry studies in 32% KOH. The electrode 

used in curve a was the same one used in Fig. 9 and 10. Curve a 
was obtained after the fourth cycle of Fig. 10; curve b was ob- 
tained prior to any formation cycles on another Cd(OH)2 electrode; 
curves c, d, and e were run on a bare nickel electrode. 

contention that it is related to the amount  of t ime that  
the electrode experiences the overcharge condition, bu t  
this exper iment  does not suggest an easy electrochemi- 
cal way to determine the quant i ty  of deposited 
Cd(OH)2. 

Evidence that the secondary discharge process is 
caused by the oxidation of hydrogen generated on over-  
charge is provided by curves c, d, and e, which were 
obtained on a nickel electrode in the absence of any  
Cd (OH)2 film. These three curves which have negative 
limits of --1.2, --1.3, and --1.4V vs. SCE, respectively, 
show that the oxidative current  on reversal  is depen-  
dent on the overcharge potential  achieved. Even a brief 
excursion to --1.2V produces a significant oxidative 
current  on scan reversal. This observation points out 
the difficulty in a t tempting to measure the amount  of 
Cd(OH)2 deposited on the electrode surface by sub-  
jecting the electrode to charge-discharge studies: any  
potential  that is sufficiently negative to charge the 
Cd(OH)2 will cause sufficient hydrogen evolution and 
adsorption on the nickel substrate to prevent  the un-  
ambiguous determinat ion of the amount  of deposited 
cadmium through discharge current  measurement .  The 
adsorbed hydrogen will  be oxidized either concur-  
rent ly  with the cadmium film or at potentials just  
positive of cadmium oxidation. 

This vol tammetry  provides support  for the hypothesis 
that  the stepped discharge curve that is sometimes ob- 
served from cadmium-l imi ted  n icke l -cadmium cells 
that  have been subjected to considerable overcharge is 
due to the oxidation of adsorbed hydrogen on the nega-  
tive plate dur ing discharge (3). This oxidation takes 
place somewhat less readi ly than  the oxidation of 
cadmium; thus, when the supply of cadmium is ex- 
hausted, the cell voltage would fall but  the cell would 
continue to discharge unt i l  the adsorbed hydrogen was 
also used up. (The cell would operate as a n icke l -hy-  
drogen cell.) Other investigators have a t t r ibuted this 
stepped discharge behavior  to excessive carbonation 
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of the e lec t ro ly te  (4) and  to NisCd~l a l loy format ion  
(5). Whi le  these processes m a y  also contr ibute  to a 
s tepped discharge curve, i t  is c lear  f rom the vo l t am-  
m e t r y  in Fig. 11 tha t  hydrogen  adsorpt ion  on over-  
charge would  p l ay  a p r i m a r y  role in this  behavior  in 
c admium- l im i t ed  cells. Of course, in the  more  conven-  
t ional  n icke l - l imi ted  cell composition, such behavior  
can be p rope r ly  a t t r i bu ted  to n ickel  e lect rode charac-  
terist ics.  

A p p l i c a t i o n s  
The in format ion  ob ta ined  in the studies above was 

used to suggest  modifications in the p rocedure  for the  
cathodic deposi t ion of cadmium hydrox ide  in s in tered 
nickel  p laque  electrodes.  These observat ions  and the 
corresponding suggestions for the manufac tu r ing  p ro -  
cess are  given below:  

1. I t  is possible  to deposi t  two dis t inc t ly  different  
cadmium compounds for use as ba t t e ry  act ive ma te r i a l  
on n ickel  f rom Cd(NO3)2 solut ion depending on the 
deposi t ion poten t ia l  and  the pH. The ma te r i a l  de -  
posi ted at  less negat ive  potent ia ls  ( low cur ren t  den-  
s i ty  in a control led  cur ren t  process)  appears  to be 
deposi ted as a un i fo rmly  dense film. This is p resum-  
ab ly  due to the fact tha t  the n i t ra te  reduct ion process 
responsible  for this deposi t ion does not  evolve any  H2 
gas. The deposi t ion at  more  negat ive  potent ia ls  (high 
cur ren t  dens i ty)  m a y  take  p lace  wi th  H2 gas evolut ion 
and p robab ly  involves cadmium complex format ion  
wi th  one of the products  of NOz-  reduction.  Thus, the  
deposi t ion at  h igh cur ren t  dens i ty  is not  only  expected 
to be less dense, bu t  also its p r e - fo rma t ion  cadmium 
content  is p robab ly  lower.  Fo r  high loadings of a un i -  
form Cd(OH)2 deposit,  the  deposi t ion should be car-  
r ied out at  low cur ren t  dens i ty  so tha t  the potent ia l  of 
the n ickel  e lect rode never  becomes more  negat ive  than  
--0.65V v s .  SCE. 

2. The ma te r i a l  deposi ted at  low cur ren t  dens i ty  
ne i the r  is meta l l ic  cadmium nor  is i t  r ead i ly  conver ted  
to meta l l ic  cadmium at  less negat ive  deposi t ion ba th  
e lect rode potent ials .  The ma te r i a l  deposi ted at h igher  
cur ren t  densi t ies  m a y  contain some meta l l ic  cadmium 
when  the potent ia l  of the  e lec t rode  is changed in a 
posi t ive direct ion;  this meta l l ic  cadmium can undergo 
anodic s t r ipping  when the e lec t rode  potent ia l  is 
changed in a posi t ive m a n n e r  as i t  would  be in a cur -  
ren t  reversa l  deposi t ion technique.  Thus, if cu r ren t  r e -  
versa l  techniques are  to be employed  dur ing  the depo-  
si t ion e i ther  to in t roduce  fresh solut ion wi th in  the  
pores  of the n ickel  p laque  ma te r i a l  or to clean the 
surface of the electrodes,  the low cur ren t  densi ty  
deposi t ion is again  r ecommended  to avoid the  bu i ld -  
up of s t r ippable  meta l l ic  cadmium on the e lect rode 
surface. 

3. At  low cur ren t  dens i ty  the re  is no H2 gas evolu-  
t ion and the s to ichiometry  of the  sequence given by  
Eq. [4] and [5] gives an approx ima t ion  of the  amount  
of act ive Cd(OH)2 tha t  is ac tua l ly  deposi ted on the 
e lect rode surface. An  exac t  de te rmina t ion  of the  effi- 
c iency of the cathodic deposi t ion process cannot  be 
made  wi thout  fu r the r  s tudies to iden t i fy  the  p roduc t ( s )  
of the NO3- reduct ion  process. However ,  if  these 
products  a re  mononegat ive  ions or  if  t hey  are  molecu la r  
species conta ining n i t rogen in a low posi t ive or  nega-  
t ive oxida t ion  state, the number  of equivalents  of 
charge passed dur ing  deposi t ion should nea r ly  equal  
the m a x i m u m  number  of equivalents  of Cd (OH)2 ava i l -  
able  for  use in a lka l ine  cell  operat ion.  

4. E i ther  of the two mate r ia l s  inves t iga ted  here in  
m a y  be conver ted  to ba t t e ry  act ive hexagonal  Cd(OH)2 
b y  subjec t ing  the e lec t rode  to charge-d i scharge  fo rma-  
tion cycles in concent ra ted  KOH. In e i ther  case, how-  
ever, subjec t ing  the e lec t rode  to a high overcharge  
e i ther  dur ing  format ion  or  in ac tua l  use wi l l  produce  
deleter ious  results.  Hydrogen  evolved on overcharge  
is adsorbed  on the n ickel  surface and is ava i lab le  for 
react ion when the cell  is discharged.  Unfor tunate ly ,  
this adsorbed  hydrogen  appears  to dislodge the 

Cd /Cd(OH)2  tha t  is in contact  wi th  the  n ickel  surface 
so tha t  the amount  of the ava i lab le  negat ive  p la te  
ma te r i a l  is diminished.  Care  should be exercised du r -  
ing format ion  and use so as to minimize  hydrogen  
evolut ion dur ing  the charging of the  negat ive  plate.  
If the  e lect rode is to be used in the  usual  n ickel -  
l imi ted  ba t t e ry  configuration, i t  might  be advisable  to 
e l imina te  any e lec t rochemical  fo rmat ion  whatsoever  
of the cadmium electrode.  

In  o rder  to see if  these recommenda t ions  could be 
re la ted  to the prac t ica l  process, the  cathodic deposi t ion 
of Cd(OH)2 in some s in tered nickel  p laque ma te r i a l  
was a t t empted  by  contro l led  cu r ren t  techniques (6). 
A cadmium impregna t ion  ba th  for porous n ickel  p laque 
was assembled as descr ibed by  P icke t t  (7). The plaque 
mate r i a l  used in the deposi t ion had  a poros i ty  of 78% 
and was 0.031 in. thick. The ba th  contained an SCE 
re fe rence  e lect rode so tha t  the  poten t ia l  of the n ickel  
p laque  electrodes could be control led  by  control l ing 
the cur ren t  density.  I t  was found tha t  a deposi t ion 
potent ia l  posit ive of --0.65V v s .  SCE could be ma in -  
ta ined  by  not  a l lowing the cur ren t  dens i ty  to exceed 
0.2 A/ in .  2 of single surface p laque  area. (Deposit ion 
took place on both surfaces, however . )  A h igh  qua l i ty  
Cd(OH)2 elect rode was obta ined  us ing this method.  
During the process, i t  was found to be useful  (but  not  
necessary)  to a l t e rna te  the  d i rec t ion  of cur ren t  flow 
for short  per iods  of t ime to clean the surfaces of the 
electrodes.  Cadmium electrodes p repa red  in this m a n -  
ner  had  a high ini t ia l  capaci ty  and did not  have to be 
subjec ted  to an e lec t rochemical  fo rmat ion  process to 
achieve a h igher  appa ren t  capacity.  This observat ion  
confirms the bel ief  tha t  an uncomplexed  form of 
Cd(OH)2 is deposi ted at  low cur ren t  dens i ty  so tha t  
the ini t ia l  dens i ty  of the act ive ma te r i a l  is quite high. 

This observat ion  is suppor ted  by  the scanning elec-  
t ron micrographs  of a sample  e lect rode shown in Fig. 
12 and 13. These SEM resul ts  were  obta ined  using an 
impregna ted  electrode p r io r  to being subjec ted  to any 
charge-d i scharge  cycles in a lka l ine  solution. F igure  12 
shows the deta i l  of the Cd(OH)2 tha t  was deposi ted at  
low cur ren t  dens i ty  wi th in  the pores of the  n ickel  s in-  
ter. F igure  13 is a composite  of seven such micrographs  
tha t  have been selected to show the cross-sect ional  
d is t r ibut ion  of the  Cd(OH)2 f rom the outer  surface of 
the impregna ted  plaque ma te r i a l  to the  n ickel  gr id  
f rac ture  surface in the center  of the  electrode.  This 
composite shows the k ind  of loading tha t  can be 
achieved by  ca r ry ing  out  the deposi t ion at  low cur ren t  
density.  The fact  tha t  l a rge r  Cd(OH)2  p la te le ts  a re  

Fig. 12. Scanning electron micrograph of nickel plaque impreg- 
nated with Cd(OH)2. Low current densities (0.2 A/in. 2) employed 
in this deposition never allowed the electrode to become more 
negative than --0.65V vs. SCE. Cd(OH)2 platelets are seen to be 
imbedded within the pores of the sintered nickel plaque material. 
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Fig. 13. Composite cross-section photomicrograph of Cd(OH)2 
impregnated nickel plaque material. Seven different micrographs 
have been assembled to show this view of the fracture sudace from 
outer electrode surface to the inner Hi grid wire contact. Larger 
platelets are evident in the interior of the plaque material. 

found in the in te r io r  of the p laque  ma te r i a l  enforces 
the bel ief  tha t  deposi t ion proceeds b y  a p rec ip i t a t ion  
mechanism.  La rge r  crysta ls  a re  indica t ive  of the slow 
crys ta l  g rowth  process tha t  would  occur  in the d i lu ted  
envi ronment  of unreac ted  cadmium ion tha t  would  be 
found in the solut ion in the interior .  These concentra-  
t ion effects no doubt  cont r ibute  to the min ima l  passive 
film format ion  tha t  is observed on the h igh ly  i r r egu la r  
surface of the porous e lec t rode  mater ia l .  

F igure  14 demonst ra tes  tha t  a un i form deposi t ion of 
cadmium is achieved by  this low cur ren t  dens i ty  
method.  This figure shows the impregna ted  p laque  
mate r i a l  in the v ic in i ty  of one of the nickel  wires  
(shown in cross section) used in the suppor t  grid. In  
the upper  lef t  and  r igh t  quadran t s  a re  the backsca t -  
t e red  e lect ron and secondary  e lec t ron micrographs  of 
this mater ia l .  In  the lower  lef t  and r ight  quadran ts  a re  
the x - r a y  energy dispers ive  analyses  on the  same 
ma te r i a l  for  cadmium and nickel,  respect ively.  These 
resul ts  indicate  c lear ly  tha t  cadmium-con ta in ing  ma-  
te r ia l  is wel l  d i s t r ibu ted  wi th in  the  plaque,  even deep 
in the interior .  Electrodes having  this character is t ic  
a re  be l ieved to resis t  capaci ty  fading much be t t e r  than  
electrodes having a high surface d is t r ibut ion  of act ive 
mater ia l .  

Electrodes p repa red  in this manne r  were  also sub-  
jec ted  to cycle life t e s t ing  in cadmium- l imi t ed  and 
convent ional  n i cke l - cadmium s The resul ts  of this 
test ing are  to be the  topic of a fu ture  communicat ion.  
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Moderate Temperature Sodium Cells 
I. Transition Metal Disulfide Cathodes 
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ABSTRACT 

A modera t e  t empera ture ,  rechargeab le  Na cell  having the configuration 

Liquid  Na/f i -A12OJNa +-conduct ing e lec t ro ly te /Trans i t ion  m e t a l  d i su l f ide  

is described.  The  ce l l  operates  at  ,~130~ Three  t rans i t ion  m e t a l  disulf ides ,  
TiS2, VS2, and  Nbl.IS2, have been eva lua ted  as cathode mater ia ls .  A 1M 
solut ion of NaI  in 1,2-Bis (2 -me thoxy-e thoxy )  ethane,  ( t r ig lyme) ,  served  as  the  
electrolyte .  The mechanism of discharge in a l l  the th ree  cathode mate r i a l s  in -  
volves Na intercala t ion.  Expe r imen ta l  resul ts  are  p resen ted  on cathode ca-  
pacity,  ra te  capabi l i ty ,  and  rechargeabi l i ty .  

Recently,  there  has been considerable  in teres t  in 
high energy,  secondary  ba t te r ies  wi th  a lka l i  m e t a l  
anodes for appl icat ions  such as electr ic  vehicles, e l ec -  
tr ica l  load level ing and space modules.  Secondary  Li 
ba t te r ies  ut i l iz ing t rans i t ion  meta l  chalcogenide (1, 2) 
or  oxide  (3) cathodes have shown considerable  
promise  in this respect.  A secondary  sodium ba t t e ry  
ut i l iz ing mol ten  Na polysulf ide cathode and opera t ing  
at  t empera tu re s  above 300~ is p resen t ly  in advanced 
deve lopmenta l  stages (4). Recently,  we descr ibed (5) 
a modera te  t empera tu re  secondary  Na cell  which 
opera tes  at  the t empe ra tu r e  range  of 100~176 and 
uti l izes a fi-A1203 solid e lec t ro ly te  in conjunct ion wi th  
a soluble S cathode. In  the cont inued search for su i t -  
able  cathode mate r ia l s  for this modera te  t empera tu re  
Na ba t te ry ,  we have eva lua ted  severa l  t rans i t ion  m e t a l  
chalcogenides.  In  this pape r  our findings on TiS2, VS2, 
and Nbl +xS2 cathodes are  repor ted.  

The  t rans i t ion  meta l  disulfides of in teres t  here  
crys ta l l ize  wi th  l aye red  s t ructures  (1). The unit  bu i ld -  
ing block of the  disulfides consists of two hexagona l ly  
c lose-packed  chalcogen layers  be tween  which reside 
the me ta l  ions. The meta l  ions occupy e i ther  sites of 
oc tahedra l  (Oh) s y m m e t r y  as in TiS2 and VS2 wi th  
1T-CdI2 s t ruc ture  (1) or t r igonal  pr i smat ic  (TP) 
s y m m e t r y  as in 2H-NbS2 (1). Bonding wi th in  the 
layers  is strong, whi le  be tween  ad jacen t  layers  it  is 
weak.  Consequently,  i t  is possible to form in terca la t ion  
compounds under  r a the r  mi ld  condit ions by  inser t ion 
of atoms, molecules, or ions be tween  the w e a k l y  
bound layers .  I t  is the in te rca la t ion  and deinterca la t ion  
of the a lka l i  meta ls  (Eq. [1]) which form the basis 
of the cathode react ions  in rechargeab le  cel ls  

discharge 
x A  + + x e - - t - M S ~  ~ A ~ I S 2  

charge 
[I] 

Li th ium in te rca la t ion  into the  disulfides of ten p ro-  
ceeds wi th  ve ry  l i t t le  s t ruc tura l  change in the host  
la t t ice  (1) so tha t  the react ion is r ead i ly  reversible .  
A rechargeab le  cell based on the Li/TiS2 couple has 
been shown to have ve ry  long cycle life (1, 2). Whi le  
there  have  been severa l  p r io r  studies deal ing wi th  the  
s t ruc tura l  chemis t ry  of Na in terca la tes  of TiS2 (6, 7), 
VS2 (8, 9, 10), and NbS2 (11), ve ry  l i t t le  is known 
about  the revers ib i l i ty  of the reaction. The a v a i l a b l e  
s t ruc tura l  da ta  on the Na in terca la tes  of these t r an -  
si t ion meta l  disulfides show tha t  s t ruc tura l  changes 
of the host  la t t ice  occur wi th  Na intercala t ion.  Often, 
in a given NazMS2 te rnary ,  more  than one c rys ta l lo -  
g raph ica l ly  dis t inct  phase appears  wi th  the degree of 
in te rca la t ion  (1, 6-11). A pr ior  s tudy  (12) on the  

�9 Electrochemical Society Active Member. 
Key words: sodium cells, TiS~, VS2, Nbl.l&. 

ambien t  t empe ra tu r e  e lec t rochemical  in terca la t ion  of 
Na into TiS2 showed tha t  the equ i l ib r ium po ten t i a l -  
Na composit ion curve exhibi ts  th ree  p la teaus  which 
closely corre la te  wi th  the  three  phases in the NaxTiS2  
t e rna ry  at  the Na composit ion ranges of 0.17 ~ x --~ 0.33, 
0.38 ~ x ~  0.72, and 0.8 ~ x - - -  1. The impl ica t ion  of 
these phase changes on the rechargeab i l i ty  of the 
cathode, especia l ly  at  e levated  tempera tures ,  is un-  
known. 

The three  disulfides, TiS2, VS2, and Nbl+xS2, were  
e v a l u a t e d  as cathode mate r ia l s  in a cell  of the  con- 
f iguration 

Liquid  Na/fl-A1203 / N a  +-conduct ing ]Trans i t ion  m e t a l  
/ elec t ro ly te  / disulfide 

The cell  opera tes  at  ~130~ and uti l izes as e lec t ro ly te  
a 1M solut ion of NaI  in 1 ,2 -Bis (2 -methoxy-e thoxy)  
ethane,  ( t r ig lyme) .  

Experimental 
A l l  the  exper iments  were  car r ied  out  in the absence 

of air  and mois ture  using s tandard  techniques em-  
ployed for  the manipu la t ion  of a i r - sens i t ive  compounds 
(13). Whereve r  appropr ia te ,  the handl ing  and t rans-  
fer  of reagents  were  also car r ied  out  in an argon-f i l led  
d ry  box (Vacuum Atmospheres  Corpora t ion) .  

Synthesis and Characterization of Metal Disulfides 
TiSz.--The disulfide was p repa red  by  the d i rec t  r e -  

act ion of s toichiometr ic  amounts  of Ti me ta l  powder  
(--100 mesh, Ventron)  and S (Ventron, r andom 
pieces)  at  ~700~ (14). The mate r i a l  was cha rac te r -  
ized by  x - r a y  (1) and e lementa l  analysis.  Composi-  
t ion of the ma te r i a l  was es tabl ished as Til.02S2. Its 
x - r a y  pa t t e rn  was consistent  wi th  the 1T-CdI2 s t ruc-  
ture  (1). 

VS2.--The compound was p repa red  by the react ion 
of e i ther  LiVS2 (15, 16) or NaVS2 (15) wi th  CH3CN/I.~ 
solution (16). Its x - r a y  da ta  and e lementa l  analysis  
confirmed ma te r i a l  pur i ty .  X - r a y  da ta  showed tha t  
the ma te r i a l  had the 1T-CdI2 s t ruc ture  (16). 

Nbl.lSz.--The compound was synthesized by  direct  
react ion of Nb powder  ( - -60 mesh, Ventron)  and S 
( random pieces, Vent ron)  at  950~ (17). The com- 
posi t ion of the ma te r i a l  was de te rmined  by  combust ion 
analysis  as the  oxide and found to be Nbl.IS2. X - r a y  
pa t t e rn  of the ma te r i a l  showed tha t  a ma jo r  f ract ion 
belonged to the  3S-po ly type  (17). 

Electrolyte Preparation 
1 ,2 -Bi s (2 -me thoxy-e thoxy)e thane ,  ( t r ig lyme) ,  ob-  

ta ined f rom Aldr ich  Chemical  Company,  (Cat. No. 
P-6952) was passed twice over  F i sher  neu t ra l  alumina.  
A 1M NaI  solut ion was p repa red  by  dissolving u l t r a -  
pu re  NaI  (Ventron)  at  room tempera tu re .  The 1M NaI  
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solut ion has a specific conduct iv i ty  of 2.55 • 10 -3  
$~-1 cm-1  a t  25~ and 4.5 X 10 - s  ~ - 1  cm-1  at  130~ 
In f ra red  and vis ible-u.v,  spect ra l  analyses  of e lec t ro-  
ly te  s tored for 2 months a t  130~ showed no evidence 
for decomposition.  Also, the  e lec t ro ly te  exhib i ted  no 
background  cu r ren t  in the  poten t ia l  l imi ts  be tween  1 
and 2.5V vs. Na+ /Na ,  the region of in teres t  in the 
present  s tudy.  

Electrochemical Measurements 

The e lec t rochemical  cell  incorpora t ing  ~-AI20~ tube 
was of the  same type  discussed prev ious ly  (5). The 
t rans i t ion  meta l  sulfide cathodes were  f ab r i ca ted  in  
the  fo rm of pressed electrodes.  In i t ia l ly  an in t imate  
mix tu re  consisting of ,--50 weight  percen t  (w/o)  meta l  
sulfide powder ,  40 w/o  carbon (AGM-2100 graphi te  
or Shawin igan  50% compressed carbon) ,  and 10 w / o  
Teflon (du Pont  7A) was p repa red  in a blender .  The 
mix tu re  was then pressed onto an expanded  Ni grid 
(Exmet  Corporat ion,  5Ni5-5/0) a t  a p ressure  of 
~5000 Ib / in  2. The pressed e lect rode typ ica l ly  had an 
a rea  of 8 cm2/side and a thickness  of 0.60-1.0 mm. In  
some cells the e l ec t rodes  were  fabr ica ted  f rom a 
mix tu re  of 90 w/o  sulfide and 10 w/o  Teflon wi thout  
any  carbon. The e lect rode areas  were  also var ied  in 
some cells. The pressed e lect rode was wrapped  t igh t ly  
a round the fl-A1203 tube and secured in posi t ion wi th  
another  wrap  of expanded  Ni over  the electrode.  The 
w r a p  of expanded  Ni over  the e lectrode he lped  re ta in  
the  active mate r ia l s  on the grid dur ing  cycling. The 
cell was completed  by  filling i t  wi th  an appropr ia t e  
amount  of electrolyte .  Before cycling, the cells were  
the rmos ta ted  to 130~ The cells were  cycled ga lvano-  
s ta t ica l ly  or  potent ios ta t ica l ly  using s t andard  ins t ru -  
menta l  techniques (2, 5). 

Results and Discussion 
The Sodium-Titanium Disulfide Cell 

Galvanostatic t e s t s . ~ T h e  Na/TiS2 cell has an open-  
circuit  potent ia l  (OCV) of 2.15V at 130~ Typical  
discharge curves are  shown in Fig. 1. The first dis-  
charge corresponds to 0.85e-/moleTiS2.  The discharge  
curve is charac te r ized  by  two p la teaus  spanning the 
l~a composit ion (x)  ranges at  0 < x ~ ,--0.30 and 
0.37 < x - ~  0.8. The end of discharge is indicated by  
a clear  potent ia l  drop. There  is a g radua l  decrease in 
discharge capaci ty  in the  ea r ly  cycles ( ~  4) and this 
appears  to resul t  f rom an incrementa l  inefficiency in 
cathode rechargeab i l i ty  in these cycles (vide in f ra ) .  
The first ful l  cycle  is shown in Fig. 2. There  is a 
close s imi la r i ty  be tween  the potent ia l  profiles of dis-  
charge and charge. Discharge / recharge  react ions in-  
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Fig. I. Galvanostatic discharges of the cell, liquid Na/fl-AI2OJ 
triglyme/1M Hal, TiS~ at 130~ The Cathode was fabricated from 
50 w/o TiS2, 40 w/o C, and 10 w/o Teflon. Current, id -= ic = 4 
mA. Current density = 0.5 mA/cm2. Curves DI, D2, and D7 are 
the first, second, and seventh d/scharges. 
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Fig. 2. The first full cycle of the TiSB cell shown in Fig. 1 

volving in terca la t ion  and de in terca la t ion  of Na as 
shown in Eq. [2] could exp la in  this type  of behav ior  

discharge 
TiS~ ~ xNa  + -I- xe  4 ~ NaxTiS2 [2] 

charge  

This is subs tan t ia ted  by  x - r a y  da ta  on discharged 
cathodes. The C - l a t t i c e  p a r a m e t e r  of an ele~tro- 
chemical ly  obta ined  Na in te rca la te  of composit ion 
Na0.sTiS2 was found to be 6.68A, in ag reemen t  wi th  
previous observat ions  (6). 

The phase d iag ram of the Na~TiS~ t e rna ry  has been 
descr ibed (6, 7). There  are  th ree  phases as x is va r i ed  
f rom 0 to 1. The first phase covering the Na compo-  
sit ion range,  0.17 < x < 0.33 is a second-s tage  t r igonal  
pr i smat ic  (TP) phase wi th  Na in t r igonal  pr i smat ic  
and  Ti in oc tahedra l  co-ord ina t ion  sites. The Na oc- 
cupies app rox ima te ly  every  o ther  l aye r  in the crys ta l  
latt ice.  The second phase covering the region 0.38 
x < 0.72 is a f i rs t -s tage T P  phase. The th i rd  phase  
for  0.8 < x ~ 1 is t r igonal  an t ipr i smat ic  (TAP)  in 
which both Na and Ti occupy oc tahedra l  sites. 

The two regions in the discharge curve (Curve D1, 
Fig. 1) appear  to corre la te  wi th  two TP phases. The 
sharp cutoff in the discharge curve at  an Na composi-  
t ion of ~0.80 suggests tha t  it  is difficult to in te rca la te  
Na into the  TAP phase at  potent ia ls  above 1.0V vs. 
Na+/Na .  This is in agreement  wi th  the observat ions  of 
Whi t t ingham et al. (6) who found that  in the p r e p a r a -  
t ion of Na~TiS2 from TiS2 and Na-naph tha l ide ,  eve,n 
wi th  a la rge  excess of the l a t t e r  reagent ,  the t e rna ry  
wi th  the m a x i m u m  Na content  tha t  could be p repa red  
was Na0.sTiS2. The difficulty in obta in ing Na~TiS2 
wi th  x > 0.8 is p robab ly  due to the lower  diffusion co- 
efficient of Na in the TAP phase (6). In  the  T A P  
phase,  Na + has to pass th rough  smal l  4 co-ord ina te  
sites, whereas  in the TP  phase such sites a re  much 
larger ,  fac i l i ta t ing be t t e r  Na diffusion. 

Cathode rechargeabi l i ty . - -Figure 3 summarizes  the 
capacit ies  corresponding to the first and second phases 
in  each discharge as a funct ion of cycle number .  The 
capaci ty  in the  second phase remains  essent ia l ly  con- 
s tant  whereas  that  i n  the first phase  g radua l ly  de -  
creases in the ea r ly  cycles. At  p resen t  we do not  know 
why  Na is only  p a r t i a l l y  revers ib le  in the first phase. 
However ,  i t  is no tewor thy  tha t  the i r r evers ib i l i ty  is 
b rought  about  g radua l ly  wi th  cycling. This tends to 
suggest  tha t  under  the condit ions of the cathode 
cycling, a new phase  is fo rmed and i r r eve r s ib ly  
s tabi l ized at  low values of x in NaxTiS2. I t  would be 
necessary  to ca r ry  out  a deta i led  s tudy of the s t ruc-  
tu ra l  and electronic proper t ies  of Na~TiS2 a t  var ious  
stages of cycling. This is beyond the scope of the 
present  work. The da ta  suggest  tha t  in l ong - t e rm  
cycling a fract ion of the capaci ty  in the first phase 
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Fig. 3. Cathode utilization vs. cycle number for the TiS2 cell 
shown in Fig. I. Curve A represents the total capacity. Curve B 
represents the capacity in the second phase. Curve C represents 
the capacity in the first phase plus the transition region. 
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and all the capacity in  the second phase would be 
rechargeable. A reasonable estimate for the average 3.0 
rechargeable capacity of the TiS2 cathode is ,-,0.65 e - /  
TiFf. 

The presence of carbon on the electrode matr ix  2.5 

was found to be necessary for good cathode recharge- 
ability. This was indicated by the cycling behavior  
of a cell in  which the cathode composition was 90 w/o > 2.0 
TiS~ and 10 w/o Teflon. The first discharge corresponded -~ 
to 0.8e-/TiS2, as i n  the case of the cell with carbon 
However,  the capacity decreased rapidly in the next  o 1.s 
three cycles. Thus capacities of 0.64, 0.45, and 0 .37e- /  
TiS2 were obtained in  the second, third, and fourth 
discharges, respectively. I t  was apparent  from the 1.c 
discharge curves that  the rapid loss in capacity in 
these cycles occurred from both of the phase regions. 
This seems to suggest that  with cycling a fraction of 
the cathode mater ia l  gets physically isolated in  the 
electrode and not utilized electrochemically. The 
capacity loss was more gradual  in  subsequent  dis- 
charges and was mostly a t t r ibutable  to the i r rever-  
sibili ty in  the first phase. Thus it was 0.33e-/TiSB in 
the fifth discharge and 0.26e-/TiS2 in the seventh 
discharge. Evident ly  the isolation of the material  
occurs in the init ial  cycles. The TiS2 crystallites show 
a largely reversible expansion and contraction upon 
intercalat ion and expulsion of Na. Thus an in i t ia l ly  
optimized electrode structure changes even after the 
first discharge-charge cycle, since bonded powder 
electrodes used in  these studies do nob show ideal 
elastic behavior. In  the absence of C in the electrode 
matrix,  a loss of particle to particle contact occurs, 
leading to diminished performance. We have observed 
a similar, bu t  less drastic, phenomenon in the cycling 
of high capacity Li/TiS2 cells (2). 

P otentiostatic tests.--Potentiostatic discharge of 
TiS2 cathode was carried out to obtain informat ion on 
its ra te  capability. For discharge the potential  was 
'set at 1.3V and the current  was monitored as a func-  3.0 

t ion of time. The cur ren t - t ime  curves were incremen-  
tal ly integrated and Fig. 4 shows the capacity ex- 
pressed as charge equivalents  per mole of TiS2 as a ~ 2.5 

funct ion of current  density. At current  densities ~. 
----- 1 m A / c m  2, the cathode uti l ization is ~0.8e- /TiS2.  

2,0 A capacity of 0.48e-/TiS2 has been obtained in  the 
first 60 rain of discharge dur ing which t ime the min i -  
mum current  density was 4.1 mA/cm 2. Since the d 

1,5 
cathode or the cell was not optimized for best per-  
formance, it  appears that  cur ren t  densities higher 
than  these wi th  good uti l izat ion should be possible 1.0 
for the TiS2 cathode. 

The Sodium-Vanadium Disulfide Cell 
Galvanostatic tes ts .~The Na/VS2 cell has an OCV 

of 2.30V at 130~ Typical discharge curves are shown 
in  Fig. 5. The first discharge corresponds to a capacity 

I I I i i I I I 
I 2 3 4 5 6 7 8 

CURRENT DENSITY (MA/CM 2) 

Fig. 4. Capacity vs. current density of TiS~ cathode potentio- 
stated at 1.3V. Temperature = 130~ 
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Fig. 5. Galvanostatic discharges of the cell, liquid Na/#-AI2OJ 
triglyme/1M Nal, VS2 at 130~ The cathode was fabricated from 
50 w/o VS2, 40 w/a C, and 10 w/o Teflon. Current, icl ~ ic = 4 
mA. Current density ~ 0.5 mA/cm 2. Curves D1, D2, and D7 are 
the first, second, and seventh discharges. 

of 1.0e-/VS2. The discharge curve is main ly  character-  
ized by three regions, spanning the Na composition 
(x) ranges approximately at 0 < x --~ 0.28, 0.3 < x - -  

0.85, and 0.85 < x --~ 1. There is a decrease in cathode 
ut i l izat ion with cycle number ,  but  much of this loss 
occurs in the second discharge and seems to mostly 
involve the capacity in the first plateau. The first full 
cycle is shown in  Fig. 6. Apparent ly,  the capacity en-  
compassed in the first p la teau is only fractionally 
recharged in  the first charge. 
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Fig. 6. The first full cycle of the VS~ cell shown in Fig. 5 
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The x - r a y  diffract ion pa t t e rn  of a d ischarged cathode 
es tabl ished tha t  the mechanism of discharge involves 
Na in te rca la t ion  into VS2. A discharged cathode of 
composit ion Na VS exhib i ted  a C- la t t ice  p a r a m e t e r  

~ 1 . 0  2 
of 7.31A as opposed to 5.72A in VS2. S t ruc tu ra l  studies 
o f  Wiegers  (8) has shown tha t  Na in te rca la t ion  of 
VS2 is accompanied by  phase t ransformat ions  as the 
Na composit ion is va r i ed  f rom 0 to 1. However ,  a 
precise  phase d i ag ram of the NaxVS2 t e r n a r y  is not  
known. Rouxel  has suggested (9), on the basis of a 
genera l ized  model  for the  phase d iagrams  of NaxMS2 
ternaries ,  where  MSe has the 1T-CdI2 s t ruc ture  as in 
VS2, tha t  in the NaxVS2 te rnary ,  there  would be three  
phases spanning the Na compositions,  x, at  0 < x ~ 0.3 
(second stage TP) ,  0.80 < x --~ 0.85 (first s tage TP) ,  
a n d  0.86 < x --~ 1.0 ( T A p ) .  The three  potent ia l  regions 
,found in the first d ischarge of the Na/VS2 cell  shown 
in Fig. 5 cor re la te  fa i r ly  well  wi th  these phase re-  
gions. The s t ruc ture  of the  te rnary ,  NaLoVS2, we  
have  obta ined  from the e lect rochemical  cell at  the  end 
of discharge appears  to be ident ical  to tha t  of the  TAP 
Nal.0VS2 descr ibed by  Wiegers  wi th  crys ta l  la t t ice 
pa rame te r s  of a : 3.22A and C = 7.30A. We have 
fu r the r  es tabl ished Na in terca la t ion  by  VS2 from the 
x - r a y  pa t te rns  of NaxVS2 compositions p repa red  f rom 
VS2 and Na-naph tha l ide  (6). The C- la t t ice  pa ramete r s  
for  Na0.4VS2 and Na0.sVS2 intercala tes  have been found 
to be 7.08 and 6.94A, respect ively,  in agreement  wi th  
the  observat ions  of Wiegers  (8). 

Cathode rechargeability:--Rechargeability of the VS2 
cathode was inves t iga ted  by  ex tended  cycling of a 
cell  wi th  a pressed cathode (0.8m thick)  containing 
62 w/o  VS2, 30 w/o  C, and 8 w/o  Teflon. Cathode 
ut i l iza t ion as a function of cycle number  is shown 
in Fig. 7. An  average  capaci ty  of 0.70e-/VS2 was 
obta ined in the first 40 cycles. The capaci ty  , then  
g radua l ly  decreased.  The average  capaci ty  for the last  
15 cycles was 0.6e-/VS2. The 22nd cycle is shown in 
Fig. 8. Deta i led  analysis  of the discharge curves 
suggests that  the capacit ies involved in the  second and 
th i rd  phases a re  rechargeab le  dur ing ex tended  cycling. 
However,  i t  appears  from the potent ia l  profiles of 
l a t e r  discharges,  for example  the 22nd discharge shown 
in Fig. 8, that  the s t ruc tura l  differences be tween  these 
two phases g radua l ly  disappear .  The l a t t e r  discharge 
curves exhib i t  m o r e  or  less l inear  profiles. A possible 
reason for  some of the decrease in capaci ty  af ter  the 
40th cycle is mechanical  loss of mater ia l s  f rom the 
cathode matr ix .  This was evidenced by  visual  obser -  
vations. The cycling da ta  demons t ra te  that  the 
Na/VS2 cell  could del iver  an average  rechargeable  
capaci ty  of 0.7e-/VS2. 

The cathode ut i l izat ion in the first discharge of cells 
wi thout  carbon in the e lect rode ma t r i x  was only 
~0.70e- /VS~.  The potent ia l  profiles of the discharge 
curves suggested tha t  Na in te rca la t ion  into the th i rd  
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Fig. 7. Cathode utilization vs. cycle number for an Na/VS2 cell. 
Cathode = 62 w/o VS~, 30 w/o C, 8 w/o Teflon. Current id = 
ic = 4 mA. Current density = 0.5 mA/cm ~. 
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Fig. 8. The 22nd cycle for the VS~ cell depicted in Fig. 7 

phase was not  achieved when carbon was absent.  The 
res is t iv i ty  data  for VS2 and NaxVS2, x ---- 0.65, 0.8, and 
1, shown in Table I, suggest  that  this may  be due to 
decreased electronic conduct iv i ty  of NaxVS2 composi-  
tions for x ~ 0.8. The da ta  in Table  I show that  no 
significant increase  in res is t iv i ty  occurs unt i l  x = 0.8. 
When x = 1, the ma te r i a l  becomes low conducting. 
The exact  b r eak -po in t  to lower  conduct iv i ty  is not 
known, but  m a y  be associated with  the TAP phase 
wi th  x --~ 0.8. I t  has been shown by Wiegers  et al. 
(10) that  Nal.0VS2 could exist  in two crys ta l lographic  
modifications, namely,  the TP and T A P  forms. The 
TAP modification is semiconducting,  whi le  the TP 
form is metall ic.  The x - r a y  da ta  we have  obta ined for 
NaVS2 samples p repa red  e lec t rochemical ly  are  in good 
agreement  wi th  a TAP modification. These results  
seem to suggest  tha t  the capaci ty  l imi t ing factor  in 
the TAP phase in VS2 is electronic conduct iv i ty  where -  
as that  in TiS2 is Na diffusion. The act ivat ion energy for 
Na in terca la t ion  usual ly  decreases wi th  increas ing c/a 
rat io of the crysta l  lat t ice.  The c/a rat io for the TAP 
phase in VS2 is 2.26 whereas  tha t  for the  TAP phase 
in TiS2, i.e., in Na0.sTiS2, is 1.9 (6, 8). 

In extensive cycling, rechargeable  capaci ty  of VS2 
cathode wi thout  carbon in the e lect rode ma t r i x  would 
be ~-0.4e-/VS2. 

Potentiostatic cycling of VS$.--A VS2 cathode w a s  
potent ios ta t ica l ly  cycled wi th  the potent ia l  for dis-  
charge set at  1.3V and for charge at  2.3V. The cycling 
curves are  shown in Fig. 9. The total  in tegra ted  
capaci ty  in the first discharge corresponds to 0 .95e - /  
VS2. The capacit ies in the first charge and the second 
discharge are  s l ight ly  lower  than  the capaci ty  in the 
first discharge;  however ,  they  are  about  10% higher  
than the values found in the  corresponding galvano-  
stat ic cycles. Analys is  of the first d ischarge curve 
shows a capaci ty  of 0.58e-/VS2 in the first 60 min of 
discharge dur ing which t ime the min imum current  
densi ty  was 4.8 m A / c m  2. The comparable  ra te  cap-  
abil i t ies  of the VS2 and TiS2 cathodes are  in conformity  
wi th  the i r  s imi lar  c rys ta l  s t ructures.  

The Sodium-Niobium Dhulfide Cell 

Typica l  galvanosta t ic  cycles for a cell  wi th  Nbl.IS2 
cathode are  shown in Fig. 10. The open-c i rcu i t  po-  

Table I. Resistivity data for NaxVS2; x = 0.0, 0.65, 0.8, and 1.0 

Compound Resistivity, • c m  -1 

VSB 0.3 
Nao.~VS2* 1.2 
Nao.sVS2* 3.2 
NaVS2* 208 

* Prepared from VS~ and Na-Naphthalide in THF. 
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Fig. 10. Galvanostatic cycling curves for the cell, liquid Na/ 
~-AI2OJtriglyme/1M Nal, Nb~.IS2 at 130~ The cathode was 
fabricated from 50 w/o NblnS2, 40 w/o C, and 10 w/o Teflon. 
Current, id ~ ic = 4 mA. Current density = 0.5 mA/cm 2. Curves 
D1, D3, and D17 are the first, third, and 17th discharges. Curve C1 
is the first charge. 

ten t ia l  of the  cell  was 2.20V. However ,  the first dis-  
charge  proceeds f rom 1.7V wi th  the  potent ia l  r e ma in -  
ing at  ~ l . 4 V  dur ing  most  of the discharge.  The first 
d ischarge corresponds to 0.72e-/Nb~nS2. The first 
charge  exhibi ts  a more  l inear  vo l t age - t ime  behavior ,  
wi th  a much h igher  slope than  the discharge.  The 
charge  corresponds to 0.54e-. Al l  subsequent  dis-  
charges and charges have slopes s imi lar  to the first 
charge.  I t  appears  tha t  in  the  first discharge as Na 
is in terca la ted ,  NbL1S2 undergoes  a phase change and 
the "new phase" re ta ins  the s t ructures  dur ing  subse-  
quent  cycling. Average  cathode ut i l izat ion in 17 
cycles was 0.5e-/Nbl.IS2.  

A wide va r i e ty  of s t ruc tura l  types a r e  known in the 
N b - S  b ina ry  sys tem (17). The x - r a y  pa t t e rn  of our 
ma te r i a l  of average  s to ichiometry  Nbt.tS2 could not  
be  indexed  to a single homogeneous  phase,  a l though 
a considerable  f ract ion of the  ma te r i a l  appeared  to 
belong to the 3S-NbI+xS2 s t ruc tura l  type  (17). A ca th-  
ode was cycled once and then t rea ted  wi th  CHsCN/I2 
solut ion to remove  al l  the  res idual  Na. Its x - r a y  pa t t e rn  
appea red  to be s imi lar  to tha t  of the  2H-Nb~+~S2 
s t ruc tu ra l  type  (17). I t  appears  tha t  in te rca la t ion  of Na 

Table II. Energy denslty of Ha/MS2 couples calculated from 
experimentally obtained capacities and voltages 

Equiv./ Mid- Specific 
Metal mole discharge energy 
sulfide of MS~ voltage (W-hr/kg) 

TiSs 0.65 1.7 215 
VS~ 020 1.8 258 
NbvxS~ 0.50 1.5 119 

in i t ia l ly  converts  the  8S-Nbl+zS2 s t ruc ture  to the 
2H-Nbl+xS2 s t ruc ture  which does not  undergo fu r the r  
change wi th  cycling. The potent ia l  profiles of the  
charge /d i scharge  curves af te r  the first discharge 
closely resemble  the prev ious ly  repor ted  (18) EMF-Na  
composit ion curve  of the NaxTaS2 t e r n a r y  (18) where  
the pa ren t  disulfide belongs to the 2H-polytype .  

Summary and Conclusions 
Three  t rans i t ion  meta l  disulfides, TiS~, VS2, and  

Nbl.IS2, have been eva lua ted  as possible cathode ma-  
ter ia ls  for  a modera te  t empera tu re  rechargeab le  Na 
cell opera t ing  at  ~130~ Discharge and charge reac-  
tions in al l  the three  cathodes involve Na in te rca la t ion  
and deintercala t ion,  r e spec t ive ly .  Our  da ta  seem to 
indicate  tha t  the cychng react ions proceed wi th  phase 
t ransformat ions  of the  host  lattice.  

The  first discharge of TiS2 resul ts  in a capaci ty  of 
0.85 equiv. /mole.  I t  m a y  be in fe r red  f rom the dis-  
charge da ta  tha t  the Na~TiS2 t e r n a r y  encompassing 
the Na composi t ional  range,  0 < x ~ 0.85 involves two 
phases. Abou t  half  of the Na in the first phase span-  
ning the Na composi t ional  range,  0 < x ~ 0.30 ancl 
p rac t i ca l ly  al l  the Na in the second phase spanning 
the composi t ional  range,  0.37 < ~  --~ 0.80 are  re -  
chargeable .  

Vanadium disulfide in terca la tes  up to one mole  of 
Na /mole  of VS2 in the first discharge.  The resul t ing  
NaxVS2 t e rna ry  encompasses three  phases at  0 < x 
0.28, 02 < x --~ 0.85, and 0.85 < x ----- I. Ex tended  
cycling da ta  suggest  tha t  v i r tua l ly  al l  the Na in the 
las t  two phases a re  reehargeable .  The Na involved 
in the first phase is p rac t i ca l ly  i r revers ible .  

Niobium disulfide appears  to undergo a phase change 
in the  first discharge. The new phase, however ,  r e -  
tains the  s t ruc ture  dur ing  subsequent  cycling. The 
average  rechargeable  capaci ty  in ex tended  cycling of 
this cathode appears  to be about  0.50 equiv. /mole.  

Energy  densit ies of Na/MS2 couples ca lcula ted  f rom 
expe r imen ta l ly  de te rmined  average  capacit ies and mid -  
discharge voltages are presented  in Table  II. The 
energy densi ty  projec t ion  recent ly  made by  Rao (19) 
for an Na-TiS2 cell is in close agreement  wi th  our  
results.  
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A Pulse Technique Employed for Studying 
Egress of Hydrogen from Iron Polarized 

A s  ~§ Cathodically in -Containing Solutions 
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ABSTRACT 

Tr iangu la r  pulses wer.e appl ied  to one side of an  i ron m e m b r a n e  polar ized 
ca thodica l ly  in As~+-conta imng solut ion of 0.1N H2SO4 or 0.1N NaOH, and 
changes in the ra te  of the hydrogen  ionizat ion occurr ing at  the diffusive side 
of the membrane  were  recorded.  The resul ts  indica ted  that  in both solutions 
the egress of hydrogen  f rom iron at  the polar ized side of the  m e m b r a n e  was 
hampered  by some surface effects re la ted  to the presence of As z+ in the elec-  
t rolyte.  The probable  na tu re  of these etIects is discussed. 

In  a s tudy  of the e lec t rochemical  ex t rac t ion  of 
hydrogen  f rom iron membranes  polar ized  ca thodica l ly  
on one side, Nares and Namboodhi r i  (1) analyzed 
theore t ica l ly  the  t rans ient  cur ren t  of hydrogen  re-  
mova l  f rom i ron  fol lowing s t eady-s ta te  permeat ion.  
Two l imit ing condit ions were  considered:  1, the fastest  
possible decay caused by  a rap id  egress of hydrogen  at  
both sides of the membrane ;  and 2, slow hydrogen  re -  
moval  occurr ing only at  the diffusive side of the mem-  
brane.  In  case 1, the concentra t ion of hydrogen  at  the 
input  (polar ized)  side is considered to drop ins tan-  
taneously  to zero on polar izat ion current  in ter rupt ion,  
whereas  in case 2, the  input  side is thought  to be -  
come impermeab le  to hydrogen  removal.  The theo-  
re t ica l  analysis  has shown tha t  for the fastest  possible 
decay  (condit ion 1) the  amount  of hydrogen  ex t rac ted  
at  the diffusive side of the  membrane  is one - th i rd  of 
the total  amount  of hydrogen  presen t  a t  s t eady-s t a t e  
permeat ion.  The remain ing  pa r t  of hydrogen  diffuses 
out  th rough  the input  side. In the second case (condi-  
t ion 2) the to ta l  quan t i ty  of hydrogen  escapes at  the  
diffusive side. 

Exper iments  conducted wi th  Armco i ron membranes  
polar ized ca thodica l ly  in 0.1N H2SO4 or  0.2N NaOH 
solut ion proved (1) tha t  a f te r  in te r rup t ion  of the 
charging cur ren t  about  33% of the total  quant i ty  of 
hydrogen  presen t  a t  s t eady-s ta te  permeat ion  escapes 
through the diffusive side indica t ing  that  condit ion 1 
is fulfilled. 

More general ly,  if Vin is the s ta t ionary  ra te  of hy -  
drogen ingress  and veg is the ra te  of hydrogen  egress 

* Electrochemical  Soc ie ty  Act ive  Member,  
Key words:  cathodic polarization,  iron, hydrogen  diffusion, hy- 

drogen permeat ion,  hydrogen  ionization. 

at  the polar ized  side of the membrane ,  then for  c o n -  
d i t i o n  i 

C ~  ~ �9 D 
vi. = Veg >> - -  [I] 

L 
and for condition 2 

C ~  ~ �9 D 
vm = > >  Ve~ [2] 

L 

where  (CH ~ �9 D ) / L  is the ra te  of hydrogen  permeat ion  
th rough  the membrane .  

In  case 1 each var ia t ion  of polar iza t ion  conditions, 
for example  of the cathodic cur ren t  dens i ty  ic, induces 
immedia t e ly  an appropr ia t e  change in CH ~ Therefore,  
changes in ic and CH ~ wi th  t ime are  de te rmined  by the 
same function. In  case 2, however ,  var ia t ions  of po la r -  
izat ion conditions produce  r e l evan t  changes in the  
value of (Oc/Ox)~=L, i.e., of the concentrat ion grad ien t  
of hydrogen  at  the en t ry  side of the membrane .  

Apa r t  f rom the da ta  r epor ted  by  Nanis and Nam-  
boodhir i  (1) there  also are  in the l i t e ra tu re  some other  
results  suggest ing tha t  for sufficiently th ick mem-  
branes charged wi th  hydrogen  evolved f rom acid or 
a lka l ine  solutions condit ion 1 is satisfied. For  example ,  
on the  basis of pe rmeab i l i t y  measurements  per formed  
by  Devana than  and Stachursk i  (2) on Armco iron 
membranes  of different  thicknesses polar ized cathodi-  
cal ly  in 0.1N H2804 t h e  fol lowing values  were  calcu-  
lated:  1 a t  E = 600 mVscE the s ta t ionary  ra te  of hydro -  
gen ingress was vin ~ 10 -9 mole  H / c m 2 . s e c ,  and 
for L = 0.77 m m  the s t eady-s t a t e  pe rmea t ion  was 5.7 
• 10 -21 mole  H / c m  ~ �9 sec. A t  E = 650 mVscE the te- 

l Calculations of v l .  were  made by  extrapolat ing the steady- 
state permeat ion  to zero th ickness  of the membrane  ( L  = 0) .  
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spect ive values  were  ~ 10 -9 mole H / c m  2 �9 sec and 8.3 
• 10 -11 mole  H / c m  2. sec. S imi la r  exper iments  car -  
r ied  out  by  Kim and Wi lde  (3) on Fer rovac  i ron 
charged  wi th  hydrogen  in 10-4M NaOH led to fol low- 
ing values:  Via ~ 5 • 10 -1~ mole  H / c m  2. sec and 
pe rmeab i l i t y  th rough  a 0.77 m m  thick membrane  : 6.2 
X 10 -11 mole H / c m  2 �9 sec. 

The above resul ts  indicate  tha t  under  s ta t ionary  
condit ions of e lec t ro ly t ic  charging of i ron  m e m b r a n e s  
wi th  hydrogen  evolved f rom pure,  i.e., promote r - f r ee  
solutions, the  pe rmeab i l i t y  is by  one to two orders  of 
magni tude  lower  than  Vin. Hence, in conformi ty  wi th  
condi t ion 1, Veg is a lmost  as h igh  as Vin. 

S imi la r  conclusions fol low from measurements  per -  
formed by  Kedzierzawski  et al. (4). In the i r  exper i -  
ments  high pur i ty  zone-ref ined Bat te l le  i ron was po-  
lar ized wi th  a l t e rna t ing  currents  in 0.1N H2SO4. The 
resul ts  ind ica ted  tha t  the  diffusivi ty of hydrogen  
ca lcula ted  f rom e i ther  ampl i tude  or phase re la t ion-  
ships was independen t  of frequency.  This led to the 
conclusion tha t  a t  the  input  side of the i ron  membrane  
the  current  was in phase wi th  CH~ hence again,  con- 
di t ion 1 was fulfilled. 

Different  resul ts  were  obta ined  for pa l l ad ium mem-  
branes.  Thus, according to Fu l l enwide r  (5), the pe rme-  
ab i l i t y - t ime  re la t ionships  obta ined  expe r imen ta l ly  
were  close to those based on the assumpt ion tha t  each 
change in  the potent ia l  appl ied  to the Pd e lect rode 
induced an immedia te  change in the concentra t ion 
g rad ien t  of hydrogen  at  the  input  side of the m e m -  
brane;  and  Sekine  (6) a rgued tha t  in pe rmeab i l i t y  
measurements  conducted wi th  a l t e rna t ing  currents  the 
cathodic cu r ren t  was in phase wi th  the concentra t ion 
grad ien t  of hydrogen  a t  the input  side of the Pd 
membrane .  These resul ts  fit in wi th  condit ion 2. 

The presen t  paper  provides  expe r imen ta l  evidence 
tha t  in AsS + -conta in ing  solutions pure  i ron  behaves  
accordingly  to condit ion 2. 

I t  has been found in previous  studies (7, 8) that  com- 
pounds of arsenic, and also those of phosphorus,  an-  
t imony,  sulfur,  selenium, and te l lur ium,  promote  the 
e n t r y  of hydrogen  into i ron only  in  such regions of 
the  e lect rode poten t ia l  and pH in which the hydr ides  
of these e lements  coexist  in t race amounts  at  the po-  
la r ized  cathode surface. On the other  hand, it  has been 
suggested (9) tha t  in the presence of the  compounds, 
which  promote  en t ry  of hydrogen  into metals,  the 
reverse  process, i.e., the  egress of hydrogen  f rom the 
metal ,  is hampered .  

In  o rde r  to ve r i fy  the above suggest ion exper i -  
menta l ly ,  a pulse  technique was employed.  The ex-  
per iments  were  car r ied  out  by  apply ing  t r i angu la r  
pulses to the  en t ry  side of the i ron  m e m b r a n e  and 
measur ing  for  each appl ied  pulse the  quan t i ty  of 
hydrogen  ionized at the  diffusive side of the mem-  
brane.  This technique pe rmi t t ed  evalua t ion  to be made  
of the  ra te  a t  which hydrogen  egressed f rom iron at  
defined values  of the e lec t rode  potent ia l  and cur ren t  
dens i ty  appl ied  to the  en t ry  side of the  membrane .  
Also, measurements  of the  cathodic cur ren t  a f te r  
pulse  appl ica t ion  enabled  conclusions to be d rawn  on 
the desorpt ion  of the promot ing  species f rom the  
cathode.  

Theoret ica l  Basis of the Method Employed 

Changes in  the  ionizat ion ra te  of hydrogen  tha t  
occur at the  diffusive side of the  m e m b r a n e  when  a 
potent ia l  pulse  is appl ied  to the polar ized  side can be 
analyzed  considering tha t  the egress of hydrogen  at  
the  l a t t e r  side is control led e i ther  by  condit ion 1 (d i f -  
fusion contro l ) ,  or  by  condit ion 2 (kinet ic  control) .  

The anodic cur ren t  P at  the  diffusive side of the  
membrane  is given by  the express ion 

P ( t )  = DF \ - ~ - - / x = o  [31 

To calcula te  (OCH/OX)~=O it  is necessary  to know the 
concentra t ion of hydrogen  as a funct ion of t ime and 
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space coordinates.  Fo r  this, F ick 's  second law with  
defined ini t ia l  and bounda ry  conditions mus t  be solved. 

Case I. DifJusion controlled process.--The sys tem of 
equations to be solved is of the  f o r m  

02CH 1 0CH 
- -  = [41 

8x 2 D Ot 

CH(0, t )  = 0 [5] 

CH(L,t) = CH ~ + ~8(t) [6] 

CH ~ X 
CH (x, O) = [7] 

L 

The use of Dirac 's  de l ta  funct ion 5( t )  is just if ied by  
the fact tha t  the dura t ion  of the pulse (both potent ia l  
and cur ren t )  is less than  0.1 sec, hence much shor ter  
than  the t ime dur ing  which pe rmea t ion  of hydrogen  
is recorded (10-100 sec).  

By subst i tu t ing c --  CH --  CH ~ x / L  one  obta ins  

O2c 1 ,Oc 
. . . . .  = - -  - -  [8] 

Ox 2 D O t  

c ( O , t )  = 0 [9] 

c ( L , t )  - -  LB(t) [10] 

c (z,  0) = 0 [11] 

Above subst i tut ion e l iminates  the s t eady-s ta te  compo-  
nent  of the pe rmea t ion  rate.  Changes in the p e r m e a -  
t ion ra te  AP regis te red  in this work  are  re la ted  to 
the t rans ien t  component  of concentra t ion c by  

A P - -  FD ( 0 ~ - x )  [12] 
X=0 

Equat ion [12] m a y  be solved using Laplace ' s  t r ans fo r -  
mat ion  method. By t rans forming  both  sides of [8] and 
for boundary  conditions as above one gets 

d2Y 1 
sY = 0 [13] 

dx  2 D 

Y(0, s) = 0 [14] 

Y ( L , s )  - -  L [15] 

where  Y = a [c], s = Laplace  t rans format ion  p a r a m e -  
t e r .  

Equat ion [13] has a solut ion 

sinh (x~/s /D)  
Y =  

sinh ( LVrS]D7 

Inverse  t rans format ion  of [16] gives 

2~D~ ~-~ n ~ x 
c - - - - - -  ~r  ( - - 1 ) n n s i n  exp  

L ~ . = I  L 

and 

~ P  = F D  

where  

[16] 

-- nU~2D t ) 
L 2 

[17 ]  

( 
0~-~CX/z__.0 " -  

2~2D2~F ~ ( - - 1 ) ~ n  2 exp ( - - n~k )  
L 3 n = l  

[18] 

~2Dt 
k = L~ [19] 

Therefore  changes in  the  pe rmea t ion  ra te  wi th  t i m e  
are  p ropor t iona l  to the factor  

K 1 - - - -  ~ (_l)-nZexp (--n2k) 
n=l 

[2O] 
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The plot of K, vs. k is given in Fig. I. Calculations 
indicate that in this case the half-peak width is equal 
to 1.4. 0~ 

Case 2. Kinetically controlled process . - -The  sys tem 
of equations to be solved has the  fo rm 

a2CS 1 aeH 02 
, = [21] 

ax ~ D at 

Ca(O, t )  = 0 [22] 0,1 

CH ~ 
8C. ( L , t )  ---- d- ~5( t )  [23] 
ax  L 0 

ca(z, 0) -- CH~ [24] 
L 

By subst i tu t ing  

one obtains  

CH ~ Z 
C "-" CH 

L 

a~c 1 0c 
-- = [25] 

%x ~ D at 

c(0, t) = 0 [26] 

ae 
(L, t)  = p8 ( t)  [27] 

Oz 

c ( z , 0 )  = 0 [28] 

As in the previous  case the  t rans ien t  concentra t ion 
component  c is re la ted  to the t rans ien t  component  of 
the  pe rmea t ion  ra te  by  Eq. [12]. The above sys tem of 
equations can again be solved using Laplace's trans- 
formation method. Transformation of both sides of 
[25] and of boundary conditions leads to the equation 

d2Y 1 
sY = 0 [29] 

dx 2 D 

with boundary conditions 

Y(0, s) = O [30] 
and 

dY 
(L, s) = # [31] 

dz 

Equation [29] has the solution 

IL ~/D sinh (at ~/s/D) 
Y = [32] 

~/;cosh (L ~/s/D) 

Inverse transformation of [30] gives the expression 
for  c 

2D~ ~ ( 2 n -  l ) ~ r  
e -- -- -- l.q (--l)"sin 

L m=l  L 2 

exp[ (2n--l)2k] [33] 
4 

Different ia t ion of  [33] vs. x gives the  express ion for  
the t rans ien t  component  of the pe rmea t ion  ra te  

AP -- FD -- = (--l)"(2n-- i) 
z 0 L 2 n=l 

exp [ - -  (2n  - -  1) 2 k/4) ] [34] 

Therefore changes in the permeation rates are propor- 
tional to 

K2=-- ~ (--1)"(2n--I) 
n = l  

exp [ - -  (2n -- 1)= k /4 ]  [35] 

The plot of Ks vs. k is shown in  Fig. 1. According to 
calculations, in  this case the half-peak w id th  is 4.3. 

K4 Ks! 

2 4 6 k 

0,6 

0.4 

0,2 

Fig. i. Variations in K1 and K2 with k according to Eq. [20] 
(diffusion control, • = i.4; full line) and Eq. [35] (kinetic 
control, ~k/2 = 4.3; dashed line). 

Exper imental  
A schematic  d rawing  of the appara tus  employed  is 

shown in Fig. 2. The e lec t ro ly t ic  pe rmeab i l i t y  cell  was 
based on the design s imi lar  to tha t  used in Ref. (3). 
The P t  countere lec t rode  in the  diffusion compar tment ,  
Ep2, was she l te red  by  a glass f r i t  to minimize  access of 
hydrogen  f rom that  source. As reference  electrode,  
E02, a P t  foil p la ted  wi th  Pt  sponge bubbled  wi th  H~ 
and immersed  in 0.1N NaOH was used. The  E01 re f -  
erence e lec t rode  was e i ther  Hg/HgSO4/O.1N H2SO4 or  
Hg/HgO/O.IN NaOH, this being dependent  on the com- 
posi t ion of the ca tholy te  employed  in the given ex -  
per iments :  e i ther  acid o r  a lkal ine.  

The membranes  were  in shape of caps machined 
f rom a bar  of Bat te l le  u l t r apu re  i ron wi th  5 p p m  non-  
metal l ic  and 23 ppm meta l l ic  impuri t ies .  The cap's 
bottom, 0.8 cm in d iameter ,  0.077 cm thick, served  as 
the membrane  and its side pa r t  was c lamped be tween 
the two compar tments  of the  e lect rolyt i  c cell  which 
were  made  of Plexiglas .  The membranes  were  ground 
wi th  600 gr i t  abras ive  paper ,  pol ished wi th  d iamond 
paste, degreased wi th  benzene, hea ted  in  vacuo for  2 
hr  a t  700~ and furnace  cooled. Before measurements  
the in te rna l  side of the  cap which served as the  d i f -  
fusive side of the m e m b r a n e  was e lec t rop la ted  wi th  a 
thin coat of pa l lad ium.  

The measurements  were  pe r fo rmed  at  room tem-  
pe ra tu re  in  e i ther  0.1N H2SO4 or  0.1N NaOH. The 
solutions were  p re -e lec t ro lyzed  for  severa l  hours in  
an aux i l i a ry  cell be tween  smooth P t  e lectrodes at  a 
vol tage  of 1.6V. 

As es tabl ished in Ref. (7 and 8), in both acid and 
a lkal ine  solutions the presence of arsenic  compounds 
g rea t ly  increases the  pe rmea t ion  r a t e  of hydrogen  

Fig. 2. Schematic drawing of the apparatus. M-iron membrane; 
E01 and Eo2, reference electrodes; Epl, Ep2, auxiliary electrodes; 
G, generator; R1, R2, R~, rcsistors; P1, P2, potentiostats; Rel, Re2, 
recorders; JR, ohmic resistance compensator; !, polarization side; 
2, diffusion side. 
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through iron polarized cathodically to potentials at 
which arsine is produced in trace amounts together 
with hydrogen evolution. The permeabil i ty of hydrogen 
increases with increasing AsS + concentration to a maxi-  
mum at about 10-3M and then decreases. The present 
experiments were carried out at  10-SM or 5 • 10-4M 
As 3 +. 

Two types of experiments were performed: (i) 
measurements of polarization curves and permeabil i-  
ties of hydrogen during galvanostatic polarization in 
As-free and As-containing solutions, and (ii) cyclic 
perturbat ion measurements in As-containing solutions. 

Polarization and permeability measurements.--The 
iron membrane coated on one side with palladium was 
clamped between the two parts of the electrolytic 
cell. The cathodic polarization compartment was filled 
with either 0.1N H2SO4 or 0.1N NaOH, either without 
or with the addition of AS203 at concentrations pre-  
viously given. The diffusive compartment of the cell 
was filled with 0.1N NaOH and the potential of the 
membrane was set at --70 mVsHE. Under these condi- 
tions all the hydrogen permeated through the mem- 
brane was ionized at the Pd-coated iron surface. Mea- 
surements of the cathodic polarization curves were 
made by changing the potential every 30 rain by 50 mV 
in the negative direction. Simultaneously, the hydro-  
gen ionization current was recorded. 

Cyclic perturbation measurements.--These experi-  
ments were conducted only in As-containing solutions, 
because in the absence of As s+ the hydrogen ioniza- 
tion currents were too small to be recorded accurately 
enough. 

Init ial ly the polarized side of the membrane was 
kept at a constant "starting potential" Ei (Fig. 3) of 
either --500 mVNHE (in 0.1N H2SO4 "4- As3+) or --1300 
mVNHE (in 0.1N NaOH 4- ASS+). Under these condi- 
tions the cathodic current densities and the hydrogen 
ionization rates were recorded. After  the steady state 
was established, a potential pulse, either cathodic or 
anodie, was applied to the entry side of the membrane. 
The t r iangular  pulse lasted for  0.01-0.03 sec. After  a t -  
taining the peak at Ez (Fig. 3), the potential re-  
turned to its initial value of Ei. The change in the 
hydrogen ionization current occurring at the diffusive 
side in response to the potential pulse was recorded. 

Results of Polarization and Permeability Measurements 
Figures 4 and 5 show the cathodic polarization curves 

obtained for iron membranes exposed to As-free and 
As-containing electrolytes. I t  is seen that  in the whole 
range of potentials examined the current density is 
less in the presence of As3+ than in its absence. This 
is probably due to adsorption of As and/or  of its com- 
pounds on the cathode. 

Figures 6 and 7 i l lustrate the dependence on poten- 
tial of the steady-state ionization current of hydrogen 
permeating through the membrane polarized, respec- 
tively, in 0.1N H2SO4 and 0.1N NaOH with either 
10-SM or 5 • 10-4M of As s+. In the range of poten- 
tials studied, higher permeabilit ies are observed for 

E 

Ez 

t 

Fig. 3, Shape of the potential pulse applied. Ei, starting poten- 
tial; Ez, reversal potential; v = (dE~dr),  sweep rate. 

i,A/m 2 
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10 

X / 

,u / E,VNHE - y . ~  
! 

-0 ,3  - 0,4 -O,5 

Fig. 4. Polarization curves for iron in 0.1N H2SO4. Curve 1, 
without As3+; curve 2, with 10-5M ASS+; curve 3, with 5 • 
10-4M ASS+. 

j, A/rfi 2 

1 

-10"1 EoVNHE 
I I I I I 

-o,g -1,0 -1,1 -1,2 -1,3 

Fig. 5. Polarization curves for iron in 0.1N NaOH. Curve I,  with- 
out ASS+; curve 2, with 10-5M AsS+; curve 3, with S X 10-4M 
As8+. 

both solutions at  10-~M than at  5 • 10-4M As s+. Also, 
higher permeabilities occur when iron is charged cath- 
odically in acid than in alkaline solution. This fits in 
with the results found in Ref. (3 and 4). 

Results of Perturbation Measurements 
By recording the response of the hydrogen ioniza- 

tion current to the potential pulse one obtains P- t  
curves with maxima or minima, this being dependent 
on the direction of the pulse. As follows from theo- 
retical considerations given above, the shape of the 
response curve, and especially the half-peak width, 
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Fig. 6. Steady-state permeation rate vs. potential in 0.1N H2SO4. 
Curve |, with 10-SM ASS+; curve 2, with 5 X ]0-4M As s+. 
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wou ld  be equal to 1.4, whereas in  the case of  k inet ic  
control (condition 2) this term would be equal to 
4.3. By substituting D -- 8.3 • 10 -5 cm2/sec (6) and 
L _-- 0.077 cm one obtains for the diffusion controlled 
removal htp/2 = 10.1 sec and for the kinetically con- 
trolled removal 31.1 sec. 

As shown in Fig. 8 and 9, in 0.1N H2SO4 + AsS+ at 
Ez potentials less positive than 0.15 mVNHE, and also 
in 0.1N NaOH + AsS+at Ez potentials more negative 
than --0.5 mVNHE the time corresponding to the half- 
peak width is close to the value calculated for 
the kinetically controlled removal of hydrogen. At 
more anodic Ez potentials of the pulse wider peaks 
are observed. 

Discussion 
The above results indicate that the egress of hydro- 

gen from iron exposed to As3+-containing solutions is 
hampered by some kinetic impediments dependent on 
the electrode potential. 

Let us consider electrode processes which might be 
thought responsible for these effects. 

Both in 0.1N H2SO4 + As 3+ and 0.1N NaOH + 
AS3+, at potentials at which, according to the previous 
results (7, 8), arsine occurs as a by-product of the 
hydrogen evolution reaction, the ingress of hydrogen 
into iron is accelerated (Fig. 6 and 7), but the egress 
of hydrogen from iron is restrained (Fig. 8 and 9). 
These effects are probably due to co-adsorption of 
arsenic hydride molecules or radicals with hydrogen 
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80 n o 
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o 

~ ~ Kinetic control 
o 

Diffusion control 

I I I I 

0.2 0 -0.2 -0./. -0,6 Ez,VNHE 
Fig. 8. Effect of reversal potential on width of half-p.~ak of the 

~P-t curve for membranes polarized in 0.1N H2S04. Circles, 10-SM 
As3+; triangles, 5 X 10-4M As 3+. 

-0./~ 

�9 0.2 / x  ' 

-0.9 -1,0 -1 ,1  -1,2 -1.3 -1.4 

Fig. 7. Steady-state permeation rate vs. potential in 0.iN Na0H. 
Curve |, with 10-5M ASS+; curve 2, with 5 X 10-4M As 3+. 

permits conclusions to be drawn regarding kinetics of 
hydrogen extraction. Namely, if the removal of hydro- 
gen were controlled by diffusion (condition 1), the 
dimensionless term 

f~ 

5o 

/.0 

30 

20 

Z~ Kinetic control 

o 

Diffusion control 
I ! ! I I I 

-0./* -0.6 -0.8 -1.0 -1.2 -1./. Fz,VNH E 

Fig. 9. Effect of reversal potential on width of half-peak of the 
~P-t curve for membranes polarized in 0.1N HaOH. Circles, 10-5M 
As3+; triangles, 5 X 10 -4M As 3+. 
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atoms at  the meta l  surface. For  some as yet  unexp lored  
reasons this  promotes  ingress  of hydrogen  into meta l  
bu lk  and inhibi ts  the reverse  process. 

A t  Ez potent ia ls  not  exceeding +150 mVNHE in O.IN 
H2804 + AS ?'+ (Fig. 8) or  --500 mVNHE in 0.1N NaOH 
+ As 3+ (Fig. 9), the dura t ion  of the ha l f -peak  wid th  is 
about  31 sec, which corresponds to the value ca lcu-  
la ted for  the  k ine t ica l ly  contro l led  remova l  of hydro -  
gen f rom i ron  (condit ion 2). With in  the  above Ez po-  
ten t ia l  regions the cathodic cur ren t  densi ty  has been 
found to r e t u r n  to its in i t ia l  value.  As fol lows f rom 
Fig. 10 and 11, more  posi t ive (or less negat ive)  po-  
ten t ia l  pulses resul t  in longer  t imes necessary  to re -  
s tore the in i t ia l  cu r ren t  density.  The h igher  Ez the  
s lower  is the r e tu rn  of the cathodic cur ren t  to its in i t ia l  
value.  S lower  res tora t ion  and h igher  t ime lags are  ob-  
served in a lka l ine  than  in acid electrolytes .  

These effects a re  p r o b a b l y  due to a r ap id  desorpt ion 
of the promot ing  species (a rs ine?) ,  which occurs if a 
r e l a t ive ly  high anodic potent ia l  pulse  is applied,  fol-  
lowed  by  a slow re -adso rp t ion  of arsenic a n d / o r  of 
some of i ts compounds,  the  ra te  of these processes 
being dependent  on Ez. 

Because a par t  of the exper iments  was per formed  
under  condit ions under  which  the en t ry  side of the 
m e m b r a n e  was submi t ted  to anodic potent ia l  pulses, 
a de ta i led  analysis  was unde r t aken  to check whe ther  
anodic reactions,  such as oxidat ion  of iron, of arsenic, 
or  of hydrogen,  could affect the cathodic cur ren t  den-  
s i ty a f te r  the pulse  was applied.  However  addi t ional  
measurements  of chronovol tammetr ic  curves have 
shown tha t  e lectr ic  charges consumed by  these reac-  
tions are  about  108 t imes smal le r  than  those found in 
the  main  series of our  exper iments .  This indicates  tha t  
the  effect of these oxida t ion  react ions is negl igible  
and that  the desorpt ion of the promot ing  species is 
responsible  for the increase  of the cathodic cur ren t  
dens i ty  observed a f te r  appl ica t ion  of the anodic pulse. 

Conclusions 
A pulse technique was used to s tudy the remova l  

of hydrogen  f rom iron membranes  whose one side was 
polar ized  ca thodica l ly  in the presence of smal l  amounts  
of As s+ in e i ther  O.IN H2SO4 or 0.1N NaOH. In contras t  
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Fig. 10. Changes in cathodic current density with time after 
application of potential pulse in 0.1N H~SO4 -~ 5 X 10-4M As 3+. 
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Fig. 11. Changes in cathodic current density with time after 
application of potential pulse in 0.1N NaOH -I- 5 • 10-4M As 3+- 

with  the resul ts  of Nanis and Namboodhi r i  (1), and 
others  (2-4),  who found tha t  in pure  (i.e., AsS+-free)  
solutions the egress of hydrogen  f rom iron at  the po-  
lar ized side of the membrane  was unhampered  and a l -  
most as rap id  as the ingress  of hydrogen  into iron, the 
results  of the presen t  s tudy indica ted  tha t  As 3 + added 
to the ca tholyte  at  a concentra t ion of the  order  of 
10-SM caused a nea r ly  complete  in te rcept ion  of the  
egress of hydrogen  f rom iron. Unde r  these conditions 
a lmost  al l  the hydrogen  which en te red  into i ron at  
the polar ized side of the  m e m b r a n e  diffused out  
th rough  its o ther  side. 

I t  is suggested on the basis of the present  and  p re -  
vious (7, 8) resul ts  tha t  ars ine produced in trace 
amounts  dur ing  the cathodic process promotes  the en-  
t ry  of hydrogen  into i ron and inhibi ts  the reverse  reac-  
tion. These effects are  p robab ly  re la ted  to co-adsorp-  
t ion of arsenic hydr ide  molecules or  radicals  wi th  hy-  
drogen atoms on the surface of the  cathode. 
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Auger Analysis of the Passivation of 
Gadolinium by Electropolishing 
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ABSTRACT 

A method  of e lect ropol ishing has been  deve loped  at  the Ames  L a b o r a t o r y  
which produces  a shiny surface on gadol in ium tha t  remains  un ta rn i shed  f o r  
years  a t  20~ Auger  depth  profiles have revea led  the presence of a chlor ine 
bear ing  l aye r  on t o p  of the nat ive  oxide a f te r  e lect ropol ishing wi th  a chi l led 
me thano l -pe rch lo r i c  solution. Even though this pass ivat ing  film is only  a few 
monolayers  th ick  i t  is continuous and s table  for  at  least  two yea r s  under  room 
t empera tu re  a i r  exposure.  

Gadol in ium meta l  does not  t u rn  comple te ly  into its 
oxide as the  l ight  ra re  ea r th  meta ls  do wi th  ex tended  
exposure  to a i r  a t  room tempera ture ,  bu t  i t  does 
ta rn ish  so tha t  wi th in  a per iod of weeks  its or ig inal  
s i lvery  meta l l ic  appearance  is rep laced  by  a da rkened  
surface. At  high t empera tu re s  ~400~ gadol in ium ox-  
idizes more  rapidly ,  exh ib i t ing  both l inear  and p a r a -  
bolic behaviors  (1-4).  A method  of e lect ropol ishing 
has been developed at  the  Ames Labo ra to ry  (5) which 
produces a shiny surface on gadol in ium which re -  
mains  un ta rn i shed  for years  a t  20~ Auger  electron 
spectroscopy was used in combinat ion wi th  ion beam 
sput te r ing  to inves t iga te  the  surface composit ion of 
e lect ropol ished gadolinium. We have been unable  to 
find any Auge r  depth  profiles of the nat ive  oxide of 
gadol in ium in the l i te ra ture .  However ,  F a r b e r  and 
Braun  (6) did inves t iga te  the effects of oxygen ex-  
posure up to 380 Langmui r  (1L = 10 -6 Torr -sec)  on 
spu t t e r -e t ched  gadol inium. 

A lg  sample  was p repa red  f rom a ba tch  of gadol in-  
ium meta l  which  had the fol lowing impur i t ies  (al l  
given in atomic par t s  pe r  mi l l ion) :  oxygen  2650, hy -  
drogen 934, n i t rogen 420, carbon 288, a luminum 8, 
silicon 8, chlor ine 4, phosphorus  4, thor ium <3, t an ta -  
lum 2, copper  1, and  z i rconium 1. Al l  o ther  e lements  
were  below one ppm atomic. This sample  was cut  into 
two pieces wi th  a low speed d iamond saw. One piece 
was s imply  r insed in acetone and no fu r the r  t r ea tmen t  
was done before i ts surface was analyzed.  We call  this 
the as -cu t  sample.  The o ther  piece was e lectropol ished 
in a 6% perchlor ic  acid solut ion in  methanol  held at  
--78~ and then r insed in acetone. 

The surface composit ion was analyzed by  Auger  
e lect ron spectroscopy in combinat ion  wi th  ion beam 
sput te r ing  to produce  dep th  profiles. The Auge r  spec-  
t romete r  ut i l ized a Phys ica l  Electronics Incorpora ted  
Model  10-155 single pass cy l indr ica l  mi r ro r  ana lyzer  
wi th  a coaxial  e lec t ron gun. The e lect ron beam had an 
energy  of 3.0 keV wi th  a total  cur ren t  of 10 ~A into a 
spot size of about  50 microns and made  an angle  of 60 ~ 
wi th  the  surface normal .  The ion beam, which was 
produced by  a 3M Minibeam I ion gun, was pa ra l l e l  
to the sample  normal  and consisted of 2.5 keV A r  + 
ions a t  a cur ren t  of 50 hA. The ion beam spot size was 
app rox ima te ly  0.3 m m  in d iamete r  and i t  was ras te red  
over  a 2 • 2 m m  2 area. The vacuum chamber ,  wi th  a 
base pressure  of 5 • 10 -10 Torr,  was backfi l led to 7 • 
10 -5 Torr  a rgon gas dur ing  the Auger  depth  profiles. 

F igure  1 shows an Auge r  dep th  profile of the  as-cut  
gadol in ium sample  th rough  the na t ive  oxide. This p ro-  
file was taken  wi th in  a few days  af te r  the surface was 
exposed b y  the d iamond saw and i t  s t i l l  r e ta ined  its 
h igh meta l l ic  luster.  The da ta  shown in Fig. 1 a re  the 
p e a k - t o - p e a k  ampl i tudes  of the  first der iva t ive  spec-  
t r um of the  Gd(138),  O(510),  C1(181), and C(272) 

Key words:  metals ,  e lectropol i shing,  AES. 

Auger  t ransi t ions  p lo t ted  vs. sput te r ing  time. There  is  
a ve ry  thin, low coverage chlor ine l aye r  a t  the  ve ry  
top of the sample  surfa_e (near  zero sput te r  t ime)  fol-  
lowed by  a th icker  carbon l aye r  and  then  by  the na t ive  
oxide layer .  We es t imate  the  na t ive  oxide  l aye r  to be 
200A thick. The oscil lat ions in the  Gd(138) signal  for  
sput te r  t imes longer  than  25 min  are  reproducib le  and 
represent  l ineshape changes tha t  occur as one proceeds 
th rough  the oxide layer .  

F igure  2 shows an Auge r  dep th  profile of the elec-  
t ropol ished gadol in ium sample  t aken  under  the  same 
exper imen ta l  condit ions as those used for the as -cu t  
sample.  The ma jo r  difference be tween  the two samples  
is the  presence of a high dens i ty  of chlor ine  in the  
l aye r  on the ve ry  top surface of the  e lec t ropol ished 
sample. We es t imate  tha t  this chlor ine  bear ing  l a y e r  
is 1fA thick and represents  tens of pe rcen t  of the  su r -  
face composit ion at  i ts  m a x i m u m  concentrat ion.  The 
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Fig. 2. Auger depth profile of the electropolished gadolinium 
sample with the chlorine bearing film occurring on top of the 
.af i re  oxide layer. 

carbon and oxygen signals are nearly identical in 
both samples. 

Both of these samples were Auger depth profiled 
again 22 months after their initial exposure to air. 
The electropolished sample had retained its high me- 
tallic luster (except at the site of the original ion 
bombarded area) while the surface of the as-cut sam- 
ple had acquired a darkened surface coloration. Little 
change was found in the surface composition of the 
unsputtered electropolished sample. Specifically, the 

thickness and compositions of the chlorine, carbon, 
and oxygen layers remained the same. On the other 
hand the as-cut sample exhibited an oxide layer that 
~vas five times thicker than that originally observed 
for this sample. 

The results of this investigation permits the follow- 
ing conclusions. The tarnishing of the as-cut gadolin- 
ium is due to a slow but progressive oxidation of its 
surface. Electropolishing in the chilled methanol- 
perchloric bath suppressed this continuous air oxida- 
tion by forming a passivating chlorine bearing layer 
on top of the native oxide. This passivating layer is 
probably a gadolinium oxychloride phase. Although 
only a few monolayers thick this passivating film is 
continuous and stable for at least two years under air 
exposure. Finally, it is concluded that the methanol- 
perchloric electropolishing provides a viable technique 
for preventing continuous oxidation of gadolinium and 
should provide a useful procedure for those investi- 
gating the optical properties of gadolinium. 
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ABSTRACT 

Densit ies  of porous anodic a luminum oxide  coatings have been measured  
to range  f rom 1.1 to 2.2 g / c m  8, values a pp rox ima te ly  0.3-0.6 t imes those of 
bu lk  A1208. These measurements  are  ob ta ined  b y  using two independen t  
techniques for  de te rmin ing  film parameters ,  Ru the r fo rd  backsca t te r  (RBS) 
of MeV protons and a lpha  par t ic les  and opt ical  or  scanning Auger  microscopy.  
The fo rmer  gives a rea l  densit ies in units of g / cm 2 and the l a t t e r  two th ick-  
nesses in units of cm. Addi t iona l  informat ion on the composit ion of the films 
s tudied using ion- induced  x - r a y  analysis  s imul taneous ly  wi th  RBS is: (i) 
the composit ions are  main ly  A120~ wi th  smal l  amounts  of SOa or CrO~ for 
those anodic layers  grown in H2SO~ or  H2CrO4 electrolytes ,  respect ively;  (ii) 
sul fur  is present  as a con taminan t  in  layers  grown in H2CrO4 elect rolytes ;  
(iii) there  is a reduct ion in the concentra t ion  of the a l loying  e lements  in an-  
odized films grown on 7075 T-73 A1; (iv) atoms f rom the cathode are  de -  
posi ted on the film surfaces dur ing  anodizat ion;  (v) chlor ine is p resen t  
th roughout  the surface of a lumina  samples  severe ly  corroded in NaCl  solu-  
tions, 

The need  to improve  the  corrosion res is tance of 
a luminum par ts  and  components  is pa r t i cu la r ly  im-  
po r t an t  to nava l  appl icat ions  in l ight  of the  corrosive 
sa l t - l aden  ai r  and sa l twa te r  envi ronments  which are  
r egu la r ly  encountered.  The appl ica t ion  of a lumina  
coatings by  anodizat ion is one of the s t andard  methods 
by  which corrosion protect ion is provided.  However ,  
c o r r o s i o n  st i l l  occurs! Thus, the re  is a need to u n d e r -  
s tand  the corrosion process more  fu l ly  in order  to 
develop methods which  may  ex tend  ma te r i a l  l i fet imes 
and re l iabi l i ty .  In suppor t  of our  me ta l lu rg ica l  s tudies 
we have in i t ia ted  a p rog ram of i o n - b e a m  analysis  to 
invest igate  the composit ion and s t ruc ture  of anodized 
A1 layers  before  and af ter  exposure  to corrosive sal t  
environments .  This inves t igat ion concentra tes  on tl~e 
analysis  of the composit ion of porous anodic oxide 
coatings which  are  obta ined  f rom chromic and sul-  
furic acid electrolytes .  Al though these coatings are  
softer  and  more  porous than  b a r r i e r - t y p e  anodic oxide 
films, they  can be grown cons iderably  thicker,  and 
they  can be sealed for added  corrosion protect ion.  These 
two character is t ics  have  made  t hem more  des i rable  for 
nava l  applicat ions.  

Severa l  ion beam and e lec t ron beam techniques a r e  
avai lab le  for mate r ia l s  surface l a y e r  analysis.  We have 
selected Ruther fo rd  backsca t te r ing  spectroscopy 
(RBS) and posi t ive ion- induced  x - r a y  (PIX)  tech-  
niques for this study.  RBS al lows in -dep th  profil ing of 
r e l a t ive ly  thick surface layers  in which the s to ichiom- 
e t ry  for  severa l  ma te r i a l  const i tuents  are  determined.  
S imul taneous  P I X  measurements  permi t  specific e le-  
menta l  identif icat ion of high and middle  atomic weight  
components  in the film when  RBS cannot  uniquely  
de te rmine  the sca t te r ing  a tom because of l imi ted  mass 
resolution. This e lementa l  identif icat ion is thus made  
on the same sample  a rea  used in the RBS analysis.  In  
addit ion,  t race  e lement  analysis  is de t e rmined  f rom 
the intensi t ies  in the  x - r a y  spectra.  Both techniques 
are nondest ruct ive  to the  ex ten t  tha t  r emova l  of ta rge t  
ma t t e r  by  sput te r ing  is negl ig ible  a l though areas  the 
size of the beam d iamete r  receive rad ia t ion  damage.  

Other  techniques which are  often used for surface 
analysis  a re  secondary  ion mass spectroscopy (SIMS) ,  
scanning A u g e r  microscopy (SAM),  scanning e lec t ron 
microscopy (SEM),  and t ransmiss ion e lect ron micros-  

* Electrochemical Society Active Member. 
Key words: corrosion, anodization, Rutherford backscatter, alu- 

minum, anodizatlon density. 

copy (TEM).  SIMS and SAM depend on the r emova l  of 
t a rge t  ma te r i a l  by  spu t te r ing  and hence des t roy  the 
target .  They  are  often unre l iab le  for  the analysis  of 
th ick insula t ing ta rge ts  such as the  a lumina  layers  
s tudied here. In  this case the charging of the insula t ing  
layer  dur ing  spu t te r ing  can cause uncer ta in t ies  in the 
measurement  of the secondary  ions emi t ted  ~rom the 
target .  In  addit ion,  o ther  uncer ta in t ies  ar ise  f rom the 
possibi l i ty  of p re fe ren t ia l  spu t te r ing  rates  f rom the 
components  of a composite target ,  enhanced diffusion 
of the oxygen at  the  sput te r  site, or surface  reox ida -  
tion dur ing  sput ter ing.  SEM analyses  are  l imi ted  to 
thin surface layers  while  TEM techniques are  l imi ted  
to the s tudy  of thin se l f - suppor t ing  films. Moreover,  
TEM requires  ta rge t  des t ruct ion  to produce  specimens 
for study. The x - r a y  analysis  associated with  SEM 
(EDAX) has poor depth  resolution.  This d r awback  is 
also t rue  for PIX, bu t  EDAX is not  as sensi t ive for  
t race e lement  analysis  as P IX  because of the l a rge r  
b remss t rah lung  backgrounds  encountered  wi th  e lect ron 
beams. 

Ion beam analysis  has been  used by  var ious  groups 
to s tudy the g rowth  of anodic films and the anodizat ion 
process. RBS studies have been d i rec ted  main ly  to 
the de te rmina t ion  of mobil i t ies  of ion implan ted  species 
dur ing the anodizat ion process (1-3).  Invest igat ions  
have also been made  using SIMS to s tudy the effects 
of ions in the growth  of oxide layers  (4). Those studies 
had been  conducted main ly  on th in  anodic layers  wi th  
area l  densit ies of less than  0.05 m g / c m  2. The anodic 
films s tudied for this r epor t  had area l  densit ies f rom 
0.2 to 0.5 m g / c m  2. 

The pr incipal  and  unexpec ted  resu l t  of this s tudy 
has been the de te rmina t ion  of film densit ies  which  are  
subs tan t ia l ly  less than  prev ious ly  repor ted .  Whereas  
most  densi ty  measurements  are  made  from independent  
measurements  of mass and volume, o ther  techniques 
can be used. Independen t  measurements  can be made 
of the areal  dens i ty  (units of g / cm 2) and th ick-  
ness (units of cm) of the anodic oxide films. The 
dens i ty  is then de te rmined  by  dividing the former  
by the lat ter .  In RBS measurements  areal  densit ies 
are  de te rmined  d i rec t ly  f rom the energy difference 
of posi t ive ions sca t tered  f rom the front  and back 
surfaces of a thin film and f rom the stopping power  
[units of e n e r g y / ( g / c m 2 ) ]  for the  pro jec t i le  in the 
ta rge t  mater ia l .  The s topping power  for the  p ro -  
ject i le  in the  anodized film is obta ined  f rom Bragg's  
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ru le  by  which energy loss i s  determined from the 
weighted average of the stopping power of the com- 
pound constituents.  Since for high velocity protons this 
rule is valid to about 1% (5), differences between the 
stopping powers as de termined for A120~ and an anodic 
film composed of the same proportions of A1 and O 
are negligible. Independen t  measurements  of film 
thicknesses are obtained directly from optical, SEM, 
or SAM techniques. The film densities obtained in this 
m a n n e r  are approximately 0.3-0.6 times the density 
of bu lk  A1208 and are lower than  densities of porous 
anodic oxide films reported by others (6, 7). This 
lower densi ty is not consistent with the 15% porosity 
of the films grown. 

Although informat ion  concerning chemical b ind ing  
and  composition is not  obta inable  in  the ion beam 
analysis techniques used here, we are able to obtain 
general  informat ion  on the stoichiometry of the anodic 
films. Results for the atomic composition of the films 
including pickup of the anions from the electrolyte, 
the reduction of the alloying elements of the bulk  A1, 
and the presence of surface impuri t ies  from both the 
electrolyte and the cathode are reported. 

Exper imenta l  A p p r o a c h  
Ion beams from NAVSWC's 2.5 MV Van de Graaff 

accelerator were used for the materials  analysis. The 
backscatter spectra were obtained using both incident  
protons and 4He ions. The protons have the advantage 
that  their  lower stopping power allows the analysis of 
thicker samples and in  the targets studied here more 
clearly marks the interface between the anodic layer 
and the bulk  A1. Hel ium has the advantage of bet ter  
mass resolution for making stoichiometric de termina-  
tions at the surface. The incident  particles were col- 
l imated through 1.0 mm apertures and passed through 
an annu l a r  surface bar r ie r  detector which detected the 
particles after being scattered through 178.4 ~ . In  addi- 
tion to the Rutherford backscattering measurements,  
the x- rays  produced by these beams were s imul-  
taneously analyzed. The x- rays  were detected by an 
Si (Li )  x - ray  detector with a 196 eV resolution of an 
55Fe source. It  was mounted  at 90 ~ to the beam direc- 
tion. The x- rays  were collimated with a 2.5 mm 
aper ture  placed directly in  f ront  of the 25 ~m Be de- 
tector window. In  order to reduce the in tens i ty  of the 
low energy x- rays  from the A1 a 100 ~,m polyethylene 
absorber  was placed in front  of the window. The use 
of this absorber allows greater  sensit ivi ty for trace 
e lement  analysis of elements with atomic n u m b e r  
greater  than A1 but  a considerably lower sensit ivi ty 
for elements with atomic n u m b e r  less than A1. Both 
the backscatter spectra and the x - r ay  spectra were 
recorded s imul taneously  on a mul t i channe l  analyzer. 

Anodic samples were prepared from both 7075 T-73 
commercial  A1 and Marz grade (99.9995% pure)  A1. In  
preparat ion for anodization all samples were polished 
mechanical ly  with 600 grit  SiC. They were then 
washed and r insed in acetone or alcohol, etched for 30 
sec in  Keller 's  etch (HF -}- HNOs ~ HC1), and finally 
washed in deionized water. The anodization conditions 
given in Table I produce films which are approxi-  
mate ly  2 ~m thick with a porosity of approximately  
15% ( 8 ) .  

Thickness measurements  were obtained using three 
methods, optical, SEM, and SAM. Although these mea-  
surements  destroy the specimen, it was possible to 

Table I. Anodization conditions to produce ~ 2  ~m films. The 
anadic films were grown on 7075 T-73 and 99.9995% pure AI 

Volt- Current 
Electro- age Time density 

Sample lyte (VDC) (rain) (A/m 2) Cathode 

Stainless 
7075A1 H~SO~ 13.5 4 130 steel  
7075A1 H~CrO4 40 55 130 Pb 
Pure A1 H~CrO~ 40 55 130 Pb 
Pure  AI ItaCrO~ 40 55 130 Pt 

correlate the thickness obtained with these methods 
using samples prepared unde r  identical  conditions. The 
optical and SEM thickness measurements  were made 
from an edgewise cross section of the anodized layer. 
The sectioning was done by careful ly sawing the 
sample perpendicular  to the surface with a slow speed 
cutoff wheel. The samples were then  mounted  in  a 
room tempera ture  curing epoxy containing a lumina  
particles and polished metal lographical ly for edge 
retention. The film thicknesses from the SAM mea-  
surements  were obtained by knowing the sputter  rate 
in A/ ra in  and the elapsed time at which a sharp in -  
crease in the A1 concentrat ion occurred. This increase 
is due to the increased A1 concentrat ion at the a lumina /  
a luminum interface. The film thicknesses in  both 
methods are measured in uni ts  of length. 

Results and  Discussion 
A typical energy spectrum of 1.0 MeV protons scat- 

tered from pure A1 anodized in H2CrO4 electrolytes is 
shown in Fig. 1. The position of the f ront  surface of 
the anodized layer  and the A1203-A1 interface can be 
identified from the energies of the protons scattered 
from both the a luminum and the oxygen. These en-  
ergies are indicated in  Fig. 1. Computer  analyses by  
Niiler (9) were made on this spectrum and on a spec- 
t rum obtained from the same target  with 4He pro- 
jectiles. Using a computer  program by  which film 
parameters  are var ied to r ep roduce the  measured spec- 
tra, he obtained good fits to the data for a film 0.34 
mg/cm 2 thick. The Bragg rule  was used to determine 
the stopping power. The thickness measured optically 
with a microscope at 800• magnification is 2.3 ~m. 
The average film density mus t  be 1.5 g/cm 3 for these 
two measurements  to be consistent. This value is con- 
siderably lower than the densi ty of bu lk  A12Oz (3.5- 
3.9 g/cm~) and the densities of a lumina  layers mea-  
sured by others. Similar  RBS studies by Bauer  and 
Muskett  (3) on anodic films produced in an aqueous 
solution of CP ammon ium ni t ra te  show that  48.4 ~g/ 
cm 2 films have a thickness of 1300A. The resul t ing 
density of 3.72 g/cm 2 agrees wi th  the bulk  values. 
However, the film thus produced is a bar r ie r - type  
film which is expected to be more dense than the 
porous films studied here. 

Similarly,  we determined densities of other films 
using proton RBS coupled with optical, SEM, or SAM 
measurements  on the same a lumina  layers. The alu-  
mina  films were made f rom 99.9995% pure or 7075 

I I l I 
ALUMINA/ALUMINUM 

1600 l ] I INTERFACE 

800 

8 SCAT = 178.40 ,~  
400 8 TARG = 300 

H2CrO 4 ELECTROLYTE 

Pb CATHODE 

I I I 
0 0 200 400 600 800 1000 

ENERGY {keY) 

Fig. 1. Energy spectrum of 1,0 MeV protons RBS from 99.9995% 
pure AI anodized at 40 VDC in an H2CrO4 electrolyte for 55 min. 
Features due to scattering from O and AI at the front surface and 
at the alumina/aluminum interface are identified. The areal density 
is determined from the energy difference from scattering from the 
O or the AI at the front surface and at the interface and from 
proton stopping powers in AI203. 
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T-73 A1 anodized in H2CrO4 or H2SO4 electrolytes. The 
results of the density measurements  are given in  Table 
II. The densities range from 1.1 to 2.2 g /cm 8. In  those 
cases using 7075 A1 two samples were made under  
similar  conditions of current  density, voltage, electro- 
lyte concentration,  electrolyte temperature,  and target  
preparat ion (see Table I) .  One was then sealed in  
boiling water  for 10-20 min. The densities of the 
sealed films are lower than  those of their  companion 
unsealed films al though the differences obtained for 
those prepared in  the H2CrO4 electrolyte are wi th in  
the exper imental  error. The densities obtained for 
those samples whose thickness is determined optically 
and by  SEM are more accurate than  those for which 
SAM was used. We estimate an error in thickness of 
about  15% for the optical measurements  and about  
20% for SAM. For the measurement  of the areal den-  
sity using RBS we use the Bragg rule  to obtain the 
proton stopping power for A1203 in  which the stopping 
powers for a l u m i n u m  and oxygen are given by Ander -  
sen and Ziegler (10). The resul t ing stopping powers 
are accurate to wi thin  10%. Thick target  calculations 
as described by  Foti et al. (11) were followed. The 
determinat ion of the energy differences for protons 
scattered from the f ront  and back surfaces of the 
a lumina  films are also accurate to approximately 10%. 
The densities of the a lumina  layers as obtained from 
the RBS/optical  combinat ion have an error of 20% 
while those using the RBS/SAM combinat ion have a 
25% error. We determined these errors by accumula-  
tion in quadra ture  .The RBS measurements  were made 
at three proton energies; 1.0, 1.2, and 1.4 MeV. The 
targets at three different t i l t  angles to the incident  
beam; 0 ~ 30 ~ and 45 ~ The film thickness for indi -  
vidual  targets was found to be the same wi th in  ex-  
per imental  error for all angles and beam energies. 
Since the film thickness scales with angle, the pore 
size must  play an insignificant role in these measure-  
ments. 

An advantage of the ion beam studies described here 
is that  they quickly yield a var ie ty  of informat ion 
which ordinar i ly  may require  separate measurements  
to obtain. Thus, in addit ion to the average film den-  
sities, informat ion concerning the surface stoichiom- 
etry and the presence and qual i tat ive distr ibution ~ of 
trace elements is obtained. To determine surface stoi- 
chiometry RBS spectra using 4He ions are used since 
bet ter  mass resolution and more accurate scattering 
cross sections are available. Typical  spectra from 2 
MeV 4He scattered from a lumina  layers produced from 
anodized pure A1 in an H2CrO4 electrolyte are shown 
in Fig. 2. A Pb cathode was used dur ing anodization 
From the features of these spectra O, A1, S, Cr, and 
probably As can be readily identified to be on the 
surface of the samples. In  addit ion traces of a high-Z 
mater ial  are seen, probably Pb from the cathode. The 
surface composition of the consti tuents of these sam- 
ples was obtained using s tandard  calculational tech- 
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Fig. 2. Energy spectrum of 2.0 MeV 4He RBS from 99.9995% pure 
AI anodized in an H2CrO4 electrolyte. The identified elements ap- 
pear at the front surface. The sample was anodized with a Pb 
cathode. 

niques with Rutherford scattering cross sections and 
He stopping powers of Ziegler (12). The atomic frac- 
tions determined from these spectra along with those 
for other samples which wil l  be discussed below are 
given in Table IIT. The computer  analysis of Niiler 
(9) indicates that  the Cr dis tr ibut ion is approximately  
uniform throughout  the a lumina  film. The As and Pb 
appear as thin layers on the surface; their  thickness is 
difficult to determine since the energy width is wi thin  
the resolution of the detection system. Similar  results 
are obtained for the films anodized in an H2CrO4 elec- 
trolyte using a Pt  cathode instead of a Pb cathode. 

The x - r ay  spectra obtained from this target  by 1.2 
MeV protons is shown in  Fig. 3. This spectrum con- 
firms that  the feature which was a t t r ibuted  to As in  
the RBS spectra is indeed As, in  addition to corrobo- 
ra t ing the existence of A1, S, and Cr in the target. The 
x - ray  spectra from the films made with a Pt  cathode 
also show x-rays  from trace amounts  P and C1; the 
origin of these impuri t ies  is not known. 

The anodized 7075 A1 samples were corroded poten-  
tiostatically in 3.5 weight percent  NaCI solutions. In  
those cases in which a small  amount  of corrosion oc- 
curred as indicated by the potentiostatic measure-  
ments, there was no appreciable change in the back- 
scatter spectra. At this early stage of corrosion it is 
not possible to determine the corrosion site from the 
RBS spectra. The x - r ay  spectra, however, show the 
addition of C1 to the sytsem. In  the case of extreme 
corrosion, as observed visual ly by deep pits into the 
anodized layer, the uptake of C1 into the surface is 

Table II. Summary of targets, areal densities, and thickness measurements for determination of film 
densities. The areal densities are obtained from RBS measurements. Samples joined by a bracket 

were prepared under identical cenditions with one sealed in boiling water 

Areal density Density 
S a m p l e  Electrolyte Sealed a (mg/cm'-') Thickness (/~m) (g/cm 3) 

99.9995% A1 b H2CrO4 N o  0.34 2.3 ( S E M / o p t i c a l )  1.5 
99.9995% A1 c H.~CrO~ N o  0.21 1.3 (SElVI/optical) 1.6 
7075T-73 A1 ~ H2SO~ NO 0.33 1.5 ~SAM) d 2.2 ( 7075T-73 A1 J H2SO~ Yes 0.35 2.6 (SAM) 1.4 

I 7075T-73 A1 [ HeCrO, No 0.39 2.7 (SAlV[)e 1.4 
L 7~75T-73 A1 .[ H~CrO~ Yes 0.47 3.8 (SAM) 1.2 
J 7075T-73A1 l HeCrO, No 0.36 2.9 (SAM) 1,2 L 7075T-73 A1 ] H2CrO, Yes 0.31 2.7 (SAM) I.I 

a T a r g e t s  w e r e  s e a l e d  in bo i l i ng  w a t e r  f o r  10-20 rain. 
b P b  ca thode .  
c P t  ca thode .  
d Thick~mss  in a g r e e m e n t  w i t h  opt ica l  m e a s u r e m e n t  on  c o m p a n i o n  sample .  
e Thickness in agreement with growth rate vs. current dex~s~ty curve. 
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Table Ill. Surface composition of representative samples analyzed by 4He RBS. Values are given 
in atomic fractions 
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Element  AIK)~ 

H~CrO~ e lec t ro ly te  

99.9995% pure 99.9995% p u r e  
a l u m i n u m  a l u m i n u m  7075 T-73 

Pb ca thode  P t  ca thode  7075 T-73 c o r r o d e d  

H~SO~ e lec t ro ly te  

7075 T-73 
7075 T-73 c o r r o d e d  

O 0.604 0.624 0.635 0.627 0.683 0.616 0.456 
A I  0.396 0.366 0.358 0.358 0.211 0.342 0.508 
Cr - -  3.3 x 10 -~ 3.6 x 10 "a 1.1 x 10 -~ - -  - -  
Zn -- -- -- 3.1 • 10 4 3.2 x 10 -~ 3.0 • iO -'s 1.4 x-lO-= 

S -- 5.1 • 10 -~ 2.6 x 1O-~ -- -- 3,9 x 10 "-s 2.1 x 10 -= 
As -- 2.4 x i0 -a 3.0 x I0-~ . . . .  

Pb  -- 6.2 x i0 ~ -- . . . .  

P t  -- -- 2.6 xlO "~ -- -- -- -- 

Cl . . . .  0.102 -- -- 

quite  a p p a r e n t  both  f rom the RBS spect ra  and the  
x - r a y  spec t ra  as shown in Fig. 4 and 5, respect ively .  
The pro ton  RBS spec t rum of these  heav i ly  corroded 
samples  no longer  shows the exis tence of a th in  a lu -  
mina  layer  on a bu lk  a luminum substrate .  Instead,  the  
appea rance  is tha t  of a bu lk  t a rge t  conta ining O, C, A1, 
CI, and the a l loying  addi t ives  of 70'75 A1. Al l  of these 
const i tuents  appea r  to be un i fo rmly  d i s t r ibu ted  wi th  
r ega rd  to dep th  into the  target .  

Conclusions 
The dens i ty  of var ious  porous a luminum films has 

been measu red  wi th  values  rang ing  f rom 1.1 to 2.2 
g / c m  z. These values  a re  based  on a combinat ion  of  
film thickness de te rmina t ions  using RBS wi th  opt ical  
or SAM measurements .  The densit ies  ob ta ined  in this 
s tudy  are  subs tan t i a l ly  lower  than  those which are  
based on Arch imedes  Principle .  Fo r  instance, in studies 
b y  Mason (6) the mass  and volume of a lumina  films a re  
ob ta ined  f rom differences of mass and volume mea -  
surements  made  of a lumina  films on the i r  a luminum 
subs t ra tes  and  f rom the a l u m i n u m  subs t ra tes  a f te r  the  
films had  been s t r ipped  off. These measurements  thus 
based on Arch imedes  Pr inc ip le  a re  ob ta ined  f rom the 
ra t io  of numbers  each of which  is a smal l  difference of 
l a rge  numbers .  The measurement s  r epo r t ed  here  a re  
made  more  d i rec t ly  f rom the a lumina  films in situ. 
Since the  beam d i ame te r  of 1.0 m m  is cons iderab ly  
l a rge r  than  the size of the pores  in  these samples,  the 
densi t ies  measu red  are  ave raged  over  m a n y  cell  d i am-  
eters.  The thickness obta ined  by  the  RBS measurements  
scale wi th  ta rge t  angle  wi th  respec t  to the inc ident  
beam;  hence the  layers  cannot  have  la rge  porosi ty.  The 
films s tudied  here  have a p p r o x i m a t e l y  15% porosi ty  
(8). Thus, i t  is concluded tha t  the  lower  densi t ies  re -  
por ted  here  are  not  accounted for by  the porous na tu re  
of the films. The er rors  in the  dens i ty  which  were  de -  
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Fig. 3. X-ray spectrum induced by 1.2 M e V  protons from pure 
AI  anodized in an H~CrO~ electrolyte. The sample is the same one 
as shown in Fig. 2. 

t e rmined  f rom the opt ical  thickness  is about  20% 
whi le  the errors  for  those de te rmined  f rom the SAM 
thickness was l a rge r  ( app rox ima te ly  25%) due to r e -  
duced accuracies in  the  SAM measurement .  

The surface composit ions of r ep resen ta t ive  samples  
analyzed  by  ~He RBS are  given in Table  HI. The values  
of the rat io  of the  a tomic f ract ion of  O to A1 a re  g rea te r  
than  the expected  va lue  of 1.5 for  A12Os. Our  measu re -  
ments  on thin  evapora ted  AI~O~ samples  y ie ld  the  
p roper  rat io  of O:A1. Thus, there  is a l a rge r  f rac t ion 
of oxygen  in the anodized layers  than  expec ted  f rom 
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Fig. 4. Energy spectrum of 1.0 M e V  protons RBS from anodized 
7075 AI  which had been heavily corroded in a 3.0 w /o  NaCI  solu- 
tion. The identified elements appear at the target surface and are 
apparently distributed uniformly into the target to depths com- 
parable to the proton range. 
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Fig. 5. X-ray spectrum induced by 1.0 M e V  protons on the same 
target as shown in Fig. 4. 
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pure  A1203. Sul fur  and chromium are  also p icked up 
into the  a lumina  layers  f rom the i r  respect ive  e lec t ro-  
lytes. Their  dep th  d is t r ibut ion  appears  to be un i form 
throughout  the a lumina  layer .  This resul t  is in genera l  
ag reement  wi th  those found by  o ther  methods  (13). 
The amount  of oxygen  in excess of tha t  needed to form 
A1203 is in the p roper  p ropor t ion  for combinat ion wi th  
the S (or Cr)  in the  films in the  form of SOs (or 
CrO~) anions. The films are  thus composed ma in ly  of 
A120~ wi th  the addi t ion  of SO3 (or CrO3) anions f rom 
the electrolyte .  This resul t  is in ag reemen t  wi th  those 
found by  o ther  methods  (13). Add i t iona l  conclusions 
on the composit ion of these films obta ined  f rom this 
analysis  are:  (i)  There  is a reduct ion of the atomic 
f ract ion of the a l loying addi t ives  in the  anodic layers  
by  a factor  of 5-10 as compared  wi th  those in the bu lk  
a luminum.  This va lue  is ob ta ined  f rom the backsca t -  
ter ing measurements  on the concentra t ion of the Zn 
addi t ive  and x - r a y  measurements  which show tha t  the 
re la t ive  x - r a y  product ion  be tween  the Zn and the 
o ther  addi t ives  is the same in the  a lumina  layers  as in 
7075 a luminum.  This s tudy  does not  indicate  whe the r  
these addi t ives  are  t r anspor ted  into the e lec t ro ly te  or  
into the  bu lk  a luminum dur ing  the  g rowth  of the oxide  
layer .  F r o m  the ion implan ta t ion  studies of Mackintosh  
etal .  (1) and Towler  et al. (2), i t  is more  l ike ly  tha t  
they  accumula te  at  the a l u m i n a / a l u m i n u m  interface  
wi th  some fract ion be ing  t ranspor ted  across the  b a r -  
r i e r  in terface  as the l aye r  g rowth  continues. This 
model  qua l i t a t ive ly  accounts for a lower  a tomic f rac-  
t ion in the a lumina  layer .  

(ii) The a lumina  layers  also conta in  S which is 
p resen t  p r i m a r i l y  when Pb  (and to a lesser  ex tent  P t )  
cathodes are  used wi th  H2CrO4 electrolytes .  The atomic 
f ract ion is less b y  an o rde r  of magni tude  f rom that  
when  H2804 e lect rolytes  a re  used. 

(iii) Lead  or  p l a t inum atoms from the i r  respect ive  
cathodes are  also t r anspor ted  to the anode surface 
(see Table I I I ) .  The mechanism of t r anspor t  for bo th  
S and the cathode atoms is not  c lear  f rom this study.  

(iv) Chlorine is p icked up into the  a lumina  l aye r  
a f te r  i t  has been corroded potent ios ta t icaUy in an 
NaCI solution. In  the cases of l ight  corrosion ( invisible  
to the eye) ,  the  addi t ion  of C1 is on ly  apparen t  f rom 
the x - r a y  measurements ,  and  i t  is not  poss ible  to de -  
t e rmine  its locat ion f rom the RBS measurements .  How-  
ever, in the case of ex t reme  corrosion, the  s t ruc ture  
of the a lumina  l aye r  appears  to be des t royed  and C1 
(10 a tomic  percent  in the sample  i l lus t ra ted  in Table  
I I I )  is seen to ex tend  f rom the surface of the  cor-  
roded  sample  into the bu lk  A1. The pro ton  RBS spect ra  
indicate  the remova l  of the a lumina  l aye r  from the 
surface of the a luminum subs t ra te  and the incorpora-  
t ion of C1 into the a luminum to depths  which  are  be -  
yond  the RBS analysis  of protons ( app rox ima te ly  
2-3 #m). 
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ABSTRACT 

Attention was focused on the first steps in the pitt ing process, the ad- 
sorption of aggressive anions and the dissolution of a l u m i n u m  oxide. The 
adsorption of chloride on a lumina  and a l u m i n u m  powder are quite s imilar 
and  show a saturat ion plateau at high chloride concentrat ion;  the amount  of 
chloride adsorbed is proport ional  to the weight of alumina.  The amount  of 
"free" a l u m i n u m  ions dissolved from a lumina  is inversely proport ional  to the 
chloride concentrat ion while the amount  dissolved from a l u m i n u m  powder 
appears to be independent  of chloride concentration. Nitrate ion is reduced 
by a l u m i n u m  metal  bu t  not by ali~mina. Alumina  wil l  greatly reduce the 
amount  of "free" a l u m i n u m  in solutions of A1C13, Al(NO3)8, and A12(SO4)8. 
These results support  the idea that  the first steps in a l u m i n u m  pit t ing in  
aggressive solutions involve adsorption of the anion on the oxide film fol- 
lowed by chemical interact ion to form a soluble species resul t ing in  a th inn ing  
of the film and direct contact with the metal  surface. 

It  is universa l ly  accepted that the exceptional  corro- 
sion resistance of a luminum depends to a great  extent  
on the oxide film which is formed on i t s  surface (1). 
When a fresh a l u m i n u m  surface is exposed to air, i t  
oxidizes rapidly (2), and, as a result, a compact, ad- 
herent  protective film of a luminum oxide (a lumina)  
is formed. In  aqueous solutions, surface layers, which 
for the greater part  consist of crystal l ine hydrates of 
alumina,  are developed (3). A l u m i n u m  oxide is rela-  
t ively iner t  chemically, and it is on this inact ivi ty  that  
the passive behavior  of a luminum depends (4). If 
the oxide film dissolves, the metal  corrodes un i formly  
and Lorking and Mayne (5, 6) have shown that  corro- 
sion was associated with the ini t ia l  ra te  of solution 
of the anhydrous  oxide. On the other hand, when the 
film is damaged under  conditions that  prevent  normal  
self-repairing,  localized corrosion ensues (7). 

Pi t t ing is one type of localized corrosion which ap- 
pears on a metal  surface that otherwise shows a very 
low dissolution rate. Its importance in the corrosion of 
a luminum,  in  particular,  has been manifested by a 
n u m b e r  of investigations by various workers on this 
subject  (8-10). Several  explanat ions or theories have 
been proposed for the breakdown of the passive film 
(11, 12). However, there is not  as yet a unan imous ly  
recognized explanat ion with respect to the mechanism 
by  which an oxide film loses its protective character. 

It  has been postulated (13) that the ini t ia t ion of 
pitting of a luminum in halide solutions proceeds in four 
consecutive steps, (i) the adsorption of the aggressive 
anion on the oxide film; (ii) the chemical reaction of 
the adsorbed anion with the A1 + + + in  the oxide lattice 

A1 + + + (in A1203 �9 nH20 lattice) + C1- -> A1 (OH) 2C1 

or 

A1 + + + (in A1208 �9 nH20 lattice)-t- 2C1- ~ AI(OH)2C12- 

the lower stoichiometric n u m b e r  (one or two) applic- 
able to neut ra l  solution; (iii) the th inn ing  of the oxide 
film by dissolution, (iv) the direct at tack of the ex- 
posed metal  by the aggressive anion with the forma-  
tion of t ransient  complexes which rapidly  undergo hy- 
drolysis 

A1 + + + -t- 4C1- -> A1CI~- 

A1C14- ~ 2H20-~ AI(OH)2C1 ~ 2H + -t- 3C1- 

�9 Electrochemical Society Active Member. 
Key words: corrosion, films, oxidation. 

In  this mechanism the chemical properties of a lumi-  
num oxide proper, as distinguished from oxide-covered 
a luminum,  assume major  significance in the overall  
a l uminum pitt ing reaction. The purpose of the present 
work is to investigate the react ivi ty  of a luminum 
oxide toward an aggressive env i ronment  and com- 
pare it  to the behavior  of purified a luminum powder 
subjected to the same treatment. 

Experimental 
Adsorpt ion-type a lumina  (Fisher A-540, Chromato- 

graphic grade a-AlcOa, 80-200 mesh) and purified a lu-  
minum powder (Apache Chemical, 0093) were used 
throughout  this work. Solutions were prepared wi th  
water doubly distilled from a quartz still  and salts of 
reagent  grade. 

In a typical  experiment,  100 ml  of a salt solution 
was mixed with 10g of a lumina  or a l u m i n u m  powder 
in a 150 ml  flask. The mixture  was shaken several  
times at constant intervals  and then allowed to s tand 
and settle for a fixed time (16 hr) .  The superna tan t  
l iquid was then filtered and analyzed for the presence 
of a luminum ions in solution. The quant i ta t ive  analysis 
of a luminum ions was done spectrophotometrically 
with Eriochrome Cyanine-R as a dye reagent  at  the 
wavelength of 530 nm (14). This method is accurate to 
bet ter  than 6% in the absence of i ron or manganese  
and the sensit ivity is up to 1 ~g per  50 cm 8 of solution. 
The concentrat ion of chloride anions before and after 
adsorption was determined by the Mohr method with 
sodium dichromate as an indicator. At  25~ the sensi-  
t ivity of 4 • 10-SN silver is equal  to the indicator  
blank. This corresponds to an excess of 0.08 ml  of 0.1N 
silver ni t ra te  in the t i t rat ion of 100 ml  of 0.1N NaC1 
or to an error  of 0.08%. In  our titration, an amount  
of 0.1 ml  is subtracted from the volume of AgNO~ read 
on the buret te  in  order to account for the indicator cor- 
rection. The reported concentrat ion of chloride ad-  
sorbed is an average value of three different sets of 
NaC1 solution. It is observed that the difference in the 
amount  of chloride adsorbed be tween  two different 
runs is around 10%. 

Results and Discussion 
Adsorption isotherm oy chloride.--The uptake of 

chloride as a funct ion of solution concentrat ion is 
shown in Fig. 1. The plot in  Fig. 2 shows that  the 
amount  of chloride adsorbed from a solution of 1N 
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b y  a BET measurement .  In  contact  wi th  an aqueous 
solution the powder  wi l l  hydro lyze  to give a number  
of equi l ib r ium and nonequi l ib r ium species. These sys-  
tems have been s tudied in some depth  by  Smi th  (15) 
who classifies the  types  of a luminum species as fol -  
lows: A1 a as monomer ic  species, A1 + + +, AI (OH)  + +, 
A1 (OH) 2 +, and  A1 (OH) 4- ;  A1 b as po lynuc lea r  ma te r i a l  
containing 20-100 A1 atoms; A1 c as large,  solid AI(OH)~ 
part icles .  

Thus, the "surface" Of the powder  mus t  be seen as a 
dynamic,  react ing system. An  ind iv idua l  par t ic le  would  
ve ry  r ap id ly  lose its or ig ina l  shape and surface area.  
The second impor t an t  difference is the ach ievement  of 
equi l ibr ium.  I t  has been  es tabl ished (15) that  t rue  
equ i l ib r ium in these a luminum oxide  systems is only  
achieved af ter  severa l  months  or  severa l  years.  The 
t ime f rame  in which we are  work ing  is tha t  of a typ i -  
cal corrosion expe r imen t  tha t  covers a few days  or  
weeks. This means  tha t  the p la teaus  in Fig. 1 represen t  
an approx ima te  s t eady-s t a t e  condit ion in which the 
par t ic le  in terface  is sa tu ra ted  wi th  the produc t  of the  
reac t ion  be tween  adsorbed  chlor ide  and a luminum 
oxide. 

The in i t ia l  surface charge on a lumina  is posi t ive as 
shown by  electrophoresis  measurements  and floccula- 
t ion b y  a nega t ive ly -cha rged  gold sol (15). The poin t  
of zero charge or  the isoelectr ic  point  is about  8.9-9.2 
and seems to be independen t  of the type  of a lumina  
in the absence of some drast ic  p r io r  t r e a tmen t  being 
given the compound (16, 17). Table  I shows the pH 
change of the solut ion before  and a f te r  adsorpt ion.  The 
final pH in the chlor ide solut ion containing a lumina  is 
ve ry  close to the r epor ted  isoelectr ic  poin t  for  alumina.  
The pH of the chlor ide solut ion in contact  wi th  the 
a luminum powder  is app rox ima te ly  8.0 independen t  of 
the chlor ide concentrat ion.  In  the absence of chlor ide  
the pH is higher;  app rox ima te ly  10, but  potent ia ls  of 
zero charge this h igh have been observed before  and 
assumed to be caused by  the adsorpt ion  of monomer ic  
species (Ala - type) .  

Solubility oJ aluminum oxide and purified aluminum 
powder.--The concentra t ion of dissolved a luminum 
ions in solut ion from a lumina  and a luminum powder  in 
the  presence of different  aggressive aqueous envi ron-  
ments  is repor ted  in Table  II  and III. This analysis  
measures  "f ree"  a luminum,  i.e., such species as A1 + + +, 
A I ( O H ) + + ,  and AI(OH)~ +, bu t  not  a luminum t ied 
up as a complex  po lyme r  wi th  uni t  s t ruc ture  
[AI(OH)2C1]. The concentra t ion of such a luminum in 
H20 solut ion is h ighest  in the  absence of electrolyte .  

Table !. pH values of different test solutions before and after 
adsorption 

In i t i a l  Final  pH Final  pH in 
S o l u t i o n  pH in A1208 A1 p o w d e r  

W e i g h t  o f  a l u m i n a  ( g )  

Fig. 2. Adsorption of chloride as a function of weight of alumina 
(24 ~ • i~ 

NaC1 varies  l i nea r ly  wi th  the weight  of a lumina  pres -  
ent. I t  can be seen tha t  the adsorpt ion  isotherm of 
chlor ide  on a luminum oxide and on a luminum powder  
are  quite similar .  At  low concentra t ion adsorpt ion  is 
l inear  wi th  concentra t ion and, a t  h igh concentrat ion,  
reaches a p la teau  on which  adsorpt ion  is independen t  
of concentrat ion.  These adsorpt ion  isotherms resemble  
character is t ic  Langmui r  type  i so therms but  the  mecha-  
nism must  be different  f rom tha t  encountered  in con- 
vent ional  chemisorpt ion exper iments  involving ions on 
solid subs t ra tes  which  y ie ld  monolayers .  Firs t ,  is the  
quest ion of ava i lab le  surface area.  The "surface area"  
of the a lumina  or  a luminum powder  has no significance 
in the convent ional  sense, as established,  for  instance, 

0.1N NaCI 6.5 9.1 8.0 
0.5N NaC1 5.9 8.9 8.0 
1.0N NaC1 6.0 8.8 7.8 
1.0N Na=SO4 6.2 9.7 7.7 
1.0N NaNO8 6.7 8.9 12.3 
1N NaC1 + 0.01N 

A1Cla 4.1 7.4 4.5 
1N NaC1 + 0.01N 

AI(NOa)a 4.1 7.8 4.5 
H=O 6.9 10.3 9.8 

Table II. Amount of aluminum ions dissolved in 100 ml of 
different NaCI concentration solutions 

Concen t ra t ion  A l u m i n u m  Alumina  
0s NaC1 p o w d e r  (10g) (10g) 

LOON 41 ---- 2 ~g 231 • 14/zg 
0.75N 54 ~ 3/~g 258 ~ 15 f~g 
0.50N 65 ---+ 4/~g 322 • 19/~g 
0.35N 54 -- 3 ~g 358 ~ 21/~g 
0.25N 54 --  3 ~g 433 • 28 ~g 
0.10N 67 ~ 4 ,~g 476 --~ 28 ,~g 
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Table III. Amount of aluminum ions dissolved in 100 cm 8 of 
different salt solutions 

A1 powder Alumina 
Solution (10g) (10g) 

H20 247 -- 15/Lg 1245 + 74 ~g 
1N NaNO~ ~ formation 230 -- 14/Lg 
1N Na~SO4 169 -4- l0 ~g 3~6 +-- 18/~g 
1N NaC1 + 0.01N A1Ch 

(8.28 mg AI~+) 14.00 +-- 0.84 rag 329 _ 20 ~g 
IN NaC1 + 0.01N AI(NOs)~ 

(8.3u mg Ap+) 8.75 -- 0.52 mg 540• 32 ~g 
IN NaC1 + 0.02N A]a(SOd)~ 

(16.85 mg AP +) 19.16 --+ 1.15 rag 211 ~ 12 ~g 

At different concentrat ions of NaC1 it is found that the 
apparent  solubil i ty of a luminum ions from a lumina  
decreases with increasing concentrat ion of NaC1. On 
the other hand the concentrat ion of a luminum ion in  
solution f rom a l u m i n u m  powder does not  seem to 
follow any  par t icular  pat tern  and is practically the 
same regardless of the concentrat ion of NaC1 present. 
In  the presence of water, a l uminum oxide will  undergo 
hydrat ion and when chloride anions are available, the 
positive surface charge wil l  a t t ract  chloride to torn 
a soluble complex of the type AI(OH)2C12- (18). With 
increasing chloride concentrat ion the amount  of chlo- 
ride adsorbed increases. On the other hand, with in -  
creasing chloride concentration, the amount  of "free" 
a luminum ion decreases. This suggests that  the hy-  
droxy-chloride species formed is a relat ively stable 
species and probably  remains  attracted to the a lumi-  
n u m  oxide lattice. This in teract ion is much more pro- 
nounced in the mixture  with a l u m i n u m  powder be- 
cause of a possible reaction with the under ly ing  a lu-  
m i n u m  metal.  

Nitrate reaction.--Sodium ni t ra te  has a surprising 
effect on a luminum powder. When a solution of NaNO8 
is brought  in contact with a luminum powder, the for- 
mat ion of ammonia  can be recognized after 16 hr. 
Upon shaking the suspension vigorously, the formation 
of NH3 is quickly accelerated and wi th in  a few min-  
utes, the heat generated by the reaction brings the 
whole solution to complete ebullit ion. Since there is 
no such formation of NI-I3 in the case of alumina,  it is 
concluded that  NI-I8 is the product  of the chemical re- 
action between NO3- and the under ly ing  a luminum 
metal.  

It  is known that  n i t ra te  is reduced by e lemental  
a l uminum in alkal ine solution (19) 

8AI ~ + 3NO3- + 5 OH- + 18H20 
-> 8AI(OH)4- + 3NHHa 

Alternately, NO3- can be reduced to NH3 by nascent 
hydrogen, usually zinc and caustic soda is used (20). 
The reduction potential for the couple NO3-/NH4 + is 
only 0.47V (21). 

In order to confirm the chemical role of the nitrate 
anion, a 0.5M solution of aluminum nitrate was mixed 
with aluminum powder. After 40 days of contact with 
regular shaking, there was still no perceptive odor of 
ammonia. However, when the mixture was shaken very 
vigorously for a while, the NH3 odor became noticeable 
within the next day. And, after a few days, the alu- 
minum powder was almost completely dissolved and a 
milky white precipitate was formed. The grinding 
process and perhaps even the abrasion between par- 
ticles caused by the energetic stirring motion of the 
mixture will remove any protective film from the film 
surface and thus allow the reduction of NO3- by the 
suddenly unprotected aluminum metal. Whatever the 
mechanism, the reduction of NO3- to NHI3 is taken as 
evidence that the electrolyte is, at that point, in direct 
contact with the metal surface. 

Adams, Foley, ct al. (22, 23) have reported the for- 
mation of NH3 in the accelerated corrosion of alu- 
minum alloys 2024 and 7075 by certain mixtures of 
chloride and nitrate. It was concluded that the pres- 

ence of Cu or Zn as al loying elements was necessary 
perhaps by  the formation of a local a lkal ine cathodic 
site. A l u m i n u m  alloy 1199, which is essential ly pure 
a luminum, does not exhibit  the synergistic effect in  
which chloride promotes the dissolution of the film. 
Moreover, the existence of specific concentrat ions a n d  
anion ratios in  which corrosion is accelerated is l ikely 
due to a competit ive react ion be tween n i t ra te  and  
chloride anions on the a luminum oxide leading to a 
formation of an iner t  (ni t rate  case) or labile (chloride 
case) hydrolyzed a luminum species. If the anion ratios 
are in favor of the formation of a labile complex, the 
synergistic effect will  l ikely occur unless the ni t ra te  
anion present  is too small. On the other  hand, if there 
is a predominant  formation of an iner t  complex at 
the surface to block the Cu or Zn reaction site, the 
synergistic effect will  not  be observed. 

Mixtures oJ NaCl and aluminum salts.raThe mixture  
of 1N NaC1 with various a luminum salts has some 
interest ing effects on the dissolut ion of a lumina  and 
a luminum powder. Table III  shows that  when a mix-  
ture of 1N NaC1 and a luminum salt is in contact with 
alumina,  the concentrat ion of "free" a l u m i n u m  ions 
in solution decreases considerably compared to the 
ini t ia l  amount  present. For example, the A1Clz solution 
contained 8.28 mg A1 + + + in i t ia l ly  i n  the 100 ml  vol- 
ume. After  reaction with a lumina  the concentrat ion 
dropped to 329 ~g. Similar  results were obtained with 
a luminum ni t ra te  and a luminum sulfate. It was also 
observed that  after the reaction ensued a heavy gela- 
t inous precipitate was developed. On the other hand, 
the same solution in contact with a luminum powder 
greatly enhanced the solution of a luminum ions. The 
explanat ion for this difference in the two cases is that  
when a luminum salt is in contact with a luminum oxide 
it undergoes a hydrolysis reaction 

AICI3 + 2 O H -  -> AI(OH)2CI + 2CI-  

According to Sil len (24), the nucleus AI(OH)2CI is 
the basis of the product  of hydrolysis; other authors, by 
using Raman and NMR spectroscopy to s tudy aqueous 
solutions of a luminum chlorides (25) have indicated 
an equi l ibr ium between different forms of oxychlo- 
rides such as A1 (OH) C12, A1 (OH) 2CI, and AI2 (OH) 5CI. 
Whatever  the composition or s t ructure  of the product  
it is evident  that  the Al is tied up as a stable complexed 
species. 

Conclusions 
These experiments  have shed some light on the first 

two steps in the a luminum corrosion process postulated" 
above. They imply that the corrosive or noncorrosive 
state of a metal  in  a given env i ronment  depends on the 
stabil i ty of the complex species formed on the film 
and on the affinity of the anion present  to react  with 
the exposed metal. Nitrate is highly reactive with 
elemental  A1 to form ammonia.  However, due to the 
abi l i ty  of the complex species formed on the oxide 
film to remain  attracted to the surface makes it be-  
have in some cases like an inhibitor.  

The abil i ty of a luminum salts to activate the cor- 
rosion of a luminum have been reported by different 
authors (26, 27). This is a direct consequence of the 
hydrolysis of the salts by  the hydroxyl  from the a lu-  
m i n u m  oxide which help to accelerate the th inn ing  
process. However, it  is not  necessary that  all a l uminum 
salt solutions should activate the corrosion of a lumi-  
num. From step three it can be seen that it all depends 
on the abil i ty of the anion to form a t rans ient  complex 
with the exposed metal. This is consistent with the 
idea that  the hydrolysis reaction itself does not de-  
termine the corrosive na ture  of the solution (28). 

As a result  of this investigation, it  can be concluded 
that the rate of dissolution or degree of passivity of a 
metal  is directly correlated to the behavior  and sta- 
bil i ty of the complex species formed, as predicted by  
the complex ion theory of corrosion (29). 
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Oxidation and Polarization Measurements on 
Zirconium and Zircaloy-2 in Molten Nitrite and 

Nitrates at $73~ 

N. Ramasubramanian* 
Atomic ,Energy of Canada Limited, Materials Science Branch, 

Chalk River Nuclear Laboratories, Chalk River, Ontario, Canada KOJ 1JO 

ABSTRACT 

Oxidation and polarization measurements were carried out on zirconium 
and Zircaloy-2 samples in molten KNO3-NaNO~, KNO3-NaNOs-NaNO2, and 
NaNO2 at 573~K. Good agreement between the rates of oxidation calculated 
from the weight gain and polarization data was found for zirconium and 
Zirealoy-2 samples in the three melts. The various steps leading to the oxide 
growth were identified as: (i) attainment of a highly negative immersion po- 
tential initially due to the existing thin insulating air-formed oxide film, 
(ii) lowering of the resistance of tt~e oxide resulting from the growth of a 
doped conducting oxide film on the intermetallic and impurity precipitates 
and the shift in the sample potential in the anodie direction, and (iii) oxygen- 
ion migration in the oxide under the driving force of the anodic shift in the 
potential. 

Molten alkali nitrates and nitrites and and their 
eutectics are simple and convenient media for oxida- 
tion studies on metals and alloys because (i) the oxide 
ion activity at temperatures ~ 500~ is sufficiently 
high and (ii) cathodic reduction of the anions occurs 
at potentials negative to --1V and anodic oxidation 
of the ions occurs at potentials positive to about 0.1V 
so that a potential span of at least a volt is available 
for polarization measurements during the oxidation. 

The electroanalytical chemistry of the molten ni- 

* Electrochemical Society Active Member. 
Key words: fused salts, oxldationj polarization. 

trates and nitrites has been investigated in detail re- 
cently. Such studies have been mainly concerned with 
the salt decomposition reactions and the effect of 
various additions to the melt on these reactions (1). 
Passivation and oxidation studies on iron, nickel, and 
mild steel in these melts have also been reported (2, 3). 
Here, the type of oxide grown was related to the re- 
actions occurring at various potentials; but the rate 
of oxide growth from an independent measurement 
and its relation to the polarization behavior in the 
melt has not been explored. Unlike the oxides on the  
metals referred to in (2) and (3), the oxide grown 
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on z i rconium and its a l loys is h igh ly  resist ive.  There -  
fore, the  poten t ia l  app l ied  dur ing  the polar iza t ion  
measurements  might  be expec ted  to be ma in ly  across 
the growing oxide and hence the measu red  cur ren t s  
a re  a consequence of charge  t r anspor t  in the  oxide. 
Thus, the  res is t iv i ty  of the  z i rconia  fo rmed  would  also 
ex tend  the ava i lab le  po ten t ia l  span  to more  than  a 
vol t  dur ing  the  polar izat ions.  

In  an ea r l i e r  repor t ,  on the oxida t ion  of Zi rca loy-2  
at  673 ~ and 573~K in mol ten  NaNOg-NaNO2-KNO3 
eutectic,  an  a t t emp t  was made  to re la te  the ox ida t ion  
currents  ob ta ined  f rom the  polar iza t ion  da ta  to the  
ins tantaneous  oxida t ion  ra tes  ca lcula ted  f rom the k i -  
netics of weight  ga ined  (4). The resul ts  were  incon-  
c lusive because of a lack  of sufficient k inet ic  data,  
espec ia l ly  a t  the  lower  t e m p e r a t u r e  of 573~ We have, 
therefore ,  ex t ended  the inves t iga t ion  in  the t e r n a r y  
n i t r a t e -n i t r i t e  eutect ic  to ox ida t ion  and polar iza t ion  
measurements in NaNO2 and the binary KNO3-NaNO3 
eutectic.  The ra tes  of ox ida t ion  obta ined  f rom the po-  
la r iza t ion  and kinet ic  da ta  in the  th ree  mel ts  a re  
compared  and re la ted  to the  different  react ions occur-  
r ing  in the  melts .  

Experimental 
P a d d l e - s h a p e d  samples,  wi th  a surface area  of 

10 cm 2, were  cut  and  p repa red  according to a 
s t andard ized  procedure  of mechanica l  pol ishing fol-  
lowed by  p ick l ing  in a ba th  of hydrofluoric  and  ni t r ic  
acids. The z i rconium and Zi rca loy-2  samples  were  in 
the  as - rece ived  ( ro l led  and  annea led)  condition. The 
n i t ra tes  were  99.99% pure  reagen t  g rade  chemicals  and 
the n i t r i t e  was "chemical ly  pure"  at  97%. The mol ten  
sal t  baths,  i.e., t e r n a r y  eutectic NaNO2 (40)-NaNO3 (7) -  
KNO3 (53), b i n a r y  eutect ic  NaNO3 (41)-KNO~ (59) and 
NaNO2(100) were  made  up wi thout  fu r the r  purif ica-  
t ion of the  chemicals;  the numbers  in the parentheses  
re fe r  to percentages  by  weight.  

The mol ten  sal t  cell  and  the expe r imen ta l  appara tus  
used for  cu r ren t  vs. po ten t ia l  measurements  have been 
descr ibed  in de ta i l  e l sewhere  (4). The only  modif ica-  
t ion was the use of a H e w l e t t - P a e k a r d  logar i thmic  
conver te r  so tha t  semilog plots of cu r ren t  aga ins t  
vol tage  could be  traced.  Curren t  vs. t ime t ransients  
were  obta ined  us ing the pulse  genera to r  in the Uni-  
versa l  P rogrammer ,  Model  175, suppl ied  by  Pr ince ton  
Appl ied  Research.  

The kinet ics  of ox ida t ion  of a sample  in a mel t  were  
fol lowed.  At  p r ede t e rmined  times, the  sample  was 
polar ized  in the melt ,  wi thdrawn,  washed,  weighed,  
and  r e tu rned  to the me l t  for fu r the r  oxidat ion.  Oxida-  
t ion and polar izat ions  were  car r ied  out  at  573~ and 
the polar iza t ion  ra te  usua l ly  employed  was 2 V /h r ;  
the  polar iza t ion  a lways  commenced wi th  the  cathodic 
fo rward  and finished wi th  the  anodie  reverse  sweep. 
When  t rac ing  vo l tammograms ,  a ra te  of  15 mV/sec  
was used. A p la t inum wire  fused in glass was used as 
a genera l  reference  electrode;  its po ten t ia l  was f re -  
quen t ly  checked against  an A g / A g  + (0.07M in KNO3- 
NaNO~) re ference  electrode.  Al l  the potent ia ls  a re  
quoted re la t ive  to this s i lver  electrode.  The oxidized 
samples  were  examined  on a scanning e lec t ron mic ro-  
scope and character is t ic  x - r a y  ene rgy  spec t ra  were  also 
taken.  

Results 

Unal loyed z{ rcon ium.~Exper imen t s  were  car r ied  
out  in the b ina ry  and t e r n a r y  eutectics. Hysteres is  ef-  
fects were  observed  ma in ly  in the  anodic port ions of 
the polar iza t ion  curves;  therefore,  the  cathodic reverse  
and anodic f o rwa rd  port ions in the  curves were  ana -  
lyzed. A typica l  curve t race af te r  20 hr  oxidat ion  in  
the t e r n a r y  me l t  is shown in Fig. 1. The l inear  anodic  
p la teau  was character is t ic  of a l l  the  polar izat ions  ca r -  
r ied  out  on zirconium. When  the p la teau  was ex t r apo -  
l a ted  to the rest  potent ial ,  as shown b y  the dashed 
l ine in the figure, the equiva len t  amount  of oxygen  
obta ined  f rom the cur ren t  was found to be in ag ree -  
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Fig. 1. Polarization curves for zirconium oxidized 20 hr and 
polarized in the ternary eutectic melt at 573~ weight gain 1.2 
mg/dm2; solid lines--curves obtained experimentally, dashed lines 
--curves obtained from analysis, Eoxmrest potential, and iox~ 
oxidation current. 

ment  wi th  the  ra te  of ox ida t ion  ca lcula ted  f rom the  
kinet ic  data. The res t  po ten t ia l  was t aken  as the  po-  
ten t ia l  of  zero cu r ren t  dur ing  the cathodic reverse  
and anodic f o rw a rd  sweep. This was s l ight ly  different,  
shif ted towards  anodic values,  f rom the rest  po ten t ia l  
p r io r  to the polar izat ion.  In  Fig. 2, the  oxida t ion  ra tes  
calcula ted f r o m  the weight  gain  da ta  a re  compared  
wi th  the corresponding ra tes  ca lcula ted  f rom the ox i -  
da t ion  currents  ( ex t r apo la t ed  cur ren ts  a t  the  res t  
potent ia ls )  ob ta ined  f rom the polar iza t ion  da ta  at  v a r i -  
ous stages dur ing  the oxidat ion.  The agreement  is 
found to be gene ra l ly  good for  oxida t ion  in the  b i n a r y  
as wel l  as the  t e r n a r y  eutectics.  The kinet ics  of ox ida -  
t ion also showed t rans i t ions  s imi la r  to those in Fig. 
2 and the oxida t ion  of z i rconium in the  two mel ts  was 
qui te  s imilar .  

The cathodic por t ions  ob ta ined  f rom analyz ing  the 
polar iza t ion  curves traced,  a re  shown in Fig. 3. When  
the two sets of curves are  compared,  a dis t inct  differ-  
ence in the  res t  potent ia ls  and  the  res is tance to ca th-  
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Fig. 2. Comparison of oxidation rates calculated from the kinetic 
and poJarization data; zirconium oxidation in O:  NaNO2-NaNO3- 
KNOB and A: NaNO3-KNO3 melts at 573~ solid symbols-- 
kinetic and open symbols--polarization data. 
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Fig. ]. Cathodic portions of the polarization curves after analysis; 
the corresponding weight gains are shown in Fig. 2 by the open or 
shaded points. Zirconium oxidized and polarized at 573~ in (a) 
the ternary eutectic and (b) the binary eutectic melts. Time of 
oxidation in hours: O ,  20; A ,  86; I-3, 182; I I ,  300; A ,  500; and 
I I ,  670. 

odic current flow is seen; except for the curves corre- 
sponding to the 500 hr  oxidation.  In the case of the 
samples oxidized in the ternary melt  the rest potential  
changed f rom --1.24 to --1.0V in i t ia l ly  and stayed 
s teady  at  ,~ --0.9V dur ing  the rest of the oxidat ion;  
the resistance showed a decrease ini t ia l ly  fol lowed by  
a gradual increase wi th  increas ing oxidat ion.  The rest 
potent ia l  s tayed  s teady  at  ,~ --0.85V and  the resistance 
increased gradua l ly  dur ing  the oxida t ion  for samples 
oxidized in the b i n a r y  melt .  

Zircaloy-2.--Oxidation fol lowed b y  polarizations 
were carr ied  out  in a l l  the three melts.  A typical  set 
of polar iza t ion  curves obtained in the three melts  fol-  
lowing a 24 hr oxidat ion  is shown in Fig. 4. When com- 
pa red  to the curves shown in Fig. 1 for  una l loyed  
zirconium, the anodic plateaus covered a shorter range 
of potent ia ls  and  the rest potentials were more anodic; 
the curves obtained with  the ni t r i te  and ternary melts 
showed negative resistance regions in the cathodic por- 
tions. Such cathodic negat ive  resis tance (CNR) peaks 
were observed during the forward cathodic sweeps 
also and were present in the curves traced in both 
the ni t r i te  containing melts ,  af ter  var ious  t imes of 
oxidat ion.  The rates of oxidat ion  ca lcula ted  f rom the 
kinet ic  da ta  and the corresponding rates from the oxi-  
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Fig. 4. Comparison of polarization curves obtained for Zircaloy-2 
at 573~ in (a) NAN02, (b) KNO~-NaN08, and (c) NuNO2- 
NaNO3-KN03 following a 24 hr oxidation in the respective melt; 
solid lines--curves obtained experimentally and dashed lines-- 
curves obtained from analysis. Note the curves "c" are moved 
down for clarity. Arrows locate the rest potentials and oxidation 
currents. 

datio~ currents obtained from the polarization data 
are compared in Fig. 5. In each melt ,  the agreement  
be tween  the two was  quite good throughout the oxida-  
tion. The oxidation rates were  different in the three 
melts  in the initial stages but there was  a tendency 
towards attaining a s imilar rate at high weight  gains. 
In all the three melts,  an increase in the oxidation 
rate was observed at the beginning; then the rates in 
the nitrite were  nearly twice  those in the other two 
melts.  The amount  of oxidation also varied as NaNO2 
> ternary > binary. 

The cathodic portions of the analyzed polarization 
curves are shown in Fig. 6; unl ike  the curves shown 
in Fig. 3 for zirconium, the change in the resistance 
with  increasing oxidation was  small.  In the case of the 
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Fig. 5. Comparison of oxidation rates calculated from kinetics 
and polarization data. Zircaloy-2 oxidized and polarized at 573~ 
in: O ,  ternary; A ,  binary; and [-I, sodium nitrite melts; solid 
symbols--kinetic and open symbols--polarization data. 
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Fig. 6. Cathodic portions of the polarization curves after analysis. 
Zircaloy-2 is oxidized and polarized at 573~ in (a) sodium ni- 
trite, (b) ternary, and (c) binary melts. Time of oxidation in hours: 
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(c) O ,  24; A ,  72; I--i, 170; I I ,  325; A ,  500; and III, 670. 
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samples oxidized in the ni t r i te  and t e rnary  melts, a 
slight increase in  the resistance to the catnomc current  
flow is seen wi th  increase in oxidation; the rest po- 
tentials have stayed near ly  steady at about  --0.5 and 
--0.6V, respectively. A slight decrease in  the resist- 
ance with increasing oxidation is noticed for samples 
oxidized and polarized in the b inary  melt; the rest 
potentials also showed a change from --0.65 to --0.45V 
and a tendency to become steady towards the later  
stages of oxidation. In  general, the oxides grown in the 
ni t r i te  were found to be more conducting than those 
grown in the te rnary  and b inary  melts when their  re-  
sistances to cathodic cur ren t  flow were compared. 

Ionic and electronic transport in growing zirconia 
fi lms.--When the anodic portions of the polarization 
curves were plotted l inearly,  plateaus similar  to those 
obtained on the semilogari thmic plots shown in Fig. 1 
and 4 were obtained and the oxidation c u r r e n t s  were 
also near ly  identical  to those from the lat ter  curves. 
The immersion potentials of zirconium and  Zircaloy-2 
samples at the start  of the oxidations varied from 
--1.SV in the b inary  and te rnary  to --1.6V in the so- 
d ium ni t r i te  melt, and with oxidation, the rest poten-  
tials shifted in the anodic direction. Therefore, the 
ionic conductance of the growing oxide at any time 
dur ing  the oxidation was calculated from the ratio of 
the oxidation current ,  obtained from the correspond- 
ing polarization data, to the anodic shift in  the rest 
potent ial  relat ive to the immersion potential.  The 
variat ion of the ionic conductivities, of the oxides 
grown on zirconium and Zircaloy-2, with weight 
gained is shown in Fig. 7. In  the case of oxides grown 
in the b inary  and te rnary  melts on zirconium the con- 
duct ivi ty values and  their  dependence on weight gain 
were almost the same, i.e., ini t ia l ly  independent  of 
weight  gain with a gradual  decrease to about a third 
of the ini t ia l  value. On Zircaloy-2 the conductivities of 
the oxides grown in  the b inary  and te rnary  melts were 
quite similar, whereas that  of the oxide grown in the 
ni t r i te  mel t  was two times higher than the former. The 
conductivities of the oxides grown on Zircaloy-2 in  the 
three melts showed an increase initially,  followed by  
a gradual  decrease with oxide growth; a behavior  
s imilar  to the var ia t ion of the oxidation rates with in-  
creasing oxidation shown in  Fig. 5. There was a tend-  
ency, however, towards reaching more or less the same 
value at high weight gains. 

During cathodic polarization, in ni t ra te  and ni t r i te  
melts  containing sodium ions, i t  is known that  the pre-  
cipitation of sodium oxide on the electrode surface in -  
hibits the reduction reaction leading to the appearance 
of reduct ion peaks in the current -vol tage  curves (6, 7). 
When such vol tammograms for a p la t inum wire elec- 
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Fig. 7. Variation of ionic (oxygen ion) conductivity of zirconla 
films at 573~ with the weight gained during oxidation. Zirconia 
films grown on zirconium in O-- ternary and A--binary melts; on 
Zircaloy-2 in o--ternary, A--binary, and II--sodium nitrite 
melts. 

trode in the three melts were compared, the cathodic 
reduction peak, located at ~ --1.5V, was most well  de- 
fined in the te rnary  melt. Therefore, vol tammograms 
were traced in the t e rna ry  mel t  for oxidized zirconium 
and Zircaloy-2 samples. A broad and well-defined re-  
duction peak was observed at  --1.4 to --1.6V only in  
the case of the Zircaloy-2 samples; no systematic 
change in the size or the potential  of the peak was ob- 
served With increasing oxidatio n and the vol tammo- 
grams of samples oxidized in any  of the three melts 
showed the presence of this reduction peak. 

The te rnary  eutectic has a lower mel t ing  point  than  
the b inary  and ni tr i te  melts; therefore, cur ren t - t ime  
transients  were obtained in  the t e rnary  mel t  on oxi- 
dized Zircaloy-2 samples at 573~ the oxidation tem-  
perature,  and at 473~ D-C voltage pulses up to •  
mV relative to the rest potential  and 20 sec in dura-  
tion were applied and the resul t ing cur ren t - t ime  
transients  were recorded. At 473~ the t ransients  ob- 
tained on oxidized Zircaloy-2 samples, 8.5 cm 2 in area, 
were near ly  identical  to those on a p l a t inum micro- 
electrode, 0.1 cm 2 in area. At  573~ the curves for 
Zircaloy-2 were very different from those of plat inum. 
On p la t inum the current  decay was similar  to tha t  ob- 
served at 473~ whereas on Zircaloy-2 the current  de- 
cayed very slowly indicat ing that  contr ibutions from 
an ionic component were also present  in the total 
current  measured. A set of curves obtained for the 
p la t inum microelectrode and an oxidized Zircaloy-2 
sample is shown in Fig. 8. F rom a comparison of the 
conducting area in oxidized Zircaloy-2 to that of plat i -  
n u m  the density of the electronically conducting in te r -  
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Fig. 8. Current vs. time transients obtained, on application of 
~ i 0 ,  20, and 30 mV d-c pulses 20 sec in width, for platinum 0.072 
cm 2 in area and Zircaloy-2 8.5 cm 2 in area in the ternary melt. 
Zircaloy-2 was oxidized in the ternary melt and had a weight gain 
of 3.5 rag/din 2. Curves a and b traced at 473~ and c and d at 
573~ curves a and c~platinum and b and d--oxidized Zircaloy- 
2. Note the 30 mV curves in b are shifted for clarity. 
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metal l ic  prec ip i ta tes  in the a l loy can be es t imated  as 
1.6 • 10~/cm e, assuming an  average  d iamete r  of 1 ~m 
for  the precipi ta tes .  This es t imate  is in good ag reemen t  
wi th  a dens i ty  of 1 • 106/cm 2 ob ta ined  f rom optical  
examinat ions.  

Discussion 
Reactions in the molten salt.--In mol ten  n i t r i te  and  

n i t ra te  the oxygen  ions or ig inate  by  sel f -dissocia t ion 
according to the equi l ib r ia  

NOa-  - ~  NO9.+ + 0 2 .  [1] 
and  

NO~- --~ NO + -t- 0 2 -  [2] 

The concentra t ion of the oxygen ions can be ca lcula ted  
f rom the equ i l ib r ium constants;  for  example ,  at 573~ 
i t  is _~10 - l z  mo le / l i t e r  for react ion [1] (8). Marchiano 
and Arv ia  have worked  out  Pou rba ix  type  poten t ia l  vs. 
pO z -  (pO 2- = - - log  [ 0 2 - ] )  d iagrams  for  mol ten  n i -  
t r i te  and  n i t ra te  (9). I t  is seen f rom these d iagrams  
that,  a t  such an oxygen ion concentra t ion at  600~ the  
var ious  cathodic react ions leading  to the fo rmat ion  of 
oxygen ions occur at  potent ia ls  negat ive  to --1V. The 
corrosion potent ia ls  dur ing  the oxida t ion  of z i rconium 
and its al loys were  in the range  of --1 to --0.4V; the re -  
fore, cathodic reduct ion  react ions of the  n i t ra te  and  
n i t r i te  ions do not  p l ay  a role in the oxidat ion.  The 
oxygen ion concentra t ion in the melts,  a t  the oxida t ion  
t empe ra tu r e  of 573~ used in the presen t  study,  would  
thus be ex t r eme ly  low. But the observat ion  tha t  the 
oxida t ion  of z i rconium and the al loys proceeds equal ly  
wel l  in the  three  mel ts  and  the  kinet ics  a re  com- 
pa rab le  to those in o the r  oxidizing media ,  indicates  
that  the oxygen ion concentra t ion and its mobi l i ty  a re  
not  low enough to be ra te  l imit ing.  The react ions l ead-  
ing to the oxida t ion  of z i rconium and the al loys are  
thus 

Zr  ~=~Zr 4+ + 4e [S] 

Zr 4+ + 2 0 ~ -  --~ ZrO2 [4] 

fol lowed by  the cathodic react ions 

NO2+/NO + + e ~ NO2/NO [5] 

Since the mel ts  used in the  p resen t  inves t iga t ion  were  
not  ex tens ive ly  purified, wa te r  as a con taminant  is 
ve ry  l ike ly  to be present ;  therefore,  reduc t ion  of wa te r  
to produce  h y d r o x y l  ions, r epor ted  to occur at  _~ 
--0.6V, is another  cathodic reac t ion  to be considered 
in addi t ion to react ion [5] (7). 

Dur ing polar iza t ion  measurements ,  a t  appl ied  anodic 
potent ia ls  ----0.1V, anodic discharge of NO2- and O H -  is 
possible in addi t ion  to the reactions,  discussed above, 
occurr ing  dur ing  oxidat ion  (7). 

Anodic plateaus.--In the case of z i rconium and 
Zicaloy-2 samples,  anodic p la teaus  dur ing  the po-  
lar izat ions were  observed throughout  the per iod  of 
oxidat ion.  The currents  ob ta ined  at  the res t  potent ia ls  
corresponded to the  kinet ic  ra tes  der ived  f rom the 
weight  gain  data.  These currents  must  therefore  be 
the oxidat ion  currents  and the p la teaus  represen t  the 
var ia t ion  of the  ionic (oxygen ion)  cur ren t  flow, 
th rough  the growing zirconia, wi th  the appl ied  po ten-  
tial. i t  is also impl ied  that  in the p la teau  region of the 
polar izat ion curve, there  is negl igible  contr ibut ion  to 
the cur ren t  f rom any o ther  anodic or cathodic react ion 
and tha t  the appl ied  potent ia l  is across the growing 
zirconia. When  compared  to Zircaloy-2,  the p la teaus  
covered a wider  range of  potent ia ls  dur ing  polar iza-  
t ion of oxidized zirconium. This can be a t t r ibu ted  to 
the  presence of in te rmeta l l i c  prec ip i ta tes  in the 
former,  which act as e lect ron conduction sites, as wi l l  
be discussed la ter .  

Under  the condit ions of t empera tu re  and oxide 
thickness inves t iga ted  the  ionic cur ren t  would be ex-  
pec ted  to fol low the low field approx ima t ion  of the  
Tafel relat ion,  and give a l inear  re la t ionship  wi th  the  
potent ia l  (10). Anodic  p la teaus  were  indeed observed 
on l inear  cur ren t  vs. vol tage plots, though s l ight ly  

less wel l  defined than  on the semilog plots,  and  the 
oxida t ion  currents  were  nea r ly  ident ica l  to those ob-  
ta ined  h v m  the la t ter .  However ,  for  the sake  of con-  
venience and also because the o ther  cathodic and 
anodic react ions (a t  the e lec t ron conduction sites in 
the oxide)  obey a semi logar i thmic  rela t ionship,  the  
da ta  a re  shown on semilog plots. 

Electron conduction sites.--It has been  established,  
f rom a comparison of the  oxida t ion  and polar iza t ion  
behavior  of Zi rca loy-2  in var ious  meta l lu rg ica l  condi-  
tions and z i rconium-t in  and z i rcon ium- i ron  b ina ry  a l -  
loys, tha t  the oxidized in te rmeta l l i c  precipi ta tes ,  
most ly  of z i rconium and i ron  in Zircaloy-2,  a re  local -  
ized h igh-conduct ion  sites for e lec t ron t r anspor t  dur ing  
oxidat ion  (4). This is fu r the r  confirmed by  the resul ts  
of cathodic vo l t ammograms  and the c u r r e n t - t i m e  t r a n -  
sients (Fig. 8) ob ta ined  in the  presen t  s tudy.  The 
inhibi t ion by  prec ip i ta ted  sodium oxide resul ts  in the 
format ion  of a b road  peak  at  _ --1.5V; a potent ia l  
nea r ly  the same as that  observed  for a number  of o ther  
meta ls  (5). The oxide on the in te rmeta l l ics  mus t  
therefore  be a good conductor;  otherwise,  one would  
have expected this reduct ion  peak  to occur a t  a much 
more  negat ive  poten t ia l  than  --1.SV. 

The c u r r e n t - t ime  t ransients  ob ta ined  at  a t em-  
pe ra tu re  much  lower  than  the Oxidation t empera tu re ,  
where  contr ibut ions  f rom the ionic cur ren t  flow 
through  the oxide would  be negligible,  were  nea r ly  
ident ica l  to those on p la t inum;  another  indica t ion  tha t  
the oxide grown on the in te rmeta l l i cs  is a good elec-  
t ronic conductor.  In  the  case of una l loyed  zirconium, 
the cathodic vo l t ammograms  did not  show reduct ion 
peaks;  however ,  there  is evidence for  localized conduc-  
tion sites (11). These are  associated wi th  impur i t i es  
(e.g., i ron)  in the mater ia l .  These i m p u r i t y  si tes a re  
smal le r  in size, fewer  in number ,  and  less un i fo rmly  
d is t r ibu ted  than  the in te rmeta l l i c  prec ip i ta tes  in 
Zircaloy-2.  Thus, the in te rmeta l l i c  prec ip i ta tes  in 
Zi rca loy-2  and impur i t y  centers  in una l loyed  zirco- 
n ium are  the  localized conduction sites for  e lec t ron 
t ransport .  The cathodic reduct ion  of NO2 +, NO +, and  
H20 dur ing  oxidat ion and polar iza t ion  and in addi t ion 
the anodic discharge of NO2- and O H -  dur ing  po la r -  
ization, discussed previously,  are  fac i l i ta ted  by  the 
e lect ron t r anspor t  a t  these sites. When  the res is tance to 
the cathodic cur ren t  flow at these sites is compared  
(e.g., Fig. 3 and 6) the impur i t y  centers  in z i rconium 
are found to be more  res is t ive than  the in termeta l l ics  
in Zircaloy-2.  This m a y  be due to differences in size, 
density,  and distr ibut ion.  With  increas ing oxidat ion,  
only  s l ight  changes in the resis tance to cathodic cur ren t  
were  observed  on Zircaloy-2;  occasionally,  even a de-  
crease was noticed. This may  be a t t r ibu ted  to the  
growth  of a doped oxide, of increas ing conductivi ty,  on 
the in te rmeta l l i c  precipi ta tes .  

Mechanism of oxide growth.--A highly  negat ive  po-  
tential ,  ,-~ --1.SV, was a t ta ined  by  z i rconium and Zi r -  
caloy-2 on immers ion  in mol ten  a lka l i  ni t rates ,  ni t r i tes ,  
and the i r  eutectics. The oxide g rowth  dur ing  the 
first few minutes  af ter  immers ion  was es t imated  to be 
only about  0.2-0.4 nm, the h igher  value  being in the 
n i t r i te  melt .  These values were  obta ined  f rom ex t rapo-  
lat ions of the thin film growth  in the ini t ia l  stages 
moni tored  by  observing the changes in the in te r fe rence  
colors. The h ighly  negat ive  immers ion  potent ia ls  and  
negl ig ib ly  smal l  oxide growth  on immers ion  indicate  
that  the a i r - fo rmed  oxide film exist ing,  p r io r  to the 
oxidat ion in the mol ten  salt,  on al l  surfaces is h ighly  
resis t ive and remains  so dur ing  the first few minutes  
fol lowing immersion.  The react ion occurr ing  at  the 
me ta l -ox ide  interface  is the oxida t ion  and dissolution 
of z i rconium in the a i r - fo rmed  oxide film 

[ Zr + n Z r O ~ . ~  (n + 1) ZrO2 ~ + 4 e -  

[6] 
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resul t ing in  a positive space charge associated with the 
anion vacancies in  the oxide and a negat ive charge, 
responsible for the immers ion potential,  on the metal  
or alloy. At the oxide-sal t  inter~ace oxygen ions from 
the melt  are incorporated into this modified a i r - formed 
oxide film, according to the react ion 

+ 2 0 2 - ~ - .  ( n +  1) ZrO~ [7] 

This reaction reinforces the highly negative immersion 
potent ial  a t ta ined by  the meta l  or alloy. Electron flow 
from the la t ter  could occur, to a small  extent, by emis- 
sion over the insula t ing  zirconia barrier .  Thickening 
of the air formed oxide film, by a few angstroms, 
occurs main ly  by reactions [6] and [7]. 

The immers ion potential  measured may  be near ly  
identical  to --Ea, where Ea is the electrochemical po- 
tent ia l  associated with the anodic reaction [6] because 
of the condition that  there is practically no oxide 
growth (12). The immersion potent ial  wil l  be, how- 
ever, sl ightly anodic to --Ea by an amount  proport ional  
to any  IR drop across the oxide. Thus, the unique  fea- 
ture  of the mol ten ni trates  and nitrites,  viz., the avai l -  
abi l i ty  of O z-  ions directly from the mel t  without  re-  
course to a reduct ion step, and the high resistance of 
the a i r - formed zirconia films, enables the measurement  
of a potent ial  close in  value to E~. With t ime of oxida- 
tion, however, the insula t ing oxides on the in te rmeta l -  
lics and impur i ty  precipitates become increasingly 
conducting due to doping by t ransi t ion metal  ions from 
the al loying additions or impurities.  This results in  a 
gradual  lowering of the in te rna l  resistance of the cell, 
z i rconium/Zirca loy-2-oxide-mol ten  salt, and the rest 
potent ial  shifts in  the anodic direction with oxidation. 
The dr iving force for the ionic current  flow through 
the growing zirconia is then the anodic shift in the rest 
potent ial  from the ini t ia l  immersion potential. Thus, 
the basic features are essentially the same as those 
proposed ini t ia l ly  by  Cox (5), viz., the anodic reaction 
(oxygen- ion migrat ion)  occurs in the zirconia mat r ix  
and the electron t ransport  for the cathodic reacti.ons 
(which complete the oxidation) is localized at in ter -  
metall ic and impur i ty  sites. 

Oxidation and polarization behavior.--During oxida- 
tion the metal  or the alloy acquires a rest potential  
when  the cur ren t  due to electron t ranspor t  at  localized 
impur i ty  or intermetal l ic  sites is balanced by that  due 
to the oxygen ions through the zirconia. It has been 
pointed out (13), and is also evident  from the polariza- 
t ion curves reported here, that  the anodic oxygen-ion 
current  is more polarizable or less sensitive to a change 
in  the potential  than the cathodic electron current  at 
the in termetal l ic  sites. However, when  comparing the 
oxidation behavior  of zirconium and its alloys in a 
melt  or different melts, the effect of a change in the 
rest  potent ial  and its relat ion to the rate of oxidation 
has to be considered in conjunct ion with the ~:elevant 
resistances for ionic and electronic t ranspor t  and their  
var ia t ion with oxide thickness. At comparable weight 
gains the electronic conductances of the oxides on zir-  
conium are found to be less than  those of the oxides 
on Zircaloy-2. Therefore, the rest potentials a t ta ined 
by zirconium are more negative and hence the rates of 
oxidation are less than those obtained for Zircaloy-2. 
Similarly,  dur ing  polarization, because of a greater  
contr ibut ion to the current  measured from the electron 
t ranspor t  at the intermetal l ic  sites, the anodic plateaus 
are shorter in the case of Zircaloy-2. When the oxida- 
tion of Zircaloy-2 in each of the three melts is com- 
pared, the rates in  the ni t r i te  mel t  are faster than  those 
in  the other two melts. This has to be related to the 
increased ionic conductivi ty of the zirconia grown in  
the nitr i te  melt  because the rest potentials attained, 
the resistance to cathodic cur ren t  flow, and the var ia-  

t ion of these parameters  wi th  increasing oxide growth 
are similar  in  the three melts. 

The reason for a higher ionic conductivi ty of zir-  
conia grown in the ni t r i te  mel t  is not  clear. An im-  
por tant  observation is that  a large increase in  the 
conductivi ty is seen when the oxide is 0.1-0.3 ~m thick 
(1 mg/dm2 weight  gain _= 67.3 n m ) ;  therefore any  
mechanism proposed should also account for this de- 
pendence on the oxide thickness. The mechanism of 
oxide growth has been treated in  detail  by Cox (5). 
Oxygen-ions are t ransported ma in ly  by a l ine diffusion 
process via the oxide crystall i te boundaries  and the 
oxide crystall i tes nucleate at  the metal  or al loy-oxide 
interface. Therefore, the cause for the increased ionic 
conductivi ty must  originate at the oxide-sal t  interface. 
One possibility is the incorporat ion of impuri t ies  from 
the melt, in the outer layers of oxide, which inhibi ts  
the crystalli te growth and imparts  a high conductivity.  
Such impur i ty  uptake might  be dependent  on the rest 
potent ial  of the alloy. With increasing weight gain 
these outer oxide layers would form a diminishing 
proportion of the total oxide thickness. Therefore, an 
increase in the conductivi ty is observed in  the ini t ia l  
stages and this is followed by a decrease at high weight 
gains. 

The ionic conductance of zirconia was calculated 
from the ratio of the oxidation current  to the anodic 
shift in the rest potential  from the immers ion  potent ial  
because the low-field approximation,  which assumes a 
l inear  relationship between the cur ren t  and the poten-  
tial, is expected to apply to films thicker than 0.1 #m 
(4). In calculating the ionic conductivities, the mea-  
sured immersion potentials were used. However, there 
could be some minor  differences between these mea-  
sured values and the t rue  values to be used due to 
one or more of the following reasons: (i) a depolari-  
zation caused by the thermal  emission of electrons at 
the start  of the oxidation might  have lowered the im-  
mersion potential  slightly; (ii) using an  Ag/Ag + in  
K N Q - N a N Q  as a reference electrode might  have 
contr ibuted to small  potential  differences, arising from 
junct ion  potentials due to different solvents, in  the 
nitr i te  melt;  and (iii) dur ing  oxide growth Sn, Fe, Cr, 
and Ni in  small  quanti t ies  but  varying amounts  are 
oxidized along with Zr; these might  correspond to small  
deviations from the immersion potential  that  is char-  
acteristic of pure zirconium. 

Conclusions 
When zirconium and Zircaloy-2 are oxidized in mol-  

ten alkali  nitrites, nitrates, and their  eutectics, it  is 
seen that  (i) the rates of oxidation calculated from 
the kinetic data of weight gain are in good agreement  
with those calculated from the oxidation currents  ob- 
tained from the polarization data; (ii) the oxides 
grown on the intermetal l ic  and  impur i ty  sites are good 
conductors and the electron transport ,  completing the 
oxidation, occurs main ly  at these sites; and (iii) the 
ionic (oxygen) conductivi ty of the zirconia grown in  
the ni t r i te  melt  is higher than in  the other two melts. 
The electronic conductivity, per un i t  area of the sam- 
ples, of the intermetal l ic  precipitates in  the alloy is 
higher than that of the impur i ty  sites in the metal  and 
the relat ive ease of t ransport  of the ions and electrons 
determines the rest potentials. The molten nitr i tes and 
ni trates  are thus convenient  and suitable media for 
s tudying the mechanism of oxide growth on zirconium 
and Zircaloy-2. 
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Electroplated Lead Collimator for Gamma Ray Imaging 
Clinton J. Beuscher* and Christopher H. Tosswill 

Galileo Electro-Optics Corporation, Sturbridge, Massachusetts 01518 

ABSTRACT 

A gamma- ray  imaging collimator for the use in diagnostic radiology has  
been fabricated by applying electroplating techniques onto a glass structure. 
The substrates, an outgrowth of the microchannel  plate technology, have a 
honeycomb geometry with hexagonal  channels of 16 mm in length, 0.75 mm 
across opposing sides, and a surface area of 90 • 90 mm. The glass substrate 
was enveloped with a thin electroless nickel film followed with lead plat ing 
y i e l d i n g  a m e t a l  rat io  of about 2: 1. 

T h e  c o l l i m a t o r s  to be described in this paper were 
prepared for the formation of gamma-photon images 
in the branch of radiology known as nuclear  medicifie. 
Gamma ray images are formed by photon selection in 
mul t i -channe l  collimators, because high energy radia-  
tion cannot be efficiently reflected or refracted. These 
i m a g e s  present  the physician with two-dimensional  
projections of radionuclide distr ibutions established 
w i t h i n  the  pat ient  under  examination.  The images 
are  created by a collimator mounted in close proximity 
to an array of detectors responsive to gamma photons 
w i t h  wavelengths in the order of 0.1A. 

The typical collimator is a honeycomb structure with 
paral lel  walls of septa of a mass sufficient to absorb 
uncol l imated incident  photons. The assembled septa 
e n c l o s e  a mult ipl ic i ty  of channels arranged in some 
regular  pat tern:  the channel  cross sections may be 
circular, square, or t r iangular ,  and in the main  are 
chosen to simplify the task of construction. Collimator 
performance is measured in terms of spatial resolution, 
w h i c h  depends upon the center - to-center  dimensions 
of the channel  structure;  and of transmission efficiency, 
which depends ,upon the relat ive frontal  areas of the 
septa and of th e channels. The gamma-photon absor p- 
tion coefficients~of the elements grow very rapidly with 
r i s ing  atomic numbers;  thus, making the ideal coIlima- 
tor an assemblage of very thin septa formed from one 
of the heaviest elements. Lead and steel collimators 
both have been widely used in nuclear  medicine, but  
n e i t h e r  can be used with septa th inner  than about 
1 mm. Lead, despite its excellent  absorption, is too 
soft, and steel is unsatisfactory because of its inferior 
absorpt ion .  A collimator with 1 mm septa affords an 
acceptable t ransmission level for center - to-center  di- 
mensions down to about 3 mm. 

* Electrochemical Society Active Member. 
Key words: collimators, electroless plating, electroplated lead, 

microchannel plate (MCP), honeycomb structure, radiology. 

Unti l  very recently the detector ar ray  to which the 
collimator was coupled took the form of a mosaic of 
photomult ipl ier  tubes located behind a single massive 
crystal, usual ly of sodium iodide. The spatial resolu- 
tion of this configuration was also 3 mm at best and 
there was obviously no great incentive to improve the 
collimator resolution without  a matching improvement  
in detector resolution. This si tuation has now changed, 
because there are now in active development clinical 
radionuclide cameras employing semiconductor arrays, 
with both liquid-filled and gas-filled ionization detec- 
tors. All these new detector arrays will have intr insic 
spatial resolution of the order of 1 mm, and will 
create a demand for collimators of at least equal 
performance. 

Collimators with 1 mm resolution have recently been 
constructed by two very different techniques. In  the 
first; a myriad of short pieces of smal l -bore  tubing 
are stacked together and then cemented into a single 
rigid mass: although this procedure may no t  be prac- 
tical for the assembly of full-size collimators, which 
require a total diameter  of some tens of centimeters, 
successful smal l -area collimators have been assembled 
during the past year in  this fashion. The second tech- 
nique which the authors have developed, is based upon 
microchannel  plate (MCP) technology, a process in 
which minute  holes are etched through a thin glass 
disk. 

MCP's were first developed to simplify electron 
fluxes in  Night Vision image intensifier tubes. Glass, 
containing a small portion of lead was chosen to fur-  
nish the surface electrical conductivity and secondary 
electron emissivity necessary for electron mult ipl ica-  
tion wi thin  the channels, and fortuitously w a s  an 
effective absorber of low energy x-rays and gamma-  
rays. Consequently, it was found that  thick slabs cut 
from standard MCP boules could be used in some x- 
and gamma- ray  collimator applications. To build a 
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collimator which performs well  across the ent i re  
clinical energy range (several hundred  keV) a far 
higher proport ion of lead, or of some other heavy 
element,  is needed. Because the absorption process is 
related to the quan tum levels of the inner  electron 
shells, there are sharp discontinuities in  the absorption 
energies and thus a l ighter e lement  may almost per-  
form as well  as a heavier  one at some energy levels. 
In  Fig. 1, t in  comes close to matching lead at about 
85 keV or tungsten  at about 70 keV. However, t in  
does not  span our range of interest.  

Experimental 
Collimator ]abrication.--Collimator fabrication in-  

volves two dist inctly different steps: (i) the manufac-  
ture  of the glass capil lary ar ray  substrate;  and (ii) 
the metal l izat ion of the entire surface area of the 
substrate  with a radiat ion absorbing layer. 

'The  most obvious approach to obtain the collimator 
w a s  to increase the lead content  of the glass. Un-  
collimated radiat ion can readi ly pass through t rans-  
parent  glass, therefore, an absorbing type of glass 
such as Corning Glass Works 8161 (14% lead by 
volume; 51% lead by weight) was used. This glass 
c a n  only absorb 10.2% of the radiat ion of an equivalent  
strip of lead of the same thickness. However, un -  
collimated stray radiat ion passing down the length of 
the glass column would be readily absorbed. Hexagonal  
microchannel  plate geometry was selected for the 
matr ix  because of its inherent ly  high, th in-wal led  
s t rength and efficient packing density. The "staggering" 
of the channels  a ids  to overcome the passage of un -  
collimated photons found in some collimator geome- 
tries. It  is the author 's  belief that this approach offers 
a decided advantage over the previously described 
methods. 

Microchannel  plate manufac ture  is an outgrowth of 
fused fiber optic faceplate technology. A description of 
the various processes involved are found in the l i tera-  
ture  (2, 3). For those that  are unfami l ia r  with this 
process Fig. 2 serves as an i l lustrat ive example. 

~f _ ~ / C O R E  GLASS 

, _ ~ - C L A D D I N G  GLASS 
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~ ,__ ._~_ .~ - -S INGLE FIBER 
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Fig. 2. Diagram of hexagonal draw 
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MCP's and fiber optic plates are normal ly  fabri-  
cated in a repetit ive cycle of drawing, stacking, and 
fusing operations. The process begins with the passage 
into a drawing furnace of a single etchable glass rod 
wi thin  a nonetchable tube assembly. To produce the 
hexagonal geometry the combinat ion is drawn through 
a vacuum furnace. Progressively larger numbers  of 
smaller  and smaller elements are heated and drawn 
down unt i l  the required dimensions are reached in  
the final boule. Channels less than I0 microns in 
diameter  are readily achieved by this procedure, with 
dimensional  uni formi ty  of a few percent. Mosaics, thus 
fabricated, are wafered from the boules into slices 
16 mm thick whose parallel  surfaces are ground, but  
not polished, for good electroless plat ing adhesion. 
The substrate is etched in  a 1.2M hydrochloric acid 
solution and dried for storage. 

Electroless.--A dried glass substrate was mounted in  
a specially designed Teflon frame and was placed in a 
beaker of water  and a vacuum drawn to fill the 
channels. The combinat ion was then attached to the 
dunking  uni t  as i l lustrated in Fig. 3. The variable  
speed uni t  was designed to have 8 cm of travel  and 
a range of 2.5-60 rpm. I t  was found that 30 rpm pro- 
duced an excellent exchange of solution through .~he 
holes and became the s tandard speed. 

The electroless plat ing system was chosen over the 
various methods of coating nonconductors because of 
its excellent  uniformity,  high electrical conductivity, 
,and plat ing solution compatibility. Shipley's CP-70 
electroless copper system was ini t ia l ly  tried. Fi lm un i -  
formity was satisfactory, however, adhesion to the 
8161 glass was poor and peeled rather  easily. The 
Enthone Ni-416 electroless nickel system adhered quite 
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Fig. 3. Sketch of dunk-twist apparatus 

well to the glass but  their  activators would not pro- 
duce a continuous and uniform film. 

A combinat ion of the two systems gave excellent  
results and was used as follows: 

1. Condit ioner 1160 (19 parts deionized water, 1 
par t  1160) 3-5 min  at room temperature  (Shipley 
Company, Newton, Massachusetts).  

2. Three 5 min  deionized water  rinses. 
3. 15% hydrochloric acid (by volume) 2-3 rain. 
4. Catalyst 6F (2 parts deionized water, 3 parts 

hydrochloric acid, 1 par t  catalyst) 3-5 min  at room 
temperature  (Shipley Company, Newton, Massachu- 
setts). 

5. Three 5 min  deionized water  rinses. 
6. Accelerator 19 (5 parts deionized water, 1 par t  

catalyst) 3-5 min  at room temperature  (Shipley Com- 
pany, Newton, Massachusetts).  

7. Three 5 min  deionized water  rinses. 
8. Electroless nickel (1 par t  Enthone Ni 416, 2 

parts deionized water)  raised to 80~ pH 4.5-5.5. 
(Enthone Company, New Haven, Connecticut) .  

Applying these parameters,  a deposi t  of between 5 
and 8 microns of nickel was at tained in 10-12 min. 
This was enough to provide a good conductive surface, 
yet  not too much to interfere with absorption. The 
tempera ture  of the final rinses was 80~ and the 
subsequent  rinses were lowered in  20~ increments  to 
prevent  shock to the substrate. 

Metal Absorbing Layer 
In  choosing a metal  coating one is somewhat  l imited 

to the high Z numbered  and high density metals. A 
list of the various candidates and appropriate pa ram-  
eters appears in Table I. All options were weighed 
in  e l iminat ing candidates from within  this group. Cost, 
a major  concern, el iminated gold and the noble metals. 
Tungsten  was investigated and abandoned because of 
the difficulty in  plat ing as reported by Sarojamma and 
Rama Char (4). Although tan ta lum tubes have been 
used to assemble small  area collimators by hand  it is 
a very  difficult e lement  to plate. Cadmium and tin, 
both very plateable and inexpensive were considered, 
bu t  were border l ine candidates for energy a t tenuat ion 
characteristics (range of interest  being 50-140 keV). 
This left lead, an extremely good choice from the 
s tandpoint  of energy a t tenuat ion range, plateabili ty,  
and cost. 

Electroplated lead has been used as a protective 
coating over steel, for bearings, on water  pipes, for 
refr igerat ion tanks, and storage ba t te ry  parts  (5). 
Most of these coatings were on the order of 60 microns, 
or about half the amount  anticipated for the collimator. 
The vast major i ty  of lead plat ing work has been per-  
formed on flat or slightly curved surfaces, and, in  a 
few cases slightly recessed surfaces. Very li t t le lead 
plat ing effort has been directed towards channels 
except for a s tuly reported by Greco (6) ( in con- 
junct ion with 105 mm gun barrels) .  

It  was apparent  that the success of this under tak ing  
might well lie in the throwing power and covering 
power of the lead plat ing bath selected. A careful 
review of the l i terature  on  throwing power (7-13) 
suggested that  another  exercise along this l ine was 
unnecessary.  The theory  has been well  documented by 
Foulke and Kardos (14, 15). 

The concerning factor of solution replenishment  
within the long channels was wi thin  the limits as 
suggested by I rvine  (16). It  became clear, however, 
that  throwing and covering power were related to a 
number  of parameters  as recorded by numerous  
authors (17-21): (i) solution resistivity, (ii) current  
efficiency/current density relationship, (iii) cathode 
poten t ia l /cur ren t  density relationship, (iv) pr imary  
and secondary current  distribution. These parameters  
were easily adjusted by changing the tank geometry, 
plat ing bath formation, agitation, grain refiners, etc. 

Seth (22) outl ined 13 lead plat ing baths and gave 
compositions (acid, neutral ,  and alkaline)  as well as 
comments on each. However, of these baths on ly  the 
fluoborate has been universa l ly  used because of n u m e r -  
ous advantages. The most impor tant  of these were 
thickness of deposit, numerous  available specific grain 
refiners, high conductivity of solution, and ease of 
bath control. 

Test Procedures 
All of the exper imental  tests were r un  in  a sl ightly 

enlarged Hul l - type  cell with 100% pure lead anodes. 
The work was performed at room temperature  (22 ~ 
28~ and the solution agitated using a magnetic 
stirrer. Brass tubing with various diameters (1.6, 2.5, 
and 4.5 mm) all cut in 16 mm lengths were used for 
test samples giving aspect ratios of 10.2, 6.2, and 3.5, 
respectively. As the throwing power was improved 
small  sections of a round hole collimator (500 ;Lm 
diam) were used to extend the aspect ratios to 15 
and 21. 

A profiling system was adopted for the plated 
samples as shown in Fig. 4. One-hal f  of the length of 
the interior  of the brass tube is i l lustrated with one- 
half of the lead plate shown under  the dashed line. 
The other half is shown with the solid line. The 
bui ldup of the plate on the ends and variat ion wi thin  
the channel  were easily discernible from the plots. 
The plat ing thickness was measured at 2 mm incre-  
ments, s tart ing at each end of the brass tube. A 
point  0.5 mm in from both ends was also plotted to 
check the "dog-bone" effect that  general ly  occurs with 
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Table I. Possible elements for collimator layer 

Plat ing parameters  Usable  
Septa Throwing  Final 

Element  Dens i ty  Z power  * Plateable  Control  Cost Literature * * candidate 

Extreme ly  
Gold 19.3 79 10 Yes Easy  expens ive  + No 
Tungs ten  19.0 74 2 Difficult Difficult Expens ive  No 
Tanta lum 16.7 73 ? Difficult Difficult Expens ive  O No 
Lead 11.0 82 4 Yes  Easy  Cheap + Yes  
Cadmium 8.65 48 7 Yes  Easy  Moderate + No 
Tin  7.8 50 ~.6 Yes  Easy  Moderate + No 

�9 T h r o w i n g  p o w e r  scale of  1-10 (gold being 10). 
�9 * +, an abundance  of  reports;  - ,  a f e w  reports;  0, one or  two  reports.  Plat ing parameters  are  found in any plating manual  or  book  

on eleotroplaUng.  

" in-hole"  plating. In some cases the plat ing at the 
face of the sample had to be est imated because of 
t h e  carry  over  of the plat ing to the exterior.  For  
each bath, t r ipl icate  samples were  run  on three  dif-  
ferent  test samples. The data gave us a spread from 
which we plot ted the S/H (surface to center  of hole 
thickness) ratio against  T/D (substrate thickness to 
hole diameters)  ratio. 

A list of plat ing baths appears in Table  II. The 
t in / l ead  bath was used to compare our data to Roths-  
child 's  (23), wi th  the resul tant  curves fa i r ly  close. 
T h e  amperage  was lowered  increasing the lead con- 
tent, but  no noticeable differences were  observed  in 
the throwing power. Hull  cell test ing was per formed 
pr ior  to each of the subsequent  baths to provide a 
plat ing range  for the best current  density. 

The  init ial  test samples were  the 4.5 mm tubes 
using baths  No. 1 and No. 2 (24). Tree ing  and whisker -  
ing were  more  pronounced in bath  No. 1. Periodic 
reverse  (PR) plat ing was introduced and these baths 
were  rerun,  pract ical ly  e l iminat ing these faults. The 
efficiency cycle (25) was 78% and accounted for the 
small  amount  of t reeing that  appeared. 

Af te r  exper iment ing  with  efficiency cycles ranging 
f rom 39 to 78% and plate to deplate t ime cycles of 
up to 4:1, a 50% efficiency cycle was established as 
t h e  norm. The No. 2 bath  was somewhat  be t ter  in 
throwing power  than the S n / P b  bath, a decided in- 
crease in throwing power  using the PR cycle. In baths 
No. 4, 5, and 6, peptone was added and the fo rmula -  
tion altered. The results were  not great ly  different, 
a l though the No. 6 bath  was the best of the three. 
The deposits were  fa i r ly  fine grained and one can 

see the buildup of the lead from the cross-sectioned 1.6 
mm brass tube illustrated in Fig. 5. 

In baths 7, 8, and 9, the peptone was replaced with 
Shinol LF-3 (26) along with variations in bath formu- 
lations. The No. 7 bath was made up to Harstan's 
specifications and yielded extremely fine grained, al- 
most lustrous deposits. The bath exhibited excellent 
throwing power and displayed the narrowest spread 
for each of the test sample ranges. No noticeable im- 
provement was observed in baths 8 or 9, although the 
latter was slightly cloudy during the test runs. Mechan- 
ical agitat ion was used in all baths, and the first 6 
baths were  fil tered prior  to use. In baths 7, 8, and 9, 
continuous fil tering and agitat ion was used as sug- 
gested by the Hars tan Company.  F rom the test a 
meta l  ratio of 1.65:1 with  a 21:1 aspect ratio was 
attained, and plotted with some of the other  baths 
shown in Fig. 6. The solid lines represent  our accumu- 
lated data, while the dashed lines represent the pro- 
jected S/H ratio at an aspect ratio of 21: 1. Our No. 2, 
6, and 7 baths are shown along with Rothschild's 
Sn/Pb and acid gold data. I 

Co,llimator plating.--With the data gathered f rom 
the tests, general  parameters  were  established to plate 
the collimators. A 7 l i ter  container was used for the 
plat ing vessel. The bath  was both constantlY filtered 
and stirred, the anode/ca thode  distance was 10.5 cm, 
anode/ca thode ratio was 1.5: 1, and the work per formed 
at room temperature .  The hexagonal  honeycomb struc-  
ture wi th  75% open area, contains 2.5 times more sur-  

1 Reprinted with  permiss ion of The  Amer ican  Electroplaters  So- 
ciety Journal. 

Table II. Lead bath formulations 

Pb HBF~ Sn H3BO3 Grain C.D. 
Bath (g /  (g /  (g /  (g /  refiner ( A /  
No. liter) liter) liter) liter) (g/liter) Temp.  d m  2) Agi tat ion  Comments  

1 200 . . . .  RT 0.5-2.1 Mech. B&A formulat ion  
Treeing, whiskers  

2 400 . . . .  RT 0.5-2.1 Mech. B&A formulat ion  
Better than No. 1 

3 30 100 52 30 Peptone  RT 2.1-4.3 Mech. Metal finishing handbook 
5 Ran at 2, 2.5, 3 A / d i n  2 

4 200 10O 100 100 Peptone RT 1-4.3 Mech. (filter) Eliminated treeing 
5 Gray deposits 

Encouraging 

s 200 200 - -  30 Peptone  RT 1-6 Mech. (filter) No tree ing 
5 Dark deposits 

Slightly poorer than No. 4 

6 100 200 - -  30 Peptone  RT 1-6 Mech. (fi lter) Bet ter  than No. 5 
5 Light gray  

Fine-grained deposits  

7 375 -- -- -- Shinol RT 0.5-7 Mech. (filter) Harstan formulation 
20 Smooth deposits 

Almost lustrous 
Used for collimators 

8 280 100 --  20 Shinol RT 0.5.6 Mech. (filter) Our suggest ion  
20 No improvement over No. 7 

9 100 200 - -  30 Shinol  RT 1-10 Mech. (fi lter) No improvement  
20 Cloudy--rougher than No. 8 
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INTERIOR OF TUBE PROFILE 
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Fig. 4. Profile of plating in the tube cross section 
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Fig. 6. Substrate thickness and plating measurements (S/H vs. 
T/D). 

Pb BATH NO.6 
(PEPTONE, P R,) 

Fig. 5. Cross section of 2 mm brass tube with Sn/Pb plating 

Figure  7 i l lustrates a t ransverse  (perpendicular  to 
the axis) cross section of the col l imator  wi th  ideal 
dimensions. F igure  8 is an actual photograph of a 
s imilar  cross section, the combined glass walls being 
about 145 gm while  the metal  plate is about 95-120 
~m. Figure  9 shows a longitudinal  (paral lel  to the axis) 
cross section, a different col l imator  section. Note the 
four  plated channels visible; the channels closest to 
~he center  show the plat ing on the surface to be about 
135 #m. The ends of the channels (on the photo) are 
less than half  the distance to the midpoint,  or about 
3.25 mm long. The actual plat ing at the center  of the 
channel was 105 gm for a meta l  ratio of 1.6: 1. 

A total of 8 collimators, 90 • 90 • 16 mm thick were  
plated, and f rom the best four, 75 mm squares were  

face area than the 500 gm round hole col l imator  
samples. This s t ructure  has about 25 t imes grea ter  
surface area than a normal  flat slice having the same 
exter ior  dimensions. The lead coating raised the mean 
fract ion of lead wi th in  the col l imator  s t ructure  to 
approximate ly  50% by volume, and the performance  
of the coll imator approached that  of a homogeneous 
glass s t ructure containing the same overal l  dimensions 
and fraction of lead. A calculation showed ~hat a mini-  
mum of 5 times more lead, by weight,  was needed 
than the total weight  of the substrate materials.  This 
afforded an easy control for our plat ing end point. 

Af te r  the electroless nickel plate was accomplished 
an initial fo rward  plate of 5 A / d m  2 completely  enve l -  
oped the unit  with lead in 30 min. The col l imator  was 
then removed  and a lead plated copper "thief"  was 
at tached and a gap of 2 mm was al lowed to separate 
the two. The substrate was then plated at an efficiency 
cycle of 50% using a current  density of about 0.2 A /  
dm 2. The requi red  amount  of lead was deposited in 
about  42 hr. Fig. 7. Drawing of cross section of ideal collimator 
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Fig. 8. Photograph of crass section of actual collimator (perpen- 
dicular to axis). 

Fig. 9. Photograph of cross section of actual collimator (parallel 
to axis). 

ex t rac ted  f rom each. These four  units  had two sur-  
faces mi l led  square  and were  bonded together  using 
an epoxy  adhesive  impregna ted  With tungsten powder  
84% (by weigh t ) ,  to absorb  s t r ay  radiat ion.  The 15 cm 
square  uni t  tes ted at  The Univers i ty  of F lo r ida  ex-  
h ib i ted  the  p red ic ted  resolut ion of about  1 m m  using 
technet ium 99 m as the  rad ioac t ive  source. A pa ten t  No. 
4,125,776 ent i t led  "Col l imator  for X and Gamma Radia -  
t ion" was issued November  14, 1978. 

Summary 
A para l l e l  hole, high resolut ion col l imator  for  

rad ionucl ide  cameras  has been fabr ica ted  by  combining 
microchannel  p la te  technology wi th  lead plat ing.  The 
aspect  ra t io  of 21:1 ( length  of hole to d iamete r )  was 
ob ta ined  wi th  a m in imum of 0.10 m m  of lead in the 
channel  giving an average  meta l  ra t io  of 1.85: 1. This 
was accomplished by  using a combinat ion  of per iodic  
reverse  p la t ing  wi th  an  efficiency cycle of 50% and 

Shinol  LF-3  (Hars tan  Company)  g ra in  refiner. Reso- 
lu t ion at  the  face of the col l imator  was 0.9 ram, open 
a rea  of 50%, sensi t iv i ty  was 40% of a convent ional  high 
resolut ion col l imator  (which can resolve 3 mm)  and 
septal  pene t ra t ion  for  140 keV photons using tech-  
ne t ium 99 m was 0.1%. 
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Variation of Contact Resistance of Electroless 
Ni-P on Silicon with the Change of Phosphorous 

Concentration in the Deposit 

B. K. Singh and R. N. Mitra 
Institute ol Radio Physics and Electronics, Calcutta University, Calcutta 700009 India 

ABSTRACT 

Ohmic contacts  to n - t y p e  sil icon having  res is t iv i ty  of the  o rde r  of  5 12-cm 
and or ienta t ion  (111) by  electroless N i -P  process were  inves t iga ted  under 
two different  conditions,  i.e., keeping opera t ing  t empe ra tu r e  constant  and  pH 
var iab le  and vice versa. I t  was found tha t  the fo rmat ion  of Ni -P  a l loy dur ing  
deposition resul ted  in low resis tance ohmic contacts to silicon wi th  increase  
of P -concen t ra t ion  and  wi th  h e a t - t r e a t m e n t  a f te r  deposi t ion in  bo th  cases; 

Of the various methods  used for  mak ing  ohmic con- 
t a c t  to silicon, the  electroless  nickel  p la t ing  technique 
t o ' a ch i eve  qu ick- to - so lde r  and re l iab le  low resis tance 
ohmic contact  is s imple and economical.  Basically,  the 
process (1) is a type  of chemical  reduct ion  of a meta l  
sa l t  such as n ickel  chlor ide  to the meta l  wi th  s imul tan-  
eous oxidat ion  of a reducing agent  (sodium hypophos-  
ph i te ) .  The chemical  react ions dur ing  electroless nickel  
plating are 

Ni ++ -t- (H2PO2-) + H ~ O - - N i  ~ ~- 2H + ~- (H2PO~-) 

[1] 

H~PO2- ~- H 2 0 - - H ( H P O 3 - )  ~ H2 [2] 

Reactions [1] and [2] occur s imultaneously.  React ion 
[1] is responsible  for the nickel  reduct ion  and the 
format ion  of H + ions. As the H + ion concentra t ion 
increases, nickel  deposi t ion stops when the pH falls 
below 3.0 (2). Therefore,  in o rder  to main ta in  the 
requ i red  pH some buffering and a lka l i  agent  are  
added. React ion [2] is responsible  for the evolut ion of 
molecular  hydrogen  which cleans the surface of the 
sample. The resul t ing  deposi t  so obta ined  is not  pure  
n ickel  but  i t  is a mix tu re  of nickel  and phosphorous.  
I t  has been observed (2, 3) that  the percen tage  of 
phosphorous in the n ickel  deposi t  is inverse ly  p ropor -  
t ional  to pH containing about  3-15% phosphorous 
when the opera t ing  t empe ra tu r e  of the ba th  is kep t  at  
about 95~ I t  has been repor ted  tha t  the percentage  
of phosphorous in the deposit  is d i rec t ly  propor t iona l  
to the  opera t ing  t empera tu re  of the ba th  if the pH of 
the same is kep t  constant.  This observat ion  was re -  
por ted  by  Fe lds te in  (4) who obta ined  about  2.5 and 
5% phosphorous in the deposi t  when the ba th  was 
opera ted  at  25 ~ and 70~ respect ively.  This means  
tha t  by  using electroless technique one might  expect  
to obta in  low resis tance ohmic contact  to n - t y p e  sil icon 
i f  the  conditions a re  such that  more  phosphorous can 
diffuse or  a l loy into silicon. Considering the advan tage  
of the facts discussed above some a t tempts  have been 
made  to s tudy  the fol lowing observat ions:  (i) va r i a -  
t ion of contact  resis tance (CR) wi th  s in ter ing  tem-  
pe ra tu re  keeping opera t ing  t empera tu re  of the ba th  
constant and pH as p a r a m e t e r  and (ii) var ia t ion  of 
CR wi th  s inter ing t empera tu re  keeping pH constant  
and opera t ing  t empe ra tu r e  as parameter .  I t  has been 
observed tha t  the contact  resistance decreases as the 
phosphorous content  in the deposi t  increases wi th  the 
hea t - t r ea tmen t .  

Experimental 
n-Type  sil icon of res is t iv i ty  5 ~ - c m  and or ienta t ion 

(111) were  used. Samples  were  first l apped  wi th  600 
mesh ca rborundum powder ,  washed thoroughly  with  

Key words: resistivity, alloy, electroless Ni-P. 

deionized (DI) water ,  and then w a r m e d  in conc HNO3 
for a few minutes.  Samples  were  then boi led in DI 
water ,  degreased  in organic acids fol lowed by  washing 
in water .  Next,  samples  were  etched in caro's etch (5) 
for a few minutes.  Af te r  washing,  samples  were  t rea ted  
in 48% H F  solut ion for 1 min. F ina l ly  samples  were  
rinsed. Immed ia t e ly  af te r  this, samples  were  d ipped 
first in sensit izing solut ion and then in act ivat ion solu- 
t ion (6) in steps for a few minutes.  Af te r  each step 
samples  were  r insed in water .  I t  is be l ieved tha t  
s tannous ion reduces the pal ladous  ion to metal l ic  
pa l ladium,  which act as pa l l ad ium nuclei  for  e lec t ro-  
less Ni -P  deposition. Now, the samples  were  r eady  
for  deposi t ion of nickel  by  immers ing  in the e lec t ro-  
less p la t ing bath.  The composit ions of the p la t ing  baths  
which were  used in the p resen t  work  are  given in 
Table  I. pH of the acidic and a lka l ine  type  of ba th  
were  main ta ined  by  ad jus t ing  the amount  of HCL and 
NH4OH, respect ively.  Al l  the  repor ted  pH values were  
es t imated  to be wi th in  ~-0.5. The op t imum opera t ing  
conditions for obta ining an adherent ,  bright,  and dense 
deposi t  of n ickel  on silicon are  also given in Table I. 
Al l  chemicals  used in this inves t igat ion were  of l abora -  
to ry  grade except  for sodium hypophosphi te  which 
was 99% pure.  

Contact Resistance Studies 
The electr ical  measurements  were  made  by  solder ing 

leads to opposite faces of N i -p la t ed  samples.  The nickel  
p la te  was removed from all  edges by  grinding.  The re-  
sistance of each sample  was measured  f rom its d-c  V/I  
characterist ics.  Bulk resis tance cont r ibuted  by  the si l i -  
con i tself  was ca lcula ted  f rom silicon resis t ivi ty.  The 
bulk  resistance of the sil icon plus the series resis tance 
associated wi th  the leads were  deducted  f rom the mea -  
sured  va lue  which is cal led here  the  contact  resis tance 
(in ~-cm2).  Al l  measurements  were  taken  a t  room 

tempera ture .  
Results and Discussions 

The p la ted  samples  were  s in tered in N2 a tmosphere  
for about  half  an hour  be tween  the t empe ra tu r e  range  
500~176 Sinter ing  leads to the format ion  of a di f -  
fus ion- l ike  zone be tween  sil icon subs t ra te  and the p la t -  
ing. Af te r  s inter ing the samples  were  r ep la ted  in o rder  
to faci l i ta te  tak ing  the leads and measurements .  F igure  
1 shows the var ia t ion  of contact  resis tance (CR) wi th  
s inter ing t empera tu re  keeping  opera t ing  t empe ra tu r e  
of the  ba th  constant  and pH as p a r a m e t e r  and Fig. 2 
shows the var ia t ion  of CR wi th  s inter ing t empera tu re  
keeping pH constant  and opera t ing  t empera tu re  as 
parameter .  For  each tempera ture ,  three  samples  were  
used and the average  value  of CR is plotted.  

F rom Fig. 1, i t  is c lear  tha t  as the pH of electroless 
ba th  decreases the  P-concen t ra t ion  in Ni -P  al loy in-  
creases, resul t ing  in a decrease  in  contact  resis tance 
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Table I. Compositions and operating conditions of baths 

9579 

Bath used Composition of the  bath used pH 

Operating conditions of the  bath 

Temp. Immersion 
in ~ time in rain Control 

Bath I Solution A 
NiS04, 6H20--50 g / l i t er  10 
Na,P20~, 10 H~O--100 g / l i ter  
NH4OH---45 cmS/liter 10 

Solution B 
NaH~OI,  H ~ - - 5 0  g / l i t er  
Solutions A and B were  taken 

in the ratio 1:1 

Bath II NiCh, 6HJO--30 g / l i ter  3 

NaH~PO~, H~O--10 g / l i ter  
( NH, ) ~tICd'IsO~--10 g / l i t er  

25 30 

70 3-4 

95 60 

4 95 45 

5 95 10 

10 95 2-3 

with  s in ter ing  tempera ture .  The  contact  resis tance 
g r adua l l y  decreases  up to 700~ In a l l  cases the contact  
resis tances were  found to be min imum be tween  the 
t e m p e r a t u r e  range  600~176 This m i n i m u m  value  de-  
creases s teadi ly  wi th  increase  of phosphorous concen- 
t ra t ion.  Beyond this, the  contact  resis tance s l ight ly  in-  
creases. This increase  in  CR is p robab ly  due to the out-  
diffusion of phosphorous  dur ing  hea t - t r ea tmen t .  Again,  
f rom Fig. 2, i t  can be seen tha t  the contact  resis tance 
decreases  as the  opera t ing  t empe ra tu r e  of the  ba th  
increases  f rom 25 ~ to 70~ because at  h igh  opera t ing  
t e m p e r a t u r e  (70~ the deposi ted N i - P  a l loy contains 
more  phosphorous  than  the samples  p r e p a r e d  at  25~ 
which contains low P-concent ra t ion .  

pH was maintained by adding NH~OH 

pH was maintained by adding NH,OH 

pH was maintained by adding HCI and 
NH40H according to desired pH value  

pH was maintained by adding HCI and 
NI-~OH according to desired pH value 

pH was maintained by adding HCI and 
NH40H according to desired pH value 

pH was maintained by adding HCI and 
NH~OH according to desired pH value  

Conclusion 
Two electroless baths, I and II, were  used in this 

work; when  operated under two different conditions 
as described above they yield an adherent, bright, 
and dense deposit  of N i -P  al loy which  w h e n  sintered 
at higher temperature gives a low value of contact re-  
sistance. From the practical point of v i ew  for obtain- 
ing a low contact resistance, it  may  be concluded that 
the most  favorable temperature  range of heat- treat-  
ment  is be tween  600~176 H e a t - t r e a t m e n t  above 
700~ s l i g h t l y  i n c r e a s e s  t h e  c o n t a c t  r e s i s t a n c e  d u e  to 
outdiffusion of P f rom Ni -P  alloy.  
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Fig. 1. Variation of contact resistance (CR) with sintering tem- 
perature keeping operating temperature of the bath constant and 
pH as parameter. 
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Fig. 2. Variation of contact resistance (CR) with slnterlng tem- 
perature keeping pH constant and operating temperature as 
parameter. 
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ABSTRACT 

Coulostat ic-f lash i r r ad ia t ion  of semiconduc to r / l iqu id - junc t ion  cells wi th  a 
pulsed laser  source has a l lowed t ime- reso lved  measurements  of photopotent ia l  
t ransients  in the  submicrosecond t ime domain.  In 1.0M elec t ro ly te  ,~12 nsec 
rise t imes were  observed wi th  severa l  different  n-TiO2 electrodes.  The de-  
pendences  of t rans ien t  photopotent ia ls  on the in i t ia l  potent ial ,  pulsed laser  in-  
tensi ty,  and na tu re  of e lec t ro ly te  have been studied, and  the measuremen t  
l imi ta t ions  defined by  expe r imen ta l  and ins t rumenta l  pa ramete r s  have been 
described.  Most impor tan t ly ,  the t ime dependence  of photopoten t ia l  t r an -  
sients has been character ized.  Four  possible contr ibut ions  to the t rans ien t  be -  
havior  a re  discussed: e lec t ron-hole  recombinat ion,  photoinduced charge t rans-  
fer  at  the solut ion interface  (oxidat ion) ,  subsequent  back- reac t ion  of photo-  
products  ( reduct ion) ,  and  a t rans ient  expans ion  of the  space charge l aye r  due 
to r ap id  photoinduced charge injection.  

A la rge  number  of s tudies  have been conducted in 
recent  years  to character ize  the photooxidat ion  of wa te r  
a t  n - t y p e  semiconductor  electrodes (1-4). Most of this 
work  has involved continuous i r r ad ia t ion  wi th  the 
purpose  of de te rmin ing  final photoproducts ,  quan tum 
yield,  energy  conversion efficiency, e lect rode durab i l -  
i ty,  wave leng th  response, vol tage dependence,  in tens i ty  
effects, etc. Photooxida t ion  of wa te r  was first demon-  
s t ra ted  at  n-TiO2 electrodes (5), bu t  a wide var ie ty  of 
o ther  e lect rode mate r ia l s  has been  inves t iga ted  in a t -  
tempts  to achieve improved  performance.  Recently,  it  
has been shown that  a so la r - to -e lec t r i ca l  conversion 
efficiency of ,,,12% could be obta ined  wi th  n -GaAs  
electrodes using a regenera t ive  Sen2- /Se  2-  redox  
couple for photooxida t ion  (6). Such polychalcogenide  
solutions also genera l ly  enhance the du rab i l i t y  of the 
e lectrode (i.e., resis tance to e lect rode photodissolu-  
t ion) .  On the other  hand, the efficiency of the w a t e r -  
sp l i t t ing  photoprocess ( leading to the product ion of 
hydrogen  fuel ) ,  o r ig ina l ly  descr ibed b y  Fu j i sh ima  and 
Honda (5), has been achieved wi th  an overa l l  solar  
energy  conversion efficiency of only  N1% (1-4). The 
product ion of hydrogen  has some ve ry  desi rable  a t -  
t r ibutes,  obviously,  in that  a s torable  combust ib le  fuel  
is produced.  Thus, i t  is one goal  of our studies to ex-  
amine  mechanis t ic  aspects of the photooxidat ion  p ro -  

Key words: electrochemistry, semiconductor electrochemistry, 
photochemistry. 

cess which m a y  dicta te  overa l l  efficiency. To a c h i e v e  
a new perspect ive  on these photoinduced e lect rode 
processes we have developed a t ime- reso lved  photo-  
e lect rochemical  technique tha t  al lows meaningfu l  mea -  
surements  of photoeffects in a t ime domain  severa l  
orders  of magni tude  shor ter  than  prev ious ly  reported.  

We have repor ted  prev ious ly  on the l imi ted  t ime-  
resolut ion of potent iosta t ic  photocurrents  measured  
with  pulsed i r r ad ia t ion  (7, 8). A t  best, one can achieve 
resolut ion of --~500 nsec, wi th  ,-~50 #sec more  typical  if 
correct ion for induced charging currents  is made  (8). 
Barker  and co-workers  (9) proposed coulostat ic-f lash 
measurements  to obta in  microsecond t ime resolut ion 
in photoemission studies wi th  me rc u ry  electrodes.  We 
recen t ly  achieved 200 nsec t ime resolut ion  in coulo- 
s tat ic-f lash me rc u ry  photoemission studies (10). The 
present  work  demonst ra tes  tha t  we can observe  photo-  
potent ia l  t ransients  at  semiconductor  e lectrodes wi th  
at  least  15 nsec t ime resolution. We have analyzed  the 
electr ical  and electronic character is t ics  of photoe lec t ro-  
chemical  cell and measurement  c i rcu i t ry  to ensure the 
va l id i ty  of shor t - t ime  measurements ;  and we have 
suggested possible in te rpre ta t ions  for the observed 
behavior .  Our  studies r epor ted  here  have concent ra ted  
on observat ions wi th  single c rys ta l  n-TiO2 electrodes 
in various aqueous electrolytes ,  since such systems 
have been wel l  charac ter ized  prev ious ly  wi th  CW l ight  
sources (1-4).  



VoZ. I27, No. 12 L A S E R - I N D U C E D  P H O T O E L E C T R O C H E M I S T R Y  2581 

Experimental 
Instrumentat ion.- -The basic ingredients  of the photo- 

electrochemical ins t rumenta t ion  have been described 
previously (10-13). A Pr ince ton  Applied Research 
Corporation (PAR) Model 174A polarograph was used 
for control led-potent iaI  flash exper iments  as weI1 as 
for cyclic vo l t ammet ry  and voltage scans wi th  CW ir -  
radiation. A 4-electrode cell was used (10), in  which 
the  fourth electrode is a p la t inum quasi-reference 
electrode. The pulsed laser source was a Molectron 
Model UV 1000 ni t rogen laser (337 nm)  with 10 nsec 
pulse width. The Molectron Model DL 200 dye laser 
was used to provide a pulsed source of subbandgap i r -  
radiation. The CW laser source was a Spectra-Physics 
Model 171 krypton ion laser (u.v. lines at 351/356 nm, 
visible lines at 531 and 647 nm) .  The coulostatic-flash 
ins t rumenta t ion  has been described also (10), bu t  
some modifications to the measurement  approach have 
been made for this study. They are as follows: (i) for 
photopotential  t ransients  in a t ime domain from 10 
nsec to 10 ~sec, the working electrode and Pt  quasi-  
reference electrode were directly connected (and a-c 
coupled) to a Tektronix  Type 7A13 (105 MHz band-  
width)  differential  amplifier p lug- in  which wa~ 
mounted  in a Tektronix  Model 7623A oscilloscope. All  
cont ro l /moni tor ing  electronics were located inside the 
Faraday  cage enclosing the cell. The y-axis  output  
from the scope back panel  was connected external ly  
to a Type 7A19 (500 MHz bandwidth)  p lug- in  amplifier 
(50~ input ,  a-c coupled),  moun ted  in  a Tektronix  
Model 7844 oscilloscope. (ii) For photopotential  t r an -  
sients in the t ime domain from 1 ~sec to seconds, the 
P t  quasi-reference electrode was capacitively coupled 
(0.47 ~-~) to the saturated calomel reference (SCE) 
electrode; the SCE and working electrode potentials 
were input  to a wideband-pass  (5 MHz) high input  
impedance (1011~) differential amplifier (4 .6•  with 
d-c offset bias so that  the d-c level of t ransients  could 
be convenient ly  measured. Its output  was in tu rn  con- 
nected to a Tektronix  Type 7A16-A amplifier plug-in,  
with 1 MI2 input  impedance, and 225 MHz bandwidth.  
.Traces were recorded photographically. The philosophy 
behind the above measurement  approaches is docu- 
mented  elsewhere (10, 14). The impor tant  point  is that  
the Pt  quasi-reference electrode reflects accurately any  
t rans ient  changes in  the cell potential  in  a t ime domain 
of <10 ~sec. Capacitive coupling of the two reference 
electrodes allows measurements  of photopotential  t r an -  
sients referenced to the SCE for times exceeding 1 
~sec. However, when only the magni tude  of photo- 
potent ial  t ransients  was required the quasi-reference 
electrode could be monitored directly, wi thout  coup- 
l ing to the SCE. 

A General  Radio Model 1650-A impedance bridge 
was used to obta in  cell impedance measurements  for 
Mott-Schot tky plots (15, 16). The cell bias voltage was 
provided by  the polarograph, by connecting the work-  
ing and counterelectrode terminals  from the polaro- 
graph to the bias terminals  of the bridge, through two 
30 mH inductors. The reference electrode te rminal  of 
the polarograph was connected to t h e  SCE in  the cell. 
The working and counterelectrodes were connected to 
the "unknown"  terminals  of the bridge. The 1 kHz 
oscillator signal was used, wi th  --,15 mV peak- to-peak  
amplitude. The cell equivalent  circuit for the purpose 
of this measurement  was assumed to be a simple series 
RC combination. 

Cell impedance measurements  were also made using 
a Hewle t t -Packard  Model 4800A Vector Impedance 
Meter. This in s t rumen t  convenient ly  measures both 
the complex impedance and phase angle as a funct ion 
of f requency (5 Hz to 500 kHz).  Consequently the cell 
resistance Rs could be measured at high frequency 
where the cell capacitance has a negligible contr ibu-  
t ion to the total impedance. The resistance measured 
at high f requency is the more significant figure for 
calculating fast rise times. The values measured at 

1 kHz compared favorably to those calculated from the  
bridge measurements  made for the Mott-Schot tky 
plots at 1 kHz. 

Cell and electrodes.--The photoelectrochemical cell 
design is basically as described previously (10-13), 
except that  the p la t inum counter  and reference elec- 
trodes were constructed of a fine mesh. The Pt  refer-  
ence formed a cyl inder  of 1.7 cm in  diameter  and 1.5 
cm in height around the working electrode; the P t  
counterelectrode formed a hal f -cyl inder  a round t h e  
Pt reference electrode, with the same surface area as 
the reference. The large surface area electrodes were 
desirable in these studies to help minimize cell im-  
pedance and hence minimize response delays related to 
the source impedance of the measurement  circuit. I n  
addition, for measurements  to be related only to the 
interracial  capacitance of the working electrode, it  is 
necessary that the counter  and /or  reference electrodes 
have much higher capacitance. The n-TiO2 electrodes 
used in  this work were prepared from a boule of single 
crystal TiO~ (Commercial  Crystal  Laboratories, In -  
corporated, South Amboy, New Jersey) .  The proce- 
dure involved slicing the boule perpendicular  to the 
c axis (with a l ignment  by x - r ay  diffraction) wi th  a 
diamond wafering blade. The resu l tan t  1 mm slices 
were reduced in a hydrogen furnace at 500~ for vary-  
ing times. The crystal slices were then boiled in  con- 
centrated H2804 for 1 hr, and ind ium meta l  w a s  
rubbed onto one side un t i l  a shiny metall ic surface was 
obtained. Ind ium was melted onto the shiny surface 
and a 12 gauge copper wire was then si lver-soldered 
to the surface. The entire assembly was then mounted  
to a glass tube with epoxy (Dexter Epoxi-patch) ,  with 
care taken to expose only the flat crystal surface. 

The electrodes were used unpolished. 1 Pr ior  to each 
series of runs they were etched in  1:1 H20/H2SO4 for 
10 rain. 2 Four  different electrodes were used, repre-  
sent ing a range of resistivities and donor densities. 
These were designated as electrodes A-D, and  their  
characteristics are summarized in  Table I. 

Photoelectrochemical procedures.--The coulostatic- 
flash exper imenta l  procedure has been described in  
detail elsewhere (10). I t  involves first adjus t ing the 
cell voltage to the desired ini t ia l  potential,  gi, for the 
semiconductor working electrode using the polaro- 
graph. A solid-state electronic switch which opens the 
cell circuit is tr iggered at  5 sec intervals.  After  ,~30 
~sec t ime delay the pulsed laser is tr iggered and the 
open-circuit  potential  difference be tween  the working 
and reference electrodes moni tored as described above. 
After a 2 sec in terva l  the cell circuit is closed again 
and the ini t ia l  potential  reimposed by the polarograph. 

With CW irradiat ion the cell voltage is controlled 
or scanned with the polarograph. A-C photocurrent  
signals were measured by chopping the laser source 
at 500 Hz and using a PAR HR-8 Lock- in  amplifier 
synchronized with the chopper. Details have been 
published elsewhere (10-13). D-C photocurrents  were 
measured by monitor ing the PAR 174A output  directly. 

Pulse photocurrent  measurements  were made di-  
rectly from the PAR 174A polarograph as described 
previously (10-13). 

All  solutions were deaerated with high pur i ty  n i t ro-  
gen for at least 10 min  before photoelectrochemical 
studies were conducted. The ni t rogen was allowed to 
flow over the solution surface dur ing experiments.  

Results and Discussion 
Semiconductor electrode characteristics.--Table I 

summarizes the physical and  photoelectrochemical 
features of the various n-TiO2 electrodes used in  this 
work. The Mott-Schot tky (M-S) plots, from which 
much of the data are taken, were l inear  in  every case 
over the range of --0.5 to +I .0V vs. SCE in 1.0M ENOs. 

1 Polishing is likely to introduce surface states (17). 
2 Etching of TiOe by concentrated H~SO4 is common in the prep- 

aration of photoelectrochemical electrodes, e.g., Ref. (18). 



Electrode 

30 
t -  

�9 ~ 20 

0 
c -  

O .  10 

A B C D 

EFB (M-S) Vs. SCE, V - 0 . 4  --0.75 -0 .53  -0 .80  
ETK (CWlu.v . /a .c . )  v s .  ~;CE, V* - 1 . 1  -1 .1  -0 .88  -0 .93 
E~H (CW/u.v . /d .c . )  v s .  SCE, V* - 0 . 8  ~ -0 .80  -0 .70  
ETH (pulse  ip) v s .  SCE, V* -0 ,55  ~ -0 .50  -0 .50  
ETH (C'F) VS. SCE, V'~ - 1 . 3  - 1 . 3  -0 .90  --i.I 
ND (M-S), c m  -~ 1.6 x 10 is 3.0 x 10 ~ 1.4 x 10 -"~ 1.5 x 10 -~~ 
(~. (E = + I , 0 V ) , ~ F  0.14 2.2 1.8 1.8 
R~ (E = + l . 0V ) ,  ~ 330 29 38 ~86 
Area,  c m  ~ 0.11 0.14 0.20 0.21 

All  da ta  ob ta ined  wi th  1.0M KNOa e lec t ro ly te .  EFB = f la tband potent ia l ;  ETH = th resho ld  potent ia l ;  ND = donor  densi ty;  M-S = Matt- 
Schot tky  plot;  CW/u.v.  r e f e r s  to p h o t a c u r r e n t  v s .  E e x p e r i m e n t s  wi th  CW/u.v.  l ase r  source;  a.c. r e f e r s  to lock-in de tec t ion;  d.c. r e f e r s  to 
direct  current  m e a s u r e m e n t s ;  C-F r e f e r s  to coulostatic-flash e x p e r i m e n t s ;  Rs, Cs r e f e r  to imp ed an ce  b r idge  m e a s u r e m e n t s  of cell re- 
s is tance and capac i tance  at  1 kHz. 

* E'rH (CW/u.v . )  and  ET~ (pulse  ip) w e r e  obta ined by ex t r apo la t ing  the  r is ing por t ion  of the  ip v s .  E plot  back  to zero cu r ren t .  
t ETH (C-F) was  def ined as the  mos t  nega t i ve  poten t ia l  a t  wh ich  a m e a s u r a b l e  nega t ive  pho topo ten t ia l  t r ans i en t  was  observed.  

The magni tude  and range  of the  fea tures  obta ined  
from the M~S plots are  both  genera l ly  consistent  wi th  
the observat ions  of others  (19). I t  should be pointed 
out, also, tha t  the  var ia t ion  in donor density, ND, was 
significant and de l ibe ra te ly  created.  There  was also a 
corresponding range  of res is tance and capaci tance of 
the e lectrodes at  1 kHz. Note tha t  the va lue  of Rs in-  
cludes the solut ion resistance,  which  was ~15~-~ for the 
1.0M KNO3; thus, the resis tance of the semiconductor  
e lectrode alone can be ca lcula ted  in each case. How- 
ever, i t  is the  total  resistance, Rs, which  affects the  
t ime response in coulostat ic  and  potent ios ta t ic  m e a -  
surements,  as discussed below. I t  is impor t an t  to note 
that  the measured  values  of Rs and Cs depend  on the 
f requency  used in the  measurement .  The values  in 
Table I were  taken  f rom Mot t -Scho t tky  plots  made  at  
the  usual  f requency  of 1 kHz. However ,  wheneve r  
pulse photocurrents  or r a p i d  coulostat ic measurements  
were  in te rpre ted ,  va lues  of Rs and Cs obta ined  wi th  
the  vector  impedance  mete r  a t  h igh f requency  (>1  
kHz)  were  used. The range  of e lec t rode  character is t ics  
exhib i ted  in Table  I was des i red  so tha t  the  effects on 
t ime- reso lved  pho topo ten t i a l /pho tocur ren t  t rans ien t  
behavior  could be observed.  

A significant observat ion  in these charac ter iza t ion  
studies was tha t  photoeffect  th reshold  potent ia ls  usu-  
a l ly  did not agree  wi th  the  f la tband potent ial ,  EFB, 
der ived  f rom Mot t -Scho t tky  plots  (see Table  I ) .  Such 
discrepancy is not  to ta l ly  unexpec ted  in corre la t ing  
Mot t -Scho t tky  data  to t rans ien t  measurements ,  Some 
discussion of these discrepancies  is p resen ted  below. 

Photocurrent observations.--The dependence  of 
pho tocur ren t  (ip) on e lec t rode  po ten t ia l  wi th  a con- 
t inuous source i r r ad ia t ion  is consistent  wi th  the p rev i -  
ous l i t e r a tu re  (1-4). A typ ica l  curve is shown in Fig. 1. 
Al l  e lectrodes behaved  s imi lar ly ,  except  for  s l ight  d i f -  
ferences in ETH (see Table I ) .  S imi l a r  shapes~ were  ob-  
ta ined for the a-c  and  d-c  photocurrent ,  except  a more  
not iceable "foot" was observed  when  moni tor ing  the 
d-c  photocur ren t  (Fig. 1). Fo r  the d -c  cur ren t  the 
r is ing por t ion of this lower  in tens i ty  fea tu re  was 
ex t rapo la ted  to zero cur ren t  to y ie ld  ETH (Table  I ) .  
Final ly ,  the quan tum efficiency (pho tocur ren t / inc i -  
dent  photons)  for  d -c  CW/u.v.  exper iments  was ap-  
p rox ima te ly  0.1. This value  is  on the low side, p rob-  
ab ly  because the h igh  in tens i ty  laser  source resul ts  in 
a lower  f ract ion of photons absorbed  in the  deple t ion  
layer .  

Thermal  effects were  eas i ly  dis t inguished by  i r r a d i -  
a t ing the e lec t rode  wi th  subbandgap  l ight  (647/676 
nm) .  The resul t ing  a -c  pho tore la ted  cur ren t  observed 
was more  than  one o rde r  of magni tude  lower  in in-  
tens i ty  and had  a different  shape (ip vs. electrode po-  
tent ia l )  than  the a-c  pho tocur ren t  resu l t ing  f rom 
i r rad ia t ion  wi th  u.v. l ight  (351/356 nm) .  The corre-  
sponding d-c  photore la ted  cur ren t  was  more  than  four  
orders  of magni tude  lower  in in tens i ty  than  the d-c  
photocur ren t  resul t ing  f rom u.v. i r radia t ion.  In  each  

case the observed vis ible/u .v ,  pho tocur ren t  rat ios  were  
made using comparab le  laser  intensit ies.  

Photocur ren t  measurements  wi th  the pulsed laser  
source y ie ld  essent ia l ly  the same type  of pho tocur ren t -  
potent ia l  behavior  shown in Fig. 1. However ,  the  t ime-  
resolved pho tocur ren t  pulse  behav ior  is of p r i m a r y  
in teres t  here. As poin ted  out  prev ious ly  (7, 8), po ten-  
t iostat ic photocur ren ts  wi th  pulsed i r rad ia t ion  fol low a 
t ime dependence  dic ta ted  b y  the cell  t ime constant  
(R~Cs), as long as the pulse width  is shor t  compared  
to RsC~ and the photoinduced charge  t ransfe r  processes 
are complete  wi th in  a t ime f rame shor t  compared  to 
R~C~. Figure  2 shows a typica l  pho tocur ren t  pulse. The 
decay t imes of these pulses compare  f avorab ly  wi th  
the  values  of R~Cs obta ined  f rom Table  I for  each 
electrode.  Thus, no in format ion  on the dynamics  of 
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Table I. Summary of electrode characteristics. (n-TiO~) 

Potential (V versus SCE) 
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Fig. 1. Phatocurrent-valtage curves with C W  laser source. Elec- 
trode C; 1.0M K N 0 3 ;  wavelength ---- 351/356 nm; sweep rate ---- 
-t-20 mV/sec. (a, top) synchronaus a-c detection, laser intensity 
0.15 mW/cm2;  (b, bottom) d-c current, laser intensity = 270 
m W / c m  2. 
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Fig. 2. Photocurrent-time behavior with pulsed laser source. 
Electrode C; Ei "- -I-1.5V vs. SCE; 1.0M KN03;  light i n t e n s i t y  - -  

10 kW/cm 2. 

photore la ted  processes can be  ob ta ined  f rom pulse  
pho tocur ren t  measurements  when  RsCs is long com- 
pa red  to the  t ime f rame of  interest .  However ,  i t  is pos-  
s ible to obta in  a measure  of the  to ta l  pho tore la ted  
charge  (Qp), s imply  b y  in tegra t ing  the pho tocur ren t  
pulse. Such informat ion  is useful,  of course, for quan-  
t um efficiency calculations.  I t  is also useful  for  de te r -  
min ing  the e lect rode capaci tance by  combinat ion  wi th  
coulostat ic  measurements ,  as discussed below. 

The differences in ETH (a-c  ip, d -c  iv, pulsed iv, C-F)  
reflect  the differences in the  expe r imen ta l  measu re -  
ment  techniqu e and  the quan t i ty  being measured.  For  
example ,  the  pulsed  iv measuremen t  has a longer  t ime 
constant  than  the coulostat ic-f lash expe r imen t  (vide  
in f ra ) ,  and only  measures  the  ne t  charge  t ransfer red .  
The ac tua l  number  of photons pe r  pulse  in the pulsed  
measu remen t  is fa r  less (by  a factor  of 10 -4)  than  the 
n u m b e r  of photons pe r  second in the CW exper imen t ;  
consequent ly  the  more  posi t ive ETH observed for  
pulsed  iv m a y  reflect  a lower  sens i t iv i ty  or  photon 
threshold.  

Coulostatic-flash 8tudies.--Time dependence.--In 
contras t  to pulse pho tocur ren t  measurements ,  coulo- 
s ta t ic  (open-c i rcui t )  photopoten t ia l  (Ep) measu re -  
ments  made  wi th  a pulsed  laser  source are  not  l imi ted  
in response t ime by  the cell  t ime constant  (RsCs) (9, 
10). The  response is l imi ted  by  the RC t ime constant  
defined b y  the cell  impedance  (Rs) and the combined 
va lue  of the in te re lec t rode  s t r ay  capacitance,  the input  
capaci tance of the  measu remen t  electronics,  and cable  
capacitance.  This combined value,  CM, is t yp ica l ly  less 
than  100 pf. Thus, for  e lectrodes A to D, respect ively ,  
RsCM <4, <3, <4, and  <5 nsec, where  Rs is the  va lue  
measu red  at  h igh f requency wi th  the vec tor  impedance  
mete r  in 1.0M KNOB. These response t ime constants  
a re  comparab le  to or  less than  the pulse wid th  of the  
laser  source (10 nsec) ,  thus a l lowing t ime- reso lved  
studies in a t ime domain  of ----10 nsec as shown below. 

Figures  3 and 4 show typica l  photopoten t ia l  (Ep)-  
t ime behavior  for  coulostat ic-f lash exper iments  in 1.0M 
KNO3, using the n i t rogen  laser  (337 nm) .  I r r ad ia t ion  
wi th  subbandgap  energy  l ight  using the n i t rogen  
pumped  dye laser  (520 nm)  resu l ted  in photopoten t ia l  
excursions at  leas t  four  orders  of magni tude  lower  
(using comparab le  laser  in tens i t ies) .  

Table  II  summarizes  the  t ime-dependen t  behav ior  of 
al l  four  electrodes.  Severa l  fea tures  a re  wor th  noting. 
F i r s t  of all, i t  is c lear  tha t  the  r ise t ime (t95%) is ~12 
nsec, which  suggests tha t  i t  is l imi ted  by  the laser  
pu l se -wid th  a n d / o r  the bandwid th  of the  measu re -  
men t  electronics.  The po ten t ia l  changes sha rp ly  in a 
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Fig. 3. Coulostatic-flash photopotential trans.ients at positive 

potential for three different time domains. Electrode C; Ei 
+ I . 0 V  vs. SCE; 1.0M KNO3; light intensity 10 kW/cm 2. The 10 
nsec laser pulse occurs at the onset of the negative potential 
transient; (a, top; b, center; c, bottom). 

more  negat ive  direction,  bu t  then  decays back  toward  
the in i t ia l  potent ial ,  Ei. When  Ei is ve ry  posi t ive of 
EFB, the  final photopotent ia l ,  (Ep)F, is reached a f te r  
~1  to 20 msec for the  e lect rodes  s tudied  here.  When 
Ei is nea r  EFB, not on ly  is the re  a much smal le r  in i t i a l  
excursion of the photopotent ia l ,  bu t  (Ep)F approaches  
El; also(  Ep)F is reached  in < ~ 1  msec. 

The net  magn i tude  of photopoten t ia l  excurs ion 
achieved af ter  the  decay~ (~LEp)F, is t aken  to be in -  
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Fig. 4. Cou|ostatic-flash photopotential transients near EFB for 
three different time domains. Electrode C; Ei = - - 0 . 5 V  vs. SCE; 
1.0M K N 0 3 ;  l ight intensity , ~  10 k W / c m  2. The 10 nsec laser pulse 
occurs at  the onset of the negative potential transient; (a, top; 
b, center; c, bottom). 

dicat ive of  the  ne t  quan t i t y  of charge  t ransfer red ,  or  
"photocharge"  (Qp). Qp can be  ca lcula ted  f rom the  
rela t ionship,  Qp = Cs �9 (AEp)F. ( In  genera l  Cs depends  
on the cell  potent ial ,  so Qp has to be calcula ted f rom 
the in tegra l  of C~ and Ep for  la rge  photopoten t ia l  e x -  
cursions) .  A n  indica t ion  of the  efficiency of the  photo-  
e lectrolysis  process can be ob ta ined  f rom the  rat io,  
Q~/A, where  A is the  e l e c t r o d e  a r e a .  T h e  d a t a  in 

Table II. Summary of t ime-dependent behavior of several n -T i02  
electrodes with pulsed-laser coulostatic-flash experiments in 

1.0M K N 0 3  

Electrode 

A B C D 

A. F o r E l  = + I . 6 V v s .  SCE 

�9 , nsec* 12 10 15 12 
tr, msec  ~20  ,~2.2 ~ I  ~ I  
(~Ep)r 

0.15 0.76 0.59 0.41 

Qp/A, ~C/cm~'~ 0.024 0.56 0.10 0.12 
C., #F 0.1Z 1.96 1.56 1.46 

B, For El near  ETs for each electrode 
�9 , nsec* 12 10 19. 12 
tF, #sec ~1000 - -50  --175 *~150 

0.10 0.18 0.13 0.20 
(AEp) max" 

Q~/A,/~C/cm~t 0.017 0.67 0.044 0.032 
El, V vs. SCE, V -0.7 -0.6 -0.5 -0.8 
C. , /zF  0.53 3.5 3.1 3.4 

*r = tosO/o = rise time of photopotential in nsec, based on a 
smoothed fit to the rising portion of the  curve. 

t Qp = (hEp)F �9 C~; A = working electrode area in cm ~. (The CB 
value used was taken from M-S plots or was taken as the maxi- 
mum measured value from the M-S plot when Et < EFm) 

Table  I I  c lear ly  show tha t  e lec t rode  B is the  most  
efficient and e lect rode A is the leas t  efficient. By com- 
par i son  wi th  Table I, the  t r end  in efficiency corre-  
la tes  wel l  wi th  the  donor density.  (However,  because 
the laser  pulse  in tens i ty  va r ied  _ 25% due to opt ical  
a l ignment ,  and  because ]VD values  for  e lectrodes B, C, 
and D are  s imilar ,  the efficiency t rends  can on ly  be 
in t e rp re t ed  semiquant i t a t ive ly . )  

The times, tF, r equ i red  for the photopoten t ia l  to de-  
cay to (~Ep)F were  only es t imated  f rom visual  inspec-  
t ion of photographic  traces, bu t  do indicate  a qua l i ta -  
t ive  inverse  corre la t ion  be tween  tF and the donor den-  
sity. Final ly ,  the quan tum efficiency (Qp/ tota l  photons 
i nc iden t )  can be es t imated  to be ~10-2 .  This value  is 
somewha t  low, bu t  cer ta in ly  includes the  uncer ta in t ies  
in measur ing  the to ta l  charge t r ans fe r red  and the num-  
ber  of photons absorbed  in the deplet ion layer  dur ing 
each 10 nsec laser  pulse. 

The na tu re  of the Ep decay is ce r ta in ly  of in teres t  
(Fig. 5A).  Severa l  different  factors may  be involved  
(Fig. 5B-E).  The first factor  (Fig. 5B) is tha t  the in i t ia l  
photopoten t ia l  excursion is due to space charge  layer  
contract ion caused by  e lec t ron-hole  genera t ion  and 
separat ion.  The na r rower  space charge l aye r  has a 
l a rge r  capacitance,  while  the total  charge remains  the 
same, thus the excurs ion is t oward  EFB. The subse-  
quent  decay is caused by  e lec t ron-hole  recombinat ion  
(Fig. 5B). The rates  of such processes in the bu lk  for  
h ighly  doped semiconductor  mate r ia l s  a re  typ ica l ly  
found to be in the submicrosecond t ime domain  (20). 
However ,  longer  l i fet imes might  occur in the space 
charge region at  a semiconduc tor /e lec t ro ly te  interface 
(band bending  at  the in terface  faci l i ta tes  the sepa ra -  

t ion of e lectrons and holes) .  
The second factor  (Fig. 5C) is oxidat ion  (of e i ther  

the solvent  or  species at  the e lec t rode  surface)  by  
holes migra t ing  to the surface. Note tha t  this  process 
would tend to increase  AEp wi th  time. An  opposi te  
effect would  be due to the  da rk  reduct ion  of photo-  
products  (Fig. 5D); i.e., the photopoten t ia l  decay  r ep -  
resents  the da rk  back  react ion of photooxida t ion  p rod-  
ucts produced by  the flash. We have some evidence 
f rom other  cont ro l led-potent ia l ,  pulsed photocur ren t  
s tudies (21) tha t  such back  react ions  m a y  occur, p r o b -  
ab ly  via  surface states, even when the e lect rode po ten-  
t ia l  is qui te  posi t ive of EFm The ra te  (or  efficiency) of 
the back react ion appears  to increase as the potent ia l  
is made  less posi t ive (21), and this is consistent wi th  
the observat ion here  tha t  the decay t ime constant  de-  
creases as El approaches  Era (Table  I I ) ,  



VoI. I27, No. I2 L A S E R - I N D U C E D  P H O T O E L E C T R O C H E M I S T R Y  2585 

,% 

| 

0 

No light ~_ 
~ •  Light- (~ Ep)F 

Time 

(A) 

AE 

e 
Time 

(B) 

Time 

(c) 

AE ii 
(D) 

Time 

| 

~E 

| 

(E) 

Time 

Fig. 5. Pictorial representation of four factors which may influ- 
ence the observed transient photopotential: (A) experimentally ob- 
served behavior~ (B) electron-hole separation and recombination; 
(C) photolnduced oxidation; (D) dark reduction; (E) expansion and 
relaxation of the space-charge layer. In all cases the vertical (~E) 
and horizontal (time) scales are arbitrary. 

The four th  possible  factor  is that  the  ve ry  high ra te  
of negat ive  charge inject ion due to photooxida t ion  
caused b y  the in tense  10 nsec Iaser  pulse  forces a t r a n -  
sient  nonequ i l ib r ium expansion of the space charge 
region in the semiconductor ,  fo l lowed by  a r e l axa t ion  
back  to ' i ts equ i l ib r ium dimensions,  wi th  associated 
overshoot  and decay of the photopoten t ia l  (Fig. 5E). 
(This decay  m a y  or  m a y  not  involve  ho le -e lec t ron  
pa i r  recombinat ion,  depending  on the surv iva l  of ex-  
cess surface holes.) Such a r e l axa t ion  effect has been 
observed wi th  coulostat ic e lect r ica l  charge inject ion at 
a m e r c u r y / d i l u t e - e l e c t r o l y t e  in ter face  (22,23) and 
has been descr ibed theore t i ca l ly  (24-26) in terms of 
a t rans ien t  overexpans ion  of the  di f fuse-double  l aye r  
( in ter fac ia l )  fol lowed b y  a r e l axa t ion  back  to an equi -  
l i b r ium thickness,  wi th  corresponding changes in the 
measured  double  l aye r  vol tage analogous in na tu re  
and  t ime dependence  to those observed  here.  

The na tu re  of s t eady-s t a t e  photopotent ia ls  genera ted  
under  condit ions where  charge t rans fe r  to solut ion is 
b locked has been  descr ibed  prev ious ly  (27-29); and  

expe r imen ta l l y  observed  ins tantaneous  photovol ta ic  
response has been descr ibed (30, 31). Ger ischer  (32) 
suggested that  shor t  l ight  pulses should be used for  
these measurements  to obta in  a be t te r  charac ter iza t ion  
of the space charge region free f rom charge t ransfe r  
and surface effects. However ,  no re l iab le  measurements  
have been r epor t ed  on a t ime scale comparab le  to our  
studies. The poss ibi l i ty  tha t  a t rans ien t  photopoten t ia l  
overshoot  and  decay might  be observed has been  sug-  
gested previous ly  (33, 34). Lase r  and  Bard  (35) also 
pointed out  tha t  the response of the semiconductor  
space charge layer  to coulostat ic  e lect r ica l  charge in-  
ject ion is analogous to tha t  p red ic ted  b y  Fe ldbe rg  (26) 
for diffuse double  l aye r  re laxat ion,  except  tha t  i t  
should occur in a much shor te r  t ime domain.  Unfor tu -  
nately,  the  pulsed l a se r - induced  pho topo ten t iomet ry  
exper iments  pe r fo rmed  here  do not  correspond exac t ly  
to the e lectr ical  coulostat ic charge inject ion s i tuat ion 
descr ibed by  Laser  and  Bard  (35). Nor  do the  condi-  
tions agree  wi th  those used to s imula te  s t eady-s t a t e  
photopotent ia ls  (29) or  to s imula te  the re laxa t ion  of 
photogenera ted  f ree  car r ie rs  (33). However ,  Ref. (33) 
does demons t ra te  tha t  dist inct  t rans ien t  min ima  and 
max ima  in the  concent ra t ion-d is tance  profiles of mi -  
nor i ty  and m a j o r i t y  charge  car r ie rs  can be generated,  
perhaps  leading  to the k ind  of r e laxa t ion  processes ob-  
served here. The t ime scale of the  t rans ien t  behav ior  
pred ic ted  (33) is severa l  orders  of magni tude  shor ter  
than observed here. However,  the condit ions chosen 
for the s imulat ions  correspond to l ight  fluxes and 
donor  densi t ies  severa l  o rders  of  magn i tude  lower  than  
those used here. 

To invest igate  fu r the r  the mer i t s  of the four th  pos-  
sible factor  influencing the  photopoten t ia l  decay 
( t rans ien t  expansion and contract ion of the space 

charge layer  due to photocharge  in jec t ion) ,  the t ime de-  
pendence was compared  to tha t  p red ic ted  theore t ica l ly  
for diffuse double l aye r  r e laxa t ion  (26). In  tha t  case, 
assuming equal  mobil i t ies  for posi t ive and negat ive  
charge carr iers ,  theory  predicts  tha t  the  observed  
double l ayer  po ten t ia l  should fol low a t -~/8 depen-  
dence dur ing the l a t t e r  pa r t  of the decay when  the  po-  
ten t ia l  is near  E~zc (potent ia l  of zero charge) .  By ana l -  
ogy, the same essential ,  theore t ica l  concepts can be 
imposed on the response of the  semiconductor  space 
charge region to an ins tantaneous  l igh t - induced  charge  
injection.  Holes and electrons are  considered to r e -  
place cations and anions, wi th  the i r  associated mobi l i -  
t ies and  concentrat ions;  the thickness of the deple t ion  
layer  replaces the  double  l aye r  thickness,  and  E~B re -  
places Epzc. 

The suggest ion tha t  double  l aye r  r e l axa t ion  could 
also contr ibute  to the t ime dependence  observed here  
is of course appropr ia te .  However ,  the effects have not 
been observed at  me rc u ry  electrodes wi th  concent ra ted  
e lect rolyte  ( >  ,-~0.05M) and re la t ive ly  smal l  charge 
inject ion (22). Thus, we should not  expect  to see 
Helmholtz  l aye r  r e laxa t ion  effects here, w i th  1.0M 
KNO3 e lec t ro ly te  and Q ~ / A  <1 ~C/cm 2. 

A typica l  plot  of Ep vs. t -2z3 is shown in Fig. 6 for 
e lect rode D. The va lue  of Ei for the expe r imen ta l  da ta  
in Fig. 6 was nea r  EFB. The da ta  p lo t ted  are  for  only 
the l a t t e r  pa r t  of the decay, where  a l inear  depen-  
dence on t -2/3 was observed.  This behavior  is ana l -  
ogous to double l ayer  r e laxa t ion  observat ions  (22), 
where  l inear  dependence  of cell po ten t ia l  on t -2/3 is 
p red ic ted  af ter  coulostatic charge in jec t ion  when  E~ is 
near  Epzc (26). The behavior  shown in Fig. 6 was typ i -  
cal of al l  the electrodes used in these studies. Non-  
l inear  dependence  on t -2/3 was observed  at  shor t  
times, as indica ted  in Table  III. Nonl inear  dependence  
on t -2/3 was observed at  al l  t imes when  Ei was ve ry  
posi t ive of EFB (e.g., at /-1.0V vs. SCE) for  a l l  e lec-  
trodes; the slope of a l inear  leas t  squares fit on a log-  
log plot  of Ep vs. ~ becomes increas ing ly  more  posi t ive  
as Ei becomes more  posi t ive of EFB. 
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Fig. 6. Transient photopotential vs. t -2/3 for Ei near EFB. 1.0M 
KNO~, electrode D, - -0 .5V vs. SCE, gain ---- 4.6. 

In o rder  to inves t iga te  fu r the r  the  observed  t ime 
dependence  of the t rans ien t  photopotent ia ls  the slopes 
of the  Ep vs. t -2/3 plots  were  compared  to the  theo-  
re t ica l  predic t ions  of Fe ldbe rg  (26). Whi le  an absolute  
corre la t ion is not  feas ible  wi thout  an accura te  k n o w l -  
edge of the  ca r r i e r  inabi l i t ies  and  the in te rna l  po-  
ten t ia l  gradient ,  i t  is possible to examine  the observed  
slopes wi th  r ega rd  to p red ic ted  correlat ions.  F e l d -  
berg 's  theory  predic ts  tha t  the  slope, S, is re la ted  to q, 
the in jec ted  charge  densi ty,  Cz, the  bu lk  concentra t ion 
of charge carr iers ,  and  D, the  diffusion coefficient of 
charge carr ier ,  by  a l inear  funct ion shown in Eq. [1] 

S = (constant)  �9 qs/~. Cz-3/2.  D-~/3 [1] 

Because the diffusion coefficient in solut ion is ana l -  
ogous to the car r ie r  mobi l i ty  in a semiconductor ,  the 
re la t ionship  defined in [1] predic ts  tha t  the product ,  
S �9 Cz 3/2 �9 qp-5/~, should be a constant  for  any  pa r t i cu -  
l a r  semiconductor  electrode,  as qp is va r i ed  exper i -  
menta l ly .  Thus, Eq. [2] defines a parameter ,  7, which 
can be ca lcula ted  for  each e lect rode f rom the slope 
and in te rcep t  of var ious  exper imen t s  where  qp is 
varied. (qp = (AEp)F �9 Cs/A) 

7 -" S " C Z  3/2" q p - 5 / 3  cr D - 2 / 3  [ 2 ]  

( I t  should be poin ted  out  tha t  the  va lues  of qp/Cz in 
our  exper iments  a re  1 or 2 orders  of magni tude  
lower  than  wha t  Fe ldberg  found necessary  for Eq. [2] 
to hold.)  

The values  of ~ ob ta ined  f rom severa l  different  e x -  
per iments  are  g iven in Table  III. Note tha t  the  two 
values  for  e lec t rode  B agree  reasonab ly  wel l  as q ,  
varies.  Also, note  tha t  the magni tude  of At increases  
wi th  the donor  dens i ty  f rom elec t rode  to electrode.  

Table III .  Summary of t - 2 / 3  analysis of photopotential decay for 
Ei near EFB 

E l e c t r o d e  

A B C D 

Et,  V vs.  SCE --0.7 - 0 . 6  - 0 . 7  - 0 . 5  - 0 . 8  
S, V-#see*=/~* 0,089 0.012 0.0025 0.027 0.013 
t . ,  #sec  ,,-30 --4 , -4  ~ 1 5  ~ 1 5  
(AEp) F, m V  3.6 2.7 0.78 2.S 2.0 
qu, #C/cm~ 0.017 0.067 0.021 0.044 0,032 
Cz, c m  "~ ( x 10') 0.027 5.0 5.0 2.33 2.5 
*/ ( x 105) 0.22 1.21 1.74 1.75 1.59 

�9 S = slope of (AEv) vs. t-=/s plot; t, = time at which linear de- 
pendence on t -2/z begins; (hEp)F = intercept of (hgp) vs. t-2/z as 
I; --~ ~; qp = photocharge density = C=. (AEp)F/A (see Tables 
I and II for C,, A); Cz = ND/Av, where Av = Avogadro's number 
= 6 x 10% ? = S �9 C ~ / = l q p  6/=. 

This is consis tent  wi th  the fact  tha t  the ca r r i e r  mo-  
b i l i ty  decreases wi th  increas ing  donor  dens i ty  (20), 
and  Eq. [1] predic ts  tha t  the  slope, S, should increase  
wi th  decreased ca r r i e r  mobi l i ty ;  thus, "t should in -  
crease wi th  increased  donor  density,  as ind ica ted  in  
Table  III. Such resul ts  suppor t  our  specula t ion tha t  
space charge re laxa t ion  is a possible  factor  in the ob-  
served  t rans ien t  t ime dependence  of the photopoten-  
tial.  

Addi t iona l  suppor t  is seen in  the fact  that  the  m a g -  
n i tude  of the photopoten t ia l  overshoot  diminishes  wi th  
increas ing ND (Table  I I - A ) .  This behav io r  is con- 
s is tent  wi th  Fe ldberg ' s  theory  (26). Moreover,  the  
fact  tha t  lower ing  the solut ion e lec t ro ly te  concentra-  
t ion does not  change the l ong - t e rm  photopoten t ia l  de -  
cay, b u t  only  increases  the  in i t ia l  r ise  t ime (as dis-  
cussed be low) ,  indicates  tha t  He lmho l t z - l aye r  r e l axa -  
t ion is not  cont r ibu t ing  signif icant ly to the  observed  
poten t ia l  excursions.  

Potential dependence.raThe dependences  of (~p)max 
and (AEp)F on Ei are shown in Fig. 7. The observed 
photopoten t ia l  excursions were  normal ized  wi th  re -  
spect  to the values  ob ta ined  at  the  most  posi t ive po-  
ten t ia l  for  each e lect rode so tha t  the  responses for  
a l l  e lectrodes could be p lo t ted  on the same ver t ica l  
scale despi te  var ia t ions  in laser  intensi ty,  opt ical  a l ign-  
ment,  and  photoelect rolys is  efficiency. The vol tage  axis 
uses the threshold  poten t ia l  (ETH(C-F))  observed  in 
coulostat ic-f lash exper iments  as the  ind iv idua l  r e f e r -  
ence points  for  each electrode.  Thus, the  potent ia l  r e f -  
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and D (F]). 
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erenced to the  SCE for each e lec t rode  can be de te r -  
mined  f rom Table  I. Also, the re la t ionships  be tween  
(AEp)F and (AEp)max at  potent ia ls  nea r  to, and  ve ry  
posi t ive of EFB can be ob ta ined  f rom Table  II. 

I t  is in teres t ing  to note f rom Fig. 7 tha t  (ZlEp)F ap -  
pears  to achieve a p la t eau  for  [Ei - -  ETH(C-F)]  
> .~I.3V, whereas  (AEp)max increases  cont inuously  
wi th  potent ial .  This difference in dependence  on po-  
t en t i a l  is p robab ly  a reflection of the fact  that  (aEp)F 
is indica t ive  of the  ne t  "photocharge"  involved  in the 
photoelectrolysis ,  whereas  (~Ep)max would  be re la ted  
to a l l  of the p rev ious ly  discussed factors which  con- 
t r ibu te  to the  in i t ia l  photopoten t ia l  excursion.  Note 
also that  the shape of Fig. 7B is s imi la r  to tha t  seen 
for  ip (Fig. 1). 

The fact  tha t  (~Ep)F decreases  as Ei approaches  
ETH(C-F) reflects a decrease  in the  efficiency of the  
photoelect rolys is  process. This m a y  be  due to the oc- 
cur rence  of a da rk  back reaction,  which becomes 
more  favorab le  nea r  ETH. However ,  the back  react ion 
mus t  be  very  rapid,  essent ia l ly  complete  before  t ime,  
ts, where  the  observed  l inear  t -2/~ dependence  begins 
(Table  I I I ) .  We note tha t  as Ei approaches  ETH (C-F) ,  
t h e  value  of (hEp)f  reaches  zero before  (hEp)max (Fig. 
6). That  is, the  observed  photopoten t ia l  pulse was not  
due, apparen t ly ,  to a ne t  photooxida t ion  process for 
(E i --  ETH ( C - F ) )  < ,--0.5V. This co r re sponds  roughly  
to the potent ia l  region negat ive  of EFB. Thus, the  ap -  
pa r en t  ea r ly  thresholds  (ET~I(C-F)) r epor ted  in Table  
I m a y  be r e l a t ed  to a t r ans ien t  l a se r - induced  charge  
red i s t r ibu t ion  in the  s p a c e - c h a r g e  layer  which  al lows 
minor i ty  ca r r i e r  charge t rans fe r  to the solution, despi te  
an equi l ib r ium potent ia l  g rad ien t  opposing the flow of 
holes to the surface. The observa t ion  tha t  (AEp) F ap -  
proaches  zero as E~ approaches  EFB suggests tha t  the  
charge  t ransfe r  is reversed  as the equ i l ib r ium po ten-  
t ia l  g rad ien t  in the space-charge  region is approached.  
A s imi la r  a rgumen t  m a y  expla in  the ea r ly  thresholds  
observed wi th  chopped CW i r rad ia t ion  (Table  I ) .  
The closer ag reement  be tween  ETH (pulse ip) and EFB 
m a y  be a t t r ibu ted  to the fact  tha t  the dynamics  of the 
e lec t rode  process a re  not  reflected in the  pulse photo-  
currents ,  as discussed earl ier .  Of course, al l  of these 
observat ions  at  nega t ive  potent ia ls  mus t  be t empered  
wi th  the  fact  tha t  for al l  four  electrodes a g radua l  r ise 
in background  da rk  cur ren t  was observed wi th  cyclic 
v o l t a m m e t r y  for  E negat ive  of ~ --0.9V vs. SCE. I t  is 
not  c lear  whe the r  this influences the ea r ly  threshold  
observat ions.  

Intensity efIects.--The effects of laser  pulse  in tens i ty  
a re  summar ized  in Fig. 8. There  is an appa ren t  sa tu ra -  
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Fig. 8. Intensity dependence of photopot-~ntial (AEp)max for 
coulostatic-flosh experiments. Electrode A; 1.0M KNO:~; Io : 1 
MW/cm 2. Ei : -I-1.0V vs. SCE (/',); Ei ~-- 0.0V vs. SCE ( O ) ;  Ei 
---- --0.6V vs. SCE (r~). 

t ion effect when the l ight  in tens i ty  exceeds 10 k W / c m  2. 
Thus, a l l  s tudies  of potent ia l  and  t ime dependence  de-  
scr ibed here  ut i l ized a lower  in tens i ty  laser  pulse, as 
indica ted  in the figure legends and elsewhere.  A n -  
other  observa t ion  is tha t  there  is a somewhat  different  
dependence  of (AEp)max and (~lEp)F on l ight  intensi ty.  
This different  dependence  is p robab ly  expla ined,  as 
pointed out  above, by  the fact  tha t  (AEp)max reflects 
the  t rans ient  expans ion  of the  space-charge  l aye r  as 
wel l  as the net  photoelec t ro lys is  charge. 

Electrolyte elIects.--The effects of using a more  di lute  
e lectrolyte ,  as wel l  as using o ther  electrolytes ,  have 
been examined.  When more  di lu te  e lect rolytes  a re  
used, the l ong - t e rm  t ime dependence  remains  the  
same, but  the  r ise t ime of the  t rans ien t  increases.  For  
example ,  for e lectrode C the observed rise t imes were  
~12, ...20, and ...150 nsec, for 1.0, 0.1, and 0.01M 
K N Q  solutions, respect ively .  Essent ia l ly  the same 
t rend  in r ise t imes was observed  for  a l l  of the elec-  
t rodes for var ious  e lec t ro ly te  concentrat ions.  Thus, the 
r ise t ime can be re la ted  p r i m a r i l y  to the  measu remen t  
l imitat ions.  That  is, the  rise t ime of the  poten t iomet r ic  
c i rcui t ry  is l imi ted  by  RsCm,where Rs is the total  cell  
resistance.  [t95% ---- 3 (RsCm).] The va lue  of Cm is es t i -  
ma ted  to be <100 pf. Rs values  were  measured  at  high 
f requency  using the vector  impedance  me te r  for the 
three  different  e lec t ro ly te  concentrat ions.  Thus, the  
rise t imes (t95%) are  p red ic ted  to be <8, <34, and  
<180 nsec for  1.0, 0.1, and 0.01M KNOs, respec-  
t ively,  based on Rs values of 26, 112, and 600a for e lec-  
t rode C in these solutions. The t r end  is consistent  wi th  
the observed data; in addit ion,  using the observed rise 
t imes and Rs values, the ca lcula ted  values of CM are  
60 and 80 pf, respect ively,  for 0.1 and 0.01M KNOs 
solutions ( the measured  value  for  1.0M KNOB is l im-  
i ted by  the laser  pulse  wid th  and amplif ier  bandwid th ) .  

The influence of o ther  e lect rolytes  was also studied. 
We observed no significant differences f rom al l  the 
above results  of voltage,  intensi ty,  and  t ime studies 
when 1.0M KC1 or 1.0M Na2SO4 were  subs t i tu ted  for  
1.0M KNOB. With  1.0M NaOH there  was an expected  
negat ive  shift  in the observed va lue  of EFB. Moreover,  
the expected t rend  in EFB with  pH was observed over  
the  pH range  of 1-13, as p red ic ted  by  Eq. [3] 

EFB ---- E F ~ ( P H  ---- 0) - -  (0.059)pH [3] 

It  may  be significant that  unbuffered solutions were  
used; consequent ly  local  pH changes at  the in terface  
dur ing  photooxida t ion  of H20 m a y  cause EFB to vary.  
Fu r the r  exper iments  need to be pe r fo rmed  to see if  
buffering the solution has a significant effect and 
what  buffers can be expected  to respond r ap id ly  
enough to e l iminate  any cont r ibut ion  f rom a "pH 
jump"  effect. 

Correlation oi flash photocurrent and photopotentiaI 
measurements.--Another useful  perspect ive  on the 
photoinduced e lect rode process can be obta ined by  
corre la t ing  the to ta l  photocharge  in a pho tocur ren t  
pulse  obta ined  po ten t ios ta t ica l ly  wi th  the photopoten-  
t ia l  excursion observed coulosta t ica l ly  under  the same 
conditions of laser  pulse  intensi ty,  e lect rode potent ial ,  
etc. The rela t ionship,  Qp/(hEp)F -- Cs, should be a p -  
p r o x i m a t e l y  true. 

Fo r  example ,  the va lue  of Cs ca lcula ted  in this way  
for e lect rode C wi th  1.0M KNOs, Ei ---- 1.0V vs. SCE, 
was 3.5 ~F. This va lue  compares  f avo rab ly  wi th  the 
value  of Cs (3.3 ~F) ob ta ined  f rom vector  impedance  
mete r  measurements  at  1.6 kHz (which is app rox i -  
ma te ly  the f requency  of the pho tocur ren t  pulse, see 
Fig. 2). This ag reement  suggests t ha t  the  i n t e r p r e t a -  
t ion of (AEp)F as re la t ing  to the  ne t  photooxida t ion  
charge  t ransfe r  is correct.  

Conclusions 
These studies demons t ra te  for  the first t ime tha t  

photo induced e lec t rode  processes can be observed  r e -  
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l iably in the nanoseconds to milliseconds time domains. 
The observed limitations on time resolution are con- 
sistent with those predicted. The time dependence of 
transient potentiostatic photocurrents is clearly related 
to the cell time constant (microseconds); whereas the 
time dependence of transient coulostatic photopoten- 
tials can be studied with ~10 nsec time resolution. The 
fact that  the rise time is ,~12 nsec in 1.0M electrolyte 
may indicate that  photoinduced transfer of charge to 
the electrolyte solution is essentially instantaneous 
with a 10 nsec laser pulse. While the pulsed experi-  
ment may only be accessing a monolayer or so on the 
surface, these initial experiments suggest that the 
electron transfer rate is proportional to the excitation 
rate. This observation is definitely a desired attribute 
for any stoichiometric photochemical process (e.g., 
solar energy conversion). 

The observed subsequent photopotential decay may 
be related to a phenomenon of space charge relaxation 
which exhibits a decay time varying from ~1 to ,,20 
msec as the potential becomes more positive of EFB. 
A significantly shorter and less dramatic decay is 
observed with increased doping density. Alternative 
explanations suggested here include photoproduct 
back reaction or hole-electron recombination. Because 
these other processes are known to occur to some ex- 
tent, their possible contributions to the initial photo- 
potential transient behavior should be investigated 
further. 

These studies have provided a foundation on which 
to base further investigations of transient behavior 
with other semiconductor photoelectrodes and other 
photoelectrolysis processes. It should be possible to 
study the dynamics of redox stabilized photoelectrodes 
as well as dye-sensitized photoelectrolysis on a pre- 
viously inaccessible time scale. Modification of the 
local environment (e.g., nonaqueous solvents) may be 
necessary to fully exploit this technique for studying 
chemical processes as opposed to processes inherent to 
the semiconductor electrode. 
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ABSTRACT 

The effect of nickel impur i ty  in  zinc sulfate e lec t rowinning solutions w a s  
studied using vol tammetry  techniques. The reactions occurring at various 
points on the polarization curve are proposed and comparisons made for both 
pure electrolyte and those containing nickel. A nickel-act ivated hydrogen 
evolution peak was found to occur at low cur ren t  densities dur ing the anodic 
sweep port ion of the curve, the height of which was found to be proport ional  
to the nickel concentrat ion in solution. The influence of certain operat ing 
parameters  such as zinc ion concentration, potential  scan limit, and scan rate 
on the nickel  activated peak was also determined.  

The p r imary  industr ia l  process for the production of 
metall ic zinc is the electrolysis of acid sulfate solutions 
containing approximate ly  60 g/ l i ter  zinc ion and 200 
g / l i te r  H2SO4 (1, 2). Zinc has a ra ther  negative poten- 
tial (--0.76V vs. SHE) but  it also exhibits a high hy-  
drogen overvoltage, thus making aqueous electrolysis 
possible. Unfortunately,  the system is then very sus- 
ceptible to the presence of any impuri t ies  with lower. 
hydrogen overvoltages which might  co-deposit with 
the zinc. Reductions in  current  efficiency will resul t  if 
the concentrat ion of certain impuri t ies  is too high, and 
extensive electrolyte purification is required prior to 
electrolysis to minimize this occurrence. 

The problem is compounded by two factors. First, 
the levels of impuri t ies  that  can affect deposition effi- 
ciency are very low, being in the range of 20 ppb to 
10 ppm, depending on the impur i ty  (3). In addition, 
synergistic interactions are common among various 
impurities,  making  it difficult to evaluate the qual i ty 
of an electrolyte by chemical analysis alone. Both or- 
ganic and inorganic compounds are added to assist in 
deposit growth control, which adds to the complexity 
of the solution chemistry (4). There have been n u m e r -  
ous reports on the observed effects of impuri t ies  Jn 
zinc e lec t rowinning (5-11) and inferences to the rea-  
sons for this behavior, but  there is surpr is ingly li t t le 
d a t a  on the more quant i ta t ive aspects of the mechan-  
ism involved. 

Cyclic vol tammetry  techniques have been previously 
developed and successfully used to monitor  the rela-  
tive glue and an t imony concentrations in zinc electro- 
lytes (12, 13). During this research, it  became apparent  
that  other valuable informat ion might also be derived 
from electrochemical testing of this type (14-17). One 
potential  use of a more applied na ture  included the 
abil i ty to evaluate the electrolyzabili ty of a solution, 
i.e., to provide an indication of the concentrat ion of 
active impur i ty  present  in solution. The process also 
offered interest ing possibilities in establishing the 
fundamenta l  behavior  of m a n y  of the chemical species 
present  in zinc electrolytes and of the zinc deposition 
process itself. 

In  order to determine the feasibili ty of this approach, 
studies were made on a "pure" or reference electrolyte 
and the results were compared with those obtained 
with nickel in solution. Nickel was chosen because it 
is one of the most common, harmful  impuri t ies  found 
in zinc sulfate solutions. Furthermore,  it has been ex- 
tensively studied in  previous electrolysis tests. 

* Electrochemical Society Active Member. 
Key words: electr~winning, zinc, voltammetry,  impurities. 

The objectives of this research were to determine 
the applicabil i ty of cyclic vol tammetry  to testing depo- 
sit ion efficiency in  the presence of impuri t ies  such as 
Ni and to gain insight into the mechanism of impur i ty  
behavior in  the zinc electrowinning process. 

Experimental 
The electrolyte was prepared by acidifying neutral ,  

purified zinc sulfate (supplied by AMAX, Sauget, 
Illinois) with sulfuric acid to give a final composition 
of 60 g/ l i ter  Zn and 200 g/ l i ter  H2SO4. For each experi-  
ment, 300 ml of electrolyte was introduced into a 
Pyrex "H" cell. When studying the effects of nickel 
additions, the desired amount  of nickel sulfate was 
mixed with the electrolyte in a beaker before in t roduc-  
ing it into the "H" cell. 

The electrode was prepared by wet gr inding on 600 
grit  paper, then water  washed in  an ultrasonic cleaner, 
rinsed and dried in an air stream, and immediate ly  put  
into the "H" cell. An al ternate  preparat ion included a 
wheel polishing step using 0.05 ~m -v-alumina following 
grinding on 600 grit paper. The cleaning and drying 
procedures were the same as described previously. 

The cyclic vol tammetry  experiments  were conducted 
in  a Pyrex "H" cell, open to the atmosphere, and a 
three-electrode setup was used. The working electrode 
(test electrode) was A1 (supplied by Cominco Limited, 

Trail, B.C., Canada),  the exposed surface area of which 
was 1 cm 2. The counterelectrode consisted of p la t inum 
gauze, and the reference electrode of Hg/Hg2SO4 (2M 
H2SO4). The entire cell assembly was immersed in a 
constant  temperature  water  bath in  order to ma in ta in  
the electrolyte at the test temperature.  

Cyclic vol tammograms were obtained using a 
Petroli te Potent iodyne Analyzer  M-4100. The current  
display is logarithmic which is useful in the microamp 
ranges encountered in  the init ial  portion of the curve. 

The cycle was set to begin at --0.53V vs. SHE, with 
the upper  cathodic l imit  set to a value capable of pro- 
ducing a total current  of 50 mA (in some runs, 10 
mA).  At this point  the process was reversed and dr iven 
anodically to the original potential. Figure 1 shows a 
zinc deposit obtained using parameters  typical for 
those used in  this study. 

Results and Discussion 
Vo~tammograms 05 a zinc electrolyte containing Ni +z 

impuri t ies .~ igure  2 shows the typical vol tammogram 
of a zinc electrolyte which contains no nickel additions 
and Fig. 3 was obtained from an identical  solution ex- 
cept for the addit ion of 5 ppm Ni + +. 
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IOO 

Fig. 1. SEM micrograph of a typical Zn deposit produced by 
cycling at 1 mV/sec to a current density of 50 mA/cm 2, reversing 
the scan until the 5 mA/cm 2 is attained and immediately removing 
from solution. 

IOO 

G 

IO~z ~ 

FII , 
- O . 6  - 0 . 7  - 0 . 8  - 0 .9  

P O T E N T I A L  (Vo l ts )  v s  SHE 

Fig. 2. Voltammogram for electrolyte containing 60 gpi Zn ++ 
and 200 gpl H2SO4. Aluminum cathode. 

The more probable electrochemical reactions in-  
volved dur ing the scan are proposed to be as follow~ 

Cathodic reaction: 

H + ~- e --> 1~ He (A1 substrate) 

Ni + + -F 2e-> Ni (A1) 

Zn + + -t- 2e --> Zn (A1) 

H + + e -> 1,2 H2 (Zn) 

Ni + + + 2e--> Ni (Zn) 

Zn  + + -t- 2e --> Zn (Zn) 

[1] 

[2] 

[3] 

[4] 

[5] 

[6] 
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E 
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LU 
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I -  
Z 
w I 
n~ 
n," 
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o.I R P I 
- 0 . 6  - 0 . 7  - 0 . 8  - 0 . 9  

P O T E N T I A L  (Vo l t s )  vs  SHE 

Fig. 3. Voltammogram for electrolyte containing 60 gpl Zn + +, 
200 gpl H2SO4 and 5 mg/I Ni + +. Aluminum cathode. 

H + ~- e -> Vz H2 (Ni) [7] 

Anodic reaction: 

Zn-> Zn ++ § 2e [8] 

Since the Ni addit ion was less than 20 mg/l i ter ,  
deposition of Ni should be diffusion controlled; i2 and 
i5 are the diffusion-limited currents.  

The vol tammogram for the electrolyte containing no 
Ni 2+ is divided into 7 sections for the benefit of dis- 
cussion. The numbered  subscripts refer to the current  
for the reactions listed previously and ic and ia are net  
cathodic and anodic currents, respectively. 

R e g i o n  A B  - -  (ic = i l ) . - -Hydrogen  ion reduction ap- 
pears to be the main  reaction occurring, but  the mag- 
ni tude of the current  is affected by the chemical na ture  
of the zinc solution. The potential  of zero charge 
(PZC) for A1 is approximately --0.6V (SHE). As the 
electrode potential  becomes more negative, adsorption 
of zinc ions on the a luminum surface can occur. This 
blocks the access of H + to the cathode for discharge. 
The hydrogen current  for an electrolyte containing 
only H2SO4 (200 g/ l i ter)  is of a much higher value 
than for the same acid s t rength solution containing 
zinc ions. The effects of zinc ions on the ini t ial  hydro-  
gen reduction current  will be discussed in  the lat ter  
par t  of this paper. 

R e g i o n  B C  - -  (ic = iz) .mHydrogen ion reduction con- 
t inues to be the dominant  reaction unt i l  the potential  
where the m i n i m u m  in current  (point C) occurs. Some 
spot-checks have been conducted by holding the elec- 
trode at constant potential  in this region for 20 min, 
removing i t  from the cell, and examining its surface 
with the scanning electron microscope (SEM) and en-  
ergy dispersive x - r ay  at tachment.  There was no evi-  
dence of zinc deposition. As the electrode potential  is 
made more negative, the contact absorption (specific 
ion adsorption) of zinc ions becomes more pronounced. 
This surface blockage by zinc ions contributes to the 
decrease in hydrogen current .  

R e g i o ~  CD - -  (ic = il + ia ~- i4 ~- i 6 ) . - - T h e  overpo- 
tential  is sufficient to ini t iate zinc deposition at point 
C. From C to D, there is s imultaneous reduction of 
zinc and hydrogen ions. The co-deposition occurs on 
both the a luminum and the freshly nucleated zinc, 
with the lat ter  predominat ing with increasing poten-  
tial. 
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R e g i o n  D E  - -  (ic - -  i i  Jr ia q- i4 -P i s ) . - - A t p o i n t  D 
the scan direction is reversed. From D to E. zinc and 
hydrogen ions discharge on both Zn and A1 surfaces. 
Zn deposited on Zn requires less activation overpoten-  
tial, so the current  is higher than  that  measured from 
the front  sweep when compared at the same potential  
value. The cathodic current  decreases with decreasing 
reduction potential.  If a constant  potential  is ma in-  
tained in  the region D to E, the current  will increase 
and reach a steady-state value. However, at point E 
(approximately  5-10 mV from the crossover potential  
for cathodic to anodic current)  the current  fluctuates. 
This ins tabi l i ty  is indicated by dissolution followed 
by part ial  deposition of zinc in a cyclic pattern.  The 
exact pa t te rn  followed at this point  is dependent  on 
the pur i ty  and na ture  of the electrolyte. The potential  
at E can be considered as a type of reversible potential  
for Zn for the par t icular  solutions under  investigation. 

R e g i o n  E F  --  (ic = ii + i4 - -  i 8 ) . - - A s  the potential  be- 
comes less negative, is, Zn dissolution increases. In  the 
meant ime,  il and i4 decrease, so the net  cathodic cur-  
r en t  /c decreases. At point F, il + i4 ---- is or ic = 0; 
this condition is referred to as the crossover potential. 

R e g i o n  F G H  --  [ia -~ is - -  ( i l  ~- i4) ] . - -As the potential  
becomes more positive, is increases and il, i4 decrease, 
s o  from F to G, Zn dissolution predominates but  hy-  
drogen ion reduct ion is still evident. As the anodic zinc 
process proceeds, the surface is eventua l ly  depleted, 
thus causing the drop of ia from G to H. At point  H, 
ia -- 0 and accordingly is ---- il -Jr-/4. 

R e g i o n  H I J  - -  (ic ---- i i  + i4 - -  i s ) . - - A s  the deposited 
zinc approaches complete dissolution, is will approach 
zero, ic ---- il, and the cathodic current  results main ly  
from the hydrogen discharge reaction. Some notable 
changes in  the curve occur when Ni 2+ impur i ty  is 
present  in the solution, as shown in Fig. 3. 

R e g i o n  K L  --  (ic ---- il + i~).--i2 is very small  and per-  
haps negligible, thus the amount  of nickel deposited is 
insufficient to cause any increase in  the hydrogen re-  
duction current .  

R e g i o n  L M  --  (ic = il + i z ) . - - T h e  drop of the hydro-  
gen reduction current  again is caused by the increasing 
coverage on the A1 surface of zinc contac t -adsorbed 
ions. 

R e g i o n  M N O  --  (ic -~ ia ~- ii  -~ i6 -b i4 -~- i2 + i s ) . - -  
Zinc starts to deposit at M. The surface area increases 
as the deposition process proceeds. As a result  the 
nickel deposition current  (the nickel diffusion current  
density is constant in this potential  range) is higher. 
However, the nickel in the deposit is bridged over or 
covered by the massive deposition of zinc and is unable  
to serve as active sites for the hydrogen ion discharge 
reaction. The cathodic current  from M to N increases 
with increasing negative potential. At point N the scan 
direction is reversed. From N to O the cathodic current  
becomes smaller  as the potential  becomes more posi- 
tive. With the presence of nickel in the deposited layer, 
zinc dissolution begins at a more negative potential, 
O than the potential  E when nickel ion is absent. 

R e g i o n  O P Q R  --  (ic = iz q- ii  -~ i4 - -  i s ) . - - A s  the scan 
goes from O toward a more positive direction, part ial  
dissolution of zinc begins from the outer layer, prob- 
ably at selected imperfection sites. Nickel and hydro-  
gen ions can also be discharged by a localized spon- 
taneous displacement reaction. As some of the surface- 
layer  zinc dissolves, the under ly ing  nickel accumulated 
from the previous cathodic process is exposed to the 
solution. In  this potential  region, net  zinc deposition 
stops, and zinc ion contact-adsorption becomes less 
severe due to the increasing positive potential. The 
presence of the addit ional active nickel sites and the 
reduction in  blockage from the more massive deposi- 
t ion of zinc increases the hydrogen reduction current  
sharply from P to Q. From Q to R the decrease in 
cathodic cur ren t  is due to the relat ive increase in  zinc 

dissolution compared to hydrogen evolution from the 
available nickel sites. At point R, is = i7 q- il + i4, the 
net  current  is zero. 

R e g i o n  R S T  - -  [ia - :  is - -  (i7 ~- ii  -P i4)] . - -The net  
anodic current  is due to the dominance of the zinc dis- 
solution, but  there is still considerable hydrogen re-  
duction occurring. 

R e g i o n  T U V  --  (ic = i l  -~ i4 -b iz - -  i s ) . - -This  par t  of 
the cathodic current  is much higher than that  from 
the front  scan. There is an indication that  some nickel 
still remains on the surface. However, when the cath- 
ode is left at open circuit for a few minutes  and the 
second scan started, the hydrogen reduction current  
drops to a normal  value. The probable cause is flushing 
or removal of the nickel deposits from the A1 substrate 
surface by the hydrogen bubbles. 

The presence of nickel is indicated by a cathodic 
current  peak near  the crossover potential  at Q. Other 
findings for the vol tammograms of electrolytes with 
Ni 2+ additions (nickel vol tammogrems for short) are 
as follows: 

1. The nickel peak appears only after some zinc has 
been deposited. If the cathodic sweep direction is re-  
versed before the zinc deposition potential  is attained, 
the nickel peak is not observed. 

2. H2 evolution is considerably more vigorous from 
the cathode surface at point  Q on the vol tammogram 
than for a comparable potential  in the pure solution. 

3. A continuous scan trace of the previous curve 
indicates that  nickel does not accumulate nor remain  
on the A1 substrate. 

4. Table I shows the effects of zinc ion concentrat ion 
on the nickel voltammograms. The nickel peak poten-. 
tial shifts toward less negative values with increasing 
Zn concentrat ion in the electrolyte; the same t rend 
holds for the Zn deposition potential. This indicates 
that  the Ni peak potential  is dependent  on the Zn con- 
centrat ion in the electrolyte. Also the Ni peak current  
increases with decreasing Zn ion concentration. 

E g e c t s  o f  t e s t  p a r a m e t e r s  on  r e s u l t s . - - T h e  aims of 
the test parameter  study were to develop procedures 
to maximize the nickel detectabil i ty in zinc electro- 
lytes, and to investigate the behavior of nickel in  
zinc electrowinning processes. 

C a t h o d e  s u r f a c e  p r e p a r a t i o n . - - - T h e  height of the nickel 
peak current  (point Q) is greater  with a 600 grit  
polished electrode than for one which is wheel pol- 
ished. The rougher surface, with higher effective area, 
enhances the effect of and sensit ivity to the presence 
of the nickel impuri ty.  Addit ional  work on the cathode 
mater ial  and its preparat ion seems warranted,  since 
it can influence the variat ions noted in  polarization 
behavior in the presence of impurities.  

U p p e r  scan  l i m i t . - - T h e  results of this study are shown 
in  Table II. There is a fivefold increase in  the nickel 
peak current  when the upper  scan l imit  is raised from 
1 to 10 mA/cm 2, but  it remains fairly constant  at 
higher limits, up to 50 mA / c m 2. The peak current  is 
related to the Ni /Zn  ratio in the deposit, and this 
ratio decreases with increased cur ren t  density. 

S c a n  r a t e . - - S c a n  rates in the range of 0.1-10 mV/sec 
were studied and the results are tabulated in  Table 

Table I. Effects of zinc ion concentration on the nickel-type 
voltammograms, 200 g/liter H2SO4, 20 ppm Ni 2+, AI cathode, 
600 grit polished, 30cC, scan rate 0.5 mV/sec, upper scan limit 

10 mA/cm 2 

Zn depos i t i o n  
Zinc  ion p o t e n t i a l  m e a s u r e d  
concen-  N i c k e l  p e a k  N i c k e l  p e a k  at 1.5 mA/cm -~ on  
tration potential c u r r e n t  t h e  cathodic  s w e e p  

(g/liter) V(SHE) (mA) V(SHE) 

20 --0.770 100 --0.841 
60 --0.753 37 - 0.823 

100 --0.742 12 - 0 . 8 0 5  
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Table II. Effect of upper scan limit on the nickel peak 
current densities, 60 gpl Zn, 200 gpl H2SO4, 5 rag/liter Ni +2, 

aluminum cathode, 600 grit-polished, 30~ scan rate 0.5 mV/sec 

Upper  scan l imit Ni  peak height  
(mA/cm=) (mA/cm~) 

1 2.7 
S 8.6 

10 12.7 
50 13.8 

Table Ill. Effect of scan rates on the Ni voltammograms., 
60 g/liter Zn, 200 g/liter H2SO4, 5 ppm Hi +2, AI cathode, 

600 grit-polished, 30~ upper scan limit 10 mA/crn 2 

Time required for  
Scan rate Ni  peak he ight  complet ing one  
(mV/sec) (mA/cm~) cycle (rain) 

0.1 50 95 
0.5 12 20 
1.0 2 11 

10.0 NO Ni  peak 1 

III. The scan rate at 0.1 mV/sec gives the highest peak, 
and hence greatest  sensit ivi ty to the presence of nickel. 
The t ime for completion of a test approaches 2 hr  at 
this scan rate, and would be too long if used for moni-  
toring p lant  operations. However, for basic data gen- 
erat ion it  is acceptable and combinations of scan limits 
and rates must  be tested to determine the opt imum 
values for these parameters.  

Electrolyte composition.--The effect of Zn ions on the 
vol tammogram is shown in  Fig. 4. The hydrogen dis- 
charge reaction appears to be depressed by the pres- 
ence of Zn ions in the electrolyte. The adsorption of 
Zn ions on A1 becomes pronounced at about 80 mV less 
cathodic than the Zn deposition potential.  Also, the Zn 
deposition potentials shift to less negative potentials 
with increasing Zn ion concentration. 

The effect of acid s t rength on Ni detectabil i ty was 
studied using a 60 g/ l i ter  Zn solution and the acid 
s t rength was varied from 50 to 200 g/li ter.  All solu- 
tions were doped with 3 rag/ l i ter  Ni, and the tests 
were conducted at 30~ The vol tammograms revealed 

I 00  
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I I 
-0 ,7  - 0 . 8  
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- 0 . 9  

Fig. 4. Effect of Zn + +  content on vohammograms containing 
200 gpl H2SO4 plus curve 1, no Z n + + ;  curve 2, 1 gpl Z n + + ;  
curve 3, 5 gpl Zn+2; curve 4, 20 gpl Zn+2;  curve 5, 60 gpl Zn+2;  
curve 6, 100 gpl Zn +2. 

that the characteristic peak indicating the presence of 
Ni ~ was present only at high acid contents (200 g/  
l i ter) .  

Electrolyte temperature.--Increasing the tempera ture  
did increase the sensit ivi ty for Ni ion detection. With 
1 rag/ l i ter  Ni in the electrolyte, no Ni peak appeared 
on the anodic sweep at 30~ An Ni peak of 2 mA ap- 
peared at 55~ Most Zn electrowinning plants operate 
in the temperature  range of 30~176 

Ni detectability study.--The detectable l imit  for nickel 
in the electrolyte of 60 g/ l i ter  Zn, 200 g/ l i ter  H~SO4 
is 3 mg/ l i t e r  at 30~ and 1 mg/ l i t e r  at 45~ using test 
parameters  discussed previously. Values of the Ni po- 
tent ial  and the Ni current  as a funct ion of Ni ion con- 
centrat ion are given in Table IV. It  can be seen that  
the Ni peak potential  is independent  of the Ni 2+ con- 
centration, while the height of the Ni peak current  
density is proport ional  to Ni 2+ concentration. A 
straight l ine relationship exists for the Ni peak cur-  
rent  density vs. the Ni concentrat ion as shown in  Fig. 
5. This indicates that  the Ni deposition from the Zn 
electrolyte is a diffusion-controlled process. 

Better detectabil i ty of nickel can be achieved by 
di lut ing the Zn ion concentrat ion with 200 g/ l i ter  
H2SO4. Star t ing from 60 g/ l i ter  Zn, 200 g/ l i ter  H2SO4 
solution, the electrolyte was doped with 0.5 mg/ l i t e r  
Ni +2. Normally, 0.5 mg/ l i t e r  would not show up on 
the vol tammogram with the 60 g/ l i ter  Zn electrolyte; 
however, by one- ten th  di lut ion with 200 g/ l i ter  H2SO4 
solution, the Ni peak corresponding to 0.05 rag/ l i ter  
appeared on the vol tammogram as shown in Fig. 6. 

The Ni concentrat ion and peak current  relationship 
for the 6 g/ l i ter  Zn electrolyte is shown in  Table V. 

Conclus ions 
By using cyclic vol tammetry  techniques, it  is pos- 

sible to elucidate the manne r  in which nickel is acti- 
vated in zinc electrolytes. The behavior  observed is 
also consistent with that  found to occur for long term 
zinc deposition (6). Current  efficiency decreases with 
increased nickel ion concentration, temperature,  acid 
level, and time of deposition. The nickel peak current  
is shown to be sensitive to these parameters  as well, 
and in  the same approximate proportions, with higher 
nickel peaks indicating poorer efficiency. Once condi- 
tions on the electrode surface allow a critical content  
of nickel to be exposed, such as at the bottom of a 
recess in a rough deposit, preferred hydrogen evolu- 
t ion is ini t ia ted at this point. Zinc deposition is less 

Table IV. Effects of Ni + + concentrations on the nickel peak 
potential and current on the voltarnmograms, 60 gpl Zn, 

200 gp[ H2SO4, aluminum cathode, 600 grit-polished, 
30~ scan rate 0.5 mV/sec 

Nickel  con- Ni peak Ni peak cur- 
centrat ion potential rent densities 
(rag/liter) V(SHE) (mA/cm) 

3 --0.750 6.6 
5 --0.755 11.0 

10 - 0.756 23.0 
15 -0 .756  34.0 

Table V. Nickel concentration, nickel peak current relationship 
observed from the voltommogram of 6 gpl Zn, 200 gpl H2SO4 

electrolytes, 45~ aluminum cathode, 600 grit-polished, 
scan rate 0.5 mV/sec 

Current measured at Peak current 
Ni concentrat ion --0.796V (Ni potential) corrected from 

in the electro- on the anodic sweep  base electro- 
lyte (mg/liter) (mA/cm liter) lyte (mA) 

0 1.9 0 
0.05 2.9 1.0 
0.10 3.7 1.8 
0.20 6.1 4.2 
0.30 8.0 6.1 
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voltammogroms for electrolyte containing 60 gpl Zn ++  and 200 
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Fig. 6. Voltammograms for electrolyte containing 6 gpl Zn §  
and 200 gpl H2SO4 (solid line) and 6 gpl Zn + +, 200 gpl H2SO4 
plus 0.05 rag/liter Ni + +. 

feasible, and an unstable condition is generated which 
allows zinc to dissolve. The condition is probably simi- 
lar  to a local cell reaction encountered in corrosion. 
It might also be expected that, with time, an auto- 
catalytic reaction can occur, since even more nickel 
becomes exposed as the zinc dissolves. If such were 
the case, pitting might be expected, and although this 
was not investigated in these short time studies, 
pits have been noted in zinc deposits galvanostatically 
produced from electrolyte containing nickel. 

In addition to providing for some insight into the 
mechanism for nickel behavior, this technique might 
also be used to monitor the level of nickel present 

i n  solution. Additional tests would have to be con- 
ducted using other known detrimental  impurities such 
as cobalt, copper, antimony, germanium, and arsenic. 
If there are common mechanisms involved in their 
behavior, it may be that only a total effect will be in- 
dicated, ra ther  than a differentiation between indi-  
vidual impurities. This technique might also be used 
to advantage when attempting to find a means of com- 
bating the influence of nickel impurities. Screening 
tests could be run with the nickel peak height being 
used to indicate the effectiveness of the control method 
chosen. 

The determination of the quality of zinc sulfate 
electrolyte prior to electrolysis has always been a 
major challenge in industrial  operations. Polarization 
techniques of the type described appear to offer some 
promising opportunities to the solution of this problem 
and, if properly developed, might become a useful 
analytical tool in commercial practice. 
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ABSTRACT 

At  r e l a t ive ly  negat ive  potent ia ls  and a t  t empera tu res  be low --29~ a 
p rominen t  cur ren t  m i n i m u m  is observed  in po la rograms  for the reduct ion of 
a lky l  hal ides  in d ime thy l fo rmamide  containing t e t r a m e t h y l a m m o n i u m  p e r -  
chlorate.  This m i n i m u m  is a t t r ibu ted  to the ~ormation and subsequent  ad-  
sorpt ion onto mercu ry  of complex  ionic species which  block reduct ion  of the 
a lky l  hal ide;  these adsorbed  species appea r  to be pomtiveiy  cl larged aggregates  
consisting oi suppor t ing  e lec t ro ly te  cations and ha l ide  ions re leased  upon elec-  
t rolysis  of the  s ta r t ing  mater ia l .  If  a smal l  amount  of t e t r a m e t h y l a m m o n i u m  
hal ide  is added  to a solut ion of an e lec t roact ive  substance o ther  than  an a lky l  
ha l ide  in d ime thy l fo rmamide  conta ining t e t r a m e t h y l a m m o n i u m  perchlorate ,  
the same low t e m p e r a t u r e  cur ren t  m in imum is seen. Fur ther ,  in d ime thy l -  
fo rmamide  containing only  t e t r a m e t h y l a m m o n i u m  perch lora te  at  concent ra-  
tions g rea te r  than  0.08F, there  is evidence tha t  a species der ived  f rom the 
suppor t ing  e lec t ro ly te  i tself  is adsorbed  onto me rc u ry  a t  t empera tu res  lower  
than  --  33~ C. 

In  th ree  previous  papers  deal ing wi th  the e lec t ro-  
chemis t ry  of 1-ha lonorbornanes  (1) and 1,4-dihalo- 
norbornanes  (2, 3) in d ime thy l fo rmamide  containing 
t e t r a m e t h y l a m m o n i u m  perchlorate ,  we have repor ted  
tha t  low t empera tu re  po la rograms  exhib i t  unusual  cur -  
ren t  minima.  At  t empera tu res  be low --29~ a con- 
spicuous depression of the  cur ren t  is observed  on the 
diffusion p la teau  of the  single po la rographic  wave  for 
1- iodonorbornane;  this m in imum becomes more  se- 
vere  as the t empe ra tu r e  is lowered,  obscur ing a region 
of potent ia ls  as wide as Z60 mV at --36~C. S imi la r  be-  
havior  is seen for  1-bromonorbornane ,  a l though the 
polarographic  m in imum does not  appear  unt i l  the 
t empera tu re  reaches --33~ Two polarographic  waves 
are  observed for  1 ,4-di iodonorbornane at room tem-  
pera ture ,  but  a t  t empera tu res  less than  --28~ the 
cur ren t  corresponding to the second step of reduct ion 
is depressed to a level  equal  to that  of the first wave. 
A t  --34~ the diffusion cur ren t  for  1 ,4-dibromonorbor-  
nane is suppressed a lmost  comple te ly  over  more  than  a 
200 mV range  of potentials .  

Phenomena  responsible  for  these cur ren t  minima,  
seen in low t empera tu re  po la rograms  for 1-halo-  
norbornanes  and 1,4-dihalonorbornanes only when  
t e t r ame thy l ammon ium perch lora te  is employed  as sup-  
por t ing e lectrolyte ,  manifes t  themselves  in other  ways.  
Thus, in the potent ia l  region corresponding to the po-  
la rographic  minima,  the  shape of cu r r en t - t ime  curves 
for ind iv idua l  me rcu ry  drops is character is t ic  of ad -  
sorpt ion onto the e lec t rode  surface of an e lec t ro in-  
act ive substance (4). Moreover,  fa rada ic  and capaci t ive  
currents  observed by  means  of three-e lec t rode ,  phase-  
sensi t ive a-c  po la rog raphy  (5) a re  l ikewise  indicat ive  
of the  adsorpt ion  of e lec t ro inact ive  species on the 
mercu ry  cathode. 

On the basis of the preceding  kinds of exper imen ta l  
evidence, we conclude, as discussed in this paper ,  that  
when any of the aforement ioned ha logen-subs t i tu ted  
norbornanes  is reduced  at  low t empera tu r e  in d i -  
me thy l fo rmamide  containing the t e t r a m e t h y l a m m o -  
n ium cation, the  l a t t e r  combines wi th  the  l ibe ra ted  
iodide or b romide  to form a complex ion aggregate  

Present  address: Firestone Plastics Company, Pottstown, Penn- 
sylvania 19464. 

Key words: adsorption, alkyl halides, 1,4-dihalonorbornanes, 1- 
halonorbornanes, low temperature polarography. 

which is adsorbed onto m e r c u r y  at  cer ta in  potentials ,  
t he reby  causing the anomalous  polarographic  minima.  
in  addit ion,  in the  absence of an e lect roact ive  a lkyl  
halide,  i t  appears  tha t  a species de r ived  f rom t e t r a -  
me thy l ammon ium perch lora te  i tself  may  undergo ad -  
sorpt ion at  t empera tu res  be low --33~ 

Experimental 
Reagents.--Dimethylformamide used as solvent  and 

t e t r a m e t h y l a m m o n i u m  perch lora te  employed as sup-  
por t ing  e lec t ro ly te  were  hand led  as descr ibed in  a 
previous paper  (1). Modified procedures  devised in 
our  l abo ra to ry  (1) were  ut i l ized for  the  synthesis  of 
1 -bromonorbornane  and 1- iodonorbornane,  and the 
p repara t ion  of 1 ,4-dibromonorbornane and 1,4-diiodo- 
norbornane  was done according to a method out l ined 
ea r l i e r  (3). Commerc ia l ly  ava i lab le  1-iododecane 
(Chemical  Samples  Company,  95%) and 1-bromode-  
cane (J. T. Baker  & Company,  97%) were  purif ied 
by  means of vacuum dist i l la t ion;  fract ions used for 
e lectrochemical  exper iments  were  de te rmined  wi th  the 
a id  of gas ch romatography  to be grea te r  than  99% 
pure  (6). 

P repa ra t ion  of 1,10-diiododecane was accomplished 
by  t r ea tmen t  of 1,10-dibromodecane wi th  sodium iodide 
in acetone at  30~ Sodium bromide  prec ip i ta ted  
immedia te ly ,  and the react ion mix tu re  was s t i r red  
unt i l  peaks due to b romine-con ta in ing  compounds were  
absent  f rom gas chromatograms.  Upon recrys ta l l iza t ion  
f rom pentane,  the product  was found to be ident ical  
to an authent ic  sample  of 1,10-diiododecane purchased  
f rom ICN Pharmaceut ica ls ,  Incorporated,  Pla inview,  
New York. 

Apparatus and procedures.--Figure 1 is a pic ture  of 
the cell used for  polarography.  A ni t rogen gas in le t  
tube  and a reference  e lect rode are  mounted  in hor izon-  
tal  12/18 s t a n d a r d - t a p e r  g round-g lass  joints  (A and 
B).  An  alcohol t he rmomete r  is inser ted through a p las-  
tic adap te r  and sealed wi th  a rubbe r  O-r ing  into a 
s c rew- type  glass joint  (C).  Ex tend ing  f rom the bot tom 
of the inner  compar tmen t  of the  cell are  two s t anda rd -  
t ape r  stopcocks (D);  me rc u ry  drops can be t r apped  in 
the  space be tween  the stopcocks, and the lower  s top-  
cock can be opened to pe rmi t  collection of the mercury .  
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Fig. 1. Polarographic cell; see text for detailed discussion 

A dropping  m e r c u r y  e lec t rode  is inser ted  th rough  
the  14/Z0 s t a n d a r d - t a p e r  g round-g lass  jo int  (E) at  
the top of the  cell  and is secured wi th  a Teflon fitting. 
Ni t rogen  gas, used  to s t i r  and deae ra t e  the solutions, 
escapes b y  w a y  of a s idearm (F)  nea r  the top of the  
cell. A second s idearm (G) al lows inser t ion  of a p la t i -  
num wi re  anode as wel l  as in t roduct ion  or r emova l  
of  solution. To keep the t empe ra tu r e  of the solut ion 
constant  to wi th in  m0.1"C, a 1:1 m e t h a n o l : w a t e r  m i x -  
tu re  was c i rcula ted  th rough  the j acke t  sur rounding  the 
cell  by  use of an FTS  Systems,  Incorpora ted ,  Stone 
Ridge,  New York, MC-2-60 re f r ige ra ted  ba th  equipped 
wi th  FTS  cryogenic  pump and FTS TCH-1 control ler .  
Po lyu re thane  foam p lumbing  insula t ion  was wrapped  
a round  both  the  po la rographic  cell and the solid po ly -  
u re thane  tub ing  used  to ca r ry  the  coolant.  

Convent ional  d-c  po l a rog raphy  was pe r fo rmed  wi th  
the  a id  of a Pr ince ton  App l i ed  Research Corpora t ion  
(PAR)  Model  175 Universa l  P rog rammer ,  a PAR Model  
173 po ten t ios ta t /ga lvanos ta t ,  and a PAR Model 176 
cu r r en t - t o -vo l t age  conver ter  capable  of iR compensa-  
tion. Al l  of the  a-c  po l a rog raphy  was car r ied  out  by  
use of a PAR Model  174 Po la rograph ic  Ana lyze r  equ ip -  
ped wi th  a Krohn -Hi t e  Model  5200A signal  genera tor  
and a P A R  Model  5101 lock- in  amplif ier ;  an  a -e  s ignal  
of ampl i tude  100 mV and f requency  600 Hz was used. 
A l l  potent ia ls  a re  r epor ted  wi th  respect  to a reference  
e lect rode consist ing of a sa tu ra ted  cadmium amalgam 
in contact  wi th  d ime thy l fo rmamide  sa tu ra ted  wi th  cad-  
m i u m  chlor ide  and sodium chlor ide  (7, 8);  this  e lec-  
t rode  has a po ten t ia l  of --0.750V vs. the aqueous 
sa tu ra t ed  calomel  electrode.  

Results and Discussion 
Low temperature potaro graphy of alkyt ha t ides . - -  

Shown in Fig. 2 a re  po la rograms  recorded at  var ious  
t empera tu re s  for the  reduct ion  of 1- iodonorbornane  
in  d ime thy l fo rmamide  containing 0.1F t e t r a m e t h y l -  
a m m o n i u m  perchlora te .  Character is t ic  of the po la ro -  
graphic  reduct ion  of m a n y  a lky l  hal ides  at  room 

Fig. 2. Effect of temperature on polarograms for reduction of 
0.0025M 1-iodonorbornane in dimethylformamide containing 0.1F 
tei'ramethylammonium perchtorate. 

t empera tu re  is the  appea rance  of a cu r ren t  max imum,  ~ 
which  diminishes  in size and f inal ly vanishes as the  
t empera tu re  is lowered.  On the other  hand, a t  t em-  
pe ra tu res  below --29~ the po la rog ram for l - i o d o n o r -  
Oornane exhibi ts  a pronounced  min imum which  be-  
comes more  severe as the  t e m p e r a t u r e  is decreased.  As 
revea led  in Fig. 3, s imi lar  behavior  is seen for  1,4- 
di iodonorbornane.  F igure  4 demonst ra tes  tha t  a low 
t empera tu r e  m i n i m u m  can be observed  for a lky l  b ro -  
mides  as wel l  as for a lky l  iodides, a l though t empera -  
tures  below --32~ a re  needed  to cause the  phenome-  
non. A set of low t e m p e r a t u r e  po la rograms  showing 
cur ren t  min ima  for  1-bromodecane,  1-~ododeeane, and  
1,10-diiododecane is i l lus t ra ted  in Fig. 5, so the  appea r -  
ance of the  min imum is not  unique  to norborny l  halides.  
Most significantly,  the  min ima  appea r  at  low t em-  
pera tu res  only when t e t r a m e t h y l a m m o n i u m  perch lo-  
ra te  is employed  as suppor t ing  e lect rolyte .  

Polarography of dimethylformamide solutions o~ 
tetramethy~ammouium perchtorate.--Even in the  a b -  
sence of an  electroact ive a lky l  hal ide,  solut ions of 
t e t r a m e t h y l a m m o n i u m  perch lora te  in d ime thy l fo rma-  
mide  exh ib i t  unusua l  po la rographic  behav ior  a t  low 

This polarographic m a x i m u m  does  not  exhibit the usual re- 
sponse  to added suppressors. A l t h o u g h  f u r t h e r  inves t igat ion  of  
this phenomenon is underway, w e  be l i eve  that  it is related to  re- 
d u c t m n  of  adsorbed aLkylmercury radical~. 
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Fig. 3. Effect of temperature on polarograms for reduction of 
0.0025M 1,4-diiodonorbornane in dimethylformamide containing 
0.1F tetramethylammonium perchlorate; 10 #A current scale applies 
to the upper polarogram and 5 /~A current scale applies to the 
three low temperature polarograms. 

Fig. 4. Effect of temperature on polarograms for reduction of 
0.0025M 1,4-dibromonorbornane in dimethylformamide containing 
0.1F tetramethylammonium perchlorate. 

Fig. 5. Polarograms for reduction of alkyl halides in dimethyl- 
formamide containing 0.1F tetramethylammonium perchlarate at 
- -33C;  2.2 mM 1-bromodecane (curve A), 3.0 mM, 1-iododecane 
(curve B), 0.8 mM 1,10-diiododecane (curve C). 

temperature.  A plot of mercury  drop-t ime vs. potential  
for a 0.1F solution of t e t r amethy lammonium perchlo- 
rate in dimethylformamide at --33~ is i l lustrated in 
Fig. 6A, in which the most notable feature is the sharp 
discontinuity at --1.64V. Presented in  Fig. 6B are d-c 
polarograms for the same system that  were recorded 
at two sensitivities; these res idua l -cur ren t  curves show 
a depression in  the region of potentials between --1.64 
and --1.83V. Such a depression is seen more clearly 
both in  the faradaic current  (r = 15 ~ and charging 
current  (~ -- 105 ~ monitored by means of phase- 
sensitive a-c polarography; the phase angles needed 
to optimize the effects depicted in  Fig. 6B differ from 
the theoretically ideal values of 0 ~ and 90 ~ respec- 
tively, undoubtedly  because the resistance of the solu- 
t ion alters the desired phase relationships. These ob- 
servations suggest that  some species in  solution, 
namely,  the t e t r amethy lammonium cation, te t rameth-  
y l ammonium perchlorate, or an ion aggregate derived 
from the support ing electrolyte, is adsorbed onto the 
surface of the mercury  electrode at potentials between 
- -  1.64 and -- 1.83V. 

Effects of tempera ture  as well  as the concentrat ion 
of support ing electrolyte are shown in  Fig. 7. An in-  
spection of the faradaic and charging currents  reveals 
that  the anomalous depression is first observed in  a-c 
polarograms recorded at --31~ and is ful ly developed 
at --33~ Interest ingly,  when  the concentrat ion of 
t e t ramethy lammonium perchlorate is decreased from 
0.1 to 0.08F, a current  depression is no longer seen at 
--33~ (Fig. 7E). 

Te t rame thy lammonium and halide ions are both re-  
quired to cause the  low temperature  poIarographic 
m i n i m u m  for alkyl  halides.--Polarograms for a 0.003m 
solution of anthracene in dimethylformamide contain-  
ing 0.1F t e t r amethy lammonium perchlorate are de- 
picted in Fig. 8A. At a temperature  of --29~ the 
d-c polarogram exhibits the expected two-step reduc- 
tion, the half -wave potentials being --1.21 and --1.72V, 
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Fig. 6. Polarography of 0.1F 
tetmmethylammonium perchlo- 
rate in dimethylformamide at 
- -33~ (A) Plot of mercury 
drop time vs. potential. (B) D-C 
and a-c polarograms. 

respectively; a-c polarographic observations of the 
faradaic current  at a phase angle of 6 ~ and of the 
charging cur ren t  at a phase angle of 96 ~ are compati-  
ble with the d-c polarographic behavior  of anthracene. 
When a small  amount  (0.0025F) of t e t r a - n - b u t y l a m -  
monium iodide is dissolved in  the an thracene-conta in-  
ing system, Fig. 8B reveals that the d-c and a-c polaro- 
grams change dramat ical ly  in  the region of potentials 
from --1.64 to --1.86V; the second stage of reduct ion is 

Fig. 7. Effects of temperature and of concentration of tetra- 
methylammonium perchlorate on a-c polarograms. Temperatures 
are (A) --29~ (B) --30~ (C) --31~ (D) --33~ and (E) 
~33~ Concentration of tetramethylammonium perchlorate is 
0.1F far curves A through D and is 0.08F for curves E. 

Fig. 8. D-C and a-c polarograms for reduction of 0.003M anthra- 
cene in dimethylformamide containing 0.1F tetramethylammonium 
perchlorat2 at --29cC. (A) no tetra-n-butylammonium iodide pres- 
ent. (B) 0.0025F tetra-n-butylammonium iodide present. 
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almost  ob l i t e ra ted  f rom the d-c polarogram, and pro -  
nounced depressions appea r  in  the fa rada ie -  and 
cha rg ing-cu r ren t  components  of a -c  polarograms.  
Clearly,  these phenomena  must  be a t t r ibu ted  to the 
presence of both the  t e t r a m e t h y l a m m o n i u m  and the 
iodide ion, because the suppor t ing-e lec t ro ly te  cat ion 
alone does not  cause such cu r ren t  depressions at  --29~ 
as is shown in Fig. 7A. 

Addi t iona l  evidence for  the conclusion reached in 
the preceding  p a r a g r a p h  is the set of po la rograms  in 
Fig. 9 for  the  reduct ion of 1 -bromonorbornane  in d i -  
me thy l fo rmamide  containing 0.1F t e t r a m e t h y l a m m o -  
n ium perchlorate .  F igure  9A is a po la rog ram recorded 
at  --330C, showing the s t a r t  of a wave  at app rox i -  
ma te ly  --1.6V, bu t  most  of the r is ing por t ion  of the 
wave be tween  --1.66 and --1.86V is obscured by  a cu r -  
ren t  depression. As demons t ra ted  by  Fig. 9B, when the 
t empera tu re  is ra ised s l ight ly  to --30~ the wave  for  
reduct ion of the  ca rbon-b romine  bond is unmasked.  
However ,  if  the  t empera tu re  is kep t  a t  --30~ and if 
t e t r a - n - b u t y l a m m o n i u m  iodide (0.0025F) is added  to 
the  solution, the  po la rogram in Fig. 9C is obtained.  
These observat ions  confirm tha t  at  --30"C a smal l  con- 
cent ra t ion  of iodide, in combinat ion  wi th  the t e t r a -  
m e t h y l a m m o n i u m  cation, inhibi ts  e lect ron t ransfe r  to 
1-bromonorbornane .  Moreover,  even the b romide  ion 
re leased by  reduct ion of 1 -bromonorbornane  interacts  
wi th  the suppor t ing-e lec t ro ly te  cation to form a spe-  
cies, appa ren t ly  adsorbed onto mercury ,  which  can 
cause a cur ren t  depression, a l though a lower  t empera -  
ture  (--33~ is needed to produce the effect. 

Cur r en t - t ime  curves for ind iv idua l  m e r c u r y  drops 
change shape as a funct ion of potent ia l  over  the region 
corresponding to the  polarographic  minimum. F igure  
10 shows some of these t races for  the reduct ion of 

Fig. 9. Polarograms for reduction of 0.001M 1-bromonorbornane 
in dimethylformamide containing 0.1F tetramethylammonium per- 
chlorate. (A) --330C. (B) - -30~ (C) - -30~ with 0.0025F tetra- 
n-butylammonium iodide present. 
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Fig. 10. Polarographic current-time curves for individual mer- 
cury drops as a function of potential for reduction of 0.0025M 1- 
iodonorbornane in dimethylformamide containing 0.1F tetramethyl- 
ammonium perchlorate at - -34~ 

1- iodonorbornane  at  --34~ At  a potent ia l  of --1.50V, 
which, as can be seen in Fig. 2, is before  the  beginning 
of the minimum, the cu r r en t - t ime  curves have a nor -  
mal  appearance.  A t  a potent ia l  (--1.58V) near  the  on-  
set of the minimum,  the cur ren t  decreases toward  the 
end of each drop l ifet ime.  Across the  region of po ten-  
t ials corresponding to the  po la rographic  minimum, the 
curves are  charac ter ized  by  an in i t ia l  rise, severe  de -  
pression, and  eventua l  recovery  of the  current .  At  po-  
tent ia ls  more  negat ive  than  the minimum, the cu r ren t -  
t ime traces once again  appear  normal ,  but  the  final 
cur ren t  is lower  than  that  in  a comparab le  e lec t ro-  
chemical  sys tem which does not  exhib i t  a po larographic  
minimum. For  al l  curves in Fig. 10, the in i t ia l  rise in 
cur ren t  is due to reduct ion  of the a lky l  halide.  Between 
app rox ima te ly  --1.58 and --1.64V, the  t empe ra tu r e  and 
solut ion composit ion are  favorab le  for  the format ion  
of complex ionic species tha t  a re  adsorbed  onto the 
mercu ry  drop;  these adsorbed  species block e lect ron 
t ransfer  to the  a lky l  halide,  as ev idenced by  the decline 
in cu r ren t  which fol lows the in i t ia l  rise. However ,  
the adsorbed species appea r  to be imper fec t  insulators ,  
because reduct ion  of the  a lky l  ha l ide  resumes  toward  
the end of the l i fe t ime of a me rcu ry  drop. 

Nature oS the adsorbable species.~Adsorption of 
t e t r a a l k y l a m m o n i u m  ions onto mercu ry  f rom aqueous 
media  has been inves t iga ted  ex tens ive ly  (9-14). De-  
vana than  and Fernando  (9) used a cap i l l a ry  elec-  
t romete r  to examine  the behavior  of severa l  t e t r a -  
a lky l ammon ium iodides at  25~ and concluded, for 
t e t r a m e t h y l a m m o n i u m  iodide as wel l  as the  o ther  
salts, that  there  exists a mid-ca thod ic  region of po ten-  
t ials  wi th in  which the cat ion and anion are  both spe-  
cifically adsorbed  and tha t  the cations p robab ly  form 
"bridges"  wi th  the anions. In  a l a te r  s tudy  by  Piro, 
Bennes, and Bou K a r a m  (10), t e t r a m e t h y l a m m o n i u m  
bromide  was observed to be tess s t rongly  adsorbed 
onto mercu ry  than  the iodide salt. 

Al though there  have been no previous  repor ts  dea l -  
ing wi th  the adsorpt ion  of t e t r a m e t h y l a m m o n i u m  salts 
f rom d ime thy l fo rmamide  onto mercury ,  evidence of- 
fe red  in the presen t  paper  indicates  tha t  such species 
are  adsorbed  at  low tempera tures .  In d ime thy l fo rma-  
mide  containing only t e t r a m e t h y l a m m o n i u m  perchlo-  
rate,  i t  appears  as shown ea r l i e r  (Fig. 6 and 7) tha t  
the low t empera tu re  polarographic  m in imum can be 
a t t r ibu ted  to adsorpt ion  of the t e t r a m e t h y l a m m o n i u m  
cation, t e t r ame thy l ammon ium perchlorate ,  or  possibly 
an ion aggregate.  However ,  when  hal ide  ions are  e i ther  
present  in i t ia l ly  or  genera ted  e lect rolyt ica l ly ,  the phe-  
nomenon responsible  for the min imum is more  com- 
plicated.  

F igure  11 i l lus t ra tes  condit ions necessary  for onset  
of the ha l ide- induced  cur ren t  m in imum for the po la ro-  
graphic  reduct ions of 1-bromodecane and 1-iododecane 
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Fig. 11. Plot of logarithm of concentration of tetramethylam- 
monium cation vs. logarithm of concentration of 1-bromodecane 
(filled circles) or 1-iododecane (open circles) needed to cause on- 
set of polarographic minimum in dimethylformamide at --33~ 

at  --33~ in d ime thy l fo rmamide  containing t e t r a me th -  
y l a m m o n i u m  perchlorate .  For  these exper iments ,  we 
va r i ed  the  concentra t ions  of suppor t ing  e lec t ro ly te  and 
decyl  ha l ide  to de te rmine  wha t  combinat ion  of these 
pa r ame te r s  causes the min imum to appear ;  a rb i t ra r i ly ,  
we defined the onset  of the min imum as a 10% dimi-  
nut ion  of the  normal ,  una t t enua ted  diffusion current .  
If  the logar i thm of the concentra t ion of suppor t ing  
e lec t ro ly te  is p lo t ted  against  the logar i thm of the con- 
cen t ra t ion  of decyl  hal ide,  a l inear  corre la t ion  be tween  
these two var iab les  is observed  at  in te rmedia te  concen- 
t ra t ions  of t e t r a m e t h y l a m m o n i u m  perchlorate .  Graph i -  
cal analysis  of the  slope of the l ine for  each system 
indicates  tha t  the  onset  of the  min imum is more  h ighly  
dependent  on the concentra t ion oI t e t r a m e t h y l a m m o -  
n ium ion than  of decyl  halide. Moreover,  if i t  is iodide 
or  b romide  ions l ibe ra ted  upon e lec t ro ly t ic  reduct ion 
of a decyl  ha l ide  which  combine wi th  the  t e t r ame thy I -  
ammonium cat ion to form a sur face-ac t ive  species, we  
can conclude tha t  the  cur ren t  m in imum resul ts  f rom 
adsorpt ion  of one or  more  uniposi t ive  aggregates  con- 
sist ing of t e t r a m e t h y l a m m o n i u m  and hal ide  ions in a 
ra t io  ly ing  be tween  3:2 and 5: 4. 8 Such discrete species, 
if  t hey  exist,  should be a lmost  impossible  to isolate  
and  ident i fy ,  especia l ly  because  they  might  p reva i l  
only  under  the influence of a polar ized electrode.  
Nevertheless ,  i t  is in t r igu ing  tha t  the crude pic ture  so 
far  developed of the cooperat ive  adsorpt ion  of t e t r a -  

n I t  c a n  b e  s h o w n  (15)  t h a t  t h e  s t r a i g h t  l i n e s  p a s s i n g  t h r o u g h  
the  e x p e r i m e n t a l  d a t a  f o r  1 - b r o m o d e c a n e  a n d  1 - i o d o d e c a n e  in  F i g .  
11 f i t  t h e  g e n e r a l  r e l a t i o n  a l o g [  (CHs)4N+] + b log[C~oHelX] = con-  
s t a n t  o r  [ (CH~)4N+]~[CloH:~X] b = c o n s t a n t ' .  F o r  1 - b r o m o d e c a n e ,  
a / b  i s  1.39 w h i c h  l i e s  b e t w e e n  a r a t i o  o f  4 :3  a n d  3 : 2 ;  f o r  1-iodo- 
d e c a n e ,  a / b  is 1.28 which  l i e s  b e t w e e n  a rat io  of  5:4 and 4:3 .  

m e t h y l a m m o n i u m  and ha l ide  ions onto m e r c u r y  in 
d ime thy l fo rmamide  bears  a r e m a r k a b l e  resemblance  
to the model  invoked  b y  D e va na tha n  and Fe rnando  
(9) in which  ha l ide  ions and t e t r a m e t h y l a m m o n i u m  
cations form br idged  species adsorbed  a t  the  m e r c u r y -  
wa te r  interface.  

Current ly ,  we are  complet ing  the construct ion of a 
compute r -con t ro l l ed  cap i l l a ry  e lec t rometer ,  based  on 
the design of Mohi lner  and co-workers  (16). Our  goal  
is to ut i l ize this in s t rumenta t ion  to s tudy  in deta i l  ~he 
e lect r ica l  double  l aye r  a t  the  mercury - so lu t ion  in-  
terface in nonaqueous solvents  containing var ious  
t e t r a a l k y l a m m o n i u m  salts in the  presence and absence 
of e lec t roact ive  organic  compounds.  
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Voltammetric and Chronopotentiometric Studies 
of Na20-NaCI Melts 
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ABSTRACT 

The oxidation of Na20 in molten NaCl was studied in the presence of oxy- 
gen (<i0 Tort) at 830~C by two electrochemical techniques; cyclic voltam- 
metry  and chronopotentiometry.  The results indicate the following reaction 
pa thway 

2 02- + 02 ~ 2 0 ~ -  

2 02- ~ O~ 2- + 2 e -  

02 ~- ~ 02 + 2 e -  

T h e  part ia l  conversion of O 3- to O~ 2-  in  the melt  results in two oxidizable 
species. Exper imenta l  data indicate that  superoxide is absent  from the Na20- 
NaC1 melts. 

In  previous studies of the Na20-NaC1 system (1), 
several types of experiments  were reported which in-  
dicated that  oxide ion ( 0 3 - )  dissolved in molten NaC1 
is par t ia l ly  oxidized to peroxide (022- ) and perhaps 
to superoxide ( 0 2 - ) .  The motivat ion for this work was 
the  previous finding (2) that O 2- is oxidized by two 
dist inctly different kinds of reactions in  mol ten ni-  
trates: by molecular  O3 in  oxygen-conta in ing  atmo- 
spheres and by the reduction of n i t ra te  to ni t r i te  in  
the (near)  absence of oxygen. Since halide anions were 
considered difficult to reduce, it was thought  l ikely 
that  O 3- would be stable in  NaC1 in the absence of 03. 
The results of manometr ic  experiments,  chemical ana l -  
yses of quenched melts, and potentiometric studies 
with O2--specific zirconia electrodes gave consistent 
results. When the atmosphere contained oxygen, Na20- 
NaC1 melts take up O3 reversibly, chemical analysis 
showed a species which reduces permanganate ,  and the 
potentiometric experiments  indicated that  a large frac- 
t ion of any  added Na20 disappeared rapidly. These 
observations are all consistent wi th  substant ia l  conver-  
sion of 0 2 .  to O22-, presumably  by the reaction 0 2 -  
+ 1,2 O2 ~ 023-. The exper iments  did not allow any  
conclusions to be d rawn about  0 2 -  formation, but  
thermodynamic  calculations indicate that its equi-  
l ib r ium concentrat ion is much less than that of 0 2 2 -  . 

Results in a low O2 atmosphere were more puzzling. 
In  a helium-fi l led glove box whose nominal  O2 content  
was 1-10 ppm, similar chemical and potentiometric 
studies also indicated peroxide formation, al though 
at a slower rate. None of the several  possible explana-  
tions examined appeared satisfactory. 

The current  work was therefore under taken  to (i) 
determine the number  of species to which 0 2 -  t rans-  
forms and (ii) to shed fur ther  light on the remain ing  
unresolved anomalies. Voltammetr ic  and chronopo- 
tentiometric techniques had already been used suc- 
cessfully by. several workers (3-6) to s tudy oxide 
species in halide melts and were therefore used in this 
study. 

Experimental 
Apparatus.--The molten salt furnace, tempera ture  

controller, and he l ium-oxygen  dry boxes have been 
previously described (1). High pur i ty  gold crucibles 
were used as containers for the melt. 

Current-vol tage  and vol tage-t ime curves were ob- 
tained with a Pr inceton Applied Research Corporation 
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Key words: fused salts, electrode, oxidation. 

Model 173 potentiostat /galvanostat .  A tr iangle wave 
generator  (PAR Model 175) was interfaced to the 
Model 173 to obtain cyclic sweep voltammograms.  Fast 
vol tammetr ic  scan rates were recorded with a t ransient  
recorder (Biomation Model 802). 

Electrodes.--The reference electrode consisted of a 
silver wire in contact with ,-~10 mole percent  AgCI 
in  NaC1. The reference melt  was placed in a mull i te  
tube which was immersed in the melt. The gold con- 
ta iner  served as the counterelectrode. Since gold is 
less susceptible to corrosion by the Na20-NaC1 melt  
than is plat inum, a gold wire (area ,-~0.50 cm 2) was 
used as the working electrode. 

Reagents.--Reagent grade NaC1 was vacuum d r i e d  
at 500~C before use. Reagent  Na20 (Alfa Inorganics)  
(94% Na20 by analysis) containing ,-~2% Na202 im-  
purity,  and reagent Na~O2 were used without  pre t reat -  
ment. All weighing and t ransfer  operations involving 
these substances were carried out in the dry box in 
which the experiments  were done. 

Procedure.--The tempera ture  of the melt  was main-  
tained at 830 ~ _ 5~ Sodium oxide was added directly 
to the sodium chloride melt  by means of a glass funne l  
and approximately 5 rain were allowed for the oxide 
to dissolve before electrochemical measurements  were 
made. Na20 concentrat ions were kept as low as possible 
(<50 mM) in order to minimize corrosion effects on 
the electrodes and cell container. As will  be discussed 
below, Na20 is unstable  at high oxygen pressures, re-  
sult ing in the formation of Na202. Therefore studies 
were made at oxygen pressures general ly  below 10 
Torr. 

Results and Discussion 
The oxidat ion of Na20 in  molten NaCI was studied 

by two electrochemical techniques, vo l tammetry  and 
chronopotentiometry.  Typical vol tammograms of the 
oxidation of Na20 are shown in Fig. 1. The reduction 
l imit  occurs at ~ - - 1 . 3 V  and the oxidation l imit  at 
,~ +0.3V (probably the oxidation of the gold elec- 
trode).  Two oxidizable species are observed when 
Na20 is added to the melt;  the first anodic wave (wave 
I) occurs at --0.47V vs. the Ag/AgC1 reference elec- 
trode and the second (wave II) occurs at ,~ +0.12V. 
Additions of Na20 immediate ly  increase the peak cur-  
rent  of wave I; therefore, this wave is a t t r ibuted to the 
oxidation of oxide ions in the melt. Wave II does not 
immediate ly  increase in peak current  with added 
Na20; however, the peak current  does increase with 
time as shown in Fig. 1, and is believed to be due to 
the oxidation of peroxide ions formed by the following 

2 6 0 0  
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Fig. 1. Cyclic voltammograms for the oxidation of 0 2 -  in 
molten NaCI. [ 0 2 -  ] = 7.2 X 10-3M,  Au working ehctrode 
(A ~ 0.50 cm2), T ~ 830~ O2 pressure ~ 2.3 Torr, scan rate = 
0.5 V/sec. Curve A: scan taken 8 min after addition of Na20. 
Curve B: scan taken 32 min after addition of Na20. Curve C: scan 
taken 59 min after addition of Na20. 

reaction 
2 0  ~- + 02 ~ 2 022- [1] 

The decrease in  peak current  of wave I with t ime can 
also be accounted for by reaction [1]. Measurement  of 
this decrease indicated that  the oxide concentrat ion 
decreased in a first order fashion with a half-l ife of 
approximately  30 min. 

The vol tammogram in  Fig. 2 was taken 2.3 hr after 
the first addit ion of Na20 to the melt  (at a higher 
total  oxide concentrat ion than  in  Fig. 1). This indi-  
cates that  the 022- concentrat ion becomes appreciable 
when  Na20 remains  in  the melt  for long periods of 
time. Loss of oxide ion and peroxide ion due to vapor-  
ization and reaction with container,  electrodes, etc., 
also occurs in the melt  bu t  is a slow process that  takes 
m a n y  hours (1). Attempts  were made to enhance the 
peak current  of wave II with additions of NafO2. 
The results were the same as for the addit ion of pure 
Na20. Most likely, solid Na202 decomposes to Na20 
before i t  dissolves in NaC1. 

The reversibi l i ty  of wave I was determined by 
measur ing the separation of its peak and half -peak po- 
tential.  (E, -- Ep/2)a was found to be 120-135 mV at 
slow scan rates which is in reasonable agreement  with 
the theoretical value of 105 mV for a reversible 
2-electron process at 1103~K (7). The potential  differ- 
ence between wave I and its corresponding cathodic 
wave, (Ep)a -- (Ep)c, was 125-150 mV which is also 
in reasonable agreement  with the theoretical value 
of 105 mV for a reversible 2-electron process (7). The 
slightly higher exper imenta l  values could be a t t r ibuted 
to quasi- revers ible  behavior;  however the higher 
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Fig. 2. Cyclic voltammogram for the oxidation of 0 2 -  in molten 
NaCI. Cumulative [ 0 2 - ]  : 1.58 X 10-2M,  Au working electrode 
(A ~ 0.50 cm2), T ~_ 830~ 02 pressure = 2.3 Torr, scan rate = 
0.5 V/see, scan taken 2.3 hr after first addition of Na20. 

values are probably  due, in  part,  to uncompensated 
IR effects in  the melt. 

The peak potential  of a reversible charge t ransfer  
should be independent  of scan rate. The approximate  
constancy of peak potent ial  with scan rate, v, for wave 
I is shown in  Table I. The peak potent ial  changes only 
by ,~50 mV for a hundredfold  increase in  scan rate. 
The shift in  peak potential  is probably due, in part, to 
larger  IR drops at fast scan rates. 

The second anodic wave (wave II) was not as well  
defined as the first anodic wave since it  appears as a 
shoulder on the oxidation l imit  of the electrode. There-  
fore measurements  of the peak potential  of wave II  
were only approximate.  Values of (Ep -- Ep/2)a, (Ep)a 
-- (Ep)c, and the constancy of peak potential  wi th  
scan rate were similar  to those of wave I and would 
suggest a 2-electron process for the oxidation of 022- 
in  the melt. 

Chronopotent iometry was also used to s tudy the oxi- 
dation of Na20 in the melt. Typical anodic and cur-  
rent  reversal chronopotentiograms for the oxidation 

(~Y, -- t'/, ~ 
of O 2- are shown in  Fig. 3. Plots of E vs. in  \ ~ ] 

were l inear  with slopes ranging from --64 to --74 mV; 
the theoretical slope for a reversible 2-electron proc- 
ess is --48 mV (8). Using current  reversal  chrono- 
potentiometry,  t i ler values were found to be'3-4, which 
reasonably agrees with the theoretical value of 3 for a 
reversible electron t ransfer  process (8). Chronopoten-  
t iograms for the oxidation of O22- in  the melt  were ill 
defined due to their  proximity  to the oxidation l imit  of 
the melt. Therefore, no quant i ta t ive  informat ion was 
obtainable for the peroxide oxidation. 

Based on these results and results reported earlier 
(1), we postulate the following reaction mechanism 

2 0 2 -  + O 2 , ~ 2 0 2 2 -  [2] 

2 0 2 -  ~-- 022- + 2e-  [3] 

Table I. Variation of (Ep)a and (Ep/2)a with scan rate for the 
oxidation of 0 2 -  in molten NaCI [ 0 2 - ]  ~- 1.61 X 10-2M 

Scan rate (Ep - Ep~)a 
(V/sec) (Ep)a (mV) (mV) 

0.I --474 121 
0.5 --475 135 
1.0 -464 128 
5.0 --431 156 

I0.0 --425 163 



2602 J. EZectrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY December  1980 

-1.O - 

o~ 

>o 
-O,S 

o.o 

I I 4 

I . . . . .  I I 
0.0 0.5 1.0 

TIME, sec 

Fig. 3. Anodic and current reversal chronopotentlograms for the 
oxidation of O 2 -  in molten NaCI. iO 2 -  ] = 1.31 • 10-2M, 
T = 830~ O~ pressure = 2.3 Tort, forward current density = 
reverse current density = 36 mA/cm 2. 

O~ ~- ~ Os + 2e -  [4] 

Thus in Fig. 2, the first anodic wave (I) represents 
the oxidation of oxide to peroxide and the second 
anodic wave (II) represents the oxidation of peroxide 
to oxygen. On reversing the scan, the first cathodic 
wave (III) represents the reduction of oxygen and the 
second cathodic wave (IV) represents the reduction of 
peroxide. 

The theory of cyclic vo l tammetry  for mult is tep 
charge transfer  systems has been derived and verified 
by Polcyn and Shain (8). When two etectroactive 
species are reduced or oxidized at sufficiently different 
potentials (AE ~ ~ l18 /n  mV),  the mult is tep charge 
t ransfer  reactions can be considered as resul t ing from 
separate reactions and will  exhibit  two separate volt-  
ammetric  waves. The oxidation potentials for oxide 
and peroxide differ by several hundred  millivolts and 
appear as uncomplicated charge transfer  reactions as 
previously indicated. 

Values of ip/~ 1/2 were measured as a function of scan 
rate to check for possible chemical reactions coupled 
to the mult is tep charge transfers. The invar iance of 
ip/u'/2 with scan rate would indicate charge transfers 
wi th  no chemical complication (7). Our mechanism 
proposes a chemical reaction, the oxide/peroxide equi-  
l ib r ium (Eq. [2]), coupled to mult is tep charge t rans-  
fers, the oxidation of oxide to peroxide to oxygen 
(Eq. [3] and [4]). However the equi l ibr ium reaction 
[2] appears to be a slow process so that essential ly no 
chemical reaction takes place dur ing  the time in terva l  
of a vol tammetr ic  scan (<10 sec). In  this case, charge 
t ransfer  reactions [3] and [4] would occur with no 
chemical complications. Values of ip/u V2 for the oxida- 
t ion of oxide (wave I in  Fig. 2) at various scan rates 
are listed in Table II. The times at which the vol tam-  
mograms were measured with respect to the addition 
of Na20 to the melt  are also given. The ini t ia l  decrease 
in ip/~ I/2 is due to the loss of oxide in the melt. The de- 
crease in  ip with t ime holding ~ constant  is i l lustrated 
in Fig. 1. Once the oxide/peroxide equi l ibr ium is es- 
tablished, ip/~ I/~ approaches a constant  value wi thin  
exper imental  error. Similar  results were observed with 
the oxidation of peroxide (wave II in Fig. 2) except 
for an ini t ia l  increase ra ther  than decrease in ip/v ~/~ 
due to the gain of peroxide in  the melt. The results in-  
dicate that the mult is tep charge t ransfer  reactions of 

Table II. Variation of ip/v 112 with scan rate for the oxidation of 
O 2 -  in molten NaCI; before addition, [O 2 - ]  = 2.67 X 10-2M; 

after addition, [ 0 2 - ]  = 4.03 X 10-2M 

ip/~z/2 T ime  e lapsed  
Scan  rate (mA/secl/~/ after oxide  
(V/sec) V ~/=) addition (rain) 

0.5 3.4 9 
1.0 3.2 12 
2.0 2.9 15 
5.0 2.9 20 

10.0 3.0 22 
20.0 3.0 25 
0.5 2.8 57 

oxide to peroxide to oxygen proceed with no chemical 
complications. This in terpre ta t ion is fur ther  supported 
by the following observations: with vol tammetry,  the 
approximate constancy of peak potent ial  with scan 
rate for both waves I and II; and with chronopoten-  
tiometry, the tf/~r value of ~,,3. 

The presence of only two oxidizable species, O ~- 
and 022- , would tend to rule out the presence of 0 2 -  
in the melt. Increasing the 02 pressure would tend to 
favor the formation of superoxide in  the melt  (1). Ex- 
per iments  were carried out in  02 pressures as high as 
60 Torr; however, no addit ional  waves were observed. 

According to reaction [2], the formation of per-  
oxide should be min ima l  at low 02 pressures. Experi-  
ments  were carried out in  He atmospheres containing 
less than 1 ppm 02. Voltammograms of the oxidation 
of Na20 at this 02 pressure were similar to those at 
higher 02 pressures; however, the decrease in peak 
current  of the first anodie wave was considerably 
slower than in the case of higher 02 pressures. Since 
02 is produced by the oxidation of 022- , it was im-  
possible to study the formation of 022- at very low O2 
pressures. The second anodic wave would produce O2 
in the vicini ty of the electrode in the melt  that  would 
eventual ly  react with O 2- to form 022-. 

In  conclusion, we have shown that  when Na20 is 
dissolved in molten NaC1 in the presence of oxygen, 
oxide ions react slowly with oxygen to form peroxide 
ions. The oxidation of oxide ion at a gold electrode re-  
sults in two mult is tep charge transfers, the oxidation 
of oxide to peroxide followed by the oxidation of per-  
oxide to oxygen. 
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On the Short Time Solution for the Concentration 
Step at the Surface of a Rotating Disk 
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ABSTRACT 

The first thir ty  coefficients of a proposed series solution for a fundamenta l  
problem in nonsteady diffusion to a rotat ing disk have been evaluated. The 
results obtained raise serious questions not  only with respect to potential  
practical applications of such a solution, bu t  also in  regard to the claimed 
convergence character of the series. Certain difficulties related to the nu -  
merical  determinat ion of these coefficients are discussed in  detail. 

The use  of  t rans ient  techniques in conjunct ion with 
forced convection systems, such as a rotat ing disk, 
s e e m s  to be one of the most valuable tools in the ana l -  
ysis of electrode processes. In  part icular ,  the a-c im-  
pedance method has found a mul t iude  of applications 
in  the characterization and s tudy of detailed mecha- 
nisms of electrochemical reactions. 

From a theoretical standpoint,  an expression for the 
Warburg  impedance for a rotat ing disk was recent ly 
derived (1) by a formal space t ransformat ion of the 
solution for the step potential  method. As a means of 
ful ly ut i l izing this part icular  property, previous 
mathematical  t reatments  of the step potential  prob- 
lem, leading to analyt ic  solutions, were carefully ex- 
amined. 

The t rans ient  concentrat ion profile, under  step po- 
tent ial  conditions at the surface of a rotat ing disk elec- 
trode, has been invest igated by  Selman (2). Within the 
f ramework of approximations specified elsewhere 
(2,3),  this author  developed a series, up to third 
order, by means of a classical per turba t ion  expansion. 
Krylov  and Babak (3), on the other hand, have in -  
dependent ly  derived a generalized form of the same 
series by in t roducing parabolic cylinder functions. This 
la t ter  approach allows a recurrence relat ion for the 
coefficients to be obtained without  resorting to solving 
the resul t ing differential equations individually.  Based 
on this solution, these workers arr ived at an analytic 
expression for the flux at the surface and indicated 
that the series converged for any finite value of the 
dimensionless time. 

In  order to extend the accuracy of these results 
beyond the limits imposed by the first three coeffi- 
cients reported, a numer ica l  evaluat ion of the first 
th i r ty  coefficients was performed. Given that  the flux 
at the surface is in t imate ly  connected to the Warburg  
impedance through its Laplace transform, a series 
solution for the real and imaginary  parts of the im-  
pedance can be easily obtained. 

The purpose of this note is twofold. First, to report  
the results obtained and examine certain problems 
encountered in  the calculations and second, to discuss, 
based on the former, the convergence character of 
the series in relat ion to potential  practical applications. 

Mathematical Formalism 
A thorough derivat ion of the series under  s tudy w i l l  

not be pursued here. Although the mathemat ical  de- 
tails are in teres t ing in themselves only the results 
will  be presented. 

According to Krylov and Babak, the t rans ient  be-  
havior of the flux at the surface is given by 

* Electrochemical Society Active Member. Key words: eo/lvecUon, diffusion, impedance. 

j(T) - 
Co (AD2) I/8 

I ~ ~n--I 
I --~ ~ * *  

n=l k=--3n--1 
2k/2bk(n)k -f3n/2 } 

[1] 

where co and D are the bu lk  concentrai ton and diffu- 
sion coefficient of the electrochemically active species, 
respectively. The dimensionless t ime T, is related to 
the time t, the angular  velocity ~, and the kinematic  
viscosity of the solution v by 

= (DA2)I/st where A = a - - ~ -  [2] 

The double asterisk in the r ight  upper  corner of 
the summat ion sign in Eq. [1] indicates that  "k" in -  
volves values which are only even, for odd n, or only 
odd, for even n. 

The first four coefficients bk (1) are given by 

2 1 - - I  
= 0, 

[3] 

which serve as a basis for calculating higher order co- 
efficients through the recursion formulas specified be-  
low (for n = 2, 3, 4 . . . .  ) 

2~/2 
bk (n) -- [ (k  + 1) (k -~  2)bk+lC n - l )  

3n-~.k-p 1 

~- (2k ~ 1)bk-1 r ~ bk-~ (n-l)]  

for - - 3 n - ~ 5 ~ k ~ 3 n - - 5  [4] 

b3n-1 (n) "-- - -  ' b3n-4  ( n - l )  [5] 
3n 

b3n_3(n) - -  _ _  [b3n_6(n-1)  
3 n - -  1 

-~ (6n - -  5) b3n-4 r [6] 

b-~n+l  Cn) = -- 3~/2 (n -- 1) (3n -- 2)b-~n+2 on-l) [7] 

b - 3 n + 3  (n) ---- [(6n -- 7 ) b - 3 n + 2  ( n - l )  
2 

- -  (3n -- 5) (3n -- 4)b-~n+4 r [8] 

3n--1 
_ _ ~ r (  3n ) ~ * *  2(3n+k+l)/2 bk(n ) 

b - 3 n - l ( n )  - -  2 \ Y k = - 3 n + l  1 - -  k 

[91 
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Based on this formalism, the real and imaginary  parts 
of the Laplace t ransform of the flux at  the surface, 
~{j(~)}, which prescribe the value of the Warburg  
impedance, are given by  

Re[g{j(-~)}] = K I / 2 ~ - -  
2 

2 1 
On .3ns in  - ( 3 n - -  1)~ [I0] 

K 1 / 2 ( s a - 1 )  4 

r 2 1 
On 3 " c o s - -  ( 3 n - -  1)~ [1I] 

K 1 / 2 ( 3 n - 1 )  4 

where the coefficients On are defined by  

8 n - - I  

~ * * 2 k / 2 b k ( n )  

O n : - - : ~  n - - 1 , 2 , 3 . . .  [12] 

eo -- 1 [13] 

and K = ~v(3D/a~)~/3/~D, is the dimensionless f re-  
quency. 

Computation Method 
Pre l iminary  calculations based on Eq.. [1] showed 

that even for small  values of n, the computed coeffi- 
cients, on, were appreciably al tered by choosing u, 
arising from r ( k / 2 )  for odd k, with an increasing 
number  of significant figures. Moreover, noticeable 
changes were observed by  mere ly  performing the re-  
quired ari thmetic operations in  a different order. This 
behavior  was apparent ly  induced by round-off  errors, 
which may become extremely significant upon addit ion 
and substraction of a collection of terms which are 
many  orders of magni tude  larger  than  the On itself. 

This problem can be successfully overcome by mul t i -  
plying the original  bk (n) coefficient by :d ]2, modifying 
the recursion formulas by a factor of 21/2, and expand-  
ing the gamma functions. The newly  generated set of 
bk (n) coefficients can therefore be convenient ly  rep-  
resented as the ratio of two integer  numbers .  Conse- 
quently, On or e .~ 1/2, can be expressed in  the same 
exact fashion, depending on whether  n is even or 
odd. 

Based on these considerations, a computer  program 
which performs all  the calculations by in teger  a r i th-  
metic was developed, on's up to n -- 29 were evaluated 
by effectively using up to 387 bits for storing the n u -  
merator  and denominator  of the bk (n) coefficients. The 
results obtained, as well  as the values for the flux at 

= 1 are listed in  Table I. 
A comparison a posteriori indicated that  floating- 

point representat ion and ar i thmetic  could give rel iable 
values of On up to n -- 7 or n = 16 by  using sifigle- 
precision (48 bits exclusive of sign and exponent)  or 
double-precision (96 bits) calculations, respectively. 

Discussion and Conclusion 
The different values for the flux at �9 -- 1, obtained 

by taking an increasing n u m b e r  of terms in  the K r y -  
lov-Babak series do not seem to improve the accuracy 
of the result. Actually, a careful inspection of Table I 
shows that an oscillatory departure  from an a rb i t ra ry  
in termediate  value is generated. Moreover, the fact 
that  the coefficients do not  seem to approach zero as n 
increases clearly suggests that  the series diverges for 
all 3. This remark  should be regarded as pure ly  em- 
pirical, for no analyt ic  proof of convergence has been 

Table I. Values of the On coefficients, cumulative sum, and 
reduced flux at the surface for "~ ~ 1. [The exact value according 

to Nisancio~lu and Newman (4) is 0.639996.] 

n 

~ O t  j(1)/ 
0, * ~ =o [ c o ( l~OD */~ ) ~/G ] 

0 1.000000E 00 l.O00000 0.450832 
1 4.431135E - 01 1.443113 0.650601 
2 1.666667E - 02 1.459780 0.658115 
3 - -  5 . 1 9 2 7 3 6 E  - -  02  1.4@7853 0 . 6 3 4 7 0 5  
4 - -  1 . 0 8 5 2 5 7 E  - 03 1 . 4 0 6 7 6 8  0 .634215  
5 1 . 9 6 2 7 3 1 E  - 02  1 . 4 2 6 3 9 5  0 . 6 4 3 0 6 4  
6 2 . 1 1 0 6 3 7 E  -- 04 1.426606 0.643159 
7 -- 1.241360E - 02 1.414192 0.637563 
8 - 8.280988E - 05 1.414109 0.637525 
9 1.101068E - 02  1.425120 0.642489 

I0 5.129554E - 05 1.425171 0.642512 
11 - 1.256595E - 02 1.412606 0.636847 
12 - 4.389392E - 05 1.412562 0.636826 
13 1 . 7 5 3 4 0 9 E - -  02  1 . 4 3 0 0 9 6  0 . 6 4 4 7 3 2  
14  4 . 8 1 3 0 9 3 E  - 05  1 . 4 3 0 1 4 4  0 . 6 4 4 7 5 4  
15 - 2 . 8 9 2 0 6 7 E  - 02  1 .401223  0 . 6 3 1 7 1 6  
16 - 6 . 4 5 1 4 6 9 E  - 05 1 . 4 0 1 1 5 9  0 . 6 3 1 6 8 7  
17  5 . 5 0 4 7 0 7 E  - -  02  1 . 4 5 6 2 0 6  0 . 6 5 6 5 0 4  
18 l.ff23474E -- 04 1 . 4 5 6 3 0 8  0.656550 
19 - 1 . 1 8 7 5 5 1 E -  01 1 .337553  0 . 6 0 3 0 1 1  
20  - 1 . 8 7 7 0 3 4 E  - 04  1 . 3 3 7 3 6 5  0 . 6 0 2 9 2 7  
21 2 . 8 6 3 5 0 8 E - 0 1  1 .623716  0 . 7 3 2 0 2 3  
22  3 . 9 0 9 2 6 9 E  - 04  1 . 6 2 4 1 0 7  0 . 7 3 2 1 9 9  
23 - 7 . 6 3 1 8 0 7 E  - 01 0 . 8 8 0 9 2 6  0 . 3 8 8 1 3 3  
24  - - 9 . 1 1 7 3 5 7 E  - 0 4  0 . 8 6 0 0 1 5  0 . 3 8 7 7 2 2  
25 2 . 2 2 7 8 6 7 E  0 0  3 . 0 8 7 8 2 1  1 . 3 9 2 0 8 8  
26  2 . 3 5 4 5 2 1 E  - 03 3 . 0 9 0 1 7 6  1 .393149  
27 - 7 . 0 6 8 8 5 9 E  O0 - 3 . 9 7 8 6 8 3  - 1 . 7 9 3 7 1 7  
28  - 6 . 6 7 0 8 3 0 E  - 03 - 3 . 9 8 5 3 5 4  - 1 . 7 9 6 7 2 4  
29  2 . 4 2 2 4 3 6 E  + 01 2 0 . 2 3 9 0 0 8  9 . 1 2 4 3 8 7  

* T h e  e x p o n e n t i a l  n o t a t i o n ,  E, r e p r e s e n t s  p o w e r s  o f  t e n ,  { .e . ,  
1 . 0 0 E  00 = 1 .0  x 10 o. 

presented. However, even if the series converged, the 
computat ional  effort involved and the n u m b e r  of 
terms that  would be required to obta in  an acceptable 
answer, certainly make the use of this solution highly 
impractical. 
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LIST OF SYMBOLS 
a 0.51023262 [see Ref. (5)] 
A a (a~/~) 112 
bk (n) coefficients of Kry lov-Babak  series 
co bulk concentrat ion of reactant,  mole /cm 3 
D diffusion coefficient of reactant,  cm2/sec 
j (T) flux at the electrode surface, mole /cm 2 �9 sec 
K ~,(3D/a,)2/~/~D, dimensionless frequency 
t time, sec 

kinematic viscosity, cm2/sec 
dimensionless t ime 
frequency of a l te rna t ing  current,  sec -1 

r gamma funct ion 
O see Eq. [10] 

rotation speed of disk, sec-1 
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ABSTRACT 

Voltammetr ic  and spectroelectrochemical results are p r e s e n t e d  for  t h e  
one-electron reduct ion of n-heptylv io logen dibromide on clean and si lane-  
modified, t in  oxide, and on ind ium tin oxide metall ized-plast ic optically t rans-  
parent  electrodes (MPOTE).  The amount  of n-heptylviologen dibromide re-  
duced and the rate of coloration due to the formation of the cat ion-radical  film 
can strongly be influenced by  the state of the electrode surface. The ini t ia l  
200-500 msec of viologen deposition are not  mass t ranspor t  controlled. Calcu- 
lations for the amount  of viologen deposited vary, depending on whether  a 
spectrophotometric or coulometric est imated is used. Spectrophotometric 
data indicate that  the amount  of viologen deposited in the first 200 msec of 
chronoamperometr ic  reduction from a concentrated viologen solution is ca. 
10-14 monolayers and is increased at least 60% by the addit ion of a monolayer  
of the silane modifier to the electrode surface. In the case of the metall ized 
plastic films, the increase in coloration rate may be a t t r ibuted to the presence 
of nonpolar  surface groups present  at the surface of the conductive film. 

Pe rmanen t  a t tachment  of various chemical species to 
electrode surfaces to change their surface properties is 
now widely recognized (1-19). These chemically 
modified electrodes have been tested for numerous  
reasons, with potent ial  applications to electrocatalysis 
(9, 10, 13, 14, 19) and photosensitization (3, 4, 8). Their  
use as predictable and controllable electrochromic dis- 
play materials  is also another  interest ing possibility 
(17, 20). The present  s tudy presents the result  of some 
spectroelectrochemical investigations of the reduction 
of a f i lm-forming viologen on chemically-modified 
SnO2 glass and In2OJSnO2 (ITO) metall ized plastic 
films (21). The use of viologens (dialkyl  and diaryl  
4,4' b ipyr id in ium compounds) in  redox chromic dis- 
plays is well  known with a number  of papers and 
patents discussing their  use (22-27). The abil i ty to 
vary  the coloration rates of electrochromic reactions of 
these compounds through chemical modification of the 
electrode substrate wil l  be demonstrated.  The use of 
sllanes to al ter  the behavior  of an electrochemically 
adsorbed molecule is not  new. Evidence that  s i lane- 
modified SnO2 electrodes exhibi t  appreciably different 
electrochemical behavior  towards oxidation of xan-  
thene- type  dyes such as erythrosin and fiuorescein has 
a l ready been noted (3). With these xanthene  dyes, 
where adsorption accompanies oxidation, anodic peak 
potentials have been shown to shift to lower overpo- 
tentials, and the total  oxidative charge t ransferred in-  
creased at the silane-modified electrodes. The invest i-  
gations reported here have shown that  the si lane- 
modified metal  oxide surface probably promotes a 
higher surface concentrat ion of nucleat ion sites for the 
viologen. In most cases, reduction of the viologen at 
the silanized SnO2 electrode or ITO metaltized plastic 
optically t ransparent  electrodes (MPOTE) resulted in 
faster coloration rates. Occasionally several mono- 
layers of the viologen were retained on the electrode 
surface following oxidation of the viologen film. Sur-  
face analysis studies indicated that  increased colora- 
t ion rates of the viologen films on the modified SnO2 
electrodes, and on the ITO MPOTE's resul ted from an 
increase in the nonpolar  na ture  of the electrode sur-  
face. 

* Electrochemical Society Active Member. 
Key words: deposition, nucleation. 

Experimental 
A basic spectroelectrochemical cell design was u s e d  

to measure the electrochromic properties. This design 
allows sandwich-l ike posit ioning of the electrodes to 
a Lucite body with a cell volume of approximate ly  
5 ml. A circular brass contact recessed in  the Lucite 
block and separated from solution by an O-r ing  al-  
lowed uni form distr ibut ion of cur ren t  to the metal  
oxide electrodes. The geometric area of the electrode 
was 0.5 cm 2. The cell was placed in a Baush and Lomb 
Spec 210 u.v.-visible spectrophotometer from which 
single beam or dual  beam absorbance/ t ime or t ransmi t -  
tance/ t ime measurements  were made. The vol tam- 
metric measurements  were performed using a poten-  
tiostat of conventional  design. The recording ins t ru-  
ments were either a Houston 2000 recorder, a Tek-  
t ronix 5441 storage oscilloscope, or a PAR Model 4202 
signal averager, used in the t rans ient  recorder mode. 

In  a typical double potent ial  step chronoabsorbance 
experiment,  absorbance or t ransmit tance  was moni-  
tored at the wavelength  ma x i mum for the viologen 
cation radical as a funct ion of t ime while stepping to 
and from the deposition potential.  Dur ing  this t ime 
interval,  both current  and the total  charge and the 
true potent ial  of the working electrode vs. the refer-  
ence electrode were recorded (Ework -- Eref). 

N-heptyl  viologen 'dibromide (1,1'-Diheptyl-4,4'-bi-  
pyr id in ium dibromide) was used as obtained from 
Aldrich Chemical Company. Reagent grade potassium 
bromide (Baker) was recrystallized twice from water  
which had been distilled three times from alkal ine 
KMnO4. The deaerated electrolyte solutions were made 
just  prior to invest igat ion and stored unde r  nitrogen. 
Toluene (Drake) was dried in  magnes ium sulfate and 
distilled from potassium metal  under  a ni t rogen atmo- 
sphere prior to use. All  silanes were purchased from 
Petrarch Systems Incorporated, and used as obtained 
from the manufacturer .  

Fluoride-doped SnO2 on glass was manufac tured  by 
Pi t tsburgh Plate Company. The electrodes were cleaned 
in  an ultrasonic bath, using successive washings of 
alcoholic KOH, ethanol, and distilled water. Metallized 
plastic optically t ransparen t  electrodes (MPOTE) were 
obtained from S ie r rac in /Sy lmar  (Sylmar,  California) 
under  the trade name I n t r e x - K  ( ind ium- t in  oxide, 
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ITO) films (21). These electrodes were ul t rasonical ly 
cleaned with ethanol and then with water  before use. 
The sheet resistance of the SnO2 electrodes was ca. 
15-30 ~ / sq  and that of the ITO films 100-300 ~/sq.  

For silane modification, the SnO2 electrodes were 
refluxed in a 1-5% s i lane-dry  toluene solution under  
ni t rogen for 30 sec to 2 hr after which the excess silane 
was removed by  r insing the electrodes in dry toluene. 
The silanized electrodes were then stored in  an iner t  
atmosphere prior to use. 

The presence of the si lane or of n -hep ty l  viologen 
dibromide was confirmed by surface e lemental  analysis 
using either a GCA-McPherson ESCA 36 spectrometer 
(base pressure ca. 10-T Torr)  or a Physical Elec- 
tronics, Incorporated (PHI) TFA Auger  spectrometer 
(base pressure ca. 10 -9 Torr) .  

Results and Discussion 

V i o l o g e n  d e p o s i t i o n  on  u n m o d i f i e d  SnO2 e l e c t r o d e s . - -  
A working model for redox processes of n -hep ty l  
viologen films on t ransparen t  t in  oxide (SnO2) elec- 
trodes has been formulated by Jasinski  (25, 26) and 
others (22-24). An ini t ial  c leaning/hydrolysis  step with 
alcoholic KOH to remove carbonaceous material ,  gen-  
erates hydroxyl - type  entit ies on the surface. The next  
step calls for a modification of these entities, presum- 
ably through an ion exchange process with the violo- 
gen counter  ion ( B r -  in  m a n y  cases), to produce a 
surface on to which the viol0gen may be deposited. 
The third step involves a nucleat ion of the radical  
cation film on these sites. After  nucleation,  the film 
grows at a rate l imited by diffusion. The last step in  
the overall  mechanism is equi l ibra t ion of the radical  
cation salt deposited with the bulk  of solution. 

Some ini t ia l  investigations of the viologen reduction 
indicated that diffusion control was achieved soon after 
(less than 100 ~sec) the ini t ia t ion of deposition (25, 
26). Other reports (27) and the experiments  described 
below, however, show that  in  a potent ia l -control led 
reduction of the ~'iologen, diffusion control is not 
achieved instantly,  and that  the amount  of violo- 
gen reduced in the first 100-500 msec can be strongly 
influenced by the state of the electrode surface. Figures 
1 and 2 show the double potential  step, cur rent / t ime,  
charge/t ime,  and  t ransmit tance (at 595 n m ) / t i m e  
measurements  for 1 • 10-2M solution of n -hep ty l  
viologen dibromide in 0.5N KBr electrolyte. In  these 
experiments,  an SnO2 electrode was biased between 
--0.7 and --0.8V vs. the Ag/AgC1 reference electrode 
(just positive of the potential  for reduction to the 
neut ra l  viologen) and after approximately 3 sec (Fig. 
1) the bias voltage was changed to +0.4V. The cur-  
r en t / t ime  profile, from 1 to 3 sec of reduction, shows 
that the growth of the n -hep ty l  viologen radical cation 
film on the t in  oxide substrate appears diffusion con- 
trolled. The t ransmi t t ance / t ime  plot shows that  the 
color change occurs through two distinct t ime regions, 
l inear  changes from 0 to 400 msec and then a nonl inear  
change from 1 to 3 sec. The behavior  at longer elec- 
trolysis times is representat ive of spectroelectrochemi- 
cal behavior for a diffusion-controlled process (28). A 
spectrophotometric assay of the deposited viologen 
concentrat ion after 400 msec of deposition (assuming 
the molar  absorptivi ty to be ca. 1.5 X 104 M -~ cm -1, 
and a projected surface area of the viologen to be ca. 
50A 2) showed the surface excess to be ca. 15 mono-  
layers. A coulometric assay at this same electrolysi 
time (corrected for charging current  with or without 
viologen present)  indicated a deposition of ca. 34 
monolayers. The var iat ion in  the two numbers  can be 
assumed to arise in an overest imation of the extinction 
coefficient for the viologen in the film or poor est ima- 
tion of the projected area of the molecule. 

When the bias voltage was changed to +0.4V after 
3.75 sec, the oxidative current  was constant  as a func-  
t ion of time dur ing the first 500 msec of decoloration. 

DOUBLE POTENTIAL STEP -- 0 to6 seconds 

Transmittance 
%T 

Current 

(i) 

- lmA 

Charge(Q) T 0.hmC 

o 1'o ~o ~o 4'0 5'0 60 

Time (sec) 

Fig. 1. Double potential step, transmittance (at 595 nm)/time, 
current/time, and charge/time measurements for a 1 • 10-2M 
solution of n-heptyl viologen dibromide in a 0.1N KBr at a clean 
SnO2 electrode. Total elapsed time: 6 sec. Dashed line indicates 
the passage of 200 mser of electrolysis time (see Fig. 2). 

Decoloration therefore appears to be kinet ical ly l im-  
ited. Measurement  of Ework -- Eref s imultaneously in 
the chronoabsorptometric exper iment  indicated that 
the applied deposition or reduction potential  (--0.8V) 
was reached within 10 #sec after ini t ia t ion bu t  that  
the oxidation potential  (+0.4V) was reached only after 
500-1000 msec, following application of that  potential.  
We believe that this delay in  controlled potential  re-  
sponse is due to the inheren t  resistivity of the cation 
radical film (25-27) and the inabi l i ty  of the potentio- 
stat to comply with the current /vol tage  characteristics 
necessary to achieve fast dissolution of the film. The 
resistivity of the viologen film toward oxidation may 
be due to low rates of electron t ransfer  through the 
films, back to the electrode substrate. Saturat ion of this 
region with the newly formed dication may also impede 
electron transfer. The rectifying na ture  of the cation- 
radical film requires fur ther  study. 

Reduction in the t ime region from 0 to 200 msec was 
examined in more detail with a series of double-  
potential  step experiments  shown in  Fig. 2. Both the 
t ransmit tance change and total reductive charge in -  
creased l inear ly  over this t ime region. Absorbance 
change vs. (time)~/2 and charge vs.  (time)~/2 plots 
therefore show a positive deviation from linearity.  
Even though potential  control was achieved within 10 
#sec, the reduction current  was v i r tua l ly  constant  with 
time throughout  deposition. The deposition dur ing the 
ini t ia l  200 msec is apparen t ly  not mass t ransport  con- 
trolled (28). This ini t ia l  reduct ion corresponds to ap- 
proximately  1.8 X 10 -9 moles/cm 2 or ca. 6 monolayers 
(determined spectrophotometrically).  The decolora- 
tion or str ipping of viologen in  this t ime in terval  is 
also resistively controlled similar  to the longer t ime 
measurements.  Since the first several monolayers of 
viologen are deposited at rates not  controlled by mass 
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DOUBLE POTENTIAL STEP--O to600 milliseconds 

Transmittance 
~ 

Current 
(i) 

�9 ~ I 2rnA 

T 
Charge 10 .1  mC 

(0) 

0 100 200 300 400 500 600 

Time (msec) 

Fig. 2. Double potential step, transmittance (at 595 nm)/time, 
current~time, and charge/time measurements for a 1 X 10 -2M 
solution of n-heptyl viologen dibromide in 0.1N KBr electrolyte at 
a clean SnO~ electrode. Total elapsed time: 600 msee. 

transport,  we concur with Bru in ink  and Kregt ing 
(27) that  nucleat ion of the cat ion-radical  film is very 
impor tant  to film growth (22-26). Fletcher, Duff, and 
Barraclas have recent ly confirmed this nucleat ion hy-  
pothesis for the ini t ial  deposition of the cat ion-radical  
n-heptylv io logen film on SnO~ (29). Their  results 
were obtained at low concentrat ions of the viologen 
(10-5-10-4M) where nucleat ion can be expected to 
be more dominant  in the growth of the film than the 
results presented here. Similar  conclusions have been 
reached regarding electrodeposition of metals (30). In 
our experiments,  it appears that  nucleat ion can be 
expected to dominate film growth from concentrated 
solutions of viologen for times up to 1 sec when re-  
duction is carried out potentiostatically. This observa- 
tion also leads to the conclusion that  modification of 
the electrode surface should dramat ical ly  change the 
viologen deposition process by changing the number  
and type of nucleat ion sites. 

VioIogen deposition on chemically modified eIec- 
trodes.--Most metal  oxide electrodes have shown re-  
activity to silane coupling agents which can be used to 
al ter  the various electrochemical responses (1-8). We 
have found that  those electrodes which possess short, 
nonpolar  groups such as a dimethyl  funct ional i ty  (from 
dimethyldie thoxy silane, dmde-si lane)  or a phenyl  
funct ional i ty  (from phenyl t r ie thoxy silane, phensi lane)  
or a metallized plastic film electrode (MPOTE) im- 
prove the coloration behavior  of the n -hep ty l  viologen. 

P re l iminary  results for dilute (10-SM) solutions of 
n -hep ty l  viologen dibromide in 0.1N KBr had indi-  
cated an increase in coloration rates with increased 
nonpolar  na tu re  of the electrode surface (20). Un-  
modified SnO2 electrodes were compared with amine-  
si lane-modified SnO2 electrodes and  ITO metall ized 

plastic film electrodes. The amine-s i lanes  included 
7-aminopropyl  t r iethoxy silane (pr-s i lane)  and amino-  
e thylaminopropyl  t r iethoxy silane (en-s i lane)  both of 
higher molecular  weight and chain length than  in  the 
studies reported here. A sl ight increase in cur ren t  
density for the reduction and oxidation waves of the 
cyclic vol tammograms of n -hep ty l  viologen was noted 
on the modified SnO~ electrode and the MPOTE. An 
increase of the coloration rate of the viologen film 
(1-30 sec) of up to 50% was noted on the modified 
SnO2 electrode in chronoabsorptometric experiments.  
In  the case of the SnO2 electrodes, the increase in  
coloration rate was hypothesized to be due to the pres-  
ence of the organic funct ional i ty  on the electrode 
surface. In  the case of the MPOTE electrodes, surface 
analytical  data has indicated that the surface is carbon- 
rich, due to the admixture  of the metal  oxides and the 
polymer undercoat ing (21). Also of note was that  the 
reduct ion prewave in  the cyclic vol tammograms of 
the viologen was missing on the chemically modified 
SnO2 electrode. The prewave is typical  of reactions 
where the product of the electroreduction is adsorbed 
on the electrode surface (31, 32). The absence of the 
prewave indicates the al terat ion of the adsorption 
surface site. Fur the r  explorat ion of this effect is neces- 
sary. 

In  spite of the encouraging resul ts  obtained with 
the pr-SnO2 and en-SnO2 electrodes, we found it  dif- 
ficult to control the surface concentrat ion of the modi-  
fier so that  opt imum coloration and decoloration be-  
havior was obtained. High surface concentrations of 
the modifier promoted excessive decoloration rates. 
It  was decided that  the propylamine  or e thylamine-  
propytamine groups were not of the opt imum type to 
promote a favorable change in the n -hep ty l  viologen 
deposition and dissolution. Dimethyl  diethoxy silane 
and phenyl t r ie thoxy silane were explored next, to add 
smaller, nonpolar  funct ional  groups to the SnO2 sur-  
face. 

Double potential  step, t ransmi t tance / t ime  plots, 
(5 • 10-2M viologen, 0.1N KBr)  from 0 to 5 sec, are 
shown in Fig. 3, comparing an unmodified SnO2 elec- 
trode with a dmde-modified SnO2 electrode. Several  
features are apparent  in these plots. On the modified 
electrode surface the amount  of coloration at 2 sec is 
ca. 30% greater than on the unmodified surface, con- 
sistent with the results presented previously for the 
more dilute solutions of viologen. On both electrodes, 
the ini t ial  viologen deposition (0-500 msec) is not  
mass t ransport  controlled. On the modified surface in 
the first 500 msec of deposition the t ransmit tance 
change is increased over that  of the unmodified surface 
by ca. 60%. On both surfaces the rates of decoloration 
were kinetical ly controlled and were not significantly 
changed on the modified electrode surface. On those 
electrodes with large molecular  weight silanes at-  
tached, or with surface concentrations of the silane 
consistent with a siloxane polymer (1, 2, 32), the de- 
coloration rates were lengthened relat ive to the un -  
modified surface. 

The effect of surface concentrat ion of the silane on 
the electrochromic process is explored in  more detail 
in Fig. 4. Cyclic vol tammograms and chronoabsorbance 
behavior  are shown for n -hep ty l  viologen (10-~M) on 
unmodified SnO2, and SnO2 electrodes exposed to 
dmde-si lane at 20 and 100 rain, respectively. The 
amount  of silane found on the SnO2 surface when 
examined by XPS is found to be a direct funct ion of 
the exposure time of the SnO~ electrode to the silane 
dur ing modification. Both silanized electrodes show 
greater coloration rates when compared to an un-  
modified SnOe electrode, and the cyclic vol tammo- 
grams show a greater current  response due to the 
increase in  surface concentrat ion of viologens. The 
opt imum coloration rate was achieved when the SnO2 
electrode was silanized for 20 rain. Fur the r  exposure 
to siIane solution caused a greater  reduct ion current ,  
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Fig. 3. Double potential step, transmittance (at 595 nm)/time 
plots comparing on unmodified SnO2 electrode with o dmde-modi- 
fled SnO2 electrode for 5 X 10 -2  solution of n-heptyl viologen 
dibromide in 0.1N KBr electrolyte. Total elapsed time: 5 sac. 
Dashed line indicates the point at which chronoobsorptometric be- 
havior was compared. 

but  s lowed down the colorat ion ra te  for that  electrode. 
We bel ieve tha t  too much a t tached si lane restr icts  the 
nuclea t ion  of viologen at  the e lec t rode  surface and 
possibly forms an insula t ing  surface l aye r  (1, 2). This 
point  is fu r ther  i l lus t ra ted  in Fig. 5. Comparisons of 
unmodified dmde-modi f ied  and phen-modif ied  SnO2 
electrodes and an ITO, MPOTE are  shown. Upon po-  
ten t ia l  cycling to and f rom the deposi t ion potential ,  
bo th  the dmde-SnO2 and the phen-SnO2 electrodes 
show improved  colorat ion rates  a f te r  the 12th cycle. 

E : l e c t  r o c h r o m i c  

C y c l i n g  B e h a v i o r  

S n O  2 

p h e n - S n O  
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Fig. 5. Cyclic voltammograms and double potential step chrono- 
absorbance plots for a 1 • 10-~M solution of n-heptyl viologen 
in 0.]N KBr electrolyte on clean unmodified SnO2 electrode, 
SnO2 electrodes modified with phenyl dimetboxysilane and di- 
methyldiethoxysilone, and an ITO metallized plastic electrode 
film. Behavior monitored as a function of number of times the 
electrode potential was cycled to and from the reduction potential. 

This can be a t t r ibu ted  to some act ivat ion of the  modi -  
fied e lect rode surface, poss ibly  by  e lect rochemical  
s t r ipping of the unbound  silane, or  i r revers ib le  deposi-  
t ion of monolayers  of viologen. No addi t ional  changes 
were  noted for vo l t ammet r i c  cycles beyond  the 12th 
cycle. Good s tabi l i ty  of the film is apparen t  for 30-50 
cycles. Fu r the r  studies of film s tab i l i ty  a re  in progress.  
Only minor  amounts  of improvemen t  were  observed 
upon potent ia l  cycling the SnO2 and ITO MPOTE elec-  
trodes. Auger  analysis  of a surface removed  f rom 
solution af ter  the 12th cycle shows that  the si lane is 
st i l l  p resen t  on the surface,  but  its surface concent ra-  

R e a c t i o n  T i m e  of  Si lane 

S n O  2 dmde - SnO 2 

2 0 r a i n  100  min 

Fig. 4. Cyclic yohammogroms 
and double potential step, 
chronoabsorbance curves for a 
1 • 10-8M solution of n-heptyl 
viologen in 0.1N KBr electrolyte 
on unmodified SnO2 and SnO2 
exposed to dmde-silane at 20 
and 100 rain, respectively. 
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tion is half  tha t  found af te r  one cycle. Even af ter  po-  
ten t ia l  cycling the electrode,  the colorat ion ra tes  on 
the modified surfaces are  st i l l  fas ter  than  on the un-  
modified electrodes.  

Conclusions 
It  is c lear  tha t  the amount  of n - h e p t y l  viologen 

e lec t rochemica l ly  reduced  and its ra te  of prec ip i ta t ion  
can be s t rongly  influenced b y  the s ta te  of the  e lectrode 
surface. F igure  6 is a schemat ic  of the e lect rodeposi t ion 
process for unmodif ied SnO2 electrodes.  The top pic-  
ture  represents  an unmodif ied SnO2 elect rode whose 
surface  is v iewed to consist of h y d r o x y l  groups which  
can be exchanged wi th  a counter  ion such as b romide  
(25, 26). Viologen undergoing  e lec t rochemical  r e -  
duct ion prec ip i ta tes  in a configuration producing a 
pa r t i a l l y  conduct ive film. F o r  chemical ly  modified 
electrodes as shown in the  bo t tom picture,  the  role of 
the  counter  ion is uncertain.  Severa l  recent  s tudies 
have  shown tha t  on ly  a f ract ion of the  ava i lab le  sur- 
face hydroxy l s  are  involved  in si lane bonding,  so that 
ion exchange processes are  st i l l  possible (33, 34). We 
bel ieve tha t  by  provid ing  a nonpo la r  site on the sur  
face th rough  a t t achmen t  of the silane, that  a more  
p re fe r r ed  nuclea t ion  site is ob ta ined  for the deposi t ion 
of the first monolayers  of viologen. The spect roelec t ro-  
chemical  da ta  indicates  tha t  the amount  of viologen 
deposi ted in the first 200-500 msec of the reduct ion is 
increased  a t  least  60% by the addi t ion of a monolayer  
concentra t ion of the s i lane to the  e lect rode surface. 
We have seen l i t t le  effect on the reduct ion of me thy l  
viologen using s i lane-modif ied  electrodes and conclude 
tha t  the hep ty l  group on the viologen is the ma jo r  
source of the in terac t ion  with  the surface modifier.  
The role of the n -hep ty I  groups in the  viologen re -  
duct ion mus t  be to reduce the solubi l i ty  of the  cation 

+ 
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Fig. 6. Schematic representation of the viologen electrodeposi- 
tion process on unmodified and chemically modified (CME) SnO~ 
electrodes. 
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radical  and to increase the  t endency  toward  aggrega-  
t ion of the deposi ted molecules. We pic ture  the role of 
the s i lane modifier  as a fac i l i ta tor  in the solvat ion of 
the nonpolar  port ions of the v i o l o g e n .  The surface 
funct ional  groups cannot  be too bulky,  or  the surface  
concentrat ion of the modifier too large,  to avoid  exces-  
sive decolorat ion t imes for the  viologen film. In the 
case of the meta l l ized  plast ic  films, i t  seems tha t  the  
increase in colorat ion ra te  can be a t t r i bu ted  to the 
presence of nonpolar  surface groups which  are  present  
on the surface of the conduct ive film and in te rac t  wi th  
the  vio]ogen. X P S  and AES analysis  confirmed the 
higher  surface concentra t ion of carbon on these films 
compared  to normal  SnO2 thin film electrodes (21, 36). 
Favorab le  nucleat ion sites are  p resen t  on the MPOTE, 
bu t  not of the same chemical  type  as those on the 
s i lane-modif ied  SnO2 surface. 

Severa l  questions remain  under  inves t iga t ion  re -  
gard ing  the viologen e lec t rochromic  reactions.  The 
role of the anion in the deposi t ion react ions is impor -  
tant  and unexp lored  on the modified surfaces. Under -  
s tanding of the na tu re  of the in terac t ion  of B r -  wi th  
the meta l  oxide surface as wel l  as o ther  anions may  
lead  to fu r the r  opt imizat ion of the e lec t rochromic  
response of the viologens. I t  would  also be des i rable  
to hold the viologen in a more  r ig id  ma t r i x  nex t  to 
the  e lec t rode  surface to fu r the r  enhance colorat ion 
rates, the s tab i l i ty  of the viologen ca t ion- rad ica l  film, 
and possibly  reduce resis t ive effects on the  decolora-  
t ion process (37). 
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An Investigation of Electrode Materials for the 
Anodic Oxidation of Sulfur Dioxide in 

Concentrated Sulfuric Acid 

P. W. T. Lu* and R. L. Ammon 
Westinghouse Electric Corporation, Advanced Energy Systems Division, Pittsburgh, Pennsylvania 15236 

ABSTRACT 

The kinetic studies and electrochemical evaluation of catalysts for the SO2 
oxidation reaction have been carried out in concentrated (50 weight percent) 
sulfuric acid solutions using the steady-state potentiostatic method and cyclic 
voltammetry. Palladium and palladium oxide have been identified to be 
better  catalysts than platinum for this reaction. The polarization potential for 
SO2 oxidation on a preanodized Pd anode decreases with increasing tempera-  
ture, while the reaction mechanism is independent of temperature. The elec- 
trochemical oxidation of SO2 commences at an anodic potential where the for- 
mation of adsorbed oxygen-containing species is initiated. On the Pt, Ru, Ir, 
and Rh anodes, the chemical transformation of the adsorbed species to metal  
oxides at higher potentials creates passivated layers which par t ia l ly  cover the 
electrode surface and inhibit the SO2 oxidation reaction. 

The  sulfur cycle hydrogen production process is 
being developed for the electrolytic generation of hy-  
drogen from water (1-4). This cycle is essentially 
composed of an electrochemical and a thermochemical 
reaction. In an electrolysis cell, sulfur dioxide dis- 
solved in aqueous solutions is electrochemically oxi- 
dized at the anode while hydrogen gas is evolved at 
the cathode. Sulfuric acid produced in the electrolyzer 
is concentrated, using thermal energy from a high 
temperature heat source, and then catalytically de- 
composed to form sulfur dioxide, water, and oxygen. 
The hybrid cycle is completed by circulating the sul- 
fur dioxide to the electrolyzer. The partial  reactions 
for the cycle may be represented as follows 

Electrochemical: SO2 ~- 2H20-> H2804 -~- H2 [1] 

Thermochemical: H2SO4~ H20 ~ SO2 W �89 O2 [2] 

It has been noted (5) that the thermodynamic rever-  
sible potential for the reaction [1] is only 0.29V [in 
50 weight percent (w/o) sulfuric acid at 25~ as 
compared to 1.23V for water electrolysis. Conse- 

* Electrochemical Society Active Member. 
Key words: oxidation, catalysis, kinetics, depolarization, inhi- 

bition. 

quently, the sulfur-based cycle, through the anodic  
oxidation of sulfur dioxide (in place of the anodic 
evolution of oxygen), utilizes theoretically ~24% of 
electric energy required in the conventional water  
electrolysis. 

In acid media, the electrochemical oxidation of sul- 
fur dioxide has been intensively investigated on plati-  
num (6-13), gold (8, 11, 14, 15), graphite (16), and 
platinum-gold alloys (14). In a view by Zhdanov 
(17), the mechanism of the SO2 oxidation reaction has 
been discussed. Nevertheless, a majori ty  of electro- 
chemical studies on this reaction were carried out in 
dilute sulfuric acid solutions (less than 5 w/o) .  Quan- 
titative information regarding the anodic oxidation of 
sulfur dioxide in concentrated electrolyte or on metals 
and alloys other than platinum and gold is sparse 
(12). As has been pointed out (2, 4, 18), however, 
high concentration of sulfuric acid solution in the 
electrolyzer is of crucial importance to maximize the 
overall  energy efficiency of the cycle. 

The objective of the present  study is to understand 
the kinetics of the SO2 oxidation reaction in concen- 
trated sulfuric acid solutions. A number of candidate 
materials such as palladium, gold, ruthenium, rhenium, 
iridium, and rhodium, which are chemically stable in 
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the electrolyte envi ronment ,  were invest igated as 
catalysts for this reaction. Effects of temperature  on 
the electrode kinetic parameters  were examined. In 
addition, cyclic vol tammetr ic  studies were conducted 
on smooth metal  electrodes to determine the influence 
of oxygen-conta in ing  surface layers on the reaction 
kinetics. Attempts were also made to find a l ternate  
catalysts of low cost and promising activity to sub-  
sti tute for p la t inum in  the electrochemical oxidation 
of sul fur  dioxide in concentrated acid media. 

Experimental 
Electrode preparation.--A wire or rod of candidate 

materials  was electrically connected to a p la t inum 
wire by  spot welding. Each electrode was then sealed 
in a shr inkable  Teflon tubing  such that  a surface area 
approximately  1 cm 2 was exposed to the electrolyte. 

The porous carbon plates used in the fabricat ion of 
P d O J C  electrodes were pret reated in  concentrated 
(13.5N) ni t r ic  acid at 80~ for 4 hr, followed by u l t ra -  
sonic cleaning. The resul t ing carbon substrates were 
r insed thoroughly in  distilled water  and then dried in 
a i r  at 125~ An appropriate amount  of aqueous PdCI2 
solution was applied to the pretreated carbon sub-  
strafe by  a vacuum fil tration method. After  thermal  
decomposition at 600~ under  a hydrogen atmosphere, 
the catalyzed carbon electrode was oxidized at ,-,450~ 
in  a s tream of hel ium of gas containing 5 w/o oxygen. 
In  prepar ing P t -b lack /C  electrodes, an aqueous solu- 
t ion of H2PtC16 was applied and the oxidation .process 
was eliminated.  The catalyst loading of these elec- 
trodes was about  10 mg/cm 2. 

Two dimensional ly  stable anodes (DSA), com- 
posed of RuOx-TiO2 and IrOz:TiO2, respectively, on 
t i t an ium substrates, were obtained from Electrode 
Corporation. The PdOz-TiO2/Ti electrode was prepared 
by a thermal  decomposition method. A flat t i t an ium 
substrate was mechanical ly  roughened, degreased, 
pickled (in 20 w/o  oxalic acid at 90~ and cleaned 
ultrasonically.  An appropriate amount  of the solution 
comprising pa l lad ium chloride (PdC12), t i t an ium chlo- 
ride (TiCla), isopropyl alcohol, and hydrochloric acid, 
was coated on the' substrate.  After  a hea t - t rea tment  
in air, a catalyst layer  of mixed oxide was formed on 
the substrate. Pr ior  to an experiment,  each test elec- 
trode was degreased using acetone and then pretreated 
cathodically at 10 m A / c m  2 in SO2-free sulfuric acid 
solutions for 10 min, 

Electrolyte p~'eparation.mThe measur ing solutions 
(50 w/o  H2SO4) were prepared from Fisher analyzed 
reagent  grade sulfuric acid and distilled water. With a 
view to minimiz ing  impurit ies,  each measur ing  solu- 
tion was fur ther  purified by  pre-electrolysis at a cur-  
rent  density of about  2 m A / c m  2 on a Pt-gauze cath- 
ode for at least 24 hr, followed by  bubbl ing  a highly 
pure ni t rogen gas to el iminate traces of oxygen and 
hydrogen dissolved in the electrolyte. 

Apparatus.--Electrochemical studies were conducted 
in a th ree-compar tment  cell as described in the work 
by Miles and co-workers (19). A p la t inum spiral posi- 
t ioned in a small  compar tment  served as a counter-  
electrode. A reversible hydrogen electrode (RHE) 
wi th  sulfuric acid of the same concentrat ion as the 
measur ing  solution was used as the reference. The 
working electrode was placed about 0.5 mm from the 
tip of a Luggin capillary. Electrochemical measure-  
ments  were made using a PAR Model 371 potentiostat  
coupled with a PAR Model 175 programmer.  While 
per forming vol tammetr ic  studies, cyclic vol tammo-  
grams were recorded on an X-Y recorder. A quartz 
tube furnace was used in  the preparat ion of oxide and 
mixed oxide electrodes. The microstructures of these 
electrodes were examined by scanning electron micros- 
copy (ISI Model SUPER IIIA) .  

Electrochemical measurements.--Tafel plots were 
de termined for SO2 oxidat ion on test electrodes in  50 

w/o sulfuric acid solutions at 25~ using the s t e a d y -  
s t a t e  potentiostatic method. Dur ing  each experiment,  
the electrolyte wi thin  the ma in  compar tment  was a 
st irred solution deaerated with purified SO2. At a con- 
s tant  polarization potential, the observed currents  on 
the freshly prepared metal  electrode gradual ly  de- 
cayed with time. A similar  phenomenon  has also been 
reported in  the l i terature  (7). Therefore, each p r e -  
treated metal  electrode was fur ther  potentiostated a t  
1.0V in SO2-saturated solution for about  30 min. T h i s  
preanodizat ion process resul ted in  the formation of 
stable surface layers on the electrodes. Thus, s teady 
currents  were general ly  observed in  the direction of 
decreasing potential. Electrochemical studies of the 
temperature  effect on electrode kinetic parameters  
were performed on a smooth pa l lad ium electrode at 
temperatures  of 25 ~ 50 ~ 70 ~ and 90~ 

Cyclic vol tammetr ic  studios were conducted on t h e  
smooth electrodes of Pt, Pd, Ru, Ir, and  Rh. In  the 
measur ing solution, each freshly prepared e l e c t r o d e  
was ini t ia l ly potentiostated at 0.3V for 5 min. By ap-  
plying a l inear  potential  sweep of I00 mV/sec, the 
first ten traces of continuous cyclic vol tammograms 
were recorded for a test electrode. 

Results and Discussion 
Kinetic studies on metal e~ectrodes.--Electrocatalytic 

activities of preanodized electrodes of Pt, Pd, Au, Ru, 
Re, Ir, and Rh were investigated for SO2 oxidation in  
50 w/o sulfuric acid at 25~ and atmospheric pressure. 
As identified in an earlier analysis, the concentrat ion 
of SO2 in the saturated solution was approximately 
1.2M under  these conditions. Three separate studies 
were carried out  on each electrode. I t  was found that  
the preanodizat ion of a test electrode resul ted in  re-  
producible data. The poten t ia l -cur ren t  density re la-  
tionships shown in Fig. 1 represent  the averaged re-  
sults for the three indiv idual  studies. Well-defined 
Tafel regions were general ly  observed on these elec- 
trodes. Kinetic parameters  such as Tafel slope, t rans-  
fer coefficient, and l imi t ing cur ren t  densi ty  for SO2 
oxidation are summarized in  Table I. 

The performance characteristics of the Pt  electrode 
is considered as a baseline for comparison. As i l lus-  
t rated in Fig. 1, Pd is a bet ter  catalyst than Pt  for the 
SO2 oxidation reaction. At 1 m A / c m  2, the polarization 
potential  on the electrode is approximately  120 mV 
lower than  on the P t  electrode. Under  the identical  ex-  
per iment  conditions, the Pd electrode exhibits a l imi t -  
ing current  density of 4.0 • 10 -2 A /cm 2 as compared 
to 1.2 • 10 -3 A/cm 2 for P t  (see Table I) .  In  addition, 
Au and Ru show approximately  the same catalytic a c -  
t i v i t i e s  as Pt. However, Ir, Re, and Rh electrodes were 
relat ively inactive for the anodic oxidation of sulfur  
dioxide. 

There have been a number  of investigations on the 
reaction mechanism for SO2 oxidation, with most of 
these studies being conducted in  dilute sulfuric a c i d  
solutions (6-12). In  concentrated acid media, Appleby 
and Pichon (12) first proposed a reaction mechanism 

Table I. Electrode kinetic parameters for the S02 oxidation 
reaction on various candidate materials in 50 w/o H2S04 solutions 

at 25~ 

T afel Trans- Current Limiting 
slope fer* density current  

Elec- ( mV/ coeffi- at 0.6V density 
trode decade cient (A/cm 2) (A/cm~) 

Pt 67 0.88 1.8 • 10 -~ 1.2 x I0 -~ 
Pd 54 1.09 1.2 x 10 -4 4.0 • 10 -3 
Au 63 0.94 2.8 x 10 -~ 2.0 x 10 -8 
Ru 63 0.94 2.0 x 10 -6 1.6 x I0 -~ 
Re 68 0.87 9.3 x 10 -~ 8.0 x 10-~ 
I r  66 0.89 3.3 x 10 -6 5.1 • 10-~ 
Rh 82 0.72 1.9 x 10 -6 4.0 x 10-~ 

* Transfer coefficient = 2.303 RT/bF w h e r e  b is the  Tafel  slope. 
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Fig. i .  Tafel plots for S02 
oxidation on smooth electrodes 
of Pt, Pd, Au, Ru, Re, Ir, and Rh 
in 50 w/o sulfuric acid at 25~ 
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for Pt  electrode which m a y  involve the following steps 

Pt  "t- H20 --> PtOH -t- H + + e -  [3] 

PtOH--> PtO + H + + e -  [4] 

SOs + PtO--> SOs -{- P t  [5] 

This reaction scheme is only applicable to interpret 
the SO2 oxidation at potentials above 0.95V, the poten- 
tial at which the formation of PtO film commences 
(20). As seen from Fig. I, however, the linear Tafel 
regions for this reaction are normal ly  found at po- 
tentials  below 0.7V. Therefore, the measured kinetic 
parameters  are not  suitable for use to explain the oxi- 
dation mechanism by following the above reaction 
paths. 

As shown in  Table I, the observed Tafel slopes on 
the Pt, Pd, Au, Ru, Re, and Ir electrodes are close to 
RT/F (that is, t ransfer  coefficients being close to un i ty) .  
On the Rh electrode, a sl ightly higher Tafel slope of 
~1.4 RT/F  is measured. By use of the observed Tafel 
slopes alone, it  is difficult to determine uniquely  the 
reaction mechanism. In  50 w/o sulfuric acid saturated 
with SO2, however, the measured open-circui t  poten-  
tials at 25~ are ,~0.49 and --0.20V on the Pt  and Pd 
electrodes, respectively. Since the s tandard potential  
for the formation of I~28206 is as high as 0.564V (17), 
it  seems unl ike ly  that  in  such a concentrated sulfuric 
acid, the SO2 oxidation reaction takes place via the 
in termediate  $206 -2 ions. 

According to Robertson and Dunford (21), the mea-  
sured concentrations of SO4 -2 and I-ISO4- ions in 50 
w/o sulfuric acid are approximately 1.86 and 5.14M, 
respectively. It  is thus highly uncer ta in  (12) whether  
the overall  electrochemical reaction for SO2 oxidation 
is represented by 

SO2 + 2H20--> SO4 -2 + 4H + -]- 2e -  [6] 
or 

SO2 + 2H20 --> HSO4- + 3H + + 2e-  [7] 

As a result, the reversible electrode potential  for SO2 
oxidation cannot be obtained unambiguously.  Thus, 
exchange current  densities on the candidate materials 
are not determined from the observed Tafel plots. In 
Table I listed are the current  densities at a polariza- 
tion potential  of 0.6V. 

Temperature dependence of electrode kinetic param- 
eters.--The effect of tempera ture  on Tafel plots for 
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Fig. 2. Tafel plots for S02 oxidation on a smooth Pd electrodz 
in 50 w/o sulfuric acid at temperatures of 25 ~ , 50 ~ , 70 ~ , and 
90~ 

SO2 oxidation on a preanodized Pd electrode is shown 
in  Fig. 2. Distinct l inear  Tafel regions of approximately 
three decades are observed at temperatures  of this 
study. Electrode kinetic parameters  for SO2 oxidation 
at the four exper imenta l  temperatures  are presented 
in Table II. The observed Tafel slopes (being close to 
RT/F)  are approximately constant  at various tem- 
peratures, indicat ing that  the mechanism of the SO2 
oxidation reaction is independent  of temperature.  

There is very little or no improvement  in the l imit-  
ing current  density arising from the temperature  in-  

Table II. Electrode kinetic parameters for the S02 oxidation 
reaction on preanodized palladium electrodes in 50 w/o H2S04 

solutions 

Tafel Trans- Current Limiting 
Temper- slope fer* density current 

ature (mV/ coeffi- at 0.6V density 
(~ decade) cient (A/cm "s) (A/cm -~) 

25 54 1.09 1.2 x i0-~ 4.0 • 10 -5 
50 59 1.09 2.0 x i0-~ 4.9 x 10 -2 
70 72 0.92 6.0 • 10 -6 5.4 • 10 -2 
90 70 1.03 1.9 x 10 -8 3.3 x 10 -2 

* Transfer coefficient = 2.303 RT/bF where b is the Tafel slope. 
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c r e a s e .  Under  a tmospher ic  pressure ,  the  so lubi l i ty  of 
SOs in the e lec t ro ly te  decreases s ignif icant ly wi th  in -  
creasing t empe ra tu r e  (11, 12, 22, 23). Therefore,  in  the  
l imi t ing  cu r ren t  dens i ty  region, any  improvemen t  in 
the  e lec t rode  kinet ics  is p robab ly  m a r r e d  b y  the reduc-  
t ion of SO2 solubil i ty.  In  the  l inear  Tafel  regions, how-  
ever,  the  t empe ra tu r e  increase  resul ts  in a dis t inct  d e -  
c r e a s e  in the polar iza t ion  potent ial .  As i l lus t ra ted  in 
Fig. 2, an improvemen t  of ~10O mV in the anodic 
overpo ten t ia l  a t  1 m A / c m  2 is achievable  by  increasing 
t empe ra tu r e  f rom 25 ~ to 90~ The cur ren t  dens i ty  for 
SOs ox ida t ion  at  O.6V increased by  one o rde r  of mag-  
n i tude  f rom 1.2 X 10 -4  A / c m  2 at  25~ to 1.9 X 10 -8 
A/cm2 at  90~ (see Table  I I ) .  

Electrochemical evaluation o:f alternate catalysts.-- 
A number  of oxides and mixed  oxides have  a t t rac ted  
considerable  a t ten t ion  for  use as catalysts .  Ru then ium 
oxide (RuOx) on t i tan ium,  for  instance, is h ighly  a c -  
t i v e  for the  anodic evolut ion  of chlor ine and has found 
wide appl ica t ion  as an e lec t roca ta lys t  in the chlor-  
a lka l i  i ndus t ry  (24-26). This D S A - t y p e  e lec t rode  also 
shows low anodic overpoten t ia l s  for o x y g e n  evolut ion 
f rom acid (27) and a lka l ine  (28) media.  In  addi t ion 
to me ta l  electrodes,  the presen t  work  has been ex-  
tended to inves t iga te  oxides and mixed  oxides as  c a t a -  
l y s t s  for SOs oxidat ion.  The anode in an  SO2-depolar-  
ized e lec t ro lyzer  is n o r m a l l y  opera t ing  at  potent ia ls  
be low 0.7V vs. RHE (5). Apparen t ly ,  a m a j o r i t y  of 
noble  me ta l  oxides or  mixed  oxides  are  e lec t rochemi-  
cal ly  s table  under  this opera t ing  condition. 

The micros t ruc ture  of a p r e t r ea t ed  porous carbon 
p la te  used in the fabr ica t ion  of PdOx/C and P t - b l a c k / C  
electrodes is i l lus t ra ted  in  Fig. 3A. The mean  pore 
d iamete r  in this  subs t ra te  is ,-,9 ~m pr ior  to the p re -  
t rea tment .  Nevertheless ,  a m a x i m u m  pore  d iamete r  
~60 ~m is observed in the  scanning e lec t ron micro-  
graph.  A ca ta lys t  l aye r  was appl ied  to the surface of 
the  p r e t r ea t ed  carbon p la te  using a p r o p r i e t a r y  fab-  
r ica t ion process. The micros t ruc ture  of the resul t ing  
e lect rode is shown in Fig. 3B. Obviously,  the dens i ty  of 
ca ta lys t  par t ic les  on the PdOz/C elect rode is high and 
the par t ic le  d is t r ibut ion  is r a the r  uniform. 

The po ten t i a l - cu r r en t  dens i ty  re la t ionships  for SO2 
oxidat ion  on pure  carbon, PdOx/C and P t - b l a c k / C  
electrodes are given in Fig. 4. The carbon subs t ra te  
i tself  is e x t r e m e l y  inact ive  for the anodic oxidat ion  of 
SO2. The PdOx/C elect rode exhibi ts  h igher  l imi t ing  
cur ren t  dens i ty  and lower  polar iza t ion  potent ia ls  as  
compared  to the P t - b l a c k / C  electrode.  At  1 mA/cm2, 
for example ,  the  anodic overpoten t ia l  on the former  
is app rox ima te ly  50 mV less than  on the lat ter .  

The PdOx-TiO2 elect rode was p repa red  by  a t he rma l  
decomposi t ion method  as descr ibed e lsewhere  (29). The 
micros t ruc ture  of the e lec t rode  surface is shown in 
Fig. 5. The d is t r ibut ion  of ca ta lys t  par t ic les  is un i fo rm 
wi th  a m a x i m u m  par t ic le  size of ,-~3 ~m. I l lus t r a t ed  in 
Fig. 6 is the e lec t rochemical  proper t ies  of the  mixed  
oxide  electrodes in SOs-sa tu ra ted  sulfur ic  acid solu-  
tions. The PdOz-TiO2/Ti  e lect rode exhibi ts  an e lec t ro-  
ca ta ly t ic  ac t iv i ty  quite comparab le  to the P t - b l a c k / T i  
e lec t rode  for the  SO2 oxidat ion  reaction. A polar iza t ion  
potent ia l  of ~0.60V was measured  on this e lec t rode  at  
10 m A / c m  2. Ru then ium oxide and i r id ium oxide on 
t i t an ium subst ra tes  a re  excel len t  catalysts  for the 
anodic evolut ion of chlor ine (24-26) and oxygen (27, 
28). As seen f rom Fig. 6, however ,  both  RuOz-TiO2/Ti 
and  IrOx-TiOx/Ti e lectrodes are  ve ry  ineffective for 
the e lec t rochemical  oxida t ion  of SO2 in acid media.  

Cyclic voltammetric studies.--The vol tammet r i c  
method  has been ex tens ive ly  used to inves t iga te  the 
react ion mechanism of SO2 oxidat ion  on p l a t i num (8- 
10, 14) and gold (8, 14, 15). The previous  studies were,  
however,  car r ied  out  only  in di lute  acid media.  Ac-  
cording to the work  by  Seo and S a w y e r  (8, 30), an 
ac t iva ted  e lect rode surface can be achieved by  cycl ing 
the  potent ia l  of a p l a t inum or gold e lect rode be tween  

Fig. 3. Scanning electron micrographs of (A) a polished carbon 
substrate after treatment, and (B) a PdOx-catalyzed carbon elec- 
trode (loading: 10 mg-PdOx/cm2). 
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Fig. 4. Tafel plots for SOs oxidation on pure carbon, PdOx/C and 
Pt-black/C electrodes in 50 w/o sulfuric acid at 25~ 

--0.15 and 1.50V vs. SCE ( sa tu ra ted  calomel  e lect rode)  
d i rec t ly  in an SO2-containing electrolyte .  In  the ca th-  
odic sweep, the SOs-conta in ing species in the solution 
is e lec t roreduced in the  poten t ia l  region for hydrogen  
adsorption.  As a result ,  the  reduct ion  react ion m a y  
lead  to the fo rmat ion  of adsorbed  sul fur  and H2S on 
the e lect rode surface (14, 31, 32). With  a view to e l imi -  
nat ing the adsorbed  impuri t ies ,  this s tudy  w a s  c a r r i e d  
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Fig. 6. Tafel plots for S02 oxidation on mixed oxide electrodes 
in 50 w/o sulfuric acid at 25~ 

out a t  potent ia ls  above  0.30V, where  hydrogen  adsorp-  
t ion does not occur. 

F igure  7 shows the first t races of cyclic i -V curve~ 
on a f reshly  p repa red  P t  e lec t rode  in both SO2-free 
and SO2-satura ted  sulfuric  acid solutions. I t  should 
be noted that  the cu r r en t  densi ty  scales for  the two 
vo l tammet r ic  curves are  signif icantly different. In  the  
SOs-free e lectrolyte ,  the format ion  of adsorbed oxygen-  
containing species on the bare  e lect rode surface com- 
mences at  an anodic potent ia l  of ~0.55V (see Fig. 7). 
El l ipsometr ic  studies (20) indica ted  tha t  s ta r t ing  at  
~.-0.95V in the 0.1N sulfuric  acid, the adsorbed oxygen-  
containing species on a P t  anode is conver ted  to p la t i -  
num oxide, PtO, b y  the  "place  exchange mechanism" 
(33). Subsequent ly ,  the coverage and thickness of P r o  
species on the electrode surface increases wi th  poten-  
tial. I t  has been ~ointed out  (34) that,  in 2N sulfuric  
acid, the surface adsorbed  oxygen  is not  conver ted  to 
the  so-cal led "de rmasorbed  oxygen,"  P t - O ,  unt i l  po-  
tent ia ls  above 1.0V are  reached.  In  this study,  the 

anodic and cathodic peaks observed at 1.30 and 0.83V, 
respect ively,  are  p robab ly  a t t r ibu ted  to the format ion  
and reduct ion of the PtO film. According to the  work  
by  Thacker  and Hoare  (34), a complete  l ayer  of oxide 
film may  be reached at  about  1.6V. 

In the SO2-satura ted  acid solution, the anodic  and 
cathodic peaks  corresponding to the format ion  and 
reduct ion of oxide film are  en t i re ly  obscured  by  the 
re la t ive ly  high currents  for the  SO2 oxidat ion  reaction. 
As shown in Fig. 7 this react ion commences at  app rox i -  
ma te ly  the same potent ia l  (~0.55V) as tha t  for the 
format ion  of absorbed oxygen-con ta in ing  species. I t  is 
assumed tha t  the presence of SO2-containing species 
in the  e lec t ro ly te  does not change s ignif icant ly the  
potent ia ls  for  the fo rmat ion  and chemical  conversion 
of the surface film. In the anodic i-V curve, the  ob-  
served  cur ren t  dens i ty  decreases significantly wi th  a 
fu r the r  r is ing potent ia l  a f te r  reaching the peak  m a x i -  
mum at ~0.98V. As discussed previously,  the conver-  
sion of adsorbed  oxygen-con ta in ing  species to P r o  
film takes place at potent ia ls  above 0.95V (20). The 
appearance  of the  anodic peak  is thus a t t r i bu ted  to 
the format ion  of the PtO film, which pa r t i a l l y  covers 
the e lectrode surface, and the subsequent  increase of 
its coverage wi th  potential .  At  1.40V, the observed 
cur ren t  densi ty  is reduced to less than  1/4 of the peak -  
max imum value.  

In  the cathodic i-V curve, no detec table  reduct ion 
peak  is observed,  indica t ing  tha t  the  SO2 oxida t ion  
react ion is h ighly  i r revers ible .  As seen f rom Fig. 7, the 
e lec t ro reduc t ion  of the  PrO film in the cathodic sweep 
s ta r t s  at ~1.25V. The complete  reduct ion of the oxide 
film occurs at  potent ia ls  b e l o w  0.6V. Nevertheless ,  on 
the pa r t i a l l y  reduced  Pt  electrode,  an anodic peak  for 
SO2 oxidat ion appears  a t  ~0.90V. I t  is noted 1 that,  
in the Tafel  plots shown in Fig. 1, the measured  current  
densi ty  on a preanodized  P t  e lec t rode  increases s l ight ly  

1El l ip somet r i c  r e su l t s  (20) r e v e a l e d  t h a t  t he  c o v e r a g e  of t he  
PtO f i lm on the  P t  anode  is m u c h  less t h a n  a m o n o l a y e r  at  1.0V. 
In  o x y g e n - s a t u r a t e d  acid solut ion,  t he  m e a s u r e d  c o v e r a g e  of ox- 
ide f i lm on the  s u r f a c e  of a P t  e l ec t rode  is ~30% at the  open-cir-  
cui t  po ten t ia l  of  1.06V (34). T h e r e f o r e ,  on the  P t  e l ec t rode  pre-  
anodized at  1.0V, the  SOs ox ida t ion  r eac t i on  t a k e s  place only at 
t he  ac t ive  s i tes  t h a t  are not  covered by the PtO specms. 
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with decreasing potential  in  the range of 0.85-1.0V, 
essentially due to the gradual  reduct ion in  the cover- 
age of PtO species on the electrode surface. These ob- 
servations indicate that  the electrocatalytic activity 
of an oxide-covered P t  anode for the anodic oxidation 
of SO2 is re juvena ted  by the electroreduction of P r o  
film to adsorbed oxygen-conta in ing  species. 

On the basis of vol tammetr ic  results, it is concluded 
that  the electrochemical oxidation of SO2 commences 
at the potent ial  (--~0.55V) where the first adsorbed 
oxygen-conta in ing  species appears on a bare Pt  anode. 
At potentials higher than 0.98V, the adsorbed species 
is chemically converted to a passivating PtO film which 
par t ia l ly  covers the electrode surface and inhibi ts  the 
SO2 oxidation react ion3 

The first traces of cyclic i -V curves on a freshly 
prepared Pd electrode are i l lustrated in  Fig. 8. In  the 
SOs-free electrolyte, two anodic peaks are detected 
at 1.03 and 1.14V. It has been found exper imenta l ly  
(35) that, in dilute acid solutions, pa l lad ium oxide, 
PdO, is formed on a bare Pd electrode at potentials 
above 0.79V by the following reaction 

Pd -t-  H~O-'> PdO -]- 2H + -1- 2e-  [8] 

In  addition, the s tandard potential  for the formation 
of hydrated pal ladium oxide, Pd(OH)2,  is ,-~0.896V. 
Therefore, in the anodic sweep up to 1.2V, the chemi- 
cal t ransformat ion of adsorbed oxygen-containing 
species to pal~ladium oxide films should take place. 

In  the SOs-saturated electrolyte, the cyclic vol tam- 
mogram on the Pd electrode is somewhat different 
from that on the Pt  electrode. On a bare Pd anode, the 
SOs oxidation reaction also commences at a potential  
where the formation of adsorbed oxygen-conta in ing  
species is ini t ia ted (being ,~0.60V as identified in  Fig. 
8). The observed current  density for this reaction, 
however, increases dist inctly with rising potential  up 

2There is possibly an alternative interpretation that the ad- 
sorbed SOs blocks the formation of PtO, which is a reaction inter- 
mediate for  SO2 oxidation (12). As a result, the overall SOs oxi- 
dation reaction is retarded by the gradual decrease of PtO species 
on the e lectrode surface. In this case, it is purely coircidental 
that the peak-maximum potential  for  SOs oxidation as shown in 
the anodic i-V curve in Fig. 7 is identical  wi th  the potential at 
which  the format ion of PtO species  is initiated. 
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Fig. 8. Cyclic voltammograms on a smooth Pd electrode at 100 
mV/sec in SO~-free and S02-saturated sulfuric acid at 25~ 

to 1.2V and then decreases gradual ly  with reducing 
potential. No oxidation peak is detected in either the 
anodic or the cathodic i -V curve. I t  is obvious that  
the formation of oxide films on the Pd anode does not 
inhibi t  the electrochemical oxidation of SO2. More 
precisely, an oxide-covered Pd electrode exhibits high 
electrocatalytic activity for SO2 oxidation. 

Figure 9 shows the cyclic i -V curves on the freshly 
prepared electrodes of Ru, Ir, and Rh in SO2-saturated 
sulfuric acid solutions. Like the Pt  anode, broad anodic 
peaks are normal ly  observed on these electrodes. At 
the potential  sweep rate 100 mV/sec, the peak-maxi -  
mum potentials on Ru, Ir, and Rh electrodes are ap-  
proximately 1.12, 1.08, and 0.88V, respectively, in the 
anodic i-V curves. As observed on the Pt  anode, the 
conversion of adsorbed oxygen-conta in ing species to 
metal  oxides on these electrodes also creates passivated 
surface layers which inhibi t  the SO2 oxidation reac- 
tion. 

Conc lus ions  
For the anodic oxidation of SO2, pa l lad ium and 

pal ladium oxide are bet ter  catalysts than plat inum. 
The DSA-type electrodes such as RuOz-TiO2/Ti and 
I rO~-TiOJTi  are inactive for this reaction. Increasing 
tempera ture  results in remarkable  improvements  in  
the anodic overpotential  for SO2 oxidation on a pre-  
anodized Pd electrode. The reaction mechanism is, how- 
ever, independent  of temperature.  In  the anodic sweep, 
the SO2 oxidation reaction commences at potentials 
where the formation of adsorbed oxygen-conta in ing  
species is initiated. On most metal  electrodes, the 
chemical t ransformat ion of the adsorbed species to 
metal  oxides at higher potentials creates passivated 
surface layers which par t ia l ly  cover electrode surfaces 
and inhibi t  the SO2 oxidation reaction. However, the 
oxide-covered Pd electrode exhibits high electrocata- 
lytic activity for SO2 oxidation. 
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Effects of the Gaseous Environment on 
Propagation of Anodic Reaction Boundaries in 

Lutetium Diphthalocyanine Films 
M. M. Nicholson* and F. A. Pizzarello 

Rockwe~ International, Electronics Research Center, Anaheim, California 92803 

ABSTRACT 

Influences of the gaseous env i ronment  on the anodic oxidation of lu te t ium 
diphthalocyanine films contacted by aqueous Na2SO4 or KC1 were investigated 
with a moving-boundary  technique. Ambien t  water  vapor was required to 
propagate the red /green  boundary  from both electrolytes. Oxygen was also 
required with the sulfate solution but  not with the chloride. The results sug- 
gest that  the diphthalocyanine oxidation product  containing sulfate may  b ind  
oxygen revers ibly at room temperature.  

Recent papers from this laboratory have described 
color -boundary  propagation in lu te t ium diphthalocy- 
anine films due to anodic oxidation of the dye (1, 2). 
The film was supported on a strip of alumina,  with the 
lower end immersed in an aqueous electrolyte and the 
upper  end contacted by gold. Under  constant  applied 
current ,  the color conversion from green to red began 
at the dye/electrolyte  interface and moved upward  
through the film. The electrochemical reaction was 
shown, approximately,  to be a two-electron oxidation of 
the diphthalocyanine.  Charge compensation occurred 
by migra t ion of anions from the electrolyte 
through the red phase under  the influence of the elec- 
tr ic field. An ionic mobi l i ty  of 4 • 10 -6 cm2/Vsec was 
determined in  the solid oxidation products formed 
with both chloride and sulfate electrolytes. In  radio- 
tracer experiments  with C13s and S 3~, the chloride 
product  gradual ly  lost chlorine and reverted to green 
in ambient  air, but  the sulfate product  re ta ined its 
red color and its radioactivi ty more than a month  (2). 
I t  was also found that  dry  and moist e lementa l  chlo- 
r ine reacted immedia te ly  with lu te t ium diphthalocy- 
anine  films to form a red product  (3). 

In  this paper, we report  pronounced dependences of 
the faradaic boundary  propagation on the composition 
of the gas in contact with the dye film. Specifically, 
t h e  effects of water  vapor and oxygen on the velocity 
of propagation from chloride and sulfate electrolytes 
were determined.  The results are examined in relat ion 
to crystal s tructures of related actinide diphthalocy- 
anines and the known abilities of certain phthalocy-  
anines and porphyrins  to form oxygen adducts. The 
interest ing possibility of oxygen-carr ier  act ivi ty in 
diphthalocyanine derivatives is noted. 

Experimental 
Fi lm specimens of lu te t ium diphthalocyanine 

[Lul l (Pc)2]  were prepared by vacuum subl imat ion of 
the dye onto s ingle-crystal  sapphire strips 1.25 cm 
wide and approximately  5 cm long (1, 2). The film 
thickness was estimated from its optical densi ty at 
670 n m  in the ini t ia l  green state. 

Quant i ta t ive  measurements  of the boundary  position 
as a function of t ime were made with the cell shown 
in Fig. 1. The container  was a Klet t  colorimeter cell, 
open at the top, with an inlet  for b lanke t ing  the film 
with the selected gas. The electrolyte was 1M Na2SO4 
or 1M KC1. In  the sulfate solution, the reference and 
counterelectrodes were Pb/PbSO4; in  the chloride, they 
were Ag/AgC1. 

Details of the cell assembly and measurement  pro-  
cedures were described previously (1). Constant  

* Electrochemical Society Active Member. 
Key words: diphthalocyanines, moving boundary, oxygen, elec- 

trochromism. 

anodic currents  were applied with a Pr inceton Ap-  
plied Research (PAR) 173 galvanostat.  The total  
voltage between the working and reference electrodes 
was monitored with a Keithley 610C electrometer and 
s t r ip-chart  recorder. With total applied currents  in  the 
microampere range, the current  density through the 
cross section of the film ranged from approximately 
20 to 50 mA / c m 2. An open cell, i l lustrated in  Fig. 2, 
was used to determine effects of the gases impinging 
directly on the red film. The container  then was a 
Klet t  cell with a portion of the f ront  wall  removed, as 
indicated by the dashed line. In  the open-cell  experi-  
ments, the boundary  was characterized as moving or 
s ta t ionary by  observing it  under  a low power  micro-  
scope, and the corresponding instantaneous voltages 
were noted. 

The gases included in the s tudy were ambient  air, 
dry and wet oxygen, and dry and wet helium. In addi-  
tion to cells with flowing helium, some of the par t ia l ly  
enclosed cells were set up in a he l ium-atmosphere  
glove box where  the oxygen content  did not  exceed 
a few ppm- 

GAS 

ECTRODE 

COUNTER 
ELECTROD EFERENCE 

LECTRODE 

Fig. 1. Partially enclosed cell 
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Results and Discussion 
Qual i ta t ive  observat ions  of the b o u n d a r y  movement  

and vol tage  changes are  summar ized  in Table  I. The 
results  were  consistent  th rough  many  exper iments  per -  
fo rmed wi th  a n u m b e r  of cells. S t r ik ing  ambien t  effects 
occurred under  cer ta in  conditions. For  example ,  d ry  
he l ium in t roduced  above the sodium sulfate  solut ion 
could dr ive  the ga lvanos ta t  to its ful l  compliance of 
a pp rox ima te ly  95V in a few seconds. Quant i ta t ive  da ta  
for  the  two e lec t ro ly tes  in  pa r t i a l l y  enclosed cells a re  
p resen ted  in Fig. 3 and 4, where  the p ropaga t ion  dis-  
tances and vol tages are  p lo t ted  as functions of t ime. 

I t  is appa ren t  f rom the tab le  that  some w a t e r  in 
the ambien t  gas was essent ia l  for  p ropaga t ion  of the  
color change f rom both  chlor ide  and  sulfa te  e lec t ro-  
lytes;  d ry  he l ium or  d ry  oxygen  impinging  d i rec t ly  
on the r ed  film s topped the b o u n d a r y  movemen t  in 
each case and caused a ma jo r  increase  in e lec t r ica l  re -  
sistance. Moreover,  the wa te r  content  of the film above 
the l iquid  could not  be a t t r i bu ted  to cap i l l a ry  action. 
The meniscus agains t  the  dye  was nonwet t ing,  and th~ 
previous  t r ace r  s tudy  had  shown the up take  of anions 
to be s toichiometr ic  (2). I t  is possible tha t  w a t e r  also 

Table I. Summary of gaseous environment effects on 
boundary propagation a 

Fig. 3. Ambient effects on boundary propagation from 1M No, SO4 
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Electrolyte 

A m b i e n t  g a s  

1M Na~SOl 1M KC1 

B o u n d a r y  V o l t a g e  B o u n d a r y  V o l t a g e  
m o v e m e n t  c h a n g e b  m o v e m e n t  c h a n g e  b 

Air Yes 

D r y  h e l i u m  
o p e n c  N o  
enclosed a No 

glove box No 
(enclosed) 

Wet helium 
open No 
enclosed No 

Y e s  - -  

I n c r e a s e  No  I n c r e a s e  
I n c r e a s e  Y e s  S l o w  in- 

c r e a s e  
- -  Y e s  

N o n e  Y e s  N o n e  
S l o w  de-  Y e s  D e c r e a s e  

c r e a s e  ( s l o w )  

D r y  o x y g e n  
o p e n  N o  I n c r e a s e  No  I n c r e a s e  
e n c l o s e d  Y e s  S l o w  in- Y e s  I n c r e a s e  

c r e a s e  

W e t  oxygen 
open Yes Slight in- Yes None 

c r e a s e  
e n c l o s e d  Y e s  N o n e  - -  

a C u r r e n t  0.2 ~A;  o p t i c a l  d e n s i t y  o f  g r e e n  f i l m  0.5-0.9 a t  670 n m .  
b I n i t i a l  c h a n g e  r e l a t i v e  to  v o l t a g e  in  a m b i e n t  a i r .  

O p e n  ce l l  a s  i n  F i g .  2. 
d P a r t i a l l y  e n c l o s e d  ce l l  a s  i n  F i g .  1. 

combines wi th  the  dye s to ichiometr ica l ly  or  tha t  i t  ac-  
c o m p a n i e s  the  anion in  some definite propor t ion.  

The responses of the film to oxygen  were  qui te  di f -  
ferent  wi th  the two electrolytes .  F igure  3 represents  
the behav ior  in sodium sulfate.  The b o u n d a r y  p ropaga -  
tion, which had begun  in a i r  a t  point  A, s topped corn-" 
p le te ly  on in t roduct ion  of d ry  he l ium at B, and  the 
vol tage rose essent ia l ly  l~ the  compliance of the  in-  
s t rument .  On addi t ion  of a i r  a t  C, the vol tage d ropped  
abrupt ly ,  and no rma l  p ropaga t ion  continued.  Wet  
(w a t e r - s a tu r a t e d )  helium, in t roduced  at  D, also a r -  
res ted  the bounda ry  propagat ion,  but  the  vol tage  then 
g radua l ly  fel l  ins tead of increas ing as i t  d id  wi th  d r y  
helium. Again, the p ropaga t ion  resumed  in the  usual  
vol tage  range  on addi t ion  of a i r  a t  E. This figure es- 
tabl ishes the impor tan t  point  that  oxygen  is necessary  
for p ropaga t ion  of the  b o u n d a r y  f rom a sulfa te  solu-  
tion. Al though dry  he l ium s topped al l  anodic processes, 
wet  he l ium appa ren t ly  t r ans fe r red  enough wa te r  to 
the  outer  surface of the film to suppor t  an e lec t ro ly t ic  
side react ion at  low voltage. Oxidat ion  of the dye was 
then effectively shunted  b y  the lower  fa rada ie  r e -  
sistance. 
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The cont ras t ing  resul ts  obta ined  wi th  potass ium 
chloride are  i l lus t ra ted  by  Fig. 4. Dry  helium, in t ro-  
duced at point  B, caused a g radua l  r ise in voltage,  bu t  
the bounda ry  p ropaga t ion  st i l l  cont inued at  the ra te  
observed  in  ambien t  a i r  (A-B  and C-D) .  Wet  helium, 
beginning at  D, caused a sharp vol tage  drop and a 
pronounced  decrease in the b o u n d a r y  velocity.  This 
was a t t r ibu ted  to e lec t ro ly t ic  shunt ing by  a film of 
water ,  as in the  sodium sulfa te  exper iment .  The film 
in Fig. 4 p robab ly  r ema ined  somewhat  wet,  even af ter  
the final addi t ion  of a i r  a t  point  E. 

In summary ,  an oxygen-con ta in ing  a tmosphere  was 
requ i red  to p ropaga te  the bounda ry  f rom sulfate  solu-  
tion, but  not  f rom chloride.  Dry  he l ium increased the 
resis tance of the film system, and ve ry  d ry  oxygen  or 
very  d ry  he l ium could stop the bounda ry  p ropaga t ion  
f rom ei ther  e lectrolyte .  

These points  are  borne out  by  observat ions  of the 
in i t ia l  reac t ion  si te under  different  conditions. F igure  
1 shows a scribe l ine in the  dye, which  was p laced  
jus t  be low the meniscus to l imi t  any  downward  p ropa -  
gat ion of the red  color. In  sodium sulfate  solution, the 
dye react ion a lways  began at  the meniscus. I t  then 
t r ave l l ed  u p w a r d  wi th  oxygen  present ,  but  wi th  oxy-  
gen absent,  i t  p roceeded  downward  only and s topped 
at  the scribe line. The dye reac t ion  be low the l iquid  
level  p r o b a b l y  was susta ined by  anod ica l ly - fo rmed  
oxygen.  A n y  oxygen  escaping into the gas phase was 
h ighly  di luted,  however,  so tha t  u p w a r d  p ropaga t ion  
was prevented.  In  the chlor ide electrolyte ,  the red  
color first appea red  wi th in  the smal l  submerged  a rea  
and then cont inued upward ,  wi th  or wi thout  oxygen 
present .  

The effects of the gas env i ronment  were  found to 
be associated a lmost  en t i re ly  wi th  the red  region, 
r a the r  than  the green. This was appa ren t  f rom the 
anion specificity in the  case of oxygen.  I t  was indica ted  
in the case of wa te r  by  Fig. 5, which shows a cu r ren t -  
vol tage  plot  de te rmined  on a s t r ip  of green dye film 
be tween  two gold contacts. The re la t ionship  was 
ohmic in a i r  to at  leas t  93V (~20 V / c m ) .  Wet  and d ry  
helium, passed over  the film for more  than  an hour, 
p roduced  significant resis tance changes, but  none ap-  
proaching  the magni tude  of those in the p ropaga t ion  
exper iments .  I t  should be noted in this context  that  
o ther  inves t igators  have r epor t ed  very  large  ambien t  
effects of wa te r  and oxygen  on electronic conduction 
in d iva l en t -me ta l  ph tha locyanines  (4). However ,  such 
compounds genera l ly  have resis t ivi t ies  severa l  orders  
of magni tude  h igher  than  those of the r a r e - e a r t h  di-  
ph tha locyanines  (5) and  hence may  be more  suscept-  
ible  to ambien t  effects. 

We shall  now consider  the anodic react ions of the 
dye, some requ i rements  for  migra t ion  of anions into 
the film, and  the poss ib i l i ty  tha t  the oxidat ion  produc t  
conta ining sulfate  could be  an oxygen ca r r i e r  at  room 
tempera tu re .  
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Fig. 5. Current-voltage characteristics of green film between 
two gold contocts. 

Moskalev and Ki r in  o r ig ina l ly  sugges ted  tha t  the 
e lec t rochromism of L u l l ( P c ) 2  at  anodic potent ia ls  in 
KC1 was due to complexing wi th  oxygen  or wa te r  (6). 
I t  is now clear tha t  both  of these substances are  in-  
volved wi th  a sulfa te  e lec t ro ly te  and tha t  water ,  bu t  
not oxygen, is needed  for the anodic process in chlor ide 
solution. In  addi t ion to any di rec t  addi t ion reactions,  
charge compensat ion must  accompany the loss of elec-  
t rons by  the dye. Our  previous  work  showed tha t  this 
was accomplished by  migra t ion  of anions A - z  into the 
film (1, 2) 

L u l l ( P c ) 2  + yA-z.--> L u l l ( P c ) 2  �9 y A  + h e -  (n  . :  yz )  
(Green)  (Red)  

The expe r imen ta l  n values were  a pp rox ima te ly  2 for 
KC1 and Na2SO4. F u r t h e r  work  wil l  be requ i red  to 
de te rmine  whe the r  wa te r  and oxygen also par t i c ipa te  
s to ichiometr ica l ly  in the  e lec t rode  process and how 
they  are  bonded wi th in  the organic  s t ructure .  

The mobi l i ty  of anions wi th in  the red  phase may  be 
examined  in re la t ion to the space avai lab le  in the 
organic solid. The crys ta l  s t ruc tures  of U(Pc)2  and 
Th(Pc)2  have been known for some t ime (7, 8), and 
that  of a neodymium d iph tha locyanine  complex was 
recent ly  inves t iga ted  (9). These crysta ls  contain open 
spaces g rea t  enough to accommodate  unsolva ted  chlo-  
r ide ions, wi th  a radius  of 1.8A. Hence i t  is p laus ib le  
that  oxidat ion of L u l l ( P c ) 2  in a chlor ide e lec t ro ly te  
could occur and be reversed  wi thout  a ma jo r  change in 
la t t ice  dimensions.  This is in keeping  wi th  the  high 
so l id-s ta te  ch lor ide- ion  mobi l i ty  of 4 X 107-6 cm2/Vsec. 

The s imi lar  mobi l i ty  of larger ,  po lya tomic  anions 
such as sulfate  in the red  phase seems to requi re  fu r -  
ther  explanat ion.  An a t t rac t ive  possibil i ty,  consistent  
wi th  the amb ien t - a tmosphe re  dependence,  is the for-  
mat ion  of an oxygen ~adduct by  LuH(Pc)2.SO4.  I t  has 
long been known that  cer ta in  organic crystals  can ex-  
pand on addi t ion of oxygen. Fo r  example ,  Calvin et al. 
observed pronounced dimensional  changes along one 
crys ta l lographic  axis in coba l tnb i s - ( s a l i cy l a ldehyde )  
e thy lened iamine  dur ing  cyclical  absorpt ion  and  de-  
sorpt ion of oxygen (10). Such a la t t ice expans ion  of 
lu te t ium d iph tha locyanine  might  provide  the add i -  
t ional  space needed for the sulfate  ions. This mecha-  
nism requires  the presence of oxygen throughout  the 
red  film, not jus t  at  the r e d / g r e e n  interface.  The ve ry  
large  vol tage change that  occurred on in t roduct ion of  
he l ium also suggests an effect in the  bu lk  of the  red  
film. 

Thus i t  is quite possible, but  not  proved,  tha t  the 
sulfate oxidat ion  product  of L u l l ( P c ) 2  is an oxygen 
carr ier ,  i.e., a compound tha t  binds oxygen  revers ib ly  
at  room tempera ture .  Al though much work  has been 
done in recent  years  on synthet ic  and na tu ra l  oxygen 
car r ie rs  (11-15), this could be the first ins tance of 
car r ie r  ac t iv i ty  control lable  by  anions or (one m a y  
predic t )  by  anion exchange.  The na tu r a l  hemoprote ins  
achieve revers ib le  oxygen  b ind ing  by  v i r tue  of com- 
pl ica ted  s t ructures  a t tached to the po rphyr in  ring. 
Among s impler  molecules,  manganese  (II)  t e t r a pheny l -  
po rphyr in  forms a revers ib le  d ioxygen  complex near  
--790C in the presence of py r id ine  (13), but  this is 
uns table  at  room tempera ture .  However ,  manga -  
nese ( I I )  ph tha locyanine  binds oxygen in py r id ine  at  
much h igher  t empera tu res  (14, 15). Genera l ly ,  i t  ap -  
pears  tha t  oxygen -ca r r i e r  behavior  in the  porphyr ins  
and phtha locyanines  resul ts  f rom a special  ba lance  of 
condit ions tha t  is not  eas i ly  achieved. This ba lance  m a y  
exist  in a product  such as LuH(Pc)2 .SO4 or  in a solid 
hydra t e  of tha t  product .  F u r t h e r  invest igat ions  of the  
d iph tha locyan ine -oxygen  systems are  in  progress.  

Acknowledgment 
This work  was suppor ted  in pa r t  by  the  Office of 

Nava l  Research.  

Manuscr ip t  submi t t ed  Jan. 21, 1980; rev ised  m a n u -  
scr ip t  received J u l y  14, 1980. 



2620 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY December 1980 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1981 
JOURNAL. All discussions for the June  1981 Discussion 
Section should be submit ted by Feb. 1, 1981. 

Publication costs of this article were assisted by 
Rockwell International. 

REFERENCES 
1. M. M. Nicholson and F. A. Pizzarello, This Journal, 

126, 1490 (1979). 
2. F. A. Pizzarello and M. M. Nicholson, J. Electron. 

Mater., 9, 231 (1980). 
3. M. M. Nicholson, R. V. Galiardi, and G. A. Layman,  

Annua l  Technical Report for Period Apri l  1,' 
t977 to March 31, 1978, Contract F49620-77-C- 
0074, C78-640/501, May 1978, Electronics Re- 
search Center, Rockwell Internat ional ,  Anaheim, 
California. 

4. H. Tachikawa and L. R. Faulkner ,  J. Am. Chem. 
Soc., 1@0, 4379 (1978). 

5. I. S. Ki r in  and P. N. Moskalev, Russ. J. Phys. Chem., 

41, 251 (1967). 
6. P. N. Moskalev and I. S. Kirin, ibid., 46, 1019 

(1972). 
7. A. Gieren and W. Hoppe, J. Chem. Soc. Chem. 

Commun., 413 (1971). 
8. I. S. Kirin, A. B. Kolyadin, and A. A. Lychev, 

J. Struct. Chem., 15, 415 (1974). 
9. M. Tsutsui, Pr ivate  communication. 

10. A. E. Martell  and M. Calvin, "Chemistry of the 
Metal Chelate Compounds," Chap. 8, Prent ice-  
Hall, Englewood Cliffs, New Jersey (1952). 

11. F. Basolo, B. M. Hoffman, and J. A. Ibers, Acc. 
Chem. Res., 8, 384 (1975). 

12. J. P. Collman, R. R. Gagne, C. A. Reed, T. R. 
Halbert,  G. Lang, and W. T. Robinson, J. Am. 
Chem. Soc., 97, 1427 (1975). 

13. C. J. Weschler, B. M. Hoffman, and F. Basolo, 
ibid., 97, 5278 (1975). 

14. L. H. Vogt, Jr., A. Zalkin, and D. H. Templeton, 
Inorg. Chem., 6, 1725 (1967). 

15. A. B. P. Lever, J. P. Wilshire, and S. K. Quan, 
J. Am. Chem. Soc., 101, 3669 (1979). 

Steady-State D-C Polarization Characteristics 
of the Pt/Stabilized Zirconia Interface 

Turgut M. Gilr, lan D. Raistrick,* and Robert A. Huggins* 
Department oi Materials Science and Engineering, Stanford University, Stanford, California 94305 

ABSTRACT 

Four-probe  d-c polarization studies were carried out on the Pt /s tabi l ized 
zirconia interface between 600 ~ and 900~ in the presence of 10-6-1 a tm of 
oxygen part ial  pressure. Three types of polarization effects were observed. At 
high currents,  the oxygen flux density is l imited by diffusion of molecular  
oxygen in the gas phase through a boundary  layer  near  the interface. 
At in termediate  currents,  porous Pt  electrodes are almost completely non-  
blocking to oxygen, and the pr imary  impedance present  is due to ionic 
resistivity in the electrolyte. At low overvoltages, a l imit ing current  plateau is 
observed at 600 ~ and 700~ which disappeared completely at 800~ and above. 
Two al ternat ive mechanisms involving slow diffusion of either atomic oxygen 
or an electronic species are proposed to account for the observed behavior. 

Although electrical conduction due to ionic motion 
was observed in  oxides by Nernst  (1) in 1899, the po- 
tent ial  of the widespread use of solid oxides as elec- 
trolytes has been exploited only in the last two 
decades. Efforts have also only recent ly been made 
to bet ter  unders tand  electrode/solid electrolyte in-  
terfaces and their  polarization effects (2-5). 

Early work on stabilized zirconia indicated that only 
ohmic polarization is present  when suitable electrodes 
and current  densities are used (6, 7). Fur ther  informa-  
t ion on polarization effects under  a broader  range of 
conditions was obscured to a large extent  by  lack of 
proper characterization of the electrode/electrolyte in-  
terfaces being studied. This led to considerable var ia-  
tions in  performance (8-12), even under  apparent ly  
identical conditions. There is now sufficient evidence 
to believe that  both the electrode mater ia l  (10, 13) 
and the electrode morphology (14-22) play a very im-  
por tant  role in  the interface behavior. Experiments  car- 
ried out in very  oxygen deficient envi ronments  or 
under  heavy polarization have resulted in readily ob- 
servable s t ructural  changes, such as the "blackening" 
of the zirconia (19, 22-24). 

Although the oxygen electrode/zirconia interface has 
been the subject of numerous  investigations, there is 
considerable disagreement  among them. This is seen 
in  Table I, which summarizes the major  studies in this 
field in chronological order. 

* Electrochemical  Society Act ive  Member. 
Key words: interface polarization, solid electrolyte,  zirconia, 

porous electrodes,  platinum. 

The first a t tempt  to rationalize these apparent ly  
conflicting results was by KrJger  (30), who showed 
that  the differences may be due to a change in the rate-  
l imit ing mechanism with changes in temperature,  oxy- 
gen pressure, and electrode morphology. However, his 
calculations involved the use of the solubil i ty product 
of oxygen in Pt  estimated by Brook et al. (18). Recent 
measurements  of this product  by Velho and Bart le t t  
(31) give values many  orders of magni tude  smaller, 
and thus KrJger 's  calculations may be misleading. 

Pizzini et al. (29) and Casselton (21) contended that 
a l imit ing current  proport ional  to [Po2] 1/2 is character-  
istic of cells operating at low temperatures  with small  
electrode areas (14, 17-19, 28, 29). On the other hand, a 
l imit ing current  proportional to Po2 is often observed 
at high temperatures  with larger  electrode areas (9, 
15, 21). 

Such attempts to resolve the disparate results were 
constrained by a lack of characterization of the elec- 
t rode/electrolyte interface in many  of the experiments  
to date. In situ determinat ion of various parameters  
relat ing to the interphase morphology, such as the 
porosity, tertuosity, and pore size distr ibution of the 
electrode mater ial  and the effective area of the contact 
between the electrolyte and the electrode material,  are 
certainly not easy. The physical si tuation is fur ther  ob- 
scured by t ime-dependent  morphological changes in-  
duced by thermal  and faradaic effects (22). 

The earliest evidence of the importance of electrode 
morphology came from Karpachev and Fi lyaev (32). 
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Table I. Summary of d-c polarization studies with 02-inert gas mixtures on stabilized zirconia 

2 6 2 1  

Temper-  
Electrolyte  ~ ature 

composi t ion range  O~ pressure  I,-P% Rate l imit ing 
Reference  ( m / o )  Electrode (~ range (atm) relat ion mechani sm 

Tannenberger  (7) 10% Yb2Oa Porous  Ag 650-800 1 M 02 solution at O2/ZrO= then  
surface  diffusion to A g /  
ZrO2 interface 

Kleitz (14) 12.5% CaO Point  Pt  700-1200 0.2-2 • 10-~ I1aPo~/~ Surface diffusion and, on 
ZrO~ 

Karpachev and Ovchinnikcov 12% Sc203 Pt paste 800-1080 1-0.2 ~ Mass transport  in gas  
(18) phase 

T e d m o n  et aL (15) 10% Y2Os Porous  PrCoO3 800-1200 5 • 10-1-5 x I1aPoj Mass transport  in gas  
10 -2 phase  

Bauerle  (25)* 10% Y208 Sp.t paste  Pt 400-800 1-1.5 • 10 -~ - -  Dissociat ion of O~/electron 
transfer  

Yanagida et aL (19) 10% CaO Porous  Pt  560 1-10 -s IlaPo~/2 Diffusion of O through Pt  
Gokshstein and Safonov (26) 15% Y203 Pt disk 1400 0.2 ~ Mass transport  in gas  

phase  
Etsel l  and Flengas  (9) 10% CaO Porous  Pt  700-1100 1-10 -~ haP% Knudsen diffusion in Pt  
Brook et aL (18, 27) 15% CaO Foil, Sp.,t paste Pt 500-700 1-10 ~ haPo~ ~/2 Diffusion of O through Pt  
Pizzini  et aL (28, 29) 8% Y~O8 Paste, bright Pt 700-1000 10-o.7-10 -s I]aP%Z/2 Surface diffusion of O on 

Pt 
Pancharatnam (17) 8% Sc~4:)3 Sp.,t paste, bright 600-800 1-10-~ haPo~/2 Diffusion of O- through Pt  

Pt 
Casselton (21) 12% Y~O~ Pt-13% Rh disk 800-1450 1-10 -3 h,-,P% 02 + e' ~ O2' 
This work 8% Se208 Sp.t Pt 600-900 1.10-e IlaP% Boundary layer diffusion in 

gas phase 

* A-C impedance .  
t Sputtered.  

They showed that  cathodic overvol tages  can signifi- 
cantly be reduced by scratching the surface of a Pt  
electrode, thus providing access for oxygen to a th ree-  
phase boundary.  Similarly,  Bauer le  (25) utilized heavy 
current  t rea tments  on ini t ia l ly  nonporous electrodes to 
induce artificial porosity wllich reduced electrode po- 
larizat ion effects. 

Coupled effects of current  and hea t - t rea tments  on 
Pt  electrode morphology were  demonst ra ted  by Pizzini 
et at. (28, 29) using SEM. Cur ren t -vo l tage  character-  
istics were  found to be dependent  on such morphologi-  
cal changes. More recently,  Pizzini et al. (33) used 
model  e lectrochemical  cells and showed that  the 
macroscopic polarizat ion behavior  also varies wi th  cell 
geometry.  

This work  represents  an a t tempt  to fu r the r  under -  
stand polarizat ion effects per t inent  to P t /z i rconia  in-  
terfaces in an oxygen ambient  by careful  invest iga-  
tions made under  a wide range of exper imenta l  condi- 
tions. Great  care was given to the prepara t ion of the 
interface. 

Experimental Arrangements 
Detailed descriptions of the exper imenta l  apparatus 

and procedures have been given e lsewhere  (34). A 
wide range of O2-He mixtures  was supplied to the in-  
terracial  region at a rate  of 90-100 cm3/min. The 
oxygen content  of the s t reaming gas was analyzed by 
two separate  oxygen  sensors, placed upst ream and 

downst ream of the zirconia pump. Oxygen analysis 
was also independent ly  made using a Varian Aerograph  
Model 142010 gas chromatograph.  Excel lent  agreement  
was obtained between the two analytical  techniques. 

Mixtures  of high pur i ty  He (Matheson) and zero 
grade oxygen (Air  Products)  were  prepared  in a lec- 
ture bottle by monitor ing the oxygen pressure wi th  a 
high precision Heise gauge. Traces of moisture and 
other possible impuri t ies  (e.g., CO2) in the s t reaming 
gases were  removed by appropriate  traps. The entire 
exper imenta l  system was evacuated (2 >< 10 -5 Torr)  
and l ight iy baked pr ior  to each polarizat ion exper i -  
ment.  

The oxygen sensors were  made f rom one-end closed 
yt t r ia-s tabi l ized zirconia tubes (Zircoa) fea tur ing gold 
paste (Hanovia, UR No. 01-FM) electrodes scratched 
to improve  response time. The sensors were  operated at 
650~176 and the oxygen par t ia l  pressures were  cal-  
culated using the Nernst  equation. 

The schematic design of the zirconia pump is shown 
in Fig. I. A 12 X Y~. in. OD calcia-stabil ized zirconia 
(CSZ) tube (Zircoa) was used to support  the 8 mole 
percent  (m/o)  Sc203" ZrO2 electrolyte  disk (Applied 
Elect rochemis t ry) .  The faces of the disk were  pol-  
ished wi th  a 1 ~m diamond paste. The CSZ tube and 
the disk were  ul t rasonical ly  cleaned and then heated 
for a few hours in air at about  800~ 

Pt  electrodes were  deposited onto both faces of the 
disk by etch-sputter ing.  The disk was then sealed leak-  

Fig. !. Schematic design of the zirconia pump 
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t ight  on one end of the CSZ tube  using a high tem-  
pe ra tu re  glass. Four  e lect rode connections (two on each 
side of the disk) were  made  by  spr ing- loaded  Pt  wires.  
A i r  was b lown onto the  inner  e lect rode to avoid dif-  
fusional  effects. 

The basic e lect r ica l  c i rcui t  used in the four -p robe  
d-c  exper iments  is shown in Fig. 2. Voltage across the  
e lec t ro ly te /e lec t rode  assembly  was suppded  by  a d-c  
power  supply.  Cur ren t  was measured  by  the vol tage  
drop across a fixed res is tor  and a s t r i p - cha r t  recorder  
was employed  to assess s t eady-s t a t e  conditions. The 
applied,  Eappl, and  moni tored,  Emon, vol tages and the 
open-c i rcu i t  emf 's  of the two oxygen  sensors were  mea -  
sured  wi th  a po ten t iomet r ic  microvol tmeter .  

Polar i za t ion  Exper iments  
F o u r - p r o b e  d -c  polar iza t ion  studies were  car r ied  out  

on the  cell  

( - - )  Po=, P t / 8  m / o  Sc~O8. ZrO~/Pt,  Ai r  ( + )  [I] 

be tween  600 ~ and 900~ in the  oxygen  pa r t i a l  pressure  
range  of 10-6-1 atm. Scand ia - s tab i l i zed  zirconia  was 
chosen for  its super ior  ionic conduct ivi ty.  Spu t t e red  P t  
electrodes 1 #m thick and 0.66 cm~ in a rea  were  used. 
These electrodes were  in i t ia l ly  essent ia l ly  nonporous.  
Art if icial  poros i ty  was genera ted  by  a novel  progress ive  
cur ren t  t r ea tmen t  (22) which  e l iminates  the possibi l i ty  
of b lackening  or  mechanica l  fa i lure  of the e lec t ro ly te  
f requen t ly  observed  when Bauer le ' s  technique (25) is 
used. The new technique involves s lowly cycl ing the 
potent ia l  of the  cell  be tween  0 and 2V at  the  h ighest  
work ing  t empe ra tu r e  using smal l  vol tage  increments  
unt i l  no hysteres is  is observed.  The advan tage  of th i s  
technique is tha t  i t  approx imates  a nea r - equ i l i b r ium 
process if  sufficient t ime is a l lowed for  the  changes in 
surface morpho logy  to keep  up wi th  var ia t ions  in the 
faradaic  current .  

The resul ts  obta ined in  the polar iza t ion  exper iments  
fol lowing the progress ive  cur ren t  t r ea tmen t  were  com- 
p le te ly  reproducible .  Data  points  on the polar izat ion 
curves can eas i ly  be reproduced  dur ing  ascending or  
descending voltages.  

Results of D-C Polarization Experiments 
Cathodic polarization.--Steady-state cu r r en t -ove r -  

vol tage character is t ics  of cell [I] were  studied, wi th  
the overvol tage,  n, defined as 

: E m o n  - -  E ~ - -  IssRb 

where, Emon is the voltage drop across the electrolyte 
measured by a potentiometer in a circuit which carries 
no current, as opposed to Eappl, where the external 
circuit carries the observed steady-state ionic current, 
Iss; Rb is the electrolyte bulk resistance obtained from 
a-c admittance measurements (35). Thus IssRb repre- 
sents the voltage drop across the electrolyte and E ~ 
is the reversible potential of cell [I] given by the 
Nernst equation. Consequently, ~l represents the inter- 
~acial overvoltage. 

I RECORDER I 

8m =/o Sc2i  3 , ZrO 2 
disc 

~electrodes 

- SOURCE Eoppl ( 

Q _ _  

Emon 

The s teady-s ta te  cu r ren t -ove rvo l t age  behavior  of cell  
[I] be tween  600 ~ and 900~ in the oxygen  par t i a l  
pressure  range  of 10-4-1 a tm is shown in Fig. 3 and 4. 
Two dist inct  character is t ics  a t  low ~ are  immed ia t e ly  
evident.  A t  600 ~ and 700~ wel l -def ined  cu r ren t  
p la teaus  extend to about  n ---- 250 mV, above which  the 
cur ren t  increases r ap id ly  in an exponen t ia l - l ike  m a n -  
ner. The low overvol tage  region at  600~ is expanded  
in Fig. 5 to show the l imi t ing cur ren t  p la teau  more  
clearly.  The low 11 cur ren t  plateaus,  however,  d id  not  
appear  in the exper iments  a t  800 ~ and 900~ This 
abrup t  change in behavior  occurs th roughout  the ent i re  
oxygen  concentra t ion range.  
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Fig. 3. Characteristic current-overvoltage behavior at 600~ 
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Fig. 2. Electrical circuit used in four-probe experiments and 900~ 
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Fig. 5. Limiting current behavior in the low overvoltage region 
at 6000 C. 

The single plateau, observed at high temperatures 
and sufficiently low oxygen pressures, eventually gave 
way to mixed conductivity where the electronic con- 
tribution to the total current became more and more 
significant with increasing overvoltage. This situation is 
depicted in Fig. 6, where the ionic transference number 
ti (calculated from oxygen sensor analysis) is plotted 
against voltage. At low temperatures (e.g., 600~ all 
the observed current is predominantly ionic, whereas 
mixed conduction appears at large overvoltages at 
higher temperatures, as expected. 

E~ect oY flow ra te . lThe  double plateau phenomenon 
shown in the current  vs. overvoltage plots (Fig. 3 and 
4) has not previously been reported for the Pt/zirconia 
system. A survey of previous studies suggested that one 
of these plateaus might be due to mass transport  con- 
straint  in the boundary layer in the gas. Thus a series 
of d-c experiments was conducted at different flow 
rates of the gas mixtures. If the mass transport  in- 
volves diffusion through the solid electrode, no flow 
rate dependence of the limiting current plateaus should 
be observed. Conversely, if the rate  is limited by mass 
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t ransport  in the gas phase, then i t  should be affected 
by the flow rate. 

Figure 7 shows that  the flow rate has vir tual ly  no 
effect on the low overvoltage l imit ing-current  plateau, 
whereas it drastically affects upper plateaus in the 
higher overvoltage region. The lat ter  effect is also ob- 
served at high temperatures. Gas chromatographic data 
indicated that  the further increase in the current be- 
yond the upper plateau region is due to the onset of 
electronic conduction as depicted in Fig. 8. Here the 
deviation from the predominantly ionic nature is given 
by the lateral  distance between the solid and the 
dashed lines. The former represents the ionic current 
and the lat ter  includes the electronic contribution, 
which increases rapidly with increasing overvoltage. 
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EfJect oJ H20.- -The influence of residual  moisture is 
expected to be significant only when  the PH20 ~ecomes 
comparable to or greater than the oxygen part ial  pres-  
sure. 

Studies carried out at 10 -5 a tm oxygen part ial  pres- 
sure with both wet and dry Ou-He mixtures  intricated 
that the po.arization behavior  was not significantly 
altered by the presence of moisture. 

The si tuat ion drastically changed for POd values of 
10 - s a t m ,  where the l i m m n g  current  plateau was raised 
to almost twice its dry mix ture  value by the presence 
of H20, as depicted in Fig. 9. Furthermore,  the polar-  
ization curve for the dry gas mixture  was predomi-  
nan t ly  ionic in  nature,  while the irmreased current  in  
the presence of the wet mix ture  involved an electronic 
contribution. 

Discussion 
The characteristic current-overvol tage plots indicate 

three distinct regions of behavior at high, in terme-  
diate, and low overvoltage values. Throughout,  it is 
assumed that the overall  polarization behavior is 
governed by phenomena occurring at the cathode/ 
electrolyte interface; the potential  drop at the anode/  
electrolyte interface is assumed to be negligible (19, 
21). 

The overall  cathode reaction for oxygen incorpora-  
t ion is 

V~ O2(g) + VOOo (ZrO2) + 2e '(Pt)  = Oox(ZrO2) [1] 

where Vooo denotes an oxygen vacancy with an effec- 
tive charge of +2,  and Oo x is a normal  oxygen species 
on an oxygen site in the electrolyte. Since this reaction 
involves species from all the three phases, it  must  
occur at a site which is accessible to all of the reacting 
species. Therefore, this "electrochemical reaction site" 
(ERS) should be located at or near  a boundary  where 
the three phases meet. 

Scanning electron microscope pictures of the cathode 
surface indicated that the electrode was quite porous. 
Huge voids, about 1-2 ~m in  width and up to 6 ~m in  
length, exposed the zirconia surface directly to the gas 
phase. 

Consequently, three possible paths can be visualized 
by which the oxygen can arr ive at the ERS; namely,  
from the surface of the electrolyte or either through 
or along the surface of the plat inum. 
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Mechanism of oxygen transport to ERS.--Informa- 
tion about surface dil iusion of oxygen on zirconia is 
scarce. Smith (36) studied oxygen adsorption on pure 
zirconia at 400~176 He concluded that  90-95% of 
the surface is covered with i r revers ibly adsorbed oxy- 
gen atoms and the remain ing  by weakly adsorbed 
mobiie O2' species. The " i rreversibly adsorbed" oxygen 
was l ikely simply incorporated into the zirconia to 
make up for the stoicl~zomet~ic loss (22, 34) due to 
the H2 pre t rea tment  given to the sample. 

A rough estimate snows that  surface diffusion of 02' 
is not l ikely to be rate determining.  At 900~ the 
values of the surface exchange and bulk  diffusion co- 
eilicients are about 4 X 10 - s  cm/sec and 2 • 10 - s  
cm'~/sec, respectively, (37). Assuming a surface density 
of 1015 si tes/cm e and complete surface coverage, the 
l imit ing current  density would be about  10 -5 A/cm~ 
for a diffusion distance of 1 ~m. This agrees well with 
the value of 4 • 10 -~ A /cm 2 estimated by Casselton 
(21). For 600~ the l imit ing current  density would be 
about 10 - s  A /cm 2. 

These values are much too low to account for the 
l imit ing current  values observed in  the present  work. 

If bulk diffusion of oxygen through the Pt  were rate 
determining,  the corresponding l imit ing current  would 
be 

Cs, o 
into = nFAJo = nFADo, Pt [2] 

5 

where Jo is the oxygen molar  flux, Do, Pt is the diffu- 
sion coefficient of oxygen in Pt, Cs, o is the molar  oxy-  
gen concentrat ion on the Pt  surface, 5 is the diffusion 
distance ( taken as the thickness of the Pt  layer, 1 ~m), 
and A is the area (assumed to be equal to the geo- 
metric area of the electrode, i.e., 0.66 cm2). 

The values of Do, Pt and Cs. o at 900~ can be ex- 
trapolated from the data of Velho and Bartlet t  (31) to 
give 3 • 10 -14 cm2/sec and 3 • 10 -11 weight percent, 
respective!y. Subst i tut ion into Eq. [2] gives a l imit ing 
current  value of about 10-17A at 900~ Casselton (21) 
estimated l imit ing current  densities of 10 -10 A/cm 2 
through 0.2 cm thick Pt  electrodes at 1400~ 

Clearly, these estimated values are many  orders of 
magni tude  lower than those actual ly observed: There-  
fore, a t ransport  path involving bulk  diffusion through 
Pt is also improbable.  

A third possibility is that  oxygen arrives at the 
ERS pr imar i ly  by adsorption and t ransport  along the 
surface of the Pt. The surface diffusion coefficient for 
oxygen on Pt can be estimated to be about  10 -6 cm2/ 
sec at 900~ (38). For a diffusion area of 1 • 1 ~,m, a 
current  density of about 10 -1 A/cm 2 can be expected, 
assuming complete coverage of the surface, with 1015 
si tes/cm 2. This agrees well with the values observed 
in  the present  experiments.  

Thus, it is proposed that  oxygen gets to the ERS by 
transport  along the surface of the Pt  ra ther  than by 
either bu lk  diffusion through the Pt  or by dissociation 
and surface migrat ion on the electrolyte. 

Possible rate-determining steps.--Thermodynamic 
studies by Ngo (39) established that  Pt  does not  form 
a stable bulk oxide at elevated temperatures  below 1 
atm oxygen pressure. PtO2, which is the most stable 
oxide of Pt, exists only up to 583~ at 1 arm oxygen 
pressure. 

Oxygen, however, readi ly adsorbs on Pt  with a low 
activation energy, about 3 kcal /mole (40, 41). The 
ini t ial  heat of adsorption for molecular  oxygen is about 
10-17 kcal /mole  (38, 42, 43), and molecules readi ly 
dissociate into oxygen atoms, with a dissociative heat  
of adsorption of about 53-70 kcal /mole  (44-46). 

In view of the preceding considerations the overall  
cathode reaction can be divided into in termediate  
steps as follows 

1/2 Oe(g) (bulk gas) = 1/2 O2<g) (boundary  layer) [3] 

1/2 O2(g) (boundary  layer)  = 1/2 O2(s) (Pt micropore) 

[4] 
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1/2 Os(g) (P t  micropore)  = 1/20S(ad) (Pt)  [5] 

1/2 02(ad) (Pt)  = O(ad) ( P t )  [6] 

O(ad) (P t )  - -  O(ad) (ERS) [7] 

2e' (Pt)  = 2e' (ERS) [8] 

V~176 (ZrOs) --V~176 (ERS) [9] 

O(ad) (ERS) 4- 2e' (ERS) + V~176 (ERS) --  OXo (ERS) 

[10] 

OZo (ERS) ---- OXo (ZrOs) [II] 

For  react ions [9] and [11], only  bu lk  t r anspor t  con- 
duct ion is assumed for the  a r r iva l  and depar tu re  of 
Vooo and Oxo to and f rom the ERS. A unit  react ion 
obviously  cannot  proceed unless the react ion product  
OXo is r emoved  from the ERS and is rep laced  by  a 
Vooo, so tha t  the ERS is reset  for  the nex t  uni t  reac-  
t ion to t ake  place. 

With in  the f r a m e w o r k  of this sequence of steps, the  
three  overvol tage  regions of in teres t  wil l  be discussed, 
and  the most  l ike ly  mechanism control l ing the overa l l  
r a te  wi th in  each regime wil l  be a r r ived  at  by  a process 
of sys temat ic  e l imina t ion  of the others. 

High overvoltage region.--The appl ied  vol tages had  
to be kep t  be low 2V in order  to avoid e lectrolysis  of the 
e lec t ro ly te  [Edecomp. = 2.27V at  900~ (50) ]. One would  
expect  to see a l imi t ing  cur ren t  behavior  be low tha t  
vol tage  only when  the oxygen  par t i a l  pressure  was 
sufficiently low tha t  the  ra te  of react ion at  the ERS 
was l imi ted  by  the ra te  at  which oxygen a r r ived  f rom 
the gas phase.  

Assuming  the ideal  gas law, the ra te  o2 oxygen a r -  
r iva l  at  the ERS can be es t imated f rom Fick 's  first law 
of the  form 

~[Co2] 
Jo2 = D o ~ - -  

10_6 Do2 [Po2(g) -- Po2 (ERS)] = 7 . 5 X  5 [12] 

for  diffusion of molecular  oxygen  in the gas phase. 
Here  Do2 is the diffusion coefficient of molecular  oxy-  
gen and 5 is the diffusion length.  

The mola r  oxygen flux, Jos, is also re la ted  to the 
cur ren t  by  Eq. [2], so that  

Dos  [Pos(g) - -  Po2 ( E R S ) ]  [ 1 3 ]  { .~- 7.5 X 10 -6  nFA 8 

where  A is the cross-sect ional  area. Thus, i t  is clear  
that  a const ra in t  due to molecu la r  oxygen  t ranspor t  
wil l  be inverse ly  propor t iona l  to the oxygen  pa r t i a l  
pressure  at  constant  tempera ture .  

S imi la r  equat ions can be wr i t t en  for the case of 
diffusion of atomic oxygen.  The l imi t ing  cu r ren t  would 
then  exhib i t  a P021/2 dependence.  

In  o rder  to assess the  na ture  of the const ra int  a t  
high vol tages the l imi t ing  cur ren t  is p lo t ted  against  
Po2 in Fig. 10. The unit  slope c lear ly  indicates  tha t  gas 
phase  diffusion of molecu la r  oxygen causes this 
phenomenon,  so tha t  the phenomena  re la ted  to Eq. 
[6]-[11] in the react ion sequence are  not  ra te  control-  
l ing in this regime.  S imi lar ly ,  Eq. [5] can also be 
e l imina ted  because i t  represents  a t he rma l ly  ac t iva ted  
process, whereas  Fig. 10 v i r tua l ly  shows no t empera -  
ture  dependence  (also see Fig. 11). 

One expects  tha t  diffusion th rough  the bounda ry  
l aye r  would  be s t rongly  dependent  on the gas flow 
ra t e  and cell geometry ,  but  independen t  of e lect rode 
morphology,  whereas  diffusion through micropores  in 
the  e lec t rode  s t ruc ture  should be dependent  on the 
e lect rode morphology  and the local Po2 wi th in  the 
micropore,  but  p rac t i ca l ly  independen t  of macroscopic 
flow rate.  
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Fig. 10. Oxygen partial pressure dependence of high overvoltage 
limiting current. 

The pronounced effect of flow rate  on the high 
vol tage l imi t ing cur ren t  was demons t ra ted  in Fig. 7. A 
plot  of l imi t ing cur ren t  vs. flow ra te  indica ted  a 0.6th 
power  dependence.  This is in good agreement  wi th  
Bobb and Mason (47) who showed that  a l imi t ing cur -  
ren t  resul t ing f rom a slow diffusional process in a 
bounda ry  layer  should va ry  as the square  root  of the 
fluid veloci ty  in a l amina r  flow system wi th  s tagnat ion 
flow geometry,  s imi lar  to the condit ions employed  in 
the present  work.  

Consequently,  the r a t e -de t e rmin ing  mechanism in 
this overvol tage  region is gas phase diffusion of molec-  
u la r  oxygen through the bounda ry  l aye r  (i.e., Eq. [3]) ,  
r a the r  than  diffusion wi th in  the micropores.  This agrees 
wi th  some of the findings repor ted  in the l i t e ra tu re  
(9, 15, 21). 

The Po2 I/2 dependence of the limiting current ob- 
served by other authors (see Table I) has been at- 
tributed to oxygen bulk diffusion through Pt electrodes 
(17-19, 27). However, the activation energies of about 
22-27 kcal/mole (17, 18, 27) for the limiting current 
are too low to account for bulk diffusion in Pt which 
involves 117 kcal/mole (31). 

Actually, the measured temperature dependence is 
in much better accord with the activation energy of 
about 27-34 kcal/mole for surface diffusion of oxygen 
on Pt reported by Lewis and Gomer (38). The oxygen 
partial pressure dependence of surface diffusion also 
is consonant with the observed Po21/2 dependence. This, 
in fact, was proposed as the rate-determining mech- 
anism by Kleitz (13, 14) and Pizzini et al. (28, 29) who 
reported activation energies of about 33-35 kcal/mole 
for the high voltage limiting current. 

The efJect of H~O.--Although Hs-H20 mixtures have 
been used in various fuel cell applications (6, 51-54), 
little effort has been made. to investigate their polariza- 
tion behavior. There seems to be general agreement 
that ohmic polarization due to the ionic resistance of 
the ZrO2 dominates the overall cell performance (6, 
53), but the possibility of concentration overvoltage 
has also been reported (9). 

The effect of water vapor would become noticeable 
only when Po2 -~ PH2o under  condit ions of gas phase 
polar izat ion.  I t  would, however ,  become impor tan t  at  
much lower  concentra t ion levels  if oxygen  chemisorp-  
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tion were rate limiting, because it  is known that water  
vapor and oxygen adsorb competit ively on Pt  (55). 

The effect of H20 on the l imit ing current  was demon-  
strated by using dried and undr ied  O~-He mixtures.  
For Po2 = 4 X 10 .4  arm, the effect of H20 was found 
to be insignificant, suggesting that  the part ial  pressure 
of water vapor present  was less than  that of the oxy- 
gen. This is to be expected since diffusion of 02 and 
H20 in the boundary  layer are comparable. 

The situation, however, was quite different when 
pure He containing only a few ppm of O~ was used. 
Undried He exhibited a significantly higher l imit ing 
current  plateau than  dried He, as depicted in  Fig. 9. 
For  this case Po2 < <  PH2o and the oxygen was present  
main ly  in  the form of H20 molecules, owing to the 
large equi l ibr ium constant, Kzr for the reaction 

1/2 O2~g~ + H2cg~ = I-~Ocg~ [14] 

which has a value of about  1012 atm-~/2 at 600~ This 
suggests that  the ra te - l imi t ing  mechanism in this case 
is due to the t ransport  of I-t20 ra ther  than 02. 

If one assumes that  chemisorption of H20 is rate 
determining,  one expects to see a lowering of the l imi t -  
ing current  plateau due to competit ion between 02 and 
H20, as observed by Pizzini et aL (29). I f - s u r f a c e  
migrat ion were rate determining,  one should obtain a 
Po2 ~/2 dependence. 

The observed behavior, however, was contradictory 
to both of these considerations. Thus, the ra te- l imi t ing  
mechanism was gas phase diffusion of water  molecules 
through the boundary  layer. 

Intermediate overvoltage region.--At moderate volt-  
ages, and when  Po2 ~-~ 10-3 arm, polarization curves 
showed a purely  ohmic behavior, the current  being 
determined by the bulk electrolyte resistance. 
Panchara tnam (17) also observed ohmic behavior  with 
sputtered and paste Pt  electrodes at in termediate  volt-  
ages. Similar  behavior has also been reported for 
other tonically conducting electrolytes (56). 

There is, however, a slight oxygen part ial  pressure 
dependence of the ohmic, slopes, especially at low tem- 
peratures (see Fig. 3). Theoretically, the bulk  electro- 
lyte resistance should be independent  of Po2 within the 
range of experimental  conditions used in the present  
work. 

A weak Po2 dependence was also reported by 
Casselton (57) when  the oxygen vacancy t ransport  and 
ambient  gas flow were not in the same direction. In the 
present  work, gas flow and vacancy t ransport  were in 
opposite directions. Thus, the observed Po2 dependence 
is consistent with Casselton's results. However, the 
origin of this behavior  is still unresolved. 

Low overvoltage region.--The existence of double 
current  plateaus was recently suggested by Fabry  and 
Kleitz (58). They associated the first plateau with the 
depletion of adsorbed oxygen at the interface and the 
second plateau with the r of adsorbed CO2. 
This may be valid in some cases but  is obviously not 
applicable to the present  situation. 

The l imit ing current  plateaus at low voltages are ob- 
served up to 700~ but  disappear completely at higher 
temperatures  (see Fig. 3 and 4). The plateaus are due 
to a process which is thermal ly  activated and disappear, 
as the overvoltage is increased, into the ohmic region 
where the current  remains ent irely ionic. The tempera-  
ture dependence of both the high and low overvoltage 
current  plateaus are depicted in Fig. 11. The apparent ly  
high activation energy of about 61 kcal /mole associated 
with the low overvoltage l imit ing current  agrees well 
with the activation energy value of >56 kcal /mole for 
the interface resistance obtained by the a-c admit tance 
measurements  (35). It matches, within exper imental  
error, both the heat of molecular  dissociation of oxy- 
gen on zirconia (36), about 58 kcal/mole,  and on Pt 
(45, 46), 53-70 kcal/mole. No clear part ial  pressure 
dependence was found for the l imit ing current  density 
in this low overvoltage region. 
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Assuming that the current  in this region is l imited 
by the diffusion of some electroactive species, the 
available parameters  do not allow an unambiguous  
assignment of the ra te -de te rmin ing  step. Diffusion of 
oxygen on Zr02 itself or through Pt appear to allow 
too low a current  density. Rate- l imi t ing  surface diffu- 
sion on the p la t inum [7], however, is of the right order 
of magnitude,  and also predicts the correct tempera-  
ture dependence when preceded by the molecular dis- 
sociation step [6]. This mechanism, also proposed by 
Kleitz (14), would predict  a Po21/2 dependence. 

An al ternat ive process might  be the ra te- l imi t ing 
diffusion of an electronic species from the Pt  electrode 
along the zirconia electrolyte toward the electrochemi- 
cal reaction site represented by reaction [8]. It  is 
implicit ly assumed that  the electrochemical reaction 
site is located in the first few atomic layers of the 
electrolyte, since oxygen vacancies can exist only in  
the zirconia side of the three-phase boundary.  It is 
very l ikely that the electrochemical reaction sites are 
actual ly zones rather  than restricted microscopic sites 
along the three-phase boundary.  Otherwise, extremely 
large current  densities would be involved. A rate-  
l imit ing mechanism involving diffusion of electronic 
species would predict a current  independent  of the 
oxygen part ial  pressure and may well explain the dis- 
appearance of the plateaus as the overvoltage is in-  
creased. 

Little informat ion is available in the l i terature re- 
garding electron diffusion in zirconia. Weppner  (48-50) 
reported activation energies of about 12.9 and 32.3 
kcal /mole for electron and hole bulk  diffusion coeffi- 
cients in zirconia. The activation energy for electron 
conductivi ty in 10 m/o Y203" ZrO2 was found by the 
same author to be 94.5 kcal/mole.  The comparable 
value for hole conductivi ty was 42.7 kcal/mole.  These 
values are within 10% of those found by other invest i-  
gators (59-61). None of these values, however, corre- 
spond to those observed exper imental ly  in the present  
study. 

The disappearance of the low voltage l imit ing cur-  
rent  behavior beyond 700~ suggests a sudden change 
in the interface mechanism. A-C admittance measure-  
ments  (35.) conducted on cell [I] also indicated a 
sudden change at about 700~ in the activation energy 
of the interface resistance associated with the electrode 
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reaction.  Pizzini  (28) r epor ted  a significant decrease  
in charge  t ransfe r  overvol tage  around this tempera ture .  

The shift  in in ter face  mechanisms a round  700~ may  
be re la ted  to a character is t ic  behavior  of the Oe/Pt  
sys tem known  as "surface reconstruct ion."  This is 
commonly observed when  a s t rongly  exothermic  sur -  
face react ion (e. g., chemisorpt ion of oxygen)  occurs 
on P t  (40), Ni or o ther  meta l  surfaces (46). The re-  
constructed surface is composed of both Pt  and chemi-  
sorbed oxygen  atoms in per iodic  a r rays  (38). This 
raises the  work  funct ion of P t  by  1.2 eV (46) thus im-  
posing an addi t ional  ba r r i e r  for electrons to leave the 
Pr e lect rode to par t i c ipa te  in the charge t ransfer  reac-  
tion. As the vol tage across the cell is increased,  the 
potent ia l  energy ba r r i e r  can be d is tor ted  in such a way  
as to a l low tunnel ing.  However ,  the es t imated  limi'~ing 
cur ren t  dens i ty  due to the " tunnel ing  effect" is much 
too low to account for the low vol tage cur ren t  plateau.  

Surface  reconst ruct ion can occur even at  t empera -  
tures as low as 200~ but  the or iginal  P t  surface can be 
res tored  e i ther  by  exposing the Pt  to high t empera tu res  
(88, 41) or  to He. The "res tored"  clean Pt  surface is 
obviously  more  reactive.  St rong evidence of this 
came from Ngo (39) wl~o founci a sudden increase of 
P t  cata lyt ic  ac t iv i ty  toward  NO2 at 750~ and above. 
At  this t empe ra tu r e  the adsorba te  on Pt  becomes un-  
s table  and desorbs as O~ or PtOe whereby  the "re-  
s tored" Pt  surface becomes apprec iab ly  more  act ive in 
decomposing NO2. 

So, i t  is possible  tha t  the t rans format ion  of the Pt  
e lec t rode  surface f rom a recons t ruc ted  to a res tored  
s tate  m a y  be responsible  for the d isappearance  of the  
lower  cur ren t  p la teaus  as the resul t  of a change in 
in ter face  mechanism above 700~ observed in the 
presen t  work.  

Conclusions 
I t  has been shown tha t  at  h igh par t ic le  fluxes the  

cu r ren t  is l imi ted  by  diffusion of molecular  oxygen 
through  the gas phase bounda ry  layer .  This has been 
subs tan t ia ted  by  tempera ture ,  flow rate,  and oxygen  
par t i a l  pressure  dependence  measurements .  I t  has also 
been shown that  the effect of wa te r  vapor  on the 
polar iza t ion  behavior  in this regime becomes not ice-  
ab le  on ly  when the par t ia l  pressure  of wa te r  vapor  is 
comparab le  to or  g rea te r  than  tha t  of oxygen.  

At  in te rmedia te  rates,  the interfaces are nea r ly  non- 
blocking, and the ma jo r  impedance  is the ohmic re-  
sistance of the solid e lec t ro ly te  to oxide ion migrat ion.  

In  the low overvol tage  region, cur ren t  p la teaus  are  
observed at  T --~ 700~ which d isappear  at  h igher  tem-  
peratures .  The d isappearance  may  be due to a p rope r ty  
of P t  surfaces in an oxygen envi ronment  which changes 
the i r  surface s t ruc ture  I rom a reconst ructed to a re -  
s tored state a round  this tempera ture .  

The physical  phenomenon responsible  for the ob-  
served l imi t ing cur ren t  behavior  in this region could 
not  be ful ly  resolved.  However ,  it  seems l ike e i ther  
e lect ron diffusion th rough  the ZrOe from Pt  e lect rode 
to the  ERS or  oxygen  surface diffusion on the P t  elec-  
t rode  m a y  be ra te  de termining.  
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ABSTRACT 

The ac t iva t ion  of gold electrodes toward  the  hydrogen  electrode react ion 
is s tudied  using the po lycrys ta l l ine  gold/1M H2SO4 in ter face  at  25~ The e lec-  
t rode act ivat ion is p romoted  by  po ten t iodynamic  aging in the  potent ia l  range 
where  the O-e lec t rosorp t ion /O-e lec t rodesorp t ion  takes place. The act ivat ion 
effect is comparable  to tha t  ear l ie r  descr ibed when  gold electrodes are  cath-  
odized for a r e la t ive ly  long t ime in the potent ia l  range of the ne t  evolut ion of 
hydrogen.  The act ivat ion effect is r evea led  th rough  the appea rance  of a re -  
markab le  increase of cur ren t  associated with  the hydrogen  ion discharge and 
an anodic current  r e la ted  to the e lec t rooxidat ion  of hydrogen.  For  the lat ter ,  
different  contr ibut ions are  dist inguished,  namely ,  the  molecular  H~ diffusion 
and those re la ted  to adsorbed  and p robab ly  absorbed hydrogen.  The e lec t ro-  
chemical  character is t ics  of the gold/1M H2SO4 in ter face  are  re la ted  to a large  
ex ten t  to the res t ruc tur ing  of the  meta l  surface. 

The energet ic  character is t ic  of the e lectrode surface 
is crucial  in e lect rochemical  kinetics.  There  are  nu-  
merous  exper imenta l  procedures  descr ibed in the 
l i t e ra tu re  to act ivate  pa r t i cu la r  meta l  e lectrodes such 
as the appl ica t ion  of cer ta in  types  of e i ther  cur ren t  
or  potent ia l  pulses, the addi t ion of traces of some 
par t i cu la r  species to the  e lec t ro ly te  solution, the p ro-  
duction of electrodes wi th  a de te rmined  size of pa r -  
ticles, etc. Somet imes  the act ivat ion or deact iva t ion  
of me ta l  e lectrodes depends  to a large  ex ten t  on the 
p roper  e lect rode history.  This is the case of the mech-  
anism of the hydrogen  evolut ion react ion on gold 
which is ve ry  sensit ive to the qual i ty  of the gold 
surface (1-3).  

In  this  respect  i t  has been  recen t ly  shown tha t  
the  surface s t ruc ture  of polycrys ta l l ine  gold elec-  
t rodes immersed  in aqueous H2SO~ solutions changed 
when the e lectrochemical  in terface  was subjected to 
severa l  hundred  potent iodynamic  cycles in the 0-1.9V 
(NHE) range (4, 5). The  e lect rochemical  t r ea tment  
t r ans formed  the o r ig ina l l y  d i s turbed  surface into a 
s t ruc tured  surface wi th  the  appearance  of gra in  bound-  
aries and facet ing (4-7) as in the the rmal  etching (8). 
I t  is c lear ly  e luc ida ted  tha t  crys ta l  or ienta t ion  of gold 
electrodes influences the  capaci ty  of the  e lectr ical  
double  l aye r  (4, 6, 9, 10). On the other  hand, repe t i t ive  

* Electrochemical Society Active Member. 
Key words: metals, electrocatalysis, voltammetry. 

polar izat ion cycles in the --0.8 to 1.2V (vs. SCE) 
potent ia l  range produces  a sys temat ic  and progress ive 
change of the e lectrode surface f rom a (111) to a 
(110) s t ructure  as revea led  through e lec t ron micros-  
copy and e lect ron diffraction and changes the poten-  
t ia l  of zero charge (4). The s t ruc tura l  surface change 
is reflected in an increase  of e lectrode act ivat ion of 
gold to the hydrogen  e lect rode react ion (5-7, 11) 
as compared  to the adsorpt ion of hydrogen  on non-  
ac t iva ted  gold (2, 12, 13). Values be tween  3% and 4% 
of a hydrogen  adsorbed monolayer  have been re -  
ported.  The capaci ty  m a x i m u m  at about  --0.2V (SCE) 
found at  the (100) gold face, bu t  not  at the (110) 
face, was ascr ibed to hydrogen  adsorpt ion  (6). 

I t  has also been demons t ra ted  tha t  the  surface 
res t ruc tur ing  requires  the e lect rosorpt ion and e lec t ro-  
desorpt ion of oxygen on the meta l  surface (4, 5, 7, 11), 
but  the influence of the pe r tu rba t ion  var iables  on the 
efficiency of the e lec t rode  surface act ivat ion concern- 
ing the hydrogen  electrode react ion is st i l l  not com- 
p le te ly  known. Therefore,  in order  to e lucidate  the 
problem of the  gold e lect rode act ivat ion,  the  type  of 
pe r tu rba t ion  descr ibed in the l i t e ra tu re  to promote  
the  potent iodynamic  aging of layers  of different  species 
e lec t rochemical ly  formed on e lec t rode  surface (14- 
16), was sys temat ica l ly  appl ied  to the gold/1M H2SO4 
interface.  The corresponding resul ts  are  re levan t  to 
unders tand,  at  least  in part ,  the  re la t ionship  be tween 
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the  e lec t rode  surface ac t iva t ion  and the surface re -  
s t ruc tu r ing  p rovoked  by  poten t ia l  pe r tu rba t ions  such 
as the  combined  complex  repe t i t ive  t r i angu la r  po ten-  
t ia l  sweeps. 

Exper imenta l  
The expe r imen ta l  p rocedure  was based on tha t  de-  

scr ibed in  previous  works  (14, 15). The work ing  
e lec t rode  (0.38 cm ~ appa ren t  a rea)  consisted of a 
po lycrys ta l l ine  spectroscopic qual i ty  wire  (Johnson, 
Mat they)  moun ted  on a Teflon holder.  The fol lowing 
e lect rode p re t r ea tmen t s  were  independen t ly  appl ied:  
(i) The gold e lec t rode  was pol ished wi th  a 300 mesh 
A1208 p o w d e r - w a t e r  suspension. The e lec t rode  was 
then i m m e r s e d  in 1:1 HNO~-H2SO~ mix tu r e  and finally 
r insed  for  a long t ime in water .  (ii) The gold e lec t rode  
was d ipped  wi thou t  any  pol ishing in a 5N HNOa solu- 
tion. The first p rocedure  gave the  more  reproduc ib le  
resul ts  but  the  second one was pa r t i cu l a r ly  useful  
to emphasize  the m e m o r y  effect of the  used electrodes 
which is descr ibed  fu r the r  on. The countere lec t rode  
(7 cm 2 appa ren t  a rea)  was made  wi th  the  same ma-  
t e r i a l  and  adequa te ly  separa ted  to e l iminate  any 
diffusion of the  products  f rom the countere lec t rode  
sect ion of the  cell  to the  work ing  e lect rode compar t -  
ment.  A n  Hg/Hg2SO4 elect rode p rope r ly  pro tec ted  to 
avoid  H g ( I )  diffusion into the e lectrolysis  cell was 
used. Teflon tubing and stopcocks and joints  lubr ica ted  
wi th  the  e lec t ro ly te  solut ion contained in the cell  
were  employed.  The e lect rode potent ia ls  are  re fe r red  
to the  revers ib le  hydrogen  e lec t rode  (RHE).  

The e lec t ro ly te  was 1M H2SO4 solut ion p repa red  
f rom t r i p l y  dis t i l led wa te r  and  A.R. 98% H2SO4 
(Merck) .  The dis t i l led wa te r  was sys temat ica l ly  tes ted 
to sat isfy  the  pu r i ty  requ i rements  descr ibed  in the 
l i t e r a tu re  (17). P l a t inum or any o ther  possible elec-  
t rode  contaminant  were  carefu l ly  avoided. The ex-  
pe r iments  were  made  wi th  purif ied gas saturat ion,  
e i ther  N2 or H2, and employing  e i ther  quiescent  or 
s t i r red  electrolytes .  The t e m p e r a t u r e  was fixed at  
25~ The ac t iva t ion  of gold electrodes to the hydrogen  
e lect rode react ion by  means  of the  po ten t iodynamic  
aging in the  O-e lec t rosorp t ion /O-e lec t rodesorp t ion  po-  
ten t ia l  r ange  was s tudied  by  apply ing  different  po ten-  
t i a l / t ime  pe r tu rba t ion  programs.  Runs were  made  
cover ing different  switching potent ia ls  (Ex,~, Ex,c, and  
E'x,c), potent ia l  sweep ra tes  (v~, Vc, and  v~) and d u r a -  
tions (z) of the in t e rmed ia te  per turba t ion .  The sub-  
scripts  a, c, and i s tand for the posi t ive going (anodic)  
and  negat ive  going (cathodic)  potent ia l  excursions 
and for the in t e rmed ia te  repe t i t ive  t r i angu la r  potent ia l  
scan (RTPS) ,  respect ively.  Both e lect rode handl ing  
and cell  assembl ing  were  made  tak ing  precaut ions  

to p reven t  any  possible contaminat ion  th rough  the 
l abo ra to ry  a tmosphere .  The  electronic c i rcu i t ry  is 
the same as employed  in previous  works  (14, 15). 

Results 
Quiescent N~-seturated electrolyte.--The E/I pro- 

files resul t ing  at  0.2 V/see  wi th in  Ex~ = 1.67V and 
Ex,c : --0.2V, obta ined  wi th  and wi thout  the po ten-  
t iodynamic  aging be tween  Ex,a and E'x,r are  compara -  
t ive ly  depic ted  in Fig. 1. The po ten t iodynamic  aging 
at 0.2 V/sec was confined to a potent ia l  range  (Ex,a 
= 1.67V and E'x,r ---- 1.26V), where  about  one-ha l f  
of the O-conta in ing l aye r  was involved  in each elec-  
t rodesorp t ion /e lec t rosorp t ion  cycle. The poten t ia l  
sweep run  immedia t e ly  af te r  the  in t e rmed ia t e  RTPS 
be tween  Ex,a = 1.67V and Ex,e : --0.2V dis t inguishes  
the fol lowing features,  as compared  to the s tabi l ized 
RTPS: (i) %'he shift  of the O-e lec t rodesorp t ion  cur -  
rent  peak  toward  more  negat ive  potent ia ls  and its 
s imul taneous  s l ight  increase in charge. The cathodic 
cur ren t  peak  becomes more  symmet r i c  and th inner  
than  the corresponding cur ren t  peak  recorded in the  
s tabi l ized RTPS. (ii) A r e m a r k a b l e  increase  of the 
hydrogen  evolut ion current .  (iii) A net  anodic cur ren t  
in the 0.1-0.4V potent ia l  range  which  is a t t r ibu ted  to 
the  hydrogen  e lec t rooxida t ion  (1, 5, 11). The potent ia l  
of the a n o d i c  cur ren t  peak  recorded dur ing  the posi-  
t ive going potent ia l  sweep is located in the 0.120- 
0.165V range.  The charge  QH,a re la ted  to the hydrogen  
e lec t rooxida t ion  under  fixed values  of Ex,a, EX,c, and 
E'x,c depends on the t ime T and on the f requency  of 
the in te rmedia te  RTPS (Fig. 2). The ma x ima l  Q~,a 
va lue  is obta ined  at  ca, 2 V/sec.  With in  the  E'X,c range  
indica ted  in the figure and wi th in  the  0-30 min  range,  
QH,a increases wi th  ~. The QH,a value  recorded dur ing  
the negat ive  going potent ia l  sweep, reveals  a composite 
cur ren t  peak  involving at  least  two contributions.  
The more  posi t ive contr ibut ion  is in the 0.3-0.5V 
range,  whi le  the  more  negat ive  one is in the  0.15-0.17V 
range. The potent ia ls  of the anodic cur ren t  peak  du r -  
ing successive potent ia ls  sweeps are  reproducib le  w i th -  
in _10 mV. 

The QH,a va lue  depends s t rongly  on E'x,r and cor-  
r esponding ly  on the percentage  of the  O-conta in ing  
species being removed  dur ing  the in te rmedia te  RTPS 
(Fig. 3). The ma x ima l  Qs,a value  results  a t  ca. 80% 
of the  e lec t rosorbed oxygen  involved in the  in te r -  
media te  RTPS. This percentage  is r e f e r r ed  to the  
charge of the O-e lec t rodesorp t ion  cur ren t  peak  in the 
s tabi l ized E l i  profile. The gold electrode,  which be -  
came ac t iva ted  toward  the  hydrogen  e lect rode reac-  
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Fig. 1. Potentiodynamic E/I 
profile resultlng from the poten- 
tial/time perturbation program 
|ndlcat.~d in the figure. N2- 
saturation. (a) (I) Stabilized 
RTPS E/I profile before the 
electrode activation. ( l l )  r First 
E/I display after the intermedi- 
ate potentiodynamic perturba- 
tion. va = ve -" vi = 0.2 V/sec. 
(b) Positive potential going scans 
at va = 0.2 V/sec after the 
intermediate perturbation during 
different T. 1, 10 rain; 2, 20 rain; 
3, 30 rain. 
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tion, p rogress ive ly  deact iva tes  wi th  a fu r the r  po ten-  
t ia l  cycl ing be tween  E;~,a and Ex,c. 

The ra te  of decrease  of the e lect rode act ivat ion can 
be fol lowed th rough  the change of the re la t ive  charge 
(QH,a)n/(QH,a)I (Fig. 4) where  (QH,a)n is the  hyd ro -  
gen e lec t rooxida t ion  charge af te r  the  n th  RTPS be -  
tween  Ex,a and Ex,c and (QH,~)I refers  to the same 
charge for the  first po ten t ia l  sweep immedia t e ly  af ter  
the  in te rmedia te  RTPS car r ied  out  be tween  Ex, a and 
E'x,e. The charge  re la ted  to hydrogen  e lec t rooxida t ion  
decreases more  r ap id ly  when E~,,a becomes more nega-  
t ive than  the potent ia l  which corresponds to the 
O-electrosorpt ion.  This resul t  reveals  the influence 
of the O-elec t rosorpt ion  on the act ivat ion for the 
hydrogen  e lec t rode  reaction. For  a constant  set of 
pe r tu rba t ion  conditions the  charges QH,a and QH,c 
recorded dur ing  the t r i angu la r  potent ia l  sweep run  
immed ia t e ly  af te r  the e lectrode act ivat ion increase 
as Ex,c becomes more  negative,  but  for a fixed Ex,~, 
QH,a is l a rge r  than  QH,c (Table  I ) .  There  is, however ,  
an opt imal  Ex,c value  (Ex,c ---- --0.05V for Va ---- vo 
--  0.2 V/sec  and vi - -  2 V/sec)  a t  which QH,c prac -  
t ica l ly  compensates  QH,a. 

On the other  hand, under  the same potent iodynamic  
aging conditions in the O-elec t rosorpt ion  region, QH,a 
decays according to a ra te  law of the form QH,~ ~ t x 
(Fig. 5) where  the exponent  x depends on the swi tch-  
ing potent ia ls  of the t r i angu la r  potent ia l  pe r tu rba t ion  
fol lowing the in te rmedia te  RTPS. Analogous ly  QH.~ 
also decreases wi th  ~p, the t ime at which the e lect rode 
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Fig. 3. Dependence of QH,a on E'x,c. N2-saturation. E~,a ~- 
i.67V; Ex,e ~ --0.05V; va = vc = 0.2 V/s~c; vi ~ 2 V/see; 

= 30 rain. For each experimental point the percentage of the 
O-~lectrodesorptlon at E%e in the first intermediate negative po- 
tential going sweep is indicated. 
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Fig. 4. Relative change of QH,a as a function of the number of 
RTPS operating after the potentiodynamic aging. N2-saturation. 
Ex,a = 1.7V; Ex,~ = --0.05V; E'x,c = 1.09V; ~ = 30 min; 
va = vc = 0.2 V/sec. v1 : 2 v/sec. Curve 1, without covering the 
O-electrosorption potential range during the potential cycling. 
Curve 2, the O-electrosorption potential range is covered. 

is held  at  E~,c af ter  its po tent iodynamic  activation.  
The decay of QH,a fits a reasonable  l inear  QH,a Vs. 
log Tp plot  (Fig. 6). 

Quiescent H~-saturated solution.--In the H2-satu- 
ra ted  e lec t ro ly te  the increase of QH,a is a l r eady  ob-  
served for E~,c = 0.0V, a potent ia l  at which no macro-  
scopic H2 gas evolut ion is produced (Fig. 7a and 7b). 
The e lect rode subjec ted  to the potent iodynamic  aging 
in the O-e lec t rosorp t ion /O-e lec t rodesorp t ion  potent ia l  
range exhibi ts  an anodic cur ren t  contr ibut ion in the 
negat ive  potent ia l  going sweep before  reaching  Ex,c, 
wi th  two anodic cur ren t  peaks at  0.39 and a t  0.19V, 
respect ively.  The re tu rn ing  posi t ive going sweep ex-  
hibits  a single anodic cur ren t  peak. Dur ing  the t r i -  
angular  potent ia l  cycl ing as Qs,a decays, a g radua l  
shift  of the anodic cur ren t  peak  potent ia l  toward  more  
negat ive  potent ia ls  is observed.  The heights  of the 
anodic cur ren t  peak  decrease,  pa r t i cu l a r ly  the one 

Table I. Influence of E~,c on the charges related to the hydrogen 
electrode reaction 

Qma/ Qmo/ 
Ex, c / ( V )  ( m C  x c m  -2) ( m C  • e m  -~) Q~,a/Qmc 

--0.20 0.58 9.97 0.06 
-- 0.15 0.46 2.96 0.16 
-- 0.05 0.37 0.40 0.94 
-- 0.05 0.33 0.53 0.63 
- 0.05 0.17 0.20 0.84 
-- 0.05 0.40 0.46 0.86 
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Fig. 5. Log-log plot for the Q~,a decay. N2-saturation. The time 
counting starts immediately after "~ = 30 min. Ex,a ~ 1.7V; Ex,c 
--0.05V; E'x,o = 1.09V; va = Ve = 0.2 V/sec; vi = 2 V/see. 
Curve 1, the O-electrosorption potential range is covered, Ex,a 
1.7V. Curve 2, without covering the O-electrosorption potentiol 
range during the potential cycling. 

located on the more  posi t ive poten t ia l  side. A s imi lar  
qua l i t a t ive  Eli  response resul ts  when the e lect rode 
is held  at  Ex.c = 0.0V dur ing  ~p = 30 min (Fig. 7c) 
a l though the charge  is smal le r  than  that  observed 
under  the  po ten t iodynamic  aging. 

The gold electrode act ivat ion in the H2-satura ted 
e lec t ro ly te  is g rea te r  than  that  observed in the N2- 
sa tu ra ted  e lec t ro ly te  under  comparab le  pe r tu rba t ion  
conditions.  

InJ~uence of the solution stirring.--The influence of 
s t i r r ing  is de te rmined  under  prese t  potent ia l  p e r t u r b a -  
t ion conditions. Thus, e i ther  for H2- or for N2-satu- 
ra ted  s t i r red  solution, the hydrogen-e lec t roox ida t ion  
cur ren t  g radua l ly  decreases when Ex.c is be tween  
0.0 and --0.2V and i t  increases again  if the potent ia l  
cycl ing continues and the s t i r r ing  is in te r rupted .  

Under  the  same potent ia l  pe r tu rba t ion  condit ions 
a r e m a r k a b l e  decrease of QH,a due to s t i r r ing  is 
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Fig. 6. Decoy of QI-I,a as a function of Tp. N2-saturotion. Ex,a -~ 

1.7V; Ex,c ---- --O.2V; E'x,c ---- ].09V; T ----- 30 rain; va ---- vc 
0.2 V/see; vi = 2 V/sec. 
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Fig. 7. Comparative E/ I  displays obtained after the electrode 
activation process with the potential/time perturbation programs 
indicated in the figure. H2-saturation. Ex,a = 1.7V; Ex,e = 0.0V; 
E'x~c = |.09V; Va - -  vc - -  0.2 V/see; vi = 2 V/see; 1; = "cp = 
30 min. (a) The triangular potential sweep after the potentiody- 
namic aging initiates toward positive potentials. The dashed lines 
correspond to the estimated contributions of H-adatoms and H2 in 
the E/I  profile during the negative potential going half-cycle. Still 
solution. (b) The same as (a) but with solution stirring. (c) Com- 
parative successive El i  displays (curves 1, 2 and 3) run with the 
electrode activated by holding the potential at Ex,r during ~p. With 
solution stirring. 

noticed in the E/I disp lay  run  immedia t e ly  af te r  the 
potent iodynamic  act ivat ion of the gold electrode.  This 
effect, however,  is significantly less in the negat ive  
going potent ia l  excurs ion than  in the preceding  posi-  
t ive going potent ia l  scan (Fig:. 7a and 7b). 

When  the gold electrode ac t iva t ion  is p roduced  by  
cathodizat ion at  Ex, c = --0.2V, the  solut ion s t i r r ing  
produces  a net  decrease of the e lect rode act ivat ion.  
The decrease continues dur ing the repet i t ive  potent ia l  
cycling, especial ly  when E~,a is more  negat ive  than  
the O-e lec t rosorp t ion /O-e lec t rodesorp t ion  potent ia l  
range. When  Ex,a exceeds this va lue  the Eli  disp lay  
recorded  dur ing  the nega t ive  going po ten t ia l  scan then  
exhibi ts  the anodic double t  previous ly  repor ted  (Fig. 
7). 

Memory eJ~ect.--Gold electrodes,  whieh were  re -  
pe t i t ive ly  ac t iva ted  th rough  poten t iodynamic  aging 
fol lowed by  s tor ing for  a long per iod  of t ime in a 
5N HNO3 solution, exhib i t  a res idual  ac t ivat ion when 
they  were  cycled by  a t r i angu la r  potent ia l  s ignal  in  
quiescent, H2-sa tura ted  1M H2SO4 solut ion be tween  
Ex,c --  --0.2V and Ex.a -~- 1.3V. Under  these conditions,  
the posi t ive going potent ia l  excurs ion shows an anodic 
cur ren t  peak  re la ted  to hydrogen  electrooxidat ion.  
The negat ive  going potent ia l  excursion af ter  a p ro -  
gressive increase of Ex.a repeats  the  complex mul t ip le  
E/I disp lay  prev ious ly  described.  The s table  RTPS 
E/I profile is a t ta ined  af ter  about  10-15 cycles. The 
effect can be reversed  s imply  by  changing Ex,a to 
more  negat ive  potentials .  Thus, the s table  RTPS Eli  
profile of the ac t iva ted  electrode (Fig. 8a) changes to 
tha t  shown in Fig. 8b when Ex.a decreases to 0.6V. 
Now the charge involved in the successive Eli  profile 
in both direct ions decreases,  as ind ica ted  by  the arrows,  
to a t ta in  the  new stable  RTPS Eli  profile shown in 
Fig. 8c (dashed l ine) .  Under  these circumstances,  an 
increase of Ex,a to 1.TV, the El i  profile first shows an 
increase of the cur ren t  peaks  up to a ma x ima l  va lue  
and a f t e rward  a s l ight  decrease to a t ta in  again  the  
s table profile depic ted  in Fig. 8d (dashed l ine) .  Final ly ,  
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Fig. 8. Potentiodynamic E/I displays (Ex,c = - -0 .16V;  va ----- 

vc = 0.2 V/sec; ~ = rp = 20 min; H:2-saturation) run according 
to the following sequence. (a) E/I profile run immediately after 
the potentiodynamic activation. (b) Stabilized Eli profile from (a) 
(dashed trace) and successive E/I displays after fixing E~,a = 
0.6V (full traces). (c) Stabilized E/I profile from (b) (dashed trace) 
and successive E/I displays after fixing Ex,a ---- 1.7V (full traces). 
(d) Stabilized E/I profile from (c) (dashed line) and successive E/I 
displays after fixing E~,a = 0.6V (full traces). 

a decrease of Ek,a f rom 1.7V back to 0.6V produces 
again a decrease of the  e lectrode activation.  

The memory  effect d isappears  or i t  is apprec iab ly  
a t t enua ted  af ter  mechanica l ly  pol ishing the electrode 
wi th  a water-A1208 suspension. 

Discussion 
The gold /aqueous  acid interface can be ac t iva ted  

for  the  e lec t rooxida t ion  of hydrogen  under  e i ther  po-  
tent iostat ic  cathodizat ion or af ter  potent iodynamic  ag-  
ing in the  O-elec t rosorpt ion  potent ia l  range.  In the 
fo rmer  case, the effect depends on Ex.c and on ~p 
(3-5) whi le  in the l a t t e r  i t  is influenced by  E;~,a, E'Mc, 
v, and the f requency of the repe t i t ive  t r i angu la r  po-  
ten t ia l  pe r tu rba t ion  be tween  E'x.r and Ex~a. The values  
of Ex,a and E'x,c de te rmine  the amount  of e lec t rosorbed 
oxygen which is a l t e rna t ive ly  e lec t roformed and elec-  
t roreduced dur ing  the in te rmedia te  RTPS. The max i -  
mum effect corresponds to a charge which is about  
80% of the O-monolayer  charge on gold. Al though 
both act ivat ion procedures  give comparable  results,  
the  act ivat ion of the hydrogen  e lec t rooxidat ion on 
gold produced through  the  po ten t iodynamic  aging is 
a l r eady  noticed by  holding the potent ia l  of the elec- 
t rode at  E ~ 0V. 

The act ivat ion of the gold electrode toward  the 
hydrogen  electrode reac t ion  implies  both an increase 
of the overa l l  cathodic cur ren t  re la ted  to the evolut ion 
of hydrogen  and the appearance  of two anodic current  
peaks  associated wi th  the e lec t rooxidat ion  of hydrogen  
on gold. The possibi l i ty  that  the cathodic cur ren t  
increase is due to the increase of the electrode rough-  
ness is, in principle,  d i s regarded  because the charge 
re la ted  to the O-e lec t rodesorp t ion  before and af ter  
the e lectrode act ivat ion remains  p rac t ica l ly  the same. 

The two anodic cur ren t  peaks  present  a different  
response to the  solution st irr ing.  Thus, the height  
of  the ma in  anodic peak  located at  more  negat ive  

potent ia ls  decreases s t rongly  by  s t i r r ing  the  solution, 
as one should expect  for a di f fusion-control led redox  
reaction. This cur rent  peak  should be re la ted  to the 
e lec t rooxidat ion  of molecular  hydrogen,  supe r sa tu ra t -  
ing the diffusion l aye r  (18, 19). This local super -  
sa tura t ion  is only  observed  wi th  prev ious ly  ac t iva ted  
gold electrodes.  The la rges t  degree of H2 super sa tu ra -  
t ion at  the e lectrode surface is achieved th rough  the 
cathodic potent ios ta t ie  ac t ivat ion and i t  depends both 
on the potent ia l  app l ied  to the in te r face  and on the 
t ime ~p. The corresponding cur ren t  peak  potent ia l  is 
d isplaced toward  the posi t ive potent ia l  side f rom the 
H2/H+ equi l ib r ium poten t ia l  due to the  i r revers ib i l i ty  
of the redox reaction. Most of the E/I profile recorded 
dur ing  the posi t ive going potent ia l  scan af te r  cathodic 
potent ios ta t ic  act ivat ion can be reproduced  using the 
equat ion of a redox process (20) wi th  the exchange 
cur ren t  density,  ~ ~ 10 .5  A /e ra  2 (2) and the est i -  
ma ted  hydrogen  supersa tura t ion  10 -1 mo le / l i t e r  (19). 

The smal le r  anodic cur ren t  peak  at  ca. 0.3V appears  
as independen t  of the  s t i r r ing  of the  solution. The E/I 
profile also indicates  a possible th i rd  anodie cur ren t  
contr ibut ion at  ca. 0.2V al though i t  is most ly  over -  
l apped  b y  the ma in  dif fus ion-control led cur ren t  peak  
a l r e a dy  discussed. The charge of the anodie cur ren t  
peak  at  ca. 0.3V as es t imated  f rom the negat ive  poten-  
t ia l  going E/I display,  is a lways  less than  the charge 
expected  for  the H - a d a t o m  monolayer  (210 ~C/em2 
for po lyerys ta l l ine  p la t inum)  (21). This charge can  
be associated wi th  the presence of H-ada toms  whose 
surface concentrat ion should depend on avai lab le  ac-  
t ive meta l  sites p romoted  on the surface by  the po ten-  
t iodynamic  aging in the O-elec t rosorpt ion  potent ia l  
range. 

The gold e lect rode act ivat ion process for the  hyd ro -  
gen e lect rode react ion can be in te rp re ted  on the basis 
of the data  r epor ted  for the dependence  of the hyd ro -  
gen overvol tage  with  the type  of gold e lect rode used 
(2). The hydrogen  overvol tage  obta ined  wi th  smooth 
gold electrodes are  s imi lar  and r a the r  high. They  
agree wi th  calculat ion for  EAu-H ~ 46 kcal  (22, 23). 
For  a smooth gold electrode,  the cathodic Tafel  slope 
is ca. 0.1 V/decade  o r  s l ight ly  h igher  and some evi-  
dence has been obta ined for a lower  slope at  lower  
overvol tages  (24, 25). Otherwise,  for e lec t ro ly t ic  gold 
deposits, smal ler  overvol tages  and lower  Tafel  slopes 
are  repor ted  (24-26) especia l ly  for e lectrodes sub-  
jec ted  to anodic-ca thodic  act ivat ions (1,. 27). These 
results  make  i t  difficult to d r a w  definite conclusions 
regard ing  the mechanism of the react ion under  s ta-  
t ionary  conditions. But they  corre la te  wi th  the present  
data  if one admits  that  the res t ruc tur ing  of gold 
e lect rode surfaces, which was demons t ra ted  th rough  
optical  methods  (4-8), p lays  a significant role in 
defining thei r  degree of activation.  

To develop a qual i ta t ive  formal ism of the react ions 
at the  gold electrode, let  us first consider that  it  
consists of a clean gold surface s t ruc ture  which re -  
mains  p rac t i ca l ly  una l te red  dur ing  the potent ia l  pe r -  
tu rba t ion  and that  no H~ is dissolved into the electro-  
lyte.  Because of the ( H ) A u  bond energy  value, the 
hydrogen  ada tom concentra t ion on the meta l  is p rob -  
ab ly  ve ry  low. Therefore,  the fol lowing react ion steps 
of the e lectrochemical  process can be proposed 

+ e  
Au -b (H+)s  ---- Au Jr (H+)e  ---- A u(H )a d  = Au -t- 1~H2 

[1] 

where  s, e, and ad denote the bu lk  of the solution, 
e lectrode surface, and adsorbed species, respect ively.  
The react ion sequence [1] has been considered to 
in te rpre t  ear l ie r  exper imen ta l  results  wi th  the assump-  
tion that  the concentrat ion of adsorbed H is negl igible  
and the adsorbed species is wr i t t en  as a pos tu la ted  
react ion in te rmedia te  (22). The r a t e -de t e rmin ing  step 
under  s ta t ionary  condit ions has been assigned to the  
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discharge plus H-desorp t ion  step. However ,  i t  is 
c la imed tha t  a f ract ion of the hydrogen  atoms e lec t ro-  
chemical ly  produced  can pene t ra te  into the metal  
th rough  a slow diffusion process. The diffusion co- 
efficient of hydrogen  in gold is est imated,  at  25~ 
equal  to 4 • 10 -12 cm2/sec (5). Then, this means  
tha t  react ion sequence [1] should be wr i t t en  as follows 

Au  + ( H + ) s  = Au  + ( H + ) .  
A u +  ~ H ,  [2a] 

+ e  
-- AU (H)aa 

A u  (H) ab [2b] 

where  ab s tands  for  the  absorbed  hydrogen.  The 
e lec t rooxida t ion  of absorbed  hydrogen  would  occur 
th rough  a react ion which  may  be e i ther  under  ac t iva-  
t ion or diffusion control.  

The par t i c ipa t ion  of sorbed hydrogen  in the e lect ro-  
chemical  process is apprec iab ly  influenced by  the 
O-e lec t rosorp t ion /O-e lec t rodesorp t ion  processes occur-  
r ing  at  more  posi t ive potentials .  These processes 
modi fy  the  c rys ta l lographic  order  at  the first layers  
of the  me ta l  la t t ice  (7, 14). Through the mobi l i ty  
of meta l  a toms out  of the  la t t ice  assisted by  the i r  
r e a r r angemen t  dur ing  the O-e lec t rodesorp t ion  stage 
and by  the an iso t ropy  of the  surface energy  due to 
the  incomple te  remova l  of the O-conta in ing l aye r  
(7). These changes in the me ta l  la t t ice  should depend 
both  on the f requency  (~) and dura t ion  (~) of the  
in t e rmed ia te  RTPS and at ta ins  a max ima l  va lue  for 
a pa r t i cu l a r  set of pe r tu rba t ion  var iables  as shown 
in Fig. 2 and 3. 

The preceden t  discussion and the a l r eady  repor ted  
da ta  on the O-e lec t rosorp t ion /O-e lec t rodesorp t ion  on 
gold (28) suggest  tha t  the  overa l l  processes occurr ing 
in the Ex,a-E~.c potent ia l  range  o n  the ac t iva ted  gold 
electrode under  po ten t iodynamic  condit ions can be 
ascr ibed by  the fol lowing react ions  

Au ~ H20 : -  A u ( O H )  ad ~ (H+)e  -~- e [3] 

Au(OH)ad  = Au*(O)  + ( H + ) e +  e [4] 

ka 
Au* (O) --> A u ( O )  [5] 

depend on the values  of ka, k6, kT, and the cha rac te r -  
istics of the pe r tu rba t ion  p rog ra m appl ied  to the  
electrode.  The H2-discharge reac t ion  occurr ing on 
Au and Au* are  exp la ined  by  steps [8] and  [9], 
respect ively.  The Au* sites a re  those which exhib i t  
t oward  the hydrogen  adatoms a reac t iv i ty  h ighe r  than  
the Au  sites. Reactions [8a] and  [8b] should be re -  
sponsible for  the changes produced in  the  potent io-  
dynamic  E l i  disp lay  af te r  the po ten t iodynamic  aging. 

When  the e lec t ro ly te  l aye r  ad jacen t  to the e lect rode 
is sa tu ra ted  wi th  H2, the  H2 e lec t rooxida t ion  should 
p re fe ren t i a l ly  occur at  the  Au* sites ( react ion [10]).  
The presence of the  Au* sites should favor  the  exis -  
tence of hydrogen  adatoms e i ther  e lec t rochemica l ly  
formed as wel l  as p roduced  f rom the dissociat ion of 
molecu la r  hydrogen.  Then, the  surface concentra t ion 
of H-ada toms  should depend on the surface concent ra-  
t ion of Au* sites. The poten t ia l  of the corresponding 
e lec t rooxida t ion  cur ren t  peak  indicates  a s l ight  in-  
crease in the average  Au* (H) bond energy  as com- 
pa red  to tha t  of the Au (H) bond. Under  these c i rcum- 
stances the behavior  of the  ac t iva ted  gold e lect rode 
wi th  respect  to the hydrogen  e lect rode react ion ap-  
proaches  tha t  of the p l a t inum electrode.  The overa l l  
processes represen ted  by  react ions [3]-[10] under  
po ten t iodynamic  condit ions imp ly  e i ther  the  M-O and 
M-M or the M-H and M-M bonds changing s imul -  
taneously.  

The effect of the act ivat ion process depends  on the 
t ime spent  to achieve it. Thus, when  the act ivat ion 
process opera tes  dur ing  a shor t  t ime the e lec t rode  
act ivat ion decays l i nea r ly  wi th  the logar i thm of t ime 
(Fig. 5 and 6), a re la t ionship  commonly  obta ined  in 
e lec t rodesorpt ion of different  species f rom solids (29). 
This suggests tha t  the act ivat ion effect is p r edomi -  
nan t ly  associated wi th  the first layers  of the meta l  
latt ice.  On the other  hand, when the t ime of the 
act ivat ion process is sufficiently large,  the  e lectrode 
acquires an act ivat ion m e m o r y  wi th  respect  to the  
hydrogen  e lec t rode  react ion which can be in t e rp re t ed  
as a deeper  and longer  las t ing change of the  e lec t rode  
surface s t ruc ture  resul t ing  f rom the processes tak ing  
place  over  the O-e lec t rosorp t ion /O-e lec t rodesorp t ion  
potent ia l  range. This effect is p robab ly  assisted by  

k6 
A u * ( O )  -]- ( H + ) e +  e_._~ Au*(OH)ad-~  ( H + ) e W  e_.~ A u * - ~ H 2 0  [6] 

4 k7 $ $ 
A u ( O )  + ( H + ) e - ] - e ~ - ~ A u ( O H ) a a  + ( H + ) e + e  --* AU + H 2 0  [7] 

~ A u *  (H) ab [8a] 
Au* + (H+)e  + e = Au* ( H ) ~  

+ Au* [8b] 

Au  + (H+)e  W e ---- Au(H)ad  = J/2H2 ~- Au  [9] 

2Au* -t- H2 = 2Au* (H) ad~,~ A u * -  
(H)ab [10a] 

"~:Au* -t- H + -F e [10b] 
$ 

Au  

Reactions [3] to [5] expla in  the main  processes 
involved  in the  po ten t iodynamic  O-e lec t rosorp t ion /  
O-e lec t rodesorp t ion  on gold (28). Reactions [3] and 
[4] a re  the  ini t ia l  steps re la ted  to the O-e lec t rosorp t ion  
occurr ing on the nonac t iva ted  gold electrode.  React ion 
[5] represents  the aging of the O-e lec t rosorbed  species, 
ka is the  corresponding ra te  constant.  This react ion 
plays  an impor t an t  role dur ing  the po ten t iodynamic  
aging covering the potent ia l  range of the O-e lec t ro-  
so rp t ion /O-e lec t rodesorp t ion  processes. Reactions [3] 
to [5] imply  at  least  the  occurrence of two different  
surface sites, denoted  as Au and Au*. Then, the O- 
e lec t rodesorpt ion m a y  occur th rough  the series of 
react ions [6] and [7] which also imply  possible deac-  
t iva t ion processes of the  Au* species (dashed a r rows) .  
The re la t ive  surface concentra t ion of Au and Au* 

the possible accumula t ion  of adsorbed  oxygen  in the  
me ta l  as was suggested ear l ie r  to exp la in  the dis-  
c repancy observed be tween  the complex evolut ion 
of the opt ical  p roper t ies  of the  meta l  associated wi th  
res t ruc tu r ing  of i ts surface and the predic t ion  of the  
s imple facet ing model  (30). The resul t ing  effects can 
be re la ted  to the pene t ra t ion  of hydrogen  into the  
metal .  
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Electrochemical Reactions at Multiple Interfaces 
The Nickel Hydroxide Electrode Formed by Precipitation on a 

Platinum Surface 

M. E. Folquer, J. R. Vilche,* and A. J. Arvia* 
Instituto de Investigaciones Fisicoquimicas Te6ricas y Aplicadas, DivisiSn Electroquimica, 

Sucursal 4, Casilla de Correo 16, 1900 La Plata, Argentina 

ABSTRACT 

The format ion  of a mul t ip le  in terface  consist ing of a p l a t i num-base  elec-  
t rode covered by  a chemical ly  produced  Ni (OH)2 layer  is inves t iga ted  in a lka -  
l ine electrolytes.  The po ten t iodynamic  response of the mul t ip le  in terface  is 
r e l a t ive ly  complex but  can be in te rp re ted  as the sum of two main  cont r ibu-  
tions, namely,  the processes re la ted  to the e lec t rosorpt ion  and e lec t rodesorp-  
t ion of hydrogen  and oxygen  on p l a t inum and the conjugate  redox  processes 
re la ted  to the n ickel  hydrox ide  electrode.  The mu tua l  in ter ference  of the 
oxygen  e lec t rosorpt ion and e lec t rodesorpt ion  react ions wi th  those of the  n ickel  
hydrox ide  e lect rode is in fe r red  f rom the change of the aging character is t ics  of 
the  oxygen  e lec t rodesorpt ion process. The overa l l  e lec t rochemical  react ion is 
i n t e rp re t ed  th rough  a react ion model  involving two l imi t ing planes  dividing 
the e lect rochemical  in terface  in two main  regions associated wi th  the two 
processes r e fe r red  to above. 

In  a recen t  publ ica t ion  the concept of the  mul t ip le  
e lec t rochemical  in terface  was appl ied  to expla in  the 
potent iodynamic  behav ior  of i r id ium in different  acid 
e lectrolytes  (1, 2). A mul t ip le  e lect rochemical  in terface  
involves at  least  three  different  phases, namely,  the  
base metal ,  the conduct ing or semiconduct ing film 
which covers the base meta l  e i ther  pa r t i a l l y  or  totally,  
and the electrolyte .  The cations or  atoms of the me ta l  
in the film forming chemical  species are  different  f rom 
those of the base meta l  electrode.  Various e lec t ro-  
chemical  processes take  place at the mul t ip le  e lec t ro-  
chemical  interface.  The sites of each react ion wi th in  
such an interface  are  di f ferent ly  located so tha t  a 
react ion plane p roper  to each react ion can be as-  

* Electrochemical Society Active Member. 
Key words: metals, potential, voltammetry. 

signed. Dur ing the e lec t rochemical  react ion the di f -  
ferent  planes  move at  ra tes  which  depend  on the 
character is t ics  of the reactions,  whe the r  they  re fe r  to 
a corrosion of the base metal ,  a monolayer  formation,  a 
th ickening  of the anodic film, or a proton t ransfer  
process occurr ing through the film. The react ion model, 
which proved useful  for in t e rp re t ing  the above-  
ment ioned reaction, may  have a more  genera l  appl ica-  
tion. In this sense, i t  is in teres t ing  to test  it  th rough  
coupling the character is t ics  of both  the nickel  hy -  
droxide  electrode and the p l a t i n u m / a l k a l i n e  solution 
interface  and fur ther  to a t t empt  to e lucidate  some of 
the questions regard ing  the kinet ics  of the former  p ro -  
cess. 

Recent studies on the nickel hydroxide electrode 
have shown tha t  the overa l l  e lec t rochemical  react ion 
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involves complicat ions prev ious ly  d i s regarded  since 
botl~ the reac tan ts  and the products  tha t  usua l ly  enter  
e lec t rochemical  react ions  correspond to composite 
mix tures  of different  species (3, 4). These species gen-  
e ra l ly  expressed in te rms of s imple  l imi t ing s to ichiom- 
etries, involve  different  s t ruc tures  wi th  thei r  own 
energet ic  character is t ics  which  are  r evea led  th rough  
the e lec t rochemical  response under  complex  poten t io-  
dynamic  condit ions (5). In  spite  of the fact  tha t  the 
po ten t iodynamic  resul ts  furn ish  in format ion  on the 
possible react ion pa thways  some impor t an t  questions 
re fe r r ing  to these react ions are  st i l l  unsolved. One of 
them concerns e i ther  the  influence or  the in te r fe rence  
of the me ta l  side of the in ter face  on the overa l l  e lec-  
t rochemica l  processes inc luding the aging process 
which takes  place in the  composite n ickel  hydrox ide  
film. 

To achieve a s tabi l ized hydrox ide  electrode,  such as 
the n ickel  hydrox ide  e lect rode on an appa ren t ly  iner t  
base metal ,  the physicochemical  p roper t ies  of colloid 
films associated wi th  proton t ransfer  react ions are  of 
special  interest .  These films may  exis t  on the me ta l  
subs t ra te  wi th  a sufficiently firm mechanica l  adhesion 
and a high e lec t rochemical  activity.  The exper imen ta l  
da ta  der ived  th rough  the format ion  of a mul t ip le  elec-  
t rochemical  in ter face  af te r  the  use of complex po ten-  
t iodynamic  pe r tu rba t ions  indicate  the  mu tua l  in-  
fluence of the  var ious  processes assigned both to the 
n ickel  hyd rox ide  e lect rode poten t ia l  range  and to the 
poten t ia l  range  where  the  p l a t i n u m  meta l  is covered 
wi th  e i ther  an oxygen  or a hydrogen  e lec t rosorbed 
monolayer .  This is c lea r ly  envisaged th rough  the 
s t r a igh t fo rward  compar ison of the e lec t rochemical  be -  
hav ior  of the mul t ip le  in terface  and the e lec t rochemical  
character is t ics  of the separa te  interfaces.  

Experimental 
The expe r imen ta l  a r r angemen t  inc luding the elec-  

t rolysis  cell, solut ion prepara t ion ,  and pe r tu rba t ion  
techniques are  the same as those prev ious ly  descr ibed 
in different  publ icat ions  (3-5).  The work ing  electrode,  
in the  presen t  case, was a p l a t i num wire  (Johnson-  
Mat they,  spec -qua l i ty )  of 0.4 m m  d iam and 0.22 cm 2 
appa ren t  area. 

The fol lowing e lec t ro ly te  solut ions were  employed:  
0.01N KOH + 0.66N K2SO4 (b lank  solution) or  b l ank  
solut ion wi th  Ni (OH)2  saturat ion.  The solutions were  
p repa red  f rom ana ly t ica l  g rade  Merck  reagents  and  
thr ice  dis t i l led  water .  The Ni (OH)2  sa tura t ion  was 
achieved using the fol lowing different  procedures.  (i) 
By addi t ion  of 10-3N NiSO4 to the b lank  solut ion and 
separa t ion  of the sa tu ra ted  solut ion f rom the prec ip i -  
tate. (ii) By addi t ion  of the NiSO4 solut ion as indica ted  
in (i) wi thout  separa t ion  of the  precipi ta te .  (iii) By 
forming the Ni (OH)2  on the e lec t rode  outside the 
cell by  a l t e rna t ive ly  and repe t i t ive ly  immers ing  first 
in the  b lank  solut ion and then in a 10-2N NiSO4 solu- 
tion. Af te r  the p repa ra t ion  s tage the e lec t rode  was im-  
mersed  on the cell  conta ining f reshly  prepared ,  p rev i -  
ously deoxygena ted  b lank  solution. The ionic s t rength  
was kep t  p rac t i ca l ly  constant  and  close to one. The 
n ickel  ion concentra t ion  in these solutions was of the 
o rde r  of 10-sM, since for  Ni (OH)2  at  25~ Ks = 1.5 
X 10 -16 ( m o l e / l i t e r )  3 (6, 7). 

Exper iments  were  run  unde r  different  po ten t ia l  
sweeps at  0.03 V/sec ~ v ~ 0.30 V/sec  and 25~ under  
1 a tm pressure  N2 gas saturat ion.  The e lect rode po ten-  
t ials in the  t ex t  a re  r e fe r red  to the SCE scale. 

The base p l a t inum meta l  was p r e p a r e d  by  using the  
two fol lowing different  cleaning procedures.  (i) Me-  
chanical  pol ishing wi th  a fine grade  pure  a lumina  
powder  suspension in wa te r  to produce  a mi r ro r  sur -  
face fol lowed by  immers ion  in an HNO3 + H2SO4 
( i :  l )  mix tu re  for 15 min. (ii) Immers ion  in the acid 

m ix tu r e  as ind ica ted  in ( i) .  
Electrodes d i f ferent ly  c leaned were  tes ted wi th  the  

b lank  solut ion by  runn ing  repe t i t ive  t r i angu la r  po-  

tent ia l  sweeps (RTPS) in the poten t ia l  range  of the 
hydrogen  and oxygen electrosorption,  be tween  the 
anodic (EX,a) and  the cathodic (Ex,c) switching po ten-  
tials. P rocedure  (i) requi res  a t ime longer  than  p ro -  
cedure (ii) to a t ta in  the s table  E/I disp lay  at  0.3 
V/sec. Al though  both  procedures  f inal ly gave the same 
results,  the l a t t e r  was p re fe ren t i a l ly  used. 

Results 

P r e l i m i n a r y  informat ion  was ob ta ined  by  comparing 
the  po ten t iodynamic  RTPS E/I displays  run  in the 
Ex,c = --0.90V to Ex, a = +0.65V poten t ia l  range,  a t  
0.3 V/sec,  wi th  the b l ank  solut ion (Fig. i )  and  wi th  
the solut ion containing N i ( I I )  a f te r  a previous  poten-  
t iostat ie  cathodizat ion of the p l a t inum elec t rode  at  po-  
tent ia ls  ranging  f rom --0.9 to - - I .2V dur ing  a fixed 
per iod  of t ime (I  min  ~ t ~: 5 rnin).  Thus, for  the  
N i ( I I )  containing solution, a f te r  a 5 min  cathodizat ion 
at  - - I .2V (Fig. 2) the RTPS poten t iodynamic  run  in 
the --0.9 to +0.2V range  repea ts  the main  fea tures  
a l r eady  known for the b l ank  solution, namely ,  the  
posi t ive going potent ia l  excurs ion involves the anodic 
cur ren t  peaks IHA and I IHA re la t ed  to the e lec t ro-  
desorpt ion of hydrogen  adatoms and the IOA, IIOA, 
and I I IOA which correspond to the  oxygen  e lec t ro-  
sorbed l aye r  on pla t inum.  Dur ing  the negat ive  going 
potent ia l  excurs ion the fol lowing cathodic cur ren t  
peaks  are  recorded:  IOC, pe r ta in ing  to the e lec t ro-  
desorpt ion of the oxygen layer,  and  I IHC and IHC re -  
la ted to the e lec t rosorpt ion  of the  hydrogen  adatoms.  
The charge re la ted  to the  cur ren t  peaks  IHA + I IHA 
is app rox ima te ly  equal  to the  charge involved in cur -  
ren t  peaks IHC + IIHC. Those charges  are  of the o rde r  
of the charge of one rnonolayer  of hydrogen  adatoms,  
which  for a smooth po lycrys ta l l ine  p l a t i num surface 
is t aken  as 210/~C/cm 2 (8-10). The same charge  ba lance  
extends  also to the sum of cur ren t  peaks  IOA + I IOA 
+ I I IOA which  equals tha t  of IOC. At  potent ia ls  
h igher  than 0.25V, however ,  the E / I  d isp lays  are  differ-  
ent. The presence of the nickel  hyd rox ide  species on 
the p la t inum electrode is reflected in the conjuga ted  
redox couple charac ter ized  by  the cur ren t  peaks  INiA 
and INiC, which  are  recorded  in the  0.30-0.65V range.  
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Fig. 1. Potentiodynamic Ell displays obtained under RTPS at 
0.3 V/sec for platinum in the blank solution after a previous 
cathodization at different potentials. (a) 30 sec at --0.9V; (b) 1 
rain at --1.1V. 
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Fig. 2. Potentiodynamic displays run at 0.3 V/sac for platinum in 
the blank solution containing Ni(ll) species after a previous 
cathodization at --1.2V during 5 min. 

During  the potent ia l  cycl ing obta ined wi th  a new 
e lec t ro ly te  solut ion immed ia t e ly  af te r  NiSO4 addi t ions  
the g radua l  change of the  Eli  profile is more  not ice-  
able  in moving f rom the first to the second sweep, pa r -  
t i cu la r ly  in the  posi t ive going potent iaI  excursion.  The 
l a t t e r  exhibi ts  a constant  anodic cur ren t  contr ibut ion 
throughout  the whole  potent ia l  range,  but  the  currents  
of the redox couple re la ted  to the n ickel  hydrox ide  
e lect rode are  then  more  poor ly  defined. For  the elec-  
t rodes p repa red  according to e i ther  (i) or (ii), the 
potent ia l  of the anodic cur ren t  peak  is near  50 mV 
more  posi t ive than  the peak  potent ia l  in the  s tabi l ized 
E/I profile. The l a t t e r  is recorded  af te r  about  60 rain 
potent ia l  cycling and the corresponding charge, e i ther  
anodic or  cathodic, a f te r  the p roper  double  l aye r  
charging and basel ine  corrections, is comparab le  to 
tha t  of the hydrogen  ada tom cur ren t  peaks.  With in  the  
--0.9 to -F0.4V range  the El i  disp lay  reaches a s table  
s i tuat ion much fas ter  than  the por t ion  of the El i  dis-  
p l ay  r e l a t ed  to the n ickel  hyd rox ide  electrode. But, 
a l though the charges of the hydrogen  and oxygen 
e lec t rosorpt ion regions r ema in  una l t e red  dur ing  fur -  
ther  po ten t ia l  cycling, the  charge of the cur ren t  peaks 
re la ted  to the  n ickel  hyd rox ide  e lect rode st i l l  in -  
creases to reach  a constant  va lue  only a f te r  about  
60 rain. 

When  0V ~ E~,e ~ 0.3V, tha t  is, Ex,c is more  posi t ive 
than  the poten t ia l  of the  cathodic cur ren t  peak  IOC, 
the  main  effect p roduced  in the El i  display  is a s l ight  
shif t  of the anodic cur ren t  peak  poten t ia l  INiA toward  
more  posi t ive va lue  as EX,c decreases (Fig. 3). S imul -  
taneously,  the cathodic cur ren t  contr ibut ion of cur ren t  
peak  IOC in the 0 to 0.3V range  is apprec iab ly  re -  
duced as Ex,c decreases.  This corresponds to the  po ten-  
t iodynamic  aging of the  oxygen-conta in ing  monolayer  
on p l a t inum a l r eady  known (11). 

The El i  profile of the n ickel  hydrox ide  redox couple 
is influenced by  the anodic (E~,a) and cathodic (Ex.c) 
switching potent ia ls  as depic ted  in Fig. 4. When  E~,r 
becomes more  positive, wi th in  the potent ia l  range  of 
cur ren t  peak  INiC, the  posi t ive going excurs ion ex -  
hibi ts  the spl i t t ing  of the anodic cur ren t  peak  INiA 
into two peaks.  This behav ior  is the  same as a l r eady  
descr ibed for  the  n ickel  hydrox ide  e lect rode on a 
n ickel  base which was a t t r ibu ted  to the aging pro-  
cesses of the  Ni (OH)2  species (4 ,5) .  The s tabi l ized 
El i  profile, pa r t i cu l a r ly  dur ing  the negat ive  going 
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Fig. 3. Influence of the cathodic switching potential on the 
stabilized E/I profile at 0.3V/sac. 

potent ia l  excursion,  is s l ight ly  modified when Ex.a be-  
comes more  posi t ive wi th in  the  poten t ia l  range  ex -  
ceeding tha t  of the  cur ren t  peak  INiA. The  cu r r en t  
peak  INiC shifts t oward  more  nega t ive  va lues  as EX,a 
increases. By fu r the r  increas ing E~,a into the  poten t ia l  
range of the oxygen  evolut ion reac t ion  one not iced 
that  the l a t t e r  react ion had  no apprec iab le  influence 
on the n ickel  hyd rox ide  cur ren t  peaks,  wi th  the ex -  
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Fig. 4. Influence of the anodic and cathodic switching potentials 
on the E/I profile at 0.1 V/sac run with the platinum electrode 
in the potential range of the nickel hydroxide redox couple. 
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cept ion of changing the basel ine  cathodic  cur ren t  con- 
t r ibu t ion  p r e d o m i n a n t l y  in the  poten t ia l  reg ion  more  
negat ive  than  tha t  of cur ren t  peak  INiC. 

When  p l a t i num electrodes a re  le f t  overn igh t  in 
e lec t ro ly te  solut ion in contact  wi th  the  Ni (OH)~ p re -  
c ipi ta te  the resu l t ing  E/I  profiles show a poor  e lec t ro-  
chemical  response associated wi th  the  n ickel  hyd rox ide  
redox  couple. To decide whe the r  the fo rmat ion  of the  
n ickel  hyd rox ide  redox  couple is due e i ther  to the  
deposi t ion on the p l a t i num surface of Ni (OH)~ out  
f rom the solut ion or  to the Ni (OH)2  p roduced  b y  the 
a lka l in iza t ion  of  the  in ter face  dur ing  cathodizat ion in 
the presence of N i ( I I )  in solution, expe r imen t s  were  
made  wi th  a f resh ly  decanted  Ni (OH)z sa tu ra t ed  solu-  
t ion and  wi th  a solut ion tha t  had  been decan ted  for  
th ree  days.  The El i  disp lays  ob ta ined  wi th  the f resh  
solut ion show only  smal l  cur ren t  peaks  whi le  p rac -  
t ica l ly  no cu r ren t  peaks  are  recorded  wi th  the  lat ter .  
By adding  to the  f resh  solut ion the prev ious ly  sepa-  
r a t ed  Ni (OH)~  precip i ta te ,  smal l  cur ren t  peaks  are  
observed bu t  the charge  corresponding to the  n ickel  
hydrox ide  e lect rode shows no fu r the r  increase  dur ing  
the poten t ia l  cycling. In  contrast ,  a f te r  the addi t ion  of 
NiSO4 solut ion to the  e lec t ro ly te  in the  cell, the El i  
profiles exhib i t  the  fea tures  a l r e ady  descr ibed bu t  
wi thout  requ i r ing  the cathodizat ion in the hydrogen  
evolut ion region.  

The grea tes t  charge  contr ibut ion  of the  Ni (OH)~ 
redox  couple is achieved when  the NiSO4 solut ion is 
added  to the  b l a n k  jus t  in  the  v ic in i ty  of the  e lec t ro-  
chemical  interface.  Under  these circumstances,  if  the 
N i ( O H ) s  l aye r  is now rap id ly  removed  f rom the elec-  
t rode and the l a t t e r  is pu t  back  into the  same solu-  
t ion wi thout  a fu r the r  addi t ion  of NiSO4, the con t r ibu-  
t ion of the n ickel  hyd rox ide  cur ren t  peaks  are  much  
lower  than  those prev ious ly  observed.  The first s i tua-  
tion, however ,  can be reproduced  by  a fu r the r  addi t ion 
of NiSO4 to the  electrolyte .  These exper iments  show, 
therefore,  tha t  the efficiency of the solut ion to p ro -  
duce Ni (OH)~ species on p la t inum,  decreases r e l a -  
t ive ly  r ap id ly  af te r  the NiSO4 addit ion.  The p reca th -  
odizat ion of the in terface  seems to be less impor t an t  
than  the nuclea t ion  and g rowth  of  the first Ni (OH)2  
l a y e r  to accompl ish  the fo rmat ion  of  the n ickel  e lec-  
t rode  redox  couple on the p l a t i num electrode.  To con- 
firm those resul ts  the  Ni (OH)2  film was p repa red  
according to procedure  (iii) (Fig. 5). The e lect rode 
was immersed  for 15 rain in the HNO8 -t- H~SO4 mix -  
ture,  then, washed in thr ice  dis t i l led  water ,  d ipped for  
5 rain in the  a lka l ine  solution, and  immed ia t e ly  a f t e r -  
w a r d  immersed  in the NiSO4 solut ion for  another  5 
min. F ina l ly ,  the  e lec t rode  was cathodized at  --0.8V 
in the b lank  solut ion dur ing  30 sec before  runn ing  the 
RTPS be tween  --0.8 and +0.7V. The first E/I display  
at  0.3 V/sec  shows al l  the  fea tures  a l r eady  described,  
bu t  the overa l l  charge increases  r ap id ly  dur ing  the four  
first t r i angu la r  po ten t ia l  sweeps. La t e r  the ra te  of 
the charge  increase  diminishes to a t ta in  a s table 
charge  a f t e r  5-10 min  poten t ia l  cycIing. F u r t h e r  po-  
ten t ia l  cycling produces  net  shifts of cur ren t  peaks  
INiA, INiC, and  IOC toward  more  posi t ive values.  The 
same effect is also observed on cur ren t  peak  I IHC and 
p robab ly  also on the basel ine  re la ted  to the oxygen 
evolut ion reaction. Fur the rmore ,  the  longer  the t ime 
of the potent ia l  cycl ing the l a rge r  the cur ren t  peak  
INiA potent ia l  shif t  t oward  more  posi t ive potentials .  I f  
the INiA cur ren t  peak  involves the  cont r ibu t ion  of 
two cur ren t  peaks  whose separa t ion  is about  50 mV, 
then, in i t ia l ly  the one at  more  negat ive  potent ia ls  p r e -  
vai ls  whi le  as the  potent ia l  cycl ing continues the one at  
the more  posi t ive poten t ia l  side becomes more  impor -  
tant.  The amount  of charge p lay ing  a pa r t  in the  n ickel  
hyd rox ide  e lec t rode  potent ia l  r ange  a t ta ins  a l imi t -  
ing va lue  wi th  the  poten t ia l  cycl ing as descr ibed 
above. The l imi t ing  charge s l ight ly  increases wi th  the  
immers ion  t ime in the solutions involved  in procedures  
(iii) (Fig. 6), bu t  i t  increases d r ama t i ca l l y  wi th  the  
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Fig. 5. Successive potentiodynamic E/I displays obtained under 
RTPS at 0.3 V/sec after a previous cathodization at --0.SV during 
30 sec. The nickel hydroxide electrode was prepared by dipping the 
platinum electrode during 5 rain in the blank solution and immedi- 
ately afterward in the NiSO4 solution for another 5 min, 

number  of the  a l t e rna t ive  immers ions  pe r fo rmed  at  a 
constant  immers ion  t ime (Fig. 7). The charge increase  
is accompanied  b y  shifts of the  potent ia l s  of cu r ren t  
peaks  INiC and INiA. Al though  the potent ia l  shif t  of 
the INiC cur ren t  peak  fol lows no s imple dependence  
on the number  of immersions,  tha t  of peak  INiA be-  
comes more  negat ive  as the number  of immersions  in-  
creases. The charge increase of cur ren t  peaks  INiC 
and INiA has no apprec iab le  influence on the res t  of 
the po ten t iodynamic  cur ren t  peaks  under  the condi-  
tions depic ted  in Fig. 7. 

The complex i ty  of the  El i  profile r e l a t ed  to the  
nickel  hydrox ide  e lec t rode  is also r evea led  b y  runn ing  
s tabi l ized RTPS poten t iodynamic  El i  profiles in the  
0.3-0.7V range,  a t  different  potent ia l  sweep rates  v 
(Fig. 8). The cur ren t  peak  heights,  e i ther  INiA or  
INiC af te r  correct ion for  double  l aye r  charging and 
basel ine  effects, increase  a lmost  l i nea r ly  wi th  v. The 
charges involved are  independen t  of v. The INiA cur-  
ren t  peak  moves toward  more  posi t ive values  as v in-  
creases, but  no definite shif t  is observed for cur ren t  
peak  INiC. Nevertheless ,  the peak  potent ia l  dependence  
on v is ce r ta in ly  more complex because of the com- 
posite character is t ics  of the po ten t iodynamic  cu r ren t  
peaks associated with  the nickel  hydrox ide  e lect rode 
(3-5). 

The nickel  hydrox ide  e lec t rode  pe rpa red  b y  any  of 
the above descr ibed procedures  remains  act ive af ter  
having been removed  from the electrolyte ,  washed 
with  water ,  and again  p laced  into the  electrolysis  cell. 

Discussion 
The poten t iodynamic  response  of the  p l a t i num-n icke l  

hydrox ide -e l ec t ro ly t e  mul t ip le  in ter face  in the  po ten-  
t ia l  range  of the e lec t rochemical  s tab i l i ty  of water ,  r e -  
veals  that  there  are  th ree  ne t  po ten t ia l  ranges where  
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the following three conjugated electrode processes are 
successively taking place along with the progressive 
potential  excursions. In  the --0.8 to --0.5V range 

P t (H)  = Pt  + H + + e [1] 

in the --0.5 to 0.2V range 

Pt  + H20 -- P t O +  2H + + 2e [2] 

and in the potent ial  range just  preceding the electro- 
chemical evolution of oxygen 

Ni(OH)s  = NiOOH + H + + e [3] 

Reactions [1] and [2] have been discussed in  detail 
both in  acid and alkal ine electrolytes in  numerous  re-  
cent publications (11-19). They include, together with 
the proper electrochemical reactions, chemical and 
s t ructural  t ransformations of the various reactants and 
products part icipat ing in the overall  reactions in both 
directions, which were described under  the general  
term of aging processes. They exhibit  t ime-dependent  
electrochemical spectra as expected for the gradual  
formation of species of more stable configuration on 
the electrode surface. Reaction [3] exhibits practically 
the same characteristics a l ready described for the 
nickel hydroxide electrode on nickel, comprising 
the same type of spli t t ing of the anodic and cathodic 
current  peaks. Those splittings are assigned to the 
aging of both the Ni (OH)s  and NiOOH species due 
to chemical transformations,  so that  at least two dif- 
ferent  Ni(OH)2 species and two different NiOOH 
species part icipate in  the electrochemical processes. 
The instantaneous ratio of the two species for both 
Ni(OH)2 and NiOOH depends on the time elapsed 
since each species started to be either cathodically or 
anodically formed. This means that  chemical t rans-  
formations occur both under  open-circui t  conditions 
and also s imultaneously with both electron t ransfer  
processes. So, the simplest reaction scheme can be 
put  forward as follows 

[Ni(OH)2]u ~ [NiOOH]s + H + -k e 
$ t 

[Ni(OH)2]s + ~ -  [NiOOH]u + H + 4- e [4] 
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where  u and s denote uns table  and s table  species, r e -  
spect ively.  React ion scheme [4], however ,  neglects  the 
occurrence of crossed e lec t rochemical  react ions  as r e -  
cent ly  r epor t ed  under  special  pe r tu rba t ion  condit ions 
(20). 

The presen t  data ,  besides confirming recen t ly  r e -  
por ted  results  concerning reac t ion  (4), a re  impor t an t  

the  in t e rp re t a t ion  of the n ickel  hyd rox ide  conjugate  
r ~ t i o n s  wi thout  the unce r t a in ty  of the changing 
roughness  factor  which  occurs when  the n icke l  h yd rox -  
ide  species a re  p roduced  by  corrosion of the n ickel  base 
metal .  The roughness  factor  of the base p l a t i num elec-  
t rode  is o therwise  known e i ther  th rough  the charge 
of the hydrogen  adatoms monolayer  or th rough  the 
charge requ i red  to e lec t rodesorb  the oxygen l aye r  
fo rmed  on pla t inum,  which for the  switching potent ia l  
l imits  of the p resen t  exper iments ,  is exac t ly  twice the  
charge  of the  former.  

Two c lea r ly  different  l imi t ing  cases can be  dis t in-  
guished depending  on the overa l l  charge involved  in 
the  po ten t iodynamic  e lec t roformat ion  of the n ickel  
hyd rox ide  electrode.  When  the charge par t i c ipa t ing  in 
the  process is of the o rde r  of the  hydrogen  ada tom 
mono laye r  the first po ten t iodynamic  sweep depicts  
p r edominan t l y  one anodic and one cathodic cur ren t  
peak  associated wi th  the con juga ted  nickel  hydrox ide  
reactions.  T~he corresponding cur ren t  peaks  suggest  
then that  the p reva i l ing  react ion is 

[Ni(OH)2]u = [NiOOH]u -6 H + -6 e [5] 

that is, the electrochemical reaction involves the more 
reactive Ni(OH)2 and NiOOH species. On the other 
hand, the transformation of the [Ni(OH)2]u species 
into the [Ni(OH)2]s species is facilitated when the 
charge involved in the nickel hydroxide electrochemi- 
cal reaction gradually increases to exceed that of the 
hydrogen adatom monolayer. Hence, the present re- 
sults demonstrate that under the conditions of a low 
surface coverage by the Ni(OH)2 species, the inter- 
pretation of the electrooxidation of Ni(OH)2 can be 
approached by the single electron transfer represented 
by reaction [5]. 

When the amount of nickel hydroxide exceeds sev- 
eral times the hydrogen adatom monolayer and the 
Ni(OH)2  species consti tutes an ac tual  phase, then its 
average  composit ion depends  on the type  and t ime 
constants  of the potent ia l  pe r tu rba t ion  p rog ram ap-  
p l ied  to the  interface.  A compar ison of the different  
E/I profiles dur ing  the successive potent ia l  cycling 
shows the increas ing  contr ibut ion  of the react ions in-  
d ica ted  in scheme [4]. In  case (it) the  e lect ron t r ans -  
fer  react ions  occurr ing in the mul t ip le  in ter face  can 
be assigned to two different  l imi t ing  react ion planes  
according to the model  p rev ious ly  descr ibed (1). The 
p lane  re la ted  to the  P t / N i ( O H ) 2  (hydra ted )  in terface  
is the  site of react ions [1] and [2]. Ano the r  p lane  is 
ascr ibed to the Ni (OH)s / so lu t ion  interface.  The proton 
(or O H - )  t rans fe r  process associated wi th  react ion 
[3] occurs both  th rough  the l a t t e r  p lane  and th rough  
the [Ni(OH)2-NiOOH] l aye r  located be tween  the two 
l imi t ing  planes.  Fo r  the l a t t e r  react ion the oxidized 
p l a t i num electrode surface acts ma in ly  e i ther  as an 
e lec t ron source or  an e lect ron sink. Hence, the reac-  
tions t ak ing  place  in the me ta l  plane,  when the posi-  
t ive going poten t ia l  excurs ion s tar ts  f rom the hyd ro -  
gen adatoms poten t ia l  range  up to the n ickel  hyd rox ide  
e lec t rode  poten t ia l  range,  can be put  fo rward  as 
fol lows 

P tx[PtH]  [Ni (OH) 2 �9 nH20] * + OH- 

= P % [ P t ] [ N i ( O H ) 2  �9 (n + 1) H20]* + e [ l a ]  

P tx[Pt ]  [Ni (OH)2 �9 (n + 1) H~O]* + 2 O H -  

= P tx [P t ( J ]* [Ni (OH)2  �9 (n + 2) H20]* + 2e [2a] 

where  n is the  number  of hydra t ion  wa te r  molecules  in 

the n ickel  hydrox ide  l aye r  and  x refers  to bu lk  p la t i -  
num. At  more posi t ive potent ials ,  in the  n ickel  hy -  
droxide  l aye r  

P tx[PtO]*  [Ni(OH)2 ' (n + 2) H20]* + OH- 

= Pt~[PtO]* [NiOOH �9 (n + 3) H20]* + e [3a] 

Analogously, during the negative going potential ex- 
cursion within the same switching potential range, 
the complementary overall reactions can be written as 
follows. In the nickel hydroxide layer 

Ptx[PtO]** [NiOOH �9 (n + 3) H20]** + e 

-- Ptx[PtO]**[Ni(OH)2 �9 (n + 2) H20]** + OH- [3c] 

and at the metal plane, at more negative potentials 

Ptx[PtO]**[Ni(OH)2 . (n + 2) H20]** + 2e 

= Ptx[Pt] [Ni(OH)z �9 (n + i) H20]** + 2 OH- [2c] 

and 

Ptx[Pt] [Ni(OH)2 �9 (n + I) H20]** + e 

= Ptx[PtH] [Ni(OH)~ �9 nH20]** + OH- [Ic] 

Reactions [la]-[3a] and [3c]-[Ic] also involve the 
corresponding OH- ion transler processes from the 
solution side of the interface to the multiple interface 
or the reverse, respectively. The brackets indicate the 
two different reaction regions, namely, the metal sur- 
face and the nickel hydroxide film. The single and 
double asterisks denote that the average energetic con- 
figuration of reactants and products, either in the an- 
odic or the cathodic reactions, are different because of 
the aging processes. 

The formation of the nickel hydroxide electrode on 
platinum produces a simultaneous decrease of the ag- 
ing effect of the PtO species. This means that the PtO 
monolayer aging is coupled to some extent to the 
nickel hydroxide electrode reactions through a pseudo- 
stabilization of the PtO transient species with either 
the Ni(OH)2 or the NiOOH species on the electrode 
surface. The stabilization can be assisted through a 
structural unit such as either a [PtO + Ni(OH)2] or 
a [PrO + NiOOH] surface complex unit. These struc- 
tures involve the innermost layer of the [Ni(OH)2 + 
NiOOH] film which is just in contact with the PtO 
surface. According to recent results, the PtO aging is 
principally related to a surface reaccommodation pro- 
cess (ii) formally written as 

[Pt]x[PtyOz]u ~ [Pt]x[PtyOz]s [6] 

where x refers to the bulk metal and z --~ y and z _~ y 
when the monolayer is formed. Therefore, through a 
binding between [PtvOz]u with either the [Ni(OH)2] 
or the [NiOOH] species different surface structures are 
achieved. Hence, the place exchange mechanism ac- 
cording to reaction [6] is partially impeded by the ad- 
sorption of either the [Ni(OH)2] or the [NiOOH] 
species on the Pt(O) surface. The stabilization of the 
surface species can be accounted for, at least in part, 
through the participation of hydrogen bonding. 

The fact that the nickel hydroxide electrode on 
platinum is formed without requiring a simultaneous 
cathodization before running the potentiodynamic ex- 
periments and that the solution where Ni(OH)2 pre- 
cipitates loses its property of generating the electro- 
chemically active redox couple deserves a further com- 
ment in terms of the chemistry of the colloidal system 
involved. Those systems are unstable in the thermody- 
namic sense causing the accustoming of colloidal sys~ 
tern (21), the coarsening or ripening of precipitates 
(22), as well as other aging effects (23, 24). All these 
effects are strongly dependent on the solution composi- 
tion, pH, time of aging, nature of anions present and 
other topological transformation, and preparation con- 
ditions. Unfortunately, despite numerous investigations 
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little is still known about the mechanism of metal hy- 
droxide and oxide precipitation (23). 

However, under the conditions prevailing during the 
Ni(OH)2 precipitation on platinum one should recog- 
nize that most of those variables are also involved. 
Thus, it seems that the largest efficiency of the nickel 
hydroxide electrode, as measured through the charge 
involved in the El i  profile, is attained when the 
Ni(OH)2 precipitation occurs from fresh solutions and 
as close as possible to the electrode surface. If the 
nucleation of the precipitate can occur either on the 
metal surface or in the bulk of the solution, the former 
situation is largely favored in the conditions where 
the greatest efficiency has been attained. The coarsen- 
ing and aging of the precipitate adversely influence the 
yielding of the nickel hydroxide electrode formation. 
Therefore, besides the study of the proper electrode 
processes, the present results offer the possibility of 
establishing promising relations between the multiple 
interface electrode systems and the physicochemical 
characteristics of colloidal systems. 
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Some Electrochemical Properties of Strong Organic 
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and Benzene Sulfonic Acids 
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ABSTRACT 

Severa l  organic  acids have been eva lua ted  as possible e lect rolytes  for  the 
oxidat ion  of hydrogen.  The tests pe r fo rmed  included e lect r ica l  res i s t iv i ty  
and vapor  pressure  measurements  a t  var ious  tempera tures .  Cur ren t -po ten t i a l  
re la t ions  were  obta ined at  both  p l a t in i zed -p la t inum ro ta t ing  d isk  electrodes 
and Teflon-bonded,  p l a t i n u m - b l a c k  gas diffusion electrodes.  Most of the acids 
unde rwen t  chemical  or e lect rochemical  breakdown.  Out of the  e lec t ro ly tes  
tested, the only  one holding any  promise  as a fuel  cell  e lec t ro ly te  is methane  
sulfonic acid. As a resul t  of this work  cer ta in  classes of compounds should be 
ru l ed  out  as candidates ,  e.g., halogenated  fa t ty  acids and cer ta in  aromat ic  
acids, e.g., benzoic and benzene sulfonic acids. 

This pape r  presents  the resul ts  of a search for 
organic  e lect rolytes  which  pe r fo rm be t te r  than  phos-  
phor ic  acid as an e lec t ro ly te  in fuel  cells using H2 or 
H2-CO mixtures .  There  are  severa l  obvious r equ i re -  
ments  for  the "ideal" e lec t ro ly te  (1) as fol lows:  (i) 
ava i l ab i l i ty  of sui table  ions for fuel  oxida t ion  at  the 
anode and oxygen  reduct ion at  the  cathode, (ii) high 
ionic conduct ivi ty,  (iii) good solvent,  tha t  is, high 
values  of  so lubi l i ty -d i f fus iv i ty  products  for fuel  and  
oxidant ,  (iv) chemical ly  iner t  t oward  fuel, oxidant ,  
and  react ion products  (CO2 and wa te r ) ,  (v) s tab i l i ty  
over  the  vol tage ranges  involved,  (vi) since wa te r  
mus t  be removed  from the cell, the e lec t ro ly te  must  
have a low vapor  pressure  (high boi l ing point)  to 
avoid  a compl ica ted  condens ing-separa t ion  system, 
(vii) negl igible  absorbab i l i ty  on, and poisoning of, the 
e lect rode mater ia ls ,  and  (viii) noncorros ive  t oward  cell  
and  e lect rode mater ia ls .  

Wi th  the above requ i rements  in mind,  we pe r fo rmed  
a l i t e ra tu re  search which  suggested a number  of classes 
of organic  acids as possible e lec t ro ly tes  on the basis 
of the i r  mel t ing  and boi l ing points. Table  I shows the 
proper t ies  of seven acids selected for study.  

The tests pe r fo rmed  include ionic conduct iv i ty  and 
vapor  pressure  as a funct ion of t empe ra tu r e  and elec-  
t rochemical  pe r fo rmance  wi th  H2 or  H~-3%CO as re -  
actant .  Two types of e lec t rochemical  tests were  pe r -  
formed. Use of a gas diffusion e lec t rode  wi th  the  elec-  
t ro ly te  gives a d i rec t ly  r eve lan t  measure  of fuel  pe r -  
formance.  Tests wi th  a ro ta t ing  disk e lect rode in 
e lec t ro ly te  sa tu ra ted  wi th  H2 indicate  whe the r  the  
reac t ion  ra te  is contro l led  by  mass t ransfe r  or by  elec-  
tron t ransfe r  kinetics.  

Exper imenta l  T e c h n i q u e s  
The res i s t iv i ty  of the var ious  e lec t ro ly tes  was mea -  

sured  at  various t empera tu res  us ing a microconduc-  
t iv i ty  cell (3403 Yel low Spr ings  Company,  cell con- 
s tant  = 1 cm -1) and  a d igi ta l  conduct iv i ty  br idge  
(Barns ted  PM-70CB).  The t e m p e r a t u r e  was ad jus ted  
using an oil  bath.  The isoteniscope technique (2) was 

~Present address: Chemistry Department, Faculty of Science, 
Cairo University, Cairo, Egypt. 

Key words: resistivity, polarization, gas. 

chosen for measur ing  the sa tu ra t ed  vapor  pressure  of 
the l iquid.  

The ro ta t ing  disk e lec t rode  (RDE) assembly  is 
shown in Fig. 1. The e lect rode was a disk of p l a t inum 
force-f i t ted into the Teflon head. Best  resul ts  were  
obta ined  wi th  the disk l igh t ly  plat inized.  Double  l aye r  
capaci ty  measurements  in 85% H~PO4 at  135~ in the  
range of 250-450 mV vs. a dynamic  hydrogen  e lect rode 
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Fig. 1. Schematic of the rotating disk electrode. 1, Stainless 
steel rod; 2, Teflon head; 3, platinized Pt disk elect~rode force- 
fitted into the Teflon head; 4, Pt wires through the Teflon head; 
5, heat shrinkable Teflon tubing; 6, electrical insulation to isolate 
the steel rod from motor chuck; 7, Cu tubing force-fitted on the 
stainless steel rod; and 8, Cu braid wound twice around the Cu 
tubing for electrical contact to the electrode. 
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Table I. Melting and boiling points of selected electrolytes 

Electrolyte Formula MP (~ BP (~ Manufacturer 

Benzene  sul fonic  acid-hydrate  C~bSOaH �9 1.5H.-O 45-46 -- Ea s tma n  Kodak 
Met hane  disul fonic  acid CH2(SO~H)2 -- 220 Eastman Kodak 
Trich loroace t i c  acid CChCO~I 54-58 196 Aldrich 
Pentaf luoropropanoic  acid C2FsCO~I -- 96 ICN Pharmaceutical Incorporated 
Chl0rodif luoroacet ic  acid C1CF2CO~I-I 24-26 122 Aldr ich  
Benzoic  acid Cd-IsCO~I-I 118 249 Baker 
Met hane  sul fonic  acid CH~SO~H 20 -- Ea s tma n  Kodak 

(3) gave a capacity of 6.7 X 10 a/~F/cm 2, suggesting a 
surface roughness of about  270 (using 25 ~F/cm2 for 
br ight  p la t inum) .  Rotation speed was measured with a 
phototachometer. The cell used with the gas diffusion 
electrode and the RDE (Fig. 2) was designed to meet  
the requirements :  (i) small  total volume (~15 ml) 
in view of the cost and avai labi l i ty  of some of the 
electrolytes, (ii) separate compartments  for the refer-  
ence, working and auxi l iary  electrodes to prevent  con- 
taminat ion  of the electrolyte in  the working electrode 
compartment  with products of the reactions taking 
place in the other compartments,  (iii) compatibil i ty 
with an RDE assembly, with sufficient depth of elec- 
trolyte to avoid nonideal  circulation of l iquid to the 
rotat ing surface, (iv) ensurance of continuous sa tura-  
tion of the electrolyte with the fuel gas. The cell in -  
corporated a dynamic hydrogen reference electrode 
(3) which is main ta ined  at a small  steady potential  
by passing a cathodic hydrogen evolution current  of 
1 mA cm -2 provided by  an auxi l iary  circuit. 

The designs of the porous gas-diffusion electrode 
and its holder were those described by  Almaula  and 
Aust in  for sulfuric acid (4). The electrode holder was 
made of two Teflon parts. The bottom par t  exposes 
one side of the electrode to the electrolyte and the 
other to the reactant  gas. The top par t  has two con- 
centric glass tubes through its length; the i n ne r  is 
the inlet  of the gas (which is kept  slightly above 
atmospheric pressure) and the outer  is the outlet  of 
the unreacted gas. The porous gas diffusion electrodes 
were made by pressing an  homogenous paste of P t -  
black and Teflon dispersion (du Pont  30) into a disk in  
a steel die to 18,000 psi for 2 min. It  was dried at 50~ 
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Fig. 2. Schematic of electrochemical cell 

for 1 hr, taken to 350~ over  5 rain, and sintered for 
2 min  at 350~ Electrodes prepared wi th  a p la t inum 
screen were found to crack when heated in concen- 
trated phosphoric acid at 135~ and gave i r repro-  
duc i b l e / R  corrections. This has been a t t r ibuted to the 
recrystall ization of the P t -b lack  on the Pt  screen (5, 
6). More stable electrodes were obtained by pressing 
the Pt -b lack  and Teflon paste onto a t an ta lum screen 
(45 U.S. mesh) (6). 

Current  densities at a desired potential  between test 
and reference electrodes were measured with a 
Wenking or an Aardvark  potentiostat. Corrections were 
made for the IR drop in the electrolyte path between 
the Luggin tip and the test electrode face by using the 
b lanked-out  portion of an oscilloscope trace after cur-  
rent  interrupt ion.  The oscilloscope was connected to 
measure the test-reference potent ial  at a steady cur-  
rent  and the current  in te r rup ted  with a rapid switching 
circuit which also triggered the trace. 

Due to exper imental  difficulties encountered with 
obtaining reproducible results from phosphoric acid, 
and the differences in the properties of various elec- 
trodes, a comparison technique was used. Before each 
electrolyte was r un  at the desired tempera ture  on a 
certain electrode, the electrode was tested with H2 
fuel in 1N H2SO4 at 25~ This system gives well-  
defined l imit ing currents  for Teflon-bonded electrodes 
which are not flooded (4). The ratio of the l imit ing 
current  obtained in the par t icular  electrolyte at a 
certain temperature  to that  obtained in sulfuric acid 
at 25~ was taken as a measure of the efficiency of the 
electrolyte. This ratio was found to be about 1.6 for 
85% H3PO4 at 135~ Table II lists the properties of 
the various electrodes used in  this work. Figure 3 
shows the cur ren t -poten t ia l  relations obtained in  IN 
H2SO4 at25~ and in  85% I~PO4 at 135~ using H2 gas 
as fuel at the same electrode. The l imit ing cur ren t  was 
taken to be the current  at  500 mV vs. DHE. 

Fuel  gas was supplied to the cell through a t ra in  ~ 
consisting of columns of Ridox (oxygen scavenger, 
Fisher Scientific), KOH, and Drierite. The phosphoric 
acid was purified using the HsO2 t rea tment  recom- 
mended by Appleby (7), and the organic electrolytes 
were used as supplied. 

Results and Discussion 
Figure 4 shows the plots of log conductivi ty vs. 1 /T  

for the electrolytes tested. Measurements  were l~er- 
formed in  both the ascending and descending direc- 

Table II. Properties of the porous Teflon-bonded platinum black 
gas diffusion electrodes used in electrochemical measurements on 

H2 oxidation 

iL in IN 
Thick-  Porosity Pt loading H~O~ 

Code hes s  ( calcu- ( m g  Pt  ( m A / c m ~  
No. (cm) lated) black/cm ~) at 25~ 

Et* 0.050 0.47 130 310 
E2 0.062 0.50 107 200 
E3 0.029 0.21 249 950 
E4 0.023 0.39 22 284 
E5 0.036 0.40 102 167 
E6 0.029 0.34 71 110 
E7 0.030 0.35 74 49 

* ~L = 490 m A l c m  -~ in 85% H~PO~ at 135~ 
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Fig. 3. Plot of log (conductivity of electrolyte) vs. reciprocal of 
absolute temperature. Curve 1, CClaCO2H (90 w/o); curve 2, 
C2FsCI~H-H~O; curve 3, CsH~SO~H �9 1.5 H~O; curve 4, 
CF~SOaH �9 H~O); curve 5, C.H~SO~H; curve 6, CCI~CO~H (70 w/o); 
curve 7, 85 w/o H,~PO~; and curve 8, CH2(SOaH)2 (50 w/o). 
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Fig, 4. Comparison of the current-voltage curves for H2 oxidation 
at a Teflon-bonded gas-diffusion electrode in both 85% H3P04 at 
135~ and IN H2504 at 25~ for the same electrode. The elec- 
trode porosity was 0.47 and catalyst loading was 133 mg Pt black 
cm-=. 

tions wi th  respect  to t empera ture .  No significant h y -  
s t e r e s i s  was observed except  when significant amounts  
of wa te r  exis ted  in the e lec t ro ly te  and only when  m e a -  
surements  were  taken  a t  high t empera tu res  as, for  
example ,  wi th  the 90% aqueous solut ion of CC13CO2H. 
The s t ra ight  lines shown are  leas t  squares correla t ions  
of the  data. The resul ts  on the 85% H~PO4 agree  wel l  
wi th  the l i t e ra tu re  values  (8). Table  I I I  lists the  
s t ra igh t  l ine equation, the corre la t ion  coefficient, and 
the t empera tu re  range  over  which the measurements  
were  taken.  In  the case of the  90% aqueous solut ion 

Table III. Least squares correlations of the data of log 
(conductivity) vs. reciprocal of absolute temperature for the 

electrolytes tested. The concentrations are in weight percent in an 
aqueous solution. 

Compound 

Corre- Temper-  
lat ion ature 

Conductivity equation coefll- range  
(~, 9 -z om -z) c ient  (~ 

CeH~SO~-I log K = 1,82-1.28 x lOS/T 0.98 4B-138 
CI%(SO~-I)= log K = 0.68-0.351 x 10S/T 0.95 23-97 

(50%.~ 
CCI=CO~q log ~ = 0.48-0.253 x IO~/T 0.84 28.91 (7u%) 
CClzCO~H log K = 1.57-0.453 x IO~/T 0.98 24-128 

(9u%) 
C~2'sCO,u'-I log K .= --1.97-0.165 x lOZ/T 0.81 24-71 
c (90%) 

H~OaH log K = - 0.39-0.388 X IO~/T 0.95 30-135 
CF~SO~'I �9 log K = 1.00-0.835 • 1W'/T 1.00 29-138 

H~ 
H~PO6 log ~ = I.Z8-0.702 x IO~/T 0.95 23-138 

(8~%) 

of CClsCO2H, hysteresis  occurred  due to loss o f  w a t e r ,  
and the corre la t ion is based  on the low t e m p e r a t u r e  
results.  I t  was concluded tha t  methane  disulfonic acid 
was the only e lec t ro ly te  tested which  had  sufficient 
conduct iv i ty  to compare  wi th  phosphor ic  acid. 

The sys tem /o r  vapor  pressure  m e a s u r e m e n t  was  
tested using benzoic acid, giving the resul t  shown b y  
curve 1 in Fig. 5. Al though  there  is some sca t te r  in t h e  
data  points, the overa l l  resul ts  agree  wi th  the  accepted 
l i t e ra tu re  values,  and the appara tus  is considered ade-  
quate  for the purpose  of the p resen t  study.  

F igure  5 also shows plots for benzene sulfonic a c i d ,  
both 10% aqueous solut ion and anhydrous  pentaf luoro-  
propanoic  acid, and  t r ichloracet ic  acid. The resul ts  
sa t i s fac tor i ly  fit s t ra igh t  l ines over  the s tud ied  range  
of tempera tures .  Table  IV summar izes  the  results .  

Background  Cur ren ts  
Methane  sulfonic acid gave the lowest  background  

cur ren t  of a l l  the tes ted electro]ytes  (about  6% of t h e  
measured  cur ren t  a t  the l imi t ing  cur ren t  a t  var ious  
t empera tu res  for  both the gas diffusion and the ro ta t -  
ing disk e lect rodes) .  The corresponding percentages  
for the o ther  e lect rolytes  are:  pentaf luoropropanoic  
acid, 3% at low potent ia ls  increas ing to 60% at  the 
l imit ing current ;  chlorodif luoroacet ic  acid, 10% of t h e  
measured  cur ren t  at  a l l  potent ia ls  for  both  23 ~ and  
50~ benzene sulfonic acid hydra te ,  20% at  60~ 
methane  disulfonic acid, less than  10%. Al l  the  acids 
tested (except  one) gave anodic background  currents .  
Tr ichloroacet ic  acid was the only  acid which  gave a 
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Fig. 5. Variation of the vapor pressure with the reciprocal of 
absolute temperature for: curve I ,  benzoic acid (standard); curve 
Z, benzene sulfonic acid hydrate; curve 3, trichloracetic acid (an- 
hydrous); curve 4a, pentafluoropropanoie acid (90 w/a aqueous 
solution); and curve 4b, pentefluaroproponoic acid (anhydrous). 
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Table IV. Summary of vapor pressure results. The heat of vaporization AHvap and the boiling point Tb were calculated 
using log (P/Po) = --AHvaD/2.303RT (1/T - -1/Tb) ,  where T : Tb at Po = 760 mm-Hg. 

BP (~ Tb AHvap (kcal/mole) 
Vapor pressure 

Electrolyte Expt. Lit. (9) Expt. Lit. (9) at 135~ (mm Hg) 

Benzoic acid 
Benzenesulfonic acid-hydrate 
Pentafluoropropanoic acid, 90 w / o  
Pentafluoropropanoic acid anhydrous 
Trichloroacetic acid 

246 249 16.3 16.29 10.3 
174 (d ,  100) 12.4 -- 209.0 
253 -- 4.9 -- 194.7 
132 96 7.2 -- (815.6) 

186 196 10.9 13.8 173.6 

cathodic background current  up to 500 mV DIRE, in -  
creasing in magni tude  with decreasing anodic potential.  

The exper imental  results obtained on the various 
electrolytes are presented below, along with the rele-  
vant  exper imental  observations. All  the electrolytes 
were tested wi th  H2 and some were also tested with 
H2-3% CO to see whether  CO poisoned the electrode, 
The results are as follows. 

Pental~uoropropanoic acid (90 weight percent aque- 
ous) . - -The  ratio of l imit ing currents  was less than 
10 -3. The resist ivity of this solution at 25~ is 335 
cm. The electrolyte unde rwen t  polymerizat ion on heat-  
ing to 50~ This electrolyte also had an undes i rably  
high vapor pressure (see Fig. 5). 

Trichloroacetic acid.--This electrolyte had to be 
diluted with water  to give reasonable resistivity. The 
measured resistivities were 1240 and 23 ~ cm at 25~ 
for the 90% and 70 weight percent  (w/o) aqueous 
solutions, respectively. Figure 6 shows the current -  
potential  relations obtained on the 70% acid solution 
at 25~ The ratio of l imit ing currents  is 0.22. I t  was 
noticed that chlorine gas evolved on heating this elec- 
trolyte. The acid itself (without dilution) also has an 
excessively high vapor pressure (see Fig. 5) and it is 
known to be hygroscopic. 

Chlorodif~uoroacetic acid.--Measurements were per-  
formed on this acid at 23 ~ and 50~ see Fig. 6. The 
ratio of l imit ing currents was less than 10 -3. The de- 
composition of the acid leading to production of chlo- 
r ine was also evident. The resistivities were 168 and 
140 ~ cm at 23 ~ and 50~ respectively. 

Benzene sul]onic acid hydrate.--At 60~ the l i m i t i n g  
current  ratio is 0.06, see Fig. 6. The acid resist ivity was 
108 ~2 cm at 60~ and the vapor pressure is fair ly 
high. The acid decomposed, fur: l ing from the light 
brown color into a black color, on heat ing to higher 
temperatures  in presence of the P t -b lack  electrode. 

Methane disulfonic acid (50% aqueous).--Figure 7 
shows the results obtained in  this acid at two different 
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Fig. 6. Current-potential relations for H2 oxidation at a platinum 
black, Teflon-bonded gas diffusion electrode in: E2 chlorodifluoro- 
acetic acid; at 23 ~ and 50~ respectively; E3 pentafluoropropanolc 
acid (90 w/o aqueous) at 26~ E2 benzene sulfonic acid hydrate 
at 60~ and E4 trichleroacetlc acid (70 w/o aqueous) at 27~ 
(see Table II). 

temperatures  for H2 fuel. The l imit ing current  ratios 
were 0.33 and 0.47 at 27 ~ and 54~ respectively. T h e  
electrical resistivities were quite low; 3 and 2.5 ~ cm 
at 27 ~ and 54~ respectively. Measurement  at 80~ 
gave irreproducible results due to the excessive loss 
of water. The nonaqueous acid is a very  hygroscopic 
mater ia l  which boils at 220~ The only commercially 
available form is the 50% aqueous solution. 

Benzoic acid.--Although this acid has a reasonable 
vapor pressure, it was ruled out because of its ex- 
t remely high electrical resist ivi ty;  the values obtained 
were 2.1 • 107 , 2.0 • 107,and 1.9 • 1 0 7 ~ c m a t  135 ~ 
141 ~ and 153~ respectively. The acid is also insoluble 
in water. 

Methane sulfonic acid.--This electrolyte was chosen 
on the basis of its low vapor pressure, 10 m m  Hg at 
167~ (9), and relat ively low resistivity of 66 s cm 
at 135~ It is also avai lable in reagent  (>98%) and 
practical (>95%) grades, the lat ter  being much 
cheaper than the former. Figure 8 shows the results 
obtained on the practical grade acid for the oxidation 
of both H2 and H2-3% CO fuels at 50 ~ 90 ~ 135 ~ and 
145~ The l imit ing current  ratios for H2 oxidation are 
0.14, 0.09, 0.55, and 3.7, respectively. Similar  results 
were obtained with H2-3% CO, but  the presence of 
CO poisoned the electrode surface and caused con- 
t inuous decrease in  the current.  The results on H2-3% 
CO were obtained by allowing the electrode to rest at 
open circuit between each current  and potential  read-  
ing; the current  was recorded before the start  of the 
excessive drift. 

There were several reasons for also using the ro- 
tat ing disk electrode technique in this work: (i) it 
clearly distinguishes between chemical and mass t rans-  
fer- l imited reactions and (ii) it provides for well-  
defined and reproducible hydrodynamic  conditions at 
the electrode surface regardless of the electrolyte or 
the fuel gas used. For mass- t ranspor t  l imited reactions, 
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Fig. 7. Current-potentlal relations for Hs oxidation at a gas 

diffusion electrode in methane disulfonic acid (50 w/o aqueous) at 
27 ~ and 53~ iL (1N H2SO~) is 950 mA cm -2.  
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Fig. 8. Current-potentlal relations for the oxidation of H2 and 
Hs-CO in methane sulfonic acid at a gas diffusion electrode at 
90 ~ and 135~ curves 1 and 2, respectively. Curves 1 are to be 
compared with an iL (1N H2SO4) of 167 mA cm -2.  

i t  is possible to es t imate  the  so lubi l i ty -d i f fus iv i ty  
p roduc t  of the fuel  gas in the pa r t i cu l a r  e lectrolyte ,  
using the Levich equat ion (10) and independen t  mea -  
surements  of so lubi l i ty  and k inemat ic  viscosi ty 

iL : 0.62 nFD2/3o,1/2v-1/6C 

where  {L is the  mass - t r ans fe r  l imi t ing  cur ren t  density,  
n is the  number  of e lectrons t r ans fe r red  per  molecule,  
F is the F a r a d a y  constant,  D is the  diffusion coefficient, 

: 2=N, where  N is the  n u m b e r  of rota t ions  pe r  
second, v is the k inemat ic  viscosity, and C is the  equ i -  
l i b r ium concentra t ion  of the  fuel  gas in the  e lec t ro ly te  
at  the  test  t empe ra tu r e  and gas pressure.  

F igure  9 shows cu r r en t -po t en t i a l  re la t ions  for  H2 
oxida t ion  at  a p l a t i n i zed -p l a t i num elec t rode  at  135~ 
in both  85% I-IsPO4 and the technica l  grade  methane  
sulfonic acid (MSA) at  var ious  ro ta t ion  speeds. C lea r ly  
at  the same poten t ia l  and  the same (or a comparab le )  
ro ta t ion speed, methane  sulfonic acid supports  cur rents  
tha t  are  more  than  an order  of magni tude  higher  than  
those ob ta inab le  in phosphor ic  acid. In  fact, the cur -  
rents  ob ta inab le  at  500 mV in this acid at  35~ are  
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Fig. 9. Current-potentlal relations for the oxidation of H2 at a 
platinized Pt rotating disk electrode in both methane sulfonic acid 
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1500 rpm) both at 135~ 
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Fig. 10. Plots of the limiting current for H2 oxidation at a 
platinized Pt RDE in methane sulfonic acid at various temperatures 
and in 85% H3PO4 at 135~ 

comparab le  to those ob ta ined  in 85% I-I~PO4 at  135~ 
see Fig. 10. This figure shows the resul ts  ob ta ined  in 
MSA at var ious  t empera tu re s  and ro ta t ion  speeds, 
p lo t ted  according to the  Levich equation.  Al though  
sa t is factory  s t ra igh t  l ines a re  obtained,  ex t rapo la t ion  
of the lines does not  go th rough  the origin as requ i red  
by  the Levich equation.  This does not  seem to be 
caused by  the r e l a t ive ly  smal l  size of the cell  as com- 
pa red  to the e lec t rode  d iameter ,  since the  sam~ cell  
gave equiva lent  plots passing th rough  the or igin for  
the redox  couple of f e r r i - f e r rocyan ide  and for H2 oxi -  
dat ion in 1N H2SO4 at  25~ I t  is concluded tha t  the  
l imi t ing currents  are  a combinat ion  of mass t ransfe r  
and chemica l - l imi t ing  cu r ren t  effects. 

F igures  l l a  and l l b  show Arrhen ius  plots for  the  
rates  of hydrogen  ox ida t ion  in MSA (a) for  the ra t io  
of l imi t ing cur ren t  densit ies at  a porous gas-diffusion 
e lect rode and (b) for iL/~ 1/2 at  an RDE. The e r ror  
bars  in Fig. l l b  re fe r  to the  ex ten t  of the  sca t te r  of 
the da ta  points  obta ined  at  5 or  6 ro ta t ion  speeds 
ranging  f rom 700 to 2000 rpm. Both figures show re -  
gions of t empe ra tu r e  where  the ra te  of hydrogen  oxi -  
dat ion is e i ther:  ~i) insensi t ive  to t e m p e r a t u r e  changes 
(below 90~ (ii) modera t e ly  t empe ra tu r e  dependent  
(90~176 or (iii) ex t r eme ly  t e m p e r a t u r e  depend-  
ent  (at  and  above 135~ Figure  l l b  can be spli t  into 
two regions:  the  first be tween  room t empera tu r e  and  
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Fig. 11a. Arrhenius plot of the normalized limiting currents for 
H2 oxidation in methane sulfonic acid at a Teflon-bonded Pt black 
gas diffusion electrode. 
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H~ oxidation at an RDE. The error bars refer to the extent of the 
scatter of the data points obtained at 5 or 6 rotation speeds be- 
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90oC where  the  slope of the  Ar rhen ius  plot  gives an 
act ivat ion energy of 2.0 kca l /mole ,  which  is charac-  
terist ic  of diffusion l imi ted  processes. Above 90~ 
there  is a s teeper  increase  in reac t ion  ra te  wi th  t em-  
pera ture .  

Conclusions 
I t  is concluded that  only  methane  sulfonic acid has 

any  promise  as a fuel  cell  e lec t ro ly te  out  of the 

S C I E N C E  A N D  T E C H N O L O G Y  December I980 

seven organic acids tested. The e lec t r ica l  res i s t iv i ty  
and vapor  pressure  of the  e lec t ro ly tes  v a r y  wi th  t em-  
pe ra tu re  according to the  expected  forms, bu t  the  mass 
t ransfe r  and e lec t rochemical  kinet ics  of H2 oxida t ion  
at  ro ta t ing  p l a t i n i zed -p l a t i num disk  electrodes a r e  not  
s imple in these electrolytes .  This could be  due to im-  
pur i t ies  in the electrolytes ,  a l though the backg round  
currents  in me thane  sulfonic acid were  not  significant 
compared  to the measu red  currents  (a round 6% at  the 
l imi t ing cur ren t ) .  
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D I S C U S S I O N  

S E C T I O N  i i $1 ~ ] 

This Discussion Section includes discussion of papers appearing 
in the Journal of The E~ectrochemical Society, Vol. 126, No. 5, 7, 
and 8, May, July, and August 197g and Vol. 127, No. 1, 2, 3, 5~ and 
7, January, February, March, May, and July 1980. 

The Stability of Tri f luoromethane Sulfonic Acid 
as an Electrolyte in Fuel Cells 

A. A. Adams and R. T. Foley (pp. 775-778, Vol. 126, No. 5) 

V. B. Hughes and B. D. McNichoh I In  this a r t ic le  
Adams and Fo ley  descr ibed the use of t r i f iuoromethane  
sulfonic acid monohydra te  (TFMSM) as an e lec t ro ly te  
in  fuel  cells us ing low re la t ive  molecu la r  mass hyd ro -  
carbons as fuel. A re ference  there in  to our  pape r  2 i m -  
pl ied  tha t  we had  concluded tha t  the monohydra te  was 
t h e r m a l l y  unstable.  This in fact  is incorrec t  since our  
paper  r e fe r red  to the ins tab i l i ty  of TFMSM in aqueous 
solutions, in the presence of methanol .  We were  sur -  

Shell Research Limited, Thornton Research Centre, Chester, 
England CH1 3SH. 

2 V. B. Hughes and B. D. McNicol etaL, J. Appi. Electrochem., 7, 
161 (1977). 

pr ised to r ead  fu r the r  tha t  Adams  and Fo ley  ascr ibed 
the so-cal led  ins tab i l i ty  observed  by  us as due to the  
source or  pu r i ty  of the acid or the use of a carbon 
countere lec t rode  in our  system. Our  pape r  had  in-  
c luded a reasonable  exp lana t ion  for  the ins tab i l i ty  of 
this aqueous acid under  the pa r t i c l a r  condit ions in 
which we were  interested.  We would  therefore  em-  
phasize tha t  we cla imed ins tab i l i ty  on ly  wi th  respect  
to aqueous TFMSM systems and not  wi th  respect  to 
the pure  monohydra te .  Fur the rmore ,  the ins tab i l i ty  was 
l inked  to specific concentrat ions [see Fig. 13 of Foot -  
note 2]. Thus in the presence of methanol ,  a t  t e m p e r a -  
tures  above  60~ using h igh  ac t iv i ty  catalysts ,  cer ta in  
concentrat ions  of aqueous TFMSM are  unstable .  Also, 
in pure  aqueous solutions, a t  concentrat ions  be tween 
25-50 weight  percent ,  and  dur ing  po ten t iodynamic  
cycling, sul fur  is p roduced  (p resumab ly  dur ing the 
cathodic sweep) .  

With  regard  to the  pure  monohydra te ,  we found no 
evidence for  decomposi t ion above 8O~ bu t  did  imp ly  
tha t  falloff in ac t iv i ty  at  t empera tu re s  in  excess of 80~ 
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could perhaps be a t t r ibuted  to a reaction (as yet un -  
defined) between the monohydra te  and methanol .  

That  the source of our mater ia l  should be called 
into question was surpris ing since it  was stated in  our  
paper  that  the acid was obtained for us by  Fluorochem 
Limited, who bought  it  from the 3M Corporation, from 
whom Adams and Foley also obtained their  material .  
The pur i ty  of our acid was also questioned yet in  our 
paper  we quite clearly recorded that  the pure acid 
and the monohydra te  were both t r iply distilled under  
nitrogen, showed correct boil ing points, and in  t h e  c a s e  
of TFMSM m o n o h y d r a t e  showed the correct sharp 
mel t ing point. The remarks  concerning the pur i ty  of 
the acid used by u s  a r e  therefore completely out of 
order. 

Both graphite and p la t inum-gauze  counterelectrodes 
were used in our studies and in  both cases sulfur  for- 
mat ion  was found above 60~ with aqueous acid. At 
this point  it should be emphasized (as we have done 
previously 2) that the stabil i ty of TFMS is kinetic 
ra ther  than thermodynamic  and it  is therefore per-  
fectly feasible that  in  the presence of finely divided 
catalysts the tempera ture  of decomposition could be 
lowered, especially if the agent  responsible for the de- 
composition, viz .  water, is present  in  significant quan-  
tities, e.g. 

CFsSOs- n u 2H20 + H + -* 3HF + H2SO~ + CO2 

then 
3H2SO3-+ 2HSO4- + S + H20 + 2H + 

This reaction has been discussed in some detail by 
Fabes and Swaddle. 3 Furthermore the role of methanol 
in promoting this decomposition is as yet unknown.  

For the benefit of other readers, not already ac- 
quainted  with our work, we are pr imar i ly  interested 
in  methanol  electro-oxidation. As might  be expected, 
the use of TFMSM monohydrate  as an electrolyte for 
the methano l /a i r  fuel  cell resul ted in  low activities for 
both smooth and finely divided catalyst., This is per-  
fectly unders tandable  since there is s imply not  enough 
water  available for the reaction ( c i  methanol  electro- 
oxidation in 96% H~PO4 which is also low 4) and water  
is an impor tan t  agent involved in the electro-oxidation 
of CH3OH. Confirmation of this followed from our 
studies of aqueous systems which showed high activi- 
ties, explained by us in  terms of the higher water  ac- 
t ivi ty in  such systems. Above 60~ sulfur  was formed 
from several possible sources, e.g., the decomposition of 
the acid anion catalyzed by p la t inum as out l ined above 
or from reaction with hydrogen at the counterelectrode 
(though both p la t inum and carbon counterelectrodes 
produced the same result) .  

In  conclusion therefore we do feel that  the reference 
to our work is completely out  of context in this paper 
since (i) Adams'  and Foley's paper does not deal with 
methanol  electro-oxidation, and (ii) does not  deal with 
aqueous TFMS solutions. We feel it is impor tant  there-  
fore to emphasize these points in  print.  

A. A. A d a m s  5 a n d  R. T. Foley: 6 The reference to the 
Shell work 7 was made because that  laboratory was 
the only one to report  chemical instabi l i ty  of trifluoro- 
methanesulfonic  acid, or its monohydrate,  at tempera-  
tures as low as 60~ This is implied for the monohy-  
drate: "We found also that  at temperatures  higher 
than 80~ the activities of the catalysts decreased. A 
possible reason for this was decomposition of the elec- 
trolyte producing S species which could poison the 
catalyst. However, cyclic vo l tammetry  studies showed 

3 L. Fabes and T. W. Swaddle, Can. J. Chem., 53, 3053 (1975). 
M. R. Andrew and B. D. MeNieol etaL,  J. AppL Electrochem., 

7, 153 (1977). 
~U.S. Army Mobility Equipment Research and Development 

Command, Fort Belvoir, Virginia 22060. 
e Chemistry Department, The American University, Washington, 

D.C. 20016. 
V. R. Hughes, B. D. MeNieol, M. R. Andrew, R. B. Jones, and 

R. T. Short, J, AppL EIectrochem., 1, 161 (1977). 

no evidence of sulfur  poisoning o f  t h e  catalysts (Fig. 
4). Thus, for the moment  t h e  r e a s o n  for the fall-off 
in performance above 80~ remains  unclear." 

Several  other laboratories have worked with aqueous 
solutions of the acid over the tempera ture  range of 
60~176 but  there has been no report  of chemical 
instability. Appleby and Baker s studied oxygen r e -  
d u c t i o n  at 62~ on Pt black electrodes in  1.1M solu- 
tion. Ful l  fuel cells have been run  at 200 m A / c m  2 at  
60~ in 6M TFMSA over 2000 hr.9 We have r un  half-  
cell tests in monohydrate  at 135~ for weeks without  a 
decrease in  performance which would be very quickly 
seen if there was sulfur  produced. Cells have been 
r un  with 6M electrolyte for months from 60 ~ to 75~ 
without poisoning the catalyst electrode. 10 There is n o  
evidence to suggest that  the chemical s tabil i ty of aque-  
ous solutions would differ from that  of the monohy-  
drate. 

The importance or lack of importance,  of methanol  
has not been resolved by  the Shell reports. In  t h e  r e -  
v i e w  by Howells and McCownn they ment ion  "The 
exothermic reaction of alcohols with tr if luoromethane- 
sulfonic acid leads to esters, bu t  ethers and olefins may 
also be formed." In  our work with methanol  we con- 
cluded that  we did, in  fact, see esterification but  t h e  
Shell authors disputed our in terpre ta t ion  of NMR ex- 
per iment  on which we based the conclusion, 

The proposed mechanism for the decomposition of 
the CF3SO3- anion is difficult to accept for several  r e a -  
s o n s .  The first step leading to the production of sulfur  
is the hydrolysis of the C-F  bond. All  the l i terature  
reports indicate that this does not occur under  t h e  
conditions imposed here. (A more l ikely source of 
I~2SO3 would be an SO3 impur i ty  in  the or iginal  acid.) 
Apparently,  the reaction proposed takes place only  in  
methanol  solution. But no role of methanol  is indicated 
in either of the two steps given by these authors. 

We suspect that  the production of sulfur  came from 
either (i) the reduct ion of trace amounts  of SO3 car- 
ried over from the original  97% acid, or ( i i )  voltage 
transients  a t  the counterelectrode. The voltage ~ran- 
sients would have to be greater than  1.5V (probably 
close to 2.0V) because we regular ly  cycle our elec- 
trodes to 1.5V to clean them before a vo l tammet ry  run. 

Minority Carrier Lifetime: Correlation with IC Process 
Parameters 

H. R. Huff and T. L. Chiu (pp. II42-1147, VoI. I26, NQ. 7) 
G. F. C e r o f o l i n i  a n d  G.  F e r l a :  t2 In  this article, H u f f  
and Chiu report  an extensive correlation of minor i ty  
carrier l ifetime with IC process parameters.  

Their  results can be summarized as follows: l ifetime 
is reduced by high tempera ture  anneal ing;  the higher 
the temperature,  the sharper  the decrease. Phosphorus 
diffusion alone is insufficient to increase lifetime. Phos- 
phorus diffusion followed by "an extended i n  s i t u  an-  
neal  and a subsequent  addit ional  propr ie tary ni t rogen 
anneal"  is very efficient to increase lifetime. 

We wish to point  out that s imilar  results have been 
obtained by us by using a phosphorus diffusion fol- 
lowed by an anneal  at moderate temperature.  

These results have been extensively published 1~-17 
and if the "proprietary anneal"  quoted by Huff and 

SA. J. Appleby and B. S. Baker, This Journal, 125, 404 (1978). 
9 M. George, Interim Technical Report on Contract No. DAAK70- 

78-C-0103, Energy Research Corporation, December 1979. 
lo A. A. Adams, "Proceedings of the 29th Power Sources Con- 

ferences," Atlantic City, N. J., June 9-1Z, 1980. 
~*R. D. Howells and J. D. McCown, Chem. Rev., 77, 69 (1977). 

SGS-ATES, Mflano, Italy. 
~L. Baldi, G. F. Cerofolini, G. Ferla, and G. Frigerio, Phys. 

Status Solidi A, 48, 523 (1978). 
~ L. Baldi, G. F. Cerofolini, and G. Ferla, Paper 209 presented 

at The Electrochemical Society Meeting, Pittsburgh, Pennsylvania, 
Oct. 15-20, 1978. 

15 L. Baldi, G. F. Cerofolini, and G, Ferla, Sury. Technol., 8, 161 
(1979). 

,e G. F. Cerofollni and G. Ferla, Paper 492 presented at The 
Electrochemical Society Meeting, Los Angeles, California, Oct. 
14-19, 1979. 

~T L. Baldi, G. F. Cer~olini, and G. Ferla, This Journal, I~7, 164 
(1980). 
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Chiu is n i t rogen annea l  in the t empe ra tu r e  range  
700~176 the i r  resul ts  are  confirmations to our  
theory.  

The Potentiostatic Current Oscillations at 
Iron/Sulfuric Acid Solutions Interfaces 

J. J. Padesta, R. C. V. Piatti, and A. J. Arvia 
(pp. 1363-1367, Vol. 126, No. 8) 

C. Gabrielli,  M. Keddam, C. Rakotomavo, and 
H. Takenouti: TM In this  paper  J. J. Fodes ta  et al. ac- 
cumula ted  a number  of quant i ta t ive  da ta  on the oscil-  
lat ions of the iron/H2SO4 interface.  However ,  as fa r  
as, according to the authors  themselves,  emphasis  is 
put  on the "corre la t ion  of the potent ia l  range of the  
per iodic  effect to the  pass iv i ty  potent ia l ,"  thei r  resul ts  
and discussion deserve,  we believe,  the fol lowing re -  
marks.  

1. Al though cla imed to be coincident  wi th  l i te ra ture ,  
the E l i  curves ( thei r  Fig. 1) are  somewhat  apa r t  f rom 
da ta  obta ined  under  wel l -def ined  mass t ranspor t  con- 
di t ions (RDE).  (i) Their  E/I  curves do not  exhibi t  a 
c lear  diffusion plateau.  (it) Their  E l i  curves show a 
s table  negat ive  slope at  the ac t ive-pass ive  t ransi t ion.  
(iii) Their  E/I  curves show an abnorma l ly  high passive 

cur ren t  density,  by  one o r  two orders  of magni tude  
when compared  to the typical  s t andard  values under  
such conditions (5-10 #Acm-2). 19 

(i) and  (it) could be exp la ined  by  the recording  
procedure  itself, the s t i r r ing  conditions being not 
elucidated.  Did the authors  use an RDE? (iii) is l ike ly  
to arise from a poor contact  be tween  i ron and the em-  
bedding  ma te r i a l  which induces an unde rmin ing  act ive 
dissolution. C1- ions f rom the SCE can also be ha rmfu l  
to the passive layer .  Did the authors  use a Haber -  
Luggin  capi l la ry?  

2. In spite of ment ioning  our  work  on localized a t -  
tack [Ref. (21) in the paper  under  discussion],  the  
authors  comple te ly  d is regard  the accompanying Z- 
shaped El i  profiles involving a mul t ip l i c i ty  of s teady 
states (MSS).  ~~ Both effects were  s t r ic t ly  cor re la ted  
as es tabl ished in a most recent  in terpre ta t ion .  21 In 
view of the t ransi t ion evidenced in the paper  a round 
1.5N, our  exper iments  previous ly  pe r fo rmed  in 2N 
H2SO420 were  repea ted  in 1N solution. F igure  1 
below shows the most typical  features  of the 
E l i  curves recorded wi th  an RDE. The p r i m a r y  
electr ic  field d is t r ibut ion  keeps the  ohmic resis tance 

~s G r o u p e  de R e c h e r c h e  No. 4 d u  CNRS " P h y s i q u e  des  L iqu ides  
e t  Electrochimie," associe  a ~ l ' U n i v e r s i t e  P i e r r e  e t  Mar i e  Cur ie ,  
75230 P a r i s  Cedex  05, F r a n c e .  

19K. J. V e t t e r  a n d  F. G o r n ,  Werkst. Korros., 21, 703 (1970). 
~oi. Epe lbo in ,  C. Gabr ie l l i ,  M. K e d d a m ,  J.  C. L e s t r a d e ,  a n d  H. 

Takenout i ,  This Journal, 119, 1632 (1972). 
C. G. Law,  J r .  a n d  J. N e w m a n ,  ibid., 126, 2150 (1979). 
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Fig. 1. Steady-state polarization carves: Fe disk (diameter 2 
mm; Johnson-Matthey) 1N H2SO4, 25~ deoxygenatsd by Ar 
bubbling. Rotation speeds (1) ~_ 0; (2) ~ 400, and (3) ~ 1600 
rpm. SSE: saturated mercurous sulfate reference electrode. Insert: 
experimental setup (schematic): Eo, regulation potential referred to 
earth, p = 0, corresponds to the potentiostatic regulation (thin 
line E/I), and p < 0, NIC mode leads to bold line Z-shaped curves. 

(16a at  a l aye r  free surface)  close to the work ing  disk 
electrode. The reference e lect rode is located in the  
bu lk  of solution. The poten t ia l  E ac tua l ly  measu red  be-  
tween reference  and work ing  electrodes includes the 
ohmic drop ReI. The curves p lot ted  by  thin lines a re  
obta ined  by  means  of a fast  response potent iostat .  By 
using a negat ive  impedance  conver ter  (NIC) the  
work ing  e lect rode can be grounded across an ad jus t -  
able  negat ive  res is tance p20 (see inser t  in Fig. 1), which 
counter  balances  the corresponding pa r t  of the elec-  
t ro ly te  resistance.  Under  these condit ions Z-shaped  
curves are  recorded (bold l ines) ,  dot ted  lines indicate 
oscil lat ions quite s imi lar  to those under  discussion. 
This behavior  is ve ry  close to that  obta ined  prev ious ly  
in 2N H2SO4. 2~ The potent ios ta t ic  curves  exhib i t  a b i -  
s tab i l i ty  (hysteresis)  at  the  ac t ive-pass ive  and pas-  
s ive-ac t ive  transit ion.  The p la teau  is diffusion con- 
t ro l led  and obeys the Levi tch law. These s ta tements  
are  also val id  for 0.5N solution though the p la teau  
is not  so c lear ly  seen. No fundamenta l  change in the 
s t eady-s ta te  behav ior  and t r anspor t  proper t ies  can be 
detected in this range of concentrat ion.  In  fact, Fig. 2 
and 4 of the paper  under  discussion show that  the au-  
thors considered on both  sides of 1.5N quite  two dif-  
fe rent  k inds  of oscillations. The t rue  passive state can 
be rega rded  as reached only in concentra ted  solu-  
tions (Fig. 2, 3, and Fig. 4, f through i) so that  the 
comparison is ha rd ly  re levant ,  

3. Discussing the origin of oscil lat ions in terms of 
s t eady-s ta te  behavior  is ce r ta in ly  an e x t r e m e l y  diffi- 
cult  task. However ,  the considerat ion of the respect ive  
posit ions of the E l i  curve and of the load line imposed 
by  the regula t ing  device provides  some clarification. 
The discussion of the s tab i l i ty  can be res t r ic ted  to the 
regions of the E l i  profile where  the  system switches 
f rom one state to another.  F igure  lb  gives the s t eady-  
state polar izat ion curve (Fig. l a )  near  the poin t  C 
wi th  expanded  current  and vol tage scales. Dur ing  the 
passive par t  of the oscillation, the polar iza t ion  poin t  is 
located on the E l i  curve at  the potent ia l  Eo contro l led  
by  the potent iostat .  Tr igger ing  to the act ive s ta te  
occurs suddenly  when M reaches a posit ion such as C 
where  the load l ine becomes tangent  to the E/I  curves. 22 
Therefore,  the succession of active and passive states 
and the slow increase of cur ren t  dur ing the passive 
per iod  supports  a per iodic  d isp lacement  of the F l ade  
potential .  Oscillations may  occur if the potent ia l  is 
held  wi th in  the na r row range  of this displacement .  
However,  as s ta ted  by  Podesta  et al., the de ta i led  
mechanism is cer ta in ly  far  more  complicated.  Ohmic 
drop contr ibut ion can ha rd ly  be neglected as proved 
by the dependence  of the f requency  on both Eo and p. 
Values of p locat ing the load line be tween PQ and PR 
(Fig. la )  give the best  condit ions for obta in ing  sus-  
ta ined  oscillations. In ag reemen t  wi th  previous data, ~3 
potent ios ta t ic  oscil lat ions were  found difficult to re -  
produce,  unless ohmic drop effects are  pa r t i a l l y  com- 
pensa ted  for by  a H a be r -L ugg in  capi l lary.  As em-  
phasized, FeSO4 prec ip i ta ted  along wi th  var ious  hy-  
d ra ted  oxides  is l ike ly  to contr ibute  in the re laxa t ion  
process. More than one species should be considered 
in the t ranspor t  phenomena  to solve the appa ren t  in-  
consistency be tween  the h indrance  of pass iv i ty  leading 
to Z-shaped  El i  curves and the cathodic shift  of the 
passivat ion potent ia l  needed b y  the per iodic  effect. 

J. J. Podesta, R. C. V. Piatti, and A. J. Arvia: 24 The 
main  purpose  of the pape r  is to present  some phe-  
nomenological  aspects re la ted  to per iodic  phenomena,  
in this pa r t i cu la r  case, the influence of e lec t ro ly te  con- 
cent ra t ion  is considered. The E/I  curves were  obta ined  
both with  i ron wire  electrodes under  f ree  convection 

~2 I. Epe lbo in ,  C. Gabr ie l l i ,  M. K e d d a m ,  a n d  H. T a k e n o u t i ,  Re- 
p r i n t s  of s u b m i t t e d  p a p e r  " K i n e t i c s  of P h y s i e o c h e m i c a l  Oscil la-  
t i ons , "  II, p. 297, A a c h e n  (G.R.F.)  (1979). 

~3 y .  Tor igoe ,  Denlci Kagaku, 35, 266 (1967). 
2~ I n s t i t u t o  de  Inves t i gac iones  F i s i c o q u i m i c a s  T e o r i c a s  y Apli- 

cadas, Divis ion  E l e e t r o q u i m i c a ,  1900 LaPlata,  Argent ina .  
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a n d  with iron RDE at rotat ion speeds from 168 to 425 
rpm using the same type of per turba t ion  technique 
already described in  the l i terature.  These curves al-  
lowed an adequate choice of the working potent ial  
r e g i o n .  

The magni tude  of the passive cur ren t  density cannot  
be a t t r ibuted ei ther  to the unde rmin ing  active dis- 
solution or to the traces of chloride ion coming from 
the SCE. The Luggin-Haber  capil lary tip a r rangement  
was used. The effect of chloride ion increases the fre-  
quency of the oscillations in the Fe/1N tt2SO4 and F e /  
1.5N H2SO4 interfaces under  a potentiostatic step. The 
magni tude  of the cur ren t  density is referred to the 
apparent  electrode area. The estimated electrode 
roughness factor is probably  close to 10 as deduced 
from SEM data. Therefore, in this sense the coinci- 
dence be tween  the E/I  curves given in  Fig. 1 and those 
reported in the l i tera ture  is reasonably good within  
one order of magnitude.  This is sufficient to evaluate 
the magni tude  of the proper potent ial  step to produce 
the periodic oscillations. There is a good correlation 
between the passive current  density change with the 
H2SO~ concentrat ion as given in  Fig. 1 and 4. 

The fact that  no fundamenta l  change of the Z-shaped 
El i  profiles involving a mult ipl ic i ty  of steady states 
is noticed in the 0.5-2.0N H2SO4 concentrat ion range, 
does not preclude concentrat ion effects on the td/tp 
ratio as shown in Fig. 7 of the paper. Since both  mea-  
surements  correspond to a different time-scale, 
s t raightforward comparison is hard ly  relevant.  

It  is possible that  the film involved dur ing each 
period of the oscillating cycle is a nonstabil ized film 
where the electric field assists the res t ruc tura t ion  of 
i ron oxides yie lding more compact structures. But  this 
s i tuat ion which corresponds to an aging- type process 
is undis t inguishable  under  the conditions of the paper 
in  discussion, bu t  it has to be considered in  deriving 
conclusions from passive films formed under  definite 
per tu rba t ion  conditions that  are involved in  the 
periodic current  oscillations. 

Investigation of Two- and Three-Phase Fields in the 
Ga-As-Sb System 

M. F. Gratton and J. C. Wooley (pp. 55-62, VoI. 127, No. 1) 

R o b e r t  F. B r e b r i c k :  25 The authors have made a 
valuable  contr ibut ion to the exper imenta l  knowledge 
of the phase diagram for this t e rnary  system. How- 
ever, they have overlooked two references that  are 
per t inen t  to the theoretical analysis they present. A 
systematic invest igat ion of fits to I I I -V pseudobina-  
ties, 26 made when the exper imenta l  data for Ga-As-Sb  
were less extensive, showed that  a simple solution 
model with interact ion coefficients l inear ly  dependent  
upon T gave a calculated peritectic tempera ture  at 
least 12 ~ below the exper imental  value of 745~ It  
was concluded at that t ime that, if the exper imental  
peritectic tempera ture  was correct, that  a simple solu- 
t ion model for the pseudobinary solid is inadequate.  
This discrepancy still exists in  the authors '  analysis, 
in addit ion to the poor fit to the pseudobinary misci- 
bi l i ty  gap they mention,  and the authors have correctly 
concluded a simple solution model for the pseudobi-  
na ry  solid is inadequate.  In  a later  analysis of I I I -V 
b inary  systems, 27 including GaSb and GaAs, it  was 
shown that  the simple solution l iquid model was in -  
adequate in that it could not s imultaneously provide an 
adequate s imultaneous fit to the thermochemical  data 
and liquidus lines. It  was also shown that a l iquid 
model  in  which the interact ion coefficient was a l inear  
funct ion of both T and atom fraction was adequate in 
terms of the exper imenta l  data then available. 

e~ Department of Mechanical Engineering, Marquette University, 
Milwaukee, Wisconsin 53233. 

2aR. F. Brebrick and R. J. Panlener, This Journal, 121, 933 
(1974). 

R. F. Brebrick, MetalL Trans. A, 8, 403 (1977). 

Table I. 

-AH~ (J/mole AB) -hS~ (J/K-mole AB) 

AB Calc Exp. Calc Exp. 

GaSb (s) 54,197 68,208 39.41 54.81 
GaAs(s) 92,803 118,213 39.80 54.60 

Thus the authors have used a l iquid model that  has  
been previously demonstrated to be inadequate.  As 
one example of this inadequacy we cite the following, 
The zero Gibbs free enthalpy for the congruent  mel t -  
ing of GaSb and GaAs leads to two equations for each 
b inary  (Eq. [13] and [14] of Footnote 27) which l ink  
the thermodynamic  properties of the l iquid phase wi th  
the enthalpy and entropy of formation, AH~ and AS~ 
of the nar row homogenei ty- range  compound from its 
pure l iquid elements and at its mel t ing point. The 
values calculated for these lat ter  quanti t ies  from the 
authors'  l iquid model parameters  and the exper imenta l  
values are shown in Table T above. Although the cal- 
culated values are of the r ight  sign they are too small  
in magni tude  by an amount  that, in our opinion, ex-  
ceeds the uncertaint ies  in  the exper imental  quantities.  

The Warburg Impedance in the Presence of 
Convective Flow 

Daniel A. Scherson and John Newman (pp. 110-113, Vol. 127, No. 1) 

E u g e n e  L e v a r t  2s a n d  D a n i e l  S c h u h m a n n :  20 The aim 
of this paper was to establish approximate analyt ical  
expressions for the real  and imaginary  parts of the 
reduced Warburg  impedance of an  RDE, val id for very  
large Sclunidt  numbers  only. 

The results found at high frequencies are close to 
the numerica l ly  computed exact values. As correctly 
stated by the authors, they do not differ significantly 
from those reported by us [Ref. (7) in the paper 
under  discussion]. Incidental ly,  it is to be pointed 
out that  our  expressions R e ( - - 1 / O ' ( 0 ) )  = 1/~/2K + 
3/4K 2 and I m ( - - 1 / O ' ( 0 ) )  -- - -1 /~/2K are much sim- 
pler than Eq. [11]-[13] in the paper under  discussion. 

At low frequencies, the authors derive Eq. [14]-[16] 
in the form of an infinite series of the reduced fre-  
quency K, containing the known eigenvalues and the 
related coefficients of the S turm-Liouvi l le  system. 
Their  Table II summarizes the results  found and com- 
pares them to the few exact values available to the 
authors (K ~ 1.5) and to the values obtained by the 
Nernst  layer  approximation. This par t  of the paper 
requires some comments. 

First  of all, it should be recalled that  in  our previous 
paper [Ref, (5) in the paper under  discussion] we have 
treated a very  general  case of the concentrat ion im-  
pedance of an RDE. Series form solutions, valid for 
every finite value of the Schmidt number  encountered 
in electrochemistry, have been given for all  fre- 
quencies. The results relat ive to the l imit ing case Sc -- 

at HF have then been developed in detail in Ref. 
(7) where it has been emphasized that  our LF results 
agree perfectly wi th  the exact solution from K = 0 
to K ---- 30 at least. Surprisingly,  in present ing their  
Table II, the authors make no ment ion  of our  LF solu- 
tion. Perhaps because we used reduced quanti t ies  dif- 
ferent  from theirs, or because our Eq. [52] ' in  Ref. (5) 
is not directly usable for Sc ---- ac, or even because our 
Eq. [53] contained a small  pr in t ing  error (~ instead 
of u) .  

In  any case, we take the opportuni ty  to recall  our  
Eq. [52] in Ref. (5) for the reduced impedance M ~ 
For large values of Sc and in the absence of chemical 

2s Laboratoire d'Electrochimie Interfaciale du C.N.R.S., F 92190 
Meudon-Bellevue, France. 

~ Groupe de Recherche Physico-Chimie des Interfaees,---C.N.R.S., 
F 34033 Montpellier, France. 
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Table I. Low frequency solutions for the real and imaginary parts of --I/o'(0) 

Levart and Schuhmann (identical to the exact  solution) 
Scherson and 

Newman Sc  = r Sc  = 1000 Sc = 100 

K R e  - I m  Re  - I m  Re  - I m  R e  - I m  

0.0 0.89298 0 0.89298 0 0.92095 O 0.95703 0 
0.05 0.89278 0.61134 0.89273 0.01331 0.92066 0.01470 0.95666 0.01666 
0.1 0.89219 0.02266 0.89198 0.02659 0.91976 0.02937 0.95555 0.03327 
0.2 0.88985 0.04516 0.88899 0.05296 0.91622 0.05845 0.95116 0.06615 
0.5 0.87397 0.Ii010 0.86882 0.I2850 0.89242 0.14119 0.92190 0.15871 
0.7 0.85679 0.14988 0.84721 0.17408 0.86717 0.19034 0.89129 0.21244 
1.O 0.82333 0.2tr229 0.80575 0.23271 0.81944 0.25214 0.83465 0.27774 
1.5 0.75542 0.26748 0.72406 0.30195 0.72799 0.32147 0.73034 0.34565 
2.0 0.68409 0.30641 0.64160 0.33934 0.63898 0.35526 0.63370 0.37365 
3.5 0.51238 0.32695 0.45610 0.34736 0.44942 0.35185 0.44148 0.35585 

react ion,  th is  e x p r e s s i o n  simplifies to its first t erm 
m -- 1 and becomes 

M ~ (Sc, j~) = ~1 ~ (j~)Sc -~/~ [1] 

Dividing Eq. [1] by  the value of M ~ at zero frequency, 
M ~ (Sc, O) -- (3/0.510233)1/3r(4/3)Sc -1/~ and replac- 
ing the ratio M~ j~)/M~ by its equivalent  
- -  1 /0 ' (0 ) r (4 /3 ) ,  we get 

- 1/0' (0) - ~1~ (j~) (3/0.51233)-1/~ [2] 

w h e r e  a -- K/32/~ and M ~ is a cont inued fraction of jq 

~1 ~ ( j ~ )  " -  1 / ( ~ L 6  ~ -~- j~ / ( ]1 ,1  ~ "~- j < r / ( f l , 2  ~ .-[- . . . )  ) ) [ 3 ]  

with known values of ]hn ~ the coefficients ]m.n ~ having 
been computed and published ~or m --= 1 to 4 and n = 
0 to 14 [Ref. (5), Table II]. More precise values for 
m -- 1 to 6 and n -- 0 to 24 are also available on re-  
quest from us. The n u m b e r  of divisions to be effected 
in  Eq. [3] depends on r and on the precision desired, 
but  it  is of the same order of magni tude  as the number  
of terms in Scherson and Newman's  series. 

Table I above summarizes the results found using 
our LF solution and compares them to the correspond- 
ing values reported by  Scherson and Newman. It  is to 
be recalled once more that  our results are identical  to 
the exact values computed by the finite difference 
method over the range of K from 0 to 30 wi thin  5 sig- 
nificant digits. These results overlap to a great extent  
the region of val idi ty of the HF solutions which be-  
come exact wi thin  5 digits for K ~ 20. In  contradis-  
tinction, the LF results given in  the paper  under  dis- 
cussion are noticeably different from these exact val-  
ues which were not  given by the authors. 

We complete Table I above with the values com- 
puted for Sc = 1000 and Sc = 100, which make clear 
that the Scherson-Newman LF approximation is un -  
able to describe the physical real i ty  with an error 
smaller  than about 5%. Like our Eq. [3] which is in -  
finitely more precise, it requires the knowledge of a 
great n u m b e r  of numer ica l  coefficients. The only ap- 
parent  disadvantage of our equation is that  it is not 
easily separable into analyt ical  expressions for the real 
and imaginary  parts of the impedance. However, such 
an objection is not serious because using modern com- 
puter  techniques, operations on complex quanti t ies are 
not more difficult than those on real  numbers .  

Investigation on the Kinetics of Electroreduction 
Processes at Dark TiO2 and SrTiO3 Single Crystal 

Semiconductor Electrodes 

J. Vandermolen, W. P. Gomes, and F. Cardon 
(pp. 324-328, Vol. 127, No. 2) 

P. Salvador:3O The authors postulate an interest ing 
two-step mechanism involving bandgap surface states 
as intermediates  of a process of electron t ransfer  from 
the conduction band  to the electrolyte oxidizing 

g 
~o I n s t i t u t o  de  Cat*alisis y P e t r o l e o q u i m i e a ,  CSIC, S e r r a n o  119, 

Madrid 6, Spain. 

species. Under  conditions of high e n o u g h  concentra t ion  
of the oxidizing agent  the capture of C.B. electrons by 
surface states is shown to be the ra te - l imi t ing  step of 
the overall  reaction. Then a cathodic dark  saturat ion 
current  

J~t = - eNkln, [I] 

is reached, which is determined by the density of sur- 
face states, N, their coefficient of electron capture, ki, 
and the electron density at the semiconductor surface, 
T/, s . 

As shown by Morisaki et al.#81 an identical result is 
obtained from Nishida's theoretical treatment 32 of the 
charge transfer, via surface states associated with the 
photoinduced evolution of oxygen, at the n-TiO~lelec- 
trolyte interface, with the difference that in this case 
the process of charge transfer involved photogenerated 
holes from the valence band instead of conduction 
band electrons. According to Wilson, ~8 we believe it is 
reasonable to assume that  the same surface states are 
involved in  both processes of charge t ransfer  , since 
there is direct evidence that  those surface states that  
are oxidized by valence band  holes can also be re -  
duced by conduction band electrons. 

As predicted by Eq. [1], the saturat ion current  is 
found to be independent  of the oxidizing agent, but  
very sensitive both to the electrolyte pH and to the 
applied voltage, which is a t t r ibuted to variat ions of ns. 
However, the authors,  conclusion that Nkl is a constant 
for a given mater ial  seems to us a little adventurous.  
In  our opinion this s ta tement  might  be correct in the 
case of preexist ing surface states created, for instance, 
by pre t rea tment  or semiconductor doping. Neverthe-  
less, the possibility that surface states might  resul t  
from the interact ion of the semiconductor surface with 
the electrolyte must  not  be overlooked, in which case 
the density of surface states could be influenced by the 
electrolyte composition and pH. 

From exper imental  values of Jsat, the authors esti- 
mate a density of surface states of 4 • 1011 cm -2 and 
1010 cm -2 for TiO2 and SrTiOs, respectively. These 
values are exceedingly low by comparison with that  
of about 1014 cm -2 corresponding to processes of 
charge transfer  at TiO2, involving either conduction 
band electrons 3~,84 or valence band  holes. 35 The dis- 
crepancy is due to the very high value assumed for 
the electron-capture cross section (Sn = 10 -12 cm-~) .  
In fact, from the quant i ta t ive  analysis of the growth 
and decay of the peak corresponding to the reduct ion 
by conduction band electrons of bandgap surface 
states, Wilson 33 has been able to calculate the actual 
cross section of these states for interact ion with elec- 
trons. He obtained a value of the order of 10 -26 cm 2, 
which is considerably smaller  than the geometric cross 
section of a state localized on a single atom, probably 

~1 H. Mor i sak i ,  T. B a b a ,  a n d  K. Yazawa ,  Phys. Rev. B, 21, 837 
(1960). 

~ ~vl. Nish ida ,  Nature (London),  277, 202 (1979). 
za R. H. Wi lson ,  This Journal, 1~7, 223 (1980). 
~ B. P a r k i n s o n ,  F. Decider, J. F. Jul i~o,  H. A b r a m o v i c h ,  a n d  H. C. 

Chagas ,  ~lectroct~im. Aeta, '~5, 521 (198v). 
~ ~. ~ m v a a o r ,  C o m m u m e a ~ m n  p r e s e n t e d  to the "Third Inter- 

national C o n f e r e n c e  on  the  r l l o t o e l e c t r o c h e m l c a l  Conversion and 
Storage of Solar Energy/' Boukler, Coloraao (1980). 
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because of the poor electronic or phonon coupling 
between the surface state and the semiconductor.~ On 
the other hand, there is indirect  exper imental  evidence 
that  surface hydroxyl  groups are involved in  the pro- 
cess of charge t ransfer  through the interface semi- 
conductor/electrolyte.  For instance, Park inson  et  al. 3~ 
observed that surface p re t rea tment  with a strong base 
enhanced the oxygen cathodic reduction via surface 
states at TiO2. A similar  effect is reported by Wilson s3 
with respect to the enhancement  of the peak corre- 
sponding to the reduct ion of the surface states by con- 
duction band  electrons when, instead of acidic electro- 
lyte (H2SO4), a s t rongly basic one (KOH) is used. 
Wagner  and Somorjai  3s also observed that  the photo- 
catalytic production of hydrogen on an i l luminated  
surface of SrTiO~ increased with the concentrat ion of 
the NaOH solution sur rounding  the crystal. Finally,  
we have recently,  observed 35 that  the quan tum effi- 
ciency of water  photo-oxidat ion at n-TiO2 electrodes is 
not iceably dependent  on the electrolyte pH. Surface 
O H -  groups probably  act as centers for t rapping and 
t ransfer  of charge between the semiconductor and the 
electrolyte. For oxidation reactions involving valence 
band  holes the mechanism could be 

Ti+4---OH - § hvb  + --~ Ti+4_-OH o 

TL+~---OH ~ + [Red] soiv- -> Ti+4---OH - -t- [Ox]soLv 

while, for conduction band  electrons involving reduc- 
t ion reactions a simplified mechanism might  involve 
the following steps 

Ti+~--OH - + [Ox]solv + --> Ti+4__OH o + [Red]~oiv ~ 

Ti+4--OH ~ + e c b -  --> Ti+4--OH - 

The position of the energy levels corresponding to 
active surface hydroxyls  should be somewhere in the 
bandgap (i.e., between the top of the valence band  
and the bottom of the conduction band) .  This requi re-  
men t  should be bet ter  fulfilled by the basic OH groups 
(bonded to one Ti atom) than by the acidic OH groups 
(bonded to two Ti atoms).  

The surface densi ty of O H -  active centers should 
depend on the electrolyte concentrat ion of O H -  ions. 
The m a x i m u m  densi ty of basic surface hydroxyl  
groups in TiO2 is of about 1014 cm-2, 35,37 which is in 
good agreement  with the density of surface states ob- 
ta ined by several authors for different oxidation and 
reduct ion reactions. ~3-35 From st ructural  considerations 
this value should be, in general, lower for SrTiO8 than 
for TiOf, which agrees with Vandermolen et al.'s ob- 
servation that  for a given ns value Jsat is lower for 
SrTiO3 than for TiO2. 

This charge t ransfer  model involving surface O H -  
groups predicts, therefore, a new effect of the e l e c -  
t r o l F t e  pH upon the behavior of the cathodic current  
density, which is ascribed to the variat ions of N. How- 
ever, this effect is masked by  that  due to the var ia-  
tions of ns, since d n J d p H  ~ d N / d p H .  

The exper imental  fact that  surface hydroxyls play 
a decisive role in TiO2 and SrTiO3 photochemistry at 
the gas/solid interface, 8~-39 gives support  to the iden-  
tification of surface OH groups with the surface states 
involved both in photoassisted and dark  reactions at 
the electrode/electrolyte interface. 

J. Vandermolen,  W. P. G o m e s ,  a n d  F.  C a r d o n :  40 It is 
indeed interes t ing to remark  that  our  exper imenta l  
value of the product  N S n  for TiO2 is roughly in agree- 
ment  with Wilson's recent  results 41 which lead to the 
conclusion that, in his experiments,  a near ly  complete 

36F. T. Wagner and G. A. Somorjai, Nature (London), In press. 
87 G. Munuera, V. Rives-Arnau, and A. Saucedo, J. Chem. Soc. 

Faraday Trans 1, 75, 736 (1979). 
3s A. H. Boonstra and C. H. H. A. Mutsaers, J. Phys. Chem., 79, 

2025 (1975). 
~ H. Van Dame and W. K. Hall, J. Am. Chem. Soe., 1Ol, 4373 

(1979). 
~o Rijksuniversiteit Gent, Krijgslaan 271, B-9O00 Gent, Belgium. 
~a R. H. Wilson, This JournaL, 127, 223 (1980). 

coverage of the surface by acceptor-type centers is i n -  
v o l v e d .  Hence, it might  well  be that  the same c e n t e r s  
are responsible for the cathodic cur ren t  in both cases. 
In contrast to Salvador 's  statement,  we did not  esti- 
mate N to be 4 • 1011 cm -2, but  mere ly  used this 
number  to i l lustrate,  by  the example of a donor- type  
center, the fact that the observed saturat ion current  is 
quant i ta t ive ly  in terpretable  on the basis of a charge 
transfer  mechanism through surface states. 

In our opinion, a kinetic s tudy like the one under  
discussion does not  allow the determinat ion of the 
chemical na ture  of the centers par t ic ipat ing in  the 
proposed mechanism. It may be remarked  in this con- 
text tha t  Salvador's suggestion, that  these centers 
might  originate from the interact ion be tween the 
semiconductor surface and the electrolyte, is not  sup-  
ported by our exper imental  results, since they do n o t  
exhibit  any significant dependence of N k l  on the na -  
ture of the oxidizing agent or on pH. Therefore, we 
think that  independent  studies would be needed in  
order  to establish whether  surface hydroxyl  groups 
are indeed involved in the process discussed. 

High Rate Discharge Characteristics of Li/SOCI2 Cells 

K. A. Klinedinst and M. J. Domeniconi 
(pp. 539-544, Vol. 127, No. 3) 

M. H. Miles: 42 The authors present  an interest ing 
study relat ing to the discharge of Li/SOC12 cells at 
high current  densities. The results show that  higher 
discharge voltages and discharge capacities can be ob- 
tained with cells containing pure A1C13 ra ther  than  t h e  
conventional  LiA1C14 electrolyte. The authors point  out 
that the direct reaction of Li with SOC12 deposits a 
protective LiC1 film on the anode that, in  turn,  re-  
acts with A1C18 to produce soluble LiA1C14. These re-  
actions continue unt i l  either Li, SOC12, or A1CI~ is 
exhausted. The formation of LiA1CI4 by  these reactions 
accounts for sufficient electrolyte conductivi ty to sup- 
port the cell discharge. How long, approximately,  does 
it  take in terms of time per un i t  volume of SOC12 p e r  
uni t  area of exposed l i th ium for the reactions of Li, 
SOCI2, and A1C13 to produce sufficient conductivity? 
The authors ment ion  a 10 min  stand on open circuit 
before beginning  cell discharge experiments.  

Although the cell discharge was cathode l imited due 
to LiC1 precipitat ing wi th in  the cathode pores, i t  
would be interest ing to know the coulombic efficiency 
for the l i th ium anode in  the pure A1C13 electrolyte. 
What is the ratio of Li react ing electrochemically vs.  
that  reacting directly with SOCI2? This may be a crit i-  
cal factor in designing practical batteries since con- 
siderable heat may be produced by the direct reaction 
of Li with SOCl2 as well as by I2R heat ing that  takes 
place during cell discharge. The direct reaction of Li 
with SOC12 could also greatly decrease the energy 
density obtained from such cells. Using the reported 
0.75 mm thickness for Li and assuming a 1 cm 2 area 
(Fig. 1 in the paper under  discussion suggests an even 
larger anodic area),  the results for 4.5M A1C13 in  Fig. 4 
in the paper  under  discussion indicate that  less than 
4% of the Li present  reacts electrochemically. I t  is 
realized that  the authors purposely used large excesses 
of both Li and SOC12; nevertheless,  data regarding the 
relat ive amounts  of Li reacting electrochemically vs. 
that reacting directly with 8OC12 is needed to judge 
the practicali ty of such cells. The anode efficiency is 
an impor tant  parameter  in  any  cell that  uses an oxidiz- 
ing electrolyte. In thermal  ba t te ry  cells uti l izing mol-  
ten ni trates  as the oxidizing electrolyte, direct reac- 
tion of the electrolyte with the calcium anode oc- 
curs. 48,44 In  thermal  ba t te ry  systems, however, t h e  

Naval Weapons Center, Chemistry Division, China Lake, Cali- 
fornia 93555. 

M. H. Miles, D. A. Fine, and A. N. Fletcher, J. Eteetroehem. 
Soc., 125, 1209 (1978). 

44 M. H. Miles and A. N. Fletcher, J. AppL Electvoehem., 1O, 251 
(1980). 
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heat generated by the direct reaction might  be useful 
in main ta in ing  the high temperature  of the molten 
salt. 

K. A.  K l i n e d i n s t  45 a n d  M. J. D o m e n i c o n i :  46 The au- 
thors wish to thank M. H. Miles for a very thoughtful  
response to this paper. With regard to the use of pure 
AIC13 ra ther  than LiA1C14 to form the Li/SOC12 elec- 
trolyte, it  should first be pointed out that  such A1CI~ 
solutions are suitable only for batteries to be operated 
in the reserve mode. Thus, the cell is filled with the  
A1C18 solution just  before the beginning of its dis- 
charge. Tests have shown that, when Li/SOC12 cells 
are activated by the addit ion of a 4.5M A1C13 solution, 
between 1 and 2 sec are required to reach acceptable 
operating voltages (for cells discharged at room tem- 
perature with a 30 m A / c m  2 discharge rate) .  It  is clear, 
therefore, that enough LiA1CI4 is formed immediate ly  
to sustain a moderately  high discharge rate. 

It  is presumed that  the fur ther  direct reaction be-  
tween dissolved A1CI~, SOC12, and Li to produce 
LiA1C14 is pr imar i ly  controlled by the rates of diffu- 
sion of A1C13 to the anode surface and of the reaction 
products away from the anode surface. We present ly  
have no data on the coulombic efficiency for the l i th-  
ium anode in pure A1C18 electrolyte. It  is impor tant  to 
note that this efficiency will be a function of both the 
rate of discharge and the operating temperature.  It is 
also noted that  the heat result ing from the production 
of the LiA1C14 by this direct reaction may help to a t -  
t a in  a somewhat elevated tempera ture  which will pro-  
vide even a greater efficiency of operation of the bat-  
tery. Alternat ively,  some solid LiC1 may be stored 
within the bat tery (e.g., wi th in  the porous separator 
or cathode). The presence of such solid LiC1 would 
hasten the achievement  of the m i n i m u m  LiA1C14 con- 
centrat ion required to support  a high rate discharge, 
and the heat produced by the LiA1C14 formation reac- 
tion could be used to at ta in  the desired operat ing 
temperature.  

A Study on Activation and Acceleration by 
Mixed PdCI2/SnCI2 Catalysts for Electroless 

Metal Deposition 

Tetsuya Osaka, Hideki Takcmatsu, and Kohji Nihei 
(pp. 1021-1029, Vol. 127, No. 5) 

R u d o l p h  J. Z e b l i s k y :  47 This paper  evaluated the 
characteristics of mixed PdC12/SnC12 catalysts used in  
electroless plating, and concluded that  catalytic activ- 
ity is exhibited only by c0110idal systems. A major  
reason for this conclusion w#s spectrophotometric data 
(Fig. 3 in the paper) .  

I have also conducted similar  spectrophotometric 
measurements  on these PdC12/SnC12 catalysts solutions 
and have addit ional  informat ion that assists in under -  
s tanding the na ture  of these solutions. My spectro- 
photometric measurements  of PdC1JSnC12 catalyst so- 
lutions diluted with water  similar to Osaka et al. pro- 
duced the same spectra as that described in the paper. 
I also found that these water -d i lu ted  catalysts were 
unstable  and were no longer effective for catalyzing 
plastics for electroless metal  deposition. This would 
indicate that  the water  diluted catalyst solutions had 
decomposed and were no longer representat ive of the 
original  catalyst solutions. 

It is not possible to measure the spectra of undi lu ted  
commercial  solutions due to spectra intensity.  From. 
the above it is clear that the dilution procedure is an 
important  consideration. I have found that  the sta- 
bi l i ty  of these PdC12/SnC12 catalysts is dependent  on 
their  environment .  Therefore as outl ined in  several 

~5 GTE Labora tor ies ,  W a l t h a m ,  Massachuse t t s  02154. 
46 Altus Corporation, Palo Alto,  Cal i fornia  94306. 
~v KoUmorgen Corporation, PCK Technology Division, Glen 

Cove, New York 11542. 

U.S. patents, 43 they require sufficient excess chloride 
ions, excess s tannous ions, and acid to main ta in  solu- 
bil i ty and stabil i ty of the catalyst complex. Even 
local or temporary di lut ion wi th  water  can cause 
catalyst instabi l i ty  and some decomposition. To avoid 
this decomposition it  is usual  to use an acidic chloride 
solution, 48 e.g., HC1 or an acidic chloride s tannous 
solution49, 50 HC1-Sn ++ predip to avoid the drag- in  
of water, which would result  in decomposition of the 
catalyst solution. 

In addition to main ta in ing  the stabil i ty and solu- 
bil i ty of the PdC12/SnC12 catalyst, the hydrolysis 43,50,~1 
of excess t in  compounds present  in the catalysts must  
be avoided to prevent  precipitates which will in te r -  
fere with spectrophotometric measurements.  Insoluble 
t in compounds can form at a pH of about 2 depending 
on the t in compound present, excess chloride ion, oxy- 
gen concentration, and other factors. Water di lut ion 
of catalysts can raise the pH, and cause hydrolysis of 
tin. The dissolved oxygen in the water  can also oxidize 
the Sn( I I )  to Sn( IV)  reducing the excess Sn( I I )  and 
chloride ion concentrat ion of the catalysts which cause 
precipitates in the diluted samples. 

Therefore, in  order to determine the spectra of 
PdC12/SnC12 solution, I diluted PdC12/SnC12 catalyst 
solutions using the principles out l ined in U.S. Patents  
3,672,923 and 3,672,938 to main ta in  catalyst stability. 
A b lank  was prepared with the identical composition 
of the catalyst less the pal ladium component. A di- 
lut ing solution consisting of 215 g/ l i ter  NaC1 and 10 
ml / l i t e r  HC1 (37%) was used to dilute the catalyst 
and the blank. The PdC12 concentrat ion in  the diluted 
sample was 0.01 g/li ter.  The diluted catalyst produced 
very sharp, well-defined absorption peaks at 310, 340, 
and 410 nm, using a Perk in  Elmer 552 spectrophotom- 
eter. The diluted catalyst also proved effective for 
catalyzing plastic for subsequent  electroless copper 
deposition, with longer immersion times of 30 min  to 
compensate for the dilution. 

In view of the retent ion of both sharp, well-defined 
peaks in the spectrophotometric measurements  and 
the catalytic effectiveness of the diluted catalyst, I 
feel that  the na ture  of the catalyst is different than 
the results indicated in the paper. The addit ional work 
reported here indicates that it is possible to dilute the 
catalysts and still re ta in  the complex na ture  of the 
PdC1JSnC12 complex. I propose that  the loss of ab-  
sorption peaks in the water diluted samples was due 
to decomposition of the catalyst complex in an un -  
stable environment .  

T. Osaka: 52 Dr. Zeblisky discussed the spectrophoto- 
metric data shown in Fig. 3 of the paper. He claims 
that the water  diluted catalyst solutions do not  give 
the true na ture  of the catalysts because of their giving 
no longer catalyst activity. 

We have obtained addit ional  informat ion about the 
spectrophotometric measurements  as shown in Fig. 1. 
Catalysts A, B, and C which show lower catalytic ac- 
t ivity became unstable,  close to greenish brown color 
solutions, and finally colorless solutions after several 
hours when they were diluted 100 or 200 times with 
llV[ HC1. Absorption spectra of samples A, B, and C 
diluted 200 times with 1M HC1 are shown in Fig. 1 as 
1, 2, and 3, where the absorption spectra are measured 
within 1 hr after dilution. They lost the feature of high 
extinction coefficient conditions and the spectra of 1 
and 3 showed wavy curves which seemed to contain 
very small  absorption peaks around 320 ,-~ 330, 410 
430, and 610 ~ 620 nm. The spectrum of 2 diluted with 
HC1, which decomposed the fastest, gave a clear ab-  

48 R. J. Zeblisky, U.S. Pat .  3,672,923 and 3,672,938. 
~ L. Roger ,  R. S. Vincent ,  and H. Wilson, U.S. Pat .  3,627,558. 
50 A. Rantel l  and A. Hol tzman ,  Trans. Inst. Meta~ Finish., 52, 31 

(1974). 
5~ A. Rantel l  and A. Hol tzman ,  Plating, 61, 326 (1974). 
~ D e p a r t m e n t  of Appl ied  Chemis t ry ,  Waseda  Univers i ty ,  Tokyo 

169, Japan. 



VoL I27, No. 12 DISCUSSION SECTION 2653 

E 

" 3  

\ 
\\ 

I I I I 

2 

I 2 

I I I I 
200  300  400  500  600  

~, , r i m  

Fig. 1. Absorption spectra of PdCIJSnCI2 catalysts diluted with 
various conditions. Curve I, catalyst A diluted 200 tim~s with 1M 
HCI (i.e., PdCI2 0.005 g/liter); curve 2. catalyst B diluted with 
1M HCI (i.e., PdCI2 0.00125 g/liter); curve 3, catalyst C diluted 
with 1M HCI (i.e., PdCI2 0.005 g/liter); curve 4, catalyst D diluted 
100 times with distilhd water (i.e., PdCI2 0.01 g/liter); curve 5, 
catalyst D diluted 100 times with 1M HCI (i.e., PdCI2 0.01 g/liter); 
curve 6, catalyst D diluted 100 times with 215 g/liter NaCI and 
10 ml HCI (37%) (i.e., PdCI2 0.01 g/liter); curve 7, (dashed line) 
catalyst D diluted 200 times with water (the same as D in Fig. 3 of 
the paper). 

sorption peak of 280 nm with lasting high extinct ion 
coefficient. Samples A, B, and C, however in the case 
of water  dilution, gave the l inear  high extinct ion co- 
efficient as shown in Fig. 3 of the paper. 

In the case of catalyst D which has higher catalytic 
activity, the solutions of three different di lut ion 
(shown as 4, 5, and 6 in Fig. 1) are stable in contrast  
to those of samples A, B, and C and their  absorption 
spectra show the feature of high extinction coeffi- 
cient absorption similar  to those of Fig. 3 of the paper 
(data in the paper are diluted 200 times with water) .  
The high extinction coefficient absorption spectrum of 
6 which is diluted with the same dilution solution as 
that of Dr. Zeblisky seems to contain small  absorption 
peaks around 320 ~ 330 and 420 ~ 430 rim. The 
sample D solution diluted with HC1 or (NaC1 -~ HC1) 
was stable unt i l  about one day and after one day the 
solution decomposed completely and gave the colorless 
solution (in this case the precipitates were not noticed 
because of small  amount  of pal ladium concentrat ion) .  
The water  diluted catalyst D solution gave the same 
conditions as dark brown color solution with high ex- 
t inct ion coefficient absorption for a long time. 

As for the results of the funct ional i ty  test of the 
diluted catalysts using electroless nickel  deposition 
(bath composition was already shown in the paper) ,  
the HC1 or (NaC1-{-HC1) diluted sample D solution 
(5 or 6 in Fig. 1) ini t ia ted the nickel deposition after 
immersion time of 10 min  with HC1 acceleration of 
30 sec on copper sheet and also glassy epoxy plastic 
board. The water  di luted sample D solution did not 
activate the nickel deposition as pointed out by Dr. 
Zeblisky using electroless copper plating. We found, 
however, very  interest ing results that the catalytic 
activity of water  di luted sample D solution is restored 
by the addition of several  drops of HC1 (37%) even 

though HC1 is added after  one day and that  the water  
di luted solution with the addit ion of HCI ini t ia tes  the 
nickel deposition. 

The water  diluted catalyst solution is considered to 
no longer give the catalytic activity because of the 
formation of s tannous or s tannic hydroxide on col- 
loidal particle surfaces due to the change of solution 
pH, but  the addit ion of HC1 is considered to activate 
the water  diluted catalyst solution because of the dis- 
solution of s tannous or stannic hydroxide on colloidal 
particle surfaces which covers the active core. I t  is 
concluded from the above results that  a large excess 
of C1- ion env i ronment  accelerates the decomposition 
of the dark  brown intermediate  and the reformation 
of green intermediate,  and that  it  finally enhances the 
formation of black precipitate of pal ladium metal. 
The data of the absorption spectrum by Dr. Zeblisky 
which produces well-defined absorption peaks at 310, 
340, and 410 nm are considered to resul t  from the solu- 
tion conditions where both the green and dark brown 
intermediates coexist. This is also supported by the 
fact that  the solution color of catalyst changes imme-  
diately from dark brown to greenish brown when 
the catalyst solution is di luted with HC1. Since the 
freshly prepared catalyst B, which has greenish dark 
brown color and gradual ly  becomes dark  brown with 
several minutes,  snowed much lower catalytic activity 
in our funct ional i ty  test, the green color in termediate  
may have lower catalytic activity, and it  is also the 
other possibility in the long time immersion experi-  
ment  of di luted catalyst solution by Dr. Zeblisky that  
the pal ladium metal  particles of precipitate which 
are produced by long- te rm immersion accelerate the 
metal  deposition. 

The funct ional i ty  test of acidic mixed PdCI2/SnCI2 
solution was reported by Nagai et al.~3 using electro- 
less copper plat ing and they concluded that the in ter -  
mediate with dark brown color gives active sites 
rather  than that with green color whose absorption 
spectrum shows three or four peaks at 290, 325, 420, 
and 640 rim, 54 where the absorption peak at 290 n m  is 
due to pal ladium ions. We also investigated this 
catalyst system using electron diffraction analysis 55 
and found that the particle sizes adsorbed on sub-  
strate become larger with the aging process which 
enhances the catalyst activity (cf., the difference of 
catalyst preparations between A and D). 

Therefore, we can conclude that the catalyst solu- 
tion having higher activity is relat ively stable against  
envi ronment  and that the feature of absorption spec- 
t rum with high extinction coefficient, which is ob-  
served in all cases of water, HC1, and (NaCI~ HC1) 
diluted catalyst D solutions, informs the true na ture  
of the catalyst solution with dark brown color which 
gives the higher catalytic activity, and we can finally 
conclude that the dark brown intermediate  should be 
colloidal states and that the colloidal particles ad- 
sorbed on substrate give active sites ra ther  than  solu- 
ble complexes. The above final conclusion can also 
be supported by the fact that  the aging process, 
which is an impor tant  procedure in the preparat ion 
to enhance the catalytic activity, produces the distri-  
but ion of well-defined larger colloidal particles in 
solution. 

Mixed  Potential  Analysis of Sulfat ion of 
M o l t e n  Carbonate  Fuel Cells 

Dan Townley, Jack Winnick, and H. S. Huang 
(pp. 1104-1106, Vol. 127, No. 5) 

T h o m a s  E. T a n g  56 a n d  J. R. Selman:57 Townley et al. 
present  a thermodynamic  model to estimate the effect 

M. Kose ,  T. Kishi ,  H. Y a m a m o t o ,  a n d  T. Naga i ,  K i n z o k u  Hyo- 
~nen Gi ju t su  (J .  Metal  Finish .  Soc. Jpn . ) ,  24, 203 (1973). 

5~ M. T s u k a h a r a ,  T. Kishi ,  H. Y a m a m o t o ,  a n d  T. Naga i ,  ibid.,  23, 
83 (1972). 
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of H2S on mol ten carbonate fuel cell performance. 
They make use of six exper imental  data points re-  
ported by the Inst i tute  of Gas Technology [IGT, Ref. 
(2) ] and by United Technologies Corporation [UTC, 

Ref. (1)].  
We would like to point out that several exper imen-  

tal results in these reports clearly inval idate  the as- 
sumptions used by Townley et al. We refer in par-  
t icular to the following. 

1. Thermodynamic  equi l ibr ium relations (Eq. [39- 
c]) are used to calculate the potential  shifts due to 
H2S in the anode gas, at a given cur ren t  load. Not 
only is this logically inconsistent,  it is also in contra-  
diction to exper imental  observations. The open-circui t  
potential  of the anode is negligibly affected by mod- 
erate H2S levels in the fuel gas, however, anode over- 
potential  (polarization) is s trongly affected [see, for 
example, Ref. (1) of the original paper, pp. 5-22 and 
Ref. (2), pp. 5-12]. This points not  to thermodynamic,  
but  to kinetic or mass- t ransfer  limitations, which 
cannot be interpreted in a physically meaningfu l  way 
by shifts in  equi l ibr ium ("mixed") potent ial  and a 
pseudo- thermodynamic  Henry  coefficient for H2S. 

2. Sulfat ion of the electrolyte is assumed to be 
main ly  responsible for the effect of H2S. The sulfate 
[6a] and sulfide [6b] equilibria,  if applied consis- 
tent ly  in a thermodynamic  reaction model, may in-  
deed predict  a considerable degree of sulfation 
(>75%) of the carbonate electrolyte, as Townley et al. 
indicate in their  Table III. The conditions which favor 
sulfation have been discussed extensively in the IGT 
and UTC reports referenced by the authors (3, 4 of 
the original  paper) .  However in actual fuel cells such 
a high degree of sulfat ion is s imply no t  found; see, 
for example, Table 3-3 of Ref. (3). Therefore, it 
appears groundless to ascribe the potential  loss upon 
introduct ion of H2S to an equi l ibr ium sulfat ion pro- 
cess. 

We conclude that  the concept of a pseudo-Henry  
coefficient put  forward by Townley et  al. is of very  
l imited ut i l i ty  for predict ing performance loss. Cer- 
tainly, much more extensive data than they used (Fig. 
1) would be necessary to verify the concept. That  
the applicabil i ty of a pseudo-constant  to the experi-  
menta l  data may have an ent i re ly  different cause, is 
suggested by the s imilar i ty  of the Nernst  relations 
[39-c] and the Tafel relat ion wr i t ten  for constant  
current  densi ty 

R T  
~] = constant  - - ,  In io 

~aF 

Here io (of hydrogen oxidation) may be assumed to 
depend on PH2s. For example, the IGT data presented 
in  Fig. 1 are correlated quite well  by 

~IH2s(mV) : --47.5 + 91.5 log PH2S (ppm) 

which would suggest a reaction mechanism with ~a = 2 
and io (H2) -~ PH2S -1. 

Our in tent ion here is not to speculate about such a 
reaction mechanism but  to caution against "simple," 
but  equally speculative, correlations and models which 
ignore impor tant  exper imenta l  information.  Also, 
more systematic exper imental  work is needed to make 
analysis fruitful.  

Furthermore,  we believe that  the t e rm "mixed po- 
tential" should remain  reserved for the potential  of 
an electrode at which mult iple  electrode reactions 
proceed, each at a finite rate. The potent ial  analyzed 
by Townley et  al. is the common equi l ibr ium poten-  
tial of electrode reactions [29-c]. 

Finally,  the free energy changes for the sulfation re-  
actions [6a] and [6b], quoted as taken from an IGT 
report [Ref. (3) of original  paper], are not  correct. 
The IGT data (3) are, for [6a] + 20.5 kcal/mole,  and 
for [6b] -- 0.6 kcal /mole  (NI = Na).  This is substan-  
t ial ly different from, respectively, + 7.7 kcal /mole  

and - 1 . 7  kcal/mole.  It  is nowhere ment ioned that  
these and other data are for 923 K (650~ only. 

Dan Townley ,  5s Jack Winnick,SS and H. S. Huang: 59 
The main  criticism of Tang and Selman (TS) re-  
lates to the fact that our t rea tment  predicts a high 
sulfur-species thermodynamic  activity at the anode. 
Yet chemical analysis has found little in the electrolyte 
from fuel cells run  with H2S contaminant  at ppm 
levels. As we suggested the activity may  be strongly 
affected by the presence of the electrode and matr ix  
materials,  ne i ther  of which were present  dur ing  the 
equi l ibr ium measurements.  The condit ion of interest  is 
that  at the electrolyte-electrode-gas interface. In  a re-  
cent s tudy Energy Research Corporation (ERC), fol- 
lowing a sulfur  tolerance test, analyzed the bu lk  elec- 
trolyte, the layer  adjacent  to the anode, and the elec- 
trolyte wi th in  the anode structure. 60 The total quant i ty  
of sul fur  found is not  great. However, they find a gra-  
dient  in sulfur  species, increasing as the anode is ap- 
proached. No technique has yet been capable of ana-  
lyzing the mater ial  in the immediate  vicini ty of the ac- 
tual  interface. Here it  is expected that, under  closed- 
circuit conditions, the gradient  is very steep and the in -  
terfacial electrolyte has a high sulfur-species activity. 

In  the ERC chemical analysis, fur thermore,  l i t t le 
insoluble (i.e., Ni or Co) sulfide was found. 60 These 
sulfides are expected if the anode material,  composed 
of metallic Ni and Co, were being sulfided by the HaS 
present  in the fuel gas. This informat ion  provides even 
more support for the conclusion that  the main  cause of 
the loss of voltage is the al terat ion of the electrolyte 
at the interface. 

The observation that  the open-circui t  potent ial  is un -  
affected by H2S is ent i rely consistent with our t reat -  
ment. As stated in our note, the value of H -1 calcu- 
lated is a funct ion of the current  density. This depen-  
dence is based on the diffusion of react ing species to 
and from the interface. The gas diffusion portion of 
H -~ can be removed by finding, as a funct ion of cur-  
rent  density, the part ial  pressures of the react ing spe- 
cies at the interface. Wilemski et al. '61 have developed a 
sophisticated model of the processes occurring at the 
anode. We have used their gas-phase physical property 
data as well as their  effective diffusivities through the 
electrode to carry out these calculations. These values 
for the part ial  pressures are then used in our Eq. [1], 
[3a-c], and [4] to calculate a value of H -1 which does 
not depend on current  density. A much smaller  value 
is found and the calculations then show little effect of 
H2S at open-circui t  conditions. 

For example, at a current  densi ty of 160 ASF, for 
75% utilized low BTU fuel, the ratios of activities at 
the surface, ae, and in the bulk, ab, for hydrogen and 
water, are calculated at about  

(aw.e/aw,b) = 1.2 and (aH2,JaH~,b) - - 0 . 5  

The electrolyte composition is seen to be strongly de- 
pendent  on the part ial  pressures of hydrogen and 
water. The activity of carbonate ion, as expressed in 
Eq. [3a-c] and [4], depends upon (a~2,e/aw,e) 4. The 
above calculated values cause this ratio to be around 
3% of the ratio in the bulk  gas. At open circuit, how- 
ever, the ratios are identical. The net  effect of this cal- 
culation is to show that very little sulfation of the 
electrolyte occurs at open circuit, in complete agree- 
ment  with experiment.  

TS's criticism of the free energy values used for re-  
actions [6a] and [6b] is more puzzling. Those preferred 
by Tang and Selman are taken from the JANAF tables 

S 1 5 G e o r g i a  I n s t ' t u t e  of T e c h n o l o g y ,  A t l a n t a ,  G e o r g i a  30332. 
69 A r g o n n e  N a t i o n a l  L a b o r a t o r y ,  A r g o n n e ,  Il l inois.  
~o A. P i g e a u d ,  E n e r g y  R e s e a r c h  C o r p o r a t i o n ,  Qua r t .  R e p o r t ,  DOE 

C o n t r a c t  TE AC 03 ETl1304 ( J u l y  1980). 
G. Wi lemsk i ,  T. Wolf ,  D. Bloomfie ld ,  M. L. F inson ,  E. R. P u g h ,  

a n d  K. L. W r a y ,  " P e r f o r m a n c e  Mode l  f o r  Mol ten  C a r b o n a t e  F u e l  
Cells,  F i n a l  R e p o r t  f o r  5 J u l y  1979," P h y s i c a l  Sc iences ,  Incorpo-  
r a t e d ,  Woburn, Massachusetts August 1979). 
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for M ---- Na. These values  do not  agree  wi th  the  ex-  
pe r imen ta l  resul ts  r epor ted  on pages 3-11 in the 
same reference  for M = 0.62 Li, 0.38 K. These free 
energies  were  ob ta ined  b y  bubbl ing  the gas th rough  
free e lectrolyte .  In  an opera t ing  cell  the re  a re  two 
addi t iona l  phases, LiA102 and the electrode,  which  we 
feel  m a y  a l te r  the ac t iv i ty  coefficient of the  H~S 
th rough  surface effects. Fu r the rmore ,  as s ta ted  in the  
note, the free energy  changes used for  the react ions 
need not  be accurate  to p red ic t  the p roper  ~]H2s-PH2s 
curve. They  do have a large  effect on the  ca lcula ted  
act ivi t ies  of sulfide and  sul fa te  in the e lec t ro ly te  and 
on H -1, but  ve ry  l i t t le  effect on the  ca lcu la ted  ~IH2s. 
Al l  da ta  used are  indeed  for 650~ 

Fina l ly ,  we agree  wi th  TS that ,  in many  instances of 
l imi ted  expe r imen ta l  informat ion,  a kinet ic  i n t e rp re -  
ta t ion m a y  y ie ld  a descr ip t ion  equ iva len t  to a the r -  
modynamic  one. That  however ,  is not  the case here. 
Our  t r ea tmen t  involves  bu t  one empi r ica l  p a r a m e t e r  to 
adequa te ly  character ize  two independen t  sets of data,  
run  wi th  qui te  different  fuel  uti l izations.  On the other  
hand, a kinet ic  expression,  un ique ly  defined in t e rms  
of H2S concentrat ion,  can charac ter ize  only  that  one 
da ta  set f rom which its two empi r ica l  pa rame te r s  a re  
de termined.  

Voltage Losses in Fuel Cell Cathodes 

R. P. Iczkowski and M. B. Cutlip (pp. 1433-1440, Vol. 127, No. 7) 

Philip N. Ross, Jr .  "62 The authors  are  to be com- 
mended  for the scope of the analysis  of t r anspor t  p ro-  
cesses in po ly te t ra f luoroe thy lene  ( P T F E ) - b o n d e d  a i r  
cathodes, pa r t i cu l a r ly  the  use of the S t e f an -Maxwe l l  
equat ions for mul t i component  gaseous diffusion. Thei r  
analysis  is also the  first to include the possible va r i a -  
t ion in Galvani  potent ia l  wi th in  the  e lec t ro ly te- f i l led  
agglomera tes  due to the  effective res is t iv i ty  of the  
e lectrolyte .  As the  authors  show in Fig. 4, the res is t ive 
component  is the la rges t  component  of vol tage loss in a 
pa r t i cu la r  e lect rode to which  they  appl ied  thei r  ana l -  
ysis. They have, however ,  done ve ry  l i t t le  to jus t i fy  the 
phys ica l  model  of the  e lec t rode  s t ructure  to which 
the i r  ma themat i ca l  analysis  was applied.  The impor -  
tance of es tabl ishing the physical  va l id i ty  of the model  
is apprec ia ted  b y  the authors  who state:  "This model  
is useful  to eva lua te  how much  vol tage loss is caused 
by  each of the basic t r anspor t  p r o c e s s e s . . ,  ident i f ica-  
t ion of the most  impor t an t  sources of vol tage  loss a l -  
lows research  and deve lopment  efforts to be d i rec ted  
towards  the minimiza t ion  of these vol tage losses." The 
model  wi l l  be useful  in d i rec t ing  s t ruc ture  develop-  
men t  only if  the ad jus tab le  pa rame te r s  of the mode l  
a re  t ru ly  re la ted  to real  phys ica l  character is t ics  of the 
s t ructure .  Otherwise  the model  is jus t  another  example  
of pa rame t r i c  curve-f i t t ing.  The authors  have done 
both themselves  and e lec t rochemical  science an in-  
jus t ice  by  not  p rope r ly  exercis ing the model. Ins tead  of 
app ly ing  the model  to a single e lect rode (whose s t ruc-  
tu ra l  character is t ics  are not  descr ibed) ,  the  model  
should have been  appl ied  to e lectrodes of va r iab le  
s t ruc ture  and  e lec t ro ly tes  of va r i ab le  conduct iv i ty  to 
de te rmine  whe the r  the  ad jus tab le  pa rame te r s  re la te  to 
phys ica l  proper t ies  in a meaningfu l  way. For  example ,  
Kl ined ins t  et al. 68 have  shown tha t  the s t ruc ture  of the  
P T F E - c a r b o n  b lack  composite,  i.e., the radius  of 
flooded agglomerates ,  can be contro l led  by  var ia t ion  
of the weight  f rac t ion of P T F E  solids and the cur ing 
t ime and t empera tu re .  One would  expect,  for  example ,  
tha t  as the weight  f rac t ion of PTFE solids varies,  the 
effective agg lomera te  radius  would  change, and the 
vol tage  loss due to dissolved oxygen diffusion in the  
agg lomera te  should va ry  propor t iona te ly .  Kl inedins t  

Lawrence Berkeley Laboratory, Materials and Molecular Re- 
search Division, Berkeley, California 94720. 

K. Klinedinst, W. Vogel, and P. Stonehart,  J. Mater. Sci., 11, 
794 (1976). 

et ai.63 have also demons t ra ted  ana ly t ica l  methods  for 
i ndependen t ly  measur ing  the effective agg lomera te  
radius.  In  a Vulcan XC-72R/TFE-30 composite con- 
ta in ing 50 w/o  TFE solids cured at  610 K the indepen-  
den t ly  m e a s u r e d ~  agg lomera te  rad ius  is ca. 10-6m. I t  
would be of g rea t  in teres t  to know whe the r  the  value  
of ra de te rmined  by  appl ica t ion  of the model  to po-  
la r iza t ion  curves f rom this type  of e lect rode is of the 
correct  magni tude .  According to the  model,  changing 
the conduct iv i ty  of the e lec t ro ly te  should decrease the  
"ohmic" component  of the  vol tage  loss. Again,  ex-  
ercis ing the mode l  wi th  the  same e lec t rode  in phos-  
phoric  acid of var iab le  concentrat ion,  and  therefore  
var iab le  conduct ivi ty,  would  provide  a more  adequa te  
test  for va l id i ty  of the analysis,  pa r t i cu l a r ly  the sus-  
pect  t r ea tmen t  of ionic conduct ion in the ca ta lys t  layer .  

The t r ea tmen t  of ionic conduct ion wi th in  the ag-  
glomerate ,  and its effect on e lec t rode  polar izat ion,  is 
over-s impl i f ied  and the conclusions r e l a t ed  to i t  mis -  
leading. The authors  s imply  wr i te  Ohm's l aw to re la te  
the Galvani  potent ia l  in solut ion (in the i r  nota t ion  Ei) 
to the ionic current ,  and then assume the e lec t rochemi-  
cal react ion ra te  depends only  on (Ee --  Ei), the ca ta-  
lys t -so lu t ion  Galvani  potent ia l  difference. This t r e a t -  
ment  is incorrect .  Physical ly ,  the  process they  a t t empt  
to descr ibe is ac tua l ly  an ionic diffusion polar iza t ion  
due to the  absence of  excess suppor t ing  electrolyte .  
Hydrogen  ion is consumed at  the ca ta lys t  surface via  
the react ion 

02 + 4H + + 4 e -  ~ 2H20 

The appropr i a t e  diffusion equat ion is tha t  for  a 
b ina ry  e lec t ro ly te  where  one of the two ionic species 
is electroact ive.  Fo r  this  case, i t  can be shown6~ tha t  
the g rad ien t  in hydrogen  ion concentra t ion is re la ted  
to the ionic cur ren t  b y  

( n+ ) dC+ 
- - I i ( z )  --- n+ 1 + ~ D + F  dz [1] 

where  z is the spa t ia l  va r iab le  in the author ' s  Eq. [33] 
and [34], n+ and D+ are  the  hydrogen  ion valence  and 
diffusivity, respect ively,  n -  is the  anion valence,  and  
C+ the hydrogen  ion concentrat ion.  The ionic concen- 
t ra t ion at any  point  is r e la ted  to the Galvani  po ten t ia l  
in solut ion f rom the equi l ib r ium condit ion of the  ( in-  
er t )  anions 

# -  ----#- + R T l n C -  -}- Jn- IFEi  _-- cons tant  [2] 

and the e lec t roneu t ra l i ty  condi t ion 

n+C+ = I n - ] C -  [3] 

Equations [1]-[3]  mus t  be solved s imul taneous ly  wi th  
the  diffusion equat ions for the dissolved neu t ra l  spe-  
cies and  the k inet ic  ra te  equation.  I t  is also impor t an t  
to note the coupling be tween  hydrogen  ion concen- 
t ra t ion  and react ion ra te  was neglected.  In  fact, the  
ra te  of oxygen  consumpt ion at  any  poin t  z in the  
agg lomera te  is given by  65 

Ni(z)  = ~ -  (C+) exp [--  (Ee -- ED ITs] [41 

where  C +, Ee, and Ei are  functions of z, and  not  by  the 
s impler  express ion used by  the authors  

Ni(z) =(K--~)exp[--(Ee--Ei)/Ts] [5] 

The s t ronger  coupl ing of ionic conduct iv i ty  wi th  the  
oxygen consumption ra te  impl ied  in Eq. [4] vs. Eq. [5] 
would  mean, in pr incipal ,  an even l a rge r  effect of in-  
t e rna l  resistance on the to ta l  polar iza t ion  for an elec-  
t rode than would  be computed  in the model  presented.  

e4 K. J. Vetter,  "Electrochemical  Kinetics," pp. 166-170, Academic 
Press, New York and London (1967). 

A. D~mjanovic, D. Sepa, and M. Vognovic, Electroch~m. Acta, 
24, 887 (1979). 
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In work at our  laboratory, we have used the current  
ratios for varying oxygen part ial  pressure to separate 
ionic diffusion losses from molecular  diffusion losses 
in  air cathodes. We have found 66 that  ionic diffusion 
losses of 5-10 mV per  100 m A / c m  2 current  density are 
observed only when  the acid concentrat ion exceeds 98 
w/o, e.g., 99 w/o acid shows a 7.5 mV resistance po- 
larization at 200 mV/cm 2 but  only ca. 2 mV is observed 
in 95 w/o acid. We postulate that  the dramatic ap-  
pearance of this in te rna l  resistance polarization is due 
to a change in  the major i ty  proton species from 
[H904] + to [H4PO4] + in this region of concentration. 

In  their discussion on opt imum electrode thickness, 
the authors express a very  interest ing rat ionale for the 
variat ions in voltage loss with PTFE content  (at fixed 
Pt loading).  In  their model increasing PTFE content  
increases Ea, the agglomerate tortuosity factor, reduc- 
ing diffusion losses (see Eq. [28] of the paper) but  
increasing voltage loss due to the "ohmic" component. 
Too little PTFE results in  large diffusion losses and too 
much PTFE results in  excessive "ohmic" loss, the op- 
t imum PTFE probably occurring at the crossover point  
for these competing effects. The conventional  wisdom 
concerning the increase of voltage loss with PTFE con- 
tent  above the opt imum has been that  the s tructure 
has "dry" catalyst above a certain PTFE level. The 
authors present  a new and more compelling explana-  
tion. 

Finally,  two assumptions were made in  applying the 
model to phosphoric acid fuel cell cathodes that  ap- 
pear questionable, and fur ther  affect the general  ap-  
plicabil i ty of the breakdown of the losses shown in  
Fig. 4. Inside the gas pore, water  vapor is assumed to 
be in equi l ibr ium with the electrolyte at every point  z. 

6o p. Ross, Lawrence Berkeley Laboratory Report, Materials and 
Molecular Research Division, LBL-10799 (May 1980). 

If this were always the case, the polarization curve at 
zero oxygen uti l ization would not depend on the par-  
tial pressure of water in  the bulk  air s tream (in back 
of the substrate) .  This is in fact not  the case, as we 
have observed that polarization curves for pure ly  dry 
oxygen and for oxygen presaturated to the water  vapor 
pressure of the bulk  electrolyte are significantly dif-  
ferent, e.g., the dry gas curve shows lower polarization. 
The magni tude of the diffusion losses determined by  
application of this model to polarization curves will 
depend critically on the kinetic parameters  for oxygen 
reduction that  are used, par t icular ly  the Tafel slope. 
The breakdown of voltage losses shown in  Fig. 4 were 
produced by  use of a 90 mV/decade Tafel slope, refer-  
r ing to the work of Kunz and Gruver  67 as having de- 
termined this parameter  independent ly.  Careful read-  
ing of the cited article reveals a circular argument ,  
since PTFE-bonded  electrodes were used in  the cited 
work to arrive at the 90 mV/decade Tafel slope with 
t ransport  modeling employed to "deduce" this kinetic 
parameter.  The definitive de terminat ion  of the kinetic 
parameters  for smooth p la t inum in concentrated 
HjPO4 appears to be the recent  work by Yeager and 
co-workers, 6s and shows that  the Tafel slope is 120 
mV/decade. For p la t inum clusters dispersed on car- 
bon black, we have found 69 that  the true Tafel slope 
depends on the microstructure of the clusters (105-115 
mV/decade) ,  bu t  for a catalyst tike tha t  used by  Kunz  
and Gruver  the true Tafel slope is t05 4- 5 mV/decade,  
instead of 90 mV/decade. It  would be of interest  to 
know how the analysis of losses in  real fuel cell elec- 
trodes changes in light of these new kinetic param-  
eters. 

o7 H. Kunz and G. Gruver, This Journal, 122, 1279 (1975). 
~s j. Huang, R. Sen, and E. Yeager, {bid., 126, 786 (1979). 
69 p. Ross, Abstract 190, p. 508, The Electrochemical Society Ex- 

tended Abstracts, Los Angeles, California, Oct. 14-19, 1979. 

Erratum 

In  the paper "The Solubilities of NiO, C0~O4, and 
Ternary  Oxides in Fused Na2SO4 at 1200~ ' '  by Dilip 
K. Gupta  and Robert A. Rapp which appeared on pp. 
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Fig, 1. Thermodynamic phase stability for Na-Ni-S-O sysfem at 
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2194-2202 in the October 1980 JOURNAL, Vol. 127, 
No. 10, Fig. 1 and 2 should be as follows: 
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A Titanium Dioxide Hydrogen Detector 
L. A. Harris 

Genera~ Electric Company, Corporate Research and Development Center, Schenectady, New York 12301 

ABSTRACT 

Sput tered films of t i t an ium dioxide several thousand angstroms thick a n d  
sandwiched between a layer of t i t an ium and a layer of p la t inum are highly 
selective detectors of hydrogen. The resistance of the device decreases on 
exposure to hydrogen. At concentrat ions above 0.5% H2 in air, the response is 
rapid and l imited by lead resistance. At lower concentrat ions the response is 
proport ional  to concentrat ion but  relat ively slow at room temperature.  Moder- 
ate increases in tempera ture  quicken the response. The detectors may be used 
as effective a larm devices at roora temperature,  with a-c or d-c circuitry that  
requires negligible power in the absence of h y d r o g e n .  

It  is well known that  reducing gases can donate an 
electron to the conduction band of some normal ly  in-  
sulat ing oxides, thereby greatly increasing the con- 
duct ivi ty  of the oxide (1-7). This principle has formed 
the basis of several solid-state detectors for a variety 
cf gases (5-12). Most of these detectors exhibit  changes 
in  conductivi ty along their surface due to surface 
adsorption of the reacting gas and thus f requent ly  re- 
spond to a var ie ty  of gases. 

If the detector response depended on diffusion of a 
par t icular  species wi th in  the solid then it could be 
made specific for those gases that give rise to the 
diffusing species. A" case in point is t i tan ium dioxide 
(TiO2) in its rut i le  form, in  which the diffusion of 
hydrogen (protons) is a much studied phenomenon 
(13-16). Here, H atoms can enter  the lattice and in 
doing so become ionized to produce a mobile in ter -  
stitial proton and a conduction electron, a process that 
can readi ly occur even at  room tempera ture  (3, 4). 

For  these reasons, and encouraged by an earlier 
suggestion of Johnson et al. (16), some simple experi-  
menta l  crossed-film detectors were constructed and 
tested. This paper describes some of the characteristics 
of these devices in which the current  flows through, 
instead of along the surface of, the thin insulat ing or 
semiconducting film. 

Construction 
The devices were made by successive depositions of 

th in  films on s tandard glass microscope slides. The 
first film was a 3OOOA layer  of TiO2 sputter  deposited 
onto the clean slide. This layer was covered by a 
1000A film of Ti metal  which, in turn,  was covered by 
a second sputter  deposited layer  of TiO2 in  thicknesses 
ranging from 500 to 3O0OA. The sput ter ing was done 
in an rf system in  argon for Ti and in 50% argon, 50% 
02 for TiO2. The gas pressure was approximately 2.5 
Pa (18-20 microns) and the rf power was 500W. With 
the target  voltage raised to 1700V the deposition rate 
was approximately  90 A/min .  The slides rested on a 
water-cooled support  which kept plasma heat ing of 
the substrates to about 2O0~ X- r ay  diffraction showed 
the films to be pr incipal ly  anatase, with a trace of 
rutile. 

Key words: titanium dioxide, hydrogen detectors, hydrogen 
sensors, gas detectorsj instruments, sensors, indicators. 

All of the above films covered the entire slides 
except for two small areas of Ti metal  left uncovered 
near  the ends of the slide for contacts to that  film. 

A coating of lacquer (Hunt  Waycoat negative 
photoresist) was painted by hand over the second TiO2 
layer except for a 2-3 mm strip down the center of 
the slide and the two Ti contact areas. This configura- 
t ion was chosen as the simplest one that would prevent  
gas- induced conduction on the TiO2 surface between 
the Ti contacts and the Pt  cross strips to be applied 
later. These cross strips, 2O0A thick and 1 mm wide, 
were e lect ron-beam evaporated after the lacquer was 
thoroughly dried and polymerized by exposure to u.v. 
light. Figure 1 shows schematically the disposition of 
the various layers comprising the detector slide. 

The first film of TiO2 was included to balance the 
stresses on the base metal  layer  (Ti) after earlier 
attempts using noble metals (Au and Pt)  on glass 

CONTACTS, 

LAC0UER 

EXPOSED Ti 'EXPOSED Ti02 

~ P t  
J STRIPS 

Fig. 1. Schematic illustration of hydrogen detector construction 
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failed by peeling. The TiO2 layer improved the si tua- 
tion, but  noble metals were still unstable. Ti and Cr 
films were found to be stable, but  Cr films showed no 
sensit ivity to hydrogen, presumably  because of the 
highly insulat ing layer  of Cr203 on its surface. With Ti 
films it  may be possible to omit the first TiO2 layer. 

P l a t inum was chosen for the top film for its abil i ty 
to dissociate molecular  hydrogen to the atomic form 
that  can diffuse into the TiO2. 

Detectors made in  this way were not  un i formly  
successful. On some slides most of the junct ions had 
excessive conductance even at very low voltages, 
while other junct ions exhibited extremely low con- 
ductances. The junct ions tested were selected from 
the lat ter  group having typical junct ion  conductances 
of the order of 10 -7 mhos or less, measured in the 
absence of hydrogen. 

Experimental 
Samples were tested by attaching leads to the Ti 

and Pt  films with ind ium solder, after first applying 
contact pads of silver paint. A potentiostat  (Pine 
Ins t ruments  Company RDE 3) acted as a regulated 
power supply and current  converter. For logari thmic 
current  plots, a Kei thley Model 26000 Logarithmic 
Picoammeter  in  ser ies  with a resistor measured the 
output  voltage of the potentiostat 's  current  indicator. 
The voltages (V) applied for testing were scaled 
roughly with TiO2 layer  thickness (d) to keep the 
average field (V/d) less than  about 105 V/cm. In what  
follows the voltage or bias is that  of the Pt  film with 
respect to the Ti film. 

The detector slides were mounted  inside a jar  or a 
small  metal  oven through which the test gas could be 
flowed and then  vented to air. When the oven was used, 
the slide rested on a th in  stainless steel t ray to which 
a Chromel-Alumel  thermocouple was attached. 

The test gas was made by mixing hydrogen with 
air  or ni trogen through a two-stage dilution system 
consisting of the valves and flowmeters indicated in  
Fig. 2. The mixed gas passed through a drying 
(Drierite) tube and a small  three-way valve mounted  
near  the test chamber. This a r rangement  allowed the 
gas flow to be diverted to the room while it was 
adjusted to the desired mixture,  and after the feed 
lines had equi l ibrated the gas was directed to the 
test chamber. Usually hydrogen was mixed with air 
because it was found that the current  decreased only 
very slowly after hydrogen removal if oxygen was 
not present  in  the ambient  gas. 

To the extent  possible the flow rate through the 
test chamber  was held at about  2.5 SCFH (~20 cmS/ 

~ VENT 

D B A 

AIR A C 

Fig, 2. Arrangement of valves and flowmeters for two-stage dilu- 
tion of hydrogen in air. 

see) as indicated by the flowmeters. At this rate the 
largest test chamber  had a complete change of gas in 
about 12 sec. The concentrations of H2 in air quoted 
in this paper are only approximate because of in-  
stabilities in the gas flow and the imprecise na ture  of 
the small  plastic meters  and their associated valves. 
An approximate correction for the flow of H2 through 
flowmeter B (Fig. 2) was applied after measur ing 
flow rates with a bubble  meter. 

Quali tat ive tests of the sensit ivity of detectors to 
gases other than H~ were made by flowing undi lu ted  
chemically pure gases from lecture bottles through the 
test chamber  and noting any change in  response from 
that  for dry  air. 

Some brief experiments  were done in a humidi ty  
chamber  to assess the value of these devices as 
humidi ty  sensors. Though some response was obtained, 
it  was so slight as not to war ran t  fur ther  investigation. 

Except for one test, all of the measurements  were 
made under  d-c or slow sweep conditions (100 mV/  
see). In  that  one case the complex admit tance of the 
detector was measured with a Hewlet t -Packard  Model 
3042A Network Analyzer  at frequencies from 100 Hz 
to 10 MHz both in  air and in  pure H2 at room tempera-  
ture. 

Results 
The vol t -ampere  characteristics of a detector with 

a 3000A (TiO2) thickness are shown in Fig. 3, both 
in the absence and in the presence of hydrogen. 
General ly  similar  results were obtained with th inner  
specimens, but  the slope or conductance of the curve 
at the origin tended to increase as the thickness 
decreased. Owing to the var iabi l i ty  of junct ions even 
on the same slide it  is not possible to quant i fy  any 
thickness dependence reliably. 

Notable features of Fig. 3 are the asymmetr ical  or 
rectifying na ture  of the curves both with and without 
}-I2 present, the marked  hysteresis of the positive 
segment of the curve with H2 present, and of course 
the very large increase in current  for H~ for both 
polarities. (Note the scale change indicated on Fig. 3.) 
All  of these features are discussed in  the section to 
follow. 

Figure 4 shows the current  response and recovery 
times for exposure of a 1000A detector to pure I-I2 for 
several negative and positive biases. The rapid cur-  
rent  onset and the delay in current  fall after I-I 2 flow 
ceased suggest that the current  response is triggered 
by much lower part ial  pressures of H2 than the 
atmospheric pressure used in this test. 
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Fig. 3. Current-voltage characteristics of detector 4A, 3000A 
thick, in oxygen and in hydrogen. Voltage scan rate was 100 mV/ 
sec. 
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Fig. 4. Response and recovery of detector 2B, IO00A thick, to 
100% hydrogen forseveral negative (left) and positive (right) bias 
voltages at room temperature. 

Figure 5 shows the corresponding responses of the 
same device to 4500 ppm (0.45%) of Ha in  air. About  
the same saturat ion values are reached as for 100% 
H2, but  the response t ime is longer and the recovery 
t ime shorter, consistent with more rapid dilution to 
subsaturat ion levels of H2. Figure 5 shows more 
clearly than does Fig. 4 that  the response when  H2 
is introduced is quicker for positive bias than  for 
negative, bu t  the converse is clearly true with respect 
to recovery. 

The saturat ion currents  in  Fig. 4 and 5 correspond 
to a total device resistance of roughly 350~. If the 
resistance of the thin Pt  film between the contact and 
the overlap area is est imated by taking half the 
measured resistance of the Pt  film from the contact to 
its other end a similar  magni tude  is obtained. This 
crude correspondence suggests that  with ~-Ie present  
most of the device resistance is associated with the 
Pt  connection and not  with the TiO~ layer  between 
Pt  and Ti. 

The slow response to lower concentrations of H2 
(900 ppm in  air) at room tempera ture  is more dra-  
mat ical ly  shown in  Fig. 6. Although the response with 
positive bias is notably  faster, in nei ther  case does 
it  give a meaningfu l  indicat ion of Ha concentrat ion 
in  reasonable observation times (less than 10-15 min) .  
The momenta ry  drop in  current  for positive bias at 
about  20 sec on the t ime scale is related to the in terna l  
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Fig. 5. Response and recovery of detector 2B to 0.45% H2 in air 
at room temperature. 
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Fig. 6. Response of detecter 2B to 0.09% H2 in air at room 
temperature. 

fields in  the TiO2 layer  and is discussed in  the section 
to follow. 

Response and recovery times might  be expected to 
depend on thickness and temperature.  As noted above 
is was not  possible to make reliable quant i ta t ive  
measures of thickness dependence, bu t  some qual i ta-  
tive features may  be noted. There appeared to be 
little significant difference in rates or saturat ion levels 
with thickness though the thickest films 3000A may 
have been somewhat slower. The principal  result  of 
increasing thickness was a lowering of the background 
current ,  which in  effect lowers the threshold of de- 
tectable current  changes. Thus, given enough time, a 
3000A detector gave an observable response to as 
little as 20 ppm H2 in air, when the background cur-  
ren t  in  air  was about 10-9A. 

In  contrast  to thickness, tempera ture  had a dramatic 
effect on the speed of responses. Figure 7 shows how 
the risetime decreased as tempera ture  was raised, even 
for the low concentrat ion of 900 ppm H2 in  air (cf. Fig. 
6) and for a small  negative bias. (The data of Fig. 7 
were obtained from a different junct ion  from the one 
used in  Fig. 6, bu t  both were nomina l ly  1000A thick.) 
So far as can be judged, given the rough reproduci-  
bi l i ty  of the gas mixture  from test to test, the steady- 
state response of the detector was relat ively independ-  
ent  of temperature.  It  was observed to shift quite 
readily with minor  adjus tments  of the gas mixture.  

This s teady-state  response, now observable at ele- 
vated temperature,  was approximately l inear ly  de- 
pendent  on H2 concentration, as Fig. 8 shows, down 
to about 500 ppm below which the response was not 
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Fig. 7. Response of detector 11B, t000A thick, to 0.09% H9 in 
air at several temperatures. 
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detectable.  These da ta  were  obta ined wi th  negat ive  
bias only,  as tha t  was judged to be the  more  useful  
mode of operat ion.  

Fa i lu re  o f  the detector  cur ren t  to recover  f rom It2 
exposure  in the  absence of oxygen was noted earl ier .  
This behavior  is i l lus t ra ted  in Fig. 9, in which pure  
H2 was used for about  58 sec fol lowed by  pure  Ne for 
another  172 sec, a t  which t ime the gas was changed 
to pure  02 and the cu r ren t  r e tu rned  to its base value  
of 4 • 10-~A. 

In o rder  to c lar i fy  some features  of de tec tor  opera- 
tion i ts  photoresponse was observed both in the absence 
and presence of hydrogen.  S imi la r  resul ts  were  
obta ined  wi th  br igh t  l ight  f rom a xenon l amp  and 
wi th  the  350 nm component  of tha t  l ight  obta ined 
from a monochromator .  F igure  10 shows the vol t -  
ampere  character is t ics  observed wi th  the  detector  
da rk  and i l lumina ted  for  both  kinds of ambien t  gas. 

The resul ts  of the a-c  admi t tance  test noted in the 
previous  section are  shown in Fig. 11. In te rp re ta t ion  
of these resul ts  is de fe r red  to the fol lowing section. 

Response of the detectors  to gases other  than H2 
was observed qua l i t a t ive ly  using pure  gases, a l t e r -  
nat ing wi th  02 to flush the test  chamber  while  ma in -  
ta ining a negat ive  bias to ensure res tora t ion  of the 
normal  background  current .  These tests were  done at  
room t empera tu r e  and at  71~ with  both posi t ive and 
negat ive  biases. The results  are summar ized  in Table I. 
They  show that  at  room t empera tu r e  and negat ive  
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Fig. 9. Illustrating the need for oxygen to reduce electron cur- 
rent after exposure to hydrogen. Detector 11B, --0.2V, room tem- 
perature. 

Q.  

m 0.?.0- 
o~ 
DE 

0.15 

~- 0.10 

~0.05  

-o.~ 
-0.05- 

-0.10 - 

-0.15~- 

ILLUMINATED 
~, = 350 nm 

l . .~  DARK 

/05 I'0 
BIAS, VOLTS 

ILLUMINATEI 
k= 350,m~ 

. J  . J 3  
Z 

~ 2  
z 

-o~  
/ / -F  

-2. 

-3 

I 
I 

/ 
/ 

/ / :)ARK 

I I 
0.5 1.0 

BIAS, VOLTS 

Fig. 10. Photoresponse of detector 2A, 3O00A thick, in the 
absence of H2 (left) and in the presence of H2 (right). 

r I.iJ 

Z 

J 

T 0.005 
tO0 KHz 

~ H 2  /IOMHz 

O KHz I M H z ~  / 
i I I I I I I ,1[ I I 

\ 0.002 0.004 0.006 I 0 ' ~ . .  0.01 
IOOHz CONDUCTANCE, MHOS WITH H2 

- 0.005 l 
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bias the response to most of the gases tested is negl i -  
gible compared  to tha t  for Hf, though HfS does 
provide  a c lear ly  measurab le  effect  With  posi t ive bias, 
CO, CO2, and H20 respond ve ry  weak ly  while  NHs 
and H2S have modera te  responses (5-10% of that  
for He). At  e levated  t empera tu res  the detector  is not  
so selective, and i t  responds much more  s t rongly  to 
most gases when biased posi t ively.  

Discussion 
S p u t t e r e d  TiO2 films, which  are  polycrys ta l l ine ,  

l a rge ly  anatase,  and h igh ly  disordered,  differ m a r k e d l y  
f rom the single crys ta l  ru t i le  on which many  diffusion 
studies have been made.  Despi te  these differences the 
behavior  of these hydrogen  detectors  is genera l ly  
consistent  wi th  tha t  deduced f rom ear l i e r  e lec t ro-  
chemical  and o ther  observat ions  using the single 
crys ta l  m a t e r i a l  

According  to this view, H2 is dissociated on the P t  
top layer  into H atoms, some of which cross the 
in terface  into the TiOf. Once inside the TiO2, the H 
atoms ionize to produce a conduction e lect ron and an 
in ters i t ia l  proton (3). Depending on the direct ion of 
the field at  the TiO2-Pt interface and other  factors,  
e i ther  electrons or  protons are  dr iven  toward  the Ti 
base l aye r  whi le  the o ther  car r ie r  is d r iven  back  to 
the  interface.  

The photoresponse of the device in the absence of 
H2, pa r t i cu l a r ly  its d isp lacement  from the origin (Fig. 
10, lef t)  indicates  the existence of a Schot tky  ba r r i e r  
a t  the Pt-TiO2 interface.  F igure  12 (left)  shows a 
p resumed band s t ructure  when no bias is appl ied  and 
no I-t2 is present .  Band bending  wi th in  the  TiO2 p ro -  

Table I. Response of detectors to various gases, compared to that 
with 02 

IgaJ/Io l 

R o o m  t e m p e r a t u r e  71~ 

Gas + - + 

O= 1 1 1 1 
N= -- 1.2 a 88 ~ 4 ~ 
CO= 2.5 b i= 3.8 ~ 1.2= 
CO 2 b i a 113 a 4 ~ 
CH4 i b i a -- 

CfHeJ 1 b l a  75 ~ 3 a 
C~Hzo 1 b 1.2 a 75 G 3 a 
NHa 20 ~ 1.3 a 625 = 117 ~ 

660 b 
HsS 1200 b 50 b ~ 
H20 1.5o - -  2 . 6  ~ - -  

11200' 35406 ~ -- 

D e t e c t e r  l l B ,  10005, b i a s  •  
D e t e c t o r  4A, 3000A, b i a s  s w e p t  b e t w e e n  --1V. 

o D e t e c t e r  G3, 200OA, b i a s  + 0.5V, lgo~ 20~ 
g D e t e c t o r  G3,200bA,  b i a s  +0.5V, I~o% RH/I~% RH, 50~ 
e D e t e c t o r  2B, 1000A, b i a s  -----0.4V, lH=/lai r. 
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Fig. 12. Presumed band pattern of detector with zero applied 
voltage, in the absence of H~ (left) and with H2 (right). 

r ides a field at the interface which may not be over-  
come by a small  positive bias. The momenta ry  drop 
in  cur ren t  noted in  connection with Fig. 6 can be 
a t t r ibuted  to a reverse current  of conduction electrons 
from the first H atoms to enter  the TiO2 film. These 
are moved toward the base layer  by the bu i l t - in  field 
of the depletion region, but  as we shall see this field 
does not persist as more H enters the insulator.  

When H2 is present, the intercept  of the cur ren t  
with i l lumina t ion  (Fig. 10, right) shifts to zero bias, 
suggesting that  the Schottky bar r ie r  is no longer 
effective (17). This s i tuat ion might  be represented by 
the band  s t ructure  shown on the r ight  of Fig. 12. 
The change in  band structure can be expected be-  
cause the H atoms are electron donors convert ing 
the poorly conducting TiO2 to an n - type  semiconductor. 
The Fermi  level of the TiO2 is thus moved closer to 
its conduction band and electron transfer  between the 
Pt  and TiO2 is greatly facilitated. In  thick films or 
crystals of TiO~ nonuni fo rm distr ibutions of. H can 
result  in  significant band  bending and in terna l  fields 
due to this effect, and these fields can complicate the 
resul tant  e lec t ron and proton flow rates (2, 13). 

The increased current  due to i l lumination,  even 
when H2 is present, may be a t t r ibuted to photoconduc- 
t ivi ty of the TiO2. The light absorbed in the TiO2 
produces both mobile holes and electrons which move 
in opposite directions as determined by the field in the 
material .  

The comparable sensitivities observed with bias of 
ei ther polari ty suggest that  the principal  conduction 
mechanism is electronic rather  than ionic. With suffi- 
cient negative bias, protons are held near  the Pt  side 
of the TiO2 layer  so ionic conduction cannot play a 
significant part, but  the electronic conductivi ty arises 
from the presence of ions in  this layer. 

The ionic current  contr ibut ion can be seen in cases 
of positive bias when II.~ is present. The significant 
hysteresis in the positive port ion of the curve of 
Fig. 3 with H2 may be a t t r ibuted  to the motion of 
protons into the TiO2 dur ing  the positive voltage ex- 
cursion. The I0 sec durat ion of the 1V upward sweep 
in Fig. 3 provides some notion of the rate at which 
ions can enter  the TiO2 and move within  it. The 
recovery times (Fig. 4-6) are considerably longer, but  
they are governed by the rate at which H atoms can 
be removed from the surface, as discussed below, a s  
well as by proton motion toward the surface. This 
motion is enhanced by negative bias and retarded by 
positive bias. 

The a-c admit tance measurements  shown in Fig. II  
are consistent with this view of electronic conductivity. 
The approximately  semicircular locus of admit tance 
with f requency roughly corresponds to an equivalent  
circuit consisting of a 13512 resistance in series with 
a 0.016 uf capacitance (8). These values correlate with 
the approximate measured resistance of the Pt  film 
and the capacitance of the junct ion area if a dielectric 
constant  of 62 is assumed for the TiO~. When the 

detector is exposed to He its admit tance locus collapses 
to a v i r tua l ly  constant value corresponding to the lead 
resistance, suggesting that  the capacitor has been 
shunted by a very high conductance that  is essentially 
independent  of frequency. 

Even when the current  is p r imar i ly  electronic and 
not ionic, it arises from electrons donated by  H 
atoms to the conduction band. This current  must  
therefore be related to the density and distr ibution 
of protons wi thin  the TiO~ layer. These quanti t ies are 
governed by the applied and in te rna l  fields in the 
material,  the concentrat ion gradients  of protons, and 
the surface boundary  concentration,  which is deter-  
mined by the rates at which H atoms are supplied to 
and removed from the surface. 

The principal  source of H atoms is dissociation of 
H2 molecules, with lesser contr ibut ions from other 
dissociable molecules, e.g., H20, I-t2S, NI-Is. On re-  
covery after H2 exposure, accumulat ion of protons 
near  the surface from within  the bulk  of the TiO2 
also provides H atoms. The sinks for H atoms are 
diffusion into the bulk, reaction with oxygen to form 
water, or recombinat ion to form H2. In  the presence 
of oxygen, the formation of water  is undoubtedly  
predominant .  

Bearing these competit ive processes in  mind,  it  is 
easy to unders tand  why the recovery rate is negligible 
in the absence of oxygen (Fig. 9), why the response 
is faster and the recovery slower with positive bias 
(Fig. 5 and 6), and why increasing tempera ture  
accelerates the response significantly. 

These considerations lead us to expect a dependence 
of sensit ivity and response t ime on the carrier  gas. 
Indeed it was observed that  for a given concentrat ion 
of H2 the sensit ivity and speed of response was least 
in  O2, somewhat greater in air, and greater  still in  N2. 
By the same token we might  expect a high relative 
humidi ty  to increase the sensit ivi ty and response speed, 
not because the water  vapor dissociates (which it does 
only very slowly) but  because it shifts the reaction 
away from water  formation. 

Opt imum thicknesses of the TiO2 and Pt  layers 
have not been determined in this work. It seems clear, 
however, that  excessively thin TiO2 layers are not  
advantageous because they have relat ively high back- 
ground currents  and high threshold levels of detec- 
tion thus l imit ing their  dynamic range. Excessive 
thickness, on the other hand, will eventual ly  result  in 
slowed response and recovery. 

The saturat ion current  of the detectors described in 
this work was determined by the Pt  lead resistance, 
the resistance of the TiO2 layer becoming negligible 
at about 0.5% H2 in  air. The saturat ion current,  and 
with it  the measurable H2 concentrat ion range, might  
be raised by reducing the resistance of Pt  film. This 
course might carry with it the danger of thermal  
damage to the detector due to higher current  in 
localized "hot spots." The existence of thin spots or 
localized regions of higher conduction is s trongly sug- 
gested by the general ly higher background currents  
observed with th inner  TiO2 layers, even with con- 
stant  applied field. 

Conclusions 
The TiO2 devices described here are effective de- 

tectors of hydrogen at concentrations of a few hundred  
parts per mil l ion in air, though some units  have de- 
tected less than 1/10 of this value with slower response. 
The preferred mode of operation is with the Pt  film 
negative with respect to the base film of Ti because 
this provides a greater dynamic range and consider- 
ably faster recovery when hydrogen is removed. This 
polari ty also makes the detector v i r tua l ly  unrespon-  
sive to other gases at room temperature,  and almost so 
even at higher temperatures.  

Air  or oxygen is general ly needed to remove hydro-  
gen from the detector once the source of H2 is cut off. 
The response rate but  not the sensit ivi ty is strongly 
increased by a moderate rise in  temperature.  
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The d -c  vol tages appl ied  in this work  are  genera l ly  
smal le r  than  those ava i lab le  f rom bat ter ies ,  so that  
appropr i a t e  series resistors, doubl ing as cur ren t  sensing 
elements,  would  be needed  if  the detectors  are  ba t t e ry  
operated.  Never theless  low and modera te  f requency 
a-c  methods  are  also appl icable  so tha t  a considerable  
va r ie ty  of in s t rumenta t ion  c i rcu i t ry  can be devised. 

A t  ve ry  low hydrogen  concentrat ions  the detector  
responses can be quant i ta t ive ,  but  t hey  sa tura te  at 
concentrat ions above about  0.5% He in air,  mak ing  
them excel len t  a l a rm devices specific to hydrogen.  
(Though the de tec tor  does not  respond to pure  CH4, 
na tu r a l  gas appa ren t ly  has sufficient hydrogen  in i t  
to p roduce  a s t rong response.)  

T h e  opera t ion  of the  device depends  on the re la t ive  
ra tes  of hydrogen  dissociation and reformat ion,  hydro -  
gen a tom diffusion into and out  of the  dielectric,  and 
react ion be tween  hydrogen  and ambien t  oxygen  to 
form wa te r  vapor,  a l l  of which are  ca ta lyzed by  the 
p l a t inum film. 

The diffusion of  hydrogen  into and  out  of the  
detector  appears  to be quite reversible,  a t  leas t  for 
the dura t ion  of the  exper iments  repor ted  here.  I t  is 
not  known, however,  wha t  the l i f e t i m e  of these de-  
vices might  be and how i t  would be affected by  
tempera ture .  Tempera tu res  above about  300~ might  
come dangerous ly  close to effecting a pe rmanen t  
reduct ion of the  TiO~ to a h ighly  conduct ing s tate  (4). 

Significant advantages  of this detector  are  its effec- 
t iveness as an a l a r m  for hydrogen  operab le  at  room 
t e m p e r a t u r e  and requ i r ing  s imple  c i rcu i t ry  tha t  uses 
negl igible  power  in  the absence of hydrogen.  
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A Model on the Mechanism of Room Temperature 
Interfacial Intermixing Reaction in Various 

Metal-Semiconductor Couples: What Triggers the Reaction? 
Akio Hiraki 

Department oS Electrical Engineering, Osaka University, Suita, Osaka 565, Japa~ 

ABSTRACT 

Metal  films such as A1, Au, Cu, and Pd exhib i t  an in te rmix ing  reac t ion  at  
room t empera tu re  wi th  semiconductors  of energy  gaps (Eg) of less than  ~2.5 
eV or  dielectr ic  constants  (e) l a rge r  than  ~8.  The semiconductors  are  most ly  
covalent  ones. A model  of the mechanism,  especia l ly  the  t r igger ing  mechanism,  
of this room t empera tu re  in ter rac ia l  in t e rmix ing  react ion is proposed. One of 
the bases of the  model  is the considerat ion of the role of meta l  on the covalent  
semiconductor  f rom the theore t ica l  v iew point  to induce ins tab i l i ty  in the co- 
hesive mechanism resul t ing  in fac i l i ta t ing  the reaction.  The o ther  is our  
s low deposi t ion expe r imen t  of Au film onto Si (111) surface in u l t r ah igh  
vacuum. 

We prev ious ly  found and repor ted  (1, 2) that  when  
meta l  films (~500A) such as A1, Au, Cu, and Pd are  
vacuum evapora ted  onto clean surfaces of semicon-  
ductors  wi th  energy  gaps (Eg) less than  2.5 eV or 
dielectr ic  Constants (~) l a rge r  than  ~8,  they  react  

Key words: films~ semiconductor, metals. 

and in te rmix  at  the interfaces wi th  each other  r ead i ly  
even at room tempera ture ,  as summar ized  in Table I. 
However ,  insulators  l ike SiO2 and NaC1, which do not 
sat isfy the above cri terion,  exhibi t  no reaction. As a 
resul t  of the in te rmix ing  reaction, a ve ry  thin a l loyed 
l aye r  is in t roduced i r respect ive  of the  deposi ted meta l  
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Table I. Summary of the room temperature interfacial reaction 
in various metal-semlconductor couples studied by Hiraki et al. 

(1, 2) 

Dielec- 
Semicon- Interface Surface  tric 
ductors E~ (eV)  reaction atom(s)  constant  

Ge 0.67 Yes Ge 16 
InSb 0.18 Yes In,Sb 15.2 
Si 1,11 Yes Si 12 
Ga&s 1.35 Yes Ga 10.5 
InP 1.26 Yes In, P 9.5 
GaP 2,24 Yes Ga 8.4 
SiC 2,9 No 6.4 
SiOs 6.5 No 3.5 
NaCI 7.7 No 2.5 

forming  wi th  the  semiconductor  s table  compounds 
( l ike  S i -Pd )  or  not  ( S i - A u ) .  Then the reac t ion  is 
cal led the  room t e m p e r a t u r e  in te r rac ia l  in t e rmix ing  
reaction.  In  many  cases the  const i tuent  a toms of the  
semiconductors  a re  re leased  f rom the a l loyed i n t e r -  
facial  region and they  migra te  th rough  the meta l  
films to accumula te  on the top of the films under  
high vacuum. As an example ,  Fig. 1 demonst ra tes  
the  surface accumula t ion  of In and P atoms on Au  
film observed  in an I n P - A u  couple. 

,Since most  of the semiconductors  ( l is ted in Table  
I)  which  r ead i ly  i n t e rmix  wi th  the  meta ls  are  classi-  
fied as covalent  semiconductors  wi th  fa i r ly  la rge  bond  
energy  (the bond energy  of Si, for example ,  is ,-~2 
eV/bond) ,  wi thout  the presence of such an effect of 
me ta l  as to induce ins tabi l i ty  in the bonding (or 
cohesive) charac te r  of the  semiconductor  ad jacent  to 
the metal ,  the above in ter fac ia l  in te rmix ing  reac t ion  
can h a r d l y  occur. 

We  pos tu la te  tha t  the  phys ica l  or igin of this in-  
s tab i l i ty  is due to the  ab i l i ty  of meta l  to screen 
Coulomb in terac t ion  by  its mobi le  free electrons.  A l -  
though there  m a y  be o ther  possible  mechanisms of 
the presen t  room t empera tu r e  in ter fac ia l  in te rmix ing  
reaction,  we th ink  the above pos tu la ted  possibi l i ty  
of the  meta l  induced ins tab i l i ty  in the  semiconductor  
bonding charac te r  is ve ry  l i ke ly  f rom the fol lowing 
expe r imen ta l  facts and theore t ica l  considerations.  

Using ELS, AES, LEED, and ion spu t te r ing  tech-  
niques, Okuno et al. (3) of our group pe r fo rmed  the 
exper imen t  on the slow deposi t ion (~0.1 m o n o l a y e r /  
min)  of Au film onto clean S i ( l l l )  surface wi th  
7 X 7 LEED s t ruc ture  at  u l t r ah igh  vacuum ( ~  5 • 
10 -10 Tor r ) .  As i l lus t ra ted  schemat ica l ly  in Fig. 2, 
the  resul ts  indicate  an ab rup t  onset of the  room tem-  
p e r a t u r e  in ter fac ia l  in t e rmix ing  or a l loy- fo rming  reac-  
t ion be tween  the deposi ted Au  film and the Si sub-  
s t ra te  at  the thickness of ~ 4  monolayers ,  the  presence 
of a cr i t ica l  f i lm-thickness  for the  reaction. Namely,  
1-2 monolayers  of Au induce no in te rmix ing  react ion 
e i ther  a t  room t empera tu re  or at  an e levated  t em-  
pe ra tu re  of ~800~ a l though the ELS signal  shows 
tha t  the  deposi ted Au atoms e l iminate  the surface 
states indica t ing  tha t  the atoms re lax  the recons t ruc-  
t ion exis t ing on the S i ( l l l )  clean surface. However ,  

ALLOYED 
INTERFACE 

] 

InP  ~ P" r / 
L 

Au FILM 

Fig. 1. Schematic illustration of the room temperature accumu- 
lation of In and P atoms on top of Au~film caused by the interfacial 
intermixing reaction between InP and Au. 

Au( NV V) 
I-2 monolayer deposition, ,69eV 
no reaction with Si up to Jl 
"800~ _ _ ~ ' / ~ ~  

/ Si 

�9 �9 Au | Si(LVV) 

( O ) I 92eV 

more than 4monolayers o'i Au quickly react with Si to 

convert to Si-Au alloy at room temperature 

A~ ~.':".: "I Ao [s0~v 

Si-Au alloy 
(b )  

Fig. 2. Schematic illus/ration of the results on the slow deposition 
experiment by Okuno et al. (3) of Au film on clean Si(111) surface 
under ultrahigh vacuum. 

more  than  four  monolayers  of Au  immed ia t e ly  reac t  
wi th  the  subs t ra te  and  the Au  film in te rmixes  wi th  
Si to conver t  into a l aye r  of amorphous  S i - A u  a l loy  
which can be c lear ly  identif ied f rom the definite 
chemical  shif t  of the  S i (LMM)  Auger  s ignal  w i th  
character is t ic  double peaks  at  90 and 95 eV [Fig. 2 ( b ) ]  
(4). The amorphous  l aye r  ihus produced  is uns table  
against  t empe ra tu r e  r ise  and easi ly  decomposes into 
Au  and Si grains at  ,~200~ This is an obvious con- 
t r a s t  to the  tough the rma l  s tab i l i ty  of two monolayers  
of Au  film up to ~800~ which  is far  above the S i -Au  
eutect ic  point  (~,370~ 

S imi la r  exper imen ta l  resul ts  were  r epor ted  for the  
AES-LEED s tudy  on the first s tage condensat ion of 
Au film on S i ( l l l )  surfaces by  Le Lay  et  al. (5).  
Also the  recent  resu l t  of the  MeV He + ion back -  
sca t te r ing /channe l ing  s tudy  by  Narusawa  et  al. (6) on 
Si (111) and Si (100) -Au  systems under  u l t r ah igh  vac-  
uum is consistent  wi th  our  observat ion (Fig. 2). They  
observed a steep increase of the surface peak  in tens i ty  
of Si at  ~ 4  monolayers  of Au and in te rp re ted  tha t  
this was due to the ab rup t  appearance  of an amorphous  
gold sil icide film as a resul t  of the in te rmix ing  reaction.  

We in t e rp re t  the above facts On our  slow deposi t ion 
exper imen t  as follows. For  Au  film to funct ion as a 
metal ,  a h ighly  polar izable  med ium which is expected,  
as ment ioned  a l ready,  to induce ins tabi l i ty  in the  
covalent  bonding of Si a t  the interface,  its thickness 
mus t  be more  than  four monolayers ,  the cr i t ical  
thickness:  this c r i te r ion  is genera l ly  accepted for  
most  of meta l  films to behave  as in t r ins ic  metal .  On 
the  o ther  hand,  1-2 monolayers  of Au  do not  act  as 
meta l  in the above sense bu t  as nonmeta l ,  p robab ly  
due to covalent  in terac t ion  wi th  under ly ing  covalent  
Si  th rough  the dangl ing bonds:  this s t a tement  is in 
agreement  wi th  both  the  ELS and AES studies on 
monolayer  Ga on Si  b y  Rowe et al. (7) and mona-  
l ayer  A1 on Si by  Kobayash i  e t  al. (8).  

Moreover ,  the  definit ive role  of  an  int r ins ic  me ta l  
to t r igger  the  in ter fac ia l  in t e rmix ing  reac t ion  can be 
demons t ra ted  by  the fol lowing exper iment .  We de-  
posi ted onto a clean Si surface 500A of nonmeta l l ic  
(o~ covalent)  Ge film in high vacuum and hea ted  the  
specimen up to ~500~ and detected no in te rmix ing  
react ion by  RBS (9). But, if  we conver t  this  non-  
me ta l l i c  film into meta l l ic  by  deposi t ing ,~2000A of 
th ick Au  film on the th inne r  (~500A) Ge film fol-  
lowed by  h e a t - t r e a t m e n t  a t  ~200~ to produce  me ta l -  
lic G e - A u  alloy, Si reacts  wi th  the meta l  (or G e - A u  
al loy)  r ead i ly  and consequent ly  meta l l ic  S i - G e - A u  
al loy appears .  These resul ts  a re  schemat ica l ly  shown 
in Fig. 3. 
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/ Si 

Ca) 

G~ No reaction 
up to 500~ 

, (b) 

(c) 

At 200~ C, 
at first.Ge reacts 
with Au to induce 
metallic Ge-Au alloy. 

Then, the alloy(a metal) 
reacts with 5i to induce 
finally 5i-Ge-Au alloy. 

Fig. 3. Schematic illustration of the results on the experiment by 
Hiraki et al. (9) to show that Go(nonmetal) does not react with St, 
but metallic Ge-&u alloy does to produce Si-Ge-Au alloy. 

The modification or instabilization of bonding cha- 
racter in covalent semiconductors by metal has been 
investigated theoretically by Phillips (10), Inkson and 
Anderson (11) to understand the metal- independent 
Schottky barr ier  height in place of the familiar con- 
cept of Bardeen's surface state. Okiji etal .  (12) using 
the Hubbard model took the effect of metal into 
account on narrow gap nonmetal whose gap is 
caused by the many body effects or electron correla- 
tion. 

Inkson and Anderson's calculation suggests the 
band closure of covalent semiconductor energy gap 
in the region of 2-3 monolayers of semiconductor 
side in contact with the metal and therefore the 
region converts to metal from semiconductor (11). 
Theory by Okiji e ta l .  also concludes the possibility 
of the transition of nonmetal to metal in several 
layers (12). Figure 4 is a schematic il lustration of 
the proposals of these theories, where S and M denote 
semiconductor (or nonmetal) and metal, respectively. 
In the figure, to avoid confusion, the temperature 
is set at ,~0~ [Fig. 4(b)] ,  because we already know 
that by the metal (or M) deposition even at room 
temperature S reacts immediately to induce S-M 
alloyed layer [Fig. 4(c)] :  however, due to the pres- 
ence of activation energy for the interracial inter-  
mixing reaction as evidenced by bur previous expert-  

f 
5 Eg 

J, 

(a) 

Before Metal deposition 

(b) 

M Metal deposition(~> 4monolayers) 
at very low temperature(~0~ 

~__//./,//d/4 Metal deposition(~>4monoloyers) 
S <~5-M,alloy l ~////A////~ at room temperature 

(c) 

Fig. 4. Schematic illustration of the effect of metal (M) deposi- 
tion on covalent semiconductor (S) to provide situation for easy 
S-M interfacial reaction. (a) Before metal deposition; S with energy 
gap (Eg) ~ 2.5 eV. (b) Metal deposition ( ~ 4 monolayers) at 
very low temperature (,~0~ Band closure of several monalayers 
of S to convert to metal [M(S)] due to presence of M ( ~ 4 mona- 
layers), see text for the reason for setting the temperature to 0~ 
(c) Metal deposition at room temperature. Converted metal layer 
[M(S)] readily reacts with M at room temperature to induce S-M 
alloy. 

ment on GaP-Au couple at  22~ and 200~ (1), only 
very low temperature (or ~0~ may guarantee 
the unreacted but converted (to metal from S) layer 
designated by M (S) of 2-3 monolayers thick. 

From our slow deposition experiment i l lustrated in 
Fig. 2, we know that four monolayers of Au induce 
the interracial intermixing reaction and the c a u s e  
c a n  be at tr ibuted to the effect of intrinsic metal. This 
effect of metal  is expected by the above theories to 
convert S into M(S) which is schematically illus- 
t rated in Fig. 4(b).  So the next question may be the 
reason why once a par t  of S converts to M(S)  as  
Fig. 4(b) shows, i t  reacts and intermixes with M to 
f o r m  an alloyed interface at such a low temperature 
a s  room temperature. Before answering this question, 
it may be more convincing to refer to experimental 
data indicating ready low temperature intermixing 
or interdiffusion in metal-metal  (M-M) couples (13). 
The most important  factor to facilitate the low tem- 
perature M-M intermixing may be the cohesive mech- 
anism of metal  which is quite different from that  of 
the covalent semiconductor (14), since from the con- 
sideration of the cohesive mechanism of metals, both 
in the metal films and at the interface, we can expect 
the ready atomic motion which is requisite for the 
intermixing or interdiffusion reaction to take place. 
In other words, the cohesive energy of metal, roughly 
speaking, is determined mostly by the density of its 
mobile free electron or electron gas, and so long as 
the atomic motion of metal  ions does not increase 
the electron density, the Fermi energy of the electron 
gas exerts no restriction against the atomic motion. 
Therefore, it  is understandable that for the metal  
layer M(S) to intermix with M through the atomic 
motion is in general far easier than in the case where 
the region of S adjacent to M does not convert into 
M(S) and still stays as covalent semiconductor (or 
nonmetal).  

The resistance against the atomic motion in metal 
films is due mainly to atomic size, perfection of the 
films, and so on, to suggest that in or into defect-rich 
metal films, such as evaporated films, atomic motion 
may be quite easy. So the easiness of the intermixing 
reaction which proceeds from atomic motion is ex- 
pected to greatly depend on the perfectness of the 
deposited metal layer and, therefore, deposition condi- 
tion. Many complicated factors control the deposition 
condition and then determine  the perfectness of the 
deposited films. They are deposition rate, deposition 
temperature, surface geometry (such as, orientation 
and lattice spacing) of the substrate, surface energy 
and so on. 

Therefore, with a few exceptions, it is not possible 
to deposit defect-free or single crystalline metal film 
(M) on the semiconductor substrate (S). Consequently, 
almost all room temperature metal (M) deposition on 
S helps low temperature interdiffusion between M (S) 
and M to take place inducing the S-M alloy as shown 
in Fig. 4 and resulting in the interfacial intermixing 
reaction of the S-M couple. 

However, we must point out that on GaAs(001) 
it has been reported that it is possible to deposit A1 
film epitaxially (15) suggesting no mutual intermixing. 
In this GaAs(001)-A1 case, in addition to the suitable 
geometrical fitness, i.e., lattice matching and so on, 
for epitaxial growth to be satisfied in the couple, 
both a high enough deposition temperature and slow 
enough deposition rate may be generally necessary 
to allow deposited A1 atoms to arrange themselves 
into a perfect epitaxial layer. 

Also it may be crucial and relatively easier to control 
if this arrangement of A1 atoms is perfect in the 
first two monolayers so defects are not induced which 
would assist intermixing between A1 and GaAs to 
occur when the A1 film thickness exceeds more than 
four monolaycrs. As mentioned and il lustrated already 
in connection with Fig. 2(a) ,  1-2 monolayers of de- 
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posited A1 film are expected not to intermix with 
GaAs substrate as in the case of Si -Au couple. Other- 
wise, epitaxial  deposition of A1 on GaAs is impossible: 
we already know the G a A s ( l l l )  intermixes even 
readily with deposited A1 film (~500A) when the 
evaporation is performed with the conventional depo- 
sition rate at room temperature (2). Such determina- 
tive role of defects or the perfection of the deposited 
film in the low temperature interdiffusion or inter-  
facial intermixing reaction in metal-metal  couples is 
clearly shown by Kirsch et al. in the case of an Ag-Au 
couple (16). 

More detailed description of the present model on 
the role of intrinsic metal triggering the low tempera-  
ture interfacial intermixing reactions taking place in 
S-M couples wilI be published elsewhere soon (9) 
with experimental and theoretical discussion. 

Manuscript submitted Dec. 12, 1979, revised manu- 
script received Apri l  16, 1980. This was Paper 349 
presented at the Los Angeles, California, Meeting of 
the Society, Oct. 14-19, 1979. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1981 
JOURNAL. All discussions for the June 1981 Discussion 
Section should be submitted by Feb. I, 1981. 

Publication costs o] this article were assisted by 
Osaka University. 
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Plasma-Developed X-Ray Resists 
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ABSTRACT 

A novel plasma-development method using an oxygen plasma and new ma- 
terials which optimize sensitivity have been evaluated as x-ray resists at the 
4.37A Pdna wavelength. Both negative and positive tone images can be ob- 
tained upon plasma development. To date, negative tone images are more 
technologically important. X-ray absorbing host polymers and moderately 
volatile guest monomers are used. Images are developed after exposure and 
low temperature fixing under vacuum by differential development in an oxy- 
gen plasma. Examples are presented for monomers which are locked by free 
radical and cationic mechanisms. One composition which has optimum prop- 
erties is a mixture of 81 weight percent poly(2,3-dichloro-l-propyl acrylate) 
and N-vinyl carbazole. With it features as small as 0.3 #m were resolved 
for a short 1.5 rain exposure time. These resists and processes are suitable 
only for multilevel resist processing schemes which are demonstrated. 

One of the fundamental problems of high resolution 
l i thography using polymeric negative resist materials 
is the limit to resolution caused by swelling of the 
polymeric resist during solution development of the 
exposed pattern (1). Positive resists of either the 
novolac-quinonediazide type (2) or of the poly(meth-  
acrylate) family (3) are vir tual ly free of swelling 
problems. Both classes of materials appear to develop 
in an etch-like manner by selective dissolution of 
material  in the exposed areas.. For the novolac- 
quinonediazide resists the difference in wetting proper-  
ties of the exposed and unexposed areas and the very 
small size of the host novolac resin and quinonediazide 
sensitizer molecules minimizes swelling. For the poly 
(methacrylates) the unique mobility of the chain seg- 
ments associated with the methacrylate structure is 
believed to control and minimize developer permea- 

* Eiectrochemical Society Active Member. 
Key words: oxygen plasma, high resolution lithography. 

tion leading to swelling and dissolution (4) even 
though the molecular weight of polymer in the exposed 
areas is still high. For these reasons positive resists 
are considered to have far superior resolution. 

For conventional solution-developed negative re-  
sists, swelling is a necessary consequence of the de- 
velopment process in which uncrosslinked material  is 
dissolved in unexposed areas and is extracted from 
crosslinked gel in the exposed areas. The crosslinked 
gel is itself swelled by the developing solvent. Swelling 
can be minimized by a judicious choice of developer 
and rinsing solvents and conditions (5). However, 
resolution is still l imited to about 2 #m (gap) in 
5000A final resist thickness for many negative resists. 
Recent results by Felt  (6) with poly-(chlorostyrene)  
electron resist have indicated that improved resolution 
to --1.0 ~m can be achieved if resist contrast is suffi- 
ciently high (7 > 2.0). Moran and Taylor have shown 
that higher resolution can be achieved with a negative 
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x - r ay  resist mixture  containing 92.5 weight percent  
(w/o)  poly(2 ,3-dichloro- l -propyl  acrylate) and poly- 
(glycidyl methacryla te-co-ethyl  acrylate) when it is 
exposed in  the presence of trace amounts  of oxygen 
(7). However, resolution is at best only 1 ~m in 
5000A final resist thickness. 

Clearly, it  would be very useful if negative resists 
could be developed which would not be swelled during 
the development  process. Hofer, Kaufmann,  and 
Kramer  have recent ly described one new type of 
negative resist which minimizes swelling. This involves 
conversion of the resist to a highly ionic state by 
electron or x - r ay  i r radiat ion of charge- t ransfer  organic 
metalloid polymers (8). Herein we describe another  
new means to avoid l imitat ions due to swelling. These 
are new negative x - r ay  resist materials  and develop- 
ment  processes which develop the resist image by 
plasma etching. The materials are mixtures  of a host 
polymer  and a moderately volatile monomer  which 
is locked into the host by  the impinging radiation. 
Pa t t e rn  development  is accomplished by subsequent  
heat ing (fixing) and exposure to an oxygen plasma. 
Recently a similar process has been described for 
photoresist compositions by  workers from Motorola 
(9, 10). However, no chemical details of their  process 
were presented. 

Experimental 
Materials.--Poly(vinyl chloride) (Aldrich),  poly- 

(chloroprene) (du Pont ) ,  and poly(epichlorohydrin)  
(Hercules) were used as received. Poly(butene-1  
sulfone) was obtained from Mead Chemical Company. 
The chlorinated acrylates and methacrylates were pre-  
pared in  house using techniques analogous to those 
previously reported (22). Monomers were obtained 
from either Monomer-Polymer  Laboratories, Poly-  
sciences, or Aldrich. 2- (1-naphthyl)  ethyl acrylate and 
methacrylate  were prepared in house. 

Equipment .--X-ray exposures were conducted with 
a PdL'~ exposure system which was previously de- 
scribed (17). X- ray  masks were of the polyimide 
membrane  type. Fabr icat ion details have also been 
disclosed (23). All  x - r ay  exposures were conducted 
under  a ni t rogen atmosphere. Plasma development  was 
accomplished in an oxygen plasma contained in a 
Dionics, Incorporated, Model 2005T plasma etcher at 
0.40 Torr  and 100W without  a Faraday cage. 

Results and Discussion 
Initial results.--While invest igat ing x - r ay  resist mix-  

tures of poly(2 ,3-dichloro- l -propyl  acrylate) ,  DCPA, 
and poly(glycidyl  methacryla te-co-e thyl  acrylate) ,  
COP, we observed an interest ing phenomenon.  When 
a 1 ~m thick film of the polymer mixture  on an Si 
wafer was exposed to 10-20 m J / c m  2 of PdL~ x-radia t ion  
and was then heated at 100~ and 50 mTorr  pressure 
for 1-2 hr, a faint  relief image was visible. No image 
was evident  immediate ly  after exposure. The relief 
image was shallow, of the order of several hundred  
angstroms, and appeared to be th inner  where the 
resist had been exposed. The relief image appeared 
to be an exact copy of the gold absorber pat tern  on 
the x - r ay  mask although submicron dimensions could 
not be measured accurately because of low optical 
resolution. In  order to establish the dimensions more 
accurately, the sample was placed in a bar re l - type  
plasma etching apparatus. The polymeric film was 
removed by etching in an oxygen plasma unt i l  the bare 
Si substrate surface was first reached. Surprisingly,  
the substrate was first cleared of polymeric mater ial  in 
the unir radia ted regions which had ini t ia l ly  been 
thicker than  the i r radiated regions. The final resist 
thickness in the i rradiated regions was approximately 
500A. 

These results indicated that the irradiated regions 
had etched more slowly than the unirradiated regions 
and that the enhanced relief image was the result of 
different removal rates for polymer in the two regions. 
Attempts to increase the final relief image either by 

increasing the x - r ay  dose, the heating time, or chang- 
ing the composition proved unsuccessful. However, it 
was possible to obtain thicker films after heat ing in 
vacuum and oxygen plasma etching when the COP 
was replaced by a moderate ly  volatile polymerizable 
monomer containing aromatic functionality.  

Polymer host: mono.mer guest mixtures.--Our choice 
of moderately  volatile aromatic polymerizable mono- 
mers in a polymeric host b inder  as x- ray  resist 
compositions having the possibility of high resolution 
was derived from several inputs. First, Broers and 
co-workers (11) had demonstrated extremely high 
resolution (,~80A) by contaminat ion wri t ing in  a 
scanning transmission electron microscope. They 
"locked" extremely small  amounts  of "monomer" 
pump oil contaminants  as very thin films on gold and 
used the fine resist lines thereby created as a mask 
for the ion mil l ing of the fine pat terns into the thin 
gold film contained on a carbon foil substrate. 

Their results prompted us to th ink of a more practi-  
cal method of locking monomers. The basis for this 
lies in two articles by Chandross and co-workers (12) 
who made optical waveguide circuits, directional 
couplers, and grat ing couplers by photolocking 2-(1-  
naph thy l )e thy l  acrylate into a 1:1 copolymer of 
methyl  methacrylate and glycidyl methacrylate,  func-  
tionalized with cinnamic acid or monoethyI fumarate,  
by exposure to ul traviolet  and visible radiation. For 
x - ray  locking the analogous processes are radiat ion 
grafting and polymerization (13). One example is the 
high energy electron i r radiat ion of mixtures  of 
po ly(v inyl  chloride) and mul t i funct ional  acrylic and 
methacrylic monomers now used in  the manufac ture  
of te~_ephone frame wire (14). 

A third input was the general knowledge that resist 
materials containing aromatic functionality are gener- 
ally more resistant to plasma etching than their ali- 
phatic analogues. This coupled with our observations 
of differential removal of exposed and heated conven- 
tional x-ray resist mentioned above suggested that 
the locking process, followed by a fixing step using 
heat and vacuum to remove unreacted monomer, 
would provide a film having different types and 
amounts  of chemical bonds in the i rradiated and un i r -  
radiated regions which would be removed at different 
rates when a plasma was applied. Since oxygen plasma 
etching is utilized to strip resist materials  (15) we have 
found it very useful in achieving differential removal 
of the imaged and nonimaged regions. Recently we 
reported relative rates of removal  for 40 polymers in 
an unshielded oxygen plasma (16). We have used the 
data generated to design resist compositions which 
would hopefully optimize differential removal in the 
plasma t rea tment  (development)  step. 

The process which has been realized exper imenta l ly  
for resists exposed to x- rays  is schematically outl ined 
in Fig. 1. In  the first step, exposure of a mixture  of 
monomer  m and polymer P in the region indicated by 
the impinging radiat ion designated by the vertical 
arrow, presumably  causes locking by chemical reac- 
tions as grafted (P-m bonds) and polymerized (m-m 
bonds) material.  The second step, fixing, is accom- 
plished by heat ing the exposed resist under  vacuum 
thus removing the unreacted monomer  chosen to have 
moderate volatility. Since more mater ia l  is removed in 
the unir radia ted regions a relief image is generated. 
In  the third step plasma t rea tment  removes mater ial  
from the imaged and nonimaged areas. However, be-  
cause of the different chemical na ture  of the two re- 
gions the rates of removal  can be substant ia l ly  differ- 
ent. In the case of plasma A, which is typically a n  oxy- 
gen plasma, the imaged regions are removed at a 
lower rate than the nonimaged regions thus enhancing 
the init ial  relief image obtained after fixing and afford- 
ing a fully developed negative tone pa t te rn  when the 
substrate is bared. For plasma B the unimaged regions 
are removed at a significantly lower rate than the 
imaged regions thus inver t ing  the tone obtained at the 
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Fig. 1. Schematic diagram of plasma-developed resist showing 
the resist film composed of polym;r host P and moderately volatile 
monomer m. The three processing steps are (a) exposure which 
locks monomer in place by grafting and polymerization, (b) fixing 
which removes unlocked monomer from all regions, (c) plasma 
development where plasma A is an oxygen plasma. Plasma B will 
be described elsewhere (18). 

Fig. 2. Photomicrographs of plasma-developed resist patterns in 
80 w/o poly(2,3-dichloro-l-propyl acrylate) and 20 w/o N-vinyl 
carbazole at various processing steps: (a, top) immediately after ex- 
posure for 2.5 rain, (b, middle) after fixing at 90~ and 0.10 Torr for 
1 hr, (c, bottom left) 2500A negative-tone image after 02 plasma 
treatment of magnified 1 and 2 #m lines and spaces, (d, bottom 
right) 6400A positive-tone image obtained after treatment with 
plasma B, (e, bottom middle) corresponding features on the mask. 

fixing stage and providing a positive tone pa t te rn  upon 
complete development  when the substrate surface is 
reached. 

Exper imental  realization of these processes is pro- 
vided in Fig. 2. Photomicrograph 2A shows a shallow 
relief image seen immediate ly  after exposure of a 1.0 
#m thick film comprised of 80 parts by weight poly 
(2 ,3-dichloro- l -propyl  acrylate) 1 and 20 parts by 
weight N-v iny l  carbazole 2 

(CH 2 -  CH)n--- I ' ~   c=o 
, 

CH 2 CH C~ CH 2 C,~, 

The pat terned regions were exposed to 12 m J / c m  2 of 
Pdn~ x- rad ia t ion  [4 min  exposure on a 4 kW x- ray  
exposure system described by Zacharias and co-work-  
ers (17)]. Photomicrograph 2B shows the enhanced 
relief image obtained after fixing by heat ing at 75~ 
and 0.05 Torr  for 1 hr. The resist thickness in  the ex- 
posed regions was 8700A and in the unexposed regions 
was 7800A. The relief image was, therefore, 900A. 
Upon t rea tment  with an unshielded 100W 02 plasma 
at 0.55 Torr  generated in  a Model 2005T Plasma Etcher 
obtained from the In terna t ional  Plasma Division of 
Dionics, Incorporated, the resist was completely re-  
moved in  the unexposed regions by etching for ap- 
proximately  3 min  thus affording the magnified pat-  
terns of 1 and 2 ~m lines and spaces 3200A thick shown 
in Fig. 2c. A comparison of identical  features on the 
x - r ay  mask is shown in  Fig. 2E. Figure 2D shows a 
similar  pa t te rn  but  with the positive resist tone ob- 
tained after t rea tment  with other plasmas. The resist 
thickness in  2D was 6400A in  the unexposed regions 
compared to bare substrate in the exposed regions. The 

details of the positive tone process will  be presented 
elsewhere (18). The remainder  of the present  report  is 
concerned with the negative tone process. 

In  order to discuss our results we must  first define 
several terms relat ing to sensitivity. This is necessary 
since the usual  terms employed to define the sensit ivity 
of solution-developed negative resists, Dg i and Dg0.5, 
no longer apply since plasma-developed resists are not ~ 
gelled or crosslinked by the low doses of incident  radia-  
tion used. We find that  plots of normalized thickness 
vs. log dose for both the relief and plasma developed 
images to be useful aids in examining resist properties 
as a function of composition. Such plots are presented 
in Fig. 3 for an 85:15 mixture  by weight of poly(2,3- 
d ichloro- l -propyl  acrylate) and N-v iny l  carbazole. 
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Fig. 3. Sensitivity curves for an 85:15 mixture by weight of 
poly(2,3-dichloro-l-propyl acrylate) and N-vinyl carbozole. The 
top curve plots normalized relief image thickness NTR obtained 
after fixing vs. log exposure time (dose). The lower curve plots 
normalized thickness of the plasma-developed image NTD vs. log 
dose. 
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Here NTR is the normalized thickness of the relief 
i m a g e  

NTR : NTRE -- NTRu [i] 

and NTRE and NTRu are the normalized thickness of 
the exposed and unexposed regions after fixing, re- 
spectively. In the lower portion of the plot NTD is the 
normalized thickness of the plasma-developed image 

NTD ---- NTDE -- NTDu [2] 

where NTDE and NTDU are the normalized thickness of 
the exposed and unexposed regions after plasma devel- 
opment, respectively. Plasma development is continued 
until the substrate is bared or NTDu = 0 such that 

NTD = NTDE [3] 

At all points on the lower curve resolution is equal and 
usual ly closely approximates the features on the mask. 
The slope of the l inear  port ion of the lower curve is 
called % the contrast. Another  parameter  which we 
employ is D ~ or the dose required to give NTD : 0.2. 
This is useful because star t ing from a 1.5 ~m film we 
obtain 3000A final thickness which is typically the 
m i n i m u m  required for subsequent  tr i level processing 
(22). 

Several  addit ional  parameters  are instructive. Cer- 
tain compositions such as that shown in Fig. 3 exhibit  
plateaus at high doses for both NTR and NTD. These 
max imum normalized thicknesses we call NTMR and 
NTMD. In  all cases we find that NTMR is less than the 
theoretical NTR expected for the case in  which all 
monomer  in i t ia l ly  present  is locked. The theoretical 
NTR is assumed to be given by 1 -  NTRu for zero 
exposure time. One parameter  not given in Fig. 3 is 
the differential removal  rate for oxygen plasma t reat-  
men t  called RD. I t  is given by 

RD -- (NTRu -- NTRE + NTD) /t : (NTD -- NTR) /t 

[4] 

where t is the plasma etching time required to clear 
the unexposed regions. This value is dependent  on 
dose since the x - r ay  mask permits exposure beneath  
the nominal ly  masked regions. Thus, longer etch times 
are required at higher doses. Typical differential re- 
moval  rates for the 85:15 mix ture  are 220 A/ra in  for 
a 2 min  exposure and 140 A/ ra in  for a 1 min  exposure. 

We have examined a large number  of monomer-  
polymer mixtures  as x - r ay  resists. In Table I we pre-  
sent d a t a  for ten monomers in poly(2,3-dichloro-1- 

propyl acrylate) host. They can be divided into two 
classes. Monomers 1-5 are polymerized by both cati- 
onic and free radical init iators whereas monomers  6-9 
are polymerized only by  free radical initiators. 
Monomer I0, N-phenyl  maleimide, is presumably  
locked not  by polymerizat ion but  by a free radical 
chain- t ransfer  process. 

Within each class the monomers are ordered, ac- 
cording to sensitivity. With the exception of N-vinyl  
carbazole the two classes of materials  have comparable 
locking efficiencies as judged by the NTR values for 
the 2.5 min  exposure t ime (5.5 mJ/cm2).  9-v inylan-  
thracene is observed to have an abnormal ly  low NTR 
value. This arises because the NTRE and NTRu values 
are >0.90 indicat ing that  thermal  locking dur ing  the 
fixing step is overwhelming tha t  due to the radiat ion 
locking. 

Comparing NTD to NTR we observe that  the inclu-  
sion of aromatic funct ional i ty  reduces plasma removal 
rate and optimizes the differential removal  rate. The 
exceptions are examples 7 and 8. Both monomers are 
locked efficiently. This is par t icular ly  true for 8 which 
contains chlorine funct ional i ty  and hence absorbs the 
PdL~ x-rays  efficiently. A reason for the low differ- 
ential  removal rates is not apparent.  Since the acrylate 
corresponding to 8 behaves in  an identical m a n n e r  the 
lower rates do not appear to result  from the presence 
of methacrylic  functionali ty.  Also, the methacrylate  
ester of 9 does have the protective property expected 
of aromatic groups. 

The dependence of properties on monomer  concen- 
t ra t ion is detailed for N-v inyl  carbazole, naphthyle thyl  
methacrylate  and acrylate, and N-phenyl  maleimide. 
The complete sensit ivity curves are given in Fig. 4-6, 
respectively. For 5 the sensit ivi ty is observed to in-  
crease with increasing N-vinyl  carbazole concentra-  
tion. At high doses a plateau is reached in  each case. 
The NTMR values in the plateau region for the various 
N-v iny l  carbazole concentrations are always less than 
the theoretical NTR values expected if all  monomers 
were locked in each case. For example, in  Fig. 2 NTMR 
is 0.08 or about 53% of the theoretical amount.  This 
implies that only a certain fraction of monomer  is 
present  in reactive sites and suggests a microscopic 
incompatibi l i ty  which is not observed at 0.1/~m dimen-  
sions in pat terned samples. Above 20 w/o the mix-  
ture  becomes macroscopically incompatible and crys- 
tall ization results. Similar phenomena occur for ace- 
naphthalene and hydroquinone dimethacrylate above 
20 w/o monomer. 

Table I. Properties of poly(2,3-dichloro-l-propyl acrylate)-monomer 
mixtures 

M o n o m e r  E x p o s u r e  a DO.~ 
M o n o m e r  S t a t e  ( w / o )  t i m e  (min) NTR NTD (mJ/cm~) ,~ 

1. 9 - V i n y l a n t h r a c e n e  
2. N - v i n y l  p h t h a l i m i d e  
3. A c e n a p h t h a l e n e  ~ 

4. 2-Vinylnaphthalene ~ 
5. N-vinyl/carbazole 

6. Ethylene glycol dimethacrylate 
7. Hydroquinone dimethacrylate 

8. Pentachlorophenyl methacrylate 
and acrylate 

9. 2- (1-naphthyl)-ethyl methacrylate 
and acrylate 

10. N-phenyl maleimide 

s 15 2.5 T r a c e  0.04 - -  - -  
s 20 2,5 0.05 0.10 - -  - -  
s 20 2.5 0.04 0.14 - -  - -  

30 Monomer crystalized -- -- 
1 15 2.5 0.05 0.17 - -  - -  
s 5 1.0 0,03 0.08 17.5 0.13 

I0 1.0 0.04 0.11 I0.0 0.13 
15 1.0 0.06 0.14 4.6 0.16 
20 1.0 0.07 0.19 3.1 0.14 
25 M o n o m e r  e r y s t a l i z e d  

1 20 2.5 0.04 0.04 - -  - -  
s 12.5 2.5 0.08 0,09 - -  -- 

25 M o n o m e r  c r y s t a l i z e d  
s 25 2.5 0.10 0,13 - -  

10 2.5 0.05 0.12 15.6 0.16 
1 20 2.5 0.02 0.06 20.9 0.24 

30 2.5 T r a c e  0.03 29.6 0.21 
5 2,5 0,02 0 1 2  10.7 S 

10 2.5 0.03 0.16 8.4 0.18 
20 2.5 0.02 0.15 9.0 -- 
30  2.5 T r a c e  0 .10  11.0 

�9 PdLs  f lux  w a s  2.9 m J l c m S l m i n .  
M o n o m e r  r a p i d l y  e x u d e d  f r o m  t h e  f i lm. 
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Fig. 4. Sensitivity curves for mixtures by weight of poly(2,3- 
dichloro-l-propyl acrylate) and N-vinyl carbazole. 
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Fig. 5. Sensitivity curves for mixtures by weight of poly(2,3- 
dichloro-l-propyl acrylate) and 2-(1-naphthyl)ethyl acrylate. 
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Fig. 6. Sensitivity curves for mixtures by weight of poly(2,3- 
dichloro-l-propyl acrylate) and N-phenyl maleimide. 

Monomer volat i l i ty can also be a problem. Both ace- 
naphthalene  and 2-v inylnaphtha lene  exude too rapidly 
from spun films. Others such as 1,3-dimethoxystyrene, 
phenyl  acrylate, and 4-chlorostyrene are also too 
volatile, while materials  such as b i s -pheno l -A-d imeth-  
acrylate are too involat i le  and are par t ia l ly  polymer-  
ized dur ing the higher temperature  fixing step re-  
quired. As a general  rule of thumb we have found that 
monomers having a molecular  weight ranging from 
190-350 g/mole have appropriate volat i l i ty when mixed 
with poly(2 ,3-dichloro- l -propyl  acrylate) .  The lower 
end of the range can be extended if a suitable glassy 

host polymer were used or if a highly polar monomer 
or a monomer containing hydrogen bonding groups 
were used. An example of the polar monomer case is 
N-phenyl maleimide, molecular weight 173 g/mole, 
which is less volatile than N-vinyl carbazole. Con- 
ceivably the upper part of the range could be ex- 
tended by the use of monomers which are less subject 
to thermal polymerization. 

The dependence on monomer concentration exhibi- 
ted by N-vinyl carbazole is not mimicked by examples 
9 and I0 for which free radical species are presumably 
involved. In other cases a maximum sensitivity is ob- 
served at about 7.5 w/o monomer. Similar results are 
obtained for many other materials locked by free 
radical mechanisms. It appears that these monomers 
are self-inhibiting, Le., less monomer is locked at high 
monomer content. This is in part due to the monomer's 
low x-ray absorption. However, at 30 w/o monomer, 
estimates based on calculated mass absorption co- 
efficients predict only a 27% reduction in absorbed 
dose. This contrasts with a 75% reduct ion in  sensi- 
t ivity observed for 9 and a 40% reduction for 10. Since 
reduced absorption cannot account for these results, 
significant chemical quenching must  be occurring. 

We note that N-v inyl  carbazole and 2 - ( 1 - n a p h t h y ) -  
ethyl methacrylate  exhibit  near ly  identical differential 
removal  rates for equivalent  NTa values. In contrast, 
N-phenyl  maleimide is locked least efficiently but  ex- 
hibits the highest differential removal  rates. At 10 
w/o composition NTD > 5NTR for it whereas NTD 
3NTR for N-v iny l  carbazole and naphthyle thy l  meth-  
acrylate for NTR ---- 0.02. 

For all three monomers the contrast 7 given by  the 
slopes in Fig. 4-6 is low. However, resolution is high 
because of the differential removal process. It  appears 
l imited main ly  by the mask and the electron range of 
secondary electrons produced in the resist. Unlike con- 
vent ional  wet-developed resists resolution is identical 
for all points along each sensit ivi ty curve. The l ine-  
width appears to be independent  of exposure. 

For comparison purposes in Fig. 4-6 we present  the 
sensit ivity curve for a high speed conventional  wet-  
developed negative resist termed DCOPA. It is a 
92.5:7.5 w/o mixture  of poly(2 ,3-dichloro- l -propyl  
acrylate) and poly(glycidyl  methacryla te-co-e thyl  
acrylate) .  Its properties were recent ly described by 
Moran and Taylor (7). For present  x-rays  masks with 
6000,% Au and 1000A Ta and a 25~ ~ sloped edge, 
the proper exposure for 1 nm resolution and good 
l inewidth control occurs at D~ ~ the 50% dose. For 
slightly lower doses resolution is adequate bu t  l ine-  
width is less than  desired. For exposures at <Dg0.4 
resolution is inferior. For exposure >Dg0.55 both reso- 
lu t ion  and l inewidth  control are worse. With plasma- 
developed resists underexposure or overexposure re-  
sults in a shorter or longer plasma development  time, 
respectively. Although final resist thickness is altered 
resolution remains  identical. For N-vinyl  carbazole and 
N-phenyl  maleimide the sensit ivi ty is higher for ex-  
posure to Dg 0.2. These materials thus offer considerable 
sensit ivity advantages. Resolution also is much im-  
proved. 

To date the most reactive monomer  we have in-  
vestigated is N-v inyl  carbazole. We have studied it in 
a variety of polymer hosts which are absorbing at the 
l~daa wavelength.  Our results are presented in Table 
II and are listed in  order of increasing sensitivity. 
Results are given for that monomer composition which 
afforded opt imum sensitivity. Sulfur,  bromine, and 
chlorine containing host polymers were studied. A 
broad range of sensitivities is observed. They are 
dependent  on the specific bonding and polymer phase. 
The importance of polymer phase is best seen by  com- 
par ing poly(2 ,3-dichloro- l -propyl  acrylate) and the 
corresponding methacrylate.  Both polymers are re-  
moved in an oxygen plasma at an identical  high rate. 
The locked compositions exhibit  near ly  identical  differ- 
ential  removal  rates. The considerable difference in 
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Table II. Influence of polymer host on the properties of plasma 
developed negative x-ray resist containing N-vinyl carbazole 

monomer 

Relative~ plasma Monomer Exposure 
Polymer Phase~ removal rate (w/o) time (rain) NTs NTD 

D o .~ 
(m J/cm 2 ) "I 

Poly (vinyl chloride) G 
Poly(chloroprene) R 
Poly (butene-i sulfone) G 
Poly ( epichlorohydrin ) R 
PoIy ( 2,3-dibromo-l-propyl acrylate)  R 
Poly (2,3.dichloro-l-propyl methacrylate) G 
Poly (2-chloroethyl acrylate) R 
Poly( 2,2,2.triehloroethyl acrylate ) G 
Poly ( 1,3-dichloro-2-propyl acrylate) R 
Poly ( 2,3~dlehloro-l-propyl acrylate) R 

12.96 20 Incompatible 
13.33 20 9 0.01 
7.11 25 9 0.02 

21.50 20 9 0.04 
3.04 20 9 0.12 

12.96 20 4 0.06 
11.67 10 2.5 0.05 
11.90 30 2.0 0.09 
11.85 20 2.0 0.06 
12.22 20 1.0 0.07 

0.02 m 
0.07 m 
0.12 ~ 
0.04 
0.13 20".1 0"~'6 
0.13 13.2 0.19 
0.20 5.8 0.10 
O.22 4.0 0.34 
0.18 3.2 0.14 

G =gIass and R = rubber.  
b Relative to the removal  rate for  po ly ( s tyrene )  in an oxygertplasma (270A/rain at 35~ 

sens i t iv i ty  thus appears  to be re la ted  solely to the 
locking efficiency which is four  t imes less efficient for 
the ha rde r  glassy methacryla te .  

Locking efficiency also appears  to be control led  by 
the type  of chemical  bonds present.  Most s t r ik ing  is the 
ve ry  long exposure  t ime requi red  to lock monomer  
into po ly  (2 ,3 -d ib romo- l -p ropy l  ac ry la te ) .  This is 
fu r the r  aggrava ted  by  the tendency of the locked por -  
tions of the film to etch faster  than the unlocked regions 
thus provid ing  the sole example  for which NTD < 
NTR. Perhaps  in this case locked carbazole  sensit izes 
the decomposit ion of the b romina ted  acrylate .  

Vinylic  chlor ine found in poIy (chloroprene)  appears  
to have low locking efficiency whereas  a l iphat ic  C-C1 
bonds have much grea te r  r eac t iv i ty  which is h igh ly  
dependent  on s t ructure .  The most sensi t ive compo- 
sitions appea r  to be those which can form the most  
s table carbonium ion intermediates .  The 1,3- and 2,3- 
d i c h l o r o - l - p r o p y l  acry la te  po lymers  can both y ie ld  
such s tabi l ized species. In  the case of the  1,3-isomer the  
p r i m a r y  carbonium ion can be s tabi l ized by  i n t r amo-  
lecular  par t ic ipa t ion  wi th  the carbonyl  oxygen  as de-  
picted be low (11). The 2,3-isomer can be s imi la r ly  

--CH_--CH-- --CH2--CH-- 

o2C-O o) =o 
\CH-- CH~ \CH ~) 2 2--CH-CH2 C'~ 

I c.~ | c~ 
CH2C~ 

11 12 
s tabi l ized (12) but  in addi t ion is a more  s table  sec- 
ondary  ion. Its expected g rea te r  s tab i l i ty  could be 
responsible  for  the in i t ia t ion of N-v iny l  carbazole  
locking by  a cationic po lymer iza t ion  mechanism.  

Poly(2,3-dichloro-l-propyl acrylate)-N-vinyl carba- 
zole mixSures.--Our best  resul ts  to date  have been 
obta ined using a mix tu re  of 81 par t s  by  weight  po ly -  
(2 ,3 -d ich lo ro- l -p ropyI  a c r y l a t e )  (DCPA) and 19 par t s  
by  weight  N-v iny l  carbazole (NVC). The sens i t iv i ty  
curve for this composit ion is given in Fig. 7. An  ex-  
posure  t ime of 1 min  affords a normal ized  thickness of 
0,14-0.15 when developed in an oxygen plasma. The 
sens i t iv i ty  curve is independent  of thickness for  
3 #m or  less ini t ia l  thickness films. F igure  8 plots final 
resis t  thickness vs. in i t ia l  thickness for  a 1 min  ex-  
posure time. The l inear  plot  is equiva len t  to a constant  
normal ized  thickness of 0.18. I t  resul ts  f rom the ve ry  
nea r ly  un i form absorpt ion  of x - r a y s  by  the res is t  
having  an absorpt ion  of 11%/~m at  the  4.37A PdL~ 
line. Resolut ion for each point  is identical .  Thus, a l -  
though the normal ized  thickness is r a the r  low, the final 
thickness can have  a prac t ica l  va lue  which  of course 
is ob ta ined  b y  using a film having  a g rea te r  ini t ia l  
thickness, 

The r eade r  may  have noticed that  the NTD at  1 rain 
exposure  t ime for  Fig. 7 is lower  than  that  obta ined in 

Fig. 8, This resul ts  f rom sl ight  env i ronmenta l  and 
processing var ia t ions which can be both contro l led  and 
optimized.  Firs t ,  exposure  to ambien t  f luorescent l ight  
causes resis t  exposure  wi th  consequent  locking of sig- 
nificant NVC in nomina l ly  unexposed regions and 
affords a reduct ion  in sensit ivi ty.  This resul ts  f rom 
absorpt ion  of l ight  be low 3700A by the N-v iny l  
carbazole  as shown in Fig. 9. DCPA is not  absorbing 
at  wavelengths  >2300A. The locked product ,  Fig. 9c, 
also is absorbing at  the  longer  wavelengths .  F r o m  the 
difference in  absorbance  of curves  9b and 9c at  3440A 
we calcula te  tha t  a 2.5 rain exposure  fol lowed by  
f ixing locks a pp rox ima te ly  20% of the to ta l  monomer  
present  assuming no var ia t ion  in the ext inc t ion  co- 

0.50 
(O c/) 
hJ z 0.40 
..r 
I -  0.30 
UJ 
N 

0.20 ~ DCPA 
~ N V C  

70 0.10 ~ 81:t9 

%.E~ . . . . . . . .  1.0' . . . . . . .  1'0.0 
EXPOSURE TIME (rain) 

Fig. 7. Sensitivity curve for a mixture by weight of 81 parts 
poly(2,3-dichloro-l-propyl acrylate) and 19 parts N-vinyl carbazole. 
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Fig. 8. Plat of final plasma-developed resist thickness vs. initial 
film thickness for the resist mixture detailed in Fig. 7 and exposed 
for 1.0 min. 
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Fig. 9. Absorbonce as o function of wavelength for (o) poly(2,3- 
dichloro-l-prapyl acrylate), (b) 81 parts (a) and 19 parts N-vinyl 
carbazole, (c) (b) after 2.5 rain exposure and fixing for 1 hr at 90~ 
and 0.1 Torr. 

efficients for monomer  and polymer. Use of yellow 
safelights and black wafer handl ing  boxes has el imi-  
nated problems arising from ambient  l ight exposures. 

A second factor is fixation tempera ture  and fixation 
time, a t ime tempera ture  superposition. Results of a 
s tudy of NTD for a 1.5 min  exposure as a funct ion of 
fixing conditions are given in Table III  for a 1.5 ~m 
ini t ial  thickness film. The ul t imate  vacuum in the 
vacuum oven was 0.1 Torr. At the lowest tempera ture  
( 2 3  ~  NTD in  large pa t te rned  areas was very  high. 
However, development  was microscopically nonun i -  
form. Large unpa t te rned  areas cleared before small  
unpa t t e rned  features. This was minimized by vacuum 
t rea tment  for much longer t ime at 23 ~ or by fixing at 
higher temperatures.  At  the highest temperature,  NTD 
values were lower than  the opt imum value obtained 
at  70 ~ . Presumably,  at the higher temperatures  thermal  
locking of NVC becomes significant dur ing the time 
required for removal  of the unlocked NVC thus lead-  
ing to a smaller  difference in  etch rates in the exposed 
and unexposed regions. A complete explanat ion of the 
phenomenon occurring at lower temperatures  is not  
yet  apparenL 

Table II I .  Affect of fixing conditions on final thickness for 
81:19 DCPA-NVC 

Final 6 
Fixing thick~ 

T e m p  t ime ness  
(~ (hr) (/~m) Remarks 

23 0.50 0.47 
23 1.00 0.53 
23 16.00 0.36 
45 0.50 0.32 
60 0.50 0.30 

70 0.75 0.30 
83 0.50 0.28 

118 0.25 0.25 
118 1.00 0.25 

V e r y  nonuni form deve lopment  
V e r y  nonuni form deve lopment  
Slight nonuni form deve lopment  
Slight nonuniform development 
Very slight nonuniform develop- 

ment  
Uni form deve lopment  
Uni form deve lopment  
Uni form deve lopment  
Un i form development 

A third factor is loss of NVC from spun films by 
slow exudat ion of this slightly volatile material .  A 
plot of spun  thickness vs. t ime is given in  Fig. 10 for 
the 81:19 mix ture  and a 1 ~m ini t ial  film thickness. 
Thickness loss became significant for s tanding times 
longer than  4 hr at which t ime <5% of the NVC was 
lost. After  8 hr  12.5% was lost. In  thicker films the 
rate of loss of NVC was less. At long sett ing times 
(--~ 16 hr) microcrystal  formation was observed. After  
exposure the wafer  may  sit for times as long as 2 
days before fixing. However, immediate  processing is 
recommended. 

A fourth factor constitutes the influence of plasma 
processing conditions on developed image thickness, 
uniformity,  and quality. Cente r -of - tab le -mounted  
single 3 in. wafer  samples were developed most un i -  
formly at 0.40 Torr. Thickness un i formi ty  across the 
wafer was 500A. At  lower and higher  pressures un i -  
formity was worse. At low pressure (0.10 Torr)  the 
center of the wafer cleared first whereas the edges 
cleared first at 1.00 Torr. The NTD values were opti-  
m u m  at 0.40 Torr. Tempera ture  variat ions from 25 ~ 
70~ did not  appear to affect NTD. The combinat ion 
of high tempera ture  and high pressure did lead to 
deposition of polymer  on the wafer which was worst 
at  wafer edges. At high temperatures  the film removal  
rate was at least a factor of 2 greater  than at 25~ 
At the opt imum pressure of 0.40 Torr, power  var ia-  
tions by ___200% had li t t le effect on NTD but  did 
al ter  film removal  rate and uniformity.  The opt imum 
power was 100W in  the 13 in. barre l  reactor. 

These variat ions wi th  plasma conditions are a 
consequence of the we l l -known loading effect in 
plasma etching (19). It is observed when the life- 
t ime of the reactive intermediates  responsible for 
etching is long, as is the case with oxygen atoms 
thought to be responsible for the oxygen plasma 
str ipping of photoresists (20). Uniformi ty  of plasma 
development  is essential in order to ma in ta in  both 
adequate resist thickness for fur ther  etching steps as 
well  as to ma in ta in  l inewidth control. In  the hope of 
achieving better  development  uniformity,  pat terns 
were developed using a radial  flow plasma reactor 
with floating bias. Results with the radial  flow etcher 
were worse than those obtained with the barre l  
reactor. Uniformi ty  was at best  1200A and NTD values 
were lower. 
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Fig. 10. Spun film thickness vs. standing time after coating of 
The  initial th ickness  was  1.5 /zm and the  exposure  t ime was 

1.5 n~n. 81 :!9 DCPA-HVC. 
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Etch gas composit ion also has a considerable  affect. 
Of al l  the  gases and gas mix tures  wi th  and wi thout  
oxygen  tha t  we have studied, only  oxygen gave su- 
per ior  results.  The o ther  gases t r ied  included CF4, 
CHFs, CF~C1, C2F6, N~, He, Ar,  NO2, and, CO s. At  low 
oxygen pressures  traces of background  air  and pump 
oil hydrocarbons  reduced NTD. Thus p lasma develop-  
men t  afforded significant different ia l  deve lopment  only 
for oxygen conta ining plasmas.  

A final factor  is host  molecu la r  weight.  Unl ike  many  
convent ional  negat ive  resists  in which sens i t iv i ty  is 
dependent  on the rec iprocal  of Mw, we find no s imi la r  
dependence  for  p l a sma-deve loped  resists since cross- 
l inking  is not  involved.  Ident ica l  sensi t iv i ty  curves 
were  obta ined  for  DCPA host  having  [0] = 2.05 and 
0.80 dl /g .  Thus, the molecu la r  weight  of the  host  can 
be designed to opt imize processing proper t ies .  To date 
DCPA with  molecu la r  weight  cons iderably  lower  than  
that  used in convent ional  resis t  formula t ions  has been 
found to be superior.  Presen t  DCPA proper t ies  are:  
[~] ---- 0.80 d l /g  in e thyl  acetate  a t  30~ Mw ---- 764,000 
g/mole ,  Mn ---- 244,000 g/mole ,  P : 3.13, and weight  
percent  solids --  12 in chlorobenzene.  Unl ike  conven-  
tional,  negat ive  crossl inking resists  po lyd ispers i ty  has 
no influence on resis t  contrast .  

ResoIution.--In principle~ the resolut ion of p lasma-  
developed resists  should be super ior  to that  of  con- 
vent ional  negat ive  resists  because of the absence of 
so lven t - induced  swelling. Consistent  wi th  this. we find 
that  the resolut ion is b e t t e r  than  0.5 #m. SEM photo-  
micrographs  of thin (2500A) pa t te rns  on silicon are  
shown in Fig. 11. The 0.5 ;~m gap is resolved inc luding 
the p rox imi ty  effect var ia t ions  on the mask  at  the  end 
of the  gap. Resolut ion appears  equa l ly  good in the pa r -  
t i a l ly  developed 1 ~m lines and spaces shown in Fig. 
l l d .  Pa t te rns  in 6000A thick resist  are  shown in Fig. 12. 
The lines a re  unders ized in the l ine and space fea tures  

due to overexposure  in the mask  resu l t ing  in  g rea te r  
gap widths  as seen in the 0.5 tin1 gap (Fig. I2d) which 
is 1 ~ n  wide in the print .  Different  masks  were  used 
to m a k e  the pr ints  in Fig. 11 and 12. 

Compar ison of the  pic tures  in Fig. 13 es tab l i shes  the  
lower  l imi t  of resolution.  SEM photomicrographs  were  
taken  of p l a sma-deve loped  pa t te rns  exposed to 1.5 rain 
of x - i r r ad i a t i on  and fu r the r  processed b y  t r i level  
techniques (21) to give high aspect  ra t io  s t ructures  
(Fig. 13a, 13b, and 13c). The exac t ly  corresponding 
pa t te rns  in the x - r a y  mask  are  shown in Fig  13d, 13e, 
and 13f. I t  was necessary  to des t roy  the mask  and re -  
move the topmost  pro tec t ive  organic l aye r  on i t  b y  
p lasma etching in o rde r  to ob ta in  samples  for  SEM 
evaluat ion.  The resis t  pa t te rns  a re  nega t ive  images  of 
the  mask  pa t te rn .  Note tha t  the pa r t i cu l a r  mask  chosen 
had ve ry  poor  0.5 ~m features  and only  fa i r  1.0 ~m 
features.  Evalua t ion  of resis t  resolut ion ~ mus t  b e . e x -  
amined by  comparison to the poor ly  resolved mask  
fea tures  having  cor ruga ted  edges. In  this  regard ,  the  
fine s t ruc ture  at  mask  fea tu re  edges appears  to be wel l  
resolved. This fine s t ructure  was copied to a g rea t  ex -  
tent  wi th  about  0.1 ~m of addi t ional  edge roughness 
being introduced.  Dur ing  pa t t e rn  t ransfe r  to the in-  
t e rmedia te  1200A SiO2 layer ,  only  300A of the p r o t e c -  
t ive resis t  was lost. The change in l inewidth  f rom 
this loss is too smal l  to measure  by  the techniques 
used here.  The convent ional  DCOPA negat ive  x - r a y  
resis t  is not capable  of resolving the poor 0.50 ~m fea-  
tures on this mask.  The p lasma developed resis t  can 
resolve these fea tures  if  deve lopment  is cont inued for  
s l ight ly  longer  time. This causes a 500A thinning of 
resist  and a consequent  loss of ] inewidth  for the la rger  
fea tures  which is wi th in  the ] inewidth  var ia t ion  de-  
sired for the l a rge r  features.  

This type  of resolut ion can only  be achieved on fiat 
surfaces. On a surface having  topography,  the spun 
resis t  film wil l  not  cover  al l  fea tures  to a un i form 
thickness.  Consequently,  dur ing  deve lopment  the th in-  
nest  regions wi l l  c lear  first and the  th ickest  regions 
last.  The thickness difference due to topography  m a y  
approach  0.70 ~m in the wors t  case. In such cases 
p l a sma-deve loped  resists  having  the present  composi-  
t ion wil l  be comple te ly  removed  in the  th inner  regions 
thus offering no pro tec t ion  dur ing  subsequent  process-  

Fig. 11. ~Plasma-developed resist patterns from 8t :19 DCPA-NVC 
in 2500A thick resist after exposure for 1.5 min and plasma de- 
velopment. Initial thickness was 1.5 ~m. Fully-developed patterns 
are shown in (a), (b), and (c). A 2000A thick partially developed 
patter~ is shown in (d). 

Fig. 12. 6000A thick plasma developed resist patterns in 81:19 
DCPA-NVC. The initial thickness was 3 ~m and the exposure time 
was 1.5 rain. 
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Fig. 14. Log-log plot of coated thickness in angstroms vs. spin- 
coating speed in rpm for 12 w/o 764,000 g/mole DCPA in chloro- 
benzene and the same solution admixed with NVC to give 81:19 
DCPA-NVC solution by weight. 

Fig. 13. Comparison of trilevel resist pattern resolution in 2.0 #m 
thick resist obtained from a plasma-developed resist top layer (a), 
(b), (c) to the exactly corresponding mask patterns in 7000_~ thick 
Au (d), (e), (f). The limit to resolution seen by matching up the 
sharpest edges in the resist and mask patterns is about 0.3 ~m. 

ing steps. For reduced topographic variations, l ine-  
width control will  suffer. The tr i level  process provides 
a means for c i rcumvent ing  the above difficulty. Using 
it and a higher resolution mask, l ine and space features 
as smal l  as 0.3 ~m should be resolved. Thus, it appears 
that  plasma-developed x - r ay  resists are readi ly capa- 
ble of submicrometer  resolution. 

General processing properties.--It was ment ioned 
previously that  the 81:19 DCPA-NVC composition 
provided a very good mask for etching the SiO2 film 
used in  the tr i level  process. It  also functions as an ex-  
cellent etch mask for the dry etching of SigN4 using 
92% CF4 and 8% 02. Less than 500A was lost in the 
la t ter  case when  1200A of SisN4 was etched. P lasma 
etch resistance has not  been evaluated for plasma etch- 
ing conditions used to etch P-glass, polysilicon, and 
a l u m i n u m  since tr i level  resist processing must  be used 
in  conjunct ion with pa t te rn  transfer  operations on 
these substrates. 

In  general, plasma developed resists have bet ter  
processing properties than conventional  negat ive x - r ay  
resists. The former are easily filtered through 0.2 ~m 
pores. The present  formulat ion of 81:19 DVPA-NVC 
using 764,000 Mw DCPA affords excellent  spun 1.5 ~m 
ini t ial  thickness films by  coating at 2450 rpm. A com- 
plete spin curve is given in Fig. 14. At spin speeds less 
than  2200 rpm a nonuni formi ty  of the coating is ob- 
served which becames worse at lower spin speeds. The 
nonuni fo rmi ty  appears as thickness variat ions of as 

much as 1000A over areas as large as 2500 ~m2 and 
results in ragged feature edges. We believe it  arises 
from channel  formation in the very rubbery  in te rme-  
diate phase formed as the solvent plasticizer exudes 
from the film dur ing  spin drying. At high spin speeds 
the l ifet ime of this semifluid phase is probably  short 
enough to preclude formation of the regions with un -  
dulat ing thickness. 

Conclusions 
We have shown that  it is possible to obtain sensi- 

tive negative x - r ay  resists that  are developed by 
oxygen plasma etching. They do not suffer from the 
l imitat ions to resolution imposed by distortions caused 
by wet solvent development  of conventional  negative 
resists. The differential removal  of exposed and unex-  
Posed regions amplifies the init ial  relief images ob- 
tained by radiat ion locking moderately volatile mono-  
mers into a host polymer. The host polymer serves 
as a container and binder  for the monomer  and also 
functions as the ma in  x - r ay  absorber and polymeriza-  
t ion initiator. It has a high removal rate in an oxygen 
plasma. The most preferred monomer, N-v inyl  car- 
bazole, is not highly absorbing, but  is readily polymer-  
ized presumably  by a cationic mechanism. It has a 
volat i l i ty which offers opt imum processing character-  
istics. The opt imum 81:19 w/o composition of DCPA 
and NVC provides final resist thicknesses of 0.30 ~m 
for a 1.5 min  exposure t ime and submicrometer  resolu- 
tion. Flat  substrate surfaces are required for good 
thickness and l inewidth control. The resist is thus 
ideally suited to sequential  tr i level processing. Total 
sequential  processing by dry methods has been dem- 
onstrated for tr i level processed wafers. 

Opt imum and reproducible developed thickness has 
been found to be dependent  on ambient  light, fixing 
conditions, and plasma processing conditions as well 
as resist composition. All of these processes Can be 
readily controlled thus assuring excellent  reproduci-  
bility. Presently,  init ial  spun thickness uniformity,  
etch uniformity,  and end point control l imit  resolu- 
tion to the submicrometer  regime. Because the mech- 
anism of action of this new type of resist is differ- 
ent, it is possible to tailor the molecular  weight of 
the host polymer to give opt imum processing proper-  
ties. Low molecular  weights are desired. 

We believe that plasma developed x - ray  resists of- 
fer superior properties relat ive to those of solution- 
developed resists. The most impor tant  of these are res- 
olution, sensitivity, la t i tute  of molecular  parameters,  
and perhaps u l t imate  cost. 
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Chemical Vapor Deposition of Single Crystalline 
fl-SiC Films on Silicon Substrate with 

Sputtered SiC Intermediate Layer 
Shigehiro Nishino, Yoshikazu Hazuki, Hiroyuki Matsunami, and Tetsuro Tanaka 1 

Department o] Electronics, Faculty of Engineering, Kyoto University, Kyoto 606, Japan 

ABSTRACT 

A single crystal of E-SiC was grown by chemical vapor deposition using 
an SiH4-C3Hs-H2 system on a silicon substrate with a sputtered layer. The 
grown layer of 4 #m thickness was confirmed as a single crystal by examina- 
tion with reflection electron diffraction and x-ray diffraction. To reduce the 
large mismatch between E-SiC and a silicon substrate, a sputtered /3-SIC 
layer was employed as a buffer layer. Even though the sputtered layer w a s  
polycrystalline, the subsequent layer deposited by CVD was a single crystal. 
The crystal~inity of the deposited layer was strongly affected by the thickness 
of the sputtered layer, the substrate temperature during sputtering, and the 
t e m p e r a t u r e  of chemical vapor deposition. 

Silicon carbide (SIC) is an interesting material for 
electronic and optical device applications because of 
its high temperature stability and large energy gap. 
The cubic form, z-SiC, has a bandgap energy of 2.35 
eV (1) at room temperature, an electron mobility 
of 1000 cm2/V.sec (2), and a drift velocity of 2.7 • 
l0 T cm/sec (at 2 • 105 V/cm) (3). These properties 
are particularly attractive for minority carrier as 
well as majority carrier device applications. However, 
a large area substrate is not available because of the 
difficulty of crystal growth. Crystals of z-SiC ob- 
tained by a sublimation process (Lely method) have 
small size and irregular shapes, thus complicating 
wafer processing for device fabrication. In order to 

1Present address: Takuma Radio Technical College, Takuma, 
Mitoyo-gun, Kagawa 769-11, Japan. 

Key words: silicon carbide, CVD, epitaxial films, thin films, 
sputtering. 

obtain fi-SiC single crystals of large area, it is de- 
sirable to grow/~-SiC on foreign substrates. 

Epitaxial growth of /3-SIC on foreign substrates has 
been reported by many investigators with chemical 
vapor deposition (CVD). (4-6), chemical conversion 
(7-9), evaporation (10), or rf sputtering methods 
(11-13). They, however, reported only very thin films 
of /~-SiC. By the chemical conversion method. Naka- 
shima et al. (9) have obtained single crystal films 
of ~-SiC less than 100 nm thick on an Si substrate. 
Examination with reflection electron diffraction (RED) 
showed the change of the crystal structure from single 
crystal to polycrystal with increasing film thickness. 
Rohan et al. (5) showed oriented /~-SiC layers grown 
on sapphire substrates by CVD and reported that 
the growth of single crystal films was not possible 
because of relatively large lattice mismatch. 
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Difficulty wi th  he te roep i tax ia l  g rowth  comes f rom 
the la t t ice  mismatch  be tween  the grown l aye r  and the 
subs t ra te  (asic: 4.358A, asi: 5.430A, asapphire: 4.75A, 
Csapphirs: 12.95A). One of the approaches  to overcome 
this difficulty is to in t roduce  a buffer l aye r  be tween  
subs t ra te  and deposit.  This approach  is wel l  known 
in the  crys ta l  g rowth  of I l I - V  compounds by  l iquid 
phase epi taxy.  A few examples  a re  repor ted  for CVD 
systems such as G a P / e v a p o r a t e d  P / S t  (14), ZnO/  
spu t te red  ZnO/sapph i re  (15), f l -S iC/evapora ted  Ni /  
a-SiC (16), and  a -S iC / spu t t e r ed  A1N/W (17). 

We prev ious ly  r epor ted  the  p repa ra t ion  of ~-SiC 
on Si subs t ra tes  by  a sput te r ing  method and suggested 
tha t  the spu t t e red  fl-SiC l aye r  might  be a t t rac t ive  
as a subs t ra te  in the CVD process (18). In  the  CVD 
process, we repor ted  the  op t imum conditions for epi-  
t ax ia l  g rowth  of fl-SiC on Si subst ra tes  wi th  an SiCIr 
CsHs-H2 sys tem ( t9) .  In  this report ,  chemical  vapor  
deposi t ion of single c rys ta l  fl-SiC films on Si sub-  
s t ra tes  wi th  sput te red  fl-SiC in te rmedia te  layers  is 
described.  Chemical  vapor  deposi t ion was car r ied  out  
using an SiH4-CsHs-H~ system. The c rys ta l l in i ty  of 
the  deposi ted l aye r  was found to be s t rongly  affected 
by  the thickness  and the crys ta l l ine  s t ruc ture  of the 
spu t te red  layer .  The surface morphology  and c rys ta l -  
l in i ty  of the l aye r  grown by CVD are  described.  The 
g rowth  mechanism of ~-SiC is also discussed. 

Experimental 
Sputtering.--Thin films of fl-SiC were  deposi ted on 

Si subs t ra tes  by  rf  sputter ing.  The ta rge t  ma te r i a l  
was an SiC disk f rom Union Carbide  Company. The 
dis tance be tween  the ta rge t  and the subs t ra te  was 
4.5 cm. The Si  subs t ra te  was hea ted  by  a mo lybdenum 
s t r ip  hea te r  and the t empe ra tu r e  was measured  by  
means  of an opt ical  pyrometer .  

Af te r  p r e l i m i n a r y  evacuat ion of the react ion cham-  
ber  to 1 X 10 -6 Torr,  argon gas was in t roduced up 
to a pressure  of 1 X 10 -2 Torr.  Rf power  of 200W 
(peak  vol tage  of 2 kV and f requency of 13.5 MHz) was 
applied.  Subs t r a t e  t empera tu res  were  va r ied  be tween  
800 ~ and 1000~ Spu t te r ing  t ime was var ied  f rom 
100 sec to 60 min. The thickness of the thin film w / s  
de te rmined  by  using an in te r fe rence  microscope at  
a step made  by  masking  a por t ion of the subst ra tes  
dur ing  sput ter ing.  

Chemical vapor deposition.--The deposi t ion of fi-SiC 
by  pyrolys is  of s i lane (SiHO and the rmal  decomposi-  
t ion of p ropane  (C3Hs) in a hydrogen  flow sys tem 
was car r ied  out  using the appara tus  shown in Fig. 1. 
The react ion tube  of 30 m m  ID and 440 m m  length  
was made of c lear  fused quar tz  wi th  a wa te r -coo led  
jacket .  The thickness of the spu t te red  l aye r  was 
30-80 nm. Af te r  being r insed in acetone and dried, 
the  subs t ra te  was pu t  on an SiC-coated  graph i te  
susceptor  (24 X 5 X 30 mm3). To obta in  a un i form 
grown layer ,  the susceptor  was t i l ted  at  an angle  
o f  100 from the horizontal .  The l inear  veloci ty  (defined 

/~-SUBSTRATE 
vE~, ~Eco% / / -  SOSCE~ 
I WATER ~..--///-~T~(~J~Z) 
-T Y / /Y  1,'-~ "RTzTuB~ 

-V N, 

FLOWMETER VENT r ~  

ROTARf I~JMP [_]__] 

H 2 l~t C3H 8 Sill 4 Ar NH 3 

I:ig. 1. A schematic diagram of the reaction tube and CVD 
system. 
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as the rat io of the  car r ie r  gas flow ra te  to the c r o s s  
section of the react ion tube)  of the sys tem w a s  
approx ima te ly  2 cm/sec. The t empe ra tu r e  was mea -  
sured by  observing the Si subs t ra te  through the w a t e r -  
cooled wal l  of the  react ion tube  with  all opt ical  
pyrometer .  The measured  t empera tu re  was ca l ibra ted  
tak ing  account of the emiss iv i ty  of St, bu t  no correc-  
t ion was made  for absorpt ion  by  the wa te r -coo led  
quar tz  jacket .  The ent i re  system was evacuated  by  
a ro t a ry  pump and backfi l led wi th  H2. Af te r  H2 flowed 
for 10 rain, the  subs t ra te  was hea ted  ex te rna l ly  by  
an r f  genera to r  and  kep t  a t  1000~ for  5 rain before  
deposi t ion of fl-SiC. 

The deposi t ion of the fl-SiC was carr ied  out at  a 
subs t ra te  t empera tu re  in the range of 1000~176 
wi th  the s t andard  gas composit ion:  H2-750 cm3/min, 
Sill4-0.6 cm3/min, C3Hs-0.2 cmS/min, St/H2-0.7 X 
10 -8, and Si /C ---- 1. The deposi t ion t ime was usua l ly  
30-180 min. The thickness of the deposi ted fl-SiC 
films was de te rmined  by  direct  observat ion  of the 
cross section of f rac tu red  specimens wi th  a scanning 
e lect ron microscope (SEM).  To s tudy  the c rys ta l l in i ty  
of the  ~-SiC films, the grown layers  were  examined  
by  reflection electron diffract ion wi th  an accelera t ion 
vol tage of 80 kV. The la t t ice  pa ramete r s  of the grown 
layers  were  de te rmined  f rom a spot pa t t e rn  using 
the diffract ion pa t t e rn  of gold as a reference.  

Experimental  Results 
Preparation of substrates.--The re la t ion be tween  the 

thickness of the sput te red  SiC film and spu t te r ing  
t ime is shown in Fig. 2. The sput te r ing  ra te  depends  
on the subs t ra te  tempera ture .  The higher  the sub-  
s t ra te  tempera ture ,  the  lower  the  sput te r ing  ra te  ob-  
tained. The t empera tu re  dependence  is expla ined  by  
a reduced st icking coefficient of spu t te red  atoms at  
high subs t ra te  temperatures ,  or  by  decreased sput te r ing  
yie ld  resul t ing f rom high ta rge t  t empera tu re  due to 
the rmal  radia t ion  f rom the heated subs t ra te  (20). 

Since the subs t ra te  wi th  the spu t te red  layer  is kep t  
at  h igh t empera tu re  dur ing  the CVD process, the 
c rys ta l l in i ty  of the spu t te red  layer  could be changed 
by  the heat ing process. Consequently,  the c rys ta l l in i ty  
of the sput te red  layer  before  and af ter  anneal ing  w a s  
examined  by  RED analysis.  Thermal  anneal ing  w a s  
carr ied  out in an Ar  ambien t  at  1270~ for 30 min. 
Diffraction pa t te rns  of the spu t te red  l aye r  before  and 
af ter  anneal ing  are  shown in Fig. 3. Before annealing,  
every  RED pa t t e rn  showed haloes which implies  an 
amorphous  state. This was t rue even if a high sub-  
s trafe t empera tu re  was employed  dur ing sputter ing,  
as shown in Fig. 3(b)  and (c). Af te r  annealing,  the  
RED pa t t e rn  showed Debye  r ings which imp ly  a 
po lycrys ta l l ine  state. The Debye r ings became s t ronger  

E 
,~100 .T. ~_ 

w z I~a/lO00t 
_o m 50 

_J 
LL 

' ' ' ' 6"  0 0 20 40 
T IME (rain) 

Fig. 2. Relation of film thickness and deposition time for sputtered 
films prepared at various substrate temperatures: O ,  room tem- 
perature; A,  800~ U], 1000~ 
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Fig. 3. Reflection electron dif- 
fraction patterns from layers as- 
sputtered and annealed at 
1270~ for 30 min in Ar ambient. 
Substrate temperatures during 
sputtering were (a) room tem- 
perature, (b) 800~ and (c) 
1000~ 

when the substrate was kept at high temperature  dur-  
ing sputtering. The sputtered layer was verified as 
being polycrystal l ine /~-SiC by analyzing the RED 
pattern.  

Temperature dependence of the CVD growth r a t e . -  
The growth rate as a function of the substrate tem- 
perature is plotted in  Fig. 4. Vertical bars in the 
figure define the thickness difference from run- to - run .  
The mole ratio of the reactant  gas (Sill4, CsHs, St /  
C = 1) to hydrogen is shown in the figure. The open 
circles indicate a higher mole ratio than that  for the 
solid circles. While the higher mole ratio gave higher 
growth rate, it also gave an i r regular  surface and 
poor crystallinity,  so the layer grown with the higher 
mole ratio is not favorable for device applications. 
The lower mole ratio gave a smooth surface and good 
crysta]linity;  therefore the ratio represented by a 
solid circle in  Fig. 4 was chosen as a s tandard gas 
composition. The growth rate is expressed by an ex- 
ponential  function of the reciprocal substrate tempera-  
ture  above 1200~ which indicates that the growth 
rate is l imited by surface reaction. The activation 
energy for the formation of p-SiC calculated from 
the slope of the line is about 15 kcal/mole. An activa- 
tion energy of 20-25 kcal /mole was obtained for the 
growth of p-SiC on an Si substrate without  a sputtered 
layer when using the SiC14-C.~Hs-H2 system (19). 
Two reasons may be given for the two activation 
energies. First, the growth of p-SiC on an Si substrate 
is heteroepitaxial  growth, whi]e the growth of p-SiC 
on a buffer layer  (polycrystall ine p-SiC) is homo- 
epitaxial  growth to some extent. The activation energy 

for homoepitaxial  growth is general ly  smaller than  
that for heteroepitaxial  growth. Second ,  SIC14 was 
used for the Si source in  the previous work (19), 
while SiH~ was used in  this work. Since the tempera-  
ture  of decomposition of SiH~ is lower than that of 
SIC14, a smaller  activation energy might  be expected. 

The growth rates appear to be constant at substrate 
temperatures  lower than 1200~ The deposition mech- 
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Fig. 4. Temperature dependence of the CVD growth rate 
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anism might  be different  in the high subs t ra te  t em-  
pe ra tu re  and low subs t ra te  t empe ra tu r e  regions. A l -  
though the spu t t e red  layer  or iginates  many  nucleat ion 
sites for subsequent  CVD growth,  the layers  grown 
b y  CVD at  low t empera tu res  tend to be po lycrys ta l l ine  
because of shor t  migra t ion  length  of ada toms on the 
surface. 

Surface morphology.--Surface morphology  of the  
layers  g rown at  three  subs t ra te  t empera tu re s  is shown 
in Fig. 5. When  the deposi t ion was done at  1070~ 
the surface was covered wi th  rounded  grains  of size 
less than  0.2 ~m. On the surface grown at  1250~ 
the size of the rounded  grains became larger .  When  
the  film was deposi ted at  1360~ the surface was 
s t rongly  influenced b y  the crys ta l  hab i t  of the  sub-  
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strate.  Al though  the size of the  grains  became la rge r  
at a subs t ra te  t empe ra tu r e  lower  than  1360~ the 
layer  showed a b u m p y  surface resul t ing  f rom incom-  
plete  coalescence of the grains. When  the subs t ra te  
t empe ra tu r e  was above 1360~ coalescence of the  
grains  was fu l ly  developed and a r e p l i c a  of the  c rys ta l  
hab i t  of the  subs t ra te  appea red  in the grown layer .  
F igures  6(a)  and (b) show surface morphology  of 
the layer  grown at  1360~ Square  crys ta l l i tes  wi th  
a side of i #m were  observed on the l aye r  g rown on 
the (100)Si substrate ,  whi le  t r i angu la r  crys ta l l i tes  
wi th  a side of 2 ~m were  observed on the layer  g rown 
on the ( l l l ) S i  substrate .  

Crystalline properties of ~-SiC films.--The crys ta l -  
l in i ty  of g rowth  obta ined  b y  the CVD process w a s  
s t rongly  affected by  the thickness of the spu t t e red  
SiC layer  and the subs t ra te  t empera tu re  dur ing  spu t -  
tering. The l aye r  g rown by CVD was not  a single 
c rys ta l  when the spu t te red  l aye r  was th icker  than  
100 nm, even if a high subs t ra te  t empera tu re  was 
employed  dur ing  sput ter ing.  When  the sput te r ing  
was done at a subs t ra te  t empera tu re  lower  than  800~ 
the subsequent  l aye r  grown by  CVD was not  a single 
c rys ta l  in spite of keeping the subs t ra te  at  high t em-  
pe ra tu re  dur ing  the CVD process. F rom these exper i -  
ments, i t  was found tha t  the Si subs t ra te  should have 
a sput te red  ~-SiC ove r l aye r  wi th  a thickness of 30-80 
nm p repa red  at  a subs t ra te  t empera tu re  of 1000~ 

The g rowth  t e m p e r a t u r e  for  CVD is one of the 
impor tan t  pa rame te r s  which de te rmines  the  c rys ta l -  
l in i ty  of the grown layer .  The c rys ta l l in i ty  of a l aye r  
of about  4 ~m thickness was examined  by  the RED 
method.  The diffraction pa t t e rn  of ~-SiC p repa red  a t  
1160~ showed so-cal led  Debye r ings which indicate  
a po lycrys ta l l ine  s t ructure .  Spots were  super imposed  

Fig. 5. Morphology of the grown layer for different substrate 
temperatures: (a) 1070~ (b) 1250~ (c) 1360~ 

Fig. 6. Morphology of the grown layer reflecting the crystal 
habit of the substrate. (a) Layer grown on (lO0)Si sahstrate with a 
spattered layer. (b) Layer grown on (111)Si substrate with a 
sputtered layer. 
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on the fa int  Debye  r ings for the film p repa red  at  
1250~ but  the diffraction pa t t e rn  was not  changed 
when  the di rect ion of the  incident  e lect ron beam was 
changed. The grown layer  was therefore  considered 
to have a p re fe r r ed  orientat ion.  For  the film p repa red  
at  1360~ the diffract ion pa t t e rn  consisted of s t rong 
spots. Consequently,  i t  m a y  be concluded tha t  a 
change f rom polycrys ta l l ine  to single crys ta l  s t ruc ture  
occurred wi th  increasing subs t ra te  tempera ture .  Good 
single crysta ls  seem to be obta ined  at  app rox ima te ly  
1360~ 

To invest igate  the  subs t ra te -o r ien ta t ion  dependence  
of the growth,  subs t ra tes  wi th  (111) or (100) surface 
planes  were  used. The CVD growth  of fi-SiC was 
car r ied  out  on the  two subst ra tes  s imul taneous ly  using 
the s tandard  gas composit ion at  1360~ The diffrac- 
t ion pa t te rns  f rom the layers  grown on the two sub-  
strafes are  shown in Fig. 7. S t rong spots indicate  
tha t  the  layers  are  single crystal l ine.  The or ienta t ion  
re la t ionship  be tween  the overgrowth  and the sub-  
s t ra tes  is as follows 

E-SiC (111 ) / / S i  ( 111 ), ~ - S i C [ l l 0 ] / / S i  [110 ], 

E-SiC (100) / /S i  (100),/3-SIC [ 001 ] / / S i  [001 ] 

,Since the  RED measuremen t  gives informat ion  on 
c rys ta l l in i ty  ve ry  near  the surface, the l aye r  was 
examined  by  x - r a y  diffraction wi th  a copper ta rge t  
for fu r the r  crys ta l  analysis.  F igure  8 shows typical  
diffract ion char ts  for the ~-SiC layers.  A s t rong peak  
appeared  at  20 _-- 41.40 ~ for the layer  grown on the 
(100) substrate.  A peak  for the Si subs t ra te  also 
appea red  due to the  thin E-SiC layer .  A s t rong peak  
also appears  a t  2e : 36.65 ~ for the layer  grown on 
the (111) substrate.  Fur the rmore ,  the E-SiC film 
without  a subs t ra te  was also examined  by  x - r a y  
t ransmission Laue  method.  The Si subs t ra te  was re-  
moved by  chemical  e tching using an HNOa-HF solu- 

Fig. 7. Reflection electron diffraction patterns from layers 
grown on (a) (lO0)Si and (b) (111)Si substrates with sputtered 
layers. 

Fig. 8. X-ray diffraction spectrum obtained from layer grown 
on (a) (lO0)Si and (b) (111)Si substrates with sputtered layers. 

tion. The Laue  photographs  are  shown in Fig. 9 for  
the  layers  grown on the (10.0) and (111) substrates.  
The Laue pa t t e rn  for the l ayer  grown on the (100) 
subs t ra te  shows fourfold  symmet r ic  spots wi th  faint  
Debye r ings as shown in Fig. 9(a) .  The Laue pa t t e rn  
for the l aye r  grown on the (111) subs t ra te  shows 
threefo ld  s y m m e t r y  wi th  diffuse spots and faint  Debye 
rings, as in Fig. 9 (b) .  

The faint  Debye  r ings are  found to arise f rom the 
polycrys ta l l ine  l aye r  contiguous to the Si substrate.  
The unders ide  of the fi-SiC film was observed by  SEM 
and examined  by  RED. A t r i angu la r  morphology  w a s  

obse rved  on the unders ide  surface of the l aye r  grown 
on the (111) substrate,  as shown in Fig. 10(a).  In  
this figure, the length  of the side of the t r iangles  was 
sca t tered  f rom 0.1 to 0.4 ~m. The RED pa t t e rn  f rom 
the unders ide  of the layer  shows Debye r ings of 
po lycrys ta l l ine  ~-SiC, as shown in Fig. 10 (b) .  

Discussion 
When  a E-SiC film is deposi ted d i rec t ly  on an Si 

substrate ,  it  is difficult to grow single crystals  of 
E-SiC th icker  than 100 nm, as repor ted  by  most re -  
searchers.  The difficulty arises f rom the large  lat t ice 
mismatch and stresses be tween  the grown l aye r  and 
the substrate.  In this work, by  in t roducing  an in te r -  
media te  l ayer  as a buffer layer ,  stresses caused by  
the la t t ice  mismatch  could be released. The buffer 
l aye r  should have an appropr ia te  film thickness and 
crysta l l in i ty ,  because the crys ta l  field of the subs t ra te  
must  be t ransfer red  through the buffer layer .  

We speculate  tha t  the na tu re  of the polycrys ta l l ine  
E-SiC layer  obtained by  sput te r ing  is different  f rom 
the one obta ined by  CVD. In the CVD system, the 
grown layer  is formed under  a condit ion of the rmo-  
dynamic  equi l ibr ium, so tha t  nucleat ion and growth  
a re  s t rongly  dependent  on the surface t r ea tment  of 
the  substrate.  The ini t ia l  s tage of growth  is influenced 
b y  pa ramete r s  difficult to control, such as surface 
roughness and dislocations. An adatom moves toward  
favorable  sites of the substrate ,  so the dens i ty  of nu-  
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Fig. 9. X-ray transmission Laue photographs of the grown layer 
removed from (a) (lO0)Si and (b) (111)Si substrates with sputtered 
layers. 

cleat ion on the surface might  be nonuni form a tomical -  
ly. As a result ,  single crys ta l  g rowth  of F-SiC on an 
Si subs t ra te  by  the CVD process needed careful  p rep -  
a ra t ion  inc luding SiC coating of the susceptor  and  
etching of the subs t ra te  before  the crys ta l  growth.  
Fur the rmore ,  r ep roduc ib i l i ty  of single c rys ta l  g rowth  
was not  good. In the sput te r ing  method,  deposi t ion is 
car r ied  out  under  a nonequi l ib r ium condition. Spu t -  
te red  a toms un i fo rmly  hit  the whole area  of the sub-  
s t ra te  and nuclea t ion  m a y  occur more  un i fo rmly  over  
the  surface. Therefore,  the  in te rmedia te  l aye r  of 
F-SiC p r e p a r e d  by  sput te r ing  can be more  un i form 
than  tha t  by  CVD. Consequently,  the ini t ia l  s tage of 
g rowth  in the subsequent  CVD process is not  s t rong ly  
dependent  on the surface and single crysta ls  of F-SiC 
a re  r ep roduc ib ly  obtained.  When  the CVD deposi t ion 
was done at  a subs t ra te  t empe ra tu r e  h igher  than  
1360~ single c rys ta l l ine  F-SiC was also obta ined  in 
cases where  the film thickness was less than 4 ~m. 

Conclusion 
Single crys ta ls  of F - s i c  were  ob ta ined  rep roduc ib ly  

by  CVD at a subs t ra te  t empe ra tu r e  of 1360~ on Si 
subs t ra tes  by  using spu t te red  SiC layers  as buffer 
layers.  Crys ta l l in i ty  of the ~-SiC layer  so grown was 
examined  by  the RED and x - r a y  diffraction t rans-  
mission Laue  methods.  The ep i tax ia l  re la t ion  be tween  
the E-SiC film and the Si subs t ra te  was obtained.  Spu t -  
te r ing  should be -:one at  a subs t ra te  t empera tu re  be-  
tween 800 ~ and 1000~ To obta in  a single c rys ta l  by  

Fig. 10. Crystal structure of the underside of F-SiC after removal 
af the Si substrate. (a) SEM photograph and (b) RED pattern. 

CVD, the thickness of the spu t t e red  layer  mus t  be less 
than  100 nm. It  is specula ted tha t  the growth  of the 
single c rys ta l l ine  F-SiC was control led  by  the crys ta l  
field of the  Si subs t ra te  th rough  a polycrys ta l l ine  
in te rmedia te  l ayer  formed b y  sput ter ing.  
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Application of the I.angmuir Probe in 
Sputtering Techniques 

H. Norstr~m, R. Olaison, S. Berg, and L. P. Andersson* 
Institute o$ Technology, Uppsala University, S-75I 21 Uppsa~a, Sweden  

ABSTRACT 

Dur ing  sput te r ing  the  p lasma poten t ia l  of the glow discharge m a y  be in-  
fluenced by unpro tec ted  electrodes s i tuated in the v ic in i ty  of the p lasma  
region.  A posi t ive e lect rode potent ia l  (Va) is known to shif t  the  p lasma  po-  
ten t ia l  by  a value  of Va in the posi t ive poten t ia l  direction.  A nega t ive  elec-  
t rode poten t ia l  has no such influence on the p lasma  potent ial .  A consequence 
of this behavior  of the  p lasma potent ia l  is tha t  al l  g rounded  par ts  of the 
vacuum system wil l  es tabl ish  a subs tant ia l  (,~Va) negat ive  potent ia l  wi th  re -  
s p e c t  to the p lasma  if a posi t ive e lect rode is introduced.  This effect m a y  cause 
excess contaminat ion  of the sput te red  films since sput te r ing  dur ing  this con- 
di t ion takes  place both f rom the grounded  vessel  surfaces and f rom the 
spu t te r ing  target .  Also, grounded subst ra tes  wil l  then be subjec ted  to un-  
in tended  bombardmen t  by energet ic  "ions. This is especial ly  impor t an t  to con- 
s ider  in p l ana r  magne t ron  sput ter ing,  where  no energet ic  b o m b a r d m e n t  of 
subs t ra tes  is supposed to take  place. In t roducing  a nega t ive ly  biased Lang-  
mui r  probe  into the p lasma  makes  the probe  cur ren t  ve ry  sensi t ive to p lasma  
conductance wi thout  al~ecting p lasma potent ia l  condit ions dur ing  sput ter ing.  
I t  is thus possible to moni tor  the spu t t e r -c lean ing  of targets .  Dur ing cleaning 
of an A1 ta rge t  the secondary  emission factor  of e lectrons caused by  ion 
impac t  changes considerably.  Thus the conductance of the p lasma  changes. 
This is detected by  the Langmui r  probe.  

Numerous papers  have been publ i shed  in the field 
of Langmui r  probe  studies of glow discharges (1-3). 
We wil l  res t r ic t  ourselves to the  region of in teres t  du r -  
ing sput ter ing.  It has been repor ted  tha t  dur ing  spu t -  
ter ing of Ta and TaO it  is necessary to reproduce  not  
only  pressure  and bias condit ions bu t  also p lasma 
conditions in o rder  to obta in  reproduc ib le  results.  

This points out  the impor tance  of knowing and un-  
ders tanding  p lasma conditions dur ing  sput ter ing.  I t  is 
well  known that  the  p lasma potent ia l  follows the po-  
ten t ia l  of a posi t ive e lectrode in t roduced  into the 
plasma. In this way  Hol land (4) used the effect for  
t r ea t ing  and pass ivat ing  vacuum systems. Coburn and 
K a y  (5) measured  the energy  of ions ex t rac ted  f rom 
a p lasma and showed that  the ion energy  increased by  
the same value  as a posi t ive bias appl ied  to an elec-  
t rode exposed to the plasma. Both of these observa-  
tions s t rongly  confirm that  the p lasma  I -V charac te r -  
istic is indeed affected by  an ex t ra  e lec t rode  in t roduced  
into the p lasma  in a spu t te r ing  system~ 

In  some plasma appl icat ions  it is ve ry  impor t an t  to 
avoid any possible spu t te r  b o m b a r d m e n t  of the sub-  
strates.  If  such b o m b a r d m e n t  takes  place i t  m a y  ru in  
the  per formance  of the device. We are  going to point  

* Electrochemical Society Active Member. 
Key words: sputtering, discharge, plasma potential. 

out some possible sources causing such (unin tended)  
b o m b a r d m e n t  of the subs t ra tes  dur ing  sput ter ing.  

Experimental Results and Discussion 
A system such as tha t  shown in Fig. 1 was used 

dur ing the probe I -V measurements .  A single Lang-  
muir  p l ana r  probe was inser ted  into the spu t te r ing  
plant.  The upper  e lect rode in Fig. 1 formed the ca th-  
ode and consequent ly  opera ted  as the t a rge t  dur ing 
sputtering.  A meta l  screen was inser ted  inside the 
glass bel l  jar .  This me ta l  screen was insula ted  f rom 
ground and a posit ive or  negat ive  vol tage may  be ap-  
plied. 

Consider  the expe r imen ta l  I-V character is t ics  shown 
in Fig. 2. Here the Langmui r  probe character is t ics  
have been measured  under" different  condit ions whe re -  
in vol tage is appl ied  to the meta l  screen inside the 
vacuum chamber  dur ing sput ter ing.  The I -V charac-  
terist ic  c lear ly  shifts to more  posi t ive potent ia ls  wi th  
a value  equal  to that  appl ied  to the me ta l  screen. Since 
the p lasma is quite conductive, the p lasma potent ia l  Vp 
follows the poten t ia l  of the posi t ive meta l  screen as 
expected.  The impl ica t ion  of this effect is c lear ly  dem-  
ons t ra ted  by  apply ing  a ve ry  high posit ive va lue  to 
the meta l  screen. If so, a "da rk  space" region is ob-  
served over  grounded areas  inside the  vacuum chain-  
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Fig. 1. Schematic of the experimental d-c-sputtering system 
with the probe inserted. 

ber. These areas are then subjected to sputter  bom-  
ba rdment  of argon ions. This effect has earlier been 
used by several authors, e.g., Holland (4) to clean 
grounded stainless steel vacuum chambers. It is also 
a we l l -known fact that  this effect causes outgassing of 
the system (6) and speeds up pumping  time. This 
coupling of the plasma potent ial  to the most positive 
potential  in the vacuum chamber also exists in a 
p lanar  magnet ron  system. Figure 3 shows the photo- 
graph of the I -V  characteristics of the Langmui r  
probe in a magnet ron  sput ter ing equipment.  Figure 3 
clearly demonstrates the described coupling effect. 
Since m a n y  commercial ly available magnet ron  plants  
are equipped with a positive anode r ing it is impor tant  
to realize the effect of this anode on the plasma po- 
tential.  In  certain applications this positive anode may 
cause un in tended  bombardmen t  of grounded substrates 

Fig. 3. Experimental I -V characteristics of the Langmuir probe 
during planar magnetron sputtering for different m~tal screen 
potentials (5, 10, 20, and 30V). x-axis, 5 V/div; y-axis, 0.5 mA/div. 

by energetic ions. If a positive bias is applied the 
ground to plasma potential  difference may exceed the 
threshold value for sputtering. The yield is of course 
still low, but  this effect may under  severe circum- 
stances cause excess film contaminat ion from chamber  
walls. 

This is in accordance with the results from Coburn 
and Kay (5) who showed by mass spectrometric 
studies that grounded areas real ly  are bombarded by  
energetic particles if the plasma potential  is raised by  
introducing a positive electrode. 

We also want  to report  on a quant i ta t ive  way to 
make use of the Langmuir  probe. We have found that  
the probe operates as an end-poin t  detector in sput ter-  
etching experiments.  The probe was used with a nega-  
t ive bias of 15V so as to collect only ions, not  infiuenc- 
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ing the sput te r  conditions. In  Fig. 4 the collected ion-  
cu r ren t  to the probe is moni tored  dur ing  cleaning o f  
an A1 ta rge t  in d - c - spu t t e r ing  equipment .  Here  the 
i on -cu r r en t  vs. t ime is shown to decrease to a s t eady-  
s ta te  level. In  the same figure the cathode cur ren t  of 
the A1 ta rge t  is also recorded.  These two curves have 
a ve ry  s t rong correlat ion.  Wha t  is demons t ra ted  is tha t  
A1203 is removed  from the surface. The secondary  
e lect ron coefficient by  ions is lower  for A1 than  for 
A1203. Thus the t a rge t  cur ren t  decreases. Since fewer  
secondary  electrons are  genera ted  at  the t a rge t  surface 
when the oxide is removed,  the conductance of the 
p lasma decreases.  Thus the ion concentra t ion in the  
p lasma  wi l l  be smaller .  The ion -cu r r en t  collected b y  
the probe thus decreases,  indica t ing  that  the oxide is 
removed.  The L a n g m u i r  single p l ana r  probe thus 
offers the poss ibi l i ty  of s imple end-po in t  detect ion in 
a d - c - spu t t e r ing  system. 

P r e l i m i n a r y  resul ts  on r f - spu t t e r ing  and on d -c -  
magne t ron  spu t te r ing  showed no such s imple and  
re l iab le  results.  The reason why  end-po in t  detect ion 
ca'ni4ot be observed b y  a single Langmui r  probe  under  
these condit ions is p robab ly  due to the  differences in 
ionizat ion mechanisms compared  to s imple d - c - s p u t -  
tering. Here the ionizat ion is not  d i rec t ly  dependent  
on the ta rge t  e lec t ron secondary  emission coefficient. 
Ins tead p lasma conductance depends on frequency,  
magnet ic  flux, etc. Thus the  change in p lasma  conduc-  
tance m a y  be too smal l  to be ensured.  However  fu r the r  
work  wil l  be car r ied  out  to inves t iga te  the usefulness 
of Langmui r  probe  as end-po in t  detectors.  

Summary 
The p lasma potent ia l  in d -c - spu t t e r ing  equipment  

wil l  be de te rmined  by  the most  posit ive e lect rode ex-  
posed to the plasma. This m a y  cause un in tended  bom-  
b a r d m e n t  of grounded subst ra tes  by  energet ic  ions. 
The p lasma  conductance changes when  an oxide  is 
removed  from an A l - t a r g e t  in a d - c - spu t t e r ing  system. 
This effect is used to de tec t  t a rge t  c leaning wi th  a 
single Langmui r  p l ana r  probe.  

Manuscr ip t  submi t ted  Dec. 26, 1979; revised manu-  
scr ipt  received May 23, 1980. This was Paper  128 pre -  
sented a t  the  St. Louis, Missouri,  Meet ing of the 
Society, May  11-16, 1980. 

A n y  discussion of this paper  wil l  appea r  in a Dis-  
cussion Section to be publ i shed  in the June 1981 
JOURNAL. Al l  discussions for the June  1981 Discussion 
Sect ion should be submi t ted  by  Feb. 1, 1981. 
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Electrostriction in Anodic Oxides: Comparison 
with Macroscopic Theory 

Jack L. Ord* 
Department of Physics, University of Waterloo, Waterloo, Ontario, Canada N2L 3GI 

ABSTRACT 

Optical  studies of the anodic oxidat ion  of tanta lum,  niobium, and tungsten 
have recent ly  found tha t  appl ica t ion  of the anodizing field increases  the  oxide  
film thickness by  be tween  0.1 and 1% and decreases both the opt ical  and low 
f requency dielectr ic  constants by  about  the amount  pred ic ted  by  the  Clausius-  
Mossotti  re la t ion  be tween  dielectr ic  constant  and density. These results  are  
shown to contradic t  the predic t ions  of the macroscopic theory  of e lec t ro-  
striction, and the reasons for the conflict are  examined.  Energy  conservat ion is 
shown to requi re  the dielectr ic  constant  to have an expl ic i t  dependence  on the 
electr ic  field, and this r equ i rement  inval ida tes  both the Clausius-Mossot t i  r e l a -  
t ion and the form of the energy  dens i ty  used in the  macroscopic  theory.  A 
modified theory  using an energy  dens i ty  of the form used in the theo ry  of 
ferroelectr ics  is shown to give resul ts  consistent  wi th  al l  of the expe r imen ta l  
resul ts  including the observat ion  tha t  a t  large s t ra ins  the dependence  on field 
is not quadrat ic .  

The cur ren t  physics l i t e ra tu re  on electrost r ic t ion is 
charac ter ized  b y  complain ts  f rom exper imenta l i s t s  
that  "d isagreements  exist  as to the p roper  form of the 
(Maxwel l )  stress tensor  in ma te r i a l  media"  (1), and 
complaints  f rom theoret ic ians  tha t  " there  exists ve ry  
l i t t le  informat ion  on deta i led  numer ica l  values of the 
e lectrost r ic t ive  tensor  . . .  most  references  are  ve ry  
old . . . "  (2). The p rob lem has been that  e lec t ros t r ic-  
tive effects in most materials are so small that they 
are of little interest to the experimentalist, and as a 
consequence there are insufficient data available to test 
competing theories. 

* Electrochemical Society Active Member. 
Key words: dielectrics, capacitance, ellipsometry, ferroelectric- 

ity. 

The e lec t rochemical  l i te ra ture ,  on the o ther  hand, 
contains a smal l  but  growing n u m b e r  of recen t  papers  
(3-10) which repor t  ex t r ao rd ina r i l y  large  e lec t ros t r ic-  
t ive effects in anodic oxide films. Al though  there  is 
some d i sagreement  concerning the form of the field 
dependence,  there  is no a rgumen t  about  the three  
main  fea tures  of the resul ts :  (i) the s t rains  are  very  
large, as large  as 1%, (it) the s t rains  a re  positive, i.e., 
film thickness increases  wi th  field, and (iii) the  effects 
appear  to be universal ,  having been observed d i rec t ly  
in the anodic oxides of tanta lum,  niobium, and tung-  
sten, and ind i rec t ly  in the anodic oxides of vanad ium 
(11) and molybdenum (12). Al though no explana t ion  
has been offered for the occurrence of a large posit ive 
s t ra in  ins tead of the smal l  negat ive  s t ra in  expected  to 
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result  from coulomb attract ion between the opposing 
charge layers, the optical and low frequency dielectric 
constants have been shown to vary  with field in ap- 
proximately  the m a n n e r  predicted by the Clausius- 
Mossotti relat ion be tween dielectric constant  and 
density. 

In  this paper we begin by summariz ing the experi-  
menta l  results and out l in ing the development  of the 
macroscopic or phenomenological  theory of electro- 
striction. We then show that  the exper imental  results 
contradict  the predictions of the theory, and we ex- 
amine the reasons for the disagreement.  F ina l ly  we 
show how the theory can be brought  into agreement  
with the results of experiment,  and we discuss the 
physical significance of the modifications required. 

The Experimental Results 
The anodic oxides of t an ta lum and n iobium have 

a n u m b e r  of properties which make them ideal from 
an exper imenta l  viewpoint  for a s tudy of electrostric- 
tion: (i) they support  high electric fields without  
appreciable leakage current ;  (ii) they have high di- 
electric constants; (iii) they can be studied over a 
wide range of film thickness; ( i v ) t h e y  are insoluble 
in the electrolytes of interest ;  (v) the high-field 
growth process keeps their  thickness uniform. F u r -  
ther, they have two properties which make them 
ideal also from a theoretical point of view: (vi) their  
vitreous s t ructure  is isotropic at zero applied stress 
and field; (vii) the massive metal  substrate applies the 
boundary  condition that  the t ransverse strain be zero. 
The anodic oxides of tungsten,  vanadium,  and molyb-  
denum are progressively less ideal, and metals such 
as i ron which cannot  be anodized beyond the oxygen 
evolut ion potent ial  have anodic oxides which are far 
too thin for direct optical s t ra in  measurements .  The 
only way in  which the anodic oxides of t an ta lum and 
n iobium differ significantly from ideal films of elastic 
dielectric is a consequence of the fact that they are 
grown in a high electric field. The large-scale atomic 
migrat ion dur ing film growth tends to relax stress in 
the film and  when the field is removed the film is not  
left in a stress-free state, whereas all simple models 
assume that  the film starts out in a stress-free state at 
zero field. We will  deal no fur ther  here with this 
problem nor with the related problem of stress re-  
laxat ion beyond not ing that both introduce uncer -  
tainties into the analysis of the optical data. 

The main  exper imenta l  technique used to s tudy 
electrostriction in  anodic oxides is ellipsometry. This 
optical technique, based on the analysis of the change 
in polarization produced on reflection of l ight inci-  
dent  at an oblique angle on a fi lm-covered interface, 
is capable of measur ing and dist inguishing between 
small  changes in  refractive index and film thickness. 
The two laboratories which have been involved in  the 
optical studies of electrostriction in  anodic oxides use 
similar se l f -nul l ing ellipsometers l inked along with 
the anodization circuitry to minicomputer  systems. Al-  
though the original  study (3) t reated the oxide films 
as optically isotropic, in  all of the more recent  wor]~- 
(4-6, 9, 10) the analysis takes account of the field- 
induced birefringence.  

In  all of our  investigations the optical measurements  
have been complemented by measurements  of the field 
dependence of the dielectric constant  of the oxide film. 
In  our original  work (3) we used an a-c technique 
similar  to that used on t an ta lum film capacitors (7, 8), 
but  recently (9, 10) we have used a technique based 
on the analysis of open-c i rcu i t  t ransients  (13). This 
la t ter  technique is p r imar i ly  an analysis  of the ionic 
conductivi ty of the oxide film and is based on the as- 
sumption that  the logari thm of the ionic cur ren t  den-  
sity is proport ional  to the product  KE, where E is the 
electric field in the oxide film and K is its dielectric 
constant. The technique was developed more as a test 
of the influence of electrostriction on the ionic con- 

ductivi ty than as a technique for de termining the 
field-dependence of the dielectric constant. If the elec- 
trical equation of state relat ing the dielectric constant  
of the oxide to its density is known, the dielectric con- 
s tant  data can be used to calculate a relat ion between 
s t rain and field which can be compared directly wi th  
the optical data. The equation of state which we have 
used in all  of our work is the Clausius-NIossotti rela-  
tion which "gives the correct dependence of K on 
density for a wide class of solids and liquids" (14) 

( K - -  1 ) / ( K +  2) - - A p  [la]  

where A is a constant  and p is the density of the oxide. 
If the t ransverse s t ra in is zero, the relat ion can be re-  
wri t ten  in the form 

u----3 ( K o - - K ) / ( ( K o + 2 ) ( K - - 1 ) )  [ lb]  

where Ko is the value of K when u, the s t ra in in  the 
field direction, is zero. For large values of K, Eq. [ lb]  
can be rewri t ten,  to a very  good approximation,  in  a 
form which shows that  the Clausius-Mossotti  relat ion 
"amplifies" the effect of s train by a factor of Ko/3 

Ko/K -- 1 + (Ko/3)u [lc] 

Although the Clausius-Mossotti  relat ion can be used 
to l ink  dielectric constant  measurements  to optical 
s train measurements ,  it  is of no direct use in  the ana l -  
ysis of open-circui t  t rans ien t  or a-c data where one 
needs instead a relat ion between dielectric constant  
and field. In  our analysis of open-circui t  t rans ient  
data (9, 10) we have fitted the data to the empirical  
form 

K ---- Ka (1 -- ,y(E/E1) n) [2] 

where ~, is the fract ional  change in  K when  the field 
is raised from 0 to El, the oxidation field. An expres- 
sion of this form can be used in  the analysis of a-c 
data also provided one is careful to take account of 
the fact that the a-c technique involves the derivat ive 
of the dielectric constant. In  fitting our original  a-c 
data (3) to Eq. [2] for inclusion in  the figures which 
follow, we had insufficient informat ion to determine 
all three parameters,  and were forced to assume a 
value for n. Since our most recent  values (10) for n 
were 1.85 for n iob ium and 1.75 for tungsten, we took 
their average, 1.8, and applied it  to the a-c data from 
original study. 

The exper imenta l ly  determined dependences of 
s t ra in on field for the anodie oxides of tanta lum,  n io-  
bium, and tungsten are shown in Fig. 1, 2, and 3. All  of 
the optical results plotted in the figures were obtained 
by analysis techniques which take account of the bi -  
refr ingence induced in  the oxide film by the field, and 
the source of the data is indicated in each case. The 
dielectric constant data were all obtained in our lab-  
oratory, and strains were calculated from them using 
the Clausius-Mossotti relat ion as described above. 
Although we shall see that  the Clausius-Mossotti  rela-  
tion is not actual ly applicable to our data, i t  does 
provide a convenient  means of reducing dielectric 
constant data to a dimensionless, f requency- independ-  
ent  form suitable for comparison with s t ra in data. 

Although the t an ta lum system was the first one to be 
studied, it has received li t t le recent  a t tent ion because 
the electrostrictive effects are smal ler  than  in the 
other two systems. The optical results plotted in Fig. 1 
were taken directly from the paper  by  Cornish and 
Young (4), and the dielectric constant data for the 
second curve w e r e  calculated from our original  a-c 
capacitance data (3) using the procedure described 
above. 

The n iobium system has received more a t tent ion 
than the others because it combines large electrostric- 
tive effects with ideal electrochemical behavior. The 
results of optical studies by  Yee and Young (5), Wang 
(6), and Ord and Lushiku (10) are shown in Fig. 2. 
In  the case of niobium, both a-c (3) and open-circui t  
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Fig. t. The dependence of strain on field for the onodic oxide 
of tantalum as measured optically and as calculated from o-c 
dielectric constant data using the Clausius-Mossotti relation. 

t rans ient  (10) dielectric constant  data are available 
for strain-field calculations, and the two curves are 
shown in the figure. 

The tungsten system exhibits larger electrostrictive 
effects than do the t an ta lum or n iobium systems, but  
the solubil i ty of the oxide in the low-resistance elec- 
trolytes convenient  for electrical measurements,  and 
the relat ively low breakdown potential  combine to 
make it a more difficult system to study. Figure 3 
shows the results of the one optical study which has 
been under taken  (9) and curves calculated from a-c 
(3) and open-circui t  t rans ient  (10) dielectric constant  
data. 

There is little one need say about Fig. 1, 2, and 3 
because the results speak for themselves, establishing 
the large positive strains and corresponding changes 
in dielectric constant  as exper imental  facts for which 
the theory of electrostriction must  account. 

T h e  Macroscop ic  T h e o r y  
Tradit ional  textbook t reatments  of electrostriction 

(15) write the stress due to electrical forces exerted 
on the surface of a dielectric slab in a paral le l -pla te  
capacitor as the sum of three terms: (i) the in te rna l  
pressure in the dielectric created by the field, (ii) the 
stress on the surface polarization charge layer, and 
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Fig. 2. The dependence of strain on field for the anodic oxide 
of niobium as measured optically and as calculated from a-c and 
open-circuit transient dielectric constant data using the Clousius- 
Mossotti relation. 
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Fig. 3. The dependence of strain on field for the anodic oxide of 
tungsten as measured optically and as calculated from a-c and 
open-circuit transient dielectric constant data using the Clausius- 
Mossotti relation. 

(i i i)  the stress on the charge layer  on the surface of 
the plate in contact with the dielectric. The in te rna l  
pressure is calculated by re la t ing the force on a dipole 
in a nonuni form field to the pressure gradient  in  the 
dielectric. Since the force involves the field gradient, 
both expressions can be integrated directly, and the 
in te rna l  pressure in  a un i form field is found to be 
r E/2 ,  where E is the field in  the dielectric, and cp is 
the polarization charge density on surfaces perpen-  
dicular to the field. The stress on the surface polariza- 
tion charge, if there is a gap between the slab and the 
plates, is ~p (Eo -- E)/2,  where Eo is the field in  the 
gap, and hence the in te rna l  pressure and the stress on 
the polarization charge sum to give a tensile stress 
equal to ~pEo/2 or K ( K  - -  1)e~E2/2 on the surface 
of the dielectric. For a slab not in contact with the 
plates, the stretching along the field lines in response 
to this tensile stress is known as electrostriction, and 
is quadrat ic  in the field. If, as is the case in our sys- 
tem, the slab is in contact with the plates, the stress 
on the surface charge layer, K2eoE2/2, is t ransmit ted  
to the dielectric, and the net  stress on the surface of 
the dielectric is a compressive stress equal to KeoE2/2. 
If the slab has a stiffness constant  c, the strain, u, 
which results from the compression exerted by the 
electrical forces is 

u = - -  KeoE2/2c [$] 

The small  compressive strain predicted by this ex- 
pression was what was expected before large strains 
of the opposite sign were found experimental ly.  As we 
shall see, the more advanced theoretical t rea tment  of 
electrostriction fares no bet ter  when  compared with 
experiment.  

The t rea tment  of electrostriction out l ined above 
neglects effects due to the var ia t ion of the dielectric 
constant  with density, and hence cannot  be expected 
to apply to high dielectr ic-constant  materials  which 
are expected to be quite sensitive to density variations. 
The var iat ion of dielectric constant  with density can 
be dealt with by in t roducing an addit ional  stress, but  
in order to determine the form of the stress we must  
formulate the problem in terms of energy ra ther  than 
in terms of force. There is considerable controversy 
in the l i terature over what  constitutes a proper non-  
l inear  theory of the elastic dielectric, but  for tunately  
we can avoid the controversy because all of the com- 
peting t reatments  give identical  results when applied 
to a system as simple as the one we are studying. The 
simplicity of our system results from the fact that to 
a very good approximation the field is uniform and 
confined to the oxide film. We get the same results 
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using a model with a th in  spherical dielectric shell on 
a massive metal  sphere as we get using a model with 
a thin slab constrained to have zero transverse strain, 
but  the slab model is much simpler mathematical ly,  
ana  is the one we use here. 

We can extract  a solution for our system from a 
more general  solution (16) by setting numerous  tensor 
components equal to zero, but  we get a bet ter  picture 
of what  is involved by restr ict ing our a t tent ion to 
the isotropic slab with zero trans'~erse s t ra in at the 
outset, and following through the steps in  the solution. 
Gr ind lay  (17) and Juretschke (2) have published 
t rea tments  of the dielectric slab problem which at-  
tempt to present  the theory in a form which treats the 
coupling be tween elastic and dielectric effects prop- 
erly, yet  is free of cumbersome mathematics.  Gr ind-  
lay's t reatment ,  which emphasizes the variat ional  
technique used to solve the problem, is more suitable 
for our purposes than Juretschke's  t rea tment  which 
emphasizes the tensor na tu re  of the coupling. Gr ind-  
lay's t reatment ,  however, is not self-contained, and 
we must  refer to his more general  t rea tment  of elec- 
trostriction (16) for an explicit  expression for the en-  
ergy density. 

In  order to set up a problem for a solution based 
on energy considerations, it is usual ly  necessary to 
have an expression for the energy density at all points 
in space, but  in  our system the field is confined to 
the slab, and the substrate  is unstrained,  so we need 
only an expression for the energy density in  the di- 
electric. In  order to avoid having to dist inguish be-  
tween energy density per un i t  volume and per uni t  
mass, we will  wri te  instead an expression for the in-  
ternal  energy, U, of a square slab of side l and un -  
s t rained thickness z. The in te rna l  energy is repre-  
sented by a power series in the strain, u, and the 
electric displacement, D, carried to fourth order in D 
(assuming u of order D2) 

U : [cu2/2 W (q -55 b/2) uD 2 -5 bD2/2] zl 2 [4] 

where c and q are the elastic stiffness and electrostric- 
rive constants of the oxide film, and b ---- 1/Koeo. This 
expression for the in te rna l  energy reduces to the 
correct form for a capacitor with a vacuum between 
the plates when  q and c are zero, and it can be used 
to describe a capacitor with a spring between the 
plates when q is zero and c is nonzero. [Note that if 
q ---- 0, (1 W u) can be factored out of the entire ex- 
pression since the elastic energy term is unchanged to 
second order in u when  it  is divided by (1 Jr u) .]  The 
in te rna l  energy d o e s  not contain the four th-order  
term in D used in the theory of ferroelectrics, and 
as a consequence we will find that the dielectric con- 
s tant  depends on the density bu t  not on the field, a 
result  which is consistent with the Clausius-Mossotti 
relation. 

The fundamenta l  relat ion in  Grindlay 's  t rea tment  
is the principle of conservation of energy 

8U = 8W [5] 

where 5U is the change in  in te rna l  energy when 
charge 5Q is added to the capacitor, changing the 
electric displacement by 5D : 8Q/12 and the strain 
by 5u, and 8W is the external  work done. In charging 
a capacitor with no external ly  applied stress, the only 
external  work done is the electrical work VbQ, where 
V is the potential  difference across the capacitor. If 
we expand 8U in  terms of 5u and 5D, Eq. [5] takes 
the form 

{[cu -5 (q -5 b/2) D2] 8u 

-5 [(2q -5 b) uD -5 bD] ~D} zl 2 = Ez (1 -su) 128D 

[6a] 

where E is the electric field in the oxide film. Collect- 
ing terms in 8u and 6D, we can rewri te  Eq. [6a] in  
the form 

[cu-5 (q -5 b/2) D~] ~u 

= [E (1 + u) -- (2q + b) uD -- bD] 6D [6b] 

In a var iat ional  calculation, 5u and 8D are t reated as 
arbi t rary  independent  variations, and hence their  co- 
efficients in Eq. [6b] must  vanish, yielding 

u---- - - (2q  -5 b) D2/(2c) [7] 

E ( 1 - S u ) - -  [ ( 2 q + b )  u W b ] D  [8a] 

These equations constitute a complete solution to the 
dielectric slab problem. Equat ion [7] gives the depen- 
dence of the strain on the electric displacement, and 
Eq. [8a] is an electrical equation of state which defines 
the dielectric constant. The equat ion of state can be 
compared with the Clausius-Mossotti relat ion by  re-  
wri t ing Eq. [8a] in the form of Eq. [lc] 

Ko/K -- 1 + (2q /b)u  [8b] 

Note that  if q equals zero, the dielectric constant  is in-  
dependent  of density, and the expression for the strain 
in Eq. [7] reduces to the expression given earl ier  in 
Eq. [3]. On the other hand, if the Clausius-Mossotti  
relat ion is valid, q must  equal 1/6 eo, and the strain will  
be larger by a factor of (1 + Ko/3) than predicted 
without taking the variat ion of dielectric constant  with 
density into account. 

We can use the results we have obtained to write our 
original  in te rna l  energy expression in  three al ternate  
forms which will  be useful  in  the discussion which 
follows 

U ---- [cu2/2 -5 (1 -5 u)ED/2]z l  2 [9a] 

U -- (cu2/2)zl 2 + QV/2 [gb] 

U ..: [bD2/2 -- (2q -5 b)2D4/8c]zD [9c] 

Comparison Between Theory and Experiment 
The electrostrictive constant  q, unl ike  the elastic 

stiffness c, can be either positive or negative, and we 
might expect the choice of sign to provide the degree 
of freedom needed to fit theory to experiment,  but  this 
is not the case. Equation [7] can account for the ob- 
served positive strain if q is negative and sufficiently 
large, but  Eq. [8b] which must  account for the ob- 
served decrease in dielectric constant  with increasing 
field involves the product  qu and requii'es that  q be 
positive to agree with experiment.  

We can see how this conflict arises by considering 
the implications of using the in te rna l  energy expression 
given in Eq. [9b] to describe the charging of a capaci- 
tor whose dielectric constant  varies dur ing the charg- 
ing process. Equat ion [9b] states that the in te rna l  
energy is the sum of the electrostatic term QV/2 and an 
elastic term (cu2/2)zl 2. There is nothing unreasonable  
about this statement,  and it is something we might  well  
have assumed at the outset. It does, however, dictate 
the shape of charging curves. Figure 4 shows charg- 
ing curves for capacitors with the same low-field di-  
electric constants and same total charge, bu t  whose 
dielectric constants (a) remain  unchanged,  (b) in -  
crease by 25%, and (c) decrease by 25% during the 
charging process. The external  work done in each case 
is the area under  the charging curve, and the electro- 
static term in  the in te rna l  energy is the area under  the 
line joining the endpoints of the charging curve. If the 
dielectric constant does not change dur ing the charging 
process, the external  work done and the electrostatic 
energy stored are equal, and hence the elastic energy 
is zero. If the dielectric constant increases dur ing the 
charging process, the charging curve will  curve toward 
the charge axis, the external  work done will exceed 
the stored electrostatic energy, and the difference wil l  
be stored as elastic energy. This is the prediction of 
our theory, and it is the direction of the change in di-  
electric constant  which is critical, not  the sign of the 
strain which appears squared in  the elastic energy 
term. 



2686 J. E l e c t r o c h e m .  Soc.:  S O L I D - S T A T E  SCIENCE AND TECHNOLOGY D e c e m b e r  I980 

POTENTIAL 

C 

% B 

D 

CHARGE 

Fig. 4. Charging curves for capacitors with dielectrics whose 
dielectric constants have the same low field value, but (a) remain 
unchanged, (b) increase by 25%, (c) decrease by 25% during 
charging. 

If the dielectric constant  decreases dur ing the charg- 
ing process, the charging curve will curve away from 
the charge axis, and the external  work done will  be 
less than the electrostatic energy s tored--a  clearly 
impossible si tuation because the elastic energy can-  
not be negative. This then is the extent  to which theory 
and exper iment  disagree: the apparent ly  reasonable 
expression we derived for the in te rna l  energy of a 
capacitor makes it  impossible for the exper imenta l ly  
observed decrease in  the dielectric constant  to occur 
without  violating the principle of energy conservation. 
Since the principle of energy conservation is not  seri- 
ously open to question, there must  be something wrong 
either with the exper imenta l  results or with the 
theory. 

All exper imental  results can be questioned, and more 
measurements  correlat ing dielectric constant  variat ion 
with strain need to be made, but  it is unl ike ly  that an 
effect which has been seen in both in s i tu  anodic oxi- 
dation studies at room temperature  and t an ta lum film 
capacitor studies at  l iquid n i t rogen tempera ture  will  
prove to be an artifact of the widely different measure-  
ment  techniques. If we accept as fact the exper imental  
observation that  the dielectric co fistant can decrease 
when the field is applied, then we must  reject the 
theory we derived in the previous section. We could, of 
course, argue that our theory constitutes a definition of 
electrostriction, and that other effects may mask its 
exper imental  observation, but  a theory of electro- 
striction which applies to nei ther  electrolytic nor  film 
capacitors is sterile at best. 

The conflict between theory and exper iment  can be 
resolved by looking carefully at what  both theory and 
exper iment  are saying. If we look at the charging 
curve in Fig. 4 for a capacitor whose dielectric constant  
decreases on charging, we can, without  assuming a 
form for the in te rna l  energy, determine whether  or 
not  the decrease is a consequence of the strain in the 
film. If the decrease in  dielectric constant  results from 
the strain, then if we clamp the capacitor and charge it  
without al lowing the film thickness to change, the 
charging curve will be linear, and the external  work 
will be less than for charging a free capacitor. If we 
disconnect the charging supply before releasing the 
clamp, the external  work done dur ing the release will 
be negative no mat ter  what  the sign of the strain be- 
cause the force exerted by the clamp must  oppose the 
displacement to the s t rained state. Hence the external  
work done in charging a clamped capacitor then re-  
leasing it  is less than the work done by the free ca- 
pacitor when it  is subsequent ly  discharged. Conserva- 
tion of energy therefore forces us to conclude that  if 
the dielectric constant  decreases dur ing  charging it  

cannot be due to strain in the film, no mat te r  what  its 
sign. We can, in  fact, conclude that  more work mus t  
be done to charge a clamped capacitor than a free one, 
and hence the effect of s train must  actual ly oppose the  
observed decrease in  the dielectric constant, not  pro-  
duce it. 

We can reach the same conclusions without  reference 
to the exper imental  results s imply by requir ing that  
the theory apply to large electrostrictive effects as 
well as small. (Perhaps "large" is an inadequate  term 
to apply to effects which are m a n y  orders of magni tude  
larger  than anticipated.) The Solution we derived in  
the previous section is only stable if the effects are 
small, and hence we should not be surprised that  it 
conflicts with the exper imenta l  results on anodic 
oxides. The ins tabi l i ty  shows up  clearly both in  the 
in te rna l  energy expression and  on a charging curve. 
The in te rna l  energy expression in  Eq. [9c], which w a s  
obtained by subst i tu t ing the solution for the s t ra in  
back into the original in te rna l  energy expression, is the 
sum of a positive term in D2 and a negative term in  D 4. 
(The sign of the D 4 term is inheren t  to the theory a n d  
does not  depend on the sign of q.) This means that  al-  
though the energy increases with D at small  D, as D 
gets larger it  decreases without  bound. This effect 
shows up in a different way on the charging curve in 
Fig. 4 for a capacitor whose dielectric constant  in-  
creases on charging. The curve is drawn for a quad-  
ratic dependence on D with an overall  change of 25% 
in the dielectric constant. Note that the charging 
curve is almost flat at its top end, and if charging is 
cont inued the potent ia l  across the capacitor will  actu-  
ally begin to decrease as addit ional  charge is added. 
Hence the increase in the dielectric constant  required 
by the theory guarantees its instabili ty,  and the ex- 
per imenta l ly  observed decrease in the dielectric con- 
s tant  is actual ly a necessity if the system is to be 
stable. 

Once the stabil i ty problem is recognized, and it is 
realized that the decrease in the dielectric constant  
cannot be due to the strain in the film, it is not  difficult 
to modify the theory to ensure stabil i ty at high fields. 
Our expression for the in terna l  energy is a power series 
in even powers of D with a lead te rm of second order, 
and four th-order  terms of the form u 2 and uD2. As we 
noted at  the outset, there is the addit ional  explicit  
four th-order  term, and this te rm is needed for a stable 
four th-order  theory. If we write the in te rna l  energy in  
the form 

U :_ [cu2/2 -p (q -~ b / 2 ) u D  2 -{- gD4/4 ~- bD2/2]zl  ~ [10] 

and follow the same procedure we used in the last 
section, our expression for the s t ra in in  Eq. [7] re-  
mains unchanged, bu t  Eq. [8b] which defines the di-  
electric constant becomes 

K o / K  : 1 -t- ( 2 q / b ) u  ~- ( g / b ) D  2 [11] 

and Eq. [9c] for the in te rna l  energy becomes 

U : [bD2/2 ~- (g /4  -- (2q -{- b)2 /Sc)D4]zI  2 [12] 

For stabil i ty we require the coefficient of D 4 in  Eq. 
[12] to be positive, and hence 

g > (2q -{- b)~/2c  [13] 

As we expected, the sign of q does not affect stability, 
and we are free to choose q negative a fit the sign of 
the observed strain. Equation [11] bears out the con- 
clusion we reached by considering a clamped capaci- 
tor: the decrease in dielectric constant  is due to an 
explicit field-dependence, and the s t ra in in the film 
acts to oppose the change in dielectric constant. If it 
were not for the sign of the strain term, Eq. [11] could 
be thought of as an extension of the Clausius-Mossotti  
relat ion to allow ~or f ield-dependent  polarizability, 
but  with the sign as it is, we are forced to conclude 
that  the Clausius-Mossotti re lat ion is s imply not  valid 
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for  the v a l v e - m e t a l  oxides. We reach  this conclusion 
re luc tan t ly ,  for we have made  extens ive  use of the  
Clausius-Mossot t i  re la t ion  in the  pas t  to re la te  d i -  
e lect r ic  constant  var ia t ion  to strain,  bu t  the  conclusion 
is a d i rec t  consequence of energy  conservat ion appl ied  
to the observed  decrease  in die lect r ic  constant  wi th  
increas ing field, and is inescapable .  

The quadra t ic  dependence  of s t ra in  on d isp lacement  
p red ic ted  by  the theory  serves to resolve the minor  
cont roversy  in the l i t e ra tu re  over  the form of the  
field dependence.  A quadra t ic  dependence  on KE wil l  
appea r  quadra t ic  in E up to fields at  which  the  decrease  
in K becomes significant, and beyond  this poin t  the de-  
pendence on E wil l  appea r  s lower  than  quadrat ic .  For  
tan ta lum,  therefore,  the dependence  should appear  
quadra t ic  a lmost  al l  the way  to the anodizing field, but  
for  n iob ium and  tungs ten  the  dependence  should ap-  
pea r  quadra t ic  over  no more  than  ha l f  the region to 
thei r  anodizing fields. This p red ic t ion  is consis tent  wi th  
our  expe r imen ta l  findings and wi th  the different  ranges  
used to fit the  r epor ted  quadra t ic  dependences  for  
t an t a lum (4) and  n iob ium (5). 
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Bilayer Taper Etching of Field Oxides 
and Passivation Layers 

Lawrence Keith White 
RCA Laboratories, David Sarno~ Research Center, Princeton, New Jersey 08540 

ABSTRACT 

As geometries and design rules become more stringent for multilayer devices, 
precise taper control is essential to insure high reliability products. A bilayer 
process appears to provide precise taper control and the ability to adjust the 
taper angle as various IC designs may require. The taper control layer of a 
bilayer process minimizes the effect of the photoresist-oxide interface prop- 
erties on the tapering process. Control of the taper is determined by the 
etch ratio of the underlying layer's etch rate to the taper control layer's etch 
rate.  Examples  p resen ted  here show that  the rmal  SiO2 can be t ape red  wi th  
control  layers  of CVD S i Q  and 6% densified PSG can be t ape red  wi th  an un-  
densified PSG laye r  of s imi lar  phosphorus concentrat ion.  Opt imum control  
l ayer  thickness ranges f rom 500 to 1000A. Taper  angles a r e  r e l a t ive ly  insen-  
s i t ive to etch t e m p e r a t u r e  and buffer composit ion changes for  buffered HF 
etchants.  Taper  slopes were  es t imated  by  a combinat ion  of Tencor  A l p h a -  
Step prof i lometry  or in ter ference  fr inges ob ta ined  f rom optical  microscopy.  
SEM analys is  was used to ver i fy  these results .  

P rope r ly  t apered  steps for  mu l t i l aye red  devices a re  
essential  for high re l i ab i l i ty  products .  Smooth and 
g radua l ly  sloped steps for field oxides, and for under  
meta l  pass ivat ion layers  p romote  good meta l l iza t ion  
coverage and minimize  bur ied  channel  and void for -  
mation. One taper ing  process used now for IC produc-  
tion is undercu t t ing  at the  photores is t -oxide  interface.  
The process is based on photoresis t  adhesion and is 
h ighly  sensi t ive to env i ronmenta l  factors that  influ- 
ence the  photores i s t -ox ide  in ter face  proper t ies ,  such 
as t empera tu re ,  humidi ty ,  photores is t  lot, and  surface 

Key words: etching, slope angle, silicon dioxide, phosphosili- 
cate, CVD. 

contaminat ion.  Al though this process is workable ,  
precise control  of t ape r  angle  is difficult. Precise  con- 
t rol  of t aper  angle  is becoming more  cri t ical  for the 
ant ic ipated  reduced  geometr ies  and t igh te r  design 
rules  for IC's. 

Taper ing  processes were  inves t iga ted  that  had  the 
potent ia l  to provide  t ighter  control  for the rmal  oxides 
or  pass ivat ing  PSG layers.  The processes a re  based on 
good photoresis t  adhesion, as this var iab le  appears  
easier  to control  than  va ry ing  degrees  of poor  ad -  
hesion. Consequently,  a photores is t  pr imer ,  h e x a -  
methyld is i lazane  ( t IMDS) ,  has been used for all  these 
studies. The l i t e ra tu re  descr ibes  severa l  techniques 
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that can be used to taper steps during chemical pat-  
te rn  etching. These include etch temperature  var ia-  
tion (1-3), buffer composition variat ion (2-4), ion- 
implan t  techniques (5, (~), and bilayer control process 
(7-9). In  many  respects the ion- implan t  technique is 
similar to a bi layer process. The ion- implan t  process 
step can be viewed as a way of producing a fast-etch- 
ing taper control layer on top of a field oxide. Although 
ion- implan t  techniques would appear to provide ex- 
cellent taper control, according to the l i terature,  the 
economics of the process woulct appear to be unat t rac-  
tive and control of ion- implan t  parameters  could be 
difficult. ~lhus, our efforts have concentrated on etch 
temperature  variation, HF buffer composition, and the 
bi layer  control processes. Early in  our study, it be-  
came apparent  that both the etch temperature  and HF 
buffer composition tapering techniques depended on 
interface properties. Since these properties are in-  
herent ly  difficult to control, most of the work here 
deals with the bilayer tapering process. 

The determinat ion of the average taper is not 
trivial. Several  methods were used to monitor  the 
performance of the tapering process. They include 
Tencor profilometry, interference microscopy, and SEM 
analysis. Comments on the use and applicabil i ty of 
these methods in a production envi ronment  are in-  
cluded. 

Experimental 
A number  of dielectric layers were deposited or 

grown on polished, single crystal silicon wafers. The 
methods for each type of layer are summarized as 
follows: (i) Thermal  SiO2 was grown at 1000~ in 
steam at (atmospheric) pressure to a thickness of 
1 ~m. (ii)CVD SiO2 used for taper control layers was 
deposited from a s i lane-oxygen-ni t rogen gas mixture  
at 450~ (iii) PSG layers were deposited from a 
s i lane-phosphine-oxygen-ni t rogen gas mixture  at 
450~ and in some instances at 300~ 

Densification of CVD SiO2 and PSG were carried 
out in a ni t rogen ambient  for 30 min  at the desired 
densification temperature.  Thicknesses of CVD SiO2, 
CVD PSG, and thermal  oxide films were measured 
with a Tencor Alpha-Step Profilometer. Etch rate 
measurements  and pa t te rn  etching were done in a 
constant temperature  bath controlled wi thin  +__0.2~ 
Pat te rn  etching times through field oxide or passivat- 
ing layers were determined by observing the re- 
pellency point  of the etchant on the under ly ing  silicon 
of an unpa t te rned  control sample or from previously 
determined etch rate and thickness measurements.  
The etchants used for these studies were all buffered 
HF compositions that  were made from reagent grade 
40% aqueous NH4F and 49% aqueous HF. Volume to 
volume compositions of the NH4F and HF solutions 
used for these studies ranged from 6:1 to 30: 1. 

Photoresist masking for pat tern  etching was done 
with Kodak 747 negative photoresist. The adhesion 
promotion pr iming t rea tment  consisted of a 5 min 
immersion in  neat  (10.0%) HMDS. 

The determinat ion of average taper for pat terned 
etched samples is discussed in a following section. A 
combination of SEM analysis, Tencor profilometry, 
and interference optical microscopy was used. 

Temperature and Buffer Composition Taper 
Etching Studies 

Ini t ia l  taper etching studies examined the effects 
of the etch temperature  and buffer composition. These 
effects have been examined in the l i terature  by Parisi  
et al. (1). Since both these methods of tapering are 
based on enhanced etch rates at the photoresist- 
oxide interface, careful control of interface properties 
is necessary to produce meaningful  results. These 
experiments  have been repeated with the use of an 
adhesion pr imer  to insure that  the photoresist-oxide 
interface has good adhesion. A single type of nega-  
tive photoresist, Kodak 747, was used throughout  the 

study. These experiments were s t ructured to deter-  
mine whether  enhanced etching of the interface was 
still operative even with good photoresist adhesion. 

Figure la  and b display a schematic of the expected 
taper for conditions of "good" and "poor" photo- 
resist adhesion at the interlace. If adhesion is "good," 
an isotropic etchant etches at the same rate in  every 
direction. The classic quar ter  circle profile for the step 
is the expected result  (Fig. la) .  Although the taper 
at the bottom of this step is smooth, the top portion 
of the step is sharp and steep, and thus undesirable. I~ 
practice, the full quar ter  circuit profile is not usual ly 
observed, because most etching processes employ some 
degree of overetching. Under  overetch conditions, the 
arc of the profile is less than that  of a quar ter  circle 
giving steeper and still less desirable average tapers. 
If adhesion is "poor," enhanced etching occurs at the 
interface, and the etch rate in the lateral  direction is 
greater than that in  the vertical direction, producing 
a smooth taper both at the top and bottom of the 
step. The taper angle is determined by the increased 
magni tude  of the lateral  etch rate relative to the 
vertical etch rate. Because the magni tude  of the 
lateral  etch rate is highly sensitive to interface proper-  
ties, the slope of the taper is difficult to predict  or 
reproduce. 

Figure 2 plots the average taper for thermal  oxide 
as estimated from interference microscopy vs. the HF 
buffer composition. The estimated average tapers dis- 
played here are not necessarily smooth. Taper profiles 
approaching a quar ter  circle are expected for the 
steeper slopes. The average taper displayed here is 
more a relative measure than an absolute measure 
of the taper profile. A discussion of estimation of 
average taper is presented in a later  section of this 
report. The compositions of the various volume- to-  
volume mixtures  of 40% NHH4F and 49% HF have 
been converted to molari ty of HF. The 6: 1, 10: 1, and 
20:1 compositions are marked on the HF axis. The 
" [HF]"  concentrat ion shown is not the actual com- 
position of the etchant, since other etching species 
are present, notably HF2-.  Figure 2 shows that higher 
etching temperatures  and higher buffer compositions 
produce shallower tapers for the oxide step. An exact 
com~parison of our results to the Parisi  s tudy (1) is 
difficult, since average taper angles were not reported 
for every etching condition and their evaluat ion meth-  
ods were somewhat different. However, the present  
results appear to be in reasonable agreement  with 
Parisi. It should be emphasized that the results dis- 

A. 
~/~////////////~/PHOTO RESIST yt/6'~t 

~ ~  LATERAL AND VERTICAL ETCH RATE 
EQUAL GOOD PHOTO RESIST ADHESION 

u REQUIRED 

B. 

~//'////////f'////~ PHOTO RESIST/////// 
j 

~ T E R A L  ETCH RATE INCREASED 
v / BY POOR ADHESION OR BY 

I / PREFERENTIAL ATTACK AT THE 
J ~ , / ~  0 INTERFACE 

C. 

V//////////~, P H 0 T 0 R E S I ST ;"//////////////////Z 

..~ _ / / ~ L A : J : x x x , , T A P E R  CONTROL LAY ER" 

// ERAL ETCH RATE CONTROLLED 
BY FASTER ETCHING TAPER CONTROL 
LAYER 

Fig. 1. Tapering processes 
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Fig. 2, Observed taper vs. HF buffer composition 

played  in Fig. 2 should not  be considered exact  or  
reproducible .  A different  photores is t  lot  or somewhat  
different  processing condit ions could d ramat i ca l ly  
change the observed taper .  For  example ,  on occasion 
the degree  of l a te ra l  undercu t  has been observed to 
increase  by  factors of two to three  t imes wi th  no 
in tent ional  or obvious change in processing conditions. 

The resul ts  shown in Fig. 2 i l lus t ra te  that  the t ape r  
of field oxide can be var ied  th rough  var ia t ions  in 
the e tehant  composit ion or the e tching tempera ture .  
Both these processes can provide  some degree  of "- 
t ape r  control,  but  both  are  st i l l  based on the p rop-  .~ 
ert ies  of the photores i s t -ox ide  interface.  Obviously,  
e tchant  t empe ra tu r e  changes influence the e tchant  ,., 
composi t ion or  the in terface  proper t ies  to va ry  the 
undercu t t ing  (i.e., the l a t e ra l  etch ra te  at  the in t e r -  

2:  face) .  Buffer composi t ion changes also have  a s imi lar  
effect. ,,, 

Both of these processes a re  st i l l  subject  to var ia t ions  
in in ter face  propert ies .  Af te r  all, at constant  buffer 
composition, t empe ra tu r e  changes affect the t ape r  angle  
and vice versa. Even in the presence of good adhesion, 
some pre fe ren t ia l  a t t ack  at  in terfaces  occurs under  
a va r ie ty  of conditions. Also, these resul ts  demons t ra te  
tha t  etch t empe ra tu r e  and buffer composit ion va r ia -  
t ion can be used to de te rmine  how sensi t ive a t aper ing  
process is to in terface  proper t ies  and photores is t  unde r -  
cutting. The studies of the b i l aye r  t aper  control  process 
make  use of s imi lar  exper iments  to test the sensi-  
t iv i ty  of the t ape r  angle  to in terface  proper t ies  and 
undercu t t ing  effects. Taper  processes that  do not  re ly  
on in ter face  proper t ies  should be easier  to control. 

B i l a y e r  T a p e r  C o n t r o l  Process  
Mul t i l ayer  processing of IC's requi res  tha t  top 

layers  etch fas ter  than  under ly ing  layers  to produce ~lo 
a smooth taper.  The b i l ayer  t ape r  process inves t iga ted  "1 > W O  

here  makes  use of this observat ion to t aper  ind iv idua l  ~- 
field oxide or u n d e r - m e t a l  pass iva t ing  layers.  A faster  v _o 
etching taper  control  l ayer  is deposi ted on the l aye r  
to be tapered.  Severa l  l i t e ra tu re  repor ts  (7-9) have = 
used this technique to t ape r  steps of a va r i e ty  of 
compositions.  = 

Figure  lc  shows a schemat ic  of the  b i l aye r  process. 
The taper  control  l aye r  is deposi ted on top of the 
under ly ing  layer  to be pa t t e rn  etched. The rat io  of 
the etch ra te  of the t ape r  etched l aye r  to tha t  of the 
control  l ayer  de te rmines  the taper  angle. Our  in i t ia l  
s tudy  used a CVD SiO2 t ape r  control  l ayer  deposi ted 
at  450~ to t ape r  etch the rmal  oxide. To test the  

process sensi t iv i ty  to photores i s t -ox ide  in ter face  p rop -  
er t ies  and undercut t ing,  severa l  exper iments  were  done 
vary ing  the etching t empe ra tu r e  and the e tchant  buffer 
composition. 

F igure  3 summarizes  etch ra te  da ta  for 450~ de-  
posi ted CVD SiO2 and the rmal  SiO2 as a funct ion of 
e tchant  composition. Data  was collected for  two e tch-  
ing tempera tures ,  25 ~ and 40~ Note that,  as p r e -  
viously described,  the  buffer composit ion is expressed 
as an I-IF concentra t ion and 6: l, 10: 1, and 20:1 com- 
posit ions are  m a r k e d  on the axis. Assuming  tha t  the  
re la t ive  etch rates  of the control  l ayer  to the unde r -  
ly ing l aye r  (i.e., the etch rat ios)  de te rmine  t ape r  
angles, some change in t ape r  angle  may  be expected  
jus t  f rom the etch rat io  variat ions.  F igure  4 plots  
the etch ra te  rat io  of var ious  CVD control  layers  on 
the rmal  oxide against  buffer composition. The changes 
in the etch rat io  are  slight,  even for different  etching 
tempera tures .  Thus, the t ape r  slope using a CVD SiO2 
control  l ayer  is expected to be r e l a t ive ly  insensi t ive 
to etch t empera tu re  and buffer composition, p rovided  
tha t  undercu t t ing  effects at the in terface  are  insignif-  
icant. Comparisons of tapers  obta ined using the b i -  
l ayer  process show tha t  var ia t ions  of the t empera tu re  
or buffer composit ion do not  change the observed 
t ape r  significantly. F igure  5 displays  in ter ference  
fr inges for a the rmal  oxide etched at  25 ~ and 40~ 
The change in the dis tance f rom bot tom of step to 
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VERTICAL SCALE 5KA/cm 

HORIZONTAL SCALE 20K~/cm 

CVD SiO~, CONTROL LAYER OVER THERMAL OXIDE /- o 

9.5KA THERMAL 

10.SK~, CVD SiO 2 

o 

j 9.5KA THERMAL 

5.0K~ CVD SiO 2 

Fig. 5. Interference fringes for tapered thermal oxide, a (top) 
6:1 buffered HF 25~ CVD Si02 deposited at 450~ over thermal 
oxide, b (bottom) 6:1 buffered HF 40~ CVD Si02 deposited at 
450~ over thermal oxide. 

top of step is small,  indica t ing  only minor  changes 
in the taper  angle have occurred.  S imi la r  resul ts  have 
been obta ined using various e tchant  compositions. This 
insensi t iv i ty  to envi ronmenta l  factors that  normal ly  
produce taper  angle  changes in the absence of a con- 
t rol  l ayer  indicates  that  the effects of in terface  p rop-  
er t ies  and undercut t ing  are  indeed insignificant or 
smal l  for the b i layer  t aper ing  process. Evident ly ,  
control  of the taper ing  process has been t rans fe r red  
from the photores is t -oxide  interface to the taper  con- 
t rol  layer .  In  addit ion,  con t ra ry  to undercu t t ing  p ro -  
cesses, we do not expect  the average  taper  angle  p ro -  
duced from a b i l ayer  process to be significantly af-  
fected by  the d e g r e e o f  overetching.  

The effect of the thickness of the t aper  control  l ayer  
on the taper  slope of the step was also examined.  
CVD SiO2 taper  control  layers  ranging in thickness 
from I to 20 k A  were  deposi ted on a I0 kA the rmal  
oxides. Profiles of the pa t t e rn  etched slopes were  re -  
corded on a Tencor A lpha -S t ep  Profi lometer .  These 
resul ts  are  d isp layed in Fig. 6. Two slopes are  appa ren t  
in the profile, one corresponding to the the rmal  oxide 
and the other  to the t ape r  control  layer.  The slopes 
of steps wi th  t aper  control  l ayer  thicknesses less than  
2000A appear  smooth. However ,  this observat ion is 
an ar t i fac t  of the Tencor  A lpha -S tep  Profi lometer .  
SEM's of these samples  do detect  a small  l ip for the  
t aper  control  layer .  F igure  7 shows an example  of 

C 9.5 K,~ THERMAL 
o 

I.OKA CVD SiO 2 

Fig. 6. Tencor traces of tapered profiles 

the l ip for a 1000A SiO2 CVD laye r  on top of  a 10 
k/~ the rmal  oxide layer .  

Genera l ly ,  the  slope of the taper  control  l ayer  is 
s teeper  than  tha t  of the under ly ing  field oxide. An  
etch profile of an arc  less than  a qua r t e r  circle is 
expected for the control  layer ,  whi le  the rat io  of 
the etch rates should de te rmine  the slope of the 
under ly ing  oxide. The Tencor traces and in ter ference  
f r inge  analysis  indicate  tha t  the t ape r  of the unde r -  
ly ing  oxide is r e l a t ive ly  insensi t ive to the control  
l ayer ' s  thickness. 

The lip produced  by  the taper  control  l aye r  could 
in ter fere  wi th  meta l l iza t ion  coverage. Thinner  t ape r  
control  layers  produce less subs tant ia l  and less not ice-  
able  lips. Thus, thin t aper  control  layers  are  more  
desirable.  A t ape r  control  l aye r  of 500-1000A thickness 
should provide  good coverage of the  under ly ing  oxide 
and keep the control  l ayer ' s  l ip small .  We also be -  
l ieve that this thickness is sufficient to insure that 
the undercutting and interface attack have minimal 
effect on the taper angle. Should the small lip on 
the taper control layer present coverage problems, 
dip etching can be employed to completely remove 
the taper control layer. Since the bilayer taper con- 

Fig. 7. Taper control layer on thermal oxide, 1 k_~ CVD Si02, 
10 k~ thermal oxide, SEM angle 80 ~ 
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trol  process is insensi t ive to t ape r  control  l aye r  th ick-  
ness, etch tempera ture ,  and buffer composition, some 
o ther  p a r a m e t e r  mus t  be used to a l t e r  the  t aper  angles.  
The etch ra te  proper t ies  of control  l aye r  can be 
modified to control  the angle  of the t aper  slope. Two 
examples  of a b i l aye r  process a re  p resen ted  here  
tha t  use  var ious  methods  to v a r y  the  etch ra te  of 
the  control  layer .  

Bilayer Etching Results 
The etch ra te  of the CVD SiO~ control  l aye r  used 

to t ape r  etch pa t t e rned  the rmal  oxide  can be a l t e red  
by  densification at  the  appropr ia t e  t empera ture .  F igu re  
8 plots  the  e tch ra te  of CVD SiO2 deposi ted  at  450~ 
vs. densification t empera tu re ,  where  the densification 
is car r ied  out  in d r y  n i t rogen for 30 rain. The etch 
t e m p e r a t u r e  is 25~ and buffered H F  (6:1 v / v  
40% NH4F:49% HF)  is the etchant.  The etch ra te  
of t he rma l  SiO~ is inc luded for a reference.  F igure  
9a, b, c, show SEM's of the  t ape r  of the  field oxide  
for  the  var ious  CVD SiO2 control  layers .  The tapers  
es t imated  f rom i n t e r f e r e n c e  optical  microscopy are  
13 ~ for  the 450~ CVD SiO2 (as depos i ted) ,  24 ~ for 
the  625~ densified CVD SiO2, and 37 ~ for the 800~ 
densified CVD SiO2. F igure  10 plots  these es t imated  
tapers  vs. densification tempera ture .  

Etch ra te  da ta  for the control  l aye r  and under ly ing  
ox ide  can p rov ide  some predic t ive  abi l i ty  for the  
expec ted  t ape r  angle. The arc tangent  of the etch 
ra te  ra t io  would  appea r  a reasonable  approximat ion .  
The pred ic ted  t ape r  from etch ra te  da ta  is also shown 
in Fig. 10. The arc tangent  funct ion consis tent ly p re -  
dicts lower  t ape r  angles than  those es t imated for our  
exper iments .  Also, the m a x i m u m  theoret ica l  angle  
possible is 45 ~ . This m a x i m u m  angle  would  correspond 
to the  average  slope of the  qua r t e r  circle profile, bu t  
the es t imated  average  angle  could be much steeper.  
Since the bo t tom of the step has a shal low taper,  
opt ical  detect ion methods  may  not  discern the  t rue  
bo t tom of the step. This difficulty could lead  to es-  
t ima ted  average  tapers  s teeper  than  the ac tual  average  
slope for the qua r t e r  circle profiles. Also, the qua r t e r  
c i rc le  impl ies  zero overetch;  in pract ice,  an overetch 
t ime mus t  be used and thus angles g rea te r  than  45 ~ 
are  l ikely.  

L i t e r a tu re  references  (1, 10) r epor t  that  the arc  
sine of the etch rat io  can be used to approx ima te  the 
observed taper.  The predic ted  t ape r  using the arc 
sine function is also d isp layed in Fig. 10. Al though 
some improvemen t  for  pred ic t ing  our  es t imated  a v e r -  
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Fig. 8. Etch rote vs. CVD Si02 densification temperature 

Fig. 9. SEM of taper produced from various CVD control layers. 
a (top) 6:1 buffered HF at 25~ CVD SiO2 control layer denslfied 
at 800~ b (center) 6:1 buffered HF at 25~ CVD SiO2 control 
layer donsified at 625~ c (bottom) 6:1 buffered HF at 25~ 
CVD SiO~ control layer deposited at 450~ 

age tapers  is apparent ,  pa r t i cu l a r ly  for the s teeper  
tapers,  our  es t imated  taper  angles st i l l  are h igher  
than  the p red ic ted  ones. This d iscrepancy is not  
thoroughly  understood.  Uneven t ape r  slopes and the 
exper imen ta l  e r ror  for the es t imated  average  t ape r  
may  account fo r  pa r t  of the discrepancy.  However ,  
o ther  factors m a y  p lay  a role. Etchant  deplet ion in 
occluded regions produced  dur ing  pa t t e rn  etching 
could lead  to var ia t ions  in the ver t ica l  and l a t e ra l  
etch rates. Oxide thickness and the extent of pattern 
delineation could influence the etchant depletion witl~in 
occluded regions. In spite of these apparent discrep- 
ancies between the predicted and observed average 
taper slope's, the arc sine functional form appears to 
be a good s tar t ing point  for predic t ing  taper  angles 
for  un t r i ed  control  layers  f rom etch ra te  data  alone. 
Af te r  in i t ia l  t aper  determinat ions ,  ad jus tmen t s  in the  
etch rat io to a l te r  the  t aper  slope can be made  as 
required.  

PhosphosiHcate glasses a re  being used more  f r e -  
quen t ly  in device fabr ica t ion  for thei r  ge t ter ing  capa-  
b i l i ty  or flow propert ies .  Taper  etching of these 
glasses m a y  requi re  t ape r  control  layers  tha t  etch 
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faster than a CVD SiO2. PSG passivating layers are  
typical ly densified before pa t te rn  etching. Thus, faster 
etching undensified PSG can be used as a taper c o n -  
trol  layer, Densified 6% PSG has been tapered with 
an undensified PSG layer  of similar phosphorus com- 
position (deposited at 450 ~ or 300~ Figure 11 dis- 
plays SEM photographs of some tapers obtained using 
an undensified control PSG layer of similar  phosphorus 
composition in  buffered HF at 25~ Suitable 
tapers are obtained using the undensified PSG control 
layer  (10). Phosphorus composition of the layer  or 
the deposition tempera ture  can be used to vary the 
etch rate of the taper control layer. If, however, a 
phosphorus content  greater than 6% is used, or if 
the 6% taper control layer is not subsequent ly  densi-  
fled, the layer  should be removed before metall izat ion 
to reduce susceptibil i ty to metal  corrosion (11). 

The previous examples show that a bi layer  p r o c e s s  
can be tailored into specific IC designs to provide 
the  desired taper. The t ransfer  of the taper control 
from the photoresist-oxide interface to the taper con- 
trol layer  makes it possible to alter the taper angle. 
CVD deposited layers, however, are only one possible 
candidate for a taper  control layer. Since the taper 
angle is largely controlled by the etch rate of the 
control layer  relative to the under ly ing  layer to be 
pat terned etch, several types of taper control layer  
compositions and deposition techniques appear pos- 
sible. LPCVD deposited layers show promise as taper 
control layers. These rapidly deposited, uniform layers 
will  provide scale-up production advantages over the 
conventional  atmospheric pressure CVD deposition. 

Determinat ion of the Taper Angles 
Accurate and rapid determinat ion of the taper angle 

for a process in a production envi ronment  is not a 
tr ivial  task. The taper angle is not necessarily smooth, 
as pointed out in previous discussions. In  the classic 
quar ter  circle profile for pure isotropic etching, the 
taper angle ranges from 0 ~ at the bottom of the step 
to 90 ~ at the top of the step. Small  lips encountered 
for the bi layer  process, and for various undercut t ing 
processes, also produce deviations from a smoothly 
tapered step. In  spite of these excursions from a 
smooth taper angle, we believe that an average taper 
of a step provides a simple and useful characterization 
of a tapering process. 

Since most thin-f i lm layers used in IC manufac ture  
have thicknesses of one micron or less, average taper 
angle determinations require the measurement  of dis- 
tances of a similar magnitude.  Both the thickness of 
the step and the span between the top and bottom 
of the step need to be estimated to obtain an average 

Fig. 11. SEMS of tapered 6% densified PSG layers, a. 6:1 
buffered HF at 25~ undensified 6% PSG, control layer deposited 
at 450~ b. 6:1 buffered HF at 25~ undensified 6% PSG, 
control layer deposited at 300~ 

taper angle. Two rapid methods of taper est imation 
were used in our studies: interferences fringes ob- 
tained from optical spectroscopy and Tencor Alpha-  
Step profilometry. SEM photographs at low angles 
were used to check the accuracy of our taper angle 
determination.  

The Tencor profilometry technique involves the use 
of a stylus to trace the profile of the step. The 
vertical  step is expanded and an excellent thickness 
determinat ion is obtained. The lateral  distance deter-  
minat ion going up the step is on a less expanded scale 
and can be distorted by the point  of the stylus (12). 

Profiles have been examined using styli of different 
radius (12). The smaller  radius stylus points produce 
profiles that are less sensitive to distortions produced 
by the stylus point. The smallest stylus available, 
nominal ly  a 2 micron stylus radius, can detect dif- 
ferences in the profile slope provided the slope is 
less than 35 ~ for a 1 ~m step. This technique cannot 
measure any slopes greater than 35 ~ , and taper angles 
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approaching  this angle  a re  not detected wi th  good 
sensi t ivi ty,  due to the  effect of the  s tylus  radius  (12). 
Also, the  m a x i m u m  detec table  t ape r  angle  decreases 
as the s tep he igh t  decreases (12). 

The use of in te r fe rence  fr inges obta ined  with  an 
opt ical  microscope has  different  d isadvantages .  The 
fr inge count for a l aye r  of known re f rac t ive  index  
can be Used to de te rmine  the thickness.  Also, the  
dis tance f rom the bo t tom fr inge to top f r inge  is usu-  
a l ly  a good measure  of l a t e ra l  distance f rom the top 
to bo t tom of the  step. The accuracy  of the thickness 
de te rmina t ion  is reduced  f rom tha t  obta ined  of a 
profi lometer ,  since a single f r inge  represents  ,-~1900A 
for  most  SiO~-type th in  films." Frac t ions  of a f r inge  
are  difficult to determine.  Steep tapers  p resen t  more  
serious problems.  Fr inges  begin  to over lap  and i t  
becomes v i r t ua l ly  impossible  to measure  the l aye r  
thickness  f rom a f r inge  count. The dis tance f rom top 
to bo t tom of a s tep is more  difficult to determine,  
because  a f ract ion of a mi l l ime te r  difference at  760)< 
microscope power  is necessary  to obta in  accura te  t ape r  
measurements .  However ,  for t apered  layers  of known 
thickness,  we have  been able  to es t imate  l a t e ra l  d is-  
tances for  one-mic ron  steps corresponding to an est i -  
ma ted  average  t ape r  ,--55 ~ Ei ther  the Tencor A lpha -  
S tep  Prof i lometer  wi th  2 ~m stylus rad ius  or i n t e r f e r -  
ence fr inges obta ined  f rom opt ical  microscopy alone can 
be  used to es t imate  ave rage  t apers  of 35 ~ or less for  
a 1 ~m step. Tapers  grea te r  than this can be es t imated  
us ing in te r fe rence  fr inges provided  the thickness of 
the  l aye r  is known  accurately.  The Tencor  prof i lom- 
e ter  could provide  this thickness de te rmina t ion  wi th  
re la t ive  ease. A combinat ion  of both ins t rumenta l  
techniques could be used to es t imate  average  tapers  
above  35 ~ u p  to  a b o u t  60 ~ . 

Conclusions 
As geometr ies  and design rules  become more  s t r in -  

gent  for  mu l t i l aye r  devices, precise  t ape r  control  is 
essent ial  to insure  high re l i ab i l i ty  products .  A b i l ayer  
process appears  to provide  precise t ape r  control  and 
the ab i l i ty  to ad jus t  the t ape r  angle  as var ious  IC 
designs m a y  require.  The t ape r  control  l aye r  of b i -  
l aye r  process minimizes  the effect of photores i s t -ox ide  
in ter face  proper t ies  on the taper  process. Control  of 
the  t ape r  is de t e rmined  by the etch rat io of the  unde r -  
ly ing  layers  etch ra te  to the  t ape r  control  l ayers  etch 
rate.  Examples  presented  here  show that  the rmal  
oxide  can be t ape red  wi th  control  layers  of CVD SiO~, 
and  6% densified PSG can be t ape red  wi th  an un -  
densified PSG laye r  of s imi lar  phosphorus  concent ra-  
tion. Adjus tmen t s  in the t ape r  slope can be  made  for 
the  the rmal  oxide  th rough  etch ra te  rat io  changes 
p roduced  b y  different  densification t empera tu res  for  
the  CVD SiO2 control  layer .  Taper  ad jus tments  for  
a 6% densified PSG layer  can be made  by  vary ing  
the phosphorus  content  or  deposi t ion t e m p e r a t u r e  of 
the  PSG control  layer .  Opt imum control  l aye r  th ick-  

nesses range f rom 500 to 1000A. The appa ren t  advan-  
tages of the b i l aye r  process include:  precise  control  
of the t ape r  angle  th rough  the etch ra te  of the control  
layer ,  min imal  effects on the t ape r  angle  f rom unde r -  
cut t ing at  the photores i s t -ox ide  interface,  and  t h e  
t aper  angle 's  re la t ive  insens i t iv i ty  to e tch t empe ra tu r e  
and HF buffer composition. Al though a t ape r  control  
l aye r  does in t roduce  addi t ional  processing steps, this 
d i sadvantage  does not  appea r  serious. Only the e tching 
proper t ies  of the l aye r  a re  impor tant .  Precise  control  
of the l aye r  thickness is not  crit ical.  Removal  of the 
t ape r  control  l ayer  is accomplished wi th  a dip etch. 

Es t imat ion  of the average  t ape r  for 1 #m steps can 
be accomplished for  tapers  less than  35 ~ using e i ther  
Tencor  A l p h a - S t e p  prof i lometry  or in te r fe rence  f r inge  
microscopy alone. In te r fe rence  f r inge  microscopy can 
be used to es t imate  t ape r  g rea te r  than  35 ~ and up 
to 60 ~ provided  that  the  thickness of the s tep is 
known accurately.  
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On Predicting the Maximum Efficiency of 
Phosphor Systems Excited by Ionizing Radiation 
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ABSTRACT 

A model al lowing theoretical prediction of the ma x i mum possible efficiency 
for any  cathode-ray or x - r ay  phosphor is proposed, based on an earlier sta- 
tistical analysis of e-h  pair  generat ion by van  Roosbroeck. The model is in -  
dependent  of the detailed band  structure of a par t icular  solid, and predicts 
the l imit ing yield of e-h pairs, Y, in  terms of an energy loss ratio for en-  
ergetic particles K -- (energy lost to phonons per ionization event / ioniza t ion  
energy) .  The novelty of the model lies in  the emphasis placed on competitive 
phonon losses during the carrier  avalanching process, and it is probably suc- 
cessful because of the dominant  role played by carriers with energies a few 
times greater than threshold where electrons and  holes may be expected to 
behave similarly. A quant i ta t ive  est imate of the average energy per e-h pair  
in  a par t icular  phosphor can be made by reference to an index of efficiency 
~, which is proport ional  to van Roosbroeck's parameter  K but  which is defined 
in terms of accessible physical constants of the phosphor host lattice: e~, es, 
Eg, and ~LO. The predicted efficiencies ~max are in good agreement  with mea-  
sured values for widely different phosphor types, suggesting that the model 
is quite general ly applicable and may be used in  a predictive fashion in  the 
search for new and efficient phosphor systems. Final ly,  the relationships be-  
tween the present  theory and previous approaches involving pIasmon excita- 
t ion are discussed.  

The past forty years have seen intensive develop- 
men t  of a wide var ie ty  of phosphor systems, for both 
consumer and professional applications (1-3). How- 
ever  there is still  no theory which can explain in  a 
satisfactory m a n n e r  the relative power efficiencies ob- 
served for different CRT or x - ray  phosphor materials.  
Empirical  "rules of thumb"  are legion; for example it  
is known that  the efficiencies of CRT phosphors tend 
to decrease in the order: sulfides > oxysulfides > 
oxides, 'and that  there is some (rather  obscure) rela-  
tionship between the l imit ing efficiency of a par t icular  
phosphor host lattice and its bandgap. The reasons for 
these observations are not  known, and yet a successful 
theory capable of explaining such observations could 
clearly have great  value. In the first place, it would 
allow prediction of those solids l ikely to generate 
efficient phosphor hosts, thereby facil i tat ing the search 
for new materials and e l iminat ing considerable empir i -  
cal development  work. Secondly, it would provide an 
estimate 0f the max imum efficiency for a par t icular  
host-act ivator  combination, allowing development  to 
terminate  as soon as opt imum performance had been 
achieved. Clearly the difficulties involved in developing 
a reliable predictive theory of this kind are consider- 
able, not least because of the very wide var ie ty  of 
ra ther  complex solids which can be used as phosphor 
host lattices. However i t  is the purpose of this paper 
to make an ini t ial  a t tempt  in this direction by put t ing 
forward a semi-empir ical  t rea tment  of phosphor effi- 
ciency which is at least capable of rat ionalizing the 
relative l imit ing efficiencies of a wide range of phos- 
phor systems in  a consistent way. As will  be seen, the 
theory appears to give sufficiently good correlation be-  
tween calculated and observed efficiencies for known 
phosphor systems that  it  may be used in a cautiously 
predictive fashion. 

The excitation mechanisms for both cathode-ray 
(CR) and x - r ay  (XR) phosphors are similar  in that  
high energy ionizing radiat ion is absorbed by the 
phosphor lattice, giving rise to an avalanche of sec- 
ondary  carriers which u l t imate ly  excite the lumines-  
cent activator (4). In what  follows we shall concen- 
trate on CR phosphor systems, but  the theory is also ap- 

Key words: cathodolumine~cence, solids, x-rays. 

plicable to XR materials.  It  is well known  that  the  
power conversion efficiencies of CRT phsophors de- 
crease at high power densities (4), bu t  we neglect all 
such saturat ion effects and consider only  the efficiency 
a t / lower  loadings where the response is l inear.  We 
shall also adopt the general ly  accepted model (4) of 
the phosphor excitation process which assumes that  
the energy of the incident  high energy radiat ion is 
rapidly converted into thermalized electron-hole (e-h) 
pairs, and that  the recombinat ion energy of these pairs 
is t ransferred to the activator center where it is finally 
emitted as a photon. One e-h  pair  can therefore give 
rise to one quan tum of radiat ion emit ted by the activa- 
tor. With these assumptions the efficiency of the CRT 
phosphor system can be wr i t ten  as follows (4-6) 

= (1 -- rb) \ tj 

where rb is the pr imary  back scattering coefficient, hvm 
is the mean energy of the luminescent  photons, } is the 
average energy required to generate one e-h  pair, S is 
the efficiency for t ransfer  of carr ier  recombinat ion en-  
ergy to the activator emit t ing state, and Q is the quan-  
tum efficiency for the final luminescent  process. 

The efficiency of the energy t ransfer  process, S, has 
been discussed in earlier publications from this labora-  
tory (7-9). The backscattering coefficient rb depends 
on the average atomic number  of the phosphor material  
and on the morphology of the phosphor layer; we shall 
assume that this factor does not vary  greatly amongst  
practical phosphor systems. The m a x i m u m  efficiency 
for any  host-act ivator  combinat ion wil l  therefore be 
reached when conditions can be adjusted to that  S -- Q 

1 in Eq. [1] i.e. 

~lmax ~ cons tan t .  ( h v m )  [2] 

The key to calculating this m a x i m u m  l imit ing effi- 
ciency for different phosphor systems is clearly the 
parameter  4, the average energy per e-h  pair  gener-  
ated in the lattice by high energy radiation. This en-  
ergy is greater than the bandgap energy Eg, as can be 
seen from Fig. 1, which i l lustrates schematically the 
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Fig. 1. Schematic sequence" of energy loss processes for an ener- 
getic electron or hole as it nears the ionization threshold. Particles 
falling below Ei can lose further energy only by phonon emission 
or recombination. 

energy  loss processes for  a p r i m a r y p a r t i c l e  (e or  h)  
wi th  an energy  in excess of the  ionizat ion threshold.  
The fast  par t ic le  can lose energy e i ther  by  creat ion of 
opt ical  phonons or by  impact  ionization. As soon as its 
ene rgy  falls  be low the ionizat ion threshold  Ei it  is un-  
able  to c rea te  fu r the r  secondaries  and s imply  emits  
phonons unt i l  equ i l ib r ium wi th  the la t t ice  is es tab-  
lished. The average  energy  requ i red  to produce each 
e -h  pa i r  therefore  includes var ious  phonon losses in 
addi t ion to the in t r ins ic  pa i r  recombina t ion  energy.  
Fo r  semiconductor  rad ia t ion  counters,  in which the 
same mechanisms operate,  i t  has been found empi r i -  
ca l ly  tha t  the fol lowing re la t ionship  holds over  a range  
of semiconductor  mate r i a l s  (10) 

= ~Eg [3] 
with ~ ,~ 3. 

Theore t ica l  es t imates  of ~ have been made  by  a 
number  of workers ,  inc luding Shockley  (11), Kle in  
(10), and van Roosbroeck (12). These calculat ions 
genera l ly  assume a s imple  parabo l ic  band  s t ruc ture  
wi th  equal  masses and equal  division of excess energy  
be tween  secondary  electrons and holes genera ted  in 
the ionizat ion process. The average  energy  per  pa i r  
can then be wr i t t en  as the sum of three  terms (see 
Fig. 1) 

"- Ei -~- Eop + 2Ef [4] 

where  Eop is the average energy  lost to opt ical  phonons 
for each ionizat ion event  dur ing  the ava lanching  p ro -  
cess and Er is the  average  energy  of a ca r r i e r  when 
first it  fal ls  be low threshold  and cannot produce  fur ther  
ionization. In o rde r  to calculate  Er both Shockley  (11) 
and Kle in  (10) assume an in i t ia l ly  un i form d i s t r ibu-  
t ion of carr iers  in momen tum space up to the threshold  
energy  Ei, which  leads to the  conclusion tha t  phonon 
losses dur ing  final the rmal iza t ion  are  more  significant 
than  opt ical  phonon genera t ion  b y  par t ic les  above 
threshold.  On the other  hand  the s ta t is t ical  analysis  by  
van Roosbroeck (12) suggests tha t  for real is t ic  optical  
phonon loss ra tes  the d is t r ibut ion  of carr iers  as they  
fal l  be low threshold  is not  uniform, bu t  is peaked  at 
low energy.  This impl ies  tha t  opt ical  phonon loss by  

ionizing par t ic les  m a y  be more significant than sug-  
gested by  Shockley  or  Klein,  and  tha t  the  compet i t ion 
be tween  phonon genera t ion  and  ionizat ion for  fast 
par t ic les  wi l l  be impor t an t  in governing  the average 
energy  pe r  pair ,  4. 

Lehmann  (6) has used Eq. [1] and  [3] to es t imate  
the p a r a m e t e r  ~ for  a range  of phosphor  mater ia ls ,  not 
res t r ic ted  to the  more  covalent  e l ementa l  and  b ina ry  
semiconduct ing compounds for  which  Eq. [3] was es-  
tablished. However  he found tha t  this "3 • E~" ru le  is 
quite inadequa te  for  many  phosphor  systems, espe-  
cially for oxide mate r ia l s  where  ~ can take  values  in  
the range  4-13 when fitting measured  efficiency da ta  
to Eq. [1]. In  o rder  to tackle  this p rob lem Kle in  (13), 
Kings ley  and Ludwig  (5), and subsequent ly  Ro thwar f  
(14), have discussed ionizat ion in semiconductors  and 
phosphors in terms of p lasmon creat ion b y  fast  p a r -  
ticles. These workers  have poin ted  out  tha t  the  elec-  
tron energy loss funct ion is not  un i fo rm above th resh-  
old, and should be peaked  at  the  zero in the  dielectric 
funct ion corresponding to the  f requency  of the collec-  
t ive va lence-e lec t ron  p lasmon osci l lat ion 

~p = [G] 

where  nv is the  valence  e lec t ron density.  Phonon losses 
were  neglected in the calculat ions of Kings ley  and 
Ludwig and of Ro thwar f  and i t  was suggested tha t  
differences in efficiency for  phosphor  mate r i a l s  could 
be cor re la ted  wi th  the ca lcula ted  p lasmon frequency.  
The reasoning is tha t  if the high energy  par t ic les  lose 
energy p r i m a r i l y  by  p lasmon creation,  and  the p las-  
mons then decay into e -h  pairs,  one expects  the 
average  energy  per  pair ,  4, to be de te rmined  by  the 
p lasmon energy.  Some corre la t ion  be tween  ~ and 
(~p)-1 was observed,  but  only  for a l imi ted  number  of 
phosphor  mater ia ls .  However  the usefulness of the  
p lasmon concept is open to quest ion in the  w i d e r - g a p  
phosphor  mater ia ls ,  where  the  energy  of the s ingle-  
par t ic le  exci ta t ions is comparab le  to the  ca lcula ted  
plasmon energy. The dis t inct ion be tween  these exci ta -  
tions then becomes blurred,  and in fact, when  the  
calcula ted frequencies Up are  rep laced  b y  measured  
p lasmon energies for some of the more  efficient phos-  
phor systems, the corre la t ion  be tween  ~ and (~r) "-1 
d isappears  (15, 16). 

Thus none of the theories so far  advanced  has 
proved capable  of ra t ional iz ing the re la t ive  efficiencies 
of the  ful l  range of phosphor  systems. At tempts  to 
modi fy  the "3 • Eg" rule have emphasized differences 
in the ionizat ion process for different  mate r ia l s  by  
in t roducing  the p lasmon concept, bu t  have neglected 
any compet i t ive  phonon losses. On the other  hand  the  
ma jo r i t y  of e -h  pairs  are  genera ted  nea r  the end of 
the  branching  process, by  par t ic les  wi th  energies  only 
a few times the  ionizat ion threshold.  For  such pa r -  
ticles optical  phonon losses can const i tute a significant 
f ract ion of thei r  to ta l  excess energy,  and  any real is t ic  
model  must  take into account the compe t i t ion  be tween  
optical  phonon genera t ion  and ionizat ion in the  over -  
al l  de-exc i ta t ion  of these fa~t part icles.  Clear ly  as the 
rati_o (energy  lost  to opt ica l  phonons /ene rgy  lost  in 
ionizat ion) increases then the y ie ld  of secondary  e - h  
pairs  must  fal l  and the average  energy  per  pair ,  ~, 
must  rise. 

Fo r tuna t e ly  van  Roosbroeck 's  s ta t is t ical  t r ea tmen t  
of e -h  pair  genera t ion  in solids (12) takes  account of 
this compet i t ive  energy  loss in a na tu r a l  way, and  
allows predic t ion  of the secondary  y ie ld  in te rms of 
an energy loss rat io  K. The model  is independen t  of 
detai ls  of band s t ruc ture  and quite genera l  in i ts ap -  
pl icat ion;  it  wi l l  therefore  be u s e d  as the s ta r t ing  poin t  
in es t imat ing the p a r a m e t e r  ~ for a range  of phosphor  
mater ia ls .  We shall  show tha t  ~]max calcula ted  accord-  
ing-to Eq. [2] using the theo ry  developed here  corre-  
lates wel l  wi th  the  observed  efficiencies for  m a n y  
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opt imized phosphor  systems. In the  nex t  section the 
basis of van Roosbroeck 's  "crazy ca rpen t ry"  model  
wil l  be outlined. In the section "The Loss P a r a m e t e r  K" 
a method  is developed for  calculat ing the  loss ra t io  K 
in terms of the phys ica l  p roper t ies  of a phosphor  host  
mater ia l .  This p a r a m e t e r  is used in the section 
"The Average  Energy  per  e -h  Pa i r  Genera ted  by  Ion-  
izing Radiat ion" to calculate  the average  energy  per  
pair ,  ~, for typical  phosphor  host  lattices. In the section 
"The Maximum Efficiency of CRT Phosphors"  the 
measured  effieiencies of a number  of opt imized phos-  
phor  systems are  compared  wi th  the  ca lcula ted  values,  
and in the last  section the re la t ionship  be tween  the 
presen t  theory  and the resul ts  of previous  t r ea tments  
is discussed. 

T h e  " C r a z y - C a r p e n t r y "  M o d e l  (12) 
Van Roosbroeck has cal led his s ta t is t ica l  t r e a tmen t  

of e - h  pa i r  genera t ion  the "c razy -ca rpen t ry"  model  
because i t  can be fo rmula t ed  in te rms of the  equiva-  
len t  p rob lem of cut t ing boards  of a g iven l eng th  (see 
Fig. 2). We begin  wi th  a board  of l ength  L (in units  
of Ei), and  the rules  a re  as follows. For  a l l  boards  
g rea te r  than  uni t  length, remove  wi th  p robab i l i t y  r 
a length  Xr < < 1. This represents  creat ion of an opt ica l  
phonon, so tha t  Xr --  (K~Lo/Ei). With  a p robab i l i ty  
(1 --  r )  remove a length  unity,  to represen t  e -h  pa i r  
generat ion,  and then make  a r andom cut  in the re -  
ma inder  ( a t  Z in Fig. 2). The r andom length  Z now 
represents  energy  remain ing  in the p r i m a r y  par t ic le  
af ter  ionization, and the excess energy  t r ansmi t t ed  to 
the secondaries  ( represen ted  by  the r i gh t -hand  length  
L --  Z --  1) is equa l ly  d iv ided  be tween  the e lec t ron 
and hole, giving each a KE equal  to (L --  Z --  1)/2. 
These steps are  r epea ted  for a l l  r ema in ing  pieces of 
g rea te r  than  unit  length, and boards  shor te r  than  
un i ty  are  discarded.  The number  of boards  of uni t  
length  produced  at  the end of this process represents  
the  number  of e - h  pai rs  p roduced  b y  the ini t ia l  pa r -  
t icle of energy  (L • El). The l imi t ing  y ie ld  of e -h  

< L - -  ) 

I I 
/ /  \ 

\ 
/ \ 

optical phonon generation Ionisat ion event 
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in remainder I I 
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I /  \ I 
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/ /  \ 

I I 
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2 

xs secondary energy 
equally divided between 
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Fig. 2. Competitive energy loss processes for energetic particles 
formulated in terms of the "crazy-carpentry" model of van Roos- 
broeck [Ref. (12)]. The initial board length L is defined in units 
of the ionization threshold Ei. Each board of unit length produced 
in this way represents the generation of one e-h pair by impact 
ionization. The equal division of excess kinetic energy between 
secondary electrons and holes is a simplification which is discussed 
in the text. 

pairs, Y, is defined for large L 

(No. of boards of unit length) 
Y= 

L 
[8] 

(No. of e - h  pairs)  X Et 

in i t ia l  par t ic le  energy  

The average energy  requ i red  to produce a e -h  pair ,  
~, is given by  

El 
= -- [ 1 ]  

Y 

-- Ei Jr KEI + 3LtEi [8]  

where  L~ is the average  length  of a waste  board  (Lf < 
1) (or the energy of a par t ic le  when  first i t  fal ls  be low 
threshold)  

K = Nx, [ 9 ]  
and 

11" 
N = - -  [10] 

(1 - r) 

the ratio of the mean free path for ionization to the 
mfp for optical phonon generation. 

The limiting yield can be obtained from the crazy- 
carpen t ry  model  e i ther  ana ly t i ca l ly  or  by  Monte Carlo 
techniques. The y ie ld  Y is de t e rmined  l a rge ly  b y  the 
p a r a m e t e r  K, a l though i t  would  be modified to some 
ex ten t  by  assuming a different  divis ion of excess 
energy be tween  secondary  car r ie rs  p roduced  in an 
ionizat ion event.  K is essent ia l ly  a rat io of energy  loss 
ra tes  for a fas t  par t ic le  

ra te  of energy  loss to opt ica l  phonons 
K = [11 ]  

ra te  of energy  loss in ionizat ion 

and the t e rm KEi in Eq. [8] represents  the  average 
energy  lost  to opt ical  phonons for each ionizat ion event  
dur ing  the ava lanching  process. The y ie ld  Y is plot ted 
as a funct ion of K in Fig. 3, using da ta  t aken  f rom 
van Roosbroeck's  paper .  

The c r azy -ca rpen t ry  model  should be qui te  gene ra l ly  
appl icable  to the p rob lem of exci ta t ion  by  h igh  energy 
rad ia t ion  as long as "a l l  the inc ident  unref lected en-  
ergy is u l t ima te ly  accounted for by  secondary  electrons 
and holes, and  by  phonons" (12). Of course i t  involves 
a number  of ideal izat ions.  The r andom cut t ing in-  
volved in division of energy  be tween  p r i m a r y  and 
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Fig. 3. The e-h pair limiting yield, Y, plotted as a function of the 
energy loss ratio K ---- rxr / (1  - -  r) for the "crazy-carpentry" model 
illustrated in Fig. 2. Solid line: Monte Carlo results. Broken line: 
analytic solution [after van Roosbroeck, Ref. (12)]. 
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secondary  par t ic les  a t  each ionizat ion event  assumes a 
un i fo rm p robab i l i t y  d is t r ibut ion  for  excitat ion,  and 
neglects  discrete  loss processes such as p lasmon crea-  
tion. Equal  division of excess energy  be tween  second- 
a ry  electrons and holes is also open to question, since 
a na r row  valence band  would  l imi t  the energy  of 
mobi le  holes. In  addi t ion  the  p robab i l i t y  of optical  
phonon loss, r, is assumed constant  for  al l  par t ic le  
energies  > El, and  this is un l ike ly  to be s t r ic t ly  t rue  
(17). The saving grace  lies in the  fact  tha t  the l imi t ing  
y ie ld  Y is approached  r ap id ly  for in i t ia l  par t ic le  
energies  > 4E~. This means  tha t  the overa l l  y ie ld  is 
de t e rmined  l a rge ly  by  par t ic les  wi th  energies  only a 
few t imes Ei, where  electrons and holes might  be e x -  
pec ted  to behave  somewhat  s imi la r ly  and the assump-  
tion of constant  r m a y  not  be too bad.  Clear ly  the  
phonon loss ra te  becomes ve ry  significant in de t e rmin -  
ing the  ionizat ion y ie ld  when  the par t ic le  energies 
approach  the threshold  E~. 

The Loss Parameter K 
The average  energy  per  e - h  pair ,  ~, can be obta ined  

f rom Eq. [7] when  Y and Ei are  known. I t  is therefore  
necessary  to calculate  a value  of the loss p a r a m e t e r  K 
for a given mater ia l ,  so tha t  Y can be r ead  f rom the 
theore t ica l  curve in Fig.  3. The loss p a r a m e t e r  K can 
be wr i t t en  as 

optical  phonon genera t ion  ra te  (]4~opt) 
K -- �9 - -  [12] 

ionizat ion ra te  Ei 

In  o rder  to calcula te  K we make  a number  of s impl i fy -  
ing  assumptions.  These a re  s imply  s ta ted  here,  and 
wil l  be discussed fu r the r  below: (i) the  par t ic le  en-  
ergies a re  sufficiently la rge  and the la t t ice  t empera tu re  
sufficiently low tha t  only  phonon genera t ion  need be 
considered,  and  phonon absorpt ion  f rom the la t t ice  
n e g l e c t e d ; ( / / )  the fast  charged  par t ic les  couple p r in -  
c ipa l ly  to the LO phonon modes;  (iii) phonon d isper -  
sion is neglected;  (iv) the ionizat ion ra te  for  pa r -  
t icles app rec i ab ly  above  threshold  is assumed constant  
for  al l  mater ia ls ;  (v) the  energt ic  electrons and holes 
above  threshold  are  we l l - r emoved  f rom the band  
ex t r ema  and are  therefore  assumed to have the free 
e lec t ron mass; and  (vi)  the ionizat ion threshold  Ei ~- 
1.5 Eg. Wi th  these assumptions  the  loss p a r a m e t e r  re -  
duces to 

(opt ical  phonon genera t ion  ra te )  (K~LO) 
K ,~ ~ [13] 

constant  1.SEg 

We es t imate  the phonon genera t ion  ra te  in the  fol-  
lowing way. A free p r i m a r y  or  secondary  charged  
par t ic le  in a solid polarizes the la t t ice  atoms in its 
vicinity,  the par t ic le  and  polar iza t ion  cloud p ropaga t -  
ing as a single quas i -par t ic le ,  the  polaron  (18). In  the 
l imi t  of na r row  b a n d w i d t h  and v e r y  polar  mate r ia l s  
wi th  s t rong shor t - r ange  forces the  po la r iza t ion '  may  
be so s t rong as to induce se l f - t rapping ,  as in the Vk 
center  in a lkal i  hal ides  (19). In  general ,  however,  the 
par t ic le  wi l l  r emain  mobi le  in the  latt ice,  but  wi l l  
exhibi t  an  increased  effective mass. At  any  ins tan t  the  
polar izat ion sur rounding  a l ow-ene rgy  par t ic le  near  
the band  ex t r ema  can be considered as a cloud of 
v i r tua l  phonons (20), the  average  number  of phonons 
in the cloud being of the order  ,~ a/2, where  ~ is the 
polaron  coupling constant  appropr ia t e  for a po la r  
ma te r i a l  

- -  - -  ' - [14] 
h e| ,s 2~wLO 

and where  ~, ,s are  the high f requency  and stat ic di -  
e lectr ic  constants,  respect ively.  For  the h igher  energy  
charged par t ic les  of in teres t  here  we shall  assume that  
the ins tantaneous  deformat ion  of the lat t ice can again 
be descr ibed by  the polaron coupling constant,  bu t  tha t  
now the fas t  par t ic le  loses energy by  the creat ion of 

rea l  phonons at  a ra te  p ropor t iona l  to the  coupling 
constant  mul t ip l i ed  by  the phonon frequency,  i.e. 

(optfcal  phonon genera t ion  ra t e )  oc - -  

where  

a~LO 

2 

1 
= constant  �9 =- (~LO)V, [15] 

1(,�88 =-=, ~ -  [16] 

and we have used the free e lect ron mass m ---- me for 
the charged part icle ,  which  is now wel l  r emoved  from 
the band  extrema.  In t roducing  Eq. [15] into [13] gives 
the expression for  the re la t ive  energy  loss p a r a m e t e r  
K which we are  seeking 

1 (~'~i,o) 8/2 
K ,~ constant  - ~ -  �9 [171 

1.5Eg 

The ra te  of energy loss to opt ical  phonons inc luded in 
this expression contains the  same funct ional  depen-  
dence on phonon f requency  and effective dielectr ic  
constant  as that  given by  Ulbr ich  (21) for the loss ra te  
averaged  over  a Maxwel l i an  d is t r ibut ion  of hot  elec- 
t rons for  which  the e lec t ron  t e m p e r a t u r e  Te > >  
(YwLO/k). 

From Eq. [17] it  is possible to calculate  the  loss pa -  
rameter ,  K, and t~ence the e -h  pa i r  y ie ld  Y, in terms of 
four physical  constants of any  mater ia l :  (i) the  LO 
phonon frequency,  ~LO; (it) the bandgap  (or  absorp-  
t ion edge) ,  Eg; (iii) the stat ic dielectr ic  constant,  ,s; 
(iv) the high f requency  die lect r ic  constant,  ~| (or the  
ref rac t ive  index at  opt ical  f requencies  in a region of 
negl igible  absorption,  when e~ = n2). Before going on 
to this stage, however,  i t  is necessary to jus t i fy  some of 
the assumptions made  in es tabl ishing Eq. [17]. 

The res t r ic t ion to LO phonon modes is commonly  
made  in polaron coupling theory,  and  since these a re  
among the highest  energy  phonons in a solid they  are  
l ike ly  to dominate  the ra te  of phonon energy  loss. The 
assumption of a constant  ionizat ion ra te  for all  ener -  
getic par t ic les  (electrons and holes) is more  sweep-  
ing, but  fo r tuna te ly  some insight  can be obta ined f rom 
studies of c a r r i e r  ava lanching  in semiconductor  de-  
vices such as ava lanche  photodiodes and IMPATT di -  
odes (22, 23). The p rob lem here  is to obta in  a ca r r i e r  
d is t r ibut ion  function in an appl ied  field in o rde r  to 
calculate  the ionizat ion rate.  Baraff  (24) has developed 
a theory  for the ionizat ion ra te  per  uni t  dis tance 
t rave led  in the field which rests on the  fol lowing as-  
sumptions:  (i) the  energy  bands are  parabol ic ;  (it) 
optical  phonon genera t ion  is the only impor tan t  dissi-  
pa t ive  process for  the  hot  car r ie rs  which competes wi th  
ionization; (i/i) a single phonon energy  for  the opt ical  
modes; (iv) the mfp for optical  phonon scat ter ing 
0,op) is independent  of car r ie r  energy;  (v) the mfp for  
ionizat ion (ki) is a step function, r i s ing at  the th resh-  
old Ei and constant  for energies > El. These assump-  
tions are s imi lar  to those made ear l ie r  in this section. 

Much of the expe r imen ta l  work  on ava lanche  m u l t i -  
pl icat ion in a range  of semiconductor  mate r ia l s  has 
been fitted using Baraff 's theory  (22, 23), wi th  the 
assumption that  the  ionizat ion ra te  for electrons, ai, is 
equal  to the ionizat ion ra te  for holes, ~i. More recent  
work  (25) has indica ted  that  a t  low fields (--~4 X 105 V 
cm -1) in GaAs the ionizat ion rates  a re  sensi t ive to 
band s t ructure ;  /~i is roughly  isotropic,  but  ~i var ies  
s t rongly  wi th  the c rys ta l lographic  direct ion along 
which the field is applied.  At  high fields (>5  X 105 V 
cm-1) ,  however ,  i t  is appa ren t  tha t  ai ~ ;~i in al l  d i -  
rections, a resul t  confirmed by  Ito et al. (26). S imi la r  
ionizat ion rates  for both electrons and holes are  ob-  
served in Si and GaP at  comparab le  fields (27). The 
fact tha t  a~ ~ ;~i at high fields, where  a l a rger  f rac -  
tion of carr iers  have energies  app rec i ab ly  above 
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threshold, supports the idea that  details of band  struc- 
ture  or differences in effective mass for carriers near  
the band  extrema are not  significant in determining 
ionization rates for more energetic particles. A similar  
conclusion may be d rawn from the work of Kane  (28), 
who calculated the pair  production rate in  Si using 
pseudopotential  energy bands and wavefunctions.  For 
electron energies >8 eV above the VB the calculated 
ionization rate approaches the value calculated using a 
free-electron approximation with an electron density 
appropriate for Si. If carrier energies are measured 
from midgap the calculated hole ionization rate  gives 
a curve almost  identical  to that  obtained for energetic 
electrons. The implication is that for particle energies 
appreciably above threshold the ionization rates are 
not very sensitive to details of band structure, density- 
of-states, or carrier masses. Since a free-electron ap- 
proximation gives a good estimate of the ionization rate 
for energetic particles in Si, the assumption of a con- 
stant ionization rate for hot carriers in the solids of 
interest here is probably not unreasonable. 

At first sight it might appear surprising to suggest 
that hot electrons and hot holes can be treated simi- 
larly. A hole is simply the absence of an electron, and 
if created in a deep core band level it will be immobile 
with an essentially atomic-l ike wavefunction.  It cannot  
therefore cause ionization directly by  propagation 
through the lattice, like a hot electron of the same 
energy. However the energy of the core hole is stored 
as useful  potent ial  energy which can be released by 
subsequent  re laxat ion of the atom, for example by 
x - r ay  fluorescence or by emission of an Auger elec- 
tron. This energetic secondary particle (photon or 
electron) has only a small  probabi l i ty  of escaping from 
the lattice, and the bu lk  of this secondary energy will  
be reabsorbed in  creating lower energy (but still hot) 
e-h pairs. This relaxat ion wil l  continue unt i l  the po- 
tent ial  energy of the original core hole is converted 
into the energy associated with holes in  the valence 
band and electrons in the conduction band. At this 
stage the hot VB holes have sufficient mobil i ty  to create 
fur ther  secondaries by  impact  ionization. Thus the re- 
laxat ion of a very high energy immobile hole can be 
considered to take place through in termediate  electron 
states, unt i l  its potential  energy is converted par t ly  into 
the energies of electrons and holes a few times greater 
than the ionization threshold, and par t ly  into phonons 
generated dur ing  the relaxat ion process. Taken overall, 
therefore, the relaxat ion of a core hole proceeds via 
processes which are essentially similar  to those for a 
high energy electron, and it  is not unreasonable  as a 
first approximation to treat energy losses for these two 
kinds of particles in the same way. Towards the end 
of the relaxat ion process, in an  energy range a few 
times above threshold, the competitive phonon losses 

assume greatest significance and  then the assumption 
of similar  ionization behavior  for electrons and holes 
receives support from the fitting of exper imenta l  d a t a  
to Baraff's theory. 

The best value of the ionization threshold in  fitting 
avalanche data to Baraff's theory is general ly  found to 
be Ei : 1.5 Eg, as assumed in the derivation of Eq. [17] 
(22, 23). This is actually the calculated threshold for 
a direct gap mater ia l  with simple parabolic bands a n d  
equal carrier masses; the boundary  conditions which 
set the mi n i mum threshold are that  the group velocities 
of the three final particles in  the ionization e v e n t  
should be equal, and that energy and momen tum a r e  
conserved (25). As noted above the details of band  
s t ructure  are impor tan t  when the carrier distr ibution 
is peaked well  below threshold, bu t  for higher carrier  
energies a threshold which is independent  of such spe- 
cific mater ia l  properties gives adequate description of 
the exper imental  results. 

The Average Energy per e-h Pair Generated by 
Ionizing Radiation 

In Table I are collected together the physical con- 
stants necessary to calculate the relat ive loss pa-  
rameter  K for a range of phosphor materials  of in te r -  
est. In column 6 is shown the value of the mater ia l  c o -  
e f f i c i e n t  ~, defined as 

( 1  1 )  (~LO) :312 
= - [183 

,| es 1.5Eg 

From Eq. [17] ~ is seen to be proport ional  to K, a n d  
we shall therefore use this as an index of relative effi- 
ciency for phosphor host materials.  In  order to o b -  
t a i n  the constant  of proport ional i ty  between ~ and K 
use is made of exper imental  evidence which suggests 
that  the archetypal  phosphor host materials,  ZnS a n d  
CdS, obey the "3 • Eg" rule (4, 6, 10). For  such mate-  
rials, with ~ = 3Eg and Ei ---- 1.5Eg, we deduce from 
Eq. [7] that  

Y = 0.5 [19] 

and hence, using the Monte Carlo values of yield i n  
Fig. 3, that 

K = 0.30 [20] 

Sett ing the mean  value of ~ for ZnS and CdS (i.e., ~ -- 
1.23 • 10-4) equal to this value gives 

K -- (0.244 • 104) ~ [21] 

This constant  of proport ional i ty will  be used for all 
phosphor hosts, in accordance with [17]. The choice of 
ZnS and CdS as reference compounds is na tura l  be-  
cause of our par t icular  interest  in  the relat ive effi- 
ciencies of phosphor materials,  bu t  is somewhat arb i -  
t rary  in that other semiconducting compounds (such 

Table I. Physical constants for materials of interest 

2~Lo E, 
( eV ) ( eV ) c| e, ~ ( • 10 ~) 

GaAs (29) 0.036 
GaP (29) 0.050 
CdTe (29) 0.021 
CdS (29) 0.038 
ZnS (29) 0:044 
CaS (30) 0.047 
CsI (29) 0.011 
NaI (29) 0.022 
La~O2S 0.057 (31) 
CaO 0.068 (35) 
ZnO (29) 0.073 
MgO (39) 0.091 (38) 
Y20s 0.068 (40) 
AhOa (43) 0.112 
Y~A150~ (45) 0.105 
Zn~iO4 0.130 (46) 
CaWO~ (48) 0.112 
YVO4 (50) 0.116 

Bracketed values  for 

1.4 10.9 12.85 0.45 2,6 
2.3 8.46 10.28 0.68 2.7 
1.6 7.21 10.23 0.52 2.6 
2.6 5.3 8.4 1.93 3.0 
3.8 8.14 8.0 1.13 2.9 
4.8 (6) 4.5 8.1; 6.7 1.35; 1.0 2.9-3.0 
0.4 (16) 9.09 0.4 0.20 2.5 
5.9 (16) 3.08 6.9 0.67 2.7 
4.4 (32) [4.67] (33) 18 (34) 3.26 3.9~ 
7.7 (16) [3.38] (36) 11.8 (37) 3.24 3.9 
3.44 4.0 8.15 4.9 4.75 
8 2.95 9.0 5.3 4.8a 
5.6 (16) [3.61] (41) 17 (42) 4.6 4.6 
8.7 (44) 3.2; 3.1 9.5; 11.64 6.0-6.8 5.2-5.6 
6.3 3.65 11.7 6.8 5.6 
5.5 (16) [2,92] (36) 6 (47) 9.8 6.8 
4.6 (49) 3.4; 3.5 10.4; 9,7 9.9-10.7 6.8-7.1 
3.7 (51) 3.98; 4.04 9.7; 14.4 10.6-12.7 7.1-7.9 

e| are obtained from the square of the refractive index at ~1 ~n~ 
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as GaAs and GaP)  might  equa l ly  wel l  have  been 
chosen. However  the pr inc ipa l  conclusions would  not  
be g rea t ly  affected by  a change of re ference  since the 
y ie ld  Y does not  va ry  s t rongly  wi th  K (or ~q) in the 
range  covering this group os b ina ry  semiconductors .  

In  Fig. 4 is  shown a plot  of # vs. ~, where  # is defined 
f rom Eq. [3] and  [7] as 

# = E~ = 2Y" [22] 

and Y is obta ined  f rom Fig. 3 via  Eq. [21]. The ave r -  
age ene rgy  per  e -h  pa i r  can be obta ined  f rom Eq. [3] 
by  making  use of  the  da ta  in Table  I. For  smal l  phonon 
losses (~  -~ 0) the fac tor  # tends to a l imi t ing value  
,~2.35. The magni tude  of # in i t i a l ly  increases  only 
s lowly wi th  [q as the re la t ive  losses to phonons become 
more  significant, but  the  increase is much more  rap id  
when ~ > 1 X 10 -4 corresponding to a re la t ive  pho-  
non loss p a r a m e t e r  K ,-~ 0.25. At  the  top of Fig. 4 a re  
ind ica ted  the values  of ~ appropr i a t e  to mate r ia l s  of 
phosphor  interest .  As expected,  the b ina ry  semicon-  
ductors  for  which  the "3 • E~" rule  was es tabl ished 
cluster  in the  center  of the curve, wi th  values  of # 
in the range  2.6-3.0. I t  should be noted tha t  CaS, a l -  
though being h igh ly  ionic, is p red ic ted  to behave  in a 
m a n n e r  analogous to the  I IB-VI  compounds ZnS and 
CdS since i t  has s imi lar  dielectr ic  proper t ies  and  a 
comparab le  LO phonon frequency.  

For  the  convent ional  phosphor  mate r i a l s  i t  can be 
seen tha t  # increases in the order  sulfides < oxysulfides 
< oxides. Since phosphor  efficiency ?] ~ #-~ this o rde r -  
ing of the phosphor  hosts according to the index  [q is 
c lear ly  consistent  wi th  the observat ions  made  in the 
in t roduct ion  to this paper .  I t  is wor th  not ing tha t  the 
a lka l i  hal ides  CsI and NaI  fa l l  at the LH side of the 
d iag ram main ly  because of the i r  low f requency  phonon 
modes;  converse ly  the  "molecular"  oxides such as 
Zn2SiO~, CaWO4, and YVO~ have the larges t  values of 
the  index [~ p r inc ipa l ly  because  of the high v ibra t iona l  
f requencies  in t roduced  b y  the s t rong in t ramolecu la r  
bonding in the [MO4] t e t r ahed ra  wi th in  the la t t ice  
s t ructure.  In  such mate r ia l s  exci ta t ion of these high 
f requency  modes carr ies  away  a g rea te r  propor t ion  
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of the  par t ic le  energy  near  the end of the ava lanching  
process and g rea t ly  reduces the  e - h  pa i r  yield.  

The da ta  in Table I for GaAs and GaP also lend  sup-  
por t  to the assumpt ion tha t  detai ls  of band  s t ruc ture  
can be neglected in es t imat ing  the ene rgy  loss p a -  
rameters .  The mean  free paths  for opt ical  phonon gen-  
era t ion in the  low t e m p e r a t u r e  l imi t  obta ined  f rom 
fitting ionizat ion da ta  to Baraff 's  theory  are  kop --  58 
and 42A for GaAs and GaP, respec t ive ly  (52). The 
same p a r a m e t e r  is appl icab le  for both e lec t ron and hole 
sca t ter ing  in each mater ia l .  Assuming s imi la r  velocit ies 
for  energet ic  car r ie rs  in the two mate r i a l s  ~op is in -  
verse ly  p ropor t iona l  to the opt ical  phonon genera t ion  
rate,  so tha t  the rat io  of mfp 's  ~op(GaAs)/~op(GaP) 
can be ob ta ined  f rom Eq. [15] and Table  I. This ca lcu-  
la ted rat io  is ,~1.75, compared  wi th  the expe r imen ta l  
rat io (52) ~1.38 under  condit ions in which  only Ph0e 
non creat ion is significant. App ly ing  this reasoning t0 
the oxide mate r ia l s  in Table  I suggests  top ,-~ 3-5A, i.e., 
a dis tance on the o rde r  of a uni t  cell  or be tween  the 
t ight ly  bound MO4 units  in  the latt ice.  

T h e  M a x i m u m  Eff iciency of C R T  Phosphors 
The m a x i m u m  efficiency which  migh t  be expected  

from any host  ac t iva tor  combinat ion,  ?]max, was defined 
in Eq. [2] in terms of the mean  luminescence photon 
energy, hrm, and the e -h  pa i r  energy  pa ramete r ,  f. 
In  Table II  ?]max iS ca lcula ted  for a number  of impor -  
tant  phosphor  systems, neglect ing backsca t te r ing  and 
using values of # and Eg from Table I. F igure  5 com- 
pares  these ca lcula ted  values of ?]max wi th  measured  
values of efficiency repor ted  in the l i t e ra tu re  for the  
same phosphor  systems. 

I t  is g ra t i fy ing  to find tha t  the  expe r imen ta l  points  
cluster  about  the l ine of per fec t  corre la t ion  in Fig. 5. 
There are  many  reasons why  the measu red  efficiency 
for a pa r t i cu la r  phosphor  might  fal l  be low the p re -  
dicted value ~lmax (for example  the  neglect  of back -  
sca t tered  pr imaries ,  or a reduc t ion  in the energy  t r ans -  
fer  efficiency S or the quan tum eniciency Q in Eq. [1]) ,  
bu t  i t  does appea r  tha t  the  best  r epor ted  values  cor-  
re la te  well  wi th  the  theore t ica l  predict ions.  The most  
serious deviat ion occurs for  CaS:Ce,  which  has a 
much higher  r epor ted  efficiency than  we predic t  (6);  
the  behavior  of CaS :Mn and C a S : P b  on the o ther  hand  
is more  consistent  wi th  the  theory.  In  some cases, not -  
ab ly  Zn2SiO4, there  is a lack  of re l iab le  phys ica l  data 
so tha t  cer ta in  pa rame te r s  have  been es t imated  in 
eva lua t ing  the index  [q. Agreemen t  be tween  p red ic ted  
and measured  efficiencies m a y  be improved  when  
be t te r  da ta  are  avai lable .  

For  most phosphors  there  is good ag reemen t  be tween  
the efficiencies measured  under  CR and XR excitat ion.  
An except ion to this ru le  is CaWO4, which has an XR 
efficiency ,~8% but  an op t imum CR efficiency of on ly  
half  this value  (56). As one might  expect,  t heo ry  p r e -  
dicts a m a x i m u m  efficiency close to the  h igher  of the  
measured  efficiencies, ~max ~ 9%. The reasons for  the 
lower  l imi t  to the  CR efficiency are  not  clear,  but may 

Table II. The maximum power conversion efficienc~ ~max 
(Eq. [2] ,  [3])  

ZnS: Ag 
ZnS: Cu 
CaS: Ce 

Fig. 4. The parameter fl - -  ~/Eg as a function of the index of CaS:Mn 
C a S  : P b  efficiency ~ defined in Eq. [18]. The index ~ depends on basic  CaO:Mn 

physical constants of a particular material and is proportional to CaO:Pb 
the energy loss ratio K in Fig. 3: K ---- (0.244 X 10 4) ~. The line CaWO4 ZnO: Zn 
fl ~ 3 corresponding to the "3 x Eg" rule for the average energy NaI:T1 
per e-h pair is indicated. At the top of the diagram values of ~ CsI:T1 

Y 3 A h O ~ :  T b  
for several phosphor host materials are shown. The average energy Zn.~SiO~:Mn 
per pair for oxides is predicted to be much higher than that for YVO~:Eu Y203: Eu 
the sulfides. La~O~S:Eu 

2.75 3.8 2.9 0.25 
2.3 3.8 2.9 0.21 
2.3 4.8 3.0 0.16 
2.1 4.8 3.0 0.15 
3.4 4.8 3.0 0.24 
2.1 7.7 3.9 0.070 
3.45 7.7 3.9 0.11 
2.9 4.6 7.0 0.09 
2.4 3.44 4.8 0.145 
3.02 5.9 2.7 0.19 
2.25 6.4 2.5 0.14 
2.3 6.3 5.6 0.065 
2.4 5.5 6.8 0.062 
2.0 3.7 7.5 0.07~ 
2.0 5.6 4.6 0.07s 
2.0 4.4 3.9 0.12 
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Fig. 5. The correlation between measured values of phosphor 
efficiency and the theoretical maximum efficiency predicted by the 
model. The measured value for a particular phosphor will fall below 
the line of perfect correlation if the energy transfer and radiative 
precesses in the phosphor are not optimized. Howewr the best 
reported values of efficiency for a wide range of phosphor types 
show good agreement with the predictions. Data points: A [Ref. 
(53)]; 0 [Ref. (54)]; + [Ref. (6)]; X [Ref. (55)]; ~ [Ref. 
(4)]; I [Ref. (56)]; [ ]  [Ref. (57)]; ~,',~ [Ref. (58)]; 0 [Ref. 
(59)]. 

for example  reflect the increased impor tance  of surface 
deact iva t ion  for  the l ess -pene t ra t ing  e lect ron radiat ion.  

Discussion 
A calculat ion of the  m a x i m u m  efficiency to be ex-  

pected f rom pa r t i cu la r  hos t -ac t iva tor  phosphor  com- 
binat ions has been made using a model  which is ve ry  
idealized,  but  which should be quite genera l  in its 
application.  The theory  draws  heav i ly  on van Roos- 
broeck 's  s ta t is t ica l  analysis  of the e -h  pa i r  genera t ion  
p rob lem in semiconductors  (12), bu t  in the context  of 
phosphor  mate r ia l s  the  approach  adopted in this paper  
is novel  in emphasiz ing the compet i t ive  phonon loss 
processes which  occur dur ing  the car r ie r  ionizat ion 
cascade. The re la t ive  phonon loss p a r a m e t e r  K appea r -  
ing in van  Roosbroeck 's  analysis  is here  t rans la ted  
into an index of efficiency, ~, which  can be calcula ted 
f rom accessible physical  constants of a pa r t i cu la r  ma te -  
r ia l :  ~,LO, Eg, e~, es. The m a n y  simplifications in the 
model  are  p robab ly  successful because the y ie ld  of 
secondary  e -h  pairs,  which  is a cri t ical  factor  in the 
l imi t ing  efficiency, is de te rmined  l a rge ly  by  carr iers  
wi th  energy  only a few times g rea te r  than  the ioniza-  
t ion threshold,  El. In  this energy  range, covering 
higher  valence and conduct ion band  states, the ioniza-  
t ion ra tes  a re  governed by  excess par t ic le  energy  and 
are  insensi t ive to detai ls  of band s t ruc ture  or car r ie r  
charge and mass. In  the  final analysis,  however ,  i t  is 
the good agreement  be tween  measured  phosphor  effi- 
ciencies and the m a x i m u m  value  ~l~x ca lcula ted  f rom 
the theory  which  mus t  be considered the p r inc ipa l  

just if ication for  the  m a n y  assumptions  made  dur ing  
the development .  

The degree of corre la t ion wi th  expe r imen t  evident  in 
Fig. 5 suggests that  the  index ~ may  prove  a useful  
tool in the search for new and efficient phosphor  host  
mater ials .  The model  should be appl icable  gene ra l ly  
to those polar  semiconduct ing and insula t ing mate r i a l s  
for which po la r  opt ical  mode sca t ter ing  is expected to 
dominate  the phonon energy  dissipation, and this in-  
cludes "~he mate r ia l s  of p r i m a r y  in te res t  as phosphor  
hosts. If  the index  ~ is ca lcula ted  for  any  potent ia l  
phosphor  la t t ice according to Eq. [18], the  average  en-  
e rgy  per  e -h  pa i r  for these mate r ia l s  can be read  f rom 
Fig. 4 and the l imi t ing  efficiency es t imated  using Eq. 
[2]. However  it  mus t  be real ized tha t  this m a x i m u m  
efficiency represents  only  one ingred ien t  in the rec ipe  
for a useful  phosphor  sys tem (it  is also necessary  tha t  
the la t t ice  have the requis i te  damage- res i s t ance) ,  
and tha t  an efficient ac t iva tor  center  can be incorpo-  
r a t ed  so tha t  the pa rame te r s  S and Q in Eq. [1] are  
optimized.  

At  a somewhat  s impler  level  i t  is c lear  f rom Fig. 4 
that  the index places the more common phosphor  hos t s  
in an order  which is in sat isfying agreement  wi th  
experience;  the more  efficient sulfides to the  lef t  
hand, the oxysulfides in the center,  and  the less effi- 
cient oxides to the r ight  of the figure. The impor t an t  
pa rame te r s  which de te rmine  ~ are  the effective d i -  
electr ic  constant  -~ (defined in Eq. [16] ) and the LO 
phonon f requency (or at  least  the  rat io  ~ L O / g g ) .  The 
effective dielectr ic  constant  ~" arises f rom re l axa t ion  of 
the la t t ice  atoms alone, and re la tes  the la t t ice  po la r -  
ization field to the electr ic  d i sp lacement  associated 
wi th  the free charge carr iers  (18) 

Plattice " -  4 y ~ ' ~  [ 2 3 ]  

If ~ is large the la t t ice  deformat ion  induced by  the 
free carr iers  is r e l a t ive ly  small ,  and the phonon cou- 
pl ing is reduced.  Both oxides and a lkal i  hal ides have 
smal l  values for ~ phonon coupling is therefore  strong, 
but  in the case of the heavier  hal ides the LO phonon 
f requency  is low so that  the total  ene rgy  car r ied  away  
by  phonons is smal l  and the index ~ as a whole is 
reduced. This is consistent  wi th  the w e l l - known  use 
of_ the heavier  a lka l i  hal ides as the host lat t ices for  
efficient sc int i l la tor  devices (4). In  the  ma jo r i t y  of 
oxides, on the other  hand, the combinat ion of the l ight  
O a tom and t ighter ,  more  covalent  bonding produces  
high phonon frequencies and therefore  la rger  values 
for the index ~. The large  pa i r  energy  ~, and the cor-  
responding modest  efficiency, for ox ide -based  ma te -  
r ia ls  are  therefore  to be unders tood as the conse- 
quences of a low effective dielectr ic  constant  ~ c o u p l e d  
with  a high lat t ice phonon frequency.  

As a final point  i t  is wor thwhi le  to consider  the re -  
la t ionship be tween  the presen t  theory  and previous 
a t tempts  to ra t ional ize  the re la t ive  efficiencies of 
different  phosphor  mater ia ls .  Al ig  and Bloom (16) 
have emphasized that  the corre la t ion be tween  CR ef- 
ficiency ~ and the inverse  p lasmon f requency  ( ~ p ) - I  
or ig inal ly  proposed by  Kings ley  and Ludwig  (5) is 
only val id  when calcula ted p lasmon frequencies  are  
used; no correla t ion exists  for  measured  values  of 
~p. F rom Eq. [5] it  is therefore  c lear  tha t  the founda-  
tion of Kings ley  and Ludwig ' s  observat ions  must  l ie 
in a corre la t ion be tween  ~ and (nv)- l /2 ,  where  nv is 
the valence electron density. For  those phosphor  l a t -  
tices which can be considered to have a s imi lar  ra t io  
of ionic to covalent  bonding (i.e., specifically neglect -  
ing the a lka l i  hal ides)  Al ig  and Bloom have demon-  
s t ra ted  that  there  is indeed a re la t ionship  be tween  
and nv; in fact  they have plot ted  ~ vs. (nv) -1 and have 
shown that  some degree of corre la t ion does exis t  be -  
tween these quanti t ies.  
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In this work we predict an inverse relationship be- 
tween ~ and the index ~, i.e., from Eq. [18] we expect 
some positive correlation between ~ and the product 
of the quantities e and (]4~Lo/Eg)-1. The observations 
discussed in the previous paragraph would therefore 
be understandable if these exists a correlation be- 
tween-~ and/or (E~/~LO) and the inverse valence 
electron density (nv)-1. These quantities are listed in 
Table III and plotted in Fig. 6 using the reported 
values of n,; this figure demonstrates that both ~ and 
the ratio (E~//r do indeed vary as (nv) -1, and  
that the correlation with their product is even 
stronger. The reasons for this dependent behavior are 
as follows. The quantity (nv) -~ tends to be larger 
for lattices containing the bigger anions, such as S 2- 
and Se2-, than for the oxides. The presence of heavy 
ions in a lattice reduces the vibrational frequency 
K~LO, so that the ratio (Eg/~t~wLO) also tends to be 
larger for the sulfides and selenides. As noted pre- 
viously this ratio is particularly low for oxides con- 
taining tightly bound molecular anions. The effective 
dielectric constant can be rewritten as 
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and for the more polar materials of interest here it 
is most sensitive to variation in the high frequency 
dielectric constant c| According to the Clausius- 
Mossotti relation (60) ~| increases with the electronic 
polarizability of  the ions in the lattice. Since the anion 
polarizability is dominant, and for the chalcogenides 
has the order Se 2- > S 2- > 02% it is again apparent 
that ~-will be larger for those compounds containing 
the bigger anions for which (nv)-1 is also larger. 

We therefore suggest that the explanation of the 
earlier observations of Kingsley and Ludwig and of 
Alig and Bloom is as follows. For a particular phos- 
phor host our theory predicts a positive relationship 
between the maximum phosphor efficiency T]max and 
the product of two quantities, ~" and ( E g / ~ W L O ) .  As 
long as we restrict our attention to compounds with 
similar bonding properties, e.g., the chalcogenides, we 
find that both these quantities tend to increase with 
increasing anion size, for reasons discussed above. For 
lattices containing the larger anions t h e  inverse 
valence electron density, (nv) -1, is also large. Hence 
the previously reported appearance of correlation be- 
tween ~ and (nv) -1 [and implicitly between ~ and 
(~p)-l] arises simply because for the compounds of 
interest the product of the effective dielectric con- 
s tant- /and the energy ratio (Eg/]~fWLO) for a particular 
compound tends to be large in those lattices contain- 
ing the larger anions, for which (nv)-1 is also larger. 
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Table III. The inverse valence electron density [Ref. (16)], 
the effective dielectric constant, e, and the ratio (Eg/X~LO) for 

selected phosphor host lattices 

( n v )  -1 ( A  3) e (E~:I~[wLo) 

ZnF2 2.16 3.5 - -  
CaWO~ 2.44 5.3 62 
YVO~ 2.49 6.1 48 
Zn2SiO4 2.72 5.7 64 
ZnO 2.98 7.9 71 
Y20s 3.11 4.6 123 
CaO 3.47 4.7 169 
La202S 4.12 6.3 116 
ZnS 4.95 14,3 130 
ZnSe 5.68 20 141 
CaS 5.75 11.9 154 

Fig. 6. The effective dielectric constant ~" and the ratio (E~/ 
~bLO) for a number of phosphor host materials plotted against the 
inverse valence electron density (nv) -1  taken from Ref. (16). A 
positive relationship between phosphor efficiency ~ and the product 

(Eg/~wLO) iS expected on the basis of the theory developed in 
this paper. The evident correlation between these quantities and 
(nv) -1  is the origin of a previously noted correlation between 
and the calculated plasmon frequency ~p = (4~nve2/m) 1/2. 
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Investigation of Contact Metallization Systems 
for Solar Cells 

R. B. Campbell andA. Rohatgi 
Westinghouse Advanced Energy Systems Division, Pittsburgh, Pennsylvania 15236 

~ S ~ A ~  

In conventional solar cells, evaporated Ti-Pd-Ag metallization system 
has been found reliable. However, for low costterrestial applications, its cost 
effectiveness may be questioned. Electroplated Ag and Cu have been in-  
vestigated as replacements for evaporated Ag and have given results compar- 
able to the evaporated Ti-Pd-Ag system. 

Reliable contact systems are required if solar cells 
are to meet the operating lifetime goal. Evaporated 
Ti-Pd-Ag is the most widely used contact system due 
to its overall satisfactory performance and it has been 
qualified for space cells. However, this system may not 
be cost effective due to: (i) the use of expensive Ag, 
(ii) vacuum techniques, and (iii) inefficient use of 
evaporated material. A second problem, relating to 
operating life, is the interaction between the intercon- 
nect strap and the contact metallization. If these are 
different metals, there could be problems arising from 
galvanic corrosion effects and formation of inter- 
metallics. 

In this paper we will describe several alternate con- 
tact systems which ease processing, are suitable for a 
single metal interconnect system, and which are less 
costly than the evaporated Ti-Pd-Ag system. 

Key words: solar, electroplating, metallization. 

Systems Studied 
The following contact systems were studied: (i) 

evaporated Ti-Pd-Ag (baseline system); (ii) evap- 
orated Ti-Pd ~- electroplated Ag; (iii) evaporated or 
electroplated Cu; (iv) evaporated Pd -t- electroplated 
Cu; and (v) evaporated Ti-Pd -t- electroplated Cu. 

Evaporated Ti-Pd-Ag was used as a baseline contact 
system against which all other systems were evaluated. 
The evaporated Ti-Pd electroplated Ag system (No. ii) 
should be more cost effective than No. i since the Ag is 
deposited only on the well-defined grid area. The evap- 
orated Ti-Pd electroplated Cu system (No. iii) has the 
advantages of No. ii as well as using a less expensive 
metal. In addition, a system with a top layer of copper 
may permit a single metal contact-interconnection 
system using copper foils. The Pd-Cu system was in- 
vestigated to determine the role of the diffusion barrier 
metal, Ti, in the system. The evaporated Cu on Si sys- 
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tern was studied to show that  even at very moderate 
operat ing conditions copper on silicon is unsatisfactory. 

These contact systems were studied by fabricat ing 
1 X 1 cm n + p p+ solar cells on either float zone or 
dendrit ic web silicon. The base mater ia l  was 10-15 ~l- 
cm boron-doped. The cell parameters  were determined 
by a combinat ion of dark and lighted I -V measure-  
merits. The open-circui t  voltage (Voc), short-circui t  
cur rent  (Isc), fill factor (FF) ,  and cell efficiency were 
determined for the AM1 spectrum using a quartz-iodine 
simulator.  The bulk  and junct ion  responses were de- 
te rmined by  t ransforming the measured dark I - V  data 
by removing the effects of series and shunt  resistances 
as described by Davis et al. (1). The upper  segment  of 
the t ransformed I -V curve (Fig. 1) represents the bulk  
performance (ideality factor of un i ty)  and the lower 
segment is indicative of the junct ion response. If the 
upper  segment  moves to the left it indicates a loss of 
bulk  l ifetime and the upward  movement  of the lower 
segment  suggests increased recombinat ion in the junc-  
t ion or junct ion recombinat ion current  (2, 3). The life- 
t ime was determined by the open-circui t  decay (OCD) 
technique using 20 mA current.  The junct ion current  
(Ij) dominates at low voltages and is indicated in  this 
paper  by the current  in the lower segment  at V ~ 0.3V. 
The junct ion excess current  can reduce the fill factor 
and cell performance if it becomes appreciable in  re-  
lat ion to the Current at the operat ing point. 

Experimental Results and Discussion 
Table I shows a comparison of the evaporated Ti- 

Pd-Ag system vs .  the evaporated Ti -Pd  electroplated 
Ag system. These data were obtained by removing the 
evaporated Ag from the samples in the first column 
and then e]ectroplating an Ag layer. The data show no 
essential difference between the two systems. The 
electroplated Ag system will be less costly since the 
Ag is deposited only on the grid structure, and not 
over the entire cell (as in the evaporat ion technique) .  

The, evaporated copper system resulted in extremely 
poor yields. The main  failure mechanism was a low 
shunt  resistance of the order of few ohms as com- 
pared to the normal  30 KII or greater. This was most 
probably  due to the Cu diffusing into the silicon, and 
shun t ing  the junction.  This occurred at the moderate  
processing temperatures  of about 100~ 

Table  II shows a comparison of the baseline system 
wi th  evaporated Pd-electroplated Cu, The specific data 

.01 

I I I I 

t I i [ 
. I  .2 .3 ,4 .5 .6 

VcRs 

Fig. 1. Transformed I - V  curves of baseline system and Ti-Pd-Cu 
system. 

Table I. Evaporated Ti-Pd-Ag vs. evaporated Ti-Pd-plated Ag 

Evaporated Ag Plated Ag 

n (%) 14.4 14.3 
I~c (mA)  34.6 35.1 
Voo (V)  0.572 0,578 
FF 0.749 0.73 
Rs (~) 0.5 0.7 
R~h (k~) 300 300 
lj at 0.3V (mA) 0.04 0,05 
rocd (~sec) 21 22 
FZ cells  AR coating 
AM-l; 100 MW/cm 2 

In the above table,  the  cel l  parameters  are defined as: n (%)~ 
cell efficiency; I~c (mA)- - short -c ircu i t  current;  Voc (V)--open-cir- 
cult voltage; FF--curve form factor; R~ (~)--series res is tance  in 
ceil measured at the I~ point; R~h (~)--shunt resistance, mea- 
sured at --1V reverse  bias; Ij (mA)--junction excess  current,  
measured  at 0.3V; rocd (~sec) - -open-c ircui t  decay l i fet ime with in- 
jected current  of 20 mA. 

Table II. Evaporated Ti-Pd-Ag vs. evaporated Pd-plated Cu 

Pd-Cu Pd-Cu 
150oC 300oc 

Ti-Pd-Ag Pd-Cu sinter sinter 

(%) 14.4 14,5 13.97 1.3 
Isc (mA) 34.7 35,0 34.3 0.2 
Voc (V) 0.572 0.574 568 13.1 
FF 0.749 0,751 0.740 0.49 
R~ (0) 0.45 0,35 0.35 0.3 
R ~  (k~) 300 2 2 2 
tj at 0.3V (mA)  0.04 0.29 0.31 51.5 
ro~d (~sec) 21 19.5 19,5 - -  

FZ cells, AR Coating 
AM-l; 100 MW/cm~ 

in  Table II is for a Pd layer  of 0.03 ~m, al though layers 
from 0.08 to 0.3 ~m were tested with the same results. 
The unsintered Pd-Cu system is equivalent  to the base- 
line system. However, the system cannot withstand 
sinter ing as shown in the last two columns. The sinter-  
ing was carried out in H2 at the noted temperature  for 
15 rain. The degradation is due to an increase in the 
junct ion excess current,  again presumably  due to the 
Cu diffusing through the Pd to the junction. 
Although not indicated in the table, the experi- 

ments were repeated using sintered Pd as a base for 
plating the Cu. Pd layers from 0.08 to 0.3 #m were 
studied. In these tests the Pd was sintered for 15 rain 
at 300~ to form Pd silicides prior to plating 4 /~m of 
Cu. Initial cell characteristics were good but when 
these samples were sintered at 300~ they showed the 
same degradation as the cells in Table If, i.e., excess 
junction current. We, therefore, conclude that Pd, 
either sintered or unsintered,  does not serve a s  a bar -  
r ier  to Cu. 

Table III  shows the comparison of evaporated Ti- 
Pd-Ag system and the evaporated Ti -Pd  electroplated 
Cu system. All  cells were fabricated on dendri t ic  web 
silicon. As seen from the table, this system is equiva-  
lent  to the baseline system and can be sintered to 

Table III. Evaporated Ti-Pd-Ag vs. evaporated Ti-Pd-plated Cu 

Ti-Pd-Cu Ti-Pd-Cu Ti-Pd-Cu 
300~ 400~ 5000C 

Ti-Pd-Ag Ti-Pd-Cu s inter  s inter  s inter 

(%) 14.0 14.1 14.2 13.2 10.6 
Isc (mA)  33.6 33.3 33.4 33.7 29.6 
Voe (V) 0.572 0.580 0.580 0.574 0.544 
FF 0.74 0.734 0.76 0.731 0.667 
Rs (~) 0.5 0.6 0.45 0.5 0.5 
R.h (k~) 2.5 2.5 2.5 2 1.1 
I~ at 0.3V 0.044 0.044 0.040 0,27 1,4 

(mA) 
~ocd (~see) I I  11.5 11,5 I0 6 

Web cel ls  AR coating 
AM-l, 100 M W / c m  ~ 
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above 300~ There  is only a s l ight  decrease in per -  
formance  when sin~ered at  400~ but  a significant 
degrada t ion  when s in tered at  500~ The degrada t ion  
was due to increased junct ion cur ren t  wi th  no sig- 
nificant effect on the bu lk  propert ies .  

This is ind ica ted  in Fig. 1 which shows the t r ans -  
formed I -V curves of the T i - P d - A g  basel ine  sys tem 
(unsin tered)  and the T i -Pd  e lec t ropla ted  Cu system 
af te r  s inter ing at  300 ~ 400 ~ and 500~ As the s in te r -  
ing t empera tu re  is increased,  the cell degrades  by  an 
increase  in the  junct ion cur ren t  unt i l  at  500~ i t  no- 
t iceably  affects the cell parameters .  For  example,  the 
efficiency drops f rom 14 to 10.5%. This increase in junc-  
t ion cu r ren t  can be due to impur i t ies  or defects in the 
deplet ion region, such as Cu precipi tates .  

These da ta  indicate  that  evapora ted  T i - P d  e lec t ro-  
p la ted  Cu is a promis ing  contact  system from both a 
per formance  and cost s tandpoint .  Its long t e rm re l i -  
ab i l i ty  under  real is t ic  cell  opera t ing  condit ions has not 
been determined.  

Conclusions 
From the da ta  given we conclude: 
1. Elec t ropla ted  Ag can be used instead of evapo-  

ra ted  Ag to reduce the use of expensive  Ag. 
2. Pd -Cu  is not a sui table  system since it cannot  

wi ths tand sintering.  
3. T i - P d  e lec t ropla ted  Cu behaves  essent ia l ly  the 

same as the  basel ine  system. 
4. Ti and not  Pd acts as a diffusion bar r ie r .  
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Laser Interferometer Bevel Angle Measurement for 
Spreading Resistance Profiling 

D. C. D'Avanzo, 1 C. Clare, and C. Dell'Oca* 

Hew~ett Packard Laboratories, PaSo A~to, CaLifornia 94304 

ABSTRACT 

A laser  in t e r f e romete r  system is u t i l ized to au tomat ica l ly  m e a s u r e  b e v e l  
contours for spreading  resis tance profiling. Compara t ive  resul ts  demons t ra te  
the system's  ab i l i ty  to measure  angles be tween  0.2 ~ and 2 ~ wi th  be t t e r  than  
10% consistency. The effects of bevel  rounding  are  inves t iga ted  by  incorpora t -  
ing the complete  bevel  contour  into a mu l t i l aye r  da ta  analysis  algori thm. 
Both rounding and th ree -d imens iona l  effects are  shown to contr ibute  to the 
nea r - su r face  deple t ion  of spreading  resis tance impur i t y  profiles. 

Spread ing  resis tance measurements  a re  wide ly  used 
to de te rmine  the  impur i t y  profiles of diffused, im- 
planted,  and  ep i t ax ia l ly  g rown layers  (1). The method 
is capable  of profil ing an extens ive  range  of res is t ivi-  
t ies and profile shapes and is r e la t ive ly  r ap id  and con- 
venient.  The procedure  begins bv bevel ing the sample  
at  a shal low angle to achieve high spat ia l  resolution.  
Spread ing  resis tance is measured  be tween  two probes  
which  are  s tepped along the beveled  surface (Fig. 1). 
The impur i t y  profile ex t rac ted  f rom .the measuremen t  
da ta  is h ighly  dependent  on the bevel  angle measure -  
ment  which establ ishes the ac tual  depth  into the 
sample.  As can be seen in Fig. 1, the pe rpend icu la r  
distance, y, f rom the or ig inal  surface is the p roduc t  of 
the sine of the bevel  angle, e, and the dis tance t rave led  
in the x direction.  An  accurate  bevel  angle  measure -  
ment  is therefore  essential  for an accura te  profile 
measurement .  

Exis t ing angle measuremen t  techniques average  t h e  
slope of the  bevel  over  the  ent i re  beveled  plane,  resul t -  

* Electrochemical Society Active Member. 
1 Present address: Hewlett Packard, Santa Rosa, California 95404. 
Key words: impurity profile measurement,  two-point probes, 

multilayer analysis, bevel rounding, near-surface concentration. 

ing in significant e r ror  when  the beveled  surface is 
rounded.  In  order  to minimize  this  error ,  considerable  
t ime  and effort mus t  be  dedica ted  to sample  p repa ra -  
tion. In  addit ion,  these  angle measuremen t  techniques 
are  usua l ly  made  independent  of the  resis tance mea-  
surement  fu r the r  increas ing the  to ta l  measuremen t  
time. 

V 

Bevel Angle (9-- -~__~__ IJ '~Osmium Probes 

~ /  ' / ~  /I ,10O.m/~ Original S u r f a ~ ~ : S ~ ~ / / (  

/ / / Beve~ // J 

[ Sample J 

Fig. 1. Schematic diagram of a spreading resistance measurement 
on a beveled sample. 
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In  this work, a laser in terferometer  has been em- 
ployed to measure  the vert ical  displacement of one of 
the probes as it moves along the beveled surface. The 
probe serves as a profilometer so that  the actual  sur- 
face contour is measured .  Fur thermore ,  both the re- 
sistance measurement  and the angle measurement  are 
recorded s imultaneously and automatically,  reducing 
the measurement  t ime and minimizing the need for 
operator interpretat ion.  The laser system and optimiza- 
t ion of the laser measurement  are discussed in the next  
section. Comparative results are presented in the thi rd  
section, and  finally, bevel  rounding  and its effect on 
the corrected impur i ty  profile are considered in the 
fourth section. 

Laser Interferometer System 
Figure 2 is a schematic of the laser in terferometer  

system 2 (2) used in conjunct i0n with the spreading 
resistance probe, a The he l ium-neon  laser uses Zeeman 
spli t t ing to produce a coherent beam composed of two 
slightly different optical frequencies of opposite cir- 
cular polarization. The two components are split in an 
interferometer  where  one is reflected internal ly,  while 
the other is reflected from a mirror  mounted on the 
back of a probe-arm. The two reflected beams interfere 
in  the interferometer,  producing a difference frequency. 
Relative motion of the probe arm results in  a pro- 
port ional  Doppler shift in  the difference frequency 
which is detected by the receiver and processed by 
the accompanying electronics. Displacements of ap- 
proximately  one-fort ieth of the optical wavelength or 
150A can be detected. 

Both the laser and spreading resistance systems are 
interfaced to a t Iewle t t -Packard  Series 1000 21MX 
computer. The laser data is processed by the computer  
and a bevel  contour is constructed. The raw spread- 
ing resistance data is combined with the contour in- 
formation and analyzed by mul t i layer  theory (3, 4) to 
produce a concentrat ion profile for the sample. 

Maximum laser resolution is difficult to obtain in 
practice due to the effects of mechanical  vibrations,  
changes in  air  density, and thermal  expansion of the 
supports. Vibrations are minimized by mount ing  the 
system on an isolation table while changes in air  den- 
sity introduced by turbulence  are reduced by enclosing 
the beam in a protective column. 

The th i rd  source of error, thermal  expansion of the 
support structure, can lead to considerable inaccuracy 
if not  compensated. The 10 in. , a luminum structure  
support ing the interferometers  expands at a rate of 7 
microns per degree centigrade. The ambient  tempera-  
ture  changes by approximately 0.1~ dur ing a mea- 

~The laser source, optics, and electronics, System 5501A, are 
commercial ly available from Hewlett Packard Company, Palo Alto, 
California. 

8 The spreading resistance system, the ASR 100, is produced by 
Solic] $~ate Measurements, Monroeville, Pennsylvania. 

L A S E R  
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i svs, M,, . . . . . .  L I J  / I 

Fig. 2. Laser interferomefer and spreading resistance system 

surement  resul t ing in a 6000A expansion. Compensa- 
t ion has been achieved by measur ing the path length 
between a reference mir ror  located near  the sample 
and a reference interferometer  mounted  on the sup- 
port s t ructure  close to the p r imary  interferometer,  Fig. 
2. Changes in the reference path length are interpreted 
as displacement of the in terferometer  due to expan- 
sion of the supports. This displacement is substracted 
from the probe arm displacement. A typical  result  is 
reproduced in Fig. 3. In  this exper iment  the probe a rm 
was allowed to rest on the surface of a s tat ionary sam- 
ple. The change in  path lengths to the probe a rm and 
the reference mir ror  were measured every 30 sec for 
15 min. Without  compensation the probe appea~s to 
have moved over a micron. When compensation is in- 
cluded the apparent  displacement is eliminated. The 
reduction in the noise level to a 300-400A ripple is suf- 
ficient to accurately determine the bevel  angles com- 
monly  used for spreading resistance profiling. 

Results 
Bevel angle determination.--During each spreading 

resistance measurement  cycle the probe is slowly low- 
ered to the sample surface where  it remains  for several 
seconds while the resistance measurement  is made, and 
then is lifted to allow the sample to be moved hori-  
zontally. Figure 4 shows the height of the probe 
throughout  a measurement  cycle. The local height of 
the sample surface is determined by averaging a burs t  
of laser measurements  while the probe is rest ing on 
the surface. The data selection in terva l  is shown in 
Fig. 4. The s tandard deviation associated wi th  the aver- 
age value is usual ly  less than  100A. The averaging pro- 
cedure is repeated each t ime the probe is lowered to 
the sample surface. The probe height is recorded as a 
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funct ion of horizontal  t ravel  to recreate the bevel  
contour. Figure i shows a typical  result  for a nomina l  
1~ ' bevel  block. The bevel  angle is de termined by 
fitting two lines to the measurement  data; one on the 
beveled silicon surface and one on the original  surface. 

To evaluate the accuracy of the laser technique 
bevels between 0.15 ~ and 2.8 ~ were measured and the 
results were compared to the angles determined by 
mul t ibeam interference using an interference attach- 
men t  in an optical microscope. The bevel  angle can 
be related to the angle formed by the interference 
fringes as they pass over the bevel edge. The absolute 
accuracy of the mul t ibeam technique is difficult to 
evaluate since the fr inge bending is measured manu-  
ally. Repeatabil i ty of the method is typically between 
5% and 10%. 

The comparat ive results are shown in  Fig. 6 where  
the ratio of the laser angle to the mul t ibeam angle is 
plotted as a funct ion of the laser angle. For angles over 
0.2 ~ (12 rain) the agreement  is always better  than 10% 
and improves slightly as the angle increases. The ap- 
parent  range over which reliable laser measurements  
can be made includes all the nomina l  bevel  angles nor- 
mal ly  used for spreading resistance profiling which are 
between 16' and 5 ~ . 

The abil i ty of the laser technique to reproducibly 
measure junct ion  depths is demonstrated in Fig. 7. The 
npn  structure has junct ion depths of 0.5 and 2 ~m. 
Each concentrat ion profile was measured on a different 
chip taken from the same wafer. The tr iangles were 
extracted from a nomina l  16' bevel  with 10 ~m stepping, 
while the circles were measured on a 34' bevel  at 5 ~m 
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Fig. 5. Laser interferometer measurement of a beveled surface 
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Fig. 7. Comparison of impurity profiles using laser angle mea- 
surements on 16' and 34' bevels and multibeam measurement on a 
34' bevel. 

stepping to main ta in  the same approximate vert ical  
resomtion. (For comparison, the solid l ine in Fig. 7 was 
derived from a 34' bevel at 5 #m steps and a mul t ibeam 
angle measurement .  The agreement  in junct ion  depths 
is wi thin  500A, which is the approximate spatial reso- 
lut ion for these par t icular  angles and stepping dis- 
tances.) The angles for both samples were determined 
by the laser interferometer  and are shown in  Fig. 
8(a) and (b). 

Up to this point the discussion has been l imited to 
the abil i ty of the laser in terferometer  to accurately and 
reproducibly measure bevel  angles. The next  section 
explores the potential  of the laser technique to quant i fy  
the detailed contour of the beveled surface and demon- 
strate corresponding effects on corrected impur i ty  
profiles. 

Bevel contour determination and e~fects.--For the 
analysis of spreading resistance data the beveled sur- 
face is usuai iy  assumed p lanar  so that  the distance 
between each measurement  point  is constant and equal  
to the product of the sine of the beveled angle and the 
stepping distance. In  practice, the beveled surface can 
be rounded as has been shown qual i ta t ively with sur- 
face profilometer measurements  (4). Rounding will  in- 
troduce nonuni formi ty  in the actual  distance between 
measurement  points and may lead to erroneous concen- 
t rat ion profiles if the effect is not included in the -data 
analysis scheme. A rounded bevel is one possible cause 
for the previously reported (4, 5) anomalous depletion 
of impurit ies at the surface of diffused samples where 
none is expected. Since the laser interferometer  tech- 
nique measures the probe height at each point  along 
the sample surface, the actual vert ical  distance be- 
tween spreading resistance measurements  can be deter- 
mined and incorporated in  the data analysis algorithm. 

An example of a laser measurement  on a rounded 
bevel is shown in Fig. 9. The rounded portion of the 
surface extends through the oxide and over 8000A 
vert ical ly into the silicon. The procedure for quant i fy-  
ing the contour measurement  is schematically dia- 
grammed in Fig. 10. A parabolic fit approximates the 
data in the rounded port ion of the bevel  while l inear  
fits are sufficient outside the rounded area. The vert ical  
distances between measurement  points, the hi, are 
calculated from the approximating functions. As can 
be seen in Fig. 10, rounding causes the vert ical  steps 
to increase with distance away from the original sur- 
face approaching a constant  value equal  to that  de- 
r ived from an angle measurement .  The part icular  ef- 
fect on the corrected impur i ty  profi!e will depend on 
the data analysis algori thm but, in general, a decrease 
in hi will result  in an increased concentration, since the 
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concentration is roughly proportional to the local slope 
of the resistance data. Therefore, incorporation of the 
actual bevel contour wil l  increase the near-surface 
concentration. 

A typical result for a phosphorus predeposition is 
reproduced in Fig. II.  The laser data and correspond- 
ing linear and quadratic approximations to the bevel 
contour are shown in Fig. l l ( a ) ,  and the resulting pro- 
files determined by multilayer analysis are shown in 
Fig. l l ( b ) .  The circles are obtained when a planar 
bevel or uniform resolution is assumed while the tri- 
angles result when bevel rounding is included. Other 
measurement techniques and diffusion theory have con- 
firmed that the solid solubility phosphorus redeposition 
should not deplete near the surface. The observed de- 
pletion of impurities is apparently an artifact intro- 
duced by the spreading resistance technique. Compari- 
son of the two profiles indicates that the quantification 

Fig. 8. Laser bevel contours 
for nominal 16' (a, left) and 34' 
(b, right) bevels. 
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Fig. 10. Schematic of a rounded bevel contour and approximating 
functions. 

and incorporation of bevel rounding i~nproves the near- 
surface profile shape but fails to completely resolve the 
apparent anomaly.  

To continue the  invest igat ion,  the  surface oxide was 
removed  and both the  spreading  resis tance and beve l  
contour were  remeasured ,  Fig. 12. As expected,  the  
spreading resis tance (circles in Fig. 12) remained at a 
constant value far from the  bevel  edge in the  original 
sample  surface but begin to increase  as the  surface is 
approached. The accompanying surface contour clearly 
shows that  the  increase  occurs before  the  bevel  has 
penetrated the  sample  surface. I t  appears that the  
presence of the  bevel  influences the  electr ic  field dis- 
t r ibut ion  and hence the measured  spreading  resis tance 
when the distance be tween  the probes  and bevel  edge 
is approximately equal to the probe separation (100 
~m for this  measurement ) .  

Exact  analysis of the  bevel  influence on the  measured  
res is tance would  requi re  a three-dimensional solution 
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of Laplace ' s  equation. An empir ica l  approach  was 
adopted  in o rder  to es t imate  the  re la t ive  effect of the  
th ree -d imens iona l  geomet ry  on the corrected impur i ty  
profile. This was  accomplished by  set t ing the  spreading 
resis tance at the  beve l  edge equal  to the  constant  va lue  
measured  on the  or ig ina l  surface and ad jus t ing  the  
near -sur face  res is tance values  to obtain a smooth curve 
(the dashed l ine in Fig. 12). The ad jus ted  spreading  
resis tance values  were  analyzed first wi th  uni form res-  
olution, and then including the effect of beve l  rounding.  
The resul ts  are  compared  in Fig. 13. Adjus t ing  the sur -  
face resistance, assuming a p l ana r  bevel  ( the t r iangles) ,  
improves  the  surface concentrat ion,  but  the  most re-  
alistic profile is obta ined when  both the  ad jus ted  sur-  
face resis tance and beve l  rounding  are  included ( the  
circles in Fig. 13). I t  appears  that  the anomalous  de-  
plet ion of impur i t ies  at the surfaces of spreading  re-  
sistance profiles is influenced both by  nonuni form spa- 
t ia l  resolut ion due to bevel  rounding  and by  the  effect 
of the  th ree-d imens iona l  beve l  geomet ry  on the po- 
ten t ia l  dis tr ibut ion.  

The l a t t e r  effect can be minimized  by  reducing the 
probe  separat ion.  F igure  14 compares  spreading  re-  
sistance measurements  on a phosphorus  diffusion wi th  
100 and 25 ~m probe  separat ion.  The difference be tween  
the  resistance at  the  beve l  edge and the constant  va lue  
on the unbeve led  surface decreases  significantly wi th  
decreased probe separat ion.  

Conclusion 
A laser  in te r fe romete r  sys tem has been successful ly 

appl ied  to the  measurement  of shal low bevel  contours 
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Fig. 14. Normalized spreading resistance measurements on a 
phosphorus diffusion with 25 and 100 ~m probe separation. 

for spreading resis tance profiling. The new technique 
provides  an automat ic  de te rmina t ion  of bevel  angles 
as wel l  as a quant i ta t ive  measure  of the  bevel  con- 
tour. With  adequa te  compensat ion for  t he rma l  ex- 
pansion angles as smal l  as 0.2 ~ are  accura te ly  measured.  

The quant i ta t ive  contour  informat ion  has been ut i l -  
ized to s tudy the effects of bevel  rounding  on spread-  
ing resis tance impur i ty  profiles. The resul ts  imply  that  
the  apparen t  deple t ion  of i m p u r i t i e s  a t  the  sample  
surface is only  pa r t i a l ly  caused by  rounding.  In  addi-  
tion, the  th ree -d imens iona l  beve l  geomet ry  tends to 
increase the  spreading resis tance near  the  bevel  edge, 
resul t ing  in lower  impur i t y  concentrat ions.  Improved  
results  are  obta ined  when the quant i ta t ive  bevel  con- 
tour  is taken  into account and the near - sur face  sp read-  
ing resis tance is empi r ica l ly  adjusted.  
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Stabilization of n-CdSe Photoanodes in 
Nonaqueous Fe(CN)6 Electrolytes 
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ABSTRACT 

The systematic development  of a nonaqueous ferro-ferr icyanide electro- 
lyte for stabilization of n-CdSe photoanodes is described. Selection of the 
solvent  is discussed in terms of inherent  s tab i l i ty  provided, the rate of the 
redox reaction, the tendency toward specific adsorption of the redox species, 
and the equi l ibr ium potent ial  of the redox couple with respect to the flatband 
potential  (a t ta inable  open-circui t  voltage).  Results are presented for cells 
of the type n - C d S e / m e t h a n o l / F e ( C N ) 6 8 - / 4 - / P t  which have been operated 
for up to 700 hr  at 6 mA/cm~ with no detectable degradat ion in e i t h e r  t h e  
electrode surface or the photoresponse. 

It  is general ly  recognized that  the key problem with 
electrochemical solar cells is photodissolution of the 
required na r row-bandgap  semiconductor anode mate-  
rial. To date, the best stabil i ty in such cells has been 
at ta ined with n - type  cadmium chalcogenide (CdX, 
where X = S, Se, or Te) (1-5) and n-GaAs (6, 7) 
electrodes stabilized by chalcogenide/polychalcogenide 
redox couples (e.g., Se2-/Sex 2-)  in aqueous electro- 
lytes. Photogenerated holes, which would otherwise 
lead to destruction of the semiconductor lattice, are 
preferent ia l ly  consumed in the redox reaction. Unfor-  
tunately,  the ph0tocurrents  in such systems, at least 
for CdX electrodes, still deteriorate slowly with time, 
especially at higher l ight intensities. In the case of CdX, 
this has been shown to involve chalcogenide exchange 
between the electrolyte and the electrode surface, 
possibly via photo-oxidation followed by  reprecipi-  
tat ion (8-12). 

Suppression of the photodissolution of n -CdX anodes 
in  aqueous systems by X 2- ions appears to result  pr i -  
mar i ly  from specific adsorption of X 2- at the electrode 
surface and concomitant  shielding of the lattice ions 
from the solvent molecules, ra ther  than from rapid 
annihi la t ion  of photogenerated holes. This is apparent  
from the dramatic shift in the dissolution potentials for 
electrolytes containing sulfide 1 (~, 13), i.e. 

CdS -- Cd 2+ + S + 2e- ,  E ~ ---- 0.08V [1] 

CdSe----Cd 2 + - S S e + 2 e - ,  E ~ = - - 0 . 1 2 V  [2] 

compared with 2 

CdS + S 2- = Cd 2+ + $22- + 2e-, 

C d S e + S 2 - = C d 2 + + S e S 2 -  + 2 e - ,  

E ~ = --0.72V 

[3] 

E ~ = --0.78V 

[4] 

Because of these shifts (which presumably  also occur 
for Se 2- and Te2- ) ,  X 2- oxidation has practically no 
energetic advantage compared to CdX dissolution in 
competing for photogenerated holes, i.e. 

2S 2- = $22- + 2e- ,  E ~ = --0.71V [5] 

2Se 2-  -- Se22- + 2e- ,  E ~ -~ --0.95V [6] 

As a consequence of X 2- specific adsorption and the 
fact that  the X e - / X n  ~- couples involve a two-electron 

* Electrochemical  Soc ie ty  Act ive  Member.  
Key words:  e lectrochemical  solar cells,  stabil izing redox sys- 

tems, methanol ,  ferro-ferricyanide.  
Note  that a similar shift  is expected  for  CdTe dissolution, but 

data do not  appear to be available for  this reaction. 
Note  that these  react ions  are written as oxidations so that 

dissolution proceeds from left to right, but the  Eo values are re- 
duction potentials (in agreement with accepted electrochemical 
practice). All voltages  are re ferred  to the saturated calomel elec- 
trode (SCE). 

transfer,  the overall  redox process (adsorpt ion/electron 
t ransfer /desorpt ion)  is also slow, which limits the de- 
gree of stabilization that  can be at ta ined in such sys- 
tems. In  addition, the type of interact ion of the $2-  
ions with the electrode surface which produces the 
shifts in the decomposition potentials also favors anion 
subst i tut ion in the lattice and the concomitant  degra-  
dation of the photoresponse. 

On the basis of these observations, fast one-electron 
redox couples which do not involve strong specific 
adsorption 8 on the electrode surface appear to be the 
best candidates for stabilization of n -CdX electrodes 
against photodissolution. The importance of kinetics in 
the competition for photogenerated holes is evident  
from the fact that  the Fe(CN)63- /4 -  couple (E ~ ~- 
+0.12V vs. SCE) par t ia l ly  quenches the photodissolu- 
tion of n-CdS in water  (14, 15) even though its reac- 
t ion is thermodynamical ly  unfavorable  compared to 
dissolution (E ~ ---- +0.08V). Of course, it is also evi- 
dent from this example that fast electron transfer  by 
itself is not sufficient to ensure stabilization. Added 
stabil i ty can be attained, however, through the use of 
nonaqueous solvents (16) which, in general, are in -  
herent ly  less ionizing than water, and also provide 
flexibility in gaining an energetic advantage for the 
redox reaction over photodegradation of the semicon- 
ductor. 

In  the present  work, various nonaqueous ferro- 
ferr icyanide electrolytes were evaluated for use in  sta- 
bilizing n-CdSe photoanodes. This evaluat ion included 
determinat ion of the inheren t  stabil i ty provided by 
each solvent, as well as the re levant  kinetic and ther-  
modynamic  characteristics of the redox reaction in 
each system. The methano l /Fe  (CN) 88-/4- electrolyte 
chosen on the basis of these data was shown to com- 
pletely stabilize n-CdSe photoanodes. This electrolyte 
also has the distinct advantage of being practically 
t ransparent  to most of the solar spectrum, i.e., l ight 
energies below 2.6 eV. 

Experimental Details 
Solvent  purification.--Reagent grade solvents (Baker 

Analyzed) were fur ther  purified under  iner t  a tmo- 
sphere before use. Alcohols were refluxed over Mg, 
and then fractionally distilled. Acetonitri le was st irred 
over calcium hydride, refluxed over P20~, distilled, and 
then stored over activated alumina.  DMF (N,N-di- 
methylformamide)  was stirred over activated alumina,  
then distilled under  reduced pressure. Propylene car- 
bonate was dehydrated over 4A molecular  sieves. 

Electrolyte preparation.--The t e t rae thy lammonium 
cation was used as the counter ion  for the redox species 

3 It should be mentioned, however, that some interaction be- 
t%veen the redox species and the electrode surface may be de- 
sirable if it results in a negative shift in the flatband potential so 
that the open-circuit voltage of the cell is increased. 
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and the support ing electrolyte. With the smaller  te t ra-  
me thy lammonium cation, solubilities are inadequate,  
whereas the larger t e t r abu ty lammonium cation pro- 
duces a negative shift in the E ~ value of the redox re- 
action (17). The perchlorate support ing electrolyte 
used in acetonitrile, ethanol, and dimethylformamide 
was obtained from Southwestern  Analyt ical  Company 
(Austin, Texas).  The t e t rae thy lammonium fluoroborate 
used in the methanol  and propylene carbonate solvents 
was precipitated from a solution of Et4NBr and HBF4 
in ethanol by addition of isopropanol, and was then re- 
crystallized twice from ethanol. 

Te t rae thy lammonium ferrocyanide was prepared by 
in situ electrochemical reduction of the ferr icyanide 
species using Pt  electrodes (,-~10 cm 2 each) in indi-  
vidual  compartments  of a Pyrex  glass cell separated by 
a medium glass frit. During the electrolysis, which was 
performed in an iner t  atmosphere dry box, the cathode 
potential  remained constant  at about --0.45V vs. SCE 
(saturated calomel electrode) and the current  density 
was typical ly 3-5 mA/cm 2. The desired catholyte redox 
composition was at tained by controlling the amount  of 
charge passed. The te t rae thy lammonium ferricyanide 
s tar t ing mater ia l  was prepared by a l i terature  method 
(17). 

Electrodes.--Reference electrodes were always iso- 
lated in a separate compar tment  which was connected 
to the main  cell through a medium glass flit.  Reference 
electrode potentials were checked periodically against 
that of the fer rocene-fer r icenium rection on Pt, which 
was found to be independent  of the solvent (0.40 +_ 
0.02V vs. SCE). The nonaqueous Ag/Ag + reference 
was used in acetonitrile. In the other solvents, both 
aqueous Ag/AgC1 and saturated calomel reference 
electrodes were used with comparable results. 

The Pt  disk electrode (0.13 cm e) used to study the 
kinetics of the Fe(CN)63- /4-  reaction was mounted 
concentric and flush with the end of a 12 mm diam 
Ke l -F  cylinder by hot pressing. After mounting,  the 
electrode was polished on successively finer aqueous 
a lumina  powder slurries to 1 ;~m particle size, and 
was then cleaned ul trasonical ly in water. Before each 
use, the electrode was fur ther  cleaned by immersion 
in  boil ing concentrated nitr ic acid. 

The n-CdSe electrodes (0.18 cm 2 X 1 mm thick) 
were cut from rods supplied by Cleveland Crystals 
(Cleveland, Ohio) and had from 1017 to 10 TM carr iers /  
cm 3. Ohmic contacts were made with an In -Ga  alloy. 
Before use, n-CdSe electrodes were polished to 0.05 ~m 
particle size, then etched in 3M nitr ic acid or a 1:25 
mixture  of concentrated nitric and hydrochloric acids 
(with comparable results) .  For long- te rm studies, 
n-CdSe electrodes were mounted in  Ke l -F  by hot- 
pressing. Results for electrodes mounted in  silicone 
adhesive/sealant  (Dow Corning Corporation, Midland, 
Michigan) were comparable. 

Electrochemical measurements . - -Al l  electrochemical 
measurements  were made in Pyrex glass cells inside 
an iner t  atmosphere dry box using a PAR Model 173 
Potent ios ta t /Galvanosta t  in conjunct ion with a PAR 
Model 175 Universal  Programmer.  The effects of solu- 
tion resistance were always el iminated by electronic 
IR compensation. The a-c impedance of n-CdSe elec- 
trodes was determined from the current  response to a 
small  a-c voltage (5 mV rms) measured by an Ithaco 
Dynatrac III Lock-In  Analyzer.  Electrodes were i l-  
luminated by a tungsten-halogen lamp through a 
quartz window. The i l luminat ion  in tens i ty  was mea-  
sured with a Pyroelectric Radiometer (Molectron, 
Sunnyvale,  California).  

Results and Discussion 

Inherent electrode s tabi l i ty .~The inherent  stabili ty 
of n-CdSe electrodes in various solvents was invest i-  
gated by following the photocurrent  at the same degree 
of band bending as a function of time under  i l lumina-  
tion at constant  in tensi ty  in the absence of redox 

species in  the electrolyte. Data are shown in  Fig. 1. 
Since in the absence of electrode photodegradation the 
rate of charge carrier  recombinat ion should be high, 
lower ini t ia l  photocurrent  and fast decay are taken as 
indications of intr insic  stability. Based on these cri- 
teria, Fig. 1 indicates that  the resistance of CdSe to 
photodecomposition increases in the order: water  < <  
methanol  -~ ethanol < N,N-dimethylformamide < 
propylene carbonate ~ acetonitrile. 

Kinetic considerations.--The kinetics of the 
Fe(CN)68- /4 -  redox reaction in the various solvents 
were investigated using a rotat ing Pt disk electrode 
(18). Typical vol tammograms obtained in methanol,  
ethanol, acetonitrile, and propylene carbonate are 
shown in Fig. 2. The plateau currents  observed for both 
the anodic and cathodic branches were found to be 
diffusion l imited in all cases. As shown in Table I, 
the equi l ibr ium potential  for the Fe(CN)63- /4 -  reac- 
tion correlates well with the solvent acceptor number  
(17), which reflects the stabilization of the i ron( I I )  
complex by outer-sphere  solvent interactions. Note 
that  there is no correlation with the dielectric constant. 
The equi l ibr ium potential  can be varied almost con- 
t inuously through the use of mixed solvents. Because 
of the extremely negative E ~ value for the 
Fe(CN)63- /4 -  couple in dimethylformamide,  which 
ensures a low open-circui t  voltage, since based on the 
photocurrent  onset the flatband potential  is about 
--1.1V, this solvent was not considered further.  

The Fe(CN)63- /4 -  reaction is general ly reversible 
as indicated by the vo l t ammograms- in  Fig. 2, and 
l inear  kinetic plots (19) of the type shown in Fig. 3 
for the methanol  electrolyte were general ly obtained. 
The current  function plotted in Fig. 3 includes correc- 
tions for the back reaction and mass t ransport  for 
both the reactant  and product;  i ---- current,  if and ib ---~ 
the diffusion-l imit ing currents  for the forward and 
back reactions, respectively, E : electrode potential,  
and Er ---- rest potential.  When the redox reaction is 
reversible and specific adsorpt ion does not occur, the 
slope of the kinetic plot ("Tafel" slope) should be 120 
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Fig. 1. Photocurrent decay for n-CdSe photoanodes in various 
solvents at 0.9V positive of the flatband potential. 
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tetraethylammonium ferro- and ferricyanide, and 0.1M tetraethyl- 
ammonium supporting electrolyte (perchlorate in acetonitrile and 
ethanol, fluoroborate in methanol, and propylene carbonate), 
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Fig. 3. Kinetic plots for the Fe(CN)63- /4 -  redox reaction on a 
rotating Pt disk electrode in a methanol electrolyte (conditions 
same as Fig. 2). 

mY/decade  (assuming tha t  the s y m m e t r y  factor,  , ,  is 
0.5) and ex t rapo la t ion  to the res t  potent ia l  yields the 
appa ren t  exchange cur ren t  (and consequent ly  the ap -  
pa ren t  ra te  constant ) .  When specific adsorpt ion  occurs, 
the "Tafel"  slope is genera l ly  higher.  

Kinet ic  da ta  for the Fe (CN)6  ~ - / 4 -  couple on P t  a re  
summar ized  in Table II. The e lect ron t ransfer  ra te  
decreases wi th  the solvent  in the o rde r  methanol  > 
e thanol  > acetoni t r i le  > p ropy lene  carbonate,  by  about  
a factor  of 1/3 in each case. The Tafel  slopes for  
e thanol  and p ropy lene  carbonate  of 130 mV/decade  for 
the  cathodic branch  and 170-180 mV/decade  for the  

Table I. Correlation of the Fe(CN)e s- /4`"  redox potential 
with the solvent acceptor number 

Equilibrium 
Dielectric Aeceptor potential 

Solvent constant number* (V vs. SCE) 

Methanol 3 2 . 7  41 .3  - 0 . 0 8  
E t h a n o l  2 4 . 5  37 .1  - 0 . 1 0  
Acetonitrile 3 8 . 8  18 .9  - 0 . 7 8  
A c e t o n i t r i l e - 1 0 %  m e t h -  ~ - -  - 0 . 5 0  

a n o l  
Propylene carbonate 69.0 18.3 - 0.82 
Dimethylformamide 36.7 16.0 - -  1.08 

After G. Gritzner et al. (17). 

Table II. Kinetic data for the ferri-ferrocyanide couple at a 
rotating Pt disk electrode in nonaqueous solvents 

containing tetraethylammonium as the cation 

S o l v e n t  

A p p a r e n t  
Anodic Cathodic rate 

T a f e l  s l 6 p e  T a f e l  s l o p e  constant 
( m V / d e c a d e )  ( m V / d e c a d e )  ( c m / s e c )  

M e t h a n o l  120  120  3 .2  • 10 -a  
E t h a n o l  170  130  1.3 • 10  "~ 
Acetonitrile 120  ~ 1 2 0  0 .4  x 10-~ 
Propylene 180 130 0.1 x i0 -a 

carbonate 

anodic branch  suggest  increas ing  specific adsorpt ion  at  
more anodic potent ia ls  in these solvents, which  is r ea -  
sonable for a h ighly  charged anionic redox species. 

These P t  da ta  are  indicat ive  of the inheren t  kinet ic  
l imi ta t ions  of the Fe (CN)6  S - /4 -  couple in each sol-  
vent,  but  caut ion mus t  be exercised in ex t rapo la t ing  
to n -CdSe  electrodes.  Fo r  example ,  i t  should be kep t  
in mind  tha t  specific adsorpt ion  effects m a y  va ry  wi th  
the e lec t rode  mater ia l .  Nonetheless,  the t rends  ob-  
served for  P t  should also be val id  for n-CdSe.  

Thermodynamic considerations.--Flatband potent ia l s  
were  de te rmined  for  n -CdSe  in the var ious  solvents 
[containing Fe (CN) 63-/4- ] f rom a-c  impedance  mea -  
surements .  A typica l  Mo t t -Scho t tky  plot  is shown in 
Fig. 4. The resul ts  are  summar ized  in Table III. 

System selection.--Although methanol  provides  the 
lowest  inheren t  s tab i l i ty  of the solvents invest igated,  
this is more  than  compensated  by  fast  e lect ron t r ans -  
fer, no specific adsorpt ion,  and a favorab le  f la tband 
potent ia l ,  so tha t  this solvent  appears  to be the most  
promis ing for s tabi l izat ion of CdX photoanodes wi th  
the f e r ro - fe r r i cyan ide  couple. If  high inheren t  s tab i l i ty  
were  weighted  more  heavily,  acetoni t r i le  would  then 
appear  most  a t t ract ive.  The choice of methanol  seems 
to be v indica ted  by  cyclic vo l t ammet r i c  da ta  at  200 
mV/sec  for stat ic n -CdSe  electrodes under  i l lumina t ion  
at  low l ight  intensi t ies  in methanol  and acetoni t r i le  
e lect rolytes  containing 0.1M F e ( C N ) 6 8 - / 4 -  and  0.1M 
suppor t ing  electrolyte .  For  methanol ,  a s table anodic 
photocur ren t  p la teau  is observed f rom --0.7 to 0.1V vs. 
SCE, which indicates  tha t  pho togenera ted  holes are  
collected at high efficiency over  a wide potent ia l  range.  
For  acetonitr i le ,  the pho tocur ren t  begins to increase  
(above the p la teau  level)  at  about  --0.5V, which in-  
dicates tha t  some of the  holes a re  not  be ing  col lected 
by  the redox couple. Fur the rmore ,  Fe (CN)64-  is re -  
por ted  to be uns table  in acetoni t r i le  solut ion (17). 

Table Ill. Solvent dependence of the flatband potential 
and photocurrent onset for n-CdSe 

F l a t b a n d  P h o t o c u r -  
p o t e n t i a l  r e n t  o n s e t  

S o l v e n t  ( V  vs.  S C E )  ( V  vs.  S C E )  

A c e t o n i t r i l e  - 1 .2  - 1.1 
P r o p y l e n e  c a r b o n a t e  - 1.1 - 1.0 
A c e t o n i t r i l e / 1 0 %  m e t h a n o l  --  1 .0  --  1 .0  
M e t h a n o l  - 0 .9  - 0 .8  
E t h a n o l  - 0 .9  - 0 .8  
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Evaluation oS the n-CdSe/methanol/Fe(ON)~-14- 
system.MThe l ong - t e rm  s tab i l i ty  of n -CdSe  photo-  
anodes in the me thano l / f e r ro - f e r r i cyan ide  system was 
inves t iga ted  using tungs ten-ha logen  i l lumina t ion  of 
about  85 m W / c m  2 intensi ty.  The current  a t  single crys-  
ta l  n -CdSe  photoanodes r emained  constant  at  6 m A /  
cm2 (cbnversion efficiency of ,-,3.5%) for  as long as 
700 h r  in a s t i r red  methanol  e lec t ro ly te  containing 
0.4M each of t e t r a e thy l ammon ium F e ( C N ) 6 3 - / 4 -  plus 
0.1M t e t r a e t h y l a m m o n i u m  fluoroborate.  No de te r io ra -  
t ion of the e lect rode surface or  weight  loss was de-  
tec ted  a l though the charge passed was equiva lent  to 
81 t imes the  weight  of the crystal .  Since these studies 
were  designed to demons t ra te  s tabi l i ty ,  no a t t empt  
was made to opt imize the cell  pe r formance  cha rac te r -  
istics which were  undoub ted ly  d iminished because of 
the  high ca r r i e r  concentra t ion of the  n -CdSe  electrodes 
(101~-101S/cmS). A cur ren t -ce l l  vol tage curve for this 

sys tem wi th  a P t  countere lec t rode  is given in Fig. 5. 
I t  was also demons t ra ted  tha t  the s tab i l i ty  of n -CdSe  
photoanodes in me thano l / f e r ro - f e r r i cyan ide  is not  
sensit ive to traces of water ,  as shown in Fig. 6. 

Work  is cu r ren t ly  u n d e r w a y  to opt imize pe r fo rm-  
ance of the n - C d S e / m e t h a n o l / F e ( C N ) 6  a - / 4 -  sys tem 
for both  single crys ta l  and po lycrys ta l l ine  electrodes.  
Considerable  a t tent ion is focused  on the electrolyte .  At  
h igher  redox couple concentrat ions,  ion pair ing,  spe-  
cific adsorpt ion,  and impur i t y  effects become more  im-  
portant .  This necessi tates deve lopment  of be t te r  me th -  
ods of p repa r ing  and pur i fy ing  materials ,  and consid-  
erat ion of a l t e rna te  counterions (e.g., dications) and  
solvent  mixtures .  Wi th  redox  e lect rolytes  p repa red  by  
a new chemical  method,  sustained photocurrents  at  n-  
CdSe electrodes of about  17 m A / c m  2 have recent ly  
been at tained.  These results,  which wil l  be e labora ted  
upon in a fu ture  publication,  i l lus t ra te  the potent ia l  of 
this system. 

Conclusions 
The the rmodynamic  and kinet ic  considerat ions out -  

l ined here  seem to provide  a ra t ional  basis for de-  
ve lopment  and eva lua t ion  of new redox  systems for 
s tabi l iza t ion of semiconductor  anodes against  photo-  
degradat ion.  These considerat ions include the inheren t  
s tab i l i ty  provided  by the solvent,  the ra te  of the redox 
reaction, the t endency  of the redox species to spe-  
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Fig. 5. Photocurrent density vs. voltage for the cell n-CdSe/ 
methanol/0.4M Fe(CN)63- /4 - /0 .1M Et4NBF4/Pt under illumina- 
tion at 85 mW/cm 2. 

cifically adsorb,  and the  equi l ib r ium potent ia l  of the 
redox  couple wi th  respect  to the  f latband potential .  
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Fig. 6. Photoeurrent density as a function of time for the cell 
described in Fig. 5 after addition of water. 



VoI 127, No. 12 STABILIZATION 2713 

Stabilization of n-CdSe photoanodes has been at- 
tained in the methanol /Fe(CN)68-/4-  system. 
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Band Bending and Passivation Studies of 
GaAs Grain Boundaries 

J. W. McPherson, W. Collis, E. Stefanakos, A. Safavi, and A. Abul-Fadl 
School o~ Engineering, North Carolina Agricultural and Technical State University, 

Greensboro, North Carolina 37411 

ABSTRACT 

The zero-bias band-bending properties of grain boundary (g-b) interfaces 
showing pronounced rectifying characteristics in polycrystall ine GaAs were in- 
vestigated both experimental ly and theoretically. A strongly rectifying g-b 
presents a potential barr ier  to the major i ty  carrier leading to a large g-b 
resistance RB. RB for individual g-b's was determined by passing a constant 
current normal to the g-b and monitoring the voltage drop, as a function of 
temperature, associated with the thermionic current. The band-bending e~b, 
as a function of donor density ND, was obtained from a plot of the activation 
energy k•(TRB) vs. ( l /T ) .  A theoretical fit of the e@b VS. ND curve gave a 
dominant density of defect acceptor states at the g-b interface: ~1 = 5.2 • 
1011/cm 2 at 0.41 eV and ~2 = 9.0 • 1011/cm 2 at 0.90 eV below Ec. These ac- 
ceptor levels have been tentatively identified with the dangling bonds of A- 
and B-type dislocations which normally occur at I I I-V compound-semicon- 
ductor g-b's. In addition, the use of potassium as a grain boundary passivating 
dopant is discussed. After diffusing K into the g-b, a lower RB and reduction in 
the g-b rectifying properties were noted. 

The use of GaAs for large scale generation of elec- 
trical power depends on being able to grow thin 
layers ( ~ 1  #m) of GaAs on a cheap foreign substrate. 
Without a recrystallization effort, present growth 
techniques (1, 2) have produced only fine grain poly- 
crystalline films with an average grain size d ~ 1 
#m, well below the required average grain size of 
10 /~m (3). The grain boundaries (g-b's) severely 
limit collection efficiency (best reported efficiency for 
polycrystalline GaAs is 6.3%) (4) for two reasons: 
(i) the g-b serves as a recombination region thereby 
reducing the short-circuit  current and (ii) the high 
conductivity along the g-b can produce a shunting 

Key words: GaAs grain boundary interface states. 

of the device with a reduction in open-circuit  voltage. 
Since the g-b's go severely limit the collection ef- 
ficiency, it was felt that a better  understanding of 
GaAs g-b physics might lead to possible passivation 
ideas, and this was the impetus for the research. 

Our experimental  studies closely parallel  the earl ier  
works of Seto (5) and Seager and Castner (6) on 
the electronic properties of polycrystalline silicon 
films. We have chosen to use bicrystalline GaAs 
samples so that single g-b characterization could be 
facilitated. In the following section we describe sample 
prel~aration and characterization of the GaAs bicrys- 
talline samples. There, we report  the electrical resis- 
tance measurements conducted on the samples and 
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p re sen t  the band  bending  vs. donor dens i ty  data. Next,  
we discuss some of the  under ly ing  physics  of g -b ' s  
in GaAs and presen t  a g -b  densi ty  of defect  s tates  
calculat ion based on the band-bend ing  da ta  for  
s t rongly  rec t i fy ing gra in  boundaries .  G-B  pass ivat ion 
efforts a r e  repor ted .  The  ar t ic le  is concluded w i th  a 
discussion of results .  

Experimental  Studies 
Sample preparation and grain boundary character- 

ization.--The la rge  gra in  po lycrys ta l l ine  GaAs wafers  
used in the  exper iments  were  suppl ied  b y  Morgan  
Semiconductors .  The wafers  (>10 cm2) were  cut  f rom 
n- type ,  boa t -grown,  undoped  and S i -doped  crystals .  
The ingots were  in tended  to be single crys ta ls  bu t  
a few independen t  nuclea t ion  centers  in the  boule  p ro -  
duced a ve ry  l a rge  gra in  (some wafers  contained 
only 5 or 6 g ra in  boundar ies)  po lycrys ta l l ine  mater ia l .  
The use of la rge  gra in  ma te r i a l  a l lowed the ca r r i e r  
concentra t ion to be de te rmined  by  calculat ing the 
res i s t iv i ty  of s ing le -gra in  f i lament  sections and r e fe r -  
r ing  to publ i shed  da ta  on res i s t iv i ty  vs. ca r r i e r  con- 
cen t ra t ion  for  GaAs (14). 

The samples  used for  g -b  invest igat ions  were  in 
the form of bars,  app rox ima te ly  0.1 • 0.05 cm2 in 
cross-sect ional  area,  cut  wi th  a wire  saw from the 
large  gra in  po lycrys ta l l ine  GaAs wafers.  Inc luded in 
the  sample ' s  l ength  was a single g -b  runn ing  t ransverse  
to the long dimension of the  sample,  as shown in 
Fig. 1. The sawed and lapped  surfaces of the b a r - l i k e  
samples  were  degreased,  then pol ished b y  etching in 
5H2SO4: 1H202:1H20 for  2 rain. Ohmic contacts  were  
formed on the n - type  GaAs by  a l loying  Sn dots a t  
450~ for 1 rain in a hydrogen  atmosphere .  As shown 
in Fig. 1, the two dots on the same s ingle-gra in  region 
could be used to ver i fy  the ohmic na tu re  of the con- 
tacts. To insure  tha t  the  samples  were  bicrystals ,  both  
cathodoluminescence (CL) and e lect ron beam induced 
cur ren t  (EBIC) studies were  pe r fo rmed  using a scan-  
ning e lect ron microscope (SEM).  

Due to problems of poor contras t  on a smoothly  
pol ished GaAs surface, g-b ' s  can be  difficult to detect  
in the  no rma l  secondary-e lec t ron  mode of SEM opera -  
t ion and, if detected,  give no informat ion  about  the 
e lectr ical  character is t ics  of the g-b. However ,  by  using 
a CL detector  (8), regions of nonradia t ive  recombina-  
t ion can be contras ted and resolved as is shown in 
the g -b  mic rograph  of Fig. 2. The main  advan tage  
with  CL is the fact  that  no e lect r ica l  contacts  to 
the  sample  are  needed.  The ma in  p rob lem encountered  
using CL microscopy is its dependence  on surface 
morphology  and e lect ron beam pene t ra t ion  depth  
R (R : 0.027Eb 1.46 ~m, where  the electron beam energy  
is in kV) (9). Light  emi t ted  f rom a depth  R can be 
absorbed before  reaching  the surface or, the  l ight  
upon reaching a rough surface, can be sca t tered  thus 
l imi t ing resolution. These problems are  avoided using 
EBIC. Here the electron beam is scanned over  the 
sample  genera t ing  e lec t ron-hole  pairs  up to a depth  R. 
A space charge region in the  crysta l  can serve to sep-  
a ra te  the  pairs  for collection. The resul t ing  cur ren t  
can be amplif ied and used for  imaging. Using the space 
charge region associated with  a g -b  to pe r fo rm the 
separat ion,  we show in Fig. 3 an EBIC mic rograph  
taken  of one of the bicrystals .  

Af te r  the b ic rys ta l l ine  na tu re  of the samples  was 
es tabl ished using CL and EBIC, p r e l im ina ry  charac-  
ter izat ion of the f i lamentary  samples  included the ob-  
servat ion  of the cur ren t  ( / ) - v o l t a g e  (V) cha rac te r -  

I ~ /  Iocm 
| cm 

Fig. 1. The typical bar-like bicrystalline samples and the ohmic 
contact configuration used in the electrical measurements. 

Fig. 2. CL and CL intensity line-scan micrographs of a single 
g-b (500• (a) Shows CL imaging with the g-b appearing as a 
very dark diagonal line of nonradiative recombination. (b) Shows 
the reduction in intensity of the CL signal as the electron beam is 
rastered over the g-b region. 

istics of the g-b's .  I-V curves for severa l  b icrys ta l l ine  
samples  t aken  f rom different regions of the same wafer  
showed a r e m a r k a b l e  difference in rec t i fy ing  charac-  
teristics.  F igure  4 shows the I-V curves for three  g-b ' s  
t aken  f rom the same wafer.  F igure  4 (a )  indicates  
tha t  this g - b  has ohmic character is t ics ,  indicat ive  of 
scat ter ing as the  m a j o r i t y  car r ie rs  t raverse  the g -b  
interface.  F igure  4(b)  shows a s l ight  rectif ication in-  
d ica t ing that  a weak  potent ia l  ba r r i e r  must  be nego- 
t ia ted  by  the ma jo r i t y  carr ier .  F igure  4 (c) shows tha t  
the rect if icat ion is large, indica t ing  a significant g -b  
potent ia l  barr ier .  

Some of the  ohmic g-b ' s  could be expla ined,  a t  least  
qual i ta t ively ,  in te rms of an ex tended  Read disloca-  
t ion model  for  g-b 's  in GaAs as presented  by  McPher -  
son et al. (10). According  to dislocation theory,  a t  
donor levels ~_10~6/cm 3 the space charge  cy l inder  sur -  
rounding the dislocation core is expected  to be uf 
radius  Ro ~ 0.1 ~m. Fo r  low angle  g-b 's ,  the spacing 
be tween  dislocations D is g rea te r  the 2Ro. A ca r r i e r  
approaching  such a g -b  m a y  t raverse  the  in ter face  b y  
scat tering,  wi thout  having  the requ i red  energy  to go 
over  the potent ia l  barr ier .  To subs tant ia te  the model, 
the  dislocation spacing was observed exper imenta l ly .  

A sample  showing ohmic- l ike  character is t ics  was 
etched wi th  an inhibi ted  Schel l ' s  r eagen t  (200 HNO3: 
600 H~O:I bu tay lamine)  (11) for 15 min at  80~ 
A n  optical  mic rograph  of the  g -b  (Fig. 5) a f te r  e tch-  
ing reveals  a low angle g -b  s t ructure ,  e.g., ind iv idua l  
dislocation etch pi~s could be resolved wi th  a spacing 
of D ~ 1 #m. This large  va lue  for D would  indicate  
tha t  the  dislocation space charge  cyl inders  do not  
over lap  leading  to a poros i ty  in the g -b  interface.  Not 
all  observed ohmic- l ike  g-b 's ,  wi th  r andom gra in  
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Fig. 3. SEM and EBIC-SEM micrographs of the same g-b (200X) .  
(a) Shows an $EM micrograph of the g-b (to the right of contact 
and lead wire) and illustrates the problem of poor contrast on 
polished GaAs. (b) EBIC-SEM micrograph of the same area makes 
the g-b clearly discernible. 

orientat ion,  could be tes ted for the i r  assumed low 
angle  na tu re  because  of the  reac t ive  na tu re  of the  
etchant,  i.e., the  e tchant  reveals  dislocations only  on 
low index planes  (12), in pa r t i cu la r  the (111) and 
i l l l ' ) .  The dislocat ion dens i ty  de te rmina t ion  could be 
made  only  on a few samples  wi th  proper  or ienta t ion  
in an  effort to ex t rac t  a qual i ta t ive  unders tand ing  
of why  at  leas t  some of g -b ' s  have  ohmic- l ike  charac-  
teristics.  

We expect  tha t  the  s l igh t ly  rec t i fy ing g-b ' s  are  of 
h igher  angle  thus leading to a pa r t i a l  over lap  of the 
space charge cyl inders  and tha t  in the  case of the 
h igh ly  rec t i fy ing g-b ' s  the over lap  is complete  (D 
~ 2Ro). However ,  this point  could not  be verified by  
a dislocation dens i ty  de te rmina t ion  because the e tchant  
t ended  to e tch the  rec t i fy ing  g-b ' s  un i fo rmly  so tha t  
ind iv idua l  dis locat ion etch pits  could not be resolved.  

This research  was focused on the h igh ly  rec t i fy ing 
g-b's .  The quant i ta t ive  analysis  of our  g-b  band  bend-  
ing resul ts  re l ied  on the theory  as presented  by  
Seager  and Castner  (15) for g -b  band  bending  in 
po lycrys ta l l ine  silicon. Since this theory  does not de-  
pend exp l i c i t ly  on dislocation densit ies and  t i l t  angles, 
these pa rame te r s  were  not  pursued  fur ther .  

Fig. 4. I-V characteristics of a variety of g-b's taken from the 
same GaAs wafer. (a) Shows the I-V characteristics of an ohmic- 
like g-b (5 mA per vertical division, 50 mV per horizontal division). 
(b) Shows the I-V characteristics of a rectifying g-b (500 ~A per 
vertical division, 1V per horizontal division). (c) Shows the I-V 
characteristics of strongly rectifying g-b (500 #A per vertical divi- 
sion, 10V per horizontal division). 

Grain boundary band-bending studies.--Due to the 
d is rupt ion  of the c rys ta l l ine  matr ix ,  a g -b  in an n - t y p e  
semiconductor  genera l ly  produces  deep acceptor  states 
associated wi th  the d is tor ted  or b roken  bonds (13). 
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As the electrons leave  the Fe rmi  level  to take  up 
residence on the g-b,  a space charge region develops 
in the gra ins  ad jacent  to the g-b. This space charge 
separa t ion  produces  a bending of the bands such as 
to make  the addi t ion of the nex t  e lect ron to the g -b  
more  difficult. Electrons are  added  to the  g -b  unt i l  
the  w o r k  required,  to add an addi t ional  one, produces  
a free energy  change --~0. The band bending produced 
by  a g-b  is schemat ica l ly  represen ted  in Fig. 6. 

The ben t  bands present  a potent ia l  ba r r i e r  to the 
ma jo r i t y  car r ie r  leading to a large  g -b  resis tance RB. 
RB for ind iv idua l  g-b ' s  was de te rmined  by  passing 
a constant  cur ren t  (0.01 #A through  the outer  two 
contacts shown in Fig. 1) and moni tor ing  ( inner  two 
contacts)  the vol tage drop associated with  the the r -  
mionic cur ren t  dens i ty  Jth (14, 15) 

eV 
Jth = A*T 2 exp \ ~ /  

wi th  A* the  Richardson constant ,  T the  tempera ture ,  
e~b' the ba r r i e r  height,  and V the appl ied  voltage. 

Here  i t  is assumed tha t  only  those c a l l e r s  wi th  
sufficient the rmal  energy to surmount  the potent ia l  
ba r r i e r  can contr ibute  to the current .  (Tunnel ing is 
expected to be negl igible  in the  donor range  (<101s/ 
cm 3) of samples  invest igated.)  Expanding  the las t  
equat ion wi th  eV < <  kBT, we can wr i te  the  g -b  res is -  
tance as 

RB =---f = ~ [exp(--eCb'/kBT)/T] ( a . m  2) [21 

Rewri t ing  Eq. [2] in an act ivat ion energy  form, we 
have 

O ln(TRB) [ ] [3] 
k B  - -  e C b '  - -  T .  O~b" 

The re la t ionship  be tween  the ba r r i e r  height  Cb' and 
band bending ~b is given by  

r - -  ~b + "Y = Cb + kbT In (Nc/ND) [4] 

F rom this, we obta in  

Fig. 5. Optical micrograph (400•  of an etched ohmic-like g-b. 
The micrograph reveals that the individual dislocation etch pits 
along the g-b are separated approximately I Fm. 
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Fig. 6. Band bending ecI,5 which occurs at a g-b due negative 
charge accumulation at the interface. 

l n ( T R B )  [ ~r 
- - e  C b - - T  [5] 

We note  tha t  the band bending  is equal  to the  ac t iva-  
t ion energy  only at  T ---- 0. 

The data  t aken  for two samples  is shown in Fig. 7. 
F rom this data, we note that  over  the  t empe ra tu r e  
range,  kep t  small  due to ins t rument  l imi ta t ions  and 
the theoret ica l  r equ i remen t  tha t  eV < <  kBT, the  
expe r imen ta l  points  a re  fit qui te  wel l  by  a s t ra igh t  
line. Also, we note tha t  the slope is a sensit ive func-  
t ion of donor dens i ty  ND. The T = 0 band  bending  
eCb VS. the donor dens i ty  ND for the  h igh ly  rec t i fy ing  
g-b ' s  is shown in Fig. 8. e~b decreases f rom 1.03 eV at 
ND --~ 4.5 X 1015/cm 8 to 0.19 eV at  5.0 • 101?/cm 3. 
The theore t ica l  curve and the dens i ty  of defect  states 
calculat ion is p resented  in the  nex t  section. 

Theore t i ca l  Studies 
Physics and chemistry of GaAs grain boundaries.-- 

When two separa te ly  nuclea ted  grains  a re  ma ted  at  
the g-b, the lack of long- range  order  produces  dang-  
l ing (13) or  severe ly  s t re tched bonds at  the g-b. These 
d is turbed  bonds are  fa i r ly  wel l  localized a t  the in t e r -  
face, i.e., the  d is turbed  bond  region extends into the 
grains  from the interface  on the order  of 10A (16). 
These d is rupted  in ter fac ia l  bonds genera l ly  lead to 
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Fig. 7. G-B resistance RB data taken for two strongly rectifying 
g-b's. It should be noted that the data is fit well by a straight line 
approximation. 
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Fig. B. T = 0 band bending e~b vs. donor density ND for 
strongly rectifying g-b's in GaAs. The experimental points were 
determined fram the activation energy studies. 

deep acceptor levels in  semiconductors. The presence 
of deep levels at the g-b is manifested in the band  
bending and space charging as~c ia ted  with such an 
interface. 

Models for g-b 's  have evolved from dislocation 
theory, e.g., see McPherson et al (10). Evidence for a 
dislocation model  of a g-b is extensive and has been 
accumulated for more than  two decades [a review 
of the subject  through 1970 can be found in Matare 
(17)]. Current ly,  the exper imenta l  evidence is still 

ve ry  support ive for such a model, e.g., Syutk in  et aL 
(16) reported from a field-ion microscopic study of 
the atomic s t ructure  of g-b 's  that the interface is 
dominated by the appearance of extra atomic rows 
which can be interpreted as the emergence of dis- 
locations. This study also indicated the lack of evi- 
dence for an amorphous-l ike s t ructure  at g-b's. A 
g-b  interface is thus substant ia l ly  different f rom a 
free surface. The atoms will tend to restructure  as 
one moves from the inter ior  toward the free surface 
of a crystal. The res t ructur ing of the atoms is asso- 
ciated with the crystal 's effort to lower its high sur-  
face energy subject  to the constraint  that  the crystal 's 
total  free energy be at a min imum.  However, at a 
g-b, the grains are competing for periodicity in  the 
lattice. This competit ion between grains freezes the 
extra  atomic half -planes  (dislocations) into meta-  
stable states at the interface. 

The predominant  slip system in GaAs (18, 19) is 
{111} with slip occurring in  the <110> direction with 

Burger 's  vector ~ : ao/2 <II0> where ao : 5.65A 
is the lattice constant. With the dislocation core 
r u n n i n g  at 60" to the slip vector, such dislocations 
are referred to as 60 ~ dislocations. Due to its high 
mobi l i ty  (20), 60 ~ dislocation dominance (21) at the 
g-b  is assumed. This places the dangling bonds along 
the core of the dislocation some 4A apart. 

Gra in  boundary  modeling in GaAs is complicated 
by  the fact that  the dislocations may be formed either 
by te rmina t ing  the extra atomic half -plane on a row 
of Ga atoms (A(s)  -- ~ dislocation) (22) or on a 
row of As atoms (B(s) _~ # dislocation). Therefore, 
we can have A dislocations whose cores consist of 
a row of Ga dangling bonds and /o r  B dislocations 
whose cores consist of a row of As dangling bonds. 
The physics and chemistry of Ga and As dangl ing 
bonds are  somewhat  different, as evidenced by the 

different chemical properties of the (111) and (111) 
surfaces (12). 

A single dangl ing bond can accommodate up to 
two electrons. The first electron is added more easily 
than the second due to the electrostatic repulsion of 
two electrons in  the same sp a orbital. Thus, as Mueller  
and Jacobson (23) assumed for InSb, two distinct 
energy levels are assumed for a single dangling bond, 
i.e., separate one-electron and two-electron flaw levels 
are used. Since the dangling bonds are only 4A apar t  
on the 60 ~ dislocation cores, some wavefunct ion overlap 
is expected leading to a broadening of these levels 
as depicted in Fig. 9. The one-electron flaw band  for 
the A dislocation is shown 3/4 filled in  the neutra l  
state. This is dictated by the fact that  Ga has three 
valence electrons which are spread over four sp3 or- 
bitals. However, the one-electron flaw band  is filled 
and the second-electron flaw band is 1/4 filled for a 
B dislocation in  the neut ra l  state because As has 5 
valence electrons which are spread over four sp8 
orbitals. 

With the Fermi  level above the neut ra l i ty  level in  
n - type  material ,  electrons will  leave the Fermi  level 
and take up a quasi-localized residence on the dis- 
location core. (Quasi-localized in a sense that while 
the electrons are confined to the g-b  interface, some 
mobil i ty along the dislocation cores at the interface 
is expected). This accumulat ion of excess negative 
charge at the g-b interface leads to a region of posi- 
tive ionized donors (depletion width W) adjacent  to 
the g-b and an electrostatic potential  (band-bending  
ecb) associated with the space-charge distribution. The 
bands are bent  such that  they l imi t  the amount  of 
excess negative charge that  can be placed on the g-b 
interface. 

The exact energy level location of A and B neut ra l i ty  
levels are unknown.  However, on the basis of results 
reported for InSb (24) and GaAs (25), selective dis- 
location production by four-point  bending indicated 
that  the A level is above midgap and the B level is 
below. Spencer et at. (26) report  that two dominant  
g-b acceptor levels associated with atomic disorder 
were observed from deep level t ransient  spectroscopy 
(DLTS) studies of GaAs bicrystals. These acceptor 
levels were located at 0.41 and 0.90 eV below the 
conduction band and were believed to be associated 
with atomic disorder. 

Theory of GaAs grain boundary band bending.--As 
electrons leave the donors to take up  residence on 
the g-b acceptor states, a region of positive donor 
ion density ND develops in each grain adjacent to the 
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Fig. 9. Proposed flaw level diagram for A- and B-type dislocations 
in GaAs with neutrality levels indicated. The flaw band widths are 
exaggerated. 
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g-b. This positive space charge region is assumed to 
extend from the interface into each grain a distance L. 
To model the band bending, we assume that  the 
excess negative charge added to the g-b is spread 
uni formly  over an interface plane with a surface 
density of Qs. Choosing the y, z axes in  the plane 
and x normal  to it, the one dimensional  Poisson's 
equation to solve is of the form 

d ~  - p ( x )  
= - -  [6]  

dx~ "s 
with 

p(x) = eND -- eQsb(X) (-- L - ~ x ~ - - L )  

The solution of Eq. [6] gives the depletion width 
W(- -2L)  as a funct ion of the band bending eq'b at the  
interface, as 

( 8.s~b '~'/' 
W = x ~ /  [7] 

A relat ionship be tween W and Qs is obtained by  
invoking charge neut ra l i ty  

WND -- Qs [8] 

Qs__( 8esNDCb ) */2_ 
e 

which yields 

[9] 

Another  expression for Qs can be obtained by in-  
tegrat ing over the density of states times the proba-  
bi l i ty of that  state being occupied 

Qs - n ( E ) f ( E ,  etb, EF)dE [101 

where ] is the occupational probabili ty.  $ is a funct ion 
of flaw level position E, band bending e4~b, and Fermi 
level location EF in  the grains adjacent  to the g-b. 
In  Ref. (6), the g-b occupational probabil i ty  is wri t ten  
as 

f(E, e~b, EF) -- F(E + e~b, EF) -- 7 [11] 
where 

1 
F(E + e~b, EF) -- [12] 

1 + exp(E + e~b -- EF) 

and 7 is the g-b occupational probabil i ty  in the neut ra l  
condition. 7 is given by 7 ---- F(E, EFB) with EFB the 
neut ra l  g-b Fermi  level location. 

DLTS measurements  (26) indicate that the density 
of g-b  interface states in  GaAs is discrete, i.e. 

n(E) -- ~ ~iS(E- El) [13]  
i 

where ~i is the number of flaw states per unit area 
of g-b interface with energy location Ei above the 
valence band. Substituting Eq. [ii] and [13] into 
[10] gives 

Qs = ~ r + e~, EF) -- ~i] [14] ! 

The self-consistent equat ion for band bending is 
obtained by equat ing Eq. [9] and [14], giving 

e 

Equation [15] is a t ranscendenta l  equation. Given 
the  flaw level positions, flaw densities, and neut ra l i ty  
conditions, we can solve for the band bending as a 
funct ion of donor density, or conversely, given the  
band  bending vs. donor densi ty we can elicit informa-  
t ion about the flaw levels. 

Theoretical analysis of experimental resuIts.--For 
our numerica l  calculations, we wanted  to solve Eq. [15] 
for the band bending in  an effort to bet ter  unders tand  
its dependence on the g-b interface density of flaw 

levels ~, neut ra l i ty  occupation 7, tempera ture  T, and 
donor density /VD. We have used the following ex- 
per imenta l  data (26)" two dominant  discrete acceptor 
levels associated with atomic disorder at  Et -- 1.01 
eV and E2 ---- 0.53 eV (above the valence band) with 
respective equivalent  volume densities of N1 > 1 • 
101~/cm ~ and N2 > 6 • 1018/cm 3, and a high level of 
copper segregation with mul t iva len t  acceptor levels 
located at E3 ---- 0.15 eV and E4 ---- 0.44 eV with an 
equivalent  volume density of Na -- N4 > 8 X 10tb/cm 8. 
The copper contaminated g-b's  are expected for the  
bu lk  grown polycrystal l ine samples. 

The best-fit theoretical curve shown in  Fig. 8 for 
the  T _-- 0 band  bending e~b VS. donor density -AT D 
was obtained using the two levels associated with 
atomic disorder, r -- 5.2 X 10n/cm 2 at  El and a2 ---- 
9.0 • 10U/cm 2 at E2, and with an assumed g-b  copper 
segregation of ~8 -- 4.4 X 1011/cm% The neut ra l  g-b  
Fermi level EFB was p inned  at 0.46 eV above the  
valence band. This value of EFB effectively excludes 
the importance of the copper segregation on the (T _-- 
O) e~b VS. ND curve because the copper traps are filled 
even when the g-b is in a neu t ra l  condition. However, 
as discussed shortly, the values of EFB and ~,  used 
in  the calculation, were necessary to produce a near ly  
t empera ture - independent  activation energy which was 
exper imenta l ly  observed. 

The (T --  0) e~b v s .  N D curve shown in  Fig. 8 has 
two plateaus. The higher plateau at 0.99 eV occurs 
due to the filling of the Ee trap as the donor density 
ND increases. At ND -~- 1018/cm 3, the E2 trap is filled 
and etb decreases as (ND)-I .  At e~b ---- 0.51 eV the E1 
level, which had effectively been frozen out by the  
severe band bending at the lower donor levels, is 
now star t ing to be filled. The asymptotic behavior  
for ND > 1017/cm 3 occurs as ND -1. 

The parameter  values used to fit the (T -- 0) eq'b 
VS. ND data were tested to verify that  this par t icular  
set of values could reproduce the near ly  tempera ture-  
independent  activation energy which was e xpe r i men t -  
ally observed. First, using Eq. [15], we show in  Fig. 10 
the temperature  dependence of the band  bending as 
a funct ion of ND. It should be noted that a substant ial  
temperature  dependence exists, especially at the lower 
donor levels, and that the tempera ture  dependence 
closely parallels the temperature  dependence of EF. 
However, for comparison, Fig. 11 shows the calculated 
activation energy, using Eq. [5] in conjunct ion with 
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Eq. [15]. We note tha t  the  ac t iva t ion  energy  is nea r ly  
t empe ra tu r e  independen t  th roughout  the donor range  
f o r  the  set of p a r a m e t e r  values  used. 

The number  of flaw states pe r  uni t  a rea  (~1012/cm 2) 
p resen ted  here  for g -b ' s  in GaAs agree  f avorab ly  wi th  
tha t  r epor ted  by  Seto (5) and Seager  and Castner  
(6) for  po lycrys ta l l ine  sil icon gra in  boundaries .  

G a A s  G-B Passivat ion Efforts 
Genera l ly ,  the  electronic p roper t ies  of g-b ' s  in 

photovol ta ic  devices a re  dominated  by:  (i) a t endency  
of the g -b  to serve as a s ink for the minor i ty  ca r r i e r  
leading  to a high in te r rac ia l  recombina t ion  veloci ty  
and (ii) a high sheet  conductance along the g -b  in t e r -  
face. Whi le  the  high in ter rac ia l  recombinat ion  veloci ty  
is a d i rec t  consequence of the  band  bending,  the high 
sheet  conductance m a y  or  m a y  not  depend  on the 
band  bending.  For  example ,  in n - t ype  (ND = 1016/ 
cm 3) b ic rys ta l l ine  samples  of Ge and InSb the g -b  
sheet  conductance is due to holes (27, 28). The hole 
conduct iv i ty  in g-b ' s  arises f rom the fact tha t  the 
valence  bands  are  ben t  above the Fe rmi  level,  i.e., 
a degenera te  invers ion l aye r  produces  the  observed 
high p - t y p e  sheet  conductance.  

In  Si, the g -b  band  bending is only  0.4 eV at  ND 
= 1018/cm 8 and one might  expect  conductance is due 
to electrons. However ,  in GaAs, the  band  bending  is 
m o r e  severe  (0.99 eV at  ND ~ 1018/cm ~) and one 
migh t  expect  the conduct ion along the g -b  to be due 
to both electrons and holes in low donor mater ia l .  

In  contras t  to single crys ta l  behavior ,  the  g-b  hole 
mobi l i ty  m a y  be g rea te r  than  the g-b  e lect ron mobil i ty.  
The g -b  electrons a re  assumed to move along the 
g -b  interface  via  dislocations. The dangl ing bonds are  
located only  4A apa r t  on the dislocat ion core and 
some wavefunct ion  over lap  occurs. However ,  a low 
e lec t ron  mobi l i ty  is expected for two reasons. Firs t ,  
the  dangl ing p -o rb i t a l s  are  dangl ing t ransverse  to the 
dislocat ion core and a smal l  wavefunct ion over lap  
is expected  (30). Second, in a rea l  g-b, the one d i -  
mens ional  per iodic i ty  of the  dislocat ion core is dis-  
r up t ed  by  jogs, kinks,  impur i t y  precipi ta t ion,  and 
vacancy  precipi ta t ion.  A re la t ive ly  high hole mobi l i ty  
is expected  since the  hole region is ad jacent  to the  
g -b  in ter face  (17) where  la t t ice  dis 'ruptions are  ex -  
pected to be minimal .  
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Since the g -b  recombina t ion  is d i rec t ly  dependent  on 
e ~  and the g -b  sheet  conductance m a y  depend  on e@b, 
i t  seems most  na tu ra l  to t ry  to el iminate,  or  a t  least  
reduce,  the band  bending  in o rder  to improve  photo-  
vol taic  efficiency. Approaches  r epor ted  (31, 32) for 
Si g -b  pass ivat ion  have centered  a round  hydrogena -  
tion. Monatomic hydrogen  is in t roduced to the g -b  
via  a p lasma  discharge.  Located  at  the g-b,  i t  is 
expected tha t  the H eovalen t ly  bonds to the dangl ing 
bond. Presumably ,  this lowers  the  dangl ing bond's  
energy  and removes  i t  f rom the  bandgap.  This e l im-  
inates  many  of the t raps  at  the g -b  and leads to a 
smal le r  band bending.  

An  approach,  o ther  than  hydrogenat ion,  is to add 
s imple donors to the g -b  interface.  This tends to fill 
up the  t raps  local ly  wi thout  the  space charging and 
associated band  bending.  This would  d rama t i ca l ly  im-  
prove the shor t - c i r cu i t  cu r ren t  due to a smal le r  r e -  
combinat ion velocity.  In  addit ion,  if the  sheet  con- 
ductance is p r i m a r i l y  p- type ,  due to the bending  of 
the bands, the sheet  conductance may  also decrease  
leading  to an improved  open-c i rcu i t  voltage. 

In  an effort to add  donors to the interface,  one 
might  be t empted  to heav i ly  dope the polyerys taUine 
film wi th  donors and then anneal  the sample  the reby  
diffusing many  of the  donors to the  g -b  interface.  
However ,  whe the r  an e lement  serves as a donor or 
acceptor  depends on the crys ta l - f ie ld  env i ronment  in 
which the given e lement  is placed,  e.g., an amphoter ic  
dopant  can serve as a donor or aceeptor  depending 
on the la t t ice  position. Thus, if e i ther  a IV e lement  
donor (at  a Ga site) or  a VI e lement  donor (a t  an 
As site) diffuses to the g-b, the  donor proper t ies  
m a y  not be conserved. In  fact, if e i ther  of the sub-  
s t i tu t ional  donor e lements  chemical ly  combines wi th  
a dangl ing bond, the electronic octet  configuration is 
not  completed  and accep te r - l ike  proper t ies  may  be 
expected f rom the impur i t y -da ng l i ng  bond complex.  

In  searching for donor candidates  for g -b  diffusion, 
the  fol lowing requ i rements  seem necessary:  (i) the  
i m p u r i t y  must  serve as a donor at  the interface,  (ii) 
the  i m p u r i t y  must  diffuse r ap id ly  into the g-b ' s  bu t  
not into the grains  dur ing diffusion cycle, and (iii) 
the pass ivat ing  impur i t y  must  r ema in  localized at  the  
in terface  for long- t ime  s tabi l i ty  requirements .  The 
a lkal ine  metals  seem to be excel len t  candidates  for 
g -b  diffusion. 

Due to the i r  compensat ing  proper t ies ,  every  effort 
is made  to e l iminate  the a lka l ine  meta ls  f rom single 
c rys ta l  growths.  An e lement  such as Li sits in te r s t i t i a l ly  
in the  la t t ice  at  low concentrat ions and serves as a 
s imple donor (35). However ,  as the concentra t ion of 
the Li  increases, the  la t t ice  energy  associated wi th  
this in te rs t i t i a l  impur i ty  rises. To re l ieve  the  stress, 
a Ga a tom (of smal le r  rad ius  than  Li)  wil l  hop out  
of its la t t ice  site. The Li then proceeds to complex 
wi th  the  Ga vacancy  (short  th ree  e lect rons) .  The Li 
wi l l  donate its electron, but  to the complex not to 
the  conduct ion band. Since the complex is s t i l l  shor t  
some two electrons, the complex wil l  serve as a deep 
accepter  in GaAs. I t  is this t endency  of the a lka l ine  
metals  to a lways  donate  the i r  weak ly  bound s 1 elec-  
tron, independen t  of crys ta l - f ie ld  environment ,  which 
make  them a t t rac t ive  candidates  for g -b  diffusion. 

F o r  our  diffusion exper iments  we have used potas-  
sium (K) .  K has a l a rger  radius  than  Li and this is 
expected  to minimize  in t ragra in  diffusion dur ing  the 
diffusion process. However ,  the  impur i t y  is s t i l l  ex -  
pected to diffuse f ree ly  into the  g -b  clue to the much 
h igher  diffusion constant  associated wi th  a g-b. To 
separa te  the effects of K diffusion from the the rmal  
anneal,  two b ic rys ta l l ine  samples  (as descr ibed above)  
were  cut  f rom ad jacen t  regions of the same g-b  wi th  
o n e  serving as a control  sample. 

In  the  diffusion process, a smal l  amount  of K was 
t r ans fe r red  in a n i t rogen purged  glove bag into o n e  
of the two P y r e x  ampuls  containing the GaAs b i -  
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crys ta l l ine  samples. The ampuls  were  then evacuated,  
sealed, and hea ted  in an oven for 75 min at  140~ 
The samples  were  then removed,  cleaned in HC1, and 
t in  contacts  a re  alloye~d as descr ibed above. 

The I -V  character is t ics  of a b ic rys ta l l ine  sample  
(a) before diffusion and (b) af ter  diffusion are  shown 
in Fig. 12. We notice tha t  to produce  500 ~A of cur ren t  
in the virgin sample,  32V were  required.  However ,  to 
produce 500 #A in the sample  af te r  diffusion, only  26V 
were  needed. To insure  that  the  increased conduct iv i ty  
was due to g -b  pass ivat ion and not  due to improved  
in t ragra in  conduction, in t r ag ra in  res is t iv i ty  measure -  
ments  were  conducted before  and af ter  diffusion with  
no apprec iab le  change noted. This would indicate  tha t  
the large  radius  of K prevents  in t ragra in  diffusion 
dur ing  the cycle. When the control  sample  was in-  
vest igated,  no changes were  detected in e i ther  the rec-  
t i fying proper t ies  of the gra in  bounda ry  or the g -b  
resistance.  This is somewhat  expected for a low tem-  
pe ra tu re  (140~ quick (75 rain) anneal  of the bu lk -  
grown mater ia l .  

A plot  of the g -b  resis tance kB In (RBT) vs. ( I / T )  
before  and af ter  diffusion (Fig. 13) reveals  a reduc-  
t ion in gra in  boundary  resistance. We also note tha t  
before diffusion the points  are  fitted qui te  wel l  by  a 
s t ra ight  line. However ,  a f te r  the diffusion, the behavior  
is non-Ar rhen ius  and the data  could not  be fitted wi th  
a s t ra ight  line. 

To ascer ta in  the extent  of passivation,  Fig. 14 shows, 
using a set of common axes, the I -V curves for another  
sample  before  diffusion, a f te r  diffusion, af ter  diffusion 
and af ter  etching. Before diffusion the g -b  shows 
s t rong rect i fy ing proper t ies  due to a large  band bend-  
ing ( exper imen ta l ly  we obta in  ~b = 0.87V).  Afte r  
diffusion, the s trong blocking p roper ty  of the g -b  
has diminished.  Even af te r  e tching away  some 20 ~m 
of the  surface, we sti l l  find evidence of par t ia l  pas -  
sivation. The fact  tha t  the passivat ion may  extend 
at  least  20 #m is ve ry  impor t an t  wi th  respect  to thin 
film passivation.  

Discussion of Results 
On the basis of our  measurements  on bu lk  grown 

GaAs polycrys ta l l ine  mater ia l ,  i t  appears  tha t  the  
h ighly  rec t i fy ing (bad)  g-b ' s  have an interface  dens i ty  
of t r app ing  states on the order  of 1012/cm 2. This in-  
terface dens i ty  agrees wel l  wi th  that  repor ted  for 
bu lk  and vapor  phase grown, polycrys ta l l ine  Si. An  
interface  densi ty  of 1012/cm 2 would correspond to 
intr insic  (free f rom impur i t y  prec ip i ta t ion)  g -b ' s  
wi th  a r a the r  low t i l t  angle  of less than  1 ~ Why g-b ' s  
wi th  la rger  angles were  not  observed is unclear .  
Perhaps  in the h igher  angle  g-b's,  e i ther  the dangl ing 
bonds are  pa r t i a l l y  compensated ex t r ins ica l ly  (by  
impur i ty  prec ip i ta t ion)  or else the severe  la t t ice  s t ra in  
leads to a ve ry  br i t t le  in terface  which cannot  w i th -  
s tand the sample  p repara t ion  (a few of the  samples  
were  observed to b reak  at  the g -b  dur ing the cut t ing 
and handl ing) .  
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Also, we found that the g-b resistance was lowered 
and the strong rectifying characteristics diminished 
after an introduction of K into the g-b via vapor 
phase diffusion. This is believed to be a result of a 
band-bending reduction due to the K ions serving 
as localized interracial donors. However, while the 
g-b electrical characteristics changed after K diffu- 
sion, the intragrain properties were unchanged. This 
would indicate that intragrain diffusion of K during 
the diffusion cycle was not a problem. 

With respect to polycrystalline solar cell applica- 
tions, a reduction in the g-b band bending would 
improve the short-circuit current in the photovoltaic 
device due to a smaller g-b recombination velocity. 
Whether the K will lead to a higher sheet conductance 
(resulting in a smaller open-circuit voltage) depends 
on the conduction mechanism (holes or electrons) 
along the interface. 
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ABSTRACT 

Thin films of thermal ly  grown SiO2 have been studied by  high resolution 
bright-field electron microscopy. Contrast  phenomena observed in  images 
from 9 n m  thick "dry" films are consistent with the existence of 1 n m  pores, 
typically 10 nm apart. Similar  films grown in a wet  oxidizing ambient  do not  
display this contrast. A pore s tructure had previously been suggested to ex- 
plain differences in growth behavior and electrical properties between "wet" 
and "dry" SiO2. The reliable detection of such pores or voids in  electron 
micrographs from amorphous materials  is not s t raightforward and a novel 
approach which has been successfully applied to these films is described. A 
simple model which explains the appearance of pores only  in  "dry" films is 
proposed and is related to the t rapping behavior  of thicker films. 

Some properties of thermal ly  grown SiO2 are sub- 
s tant ia l ly  affected by the presence of water  in the oxi- 
dizing atmosphere (1). Incorporation of 2000 ppm H20 
into an oxidizing ambient  of N2 and 02 has been shown 
to increase the mean  dielectric breakdown voltage of 
15 n m  thick thermal  SlOe layers by 30% (1). Fu r the r -  
more, the value of film thickness at which the growth 
vs. time behavior  starts to follow the l inear-parabol ic  
law (2) [ typically several tens of nm for "dry" films 
(3) ] decreases almost to zero (4). 

The parabolic na ture  of the growth kinetics arises 
from a reduction in free oxygen concentrat ion at the 
oxide-Si interface as the thickness through which O2 
must  diffuse increases. On the other hand, the l inear  
na ture  is characteristic of a thickness independent  
growth, i.e., a free surface effect. The above observa- 
tion that diffusion is almost immediate ly  a l imitat ion 
for the "wet" films has been interpreted by I rene (1) 
as evidence for pores or voids in "dry" films which are 
not  present  in "wet" films. Thus the "dry" film growth 
follows a l inear  law up to several tens of nm because 
02 has rapid access to the oxidizing interface through 
such pores. "Wet" films, which are more uniform, rap-  
idly protect the virgin Si from fur ther  oxidation. 

Irene's  first observation, concerning dielectric break-  
down, is also consistent with this hypothesis. He noted 
that  while "dry" films follow a broad statistical distri-  
but ion of number  of breakdown events vs. applied 
field, the "wet" films follow much more closely the be- 
havior expected from uniform dielectric layers, i.e., a 
delta function at the field s t rength Eo which pulls the 
valence electrons from the Si-O bond. He proposed 
that the spread in breakdown field (always less than 
Eo) found for "dry". films occurs because the pores 
lead to fluctuations in the in terna l  field which in some 
places can sufficiently exceed the applied field Ea to 
cause breakdown, even though Ea < Eo. 

Current  measurements  through SiO2 made while 
ramping an applied voltage are known to exhibit  a 
l inear  Fowler-Nordheim regime which is displaced on 
retracing after a short t ime (5). This displacement is 
caused by a reverse field from charged traps. The mag- 
ni tude of this shift was measured by Irene for both 
types of film. It is too small  to explain the dielectric 
breakdown differences and is in any case similar  for 
both "wet" and "dry" oxides. 

Thus it was concluded that  the significant difference 
between "wet" and "dry" films, when less than 20 nm 

1 P r e s e n t  a d d r e s s :  Bell  L a b o r a t o r i e s ,  M u r r a y  Hill ,  New J e r s e y  
07974. 

K e y  words"  voids, thin films, oxidation, silicon, electrical break- 
down. 

thick, lies in the density of electrically inact ive defects 
such as pores. Other workers (6, 7) have observed that 
"wet" SiO2 contains many  more electrically-active 
traps than "dry" SiO2 at thicknesses greater than 20 
nm, which would suggest that any pores must  be in 
general  electrically inactive. This point  will be com- 
mented on in more detail later. 

Irene made various t ransmission electron microscope 
(TEM) studies of these films in an at tempt  to find 
direct evidence for such pores. However, the resolution 
of his ins t rument  and the conventional  imaging meth-  
ods he was obliged to use were not able to dist inguish 
directly between the films or to resolve any defects 
down to 5 nm in size. By decoration and etching ex-  
per iments  he concluded that defects smaller than 5 nm 
may exist in either type of film. 

In  the present  paper direct high resolution TEM 
evidence for 1 nm scale pores or voids in the "dry" 
films is presented. These have not been seen in images 
from "wet" films. The in terpre ta t ion of high resolu- 
tion TEM images from amorphous samples is compli- 
cated and one of the authors (JMG) has developed a 
new approach for the very purpose of locating very  
small  voids in such specimens. This method has pre-  
viously been described rather  briefly (8, 9) and a more 
detailed account will be published separately. In this 
paper, the main  aim of which is to present  the results 
for the SiO2 system, the technique will be elaborated 
only in necessary but  sufficient detail. The provision 
of some background informat ion about high resolution 
TEM of amorphous materials was also felt to be va lu-  
able as an aid to unders tanding the approach taken by 
the authors of this paper. 

High Resolution TEM of Amorphous Materials 
A good recent review of this subject  is given by 

Howie (10). The principal  points which we wish to 
emphasize here are: images are not s imply related to 
the object (although they can appear deceptively so 
such as "lattice plane" images from crystals) because 
image contrast arises from complex electron wave 
interference; also the imaging mode to be used in  any  
study of amorphous materials  should be carefully con- 
sidered to suit the informat ion which is required. It  is 
not always sensible to form an image uti l izing the 
highest resolution of the microscope and containing 
the max imum information. This is because there is a 
considerable amount  of meaningless signal which 
comes from random effects in  a disordered sample and 
which can drown out nonrandom effects of interest. If 
one has a firm idea of what  one is looking for one can 
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use an imaging mode which "homes in" on the mean-  
ingful  informat ion  at  the expense  of r andom signal  
(which could be labe l led  "noise") .  

Not only  wil l  i t  be shown in this paper  tha t  such 
considerat ion is essent ial  for the  detect ion of smal l  
voids but  i t  has p rev ious ly  been demons t ra ted  to be 
ve ry  useful  in locat ing smal l  regions of long- range  
o rde r  in amorphous  samples  (11). These two types  of 
"defect"  encompass al l  the high resolut ion informat ion 
which  one could expect  to obta in  f rom TEM images 
of amorphous  mate r i a l s  at  present ,  i.e., f rom the p ro -  
jec ted  atomic dens i ty  (on which  images depend)  one 
can only  pick up e i ther  intense fea tures  (character is t ic  
of voids)  or  weake r  per iodici t ies  ar is ing f rom atomic 
order ing.  Therefore  the approach  to high resolut ion 
TEM imaging of which this paper  is r epresen ta t ive  is 
fe l t  by  the  authors  [and for example ,  Howie (10)] to 
be the most  f ru i t fu l  one for high resolut ion rea l - space  
imaging of d i sordered  mater ia ls .  

Neglect ing mul t ip le  scat ter ing and assuming the in-  
dependence  of ins t rumenta l  effects f rom scat ter ing  
wi th in  the  specimen, the emergen t  e lectron wave  
which resul ts  f rom p l ane -wave  i l lumina t ion  (wave-  
vector  k) of a thin sample  is 

~o(r)  - -  (1 + i~ ( r )  ) exp (ik.r)  I l l  

where  r  is p ropor t iona l  to the pro jec ted  atomic po-  
tent ia l  in the k di rect ion (12). I t  can be seen f rom [1] 
tha t  to a first approx imat ion  the inc iden t -wave  is 
s imply  phase-sh i f t ed  by  an amount  propor t iona l  to 9 
and is therefore  refracted.  [These approx imat ions  are  
val id  for  weak ly - sca t t e r ing  amorphous  specimens < 
20 nm thick, pa r t i cu l a r ly  in view of the qual i ta t ive  
na tu re  of the conclusions to be made, but  not  for 
s t rongly  scat ter ing crys ta l l ine  samples  (13).] 

A perfect  microscope imaging system would  d isp lay  
no contras t  in the image  plane, s ince al l  e lect ron de-  
tectors a re  phase- insensi t ive .  To obta in  phase-con t ras t  
one must  in t roduce  a defect -of- focus  (defocus) which 
causes a sca t t e r ing-ang le  dependent  phase-shif t .  Such 
a phase-sh i f t  gives rise to ampl i tude  var ia t ions  in the 
image  p lane  (much l ike a hologram)  where  the scat-  
te red  beams in te r fe re  wi th  the unsca t te red  reference  
beam. In the ax ia l -b r igh t - f i e ld  (ABF)  mode this leads 
to an image  p lane  in tens i ty  given by  

I ( r )  = 1 + 9 ( r )  o f ( r )  [2] 

where  o denotes convolut ion and 

t (r)  : Four i e r  Transform{exp [ - -  iv (s~ ] a (s) E (s) } 

~(s)  is the Scherzer  abe r ra t ion  function (14) which 
takes account not  only  of defocus z bu t  also of spher i -  
cal abe r ra t ion  Cs which is p resen t  in al l  e lectron lenses 

,~(s) = -- =~(zs2 + CsZfs4) [3] 

is the e lect ron wave leng th  and s is the  Four ie r  co- 
o rd ina te  (spat ia l  f requency)  ---- l / d ,  where  d is a 
spat ia l  per iod  in the object,  a(s)  allows for the pres -  
ence of a microscope object ive  ape r tu re  of radius  sap 
such that  a(s  < Sap) = 1 and aL(s > sap) = O. E ( s )  is 
an envelope funct ion which takes account of l imi ted  
spa t ia l  and tempora l  coherence in the i l lumina t ing  
wave  (15). 

One can see tha t  t ( r )  describes the response of the 
ins t rument  to a point  object  and is consequent ly  known 
as the "po in t - spread"  function. The re la t ion be tween  
A B F  images  and the object  is more  obviously  revea led  
by  Four ie r  t rans forming  I ( r )  to give the image power  
spec t rum 

P ( s )  = 8(s)  + r  sin[-y(s) ] E(s)  a(s) [4] 

It  can thus be seen that  the object ' s  Four i e r  t r ans form 
~( s )  is s imply  f i l tered by  the function sin 7 E ( s )  a (s )  
which is known as the contras t  t ransfer  function 
(CTF) .  This funct ion de termines  how s t rongly  and 
wi th  which sign a given object  spat ia l  f requency  is 
r eproduced  in the image. F igure  1 d isplays  plots of 
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Fig. 1. The contrast transfer function (CTF) for three values of 
the defocus z. Microscope parameters are Cs = 1.1 mm, angular 
illumination spread 1.2 mrad, and source energy spread 0.9 eV. 
These ore values appropriate to the Philips 301 TEM with biological 
pole piece which was used in this study, zl is known as the Scherzer 
defocus at which the palnt-to-point resolution of the instrument is 
at its highest value (0.31 nm). The effect of an objective aperture 
is to cut this function abruptly off at Sap = e/~ where e is the 
half-angle subtended by the aperture. Three values of 0 (in mrads) 
are marked on the s-axis. 

the CTF for typica l  ins t rumenta l  pa ramete r s  which 
are  appropr ia t e  to the Phi l ips  301 TEM used in this 
study.  At  the  Scherzer  defocus there  is a b road  band-  
pass out  to app rox ima te ly  3.2 nm -1 ( the reciprocal  of 
which is the po in t - to -po in t  resolut ion of the ins t ru -  
ment:  0.31 nm) .  By increasing the defocus one can 
image higher  spat ia l  f requencies (h igher  spat ia l  reso-  
lut ion)  but  now wi th  reversed  contras t  beyond .  1.9 
nm-~.  Obviously  image in te rp re ta t ion  is not  s imple  
when the object 's  power  spec t rum extends over  oscil-  
lat ions in the CTF (such as the diffraction f rom 
amorphous  mate r i a l s ) .  

The other  imaging mode of re levance  to this discus-  
sion is t i l t ed - i l lumina t ion  dark- f ie ld  (TIDF) .  In this 
mode the reference  or main  beam is exc luded  f rom 
the image  by  an object ive  ape r tu re  (a(0)  = 0). The 
image in tens i ty  is no longer  l inear  in r  but  depends 
on r Therefore  this mode pa r t i cu l a r ly  emphasizes 
atomic superposi t ions in pro jec t ion  agains t  the back-  
ground. In consequence TIDF is wel l  sui ted for de tec t -  
ing ordered  regions (16). However  random superpos i -  
tions yie ld  a speckle pa t t e rn  which can be mis leading  
(17). I t  has been shown tha t  spat ia l  incoherence in the 
i l lumina t ion  can reduce the r andom contr ibut ion to 
the speckle, thus enhancing the v is ib i l i ty  of smal l  
crysta ls  (11). Incoherent  da rk  field m a y  also have ap-  
pl icat ion to the imaging of smal l  voids due to its d i rec t  
represen ta t ion  of pro jec ted  thickness fluctuations wi th  
reduced confusion f rom in ter ference  effects, but  this 
has so far  been unexplored.  

The above was a br ief  outl ine of the s tandard  theory  
of high resolut ion TEM imaging of thin specimens, 
which originates  from Born and Wolf 's  t rea t i se  on 
optics (18). Now we can go on to consider  the specific 
p rob lem of observing voids or pores in amorphous  
mater ia ls .  

Detec t ion  of Smal l  Voids 
The fol lowing discussion of image  contras t  f rom 

small  voids in amorphous  mate r ia l s  appl ies  equa l ly  
wel l  to any  defect  which gives rise to a var ia t ion  in 
the p ro jec ted  potent ial ,  e.g., an in te rs t i t i a l  or  vacancy 
cluster.  The normal  method for imaging such defects 
in crys ta l l ine  mate r i a l s  (19), which uti l izes the bend-  
ing of la t t ice planes  f rom long- range  stress fields, is 
not  appropr i a t e  to amorphous  mater ia l s  because of the 
lack of long- range  o rde r  and the associated high oscil-  
la t ing s t ra in  field. Smal l  voids in crys ta l l ine  mater ia ls ,  
which exhib i t  ve ry  l i t t le  s t ra in  contrast ,  have of ten 
been detected by  the A B F  phase -con t ras t  method,  
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described above and pioneered in this context by 
Rhule (20). They produce a fluctuation in the projected 
potential  which can be imaged out-of-focus. One can 
see from Eq. [3] and [4] that  the CTF for small  s and 
large z has the same sign as z. So with a small  objec- 
tive aperture which excludes high spatial frequencies 
(reduced resolution),  spherical aberrat ion has negli-  
gible effect and a void will reverse its image contrast  
when the defocus is changed in sign (with no contrast 
in focus). This is often called, ra ther  misleadingly, 
Fresnel  contrast because large voids exhibit  Fresnel  
fringes around their  edges. For small  voids at low 
defocus the fringes degenerate to a simple white or 
black spot (21). This method (or perhaps more ac- 
curately, concept) can be simply extended to large 
voids in thick amorphous specimens where the pro- 
jected potential  from the amorphous sample is effec- 
t ively constant compared with the fluctuation due to 
the void. However, as the void size decreases to less 
than  (say) 2 nm in  a 10 nm thick film, the statistical 
fluctuations in projection of a random network become 
comparable in size to the effect from the void. When 
these two are of the same order it is impossible from 
one 2-D projection to sensibly ident ify the void. 

One can estimate this absolute l imit  ra ther  simply. 
Let the smallest  resolvable feature in  the image be of 
dimension R. Then in the film it defines a column of 
volume ~xR2T in which there are N = ;tR 2 T/12 atoms. 
(T is the film thickness and ~2 its atomic volume.) 
For N > >  1 in a random film this n u m b e r  exhibits 
gaussian fluctuations with s tandard deviation ~/N. 
This is a simple estimate of the magni tude  of the 
random fluctuation in an image with resolution R and 
with uni t  CTF out to Sap ---- 1/R. For the void to be 
statistically dist inguishable it must  produce a decrease 
in N which is of magni tude  at least 2A/N (say). In the 
optimal condition that R = dmin, the diameter  of the 
smallest detectable spherical void, one obtains the 
condition that  

drain > 1.8 (t~T) ~/" [5] 

which for SiO2 of 9 nm thickness (as examined in this 
study) gives dmin ~ 1 nm. Given this fundamenta l  
l imit  it is still no simple task to identify such small  
features in ~in image, without  perhaps a sophisticated 
statistical analysis of image intensi ty/area.  

It  should be noted that specimen til t ing is one way 
of improving on this fundamenta l  limit, which applies 
only to one 2-D projection. In an analogous way it has 
been pointed out that specimen (16) or beam (11) 
t i l t ing differentiates between localized order and ran-  
dom superpositions which arise from typically larger 
volumes. Thus a fluctuation which is visible in two in-  
dependent  projections can be more clearly identified 
as nonrandom. At present  this type of analysis has not 
been achieved due to the difficulty of identifying the 
same area on a featureless sample after t i l t ing and 
specimen-stage stabili ty problems. 

The better  imaging mode for the detection of voids 
in amorphous materials is ABF. This is because the 
nonl inear  na ture  of TIDF emphasizes atomic super-  
positions very strongly. Thus M atoms in the film 
which happen to l ine up appropriately in projection 
can yield M2 times the contr ibut ion from one atom in a 
TIDF image. On the other hand M atoms missing from 
the film can on average only change the mean intensi ty  
by M times one atomic contr ibut ion (neglecting effects 
from reconstruction of the surrounding atoms). Since 
the TIDF image from a disordered mater ial  is domi- 
nated by the "speckle" produced by many  atoms su- 
perimposing constructively, a small unreconstructed 
void would be invisible in comparison. Even though 
interest ing features have been seen in TIDF images 
from amorphous specimens which have the shape one 
might  expect from voids (22), these are unl ike ly  to 
originate from unreconstructed voids because of their 
high intensity.  So it is better  to use the l inear  ABF 
imaging mode where objects that do not exist give 

comparable in tensi ty  to those which do. This ru le-of-  
thumb does not apply to crystals, however, where in 
TIDF atoms may be ar ranged to scatter v e r y w e a k l y  
into the aperture beoause of their long-range perio- 
dicity. Then a defect which destroys or removes this 
order can yield a much greater intensi ty  than the back- 
ground. This is the basis of the so-called elastic- 
diffuse-scattering imaging method (23). 

The ABF conditions which lead to max imum signal-  
to-noise ratio from voids in amorphous samples are 
not in fact the best with which to detect them visually. 
In the Rhule technique for crystal l ine specimens and 
from the above discussion one would expect to use the 
smallest possible objective aperture to reduce un-  
wanted high-frequency "noise." Thus the objective 
aperture size Sap ---- 1/d. Under  these circumstances it 
will  be found that in order to observe the contrast 
reversal with focus from a void it is necessary to have 

lz[ > CA~s,p~ 

from Eq. [3] and [4]. Then it is obvious that the whole 
image will reverse in contrast identically, since the 
only difference between the contrast from the void 
and the random effects is in intensity.  This regime of 
aperture size and defocus is known as the projected- 
charge-densi ty (PCD) approximation because it  is to 
this which the image intensi ty  is proport ional  (24). 

Contrast reversal  arises in PCD because the transfer  
function (sin ( 7 ( 8 ) ) a ( s ) )  is cut off at a low value of 
s and exhibits approximate mirror  symmetry  in the 
s-axis when the sizn of z is flipped. This can be seen 
in Fig. 1 for z -- --+64 nm (zl and z3) if ~ ----- 4 mrad. 
However, with 8 much greater than this the mir ror  
symmetry  breaks down and image behavior when the 
sign of z is changed becomes less obvious. Low spatial 
frequencies will  still reverse contrast, of course, but  
some higher frequencies will remain  with the same 
sign of contrast or may even be extinguished on rever-  
sal of z, depending on their magnitude.  Image features 
with a "white noise" (uniform) power spectrum will 
then look increasingly unrela ted on either side of z -~ 
0 as the objective aperture is increased in size. The 
exact values of aperture size and defocus at which an 
image appears to behave unpredic tably  like this can- 
not be analyt ical ly  determined. Numerical  simulations 
from thin amorphous specimens, generated from Eq. 
[2] using two fast Fourier  transforms for the convolu- 
tion integral,  are very useful in this context. 

Figure 2 shows computed images of this type. A 
totally random distr ibut ion of atoms corresponding to 
a 9 nm thick amorphous SiO2 film was used as the ob- 
ject in the calculation. For this discussion of contrast 
from voids and pores, interatomic correlations are not 
significant, except perhaps to enhance the scattered 
intensi ty  due to reconstruction on the void surface [an 
effect which would be much more impor tant  in TIDF 
(21) where atomic superpositions are nonl inear] .  If the 
local power spectrum in image 2(b) were sufficiently 
distorted by the presence of (say) a void then the 
transfer  function would be pr incipal ly  sampled in its 
"symmetrical" region yielding cross-correlation, un -  
typical of the rest of the image. This will be seen in 
the next  set of computations. 

Figure 3(a)  shows the same image pair as in 2 ( a )  
but  with a 0.8 nm diam spherical void cut from the 
middle of the object. Although the Void produces a 
slightly more intense image than the background, its 
contrast reversal does not un ique ly  identify it. One 
can see from these images that  it is hopeless to t ry  to 
ident ify the exact shape and size of a void from high 
resolution TEM micrographs and statements about 
these properties must  be ra ther  quali tat ive in compari-  
son to the informat ion %hat could be determined if the 
a tomic-s t ructure  around the defect were exactly 
known (as in a crystal) .  

Figure 3(b) shows the same image pair with an 
intermediate-s ized objective aperture. Now the void 
is identifiable qual i ta t ively as the only reverse- 
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Fig. 2. Computed ABF images from a random distribution of 
atoms equivalent in projection to a 9 nm thick amorphous SiO2 
film. Complete reversal of image contrast with the sign of defocus 
(z) can be seen for a 4 mrad objective aperture (a) which limits 
the resolution to 0.6 mrad. With a 15 mrad objective aperture (b), 
the images display higher resolution and no simple behavior with 
the sign of z. (Seven gray levels were generated by overprinting. 
The intensity scale is arbitrarily adjusted to make all images of 
similar appearance, as one usually does in photographic printing.) 

correlat ing object in a r andomly-behav ing  background. 
If one increases the objective aper ture  size too much 
as in 3(c) [same size as in 2(b) ] ,  then the void itself 
becomes less distinct. In these computations the micro- 
scope parameters  ( including part ial  coherence) were 
the same as those used to compute the CTF's of Fig. 1. 
The critical objective aperture size will depend on the 
coherence. Some random cross-correlation will  always 
be noticed but  in this study, which involves compari-  
son of two films, s tr iking differences in the density of 
cross-correlating areas are seen which can be rel iably 
a t t r ibuted to nonrandom effects. 

Note that  it  is not spatial extent  in the image plane 
but  the in tens i ty  (which comes from spatial extent  in 
the beam direction) which this method is designed to 
reveal. Thus a column-shaped void in the beam direc- 
t ion may be clearly seen but  could be invisible if its 
long axis were parallel  to the image plane. 

Of course this method, since it  relies only on image 
projection, is unable  to dist inguish between a void and 
a surface pit. We emphasize that  it shows up statisti-  
cally unl ike ly  fluctuations in the projected potential. 
Having said this, one can certainly ident ify the ab-  
sence of voids or pores on the 1 nm scale with this 
technique. Fur thermore  it can give corroborative evi- 
dence when  the presence of pores is suspected. For 
max imum informat ion one should compare two films 
of identical thickness and s t ructure  using identical 
imaging conditions where the only suspected difference 
is the presence of voids or pores in one of the films. 
Thermal  SiO2 is thus an ideal system to examine, as we 
shall see. One simply compares image pairs while in-  
creasing the objective aper ture  size and looks for the 

Fig. 3. (a) Same image pair as Fig. 2(a) but with a 0.4 nm radius 
spherical void cut from the center of the object. The void produces 
a slightly more intense fluctuation than the random effects but its 
image contrast behaves identically with reversal of z. (b) With a 
9 mrad objective aperture the void is now qualitatively distinguish- 
able in the images as the only feature which reverses contrast with 
z. (c) With a 15 mrad objective aperture the void is beginning to 
disappear. The void size was chosen by inspection as the smallest 
detectable by this method. 

onset of random image behavior  with reversal of 
defocus. This identifies the critical aperture size at 
which the films should be compared for the presence 
of nonrandom fluctuations in projected potential. One 
practical point  concerning the opt imum objective 
aper ture  size: the coherence envelope function E(s) 
effectively acts as an aperture in that  it can prevent  
high spatial frequencies s from reaching the image. 
For this reason it will often suffice, depending on the 
electron-source coherence, to use no aperture at all 
for the optimal void imaging condition. The 15 mrad 
aperture used in these experiments  was similar  in 
effect to the 9 mrad aper ture  in the simulat ions be-  
cause the real coherence was a little poorer than the 
values used in computation. Accurate figures for the 
microscope coherence parameters  are not known and 
depend critically on condenser lens settings. 

Exper imental  Detai ls  
All substrates were (100) oriented 10 12 cm-1 p- 

type Si wafers. I rene has shown (4) that resist ivity 
type and value in  the range 2-10 12 cm -1 has negligible 
effect on the oxidation process, Dry oxidations were 
carried out in 02 containing less than 1 ppm water. For  
wet oxidation, H20 was added to N2 by passing the gas 
through a clean silica vessel containing deionized water. 
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The HfO vapor pressure was approximately 104 ppm. 
Oxide thickness was measured with an automated op- 
tical ell ipsometer system (25) which gives bet ter  than 
0.3 nm accuracy averaged over 2 mm~. The films de- 
scribed in this TEM study were both 9 • 0.3 nm thick 
deduced from ellipsometric measurements.  

Samples were prepared for TEM observation by jet 
etching from the back side of the wafer, the oxide 
surface being protected by beeswax. The acid mixture  
was 3 HF:5 HNO3:3 CI~COOH. Specimens were 
etched just  unt i l  the formation of a t iny  hole at which 
point several thin areas where the SiO~ film was ex- 
posed were usual ly  found. Although th inn ing  with this 
acid mix ture  is a little more fortuitous than using an 
Si-preferent ia l  etch [such as pyrocatechol (26) ] for the 
last few #m's, it  is less l ikely to accentuate Si/SiO2 
interface roughness which could be confused with a 
pore s tructure in  projection. Since the ellipsometric 
technique measures only average film thickness and 
acid attack may also change local SiO2 layer  thickness, 
another  method was used to check the actual  film 
thickness in the areas studied with TEM. With a small  
objective aper ture  in place in the TEM, there is a 
decrease in the average in tens i ty  due to scattering out 
of the aperture,  which can be readi ly measured from a 
photographic plate. From knowledge of the scattering 
properties of the film, thickness can be deduced (27). 
In this case no absolute measurements  of thickness 
were made, but  the wet and dry  films were found to 
be wi thin  10% of the same thickness in  the areas 
examined. 

High resolution TEM images were taken with a 
Philips EM 301 electron microscope which was fitted 
with a biological high resolution fixed pole piece for 
this study. The pole piece has a spherical aberrat ion of 
1.1 mm at 100 kV operat ing voltage which gives a 
max imum point - to-poin t  resolution (inverse of cutoff 
f requency at the Scherzer defocus) of 0.31 rim. Cross- 
correlation of defocal series was carried out very  
pr imit ively  using t ransparen t  tracing paper. An edge 
or some ~imilar feature was always used to aid exact 
location of the same area on different plates. A more 
sophisticated but  still relat ively simple method would 
be to make positive and negative t ransparen t  pr ints  
from each member  of the series. A positive taken at 
z = - -x  nm when superimposed on a negative at z ---- 
~-~x nm would show up reverse correlating features as 
bright  dots when held up to a strong light source. How- 
ever this is not real ly necessary except as a Neat 
demonstrat ion of the results. One of the ma in  advan-  
tages of this TEM imaging technique is that  it allows 
easy visual identification of voids without image pro- 
cessing. This can be achieved while viewing the image 
on the microscope screen by s imply reversing the sign 
of the defocus under  the conditions described above. 
Then any  voids should catch the eye because of their 
simple contrast reversal behavior. 

Results 
Figure 4 shows ABF images from a "dry" film at 

__+75 nm defocus with a 5 mrad semi-angle objective 
aperture in  place. This small aperture restricts the 
point - to-point  resolution to 0.7 nm and puts these 
images in the PCD regime. Thus exact contrast  rever-  
sal with defocus can be seen. Nothing can be quali ta-  
t ively deduced from these images because of this re- 
stricted regime. Similar ly  a "wet" film displays this 
effect in Fig. 5. These are the imaging conditions which 
would be recommended for imaging small voids in  
crystals and as discussed above they are obviously in -  
appropriate for amorphous materials.  (It should be 
noted that most crystals have amorphous oxide or 
contaminat ion layers on their surface and the detection 
of the tiniest voids or point-defect  clusters reverts  to 
this same problem.) The images in Fig. 4 and 5 are 
analogous to the numerica l  simulations of Fig. 2(a) 
and 3(a) .  Any  voids present  in either film are not  
readily visible under  these imaging conditions. 

Fig. 4. ABF images from a 9 nm thick "dry" SiO~ film with a 
5 tared objective aperture. Image reversal with sign of z is ob- 
served everywhere under these conditions. The defoci quoted in all 
experimental figures are accurate to + 2 5  nm. 

The images in Fig. 6 were formed with a 15 mrad 
semi-angle  objective aperture from the "wet" film. 
Now there is no extensive correlation found on reversal 
of defocus from +75 to --75 nm. This is as predicted 
from the s imulat ion in Fig. 2(b) where only random 
effects predominate.  However, the "dry" film although 
general ly  exhibi t ing no simple behavior with reversal  
of z, does show isolated features which reverse corre- 
late, some of which are indicated in Fig. 7. From our 
previous discussion these can be interpreted as arising 
from large nonrandom fluctuations in the projected 
potential. Fur thermore  the sign of these fluctuations 
can be inferred from the sign of the contrast  at nega-  
tive defocus-- they are general ly reductions in the 
projected potential. These observations are commen-  
surate with voids or pores in the "dry" film of typical 
size 1 nm and typical separation 10 nm. This yields a 
density of 10 TM cm -2 . 

Kr ivanek  and co-workers have looked a t  the in ter -  
face between Si and "dry" SiO2 at high resolution us- 
ing samples prepared in cross section (28). They saw 
no surface roughness on a scale which would yield the 
fluctuations which we see in the projected potential, 
so that this effect can be ruled out. 



VoL 127, No. I2 HIGH RESOLUTION TEM 2727 

Fig. 6. ABF images from the "wet" film with a 15 mrad "ob- 
jective aperture. In general no simple contrast reversal is seen on 
changing the sign of z. This tells us that there are no statistically 
significant fluctuations in the projected potential on the 1 nm 
scale. 

Fig. 5. ABF images from a 9 nm thick "wet" Si02 film which 
similarly show total reversal of contrast with sign of z because the 
objective aperture half-angle is only 5 mrad. 

It  has also been checked that  in focus (z ---- 0) the 
image contrast i n  both films is very much less than 
out-of-focus. This confirms that  the contrast  phenom- 
ena observed with nonzero defoci are indeed of the 
phase- type discussed above. Ampli tude effects, which 
could for example arise from heavy atom contami-  
nants  on the film surfaces, can be dismissed as they 
would show up just  as p rominent ly  in focus. 

Discussion 
The contrast  phenomena observed in high resolution 

images from the "dry" film agree well  with the previ-  
ous data and hypothesis of Irene (1). We have esti- 
mated that these defects have a density of about  10 z2 
cm -2. From Irene's  I -V measurements  it is clear that 
the t rapping behavior  does not explain the breakdown 
effect, which is no doubt caused by the nonuni fo rmi ty  
of the potential  introduced by these pores. Although 
the contrast  features observed could conceivably arise 
from other effects such as surface roughness caused 
by the th inning  process, they are very consistent with 
Irene's  previous data and obviously add considerable 
weight to the pore hypothesis. 

Unfortunately,  one cannot conclude directly that  the 
voids which are observed here in high resolution TEM 
images are interconnected or shaped in such a way as 
to form pores through the whole thickness of the film. 
However, considering the l imited image-plane  spatial 

extent  of the voids and the fact that  they must  arise 
from density fluctuations of at least 25% of the film 
thickness (from Eq. [5] ), one can conclude that  they 
are in  general  elongated in the substrate (100) direc- 
tion. Although the electrical data would be explained 
by  the presence of unconnected voids, the growth be-  
havior suggests that  they are connected to form pores. 
High resolution images, of the type we have described, 
from samples prepared in  cross section may  help to 
resolve this question. If the voids are columnar  in  
shape, as seems most likely, when viewed side-on they 
will  probably not produce significant contrast  to be 
detectable. Thus a nul l  result  in  the cross-section 
samples from "dry" SiO2 would actual ly confirm the 
pore hypothesis. Of course, if the voids are in  general  
spherical-like, they would be just  as visible in  any  
direction. 

Why should pores form in  the growing "dry" films? 
The observation could be simply explained, in  our  
view, if the s t ructure  of the films is not  a t rue cont inu-  
ous random network (CRN) as is the case for vitreous 
silica (29). Let us suppose that the structure,  al though 
basically similar to the CRN, actual ly nucleates at first 
in  a sl ightly different configuration from the bu lk -  
metastable CRN structure. This sort of idea has been 
proposed by Gaskell (30), among others, for te t ra-  
hedra l ly-bonded amorphous materials  and leads to a 
cluster-radius dependent  s t ra in field. As the radius 
reaches a critical size the introduct ion of breaks or 
pores is inevitable.  The critical size estimated from the 
pore spacing w o u l d  be about  10 nm, which is of the 
same order as the size of Gaskel l - type cluster which 
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Fig. 7. ABF images from the "dry" film with a 15 mrad ob- 
jective aperture. Although reverse correlation is not g~nerally 
observed between the image pair, there are several arrowed features 
which do exhibit this behavior. These correspond to large non- 
random fluctuations in the proiected potential which probably arise 
from pores or voids. Their size or shape cannot be accurately 
estimated but the typical image plane dimension is in the region 
of 1 nm or less. 

was calculated to be necessary to fit radial-dis t r ibu-  
tion-function and elastic-strain energy-densi ty mea- 
surements for amorphous Si (31). 

Why then do the wet films not exhibit this pore 
structure? There are two possibilities consistent with 
the above hypothesis. The first is that the OH (or 
another water-re la ted)  radical in some way reduces 
the strain in the random network as it is growing, 
leading to a much less prominent void structure 
(perhaps just at a much lower density because the 
"critical radius" becomes greater).  Hetherington et al. 
(32) have shown that the viscosity of SiO2 films de- 
creases as the water content goes up, which is con- 
sistent with this suggestion. Alternatively, the pores 
may still exist at the same density but may be 
"plugged" by OH-type bonding. [It is known that 
micropores exhibit large capture cross sections and 
form strong bonds with foreign atoms (33).] This 
would essentially block them as pipes for rapid oxygen 
diffusion to the oxidizing interface and would explain 
the growth-kinetic phenomena. It may also explain 
the breakdown phenomena because the potential 
fluctuation from water-filled pores would be less than 
from empty ones. The induced charge density would 
then be similar for both "wet" and "dry" films when 
very thin, and that density is close to the measured 
pore density in the "dry" films. As the film thickness 
increases the pores may be annihilated (they tend to be 
near the interface) in the "dry" films but the water  
may stabilize them in the "wet" films, explaining the 
observed (ref) higher trapping density in thick "wet" 
films. Finally, the TEM results would still be consistent 
because the fluctuations in projected potential from the 
filled pores in the "wet" oxide would be of much 
smaller magnitude than from the unplugged pores in 
the dry films. 

The authors are in the process of attempting to dif- 
ferentiate between these last two hypotheses by using 
microdiffraction in a scanning TEM. This facility al- 
lows diffraction patterns to be obtained from 1 nm 2 
areas on a thin specimen, and so any radius-depen- 
dent structural effects on the 10 nm scale should be 
detectable. Samples of thermal SiO2 are also being 
thinned using other preparation techniques to identify 
any artifacts (which in any case must arise from 
genuine differences between the "wet" and "dry" 
oxide) introduced by this processing step. 
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Molecular Beam Epitaxy of GaAs and 

InP with Gas Sources for As and P 
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Bel~ Laboratories, Murray Hill, New Jersey 079?4 

ABSTRACT 

Arsine and phosphine were decomposed in a high tempera ture  leak-source 
to provide As2 and P2 molecular  beams for molecular  beam epitaxy of GaAs 
and InP. Reasonable growth rates (0.5-1.5 ~m/hr)  were achieved for both 
semiconductors. The studies demonstrated that  with this method, MBE of 
GaAs can be done with the substrate tempera ture  as high as 700~ The maxi-  
mum growth tempera ture  obtained for InP  was approximately  600~ A rea-  
sonable increase in leak rate at the source should permi t  GaAs-tVIBE at  750~ 
and  InP-MBE at 650~ 

Convent ional  molecular  beam epitaxy of I I I -V com- 
pounds is usual ly  done with a source for the group V 
element  that  consists of a condensed phase in an effu- 
sion oven (1). Usual ly  the condensed phase is the 
solid element  itself, al though many  studies have been 
done in which it is a solution of the group V elements 
in  l iquid group III  element. Effusion sources uti l izing 
the solid group V elements have several disadvantages. 
They are rapidly depleted and the surface area of the 
condensed phase may change. Thus beam flux varies 
with time, in  the nonideal  effusion ovens used for MBE. 
Solid phosphorus may cause beam intensi ty  control 
problems because the solid red phosphorus source 
general ly  consists of an ill-defined mixture  of allo- 
tropic phases having different vapor pressures (2). 
When the l iquid solution of group V in group III  ele- 
men t  is used the source is ini t ia l ly the I I I -V compound 
in  contact with the liquid as the result  of preferent ial  
loss of group V e lement  at the source temperature.  At a 
given tempera ture  these sources will  provide a con- 
s tant  flux of As2 or P2 as long as solid I I I -V com- 
pound remains. Such sources are usual ly  exhausted 
quickly because i t  is inconvenient  and expensive to 
ma in ta in  a large volume of source I I I -V compound at 
the high temperatures  required. Furthermore,  for such 
sources, the group V element  beam intensi ty  cannot be 
varied independent ly  of the group III  e lement  beam 
intensity.  

Several studies (3, 4) have demonstrated that  the 
qual i ty  of MBE material ,  at least for GaAs and 
AlxGal-xAs, improves with increasing substrate tem- 
pera ture  dur ing  growth. Fur thermore  there is an in-  
creasing interest  in I I I -V solid solutions containing 
both As and P. At higher substrate temperatures  the 
efficiency with which the group V element  is used de- 
creases rapidly as the result  p r imar i ly  of its rapidly 
increasing part ial  pressure over the I I I -V compound. 
A source is needed that does not require f requent  
replenishment .  For MBE of the I I I -V solid solutions 
containing As and P, a source that  provides precise 
control over the group V element  beam intensit ies is 
needed. 

In  this work, AsH8 and PH8 were thermal ly  decom- 
posed in a "leak-source" at sufficiently high tempera-  
tures for the reaction 

A 
4MHz-> M4 + 6H~ [1] 

to go to completion in  a "high pressure" section at 
approximately  1/2 to 3 arm. An "effusion section" of 
the source is in tended to thermalize the beam to yield 
a cosine dis tr ibut ion and cause the reaction 
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M4 -~ 2M~ [2] 

to occur. This gas source for the group V elements does 
not require replenishment  inside the vacuum system. 
The group V element  beam intensi ty  can be precisely 
controlled simply by exercising control over gas pres- 
sures at about 1 arm in a simple gas handl ing system; 
and, if necessary, mixed sources can be used to provide 
constant group V element  ratios in the molecular  beam. 

Experimental 
The MBE system used to demonstrate gas-source 

MBE is a modified vacuum system that  was used for 
early MBE studies in  1970. Because of the necessity to 
pump ra ther  large volumes of hydrogen, the original  
ion pumping system was replaced with a 6 in. oil diffu- 
sion pumping  stack consisting of a 6 in. gate valve, an 
efficient l iquid ni t rogen cooled trap, and then the diffu- 
sion pump. The lowest pressure the system could 
achieve was about 5 • 10 -9 Torr. The a r rangement  of 
the group III and group V element  sources is i l lus- 
t rated in Fig. 1. Minimal  cryopannel ing was provided 
and the system was clearly not suitable for growth of 
extremely high pur i ty  mater ial  (even without  oil 
diffusion pumping) .  However, it was adequate to per-  
mit  definition of conditions under  which GaAs and InP  
can be grown with gas source MBE. 

The effusion sources for the group III elements were 
of conventional  construction (1) with a pyrolytic boron 
ni tr ide crucible to contain the group III e lement  and 
most heated metal  parts of molybdenum to preclude 
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Fig. 1. Schematic representotJon of the MBE opporatus used for 
this work. 
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their  reaction with H2. The source for the group V 
elements (Fig. 2) consisted of an a lumina  tube with a 
leaky end seal having a leak rate such that  with the 
pumping  stack used, and with the pressure in  the gas 
handl ing system at about 3 atm, the vacuum system 
pressure did not exceed ~5  X 10 -5 Torr  dur ing a run. 
Several  centimeters of the end of the a lumina  tube 
were heated by a resistance furnace that was main-  
tained at 800~176 dur ing  a run.  As i l lustrated in Fig. 
2, the a lumina  furnace tube protruded about 2 cm be-  
yond the a lumina  tube seal to provide an effusion 
section for the source. 

For the studies reported in this paper only one leak- 
source-furnace combinat ion was used. This source was 
calibrated for As2 and P2 beam flux dis tr ibut ion at the 
substrate by  having the beam impinge on a l iquid ni -  
trogen cooled Si wafer masked with a wire grid. The 
deposited arsenic layer was dense and metall ic in ap- 
pearance, with a surface that mirrored the surface of 
the Si substrate. Layer  thickness was determined with 
profilometer scans across the masked and unmasked 
regions of the surface. For the determinat ion of P2 
beam flux distributions, a similar  procedure was 
followed. The only modification to the procedure was 
that a thin protective layer of As was deposited im-  
mediately following the phosphorus deposition. The 
thickness of the As layer was de te rmined  from the 
previous As runs, and the profilometer thickness mea-  
surement  for the composite s tructure then yielded 
the phosphorus layer  thickness. 

Epitaxial  layers of GaAs were grown on (100) GaAs 
substrate surfaces that were chemically polished with 
a Br2-methanol solution and then briefly etched with 
a peroxide-H2SO4 ~ solution. The InP  epitaxial  layers 
were grown on (100) InP  substrates that were chemi- 
cally polished only with a Br2-methanol solution. Dur-  
ing growth the substrate wafers were "glued" to the 
Mo heat ing block with indium. The oven orifice of the 
leak source was 9 cm from the substrate and the group 
III e lement  source-to-substrate  distances were about  
12 cm. The group III beam intensit ies were regulated 
by monitor ing and varying the effusion cell tempera-  
ture with conventional  thermocouple controlled regu-  
lators. Nominal  effusion cell temperatures  ranged from 
900 ~ to 1000~ for Ga and 800 ~ to 840~ for In. 

For both GaAs and InP epitaxy, the growing crystal 
surface was monitored by observing the reflection- 
high energy electron diffraction (RHEED) pat tern  for 
electrons diffracted at a glancing angle (1, 5) as i l-  
lustrated in Fig. 1. In addition, the condition of the 
crystal surface was monitored visually and the tem- 
perature of the wafer surface was monitored with an 
infrared pyrometer.  Calibration for the pyrometer  was 
obtained for GaAs surfaces by observing the Si-A1 
eutecfic t ransi t ion at 577~ (6) for a par t ia l ly  A1- 
coated silicon wafer mounted on the heater  block with 
the GaAs wafer. Similar ly  for InP, the Ge-A1 eutecfic 
temperature  at 424~ (6) was used for calibration. It 

was assumed that  the calibration corrections were con- 
s tant  over the temperature  ranges studied. 

Results and Discussion 
The leak-efIusion source.--The use of AsH~ and PH3 

as sources for As2 and P2 beams requires that  the hy-  
drides be thermal ly  decomposed before introduction 
into the vacuum system. This was done at 800~176 
with pressures in  the range 1/2 to 3 arm on the high 
pressure side of the leak. Vir tual ly  complete decom- 
position of the hydrides occurred. In  the leak-source 
As4 or P4 plus H2 molecules leak from the high pres- 
sure region at about  1 a tm into the effusion section of 
the leak-source heater  where the pressure is in  the 
mil l iTorr  range. Within the leak path there should be 
a t ransi t ion from hydrodynamic to molecular  flow. The 
leak is essentially a free jet  (7), and in the ideal case, 
would produce a shock wave in the low pressure re-  
gion. The shock wave is expected to rethermalize the 
velocity distr ibution so that the species emitted from 
tho effusion section would have the cosine distr ibution 
expected from an effusive source. Since the Walls of 
the effusion section are at 800~176 decomposition to 
the b inary  species (Eq. [2] ) is also expected. 

The measurements  of the beam distr ibut ion suggest 
that  for the very simple a r rangement  of Fig. 2, the jet  
is only par t ly  rethermalized. In  Fig. 3 a typical rela-  
tive distr ibution for As actual ly measured at the sub- 
strate location is compared to the in tensi ty  curve ex- 
pected for a cosine dis tr ibut ion from the source. 
Clearly the beam is much more sharply peaked than 
the cosine distr ibution and thus still  retains some of 
the character imposed by hydrodynamic flow. This 
will be corrected in future  experiments.  However, the 
source was adequate for del ineat ing the MBE condi- 
tions wi th  small (~1 cm 2) substrate crystals used in 
this work. 

The actual  As2 flux at the target under  various AsH3 
input  pressures was determined from the thickness of 
the As layers on the Si cal ibrat ion targets. Similar  ex- 
periments  were done with the P2 beams. However, 
while the As appeared metall ic and fully dense, the 
thin P layers protected by As were less readily ob- 
served. The usual  .a (white) phosphorus that  is found 
when P4 vapor condenses is a lattice of P4 molecules 
(2). It  is unl ike ly  that solid would result  from the 
condensation of P2 molecules on a cold surface. It  is 
more probable that the condensed phosphorus phase is 
amorphous with a less open structure and a higher 
density than the P4 based ~ phosphorus. The densities 
of the various allotropic forms of phosphorus range 
from 1.83 g/cm -~ for white phosphorus to 2.7 g /cm -3 
for the high pressure induced black crystall ine modi-  
fication. The amorphous black and red, and crystall]ne 
red forms have densities from 2.2 to 2.5 g /cm -z. Not 
knowing the density of the solid it is necessary to 
resort to our knowledge of the As2 beam flux to de- 
te rmine  that  for P2. 
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The leak source under  the pressure conditions of 
this exper iment  is, in the ideal case, expected to be-  
have like a free jet  that  is formed by the expansion 
of a gas through a nozzle into a zero pressure region. 
For such a source the total flow rate will be l inear  
with pressure and inversely proport ional  to the half 
power of the average molecular  weight of the gas 
mix ture  on the high pressure side (7). In  Fig. 4 the 
dependence of the As2 beam flux on source input  pres-  
sure is l inear  as expected. The dashed curve shows 
the P2 flux calculated from the As2 flux assuming free 
jet conditions at the leak. The rectangular  data points 
show measured P2 flux on the assumption that  the 
densi ty of the solid P is 2.7 g /cm -~, the same as the 
most dense crystal l ine form. While these ways of ar-  
r iving at the P2 flux are certainly very  approximate,  
the agreement  in  Fig. 4 suggests that the plotted curve 
is probably correct to wi thin  ___25%. That  curve is used 
in  the balance of this work. 

Gas source MBE of GaAs.--Cho (5) has shown that, 
depending upon the A s J G a  flux ratio in the impinging 
molecular  beam, a number  of RHEED pat terns may 
be observed dur ing  MBE. The easiest to s tudy are 
those obtained on the (100) surface with the electron 
beam along the [110] azimuth. Summariz ing much 
previous work, at the start  of MBE, surface smoothing 
accompanied by the appearance of diffraction pat terns 
characteristic of the growth conditions is observed (5, 
8). These pat terns result  from diffraction by several 
different two-dimensional  surface structures for the 
atoms const i tut ing the crystal surface. These patterns, 
obtained when the diffracted electron beam strikes a 
phosphorescent screen, are a series of streaks with 
characteristic spacing. At  relat ively high A s J G a  flux 
ratios a pat tern  with streak spacing one-half  that  of 
the bu lk  (1 • 1) crystal s t ructure is observed. This 
is the one-half  order or As-stabil ized C (2 • 8) s truc-  
ture (1). With very clean substrates and vacuum sys- 
tems ext remely  smooth layers of GaAs have been 
grown in the As-stabil ized regime. 

At relat ively low A s J G a  flux ratios a diffraction 
pat tern  having three equal ly spaced streaks between 
the bulk (1 • 1) streaks is obtained. This is the 1/4 
order or Ga-stabil ized C (8 • 2) structure. In the Ga- 
stabilized regime the crystal surface and diffraction 
pa t te rn  gradual ly  degrade as the result  of Ga droplet 
formation on the growing surface. Cho (5, 8) has also 
observed that in a plot of As2/Ga flux ratio against  
I / T  the Ga and As stabilized growth regimes are sep- 
arated by a t ransi t ion region in which the (1 • 1) or 
faint  t ransi t ional  diffraction pat terns exist. The bound-  
aries of the different regions shifted, depending upon 
whether  the t ransi t ion was induced by heating or cool- 
ing. In  this work the Ga and As-stabil ized regimes 
were readi ly observed. However, they occur without  
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hysteresis and, as shown in Fig. 5, at appreciably higher 
temperatures.  

In exper iments  with much lower (but  unspecified) 
Ga beam flux, Chang et al. (9) observed transit ions 
between the Ga-stabilized, the t ransi t ional  (3 • 1), 
and the As-stabil ized structures at temperatures  in-  
termediate  between those reported by  Cho (8) and 
those reported here for As2/Ga flux ratios in the same 
range. With comparable Ga beam intensities, but  very 
low As2/Ga flux ratios that  overlap those reported 
here only at As2/Ga ---- 1, the data of Chang et al. for 
the t ransi t ion from the As-stabil ized to the (3 • 1) 
or 1/3 order t ransi t ional  s t ructure  are at slightly 
higher temperature.  They also report  a significant var i -  
ation of surface transi t ion tempera ture  with absolute 
beam intensity.  

The data of Fig. 5 cover a growth range of 0.45-1.5 
~m GaAs/hr ,  corresponding to an absolute Ga beam 
flux at the sample ranging from 2.75 to 9.15 • 1014 
Ga/cm 2 sec. Transi t ions from the 1/3 to 1/2 order pat -  
te rn  were gradual, over about a 10 ~ tempera ture  range, 
without a very precise t ransi t ion temperature.  Trans i -  
tions to and from the 1/4 order  s t ructure  were rapid. 
There seemed to be a region between the 1/3 order 
and 1/4 order regimes where only the (1 • 1) pat tern  
could be observed. It  should be pointed out that  with 
the 5 kV electron gun used in this work the t ransi t ion 
(3 • 1) pat tern  could only be observed under  ideal 
conditions and actual ly may extend fur ther  toward 
the other regimes. The scatter in the data does not 
seem to depend upon Ga flux, but  is probably related 
to the As2 beam nonuniformity .  In  fact, the slope of 
the curves appear to become much shallower at As2/Ga 
< 1 so that  because of the beam nonuni fo rmi ty  shown 
in Fig. 3 different portions of the crystal surface were 
in different surface s t ructural  regimes. For that  reason 
no at tempt was made to s tudy growth for As2/Ga < 1 
in this work. 

At the highest As2/Ga ratio studied, ,-10.2, smooth 
GaAs epitaxy without  surface defects was obtained 
with the substrate tempera ture  as high as 700~ The 
transi t ion to nonsmooth (i.e., Ga-droplet  coated) sur-  
faces occurred slowly wi th in  the t ransi t ion region and 
rapidly as soon as the diffraction pa t te rn  charac- 
teristic of the Ga-stabil ized s t ructure  appeared. A 
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clear demarcat ion from smooth to mat te  growth was 
not observed in the t ransi t ion region. However, the 
way the experiments  were done, changing temperature  
at a given As~/Ga flux ratio and then repeat ing the 
exper iment  at different ratios after resmoothing the 
surface with As-r ich growth, made it inconvenient  to 
a t tempt  to observe slow or very  subtle surface ap- 
pearance changes. 

Since the ,apparatus was not  designed to give high 
pur i ty  growth, little a t tempt  was made to electrically 
characterize the grown layers. Several  layers were 
grown on Cr-doped semi- insula t ing  substrates. These 
samples were deliberately doped with Sn from a 
separate Sn-conta in ing  effusion oven. Hall and sev- 
eral photoluminescence measurements  were made. For 
most of the samples studied (ND -- NA) was in the 
range 2-4 • 1017 cm - s  and Hall mobilities were about 
3000 cm2 V -1 sec-* at room temperature.  This is about  
15% lower than would be expected for the best mobil i -  
ties for GaAs at that electron concentration. A few 
samples had mobilit ies as good as the best reported 
[e.g., 4200 cm 2 V -1 sec -1 at (ND -- NA) -- 1.5 X 1017 
cm-S].  For these the room tempera ture  photolumin-  
escence peak in tens i ty  was as high as that  obtained 
here for equivalent ly  doped l iquid epitaxy layers. 

Gas source MBE of InP . - - Ind ium phosphide layers 
were grown on (100) InP  surfaces with the same leak 
source that  was used for GaAs growth. During growth 
RHEED pat terns  were observed with the electron beam 
along the [110] azimuth. The 1/2 order C (2 • 8) pat-  
tern could readi ly be observed on the surface after 
heating to 550~ with a P2 flux of ,--5 • 1015 P J c m  ~ 
sec to remove oxide. Opening the shutter  to the In 
oven started growth and the diffraction pa t te rn  usual ly  
became sharper and completely streaked. The sample 
surface dur ing growth was visual ly observed while 
temperature  was increased at a given P2 and In  beam 
intensity.  

Usually a rapid change in gross surface morphology 
from smooth to matte  could be observed with no change 
in diffraction pattern.  The change in the temperature  
for this smooth- to-mat te  surface t ransi t ion as a func-  
tion of P2/In flux ratio is given in Fig. 6 for InP growth 
rates ranging from 0.7 to 1.3 /~m/hr (3.75-7.3 • 1014 
In / cm 2 sec). With no In  beam and a P2 beam at 7.5 • 
1015 Pe cm-~ sec, the smooth- to-mat te  t ransi t ion oc- 
curred at 600 ~ • 10~ The 1/4 order, C(8 • 2) pat-  
tern could only occasionally be observed when the 
wafer was rapidly heated to a regime where liquid I n  
was generated on the crystal surface. 

In  all cases studied the smooth- to-mat te  t ransi t ion 
represented the formation of In droplets on the crystal 
surface. The surfaces of several InP  crystals are shown 
with phase contrast  microscopy in Fig. 7. Figure 7 (a) 
shows the surface of an InP  sample heated to 605~ 
with the Pe flux at 5 • 1015 Pe cm-2  sec-1 for several 
minutes. Etching of the surface and In droplet forma- 
tion are clearly visible. The crystal shown in Fig. 7 (b) 
is that  used for the exper imental  point  at the molecu- 
lar beam flux ratio P~/In = 4.6 in Fig. 6. The run  was 
ended immediate ly  after the smooth- to-mat te  t ransi-  
tion. Figure 7 (c) and (d) are micrographs of two loca- 
tions at opposite ends of the ~,1.5 cm wide crystal used 
for the exper imental  point at P J I n  = 1.0 in  Fig. 6. The 
10-20% variat ion in the P J I n  flux ratio across the 
crystal as the result  of P2 beam inhomogenei ty  (Fig. 
3) and t i l t ing of the sample relative to the In oven 
(Fig. 1) yield the differences in morphology at the 
relat ively P2-rich end [Fig. 7 (d)]  and the relat ively 
In- r ich  end, Fig. 7 (c). Figures 7 (C) and (d) show the 
great sensit ivity of the surface morphology to flux ratio 
near  the smooth- to-mat te  transition. For several layers 
grown on the r ight  side of the curve on Fig. 6, sur-  
faces were ext remely  smooth with some structure 
barely visible with phase contrast  microscopy but at 
too low a contrast to be photographed. No electrical 
or optical characterization of the InP layers was done. 
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ture for the observed transition from growth of InP with a smooth 
to growth with a matte surface. 

The data of Fig. 6 and the morphological studies 
represented by Fig. 7 suggest that  the l imitat ion rep-  
resented by the smooth- to-mat te  t ransi t ion is simply 
the more rapid loss of P than In from the crystal  la t -  
tice at the surface. In  other words, the data of Fig. 6 
represent  the l iquidus curve for the In plus P liquid 
in contact with the InP  solid under  the P2 and In  flux 
conditions of the experiment.  Since each two impinging 
In atoms consume one P2 molecule, the P2 flux, less 
half  of the In flux, represents the excess flux of Pe 
molecules that are equivalent  to a partial  pressure of 
P2 over the InP. The flux F of a vaporizing species can 
be related to its equi l ibr ium part ial  pressure P by 
means of the Langmuir  relat ion 

Pa 
F = [3] 

(2~mkT) 1/2 

where ~ is the accommodation coefficient. If ,~ is taken 
as constant with T, a plot of log [ (Fp 2 -- 1/2 F in)T 1/2] 
against 1/T should be equivalent  to a plot of log PP2 
against 1/T and should be linear. The data of Fig. 6 are 
replotted in Fig. 8. The factor of T 1/2 is almost con- 
s tant  over the temperature  range under  consideration 
and has been omitted. For comparison, the partial  
pressure of P2 in equi l ibr ium with the I n - P  liquidus 
(10) against 1/T is also given in Fig. 8. The two curves 
appear to be equivalent.  

Since the smoothl to-mat te  t ransi t ion is actual ly the 
l iquidus-par t ia l  pressure boundary,  Fig. 8 represents 
the ma x i mum InP-MBE growth tempera ture  at any  
P2 flux. A leak source with a flux ten  times that  of the 
source used in  this work is feasible and from Fig. 8 
would have an upper  InP  growth tempera ture  l imit  of 
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Fig. 7. (a) InP surface after several minutes at 605~ with a 
P2 molecular beam flux of 5 • 1015 P2/cm 2 sec. The smooth-to- 
matte transition occurred between 600 ~ and 605~ (b) InP surface 
after the smooth-to-matte transition during MBE at a P2/In molec- 
ular beam flux ratio of 4.6. (c) and (d) InP surface at two different 
locations after the smooth-to-matte transition during MBE at o 
P~ln flux ratio of 1.0. 

650=C at  inf ini te ly  smal l  g rowth  rate.  A smal l  add i -  
t ional  P~ flux wi th  the  appropr ia t e  In flux would then  
y ie ld  InP  growth.  

Conclusion 
A series of exper iments  have demons t ra ted  that  wi th  

an appropr ia t e  input  device and vacuum system, AsH.~ 
and PHs could be used to genera te  As2 and P2 beams 
for  molecular  beam ep i t axy  of GaAs, InP, and by  ex-  
tension, crys ta l l ine  solid solut ions of GaAs and InP. The 
leak  source devised for this  work  pe rmi t t ed  sufficiently 
intense beams tha t  GaAs and InP could be grown at  
t empera tu re s  as high as 700~ 60O~ respect ively.  
For  InP this is h igher  than prev ious ly  repor ted  for 
MBE of these semiconductors .  For  GaAs, Gossard and 
Wiegmann  (11) have obta ined  growth  to approx i -  
ma te ly  750~ by  genera t ing  an As2 beam wi th  an 
aux i l i a ry  hea te r  on the end of a solid As source effu- 
sion cell. The l imi ta t ion  on the growth  t empe ra tu r e  of 
InP, and p robab ly  also GaAs b y  this technique appears  
only to be the format ion  of the l iquidus  as the  resul t  of 
a h igher  vapor iza t ion  than flux ra te  of the  group V 
e lement  at  the crys ta l  surface. Wi th  modified sources 
to y ie ld  a factor  of ten g rea te r  flux it is expected  tha t  
g rowth  at  750~ for GaAs and 650~ for InP could be 
achieved.  P r o b a b l y  more  impor tan t  is the ease of con- 
t rol  over  beam flux that  can be achieved wi th  the gas 
source. Such a source wi l l  be useful  for the growth  of 
mixed  crysta ls  containing both As and P. 
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ABSTRACT 

The behavior  of phosphorus  s i l ica-glass  (PSG)  as a sil icon dopant  source 
has been s tudied by  measur ing  PSG etch rate,  depth,  and  res is t iv i ty  of the 
junct ion  formed a f te r  diffusion. Our  resul ts  a re  in agreement  wi th  known 
data  concerning phosphorus diffusion in a flat region.  

The sys tem formed by  a silicon surface covered 
by  a l aye r  of doped oxide  is not  ye t  wel l  cha rac te r -  
ized. This is due both  to an insufficient knowledge  
of the proper t ies  of the oxide and to the difficulties 
of a ma themat i ca l  descr ipt ion of the diffusion f rom 
one phase to another .  In  the past  ten years  we have  
seen severa l  efforts to set up re l iab le  systems for 
measur ing  the dopant  (phosphorus  and boron)  level  
in the oxide  (1-4) as wel l  as to solve the diffusion 
p rob lem (5-8). However ,  the diffusion p rob lem has 
sa t i s fac tor i ly  been  solved only  for  phosphorus con- 
centra t ions  be low 5% (5, 7, 8), when the h igh-con-  
cen t ra t ion -PSG/s i l i con  sys tem was considered, only  
under  5% concentra t ion in PSG agreement  be tween  
the model  and expe r imen ta l  resul ts  is obtained.  

Barry ,  for instance, p resented  conclusions which 
though they  c la im to show l inear i ty ,  ac tua l ly  evidence 
high concentra t ion effects (7). He found [Fig. 5 of 
Ref. (7)]  tha t  the l inea r i ty  pred ic ted  by  his model  
be tween  surface concentrat ion Co and phosphorus con- 
cen t ra t ion  in the  oxide  holds t rue  only  for C < 4 • 
1020 p a toms /cm 8 ( _ 1  m / o ) .  

In  this work, we have unde r t aken  the s tudy  of 
diffusion f rom high concentra t ion ( ~ 1 0  m/o )  PSG, 
in o rder  to ve r i fy  whe the r  the  oxide character is t ic  
induces a phosphorus profile in silicon as complex as 
the one descr ibed by  Fa i r  and Tsai [k ink effect (10)],  
and in v iew of a possible use of this phosphorus 
source to form source and d ra in  regions of n -channe l  
MOS transistors.  

Key words: diffusion, junction, resistivity. 

The techniques used in this  w o r k  are  convent ional  
V/I and xj measurements  of the layers  formed af te r  
diffusion on p - t y p e  samples,  and  e tch- ra te  measu re -  
men t  of the  oxide, in o rder  to character ize  diffusion 
wi th in  it. 

Exper imenta l  and  Results 

P- type ,  3 in., (100) oriented,  1.7-2.6 12-era (corres-  
ponding to a subs t ra te  concentra t ion 8 • 1015 B 
a toms /cm 2) Si slices were  used in this work.  

PSG was deposi ted in an open- tube  reac tor  a t  
420~ by  s imul taneous  oxidat ion  of s i lane and phos-  
ph ine  

Sill4 ~ 202 ~ SiO2 4t- 2H~O 

2PI-~ -~ 40~  ~ P20~ -t- 3H20 

in the propor t ion  r equ i r ed  to have a P2Os molar  
concentra t ion of about  10% (~3 .9  • 10 ~I P a toms /  
cm ~) and for a t ime sufficient to g row a thickness of 
about  5000A. 

Af te r  a modera te  anneal ing  (N2, 800~ 30 min) ,  
the  wafers  were  par t i t ioned  in severa l  groups and 
were  t rea ted  at  three  different  t empera tu res  (940 ~ 
1000 ~ 1050~ for three  lapses of t ime (0.25, 1, 2.25 
hr )  in a combined way. Measurements  of V/I and 
junct ion  depth  xj were  car r ied  out  on a l l  samples. 

The etch ra te  profile was de te rmined  at  15~ only 
on the samples  t rea ted  for 2.25 hr  by  using a P -e t ch  
solut ion (17 cm S 49% HF, 10 cm 8 70% HNO~, 300 
cm 8 H~O) d i lu ted  in five par t s  of H~O to increase  
sens i t iv i ty  and accuracy. 

Fig. 1. Etch.rate profile for 
PSG after 2.25 hr annealing at ~ 8 
940~ The shape is qualitatively 
the same for all the considered 
temperatures. Profiles obtained o ~  
by successive etching of the 6 
doped oxide film. Etch rate is 
defined as v (xt) - -  (xt - -  
xi+z)/~ti (xi, film thickness be- 
fore the single etching; x i+ l ,  C~ 
film thickness after the single i .  
etching; ~ti, etching time). The 4 
last point is chosen as the last r- 
point keeping a physical mean- r~ 
ing (i.e., satisfying the condition -~ 
v ::= Vo). This point corresponds LU 
to a total asportation of the 2 
oxide on about 25% of the 
wafer surface, owing to lack in 
uniformity of the PSG film: for 
this it does not coincide with the 
origin. % I 

0.1 0 .2  0 .3  0 .4  
PSG t h i c k n e s s  ( . jum) 

§ 
§ 

,1 
0.5 

2 7 3 4  



Vol. 127, No. 12 PHOSPHORUS SILICA GLASS 2735 

3 

2 

C 
F~ 

t I I I 

s163163 % 

I 
~ - o.1 o.2 0.3 

PSG t h i c k n e s s  ( ~ m )  

All  our  e tch ra te  profiles have  the same qua l i ta t ive  
shape:  the  one annea led  at  940~ for 2.25 hr  is shown 
in Fig. 1. I t  is known  (1, 2), and  we have verif ied b y  
measur ing  the  etch ra te  of  nondensif ied samples  of 
ca l ib ra ted  concentra t ion (measured  by  neut ron  ac t iva-  
t ion analysis)  tha t  the  etch ra te  of PSG in P-e tch  v 
depends  upon phosphorus  concentra t ion c according to 

v ( c )  = VoeXp(c/c) [1] 

where  Vo = v(0)  and c is a sui table  concentrat ion.  
Because of i ts  phys ica l  mean ing  Vo can be measured  
on "undoped PSG" (our readers  wil l  excuse this 
cont radic t ion)  and has been  found to depend upon 
the rma l  t r ea tment ;  on the contrary ,  c has been found 
to be a constant.  Table  I confirms this s ta tement .  

Equat ion [1] al lows us to t rans form kinet ic  p ro -  
files into concentra t ion  profiles: one of them is shown 
in Fig. 2. These profiles a l low the es t imate  of the  
thickness  Xd of the  two phosphorus -dep le ted  PSG 
layers,  both  next  to sil icon (Xd si) and facing vacuum 
(xdV); moreover ,  via a numer ica l  in tegrat ion,  the 
to ta l  amount  of phosphorus  diffused into sil icon (QSi) 
or t oward  vacuum (Qv) are  easi ly  computed.  

Table  II  repor ts  these quant i t ies  and  shows tha t  
XdSi  , ~  •d v, Q S i  ~.~ Q v ;  this  is an evidence tha t  in  the  
considered sys tem the r a t e -de t e rmin ing  step is the 
diffusion process in the oxide. 

F igures  3 and 4 show the resul ts  of V/I  and x] mea -  
surements .  Al l  the p resen ted  da ta  can be used to test  
different  hypotheses  on concentra t ion profile of phos-  
phorus  in silicon. To this aim, a choice of diffusion 
coefficient D, which  depends  on concentrat ion,  a n d / o r  
a de te rmina t ion  of surface concentra t ion Co are  im-  
pl ied  ( Q cc Co x/Dt ). 

Table I. Etch rate parameters in diluted P-etch after 2.25 hr 
annealing (Vmax determined from the flat zone of the etch rate 

profile; vo measured on samples of undoped oxide;c follows from 
Eq. [1 ]  

T e m p e r -  
a t u r e  Vmax Vo c 
(~ (A/see) (A/see) (10 ~ cm-3) 

940 7.1 ~- 0.3 0.38 • 0.02 1.33 • 0.05 
1000 6.2 -+ 0.2 0.33 • 0.03 1.32 • 0.05 
1050 5 + 0.3 0.28 ---+ 0.02 1.36 • 0.0'7 

I I 

0.4 0.5 

Fig. 2. Phosphorus concentra- 
tion profile in PSG after 2.25 hr 
annealing at 940~ The profile 
does not extrapolate to the 
origin for what was reported in 
Fig. 1. The estimated extrapola- 
tion to C = 0 is used for Qm 
calculations. 

Let  us consider  the  hypothesis  of erfc or  gaussian 
profile. The surface concentra t ion Co can be de te rmined  
wi th  the a id  of I rv in  curves (9). 

Wi th  such Co, using the va lue  for  D given by  Fa i r  
and  Tsai (10), re la t ive  to the  flat region, and con- 
s ider ing  i t  val id  for the whole diffusing phosphorus,  
much h igher  Q wi th  respect  to the  measured  ones 
(Qsi) are  obta ined (see Qe and  QG in Table  I I I )  
(here  and in the  following, Q wil l  indicate  the  gen-  
er ical  phosphorus dose in jec ted  in silicon, QSi our  
exper imen ta l  value  of it, Qe, QG, and Qb the doses com- 
pa t ib le  wi th  V/I  and xj measurements ,  r e la t ive  to 
erfc, gaussian or  box profile, r espec t ive ly) .  

Try ing  to avoid this d isagreement ,  a lower  diffusion 
coefficient must  be chosen. The int r ins ic  va lue  for D 
can be considered (10, 11) but  unreasonab ly  high Co 
results,  ca lcula ted  f rom xj values.  The in te rmedia te  
(and correct)  poss ibi l i ty  to test  the erfc or gaussian 
profile hypothesis  is to use the  diffusion coefficient 
which fits QSi values,  assuming again  Co is known 
(from V/I  and xj) .  The resul t  is a diffusion coefficient 
decreas ing wi th  increas ing t empera tu re .  

In  scheme 1 this whole  discussion is summarized.  
The hypothesis  of erfc or  gaussian profile mus t  then  

1.2 (v) 
O.8 

(n') 

0.4 

I I I 

t 

1 0 0 0  =C 1../" 

t 

I I I 
0 0.5 1 1.5 

(hr 1/21 

Fig. 3. V/ I  vs. time. V/I  measured with a four-point probe 
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Table II. Xd and O values after 2.25 hr annealing 

Temper -  xa si - xd v 
a t u r e  xd sl (A)  xd- (A)  Qsl (101e cm-*) Q~ (10~a em-~) 
(~ (_~I00~) (• xdS ~ (• (• 

QS! _ Qv 

Qs I 

940 600 720 0.2 0.51 0.58 0.12 
1000 1260 1140 0.1 0.79 0.74 0.06 
1050 1720 1550 0.I 1.0 1.0 0 

Table III. Total amounts of phosphorus in silicon: measured and deduced by different doping profiles. Oc- si, Oe sl, and Ob si refer 
to the amounts respectively deduced by gauss, erfc, and box profiles. 

Temper- Qsl QeSZ Relative error Relative error Relative error 
a t u r e  (10 ~e c m  -=) ( 1016 c m  "~) I Q~Sl _ Qsi j /Qsi  Q~St 1Q~sl _ Qsl ] / Q s i  Obst I Qb st -- Qst I / Q s l  
(~ (----.10%) (-----10%) (%)  (10 ~6 c m  -~) (%) (10~ c m  ~ )  (%)  

g40 0.51 0.42 18 0.39 24 0.35 31 
1000 0.79 2.99 278 2.26 186 0.82 4 
1050 1,0 13.a-,2 12,#.2 11.24 10'24 1.61 61 

be ru led  out. The same holds t rue  for  any  o ther  p ro -  
file for which Q > QSi. 

The problem,  "Does a profile exis t  for which Q - -  
QSi, for the given V / I  and xj ?" arises. An aff irmative 
answer  is v i ta l  for  the  consistency of our  data. F o r m a l l y  
stated, this  means  we mus t  first look for  the  profile 
C ( x )  that ,  for given V / I  and xj, minimizes  Q, which 
is then to be Compared to QSi. 

The var ia t iona l  calculus shows tha t  such a profile 
is the box=function one, corresponding to the  min imum 
dose Qb. If  Qb were  h igher  than  our measured  value  
QSi, an unreso lvable  contradic t ion would  result .  If  
i t  were  lower,  i t  would  mean  we are  in presence of 
e lec t r ica l ly  nonact ive  phosphorus  in our  system, bu t  
no indicat ion would  arise about  concentra t ion profile. 

But  in this case good agreement  resul ts  be tween  
the box=type va lue  Qb and QSi (see Table I I I ) :  this  

2.5 
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(pm) 
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/ 
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t/  
I 

O.5 
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Fig. 4. Junction depth xj vs. time 

I 

1.5 

is a strong indication for the existence of a fiat region 
in phosphorus profile, since a box-type profile is the 
one which has a zone, near the surface, where C(x) 
ranges in a region of nearly constant mobility (12), 
and in which the most part of the dopant is contained. 

Discussion 
A t  the first s ight  the resul ts  of our  work  seem to 

be in such a s t r ik ing  d i sagreement  wi th  previous  ob-  
serva t ion  to deserve a more  accurate  analysis.  This 
seeming d isagreement  can be removed  by  invoking 
the diffusion proper t ies  of phosphorus  at  h igh con- 
centrat ion,  i.e., the  profile of phosphorus  in si l icon 
[flat region n e a r - t h e  surface, then a sudden decrease  
(k ink) ,  fo l lowed by  a typica l  complementa ry  e r ror  
function behavior  ( ta i l ) ]  a re  to be ascr ibed to the  
sufficiently high surface concentra t ion of phosphorus,  
i ndependen t ly  of the type  of phosphorus source. 

I t  is wel l  known tha t  conduct ivi ty  and phosphorus  
amount  of the  whole  diffused region a re  a lmost  e x -  
c lusively given by  the flat region (p la teau) ,  whi le  
k ink  and tai l  posit ion de te rmine  the junct ion depth. 

According then  to Fa i r  and  Tsai formulas  (10), 
the  total  amount  of phosphorus  diffused into sil icon 
af te r  a t ime t is g iven b y  

= ~Coxo [2] 
where 

Co = �89 -{- 2.04 X 10-41ns 2) [3] 

Xo - "  2 ( D i  = ( • s / n i )  2 h t )  V= [ 4 ]  

ms being the e lec t r ica l ly  act ive sttrface concentrat ion,  
ni the in t r ins ic  e lect ron concentrat ion,  Di = the in t r in -  
sic diffusion coefficient of the E-cen te r  wi th  doubly  
ionized vacancy, h (_~2) the  electr ic  field enhancement  
factor. Inser t ing Eq. [3] and [4] in Eq. [2] and  solving 
for  ns al lows de te rmina t ion  of Xo and Co. 

The resul ts  a re  repor ted  in Table IV and show tha t  
Co decreases as diffusion t empe ra tu r e  increases;  this 
because the  r a t e -de t e rmin ing  step is the  diffusion pro-  
cess in the  oxide. Since Xo/Xj ranges f rom 0.36 to 0.50 
(see Table  IV) the  concentra t ion profile approaches  
the box - type  one as t empera tu re  increases. 

This fact  may  be the cause of the large  d i sagreement  
be tween  Qe st (or  QG si) and the exper imen ta l  da ta  at  
h igh tempera ture .  The fol lowing conclusion may  be 

Table IV. Surface concentration and depth of the flat region as 
follows from (]0, ! 1) for the measured Qst 

T e m p e r -  
a t u r e  Qsl Co Xo 
(~ (10 ~e em.-S) ( 10 ~o cm-3) (/~m) Xo/Xj 

940 0.51 2.2 0.46 0.36 
1000 0.79 1.9 0.83 0.46 
1050 1.0 1.7 1.18 0.50 
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1) Measured: V/I, x. 
J 

Irvin curves 

hypothesis 

: C o 

I 
formula [2] 
os res (1o) 

: Do= D(Co)-- 

0 (:Co 2Dq ot ) > osi, 

in contradiction with 
experimental results 

2 )  Measured: x .  " ' 
J 

Elypothesis : D = D~n%rinsi c 

] ~ Co= C(xj ) exp ( x ~ , / 4 D t ) ,  unreasonably high 

3) Measured: V/I, x. 
J 

Irvin curves 

measured: 

~- CO--eD 
QSi -- e'ffecHve 

Scheme I. Why gaussian (and erfc) profiles have been rejected. 

decreasing with T; 
unreasonable result 

drawn. The PSG etch rate in P-etch has been charac- 
terized as a function of the annealing temperature; 
measurements of the parameters Vo and c in formula 
[1] clearly showed that only vo depends on annealing 
temperature, while c is constant in the considered tem- 
perature interval. 
The behavior of high concentration (10%) PSG 

films also as dopant sources has been studied. It has 
been confirmed that this behavior is determined by 
diffusion in oxide. Moreover, for the first time con- 
sistency tests between the measured quantities (Qm, 
xj, V/I) and different possible phosphorus concentra- 
tion profiles have been performed. It has been found 
that at the considered PSG concentrations kink effect 
takes place. 

Addendum 

After the first submission of this paper, a referee 
put forward a criticism to value and limit of our 
experimental data in interpreting the diffusion mech- 
anism. In particular, he showed that "the method 
used to reach the conclusions is . . . an indirect one, 
and the results, although self-consistent with the 
experimental data, must be considered speculative in 
nature." 

The criticism is sound and so we have modified the 
text to present our conclusions according to their 
speculative character, but we have also measured a 
profile to verify the conclusions. This profile has been 
measured by determining xj after annealing at 1050~ 
for 2.25 hr on substrates of different resistivities. 
The profile is shown in Fig. 5. Although the experi- 

mental points do not directly give information about 
the flat region, however they support our conclusion 
mentioned earlier and agree with Fair and Tsai re- 
sulks. 

Indeed, the three experimental points at lowest con- 
centrations align along an erfc type profile with D 
= 8.6 • 10 -z4 cm2/sec. The extrapolation to the sur- 
face (dashed line) gives as previously said, unrea- 
sonably high Co value. 

The experimental point F fortuitously corresponds 
to the xo value; at the point K, according to Eq. [2], 
[3], and [4] of Ref. (11), with our Co (see Table IV), 

phosphorus concentration deviates from the erfc-type 
profile. 

These considerations are supported by the following 
consistency test between our results and Fair and 

1023 
I 

102= \ - \ 
\ 

\ 

1 0 21 X \ 
\ 

\ 

F ",%Z 

/ 
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(cm -3) 

lO 

l d  6 

lO'o 

\ 
\ 
2 

J I I # 

1 3 
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Fig. 5. Phosphorus concentration profile in silicon, after 2.25 hr 
annealing at 1050~ Dashed line, extrapolation ta the surface of 
the erfc-type part of the profile. 
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Tsai model. This model establishes a relation between 
diffusion coefficient in tail region, DTAIL, and phos- 
phorus surface concentrations Co. Then a measure of 
DTAIL is an independent, though indirect, measure of 
Co. 

We have measured diffusion coefficient in the tail 
region, and we then can compute Co: Co ---- 1.2 • 10 s0 
cm-3 results, consistent with the value Co -- 1.7 • 
1020 cm-8 (see Table IV) obtained in the last section 
of the paper. 

Manuscript submitted Feb. 29, 1980; revised manu- 
script received June 11, 1980. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the June 1981 
JOURNAL. All discussions for the June 1981 Discus- 
sion Section should be submitted by Feb. I, 1981. 

Publication costs o~ this article were assisted by 
SGS-ATES. 
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Auger Electron Spectroscopy Study of the 
Chemisorption of Iodine on Zirconium 

Gopala N. Krishnan, Bernard J. Wood, and Daniel Cubicciotti* 
SRI International, Menlo Park, California 94025 

ABSTRACT 

Auger electron spectroscopy was used to observe the relative coverage of 
iodine on the surface of a zirconium crystal exposed to a flux of iodine gas 
molecules. The zirconium was heated to temperatures of 1000-1300 K, and 
the iodine pressures corresponded to 10-4-10 -6 Pa (10-9-10 -11 atm). Iodine 
was found to chemisorb on the surface; the isotherms corresponded to the 
Temkin model. Isoteres derived from these isotherms showed a logarithmic 
dependence of pressure on reciprocal temperature. The slopes of the isoteres 
indica ted  an  en tha lpy  of fo rmat ion  of the  surface  l aye r  of about  60 kca l /mole .  
The the rmodynamics  of fo rma t ion  of an  iodine adspecies on a z i rconium sur -  
face were  compared  wi th  the the rmodynamics  of format ion  of z i rconium 
monoiodide,  the lowest  solid iodide of zirconium. 

The iod ine- induced  stress corrosion cracking (SCC) 
of z i rconium involves chemical  react ions be tween  clean 
z i rconium surface and iodine-conta in ing  species (1). 
That  is, in the SCC process, f resh meta l  surface is 
c rea ted  as cracks grow. The f reshly  fo rmed  surface 
appa ren t ly  reacts  wi th  iod ine-conta in ing  species in 
the system as evidenced by  the fact  tha t  the  topog-  
r aphy  of the  cracks fo rmed  in the meta l  and  the 
stresses requ i red  to form and ex tend  the cracks are  
different  in  an iod ine-conta in ing  env i ronment  than  in 
a noniodine-conta in ing  environment .  Consequent ly  ad -  
sorpt ion of iod ine-conta in ing  species at  the  crack  t ip 
is l ike ly  to be the cr i t ical  chemical  react ion in the SCC 
process. Such a surface react ion would  weaken  the 
Z r -Zr  bonds in cer ta in  c rys ta l lographic  planes  in the 
metal ,  l eading  to the observed effects of iodine on the 
fa i lure  process. 

The reac t ion  of iod ine-conta in ing  species wi th  clean 
z i rconium surfaces is therefore  cent ra l  to the  mecha-  
nism of iod ine- induced  SCC of z i rconium alloys;  how-  
ever, no studies have been made  of this reaction.  The 
ra tes  of react ion of iodine wi th  z i rconium have been 
s tudied but  only  under  condit ions in which  the  meta l  
was covered by  surface layers  of z i rconium iodides 
(I-3). 

* Electrochemical ~ociety Active Member. 
Key words: surfaces, adsorption, stress corrosion. 

In the p resen t  s tudy,  Auger  e lec t ron spectroscopy 
(AES) was used to moni to r  the  surface of a clean z i r -  
conium foil  exposed to a flux of iodine vapor.  The AES 
technique provided  a quant i t a t ive  measu remen t  of the 
concentra t ion of iodine chemisorbed on the surface as a 
function of z i rconium t empera tu r e  and iodine flux. The 
conditions of this AES s tudy  are  different  f rom those 
presen t  in an SCC crack dur ing  fo rmat ion  and p ropa -  
gation; however  the  pe r t inen t  resul ts  a re  the  demon-  
s t ra t ion  of chemisorpt ion of iodine  on clean z i rconium 
and  the the rmodynamic  s tab i l i ty  of the  chemisorbed 
state. 

Experimental Program 
AES is a sur face-sens i t ive  ana ly t ica l  technique tha t  

has been used ex tens ive ly  to s tudy  gas -me ta l  i n t e r -  
actions at  the monolayer  levels (4). Dur ing  AES ana l -  
ysis, the specimen is bombarded  wi th  a med ium energy  
( ~ 3  keV) e lect ron beam, which  causes secondary  elec-  
t ron emission f rom the specimen. Some of these sec- 
onda ry  electrons consist of A u g e r  electrons arising 
f rom electronic t ransi t ions  in the atoms presen t  in the 
specimen. The technique is surface sensi t ive because of 
the l imi ted  escape dep th  of the Auger  electrons.  Fo r  
e lec t ron energies  f rom 50 to 500 eV, the  r ange  of in -  
te res t  in this s tudy,  the analysis  dep th  var ies  f rom 0.5 
to 1 nm. 
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The concentrat ion of a par t icular  e lementa l  compo- 
nent  in  the near-surface  atomic layer  of a specimen 
determines  the ampli tudes of the peaks in its Auger  
spectrum. But  the proport ional i ty  factor relat ing con- 
centrat ion to peak amplitude,  f requent ly  referred to as 
the Auger  yield, is a complex quan t i ty  that  cannot  
be precisely evaluated from first principles (4). How- 
ever, changes in  concentrat ion of a component  can be 
followed wi th  good precision by measur ing the growth 
or decay of an Auger peak. 

Apparatus and materials.--All experiments  were 
conducted in  an  ul t rahigh vacuum system capable of 
a t ta in ing 10 - s  Pa base pressure. The AES analyses 
were performed with a Var ian cylindrical  mir ror  ana-  
lyzer with an integral  electron gun. The incident  
electron beam was ~100 ~m in diameter  at the speci- 
men  and was normal ly  operated at 3000 eV and 5 ~,~ 
The total pressure in the system was measured with 
an ionization gauge, and the par t ia l  pressures of gas 
components  were determined with a quadrupole mass 
spectrometer. A rastered, 3-keV argon ion beam was 
used to c lean the specimen surface. The a r rangement  
of the various components with respect to the speci- 
men  in shown in Fig. 1. 

The specimen used in  this s tudy was a high pur i ty  
zirconium foil 0.0127 cm thick and ~0.3 cm wide. The 
strip was resistively heated, and its tempera ture  was 
monitored by a Chromel-Alumel  thermocouple spot- 
welded to the back of the specimen at its midpoint.  A 
0.01 cm diam area in  the center of the specimen was 
analyzed by  the Auger electron spectrometer. 

Iodine was introduced into the vacuum chamber  
through a glass- l ined stainless steel capillary tube i 
(~0.4 m m  ID • 90 cm long).  The ups t ream end of the 
capil lary tube was attached to a Pyrex  glass manifold 
by means of a Cajon u l t r a -Tor r  stainless steel vacuum 

Supplied by Scient i f ic  Glass Engineering, Incorporated, Austin, 
T e x a s  78759. 
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Fig. 1. Schematic diagram of apparatus 

connector. This small  connector was the only m e t a l  
surface in  contact with the iodine vapor. The iodine 
reservoir  could be isolated from the capil lary by  
means of a Viton sealed glass valve. The iodine man i -  
fold was heated when  necessary by  a heat ing tape and 
could be evacuated through a l iquid nitrogen-cooled, 
molecular  sieve trap into a mechanical  pump. Before 
the exper iment  began, the iodine reservoir  was f i l l e d  
with resubl imed iodine by vacuum disti l lat ion through 
a molecular  sieve trap to remove traces of water. The 
reservoir, equipped with a break-sea l  tubulat ion,  was 
pulled off from the dist i l lat ion manifold and subse- 
quent ly  attached to the capil lary inlet  manifold. Im-  
mediately before the exper iment  began, the break seal 
was fractured to admit  iodine into the manifold.  

The outlet end of the capil lary tube was pointed at 
the specimen and si tuated about 0.2 cm from its sur-  
face. On the basis of our measurements  with oxygen 
with a similar  a r rangement  (5), we estimate that  
70% of the gas molecules leaving the capi l lary tube 
strike the specimen 

Procedure.--The mass flow rate of iodine through 
the capillary tube was determined by  the pressure of 
iodine in the manifold and by the conductance of t h e  
capillary tube. The pressure of iodine in the manifold  
was controlled by immersing the reservoir  in  various 
freezing bath mixtures  designed to ma in ta in  constant 
subambient  temperatures.  The baths used and the at-  
tained temperatures  are listed in  Table I. The iodine 
manifold and the capil lary tube were ini t ia l ly  degassed 
at 400 K overnight. The iodine reservoir  was kept  at the 
bath temperature  for 2 hr  before the iodine valve was 
opened to admit  iodine to the manifold and to the vac- 
uum chamber. 

The zirconium specimen surface was cleaned by a 
combinat ion of argon ion sput ter ing and high tempera-  
ture t reatment .  After  ini t ia l  sputtering, we found that  
holding the specimen at 1200 K was sufficient to main-  
ta in  a relat ively clean surface as observed from AES 
spectra. During the start  of the experiment,  the speci- 
men was cooled or heated from 1200 K to the selected 
reaction temperature,  and the capil lary inlet  valve was 
opened to admit  iodine to the specimen surface. After  a 
s teady-state  coverage was attained, the tempera ture  of 
the specimen was increased to a higher tempera ture  
while a constant  iodine reservoir tempera ture  w a s  
maintained.  

The iodine pressure near  the specimen can be com- 
puted from the mass flow rate, m, of iodine passing 
through the capi l lary tube by  the following equation 
derived from kinetic theory of gases 

- -  4kmRT 
P = - -  [1] aY 

where a ---- area of the specimen, m --- mass flow r a t e ,  

_-- equivalent  pressure, c = mean  molecular  velocity, 
T = gas temperature,  and k---- fraction of molecules 
leaving the capil lary that  strike the specimen s u r f a c e s .  

Table I. Temperature of iodine bath and equivalent' iodine 
pressure near the specimen 

Bath 

Iodine  Mass f low Iodine  
Bath vapor  rate  thro ug h  p r e s s u r e  

t e m p e r -  pres-  capi l lary at  t h e  
a ture  sure  Pa �9 l i ter  s p e c i m e n ,  

(K) (Pa)  sac -1 (Pa)  

CCh solid-liquid 252.7 4.34 3.04 • 10 ~5 5.9 • 10 -~ 
Saturated  KCl-ice 263.7 11.9 8.31 x 10 -5 1.6 x 10 ̀5 
I ce -water  273.2 26.9 1.83 x 10 -~ 3.6 x 10- ~ 
p-dioxane solid- 281.2 48.4 3.39 x 10-~ 6.6 x 10 -5 

l iquid 

P r e s s u r e  equiva lent  os col l is ion ra te  a v e r a g e d  over  area  of  
s p e c i m e n  that  in tercept s  70% os iodine m o l e c u l e s  l eav ing  the  
capillary. 
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The mass flow rate of iodine through the capi l lary tube 
is proport ional  to its conductance and to the pressure 
at the inlet  e n d  

= P .  c [2]  

where P : manifold pressure and c - capi l lary con- 
ductance. 

The iodine pressure in  the manifold is equal  to t h e  
vapor pressure of iodine at the reservoir  bath tempera-  
ture. The conductance of the capil lary was determined 
in  a separate exper iment  in which the manifold  was 
connected to a Validyne stainless steel d iaphragm 
pressure gauge. Iodine was introduced from the reser-  
voir into the manifold of cal ibrated volume, V, up to 
a chosen pressure, P, and then the reservoir  valve was 
shut  off. From the observed rate of pressure decrease, 
dP/dt, due to iodine flowing through the capil lary 
tube, the conductance, c, of the capil lary was calcu- 
lated from the following relat ion 

V dP 
e = - - ~  [3]  

P d t  

t h e  conductance of the capil lary tube was found to  
have a constant  value of 6.4 X 10-6 liters sec -1 over an 
iodine pressure range of 13.3-66.7 Pa. 

Results and Discussion 

Auger  electron spectra in  the range of 70-570 eV 
were recorded at suitable intervals  at various speci- 
men temperatures  and iodine pressures. Table II sum- 
marizes the Auger  peaks and transi t ions of interest  
(6). Figure 2 shows representat ive Auger  spectra at  
different specimen temperatures.  The major  peaks of 
iodine at 504 and 515 eV closely bracket  the major  
oxygen peak at 510 eV. Hence, if oxygen is a significant 
component on the specimen surface, overlap would oc- 
cur between the oxygen peak and these iodine peaks. 
To el iminate oxygen interference,  we used high speci- 
men  temperatures  at which oxygen accumulat ion on 
the surface was min imal  (5), as confirmed by the ab-  
sence of the AES oxygen peak unde r  these conditions. 
Examining  the ratios of the iodine peak heights pro- 
vided fur ther  evidence. (Peak heights are represented 
by the symbol: A element,  energy.) We found that 
values of the ratios AI 5o4/A~ 515 did not  change sig- 
nificantly with variations in the iodine pressure and 
the specimen temperature.  Thus, any  contr ibut ion of 
oxygen to the iodine 504-eV peak was negligible under  
our exper imenta l  conditions. 

The zirconium and iodine Auger  peaks do not  appear 
to shift in energy with iodine coverage on the surface 
(Fig. 2). The absence o2 any energy shifts suggests that 
the iodine observed on the zirconium surface, at the 
high temperatures  and the low iodine pressures used, is 
present  in a chemisorbed state, in  contrast  to being 
combined in a surface or bu lk  compound. 

Table II. Auger electron energies a 

Kinet ic  
E l e m e n t  Trans i t ion  e n e r g y  (eV) 

Zr M~N~Ne.s 92 
MsNe,~N~,a 117 
M~NeV 127 
M4N2,sN~,~ 147 
MsN~,sN~,~ 175 

I MsN~N4,~ 369 
M4N~N4,~ 389 
M4NsN4,~ 434 
M~N4,~N~,~ 507 
M4N~,~N~,5 515 
MsN~N7 560 
M4N~Nz 570 

O KL~L1 475 
KLIL2 490 
KL2L2 510 

C KL2L2 274 

Res (6).  

Zr C 
A 

2X 

I 
~k 

LU 

I - I ' , I 1 
9: 175 274 369 

117JI I 
127 j 

147 

434 5 

64 164 264 364 464 564 

ELECTRON ENERGY (eV) 

Fig. 2. Typical Auger electron spectra of zirconium foil exposed 
to iodine vapor at various temperatures. 
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Fig. 3. Adsorption isotherms for iodine on zirconium 

Figure 3 i l lustrates the change in  the ratio AI 504/ 
Azr 92 as a funct ion of iodine pressure at different 
specimen temperatures.  This ratio of iodine to zirconium 
peak heights is a relat ive measure of the coverage of 
iodine on the surface. Normalizat ion of the iodine peak 
to this stable core-level  zirconium peak compensates 
for random variations in ins t rumenta l  parameters  such 
as incident  electron beam current ,  electron mul t ip l ier  
gain, and the position of the specimen with respect to 
the focal point  of the electron energy analyzer. As the 
temperature  was decreased, the normalized iodine sig- 
nal  appeared to approach an asymptote with a value of 
AI 504/Azr 49 ~ 1.2, suggesting an upper  l imit  in cover- 
age. Under  the high temperatures  and low iodine pres- 
sures used in these experiments,  such a coverage l imit  
is l ikely to be less than a monolayer  of the adspecies. 

We at tempted to establish unequivocal ly  an iodine 
signal in tensi ty  that  corresponded to monolayer  cover- 
age by taking the Zr crystal to much lower tempera-  
tures while exposing it  to a high iodine flux. Our 
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effort was t hwar t ed  by  the appearance  of a significant 
oxygen  signal  a t  t empera tu re s  be low 960 K. Carbon 
also appea red  on the surface and increased  signif icant ly 
at  lower  tempera tures .  We concluded tha t  these im-  
pur i t ies  or ig ina ted  in the bu lk  of the  specimen because 
the  background  pressure  in the  vacuum chamber  was 
too low (,,,10-8 Pa)  to popula te  the  surface to the  ob-  
served impur i t y  levels wi th in  the  dura t ion  of the ex -  
per iments .  Al though  the genera l  appearance  of the 
curves  in Fig. 3 is s imi lar  to the Langmui r  isotherm, 
a cr i t ical  p lot  of the da ta  showed they  dev ia ted  sig-  
nif icant ly f rom the Langmui r  equation.  That  is, a p lot  
of Az 504/Azr 92 d iv ided  by  pressure  of iodine vs .  pres -  
sure of iodine was not  l inear  as i t  would  be for  the  
L a n g m u i r  form of i so therm (7). The resul ts  in  the  
t empera tu re  range  1023-1323 K, however ,  were  equal ly  
wel l  fit by  the F reund ich  equat ion (7) [propor t iona l i ty  
of log (AI 594/Azr 92) vs .  log P ( I2 ) ]  and by  the Temkin  
equat ion [propor t iona l i ty  of ( A i s o 4 / A z r 9 2 )  vs .  log 
P ( I2 ) ] .  F igure  4 shows the resul ts  of the Temkin  plot. 

The smooth i so therms of Fig. 4 were  used  to obta in  
the  pressures  of iodine in equ i l ib r ium wi th  three  
different  surface coverages,  corresponding to (AI 504/ 
Azr 92) of 0.2, 0.4, and 0.8. Graphs  of the log of iodine 
pressure  vs .  rec iprocal  of absolute  t e m p e r a t u r e  for 

~1.4 L 1 I I I I I I I J  ] I I I I I l l  I 1 I I I I t  

1.2 / _1023  K 

1.o I -  o K 
h------""-- 

~ 0.2 

<- i0-6 lO-S 10 "4 10-3 
Pl2 (Pa) 

Fig. 4. Adsorption isotherms, Temkin piot 

10 3 t t - 

I0-5 

10-6 [ ] 
7.0 8.0 9.0 

I / T  ( K - l ) •  1 0  4 

Fig. 5. Adsorption isosteres, 12/Zr. Points taken from curves o f  

Fig. 4 at three values of AI504/Azr92: Q, 0.2; A, 0.4; 17, 0.8. 
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these isosteres are  shown in Fig. 5 to be s t ra igh t  
lines. 

On the basis of the expe r imen ta l  results ,  we pos tu-  
late  that  the  in terac t ion  be tween  gaseous molecu la r  
iodine and metal l ic  z i rconium involves the fo l lowing 
mechanis t ic  model.  A t  the  gas pressures  (10 .4  Pa  or  
less) and surface t empera tu re s  (1000-1300 K)  used, 
the rmodynamic  da ta  (8) p red ic t  tha t  mona temic  iodine 
wil l  be severa l  orders  of magni tude  more  abundan t  
than  molecular  iodine. Hence the iodine molecules  tha t  
s t r ike  the meta l  surface and become the rmal ized  wi l l  
dissociate; therefore  the  iodine can be assumed to be 
monatomic  in i ts in terac t ion  wi th  the zirconium. The 
iodine s t r ik ing the surface e i ther  adheres  to form an 
adsorbed l aye r  on the me ta l  or  is evapora t ed  into the  
gas. The iodine tha t  adheres  to the surface forms a 
chemisorbed l aye r  f rom which volat i le  species can 
then evaporate .  Such a model  is consistent  wi th  the r e -  
sults of studies of the evapora t ion  of hal ides  f rom 
meta l  surfaces exposed to halogen gases (9, 10). I t  has  
been shown tha t  the processes can be  rep resen ted  b y  
the fol lowing steps: ({) the incident  molecules  adsorb 
dissociatively,  ( i i )  surface react ions  occur be tween  the 
adsorbed  species and surface metal ,  and (ii{) the r e -  
ac t ion  products  evaporate .  The a tom rat ios of the  
species that  evapora te  were  found to be in good accord 
wi th  values  ca lcula ted  f rom equ i l ib r ium the rmody-  
namics  for  severa l  t rans i t ion  m e t a l - h a l i d e  sys tems 
(9-12). 

To app ly  this model  to the p resen t  sys tem requi res  
an evalua t ion  of the equ i l ib r ium pa r t i a l  pressures  of 
the gaseous species. The the rmodynamic  informat ion  
requi red  (13-16) to eva lua te  the pa r t i a l  pressures  in 
equ i l ib r ium wi th  z i rconium meta l  a re  ava i lab le  (9). 
The calculat ion shows tha t  the  p redominan t  species is 
monatomic  iodine. At  the lowest  t empera tu re  (1000 K)  
and highest  pressure  (10 -4 Pa)  considered,  there  was a 
smal l  contr ibut ion by  ZrI4 gas, which  amounted  to 
about  0.1% of the  iodine a tom pressure .  The p r e s -  
sures  of a l l  o ther  species were  smaller .  

The in terac t ion  model  and  the equi l ib r ium gas pres-  
sures calculat ion show tha t  i t  is now reasonable  to 
t rea t  the system in terms of the equ i l ib r ium be tween  
monatomic  iodine gas and a chemisorbed l aye r  of 
iodine on the z i rconium surface. Thus, the da ta  p r e -  
sented in Fig. 5 re la te  to the equat ion  

Zr (c )  -t- I ( g )  = Zr I  (adsorbed;  e) [4] 

in which 0 represents  surface coverage and  is p ropor -  
t ional  to A1 504/Azr 92, r e fe r red  to be low as 0'. 

The solid z i rconium iodide in equ i l ib r ium wi th  z i r -  
conium meta l  has the  composit ion ZrI1.0~, which  can be 
considered to be the monoiodide  (ZrI)  (17). Its en-  
tha lpy  of format ion  has been evaluated,  and  its a b s o -  
l u t e  en t ropy  has been  es t imated  so tha t  for  equi-  
l i b r ium 

Zr (c )  -F I ( g )  --  Z r I ( c )  [5] 

the s tandard  free energy  change hG ~ is  

AG ~ --  --59,500 + 30.5T (kca l /mole )  [6] 

Thus the  equ i l ib r ium pa r t i a l  pressure  of monatomic  
iodine is 

log P( I ,  a tm)  --  --13,000/T -1- 6.67 [7] 

In teres t ingly ,  the  coefficient of the  rec iprocal  t empera -  
ture  t e rm (propor t iona l  to the  en tha lpy  change for the 
react ion)  is the same as the slope of the  l ines d r a w n  
through  the da ta  points in Fig. 5. Thus the en tha lpy  
change for react ion [4] is the same as tha t  for  reac t ion  
[5] and  we wr i te  the  fol lowing equat ions f rom the da ta  
in Fig. 5 

l o g P ( I ,  arm) = --13,000/T + 2.44 (for 8' - -  0.8) [8] 

log P( I ,  a tm) = --13,000/T -F 1.20 (for  ~' --  0.4) [9] 

log P( I ,  arm) = --13,000/T -F 0.51 (for # = 0.2) [10] 
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Thus, for  the three  levels  of iodine coverage, the en-  
t ha lpy  change for chemisorpt ion,  considered in te rms 
of format ion  of surface ZrI,  is the  same as the  en tha lpy  
of format ion  of solid ZrI. The differences in the  t he r -  
modynamics  of fo rmat ion  of t h e  solid and the chemi-  
sorbed s ta te  lie in  the ent ropies  of  the  react ions and 
indicate  tha t  the chemisorbed Zr I  species have sub-  
s tan t ia l ly  la rger  absolute  ent ropies  than  the crys ta l l ine  
solid. 

These resul ts  show tha t  iodine chemisorbed on zir-  
conium is t he rmodynamica l l y  more  s table  than  com- 
bined in the z i rconium iodides. The free ene rgy  of 
t ransfe r  of a g ram a tom of iodine f rom the  lowest  solid 
iodide (namely  ZrI)  to a pa r t i a l l y  covered zirconium 
surface can be eva lua ted  f rom Eq. [7] and  [10] to be 

~G( iod ine  t rans fe r )  : (6.67-0.51) • 4.57 • T 

--  28T ca l /mole  

Thus there  can be a significant the rmodynamic  dr iv ing  
force for  such a transfer .  In  the  overa l l  process of 
iod ine- induced  SCC of z i rconium al loys this  has the  
fol lowing significance. Iodine  can in i t ia l ly  reac t  wi th  
exposed z i rconium surface and the solid iodides formed 
can act as a source of iodine ava i lab le  to be t r ans fe r red  
at  a l a te r  t ime to fresh z i rconium surface tha t  might  be 
formed when the meta l  is s t rained.  The mechanism b y  
which iodine can be t r ans fe r red  is not  e luc ida ted  by  
these the rmodynamic  considerations,  but  surface di f -  
fusion of iodide species or vapor  t r anspor t  as ZrI4 gas 
a re  possibili t ies.  

Conclusions 
We have shown from Auger  e lec t ron spectroscopy 

measurements  that  a hea ted  z i rconium surface exposed 
to iodine vapor  acquires  a chemisorbed l aye r  of iodine. 
The var ia t ion  wi th  iodine pressure  of f rac t ional  cover-  
age of the  z i rconium surface can be fitted to a Temkin  
model. I n t e rp re t ed  in terms of an equi l ib r ium the rmo-  
dynamic  model, the  resul ts  suggest  tha t  chemisorpt ion 
of iodine on z i rconium at high t empera tu res  involves 
the format ion  of a ZrI  surface compound. 
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Rapidly Quenched Tungstate and Molybdate 
Composition Containing Lithium: 

Glass Formation and Ionic Conductivity 
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ABSTRACT 

Extended glass- forming regions were  found b y  twin-ro l l er  quenching in 
the systems of Li20 wi th  WO3 a n d / o r  MoO~. The crys ta l l iza t ion  of the glasses 
was s tudied  b y  DTA and x - r a y  analysis ;  a new metas tab le  c rys ta l l ine  phase 
was observed for  Li2W2OT. The glasses exh ib i ted  l i t h ium ion conduct ivi t ies  
in the 10-5-10 -~ ( ~ - c m ) - 1  range  at  room t e m p e r a t u r e  which  were  in a l l  
cases much  grea te r  than  the conduct iv i ty  of the po lycrys ta l l ine  phases after 
crystal l izat ion.  The corresponding Li  + diffusion coefficients in the low l i th ium 
content  tungsta tes  in the  glassy and crys ta l l ized  phases a re  comparab le  to the 
values  r epor t ed  for  the  gra in  boundar ies  and  gra ins  of  fine grained poly-  
crystal l ine WO8 elec t rochromic  films. 

The  fo rmat ion  of oxide glasses b y  tw in - ro l l e r  
quenching (1, 2) has pe rmi t t ed  the p repa ra t ion  of a 
wide  va r i e ty  of new glasses and metas tab le  c rys ta l l ine  
phases.  Of pa r t i cu l a r  in te res t  to us is the  observat ion  
tha t  m a n y  of the  glasses p r epa red  wi th  a lka l i  oxides 
exhib i t  reasonably  high a lka l i  ion conduct ivi t ies  (3-5),  
a charac ter i s t ic  which  makes  these mate r i a l s  of possi-  
b le  in te res t  as ba t t e ry  cathodes or  solid electrolytes .  
Our  previous  studies have deal t  wi th  the  p repa ra t ion  
(2, 6) and  proper t ies  of niobate  and t an ta la te  glasses 
(2, 3), as wel l  as sys tems of Li20 wi th  A1203, Ga20~, 
and Bi203 (4, 7). In  this  paper  we cont inue our  survey  
of glass format ion  and a lka l i  ion conduct iv i ty  in oxide 
sys tem formed by  rap id  quenching of Li20 wi th  the 
oxides  of tungs ten  and molybdenum.  In both  of these 
systems ex tended  glass forming regions were  de te r -  
mined  by  di f ferent ia l  t he rmal  analysis  (DTA) and 
x - r a y  diffract ion studies.  Previous  work  on glasses in 
l imi ted  par ts  of the a lka l i  mo lybda te  and tungs ta te  
systems has been  summar ized  by  Gossink (8). 

We find tha t  a l l  the glasses wi th in  these systems ex-  
h ibi t  l i th ium ion conduct ivi t ies  cons iderably  g rea te r  
than  do the po lycrys ta l l ine  phases which are  produced  
b y  hea t ing  the glass th rough  the crys ta l l iza t ion  t em-  
pera ture ,  a resul t  which could have prac t ica l  impl ica -  
tions if  tungsta tes  are  to be  used as cathodes in 
l i th ium ba t te r ies  (9).  

L i th ium ion t r anspor t  in WO3 has a l r eady  a t t rac ted  
considerable  a t tent ion  in connection with  e lec t ro-  
chromic devices (10). In  this case the l i th ium is in t ro -  
duced by  inser t ion into evapora ted  or spu t te red  WO8 
films. The resul ts  r epor ted  here  may  shed l ight  on the 
na tu re  of the  diffusion mechanism in these mater ia ls .  

Experimental 
The t w i n - r o l l e r  quenching technique (2),  giving 

quenching ra tes  of about  107 deg/sec  (6), the iden t i -  
fication of glass in the  produc t  (2, 6), and the a-c  
conduct iv i ty  measu remen t  technique using blocking 
electrodes (3) have been descr ibed prev ious ly  in de -  
tail .  The p repa ra t ion  and quenching pa rame te r s  a re  
given in Tables  I and II. Reagents  used were  Apache  
Chemicals  Incorpora ted  5N Li2CO~, J. T. Baker  Chemi-  
cal Company reagent  grade  tungst ic  acid, and F isher  
Scientific Company,  reagent  g rade  MoO~. Throughout  
this work  the l i th ium content  of the ma te r i a l  is ex-  
pressed as the  Li cat ion f rac t ion in the s ta r t ing  ma te -  
rial,  i.e. 

Key words: quenched glasses, ionic conductivity, lithium tung- 
state glasses, lithium molybdate glasses, lithium tungstate, meta- 
stable. 

Li = [ L i ] / ( [ L i ]  + ~[M3) 

where  M represents  a l l  o ther  cations present .  Chemical  
analyses  have shown tha t  there  is no significant change 
in composit ion on mel t ing  or  quenching. Many  of the 
glasses, pa r t i cu l a r ly  the high L i -con ten t  ones, were  
qui te  hygroscopic,  so al l  specimens were  s tored in a 
dessicator.  Al though  significant ionic conduct iv i ty  can 
der ive  f rom mois ture  presen t  (11), opt ical  absorpt ion  
and the rmal  anneal ing  exper iments  showed tha t  this 
did  not  contr ibute  s ignif icant ly to the measured  ionic 
conductivit ies.  

Glass Formation and Metastable Phases 
Six tungstate ,  one mixed  t ungs t a t e -mo lybda t e  and 

five molybda te  composit ions were  quenched as ou t l ined  
in  Tables I and  II. Essent ia l ly  pure  glass was ob ta ined  
wi th  a l i th ium content  of 0.6 or  less except  for the  two 
lowest  tungs ta te  compositions,  where  mixed  glass and  
crys ta ls  occurred.  Above 0.667 only  crys ta l l ine  ma te r i a l  
was observed.  At  an Li content  of 0.667 no glass was 
detected by  DTA bu t  a smal l  peak  observed in the  ionic 
conduct iv i ty  measurements  indica ted  t races  of glass. 
Trace  amounts  of glass can somet imes be observed  in 
conduct iv i ty  measurements  by  studies of se lected 
flakes of ma te r i a l  s ince  the glass occurs as a continuous 
phase in the  spaces be tween  crystal l i tes .  Since the  glass 
phase usua l ly  has a h igher  conduct iv i ty  than  the c rys -  
tal,  a decrease of conduct iv i ty  is observed  at  the 
crys ta l l iza t ion tempera ture .  In  the  tungs ta te  sys tem the 
crys ta l l iza t ion  paths  on hea t ing  the glass were  worked  
out  in ful l  de ta i l  and  are  given in the  las t  column of 
Table  I. 

Li~O-WO~: compositions.--Parts of the  Li20-WO3 
phase d iag ram have been s tudied  by  var ious  worke r s  
(12-18). There  is a lmost  unanimous  agreement  tha t  
Li2WO4 (Li  : 0.667) and Li2W~O7 (Li : 0.50) me l t  
congruent ly .  A noncongruent  mel t ing  WO3-rich com- 
pound is e i ther  Li2W4Ol~ (12, 13, 17) (Li  : 0.333), 
Li2W5O16 (14, 15) (Li  : 0.285), or  LiW4013 (18) 
(Li  : 0.20). Addi t iona l  compounds repor ted  include 
nongruent  Li6W209 (15, 16) and  also Li4WO5 and 
Li6WO6 (13, 15, 17) (Li  : 0.75, 0.80, and 0.857, respec-  
t ive ly) .  The exis tence of a me tas tab le  c rys ta l l ine  com- 
pound in the Li20-WO~ system dur ing  low t e m p e r a t u r e  
react ion has been ment ioned  wi thout  any  deta i l  (19). 

The composit ions quenched were  chosen so tha t  
some corresponded to congruent  mel t ing  compounds 
(Li  ~- 0.50 and 0.667), some to possible  incongruent  

compounds  (Li ---- 0.333 and 0.75), and  two near  p rob -  
able  eutectics (Li  : 0.25 and 0.60). The occurrence of 

2743 



2 7 4 4  J.  Electrochem.  Suc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  D e c e m b e r  1980 

Table I. Quenched specimens in the Li20-WO~ system 

Number of 
Li quenches and 

content Compound temp. ("C) Nature and color Composition and transformations" ('C) 

0.25 --  i, 1350 Green glass 
Yellow ~ opaque 0.333 ( LisW,O~? ) 1, 1600 green 

glass plus crystal 
0.50 Li~W~O~ 1, 925 Colorless transp- glass 
0.60 - -  I, 975 Colorless transp- glass 

0.667 LIsWO, 3, 950-1025 Colorless opaque crys- 
tal trace glass 

0,75 Li~W~O~ 2, 975 Beige opaque crystal 

G + (WOe)/340/WOs + G/430/WO8 + LizW~OT/~700 
WO2.~ + (G)/350/WOa + (G)/430/WOa + Li~W.-O~/~700 

340tG/370/metastable LlsW~O~/430/LieW~O~/~700 
325tG/340/glass/430/LisWOa + Li~W20~$/470/Li2WO~ + 
Li~W~O~/~070 
Li~WOJ~700 

LioW:O0/~600 

* Sequence gives observed or deduced phases,  exothermie  transformation temperatures  in ~ undefined for strong exotherms. Last 
temperature  is the initial endotherm (melt ing or euteetoid) .  Minor quannties in parentheses.  G is glass. 

t Glass transition temperature.  
$ Broad diffraction lines. 

Table II. Quenched specimens in the Li20-MoO~ system and Li2MoW07 

Number of 
Li quenches and 

content Compound temp. ("C) Nature and color Composition and transformations* (~ 

0.33 Li~Mo~Ols 1, 1000 Blue transp, glass G/275/a/320/b/~569 
0.40 -- 2, i000, 1150 Tan transp, glass 230tG/260/c/~420/d/~530 
0.50 (LhMo~O~) 2, 950, 1.000 Tan transp, glass 240tG/2701e1300/f/530 
0;007 LiaMoO~ Z, 975, I000 Beige eryst, tr. glass LbMoOJ~680 
0.75 ~ I, 1250 Yellow opaque cryst. Li~VIoO4 + LLMoOU,~30 
(0.50) Ll~IoWO~ 2, 1675, 1700 Brown transp, glass 290tG/31~0/G/350/~5605 

* Sequence gives observed or deduced phases, exothermic tranSformation temperatures in ~ underlined for strong exotherms.  Last 
temperature  is the initial eudotherm (melting or eutectoid). G is glass, "a" thru "f" indicate unidentified x-ray diffraction patterns. 

t Glass transition temperature.  
t Same structure as Li~W~O~. 

glass does not  appear  to be related to any of these 
characteristics. 

In the WO3-rich compositions some WO3 [the pow-  
der x - r ay  diffraction pa t te rn  matched JCPDS Card No. 
20-1324 (20) or  WO2.9 ( JCPDS 18-1417)] was present  
together  wi th  the glass formed. In the Li = 0.25 com- 
position, the first exo the rm at 340~ appears to corre-  
spond to the crystal l ization f rom the glass of additional 
WOs and the second at 430~ to the format ion of 
Li2W2Ov (JCPDS 24-664) as shown in Table I. In the 
case of Li = 0.333, the WO2.9 formed conver ted  to WO8 
(possibly s imultaneously wi th  some WO8 crystall izing 
f rom the glass) and Li2W207 again formed subse- 
quently.  In ne i ther  case was pure  glass obtained, nor  
were  any of the other  expected compounds, par t icular ly  
the Li ---- 0.333 one, observed. 

Essential ly pure glass was obtained at Li = 0.5 and 
0.6, wi th  glass transitions at 340~ and 325~ respec-  
tively, as shown in Fig. 1. In the first of these composi- 
tions, a metastable  phase was observed on crystal l iza-  
t ion at 370~ this subsequent ly  t ransformed to the 
expected stable Li~W~O~ at 430~ The x - r a y  diffrac- 
tion pat terns for this t ransformat ion sequence are 
shown in Fig. 2. The x - r a y  diffraction peaks of the 
metastable  Li2W207 formed by heat ing the glass to 
420~ are given in Table III; indexing was not possible 
in the absence of single crystals. At Li = 0.60, however,  
there  was an exo therm at 340~ above which no crys-  
ta l l ine phase could be observed by x - r a y  diffraction. 
Subsequently,  the expected mix ture  of Li2WO4 
(JCPDS 12-760) plus stable Li2W207 f o r m e d  at 430~ 
with  a possible  minor  phase change at 470~ 

At  Li = 0.667 and 0.75 only the expected Li2WO4 
and Li6W209 ( JCPDS 25-503) crystall ine phases were  
observed by x - r a y  diffraction and no glass crystal l iza-  
t ion exo therm by DTA, al though the conduct ivi ty  
measurements  indicated a trace of glass at Li = 0.667. 

Li~O-MoOs and mixed compositions.--Parts of the 
Li20-MoO~ phase diagram have been studied by var i -  
ous workers  (12-15, 21-22). There  is only agreement  on 
the congruent ly  mel t ing Li2MoO4 (Li = 0.667) and 
noncongruent  Li2Mo~O~.~ (Li : 0.333). There  are also 

Table III. Powder x-ray diffraction pattern* of metastable 
Li2Wg07 

d(A)t I 

6.06 w 
4,59 vvw 
4.02 v broad vvw 
3.167 sharp vs 
2.46 m 
2.06 w 
1.82 m 
1.64 w 
1 .576  w 
1.50 vvw 
1.46 vvw 

* Using Ni-filtered Cu radiation at 30 kV and 10 mA in a 
Rigaku Corp. Mintflex Diffractometer at 2~ 

t All lines broad, about 1 ~ 20 half width except as indicated. 

possible noncongruent  Li2Mo4018 (21), noncongruent  
Li2Mo~O10 (12, 21), congruent  Li4Mo5Oz7 (22), and 
congruent  Li2Mo207 (12-14, 21); an Li4MoO5 has also 
been ment ioned (15) (Li = 0,333, 0.40, 0.444, 0.50, and 
0.80, respect ively) .  Here  too a metas table  crystall ine 
phase occurring during low tempera ture  react ion has 
been ment ioned without  any detail  (19). 

In this system, glass was obtained at four composi- 
tions ranging f rom Li ---- 0.333 to 0.50 as shown in 
Table II. The in termedia te  crystall ine phases produced 
on heat ing gave complex diffraction pat terns  and no 
extended effort was made to in terpre t  these; they are 
designated "a" to "f" in Table II. At Li -- 0.667 the 
conduct ivi ty  measurement  indicated a trace of glass. 

One composition, Li2-MoWO4 (Li = 0.50) was 
quenched in the mixed tungstate  molybdate  system and 
essential ly pure glass was obtained. The final crystal-  
l ine phase formed on heat ing had an x - r a y  diffraction 
pat tern  very  similar  to that  of Li2W207 (JCPDS 24- 
664), al though one repor t  (15) had indicated that solid 
solution probably did not extend to the center  of the 
Li2Mo2OT-Li2W207 pseudobinary. 

Baynton et al. (23) prepared a glass near  LiMoO4 by 
cooling mil l igram-size  samples on pla t inum foil. 
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(Li = 0.60) in flowing N2 at 20~ 

Stevels  and co-workers  used the same sys tem to s tudy 
par ts  of the a lka l i  t u n g s t a t e  (24) and molybda te  sys- 
tems (21), including de te rmina t ion  of the cr i t ical  cool- 
ing ra te  (ccr) for glass format ion  to occur. The lowest  
ccr in the  Li20-WO3 sys tem (24) was found near  Li  ---- 
0.53 as about  2000 deg/sec  wi th  only a ve ry  smal l  range 
of glass format ion  f rom Li  ---- 0.51 to 0.54, ex tended  by  
Gossink (8) down to 0.47. For  the  Li20-MoO3 system 
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(21) the min imum was near  the same composit ion bu t  
a t  a ccr of about  25 deg/sec;  glasses were  obta ined 
f rom about  Li _-- 0.33 to 0.62, ex tended  by  Gossink (8) 
down to 0.17. Pure  g lassy  MoO3 had been prev ious ly  
repor ted  by  Sa r j ean t  and  Roy (25). The ear ly  worke r s  
(21, 24) appear  to have been l imi ted  in thei r  ccr to less 
than  104 deg/sec,  whi le  Gossink used spla t  cooling at  
about  106 deg/sec.  Gossink measured  a ccr of about  
250 deg/see  in the  mixed  Li2MoWO7 composition. 

The crys ta l l iza t ion t empera tu re  was de te rmined  by 
Gossink (8) as the visual  onset  of crystal l izat ion,  and  
his values  were  genera l ly  much h igher  than  those in 
Tables  I and II, indica t ing  that  he p robab ly  did  not 
detect  the ini t ia l  crys ta l l iza t ion bu t  some later ,  ad -  
vanced s tage in the crys ta l l iz ing process. These workers  
(8, 21, 24) also repor ted  in f ra red  spec t ra  and discussed 
the possible s t ruc tura l  aspects of glass fo rmat ion  in 
these systems. 

The  range  of g lass - format ion  in the  LifO-MoO3 
sys tem obta ined in this r epor t  is consistent  wi th  these 
previous  studies,  bu t  we have ex tended  the range  f rom 
the previous  Li  = 0.47-0.54 to 0.25-0.60 for  the  Li20-  
WO3 system, this being cons i s t en t  wi th  our  1Egher 
cooling ra te  of about  107 deg/sec.  

C o n d u c t i v i t y  M e a s u r e m e n t s  
'The electronic conduct ivi ty,  measured  at  d.c. wi th  

ionical ly  blocking gold electrodes var ied  cons iderably  
f rom one flake to another ,  f rom values  as high as 10-4 
( ~ - c m ) - I  down to 10 -10 ( ~ - c m ) - l .  Conduct ivi t ies  as 
high as 10 .2  ( ~ - c m ) - I  could be achieved by  heat ing 
the flakes in hydrogen  at  t empe ra tu r e  over  300~ wel l  
be low the crys ta l l iza t ion temperatUre.  F lakes  wi th  
h igher  conductivi t ies  had a blue color due p re sumab ly  
to reduced tungsten or mo lybdenum ions. Only  flakes 
having electronic conduct ivi t ies  be low 1% of the  total  
a -c  conduct iv i ty  were  selected for  ionic conduct iv i ty  
measurements  wi th  gold blocking electrodes.  

Results,  t aken  as a continuous function of t empera -  
ture  at  1 kHz, are  p lot ted  in Fig. 3 as log ~ vs. 1/T. In 
al l  cases the results  fal l  on s t ra ight  l ines up to a t em-  
pe ra tu re  about  50 ~ be low the crys ta l l iza t ion  t empera -  
ture. At  the crys ta l l iza t ion t empera tu re  Tcryst al l  com- 
posit ions showed a m a x i m u m  in the ionic conduct iv i ty  
indica t ing  tha t  the glass phase was more  conduct ive 
than  the po lycrys ta l l ine  phase. Typical  da ta  recorded  
by  heat ing the sample  th rough  Tcryst fol lowed by  slow 
cooling in the crys ta l l ine  phase is shown in Fig. 4. The 
peak  in conduct iv i ty  is much b roader  than  the exo-  
t he rm seen in Fig. 1 for the same mate r i a l  and no dis-  
t inct ive fea ture  is observed at  the  t empe ra tu r e  corre-  
sponding to the second exotherm.  At  room t empera -  
ture  the conduct ivi ty  of the glass phase is some five 
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Fig. 2. Powder x-ray diffraction 
patterns of Li2W207 as 
quenched, rnetastable crystalline 
phase after heating to 420~ 
and as the stable crystalline 
phase after heating to 470~ 
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Fig. 3. Ionic conductivity of quenched lithium molybdates and 
tungstate glasses. Samples were pure glass except for 1 and 5, 
which were primarily crystalline. (In Ref. (4), line 6 was inad- 
vertently drawn IOx too low). Also see note added in proof. 

orders  of magni tude  g rea te r  than tha t  of the same 
mate r i a l  a f te r  crys ta l l iza t ion  ( ex t rapo la t ed  to room 
t empera tu re ) .  

The da ta  in Fig. 3 show r e m a r k a b l y  l i t t le  var ia t ion  
of ionic conduct iv i ty  wi th  f ract ional  Li ion content  
be tween  0.25 and 0.6. This is emphasized in Fig. 5 
where  conduct iv i ty  is p lo t ted  as a funct ion of Li ion 
content  a t  two different  tempera tures .  (The points  at  
0.667 cat ion percen t  a re  omi t ted  since they  were  taken  
on p r i m a r i l y  c rys ta l l ine  ma te r i a l  so these values  can-  
not be compared  with  the pure  glass values.)  These 
resul ts  a re  in m a r k e d  contras t  wi th  the resul ts  for  
Li20-A1203, Li20-Ga203, and Li20-Bi203 glasses (4) 
in which the conduct iv i ty  changed by  severa l  orders  of 
magni tude  over  the  same composit ion range.  F u r t h e r -  
more,  there  does not  seem to be any sys temat ic  va r i a -  
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Fig. 4. Temperature dependence of the ionic conductivity of 
Li6W409, measured at 1 kHz, upon heating through the crystalliza- 
tion temperature followed by slow cooling of the crystallized 
material. 
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Fig. 5. Variation of the ionic conductivity at 500 K with the 
lithium content of quenched malybdate and tungstate glasses. 

t ion of the act ivat ion energy  wi th  Li ion content.  Since 
the measured  conduct iv i ty  is jus t  the product  of the  
to ta l  concentra t ion of Li ions, the ionic charge,  and  the 
average  ionic mobi l i ty  (averaged  over  a l l  Li  ions in the  
d isordered  s t ruc ture ) ,  this resul t  shows that  the ave r -  
age mobi l i ty  of the ions is not  g rea t ly  affected by  thei r  
concentrat ion.  

I t  is in teres t ing  to compare  the diffusion coefficient 
of Li ions obta ined f rom these conduct iv i ty  measu re -  
ments  wi th  apparen t  values  in d ry  W03 films p repa red  
by  evapora t ion  or  spu t te r ing  (26). F i lms  p repa red  in 
this way  were  found to be microcrys ta l l ine  (26, 27) 
wi th  up to 25% by volume of d isordered  ma te r i a l  in 
gra in  bounda ry  regions (10). There  is some indicat ion 
f rom the e lec t rochromic  behavior  of the films tha t  Li 
inser t ion proceeds by  rap id  diffusion along grain  
boundar ies  fol lowed by  s lower diffusion into the 
crystal l i tes .  Using this model  and the measured  total  
diffusion coefficienq the es t imated  diffusion coefficient 
wi th in  the gra in  boundar ies  is (10, 26) 

D ~, 10 -11 to 10 -z~ cm2/sec 

and  in the  bu lk  (27) 

D ~ 10 -15 to 10-ze cm2/sec 

The diffusion coefficient obta ined  f rom c0nductivJty 
measuremen t  on bulk  stoichiometric,  e lec t ronica l ly  in-  
sula t ing l i th ium tungsta te  glasses m a y  not  be equiva-  
lent  to l i th ium ion inser t ion into WO~ where  charge 
compensat ion occurs by  s imul taneous  e lect ron in jec-  
tion, in view of the differing oxygen  content  and h igher  
electronic conductivi ty.  The comparison is never theless  
in teres t ing  in view of the  insens i t iv i ty  of the  ionic 
mobi l i ty  to composition. Using the Nernst  re la t ion and 
the da ta  of Fig. 4 

Need 
q , ~,_ 

flcT 

where  N is the concentra t ion of l i th ium ions of charge 
e, we find that,  if we t ake  the  corre la t ion  fac tor  f for  
the  glass phase at  room t empera tu r e  to be (28) 0.5, 
then 

D ,-~ 10 -11 cm2/sec 

and  after  crys ta l l iza t ion 

D ~ 10 -16 cm2/sec 

Both these va lues  are  r e m a r k a b l y  s imi la r  to those 
quoted above and are  c lear ly  in suppor t  of the two 
phase  model  for e lec t rochromic  films. 

The conduct iv i ty  da ta  for the l i th ium molybda te  
glasses also shown in Fig. 3 and 5 are  quite s imi lar  to 
those of the tungstate.  The mixed  composit ion 
Li2MoWO~ exhib i ted  essent ia l ly  the same conduct iv i ty  
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as the Li~Mo207 composition. There  was some var ia t ion  
of the ionic conduct iv i ty  be tween  glass samples  
quenched from the same mel t  (up to a factor  of four)  
so tha t  smal l  differences in conduct ivi ty  cannot  be 
considered too significant. 

To de te rmine  the effect of ne twork  forming addi t ives  
to Li20-WO3 glasses, 20 mole  percen t  SiO~, GeO~ or 
B203 were  added  to the  Li20:2WO3 and the 5Li20: 
8WO~ compositions.  In  a l l  cases pure  glass was ob-  
tained,  bu t  no measureab le  difference of the  ionic con- 
duct ivi ty,  wi th in  the  expe r imen ta l  errors,  due to the 
ne twork  fo rming  addi t ive  could be detected.  

Conclusions 
Extended  glass forming  regions of the Li20-WO3 and 

Li20-MoO~ system have been found b y  using cooling 
rates  of about  l0 T deg/sec.  A new metas tab le  phase 
which  fol lows crys ta l l iza t ion of the Li2W207 composi-  
t ion is repor ted .  

L i th ium ion conduct ivi t ies  of al l  the  mo lybda te  and 
tungs ta te  glasses s tudied are  reasonably  high, fal l ing 
in the 10-5-10 -6 (r~-cm) -1 range  at  room tempera ture .  
Since the glasses can be made  e lec t ronica l ly  conducting 
by  su i tab le  reduc t ion  of the mater ia l ,  these mater ia l s  
m a y  be of in te res t  as cathodes in l i th ium bat ter ies .  The 
measured  conduct ivi t ies  y ie ld  l i th ium ion diffusion co- 
efficients about  10 -11 cm2/sec in the  glass phase  and 
10 -26 cm2/sec in the crys ta l l ized  mate r i a l  which lends 
suppor t  to the gra in  bounda ry  diffusion model  for elec-  
t rochromic  WO~ films. 
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Note A d d e d  in Proof:  Measurements  of the ionic 
conduct iv i ty  as a function of f requency  s imi lar  to those 
of Fig. 2 of Ref. (3),  indicate  tha t  some blocking ef- 
fects a re  a l r e ady  presen t  at 1 kHz in the h igher  t em-  
pe ra tu re  reg ime  ( >  200~ Data  t aken  at 1 MHz sug-  
gest  tha t  the  t rue  ionic conduct ivi t ies  m a y  be up to one 
order  of magni tude  grea te r  than  those shown in Fig. 3. 
The re la t ive  behavior  of different  composit ions remains  
unchanged.  
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The Chemical Vapor Deposition of Polycrystalline InP 
Masahide Inuishi and Bruce W. Wessels* 

Materials Research Center and Department of  Materials Science and Engineering, 
Northwestern University, Evanston, Illinois 60201 

Heterojunct ions  involv ing  ind ium phosphide  have 
been suggested as possible candidates  for solar  cells 

* Electrochemical Society Active Member. 
Key words: thin films, polycrystalline semiconductors. 

because of the opt imal  match  of the bandgap  of ind ium 
phosphide  wi th  the  solar  spec t rum (1). Moreover,  
since ind ium phosphide  has a d i rec t  bandgap  and a 
large  absorpt ion  coefficient, i t  appears  feas ible  to 
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prepare ind ium phosphide photovoltaics in  th in  film 
form. 

Recently, the preparat ion of thin films of ind ium 
phosphide for use in polycrystal l ine solar cells has been 
investigated. Deposition techniques that  have been 
studied include p lanar  reactive deposition (2), chemi- 
cal vapor deposition (CVD) from organometall ics (3), 
and phosphorus trichloride (4, 5). In this paper experi-  
ments on the chemical vapor deposition of polycrystal-  
l ine ind ium phosphide onto molybdenum substrates 
using an a l ternat ive  method are examined. It  is s h o w n  
that using In /HC1/PHJH2 system homogeneous thin 
films of InP  can be deposited at temperatures  as low 
as 410~ 

Experimental  C o n d i t i o n s  
The system used for the preparat ion of InP  w a s  

similar  to that  described previously for the deposition 
of other I I I -V compounds from hydrides (6, 7). Re- 
actant  gases included electronic grade HC1, a 5% mix-  
ture of electronic grade phosphine in  u l t rahigh pur i ty  
hydrogen, and palladium-diffused hydrogen as the 
carrier gas. Elemental  ind ium of 5 nines '  pur i ty  was the 
metall ic source. Thin  films of ind ium phosphide were 
deposited onto molybdenum substrates which were 0.1 
m m  X 10O m m  2 in  size and had a (1O0) preferred ori-  
entation. Before deposition the substrates were u l t ra -  
sonically cleaned in tr ichloroethylene and methanol,  
subsequent ly  etched in a 1H2SO4-1HNOs-3H20 solu- 
tion. In  some experiments  the Mo substrates were 
mechanical ly  abraded in order to improve film nucle-  
ation (8). 

Typical growth conditions consisted of an ind ium 
source temperature  of 750~ and substrate tempera-  
tures of 410~176 The phosphine and hydrogen 
chloride flow rates were 3.5 and 3.0-7.5 cm3/min, re-  
spectively. The hydrogen flow rate over the In  source 
was 180 cm3/min, with a total hydrogen flow rate 
through the system of 280 cma/min. 

The thickness of the deposited layers was obtained 
from the weight gain of the substrate and by optically 
measuring the cross sections for films with thicknesses 
of greater  than 2 ;~m. In  order to determine the degree 
of preferred orientat ion of the as-deposited films, re la-  
tive x - ray  in tensi ty  was measured with an x - r ay  dif- 
fractometer and subsequent ly  compared to an ASTM 
standard. Correction for film thickness on the x - r a y  
intensities was neglected as it was observed to have a 
negligible contribution.  

Results 
Growth kinetics.--Homogeneous growth of InP  on 

molybdenum substrates was obtained only with care- 
ful  control of the ind ium transport  efficiency. Previous 
studies have shown that ind ium t ranspor t  is extremely 
sensitive to gas flow conditions (9). The theoretical 
t ransport  efficiency can be obtained by considering the 
source reaction 

x 
xIn(D + HCIr -z xInCl(g) + (1 -- x)HC1(g) + -~. H2(g) 

where x the transport  efficiency is defined as 

9%InCl 

~ H C I  

the mole fraction of HC1 converted to InCl. 
Theoretically predicted conversion efficiency was 

obtained by adjust ing flow conditions by the addition 
of baffles into the gas s t ream between the source and 
the substrate. For  a source temperature  of 750~ the 
ind ium transport  rate was l inear  with HC1 input  pres- 
sure as shown in Fig. 1. At total l inear  gas flow rates 
of 1 cm/sec the t ranspor t  efficiency observed was 0.98, 
which is a good agreement  with theoretical analyses 
(9). 

The temperature  dependence of the growth rate of 
polycrystal l ine ind ium phosphide was found to de- 
crease exponent ia l ly  with decreasing temperature  
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Fig. 1. Indium transport rate as a function of HCl input pressure. 
The source temperature is 750~ Solid line indicates theoretically 
predicted rate. 
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Fig. 2. Temperature dependence of growth rate for InP deposi- 
tion. The HCI and PH3 partial pressures were 1.6 • 10 -~  and 
1.0 X 10 -2  atm, respectively. 

(Fig. 2). Thus the growth of the I nP  films by CVD is 
an activated process. An Arrhenius  plot of the deposi- 
tion rate indicates an activation energy of 17.7 kcal 
mole -1. This agrees well  with the 15 kcal /mole  ob- 
served by Saitoh et a~. (4) for InP  deposition using the 
PC1JIn/H2 reactant  system. It should be noted that  
in  the present  s tudy films were deposited at tempera-  
tures as low as 410~ 250~ lower than that  normal ly  
used in InP chemical vapor deposition. Low substrate 
temperatures  are of course desirable to minimize film 
contaminat ion by the substrate as a result  of in te r -  
diffusion. 

The kinetic model for the activated deposition pro- 
cess was established from the effect of PHJHC1 reac- 
tant  ratio on growth rate. For PHJHC1 reactant  ratios 
of less than 0.33 it was observed that the growth rate 
was strongly dependent  upon the part ial  pressure o f  
phosphine. For higher PH3 pressures the growth rate 
saturated to a l imit ing value of 15 ~m/hr  as shown in 
Fig. 3. This dependence of film growth rate on phos- 
phine pressure suggests that  adsorption of phosphorus 
or a phosphorus-containing species by a Langmui r -  
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Fig. 3. The effect of PH~ partial pressure on growth rate. The 
substrate temperature is 620~ and the partial pressure of HCI is 
2 X lO - 2  atm. 

type mechanism is the rate- l imit ing step for indium 
phosphide film growth. 

The proposed kinetic model was confirmed by  plot-  
ting the data on the indium phosphide growth rate vs. 
phosphine pressure in an al ternate form. If the InP 
growth rate G depends on the adsorption of a mona- 
layer  of phosphorus, then G should follow the Lang- 
muir adsorption equation 

aP 
y = K0 = ~ [1] 

l + b P  

where y ]s the amount of phosphorus adsorbed per 
unit area and is proportional to the surface coverage 
0 in Eq. [1]. The quantity P is the pressure, a and b 
are constants. By equating G to y and rearranging 
Eq. [1] we obtain 

P 1 bP 
- -  = - -  + ~ [ 2 ]  

or  
P p ~  1 b'PPHs 

= I [3:1 
G a '  a '  

Since a'  and b' are constants, plotting PpHs/G vs. PPH8 
should yield a straight line as shown in Fig. 4. Good 
agreement between Eq. [3] and experimental  observa- 
tions over an order of magnitude of phosphine pres- 
sure variation is noted, supporting the conclusion that 
adsorption of phosphorus plays a key role in the 
growth of InP films by chemical vapor deposition. 
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Fig. 4. Application of Langmulr equation to the growth of InP 
on Mo at 620~ 

Adsorption of phosphorus was also found to be im- 
portant in the planar reactive deposition of InP at the 
sub-atmospheric pressures (10 .4 Tor t ) ,  Fraas  et al. 
(2) observed that in order to obtain stoichiometric 
films, it  was necessary to prepare the films under ex-  
cess phosphorus conditions. Thus vapor deposition of 
indium phosphide is apparent ly controlled by the same 
type of surface reaction mechanisms at  both high and 
low pressures. 

Film structure.wUsing x- ray  diffractometer tech- 
niques the phases and the preferred orientation of the 
as-grown InP were analyzed. Films grown under stoi- 
chiometric as well as phosphorus-rich conditions are  
single phase and have diffraction lines characteristic 
of cubic indium phosphide. As shown in Fig. 5, at  sub- 
strate temperatures below 500~ the films had pre-  
dominantly a {111} texture, though as the substrate 
temperature was increased other orientations appeared 
including the {200} {220} {331} {311} planes. Neverthe- 
less, the {111} remained the dominant orientation. Even 
for films as thin as 1 #m, preferred orientation was 
still prevalent. 

The indium phosphide film morphology was ob- 
served by using optical and scanning electron micros- 
copy. Films were found to be continuous over the e n -  
t ire  100 mm 2 area. The grain size of the as-deposited 
films also depended on temperature.  For  material" 
grown at 620~ the average grain size was 6 /n'n; 
whereas for films grown at  temperatures of less than 
500~ the grain size was less than 1 ~m (Fig. 6). In-  
creased surface roughness coincided with the decrease 
in the preferred orientation. 

Conclusions 
These studies demonstrate that homogeneous InP 

polycrystalline thin films can be grown at tempera-  
tures as low as 410~ using the hydride deposition 
technique. Films prepared at temperatures below 
500~ have a preferred {111} orientation. Grain size 
of the films varied from 6 /~m to less than a micron 
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Fig. 5. The dependence of relative x-ray intensity for several 
crystal planes on substrate temperature. 
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depending  on the deposi t ion tempera ture .  Kine t ic  
studies suppor t  tha t  adsorpt ion  of phosphorus  v ia  the 
Langmui r  mechanism controls  the  g rowth  ra te  of the 
polycrys ta l l ine  ImP films over  the temperature range 
studied. 
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Fig. 6. Scanning electron micrographs of as-deposited InP films: 
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Miniature Cantilever Beams Fabricated by 
Anisotropic Etching of Silicon 

Richard D. Jolly 1 and Richard S. Muller 

Department o~ Electrical Engineering and Computer Sciences and the Electronics Research Laboratory, 
University of California, Berkeley, California 94720 

Anisotropic  etching of single crys ta l  silicon was 
shown to be capable  of producing u l t r asmal l  th ree-  
d imensional  micromechanical  devices (1). Pe te rsen  has 
used thin, meta l -coa ted ,  SiO2 cant i lever  beams made  
by  this technique in l i gh t -modu la to r  a r rays  (2), and 
for min ia tu re  switches (3). Roylance (4) and Ross- 
vold (5) e tched cant i lever  beams in sil icon d iaphragms 
to construct  piezoresis t ive accelerometers .  

Different  beam s t ructures  a re  requ i red  for the most  
effective use of micromechanics  wi th  piezoelectr ic  
field-effect t ransducers  (P I -FET ' s )  (6). P re fe r r ed  for 
this purpose  is a beam in which the rmal  oxide sep-  
arates  one conduct ing e lect rode from another.  S t ra in -  
induced charge in a piezoelectr ic  can then be inhibi ted  
f rom re laxa t ion  so that  a response to a d - c - a p p l i e d  
s t ra in  is possible. 

1Present address: Hewlett-Packard Laboratories, Palo Alto, 
California 94304. 

Key words: mech~mics, membrane, capacitance, composites. 

This paper  describes the construct ion of such beams 
as well  as o ther  beams with  useful  cross sections. The 
fabr ica t ion  process is compat ib le  wi th  ion - implan ted  
MOS p lana r  technology. 

Fabrication 
The anisotropic  e tching of si l icon makes  use of 

ethylenediamine,  pyrocatechol ,  and  wa te r  (EDP) (7). 
The etchant  can remove the silicon f rom below a l ay -  
e red  s t ructure  consist ing of SiO2 and heav i ly -doped  p -  
type  silicon. We have used this process to construct  
four  types  of min ia tu re  cant i lever  beams having the 
cross sections sketched in Fig. 1. The beams consist of 
cant i levers :  (i) wi th  thin (100 nm)  SiO2 layers  cover-  
ing 200 nm of bu lk  p+ silicon; (ii) with  thin  SiO~ on 
bu lk  PW silicon isolated f rom the subs t ra te  by  a th ick 
oxide  beam (800 nm) ;  (iii) formed of 200 nm thick p ~  
silicon; (iv) formed of 800 nm thick SIO2. 
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Fig. 1. Cross sections of the 
four types of miniature ca,ti- 
lever beams. 

Each of the four types of beams were processed in  
widths varying  from 5 to 40 #m, at lengths varying  
from 15 to 160 #m. The size of the cavity under  the 
canti levers is a funct ion of the etch t ime- - i t  is typi-  
cally between 15 and 50 #m in  depth. 

All  beams were fabricated on both p- and n- type  
substrate  material .  The star t ing wafers were B-doped, 
4 ~-cra <100>-or ien ted  Si for the p-subs t ra te  and P -  
doped, 6 ~ -cm <100>-or ien ted  Si for the n-substrate .  
To process the wafers, first a thick (800 nm)  oxide is 
grown in  a steam atmosphere at l l00~ followed by  a 
20 rain anneal  at the same tempera ture  in  N2. Next, 
the oxide is pa t terned with buffered HF, and 100 nm 
of oxide is grown in a dry O2-TCE ambient  for 32 rain 
at llO0~ This step is also followed by a 20-rain anneal  
at l l00~ in N2. The p +  region is formed using an ion 
implan t  of BF2 + at 180 keV with a dose of 10 TM cm-2. 
An anneal  at 600~ in  N2 and 02 for 6 hr  follows, after  
which the dopants are activated at 950~ in  N~ for 40 

rain, A computer  s imulat ion [using SUPREM (8)] 
predicts that this process results in a B concentrat ion 
greater  than roughly  1020 cm -3 in a layer  extending 
about 0.4 #m downward from the Si-SiO2 interface. 
Below this, the B concentrat ion drops very  steeply. 

The beams are formed using EDP anisotropic etchant  
(8 ml  water:  17 ml  e thylenediamine:  3g pyrocatechol) 
at  a tempera ture  of l l0~  using a glass refiuxing sys- 
tem. The etch rate for the (100) plane is approximately  
50 #m/hr .  

Discussion 
Figure  2 collects data about the micro-beams on a 

map with coordinates equal to the beam thickness t 
and the beam width w. The data points marked with an 
x represent  beams which were h~oken or else so 
severely bent  as to be useless as mechanical  cantilevers. 
These failures in  fabricat ion may result  from the ex-  
cessive stress present  because of mismatched mechani-  
cal properties at the Si-SiO~ interface. 
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Fig. 2. "Map" of thickness vs. 
width of successful beam fab- 
rications. The sloped lines indi- 
cate the lower bounds for t /w 
ratios that were produced: (i) 
solid line for oxide and com- 
posite $i-ox~de beams, (ii) 
double dashed line for pure Si 
beams, and (iii) dot-dash line 
for unsupported Si02 windows as 
found by Wilmsen et al. (9). 
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Because the coefficient of the rmal  expansion for Si 
is g rea te r  than  tha t  for  SiO~, films formed b y  the rmal  
oxida t ion  are  compressed when the processed wafer  is 
cooled af ter  oxidation.  Wilmsen,  Thompson, and 
Meissner (9) have discussed the effect of this energy  
on the buckl ing  and f rac ture  of unsuppor ted  SiO~ 
windows. By app ly ing  e las t ic i ty  theory,  they  show that  
i t  is not  possible to obta in  a s table  oxide  film if  the 
rat io  of its thickness to the window dimension t /w  is 
made  too small .  The lower  permiss ib le  l imi t  for  the 
t /w  ra t io  is re la ted  to the difference in the coefficients 
of t he rma l  expans ion  for Si and SiO2 and to the  change 
in t empera ture .  By considering most  and least  res t r ic -  
t ive bounda ry  conditions, Wi lmsen  was able  to show 
tha t  the lower  l imi t  on t /w  should be bounded accord-  
ing to Eq. [1] 

0.52 ~/AaAT < t /w  < 1.2 ~/AaAT [1] 

where  A~ is the difference be tween  the coefficients of 
the rmal  expans ion  for the SiO2, and ~T is the change in 
tempera ture .  Wilmsen et al. fabr ica ted  s table  win-  
dowed s t ructures  for t /w  > 0.7 ~/A~AT. This bound-  
a ry  is ind ica ted  by  the do t -dash  hn'e on Fig. 2. 

The cant i levered  s t ructures  we s tudied are  freed of 
stress on three  sides and therefore  not  s t r ic t ly  com- 
pa rab le  to the SiO2 windows examined  in Ref. (9). 
However ,  qua l i t a t ive ly  s imi lar  resul ts  on SiOe film 
s tab i l i ty  were  obta ined  in this study.  As seen in Fig. 2, 
the  apparen t  lower  bound for t /w  for these cant i lever  
beams is 0.4 ~/Ar~AT for s table  SlOe beams [Fig. 1 (d) ] 
and s table  SiO2 on p+ Si beams [Fig. 1 (a) ]. S table  p+ 
Si beams were  obtained for t /w  > 0.27 \/A~AT. These 
boundar ies  a re  also shown on Fig. 2. For  our  process, 
the oxide growth  was carr ied  out at  l l00~ so AT is 
roughly  1075~ For  Si and SiO2, Ac~ is 2 • 10 -6, so tha t  
N/A,~AT = 0.046. 

The differing the rmal  expansions for Si and SiO2 are  
also responsible  for bending  observed in composite  
beams. When  a cant i lever  of Si and SiO2 is formed,  i t  
can be expected  to bend downward  as the tension in 
the Si and the compression in its oxide seek accom- 
modation.  However ,  cant i levers  formed of one homo-  
geneous ma te r i a l  should not  be bent  in e i ther  direct ion 
unless there  is some reconfigurat ion caused by  the re -  
lease of s tored s t ra in  energy. 

Figures  3 through 7 are  SEM photographs  of the 
cant i lever  beams. The beams were  coated wi th  roughly  
20 nm of gold to avoid charging by  the SEM elect ron 
beam. This coat ing had no apprec iab le  effect on the 
mechanical  loading of the s t ructures .  F igure  3 shows 
examples  of three  types of beams, al l  constructed wi th  
a mask  dimension for the wid th  of 10 ~m and for the 
length of 30 #m. Bending in two of the beams m a y  have 
resul ted  f rom the t he rma l -mi sma tch  stress. As ex-  
pected, the oxide-s i l icon beam bends downward.  The 
bending in the  thin Si beam may  have resul ted  f rom 
plast ic  deformat ion  of one surface or  f rom inhomo-  
geni ty  of mechanica l  proper t ies  due to processing. 
Petersen (1) observed s imi lar  effects on some beams. 

F igure  4 shows an 800 nm SiO2 beam ( lower  s t ruc-  
ture) ,  as shown in Fig. l ( d ) ,  ad jacen t  to a beam com- 
posed of I00 nm of SiO2 over lay ing  roughly  200 nm of 
p+ silicon. This t w o - l a y e r  beam has the  p+ silicon un -  
dernea th  the oxide ex tend ing  beyond  the SiO2 edge to 
faci l i ta te  inspection. The thickness of the p+ l aye r  
has been es t imated  using these photographs  and the 
known magnif icat ion of the SEM. When  inspected 
with  an optical  microscope, the p+ layer  causes char -  
acteris t ic  color fr inges be low the SiO~ film. 

F igure  5(a)  shows a Fig. l ( b ) - t y p e  beam ( lower  
cant i lever)  next  to an 800 nm thick oxide beam [Fig. 
l ( d ) ] .  In  Fig. 5 (b) ,  the t ip of the  lower  beam of Fig. 
5(a)  has been magnif ied to show the p+ Si p ro jec t ing  
f rom benea th  the 100 nm oxide. F igure  6 is an SEM 

Fig. 3. SEM photograph of 3 types of miniature cantilever beams. 
From bottom to top: thin Si02 on p+ Si [as in Fig. l(a)],  thick 
Si02 [as in l(d)], thin p+ Si [as in 1(c)], Si02 on p+ Si (mag- 
nification 2000• specimen angle 72~ The uppermost beam has 
7 #m of extended p+ Si and is incompletely etched. 

photograph  of a can t i lever  of th in  p+ Si  [s imilar  to 
Fig. l ( c ) ]  be low a beam of th ick  oxide [Fig. l ( d ) ] .  

Fig. 4. SEM photograph of an Si02 beam (lower structure) and an 
SiO~ on p+ Si beam [Fig. l(n)] (2000• 50~ 
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Fig. 5. (a, left) SEM photograph of a beam of Si02 on p+ Si isolated by a beam Of thick Si02 [Fig. 1(b)] (7500X, 75~ (b, right) 
an enlargement of the tip of the beam shown in (a) (20,O00X, 75~ 

Samples of all types of beams were fabricated wi th-  
out mechanical  damage in widths ranging  from 4 to 
12 ~m at lengths of 15-40 #m. Widths greater  than 12 
#m were only successfully constructed with the 800 nrn 
SiO2 films unless a st iffening technique wag employed 
as in the cant i lever  shown in Fig. 7. A thicker oxide 

ridge (800 nm)  has been left on the per iphery of the 
canti lever  to form a stiffer and more rugged beam. 

Conclusions 
The methods demonstrated in  this work may  apply 

to a n u m b e r  of electronic systems. Of par t icular  im-  
portance is the fabricat ion of conducting layers unde r -  
nea th  the rmal ly -grown SIO2. With this construction, 
the beam itself can be an electrical capacitor with very 
low leakage. It  might  be used to isolate a piezoelectric 
thin film on top of the beam, al lowing direct reading 
of the surface charge on the piezoelectric. Other  ap- 
plications in  the t ransducing area are also of interest  

Fig. 6. SEM photograph of a beam of thin p+ Si (lower beam) 
(5000X, 30~), the upward-bending of this cantilever is unexpected, 
but observed on some beams. 

Fig. 7. SEM photograph of a thin $i02 on p+ $| beam [Fig. 
l (b)] .  The beam is 20 ~m in width and has been reinforced by a 
thick rib of Si02. 
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whereve r  the e lectr ical  isolat ion of one ma te r i a l  f rom 
another  is desired.  

A l though  we s tudied only cant i lever  structures,  
doub ly - suppor t ed  beams consist ing of SiO3 suppor t ing  
thin p+ silicon could be built .  Such beams could have 
appl icat ions  to sil icon in tegra ted  circuits  in the p ro -  
duction of t ransmiss ion lines wi th  ve ry  low capaci tance 
per  uni t  length. The t ransmission l ines would be com- 
posed of the p + silicon layers  over la in  wi th  insula t ing  
oxide suspended above cavit ies etched from the silicon 
by  EDP. 
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D I S C U S S I O N  

' S E C T I O N  

This Discussion Section incltgdes discussion of papers appearing 
in the JournaE o] The Electrochemical Society, VoL 127, No. 1 and 
3, January and March 1980. 

Observation and Analysis of Surface States on TiO2 
Electrodes in Aqueous Electrolytes 

R. H. Wilson (pp. 228-234, Yol. 127, No. 1) 

J. F. Jul i~o,  i Franco  Decker ,  2 and  M. A b r a m o v i c h :  2 
In a paper  recen t ly  publ i shed  3 and coauthored  by  B. A. 
Parkinson,  H. C. Chagas, and  ourselves,  a ve ry  s imi lar  
effect on TiO3 electrodes was repor ted  and discussed 
on the basis of different  e lec t rochemical  techniques. 
The potent ia l  of the peak  observed  b y  Wilson, the  d e -  
p e n d e n c e  of the peak  he ight  on the  scan rate ,  and  the 
effect of a lka l ine  solutions on the phenomenon are 
very  s imi lar  to tha t  observed in our  work.  Our  reduc-  
tion peak,  however ,  was observed  in the dark,  wi thout  
previous u.v. i l lumina t ion  ( therefore  wi th  no oxygen 
in the cell)  and  was revers ib le  under  cyclic vo l tam-  
merry.  No peak  was seen unless the sample  was p r e -  
viously held  in contact  wi th  concent ra ted  KOH or  
NaOH solutions for  a few hours.  

The presence of surface s tates  is a reasonable  ex -  
p lanat ion  for  such phenomena.  However ,  i t  has b e e n  
shown by  Tomkiewicz  ~ tha t  wi th  a p rope r  surface 
t r ea tmen t  such states can be avoided  on TiO3, and  
s t ra ight  1/C 2 vs. vol tage  plots  resu l t  as a consequence. 
We have recen t ly  observed a corre la t ion  be tween  t h e  
reduct ion  peak,  s t ra igh t  I/C~ vs. vol tage  plots  a n d  
surface t rea tment .  

TiO2 samples  (001 surfaces)  f reshly  pol ished wi th  
0.25 #m d iamond paste  or  pol ished and subsequent ly  
etched at  240~ for  30 rain in a concent ra ted  solut ion 
of sulfur ic  acid and ammonia  sulfate  (1:1) did  not  
show the reduct ion  peak  in  the  cathodic region  of the 
i vs. V curves, when phosphate  buffer, 1M Na2SO4, or  
1M H2SO4 were  used as electrolytes .  The 1/C3 vs. v o l t -  

1 Instituto de Fisi/ca, ~NICAMP, Campinas, (SPfl, Brazil (Present 
address: Depto de Flsica, Univ. Fed. do Ceara, CP 1362, 60.000 
Fortaleza, CE, Brazil). 

2 Instituto de Fimca, UNICAMP, Campinas, (SP), Brazil. 
s B. A. Parkinson, F. Decker, J. F. Juli~'o, M. Abramovich, and 

H. C. Chagas, glvctroehim. Acta, 35, 531 (1980). 
' M. Tomkiewlcz, This Jou~'nul, 1~6, 1505 (1979). 

age plots  for  the same samples  w e r e  l ine ar  for  p o t e n -  
t ia ls  up to 1.5V posi t ive of the  f la tband poten t ia l  (Fig. 
1 of this discussion).  

Af te r  these samples  were  immersed  for  16 h r  in  5M 
KOH two behaviors  were  observed:  the  e tched sam-  
ples showed the same behav ior  as before,  whi le  the  
pol ished ones showed now the reduct ion peak  and 
nonl inear  1/C2 vs. vol tage  plots. A mechanica l  pol ish-  
ing, however ,  res tored  the  same character is t ics  as 
p r io r  the KOH t rea tment .  The f la tband potent ia l  as 
measured  f rom capaci tance plots  had  a Ners t ian  de-  
pendence on pH for the f reshly  p repa red  or  repol ished 
samples, while  the samples  aged in KOH had a 
much s teeper  slope (see Fig. 2 of this  discussion),  a 
behavior  also observed  by  Wilson on page  232 for  his 
samples.  

Our  exper iments  show tha t  surface states a re  eas i ly  
c rea ted  on TiO2, but  can also be removed  by  proper  
t rea tments .  Therefore,  we bel ieve  i t  is ve ry  impor t an t  
to character ize  the surface p repa ra t ion  of TiO3 elee-  
trodes, due to its influence on the results.  The re l e -  
vance of surface states for  photoelectrolysis ,  h o w e v e r ,  
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Fig. I. 1/C ~ X V plots of TiO2 electrodes in a phosphate buffer 
solution, pH = 11. The circles are for a freshly polished sample. 
The crosses are for a KOH-aged sample. 
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Fig. 2. Flatband potential as a function of pH for a Ti02 sample 
after three different surface treatments: circles: freshly polished; 
triangles: aged in KOH; squares: repolished. 

is still a big question. Actually, there is probably  no 
relat ionship be tween the k ind of surface states we 
observed and photoelectrolysis, since the photo-cur-  
ren t -po ten t ia l  curves we measured (i vs. V plots in  the 
anodic region, wi th  i l lumina ted  electrode) were very 
much the same both for the fresh and for the KOH- 
aged samples. 

R. H. Wilson: 5 The comments by Juli~o et aI. are 
interest ing bu t  have very  li t t le to say about the p r in -  
cipal observations and conclusions in the paper under  
discussion. The potential  of the reduct ion peak de- 
scribed in  my paper  and its dependence on i l lumina-  
t ion demonstrate  that it  is not  the same peak discussed 
by  Juli~o et al. 

While the observations reported by  Juli~o et al. are 
interesting,  they must  be in terpre ted  with care. The 
near  surface bu lk  properties of TiO2 can be affected 
by electrochemical exposure and by mechanical  pol- 
ishing. 6,7 These can change the capacitance-voltage 
behavior  as observed in differential capacitance mea-  
surements  as well  as in  capacitive currents  observed 
dur ing a voltage sweep. These possible changes in bu lk  
properties have not  been considered by Juli~o et al. in 
in terpre t ing  their  observations. 

Silicon Deposition on a Rotating Disk 

R. Pollard and J. Newman (pp. 744-752, Vol. 127, No. 3) 

Michae l  L. H i t c h m a n :  s In  deriving theoretical  t rans-  
por t -control led growth rates for CVD processes the 
effect of the tempera ture  gradient  close to the reac- 
tion surface is usual ly  neglected in  order to obtain a 
simple analyt ical  t reatment ,  and values of gas prop-  
erties corresponding to some average tempera ture  are 
taken. A simple considerat ion of the differential  equa-  
tions for fluid flow and heat and mass t ransfer  shows 9 
that one might  expect the steep tempera ture  profile 
commonly encountered at a susceptor surface to lead 
to a considerable distortion of the diffusion boundary  
layer  and hence of the growth rate. Nevertheless, the 
agreement  between theory based on constant  gas 
proper ty  conditions and exper iment  for various reactor 
geometries is usual ly  reasonable.9 However, in order to 
make use of this approximate approach one still  has 
to obtain an  exact solution to the constant  property 
problem, and al though this is s impler  than  for the 

G Genera l  Elec t r ic  Company,  R e s e a r c h  and  D e v e l o p m e n t  Center ,  
Schenec tady ,  N ew  York  12301. 

G R. H. Wilson, L. A. Har r i s ,  a nd  M. E. Ge r s tne r ,  This  Journal ,  
126, 844 (1979). 

7 L. A. Har r i s ,  M. E. G e r s t n e r ,  and  R. H. Wilson, ibid. ,  126, 850 
(1979). 

s D e p a r t m e n t  of Chemistry and Appl ied  Chemis t ry ,  Un ive r s i t y  of 
Salford,  Salford,  Eng land  M5 4WT. 

9M. L. H i t c h m a n ,  J. CYyst .  Growth ,  48, 394 (1980). 

variable  property cpse it  is not  always easy, especially 
for those instances where there is distortion of bound-  
ary layers by, for example, reactor walls. Therefore 
the one-dimensional  rotat ing disk system which has 
been such a powerful  tool for studies wi th  solutions 
could be expected to be equal ly valuable  for the in -  
vestigation of CVD processes. The paper  unde r  discus- 
sion extends the theory of fluid dynamics and transport  
of a disk rotat ing in an isothermal medium to one in  
nonisothermal  medium. The analysis should allow one 
to take account of the var ia t ion with distance from 
the surface of a heated disk of the physical properties 
of the medium and of the change of equil ibria  and 
kinetic rates for homogeneous processes. A more exact 
comparison be tween theory and exper iment  than  the 
approximate approach allows should then be possible 
for CVD processes, such as the epitaxial  deposition of 
silicon quoted in  the paper  

SIC14 + 2H2--> Si + 4HC1 [1] 

However, there is a fundamen ta l ly  impor tant  dif- 
ference between the more usual  case of a disk elec- 
trode, for example, rotat ing in a l iquid and a heated 
disk rotat ing in  a gas mix ture  for a CVD process. This 
difference is that  whereas in  the first case the solution 
is essentially s tat ionary and the hydrodynamic  flow 
pattern,  and hence the mass transport ,  are imposed by 
the disk rotating, in  the second case one has a gas mix-  
ture being continuously fed to the reactor with the 
result  that  the fluid dynamics and heat  and mass t rans-  
port  can be determined not just  by the rotat ing disk 
but  by the inlet  gas flow as well. This distinction does 
not seem to have been appreciated either by Pol lard 
and Newman, or by Sugawara 10 in the paper  from 
which the authors have taken  results in  order to test 
their theoretical analysis. Unfor tunately ,  Sagawara 
does not  explicit ly state what  gas flow was used dur -  
ing the silicon deposition, but  a flow of 40 l i t e r / m i n - 1  
is implied since he says "the quartz tube was fixed, 
40 l i t e r s /min  of H2 was inserted, and rf heat ing was 
effected. After reaching the set tempera ture  for the 
epitaxial  reaction, a 5 min  in terva l  was taken before 
feeding SiCl4 together with H2." If such a high flow 
rate was employed dur ing the deposition then it is 
very probable that  the flow characteristics would have 
been largely determined by the inle t  gas flow ra ther  
than the disk rotating. The reported weak dependence 
of growth rate on rotat ion speed would then s imply 
be a reflection of this and not  of rate control by  homo- 
geneous gas phase kinetics. Strong evidence in  sup- 
port  of this conclusion is given by results we have 
obtained from studies of the rotat ing disk system for 
CVD processes in  general  and, with a reactor very  
similar to that  described by Sugawara,  for the deposi- 
tion of silicon by reduct ion of SIC14 in  particular.11,12 
Detailed results will  be published shortly,13.14 but  we 
can briefly summarize the main  findings here. 

We have monitored the tempera ture  profile wi th  a 
small  thermocouple probe on the axis of a rotat ing 
disk heated to 1200~ in  a hydrogen gas flow. These 
measurements  clearly show that  the thickness of the 
thermal  boundary  layer  is very sensitive to the inlet  
gas flow. For example, wi th  a rotat ion speed of 500 
rpm and a gas flow of 1.9 l i t e r /min  -1 the thermal  
boundary  layer thickness (obtained by  extrapolat ion 
of the l inear  portion of the tempera ture  profile at the 
surface to intercept  the horizontal  portion corre- 
sponding to the bu lk  temperature)  is ,~ 20 ram, while 

lo K. Sugawara ,  This  Journal ,  119, 1749 (1972). 
M. L. H i t ch man ,  B. J. Curt is ,  H. R. B r u n n e r ,  and  V. Eichen- 

b e rg e r ,  in "Phys i cochemica l  H y d r o d y n a m i c s - - V .  G. Levich  Fest-  
schr i f t , "  Vol. II,  D. B. Spalding,  Edi tor ,  pp. 1021-1{)29, A d v a n c e  
Publ ica t ions  Ltd. ,  London  (1977). 

le M. L. H i t c h m a n  and  B. J. Curt is ,  A b s t r a c t  219, p. 586, T h e  Elec- 
t r o ch emica l  Fociety E x t e n d e d  Abs t rac t s ,  P i t t sbu rgh ,  Pennsy lvan ia ,  
Oct. 15-20, 1978. 

is M. L. H i t c h m a n  in " P r o g r e s s  in Crysta l  G r o w t h  and Charac-  
t e r iza t ion ,"  B. R. Pampl in ,  Edi tor ,  P e r g a m o n  Press ,  Oxford,  To b e  
publ ished.  

1~ M. L. H i t c h m a n  and  B. J. Curtis,  Resul ts  to be publ ished.  
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with a gas flow of 6 l i ters / rain -1 it is ,~ 12 ram. Also 
with a rotat ion speed of 1000 rpm and 1.9 l i t e r s /min  -1 
of hydrogen the boundary  layer thickness of ,~ 18 mm 
is not significantly different from that  at 500 rpm 
under  the same conditions. It  is evident,  therefore, 
that before one can use the rotat ing disk for studies of 
CVD processes analogous to those made with isother- 
mal disks in solution, the effect of the gas flow on the 
mass t ransport  mus t  be compensated for. We have 
done this by setting up, at a given disk temperature,  
conditions with the carrier gas alone which give ex- 
per imenta l  tempera ture  profiles in accordance with 
those expected on the basis of theory; TM this theory is, 
admittedly, only approximate and does not take ac- 
count of the physical proper ty  variat ions with dis- 
tance from the disk surface, bu t  the indications are 
that this does not lead to errors which are too serious. 16 
Then we have carried out epitaxial  deposition of sili- 
con under  the same conditions and measured the 
growth rate. If the growth rate is t ru ly  t ransport  con- 
trolled one would expect a dependence on the square 
root of the rotat ion speed (~1), whereas for kinetic 
control a smaller  dependence would be expected, as 
pointed out by Pollard and Newman. We find at 
1200~ for example, a l inear  dependence of growth 
rate on ~,/2 at low rotation speeds (<  300 rpm) with 
a lower dependence at higher speeds ( >  300 rpm).  
thus indicating a t ransi t ion from mass t ransfer  control 
to reaction rate control. A complete analysis of the 
results for growth rate against  temperature  over the 
range 900~176 with a two parameter  fit to an 
expression for combined kinetics and transport  allows 
the activation energy and pro-exponent ia l  term for 
the kinetic rate constant  of the ra te -de te rmin ing  step 
to be obtained. An activation energy of ,~240 kJ  
mole -1 is required to fit the exper imental  points and 
this is considerably higher than the values in the range 
120-170 kJ mole -1 commonly reported in the l i terature  
for the reaction [1]; the low l i terature  values are 
obtained from the l inear  portion of an Arrhenius  type 
plot at temperatures  below ~1100~ and i t  can be 
shown 1~ that t ransport  has a significant effect on the 
overall  growth at temperatures  down to 1000~ or 
less. The pre-exponent ia l  term needed to fit the data 
is ~10 i0 cm sec -1 which, when due allowance is made 
for surface concentrations, can be converted to an 
equivalent  homogeneous first-order rate constant  of 
~10 TM sec -k  Both the kinetic parameters  determined 
from fitting the data are in reasonable agreement  with 
those found exper imenta l ly  for the reaction l~ 

SiCl4 + H2-> SiHC13 + HCI [2] 

which is described by 

d[SiHC13]/dt _-- 7 • 10 ~ [SIC14] exp (--230 • IOZ/RT) 

for a hydrogen pressure of 1 arm. Thus the ra te-de-  
te rmining  step in the silicon deposition would appear 
to be reaction [2] which is, in fact, the same process 
postulated by Pollard and Newman, albeit  on the 
erroneous basis of earlier published results. 

In  conclusion, it may be said that the rotat ing disk 
is as potent ia l ly  useful a tool for the s tudy of CVD 
reactions as it has been for reactions at an interface 

~ E. M. S p a r r o w  a n d  J.  L, G r e g g ,  Trans.  A S M E  J. Heat  Trans f e r ,  
Sl, 249 (1959). 

~ S. O s t r a c h  a n d  P. R. T h o r n t o n ,  NACA T e c h n i c a l  No te  4320, 
NACA,  W a s h i n g t o n  (1958). 

z7 D. J. A s h e n ,  G. C. B r o m b e r g e r ,  a n d  T. J. Lewis ,  J. Appl .  Chem. ,  
18, 348 (1968). 

in contact with a liquid, and the analysis of Pollard 
and Newman should allow a more exact comparison 
between theory and exper iment  than is possible with 
less rigorous approaches. However, as our  results 
clearly show, whether  one uses an exact or approxi-  
mate analysis of the mass t ransport  problem it is es- 
sential to ensure that due consideration is given to the 
effect of inlet  gas flow on the mass transfer. 

R. Pollard is and J. Newmang9 Hitchman suggests 
that the weak dependence of growth rate on rotation 
speed reported by Sugawara 20 is caused by high inlet  
gas flow rates. However, i f  bulk  gas flow increases the 
mass transfer rate, the observation of deposition rates 
below the mass t ransfer  l imit  at high rotation speeds 
can only be explained by a t ransi t ion to reaction rate 
control, as Hitchman's  own data indicate. Certainly, 
distortion of the velocity profile by passage of gas 
through the reactor could be an addit ional reason for 
discrepancies between exper imental  results and theo- 
retical predictions, but this only emphasizes the need 
for careful exper imental  procedure. 

The influence of bulk gas velocity cannot be properly 
accounted for by simply "adding on" the effect of 
carrier gas as Hi tchman proposes. A rigorous t reat-  
ment  would necessitate a complete solution of the 
partial  differential equations of motion, subject  to the 
appropriate boundary  conditions. The von K~rm~n 
transformation would no longer apply, even with the 
assumption of constant  physical properties, and the 
attractiveness of the rotat ing disk, as a system with 
mass t ransfer  and fluid flow characteristics that  can 
be predicted accurately, would be lost. Similarly,  at-  
tempts to account properly for na tu ra l  convection and 
radial diffusion would make the mathemat ical  formu- 
lation far less tractable and would introduce radial  
dependences that  could cloud the in terpre ta t ion of 
exper imental  data. 

Application of the present  analysis to chemical vapor 
deposition of silicon shows that the large physical 
property variations across the boundary  layer  can 
significantly affect the predicted behavior. Simplifica- 
tions to the model (that Hi tchman needs to account 
for large inlet  gas velocities in a simple manner )  im-  
mediately raise questions concerning the choice of the 
most appropriate diffusion coefficient, density, viscos- 
ity, and other physical properties. Natural ly,  values 
can be chosen to give the best fit between exper iment  
and theory, but  this has no theoretical basis and  makes 
the predicative capabil i ty of the model questionable. 
The need to resort to analyses of this type can only 
be regarded as a retrograde step. 

Alternat ively,  the use of large, downward-fac ing 
disks and long gas residence times could minimize the 
uncertaint ies  associated with radial  diffusion, na tura l  
convection, and inlet  gas flow rates, in a quant i ta t ive  
manner.  With carefully chosen exper imental  condi- 
tions, the rigorous model presented for the rotat ing 
disk may be used with confidence to predict  reaction 
mechanisms and fundamenta l  kinetic parameters  for 
chemical vapor deposition processes. 

If external  factors dictate the need for large inlet  
gas velocities, it may  be more appropriate  to use an 
al ternat ive to the rotat ing disk, such as the impinging 
jet  system, in the laboratory. 

is C h e m i c a l  E n g i n e e r i n g  D e p a r t m e n t ,  U n i v e r s i t y  of H o u s t o n ,  
H o u s t o n ,  T e x a s  77004. 

,9 C h e m i c a l  E n g i n e e r i n g  D e p a r t m e n t ,  U n i v e r s i t y  of  Ca l i fo rn ia ,  
B e r k e l e y ,  Ca l i f o rn i a  94720. 

K. S u g a w a r a ,  This  Journal ,  119, 1749 (1972). 
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Universal Ending of a Technological Quartz Furnace Tube 
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B a s l c  high - t e m p e r a t u r e  p r o c e s s e s  o f  
p l a n a r  s i l i c o n  t e c h n o l o g y  / i c e .  s e m i -  
c o n d u c t o r  d o p i n g ,  m a k i n g  o5 SiO~ f l l m s ~  
h e a t i n g  I n  v a r i o u s  t e c h n o l o g l o a I  s t a -  
g e s /  a r e  p e r f o r m e d  m a i n l y  i n  l a r g e  
d i a m e t e r  q u a r t z  t u b e s .  N e c e s s a r y  c o m -  
p o n e n t s  o5 t h e  w o r k i n g  a t m o s p h e r e  a r e  
s u p p l i e d  t o  t h e  t u b e  i n  t h e  g a s e o u s  
p h a s e  t h r o u g h  a t u b e  e n d i n g .  S u c h  a n  
e n d i n g  i s  a s e c t i o n  o f  a q u a r t z  t u b e  
c l o s e d  a t  one  e n d ,  w i t h  s h o r t ,  t h i n  
q u a r t z  p i p e s  s o l d e r e d  i n  / g a s  l i n e  
s u p p l i e s  a r e  I n s t a l l e d  t o  t h e m / .  
The e n d i n g  I s  c o n n e c t e d  t o  t h e  m a l n  
t u b e  t h r o u g h  a c o n i c ,  q u a r t z ,  g r o u n d  
t u b e [ ~  ; I n  p a r t i c u l a r  o a s e s  t h e  e n -  
d i n g  i s  f o r m e d  on  t h e  m a i n  t u b e  i t s e l f .  
The c o n s t r u c t i o n  o f  t h e  w h o l e - g l a s s  
e n d i n g  d e s c r i b e d  h e r e  h a s  some b a s i c  
d i s a d v a n t a g e s :  
- t h e  e n d i n g  i s  h a r d  t o  m a k e ,  w h a t  

m a k e s  i t  e x p e n s i v e ,  
- d u e  t o  t h e  b r i t t l e n e s s  o f  q u a r t z ,  

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

- t h e  q u a n t i t y  o f  t h e  g a s  l i n e  s u p -  
p l i e s  I s  d e t e r m i n e d  by  a p a r t i c u l a r  
t e c h n o l o g i c a l  p r o c e s s  b e i n g  p e r f o r -  
med  i n  t h e  t u b e , t h e r e f o r e  a d a p t a t i o n  
o f  s u c h  a n  e n d i n g  t o  t h e  r e q u i r e -  
m e n t s  o f  a n o t h e r  p r o c e s s  c a n n o t  b e  
made  e a s y .  

- e x c h a n g e  o f  a d a m a g e d  t u b e  o r  e n d l n g  
o f t e n  r e q u i r e s  g r i n d i n g  o f  n e w l y  
s e l e c t e d  s e t  o f  c o n n e c t i o n  t u b e s .  

The d i s a d v a n t a g e s  d e s c r i b e d  a b o v e  make  
e x p l o i t a t i o n  o5 t h e  w h o l e - g l a s s  e n d i n g  
a d i f f i c u l t  t a s k ,  e s p e c i a l l y  when  i t  
i s  u s e d  i n  t h e  r e s e a r c h  w o r k .  
T h e r e f o r e  a new  c o n s t r u c t i o n  o f  t h e  
e n d i n g  i s  d e v e l o p e d [ 2 ] .  
The e n d i n g  i s  made  f r o m  a c i d - r e s i s t a n t  
s t e e l  a n d  p o l y t e t r a f l u o r o e t h y l e n e ,  
s e c u r i n g  t h e  h i g h  p u r i t y  o f  t h e  w o r -  
k i n g  a t m o s p h e r e  i n  t h e  t u b e .  
The s c h e m e  o f  t h e  d e s i g n  i s  s h o w n  i n  
f i g u r e  X. 

I / / "  " ' ~  v ' e /  '6 y//z 

F i g o  1o S c h e m a t i c  s e c t i o n  o f  a q u a r t z  
t u b e  e n d  w i t h  f a s t e n e d  e n d i n g ,  
a n d  w i t h  a n  o x y g e n - h y d r o g e n  
b l o w p i p e  p r o d u c i n g  s t e a m .  

E a s i n e s s  o f  t h e  f a s t e n i n g  o f  t h e  e n -  
d l n g  t o  t h e  t u b e  1 ,  w h i c h  I s  o u t  
s t r a i g h t ,  i s  b e i n g  t h e  g r e a t e s t  a d -  
v a n t a g e  o f  t h i s  c o n s t r u c t i o n .  
C o n n e c t i o n  o f  t h e  e n d i n g  t o  t h e  p l p e  
1 ,  w h i c h  i s  b o t h  m e c h a n i c a l l y  r e s i s -  
t a n t  a n d  v e r y  t i g h t ,  i s  o b t a i n e d  d u e  
t o  t h e  m a t l n g  o f  a n  e l a s t i c  a n n u l a r  
c o n n e c t o r  2 made  f r o m  p o l y t e t r a f l u o r o -  
e t h y l e n e  w i t h  c o r r e s p o n d e n t  s e a t s  i n  
t h e  n u t  3 a n d  i n  t h e  e n d i n g  b o d y  4 .  
H o l e s ,  i n  w h i c h  t h e  g a s  l i n e  s u p p l i e s  
a r e  s c r e w e d ,  a r e  s i t u a t e d  i n  a way a s  
t o  make  t h e  g a s  s t r e a m  c o m i n g  i n t o  
t h e  t u b e  move  a l o n g  a s c r e w  l i n e .  
S u c h  a s h a p e  o I  t h e  s t r e a m  i m p r o v e s  
t h e  h o m o g e n l t y  o f  t h e  w o r k i n g  a t m o -  
s p h e r e .  The e n d i n g  may be  e a s i l y  
a d a p t e d  t o  t n e  r e q u i r e m e n t s  o f  a s p e -  
c i f i c  t e c n n o l o g l c a l  p r o c e s s  by s c r e -  
w i n g  a p r o p e r  a m o u n t  oz  g a s  l i n e s  i b  
I n t o  t h e  b o d y  4 / h o l e s  n o t  u s e a  a r e  
t o  be  e l , s e a  by p r o p e r  p z n s / .  

An i d e a  oZ a n  o x y g e n - h y d r o g e n  b l o w -  
p i p e [ ~  l s  a l s o  s h o w n  i n  f i g u r e  1o 

Key w o r d :  s e m i c o n d u c t o r s  t e c h n o l o g y  
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Two b a s i c  d i s a d v a n t a g e s  o f  a w h o l e -  
g l a s s  q u a r t z  b l o w p l p e [ ~  a r e  a v o i d e d  
t n  t h l s  c o n s t r u c t i o n :  h i g h  p r l o e  a n d  
v u l n u r e s b l l l t y .  
I n  t h e  new c o n s t r u c t i o n ,  p r l n o t p e  o f  
q u a r t z  p i p e  f a s t e n i n g  l s  t h e  same a s  
I n  t h e  c o n s t r u c t i o n  o f  a n  e n d i n g  d e s -  
c r i b e d  a b o v e .  W o r k i n g  g a s e s  a r e  s u p -  
p l l e d  t e  t h e  t u b e  1 t h r o u g h  two n o z -  
z l e s =  6 / o x y g e n /  a n d  10 / h y d r o g e n / .  
The t e m p e r a t u r e  is c o n t r o l l e d  by 
m e a n s  o f  a t h e r m o c o u p l o  s e c u r e d  by 
p i p e  1 5 .  C o n c e n t r i c  s e t t i n g  o f  p i p e s  
6 ,  10 ,  a n d  15 l s  made duo  t o  t h e  
m a t i n g  p a r t i c u l a r  p l p e s  w l t h  a n n u l a r  
c o n n e c t o r s  2 c o m p r e s s e d  by e l e m e n t s  
5 ,  7 / o x y g e n  n o z z l e / ,  e l e m e n t s  9 ,  11 
/ h y d r o g e n  n o z z l o / ,  a n d  I n  t h e  c a s e  o f  
t h e r m o o o u p l o  p i p e  15, by e l e m e n t s  13 
and  1 4 .  S u p p l y  o f  t h e  w o r k l n g  g a s e s  
t o  t h e  b l o w p l p o  i s  made  t h r o u g h  d e l i -  
v e r i e s  15 s c r e w e d  i n t o  t h e  o x y g e n  
c h a m b e r  / c o m p o s e d  o f  e l e m e n t s  7 ,  8 ,  
9 :  1 0 /  a n d  i n t o  t h e  h y d r o g e n  c h a m b e r  
/ c o m p o s e d  o f  e l e m e n t s  11, 12 ,  13, a n d  
1 4 / o  
P r o c e s s  o f  o x i d a t t o m  o f  s l l l o o n  s u b -  
s t r a t e 8  c a n  be made  w l t h  t h e  u s e  o f  
t h e  o x y g e n - h y d r o g e n  b l o w p i p e  I n  t h e  
a t m o s p h e r e  o f  b o t h  d r y  o x y g e n  a n d  
s t e a m ;  h u m i d i t y  o f  t h e  o x l d a t l n g  mo-  
d l u m  c a n  be  r e g u l a t e d  by c h a n g i n g  
t h e  p r o p o r t i o n  o f  h y d r o g e n  t o  o x y g e n .  
I t  l s  t o  be  u n d e r l i n e d  t h a t  t h e  s t e a m  
p r o d u c e d  by t h e  b l o w p i p e  t 8  o f  t h e  
h i g h e s t  p u r l t y ,  and Is  being mainly 
d e t e r m i n e d  by t h e  q u a l i t y  o f  s u p p l l o d  
g a s e s .  

[ ~ A,  H e j d u k  0 A,  Z y d o r k l e w l o z ,  Kofi- 
oOwka r u r y  t e o h n o l o g l o z n e j ,  Z g l e -  
szemle p r a o o w n f o z e g o  p r o j e k t u  wy-  
m a l a z o z e g o ,  P o l t t e o h n l k a  W r o o l a w -  
8 k a ,  1980 

[3]  A.  H e j d u k p  A.  Z y d o r k l e w l o z ,  K e n -  
s t r u k o j a  p a l n l k a  w o d o r o w o - t l o n o -  
woke, Zgloszenle praoowniczego 
p r o j e k t u  w y n a l a z o z e g o ,  P o l l t e c h -  
n l k a  W r o o ~ a w s k a ,  1980 

[4] The rmco  c a t a l o g  c a r d ,  q u a r t z  H 2 
I n j e c t o r  - 0 4 - 4 5 5 - 7 5  

Manuscript submitted April 24, 1980; 
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SUMMARY D e s i g n s  o f  t h e  t e c h n o l o g i -  
c a l  t u b e  e n d i n g  a n d  o f  t h e  o x y g e n -  
h y d r o g e n  b l o w p i p e  p r o d u c i n g  i t e a m  o f  
t h e  h l g h e s t  p u r i t y ,  a r e  d e s c r i b e d  I n  
t h i s  p a p e r .  I n  t h e  c o n s t r u c t i o n  shown 
h e r e :  d i s a d v a n t a g e s  o f  w e l l - k n o w n  
w h o l e - g l a s s  q u a r t z  d e s i g n s  a r e  e l t m l -  
n a t e d o  The b a s i c  a d v a n t a g e s  o f  a new 
d e s i g n s  a r e s  e a s y  a d a p t a t i o n  o f  t h e  
ending t o  t h e  r e q u i r e m e n t s  o f  d i f f e -  
rent  h i g h - t e m p e r a t u r e  p r o c e s s e s  a n d  
l t s  r e s i s t a n c e  t o  m e c h a n i c a l  d a m a g e .  
T h e s e  a d v a n t a g e s  make  ~he r e s e a r c h  
w o r k  e a s l e r ~  e s p e c i a l l y  I n  t h e  X l e l d  
oZ s e m i c o n d u c t o r  d e v i c e s  a n d  I n t e g r a -  
t e d  o l r o u l ~ s  ~ e o h n o l o g y .  

KKFKRKNCSS 

[1] H o r a e u s  c a t a l o g ,  f o r  e x a m p l e  
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Azide Photoresists for Deep U.V. Lithography 
T. Iwayanagi, T. Kohashi, and S. Nonogaki 

Hitachi Limited, Central Research Laboratory, Kokubunji, Tokyo, Japan 

Deep UV lithography utilizing wave- 
lengths in the 200-300 nmregion has become 
of interest in recent years, since it pro- 
vides a means of defining 1-2 ~m patterns in 
the microfabrication of solid-state devices 
(1,2). A reflecting i:i projection printer, 
VL-MRI, was recently developed for a deep UV 
exposure system (3). One problem with deep 
UV lithography is the lack of high power 
light sources, which places the requirement 
of high sensitivity on deep UV resists (4). 
Methacrylate resists such as PMMA (polymethyl 
methacrylate) (1,5) and sensitized PMIPK 
(polymethyl isopropenyl ketone) resists (6) 
have so far been used for deep UV applica- 
tions. However, the sensitivity of these 
resists is not sufficient to achieve practi- 
cal exposure times for scanning type deep UV 
projection printers such as VL-MRI (3). 
In this paper, we report highly sensitive 
azide photoresists suitable for deep UV 
lithography. 

Current negative resists in conventional 
photolithography consist of cyclized polyiso- 
prene and photosensitive diazide compounds. 
The most commonly used diazide is 2,6-di(4'- 
azidobenzal)-4-methylcyclohexanone (7), with 
an absorption maximum at 355 nm. Therefore, 
resist composed of this diazide and cyclized 
polyisoprene has maximum sensitivity at about 
360 nm (8) and is not well suited for deep UV 
applications. Diazides for deep UV resists 
should possess the following absorption 
properties: (I) wavelength of absorption 
maximum lying between 200 and 300 nm to give 
high sensitivity to deep UV radiation; and 
(~) sharp cut-off in the longer wavelength 
region. Aromatic diazides without conjuga- 
tion between the two benzene rings would 
satisfy the above requirements. Such diazides 
were synthesized from parent diamines by the 
established method (Table I). Resists con- 
sisting of the diazides and cyclized poly- 
isoprene were evaluated as negative deep UV 

Key words: Negative photoresist, Deep UV 
resist, Deep UV lithography 

resists. These resists are insensitive to 
ordinary white fluorescent lamps and are 
hence abbreviated as WR (_White Resist). 

Cyclized cis-l,4-polyisoprene was 
obtained from Tokyo Ohka Kogyo Co. (0BC-83, 
Mw 150,000, degree of cyclization 70%). 
Cyclized polyisoprene was dissolved to i0 
weight percent (wt.%) in xylene and then 0.2 
-i0 wt.% of diazide based on the polymer was 
added to the solution. The resist films 
were spin coated on silicon wafers with 
thicknesses of O.7-1.2 ~m and prebaked at 
60~ for 20 min. All exposures were carried 
out in air with Xe-Hg lamps. After exposure, 
the films were developed by dipping in a 70 
vol.% n-heptane/30 vol.% xylene mixture for 
2 min at 25~ and then rinsed in n-butyl 
acetate for 1 min. 

Table I Melting Points and Wavelengths of 
Absorption Maximum for Diazides 
and Exposure Times for Cyclized 
Polyisoprene-Diazide Resists 

Diazide m.p. Xmax Expoure 
(~ (nm) Time*(sec) 

N 3 N 3 
A ~ > - s o 2 ~  I16 240 0.6 

B N3"CSC"~CH2 -<~-" 3 80 254 0.3 

C N 3 - ~ C  H 2 - ~  N 3 44 256 0. 5 

C1 C1 
D N3-~CH2-~ N 3 128 ~58 0.5 

E N 3 O O O N  3 77 264 0.2 

F N 3 - ~ 5 - S  -C>-.3 37 266 0.7 

H N 3 O S O 2 - ~  N 3 163 284 0.3 

* Exposure time required for 50% 
remaining film thickness for resist 
consisting of cyclized polyisoprene 
and diazide (i.0 wt.% based on poly- 
mer). 
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The sensitivity of WR containing 1.0 wt.% 
diazide (based on polymer weight) was measured. 
The resist films were exposed at a fixed light 
intensity (120 mW/cm 2) for various exposure 
times using a 600 W Xe-Hg lamp (Canard Hanovia 
Inc.) in conjunction with quartz optics and 
a 4 cm water filter. The exposure times for 
WR required to give a 50% remaining film 
thickness after development are given in Table 
I. An exposure time of 45 sec is required for 
PMMAunder the same exposure conditions; hence 
WR is approximately 60-450 times more sensitive 
than PMMA. The use of diazide G (4,4'-diazido- 
diphenyl sulfide) for WR resulted in the high- 
est sensitivity, as shown in Table I. There- 
fore, it was decided to select diazide G from 
the various diazides listed in Table I. 

The sensitivity of WR with diazide G 
(WR-G) was measured with the deep UV projec- 
tion printer VL-MRI, equipped with a 2 kW 
Xe-Hg lamp (Ushio Electric Inc.) and a cold 
mirror CM-290 (Canon Inc.) (3). The exposure 
characteristics of WR-G resists were examined 
with varied concentrations of diazide G. 
The sensitivity increased by a factor of three 
as the diazide G content increased from 0.5 to 
3.0 wt.%, while concentrations above 3 wt.% 
did not enhance the sensitivity any further. 
With concentrations of 2.0 wt.% or above, the 
resist patterns were found to be subject to 
swelling and deformation during development 
unless the resists were overexposed. On the 
other hand, with concentrations of 0.5 wt.% or 
below, a marked decrease in film thickness 
after development was observed upon projection 
exposure in air. This is due to the oxygen 
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Exposure Characteristics for Deep 
UV Resists (i:i projection printer 
VL-MRI with 2 kW Xe-Hg lamp and 
cold mirror CM-290). 

Pulication costs of this article were assisted 
by Hitachi Limited. 

effect often encountered in diazide photo- 
resists (8-10). From these results, it was 
concluded that WR-G 1.0 which contains 1.0 
wt.% diazide G based on cyclized polyisoprene 
would be most suited for deep UV projection 
printing. Exposure characteristics for WR-G 
1.0 are compared with those for a sensitized 
PMIPK (ODUR-1013 of Tokyo Ohka Kogyo Co.) and 
a current negative photoresist OMR-83 (Tokyo 
Ohka Kogyo Co.) in Figure I. A practical 
scanning exposure time of about 20 sec can 
be achieved for WR-G 1.0. OMR-83 is slightly 
more sensitive than WR-G 1.0 under the stated 
exposure conditions. The cold mirror used 
for these exposures is known to permit the 
transmission of some light with wavelengths 
above 300 nm (3). If the OMR-83 resist were 
evaluated in a system which eliminated the 
light with wavelengths longer than 300 nm, 
then its sensitivity would be reduced. 

The resolution and lithographic 
performance of WR-G 1.0 will be described 
in a subsequent paper. 
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A Reversible Redox Couple in 
Quinone-Hydroquinone System in 

Nonaqueous Medium 
V. J. Koshy, Y. Swayambunathan, and N. Periasamy 

Chemical Physics Group, Tara Institute o~ Fundamental Research, Bombay 400 005 lnd~a 

In aqueous acidic solutions an equimolar 
mixture of a quinone and the corresponding 
hydroquinone forms the well-known qui~drone 
reversible redox couple (I). In nomaqueous 

Q + ~+ + 2e ~ ~2 2-I_7 
solvents quinone and hydroquinone are not 
electrochemically coupled as the reduction 
potential of the quinone and the oxidation 
potential of the hydroquinone occur at poten- 
tials separated by more than one volt (1, 2). 
It iS reported (3) that in pyridine the elec- 
trochemical reduction of p-b~zoquinone (BQ) 
is not affected by the presence of p-benzo- 
hydroquinone (BQH~). In acetonitrile, how- 
ever, it is observed (4) that HQH o acts as a 
proton donor affecting the electrochemical 
reduction of BQ. Complexities in the chemical 
and electrochemical reactions of 'quinhydrone' 
solutions have been observed (4) and the me- 
chanism has not been understood. We report 
here our preliminary results on the study of 
quinone-hydroquinone systems in a nonaqueous 
solvent. Our results suggest the existence 
of the following quasi-reversible redox 
couple: 

Q+~2 +2e . " 2~- 2-2_7 

Such a redox couple has not been previously 
reported for a quinone-hydroquinone system in 
nonaqueous solvents. 

The cyclic voltammogram of an~hraquinone 
(AQ) (1.7 x 10-3 M) in 1,2-dimethoxyethane 
(DM~) containing the supporting electrolyte, 
tetra-n-butyl ~mmoninm perchlorate (TBAP) is 
shown in Fig. IA. The vacuum electro,sis 
cell used in the experiment consists of a 
Pt wire (test electrode), a Pt mesh (counter 
electrode) and a silver wire (quasi reference 
electrode). The solution was degassed on a 
vacuum line ( (10-4 TorT) by freeze-Famp-thaw 
cycle method. As shown in Fig. IA, AQ iS 

Key words: Quinone, Hydroquinone, Redox 
couple, Nonaqueous medium, 
Cyclic voltammetry 

reduced in two a teps, AQ + e ~ AQ an 
AQ A + �9 ~- AQ ~-, and the reduction peaE 
potentials (waves I and II) of the two redox 
reactions in D~E are -0.97 and -1.62 V vs SCE, 
respectively. 

Anthrahydroquin~e (A~ 2) is an oxygen 
(air) sensitive ~abstance and the following 
method was adopted to prepare a solution of 
AQ and AqH2 in D~ for the cyclic voltametric 
experiment. A solution of AQ (2.1 x 10-3 M) 
and TBAP (0.2 M) in isopropyl alcohol (IPA)" 
was taken in the vacuum electrolysis cell and 
degassed on a vacuum line. The solution was 
transferred to a side arm of quartz tube and 
UV (300 - 400 nm) ~otolysed for one minute. 
Facile photoreduction of AQ to A~2 occurs in 
IPA (5) as indicated by the strong green 
fluorescence of AQH2. Approximately 80%of 
AQ was converted to A~2 after the photo,sis 
for one minute. IPA was ~pelled from the 
electrolysis cell and DMB was distilled into 

i-- 
Z 
LLI 
rr" 
r~ 
YD 
(D 

Fig.1 

~L T A AQ 

c~ i' B 

"~ AQ+AQHa 

3~ 

I ] i I I i [ I 
+iO 0 -I0 -20 

POTENTIAL (VOLTS vsSCE) 

Cyclic voltammograms in DM~: (A) AQ 
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t h e  cell on a vacuum line to make a solution 
of AQ and A~H 2 whose total concentration is 
2.1 x I0 "a M. 

The cyclic voltammogram of AQ and A(~H 2 
in D~E is shown in Fig.lB. It is significant 
to note that the waves II and III which 
correspQnd to the second electron r edox  re- 
action, AQ" + �9 ~ AQ 2-, are absem% showing  
that AQ" is consumed in a chemical reaction. 
And more importantly, an oxidation wave VI 
(Ep = -0.96V) appears in the reverse anodic 
scan which cannot be attributed to AQa~AQ+e, 
as one would interpret the wave IV to be in 
Fig.IA. Wave VII (E u = 0.48V) is attributed 
to the oxidation of ~2 and wave FIYI (Ep = 

-0.12V) may be attributed to the reduction of 
AQH+ or AQ/H + (4)- AQH 2 was oxidised to A~ 
by admitting air (oxygen) into the vacuum ceil 
The solution was then degassed and the cyclic 
voltammogram of this solution was identical to 
that shown in Fig.IA. 

These results are interpreted as follows. 
The electrogenerated AQ a undergoes proton 
transfer reaction with AQH 2 and wave V (Ep = 
-I .02V) in Fig.lB is interpreted to be the 
result of the following electrode and chemical 
reactions: 

AQ + e A4 E33 

AQ-. AqH z Aq " § -/-A.7 

2AQH" > AQ + AQH 2 /-5.7 

+ e > AqH" 

The semiquinone radical, A~" is ~own to dis- 
proportionate fast (6, 7) and AQH" is the on~v 
stable species formed in the reactions (3) - 
(6). Spectroelectrochemical investigation of 
this system using Pt OT~ confirms the forma- 
tion of AqH- (8). The absence of the second 
electron reduction wave of AQA. In FiE.1B 
indicates that the reaction (4) is sufficient- 
ly fast in the time scale of the experiment. 
The appearance of wave VI in the reverse 
anodic scan is attributed to the oxidation 
of AQH-, followed by the disproportionation 
of AQH'. 

Aq - + e C7_7 

2AQH" > AQ + AQ~ 2 _/-8_7 

The appearance of the reduction wave V and the 
oxidation wave VI with a peak potential sepa- 
ration of 50 =V and less suggests the possible 
existence of the following redox couple: 

AQ + AQ~ 2 + 2e . " 2A~" . / '9.~ 

Such a thermodynamic quasi-reversible redox 
couple is possible if the reactions (3) - (8) 
are sufficiently fast. It is observed that an 
increase in the concentration of AQH 2 relative 
to that of AQ decreases the peak separation of 
waves V and VX approaching the theoretical 
value of 29 mV for the reversible 2e redcx 
couple. 

The electrochemical behaTiou~ of ~ - 
B~2 system in D~E is found to be identical 
to that of AQ - A ~  2 system whe~ the concen- 
tration of BQ is low. The cyclic volta~mogram 
of BQ (1.2 x 10'-4. M) in DME is shown in Fi~e 
2A. The reduction waves I and II are att~- 
buted to the le re@action ef HQ and BQ'. 
A d d i t i o n  of ~ 2  (1 x 10 -2 M) (Fig.2B) to th is  
solution completely suppresses the second 
electron reduction wave II and the reduction 
peak current of wave V is nearly twice that, 
of wave I. The aPpearance of the oxidation 
wave VI in the reverse anodic scan is attri- 
buted to the oxidation of BQH'. The peaX 
separation of waves V and VI i s  50 mV or less. 
The following quasi reversible redox couple 
is suggested in this system also: 

~-g.2 
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m, + 2, . " C l o f  
The complexities in the electrochemical 

reducticm of BQ in the presence of BQH 2 in 
acetonitrile, observed by Eggins and Chambers 
($) is  also obsez.~d in DM~ when the.~oncen- 
tratien of BQ is increased %0 1 x 10 ~M or 
more. These complexities are ~plaiued (8) 
to be due to the elee%~ode deposition of BQH" 
(as salt), presumab~4V dae to the low solubi- 
lity of B~H" in no~aqeous solvents (4, 9). 
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Microlithography--Key to Solid-State Device Fabrication 

C. A. Deckert* and D. L. Ross 

ECA,  David Sarno~ Research Center, Princeton, New Jersey 08540 

Over  the  pas t  t w e n t y  years  or so, expressions such 
as "so l id-s ta te  c i rcui t ry"  and "electronics  revolut ion"  
have  become increas ingly  fami l ia r  to the  Amer ican  
consumer.  The b i r th  and g rowth  of the so l id-s ta te  
i ndus t ry  has been responsible  for  increased  re l iabi l i ty ,  
ava i lab i l i ty ,  minia tur iza t ion ,  complexi ty ,  and cost r e -  
duct ion of consumer  electronics i tems (1). 

The so l id -s ta te  device, or  chip, consists of pa t t e rned  
thin  films of one or more  metals ,  dielectrics,  and semi-  
conductors  on a monoli thic  substrate ,  usua l ly  a sil icon 
or  sapphi re  wafe r  as l a rge  as 100 m m  in diameter .  
An  ind iv idua l  chip var ies  f rom about  4 to 15 m m  on 
a side, and  m a y  contain  f rom one to 250,000 discrete  
components  (usua l ly  t rans is tors ) .  

The fabri 'cat ion of these devices depends  on con- 
t ro l led  deposi t ion and remova l  of the  var ious  thin 
film and subs t ra te  mate r ia l s  (2). In  o rder  to produce  
the  des i red  pa t t e rns  in the  so l id-s ta te  device, a process 
cal led mic ro l i thography  is employed.  At  var ious  s tages 
in the  fabr ica t ion  process, wheneve r  a new pa t t e rn  
mus t  be defined in  the  device, a t emporary ,  s tenci l -  
l ike  p a t t e r n  in a th in  film covering the surface is 
defined by  techniques re la ted  to photography,  and 
select ive etching (or, in some cases, deposi t ion)  takes  
place  in the  unpro tec ted  areas. The t e m p o r a r y  film 
known  as a "resist"  ma te r i a l  is then removed  and 
processing continues (3). 

This image - fo rming  process is c lear ly  the key  to 
producing  complex,  pa t te rned ,  mu l t i l aye r  so l id-s ta te  
devices. Because of its f u n c t i o n a l s i m i l a r i t y  to photo-  
l i thographic  opera t ions  used in graphic  arts,  and be-  
cause of the  fine pa t te rns  involved,  the  overa l l  process 
is known  as photo l i thography,  or, more  general ly ,  
micro l i thography .  

The Historical Development of Modern 
Microfabrication Techniques (4, 5) 

Techniques d i rec t ly  re la ted  to mic ro l i thography  have 
been wide ly  used in the graphic  ar ts  indus t ry  for  
over  100 years.  The t e rm " l i thography"  ( l i tera l ly ,  
wr i t ing  on stone)  is ac tua l ly  a misnomer  as appl ied  
to the  process descr ibed here. L i thog raphy  is a p r i n t -  
ing method  tha t  ut i l izes a f lat-surfaced,  no rma l ly  
wa te r - recep t ive ,  p la te  or stone on which  the image  
areas  have been made  w a t e r - r e p e l l a n t  and i n k - r e -  
cept ive b y  photochemical  or  o ther  means. The surface 
is wet  wi th  wa te r  and a greasy  ink  is appl ied  which 
adheres  only to the  image  areas. The ink is t r a n s f e r r e d  
f rom the surface to the  paper  (sometimes via an 
in t e rmed ia te  r u b b e r  surface)  by  pressure.  The p ro -  
cedures  developed by  the pr in t ing  t rade  that  are  the 
t rue  antecedents  for today 's  electroriics mic rofabr ica -  
t ion indus t ry  re la te  to the  manufac tu re  of p r in t ing  
plates,  u sua l ly  of metal ,  on which  a surface re l ief  
pa t t e rn  is p roduced  by  remova l  of ma te r i a l  th rough  

* Electrochemical  Society Act ive  Member. 

chemical  etching. 1 In  the process cal led g ravure  p r in t -  
ing, ink  is t r ans fe r red  to paper  f rom smal l  "wells"  
tha t  have been etched into the surface of a plate.  
Pho togravure  processes a re  wel l  es tabl ished in graphic  
arts.  Thus, "microgravure"  might  be a more  a c c u r a t e  
t e rm to app ly  to the  subject  of this art icle.  

The deve lopment  of photoetching techniques r e p r e -  
sents  an example  of the  impact  of the  Indus t r i a l  
Revolut ion  on fields tha t  had  t r ad i t iona l ly  been the 
province  of art isans.  Chemical  technology was sub-  
s t i tu ted  for  the met iculous  hand  labor  involved  ~in 
the  cut t ing a w a y  of por t ions  of the surfaces of p la tes  
(woodcuts,  engravings)  used to p r in t  p ic tor ia l  images. 
The invent ion  of l i t hography  in the last  decade of 
the 18th cen tury  by  the Bavar ian ,  Alois  Senefelder ,  
was pe rhaps  the  first s tep in  this  process. The k e y  
events  l ead ing  to the d iscovery  of an in tegra ted  proc-  
ess for chemica l ly  e tching a re l ie f  p r in t ing  p la te  
wi th  the  use of a photores is t  have been wel l  docu-  
mented  and can be out l ined as follows: 

1782: Jean  Senebier,  a Swiss, s tudied the  influence 
of l ight  on a va r i e ty  Of mate r ia l s  ( including s i lver  
compounds)  and found tha t  cer ta in  na tu r a l l y  occur-  
r ing  resins change color on exposure  to sunlight.  

ca. 1314: Joseph Nic~phore Ni~pce (French)  wished 
to cap ture  the images  produced  by  the camera obscura 
without  the labor  involved in t racing them on paper .  
He began exper iments  on l igh t -sens i t ive  mater ia ls .  
By about  1824, he had  found that  a na tu ra l  asphalt ,  
"b i tumen of Judea,"  when  exposed to light,  became 
less soluble in cer ta in  organic solvents. Ni~pce made  
the first pho tograph  by  coating a pol ished pewte r  
p la te  wi th  a thin l aye r  of the asphalt ,  exposing i t  
(for 8 hours!)  in a camera,  and developing  the 
image. Within  the  next  severa l  years  (ca. 1826), he 
had used the insolubi l ized asphal t  pa t t e rn  as a resis t  
and etched the meta l  (pewter ,  copper)  wi th  acid to 
produce  a re l ief  plate.  [Ni~pce went  on to col labora te  
wi th  Louis Jacques  Mand~ Daguer re  who discovered 
(ca. 1837) how to make  pe rmanen t  images on the  
surfaces of s i lvered copper  plates  which had  been 
sensit ized wi th  iodine vapors  ( the dague r reo type ) , ]  

1832: Gus tav  Suckow (German)  publ i shed  his ob-  
servat ions  tha t  mix tures  of organic  substances wi th  
potass ium dichromate  change color on exposure  to 
l ight.  

1839: Al f r ed  Donn~ (French)  e tched dague r reo -  
types  wi th  acid, p roducing  re l ief  p r in t ing  plates.  

1839: Mungo Ponton, a Scot, found tha t  pape r  
soaked in potass ium d ichromate  was l ight  sensitive. 
When the paper  was washed  in wa te r  fol lowing 
exposure ,  the unexposed regions washed clean whi le  
the  exposed pa t t e rn  r emained  orange-brown.  

In the graphics arts, a distinction is made between  rel ief  
plates, from which the ink is transferred to the paper from the 
raised portions of the surface (examples:  letterpress,  woodcuts) ,  
and intaglio plates, f rom which the ink is transferred from those 
portions cut below the surface (engravings,  etchings,  gravure 
plates) .  
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1840: Edmund  Becquere l  (French)  inves t iga ted  
Ponton 's  findings and de te rmined  that  the s ta rch  sizing 
in the  paper  p l ayed  an impor t an t  role in the image  
formation.  

1841: Joseph Dixon (Amer ican)  employed  the 
fact  tha t  a mix tu re  of d ichromate  and na tu ra l  gum, 
on exposure  to l ight,  changed its surface proper t ies  
( the exposed areas  become ink - r ecep t ive  whi le  the  
unexposed  areas  r ema in  wa te r - r ecep t ive )  to produce  
l i thographic  pr in t ing  plates.  He used such plates  to 
counterfe i t  bank  notes. 

1852: W. H. Fox Talbot  (English)  discovered tha t  
exposing films of d i ch roma ted  na tu ra l  colloids (e.g., 
gelat in)  to l ight  p roduced  sufficient so lubi l i ty  r educ-  
t ion to pe rmi t  the  unexposed regions to be se lect ively  
washed away  wi th  water .  He pa ten ted  the use of 
these mate r ia l s  in photoengraving.  This was the first 
use of a synthe t ic  ( m a n - m a d e )  photoresist .  

Thus, b y  the mid-1800's, the g roundwork  had  been 
la id  for today 's  sophis t icated microelectronics  fab-  
r ica t ion techniques.  2 I t  is in teres t ing  to note that, wi th  
the except ion of Suckow and Becquerel ,  who were  
un ive rs i ty  professors,  al l  of the  above inves t igators  
were  ama teu r  inventors .  

Dichromated  colloid resists  suffer f rom a number  
of prac t ica l  shortcomings inc luding a r e l a t ive ly  shor t  
"pot  life," " d a r k - h a r d e n i n g "  ( the unexposed  coat ing 
g radua l ly  loses its so lubi l i ty  on s torage) ,  excessive 
dependence  of so lubi l i ty  (deve lopabi l i ty )  p roper t ies  
on  env i ronmenta l  factors such as ambien t  humidi ty ,  
and poor res is tance against  the  s t rong e tchants  used 
for microelectronics  mater ials .  In  spite of this, d i -  
chromated  colloids r emained  the workhorse  photo-  
resists of the  pr in t ing  indus t ry  unt i l  af ter  Wor ld  
W a r  II. Even today,  the te levis ion indus t ry  uses 
subs tant ia l  quant i t ies  of these mate r ia l s  for the p r in t -  
ing of phosphor  screens in kinescopes and for the 
etching of shadow masks  for color p ic ture  tubes. 

Pho toengrav ing  techniques were  first employed  by  
the electronics i n d u s t r y  in the fabr ica t ion  of copper 
pr in ted  circuits shor t ly  a f te r  the w~r. The auul icat ion 
of this technology to t rans is tor  fabr ica t ion  in the  
ea r ly  1950's depended  on the deve lopment  of new 
classes of en t i re ly  synthet ic  photoresists .  

Resists: Chemical Principles (3, 6) 
All  the  res is t  mater ia l s  used for microelectronics  

depend on rad ia t ion- induced  changes in the solubi l i ty  
of a synthet ic  organic  po lymer  in some selected de-  
ve loper  solvent.  Resist  mate r ia l s  are  classified as 
e i ther  pos i t ive -work ing  or  nega t ive-work ing ,  depend-  
ing on whe the r  so lubi l i ty  in the  deve loper  increases  
(posi t ive)  or  decreases (negat ive)  upon exposure  to 
i r r ad ia t ion  (Fig. 1). Po lymers  a re  un ive r sa l ly  used 
fo r  p repa r ing  resists because of thei r  excel lent  film- 
forming  and coating proper t ies  and  the ease wi th  
which such proper t ies  can be influenced by  synthet ic  
techniques.  The po lymers  usua l ly  employed  are  l inear  
and have molecu la r  weights  ranging  f rom a few thou-  
sand to severa l  hundred  thousand. When dissolved 
in easi ly  evapora ted  solvents, the viscosi ty of the i r  
solutions are  such that  films of useful  thickness can 
be obta ined by  spin-coat ing.  The molecu la r  s t ruc tures  
of the po lymers  a re  chosen to pe rmi t  good spreading  
and wet t ing  behavior  on meta l  and oxide sur faces .  
Po lymers  used to p repa re  posi t ive resists, where  
the  "stencil" is comprised of une~no~ed (and, there-  
fore, chemical ly  unchanged)  mater ia l ,  must  possess 
the physical  and chemical  robustness  and adhesion 
to the  subs t ra te  necessary  to wi ths tand  subsequent  
processing steps (or be capable  of having these p rop-  
er t ies  impar ted  to i t  by  a s imple pos t -deve lopmen t  
step, such as bak ing) .  

-~ In  f ac t ,  b y  a b o u t  1870, op t i ca l  e q u i p m e n t  h a d  b e e n  d e v e l o p e d  
t h a t  p e r m i t t e d  p h o t o r e d u c t i o n  of  i m a g e s  b y  a f a c t o r  of  1/300 to  
p r o d u c e  pe l l ic les  in  s i lve r  ha l i de  emuls ions .  T h e s e  p r e c u r s o r s  of  
mic ro f i lm  a n d  p h o t o r e t i c l e s  w e r e  u s e d  b y  t h e  F r e n c h  w i t h  t h e  
he lp  of p igeons ,  to  c o m m u n i c a t e  w i t h  t h e  ou t s i de  w o r l d  d u r i n g  
the siege of Paris. 
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Fig. 1. Schematic diagram of the microlithographic process 

To act as a resist,  the  po lymer  mus t  be capable  of 
absorbing the rad ia t ion  used to expose it, and i t  
must  contain, e i ther  as components  of its molecu la r  
composition, or as a second const i tuent  mixed  wi th  
it, species tha t  wil l  chemica l ly  react  in carefu l ly  
selected ways  when  exci ted  by  the absorbed rad ian t  
energy.  These chemical  react ions  br ing  about  the 
des i red  changes in solubil i ty.  

Photoresis ts  must  absorb  l ight  in o rde r  to react.  
I t  usual ly  is necessary for the l ight  to be absorbed 
d i rec t ly  by the molecu la r  species tha t  a re  to undergo 
the des i red  chemical  reactions.  This is accomplished 
by  choosing conjuga ted  unsa tu ra t ed  systems as the 
react ive  species so as to provide  molecu la r  energy 
levels capable  of undergoing  electronic t ransi t ions  
corresponding to opt ical  wavelengths  in the  near  
u l t rav io le t  (350-450 nm) .  

The appl icat ions  of these pr inciples  to modern  resis t  
technology are  out l ined below. 

Photoresists 
Negative-working.NThere is only one genera l  type  

of negat ive  photores is t  p resen t ly  of  significance to 
microelectronics  fabricat ion.  Exposure  to l ight  causes 
c ross- l inking  of the po lymer  molecules.  This cross- 
l inking  produces  an increase in molecu la r  weight,  
reducing  the solubil i ty.  Eventual ly ,  a t h r e e - d i m e n -  
sional ne twork  of in terconnected  po lymer  molecules 
(a gel) forms tha t  is to ta l ly  insoluble.  The resist  is 
p repa red  by  mix ing  wi th  a sui table  po lymer  a po ly-  
functional ,  l igh t -sens i t ive  addi t ive  that,  when exci ted  
by  the absorpt ion  of l ight,  can a t tach  i tself  to at  
least  two sites on the po lyme r  molecule.  Modern  nega-  
t ive res i s t s  of this class use di funct ional  azides, 
N~-X-N~, in which X contains a romat ic  groups as 
par t  of a conjugated  sys tem so as to place the opt ical  
absorpt ion  band in a useful  region of the  spectrum. 
On excitat ion,  these compounds lose two molecules  
of n i t rogen and form species known as n i t renes  
: N - X - N : .  These h igh ly  reactive,  shor t - l ived  in t e rme-  
diates can react  wi th  the  C-H bonds (Fig. 2) of a 
po lymer  to form the desired cross- l inks  

H H 
\ I I / 

, C ~ N ~ X ~ N ~ C  
/ \ 
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Fig. 2. A typical negative- 
working photoresist is a mixture 
of polymer molecules (repre- 
sented by the wavy lines) and 
molecules of a light-sensitive, 
polyfunctional additive (symbol- 
ized by the P,s). When excited 
by the absorption of light, the 
additive reacts with several sites 
on the polymer chains, causing 
the polymer to cross-link and, 
thus, decrease in solubility in the 
developer solvent. 

The po lymers  used for  az ide-based  resists  a re  usua l ly  
a l iphat ic ,  r u b b e r - i i k e  mate r ia l s  based on po ly ( i so -  
p rene ) .  Some closely re la ted  resists  have  been de-  
scr ibed in which monofunct ional  a romat ic  azides are  
a t t ached  to the  po lymer  chains. The pa ten t  l i t e ra tu re  
suggests  tha t  cer ta in  organic  compounds act as photo-  
chemical  sensi t izers  for  azide systems. These com- 
pounds absorb  some of the  inc ident  l ight  and are  
ra ised  to e lec t ronica l ly  exci ted  states f rom which  
energy  can be t r ans fe r red  to the azide molecules  
which  then  react  as though they  had  been d i rec t ly  
excited.  By this means,  the  sensi t iv i ty  of these systems 
can be ex tended  to wave lengths  beyond those at  
which  the react ive  sites themselves  absorb.  

Whi le  the i r  solutions, and coatings made  f rom them, 
have  cons iderab ly  be t t e r  s t ab i l i ty  and l i fe  than  d i -  
ch romated  colloids, and the i r  processing is r e l a t ive ly  
insensi t ive  to env i ronmenta l  factors,  al l  of the  nega-  
t ive photoresis ts  cu r r en t l y  used for microelect ronics  
suffer f rom severa l  shortcomings.  Two are  inheren t  
to al l  convent ional  negat ive  resists:  (i) Because ad-  
hesion of the  image  areas  to the subs t ra te  depends  
on the  photo-cross l ink ing  reaction, the exposure  re -  
qui red  mus t  be adequa te  to pene t ra te  to and produce  
some m i n i m u m  amount  of cross - l ink ing  at  the sub-  
s t ra fe - res i s t  interface,  This sometimes makes  it d i f -  
ficult to achieve adequa te  adhesion wi thout  over -  
exposure  of the  resis t  ( l ine b roaden ing) ;  (it) Al-  
though the c ross - l ink ing  react ions r ende r  the  po lymer  
insoluble  in the  developer ,  they  cannot  comple te ly  
p reven t  the  exposed resis t  f rom so lven t - induced  swel l -  
ing. This causes ve ry  fine pa t t e rns  (,-~<2 sm) to 
d is tor t  in size and shape and, in ex t r eme  cases, to 
l if t  f rom the substrate .  Defects known as "s t r ingers"  
and br idg ing  can be produced  by  such processes. 

In  addit ion,  the  az ide-based  resists  a re  sensi t ive 
to oxygen  which  can compete  wi th  the  des i red  photo-  
cross l inking reac t ion  by  react ing wi th  the  n i t rene  
in termedia tes .  This can lead to " rec iproc i ty  Jaw fa i l -  
ure":  the  amoUnt of insolubi l izat ion produced  by  a 
given to ta l  exposure  is dependent  on the ra te  a t  
wh ich  the exposure  is del ivered,  since the kinet ics  
of the  oxygen -based  react ions  depend  on the r a t e  
wi th  which oxygen  molecules  can diffuse in the 
resis t  film. When  exposure  and pa t t e rn  definit ion 
a re  ve ry  crit ical ,  films of these resists  are  genera l ly  
purged  of oxygen  pr io r  to exposure  by  flooding wi th  
an iner t  gas (nitrogen,  CO2). 

Positive-working.pAll posit ive photoresis ts  in cur -  
ren t  use are  based on the photochemical  conversion 
of an o r tho-d iazoke tone  to a carboxyl ic  acid (Fig. 3). 
This reac t ion  conver ts  a neutra l ,  o rganic -so lub le  mol -  
ecule to one tha t  is r ead i ly  soluble in weak ly  a lka l ine  
aqueous deve loper  solvents. These resists  are  usua l ly  
fo rmula ted  f rom a mix tu re  of a r e l a t ive ly  low-  
molecu la r  weight ,  hydrophobic ,  phenol ic  po lymer  
(which, itself, has some a lka l i  s o l u b i l i t y ) a n d  a diaz-  
oketone  (about  15% by weight )  der ived  from an 
aminonaphtho l  sulfonic acid, such as is i l lus t ra ted  in 
Fig. 3. In o ther  closely re la ted  systems, the diazo-  
ke tone  is a t tached  d i rec t ly  to the  po lymer  molecules.  
As a resul t  of associat ion be tween  the po lymer  and 

the  diazoketone,  the  so lubi l i ty  of the  mix tu re  in the  
a lka l ine  developer  is inhibi ted.  The hydrophobic  na -  
ture  of the  po lymer  fu r the r  inhibi ts  a t t ack  by  the 
developer.  On exposure  to light,  the diazoketone l ibe r -  
ates a molecule  of n i t rogen and undergoes  a molecu la r  
r ea r r angemen t  to the  a lka l i - so lub le  acid. The fo rma-  
t ion of the  po la r  ca rboxy l  groups in  the  exposed a reas  
also renders  the  film less hydrophobic  and, thus, more  
eas i ly  a t t acked  by  the aqueous deve loper  (7). 

One of the  most significant advantages  of this fami ly  
of resists  is the fact  that ,  ins tead  of swel l ing the  
film and leaching out the  solubi l ized mater ia ls ,  the  
developer  removes the  exposed areas  by  an e tching 
process. As a result ,  no swel l ing- induced  pa t t e rn  de-  
fo rmat ion  occurs, and images of e x t r e m e l y  high reso-  
lu t ion (<0.25 ~m) can be formed.  Because the  adhe -  
sion to the subs t ra te  is not  influenced by  the photo-  
chemistry,  the  exposure  and deve lopment  condit ions 
can be ad jus ted  s t r ic t ly  in te rms of the  re l ie f  pa t t e rn  
geomet ry  desired.  

The diazoketone resists  do not  respond  to photo-  
chemical  sensit izers and  are  not  affected by  the pres -  
ence of oxygen.  

"Deep-U.V." resists.NThe pa t t e rn  resolut ion  ach iev-  
ab le  by  photoresis ts  is u l t ima t e ly  l imi ted  by  the  
wavelengths  of the l ight  used to expose them. Dur ing  
the last  severa l  years,  in a t tempts  to define pa t t e rns  
1.0-1.5 ~m in size, work  has been car r ied  out  wi th  
new l ight  sources and special  (quar tz)  optics to pe rmi t  
exposure  systems to ut i l ize wave lengths  in the 200- 
250 nm region. While  some convent ional  photoresis ts  
respond adequa te ly  to these wavelengths ,  many  do 
not because the po lymers  f rom which  they  are  de-  
r ived  absorb s t rong ly  enough to block the t ransmiss ion 
of the exci t ing radiat ion.  The use of these shor ter  
wavelengths  makes  the  task  of designing the react ive  
sites somewhat  easier  because s impler  systems can 
be used (long conjugated  systems are  unnecessary) .  
Because Of the  l imi ta t ions  of negat ive  resists  discussed 
above, most  of the  new resists  being deve loped  for 
deep-u.v,  appl icat ions  are  pos i t ive -work ing  and are  
based on po lymers  tha t  wil l  undergo a reduct ion  in 
molecular  weight  (and, thus, an increase  in so lubi l i ty )  

O 
N2 . ~ - - C O O H  

SO20R SOzOR 
Fig. 3. The molecular structure of a 2-diazo-l-naphthol-5- 

sulfonic acid ester. Compounds of this type are mixed with phenolic 
polymers to prepare positive-working resists. When excited by the 
absorption of light, the normally alkali-insoluble compound loses a 
molecule of nitrogen and is converted to a carboxylic acid. This 
causes an increase of the solubility of the mixture in the aqueous 
alkaline developer. 
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a s  a resul t  of photo- induced  ma in -cha in  scission. 
Work  in this field is in i ts infancy. The degree  to 
which i t  flourishes wi l l  depend on systems evaluat ions  
compar ing  this approach  to h igher  resolut ion  with  
those involving e lect ron beam and x - r a y  exposure  
schemes. 

Electron Beam and X-Ray Resists 
With  the ab i l i ty  to focus e lec t ron beams to ve ry  

smal l  d iameters  (below 1000A), and the very  shor t  
wavelengths  of soft x - r a y s  (5-50A), the  pa t t e rn  
resolut ion obta inable  when resists are  exposed to 
this k ind of rad ia t ion  is no longer  p r i m a r i l y  dependen t  
on the exposure  means. The fundamenta l  l imi ta t ions  
are  now a funct ion of the sca t ter ing  of electrons (or, 
in the case of x - rays ,  the range  of the photoelectrons  
produced on absorpt ion  of the radia t ion)  in the  resis t  
mater ia l ,  or the sca t ter ing  of e lec t rons  reflected f rom 
the substrate.  Dur ing  the las t  10-15 years,  e lect ron 
beam exposure  schemes for the  defining of sub-~m 
pat te rns  in resis t  mater ia l s  have been examined  at  
severa l  electronics companies (8). At  RCA, the impetus  
was the mas te r ing  of the  VideoDisc for  which i t  was 
desired to record  re l ief  pa t te rns  having  wavelengths  
of ca. 0.5 ~m (9). At  Bell  Labora tor ies  and IBM, the 
appl ica t ion  was the fabr ica t ion  of chrome mas te r  
masks  and direct  exposure  of IC wafers.  More re -  
cently,  research  done at  MIT Lincoln Labora tor ies  
demons t ra ted  that  soft x - r a y s  could also be used to 
expose appropr ia t e  resis t  mater ia ls .  The e lect ron beam 
techniques employ  a scanned, sha rp ly  focused beam 
as a "pencil"  to del ineate  the des i red  pa t te rns  whi le  
the  x - r a y  scheme uses a flood exuosure  through a 
pa t t e rned  mask.  In  both  cases, the in terac t ion  of 
energet ic  e lectrons wi th  the res is t  ma te r i a l  br ings 
about  the so lub i l i ty -a l t e r ing  chemical  react ions.  

The pr incipal  difference be tween  these mate r ia l s  
and photoresists  lies in the  fact  that,  here, the incident  
energy is absorbed more  or  less ind isc r imina te ly  by  
al l  funct ional  groups in organic po lymer  molecules 
r a the r  than being select ively absorbed at  specific 
react ive  sites. The p r i m a r y  chemical  event  induced 
by  exposure  is the b reak ing  of covalent  bonds to 
produce free radicals  or  ions. As a consequence, the 
chemical  changes brought  about  are  more  analogous 
to those produced  b y  heat  than  by  light. The fate 
of the ions or radicals  de termines  whe the r  the resist  
is nega t ive-  or  pos i t ive-work ing :  if these species react  
with one another  to form new covalent  bonds, the 
po lymer  can increase in molecu la r  weight  a n d / o r  
cross- l ink;  while, if  the f ragmenta t ion  leads to back-  
bone scission, the molecular  weight  will  decrease.  

The majo r  emphasis  in the search for negat ive  
resists is the identif icat ion of mater ia l s  that  have the 
highest  prac t ica l  sensi t ivi ty  and the best  edge defini- 
t ion in the face of the usual  swel l ing problems.  Of 
course, the  usual  requirements ,  out l ined above, of 
good adhesion, etch resistance, etc., must  be met. 
Current ly ,  the most  wide ly  used negat ive  e lect ron 
beam resist  is a copolymer  of e t h y l  ac ry la te  and 
glycidyl  me thac ry la t e  ("COP") developed at Bell  
Laborator ies .  The epoxy  groups provide  a h igh ly  
sensit ive route  for cross- l inking.  I t  is in teres t ing  to 
no te  tha t  the cross- l inMng react ions in this ma te r i a l  
proceed for a t ime fol lowing the electron exposure.  
Thus, exposed subst ra tes  must  be kep t  in the vacuum 
chamber  of the  exposure  appara tus  for some 20-40 
rain af te r  exposure  is completed  to obta in  uni form 
results.  

The most  useful  classes of po lymers  for posit ive 
resists  a re  those known  to degrade  in molecular  
weight  b y  the rmal  processes. The first, and sti l l  wide ly  
used, posi t ive e lect ron beam resis t  is p o l y ( m e t h y l  
me thac ry la t e ) ,  long known  to be capab]e of "cracking" 
back to monomer  by  des t ruc t ive  dist i l lat ion.  Al though 
a fac tor  of 10-50 lower  in sensi t iv i ty  than  is r eau i r ed  
by  today 's  e lec t ron beam exposure  systems, it  has 
ve ry  high resolut ion and good etch resistance.  An-  

o ther  class of po lymers  known to undergo efficient 
the rmal  degrada t ion  is the  poly(olef in  sulfones) (10). 
These mate r ia l s  a re  synthesized by  the copolymer iza-  
t ion of SO.,. and  unsa tu ra ted  monomers  

SO2 + C----C -~ --SO~--C--C-- 

I I I I . 

A wide variety of these has been examined at RCA 
and Bell Laboratories. One, the copolymer of butene 
(polybutene sulfone, "PBS"), is currently used in 
the production of chrome masters in MEBES (11). 
With these polymers, cleavage of the backbone can 
lead to a chain depolymerization reaction from which 
the comonomers are regenerated. This introduces con- 
siderable "gain" into the exposure process and can 
produce excellent separation of molecular weight 
(and, thus, good differential solubility in developers) 
between exposed and unexposed regions of the resist 
film. In some materials, the depolymerization process 
is so efficient tha t  re l ie f  pa t t e rns  a re  produced d i rec t ly  
by  evapora t ion  of the reac t ion  products  in the vacuum 
chamber  of the  exposure  appa ra tus  wi thout  the need 
for  a separa te  deve lopment  step. PBS suffers from 
severa l  shortcomings:  i ts deve lopment  character is t ics  
a re  very dependent  on the effects of mois ture  and 
ambien t  humidi ty ;  i t  cannot  be used in coatings that  
a re  as th ick as a re  needed for s tep coverage in wafer  
fabr icat ion;  and i t  has poor resis tance agains t  t h e  
"d ry  etching" procedures  to be discussed below. 

Because the phenolic  po lymers  have low sensi t iv i ty  
to e l ec t ron -beam- induced  c ross - l ink ing  and because 
the diazoketones can also undergo hea t - induced  mo-  
lecular  r ea r rangement ,  cer ta in  formula t ions  re la ted  to 
typical  posi t ive photoresis ts  can funct ion useful ly  as  
electron beam resists. A t  RCA, over  a thousand 
VideoDisc masters  were  fabr ica ted  by  e lect ron beam 
recording  using "Mark  II'! resist,  a p r o p r i e t a r y  m a -  
te r ia l  of this type. 

Whi le  the field of x - r a y  resists  is qui te  new, i t  c a n  
be pred ic ted  tha t  most of the findings r e l evan t  to 
e lect ron beam sensi t ive mate r i a l s  wi l l  app ly  here.  
Many  of the mate r ia l s  that  function wel l  as e lec t ron 
beam resists show s imi lar  behavior  on x - r a y  exposure.  
Considerable  emphasis  is p laced  on the incorpora t ion  
of high Z-va lue  e lements  in the po lymer  s t ruc ture  
so as to increase the absorpt ion  of incident  soft x - r a y  
energy.  

Microlithographic Processing--Overview 
In the fabr ica t ion  of so l id-s ta te  devices, the photo-  

l i thographic  process is constant ly  pushing  the l imits  
of the s ta te  of the art .  Many of the  requ i rements  for  
producing today 's  complex  chips would  have been 
considered impossible  jus t  a few years  ago, and this 
t rend  appears  to be cont inuing unaba ted  (I, 12, 13), 
as shown in Fig. 4. 

The most impor t an t  resis t  p r o p e r t i e s  requ i red  for 
producing  a micro l i thographic  pa t t e rn  are  resolution, 
contrast ,  f r eedom f rom defects,  uniformity ,  h igh s e n -  
s i t i v i t y  to the  exposing radiat ion,  ease of processing, 
adhesion to the substrate ,  resis tance to degrada t ion  
by  the etchant,  and subsequent  ease of remova l  (3). 

The resolut ion requ i rement  in pa r t i cu l a r  has in-  
creased rap id ly  over  recent  years.  I t  is impor t an t  to 
d is t inguish be tween  bes t  possible resolut ion achiev-  
able  over  a sma l l - a r e a  unpa t t e rned  subs t ra te  under  
carefu l ly  contro l led  l abo ra to ry  conditions, and  best  
resolut ion  achievable  at  reasonable  yields over  la rge  
areas  in a product ion envi ronment  when var ious  levels 
must  be accura te ly  a l igned and precise d imens ions  
maintained.  In  this paper ,  unless o therwise  stated, 
the  t e rm "resolut ion" wi l l  be t aken  to mean  the 
smal les t  fea ture  on a chip tha t  can be imaged eco- 
nomical ly  on 3 in. wafers  under  product ion conditions. 
For  example ,  RCA's 16K RAM SOS devices, the  MWS-  
5114, requi res  fou r -mic romete r  resolution.  This chip 
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Fig. 4. Number of components per chip has been increasing at a 
geometric rate since 1959, when the planar transistor was devel- 
oped. Solid line Ref. (1); short dashes, Ref. (12); long dashes, Ref. 
(13) (prediction). 

is i l lus t ra ted  in Fig. 6. I t  is thought  tha t  the cur ren t  
prac t ica l  l imi t  for  product ion using convent ional  photo-  
l i thographic  methods  is no be t t e r  than  3 ~m (14). 
On the o ther  hand, surface s t ructures  as smal l  as 80A 
have r epor t ed ly  been defined in the l abo ra to ry  (15). 
Some examples  of the  recording  of high resolut ion 
on resists,  not  f rom the so l id-s ta te  indust ry ,  inc lude 
RCA's  VideoDisc masters  (9), which were  fo rmer ly  
fabr ica ted  using e lec t ron beam recording,  and Holo- 
tape@ (16), r e l i e f -phase  holograms which  were  re -  
corded using an  He-Ne  laser.  In  both  these cases, 
i l lus t ra ted  in Fig. 6 and 7, resolut ion of 0.25 ~m was 
rou t ine ly  achieved over  a l a rge -a r ea  substrate.  

In  o rde r  to fulfill  the  requ i rements  of micro l i thog-  
raphy,  some steps of the  process have become more  
or  less s tandard ized  (3), whi le  at  most  steps, a com- 
p romise  be tween  high per fo rmance  and cost is reached.  
Control  of the env i ronment  and the choice of resis t  

Fig. 5. A complex chip, RCA's 16K RAM SOS device illustrated 
here, requires four-~m resolution. Even finer dimensions will be 
required on next-generation circuits. 

mate r i a l  i tself  a re  o ther  factors where  choice is de -  
pendent  on process requirements .  

"Microl i thography,"  as used in e lectronic  device 
fabricat ion,  designates  the successive steps of: p r e p a r -  
ing the  substrate ,  (e.g., a sil icon wa fe r ) ;  app ly ing  a 
th in  (usua l ly  less than  5 ~m) film of r ad ia t ion -  
sensit ive po lymer ic  composit ion ( the "resis t")  to the  
surface of the  subst ra te ;  p r ebak ing  the resis t  coating; 
exposing the film to a pa t t e rn  of e lec t romagnet ic  
rad ia t ion  (light,  e lect ron beams, x - r ays )  so tha t  chem-  
ical react ions take  place in the film tha t  change its 
so lubi l i ty  in cer ta in  solvents  ( "deve lopers" ) ;  ba th ing  
the film in a developer  solvent  tha t  se lec t ive ly  re -  
moves e i ther  the  exposed ( "pos i t ive -work ing")  or  
unexposed ( "nega t ive -work ing" )  areas  the reby  c rea t -  
ing a pa t t e rned  stencil  in the  resis t  film; pos tbak ing  
the resist;  se lect ively  removing  ma te r i a l  f rom or de-  
posi t ing mate r i a l  on those areas  of the  subs t ra te  
which  have  been  uncovered  by  the deve lopment  step; 

Fig. 6. The masters for RCA's 
VideoDisc were formerly re- 
corded in a resist material using 
electron beam exposure. 
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Fig. 7. This Fraunhofer hologram was recorded in u resist ma- 
teria| using an He-He laser. The pattern exhibits ! ~m periodicity. 

and f inal ly removing  the  r ema in ing  resis t  pa t t e rn  
( " s t r ipp ing") .  

Substrata Preparation 
Prepa ra t ion  of the  subs t ra te  may  involve film g rowth  

or deposit ion,  diffusion or  implan ta t ion  of impuri t ies ,  
or  c leaning procedures .  If  the wafers  have  been ex -  
posed to the  ambien t  for  more  than  a few minutes,  
contaminat ion  is p robab le  (3), and a high t empera tu re  
bake  (,~200~ a n d / o r  appl ica t ion  of an  adhesion p ro -  
mote r  a re  employed.  In  many  wafer  processing areas, 
these steps are  rou t ine ly  used regard less  of the t ime 
lapse. The impor tance  of cleanliness in so l id-s ta te  
processing cannot  be overemphasized.  Surfaces mus t  
be scrupulous ly  c leaned and kep t  clean. Contamina-  
tion, in some form or  another ,  is  p r o b a b l y  the p r in -  
cipal cause of d a y - t o - d a y  processing prob lems  in 
fabr ica t ion  areas. For  this reason, env i ronmenta l  con- 
t ro l  (par t ic le  count, a i r  flow and qual i ty ,  clothing, 
humid i ty  level)  is a ma jo r  factor  in de te rmin ing  
yie lds  of good chips. A defect  which  can be t raced 
to surface contaminat ion  is shown in Fig. 8. 

Coating and Prebaking 
Microl i thographic  processes usua l ly  employ  l iquid 

res is t  ma te r i a l s  r a the r  than  d r y  film resists 3 because 
of the h igher  resolving power  of the f o r m e r .  The 
method  of appl ica t ion  is nea r ly  a lways  a sp in-on  
technique,  which  offers ve ry  good un i fo rmi ty  at  a 
low processing cost. Resist  solut ions are  fo rmula ted  
so tha t  dur ing  the appl ica t ion  and spinning process, 
the  so lvent (s )  evapora te  at  a ra te  op t imum for p ro -  
ducing a non-"sk inned"  coating of un i form thickness 
(17). In  o rde r  to remove the last  t races of solvent  
f rom the resis t  film and to :promote adhesion to the 
substrate,  a p rebake  step is next  car r ied  out, usual ly  
at  a modera te  t e m p e r a t u r e  (70"-90 ~ 

Exposure 
Exposure  is p robab ly  the single most impor t an t  

step in the  micro l i thographic  process. Resolution and 
pa t t e rn  un i fo rmi ty  are  de te rmined  at  this step, and 
the  exposure  equipment  and opera t ion  mus t  be ma in -  
ta ined  at  the precise op t imum level  to ensure good 
image production.  

The most  common type  of exposure  sys tem involves 
near -u .v ,  exposure  of the res i s t -coa ted  wafer  th rough  
a pa t t e rned  (photographic  emulsion, chrome, i ron 
oxide)  glass mask  wi th  which it is in contact;  however ,  
severa l  o ther  types  of exposure  systems are  now 
ava i lab le  or  under  development .  These var ious  systems, 

8 D r y  f i lm res is ts  are  nonso lvent~conta in ing  photores i s t  f i lms, as 
th in  as 25 /~m (one miD, supplied in a l a m i n a t e d  form,  and  used 
p r i m a r i l y  in the  pr inted  c ircui t  board  industry .  

Fig. 8. A foreign porticle, either on the~surface or in the resist, 
produced the defect seen in this photoresist pattern. (Light gray 
areas bear resist material.) 

as wel l  as thei r  respect ive  advan tages  and  d i sadvan-  
tages, will  be discussed below. 

Development 
Fol lowing exposure,  the res is t  film is developed,  

i.e., t r ea t ed  by  a so lvent  in  which  e i ther  the  u n e x -  
posed (negat ive  res is t )  or exposed (posi t ive res is t )  
a reas  a re  soluble. Deve lopment  is ca r r i ed  out  e i ther  
by  a sp ray  or  immers ion  technique.  As discussed 
previously ,  cer ta in  types  of resists  a re  t r ea ted  in a 
r inse solvent  to remove  res idual  developer  a n d  to 
reduce any swelling. Some types  of resis t  pa t t e rn  
defects can be de tec ted  by  inspect ion at  this point,  
as i l lus t ra ted  in Fig. 9. 

Recently,  a "d ry -deve lopabIe"  negat ive  res is t  has  
been p repa red  (Motorola) ,  thus pe rmi t t ing  use of 
an en t i re ly  d r y  photo l i thographic  process (18). 

Postbake 
Af te r  developing,  the  pa t t e rned  resis t  films are  

pos tbaked  to dr ive  off any  remain ing  developer  or  
r inse  solutions and to maximize  the  f i lm/subs t ra te  
adhesion. Typica l  pos tbake  t empera tu res  are  120 ~ 
135~ I t  is thought  tha t  best  adhesion is obta ined  by  
baking  at as high a t empe ra tu r e  as possible just  be low 
the softening point  of the resist.  

Etching 
In  most  cases, the  pho to l i thographic  process is sub-  

tract ive,  and the nex t  s tep involves e tching the un-  
pro tec ted  areas  of the  wafer.  Ei ther  wet  or d ry  etching 
processes m a y  be used. Wet, or  chemical,  e tching is 
the  t r ad i t iona l ly  used method,  in  which  the  wafers  a re  
immersed  in  l iquid  e tchant  (gas phase e tching is also 
inc luded in this ca tegory)  (19). Wet  etching is s imple  
and inexpensive,  and  this method  was used a lmost  
exc lus ive ly  unt i l  the  pas t  f ew years,  when  i t  became 
ev ident  tha t  the  s loped edges inheren t  in  isotropic 
we t -e tch ing  processes would  l imi t  control  of the  fea-  
ture  size. In  addit ion,  the lack  of perfect  adhesion of 
photores is t  film to the  subs t ra te  dur ing  wet  e tching 
leads to "undercut t ing,"  a fa i lu re  mechanism in which  
very  h igh ly  s loped edges occur (19, 20) (Fig. 10). In  
cer ta in  instances, a s loped edge is p r e f e r r ed  so tha t  the 
ma te r i a l  to  be subsequent ly  deposi ted wil l  cover the  
edge un i fo rmly  and completely .  In  o rder  to achieve 
control led  undercut t ing,  a ve ry  thin  l aye r  of ma te r i a l  
which dissolves in  the e tchant  more  r ap id ly  than  does 
the subs t ra te  film may  be deposi ted p r io r  to resis t  app l i -  
cation. Equ ipment  is now avai lab le  for  " d r y  etching" 
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Fig. 9. Various types of photoresist pattern defects observed after 
development. (a) "Orange peel" is a common occurrence when 
negative resists are underexposed; (b) the photoresist pattern is 
slightly mlsaligned in this pattern test key, since the octagon- 
shaped resist image does not coincide perfectly with the underlying 
substrate image; (c) imperfect contact between mask and wafer 
caused the inward notching at the corners of this photaresist pat- 
tern (gray areas are covered with resist); (d) poor adhesion of the 
photoresist to the substrate can lead to lifting of the resist image 
during development; (e) Bridging of the resist across open areas 
can be due to either substrate Contamination, poor contact during 
exposure, or underdevelopment. 

(p lasma etching)  (21) of wafers  reproducib ly ,  at  h igh 
resolution,  and  in  product ion  volumes.  Photores is t  ad -  
hesion is much  less cr i t ical  in d ry  e tching processes, 
and  ve ry  high aspect  rat ios  can be achieved in  p l ana r  
systems (22) as i l lus t ra ted  in  Fig. 11. 

Depos;tion 
In those cases where  an addi t ive  photo l i thographic  

process is employed,  the  subs t ra te  is not  etched~ bu t  
ra ther ,  an evaporat ion,  ion implanta t ion ,  or  p la t ing  
step is ca r r i ed  out  a t  this point.  In  the t r ime ta l  (Ti-  
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Fig. 10. Different edge profiles produced from various degrees of 
undercutting (a) good resist-to-film adhesion produces this type of 
edge; (b) undercutting has occurred at resist-~ilm interface; (c) use 
of a fast-etching film to achieve controlled undercutting. 

Fig. 12. Gold has been electroploted into the open (interconnect) 
areas of the photoresist pattern. Poor photoresist adhesion has led 
to plating under the resist film pattern edges. 

Fig. 11. Photoresist pattern over grating in fused quartz. Thick- 
ness of resist layer from top of lines ---- 1 ~m. Periodicity of grating 
in SlOg, - -  1.4 ~m; periodicity of grating in photoresist ---- 10 #m 
(5 #m line width). A reactive sputter etching procedure in a 
fluorocarbon gas was used to etch the Si02. 

Pt -Au  or T i -Pd -Au)  process (23), for example, the 
gold layer  is electroplated through openings in  the 
photoresist onto the P t  or Pd layer  on the substrate. 
In  this case, poor resist adhesion leads to "underp la t -  
ing," an example of which is shown in  Fig. 12. 

Resist Removal 
Finally,  the resist mater ia l  must  be stripped before 

the next  level of the device can be defined./k var ie ty  of 
acids, bases, and solvents are used for stripping, as is 
a plasma str ipping procedure. Removal of the last  
traces of resist residue, however, can be rather  dif- 
ficult to achieve (24). An example of incomplete re-  
sist removal  is shown in Fig. 13. 

Quite re levant  to a discussion of processing is the 
procedure of inspecting wafers and masks. Operator in -  
spection using an optical microscope is the t radi t ional  
inspection method, bu t  for masks, in  particular,  sev- 
eral types of highly sensitive and accurate, automatic 

Fig. 13. An extreme case of incomplete photoresist removal 

inspection ins t ruments  have recent ly been developed 
(25, 26). Some very simple mask inspection techniques, 
such as optical examinat ion  using a coll imated light 
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beam, either at a glancing angle or f rom behind the 
substrate,  can also be very  sensitive to defects. 

Exposure Techniques are Crucial to the 
Microlithographic Process 

As discussed above, exposure is often considered the 
most crucial step in  the photolithographic process. I t  
is at this point  that  the resolution, uniformity,  and 
image fidelity of the device are determined.  Because of 
the interact ion of the mask, the exposure equipment,  
and the resist material ,  the choice of an exposure 
system must  consider all  these elements. Trade-of fs  
in  terms of resolution, cest, and throughput  wil l  deter-  
mine  which system is chosen. 

Masks 
Masks which are either in  current  use or will  be 

used in  developmental  systems include photomasks, 
e lec t ron-beam masks, photo-reticles, and electron~ 
beam reticles. [Photomasks and e lec t ron-beam masks 
bear an a r ray  of pat terns  whose magnification is the 
same as the pa t t e rn  to be defined on the device wafer; 
a reticle, on the other hand, bears a single pa t t e rn  
whose magnification is larger (usual ly  5 or 10 times) 
than  that  to be defined on the wafer.] In  addition, ap-  
plications not  requir ing a mask, for example, the use 
of direct E -beam wri t ing on a wafer, are under  con- 
sideration. Masks are typical ly fabricated of silver 
halide emulsions, chromium (reflective or nonreflec- 
t ive) ,  or i ron oxide pa t te rned  onto a glass substrate. 
Emulsion masks are lowest in  cost, bu t  resolution and 
durabi l i ty  are limited. I ron oxide masks offer the ad-  
vantage that  the operator can see through them for 
easy pa t te rn  al ignment.  However, most high qual i ty  
masks are now fabricated of chromium with a thin 
surface layer  of oxide which makes the metal  film 
nonreflective. Exceedingly complex and /o r  large 
masks, such as a CCD mask [Fig. 14(a)],  and masks 
to be used in  noncontact  exposure systems may  be 
generated by  contact p r in t ing  from an e lec t ron-beam 
master  (11), or an optically generated s tep-and- repea t  
(S&R) master  may be used directly. Very fine geom- 
etry (~2  ~m)masks  can be fabricated directly by elec- 
t r on -beam recording. Masks which are to be used with 
deep (far) u.v. exposure systems require  quartz sub-  
strates, and x - r ay  exposure systems utilize a heavy 
metal  (e.g., gold) pa t te rn  on a th in  substrate  such as 
beryl l ium,  silicon, silicon carbide, or an  organic poly-  
mer  (27). 

Systems and Equipment 
Various types of wafer exposure systems may be 

used. These include u.v. flood exposure (contact or 
proximity) ,  u.v. exposure (projection),  u.v. S&R re-  
duction exposure (project ion),  x - r ay  flood exposure 
(proximity) ,  or e lec t ron-beam scan exposure (direct 
wri t ing) .  T h e  various combinations of mask types and 
wafer exposure systems which are in use or are being 
developed are shown in Fig. 15, along with a sum-  
mary  of some features of each type. 

Near u.v. flood exposure (contact mode) is the t ra -  
dit ional  method of photolithographic exposure. This 
method affords very  good resolution; in production, 
about 3 ~m can be achieved on the newest  ins t ruments  
(14), and throughput  is usual ly  high. On a laboratory 
scale, square wave gratings with micron and submi-  
cron periodicities and etch depths up to 3 #m have 
been achieved (21) (Fig. 11 and 16). Hard contact 
(thousands of grams force be tween mask and wafer) 
causes short mask life, however;  as a result, very 
expensive masks, such as e lec t ron-beam generated 
masters, or very complex masks where very low de- 
fect levels are required, cannot  be used economically. 

Near-u.v. flood exposure using soft contact (only 
a few grams force between mask and wafer)  or 
proximity  (wafer separated from mask by tens of 
micrometers)  is another  exposure scheme. The resolu- 
t ion capabil i ty is somewhat  lower than for hard con- 
tact, but  improved mask life can make this a feasible 
process in  certain cases. Power transistors, for ex-  
ample, use relat ively coarse geometries and often have 
mask-damaging  "bumps" on the wafer surface. 

Project ion near-u.v,  exposure has become quite 
popular  in the microelectronics indus t ry  over the past 
3-4 years because of the advent  of accurate, re lat ively 
high resolution 1:1 projection a l ignment  ins t ruments  
(Perk in -Elmer  Corporation).  These ins t ruments  are 
highly cost effective because they afford essentially 
infinite mask life and can achieve resolution down to 
about 2.5 ~m. Because of the long mask life, expensive 
masks, such as e lec t ron-beam generated masters, c a n  
be used. 

Under  typical factory conditions, existing near-u.v.  
exposure systems are l imited in  resolut ion by factors 
such as photomask accuracy and dimensional  stability, 
runout,  and wafer  flatness (28). The advent  of com- 
mercial  S&R reduct ion u.v. exposure systems (14, 29), 
using a single 5 or 10X photo- or E-beam-genera ted  
reticle as the photomask, is of considerable interest  at  

Fig. 14. RCA's CCD requires essentially perfect photolithographic patterning over a large area (10 mm X 15 mm). A small portion of 
the pattern is shown here. (a, left) E-beam generated chrome master for the polysilicen gate level; (b, right) completed CCD. 
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Fig. IS. Wafer exposure processes and parameters. Notes: (a) much of the data in this chart was updated by us from information as- 
sembled by R. Epifano of Central Engineering, RCA Solid State Division, in mid-1978; (b) using 10X reticle; (c) only a few prototype sys- 
tems available; (d) first commercial system prototyp- ~ (Cobilt) using proximity flood exposure now being tested. S&R systems not commer- 
cially available; (e) factory conditions, 3 in. wafers assumed. For near- u.v. exposure, resolution quoted is for positive photoresist. Near-u.v. 
exposed negative resist resolution about 30% larger; (f) one ~m resolution possible on small flat substrates; (g) at 20 ~m mask-to- 
wafer spacing, the minimum acceptable to avoid frequent mask-to-wafer contact; (h) estimate for a projection S&R system; (i) using MEBES 
(Manufacturing Electron-Beam Exposure System, ETEC Corporation), raster scan. Vector scan can resolve 0.1 #m; (j) resolution limit on 
prototype system, limited by manual alignment accuracy. Bell Labs proprietary resist and equipment can resolveD.5 #m; (k) short, 100- 
150 exposures; moderate, 150-1500; long, 1500-5000 or more; (I) low, < 2 5  3 in. wafers per hour; moderate, 25-50; high, 50-100; (m) MEBES 
could print < 2  3 in. wafers per hour. IBM EL-1 can do 22 21A in. (or 12 3 in.) wafers per hour; (n) Bell Labs resist and equipment can da 
15 3 in. wafers per hour. Information not available for Co.hilt system; (a) based on ratio of capital equipment cost to wafer throughput only. 

presen t  (GCA Mann, E lec t romask  Corpora t ion) .  Some 
features  of these systems are  high resolu t ion  (1.25 
#m),  v i r t ua l l y  no runout  over  the  wafer ,  au tomat ic  
focusing at  each step, long mask  life, and re la t ive  
insens i t iv i ty  to dust  on the  mask  (because of the  re -  
duced image size).  

The eventua l  use of deep u.v. exposure  m a y  ex tend  
the useful  wave leng th  range  of convent ional  photo-  
l i thography  and thus a l low somewhat  h igher  resolut ion  

(30). A few domest ic  commerc ia l  deep u.v. systems are  
now repor t ed ly  being tested.  

No x - r a y  exposure  systems are  commerc ia l ly  ava i l -  
able  as yet, bu.t an expe r imen ta l  model  (Cobi l t ) ,  
offering 2-3 ~xn resolut ion  capabi l i ty ,  is r epo r t ed ly  now 
being tested. This method,  using flood exposure  in  a 
p rox imi ty  mode (Fig. 17), appears  quite promis ing  in 
terms of resolut ion  ( l imi ted  by  al ignment ,  by  dime n - 
sional  s tab i l i ty  of mask  and wafer ,  b y  the  resolving 
power  of the  resist,  and b y  accuracy  of defining the  
mask  pa t te rn)  and  an t ic ipa ted  modera t e  cost  p e r  
wafer  (14, 27, 29). 

Use of an e lec t ron  beam for wafe r  fabr ica t ion  a p -  
p e a r s  to be  l imi ted  to d i rec t  wr i t ing  b y  a compute r -  

Fig. 16. Photoresist pattern on (111)-Si, thickness of resist layer, 
1.5 #m; 1.4/~m periodicity grating. 

M A S K  X - R A Y  
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Fig. 17. Schematic diagram of x-ray proximity flood exposure 
system, 
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Fig. 18. A raster scan technique may be used for wafer fabrication 
by direct electron beam exposuce. 

controlled scanning method (29,31) (Fig. 18). At 
present, this procedure is not commercially feasible 
because of low throughput, but improved system design 
and the advent of very large scale integrated (VLSI) 
circuits may bring the method into use in the 1980's 
(14). 

An alternative method for fabricating devices by an 
electron beam is E-beam projection (29, 32), whereby a 
special thin film photomask is bombarded with elec- 
trons, and resultant emission of electrons from the 
mask projects the mask image onto the wafer. How- 
ever, because of numerous problems, this approach 
will require considerable improvement before com- 
mercial application is practical. 

Resist Material 
The type of resist material chosen depends on the 

type of exposure system used. In general, photoresists 
cannot be used in electron-beam or x-ray exposure 
systems, but there are exceptions. For example, certain 
of the diazoquinone-type positive resist materials can 
be used in either deep u.v. or E-beam systems as 
well. In all areas of microlithography, more sensitive 
resist materials are constantly being sought, partic- 
ularly in x-ray lithography, where low source inten- 
sity is a particular problem. 

As mentioned previously, liquid resists are used 
almost exclusively, even in relatively low resolution 
applications. Conventional u.v./contact exposure proc- 
esses have traditionally used negative photoresists, 
both for historical reasons and because of their greater 
process latitude (33), better adhesion, and lower costs 
relative to positive photoresists. Proper exposure and 
use of nonxylene developers can permit definition of 
dimensions down to ~2 ~ with negative resists, but 
the relative ease of achieving very fine resolution with 
positive photoresist materials has led to a shift 
throughout the microelectronics industry over the past 
several years, as more and more highly complex chips 
are designed. 

Conclusion and a Look Ahead 
The field of microlithographic processing for pro- 

ducing integrated circuit devices has evolved so far 
from classical lithographic procedures that a com- 
parison is hardly possible. Requirements for producing 
the next generations of devices, such as 1M RAM's, 
will surely bring about more developments of high 

sophistication and capability. Minimum geometries of 
2 ~m by 1980 and 1.3-1.5 ~m by 1982 are estimated (14, 
34), and thus future trends in the solid-state industry 
will include such processes as x-ray and electron- 
beam exposure of wafers, and increased use of dry 
etching processes. However, the wide range of device 
requirements will surely ensure continued use of con- 
ventional photolithographic processes in many areas as 
welL 
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Interfaces in Electrochemistry 
Roger Parsons 2 

The news of the award of the Olin Pa l lad ium medal  
was a great surprise to me and I am very conscious 
of the honor which represents the regard of my friends 
a n d  colleagues in  electrochemistry. It is an unexpected 
honor in  view of the eminence of the previous holders 
of the medal  as well as of the many  distinguished elec- 
trochemists who deserve it, but  have not yet had 
the good for tune to be honored in this way. For this 
I would like to thank  the members  of the Selection 
Committee. I am also very  grateful  to Fred Anson 
for his kind introduction. I spent an enjoyable year 
in  his laboratory twelve years ago, where I was able 
to confirm my  belief that  what  people called "electro- 
analyt ical  chemistry" was just  as interest ing and 
exciting as what  people call "electrochemistry." 

I t  is t rue of practically every research worker  in 
the modern  world that  he works as par t  of a team. 
My own work could not have been done without the 
help and s t imulat ion of my friends. Almost all my 
career has been spent in  universities, the largest part  
in  Bristol, and I am a firm believer in the informal  
collaboration of the small univers i ty  research group 
as  an efficient generator  of new science. My co-workers 
have been mostly undergraduates,  graduate students, 
post-doctoral fellows, and visitors from a wide variety 
of countries. I am glad to say that without  exception 
they worked together harmoniously  and I am glad 
t o  acknowledge the major  par t  which they have 
played in my work. I have learned in this sort of 
env i ronment  that i l luminat ion  may come from un -  
expected places and that  the fresh approach of a 
beginner  may be as helpful as the insight of a savant. 

The title of my lecture could be taken in several  
ways. Electrochemistry has impor tant  interfaces with 
many  other subjects, such as engineering, biology, 
physics, e t c . . .  Nowadays the properties of the in ter -  
face between our experimental  systems, their  elec- 
tronic controls, and computers play an increasingly 
impor tant  par t  in our research lives. However I pro- 
pose to use the term in  its original sense and to 
describe some of the progress made in the study of 
junct ions between chemical phases, mainly  between 
a metal  and an electrolyte and to talk about s tructure 
and kinetics. 

I began my research career 33 years ago in just  
such a univers i ty  group which John Bockris started 
at  Imperial  College. It  was his undergraduate  lectures 
which s t imulated my interest  in electrochemistry 
and his energy which kept me in the subject. I was in 
fact the first of a very long line of Ph.D's who grad- 
uated under  his detailed supervision. Only those who 
had contact with the earl ier  atmosphere of physical 
chemistry at Imperial  College (1) can ful ly appre-  
ciate the impact of John Bockris on the research 
there. I shall always be grateful to him for s tar t ing 
me off so well in electrochemistry, with the classical 
problem of hydrogen overpotential  which still plays 
an impor tant  part  in electrochemistry even if it is 
far from being as dominant  as it was then. The flavor 
of electrochemical research at that t ime can be judged 
very  well  by looking at the reports of the Faraday 
Society Discussion on Electrode Processes (2) held in 
Manchester  in April  1947 which my fr iend and con- 
temporary  Brian Conway recalled in his excellent 
profile on electrode kinetics recent ly  (3). As he implies, 
this diseussion marked a watershed in the subject. 
One can see, side by side, work point ing towards the 

Olin Palladium Medal Address delivered October 16, 1979 at 
the Los Angeles, California Meeting of The Electrochemical So- 
ciety. The medal was struck from palladium supplied by the Inter- 
national Nickel Company, 67 Wall Street, New York, New York 
1000~. 

future  and work which nowadays s e e m s  to  b e  p a r t  
of the dark ages. It  was unfor tunate  that some of the 
most s t imulat ing papers, those by Frumkin ,  Levich, 
and Ershler  could not be presented by the authors 
and so played much less par t  in the actual meeting 
than they deserved. The work of F r u m k i n  and his 
colleagues had already been brought  to the at tent ion 
of our group by Bockris and it  has played an impor tant  
par t  in  my  scientific development as it must  for any 
electrochemist of my  generation. 

After  my Ph.D. I began to w o r k  on interracial  struc- 
ture because it seemed essential to know more about 
this in order to unders tand  the kinetics of processes 
which occur in the interphase. The power of methods 
developed in  the n ineteenth  century  to solve t h e s e  
problems still fascinates me and although remarkable  
techniques have been developed to apply these meth-  
ods, the basic principles are still yielding useful re- 
sults in  competit ion with those based on more r e -  
c e n t l y  developed ideas. 

For example the L ippmann  electrometer which is 
104 years old is still yielding useful results of high 
precision which are analyzed by the powerful thermo- 
dynamic methods developed by Willard Gibbs shortly 
afterwards. (It is perhaps surpris ing to remember  that  
one of the first to recognize the power of Gibbs' work 
and to publicize it was James Clerk Maxwell who 
died a century  ago this year. Of course his other con- 
t r ibutions have overshadowed his role as Gibbs'  advo- 
cate.) I remain  astonished that  classical thermody-  
namics (which is, after all, a rigorous method of 
rear ranging exper imental  information in a perhaps 
more comprehensible form) can give use so much 
insight into the minute  regions of space occupied 
by electrochemical and other interfaces. 

The concept of the electrical double layer in such 
systems was first clearly expressed by Helmholtz (4) 
also a century  ago. Although the essential principles 
were laid down so long ago and much impor tant  
application of them was made by Gouy and by F r u m -  
kin, systematic study of the metal /e lectrolyte  in ter -  
face real ly began in the n ineteen forties when David 
Grahame (5) showed how precision measurements  
of the capacity of the double layer  could be made 
using the dropping mercury  electrode. I have no 
doubt that if it had not been for his early death, he 
would have been a Pal ladium medallist  and would 
have continued to make impor tant  contr ibutions to 
electrochemistry. The whole modern picture of the 
electrical double layer  is founded on the work of 
Frumkin,  Stern, and Grahame, and largely on the 
detailed study of the mercury  electrode. Using essen- 
t ial ly classical thermodynamics one can build up a 
reliable picture of the composition, and to some extent  
deduce information about the orientat ion of molecules, 
in  the interface. Figure 1 shows a sketch of the prob- 
able molecular  a r rangement  at a structureless metal  
surface. 

I would like to recall a few simple examples of 
this type of approach. The fact that one can measure 
only surface excesses leads to a method of est imating 
the thickness of the inner  par t  of the double layer, 
that is the distance of closest approach of solvated 
ions to the metal  surface (6-8). 

We consider a perfectly polarized electrode and 
assume that  the adsorption of ions from a b inary  
1: 1-electrolyte is due ent i re ly  to electrostatic forces. 
The adsorbed ions then populate the diffuse layer  
described by Gouy-Chapman  theory (9, 10). Owing 
to the finite size of the ions and possibly to a difference 
in the solvent s t ructure near  the electrode there is 
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Fig. 1. Schematic picture of the structure of the electrical 
double layer at a uniform metal surface. 

a region be tween  the meta l  and the diffuse layer  in 
which there  are  no ions (8). Thus the distr ibution 
of ions is s imilar  to that  shown in Fig. 2. 

If  we assume that  the system consists of an aqueous 
solution of MX in contact wi th  a mercury  electrode 
then we may  obtain the quant i ty  FM+(H20) from ex-  
pe r iment  

r M +  (H20) -~ rM+ - -  ( X M X / X H 2 0 ) F H 2 0  

= FM+ - -  (~bMx/nbH20)]PH20 [ 11 . ]  

where  nbi denotes the concentrat ion of species i in 
the bulk of the solution. 

If the local concentrat ions of M + and of H20 are  
riM+ and nil20, respectively,  then the surface excess 
can be expressed as 

s FM+(H20) = {riM+ -- (nbM+/nbH20)nH20}dx [2] 

where  x -- 0 corresponds to the physical  interface 
and posit ive x is towards the solution. The integral  
should more  accurate ly  have  a lower  l imit  of --oo 
but if we can assume that  nei ther  component  is present  
in the meta l  phase the contr ibut ion f rom --oo to 0 
is zero. If the distance of closest approach of the ions 
is x~, then we may split the integral  into two parts 

rM+(H20) = ~0 x~ {-- (nbM+/nbH20)nH20}dx  

Z + { n M + - - ( n b M + / n b H 2 0 ) n H 2 0 } d x  [ 3 ]  

The second te rm on the r igh t -hand  side of [3] can 
be evaluated  f rom Gouy-Chapman  theory if it is 
assumed (as it  is in G-C theory)  that  the solvent  
concentrat ion is independent  of x ,  i .e.,  nil20 ~ ttbH20. 
This t e rm then becomes 

r2-sM+(H20) ~- , (riM+ -- n b M + ) d x  [4] 
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Fig. 2. Schematic diagram of potential and concentration distribu- 
tion in the electrolyte near the electrode. The x coordinate is per- 
pendicular to the interface and positive in the direction of the 
solution. The physical interface is assumed to be at the origin, x2 
is the distance of closest approach of the ionic species in solution; 
at this distance and at x ~ x2 the only interaction between the 
ions and the electrode is assumed to be the simple electrostatic 
force due to their charges. (a, top) shows the distribution of poten- 
tial r averaged in planes parallel to the interface. r  is the 
potential at the metal surface due to free charges; r that at x2. 
The potential in the bulk of the solution as x --> ~ is taken as 
zero. The charge on the metal is assumed to be positive. (b, middle) 
shows the distribution of cations corresponding to the situation 
described above, n -  is the local concentration of anions, n+ that 
of cations averaged in planes parallel to the interface. (c, bottom) 
shows the supposed distribution of the concentration of water 
(solvent) molecules. The real concentration (full line) can be re- 
placed by an equivalent rectangular distribution (dotted line) as 
described in the text leading to Eq. [6] .  

and this can be evaluated  using the G-C theory (5) 
to obtain 

r2-sM+(H2O~ : ( 2 n b M + / ~ ) { e x p ( - - e c J 2 k T )  - -  1} [5] 

This quant i ty  can be evaluated since r is obtained 
f rom ~s, the charge on the solution given by the Lipp-  
mann  equat ion ~s -- (07/oE)P~MX again using G-C 
theory. 

The other  par t  of the integral  can be evalua ted  
if  we assume that  the actual  dis tr ibut ion of wa te r  
in the inner  layer  can be replaced by a distr ibution 
consisting of a constant concentrat ion up to a plane 
at Xw and a zero concentrat ion at x < Xw (Fig. 2c). 
Then 

- -  (nbM+/nbH20)nH2odX - -  - -  w nbM+dX 

= -  nbM+ (x2 - -  x~) [6] 
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Fig. 3. Experimental determination of the thickness of the inner 
layer (x2 - -  Xw) as a function of charge on the electrode. 

Thus the  expe r imen ta l  surface excess is g iven b y  

r M + ( H 2 0 )  "-- - -  11,bM+ ( X 2  - -  X w )  

+ 2(nbM+/K) { e x p ( - - e ~ 2 / 2 k T )  --  1} [7] 

The first t e rm on the r i gh t -hand  side can be found b y  
f ind ing  the difference be tween  the expe r imen ta l  sur -  
face excess and tha t  ca lcula ted  f rom G-C theory  (sec- 
ond te rm on the r i gh t -hand  side) .  If  i t  is verified tha t  it  
is l inear  in the ionic concentra t ion  the va lue  of x2 --  xv, 
m a y  be obtained.  This resu l t  depends  on a model,  t ha t  
of Gouy  and Chapman,  which  is s t re tched to its l imits,  
but  we have  o ther  evidence which  suggests that  in this 
type  of use the  resul t  is not  ve ry  model-sensi t ive .  The 
resul t  ob ta ined  (8, 11) (Fig. 3) is in  the region of 0.3 
nm, which corresponds to the thickness  of one wa te r  
molecule  and so seems reasonable.  I t  is r e m a r k a b l y  
close to a ve ry  ea r ly  es t imate  of the double l aye r  th ick-  
ness given by  Wi l l i am Thomson (Lord  Kelv in)  and 
quoted in Helmhol tz ' s  1879 pape r  (4). 

An  a l t e rna t ive  route  to the  dimensions of  the  inner  
l aye r  come f rom the use of a pa ra l l e l  p la te  condenser  
model  wi th  an app rox ima te  measu re  of the effective 
pe rmi t t i v i t y  (e). This can be done by  measur ing  the po-  
ten t ia l  shif t  (hE) p roduced  by  a smal l  molecule  
( th iourea)  adsorbed  in this l aye r  if the pe rpend icu la r  
component  of its dipole moment  (p) is assumed to be 
known (12, 13). Use of the Helmhol tz  equat ion 

~E = - p r / ,  

leads to values  of e in the region of 8 eo to 10 eo, where  
eo is the pe rmi t t i v i t y  of free space, and hence again  a 
thickness of about  the same magni tude  as the d iamete r  
of a wa te r  molecule.  

The  low value  of the  pe rmi t t i v i ty  in the inner  layer ,  
compared  wi th  tha t  in the  bu lk  solvent,  had  been  fore-  

shadowed by  F r u m k i n  f rom a compar ison of resul ts  in  
severa l  solvents (14), and  i t  enabled  an exp lana t ion  
(15) of the r e m a r k a b l e  independence  of the capaci ty  of 
nega t ive ly  charged  m e r c u r y  of the na tu re  of the c a t i o n  
in solut ion discovered in Grahame ' s  work.  In  a sys tem 
wi th  a r a the r  sharp  change in permi t t iv i ty ,  a lmost  a l l  
the  potent ia l  drop  occurs in the  region  of  low pe rmi t -  
t iv i ty  ( the inner  layer )  and  the capac i ty  is insensi t ive 
to the  precise  posi t ion of the counter  charge  p rov ided  
i t  is p resen t  in  the high p e r m l t t i v i t y  region.  

More de ta i led  models  of the solvent  in the inner  
l aye r  were  developed b y  Macdonald  (16), Wat t s -Tob in  
(17), Bockris,  Devanathan ,  and  Mul le r  (18), Levine  
(19), F r u m k i n  and Damask in  (20) and this led to a 
semi -quan t i t a t ive  exp lana t ion  (21) of the  t e m p e r a t u r e  
dependence  observed  by  G ra ha me  (Fig. 4) as wel l  as 
of the shapes of the capac i ty  curves in  nonaqueous 
solutions (22). More recent  work  by  Fawce t t  (a former  
post-doc,  a t  Bristol)  and  Levine  has refined this model  
and  removed  some of i ts  inconsistencies.  

Al though  these classical  methods r ema in  useful, i t  is, 
na tura l ly ,  impor t an t  to use o ther  independen t  methods  
to examine  the interface.  One of the  most  promis ing  is 
the group which includes reflection spect roscopy and 
e l l ipsometry,  because the poss ib i l i ty  of measur ing  ve ry  
prec ise ly  the state of polar iza t ion  of vis ible  l ight  a l lows 
the smal l  changes due to a monolayer  or  less to be de-  
tected and the i r  re f rac t ive  index and mean  thickness 
to be determined.  In  a compl ica ted  adsorp t ion  sys tem 
such as tha t  of /~-quinol ine (23) this allows the or ien ta -  
t ion of molecules  to be fol lowed in close compar ison 
wi th  the amount  adsorbed  (Fig. 5). 

Unfor tuna te ly  so far  we have not  succeeded in fol-  
lowing the or ienta t ion  of solvent  molecules  which  
would  be so des i rable  for comparison wi th  the models.  
However ,  Bewick and Robinson (24) showed tha t  r e -  
flection spectroscopy can revea l  a change in  the dens i ty  
of wa te r  in the inner  l aye r  which  can amount  to 
about  5%. This has r ecen t ly  been  ex tended  at  Meudon 
to gold, both  po lycrys ta l l ine  (25) and single crysta ls  
(26). The resul ts  for  po lycrys ta l l ine  gold are  s imi lar  
to those for  lead  and me rc u ry  a l though i t  is possible  in  
this case to see effects a t  both  charge  ex t remi t ies  
(Fig. 6). The resul ts  a t  single c rys ta l  surfaces a re  p a r -  
t i cu la r ly  in teres t ing  (Fig. 7) because they  show the 
effect of surface s t ructure .  In  pa r t i cu la r  the (110) sur -  
face which has an asymmet r i c  s t ruc ture  of "rai ls" ;  
pa ra l l e l  to these "rai ls"  the  appa ren t  change is s imi lar  
to that  on the  "smooth" (111) surface  indica t ing  tha t  
the molecules can move equa l ly  f ree ly  along the rai ls  
as on a smooth surface. On the other  hand  if  the elec-  
tric vector  is pe rpend icu la r  to the "ra i l s"  the appa ren t  
change in  concentra t ion is ve ry  much less, indica t ing  
that  the movement  of molecules  is more  res t r ic ted  in 
this direction. 
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the simple four position model. 



VoL 127, No. 4 OLIN PALLADIUM MEDAL ADDRESS 

0.2 
6r 

0-! 

0.0 

0.0 

-05 

6A/o 

-1-0 - 

I 

e ~ . ~  ' ~  ' ~ . ~ ' ~ .  =i--~ ~ ' ~  
d ~ . f ~ : ~ : ~  ~ 

, ~ ,  I I / .  
�9 . . . . .  

. \ \  .\ 
\ \  \ .  

- ' ~ ' ~ . ~  ~ . ~  "------. 
~' ~ . . . . . . ~ . . _ . . . . . ~ . ~ :  ~ . . . ~ .  "--...~ ~ 

. . . .  /J f i - i  I 1 _ 
/ 

f _ . /  

I I 
0.0 -0.5 -1.0 

E/V 

10 

0 - O.5 -1.0 
I i I 

1010 P/tool c m  -2  

179C 

E/V ( S C E )  

T 2 

Fig. 5. (a, left) Adsorption of/~-quinoline at the mercury-aqueous 0.SM NaOH interface. The charge of the ellipsometric parameters &~' 
and 8& is shown as a function of electrode potential E (vs. SCE) for several adsorbate concentrations (a) 0.3 mM, (b) 1.5 mM, (c) 3.0 
mM, (d) 6.0 raM, (e) 15 raM, (f) saturated solution (~30 mM). Angle of incidence 70 ~ , wavelength 546.1 nm, temperature 
250 -+- 1~ except curve (b) 22~ (b, right) Sarface excess of/~-quinoline at a mercury electrode 0.SM Na2SO4 (data of N. Van Laethem, 
r Herman, and L. Gierst). 

We hope soon to extend this type of approach to 
silver electrodes to help to explain the spectacular 
capacity peak which has been observed with single 
crystals (27). I t  seems to be due to reorientation of 
individual water  molecules but is structure-sensitive 
at positive charges which suggests strong s i lver-water  
interactions. 

The electroreflectance spectrum of the metal itself 
shows remarkable features. On gold (28) it  is strongly 
dependent on the structure of the face being observed. 
Present models of surface electronic structure do not 
seem to be able to account for this, but theoretical de- 
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Fig. & Change of concentration of water in the inner layer of 
mercury and polycrystalline lead [data from Bewick and Robinson, 
Ref. (24)] and also for polycrystalline gold [data from Hinnen 
et al., Ref. (25)]. 

velopments seem imminent. Such experiments show 
promise for the iv s~tt~ study of solid surfaces. We have 
a great deal to learn about the behavior of solid sur-  
faces in contact with liquids and the prospects for the 
immediate future are exciting. 

I want now to turn to the problems of the kinetics of 
electrode reactions. As I mentioned earlier, my Ph.D. 
work with John Bockris was mainly on hydrogen over- 
potential. In a wri t ten comment to the 1947 Faraday 
Discussion, Frumkin remarked, "I t  is noteworthy that 
in the case of a mercury electrode, the value of the co- 
efficient b -- RT/aF in the term containing log i in 
Tafel's equation, corrected for the influence of the ~1 
term, gives for a the value ~ with an accuracy up to 
0.01. I t  must be conceded that, up to date, no one has 

1010 ~n.d/f:: rn 
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Fig. 7. Change concentration of water in the inner layer of single 
crystal gold [data from Hinnen et al., Ref. (26)]. 
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been able to explain why ~, in  this case at least, is so 
close to ~/z and remains  constant  over such a wide 
range of potentials.  I t  appears to the author  tha t  since 
the paper  by Horiuti  and Polanyi,  no considerable 
progress has been made in  the in terpre ta t ion  of the co- 
efficient ~". Not being so conscious of my l imitat ions as 
I am now, I rushed in  to solve this problem. I took 
what  was essential ly Butler 's  theory (29) and worked 
it  out quant i ta t ive ly  using Morse curves and showed 
(in my thesis) that  this gave not only  about  the r ight  
rate for the process bu t  also a reasonably constant  
value of a over the range of potential  which was used 
experimental ly.  Unfor tunate ly  this was not the final 
answer;  the problem of a is still with us. Most people 
know that  the models of simpler electrode processes 
involving only electron transfer  yield in  the first ap-  
proximat ion a l inear  dependence of a on potential.  
Rudy Marcus ment ioned in  his opening lecture that  we 
at tempted to verify this model using the slow CrS+/ 
Cr ~+ reac t ion  (30). We appeared to nave good success 
but  the accuracy of the fit was r ight ly  criticized by Fred 
Anson (31)a l though  the theory has been largely vindi-  
cated by later  work in  respect of the potent ial  depen-  
dence of a (32). 

Work on the hydrogen reaction led first t o  an at-  
tempt  to construct a general  f ramework  for electrode 
reactions so that it  was possible to see more clearly 
what  was useful  to measure and how the purely  kinetic 
problems might  be disentangled from the changes in  
the double layer  structure.  This was or iginal ly wr i t ten  
as a large single paper  but  was split  into two for pub-  
Iication. The first considered the si tuat ion when  a single 
e lementary  step is ra te -de te rmin ing  (33) while the 
second considered the possibility of s imultaneous con- 
trol of the rate by two e lementary  steps and suggested 
that this could occur only over ra ther  nar row regions 
of potential  (34). It is interest ing that  the separation of 
this work has resulted in  the first part  being much 
better  known than  the second and i l lustrates the neces- 
sity for publ ishing in the r ight  place. 

After  this ra ther  formal approach a somewhat more 
practical kinetic problem was presented. How can 
one predict the op t imum catalyst for a given reaction? 
Of course the answer to this problem depends on a 
n u m b e r  of factors but  since heterogeneous catalysis de- 
pends on  the bonding of the reactant  to the catalyst, 
i t  seems that the most impor tant  factor is l ikely to be 
the energy of this bond. The consequences of this s im- 
plification were worked out for the hydrogen reaction 
(35) and led to the "volcano" curve previously pre-  
dicted by Balandin  for gas phase catalytic reactions, 
using a thermochemical  argument .  The same simple 
kinetic a rgument  is applicable in  principle for both 
gas phase and electrochemical catalysis (36) and the 
general  predictions are borne out for many  of the 
former (37) and a few of the lat ter  notably  of course 
the hydrogen reaction (38). 

Nevertheless this model is at best a first approxi-  
mation, and, in  an at tempt  to find the way in  which it 
might  be extended unde r  more complicated conditions, 
we made a s tudy of the oxidation of formic acid on a 
series of metals (39). Here it seems appropriate to 
show the result  on pal ladium electrodes, which, as it 
happens, is the simplest  type of behavior  found for this 
reaction. That  is, the oxidation current  observed (Fig. 
8) in  a cyclic vol tammogram is independent  of the di-  
rection of the sweep. This indicates that  the oxidation 
of formic acid on Pd is an irreversible surface reaction, 
occurring with the absence of any  substant ia l  concen 
trat ion of blocking intermediates.  Nevertheless, the 
presence of a m a x i m u m  in  the current-vol tage  curve 
is remarkable.  It appears that  the simplest mechanism 
which can account for this type of behavior  is one in -  
volving three part ial  reactions and two t ransient  ad- 
sorbed intermediates,  the second occupying more sites 
than  the first (40). These may be present  at ra ther  low 
concentrations and they have not yet  been detected 
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Fig. 8. Cyclic voltammogram for palladium electrode in ( . . . . .  ) 
0.5M H2SO4, ( ) 0.5M H~SO4 + 0.1M HCOOH. Sweep speed 
70 mV sec -1.  Potential E on the hydrogen scale. Temperature 2YC.  

so that  the mechanism remains  hypothetical. Even  
with such a simple mechanism the predict ion of the 
effect of the na ture  of the meta l  on the b inding  of the 
two species and hence on the kinetics takes us beyond 
present  knowledge. If the interactions between a d -  
s o r b e d  species and the heterogeneity of the surface are  
to be considered then at best only ra ther  formal solu- 
tions can be found. 

There is now some sign that  the  problem of prepar-  
ing clean well-defined surfaces for electrochemical 
studies is approaching a reasonable solution at least for 
some surfaces. To show that  work on this type of fun-  
damenta l  problem can still produce exciting results on 
systems thought to be simple and relat ively well  under -  
stood, I should like to finish by showing some very  re-  
cent work on p l a t inum single crystals done in  my lab-  
oratory at Meudon by Clavil ier  together wi th  some re-  
search workers in another  C.N.R.S. laboratory at  Gre-  
noble (41). Clavil ier  has developed a simple and effec- 
tive method of prepar ing clean metal  surfaces and 
put t ing them into an electrolytic cell. Their  cleanliness 
is verified by paral lel  Auger  experiments  and by the 
fact that  the cyclic vol tammogram is stable f rom the 
first cycle. Most s tr iking results are obtained on the 
(111) surface which in  sulfuric acid gives the curve a 
of Fig. 9 which is stable, provided that  the positive 
potential  l imit  is kept below 1.2V (no formation of 
oxide layer) .  However extension of the potential  l imit  
to 1.5V yields a remarkable  change in  the hydrogen ad- 
sorption region indicating loss of the high energy hy-  
drogen adsorption sites p resumably  by a reconstruction 
of the surface. If the surface is deliberately sl ightly 
contaminated the vol tammogram a of Fig. 10 is ob- 
tained. Up to 20 cycles are required to decontaminate 
the surface but  at the same time it is reconstructed to 
yield curve b which is essentially the same as curve b 
in Fig. 9. Thus, with a contaminated surface the high 
energy adsorption of Fig. 9a is never  seen. This high 
energy adsorption is very  sensitive to the na tu re  of 
the anions in  solution and curves obtained in the pres-  
ence of HC104 (Fig. 11) which is less s trongly ad- 
sorbed show this hydrogen adsorbing at even more 
positive potentials. Addit ion of increasing amounts  of 
SO42- causes the high energy adsorption region to shift 
towards more negative potentials un t i l  the curve of 
Fig. 9a is reached. Results on the (110) p lane  are no t -  
ably less sensitive and are in  good agreement  wi th  
those found in  other laboratories. One impor tant  con- 
clusion from this work is that  electrochemistry can 
provide results which are extremely sensitive to sur-  
face structure and conversely this under l ines  the im-  
portance of surface s t ructure  in  electrochemical re-  
action. 

The work I have jus t  described is an i l lus t ra t ion of 
the development  of electrochemistry in that  it depends 
on an essentially modern  way of th inking  about sur-  
faces and surface s t ructure  as well  as modern  tech- 
niques while using a basically simple technique of the 
measurement  of current  and voltage. 

The increasing interest  in  the molecular  and  atomic 
s t ructure  of the interface in  electrochemistry parallels  
the similar development  in physical chemistry in  gen- 
eral  and in  solid-state physics notably,  of course, in  the 
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Fig. 9. (a, left) Voltammogram for Pt ( I I1) in 0.5M H~SO4 after annealing. Sweep rate 50 mV sec -1. Potential on the hydrogen scale. 
(b, right) The same but first cycle in which the limit at positive potentials was 1.5V (RHE). 
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Fig. 10. (a} Voltammogram for Pt (111) in 0.5M H2S04 annealed 
and then contacted with laboratory atmosphere for a few minutes. 
(b) The same after 20 cycles. 
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Fig. 11. Voltammogram for Pt (111) in 1M HCI04 after anneal- 
ing. Sweep rate 50 mV sec -1. 

shift  of in teres t  f rom bulk  proper t ies  to surface p r o p -  
er t ies  which has acce le ra ted  in the pas t  few years.  The 
t endency  in the past  has been to a t t empt  a molecu la r -  
quan tum in t e rp re t a t ion  of  expe r imen t s  which  were  
st i l l  based  on ave raged  proper t ies  whe the r  t h e r m o d y -  
namic  or  kinetic.  Too often the  compar ison be tween  
theory  and e x p e r i m e n t  of this type  is unspecific and 
cannot  r evea l  much about  the  t rue  na tu re  of the  sys-  
tem. Exper imen t s  which  are  themselves  more  d i rec t ly  
based  on molecu la r  p roper t i e s  a re  now being done, 
no tab ly  in  the  s tudy  of the  in te rac t ion  of  l ight  wit. 
e lec t rodes  as so b r i l l i an t ly  descr ioed  by Heinz Ger ischer  
in his Pa l l ad ium meda l  lecture.  I be l ieve  tha t  we are 
on the threshold  of the t rans format ion  to a real  molec-  
u la r  under s t and ing  of electr i f ied in te rphases  and con~ 

sequent ly  tha t  we are  now a t  an exci t ing in te r face  in 
e lec t rochemis t ry .  
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Chlorine-Caustic Soda 
Production and capacity.--U.S, production of chlorine 

in 1979 rose 11% to 12,271,519 tons. InduStry capacity 
increased less than 1%, from 39,165 tons/day to 39,279 
tons/day, during the year. Production rates exceeded 
90% of capacity at the end of the year, up significantly 
from the beginning of the year (1-3). 
Estimates of the production capacity of individual 

U.S. producers are shown in Table I (4). 
Expansions completed in early 1979 by BASF Wyan- 

dotte and Georgia Pacific are included in Table I. 
Pennwalt completed two expansions during 1979, 

raising its capacity to 464,000 tons/year of chlorine. 
During 1979 several acquisitions occurred: Linden 

Chemicals and Plastics acquired three chlor alkali 
plants from Allied Chemical, raising their capacity 
from 450 tons/day to 1150 tons/day (5, 6). Vulcan 
Materials Company purchased a chlor alkali plant 
located at Port Edwards, Wisconsin from BASF Wyan- 
dotte Corporation, increasing their capacity 209 tons/ 
day to 1340 tons/day (8-10). 
New plant expansions and modernizations are shown 

in Table II (11). 
During 1980, PPG plans to complete the 750 tons/ 

day second phase of its Lake Charles, Louisiana, plant 
doubling capacity. Hooker will increase the capacity 
of i t s  T a c o m a ,  W a s h i n g t o n ,  p l a n t  to 675 t o n s / d a y .  F o r t  
H o w a r d  P u l p  a n d  P a p e r  wi l l  s t a r t  u p  a 12.5 t o n s / d a y  
m e m b r a n e  ce l l  p l a n t  i n  M u s k o g e e ,  O k l a h o m a ,  I n  e a r l y  
1981 C o n v e n t  C h e m i c a l  w i l l  s t a r t  u p  i t s  800 t o n s / d a y  
u n i t  i n  C o n v e n t ,  L o u i s i a n a .  D o w  wi l l  a d d  a n  i n c r e -  
m e n t  to i t s  F r e e p o r t ,  Texas ,  p l a n t  i n  1980 o r  1981 
(4, 12).  

A v e r a g e  a n n u a l  c h l o r i n e  c a p a c i t y  is e s t i m a t e d  to 
b e  16,435,000 t o n s / y e a r  a n d  c o n s u m p t i o n  is e s t i m a t e d  
to  b e  12,820,000 tons  in  1982 (13) .  

C a u s t i c  soda  p r o d u c t i o n  w a s  12,313,848 tons ,  u p  
14.6% f r o m  1978. P r o d u c t i o n  of c aus t i c  soda  m a y  
i n c r e a s e  to 13,000,000 tons  in  1980. P l a n t  c a p a c i t y  f o r  
c aus t i c  soda  w a s  15.5 m i l l i o n  t o n s / y e a r  i n  t h e  f i rs t  
q u a r t e r  of  1980 (14, 15).  

C a n a d i a n  p r o d u c t i o n  c a p a c i t y  i n c r e a s e d  650,000 t o n s /  
y e a r  i n  1979, to 1,650,000 t o n s / y e a r .  C a n a d i a n  I n d u s t r i e s  

The Industrial Electrolytic Division is grateful  for the support 
received from the Vittorio de Nora-Diamond Shamrock Fund in 
assisting with the publication costs of this report. 

1 This report is sponsored by the  Industrial Electrolytic Division 
of The Electrochemical  Society. It represents  a summary of the 
published information on production, plant capacities, consump- 
tion, markets and trends, prices, raw materials, new develop- 
ments, health and environmental  aspects in the electrolytic and 
related industries. 

The material presented here in  has been  obtained from many 
sources, as noted in the  re ference  list, and does not necessari ly  
represent  the opinions of the  authors.  
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increased the capacity of their Becancour, Quebec, 
facility 150,000 tons/year. 
Dow Chemical of Canada increased the capacity 

of their Fort Saskatchewan, Alberta, facility 500,000 
tons/year. Production nameplate capacity of the Can- 
adian producers is shown in Table III (16-26). 
Total Canadian chlorine production is forecast to 

be 1220.5 kilotons by 1983 (16). 
The amount of salt used to manufacture chlorine 

and caustic soda increased as the chlorine production 
increased. Chlorine and caustic soda production is 
the largest single salt consumer, comprising 41% in 
1978. Some supply problems were encountered during 
1979 as a result of hurricane David "melting" solar 
salt crops, and production problems encountered in 
the Louisiana rock salt mines. Expansion of salt pro= 
duction was announced by Cargill, Incorporated and 
Great Lake Minerals and Chemicals Corporation (27- 
31). 

Markets and prices.--World demand for chlorine from 
the U.S. increased during 1979. Energy prices helped 
exports of energy intensive chlorine derivatives. Chlo- 
rine prices gained strength on the booming market 
for ethylene dichloride export. Price increases during 
the year resulted in $10-20 increase in chlorine, up 
to $135 to 150, and caustic soda up to $160 to 175/ton 
(32) .  

R e d u c e d  w o r l d  w i d e  d e m a n d  fo r  c h l o r i n e  h a s  l e a d  
to a t i g h t e n i n g  i n  t h e  caus t i c  soda  m a r k e t .  P r i c e  i n -  
c r ea se s  in  e a r l y  1980 i n c r e a s e d  p r i c e s  f o r  c aus t i c  s o d a  
u p  to $ 2 5 / t o n  (33-44) .  

Table I. U.S. chlorine producers 1000 tons/yeor of chlorine 

Allied Chemical 350 
Aluminum Co. of America 200 
BASF Wyandotte 488 
Diamond Shamrock 1234 
Dow Chemical 4650 
DuPont 479 
Ethyl Corporation 176 
FMC Corporation 350 
Georgia Pacific 513 
Goodrich Chemical 110 
Hooker 1161 
ICI Americas 170 
International Minerals & Chemical 119 
Kaiser Aluminum & Chemical 205 
Linden Chemicals & Plastics 166 
Olin Corporation 930 
Pennwalt Corporation 409 
PPG Iudustries 1250 
SheU Chemical 105 
Stauffer Chemical 380 
Vulcan Materials Company 410 
Weyerhaeuser  Company 140 
Others 403 

Total  14,398 
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Table II. New plant expansions and modernizations in the United States 

Projected 
Location Producer Project Status completion Notes 

Louisiana 
Convent Convent Chemical Co. 800 tons/day Diamond MDC 55 Building 1st Quarter 1981 
Lake Charles PPG Industries, Inc. Phase 2, 750 tons/day, (bipolar) Building 2nd Quarter 1980 

Oklahoma 
Muskogee Fort Howard Paper Co. 12.5 tons/day Hooker MX (membrane) Building 2nd Quarter 1980 

Oregon 
Portland Pennwalt  Corp. Expansion 310-410 tons/day Building 1st Quarter 1980 1 

Expansion 410-570 tons/day (diaphragm) Engineering 1981 
Texas 

Freeport Dow Chemical USA Expansion, Dew (diaphragm) Continuing 1980-1981 1 
Washington 

Tacoma Hooker Chems. & Plastics Expansion 400.675 tons/day Engineering 3rd Quarter 1989 
Corp. Hooker H-4 

Expansion 200-25(> tons/day Building 1st Quarter 1980 

Note: All  Dow USA locations---conversion to metal anodes scheduled to have started in late 1979. 
Electrolytic plant producing caustic soda, chlorine, and hydrogen from brine. 

U.S. producers claimed chlorine was still under  
priced, despite price hikes (45). 

Chlorine burning to produce HC1 is forecast to 
increase at  10% annual  growth rate in the ear ly  
1980's (46). 

Ethylene  dichloride had a good year  in 1979 but 
will  probably  not have as good a year  in 1980 (47). 

Chlorinated solvents remain  under  the pollution 
gun. Demand for these chlorine derivates  appears 
l ikely to have l i t t le  growth prospect (47). 

The pa t te rn  of chlorine and caustic end use is 
shown in Table IV, and Table V (48). 

M e m b r a n e  cel ls . - -Akzo Zout Chemie Nether land BV 
announced plans to build the first wor ld  scale m e m -  
brane cell chlor alkali  plant, 250,000 tons /year  chlorine, 
in June  1979. Akzo chose Asahi Chemicals membrane  
technology because of the per formance  of t h e  Asahi 
cells and the fact that  the technology is more ad- 
vanced than any other  in the field. The plant  is due 
on s t ream in 1982 (49-60). 

Table III. Canadian chlorine producers (16) 
(kilotons/year of chlorine) 

Capacity 

Canadian Industries (CIL) 388 
Canadian Occidental (Hooker) 134 
Cansco Chemicals 18 
Dow Chemical of Canada 918 
FMC Chemicals 33 
Prince Albert Pulp 33 
Reed 14.5 
Stanchem (PPG Industries) 116 

Total 1654.5 

Table IV. End use patterns of chlorine 

Derivative Percent 

Vinyl chloride monomer 18 
Chlorinated methanes 8 
Chlorinated ethanes 10 
Other chlorinated organics 20 
Pulp and paper 12 
Inorganic chemicals 15 
Water and waste treatment 6 
Miscellaneous 11 

Table V. End use patterns of caustic soda 

Derivative Percent 

Chemical processing 40 
Pulp and paper 20 
Petroleum 4 
Aluminum 4 
Soap and detergents 4 
Textiles 2 
Rayon and cellophane 3 
Miscellaneous 6 
Exports 17 

Sweden 's  A.B. Celleco (Stockholm),  established to 
sell membrane  cell technology developed by Ionics 
using duPont  Nafion membranes,  is supplying Celleco's 
process package to Elkem Spigeverk.  The 25 tons /day  
chlorine plant  wil l  cost $4.5 mil l ion and is due on 
s tream in mid 1980 (61-63). 

Uhde GmbH will  supply the Hooker  MX type elec- 
trolysis cells to Tofte Cellulose Fabr ikk  of Hurum, 
Norway. The 14,000 tons /year  plant  is scheduled to 
be on s t ream in Ju ly  1980, at Torte on the Oslo Fjord. 
Caustic soda will  be a 15% solution, v i r tua l ly  salt  
f ree (63-67). 

Diamond Shamrock Corporat ion licensed its dia- 
phragm cell chlor alkali  technology to the Peoples 
Republic of China. A 625 tons /day  plant  will  be buil t  
at Shengli  in Shantung Province (68-71). 

Diamond Shamrock Corporat ion licensed a 22 metr ic  
tons /day  caustic membrane  cell plant  to Niger ian 
National  Paper  using its bipolar  membrane  cells, and 
a 24.5 metr ic  tons /day  membrane  cell plant  using 
its new DM-14 monopolar  membrane  cells to Paek  
Kwang  in South Korea (72). 

Asahi Glass Company has constructed a pilot plant  
at its Chiba factory for the product ion of ion exchange 
membranes.  The company has decided to construct 
a ful l-f ledged plant  for the product ion of ion exchange 
membranes.  Construction time, startup, and capacity 
have not been disclosed (73). 

During 1979 Asahi Glass Company has continued 
to sell its membrane  technology: Imper ia l  Chemical  
Industries, ICI, concluded an agreement  for the eval -  
uation of Asahi Glass' membrane  technology. The 
agreement  cost ICI $500,000 (74, 75). Uhde GmbH 
reached an agreement  for full  disclosure of Asahi 's 
ion exchange membranes  and electrolytic cells and 
appointed Udhe sole agent  for their  manufac tur ing  
and sales. A demonstrat ion plant  of 3,000 tons /year  
will  be constructed. Asahi Glass will  also supply ion 
exchange membranes  to Bayer  & Hoechst (76, 77). 
Nippon Carbide Industries wil l  switch its (1,450 tons /  
year)  mercury  process to an ion exchange membrane  
process plant  using Asahi Glass Company's  membrane  
technology by November  1980. Nippon Carbide is 
the first to announce the switch over  (80). P. N. 
Soda Waru in Indonesia and the Paper  Industries 
Corporat ion of the Phil l ippines have also licensed 
plants of undisclosed capacity f rom Asahi Glass Com- 
pany (81). 

Asahi Chemical  Company has l icensed its ion ex-  
change membrane  cell technology to N. Z. Forest  
products of New Zealand. The plant will  produce 
10.000 tons /year  caustic soda (78, 82). 

The world membrane  cell plants are listed by tech-  
nology uti l ized in Table VI. 

Performance  of the leading Japanese  membrane  
cell technology is detailed in Table VII (83). 

Tokuyama Soda has increased the caustic concen- 
t rat ion f rom its process f rom 20 to 27% wi thout  
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Table Yl. Membrane cell plants 

A s a h i  C h e m i c a l  C o m p a n y  T e c h n o l o g y  
1. A s a h i  C h e m i c a l  C o m p a n y  1975 80,000 M t o n s /  

N o b e o k a ,  J a p a n  y e a r  
2. P r i n c e  A l b e r t  P u l p  C o m p a n y  1978 30,000 Mtons /  

S a s k a t o o n ,  Sask. ,  C a n a d a  y e a r  
3. St A n n e - N a c k a w i c  P u l p  & P a p e r  1979 10,000 M t o n s /  

N a c k a w i c ,  N e w  ' B r u n s w i c k  y e a r  
4. D e n k i  K a g a k u  C o m p a n y  1976 60,000 M t o n s /  

Ohmi ,  J a p a n  y e a r  
5. Akzo  Zou t  C h e m i e  N e t h e r l a n d  BV 1982 280,000 M t o n s /  

H e n g e l o  y e a r  
6. N,Z. F o r e s t  P r o d u c t  Ltd .  1981 19,000 t o n s / y e a r  

New Z e a l a n d  NaOH 
II. H o o k e r  & U h d e  T e c h n o l o g y  

1. R e e d  P a p e r  1975 t3,090 M t o n s /  
D r y d e n ,  O n t a r i o  y e a r  

2. Ft .  H o w a r d  P u l p  & P a p e r  1030 4,500 M t o n s /  
Ft .  H o w a r d ,  A r k a n s a s  y e a r  

to  be  e x p a n d e d  9,00.0 
3. T o f t e  Cel lu lose  F a b r i k k  1980 16,500 M t o n s /  

( H u r u m )  N o r w a y  y e a r  
III. D i a m o n d  S h a m r o c k  T e c h n o l o g y  

1. Musc le  Shoa l s  1975 3,000 t o n s / y e a r  
2. U d d e h o l m s  AB 1978 20,000 t o n s / y e a r  

Skogha l l ,  S w e d e n  
3. A r a c r u z  Cel lu lose  1980 13,09fl t o n s / y e a r  

Vic to r i a ,  Braz i l  
to  b e  e x p a n d e d  38,000 t o n s / y e a r  

4. N i g e r i a n  N a t i o n a l  P a p e r  8,000 M t o n s /  
y e a r  

5. P a e k  K w a n g  9,000 M t o n s /  
S o u t h  K o r e a  y e a r  

6. K o r e a  P o t a s s i u m  12,000 M i e n s /  
S o u t h  K o r e a  y e a r  KOH 

IV. Ionics  & Cel leco T e c h n o l o g y  
1. E l k e m  S p i g e v e r k  1980 ]0,900 t o n s / y e a r  

B r e m a n g e r ,  N o r w a y  
2. ROT C h i m i c a  72 M t o n s /  

M o n t e r e y ,  Mexico d a y  KOH 
2,600 M t o n s /  

y e a r  
V. Asah i  Glass  C o m p a n y  T e c h n o l o g y  

1. A s a h i  Glass  C o m p a n y  1978 
Kansa i ,  J a p a n  

2. P .N.  Soda  W a r u  
I n d o n e s i a  

3. P a p e r  I n d u s t r i e s  Corp .  of P h i l l i p p i n c s  
4. U h d e  G m b H  

W e s t  G e r m a n y  
5. N i p p o n  C a r b i d e  I n d u s t r i e s ,  Inc.  

J a p a n  
VL T o k u y a m a  S o d a  C o m p a n y  T e c h n o l o g y  

1. T o k u y a m a  Soda  1977 
Y a m a g u c h i ,  J a p a n  

VII. Al l i ed  C h e m i c a l  Corp .  
1. A l l i ed  C h e m i c a l  1976 

S y r a c u s e  P i lo t  P l a n t  

10,000 t o n s / y e a r  

U n d i s c l o s e d  

U n d i s c l o s e d  
3,000 t o n s / y e a r  

1,450 t o n s / y e a r  

10,000 t o n s / y e a r  

2,000 t o n s / y e a r  

increasing its power  consumption. Tokuyama Soda 
plans to begin construction of a commercial  plant  
in fiscal year  1981 (79). 

Allied's  technology utilizes a patented series cath-  
olyte flow for optimized product ion of low st rength 
10-20% NaOH. Power  consumption is ~10% below a 
para l le l  flow unit  when producing 16.5% NaOH. A 
six tons /day  commercia l  prototype has been in opera-  
tion since early 1978 (84). 

D e v e l o p m e n t s . - - A  nonelectrolyt ic  chlorine process 
has been patented by Bat te l le  Memoria l  Institute. The 
process recovers  chlorine f rom hydrochloric  acid by 
oxidat ion in a mol ten  salt containing vanadium oxide 
and alkali  meta l  sulfates and pyrosulfates.  The work  
is repor ted ly  still at the laboratory  stage, and fur ther  
development  would requi re  an industr ial  sponsor (85- 
87). 

Conradty GmbH and Grea t  Lakes Carbon have  
formed a joint  venture  company called Grelcon to 
marke t  electrodes. Conradty 's  subsidiary Meta l le lek-  
t roden developed technology for coating electrodes 
which have been sold in Europe for many  years (88). 

Asahi Glass, PPG, and De Nora have  agreed to 
the joint  development  of a new caustic soda manu-  
factur ing process called SPE, Solid Po lymer  Electro-  
lyte. The process features 20% lower  electric power  
consumption than the latest  ion exchange membrane  
processes. Asahi Glass Company has recent ly  launched 
its own R&D program on the SPE separate ly  f rom 
the joint undertaking with PPG and De Nora (89-91). 
New energy saving cathodes are being developed 

for diaphragm and membrane chlor alkali cells. Toku- 
yama Soda has announced that its new cathode is 
being applied successfully in its I0,000 tons/year 
membrane cell plant, reducing cell voltage from 3.5 
to 3.3V (92). 

Diamond Shamrock expects to save $2 mi l l i on /yea r  
at its Houston plant  where  high surface area nickel  
cathode coatings on its steel d iaphragm cell cathodes 
reduces hydrogen overvol tage  120-140 mV. A commer -  
cial facil i ty to produce coated cathodes for o ther  
chlor alkali  producers has been constructed (93, 94). 

Hooker  Chemicals and Plastics Company and Lurgi  
discussed cathode coatings at the Society of the Chem-  
ical Indust ry  Conference on the Advances in Chlor 
Alkal i  Technology, which should be commercia l ly  
avai lable in 1980 for d iaphragm cells (95). 

D. H. Por ter  of Hooker  Chemicals and Plastics Com- 
pany discussed the reduct ion in energy consumption 
of the Hooker d iaphragm cells at the Society of the 
Chemical  Industry  Symposium on Advances in Chlor 
Alkal i  Technology. Power  consumption reduct ion of 
20% using a new microporous diaphragm, a lower  
br ine gap, and new electrode coatings, along wi th  
grea t ly  increased surface area in the same basic cell 
design, was discussed. Power  consumption was re -  
duced f rom 2900 k W - h r / t o n  chlorine to 2300 k W - h r /  
ton chlorine (95). 

General  Electric has developed and commercia l ly  
operates a catalytic system to remove  85-97% of the 
sodium chlorate f rom its d iaphragm cell caustic soda. 
Product  qual i ty  of less than 30 ppm sodium chlorate  
can be obtained (96). 

Mercury cel ls . - -The Japanese  mercury  cell plants 
must  discontinue operations by the end of 1984. MITI 
has proposed a plan to divide the 21 mercury  process 
companies into two groups. MITI wil l  urge the first 
group of three companies, Asahi Chemical  Indust ry  
Company, Asahi Glass Company, and Tokuyama Soda 
Company to complete the switch to ion exchange 
membrane  technology within  2 years. Each company 
has developed its own technology. The remaining  
medium and small  scale producers will  be requi red  
to convert  the technology within  5 years. The program 
also calls for a closure of 423,000 tons /year  of capacity, 
290,000 tons /year  mercury  and the remainder  in dia- 
ph ragm product ion capacity. A total  of 1,360,000 tons 

Table VII. Performance parameters Japanese membrane cell technology 

Current Current Caustic con- Cell tern- 
efficiency Voltage density Power consumption HC1 consumption centration peratUre 

Asahi Chemical Co. 93.4-94.8 3.31-3.90 4 kA/m ~ 2698 to 2776 kW-hr/ 132 to 146 kg/MT 40% 90~ 
MT NaOH NaOH 

Asahi Glass Co. 92.0-95.5 3.80-3.87 2 kA/m 2 2667 to 2781 kW-hr/ None 38.5-40.8% 85~ 
MT NaOH 

Tokuyama Soda 94 3.50 2 kA/m ~ 2496 kW-hr/MT NaOH 40 kg/MT NaOH 20% 85"C 

NaCI Size of Source of Source of 
depletion Cell type membrane membrane anode 

Asahi  C h e m i c a l  Co. 70% B i p o l a r  1.2m x 2.4m Self  s u p p l y  Self  s u p p l y  
A s a h i  Glass  Co. 46-56% M o n o p o l a r  l m  • 2m Self  p r o d u c e d  Purchase  
T o k u y a m a  Soda  Co. 40-50% B i p o l a r  270 d m  ~ Se l f  s u p p l y  P u r c h a s e  
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of capaci ty  wil l  be conver ted  to ion exchange mem-  
b rane  technology (97-99). 

The EEC Commission has made  two proposals  to 
l imi t  the me rcu ry  content  of effluent f rom me rc u ry  
cell  chlor  a lka l i  plants.  The first proposed  di rec t ive  
l imits  the mercu ry  content  of the effluent f rom chlor 
a lka l i  plants:  

Mercury  in effluent g / t on  of chlor ine capaci ty  

Recycle  b r ine  Brine  discharge 
process process 

J u l y  1, 1983 1.5 8 
Ju ly  1, 1986 1.0 5 
J u l y  1, 1989 0.5 2.5 

The second d i rec t ive  covers f resh wa te r  a f te r  rece iv-  
ing the effluents: 

F resh  wa te r  0.5 m g / m  3 
Seawa te r  0.05 m g / m  ~ 

Mercu ry  concentra t ion  in fish cannot  exceed 0.3 
m g / m  3. Indus t ry  is dissatisfied wi th  the  proposals,  
pa r t i cu l a r ly  the  wa te r  qua l i ty  and imposi t ion only 
to the  chlor  a lka l i  i ndus t ry  (100, 101). 

Health and environment.--Dow is p lanning  to bu i ld  
a 30 mi l l ion  pound a yea r  b romine-ch lo r ide  p lan t  for 
use in dis infect ing munic ipa l  and  indus t r ia l  waste  
water .  Bromine-ch lor ide  is considered env i ronmenta l ly  
safer  and as effective as chlor ine (102). 

OSHA has set a cei l ing l imi t  of 1 ppm for the 
workplace  exposure  to chlorine. NIOSH has developed 
a cr i ter ia  document  cal l ing for 0.5 ppm ceil ing l imi t  
to protect  the worke r  f rom acute  eye and resp i ra to ry  
i r r i ta t ion.  The stay by  OSHA in F e b r u a r y  1979 was 
l i f ted on Ju ly  17, 1979, resul t ing  in the Chlorine Indus -  
t ry ' s  pet i t ion  of the Court  of Appeals .  On March 7, 
1980, the  Fi f th  Circuit  Court  of Appea ls  affirmed 
OSt-!A's posi t ion re la t ive  to the  chlor ine  s t andard  
(103-111). 

Studies  by  an I ta l ian  research  team have  concluded 
tha t  t r i ch loroe thy lene  is not  carcinogenic,  a direct  con- 
t rad ic t ion  of the U.S. Nat ional  Cancer  Ins t i tu te  find- 
ings issued in a 1976 report .  The research  team says 
the  ep ich lorohydr in  used as a s tabi l izer  was respon-  
sible for the NCI findings and tha t  Montedison t r i -  
chloroethylene  is free of any  ep ich lorohydr in  (112, 
113). 

Asbestos regula t ions  are  being considered by  the 
U.S. EPA and Consumer Produc t  Safe ty  Commission. 
EPA advanced Notice of Proposed  Rulemaking  for  
Asbestos Regula t ion  under  TSCA. Its ent i re  asbestos 
control  p rog ram is expected to become effective be -  
tween  1985-95, but  commercia l  and indus t r ia l  uses a re  
t a rge ted  for  ru l ing  in the fal l  of 1980, and p romulga -  
t ion in the summer  of 1981 (111, 114, 115). 

Dera i lmen t  of a 106-car Canadian  Pacific f re ight  
t ra in  in Mississauga, Ontario, 20 miles  southwest  of 
Toronto, resul ted  in evacuat ion of 220,000 people  due 
to a l eak ing  chlor ine car. Evacuat ion occurred because 
i t  was feared  addi t ional  explosions of p ropane  cars 
could cause dangerous  concentrat ions  of chlor ine in 
the sur rounding  area. The larges t  evacuat ion in North  
Amer ican  h is tory  tu rned  out to be a va luable  oppor-  
tun i ty  to test  a theoret ica l  d isas ter  plan. Emergency  
planners ,  civil  defense people  and government  r epre -  
sentat ives  f rom all  over  the wor ld  have asked Missis- 
sauga for the i r  plan. A seminar  package,  inc luding 
eight  hours of color v ideotape  is in the process of 
being developed (111, 116). 

Other Alkaline or Chlorine Compounds 
Caustic potash . - -Domes t ic  caustic potash product ion  

to ta led  284,258 short  tons in 1979, an increase of 18.1% 

over  1978. Product ion  dur ing  the 4th qua r t e r  of 1979 
exceeded the 4th qua r t e r  of 1978 by  over  72% (117). 

The domestic  price of l iquid caustic potash,  45% 
solution, increased  $15/ton (in Sep tember  1979) to 
$200/short ton for s t andard  grade  and to $205/short 
ton for low chlor ide  g rade  (118). 

The sole Canadian  suppl ie r  of 45% KOH solution, 
Canadian  Industr ies ,  announced expans ion  of the ou t -  
pu t  of caustic potash at  Cornwall ,  Ontario, by  50% 
before  the end of 1979 (119, 120). 

The first Nor th  Amer ican  m e m b r a n e  cell  p lan t  to 
produce  potass ium hydrox ide  s ta r ted  product ion at  
ROT Quimica Monterey,  Mexico. Ionics "Cloromat"  
membrane  cell technology is used in the 2000 tons /  
yea r  p lan t  (121). 

Diamond Shamrock  has confirmed the l icensing of 
its monopolar  m e m b r a n e  cell  technology for p roduc-  
t ion of potass ium hydrox ide  to Korea  Potass ium Chem-  
ical  Company,  South  Korea.  The p lan t  wil l  in i t ia l ly  
produce  32 metr ic  t ons /day  of KOH (122, 123). 

Domestic  product ion  of potash increased  1% in 
1979 to about  2.24 mi l l ion  metr ic  tons (K20 content ) .  
U.S. demand  increased 6% to about  6.6 mi l l ion tons 
(124). 

The wor ld  potash supply  is es t imated  to be 32.3 
mi l l ion short  tons K20 in 1979. Wor ld  demand  for  
potash is at  record  levels. Product ion  capaci ty  increases  
are  expected  to increase the  wor ld  supply  to 43.2 
mil l ion tons by  1985 (125). 

The average  domest ic  pr ice of mur ia te  of potash, 
excluding soluble and chemical  grades,  increased f rom 
$76 to $96/metr ic  ton dur ing  the yea r  (124). 

Soda a sh . - -Ea r ly  projec t ions  p red ic ted  a modest  in- 
crease of perhaps  3% in the product ion  of soda ash 
in the United States  in 1979, but  the  es t imated  total  
of 8.17 mil l ion shor t  tons represen ted  a decrease of 
over  1%. This decl ine has been l a rge ly  a t t r ibu ted  
to the  closing in 1978 of two plants,  one in Corpus 
Christi ,  Texas  (PPG Industr ies ,  Incorpora ted)  and 
the other  the facil i t ies of B A S F  Wyando t t e  Corpora t ion  
in Michigan, which effected a loss in product ion  of 
synthet ic  soda ash of over  one mi l l ion  shor t  tons 
(126-128). 

Cont inued growth  in the product ion  of na tu ra l  soda 
ash in the United States  is forecast  th rough  1985. 
Confidence in the  ava i l ab i l i ty  of markets ,  both  at  
home and abroad,  is m i r ro red  in the announced ex-  
pansions to exis t ing facil i t ies and construct ion of new 
plants.  I t  is in teres t ing  to note tha t  the  rep lacement  
of synthet ic  soda ash wi th  the  na tu ra l  product  has 
in fact  been a ma jo r  change in the industry.  This 
change is a lmost  complete  in the United States,  where  
synthe t ic  soda ash is produced only by  Al l ied  Chemicals  
in Syracuse,  New York (127, 129-136). 

The Uni ted  Sta tes  is the  pr inc ipa l  source of na tu ra l  
soda ash, wi th  a total  output  of a pp rox ima te ly  7.3 
mi l l ion  short  tons in 1979, f rom: (i)  t rona ore de-  
posits (a sodium sesquicarbonate) ,  located in Green  
River,  Wyoming;  and~ (ii) brine,  e.g., Sear les  Lake,  
California.  

In  the free wor ld  today,  there  a re  only  two o ther  
sources of na tu ra l  soda ash capable  of suppor t ing  
commercia l  production.  At  one of these locations, in 
Kenya,  the Magadi  Soda Company  (a subs id ia ry  of 
ICI) is both expanding  and upgrad ing  its exis t ing 
faci l i ty  and bui ld ing  a new plant ,  to the reby  essen-  
t i a l ly  double its output  by  1983 (137). 

A mul t imi l l ion  dol la r  deve lopment  p rog ram to com- 
mercia l ize  new solution mining  and processing tech-  
niques for na tu ra l  soda ash has been unde r t a k en  by  
FMC Corporat ion in the Green  River  Basin in W y o m -  
ing. The company has s ta ted  that  the new technology 
subs tan t ia l ly  reduces costs and improves  the basic 
economics of soda ash product ion re la t ive  to conven-  
t ional  d ry  mining techniques (135, 136, 138). 
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PQ, a p r i v a t e l y - o w n e d  U.S. company,  is seeking 
par t i c ipan t s  in the jo in t  deve lopment  of i ts deposi ts  
of t rona  ore  in  Wyoming.  I tself  a ma jo r  use of soda 
ash, PQ es t imates  tha t  a p p r o x i m a t e l y  100 mi l l ion  
shor t  tons of na tu ra l  soda ash could be produced  f rom 
its lease holdings.  The cost of the  overa l l  ven ture  is 
p red ic ted  to be a p p r o x i m a t e l y  $300 MM and it  m a y  
be 7-8 years  before  the  pro jec t  is "off the  ground"  
(136). 

Texasgul f  Chemicals  Company is p lann ing  a ma jo r  
expans ion  of i ts na tu ra l  soda ash p lan t  also in Green  
River,  Wyoming,  t he reby  increas ing the company ' s  
ou tpu t  to a p p r o x i m a t e l y  two mil l ion shor t  tons pe r  
year,  Permiss ion  for  the expansion,  to be gran ted  by  
the Amer i can  EPA and Wyoming  authori t ies ,  wi l l  
depend  upon the resul ts  of env i ronmenta l  and socio- 
economic studies unde r t aken  this yea r  (130). 

Tenneco Oil Processing and Marke t ing  Company  
announced tha t  construct ion of a p lan t  for  the  mining  
and processing of t rona  ore had  begun. Scheduled 
for  complet ion  in mid-1982, the  faci l i ty  is designed 
to produce  one mil l ion shor t  tons of high pur i ty  soda 
ash per  yea r  (134). 

Expor ts  of soda ash f rom the Uni ted  Sta tes  had  
shown s teady  overa l l  g rowth  since 1975, but  decreased 
a p p r o x i m a t e l y  6% to 730,000 shor t  tons this yea r  
(127, 129). 

Year  

Total  expor ts  
(1000 shor t  
t ons /yea r )  

1975 530 
1976 645 
I977 760 
1978 780 

A factor  in this unexpec ted  reversa l  is that  the 
ma jo r  manufac tu re r s  of soda ash in Europe  appea r  
to have  succeeded in securing the i r  m a r k e t  shares in 
the  face of the U.S. imports .  Ea r ly  in 1979, the Euro-  
pean  soda ash i ndus t ry  was closely scrut in ized on 
two counts:  (i)  the proposed impor ta t ion  into Belgium 
of na tu ra l  soda ash f rom the Uni ted  States,  a s i tuat ion 
tha t  was resolved in favor  of Solvay,  and (ii) the 
inqu i ry  into the  pr ic ing  policies of ICI, which again 
was resolved  in favor  of the  European  Company  (139). 

Fu r the rmore ,  impor ts  of l ow-pr i ced  l ight  soda ash 
f rom the Sovie t  Union into Europe  were  curbed by  
the imposi t ion of a provis ional  an t idumping  duty,  
effective November  24, 1979 (140). 

However ,  i t  is an t ic ipa ted  tha t  the demand  for  
Amer i can  na tu ra l  soda ash wil l  c l imb r ap id ly  in the  
expor t  m a r k e t  in the nex t  few years,  pa r t i c u l a r l y  
as the  old European  p lants  (producing  synthe t ic  soda 
ash)  become economical ly  una t t rac t ive  and env i ron-  
m e n t a l l y  unacceptab le  (132). 

La te  in the year ,  Stauffer  Chemical  Company,  Al l ied  
Chemical  Company,  and K e r r - M c G e e  Chemical  Com- 
pany  ra ised the pr ice of soda ash, fol lowing the in i -  
t i a t ive  of Texasgulf .  The y e a r - e n d  pr ice for bu lk  
dense soda ash var ied  f rom $66 per  ton (FMC) to 
$76 pe r  ton. Ke r r -McGee  raised its pr ice for the p rod -  
uct  to $90 per  ton (141). 

The average  pr ice  for  synthe t ic  soda ash at  the 
end of 1979 was $111-112/ton (141). 

S o d i u m  ch lora te . - -Domes t ic  product ion  of sodium 
chlora te  decreased 3.2%, down to 248,073 tons, f rom 
the 1978 level  of 256,320 tons (142). 

There  are  now ten sodium chlora te  producers  in 
t h e  U,S. Produc t ion  capaci ty  is es t imated  in Table  VI I I  
(143). 

Four  U.S. sodium chlora te  p lants  s ta r ted  up: Erco 
25,000 t o n s / y e a r  p lan t  in Monroe, La;  IMC's 40,000 
t o n s / y e a r  p lan t  in Orrington,  Me; Georgia  Pacific 
Corpora t ion 's  27,000 t ons /yea r  p lan t  in Plaquemine,  

Table VIII. Sodium chlorate 1979 estimated annual capacity 
Thousands short tons 

Brunswick Chemical 8 
Erco 25 
Georgia Pacific 31 
Hooker Chemicals 149 
Huron Chemicals 11 
IMC 40 
Kerr-McGee 67 
Olin 26 
Pacific Engineering 6 
Pennwalt 80 

Total 443 

La;  and Olin's 20,000 t ons /yea r  p lan t  in McIntosh,  
A l a b a m a  (144-148). 

Brunswick  Pu lp  and Pape r  has announced i t  wi l l  
bui ld  a 25,000 t ons /yea r  c rys ta l  and solut ion sodium 
chlorate  p lan t  a t  Brunswick,  Georgia,  rep lac ing  the 
old 8,000 t ons /yea r  plant .  Krebbs  NC e lec t ro ly t ic  cell  
process wil l  be used. The p lan t  is es t imated  to cost 
$12-15 mill ion,  wi th  complet ion  in la te  1980 (149-151). 

Domestic  sodium chlora te  prices f i rmed up to $345/ 
ton dur ing  the yea r  (152-157), 

Canadian  product ion  capaci ty  is expected  to in-  
crease 30% to 303,000 t ons /yea r  dur ing  the 1979-1980 
period.  Canadian  manufac tu re r s '  p roduct ion  capaci t ies  
a re  de ta i led  in Table  IX. 

QueNord Incorpora ted  opened its $17 mil l ion 25,000 
t ons /yea r  p lan t  at  Magog, Quebec (159-161). 

St. Anne  Chemical  began operat ions,  whi le  Tida l  
ceased operat ions  (162). 

The $8.5 mi l l ion  15,000 t o n s / y e a r  p lan t  to be bu i l t  
by  Saska toon  Chemicals  has an expec ted  complet ion  
da te  of mid  1980. S t a r t - u p  of the  Saskatoon Chemicals  
p lan t  could concide wi th  ye t  another  shu tdown of 
Canadian  Oxy's  Brandon Mani toba  fac i l i ty  (163-166). 

Erco wil l  become the wor ld ' s  la rges t  p roducer  of 
sodium chlorate,  172,000 t o n s / y e a r  once the  Thunder  
Bay  expans ion  is comple ted  (167-174). 

New Canadian producer  pr ice  schedules effective 
J a n u a r y  1, 1980 increased the cost of solut ion chlora te  
to $353/ton, up 17.7%, and crys ta l  g rade  chlora te  to 
$408/ton, up 16.6% (175, 176). 

Metals 
Aluminum. - -Domes t i c  product ion  of p r i m a r y  a lu-  

minum rose an es t imated  4% to 5 mi l l ion  short  tons.: 
Domestic  consumption increased to 6.2 mi l l ion tons. 
Impor ts  decreased to 0.9 mi l l ion tons (177). 

At  the beginning of 1979 al l  the a luminum potl ines 
in the Pacific Nor thwes t  were  operat ing,  but  by  the  

Table IX. Canadian manufacture of sodium chlorate (158) 

Capacity 
(000 tons/  

Company and location year) 

Merchant 

Canadian Occidental, Brandon, Manitoba 11 
Squamish, British Columbia 11 

Erco Industries, Buckingham, Quebec 63.5 
North Vancouver, British Columbia 54.5 
Thunder Bay, Ontario 13.5 

Stanchem, Beauharnois, Quebec 30 
Captive 

BC Chemicals, Prince George, British Columbia 24.5 
Canso Chem:cals, Abercrombie, Nova Scotia 8.5 
Huron Chemicals, Marathon, Ontario 1.5 
Reed Chem:cal, Dryden, Ontario 4.5 
Tidal Chcm:cals, Saint John, New Brunswick* 11 
Under Construction 

Erco Industries, Thunder Bay, Ontario + 18 
QueNord Chemicals, Magog, Quebec 25 
St. Anne Chem.cal, Nackawic, New Brunswick 10 
Saskatcon Chemicals, Saskatoon, Saskatchewan 13.5 
Stanchem, Beauharnois, Quebec + 3 

* Scheduled to close September 1, 1979. 
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end of the year 162,500 tons, 3.1% of the total U.S. 
capacity, had been idled due to power cutbacks. Pot-  
lines in  Texas that were idle at the beginning of the 
year had been restarted by the end of the year. 
Kaiser restored 20,000 tons /year  of idled capacity 
in January  1980 in anticipation of improved power 
production (178, 194). 

Uncer ta in  power situations face the six U.S. a lu-  
minum producers in the Pacific Northwest where 31% 
of the U.S. p r imary  a luminum capacity is located. 
Power cost increases of 95% occurred on December 
20, 1979, increasing from 3.12 to 6.095 mi l l s /kW-hr ,  
adding approximately  2.4r to the cost of producing 
a luminum (195). 

Power contracts also expi~'e in the 1984 to 1988 
time frame when the Bonnevil le  Power Adminis t ra t ion 
is expected to be deficient in meeting power obliga- 
tions. 

Some of the northwest  producers are convert ing 
production to new energy saving technology that can 
reduce energy consumption by an estimated 20% (195). 

Mart in  Marietta plans to expand its p r imary  alu-  
m inum production from 65,000 tons /year  to 185,000 
tons /year  by  the end of 1981. The project will utilize 
the energy saving Sumitomo technology and is ex- 
pected to cost $125 million. Energy consumption could 
be 25% less than the old potlines (196-199). 

Kaiser A l u m i n u m  and Chemical Corporation can- 
celled its $66 mil l ion program to revamp the Baton 
Rouge, Louisiana, a luminum refinery, due to uncer-  
tainties over construction costs and energy prices 
(200, 201). 

Kaiser A l u m i n u m  a n d  Chemical Corporation will 
spend $30 mill ion plus as the init ial  phase to upgrade 
its p r imary  a luminum plants at Tacoma, Washington, 
and Chalmette, Louisiana (202). 

A lumax  may still build a 186,300 tons /year  smelter  
at Umatilla,  Oregon, despite envi ronmenta l  and energy 
costs (195). 

A 200,000 tons /year  pr imary  a luminum smelter may 
be bui l t  at Clarendon, North Carolina, by a Middle 
East consort ium of metal  users and investors. The 
project is estimated to cost $400 mil l ion and be on 
stream by the end of 1982. Much of the smelter 's  pro- 
duction will  be exported (203, 204). 

The Alumax 197,000 tons /year  400 mill ion dollar 
p r imary  smelter at Berkley, South Carolina, is ex- 
pected to start  pots late in the summer  of 1980. Re- 
ports of a new pr imary  smelter being constructed 
by Alcoa in Kentucky  have not been confirmed by 
the company (204). 

U.S. prices for 99.5% a luminum ingot ranged from 
55 to 57.5 cents/pound.  Price increases by the pro-  
ducers at various times during the year  advanced 
prices to 66 to 66.5 cents/pound.  Merchant  spot prices 
exceeded published prices all year  long and reached 
near ly  80 cents /pound at year end (205). 

Total domestic a luminum demand had begun to 
fall in the last half  of 1979 and is projected to become 
weaker  in 1980. Some forecasters predict at least a 

Table X. Northwest aluminum producer power contract expiration 
dates (195) 

Smelter  
capacity Expiration 

( tons/year)  date  

Alcoa, Vancouver, Washington 115,000 
Wenatchee, Washington 265,000 

Anaconda, Columbia Falls, Montana 180,0,00 
Intalco, Ferndale, Washington 266,000 
Kaiser, Mead, Washington 220,000 

Tacoma, Washington 81,000 
Martin Marietta, The DalIes, Oregon 90,060 

Goldendale, Oregon 120,000 
Reynolds, Troutdale, Oregon 210,000 

Longview, Washington 130,000 
Total 1,616,000 

June 1978 
June 1987 
Dec. 1986 
Oct. 1984 
Oct. 1986 
Oct. 1986 
Feb. 1988 
Feb. 1988 
Dec. 1986 
Dec. 1986 

2% decline of 144,000 tons, others predict 5.6-15% 
decline in U.S. consumption (206-208). 

Reynolds A l u m i n u m  Recycling Company announced 
a record 75 mil l ion pounds of a luminum recycled dur-  
ing the first six months of 1979, an increase of 7%. 
Payment  for recycle a luminum beverage cans was 
increased to 23 cents/pound,  an increase of 3 cents 
(2O9, 210). 

Reynolds Metals Company's Recycling and Reclama- 
tion Division plans to build a scrap metal  separations 
plant  to separate a luminum and other nonferrous 
metals from automotive shredder residues. The facility 
located in Sheffield, Alabama, is expected to recover 
more than 10 mil l ion pounds of a luminum during its 
first year  of operation (179, 181). 

Recycling a luminum requires only 5% of the energy 
needed to produce a luminum from ore. In  November 
1979 Howmet Aluminum in Rockwall, Texas, com- 
pleted a 75 million pounds/year plant that will pro- 
duce high quality aluminum from 100% recycled ma- 
terial. Martin Marietta Aluminum is building a scrap 
recycling processing plant that can produce up to 
240 million pounds of sheet ingot for their steel mill. 
"A Way of Life," a color film on aluminum recycling 
and energy is available on free loan from Modern 
Talking Picture Service, 1901 L Street NW, Washing- 
ton, DC 20036 (212). 

Ford Motor expects to increase a luminum usage in 
its cars from its 1980 model year  content  of 140 
pounds/car  to 190-200 pounds by 1985. Other auto 
producers also expect to achieve 190-200 pounds/car.  
A luminum castings are expected to be the major  
portion of the growth (213, 214). 

The a luminum indust ry  succeeded in 1978 in achiev- 
ing the U.S. Depar tment  of Energy goal of 10% re-  
duction in energy by 1980. Addit ional  new ideas in 
processing and materials  promise significant energy 
savings in  the next  decade. (215-218). 

A study of a luminum smelt ing processes carried 
out by Ar thur  D. Little, Incorporated for the Depart-  
ment  of Energy through Argonne National  Laboratory, 
reached a major  conclusion that  the only al ternat ive 
technology at present  to the Hall Heroult  cell for the 
production of pr imary  a luminum is the Alcoa chloride 
electrolysis process, with the sulfide and ni tr ide elec- 
trolytic processes offering potential  advantages in the 
future. T i tan ium diboride cathodes may achieve sig- 
nificant energy consumption reductions in the Hall 
Heroult  cell (179, 180). 

Alcoa continues the development  of its low energy 
process, called the Alcoa smelt ing process (ASP),  
that began in 1973. Redesign, construction, and testing 
of a new segment of the chemical plant  is expected 
to take 3-4 years addit ional  development. The ASP 
system is viewed as holding promise for a 30% 
reduction in the smelt ing energy perhaps, to 4.5 kW- 
hr /pound,  down from 6 k W - h r / p o u n d  in the most 
efficient Hall 's cells (220-224). 

Direct reduction (DR) that  produces an a luminum 
and silicon alloy is being studied by Alcoa in a small 
pilot reactor with part ial  funding by the U.S. Depart-  
ment  of Energy. Commercial scale demonstrat ion may 
occur in 1990 after formidable technical obstacles are 
overcome (224). 

Technology to produce a luminum metal  and chem- 
icals from kaolin via a lumina  and a luminum chloride 
will be the joint  development  of Pu l lman  Kellogg 
and Toth A l u m i n u m  Corporation. Success could lessen 
U.S. dependence on imported bauxite  (225, 226). 

Kaiser A l u m i n u m  will  instal l  10 prototype a luminum 
reduction cells that  will use in-house "prebake" tech- 
nology to effect significant improvements  in the plants 
energy efficiency and work env i ronment  (215). 

Oak Ridge National Laboratory is evaluat ing a 
commercial sized p lant  to process 1 mil l ion tons /year  
of fly ash to recover 98% of the a luminum and over 
90% of the other metals. This p lan t  is based on the 
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process cal led Cals inter  tha t  Oak Ridge Nat ional  Lab -  
o ra to ry  deve loped  (227-229). 

New a luminum s t ruc tu ra l  mate r ia l s  made  f rom a lu-  
minum and sil icon carb ide  whiskers  a re  being tes ted 
by  Lockheed Georgia  Company for appl ica t ion  in 
a i rc ra f t  s t ructures .  

Alcan  A l u m i n u m  Corporat ion 's  new super  plast ic  
a luminum alloy, containing zinc and calcium, offers 
l ightness,  s t rength,  and corrosion resis tance and has 
poten t ia l  in l imi ted  product ion vehicles. A the rmo-  
forming process using compressed ai r  can be used to 
form complex shapes, a l lowing more  economical  p ro -  
duct ion than  t rad i t iona l  s t a m p i n g '  techniques (231, 
232). 

F ree  wor ld  p r i m a r y  a luminum product ion  increased 
to 13.2 mi l l ion  short  tons in 1979, an increase of 
409,000 shor t  tons. Changes in the free wor ld  p r i m a r y  
a luminum capaci ty  in 1979 are  shown in Table  XI. 

Aus t r a l i a  plans to become a ma jo r  a luminum ex -  
po r t e r  by  the mid '80's. F ive  projects  are  expected  
to add 585,500 metr ic  t ons /yea r  to the exis t ing 280,000 
metr ic  tons /year .  

Domestic  product ion  of bauxi te  was es t imated  at  
1.7 mi l l ion met r ic  tons in 1979, the same level  as 
1978. Jamaica ,  Guinea,  and Sur inam remain  the  p r in -  
cipal  sources of bauxi te .  Impor ts  of dr ied  and cal-  
c iumed baux i te  decl ined s l ight ly  in 1979, to ta l ing 
app rox ima te ly  14 mil l ion tons. Impor ts  of a lumina  
increased,  reaching a record  level  of 4.1 mi l l ion 
met r ic  tons of which three  four ths  came from Aus t ra l i a  
(177). 

A lumina  capaci ty  of the free wor ld  rose to 34,436,000 
shor t  tons /year ,  up 1.9%. Alumina  product ion rose 
4.1% to 29.4 mi l l ion short  tons in 1979. Free  wor ld  
product ion  of baux i te  was 89.9 mil l ion short  tons, 
an increase  of app rox ima te ly  10 mil l ion short  tons 
(233). 

Deve lopment  of non-baux i t e  routes to a luminum 
or ig ina l ly  designed to reduce the U.S. dependence  
on impor ted  baux i te  have s ta l led , due to changes in 
the  IBA, In te rna t iona l  Bauxi te  Association, tha t  has 
resul ted  in a b r igh te r  fu ture  for the baux i te  supply  
picture.  The U.S. produces  about  one - th i rd  of the 
wor ld ' s  a luminum but  impor ts  more than  90% of 
the  r aw  mater ia ls .  Original ly ,  ten domest ic  a lumina  
consumers  and the U.S. Bureau  of Mines funded a 
p rog ram to evalua te  a hydrochlor ic  ac id / c l ay  process. 
Now par t i c ipa t ion  has dwindled  to four  producers  
and the pi lo t  p lan t  costing 52 mil l ion cannot  be bui l t  
due to the level  of cost par t ic ipa t ion  necessary  by  
the remain ing  few producers  (234, 235). 

Bery l l i t tm . - -P roduc t ion  and consumption of be ry l -  
l ium ores in the  Uni ted  Sta tes  in 1979 were  essent ia l ly  
unchanged  from that  in 1978. In fact, there  has been no 
significant g rowth  in this indus t ry  over  the last  severa l  
years.  There  are  two majo r  be ry l l i um ores. (i) Ber-  
t randi te ,  which is p roduced  in Mal l a rd  County, Utah  

Table XI. Additions to free world primary aluminum reduction 
capacity in 1979 (233) 

Amount 
(short tons/ 

Country C o m p a n y  y e a r  

U.S. A n a c o n d a  60,000 
Braz i l  P o c o s  de  Ca ldos  33,000 

A l u m i n a s  16,000 
Braz i l  Cia B ra s i l e i r a  de  A l u m i n i o  30,000 

(CBA) 
V e n e z u e l a  I n d u s t r i a  V e n e z o l a n a  de  235,000 

A l u m i n i e  SA 
F r a n c e  P e e h i n e y  U g i n e  K u h l m a n n  25,000 
S p a i n  A l u m i n i o  E s p a n o l  150,000 
S o u t h  A f r i c a  A l u s a f  6,000 
J a p a n  Closed  a t o t a l  of  75,0{~0 
B a h r a i n  A l b a  5,000 
D u b a i  - -  15,000 
I n d i a  B h a r a t  A l u m i n u m  (Balco)  25,000 
Australia Alcan Australia 50,00,0 

. 
T o t a l  725,000 

by  Brush-Wel lmann ,  Incorporated.  Fu tu re  demand  for 
this ore is expected  to increase  in l ight  of the an-  
nounced expans ion  in the  ex t rac t ion  of be ry l l i um 
from ber t r and i t e  by  a ma jo r  U.S. consumer  of be ry l -  
l ium metal .  ({i) Beryl ,  a pp rox ima te ly  80% of which  
was impor ted  f rom Brazi l  and Argent ina .  The average  
value  of the impor t ed  be ry l  in 1979 was $574/ton (236). 

Be ry l l ium meta l  is used in the  aerospace indus t ry  
because of its high s t rength  and r ig id i ty  ye t  l ight  
weight,  and in the nuc lear  industry ,  where  both low 
t h e r m a l - n e u t r o n  absorpt ion  and high neu t ron- sca t t e r  
cross section are  required.  However ,  in the free world,  
a more impor t an t  end-use  for this  meta l  is in the  
product ion of b e r y l l i u m - c o p p e r  alloys;  the addi t ion  of 
app rox ima te ly  4% be ry l l i um signif icantly improv ing  
the strength,  as well  as the  fat igue and corrosion re -  
sistance of the  copper. The vola t i l i ty  of the copper  
m a r k e t  in 1979 led to a new pr ic ing sys tem for be ry l -  
l i um-coppe r  al loys being in t roduced  by  Kaweck i  
Berylco Indust r ies  dur ing  the four th  quar ter .  This 
company also increased the base pr ice  of b e r y l l i u m -  
copper  products  in the  four th  quarter ,  so that,  effective 
J a n u a r y  1980 the pr ice of s t r ip  (number  25) wil l  be 
$5.54/lb; of bar,  rod and wire  (number  25) wi l l  be 
$5.80/lb; and the mas te r  a l loy  wil l  be $90/lb. I t  was 
also s ta ted  tha t  size ext ras  and "adders"  for  special  
t rea tment ,  such as mil l  ha rden ing  and cadmium p la t -  
ing, have been ad jus ted  in accordance  wi th  the  cost 
content  of specific operat ions  (237). 

The carcinogenic proper t ies  of be ry l l i um and be ry l -  
l ium compounds led to the in t roduct ion of s tandards  by  
OSHA tha t  the indus t ry  main ta ined  were  impossible  to 
achieve economically.  Addi t iona l  s tudies and com- 
m e n t a r y  were  in i t ia ted  dur ing  1977-1978, the resul ts  
of which were  expected to suppor t  the  Government ' s  
position, but  no repor ts  have been p u b l i s h e d d n  1979 
(238). 

Al though  not necessar i ly  re la ted  to the envi ron-  
menta l  regulat ions,  Kaweck i  Berylco Indust r ies  (a 
whol ly  owned subs id ia ry  of Cabot Corpora t ion  and one 
of only two producers  of be ry l l i um in the free wor ld)  
announced tha t  it  wil l  phase out  product ion of the 
metal .  I t  was stressed tha t  the change in business di-  
rect ion is not expected to affect the product ion of 
be ry l l ium ores (239). 

As of November  30, 1979, the Government  s tockpi le  
inventor ies  were  as follows: 

Bery l  (11% BeO equiva lent )  17,987 shor t  tons 
Be /Cu mas te r  a l loy (~4% Be) 7,387 short  tons 
Bery l l ium meta l  229 shor t  tons 

Chromium. - -Domes t i c  demand  for  chromium was 
s t rong in 1979, p r i m a r i l y  due to a high level  of stainless 
steel  output.  Domestic consumption of chromite  in-  
creased 19%, tota l ing 1.2 mi l l ion tons, wi th  the ma jo r  
increase  occurr ing in the meta l lu rg ica l  indus t ry :  

1978 1979 

Meta l lu rg ica l  53% 61% 
Ref rac to ry  23% 18% 
Chemical  24% 21% 

Consumption of chromium al loys increased a lmost  
5% to nea r ly  526,000 tons (240, 241). 

Domestic producers  of ch romium al loys exceeded  
the record  yea r  of 1974, producing  about  280,000 tons 
of chromium alloys. Chromium al loy impor ts  were  
expected to subs tan t ia l ly  decrease  f rom 1978 levels.  
The Republ ic  of South  Afr ica  cont inued to be the  
leading  supplier ,  accounting for 66% of the imports .  
(240). 

Publ i shed  y e a r - e n d  chromite  prices were  close to 
y e a r - e n d  1978. South  Afr ican  h igh- i ron  chromite  re -  
ma ined  at  $54-58/metric ton, h igh chromium. Turk ish  
chromite  increased $5 to $110 per  long ton, and the 
pr ice  of Russian chromite  was suspended.  Pr ices  for  
chromium al loys f luctuated as shown in Table  XII.  



258C J. Electrochem. Soc.: R E V I E W S  A N D  N E W S  Juzu z9so 

Table XII. Chromium alloy pricing during 1979 
(Cents per pound of chromium) 

Beginning End 

Ferrochromium silicon, 29.3-29.5* 43-44.5* 
Low Carbon ferrochromium 74 95 
Imported 50,55% charge chromium 40-44 43-44.5 
Producer 50-55% charge chromium 43.44 46-49 
Electrolytic chromium metal 299 350 

�9 Units---cents/pound of alloy. 

The Uni ted  States  removed  economic sanctions 
agains t  Sou the rn  Rhodesia  in m id -December  1979, a l -  
lowing re sumpt ion  of the  impor t  of chromium ma te -  
r ia ls  (240). 

Boycott  act ion by  the In te rna t iona l  Longshoremans  
Associat ion agains t  USSR vessels, in  pro tes t  of the Af -  
ghanis tan  invasion by the Soviets, could affect the  
U.S. fe r rochrome indus t ry  in  the  second half  of 1980. 
Inventor ies  of chromite,  es t imated  to be 500,000 tons, 
po ten t i a l ly  a years  supply,  a re  he ld  by  U.S. f e r roa l loy-  
ers. This s i tua t ion  could shif t  the  use of chromite  ore  
f rom high grade  to low grade,  increas ing the impor t s  
f rom South  Africa.  A to ta l  and susta ined cur ta i lment  
of Sovie t  chrome impor ts  wi l l  a lmost  ce r ta in ly  be 
t rans la ted  into h igher  prices. U.S. companies  produce  
about  one-ha l f  of the  U.S. s tainless steel  indus t ry  re -  
qui rements  (242). 

P P G  and Harr i son  & Cranfield, a Uni ted  Kingdom 
based  company,  agreed  in pr inc ip le  for  the  sale of 
PPG's  chrome chemicals  business for a round  $15-20 
mi l l ion  (243, 244). 

Airco sold its fe r roa l loy  operat ions  in Niagara  Falls ,  
New York, and Calver t  City, New York, to Sa t r a  
Corporat ion;  its operat ions in Charleston,  South  Caro-  
lina, to Macal loy Corporat ion;  and its operat ions in 
Sweden  to Vargon Al loy  AB (245, 246). 

A p l a t i num-ch rome  mine  may  be developed b y  
Texasgulf  Incorporated,  based on a new process de-  
veloped for Fos te r  Whee le r  Corpora t ion  by  Tetronics 
Research  and Development  in the United Kingdom. 
The p la sma  process produces  a t empe ra tu r e  of 2000~ 
achieving a fine mel t  and faci l i ta tes  recovery  (247). 

A process for regenera t ion  and recycle  of spent  
chromium solutions produced from pla t ing  and finish- 
ing p r in ted  c i rcui t  boards,  and o ther  surface t r ea tmen t  
operat ions,  has been developed by  scientists  at  the 
Bureau  of Mines, Rolla  Me ta l lu rgy  Research Center.  
The process uti l izes an e lect rolyt ic  cell  wi th  Nation| 
427 m e m b r a n e  to oxidize the  chromium in the anode 
compar tment ,  whi le  o ther  meta l  ions migra te  to the 
cathode compar tment .  Energy use is 3-4 k W - h r / p o u n d  
of r egenera ted  e tchant  (248). 

Copper . - -The  majo r  copper  producing  and consum- 
ing countries,  inc luding the Uni ted  States, held th ree  
meet ings  in 1979 under  the auspices of the  Uni ted  
Nations Conference on Trade  and Deve lopment  
(UNCTAD).  The p r i m a r y  object ives  of the conference 
were  to continue to examine  the causes of m a r k e t  in-  
s tab i l i ty  and to consider  possible solut ions to the 
problem.  Special  a t ten t ion  was d i rec ted  to the  feasi-  
b i l i ty  and  des i rab i l i ty  of using buffer stocks to s tabi l ize 
prices. F u r t h e r  meet ings  are  expected in 1980 (249). 

The significant improvemen t  in the copper  indus t ry  
shown in 1977 and 1978, a f te r  severa l  years  of a 
depressed m a r k e t  and oversupply  of the metal ,  was 
main ta ined  in 1979. The consumption of refined copper  
in the  United Sta tes  increased again  (N1%) to 2.2 
mi l l ion  tons, app rox ima te ly  equal  to the record  high 
level  rea l ized in 1973 (249). 

Produc t ion  of copper  f rom mines in the  United 
States  was es t imated to be 1.57 mil l ion short  tons, 
showing an increase  of 5% over 1978 production.  The 
r a p i d  escalat ion in the  pr ice of copper  in the  m a r k e t  
p lace  dur ing 1979, resul ted  in a subs tant ia l  increase  

(N45%) in the  va lue  of the  copper  produced,  its being 
es t imated  at  $2.9 billion. This improved  out look for  
marke t ing  copper  and the increased va lue  of the me ta l  
p rompted  the reopening  of severa l  mines tha t  were  
closed fol lowing the s lump in demand  in 1975. Pr inc i -  
pa l  states for the  product ion  of copper  were  Ar izona  
(65%),  Utah  (13%) and New Mexico (12%).  

The average  es t imated  pr ice  for refined copper  in  
1979 on the London Metal  Exchange  (LME) was 92 
cents /pound,  showing a pp rox ima te ly  a 50% increase 
re la t ive  to 1978 prices. P roducer  prices in the  United 
Sta tes  for refined copper  increased s imi la r ly ;  the  a v e r -  
age pr ice in 1979 being 93 cen t s /pound  (249). 

A comprehensive  study,  sponsored by  the United 
Nations, has concluded tha t  the  f ree  wor ld  countr ies  
mus t  increase  the i r  capac i ty  to produce  copper  meta l  
to meet  the  demand  pro jec ted  th rough  1990. The 
analysis  pred ic ted  tha t  the consumpt ion of refined cop- 
pe r  wil l  grow at  a pp rox ima te ly  4% pe r  yea r  over  the  
fifteen year  per iod 1977-1992. (Al though  the increase in 
consumption was only  a pp rox ima te ly  1% in 1979, the  
combined increase  over  1978 and 1979 agrees wi th  this 
predict ion.)  This forecast,  when  t r ans la ted  into the  
requ i red  mine capacity,  p ro jec ted  a cost of $46.5 b i l -  
l ion (1977 prices)  to expand  the copper  capaci ty  in the  
f ree  wor ld  (249-251). 

Kennecot t  Copper  Corpora t ion  has announced plans  
to expand  and upgrade  its min ing  proper t ies  over  the  
next  five years  at  an es t imated  cost of app rox ima te ly  
$700 million. In  par t icu lar ,  Kennecot t  in tends to ex -  
tens ive ly  improve  the Chino Mines Division in New 
Mexico, to make  the mine "one of the  lowest -cos t  cop- 
pe r  proper t ies  in the  United States."  The in t roduct ion  
of new concent ra tor  facil i t ies a t  the  Utah Copper  Divi -  
sion wil l  cost about  $300 mill ion,  and a pro jec t  for  
low-cost  recovery  of copper  concentrates  f rom exis t ing 
rai l ings ponds is also p lanned  at  the  Nevada  Mines 
Division (252). 

Ka i se r  Engineers  Incorpora ted  has been a w a rded  a 
contract  by  Asarco Incorpora ted  (New York)  to p ro-  
vide  engineer ing and p rocurement  services for a $50 
mil l ion p lan t  to concentra te  copper to be bui l t  near  
Troy, Montana. This uni t  wil l  be ad jacen t  to a new 
underground  mine  being developed by Asarco and 
wil l  produce  app rox ima te ly  6.0,000 tons of copper  pe r  
yea r  f rom copper  sulfide ore. Product ion  is scheduled 
to begin  in mid-1981 (253). 

Texasgul f  p lans  to construct  a copper  smel ter  and 
ref inery in Kidd Creek, Ontario. The product ion of 
copper  at the new p lan t  is es t imated  to be 65.000 tons /  
year  and the p ro jec ted  cost of construct ion is $200 mi l -  
l ion (254). 

I t  has been repor ted  tha t  Is rae l  Chemicals  wil l  r e -  
act ivate  the Timna Copper  mines near  Ei lat  and bui ld  
a p l an t  to produce  copper  salts and  manganese  me ta l  
on-site.  The mines were  closed about  th ree  years  ago 
fol lowing the decline in the  wor ld  marke t s  for copper  
(255). 

Accelera t ion  of the deve lopment  of the vast  Dulu th  
Gabbro  minera l  lode in Minnesota  is being ser iously 
considered by  severa l  of the mining companies,  in 
pa r t i cu la r  A m a x  Incorporated.  the  world ' s  larges t  p ro -  
ducer  of nonferrous  metals.  The  minera l  lode is r e -  
garded as a fu ture  source of copper, cobalt,  and nickel,  
which wil l  become economic when r icher  ores wor ld -  
wide have been exhausted.  A m a x  Incorpora ted  est i -  
mate~ tha t  the vein of copper -n icke l  sulfides is wor th  
$50 bi l l ion (1979 prices)  and would suppor t  mining for 
50 years,  increas ing the U.S. copper  reserves  by  25%. 
However,  the deposits lie in a region that  is today 
perhaps  the most  act ively  pro tec ted  envi ronmenta l ly .  
The chief concerns of the  env i ronmenta l  lobby  are:  
(i) tha t  toxic meta ls  from mine  waste  wi l l  be leached 
into the wa te r  table  and the lakes of the Boundary  
Waters  Canoe Area,  and; (ii) the pol lut ion associated 
with  smelting, i.e., the product ion of sulfur  gases and, 
therefore,  "acid rain." An extens ive  s tudy of the  en-  
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vironmental  and economic impacts of mining the 
Duluth Gabbro mineral  lode was completed in Septem- 
ber  1979 and the State legislature is presently con- 
ducting hearings upon the results (256). 

Total spending by the U.S. copper industry in order 
to meet environmental, safety, and health regulations 
by 1987 will  be $3.5 billion (1974 dollars) according 
to a comprehensive survey released by the Commerce 
Department in April. The report  also highlighted sev- 
eral "probable shutdowns" of copper smelting facilities 
as a result  of the inabil i ty of the plants to economi- 
cally meet future environmental standards. In this 
respect, the copper industry appears to be one of the 
hardest-hi t  of the mineral  industries. It is evident that  
the application of new technology and large capital 
investments will be required to either modify existing 
pyrometallurgical  practices or adopt new chemical 
processing techniques (257, 258). 

On October 30, the Federal  Trade Commission 
amended the consent order negotiated with Atlantic 
Richfield Company (ARCO) in February,  deleting 
provisions that brought sharp protests from leading 
U.S. copper producers, especially Asarco Inc. The con- 
sent order requires ARCO to divest itself of certain 
copper properties acquired in 1976 in a merger with 
Anaconda Company, but: (i) prohibits purchase by 
any company with more than 10% of U.S. copper mine 
production (eliminating Kennecott, Phelps Dodge, and 
Newmont Mining); (ii) stipulates that companies with 
5-10% of the market  must seek FTC approval before 
bidding on any Anaconda properties (which applies to 
Asarco, Duval, and Cyprus Mines); (iii) requires that  
the four biggest integrated copper producers seek prior 
FTC approval  of any joint ventures (which affects 
Asarco. Kennecott, Phelps Dodge, and Newmont Min- 
ing (256). 

An electrolytic process utilizing a fluidized ~article- 
bed has been developed by Akzo Zout Chemie (Nether-  
lands) and is applicable to the removal of copper from 
the waste streams from vinyl chloride monomer 
plants. The metal  is deposited onto cathodically 
charged particles, which then sink and are discharged 
from the cell. Concentrations of metal  particles in 
wastewater streams can be reduced from 100 to 0.1 
ppm. The first commercial unit us ing  this process has 
been in operation for several months at an Enka plant 
in Wuppertal, West Germany (259, 260). 

The recovery of copper metal from industrial waste 
streams has been the subject of considerable research 
and development. Several  new processes are claimed 
to show promise in both laboratory and pi lot-plant  
trials, e.g., the use of ion exchange resins and leaching 
with solutions containing chloride ions (261-263). 

A new metal electrowinning process, involving the 
oxidation of a s lurry of coal rather  than water as the 
anodic process, is claimed to significantly reduce the 
power consumption for the recovery process. Electro- 
winning is presently an important source of chromium, 
cobalt, nickel, copper, zinc, and cadmium in the United 
States. In laboratory experiments the electrodeposition 
of copper in this new cell required approximately 66% 
less electrical power than the conventional eIectro- 
deposition process (264). 

Li thium.--World wide lithium chemical consumption 
increased 6% over that of 1978, with the largest in- 
creases occurring in Western Europe and South 
America. 

No new producers of l i thium chemicals or ores 
emerged in 1979 (265). 

Lithium Corporation of America, a subsidiary of 
Gulf Resources and Chemical Corporation, began con- 
struction of a new plant in the United Kingdom, near 
Liverpool, to produce an alkyl  lithium catalyst, im- 
portant in production of high performance synthetic 
rubber  products for European markets. Initial capacity 

Estimated 1979 world consumption 
of l i thium metal and chemicals 

(Tons Li2CO3 equivalent) 

North America 12,500 
Western Europe 5,50.0 
Japan 2,350 
South America 1,900 
Other Countries 3,000 

TOTAL 25,250 
USSR (est.) 4,000-6,000 

of 200.000 pounds/year  is expected to start  up in late 
1980 (265-267). 

The production capacity of the domestic producers 
is estimated to be (265): 

Tons LiCO3 equivalent 

1979 1980 1981 

Lithium Corp. of America 
Bessemer City, 

North Carolina 14,00'0 1 8 , 0 0 0  22,500 
Foote Mineral Company 

Silver Peak, Nev. 8,000 8,000 8,000 
Kings Mtn., 

North Carolina 7,000 7,000 7,00.0 

15,000 1 5 , 0 0 0  15,000 
Estimated total U.S. 

capacity 29,000 3 3 , 0 0 0  37,500 

World production capacity of lithium mineral  is 
estimated to be 10,200 short tons of contained lithium 
in 1979 and is forecast to be 17,400 short tons by 1985 
(268). 

Foote Mineral Company has completed the feasi- 
bi l i ty study for a 6000 tons/year  l i thium carbonate 
plant from brine in Northern Chile (265). 

Tantalum Mining Corporation jointly owned by the 
Manitoba government, 25%, Hudson Bay Mining Com- 
pany, 37.5%, and Kawecki Berylco Industries, 37.5%, 
is conducting a feasibility study for a 7,500 to 10,000 
tons/year  lithium carbonate plant at Bernic Lake~ 
Manitoba (265). 

Lithium chemical prices increased approximately 
11% on October 1, 1979. New schedule prices are: 

Technical grade lithium carbonate $I.15 per /pound 
Lithium carbonate pellets $1.19 
Lithium hydroxide monohydrate $1.53 
Anhydrous technical l i thium chloride $1.85 (269, 270) 

Lithium metal prices were $15.20-$15.65/pound for 
ingot, and $24.80-$25.25/pound for rod (271). 

Demand for l i thium chemicals and metal is forecast 
to have a probable average annual world growth rate 
of 6.2% through the year  2000. New uses not yet com- 
mercialized or not yet discovered are expected to ap- 
pro~imafe one quarter of the total end use of l i thium 
by the year 2000. Probable demand for lithium chemi- 
cals and metal in the U.S, is estimated to be 13,600 
short tons of contained lithium by the year  2000. End 
uses are projected to be 

Aluminum production 37% 
Ceramics and glass 11 
Lubricants 7 
Other 15 
New uses 30 (272) 

Lithium batteries can deliver 1.5-10 times the power 
of conventional batteries of the same volume, and 3-5 
times those of the same weight. Vir tual ly all pace- 
makers, over 250,000 installed in the last 7 years, are 
powered by li thium batteries (273). 
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Magnes ium. - -Based  upon da ta  collected by  the In te r -  
nat ional  Magnes ium Association, the  domestic  p roduc-  
t ion of p r i m a r y  magnes ium meta l  was es t imated  to be 
160,000 short  tons for the per iod  from J a n u a r y  to Sep-  
t embe r  in 1979. Al though da ta  for the to ta l  product ion 
of magnes ium meta l  a re  not  ye t  avai lable ,  i t  is c lear  
tha t  i t  wil l  subs tan t ia l ly  exceed that  p roduced  in 1977 
and 1978. Expor ts  of the p r i m a r y  metal ,  va lued  at  $98.9 
million, were  ac tua l ly  more  than  ten t imes the amount  
imported,  which also represents  a significant increase  
to the  meta l  indus t ry  (274, 275). 

Consumption of the me ta l  in Nor th  Amer ica  is es t i -  
ma ted  to be 115,000 shor t  tons for the  year.  At  the  end 
of 1979, the quoted prices were  as follows. 

Magnesium ingots $1.09/pound 
Magnes ium die-cas t ing  a l loy  $1.07/pound (274) 

In contras t  to the mediocre  per formance  f rom 1973 
to 1977, when the annual  consumption of magnes ium 
appeared  to reflect the wor ldwide  economic s low- 
down, there  has been a sharp increase in the use of 
magnes ium in 1978 and 1979. I t  has been pro jec ted  tha t  
by  1985 an annual  g rowth  ra te  of app rox ima te ly  5% 
wil l  be achieved b y  the industry.  Fur the rmore ,  wi th  
the  cont inued increase  in the product ion  of magnes ium 
in Nor th  Amer ica  th rough  1985, the  indus t ry  is con- 
fident that  supply  wil l  continue to significantly exceed 
this increased demand  (276-278). 

The majo r  producers  of magnes ium meta l  in the 
United States  are:  NL Industr ies ,  Incorpora ted  (Row- 
ley, Utah) ,  Dow Chemical  Company (Freepor t .  Texas)  ; 
and Nor thwes t  Alloys,  Incorpora ted  (Addy,  Washing-  
ton) .  Despi te  the opt imist ic  forecast  for magnesium, 
NL Indust r ies  announced plans to sell a magnes ium 
faci l i ty  at  Sal t  Lake  City. This plant,  which produces  
app rox ima te ly  15% of the  to ta l  U.S. magnesium, has 
opera ted  at  a loss since i t  was opened in 1972. I t  is ex-  
pected tha t  the  p lan t  wil l  continue to opera te  at  least  
unt i l  the  end of 19.80 (279). 

The larges t  single appl ica t ion  for magnes ium is in the 
product ion of an a luminum-magnes ium alloy, essenti-  
a l ly  half  of the  to ta l  product ion being used in this 
way. Other  impor tan t  marke t s  for the meta l  are  die-  
cast ing (,-,16% of product ion)  and chemical  uses, such 
as Gr igna rd  reagents,  product ion of pyrotechnics  and 
ant iknock addi t ives  for l eaded  gasoline (~15% of 
product ion) .  

I t  is p ro jec ted  tha t  a ma jo r  increase  in the  use of 
magnes ium wil l  be for the  desulfur iza t ion of iron. 
A p p a r e n t l y  ant ic ipat ing  this, Dow Chemical  Company  
has author ized the construct ion of a 20 mil l ion pounds /  
yea r  p lan t  for  the  product ion of magnes ium me ta l lu rg i -  
cal granules,  due to be "on-s t ream"  in mid-1980 at  
Freepor t ,  Texas. The product  is specifically for use in 
the blas t  furnaces,  offering severa l  advantages  over  
calc ium carbide  or o ther  forms of magnes ium in te rms 
of energy savings, improved  p roduc t iv i ty  and be t t e r  
control  of sulfur  (278-280). 

du Pont  has recen t ly  announced the deve lopment  of 
an  a l u m i n u m - m a g n e s i u m  composite, incorpora t ing  
55% a lumina  fiber, which has s t ruc tura l  p roper t ies  
super ior  to steel. The re inforcement  is a continuous 
web of po lycrys ta l l ine  s - a lumina  fiber and outlets  in 
both the  aerospace and automobi le  indust r ies  are  
foreseen (281). 

Cer ta in ly  the  demand  for fuel-efficient  automobi les  
is l ike ly  to be an impor t an t  factor  in the  growth  of the  
magnes ium industry .  Unti l  recen t ly  the high pr ice of 
magnes ium re la t ive  to a luminum,  has exc luded  i t  
f rom being considered as a rep lacement  for zinc and 
i ron  in automobi le  castings. However ,  recent  p ro jec -  
t ions indicate  tha t  the  pr ice  of a luminum wil l  a p -  
proach tha t  of magnesium, making  the l a t t e r  meta l  
economical ly  a t t r ac t ive  to the auto indus t ry  (276, 277, 
282). 

Fo rd  Motor  Company has p ioneered  the use of 
magnes ium in automobiles,  a l r eady  having used the 
meta l  to cover s ide -mi r ro rs  for some 1980 models. Two 
addi t ional  components  fabr ica ted  from magnes ium wil l  
be in t roduced la te r  this yea r  (1980). La rge r  com- 
ponents  are  p resen t ly  being considered, since the  
auto indus t ry  has now gained exper ience  wi th  this  
h ighly  f lammable metal .  

In  o rder  to gain ful l  advan tage  of any  compet i t ive  
edge i t  is essent ial  tha t  the cost of product ion  of mag-  
nesium be reduced.  Thus, Dow Chemical  Company  is 
developing a new process tha t  is c la imed to reduce 
overa l l  energy consumption by  35%. More economical  
methods  of fabr ica t ion  are  being explored  by  the va r i -  
ous companies,  e.g., Black and Decker  Manufac tur ing  
Company.  I t  is also recognized tha t  safe work ing  p rac -  
tices, pa r t i cu l a r ly  in  any large  scale manufac tu r ing  
process, are  of p r i m a r y  impor tance  (282). 

Manganese . - -No  product ion or  sh ipment  of mangan-  
ese ore containing 35% or more  manganese  occurred in 
the U.S. dur ing  1979. Lower  grade  magani ferous  ores 
continue to be produced in Minnesota,  New Mexico, 
and South  Carol ina  (283). 

Manganese  ore consumpt ion increased bu t  was less 
than  one qua r t e r  of tha t  impor t ed  in 1970. Impor t ed  
fe r romanganese  was brought  in to make  up the deficit. 
Domestic product ion  of fe r romanganese  increased in 
1979. Major  shifts in ownership  of U.S. fe r romanganese  
product ion occurred in 1979 as a resul t  of sale of the  
40,000 metr ic  t ons /yea r  p lan t  of Circo, Incorpora ted  at  
Mobile, Alabama.  to Mexico's  Cia. Mineia Autlan.  
Airco's  Calver t  City, Ken tucky  manganese  fe r roa l loy  
p lan t  was sold to Germany ' s  SKW Alloys,  Incorporated,  
a whol ly  owned subs id ia ry  of S K W  Trostberg,  AG. 
Roane Limited,  a subs id ia ry  of South  Afr ican  Man-  
ganese Amcor  Limited,  (SAMANCOR) purchased  
Enge lhard  Minera l  and  Chemicals  Roane Electr ic  F u r -  
nace Company  at  Rockwood, Tennessee, which p ro -  
duces fe r romanganese  and si l icomanganese.  P re l imin -  
a r y  ru l ing  by  the U.S. T reasu ry  Depa r tmen t  agains t  
Brazi l  and Spain  for subsidizing fe r romanganese  and 
s i l icomanganese expor ts  to the U.S. would  al low coun- 
te rva i l ing  duties  to be imposed (283, 284). 

Pr ices  for me ta l lu rg ica l  ore containing a m in imum 
of 48% manganese  were  $1.36 to 1.42/long ton unit  
( l tu)  on contract  dur ing  1979. Annua l  contract  negot ia -  
tions for 1980 have suppl iers  asking $1.80 to $1.83/ltu, 
an increase  of 29 to 33%, p r i m a r i l y  due to r ap id ly  es- 
cala t ing ocean f re ight  costs (284, 285). 

Union Carbide  Corpora t ion  expanded  and modern -  
ized its Marr ie t ta ,  Ohio, e lect rolyt ic  manganese  meta l  
facil i ty,  increas ing capaci ty  app rox ima te ly  10-15% to 
10,000 t ons /yea r  (286). 

Elect rolyt ic  manganese  meta l  prices were  increased 
4 cen ts /pound  to 62G up 7% dur ing  the las t  qua r t e r  
of 1979 by  U.S. producers,  Union Carbide,  Foote Min-  
eral, and Newmont.  The increases were  expected by  the 
indus t ry  due to r is ing energy  costs (284, 287-289). 

U.S. produced high carbon fe r romanganese  (78% 
Mn) were  $440/long ton (l t)  in ea r ly  1979, moving up -  
wa rd  in stages to $490/lt by  May. Union Carbide  in-  
creased prices to $530/lt on November  1. Impor t ed  
al loys of the same grade were  quoted at  $375-420 at  
the beginning of the yea r  and went  th rough  a high of 
$450-490 in the summer  and decl ined to $440 to $450 
dur ing November.  LeNickel  Incorporated,  sales agent  
for SAMANCOR, announced effective December  31, a 
pr ice  of $485/long ton (283,290). 

Wor ld  manganese  product ion is s teady  at  23-25 mi l -  
l ion metr ic  tons /year .  The USSR accounts for about  
40% of the wor ld  total.  Eight  countr ies  supp ly  95% of 
the wor ld  total  (284). 

Tota l  dependence  of the  U.S. on impor ted  ore and 
fe r romanganese  have lead to cont roversy  over  wor ld  
manganese  ore reserves.  F r a n  R. Dykst ra ,  who tes t i -  
fied before  a Senate  subcommittee,  p ro jec ted  supply  
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and demand crossover in manganese  resul t ing in a 
world pinch on manganese  in the late 80's. He disagrees 
with the Bureau of Mines est imation of Russian re-  
serves. He urged passage of legislation to enable  the 
U.S. to begin harvest ing sea floor manganese nodules 
(291). 

Manganese ore reserves are estimated to be: 

Product  line consumption of nickel varied slightly: 

1978 1979 

Stainless and alloy steel 44% 47% 
Nickel and copper base alloys 33 33 
Electroplat ing 17 16 

(292, 295) 

Manganese ore reserves 

(mil l ion short tons 
contained Mn) 

USSR 1,350 
South Africa 1,680 
Austral ia  175 
Gabon 10O 
Mexico 15 
Brazil 70 
China 34 
Other 176 

Total 3,600 (284) 

The Bureau of Mines issued Report of Investigations 
No. 8330, "Catalytic Properties of Natura l  and Rare-  
Ear th-Promoted  Manganese Nodules." After  study of 
small  samples from both the Atlant ic  and Pacific 
Oceans, it was concluded that  the deep-sea nodules 
have sufficient potential  as oxidation catalysts for 
control of air pollut ion to war ran t  more extensive in-  
vestigation after commercial production of the nodules 
has begun. Report of Investigations No. 8383, "Prop- 
erties of Manganese-Copper  Alloys Prepared From 
Metal Powders," reported on Bureau research, demon-  
s t rat ing that  h igh-damping  manganese-copper  alloys 
can be made by powder meta l lurgy  techniqUes (286). 

The U.N. Law of the Sea conference is still s tumbl ing 
over taxat ion questions related to min ing  manganese 
nodules. Mining tests conducted by Ocean Minerals 
Company (OM Co.) which used the Glomar Explorer  
have, it  is believed, gone to lesser scale efforts to 
mine  these nickel cobalt manganese nodules from the 
ocean floor. The other four consortiums have main-  
tained a low level of activity in 1979. Expectations 
of 1990 nodu]e min ing  operations are fading. Japan 
has launched a new $19 mil l ion nodu]e exploration 
vessel and the 35 company Deep Ocean Mining Asso- 
ciate expects nodule mining  by 1990 (284). 

The USEPA lifted its ban temporar i ly  on man-  
ganese gasoline additive, MMT, to stretch gasoline 
supplies (234). 

Nickel . - -Product ion of the only domestic nickel  
mine  was about 14,000 tons, a slight decline from 
1978, while p r imary  nickel consumption was 201,000 
tons, an increase of 11%. Total nickel demand was 
271,000 tons, the third highest year on record. Labor 
strikes in Canada and curtailed production caused 
producer stocks to decline dur ing the first half  of 
the year  (292). 

S m e l t e r p r o d u c t i o n ,  with the ore supplied by the 
single domestic mine  in Oregon, totaled 11,000 tons 
of nickel in ferronickel, and about  1,000 tons were 
recovered as by-product  from pr imary  copper opera- 
tions (292). 

AMAX Nickel, Incorporated's  facility at Port  Nickel, 
Louisiana, produced 25,000 tons of nickel. An hourly 
work stoppage which continued for four months im-  
paired production (292-294). 

Nickel was consumed in three principal  pr imary  
forms showing minor  change from 1978: 

Unwrought  68% 
Ferronickel  21% 
Nickel oxide 8% 

Nickel recovered from scrap increased in  total 
tonnage in  1979 but  remained at 17% of total demand 
(292). 

Nickel inventories declined significantly below nor -  
mal  levels as revealed by Inco, the world's largest  
nickel producer:  

Year e n d  

1977 89 mil l ion pounds 
1978 141 mil l ion pounds 
1979 341 mil l ion pounds 

Normal  level 120 mil l ion p o u n d s  

Most producers are operating at 60-70% of capacity 
and share lnco's light inventory  situation. 

List prices of $2/pound for mel t ing nickel were 
regained in Februa ry  1979 and successive, almost 
monthly,  increases raised the price $3.20 by years 
end. Producer nickel price profile is shown in Table 
XIII. 

OPEC oil price hikes of $8 per barre l  may fur ther  
increase producer prices 15-50 cents/pound,  especially 
for energy intensive lateritic nickel which makes up 
half the world supply (298). 

World nickel production rose 12% above 1978 levels 
to 1.04 bil l ion pounds. Inventories  dropped with fin- 
ished nickel production for 1979 corresponding to 
approximately 70% of capacity utilization. 1980 nickel 
production is expected to increase to about 1.2 bil l ion 
pounds with an increase in producer inventories.  Over 
the long term, through 1985, production is expected 
to rise to about 80% capacity uti l ization (299). 

Current  free world nickel indus t ry  capacity is 
estimated to be 1.6 bil l ion pounds per year, growing 
to 2 bil l ion pounds by 1985. Free ~world consumption 
of 1.3 bil l ion pounds in  1979 is expected to reach 
1.58-1.65 bil l ion pounds in  1985. Costs of adding 
nickel capacity have tripled since 1970, from $3.00 
to $11.00/pound. Increased oil prices have added a 
$1/pound to the cost of producing nickel from la ter-  
itic ores since 1973. These escalating costs will put  
upward  pressure on nickel prices over the next  dec- 
ade (300). 

Table Xlll. Producer nickel price profile (297) 

Inco (eft. Dec. 4) 
Cathode ( lx l ,  2x2), S-rounds $3.25 
Cathode (4x4, up),  pellets, 123 powder $3.20 
Sinter 75, Incomet, utility shot/pig $3.11 

(Europe) $3.08 
Falconbridge (eft. Dec. 10) 

Cathode (lxl, 2x2), crowns $3.25 
Cathode (4x4, up) $3.20 
Ferronickel (37% nickel) $2.19 

SLN (eft. Dec. 3) 
Electroplating cathode $3.25 
HP cathode $3.20 
FN-1 ferronickel $3.29 
FN-3 ferronickel $3.26 
FN-C ferronickel $3.24 
SLN 25 granules $3.23 
FN-4 ferronickel $3.22 

Western Mining (eft. Dec. 6) 
Briquettes $3.20 
Steelmaking briquettes, steelmaklng powder $3.11 

Hanna (eft. Dec. 11) 
Ferronickel (50% nickel) $3.15 

Sherritt Gordon (eft. Dec. 5) 
Briquettes, S-grade powder $3.20 

Larco (eft. Dec. 12) 
Ferronickel (25% nickel) $3.22 

Amax (eft. June 11) 
Briquettes $3.00 
Nickel corrugates $2.97 
Steelmaking powder $2.93 
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The London Metal  Exchange  began t rad ing  pure  
nickel  class I ma te r i a l  on contracts  for six (6) met r ic  
tons, 13,228 pounds, in Apri l .  Dur ing  the las t  half  
of the  year  2,500 tons of n ickel  reached consumers  
at  25-45 cen ts /pound  be low producer  prices (292, 301). 

Genera l  Motors claims to have c leared a ma jo r  
technological  obstacle to the in t roduct ion of electr ic  
powered  vehicles in the mid-1980's wi th  its z inc-nickel  
oxide  ba t t e ry  developments .  Energy  storage of 2-2.5 
t imes the level  of lead  acid ba t te r ies  is claimed. P ro -  
duct ion of 100,000 Elect rovet tes  (conver ted  Chevrole t  
Chevet te)  would  consume 1.5% of the nickel  in-  
dustr ies  cur ren t  annual  product ion (302-304). 

The Depa r tmen t  of Energy  has said tha t  at leas t  
200 of the 700 demons t ra t ion  vehicles to be purchased  
in 1980 wil l  be powered  by  nickel -z inc  or n icke l - i ron  
ba t te r ies  (305). 

AMAX continues with the evalua t ion  of the Duluth  
gabbro copper -n icke l  deposits. A mul t i agency  repor t  
concluded tha t  the la rge  resource could be mined 
wi th  p roper  precaut ions  to protect  the  env i ronment  
(292). 

Work continues on a demons t ra t ion  p lan t  eva lua t ion  
to ext rac t  cobal t  and nickel  f rom wes te rn  la ter i tes  
using a new hydrometa l lu rg ica l  process (292). 

A Japanese  consor t ium announced construct ion of 
an ocean survey  vessel, scheduled for opera t ion  in 
J u l y  1980, which is specifical ly equipped to su rvey  
for manganese  nodules in the promis ing  a rea  south-  
east of Hawai i  (292). 

Sod ium. - -No  references  to meta l l ic  sodium were  
found for the  yea r  1979. 

T i t an ium. - -Wi th  respect  to both product ion and 
consumption of t i tanium,  1979 was a s t rong year  
and the t rends  es tabl ished in 1977 and 1978 were  ma in -  
ta ined (306-308). 

The s t rong m a r k e t  for t i t an ium meta l  resul ts  p r i -  
mar i ly  f rom the demands  of the a i rc ra f t  indus t ry  and 
the purchase  of airplanes,  such as the Boeing 747 
and 767, Lockheed L1011, and McDonnel l -Douglas  
DC10, wi th  r e l a t ive ly  high t i t an ium content.  I t  is p re -  
dicted that  the m a r k e t  for t i t an ium wil l  cont inue to 
grow, since aging fleets of je t l iners  need to be rep laced  
by  planes  having lower  fuel  consumption,  smal le r  en-  
gines, and lower  noise levels (307). 

Boeing Commercia l  Ai rp lane  Company is consider-  
ing the  use of t r a n s - b e t a - t i t a n i u m  al loy in the con- 
s t ruct ion of new 767 air l iners .  Studies  carr ied out  
at the Boeing Centra l  Technical  Center  indicate  that  
the a l loy is super ior  to o ther  t i t an ium alloys, offering 
significant weight  savings and therefore  reduced costs. 
The a l loy  is a p r o p r i e t a r y  in teres t  of Timer Incor-  
porated,  one of four  companies engaged to fabr ica te  
par ts  f rom the mater ia l .  Other  companies involved 
are  Alcoa, Ladish  Company,  and W y m a n - G o r d o n  (309). 

The new Pra t t  and Whi tney  je t  engine JT8D-209, 
ut i l iz ing t i tan ium "in new ways." will  be incorpora ted  
in the McDonnel l -Douglas  DC-9 Super  80 twin jet.  
The engine is c laimed to use app rox ima te ly  10% less 
fuel  than  the o lder  JT8D engines. Fur the rmore ,  noise 
levels are  signif icantly reduced  as a con~eauence of 
the use of an alloy, Ti-6A1-2gn-4Zr-Mo-Si ,  developed 
by  Timet  Incorpora ted  and P ra t t  and Whi tney  spec-  
ifically to wi ths tand  the high t empera tu res  of the 
je t  exhaus t  (310). 

According to the  Bureau  of Mines the product ion 
of t i t an ium ingots remained  stable over  the four 
quar ters  of 1979 and tota led 37,000 short  tons, an 
increase of 18% over  1978 product ion levels. Al though 
the total  product ion of t i t an ium ingot  (plus app rox -  
ima te ly  400 short  tons that  were  imuor ted)  was suf-  
ficient to meet  the m a r k e t  demand  both at  home and 
abroad,  there  was a small  decrease in the indust ry ' s  
stockpile.  S imi la r  t rends  were  shown in the produc-  
tion and consumption of t i t an ium sponge. Domestic 
product ion increased 22% re la t ive  to that  in 1978 

and there  was a significant increase in impor ts  ( f rom 
1500 short  tons in 1978 to 2500 shor t  tons) ,  p r i m a r i l y  
f rom Japan  (306, 311). 

The l imi ted  suppl ies  of t i t an ium throughout  1979 led 
to controversy be tween purchasers  (p r imar i l y  the  
a i rc ra f t  indus t ry )  and the mil l  suppl iers  over  condi-  
tions of long te rm contracts.  T i tan ium Metals Cor-  
pora t ion  of Amer ica  (TIMET) and RMI Company of 
Niles, Ohio, began to demand  contracts  for supply  of 
t i t an ium over  the next  three  years  wi th  subs tant ia l  
penal t ies  for cancel la t ion (312). 

This cont inuing shor tage  of t i t an ium has led  p ro -  
ducers, both in the United Sta tes  and  abroad,  to 
increase product ion  capacity.  For  example ,  Howmet  
Turb ine  Components  Corpora t ion  announced the pu r -  
chase of a t i t an ium ingot  p lan t  at  Reno, fo rmer ly  
opera ted  by a division of Whi t t ake r  Corporation,  but  
idle  since 1976. The fac i l i ty  contains three  vacuum 
arc mel t ing  furnaces,  wi th  an annual  capaci ty  of 
app rox ima te ly  2000 short  tons of ingot, according to 
Howmet.  The Reno plant ,  which is the second ingot  
faci l i ty  for the company,  is expected  to begin produc-  
tion ear ly  in 1980 (313). 

Shotton, Wales, has been selected as the site for 
the  construct ion of a $55 mil l ion p lan t  to produce  
app rox ima te ly  5500 tons of t i t an ium meta l  granules  
pe r  year.  The p lan t  wi l l  be opera ted  as a jo int  ven ture  
of Br i ta in ' s  Nat ional  Enterpr i se  Board, IMI Limi ted  
and gove rnmen t -owned  Rol ls -Royce Limi ted  (314, 
315). 

Considerable  emphasis  is also being placed on in-  
creased product ion of t i t an ium sponge. New technology 
and expansion plans a l r eady  underway ,  announced 
or under  considerat ion,  could raise  the total  annual  
capaci ty  in the United States  to 34,000 short  tons by  
1985. The cur ren t  U.S. capaci ty  for  the product ion 
of t i t an ium sponge is shown below, together  wi th  
the  process and producer  (306, 307). 

Company Curren t  capaci ty  Process 

Timer Incorpora ted  14,000 shor t  tons Kro l l  
RMI Company 7,500 short  tons Hunte r  
Oregon Meta l lurg ica l  

Corpora t ion  2,500 short  tons Kro l l  
Totals 24,000 shor t  tons 

Dow Chemical  Company and Howmet  Turbine  Com- 
ponents Corpora t ion  (a subs id ia ry  of Pechiney  Ugine 
I~uhlmann Incorpora ted)  have announced a jo int  
ven ture  agreement  to commercia l ize  an e lec t ro ly t ic  
process for the product ion of t i t an ium sponge. The 
process is based upon work  by  the Bureau  of Mines 
in the mid-1960's, which has been subsequent ly  de-  
veloped by  Dow and by  Hornet. Elec t ro ly t ic  reduct ion 
of t i t an ium te t rachlor ide  yields a t i t an ium sponge 
which can be mel ted  to give the pure  meta l  or used 
to make  t i t an ium alloys. If successful, i t  is an t ic ipa ted  
tha t  a product ion-sca le  opera t ion  wil l  be "on-s t ream" 
by  the mid 1980's. At  present,  v i r tua l ly  all  t i t an ium 
is produced by  e i ther  the Kro l l  process ( reduct ion 
of TIC14 using magnes ium)  or  the Hunter  process 
(the reducing agent  being sodium meta l ) .  According 

to Dow, the energy  requi rements  for the e lec t ro ly t ic  
process are  app rox ima te ly  one-ha l f  those of the con- 
vent ional  processes. Fur the rmore ,  the t i t an ium p rod -  
uct is of a h igher  qual i ty  wi th  respect  to consistency 
of both size and pur i ty  (316-318). 

RMI Company is expanding  its main  p lan t  in Niles, 
Ohio, to increase the output  of mil l  products  app rox -  
ima te ly  25%. Ear l ie r  in the year  RMI had announced 
a $3.5 mi l l ion expansion of the company 's  sponge 
faci l i ty  at Ashtabula ,  Ohio. Both expansions are  sched-  
uled for complet ion by  the th i rd  qua r t e r  of 1980 
(318, 319). 
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Cometals  Incorpora ted ,  has agreed  to impor t  t i t an ium 
sponge f rom China in amount  descr ibed as "significant" 
re la t ive  to tha t  impor t ed  f rom Japan,  the  Soviet  
Union and the United Kingdom (320). 

Produc t ion  of t i t an ium ores in the United Sta tes  
is summar ized  in t abu la r  form below (306) : 

Ore Produc t ion  
(shor t  t ons /yea r )  

I lmeni te  550,000, a decrease  of 7% from 1978 
product ion  levels  

Rut i le  No domest ic  product ion  

The heavy  minera ls  opera t ion  at  Boulougne in 
Flor ida ,  which  produced  a bu lk  t i t an ium concentra te  
conta ining rut i le ,  was closed down in November  
because of dep le ted  reserves.  The only  U.S. p lan t  
p roduc ing  synthe t ic  rut i le ,  located in Alabama,  is 
expec ted  to resume product ion  ear ly  in 1980 (306). 

Impor t s  of i lmenite,  essent ia l ly  a l l  f rom Aust ra l ia ,  
was es t imated  to be 280,000 shor t  tons, a decrease  
of a p p r o x i m a t e l y  9% f rom 1978. There  was a sub-  
s tan t ia l  decrease  ( a p p r o x i m a t e l y  37%) in the  amount  
of na tu ra l  ru t i l e  impor t ed  in 1979, but  in sharp  
contrast ,  a fourfold  increase  in the  impor ts  of the 
synthe t ic  ruti le.  The ma jo r  sources of the synthet ic  
ore were  Aus t ra l i a  (69%) and Taiwan (21%) (306). 

S ie r ra  Rut i le  Limited,  owned by  subsidiar ies  of 
Be th lehem Steel  Corpora t ion  (85%) and Nord Re-  
sources Corpora t ion  (15%),  began to mine  ru t i le  in 
S ie r r a  Leone  f rom the  Mogbwemo deposit,  about  80 
miles  f rom Free town.  I t  is an t ic ipa ted  tha t  in 1980 
S ie r ra  Rut i le  wi l l  ship 110,000 short  tons of the ore 
(318). 

Associated Minera ls  Consolidated,  a subs id ia ry  of 
Consol idate  Goldfields of Aust ra l ia ,  announced that  
i t  wi l l  expand  the capaci ty  of the p l a n t  at Capel  
(producing  synthet ic  ru t i le )  to 60,000 tons /year .  I t  
was also r epor t ed  tha t  the  company,  the  wor ld ' s  la rges t  
p roducer  of ruti le,  plans an eventual  increase  in total  
capaci ty  to 120.000 t o n s / y e a r  (321). 

Repor ts  indicate  tha t  NL Indus t r ies  wil l  sell its 
subsidiary,  T i tan ium Al loy  Manufac tu r ing  Company 
Pry. L imi ted  (Tamco)  to Utah  Mining Aust ra l ia ,  L im-  
i ted (321, 322). 

The spot pr ice of ru t i le  at  the yea r  end was $375- 
400 per  shor t  ton f.o.b. At lan t ic  and  Grea t  Lakes  ports;  
the pr ice f.o.b. Aus t r a l i a  increased app rox ima te ly  40% 
dur ing  the yea r  to $348-369 per  shor t  ton (306). 

Z inc .wAccord ing  to the Bureau  of Mines, U.S. De- 
p a r t m e n t  of the Inter ior ,  in 1979 the mine product ion 
of zinc in the Uni ted  States  was only 286,000 short  
tons, the lowest  level  since 1932 and a decrease  of 
14% from the product ion  in 1978. Severa l  pro longed 
s t r ikes  were  l a rge ly  responsible  for the  observed  de-  
crease in production.  The yea r  long s t r ike  at  the 
B a l m a t - E d w a r d s  mine  (St. Joe Zinc Company)  was 
se t t led  in July,  but  product ion  for the  r ema inde r  of 
the  yea r  was only 50% of capacity.  Product ion  at  both 
the Aza rk  Lead  Company mine  in Missouri  and the 
New Marke t  Mine (Asarco Incorpora ted)  was in te r -  
rup ted  by str ikes,  the l a t t e r  mine having been reopened 
in J a n u a r y  1979. Worker s  a t  the  Young mine  in Ten-  
nessee s t ruck  in Sep tember  and the mine has remained  
idle  th rough  the r ema inde r  of the yea r  (323-325). 

The Shul l sburg  mine  in Wisconsin closed indefini tely 
due to problems  meet ing  env i ronmenta l  regula t ions  
and the unfavorab le  condit ions of the zinc m a r k e t  
(326). 

The product ion of app rox ima te ly  540,000 tons of 
zinc meta l  in 1979 by  U.S. p r ima ry  and secondary  
smel ters  represents  an increase  of 22% over  tha t  of 
1978. The new elec t ro ly t ic  p lan t  in Tennessee, owned 
by  Je r sey  Miniere  Zinc Company,  opera ted  a lmost  
a t  capaci ty  for the whole  year,  producing  app rox i -  
ma te ly  82,000 tons of zinc me ta l  (323). 

In  November ,  St. Joe Zinc Company announced 
the closing of its e lec t ro thermic  zinc smel t ing faci l i t ies  
in Monaca, Pennsy lvan ia  (capaci ty  200,000 t ons /yea r ) .  
The increas ing cost of energy,  l abor  demands,  and 
the la rge  capi ta l  inves tments  requ i red  to meet  the  
envi ronmenta l  regulat ions,  were  cited as the p r i m a r y  
reasons for the shutdown. I t  was s ta ted  tha t  the  
jo in t  ven tu re  of SNC/Dravo  had been engaged b y  
St. Joe  Z i n c  Company to design a new elec t ro ly t ic  
ref inery to be bui l t  at  one of severa l  possible locations. 
In  the  meant ime,  St. Joe wi l l  meet  cus tomer  demand  
for zinc slab wi th  tol led meta l  p roduced  f rom its 
zinc concentrates  and wi th  purchased  meta l  (323, 
327, 328). 

Exxon  Minerals  Company,  U.S.A. cont inued to ex -  
p lore  the z inc-copper  deposi t  at  Crandon,  Wisconsin. 
Fur the rmore ,  the company  ant ic ipa ted  the  s ta r t  of 
an unde rg round  sampl ing  p rog ram in 1980 at  the  
proper t ies  in New Mexico, p roper t ies  which have 
been es t imated as a deposi t  of 7 mi l l ion tons, g rad ing  
2% copper,  3% zinc, and  recoverable  quant i t ies  of 
s i lver  and gold (323). 

Cominco Limi ted  announced plans for the  i m m e -  
d ia te  deve lopment  of the  "Polar is"  z inc- lead  ore d e -  
posit  of A r v i k  Mines Limited.  The cost of the deve lop-  
ment  p rog ram is es t imated  at  a pp rox ima te ly  $150 
mil l ion and the mine  is expected to produce  a lmost  
190,000 shor t  tons of zinc concentra te  annual ly .  Agree -  
ment  has been reached wi th  the Government  of Can-  
ada with  respect  to the condit ions under  which the 
Polar is  mine can be developed and product ion of the  
zinc concentra te  (and lead concentra te)  should begin  
ea r ly  in 1982 (329). 

A jo in t  ven ture  of Louis iana Land and Explora t ion  
Company and Super io r  Oil Company have repor ted  
tha t  if technical  and env i ronmenta l  studies a re  favor -  
able  the deve lopment  of the Bald Mounta in  p r o p e r t y  
in Maine could begin in 1984 (323). 

A new s tudy  conducted by  the Commerce  Depa r t -  
ment  has concluded tha t  b y  the  yea r  2000 minera l s  
found in the deep ocean floor, inc luding copper, co- 
balt ,  manganese,  and zinc, wil l  be cr i t ical  not  only  
to the indus t r ia l  and economic s t rength  of the United 
States, but  also to its na t ional  securi ty.  This is perhaps  
made  more  significant by  the recent  discovery of 
mass ive  deep-sea  deposits  of o re -g rade  zinc, copper,  
and  iron sulfides by  a team of French,  American,  and  
Mexican geologists. The d iscovery  also confirms a 
geochemical  theory  that  such deposits  were  formed 
when  seawater  rap id ly  cooled the l ava  (330-332). 

Noranda  Explora t ion  Incorpora ted  exercised its op-  
t ion to acquire  an in teres t  in the  Ontario mine  of 
P a r k  Ci ty  Ventures  in Utah. The company announced 
plans to reopen this mine in 1980 (323). 

The consumption of slab zinc in 1979 decreased  
3% ( re la t ive  to 1978) to a pp rox ima te ly  I mi l l ion  tons, 
appa ren t ly  due to signif icantly decreased demand  for 
zinc in die-cast ing,  ro l led  zinc, and zinc oxide (323, 
333). 

Consumption % of total  
Use ( t ons /yea r )  consumption 

Galvan iz ing  411,000 45 
Zinc-base  al loys 282,000 31 
Brass and bronze 139,000 15 
Rolled zinc 22,000 2 
Zinc oxide  36,000 4 
Miscel laneous 30,000 3 
( includes bat ter ies ,  

zinc dust)  

The demand  for zinc in 1980 is expected  to con- 
t inue to decrease,  pa r t i cu l a r ly  that  for d ie-cas t  metal .  
However  af ter  1980 the marke t  is expected  to s t r eng th -  
en the demand  increas ing at  p robab ly  2-3% per  yea r  
for severa l  years  (384). 
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A new zinc alloy, ZA-12 (containing 12% a luminum)  
is claimed to have improved casting properties and 
can be used to replace bronze, cast-iron, and heat-  
t reated a luminum.  The alloy, developed by Pi t tsburgh 
Cast Products Incorporated, is approximately 30% 
lighter and stronger than either cast i ron or bronze 
and offers significant savings in both materials  and 
machine costs (335). 

The average price of pr ime western grade zinc in 
1979 was 37.4 cents/pound,  an increase of approxi-  
mately  20% relative to 1978 prices. On the Long 
Metal Exchange the average price was 33.2 cents /  
pound, main ta in ing  the smaller difference between the 
European and U.S. prices observed late in 1978 (323, 
336). 

Imports of zinc in  ore and concentrates were essen- 
t ial ly unchanged from 1978 and major  sources were 
again Peru, Bolivia, Mexico, and Honduras. It was 
noted that several of the countries supplying zinc to 
the United States are politically unstable  and may 
pose a threat  to future  supply of the metal  (323, 337). 

In contrast, the major  supplier of zinc metal  to 
the United States is Canada, total imports in 1979 
decreasing to 510,000 tons, 18% lower than in 1978 
(323). 

Confrontat ion between several U.S. producers of 
lead and zinc (St. Joe Minerals Corporation, New 
Jersey Zinc, Anaconda, Asarco Incorporated) and the 
Council on Wage and Price Stabil i ty (COWPS) oc- 
curred throughout  1979, following the announcement  
by the Council that  unl ike  copper these metals were 
not exempt from the voluntary  guidelines. Discus- 
sions led to the Council agreeing to consider special 
guidelines in which the U.S. prices for zinc and lead 
would be related to the world market  prices on the 
London Metal Exchange (338, 339). 

The Electrical Industry 
The once-placid, investor-owned electric uti l i ty 

which produces 77% of all electrical power in the 
United States, finds itself caught in a spiral of uncer-  
tainties: the energy crisis, regulation, and inflation 
(340). 

The slower growth in energy sales in recent  years 
was ini t ia l ly  regarded as a "short- term aberrat ion" 
by executives of the ut i l i ty  companies and it is, 
of course, well known that the indus t ry  responds slowly 
to changes. Furthermore,  s t r ingent  envi ronmenta l  reg- 
ulations and inflation have made new construction 
appear prohibi t ively expensive. It was recently re-  
ported by the Edison Electric Inst i tute  that the aver-  
age capital cost of a coal-fired plant  has increased 
from $144 per ki lowatt  hour (kW-hr)  in 1970 to 
$1096 kW-hr  for a plant  to come "on-stream" in 
1987. For a nuclear  power plant  the comparable costs 
are $165 and $1861. Of necessity then many  utilities 
are delaying and /or  canceling new construction (340). 

The cumulat ive woes of the electrical indus t ry  are 
exemplified by the present  position of San Diego 
Gas and Electric Company. Faced with a projected 
growth of 5% per year  in customer demand for 
electricity, the uti l i ty cannot afford to bui ld any  new 
capability. A major  problem has been the rapid escala- 
tion in  the cost of producing power, costs that have 
increased approximately 250% in the last five years, 
while increases in customer rates have been l imited 
to only approximately 140% over the same time pe- 
riod. This has resulted in lower bond ratings, restric- 
tions on the uti l ization of current  debentures,  and the 
inabi l i ty  to sell new stock. San Diego Gas and Electric 
Company has cancelled plans to upgrade a fossil-fired 
un i t  (projected cost $60 mill ion) and to construct a 
$50 mil l ion 45 MW geothermal plant  in Imperial  
Valley in California (340). 

The Energy Crisis . --In a recent review of sources 
of energy available to the United States in the near  

term (1985-2000), it was pointed out that the growth 
in production and sales of energy has diminished and 
will probably level off in the 1990's. The production 
o2 oil and gas in the U.S. peaked approximately seven 
years ago and it is claimed that  there is no reasonable 
basis to just ify predictions of increased yields. Es- 
t imates of undiscovered petroleum liquid resources in 
this country are present ly placed at 100 bil l ion barrels, 
and it is evident  that the U.S. resources of conventional  
oil will  be seriously depleted wi thin  20-25 years (341- 
343). 

Since the early predictions of expansion and growth 
the development  of nuclear  energy has suffered a 
series of setbacks and consequently diminished ex- 
pectations. This has in part  been due to envi ronmenta l  
and sociological constraints, and it has become evi-  
dent  that nuclear  power may not be regarded as the 
major  future  source of energy in the United States 
(341, 344). 

According to the Bureau of Mines, recent estimates 
indicate that there are 437 bil l ion tons of coal in 
deposits in the United States that can be mined under  
present  economic conditions and using current  tech- 
nology. Furthermore,  it  is projected that coal will  
be available in  increasing quantities,  sufficient to 
meet increased demand for energy and allow transi t ion 
to a society that  is able to use energy more efficiently 
and/or  a l ternat ive  abundan t  sources such as solar and 
geothermal energy. Thus despite the present  envi ron-  
menta l  and sociological constraints, coal is the only 
domestic energy resource capable of substant ial  ex-  
pansion (341,345). 

Environmental regulations, health, and safety.--It 
has been estimated that in  1990 addit ional revenues 
amount ing to 16% of the electric p lant  base costs 
would be required to meet federal air, water, and 
nuclear  regulations. This is an indication that federal 
regulat ion itself represents "a massive industry"  and 
that the cost of compliance is rapidly becoming pro- 
hibi t ively expensive (346). 

To bring existing facilities up to the pollution con- 
trol s tandards (effective January  1979), it was esti- 
mated that  the total cost to the U.S. business was 
$27.2 billion. The expenditures of two industries, the 
electric utilities and the petroleum industry,  account 
for 44% of the cost of all p lanned pollut ion-control  
modifications. Also for most industries and businesses, 
modest increases are forecast in p lanned spending for 
ant ipol lut ion measures over the next  3-5 years whereas 
for the electric utilities expenditures of $4 bil l ion 
have been projected (see Table XIV) (347). 

According to the method chosen by Depar tment  
of Energy for classification af power plants as "new" 
or "existing" under  the Fuel  Use Act (FUA),  as of May 
8, 1979 a new power plant  was prohibited from b u r n -  
ing oil or gas. An existing plant  may continue to burn  
oil al though conversion may be ordered in certain 
cases. In  order to be classified as an "existing" plant  
a ut i l i ty  must  indicate that it will  suffer a "substantial  
financial penal ty" or impai rment  of rel iabil i ty if it  
is not. In  response to many  objections, the act was 
revised and the Economic Regulatory Adminis t ra t ion  

Table XIV. Expenditures for pollution control1978, 1979 and 1982 
(347) 

A i r  pol lu t ion  W a t e r  pol lu t ion  
I n d u s t r y  1978 1979 1982 1978 1979 1982 

Gas utilities 21 31 76 31 18 54 
Aerospace 26 38 20 11 15 21 
Rubber 76 50 69 9 10 16 
Paper 135 249 211 136 184 164 
Mining 231 231 243 113 171 97 
Chemica l s  211 287 280 281 292 458 
I ron  and  s tee l  278 395 254 144 264 138 
P e t r o l e u m  354 808 442 377 291 277 
E lec t r i c  u t i l i t i es  1785 1883 1542 935 1032 2311 
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of the Depar tment  of Energy will  now "take into 
consideration any financially related factor that  is 
considered appropriate" (348). 

The Tennessee Valley Author i ty  (TVA) is now 
implement ing  a $1 bil l ion program to reduce air pol lu-  
t ion at its coal-fired power plants. Thus TVA emerges 
as the costly pacesetter for many  of the nat ion 's  
utilities, and it is clear that  the Envi ronmenta l  Pro-  
tection Agency (EPA) intends to use the performance 
of TVA to push into l ine utilities that  are not present ly  
in  compliance with the c lean-ai r  regulations. In  a 
series of modifications that will  be fully implemented 
by 1982 it  is predicted that  sulfur  dioxide emission 
will  be reduced 42% at ten TVA plants. It is also 
predicted that  part iculate  emission at ten TVA plants 
will  be reduced 22% (349). 

A controversy involving Dow Chemical Company, 
the EPA, and the State of Michigan concerned the 
chemical company's  innovat ive pollut ion control sys- 
tem at its Midland plant.  The EPA has yet to approve 
the amendments  introduced by the state of Michigan 
and is charging Dow with violation of the standards 
out l ined in the Clean Air Act. Although some agree- 
ments  were recent ly  reached several major  issues re-  
main:  

1. Can a company be forced to spend $22 MM to 
switch fuels for boilers that will  be obsolete in 3-4 
years? 

2. Can the EPA deny the State 's amendments  to 
the state implementa t ion  plan? 

3. Is there sufficient flexibility in  the Clean Air 
Act for the EPA to allow controls that meet  the 
spirit, if not  the letter, of the law? 

Dow Chemical Company has also argued that con- 
version to total oil would consume an addit ional  7000  
bar re l s /day  and result  in an addit ional  $22-25 MM 
outlay for fuel. (350). 

For  several  years, officials of the State of Ohio 
have struggled to prevent  imposition of sulfur  dioxide 
emission standards on the electric utilities in their  
state. Recent air control plans outl ined by the State 
were rejected in  October of 1979, but  at the same 
t ime the EPA has eased the requirements  for the 
major  utili t ies in Ohio. As a result  many  of the 
power plants  will continue to bu rn  high-sulfur  coal 
without  the addit ion of costly pol lut ion-control  equip- 
ment. A major  winner  in the confrontat ion was Cleve- 
land Electric I l lumina t ing  Company, since the EPA 
agreed to fourfold re laxat ion in the emission limits 
for two large plants at Avon Lake and Eastlake. It  
was estimated that  instal lat ion of scrubbers to meet 
the original  s tandards would have cost approximately 
$524 MM (351,352). 

The mora tor ium on new construction permits  and 
operat ing licenses for nuclear  plants  imposed by the 
Nuclear  Regulatory Commission has created consider- 
able unhappiness  in the electrical industry.  It  was 
pointed out that  with today's high rates of inflation 
any delays were ext remely  costly. The announcement  
of the indefinite delay in l icensing surprised TVA, 
which had p lanned to begin fuel loading at Sequoyah 
uni t  1 in mid-November .  Financia l  officials of the 
company estimated that the delay will  cost $10 MM 
per month  and would cost residential  customers an 
addit ional  $1.20 per  month.  Southern  California Edison 

Company is also concerned, point ing out that  wi th in  
the next  12 months 15 nuclear  units, represent ing an 
aggregate capacity of 15,450 MW, will require  operat-  
ing licenses. Extended delays would be costly and 
would strain the summer  capacity reserves, par t icu-  
lar ly in the southeast (353). 

The chemical affinity of neoprene for PCB's, which 
has previously been a definite drawback, has been 
adapted to provide a system to remove PCB's from 
oil insula t ing fluids. Introduced by RTE Corporation 
as a disposable filter the neoprene "gravel" effectively 
reduces the levels of PCB in  t ransformer  fluids to 
less than 50 ppm (354). 

It is reported that the investor-owned electrical 
utili t ies in the United States p lan  to spend $413 MM on 
health and safety of employees, placing the utili t ies 
third among all U.S. industr ies surveyed by the 
McGraw-Hil l  Depar tment  of Economics. These ex-  
penditures represent  1.4% of total capital spending by 
the electric industry,  sl ightly lower than the 1978 level 
of 1.8% (355). 

The electrical indus t ry  has shown that  significant 
effort is expended to make t ransmission r ights -of -way 
(ROW) esthetically pleasing. A uti l i ty 's  vegetat ion 
manager  plays a major  role in  developing ROW's that  
will be assets physically to the general  public as well 
as funct ional ly  to the industry.  In  general, three dis- 
t inct  components contr ibute  to the s t ructural  makeup 
of the vegetation. By evaluat ing these components on 
a var ie ty  of ROW's, sites can be created that b lend 
harmoniously with their  surroundings  (356). 

P o w e r  g e n e r a t i o n  i n  t h e  U n i t e d  States.--Sales of 
electrical energy increased only 2.85% in 1979, to a 
total of 2075 bil l ion ki lowat t -hours  (kW-hr ) ,  signifi- 
cantly lower than  forecast. A sharp decrease in the 
growth of sales of electrical power to residential  users 
(see Table XV) probably  reflects the surging inflation 
rate and the demand for nat ional  energy conservation. 
This is cer tainly supported by the decrease in  the aver-  
age use for residential  power (Table XVI) from 8849 
to 8820 kW-hr,  only the second decrease in a decade. 
However, with the average rate for electrical power 
for the residential  user escalating to 4.32 cen t s /kW-hr  
the average annua l  bil l  actually increased approxi-  
mately  $25 in 1979. Data for commercial and industr ia l  
power are also shown in Table XVI (357, 358). 

A survey released by the National  Utilities Service 
Incorporated (New York) showed that  over a period 
of fifteen months ( January  1978 to March 1979) rate 
increases were moderate. The average rate increase for 
the nation's  24 largest utilities was 7.5%. It is of in ter -  
est to note that for utilities heavi ly  dependent  upon 
nuclear  energy, e.g., Connecticut  Light and Power 

Table XV. Electric utility sales, 1977, 1978, and 1979 (357) 
(Billions of kW-hr) 

Resi- Indus- Commer- 
dential trial cial Other Total 

1977 652.3 757.2 469.2 72.1 1950.8 
1978 679.2 782.1 480.7 75.8 2017.8 
1979 693.4 812.5 493.6 75.9 2075.4 
% Change 

1977-1978 4.1 3.3 2.3 1.3 3.5 
% Change 

1978-1979 2.1 3.8 2.7 -- 2.85 

Table XVI. Average annual use, electric rate, and utility bill 1977, 1978, and 1979 (357) 

Residential Commercial Industrial 

Average bill Average bill Average bill 
Average  use, Average use, 

kW-hr Per kW-hr Annual kW-hr 
Average  use, 

Per kW-hr Annual kW-hr Per kW-hr Annual  

1977 8693 3.78r $328.6 52,892 3.84r $2031 1,722,567 2.33r $40,105 
1978 8849 4.03r $~56.6 53,U85 4.10r $2176 1,702,939 2.59r $44,150 
1979 8820 4.32r $381.5 53,184 4.38# $2332 1,707,768 2.85# $48,614 
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Company, rate increases were unusua l ly  moderate 
(359). 

The capabil i ty of the electrical indus t ry  to generate 
power grew modest ly (approximately 4%) in 1979, 
increasing to 597,523 MW, vis-a-vis  a capabil i ty of 
574,365 MW as of November 30, 1978. As can be seen in  
Table XVII the dependence upon fossil fuels has 
strengthened, with the use of coal dominant  (in terms 
of kW-hr  of generated power) (357). 

Perhaps as a consequence of the l imited U.S. re-  
serves and the inflated world market  prices, the elec- 
trical indust ry  consumed significantly less oil in 1979 
(see Table XVIII) ,  the pre l iminary  estimates showing 
a decrease of 17.6% from 635.8 to 523.5 mill ions of bar-  
rels (357). 

The present  and projected generat ing capabil i ty for 
the indus t ry  is shown as Table XIX. Although the 
planned capabil i ty includes a substant ial  amount  
(108,491 MW) from nuclear  power-plants,  it can be 
seen that the strong dependence upon fossil fuels will  
be mainta ined (357). 

Total revenues for the investor-owned electric ut i l i ty  
indus t ry  were $68 bil l ion in 1979, which represents a 
record high for the industry.  Although total expenses 
have increased, the overall  performance closely 
matches that achieved by the indus t ry  in 1978. It  was 
reported that  88 electric utilities announced increased 
dividends in 1979, the net increase for the indus t ry  
being 6.2% (357). 

According to data compiled by the Ebasco Business 
Consult ing Company, electricity rates were increased 
by 80 utilities, amount ing to an increase in revenues of 
$4.57 billion, which is substant ia l ly  larger than that 
obtained in  1977 or 1978 (see Table XX) (357). 

Table XVII. Energy generated and source, 1977, 1978, and 1979 
(357) 

(Billions of kW-hr) 

Coal Oil Gas Nuc lea r  Tota l  

1977 985.2 358.2 305.5 251 1899.9 
1978 976.6 364.2 305.4 276.4 1922.6 
1979 1075.5 303 329.5 255.4 1963.4 
% C h a n g e  

1976-1978 § 10.1 - 17 + 7.9 - 7.6 + 2.1 

Table XVIII. Fuel consumption by the electrical industry (357) 

Coal, Oil, Gas, 
millions millions millions 

of tons of barrels of fV 

1977 477 624.2 3191.2 
1978 481.6 635.8 3188.4 
1979 529 523.5 3490.3 
% Change  

1977-1978 + 7.3 -- 17.6 + 9.4 

Table XIX. Electric power industry capability, MW (357) 

Addi t ional  
Capabil i ty capabi l i ty  
D e c e m b e r  p lanned  be- 

Fuel  type  1979 yond 1980 Tota l  

Hydro  ( including p u m p e d  75,326 24,020 99,346 
s to rage)  

Fossil fuel  412,399 125,129 537,528 
Nuc lea r  53,744 108,491 162,235 
I n t e r n a l  combus t ion  5,492 696 6,188 
Combust ion  tu rb ine  50,562 5,322 55,884 

I n d u s t r y  tota l  597,523 

Table XX. Electric rate increases in 1977, 1978, and 1979 (357) 

1977 
1978 
1979 

Inc reases  g r a n t e d  
N u m b e r  Re ve nue  ($) 

Appl icat ions  pending  
N u m b e r  Rev en u e  ($) 

88 2636.8 MIVi 61 2518.0 MSq 
73 2362.7 MM 59 3458.9 MM 
60 4567.0 NI1Vi 70 4715,4 MM 

Capital expenditures pr imar i ly  for generation, t r ans -  
mission, and dis tr ibut ion of electricity in the United 
States were $35.2 bil l ion in  1979, and forecasts again 
indicate increased capital outlay in  1980. In  particular,  
the capital required for nuclear  power plants is ex- 
pected to amount  to $13.7 billion, an increase of ap- 
proximately  11% from the level of expendi ture  in  
1979. Comparable outlay is anticipated for fossil-fuel 
plants. It is of interest  that  because of several factors, 
including a higher forced-outage rate, long-range 
load-forecasting difficulties financing, land-use  and the 
selection of suitable sites, construction of large power 
plants (approximately 3000 MW capacity) is being re-  
examined and reevaluated.  The sequential  construc- 
tion of smaller plants allows much shorter lead-t imes 
for design and construction (357, 358, 360). 

Energy from fossil fuels . - -The amount  of power gen- 
erated in the United States uti l izing fossil fuels has 
varied only slightly over the last three years, being 
86.8% in 1977, 85.6% in 1978, and 87% in 1979 (see 
Table XVII) .  On the other hand, there has been a 
significant change in the consumption of par t icular  
fossil fuels, especially in 1979 when there was a sub-  
stantial  decrease in the consumption of oil (see Table 
XVIII) .  As has been ment ioned previously, coal con- 
t inued to s t rengthen its position in the nat ional  energy 
picture. 

With respect to capabil i ty beyond 1980, p lanned ad- 
ditions would utilize fossil fuels to generate 47.5% of 
the electrical power, which is now slightly higher than 
that  forecast earl ier  (361). 

Oil shale.--A new oil shale extract ion process, using 
radio-frequency electric fields to heat the deposits, is 
being joint ly  developed by Texaco, Raytheon, and 
Badger. In this process both liquid and gaseous hydro-  
carbons are produced in situ, el iminat ing the need for 
mining, retorting, and waste disposal. At this time, no 
economic assessment of the process has been carried 
out, and it is believed that  by the end of 1980 only 
feasibility will have been demonstrated (362, 363). 

A cost-sharing agreement  also to produce oil-shale in 
situ is being considered by Occidential Petroleum and 
the Depar tment  of Energy. It is p lanned to construct 
two retorts at the Loga-Walsh test site near  Debeque, 
Colorado, at a cost of approximately $24 MM. The ex-  
pected agreement  represents the second phase of a 
$45 MM pact between the two organizations signed in 
1977 (363). 

Under  an agreement  with the Aero-Propuls ion Lab-  
oratory of the U.S. Air Force, the Process Division of 
UOP, Incorporated, will evaluate  a new technique for 
the conversion of shale-oil  to t ransporta t ion fuels, 
pr imar i ly  jet  fuel. The contract with UOP covers a 
four-phase effort for a total of $1.87 MM, the whole 
program extending over two and one-half  years (364). 

Coal gasification and coal liquefaction.--Two projects 
to l iquefy coal, one a jo int  venture  between Air Prod-  
ucts and Chemicals and Wheelabra tor -Frye  and the 
other a U.S./West German/Japanese  plant, will be 
supported by the U.S. Government ,  Depar tment  of 
Energy. The former venture,  projected to cost $625 MM 
and to be located in Kentucky,  is expected to be op- 
erat ing in 1984, convert ing 6000 tons of coal /day into 
20,000 bar re l s /day  of oil. The p lant  will  use a combina-  
t ion of a solvent refining process (SRC-1) and a cata- 
lyst  hydrocracking process. The other project  involves 
a plant  to be located in Morgantown, West Virginia, 
and uses the SRC-II  process developed by Gulf  Min-  
eral Resources. Ini t ia l  plans are also to process 6000 
tons /day of coal (365). 

The first commercial coal-gasification project i n  the 
United States has been given approval by the Federal  
Energy Regulatory Commission. The $1.2 bil l ion proj-  
ect, to be located in' Beulah, North Dakota, will convert  
4.5 MM tons/year  of l ignite into h igh-Btu pipeline gas, 
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using the Lurg i  gasification process. Cal led the Grea t  
Pla ins  Coal Gasif icat ion Project ,  the  unde r t ak ing  is 
owned by  a consor t ium of Amer i can  Na tu ra l  Resources 
Company  and four  o ther  firms (366). 

In  October  1979, the  Depa r tmen t  of Energy  and Gulf  
Science and Technology (the research  a rm of Gulf  Oil) 
began  a t e s t - b u r n  in Rawlins,  Wyoming,  as par t  of the  
first demons t ra t ion  of coal gasification in a s teeply  
s lanted coal seam. This phase is pa r t  of the agreement  
es tabl ished be tween  Gulf  Oil and the Depa r tmen t  of 
Ene rgy  in 1976 (363). 

F luo r  Engineers  and Constructors  (Irvine,  Cal i -  
forn ia) ,  a subs id ia ry  of U.S. F luo r  Corporat ion,  and 
Sasol  (Johannesburg ,  South  Afr ica)  have  agreed  to 
m a r k e t  coa l -convers ion  technology (developed by  
Sasol)  in the  Uni ted  States.  Sasol has been using the 
F i scher -Tropsch  process to make  a range  of fuels and 
chemicals  f rom coal since 1955. F luor  Engineers  and 
Constructors  have  comple ted  Sasol-2, a $2.8 bi l l ion 
complex  wi th  an es t imated  capaci ty  of 1.7 mi l l ion  short  
t o n s / y e a r  of fuel  products ,  170,000 shor t  t o n s / y e a r  of 
e thylene,  110,000 shor t  tons of ammonia  and 220,000 
shor t  t o n s / y e a r  o i  coa l - t a r  der ivat ives .  The complex 
p lan t  incorpora tes  t h i r t y  six gasifiers tha t  consume 
30,000 t o n s / d a y  of coal (367). 

Texaco and Sou the rn  Cal i fornia  Edison announced 
p lans  to construct  a coal gasification uni t  capable  of 
t r ea t ing  1000 t o n s / d a y  of coal. The  products  wi l l  feed 
gas and s team turb ines  to genera te  90-95 MW of elec-  
t r ic  power.  The new uni t  is to be located nor theas t  of 
Los Angeles  and the jo int  project  wi l l  be suppor ted  by  
the  Electr ic  Power  Research  Ins t i tu te  (Palo Alto, 
Cal i fornia)  (368). 

A demons t ra t ion  plant ,  u t i l iz ing a chemical ly  ac t i -  
va ted  f lu id ized-bed process for producing  low-sul fur ,  
low Btu gas f rom h igh- su l fu r  coal or l ignite,  came on-  
l ine mid -yea r .  This plant ,  located at  San Benito, Texas, 
is the  culminat ion  of gasification research  pro jec t  
jo in t ly  unde r t aken  b y  Cent ra l  and Southwest  Corpora -  
t ion (Dal las) ,  Fos ter  Whee le r  Ene rgy  Corpora t ion  
(New Je r sey ) ,  and the federa l  EPA (369). 

Exxon  has deve loped  a ca ta ly t ic  process for coal 
gasification tha t  is c la imed to overcome many  of the  
p rob lems  associated wi th  the f lu id ized-bed process. The 
use of a lka l i  meta l  compounds enables  the  gasification 
react ions to occur at  s ignif icant ly lower  t empera tu re s  
than  in the normal  process. The p redeve lopmen t  phase 
has been completed  and Exxon is p repa r ing  to s ta r t  up 
a 1 t o n / d a y  deve lopment  uni t  in Baytown,  Texas  (368). 

Coal.--The demons t ra ted  annual  product ion  capac i ty  
from coa l -min ing  opera t ions  in the  Uni ted  Sta tes  is 
a p p r o x i m a t e l y  900 MM tons and of this the  electr ic  
ut i l i t ies  bu rned  529 MM tons to produce  e lec t r ic i ty  (see 
Table  XVII I ) .  The character is t ics  of specific classifica- 
tions of ava i lab le  coal shows: (i) The Eas te rn  and mid -  
Wes te rn  coals, which  represen t  70% of the  to ta l  U.S. 
r ecoverab le  reserves,  a re  most ly  high sul fur  (2.8% and 
above)  and high Btu (12,600-14,000 B tu / l b )  coals and 
the m a j o r i t y  is deep-mined.  (ii) The Weste rn  coals, 
which represen t  only  20% o f  the total  U.S. recover -  
ab le  reserves,  a re  low sul fur  (0.8% and less) but  low 
Btu coals. 

The  demand  for the low-su l fu r  Wes te rn  coal has 
r ecen t ly  increased substant ia l ly ,  p robab ly  as a conse- 
quence of the  Amendmen t s  to the  Clean Ai r  Act  in 
1977. Blending of the  low-su l fu r  coals wi th  the h igh-  
sulfur,  high Btu coals f rom the East  and  mid -Wes t  has 
been effective in meet ing  pol lu t ion  s tandards  in m a n y  
states. Al te rna t ive ly ,  coa l -wash ing  processes or flue- 
gas desul fur iza t ion  techniques a l low use of the  Eas tern  
coals. As discussed ea r l i e r  (see the section on Envi ron-  
menta l  Regulations,  Heal th,  and Safe ty ) ,  Ohio faced 
a serious p rob lem wi th  respect  to the  a i r  pol lu t ion  
s tandards  imposed on its electr ic  uti l i t ies,  e.g., Cleve-  
land  Electr ic  I l luminat ing ,  Toledo Edison, Ohio Edison, 
and  Day ton  Power  and Light,  and ant ic ipa ted  purchase  

of significant quant i t ies  of ou t -o f - s t a te  coal. Such 
act ion could have resul ted  in a depress ion in the  coal  
indus t ry  in eas tern  Ohio bu t  re laxa t ions  in the  EPA 
regula t ions  la te  in 1979 a l lowed the ut i l i t ies  to continue 
to bu rn  the  h igh - su l fu r  coal (370-372). 

To meet  the goal  of the  product ion  of 1.1 bi l l ion 
t o n s / y e a r  of coal by  1985, the  goal  announced b y  
Pres ident  Car te r  in 1977, the  ra i l roads  have embarked  
on programs  to increase  and improve  the i r  coa l -hau l -  
ing capabil i t ies:  The Chessie System,  the  larges t  coal-  
haul ing  sys tem in the  United States, is p re sen t ly  in-  
s ta l l ing 16,000 new open- top  hopper  coal cars  and has 
increased the number  of ava i lab le  locomotives.  Conrai l  
is involved in an extens ive  l ong - t e rm  rehab i l i t a t ion  
p rogram es t imated  to cost $6 billion. In  the  West,  the  
Bur l ing ton  Nor thern  has unde r t aken  a p rog ram of 
coa l - re la ted  expendi tu res  tha t  m a y  exceed $1.5 bi l l ion 
be tween  1979 and 1983. This p rog ram calls for  the  re -  
lay ing  or replac ing of 2300 miles of t r ack  and the 
construct ion of over  400 miles of new t rack  and s iding 
(371). 

The cost of coal sh ipments  by  ra i l  is p resen t ly  a sub-  
ject  of concern to the electr ic  uti l i t ies.  Presen t  con- 
t rovers ies  include (372): (i) the ra i l road  deregula t ion  
bi l l  pending  in the  Senate;  (ii) a house commit tee  in -  
ves t igat ion of f r e igh t - r a t e  increases for the  Tennessee 
Val ley  Author i ty ;  ,(iii) an a l leged r e s t r a i n t - o f - t r a d e  
sui t  in Montana  involving two ra i l roads  and a mining  
company.  

The Edison Electr ic  Ins t i tu te  favors  deregula t ion  for  
compet i t ive  ra i l  traffic, but  opposes i t  for cap t ive-coa l  
traffic. The Potomac Electr ic  Power  Company  are  
concerned tha t  ful l  de regula t ion  would  lead  to sub-  
s tant ia l  increases in ra i l road  ra tes  and, therefore,  in -  
creases in consumer  electr ic  rates.  

The Tennessee Val ley  Au tho r i t y  is so concerned 
wi th  the recent  increases  in  f r e igh t - r a t e s  imposed b y  
Louisvi l le  and Nashvi l le  Ra i l road  tha t  it  is "ser ious ly  
consider ing" joining ut i l i t ies  s tudying  the construct ion 
of a p ipel ine  for coa l -s lur ry ,  runn ing  f rom eas te rn  
Ken tucky  through  Tennessee and Georgia  into F lo r ida  
(372). 

Po land  is eas tern  Europe 's  ma jo r  p roducer  of an th r a -  
cite coal. Al though it is wi th in  the Sovie t  block, Po land  
does enjoy  re la t ive  independence  in the  technological  
development ,  use, and  expor t  of this coal, even to the  
United States.  Tampa  Electr ic  Company  is cu r r en t l y  
impor t ing  Polish coal, the  u t i l i ty  receiv ing 700,000 
short  tons of coal in 1978. New England Electr ic  
Power  Company  and Bal t imore  Gas and Electr ic  Com- 
pany  have  also ut i l ized coal f rom Poland  (373). 

Energy from Nuclear Fue l s . - -The  accident  at Unit  2 
of Met ropol i tan  Edison Company 's  Three  Mile I s land  
Nuclear  P lan t  on March  28, was caused by  a combina-  
t ion of human  and design errors  and eau ipmen t  fai lure.  
In  a p r e l im ina ry  report ,  staff on the  Nuclear  Regula-  
tory  Commission l is ted severa l  ma jo r  er rors  tha t  con- 
t r ibu ted  to the  accident  (374, 375). 

I. The fa i lure  to keep  spare  aux i l i a ry  f eedwa te r  
pumps on-l ine.  Only  one of four  was opera t iona l  on 
March  28, leaving  no marg in  for safe ty  when  the acci-  
dent  began. 

2. A re l ief  va lve  in the p r i m a r y  coolant  loop opened 
dur ing  the accident,  as it  should have, to re lease  ove r -  
hea ted  water .  Then it fai led to close, causing a danger -  
ous drop  in  pressure.  

3. At  least  one wa te r  level  indica tor  on the pressur iz-  
ing system appears  to have given a fau l ty  reading,  
causing a technician to th ink  the sys tem was ful l  of 
wa te r  when  it  was not. 

4. When  the emergency  core cooling sys tem came on 
automat ica l ly ,  which only happens  under  serious c i r -  
cumstances,  another  au tomat ic  sys tem designed to con- 
ta in  rad ioac t ive  leaks  fa i led  to operate .  

5. Technicians in the control  room tu rned  Off the 
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emergency and pr imary  cooling pumps. No one knows 
why they were stopped. 

The results of what  is the worst commercial nuclear  
power plant  accident in  U.S. history were the discharge 
of radioactive gases into the air and substantial  damage 
to the plant  and nuclear  core. No one was in jured  or 
killed by the accident (374). 

For  Metropoli tan Edison and General  Public Utilities, 
the costs associated with the accident are large. In  an 
effort to conserve resources to meet the total costs that 
will be incurred, General  Public Utilities has an-  
nounced suspension of all construction projects involv-  
ing addit ional generat ing and transmission facilities. It 
has also stopped all, except the most critical, construc- 
tion programs on existing stations and postponing all 
nonessential  main tenance  activities (374). 

The three owners of Unit  2, Metropoli tan Edison 
(50%), Jersey Central  Power and Light (25%), and 
Pennsylvania  Electric (25%), have an inves tment  of 
$780 mil l ion in the plant, including the nuclear  core. It 
is believed that  the major  part  of the cost of cleanup 
and repair  will be covered by insurance. The cost of 
replacement  power is obviously not (374). 

Radiat ion dosage claimed much of the at tent ion of 
the media. It has been shown that  for the fifteen days 
following the accident no one in the vicinity of the  
nuclear  plant  received any  unusua l  radiation. Very 
li t t le radioactive iodine was found in the milk in the 
area ( that  found being well below allowable l imits),  
and none was detected in the vegetation or in the soil 
(374, 375). 

The ant inuclear  demonstrat ion in Washington on 
May 6, provided a strong message to members  of 
Congress and increased the pressure for a nuclear  
morator ium (imposed later  in  the year as is discussed 
in  a section on Envi ronmenta l  Regulations, Health, 
and Safety).  For  the nuclear  indus t ry  and the electric 
utilities the demontra t ion heralded future  uncertainty,  
par t icular ly  with respect to the regulatory issues. De- 
spite significant review and investigation, the risks as- 
sociated with nuclear  technology are still uncertain.  A 
recent report  wr i t t en  by radiological experts from the 
Nat iona l  Academy of Sciences appeared to make nu-  
clear power an at tract ive source, but  did not ade- 
quately consider the hazards posed by terrorism, 
leaks from waste storage areas, and obviously leaks 
from a major  nuclear  power plant  (376, 377). 

In  mid-1979, the Genera l  Accounting Office issued a 
report  examining  the implications and trade-offs 
should the growth of nuclear  power be limited. The 
report  concluded that  without  severe reductions in the 
total demand or increased use of coal, the generat ion of 
electricity by nuclear  technology would be essential 
to avoid power shortages in the 1980's. The report 
fur ther  indicated that, even with steady growth in 
coal production in  the United States to 2 bi l l ion tons/  
year by  the year 2000, over the mid- te rm (1985-2000) 
the combined demands on coal to: (i) displace oil and 
gas from electricity generat ion and (ii) meet the 
growth in  demand for energy would seriously constrain 
expansion of nonelectrical  uses for coal, e.g., coal 
gasification, synthetic fuels, chemicals (378). 

Officials of the Arizona Public Service Company 
stated that  without  nuclear  power the company could 
not possibly meet  the energy needs of the state in  the 
mid-1980's and beyond. Unlike the Northeastern 
United States, electricity shortfalls in the West cannot 
be supplemented by surpluses from neighboring states. 
In  the long-term, the utilities believe that  extensive 
coal-fired generat ion and possibly solar power systems 
will adequately provide electrical power (379). 

Energy from other sources.--Seatt le  City Light and 
Tacoma City Light, in order to protect fu ture  generat-  
ing capability, are jo int ly  going to develop six low 
head hydro plants  along approximately  1000 miles of 
i r r igat ion canals in  the eastern par t  of the state of 

Washington. The six plants are expected to produce 
100 MW of electricity at an estimated cost of only 1.5r 
kW-hr,  which is substant ia l ly  lower than power pro- 
duced by either coal-fired plants or nuclear  plants 
(382). 

Most development effort being expended on ocean 
thermal  energy conversion (OTEC) is concerned with 
closed-cycle systems. The most common working fluid 
in these systems is ammonia  and there is little doubt 
that the first generation of OTEC plants will be closed- 
cycle systems. However, there are indications that  sig- 
nificant improvements  are possible with open cycles 
based on water. In one of the new approaches, a re-  
search group at Carnegie-Mellon Universi ty  has made 
use of the thermodynamic  properties of foams gen- 
erated from water and a surfactant.  A variat ion of the 
foam system has been proposed by engineers at the 
Univers i ty  of California (Los Angeles),  this being a 
"mist-l ift" system involving a vertical concentric pipe 
riding in the ocean (383). 

The first demonstrat ion plant  to utilize heat energy 
from the ocean has been put  into operation in Hawaii. 
This is a closed-cycle system, using ammonia  as the 
working fluid, and has an output  of 50 kW. One of the 
sponsors of the project, Lockheed Missiles and Space 
Company, is confident that this small  demonstrat ion 
uni t  will  point  the way to much larger OTEC plants  
(384). 

Malfunctions delayed the s tar t -up of Magma Power 
Company's 11 MW demonstrat ion binary-cycle  geo- 
thermal  uni t  at East Mesa in California. It is ex- 
pected that  the uni t  will use geothermal heat to 
power a gas-expansion turbine  generator  and the 
$15 MM instal lat ion is wholly financed by Magma. 
The company has a two year contract to sell the 
power to the San Diego Gas and Electric Company 
for 25 mi l l s /kW-hr  (385). 

It is reported that San Diego Gas and Electric 
Company may resurrect  plans for a 50 MW, $50 MM 
geothermal b inary-cycle  uni t  if the Depar tment  of 
Energy is able to provide financial support. The 
ut i l i ty  shelved the project in Ju ly  1978 when the 
DOE selected Public Service Company of New Mexico 
for demonstrat ion funding for a similar project (385). 

Southern California Edison Company and San Diego 
Gas and Electric Company have completed init ial  
discussions with the Mexican government -owned ut i l -  
ity Commission Federal  de Electricidad for the pur -  
chase of 600 MW of surplus geothermal power from 
Mexico's Baja California region. To furnish the power 
Mexico will have to expand its 150 MW flash process 
geothermal generat ing facility at Cerro Prieto at 
an estimated cost of approximately $480 MM. The 
American utilities will build 28 miles of 230 kV t rans-  
mission lines with the first interconnect ion to be com- 
pleted in  1981 (386). 

Working in  cooperation with Pacific Gas and Elec- 
tric Company at the Geysers in California, EIC (New- 
ton, Massachusetts) has recent ly demonstrated the 
feasibility of a new process for effectively removing 
approximately 95% of the hydrogen sulfide from the 
geothermal steam. It is predicted that the new process 
will allow substant ial  expansion in the electrical 
output  from the Geysers (387). 

Magnetohydrodynamics (MHD) is an a l ternat ive  
way to produce electric power that  promises dividends 
in energy efficiency and envi ronmenta l  protection. 
MHD has remained a laboratory curiosity since the 
first generator  was bui l t  by Avco Corporation in 1958, 
but  present economic conditions have led to significant 
government  support for its development. The Uni -  
versity of Tennessee received a five-year, $37 MM 
contract to continue development  of a coal-fired flow 
concept for a magnetohydrodynamic system. Indepen-  
dent  of government  funding,  a small  company in  
Pit tsburgh,  Roldiva Incorporated, has acquired the 
backing of Southern California Edison Company to 
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bui ld  a commerc ia l ly  opera t ing  MttD facil i ty.  The 
unit,  scheduled for  complet ion in 1985, wi l l  be a t -  
tached to a conventional ,  125 MW steam turb ine  gen-  
e ra tor  a t  Fon tana  (Cal i fornia)  and wil l  produce  an 
addi t ional  60 MW of power  (388, 389). 

Engineers  at  Genera l  Electr ic ' s  research  and deve l -  
opment  center  in Schenec tady  (New York)  have suc-  
cessfully tes ted the key  component  of an advanced 
superconduct ing generator .  Fab r i ca t ed  f rom thousands 
of n i o b i u m - t a n t a l u m  filaments,  bound into a copper  
m a t r i x  by  a special  vacuum epoxy- impregna t ion  proc-  
ess, the superconductor  spins a 13 foot long, 1.5 ton 
rotor  at  3600 rpm in l iquid  he l ium at 4~ When  com- 
p le ted  in 1981, i t  is es t imated tha t  the exper imen ta l  
genera tor  wi l l  produce  i8  MM wat ts  of a l t e rna t ing  
cur ren t  (390). 

A commercia l  superconduct ing genera to r  wil l  be 
designed and bui l t  by  West inghouse Electr ic  Company  
under  a $19 MM, f ive-year  contract  awa rded  by  the 
Electr ic  Power  Research Inst i tute,  Palo Alto (Cal i -  
forn ia) .  The genera tor  wi l l  be r a t ed  at  300 MW and 
once in commercia l  opera t ion  wil l  supply  enough 
e lec t r ic i ty  for some 90,000 homes (391). 

Wind turb ine  genera tors  are  increas ing in impor -  
tance in the  product ion  of electr ici ty.  Southern  Cal i -  
fornia  Edison is a l eader  in the  deve lopment  and 
commercia l iza t ion  of this technology. A t h r ee -b l a de d  
unit,  cal led a Schachle,  is cu r r en t ly  under  construc-  
t ion at  SoCal Edison's  Wind Turb ine  Test site. Other  
designs of wind turb ines  are  also being developed 
by  Genera l  Electr ic  Company  for the Depa r tmen t  of 
Ene rgy  (392). 

Indus t r ia l  appl icat ions  for solar  energy  systems 
are  becoming more  at t ract ive.  In  1978 an indus t r ia l  
solar  process for genera t ion  of hot  water ,  developed 
by  Genera l  Electr ic  Company was ins ta l led  to hea t  
wa te r  for an open f ab r i c -dye ing  vat  at  a text i le  p lan t  
in La France,  South  Carolina.  The energy savings are  
es t imated  to be app rox ima te ly  8 MM equiva len t  ba r -  
rels  of oil per  year.  A second system wil l  provide  
high t empe ra tu r e  s team to a pas teur iz ing unit  in an 
o range- ju ice  processing p lan t  (Tropicana  Products)  
in Flor ida .  Genera l  Electric,  under  a $235,000 contract  
f rom the Depa r tmen t  of Energy,  wil l  design this 
system (393). 

PFR Engineer ing  Systems Incorpora ted  are  design-  
ing a $13.5 MM so la r -powered  p r i m a r y  re fo rmer  for 
a 600 t o n s / d a y  ammonia  p lan t  opera ted  by  Val ley  
Ni t rogen Producers  Incorpora ted  (394, 395). 

F lo r ida  Power  is jo ining Sea Wor ld  Incorpora ted  
and Genera l  Electr ic  Company  in the design of a 
300 kW photovol ta ic  concent ra tor  solar  p lan t  to be 
located ad jacen t  to Sea World.  The federa l  govern-  
men t  is pa r t i c ipa t ing  on a cos t -share  basis in the 
n ine -month  s tudy (396). 

A low cost route  to high pur i ty  silicon has been 
developed at  SRI In te rna t iona l  (Menlo Park,  Cal i -  
forn ia) .  If  commercial ized,  SRI claims that  it  would  
reduce the cost of sil icon for solar  cells to about  
$5/kg, more  than meet ing  the goals set by  the De- 
p a r t m e n t  of Energy.  The new process involves the 
hea t ing  of sodium meta l  and sodium fluorosil icate in 
the  presence of a ca ta lys t  (394). 

I n s t rumen t  m a k e r  Ametek ,  Incorpora ted  (Paoli,  
Pennsy lvan ia )  has filed for severa l  pa tents  on th in-  
film semiconductor  mate r ia l s  that  the company th inks  
can be used to make  low-cost  photovol ta ic  solar  
cells. The new cells a re  c la imed to be close to rea l iz -  
ing the DOE price goal (1986) of 70C/peak wa t t  of 
genera ted  power.  Ametek  credi ts  its lower  costs to 
two factors:  ma te r i a l  cost is low because the film is 
only  1-2 micrometers  th ick and the coating is p ro-  
duced at  essent ia l ly  ambien t  t empera tu res  (397). 

The p robab i l i t y  that  a commerc ia l ly  successful e lec-  
t r ic  vehicle wil l  be developed by  1990 is c la imed to 
be g rea te r  than  75%. The leading  ba t t e ry  contenders  
for electr ic  cars r emain  those that  have shown promise  

for the pas t  severa l  years,  i.e., lead-acid ,  n ickel- i ron,  
and nickel -z inc  ba t te r ies  for deve lopment  b y  1985, 
and the zinc-chlorine,  l i t h ium-me ta l  st~lfide and so- 
d ium-su l fu r  ba t te r ies  by  the yea r  2000. Few other  
candidates  are  l ike ly  to be successful ly commerc ia l -  
ized by  the end of the cen tury  wi thout  major  tech-  
nical b r eak th rough  (398). 

In  this light,  Genera l  Motors Corporat ion cla imed 
to have achieved a " long-e lus ive  b reak th rough"  in 
the  deve lopment  of a z inc-n ickel  oxide ba t t e ry  for 
vehicle  propulsion.  The energy  dens i ty  of t h e  new 
GM ba t t e ry  is s ta ted to be 27 W - h r / p o u n d  (cf. lead 
acid ba t te r ies  have an energy  dens i ty  of 12 W - h r /  
pound)  and fu r the r  deve lopment  is expected to in-  
crease tha t  to 32 W - h r / p o u n d .  The R&D programs  
suppor ted  by  GM dur ing  fifteen years  has cost ap-  
p rox ima te ly  $33 MM (399, 400). 

Gulf  and Weste rn  Indust r ies  (New York)  claims 
to have progressed significantly in the deve lopment  
of a z inc-chlor ine  ba t t e ry  for off -peak power  storage. 
Limi ted  product ion is expected  to begin in 1980. The 
company has also been developing a s imi lar  ba t t e ry  
system for vehicle  propuls ion  bu t  commercia l  appl ica-  
t ion is s ta ted to be "a few years  away"  (401). 

Genera l  Electr ic Company and EPRI  wil l  jo in t ly  
develop an advanced s t o r a ge -ba t t e ry  system to help 
the ut i l i t ies  to conserve oil and na tu ra l  gas and to 
manage  peak  energy demands.  GE wil l  design, fab-  
ricate,  and test  2000 cells ( sod ium-su l fur  system) 
and wil l  assemble four 100 k W - h r  capaci ty  modules  
(4O2). 

F u m e - f r e e  n i cke l / cadmium bat te r ies  are  p resen t ly  
being used as a source of reserve  power  in the Bureau  
of Reclamat ion 's  Centra l  Val ley  hydropro jec t  com-  
pu te r -con t ro l  system. The use of these ba t te r ies  (as 
opposed to l ead-ac id  ba t te r ies )  e l iminates  the need 
for extensive vent i la t ing  systems, fluid drains  and 
safety equipment  (403). 
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Madame President,  ladies and gentlemen,  I should 
l ike to begin by expressing my grat i tude to the Board 
of Directors of The Electrochemical  Society for the 
honor of having been elected to receive the Vit torio 
de Nora-Diamond Shamrock medal  and prize for 1980. 
I could neve r  have dreamed that  such an award would 
be bestowed on me when I first began to at tend your  
meetings. It  is indeed a great  honor and pleasure for 
me to speak here  today about the inventions and the 
industr ia l  deve lopment  of the act ivated metal  anodes, 
or "DSA ''R as they are usual ly  called nowadays. 

Let  me start  by tel l ing you how the invent ion of 
these anodes was brought  about  and accomplished. 

I had a l ready been searching for a bet ter  anode 
mater ia l  to replace the customary graphite,  magnet i te  
etc. for about  20 years, wi thout  success, when be tween  
the years 1954 and 1957 it happened that  I was ex-  
per iment ing  wi th  a new method to manufac ture  mag-  
netic oxide mater ia ls  as, e.g., ferr i tes  by means of an 
electrolyt ic  process. For this purpose I used metals  
l ike iron, nickel, cobalt, etc. which were  anodically 
dissolved and then chemical ly coprecipi tated wi thout  
causing any changes in the electrolyte.  Then on a 
certain day in 1956 someone asked me to preapre  ferro-  
t i tanate  according to this method. I did not expect  
difficulties in doing this by means of an iron and a 
t i tan ium anode, but I soon found out that  I could not 
dissolve the t i tanium anodically in my usual chloride 
containing electrolyte,  because the t i tanium became 
inert  by the format ion of a unique oxide layer, which 
prevented  complete ly  the passage of the electric cur-  
rent  to the electrolyte.  I then tr ied out various other  
electrolytes wi th  more or less the same result. It  was 
this phenomenon that  brought  me to the idea that  
this t i tanium might  be an ideal and economical base 
meta l  for among other  things, anodes to be used in 
the chlor ine-alkal i  electrolysis, if it could be coated 
with an electr ical  conducting and e]ectrocatalyt ic ac- 
tive, chemical ly  inert  mater ia l  which itself would not 
become nonconduct ive under  anodic conditions. The 
oxide layer  which is formed anodically on the t i tanium 
prevents  the current  to flow to the electrolyte,  but  is 
conductive to another  electrical  conductive mater ia l  
as for instance the p la t inum metals  etc. On those 
spots where  the p la t inum metals might  be porous or 
where  they had been worn off, the t i tanium substrate 
will  anodically protect  i tself against fur ther  corrosion 
by forming an oxide layer. In this way the substrate 
of the t i tanium anode is "self-heal ing."  

It  was therefore  be tween 1956 and 1957 that  I be-  
came aware  that  on account of its special properties,  
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t i t an ium was except ional ly  suitable for use as a base 
metal  for the manufac ture  of anodes to be used, e.g., 
in the chlor ine-alkal i  electrolysis. 

Af te r  that  a long searching act ivi ty  began, to find 
an appropriate  and rel iable electrocatalyst  for the 
production of chlorine. The reason why  the production 
of chlorine was chosen, was that  this product  is being 
produced on a large scale by means of an electro-  
chemical  process and that  consequent ly a new and 
bet ter  type of anode might  be of great  technical  and 
economical importance.  The first coatings I was ex-  
per iment ing  with were  made of metals  of the p la t inum 
group which were  galvanical ly  deposited on the t i ta-  
nium. Most of these coatings were  subject  to too great  
a loss of p la t inum metals  and especially of p la t inum 
per se per ton chlorine produced. Besides, on account 
of an excessive overvol tage  of these coatings during 
the electrolysis of brine, the energy consumption was 
too high so that  in this respect  there  was no real  saving 
in comparison with the exist ing graphite anodes. On 
top of this, the p la t inum coating had the tendency 
to become passive during operation. 

I also found out then that  the p re t rea tment  of the 
t i tanium was very  impor tant  if one wished to apply 
on it an act ive layer  wi th  good adhesive properties.  
Therefore  the t i tanium was first thoroughly degreased 
chemical ly and e lect rolyt ical ly  and all other  products 
l ike oxides etc. removed.  

After  this the t i tanium was etched in such a way  
that  the total surface area of the anode had at least 
trebled, while after  the etching and even after  rinsing 
fol lowing the etching bath, preferable  a t i t an iumhy-  
dride remained on the surface which protected the 
under ly ing t i tanium metal  during a few hours against 
air oxidation. Upon this surface the act ive layers were  
applied. According to the type of coating to be used, 
the enlargement  of the surface area of the t i tanium 
can in some cases be increased by mechanical  t rea t -  
ment, such as sand-blast ing whereaf te r  the t i tanium 
may be t reated by a short acid-etch. I also found 
out that  the crystal  s t ructure  of the t i tanium is of 
importance,  because this has a great  influence on the 
passivation of this meta l  when  used under  anodic 
conditions in chlor ide-containing solutions. Both prob-  
lems, the passivation and the excessive loss of p la t inum 
metal  were  solved by the addition of i r id ium to the 
p la t inum in a ratio of about 20 to 30 weight  percent.  

Instead of applying these layers galvanically,  a 
thermochemical  process was developed by dissolving 
the desired metals  as their  salts in an organic l iquid 
which solution was then applied to the etched ti tanium, 
e i ther  by immersion or by paint ing with  a brush, 
af ter  which the solvent was evaporated.  By increasing 
the tempera ture  under  alkal ine reducing conditions 
the p la t inum metal  salts were  then decomposed and 
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thus a metal  deposit was formed on the t i t an ium with 
good adhesion and electrocatalytic properties. 

In  practice it became evident, however, that the use 
of plat inum, either alone or in combination with other 
p la t inum metals, as an active layer on t i tan ium for 
the production of chlorine in  mercury  cells was not 
economical. The main  reason is that in mercury  cells 
it  is practically impossible to prevent  the formation 
of the so-called mercury -bu t t e r  in the mercury  amal-  
gam on account of impurit ies in the mercury. 

This mercury -bu t t e r  keeps on growing unt i l  it 
reaches the anode surface and through contact with 
it, the electrocatalytic layer  of p la t inum metals on 
the t i tan ium is damaged and par t ly  or totally re-  
moved. As the formation of this mercu ry -bu t t e r  and 
the unavoidable  contact with the anode will inevi tably  
occur several times when the cell is in operation, it 
became obvious that  metal  anodes, that  is to say 
those made of t i tanium coated with p la t inum metals, 
would never  give a satisfactory performance in  mer-  
cury cell operation. 

For those amongst  you who are not famil iar  with 
the mode of operation of the chlorine-alkal i  electrol- 
ysis, it may be useful to explain briefly the basic 
principles of this process. 

Chlorine is being produced main ly  by an electro- 
chemical process, in cells through which an aqueous 
solution circulates of about 30% sodium chloride, 
called brine, having a pH of 2-4 and a temperature  
of 75~176 By conducting through this br ine  a direct 
electrical current  chlorine is generated at the anode. 

In  principle there exist three main  cell types for 
the electrolysis of brine:  (i) t h e  mercury  cell, (it) 
the diaphragm cell, and (iii) the membrane  cell, which 
is the latest development. 

In  the modern  mercury  cell, anodes are used made 
of t i tan ium rods or mesh coated with stabilized oxides 
of ru then ium and t i tan ium as the active catalytic 
coating. The cathode consists of l iquid mercury  in 
which the sodium ions are reduced to sodium. This 
sodium is dissolved into the mercury and forms with 
it an amalgam. The amalgam is t ransported outside 
the cell to the decomposer or denuder,  where the 
sodium-amalgam is decomposed into sodium-ions and 
hydrogen-gas  through contact with water  and pieces 
of carbon. The result  is a very pure and highly con- 
centrated aqueous sodium hydroxide solution. The 
mercury, now free from sodium, is recirculated through 
the cell and is used again. 

In  the diaphragm and membrane  cells the cathode 
and anode are placed vert ically in 2 compartments,  
separated one  from the other by a diaphragm or by a 
membrane.  The diaphragm, which consists general ly 
of asbestos and additives, is a separator through which 
ion t ransport  and electrolyte flow from the anodic 
compar tment  to the cathodic compar tment  is possible, 
on account of hydrostatic pressure. The diaphragm 
cell produces therefore a caustic of lesser quality, 
because it  always contains some sodium chloride. Con- 
t rary  to this a membrane  only allows ions to pass, 
so that the catholyte and the anolyte are completely 
separated. During the reaction, t h e  anolyte is diluted, 
but  is cont inuously replenished with sodium chloride. 
At the anode chlorine is evolved. 

In  general, plain steel cathodes are used in these 
cells, or else steel cathodes with for instance a nickel 
coating, in order to obtain a lower hydrogen over-  
voltage and all through the reaction the aqueous 
catholyte is enriched with sodium hydroxide. This 
solution is called "lye" or caustic. 

In  membrane  cells, lye of a high pur i ty  grade is 
formed, but  at the moment  the concentrat ion cannot 
be so high as for instance in mercury  cells, because 
back-diffusion might  occur through the membrane  
from the cathode to the anode compartment  by the 
osmotic pressure. Therefore, unl ike  the mercury  cells, 
which produce a concentrated product  directly, the 

membrane cells need extra energy to obtain the de- 
sired concentration of the lye, which naturally in- 
creases the general costs. The first chlorine plants 
which were equipped with membrane cells have been 
installed dur ing the last two years. 

In  membrane  cells the use of graphite anodes would 
have been practically impossible as the membranes  
get clogged ent i rely by the loose graphite particles 
which drift  about in the electrolyte as a result  of the 
oxidation and disintegrat ion of the graphite anodes. 
The industr ia l  development of the membrane  cells 
can therefore be main ly  a t t r ibuted to the invent ion 
of the DSA R anodes. 

For the sake of completeness I should like to say 
something about  the commercial experience I gained 
in the beginning and also later  on with these anodes 
in  my contacts with the industry.  Though I knew a 
good deal about  electrochemistry in  general, my 
knowledge about the chlorine-alkal i  indus t ry  was l im-  
ited. My visits to various industr ia l  firms, were there-  
fore of an exploring nature.  I wanted to find out what  
the producers would expect and require from a new 
type of anode. Any alterations to the existing graphite 
anodes had hardly  ever been considered dur ing the 
last 50 years as their deficiencies had simply been 
accepted and the indus t ry  had learned to live with 
them. 

It is true, of course, that changing over to a new 
type of anode was not easy for the chlorine m a n u -  
facturers, as the consequences which would be at-  
tached to it were great. In  the event of a failure, the 
consequences would be considerable. Most industr ies in 
Europe which manufac tured  chlorine, did so for their  
own captive use in the production of all kinds of chem- 
ical products. Hence, a possible even short s tagnation 
of the chlorine production, might  paralyze the whole 
line with serious economic losses. 

For the relat ively few factories supplying merchant  
chlorine to third parties, a stagnation was just  as 
inconvenient  as they general ly  had contractual  obliga- 
tions. 

Moreover, a change from graphite anodes to metal  
anodes was extremely costly for some producers, 
when not only the anodes had to be replaced, but  
also because the old cells for which a switch to metal  
anodes would be made, had to be par t ly  rebui l t  in 
order to obtain the best possible results. For some 
mercury  cells the current  density could be increased 
considerably in order to just ify the new anodes. 

It was fur ther  necessary that the gap between the 
anode and cathode be as small  as possible, without  
increasing the chance of a short circuit. The assess- 
ment  of this gap could not be made any more in the 
usual  manne r  as with the graphite anodes, by pro- 
voking a slight short circuit, but  had to be made in 
a different way. For the mercury  cells there were 
some reasons to object against these new anodes and 
unders tandably  the objections were mostly of an eco- 
nomical nature.  

For the diaphragm cells some constructional read-  
jus tments  were necessary as well, to adapt them to 
the use of metal  anodes, such as the purchase of copper 
bases. 

In  any case it can be said that the opposition lay 
sometimes in the difficulty to accept that  an outsider 
should be able to br ing about such a substant ial  in-  
novation in  so exclusive and secret an indus t ry  as 
the chlorine manufacture.  I often felt that the "not 
invented here" syndrome may have played a prominent  
part  in this too. 

Revert ing to the technical development  of the anodes, 
some of the problems which arose in connection with 
the mercury  cells could be solved towards the end 
of 1965 through the development  of my new genera-  
tion of t i tan ium anodes in which oxides of the metals 
of the p la t inum group were used, either alone or with 
oxides of nonprecious metals. 
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In  these anodes the overpotential  for the chlorine 
process is reduced to practically its theoretical value 
even at very high current  densities, on account of 
which a considerable saving in energy per ton chlorine 
produced, can be obtained and at the same time a 
near -doubl ing  of the chlorine production capacity can 
be achieved with practically no increase in  un i t  power 
consumption. 

Moreover, I had found out in the meant ime that  
it  was possible to use also the cheapest of the p la t inum 
metal  oxides for the coating, namely  ru then ium oxide. 
This too accounted for an impor tant  reduct ion of 
the cost of the anodes, as ru then ium costs only a 
fraction of the price of p la t inum or iridium. 

Nevertheless, there were still a few problems left 
for the use of these oxide anodes in mercury  and 
other cells and that because of the following: 

1. The sodium-amalgam as well  as the mercury-  
but te r  which are formed in  mercury  cells dur ing the 
electrolysis are strong reducing agents and a direct 
contact with one or both, reduces again the p la t inum 
oxides (or the mixture  of these with some oxides of 
other metals)  to their  metallic state. As a result  the 
oxide coating is lost through fur ther  contact with 
the amalgam or mercury-but te r ,  just  as it happens 
with the original metaI coatings. 

2. The anodes coated with the oxides of p la t inum 
metals were ra ther  sensitive to the current  reversal 
occurring whenever  the cell is short-circuited, which 
happens from time to time when cleaning the cell or 
doing other main tenance  work. This also causes losses 
of p la t inum oxides which are considered to be too high. 

When I speak of p la t inum oxides, this means the 
oxides of all the p la t inum metals like rhodium, palla-  
dium~ ruthenium,  and iridium. 

I succeeded in solving these problems also in my 
following generat ion of anodes in the year 1967. In  
that period the oxides of the p la t inum group could 
be stabilized by the addition of t i t an ium oxide or 
one or more oxides of the other valve metals like 
tantalum, niobium, or zirconium to the coating mixture  
and by coprecipitating these oxides thermochemical ly 
on the t i tan ium from a solvent. These are the anodes 
which have been registered by Diamond Shamrock 
under  the t rademark  DSA R. 

The catalytically stabilized oxides of the metals of 
the p la t inum group like plat inum, rhodium, iridium, 
ru thenium,  and pal ladium with the oxides of valve 
metals like tantalum, zirconium, niobium, etc. can 
be used for other applications than for the production 
of chlorine. 

It is, however, the ru then ium oxide plus t i tanium 
oxide stabilized coatings on t i t an ium which presents 
such an ext raordinary  electrocata]ytic activity for the 
production of chlorine, that this type of coating is 
general ly  used nowadays for the chlorine-MkaIi elec- 
trolysis in  either mercury,  diaphragm, or membrane  
cells. 

Very large chlorine plants with a capacity of up 
to 1500 metric tons per day, using diaphragm cells 
provided with dimensional ly stable anodes, have now 
been installed in the United States and elsewhere and 
are r un  by fewer operators than  those needed with 
graphite anodes. DSA~-type anodes have been in use 
in  diaphragm cells for more than l0 years and are 
still in good condition: They will cer tainly last an-  
other few years. 

Graphite  anodes even of improved quali ty have a 
life of only about 1-2 years according to the current  
density and other operat ing conditions. On account 
of the fact that  the graphite is burned  off constantly, 
the electrical resistance in the cell increases and 
causes the cell voltage to rise. The consequence is 
that  the energy consumption of a cell with graphite 
anodes is gradual ly  increasing. 

Also the performance of diaphragms in cells is 
greatly improved by use of DSA R anodes on account 

of prolonging their life and making them more di- 
mensional ly  stable. The use of the improved dia- 
phragms became possible only after the introduction 
of the DSAK 

The dimensional ly  stable anodes of the present  
day, by which about  60% of the chlorine output  in 
the western par t  of the world is produced, are gen-  
eral ly fabricated from t i t an ium rods or from expanded 
metal, provided with an electrocatalytic coating of 
stabilized ru then ium oxides and t i tan ium oxides. The 
rods are mounted on a t i tan ium substructure  to build 
a solid uni t  and also to provide good electrical con- 
ductivity. 

These anodes are mounted  in the cells in such a 
way that  they are placed on a distance of only a 
few mm from the cathode. In  mercury  cells they are 
fixed in a horizontal position, in diaphragm and mem-  
brane cells in a vertical  position. Especially at high 
current  densities the geometric configuration of metal  
anodes favors the release of gas bubbles from the 
anode surface and prevents  "gas bubble  effect" which 
lowers the efficiency of the cell. 

The replacement  of graphite anodes by dimensional ly  
stable anodes in the Chlorine-alkali cells has brought  
about a considerable saving of energy since they were 
first introduced and applied in the United States in 
1968. Since 1970 up to the end of 1979 the savings 
of electric energy in  North America which can be 
a t t r ibuted directly to the use of DSA R, in 70 different 
plants, totals considerably over 19 bil l ion kW-hr.  
The energy savings in  North America for 1979 in these 
plants  is estimated at about 3 bi l l ion kW-hr.  

Whenever  mercury  cells might  become forbidden 
on account of the mercury  pollution, the switch from 
mercury  cells to membrane  cells might  be a perfect 
alternative.  

The massive change-over  to metal  anodes, called 
DSA R, has opened the possibility to embark  on a 
great volume of research and development  work in  
various directions. 

Another  field where the DSA a is applied on a large 
scale and which is in full development  is the pro-  
duction of sodiumhypochlorite solutions, used in great 
quanti t ies for disinfection purposes. These hypochlorite 
solutions are employed as a means to prevent  fouling 
of the cooling systems of power stations due to growth 
of aquatic organisms, by blocking the biological ac- 
t ivity in  the cooling water during supply and drainage. 

Water, sterilized by hypochlorite solutions is also 
used  to be injected into oil and gas-containing strata 
to compensate the decrease in pressure of the oil 
wells and to boost it up in  order to raise the oil 
production. 

Hypochlorite solutions are also applied for the de- 
s truct ion of the cyanide used in the galvanizing in-  
dustry, for the disinfection of potable water from sea- 
water, for bleaching paperpulp and textiles, for the 
sterilization of water in swimming pools, and for 
treating sewage. 

Since hypochlorite solutions have the tendency to 
deteriorate with time and are also difficult to transport 
in large quantities, it is now becoming popular for 
users to produce their own hypochlorite solutions 
by means of small cells placed right at the point of 
use, by the direct electrolysis of brine or seawater. 
Many types of these cells are offered and are generally 
electrolyzers of bipolar design, available in different 
sizes ranging from an electrolyte-flow rate of 0.5-100 
cubic meters per hour to produce a hypochlorite solu- 
tion with a concentration from 1 to 8 g/liter. 

The use of these hypochlorite generators, equipped 
with DSA R, right on the point of use, avoids the 
problems arising when chlorine is used for the above 
purposes, since the storage of chlorine is dangerous 
and the dosage of chlorine to the liquid to be treated 
is not an easy matter,  because it has to be carefully 
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controlled. Moreover, some countries have restricted 
the t ransportat ion of chlorine on public roads. 

The most used electrocatalytic coating on t i t an ium 
anodes for the preparat ion of hypochlorite solutions, 
consists of stabilized mixed oxides of ru then ium and 
t i tanium. 

For all these and other purposes, the coatings can 
be modified by the addit ion of other metals or metal  
oxides such as tin, antimony,  and noble metals to 
improve their  catalytic activity and life. The field of 
application of these anodes, apart  from the chlorine-  
alkali  electrolysis, is constant ly expanding. Such is 
the case for example in the electrowinning of metals 
from aqueous solutions of metal  chlorides or metal  
sulfates, where the dimensional ly  stable anodes have 
met  with great success, as they permit ted a more 
economical winn ing  of metals from ores having a 
low concentrat ion of metals. 

Here again the dimensional ly  stable anodes have 
brought  considerable improvements  to this field. They 
may be summarized as follows: (i) lower half-cel l  
potential, (ii) use of higher current  densities, (iii) 
lower gas bubble  effect through special anode designs, 
(iv) no loss of anode material,  keeping the electrolyte 
pure, (v) no contaminat ion of the cathode deposits 
on the cathode, (vi) high current  efficiency, and (vii) 
simple cell constructions. The electrowinning of cobalt 
on an industr ia l  scale by means of dimensional ly  stable 
anodes has been ini t iated in Sweden a few months ago. 

Since my invent ion  of the dimensional ly  stable 
metal  anodes with stabilized coatings of mixed oxides 
in  1967, these anodes have been widely accepted in 
the industr ia l  world, for use in all  kinds of electrolytic 
processes and has consequently spurred much research 
activity in the whole world. 

Unquest ionably the invent ion  of the dimensional ly  
stable anodes has s t imulated the general  interest  for 
electrochemistry and has drawn the at tent ion again 
on its importance for the indus t ry  in many  different 
fields. Scientific reports and patents re la t ing to elec- 
t rochemistry have been increasing yearly. 

A result  of this is that  recent ly much research is 
being done on cathodes, diaphragms, membranes,  cell 
constructions etc. all of which have contr ibuted to 
savings in energy and capital investments.  

It was in April  1957 that I handed in my first patent  
application for the protection rights regarding t i tanium 
metal  coated with one of the p la t inum metals for use 
as an anode, in the first place with a view to the 
electrolysis of brine. Towards the end of 1965 I claimed 
protective rights for t i tan ium anodes coated with 
oxides of p la t inum metals alone or together with 
oxides of nonprecious metals such as lead oxide, i ron 
oxide, copper oxide, etc. 

i n  I967 I sought protection regard~n~ the use of 
electrocatalytic materials on t i tanium, tantalum, etc. 
which consisted of stabilized mixed oxides of p la t inum 
metals and the oxides of the so-called valve metals 
such as t i tanium, tantalum, zirconium, etc. 

My patent  application of 1965 was submit ted in 
26 countries, in all of which it was granted. The 
application of 1967 was presented in 44 countries 
and granted in  all of them with the exception of 
one or two. 

The patent priority of the anodes coated with simple 
oxides therefore dates back to 1965, while that of 
the stabilized mixed oxides as for example RuO2/TiO2 
dates from 1967. 

The fact that  some of these patents, as, e.g., in 
the United States, have only been granted in 1972 
does not al ter  the fact that the invent ions were made 
and claimed in 1965 and 1967, respectively, and have 
priori ty patent  protection from that time on. In some 
countries, as for instance in the United States, sup- 
p lementary  patents of third parties have been granted 
earlier than these basic patents of the oxide anodes. 
This has to be a t t r ibuted to the longer period needed 

for the examinat ion of the original basic patent  ap- 
plications of 1965 and 1967 which therefore were 
granted on a later  date. Since 1956, the beginning  of 
the first generat ion of t i tan ium anodes, unt i l  the year  
1970, I have applied for more than 400 patents in  
this field, spread over various countries. Pract ical ly 
all of these have been granted. 

I would like to add that  the invent ion  of stabilized 
electrocatalytic oxides on t i t an ium for use in electro- 
chemical reactions came just  at the r ight  time, but  
its success would not have been so great and its 
worldwide application not so rapid without  the con- 
t r ibut ion of Vittorio de Nora. His profound knowledge 
of electrochemistry and his vision of the future  revolu-  
t ionary applications of DSA R, par t icular ly  to the chlo- 
rine and electrometallurgical  industry,  made him sure 
(probably the only one at that  t ime) that  my elec- 
trodes, present ly known  as DSA R, could work with 
great advantages in  subst i tut ion of graphite anodes 
with enormous savings in  energy and that  they would 
permit  the design of a new generat ion of cells. He 
was sure of the success and had the enthusiasm and 
perseverance to reach this success. 

But in  doing so he had the full support  of his 
brother  Oronzio and the backing of his company 
"tmpiati  Elettrochimici S.A." which for m a n y  years 
had supplied chlorine cells to the United States, Japan, 
France, and other countries, as well as that  of Diamond 
Shamrock with its unique  position of supplier  of 
electrochemical technology and one of the world's  
biggest chlorine producers. Bill Bricker, chai rman of 
Diamond Shamrock did unders tand  the importance of 
this new technology and acquired the world rights 
for this technology, which is continuously being im- 
proved, thanks to the great research efforts for which 
he gives the financial support  and personal encourage- 
ment  of his company. 

I remember  that  when I began to exper iment  with 
platinized t i tan ium back in 1957 there was very li t t le 
interest  for metal  coated anodes in the industry.  Of 
course nobody could foresee the energy crisis and the 
costs of labor were no special difficulty at that time. 
Consequently there was in the first ten years hardly  
any interest  on the part  of, e.g., the chlorine-alkal i  
industry.  Luckily it was different for the installat ions 
for cathodic protection systems, electroplating indus-  
tries, and other minor  industr ia l  fields where these 
anodes could at once solve existing technical prob- 
lems. This kept me going more or less financially 
through all those years. 

The chlorine-alkal i  indus t ry  did not general ly  s t rug-  
gle with problems, which urgent ly  needed a solution or 
with any major  technical difficulty. In this par t icular  
branch the indus t ry  had learned to live with some 
inconveniences connected with the operation of their 
plants. But in 1967 the upcoming of DSA R with its 
improved catalytic coatings of stabilized mixed oxides, 
at once filled a vacuum in the chlorine-alkal i  industry,  
created by  the sharp rise in  e~ergy costs, labor, and 
because the experts began to believe in  the advan-  
tages of DSAK 

DSA n should not be looked upon as an integral  
system of its own, the effect of which can be mea-  
sured at a glance and therefore might  be easily ac- 
cepted. Rather it should be considered as one of the 
components in a very complicated system as for 
instance the chlorine-alkal i  process and the intr icate 
funct ion of the cells in  which it takes place. 

Vittorio de Nora has been successful in convincing 
the greatest chlorine producers of the enorm3us ad- 
vantages which these new anodes would have for their 
industr ies and he persuaded them to try out these 
anodes in their plants. This was by no means an easy 
job, as industr ia l  firms are often ra ther  skeptical when 
it comes to the introduct ion of new technologies in  
their plants especially when it would require an in-  
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ves tmen t  of mil l ions  of dol lars  and  might  be a big 
fai lure .  

Especia l ly  the idea not  to sell  but  to lease the 
anodes  to cus tomers  and guaran tee  the i r  performance,  
has to a grea t  extent ,  cont r ibu ted  to this successful 
enterpr ise ,  wi th  the  resul t  tha t  these anodes could 
be commerc ia l ized  on a la rge  scale and did not  r e -  
ma in  a l abo ra to ry  curiosi ty.  

As you have  hea rd  in the beginning  of m y  paper ,  
the  invent ion of the meta l  anode has been made  qui te  
accidental ly .  I m a y  say, by  a lucky  chance, but  a f te r  
tha t  fol lowed a long t ime of research,  testing, nego-  
t iat ing,  and commercial izing.  But  many  invent ions  
have  been made  in this way  in the pas t  and many  
examples  f rom ear l i e r  t imes can p rove  it. But  even 
in our days it still happens rather often. A recent 
example is the award of the two Nobel prizes for 
organic chemis t ry  last  yea r  to Herbe r t  C. Brown and 
Georg  Witt ig.  The i r  d iscovery  also was made  qui te  
acc iden ta l ly  and i t  became the i r  point  of depa r tu re  
for  thei r  eventua l  successful  results.  

Professor  Wit t ig  h imsel f  said the fol lowing about  
this: "The pa ths  of research  r a re ly  lead  in s t ra igh t -  
f o rwa rd  fashion f rom s tar t ing  poin t  to des i red  goal. 
A l though  in tent ion  predisposes  the  route,  chance or  
occurrences  along the w a y  often enforce a change 
of course. Jus t  such an in t e rp lay  of in tent  and chance 
has dominated  m y  chemical  career ,  begun approx i -  

ma te ly  50 years  ago." (Chemical  & Engineer ing  News,  
Oct. 22, t979.) 

That  is the reason why  in research  work,  i t  is so 
impor t an t  to give ful l  a t ten t ion  to the  smal les t  deta i ls  
especial ly  the most  unexpec ted  ones, and to examine  
them thoroughly,  because once fu l ly  developed,  they  
m a y  prove  to be more  impor t an t  than the or iginal  
t a rge t  of the  research program.  

I should l ike  to finish m y  pape r  by  emphasiz ing the 
grea t  impor tance  of the  savings in energy  and the 
contr ibut ion  of po l lu t ion  control  which  are  being ob-  
ta ined  by  the appl ica t ion  of d imens iona l ly  s table  
anodes, especia l ly  in the  ch lo r ine -a lka l i  electrolysis.  

I t  has recen t ly  been ca lcula ted  that  a l l  ene rgy  sav-  
ings in this field in the Uni ted  States  of Amer ica ,  
t aken  together,  f rom the y e a r  1973 un t i l  now, would  
make  i t  possible to supply  2 mi l l ion houses of midd le -  
sized famil ies  with e lec t r ic i ty  for a whole year.  Taking  
into account tha t  in the Sta tes  a lmost  ha l f  of al l  the  
wes t e rn -wor ld  product ion of chlor ine  is being m a n u -  
factured,  i t  would mean  more  than  twice as much for 
the  total  wes tern  hemisphere  and th ree  t imes for  the  
ent i re  world.  This is the contr ibut ion  of the  d imen-  
s ional ly  s table  anodes to the energy  problem.  

At  the end of this paper  I should l ike  to express 
m y  gra t i tude  to a l l  those who have  assisted me  in the 
past  moral ly ,  technical ly,  commercia l ly ,  and f inancial ly 
to b r ing  this ven ture  to a good end. 

I thank  you for  your  at tent ion.  

Reports on Electrochemical Society Summer Fellowship Awards 

During  the summer  of 1979 the fol lowing g radua te  s tudents  rece ived  $1,875, 
$1,575, and  $1,050, respect ively ,  r epresen t ing  the th ree  S u m m e r  Fe l lowship  
Awards  of The Elec t rochemical  Society.  

Mr. Lawrence  A. Bottomtey,  The Univers i ty  of Houston, Houston, Texas,  
was awarded  the Edward  Weston Fel lowship.  

Mr. John D. Por ter ,  Car le ton  Universi ty ,  Ottawa,  Canada,  was des ignated  
as the  rec ip ient  of the Colin Garfield P ink  Fel lowship.  

Mr. Brad ley  R. Karas ,  Umvers i ty  of Wisconsin-Madison,  Madison, Wis-  
consin, received the Joseph W. Richards Fellowship. 

The  S u m m e r  Fe l lowsh ip  A w a r d s  are  made  "wi thout  r ega rd  to sex, c i t i -  
zenship, race, or  financial  need, to a fe l low or  teaching ass is tant  pursuing  
work  be tween  the degrees  of B.S. and  Ph.D. on a subjec t  in a field of in te res t  
to The Elec t rochemical  Society." They are  in tended  to cover  a per iod  dur ing  
which the rec ip ient  has no financial  suppor t  for  the  cont inuance of his or  
he r  work.  

The Edward Weston Summer 
Fellowship Report 

Mr. Bot tomley 's  r epor t  is given below. 

An Electrochemical investigation of Several 
/,-Nitrido Iron Porphyrin Dimers 

To date, there  a re  a l imi ted  number  of complexes 
known in which two heine centers  exis t  in close p r o x -  
imity.  The most  wel l  character ized of these is the/~-oxo 
d imer  (1) in which  the Fe atoms of two po rphyr in  or 
Schiff base complexes are  bound to a single O atom. 
Crys ta l lographic  evidence (2) has shown tha t  the 
~-oxo d imer  of t e t raphenylporph ina to i ron ,  (TPPFe)20  z, 
has a n e a r l y  l inear  F e - O - F e  bond. Theore t ica l  work  
has pred ic ted  this bond to be bent,  and  such is the 
case for  ~-oxo Schiff base complexes  which  do not  

Abbreviations used in this report are as follows: ~-oxo-bis(a,~, 
7,5-tetraphenylporphJnatoiron] {TPPFe)sO; ~-nitr~d o-bis~ afl,'y,8- 
tetraphenylporphinatoiron], (TPPFe)sN; (chlorate) (meso-tetra- 
pllenyipo,'ph,nato)iron, TPPFeCI; (perchlorato) imeso-tetraphen- 
ylporphinato*iren, TPPFe~C10,; tetrabutylamrnonlum perchlorate, 
TBAP; 1,2-dichlo~'oetlaane, EtCI~; dichloromethane, CHiCle. 

have steric factors in  opposi t ion to the  bending  forces 
i n  the molecule  (3). In  the  case of (TPPFe)20 ,  both  
Fe  atoms are  an t i f e r romagne t i ca l ly  coupled and are  
displaced f rom the po rphy r in  p lane  t oward  the O a tom 
by 0.50A. The dis tance be tween  the two mean  pa r -  
phyr in  planes  is 4.40A. This sys tem has been t h e  sub-  
ject  of de ta i led  inf rared ,  MSssbauer  and  NMR spec-  
troscopic (1) invest igat ions.  Recent  e lec t rochemical  
studies (4) have shown tha t  the pa ren t  [ T P P F e ( I l I ) -  
O-Fe  ( I I I ) T P P ]  complex can be oxidized to form the  
mixed  valence [TFPFe  (IV) - O - F e  (III)  TPP]  + d imer  or  
reduced to form the mixed  valence [ T P P F e ( I I ) - O -  
F e ( I I I ) T P P ] -  complex. In  a l l  three  complexes,  the 
formal  0 2 -  br idg ing  moie ty  does not  pe rmi t  ax ia l  
coordinat ion of Fe  a toms by  any  addi t iona l  l igands. 

Summerv i l l e  and Cohen (5) have  repor ted  tha t  the 
the rmal  decomposi t ion of heroin azide produces  a 
second type  of hemat in  dimer,  ~-ni t r ido-bis-[a ,# ,7 ,6-  
t e t r apheny lporph ina to i ron] ,  (TPPFe)2N. This was the 
first complex repor ted  in which  two first row t rans i -  
t ion meta l  complexes were  br idged  by  a single N atom. 
Crys ta l lographic  resul ts  (6) have ~hown tha t  bo th  F e  
atoms are displaced f rom the  po rphyr in  plane by 0.32A 
toward  the N atom. In addit ion,  the distance be tween  
the two mean  po rphyr in  p lanes  is 4.15A, 0.25A shor te r  
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than  the distance observed for the ~-oxo hemat in  
dimer. Each Fe atom was formally assigned a +3V2 
valence state. This formalism was precedented by the 
earlier assignment of --3 for the bridging N atom from 
studies on second and third row transi t ion metal  sys- 
tems (7). 

A recent electrochemical invest igat ion by Kadish 
and co-workers (8) has demonstrated that the neutral  
[TPPFe (III 1/2) -N-Fe  (III  1/2) TPP] dimer can be oxi- 
dized to form the mixed valence ( T P P F e ( I I I ) - N -  
F e ( I V ) T P P ] +  dimer or reduced in  a one electron 
transfer to form [TPPFe ( I I I ) - N - F e ( I I I ) T P P ] -  com- 
plex, isoelectronic with the t~-oxo dimer. Both Fe atoms 
of the parent  complex were shown to be equivalent  on 
t h e  XPS time scale (9). From this data, the electronic 
configuration about each Fe atom was unambiguous ly  
assigned as low spin. This was only the second case of 
a five coordinate Fe porphyr in  complex designated as 
such (10): thus the uniqueness of this complex 
prompted the electrochemical invest igat ion of possible 
l igand binding by ni trogenous bases to the t~-nitrido 
dimer. 

Exper imenta l  Sect ion 
Materials . - -(TPPFe)2N was the generous gift of 

Professor I rwin  Cohen. The support ing electrolyte, 
TBAP, was purchased from Eastman Chemical and 
dried in vacuo prior to use. EtC12 was obtained from 
Mall inckrodt  as reagent  grade. Ethanol,  added by  the 
manufac ture r  as a stabilizing agent, was removed by 
extract ion with an equal volume of concentrated 
I-I2SO4 followed by a distilled water  wash and then ex- 
traction with an equal volume of 5% KOH solution. 
The solvent was then distilled from P20~ and stored 
over 4A molecular  sieves prior  to use. All  l igands used 
were obtained from Aldrich Chemical. Pyridine,  py, 
was distilled from CaO and stored over 4A molecular  
sieves prior to use. 3-Pic and 4-Pic were distilled from 
KOH pellets and stored in the dark. 3-CN Py and 4-CN 
Py were recrystall ized from benzene and dried in 
vacuo prior to electrochemical titrations. The remain-  
ing ligands listed in  Table I were used as received. 

Instrumentation.--Cyclic vol tammetr ic  measure-  
meats  were made with an EG & G Pr inceton Applied 
Research (PAR) Model 173 potent iostat /galvanostat  
dr iven by a PAR Model 175 universal  programmer.  
Scans were recorded with a Houston Omnigraphic 2000 
X-Y recorder or with a Tektronix  Model 5111 storage 
oscilloscope. A conventional  three-electrode system 
was utilized. A P t  but ton  served as the working elec- 
trode and a Pt  wire was used as the counterelectrode. 
A commercial saturated calomel electrode (SCE) was 
util ized as the reference electrode. Current-vol tage  
curves were measured at 0.02-10 V/sec while all t i-  
trations were recorded either at 0.05 or 0.10 V/sec. At 
faster scan rates IR loss was held to a m i n i mum 
by the use of a posit ive-feedback device bui l t  into the 
Model 176 current  follower. All  solutions were made 

Table I. Formation constants for the addition of selected ligands 
to (TPPFe)2N 

Ligands �9 ab log ~c ,a  

3,5-dichloropyridine 0.75 3.8 ~ 0.2 
3-cyanopyrldine 0.56 4.35 • 0.2 
4-cyanopyridine 0,66 4.74 -4- 0.15 
3-chloropyridine 0.37 5.8 -+ 0.2 
3Ibromopyridine  0.39 5.6 -- 0.1 
3-acetyipyr idine  0.38 6.90 -- 0.17 
4-acetylpyr idine  0.50 6.65 • 0.25 
Pyr id ine  0.00 7.62 -4- 0.04 
3-picoline --0.07 7.6 ~ 0.2 
4-picoline -- 0.17 8.10 +__ 0.09 
3,4-1utidine --0.24 8.6 • 0.2 

a See  f o o t n o t e  1 for  explanat ion  of  abbreviat ions,  
b T aken  f r o m  A. J. Gordon  and  R. A. Ford;  "The 

Companion ,"  pp. 144-147, John  Wiley & Sons, New York,  
c Measured  in EtCle, 0.1M TBAP. 
a T e m p e r a t u r e  = 23 ~ • I~ 

Chemist ' s  
N.Y. 

0.1M in TBAP and were deoxygenated by  bubbl ing  
solvent-saturated N2 through the solution for 10 min. 
For all electrochemical measurements  the SCE was 
separated from the bulk  of the solution with a fr i t ted-  
glass bridge filled with solvent and support ing electro- 
lyte. Stabi l i ty  constants were determined from the 
shifts of hal f -wave potentials as a function of l igand 
concentration. The method of calculation has been de- 
scribed in  previous publications (12, 13). All potentials 
are reported in  volts vs. the SCE. Half-wave potentials 
were measured as E1/2 : 1/2 ( E p a  -~ Epc) as determined 
from cyclic vol tammetr ic  data. 

Results 
(TPPFe)2N was dissolved in  EtC12, which was 0.1M 

in TBAP and its redox behavior  studied by cyclic volt-  
ammetr ic  methods at a Pt  button. The redox mecha-  
nism previously reported (8) for electrooxidation re-  
duction in CH2C12 was identical  to that  observed in  
EtC12. In  the absence of any nitrogenous base, 
(TPPFe) 2N was reduced at +0.17 and --1.19V vs. SCE 
to form [ ( T P P F e ) 2 N ] -  and [ (TPPFe)eN]  -2, respec- 
tively. Additions of aliquots of subst i tuted pyridines 
produced negative shifts in potent ial  for the first re-  
duction of (TPPFe)eN. A typical plot of E1/2 ]or the 
reduct ion of (TPPFe)2N vs. the bulk  concentrat ion of 
added l igand is presented in Fig. 1. Similar  potential  
dependences on added l igand concentrat ion were ob- 
served for all l igands investigated. In  contrast, poten-  
tials for the second reduction of (TPPFe)2N were 
invar ian t  over the l igand concentrat ion ranges studied. 
The potential  shifts observed were consistent with 
complexation of the start ing material,  (TPPFe)2N, by 
two ligand molecules, but  not of the reduced species, 
[ (TPPFe)2N] - .  From the shifts in E1/2 stabil i ty con- 
stants were calculated and are listed in Table I. 

Discussion 
The complexation of the t~-nitrido dimer reported 

herein is the first evidence of six coordinate dimeric 
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Fig. 1. Half-wave potential dependence upon the bulk concentra- 
tion of pyridine. 
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Fe p o r p h y r i n  species. The coordinat ion  of the d imer  is 
in t r igu ing  when  compared  to the  behav ior  of the  
~-oxo d imer  in the presence of s imi lar  complexing 
agents. There  is cu r r en t ly  no evidence of any  ax ia l  
coordinat ion of the  ~-oxo d imer  by  subs t i tu ted  p y r i -  
dines. Ostfeld (14), however ,  has r epor t ed  tha t  the 
~-oxo d imer  is c leaved b y  the  addi t ion  of imidazole  
in nonaqueous med ia  to form the bis imidazole  com- 
p lex  of T P P F e  +. The s tab i l i ty  of the  /~-nitrido d imer  
adducts  m a y  be  a t t r ibuted ,  in par t ,  to the  increased  
charge  on the b r idg ing  N 3-  a tom when  compared  to 
0 2 - .  However ,  a knowledge  of the  factors responsible  
for  this increased  s tab i l i ty  is unknown  at  the  p resen t  
time. Theore t ica l  model ing  studies a re  cu r r en t ly  unde r -  
w a y  in an a t t empt  to exp la in  the  observed  chemis t ry  
(15). 

Of special  note  is the  magn i tude  of f12 (see Table  I ) .  
Previous  measurement s  of the  affinity of TPPFeC1 
(16) and TPPFeN3 (17) for  pyr id ine  have y ie lded  
values  of ~1 ---- 0.2 and  1.75M-L respect ively .  I t  is 
t empt ing  to consider  the  complexa t ion  of each Fe  a tom 
in the  d imer  as a monomer ic  species wi th  ( N - F e T P P )  - 
as the  counterion,  in an  analogous fashion to C1- or 
N3-.  However ,  s tepwise  addi t ion  of the l i g a n d s  to the 
~-ni t r ido  d imer  is not  observed.  Secondly,  compar ison 
of the fo rmat ion  constant  magni tudes  makes  any a t -  
t empts  at  such a fo rmula t ion  fortui tous.  

A l inear  free energy  re la t ionship  has been  con- 
s t ruc ted  in Fig. 2 compar ing  the fo rmat ion  constant  
magni tudes  wi th  the  respect ive  e lec t ron donat ing  or  
w i thd rawing  subst i tuents  on the coordinat ing l igand. 
F r o m  the slope of log f12 vs. 2~, a p ---- --2.38 was com- 
puted.  This va lue  is s imi la r  to tha t  observed  for mono-  
mer ic  i ron  p o r p h y r i n  complexes  and  impl ies  tha t  e lec-  
t ron  donat ing subst i tuents  on the pyr id ine  fac i l i ta te  
the  fo rmat ion  of the complex  (see Table  I I ) .  
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Fig. 2. Linear free energy relationship for addition of two sub- 

stituted pyridine molecules to (TPPFe)2N in EtCI2. 

Table II. Linear free energy relationships for substituted pyridine 
complexes of various iron tetraphenylporphyrins 

Formal 
oxidation 

Complex state Solvent p~ 

T P P F e L ~  I I  CH~CI~  - 1 . 25  b 

[ T P P F e L 2 ]  + C 1 0 4 -  I I I  C H I C 1 2  - 4 . 19  b 

( T P P F e L  ) a N  I I I  */2 E t C 1 2  - 2 . 38  

Calcula ted  f r o m  plots  of log f12 vs .  2~. 
b Calcula ted f r o m  da t a  in Ref. i l l ) .  

The reac t iv i ty  of the  ~-ni t r ido d imer  towards  imi -  
dazole and subs t i tu ted  imidazoles  is being s tudied and 
wil l  be r epor ted  in a subsequent  communicat ion.  
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The Colin Garfield Fink 
Summer Fellowship Report 

Mr. Porter 's  report  is given below. 

Two-Dimensional Electrocrystallization at 
Low Overpotentials 

Detailed, quant i ta t ive  studies of the potential  de- 
pendences of two-dimensional  electrocrystall ization 
processes at low overpotentials are lacking. Frequent ly,  
exper imental  results are analyzed in  terms of the 
F le i schmann-Thi r sk  (FT) geometric model of growth 
at constant  potent ial  (1), which states that the com- 
posite rate (k'~Zn) is related to the t ransient  ma x i mum 
parameters  tm and im (see List of Symbols) .  Data are 
collected at individual  potentials, and are rout inely  
fit (sometimes implici t ly)  to empirical  equations of 
the form 

log tm ---- at~ + bt ] [ la]  
for ( tm,im) ~=r 

log i m =  ai~l + bi [ lb]  

The geometric FT model demands that  at -- --ai, 
and consequently the absolute value of ei ther at or a~ is 
usual ly  all that  is reported, a l though the nucleat ion 
order n In =_ 0 lot  ins tantaneous nucmation and n - 1 
for progressive nucleat ion (2)] is sometimes given as 
well. 

Equations [la] and [ lb]  were crit ically tested in  the 
present study, along with the abi l i ty  of the FT geo- 
metric model to quant i ta t ive ly  describe exper imental  
responses to both potential  step and (in an extended 
form) l inear  potent ial  ramp perturbations.  A self- 
consistent analysis of t rans ient  responses to these per-  
turbat ions as well as to galvanostatic per turbat ions 
was developed for that  purpose, and in  this scheme 
exper imenta l  results are analyzed in terms of surface 
coverage. The details of the surface coverage analysis 
are presented elsewhere (2). 

Exper imenta l  investigations were performed on the 
formation of calomel at 22 ~ and --5~ on mercury  
(2,3),  the formation of thallous chloride at --6.3~ 
(2, 4), and the format ion of thallous bromide at --3.0~ 
(4), both on thal l ium amalgam. For reasons of brevity,  
only the results concerning the formation of thallous 
chloride will be presented here in  any detail. 

E x p e r i m e n t a l  
Thal l ium shot (m6N, Alfa Inorganics)  was combined 

directly with electronic ins t rument  grade mercury  
(m5N8, Alfa Inorganics) under  dry n i t rogen to form 
the 2.1 atom percent  (a/o) amalgam used in the pres- 
ent  study. The base electrolyte was 0.1M HCI (AristaR, 
B.D.H.) and oxygen was purged using purified ni t ro-  
gen. The reference half-cel l  was the 2.1 a/o T I ( H g ) /  
T1C1 couple in  the same base electrolyte and main-  
tained at the same tempera ture  as the working elec- 
trode compar tment  (--6.3 ~ _ 0.1~ Potentials are 
quoted either with respect to the reversible potential  
of the bulk  couple or with respect to the reversible 
potential  of the monolayer  phase, whichever is ap- 
propriate. Careful  a t tent ion was paid to cell design in 
order to minimize ins t rumenta l  l imitat ions to a negl i -  
gible level. The entire cell assembly was enclosed in a 
l ight- t ight  Faraday  cage, which was mounted on a vi-  
b ra t ion-damped  platform. 

The potcntiostat  used in  the experiments  reported 
here was a Wenking Model 70 HP 10, and potential  
per turbat ions were supplied by a PAR 175 Universal  
P rogrammer  through a wideband 10:1 divider. Re- 
sponses to potential  per turbat ions  were recorded on a 
Tektronix  503 x - y / y - t  oscilloscope and a Biomation 
805 t ransient  recorder, which allowed data to be ob- 
tained in a digital format. 

Results  
General features o] the TI(Hg)/TICI  sys tem. - -The  

anodic electrocrystall ization of thallous chloride on 
tha l l ium amalgam was found to follow the general  
scheme: (i) s imultaneous ctissolution and specific ad- 
sorption of chloro-thallous complexes, (if) formation 
of the first crystal l ine monolayer  of thallous chloride, 
probably of (110) orientation, (iii) formation of the 
second crystall ine monolayer,  probably  of (100) or ien-  
tation, (iv) formation of the third monolayer,  (v) for- 
mat ion of the thick layer  of bulk  thallous chloride. 
This sequence of events can be seen in Fig. 1, which 
presents an i l lustrat ive current  t rans ient  recorded in  
response to a potential  step to a high overpotential  
with respect to the bulk  couple. Completely analogous 
responses were observed to l inear  potential  ramp per-  
turbations.  The same pat tern  was recorded ior the for- 
mat ion of thallous bromide (4). 

Previous studies performed using tha l l ium amalgam 
electrodes failed to report  the formation of three dis- 
t inct monolayer  phases (5-7), al though indications of a 
third peak in  t r iangular  sweep experiments  were re-  
ported for the case of TIC1 format ion on solid tha l l ium 
(6). The reversible potential  for the first monolayer  
has been reported to be at --38 mV with respect to the 
reversible potential  of the bulk  couple at 25~ (8), 
i.e., at underpotent ia l  wi th  respect to the bu lk  phase. 
This result  was confirmed in  the present  work, a value 
of (--31 _ 1) mV being rout inely  observed at --6.3~ 

The exper imental  procedures reported in a widely 
quoted early s tudy (5) involved the application of a 
double potential  step, where the in termediate  potential  
was the "rest potential" with respect to the bu lk  
TI(Hg)/T1C1 couple. It is clear that  the formation of 
the first layer  could not  have been observed in this 
s tudy under  the reported exper imental  conditions; con- 
sequently, the reported formation (5) of two mono- 
layers prior to the formation of the bulk  phase, at posi- 

A 

1 0-7 mA i 
t 

_L. 
_L. .  

I t 

Fig. 1. Representative current transient obtained in response to a 
potential step to high overpotentials with respect to the bulk 
phase TI (Hg) /T ICI  couple. The successive formation of three mono- 
layers prior to thick film formation can be seen. ~l ~ 143.7 mV, 
T = - -6 .3~ electrode area ~- 9.13 • 10 - 3  cm 2. 
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rive overpotentiaIs with respect to the bu lk  phase, must  
represen~ the mrma t ion  of the second and third mono-  
layers. The crystallographic assignment  of (100) orien- 
tat ion for the first of these (5) is consistent with the 
results obtained 1or the second monolayer  as it is de- 
fined in  the present  study. The crystallographic assign- 
ments  made here are based upon precise de termina-  
tions of monolayer  charges at their reversible poten-  
tials (see Taole I) ,  exper imenta l  data being compared 
with crystallographic values (9). Crystal l ine mono- 
layers of T1Br formed on mercury  from aqueous T1 +, 
B r -  solutions have been assigned (110) orientations 
based upon monolayer  charges ~10, 11). 

The first monolayer  was observed to remain  both 
kinet ical ly  and  tl~ermodynamically dist inguishable 
from oulk phase thallous Chloride (and bromide) at all 
times, even in the presence of a thick film. A separate 
and distinctive peak was observed Ior the reduct ion of 
the first monolayer  subsequent  to the reduct ion of the 
bulk  phase dur ing t r iangular  l inear  potent ial  ramp 
perturoations.  The unusua l  property of "underpotent ia l  
electrocrystall ization" observed for the first monolayer  
of thallous bromide (4) and thal]ous chloride (8) al- 
lowed the formation of the monolayer  to be studied 
in  detail, compmtely separate i rom the formation of 
suosequent  myers, over a wide potential  range. The re- 
sults of such a kinetic invest igat ion for the case of the 
formation of the first monolayer  of thallous chloride 
on tha l l ium amalgam are reported below. 

Potent ia l  s tep  per turba~ion . - -Trans ien t  responses 
were obtained at a series of low overpotentials with 
respect to the reversible potential  of the first mono-  
layer. For reasons of clarity, indiv idual  t ransients  were 
analyzed in  terms of surface coverage and quant i ta -  
t ively compared with model curves of ir(S) (2). Sur-  
face coverages were obtained by the numerica l  in te-  
grat ion of cur ren t  t ransients  using the relationship 

f ~  i . d t  
q( t )  

Z ( t )  -- -- - -  [2] 

f 
t~ q x  

i . d t  
o 

where q~ --> qtot as tx ---> co. Quant i ta t ive  agreement  be-  
tween individual  exper imental  t ransients  and model 
curves was observed regardless of overpotential,  pro-  
vided that  the t ransients  were recorded under  condi- 
tions of low ins t rumenta l  distortion. A nucleat ion order 
n : 0, corresponding to ins tantaneous nucleat ion of 
No nuclei, was observed to be in force. The FT geo- 
metric model of two-dimensional  electrocrystall ization 
appeared to be a quant i ta t ive ly  useful one, therefore, 
and a more detailed analysis of exper imental  data 
based upon the application of this model seemed to be 
justified. The same conclusion was drawn in  the  case 
of the other systems investigated. 

However, the parameter  qtot was found to be a un i -  
form funct ion of overpotential ,  again in  every case 
investigated (i.e., for the first monolayers of Hg2C12, 
T1C1, and T1Br), in direct violation of one of the 
fundamenta l  assumptions of the FT geometric model. 
For the case of the first monolayer  of T1C1, qtot was 
observed to closely obey an empirical  equat ion of the 
form 

Table I. Integrated monolayer chargest at the monolayer 
reversible potentials 

C r y s t a l l o g r a p h i c *  E x p e r i m e n t a l  

S a l t  q ( 100 ) q (110) q ( 111 ) q~ q2 

T1C1 108,99 77.07 125,85 76 103 
T1Br 101.65 71.88 117.38 77 102 

t I n  ~C cm-% 
* R e f .  ( 9 ) .  

log qtot = log ql --  aq~l [3] 

where aq was determined to be (10.8 m V ) - l .  This de- 
pendence is too high to be due to a potential  dependent  
var iat ion of the crystallographic lattice parameters,  
despite the excellent  agreement  between the model 
and exper imenta l  reduced variable curves. A more 
l ikely explanat ion in  this case is that the apparent  
var iat ion in layer  charge is due to the potent ial  de- 
pendence of 8T1(I>, where TI(I)  represents specifically, 
randomly adsor0ed tha l l ium (i) species [likely neut ra l  
T1C1 units  (7, 10, 11)]. The "equi l ibr ium" value of 
0rl(i> is l ikely to be rapidly established at short times 
during the fal l ing "dissolution" component  of the cur-  
rent  transient.  Eiectrocrystal l ization would then occur, 
drawing proport ionally from the adsorbed reservoir  of 
TI(D species and from the TI~ species through 
fur ther  charge transfer;  only the lat ter  process con- 
tr ibutes to the value of qtot as it was determined in  the 
present  study. 

This is apparent ly  the first t ime that  uni form var ia-  
tions in  the observed "electrocrystall ization charges" of 
two-dimensional  layers have been reported. The vital  
consequence of this observat ion is that  exper imenta l  
t rans ient  m a x i m u m  parameters  may not be converted 
directly to fundamenta l  kinetic parameters  in these 
cases. Hence, kinetic analyses of systems which exhibit  
this apparent  charge variation,  based upon the direct 
application of the geometric FT model to exper imenta l  
t ransient  m a x i m u m  parameters,  are inval id  unless the 
effects of the apparent  charge var ia t ion are eliminated. 

The potential  dependences of the t ransient  m a x i m u m  
parameters  tm and im were investigated carefully in  
the light of this observation. Both parameters  were 
observed to be extremely potential  dependent  at "low" 
overpotentials. Equations [la] and [ lb]  were found to 
be excellent representat ions of both tm and ira, respec- 
tively, down to overpotentials as low as 0.2 mY. Least 

squares values of the empirical  constants of Eq. [ la]  
and [ lb]  are presented in  Table II. One incidental  side 
effect of these extreme, but  uniform and wel l -charac-  
terizable potential  dependences, was to force an a l tera-  
t ion of t radi t ional  concepts of overpotential  "magni-  
tude" in the author, when  electrocrystall ization process 
was being considered. It was often found to be useful 
to th ink  of potentials in terms of units  of at or ai, i.e., 
to t ranslate potential  al~erences into orders -of -magni -  
tude of observed rate differences. 

When plotted in  logari thmic form, both log tm(~) 
and log im(~) were observed to exhibit  curvature  
beginning abrupt ly  at overpotentials "moderately" re-  
moved from zero (a > 1.5 mV).  A quant i ta t ive  analysis 
of this curvature  wi l~be  presented in a section below. 

Consistent with the observation of qtot being a func-  
tion of potential, the parameters  at and ai were not ob- 
served to be equal and opposite. For those values of 
overpotential  where [ la]  and [ lb]  represent  the data 
well, (d log qtot/d~) = at + aj (2); the least squares 
data yield a value of --0.097 mY -1 = (--10.3 m V ) - h  
This agrees well with the empirical  value of aq, which 
is valid as well for overpotentials where [ la]  and 
[ lb]  do not hold. A model-based value for ql may be 
calculated from the empirical  b parameters  (2), and 
they give a value of 79.6 ~C cm -2 which agrees well  
with the exper imental  and crystallographic values pre-  
sented in Table I. 

Because of exper imental  l imitations, rel iably pre-  
cise measurements  were difficult to make at overpoten-  
tials less than about 0.2 mY. Down to that  limit, how- 
ever, there was no evidence of a "linear" region where 
tm and /or  im were proport ional  to ~L Str ict ly  expo- 

Table II. Least squares derived constants for Eq. [ la]  and [ lb ] ,  
TICI 

at = --1.110 mV -I = ( --0.901 mV) -I bt = -0.130 

al = 1.013 mV -I = ( 0.987mV) -I b~ = --1.186 
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nent ia l  behavior  of those parameters  with overpoten-  
tial was universa l ly  observed at the lowest l imits of 
overpotential  exper imenta l ly  accessible. In  direct con- 
sequence, no nuc lea t ion-growth  rates lower than the 
extrapolated values at 71 -- 0 could be invest igated us-  
ing this technique at the time of the investigation. 

Linear potential  ramp per turbat ion . - -The  analysis of 
indiv idual  t rans ient  responses to l inear  potential  ramp 
per turbat ions was performed in terms of surface cov- 
erage in  an analogous manne r  to the analysis of poten-  
t ial  step data, i.e., in  terms o f / r ( S ) .  Exper imenta l  data 
were compared with model reduced variable  curves 
generated using an extended form of the geometric FT 
model (2), which is based upon a strictly exponent ial  
potential  dependence of the combined rate (k'~Zn). The 
curves were observed to be encouragingly similar at 
low potent ial  ramp gradients, bu t  there were some sig- 
nificant differences between the exper imental  and model 
responses at surface coverages less than about  ~/2 (2). 
These differences are reflected in  the values of Sin:Sin 
,~ 0.56 (observed) c]. Sra : 0.63 (model).  It  is postu-  
lated that the differences observed beween the ex- 
tended model and exper iment  could be due to: (i) 
growth occurring, at least partly,  in potential  regions 
where equations [ la]  and [ lb]  are poor representa-  
tions of the potential  step data, (if) the presence of 
effects due to the form of OTI(I) (E), i.e., the phe-  
nomenon manifested as the apparent  "electrocrystal-  
l ization charge" var ia t ion in  the potent ial  step ex- 
periments.  

The numer ica l  simulations showed clearly that  sets 
of (~m, im)v data obtained in  response to l inear  poten-  
t ial  ramp per turbat ions  at a variety of v, could also be 
analyzed to yield kinetic informat ion  about the electro- 
crystall ization processes, equivalent  to that  obtained 
through the analysis of sets of (tin, im)n data obtained 
in  response to potential  step per turbat ions  at a series 
of ~1 values (2). That observat ion was tested experi-  
menta l ly  in the present  investigation, a n d ' w a s  found 
to be valid. Kinet ic  data derived from t ransient  data 
obtained in  response to the two potent ial  per turba t ion  
techniques are compared below. 

Trans ien t  m a x i m u m  currents  were characterized in 
terms of l inear  potential  ramp gradient  as shown in 
Fig. 2. When plotted in log vs. log format, the data 
could be described best by a series of l inear  segments. 
Table I i I  lists their  gradients and intersection points. 
Two impor tant  observations can be made: (i) at no 
t ime is the observed gradient  equal  to one, the value 
demanded by theory and numerica l  s imulat ion (2, 12), 
(if) the gradients decrease as log v increases, again in 
opposition to theory (12). Similar  piecewise-l inear be- 
havior was observed both for TIBr formation (4, 12) 

Log (im/mA cm -2) 

1 

0 

o 1 2 3 & B 
Log(~/mV s ~) 

Fig. 2. The dependence of the current maximum observed for the 
formation of the first monolayer of TICI on linear potential ramp 
gradient. The data are represented well by three linear segments 
(see Table III). 

Table III. Analysis of linear potential ramp current maximum data 

Section? Gradient log v (low) log v (high) 

A 0.758 ( -- 1) * 0.47 
B 0.550 0.47 3.62 
C 0.202 3.62 ( 5 ) * 

"~ See Fig. 2. 
�9 ~xper,mental, not phenomenologioal limit. 

and Hg2C12 formation (3, 12), and has been recorded 
for other 2D systems as well  (12). In  the case of T1Br 
formation the apparent  charge var iat ion effects are 
comparat ively much smaller  and the observed gradi-  
ent was approximately equal to one in  the l imit of 
low v, Correction of the data at low v for apparent 
charge variation in the Hg2Cl2 data (directly) and the 
TICI data (approximately, via Eq. [3]) gave gradients 
of 0.95 and 0.85, respectively, A value of (d log v/d~Im) 
= 1.007 mV -I was observed for TIC1 at log v values 
less than about 0.5. The gradient corresponds well 
with ai, obtained from the potential step data. 

Potential  dependence o~ derived kinetic  parameters.  
- - T h e  FT geometric model states that.  the t ransient  
ma x i mum parameters  tm and ira, observed in response 
to a potential  step per turbat ion,  are related to the 
more fundamenta l  composite rate (k2Zn) in  the fol- 
lowing manner ,  regardless of the form of (k2Zn) -- 

tm - ( (n + 1)2p2/2nM2(lC2Zn) )i/~n+2) [4a] 

i m =  (2n (zFh) (n+ 2) (p (n + 1)/M) n (k2Zn)) l/(n+2) 

exp ( - - ( n +  1 ) / ( n + 2 ) )  [4b] 

In  regions of overpotent ial  where Eq. [la] and [ lb]  
represent  the potential  step data well, then the follow- 
ing form of (k2Zn) = ~(~l) is implied 

(k2Zn) = Kn exp ( a t )  [5] 

where Kn = (k2Zn)n=o and a' is an empirical  constant. 
It can be demonstrated that  a' and Kn are related to 
the a and b parameters  of Eq. [la] and [ lb]  in a direct 
fashion (2). Using the data presented in Table II, 
s tandard values for physical constants (13) and cor- 
recting for the apparent  charge variat ion when neces- 
sary, values for K0 and (a'/2.303) were calculated to 
be: (2.5 • 10 -4 ) mole 2 cm -6 sec -2 and 2.220 mV -1 
from the tm data, and (9.1 • 10 -4) mole 2 cm -6 sec -2 
and 2.211 mV -1 from the ira data, giving mean  values 
of log K0 = (--3.32 ___ 0.2~) and (a'/2.303) _-- (2.22 
_ 0.01) mV -1. If an absolute upper  bound for No at 
~I = 0 i s  assumed to be 6.8 • 1014 cm -2, which corre- 
sponds to a critical nucleus size of one T1C1 uni t  in a 
(110) plane, then an absolute lower bound for k(~l = 
0) can be calculated to be --8.4 • 10 -10 mole cm -2 
sec -1. The corresponding l inear  potential  ramp data 
yielded a value of (a'/2.303) = 2.20 mV -1, in good 
agreement  with the mean  value given above. Two sets 
of data are given in Fig. 3, the least squares slope giv- 
ing (a'/2.303) = 2.21 mV -z. 

Quantitative analysis of the data which occur in the 
curved region of log (k2.No) vs. ~ plots was also per- 
formed. The data derived from both perturbation tech- 
niques were found to be well described by an empiri- 
cal equation of the form 

| 

(k2No) = Ko exp (~'~lY=) [6] 

This is shown in  Fig. 4. The best-fit value of d ap- 
peared to be dependent  upon the per turba t ion  tech- 
nique used to obtain the data (~' = 5.64 mV-'/= for the 
potential  step data and a' _-- 4.70 mV-~/, for the l inear  
potential  ramp data, their ratio being 0.83). It is pos- 
sible that a more precise correction for apparent  
charge var ia t ion would yield bet ter  agreement  of the 
l inear  potential  ramp data wi th  the potent ial  step 
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Fig. 3. The potential dependence of the composite rate (k2No) 
for the formation of the first monolayer of TICI is illustroted in the 
"exponential" region where the empirical equation (5) approxi- 
mates the data well. Rates are derived from (e)  potential step 
and ( 0 )  linear potential ramp perturbation responses. 

data. Certainly the close correspondence observed be-  
tween the two sets of data can be considered to be in -  
dicative of the quant i ta t ive  usefulness of the l inear  
potential  ramp technique for invest igat ing electro- 
crystal l ization processes. 

Conclusions 
The electrocrystall ization of thallous chloride on 

tha l l ium amalgam was found to follow the sequence: 
(i) s imultaneous dissolution and specific adsorption of 
TI ( I )  species, (if) format ion of the first monolayer  of 
(110) o~:ientation, (iii) formation of the second mono-  
layer  of (100) orientation,  (iv) formation of the third 
monolayer,  (v) formation of the thick th ree-d imen-  
sional film. The electrocrystall ization of thallous bro-  
mide was found to follow the same scheme. The first 
monolayers  of T1C1 and T1Br are deposited at under -  
potential  with respect to the reversible potential  of 
the bulk phase, and hence their formation could be 
studied in detail, re lat ively free from interference. The 
results for T1C1 are presented here. 

The FT geometric model of two-dimensional  nu -  
c leat ion-growth at constant  potential  was tested by 
exper imenta l  data analyzed in terms of surface cov- 
erage. It  was found to be a quant i ta t ive ly  useful  model 
with which to describe the formation of the first mono-  
layers of TIC1, T1Br, and rig~Ci2 using the potential  
step per turba t ion  technique. An apparent  variat ion in 
the electrocrystall ization charge with overpotential  
was noted in all three cases. I t  was strictly necessary 
to correct characteristic t rans ient  parameters  for the 
apparent  charge var ia t ion before a meaningful  kinetic 
analysis could be performed. 

Trans ient  responses to l inear  potential  ramp per-  
turbat ions proved amenable  to quant i ta t ive  analysis as 
well, yielding kinetic informat ion which compared 
favorably  with that  obtained using the potent ial  step 
technique. The funct ional  form of the composite rate 
(kZN0) : f (n)  was determined empirically. At low 
overpotentials,  log (k~No) was found to be strictly 
l inear  with respect to ~; at higher overpotentials  log 
(k2No) was found to be l inear  with respect to ~l v2, the 
t ransi t ion being abrupt.  

The unusua l  dependence of log i~ obtained in  re-  
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Fig. 4. The potential dependence of the composite rate (k~No) 

for the formation of the first monolayer of TICI is illustrated in the 
"parabolic exponential" region where the empirical equation (6) 
describes the data well. Rates are derived from ( � 9  potential step 
and (e )  linear potential ramp perturbation responses. The data of 
Fig. 3 occur in the region of the dotted lines. 

sponse to a l inear  potential  ramp per turba t ion  as a 
function of log v may be rationalized as being due to a 
combinat ion of factors. In  potent ial  regions where 
log (kZN0) ~ ~11, the gradient  is approximately one as 
predicted by theory and simulation;  where log (k2No) 
cc q~, the gradient  is strictly less than one. The effects 
of potent ia l -dependent  charge var iat ion are complex 
in this case but, overall, this phenomenon serves to de- 
crease the exper imenta l ly  observed values of (d log 
im/d log v). 
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LIST OF SYMBOLS 
a~, ai, aq, a' empirical  constants, mV -1 
A normalized l imit ing nucleat ion rate, cm -2 

bt, 
h 
ir 
k 
m 
M 
n 

No 

qtot 
S 
Z 
Z~ 
~P 

n 

bi 
sec- I  
empirical constants 
monolayer  height, cm 
reduced current ,  ir ~- i/ira 
lateral  spreading rate, mole cm -2 sec - I  
refers to t ransient  m a x i m u m  
gram formula weight, g mole - I  
nucleat ion order, n : 0 instantaneous,  n : 1 
progressive 
numoer  o~ nucleat ion sites per cm 2 
charge density of j th  monolayer  at its reversi-  
ble potential,  ~C cm -$ 
in tegrated monolayer  charge density, #C cm -2 
surface coverage 
number  of electrons 
nucleat ion parameter,  Z0 : No, Z1 ---- A 
empirical  constant, mV-1/~ 
overpotential ,  mV 
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~r1(I) fractional  surface coverage of adsorbed TI(I)  
species 

v h~ear  potent ial  ramp gradient,  mV sec - :  
p density, g cm -~ 
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Temperature Effects on Excited-State Deactivation 
in Luminescent Photoelectrochemical Cells 

Employing Tellurium-Doped Cadmium Sulfide 
Electrodes 

Photoelectrochemical cells (PEC's) have received 
widespread a t tent ion recently, owing to their abil i ty to 
convert  optical energy directly into electricity (1). A 
typical PEC consists of an n- type  semiconductor, a 
counterelectrode, and an electrolyte. The key element  
of the PEC is the semiconductor, which serves as both 
photoreceptor and electrode. 

The excited state is efficiently formed by the semi- 
conductor's absorption of an u l t rabandgap energy 
photon to generate a conduction band  electron and 
valence band hole ( e -  -- h + pair) (2). We consider 
deactivation of the semiconductor excited state by 
three routes: e -  -- h + separation~leading to photo- 
current,  radiat ive e - - - h  + recombination, and non-  
radiat ive e -  -- h + recombinat ion (heat).  Thus far, 
only a few studies have dealt with radiative recom- 
binat ion in PEC's (3-5). 

To date, we have determined the general  charac- 
teristics of Te- and Ag-doped CdS-based PEC's (6-8). 
The stabil i ty of Te- and Ag-doped CdS (CdS:Te, 
CdS: Ag) photoelectrodes was demonstrated by lack of 
weight loss and surface damage after prolonged PEC 
operation. Both CdS:Te and CdS:Ag resemble un-  
doped CdS in their  abil i ty to sustain the conversion 
of u l t rabandgap ( > 2.4 eV; ~. < 500 nrn) H.ght into 
electricity. The novel feature of ~ e s e  doped electrodes 
is the luminescence observed while they function in 
an operating PEC. Luminescence in this context 
signifies that radiat ive recombinat ion of e -  -- h + pairs 
occurs in direct competition with e -  -- h + separation 
leading to photocurrent.  

Emission from CdS:Te and CdS:Ag involves in t r a -  

bandgap states. Te l lur ium is thought to substi tute for 
S to y:eld states ~--0.2 eV above the valence bandedge 
(9-11). Because of its smaller  electron affinity, Te can 
trap a hole which can then coulombically bind an elec- 
t ron to form an exciton. Radiative collapse of the ex- 
citon is the source of luminescence ()~ma• "~ 600 nm for 
100 ppm CdS:Te) .  The mechanism by which CdS:Ag 
emits is more complex and depends on the presence of 
addit ional  impuri t ies  and on whether  Ag substi tutes at 
Cd sites or inters t i t ia l ly  (15-17). 

The emissive properties of CdS:Te-  and CdS:Ag-  
based PEC's were exploited by assembling the cell in 
the emission compar tment  of a spectrophotofluorom- 
eter. Incl in ing the semiconductor photoelectrode at 
~45 ~ to both the Ar ion laser excitat ion source and the 
emission detection optics allows for sampling of f ront-  
surface emission dur ing PEC operation. PEC param-  
eters such as excitat ion wavelength (457.9-514.5 rim) 
and intensi ty  ( < 30 mW/cm2),  the presence of com- 
position of (poly)chalcogenide electrolytes, and ap- 
plied potential  (--0.3V vs. SCE to the onset of cathodic 
current)  only per turb  the emission intensity,  not  its 
spectral distribution. For u l t rabandgap excitation 
(~ < 500 nm) ,  increasingly negative bias decreases the 
driving force for e -  -- h + separat ion and increases 
the luminescence in tensi ty  by ~15-1400% in passing 
from --0.3V vs. SCE to open circuit. Over this same 
potent ial  range the photocur ren t  progressively de- 
clines to zero. With bandgap edge i l luminat ion  (514.5 
nm) the luminescence in tensi ty  is almost independent  
of electrode potential  (6-8). These observations are 
likely due to the difference in  penetra t ion depth be- 
tween ul t rabandgap and bandgap edge photons. 

The temperature  coefficient for the CdS bandgap 
edge is ~ --5 X 10 -4 eV/~  (12). As the temperature  
is raised, the absorption onset should red shift, and a 
marked change in  penetra t ion depth for 514.5 nm ex- 
citation should occur. Our goal was to investigate the 
effect of elevated tempera ture  on the emission in ten-  
sity, spectral distr ibution,  and photocurrent  as a func-  
tion of voltage, excitation wavelength,  and electrolyte 
composition. 

Experimental 
Single crystal plates of vapor -grown 100 ppm 

CdS:Te and undoped CdS were obtained from Cleve- 
land Crystals, Incorporated, Cleveland, Ohio. The 
~5 X 5 X 1 mm samples were oriented with their  
5 X 5 mm face perpendicular  to the c-axis. Electrode 
and electrolyte preparat ion as well  as electrochemical 
and optical ins t rumenta t ion  have been described pre-  
viously (8, 13). 

Results and Discussion 
As stated above, a d iminut ion  of the CdS:Te band-  

gap is expected with increasing temperature;  however, 
the effect on the CdS:Te emission spectral dis t r ibu-  
tion will depend on the relative positions of the valence 
band, conduction band, and the in t rabandgap tel lu-  
r ium states. In (di)selenide electrolyte between 20 ~ 
and 100-C, little or no change in the emission spectrum 
occurs. The emission spectrum is also independent of 
whether 501.7 or 514.5 nm excitation is used and in- 
dependent of electrode potential between +0.7V vs. 

Ag (pseudoreference electrode, PRE) and the onset of 
cathodic current (13). To facilitate emission intensity 
measurements a single wavelength was monitored, 
generally }~maX. 

A decrease in  emission in tensi ty  obtains with in -  
creasing temperature  over the range 20~176 Figure 
1 (a) displays the open-circuit  emission in tensi ty  moni-  
tored at 600 nm for 501.7 and 514.5 nm excitation. It 
is apparent  that the rates of decline (a factor of ~10-  
20) are comparable for both excitation wavelengths. 
In addition, the effect of potential  on the emission in-  
tensity is shown in  Fig. l ( b )  and (c) which present  
emiss ion- temperature  plots for 514.5 and 501.7 n m  e x -  
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Fig. 1. (a) Relative emission intensity monitored at 600 nm vs. temperature in polyselenide electrolyte (SM O H - / 0 . 0 9 M  Se2- /0 .001M 
Se22-)  of CdS:Te excited at open circuit with 501.7 nm (circles) and 514.5 nm (squares) light. The excitation intensity at 501.7 nm is 6 X  
that at 514.5 nm in order to approximately match emission intensity at room temperature; (b) relative emission intensity vs. temperature 
for 514.5 nm excitation of a CdS:Te electrode [different sample than in (a)] in polyselenide electrolyte (5M O H - / 0 . 0 2 M  Se2- /0 .001M 
Se22-)  at three potentials. Circles, squares, and triangles correspond to open circuit, 0.0V, and 0.7V vs. Ag (PRE), respectively; (c) relative 
emission intensity vs. temperature for the same electrode and geometric configuration as in (b), but now excited with an equivalent num- 
ber of 501.7 nm photons as in (b). The point "100" on the emission scale is Hone-f i f th the corresponding point in (b). The symbols in 
(c) have the same significance in terms of potential as in (b). Typical photocurrent behavior at 0.7V accompanying the emission changes 
shown in (b) and (c) is given in Fig. 2(a). 

citation, respectively, at three potentials:  open circuit, 
0.0V, and 0.TV vs. Ag (PRE).  The rate of decline in 
both figures is roughly independent  of potential. This 
is most easily seen in Fig. 1 (b) where li t t le potential  
dependent  emission occurs unt i l  high temperatures  are 
reached. However, even with potential  dependent  
emission (u l t rabandgap 501.7 nm excitation) in Fig. 
l ( c ) ,  roughly paral lel  rates of decline are observed. 
These data demonstrate  that  the emission intensi ty  
declines at a rate which is basically independent  of ex- 
citation wavelength  (501.7 and 514.5 nm) and poten- 
tial (0.TV vs. Ag (PRE) to open circuit).  

The room tempera ture  photoeurrent  for 501.7 nm 
excitat ion of a CdS:Te photoelectrode is ,-,15-20 times 
greater than for bandgap edge 514.5 nm light [Fig. 
2 (a ) ] .  In  (di)selenide electrolyte between 20 ~ and 
100~ the 514.5 n m  photocurrent  increases by an order 
of magnitude,  reaching 50-100% of the room tempera-  
ture 501.7 nrn value. Over the same tempera ture  ex- 
cursion 501.7 n m  photocurrent  increases modestly by 
,-20%. A similar  photocur ren t - tempera ture  profile for 
undoped CdS is shown in Fig. 2 (b). 

Simultaneous measurement  of current,  luminescence, 
and  voltage ( i L V  curve) as a funct ion of tempera ture  
is shown in Fig. 3. Equivalent intensities (ein/sec) of 
501.7 and 514.5 nm excitation were used at both room 
temperature and elevated temperatures (49~ for 501.7 
nm, 86~ for 514.5 nm). The iLV curves may be sum- 
marized as follows: photocurrent  at 23~ is ,~18 times 

greater  for 501.7 n m  excitation (curve A vs. curve B) 
and emission intensi ty  is ,~5 times smaller  (A' vs. B'). 
The ratio of the open-circui t  to the in-c i rcui t  [0.TV vs. 
Ag (PRE)]  emissive quan tum efficiencies (r162 is 
1.0 for 514.5 nm (B') and 3.5 for 501.7 nm light (A').  
Increasing the tempera ture  to 49~ increases the 501.7 
nm photocurrent  by ,.~15% (C) and reduces the emis- 
sion intensi ty  by a factor of 2. However, a similar 
value of ~ro/r of 3.4 obtains (C'). At 86~ the 514.5 
nm photoeurrent increases by a factor of almost 8 (D). 
For the first time with 514.5 nrn excitation and despite 
its lower absolute intensity, potential dependent emis- 
sion was observed and a ~ro/r value of 1.27 recorded 
(D', note 10X scale expansion). All of the aforemen- 
tioned changes were reversible upon returning to lower 
temperature. Similar photocurrent and emissive 
trends are observable in OH-/S 2- electrolyte. 

Observation of an increased photocurrent quantum 
yield (r and a nonunity Cro/r value for 514.5 nm 
excitation provided insight into a correlation of ~x with 
Cro/r These relationships is described in detail else- 
where (13, 14). 
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Fig. 2. (a) Relative photocurrent vs. temperature for a CdS:Te 
electrode in aqueous polyselenide electrolyte (SM O H - / 0 . 0 2 M  
Se2-/0.001M Se2 '~-) excited with equivalent photons of 514.5 nm 
(filled circles) and 501.7 nm (open circles) light at 0.7V vs. Ag 
(PRE). The scale is such that the photocurrent at 25~ from 501.7 
nm excitation has been arbitrarily set at 100 and corresponds to a 
current density of ~0.36 mA/cm 2 and a quantum yield for elec- 
tron flow, Cx, of ~0.50;  (b) relative photocurrent vs. temperature 
for an undoped CdS electrode in the same electrolyte as in (a), 
excited with an equivalent photon flux of 514.5 nm (filled circles) 
and 501.7 nm (open circles) light. Again, "100" has been arbitrarily 
set as the 25~ photocurrent from 501.7 nm excitation and rep- 
resents a current density of ~0.44 mA/cm "~ and a ex of ~0.69. 
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ABSTRACT 

The photochemical methods for selective activation o f  nonconductors f o r  
electroless metal  deposition have been classified in  this review on the basis of 
kinetic scheme involved. There are three general  kinetic schemes for the 
formation of catalytic metall ic nuclei  on nonconductors:  photoelectrochemi- 
c.al, photoelectron, and in t ramolecular  photoreduction. Photoelectrochemical 
scheme involves a photochemical reaction which is followed by  an electro- 
chemical reaction. The photochemical reaction is used to produce or deac- 
t ivate the reducing agent. Catalytic metall ic nuclei  are formed in  the subse- 
quent  electrochemical reaction. In  the photoeleetron method, electrons neces- 
sary for the formation of catalytic metall ic nuclei  M from metall ic cations 
M +n are generated in  the direct absorption process of a photon by a semi- 
conductor crystal, which results in the generat ion of an electron and a hole. 
In  the in t ramolecular  photoreduction kinetic scheme catalytic metall ic nuclei  
a r e  formed in the in t ramolecular  l igand to metal  electron t ransfer  process. 
This review surveys fundamenta l  photochemical principles and discusses 
problems and prospects of the above processes. 

Photochemical processes have been used to produce 
c a t a l y t i c  metallic nuclei  in three ways, each character-  
ized by  a different kinetic scheme: photoelectrochemi- 
cal, photoelectron, and in t ramolecular  kinetic scheme. 

Photoelectrochemical method.--In this method the 
catalytic metall ic nuclei  M are generated in an electro- 
chemical oxidation reduction process 

Red + M n+ ---> M --~ Ox [1] 

where Red is the reduced and Ox the oxidized form of 
a substance and M n+ the metall ic ion. 

The reducing agent  (Red) necessary for the reduc- 
t ion of M n+ into M according to reaction [1] can be 
generated in a photochemical process, e.g., the Fe e+ 
(Red) reducing agent  is generated in the photochemi- 
cal process 

hv 
Fe a+ (Ox) > Fe 2+ (Red) [2a] 

or, in general  
hv 

Ox ---> Red [2] 

Al ternat ively ,  the photochemical reaction 

hv 
Red - - >  Ox [3] 

c a n  be used to deactivate Red in the area where re-  
action [1] is not desired (background area),  e.g., the 
Sn 2+ (Red) reducing agent  is deactivated in the pho- 
tochemical reaction 

hv 
Sn 2+ ( R e d )  > Sn 4+ (Ox) [3a] 

Photoelectron method.--In the photoelectron method, 
electrons ( e - )  necessary for the formation of the cata- 

* Electrochemical Society Active Member. 
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lytic metall ic nuclei M according to the reaction 

M n+ + he-  --> M [4] 

are generated in the direct absorption process of a 
photon by a semiconductor crystal which results in the 
generat ion of an electron and a hole p + 

hv 
lattice----> e -  + p+ [5] 

Intramolecular photoreductio,n method.--Catalytic 
metallic nuclei M can also be formed in the in t ra -  
molecular  l igand to metal  charge t ransfer  

~D hv 
ML ---> M + L' [6] 

where hv designates a quan tum of absorbed energy 
(photon),  L a ligand, L' the reaction products or iginat-  
ing from L, and the arrow above the molecule ML the 
direction of the electron transfer. The term l igand is 
taken here in its most general  definition: an atom, ion, 
or molecule capable of funct ioning as the donor in a 
coordinate bond. 

This review will survey fundamenta l  photochemical 
principles and basic steps of major  processes for the 
photochemical selective activation of nonconductors 
for electroless metal  deposition. Emphasis will be on 
the mechanism of image formation since unders tand-  
ing the mechanism of these processes may contr ibute  
to the solutions for remaining  practical problems and 
the development  of new processes. 

Description of Kinetic Schemes 
Photoelectrochemical Method 

The photoelectrochemical method for the formation 
of catalytic metall ic nuclei  on nonconductors (1, 2) has 
three basic steps: (i) sensitization, (ii) la tent  image 
formation, and (iii) activation. 

4 4 1 C  



4 4 2 C  J. Electrochem. Soc.: R E V I E W S  A N D  N E W S  September 1980 

According to the redox  theory:  (1) the ca ta ly t ic  
meta l l i c  nuclei  M on a nonconductor  a re  formed in the 
t h i rd  step, act ivat ion,  which is i n t e rp re t ed  as the elec-  
t rochemical  process represen ted  by  the genera l  equa-  
t ion 

Red + M n+ ---> IV~ -50x [7] 

where Red represents a reducing agent (e.g., Fe z+, 
Sn 2+, Ti s+, Pb 2+) for the metallic cation M n+ (e.g., 
Pd 2+) and Ox is the oxidation product of Red; (2) the 
function of the first and the second step is to produce 
a latent image that consists of the active sites of the 
reducing agent Red in the pattern area. 

Sensitization.--In the  first s tep a photosensi t ive  sa l t  
i s  appl ied  on the surface of the  nonconductor.  The 
photosensi t ive  sal t  can be in its e lec t rochemica l ly  
a c t i v e  ( w i t h  respect  to react ion [7]) ,  lower  oxidat ion  
state,  Red form, or  i t  can be in its e lec t rochemical ly  
inactive,  h igher  oxida t ion  state, Ox form. 

An  example  for the sensi t izer  which is in i t ia l ly  act ive 
in  the e lec t rochemical  s tep is SnCl~, Stannous  ion Sn ~+ 
can reduce Pd 2+ ions into pa l l ad ium metal .  A typical  
s e n s i t i z e r  solut ion is 0.044M SnC12 in 0.1M HC1 (3, 4). 

A n  example  for  the sensi t izer  in i t ia l ly  inact ive  in 
t he  elect rochemical  step is ferr ic  oxalate,  Fe2(C204)3. 
Fe r r i c  ion cannot  act as a reducing agent,  Red, in re -  
act ion [7]. However ,  the reducing  agent  Fe  ~+ (Red) 
can be formed from ferr ic  oxalate ,  Fe~(C204)~, the Ox 
form, in the photoreduct ion react ion 

h~ 
Fe s+ --+ FeZ+ [8] 
(Ox) (Red) 

The photogenerated reducing agent Fe z+ can reduce 
Pd 2+ ions into Pd metal. The two preferred sensitizer 
solutions (2) of this type are 0.1M to 0.5M Fe2(C204)3 
or 0.1M to 0.5M Hg~C~O4. 

Thus, t h e r e  a r e  two types  of sensit izers in the photo-  
e lec t rochemical  method  of format ion  of cata lyt ic  
m e t a l l i c  nuclei:  ( i)  in i t ia l ly  e lec t rochemica l ly  active 
and  ( i i )  i n i t i a l l y  e lec t rochemica l ly  inact ive sensitizers.  

Sensi t izers  can be appl ied  on the surface of a non- 
conductor  select ively,  the  pa t t e rn  sensi t izing technique, 
or  the ent i re  surface can be covered by  the sensit izer,  
t h e  pane l  sensi t izing technique.  In  the first case, the 
p a t t e r n  pr in t ing  technique (5), a r u b b e r  s tamp having 
t h e  desi red  pa t t e rn  can be used to t ransfer  sensi t izer  
f rom the s tamp pad to the nonconductor.  The amount  
of s tannous chlor ide  appl ied  to a surface by  this tech-  
nique is found to be in the order  of ~g/cm 2 (5). 

In  the  second case, the  panel  sensi t izing technique,  
t he  sensi t izer  is appl ied  on the ent i re  surface of the 
nonconductor  using ro l le r  coating or  immers ion  tech-  
nique (2). The amount  of the SnC12 sensi t izer  in the 
s e n s i t i z e d  l aye r  was de te rmined  by the x - r a y  fluores- 
cence to be in the o rde r  of/~g/cm~ (5). 

Thus, the  resul t  of the sensi t izat ion process is a non-  
conductor  having  a l aye r  of a sensi t izer  in the  pa t t e rn  
a r e a s  or on the ent i re  surface. If  the sensi t izer  is ap -  
p l ied  in the  pa t t e rn  areas  only, and if  the sensi t izer  
i s  of the in i t ia l ly  e lec t rochemical ly  act ive type  (Sn2+),  
t he  resul t  of the sensi t izat ion process is a l a ten t  image 
of the  pa t t e rn  and the nonconductor  is r eady  for  the 
third,  ac t ivat ion step. If  the panel  technique for sensi-  
t izat ion is used, the  l a t en t  image  is formed in the 
second, photochemical  step, which is fo l lowed by the 
third,  act ivat ion step. 

Image formation.~Positive version.~The s tar t ing 
ma te r i a l  in this process (1) is a nonconductor  covered 
w i t h  a l aye r  of the e lec t rochemical ly  act ive sensit izer,  
SnCle. The pa t t e rn  is fo rmed by  exposing the sensit ized 
l a y e r  to the photochemica l ly  active radia t ion  in the 
background  areas  leav ing  pa t t e rn  areas  not  exposed. 
T h e  photochemical  react ion is 

hv 
Sn~+ ) Sn 4+ [9] 

< 300 nm 

The resul t  of this photochemical  process is tha t  
only  the  pa t t e rn  area  contains Sn 2+ and the b a c k -  
ground  a rea  Sn 4+ ions. Since only Sn ~+ ions can form 
cata ly t ic  act ive species wi th  Pd 2+ (e.g., Pd metal ,  ac-  
cording to react ion [1]) ,  only the pa t t e rn  a rea  can be 
subsequent ly  ac t iva ted  to produce  cata lyt ic  Pd  nuclei. 

Negative version.IThe s tar t ing  ma te r i a l  in this p ro -  
cess (2) is a nonconductor  covered with  the l aye r  of 
an e lec t rochemica l ly  inact ive sensitizer,  Fe2 (C204)3. In  
this case the  pa t t e rn  is formed by  exposing the pa t t e rn  
a rea  to the  photochemical ly  act ive rad ia t ion  leaving 
background  areas  unexposed.  The photochemical  Te- 
action in  th e  exposed a rea  is 

h,, 
FeB+ _ ) Fe z+ [10] 

< 300 nm 

As the resul t  of this process e lec t rochemical ly  act ive 
Fe 2+ ion is genera ted  in the pa t t e rn  area  only, w h i l e  
the  background  area  contains inact ive  Fe  3+ ions. Since 
on ly  Fe 2+ ions can reduce Pd 2+ into ca ta ly t ic  Pd meta l  
sites, only  the pa t t e rn  area  can subsequent ly  be p ro -  
v ided wi th  cata lyt ic  metal l ic  nuclei. 

Activation.--The act ivat ion step consists of exposing 
a nonconductor  containing the l a t en t  image  of a pa t -  
te rn  to an ac t iva tor  solut ion in o rder  to produce  ca ta-  
lyt ic  meta l l ic  nuclei  according to the genera l  equat ion 

Red + M n+ --> M + Ox [11] 

where  M represents  ca ta ly t ic  meta l l ic  nuclei  in t h e  
pa t t e rn  a rea  on the nonconductor  surface. The act i -  
va tor  usua l ly  contains salts of noble metals ,  PdC12, 
PtCl~, or AgNO~, tha t  can be reduced  in the p a t t e rn  
areas  by  the reducing species Red. 

Specifically,  for the  posi t ive process (1, 3, 6, 7) using 
Sn 2+ as the  sensitizer,  the act ivat ion process is de -  
scr ibed by  the equat ion 1 

Sn 2+ -5 Pd 2+ --> Pd -5 Sn 4+ [12] 

and for the negative sensitizing process (2) using Fe s+ 
as a sensitizer,  by  the equat ion 

2Fe 2+ + Pd 2+ ----> Pd  + 2Fe 3+ [13] 

Ions presen t  in the background  areas, Sn 4+ in the 
posi t ive process and Fe 3+ in the negat ive  process, are  
inact ive  in the ac t iva tor  solution. However ,  Sn 4+, 
under  cer ta in  conditions, can be chemical ly  act ive in 
the ac t iva tor  solut ion (4, 8-13). 

A solut ion can be p repa red  that  contains both the  
sensi t izer  and the act ivator ,  for  the negat ive  process, 
in one and the same solut ion (2). The sensi t izer  and 
the ac t iva tor  components  wil l  react  at  the surface on 
the nonconductor  when exposed to the photochemica l ly  
act ive radia t ion  in the pa t t e rn  area. However ,  one-  
step t i n -pa l l ad ium solut ion cannot  be used for the 
posi t ive process (4). 

Thus, at  the end of the  ac t iva t ion  process the non-  
conductor  surface contains cata lyt ic  meta l l ic  nuclei  in 
th e  pa t t e rn  area. These nuclei  are  capable  of ca ta lyzing 
electroless meta l  deposit ion.  

Mechanism o] image ]ormation.--In this rev iew only  
one mechanism of  each kinet ic  scheme wil l  be dis-  
cussed. 

Negative version. General: photochemistry of coor- 
dination compounds.--Understanding the mechanism 
of photochemical  processes requi res  knowledge  of the 
absorpt ion  spec t rum of the molecule  under  considera-  
tion. A typical  absorpt ion  spec t rum of a coordinat ion 
compound consists of severa l  broad bands in  the u l t r a -  
violet  and vis ible  spectrum, each of which  is associ- 
a ted  wi th  one or more  electronic transit ions.  

1 In some cases this is a simplified presentation of a very cam- 
pIex system. Details are given by R. L. Cohen and K. W. West, 
This Journal, 120, 502 (1973) and R. L. Meek, ibid., 122, 1478 
(1975). 
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Spectra of coordination compounds can be in te r -  
preted on the basis of the molecular  orbital  (MO) 
theory (14, 15). The l igandometal  bonding system of a 
coordination compound is mu tua l ly  interact ing in such 
a degree that  one cannot  consider excited states of iso- 
lated bonds or groups bu t  ra ther  the excited states of 
the molecule. 

Molecular orbitals for a metal  complex can also be 
constructed by the LCAO (l inear combinat ion of 
atomic orbitals)  method. These orbitals are given by 
the ,I, funct ion 

,I, -- a ,I,M + b ~Lig [14] 

where  "I'M is the metal  ion orbital,  VLig a normalized 
combinat ion of l igand orbitals, and a and b are the 
coefficients that  determine relat ive contr ibut ion of "I'M 
and CLig to ~'. 

In  general,  a molecular  orbital  ,I, formed from two 
component  orbitals, q'A and "I'B, includes a larger  con- 
t r ibut ion from that  component  orbital  which is closer 
to it  in energy. 

In  the first approximat ion some molecular  orbitals 
�9 I, of a metal  complex are predominant ly  metal  "I'M 
orbitals, and some l igand orbitals CLig, in  character. 
This localization of states on the central  metal  ion or 
on the l igand is only a very  rough approximation.  The 
degree of this delocalization of the electron is deter-  
mined by the values of the coefficients a and b, Eq. 
[14]. When a > >  b the orbital  ,I, is largely localized on 
the metal  and the orbital  is a metal- localized orbital. 
When a < <  b the orbi tal  ,I, is largely localized on the 
l igand and the orbital  is a l igand-localized orbital. 
This description of the molecular  orbitals should be 
taken as a first approximat ion only. The molecular  
orbi tal  diagram for a hypothetical  octahedral  t rans i -  
t ion metal  complex is shown in  Fig. 1. 

On the basis of the molecular  orbital  theory one 
can classify the electronic transi t ions in  coordination 
compounds into three types. 

Ligand l~eld transition (or d --> d transitions).--These 
a r e  electronic transi t ions between MO's main ly  local- 
ized on the central  metal  ion (d orbitals) .  

Intra-ligand transitions.--In the in te rna l  l igand 
transi t ions electronic t ransi t ions occur be tween  MO's 
main ly  localized on the ligand. 

Charge transfer (CT) or electron transfer transltions. 
- - I n  the charge t ransfer  transit ions the t ransfer  of 
electronic charge occurs be tween MO's main ly  local- 
ized around the l igand and MO's ma in ly  localized on 
the central  metal. 

Depending on the origin of the excited electron one 
distinguishes two basic types of the charge transfer.  
(i) Excited electron original ly localized on central  
metal. [Metal --> Ligand (M --> L) Charge Transfer  
(MLCT, or CTTL)]  In  this t ransi t ion the electron 
t ransfer  occurs from the metal  to a ligand. MLCT can 
be schematically represented as 

r'~ hv 
ML ---> M+ L - [15] 

where the arrow above the molecule ML shows the 
direction of the charge transfer.  

(ii) Excited electron or iginal ly  localized on lig- 
and(s ) .  [Ligand -> Metal (L ~ M) Charge Transfer  
(LMCT or CTTM)] In  this t ransi t ion the electron 
moves from the l igand toward the central  metal. LMCT 
can be schematically represented as 

r hv 
ML . ) M - L  + [16] 

where the arrow above the molecule ML shows the 
direction of the charge transfer. 

Thus, in both cases, MLCT and LMCT, the absorp- 
tion of electromagnetic radiat ion results in an oxida- 
t ion-reduct ion process. The l igand to metal  charge 
t ransfer  processes (L--> M) are of central  interest  in  
our discussion of the formation of catalytic nuclei  on 
nonconductors.  

MLCT and LMCT can be classified as in te rna l  charge 
transfers, charge transfers wi th in  a molecule. Another  
type of charge t ransfer  can occur which can be classi- 
fied as in termolecular  charge transfer.  In  this type of 
charge t ransfer  the electron is t ransferred from either 
a l igand or the complex as a whole to the solvent, 
CTTS. In  this case the electron is lost to the solvent. 

I r radiat ion of different absorption bands produces_ 
different excited states which result  in  different reac- 
t ion products and yields. Thus, an in terpre ta t ion  of the 
absorption spectrum of a photosensitive molecule is 
necessary in order  to be able to conduct a photochemi- 
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cal react ion in a direction of production of specific, 
desired products. 

Photochemical reduction of complexed ferric ions. 
- - T h e  redox photolysis of the t r i soxa la tofe r ra te ( I I I )  
in the  solid state and in the solution (16, 17) proceeds 
in such a way that  the tr iposit ive Fe 8+ ion is reduced 
to the dipositive Fe 2+ ion and oxalate  is oxidized to 
carbon dioxide, according to the overal l  reaction 

hv 
2Fe (C204)s 3- ) 2Fe II -P 5C204 s -  + 2CO2 [17] 

The net p r imary  photochemical  reduct ion react ion of 
monoxa la to i ron( I I )  ion is, according to Cooper and 
De Graft (18), the l igand to metal  charge t ransfer  

hv 
Fe(CsO4) + ) Fe 2+ + �9 C204- [18] 

Fe  3+ ~- e -  ~ Fe s+ [19] 

where  Fe 8+ is reduced to Fe 2+ and the oxalate  ion is 
oxidized to the oxalate  radical �9 C204- 

C2042- -~ �9 C204- + e -  [20] 

The oxalate  radical  generated in the p r imary  photo-  
chemical  process reduces monoxa la to i ron( I I I )  ion in 
a secondary reduction react ion 

�9 C204- + Fe (C204) + ~ Fe (C204) + 2CO~ [21] 

It  was proposed (19) that  the oxidized ligand, the 
oxalate  radical, can dissociate to give the �9 CO2- radi -  
cal and CO2 

�9 C204- --> �9 COs-  + CO~ [22] 

The radical  �9 COs-  can react  wi th  the monoxala to-  
iron (III) ion in a reaction analogous to react ion [20]. 

In the presence of an excess of Fe 3+ ions, the oxalate  
radical  can reduce Fe ~+ ions into FeS+ 

�9 C204- + Fe S+ --> Fe 2+ + 2CO2 [23] 

Thus, the overa l l  react ion of oxidation of CsO4 e -  is 

hv 
C2042- ~ 2CO2 --~ 2 e -  [24] 

A similar  mechanism was proposed for the photo- 
chemical  reduct ion of dioxalate and t r is-oxalato fer-  
ra te  (20-23). In the pr imary  photochemical  process the 
electron t ransfer  occurs, resul t ing in generat ion of 
e i ther  �9 CsO4- or �9 COs-  followed by the secondary 
reactions of these radicals wi th  ferrio;xalate or itself, 
or both. 

Positive version. Photochemistry of the Sn(II) sen- 
sitizer.--D'Amico, Litt, and DeAngelo (7) postulated 
that  the role of the l ight is to generate  electron hole 
pairs, in the SnO-SnO2 sensitized layer,  which can 
part icipate  in the Sn( I I )  oxidat ion into Sn ( IV) .  The 
side react ion in the oxidation of Sn (II) is the reduct ion 
(3) of Sn( I I )  to Sn. 

This photochemical  react ion needs more study. 

Photoelectron Method 
In the photoelectron method the catalytic nuclei on 

nonconductors are formed in two basic steps: (i) 
sensitization and (ii) image formation. A la tent  image 
in this process consists of metal l ic  nuclei M, where  M 
can be Pd, Pt, Au, Ag, or Cu. 

Sensitization.--The sensitized nonconductor contains ~ 
in the surface a pair  of substances: a photosensit ive 
substance react ing according to react ion [5] and a re-  
ducible meta l  ion salt react ing according to reaction 
[4]. These substances are usual ly (24, 25) applied in 
two separate steps. 

Application of a photosensitive layer.--Titanium di- 
oxide is applied to the surface of a nonconductor in 
the form of a homogeneous dispersion of fine solid 
part icles ranging in size f rom 0.02 to 0.2 ~m in an 
adhesive (25). The adhesive serves as the medium in 
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which the photosensit ive compound is dispersed. In 
this photosensit ive layer  the TiO2 particles are com- 
pletely enveloped with a thin layer  of adhesive. 

The encapsulation of TiO2 particles by adhesive en-  
sures the adhesion be tween photosensit ive layer  and 
substrate. However ,  the encapsulation makes TiO2 par-  
ticles inaccessible to the second compound of the sen- 
sitizer, the aqueous solution of salts of metal  ions such 
as Pd 2+, Pt  2+, Au +, Ag +, and Cu 2+, which are neces- 
sary for the format ion of a metallic, la tent  image ac- 
cording to react ion [4]. TiO2 particles are therefore  
made accessible by etching the surface of the adhesive 
layer  thus par t ia l ly  uncover ing the upper  layer  of 
TiO2 particles and render ing  them accessible to the 
aqueous meta l  ion solution. In order  to ensure good 
adhesion the thickness of the adhesive layer  af ter  
etching should be at least  5 ~m. 

In a modification of this procedure (25) TiO2 par-  
ticles are incorporated into the substrate during its 
fabrication. For  a g lass-epoxy-based material .  TiO2 
particles are in te rmixed  with the epoxy-res in  before 
impregnat ing  the glass-cloth. The impregnat ion  and 
the laminat ion of the glass-epoxy based substrate are 
per formed in such a way that  the final laminate  has a 
glassless top layer  (~  40 ~m) of epoxy-resin.  

Application of metal ion salts.--The sensitization pro-  
cess is completed by t rea tment  of the TiO2-adhesive- 
coated substrate having exposed TiO2 particles wi th  
a di lute aqueous solution of a metal  ion salt. Salts of 
Pd s+, Pt  2+, or Au + are used when the electroless 
plat ing of Cu, Ni, or Co is desired. Cu 2+ salts may  be 
used when the electroless plat ing is restr icted to cop- 
per. 

Image formation.--The la tent  (or pr intout)  image 
of the desired pa t te rn  on a sensitized nonconductor is 
formed in the fol lowing sequence of reactions 

hv 
TiOs ) e -  + p+ (TiO2) 

< 410 nm 
[25] 

2e -  + Pdads 2+ --> Pd 

where  Pdads 2+ designates the Pd s+ ions adsorbed on 
TiOs (24-26). In the exposed areas Pd 2+ ions are con- 
ver ted  into Pd metal l ic  nuclei in the act ivat ion step. 
Nonexposed areas contain Pd e+ ions. When the sub- 
strate is sensitized with Pt  2+, Au +, Ag +, or Cu 2+ salts, 
metal l ic  nuclei of Pt, Au, Ag, or Cu are formed, re-  
spectively. 

Mechanism of image ]ormation.--Photoelectron pro-  
cesses are based on the photophysical  propert ies of 
t i tanium dioxide (26). Absorpt ion of a photon by a 
solid TiO2 promotes an electron e -  from the filled 
(2p) valence band to the vacant  (3d) conduction band, 
when the energy of the photon is equal  to or greater  
than the bandgap energy (27, 28). Result  of this ab- 
sorption is generat ion of a free electron in the con- 
duction band and a free hole p+ in the valence band. 
This process can be represented by the simplified ki-  
netic scheme 

h~ 
TiOs ) e -  W P+ (TiOe) [26] 

result ing in the format ion of a hole-e lec t ron pair. 
Mobile electrons, e - ,  generated in the process [26] 

can be captured by a species adsorbed on TiOu, e.g., a 
metal  ion M n+, which is thus reduced into meta l  M 

he-  + Mads n+ --> Ms [27] 

where  n is the number  of electrons, and subscripts s 
and ads designate surface and adsorbed species, re -  
spectively. 

Metall ic nuclei M formed in the reduct ion step [27] 
can catalyze electroless metal  deposition. M may  be 
Pd, Pt, Au, Ag, or Cu (24, 25). 
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Photoholes p+, generated in the process [26], can 
be t rapped (26) by the surface O -  ions and form Oo_, 
recombined with electrons, or part icipate in the de- 
s truct ion of the metall ic phase (M) to form metal  
ions (Mn+). 

For the case when  M is Ag and Pd it was found that  
q u a n t u m  yield for Ag formation is dependent  on the 
silver ion concentrat ion in the solution and independ-  
ent  of l ight in tens i ty  (26, 29. 30). Kinet ic  data for TiO2 
in solutions of different AgNO3 concentrat ions obey the 
Stern-Volmer  mechanism 

r = ~limCA~+/(k + t ag+ )  [28] 

where �9 is the yield at silver concentrat ion CAg+, r 
is the l imit ing yield at high CAg+, and k is a constant. 

Quan tum yield for reaction [26], and thus r in 
reaction [28], can be increased by the use of photo- 
sensitizers. In  this case TiO2 is excited by the sensitizer 
( 3 0 ) .  

Reaction [27] can be catalyzed by mul t iequiva len t  
reducing agents (31-36). If a two equivalent  reducing 
agent  R is adsorbed on TiO~ a two-step sequence oc- 
curs upon i r radia t ion 

R - - )  R + ~ R 2+ 
In t e r -  Stable [29] 
mediate product  

In  the first step the reducing agent R is oxidized by a 
photogenerated hole p + 

R -l- P+ -~ R + [30] 

producing the intermediate R +. The intermediate R+ 
can be oxidized into the stable species R ~+ in two al,- 
ternative pathways 

1 
R +. , )R 2+ + e -  [31] 

R+ 2 
In termedia te  ~ . R  + -[- p+ ) R2+ [32] 

In  the pa thway 1, reaction [31], R + is oxidized by 
the release ( injection) of an electron to the conduction 
band  while in  the pa thway 2, reaction [32], R + is oxi- 
dized by a hole. The pa thway 1 is the preferred one. 

In  the case when  M n+ is present  on the surface of 
TiO2, s imul taneously  with R, the pathway 1 consists of 
the electron t ransfer  f rom R + to M n+ resul t ing in the 
reduct ion of M n+, i.e., catalysis of reaction [27]. 

Catalyzed reduct ion of Pd 2+ on TiO2 can be achieved 
by  R -- methanol,  ethanol, and 1-propanol (35). 

Intramolecular Photoreduction Method 
In t ramolecular  photoreduction method has two basic 

steps: (i) sensitization and, (ii) image formation. 

Sensitization.--The sensitizer layer  applied on a 
nonconductor  in the in t ramolecular  photoreduction 
method contains three principal  components: cupric 
acetate, cupric bromide, and anthraquinone-2 ,6-disul -  
fonic acid, disodium salt (37, 38). In the panel  sensitiz- 
ing technique the sensitizer is applied using roller 
coating. 

Image 1ormation.--The latent,  or printout,  image is 
formed in  the photochemical reaction 

hv 
CuAc.  > Cu ~ Ac' [33] 

< 350 n m  

where Ac' stands for the oxidation products of acetate 
ion Ac. Thus, the pa t te rn  area in this process is com- 
posed of catalytic copper nuclei. Images containing Pd, 
Pt, Au, or Ag can be made using this method. 

Mechanism of image formation.--As far as we know 
there is no published study on the mechanism of photo- 
reduct ion of cupric ions in the system of cupric acetate, 
cupric bromide, and anthraquinone-2,6-disulfonic  

acid, disodium salt. The following mechanisms are 
suggested for the formation of catalytic metall ic nu -  
clei in  the in t ramolecular  photoreduction method. 

Mechanism of photoreduction of cupric acetate.--On 
the basis of mechanistic studies (39) on photoreduction 
of acetatopentaamminecobal t  (III) the following mech- 
anism is proposed for the photoreduction of cupric ace- 
tate. In  the case of cupric acetate, ([Cu2 (OCOCH3)4] �9 
2H20), a dimer in the crystal l ine state (40, 41), i r radia-  
tion of the charge t ransfer  band results in the electron 
t ransfer  from the acetato l igand to the copper ion 
center. The excited electron, originally localized on 
the ligand, is predominant ly  on the central  copper ion. 
The result  of this charge- t ransfer  process i~ the oxida- 
t ion of the acetato l igand (39) to an oxidized l igand 
free radical and the reduction of Cu 2+ ions to Cu + or 
Cu. 

Mechanism of photoreduction of cupric bromide.--The 
mechanism of photolysis of cupric bromide can be 
discussed on the basis of the band theory of the solid 
state or on the basis of theories of photochemical reac- 
tions in solution. Since the sensitizer layer  in this pro- 
cess contains a considerable amount  of water  molecules 
we feel that  the in terpre ta t ion in terms of photo- 
chemistry of solutions can provide useful insights 
(42-46). In  this case, in the pr imary  photochemical 
process of photolysis of cupric bromide, the l ight is ab-  
sorbed by the hydrated bromide ion resul t ing in the 
formation of solvated electron, eaq-. The solvated 
electron then reacts with Cu 2+ to produce the copper 
nuclei. Reduction of Cu 2+ ion in cupric bromide can 
occur also in a direct "intramolecular,"  ion pair  
process. 

Mechanism of photosensitized reduction of copper ions. 
- -So  far we have considered interact ion of electro- 
magnetic  radiat ion with a single molecule or a collec- 
tion of molecules of one type. In  this section we wil l  
consider interact ion of electromagnetic radiat ion with 
a system of two distinct molecules separated in space, 
or a collection of molecules of two distinct types. In  
this system a photosensitized reaction can occur 
(47, 48). 

A photosensitized reaction proceeds in three basic 
steps 

S -{- h~ ~ S* [34] 

S* ~- A > A* q- S [35] 

A* -~ pr imary  product  -> final products [36] 

In  the first step photons are absorbed by the sensi- 
tizer molecule S resul t ing in the production of the 
electronically excited molecule S*. The second step is 
the energy t ransfer  step in which the energy is t rans-  
ferred from the excited sensitizer molecule S* to 
molecule A with production of the excited molecule A* 
and the ground state of the sensitizer molecule, S. In  
the third step the electronically excited molecule A* is 
deactivated in  a photochemical reaction. It  is proposed 
that for the discussed process the ant raquinone-2 ,6-di -  
sulfonic acid, disodium salt is the sensitizer S (the 
energy donor) and the copper acetate molecule the 
energy acceptor A (the quencher) .  

Energy transfer  from S* to A may occur by two 
mechanisms: resonance t ransfer  and electron t ransfer  
mechanism (20, 49-53). 

Image Development 
In  all three kinetic schemes the catalytic metall ic 

nuclei  are used to init iate electroless metal  deposition 
in the image development  process. Prior to develop- 
men t  the background is desensitized by removing the 
components of the sensitizing solution. Background 
desensitization is achieved by r insing with water  (54) 
or other solvents, or with solutions of complexing 
agents suitable to remove metallic cations (55, 56). 
Developers used in the electroless (physical) develop- 
men t  contain a developing (reducing) agent, a metal  
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salt, and usual ly  a complexing agent for metal  ions. in 
a water  solution at a pH depending on the developing 
and the complexing agent  (20, 37, 38, 57, 58). 

The general  reaction of development  or amplifica- 
tion of the la tent  and pr in tout  images of copper can be 
expressed by 

M 
(e.g., Pd or Cu) 

Red + Cu 2+ . . . .  ) Cu + Ox [37] 
catalytic nuclei in  

the pa t te rn  area 

where Red and Ox are the reduced and oxidized form 
of the developer, respectively. 

Processes of electroless copper deposition are well 
known and will therefore not be discussed here (59, 
60). Image composed of Pd nuclei can be developed in 
the electroless Cu, Ni, Pd, or Co bath. Electro- 
less metal  deposition bath used as a developer should 
be formulated in such a way that  it deposits only on 
the photoimage areas and not on the background. 
Background areas can be catalytic for processes in a 
developer, due to incomplete removal of sensitizer. 

Discussion 
We will discuss characteristic problems of individual  

processes and prospects for the photochemical selective 
activation of nonconductors,  in general. 

Plmtoelectrochemlcal Method 
Positive version.--Characteristic problems of this 

method are: (i) s tabil i ty of the Sn 2+ sensitizer solu- 
tion, and (ii) the short u.v. radiat ion (220-300 rim) in 
the image formation step. 

The most impor tant  characteristic of aqueous SnC12 
solutions re levant  to the process of sensitizing is 
"aging." Freshly made SnC12 sensitizing solution con- 
sists of about  95% Sn 2+ ions complexed with C1- ions 
and 5% Sn 4+ ions complexed with O H -  and C1- ions 
(61). The "aging" of the stannous chloride sensitizing 
solution can be described as a two-step process. In the 
first step Sn4+ ions are produced in the solution as a 
result  of exposure of Sn 2+ ions to the atmospheric 
oxygen. In the second step the produced Sn4+ ions (i) 
precipitate on the existing colloid particles, or (ii) 
nucleate new colloidal particles (62, 63). This instabi l -  
i ty of the sensitizer is cer tainly a drawback in the 
positive version of the photoelectrochemical method. 

The short u.v. radiat ion (220-300 rim) used in the 
image formation step can be hazardous and requires 
special  shielding for the protection of production 
personnel. 

Negative version.--The la tent  image in the pat tern  
area in this process is composed of Fe 2+ ions. The Fe 2+ 
la tent  image is unstable  since Fe 2 + ions are easily oxi- 
dized into Fe 8+ ions. This instabi l i ty  of image is a 
problem in the negative version of the process. 

Photoelectron Method 
The background is the major  problem in this method. 

I t  was found (35) that  in the TiO2/PdC12 system Pd 2+ 
ions remain  in nonexposed areas of the surface even 
after thorough r insing with water. The remaining  Pd 2+ 
ions in the background areas cause fogging dur ing the 
development, since Pd e+ can be reduced to Pd by the 
reducing agent present  in electroless plat ing solution, 
giving rise to catalytic Pd nuclei and thus the ex- 
traneous deposition of metal present  in the developer 
as metal  ions (e.g., Cu, Ni, Co). The amount  of pal-  
lad ium salt adsorbed on TiO2, or the surface in general, 
in the nonexposed areas, can be considerably reduced 
if the r insing is assisted by t reat ing with an aqueous 
solution of a strong complexing agent for Pd 2+ ions. 
Effective complexing agents are, e.g., aminoacetic acid 
and t r ie thanolamine (35). 

An advantage of the photoelectron method over 
other photochemical methods is the long u.v. (410 nm)  
radiation. 

Intramolecular Photoreductlon Method 
The background desensitization, after image devel-  

opment, is the major  problem in this process. The 
compounds present  in the background are: cupric 
acetate, cupric bromide, and anthraquinone-2 ,6-di -  
sulfonic acid, disodium salt. If not removed, the com- 
pounds present  in the background may react with 
components of the developing solution, thus causing 
nonselective deposition of electroless metal  over the 
entire surface. 

An advantage of this method is that  it involves the 
nonnoble  metal  nuclei (Cu).  

Photochemical Selective Activation: Prospects 
Major activities in the field are related to the two 

common problems in the development  step: (i) the 
nonselecti~e, extraneous deposition of e]e~troless metal  
over the background, and (ii) the lateral  growth of 
the pat tern  (the vert ical /horizontal  growth ratio).  

The extraneous deposition in the background area 
can be hindered by specific additives in the image de- 
velopment  solution. This type of additive should pref-  
e rent ia l ly  adsorb on the background, the adhesive 
layer of the surface, but  not on the metall ic nuclei in 
the pat tern  area. Search for additives of these prop- 
erties is a very active area of research, see, for 
example, Ref. (64). 

The problem of h inder ing the horizontal ( lateral)  
growth is approached in the same way. Specific addi-  
tives can block the lateral  growth (65), causing the 
development  of the photo image to proceed in  the 
vertical direction only. The ratio between the vertical 
and the lateral  growth rate is the determining factor 
for line resolution in the pr inted circuit boards produc- 
tion. 

Resolution for the photochemical selective activation 
methods depends on the wavelength of the electromag- 
netic radiat ion used and the particle size of sensitizer 
on the surface of the nonconductor.  Since the wave-  
lengths are of the order of 350 nm and less (u.v. range) ,  
and since the particle size is of the order of 100 nm 
and less (1, 25), the expected resolution is about  1 ~m. 
In  practice, pa t te rn  lines with width of 3-4 ~m have 
been made (1, 24). 

Product ion resolution limits, with good yield, for the 
manufac ture  of pr inted circuit boards are: l inewidth  
and spacing 175, 125, and 75 ~m for the copper thick- 
ness of 35, 25, and 20 ~m, respectively. 

Solutions to the background and the lateral  growth 
problems are essential for the successful application of 
the discussed kinetic schemes in the selective activa- 
tion of nonconductors for the production of pr inted 
circuit boards. 

Summary 
Fundamenta l  aspects of photochemical selective ac- 

t ivation can be summarized in three major  points. 
1. Three types of photochemical reactions can result  

in activation of nonconductors:  (i) catalytic metall ic 
nuclei can be generated in an in t ramolecular  electron 
transfer  result ing from photon absorption. In this case 
catalytic nuclei are of the same metal  as the photo- 
sensitive compound. In t ramolecular  charge transfer  
can be a p r imary  or a sensitized photochemical reac- 
tion. (ii) Catalytic metallic nuclei can be formed in an 
interact ion of a metallic compound and photoelectrons 
generated in the absorption of photons by a semicon- 
ductor crystal. (iii) Catalytic metallic nuclei can be 
formed in the oxidation reduction process where the 
reducing agent is generated in a photochemical re-  
action. 

2. Wavelengths of photochemically active electro- 
magnetic  radiations for the above reactions are in the 
range of 220-410 nm. 

3. Nonconductors can be activated photochemically 
with Pd, Pt, Au, Ag, or Cu catalytic nuclei. These nu -  
clei are catalytic for electroless metal  deposition. 

Technological aspects can be summarized as follows. 
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1. Pattern lines with a width of 3-4 ~m have been 
made. 

2. Production limits, with good yields, for the manu- 
facture of printed circuit boards are: linewidth and 
spacing 175, 125, and 75 ~m for the copper thickness of 
35, 25, and 20 ~m, respectively. 

3. Catalytic nuclei of noble (Pd, Pt, Au, Ag) and 
nonnoble metals (Cu) can be photochemicaUy gener- 
ated in the pattern areas on a nonconductor. 
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ABSTRACT 

We in t roduce  the concept  of e lec t rochemical  m e m o r y  and discuss i t  in  r e -  
l a t ion  to e lect roehromism.  We show tha t  the e lec t rochemical  m e m o r y  could 
be c rea ted  b y  the  dynamics  of the ion-e lec t ro ly te  in terac t ion  dur ing  the ion-  
inser t ion  process. To calculate  the  e lec t rochemical  memory  we in t roduce  a 
sma l l -po la ron  model  of ion t ransfe r  a t  the  e lec t rochemical  in ter face  and de-  
r ive  general ,  ana ly t ica l  expressions for the  p robab i l i t y  of t ransi t ions.  We 
apply these expressions  to a L a n g m u i r - t y p e  macroscopic model  of the  e lec t ro-  
chromic reaction.  Under  these assumptions,  we es tabl ish  lower  l imits  of the 
b r e a k d o w n  vol tage  necessary  for shor t -c i rcu i t  memory  wi th  threshold  in an 
e lec t rochromic  d i sp lay  cell. We  also der ive  a s imple express ion  for  the  m a x i -  
m u m  m e m o r y  in te rms of the  in t r ins ic  response t ime of the e lec t rochromic  
cell. Fo r  response  t imes ~10 msec and b reakdown  vol tages  ~2V, the  m a x i -  
m u m  m e m o r y  would  be ~20 min  at  room tempera tu re .  F ina l ly ,  we calcula te  
the  e lec t ro ly te  reorganiza t ion  energy  requ i red  to achieve the  m a x i m u m  
memory .  Its value  lies in the  range 1.5 +-> 2.0 eV. In  app ly ing  these resul ts  to 
displays,  we find tha t  the  number  of l ines which  could be sequent ia l ly  m a t r i x  
addressed  in  an  e lec t rochromic  d i sp lay  ma t r i x  spans the  range  10 +-> 105. In  
cont ras t  to the  cur ren t  notion, this proves tha t  d i rec t  m a t r i x  address ing  of 
e lec t rochromie  displays  is theore t i ca l ly  possible. 

Elect rochromics  are  p romis ing  d i sp lay  mate r i a l s  
(1).  Unl ike  l iquid  crystals ,  they  have  open-c i rcui t  
m e m o r y  and an  unres t r i c ted  v iewing  angle. Al though  
ear ly  e lec t rochromics  deg raded  r ap id ly  (2) ,  the r e -  
cen t ly  d iscovered  (3-8) anodic i r id ium oxide films 
(AIROF's )  a r e  h igh ly  stable.  They  have been  tes ted  
for  ~106 cycles wi th  no de tec tab le  degradat ion.  In  
addit ion,  a l l - so l id - s t a t e  d i sp lay  cells have  been  
demons t ra ted  (9) and  r eac t ive - spu t t e r ing  techniques 
(10) have simplif ied cons iderab ly  the  fabr ica t ion  
of p rac t ica l  devices. Thus, e lec t rochromics  p romise  
to p l a y  a significant role  in new pass ive -d i sp lay  
technologies.  

Even  so, d i sp lays  consist ing of many  e lec t ro-  
chromic e lements  a re  considered impract ica l .  When  
the n u m b e r  of d i sp lay  e lements  in a m a t r i x  ex -  
ceeds ~100 i t  becomes essent ia l ly  impossible  to 
d r ive  each e l emen t  individual ly .  Ins tead,  rows and 
columns of the  d i sp lay  m a t r i x  mus t  s imul taneous ly  
be d r iven  according to a scheme known  as " m a t r i x -  
address ing"  (11). But  the poss ibi l i ty  of d i rec t  (12) 
m a t r i x - a d d r e s s i n g  of e lec t rochromic  displays  has 
been ru led  out. Indeed,  e lectrochromics  have  been 
r ega rded  as " fundamen ta l ly  unsu i ted  for  m a t r i x -  
address ing"  (13) and, consequently,  fundamen ta l ly  
unsui ted  for any  bu t  the  s implest  mul t i e l emen t  dis-  
plays.  In  contrast ,  this paper  shows how, b y  appro-  
pr ia te  choice of the  e lectrolyte ,  e lec t rochromic  dis-  
p lays  might  be ma t r ix -addressed .  Large  mat r ixes  of 
e lec t rochromic  e lements  migh t  then  become a p rac -  
t ical  possibi l i ty.  

The pape r  is organized as follows. The r ema in -  
ing pa r t  of this  sect ion is devoted to a more  precise  
descr ip t ion  of m e m o r y  in e lec t rochromic  cells and of 
the problems  of mat r ix -address ing .  In  par t icu lar ,  the  

* Electrochemical Society Active Member. 
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concept  of shor t -c i rcu i t  m e m o r y  is in t roduced  and 
i t  is shown tha t  m a t r i x - a d d r e s s i n g  requi res  e lec-  
t rochromic  cells wi th  shor t -c i rcu i t  memory.  The 
fol lowing section discusses, in general ,  the  concept 
of e lec t rochemical  memory :  how i t  re la tes  to the  
free energy  of the  e lec t rochromic  reac t ion  and  to 
the concepts of metas tabi l i ty ,  hysteresis ,  and  r e -  
laxat ion.  I t  is shown that  the  f ree  energy  ba r r i e r  
of the  e lec t rochromic  react ion is the  essent ia l  e le -  
men t  for e lec t rochemical  memory .  The physics  of  
t he  f ree  energy ba r r i e r  is the  sub jec t  of the  sect ion 
"Microscopic Model." A microscopic model  for  the 
charge  t rans fe r  a t  the  e lec t ro ly te -e lec t rochromic  
in ter face  is presented.  Ana ly t i ca l  resul ts  y ie ld  the 
p robab i l i ty  of charge  t ransfe r  as a funct ion of the  
p o t e n t i a l  difference across the interface.  The sect ion 
"Macroscopic ModeF'  is devoted  to the  macroscopic 
model  of the e lec t rochromic  reaction. Using the 
microscopical ly  ca lcu la ted  p robab i l i t y  of t ransi t ion,  
the macroscopic mode l  y ie lds  genera l  resul ts  (e.g., 
upper  l imits)  on the e lec t rochemical  memory .  Spe -  
cific numer ica l  resul ts  a re  given in the  Results  sec- 
tion where  the  proper t ies  of the e lec t ro ly te  a re  
re la ted  to the size of the m e m o r y  and to the  m a x i -  
mum number  of e lements  in an e lec t rochromic  dis-  
p l ay  mat r ix .  The las t  two sections discuss the  ap-  
proximat ions  involved in the  calculations,  compare  
var ious  types  of e lec t rochromic  memories ,  and sum-  
mar ize  the results.  

Broad ly  defined, e lec t rochromism is a pers i s ten t  
but  revers ib le  color change induced  e lec t rochemi-  
cally. Al though  e lec t rochromism is a widespread  
phenomenon,  here  we  consider only  e lec t rochromism 
of ion- inser t ion  mater ia ls .  A n  ion- inser t ion  ma te r i a l  
(14) is a mixed  conductor  (i.e., electronic and ionic) 
in which ions can be r a p id ly  and r eve r s ib ly  in-  
serted.  Of course, for  charge  neut ra l i ty ,  an e lect ron 
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is also inserted (extracted) whenever  an  anion is 
extracted (inserted) or whenever  a cation is in -  
serted (extracted).  Examples of ion- inser t ion  ma-  
terials are LizTiS2 and LixV~O~ which are used as 
electrodes in  l i th ium-inser t ion  batteries (15). Elec- 
trochromics are ion- inser t ion  materials  whose opti-  
cal properties depend strongly on the number  of 
inserted ions. Thus, they may  be regarded also as 
storage batteries wi th  a visible state of charge. 

An impor tant  proper ty  of an ion- inser t ion  mater ia l  
is i'~3 in te rna l  electromotive force (emf).  Iz: order to 
define it, consider first the "capacity" of the ion-  
inser t ion material .  This is the m a x i m u m  n u m b e r  
Nmax of ions that  can be inserted in  a un i t  volume. 
When N ions per un i t  volume are inser ted in  the 
material ,  the "relative ion-occupancy" q = N/Nmax 
determines the chemical potential  ~(q) of an ion in  
the ion- inser t ion  material.  In  turn,  the chemical po- 
tent ial  is related to the in te rna l  emf e by e(q) -- 
- -e#(q) ,  where e is the electron charge. Obviously 
c(q) varies with the temperature;  at a given tem-  
pera ture  the function e(q) is usual ly  referred to as 
an "isotherm" of the ion- inser t ion material.  Iso- 
therms of e!ectrochromics are measurable  and have 
been studied extensively (16-20). They are the most 
fundamenta l  properties characterizing the ion- inser -  
t ion material .  

Let us consider now the symmetr ic  cell shown in  
Fig. la. 1 and 5 are electronic conductors. 2 and 4 
are ion-insertion, mixed conductors. 3 is the electro- 
lyte. For  simplicity let 1,5 and 2,4 be identical. Let 
us assume also that the relat ive ion-occupancies q~ 
of 4 and q~ of 2 are such that  q2 -~- q4 = 1. The po- 
tent ial  difference between 1 and 5 is h e = e[~(q~) 
-- ~(q2)]. Thus, if 1 and 5 are ex terna l ly  connected, 
and if qe ~ q~, ions will  be t ransferred between 4 
and 2 across the electrolyte 3 un t i l  q~ = q~ : ~ and 

e = 0. The cell is in thermodynamic  equi l ibr ium. 
The cell can be displaced from equi l ibr ium by apply-  
ing an external  voltage between 1 and 5. If, by 
application of the appropriate  voltage, a configura- 
t ion q2,q~ (q2 + q~ = 1) is obtained, this configura- 
tion persists after opening the external  circuit since 
charge cannot be t ransferred unless 1 and 5 are con- 
nected. This property of the cell is referred to as 
open-circui t  memory. 

Open-circui t  memory  is a useful proper ty  of an 
"electrochromic" cell, i.e., a cell where 2 and 4 are 
electrochromic materials. Typical ly in such a cell, 1 
is a t ransparen t  conductor e.g., SnOe and 3 a white-  
pigmented electrolyte. If 2 is t r ansparen t  for q~ : 0 
and is blue for q2 -- 1 then, when viewed from above, 
the display cell appears either white or blue depend- 
ing on the applied potential. The color persists even 
after  disconnecting 1 and 5 from the applied volt-  
age. This open-circui t  memory  is clearly useful in  
m a n y  applications, but  it cannot  be used for mat r ix-  
addressing. 

Matr ix-addressing is a technique used to drive a 
large n u m b e r  of display elements. Figure 2 shows 
schematically, for a 2 • 3 matrix,  how this tech- 
nique works. The top electrodes, 1, are connected in  
rows and the bottom electrodes, 5, are connected in  
columns. For i l lustration, assume the existence of a 
voltage VA such that, [see Fig. l ( b ) ] ,  for any  ele- 
ments:  (a) q~ : l(q~ : 0) if V~ -- V~ ~ VA where 
V~ -- V~ is the potential  difference between top and 
bottom electrodes; and (b) q2 : 0 (q4 : 1) if V~ -- 
V~ ~ --VA. 

In an actual device, only the upper part, 1, 2, 3, 
of any display element is visible, whereas 4 and 5 
are hidden from view. Thus, in (a), the display ele- 
ment appears colored and, in (b), it appears 
bleached. 

The information to be displayed on the matrix is 
multiplexed onto the columns which are addressed 
with bias +3VA or -~-V A. The rows, instead, are 

( a ) .~.~:~!~!~i~:!~!~i.~i:::~i:~!~?.~::~?.~:~:~::~ 

~.....~:~..~..~.:~.~.'....~.~+...:.:.~:~:...~.~..:.~+:~::::::::::::::::::::::::::::::::::::::::::::::::::: ,:: ~:~:" 

5 

4 

5 

ELECTRONIC 

IONIC CONDUCTOR 

I I MIXED CONDUCTOR 

(b) 

q2 

0 I~ 
- 3 v  A - v  A o + v  A 

V~ - V 5 

Fig. 1. (a) Schematic structure of an ion-insertion cell. 1 and 5 
are electronic conductors. 2 and 4 are mixed conductors End, 
more specifically, ion-insertion materials. 3 is the electrolyte, i.e., 
an ionic conductor. In a typical electrochromic cell, 1 is a trans- 
parent conductor such as SnO2, 2 is the electrochromic material, 
and 3 is a white-pigmented electrolyte. 4 and 5 are hidden from 
view. (b) Example of relative ion-occupancy q2 of the ion-insertion 
material 2 as a function of the voltage difference V1 - -  V~ applied 
between the electrodes 1 and 5. In this example, the relative ion 
occupancy is negligible for - -3VA ~ V1 - -  V5 ~ - -VA and in- 
creases gradually to 1 at V1 - -  V5 ---- + V A .  Thus, - -VA is the 
threshold voltage. 

addressed sequential ly  (i.e., only  one row is selected 
in a given interval)  by bias pulses of ampli tude 
-~2VA and durat ion hr. This k ind of addressing col- 
ors the i j  display element  if, and only if, the j th  col- 
umn  is biased at +VA dur ing  the i th  row selection 
interval.  Thus, for the par t icular  addressing example 
shown on the r igh t -hand  side of Fig. 2, the display 
elements 12, 13, and 21 become colored whereas 
11, 22, and 23 remain  bleached. 

This example is easily, generalized to an n x m  
matrix. For an n x m  matrix, dr iving each display 
element  individual ly  requires n x m  inputs  whereas 
matr ix-address ing requires only n + m inputs. Thus, 
matr ix-address ing  great ly simplifies the circuitry 
of mul t ie lement  displays. 

Many variations of the basic matr ix-address ing  
scheme exemplified in Fig. 2 are possible. But  every 
scheme requires two essential properties of the dis- 
play cell: (i) threshold response and (ii)  short-c i r -  
cuit memory. 
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Fig. 2. Schematic matrix-addressing for a 2 X 3 array of electro- 
chromic cells. The vertical numbers have the same meaning as in 
Fig. l(a). The numbers underneath each cell are simply labels. 
Each cell is assumed to have tbreshhold at - -VA [see Fig. l (b)] .  
Rows are addressed one at a time with voltage pulses of ampli- 
tude @2VA and duration At. Columns are addressed with either 
-I-3VA or -f-VA. The addressing voltages shown on the left-hand 
side give rise to "coloration" of cells 12, 13, and 21, whereas 11, 
22, and 23 remain "bleached." 

T h r e s h o l d  r e s p o n s e . - - I n  the example of Fig. 2, 
we assumed the existence of a voltage VA satisfying 
the conditions (a) and (b).  This is not  a restrictive 
assumption for most  electrochromics. The addressing 
voltages, however, impose strict requi rements  on the 
electrochromic cell. In  the example, addressing volt-  
ages vary  from +3VA to 0 corresponding to the 
potent ial  differences --3VA ~ V1 -- V~ --~ -{- VA. If, for 
any voltages in the in terva l  [--3VA,--VA], the elec- 
trochromic cell is unstable  (e.g., because of side re- 
actions such as gas evolution, degradation etc.), 
then matr ix-address ing  is precluded. Thus, it  is 
imperat ive that the electrochromic cell remains  
essential ly iner t  dur ing  the scan --3V ~ V1 -{- V~ 

--VA. In general, regardless of the par t icular  
value of VA, this threshold response of the electro- 
chromic cell is necessary for any matr ix-address ing  
scheme. A second essential requi rement  is short- 
circuit memory.  

S h o r t - c i r c u i t  m e m o r y . - - I n  Fig. 2, let  us consider 
the closed circuit formed by  cells 11, 12, 21, and 22. 
The voltage-scans in the example color 12 and 21. 
Thus, these four cells form a series with a total emf 
of +4VA. Current  will  flow unt i l  the four cells are 
in  equi l ibr ium at q2 = Vs, all  of them being half-  
colored. This example i l lustrates the general  prob- 
lem of "cross-talk" among the electrochromic cells 
in  a matrix.  Since colored electrochromic cells are 
basically charged batteries, they can discharge 
through the connecting circuits and thus par t ia l ly  
color other cells. This happens essentially because 
the cells lack short-circui t  memory.  In  fact, if in a 
ceil q2 =~ ~/2 and its electrodes 1, 5 are short-c i r -  
cuited, then q2 quickly relaxes to V2 while the celI 
loses any  memory  of the displayed information.  

Thus, both threshold-response and short-circuit  
memory are essential for matr ix-addressing.  Early 
electrochromics lacked both (21). The recent ly dis- 
covered AIROF's have a fair ly sharp threshold 
which is satisfactory for matr ix-addressing.  AIROF's 
in common aqueous electrolyte, however, have no 
intr insic  short-circui t  memory.  In  the following sec- 
tions we shall see how this problem can be over-  
come. 

Electrochemical  Memory  
Strict ly speaking, no electrochromic cell has zero 

short-circuit  memory. When an electrochromic cell 
is short-circuited, it  relaxes to equi l ib r ium in  a char-  
acteristic t ime tM determined by its in te rna l  emf and 
its in te rna l  resistance. However, to avoid "flickers" 
in  the display-matr ix ,  tM must  satisfy the condit ion 
tM ~-- n a t  where na t  is the mat r ix  total scanning 
time. An  obvious way to increase t~  is to increase 
the resistivity of the electrolyte. This method, how- 
ever, besides requir ing high dr iving voltages, would 
correspondingly increase the response t ime tR and 
thus, necessarily, At. The m a x i m u m  n u m b e r  r~max of 
addressable rows would remain  constant, since ?tmax 
,~ tM/tR. SO, increasing the electrolyte resist ivity 
does not  solve the short-circui t  memory  problem. 
Similar  considerations apply to any  scheme based 
on increasing the circuit  impedances wi th in  the dis- 
play matr ix.  

We will  investigate a different method by  which 
a useful short-circuit  memory  might  be bui l t  into 
the electrochromic cell. The method discussed in  
this paper takes advantage of the un ique  properties 
of electrochemical interfaces. Since the electrochem- 
ical interface is the physical basis for this type 
of short-circuit  memory  we shall  refer to it  as elec- 
trochemical memory. Let's now discuss its general  
character. 

Figure 3(a) shows a schematic free energy dia- 
gram of a model system. Each curve refers to one 
part icular  value of the external  var iable  x (e.g., 
temperature,  pressure, applied field etc.). Let xl ~ x '  

x"  ~-- x ' "  ~ x2. The abscissa indicates the in te rna l  
variable  y (e.g., volume, charge density, magnet iza-  
tion etc.). For a classical system at absolute zero, 
Y ---- Yl at  x = xl. As x increases, y does not  change 
unt i l  x ---- xs. At x = x~, where  no energy bar r ie r  
separates F ( y ~ )  from F(ys ) ,  y switches from Yl 
to Y2. Similarly,  in  reversing the path, y ---- Y2 for 
x > xl. At x ---- x~, y switches from Y2 to yl. Thus, at 
xl, y : Yl and, at x2, y : Y2, but, for xl < x < x2, 
y is either Yl or Y2 depending on the history of the 
sys:tem. This phenomenon is well  known (23) and is 
usual ly  referred to as supersaturat ion or metasta-  
bility. In  general,  a system exhibits metastabi l i ty  if, 
by exchanging the external  variable xl <--> xs, 
the corresponding change of the in te rna l  var iable  
y l ( x l  <-> ys(x2) occurs, for xl --> x2, along a path 
A and, for xe --> xl, along a path B ~ A [see Fig. 
3 (b) upper  graph]. 

Metastabil i ty is at the basis of hysteresis, re laxa-  
tion, and memory. It  is important ,  however, to dis- 
t inguish carefully between these various concepts. 
Hysteresis is exhibited by a system composed of a 
large n u m b e r  of subsystems (domains) with meta-  
stabil i ty and with slightly differing switching points 
randomly  distr ibuted around their average values 
x-i, x~. In  the metastabi l i ty  "loop" [Fig. 3(b) upper  
graph],  at least some of the states are metastable  
(dashed lines) and /o r  nonreproducible  (dotted 
l ines),  whereas in the hysteresis loop [Fig. 3(b)  
middle graph] all points are stable and reproducible 
(solid lines).  Thus, in a hysteretic loop (but  not in  a 
metastabi l i ty  loop), the in te rna l  variable  is a genu-  
ine double-valued thermodynamic  funct ion of the 
external  variable. And, therefore, a hysteretic sys- 
tem has infinite memory. 

On the other hand, a metastable  system may  or 
may not have infinite memory. The classical system 
of Fig. 3(a) has infinite memory  at absolute zero. 
Similarly,  this system has infinite memory  above 
zero temperature  if the free energy barr ie r  between 
Yl and Y2 may be regarded as infinite for some 
values o f  x. Apart  from these two special cases, 
however, a metastable  system does not have infinite 
memory since its metastable  states will eventual ly  
decay to lower energy states in  a characteristic 
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Fig. 3. (a) Schematic free energy diagram of a metastable system characterized by an internal variable y, for 5 different values 
(x). ~ x' ~ x" ~ x'" ~ x2) of the external variable x. (b) Internal variable y vs. external variable x for: 1. a metastable system with in- 
finite equilibration time. Solid lines are metastable states and dotted lines are nonreproducible states. 2. A system composed of a large 
collection of metastable domains with switching points randomly distributed around their averages xl, x~. All states in the loop are stable 
and reproducible. In this case the system exhibits hysteresis. 3. A metastable system with finite equilibration time. This system exhibits re- 
laxation. The size of the relaxation loop depends on the rate of change of x. Loop 1 corresponds to a lower rate than loop 2. The solid line 
refers to an infinitely slow change of x. 

t ime t which depends on the tempera ture  and on 
the free energy barr ier  height. Even so, such a sys- 
tem may have a large finite memory.  If the rate of 
change of the externa l  variable x is very  small, then 
the states at Yl and Y2 are always in equi l ibr ium and 
thus there is no memory.  [Fig. 3(b) lower graph, 
solid line.] But, as dx/dt  increases, the states at 
Yz and Y2 do not have t ime to equi l ibrate  so that  the 
system exhibits memory.  In this case, the internal  
var iable  y (x )  becomes double-va lued  and so the 
y(x)  plot shows a loop. [Fig. 3(b) lower graph, 
dashed lines.] This phenomenon (24) is referred to 
as t ime-dependen t  hysteresis or s imply relaxation. 
The size of the relaxat ion loop depends on t and 
on dx/dt. All points on the loop correspond to meta-  
stable states (except  for dx/dt  ~ 0) but are all re-  
prqducible. To sum up, a metas table  system may 
have infinite, finite, or zero memory  depending on t 
and on the rate  of change of the externa l  variable. 
In any case, the required characterist ic for meta -  
stabil i ty and, thus, memory  is that  the free energy 
diagram have 2 valleys in the direction of the in-  
ternal  var iable  and that  each val ley turn over  to its 
neighbor at a point of inflection. 

This characterist ic is inherent  in the most funda-  
mental  e lectrochemical  reaction, i.e., the charge 
t ransfer  at the e lec t ro lyte-e lec t rode interface. In 
fact, the schematic free energy diagram of the charge 
t ransfer  react ion [Fig. 4 (a ) ]  has the same basic tea-  

tures as the free energy diagram of Fig. 3(a) .  Ac-  
cording to Fig. 4(a) ,  the ion is in the e lect rolyte  
when the electrode potential  is at Vz and in the elec- 
trode when the potential  is at V2. At  the in ter -  
mediate potentials, however,  the ion is in the elec-  
trode or in the electrolyte  depending on the history 
of the system. (For simplici ty we assume that  the 
energy level  in the electrolyte  does not change with  
the applied voltage.) Unlike other  chemical  reac-  
tions, an electrochemical  react ion is ideal for in-  
ducing re laxat ion phenomena since the free energy 
level  in the electrode can be easily changed by the 
applied voltage. The rate of change of the applied 
potential  and the height of the free energy barr ier  
determine the size of the re laxat ion loop [Fig. 
4 ( b ) j ;  and, correspondingly,  the size of the elec-  
tro~'hemical memory.  

The same size of e lectrochemical  memory  can be 
obtained: (a) wi th  a low free energy  bar r ie r  and a 
high potential  scanning rate or (b )wi th  a high free 
energy barr ier  and a low potent ial  scanning rate. To 
obtain a significant short-circui t  m e m o r y  in an elec- 
chromic cell we must resort  to case (b),  since 
short circuit  is equivalent  to essentially zero scan- 
ning rate. Therefore,  for shor t -c i rcui t  memory,  i t  is 
necessary to have a high free energy barr ier  at the 
e lec t ro ly te-e lec t rochromic  interface. 

It is important  to note that the effect of a high 
free energy barr ier  at  the e lectrochemical  interface 
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is not equivalent  to the effect of an electrolyte with 
high resistance. The electrochemical interface with a 
high free energy barr ie r  is equivalent  to a large re-  
sistance only when  the free energy difference be-  
tween electrode and electrolyte is zero. By changing 
the electrode potential,  this resistance drops to zero 
at a given voltage which depends on the bar r i e r  
height. At this voltage, the intr insic  response t ime 
is unaffected by the barrier.  Thus, the electro- 
chemical interface acts, in  effect, as a vol tage-con- 
trolled resistor. And this is precisely what  is re-  
quired to provide the cell with short-circuit  memory  
without  al ter ing the intr insic response time of the 
cell. There remains to see how a high free energy 
barr ier  can be bui l t  into an electrochemical in ter -  
face, without  al ter ing the response time. This is dis- 
cussed in the next  section. 

Microscopic Model 
So far, we have considered only the macroscopic 

aspects of the electrochemical interface. Microscopi- 
cally, the electrochemical interface has an extremely 
complicated s t ructure  which is very poorly under -  
stood (25). Even more complex is the dynamics of 
charge t ransfer  across the interface. The free en-  
ergy barr ie r  of Fig. 4(a) is obviously an oversimpli-  
fied way to characterize the probabi l i ty  of t ransi t ion 
across the interface. 

The probabi l i ty  of t ransi t ion depends on many  
factors which can be classed into three groups: (i) 
na ture  of the t ransferred particle; (if) nature  of 
the electrode, and (iii) nature  of the electrolyte. 
Here, we shall not be concerned with (i) and 
(if). These factors should be taken into account 
in  a general  discussion of electrochemical memory, 
but, in this paper, we are basically t rying to answer 
the question: "given an ion- inser t ion  electrochromic 
material,  how can we design an electrochromic cell 
with short-circuit  memory?"  Thus, the na ture  of the 
electrode and of the t ransferred ion are fixed at the 
outset. Therefore we restrict our a t tent ion to the de- 
pendence of the probability of transition from the 
electrolyte. 

As in other fields of chemical kinetics, a satis- 
factory a priori theoretical  evaluat ion of rate con- 
stants for electrochemical reactions is still an elu- 
sive goal. Many models have been proposed and the 
field is still  controversial  (26). However, in  the 
early sixties, and cont inuing to the present, a major  
thrust  in in terpre ta t ion was made by Marcus (27) 
and by Levich, Dogonadze, and Kuznetzov (LDK) 
(28). Their  theories contain the most widely ac- 
cepted model of charge t ransfer  at the electrochemical 
interface. 

These theories are based on two main  concepts. 
1. The electrolyte is represented as a continuous 

polarizable medium characterized by a f requency 
and  a "reorganizat ion energy" Ea. The lat ter  is a 
measure of the change in the solvation s t ructure  of 
the ions in the electrolyte when an electron, or ion, 
is t ransferred across the electrochemical interface. 
A detailed discussion of w and ER is given in Ref. 
(28). 

2. The charge t ransfer  across the interface is de- 
termined pr imar i ly  by thermal  fluctuations in the 
electrolyte. 

In general,  the problem of charge t ransfer  at the 
electrochemical interface has much in  common with 
the polaron (29) problem. In fact, it was pointed 
out (30) by the author that, for electron transfer,  
the results of the LDK theory could be easily derived 
from the smal l -polaron theory (31). Indeed, the 
smal l -polaron theory yields more general  results 
than the LDK theory. 

Less studied is the case of ion t ransfer  across 
the electrochemical interface. The LDK theory, in 
this case, becomes quite complex and it has been 
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Fig. 4. (a) Schematic free energy diagram for charge transfer in 
an ion-insertion reaction. The five curves correspond to five dif- 
ferent values of the electrode voltage. The open circle corresponds 
to a state of the ion in the electrolyte and the full circle to a 
state of the ion in the electrode. (b) Schematic relaxation loop for 
an ion-insertion reaction. The size of the loop depends on the 
voltage-scanning rate. 

worked out only for proton transfer. As for the 
small-polaron theory, very few extensions beyond 
electron transfer have been developed (32), even 
outside electrochemistry. Recently, however, Emin 
et al. (33) have applied successfully the small-polaron 
theory to the motion of interstitials in solids. In this 
section we extend the small-polaron theory to the 
transfer of ions across the electrochemical interface. 

The small-polaron theory describes the motion of 
a particle between adjacent sites in response to fluc- 
tuations of the medium of propagation (characterized 
by a frequency ~). Since, in this work, we are mainly 
concerned with room temperature effects, we con- 
sider only the high temperature limit. For kBT > 

(T is the temperature; kB the Boltzmann constant, 
and h -- 1 throughout the paper), the dynamics of 
transfer reduces to a two-site problem and the 
medium may be viewed as classical. The thermal 
fluctuations of the medium create temporary de- 
generacies between two adjacent energy levels (co- 
incidence events). During each coincidence event, 
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the par t ic le  has a finite p robab i l i t y  of t rans fe r r ing  
to the ad jacent  level. The p robab i l i t y  depends on ~, 
the t ime der ivat ive,  eva lua ted  at  coincidence, of the 
energy  difference be tween  the two ad jacen t  energy 
levels.  The ra te  of t ransfer  W is givn by  

f~176 
W = < Pc(v) > Pt(v)d~, [1] 

0 

where  < . . .  > means  the rmal  average,  Pc(v) is the 
probab i l i ty  of a coincidence event  and Pt(v)  is the 
p robab i l i t y  of t ransfe r  dur ing  the coincidence event.  
Hols te in  (31) has shown tha t  

(I -- e-'9 
Pt = [2] 

( 1 -  (1 /2 )e  -=)  

where  a ----. 2=J2/[~ I and  J is the t ransfer  in tegra l  at  
coincidence. 

Le t  us now extend this genera l  approach  to the  
e lec t rochemical  interface.  Two main  aspects d is t in-  
guish this case f rom the classic smal l -po la ron  p rob -  
lem. 

1. Only  one of the two sites is inside the f luctuat-  
ing medium,  i.e., the  e lectrolyte .  The other  energy  
level  (i.e., the energy  level  of the ion in the  elec-  
t rode)  is not  affected by  the fluctuations in the  elec-  
t rolyte .  

2. The energy  difference be tween  the two levels,  
besides f luctuat ing thermal ly ,  can also be changed 
by  the appl ied  e lec t rode  potent ial .  Taking  these two 
features  into account, let  us calculate  the p robab i l i ty  
of ion t ransfe r  using Eq. [1] and Eq. [2]. 

First ,  let  us es tabl ish the basic pa rame te r s  and  the 
res t r ic t ions  of the theory.  Besides ~, the  e lec t ro ly te  
is charac ter ized  by  the reorganiza t ion  energy ER. 
To define ER and to i l lus t ra te  its physical  meaning,  
le t  us recal l  that, at  k s T  > w, we rega rd  the  e lec-  
t ro ly te  as a classical  polar izable  medium,  i.e., as a 
collection of classical  oscillators.  When  an ion t rans-  
fers f rom the electrode into the  electrolyte ,  the  po-  
ten t ia l  ene rgy  of one of its osci l lators changes f rom 

E ( X )  -- ( 1 / 2 ) k X ~  [3] 

(X is a genera l ized  coordinate;  k the "spr ing con- 
s tant")  to 

E ( X )  = ( 1 / 2 ) k X  2 - - A X  [4] 

(assuming l inear  coupl ing wi th  coupl ing constant  A) .  
Equat ion  [4] can be r ewr i t t en  as 

f +o~176 - [(1/2)kx~--Ax]/k,r8 (X)  

<6 (X) > : 

_+ ~176 e-  [(I/2)k~XS--AX]/kBT 
O0 

Ae--E~/IcBT 
= [6a] 

( 4ERkBT~) 1/~. 

Whereas  when the ion is in  the  e lec t ro ly te  

+ o o  

oo d X e -  (I/2)kXS/ICBT6 (X) 
<6 (X) > = 

f _+ ~176 e-  (1/$)kX~/ksT 
o o  

: A~  (4ERkBT;0 L'~ [6b] 

Or, the  o ther  hand,  <5  (v --  d ) >  is, in  e i ther  case, 
given by  

f+oo d~,e--(I/2)~;vS~-~/~BT~ (v -- v') 
--oo 

<6 (v - v') > : 
oo 

-oo 

--  2=k-~T~2 e [7] 

Final ly ,  f rom Eq. [1], [2], [5], [6a], [6b], and [7], we 
obtain the t ransi t ion ra tes  

W~ = -- g (~) C8a] 
2 ~  

W m =  - ~  g (7) e -~R/k , r  [8b ]  

where,  in conformi ty  to the  nota t ion  of Fig. l ( a ) ,  
the subscripts  2 and 3 s tand for e lec t rode  and elec-  
t rolyte ,  respect ively;  and  

j s~  
v = [9a] 

w (2ERkBT) 1/2 
and 

fs ~o ze-Z ~ 

g(~) = 1 -  dz 1 -  ( l / 2 ) e - ~ / z  [9b] 

The function g(7)  is p lo t ted  in Fig. 5. F o r  7 < <  I 
(nonadiabat ic  l imi t ) ,  g (7)  ,~ .y~1/2 and, for  7 > >  1 

E ( X )  -- ( 1 / 2 ) k ( X  -- Xo)2 -- ER [4a] 

(Xo : A / k ;  ER = AS /2k )  which defines the  r eo rga -  
nizat ion ene rgy  ER as the  "polaron  b inding  energy"  
of the ion in the electrolyte .  

The va l id i ty  of the sma l l -po la ron  theory  is r e -  
s t r ic ted by  the condit ions J / E R  < <  1 and JS /ERkBT 
< <  1. These two conditions however  are  easi ly sa t -  
isfied in the  e lec t rochemical  case since, typica l ly ,  
J < kBT and  ER > 1 eV. 

To calculate  the ra te  of t r ans fe r  f rom Eq. [1] and 
[2] we need  to calculate  < P c ( v ) > .  If  no potent ia l  
difference exists  across the e lec t rochemical  interface,  
a coincidence event  occurs when X ---- 0, in accord-  
ance wi th  the F ranck -Condon  principle .  The p roba -  
b i l i ty  to sat isfy this condition, for  a given value  of 
v, e.g., v = v', is 

PcCv') = <5(X)><6(v -- v')>d [5] 

where 6( ) is the Dirac delta function. <6(X)> and, 
thus, Pc(~'), depend on whether the ion is in the 
electrolyte or in the electrode. When the ion is in 
the electrolyte, i.e., coupled to the oscillator 
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Fig. 5. Dependence of the function g (defined in Eq. [9b]), on 
the adiabaticity parameter v (defined by Eq. [9a]). The dashed 
line refers to the nonadiabatic limit, whereas the dot-dashed line 
refers to the adiabatic limit. 
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,W 

w ~ ( v )  : ~-i g(,y) e 

(adiabatic l imit) ,  g(7)  ~ 1/2. When a potent ial  dif- 
ference V is applied across the interface, the F ranck-  
Condon condition for coincidence becomes A X  -- V 
and the probabi l i ty  of satisfying this condition for 
v : ~' is g iven by 

<0( Pc(~') = X A <6(v--v')>v' [i0] 

Following a procedure analogous to the one followed 
from Eq. [5] to Eq. [8], we obtain 

1 . 
2kBT 4.Ea 

[ l la] 

1 + ~  
2kBT 4ER 

W$2(V) = - ~  g(7) e -~R/~B'e [ l l b ]  

Equations [ l l a ]  and [ l l b ]  are the general  expressions 
for the t ransfer  rate across the interface and consti tute 
the main  result  of this section. In  order to apply 
them to our electrochromism problem, however, it  
is convenient  to introduce a few simplifying ap-  
proximations.  

1. Since we are assuming ER > 1 eV and J < 

k~T,  ~, we have 7 < <  1 and thus we may use t ~  
nonadiabat ic  l imit  value of g, i.e., g(7) -- .~nl/2. 

2. For  V < ER we may  simplify Eq. [11] by neg-  
lecting the V / 4 E R  te rm in  'the exponential .  Thus 

W23 ~ T ,},~;--I/Z eVIZkBT [12a] 

"~ ~ ~--I/Se--E~/IcBT e--V/2ksr [12b] 
W~2'~ 2 

3. The symmetr ic  ceil of Fig. 1 (a) has two electro- 
chemical interfaces: 213 and 314. Assuming that  the 
applied voltage V~-V~ divides equal ly  at the two 
interfaces, and assuming fast t ranspor t  across the 
electrolyte, we obta in  the effective probabil i t ies of 
t ransi t ion between 2 and 4 
W~2 = ( W ~ W ~ 2 2 )  1/2 

VI - V5 

2MBT 
[13a] 

j2 
- -  e - -ER/2kBT e = x/~/8 V ~  

VI -- V5 

kBT 
W ~  e [ 13b] W24 = 

Equations [11]-[13] establish that  ER determines the 
electrochemical memory.  In  fact, from Eq. [13], we see 
that, at short -c i rcui t  (i.e., V1 = Vs), the t ransfer  
rate is independent  of ~ and varies as ~ exp [ - - E R /  
(2kBT)], corresponding to an effective free energy 
barr ier  ~ E ~ / 2 .  An increase in  the reorganizat ion 
energy from an ini t ia l  value ERi to a final value Ea~, 
results in a decrease of the short-circui t  t ransfer  
rate by a factor (ERi/ERf) 1/2 exp [(Era -- ERr)/ 
(2kBT)], which is independent  of J and, obviously, 
is very sensit ive to ERr -- ERi. So, to increase the 
electrochemical memory  we need to choose an elec- 
trolyte with a larger  reorganizat ion energy. Reor- 
ganizatfon energies of m a n y  different electrolytes 
have been calculated and measured (34). This makes 
it  possible, in  practice, to tai lor the electrolyte in  
order to obtain the appropriate  electrochemical mem-  
ory. The quant i ta t ive  relationships between reor-  
ganization energy, electrochemical memory,  response 
time, and size of the elcctrochromic display mat r ix  
are established in  the next  two sections. 

Macroscopic Model 
So far, we have established that  we can increase 

the electrochemical memory  by increasing the re-  

organization energy of the electrolyte. There is a 
limit, however, to this process. The l imit  is set by  
the breakdown voltage of the electrolyte. In  fact, the 
larger ER (and, thus, the free energy barr ie r  at the  
interface) ,  the larger must  be the applied voltage 
to lower the bar r ie r  to zero and thus allow charge 
t ransfer  [cf. Fig. 4 (a ) ] .  Clearly, a high voltage is 
not desirable in  the dr iv ing  circuitry. But, more 
fundamenta l ly ,  a high enough applied voltage even-  
tual ly  decomposes the electrolyte. Moreover, it  is 
found f requent ly  that  it  is impossible to drive the 
electrochromic cell even at voltages lower than the 
breakdown voltage because of side reactions such 
as gas evolution, electrode corrosion, and so on. 
Thus, for each electrochromic reaction there is a finite 
"window" that can be reversibly scanned by the ap- 
plied voltage. The amplitude of the window, 2Vo, 
limits the maximum value of ER and, thus, the maxi- 
m u m  value of the electrochemical memory. 

To calculate the maximum electrochemical mem- 
ory, let us consider the simplest model of electro- 
chromic reaction in an electrolyte of scanning win- 
dow 2Vo. The simplest electrochromic reaction can 
be written as 

A ~ A • _+_ e -  [14] 

where the atom A resides in the electrode and the 
ion A • in  the electrolyte. ( +  and -- refer  to cation 
and anion electrochromism, respectively.) 

The ra te -de te rmin ing  step for most electrochromic 
reactions has not  been established yet. Regardless 
of the ini t ia l  r a te -de te rmin ing  step, however, once 
the free energy barr ier  at the interface has been 
established by increasing ER, the ra te -de te rmin ing  
step becomes the rate of charge t ransfer  at the elec- 
trochemical interface. For  a reaction of the type of 
Eq. [14], in  its simplest  case, the rate of charge 
t ransfer  across the electrochemical interface [e.g., 2/3 
of Fig. l ( a ) ]  is given by 

qs = Wa2 (1 -- qs) -- Wssq2 [15] 

where Ws-~ and W3-~ are given by  Eq. [ l l a ]  and 
[ l l b ] .  For  a symmetr ic  cell, using Eq. [13a] and 

V1 -- V5 : V, W42 = W exp ( V / 2 k B T )  [13b], with "~ 
and q2 = q, q4 -= 1 -- q we get 

q -- W [ e  v/2~Br (1 -- q) -- e--V/2kBrq] [16] 

which is of the But le r -Volmer  type (25) with sym- 
metric t ransfer  coefficients. 

The solution of Eq. [16] depends on the form of the 
scanning voltage. For t r iangular  scanning, i.e., for  
periodic scanning with waveform 

V( t )  = .T- Vo ~ st [17] 

(upper signs for O ~ t ~ 2VJs ;  lower signs for  
2Vo/S ~-- t ~ 4Vo/s)  the equat ion .can be easily solved. 
This choice of the voltage scanning wave form is 
used in cyclic vol tammetry  (35). An equation of the 
form [16] appears in  the theory of electrochemical 
adsorption kinetics (36) - -a  process which has been 
studied extensively by cyclic vol tammetry.  In  this 
context, Eq. [16] (with W as a free parameter)  has 
been discussed first by Sr in ivasan and Gileadi (37). 
In  our case we focus on the role of 2Vo--the voltage 
scanning window--which ,  in  Eq. [17], we have as- 
sumed to be symmetr ic  a round V -- 0. This assump-  
tion, which is general ly  not satisfied by real systems, 
is introduced here for simplicity. It  will  be relaxed 
later, after we have obtained some general  results 
qual i ta t ively independent  of this assumption. 

From Eq. [17] and the ini t ia l  condition q( t  = 0) 
= 0, the solution of Eq. [16] can be wr i t ten  in terms 
of a simple one-dimensional  in tegral  as 

~Vo/2k~T 
q .~- ~e--2fsinh(V/2kBT)| dze z+2fslnhz [18] 

~I -- Vo/21r 
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where f = 2kBTW/s. It  is impor tan t  to note that:  
(i) q depends on the time only through V; and (ii) 
q depends on the scanning rate s and the probabi l i ty  
of t ransi t ion W only  through ], i.e., only through their  
ratio. Physically, this is consistent with the discus- 
sion about  Fig. 4(a) .  Namely, the same amount  of 
charge is t ransferred between the two levels ei ther 
by a high scanning rate through a low barr ier  or by 
a low scanning rate through a higher  barrier.  

Analyt ical  solutions of Eq. [18] are easily obtained 
in 2 special cases: (i) at quasi-equi l ibr ium, i.e., for 
f --> oo. In  this case 

q : (1 + e -V/kBT) --1 [19] 

(ii) Whenever  the backward reaction can be neg- 
lected, i.e., for f --> 0. In  this case 

q : 1 - -  e ( e - v ~  [ 2 0 ]  

Clearly, for very smal l  f, not all  the charge can be 
t ransferred dur ing  a voltage scan, i.e., q (WVo)  < 1. 
But full  coloration in a practical electrochromic cell 
usual ly requires full  ion-occupancy, i.e., q = 1. From 
Eq. [18], we can easily determine the m i n i m u m  value 
of f which satisfies this condition. Sett ing q = 1 and 
V -~ Vo in Eq. [18] and solving numerical ly,  we ob- 
tain 

Ira ~ n[s inh (Vo/2k~T) ] -~  [21] 

with an accuracy of ,~ 0.2%. 
For ] -= Ira, the numer ica l  solution of Eq. [18] 

yields the relaxat ion loops showed in Fig. 6 (dashed 
lines 2 and 3) for Vo = 20kBT and Vo = 40ksT. A t  
room temperature,  these values of V o correspond to 
0.5 and 1.0 eV, respectively, which are realistic vol t-  
age limits for electrochromic cells. 

Figure 6(b) shows the "pseudocapacitance" q(2ksT/s) 
corresponding to the ion-occupancy curves of Fig. 
8(a).  The pseudocapacitance is the quant i ty  which is 
measured by cyclic vol tammetry.  

Two features of these figures are worth noting: (i) 
both curve 2 and 3 have excellent  threshold. Even in  
the least favorable case, Le., for Vo = 20kBT, the 
ion-occupancy at Vo/2 is only a few percent. (ii) 
The size of the loops is closely related to Vo and, 
thus, to fm. Indeed it is easy to show that the inflection 
points in the q(V) curves (i.e., the maxima and 
min ima  of the pseudocapacitance) occur (if Vo >~ 
20kBT) at 

V M a x  : +_2kBT log fm [22] 

Thus, fm is a measure of the max imum size of the re-  
laxat ion loops. 

Actually, fm is basically a measure of the maxi-  
mum free energy barr ier  that can be established at 

(a) 
,. / .  / r  ~. / 

3 /  2, I~ i 2 13 
. ill ///__. ~ ~11 / 1  

. . . . . . . . .  
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" . _  / \  , ,  , , \  0"I -20 / 

2",, / v__- 
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Fig. 6. Relative ion-occupancy (a) and pseudocapac~tance kl~) at 
the electrochromic electrode as a function of the applied voltage 
for no-memory conditions (solid lines 1) and for two different 
values of the memory parameter fro. Loop 2: fm---- ~(sinh I O ) - L  
Loop 3: fm "-- :~(slnh 20) -1 .  

the electrochemical interface, without  al ter ing the 
response time of the cell. In  fact, let ta  be the cell in-  
trinsic response time, i.e., the response t ime at 0 free 
energy barrier.  This t ime sets the m i n i m u m  voltage 
scanning speed at 

Sm ~ Vo/2tr~ [23] 

Thus, the m i n i m u m  probabi l i ty  of charge transfer  
W,u across the interface is 

fmSm fi~Vo 
Wm -- - -  ,~ ~ [24] 

2kBT 4tRkBT 

and the max imum free energy barr ier  ,--fro -1. 
Now, let us use as a practical definition of "maxi-  

mum electrochemical memory" the time t~t necessary 
to reduce by 1% the relat ive ion occupancy, follow- 
ing a voltage excursion 0 --> +Vo -> 0. With this defi- 
nition, using Eq. [21] and [24], it is easy to obtain 

2 X 1 0 - 2  ( k B T )  
t M  - -  ~ \ ' -~-o t R e V ~  [25] 

Another way of looking at the memory time is as 
follows: Let us determine the ma x i mum value SM of 
:f for which at V _-- 0, the ion occupancy is ~0.  Nu-  
merical ly (0.3% accuracy),  we find (for Vo >~ 20knT) 

)fM ~ = 1 0  - 2  [26] 

For W -~ Win, this value of f corresponds to a scan- 
ning rate SM -= fmVo/2fMtR. Thus, if we define the 
memory time tM as t~i = kBT/SM, we obtain 

2]MkBT kBT 
t~ ~ - -  tR ~ 2 X lO-2e T M  tit 

fmVo Vo 

which is identical to Eq. [25]. This equation relates 
the max imum electrochemical memory to the i n t r i n -  
sic response time and to the electrolyte breakdown 
voltage. For example, for Vo ~ 1.0V and tR --= 10 
msec, the max imum memory  at room tempera ture  is 
~20 min. 

In the opposite limit, i.e., for large f at the same 
scanning rate, the memory  is zero. Curves 1 of Fig. 
6(a) and 6(b) are obtained for f > ~. This is the 
so-called reversible l imit  of cyclic voltammetry.  In  
this limit, the pseudocapacitance is symmetr ic  about  
V, the charge is a s ingle-valued funct ion of V, and 
the electrochromic cell has no memory. 

In this section, then, we have seen that, s tar t ing 
from the reversible l imit  and decreasing W we can 
increase the electrochemical memory  up to a maxi -  
mum determined by fm and, thus, by Vo. Since, as 
shown in the previous section, W is determined 
pr imar i ly  by Ea, we have now all the elements to 
relate the performance of an electrochromic display 
matr ix  to the microscopic properties of the electro- 
lyte. The results are presented in  the next  section. 

Results 

From the results of the two previous sections we 
can obta in  a lower l imit  on the reorganizat ion en-  
ergy necessary to achieve the ma x i mum electro- 
chemical memory compatible with response t ime tR 
and scanning voltage window 2Vo. In  fact, from Eq. 
[13], [21], and [23], with J < kBT, we obtain 

[ ] 
[271 

From Eq. [27], the lower value of E~ is plotted in  
Fig. 7 (a) as a function of Vo for tR = 10 msec and for 
trt =- 100 msec. It  is clear that  ER pract ical ly scales 
with Vo but  is not too sensitive to try. The magni tude  
of ER is approximate ly  2Vo, which is the ampl i tude  
of the scanning window. The range of values of EIRs 
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i.e., 1.5-2.0 eV are  real is t ic  numbers  for  the  r e -  
organiza t ion  energy  of var ious  electrolytes .  And, f rom 
Fig. 6 (curves 2 and 3), i t  is c lear  that ,  wi th in  this 
range,  the  r e l axa t ion  loops are  la rge  enough to ex -  
h ib i t  a dis t inct  th resho ld  in q (V).  

Having  es tabl i shed  the r ange  of ER sui table  for  
m e m o r y  wi th  threshold,  i t  is possible to re la te  ER to 
the  m a x i m u m  n u m b e r  of d i sp lay  e lements  tha t  can 
be  m a t r i x  addressed.  As discussed in the  in t roduc-  
tion, the  shor t -c i rcu i t  m e m o r y  tM of the e lec t ro-  
chromic cells in the  m a t r i x  mus t  be such tha t  tM > 

(o) 20 

2.0 

Vo 

kBT 
4O 

I I I I 

nat ,  where  n is the  number  of rows and  At the d u r a -  
t ion of each bias ing pulse. Since a t  > ta, we have,  
f rom Eq. [25], n ~-- tM/tR ~ l O - 2 ( k B T ~ V o ) e  v~ In  
turn,  Vo and ER are  re la ted  th rough  Eq. [27], which  
es tabl ishes  a re la t ionship  be tween  the m a x i m u m  
n u m b e r  of addressab le  rows and the  reorganiza t ion  
energy  of the e lectrolyte .  The re la t ionship  is shown 
g raph ica l ly  in Fig. 7 (a )  and  7 (b ) .  We see that,  for  
1.5 eV --~ ER ~-- 2.0 eV, n spans the range  10 <--> 105, 
which  encompasses  any  prac t ica l  size of d i sp lay  
matr ices .  

We r e m a r k  tha t  the  resul ts  obta ined  so far, app ly  
to: (i)  a symmet r i c  e lec t rochromic  cell  and, (ii) to 
an e lec t rochromic  reac t ion  occurr ing  at  the  center  of 
the  scanning vol tage window. Both res t r ic t ions  were  
adopted  for  s impl ic i ty  of exposi t ion and can now 
be re laxed.  

An  e lec t rochromic  d i sp lay  needs on ly  one elec-  
t rochromic  e lec t rode  [e.g., 2 in Fig. 1 ( a ) ] ;  the  counter -  
e lec t rode  (e.g., 4 in Fig. l ( a ) ]  needs s imply  be an  
ion- inser t ion  mater ia l .  Moreover,  the  ions inser ted  
in 2 and 4 m a y  be different.  In  fact, if  the e lec t ro ly te  
conducts  via  both anions and cations, a f requen t  
c i rcumstance,  then the e lec t rode  2 could, e.g., ex -  
change anions wi th  the  e lectrolyte ,  whi le  the coun- 
te re lec t rode  4 exchanges  cations. In  pract ice,  i t  is 
convenient  to have a countere lec t rode  wi th  fast  ion-  
exchange  and wi th  "flat" isotherms, i.e., with  e(q) 
a lmost  i ndependen t  of q. In  this  case, the  counter -  
e lec t rode  m a y  essent ia l ly  be ignored,  and  the m e m -  
ory  of the  cell depends on ly  on the 2/3 e lec t rochemi-  
cal interface.  This, in a sense, is the  opposi te  l imi t  
of the  symmet r i c  cell  considered previously.  

In this  a symmet r i c  cell, the ra te  of charge t r ans -  
fer  across the  2/3 in ter face  can be ca lcula ted  f rom 
Eq. [15] wi th  W3-~ and W2-~ given b y  Eq. [12]. I t  is 
convenient  to r ewr i t e  Eq. [15], for  the  asymmet r i c  
cell, in the  symmet r i c  fo rm 

I q2 ---- W e ( 1  - -  q~)  - -  e q2 [ 2 8 ]  

By compar ing  Eq. [28] and [16] i t  is c lear  t ha t  the  
a symmet r i c  case yields  the  same resul ts  as the  sym-  
metr ic  case, bu t  wi th  V rep laced  by  V --  ER. Ac-  
tual ly,  in Eq. [28], we have tac i t ly  assumed that,  
by  increas ing the voltage,  anions are  inserted.  If, 
instead,  by  increas ing  the voltage, cations are  ex-  
t racted,  then i t  is easy to see tha t  the  t ransfer  ra te  is 
the  same as in the  symmet r i c  case, bu t  wi th  V r e -  
p laced  by  V + ER. 

F rom the previous  results ,  i t  is c lear  that ,  if  the 
e lec t rochromic  reac t ion  is not  centered  in the  middle  
of the vol tage window, i t  wi l l  be convenient  to use 
an a symmet r i c  cell, so that  the center  of the m e m o r y  
loop wil l  be d isplaced b y  ER or  --ER. Natura l ly ,  
the  ac tua l  amount  of a s y m m e t r y  to be bui l t  into the 
cell  depends  on the posi t ion of the  e lec t rochromic  
react ion in the vol tage  window. 

There  is, then, a subs tan t ia l  degree  of f lexibi l i ty  
in c rea t ing  the shor t -c i rcu i t  m e m o r y  of e lec t ro-  
chromic cells. The va lue  of ER necessary  to create  
the m e m o r y  does not have to be specified exactly,  
bu t  only  wi th in  a range  of typica l  values;  and if, in 
the  e lec t ro ly te  wi th  the  app rop r i a t e  ER, the  e lec t ro-  

ER(eV) 
[25~ 
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chromic react ion does not  occur  at  the  center  of the 
vol tage window, then the countere lec t rode  can be 
modified to keep  the r e l axa t ion  loops wi th in  the  
window. 

Discuss ion  
The main  conclusions of this work  res t  on the  

phys ica l  basis of e lec t rochemical  m e m o r y  and thus 
do not  depend  on the pa r t i cu l a r  models  chosen. We 
have in effect, in t roduced the s imples t  possible models  
and solved them in the  s imples t  possible cases. These 
simplifications have fac i l i ta ted  the task of p rov -  
ing the  main  point  of the paper ,  i.e., tha t  e lec t ro-  
chromic d isp lay  cells can have shor t -c i rcu i t  memory .  
They have also a l lowed us to show a genera l  method  
to design e lec t rochromic  cells sui table  for  m a t r i x -  
addressing.  The detai ls  of our  results,  however ,  de -  
pend on severa l  assumptions and approximat ions .  

The majo r  assumpt ion  is the choice of the  mic ro-  
scopic model. As a l r eady  stressed in the  section "Mi- 
croscopic Model," the  p rob lem of ion t rans fe r  a t  the  
e lec t rochemical  in terface  has not  been given a gen-  
e ra l  quant i t a t ive  solut ion yet.  The sma l l -po la ron  

vo(ev) [25~ 
Fig. 7. (a) Reorganization energy ER as a function of Vo for two 

different response times. (b) Maximum number of rows that can 
be matrix addressed in a display-matrix consisting of electrochromic 
ceils with scanning window 2Vo. By combining (a) and (b) n is 
related to the reorganization energy of the electrolyte. 
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approach is the simplest t rea tment  of electron t rans-  
fer at the electrochemical interface. In  this paper 
we have extended this t reatment ,  for the first time, 
to ion transfer. Thus, this theory is still experi -  
menta l ly  untested. It is hoped that  the results pre-  
sented here may st imulate fur ther  work in  this di- 
rection. 

In  addition, al though we obtain general  ex- 
pressions, i.e., Eq. [11], for the probabi l i ty  of ion 
transfer, we have subsequent ly  introduced the sim- 
plifying assumption of large ER, i.e., V /4ER < <  1. 
This is not  an unreasonable  approximation. In  fact 
its val idi ty is confirmed, a posteriori,  by the results 
presented in the Results section, i.e., ER ~ 2Vo, 
which is also consistent wi th  the choice of the t rans-  
fer probabili ty.  

The most restrictive assumption of the macro-  
scopic model is the form of the equation describing 
the electrochromic reaction, i.e., Eq. [15]. This equa-  
tion leads to simple Langmui r  (38) isotherms. In 
general, however, the electrochromic isotherms (18) 
are more complicated. In  fact, an improved macro- 
scopic model would use an equation leading to the ex- 
per imenta l ly  observed electrochromic isotherms. It is 
interest ing to note, however, that, for AIROF's, the 
electrochromic isotherms are indeed of a generalized 
Langmui r  type. That  is 

�9 (q) = pkBT log (q / (1  -- q) ) [29] 

with p ._m 2 or 3, whereas, for Langmuir  isotherms, 
p = 1. Thus, our choice of the electrochromic reac- 
tion equation is of the same general  form as the ex- 
per imenta l ly  observed ones. 

Implicitly, we have also made two assumptions on 
the physical properties of the electrolyte. First, we 
have neglected its in te rna l  resistance. Clearly, if the 
electrolyte with the appropriate ER has a high re- 
sistivity, it would slow down the response of the 
electrochromic cell. But  a large ER is not necessarily 
associated with a high resistivity of the electrolyte. 
In  fact, ER depends on the binding to the electrolyte 
of the ion involved in the electrochromic reaction, 
whereas the electrolyte conductivi ty depends either 
on the mobil i ty  of a different ionic species or on the 
mobil i ty of the complex to which the ion is bound. 
An example of fast ion t ransport  of a bound ion-  
complex is provided by proton- inser t ion electro- 
chromics--here the t ransferred ion is H +, but  the 
mobil i ty depends on H30 +. Thus, it is not inconsist-  
ent with our model to neglect the electrolyte re- 
sistivity. 

We have also implici t ly assumed that the prob- 
abil i ty of charge transfer at zero free energy barrier,  
i.e., J, is independent  of ER. In general, however, a 
different ER is associated with different interracial  
structures. Thus, J could depend on ER. But how 
sensitive J is to Ea remains  an open question since 
no exper imental  or theoretical study of this relat ion 
has been carried out yet. 

Finally,  for a symmetr ic  cell, we have assumed 
that the applied voltage is divided equal ly between 
the two interfaces. This is general ly  not so since the 
impedance of the electroehromic mater ial  may de- 
pend on q. In such cases, it is s traightforward to re- 
lax this assumption, the results remaining  quali ta-  
t ively unchanged. 

Having discussed the approximations, let us now 
look at our results from a different perspective. It has 
recent ly been pointed out (39) that  nickel hydroxide 
films are electrochromic and exhibit  a hysteretic 
voltammogram. Obviously, an electrochromic with 
large hysteresis in ~(q) has short-circuit  memory 
and thus could be suitable for matr ix-addressing.  
There are, however, two major  problems with nickel 
hydroxide films. First, the electrochromic reaction 
occurs in the region of oxygen gas evolution, so that 
the electrode is basically unstable. Second, although 

the isotherms are hysteretic, they have no threshold. 
Thus, nickel hydroxide cannot be used for mat r ix -  
addressing. Similar  considerations apply to all the 
known group VIII oxide exhibi t ing hysteresis. 

On the other hand, a hysteretic ion- inser t ion  ma-  
terial  could be used as a counterelectrode in an elec- 
trochromic cell to provide the necessary short-circuit  
memory. The counterelectrode should: (i) be com- 
patible with the electrolyte; (it) have fast kinetics; 
and (iii) exhibit  hysteresis with threshold. 

This approach to short-circuit  memory  may be 
advantageous, but  it has not  been explored yet. 
Obviously, the ma in  difficulty is finding or designing 
a counterelectrode with the required characteristics. 
In contrast, our approach to short-circui t  memory  
does not require modifications of the properties of 
the electrode or countere lect rode-- the  electrochromic 
memory being based pr imar i ly  on the properties of 
the electrolyte. 

In  a sense, the concept of e lectrochemical-memory 
may be regarded as the antithesis of the concept of 
electrocatalysis. The central  problem of electrocatal- 
ysis is to lower the barr ier  at the interface in order 
to increase the exchange current  and reaction rate. 
The opposite is t rue in  the electrochemical memory  
problem. The barr ie r  at the interface should be as 
high as possible to prevent  charge t ransfer  at short 
circuit. Ultimately,  both electrocatalysis and elec- 
trochemical memory depend on the s tructure of the 
electrochemical interface and on the kinetics of the 
t ransfer  across it. Thus, fur ther  study of the elec- 
trochemical memory may shed some light on the 
fundamenta l  na ture  of electrochemical kinetics. 

Summary 
Electrochromics, al though promising display ma-  

terials, have been regarded as unsui table  for matr ix  
addressing because of their lack of threshold and 
short-circuit  memory. In this paper we have shown 
that threshold and short-circuit  memory of an elec- 
trochromic display cell depend on the electrolyte. 
If an appropriate electrolyte can be found, the 
threshold and short-circuit  memory of the electro- 
chromic display cell might  become sufficient to 
matr ix-address  mul t ie lement  electrochromic displays 
of practically any size. 

To reach this conclusion, first we have introduced 
the concept of electrochemical memory. In general, 
the memory of an ion- inser t ion electrode can be de- 
fined as the memory of its relative ion-occupancy fol- 
lowing an excursion of its in te rna l  emf. In a hyster-  
etic electrode, the memory has a thermodynamic  
origin. In a nonhysteret ic  electrode (such as AIROF) 
the memory has a kinetic origin, arising from the 
dynamics of charge t ransfer  at the electrochemical 
interface. This type of memory we have referred to 
as electrochemical memory. 

We have shown that the electrochemical memory  
is created by the interact ion of the t ransferred ion 
with the electrolyte. This interact ion is measured by 
the electrolyte reorganization energy Em 

To calculate the electrochemical memory, we have 
introduced a small-polaron model of ion transfer at 
the electrochemical interface. We have obtained gen- 
eral expressions for the probability of transition in 
terms of the properties of the electrolyte. In the 
limits of interest, the probability of transition de- 
pends exponent ial ly  on ER and on the cell potent ial  
(Eq. [13] ). 

Then, we have introduced a macroscopic model of 
the electrochromic reaction, based on Langmui r -  
type isotherms. Coupled with the t ransi t ion prob- 
abili ty expressions obtained from the microscopic 
model, the rate equation for the reaction turns  out 
to be of the But ler-Volmer  type with symmetric  
t ransfer  coefficients (Eq. [16]). We have solved this 
equation as a function of the electrolyte breakdown 
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voltage, 2Vo. From its solution, we have established 
the lower l imit  of the electrolyte breakdown voltage 
necessary for threshold and short-circuit  memory. 

Next, we have found a simple expression, Eq. 
[25], for the magnitude of the maximum short-cir-  
cuit memory with threshold in terms of the 
breakdown voltage and the cell response time fR. 
For  tR -~ 10 msec and for V~ ~ 1 eV, the maximum 
memory is ,~20 rain. 

Final ly we have determined the value of the re-  
organization energy required to obtain the maxi-  
mum short-circuit  memory with threshold. The cal- 
culated values of ER lie in the range 1.5 <--> 2 eV, 
which are realistic numbers for many electrolytes. 
These values of Em in turn, correspond to a range 
of matr ix  addressable lines 10 <--> 105 which en- 
compasses all practical cases. Thus, there is no in-  
trinsic theoretical limitation to matrix-addressing 
large matrixes of electrochromic display cells. 

Natural ly this conclusion has been reached by in- 
troducing assumptions and approximations. However 
we have seen that nei ther  are very restrictive so 
that  the main results are not quali tat ively affected 
by them. 

We have also remarked that, unlike the electro- 
chemical memory discussed here, the hysteretic 
memory of the kind exhibited by, e.g., nickel hy- 
droxide, is unsuitable for matr ix addressing because 
of its lack of threshold. 

Finally, we have pointed out that electrochemical 
memory and electrocatalysis are opposite limits of 
the same general concept. 
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